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Zusammenfassung

In den letzten Jahren wurde gezeigt, dass die Menge der Realisierungen von neuronalen
Netzwerken (NNs) eine breite Klasse von Funktionen approximieren kann, was sie zu einer
erfolgreichen Hypothesenklasse in verschiedenen Anwendungsbereichen macht. In dieser Ar-
beit untersuchen wir, wie auf neuronalen Netzwerken basierende Algorithmen zur Losung
verschiedener Problemstellungen eingesetzt werden konnen. Insbesondere analysieren wir
theoretische Garantien fiir die Losung inverser Probleme, Klassifikationsaufgaben und die
Schatzung frequenzbegrenzter Funktionen.

In all unseren Problemstellungen interessieren wir uns fiir die Approximation von Losun-
gen anhand einer begrenzten Anzahl an Datenproben. Es wird angenommen, dass die
Beziehung innerhalb der Daten deterministisch ist und durch eine sogenannte Ground-Truth-
Funktion modelliert wird, die vom Algorithmus gelernt werden soll. Wir untersuchen die
Approximationseigenschaffen neuronaler Netzwerke fiir Funktionen mit bestimmten Reg-
ularitatseigenschaften. Insbesondere betrachten wir Funktionen, die Lipschitz-stetig sind,
RBV?2-Regularitit aufweisen oder frequenzlokalisiert sind. Auch unstetige Ground-Truth-
Funktionen werden berticksichtigt, da sie dennoch von theoretischen Garantien fiir kon-
tinuierlich RBV2-regulire Funktionen profitieren konnen. Dariiber hinaus untersuchen wir
die Approximation solcher Ground-Truth-Funktionen durch Realisierungen neuronaler Net-
zwerke mit fester Architektur. Aulerdem analysieren wir, wie man ein geeignetes neuronales
Netz auswahlt, das gut auf unbekannte Daten generalisiert. Jedes Problem wird unter einer
spezifischen Verlustfunktion betrachtet.

Wir stolen auf den sogenannte Fluch-der-Dimensionen-Problem, ein Begriff, der die
zunehmende Komplexitit bestimmter Algorithmen bei wachsender Dimension beschreibt.
In verschiedenen Publikationen wurde beobachtet, dass Methoden auf Basis neuronaler Net-
zwerke diesen Fluch oft zu tiberwinden scheinen. In dieser Arbeit analysieren wir zwei der am
haufigsten verwendeten Strategien zur Minderung des Fluchs der Dimensionalitat. Konkret
berticksichtigen wir in Kapitel 4 die Mannigfaltigkeitsannahme und untersuchen in Kapitel
3, wie Regularitdat im Radon-Raum ausgenutzt werden kann. Unter diesen Annahmen leiten
wir Approximations- und Schétzraten her.

Im Gegensatz zum Rahmen der universellen Approximationssétze sind unsere Resultate
im Rahmen des kiirzlich eingefiihrten Practical Existence Theorem (PET) formuliert. In-
nerhalb dieses Rahmens liefern wir theoretische Garantien fiir die Existenz einer Klasse
neuronaler Netzwerke, die jedes der betrachteten Probleme mit einer begrenzten Anzahl an
Parametern 16st. Zudem geben wir untere Schranken fiir die Stichprobenkomplexitat und
obere Schranken fiir den Generalisierungsfehler an. Die Auswahl eines geeigneten neuronalen
Netzwerks erfolgt iiber ein Optimierungsverfahren, typischerweise durch Minimierung eines
empirischen Risikofunktionals mit einer problemspezifischen Verlustfunktion.
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Abstract

In recent years, the set of realizations of neural networks (NNs) has been shown to approxi-
mate a wide range of functions, making it a successful hypothesis class across various fields.
In this thesis, we investigate how neural-network-based algorithms can be implemented to
solve a variety of problems. Specifically, we study theoretical guarantees for the solution of
inverse problems, classification tasks, and the estimation of frequency-limited functions.

In all of our problems, we are interested in approximating solutions from a limited number
of data samples. The relationship within the data is assumed to be deterministic and modeled
by a ground-truth function to be learned by the algorithm. We study the approximation
capabilities of neural networks (NNs) for functions satisfying certain types of regularity. In
particular, we consider functions that are Lipschitz continuous, exhibit RBV?-regularity,
or are frequency-localized. We also include discontinuous ground-truth functions, which
can still benefit from theoretical guarantees derived for RBV2-regular functions. Besides,
we study the problem of approximating such ground-truth functions using realizations of
NNs with fixed architectures. Furthermore, we study how to select an appropriate NN that
generalizes well to unseen data. Each problem is considered under a different loss function.

We encounter the so-called curse of dimensionality, a term that refers to the increasing
complexity of certain algorithms as the input dimension grows. It has been observed in
various publications that neural-network-based methods often appear to overcome this curse.
In this thesis, we study two of the most commonly employed strategies to mitigate the curse
of dimensionality. Specifically, in Chapter 4, we consider the manifold assumption, and in
Chapter 3, we investigate how regularity in the Radon domain can be exploited. Under these
assumptions, we derive approximation and estimation rates.

In contrast to the setting of universal approximation theorems, our results are formulated
within the recently introduced framework of the Practical Existence Theorem (PET). Within
this framework, we provide theoretical guarantees for the existence of a class of neural
networks that solves each problem, using a limited number of parameters. We also establish
lower bounds on sample complexities and upper bounds on generalization errors. The choice
of an appropriate neural network is carried out via an optimization algorithm, typically by
minimizing an empirical risk functional with a problem-specific loss function.
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Chapter 1

Introduction

In recent years, computers have become capable of performing tasks that are usually labeled
with the adjective of intelligent [27]. Although the concept of intelligence has not been
properly defined [46], it is usually connected to processes such as learning new information
or reasoning from a set of statements [168]. Building new computational algorithms with
this property is the main goal of the field of artificial intelligence (AI) (see [141, Section
1.1]). This area of research has produced state-of-the art techniques in a vast number of
disciplines for the solution of tasks in fields such as natural language processing [163, 13],
computer vision [74], decision-making [47] and pattern recognition [110].

Within the area of Al, the subfield of machine learning (ML) stands for its astonishing
achievements [72], with multiple applications that permeate our daily life, ranging from
spam detection [40], stock price prediction [94] and face recognition [147]. In contrast to
other areas of AI, ML techniques focus on analyzing and extracting information from a set
of data, typically referred to as a sample set [19]. After obtaining information from the
sample set, these data-driven algorithms output a model which can be used to make new
predictions for new data. We refer to the process above as learning which can be improved
depending on the quality and quantity of the data [28].

In this thesis, we investigate the performance of a particular class of ML algorithms for
the solution of diverse problems. Specifically, we restrict ourselves to the subfield of deep
learning (DL). One of the fundamental notions of this area is the concept of artificial neuron
which was originally intended to model the functioning of a biological neuron [98]. Artificial
neurons can be arranged in different ways to give rise to the so-called neural networks (NNs)
(see [127, Chapter 2]). Broadly speaking, an NN is a sequence of matrices and vectors as
well as a nonlinear function that induces a function between Euclidean spaces [132], usually
referred to as the realization of the NN. The entries of the matrices and vectors of each NN
are called the parameters of the NN. The set of realizations of NNs constitute the foundation
of the so-called neural-network-based algorithms, which use the set of realizations of NNs as
a hypothesis set to approximate the underlying relation of the data [7]. Through this thesis,
we follow this approach.

One of the first fundamental results of the theory of NNs establishes that the set of real-
izations of NNs is sufficiently expressive to approximate every continuous function defined on



a compact set in the uniform norm to any given accuracy. This fact is commonly formulated
in the form of the so-called universal approximation theorems, initially proposed by Hornik
[63] and Cybenko [41], and further expanded in later publications (see for example [36],
[70]). Such a property makes the set of NNs into a suitable hypothesis set for the relation
between quantities in a vast number of phenomena from diverse fields of studies such as
partial differential equations [152, 135, 59|, dynamical systems [26, 95], or inverse problems
[10].

Although the underlying relation of the data may not be deterministic, we assume in this
thesis that it can be described by a function between two suitable sets. We call this function
the ground-truth function to be learned by the algorithm. Universal approximation results
guarantee that we can always design a neural-network-based algorithm to learn a continuous
ground-truth function. However, such theorems do not provide further insight into how the
number of parameters in the neural network should be selected. We address this issue in all
the methods proposed in this thesis.

Another common objection to the universal approximation theorems comes from the lack
of clarity on how to select the NN. In practice, we use an optimization algorithm to minimize
an objective function that depends on the dataset [6]. One parameter that we would like
to optimize is the number of samples required for the algorithm to learn a ground-truth
function with a certain accuracy. We call this number the sample complexity of the problem.
In many applications, the number of data points can be severely restricted. In the problem
of computerized tomography, for example, collecting a large amount of samples requires long
exposure time to some kind of radiation [66]. Thus, since the collection of the data may cause
irreversible damage, such an exposure time needs to be minimized (and therefore the number
of samples to be collected). Thus, we wish to find lower sample complexities that guarantee
that our algorithm performs well on new data. This is the problem of generalization of the
algorithm. We address the question of sample complexity and the problem of generalization
in each chapter of this thesis. In particular, we present theoretical guarantees for three
specific problems, which will be described in the upcoming sections.

In contrast to universal approximation theorems, the so-called practical existence theo-
rems (PTE) have emerged as a new framework for the study of neural-network-based meth-
ods. This new paradigm was initially formulated in [3] and further developed in [1]. Depend-
ing on the problem to be solved, a PET guarantees the existence of a class of admissible NNs
from which we can select a convenient NN that approximates its solution via an optimization
algorithm [1]. Moreover, PETs provide upper bounds for the number of samples needed to
find a solution to the problem. Several techniques have been at the core of PETSs such as the
approximation of orthogonal polynomials for basis expansions in Hilbert spaces [43, 44, 119],
physics-informed NNs [25], or convolutional auto-encoders for reduced-order modeling [52].

The PET setting provides a summarizing framework addressing all of the issues discussed
above. In this thesis, we present a study of different neural-network-based algorithms for
a variety of problems that leverages this newly introduced setting. Specifically, we prove
for each case, that there is an NN that can be learned from a data set by minimizing a
functional depending on this data set and provide lower bounds for the sample complexity



and the generalization error. The results that we discuss in this thesis can be found in the
papers [92, 93, 115], but we have included here minor modifications, further explanations,
and additional clarifications. We explain each problem to be considered in the following
sections.

In the remainder of this chapter, we provide a brief overview of the fundamental topics
that can be found in this thesis. In Section 1.1, we introduce the concept of NN and present
some of the most relevant literature on the subject of approximation and estimation func-
tions by neural-network-based methods. Section 1.2 describes the problem of classification
that we consider in this thesis and discuss some of the classical approaches to tackle it. In
Section 1.3, we present an informal discussion on inverse problems and recall some of the
most relevant references for the study of their solutions via deep-learning-based methods. Fi-
nally, in Section 1.4, we set out informally the problem of reconstructing frequency-localized
functions, emphasize its importance, and review some connecting literature.

1.1 Function Approximation and Estimation

To learn a ground-truth function f : X — Y, we consider our data to be represented in
the form of pairs or a 2-tuple (z,y) where x € X, y = f(z) € Y and X,Y are two suitable
spaces. In particular, we approximate functions belonging to a given set G C F, where F
is a Banach space, where the approximating elements are in a different class H C F. In
our case, the set H corresponds to a set of realizations of NNs with fixed architecture. In
particular, we are interested in whether, for each function f € G and for each € > 0 there is a
function g € H such that || f —g|| < €. Note that this class G may be the whole Banach space
F. Moreover, we want to learn the function f when only a limited number of data points
(x;, f(x;))™, is known, that is, we aim to find a function h € H such that the difference
between f and h at these values z; of its domain i € [m] is small. Moreover, we want the
selected function h to generalize well, i.e, the error between the two functions h and f is
small on a different choice of values z; on its domain.

Preliminary studies have shown that NNs are effective in learning functions with different
levels of regularity, for example, under the assumption of Lipschitz continuity [75], Holder
continuity [143], smoothness [133] or analyticity [101]. In Chapter 2, we discuss some of the
most relevant achievements in this area, which will be used to demonstrate our results in
the following chapters. We would like to mention that our work has made some theoretical
contributions for the case of continuous functions as well. Specifically, in Chapter 5, we
present an alternative result for the approximation of square-integrable continuous functions
by realization of NNs.

Most of the aforementioned results lead to an excessive number of NN parameters when
the input dimension is large. This exponential dependency is an undesirable feature that is
known as the curse of dimensionality (see [82]). Numerical experiments have shown that in
practice, one may not require to set apriori such a large number of parameters to approximate
a function with high accuracy [84, 151]. This observation is usually referred to as the gap
between theory and practice [3]. Inspired by this intriguing discrepancy, functions defined



on low-dimensional sets within Euclidean spaces have lately received greater attention, and
the problem of approximating such functions via NNs has been extensively investigated.
Under the choice of smooth activation functions, the existence of approximating realizations
of NNs for functions defined on manifolds is proved in [37, 102]. The approximation rates
by neural networks for C*-functions, k¥ € N defined on manifolds are analyzed in [38, 145].
Analogous results for a-Holder continuous functions, o > 0, can be found in [32, 80, 142, 109].
Under this low-dimensional setting, we demonstrate in this thesis that for each Lipschitz
continuous function defined on a low-dimensional manifold immersed in a highly-dimensional
Euclidean space which satisfies some technical assumptions, there is a robust-to-noise NN,
the realization of which approximates the given function, for an arbitrary uniform accuracy
€ > 0. Moreover, we show that the number of parameters of this NN can be controlled as
well. Our main contributions to this issue can be found in Chapter 4.

Other less known function properties can be exploited to infer approximation and estima-
tion rates in neural-network-based methods. For example, dimension-independent approxi-
mation and estimation rates have been established for functions with high regularity in their
Fourier domain [14] or Radon domain [123]. These results have been used to obtain approxi-
mation and estimation rates for certain types of discontinuous functions (see [128, 130]). We
revisited these ideas in Chapter 3, where we study in detail how the RBV2-regularity of a
function determines the approximation and estimation rates when the set of realizations of
NN is used as hypothesis set.

1.2 Classification Tasks

Some of the most prominent examples of the power of NNs emerge from image classification
tasks [90, 84, 83]. Motivated by this fact, we study in this thesis the ability of deep-learning-
based methods to perform such classification tasks.

The ground-truth function for several classification tasks can be modeled using a discon-
tinuous function called the classifier. In simple terms, a classifier is a function that assigns a
numerical label to each element or point in a given domain [128]. For simplicity, we assume
the domain of these functions to be a subset of a Euclidean space. Each coordinate of a
certain point represents a different feature of the element, which we assume here to be a
real number. In addition, we assume the set of labels to be finite which leads us to a finite
partition of the domain into different classes, numbered in accordance with the label set.

Several deep-learning algorithms for the identification of the ground-truth function have
already been implemented with astonishing results. One of the first assumptions imposed
on the model considered the case of only two partition sets Cy and C'_ having positive set
distance [169]. Under such conditions, the authors obtained some approximation and esti-
mation bounds by shallow NNs for the classification problem. In [67, 68, 132], it is proved
that the regularity of the boundary partition set determines the approximation and estima-
tion rates for classifiers using neural networks. Under the assumption of differentiability up
to an order k, these rates are subject to the curse of dimensionality. Indeed, this idea has
inspired our own work, and some of the ideas of [30] are similar to those we discussed here.



Following this approach, in [30], a new condition is introduced. Therein, the boundaries of
each partition class are assumed to be locally parametrized by Barron functions. This new
assumption leads to rates that are not subject to the curse of dimensionality.

We continue this line of thought by studying classification problems related to a different
Banach space. This space is called the space of RBV?—functions, which arises in the solu-
tion of an optimization problem [122]. In Chapter 3, we present a brief introduction of this
function space and list some of its properties. This space contains highly smooth functions
as well as functions with very low regularity. In particular, it contains the space of Sobolev
functions, where the regularity order is sufficiently large. The approximation and estimation
rates for this function space using neural-network-based methods that do not grow exponen-
tially on the dimension have been derived in [123]. We complement these results and extend
them for the case of classifiers with decision boundaries in the space of RBV? as they play
an important role in our results on classification. Our main result is summarized in the form
of the Practical Existence Theorem 3.3.2. Most of the approximation and estimation results
can be found in the paper:

Paper Reference

A. Lerma, P. Petersen, S. Frieder, T. Lukasiewicz, Dimension-independent
learning rates for high-dimensional classification problems, 2024 | in Arxiv.

Our theory is built upon previously established rates for the problem of approximating
RBV?2-functions by the realization of NNs. P. Petersen contributed to conceptualization and
supervision; S. Frieder and T. Lukasiewicz were involved in the numerical experimentation;
A. Lerma led the technical writing and carried out most of the experimentation. In particular,
we focus on the results of [123] and [149]. We noticed that some of the statements in these
publications were not rigorously demonstrated. However, recent developments in [149] filled
these gaps, allowing better formal demonstrations. In this thesis, we provide alternative
proofs for such results when required; particularly, we present a modified version of [123,
Theorem 8] where the existence of an NN approximating each RBV2-function is stated. An
additional reason to do so is that the question of upper bounds for the weights and biases
of the approximating NN is not addressed in these publications. We solve this issue as well,
as this is a crucial step in the auxiliary results for our PET on classification.

1.3 Inverse Problems

Finding the solution to an inverse problem is an important goal in many fields of mathematics
and applied sciences. Broadly speaking, each scenario where the cause of a process needs
to be identified can be labeled as an inverse problem. These causes correspond to physical
quantities or parameters to be identified in a process and can be considered to be functions
defined between Euclidean spaces. Due to limitations in time, cost, or measurability, these
causes are often impossible to obtain in practical settings [10]. Frequently, only partial
knowledge of the effects, in our case in the form of samples, is available. The data samples



are usually corrupted by noise, which makes the inverse problem even more challenging to
solve (see [79, Chapter 1]).

There is no universal definition of what an inverse problem is [10, Section 2.1]. How-
ever, there are convenient formulations in terms of operators between two topological spaces.
Solving an inverse problem corresponds to reconstructing the solution of a functional equa-
tion. The operator involved in an inverse problem is usually referred to as the forward
operator, which we denote by F'. The computation of the solution to an inverse problem can
be performed via the inverse operator of F' in case this inverse operator exists. For many
interesting forward operators, a closed form of the inverse operator F'~! can be impractical,
if not impossible, to obtain (assuming its existence) [10]. Indeed, a well-established fact
in the inverse problem community is that many problems lack stability when the data are
known only with a certain degree of uncertainty (see [79]). As a remedy to the instability of
several inverse problems, regularization techniques have been proposed. A detailed survey
of regularization techniques can be found in [79, Chapter 2].

Inspired by the overwhelming success in estimating ground-truth functions from data,
deep-learning-based methods have been applied for the reconstruction of inverse problems
solutions in various domains [10, 66]. Some initial approaches investigated the ability of NNs
to solve inverse problems in imaging via data-driven algorithms, which is widely discussed
in [117]. Although initial studies were focused mostly on the numerical capabilities of NNs,
this line of research is currently better established, and many observed phenomena are al-
ready well-understood. Most of the widely used data-driven techniques for solving inverse
problems fall into one of the next four categories and are designed in accordance with some
previous knowledge on the forward operator F: known from the beginning [56, 158], during
training [42, 23, 164], partially known [9, 176], or never known [175]. One limitation of
several neural-network-based methods for the solution of inverse problems comes from their
instability, as demonstrated in [8, 65]. In [54], a comprehensive analysis explaining why these
methods are intrinsically unstable is presented, and the difficulties in finding remedies for
these instabilities are also discussed.

Building on preliminary results, we continue to study neural-network-based methods for
the solution to inverse problems. In Chapter 4, we present a practical existence theorem for
the solution of inverse problems under the assumption that the operator domain is a low-
dimensional manifold within a high-dimensional Fuclidean space. Our main contribution is
to prove that the constructed neural network is stable to noise, as required by the class of
inverse problems. Our contribution on this topic has already been presented in our paper

Paper Reference

A. Lerma, P. Petersen, Deep neural networks can stably solve high-dimensional,
noisy, nonlinear inverse problems , in Analysis and Applications 21.01 (2023):
49-91.

P. Petersen contributed to conceptualization and supervision; A. Lerma led the technical
writing and carried out most of the experimentation. Our approach allows for the recon-



struction of the inverse problem solution as long as the domain of the forward operator is
a low-dimensional manifold that we call the intrinsic domain. In contrast, the constructed
NN is defined in Euclidean spaces, which we refer to as the ambient domain. This NN is
proved to be robust-to-noise under certain conditions on the noise distribution, which is
in fact our main contribution to this topic. As inverse problems are commonly defined on
infinite-dimensional spaces, we also discuss how our approach can be implemented in prac-
tice. Similarly to other chapters in this thesis, we study the problem of estimating a solution
to an inverse problem from a limited number of samples and formulate our results in the
form of a PET. We include some numerical simulations to assess the performance of our
method for some inverse problems of interest.

1.4 Frequency-localized Functions

Reconstruction of signals from samples is a frequent problem in different fields, for which
there is a continuous need to develop more accurate algorithms. One standard approach
to tackle this problem is to assume that the signal belongs to the set of frequency-localized
functions, i.e., the functions where most of its energy is concentrated in a compact set of
its Fourier domain. A particular subset of the space of frequency-localized functions is the
class of band-limited functions. For the latter class of functions, there is a vast number
of important applications ranging from signal estimation [150], radar imaging [33], radio
transmission [29], and compressed sensing [161].

In this thesis, we study the approximation of multi-dimensional frequency-localized func-
tions via deep-learning-based methods. The main ingredients for the PET have been pre-
sented in the following manuscript:

Paper Reference

M. Neuman, A. Lerma, J. Bramburger, S. Brugiapaglia, Reconstruction of
frequency-localized functions from pointwise samples via least squares and deep learn-
ing, 2025, in Arxiv.

M. Neumann developed the main arguments, led most of the final writing, and supervised
the project. J. Bramburger and S. Brugliapaglia contributed to the technical writing. A.
Lerma was responsible for the development of several technical results and for the numerical
experimentation.

We present the results of the aforementioned manuscript in Chapter 5 which constitute a
detailed study for the reconstruction of frequency-localized functions by NNs. Following the
context of this thesis, our findings are formulated here in the form of a PET. Furthermore, we
compare the performance of our deep-learning-based methods with the performance of one
of the most widespread methods in approximation of functions: the least squares method.

Several of our results build upon the properties of the Slepian basis [153, 154, 156], which
is an orthogonal basis for the space of L2-functions defined on R. This basis presents maximal
energy concentration within the interval [—1, 1] [105, 150, 167, 170], making these functions
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suitable for the estimation of frequency-localized and bandlimited functions from samples.
In contrast to Chebyshev- or Lagrange-based interpolation methods, the spatial resolution
of the Slepian basis is more uniform, which allows us to support longer stable time steps.
This feature gives the Slepian basis a distinct advantage in applications such as weather
prediction [22].

To obtain an upper bound for the sample complexity, we leverage previously established
results from the field of least-squares approzimation(see [2, Chapter 5]). In particular, we
consider the approximation of smooth functions via NNs. To this end, we approximate the
Slepian basis with linear expansions which are approximated by NNs as well and can be
explicitly constructed. Thus, we need to run an algorithm that determines the parameters
of the last layer. This idea has previously been studied in the field of transfer learning
[121], where some layers of a previously trained model are fine-tuned on new data to solve a
similar task. In particular, the method of fine-tuning (or retraining) the last NN layer has
been shown to improve the accuracy of neural networks when dealing with spurious features
in the data [78, 157].



Chapter 2

The Mathematical Theory of Neural
Networks

In this chapter, we introduce all the fundamental notions necessary for the following chapters.
In particular, we formally define what a neural network (NN) is. Before we do this, we take
a detour to introduce the notion of perceptron which historically appeared first and paved
the way for the later development of NNs [99]. A perceptron has a simple structure: it is
defined for all elements in R?, d € N, and is associated with a vector w € R? and a scalar
b € R. The concept of perceptron was originally designed to model the functioning of human
neurons [139).

Definition 2.0.1. [7, Discussed in Section 1.2] Letd € N. Let Ig+ : R — R be the Heaviside
function, which is the indicator function of the set (0,00). A function of the form

RY > x — g+ (Wl x +b),
where b € R and w € R is called a perceptron.

Due to the presence of the Heaviside function, the perceptron outputs either the value
one or zero, depending on the sign of the quantity w’x +b. We say that the perceptron fires
when wix + b > 0, that is, when the output is one. The Heaviside function is an example
of a broader class of functions known as activation functions, which introduce a nonlinearity
into the perceptron. We can generalize this notion by allowing the use of other activation
functions.

Definition 2.0.2. [7, Discussed in Section 1.2] Let d € N and o : R — R be a function. Let
w € R? and b € R. A neuron is a function ® of the form

R > x — &(x) = o(wi'x + b),

where b € R is called the bias, w € R? is the weight vector and o is called the activation
function.



We can combine different neurons to form what we call a neural network. Moreover,
we can arrange different neurons so that the output is high-dimensional, as we see below.
The way we combine these neurons and the operations we allow among them gives rise to
different types of neural networks [139]. In this work, our main focus is on feed-forward
neural networks which we simply call neural networks (NN).

Definition 2.0.3 ([130, Definition 1.2]). Let d, L € N. A neural network (NN) with input
dimension d and L layers is a sequence of matriz-vector tuples

o = ((Al,bl), (Ag,bg),...,(AL,bL)),
where Ny :=d and Ny,..., Ny € N, and where Ay € RN>Nev and b, ¢ RN for ¢ =1, ..., L.

For an NN ® and an activation function o : R — R, we define the associated realization
of ® as
R(®) : RY = RV : = xp = R(®)(w),

where the output x;, € RNt results from
X =T,
xp=0(A¢zo_1 +b) forl=1,...,L—1, (2.0.1)
xp = Apxr_1+bp.

Here g is understood to act component-wise on vector-valued inputs, i.e., fory = (y*,...,y™) €
R™, o(y) := (o(y'), ..., 0(y™)). We call N(®) :=d + Zle N; the number of neurons of @,

L(®) := L the number of layers or depth, W;(®) == || Ao + ||b|lo the number of weights in

the j-th layer, and W(®) = Zle W;(®) the number of weights of @, also referred to as the

size of ®. The number of weights in the first layer is also denoted by W5 (®), the number of

weights in the last layer by Wi,(®). We refer to N, as the dimension of the output layer of

®. Lastly, we refer to (d, Ny,...,Np) as the architecture of ®.

In Figure 2.1, we illustrate a feed-forward NN with number of layers L = 4, input
dimension d = 3 and output dimension N, = 1. The only activation function considered in
this thesis is the well-known ReLU, denoted as o(z) = maz{z,0}. Due to the simplicity of
its formula, among many other properties, this activation function has been used in several
publications [108]. However, other activation functions worth mentioning are the sigmoid
[85] and the Tanh [96], which are illustrated in Figure 2.2. The choice of the activation
function depends on the characteristics of the problem to be solved, as analyzed in [60].

In this thesis, we investigate how the set of realizations of NNs performs as a hypothesis
set to identify the ground-truth function in various applications. In our proposed approaches,
we fix the number of layers L as well as the weights W and the maximal number of neurons
N per layer to carry out our study. We now introduce the set of NNs under this set of
conditions.

Definition 2.0.4. [129] Let d,q € N>y, NJW,L € N, and B > 0. The set of realizations
of ReLLU NNs with L layers, at most N neurons per layer, at most W non-zero weights and
weights with magnitudes bounded by B is defined as

NN(d,q,L,N,W,B) = {f :R* 5 R? : 3 an NN &/ s.t. R(®/)(x) = f(z)x € [0, 1]*}.

10
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Figure 2.1: Illustration of a 4-layer feed-forward NN.

Moreover, we set
NN.(d,1,L,N,W,B) ={f € NN(d,1,L,N,W,B) : 0< f(z)<1 foral z€][0,1]%}.

In particular, we consider in Chapter 3, NNs with only two-layers which are referred to
as shallow NN. We can express the realization of a shallow NN & as

m

R(®)(x) = Y ao(w]x +b;),

i=1

where m € N is the number of neurons in the hidden layer, a;,b; € R and w; € R?. Three-
layer NNs are considered for classification problems in Chapter 3 and the realizations of NNs
with deeper architectures are considered as hypothesis sets in the Chapters 4 and 5. The
PETSs that we discuss in the following chapters base their proofs on the existence of NN sets
with a limited number of parameters, although not explicitly mentioned in their formulation.

11



1.5

. . A
—— Sigmoid
—— RelU
1.0 — Tanh
0.5 - /
X 0.0 P
—-0.51
-1.0
-1.5 ; ; ; ; ; ;
-10.0 -7.5 -5.0 -2.5 0.0 2.5 5.0 7.5 10.0

Figure 2.2: Some of the most used activation functions: Sigmoid, ReLLU, and Tanh.

Two or more NNs can be combined to construct new NNs. By doing so, we provide
the set of realizations of NNs with an additional algebraic structure which helps us in the
constructions for new NNs in the upcoming sections. We now present the operations defined
over the sets of neural networks that we use in most of our results.

Definition 2.0.5. [131, Definition 2.2] Let Ly, Ly € N. Let
' = ((A},by),. .., (AL, b1,))

and

O* = ((A1,6)),..., (AL, 00,))

be two NNs with the respective number of layers L1 and Ly such that Ni = NfQ, i.e., the
input layer of ®' has the same dimension as that of the output layer of ®2. Then ®! © ®2
15 an NN with L1 + Ly — 1 layers such that

OL OO = (AL, 7)o (AL, 1, b, ), (ATAL,, oL, + D7), (A3, B), 5 (A, br,)),
called the concatenation of ®' and ®*. Moreover, R(®' ® ®2) = R(®') o R(®?).

The operation of concatenation allows us to construct a new NN from a pair of NN, the
realization of which is the composition of the respective realizations. Now, we introduce an
operation that allows us to define addition on the set of NNs.

12



Definition 2.0.6. [131, Definition 2.7] Let L,d € N. Let
®' = ((A1, b)), - (AL, b))

and

©? = ((A7,63),..., (AL,D7))

be two NNs with L layers, each having d-dimensional input. Then P(®', ®?) is an NN with

L layers such that o o
P<(I)17 (1)2) = ((Ah bl)a ) (A27 b2))

where

~ Al ~ bi ~ Al 0 ~ b
A= (A%) , b= (b%) , and A= (Ol AIQ) , b= (b%) ,  for 1=1,...,L,

called the parallelization of ®' and ®*. Moreover, R(P(®!, ®?)) = (R(P'), R(D?)).
Remark 2.0.7. It follows directly from the given definitions that

L(®' © &%) < L(®Y) + L(D?),
W(e' o &%) < W(P') + W(d?),

and that

L(P(®', %) = L(®') = L(P?),
W(P(®, %)) = W (') + W (d?).

Concatenation and parallelization can be extended to multiple neural networks, such that

q)1®q)2®q)3: (@1@®2)®CI)3:(I)1®(Q)2@®3)7
P(9!, 02, 8°) = P(P(9!, 8), 8°) = P(0!, P(82, 7).

Now, we state that the identity map of each space R? can be realized by an NN. In the
following chapters, we use the result above to realize a variety of functions.

Proposition 2.0.8. [118, Proposition 2.4] Letd, L. € N. Let I : R* — R? denote the identity
map I(x) = x for all x € RL. Then there exists an NN ®; with input dimension d and L
layers, such that R(®;)(x) = I(x) = z for all x € RY and W (®;) < 2dL.

The following proposition states that the linear combination of realization of NNs is also
realized by an NN.

Proposition 2.0.9. [129, Lemma 5] For d, K € N, let {®;}I<, be a collection of NNs where

® = ((A],0),- ., (AL, 0)))
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where Az € R4*dit1 gnd assume dr, = dr, = -+ = dy,.. For a set of scalars {ozj}f:l, there
is an NN ®, such that

R(®,) = Z%‘R(q’j),

and that

W () < ZZK:W(QDJ-) + 2ZK:(LW ~L)d}  and L(®s) = max L(®;).

p pu 1<j<K

where Lmam = mMaxXy<G<kK L(®])

2.1 Universal Approximation Theorems

We have mentioned in the introduction that every continuous function can be approximated
by the realization of an NN with arbitrary precision. In this section, we present some results
that support this assertion. It is worth mentioning that this is a well-known fact within the
theory of NNs, and it can be generalized to a larger class of activation functions. However,
to maintain consistency with our discussion, we have adapted these results to the case of
ReLU activation function.

After a simple inspection, we can observe that the realization of a ReLU NN is a piecewise
linear function. In real-life applications, not all causal relations between two sets are of this
type. Although this allows for the modeling of many problems, it also implies that not
every function can be realized by a ReLU NN. In particular, smooth simple functions as
the quadratic and the cubic function are not realized by NNs. The universal approximation
theorems give a theoretical background for the approximability of a continuous function with
certain limitations. We start by defining in which sense we study this approximability.

Definition 2.1.1. /64, Adapted from Definition 2.7] Let d € N. A sequence of functions
fn : R® — R is said to converges compactly to the function f : R* — R, if for every compact
K C R? follows that

lim sup [ f,(x) = f(x)| = 0.

n—oo zeK

Now, we state what a universal approximator is.

Definition 2.1.2. /6] Let d € N. A set of functions H from R? to R is said to be a universal
approzimator of C°(R?) if for e > 0, every compact set K C R and every f € C°(R?), there
s a function g € H such that

sup | f(x) — g(x)| <€

xeK

As a side note, we observe that if the activation function is linear or polynomial, the
set of all realizations cannot be universal. However, we know that there are several activa-
tion functions whose set of realizations is actually a universal approximator of C°(RY). As
mentioned above, we state this result for the case of the ReLU activation function.

14



Theorem 2.1.3. [6/, Adapted from Theorem 2.1] Let d € N and ¢ the ReLU activation
function. Then, the set Nj(d,1, L) is a universal approzimator of C°(R).

The notation Nj(d, 1, L) indicates the set of realizations of ReLLU NNs with arbitrary B
and W. Although Theorem 2.1.3 is studied for approximation in the uniform norm, we can
obtain similar results when LP norms are used instead. More interesting for us is the fact
that the set of realizations of NNs with a greater number of layers exhibits this property as
well.

Theorem 2.1.4. Let d,L € N. Let K C R? be a compact set and o : R — R an activation
function that is differentiable and not constant in an open interval. Then, for e > 0, there
is an NN ®* € NN (d,1, L) such that

sup [[R(®7)(x) —x|| <,

xeK
where the measure u is the restriction of the Lebesgue measure.

Universal approximation theorems shed light on the success of neural-network-based
methods. As many phenomena can be described by continuous functions, NNs are able
to approximate the solution of a vast number of problems. However, these results do not
provide a simple method to select an NN that better fits the given data. New methods have
been developed to address these issues that make use of various techniques and we study
some of such techniques in the following sections. For all of the problems that we study in
this thesis, we provide the architecture of the NN with which we construct our algorithm
that reconstructs their solution, and we present our results from the following chapters in
the form of PETs.

2.2 Approximation of Function Classes

Now, we study the approximation capabilities of NNs for different function sets. In particular,
the results of this section show which architecture to select for the set of realizations of NNs
to be a suitable hypothesis set under certain conditions on the ground-truth function to be
approximated. Furthermore, we state explicit rates in terms of the number of weights and
the input dimension of the NN so that its realization approximates a function with a given
accuracy. We constantly revisit these results in Chapters 3, 4 and 5 as the PETs presented
in these chapters rely on suitable NN sets that rely on the results of this section.

Linear Functions as Realizations of Neural Networks

One of the simplest function sets that can be approximated by the realization of NNs is that of
continuous, piecewise linear [106]. The approximability of these functions by the realization
of NNs leads us to many approximation results for functions with certain regularities. We
now formalize the concept of continuous, piecewise linear function.
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Definition 2.2.1. [106, Adapted from Definition 3] Let d € N, Q € R A function f :
R? D Q — R is said to be a continuous, piecewise linear function (in short, cpwl function) if
f € C%0), the set of continuous functions on 2, and there exist p € N affine linear functions
gr : RY — R such that for allx € Q there is at least one j € {1,2,...,p} with f(x) = g;(x).

For a given vector v € R? and bias b € R, the simple neuron
x — o(vIx — b),

for x € R?, divides the Euclidean space R? into two regions, where the function is linear on
each one of them. Thus, a neuron is a cpwl function with p = 2. The sum of different neurons
gives rise to a continuous function which is continuous and piecewise linear. We now state
that each cpwl function is realized by an NN. This result can be formulated in a sufficiently
general form, but for the purposes of this work, we state this result for a particular case.
We note that Definition 2.2.1 does not impose any restriction on the domain of each g;.
However, we state this result under some convexity restrictions on these domains. To this
end, we recall some crucial definitions from the theory of convex sets.

Definition 2.2.2. [106] Let d € N. The convex hull of a set U C R? is defined by
co(U) ::{x:Zaixﬂ nGN,XiEU,OKZO,Zaizl}_
=1 i=1

In particular, we use the convex hull of a finite number of points, denoted as co({zo, . .., Z,})
and presented in the following definition.

Definition 2.2.3. [107, Chapter 50] Let n € Ny, d € N. We say that the points x1,Xa, ..., X, €

R? are affinely independent if {x; — Xg, Xo — X, - .., X, — X0} 4s a linearly independent set.
In this case, we say that the set co(Xq,...,X,) is an n-simplex and each element x; is called
a node.

The partitions that we consider in this thesis are only reqular triangulation, which are
defined below.

Definition 2.2.4. [61, Chapter 3] [129, Definition 5.15] Let d € N and Q2 C R? be a compact
set. We say that T = {T}.e7 where each T is a d—simplex, is a regular triangulation of €2

of
1. UTGTT - Q’
2. for all T, 7', we have T N7 = co(N (1) N N(1")),

where N (1) denotes the set of nodes of 7. The mazimum number of elements shared by a
single node s denoted by K.
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Next, we formulate Theorem 2.2.5 which guarantees the existence of an NN that realizes
each cpwl function when €2 admits a regular triangulation. Remarkably, the control bounds
on the number of weights and layers hinge on the number of elements of the partition 7 and
the quantity K.

Theorem 2.2.5. [61, Theorem 5.1] [129, Theorem 5.14] Let d € N, Q C R? be a bounded
domain, and T be a reqular triangulation of Q). Let f : 0 — R be a cpwl function with
respect to T which is zero at the boundary of Q. Then, there is a ReLU NN ®/ such that

R(®7)(x) = f(x),
for x € ), and there is a constant C' > 0 depending only on d and Kr, such that
w(eh) < (1)), L(®) <C.

Building upon Theorem 2.2.5, we can construct NNs with larger numbers of layers that
allow us to approximate more complex functions, as we see in the following sections. We
follow this approach in Chapter 4.

Approximation of Polynomials by NNs

The approximation of polynomials by NNs is a crucial step to the construction of NNs that
approximate further functions, particularly smooth functions or with a certain regularity.
The method we discuss here was originally introduced in [172]. The proofs herein are built
on the cpwl function

] 2g, if z €0, 3],
J(2) = {2—2:1;, if v € [3,1]

which can be realized by a ®/ such that R(®7)(z) = o(2z) — o(4x — 2) where g is, as usual,
the ReLU activation function. We introduce the notation

fn = fn-10 f for all n € Ns,. (2.2.1)

for the subsequent compositions of f by itself. Direct calculations show that the resulting
function f, is a cpwl function as well. Thus, we conclude that there is an NN ®/»  the real-
ization of which equals f, for each n € N. This observation is employed for the construction
of an NN, the realization of which approximates the quadratic function.

Proposition 2.2.6. [119, Proposition 2.5] Let m € N. Let f,, defined as in (2.2.1) and
g : 0,1 = R given by g(x) = 2% Then, f, is a piecewise linear function such that
fm(52™) = (52™)2 for 7 =0,...,2". Moreover, f,, is a NN with m hidden layers, at most 5
weights per layer and

Hg - fm“ S 272m71.
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By using the identity

(x+y)*—(r—y)°
1 :

Ty =

we can approximate the product of two numbers z,y in a compact interval [-B, B], B > 0,
by the realization of an NN depending on the given accuracy € > 0 as shown in the following
proposition.

Proposition 2.2.7. [119, Proposition 2.5] Let ¢ € (0,1) and B > 0. Let x : R* = R be
defined by x(x,y) = xy. Then, there exists a ReLU NN X g such that R(X.p) : [-B, B]* —
R and that

||R(/>\</6,B) — ><||Loo([_B7B]2) S €.
Moreover, there is a universal constant C' > 0 such that
o L(X.p) < C(1+log,(B/e)),
° W(;ZQB) < C(1 + logy(B/e)).

To approximate polynomials, we require not only an approximation result for the quadratic
function, but also an approximation result for the product of an arbitrary number of factors.
This result is established in the following proposition.

Proposition 2.2.8. [119, Proposition 2.6] Let ¢ € (0,1) d € N and B > 0. Let x : R? = R
be defined by x(x1,...,xq4) = szl x;. Then, there exists an NN X.p such that R(X.p) :
[-B, B]Y = R and that
IR(XeB) = Xl oo (B0 < €.
Moreover, there is a universal constant C' > 0 such that
o L(Xep) < C(1+ logy(d) logy(d/e)),
e W(x.p) < C(1+dlogy(d/e)).

As each polynomial function is a linear combination of a finite number of monomials, we
can invoke Proposition 2.0.9 and Proposition 2.2.7 to derive the following result.

Proposition 2.2.9. [119, Proposition 2.9] Let e € (0,1). Let p(x) = " c;a’ be a poly-
nomial of degree n € N, where ¢; € R for 7 =0,...,n. Then, there exists an NN ®., such
that

[P = R(Pep) |l Loe-1,1) <€

Moreover, there is a universal constant C' > 0 such that

o L(®.,) < C(1+nlogy(n)+nlog(C/e)),
o W(®.,) < C(logy(n)® + (1 +logy(n)) logy(Co/e)).
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where Gy := max{)_7_, |c;],0}.

Notice that the number of layers of the constructed NNs in Theorem 2.2.7 depends
only logarithmically on the input dimension d. Additionally, the number of weights of
the constructed NNs depends at most linearly on the input dimension d. Following the
discussion of the introductory chapter, it seems that we do not necessitate an excessively
large (compared to the dimension) number of parameters to approximate polynomials by
the realization of NNs. In the following sections, we continue to study such a dependency
for different sets of functions.

Approximation of Legendre Polynomials by NNs

One class of polynomials that plays an important role in applications is the set of Legendre
polynomials. In particular, we use these polynomials in Chapter 5 for the approximation of
an orthogonal basis of L?(R). We say that P, is a Legendre Polynomial of degree k € N if
it is the polynomial solution of the ODE

d? ~

d — .
2

These polynomials constitute an orthonormal basis for L([—1,1]). In [120, Equation 2.42]

—

it is shown that the L?-norm of the Legendre polynomial P, on [—1,1] is given by
1

Pollia(oray) = — .
|| kHL%([ 1,1]) 9 k—|—1/2

To obtain a normalized Legendre polynomial of degree k, we define

P =2k + 1/2P.

Write Py(z) = Zf:o c;?xj. An explicit formula for the coefficients ¢; can be found in [15,

Section 10.10, Equation (16)]). Therein, it is stated that the coefficients c;? satisfy

(2.2.2)

o if k—je{0,....7}N2Z+1,
Tl (=02 (Y (M) V2k + 1 if k- €{0,...,5}N2Z.

where m := (k — j)/2. Thus, by invoking Proposition 2.2.9, we are able to derive an
approximating result for the approximability of normalized Legendre polynomials by ReLLU
neural networks.

Proposition 2.2.10. [119, Proposition 2.11] Let € € (0,1). For each normalized Legendre
polynomial Py, of degree k € N, there is an NN ®.; with input and output dimension one
such that

[ Px = R(Pe )l e (-1, < €

Moreover, there exists a universal constant C' > 0 such that for all k € N
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o L(®. i) < C(1+logyk)(k+ logy(1/e))
o W(d) < Ck(k + logy(1/e)).

In the special case k = 0,
PO - R((I)e’0>

with
[ ] L<(I)e,0) = 2,
[ ] W((I)Qo) =1.

These approximation rates will be used for the construction of a set of realizations of
NNs in Chapter 5. In particular, we use Legendre polynomials to approximate the Slepian
basis, which is later introduced, and is an orthonormal bases for the space of L? functions
on the space R?.

2.2.1 Approximation of Lipschitz Functions

We now start to study the problem of approximating more complex functions by the real-
ization of NNs. One standard assumption on the ground-truth function is that of Lipschitz
continuity which we recall below.

Definition 2.2.11. [75, Definition 2.1] Let d,q € N, Q C R? and C > 0. We say that
g : Q — R? is Lipschitz continuous with Lipschitz constant C', if for all x,y € €0, it holds

1F() = F(¥)llre < Clix = yllga

As usual, our goal is to prove that for a given € > 0, there is an NN ®/ such that

IF =R (e

)HLOO(Q;R‘I) se

Moreover, we would like to have control over the number of weights W (®/) and the number
of layers L(®/). The following result states that each Lipschitz continuous function f can
be efficiently approximated by the realization of NNs with control over the weights.

Theorem 2.2.12. [61, Corollary 5.1] Let d,q € N, K > 0 and let Q = [-K,K]%. Let
g : Q — R7 be Lipschitz continuous with Lipschitz constant C' > 0. Then, for everye € (0,1),
there exists an NN ®9¢ such that

o llg = R (%) ) < €
o W (®9) = O (qe?) fore— 0,
o L(D9°) = [logy(d+1)] + 1.

In the above estimate, the implicit constant depends on C, K, and d.

We revisit this result in Chapter 4 for the construction on a convenient NNs defined on a
low-dimensional manifold. Such an NN allows us to construct deep-network-based algorithms
for the solution of inverse problems.
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Approximation of C** function

Stronger regularity conditions of a function can be exploited to obtain different approxima-
tion rates using NNs. Before we reach these results, we introduce the set of C** functions.

Definition 2.2.13. petersen2024mathematical Let d € N, k € Ny, s € [0,1] and Q C R%.
We denote C**(Q) as the set of functions f : R — R such that

DO f(x) — D°
I fllcks) :==sup  max |D®f(x)|4+sup max |D*f(x) 2f(Y)|
x€f) {aeNglo| <k} xiy {0€Ng |l <k} Ix =yl

18 finite.
We now present an approximation rate by NNs for the functional space C**.

Theorem 2.2.14. [129, Theorem 5.25] Let d € N, k € Ny, s € [0,1] and Q = [0,1]¢. Then,
there is a universal constant C > 0 such that for every f € C**(Q) and N > 2, there is a
ReLU NN ®%; such that

k+s

If — o3l < ON~7a

fllers -
Moreover, the NN &7,

o W(0}) < CNlog(N),
o L(®)) < Clog(N).

From Theorem 2.2.14 we can notice that the higher regularity of the function f leads to
faster approximation rates. However, this result shows that for functions defined in high-
dimensional Euclidean spaces, we may need NNs with a massive number of parameters and
layers to achieve convenient approximation errors. This phenomenon appears frequently in
the study of approximation methods and is commonly referred to as the curse of dimension-
ality. This is the topic of the next section.

2.3 The Curse of Dimensionality

It has been noted that in high-dimension settings, many algorithms to approximate their
solutions become ezponentially harder [5]. This phenomenon is usually referred to as the
curse of dimensionality, a key concept encountered throughout the following chapters and
initially coined by Bellman in [17]. Deep-learning-based algorithms for the reconstruction of
functions with derivatives up to the order k defined in the space R? for d € N may suffer from
the curse of dimensionality, as we have already observed in Theorem 2.2.14 and Theorem
2.2.12. For the case of Lipschitz continuous functions defined on compact sets, the number of
total parameters grows exponentially with respect to the dimension. This is a clear example
of the effects of the curse of dimensionality on the problem of approximating a function by
NNs.
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In this section, we present two different approaches that have emerged to mitigate the
curse of dimensionality for neural-network-based approximation methods. These strategies
are leveraged in Chapters 3 and 4 for the construction of specific NN classes that are not
subject to the curse of dimensionality. In particular, we introduced the manifold assumption
and the space of Barron functions.

The Manifold Assumption

For many applications, we can expect the input data to belong to a subset of a lower-
dimensional subspace. This assertion is supported by empirical evidence, since it has been
observed that the number of parameters needed for an NN to approximate certain regular
functions is lower than the number of parameters predicted by standard results (see [14, 84]).
To remedy this issue, a common approach is to assume that the definition domain of the
ground-truth function is a low-dimensional manifold M (see [160, 140]). We refer to this
approach as the manifold assumption, the low-dimensional manifold as the intrinsic domain
and the Euclidean space as the ambient domain. With this terminology, the ground-truth
can be represented as a function f: R D> M — RP.

Under the manifold assumption, the curse of dimensionality for neural-network-based
approximation methods can be lessened, as we see in this section. This can be seen in
Theorem 2.3.1, where the dimension of the manifold determines the approximation rate of
the method. Notice that such a rate depends exponentially on the intrinsic dimension d
and not on the ambient dimension D. We assume that the function to be approximated
belongs to the space of C**(M) functions where M is an m—dimensional smooth, compact
submanifold of R,

Theorem 2.3.1. [129, Theorem 8.7] Let d,k € N, s € [0,1). Let M C R? a smooth,
compact and m—dimensional manifold. Then, there is a constant C > 0 such that for all
f e C*5(M) and every N € N, there is a ReLU NN ®, such that,

o [If = R(®})]|e(an) < CN-50/m
o L(®%) < Clog(N),

e W(®) < CNlog(N).

Several articles have proved similar approximation rates for different function classes
under various assumptions on the manifold M (see, for example, [31, 145]). In Chapter
4, we present a version for Lipschitz continuous functions when the intrinsic domain M
is an m—dimensional smooth, compact submanifold of R?. We incorporate the manifold
assumption in Chapter 4 for the design of a new scheme to approximate the solution of various
inverse problems. Since the forward operator associated with an inverse problem is defined on
infinite-dimensional spaces, it is not evident that neural networks can effectively approximate
its solution. Moreover, the inverse operator is typically noncontinuous and a similar version of
Theorem 2.3.1 cannot be applied directly. Particularly, we propose approximation methods
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based on NNs for the solution of infinite-dimensional inverse problems where the quantity to
be identified lies in a low-dimensional solutions. Some of the underlying ideas of the proof of
Theorem 2.3.1 are revisited in Chapter 4 to construct a robust-to-noise NN, the realization
of which approximates inverse operators.

The Barron class

In [14], it was proved that there exists a class of functions for which the number of neurons
in the set of realizations of a shallow neural network required to achieve an approximation
accuracy of 1 > € > 0 grows like O(¢~2). This result points to the fact that nonlinear
approximation via NN can avoid the curse of dimensionality. This space is called Barron
space and is discussed in this section. Intuitively, the Barron class corresponds to the set
of integrable functions whose first Fourier moment is bounded. We formally introduce this
space in Definition 2.3.2.

Definition 2.3.2. [128, Definition 2.1] Let d € N. The Barron class B(C') = B4(C) with
associated constant C' > 0 is defined as the set of functions f : B(0) — [0, 1] for which there
is a measurable function F : R* — C and a constant c € [—C,C|] such that

flz) = c—l—/ ('@ — 1YF(t)dt for all x € [0,1)¢ and C; = / [t||F(t)|dt < C.
Rd Rd

We emphasize that there are different definitions for the space of Barron functions, some
of which are equivalent but are not included in this thesis. An extensive study of these
equivalences can be found [49]. One such generalization stems from the fact that the Barron
class is efficiently approximated by shallow NNs. This claim is supported by the following
result.

Theorem 2.3.3. [30, Proposition 2.2] There is a universal constant k > 0 with the following
property: For every bounded set @ C R with nonempty interior, for every C > 0, o € X
and f € Be(R2), and for all N € N, there is a shallow NN CDfV with at most 8N neurons in
the hidden layer, such that

I1f = R(®L) || () < KVAC N2, (2.3.1)
Moreover, the weights and biases of (I){v can be bounded by

(54 v(A)VC where v(A) == sup (|z]so/]2]|2) -

zeR—{0}

From Theorem 2.3.3, we observe that the approximation rate term N~2 does not depend
exponentially on the input dimension d. In particular, the number of neurons needed to
obtain an approximation accuracy €, although not completely independent of d does not
grow exponentially. This may be surprising, as it suggests that the curse of dimensionality
may be mitigated for the class of Barron functions. In reality, there is a dependency on the
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dimension in the approximation rate. The Barron condition is an example of nonclassical
smoothness criteria [49]. Functions with more classical regularity belong to the Barron class,
like for example, functions in the Sobolev space H¥?+2(R?).

A recently introduced functional space, called the RBV2-space, exhibits a similar be-
havior. In Chapter 3, we study in detail how NNs can be used for the approximation of
this type of functions without the curse of dimensionality. Indeed, approximation results
similar to Theorem 2.3.3 for the class of RBV? functions have been presented in [123]. A
key difference from such statements is that the exponent in the approximation rates does
depend on the input dimension d. However, the dependency does not entail the curse of
dimensionality, since the approximation rates for RBV? approach the approximation rates
for Barron classes as the dimension grows.

2.4 Learning from Samples

The proofs of the results in the later sections rely on highly technical constructions that we
have not included in this thesis. In practice, the selected NN for a ground-truth function is
selected using an optimization algorithm on a limited number of data samples. To guarantee
this, we usually use techniques from other fields of study, such as statistical learning theory.
[162]. The NN selection process or training and we must guarantee that the selected NN
performs well on unseen data. We intent to provide some insight into this topic in this
section.

Let us assume that we wish to find the relation between two different variables x and
y. We further assume x € X and y € Y where X is called the feature space and Y is the
label space. Moreover, we have a finite set of observations (z;,y;)™, for m € N where (z;,y;)
is drawn according to a probability distribution D. We call this set the training set. The
relation between the two components of each data point is given by a ground-truth function
f, such that f(z;) = y;. Our approach is to search for an NN @, the realization of which fits
the observations as best as possible, i.e., reduces the approximation error on the training set
and can predict accurately the output of a new data set, called the test set.

To measure the disparity between the ground-truth f and the realization of the NN &
we make use of a so-called loss function, which is a function L : Y x Y — R chosen for the
problem. This loss function induces the concept of risk, which we present in the following.

Definition 2.4.1. [104, Definition 2.1] Let L : Y xY — Ry be a loss function and D a
distribution over X x'Y. The risk of a function f : X — 'Y 1is defined by

R(h) == Ep[L(f(x),y)]-

Moreover, we define the Bayes risk as

R = inf R(f).

XY

In terms of this newly introduced concept, our objective is now to find an NN the real-
ization of which has a risk close enough to the Bayes risk. To this end, we consider a subset
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Figure 2.3: The problem of learning depends on the amount and quality of data available.

of realizations of NNs H C {f : X — Y} called the hypothesis set. Since the distribution
D is unknown, it may be impossible to compute the risk R(f) explicitly. Thus, we use the
sample set to compute the empirical risk of the function as an approximation of the risk of

£l

Definition 2.4.2. [104, Definition 2.2] Let m € N. Let H a hypothesis set and L : Y XY —
R be a loss function. Let S = (x;,y:)t, € (X X Y)™ be a sample. We define the empirical
risk of a function h € H as

If there is a function hg such that
Rg(hg) = inf Rg(h
s(hs) = inf Rs(h),
we call this function the empirical risk minimizer.

Neural-network-based methods use the empirical risk minimizer to estimate the function
to be learned [143|. Notice that

R(hy) — R* < 2sup|R(h) — R(h)| + inf R(h) — R*
heH heH
=: 2€gen + €app-

In the previous sections, the approximation rates for some classes have already been estab-
lished. Now, we study methods to derive upper bounds on the generalization error. Before
we do this, we briefly discuss how to find in practice the empirical risk minimizer for a given
task.
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The method of gradient descent. To find the empirical risk minimizer, we typically
perform an iterative algorithm called the Gradient Descent Method (GD) [114, Section 1.2.3].
This method finds a minimizer on the set of NN parameters, which we consider in this section
to be RY, where N denotes the total number of parameters. Let us consider the problem

min f(w),

weRN f< )

where N € N and f is the empirical risk considering a sample S. Starting with an initial
step wo € R?, we define a sequence of weights given by

Wit = Wi — thf(Wk), (241)

where hy > 0 is called the k—size step and can be different for each £ € N. To study this
method, one may impose convexity assumptions on the objective function and the definition
domain as the GD method does not converge for any choice of function. Since we do not
analyze the convergence of the method in the following chapters, we provide only relevant
literature on this matter (see [53, 86]).

If we use a large data set to define our objective function, we may have a complicated
functional to optimize [69]. Thus, to find the empirical risk minimizer, we commonly take
a different approach. We replace the gradient of the objective function V f(wy), which is
computed on the whole training set in 2.4.1 by a random variable Gj that is an unbiased
estimator of this gradient, that is,

E(Gglwi) = V f(wy),

which leads us to the following update rule,
Wi i— Wi — thk

This variation of the GD method is called stochastic gradient descent (SGD) ([48]).

Generalization bounds We now formalize the notion of generalization bounds, which
provide insight into how closed the risk and the empirical risk of a function are in terms of
the number of samples [166, Section 5.5].

Definition 2.4.3. [129, Definition 14.6] Let H a hypothesis set of functions mapping X into
Y. Let L:Y XY — R be a loss function. Let k: (0,1) x N — Ry be a function such that
for every 6 € (0,1), it holds that k(5,m) — 0 as m — co. We say that k is a generalization
bound for H if for every distribution D on X XY, and every m € N and § € (0,1), it holds
with probability at least 1 — ¢

sup [R(h) — Rs(h)| < K(6,m).

when S ~ D.
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With the concept of covering number, which we present below, we can obtain generaliza-
tion bounds for multiple hypothesis classes.

Definition 2.4.4. [128, Definition 3.9] Let K, X # & be sets with K C X and let d :
X x X — R a be function such that d(x,y) > 0 for distinct z,y € X and d(x,y) = 0 if
r =y € X. We say that a subset G. C X is an e—net for K if for every x € X, there is
y € G such that d(x,y) < e. Furthermore, we define Vi . the e—covering entropy of K as

Vi.e(€) :=1n(Gra)

where
Gra = max{|G| : G is an e-net for K}

and |G| denotes the cardinality of the set G.

For the set of NNs F := NN (d, 1, N,W, B), we can compute the covering entropy, which
we denoted as V... Here, || - [[oc must be understood as the distance induced by the
supremum norm. In [128, Remark 5.2], this quantity was calculated as

Vr 1 (8) < W - (10 + In(1/6) + 51n([B]) + 5 In(max{d, W})),

for 6 € (0,1], d, N,WW € Nand B > 0. The same bound holds for NN, (d, 1,2, N, W, B) since
this set is the intersection of NN (d, N, W, B) with a convex set. This result will be recalled
in Chapter 3. The covering entropy numbers of a class can be used to derive generalization
bounds. To illustrate this idea, we present the following theorem.

Theorem 2.4.5. [128, Theorem 3.9] Let d,m € N, Cy, C, > 0 and a« > 0. Let Y C
[—Cy,Cy], X C R Let L : X xY — R be a Lipschitz continuous loss function with
Lipschitz constant Cp. Let H be a subset of functions mapping X into Y. Then, for every
distribution D on X XY, and each independent sample S ~ D of m elements, it holds

Vi 1o (M%) + log(2/9) N 20,

m me

bl

IR(h) — R(h)| < 4CYCL\/
for all h € H.

The results in this section are relevant to us because PETs demonstrate the existence
of a class of NNs, along with the training procedure and convenient sample complexities to
determine an adequate NN for a ground-truth function. (see [3]). We use standard results
from statistical learning theory as those presented above in Chapters 3 and 4. For the PET
in Chapter 5, we use alternative results from sparse approximation theory [2].
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Chapter 3

A Practical Existence Theorem for
Classification Problems

In this chapter, we discuss a PET for a certain class of discontinuous functions which are
typically encountered in tasks of classification. The ground-truth functions associated with
this type of problems are commonly assumed to be defined on a compact subset 2 C R?
which can be partitioned into a finite number of subsets €.

Moreover, these functions take a unique value on each partition set and are usually
referred to as the classifier f. Formally speaking, a classifier f takes the form f(z) =
Zle crlg, () where ;, C R4 d € N are disjoint sets and ¢y, is called the label of . for
k=1,..., K (see [128, 132]). In particular, we assume all the labels to be natural numbers
1,2,..., K, but the set of labels can be a subset of a more general set. For simplicity, all
the results of this chapter are proved only the case of binary classifiers, i.e. K = 2, but
they can be directly extended for an arbitrary number of labels. In Figure 3.1, we illustrate
the partition of a set € into two different sets 2; and €2,. Neural networks have been
applied to approximate and estimate classifiers from a fixed number of samples. Classifying
pictures from the MNIST dataset is a famous classification problem where deep-learning-
based methods have been successfully implemented [90]. Each element of this dataset is
a picture of 28 x 28 pixels with a handwritten digit from 0 to 9. Some of the images
encountered in this dataset are illustrated in Figure 3.2. Data-driven algorithms aim at
assigning a discrete label from 0 to 9 to each one of the picture of the MNITS dataset.
Several studies have shown how classification algorithms based on NNs perform this task,
and convolutional neural networks (CNN) are usually applied to the design of algorithms to
solve this problem [71, 146, 171].

For our theory to be applied, we assume that all classifiers have a particular property:
the decision boundary, which corresponds to the boundary of each partition set of the clas-
sifier, must be parametrized by a RBV? function. In particular, we study how the decision
boundary impacts the reconstruction properties of the algorithms. This approach has been
implemented for the approximation and estimation of classifiers when the decision boundary
is locally a smooth function [132] or is locally parametrized by a Barron function [128].
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Figure 3.1: A classifier defined on ) assigns the same level to each element of €; which
differs to the label assigned to each element in the set ;. .

3.1 Horizon Functions as Classifiers

Our analysis assumes that the classifiers belong to the class of horizon functions, as presented
in Definition 3.1.1. However, we emphasize that our analysis can be extended to classifiers
with an arbitrary number of finite labels. For simplicity, we denote the ball with radius one
and center at the origin in R¢ as BY.

Definition 3.1.1. [130] Letd € N, d > 2, Q C R and B C C(B{ ™, R). A horizon function
hy associated to a function f € B is a function hy : Q — [0, 1] of the form

X = (.I'l, R ,.I'd) — hf = ]lmigf(xm)

where x! := (z1, ..., 2 1,2iy1,...,24) fori € [d]. We also say that h; is a horizon function
with decision boundary described by f € B. The set of horizon functions associated to B is

defined by
Hy = {hy =1y cpiny: h € B,i € [d]}.

Horizon functions are indicator functions whose boundary can be parametrized by a
function from a given class which depends on all but one of the variables z;, i € [d]|. Figure
3.3 illustrates the decision boundary of a horizon function on the square [—1,1] x [—1, 1].
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Figure 3.2: Some examples of digits from the MNIST dataset. These images are used for
classification tasks involving digit recognition.

The decision boundary is the blue curve partitioning the unit square. Elements in different
partition classes are assigned the labels 0 or 1.

Different approaches have been studied where a more general type of classifier is con-
sidered. In [128], the authors assume that all classifiers have decision boundaries locally
parametrized by Horizon functions instead, i.e, there is a partition in rectangles of the do-
main €2 such that the classifier can be described by a Horizon function on each partition
element. This approach could be an interesting line of research for future work.

The decision boundary of the classifier determines the approximation rates when neural-
network-based methods are applied. For example, in [132], classifiers with boundary lo-
cally parametrized by C* functions are studied, and in [128], similar studies on locally
parametrized by Barron functions are presented. Our approach builds upon some of the
underlying ideas of these articles, but we consider the decision boundary to be parametrized
by a function in the set of RBV? functions. This new assumption leads to approximation
and estimation rates which do not suffer from the curse of dimensionality.

3.2 The Class of RBV? Functions

In this section, we introduce the functional space from which our horizon functions are
parametrized: the set of RBV? functions. The setup of this section follows mainly the
discussion of [122]. In that publication, the space of RBV? functions was associated with
the study of the set of realizations of shallow NNs. The R in RBV? represents the Radon
transform and BV represents the bounded variation, both concepts are involved in the
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Figure 3.3: Partition of the unit square induced by a classifier with only labels. The decision
boundary is a parabola.

definition of this functional space. Although this set has not received as much attention as
the space of Barron functions, this functional space contains functions with high regularity
such as Sobolev spaces and other functions with very low regularity as we will discuss later.

The RBV? space emerges as the suitable space for the solution of the following problem.
Given a sample set S = ((x;,4;)),, we investigate if there exist a Banach space X and a
seminorm Sy : X — R such that the functional

J(@) = > |f(xi) — wil* + Sx(f) (3.2.1)
i=1
has a minimizer of the form
N
O(x) = Z veo(wWix —by) +c'z+ e, (3.2.2)

k=1

where w;, € R and b, € R for all k = 1,..., N and o denotes the ReLU activation function.
The formulation in Equation 3.2.2 belongs to a class of special results usually referred to as
representer theorems [45]. In other words, we seek a parametric formulation of the solutions
of the variational optimization problem (3.2.1). In particular, we can observe that the
solution of (3.2.1) is a linear combination of the elements of a dictionary. One can prove
that there is a Banach space X where the minimizer of (3.2.1) exists and is the space of
RBV? functions. We recall the concept of Radon transform to later define our functional
space.
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Definition 3.2.1. [122/ Let d € N. The Radon transform of the function f : R? — R,
denoted as the function Rf : ST x R — R, is defined by

Rftwt)= | 160ds(x)

when this integral exists. Here, (w,t) € S~1 x R and dS indicates the surface integral over
the domain {x : w'x =t}.

Now, we revisit the concept of ramp filter, a functional that can be found in the Radon
inversion formula.

Definition 3.2.2. Let d € N. The ramp filter A% is the functional defined as
Ad—l — (_af)(d—l)/27
where 07 denotes the partial derivative with respect to t.

The Radon transform and the ramp filter are used to induce the RTV2-seminorm of a
given function.

Definition 3.2.3. [122] Let d € N. The second-order total variation or RTV?-seminorm of
a function f : R — R is defined by

1 -
RTVz(f) = T lOEATI RO | amsa-1 )

2(2m)d-
where || - || s denotes the total variation norm.

We can see from Definition 3.2.3, that the RTV2-seminorm promotes sparsity of the
second derivatives in the Radon domain. Several functions fulfill this requirement without
being highly-regular. Particularly, each translation of the ReLU activation function. We
now formalize the concept of RBV? function.

Definition 3.2.4. [123, Section 3] Let d € N. A function is called of RBV?—regularity if
its RBV?-seminorm is

RTVZ.(f) < oo.
We define the space of RBV? functions as

RBV?*R?Y) = {f € L RTVZ.(f) < o<},

where L' denotes the set of all integrable functions f such that sup,cga | f(2)](1+|z|]2) 7" <
0.
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The set of RBV? functions on R corresponds to the set of functions with second-derivative
bounded in the distributional sense. That is, for d =1,

RBV*R)={f:R = R: |[D*f||lmw) < oo}

We can prove that several functions of interest belong to RBV? for d > 2. For example,
each function f € H4Y(R%) is RBV?—regular. Thus, functions with high regularity are also
RBV?2. More interesting is the fact that functions with low regularity are also in the set of
RBV? functions. Notice that for g, the ReLU activation function, and w € R?, the function
x — o(wTx) is also in RBV?(R?). That means that the space of RBV? functions includes
functions with high regularity and some with low regularity.

Now, we present a result that states the existence of a norm which makes the space of
RBV? functions into a Banach space. The point evaluations in Definition 3.2.5 are well
defined since f is guaranteed to be Lipschitz continuous by [124, Lemma 2.11.].

Proposition 3.2.5. [123, Section 3] Let d € N. The RTV?-seminorm of a function f €
RBV?(RY) can be made into a norm as

d

1f | rpvage) = RTVga(f) + [F(O)] + ) | f(ex) = f(0)],

k=1

where {ey}¢_, denotes the canonical basis of RY. Moreover, the space of RBV?— functions
with this norm s a Banach space.

The next natural step is to define the concept of an RBV2-function results in arbitrary
sets QO C R?. In fact, all the results of this chapter assume f to be defined on the open unit
ball of R

Definition 3.2.6. [123, Section 4] Let d € N and let Q C R:. We define the RBV?(Q)
space as
RBV?(Q) = {f € D'(Q): 3g € RBV*(R") s.t gla = [},

where D'(Y) denotes the space of distributions on Q. Moreover, we define

RTV? = inf RTV2
a(f) JERBVE(RI): f=gla wa(9)
and
= inf '

The following result is essential to prove the approximability of RBV? functions on a
finite domain by NNs. Basically, it states that there is an extension of each RBV2-function
on a finite domain to the whole Euclidean space.

34



Lemma 3.2.7 ([123, Lemma 2|). Let d € N, Q C R? be a bounded set, and let o be the
ReLU activation function. For every f € RBV?(Q), there exists a function F' € RBV?(RY)
such that

F(x) = / o(w'x — b)du(w,b) + c¢'x + o,
Sd-1xR

for all x € R, where p € M(S1 x R) and the support of ju is contained in the set

Zg ={(w,b) e ST xR: {x:wix=0}NQ # 2}
In addition, Flo = f and RTVG(f) = RTVZ,(F) = ||pllse-1xr-

Remark 3.2.8. As we restrict ourselves to the case ) = B¢, the unitary ball with center at
the origin, we proceed to introduce a formula for Zq (see [123, Lemma 2 and Remark 4])

Zo =S x [-1,1].

Therefore, every function f € RBV?(BY) admits a representation of the form
F(x) = / o(w'x — b)du(w,b) +c'x + ¢y, x € BY. (3.2.3)
Sd=1x[-1,1]

Notice that, since 0, ey, ... ,eq € BE for every extension F of f, it holds that | F | rBveme =
1| rv2sey. We now derive upper bounds for ||c||w and |co| in terms of || fl|lrpv2. Assume
that || f||rpv2 = C for some constant C > 0 and that f(0) = 0. Then we have the following
equation,

/ o(=b)du(w,b) + ¢y = 0.
S4-1x[-1,1]

Since 0 < o(—b) < 1, and therefore bounded, it follows
—C < / o(=b)du(w,b) < C.
Sd=1x[-1,1]

Thus, it follows that |cy|] < C. Neat, for the canonical basis {ex}{_, C B{. By using
the representation (3.2.3), we can compute f(ex) for all k = 1,2,...,d. Since |f(ex)| <
| fllrBv2 < C, we obtain

—C < / o(wy, — b)dpu(w,b) + ¢ + o < C
Sd=1x[-1,1]

where wlex — b = wy, — b with wy, is the k-th coordinate of the vector w. Due to the fact

—2 < wp—b< 2 and by Lemma “3.2.7, we know that the total variation of the measure
is || l|sa-1xr = RTV2(f) < || fllrBv2, we conclude

20 < / o(wy, — b)du(w,b) < 2C.
Sd=1x[-1,1]
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From this, we obtain the following bound for
—-3C < / o(wy, — b)du(w,b) + ¢o < 3C
Sd-1x[-1,1]

which leads to —4C' < ¢ < 4C. Finally, we can conclude the following inequalities for the
coefficients

lclloo < 4l fllrBV2 and |co| < [|f]|rBV2-

3.2.1 A Practical Existence Theorem for the RBV? Space

Now, we proceed to present a practical existence theorem for the class of RBV? functions.
This result is based on [123, Theorem 8] and [123, Theorem 13].

Theorem 3.2.9. Let d € N and let f € RBV*(B{) with ||f|lrvp: < M. Consider
{(x;, f(m;) + €)} a data set with m > d + 1 where x; € [—1,1]% is drawn uniformly
and independently at random, and ¢; ~ N(0,0?). Then, there exists a class of shallow NNs,
denoted N, such that

¥ € argmin — Z |f(x;) + & — R(¥)(y;) — 4] (3.2.4)

veN T

Moreover, there exist constants C,C" > 0 depending on M and d such that
d+3

E(|f - RODIF) < (gﬁ)w—m . (g)

As we have already stated, Theorem 3.2.9 is a rearrangement of results in [123]. We have
combined [123, Theorem 8] which guarantees the existence of an approximating NN for each
RBV?-function and [123, Theorem 11] which provides an estimate for the NN obtained by
minimizing a functional when a sample set is available. However, we notice that we have
found a few inconsistencies and some imprecision in the proof of the approximation result
[123, Theorem 8]. Thus, we modify these statements and present a variation of its proof in
[93]. Here, we rely on these results for the following theorem.

Proposition 3.2.10. Let d € N and f € RBV?*(B{). Then, for every N € N, there is an
NN gbﬁy with weights and biases wj, € R, by, v, € R ¢ € R? and ¢y € R, such that,

[okls [bk], [col, llella, [IWllz < 51 fllrBv2,

for k=1,2,...,N. Then, the realization of ¢}

Mz

veo(Wex — b) +¢'x + ¢, forx € BY,
k=1
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satisfies the approximation bound

d+3

1f = R(S3) | ooy S I lmpvaNT27 .
Moreover Y € NN(d,1, N +5,(2+ d)(N +5) + 1,5| fll rsv2)-

Our proof of Proposition 3.2.10 begins with the integral representation of the function f
as given in Equation 3.2.3. Thanks to the properties of the absolute value function, we can
decompose this integral into a sum of simpler integrals, which will become clear during the
proof of Theorem 3.2.16. At this stage, we focus specifically on the integral

/ |w'z — bldu(w,b), for z € BY. (3.2.5)
Sd=1x[-1,1]

To analyze this, we first apply a change of variables to the integral in (3.2.5), which helps
establish the existence of a neural network. The domain of integration S? x [—1,1] is a
cylinder with axis parallel to the axis z4.; of R radius r = 1 and lower and upper
boundaries at z4,1 = —1 and z4,1 = 1, respectively. For simplicity, we first consider the case
where z € ST!. Notice that the integral term

/ \w'z — bldu(w,b), for z € S%, (3.2.6)
S4-1x[-1,1]

can be rewritten by multiplying and dividing the integrand by /[|w|?> +0* = V1 +? as
follows

T _bl
V1t 02 (‘WZ—) du(w, b). 3.2.7
/Sd—lx[m] V1+b? plw,b) ( )

The transformation of this integral into another integral over a domain contained within
the sphere S¢ C R4*! is presented in Lemma 3.2.11.
Lemma 3.2.11. Letd € R, z € S, w = (wy,wa, ..., wg)" € S¥L, and b € [-1,1]. Further,
let v.=(vi,vs,...,0441) be defined as follows:

w;

Vit

V; =

fori=1,2,...,d and
b

Vgp1 = :
VIR
Moreover, let ¢ : S¥1 x [—1,1] — S be the function defined as ¢p(w,b) = (vy,v2,...,v411)" .
Then, for all z € S* we have

i _ *
/ = du(w.b) = [ e [vTE] xn(v)do )
Sd-1x[-1,1] sd /1 — U§+1

where z = (z,—1)" € R B = ¢(ST! x [-1,1]) C S C R, xp is the characteristic
function of B, and ¢*u denotes the push-forward of the measure .
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Proof. Starting from the integral in Equation (3.2.6), we rewrite it as:

/ \/1+b2(|WTZ_b|)d (w,b)
——— | du(w, b).
Sd-1x[~1,1] V14562

Using Equation (3.2.7), we express the integral as

/ VI+ 52 (—’WTZ _ b') dp(w, b)
Sd—1x[~1,1] V14 b2 H 20

which can be rewritten as

/S“XH 1] Vit (I((W, b), (, 2—1)>|) I

1+0

From the definition of v4y 1, it follows

v3 v3 1
P=—" and1+0 =1+ = —
L =g L=wvg 1=vin

Applying a change of variables (see for example [16, Section 19, Corollary 1}), the integral
becomes

T, _
/ AT (M) Ay b
Sd=1x[-1,1]

V1+ b2 )

1
)= | ———|v'z| x5(V)do u(v
/Sd V- Vi ’ ‘ ’

where z and v; are defined as in the lemma’s statement. O

Remark 3.2.12. Under the assumptions of Lemma 3.2.11, we make the following observa-
tions.

1. Since b € [—1,1], it follows that 2b* < b* + 1 which implies b*/(b* + 1) < 1/2. Taking
the square root of both sides gives

1

[vay1] < NG
Therefore, the set B is a subset of the sphere for which the last coordinate lies between
—1/v/2 and 1/3/2.
2. We know that the function h: B C S* — R defined by
h(v) = (1 —vi,)"?

is continuous and thus integrable. This follows because the o-algebra on S is the Borel
o-algebra, which is the restriction of the Borel o-algebra of R*. In addition, we can
bound h(v). Indeed, from the previous step, we have

1

2
Va+1 < 57
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which implies

and

. Let C' > 0 the quantity

and let v be the measure

1
dv = —————xp(v)d¢" 1.

C\/ 1— U§+1

We notice that v is a probability measure on the Borelian set of ST. Then, we can apply
[149, Theorem 1] for the integral

|v'z|dv(v),
Sd
if z € S That is, for all v € N, there is a set Q = {vM 0@ . 0"} c S real
numbers ci, ..., ¢ € [0,1] with r € N and ¢ = ¢(d) > 0 a constant, such that

T

vzldv(v) = cil(0?)T2)]

s¢ i=1

Choosing
2-6/(d+3 _
re=[(e(d)/e)” ] > (e(d)/e)>0*H),

we have

" . (d+3)/2d

VT aldv(v) = 3 el(00) 2| < eldr D < efd) [(eld)fo) I <
§d i=1

Remark 3.2.12 cannot be applied directly, because, in general z ¢ S? Notice v =
ooy vgp) ! € S C R Indeed, for each z € S¢, the vector z = (z, —1) belongs to

V/2S?%. However, the result presented below shows that the conclusions drawn in Remark
3.2.12 can be generalized to spheres of any radius, allowing us to extend the argument for z
in such spheres.
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Proposition 3.2.13. Let t > 0, d € N. Then, for ¢ > 0, there is {v", v, M1 c s¢
and real numbers cy,...,c, € [0,1] where r € N, and r < [C(t,d)e ’2+6/ d+31 for C =
C(t,d) > 0 a constant depending on the dimension, such that for all z € tS¢ C RI+1

r

v zldv(v) =) el (v)"2)]

4 i—1

< €.

Proof. As z € tS%, there is a z € S% such that z = tz. We now consider two cases. First, let
us assume that ¢ > 1. By Remark 3.2.12, for € > 0 there is a set {v() v® . v} c s
and real numbers cy, ..., ¢, € [0,1] with r € N, r < [¢(d)e=2+6/(d+3)42=6/(d+3)] guch that

T

v zZldv(v) =) el (v?)Tz]| < e/t
s i=1
Thus,
/ v ezldp(v) =) el (v?)Tiz]| <e.
sd i=1
Now, if t <1

T

W) = 3D el

i=1

=t < te < e.

‘ Tt = 3 el e
i=1

Therefore, in any case r < [C(d)e™2T6/(@+3) max{1,t}276/(4H3)] = [O(d, t)e 2+6/(+3)]. O

Remark 3.2.14. We would like to highlight that the previous result holds in particular for
= V2. As (z,—1) € V28 when z € S¢, this case is especially relevant. That being

said, we proceed to approximate the term (3.2.5). For a given element v® e B c S% as
in Proposition 3.2.13, we define w® = (v} () Ué), . ) and b; = vd+1 where vk) denotes

the k—th component of v® for alli =1,2,...7. It is clear that sup_,
\b;| < 1. Therefore, for z € S¢

‘/ lw" 2z — b|du(v) — Zcﬂ('w(i))Tz— bil| <e.
s i=1

Now, we are set to prove that there is an NN that approximates the integral term of
Equation 3.2.3. We first assume that p of (3.2.3) is a probability measure.

d+1 |wk | <1 and

.....

Lemma 3.2.15. Let d € N, and let pu be a probability measure over STt x [—1,1]. Then,
let f: B} — R be given by

fo= [, ew (),
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where z € BY. Then, there exist vectors w), w? . w" e R, real numbers by, by, ... b,
and c1, ..., ¢, withr € N, such that for all z € S™1

r

Lo e dutw ) = Y cio((w) = b) — col—(w) T2+ b)
Sd—1x[-1,1]

i=1

< €,

Proof. By Remark 3.2.14 there are w' € [~1,1]? and b;, ¢; € [~1,1] such that

T

/ w2 = bdu(v) = 3 cal(w) Tz — by < e,

Sd—1x[-1,1] i—1

where r < [C(d)e 2*0/(4+3)7] . As |z| = o(x) — o(—x), we have
> alw) Tz =0 =) cio(W) 'z = b) = cio(—(w?) "z + by), (3.2.8)
i=1 i=1

and hence

r

[ e () = 3 (W) T = ) — coo(—(w) Tz )
Sd—1x[-1,1]

=1

< €.

O

We now have all the ingredients to prove Theorem 3.2.16. In the proof of the result, we
use Lemma 3.2.7 twice when (3.2.3) is expressed as the addition of three terms. We consider
the case when p is a probability measure. The case of general measures will be shown in a
corollary thereafter.

Theorem 3.2.16. Let d € N and p € M(S¥ x [~1,1]) be a probability measure. Let
g : B¢ — R be the function defined as

o2) = | o(w" % — b)du(w,b), for 7 € BY.
Sd=1x[-1,1]

Then, for all e > 0, g can be uniformly approximated with approrimation error € by a shallow
NN

flz) = Z vio(w®) "z — ;) + (W) Tz + by,

i=1
where w®, w® € R, by, b, € R, v; € R and

9 o, [0 s o], 8], o] < 1.

foralli=1,2,..., K where K < 4[C(d)e~26/(d+3)],
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Proof. Because the ReLU activation function can be expressed as o(x) = (x + |z])/2 and
due to the following argument in [12, Proposition 1], we have that

1 1
s =5 [ e bdutw) g w2z — bldp(w, b)
2 Jsa-1x-1,1) 2 Jsa-1x[-1,1]

1
_1 / (w2 — b)du(w, b)
2 Jsa-1x-1,1)

d—1 _
+ :U’+<S X [ 17 1]) / ‘WTZ . b‘ Ci:u-;(wvb)
2 Sd-1x[—1,1] p (S0 x [=1,1])

po (571 x [~1,1]) / . dpi_(w, b)
- —b 2.
2 Sd-1x[-1,1] o= l/i—(Sdfl x [=1,1])’ (3:2:9)

for z € S* and p = py + p_ is a Jordan decomposition. Furthermore, it was proved in
Lemma 3.2.15 that for € > 0 and probability measure u € M(S¥1 x [—1,1]), there is an
r€Nand w),w® . w cRI by by, ... b €[-1,1], c1,...,c €0,1] such that

T

/ W'z — bldp — > cio(w) Tz — bi) — cio(—(w) Tz + )| < e,
Sd—1x[-1,1]

=1

for all z € BY and r < [C(d)e 25/(4+3)] where C = C(d) > 0 is a constant depending on
the dimension. Due to the fact that
i and -
(5 x L) M (ST X -1, 1)
are probability measures, we can approximate each of the last two terms of Equation 3.2.9
according to Lemma 3.2.15 as

/d ’WTZ - b|d,ui — Mg+ Z Ci,iQ((Wg?)TZ - bi,i) - Ci,i@(_<wg))TZ + bi,i) < €ls+ <€,
Sd=1x[—1,1] i—1

respectively, where p, + = ps (S x [-1,1])) < 1 and W@, c+,; and by ; denotes the weights
and biases when the measure involved is ;4 and w, c_; and b_; are defined likewise for

(—. Moreover, the first term of (3.2.9) can be expressed as
1

L / (w2 — b)du(w,b) = (W) Tz — by,
2 Jsa-1x[-1,1)

where |[w® || <1 and |by| < 1. Setting

J@) = (WO Tz b+ B3 e iol(W) T2 = 1) = eio(-(wd) Tz 4-02)
i=1

r

+ M;_ ZZ_; C_,ig((w@)—rz —b_;) — C—,iQ(_<W@)TZ +b_,),
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and K = 4r, we can rearrange fin such a way that

sz )Tz — b)) + (W) z + by,

where v, is either i, /(2r) or s /(2r) depending on whether w® was determined by s,
or ps_. Notice that, by construction K < 4[C/(d)e=*¥%/(4+3)] for C' = C(d) > 0 a constant.
Additionally, all weights and biases are bounded in norm by 1,

fori=1,2,..., K. To conclude, notice that by construction ||g — flls < €. O

We now proceed by generalizing Theorem 3.2.16 to arbitrary measures.

Corollary 3.2.17. Let d € N, and let f € RBV*(BY) with f(0) = 0. Then, for all € > 0,
there exist w € R, b;,v; € R, ¢ € R? and ¢y € R with

[vil, il ol llello, WP loe < 511fllrpv2,

where i =1,2,..., K and K < 4[C(d )Hf”é;‘%“?’) —246/(d+3)] | such that f can be uniformly

approximated with approzimation error € by a shallow NN

K
Zvl‘g NTx —b)+c"x+c, forxeRe
=1

Proof. We assume first that || f||ggy2 = 1. By Remark 3.2.8, we know that f has an integral
representation of the form

f(x) = / o(w'x — b)du(w,b) +¢'x+¢, forall x € B},
Sd-1x[-1,1]

where [|¢]|o < 4 and [¢o| < 1 and g € M(S?! x [1, 1]) such that ||p||se-1x[_1.1] = RTVZ(f).
If RTV?(f) = 0 the result holds, since f(x) = ¢’x in this case. If RTV?(f) # 0, we
define f := f/RTV2(f) and choose € > 0.
According to Theorem 3.2.16, the function

_ o(w' x —b)du(w,b
RTV?(f) Jsa-1xp1 ( Jau(w, b)

can be approximated by the realization of an NN

fe(x) = 3 To(W9) 'x — b)) + (W) x + by, for x € R?
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with approximation error ¢/ RTV?(f) and where K < [C(d) RTV?(f)?~6/(d+3)¢=2+6/(d+3)] for
a constant C' = C'(d) > 0 depending on d. This holds because the measure of the integrand
v =p/RTV?(f) fulfills that ||v||si-1,(_11) = 1. Moreover, for all i =1,2,... K,

[Tl B3], o], 119 ooy [l < 1.

Let us define N B
fx = fx +a'x+ao.
where a = ¢/RTV?(f), ag = ¢o/RTV?(f). This leads us to the fact that

F(x) = fr(x) =

/Sd L] Q(WTX — b)dl/(w, b) — fK(X) < E/RTVQ(f)

for all x € B{. Finally, if we set

K
fr(x) = RTV?(f = wio(w)Tx = b;) + (W + &) "x + (b + &),

i=1

where w(© RTVQ(f) ), by = RTV2(f)bo and for all i = 1,2,..., K we choose w(!) =
RTVY( f) ) v = RTV2( )55 and by = RTV2(f)B, it holds that

f(x) = fx(x)| = [RTV?(f) f(x) — RTV?(f)fx(x)] = RTV(f)|f(x) — fx(x)| < e.

We denote ¢ = w® +¢ and ¢y = by + ¢ and observe that |co| < [bo|+|c| < 1+ fllrpve < 2.
As |[¢]|eo < 4, we conclude that ||¢]|o < 5. In combination with the bounds for the weights
in Theorem 3.2.16, we obtain

[oil, Bil, [0l [[€]l2, (W] < 5.

For the general case where || f| gpy2 # 1, we define

; f

S = e

if || fllrBy2 # 0 and apply the previous argument to conclude that for every e > 0 there is

a NN such that || f — fx|| < €/||f||rsv2 where K < 4[C(d )||f||i;‘£(2d+3 € 2+0/(d+3)] with all

weights bounded by 5. If we denote fx = ||f||rave fx, we observe that ||f — fx |l < €. The
boundedness of the weights follows immediately. If || f||zrgy2 = 0, f = 0 and the result holds
trivially.

0

We now have all the results to prove Proposition 3.2.10. Essentially, we only need to
express the approximation accuracy € in terms of the number of neurons of a neural network.
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Proof of Proposition 3.2.10. For N € N, we set

(d+3)/(2d)
= (4@ /N) .

Then, according to Corollary 3.2.17, there is {w® ... w"} c [-1,1]%, {vi,vs,...,0,} C
[—1,1] and {by,bs,...,b.} C [—1,1] such that if we set

Zvl )Tz —b;) +c'x + ¢,

it holds that

r

o(w'x — b)du(w,b) — Z vig((w(i))Tx —b)

i=1

[f(x) = fr(x)] =

<,

where r < 4[C(d )||f||2 6/(448) —246/(d+3)] < N + 4. for all x € BL. We use the fact [x] <

x+ 1. We set w k) = w3 =0 e R v,y = -+ = vyy3 = 0 € R and
b,,H:---:bNJrg:OERand obtain
N+3
— b)du(w, b) — ;0 —b)| <
/Sdg( x — b)du(w, Zv Tx —b)| <e
for all x € B¢. Then, if
N+3
sz x—b)+ch+co,

the result follows. Finally, notice that ¢'x = o(c”x) — o(—cTx). Hence, R(®%) can be
expressed as

N+3

qul )'x — b;) + co,

and after counting the number of weights we conclude that

Ol e NN(d,2, N +5,(2+d) (N +5)+ 1,5 flrsv2)-
O

3.3 Practical Existence Theorem for Horizon Functions

Here, we present a practical existence theorem for the estimation of horizon functions with
RBV? boundary by NNs. To this end, we demonstrate first the existence of an approximating
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NN for each horizon function with RBV? boundary by NNs. Then, we proceed to study the
problem of estimating this kind of functions from a fixed data set.

Although the 0-1 loss is traditionally used in classification settings, this is not a useful
error measure in practice, due to its lack of continuity. Instead, we formulate our learning
bounds with respect to the Hinge loss, which is significantly more convenient in applications.
As we consider horizon functions h : [0,1]% — {0, 1} as our target classifiers whose range is
not precisely the set {—1,1} as would be typical for the Hinge loss, we present a slightly
different definition of Hinge function.

Definition 3.3.1. [128, Definition 5.5] Define ¢: R — R, ¢(z) = max{0,1—xz}. Letd € N
and let j1 be a Borel measure on B{. For a (measurable) target concept h*: B¢ — {0,1}, we
define the Hinge risk of a (measurable) function h: B¢ — [0,1] as

Egpne(h) = Exy [cb((?h*(X )= 1) - (2h(X) — 1))]
Let A = B¢ x [0,1]. For a sample S = (x;,9;)™, € A™, m € N, we define the empirical
¢-risk of h: B¢ — [0,1] as

m

Eus(h) = > 6((2— 1) - (20(x) — 1)

i=1
Finally, for a sample S = (x;,9;,)™, € A™ and a set H C {h: B¢ — [0,1]}, we call hg € H
an empirical ¢-risk minimizer, if

€¢75(h5) = gél%ll 8¢75(h). (331)

In the following PET, the NN which estimates the horizon function is obtain by mini-
mizing the empirical ¢-risk.

Theorem 3.3.2. Let d € N and let A be a probability measure on Bf“. Then, there is a
class of NNs denoted by F such that for all h € Hg, where B .= {f € RBV?(B%): f(0) =
0 |[fllgeve < q} and for each m € N, let S be a training sample of sizem; that is, S =

(X5, h(Xi»Zl with X; “ X fori € {1,...,m} the problem
Es5(Pms) = miné,
5.5(Pm.s) min 6.5(f)
has a solution. Moreover, if H = 1{1/2), every minimizer satisfies

Es |Exea ([ H(®@m,s(X)) = h(X)[)] = Es [P (H(@pr,s(X)) # h(X))] S m 555+,
(3.3.2)
where the implied constant only depends on d, Kk, T.

Notice that Theorem 3.3.2 only guarantees the existence of a class of NNs from which we
can estimate each horizon function with boundary parametrized by a RBV? function. We
obtain upper bounds for the number of layers, neurons and weights of this class of NNs in
the following sections. This result follows from the approximation result Theorem 3.3.4 and
estimation bound 3.3.6. The class of NNs F is explicitly stated in Theorem 3.3.6.
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3.3.1 Approximation of Horizon Functions by Neural Networks

When faced with the task of reconstructing an approximation function, if we use continuous
functions, we can not measure the approximation error with the L norm. As the kind of
NNs we use in this dissertation are continuous, we need to introduce a different way to do
it. The notion of tube compatible measure helps us in this task.

Definition 3.3.3. [130, Definition 3.5/ Let d € N. Let p be a finite Borel measure on
Q C R We say that p is a tube compatible measure with parameters a € (0, 1] and C' > 0
if for each measurable function f: Q — R, each i € |d| and each € € (0, 1],

/L(T;E) < Ce™ where T;E ={xe€ RY: |z — f(x[i])| < e}, (3.3.3)
where each set T} is called a tube of width e (associated to f).

In Figure 3.4, we illustrate the sets T, in the case d = 2. Notice that the volume of
a tube around the graphic of f decays exponentially with parameter a > 0 in terms of e.
A crucial instance of tube compatible measure is the Lebesgue measure, with parameter
a =1 and C = 1. We notice that the product of tube-compatible measures is also a tube
compatible measure. Moreover, each continuous measure with respect to a tube compatible
measure belongs to the set of tube compatible measures as well.

1.2

1.0

0.8 1

0.6 1

0.4

0.2

0.01

-0.21_ , , o , , ,
-1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00

Figure 3.4: The graphic of a real-valued function f and a visualization of a tube T]},o.z-

The next results shows the existence of an approximating NN for each horizon function
with a boundary in the space of RBV? functions. The proof follows the scheme of [128], but
uses RBV? functions instead of Barron. Under this assumption, we achieve a slightly faster
approximation rate.
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Theorem 3.3.4. Let d € N>y, N €N, ¢,C >0, and o € (0,1]. Further let, h € Hp, where

B:={f € RBV*(B{): f(0) =0, ||f||RBV2(Bf) <q}.
There exists an NN In with two hidden layers such that for each tube compatible measure p
with parameters o, C', we have

a+3

p({x € B{t' : h(x) # R(In)(x)}) Sq Cq*N*2a (3.3.4)
Moreover, 0 < R(In(x)) <1 for all x € R? and the architecture of I is given by
A= (d+1, N+5, 2,1).

Thus, In has at most d+ N + 9 neurons and at most (d 4+ 4)N + 5d + 25 non-zero weights.
d+3

The weights (and biases) of I are bounded in magnitude by max{1, [v/2qN 2 |}.

Proof. Since h € Hp, there exists f € B such that h(x) = 1, < xa). We have by Proposition

3.2.10, that for all N € N, there exist an NN CID{V having weights and biases w¥) € R,
bp,vp, ER for k=1,2,...,N, c € R? and ¢y € R with

o, [bxl ol [lell, W™ < 51| fllrpve,
such that for

N
R((I){V)(x) = Z "UkQ((W(k))TX —by) + c'x+ Co,
k=1

it holds that

da+3

If = R(qD{V)HLOO(Bf_l) Sa |l fllrye N2 (3.3.5)
We define for 1 > § > 0 the one layer NN ®° with

R(®°)(2) = = - (0(2) — 0o(z — §)) for z € R

ST

and for x € R™!, we define

R(24,)(x) 1= Hy(R(4)(x) — ) = Hy (R(@4) () — o) + ()
R(®x)(x) = L (R(OL) (al)) — ),

where x; is the i-th coordinate of x. Note that ®% is an NN with two hidden layers,

architecture
A= (d+1, N+5, 2,1),

d+3

and all weights bounded by max{1/4, 5|/ f||rpy2}. We choose § :== N~ 2 and proceed to
prove (3.3.4) for Iy = R(®4)?. Towards this estimate, we define

S = {x e B h(x) =1} and T == {x € BI*': R(®Y) = 1}.
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We have that

{x € B : h(x) #R(®Y)(x)} C {x € B : 0 < R(®Y)(x) < 1} U {x € B R(®Y)(x) = 1,h(x) = 0}
U{x e B{ : R(2Y)(x) = =1}

={x e B :0 < R(®Y)(x) < 1} U {x € B{*' : R(®n)(x) = 1,h(x) = 0}
U{x € B{" :R(®n)(x) = 0,h(x) = 1}

= {x € B :0 < R(®Y)(x) < 1} U SAT.
We observe that by (3.3.5), for v ~4 RTV?(f)
SAT
= {xe B fx) < m < R@LED U {x € B R@L) ) < 2 < (x)
c {xe BIt 0 <R@QHE) — o < N5 b U fx e BIFL - N5 <R(@{) (1) - 2 < 0}
c {xe Bt R@L) &)~z <yN-FH |
In addition,
{x € B{": 0 <R(PY)(x) <1} C {x € B : [R(Py)(x) — 2| < 4}
We conclude by the «, C' tube-compatibility of p that
u({x € BI s hix) £ RO} () })
<u({xeB 0 <R@})(x) < 1}) +u(SAT)
< (fx e BE RE@Q) () — il < 0}) 4+ i ({x € B [R@L) (xT) — | < yN57Y)
<C- (5“ + fyaN—a%) .

Due to the choice of § = N _%37 this completes the proof. O

3.3.2 Estimation Bounds

Now, we focus our attention on computing upper bounds for the estimation problem. To
this end, we need to introduce the following result.

Theorem 3.3.5. [128, Theorem 5.6] Let Q@ C [0,1]? be a measurable set and h = 1q.
Assume that:

1. There exists a positive sequence (Gm)men With aym = O(m™%) as m — oo for some
ap > 0 and a sequence of function classes (F:)men C L>([0,1]¢) such that

VmeN 3f€Fr: Eorn(fl) < am.

In addition, 0 < f,,(x) <1 for allx € [0,1]¢, f,, € F* and m € N.
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2. There exists C > 0 and (97, )men C (0,00) such that the §—covering entropy Vrs .|, (6)
of the class F;, with respect to the norm || - ||z = || - || poo(j—1,1)2) Satisfies

VES 1o (00) < C-m- 65 Vm € N.

3. There exists v > 0 such that the sequence (€,)men C R with €, := max{a,,, 6}, }, m € N
satisfies

1—¢

m ‘e 21 VYmeN.

Under these assumptions, for each training sample S = (x;, h(x;))™, with x; uniformly
distributed for each i € {1,...,m} and hg satisfying (3.3.1) with H = F},, it holds that

Es[A({x € [0,1]": (2h(x) — 1) # sign(2fs(x) = D})] S €.

where the implied constant is independent of h and only depends on the implied constants
from conditions 1-3. Here we use sign(0) = 1.

We now present the main result of this subsection.

Theorem 3.3.6. Let k > 0 and q > 0. There is a constant 7 > 1 depending on d € N
only such that the following holds: Let h € Hg, where B = {f € RBV?(B{): f(0) =
0 |[fllasv> < q} and let X be a probability measure on B¢, For each m € N, let

N(m) — {Tde/(ngr:s)L
N(m) = [N(m) +d+9],
W (m) = [(d +4)N(m) + 5d + 25],
B(m) = {max{l,\/ﬁTN(m)%} -‘
For each m € N, let S be a training sample of size m; that is, S = (Xi,h(Xi) 1.11 with

X, %N forie {1,...,m}. Furthermore, let ®,, s € NN, (d+ 1,2, N(m), W (m), B(m)) be
an empirical Hinge-loss minimizer; that is,

& s(®,g) = i 3 .
¢’S( ’S) fENN*(d,Nr(%zl)r,lW(m),B(m)) ¢’S(f)

Then, with H := 1} /9 o), we have
Es[Bxa ([HR(@y,5) (X)) = h(X)[*)] = Es[Pxon(HR(@y5)) # (X)) < 557,

(3.3.6)
where the implied constant only depends on d, Kk, T.

Proof. The proof is analogous to [128, Theorem 5.7] with two main differences. Note that,
[128, Theorem 5.7] is stated for functions defined on [0, 1]4*1. This is only due to the fact
that it is based on [76, Theorem 5] which, while stated for functions on [0, 1]4*! holds for
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every compact subset of R4 as noted at the beginning of Section 2 of [76]. Therefore, [128,
Theorem 5.7] also holds on B¥ equipped with a probability measure.

Notice that for all x € R¥! |H(R(®,,5)(x)) — h(x)| € {0,1}. Thus,

Exor (H(R(®,5)(X)) — h(X)]) = Pxox (H(R(®5)(X)) £ h(X))

Since sign(x) = 21 )(z) — 1, it holds

sign(2e — 1) #2y — 1 <= L )(22 — 1) #y <= lppe(z) #y <= H(x) #y.
Substituting x = R(®,, s)(X) and y = h(z), we derive

Pron (H(R(®p5)(X)) # h(X)) = Pyon (sign(2R(®,5)(X)) £ 2h(X) — 1)

which gives the first part of (3.3.2).

To prove the second part of (3.3.2), we need to verify the conditions of Theorem 3.3.5,
following the approach in [128, Theorem 5.7]. In contrast to the proof of [128, Theorem 5.7],
we choose the values

_d+3 _d+3
Ay = M 3443, (5;"” — m 3drs R

, and ¢ = + K.

3d + 3

Additionally, to construct appropriate NN approximations, we use Theorem 3.3.4 instead of
[128, Theorem 5.3] which yields the class

Fr=NN.(d+1,N(m),W(m), B(m)). (3.3.7)
Notice 0 < f,,(x) <1 for all f,, € F}. As there is a f,, € F, such that
A(fx € [0, h(x) # fu(x)}) < CE*N"5 S a,/2

and noting that (2h(z) — 1)(2fm(x) — 1) € [—1,1] because 0 < f,,(x) < 1 and h(x) € {0, 1},
it follows
Epan(fm) < 2X ({x € [0, h(x) # f(x)}}) < am

This proves the first condition. Now, we compute
VFM7H‘”L°° (5;) W(m) . (10 + 111(1/5:1) +5 ln(B(m)) +5 IH(W(m))
m2= 4G4 (10 4+ In(m) + In(m) 4 In(m))

m2d/(3d+3)<1 +1In(m)) < m - m 24/ Bd3) R _ 5

AR ZANVAN

which proves the second condition of Theorem 3.3.5. Finally, by the choice of ¢,

=2d/(3d+3)+r _ 11

* p—

€m

_
o, =m

or equivalently
et m~t > 1 for all m € N.

Thus, by Theorem 3.3.4
Py (sign(2R(®y, s(X))) — 1) # 21(X) — 1)el, = 67, = m~sdi5+%,
establishing the second part of (3.3.2).
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3.4 Numerical Reconstruction of Horizon Functions with
Different Boundaries

We first assume that our target classifier outputs a binary label for each point « € R*! with
d = 1,2 and 3. Afterwards, we assume that our classifier is defined on higher-dimensional
spaces. Here, the decision boundary is a sufficiently smooth function f : B¢(0) — R.

3.4.1 Setup for Low Dimensions

Our objective is to compare the performance of empirical risk minimization over NNs for
classification problems with decision boundaries normalized with respect to various norms.
To this end, we invoke the following setup:

e Base function class: We first describe a base set of functions that will later be nor-
malized to form the boundary functions to be learned. For the case d = 1, we consider
the set of functions

B :={Bj(0) > 2+ sin(2rkz) : k =1+5/24, s =0,1,...,24, z € [-1,1]},

where for each f € B we define |f| := |k|. Now, for d = 2, the functions to be learned
belong to the set

B = {B}(0) > (z,y) + sin(2rkx) sin(2nly) : k,l = 1+5/5,5s =0,1,...,5 v € [-1,1]},

and for f € B we denote |f| = |k| + |l|. Finally, for d = 3, we learn the functions

B :={B}0) 3 (,y, ) + sin(2nkx) sin(27ly) sin(27jz) : k, 1,7 = 1,4/3,7/3,2 € [-1,1]}.
and again, for f € B we employ the notation |f| = |k| + |I| + |j].

e Normalization: We consider the following norms: first, the uniform norm

[flloo = sup |f(2)],

xeB‘ffl

second, the L'-norm

£l = [ W@

1
third, the C'-norm

Ifllcr = sup || f*]|so,
Ik|<1

where k € N&, fourth, the Barron norm,

umMm:/|mmwm

—00
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as defined in [14, Equation 3], where fis the Fourier transform of the function f, and
the Barron norm. As the function f is defined on a bounded domain, its Fourier trans-
form is not well defined. To solve this issue and leverage the properties of the functions
in the sets B to be learned, we replace the Fourier transform with the appropriate term

||f”Barron ~ 27T|f‘-

Finally, we use the RBV? norm. For the computation of the RBV? norm, we use
different approaches. For the case d = 1 we use [123, Remark 4]. It is stated there that
the RBV?([—1,1]) space is equivalent to the set of functions of second-order bounded
variation

BV*([-1,1]) = {f : [-1,1] = R: TV3(f) < oo},
where

Vi) = [ 10wl

is the second-order total variation of f:[—1,1] — R.

In [123], it is proved that RTV?(f) = TV?(f) and the second total-variation seminorm
of f is well-defined for all smooth functions f. Hence, for each f with f(0) = 0, we
can compute its RBV? norm by

1 fllrpve = TVA(f) + [ f(1)].

For the case d = 2 and d = 3, we use a different approach to compute the integral
term in Definition 3.2.5. To this end, we generate a set of 20 vectors w; € S%! and 20
equidistant parameters t; € [—1,1]. Next, we compute the Radon transform at these
points by using randomly generated points drawn according to the uniform distribution
in the hyperplane {z : w’z = t}. Then, by using a method of finite differences, we
compute the corresponding derivatives, and we continue to compute the total variation
of the function. To compute the norm, we have to evaluate the function f at the origin
and at the elements of the canonical basis as in Definition 3.2.5.

Normalized function classes: To produce the functions to be learned, we normalize the
elements of the corresponding base set B with respect to the uniform, L!, C!, Barron,
and RBV? norms, which yields five sets of functions for each dimension d. Next, we
compare the perform of empirical risk minimization over appropriate sets of NNs to
learn the classifiers associated to these normalized function classes.

Data generation: The sample set consists of m points (x;, y;)7,. The points z; are ran-
domly generated points drawn with respect to uniform distribution on the set Bgy1(0).
To determine the value of each y;, we evaluate the function y = 1, a1y at each
x;. We split this sample set into two subsets: the training and the test sets. The
first one is randomly chosen with 80% of all samples and is used to find an NN that
minimizes the empirical error.
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Neural network set-up: We use a three-layer NN with RelLU activation function, and
the number of neurons is determined according to Theorem 3.3.6 with 7 = 1. We use
the Hinge function as our loss function and the Adam optimizer.

Performance metric: We compare the performance of the selected NN on the test sets.
This error is measured in the mean squared sense.

We record the generalization error for each function f € B and number of samples m
and present the results in Figure 3.4.1. In the x-axis, we register the number of samples, and
in the y-axis, the average test error. In each figure, we plot the error for the five different
norms introduced above.

1071 4 11
— B
-1 -
10 10 — REV2
—
-2 |
— Sup — Sup
11 11
— Barron — Barron -
-2 10
10-34 — RBV2 1074 — Rpv2 \

- C1 — C1

— Sup

10?

10° 104 10° 10° 10* 10° 10° 104 10°

Figure 3.5: Plot of the mean relative test error for the sets of case d+ 1 = 2 (left), d+1 =3
(middle) and d 4+ 1 = 4 (right). The number of samples varies along the horizontal axis and
the mean relative test error is shown on the vertical axis.

Evaluation and interpretations of the results There are a few points we would like
to highlight that can be observed from the figures.

1.

In Figure 3.4.1, we can observe that when the classification boundary function is nor-
malized with respect to L' or L> normalized, then the test error is usually the highest.
Interestingly, in the case of d 4+ 1 = 2, the test error behaves more favorably compared
to higher dimensions. For dimensions larger than two, increasing the number of sam-
ples results in almost no improvement in classification performance. This finding is
consistent with the lower bounds on learnability discussed by [128], which show that
classification functions with boundaries in normed spaces characterized by large pack-
ing numbers are difficult to learn effectively.

. For the case d + 1 = 3 and d + 1 = 4 in Figure 3.4.1, we observe that learning

classification functions normalized using either the C! norm or the Barron norm exhibit
similar performance. However, when the dimension increases to d + 1 = 4, the Barron
norm yields better test error results, which suggests that its advantages become more
evident in higher dimensions.

In all cases, the classification functions with RBV? normalized boundary shows the best
performance among all the tested norms. Moreover, the test errors show essentially the
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same decay for all dimensions tested. These examples support the idea that functions
with RBV? boundary are easier to learn than functions with lower regularity and are
in line with the theoretical results of Theorem 3.3.6.

4. We can observe that the performance of RBV? boundaries surpasses that of Barron
spaces. This is consistent with our theoretical results from Theorem 3.3.6 and aligns
with the findings in [128], further supporting the fact that higher regularity in function
boundaries leads to a better learning outcome.

3.4.2 Setup for High Dimensions

We now present the setup for our numerical experiments, similar to the one in Section 3.4.1,
but adapted for high-dimensional settings. However, since it is computationally infeasible to
compute the Radon and Fourier transforms of a high-dimensional function numerically, we
present the results only for sets of functions where we have a closed form for the Radon and
Barron norms. Because of this, we study two sets of function classes, one where the Barron
norm is immediately computable and one where this is the case for the RBV2-norm.

e Base function class: We describe the boundary functions used for the classifiers that
we aim to learn. We begin by generating a sequence of weights wy, € R?, v, € R and
biases b, € R where each component is drawn from a normal distribution with zero
mean and unit variance. This sequence is then used to assemble the function

K

fo(z) = vgo(wiz — by) (3.4.1)

J=1

where o(z) is an activation function. As mentioned before, we conduct two sets of
experiments, we use two different activation functions. In the experiments comparing
the effect of the RBV2—norm, we choose o(x) = o(x), the ReLU, because the RBV2-
norm of (3.4.1) can then be immediately computed using [125, Equation (32)]. Indeed,
the seminorm can be written as:

k

RBV?(fi) =) _ [willlwil2

=1

where |vg| denotes the absolute value of the v; and ||wl|2 is the Euclidean norm of
the inner weights for the k-th neuron. In the case of comparing the performance of
the Barron norm, we choose the function g(x) = sin(z), since this allows an analytic
computation of the Fourier transform and the Barron norm.

e Normalization: In the numerical experiments presented below, we perform a normal-
ization of the parametrized function with respect to the uniform, L', C!, Barron and
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RBV? norms and the TV seminorm. For the total variation norm of the function
f: B — R, we use the expression

Ifllrv = [ 195, (342)

In order to compute the integrals for each norm, we use the trapezoidal rule with 2000
randomly generated samples. We estimate the L>°, L', and C' using similar Monte
Carlo estimates.

e Data generation: As in the low-dimensional setting, we use a sample set consisting of
m points (z;,y;)™,. The points z; are randomly generated points drawn with respect
to uniform distribution on the set B¢ (0). The maximum number of training samples
is 100000, and the maximum number of test samples is 10000.

We compare the results in Figure 3.4.2 for dimension d + 1 = 20 and in Figure 3.4.2
for d + 1 = 40.

e Neural network setup: We use a three-layer NN with a ReLU activation function, and
the number of neurons is determined according to Theorem 3.3.6 with 7 = 1. The
Hinge loss function is used, and the Adam optimizer is applied.

e Performance metric: Each experiment is run 25 times, and we compute the average
Mean Squared Error (MSE) across all runs.

In each run, for dimensions d + 1 = 20 and d + 1 = 40, we generate a function f;. Then,
we record the average MSE across all runs to illustrate the generalization error as a function
of the number of samples m in Figures 3.4.2 and 3.4.2, respectively. The z-axis represents
the number of samples and the y-axis shows the average test error. In each figure, we plot the
error for the five different norms introduced above. In addition, in Figure 3.4.2, we record
the generalization error as a function of the dimension. The x-axis represents the dimension,
and the y-axis shows the average test error.

Evaluation and interpretations of the results There are a couple of observations we
would like to emphasize from the figures

1. As we predicted by our theory and in accordance with previous works, for a fixed
dimension d, when the classifier to be learned has a boundary normalized by the RBV?
or the Barron norm, we observe a better test error compared to other norms. This
effect becomes more pronounced as the number of samples increases.

2. In all cases, the reconstruction under the L' norm produces the worst test errors. Once
again, this facts aligns with the lower bounds on learnability discussed by [128].
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3. In Figure 3.4.2, we observe the influence of the dimension in the value of the test error.
For a fixed number of samples, when the dimension increases, the test error increases.
This is in line with previous results on classifiers with boundaries parametrized with
different norms. Note that, even for the Barron and RBV? norms, the error for a fixed
number of samples does increase with the dimension. This is not in violation of our
results, because they describe the asymptotic rates. There are constants involved that
do depend on the dimension, and their effect is visible here.

Loss

1072

102 10° 104 10° 10? 10° 104 10°
Number of Samples Number of Samples

Figure 3.6: Plot of the mean relative test error for the sets of case d + 1 = 20, normalizing
the boundary with respect to the Barron norm (left) and RBV? norm (right). The number
of samples varies along the horizontal axis and the mean relative test error is shown on the
vertical axis.
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Figure 3.7: Plot of the mean relative test error for the sets of case d + 1 = 40, normalizing
the boundary with respect to the Barron norm (left) and RBV? norm (right). The number
of samples varies along the horizontal axis and the mean relative test error is shown on the
vertical axis.
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10! Dimension 10? 10! Dimension 107

Figure 3.8: Plot of the mean relative test error for the sets of case m = 50000, normalizing
the boundary with respect to the Barron norm (left) and RBV? norm (right). The dimension
d varies along the horizontal axis and the mean relative test error is shown on the vertical
axis.
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Chapter 4

A Practical Existence Theorem for
the Solution of Inverse Problems

We dedicate this chapter to the solution of ill-posed infinite-dimensional inverse problems
from samples using neural-network-based methods. Following the setting in Chapter 3, our
main result corresponds to a PET which guarantees the existence of an NN, the realization
of which approximates the solution of an inverse problem that satisfies certain conditions.
Although we have already discussed what an inverse problem is, we present here a more
rigorous concept. All of our discussed inverse problems are assumed to be modeled by an
operator F' between two Banach spaces X' and ) as discussed in Definition 4.0.1.

Definition 4.0.1. [79] Let X,Y be normed spaces and F : X — Y an operator. Let us
consider the equation
F(z) =y (4.0.1)

forx € X and y € Y. The problem of reconstruction x € X given y € Y and F' s called
the inverse problem associated to the equation 4.0.1. The problem of prediction y € Y given
xr € X and F is called the direct problem associated with the equation 4.0.1.

Inverse problems exhibit undesirable properties that make the determination and analysis
of their solution difficult. In particular, there may not be a solution, or there may be more
than one solution or such a solution may be unstable. These properties are formalized below
using the well-known notion of ill-posed inverse problem as presented in Definition 4.0.2.

Definition 4.0.2. [79] Let X, Y be two normed spaces and F : X — ) an operator. We say
that an inverse problem associated to equation 4.0.1 is well-posed if the following conditions
are fulfilled

1. Exzistence: There is at least one solution x € X of the equation F(x) =y fory € Y.
2. Uniqueness: There is at most one solution of the equation F(x) =y fory € Y.

3. Stability: If y, = F(x,) with y, = F(z,) and y, -y = F(z), then z,, — x in X.
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Otherwise, we say that the problem is ll-posed.

A well-known inverse problem is that of the differentiation of a function between normed
spaces. For simplicity, we consider the space of continuous functions on the real line. This
problem is ill-posed since not every continuous function is differentiable. But even if we re-
strict ourselves to the set of differentiable functions, the stability property cannot be ensured.
We illustrate this issue in more detail for the following.

Example 4.0.3. Consider the operator F : C([0,1]) — C([0,1]) defined as

o(t) = F()(t) == / £(s)ds, (4.0.2)

for all f € C([0,1]) and g € C([0,1]). We can guarantee the existence and uniqueness of the
solution for the associated inverse problem if g € C'([0,1]). However, even if we consider
only the space C'([0,1]), the associated inverse problem is ill-posed. By the fundamental
theorem of calculus, we know that the inverse problem associated with Equation 4.0.2 corre-
sponds to the problem of computing the derivative of the function g = g(t). Now we analyze
the stability of the inverse problem. Take, for example, g(t) = e'. Clearly, f(t) = ¢'(t) = €.
But if instead, we consider g,(t) = e' + = sinn’t,

lgn — 9llcqony — 0,

and
1(9n)" = flleqo,yy — oo

In Figure 4.1, we represent the functions g and g,, for n = 20 and in Figure 4.2 we illustrate
their derivatives. The functions g and gigo are close, but their derivatives differ. In partic-
ular, the derivative of g, oscillates several times in the interval [0,1]. This example shows
the instability of the derivative.

One can conveniently restrict the domain and the codomain of the operator F' to ensure
the existence and uniqueness of solutions for inverse problems. However, the question of
stability involves the topologies of the spaces X and Y and changing the underlying topologies
may pose a big challenge [79]. To remedy the ill-posedness of an inverse problems, one
typically applies the so-called reqularization techniques.

Definition 4.0.4. [79] Let o,0 > 0 and let F : X — Y be an injective operator between
normed spaces. We say that R, :' Y — X for a > 0 is a reqularization operator if

lim R, Fxz = x.

a—0t

forx € X. Moreover, we say that the regularization operator defines a regularization method
for the inverse problem associated to (4.0.1), if there is a choice a = «(9) such that

lim R, Fx==x

a—0t
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Figure 4.1: Plot of the functions g19p and g. The difference between the two functions is
small.

and

lim ||R,y° — = 0.
égggll Y’ — x|l

There are at least four main categories in which regularization techniques can be classified.
These categories were discussed in [10] and will be briefly reviewed below. The simplest of
these approaches are the analytic inversion methods which consist of determining a closed-
form expression for F~! and tryingting to stabilize it (see [112, 113]). Those methods provide
well-posed solutions to linear inverse problems where the forward operator is compact and
there is a spectral decomposition that allows a closed form of F~!. The second category is
the family of iterative methods based on gradient-descent algorithms to minimize a functional
x +— ||F(z)—y| in a stable way (see [50, 79]). The third category is that of the discretization
methods such as the Galerkin methods where the solution is discretized to a finite-dimensional
space. It is based on the idea that appropriate discretization stabilizes the inversion, e.g.,
[111, 134]. Finally, the last category is composed of variational methods that reconstruct the
solution by minimizing a functional of the form

Ja() = [ F(2) = yll + Sa(2),

where S, : X — R is chosen to enforce a priori known properties of the solution and x € X

(see [73]).
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Figure 4.2: Plot of the derivative functions ¢}y, and ¢’. The difference between the two
functions at most points is is very large. Indeed, the function g}y, oscillates several times in
the interval |0, 1] with large amplitude.

4.1 Transformation of Infinite-dimensional Inverse Prob-
lems into Finite-dimensional Problems

In this section, we present a strategy to transform infinite-dimensional discontinuous inverse
problems into Lipschitz regular finite-dimensional problems. This approach forms the basis
of our results and will be briefly discussed below. The ideas for this methods where pre-
sented in [4]. Assuming again an inverse problem in the form of F : X — ), we choose a
finite-dimensional space Wy C X and restrict the forward operator to this space. However,
restricting the domain only, does not guarantee that the image of the operator lies in a
finite-dimensional linear space. To overcome this problem, a family of finite-rank bounded
operators Qy : Y — Y, N € N, approximating the identity Iy is introduced in [4] so that the
function between finite-dimensional spaces Qn o Flw, : Wy — Im(Qx) can be interpreted as
a continuous approximation of F'. This approach fits into what can be expected in real-life
problems. In practice, Q5 corresponds to a sampling procedure. The following theorem,
proved in [4], allows the Lipschitz continuous discretization of infinite-dimensional unstable
inverse problems.

Theorem 4.1.1 ([4, Corollary 1]). Let X, Y be Banach spaces, A C X be an open subset,
Wy C X be a finite-dimensional subspace and K C Wy N A be a compact and conver subset.
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If F € CY(A,Y) is such that F|w,na is injective and F'(z)|w, is injective for all z € WyN A,
then there is a constant C' > 0 and D € N such that

|1 — 22flx < CIQp(F(21)) — Qp(F(x2))]]y, (4.1.1)
for all x1, 25 € K.

Theorem 4.1.1 states that the inverse of the function Qpo F|x : K — Im(Qp) is Lipschitz
continuous. This observation will be significant for the solution of inverse problems by
neural-network-based methods that will be proposed in this work. The constant C' > 0 can
be estimated in terms of a lower bound of the Fréchet derivative and the moduli of continuity
of (F|x)~" and F’. In [11] and [137] some ad-hoc techniques have been tailored to estimate
such a constant C' for specific problems.

All these inverse problems are modeled by an operator F' between two Banach spaces
X and ). We solve the inverse problem if the solution belongs to a manifold I" which is a
subset of a compact and convex subset K of a finite-dimensional subspace Wy C &X. The first
step is to choose a sequence of finite-rank operators Qn : J — Y where Yy C YV is an N-
dimensional subspace for all N € N such that (Qy)yen is a sequence of operators converging
strongly to the identity operator on ), i.e., for all z € X it holds that ||C§Nx —z|ly = 0 as
N — co. We identify the finite-dimensional spaces W, and Yy with R? and R” via affine
isomorphisms P : R? — Wy and Ty : Yy — R"Y. Then, the inverse problem of finding z € T
given y € ran () o F' modeled by the equation

QuoF(x) =y
is equivalent to the inverse problem of finding 2’ € P~}(T) given 3’ € R such that
TNo@NoFoP(x/) =

where 2’ = P7(z) and v = Tn(y).
For each inverse problem that will be introduced below, we show that there is a D € N
such that the following discretized version of F,

F: PYI) c R - RP,
ﬁi:TDO@DOFh(OP,
where F'|f is the restriction of F' to K, satisfies

(i) ran F'is an (M, §)-covered submanifold M. The notion of (M, §)—covered submanifold
will be introduced in Definition 4.2.1,

(ii) F is invertible on M,

(iii) F~': M — P~Y(I) is Lipschitz continuous.
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In the sequel, for the sake of clarity, we will always use I' to denote a manifold contained
in the domain of a forward operator and M to denote a submanifold of the image. To show
the conditions (i), (ii), and (iii) for the inverse problems introduced below, we derive closed
expressions for the forward operators on certain domains H C X. Then, we demonstrate that
the respective forward operator F is injective on H and Fréchet differentiable at each a € H.
Next, we use Theorem 4.1.1 to show that for every compact and convex set K C Wo N H
where Wy is a d-dimensional subspace of X, there is a D € N such that (Qp o F|x)™! is
Lipschitz continuous.

Thereafter, we identify the finite-dimensional spaces Wy and Y with the finite-dimensional
spaces R? and R” through isomorphisms P : R — Wy and Tp : Yp — RP. For the inverse
problems presented in this paper, P is usually an affine isomorphism and T o p is a point
sampling operator. Hence, due to the composition of invertible functions we see that F' de-
fined as above is invertible and bi-Lipschitz, which implies that conditions (ii) and (iii) hold.
We will see in all cases below, that the discretized operator Fis O and bi-Lipschitz. Hence
it follows that F is a diffeomorphism which implies that M is an (M, d)-covered submanifold.

4.2 Practical Existence Theorem for Inverse Problems

Before we study solutions for inverse problem by neural networks, we fix some notation:
for a given y € M and ¢’ > 0, we denote by By (y) the ball with radius ¢’ and center at
y, and by Py A the orthogonal projection onto the tangent space T, M of M at y defined
by Py m @ Bs(y) "M — V,, C T,M. Before we prove the main result of this paper, we
introduce the property of (M, §)-coveredness below.

Definition 4.2.1. Let n € N and M C R" be a relatively compact manifold. We say that
M is (M, §)-covered, where M € N and § > 0 if there exist a set of points (y;)M, C M such
that

M
UB%(Yz) 0 M>

i=1
where the inverse of Py, aq is Lipschitz continuous with Lipschitz constant bounded by 2 for

alli e {1,...,M}.

Definition 4.2.1 is crucial for the proof of Theorem 4.2.2. In fact, to reconstruct a stable
approximation for the inverse operator of every inverse problem presented in Section 4.3, we
need to prove that all the corresponding manifolds M are (M, §)-covered for some values of
M and 6. To this end, notice that if F' is a bi-Lipschitz diffeomorphism, then for (a,b)¢ C R4
with a,b € R, it follows that

F((a,b)%) c F((a,b)d) C F((a —e,b+ €)%,

for e > 0. Hence, M = F ((a,b)?) is a relatively compact subset of a smooth submanifold.
The fact that M and F((a —¢,b + €)¢) are submanifolds follows from [91, Proposition 5.2].
The (M, d)-coveredness then follows from a standard compactness argument.
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Theorem 4.2.2. Let q,m,d, D € N, D be a distribution on K C [0,1]9. Let F: K - M C
(0,1]P, be such that M is a (M, d)-manifold and F satisfies the assumptions of Theorem
4.1.1. Let n € RP be a Gaussian random variable where all components are independent,
zero-mean with variance o?. Let S = (s(l) S(Q))?Ll = (F(xi) + mi,x;)", be a sample where

x; ~ D and n; ~ n are independent random variables for i = 1,... ,m. Then, there is an rg
such that E(|n;|*) < r¢ and a class of NNs, denoted NN, such that with probability 1 — 2p

over the choice of S such that the solution of
2
. (4.2.1)

1 m
g € arg min — Z ‘R((D) (Sgl)> —s/?
PENN.(Dyg,LW,B) | T 1
—d/2 (] 3 16In(2
PR ek [1002/E)

m m

(4.2.2)

satisfies

Expy, R (®Ps) (F(x)+1) — X]Z < Ck+ c’\/

where ¢ > 0 depends on M and C > 0 depends only on C (it is in particular independent
from D, d, q, and M ). Moreover, the NN is robust-to-noise, i.e,

E (sup IR (®s) (x+1n)—R(Pg) (x)|2) S%E(|n|2) . <\/2dlog(M) + 2log(M) + d) (4.2.3)
zeM

+ 8e%4-2De " 27,
for x € M.

Remark 4.2.3. The realization of an approzximating NN acting on RP is robust to small
perturbations. Concretely, in (4.2.4), the variance of the noise 0 is multiplied with a damp-
ening factor which is inversely propositional to the dimension D. More concretely, the noise
in the data is multiplied with a dampening factor that decreases when the ratio between the
ambient dimension and the manifold dimension increases.

To demonstrate Theorem 4.2.2, we use different auxiliary results. First, we prove in
Theorem 4.2.5 that every Lipschitz continuous function can be robust-approximated by
ReLU NNs. In the proof of such a theorem, we explicitly construct an approximating NN
and provide upper bounds for its number of weights and layers. By robustness, we mean
that the realizations are Lipschitz regular functions that dampen the noise. We leverage this
construction to define the class of NNs NN, from Theorem 4.2.2. The learning estimates
are studied in Theorem 4.2.10.

4.2.1 Robust Approximation of Lipschitz Functions on Manifolds
by ReLU Networks

Using Theorem 2.2.12, we will demonstrate in Theorem 4.2.5 below, that realizations of rela-
tively small NNs can well approximate every Lipschitz continuous function f € L>*(M;RY).
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We first recall a result, which is a modification of Proposition 2.2.7 as we introduce the
parameter 6.

Lemma 4.2.4 ([131, Lemma A.3]). Let 6 > 0 be arbitrary. Then, for every L € N with
L > 071 and each K > 1, there are constants ¢ = ¢(L,K,0) € N, s = s(K) € N, and an
absolute constant ¢ € N with the following property: For each e € (0,1/2), there is an NN
x with L(x) < L, W(x) < ce™?, and such that x satisfies, for all z,y € [~ K, K],

e [ty —R(%) (@0 < e,

e R, (%) (z,y) =0 ifzy = 0.

In addition, we describe how robust the realizations of the approximating NNs are to
noise in the ambient space. We will see that, in this regard, a large ambient dimension D
compared to the intrinsic dimension d of the manifold will make the realization of the NN
more robust to ambient noise. We state the result below. In this theorem, the distance on
the manifold M is the restriction of the Euclidean distance from the ambient space.

Theorem 4.2.5. Let M, D, d, ¢ € N, 6 > 0 and let M C [0,1]° be an (M, ?)-covered
d-dimensional submanifold.

Then, for every Lipschitz continuous function f : M — [0,1]7 with Lipschitz constant
C > 0 and every e € (0,1) there is an NN @f\’j with D—dimensional input such that the

following holds
£ =R (o)

<e€

‘LO"(M;R‘?)

o IV (@f\j) =0 (quHe*d) for e =0,

o L(@%) = log, (d)] + Nlogy (D)] +c,

where in the implicit constant in the estimates of the weights above there is an additive con-
stant that depends on M (hence on D) and C, and ¢ > 0 is a universal constant. Moreover,
R(@40)([0,1]7) [0, 1]%.

Additionally, there ezists ro > 0 such that for Gaussian random variables n = (n;)
where all components are independent, zero-mean, and satisfy E(|n;|?) = o2 < rE, it holds
that

E (53}-; R (04) (x+m)-R () <x>\2) sgwm - (V2d1og(M) + 2log(M) + d)
(4.2.4)

D
i=1

2
"0

+ 8¢ +2De 27,

— o2 ( 2d10g(ﬂ1)+—210g(ﬂ4)4—d>
(4.2.5)

2
"0

+ 8e24+2De 207
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where the implicit constant C>0 depends on C' only.

Remark 4.2.6. 1. Theorem 4.2.5 demonstrates that the inverse problem can be approz-
imately solved using an NN of moderate size. Notably, the size of the NN increases
asymptotically for e — 0 and the size and depth depend weakly on D (through additive
constants) and strongly on d (in the form of the approximation rate).

Note that, in this model, the variance of the noise is Do*. Hence, for o constant, the
variance of the noise in the data scales linearly with D, while the variance of the noise
in the output of the neural network is essentially independent of D as we can see in
(4.2.5).

2. We will demonstrate in the proof of Theorem 4.2.5 that C <8C2. In practice, one can
expect that increasing the number of measurements, i.e. D implies that the Lipschitz
constant of the inverse operator will decrease. This suggests that the stability of the
realizations of the NNs will increase with increasing dimension D even beyond the
dampening factor d/D. We will observe this phenomenon in the numerical experiments
i Section 4.4.

Remark 4.2.7. The proof of Theorem 4.2.5, which is given below, is based on a concrete
construction of an NN. This construction is based on first applying a partition of unity on
(0,117 to localize the function f and then locally writing f as smooth functions composed
with projections onto low dimensional sets. This idea has been used repeatedly, such as, for
example, in [32, 142, 145, 109]. However, a stability statement, such as the one of (4.2.4),
1s not included in any of the references above.

Since this is our focus, our construction differs from the constructions in [32, 142, 145,
109]. In particular, we require an exact and very localized partition of unity for which we
use results of [61], which has not been used in the results above. Moreover, we attempt to
produce approximation results where the depth is independent of the accuracy, which is not
done in [32, 142]. The approzimation of the localized functions in [145], is based on wavelet-
type approximation and [32, 142, 109] on Taylor polynomials. Instead, our result uses finite
element-based approrimation.

Proof. Since M is (M, §)-covered, there exists a set YM := (y;)M, € M such that

B

-

2 (yi) D M.

=1

Moreover, for every y; € Y™, the orthogonal projection onto the tangent space Ty, M of
M at y; is a diffeomorphism and its inverse, denoted by Py,, is Lipschitz continuous with
Lipschitz constant bounded by 2. By the triangle inequality, it follows that

M

UB%(yi) > M+ Bs(0).

=1
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Let G5 == (6/(8v/D))ZP be a uniform grid in R? with grid size §/(8v/D). For z € G,
we define ¢ as the linear finite element function that equals 1 on z and vanishes on all other
elements of G5. It is well-known and not hard to see that (¢?).cq, forms a partition of unity,
supp ¢ C Bjs/4(z), and by the boundedness of M there exists Z™ = (z;);"% C Gy such that

Ms
> 5. (x) =1 for all x € M + Bs4(0) (4.2.6)
i=1

and supp ¢ C UM Bssa(yi).

By these considerations, it is clear that for each z € Z*™ there exists y(z) € Y™ such
that supp ¢ C Bs(y(z)). Therefore, we can write f in the following localized form: for all
X € M,

100 = 32,9700 = 3 6,97 (Pyta (Pytam() )

=i( > asi(x))f(ﬁyi (Py, ()

zeZM
y(z)=y:

0 (B, (Py,a(x))) (42.7)

o

Il
A

1

We define, for i € {1,..., M}, ﬁ = fo f’y It is not hard to see that ﬁ is Lipschitz
continuous with Lipschitz constant 2C. Additionally, we define for i € {1,..., M}

fi : [O, 1] X VYi — Rq,
(a,b) — afi(b).

We have that
M o~
F(x) =" fi (¢i(x), Py, m(x)), for all z € M. (4.2.8)
i=1

Without loss of generality, we can think of V;, as a compact interval [—K, K|P, since
every Lipschitz function can be extended without increasing its Lipschitz constant according
to [100]. By Theorem 2.2.12, there exists for every ¢ > 0 and every ¢ € {1,..., M} an NN

di€ with d-dimensional input such that
")

o W <</IS“> = O (ge?) for e — 0,

<€,
LOO([OJ} XVyi ;Rq)
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oL (6) = logy(d + 1)] + 1.

Applying Lemma 4.2.4 with 6 = d yields an NN that can be concatenated with Pis through
Definition 2.0.5. This yields that, for every ¢ > 0, there exists an NN ®/i¢ with (d + 1)-
dimensional input such that

R <¢ﬁ,5> (a,b) — aR (@) (b)‘ <eforallae0,1,beV,, (4.2.9)
o W (@ﬁ‘) =0 (qe_d) for e — 0,
o L (Q)ﬁ’e) = [log,(d)] + ¢,

where ¢ > 0 is a universal constant. Note that the implicit constant in the estimate of the
number of weights is independent from D. Moreover, by [61, Theorem 3.1] we have that, for
every i € {1,..., Ms} there exists an NN @) with D-dimensional input such that

o R(®)) =¢?,
o W (®5)=0(D),
o L(®) = T[logy(D+1)]+1.

Therefore, we conclude that for every i € {1,..., M} there exists an NN &; with D-
dimensional input such that

b R<(I)z) = i,
o L(D;)=[logy(D+1)]+1.

The estimate on the weights will later only contribute to the overall bound on the weights
as an additive constant.

Finally, as Py, ¢ is affine linear it can be represented as a one-layer NN 61% Mm with
D-dimensional input and d-dimensional output. It follows directly from Definition 2.0.5 and
Proposition 2.0.8 that ®p; o can be extended to have depth L(®;), i.e., there exists an NN
®p; r such that

L R(q)P,i,M) = Pyi,./\/la
o W (CI)P,z‘,M) = O (Dd + dlogy(D)) = O (dD),
o L(®Ppim) =L (D)
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We define for every i € {1,..., M}
P = I O P (0, D)
and
O = O O FP (B1, 3%, BM),

where ®! := ((1g1.m,0)) and 1gia is a row vector of length M with all entries equal to 1. Tt
is clear from the construction of @f(j and (4.2.8) that

Hf -R (q)f\j) ’LOO(MTRQ) - i ﬁ <¢Z(>7 Pyin.) - R (a)i’6> (4.2.10)
| = Lo (MiR1)
M
= |2 F(00). Pyae) = R (@5) (04, Py, ) <e
=1 Lo (M;R9)
(4.2.11)

where we applied the triangle inequality to obtain the final estimate. Moreover, by construc-
tion, W (04 = O(gM¥+e=4) + O(M - (MsD +dD)) and L(®%}) = [logy(d)] + [log,(D)] +
c+3.

We assume without loss of generality that @f(j already satisfies that R(@f(j ) maps into
[0,1]9. If this is not the case, then concatenating @f\’j with a simple NN the realization of
which implements the function (z;){_; — (min{max{0,z;},1}){_; would enforce the desired
property for the concatenated NN. This concatenation does not increase the number of
weights or the layers by a significant amount.

Finally, we demonstrate statement (4.2.4). First of all, set 7 := min{6/(2v/D),1}. Then,
for any random vector 7 = (n;)}.; where each component 7; with j € [D] is a normally
distributed random variable with mean zero and o? = E(|n;|?) < 3 the following upper
bound holds

D
P(|m| > 70V |12 >0V ...V [np| > 1) <D P(|mi| > ro) < 2D/ = p,
=1

Therefore, with probability 1 — p, it holds that for all z € M

R (%) 60— R (@) e+ <

R (@4) () - f 8,0 (Py. a <x>>‘

+ Z ¢z‘(x)ﬁ (Py,m(x)) — Z ¢i(x + U)J?z (Py, m(x + 77))|

+

> ik + ) (Pymlx+m) = R (@) (x+1)
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< f¢i<x>ﬁ<Pym<x>>—iasi(xmﬁ (Pya(x+ 1)) + 2
< Z@ vt (3)) = 615 + 1) s (Py, m(x))

+ Zl@(ﬂ 1) (7 (Pyoaa9) = F: (Py,walx ) ) | + 26
< ﬁ;(@(X)—@(XM))f(x)

+§;¢i<@“+n)(ﬁ<P m(x)) = fi (Py (x+n))) + 2
= T+ 11 + 2¢,

where we applied the triangle inequality in the first, (4.2.11) in the second, and the definition
of f; in the third step. From (4.2.6), we conclude that

and therefore, I = 0. Also, due to the linearity of projections and the Lipschitz continuity
of fZ we have for C' = 2C that

II<OZ¢2x+n)IPyZ ()]
<3t (P, ) )

=1

= C max [Py, v(n)]:

Thus,

2

— (L +e)? < (Cmax\Px M(n)]+2e>2.

JEM]

sup |R (@) o+ m) = R (04) ()

After the estimate (z + 2¢)? < 222 + 8¢? is applied, we obtain

sup |[R (@ﬂj) (x+n) —R (@fj) (x)) <2 (C max | Py, M(n)\)2 + 82 (4.2.12)

xeM JE[M]
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We observe due to the boundedness of R(<I> ¢) that

E (fgfa R <(I>fvf> (x+7n)—R (@ﬂj) (X)r) <E ( (C’ 12% [Py, M(77)|)2 + 852> +p.
(4.2.13)

Next, we will find a bound for the first term on the right-hand side of the inequality
(4.2.13). As = (n;)2, is normally distributed with zero mean and covariance matrix o/
, where I denotes the identity matrix, it follows that y = (1;/0)2, is normally distributed
with zero mean and covariance matrix /. It is well-known that every orthogonal projection
operator P on a linear subspace V is self-adjoint and idempotent. Let P be an orthogonal
projection operator mapping to a d-dimensional subspace, then by [55, Theorem 3.1], it holds
that

|Py|* =y"P"Py =y" P’y =y Py

is x3 distributed. Therefore, it can be concluded that |Py, x(n)|*/0* is a xj distributed
random variable for j € [M]. Moreover, according to the maximal inequality for x? random
variables (see [21, Example 2.7]), it holds that

P.. 2
E <max M — d> < v/2dlog(M) + 2log(M

JEIM] o

Hence, we observe that

£ ((mﬁ Py, ) E (1 1Py, (1)
(\/leog +2log(M)+d> -o?
< (\/W+ 2log(M d) %E(W), (4.2.14)

IN

and therefore

E (sup R (047) (x+m) — R () E(2I1% 4 8) 4+ p

z
N
N——

IN

xeM
- 1
< 202, ( 2dlog(M) + 2log(M) + d) - SE(nf*) + 8¢ +p
< E(|n|?) (\/leog ) + 2log(M +d) + 8% 4+ p,
where C' = 2C? = 8C2. O

Remark 4.2.8. The weights in the NNs used in the construction of Theorem 4.2.5 are all
polynomially bounded in €. This can be seen by observing that the weights are polynomially
bounded for all NNs used as building blocks. For the multiplication NN of Lemma /4.2.J
this is explicitly stated in [131, Lemma A.3]. For the NNs of Theorem 2.2.12, this bound
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1s not spelt out in the original reference, but is clear since linear FEM approximation is
emulated, where the weights need to grow only like the inverse of the mesh-size. The same
holds for the construction of the partition of unity in the proof. All additional operations
require universally bounded weights only. In the sequel, we assume that the weights of the
NNs of Theorem 4.2.5 are bounded by €~ for an r € N.

Theorem 4.2.5 guarantees the existence of an NN the realization of which is robust with
respect to noisy inputs. In practice, we also need to find this NN or one with similar
properties by performing some form of empirical risk minimization over a set of NNs for an
appropriately chosen training set.

If we attempt to create an NN with robustness to noise that implements the inverse to
a forward operator F: [0,1]9 — M C [0,1]?, for ¢, D € N, then it appears to be natural to
train on noisy data, (F'(z;) + n;, ;)™ ,, where m € N and 7, are additive noise vectors. Note
that, if F'is known, then such data can be readily generated.

However, the theoretically-established robust-to-noise NN of Theorem 4.2.5 is one that
instead of approximating F'~! approximates, for an ry > 0, the function

flz) = Z 0s(X) f; (Py, m(z)), for x € M + B,,(0),

where }Z are the Lipschitz continuous functions defined under Equation (4.2.7). Note that f
only necessarily agrees with F~! on M. To learn f, it appears more appropriate to train on
samples of the form (y+n, f(y+n)) for y following some distribution on M and n Gaussian.
However, while one could in principle compute f for many practical problems, it would be
preferable to only access the forward operator F'.

We will show below, that training on values (F(x;) + n;,x;)!", with z; drawn according
to some distribution on [0, 1]¢ and 7; Gaussian yields a robust NN as well. Next, we state
a bound for the generalization error of empirical risk minimization when multi-dimensional
output is used. Similar results may exist in the literature, see e.g. [7, Theorem 10.1] for the
univariate case. To keep the manuscript self-contained, we add a proof of the result.

Proposition 4.2.9. Let m,q, D, L,W € N. Let g: [0,1]” — [0,1]? and let D be a distribu-
tion on [0,1]P.
Then, for every ® € NN.(D,q, L,W,B) and every e > 0

Py~ (Ex~p|R(<I>)(x> —g(x)P* - %Z IR(P)(x:) — g(xi)” > e)
<2 (442—6%4([31 max{q, W})LH)WQ e el (4.2.15)

In particular, for p € (0,1) it holds with probability 1 — p over the choice of (x;)™, ~ D™
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that

£, plR(®)(x) - g(x)]* (1216)
< ST IR®)(x) — glxi)
=1

N \/8 +8Wq(5+In(g) +4In(L) +n(1/e) + (L +1)(In[B] + Inmax{g, W})) 8m(1/p)

(4.2.17)

Proof. We first observe that RNN.(D,q, L, W, B) C Qi_, RNN.(D, 1, L, W, B) and hence,
by [58, Lemma 6.1], that RNN (D, q, L, W, B) can be covered by

(“rmimastawy)

balls in L>°([0,1]7, [0, 1]9) of radius € > 0, where the L> norm of a function f : [0,1]” —
[0,1]7 is defined as

Hf”oo:: sup kaHoo
k=1,....q

For g: [0,1]” — [0,1]9, it follows that the function class
q
Hog = {Jf = Y 1(h(x)); = (9(x))i*: h € RNNL(D,q, L, W, B)}
i=1

can be covered by ((44/¢)L*([ B] max{q, W})L™)W4 balls in L*>([0, 1]”) of radius 2g¢e since
the map

Ky: £(0, 117, [0, 1% = L=(0, 11°)
q
his Ko(h) =Y |hi = gif?
i=1
satisfies for all hM A € L>=(]0,1]P, [0, 1]7) that
~ ~ e
oI =gl =D n? - gl
i=1 i=1

q
e I R e
=1

[ 5,(AY) = Ko(hR®)]| =

o0

<2g||p =P (4.2.18)

Here (4.2.18) holds since for x > y and z,y,b € [0, 1]
(x—b)?—(y—0b)?= / 2(z = b)dz <2(x —y).
y
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Applying [7, Theorem 10.1] to H,,, yields (4.2.15). Finally, to demonstrate (4.2.17), observe
that In(2 - 44) <5, set

Y

. \/8 +8Wq(5+1n(q) +4In(L) +1In(1/€) + (L + 1)(In[ B] + Inmax{q, W})) N 81In(1/p)

and apply (4.2.15). O

Next we show that training an NN of a specific size on data of the form (F(x;)+mn;, x;)",
with z; drawn according to some distribution on M and 7; Gaussian generates an NN that
has robustness properties similar to the NN of Theorem 4.2.5. In particular, the robustness
to noise is independent from D and a small value of d dampens the noise.

Theorem 4.2.10. Let r,q,m,D € N, D be a distribution on K C [0,1]?, let F: K —
M C [0,1]P, be such that M, F~! satisfy the assumptions of Theorem 4.2.5, let ¢,C,d, M
be as in Theorem 4.2.5, and let r > 0 be as in Remark 4.2.8. Let n € RP be a Gaussian
random variable where all components are independent, zero-mean with variance o?. Let
S = (sgl), 51(2))?;1 = (F(x;) + 1, %), be a sample where x; ~ D and n; ~ n are independent

random variables fori=1,...,m. For k > C - (y/2dlog(M) + 2log(M) +d) - 02, we choose
W~ gM™ =2 L~ [log, (d)] + [logy (D)] +¢, B~ r7/2,

to be the values corresponding to € = \/k in Theorem 4.2.5 and we let

1 2
b € arg min {— E ‘R(CI)) (sgl)> — sz@ } . (4.2.19)
I

DENN.(D,q,L,W,B
161n(2/p)

_d/21 1 T2
ar PI{/R) |y peite =
m m

(4.2.20)

Then, with probability 1 — 2p over the choice of S

Eppy R (®5) (F(x) + 1) —x|* < Cr + c’\/

where ¢ > 0 depends on M and C > 0 depends only on C (it is in particular independent
from D, d, q, and M ).

Proof. First, we note that for m € N and p € (0,1/2) by Proposition 4.2.9 with probability
at least 1 — p over the draw of S = (F(x;) + n;, X;)7, it holds that

Eonpy R (®5) (F(x) + 1) — x|

< L 3" R (@) (Pl + ) - xif
=1

N \/8 +8Wq(5 + In(g) +4In(L) +In(1/e) + (L + 1)(In[B] + Inmax{q, W})) _8In(1/p)
" 7(7}1.2.21)
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Next, we note that per definition of &g

il R(®g) : D) — x| = ¢ R(® l )2
E:\ s)(F(x:) +n;) — % <I>ENN*(lquWB)mZ‘ F(x;) 4 n;) — x|
= ER D) (F(x;))|?
@ENN*(DqLWB (mZ|R F(x;) + i) — R(®)(F(x:))]
_E:Rq)Fi —zi|* ). 4.2.22
+mi:1\()( (i) $|> ( )

By Theorem 4.2.5, it holds that @f\’/tﬁ e NN.(D,q, L,W, B) and hence

%i R (O47) (F(xi) = x

Next, we denote for ® € NN, (D, q, L, W, B)

2
< 2k. (4.2.23)

ZIR F(xi) +m:) = R(®)(F(x))[,

€oo(P) = Ea:~v,n|R( )(F(x) +n) — R(®)(F(x))[".

By Hoeffding’s inequality, we have that

P <65(<I)) — (@) > 1n(2/p)/m) <p. (4.2.24)
We conclude that with probability at least 1 — p by (4.2.22)
1« In(2
— 3 R(Qs)(F(x:) + m) — xi* < 2600 (@ﬂ’ﬁ) Lo+ 0y RE/R) (4.2.25)
m m
i=1
By Theorem 4.2.5, we can estimate
e c 2 _;(2)2
oo (cpM ) < SE(l) ( 2dlog(M) + 2log(M) +d> +8k+2De 5
r2
< C'k + 2De 27 (4.2.26)
for a constant ¢’ = C' + 8 > 0.
Applying (4.2.26) to (4.2.25) yields that with probability at least 1 — p
3 In(2
— Z IR(®s)(F(x;) + 1) — xi|> < C"k + 4De” 307 + 2 In(2/p) (4.2.27)
m

Combining (4.2.27) with (4.2.21) and noting that since both estimates hold with probability
at least 1 — p the overall estimate holds with probability at least 1 — 2p completes the
proof. O]
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4.3 Admissible Inverse Problems

Below, we will present a list of inverse problems that can be discretized in the way necessary
for our theory to work. We discuss the transmissivity coefficient identification in Subsection
4.3.1, as well as the coefficient identification problem of the Euler-Bernoulli equation in Sec-
tion 4.3.2. Thereafter, we discuss inverse problems associated to the Volterra-Hammerstein
integral equation and the gravimetric problem in Sections 4.3.3 and 4.3.4, respectively.

4.3.1 Identification of the Transmissivity Coefficient

In this section, we introduce a problem arising from the study of aquifers (see [116]) in
groundwater hydraulics. An aquifer is a natural underground formation capable of storing
and transmitting underground water. Mathematically speaking, an aquifer is a three dimen-
sional set V' C R? with an associated potential energy per unit weight: u € C?(V). We
can consider an aquifer as a one-dimensional object if its width and depth are negligible
compared to its length or if its energy varies only with respect to one of its dimensions. In
that case, the aquifer can be thought of as being the interval I := [0, 1] where 0 and 1 are its
endpoints and x is referred to as the position or distance with respect to the first endpoint.
Under certain circumstances, the energy transported by the water, u € C?([0, 1]), is modeled
by the equation

— (a(z)u/(z)) = f(x) for all x € [0, 1],

where the coefficient a € C'([0,1]) is referred to as the transmissivity coefficient which
measures the ability of the aquifer to allow the passing of groundwater and f € C([0, 1])
measures the change of mass over time at a given point [173]. If a € C([0,1]), then we
assume the product of @ and u’ to be continuously differentiable. Solving the direct problem
is to find w given f and a under certain boundary or initial conditions. The inverse problem
is then to find the coefficient @ when u and f are known. Note that if ' > 0 and the value
co = a(0)u'(0) with ¢y € R is also known, the coefficient a(z) at the point = € [0, 1] can be
directly reconstructed by the formula

_ Jo F®)dt + o

u' ()

a(z)

Nevertheless, this formula may be useless if noise is in the data or only point samples of
the functions f, u are known. If in addition to the condition ¢y = a(0)u’(0) € R mentioned

above, a second condition ¢; = u(0) € R is given, we express u as a function of a through
the forward operator F' : Hy C C([0,1]) — C([0,1])

w=F(a) = (:c - /Ox Jy ftij)s RPN cl) , (4.3.1)

where Hy = {a € C([0,1]) : a(z) > A > 0 for all z € [0,1]} for fixed A > 0. Notice that
H), is an open set and if f > 0 and ¢y = ¢; = 0, then F' is an injective operator on H,.
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Moreover, we prove that this is a Fréchet-differentiable operator where its Fréchet derivative
at every a € H) is computed below, via the Gateaux derivative at a evaluated at x € [0, 1]
along the direction da € C([0,1]) denoted by Ds,F'(a).

Proposition 4.3.1. Let A > 0, H, = {a € C([0,1]) : a(z) > A > 0 for all x € [0,1]} and
F: Hy, — C([0,1]) be the operator defined by

Fla) = <x - /0 ' Wda | (4.3.2)

for alla € Hy and x € [0,1]. Then, F is Gateauz-differentiable.

Proof. Due to the definition of the Gateaux derivative at a € H) in the direction da €
C([0,1]), we have for z € [0, 1] that

DsuF(a)(x) = lim 210+ 00 (@) = Fla)(z)

t—0

:Pi%t_l'(/ z tfozﬂaa( 747~ fozj((j))dsdz)
=t ([ [ 0 (v ) )
=i (o[ [ e ds( o s 1) )
= /0 a(_z(;C(La(z)f n téa(z))dz

[TRE )
- / a(zp

where the last equality is an application of the dominated convergence theorem.

]

Proposition 4.3.2. Under the assumptions of Proposition 4.3.1, the operator F defined by
(4.3.2) is Fréchet-differentiable.

Proof. Now, we prove that the Gateaux derivative at a is indeed the Fréchet derivative of
the operator at a € Hy. By the properties of the absolute value
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Lé jb+5a (/ e ) - (-
/ (s ds( + 5@ ) .
(L f<8>d8)( T b

(s da( @<wa+M@»)

\IF(a+6a) = F(a) = DsuF(0)]
530 ]|

[ (L 169) (i aacay) | e =0

since for ||0al|o small enough, we have that

[ (] 70) (s o)

is bounded. Therefore, the Fréchet derivative for the operator F' at a denoted by F :
C([0,1]) — C([0, 1)) is given by

F!(6a) = <x — /0 " da(z) foz)é(s)dsdz> for da € C([0,1]).

a(z

+

v
L
N

< ||6all?, sup
z€[0,1]

Y

and therefore

< hm |6all, sup
z€[0,1]

sup
z€[0,1]

O

Proposition 4.3.3. Under the assumptions of Proposition 4.3.1, let us consider the operator
F defined by (4.3.2). Let F. denote the Fréchet derivative of F at a € Hy. Then, Flis
ingective for all a € Hy.

Proof. As F! is a linear operator, it is enough to prove that if F)(da) = 0 for da € C([0, 1]),
then da = 0. If for all x € [0, 1]

T §a(z) (7 f(s)ds
Fl(6a)(x) = —/0 ( >af((;)é( )d dz =0,

then, due to the continuity of the integrand and by the fundamental theorem of calculus, we
have that

a(z)?

which shows that da(z) = 0 for all z € [0, 1].
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We have observed above that the operator F' is injective and Fréchet differentiable and
F! is injective for all a € H,.

Next, we introduce the operator Py : [a,b]? € R? — W + X given by Pya(a) =
A+ ZZZI Pk, where (¢)¢_, is a basis for a finite-dimensional space W where ¢; > 0 for
all i € [d] and « € [a,b]? for 0 < a < b is an isomorphism onto its range. Let (Qn)nyen be
a sequence of operators converging strongly to the identity operator as in the beginning of
Section 4.3.

Let Wy .= W @ A, then, according to Theorem 4.1.1 there is a D € N and C' > 0 such
that

lar — azllee < CllQp(F(a1)) — @p(F(a2))llse,

for all a;,ay in an arbitrary compact and convex K C Wy N H,. Notice that this result
implies that, for an isomorphism T such that Tp o (Jp is a point sampling operator, we
have that Tp o Qp o F' has a Lipschitz continuous inverse.

We conclude that the operator F' = Tp o Qp o F' o Py, is an invertible and bi-Lipschitz
function. Additionally, it is clear by construction that for every = € [0, 1]

/ s)ds
45 o dz
)‘+Zk 10%%( z))

is smooth. This implies that F is smooth as well. Notice that F returns a D-dimensional
vector which corresponds to the values of the functions at the sampling points. The details
behind this approach can be found on [4, Page 7]. We conclude with the inverse function

theorem that M = F((a,b)?) is a relatively compact manifold.

4.3.2 Identification of the Coefficient in the Euler-Bernoulli Equa-
tion

A beam is a long rigid element of a complex structure which is subject to a usually perpen-
dicular external force causing the beam to bend. For simplicity, we think of a beam as the
set of points B = [0,1] x {0}. The deflection of the point (z,0) is the measure of how much
it is moved to a new position (2/,y’) € R?. The model where deflections occur only in the
y-coordinate under the action of a perpendicular force acting on (z,0) is called the Fuler-
Bernoulli model. Such deflections also depend on a material property called flezural rigidity
denoted by a. By simplicity, we identify the point (x,0) with x € [0,1], the y-coordinate
of the deflection acting on z as u(z) = u(z,0), and the y-coordinate of the force acting
on z as f(z). We call u : [0,1] — R the deflection function and f : [0,1] — R the force.
If w e C4[0,1]), a € C([0,1]) and f € C([0,1]), then, under some additional conditions
that are described in [97], the deflection u(z) of the beam at the point x is modeled by the
differential equation

T (a(@)u"(2)) = f(x)  for z € [0,1],



which is called the Fuler—Bernoulli equation. There is a direct problem associated to this
phenomenon consisting of identifying the deflection u(z) at every point x € [0,1] when f
and a are given and the following boundary conditions hold

C3
Co
C1
Co

where cg, c1, c3 c3 € R. There are two inverse problems associated to this forward problem.
First, the problem of reconstructing the coefficient a leading to the so-called coefficient
identification problem. This problem is particularly relevant when studying structures eroded
by the action of natural agents such as storms and earthquakes and if it is impossible to
dismantle the whole structure. Second, we have the (inverse) problem of reconstruction of
the source f. In this work, we focus only on the first of the two inverse problems.

We remark that for the coefficient identification problem as described above the solution
can be exactly reconstructed by integrating the differential equation. Concretely, if u”(x) # 0
for all x € [0, 1] an explicit formula for the reconstruction of the coefficient a at the point
x € [0,1] is given by

IN fo s)dsdt + c3x + c2
Ux”(ﬂf)

a(zr) =

(4.3.3)

However, when dealing with real-life problems, the exact value of u is unknown and instead,
all that is provided is an approximation with noise. For our method to be applicable, we

assume that a belongs to a finite-dimensional space. Straightforward calculations lead to the
forward operator F': Hy C C([0,1]) — C([0,1])

d d
F a _ (x'_>/ / fo fo Z w—l—CaS—i—CQ)dey_‘_61934_60)7 (4.3.4)

where Hy = {a € C([0,1]) : a > A > 0} for a fixed X is an open set. The uniqueness of a for
u € Im(F') such that «” > 0 and for initial conditions ¢y = ¢; = ¢2 = ¢35 = 0 is guaranteed
by the explicit formula (4.3.3), i.e., F' is injective. Similar calculations to the example of
Subsection 4.3.1 can be carried out to obtain the derivative of F' as

/ /y da(s fo fo E dzdw) dsdy, for da € C([0,1]).

Moreover, by similar arguments as in the previous subsection, it can be shown that F’(a) is
injective for a fixed a and continuous if f > 0.

We define again Py : R? — W given by Pya(a) = A+ Y20, awxdy, where (¢5)¢_, is a
basis for a subspace W, ¢; > 0 for all i € [d], and «a € [a,b]? for 0 < a < b. Let (Qn)nen be
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a sequence of operators converging strongly to the identity operator as in the beginning of
Section 4.3. Let Wy =W @& A. Then, Theorem 4.1.1 can be applied again. This shows that
there exists a D € N and C' > 0 such that

lar = az]lee < CllQp(F(a1)) = @p(F(a2))]|oc,

for all a1, as in an arbitrary compact and convex K C WyN H,. We conclude that Qp o F|x

is bi-Lipschitz and injective. In addition, for an isomorphism T such that Tp o Qp is a

point sampling operator, we have that Tp o Qp o F' has a Lipschitz continuous inverse.
Hence, the operator F' = Tp o QQp o F' o Py is an invertible, bi-Lipschitz, and smooth

function. As previously discussed, M = F((a,b)?) is a relatively compact manifold.

4.3.3 Solution of a Nonlinear Volterra-Hammerstein Integral Equa-
tion

Volterra-Hammerstein equations have been widely studied in the literature [103, 136, 144].
Let F: L*([0,1]) — L*([0,1]) be the following (forward) operator

s Flu) = <t - /O t(u(s))2d5> , (4.3.5)

for u € L*([0,1]) and ¢ € [0,1]. The direct problem is to determine the function F(u) €
L>=([0,1]) € L*([0,1]) for a given u € L?([0,1]). Let us notice that F(u) always exists for
uw € L*([0,1]). Let us consider the set Hy = {u € L*([0,1]) : w > X\ > 0} for fixed A\. Notice
that F(Hy) c C'([0,1]) n{v € C'([0,1]) : v' > 0} C L?*([0,1]). A solution to the inverse
problem is found via the fundamental theorem of calculus. For every v € C'([0,1]), such
that v’ > 0 the equation F(u) = v has two continuous solutions u;, = v/’ and u_ = —/2/.
As u_ ¢ H), we conclude that the operator F'|g, is injective and this inverse problem
has a unique solution. It is a well-known result that integral linear operators on infinite-
dimensional spaces are compact operators and therefore, their inverses are not bounded.
Hence, the inverse operator of (4.3.5) is not continuous. To overcome the instability of the
inverse problem, we use Corollary 1 in [4]. By similar calculations to the previous examples,
the first Fréchet derivative at u of the forward operator denoted by F : L*([0,1]) — L*([0,1])
is the linear operator

Su s F!(6u) = (t 2 /0 tu(s)du(s)ds) ,

for all ju € L?([0,1]). Notice that under the assumption u(s) > 0, we have that F'(du) =0
if and only if du = 0. Indeed, we have that if F(du) = F’(éu’) for du,du’ € L*([0, 1]), then

/093 u(s)(du(s) — ou'(s))ds = 0,
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by the Lebesgue differentiation theorem we have that for almost every ¢ € [0, 1]

t+h
w(t)(du(t) — du'(t)) = lim h_l/t u(s)(du(s) — ou'(s))ds

~ Jim b ( /O T a5)(Buls) — bu(s))ds /0 T a(s) (Buls) — 5u’(s))d8)

which implies du = du’ and therefore F) is injective.

Since the operator F is Fréchet differentiable, injective, and F) is injective for all u €
C([0,1]), Theorem 4.1.1 can be applied as in the previous examples. The discussion now
follows that of Subsection 4.3.1.

We define again Py : RT — W + X given by Py, (o) = 22:1 apr + A, such that A > 0
and (¢ )¢_, is a basis of a subspace W where ¢, > 0 for k € [d], a € [a,b]? for 0 < a < b. Let
Wy =W @ A, then Theorem 4.1.1 yields that for any sequence (Qy)nyen converging strongly
to the identity operator as N — oo, there is D € N and C' > 0 such that

[ur = uzlla < Cl|Qp(F(ur)) — Qp(F(uz))ll2,

for all ui,uy in a compact and convex K C Wy N Hy. Following a similar discussion as
in Section 4.3.1, it follows that the operator F' = Tp o Qp o F|x o Py is an invertible, bi-
Lipschitz, and smooth function between Euclidean spaces and M = F((a, b)?) is a relatively
compact manifold.

4.3.4 Inverse Gravimetric Problem

An object with shape & C R? and mass density p : £ — R admits a gravitational potential
Ue,:R?\ & — R at the position y € R? given by

Ue(9) = C [ pla)In(le = sl)ds, (43.6)

where C'is called the gravitational constant which is set to be 1 for simplicity (see [81]). The
direct problem associated to this operator consists of determining the gravitational potential
Ue , when p and & are known. Two inverse problems are linked to this equation. The first
problem is called the linear inverse gravimetric problem. Since it is physically impossible to
measure the gravitational potential at every point, measurements are only taken at points
on a surface S away from £. We assume that the distance between an element y € S and &
is d(y,E) > 0 for a fixed § > 0. For simplicity, we assume that S C R? is a closed piecewise
smooth surface which is the boundary of a solid body B C R?. The linear inverse gravimetric
problem consist of finding only the mass density p such that

Ug,plS =49,
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when Ug |5, € and g € L*(S) are known. The second inverse gravimetric problem is also
known as the nonlinear inverse gravimetric problem and is to find a shape £ such that
£ C int(B) and

US,plS =g

This work focuses on the linear inverse problem. We consider the operator
F: L*(€) — L*(9),
p= Fp) = (y = Us,p(y)) .-

To demonstrate the smoothness of F' showing the continuity will suffice since F' is linear
(in p). To prove the continuity of F', it will be shown that the operator is compact, which
means that for every bounded family F of functions in L?(£), the family of functions F(F)
is relatively compact in L?(S). This will be established by invoking the theorem of Arzela-
Ascoli (see [107]): every non-empty family of functions G where the elements are pointwise
bounded and G is equicontinuous is relatively compact. First, the equicontinuity condition
for F'(F) will be analyzed. Given y,z € S and p € F it follows

[F(p)(y) — F(p)(2)| SC/g\p(l’)lllnly—xl—1nlz—x||dx

Since f(t) = In(t) is Lipschitz continuous in every interval [0, 00) with constant C’ < 1/,
for t < s it holds that

|Int —Ins| < C'|t — s|.

Choosing § > 0 such that d(y,&) > ¢ for all y € S, and setting t = |y — x| and s = |z — 2|,
we have by the inverse triangle inequality that

Infy — 2| —In|z —zf| < C"[ly — 2| — 2 — 2| < C'y — 2],

and therefore

[E(p)(y) — F(p)(2)|

IN

c/|p<:c>||1n|y—x| s — af|de
£

< CClz—yl / Ip(a)|da

< Clpllrielz -yl
< CC*|pllr2e)lz — vl
< Cllplleze )z =yl

where C' := C'C, we used that pllLrey < C*|lpllz2e for a universal constant C* > 0 since

& is bounded, and C := CC*. Since F was a bounded subset of L(&), we conclude that
F(F) is equicontinuous.
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Now, the point-wise boundedness of F(F) will be derived. For y € &, the function
fy(z) = |In|z —y|| is continuous on the compact set S. Then, for y € &, the function
fy(z) = |In(|ly — z|)| is bounded with f,(x) < M, where M, > 0 is a constant that depends
on y. Hence,

[E(p)(y)]

IN

OL|p<x>||1n|y—x||dx

oM, [ Ita)ids
CC* M, loll e
CM,C*[|pllL2(e)
cM,,

(VAN VANRN | R VAN

where C' = C*C. Hence, F'(F) is pointwise bounded and therefore relatively compact. We
conclude that the inverse problem associated to this operator is ill-posed.

Next, we introduce the operator Py : (a,b)? C R? — W given by Py, (o) = Zizl Ok,
where (¢5){_, is a basis for a finite-dimensional space W where ¢; > 0 for all i € [d] and
a € [a,b]? for 0 < a < b is an isomorphism onto its range. It follows that the conditions
of Theorem 4.1.1 are satisfied. For any sequence (Qx)nen of finite-rank operators, where
Qn : L*(S) — L?(S) and Qy — I strongly as N — oo, there is D € N and C' > 0 such that

[p1 — pall2 < Cl|Qp(F(p1)) — Qp(F(p2))ll2,

for all pi,p; in an arbitrary compact and convex K subset of W. We can see that the
operator F' =TpoQpo F|ko Py is an invertible, bi-Lipschitz, and smooth function between
Euclidean spaces and M = F((a,b)?) is a relatively compact manifold.

4.4 Numerical Experiments

For all inverse problems described in Section 4.3, we present numerical examples illustrating
how robust approximations to the inverse operators can be learned by neural networks. We
will proceed similarly for all cases: First, given the forward operator F' : X — ) between
Banach spaces, a basis B that defines a finite-dimensional space W is chosen and the domain
of F' will be restricted to this subspace. Second, as it was shown in Section 4.3 for the list of
admissible inverse problems, given a compact and convex subset K of W and a sequence of
finite-rank operators (Q N)Nen Where Q ~ Y — Yy and Yy are linear subspaces of Y, there
is a D € N such that L
F=QpoF|k
has a Lipschitz continuous inverse. Third, we identify the space Yp with a Euclidean space
RP via an isomorphism 7p : Yp — R and W with R? through the isomorphism P : R? —
W. Then, the function B R
F:=TpoFoP|p
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is Lipschitz continuous. Next, F~': R? > M — R?, where M = F(P~Y(')) and I’ C K,
will be approximated by realizations of NNs for different values of D since in practice, we
do not know the exact value of D. In addition, we will suppose that we know the operator
TpoQp for every D € N and we will denote it as (Qp. For the training of the NN, and for fixed
ambient dimension D, intrinsic dimension d, and noise level §, a data set of 40.000 noisy data
points (y;, z;)39-09 is generated. To analyze the practical visibility of the bounds identified in
Theorems 4.2.5 and 4.2.10 every component is perturbed with normally-distributed random
noise = (1;)i2%°. Then (y;, x;)720%0 = (F(x;) +n;, %;)52%. This training set was identified
in Theorem 4.2.10 as being the right one to generate robust-to-noise NNs. When the training
stage is completed, each NN is evaluated on a test set of 8.000 randomly generated data points
(yi, %) 599 with the same distribution as the training data.

The predictions z; returned by the NN for each y; will be compared with the elements
x;. For each inverse problem and fixed D, d, and ¢, the training and testing process are
performed 10 times and the mean squared test errors are presented. We recall that the mean
squared test error is

1 o
MSE = " ;(Xz X;)°.

Notice that the expected squared norm of the added noise, scales linearly in D and linear
in E(|n|?). We observe that the parameter D does not negatively affect the test error,
even though the norm of the noise grows. This mirrors the prediction of Theorem 4.2.5,
especially Equation (4.2.4). Moreover, the behavior of the error in all examples also reflects

the observation in Remark 4.2.6.

4.4.1 Identification of the Transmissivity Coefficient

In this subsection, two examples will be presented. They differ only in the ambient dimen-
sion D. Given the forward operator F': C([0,1]) D Hy — C([0,1]) of (4.3.1), we set f =1,
o, ¢1 = 0. The domain of F will be restricted to the subspace W, of C(]0, 1]) given as the span
of the four inner Lagrangian finite elements ¢y, . .., ¢4 on the grid {0,1/6,2/6,3/6,4/6,5/6,1}
and the constant 1. For W :=span {¢y,..., ¢4}, A = 0.1, let Py be defined as in Subsection
4.3.1. Additionally, (a,b) = (0, 1) is chosen. Finally, let @p be the sampling operator that
samples continuous functions on D equidistant points in [0, 1]. The inverse of the function

F:=QpoFoPy,:(0,1) - R"

will be approximated by the realization of a four-layer NN with 100 neurons per layer on
40.000 perturbed data points (y;, z;)i2%°. Notice that M = F((0,1)*) is a (M, §)—covered
submanifold and Theorem 4.2.5 can be applied. The mean squared error for different values
of D and noise level ¢ is displayed in Figure 4.3.

Next, a second example is discussed where the intrinsic dimension will be altered while
the ambient dimension will remain unchanged. Under the same initial condition ¢y = ¢; = 0,
f =1, the operators Py, and (Jp as previously stated with fixed D = 100 and the forward
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Mean Square Test Error

Figure 4.3: Mean squared errors of the approximation of the solution operator for
the transmissivity identification problem on the test set for five different noise levels:
0.00,0.005,0.01,0.02,0.03. The z-axis shows the ambient dimension which corresponds to
the number of measurements D, the y-axis records the mean squared error of the reconstruc-
tion over the test set.

operator (4.3.1), the discretized operator
F=Quoo FoPyy:(0,1)! = R,

will be approximated by the realization of an NN for different noise levels and the values
d = 4,8,12,16,20. In this case, the d-dimensional space W is generated by the inner
Lagrangian finite elements (¢;)¢, on the mesh {xg,21,..., 241} where x; = i/(d + 1) and
i€{0,...,d+ 1} for d = 4,8,12,16,20. In Figure 4.4. As stated in Equation (4.2.4), the
error grows as the intrinsic dimension increases.

Mean Square Test Error

Figure 4.4: Mean squared errors of the approximation of the solution operator for
the transmissivity identification problem on the test set for five different noise levels:
0.00,0.005,0.008,0.01,0.02. The z-axis shows the intrinsic dimension d, the y-axis records
the mean squared errors of the reconstruction over the test set.
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4.4.2 Identification of the Coeflicient in the Euler-Bernoulli Equa-
tion

In this subsection, an example of approximation of the inverse operator to the forward
operator F' of (4.3.4) with ¢y, ¢1,¢2,¢c5 =0 and f = 1 will be discussed. We assume that the
coefficient a belongs to the finite-dimensional space W defined as the span of the functions
(ag)i—,, where

cos (2mkx)

ag(z) = —0 + 0.11 for z € [0, 1].

Now, we define Py as in Subsection 4.3.1, (a,b) = (0,1) and the sampling operator Qp
that samples continuous functions on D equidistant points in |0, 1]. Then, the inverse of the
function

F=QpoFoPy:(0,1)*>R"

is approximated by the realization of an NN. Notice that M = F((0, 1)*) is a (M, §)—covered
submanifold and Theorem 4.2.5 can be applied. Again, a four-layer NN with 100 neurons
per layer is trained on a set of 40.000 perturbed data points (y;, z;)$2%. In Figure 4.5, we
present the mean squared error for various values of D and noise levels ¢.

Mean Square Test Error

Figure 4.5: Mean squared errors of the approximation to the inverse problem of the Fuler-
Bernoulli equation on the test set for five different noise levels: 0.00,0.005,0.008,0.01, 0.02.
The z-axis shows the ambient dimension which corresponds to the number of measurements
D, the y-axis records the mean squared error of the reconstruction over the test set.

4.4.3 Solution of a Nonlinear Volterra-Hammerstein Integral Equa-
tion

For the approximation of the inverse of the nonlinear operator (4.3.5), the unknown function
u is assumed to belong to the finite-dimensional vector space W generated by the basis
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functions (uz)¢_, such that

1 1
up(z) = 7608 (27rk‘- (x + Z)) +1, for x € [0, 1].

Once again, we set (a,b) = (0,1), Py as in Section 4.3.3 along with Qp the sampling
operator on D equidistant points in [0, 1|. Then, the inverse of the operator

f’I:QDOFOPW.)\I(O,l)d—)RD

will be approximated by the realization of a four-layer NN with 100 neurons per layer. Notice
that M = F((0,1)9) is a (M, §)—covered submanifold and Theorem 4.2.5 can be applied.
For different values of 6 and D and for d = 4, the mean squared errors are visualized in
Figure 4.6. In addition, in Figure 4.7 the mean squared errors for d = 8 are depicted. As
previously stated, the increase in the intrinsic dimension d yields a substantial increment in
the error.

Mean Square Test Error

Figure 4.6: Mean squared error of the approximation to the inverse problem of the
Volterra-Hammerstein integral equation on the test set for five different noise levels:
0.00,0.005,0.008,0.01,0.02 and intrinsic dimension d = 4. The z-axis shows the ambient
dimension which corresponds to the number of measurements D, the y-axis records the
mean squared error of the reconstruction over the test set.

4.4.4 Solution of the Linear Inverse Gravimetric Problem

For the solution of the linear inverse gravimetric problem with forward operator F' given by
(4.3.6), the density p is assumed to belong to the four-dimensional subspace of L*(|—1,1]?)
generated by the indicator functions:

$1(z) = I 0.5,0]x[0,0.5]($)
Pao(z) =1 [0,0.5]x[0,0.5] (x)

$3(2) = L1—0.5,0x[-0.50] ()

ba() = Lp0.5)x[-0.5,0(7)
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Mean Square Test Error

Figure 4.7: Mean squared errors of the approximation to the inverse problem of the
Volterra-Hammerstein integral equation on the test set for five different noise levels:
0.00,0.005,0.008,0.01,0.02 and intrinsic dimension d = 8. The z-axis shows the ambient
dimension which corresponds to the number of measurements D, the y-axis records the
mean squared error of the reconstruction over the test set.

where z € [—1, 1]°. Again, let Py : (0,1)* — L?([—1, 1]?) be the operator given by Py (a) =
S apdy with a = (ap)i_, € R*. To determine y;, we measure the values of F(p) at
the following points on the boundary of [—1,1]% the first sample is taken at the point
(—=1,1) € [=1,1]* and the successive samples are taken counterclockwise at points with
distance 1/D. We can see that the number of samples is 4D. Again, an NN is trained to
approximate the inverse of the operator

F=QupoFoPy:(0,1)*—RY",

Figure 4.8 depicts the mean squared errors for the solution of the problem.
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Mean Square Test Error

102

-

103 — 0.00
0.00001

— 0.0001

— 0.001

10 15 20 25 30 35 40

Figure 4.8: Mean squared errors of the approximation to the inverse problem of the gravi-
metric problem on the test set for four different noise levels: 0.00,0.00001,0.0001, 0.001 and
intrinsic dimension d = 4. The z-axis the value D such that the ambient dimension is 4D,
the y-axis records the mean squared errors of the reconstruction over the test set.
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Chapter 5

A PET for the Approximation of
Frequency-localized Functions

Our last chapter is dedicated to the study of data-driven methods for the reconstruction of
frequency-localized functions. To define the notion of frequency-localized functions, we recall
the Fourier transform. Given a function f : R? — C, f € L'(R%), its Fourier transform is
the function

~

f(v) = | f(x)e™V*dx, v €RY,
Rd
with inverse transform

fYx) = [ f(v)ev*dx, v € R%
Rd

The domain of } is usually referred to as the frequency domain. The Fourier transform
operator plays an important role in many applications and can be extended to L*(R?) via
the Plancherel identity [126].

Before we proceed to extend the concept of Fourier transform, we require the following
proposition.

Proposition 5.0.1. [2/, Proposition 4.17] Let d € N. Let f : R — R be a function and let
(A)ier be the family of all open sets in R such that for each i € I, f =0 a.e. on A;. Let
A=, Ai. Then, f =0 a.e. on A. The support of f denoted as supp(f) is the complement
of A.

If the energy of the function }' is mostly contained in a compact set, we say that is
frequency-localized. The Gaussian function is one of the most renowned frequency-localized
functions. Another example of frequency-localized functions is the set of bandlimited [159]
functions introduced in Definition 5.0.2.

Definition 5.0.2. Letw > 0. A function f € L2(R) is said to be w-bandlimited if supp(f) C
[—w, w]¢. Equivalently,

f(x) = y /[_ . F(v)elv=dv for x € R (5.0.1)
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When d = 1, the space of w-bandlimited functions is referred to as the Paley—Wiener
space [174, Subsection 2.2] of functions, denoted

PW,, := {f € L*(R) : supp(f) C [—w,w]}.

The uncertainty principle asserts that for all nontrivial f € L?(R), at least one of the sets
{x: f(x)#0}or {v: f(v) # 0} has infinite measure ([57, Chapter 2]). Thus, a bandlimited
function cannot be simultaneously timelimited, i.e. it cannot be compactly supported in the
physical space (x € R?). Nevertheless, a natural and compelling resolution to this “time-
frequency problem” emerges through the identification of essentially timelimited functions, a
concept from the celebrated “Bell Labs theory,” developed by Slepian, Landau, and Pollack
(89, 156, 87, 88, 153]. We proceed to review this theory, beginning with dimension one and
concluding with its extension to the multidimensional space.

5.1 The Slepian Basis

We introduce the Slepian basis in 1D first and proceed to generalize it for an arbitrary
dimension d.

The Slepian Basis in Dimension One. For T, w > 0, we define the following restriction
operators on L?(R), as

Puf = (flww)” and  Qrf = fl_zq).

where 1,4 denotes the indicator function for a set A C R. By xa, we denote the indicator
function of A C R. It is easy to verify that the range of P, is exactly the Paley-Wiener
space: P,L*(R) = PW,,. Since no nontrivial f € L?(R) is fixed by both P, and Q7 due to
the uncertainty principle, an alternative approach is to measure how much of the energy of
a function in PW,, is concentrated on [—7',T]. To this end, we consider the operator

WQTf / / f —ztv wa: dth
T on —w

The operator P, Qr is compact, since it is a Hilbert-schmidt operator, and is self-adjoint. A
quick calculation shows that P,Qrf(z) = ProaQ:1f(Tz) for all f € L*(R). Hence, without
loss of generality, we may set 7' = 1, in which case we define Q,, := P, Q1.

In [155], it is proved that

s1nwx—t)
Quf(x /f R P dt, z €R. (5.1.1)

The compactness of P,, and ()1 ensures that the spectrum of Q,, is countable and accumulates
at 0. We denote these eigenvalues as

1> pwo > pwa > -+ >0, (5.1.2)
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Figure 5.1: Plot of Slepian functions (PSWFs) ¢16; with w = 16 for odd (left) and even
(right) indices 7 =0,1,2,3,4,5,6,7.

where lim; o g, ; = 0 [120, Subsection 3.2.1]. The eigenfunctions of Q,, form an orthog-
onal basis for the space L?(|—1,1]), which is the L?*-Lebesgue space on [—1, 1], with norm
calibrated to the uniform measure u on [—1, 1]. From this point on, we use the symbol u to
refer to the uniform measure in [—1,1]. For j > 0, let py; € PW,, N L3([—1,1]) to be the
(u-)normalized eigenfunction of p,; 1, l.e. Qupw; = fwPw,; and

1
[ a1y = /1 ooy ()2 du(z) = 1. (5.1.3)

The set {¢w,; } jen, is referred to in the literature as the Prolate Spheroidal Wave Functions
or the Slepian basis. We illustrate the Slepian basis functions ¢, ; for w = 16 and j =
0,1...,71in Figure 5.1.

An alternative way to arrive at the Slepian basis comes in the form of solutions to a
Sturm-Louville equation. Precisely, consider the second-order boundary value problem

Lof(z) = 4 ((1 — xz)%(x)) + w2 f(x),  Vxe(-1,1). (5.1.4)

The normalized eigenfunctions of this problem are exactly the PSWFs, Ly¢w ; = Xw,;%w,j
but now with the eigenvalues satisfying the ordering

0< Xw,0 < Xw,1 < .- (515)

with lim; o Xw,; = 0.

Understanding the pointwise magnitude of the Slepian basis functions is fundamental
to our analysis of the least-squares approximation problem. We present two established
lemmata.

Lemma 5.1.1. Let Q,, be defined in (5.1.1). Then the eigenvalues p, ; of Qu satisfy

1
How,[4w]—1 = 5 = o, [4w] - (5.1.6)

'In this chapter, a function is referred to as normalized if its L2 over [—1, 1] equals to one.
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Lemma 5.1.2 below is a version of an estimate commonly referenced in the literature but
seldom proved. For the convenience of the reader, we offer a brief proof sketch, supplemented
with references for more rigorous details.

Lemma 5.1.2. Let j € Ny. Then for every j > 27“’, the following holds

12 ~
||80w7j||Loo([—1,1})§€\/J L. (5.1.7)

Sketch of proof. Recall that the Slepian basis functions ¢, ; serve as eigenfunctions for the
operator L,, (5.1.4), with the corresponding eigenvalues denoted by xw; (5.1.5). Let j > 2?“’
Then it follows from [120, Theorem 4.4] that

Xwj > WP (5.1.8)
On the one hand, when (5.1.8) is satisfied, we can employ [120, Theorem 3.39] to obtain

[Pwillzoe -1.11) = [ (1] (5.1.9)
On the other hand, according to [120, Theorem 3.39], (5.1.8) also yields

12
pwi (D < =i+ 1. (5.1.10)

Combining (5.1.8), (5.1.9), (5.1.10), we acquire (5.1.7), as desired.
O]
Proposition 5.1.3. Let w > 1. Let j*(w) := [4w]| — 1. Then it holds for all j € Ny that
2V7 if < (w),
lpw,sll -1, <
SVIHT if > jr(w).

Proof of Proposition 5.1.3. Extend the uniform measure u on [—1,1] to a measure on R by
1

setting du(t) = 3dt. We show that {¢w,;}jen, forms an orthogonal system in L2 (R). Since

w,; 1s an eigenfunction of the operator Q,, (5.1.1) corresponding to the eigenvalue p, j,

! sinw(x — ¢t
OQwpw,j(x) = / Ow,j(t) # dt = pw,jpw,; (), Vr € R. (5.1.11)
4 m(z —t)

Hence, we deduce that
[ eus@pun(o) duto)
1 i —t) si —
YT / sow,j(t)sow,k(u)< / simw(z — ) sinw(z —u) dx) dtdu
[—1,1]x[~1,1] R

B 2:“’w,j:“/w,k 7r(q; — t) W(ZE _ u)
1 / sinw(t — u)
- Pw, (t) Qow,k(u)— dtdu
200w 5w ke J1=1,1)x[=1,1] ’ (t —u)
1
= Puj (1) pw i (t) du(t). (5.1.12)
How,j J[-1,1]
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Above, we have applied a reproducing kernel trick [18, Subsection 3.1.2] at the second inequal-
ity and (5.1.11) at the first and last. Due to the orthonormality of {¢w.;}jen, in L2([—1,1]),
(5.1.12) evaluates to zero if j # k and to ﬁ if j = k, we conclude that {py ;}jen, indeed

constitutes an orthogonal system in L2(R)?. In particular,

1
low,jllza® = s (5.1.13)

W?j
Hence, by applying Lemma 5.1.1 to (5.1.13), we obtain for j < [4w] — 1 that
[ w,jll L2 r) < V2. (5.1.14)

Since ¢y ; € PW,, (5.0.1) holds. It follows that

1 v — X \/V_V — w
s = |55 [ Fs0e ] < LN e = [Hlalie,  VeeR

and subsequently, for j € N,

2w
low,jllLoo®) < 4/ 7“90w,jHLg(R)- (5.1.15)

Then combining (5.1.14) with (5.1.15) for j < [4w] — 1 yields

2w w
lpw,sllzos (=11 < llpw,jll ooy < 7”%0w,j||La(R) < 24 p

For the remaining case of j > |4w|, we recall from Lemma 5.1.2 that (5.1.7) holds
whenever j > 2?"" The proof is now completed. O

Proposition 5.1.3 can be reformulated in the following result.

Proposition 5.1.4. For anyw > 1, let {pw ;}jen, be the Slepian basis in LA([—1,1]). Then
we have

il < L= (o) + Lggem G+ 1770, (5.1.16)
Remark 5.1.5. The distinction between Proposition 5.1.3 and Proposition 5.1.4 lies in the
latter providing a different upper bound for ||Qw;||Le(-1,1) as a function of the index j,
without relying on a critical division j*(w) tied to the bandwidth w. Such a broader bound
is needed in the proof of Theorem 5.3.5. A frequently cited estimate indicates that, for all
J € No

|l ray < CVF; (5.1.17)

2In other words, the Slepian functions are bi-orthogonal in the sense that they are orthogonal over both
a given finite interval and R.
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see for example [148, Remark 2.4]. However, (5.1.17) holds only asymptotically (and a
rectified version of (5.1.17) is given in [170, Theorem 2.7]). Specifically, for sufficiently
large values of j, beyond the critical index j*(w), the global mazimum of |ow ;| on [—1,1]
shifts to the boundary of the interval, becoming equal to |pw ;(1)|, which is of order O(\/j),
as numerically demonstrated in [170, Theorem 8.4]. This shifting behavior, as discussed in
both [170, Theorem 3.38], [20, Theorem 3.1], occurs when w?/x; < 1. The second theorem
will be later utilized in our proof of Proposition 5.1.3. For low indices j, [20, Remark 3.1]
implies that ||@w,j|lLe(-1,1)) < Cv/w. Notably, ¢y is even, positive on the interval (—1,1)
and attains its global maximum at the origin. Yet, for low indices j, including j = 0, the
behavior of pw ;(0) is poorly understood.

Proof of Proposition 5.1.4. Leveraging Proposition 5.1.3, the claim ||90W,0||%00([7171]) <Adw/m
becomes clear, leaving only the proof of (5.1.16) to be addressed for j € N. Toward this end,
we write

, Aw 122
ol Lo 1) < (7)1{139*@@} + (g) (7 + DLjsjewyy- (5.1.18)

Let ¢ = (£)?, and let h : [1,00) — R given by

_ 1og (30WLipgjrwyy + €7 + 1) 1iasjr(wy)

o @ T) (5.1.19)

h(z) :

We claim that the function A is nonincreasing on [1,00). Observe that the claim is evident
for either the case 1 < x < j*(w) or for the case x > j*(w). Indeed, by definition (5.1.19),
on [1, j*(w)], i
h(x) 0g(30w)
log(z + 1)

is decreasing, and on (5*(w), c0),

_log(c(x+1))  log(¢)
hz) = log(z +1)  log(x +1)

is also decreasing. Hence it suffices to show, if 1 < 27 < j*(w) < 29 < j*(w) + 1, then
h(xze) < h(xy). Write 23 = j*(w) + & = [4w] — 1 + ¢ for some ¢ € (0,1]. Given that w > 1,
and so 30w > 6(4w + 1) > ¢(5*(w) + € + 1), we gather

~ log(30w) log(¢(j*(w) + ¢+ 1))
") = fogar + 1) = Tog(jr(w) + e + 1)

= h(z2)—

As a consequence, for all z > 1,

log (30wl e+ w)) + &« + 1 ienjeoy) _ log(30w)
log(z + 1) —  log(2)

= y(w)

or equivalently,
30W1{1§x§j*(w)} + é(w + 1)1{x>j*(w)} < (13 + 1)7(W). (5120)
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Combining (5.1.20), (5.1.18), we can infer that
il Zoe 1,17y < B0WLiigjjeuy + €0 + DLy < G+ 17,

as wanted. O

Extension to Higher Spatial Dimensions. We now consider the case of Slepian func-
tions in higher spatial dimensions d > 2. We continue to use u to denote the uniform
measure on [—1,1]¢, with L?([—1,1]¢) the space of p-integrable functions on [—1,1]¢ with
respect to the measure u. Then, for multi-indices v = (v, . ..,v4) € N& we construct a basis
for L2([—1,1]¢) comprising normalized Slepian basis functions as

(;Ow,l/ = Spwﬂ/l ® te ® SOW,Vd‘ (5121)

It follows by definition of the ¢, ; above that {¢w., },ena is an orthonormal basis of L3([—1,1]%),
which we refer to as the Slepian basis in dimension d.

5.2 Hyperbolic Cross Sets

We now formally define the concept of hyperbolic cross set.

Definition 5.2.1. Let d,n € N. The d-dimensional hyperbolic cross indez set of order n
15 defined to be

d
Al = {1/ € Ni H(Vk +1) < n}
k=1
For the sake of compact presentation we have omitted the dimension d in the notation

AHC [ allowing for this information to be inferred from the context. We also use the notation

A = A€ | From [2, Lemma 5.15], the hyperbolic cross index set satisfies the slicing property:

n—1

AYS = | {R} x Ay, (5.2.1)

k=0
where | | denotes the disjoint union, and Ay := {(vo,...,vq) : (k,va,...,vq) € A}. Moreover,
for 0 < k <75 <n—1, we have the nesting property:
#A; < #A,. (5.2.2)

The hyperbolic cross index set also comes with the following convenient and notable estimates
on its cardinality, which will play a key role in our analysis.

Lemma 5.2.2 (See [34, Theorem 3.5] and [2, Lemma B.3]). Let d,n € N and suppose A
is the d-dimensional hyperbolic cross index set of order n. Then there exists n.(d) € N,
depending only on d, such that if n > n,(d),

n(logn + dlog2)®!
-1

#\IC <
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Remark 5.2.3. An estimate on n,(d) can be derived, for example, from the calculations
presented in the proof of [34, Theorem 2.4]. In particular, we can take n,(2) = 1.

When A is a hyperbolic cross in low dimensions, an upper bound for x(Sy) can be
provided by the next proposition.

Later, we us the auxiliary result stated below, which compares the sizes of horizontal
slices in two- and three-dimensional hyperbolic cross index sets.

Proposition 5.2.4. Let n € N and d = 2,3. Let A = A€, be the d-dimensional hyperbolic
cross of order n where A = | [}Z {k} x Ay as in (5.2.1), (5.3.9). Then for d = 2 and all
n > 2, or ford=3 and all n > 26,

3
—

(#Mo)?

(2k + 1) (#Ay)? >

1

(5.2.3)

B
Il

Proof. For this proof, we rely on Lemma 5.2.2. An estimate on n,(d) can be derived, for
example, from the calculations presented in the proof of [34, Theorem 2.4]. In particular,
we can take n,(2) = 1. We proceed to prove Proposition 5.2.4 for d = 2. In this case,
A = AHC is a two-dimensional hyperbolic cross where each slice Ay, for k =0,...,n — 1, is
a one-dimensional hyperbolic cross. It also follows from (5.3.10) that #Ao = n. Therefore,
proving the proposition amounts to proving

n—1

D (2k+1) (#A4)° > n.

k=1

However, it can be seen that the right-hand side term above is at least

[y

-1
(2k + 1) (#A4)? Z2k+1 —nn—1)+n—-1=n*~1>n,
1

S

e
Il

when n > 2, and we are done with d = 2.
Turning to d = 3, we obtain from the Cauchy-Schwarz inequality that

—_
—_

n— n—

(> (#A)V2E+1)% (5.2.4)

1

(#A)*(2k + 1) >

1

This can be seen if we consider sequences a,, = 1 and b, = (#A;)v/2k + 1. Note that in this
case, each Ay is a two-dimensional hyperbolic cross. Further, we claim that

bl

[
S

7

[

—_

n—

(#A)V2k + 1 > #Ag if n > 26. (5.2.5)

1

We demonstrate this. First, since #A;, > 1 for all k <n — 1, we have

e
Il

n—1

! n—1 _1)3/2 _
S (#A)VE+ T Z / 2+ 12 a4 > 20 133 L (526
_ 0

k=1 =
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Second, from Lemma 5.2.2 and the fact that n,(2) = 1, we have #Ag < n(logn + 2log2),
whenever n > 1. Third,

(2n —1)%2 —1
3

as soon as n > 26. It is now apparent that (5.2.5) follows from (5.2.6), (5.2.7).
Combining (5.2.4) and (5.2.5), we deduce for d = 3 and n > 26,

> n(logn + 2log2), (5.2.7)

3
—
3
—

(> (#A)V2E+1)7 > (#ho)®

(#A1)?*(2k + 1) > -

1

S|

e
Il
=
Il

which is the conclusion we aimed to obtain. O

5.3 Least-squares Approximation

The problem of reconstructing a function from a given set of samples has been extensively
studied and numerically implemented. In this section, we present the theoretical foundation
of the classical and renowned technique of least squares approzimation for which we will
derive a certain PET. We mainly follow results from [2, Section 5].

The main goal of the least squares approximation method is to learn a function f €
LA([-1, 1Y) nC([-1,1]%) from a known set of noisy samples

{0xs, (f (%) +mi) Hiy s

where each x; € [—1,1]? is drawn independently from the uniform measure u. We call
e := ﬁ(ﬁj)}nﬂ the noise vector, which satisfies the following

lefls =

m
Z [n;]? < oo
j=1

Now, we assume m > L and V C C([—1,1]) to be a finite-dimensional space with dimension
v. The least squares approzimation of a function f € C([—1,1]%) in the subspace V, and
denoted by f € V, is the solution of the minimization problem

Feangmin - " loGxy) — £ x) ~ (5:3.)

For a basis {¢;}{_; of V, we define the measurement matriz as

1

Az’j = ﬁ

Yi(x;). (5.3.2)
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wherei=1,...,mand j=1...,dim(V), and the measurement vector as

1
—(fxi) + ) (5.33)
fori=1,...,m. It follows that the least square approximation problem is equivalent to the
problem
c € argmin ||Ad — b||. (5.3.4)
deCv

To compute the approximation error obtained by the least squares problem (5.3.1), we
introduce the discrete stability constant associated with V' and the sample size m, as the
quantity

. 1 &
a=a(V,{x;}j,) := inf {E D gy g €V and [|g]l a1, = 1}- (5.3.5)
j=1

By the Courant-Fisher Min-Max theorem [62, Theorem 4.2.6], it holds

o = Umin(A) =\ >\min<A*A)-

This notion allows to a first result guaranteeing the accuracy and stability of the least
squares approximation, which we present as Theorem 5.3.1.

Theorem 5.3.1. [2, Theorem 5.5] Let d € N. Let V. C L*([-1,1]%) N C([-1,1]%) be a
finite-dimensional space with dimension v and Xy, ..., X,, be distinct points with m > L. Let
a defined as in 5.3.5. Then for all f € L*([-1,1]%) N C([-1,1]%) and e € C™, the problem
5.3.1 as a unique solution f satisfying

~ 1
1f = flleaqigey < (1 +a )glef}sA 1f = gl 1,00y + aHeH2
Estimating the constant a > 0 might be a challenging task. In many cases, an estimation
of this number can be performed via Monte Carlo sampling. We now assume that the sample

points are randomly and independently drawn from the uniform measure on [—1, 1]. For an
orthogonal basis {¢;}¢_, in V', we define

k= K(V) = | K| Lge (1,10

where K : Y — R is called the Christoffel function and is defined as
K(x):=) |¢:(x)].
i=1

for all y € [—1,1]. The knowledge of x allows us to obtain the following result. This is
formalized in the following theorem, adapted from [2, Theorem 5.7].
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Theorem 5.3.2. Let 3,6 € (0,1) and sef®

K(Sy) = max > lownw ) (5.3.6)

_11d
yeELUY, ST i

If m > csk(Sp) log(K /), then with probability at least 1 — (3, the discrete stability constant
a = a(Sa, {y; L) satisfies
a>vVI_s. (5.3.7)

We can use Theorem 5.3.2 to modify Theorem 5.3.1 as follows.

Theorem 5.3.3. /2, Corollary 5.3] Let d € N and 3,0 € (0,1). Let V C L*([-1,1]%) N
C([-1,1]%) be a finite dimensional space with dimension v and X1, . ..,X,, be distinct points
with m > L. Let X1,...,Xm, with m > cklog(v/B) for a constant ¢ > 0. Then for all
fe LX([-1,119NC([—1,1]%) and e € C™, the problem 5.3.1 as a unique solution f satisfying

If— }”Lﬁ([—l,l}d) <1+

L)t f gl el
1n — oo ([_ —||e .
1 _ 6 QESA g Lu ([ 171]d) 1 _ 5 2

In order to apply Theorem 5.3.3, we compute an upper bound for x as the following
result shows.

Proposition 5.3.4. Letn € N, and let A = AHC, be of dimension d =1,2,3. Ifw > 1, and
S\ denotes the linear span of {@w.y ven, then it holds that

K(Sy) < (2 #0)PW), (5.3.8)
for the following cases:
1. ford=1,2 and alln € N,
2. ford=3 and all n > 26.

Proof. To derive an estimate for (Sy), where A = AUC, = {v e N¢: [[?_, (v + 1) < n}
and d = 1,2,3, we utilize an induction strategy on dimension, as employed in the proof
of [2, Proposition 5.13] (also [35, Lemma 3.3]). Our induction step will end at d = 3.
For the base case d = 1, we make use of Proposition 5.1.4 to provide an upper bound for
k(Sp). For the induction step, we observe from the slicing property (5.2.1) that each Ay is
a (d — 1)-dimensional hyperbolic cross of order LkLHJ, ie.

d

Ay = {1/’ = (vay..,v) eNE [+ 1) < LkLHJ } (5.3.9)

k=2

3The quantity x(Sa) in (5.3.6) is known as the L°°-norm of the Christoffel function of Sy [2, Definition
5.4].
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and particularly,

d
Ao = {I/ = (vy,...,vq) €NITL: H(Vk +1) < n} (5.3.10)

k=2

is a (d — 1)-dimensional hyperbolic cross of exactly order n.
Returning to the proof of Proposition 5.3.4, we note that v(w) > 1 for w > 1. Moreover

4w
>

gviw)—1 (5.3.11)

—
When d = 1, A = AHC, = {0,...,n — 1}. On the one hand, if n = 1, then it follows from
Proposition 5.1.4 and (5.3.11) that

4w
K(Sa) = 1ol Foe(or,ny < — = 270 = (V2#A)7™, (5.3.12)

which satisfies (5.3.8). On the other hand, if n > 2, then we can again apply Proposition 5.1.4
to obtain

n—1 n—1 n—1
4w 4w
— 2 < = W < 27 vw), 3.
K(S0) = 3 lowallEmoray < — + 36+ 170 < 0 3@k + 170, (5313)

We claim that

n—1 n—1
4 (w)
WS @k 1) < (E 21~s+1>7 = (N —1)W) < (2n2)™ = (V2#A)™), (5.3.14)
T

k=1 k=0

It is enough to validate the first inequality in (5.3.14). Then by Pascal’s identity [138,
Chapter 6.4, Theorem 2] and (5.3.11), we have

nt y(w) i (w)
(%2/{34— 1) = <(;2]€+ 1) + 1)

=0 k=1 k=1
y(w)—1 7(W> n—1 n—1
(w)
> Z ( l >(Z2k+1) + (2k+1)
=0 k=1 k=1
T y(w) — 1 —
l (w)
> ( l )3 +3 (2k+1)
=0 k=1
n—1
= W 4N 2k 4+ 1™
k=1
4 n—1
> — 2k 4 1YW
— + ’;( +1)
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Therefore, (5.3.14) holds. By combining (5.3.14) and (5.3.13), we deduce (5.3.8) for d = 1
and n > 2.

Turning to the case d = 2 or d = 3, we have that A = A€ is a two-dimensional or
three-dimensional hyperbolic cross, where each Ay is a one-dimensional or two-dimensional
hyperbolic cross, respectively. In what follows, we will employ an argument applicable for
both the case d = 2 when n > 2 and for d = 3 when n > 26. For the latter case, we
additionally assume that (5.3.8) already holds for d = 2 for all n € N. The separate case of
d =2 and n =1 will be addressed at the end.

Let d = 2 and n > 2. By applying (5.3.8) to each one-dimensional hyperbolic cross Ay
and invoking Proposition 5.1.4, we obtain

n—1
K(Sn) = ||<PwkHLoo( [—1,1]) Z HSDWJHLOO[ 1,1])
k=0 JEAL
= ||<Pw0||L°<>( [—1,1]) Z HWW]“LOO[ 1,1]) +Z||<Pwk||L°°[ 1,1]) Z HSDWJHLOO( [—1,1])
J€Ao JEAL
~1
4
< M (oun,) 1 Z (k + 1)) (2#A,,) 2™ (5.3.15)

™

k=
Similarly, let d = 3 and n > 26. Assuming that (5.3.8) holds for all two-dimensional
hyperbolic cross index sets A, we can write

n—1
H(SA):ZHSOwkHLOO [—1,1]) Z HSDwu”Loo —1,1]2)
k=0 vEAL
n—1
4W
—(2#Ay)W) k4 1)7MW(2#A,)2 ™), 5.3.16
< —( +Z +1)70)(2#Ay,) (5.3.16)

As with the case d = 1, we aim to dominate the right-hand sides of (5.3.15), (5.3.16) using
the quantity (3 7—g(2k + 1) (2#A;)%)"™). For brevity, we denote Ay, := 2#A;. Then

n—1

<Z(2k +1) Ai)% !
k=0
n—1 v(w) (W) n—1 Y(w)—1
:< 2/<:+1A2) +Z(vl )( (2k+1)A> A2
k=1 k=1
nzl 2k + 1)7W) A7) g:) ( > (nl(% 1) A2>7(W)1A21 (5.3.17)
k k 0- -9
k=1 k=1

An application of Proposition 5.2.4 gives

( (2k+1)Az)”(W P

1

3

—
|
i
N
2
g
L

T
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Therefore

¥(w) n—1 y(w)—1 AZ'y(W) y(w)
> (" )(kz a1y z) " ay s Ao ;(“;”)nl

= A7™ (L+n+n*+- +n™1)
> AS’Y(W)QW(W)*1

i
> A2 (5.3.18)
T

where the last inequality is due to (5.3.11). Putting back A, = 2#A;, and combining (5.3.17),
(5.3.18) together with (5.3.15) or (5.3.16) yields

n—1
(2#M0)2™) 4 Z(k + 1)1 (2#A,)2W)

k=1

W~

KJ(SA) S —W
m
n—1

< W) ( S 2k + 1) (#Ak)Q)”(W’. (5.3.19)

k=0

Next, by the monotonicity property (5.2.2)

T
L

(#AR)? <) (#A)(#A)),

M-

k(#A;)* =

J=1

<.
Il
o

we can conclude from (5.3.19) that

n—1

K(Sy) < 4’Y<W><Z(2k +1) (#Ak)Q)”( )

k=0

< 4™ < nzjl(#Ak)Q +2 Z(#Ak)(#/\j)y

k=0 j<k

o (San) ™~

which is (5.3.8) for d = 2 when n > 2 and for d = 3 when n > 26.
It remains to check the validity of (5.3.8) when d = 2 and n = 1. In this case, A = {(0,0)}.
Then performing a similar calculation as in (5.3.12) yields

(w)

16w?
2

K(S) = ||90w,(0,0)‘|%oo([71,1]2) = ||90w,0||ioo([—1,1]) < < 27 = (2 #A)Qv(w)

With this, we close the induction loop and conclude (5.3.8) for d = 1,2 for all n € N and for
d = 3 for all n > 26. O]
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We are ready to present our result on least squares approximation when we consider the
Slepian basis.

Theorem 5.3.5 (Recovery guarantee for least squares). Let 5,6 € (0,1), d = 1,2,3, and
A = AYC be the d-dimensional hyperbolic cross of order n, where n € N if d = 1,2, and
n > 26 if d = 3. Forw > 1, let Sy be the linear span of {Yw,tven and let yi,....ym
be random sample points drawn independently from the uniform measure u on [—1,1]%. If
m > csx* log(#A/5), where

K= (2#0)P™  and 5= ((1—0)log(l — &) +6)7*, (5.3.20)

then, with probability at least 1 — 3, for every f € C([—1,1]%) and every noise vector e =
\/Lm(nj);”:l € C™, the least squares problem (5.3.1) has a unique solution f* € Sx satisfying

If = ol < <1 + (5.3.21)

1 1
s )t 1F = gl + sl
Proof. Assuming the validity of (5.3.7), the theory outlined in [2, Section 5|, particularly [2,

Corollary 5.9], demonstrates that every f € C([—1,1]¢) has a unique least squares approxi-
mation f7in (5.3.1) that satisfies

“1y - 1
1f = Folla ey < (1 +a 1)gleI}SfA 1f = gl (-1,9) + EHQHQ
1 1
inf — oo ([— + ——=|€||2- 5.3.22
=) b 1f = gl oy + =l (5322

Since the index set A = AHC contains 0, the function ¢, o will always be included in
the span Sy. Proposition 5.1.4 and Remark 5.1.5 suggest that estimating ||ow,o||poe((—1,1j9)
may pose complications, as an upper bound for this value could reach w?, leading to an
exponential growth of x£(Sy) in high dimensions. Consequently, we restrict the selection of
A = AYC to dimensions up to d = 3.

If we accept Proposition 5.3.4, then the rationale behind the choice of x* = (2#A)*™) in
(5.3.20) can be seen from (5.3.8). Specifically, by ensuring m > csx* log(#A /), the proof of
Theorem 5.3.5 can now be completed through a combination of Theorem 5.3.2 and (5.3.22).

O

<<1+

5.3.1 Discussion on Further Recovery Guarantees for Least Squares

We now turn to two additional recovery guarantees for least squares approximation. The
reason we present these results is that the recovery guarantee in Theorem 5.3.5 comes with
the drawback of bounding the error in terms of the best approximation of f in the L*>*-norm,
which is a stronger and more restrictive norm compared to the LZ-norm used to measure
the recovery error. Thus, here we present two results aimed at addressing this shortcoming.
They can be seen as direct corollaries of Theorem 5.3.2 and Proposition 5.3.4, while their
proofs are omitted as they are identical to other published results.
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The first result is an L3-L? uniform recovery guarantee in probability. It is stated as
follows.

Corollary 5.3.6 (L2-L? recovery guarantee in probability for least squares). In the same
setting of Theorem 5.3.5, let 3,8 € (0,1) and f € C([—1,1]%). Assume that the number of
samples m satisfies the condition m > ck*log(2#A/5), where ¢ > 0 is a universal constant,
and k* 1s defined as in Theorem 5.3.5. Then for every noise vector e € C™, with probability
at least 1 — B, the least squares solution f* obtained in (5.3.1) satisfies

2 1 1
— Al geryy < 1+\/j—) inf || f — —1j4) + ——=—=|l€]l2
I = Pl < (1457 ) inE 17 = alagonan + =2l

This result can be obtained from Theorem 5.3.2 and Proposition 5.3.4 by applying the
same argument as in [2, Corollary 5.10]. The error bound now contains the best approxima-
tion error of f with respect to the L2-norm as desired. However, as opposed to Theorem 5.3.5,
Corollary 5.3.6 is a nonuniform recovery guarantee, i.e., the error bound holds with proba-
bility 1 — 3 for a fixed f. In other words, one single draw of sample points is not sufficient
for the validity of the recovery guarantee for all f € C([—1,1]?) simultaneously. Another
limitation of Corollary 5.3.6 is the poor scaling of the error bound with respect to the fail-
ure probability S. The following result addresses these limitations by providing a recovery
guarantee in expectation.

Corollary 5.3.7 (L2-L? recovery guarantee in expectation for least squares). Let §,3 €
(0,1) and f € C([-1,1]%) be such that ||f|12(-1,1yey < L for some L > 0. Define the
operator 7, : L2([-1,1]¢) — L2([-1,1]9) as

ralg) = min {1, g

||9||L12,([—1,1}d)

Then, under the same assumptions as Theorem 5.3.5, if f% is the least squares solution of
(5.3.1), for every noise vector e € C™ we have

3-0Y . 2
Ellf = () a1 < (—5) nf |1f = gllagone + g—5lelz +42°5.

1 —

This result can obtained from Theorem 5.3.2 and Proposition 5.3.4 by applying the same
argument as in [2, Corollary 5.11] (originally proposed in [39, Theorem 2]). Notably, the poor
scaling with respect to  in the error bound of Corollary 5.3.6 is not there anymore. However,
this comes at the price of having a recovery guarantee in expectation, as opposed to high
probability, while also requiring a priori knowledge of a constant L such that || f|| 12 -1,1j¢) <
L.

We conclude with a brief remark that the proof of Theorem 5.5.1 can also be modified
to incorporate L%-L? recovery guarantees by employing Corollary 5.3.6 or 5.3.7 in place
of Theorem 5.3.5. For the sake of conciseness, we omit the statements of the resulting
corollaries.
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5.4 Approximation of the Slepian Basis by NNs

It is known that the normalized Legendre polynomials { Py }ren, in one dimension can be
effectively approximated by ReLLU neural networks. A concrete example is provided in [119,
Proposition 2.11] (see also Proposition 2.2.10). In the case of d dimensions, we frequently rely
on the tensorization definition (5.1.21) and the fundamental network calculus operations from
Chapter 2, such as concatenation, parallelization, and product approximation, to develop
approximating NNs for normalized Legendre polynomials. For a bandwidth w > 1 we define

7v(w) := [log,(30w)], (5.4.1)

to be used in the ensuing statements. Using the definition of y(w) in (5.4.1) for w > 1, for
n € N we further define

nYW 1 ifd=1,
B(d,n) := ¢ 3n>™) 4 4n ™) 12 if d =2, (5.4.2)
W) 4 12p2 M) L 8pYW) 3 if d = 3,
and
1 ifd=1,
M(d,n) == { 2n"™) +1 if d =2, (5.4.3)
4n> W) pqpyW) 42 if d = 3.

We are now ready to present Proposition 5.4.1.

Proposition 5.4.1. Let ¢ € (0,1), and w > 1. Let A = AHC, be the d-dimensional hyper-
bolic cross of order n > 2, with d = 1,2,3. Let B(d,n), M(d,n) be given (5.4.2), (5.4.3),
respectively. Then there exist a universal constant C > 0 and N, = N,(A,w,e) € N for

which the following holds. For every Slepian basis function ., where v € AHC, | there exists
an NN WY\ such that

”@w,u - R(qu,N*>||L°°([—1,1]d) < B(d,n)e,
with

LV N,)
W y,)

((1+logy No) (N, + log,y (N /€)) + (1 + logy(M(d, n) /¢)),

<C
< C((N7 + NN, + logy (N, /e)) + (1 + logy(M(d, n) [2)).

Before we prove Proposition 5.4.1, we need the following two supporting results. The first,
Lemma 5.4.2, establishes that every ¢, ; can be well-approximated by a linear combination
of normalized Legendre polynomials, with a controllable number of terms. The second,
Lemma 5.4.3, establishes that any such linear combination can be efficiently modeled by an
NN of manageable length and complexity.
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Lemma 5.4.2. Letw > 1. Let A C N be a finite set. For k € A, let ¢, be the kth Slepian
basis function associated with the eigenvalue puyy (5.1.2). For every e € (0,1), let

N, = {max {QLeWJ +1, %H : (5.4.4)

where ¢, 1= Milgep fw. For every normalized Legendre polynomial P; of degree j € N, let

8 =3 | AP ds (5.45)

Then for every N > N, and for every k € A, it holds that

N
i = > 1E,
=0

Lemma 5.4.3. Let ¢ € (0,1), and N € N. Let {3;}, be a set of real numbers such that
18] < ¢o for some ¢g > 0. Let P; be the normalized Legendre polynomial of degree j. Then

there exists an NN ZﬁaN such that

<e. (5.4.6)
Leo([~1,1])

N
H S 8P - R(@E,N)H < coe.
=0

Lee([=1,1])

Moreover,

L(®. n)

W(®. n)

< O(1 + logy N)(N + logy(N/e)),
< C(N? + N)(N + log,(N/e)),

for some universal constant C' > 0.

The proofs of Lemmas 5.4.2, 5.4.3 are given at the end of this subsection, in the order in
which they are presented.

Proof of Proposition 5.4.1. We begin with the case A = A C N, i.e. when {¢wx}ren is a
finite subset of the Slepian orthonormal basis of L2 ([—1,1]). Let N, be as given in (5.4.4),
with € € (0,1). Note, when A = A =1{0,... ,n— 1},

Co = D [y o = flwn—1- (5.4.7)

By Lemma 5.4.2, (5.4.6) holds with N = N,. To apply Lemma 5.4.3 to our context, we

77777

we obtain from Proposition 5.1.4 that

4w
HQOWJ{;HLOO([,LH) < max {?, (k + 1)7(W)} < nv(w)7 (5.4.8)
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and subsequently, from (5.4.5),

|5k| = 2‘/ Ow () Pi(x) dz| <[Pl p2 -1, [|owk || 2o (=1.1)
= 1Pl a1l wtll oo 1,1y < 7.

Thus, Lemma 5.4.3 ensures the existence of an NN 5’; w, satisfying

‘ < e, (5.4.9)
L (-1,1)

Ny
| > 8ip - R(@E )
j=0

with the following respective numbers of layers and weights
L(®F ) < O(1 +logy N,) (N, + logy(N, /), (5.4.10)
W (®E ) < O(N? + N,)(N, + logy(N,/e)). (5.4.11)

By setting N = N, in (5.4.6) and combining it with (5.4.9), we derive

and we conclude for the case A C N by letting W% = <I>

For the case A = AHC C N2, we write, pu., = Qu.iy @ Pwins for each v = (v, 1) € AHC,.
Note, v; € {0,...,n —1}. Let N, remain as previously defined with the choice ¢, in (5.4.7).
Then by (5.4.12), for j = 1,2, there exists an NN a)ng*, such that

Gwr — R(®F ) < (1+n™)e, (5.4.12)

‘L‘XJ([ 1,1])

[P, = RIPZy o1y < (1 +17™)e. (5.4.13)
This, together with (5.4.8), implies
||R<(5I€/?N*)||LOO([_171]) S ||§0w,uj ||Loo([_171D + (1 + nW(W))e S 2n7(w) + 1. (5414)

Combining (5.4.8), (5.4.13), (5.4.14), we derive for v = (1, 15) € A that

|Pwis @ Puws — R(DVy,) @ R(D2y )Ly < a+b, (5.4.15)
where
a = || Pwr ® Pwiy — Py @ R((I)Z,QN*)HL“([—LHQ)
< @ oo (1,1 10wy — RIPLy ) oo (—11)) < 0™ (1 4 n7™)e,
and

b= [lpws @ R(PZy,) — R(Py,) @ R(PZy ) llLe(-1,12)
< IR(P2y ) oo (1) | Pwn — RPN ) |zoo(—1,1y < (207 + 1)(1 4+ n7™)e.

111



Therefore, (5.4.15) yields
[ Pwin @ P — R(Dy,) @ R(PZy )l po(ory < (3nP™ +407™ +1)e. (5.4.16)

Next, we utilize the network construction X.p in Proposition 2.2.7, with B = 207 1
(obtained from (5.4.14)), as well as the concatenation and parallelization operations, denoted
as ® and P, from Definitions 2.0.5 and 2.0.6 respectively, to construct

v DL H2
\I]a,N* T X87B © P<q)£,N*’ (I)a,N*>‘

It follows that N _
IR(@%y,) © R(%y,) — ROV )1 <& (5.4.17)

Combining (5.4.16), (5.4.17), we obtain
[ Pwin ® Pws — ROTY N ) |zoom1p2) < (3nP™) + 4™ 4+ 2)e, (5.4.18)

Furthermore, by applying (5.4.10), (5.4.11), Proposition 2.2.7, and Remark 2.0.7, we con-
clude

L(¥ n,)
W(¥y,)

((1+ logy Ny (N, +logy (N, /2)) + (1 + logy((2n7™ + 1) /e))

<C
< C((N7 4 N)(N, +logy(No /) + (1 + logy((2n7™) + 1) /),

and thus, we are done with the case AIC, C N2,
For the case d = 3, let v = (i/l, Vo, 13) € Agfl and denote Yw, = Puwrs @ Pupy @ Pw,s-
By (5.4.12), there exists an NN @'y such that

lewan — R(PY ) oo (ot < (14 n7M)e. (5.4.19)
Denote v* = (13, v3). Then by (5.4.18), there also exists an NN ¥¥'  satisfying

[ Cwe @ Puy — ROV ) | oo (onay2) < (30270 + 407 ™) 4 2)e, (5.4.20)

Altogether, using (5.4.8), (5.4.14), (5.4.19), (5.4.20), via similar arguments to those leading
to (5.4.16), we conclude

[Pwin © Pus ® Py — R(PLy,) @ ROV y ) oo (-1.11%)
< (TnP™) 4 120 4 8™ 4 2)e. (5.4.21)

Let ®; be the NN formulation in Proposition 2.0.8 (with d = 1) such that Uy, := @IQCI);’}N*
and WYy have the same number of layers. We construct

v . C v v*
\Ija,N* T XE,B' © P(\Ija,lN*7 qja,N*)
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where B’ = 4n*Y™) 4 4nY™) + 2. Then from Proposition 2.2.7 again and (5.4.21),

Qw1 @ Py @ Gws — R(VL ) oo (—1,153) < (Tn3W) 4 12027 4 87 (W) 4 3)e.
Since it is readily verified from the construction of W'y and (5.4.8), (5.4.19), (5.4.20) that
max {|R(V2y, )], [R(PLy,)[} < 4n®™) +4n™™ 2,

employing similar reasoning and computations analogous to those before, delivers

LW y) < C((1 +logy N (N, + logy(N./e)) + (1 +logy((4n®™ + 4n?™) +2) /e))
W (W ) < C((N? + No)(No + logy (N, /2)) + (14 logy((4n>™) + 4n7™) 4+ 2) /e)).

The proof is now complete. ]

Proof of Lemma 5.4.2. The set of all normalized Legendre polynomials is an orthonormal
basis for L2([—1,1]). Therefore, for every Slepian basis function ¢, x, there exist {/Bjk Fieno €
(*(Np) satisfying (5.4.5) such that

—0; (5.4.22)
13([-1,1)

N—o0

N
lim | 7 B5P; — |
=0

see also [120, Equation (2.47)]. Since L*°([—1, 1]) is a Banach space, the absolute convergence
of the series Y2 B P;, i.e.

dim > Bz =0, (5.4.23)

j=N+1

will guarantee the existence of the limit » 7%, BFP; as a function in L*>([—1,1]) [51, Theo-

rem 5.1]. Once held, (5.4.23) together with (5.4.22), and the continuity of Z;VZO By P; and
Ow,k, yields

o0

> BEP = Qun, (5.4.24)

J=0

on [—1,1]. We proceed to demonstrate (5.4.23) for all £ € A. By [120, Theorem 7.2], if
Jj > 2(lew] + 1), then

1851 = %‘ /_11 Gwi(z)P;(z) dz| < L(%)j < Ci(%)] (5.4.25)
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Using (2.2), (5.4.25), we find for N > 2|ew]| +1

o0 1 o V2j+1
k
> |/Bj|||Pj||L°°([—171D§Z > Y
j=N+1 J=N+1

IN IN
Sl pl=
e L1

SIS

— _<§>N, (5.4.26)

which is (5.4.23), valid for all £ € A. Hence, (5.4.24) holds, and we conclude from (5.4.26)
that,

< i(g)N, (5.4.27)

Cx

N 00
i=0 Loo([_lvl]) N
J= Jj=N+1

whenever N > 2|ew| — 1. For the final step, we require in addition that

log(3/(c.€))
N > max {1, W}

in (5.4.27), to get (5.4.6), as desired. O

Lo ([-1,1]

Proof of Lemma 5.4.53. Let j =0,..., N. A result derived from [119, Proposition 2.11], and
stated as Proposition 2.2.10, guarantees for j = 1,..., N, the existence of an NN ®J with
both input dimension and output dimension d]Lj equal to 1, such that

1P = R(®D)| -1 < €, (5.4.28)
and for j = 0, an NN & satisfying R(®?) = P, = 1 on [—1,1]. Moreover,
L(®7) < O(1+1ogyj)(j +1logy(1/e)) and W(®I) < Cj(j+logy(1/e)),  (5.4.29)

and L(®%) = 2, W(®°) = 1. Therefore, by Proposition 2.0.9, there exists an NN . y that
fulfills

N

R(®.n) =Y BR(DD), (5.4.30)

=0
with, from (5.4.29), the number of layers being at most

L(®. n) = max L(®) < C(1+logy N)(N +logy(1/€)), (5.4.31)

0<j<N
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and the number of weights being at most,
N

+23 dj ( max L(21))

Jj=0

) <2

J(J +10gy(1/€)) + CN(1 4 logy N)(N + log,(1/e))

||M2 J'DMZ

< C( + N)(N +logy(1/e)) + ON(1 +logy N)(N + log,(1/¢))
< C(N? 4+ N)(N +logy(1/¢)). (5.4.32)

Now, from (5.4.28), (5.4.30), we obtain

N N N N |
H ;ijj B R((I)a’N)Hqu—m) - H ;Wj - ;@R@é)

Lw([_lvl])
N
< Bill| Py — R(®Z
> iallr R,
< ¢yNe. (5.4.33)

By replacing Ne with € in (5.4.31), (5.4.32), (5.4.33), we arrive at the desired conclusion. [

5.5 Practical Existence Theorem

Now, we present the practical existence theorem of this section and its proof. We observe
that this is stated in a broader context that includes frequency-localized functions.

Theorem 5.5.1 (Practical existence theorem). Let e,6,3 € (0,1), d =1,2,3, and A = AHC
be the d-dimensional hyperbolic cross of order n, where n € N if d = 1,2, and n > 26 if
d=3. Letw >1 and B(d,n), M(d,n) be as in (5.4.2), (5.4.3), respectively. Let yi,...,ym
be independent sample points drawn from the uniform measure u on [—1,1]%, with m >
csk* log(#A/B), where k*, cs are given in (5.3.20). Then for every € > 0 sufficiently small

satisfying

< V1—=19

~ 2V#AB(d,n)’
there exists a class of NNs, denoted Na ., such that the following holds with probability at

least 1 — 3. For every f € C([—1,1]%) and every noise vector e = ﬁ(nj)g’”‘zl e C™, the
problem

(5.5.1)

ot eargmm—ZIf y;) +n; — R(¥)(y;))? (5.5.2)

\IIENAWE m ] 1
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has a unique solution W* € Ny . satisfying

I1f = ROV | 22 (1,19

I vV 2||e
< (1—|— _5> (gleﬂg;\ ||f_g||L00([_1,1]d) + #AB(d, n)||9||L%([—1,1]d)5> + H ||2

1 —

(5.5.3)

o)

Moreover, it is guaranteed that

L(U%) < C((1 + logy N,)(Ny + logy (N, /) + (1 + logy(M(d,n)/e)),
W (%) < C#A((N2 + N,)(N, + logy(N,/e)) + (1 + logy(M(d,n)/e)),

for a universal constant C' > 0 and N, = N,(A,w,e) € N.

Similar to Theorem 5.3.5, Theorem 5.5.1 states that functions well-approximated by the
Slepian system {pw., }rea can be accurately recovered via deep learning using a training set
of pointwise samples with size proportional to x* = (2#A)**™) (up a constant and a log
factor). Theorem 5.5.1 assumes training to be performed by solving a least squares-type
optimization problem (5.5.2) that closely resembles (5.3.1), operating over a class of NNs
Nawe with specific architectures, determined by A, w, . The class Ny is defined in
(5.5.9) and is composed by NNs whose first-to-second-last layers are explicitly constructed
to emulate the Slepian basis and whose last layer is made of trainable weights, optimized
through (5.5.2). Theorem 5.5.1 provides explicit bounds on the depth L(¥#) and width
W (¥ of NNs in the class N we, while the dependence of N, on A, w, ¢ is detailed later in
the proof of Theorem 5.5.1, particularly in (5.4.4). The error bound (5.5.3) of Theorem 5.5.1
is similar to (5.3.21) in Theorem 5.3.5, so that besides minor changes in the constant factors,
the main difference between (5.5.3) and (5.3.21) is the presence of an extra term in the best
approximation error. The impact of this extra term is mild, though, as it scales linearly
with an auxiliary parameter € € (0, 1) that can be made arbitrarily close to 0 at the price of
increasing the architecture bounds proportionally to log(1/e).

Proof. To simplify the presentation, we adopt the convention introduced at the beginning of
Subsection 5.2. Namely, we use A to denote AIC, and let K = #A = #AHC . For v € A, we

n—1»

write Qw, = Qwn), where IT: {1,..., K} — A is a bijection. Now let g € Sy, i.e.

K
9= bepwn (5.5.4)
]

for by, := %f_ll 9(2)pw (k) (z) dz. According to Proposition 5.4.1, for a given ¢ > 0 and each
Slepian basis function ¢, r(x), there exists an NN \D’; such that?

| ow,k — R(‘Pf)”m@([—md) < B(d,n)e. (5.5.5)

4Given that N,, in (5.4.4), depends on ¢, we will omit its reference in the subscript and simply write ¥*
going forward.
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In turn, by Proposition 2.0.9, there exists an NN W, satisfying

ROV = 3 bR(ED). (5.5.6)

k=1

Thus we obtain

K
lg = R(Vgie) | ooy < > 10kl wk = ROVE) | oo or,119)

k=1

< VEKB(, )9l 2 (=1,10)€, (5.5.7)

from (5.5.5) and the fact that ||g| 12110y = (S ey [b6]?)/2. Tt also follows from Proposi-
tion 5.4.1 and another application of Proposition 2.0.9 that

L(Wge) < C((1 + logy No)(Ns + logy (N, /2)) + (1 + log,y (M (d, n)/e)),

; 5.5.8
W) < CK (N2 + NV, +logy(No/0) + (1 o (M(dm/a)). )

Now, let
Nawe :={¥,. : U, satisfies (5.5.6) where g takes the form of (5.5.4)}. (5.5.9)

We will show in what follows that, given N . in (5.5.9), the optimization problem (5.5.2)

admits a unique solution fulfilling (5.5.3).

1
Recall the matrix A € R™*¥ | introduced in (5.3.2), where Aj;, = T@W’H(k) (y;). Since
m

the Slepian basis is an orthonormal set, the columns of A are linearly independent. Consider

- Ny 1
A e R™¥E such that Aj, = \/—_R(\P’g)(y]) Then it follows from (5.5.5) that the columns of
m

A are also linearly independent for sufficiently small e. Indeed, let € € (0,1/(vVK B(d, n))).
If 0 = 1 | b R(TF) for some not-all-zero scalars {by,}/ ,, then

71

K
bi(pf = R(WE) = " bigt,
k=1

which leads to

K 12 K K
(Z |bk\2) = H Z et | L2 ((-1,10) = H Z bi(@f — R(UD))
k=1 =1

k=1

LE([-1.19)

K
< D 1bulllk = ROEE) |z o1,1p0
k=1

< s\/EB(d, n)(i |bk|2>1/2 _ (i |bk|2>1/27
k=1 k=1
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a contradiction. Since, due to (5.5.6), every element in Ny, . is realized as a linear combi-
nation of R(¥¥), the problem (5.5.2) is equivalent to finding (z)* € CX such that

(z)" € argmin || Az — b||2
zeCK

where b = \/Lm( f(y;) +n;)iL,. We look at the smallest singular value of A next. By Weyl’s
Lemma [62, Theorem 4.3.1], we have

max |o;(4) = o;(A)] < [|A - Al (5.5.10)

j=1 k=1

m K ~ 2
<> (Z [Aje = Aj’“"’z’“')

j=1 k=1

m K 1 ’
<> (Z el - R<w§>l\w<wﬂd>'zk’>

K 2
_ (Z P — R(\v’;>||m[_1,ud>|zk|)

K

< lpwn = ROVEI ooy 12113
k=1

< KB(d,n)%?,

where we have used the Cauchy-Schwarz inequality in the third inequality and (5.5.5) in the
fourth. Therefore, .
|A - All, < VKB(d,n)e. (5.5.11)

We have demonstrated in the proof of Theorem 5.3.5 that oy (A) > +/1 — ¢ with probability
at least 1 — (3, as long as m > ¢sx* log(#A/3). Hence, from (5.5.10), (5.5.11), we get

Tmin(A) > omin(A) = |A= Ally > omin(A) — VKB(d,n)e > V1 — 6 — VKB(d,n)e, (5.5.12)

with the same probability. Thus, by choosing ¢ € (0,1/(v/K B(d, n))) additionally sufficiently

small such that 1
VEKB(d,n)e < 5\/1 —,
which is (5.5.1), we further obtain from (5.5.12)

~ 1
Ouin(A) > SVI=5. (5.5.13)
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By applying the least squares approximation theory from Subsection 5.3, specifically lever-
aging (5.3.22) and the lower bound given in (5.5.13), we conclude that (5.5.2) has, with
probability at least 1 — /3, a unique solution ¥? such that

. 2
)yt I = RO ooy + el

~ R(V <(1
|f = R( )HL%([—l,l]d)_ + vt N

2
Vv1—=9
Additionally, by (5.5.7), for any ¥ € N, and any g € Sy,

1f = RO || oo —1.139) < f = gllzooer,99y + |9 — ROY) || oo = 1,114
< f = gllzeq-rn) + VEB(d,n)|gll 3 -1.10);

and we arrive at (5.5.3). Finally, we note that the necessary upper bounds on the layers and
weights for U# have already been specified in (5.5.8).
[

5.6 Numerical Experiments

In this section, we provide numerical examples illustrating the performance of least squares
approximation and deep learning in reconstructing frequency-localized functions from point-
wise samples. For simplicity, we refer to these methods as “Least Squares” and “Deep
Learning” throughout. We describe our numerical setup and discuss the results obtained in
dimensions one and two. The Python code necessary to reproduce our experiments can be
found in the GitHub repository: https://github.com/andreslerma01/PSWF-.

Benchmark functions. We assess the performance of Least Squares and Deep Learning
for the reconstruction of the one-dimensional function

fi(x) = cos(10z)e ™ Vo e [-1,1],
and the two-dimensional function
fo(,y) = cos(0.2z) cos(0.2y)e " +¥*) Y(z,y) € [-1,1]%

The one-dimensional function f;, defined as the product of a trigonometric function and a
Gaussian, was considered in [105] as a simple example in which the Slepian basis achieves
better approximation accuracy than the standard Fourier basis. The two-dimensional func-
tion fo generalizes the one-dimensional function f; while reducing the cosine frequency from
10 to 0.2. Both functions are frequency-localized since most of their energy is concentrated
within a compact interval in the frequency domain.
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Training set, test set, and error metric. For a given target function f that we seek
to approximate using either Least Squares or Deep Learning, we generate data sets of the
form {(z;, f(x;)}7, with z; drawn independently from the uniform distribution on [—1,1]?
and the sample size m taking values up to 10000. For a set of m training points, we also
consider a test set {:z:;eSt e of size Mmyest = 0.2m, sampled independently according to the
uniform distribution on [—1,1]%. The corresponding test error is given by the Root Mean
Square Error (RMSE), defined as

1 Mtest

gtest = Z ‘f(x;est) - }'(x;est)P?
7j=1

Miest -

where f is the target function, and ]NC is the approximation obtained from either method.
Specifically, adopting the notation in Section 5.3, f for Least Squares, and f = R(¥?) for
Deep Learning, where U! is the trained NN.

Slepian basis functions. To construct one-dimensional Slepian basis functions ¢, ;, we
employ the Python package scipy.special [165], which is based on the angular solutions
of the Helmholtz wave equation of the first kind. In fact, each function ¢, ; is a scalar
multiple of a corresponding angular solution [105]. To construct two-dimensional Slepian
basis functions, we utilize the tensor-product definition (5.1.21) ¢y, = Qw1 @ Pw.,. Finally,
in both cases, we take the index set to be the hyperbolic cross AHC (Definition 5.2.1) for
various orders n € N.

Neural network architecture and training. Following standard deep learning practice,
we consider fully trained NNs. Here, we deviate from the theoretical setting of Theorem 5.5.1,
where only the last layer is trained. NN architectures are built according to the ratio r =
L/N = 0.1, where L represents the number of hidden layers and N the number of neurons
per layer. Specifically, we conduct experiments for L = 1,...,10, with » = 0.1, a choice
empirically supported by [3]. Weights and biases are initialized from a normal distribution
with mean 0 and standard deviation 0.1. Training is performed using Adam [77] with an
exponential decay rate of 0.85 for 150 epochs. To ensure the robustness and reliability of
the results, each experiment is repeated 20 times.

One-dimensional results. Figure 5.2 illustrates the results of our first experiment on ap-
proximating the one-dimensional function f;. In accordance with our theoretical guarantees,
both methods successfully approximate this frequency-localized function, with the RMSE
converging as the number of sampling points increases. Moreover, the number of parameters
in each reconstruction model significantly affects the RMSE. For Least Squares, increasing
the number of Slepian basis functions (corresponding to increasing the order n) generally
lowers test errors, with the only recorded exception being n = 36. Similarly, for Deep
Learning, increasing the number of network layers L results in a noticeable error reduction.
However, note that Least Squares typically requires fewer samples as well as significantly
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Figure 5.2: Comparison of reconstruction methods for f;(z) = cos(10x)e ™" from samples.
The left panel shows results using Deep Learning, while the right panel shows results using
Least Squares. Here, L denotes the number of layers in each NN, and n denotes the order
of the hyperbolic cross AIC .

fewer parameters to achieve high accuracy. The best accuracy achieved by Least Squares
(RMSE = 10 12) is several orders of magnitude higher than that by Deep Learning (RMSE
~ 107%). In summary, in one dimension, Least Squares is much more effective than Deep
Learning for the approximation of fj.

Two-dimensional results. Figure 5.3 illustrates the results of our second experiment on
approximating the two-dimensional function f;. Both Least Squares and Deep Learning
successfully approximate this frequency-localized function, in line with our theory. Asin the
one-dimensional case, we observe RMSE convergence as a function of the number of samples
m. However, there are notable differences between the one- and two-dimensional cases.
First, the best accuracy achieved by both methods is now much more similar. Both Least
Squares and Deep Learning achieve a best mean RMSE of around 10~%. The accuracy gap
between Least Squares and Deep Learning is much less pronounced in dimension two than
in dimension one. Second, although the advantage of adding parameters to the model (for
both Least Squares and Deep Learning) is still there, we observe some intriguing numerical
phenomena. For Least Squares, considering a larger Slepian basis (i.e., larger order n) might
not lead to a better accuracy (see the curve corresponding to n = 26). Meanwhile, for
Deep Learning, the benefit of increasing L for accuracy becomes limited after L > 6. In
summary, dimensionality appears to play a crucial role when comparing Least Squares and
Deep Learning. Our preliminary results suggest that the performance difference between the
two reconstruction methods could increase in dimension three and higher.
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Figure 5.3: Comparison of reconstruction methods for fa(z) = cos(0.22) cos(0.2y)e ™= +¥°)
from samples. The left panel shows results using Deep Learning, while the right panel shows
results using Least Squares. Here, L denotes the number of layers in each NN, and n denotes
the order of the hyperbolic cross AIC, .
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