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Abstract

Machine learning is increasingly used in systems and control, which is motivated
by increasingly challenging control, simulation and analysis problems, abundant
data and computing resources, as well as impressive theoretical and methodological
advances in machine learning. The established class of kernel methods is of particular
interest in this context, due to their rich theory, efficient and reliable algorithms,
and modularity, and indeed kernel methods are increasingly used in systems and
control. This thesis contributes to this flourishing field, focusing on two exemplary
and complementary topics.

First, many learning-based control approaches are based on combining uncertainty
bounds for Gaussian process (GP) regression with robust control methods. We
revisit the foundations of this domain by consolidating, improving, and carefully
evaluating the required uncertainty bounds. As an application, we demonstrate how
they can be combined with modern robust controller synthesis, leading to learning-
enhanced robust control with rigorous control-theoretic and statistical guarantees.
We furthermore discuss a severe practical limitation of these approaches, the a priori
knowledge of an upper bound on the reproducing kernel Hilbert space (RKHS) norm
of the target function, and propose to combine geometric assumptions together with
kernel machines as a promising alternative.

Second, we initiate a new research direction by combining kernels with mean field
limits as appearing in kinetic theory. Motivated by learning problems on large-
scale multiagent systems, we introduce mean field limits of kernels, and provide an
extensive theory for the resulting RKHSs. This is used in turn in the analysis of
kernel-based statistical learning in the mean field limit, which not only is a novel
form of large-scale limit in theoretical machine learning, but provides also a solid
foundation for applications in kinetic theory. Finally, using the theory of reproducing
kernels, we establish the first existence result for the mean field limit of very general
discrete-time multiagent systems, and use this in mean field optimal control.

In summary, in this thesis we improve and refine existing uses of kernel methods
in systems and control, helping to consolidate the area of learning-based control and
pushing it further towards practical applications, and we introduce novel uses of
kernels and their theory in systems and control, with many interesting directions for

future work.






Kurzzusammenfassung

Maschinelles Lernen wird zunehmend in der System- und Regelungstechnik einge-
setzt, was durch herausfordernde Kontroll-, Simulations- und Analyseprobleme, grofe
Daten- und Rechenressourcen, sowie beeindruckende theoretische und methodis-
che Fortschritte des maschinellen Lernens motiviert ist. In diesem Kontext ist die
etablierte Klasse der Kernmethoden von besonderem Interesse, da diese iiber eine
reichhaltige Theorie, effiziente Algorithmen sowie hohe Modularitit verfiigen, und
in der Tat werden diese Methoden zunehmend in der System- und Regelungstechnik
eingesetzt. Die vorliegende Dissertation tragt zu diesem sehr aktiven Feld bei, wobei

der Fokus auf zwei exemplarischen und komplementéren Themen liegt.

Viele lernbasierte Regelungsmethoden basieren auf der Kombination von Un-
sicherheitsschranken fiir Regression mit Gaufischen Prozessen (GP) mit Methoden
der robusten Regelung. Wir betrachten die Grundlagen dieser Methoden, indem wir
die bendtigten Unsicherheitsschranken konsolideren, verbessern und ausfiihrlich em-
pirisch untersuchen. Als eine Anwendung kombinieren wir diese mit modernen Syn-
thesemethoden der robusten Regelung, was zu lern-bereicherter robusten Regelung
mit rigorosen kontroll-theoretischen und statistischen Garantien fithrt. Des Weit-
eren diskutieren wir eine schwerwiegende praktische Einschrankung dieser Ansétze,
ndmlich das Erfordernis einer a-priori Schranke fir die Norm der Zielfunktion in
einem reproduzierenden Kern-Hilberraum (RKHS), und wir schlagen als Alterna-
tive die Verwendung von geometrischen Vorwissen zusammen mit Kernmaschinen

VOr.

Zweitens starten wir eine neue Forschungsrichtung durch die Kombination von
Kernen und dem Mean Field Limit, wie sie in der kinetischen Theorie vorkom-
men. Motiviert durch Lernprobleme auf grofien Multiagentensystem fiihren das
Mean Field Limit von Kernen ein, und studieren sehr ausfiihrlich die entsprechen-
den RKHSs. Dies wiederum wird in der Analyse von kernbasierten Lernmethoden
im Mean Field Limit genutzt, was nicht nur ein neues Limit-Konzept in der Theorie
des maschinellen Lernens darstellt, sondern auch eine solide Grundlage fiir Anwen-
dungen in der kinetischen Theorie liefert. Schliellich verwenden wir die Theorie
reproduzierender Kerne, um das erste Existenzresult fiir das Mean Field Limit von
sehr allgemeinen zeitdiskreten Multiagentensystemen zu zeigen, was anschlieffend in

der Optimalsteuerung im Mean Field Limit angewandt wird.
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Zusammenfassend verbessern und verfeinern wir existierende Anwendungen von
Kernmethoden in der System- und Regelungstechnik, was zur Konsoliderung der
lernbasierten Regelung beitrédgt und einen weiteren Schritt Richtung praktischer
Anwendungen erlaubt, und zudem fithren wir eine neuartige Anwendungen von re-
produzierenden Kernen und ihrer Theorie in diesem Kontext ein, mit vielfiltigen

Ankniipfungspunkten fiir weitergehende Arbeiten.
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1. Introduction

We start by providing background and context, in particular, motivating the focus
on kernel methods in the context of systems and control. We then describe on a
high level the two main topics of this thesis, before giving a detailed outline of this

work and its contributions.

1.1. Background and motivation

The field of systems and control — and related disciplines like dynamical systems
theory, control engineering, process engineering, operations research — has recently
experienced a surge in interaction with machine learning and related disciplines like
statistics and data science. While insights and methods from systems and control
have permeated into parts of machine learning, e.g., in the context of optimization
algorithms [178, 143, 84], or structured state space models [8], the influence of learn-
ing for and in systems and control is arguably far greater. Of course, learning (and
data) has played an important role in systems and control almost since the incep-
tion of this field, most notably in systems identification [121] and adaptive control
[97]. However, with increasing availability of data and compute, and considerable
progress in machine learning on both theoretical and methodological levels, learn-
ing and data have become a central focus of research in systems and control, often
subsumed under the term learning-based control. This term might also encompass
related activities, like data-driven control [132], distribution-free approaches like the
scenario approach [46], methods based on the Koopman approach [133], and even
reinforcement learning [193].

While the use of machine learning in systems and control appears to be very
promising, it is often highly non-trivial due to specific challenges arising from the
nature of dynamical systems and the requirements of control engineering. From

a theoretical perspective, data generated by dynamical systems have inherent de-
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pendencies which can lead to statistical complications, and despite recent progress,
even the linear case still poses open problems [202]. Similarly, learning a dynamical
system might require targeted exploration [40, 129] in contrast to passive sampling.
Furthermore, in many applications stringent guarantees are required of a control
method, including stability, constraint satisfaction, or even performance guarantees
[15, 87], often under external disturbances and imprecise knowledge of the system
to be controlled. Finally, since systems and control is in many cases concerned
with physical systems, considerations of sample efficiency, safety, and use of prior
knowledge become relevant.

The present thesis contributes to the flourishing field of machine learning for sys-
tems and control. In light of the challenges outlined above, we focus on a particular
class of learning methods — kernel methods. Roughly speaking, this is a class of
learning algorithms that rely on a mathematical object known as a (reproducing)
kernel, which is associated with a specific function space, called a reproducing kernel
Hilbert space (RKHS). Kernel methods are a very established class of learning meth-
ods, with a very mature theory, efficient algorithms, and a large variety of models
and learning approaches available [181, 189]. Furthermore, they have strong con-
nections to other fields, including scattered data approximation [217] and statistical
methods for stochastic processes [32], which increases their applicability, and allows
for profiting from developments in these related fields. Kernel methods are particu-

larly attractive for use in systems and control due to the following characteristics:

1. They have a very well-developed theory that is often easy to use in down-
stream applications, which is in contrast to other popular approaches like

Deep Learning'.
2. There exist systematic ways to include prior knowledge, cf. also Chapter 4.

3. Kernel methods tend to be sample efficient and reliable, e.g., by avoiding

nonconvex optimization problems [166, 181].

Finally, kernel methods are already popular and successful in the context of systems

!There has been tremendous progress in the understanding of deep learning in recent years, but
the theory is still not comparable to what has been achieved for kernel methods. Ironically, a
lot of progress in the theory of deep learning has been achieved by reduction to kernel methods
and their theory, e.g., [98].
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and control, both on a theoretical (e.g, [129]) and practical level, e.g., in system
identification [159].

1.2. Goals of this thesis

The discussion in the preceding sections motivates the following question, which will

form the starting point for this thesis:
What can kernel methods do for systems and control?

While we start with this rather broad question, the present thesis focuses on two
representative and complementary topics, which demonstrate the power of kernel
methods and their theory in the context of systems and control. In the following,
we will give a high-level overview of those two topics and state our goals. For
conciseness, we will provide a discussion of the relevant literature in the respective

upcoming chapters.

Uncertainty sets and learning-based control Modern control methods often rely
on various types of models, usually of the system to be controlled, but also of ex-
ternal signals or even uncertainties in the system behaviour. In general, a better
model leads to better control performance. Since for many real-world systems first-
principles modelling becomes challenging, it is therefore tempting to use machine
learning to improve the models (or even generate them in the first place), and this is
indeed a strong focus of learning-based control. However, as already touched upon
above, the use of learning in the context of control comes with unique challenges,
and we would like to elaborate on two of these. First, since control is a very ma-
ture field, with a deep theory and considerable experience by its practitioners, it is
highly advisable to avoid ab initio learning, and instead try to include prior knowl-
edge. For many applications, rigorous control-theoretic guarantees are required, and
these can indeed be provided for many modern control methodologies. Retaining
such guarantees even when a learning component is involved is therefore a second
interesting challenge. As suggested by the preceding introductory remarks, this sug-
gests the use of kernel methods, and indeed they are very popular in the context
of learning-based control, especially Gaussian process (GP) regression, for which

uncertainty bounds are available. However, control applications put very specific
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and demanding requirements on these uncertainty sets. For this reason, we revisit
uncertainty bound for kernel methods in the context of control. We will investigate
rigorous, yet practical uncertainty bounds for kernel methods suitable for control
applications, with a particular emphasis on reasonable assumptions and their prac-
tical ramifications, and exemplary control applications. The overarching goal is to
achieve learning-enhanced control with rigorous guarantees that are meaningful in

practice.

Kernels and the mean field limit The field of kinetic theory is concerned with
the modelling, analysis, simulation, and control of large-scale system consisting of
interacting components, with gas dynamics as a prime example. A very important
tool in this area is the mean field limit, which is one way to go from a microscopic
perspecive (considering individual, discrete entities) to a mesoscopic level (working
with the distribution of entitites). Curiously, the use of kernel methods in this
area appears to be almost completely unexplored. We therefore start to pursue this
direction with two completely novel applications of kernels. First, we investigate
the mean field limit of kernels and their RKHSs, as well as associated statistical
learning problems. This is motivated by certain learning problems in the context
of interacting particle systems, but it is also interesting from a purely theoretical
perspective. Second, we use theoretical tools from kernel methods in the context of
discrete-time multiagent systems. More precisely, we use kernel mean embeddings
(KMESs) to established an existence result for the mean field limit of such systems,
and to the best of our knowledge this is also the first such result. We therefore
demonstrate that kernel methods and their theory are a promising avenue in the

context of kinetic theory.

Finally, we would like to stress that the nature of the two exemplary topics of this
thesis are complementary. While the first one is an established and active topic, and
our focus is on carefully revisiting its foundations and their practical ramifications,
our second topic forms a novel and innovative domain, with many interesting open

questions and promising avenues for future work.
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1.3. Contributions and outline

We now outline the remainder of this thesis, motivating our approaches and pointing
out our contributions. The thesis is structured in three parts. In Part I, we provide
technical background on kernels and reproducing kernel Hilbert spaces, since these
form the theoretical foundation for much of following developments. Parts IT and III
correspond to the two concrete areas this thesis contributes to, kernel methods with
uncertainty sets and their use in learning-based control, and kernels in the context
of mean field limits. Since the present thesis touches upon several research fields
and requires tools from a range of disciplines, each part contains an introductory
chapter, and we have placed the discussion of related work and relevant background
literature in the corresponding chapters. This improves the reading flow, and makes

the thesis accessible to a broader audience.

1.3.1. Part I: Foundations

The primary technical tool for the remainder of the thesis are kernels and their
associated RKHSs. We therefore provide ample background on this topic after this
introductory chapter.

While there are many good introductions to RKHSs (see the next chapter for
some pointers to the literature), we identified an unfortunate gap in the literature:
most introductions choose a particular perspective, which leads to some concepts
and results appearing unnatural, unless viewed from a different, more appropriate
perspective. This hinders a quick comprehension by beginners of this field and
slows down a deeper understanding. In Chapter 2 we therefore present a gentle
introduction to kernels and RKHSs, choosing for each concept and result the most
natural perspective to present it, contributing a novel and complementary exposition
to the kernel literature.

In later chapters, geometric properties and regularity of RKHS functions will play
a role, in particular, Lipschitz continuity thereof. Unfortunately, to the best of
our knowledge, there is no systematic exposition and investigation of Lipschitz (or
more generally, Holder) continuity of RKHS functions, so we devote Chapter 3 to
this topic. In this way, we provide the first comprehensive survey of Lipschitz and
Holder continuity in RKHSs, which collects and refines many existing results, and

presents Some new ones.
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1.3.2. Part II: Uncertainty bounds and learning-based control

In Part II, we commence with our first main objective of this thesis: investigating
and improving uncertainty bounds for kernel methods in the context of learning-
based control, and applications therein. Since for learning-based control regression
is most important learning setup, we restrict us to such problems in this part of the
thesis.

In the introductory Chapter 4, we start with an exposition of uncertainty sets
in learning-based control. This will be discussed in very general framework, which
appears to go beyond the existing literature on learning-based control. We provide
also background on GP regression and kernel ridge regression, as these are among
the most common kernel methods in learning-based control.

The investigation of uncertainty bounds for these kernel methods starts in Chap-
ter 5. We describe some simple uncertainty bounds based on concentration in-
equalities for quadratic forms, and we review the state-of-the-art bounds based on
self-normalization. By interpreting the kernel methods as instances of regularized
least-squares in Hilbert spaces, we can give a particularly transparent presentation.
In addition, we provide an elementary derivation of the self-normalization results
that actually explains how these results arise. We also describe our results provid-
ing uncertainty bounds that are robust to model misspecifications, which are the
first results of this kind.

In Chapter 6, we carefully evaluate the uncertainty bounds using numerical exper-
iments. Based on both the theoretical and practical insights, we then apply them to
a learning-based control application, for which we focus on learning-enhanced robust
controller synthesis with statistical and control-theoretic guarantees. To the best of
our knowledge, this is the first application of kernel methods with frequentist un-
certainty bounds in the context of modern robust controller synthesis that provides
rigorous statistical and control-theoretical guarantees.

Unfortunately, the uncertainty bounds have a subtle, but severe practical issue —
the need for an a priori bound on the RKHS norm of the target function. In Chapter
7 we argue that this forms a severe obstacle to their applicability in control, and
actually prohibits their use in many relevant safety-critical scenarios. To overcome
this issue, we propose to instead use geometric assumptions on the target function,

which can be connected to established prior knowledge. We implement and evaluate
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this strategy in the context of hard shape constraint kernel machines, and evaluate
it using numerical experiments.

Summarizing, uncertainty bounds for kernel methods in the context of learning-
based control is a rather active subject with considerable activity in the last decade.
On a high level, our contribution to this area lies in carefully and critically revisiting
its foundation, in particular, the assumptions used and the way the bounds are used,

and proposing ways to make the theory more practical.

1.3.3. Part Ill: Mean field limits and kernels

In Part III of the thesis, we turn to the subject of kernels and mean field limits.
We start with some background on the mean field limit in Chapter 8, and provide
motivation for the study of the mean field limit of kernels.

In Chapter 9, we then investigate in detail the mean field limit of kernels and
their RKHSs. This entails an existence result of the mean field limit of kernels as
well as large classes of kernels that allow such a limit. Furthermore, we provide an
essentially complete characterization of the involved RKHSs under the mean field
limit. This seems to be a completely new area of study, to which we contribute also
a rather complete theory.

In Chapter 10, we then turn to investigating statistical learning with kernels in the
mean field. We start with some results on the approximation capabilities of kernels in
this setting, and formulate an appropriate variant of the representer theorem, which
is the main ingredient that makes learning with kernels numerically feasible. After
providing a concise introduction of the standard framework of statistical learning
theory, we then present convergence results for learning problems involving kernels
in the mean field limit. To the best of our knowledge, the setting of this chapter
is also novel, and we contribute substantial theoretical results, relying also on novel
techniques like applying I'-convergence arguments to kernels and RKHSs.

Finally, in Chapter 11 we turn to discrete-time multiagent systems. Using kernel
mean embeddings, we provide the first existence result for the mean field limit of
a very general class of such systems. As an application, we consider corresponding
optimal control problems, and prove that the relaxed dynamical programming prin-
ciple, as used in the analysis of nonlinear model predictive control without terminal

constraints, also holds in the mean field limit.
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We conclude the thesis in Chapter 12 with a summary and an outline of some
interesting directions for future work. In the appendix we have included a chapter
on statistical learning theory for kernel-based methods on distributional inputs, pre-
senting new oracle inequalities and stability-based generalization bounds. While not
directly related to learning for systems and control, many of the techniques appear-
ing throughout this thesis will be used there, and as in Chapters 9 and 10, kernels

on probability distributions will play an important role.

1.4. Publications

The present thesis is based on several publications, preprints and manuscripts. At
the beginning of every chapter, we will state from which publication or manuscript
material has been used for the respective chapter. Furthermore, we end each chapter
(apart from this introductory Chapter 1 and the concluding Chapter 12) with a
section describing the relation to existing work, and additional details on the present
author’s contributions.

For the reader’s convenience, we now provide an overview of works involving
the author that are part of this thesis, or are related in some way to it. Unless
mentioned otherwise, the present author’s position in the author list reflects his
contribution. In particular, the first author is usually the main author in terms of
scientific contributions and writing. If the ordering of the authors is alphabetical,
or the first authorship is shared, this will be explicitly pointed out in the remainder
of this section.

Regarding Part I, Chapter 2 is based on an earlier version of

Christian Fiedler and Sebastian Trimpe. A panoramic introduction to

reproducing kernel Hilbert spaces. Manuscript in preparation, 2024.
and Chapter 3 is taken mostly verbatim from the preprint

Christian Fiedler. Lipschitz and Hélder continuity in reproducing ker-

nel Hilbert spaces. arXiv preprint, 2023.

In Part II, Chapters 4, 5, and 6 build heavily on the following publications, with

some parts taken verbatim,



1.4. Publications

Most

Christian Fiedler, Carsten W. Scherer, and Sebastian Trimpe. Prac-
tical and rigorous uncertainty bounds for Gaussian process regression.
AAAT Conference on Artificial Intelligence (AAAT), 2021. Updated ver-

sion with corrections as preprint arXiv:2105.02796v2

Christian Fiedler, Carsten W. Scherer, and Sebastian Trimpe. Learning-
enhanced robust controller synthesis with rigorous statistical and control-
theoretic guarantees. 60th IEEE Conference on Decision and Control
(CDC), 2021.© 2021 IEEE.

of Chapter 7 is from the articles

Christian Fiedler, Carsten W. Scherer, and Sebastian Trimpe. Learn-
ing functions and uncertainty sets using geometrically constrained kernel
regression. 61st IEEE Conference on Decision and Control (CDC), 2022.
© 2022 IEEE.

Christian Fiedler?, Johanna Menn, Lukas Kreiskother, and Sebastian
Trimpe. On safety in safe Bayesian optimization. Transactions on Ma-
chine Learning Research (TMLR), 2024.

In addition, the findings from this last work have been disseminated in the follow-

ing extended abstract, which has been presented as a poster at the corresponding

symposium,

Christian Fiedler?, Johanna Menn, and Sebastian Trimpe. Safety in
safe Bayesian optimization and its ramifications for control. Extended
abstract, Symposium on Systems Theory in Data and Optimization,
2024. Available as preprint arXiv:2501.13697

Most of Part III has appeared in the following articles

Christian Fiedler?, Michael Herty, Michael Rom, Chiara Segala, and
Sebastian Trimpe. Reproducing kernel Hilbert spaces in the mean field
limit. Kinetic and Related Models, 2023. Published by American Insti-

tute of Mathematical Sciences.

2Joint first authorship with J. Menn. The two first authors are ordered alphabetically.
3Joint first authorship with J. Menn.
4First and main author, the remaining authors are ordered alphabetically.
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Christian Fiedler, Michael Herty, and Sebastian Trimpe. On kernel-
based statistical learning theory in the mean field limit. Thirty-seventh

Conference on Neural Information Processing Systems (NeurIPS), 2023.

Christian Fiedler®, Michael Herty, Chiara Segala, and Sebastian Trimpe.
Recent kernel methods for interacting particle systems: first numerical

results. European Journal of Applied Mathematics, 2024.

Christian Fiedler, Michael Herty, and Sebastian Trimpe. Mean field
limits for discrete-time dynamical systems via kernel mean embeddings.
IEEE Control Systems Letters, 2023. © 2023 IEEE.

The last article was also accepted at the American Control Conference (ACC) 2024
and presented there, and the author was also invited to present a poster on this
article at the 4th Symposium on Machine Learning and Dynamical Systems at the
Fields Institute, Toronto, Canada. Furthermore, the findings from [CF3, CF6, CF5]
were disseminated in the following extended abstract, which was selected for an oral

presentation at the corresponding workshop,

Christian Fiedler, Sebastian Trimpe, and Michael Herty. Reproducing
kernels in and for the mean field limit. International Workshop on Deep
Learning and Kernel Machines (DEEPK), 2024.

In an appendix, we have also included the following article,

Christian Fiedler, Pierre-Francois Massiani, Friedrich Solowjow, and
Sebastian Trimpe. Towards statistical learning theory with distributional

inputs. International Conference on Machine Learning (ICML), 2024.

The topic of this work is not related to the main goals of this thesis, but many of
the techniques used in the former play also an important role in the latter, so we
have decided to include it.

Finally, several works of the author appeared during the work on this thesis, but
are not included. In particular, the following two articles contribute to the field of

nonlinear discrete-time control,

5 Alphabetical ordering, main authorship shared with C. Segala.
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1.4. Publications

Christian Fiedler and Sebastian Trimpe. Revisiting the derivation
of stage costs in infinite horizon discrete-time optimal control. 30th
Mediterranean Conference on Control and Automation (MED), 2022.

Christian Fiedler and Sebastian Trimpe. Analysis of EMPC schemes
without terminal constraints via local incremental stabilizability. Euro-
pean Control Conference (ECC), 2024.

The following article is based on work from the author’s master thesis, and the

article was finalized during the preparation of this thesis,

Christian Fiedler®, Massimo Fornasier, Timo Klock, and Michael Rauchen-
steiner. Stable recovery of entangled weights: Towards robust identifica-
tion of deep neural networks from minimal samples. Applied and Com-

putational Harmonic Analysis, 2023.

The author was co-supervisor of the master thesis of A. Tokmak, which resulted in
the following preprint, which has been accepted for publication in IEEE Transactions

on Automatic Control,

Abdullah Tokmak, Christian Fiedler, Melanie N. Zeilinger, Sebastian
Trimpe, and Johannes Kohler. Automatic nonlinear mpc approximation

with closed-loop guarantees. arXiv preprint, 2023.

Finally, the author participated in the research leading to the following preprint, a
revision of which is about to be submitted to the Transactions on Machine Learning

Research,

Friedrich Solowjow, Dominik Baumann, Christian Fiedler, Andreas
Jocham, Thomas Seel, and Sebastian Trimpe. A Kernel Two-sample

Test for Dynamical Systems. arXiv preprint, 2022.

5 Alphabetical ordering,.
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2. Introduction to reproducing kernel
Hilbert spaces

Reproducing Kernel Hilbert Spaces (RKHSs) play a central role in many areas of
mathematical sciences and engineering, from machine learning [181, 182, 189], statis-
tics and probability theory [32], numerical approximation methods [217] and numer-
ical methods for partial differential equations [71], to mathematical physics [7] and
pure mathematics [152]. In particular, RKHSs form the theoretical foundation for
most kernel methods, and therefore later parts of the thesis will heavily rely upon
these function spaces. In the following, we provide a self-contained introduction to
RKHSs and related concepts like reproducing kernels. This serves two purposes: On
the one hand, this provides necessary background for the remainder of this thesis.
On the other hand, we hope to close a gap in the literature. We observed that many
excellent introductions to RKHSs like [189, Chapter 4], [32], or [218], choose a partic-
ular perspective, usually motivated by the respective application domain. However,
a concept can appear unnatural or difficult to comprehend when introduced in one
context, but it can become very natural or intuitive when viewed from a different
perspective. For example, the definition of a kernel in terms of feature space-feature
map pairs might appear somewhat arbitrary in the context of RKHSs, but becomes
very natural in the context of the kernel trick as used in support vector machines
(SVMs), cf. Section 2.3. Similarly, the motivation of native spaces might be unclear
in the context of SVMs, but becomes obvious when viewed from the perspective
of scattered data approximation, as explained in Section 2.5. What appears to be
missing is a perspective-agnostic introduction to the RKHS framework that presents
each of the core concept in its most natural setting, and thereby allowing an easier
understanding as well as a comprehension of the bigger picture by the learner. With
the present introduction, we hope to close this gap in the literature.

Since specialization to the real case, which is the relevant setting for this thesis,
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2. Introduction to reproducing kernel Hilbert spaces

leads to no significant simplification (apart from saving some conjugate signs in the
notation), we cover both the case K = R and C simultaneously. The contribution
of this chapter lies in the presentation of the material, while all technical results
and examples are well-known. In case no reference is provided, it is because the
corresponding result is folklore.

This chapter is based on, and in large parts taken verbatim from, an early version
of [CF14]. Detailed comments on the author’s contributions are provided in Section
2.7

2.1. Reproducing Kernel Hilbert Spaces: Continuous

function evaluation

We start by introducing the concept of a reproducing kernel Hilbert space. The idea
is based on [32, Section 1.1 (Introduction)], though our presentation is considerably
more detailed. Let X # () be an arbitrary nonempty set. A common task in the
mathematical sciences is to add additional structure to such a set. Among the most
convenient and richest structures are K-Hilbert spaces, where K = R or C. We
would like to have a general recipe for adding such a K-Hilbert space structure to

an arbitrary set X. For this, we need the following.
1. A K-vectorspace H that is derived from X
2. Reasonable assumptions on an inner product (-,-) on H
3. A way to embed elements of X into H

We will now give a general recipe that naturally motivates the definition of an RKHS,
as will be formalized in Definition 2.1.1.

First, we need a K-vectorspace. Since X is arbitrary, the most basic choice is
to use a subspace of V%, the space of functions from X into V, for an arbitrary
K-vectorspace V' (with the usual pointwise addition and scalar multiplication). The
simplest choice of V is of course V = K, so we continue with a vector subspace
H C K¥*. We leave the concrete choice of H open for now.

Next, we turn H C K% into a K-Hilbert space by adding a scalar product (-, -)

such that the induced metric space is complete. What are reasonable requirements
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2.1. Reproducing Kernel Hilbert Spaces: Continuous function evaluation

on (-,-)7 Of course, (H, (-,-)) should be connected to X in some meaningful way,
otherwise the whole procedure is pointless. Since we want to work with arbitrary sets
X, the only connection we can make between H and X without imposing additional
assumptions on X is the evaluation of functions f € H. Furthermore, it is very likely
that we want to do analysis in H, and the following situation frequently appears in
analytical constructions and proofs.

In order to construct a function with certain properties, one starts with a se-
quence of functions (f,), € H having said properties (and maybe approximating
something). If (fy), is a Cauchy sequence in H with respect to (w.r.t.) the metric
induced by (-,-), then this sequence converges to a unique f € H (since H is a
Hilbert space and hence complete), usually inheriting the properties of interest from
the Cauchy sequence. This is a very flexible approach to construct functions in H
with prescribed properties.

We would like to have this technique available in our Hilbert space (H, (,)).
Since the only connection from H back to & is via function evaluation, and since in
this technique we use a limit to construct a function f, we arrive at the following
requirement: For all z € X, we need f,,(x) — f(z). Since we want a generic method,
we require this for all sequences (fy), C H with f, M f € H (this is equivalent
to requiring it for all Cauchy sequences). But since in Hilbert spaces continuity is
equivalent to sequential continuity, this is equivalent to the following: For all z € X,
the evaluation functionals H 3 f — f(z) € K are continuous, i.e., they are in the

(topological) dual space of H. This leads to the following central definition.

Definition 2.1.1. Let X # () be an arbitrary set and (H,(-,-)r) a function K-
Hilbert space, i.e., H C K*. We call H a reproducing kernel Hilbert space (RKHS)
if for all z € X the corresponding evaluation functionals! 6,: H — K, §,(f) = f(z),
are continuous, i.e., for all z € X we have ¢, € L(H,K) = H'.

This choice of terminology will be clarified in the next section. Finally, the ques-
tion arises how to actually embed X into H. In other words, for each z € X, we
need an element f, € H. Since we want a universal recipe, we should not impose
any additional assumptions. But it turns out that with the developments so far,

there is a universal solution to this task. Since we are in a Hilbert space setting,

!These are also called Dirac functionals.
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by the Riesz Representation Theorem, we have a bijective correspondence between

continuous linear functionals on H and elements from H,
LecH +— f=1ILcH,

where I: H' — H is the map assigning to each continuous functional on L € H’ its
unique Riesz representer IL € H, so that Lh = (h,IL)y for all h € H. Since in an
RKHS, for all x € X, we have 0, € H', we can embed X into H via

Xozxw fo=10, € H

In Section 2.2, we will make this embedding more concrete, and in Section 2.3,
we will put it into the bigger context of the RKHS framework. Before presenting
concrete examples of RKHSs, the following (well-known) example demonstrates that
it is not trivial to fulfill the definition of an RKHS.

Example 2.1.2. Let (£2, A, 1) be a measure space, and consider the Lebesgue space
L?(92, A, ). Recall that this is the Hilbert space consisting of p-almost everywhere
equivalence classes of measurable and square-integrable (w.r.t. p) K-valued functions
on Q. For example, if B([0,1]) is the Borel o-algebra on [0,1] and A the Lebesgue
measure on [0,1], then L2([0,1],B([0,1]), A) is the space of Borel-measurable func-
tions f : [0,1] — K, that are square-integrable (so [y |f(z)]2d\(z) < 00), with
inner product (f,g)r2 = f[o,l] f(x)g(x)dA(z), and identifying functions that are al-
most everywhere equal.

These Lebesgue spaces L?(€2, A, 1) are some of the most important examples of
Hilbert spaces, but they are not RKHSs. The reason is simple: By definition, an
RKHS is a Hilbert space of functions, but these Lebesgue spaces consist of equiva-
lence classes of functions. In particular, evaluation of elements of L?(£2, A, 1) is not
defined at individual inputs = € Q (it is only defined p-almost everywhere).

For more discussion of this classic non-example, we refer to [152, Section 1.2.2].

It is time for concrete examples of Hilbert spaces. Our first example is classical
and appears already in the seminal work [14], with our presentation loosely inspired
by [152, Section 1.2.1].

Example 2.1.3. Let X # () be a set, let H C K¥ be a finite-dimensional Hilbert

space of functions on X, and choose some orthonormal basis (ONB) ej,...,ep of
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2.1. Reproducing Kernel Hilbert Spaces: Continuous function evaluation

H. Let z € X be arbitrary. Observe that for all ¢ € H we have

M M

g9(x) = <Z<976M ) ibm ) = {9, bar) mbm(2), (2.1)
m=1 m=1

where we first used that the eq,...,ep form an ONB, and then the definition of

addition and multiplication in function spaces. Now, consider f, f, € H, n € N,
with lim,, .o f, = f. We then have

M
nh—>Holo fn(l‘) = nh_}H(;lo Z <fna Z hm fn, m( )
M " M
= 3 (i fu b Bn) = 3 0 bbirbn(e) = ()
m=1 m=1

where we used in the first equality our observation (2.1), then the finiteness of the
sum, in the third equality the continuity of the scalar product, and in the last equality
again our observation (2.1). Altogether, we found that all evaluation functionals are
continuous in H.

Since H was arbitrary, we arrive at the following result: All finite-dimensional
Hilbert spaces of functions are RKHSs.

The next class of RKHSs is an important example from complex analysis. Our

presentation follows roughly [152, Section 1.4.1].

Example 2.1.4. Denote by D = {z € C | |z| < 1} the open unit disc of complex
numbers, and define £3(Ng,C) = {(an)nen, € CV0 | 3% an|?> < oo}, the set
of square-summable complex sequences. Recall that the latter becomes a Hilbert
space when introducing the inner product {(an)n, (bn)n)e, = Do Anbn

We consider functions on D that are represented by power series, i.e., f(z) =
Y ooep anz", such that (ap)nen, € ¢2(Ng, C). Denote the set of all of these functions

by H?(D). It is a complex vector space, and

ng2 ZG’TLTM

where f,g € H?(D) with representations f(z) = 32° 1 an2", g(z) = Y00 by2™,
defines an inner product on H?(D). Observe that Iy. : H?(D) — ¢*(Np,C),
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2. Introduction to reproducing kernel Hilbert spaces

Yoot anz™ > (an)nen, is a well-defined isometric isomorphism, which implies that
H?(D) is a Hilbert space, which is called a Hardy space. In particular, for f € H*(D)
with £(2) = Y3 g anz", we have ||l = l[(an)alle

It turns out that H?(D) is even an RKHS on D. To verify this, we have to
show that all evaluation functionals are continuous. Let z € D be arbitrary. For
f € H%*(D) with representation f(z) = >.°°,a,2", we have

o0
6:(NI = 1f(2)] = | > anz"
n=0
oo
< Z |anz"| Triangle inequality
n=0
oo [e.e]
< J Z \anPJ Z | 2| Cauchy-Schwarz inequality (in l2(Ny, C))
n=0 n=0
1 Geometric series. |z |
T 1o [(@n)nlle, Jeomelric series, |z| <
1
S e

which shows that ¢, is continuous.

2.2. Reproducing Kernels: Evaluation by scalar products

Our next goal is to introduce the concept of a reproducing kernel. The presentation
in this section (and all the results) appears to be folklore, and similar expositions
can be found in [152, Chapter 2] and [189, Section 4.2]. Let X # () be an arbitrary
nonempty set and H C K¥ a K-Hilbert function space. We have two fundamental
operations in this context: Fvaluation of a function f € H at an input z € X, i.e.,
f — f(z), and the inner product of two functions fi, fo € H, i.e., {f1, fo)g. We
now want to connect these two concepts. One motivation is that working with inner
products can be very convenient, both in terms of theory as well as computation.
Here is one way to achieve this connection. Assume that there exists a family of
functions in H, (fz)zex, such that for all f € H and z € X we have f(z) = (f, fo) 1.
In other words, we can replace function evaluation by inner products. How does such

a family of functions look like? They always have the following symmetry property.
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Lemma 2.2.1. Let (f;)zex, fo € H, be such that such that for all f € H and

xz € X, we have f(z) = (f, fx)u. Then for all z,2’ € X, we have f,(2') = fu(x).

Note that for K = R we even have f,(2') = fu(x) for all z,2" € X.

Proof. Let x,2’ € X be arbitrary, then we have f.(2') = (fo, fo)n = (for, fo)H =

This result indicates that the index x of f,, and an input 2z’ on which f, is
evaluated, are somehow on equal footing. To make this notationally clear, we define
k: X xX —Rby k(x,2') = fp(x). This leads us to the following concept.

Definition 2.2.2. Let X # () be a set and H C K% a K-Hilbert space of functions.
A function k : X x X — R is called a reproducing kernel (RK) of H if

1. Forallz € X, k(-,x) € H

2. Forall fe Hand z € X, f(x) = (f,k(-,z))y

The second property in the preceding definition is usually called the reproducing
property, since the scalar product with the reproducing kernel reproduces the value
of a function from H. Furthermore, note that the proof of Lemma 2.2.1 shows

that if £ : X x X — K is a reproducing kernel, then for all z,2’ € X we have

k(xz,2') = k(a’,x). Finally, Definition 2.2.2 is also meaningful if H is just a K-pre

Hilbert space of functions.

Example 2.2.3. Let X # () be some set. We can interpret a function f: X — K as
a (scalar) signal. For example, if X = Ny, f could be a discrete-time measurement
of some quantity, if X = R, f could be a physical quantity that changes over time,
and if X = {0,...,255} x {0,...,255}, f could be a (gray-scale) square image of
size 256x256.

An important task in signal processing is sampling of a signal. Essentially, this is
the task of reconstructing a signal from a certain set of measurements (the samples)
of the signal. Here is an idealized formalization of this task. Let H C K* be a space
of signals, then we would like to find a sequence of inputs z,, € X and functions
b, € H, n € N4, such that

F@) =" Flan)bale)

n=1
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for all f € H and = € X. Such a representation of f is called a sampling expansion.

If ‘H is a Hilbert space with reproducing kernel k, we can rewrite this as

[e.e]

F@) =D {f Kk wn)) uba(2).
n=1
This means that the sampling problem becomes amenable to Hilbert space methods.
Since sampling methods do not play a role in the remainder of the thesis, we do not
present detailed results in this direction, but rather refer to the excellent introductory
article [77].

Let us now have a closer look at reproducing kernels. First, if a reproducing kernel

of a Hilbert space of functions exists, it is unique.

Lemma 2.2.4. A Hilbert space of functions H C K% can have at most one repro-

ducing kernel.

Proof. Let k,k : X x X — K be two reproducing kernels for H. Let now z,2/ € X

be arbitrary, then we have

k‘(ﬂj,l‘,) = <k('7$l)’]%(‘vx)>H = <E('vx)7k('7x/)>H = z;(x”ﬁ) = ]%(I7x/)v

where we applied the reproducing property of k(-,z) to k(-,2') € H in the first
equality, then we applied the reproducing property of k(-,z’) to k(-,z) in the third

inequality, and finally we used the symmetry of a reproducing kernel. O

The next example is also classical, and our presentation is based on [152, Sec-
tion 1.3.2].

Example 2.2.5. Let T > 0 and consider L*([-T,T]) = L*([-T,T), B([-T,T)), \),
the space of (almost-everywhere equivalence classes of) square-integrable functions
on [T, T], which is a Hilbert space. For f € L*([-T,T]), we denote its Fourier

transform by
A T .
fw = [ e
-T

Define now
PWr ={f|feL*(-T,1))}
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2.2. Reproducing Kernels: Evaluation by scalar products

and observe that PWr is a space of functions, and not just equivalence classes of
functions. For each F € PWr, there exists a unique f € L*([-T,T]) with F = f,
so we can define || F'||pw, = || f||z2(=7,17)- Since L%*([-T,T)) is a Hilbert space, this
turns also PWr into a Hilbert space, which is called a Paley- Wiener space. These
spaces play an important role in signal processing and complex analysis.

It turns out that PWr has a reproducing kernel k. To find it, let F' € PWp and
x € R be arbitrary, and let us try to identify a function k(-,x) € PWyp such that
F(z) = (F,k(-,x)) pw,. By definition of PWy, there exists f € L*([-T,T]) with
F= f . We therefore get

T ) .

Pla)= [ rwe it F=j
=T

= (f, 62ﬂix'>L2([7T,T]) Definition (-, ) r2(—,1)

= ([, 9) 2(-1,1)) Definition g

= (F, §) pwy Definition of PWr

where we defined g : [-T,7T] — C, g(t) = €*™@!. Since F was arbitrary and there is

only one reproducing kernel, we find that k(-, z) = g, hence

1sin(2nT(z—2")) ifa:;éx’

k(z,2") = /T ePrieltmistqy — g m o wmw
-T 2T otherwise

Next, a function f : X — K is completely described by its values f(x), x € X,
i.e., by function evaluations. If H has a reproducing kernel, all function evaluations
are described by this reproducing kernel. Intuitively, the reproducing kernel should

then completely describe H. The next result confirms this intuition.

Proposition 2.2.6. If H has a reproducing kernel k, then the set {k(-,z) | 2z € X}
is total in H, i.e., span{k(-,z) | z € X'} is dense in H.

Proof. Define Hy = {k(-,z) | € X} and let f € Hg, i.e., for all x € X we have
(f,k(-,x))g = 0. For an arbitrary x € X’ this then leads to

f(@) = {f;k(2))m =0,

i.e., f = 0g, which implies that Hy is total in H. ]
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2. Introduction to reproducing kernel Hilbert spaces

Actually, a reproducing kernel completely determines the corresponding Hilbert

space of functions in the following sense.

Proposition 2.2.7. Let (H;, (-,-)i), ¢ = 1,2, be two K-Hilbert spaces of functions
on K%, ie., H; C K%, having reproducing kernels k; : X x X — K. If ky = ks (i.e.,
ki(xz,a') = ka(z,2’) for all z,2" € X, so they are equal as maps), then H; = Hy as
sets and (-, )1 = (-, ).

In other words, a map k : X x X — K can be a reproducing kernel of at most one
Hilbert function space. This result complements Lemma, 2.2.4, which states that a

Hilbert function space can have at most one reproducing kernel.

Proof. We show H; C Hs, the reverse inclusion then follows by symmetry. By
definition of a reproducing kernel, ki(-,xz) € H; for all x € X, and since H; is a
vector space, we also have Hy = span{ki(-,z) | z € X'}. But since k1 = ko, we then
have for all x € X that k1(-,z) = ka(,x) € Ha, and since also Hs is a vector space,
we find that Hy = span{ks(-,x) | z € X'} C Hy.

Next, let f = SN, ok (-, ;) and g = ij\il Biki(-,y;) be two functions from Hy,
hence f,g € Hy and f,g € Ho, then

N M N M
(frgn = <Zaik1('7$i>725jkl<'a% > =33 ik (ys, @)

=1 j=1
N JM
:ZZ Zﬂ]kQ yj,$z :<Z k? , L 725 > <f’ >
i =1 2

This shows that (-, )1|m,= (-, )2|H,-

Let now f € Hp be arbitrary. According to Proposition 2.2.6, Hy is dense in Hj,
so there exists a sequence (f,,), C Hp such that f, — LAY f. Since (fy)n is convergent,
it is a Cauchy sequence w.r.t. || -|/i. Recall that Hy C Ha, so we have f, € Hs
for all n € N, and since (-, -)1|m,= (-, *)2|Hy, (fn)n is also a Cauchy sequence in Hs.

Because Hj is complete, there exists g € Hy such that f, — H I3
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2.2. Reproducing Kernels: Evaluation by scalar products

We now show that f = g. For this, let z € X be arbitrary, then

flx)=(f,k1(-,2))1 Reproducing property (in Hy)
— (lim fo ka2 fus £ in Hy
= lirrln<fn, k1(-,2))1 Continuity of (-, )1
= lirrln fn(x) Reproducing property in H;
= liyrln<fn, ka(-, ) Reproducing property in Ho
= (li}ln fryka(-,x))o Continuity of (-, )2
= (g,k2(-,x))2 fn— g in Ho
=9().

Altogether, we found that H; C Ho.
Finally, since || - ||1 = || - |2 on the dense set Hy, we get equality of the norms and

hence the scalar products. O

Finally, the existence of a reproducing kernel implies continuity of evaluation.

Lemma 2.2.8. If H has a reproducing kernel, then each evaluation functional J,

is continuous.

Proof. Let f € H and x € X be arbitrary, then

0 () = [f (@) = (f, ko)) m| < kG )|l flla,
ie., [|[0zllg < ||k(-, )| m, hence §, is continuous. O

Remark 2.2.9. Inspecting the proofs of Lemma 2.2.1, 2.2.4 and 2.2.8 reveals that
these results also hold if H is a pre Hilbert space.

We can now connect RKHSs with reproducing kernels: Let H be a K-Hilbert
space. If it has a reproducing kernel, then according to Lemma 2.2.8, it is an
RKHS as formalized in Definition 2.1.1. Recalling the developments in Section 2.1,
we even have a converse. Let H be an RKHS and let I be the Riesz representer
map. Define for z € X the function k(-,xz) = Id, € H, then by definition, £ is a
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2. Introduction to reproducing kernel Hilbert spaces

reproducing kernel for H. Summarizing, we have the following result that explains
the terminology RKHS.

Theorem 2.2.10. Let X # () be a nonempty set and let H C K¥ be a Hilbert

space of functions. H is an RKHS if and only if it has a reproducing kernel.

Example 2.2.11. Consider the situation of Example 2.1.4, where we introduced the
Hardy space H?(D). We know already that it is an RKHS, so it has a reproducing
kernel £ : D x D — C according to Theorem 2.2.10, which is unique according to
Lemma 2.2.4. Let us try to find this reproducing kernel k.

Let f € H?(D) with representation f(z) = >.°° ; a,2", and 2o € D. Since k(, 22) €
H?(D), there exists (by)n € f2(Ny,C) with k(z1,22) = 300 bp2} for all z; € D.

Furthermore, we have

(0.0
f(z2) = Z anzy Series representation of f
n=0
= (f k(- 22)) 2D Reproducing property of k
o0
= Z anbp, Definition (-, ) g2
n=0

so equating coefficients we find that b, = zZ3" for all n € Ny. This means that for all

21,22 € D we have
1

o
k(z1, 22) = N = ———
( ) ) nz:% 1 1—2’12’2’

and it is the unique reproducing kernel k of H2(ID). It is called the Szegd kernel.

The preceding example illustrates a typical technique for finding the reproducing
kernel of an RKHS: Solve the equation f(z) = (f, k(-,z))x for all f € Hy and z € X,
to get k(-,x) € Hy. The resulting function k is then the unique reproducing kernel.

2.3. Kernels: Feature spaces and the kernel trick

The perspective in this section is well-known in machine learning, see for example
[189] and [181] for classic textbook accounts. In computational sciences, especially in
machine learning, tasks can often be made easier by lifting them to some new spaces.

For example, in machine learning and statistics, X might be the space from which
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2.3. Kernels: Feature spaces and the kernel trick

the (input) samples of a data set come from. To such samples z € X', we can then
assign features ®(z) € H in some new space H by using a given map ® : X — H.
Quite frequently, H is a Hilbert space, so one can apply linear algorithms on the lifted
data points ®(x). In this manner, one can easily "non-linearize" a linear method,

making it more powerful.

Example 2.3.1. One important task in machine learning is binary classification.
Given a description z € X of an object (typically, X C RY, where d € N, can be
very large), the goal is to assign the object to one of two classes ¢; and ca. Formally,
we want a map ¢ : X — {c1,co}. For example, z could be an image of a part at
the end of a manufacturing process, and based on this image an algorithm should
decide whether the part is acceptable (say, class ¢1) or faulty (class c2).

A particularly simple situation is linear separability®, where X is a vector space,
and there exists some linear function f : X — R and some constant b € R such that

for an object with description x € X,

c(g;) _ C1 if f(l') Z b

¢y otherwise

is the correct class of this object. The subset {z € X' | f(z) = b} is then called the
decision boundary, and corresponds in this case to an affine-linear space. In most
practical scenarios, linear separation will not be possible. Put differently, a linear
decision boundary is not complex enough to separate the two classes.

However, while frequently linear separation in X is not possible, it is in another
space H. Here, X = R?, and the two classes cannot be separated by a straight line
(left panel). However, by transforming the input z = (21, z2) into (21, z2, \/2? + 23),
linear separation is easily possible, though now in R3 (middle panel). Formally, let
H = R3, define ® : X — H by ®(x) = (v1,29,1/27 +23), and let h : H — R,
b € R such that h(®(x)) > b if the object with description = belongs to class ¢, and
h(®(z)) < b otherwise. Note that the resulting classifier

 C if h(®(z)) > b

¢y otherwise

2 Affine-linear separation might be slightly more accurate.
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2. Introduction to reproducing kernel Hilbert spaces

is now nonlinear in the orignal input space X, i.e., {x € X | h(®(x)) = b} is not an

affine-linear subspace anymore.

In particular, if an algorithm interacts with its inputs only via scalar products,
then such an algorithm can be automatically "non-linearized" by replacing an input x
by ®(x), and the original scalar product by the one in H. Actually, in this situation,
we do not even need to work with objects in H directly, only with their scalar

products. The next classic example illustrates this.

Example 2.3.2. In linear regression, one models a linear function f : R — R by
the ansatz h(-,w) : R = R, h(z,w) = 2'w = (z,w)ge, where w € R? are the
weights parametrizing the modeling function A(-,w). Let ((x1,91),...,(zN,yn)) be
a data set, where we interpret z,, € R? as an input, and y,, € R as the corresponding
(usually noisy) output of the unknown function f. In ridge regression we determine

weights from this data set by solving the optimization problem

N

min > (g — Alarnsw))® + A, (2.2)

d
weR ne1

where A\ € Rxq is the regularization parameter. Including the term A|wl||? in the
optimization problem encourages small weights, and the strength of this penalization
is controlled by A. The optimization problem has a unique solution given explicitly
by

wh = (XTX + ;) ' X Ty, (2.3)

where we defined

X=(331 5UN)T’ ?J:(yl yN)T- (2.4)

We can use this linear method to model also nonlinear functions. Consider a map
® :R? — RM where M € N, might be rather large, and define h(-,w) : R = R by
h(z,w) = ®(x)"w = (®(x), w)gr. The optimization problem

N

. . —h - 2 A 2’ 2.5
J2in, 3 (o = (e, w))? + Aul (2:5)
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2.3. Kernels: Feature spaces and the kernel trick

has still a unique solution, now given by

Wy = (XTX + M) ' X Ty, (2.6)
where we defined
®(xp)"
X = : . (2.7)
®(xy) "

Let us have a look at the output of this linear method, the function
h(z, ®}) = (O(x), 0 gy = ®(z) (XX + M)t X Ty (2.8)

Using the push-through identity, we have (X T X4+ ) ' X T = X T(XX T+ Iy)" 1,
so we get
h(z, @) = ®(x) T X T(XXT 4+ AN) "ty (2.9)

Inspecting the subexpressions ®(z)" X" and XX,

o@) X =0@)" (o) 0 (an)) = (B@) O(@1) o @) B(an))
O(xy) " O(xy) T ®(z1) - O(x1) P(wy)

XXT=1 [ (e) o ew) = : :
O(xn)T O(zxy) ®(z1) - P(zn) P(zy)

we see that h(x,w}) does not contain any element from R in isolation, but only
in scalar products. To make this more explicit, define k(z,z’) = (®(a'), ®(z))gu,
then we can rewrite the ridge regression solution as

I, @3) = (k@ 20)_y,. v (k@i 25))ij=1,..8 + MN) "y (2.10)

PR

In order to compute it, we only have to be able to evaluate k.

The technique described here, replacing all expression of the form (x,x')pa by
(D(a"), ()3 for some Hilbert space H and some H-valued map @, is called the
kernel trick. Note that the new space H does not explicitly appear at all, so it
can be implicitly defined, or be even infinite-dimensional. All we need is a way to

evaluate for given x, 2’ the expression (®(z'), ®(z))y in some efficient manner. The
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2. Introduction to reproducing kernel Hilbert spaces

next classic example (from [181, Chapter 2]) illustrates this.

Example 2.3.3. Let X = R?% d € N, and consider ®(x) = (acil e xim>1<z‘1 i <d
1 < m < d. This means that H is the set of all ordered mth monomials of vectors
z € R?, and we assign the usual scalar product to . It is clear that the dimension
of H rapidly increases with d and m. As a consequence, computing (®(z), ®(z))y
by first computing ®(x), ®(z’), and subsequently computing the scalar product be-
comes infeasible even for moderate d and m. Let us have a closer look at this scalar

product,

(®(z"), ®(x))y = Z (af, ooy ) (@i @y,

1<i1, 0 yim<d
d d

= Z : Z (xil $;m) (4, zi,,)
11=1 Im=

i=1

We find that (®(z'), ®(z))y = k(x, "), where we defined k(z,2’) = (Zg:1 x; - :c;)m

Note that k(x,z’) can be very efficiently computed ((d — 1) additions and (m —1)-d
multiplications), and that neither H nor ® appear explicitly in the definition of k.

The preceding considerations lead immediately to the next concept.

Definition 2.3.4. Let X # () be a set and k : X x X — K some function. We
say that k is a (K-)kernel (on X)) if there exist a K-Hilbert space H and a map
® : X — H such that

Vo, € X : k(z,2') = (®(2)), ®(2))%. (2.11)

In the situation of Definition 2.3.4, H is called a feature space and ® a feature
map of k. Note that in general H and & are not unique. Furthermore, in the case
K = R, we have that (2.11) is equivalent to k(z,2’) = (®(z), ®(2’))%, which is the

form often found in the machine learning literature.
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2.3. Kernels: Feature spaces and the kernel trick

The following result provides a first connection between Definition 2.3.4 and the

concepts from the previous section.

Proposition 2.3.5. Let H C K¥ be an RKHS with reproducing kernel k. Then
k is a kernel in the sense of Definition 2.3.4 with feature space H and feature map
O X - H, Op(x) = k(-,x), called the canonical feature map of k.

Proof. By the definition of a reproducing kernel, for all z € X we have &y (x) =
k(-,x) € H, so @ is well-defined, and by the reproducing property of k we get
k(x,2") = (k(-,2'), k(- 2)) g = (Pk(2'), Pr(z)) g for all z, 2’ € X. O

Ensuring that Proposition 2.3.5 holds is one reason why in Definition 2.3.4 we
have k(x,z') = (®(2'), ®(x))y (instead of k(z,2) = (®(z), P(2'))%).

Example 2.3.6. Consider again Example 2.1.4. For all z1, 20 € D, we have

1 00 o © o o
k(zlsz) = m = Z Z{LZEL = Z ZEL Z{L = <(Z§)HEN07 (Z?)neNoﬂw
1<2 n=0 n=0

so ¢3(Np, C) is a feature space, and ® : D — £5(Np, C), ®(2) = (2™)nen, is a feature
map for the Szego kernel k.

We saw that every reproducing kernel (for some Hilbert space of functions) is a
kernel. But what about the converse? Given a kernel k, does there exist a Hilbert
space of functions such that k is the reproducing kernel for it? This is indeed the
case, as described in Theorem 2.3.7. The approach originated probably with [173],

and our presentation is based on [189, Theorem 4.21].

Theorem 2.3.7. Let X # () and k : X x X — K be a kernel with feature space H
and feature map ® : X — H. Define

H={z— (h,®())y | heH}=imyV,

where ¥ : H — K¥, W(h) = (h, ®(-))3, and for each f € H define

= inf  ||h)n
1/l hegfh(f)” (g
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2. Introduction to reproducing kernel Hilbert spaces

Then (H,| - ||g) is a K-Hilbert space of functions with reproducing kernel k. In
particular, H is an RKHS.

Proof. Step 1 Since V¥ is linear, H is a vector space of functions. Define Hy =
null(¥), then Hy is closed: Let (hy), C Ho with h, — h € H, then for all x € X

(W) (@) = (h, B(@))p = (lim o, B(2)) 5 = Tl @) = Hin(¥(hn)) (@) = O,

where we used the continuity of the scalar product in the third equality and h,, €
null(¥) in the last inequality. We therefore find W(h) = 0 and hence h € H,,
establishing that H is closed. We can now decompose® H = Ho @ Hq with Hy =
Hg, and let us define ¥ = W|y,. By construction, W is injective. It is also surjective.
To show this, let f € H = imy VW, then there exists h = hg &, hy, where h; € H;
for i = 0,1, such that f = W(h) = W(hg + h1) = ¥(hg) + ¥(hy) = ¥(hy), where we
used that ¥(hg) = 0 (since hg € Ho = null(¥)), and ¥(hy) = ¥(hy). This shows
that f is indeed in the image of ¥, and since f was an arbitrary element from H,

we established that ¥ is surjective.

Step 2 We can now show that H is a Hilbert space. Let f € H, then

2 . 2
= inf h
£ 1% heti*l(f) |77

= inf ho + hyl|2
hoe?-llor,lme?-h H 0+ 1||H

f=¥(ho+h1)
= inf  ||holZ + ||h|?
ety [1holl3 + llhall3
ho€Ho
= [ ()13,
This implies that || - ||z is a Hilbert space norm and W is an isometric isomorphism

between H; and H. In particular, for f,g € H we have (f,g)g = (I f, U~ lg)4.

Step 3 Finally, we can establish that H is an RKHS with reproducing kernel k.
Let z € X, then

3Here we need that Ho is closed.
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2.3. Kernels: Feature spaces and the kernel trick

Furthermore, for f € H we have

fla) = (U7, @)y = (U1 F 0 (kG 2))) = (f k(@)

where we used in the second equality that ®(z) = U1 (k(., )) This follows since
k(-,x) = ¥(®(z)) and for all hg € Hy we have <h0, ( N = Y(ho)(x) = 0, ie.,

®(z) L Ho, hence ®(x) € H; and therefore k(-,x) = (<I>(ac)) Altogether, k is a
reproducing kernel for H, implying that H is an RKHS. O

Before moving on, we would like to point out two observations which are probably

well-known, but rarely explicitly stated in the literature.
Remark 2.3.8. Consider the situation and notations of Theorem 2.3.7 and its proof.

1. Forall f € H, there exists exactly one h € H with f = ¥(h) and || f|| g = [|h]|%-
Intuitively, this means that the RKHS induced by a kernel can by identified
with the feature space. Put differently, any feature space of a kernel acts as a
representation of the RKHS induced by the kernel.

To prove this claim, it is enough to observe that ¥ is an isometric isomorphism

between #; and H, and to take the definition ¥ into account.

2. The map WV is an isometry if and only if imy(®) = {®(z) | z € X} is total in
H, i.e., if span{®(z) | z € X}I|'HH — A

To show this, note that by definition ¥ is an isometry if and only if null(¥) =
{0}. Furthermore, for all h € H we have h € null(¥) if and only if ¥(hg)(z) =
(ho, ®(z))3 for all z € X, i.e., if and only if hg € impy®*. But imy (@) is total
if and only if imx (®)+ = {0}.

If £ is a kernel, then there exists by definition a corresponding feature space-feature
map pair (H,®), and Theorem 2.3.7 ensures the existence of an RKHS H such that
k is the reproducing kernel for this RKHS. According to Proposition 2.2.7, this is
then the unique RKHS with reproducing kernel k. Conversely, every reproducing
kernel of an RKHS is a kernel according to Proposition 2.3.5. Let us summarize all
of this.

Theorem 2.3.9. Let X # () be a set and k : X x X — K a function. Then k is a
(K-)kernel if and only if it is the reproducing kernel of a (K-)RKHS, and the latter

is unique for a given kernel.
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2. Introduction to reproducing kernel Hilbert spaces

Let us build some additional intuition on the relation between kernels in the sense
of Definition 2.3.4 and RKHSs. If k is a kernel, then by definition it has a feature
space-feature map pair, and Theorem 2.3.7 constructs an RKHS from this. In other
words, for a kernel we can always use the associated RKHS as a feature space and
the canonical feature map ®j as a feature map. Moreover, the next result (which
appears as part of [189, Theorem 4.21]) shows that the RKHS is a rather special

feature space.

Lemma 2.3.10. Consider the situation of Theorem 2.3.7. For all h € H we have
1@ (h)||g < ||h|lx* Additionally, let Bt and B be the open unit ball of H and H,

respectively, then W(B}) = BI i.e., ¥ is a metric surjection.

Proof. Decompose h € H as h = hg ®1 h1, h; € H; for i =0, 1, then
1O =11 (ho + b))l = W ()l = 19 (ha) |l = [[hall3 < (1Bl

showing that W(B}) C BH. Let BI' be the open unit ball in #;, then we have
B C B and since W is an isometric isomorphism between H; and H we even get
V(B = BH. O

Note that in Theorem 2.3.7 we can use any feature space-feature map pair of a
given kernel. Lemma 2.3.10 then says that the corresponding RKHS is the smallest
possible feature space for the kernel. Intuitively, the map ¥ marginalizes out any

superfluous parts of a given feature space for a kernel.

2.4. Positive semidefiniteness: From matrices to kernels

Let M € K™™ and recall that M is called positive semidefinite if for all v € C™ we
have v*Mwv > 0. Note that this implicitly includes the requirement that v*Mv € R.

A matrix M € K™ can also be interpreted as a bivariate function: Let X =
{1,...,n} and define m : X x X — K by m(i,j) = M;; for all i,j € X. We can
now characterize the positive semidefiniteness of the matrix M using the bivariate
function m. The following result is well-known, but curiously it is rarely stated

explicitly (and proved) in expositions of RKHSs and kernels.

4Since W is linear, this is equivalent to 1-Lipschitz continuity, which is also called nonexpanding.
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Lemma 2.4.1. The matrix M € K™*" is positive semidefinite if and only if for all

NeN, z1,...,zxy € X, and all a1,...,ay € C we have
N
Z Ozio_zjm(acj,a:i) > 0. (2.12)
ij=1

Proof. Assume (2.12) holds and let v € C" be arbitrary. Set N = n and define

x; =i and a; = v; for i = 1,...,n, then we get from (2.12) that
N
v Mv = Z ajoym(xy, x;) > 0,
ij=1

showing that M is positive semidefinite.
Conversely, assume that M is positive semidefinite and let N € N (we can w.l.o.g.
assume that N > 0), x1,...,2ny € X and ay,...,ay € C be arbitrary. For j =
.,ndefine N; =8{k=1,...,N |z =j}and (if N; > 0) for k = 1,..., N; define
€ X such that z. i = J. Furthermore, for j = 1,...,n define v; = Zgil aig) if
N >0 and v; =0 0therw1se We then have

(J)

N n 7, J
Z ozio_ajm(:vj,xi): Z Zza(z)a(ﬂm Jst )
i,j=1 1,0=1k=1/4=1

establishing (2.12). O

Remark 2.4.2. Let M € R™*", then it is well-known that M is positive semidefinite
if and only if M is symmetric (so M;; = Mj; for all 4,j =1,...,n), and that for all
v € R" we have v Mv > 0, cf. [32, Lemma 1.3.4]. We also have a real equivalent
to Lemma 2.4.1: M is positive semidefinite if and only if m is symmetric, (so for all
x,y € X we have m(xz,y) = m(y,x)), and for all N € N, z1,...,2y € X, and all
aq,...,any € R again (2.12) holds.
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Lemma 2.4.1 motivates the following extension of positive semidefiniteness from

n X n matrices to arbitrary bivariate functions.

Definition 2.4.3. Let X # () and k : X x X — K. We call k positive semidefinite

ifforall N € N, x1,...,xny € X, and all aq,...,ay € C we have
N
Z aidjk:(a:j,xi) Z 0. (2.13)
ij=1

We can rephrase Definition 2.4.3 as follows: A bivariate function k is positive
semidefinite if for all choices z1, ..., 2y € & the matrix (k(xj, z;)); j=1,... N is positive

semidefinite.

Remark 2.4.4. 1. Let K = R, then an equivalent variant of Definition 2.4.3 is
as follows: We call k : X x X — R positive semidefinite if k is symmetric, i.e.,

for all z,2' € X we have k(z,2’) = k(2/,x), and the condition in Definition
2.4.3 holds for all aq,...,ay € R.

2. Recall that M € K"*" is called positive definite if for all v € C™\ {0} we have
v*Mv > 0. We can formulate a corresponding variant of Lemma 2.4.1: Define
again X = {1,...,n} and m(4, j) = M,j, then M is positive definite if and only
if for all N € N, pairwise distinct z1,...,zny € X (note that this implies that

N <n)and aq,...,ay € C not all zero we have E%’:l aom(zy, x;) > 0.

3. The preceding item motivates the following definition: Let X # () and k : X’ X
X — K. We call k positive definite if for all N € N, z1,...,zny € X pairwise
distinct, and all aq,...,ay € C not all zero we have Z%’:l aoym(xj, ;) > 0.
Similarly to Definition 2.4.3, this is equivalent to all matrices (k(xj, z;)); j=1,.. .~

being positive definite.

4. If K = R, we have again an equivalent definition of positive definiteness: The
function k : X x X — R is positive definite if and only if k is symmetric, and
forall N € N, x1,...,xny € X pairwise distinct, and all aq,...,ay € R not

all zero we have Zf»?fj:l ajoym(xy, z;) > 0.

5. The terminology in the literature is not uniform: Positive semidefiniteness

in the sense of Definition 2.4.3 is sometimes called positive definiteness (or
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2.5. Native spaces: RKHSs as natural approximation spaces

sometimes of positive type) and positive definiteness is called strict positive

definiteness.

In Section 2.5 we will see another motivation for the concept of a positive semidef-
inite (and positive definite) bivariate function.
Let us now build a connection to the developments of the preceding sections with

the following result, which is folklore.

Proposition 2.4.5. Let X # () be a set and k : X x X — K a kernel in the sense of
Definition 2.3.4. Then k is positive semidefinite in the sense of Definition 2.4.3. In

particular, if k is the reproducing kernel of an RKHS, then it is positive semidefinite.

Proof. Let ‘H be a feature space and ¢ : X — H a feature map for k. Let N € N
(w.lo.g. N>0), z1,...,on € X and aq,...,ay € C, then

N N
Z Oéidjk?(l‘j,$i) = Z Ozi@j<‘1)($i),q)(l'j)>%

,j=1 ,j=1

—<Z (1), 204] x]>

[

H

> 0.

H

The last claim is clear since a reproducing kernel is a kernel according to Proposition
2.3.5. O

The proof of Proposition 2.4.5 reveals that for x1,...,xny € X, the matrix
(k(xj,xi))i; can be interpreted as a Gram matrix. On the one hand, this provides an
intuitive explanation as to why a kernel is positive semidefinite. On the other hand,
it suggests that positive semidefinite functions should be kernels. This is indeed the

case and this result appears naturally in the next section in a different context.

2.5. Native spaces: RKHSs as natural approximation spaces

We now turn to another perspective on RKHSs, which is motivated by the scattered
data approximation literature [217]. Our presentation is inspired by [175, Chapter 3]

and [32, Chapter 1]. An important task in mathematics and numerics is function
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2. Introduction to reproducing kernel Hilbert spaces

interpolation. Let X # () be some set, F C K% a set of functions, and z1,...,zy €
X, N € N, as well as y1,...,yny € K. The goal is to find some f € F such that
f(zy) =y, foralln =1,..., N. Note that ideally we want to use the same F' for all
such problem instances and even get a unique solution f € F. A simple approach is
to take I as a vector space of functions, fix a linearly independent family of functions

(¢n)n spanning F', and for a concrete problem instance use the ansatz

N

Zangi)n(xm) = Ym, m=1,...,N. (2.14)

n=1
Note that the ¢, are independent of the problem data, i.e., they do not depend
on the inputs x,, or interpolated values y,. Due to the Mairhuber-Curtis Theorem
(see [218, Chapter 2] for a thorough discussion), using such a data-independent
approach is in many cases not possible. As a simple remedy, we can make the
functions in the ansatz (2.14) data-dependent. For this, let us replace ¢1, ..., ¢nx by
o(-,x1),...,0(-,xn) for some function ¢ : X x X — K, leading to the new system

of linear equations

N
Z an®(Tm, Tn) = Ym, m=1,..., N, (2.15)
n=1

which can be conveniently written as ®a = y by setting

¢(x1,21) -+ o(x1,7N) aq Y1
¢ = : : a=|: y=|:

d(xn,z1) - dloN,TN) ay YN

The interpolation problem has now been replaced by the problem of solving a simple
linear equation system. From a numerical perspective particularly benign are linear
equations with a positive semidefinite ®. Since we want to use the same ¢ for all
possible interpolation problems (on input set X), this leads to the requirement that
all resulting matrices ® (in this context called interpolation matrices) are positive
semidefinite. But recalling the developments in Section 2.4, we see that this is
equivalent to the function ¢ being positive semidefinite in the sense of Definition

2.4.3. In other words, if we want to use the ansatz (2.15) and end up with a positive
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2.5. Native spaces: RKHSs as natural approximation spaces

semidefinite interpolation matrix ®, we have to use a positive semidefinite function

¢. This provides another motivation for the concepts in Section 2.4.

Remark 2.5.1. Ideally, we want that ® is also invertible so that ansatz (2.15) leads
to the existence of a unique solution. It is clear that for this we need that z1,...,zy
are pairwise distinct. Similarly to the arguments above, this means that we want
some ¢ such that for all pairwise distinct x1,...,xny € X the interpolation matrix
is positive definite. But this is equivalent to ¢ being positive definite in the sense of
Section 2.4. However, since this will not play a role in the general theory of RKHS,

we do not elaborate on it and instead refer to [218], for example, for more details.

Let now k& : X x X — K be a positive semidefinite function (in the sense of
Definition 2.4.3). Using the approach outlined so far in this section, we are working

with the vector space of functions
N
Hy = {Z ank(,xn) | NN, x, € X, ap, € K} = span{k(-,z) |z € X}. (2.16)
n=1

What happens if we want to use Hy to approximate some function by going to the
limit? To use an analogy, step functions on a compact set are dense w.r.t. the
supremum norm in the set of continuous functions, i.e., we can use step functions
to approximate continuous functions arbitrarily well. What is a natural space of
functions that can be approximated well by Hyp? In order to answer this, we need a
suitable topology (to allow limits), and since k is positive semidefinite, it is natural
to look for a scalar product (inducing a topology). What is a reasonable choice?
Since we want to approximate functions, norm convergence should imply pointwise
convergence. But this means that we look for an RKHS H with Hy C H, cf. our
discussion in Section 2.1. From Section 2.2 we know that this RKHS has a unique
reproducing kernel. A natural choice is then to use k as the reproducing kernel.
In particular, we need that for all z,2’ € X we have (k(-,2'),k(,2))ug = k(z,2).
Extending this relation sesquilinearly to all of Hy then essentially gives a scalar

product on Hy. This is formalized in the next well-known result.
Proposition 2.5.2. Define
N M

()0 : Hox Hy = K, (f,g)o = > _ Y aiBjk(y;,z:), (2.17)
i=1j=1
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2. Introduction to reproducing kernel Hilbert spaces

where [ = Zi]il a;k(-,z;) and g = Zjﬂil Bik(-,y;) are two arbitrary representations

of f,g € Hyp. Then (-, -)o is a well-defined scalar product on Hy.

Proof. Let f,g € Hy and choose two representations f = Zz‘]\;1 a;k(-,x;) and g =
Ej]vil ﬁjk(',yj). Then

N M
(fi9)0 = Zzaigjk(y]ﬁxz Zaz (Zﬁ] Liy Yy ) Zazg (z4)

i=1j=1

shows that (f,g)o is independent of the representation of g (since only its function

evaluations are used), and

N

M M N M

(f,9)00 =YD ciBik(yj, zi) = Y B (Z aik(y;, fEi)) = Bif(y;)

1=175=1 i=j i=1 =1

shows that it is also independent of the representation of f, hence (-,-)g is well-
defined. Furthermore, it is clear that (-,-)o is sequilinear (bilinear for K = R).

Next, let f = SN, a;k(-, x;) € Hy be arbitrary, then the positive semidefiniteness

of k shows

N N N
<Z Oéik(-, xi), Z ijk)(', JZJ)> = Z OziO_éjk(:Uj, a:z) Z 0,
j=1 0o Hi=l
establishing the positive semidefiniteness of (-,-)o. We now need to show that (-,-)o
is even positive definite. By the usual argument, (-,-)o fulfills the Cauchy-Schwarz
inequality. Let f = SN, a;k(-,x;) € Hy such that (f, f)o = 0. For all z € X we
then find that

N
160 =[Skt = | St k)
=1
N 0
<> k(@) kG, 2)llo =0,
=1 0

where we used Cauchy-Schwarz in the inequality and ||f|lo = /(f, f)o = 0 in the
last equality. This shows that f = 0 and hence the positive definiteness of (-, )g.
Altogether, (-, )¢ is a well-defined scalar product on Hy. O
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2.5. Native spaces: RKHSs as natural approximation spaces

Before turning to the question of limits in Hjy, we make the following obser-
vation: The definition of (-,-)o implies that for all f € Hp and x € X we have
f(z) = (f,k(-,x))o (this has been used in the proof of Proposition 2.5.2), i.e., k is
a reproducing kernel for the pre Hilbert space Hy. In particular, we have for all
z,x’ € X that k(z,2’) = (k(-,2’),k(-,x))o. This almost shows that k is a kernel,
but we need completeness of the feature space (and Hy is in general not complete,
hence it cannot be used as a feature space here). Let ‘H be a completion of Hy and
let I : Hy — H be the corresponding isometric embedding. We can then define
O : X — H by &(z) = Ik(-,z)] and get

k(xvxl) = <k(-,x’),k(-,x)>0 - <I[k(,$/)],1[k(,w)]>y = <(I)($/), (I)(x»?-b

showing that every positive semidefinite function is a kernel. Combining this with

Proposition 2.4.5 we get the next important result, see e.g. [189, Theorem 4.16].

Theorem 2.5.3. Let X # () be arbitrary and k : X x X — K some function. Then

k is a kernel if and only if it is positive semidefinite.

We know from Theorem 2.3.7 that every kernel is the reproducing kernel of an
RKHS that can be built from any feature space-feature map pair. Applying this to
the completion (H, (-,-)3) just introduced establishes the following central result,

known as the Moore-Aronszajn Theorem.

Theorem 2.5.4. Let X # () and k : X x X — K be some function. Then k is positive
semidefinite if and only if it is the reproducing kernel of a (uniquely determined)
RKHS H.

Since we applied Theorem 2.3.7 to the abstract completion (H, (-, )%), it is not
quite clear at this point how the corresponding RKHS actually looks like. To build
more intuition and add another perspective, let us return to Hy and to the question
of limits of functions in this space. Let (f,)n be a Cauchy sequence in (Hy, || - ||o)-

For x € X and arbitrary n,m € N we have

(@) = fm ()| = [(fr = foms B (5 2))ol < N fn = FmllollkC 2)lo,

showing that (f,(x)), is a Cauchy sequence in K and hence convergent. For each

Cauchy sequence (fy), in (Ho, | - |lo) we can therefore define a function f: X - K
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2. Introduction to reproducing kernel Hilbert spaces

by f(z) = lim, f,(z). Let H be the set of all such functions, then H is a K-vector
space that contains Hy. Next, we need to extend (-,-)¢ to this space. This is done

in the next result, which is from the proof of [32, Theorem 1.3.2].

Lemma 2.5.5. For f,g € H let (fu)n, (gn)n be two Cauchy sequences such that
fu(z) = f(x) and gn(z) — g(x) for all z € X. Then lim,(f,, gn)o exists and is
independent of the choice of (f,)n, (gn)n and

() Hx H—=K, (f,9)m = lim(fn, gn)o (2.18)
defines a scalar product on H. Furthermore, (-,-)g|m,= (-, )o-

Proof. Step 1 For n,m € N we have

’<fnagn>0 - <fmagm>0’ = ‘(fn - fm79n>0 + <fmagn - gm>0‘
< | fn = fmllollgnllo + | fmllollgn — gmllos

where we used the triangle and Cauchy-Schwarz inqualities. Since Cauchy sequences
are bounded, this shows that ((fn,gn)o)n is a Cauchy sequence in K and hence
convergent.

Step 2 We need the following auxiliary result: Let (h,), be a Cauchy sequence
in (Ho,(-,)o) s.t. hp(z) — 0 for all z € X, then ||h,|lo — 0. To see this, let € > 0
be arbitrary, let B > 0 be a bound on ||h,||o (exists since Cauchy sequences are
bounded) and choose N, € N such that ||k, — hy,|lo < 5 for all n > N.. Let

M
hNE = Z Oémk(',l'm)

m=1
be some representation of hy, € Hy. We then get
||hn||3 = (hn, hn)o = (hn — A, hn) + (A, hi)o

M
< ||k = hnllollhnllo + Z amhbn(Tm)

m=1

M
<e+ Z Oémhn(xm)a
m=1
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2.5. Native spaces: RKHSs as natural approximation spaces

where we used Cauchy-Schwarz and the reproducing property of k in the first in-
equality and the choice of N in the second inequality. Since N, is constant and h,,
converges pointwise to 0, we get limsup,, ||h,||3 < €. Since € > 0 was arbitrary, we
find [|2y[lo — 0.

Step 3 Let (fn)n, (Gn)n be another two Cauchy sequences with f,(z) — f(z) and
Gn(z) = g(x) for all z € X. Then (f, — fn)n and (gn — Gn)n are Cauchy sequences

that converge pointwise to 0, hence according to Step 2 also in norm, and

[(fns gn)o — <fn=§/n>0| = |(fn — ]Emgn>0 - <fna§n — gn)ol
< an - fn”OHgn”O + ”.anOHgn - gnHO

shows that limy, (f,, gn)o = limy, (fn, Gn)o. Summarizing, (2.18) is independent of the
chosen Cauchy sequences, hence well-defined.

Step 4 It is clear that (-,-)y is bilinear, Hermitian (symmetric for K = R) and
positive semidefinite (these properties are induced by (-,-)o and the linearity of
the limit). To establish even positive definiteness of (-,-)m, let f € H such that
(f, f)m = 0 and choose any Cauchy sequence (fy,) in (Ho, (-, -)o) with fn(z) = f(x)
for all z € X. By definition of (-,-) we then get lim,, || fullo = || f|lz and

F(@) = lim fu(@) =t {f, k(. 2))o < k() o - im | fullo = 0.

where we used the reproducing property of k£ in Hy in the second inequality. We
therefore find that f = 0, showing that (-, )z is positive definite.
Altogether, (-, -) g is a well-defined scalar product on H and by construction it is

equal to (-, -)g on Hy. O
It turns out that we arrived at an RKHS with kernel k.

Theorem 2.5.6. (H, (-,-)y) is an RKHS with reproducing kernel k¥ and Hy is dense
in H.

The following proof is based on the one of [32, Theorem 1.3.2].

Proof. Step 1 We first need the following result: Let f € H, (f,)n a Cauchy
sequence in (Hy, (-, )o) that converges pointwise to f, then f, converges also w.r.t.
Il ||z to f,ie., || fn—fllg — 0. To see this, let € > 0 be arbitrary and choose N, € N
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2. Introduction to reproducing kernel Hilbert spaces

such that for all n,m > N, we have || f, — fm|lo < €. Observe that (fm, — fn.)m is
a Cauchy sequence in Hp that converges pointwise to f — fn., hence ||f — fn.|lo =
limy, || frn — fn.|lo < €. Since € > 0 was arbitrary, this shows that ||f — fn||z — 0.

Note that this step shows also the density of Hy in H.

Step 2 Let f € H and z € X be arbitrary. Choose a Cauchy sequence (fy), in

Hj that converges pointwise to f, then

Step 3 H is complete: Let (f,), be a Cauchy sequence in (H, (-,-)pg). For each

x € X and n,m € N we have

[fn(@) = fm(@)| = [(fn = frn, kG 2)) 1| < o= Sl G ),

where we have used Step 2 in the first equality. This shows that (fy(z)), is a
Cauchy sequence in K, hence convergent, so we can define the function f € K¥ by
f(z) = lim, f,(x). We have to show that f € H and that f, — f in (H,| | ). For
this, we construct a Cauchy sequence in Hj that converges pointwise to f (showing
by definition of H that f € H) and then use it also to show ||f — f, ||z — 0.

Let (€y)n some sequence with €, > 0 and ¢, — 0. For each n € N let ( S{))m
be a Cauchy sequence in Hy that converges pointwise to f,. According to Step 1,
||h7(ff) — fullg — 0, so we can choose M,, € N such that ||h§\2 — fullg < €, and
then set g, = hg@i We show that (g,)n is a Cauchy sequence in Hy: Let € > 0 be
arbitary. Choose N1 € N such that for all n > N; we have ¢, < 5. Choose N2 € N
such that for all n,m > Na we have || f,, — fm|/z < § (exists since (fy)n is a Cauchy

sequence in H). Then for all n, m > max{Ni, N2} we have

Hgn - gm”O < Hgn - anH + an - meH + Hfm _gmHH

€
§€n+§+€m§€7

establishing that (g,), is a Cauchy sequence. Next, this sequence converges point-
wise to f: Let x € & and € > 0 be arbitrary. Choose N; € N such that |f(z) —
Jn(z)| < § foralln > Ny (recall that f,, converges pointwise to f) and choose No € N
such that for all n > Ny we have e, ||k(-,z)||z < §. Then for all n > max{Ny, Na}
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2.5. Native spaces: RKHSs as natural approximation spaces

we have

[F(@) = gn(@)] < (@) = Fu(@)| + | fo(2) = g ()]
< 5+ Fa = gus K, 0))

€
< = 1= gl o)l < e

Summarizing, (g,)n is a Cauchy sequence in Hj that converges pointwise to f,
showing that f € H. Finally, we use this to show that ||f — f.||[z — 0. Let € > 0
be arbitrary. From Step 1 we get that ||f — gn||g — 0, so we can choose N; € N
such that ||f — gn|lg < €/2. Furthermore, choose Ny € N such that for all n > Ny
we have €, < €/2. We then get for all n > max{Nj, No} that

Hf - anH < ||f *gnHH =+ ”gn - anH <e

Altogether, this establishes completeness of H.
Finally, since H is a Hilbert space with a reproducing kernel, it is an RKHS. [

A very important aspect of the developments in this section is that we constructed
a completion of the pre Hilbert space (of functions) Hy that is again a space of
functions instead of just an abstract Hilbert space. One says that H is a functional

completion of Hy.

Remark 2.5.7. It turns out that Theorem 2.5.6 is a special case of the following
more general result. Let X # () be some set and (Hy, (-, -)o) be a pre Hilbert space

of functions on X. Then the following two statements are equivalent.

1. There exists a Hilbert space (H, (-,-)r) with a reproducing kernel such that
Hy C H (as a sub pre Hilbert space)

2. For all z € X the evaluation functionals 0, : Hy > f — f(z) are continuous
in (Ho, (-, )o), and if a Cauchy sequence (f,,), in Hyp converges pointwise to 0,

then it also converges to 0 in norm.

For a proof see for example [32, Theorem 2].
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2. Introduction to reproducing kernel Hilbert spaces

2.6. Stochastic processes and RKHSs

We now turn to some connections between stochastic processes and RKHSs.

2.6.1. Kernels and covariance functions

In the following, let (€2, A, P) be a probability space in the background. Given some
set X # (), a stochastic process with index set X (or on X) is a collection of random
variables Y = (Y )zex. We call Y a locally square-integrable or second-order process
if Y, is square-integrable for all z € X, i.e., Y, € £2(Q, A,P). In this case, we can

define the mean function
my: X =R, my(z) =E[Y,]
and the (centered) covariance function
ky : X x X =R, ky(z,2') = Cov(Yy,Y,) = E[(Yy — m(z)) (Y — m(z'))]

of the stochastic process Y.
Let z1,...,2ny € /_Yr , then the stochastic process Y induces a random vector
Y = (Yxl e Y, N) with mean vector and covariance matrix (sometimes called

variance matrix) given by

-
E[Y] = (mY(l‘l) mY(SUN))
Cov(Yy,,Yy,) -+ Cov(Yay,Yay) ky(x1,21) - ky(xn,x1)
Var[Y] = : : = : :
Cov(Yay,Ys,) -+ Cov(Yiy,Yay) ky(x1,zn) -+ ky(zn,zN)

As is well-known, a covariance matrix of a random vector is always positive semidef-
inite. But this means that ky is positive semidefinite according to Definition 2.4.3,
so it is a kernel according to Theorem 2.5.3.

Let now m : X — K be any function and k : X x X — K a positive semidefinite
function according to Definition 2.4.3, so a kernel. It is well-known that one can
construct a stochastic process Y with index set X, mean function my = m and

covariance function ky = k. We can summarize all of this as follows.
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2.6. Stochastic processes and RKHSs

Theorem 2.6.1. Let X # () be some set and k : X x X — K a function. k is a
kernel if and only if it is the covariance function of a second-order stochastic process
with index set &X.

This result also justifies why in the context of second-order stochastic processes
the terms covariance function and kernel are used interchangably, in particular, in

machine learning [166].

2.6.2. RKHSs generated by stochastic processes

Let Y = (Ya)zex be a second-order stochastic process. Instead of a collection
of random variables, we can also interpret it as a random function. Formally, the
random variables Y, are (measurable) mappings Y, :  — R, and a realization w € )
of the underlying random experiment (described by (£2,.4,P)) induces a realization
x +— Yz(w) of the random function modeled by the stochastic process Y. We can
interpret Y = {Y, | x € X'} as the set of all "measurement points" of this random
function. In signal processing, statistics and related fields, one often uses a linear
measurement model, in which different "measurement points" are combined in a linear
combination. The resulting linear measurements (or "linear measurement devices")
are given by Ho = span). To work conveniently with the linear measurements
(for example, for approximation arguments), it would be good if this set were closed
under limits (in an appropriate sense). Since Y is a second-order process, we have by
definition ) C £2(Q, A, P), and a fortiori Ho C L£2(2, A, P), so it seems reasonable
to turn Hgy even into a Hilbert space. This is our next goal.

If G is a K-Hilbert space and () # Fy C G a subset, we can turn the latter into
a Hilbert space by setting F = WT.E)H'HQ. While we have Ho C L2(Q, A, P),
the set of square-integrable random variables £2(Q, A, P) is not a Hilbert space.
The reason is that in general if f € £2(Q, A, P), then ||f||z2 = 0 does not imply
f =0, but only f =0 P-a.s. As is well-known, this problem can be circumvented
by going to the quotient space, a procedure we now recall. Let N' = {f : Q —
K | f measurable, f = 0P — a.s.}, and define L?(Q, A,P) = £2(Q, A,P)/N. Note
that the elements of L?(2, A,IP) are not functions, but rather equivalence classes
of functions. For f € £23(Q, A, P), we write [f] for the equivalence class of f, and
by setting ||[f]llz2(0.4p) = | fllz2(0,4,p) We get a well-defined Hilbert space norm on
L?(, A, P).

47



2. Introduction to reproducing kernel Hilbert spaces

We can now derive a Hilbert space from ). Define Hy = span{[Y,] | z € X'}, which
is a subspace of the Hilbert space L?(Q2, A, P), so the closure H = Fo”'HLQ(Q'AvP) is
again a Hilbert space. By identifying Y, with [Y,] for all z € X', we can interpret
H as the set of all linear measurements and their limits (w.r.t. the topology of L?)
of the random function Y. For this reason, the space H is called the Hilbert space

generated by the stochastic process Y.

Let us have a closer look at this space, in particular, its inner product. For
simplicity, consider from now on a mean-zero stochastic process, i.e., my = 0, and
in order to reduce notational overhead, denote the covariance function of Y by k.

Observe now that we have for all z,2’ € X that

(Yol Yo = (Yo, Yo ) p2 = B[V, Y] = Cov(Yy, Vo) = k(z,2') = k(2/, )

so H is almost a feature space, and x — [Y;] is almost a feature map for k, we
only need to get rid of the complex conjugation. Tracing back our construction
shows that we need to introduce a complex conjugation early on, so let us redefine
Y ={Y, | 2 € X} and Hy = span)), as well as Hy = span{[Y,] | # € X} and
H= EHIHLQWVAVE"). With this modification, we now have for all z, 2’ € X that

(V) Vel = (Va, Vo) o = B VoV | = B[V, V] = Cov(Yy, Ya) = k(e 2),

so H is indeed a feature space of the kernel k, and ® : X — H, ®(z) = [Y,] is
a corresponding feature map. Recall from Theorem 2.3.7 that this implies Hy =
imyg¥, where ¥ : H — Hy, V([Y]) = ([Y],®(-))g. This means that f € Hy if and
only if there exists [Y] € H such that for all z € X

f@) = (Y], 0(2))m = (Y], [Val)e = E [YV;] = E[,Y].
The Hilbert space generated by Y therefore allows a rather concrete description of

the RKHS Hj. However, the connection between these two spaces is even stronger.

The canonical feature map ®; represents an input element z € X by the RKHS
function k(-,x). Similarly, the feature map ® represents an input element x by [Y,].
We can therefore embed Y into HY™ by defining Iy : Y — HY', Iy(Y;) = k(-, z).

In turn, this map can be extended to all of Hy.
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Lemma 2.6.2. Setting

(05 - o

for all aq,...,any €K, z1,...,xny € X, leads to a well-defined linear and surjective
map Iy, : Ho — Hy'*. Furthermore, for all Y € Ho we have ||Ip,(Y)||r = [|Y || c2-

Proof. Let aq,...,any € K, x1,...,xny € X be arbitrary and observe that
N 2 N N
Y anY,,| =E <Z aann) (Z aann>
n=1 L2 n=1 n=1

N —
= > 0BV, Y]

',j_l
= z a;a;Cov( Yzj,Yx, Z a;ak(x, x;)
’] 1 ,] 1
N
= Z ai&j<k('7$i)7k(‘7$j)>k
ij=1

:<§ai xli >

2

g ok $n

k

Given Y € Hy and two representations

N M
VS-S AT

we therefore get

N L M L
= Z onYy, — Z B Yz
n=1 m=1

N M
Z ank('axn) - Z ﬁmk( Sclm)
n=1 m=1

=Y =Yl =0,

k L2

which shows that Iy, is well-defined, linear and ||I3,(Y)||x = ||Y||z2 for all Y €
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2. Introduction to reproducing kernel Hilbert spaces

Ho. To show that Iy, is surjective, let f € H.' be arbitrary, and choose any
representation f = >N | a,k(-, z,). Defining Y = SN | ,,Y,, € Ho, we then find
Iy, (Y) = f. [

We now have a correspondence between Hy and H,I;re. We can turn this into a
map between Hy and H}'® by defining Iy, ([Y]) = Ip,(Y), where Y € Hp is an

element from the corresponding equivalence class.

Lemma 2.6.3. Iy, : Hy — H, © is a well-defined, linear and bijective map. Fur-
thermore, ||Ir, (YDl = [|[Y]||lz, for all Y € Ho, i.e., I, is an isometry.

Proof. Let Y1,Ys € Ho with [V1] = [Y2], i.e., Y1 = Y3 P-a.s., which implies ||Y; —
Ys||z2 = 0. We therefore get

1L, ([Y1]) — Lo ([Y2Dllk = 131 (Y1) — T34 (Y1) [k = [[Y1 — Y222 = 0,

which shows that Iy, is well-defined and ||Ig,([Y])|lx = [|Ylz2 = [|[Y]|lz2 for all
Y € Ho. The linearity and surjectivity is inherited from I3, and since Ig, is

isometric and L? is a Hilbert space, the former is also injective. ]

Since Ip, is a linear isometry, it is continuous, and since Hj is by definition dense
in H, we can extend Ip, uniquely to a linear isometry Iy : H — Hj,. In particular,
Iy is injective and for all [Y1], [Y2] € H we have (I ([Y1]), Ia([Y2]))r = ([Y1], [Y2]) &-
Furthermore, for all f € Hj there exists [Y] € H with f = ([Y],®(-))n, which
implies that for all z € X

Ia (YD) (@) = (La (Y], k(,2))k = (L (Y]), I ([Ya]))k

= (Y], [¥alu = (Y], 2(2))n = f (=),

i.e., Ig([Y]) = f. This shows that Iy is also surjective. Altogether, we arrived at
the following result, which is known as Loeve’s representation theorem, and the map

Iy is sometimes called the canonical isomorphism.

Theorem 2.6.4. The Hilbert spaces H generated by the stochastic process Y is
isometrically isomorphic to the RKHS Hj. In particular, for all f € Hj, there exists
[Y] € H such that f(z) = E[YY,] for all z € X.
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2.7. Comments

We can therefore identify the Hilbert generated by a zero-mean second-order
stochastic process with the RKHS corresponding to the covariance function of this
stochastic process. This also means that by considering the space of all linear mea-
surements (and their limits) of such a stochastic process, we arrived again at the
concept of an RKHS.

2.7. Comments

As stated in the beginning of this chapter, no new results or examples are contained
in our presentation, and we heavily relied on existing expositions of RKHSs and
related concepts, in particular, [32], [152], and [189, Chapter 4]. However, we are
not aware of a similar perspective-agnostic introduction to RKHSs. This chapter,
which is based on an early version of the manuscript [CF14], has been conceived and
written by the author of the present thesis, with some editorial input by the first

supervisor S. Trimpe.
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3. Lipschitz and Holder continuity in
RKHSs

RKHSs are functions spaces that are generated by a special bivariate function, their
reproducing kernel, cf. Section 2.2. As is well-known, properties of the functions in
an RKHS and properties of the reproducing kernel of an RKHS are closely connected,
and these connections have been thoroughly investigated, with a good overview pro-
vided in [189, Chapter 4]. This connection is important since an RKHS is generated
by its reproducing kernel, and the latter is user-defined in most applications of
RKHSs. By choosing or constructing an appropriate reproducing kernel, tailored
function spaces can be created, which can then be used in interpolation, approxi-
mation, optimization and related problems.

Particularily relevant for many applications are regularity properties of function
spaces. In the case of RKHSs, continuity and differentiability of functions is fully
determined by the corresponding reproducing kernel, cf. [189, Lemma 4.29, Corol-
lary 4.36]. Furthermore, there is a close connection between certain Sobolev spaces
and RKHSs, cf. [217, 71]. Another important regularity notion, which is in between
mere continuity and differentiability, is Lipschitz continuity, or more generally Hélder
continuity. Recall that if (X, dy) and (), dy) are two metric spaces, and f: X — )
a function, we call f Lipschitz continuous if there exists L € Rxp such that for
all z,2' € X we have dy(f(z), f(z')) < Ldx(x,2’). Each such L € Rx¢ is called
a Lipschitz constant for f, we sometimes we say that f is L-Lipschitz continuous.
Similarly, if there exists a € Ry and L, € R>¢ such that for all z,2’ € X we have
dy(f(z), f(2")) < Lodx(z,2')*, then f is called a-Hélder continuous, and each such
L, is called a Hélder constant for f. In particular, 1-Holder continuity is Lipschitz
continuity.

Lipschitz and Holder continuity are classic notions that appear prominently for

example in the theory of ordinary differential equations [11] and partial differential
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3. Lipschitz and Hoélder continuity in RKHSs

equations [69], respectively. Holder continuity is also frequently used in the theory
of nonparametric statistics [203, 80]. Moreover, there is now a considerable and well-
developed theory of spaces of Lipschitz continuous functions, cf. [56]. In addition,
Lipschitz continuity (and to a lesser extent also Holder continuity) is used as the
foundation of practical algorithms. For example, Lipschitz continuity (and a known
Lipschitz constant) is a core assumption in many global optimization approaches
[161]. Lipschitz continuity also forms the basis for many non-stochastic learning
algorithms, especially in the context of systems identification [139, 44]. Finally,
Lipschitz continuity (and related properties) will also play a role in the latter parts
of the present thesis, in the context of safe learning and reasonable practical prior
knowledge.

All of this forms a strong motivation to investigate Lipschitz and Holder conti-
nuity in RKHSs. In particular, a central question is how (if at all) the Lipschitz or
Holder continuity of the reproducing kernel of an RKHS influences the correspond-
ing continuity properties of RKHS functions. To the best of our knowledge, there is
no systematic investigation into these questions, despite the importance of RKHSs
and Lipschitz and Holder continuity, respectively, and the considerable effort that
went into investigating the connection between kernel properties and RKHS function
properties. That RKHS functions are always Lipschitz continuous w.r.t. the kernel
metric, as reviewed in Section 3.2, is well-known. The more interesting question of
Lipschitz and Holder continuity w.r.t. an arbitrary metric seems to have been barely
covered in the literature, and the only previous work we are aware of that explicitly
addresses this question, is [72]. In this chapter, close this gap in the literature, and
also provide context and background for the Lipschitz-based methods presented in
later chapters.

Apart from minor modifications, this chapter corresponds to the preprint [CF1].

Detailed comments on the author’s contribution are provided in Section 3.6.

3.1. Preliminaries and background

We cover the real and complex case simultaneously, using the symbol K for R or
C. Unless noted otherwise, X will be a non-empty set. Wecall kK : X x X - K
Hermitian if for all z, 2’ € X, we have r(z,2') = r(2’, z). Note that if x is Hermitian,
then k(z,z) € R for all z € X. If K = R, then x is Hermitian if and only if it is
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3.1. Preliminaries and background

symmetric in its two arguments.
Since we state several results for bounded kernels or bounded RKHS functions,

we recall the following characterization of boundedness in RKHSs.

Lemma 3.1.1. Let X # ) be some set and k : X x X — K a kernel on X. The

following statements are equivalent.
1. k is bounded
2. [|k||loo == sup,ex Vk(z,z) < 00
3. There exists a feature space-feature map pair (#, ®) such that ® is bounded
4. For all feature space-feature map pairs (H, ®), ® is bounded
5. All f € Hy are bounded

If any of the statements is true, then for all feature space-feature map pairs (H, @),
we have ||kllco = supgex |®(x)|n, and |f(z)] < ||fllkllk|loo, for all f € Hj and
re k.

Proof. Let (H,®) be any feature space-feature map. For z,2’ € X we have

(2, 2)| = [(@(2), ®(@))u] < |0l @() |30 = \/h(a, ') R, 2),

and the equivalence of the first four items is now clear. The equivalence between
the first and last item is provided by [189, Lemma 4.23].

Finally, since for any feature space-feature map pair (H,®), and all z € X, we
have /k(z,z) = ||®(z)|%, and for all f € Hy we have |f(x)| = [(f,k(:,2))k| <
Il flle/k(z, ), the last assertion follows. O

Finally, we recall the following result on Parseval frames in an RKHS, which
corresponds to [152, Theorem 2.10, Exercise 3.7], and is called Papadakis Theorem
there.

Theorem 3.1.2. Let X # () be a set and k: X x X — K a kernel on X.

1. If (fi)ies is a Parseval frame in Hy, then for all z,2’ € X

k(z,a') =Y fi(z) fil2), (3.1)

i€l
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3. Lipschitz and Hoélder continuity in RKHSs

where the convergence is pointwise.

2. Consider a family of functions (f;)ics, where f; € K¥ for all i € I, such that

k(z,a") =) fi(x) fil') (3.2)

el

for all ,2’ € X, where the convergence is pointwise. Then f; € Hy for all

i € I, and (f;)ics is a Parseval frame in Hy.

3.2. Lipschitz continuity and the kernel metric

Let k be a kernel on X', and (#H, ®) a corresponding feature space-feature map pair,
then

de : X x X = R>g, do(z,2) =|®(x) — ®(2')||n (3.3)

is a semimetric on X. If (H,®) = (Hy, D), we set d = dgp, and call this the
kernel (semi)metric. Note that this holds for any set X', no matter whether it has

additional structure on it or not.

The next result is well-known, but rarely explicitly stated.

Lemma 3.2.1. Let &k : X x X — K be a kernel on X # (). Then for all feature

space-feature map pairs (H, @), we have dg = dy.

When working with dg, this result allows us to work with dg instead, where ® is

any feature map, and vice versa.

Proof. Let (H,®) be a feature space-feature map pair, and x,2’ € X be arbitrary.
We then have

do(,2') = [®(x) — ®(2")|l3 = \/(@(x) — @(2"), () — ("))
= \J(@(2), @) + (D(x), D(2")) + (D(a'), D)) + (D(a'), D(a"))3
= \/k(x,m) + k(z,2") + k(2/, z) + k(2 2)

- \/<k('~’6) —k(,2"), k(2) = k(,2))k = [ @r(z) — Pp(a’)llk = di(x,2"),

establishing the claim. O
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3.2. Lipschitz continuity and the kernel metric

It is therefore natural to investigate Lipschitz continuity of RKHS functions w.r.t.
the kernel metric. We start with the following classic result, which seems to be
folklore.

Proposition 3.2.2. Let X # () be some set, k: X x X — K a kernel on X, and dj,
the corresponding kernel (semi)metric. For all f € Hy, we have that f is Lipschitz

continuous w.r.t. d with Lipschitz constant || f]|.

In other words, RKHS functions are always Lipschitz continuous w.r.t. the kernel
(semi)metric, and their RKHS norm is a Lipschitz constant. This reinforces the
intuition that the RKHS norm is a measure of complexity or smoothness of an
RKHS function w.r.t. a kernel: The smaller the RKHS norm, the smaller the

Lipschitz bound of an RKHS function w.r.t. to the kernel (semi)metric.

Proof. Let f € Hy, then we have
[f(@) = f@)] = [f,k(2) =k 2)kl < [fllellkCs2) — k(s 2) e = | fllkdi(z, 2)

for all z,2" € X. O

The next result seems to be less well-known. Parts of it can be found for example

in [9, Proposition 2.4].
Proposition 3.2.3. Let X # () be some set, and k : X x X — K a kernel on X.

1. The function k(-,x) € Hj is Lipschitz continuous w.r.t. dj with Lipschitz

constant /k(z,x), for all x € X.

2. For all x1, 2, 0,24 € X, |k(x1,22) — k(2), 25)| < B(dg(z1,2)) + di(z2,25))
with

B — min {max {\/k(m, Ta), \/k;(a:’l,a:’l)} , max {\/k(:ln,xl), \/k(x/Qa x'g)}}

If k£ is bounded, then it is Lipschitz continuous w.r.t. the product metric on
X x X with Lipschitz constant ||k||cc-

3. For all z,2' € X,

k(z,2) — k(2',2")] < 2max{y/k(z,2), (e, &) Ydp(z,2).  (3.4)
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3. Lipschitz and Hoélder continuity in RKHSs

If k£ is bounded, then = +— k(z,z) is Lipschitz continuous w.r.t. dj with
Lipschitz constant 2||k||cc-

4. The function = — \/k(z,x) is Lipschitz continuous w.r.t. dy and 1 is a Lips-

chitz constant.

5. If (H, ®) is any feature space-feature map-pair, then @ is Lipschitz continuous

w.r.t. dg with Lipschitz constant 1.

Proof. The first item follows immediately from Proposition 3.2.2 clear since || k(-, z)||x =

VEk(x,x).

To show the second item, let x1,x}, z2, x5 € X, then

k(1. 22) — k(2 2h)] < [[k(er,22) — k() @2)] + k(2 22) — k(2 2)]
— ka1, 22) — k(2 22)] + [k(az, a4) — k(ah, )]

S \/k(xg,xg)dk(xl,xll) + \/k(x’l,x’l)dk(xg,x’z)

< max {\/k(xg,xg), \//f(ac’l,:c'l)} (di(x1,2)) + di(x2,25)).

Repeating this computation with x1, 2% instead of x9, 2} establishes the claim.

The next item is now an immediate consequence.

For the second to last item, let x, 2" € X, then the converse triangle inequality (in
Hj,) leads to

I\/k‘(iﬂvﬁﬂ) - \/k(x’ax’)l = Ik @)k = k(s 2) el < IBC,2) = k(2] = di(, 27),

so « +— /k(z,x) is indeed 1-Lipschitz w.r.t. dj.

The last item is clear. O

3.3. Lipschitz and Holder continuity on metric spaces

As we recalled in the preceding section, RKHS functions are always Lipschitz contin-
uous w.r.t. the kernel (semi)metric. However, this metric is in general independent
of any additional structure on the input set. In particular, if the input set is already
a metric space, then this structure is essentially ignored by the kernel (semi)metric.

In many applications, we are given a metric space as input set, and we would like to
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3.3. Lipschitz and Hélder continuity on metric spaces

have Lipschitz or Hoélder continuity of RKHS functions w.r.t. to the existing metric

on the input space. We will now investigate this question in depth.

3.3.1. Preliminaries

Since kernels are special bivariate functions, we present some preliminary material
on Holder and Lipschitz continuity of general functions of two variables. Everything
in this subsection is elementary and probably known, but we could not locate explicit
references, hence we provide all the details.

Let (X,dx) be a metric space and k : X x X — K some function.

Lemma 3.3.1. Assume that there exist a constant a € R+, some function L, :
X — Rso, and for all x € X a set U, C X with x € U,, such that for all

x1, 2}, 2, xh € X we have
|K(21, 22) — k(2] 25)| < La(@)(dx (21, 27)" + da (22, 25)). (3.5)
1. For all 5 € X and all 21,2} € U,,, we have that

|k(x1, 22) — k(2] 22)| < Lo(z)dy (21, 2))". (3.6)

2. Assume furthermore that s is Hermitian. We then have for all x € X and
' € U, with z € U,/ that

|5(z) = 5(2)] < (La(2) + La(2"))dx (z, 2)%, (3.7)
where we defined k(z) := k(z, z).

Proof. The first claim is trivial. For the second, let x € X and z’ € U, be arbitrary,

then we have

|5(z) — k()| = |r(z, 2) - K2’ 2)]

|
|k

< (La(@) + La(2))dx (2, 27)%,

IN
X

) — k(2 2)| + |k(2', ) — k(2 2))|

8

(
(x7
(

r, 1) — k(2 2)| + |k(x,2") — k(2 2")|
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3. Lipschitz and Hoélder continuity in RKHSs

where we used |k(2/,x) — k(2/,2")| = |k(z,2") — k(2 2")| = |k(z,2") — (2, 2')| in

the second equality. O

Lemma 3.3.2. Assume that there exist a constant a € R+, some function L, :
X — R>p, and for all x € X a set U, C X with « € Uy, such that for all z1,2] € X
we have

|k(z1,2) — k(2],2)] < Lo(x)dy (21, 27)" (3.8)

If x is Hermitian, then we have for all z1,2],z9,2), € X with z1,2] € U,, and
9,75 € Uy that

k(w1 22) — (@, 25)| < La(x2)dy (w1, 27)" + Loz )dx (2, 15)°. (3.9)

Proof. Let z1, 2}, x9, x5 € X such that z1,2) € Uy, and xq, 24 € Uy, then we get

(21, 22) — K2}, 25)| < |K(21, 22) — K(2], 22)| + [K(2), 22) — (2, @
/
1

/ /
1, %2
= |k(x1,22) — K(2], 22)| + |K(22, 7)) — K(2h, z))]
= |k(@1, 22) — K2, 22)| + [k(22, 21) — K(2h, 2

< La(w2)dx (w1, 1) + La(2))dx (22, 25)".

X

O]

We now consider the special case of Lipschitz continuity, corresponding to oo = 1

in the preceding results.

Definition 3.3.3. We call k Lipschitz continuous in the first argument with Lips-
chitz constant L € R>q, or L-Lipschitz continuous in the first argument, if for all

x1, 2}, 9 € X we have
|k(x1,22) — k(2] 22)| < Ldx (21, 2]). (3.10)

Similarly, we define L-Lipschitz-continuity in the second argument. Finally, we call
k separately L-Lipschitz continuous if it is L-Lipschitz continuous in the first and

the second coordinate.

Proposition 3.3.4. Let x be Hermitian, then the following statements are equiva-

lent.
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3.3. Lipschitz and Hélder continuity on metric spaces

1. k is L-Lipschitz continuous (w.r.t. the product metric on X x X)
2. Kk is L-Lipschitz continuous in the first argument

3. k is L-Lipschitz continuous in the second argument

4. k is separately L-Lipschitz continuous

Proof. By definition, if x is separately L-Lipschitz continuous, it is L-Lipschitz con-
tinuous in the first and second argument. Since x is Hermitian, the equivalence
of items 2 and 3 are clear, so any one these two items implies the fourth item.
Lemma 3.3.1 shows that item 1 implies item 4. Finally, Lemma 3.3.2 shows that

item 2 implies item 1. O

Since kernels are always Hermitian, Proposition 3.3.4 immediately leads to the

following result.

Corollary 3.3.5. Let k : X x X — K be a kernel, and L € R>g. k is L-Lipschitz

continuous if and only if it is separately L-Lipschitz continuous.

Why is Corollary 3.3.5 interesting? Let X be a topological space and k a kernel
on X. It is well-known that & is continuous if and only if it is separately continuous,
ie., k(-,x) is continuous for all z € X, and = — k(z,z) is continuous, cf. [189,
Lemma 4.29]. In particular, separate continuity of k is not enough for k to be
continuous. For example, there exists a kernel on X = [—1, 1] that is bounded and
separately continuous, but not continuous, cf. [118]. Corollary 3.3.5 asserts that
in contrast to continuity, Lipschitz continuity is equivalent to separate Lipschitz

continuity for kernels.

3.3.2. RKHS functions of Holder-continuous kernels

We now investigate how Hoélder continuity of the kernel induces Holder continuity
of RKHS functions. We start with the following very general result, which covers
essentially all potentially relevant forms of Lipschitz and Hoélder continuity. It is a

generalization of [72, Proposition 5.2].

Theorem 3.3.6. Let (X,dy) be a metric space and k : X x X — K a kernel. Let

o € Ry and assume that there exist a function L, : X — R>o and for each z € X
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3. Lipschitz and Hoélder continuity in RKHSs

a set U, C X with z € Uy, such that for all zq, 2} € U, we have
k(21,2) = k(@h,2)| < La(@)da(a1, 7). (3.11)

1. Let (H,®) be an arbitrary feature space-feature map-pair for k. For all z, 2’ €
X with 2/ € U, we have

1@ () — (a")||l3 < \/2La(x)dx(z,2')%. (3.12)

2. For all f € H, and z,2’ € X with 2’ € U, we have

/(@) = f(2")] < \/2La(@)| flIrdx (2, 2') % (3.13)

Proof. Let x,2’ € X with 2’ € U, be arbitrary. If (H, ®) is a feature space-feature

map-pair for k, then we get

[®(z) — @(2")|% = do(z,2") = dy(z,2")
= \/k(z,2) + k(' 2) — k(z,2') — k(2',2)
< \/Ik(z,2) — k(@' 2)| + [k(z,2) — k(z',2')]
< \/ZL x)dy(z, 2",

where we used in the last inequality that 2’ € U,.

Let now f € Hy, then we have

[f(@) = f@)] < N FllkllkCyz) = kG2l
< \2La(@)]| flled (2, 2') 2,
where we used that (Hy, ) is a feature space-feature map-pair for k. O
For convenience, we record the following special case.

Corollary 3.3.7. Let (X,dy) be a metric space and k : X x X — K a kernel that

is separately L-Lipschitz continuous, then for every f € Hy and z,2’ € X we have

|f(x) = f(a)| < V2L\/dx(z,2). (3.14)
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Remark 3.3.8. Consider the situation of Theorem 3.3.6.

1. f « € (0,1), § € Rsg, Uy = Bs(z) and L, = Ly, for some Ly € R>q, then we

recover [72, Proposition 5.2].

2. Ifa e (0,1), Uy = X for all z € X, L, = Ly, for some Ly € R>q, then we get
that for f € Hj and z,2’ € X that

1f(x) — f(2')] < V2L fllrdx(z,2')2

We can describe this as "A separately a-Holder continuous kernel leads to
RKHS functions that are o/2-Holder continuous".

3.3.3. Converse results

In Section 3.2 we saw that every RKHS function f € Hj is Lipschitz continuous
w.r.t. dj with Lipschitz constant | f||z. Furthermore, in Section 3.3 results were
presented that ensure that RKHS functions are Holder continuous w.r.t. a given
metric on the input set, if the kernel fulfills a certain continuity condition. But
what about the converse? Assume we have a Hilbert function space H such that
all f € H are Lipschitz continuous (or Holder continous) w.r.t. a given metric and
Lipschitz (or Holder) constant || f||z. What can we say about H? And if H is an
RKHS, what can we say about the kernel? To the best of our knowledge, these
questions have not been addressed so far.

In this subsection, let (X, dy) be a metric space and H C K% a Hilbert space of

functions.

Assumption 3.3.9. There exists o € R such that all f € H are a-Ho6lder con-

tinuous with Holder constant || f| q.

Proposition 3.3.10. Suppose Assumption 3.3.9 holds, and that H is an RKHS.
Furthermore, let k£ be the uniquely determined kernel with Hp = H.

1. For all x € X, k(-,x) € H is a-Holder continuous with Hoélder constant
k(z,x). If k is bounded, then k(-,z) is a-Holder continuous with Hoélder

constant | k||, for all z € X.
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3. Lipschitz and Hoélder continuity in RKHSs

2. For all z1, 2], x9, 25 € X, |k(z1,x2) —k(2),25)| < B(dx(x1,2})*+dx(x2, 25)%)
with

B = min {max{\/k(xg,a:Q), VE@L o)y max{y/ k(e 21), \k(ah, 25)}, }
If k is bounded, then
k(w1 @2) — k(2 25)| < [klloo(dr (21, 7)) + du(wa,2p)®)  (3.15)

/ /
for all z1, 2], x9, 25 € X.

3. For all 2,2/ € X,

IS

dy(z, ) < \/\/k:(x,x) + k(' 2")d(z,2) 5. (3.16)

If k£ is bounded, then

di(z, ") < \/2||k]|ocd(x, 2') 2. (3.17)

4. If (H,®) is any feature space-feature map-pair, and k is bounded, then @ is
S-Holder continuous with Hélder constant /2||k||oo-

Proof. The first claim follows immediately from Assumption 3.3.9 and the fact that
lk(-, 2) ||k = VE(x,z) for all z € X, and the definition of ||k||cc-

Let x1, 2], x2, 25 € X be arbitrary. Using Lemma 3.3.2 leads to

k@1, 22) — (2}, 25)] < \Jk(z2, 22)dx (21, 21) + \ k(2] 2] )dx (22, 25)
< max {\/k:(xz, x2), \/k(xll,a:’l)} ,

and repeating this computing with zy, 2/, instead of x4, ) establishes the second
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3.3. Lipschitz and Hélder continuity on metric spaces

assertion. Additionally,

di(z,2) = \/k(a:,:c) —k(z,2") — k(2',x) + k(2/, ")
< Ik(z,2) — k(a!,2)| + [k(z,2) — k(' o)

< \/\/k(x,a:) + \/k(x’,:v’)dx(as,:v’)a,

showing the third claim. This also establishes the last assertion, since for any feature
space-feature map pair (#, ®) and all z, 2’ € X we have ||®(z) —®(2')||y = di(z,2’).
O

Corollary 3.3.11. Assume that all f € H are Lipschitz continuous with Lipschitz
constant || f||z, that H is an RKHS, and that the uniquely determined kernel k£ with
Hj, = H is bounded. Then k is Lipschitz continuous with Lipschitz constant ||k||sc-

The following result provides a simple condition for H to be an RKHS, if H fulfills
Assumption 3.3.9.

Proposition 3.3.12. Suppose Assumption 3.3.9 holds, and that there exists zg € X
such that f(xg) = 0 for all f € H. In this case, H is an RKHS. Furthermore,
VE(z, ) < dx(x,z0) for all z € X, where k is the uniquely determined reproducing
kernel of H.

Proof. Let x € X and consider the corresponding evaluation functional 6, : H — K|
0zf = f(z). We then have for all f € X that

02 f] = [f (@) = [f(z) = f(z0)| < If | rdx (2, x0),

which shows that ¢, is continuous, and ||d;|| < dx(z,z¢). Therefore, H is an RKHS.

Let k be its uniquely determined reproducing kernel, then

V@, w) = [k o) |z = (16 < d(z, zo),

since k(-, z) is the uniquely determined Riesz representer of d, in H. ]

Combining Proposition 3.3.12 with Lemma 3.1.1 leads to the following result.
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3. Lipschitz and Hoélder continuity in RKHSs

Corollary 3.3.13. Assume that all f € H are bounded and Lipschitz continuous
with Lispchitz constant || f||gz. Then H is an RKHS with a bounded and Lipschitz

continuous kernel k having Lipschitz constant ||k||cc-
In RKHSs, Assumption 3.3.9 can be relaxed.

Lemma 3.3.14. Let k£ : X x X — K be a kernel and H;, its RKHS. Let D C H;,
be dense, and assume that there exists a € Ry such that all f € D are a-Hoélder
continuous w.r.t. dy with Holder bound || f||x. Then all f € Hj are a-Holder

continuous with Holder bound || f||.

Proof. Let f € Hy and x,2’ € X be arbitrary. Since D is dense in Hy, there exists
(fa)neny € D such that f, — f (in Hy). We then have

(@) = F@)] = [ kC2) = kCa )l = [l fo, k(@) — k(@)
= lim |<fn,k‘(,33) - k(ax/)>k| = nh—>Holo |fn(x) - fn(x/)|

n—oo

< lim | fulled(z,2) = | fllsd(z, 2')"
]

Finally, under an additional assumption on dy, Assumption 3.3.9 implies the
existence of an RKHS on H. The construction is classical, cf. [17, Chapter I], but
has not been used in this context before.

Suppose that Assumption 3.3.9 holds and that dy is a Hilbertian metric, i.e.,
there exists a K-Hilbert space H and a map ® : X — H, such that dy(z,2') =
[@(x) — @(a)]|5-

Define Ho = {®(z) |z € X} CH, and for f € H set £y : Ho — K by £;(®(z)) =
f(z).

Lemma 3.3.15. For all f € H, {; as above is a well-defined, linear and continuous

map.

Proof. Let f € H be arbitrary. In order to show that ¢; is well-defined, let x, 2’ X
such that ®(z) = ®(2'). We then have

[0p(@(2) Ly (2(2))] = |f (@)= f(2)] < [Iflmd (2, 2)* = || f]| ]| @(2) =D (2)) |3 = O,
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3.4. Lipschitz and Hélder continuity inducing kernels

so Lr(®(z)) = £;(P(2')), and ¢¢ is indeed well-defined. Linearity and continuity are

now clear. n

Given f € H, we can now extend / linearly to [f : spanHg — K, and the resulting
map is still well-defined, linear and continuous. Define now Hy = SpaT’HoH'”H, then
by construction Hg is dense in Hy. This means that for all f € H, there exists a
unique linear and continuous extension ¢y : Hy — K of [f. Note that this means
that for all f € H, {; € H’y (the topological dual of Hy). Since Hy is itself a
Hilbert space (because it is a closed subset of a Hilbert space), for each f € H, there
exists a unique Riesz representer R({y) € Hy. Define for all fi, fo € H

k(flan) = <R(ef2)7R(€f1)>'HX7 (3'18>

then £ is a kernel on H with feature space Hy and feature map H > f — R({y) €
Hx. The corresponding RKHS of £ is given by

Hk:{fofh‘ hGH)(}, (319)

cf. [189, Theorem 6.21].

3.4. Lipschitz and Holder continuity inducing kernels

Essentially, the results in Section 3.3 ensure that RKHS functions of a-Hélder contin-
uous kernels are a/2-Holder continuous. In particular, these results do not guarantee
that RKHS functions of Lipschitz continuous kernels are themselves Lipschitz con-
tinuous. However, for many applications the regularity properties (here Lipschitz
and Holder continuity) of RKHS functions matter most, and a kernel should be cho-
sen that enforces the desired regularity properties for the induced RKHS functions.
This motivates the investigation of kernels that induce prescribed Holder continuity
of its RKHS functions.

3.4.1. Series expansions

We start by characterizing all kernels on a given metric space that have RKHS
functions with prescribed Holder continuity. To the best of our knowledge, this

result is new.
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3. Lipschitz and Hoélder continuity in RKHSs

Theorem 3.4.1. Let (X,dy) be a metric space, k a kernel on X, and a € Rsy.

The following statements are equivalent.

1. There exists C € Rs( such that all f € Hyp are a-Holder continuous with
Holder constant C|| f||x.

2. There exists a Parseval frame (f;);c;r in Hy, such that for all i € I, f; is

a-Holder continuous with Hoélder constant L; € R>q, and sup;c; L; < 00.

3. There exists a family of functions (f;)ier, fi : X — K, such that for all i € I,
fi is a-Hoélder continuous with Hoélder constant L; € R>q, and sup;c; L; < 00,
and for all z,2’ € X

k(z,2') =) fil2) fila'), (3.20)

el

where the convergence is pointwise.

Proof. 2 = 1 Let (f;)icsr be a Parseval frame in Hy, such that for all i € I, f;
is a-Hoélder continuous with Holder constant L; € R, and sup;c; L; < co. Let
f € H, and z,2’ € X be arbitrary, then we have

[f(@) = f@) = D fdrfi(@) =D F frfi@)| = D faor(fi(z) — fi(a))

icl il iel

<YW el filz) = fila)]
iel

<D NS fidkl Lid (2, 2')*
iel

< (ZKf, fi>k> (SUII)Li> dx(z,a")"

icl =

< IS Skl (supLi> dx(z,2')* = || fllk (SUPLi> dx(z,2")".
icl i€l el

In the first equality we used that (f;);er is a Parseval frame, and that norm conver-
gence (in Hy) implies pointwise convergence. For the first inequality, we used the

triangle inequality, and for the second inequality we used the assumption that f; is
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3.4. Lipschitz and Hélder continuity inducing kernels

a-Holder continuous with Holder constant L;. In the last inequality, we used

SOUL ikl = 1 fadwdietlleyry < NFs fidr)ietllear = ‘/Z I(fs fidel?.
el iel

2 = 1 Let (e;);cr be an ONB of Hy, so ||e;||x = 1 for all i € I. By assumption, all
e; are a-Holder continuous with Hoélder constant 1, and since an ONB is a Parseval
frame, the claim follows.

2 = 8 This implication follows immediately from Theorem 3.1.2.

3 = 2 Let (fi)icr be a family of function as given in the third item. By Theo-
rem 3.1.2, f; € Hy, for all i € I, and (f;);cs forms a Parseval frame, so this family of

functions fulfills the conditions in the second item. O

Since orthonormal bases (ONBs) are Parseval frames, we get immediately the

following result.

Corollary 3.4.2. Let (X,dy) be a metric space, k a kernel on X, and o € Rx.

The following statements are equivalent.
1. All f € Hy, are a-Hélder continuous with Holder constant || f||x.

2. There exists an ONB (e;);er in Hy such that for all ¢ € I, e; is a-Holder

continuous with Holder constant 1.

3. For all ONB (e;);er in Hg, and all i € I, e; is a-Holder continuous with Holder

constant 1.

4. For all z,2’ € X,
k(z,2") = Zei(x)ei(m’), (3.21)

i€l
where the convergence is pointwise, and (e;);cr is an ONB (e;);er in Hy such

that for all ¢ € I, e; is a-Hoélder-continuous with Hoélder constant 1.

3.4.2. Ranges of integral operators

It is well-known that there is a close connection between the theory of RKHSs and
integral operators. For example, for RKHSs defined on measure spaces and under

suitable technical assumptions, Mercer’s theorem allows a spectral decomposition of
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3. Lipschitz and Hoélder continuity in RKHSs

the reproducing kernel, and an explicit description of the RKHS in terms of eigen-
functions of a related integral operator. For details, we refer to [189, Section 4.5].
Moreover, integral operators defined using the reproducing kernel of an RKHS can
have ranges contained in the RKHS under suitable assumptions, cf. [189, Theo-
rem 6.26]. This motivates the study of Holder continuity properties for functions in

the image set of integral operators.

A general result Before embarking on this task, we present a result for rather

general integral maps. It is essentially a direct generalization of [72, Theorem 5.1].

Proposition 3.4.3. Let (), A, 1) be a measure space, (X,dy) a metric space,
1 < pg < oowithl/p+1/g =1, and k : X x Y — K a function such that
the following holds.

1. For all z € X, the function k(z,-) is measurable.
2. For all g € L9(Y, A, u,K) and all € X, k(z,-) - g € LY (Y, A, 1, K).

3. There exists @ € R, Lo € LP(Y, A, 1, R>0), such that for y-almost all y € V,

the function k(-,y) is a-Holder continuous with Holder constant L (y).

In this case,
St LIV, A i K) = K*, (Spg)(x) = /y K, 9)g@)duy)  (3.22)

is a well-defined linear mapping, and for all g € LY(), A, i, K), the function f = Skg

is a-Holder continuous with Holder constant || La | cr||lg|za-

Proof. Since for all g € Li(Y, A, 1, K) and all z € X the function k(z,-)g €
LY(Y, A, 1,K), the mapping S}, is well-defined. The linearity is now clear.
Let g € LYY, A, 1, K), define f = Sig, and let z,2’ € X’ be arbitrary, then

|f(x) = f(a')] = ‘/y(k(x,y) - k(x’,y))g(y)du(y)’ < /y |k(z,y) — k(@' y)|lg(y)|du(y)

= / LaW)lg(W)ldp(y)dx (2, 2") < ||Lallcrllgll Loda (2, 27),
Y

so f is indeed a-Holder continuous with Holder constant ||Lq|| 27|l gl La- O
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3.4. Lipschitz and Hélder continuity inducing kernels

Example To illustrate Proposition 3.4.3, we consider the rather general class of
integral operators described in [216, Abschnitt 6.3]. Let (X, Ay, u) and (Y, Ay, v)
be measure spaces, 1 < p,q < oo with 1/p+1/¢g = 1, and &k : X x )Y — K
be measurable. Assume that for all g € LYY, Ay,v) and p-almost all x € X,
k(z,-)g € L'(¥, Ay,v), and that by defining (u-almost all) z € X

(Teg)(z) = /y k(, y)g(y)dv(y) (3.23)

we get Tr.g € LP(X, Ay, ). Under these conditions, Ty : LYY, Ay,v) — LP(X, Ax, 1)
is a well-defined, linear and bounded operator.

Assume furthermore that (X, dy) is a metric space, and that there exists a € R
and Lo € LP(Y, A, 1, R>0), such that for u-almost all y € ), the function k(-,y) is
a-Holder continuous with Holder constant Ly (y). Let g € LY(Y, Ay, v), then there
exists a p-nullset Ny such that (setting for brevity Xy = X\ N) f : &; — K,
f(z) = (Trg)(x) is well-defined. Proposition 3.4.3 now ensures that f is a-Holder
continuous with Holder constant ||La| zr||gllze, though f is only defined on the
restricted metric space (X, dx|x,xx,)-

In particular, each element! of the image set of T}, contains a p-almost everywhere
defined function that is a-Hoélder continuous.

We can strengthen this result. Let Ay be the Borel g-algebra on X', and assume
that p(U) > 0 for all open nonempty U C X. In this case, & is dense in X,
since otherwise N, contains a nonempty open set U, and hence pu(Ny) > pu(U) > 0,
a contradiction to the fact that N, is a p-nullset. Since f is defined on a dense
subsetset of X, and it is continuous (since it is a-Hélder continuous on X)), there
exists a unique extension f : X — K that is also a-Hoélder continuous. Defining
Tyg := f, we thus arrived at a linear operator from L9(), Ay, v) into L(X, Ax, 1)

with its range space consisting of a-Hélder continuous functions.

Integral operators into RKHSs Let us return to the setting of RKHSs. If an RKHS
is defined on a measure space, and the kernel fulfills an integrability condition, then
the RKHS consists of integrable functions, and the kernel allows the definition of a
related integral operator with range contained in the RKHS. The next result provides

a sufficient condition for Holder continuity of RKHS functions in the range of this

'Recall that this is an equivalence class of functions on X.
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3. Lipschitz and Hoélder continuity in RKHSs

integral operator.

Proposition 3.4.4. Let (X,dy) be a metric space, (X, A, 1) a o-finite measure
space,? 1 < p,q < oo with 1/p+1/¢ =1, and k: X x X — K a measurable kernel
such that Hy is separable and

Illr = ( [ (b ) Eduta) )" < oo (3.24)

Assume that there exist o € R, Lo € LP(X, A, 1, R>¢) such that for p-almost all
x € X the function k(-,z) is a-Ho6lder continuous with Holder constant L, (x).

Under these conditions,
Sk LYX, A, pu, K) — Hy, (Skg)(z) = / k(z,2")g(z")dpu(x") (3.25)
X

is a well-defined, bounded linear operator, and for all g € LI(X, A, u, K), the function
f = Skg € Hy, is a-Holder continuous with Holder constant || Lq||zr||g||za-

Finally, all functions in Hj, are p-integrable,® and if the inclusion id : H, —
LP(X, A, 1, K) is injective, then the image of Sy is dense in Hy.

Proof. That Sy is well-defined, linear and bounded, follows from [189, Theorem 6.26].
The statement on the Hdélder continuity of the functions in the images of St is a
direct consequence of Proposition 3.4.3. The last claim follows again from [189,
Theorem 6.26]. O

3.4.3. Feature mixture kernels

Theorem 3.4.1 characterizes Holder continuity inducing kernels via series expansion.
However, these might be difficult to work with, so an alternative description of such
kernels can be useful. The next result presents a very general construction which
is based on a mixture of feature maps. It vastly generalizes a method apparently
introduced in [220].

Theorem 3.4.5. Let (€2, A) be a measurable space, i a finite nonnegative measure

on (2,A4), (X,dx) a metric space, and H a K-Hilbert space. Furthermore, let

2 A can, but does not have to be the Borel o-algebra on the metric space X.
3This means that for all f € Hy, fx |f(z)Pdp(z) < oo.
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3.4. Lipschitz and Hélder continuity inducing kernels

®(x,-) € L2(Q, A, u,H) for all z € X. Finally, assume that there exist o, Ly € R
such that for py-almost all w € Q, ®(-,w) is a-Holder continuous with Holder constant
Le. Then

k(7)) = /Q (@2, w), B(x, ) )pdp(w) (3.26)

is a well-defined kernel on X, and all f € Hj are a-Holder continuous with Hoélder

constant Lg /()] £k

Proof. First, we show that k is well-defined. Let z,2’ € X, then || ®(z, -)||%, || ®(2, ) ||x

are square-integrable, so we get

[ 1@ ), #(@)uldute / 1) a2, ) e )

< ([ 19 Betute)” ([ 106 ln) <o

where we used Cauchy-Schwarz first in #, then in £2. Next, we show that k is kernel
by verifying that it is positive semidefinite. Let x1,..., 2y € X and c1,...,cy € C
be arbitrary, then

Zczc] (x5, 2;) /Zczc] (zj,w), P(zi,w))ydu(w)

3,j=1 3,j=1

N
:/Q<Z:c,»<1>(xz, Z_: 1P (x5, > dp(w)

H

dp(w) > 0,

2

D(x;,w)

H

so k is indeed positive semidefinite. Finally, let f € Hy and z,2’ € X be arbitrary,
then |f(x) — f(2")| < || fllxdk(z,2"). Observe now that

dp(z,2")? = k(z, ) + k(z,2') + k(2/, z) + k(z', 2)
= /Q<(I)(x7w)’q)($’w)>7{ + <(I>(x’w)7q)(x,7w)>7{
+ <(I)('T/7w)7 (I)(.CI}, w)>7—l + <(I)(x,a w)v ‘D(l‘,»w)ﬁdu(w)

= | (@(a,0) - 0" w), D(a,w) — B, udi(),
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hence

di(,a')? = [ [9(@,) = e/, ) ()

< [ Bidu(o.o)du() = Lip(@)dx (o, o'),
Q
so we get

(@) = f@)] < [ flledn(z,2") < Loy ()|l rda (2, 2').
O

If the nonnegative measure in the preceding result is a probability measure, we

get the following result as a special case.

Corollary 3.4.6. Let (X, dx) be a metric space, H a K-Hilbert space, and (®(x))zex
a family of square-integrable ®-valued random variables. Assume that there exist
a, Ly € Ry such that @ is almost surely a-Holder continuous with Holder constant
Lg. Then

b, a') = E[(®(a'), B(2)) (3.27)

is a well-defined kernel on X', and all f € Hj are a-Holder continuous with Holder

constant Lg|| f]|-

The importance of this result is the fact that the kernel k described there is a
random feature kernel in the sense of [164]. In particular, in practice k(x,z’) can be
approximated by sampling from the random variables ®(x), ®(z').

Finally, we can formulate another special case, which recovers the approach from
[220].

Proposition 3.4.7. Let (X, dy) be a metric space, P a Borel probability measure
on X, ¢ : R>¢p — K an a-Hoélder-continuous function with Holder-constant L, and
define ¢ : X x X = K by ¢(z, 2) = (dx(z,2)). If ¢(z,-) € L2(X, P) for all x € X,
then

Kz, ) = /X 8(z', 2)b(w, 2)dP(2) (3.28)

is a well-defined kernel on X, and all f € Hj, are a-Hdlder continuous with Holder

constant L || f||-
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Proof. We show that for all z € X, the function ¢(-, z) is a-Holder continuous with
Hélder constant L. For this, let z,2’ € X be arbitrary, then

[p(x,2) — ¢(2', 2)| = |p(da(z, 2)) — p(dx (2’ 2))]
< Lyldx (2, 2)* — dx (2, 2)%| < Lydx(z,2)%,

where we used the inverse triangle inequality for the metric (z,2') — dy(z,2')*
in the last step. The result follows now from Theorem 3.4.5 by choosing 2 = X,
pw=P,H=K, and ® = ¢, and the fact that P(X) = 1. O

3.5. Discussion

We presented a comprehensive discussion of Lipschitz and Hoélder continuity of
RKHS functions. Starting with the well-known Lipschitz continuity w.r.t. the kernel
(semi)metric, we then investigated Holder-continuity w.r.t. a given metric, including
converse results, i.e., consequences of Holder continuity in function spaces related
to RKHSs. Finally, we provided characterizations as well as sufficient conditions for
kernels inducing prescribed Lipschitz and Holder continuity of their RKHS functions
w.r.t. a given metric, an important aspect for applications.

The results presented here can be used to construct tailored kernels ensuring
Lipschitz or Holder continuous RKHS functions, or to check that existing kernels
have such RKHS functions. Furthermore, because the results are quantitative, they
can be used in numerical methods.

Finally, we would like to point out three interesting questions for future work.

First, the Lipschitz and Holder continuity in RKHS that we have been concerned
with here, are of a strong uniform nature, since the corresponding Lipschitz or Holder
constants are proportional to the RKHS function of the respective function, cf. the
developments in Section 3.3. It would be interesting to investigate whether there
exist kernels that enforce weaker, nonuniform Lipschitz or continuity properties.

Second, we investigated sufficient conditions for Lipschitz and Hoélder continuity
of RKHS functions via integral operators. However, all statements are restricted to
the range space of the involved integral operators. Under some conditions, these
range spaces are dense in RKHSs, so it would be interesting to investigate whether

the Lipschitz and Holder continuity properties transfers to the whole RKHS. Note
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3. Lipschitz and Hoélder continuity in RKHSs

that this is not trivial since in the Holder constant in Proposition 3.4.3 involves the
L%-norm of the preimage function, not the RKHS norm of the image function.
Finally, the results in Section 3.3.2 provide Lipschitz or Hoélder constants involving
the RKHS norm. However, it is unclear how conservative these results are, i.e., how
much larger the Lipschitz or Holder constants are compared to the best possible
constants. Intuitively, it is clear that for generic RKHS functions there will be some
conservatism. It would be interesting to investigate how big this conservatism is,

and how it depends on properties of the kernel.

3.6. Comments

Apart from very minor changes, this chapter corresponds verbatim to the manuscript

[CF1]. The author of this thesis is the sole author of the aforementioned manuscript.
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4. Uncertainty in learning-based control

In the present chapter, we set the stage for our work on uncertainty bounds in the
context of learning-based control. First, we provide some background and context,
which will motivate our specific approaches later on. We then give a concise in-
troduction to Gaussian process regression and kernel ridge ression, which are the
primary tools in this part of the thesis. Finally, we conclude with a discussion of

uncertainty bounds for these methods.

4.1. Introduction

We start with some considerations on the role of uncertainty in learning-based con-
trol. First, we outline on an abstract level how uncertainty and robust control
interact in the context of learning based control. We choose a very general perspec-
tive to emphasize the fundamental character of these issues, which are independent
of any particular learning or control method. This is particularly relevant given the
vast amount of literature on learning-based control and related fields. Based on this
exposition, we will then describe our focus for the remainder of this part, and argue
why it is attractive from a conceptual perspective.

The considerations here are well-known, but rarely described precisely in the
learning-based control literature. Our exposition is similar to the literature on be-
havioural systems theory [131] and non-falsified control [172], but we are not aware

of a suitable presentation in the context of learning-based control.

4.1.1. Uncertainty, learning and robust control

Let M be the set of all models of interest, and assume that a particular model
0. € M fully describes the true system (or process or phenomenon) of interest. On

an abstract level, in control 6, describes the system that needs to be controlled, in
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4. Uncertainty in learning-based control

this context often called plant. Let C be the set of possible controllers, and let us
formalize the control goal by a predicate P, so we say that P(6,c) holds or is true,
if a controller ¢ € C achieves the control goal for system 6 € M. For example, the
goal might be stabilization of an equilibrium with a static state feedback controller.
If the control goal is non-trivial, the controller needs to be suitable for the given
system, but the latter is in general not fully known. In other words, we want to

achieve a control goal for 6, with some ¢ € C without knowing 6, exactly.

In robust control, the following strategy is used to deal with this problem [65].
A set U C M, often called an uncertainty set, is determined with 6, € U, and a
controller cg € C is built such that P(6,cr) holds for all 6 € U, i.e., the controller
achieves the control goal for all possible systems. Since this includes the actual

system 6., the controller actually achieves the goal. Defining
Pp(c) = {0 € M | P(6,c) holds}, (4.1)

this means U C Pp(cr), though the latter set will be usually larger than U. It is
clear that the larger U is, the more difficult it will be to ensure & C Pp(c) for a
single controller ¢ € C. The worst case is of course {¢ € C | U C Pp(c)} = 0, so
no controller can fulfill the goal for all § € /. In many control tasks, one is also
interested in a quantitative performance measure of the controller, and insisting on
U C Pp(c) makes the optimization (or tuning) of ¢ € C w.r.t. a performance measure
more difficult. Intuitively, a larger U requires a more conservative controller, leading

to worse performance in general.

The preceding discussion motivates the search for a small /. Using prior knowl-
edge, one might get some Uy C M with 6, € Uy, but this uncertainty set might be
quite large. In learning-based control, the situation can be improved with data from
the actual system. Let ) be the set of all possible measurement results, N the set
of all possible external noise realizations, and F : M x N' — Y the map describing

the measurement process. Given a measurement y € ), define
V(y)={#eM|IneN:y=F0,n)}. (4.2)

In words, V(y) is the set of all systems that could have led to the observation y.

This is essentially an abstract, simplified version of spaces appearing in the unfalsified
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control approach [172], and can be interpreted as a noisy variant of the version space
appearing in (classic) artificial intelligence and machine learning [171]. Importantly,
by definition we have for all # € M that

0 eV(F(0,n) VneN. (4.3)

In words, an arbitrary, but fixed target § € M will always be contained in the
induced uncertainty set V(F(6,7n)), no matter which noise realization appears in the
data generating process. Consider now y = F(6,,n) for some in general unknown
n € N, and define U = V(y) NUy. By construction, 6, € U, and for any cg € C with
U C Pp(cr), P(0., cr) holds, so the control goal is achieved by cg, without knowing
the exact 0, and regardless of which unknown noise realization 1 corrupted the data.
In other words, data has been used to reduce the set of possible systems, and the
remaining uncertainty is dealt with a robust control strategy. On an abstract level,
this is how most (if not all) learning-based control approaches with guarantees work.

Sometimes U is already small enough so that a satisfying cg € C with U« C Pp(cr)
can be identified. However, in general V(y) will be rather large, and we might even
have V(y) = M (so we did not gain anything from data). In order to improve on

1

this situation, we can essentially reduce the confidence® in our inference about 6,.

Worst-case approach In some situations, it might be reasonable to assume a re-

duced set of noise values N' C N, leading to
V(y)={0eM|IneN:y=F@O,n)}< V), (4.4)

and U = V(y) N Uy might be sufficiently small for the downstream tasks, in our
case finding an appropriate cg € C with i/ C Pp(cgr). Specific instantiations of
this approach are ubiquitous in systems and control, from nonlinear set membership
estimation [139] to recent data-driven robust control approaches [25].

Note that we can interpret this as a worst case approach: No matter which noise
realization 7 € N interfered with the data generating process, 6, € U will hold. In
particular, no additional modelling assumptions are necessary, and also adversarial

disturbance models are covered.

'Here it is meant in an intuitive, colloquial way, not in a formal sense as e.g. in statistics.
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4. Uncertainty in learning-based control

In order to achieve a reasonably small U/, the reduced noise set A needs to be
small enough. While this can be reasonable in some situation, on the one hand it
excludes certain noise models. For example, if one has an additive noise model, then
in general it requires the assumption of bounded noise, excluding for example the
common Gaussian noise assumption. On the other hand, it is not possible to include

additional prior knowledge in the form of stochastic assumptions.

Frequentist uncertainty sets The preceding drawbacks motivate the following ap-
proach. Let P be a set of probability distributions? over A and construct a family
of maps Us : Y — 210§ € (0,1), such that for all § € Uy, P € P and 6 € (0,1) we
have

Byplf € Us(F(O.0)] 2 1 - (4.5)

If y = F(6i,n) with n ~ P for some P € P, then for a user-defined § € (0,1) we
have
PO, € Us(y)] > 1 — 6. (4.6)

This is the setting of frequentist statistics. We have a fixed, i.e., deterministic or
constant ground truth 6., and randomness only enters through the data generating
process (in the present formalism, through the now random 7). In particular, Us(y)
is a (frequentist) confidence set of level 1 — §, which is a random set.

If we construct now cg € C such that Us(y) C Pp(cr) for a user-defined 6 € (0, 1),
then P[P(6,,cr) holds] > 1 — 4. In words, the (robust) controller cg achieves the
control task (on the actual, unknown system 6,) with probability at least 1 — 4.
This also shows why it is important to have a user-defined 6 € (0,1), since the
final probability of success is determined by the user of the controller. For example,
for a safety-critical application, an extremely small § might be desirable, whereas
for a non-safety-critical scenario a moderate § can be enough. Since a smaller §
leads to a potentially larger uncertainty set Us(y), we have in a general a reliability-
performance (or safety-performance) tradeoff.

Finally, note that the frequentist approach fits very nicely together with the stan-
dard robust control approach. In particular, no modifications to the latter have to

be done. Furthermore, if a probabilistic controller synthesis procedure is used, this

2We ignore measurability issues here. In the concrete settings considered later on, they do not
pose any problem.
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can be taken into account with a simple union bound: if § € (0, 1) is the final desired
probability of control success, then we can use Uy /Q(y) as the uncertainty set and
require a confidence of §/2 in the probabilistic controller synthesis algorithm. The
union bound then assures that the final controller achieves the control task on 6,
with probability at least 1 — §.

This approach, or rather concrete instantiations thereof, is very popular in modern
learning-based control, cf. e.g. [29, 31, 111] for typical examples, as well as Chapter
6.

Bayesian or probabilistic approach Let now Q be a distribution on Uy, let P be a
set of probability distributions over N and construct a family of maps Us : ) — 20
such that for all P € P and 6 € (0,1) we have

Po,m~qeprl0 € Us(F(0,n))] = 1 0. (4.7)

Assume now that 6, ~ Q, n ~ P for some P € P, and that #, and 7 are independent.
Defining y = F(0.,n), we then have for all 6 € (0, 1) that

P[0, € Us(y)] > 1.

Furthermore, if we construct cg € C such that Us(y) C Pp(cr) for a user-defined
d € (0,1), then P[P(f, cg) holds] > 1 — 4.

We can interpret this in two ways. In the Bayesian approach, @) corresponds to
a prior over all possible models Uy C M (including the prior knowledge that we
can restrict us to Up). The idea is that @ encodes all of our prior knowledge about
the unknown 6., and for both practical as well as formal (and even philosophical)
reasons it is advisable to express this in the form of a probability distribution, cf.
[99]. Furthermore, P € P together with the map F can be interpreted as a likelihood
model. In this context, U5 becomes a Bayesian confidence set or belief set at level
1-6.

We can also interpret it from a more stochastic (or probabilistic) perspective.
Assume that we are actually not interested in one specific 6., but rather many
instances that are distributed according to some (). Consequently, we care about

the overall success over many instances. In particular, the probability of success,
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4. Uncertainty in learning-based control

ie., P[0, € Us(y)], is w.r.t. to the distribution over 6, and the noise influencing
the data generating process. But this is again exactly the formal setting in the
Bayesian approach just outlined, though with a different practical interpretation of
the probabilistic nature. For a concrete example of this setting in the context of
learning-based control, we refer to [168], which contains additional discussions of
probabilistic notions in robust control.

Before moving on, let us briefly summarize our discussion of frequentist and prob-
abilistic uncertainty sets. In both cases we have a stochastic noise model, and the
resulting uncertainty bounds are formulated in a stochastic sense. In particular, for-
mally both types of bounds look similar. However, from a practical perspective, the
interpretation of these bounds is rather different. Whereas a frequentist uncertainty
bound holds for an unknown, but fixed ground truth, and the stochasticity enters
only through noise, a probabilistic or Bayesian uncertainty bound holds w.r.t. a prior
distribution over the object of interest, instead of a fixed, unknown ground truth.
In the next section, we will discuss these differences in the context of learning-based

control.

4.1.2. Discussion

It is clear that it depends on the context which of the aforementioned three ap-
proaches is most appropriate for a given application in learning-based control. Rel-
evant aspects include inter alia the type of prior knowledge (e.g., qualitative or
quantitative, stochastic or not), formal requirements of the downstream control
methodology (e.g., parametric or nonparametric uncertainty sets), and the level
of reliability or safety of the overall control scheme (e.g., deterministic or stochastic
guarantees, asymptotic or non-asympotic setting). In practical scenarios, these fac-
tors might still leave some room for choice. In this part of the thesis, we will focus
primarily on the second approach, and in Chapter 7 we will also consider the third
approach. We will now briefly discuss these choices, and how all of this will be made
concrete.

Our starting point is the overall strategy outlined above. We would like to stress
that this is in no way original, but rather the standard approach in learning-based
control, at least in the context of works providing theoretical guarantees. How-

ever, we put special emphasis on achieving rigorous (statistical and control-theoretic)
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guarantees on the overall methods and ensuring that only reasonable, practical as-
sumptions are made. We would like to argue that this strongly suggests to rely
on the second approach from above (frequentist uncertainty sets), and if necessary
switching to the first approach (worst-case uncertainty sets).

Ideally, we achieve guarantees at the end that are meaningful for practitioners,
which in the present context means giving guarantees in a form that are useful
or accepted in control engineering. In particular, any uncertainty should be of a
form that is acceptable in practice or has an accepted interpretation. Worst-case
guarantees (so that success is guaranteed for any possible noise realization from
a predefined set) are certainly acceptable in robust control, and appear to be the
standard form of guarantees, cf. e.g. [167]. Furthermore, frequentist guarantees
(i.e., statistical guarantees from stochastic assumptions about the noise, but not
the underlying system) are conceptually also well-suited in the context of robust
control. In addition, a frequentist setup allows more practical noise models, cf. the
discussion above, and in general the uncertainty will reduce (in a stochastic sense)
with increasing data, as is investigated in-depth in the theory of machine learning
[189].

However, a Bayesian or probabilistic approach appears to be problematic in this
context. In general, we are interested in giving guarantees for a specific, but un-
known instance 6., and even more importantly, it is unclear what the probabilistic
guarantees mean in the context of robust control. Note that this is also related to
deep foundational issues in probabilistic robust control, which are beyond the scope
of the present thesis, cf. e.g. [199].

Finally, our focus on rigorous statistical and control-theoretic guarantees, under

practically meaningful assumptions, also entails the following consequences.

1. The learning method has to be able to provide reasonably small uncertainty

sets that are suitable for downstream control tasks.

2. We need to be able to include prior knowledge, e.g., from first-principles mod-

elling or engineering experience, ideally in a systematic fashion.

3. All components used (learning and control algorithms) have to come with

appropriate theoretical guarantees.

The second and third item are a strong motivation to focus on kernel methods, cf.

85
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also Chapter 1, and the first item suggests to start with GP regression, since it

comes with a natural measure of uncertainty, cf. the following section.

4.2. Kernel and Gaussian process regression

We now provide a concise introduction to Gaussian process regression, and the
closely related kernel ridge regression. Furthermore, we discuss some practical as-
pects of these methods. Our exposition is based on standard machine learning

references on these topics, in particular, [166] and [102].

4.2.1. Gaussian Process regression

In this section, we fix a probability space (€2, .4, P) in the background. Furthermore,
we use a slightly different notation compared to Section 2.6 for consistency with the
machine learning literature.

Gaussian process regression is a nonparametric regression method based on Bayesian
principles. As such, we need a prior, a likelihood or measurement model, and a way
to work with resulting posterior (which is formally given by Bayes theorem, but
might be intractable). Furthermore, it is nonparametric since it works directly with
functions instead of finite-dimensional representations thereof?. In particular, the
prior will be a distribution over functions, which formally can be interpreted as a
stochastic process. We will now introduce the specific class of stochastic processes
that will be used as priors in the following.

Let X # () be some set and (f.), a real-valued stochastic process with index
set X. In the following, we will also use the notation f(z) = f;, x € X, as well
as f = (f(x))zex. We call f a Gaussian process (GP) if for all pairwise distinct
Z1,...,xny € X the N-dimensional random variable (f(xl) f(a;N))T has a

Gaussian distribution. In this case, we call

poX =R, p(r) = E[f(z)] (4.8)
kXXX =R, k(z,2)) =E[(f(z) — m(2)(f(z") — m(z))] (4.9)

30f course, if the input space is a finite set, then one can interpret Gaussian process again as a
parametric method.
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4.2. Kernel and Gaussian process regression

the mean and covariance function of f, and we write f ~ GPx(u, k), or f ~ GP(u, k)
if the index set X is clear from the context. Since a Gaussian distribution is fully
described by its mean and covariance matrix, and the finite-dimensional marginal
distributions uniquely determine the law of a stochastic process, a Gaussian process
is fully characterized by its mean function and its covariance function. Recall from
Section 2.6 that k is a positive semidefinite function, hence k is often called the
kernel (function)* of f. Conversely, for any function p : X — R and any symmetric
and positive semidefinite function k£ : X x X — R there exists a Gaussian process

with mean function p and covariance function k.

Remark 4.2.1. As is well-known, in order to have a density w.r.t. the Lebesgue
measure, a multivariate Gaussian distribution needs to have a positive definite co-
variance matrix. However, by requiring that the covariance function is only positive
semidefinite (which is enough to ensure that it is a kernel, cf. Chapter 2), it might
happen that some of the induced covariance matrices are only positive semidefinite.
This is not a problem, since in general a multivariate Gaussian distribution is defined
in a weak form, cf. [116, Chapter 1], and indeed, this issue is usually not explicitly
dealt with in the machine learning literature. Furthermore, when the covariance
function is positive definite and all inputs are pairwise distinct, then this situation

does not occur in the first place.

If f ~GP(u, k), then g ~ GP(0, k), where we defined g(z) = f(z) — p(x). Con-
versely, if f ~ GP(0,k) and p : X — R is any function, then g ~ GP(u, k), where
g(x) = f(x)+p(z). This suggests that we can work with a zero mean function, which
is what is done usually in the stochastic process and machine learning literature. So,
consider a prior f ~ GPx(0,k).

Remark 4.2.2. Technically, a stochastic process cannot be a prior, since the latter
has to be a distribution (over the objects of interest), and the former is a random
object, which has a distribution (its law). However, from a practical perspective,
and for the following theoretical developments, this does not cause any problems
since we work only with the stochastic process and its finite-dimensional marginals
instead of the induced probability measures. For more technical background on this

issue, we refer to the literature on nonparametric statistics, e.g., [80].

4This terminology is problematic, since there exists a related, but formally different object called
kernel of a second-order stochastic process.
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Next, we need a likelihood model. Given a data set D = ((z1,¥1),--., (ZN,YN)) €
(X x R)V, assume that y, = f(x,) +nn, n = 1,..., N, with noise n,...,nn i
N(0, ), and we also assume independence of the noise from f.

If we now condition on the data, then the posterior process f|p is still a Gaussian
process, and the (characterizing) mean and covariance functions are given in closed

form. In short, we have f|p~ GPx(up, kp) with

po(x) = kp(z)" (Kp+A)"'y (4.10)
kp(x) = k(x,2") — kp(x) T (Kp + X)) kp(a') (4.11)
where we defined
k(x,z1) k(xy,21) -+ k(z1,zN) Y1
kp(ﬂj') = s KD = , Y= :
k(x,zn) E(xn,x1) -+ k(zn,zN) YN

The matrix Kp is usually called kernel matriz or Gram matriz. An explanation
for the latter terminology can be found in Section 5.2. Finally, we also define the

posterior variance (function)
o3 (x) = kp(z,x) = k(z,2) — kp(z) T (Kp + X)) kp(x). (4.12)

The posterior mean up is usually interpreted as a nominal prediction of the unknown
target function generating the data, and the posterior standard deviation op is

interpreted as a measure of uncertainty.

4.2.2. Kernel ridge regression

We still consider the problem of nonparametric regression, but now from a very
different perspective. Instead of following a Bayesian paradigm, we fix a hypothesis
space, and then search for a candidate hypothesis (here a function) by using an
optimization problem depending on the given data.

Let X be some input set and D = ((z1,11),. .., (zn5,yn)) € (X x R) a data set.
As the hypothesis space we use an RKHS Hj, where k is a kernel on X, and we
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search for a suitable hypothesis with the following optimization problem

N

i 32 (om = 7)) + AU (113)

where A € Ry is a regularization parameter. This approach is called kernel ridge
regression, since it is a kernelized version of ridge regression [89, Section 3.4]. It
is a form of regularized empirical risk minimization, using the square loss and
the (squared) RKHS norm as regularizer [189]. Note that Hj is often infinite-
dimensional, and hence the preceding minimization problem is an infinite-dimensional
optimization problem. However, it turns out that it is equivalent to a finite-dimensional

optimization problem, and the unique solution has the closed form®
I@) = kp(a)" (Kp+AL) "y, (4.14)

with kp, Kp, and y as defined before. But we immediately recognize that f), =
up, the posterior mean of GP regression, if we choose a zero mean GP prior with
covariance function k, and assume additive i.i.d. N(0,\) noise. For more details
on kernel ridge regression and the connection to GP regression, we refer to [102,
Section 3.3]. Furthermore, we will revisit kernel ridge regression in Section 5.2 from
a different perspective, that will be particularly helpful for the connection with GP

regression.

4.2.3. Further aspects and extensions

In the following, we elaborate on some practical aspects of GP regression and kernel

ridge regression, as well as generalizations and the connection to related methods.

Prior knowledge and choice of kernel A key advantage of kernel methods, includ-
ing Gaussian process regression and kernel ridge regression, is the systematic inclu-
sion of prior knowledge. More precisely, if certain prior knowledge about the target
function is known, then in many cases there exists systematic ways to include this
in the kernel-based learning method by enforcing corresponding properties. This

becomes particularly transparent for kernel ridge regression, which searches for a

5This follows from the representer theorem for kernel machines [180, 102].
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suitable hypothesis (and estimate of the target function) in an RKHS, which in turn
is generated from its reproducing kernel, cf. Chapter 2. In particular, properties
of the RKHS functions are to a large extent determined by the chosen kernel. For
example, regularity properties of the kernel, like continuity, Lipschitz continuity or
differentiability, are inherited by the RKHS functions, cf. [189, Section 4.3], Chap-
ter 3, and [217, Chapter 10]. Put differently, by choosing an appropriately regular
kernel, the outcome of kernel ridge regression will fulfill the corresponding regularity
constraint.

In principle, the same connection holds between the covariance function and sam-
ple paths of a GP, cf. [3, Chapter 1], but since a GP is a stochastic process, this
situation is more delicate, cf. also [102, Section 4].

The previously mentioned properties are mostly qualitative, but inclusion of more
quantitative properties is also possible. For example, invariances can be enforced
by the kernel. In multioutput setting, cf. also the remarks below, linear differential
constraints can be easily included [101], and using computer algebra this can be even
automated [115].

Since all of this pertains to the kernels (for kernel ridge regression) and covariance
functions (for GP regression), but not the learning method itself, we work in the
following with generic kernels as much as possible, since this makes all of the afore-
mentioned approaches immediately applicable. Furthermore, another advantage of
kernel methods is given by the separation of the input set and the learning method
— any structure (or lack thereof) of the input set enters the learning method only
through the kernel, which makes kernel methods also applicable to graphs, texts or
sets as inputs, as long as appropriate kernel are available, cf. [182] for many such
examples.

Finally, in GP regression there is an additional way to introduce prior knowl-
edge — by choice of the prior mean function. This is commonly used in two ways
[166, Chapter 2]. On the one hand, appropriate prior knowledge can be model by
a nominal function, which is then used as the GP prior mean, or equivalently, sub-
stracted from the data, so that the GP models only the difference. On the other
hand, the prior mean can also be modelled in a parametric manner, which turns
GP regression into a semiparametric method. As common in the literature, we do
not consider these extensions, and work with a zero mean prior in the following.

With a view towards the developments in Chapter 5, we would like to mention that
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frequentist uncertainty bounds would be an interesting extension and to the best of

our knowledge no results in this direction exist so far.

Hyperparameters Even if a specific class of covariance functions has been selected
(from prior knowledge, via a model selection procedure, or even just convenience),
in general this still leaves open the choice of a certain set of parameters of the
covariance function or kernel, which in this context are called hyperparameters. For
example, many translation invariant covariance functions k : X x X — R (assuming

that X has a vector space structure) are of the form

k(z,2") = (’y*l(m — x’)) , (4.15)
where v € Ry is called the length scale.

Remark 4.2.3. Note that the literature is not uniform w.r.t. the parameterization.
For example, in the GP regression literature, e.g. [166, Section 2.3], the well-known
SE kernel (with X C RY) is often written as

2
k(z,2') = exp (—Hx%f“) (4.16)

and £ € Ry is called its length scale, whereas in the kernel methods literature, e.g.
[189, Proposition 4.10], one often finds

N = exp [ N2
k(xz,x") = exp " (4.17)

and v € R+ is called its width.

Similarly, it is often assumed that ¢ (0) = 1 and one considers the form

k(z,z') = UJQ:Qb (’y_l(ac - x’)) , (4.18)

where U]% is called the signal variance in the GP regression literature [166, Sec-
tion 2.3]. This terminology is explained by the fact that if f ~ GPx(u, k), then for
all x € X, Var[f(x)] = Var[Z] for Z ~ N (u(z),k(x,x)), so Var[f(x)] = k(z,z) =
UJ2c1/1(0) = U]%.
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In practice, two systematic approaches for selecting hyperparameters are common
[166, Section 2.3]. The most principled way is to apply a Bayesian approach and
put a prior on the hyperparameters, in this context called a hyperprior. This prior
has its own hyperparameter, however, it is argued that the influence of the latter is
reduced due to the hierarchical structure. However, inference in this setting is much
more challenging and in general one looses the advantage of explicit expressions
for the posterior. Therefore, most often one an empirial Bayes, also called type-II
likelihood, approach. The idea is to maximize the likelihood of the observed data by
varying the hyperparameters.

While these methods work well in practice, they considerably complicate the the-
oretical treatment, and in particular, the development of uncertainty bounds. For
example, in many works on kernelized bandits which rely on GP regression, the
question of hyperparameter choice or misspecification thereof is not dealt with in
the theoretical developments, cf. [186, 54, 219]. In fact, the theoretical properties
of hyperparameter choice in GP regression are still under active investigation, with
first results in [197, 103].

In the remainder of this chapter, we follow the common approach in the literature
and do not consider any hyperparameter selection method per se. If the choice of
hyperparameter does play a role, e.g. when considering a target function from the
RKHS generated by the covariance function, we either assume that all hyperparam-
eters are known, or we derive results that are robust to certain misspecifications, cf.
Section 5.5.

Scalability to large data sets Inspecting the explicit expressions for the posterior
in GP regression, and the closed form solution of kernel ridge regression, shows that
a symmetric and positive definite N x N matrix, where N are the number of data
points, needs to be inverted, or equivalently a corresponding equation system needs
to be solved. This means that using GP regression or kernel ridge regression needs
O(N?) space and (roughly) O(N?) time. At least in an offline-learning setting, the
typical data set sizes in control do not pose a problem here. However, in modern
machine learning, N will be so large that the naive approach of matrix inversion (or
solving the equation system) becomes infeasible, and hence approximation methods
are necessary. For an overview of classic methods, we refer to [166, Chapter 8] and

[144, Section 18.5]. In the context of kernel ridge regression, the Nystrom method
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has been successfully applied to scale to billions of data points, e.g., [169, 170, 135].
Another approach is to use random (Fourier) features, and we refer to [120] for
an extensive survey. In the context of GP regression, sparse GPs can be used in a
large-scale setting, cf. e.g. [184, 163]. However, using these techniques in the context
of uncertainty bounds for GPs (and kernel ridge regression) is problematic due to
variance starvation, which leads to an underestimate of the uncertainty, and the
approximation has to be taken into account for the uncertainty bounds, cf. e.g. [43].
Since we are anyway interested in control-applications with moderate IV, and to keep
the following developments to a reasonable length, we do not consider uncertainty

bounds in the context of approximation methods for large-scale applications.

Multiple outputs and more general problems So far, we only considered learning
a scalar function f, : X — R. However, it is clear that in practical scenarios, target
functions with multiple outputs appear, or even more general output spaces. At

least in the case of multiple scalar outputs, three common approaches can be used.

1. If the target function is of the form f, : X — R™, then one can apply any
method for learning a scalar function to the m scalar functions fi,..., fi, :
X — R, defined by fi(z) = f«(x);, i = 1,...,m. While this is straightforward,
it is clear that the learning method cannot profit from any known connection

between the m scalar functions.

2. Consider the same situation as above. We cannot interpret f, as a scalar func-
tion on an extended input set, f : {1,...,m} x X = R, defined by ¢.(i,z) =
fe(x);fori € {1,...,m}and z € X. Any data set generated by f, can be trans-
formed into a data set generated by g., to which a learning method for scalar
functions can be applied. A learned function § can then be transformed into
an estimate of f, by setting f: X — R™, f(z) = (9(1,m) <o g(m, az))T

3. There exist a generalization of GP regression to multiple outputs, cf. [10], and
by considering a vector-RKHS [153, 138], also kernel ridge regression can be
directly generalized to multiple output (actually arbitrary Hilbert-space valued

outputs).

Note that 1. can be interpreted as a special case of 2., which in turn can be inter-

preted as a special case of 3.
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In light of item 1. above, and to keep the following developments to a reasonable
length, we will only consider learning scalar-valued functions. The (mostly imme-
diate) generalization to multiple outputs and general vector-valued functions is left

for future work.

Measurement functionals and connection to inverse problems So far, we have
considered the measurement model y = f.(x) + 7, where f, is the unknown target
function,  some input, 7 unknown noise, and y the actual measurement value. This
means that we access the target f, through evaluation functions. In many appli-
cation scenarios different measurement functionals appears. For example, suppose
that f. : (0,1) — R is differentiable, then we might receive derivative measurements,
corresponding to the measurement model y = f’(x)+n. Similarly, one could consider
integral functionals (say, a convolution with a test function). As is well-known, GP
regression supports a variety of such generalized measurement functionals, cf. e.g.
[166, Section 9.4], although making this setup precise requires some care. The situ-
ation is easier for kernel ridge regression. As is clear from the exposition in Section
5.2, kernel ridge regression is a special case of regularized least-squares in Hilbert
spaces with bounded linear measurement functionals. In the case of standard ker-
nel ridge regression, these measurement functionals are just evaluations, which are
continuous due to the RKHS assumption. As long as the measurement functional
has a Riesz representer which can be easily evaluated, one can adapt kernel ridge
regression and its associated theory. For example, if a kernel on R? is sufficiently
regular, then it has a derivative reproducing property, cf. [189, Lemma 4.34., Corol-
lary 4.36], and hence linear partial differential measurement operators can be used
with kernel ridge regression, similar to hard shape constrained kernel machines [20].
In particular, most of the developments in the next chapter generalize immediately
to this setting.

Furthermore, this also indicates a close relation to inverse problems [213]. In in-
verse problems, one has a forward map A : X — Y, an unknown element = € X,
and potentially noisy measurements from the forward map, y = Az +n. The goal is
then to recover x from the measured data, i.e., invert the data generating process.
In general, this is challenging since information is often lost in the forward map or it
cannot be inverted in a stable manner. For example, x might be a parameter set for

a system of ordinary or partial differential equations, and A corresponds to the solu-
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tion operator of a corresponding initial value or boundary value problem, potentially
combined with an additional measurement or sampling operator. The inverse prob-
lem is therefore to recover the parameters from measurements of the evolved system.
From this perspective, we can interpret our setting as a specific setup of an inverse
problem, and indeed kernel ridge regression corresponds to Tikhonov regularization
from the inverse problem literature. As a consequence, the following developments
can be interesting for applications in uncertainty quantification in inverse problems,
but due to our focus on applications to systems and control, we do not follow this

direction in the present thesis.

Related methods In statistics, GP regression is often called kriging. More pre-
cisely, GP regression with a zero mean prior is known as simple kriging, GP regres-
sion with a constant, but unknown mean (which is jointly inferred, so we are in a
semiparametric situation) is called ordinary kriging, and GP regression with a mean
modelled by a linear (in the weights) model is called universal kriging, cf. e.g. [215].

Furthermore, GP regression also works under the assumption of no measurements
noise (requiring in general a positive definite kernel), cf. [102, Section 3.1]. This
situation appears when GPs are used as surrogate models [83], which happens in
particular in the context of computer experiments [174]. In this case, the posterior
mean coincides with the minimum norm interpolator over the RKHS induced by the
covariance function [102, Section 3], as considered in scattered data approximation
[217]. Furthermore, in the latter field the basic error bounds involve the power
function, which (potentially up to some normalization) corresponds to the square of

the posterior covariance function, cf. [217, Chapter 11].

4.3. Uncertainty bounds for GP regression

We are now ready to introduce the type of uncertainty bounds we need. Our primary
motivation from the application side is learning-enhanced robust controller synthesis.
As opposed to adaptive control or online controller tuning, the learning part happens
here in an offline setting.® Furthermore, we consider the challenging setting were the

unknown target is a function, as oppposed to a mere finite collection of parameters.

Curiously, many of the bounds considered later on are anytime valid and can hence be even used
in an online context.
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4. Uncertainty in learning-based control

As discussed in Section 4.2.3, we restrict us to scalar-valued functions. In addition,
we assume access to noise-free inputs and noise-corrupted outputs. While the case
of noisy inputs, or even non-observable input-output relations (requiring e.g. state
estimation techniques), is very interesting, it is beyond the scope of the present
thesis and left for future work. Finally, motivated by the discussion in Section 4.1,
we aim at frequentist uncertainty bounds, and with a view towards applications in

robust controller synthesis, they should be uniform in the inputs.

Let us formalize all of this. The unknown ground truth is a function f, : ¥ — R,
where X is some input set (usually RY), for which we might have additional prior
knowledge, e.g. in the form of regularity properties, or membership in a certain
function space. We assume access to a data set D = ((z1,¥1),.-., (zN,yn)) with
Yn = [f«(xn) + Nn, where n1,...,ny is stochastic noise with some independence
assumption. We make no assumptions on the inputs x1,...,xy € X, in particular,
they might not be stochastic at all. This is important since in the context of learning
based control, the inputs might have been generated by the underlying dynamical
system, or an active exploration algorithm. We apply GP regression to this data
set, assuming in general a zero mean prior with covariance function k& and noise
variance A € R+ (or the corresponding kernel ridge regression formulation), leading
as outlined in Section 4.2 to the posterior mean and variance functions pup and
0%. Consider now a function np : (0,1) x X — Rsg, which can only depend on
D (possible through a%) and reasonable assumptions about fx, but not on noise
realizations or even the target function f,. The overall goal is the construction of a

suitable np such that for all § € (0, 1) we have
Pl|fe(x) — pp(x)] < np(d,z) Yre X]>1-4. (4.19)

In words, we want a frequentist uncertainty bound (since the ground truth f, is
deterministic, and the randomness only enters through the noisy data generating
process) that is uniform in the inputs. Slightly imprecisely, we call np itself a

frequentist uncertainty bound.
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4.4. Comments

4.4. Comments

The present chapter has been written from scratch by the author of this thesis. The
overview in Section 4.1 has profited from discussions of the author with S. Trimpe
and C.W. Scherer, though the present formalization has not appeared before. Section
4.2 is a standard introduction to GP and kernel ridge regression, and it has been
specifically written for this thesis for the reader’s convenience. The setup in Section
4.3 is standard, cf. the kernelized bandit literature [186, 54], and very frequently

used in learning-based control, cf. e.g. [31].
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5. Frequentist uncertainty bounds for
kernel and GP regression: Theory

In this chapter, we consider theoretical aspects of frequentist uncertainty bounds
for GP regression as outlined in Section 4.3. We start in Section 5.1 with simple
uncertainty bounds that follow immediately from the closed form solution of the
GP posterior mean (corresponding to the kernel ridge regression estimate) by sepa-
rating terms involving the target function and terms involving only the noise, and
applying standard concentration inequalities to the latter. To prepare the discussion
of more advanced bounds, in Section 5.2 we interpret kernel ridge regression as a
special case of regularized least-squares in Hilbert spaces. Furthermore, state-of-
the-art uncertainty bounds are based on self-normalized concentration inequalities,
which is by now an established technique in the theoretical machine learning commu-
nity. However, while the application of this technique to regularized least-squares is
straightforward, from the existing literature it is unclear how one can come up with
these arguments. To remedy this problem, in Section 5.3 we present an elementary
and self-contained derivation of uncertainty bounds based on self-normalization. The
results are formulated in the context of regularized least-squares in Hilbert spaces,
and in Section 5.4 we translate them into the GP regression setting. Finally, in
Section 5.5 we consider uncertainty bounds under model misspecification. Relation

to prior work, and the contributions of the author, are discussed in Section 5.6.

This chapter is based on, with some parts taken verbatim from, the work [CF12].
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5. Frequentist uncertainty bounds for kernel and GP regression: Theory

5.1. Simple frequentist uncertainty bounds

Consider the setting outlined in Section 4.2. Observe that for all x € X

F@) = pp(@)] < |f(2) = kp(2) " (Kp+ D)™ f| + [kp(2) T (Kp + M) "'n

)

(5.1)

so we can separate in the error term the influence of f and the noise. For the first
term, one can use the following well-known result. It appears for example in the
first part of the proof of [54, Theorem 2].

Lemma 5.1.1. Let k be a kernel on X, f € H, z1,..., x5 € X, and X\ € Ryg. For

all x € X we have

|f(z)—kp(2)" (Kp+ A" f| < Hf||k\/k(x7$) — kp(2)T(Kp + M)~ kp(z), (5.2)
where

k(z,x1) k(z1,21) -+ k(zi,zN) f(z1)
kp(z) = : , Kp= : : , f= :

k(z,zN) k(zn,z1) -+ k(zn,zN) flzn)
If Kp is invertible, the result also holds for A = 0.

The case of a positive definite kernel and A = 0 forms the foundation for most
error bounds in the scattered data approximation literature, cf. [71]. In this setting,
with the Golub-Weinberger bound an even stronger result is available. Since a proof

of Lemma 5.1.1 is less easily found in the literature, we provide one here.

Proof. Using the reproducing property of k, we have f(z) = (f, k(-, z))x and, defin-
ing for brevity a(x) = (Kp + M) kp(x),
N

N
kp(e)" (Kp+ M) f =3 an(@) fen) = D an(@)(f, k(- 20))
n=1 n=1

N
= <fazan($)k(axn)> 9
n=1 k
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5.1. Simple frequentist uncertainty bounds

so we get by Cauchy-Schwarz

N
|f (@) = kp()" (Kp + )™ f| = | = > an(z) |

=1

3

< 1l ||k

k

The claim now follows from

H Ean an

N N
+ <Z ai(z)k(-, z;), Z aj(z)k(., x])>
i=1 j=1 L

N N
=k(z,x) =2 an(@)k(z, ) + > o(@)oy(x)k(z;, ;)
n=1

i,5=1
= k(z,2) — 2kp(2) T (Kp + X)) kp(x)
+kp(2) " (Kp + M) Kp (Kp + M) kp(2)
< k(z,z) — 2kp(x) " (Kp 4+ M) kp(x)
+kp(x) " (Kp 4+ M) (Kp + M) (Kp + M) kp()

= k(x,z) — 2kp(2) T (Kp + M) kp(x) + kp(z) | (Kp + M)~ kp(z),

where we used in the inequality that Kp < Kp + Al (here, < refers as usual to the

semidefinite ordering of symmetric matrices).

As a simple consequence, if we know a bound B € Rx>( on the RKHS norm of f,

i.e., ||fllx < B, then we have a uniform (in the inputs) uncertainty bound (dealing

with the error arising from sampling f at only finitely many points). In the context

of GP regression, the bound then takes the form Bop(x) Vo € X.

If we are interested in a pointwise uncertainty bound, and the noise terms 7, . ..

are independent of the inputs, then it is easy to derive such an uncertainty bound if

appropriate concentration results are available for the noise terms. As an example,
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here is a pointwise uncertainty bound for independent subgaussian noise terms. We
are not aware of this particular result and its elementary proof, but it would not be
suprising if it already appeared in the vast literature on kernel ridge regression and

GP regression.

Proposition 5.1.2. Let f € Hy and B € R>g with ||f|x < B, and consider data

D= ((x1,v1),---,(zN,yn)) with y,, = f(zp) + 9, n =1,..., N, where nq,...,nn
are independent R-subgaussian random variables. For all § € (0,1) and all z € X,

we have
P [\f(:z) — pp(x)| < Bop(z) + 2R||(Kp + )\I)lk:p(x)H\/ln(l/é)} >1-4.

Proof. We start by using (5.1), and bound the first term with Lemma 5.1.1. For the
second term, define a(z) = (Kp + M)~ kp(z), then we have

lkep ()T (Kp + A~ | =

)

N
Z o (@)1
n=1

and the Hoeffding inequality for subgaussian random variables (e.g, [76, Theo-
rem 7.27]) shows that for all £ > 0 we have

t2

Solving 2 exp (— 5 RgtlTaHg) = ¢ for t establishes the claim. O

N
Z 0 ()1
n=1

As is clear from the proof, a corresponding result holds mutatis mutandis for
subexponential noise, or more generally zero-mean noise variables with an appropri-
ate bound on the moment generating function (MGF'). This remark applies also to

the remaining uncertainty bounds in this section.

For many applications, in particular in learning-based control, it is important to
have uncertainty bounds that are uniform in the inputs. The most straightforward

approach is to separate any input-dependent term from the noise terms in (5.1). For
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5.1. Simple frequentist uncertainty bounds

example, we could use Cauchy-Schwarz to get

k(@)™ (Kp+ A1) | = [kp(2)T (Kp + A1) "2 (Kp + AD) "2 n|
< || (Kp +AI)"2 kp(@)||l| (Kp + ) "% n]
= \/kp(x)T (Kp + M)~ kp(x)\/nT (Kp + \I)~"
= \Jk(z.2) — oB(@)y/nT (Kp+AD) "y

If we have a concentration result for the random quadratic form appearing on the
right, then this leads immediately to an input-uniform uncertainty bound. The next
result implements this approach. It appeared in slightly different form as [CF12,
Proposition 2].

Proposition 5.1.3. In the situation of Theorem 5.1.2, for all § € (0,1) we have

PVe € X : |f(z) — pp(@)| < Bop(z) + Ry/k(z,2) — ob(2)b(6)] > 1 -6 (5.3)

with

b(8) =\t (@) + 2,/er (@ (1/3) + 21 Q| n(1/6) (5.4)

Q= (Kp—+)™! (5.5)

Proof. Combining (5.1), Lemma 5.1.1, and the bound we just derived leads to

£(@) — np(@)] < Bop(a) + \/k(z,2) — ob(@)\/nT (Kp + A1)

Since by assumption 7, ...,ny are independent R-subgaussian, we have for all v €
RN

o ()| - Tt = L (42 o ().

so [96, Theorem 2.1] is applicable, which states that for all ¢ € Ryo we have

0 Qn > R (tr (@ +2y/r (@)1 + 2t||@||)} <ot
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5. Frequentist uncertainty bounds for kernel and GP regression: Theory

where we defined Q = (Kp + AI)~! for brevity. Setting e~* = ¢ and applying the
square root to both sides establishes the result. ]

Note that the form of the uncertainty bound is not satisfying. The part involving

the noise arises from

\/k(fﬂ, z) — 072;(9«“)\/77T (Kp+A)"'n,

and intuitively, with more data 0% (z) should get smaller, so \/ k(z,z) — 02 (x) gets
larger. This effect might not be counteracted by the second factor. Assume that
Kp = I (this happens for example if X’ is an inner product space, k(z,z’) = (z, 2)

is the linear kernel, and the covariates form an orthonormal system), then

VnT (Kp+ M) =0T (1+ND) 'y =

so in this case (roughly speaking) the second factor is even growing with more data.

5.2. Interlude: Regularized least-squares in Hilbert spaces

and kernel ridge regression

First, we show that the fs-regularized least-squares approach for linear regression
works in arbitrary Hilbert spaces, using an elementary derivation. We then rewrite
the results in a particularly insightful form, which is again well-known, but un-
fortunately rarely utilized in the exposition of regularized least-squares in Hilbert
spaces, and derive kernel ridge regression as a special case. Finally, we connect these

developments back to uncertainty bounds.

Regularized least-squares in Hilbert spaces Let H be a real Hilbert space' and
consider a data set Dy = ((h1,91), ..., (hn,yn)) € (HxR)N. Given a regularization

parameter A € Ry, consider the optimization problem

N
: _ 2 2
hmelgnEZI(yn (h, hn))” + AllR[J7, (5.6)

!Everything would also work for complex Hilbert spaces.
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5.2. Interlude: Regularized least-squares in Hilbert spaces and kernel ridge regression

which is obviously convex. Observe now that for all h € H

N N N N
(Yn — (h, hn>)2 + )‘||h||2 = Z(h’ hn) (R, hy) + AR, h) — 2 Z Yn{h, hn) + Z yr%
n=1 n=1 n=1 n=1

N N N
= <h, > (h, hn>hn> + (h, (\id)h) — 2 <h, > ynhn> +> uk
n=1 n=1 n=1
N N N
= <h, > ha®hy + Aid) h> -2 <h, > ynhn> + yp,
n=1 n=1 n=1

where we used the common notation v ® v := h +— (h,u)v in the last step.

Furthermore, if @) is a self-adjoint, invertible operator on H, and R some element
of H, then we have for all h € H that

<h - Rv Q(h - R)> = <h7 Qh> - 2<h7 QR> + <Ra QR>,

so by identifying

N -1 N

N
Q=" hy@hy + Aid, h,\—<2hn®hn+)\id> > ynhn
n=1 n=1

n=1

(note that this @ is indeed self-adjoint and invertible), we can complete the square
and find that

N N N
<h, <Z hn ® hy + Aid) h> —2 <h, > ynhn> +> u
n=1 n=1 n=1
N
= <h — hay, <Z hp ® hy, + )xid) (h — h,\)> + Terms without A.

n=1

This shows that h) is the unique solution of the optimization problem (5.6).

A different perspective We now provide a different perspective on the regularized
least-squares solution hy by rewriting it. The developments in this section are prob-
ably well-known, and the following computations are similar to the first part of the
proof of [54, Theorem 2|, but we could not locate a reference that presents this in

the context of regularized least-squares in Hilbert spaces.
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5. Frequentist uncertainty bounds for kernel and GP regression: Theory

Define two linear maps

N
S:RY 5 H, Sa=> anhy (5.7)
n=1
<h7 hl)
A:H RN, Ah= : . (5.8)
<h7 hN)

In the context of signal processing and harmonic analsyis, these maps are known as
the synthesis and analysis operators, respectively [211]. As is well-known, S* = A,

which can be seen from

N N (hyh1)H
(Sa, b)) = <Z nhn, h> = anlbp, hyg =o' : = (o, Ah)gn.
n=1 n=1
" (hyh) 1
Furthermore,
N N (h, ha)
(z hnmn) =S mb=s|| || =©am
n=1 n=1
<h7hN>
N
Z Ynhn = Sy,
n=1
-
where we defined = (yl yN) . Finally, since for the RV-standard ONB

vectors e;, €;
(ei, (AS)ej)pn = (ei, A(Sej))ry = (ei, A(hy))ry = (hy, hi)u,

we can identify the linear map AS : RY — RN with the Gram matrix H =
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5.2. Interlude: Regularized least-squares in Hilbert spaces and kernel ridge regression

((hj, hi)H)ij:l N With these preparations, we have
N -1 N
hy = <Z hn®hn+)\id) > ynhn = (SA+ Ndg) ™' Sy
n=1 n=1
= S(AS + Nidgw) 'y = (b1 -+ hy) (H+ M)y,

where we used the well-known pull-through identity in the third equality.
Defining o = (H + A\ )~ !y, we can rewrite this as

N
ha=Y_ anhy, (5.9)
n=1

which says that the regularized least-squares solution is a linear combination of the
inputs (or covariates) in the data set. In the context of linear regression in R?, this is
discussed in standard textbooks, for example [89, Chapter 3]. In our setting, it has
the additional consequence that even if H is infinite-dimensional, h) is contained in

the finite-dimensional span of the inputs from the data set.

Recovering kernel ridge regression Suppose now that we are not interested in
hy per se, but rather in one or more linear functionals of it. Restricting us to
bounded linear functionals and using the Riesz representation theorem, we can fo-
cus on (h, hy), where h is the Riesz representer of the functional of interest. The

developments in the preceding section now lead to

(h,hy) = (h,S(AS + \I)"'y) = <h, i anhn> = ﬁfj an(h, hy)
n=1 n=1
= ((h,ha) -+ (b)) (AS+ A1)y = (Ah)T(AS + idgy ) "y.

Observe that in this expression of (h,hy) no element from H appears on its own
anymore, but only in inner products. This is reminiscent of the kernel perspective
from Section 2.3.

Let now k be a kernel on some set X', and consider the situation H = Hy, h,, =
k(-,x,), and h = k(-,x). This means that the linear functionals of interest are

evaluations of elements from Hj, and since Hj is an RKHSs, these are continuous
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5. Frequentist uncertainty bounds for kernel and GP regression: Theory

and can hence be represented by scalar products with elements from Hy, cf. Sections

2.1 and 2.2. The regularized least-squares problem now becomes

N N
min > (yn — (h, k) + A|R]1F = nin > (Y — f(2))? + AllfII7,
n=1
and we get

H= (<hj’ hi>)i,j:1,...,1v - (<k("xj)’k("xi»k)i,j:L...,N - (k(xi’xj))i,jzl,...,N

and

h)\(l‘) = <k('7'r)>h)\>k = (<k(’x)v k<'7x1)> e <k<'7$)7k(‘7xN)>> (H + )‘I)_ly
= kp(z)(Kp + A) 'y,

so we recovered kernel ridge regression as a special case of regularized least-squares

in Hilbert spaces.

Note that in contrast to more conventional expositions of kernel ridge regression,
like [102, Section 3], we did not use the general representer theorem, nor any exis-

tence or uniqueness results for solutions of kernel machines.

Back to uncertainty bounds As a simple application of the preceding develop-

ments, let us go back to Proposition 5.1.3. Recall that we were not satisfied with

the form of the uncertainty bound, mostly due to the factor \/ k(z,z) — 0%(x), which
in turn arises from the usage of Cauchy-Schwarz. Using the interpretation of kernel

ridge regression as regularized least-squares in a Hilbert space, we can try to apply
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5.2. Interlude: Regularized least-squares in Hilbert spaces and kernel ridge regression

Cauchy-Schwarz to a different inner product,

[kep (@)™ (Kp + A1)~ | = |A(k(, 2))T(AS + Aidgw) 1|

(Ak(-,), (AS + Xidgn ) "' n)gv|
= |(k (@), S(AS + Nidgw) )|

k(s @), (SA+ Nidp) ™" Sm).

((SA+ Xidp)"2k(-, @), (SA + Xidpr) "2 Sy
< I(SA+ Xidp) ™2 k(@) [l (SA + Nidar) =2 S|l

Since

I(SA + Nidzr)~3Smlle = V((SA + Xdg)~25m, (SA + Xidgr) ™3 Sm)y,

= /(0. A(SA + Nidgr)~LSm) g
=/ (n, AS(AS + Xidg)~1m)
{

0, Kp(Kp 4+ M) ~'n)px~

and A(AS + Xidy)™'S : RY — RV is a self-adjoint, positive semidefinite map
that can be identified with a positive definite matrix, the second term |(SA +
Aid H)_%SnHk can be expressed with (finite) linear algebra expressions, and it is the
square root of a random quadratic form, so the strategy from the proof of Proposition

5.1.3 is still applicable.

To deal with the first factor || (SA—}—)\idH)_%k(-, x)||x, we recognize that our current

bounding strategy is the same as in the proof of [54, Theorem 2], so we can use a
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calculation which appears there,

((SA + Nidy) " 2k(-, 2), (SA + Nidp) " 2k(-, 2))k
= (k(-,z), (SA + Xidg) " Yk(-, 2))x

_ %(k(., 2), (SA + Ndg) " Nid )k (-, 2))

_ %(k(-, 2), (SA + Xidp) " (SA + Xidp k(- ) — (SA + Nidgr) "' SAR(, 2))
= (k2. K — (b ), (SA + Nidir) S AR, 2))x)

= 5 (K(e,2) = (k(:, ), S(AS + A1) AR(, )1

- % (k(g;, ) — (Ak(-, ), (AS + \I) "L Ak(-, I)>RN)

- % (k:(a:, ) — kp(z) " (Kp + AI)‘lkD(x))

= Loh()

Altogether we get

Up(m)

ol

A variant of Proposition 5.1.3 for this bounding strategy then becomes the following.

k() (Kp + A1) | < \/n T Kp(Kp + M)l

Proposition 5.2.1. In the situation of Theorem 5.1.2, for all § € (0,1) we have

P {vx X |f(x)— (@) < <B + \%b(d)) ap(x)} >1-5 (5.10)

with
b(s) = \/tr (Q) + 21/t (Q) In(1/3) + 2(|Q| In(1/5) (5.11)

and

Q= Kp(Kp+ )% (5.12)

The proof is completely analogous to the one of Proposition 5.1.3. Before moving

on, we would like to record some remarks on this result.

Remark 5.2.2. 1. This result follows by changing the choice of concentration in-

equality in the proof of [54, Theorem 2], and keeping the data dependent terms
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5.3. An elementary derivation of frequentist uncertainty bounds based on self-normalization

(instead of trying to bound them further with theoretically more amenable

terms), and as such is in the same spirit as [CF12, Theorem 1].

2. The form of the uncertainty bound is - op for some appropriate (input-
independent) (3, and as such is already of the standard form for uncertainty

bounds for GP regression.

3. Furthermore, a very similar result, based on a completely different proof strat-
egy is [205, Theorem 1]. Under essentially the same assumptions the righthand

side in the bound becomes
(B + \%\/mnu/a)) o (x). (5.13)

5.3. An elementary derivation of frequentist uncertainty

bounds based on self-normalization

The frequentist uncertainty bounds for GP regression (or equivalently, kernel ridge
regression) most frequently used in learning-based control are [186, Theorem 6] and
[54, Theorem 2] (as well as the results in [CF12] based on the latter reference) have
been developed in the context of kernelized bandits. The current state-of-the-art
for such uncertainty bounds has been achieved via self-normalization, first in [1,
Chapter 3] as a direct generalization of the finite-dimensional case from [2], and
then recently rediscovered by [219]2. Self-normalized random variables and stochas-
tic processes, and corresponding tail and concentration inequalities, form a very rich
subject, with roots going back to the Student ¢-statistic [157]. The results in [2,
1, 219] are based on a particular technique known as pseudomazimization or the
method of miztures, sometimes also called Laplace’s method [128]. In the context
of self-normalization this technique goes back to [156], with the generalization to
the multivariate case in [155]. Using this technique it is relatively straightforward to
derive the relevant concentration inequalities in [2] and the corresponding generaliza-

tions. While pseudomaximization is motivated by a somewhat transparent intuition

2Similar to the results in [1, Chapter 3], in [128] frequentist bounds for GP regression have been
derived as a generalization of the results in [2]. However, the latter reference relied on a Mercer
expansion, and the resulting bound is slightly less general than the results in [1, Chapter 3] and
[219].
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[154], it appears to be very unclear how it leads relatively directly to the state-of-
the-art uncertainty bounds. To the best of our knowledge, there is no exposition or
derivation available that ezplains why or how this particular instance of pseudomax-
imization appears in the analysis of regularized least-squares (and eventually kernel

ridge regression and GP regression).

To close this gap, in the following we provide a self-contained, elementary deriva-
tion. Every step will be intuitive and clear to anyone who has a basic background
knowledge of probability theory and exponential concentration inequalities via Cher-
noff’s method, at the level of [63, Chapter 1]. In particular, the particular method
of miztures will be “rediscovered” or derived along the way. In other words, our

derivation shows one way how one can come up with the relevant arguments.

Before we start with our derivation, a final comment on the context of these
results. The main motivation of works like [2] (and the predecessor [186]) is to
provide time-uniform frequentist uncertainty bounds. This means that the data is
generated sequentially, so the data set grows in discrete time steps, and the uncer-

tainty bounds should hold in all time-steps (uniform in time)?.

Interestingly, the
following derivation does not aim at time uniformity, but the resulting bounds are
easily transformed into time-uniform bounds in the end. In particular, this shows
that the self-normalization structure arises naturally in the context of regularized

least-squares, and the time uniformity appears to be secondary.

Setup Consider the following situation. Let X # ) be some input set and f, :
X — R an unknown target function, which is accessible through noisy evaluations.
Let Dy = ((z1,41),-..,(zN,yn)) be a data set, assuming the noise model y, =
f(xn) + nn. Furthermore, Dy might have been generated interactively, i.e., input
x, € X might depend on (z1,y1),..., (Tn-1,Yn—1). Let fn be the outcome of some
learning algorithm. We are interested in a probabilistic uncertainty bound uniform

in the input, i.e., we want some By : (0,1) x X = R>( such that

P||fx(@) = ful@)| < By(6,2) VzeX|>1-4 (5.14)

3The original literature on modern self-normalization and pseudomaximization also considered the
continuous-time case in the context of sufficiently regular continuous-time martingales, cf. [157]
for an overview and many pointers to the relevant literature.
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5.3. An elementary derivation of frequentist uncertainty bounds based on self-normalization

holds for all 6 € (0,1). Importantly, By must only depend on Dy and known reason-
able properties of f. and the noise, but not directly on f, or ny = (771 nN),

both of which are unknown.

We restrict us now to the model class fy : H — R, fg(h) = (h, 8), parametrized by
0 € H, where H is a Hilbert space (so for now we assume that X = H). Furthermore,
we use regularized least-squares, so f = fN’p with fN,p(h) = (h, 0 N,p), Where OAN’p is

the unique solution to the optimization problem

N
min > (yn = fo(zn))* + o0 (5.15)

eH =
Note that in contrast to Section 5.2, we use p instead of A\ for the regulariza-
tion parameter to conform with the literature on sequential least-squares and self-

normalized concentration inequalities.

Since working with Hilbert spaces can be technically demanding, we start with
H = R%. In this case, the solution to the regularized least-squares problem is given

by

Onp= (XL XN +pD) ' X Yy, (5.16)
where we defined
m1T Y1
Xy=|:1, yv=1|11]: (5.17)
$} YN

Recall that our goal for now is an uncertainty bound uniform in the inputs. Probably
the most simple strategy to achieve this is to remove any input-dependent term?* from
the terms involving the noise, just as we did in Proposition 5.1.3. For all z € R? we

have

| vp(@) = fu(@)] = {2, 0n,0) = (2,04)] = (2,00 — 0:)] < ||z 10,0 — Oxl,

4Here we mean the test input after learning, not the inputs in the data set.

113



5. Frequentist uncertainty bounds for kernel and GP regression: Theory

which suggests that we should look for a bound on ||fx,, — 64||. Using

105, — 0u]] = (XN X N+ pD) T X Jyny — 04|l
= (XN XN +pD) ' XN (X N0+ ny) — 0
= |(XNXNn+pD) ' XX N0+ (XN X N+ p]) ' X ymy — 0.
( )7t

< XX +pD) X oyl + || (XA X + D) XXy — 1)

we can separate the noise term from the ground truth 6.

Probabilistic bound for d = 1 Our first goal is a probabilistic bound on the first

term above. To simplify things, we start with the case d = 1, so we want to upper
bound

p[H(XJT,XNerI) "7NH>/B HB+ ‘ }

where we defined for brevity A = X ny and B = X\ Xy. Here, 8 € Rxg
is an appropriate uncertainty bound, i.e., a scalar which can only depend on Dy
(which is known), but not ny (which is never known in this setup). Ideally, we
have an exponential bound, so we will try the well-known Chernoff technique [210,
Chapter 2].

First, we should get rid of the absolute value inside the event, which can complicate

things. To do so, we square both sides,

ol

Next, in order to apply the (generalized) Markov inequality, we have to ensure that

(B+p)* ~

A2 521

on the righthand side nothing random is left anymore. It is reasonable to assume that
our uncertainty bound has the form 3? = RD, where R contains all randomness®,
and D is a purely deterministic term (containing e.g. the confidence level §). We
can interpret the term R as a modulator, that adjusts a fixed bound D based on

random, but known information. Using the usual Chernoff technique leads to

* | = 2] =¥ oo (g 2 o00)] = oot o (75|

SHowever, this term needs to be computable without knowledge of 7.
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5.3. An elementary derivation of frequentist uncertainty bounds based on self-normalization

However, in the following derivation a second random term will appear, inside the

expectation, but outside the exponential in the expectation, and this second term
needs to be removed in the end. This means that we should use the ansatz 5% =
Ri(R2 4+ D) instead, with Ry, Ry containing all randomness, and D deterministic.
This leads to

e
P )2252]:1@ WER1(R2+D}]

: 2
=P -eXp <R1(;+ p)2> > exp(D + R2)]

[ A2 1
= _exp (RI(B + P)2> exp([t2) - exp(D)]

A? 1
< exp(—D)E [exp <R1(B n p)2> exp(Rg)] )

We now need to upper bound the expectation, using properties of the random vari-

ables A and B. However, these are not independent, and they even appear in a
fraction. To make progress, we have to get rid of the latter. As a first step, we need
additional freedom inside the expectation. A classic technique is to put a 1 inside
it,

oo (i) aatm| =B | (o 7)ot
PARI(B+p)?) exp(Ra) | ~ PARI(B+0)? ) exp(Ra) |’

and then expand the 1. One classic option is 1 = C'/C with a constant C'. Another
option is 1 = [ 1du with a freely chosen probability measure p. Since we are anyway

inside an expectation, we choose this latter option,

A2 1 A2 1
E [1 FeXP <R1(B n p)2> exp(R2)] =k V Ly exp <R1(B + p)2> exp(RQ)] ’

and since we need to access the exponential, we use a Borel measure of the form
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p(A) = Cy [4exp(H(X))dA, where C), is a normalization constant, so we are at

A? 1
mlatn) i
A? i
—E [CM / exp(H(A))dA exp (Rl(B + p)2> eXp(R2)]

A? 1
_E [Cﬂ/exp (H(A) i p)2> d)\exp(Rz)] .

We can now use the term H () inside the exponential to get rid of the problematic

fraction. A classic way to do so is to use completing the square. If 7,0 € R are
constants, then we have for all A € R that

e (g (2Y) o (L)
Y =7 2 2y Y %
§\2 o2
—-1(-5) 45
as long as v # 0. To ensure
52 A?
4y Ru(B+p)?

we can set

§=A, 4y=Ri(B+p)

as long as R; > 0, and by choosing

1) = (3= g)) =g (A2 ) = e (v t)

we get

A2

H) + Ry (B + p)?

1 1
= AN+ = —1(47))\2 + A=~ Ri(B + p)*A% + AN
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5.3. An elementary derivation of frequentist uncertainty bounds based on self-normalization

Furthermore, we immediately recognize that p is a Gaussian measure®, and

2
HO) = —iRl(B + )2 ()\ T (BA+ p)2>

1 1 A 2
P (Bmeer) P )

shows that .
A Ry -
=N|(2—0——, < B 2) :

By setting Ry = 2R/, we can simplify the terms (by getting rid of the various 2s),

SO

and end up with

5 [c few (H)+ g : ) e

_E [&m/exp (—;R;(B )22+ AA) dAeszRQ)} .

Unfortunately, at this stage B and p are entangled in the term (B + p)2, and

a condition on A, B that involves the regularization parameter p appears to be
unnatural. The problem stems from the squaring of B + p, but we can get rid of
this by setting R} = (B + p)~!, which leads to

E[\/%m/exp<_;(B+p)A2+AA)dAeX;RQ)]

To make the integral more tractable, let us try to turn it into a Gaussian integral

5Note that p is random since it depends on A and B, but since overall we are inside an expectation,
this is not a problem.
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5. Frequentist uncertainty bounds for kernel and GP regression: Theory

again,

1 1 1
E|—+B+ / ——(B+ )\2+A)\>d)\}
{ VBt exp( 5(B+p) oxp ()
el L ILNY 1o 1
=E _m\/B—i—p/exp( 2p)\ )exp( 2B)\ —i—A)\) d)\exp(Rz)}
1 1 1
=F |(+v/B+ —177/ <_
ATV T

_ I B+p 1 -1 BTN
_IE_U 5 exp(Rg)/N(Am’p )exp< 2B)\ —&—A)\)d)\}.

Observe now that if nothing random outside the integral is left, then we could

9 1 .5 1
——BMN+ A —
A > exp ( 5 A A d/\e (Ra)

interchange the integral with the expectation, and we end up with an MGF-type”
bound. But we can achieve this easily by setting

B
Ry =1In /j 7
p
so we get

E [/N(A 10, p~1)exp (—;B)\Q + A)\> dk} _ /IE {exp <—;B/\2 + A/\)] N0, pY)d.

Assuming now an MGF-type bound

E {exp <;B)\2 + A)\ﬂ <b(), (5.18)

we end up with

/E {exp <—;B)\2 + AA)} NA0,p7Hd) < /b()\)/\/'()\ |0, p~H)d\ =: C,.

Summing up, we have
2 B+p
=4/Ri(Ra+ D) = 1 ,
B 1(R2 ) $B—|—pn<vp>

"Moment generating function (MGF)
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5.3. An elementary derivation of frequentist uncertainty bounds based on self-normalization

and we find that for all D > 0 we have

2 B+p
In {4/ D|| < —D).
‘B—l—p \IB—FPn( p + ) < Cyexp(—D)

Assuming C) > 0, we can rewrite this in confidence form. Let ¢ € (0, 1), then

0 =Cyexp(—D) <« Dz—ln(é)\) In <C(;‘>,

which results in

< 4.

Observe that we did not use the particular forms A = X yny and B = YN 22,

but only that B is nonnegative. For convenience, let us summarize this result.

Lemma 5.3.1. Let A be a scalar random variable and B a nonnegative random

variable. Assume that there exists a measurable b: R — R>( with
1
E {exp (—23)\2 + AA)} <b(\) VAER, (5.19)
then for all p € R such that 0 < C)\ < oo, where

Oy = /b N(A]0,1/p)dN (5.20)
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5. Frequentist uncertainty bounds for kernel and GP regression: Theory

we have for all § € (0,1) that

P2 W Lon(|[2E) <5 _—

B+p B+p

An MGF-type bound for d = 1 Next, let us try to find appropriate conditions

ensuring (5.18). To make things easy, let us start with N = 1, so we need to bound
Loy L 22
E |exp —53)\ + AN )| =E |exp _ixl)\ + mziA
1
=FE [exp (—23:%)\2> exp (?71961)\)] :

Observe that the first factor looks like the classic MGF-bound of a subgaussian
random variable (just with a minus), and the second term looks like the MGF of 7,
(at z1A). If 21 were not random, then we could impose a subgaussianity assumption
on 71 and get a simple bound. In the present setup, x; might be random, but we
can make it practically non-random by conditioning on it inside the expectation,

using the tower property of the conditional expectation,

1 I 1
E [exp (—2$%>\2> exp (nlxl)\)} =E|E {exp <—2x%)\2> exp (mxiA) | a:1H

[ 1
=E |exp (—233%)\2> E [exp (mz1A) | :L'l]]

r 1 2,22
<E |exp (—Qx%)\Q) exp (R 5;1 )1

=E -exp <—$%2)\2(1 - R2)>] ,

where in the inequality we imposed the assumption that 7; is conditionally (on z1)

R-subgaussian for some R € R>g, i.e.,

2 2
V) Vv € R.

Elexp(vn) | 1] < exp <

The preceding statement holds only almost surely w.r.t. the underlying probability

measure, but since this does not pose a problem in the present context, here and in
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5.3. An elementary derivation of frequentist uncertainty bounds based on self-normalization

the following we will omit this qualification. Since we need a bound that holds for
all A € R, we should ensure 1 — R? > 0 (i.e., R < 1), so that

E [exp (—:E%;P(l — R2)>] < E |exp <—$%2)\2 0)] =1.

In other words, for the case N = 1, if n; is conditionally (on x;) 1-subgaussian, then
we can use the bound b(A) =1 in (5.18).

Let us consider the case of general N. Since we mastered the case N = 1, it is
sensible to proceed inductively, for which we should turn matrix-vector and matrix-

matrix products into sums. As is well-known, we have

N N
A:XNnN:Znnxn, BZXLXNZZCL’%'
n=1 n=1

Therefore, our goal is to bound

N N
E {exp <—;B)\2 + A)\)} =E lexp (—;)\2 Z 22+ ) Z 77n56n>] )
n=1 n=1

Let us apply the strategy from above to 7y,

E [exp (—)\2 dSa+Ad nnwnﬂ

n=1
r N
=E |exp (Z 5)@53% + Ann$n>]
n=1
—F [ 1)\2 2 A
- H _5 Ty + AnTn

N-1
=E |exp (—)\2$N + )\77N33N> H exp <—)\2:L‘2 + )\nnwn)]

r N—
=FE |E lexp (_)\ xN) exp (MNTN) H <_2)‘2xi + )‘nnfzn) | ]:N‘|‘|

| 1 1
=FE |exp (—2)\233?\;) E [exp (A\ynan) | Fn] H exp (—2)\21'% + /\nn:):n)] ,
L n=1
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where we defined the filtration F,, = o(z1, 11,22, M2, ..., -1, Tpn). Assume now that

nn is conditionally (on Fy) 1-subgaussian, i.e.,

2,2
Elexp(vnn) | Fn] < exp ( : ) Vv eR
holds for R = 1. We then get
1 Rt 1
E [exp (—2)\235?\;> E [exp (A\ynzn) | Fn] H exp <—2)\2xi + /\nnxnﬂ
n=1

| Lo o )\237%\1 gl Lo o
< E |exp —5)\ x| exp 5 H exp —5)\ T, + Ay
L n=1

| 1, o Nay R Lo o
=E [exp —5)\ TN + > H exp —5)\ Ty, + ATy
L n=1

TN—1 1
=F —=X222 + My, n)
_nl;[lexp< 5 T, + ANpx 1,

and we can proceed inductively. To summarize: If forn = 1,..., N the noise variable

My is 1-subgaussian conditional on JF,,, then

<1.

1 1 N N
E {exp (—23)\2 + A)\ﬂ =E lexp (—2/\2 doai4+A> Wm)
n=1 n=1

Probabilistic bound for general d Let us generalize our probabilistic bound to the

case of general d, so we want to upper bound
PI(XAX N +pD) " X iy > 8]

Inspecting our derivation for the case d = 1 shows that almost all steps can in prin-
ciple be done also for general d (e.g., by using a multivariate Gaussian distribution
instead of a scalar one), only our choice of Ry = 2(B + p)~! is not permissible
anymore. The reason is that Ry has to be scalar, but (B+p)~! becomes the matrix-
valued term (X %X N +pI)~! for general d. The previous choice of R was necessary
to avoid the term (B + p)? (instead of B + p). However, the problematic choice of
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5.3. An elementary derivation of frequentist uncertainty bounds based on self-normalization

R; is not necessary if we start with

P IR Xy -+ D) Xl 2 8] = B[| 2= 2 4]

instead of
P 1T+ p0) X Ryl 2 6] =P [| 5] 2 ]
> Btol=
Translating to the case of general d, this means we should try to upper bound
1 _1
P (XN XN +pl) 2 X \my| > 8| =P [|(B+pD)"2 A > 5],

where we defined A = X \ny and B = X\ X y for general d. We will now adapt
our derivation from above to this case and deal with the missing (X \ Xy + pI )7%

later on.

Using again the ansatz 82 = Ri(Rs + D) (with Ry, Ry potentially random and D

deterministic) for the desired uncertainty bound /3, we get

PI(B+pl) 2 A| > 8] =P [[(B+p) 2 A|* > Ri(Ry + D)

=P exp (5B + D) BAIP) s > D]
1

exp(Rg) —

< exp(—D)E {exp (H(B +pl)” ZAHQ) (Rg)}

Using a probability distribution p(A) = C,, [, exp(H(\))d\, now on R%, we get

E {exp (AH(B + pI)%AH2> expERz)]

—5 [, [ etz (1B -+ o0 EAP) ]
—E {Cu/exp <H()\) + ;IH(B + pl)—%AH?) d)\ex;&) .
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5. Frequentist uncertainty bounds for kernel and GP regression: Theory

We have
1 _1 .9 1 _1 _1
(B +pI) RA|2 = —((B+ pI) 2 A,(B + pI) 3 A)
Rl Rl
- RiAT(B +ol) YA = AT(RU(B + D))" A
1

which suggests using again completing the square, this time in R?. For a symmetric
matrix I' € R4 and a vector A € R%, we find for all A € R¢ that

T T
ATTA+ATN = — ()\TFA ~2 (;F_1A> TA+ (;F_lA) r (;F_1A>>

+ <;AF‘1>TF (;AF‘1>
o) e ()
= (A2 A) T (A -20r) T A) + AT AD) A,

as long as I' is invertible. We can therefore choose

AT = Ry(B+pl), A=A,

H(\) =—(A—2(n)™ A)T r(A-2(0)7"A)

_ _i (A\=2(Ri(B+p1) ™" A)T (B1(B+pI)) (A =2 (Ru(B+pD) ' A)

which leads to

HN +AT(Ri(B+pD) P A=HW\) +AT (4Dt A
=-ATA+ A\

1
= —Z)\T(ALF)/\ + AN

1
= —Z)\T(R1(B + pI)A + AN
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As in the scalar case, this turns p into a Gaussian measure with quadratic term

1 -1 T -1
HO) = =7 (A= 2(Bu(B+pD) " A) (Ra(B+pI)) (A=2(Ra(B +pD)) "' A)

- _% ()\— (?(Bﬂﬂ))_lA)T (;(Bﬂtpl)‘l)_l (A— (?(BMI))_IA) ;

and in contrast to our previous derivation, we can simplify it by directly setting
Ry = 2, leading to

H\) = —% (A= (B+pn" A)T ((B+ pf)*l)*1 (A= (B+pn)"4).
This shows that
p=N(B+pD)™" A, (B+pD7"),

SO

SIS

d - d 1
Cu=(2m) "2 det ((B+p)7!) * = (2m) 2 det (B + p)? .
Furthermore, with this choice of R; we get
1
H\) + AT (R{(B+pl)) ' A= —§AT(B + pD)A + A

Altogether, we are at
E [C / (H()\) + LB+ I)—%A||2) dr— }
ex — —_—
a P R1 P eXp(RQ)

/eXp (—;)\T(B + pD)X + A/\> d/\eXp%RQ)} :

[N

_E [(277)3 det (B + pI)
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As in the scalar case, we can turn this into a Gaussian integral again,

E [(2@-3 det (B + pI)? /exp (—;)\T(B b o)A + AA) dxe}(;@]

—E [ ! )(27r)*% det (B + pI)? /exp (—;)\T(pl))\) exp (—;ATB/\ + AA) d/\}

N|=

S det (B+ pI)% det((pI)~1)2 (2m) "% det((pI) 1)~

X /exp (—;)\T ((p[)_l)71 /\> exp (—;)\TB/\ + A)\) d)\]

To remove the random term outside the integral (which is necessary for interchanging

integration and expectation), we choose

B det (B + pl)
Rg-lﬂ( det(p[))’

and we get

1 LT -1
E LXP(Rz) Vaet (B+ pI) [ det(pl) [ exp ( ATBAY A/\) N0, (o)1)
1
=E {/ exp <—2)\TB)\ + A)x) N0, (pI)_l)d)\}
1
_ /E [exp <—2)\TB>\ + AA)} N0, (o) ~1)dA.
Assuming again a bound of the form
L7 d
E|exp (—5ATBA+AN) | <b(V) VAERY,

we get

/1[«: [exp (—;)\TB)\ + AA)} N0, (pI) HdX < /b(A)J\/’()\ | 0, (pI)™HdA =: C,.
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Altogether (since = \/R1(R2 + D)) we find that for all D € R>o we have

P(I(B+pl) 2 Al = 8] =P H(B+pI)‘5AH2¢2<ln< W)”)

< Crexp(—D).

Just as in the scalar case, we can turn this into confidence form. Finally, note that
we did not use the particular structure of A = X \ny and B = X\ Xy, but just

the fact that B is positive semidefinite. Let us summarize this result.

Lemma 5.3.2. Let A be an R%valued and B a symmetric and positive semidefinite
random variable of dimension d x d. Assume that there exists some measurable
b:R — Rzo with

1
E [exp (—2>\TB)\ + AA)} <bH(\) VAERY (5.22)
then for all p € R+ such that 0 < Cy < oo, where
Oy = / BN (A0, (o)~ 1)dA, (5.23)

we have for all § € (0, 1) that

Ch det(B+pI)> <5 (5.24)

(B + pI) "2 Al > &m( SV awon

The MGF-type bound for general d Let us check whether we can find a suitable
bound (5.22) for our case of A = XAy and B = X Xx. Motivated by our
derivation in the scalar case, we rewrite A and B as
N
A= XLT’N = Znnxn

n=1

N
B=X\Xy=) w,z,.
n=1
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For an arbitrary A € R? we find that

E [exp (;)\TB)\ + A)\ﬂ =E |exp

=E [exp

=E -exp (i —lx\Tx z) 4+ A (na ))]
9 ndp ndn

=E ﬁ exp <—()\Txn)2 + ()\Tl“n)ﬁn)] )

which shows that our argument for the scalar case applies also for RY.  So, de-
fine again the filtration F,, = o(x1,m1,22,M2,.-.,Mn—1,Tyn), and assume that 7, is

conditionally (on F,,) 1-subgaussian, i.e.,

R2 2
Elexp(vny,) | Fn] < exp ( 21/ ) Vv eR
holds for R = 1. Let A € R? be arbitrary, then we get

E [exp (;)\TBA + A)\ﬂ =E

N 1
H €xp (2()‘Tmn)2 + (/\Tzn)nn>
n=1

r N—-1
= e (5 0ew)? ) e (W Tenw) [T ewp (50070 + (AT%M)]

=E|E

N-1
exp (~5(\Ta)? ) exp (W awnn) [T e (-5 + 0T ) | fNH

N-1

— 5 [exp (-5 (\Tow)? ) B exp (W) | 7] [T oo (—é(ﬂwnfﬂﬂxn)nn)]

L n=1

<E |exp (—;(A%Nf) exp ((AT;”N)Q) ]ﬁl exp —%(A%nf + ()\Ta?n)nn)‘|

n=1
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To summarize, we have established a bound like (5.22) for arbitrary N € N,.

An uncertainty bound for regularized least-squares in R? It is time to put ev-
erything together. Assuming that 7, is conditionally (on F,) 1-subgaussian for all
n=1,...,N, we find that for all § € (0, 1)

det (X} X v + pI )

! <é
det(pl) -

P (XN XN+pD) 2 X ny] > [2In J

J

If the noise terms 7, are conditionally R-subgaussian (for R € Rsq), then 7, /R is

conditionally 1-subgaussian, so in this case we get

B 1 | det (XX N +pI
P[(XNX N +pl) 2 X (y/R)| 2 |20 J ( )

5 det(pI)

det (X T X n + pl) =

1
—P|(XLX 0" IX L >R |2In| =
(X NyXN+pl) 2 X yny| > n 5 det(pl) <

Going back to our starting point

| Fvp(@) = fo(@)] = |(,0x,p — 0.)] < [2llll6np — 6]
<X XXy + p1) " X iyl + 2l | (XXX + p1) ' XA Xy — 1) 6.

I

we notice that we cannot use our probabilistic bound yet, since the latter works for
(X FX N+ pI)*%XEnNH and not |[( X\ Xy + pI) "' X \ny||. However, this can
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be easily repaired in the application of Cauchy-Schwarz,

Frvp(@) = fo(@)] = (@, 0x, = 0)] = | (2, (X} X n +p) "' X Jyy = 0-)
(XNXn+pD) 2, (XN X+ pD) 2 X kyy — (XN Xy + pI)70. )
(
(

1 _1 1
< (XXX +pl) 2| (XN Xn + pI) 2 X Fyn — (XEXw + pl) 30,
_1 _1
<IXAXw + o) 2]l (I(X A Xy +pI) 2 X imy |
1 1
HIXNX n +pD) EX X N0, — (XN X + pl) 36,

The last term can be simplified,

(XXX N +p]) 2 XN X N0, — (X X + pl) 20,
1 1
=1 (XK XN +pI) XX n — (X3 Xx +pD)?) ]

NI

= | ((XEXN o) (XA XN+ pI) = p(X 3 XN+ pI) 72 — (X3 X n + pI)

)6l

_1
— lo(XF X x + pI) 20, = p\/0] (XX X + )16

Since 6, is unknown, the last term might still be somewhat problematic. However,
since X %X N is positive semidefinite, the spectrum of X JT]X ~N+pl of lower-bounded
by p, and hence the spectrum of (XJTVXN + pI)~! is upper bounded by p~!, so we

pOT(XTX N+ pI) 10, < py/p 20112 = Valle.].

and the norm of 0, is probably the most reasonable bound in this context. To

get

summarize,

(@) = fu@) < e T (XE X w + D)t (XK X x + D)2 X k|| + V1104 ])

Since (X, X n + pI)~! is positive definite, (h, k') — h" (XX + pI)~'h' defines
an inner product, whose induced norm we denote by || - [|n,. With this notation,

we have

[Fvp(@) = £ (@) < lelvp (XX n + pD) "2 X 3nyll + V/olI04 ) -
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5.3. An elementary derivation of frequentist uncertainty bounds based on self-normalization

Finally, since the input x does not appear in the probabilistic bound we derived
above, altogether we find that for all 6 € (0, 1), with probability at least 1 — § we
have for all z € X that

~ 1 |det (XJTVXN—F/)I)
— f. < 2In | = .
ple) = £ < lelley | 7 210 | 3 S5 o)

Back to Hilbert spaces Since ultimately we want uncertainty bounds for ker-
nel ridge regression (and GP regression), we need to generalize the results so far
to infinite-dimensional Hilbert spaces. As a first step, let us consider a finite-
dimensional Hilbert space. Essentially, we have to make sure that everything we
did so far works also in a coordinate free manner.

Let H be a finite-dimensional (real) Hilbert space, say of dimension D. The
covariates are now hi,...,hy € H, but as outlined in Section 5.2, the overall setup

goes through with only minor changes, in particular, we now have to set

N
T= Z hp ® hy  (veplacing B = X\ X n)

n=1

N
S = Z Nnhn  (replacing A = X \ny),
n=1

with S € H and T a self-adjoint operator on H. Let now by, ...,bp be an orthonor-
mal basis of H, and define ® : R — H, ®(v) = Elgl vib;. This map is invertible
and @' = &1, Finally, define A = ®'S € RP and B = ®'T® € RP*P. Going
through our previous derivation, we notice that the first location which needs an

adjustment is inside the expectation after the Markov inequality,

(T + pidpr) "2 S|3; = (S, (T + pidpr) 'SV
= (DA, (PBO" + ®(pI)®") DAy
= (4,07 (@) Y (B+pl) 1o AR
= (A, (B +pl) " A)ga

Furthermore, the determinant of a linear map on a finite-dimensional vector space

is defined as the determinant of any matrix representation, which in turn is in-
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5. Frequentist uncertainty bounds for kernel and GP regression: Theory

dependent of the chosen basis, so we also find det(T + pidy) = det(B + pI) and
det(pidg) = det(pl). Finally, we also need to translate the condition (5.22). Since
for all A € RP,

E [exp (—;)\TB/\ + ATA)

=E [exp (-é@, OTTON) o + (A, <I>TS>RD)]
— E [exp (5 (@) (@)1 + (@A S} ).

a bound for T and S induces a corresponding bound for B and A. Furthermore,
in our derivation of the particular bound b(A) = 1 we did not use the structure of
R?. The rest of the derivation now goes through without change and we get the

following uncertainty bound.

Proposition 5.3.3. Let H be a finite-dimensional Hilbert space and 0, € H, let
hi,...,hy be H-valued random variables and 7, ...,ny real-valued random vari-
ables, and define y, = (hp,0:)g + nn and F, = o(x1,m1, 22,12, ., N1, Ty) for
n=1,...,N. Assume that there exists R € Ryq such that for alln =1,..., N we

have
2 9

Elexp(vny) | Fn] < exp < ) Vv e R. (5.25)

Finally, let p € R0 and denote by 6, y the regularized least-squares estimate of 0,
from data (h1,v1),. .., (hn,yn) with regularization parameter p. For all § € (0, 1),
it then holds that with probability at least 1 — § we have for all h € H that

N
1 .
(. 0p.x) — (1,0.)] < [B]lx | B, | 200 Md@t (ﬂ‘thn®hn+ldH>>+ﬁ|e*u ,

: (5.26)

where we defined

N —1
17l n,p = <h, (Z hn @ hy + PidH> h> . (5.27)
n=1 H
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5.3. An elementary derivation of frequentist uncertainty bounds based on self-normalization

In preparation of the next developments, we have used the simplification

det (X021 hn @ hy + pidyy ) o <

N

n=1

The final bound for separable Hilbert spaces In order to get back to an uncer-
tainty bound for kernel ridge regression (or a frequentist uncertainty bound for GP
regression), we have to generalize the preceding developments to Hilbert spaces, with
Lemma 5.3.2 as the most important component. If we consider a separable Hilbert
space H, then we have a countable orthonormal basis (b, ), at our disposal, and via
an orthogonal projections onto the finite dimensional subspace span{bs, ..., by}, the
result from the previous section applies. Finally, a convergence argument then lifts
the uncertainty bound to all of H. This is the strategy suggested by [219]. The only
conceptual difficulty is handling the determinant of a self-adjoint operator of the
form Q +idg. The following intuitive derivation is folklore, but for completeness we

include it here.

Let A be a symmetric positive semidefinite matrix with eigenvalue decomposition
A = Udiag(\1,...,Ap)U". In this case, we have

det(A + I) = det (Udiag(M,..., Ap)UT +UUT)
D
= det(U) det(diag(A1, ..., Ap) + 1) det(U") = J[(\a + 1)
i=1
This suggests that if T is a self-adjoint, positive semidefinite operator on H with a

countable eigenvalue decomposition, then we should define
D
det(T +idpy) = [}gnooizﬂlui + 1), (5.28)

where (Ay,)y is the sequence of eigenvalues. If T is a trace-class operator, then the

latter limit exists and is finite. First, note that 1 + \; > 1 for all ¢, so

D D’
L<JIv+1) <T[+1)
=1 i=1
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5. Frequentist uncertainty bounds for kernel and GP regression: Theory

for all 1 < D < D'. Furthermore, for all D € N

D

ﬁ()\z‘-i-l): (ﬁ(Aﬁrl))D < <D21+)\>

=1 i=1

—_

D

D
< exp (1 Z )\i> = exp (Z )\Z-)
D ;
< exp (Z Az) < 00,
i=1

where we used the arithmetic mean-geometric mean inequality in the first step, the
elementary inequality 1+z < e® in the second inequality, and the fact that T is trace-
class (with nonnegative eigenvalues) in the last step. This variant of the determinant
of an operator is nothing else than a special case of the Fredholm determinant, and
a standard concept in the context of Gaussian measures on separable Hilbert spaces
[59, Chapter 1].

We now have all ingredients to generalize Proposition 5.3.3 to separable Hilbert
spaces. Since the argument is routine and no conceptual difficulties arise, we do
not provide the details here, but instead refere to [219]. The corresponding result
reads ezactly as Proposition 5.3.3 (just with H a separable Hilbert space, and the
Fredholm determinant instead of the usual determinant of endomorphisms of finite-

dimensional Hilbert spaces).

Before returning to kernel ridge regression and GP regression, it is time for an
observation and a surprising consequence. Everything we did works for an arbi-
trary, but fixed N € N;. The central ingredient to get a concrete bound is the
condition (5.18) (and the corresponding generalizations). However, the righthand
side in the present setup is just the constant 1, independent of N. A closer look at
the derivation via the noise assumption reveals that actually we have constructed a
supermartingale. All of this makes applicable a classic technique, often attributed
to Freedman [2], that boosts the result for an arbitrary, but fixed N to a result

uniform in N. It proceeds by three simple steps.

1. Replace the constant N by a stopping time 7. This is done by using the

supermartingale structure and a standard convergence argument.
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5.3. An elementary derivation of frequentist uncertainty bounds based on self-normalization

2. Choose as a specific stopping time the infimum over all N for which the desired
bound does not hold.

3. Bound the probability for the uniform bound by the probability for the bound
with the stopping time.

In the present context, this technique has been implemented first by [2] for H = R?
and then in [1, Chapter 3| for separable Hilbert spaces. Another example of this
technique can be found in [54], and we refer to any of these references for the technical
details. Recently, this approach has been put into a broader context in [94], where
the explicit stopping-time construction has been replaced by Ville’s inequality, which

is also the perspective chosen in [219].

As a very surprising outcome, the resulting uniform (in N) bound looks ezactly
like the bound for fized N. Here is the final result. It first appeared in [1, Section 3.4],
and was recently rediscovered in [219]. For consistency with the literature, we phrase
it using a given filtration, to which the various objects are adapted (instead of using

the filtration generated by the underlying processes).

Proposition 5.3.4. Let H be a separable Hilbert space and F = (F,),en a filtra-
tion. Let (hy,), be an H-valued stochastic process that is predictable w.r.t. F,, and
(Mn)n a real-valued stochastic process adapted to F,41. Assume that there exists
R € Ry such that for all n € Ny

RQ 2
Elexp(vny) | Fn] < exp ( v

) Vv e R. (5.29)

Furthermore, let 6, € H and define y,, = (hy,0.)g + 1, for n € N4, Finally, let
p € R5o and denote by 6, y the regularized least-squares estimate of 8, from data
(h1,91),...,(hn,yn) with regularization parameter p. For all § € (0,1), it then
holds that with probability at least 1 — § that for all n € Ny and all h € H

n=1

1 N .
[(h, 0, n)—(h, 0.)] < [|B]|n, | R, [21n (Ndet (/fl > hn @ hy +1dH>> +Vpllb«l |,

(5.30)
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5. Frequentist uncertainty bounds for kernel and GP regression: Theory

where we defined

-1

N
17l n,p = <h, (Z hn @ hy + pidH> h> . (5.31)
n=1

H

5.4. Uncertainty bounds based on self-normalization

In this section, we present frequentist uncertainty bounds for kernel ridge and GP
regression that arise from self-normalization techniques. As explained in Section
5.2, they form a special case of regularized least-squares in Hilbert spaces, and can
hence be derived from the results in the preceding section. Indeed, this derivation is
suggested and sketched in [1, Remark 3.13|, and it has also been used (in a slightly
different setup) in [54] for the proof of Theorem 2 in this reference, cf. also Lemma
1 there. For the reader’s convenience, we provide in the following all the details
of the relevant derivation, cf. also [219], which rediscovered (a variant of) the self-

normalized concentration inequalities from [1, Section 3.2].

From Fredholm to matrix determinants We start with the determinant in the
uncertainty bound. Recall that >, h,, ®h,, = SA, where S and A are the synthesis
and analysis operators introduced in Section 5.2, and define Hy = AS. We now
show® that if H y is invertible, then

N
det <p—1 3" i @ hy + idH> — det (p_lﬂN + I) : (5.32)
n=1

If A € R is an eigenvalue of 27]:[:1 hn, ® hy, with eigenvector h € H, then defining
v = Ah € RN, we have Hyv = (AS)Ah = A(SAh) = MAh = \v. Conversely, if
A € R is an eigenvalue of H y with eigenvector v € RY | then defining h = Sv € H we
have (Zflvzl hy, @ hn) h=(SA)Sv = S(AS)v = ASv = Ah. Assume now that H y is
invertible, then this shows that 27]:]:1 hyn, @ hy, has the same eigenvalues as H y (and
is hence also invertible). Let A1,..., Ay € Rs( be the eigenvalues of H j, and hence
all the non-zero eigenvalues of >0 | hy, & hy,, then \;/p+1,...,Ay/p + 1 are the

8 Curiously, we could not locate the following argument in the literature, where usually the matriz-
determinant lemma is invoked, e.g., [1, Remark 3.13]. However, technically this latter result is
only applicable to matrices, and not operators on Hilbert spaces.
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5.4. Uncertainty bounds based on self-normalization

eigenvalues of p_1H ~ + I and the non-zero eigenvalues of ,o_1 ZnN:1 hy, @ hy, +idg.

We now have

N N
s
det (pl > o ® by + idH> =11 (z - 1) = det (p'Hy +1),
n=1 i=1 \ P
where the first equality follows from the definition of the determinant for operators
(of the specific type considered here), and the second equality follows from the fact
that p~'H  + I is orthogonally diagonizable, and hence the usual determinant is

just the product of the eigenvalues.

Back to kernel ridge and GP regression Let X # () be some set, and let k be a ker-
nel on & such that Hy, is separable. For a sufficient condition, cf. [189, Lemma 4.33],
and for in-depth discussion we refer to [32, Section 1.5] and [150]. In the following,
we consider the case H = Hy, so the fixed target is an RKHS function f, = 0, € Hy.
The covariates become h,, = k(-,z,), where z,, € X, and we consider test inputs
h =k(-,z), for x € X. As shown in Section 5.2, this leads to

Frp(@) = Onp(@) = kn(2) T (Kn +pl) " yy, (5.33)
where as usual
k(x,z1) k(xy,21) -+ k(z1,zN)
kn(z) = : Ky =
k(x,zn) E(xn,x1) -+ k(zn,zN)

Furthermore, we get H y = K y. Finally, as shown in Section 5.2, for any h = k(-, z)

we get

n=1 k

N -1
”k('vx)”?\f,p: <k('>$)7 ( k('vxn)®k('7xn)+pide> k(>$)>
> (blaa) — k(@) (K + D) k(o)
1
)
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5. Frequentist uncertainty bounds for kernel and GP regression: Theory

where 012\, is the posterior variance from GP regression with a zero mean prior with
covariance function k, nominal additive i.i.d. Gaussian noise with variance p, and
data (z1,41),...,(zN,yn). For convenience, we summarize this result. It can be
reconstructed from Remark 3.13 in [1], and has recently been rediscovered as [219,
Theorem 2].

Proposition 5.4.1. Let X be a measurable space, k a kernel on X such that Hy is
separable, and let f. € Hy. Let F = (Fp)nen be a filtration, (2,)nen, an X-valued
stochastic process that is predictable w.r.t. F,, (1), a real-valued stochastic process
adapted to F,41, and define y,, = fi(xy,) + np for n € Ny, Assume that there exists
R € Ry such that for all n € Ny

2,2

Elexp(vny) | Fn] < exp ( ) Vv e R. (5.34)

Finally, let p € R and denote by uy and o% the posterior mean variance of GP
regression with a zero mean prior with covariance function k, additive i.i.d. N (0, p)
noise in the likelihood, and data (z1,41),...,(zN,yn), and corresponding kernel
matrix Ky, for N € N,.

For all 6 € (0,1), it then holds that with probability at least 1 — § that for all
NeNjyandalze X

|fe(z) — un(2)] < on(w) (j;\/2 In (é\/det (p~ 1Ky +IN)) + |f*||k> . (5.35)

For N time steps, or equivalently the case of a data set of N data points, the

uncertainty bound from the preceding result has the form

|fe(2) — pn ()| < BN (0, B, R, N)on () (5.36)

with

Bn(6,B,R,\) = |]f*\|k+\/21n< Vdet (p 1KN+IN)), (5.37)

Of course, the RKHS norm || f«||x in the bound above can be replaced by any constant
B € R>q with || f«|lx < B. This uncertainty bound has the form of a tube around
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5.5. Robustness to model misspecification

the posterior mean function (equivalently, the solution of kernel ridge regression
with an equivalent regularization parameter), of (half-)width Sy (9, B, R, A)on(x) =
Bnon(x). From the perspective of GP regression (which is a Bayesian method),
we can interpret Sy as a correction scaling, that translates the pointwise (in input
and time) Bayesian uncertainty measure oy into a frequentist uncertainty bound,

uniform in input and time.

5.5. Robustness to model misspecification

As usual in the literature, the results so far use the same kernel k for generating the
RKHS containing the ground truth and as a covariance function in GPR. Obviously,
in practice it is unlikely that one gets the kernel of the ground truth exactly right.
Therefore, we now investigate what happens if we have a misspecified model or

misspecification of the kernel.

5.5.1. A case of benign misspecification

In some cases, model misspecification of the kernel is not a problem. The follow-
ing simple result describes one such situation. To the best of our knowledge, in
the context of frequentist uncertainty bounds it first appeared explicitly as [CF12,
Proposition 3]. Note that we have slightly reformulated this result to make clearer

the conditions under which it holds.

Proposition 5.5.1. Consider the situation of Proposition 5.4.1, but this time as-
sume that the ground truth f, is from another RKHS H;. If H; C Hj, and the
inclusion id : H — H}, is continuous with operator norm at most 1, then the result
holds true without any modification. Similarly, if H; C Hy, then the result still
holds if the RKHS norm term in the bound is replaced by a constant B such that
[ felli < B

This simple result can easily be used to verify that for many common situations
misspecification of the kernel is not a problem. As an example, we consider the case
of the popular isotropic SE kernel. The following result appeared first as [CF12,

Proposition 4].
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5. Frequentist uncertainty bounds for kernel and GP regression: Theory

Proposition 5.5.2. Consider the situation of Proposition 5.4.1, but now assume
that f. € Hy, where H is the RKHS corresponding to the SE kernel k (on () # X C
R?) with length scale 0 < 4. Use for the Gaussian Process Regression the SE kernel
k with length-scale 0 < v < 4. Finally let B be an upper bound on || fi||x < B.
Then Proposition 5.4.1 holds true with B instead of the RKHS norm in the bound.

Proof. Follows immediately from Proposition 5.5.1 and [189, Proposition 4.46]. [J

These results tell us that it is not a problem if we do not get the hyperparameter
of the isotropic SE kernel right, as long as we underestimate the length-scale of the
actual kernel. This is intuitively clear since a smaller length-scale corresponds to
more complex functions, and indeed similar results are known in related contexts,
for example [194]. Note that Proposition 5.5.2 does not imply that one should
choose a very small length-scale. The result makes a statement on the validity of
the frequentist uncertainty bound from Proposition 5.4.1, but not on the size of the
uncertainty set. For a similar discussion in a slightly different setting see [215].

Finally, for Proposition 5.5.1, we need an upper bound on the RKHS norm of
the target function w.r.t. the nominal kernel, i.e., the kernel used for GP or kernel
ridge regression. In the situation of Proposition 5.5.2, this can easily be achieved by
using [189, Equ (4.44)] if we know an upper bound on the RKHS norm w.r.t. the
misspecified kernel. Using the notation of Proposition 5.5.2, if || f||; < B, then we

can choose B = B - (7/7)¥2.

5.5.2. Robustness to unstructured, but bounded kernel misspecification

We now turn to the situation where misspecification of the kernel might be problem-
atic, and adjustments to the uncertainty bounds itself are necessary. For conciseness,
we will only consider the case of arbitrary, but bounded misspecification of the kernel.
This is similar to common disturbance models in robust control, where no structure
is imposed on the disturbance, but a bound in magnitude. The following result is

essentially an updated variant of [CF12, Theorem 5].

Theorem 5.5.3. Let X’ be a measurable space, k, k two kernels on X such that H 4
is separable, and assume there exists € € R>q such that |k(z, ') — k(z,2')| < € for all
z,2' € X, Let f € H and B € R>q a constant with || f||; < B. Let F = (F,)nen be

a filtration, (2, )nen, an X-valued stochastic process that is predictable w.r.t. JF,
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(nn)n a real-valued stochastic process adapted to F,+1, and define y, = f(z,) + nn

-
for n € N4, and yy = (yl yN> , for N € N;. Assume that there exists
R € Ry such that for all n € Ny

RQ 2
Elexp(vny) | Fn] < exp ( v

) Vv eR. (5.38)

Finally, let A € R>( and denote by uy and 0% the posterior mean variance of GP
regression with a zero mean prior with covariance function k, additive i.i.d. N (0, p)
noise in the likelihood, and data (z1,91),...,(xn,yn), and corresponding kernel
matrix K and kernel vector function ky(z) = (k($’xn))n:1,...,N7 for N € N;.
Similarly, denote by jiy and &3, the posterior mean variance of GP regression with
a zero mean prior with covariance function k, additive i.i.d. A(0,\) noise in the
likelihood, and data (z1,1), ..., (zxn, yn), and corresponding kernel matrix K y and

kernel vector function ky, for N € N,

For all 6 € (0,1), it then holds that with probability at least 1 — § that for all
NeNyandallz e X

Pllf«(x) — un(z)] < Bny(z) Vze X, NeNy|>1-9§ (5.39)

where

By (x) = COx(@)|lynll + Bxy/o%(2) + Sw(x)?

= 2 o (e Ty (N
Cn(w) = (5 + 1 + M) ) (e @)+ VRS + [ (Ko -+ M) Ve

Sn(x)? = e+ VNE|(Kn + My) 'kn(2)]| + (VNe+ ||ky(2)])Cn(2)

Before proceeding to the proof of this result, we would like to briefly discuss the

form of the bound.

In Proposition 5.4.1, we have a tube around uy(z) of width

Bn(8, B, R, N)oy(z) = fﬁ\/z In <§\/det (' Ky + IN)> 1l (5.40)
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whereas in Theorem 5.5.3, we have a tube around py(z) of width

B/ ok (@) + S (@) + On (@) lynll-

Because of the uncertainty or disturbance in the kernel we have to increase the

nominal noise variance (used in the nominal noise model in GPR), increase the

nominal posterior standard deviation from oy (z) to \/ o%/(z) + S%(z) and add an
offset to the width of the tube of Cn(z)||y |- In partlcular, the uncertainty set now
depends on the measured values yy. Note that Cn(z) and Sy(x) depend on the
input, but if necessary this dependence can be easily removed by finding an upper
bound on ||kx(z)||. An interesting observation is that even if on(z) = 0, the tube
around py(z) has nonzero width. Intuitively this is clear since in general it can

happen that f ¢ H, but uy € H by construction.

Proof of Theorem 5.5.3. Denote by iy, 6]2\,, Ky the posterior mean, posterior vari-
ance and Gram matrix of the GP, but with & as covariance function, and analogously

kx. Let & € X be arbitrary, then we have

[f (@) = pn(@)] < [f(2) — in(@)| + |an (z) — py ()]

Our strategy will be to bound the first term on the right-hand-side with Proposition
5.4.1, and then upper bound all resulting or remaining quantities by expressions
involving only k instead of k. As a preparation we first derive some elementary

bounds that are frequently used later on. By assumption,

N
|kn(z) — kn(z)|| = \IZ(E(z,xi) — k(z,2;))? < VNE, (5.41)

=1

and hence (using the triangle inequality)
lkn (@)l < Ry (@)l + [kn(2) = kn(2)] < [[kn ()] + VNE. (5.42)

Furthermore, since K y is positive semidefinite

KN +My) 7 = Amax((Ky + MN) 71 = . =3
IR+ M) = A (Kov +- M) ™) = 5 0 s < 3
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and hence together with the triangle inequality
_ _ _ 1 _
(B N+ M) ™ = (K v+ M) 7 < 5+ [[(B v+ AT) - (5.43)

Finally, using first the triangle inequality and then the submultiplicativity of the

spectral norm we get

(K N + M) kn () — (Kn + M) 'kn (@)
< (x4 My) ™ = (K + M) ™) k(@) + (K x4+ M)~ (ke (2) = kx(2))]
<K~ + M)~ = (K + M) 7l (@) + (K x+ M) | [en (@) = By (2)]]

and hence from (5.41), (5.42), (5.43)
(B -+ M) (o) — (K + ALy) ey (a)]| < Ox(a)  (5.40)
with
Cn(a) = (5 + 1Ky + A1) ) (@)l + VRS + | (K + M)~ Ve
Now,

iin(2) = pnv ()| = |k (2)(Kn + AN) " yn — kn(2)(Kn + My) 'yl
< (K n + My) ey (2) + (Kn + M) by (@) |yl
<On(@)|lynll,

where we used Cauchy-Schwarz in the first inequality and (5.44) in the second. Using
Proposition 5.4.1 we get that

Plliin(z) — f(x)| < fyon(z) YN e Nz e D] >1 -6
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where

Gy =B+ \/2111 ~\Jdet(x 1K+IN)>

—B+\/ln det(A\~ 1K—|—IN) +21In(1/4)

Let )\Z-(f{ ~) be the i-th largest eigenvalue of Ky, then we have

Ai(KN) < X(KN)+ | Ky — K|
<N(Kn)+ | Kn — Ky|r

where we first used Weyl’s inequality, then the fact that the operator norm || - ||
is always less or equal the Frobenius norm || - ||, and finally the definition of the

Frobenius norm together with the assumption on k and k. We now get

Indet (A" Ky + Iy) = In (ﬁ N (AR N+ IN)> —In <ﬁ (AN ) + 1))

i=1 i=1

=Y (! )+1)

=1

=

In (AN (KN) + A~ 1N6—|—1)

N
M= T

ﬂ
_
=

(
In (A (MUK + (1+ AN Iy )

E'qz

@
Il
—

—In (H N (AR + (14 A—lNé)IN)>
1=1

= Indet (A" Ky + (14+ ANy ) ,
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which we can use for

By B+\/Indet (MK + In) + 2In(1/6)

<B+ —\/In det ALKy + (1 + A~LN&)Iy) + 21In(1/5)

=B+ \F)\\/Nn 5\/det AMITKy+(1+ )\—1N€)IN)>
= BN-

Turning to the posterior variance, we get from the triangle inequality

i (@) < ok () + |0k (2) — 53 ().

We continue with

0% () = % (2)] = [k(z, 2) — kn(2)T (KN + M)k (2)
—k(z,z) + kn(x)T(Kn + My) ey (2))
< |k(z,2) = k(z,2)| + |(kn () — kn ()T (Kn + My) " ey (2))]
+kn ()" (Kn + My) ey (z) — (Kn 4+ My) " ky(2))
< |k(z,2) = k(z,2)| + [k (z) — kn (@) ||| (K § + My) " en(2)]]
+ kv @) [(Kn + M) ky(2) — (Kn + My) " ey (@)
< e+ VNE|(Ky + My) ky (@) + (VNE+ by (2)])COn (@)
=: SN(x),

xT

X

where we used the triangle inequality again in the first inequality, Cauchy-Schwarz
in the second inequality and finally (5.41), (5.42), (5.43) together with

(K n + My) " ten (2)]|
< Ky + M) ky (@) + |(Kn + My) ky(z) — (Ky + My) k()]
< (K n + AMn) k()] + Cn ()
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5. Frequentist uncertainty bounds for kernel and GP regression: Theory

Putting everything together, we find that with probability at least 1 — §

lun(x) = f(2)] < On(@)llyn|l + Bydn(x)

and therefore, using the upper bounds on By and n(x) derived above, that with
probability at least 1 — §

|un () = f(2)] < By (x)

where

By (2) = Cy(@)llyn | + Bxy/o% (z) + Sy (x)?

5.6. Comments

The general approach in Section 5.1 (separating terms with noise from terms with
the target object) is folklore, and has been used in the context of uncertainty bounds
for GP regression for example in [54]. In turn, this work has been the starting point
of [CF12]. The elementary results Proposition 5.1.2 and 5.1.3 are motivated by
results in this latter work, but have been rederived for this thesis, and similarly for
Proposition 5.2.1. While we could not locate these specific results in the literature,
they might be known (probably as technical auxiliary results), especially given their
connection to linear inverse problems, see [142] for a recent reference. As already
mentioned in the main text, the approach from Section 5.2 is well-known, but we
could not find a reference for this particular exposition. All of the results (or minor
variations thereof) in Section 5.3 are known, but to the best of our knowledge, our
particular derivation, and our explanation how one can discover these techniques, is
new. Section 5.5 is based on and partially taken verbatimly from [CF12]. This latter
work arose through discussions of the author with S. Trimpe and C.W. Scherer,
with all theoretical results derived by the present author. Note that the overall
presentation of the theoretical results in this chapter is significantly different from
[CF12]. In Section 6.4, we provide a detailed discussion of the contributions of this
latter work, and how it is connected to related and existing work in the literature.
Finally, the present chapter has been written from scratch by the present author of

this thesis, with the above mentioned exceptions.
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6. Frequentist uncertainty bounds for
kernel and GP regression: Experiments
and applications

In the preceding Chapter 5, we have presented a variety of frequentist uncertainty
bounds for GP regression and kernel ridge regression, and we will now investi-
gate some of them empirically through numerical experiments, and apply them for
learning-based control approaches. Recalling our discussion from Chapter 4, in the
context of learning-based control it is important that these uncertainty bounds can
be numerically evaluated, and are not too conservative. Our first goal in this chap-
ter is therefore to carefully investigate how the bounds behave empirically, which
we do in Section 6.1. Key issues will be conservatism as well as robustness to model
misspecification. Our experiments indicate that the uncertainty bounds are tight
enough for use in learning-based control, which we will validate here with two use
cases. In particular, in Section 6.2 the uncertainty bounds will be used together

with modern robust controller synthesis.

This chapter is based on, with some parts taken verbatim from, [CF12, CF13] and
[CF10]!. Detailed comments on the author’s contribution and relation to existing

work are provided in Section 6.4.

'© IEEE 2021. Reprinted, with permission, from Christian Fiedler, Carsten W. Scherer, and
Sebastian Trimpe. Learning-enhanced robust controller synthesis with rigorous statistical and
control-theoretic guarantees. 60th IEEE Conference on Decision and Control (CDC), 2021.
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6. Frequentist uncertainty bounds: Experiments and applications

6.1. Experimental evaluation of frequentist uncertainty

bounds

We now turn to a numerical investigation of the uncertainty bounds. First, we pro-
vide some background and detailed explanation of the experimental setup. This
is followed by the results of the experiments on both the nominal and robust un-
certainty bounds. Finally, we apply the bounds to an illustrative example from

control.

6.1.1. Background and setup

As explained in detail in Chapter 4, we are interested in frequentist uncertainty
bounds. In particular, this suggests a frequentist evaluation of the bounds. This
means that for a given ground truth, many data sets are generated by sampling
multiple noise realizations, the uncertainty bounds are computed, and for each re-
alization it is checked whether the uncertainty set contains the ground truth.

Let us make this more precise using the abstract setup from Chapter 4. Consider
the frequentist setting as formalized there, and for simplicity assume that P = {P}.
Suppose we want to evaluate an uncertainty set (estimator) (Us)se(o,1) from a fre-
quentist perspective. For this, can fix a ground truth 8, € ©, a desired confidence
level 6 € (0,1), and a finite number of samples N € N;. We then generate indepen-
dent noise realizations 7n1,...,ny ~ P, compute y, = F(b.,n,) and U, = Us(yn)
form=1,...,N,as well as F' = ZnN:1 Iy, cv, (where I, is 1 if p holds, otherwise 0)
and 6 = F /N. If (Z/{(;)(;E(OJ) really leads to frequentist uncertainty sets, then 5<6
for large N. Furthermore, § as well as the average “size” of Uy, ..., Uy can be used
as indicators of the conservatism of the uncertainty sets. Finally, since frequentist
uncertainty sets should hold for a given, but arbitrary ground truth, this should be
checked for all 6, € ©. In general, this is not feasible, so the preceding experiment
should be repeated for a variety of elements from ©. It is clear that such an ex-
perimental setup can be realized only in numerical experiments with known ground
truths, since many repetitions (large N) are required, and ideally this is repeated
with different ground truths. In particular, this requires the generation of many
elements from O.

Before turning to the concrete setting that is considered for the remainder of
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6.1. Experimental evaluation of frequentist uncertainty bounds

this chapter, we would like to discuss some delicate points of this setup. First, the
approach outlined above can give only empirical indications about the behaviour
of the uncertainty sets, since only finitely many samples and ground truths can be
considered in experiments. The latter fact can be particularly problematic when the
ground truths are synthetically generated with a method that has a certain bias,
e.g., a tendency to produce only elements from some (potentially very small subset)
© C ©. In this case, experiments following the method from above can result in
potentially misleading results, and in our setting, this is indeed a risk, as described
in the next section. Second, the behaviour of uncertainty sets in practice can be very
different from what is observed in such synthetic experiments. For example, the set
of possible ground truths © might be much larger than what is actually possible in
a concrete application class, which in turn could lead to very conservative behaviour

of the uncertainty sets in the synthetic experiments.

Generating functions from an RKHS For the numerical experiments we need to
generate ground truths, i.e., we need to randomly generate functions belonging to
the RKHS of a given kernel. A generic approach is to use the pre-RKHS of the
kernel which is contained (even densely w.r.t. the kernel norm) in the actual RKHS,
cf. Chapter 2. Let X be a set and k a kernel on X. Forany N € N, z1,...,2y € X
and a € RY, the function ¥ | a,k(-,z,) is contained in the (unique) RKHS
corresponding to k£ and has RKHS norm vVaTKa, where K = (k(i,25))ij=1,..N
is the corresponding Gram matrix. It is hence possible to generate an RKHS function
f of prescribed RKHS norm B by randomly sampling inputs x1,...,zxy € X and
coefficients & € RY and setting

N
f(z) = Z ank(zy,x) (6.1)
n=1
where o = afKad. Of course, in practice f can only be evaluated at finitely

many points X C X. More concretely, we fix a finite evaluation grid X C X, choose
uniformely a number N € [Nyin, Nmax] N N, choose uniformely N pairwise different
points x1,...,zx € X, sample &; ~ N(0, 0']2c) and apply the construction (6.1). For
precise choices of the parameters are given below.

As explained above, we are concerned with a frequentist setting, so there is a
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Figure 6.1.: llustrating sampling from the Gaussian kernel with the pre-RKHS
method (left) and with an explicit ONB (right). Details are provided
in the text.

ground truth from a collection of possible ground truths and the results have to
hold for each of these possible ground truths. In particular, even if a ground truth
might be considered pathological, the results have to hold if they are to be considered
rigorous. This aspect is important for numerical experiments, especially when trying
to assess the conservatism of a result. In our setting it might happen that the results
seem very conservative for functions that are randomly generated in a certain fashion,
but there are RKHS functions (which might be difficult to generate) for which the
results might be sharp. Let us illustrate this point with the Gaussian kernel. We use
a uniform grid of 1000 points from [—1,1] together with the Gaussian kernel with
length scale 0.2. For the pre-RKHS approach we use Ny, = 5 and Nyax = 200
and U]% = 1. As an alternative, we use the ONB described in [189, Section 4.4] and
consider only the first 50 basis functions from [189, Equation (4.35)] for numerical
reasons. We first select the number of basis functions N to use uniformely between
5 and 50 and then choose N such functions uniformely. As coefficients we sample
a; ~N(0,1) iid. for i =1,..., N and normalize (w.r.t. to ¢o-norm) and multiply
by the targeted RKHS norm. For both the pre-RKHS approach and the ONB
approach we use || - ||z = 2 and sample 4 functions each. The result is shown in
Figure 6.1. Clearly, the resulting functions have a different shape, despite having
the same RKHS norm with respect to the same kernel. In particular, the functions

generated using the ONB approach seem to make sharper turns. We like to stress
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6.1. Experimental evaluation of frequentist uncertainty bounds

that this strongly suggests that in a frequentist setting one has to be careful with
statements about the conservatism of a proposed bound or method that are based
purely on empirical observations. It might be that the method for generating ground
truths has a certain bias, i.e., has a tendency to produce only ground truths from a
certain region of the space of all ground truths. To the best of our knowledge, this

issue was discussed for the first time in [CF12].

Basic experimental setup Unless otherwise stated, we use [—1,1] as the input
set and consider a uniform grid of 1000 points for function evaluations, and in
each experiment we sample 50 RKHS functions as ground truth. In general, we
use the pre-RKHS approach to generate functions from the corresponding RKHS,
and additionally for the SE kernel we use the orthonormal basis (ONB) from [189,
Section 4.4] with random, normally distributed coefficients. For each function we
repeat the following learning instance 10000 times: We sample uniformly 50 inputs,
evaluate the ground truth on these inputs and adding normal zero-mean i.i.d. noise
with standard deviation (SD) 0.5. We then run GP regression on each of the training
sets, compute the uncertainty sets and check on the equidistant grid of the input
set whether the resulting uncertainty set contains the ground truth. We consider a
learning instance a failure if the uncertainty set does not fully cover the ground truth
at all 1000 evaluation points. Finally, instead of Sy (d, B, R, A\) from Proposition
5.4.1, we use the slightly different

R _ _
By =B+ ﬁ\/ln (det(A/AKy + ALy) ) = 21n(3) (6.2)

with A = max{1, A} (using \ instead of p for consistency with the GP literature).
Similarly, for the robustness experiments, instead of By from Theorem 5.5.3, we use
the slightly different

R A A S
By=B+ —,|1 —-K —Né In | —21 .
N —1—\5\1 n det ()\ N+<)\ e—i—)\) N) n(9) (6.3)
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6. Frequentist uncertainty bounds: Experiments and applications

with

SXr(x) = &+ VNE|(K n + Mn)kn ()|
+ (VNé+ |[kn(2)])Cn ()

Onte) = (&4 10+ A1) 1) e @) + V)

+ (K y — My) " |V Ne

In Section 6.4, we discuss these differences. Finally, while frequentist uncertainty
bounds for GP regression have been known since the seminal work [186], the first
systematic empirical investigation from a frequentist perspective has been conducted
in [CF12], to the best of our knowledge.

6.1.2. Experiments

We are now ready for the numerical experiments. For ease of reference, we label

each experiment using the prefix erp_ .

Nominal setting

Consider the case that the covariance function used in GP regression and the kernel
corresponding to the RKHS of the target function coincide. First, we test the nom-
inal bound (6.2) with SE and Matern kernels, respectively, for different values of 4.
Here we use the SE kernel with length scale 0.2 (ezp__1_ 1 _a) and the Matern kernel
with length scale 0.2 and v = 1.5 (exp_1_1_b). We generate RKHS functions of
RKHS norm 2 using the pre-RKHS approach and use the same kernel for generat-
ing the ground truth and running GP regression. The nominal noise level of GP
regression is set to A = 0.5. The uncertainty set is generated using (6.2) with B = 2,
R =10.5and § = 0.1,0.01,0.001,0.0001. The mean of the scalings S50 (together with
1 SD, average is over all 50 RKHS functions and all learning instances) is shown in
Table 6.1. As can be seen there, the scalings are reasonably small, roughly in the
range of heuristics used in the literature. In particular, a violation of the uncertainty
set was found in no instance (i.e. for all 50 RKHS functions and each of the 10000
learning instances). Furthermore, the graph of the target function is fully included

in the uncertainty set in all repetitions. This is illustrated in Figure 6.2 (left), where
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Figure 6.2.: Left (Nominal setting): Example function (green) from SE kernel with
length-scale 0.5 and RKHS norm 2, learned from 50 samples (red).
Shown is the posterior mean (blue) and the uncertainty set from (6.2)
for 6 = 0.01. Right (Misspecified setting): Example function from SE
kernel with length-scale 0.2, learned with GPR, using SE covariance
function with length-scale 0.5. The violation of the uncertainty set is
clearly visible.

an example instance of this experiment is shown. As can be clearly seen there, the
posterior mean (blue solid line) is well within the uncertainty set (with 6 = 0.01),

which is not overly conservative.

Exploring conservatism

In order to explore the potential conservatism of the bound (6.2) we repeated the
previous experiments with § = 0.01 and replaced Bs9 by 20 equidistant scalings
between 2 and [59. We used this changed setup for the SE kernel (ezp_1_ 2 a),
Matern kernel (exp 1 2 b) and SE kernel together with the ONB sampling ap-
proach (exp__1_2 c). Whereas for the Matern kernel also the heuristic § = 2 works
for this example (still no uncertainty set violations), the situation is rather different
for the SE kernel. As shown in Figure 6.3 for 5 close to 2 the frequency of uncer-
tainty violations is much higher than 0.01, in particular for the case of sampling
from the ONB.
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SE kernel (length scale 0.2) SE (length scale 0.2, ONB approach)
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Figure 6.3.: Exploring conservatism of nominal bound (6.2). For each target
function and learning instance 20 different uncertainty sets are tested.
Each such uncertainty is generated from (6.2) by replacing S50 by
B =2,...,050 (equidistant). Worst function means the fucntion with
the highest failure frequency among all 50 target functions for the
particular scaling. Ground truths sampled with pre-RKHS approach
(left) and ONB approach (right).

Table 6.1.: 59 in nominal setting (mean + standard deviation over all repetitions)
1 0.1 0.01 0.001 0.0001
SE 6.95+£0.04 739+£0.04 7.80+0.03 8.194+0.03
Matern 7.36 £0.04 7.78+0.04 8.16+£0.04 8.53£0.04
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6.1. Experimental evaluation of frequentist uncertainty bounds

Misspecified kernel, benign setting

We now consider misspecification of the kernel, i.e., different kernels are used for
generating the ground truth and as prior covariance function in GP regression. As
an example, we use the SE kernel with different length-scales and use the ONB from
[189, Section 4.4] to generate the RKHS functions. We start with the benign setting
from Proposition 5.5.2, where the RKHS corresponding to the covariance function
used in GPR contains the RKHS of the target function. For this, identical settings
as in our first experiment above are used, but now we generate functions from the
SE kernel with length-scale 0.5 and use the SE kernel with length-scale 0.2 in GP
regression (exp_ 13 a). As expected, we find the same results as above, i.e., the
uncertainty set fully contains the ground truth in all repetitions. Furthermore, the
scalings (50 are roughly of the same size as in the nominal case, cf. Table 6.2 (upper
row). Note that we only report results for the ONB sampling approach, since no

significant difference compared to the pre-RKHS approach arises.

Misspecified kernel, problematic setting

Next, we investigate the problematic setting where the RKHS corresponding to the
covariance function used in GPR does not contain the RKHS of the target func-
tion anymore. As an example we use again the SE kernel, but now with length-
scale 0.2 for generating RKHS functions and the SE kernel with length-scale 0.5 for
GPR. We use both the pre-RKHS approach (ezp_1_ 4 a) and the ONB approach
(exp_1_4_b). The resulting scalings are reported in Table 6.2 (lower row), again
only for the ONB sampling approach. For the ONB sampling we found that for 2, 6,
12 and 13 out of the 50 target functions the frequency of the uncertainty violation
was higher than § = 0.1,0.01,0.001,0.0001. Interestingly, when performing this ex-
periment with the pre-RKHS approach, we did not find functions that violated the
uncertainty bounds more often than prescribed. This reaffirmes our introductory
remark that the method generating the test targets can lead to wrong conclusion

from empirical evaluations of the theoretical results.
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Table 6.2.: 859 in the misspecified setting (mean + standard deviation over all
repetitions)
) 0.1 0.01 0.001 0.0001
Benign 6.53£0.038 6.97£0.035 7.39+0.033 7.77+0.031
Problematic 6.11 +0.03 6.64 = 0.03 7.11+0.02 7.54 1+ 0.02

Table 6.3.: Width of robust uncertainty set (mean + SD of average width)
0 0.1 0.01 0.001 0.0001
Mean 71.68+5.36 73.79+£5.36 75.64£5.37 77.33£5.37
SD 6.54 +1.73 6.73 +1.78 6.91 £ 1.82 7.06 + 1.86

Robust result for misspecified setting

The results of the previous two experiments indicate that a model misspecification of
the kernel can be a problem and a robust result like Theorem 5.5.3 is necessary. To
investigate this, we repeat Experiment exp_1_4 b from the previous paragraph,
but now using (6.3) instead of (6.2). We find no violation of the uncertainty set
(over all 50 functions tested, all 10000 learning instances for each function and all §
tested). Since now the width of the uncertainty set is not a constant rescaling of the
posterior standard deviation anymore, we report the mean (over all 50 functions and
each of the 10000 learning instances) of the average width (over the input space) of
the uncertainty sets (£ SD w.r.t. averaging over all 50 functions and each of the
10000 learning instances) and the SD (w.r.t. to averaging over the input space), +
SD w.r.t. averaging over all 50 functions and each of the 10000 learning instances, in
Table 6.3. An inspection of the average uncertainty set widths in Table 6.3 indicates

some conservatism.

6.1.3. A first learning-based control example

We now illustrate the uncertainty bounds with a concrete, existing learning-based
control method. As an example, we choose the algorithm from [185] which is a
learning-based Robust Model Predictive Control (RMPC) approach that comes with

rigorous control-theoretic guarantees.
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Background

For convenience we now provide a cursory overview of background material. We can
only provide a sketch and refer to standard textbooks for more details, e.g. [167] for

a comprehensive introduction to MPC.

A common goal in control is feedback stabilization under state and input con-
straints. Consider a discrete-time dynamical system (or control system) described
by

Tt = f(x,u)

with state space X, input space U and transition function f : X x U — X. For
simplicity assume that X = R™, U = R™ and that f(0,0) = 0, i.e., (0,0) is an
equilibrium. Furthermore, consider state constraints X C X and input constraints
U C U. In this setting, feedback stabilization amounts to finding a map p: X — U
such that x, = 0 is an asymptotically stable equilibrium for the resulting closed loop

system described by
ry = f(z, p(x)),

and all resulting state-input trajectories are contained in the constraint set X x U.

Note that this requires restriction of the set of possible initial values.

In many applications not only stability, but also a form of optimality is required
from the control system. For example, assume that being in state x and applying
input u incurs a cost of ¢(x, ). If the control system is run for a long time, then we
would like a feedback p that not only stabilizes the system, but also incurs a small

infinite horizon cost

> Ua(n), u(z(n))),
n=0

where x(n) is the resulting state trajectory. One common methodology for dealing
with state constraints and optimal control tasks is MPC. If the system is in state
x, MPC solves a finite horizon open loop problem, i.e., it determines a sequence
u(0),...,u(N — 1) of admissible input values that minimize some cost criterion.
Only the first input «(0) is applied to the system and this process is repeated at
the next time instance. There is a comprehensive theory available on how to design
the open loop optimal control problem solved in each instance in order to achieve

desired closed loop properties. For details we refer to Chapters 1 and 2 in [167].

157



6. Frequentist uncertainty bounds: Experiments and applications

In many applications a control system has to deal with disturbances. Frequently
the disturbances can be modelled in an additive manner, i.e., we have a control
system of the form

24 = fo,u) +w,

where w € W C R” is an external disturbance. The feedback stabilization problem
under constraints can now be adapted to this setting, resulting in robust feedback
stabilization under constraints. The goal is now to find a feedback that ensures
constraint satisfaction and stabilizes the origin in a relaxed sense (which depends
on the size of the disturbance set W). Furthermore, even in this more challenging
situation one might have to deal with additional cost criterions.

MPC can be adapted to the setting with disturbances. The key idea of most
approaches is to solve a constrained open loop optimal control problem where the
constraints are tightened. The intuition is that even the worst case disturbance
cannot throw the system out of the allowed state-input set. It is clear that this
requires sufficiently small bounds on the size of the disturbances. For more details
we refer to Chapter 3 in [167].

A concrete example

We follow [185] and consider the discrete-time system

xf 0.995  0.095| |z1 0.048 0
= + u+ (6.4)
3 —0.095 0.900| |2 0.95 —r(x3)

modelling a mass-spring-damper system with some nonlinearity r (this could be
interpreted as a friction term). The goal is the stabilization of the origin subject to
the state and control constraints X = [—10, 10] x [—10,10] and U = [-3, 3], as well
as minimizing a quadratic cost.

The approach from [185] performs this task by interpreting (6.4) as a linear system
with disturbance, given by the nonlinearity r, whose graph is a-priori known to lie
in the set Wy = [—10,10] x [=7,7]. The nonlinearity is assumed to be unknown
and has to be learned from data. The RMPC algorithm requires as a disturbance
sets W(x) such that (O —’I“(.’L'Q))T € W(z) for all x € X, which are in turn used
to generate tightened nominal constraints ensuring robust constraint satisfaction.
Furthermore, the tighter the sets W(x) are, the better is the performance of the
algorithm, cf. Chapter 3 in [167] for an in-depth discussion.
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Figure 6.4.: Example nonlinearity. From the target function (blue solid line) 100
samples with noise (red dots) are sampled, which are used to get the
uncertainty sets (dashed black lines).

For this experiment, we replaced the Stribeck friction curve used by [185] with a
synthetic nonlinearity generated from a known RKHS. Furthermore, the nonlinearity
is assumed to be unknown and has to be learned from data. More precisely, the

nonlinearity r (which will be our ground truth) is sampled from the pre-RKHS of

the scaled SE kernel )
/

k; / — 4 _ (x - )

(z,2) = dexp ( 2 % 0.82

with RKHS norm 2. Following [185], we uniformly sample 100 partial states xo €
[—10, 10], evaluate r at these and add i.i.d. Gaussian noise with a standard deviation
of 0.01 to it. The unknown function is then learned using GPR (using the nominal
setting, i.e., with known k) from this data set. Using (6.2) then leads to an un-
certainty set of the form W(z) = [u100(72) — Bio00100(22), t100(22) + Brooo100(22)],
where we use § = 0.001. In particular, with probability at least 1 — ¢ we can guar-
antee that r(x2) € W(z) holds for all x € X. The situation is displayed in Figure
6.4. In order to follow [185] as closely as possible, we exported the learning results
and used the original Matlab script to compute Zj, (provided by R. Soloperto). In
order to reduce computation time, we decided to use a 50 x 50 state space grid and
an MPC horizon of 9.
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Figure 6.5.: Tightened state constraint sets Zj for k =0,...,9. Computed from
a-priori uncertainty set Wy (LEFT) and learned uncertainty sets W(x)
(RIGHT).

Result

Figure 6.5 shows the resulting tightened state constraints for an MPC horizon of 9.
Clearly, the state constraint sets from the learned uncertainty sets are much larger.
Furthermore, in contrast to previous work, we can guarantee that the RMPC con-
troller using these tightened state constraints retains all control-theoretic guarantees
with probability at least 1 — 0. In the present case we can ensure state and control
constraint satisfaction, input-to-state stability and convergence to a neighborhood
of the origin, with probability at least 1 — 6. This follows immediately from [185,
Theorem 1], since the ground truth r is covered by the uncertainty sets W(z) with
this probability, and the control-theoretic guarantees are deterministic, so they also
hold with the same probability. Note that this is essentially a concrete instantiation

of the abstract strategy discussed in Chapter 4.

6.2. Uncertainty bounds in learning-enhanced robust

controller synthesis

We will now present an application of frequentist uncertainty bounds for GP re-
gression in the context of robust controller synthesis. First, some background and

context will be provided, then we describe our overall methodology, which we then
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illustrate with a concrete example from robust control. To the best of our knowledge,
this is the first combinatino of actual frequentist uncertainty bounds with modern

robust controller synthesis.

6.2.1. Introduction and background

Many methods of modern control rely on accurate plant models [66]. Traditionally,
models are obtained from first-principles modeling [16], harnessing extensive expert
domain knowledge, or are derived experimentally using system identification [122].
In most cases, a combination of these strategies is used: First-principles models
are enhanced with components derived from data. Therefore, recent advances in
machine learning offer tremendous opportunities for control. By using advanced
learning approaches, it is possible to improve models from real-world data sets, even
in established areas of control engineering, cf. e.g. [160]. Furthermore, modern
control systems are increasingly complex and learning-based approaches offer the
chance to tackle this complexity.

As already eluded to in Chapter 4, control applications pose significant challenges
for learning approaches. Beyond statistical and computational issues like such as
potential non-independence of data-samples, unmeasured states and real-time feasi-
bility issues, rigorous guarantees on the behavior of closed-loop control systems are
of paramount importance in many applications, in particular, in safety-critical areas
like aerospace control systems and human-robot interaction scenarios. Using model-
based approaches, rigorous and practically relevant guarantees can often be given,
mostly in the form of stability and constraint satisfaction guarantees. However, in-
cluding learning-based components in control systems significantly complicates the
situation, and giving theoretical guarantees on the overall system can be challeng-
ing. Additionally, for practical applicability of learning-based control it is important
to leverage existing prior knowledge in a systematic manner. In many real-world
scenarios, extensive domain and expert knowledge is available, often in the form
of first-principles modeling utilizing disciplines like physics, chemistry or biology,
as well as vast amounts of engineering experience and intuition. In order to make
learning-based control approaches real-world feasible, reliable and data efficient, it
is important to harness this prior knowledge.

Motivated by this, in this section we present a very general methodology for
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learning-enhanced robust controller synthesis. Similarly to the example from Section
6.1.3, it will be an instance of the established strategy described on an abstract level
in Chapter 4: We apply a machine learning method to unknown parts of the system,
derive frequentist uncertainty bounds, and deal with the remaining uncertainty using
robust control. However, we will put a particular emphasis on using prior knowledge,
hence we prefer to call the methodology learning-enhanced instead of learning-based.
In particular, we demonstrate how to use prior knowledge in a systematic manner in
the learning process. We advocate for the use of the Linear Fractional Representation
(LFR) [223, 177] and Integral Quadratic Constraint (IQC) [136, 209] framework
to integrate the learning components with modern robust control approaches, in
particular, robust controller synthesis with control-theoretic guarantees like robust
stability and performance. In this way, we can give rigorous guarantees and can

harness established engineering prior knowledge, cf. Figure 6.6 for an illustration.

Related work Combining uncertainty quantification for machine learning with ro-
bust control approaches is a common strategy in learning based control, in particular,
in learning-based Model Predictive Control [92], cf. also our discussion in Chapter
4. Using frequentist uncertainty results for GPR in a robust control setting has been
used for example in [112, 204, 90, 61], and the concept of d-safety from [112] is con-
ceptually very similar to our control-theoretic guarantees, cf. Theorem 6.2.8 below.
However, due to the difficult applicability of earlier uncertainty bounds for GPR,
only heuristics for the uncertainty sets are employed and, hence, all guarantees are
lost in the end. Furthermore, often considerable prior knowledge about the system
is not used, in particular, the fine structure of the uncertainties is not utilized in the
control schemes. The LFR framework has been sporadically used in the context of
learning-based control, cf. e.g. [28, 30]. However, its versatility and modularity has
not been taken advantage of before. In particular, to the best of our knowledge it
has not been used in the context of control-theoretic guarantees for learning-based
control schemes. The recent works [26, 27] explore the usage of the LFR framework
and modern robust controller synthesis in a learning context, however, they rely on
a data-driven approach [93] and do not consider nonlinearities. As such these works
can be seen as complementary to the present work.

Another alternative approach to learning-based controller synthesis uses a Bayesian

framework, cf. e.g. [214], and can also be seen as complementary to the frequen-
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Figure 6.6.: llustration of the LFR framework in the context of learning-enhanced
robust controller synthesis. All uncertain and trouble-making parts are
"pulled out" into the A-block. We use the framework to combine prior
knowledge with components learned from data (in the A-block) in a
systematic manner. © 2021 IEEE

tist perspective taken in this work. Furthermore, since our learning approach leads
to uncertainty sets that can be interpreted as estimates of certain system-theoretic
properties, our work is also related to recent methods for inferring such properties

directly from data, cf. e.g. [110].

Notation We also need some additional notation. We indicate that a symmetric
matrix A € S"*" is positive (semi)-definite by A(>) > 0. [ is the identity matrix.
We define [N] := {1,..., N}. Real-rational proper matrix functions without poles
on the extended imaginary axis are denoted by RLL™, Lo is the usual Lebesgue

space and (-,-) the corresponding inner product. The dimension of a signal x is

A|B
denoted by n,. We write {?‘?] for the transfer matrix of an LTI system and
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A x B for the usual (lower) LFT of two compatible systems.

Modeling uncertainty using IQCs and LFR In real-world applications, only parts
of the plant are unknown and even the remaining uncertainties often carry a lot of
structure. It is therefore important to be able to systematically combine known and
unknown components of dynamical systems and to leverage sophisticated descrip-
tions of the fine properties of uncertainties. An established framework in modern
robust control, that is ideally suited for this task are Linear Fractional Representa-

tions (LFR). Consider the partially known system (using operator notation)

)-+)

with control input u, measured output y, generalized disturbance w and controlled

output z. In the LFR framework we model the known parts by a nominal LTI

system
q Gy Gow Gau p
2| =1Gp Gu G| |w (6.6)
Y Gy Gyuw Gou U

in feedback connection with an uncertain system

p=Alg), (6.7)

where A € A, with the latter being the class of given uncertainties. In many
cases substantial additional information about A is known, in particular, if ma-
chine learning methods are employed to reduce the epistemic uncertainty about the
system. Here we propose to use the versatile and powerful framework of Integral
Quadratic Constraints (IQCs) for this task. We say that an uncertainty A fulfills
the IQC defined by the multiplier IT € RL&Z‘?*”P Px(natnp) 3

<<A‘(Jq)> I (A‘(]q)>> >0  Yge L (6.8)

For more details and a very comprehensive collection of multipliers we refer to [209].

Furthermore, IQCs can be used for robust stability and performance analysis: Con-
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q\ _ (Y Yquw)\ [P
()= r o))

resulting from connecting system (6.6) with a given LTI controller K. If an IQC

sider the system

description of the uncertainty is available, the well-known 1QC stability theorem
from [136] allows to conclude robust stability and even robust performance, cf. [209]
for details. Using the KYP Lemma, cf. e.g. [165], leads to an LMI problem and
makes the robust stability and performance analysis with IQCs computationally

tractable, see again [209] for details.

6.2.2. Methodology

We are now ready to describe our proposed methodology for learning-enhanced
robust controller synthesis. First, we precisely describe our problem setting. For
concreteness, we will then focus on static nonlinearities, for which the uncertainty
bounds described earlier are immediately applicable. Finally, we describe how the

resulting uncertainty sets can be used for robust controller synthesis.

Problem setting

We propose to utilize the LFR framework described in Section 6.2.1 since it is an
established and flexible framework for uncertain system modeling [223, 177]. In
particular, it is well suited to integrate machine learning components into modern
robust control: extensive prior system knowledge can be included into the nominal
plant and all learning components are "pulled out" into the uncertain part. By
using machine learning methods incorporating prior knowledge, it is possible to
arrive at very data-efficient learning-enhanced control schemes. Furthermore, as we
will demonstrate in the following, the LFR framework allows us to easily transfer
statistical bounds into control-theoretic guarantees in a structured fashion.

For the rest of this section, we are concerned with an unknown plant (6.5) given
in the LFR form (6.6), (6.7). The overall goal is to perform robust controller syn-
thesis and to give robust stability and performance guarantees for the synthesized
controller. For sake of concreteness, we assume a single objective optimization where

possible performance weighting filters have been already included in the generalized
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plant P and we are left with a standard robust (against the uncertainty in (6.7))
H synthesis problem.

Assume now that we are not satisfied with the achievable performance of the
controller due to the uncertainty being too large. For this purpose, we will employ
machine learning in order to reduce the epistemic uncertainty contained in (6.7),
using a data set D. Since the LFR framework is very modular, it causes no limita-
tion to focus our attention to a single uncertain component that is to be learned.
We would like to stress that it is easily possible to deal with multiple uncertainties
containing learned components, even using different learning methods, and to com-
bine these with uncertainties that classically emerge if capturing parametric model
variations or unmodeled dynamics as resulting from a complexity reduction step, cf.
[66].

Instead of describing an abstract general procedure, we opt to present the concrete

case of a static (partially) unknown diagonal nonlinearity,

p=¢(q), (6.10)

with n, = ng and p;(t) = ¢i(qi(t)) for i € [ny], t > 0. We will comment on possible

generalizations and resulting complications during the description of our approach.

Learning static nonlinearities

Since the described procedure can be applied to all ¢;, i € [n,] separately, we
focus on a single scalar nonlinearity ¢ : R — R in this and the next section. The

corresponding data set D = ((Zn, Yn))ne|n) is of the form

Yn = ¢(x) + €n, (6.11)

where €1, ..., ey is additive measurement noise. This means that the unknown part
can be isolated and input-output samples can be collected. For concreteness, we

make the following assumption on the noise.

Assumption 6.2.1. ¢;,..., ey are independent, R-subgaussian random variables

with R > 0 the subgaussianity constant.

Note that this assumption not only entails that the noise is subgaussian, which
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is a mild assumption in many engineering applications and covers many noise dis-
tributions encountered in practice, but also that we know a concrete subgaussian
constant. Whether this is latter assumption is reasonable depends on the concrete
application.

If we want to use GP regression and the frequentist uncertainty bounds from

Chapter 5, we also need the following assumption.
Assumption 6.2.2. k is a kernel on R and ¢ € Hy, with ||¢||x < B.

Note that this assumption is standard in the learning-based control literature,
[112]. However, it turns out to be very problematic, as we will discuss in detail in
the next chapter. For now, we follow learning-based control literature and accept
this assumption. We can now use the uncertainty bounds from 5, and for consistency
with the preceding sections, we use (6.2). Note that we use the notation p instead
of By to stress that we are not in a sequential setup. For ease of reference, we record

the resulting uncertainty bound here.

Lemma 6.2.3. If applying GP regression with covariance function k£ and nominal
noise level A > 0 to data set D, we get with the notation introduced above, for any
0 € (0,1) under Assumption 6.2.1 and 6.2.2 that

Bllé(z) - pp(a)| < Bpop() Ve € R] > 1 6.

This is illustrated in Figure 6.7 with the example from Section 6.2.4.

Additional prior knowledge on the static nonlinearity can be systematically in-
cluded in GPR via the covariance function. As a concrete example, suppose we
know that ¢(0) = 0, which is a requirement for a sector bounded nonlinearity.
Given any kernel k with k(0,0) # 0, following the procedure described in [100] leads

to the new kernel

ko(x,2") = k(z,2") — k(z,0)k(2’,0). (6.12)

k(0,0)
Note that in this particular example, the same effect can be achieved conditioning a
GP prior on the noise free virtual data point (0,0). All functions contained in Hy,
as well as all samples from GP(0, ko) are guaranteed to be zero in zero. Many other

properties of functions can be encoded in this way, cf. e.g. [100, 79)].
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Remark 6.2.4. We would like to provide some remarks on the setup just described.

1. We would like to stress that the LFR framework is very general and supports

a broad range of uncertainties. In particular, many other uncertainties and
even other learning methods can be included in (6.7). For ease of presentation,
we restrict ourselves to static nonlinearities and only one learning component,

the indicated generalizations are then straightforward.

. It is possible to deal with multivariate static nonlinearities with multi-output

GPs, cf. the corresponding remarks in Chapter 4.

The independence assumption on the noise is reasonable in the setting used
here, since we directly collect input-output samples, but of course the time-
uniform uncertainty bounds from Chapter 5 allow for much more general noise

assumptions.

Other machine learning methods can be used for this step, as long as numerical
uncertainty bounds can be derived. For example, if we have magnitude bounds
on the additive noise in (6.11) and no distributional assumptions, then the
kernel methods and accompanying uncertainty bounds in [127] or the Nonlinear
Set Membership framework [140] could as well be employed. We will come back
to this point in Chapter 7.

Connection to robust control: High probability sector bounds

As common in modern robust control, the uncertainty set has to be transformed

into a form that is amenable to controller synthesis [66]. As a concrete example,

we illustrate this by deriving the tightest sector bounds compatible with the high

probability uncertainty set from Section 6.2.2. Recall that ¢ : R — R belongs to a

sector [k1, ko) if

riz? < zp(z) < Koz’ vz € R. (6.13)

Generalizations to the multivariate settings are straightforward, cf. e.g. [106].

Lemma 6.2.3 leads immediately to the next result.
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Figure 6.7.: The unknown nonlinearity is learned with GPR from samples,
resulting in a high probability uncertainty set. This is used to derive
sector bound estimates for the nonlinearity. © 2021 IEEE

Lemma 6.2.5. Consider the situation of Lemma 6.2.3 and assume that ¢ belongs
to the sector [k1, ko] with k1 < ko. If defining

R _ min{z - (up(x) — Bpop(z)),z - (up(z) + Bpop(x))}

R = min
z€[a,b]\{0} 2

o max  mex{z - (up() — Bpop (@) 2 - (up(2) + Fpop(z))}
z€[a,b]\ {0} x2 ’

then [R1, k2] is an overapproximation of [k1, k2], i.e. R1 < k1 and Ky > ko, with

probability at least 1 — 4.

This approach can be made rigorously computational for Lipschitz continuous
functions by evaluating the uncertainty set from Lemma 6.2.3 on a fine grid and

adapting Lemma 6.2.5 correspondingly.

Robust controller synthesis

We now tackle the robust controller synthesis problem with the learned uncertainty
component using the versatile approach from [207] for the case of static IQC multi-
pliers. Consider without loss of generality the following minimal realization of (6.6)

(with possible performance weights already included in the generalized plant)

| B, B. B,

& A x
| _ | G| Py Dgw Dou p (6.14)
Yy Cy | Dyp Dy 0 U
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Canceling the uncertainty channel p — ¢ results in the system Gy. A standard Ho,
controller synthesis leads to an intial LTI controller Ky with nominal performance

level ~p. Connecting Ky to G on the control channel u — y results in

A| B, Bu
Go=GxKo=|Cy| Dyp Dgw |- (6.15)
Cz sz Dzw

The corresponding realization can be derived by elementary manipulations and is
omitted due to space constraints. Assume now that A fulfills an IQC with multipliers
II =P € P, where P has an LMI description. This leads to an initial analysis LMI
(6.16) with decision variables v > 0, X = X" and the LMI variable arising from 7P.

XA+ ATX XB, XBw C]
Bl x 0 0 D, T (Cq Dgp Dgw O
B x 0 -1 DI, +(+) P(o I 0 0)40 (6.16)
C. D:p Dzw -1
XA+ ATX  XB,Y;' XB, ct
(w, "By x 0 0o (v;hHp], +(*)Tﬁ U1Cq  (U1Dgp + ¥3)¥51  W1Dgy 0 <0
Bl X 0 —~I DL, 0 I 0 0
C, D.p P50 Dew —~I
(6.17)

Minimizing vy leads to robust performance level 5y and corresponding multiplier P.

Then consider the following factorization of the IQC multiplier,

pP= (>|<)T P ( 1 \I’:”) (6.18)

qup \IIQ

with Uy € R"a*"a {y € R%*" Ty, € R™*"e U, invertible and where P has the

form
0 I I 0
(I O) or <0 —I)I (6.19)

Note that this factorization is possible for all static multiplier classes of interest.
Applying the factorization in (6.16), together with elementary manipulations and

a congruence transformation with diag(I, 5", I, ), results in (6.17). We recognize
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that (6.17) is the initial analysis LMI (6.16) for the plant G = Ky, where

A B,U;" Bw, B,

G = U1Cy | U1 Dy 05! :\113\1151 U1Dyy W1Dy, (6.20)
CZ sz\Ijg Dzw Dzu
Cy Dyp\l’gl Dyuw Dyu

with new performance channels w; — z; and w — z. We can now run a standard

controller synthesis on the generalized plant Gy with the quadratic performance

Z1 A Z1 1
<( )P( >>+IIwHQ—'Y!Z\ZS—6(|!w1|!2+|!w\2), (6.21)
w1 w1 Y

e.g. along the lines described in [179]. Minimization of v leads to the robustified

criterion

controller K7 and performance level ;. These steps can now be iterated until no
substantial improvement in 7 is obtained.

Returning to the concrete setting of sector bounded nonlinearities, suppose that
the method from Section 6.2.2 and 6.2.2 resulted in sector bound estimates [I%gi), /%g)],

i € [np]. To proceed with the synthesis, we need another assumption.
Assumption 6.2.6. For all i € [n,] we have /%gi) <0< /%g).
We can now express the estimated sector bounds with full block multipliers.

Lemma 6.2.7. Let § € (0,1) and run the learning method in Section 6.2.2 and

6.2.2 on each nonlinearity using independent data sets and replacing ¢ with d/n,,.

Define
1 0 .

where K = {(91, vy bn,) | 05 € {/%gi), /%g)}, i€ [np]} and for brevity ©(0) = diag(0).
Then under Assumption 6.2.1, 6.2.2, 6.2.6, with probability at least 1 —4, (6.8) holds
for all II € Py,.

Proof. Follows immediately from [207, Lemma 4.1], Lemma 6.2.5 and the union
bound. O
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Since the multipliers from (6.22) can be factorized according to (6.18), the synthesis-

analysis procedure described above can be directly used.

Remarks. We would like to stress that the approach in [207] is much more gen-
eral than the simplified setting used here for illustrative purposes. In particular,
dynamic IQC multipliers can be used (involving non-trivial factorization results)
which allow significantly more precise uncertainty descriptions leading to reduced
conservatism. This is especially relevant for learning-based approaches, since the
later might provide considerable additional information on the uncertainty. Further-
more, warm-start strategies are proposed in [207] in order to speed up the robust
controller synthesis procedure. Finally, an approach for IQC-based robust synthesis
in the context of gain scheduling is proposed in [206]. The extension of our approach

to this setting is left for future work.

6.2.3. From statistical to control-theoretic guarantees

We can now give overall guarantees on the resulting controller.

Theorem 6.2.8. Let § € (0, 1) and suppose that the learning procedure as outlined
above is run with ¢ replaced by é/n, and P, is built according to (6.22). Under
Assumption 6.2.1 to 6.2.6, if the controller synthesis algorithm described in Section
6.2.2 returns a controller K after M > 1 iterations with robust performance level
Ym+1, then with probability at least 1 — 9§, K will stabilize the true system and

achieve robust performance level Jp711.
Proof. Follows immediate from Lemma 6.2.7 and the results in [207]. O

Let us discuss this result. For the learning component, we assume that there
exists a fixed (but unknown) ground truth, here the diagonal nonlinearity (6.10).
We derive from the learning component an uncertainty set, here described by the
full block IQC multipliers (6.22), that contains the ground truth with given (high)
probability 1 — . This is combined with a robust method that comes with control-
theoretic guarantees for this uncertainty set. Since the ground truth is contained
in the uncertainty set with probability at least 1 — §, the guarantees hold with the
same high probability.

Before turning to a concrete example, we would like to recall some of our argu-

ments from Chapter 4. It is important to contrast this approach with randomized
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methods in robust control [198], like the scenario approach [42]. In these methods,
high-probability guarantees are given with respect to the randomization in the algo-
rithms, while in our problem the randomness comes only from the data. Moreover,
the results here are also different in nature if compared to work done in a Bayesian
framework. In particular, we do not rely on a prior distribution which might be
misspecified. We argue that in the modern robust control setting, the frequentist
perspective is the most natural statistical setting since we assume a fixed ground

truth, described by an uncertainty class.

6.2.4. A concrete example

To demonstrate the advantage of the learning component in robust control, we now
compare the controller synthesis using a-priori sector bounds and the bounds learned
using GPR. As a concrete example, we use the distillation column system from [207,
Section 8.2], where we replace the original dead-zone nonlinearity with the unknown

target function to be learned.

Setup

The situation is depicted as a blockdiagram in Figure 6.8. The plant model is given

by
1 (878 864
G(s) = 6.23
(5) 753+1<108.2 —109.6) (0:23)

and we use the performance weights

s+0.1 s+ 10
:7]- W’LL == .
25+ 10-5 2 () = T 100™

We(s) (6.24)

The synthesis objective is therefore to track the reference signal r at low frequencies
and penalizing control action at high frequencies. For illustrative purposes we use the
same unknown nonlinearity in both uncertainty channels, i.e., p; = ¢(¢;), i = 1,2.
For the experimental validation we need access to the ground truth, hence we use
a function ¢ € Hy,, where kg is given by (6.12) and for k£ we choose the popular
Squared Exponential (SE) kernel k(z,2") = o7 exp (— (x_x,)2) with lengthscale ¢ =

202
0.5 and variance a,% = 0.5. The particular function ¢ is shown in Figure 6.7 and has

RKHS norm 2.6053. Since we are interested in stabilization, we restrict attention to
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Figure 6.8.: Block diagram of the example. Here A is a repeated static
nonlinearity. © 2021 IEEE

inputs to ¢ from [—1,1] and ¢ fulfills the sector condition [—0.0572,0.3575] on this
interval. Note that it is possible to ensure containment of the relevant signals in
such an interval with techniques from robust control, but due to space constraints
we omit the details.

Using standard manipulations, the robust synthesis problem with performance
weights from (6.24) and diagonal static nonlinearities can be framed as an LFR.
Furthermore, we use the full block multipliers from Lemma 6.2.7. In the follow-
ing experiments, we run the synthesis procedure outlined in Section 6.2.2 for 20
iterations.

Finally, to test the learning method we generate data sets D = ((Zn,Yn))ne[n] by
sampling N = 50 inputs x,, uniformely from [—1, 1], evaluate ¢ at these inputs and
add independent A (0,0.05) noise to get y,.

Improving performance with learning

Assume we know a priori that ¢ belongs to the (rather wide) sector [—0.9,0.9].
Running the robust controller synthesis leads to a controller with robust performance
level 10.5575. This is now compared with the methodology described above. We
use GP regression with a zero prior mean function and the kernel kg as covariance
function as well as the true noise level 0.05. We follow previous works, e.g. [127],
and assume an increased RKHS norm bound B = 2||¢||x, in the uncertainty bound.
Setting § = 0.001 and following the procedure outlined in Section 6.2.2 leads to the
sector bounds [—0.2460, 0.5480]. The situation is illustrated in Figure 6.7. Applying
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Figure 6.9.: Effect of increased data sets. In the upper two plots the estimated
sector bounds for different data sizes are shown (averaged over 50 runs
with corresponding empirical standard deviation), the lower plot shows
the robust performance level of the resulting controllers. © 2022 IEEE

the controller synthesis method with this sector bound leads to a controller that has

robust performance level 3.1581 at least with probability 1 — 0.001.

Data-performance tradeoff

We now investigate the potential performance improvements with increasing size of
the data set. For this we generate data sets with 100, 150, 200, 250, 300 data points
and applied the learning method to these data sets, using the same procedures as
in the last experiment. We repeated this 50 times. The resulting estimates of the
sector bounds are shown in Figure 6.9 (upper two plots). It is clearly visible that
more data is helpful for the learning method, since the sector bounds become tighter.
Furthermore, running the robust controller synthesis on the estimated sector bounds
(averaged over all 50 trials) leads to the results shown in Figure 6.9 (lower plot).
Clearly, increased data helps to improve the robust performance. Note that the
robust stability and performance of the controller is guaranteed with user-specified
probability, while profiting from the additional information contained in the data

set.

6.3. Conclusion

In Section 6.1, we conducted a thorough investigation of frequentist uncertainty

bounds for GP regression from a frequentist perspective. To the best of our knowl-
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edge, this was the first such systematic evaluation, cf. also the comments in the
next section. We found that in a well-specified setting, variants of established un-
certainty bounds are on the same order of magnitude as common heuristics. Fur-
thermore, our empirical results strongly indicate that in some misspecified settings
robust uncertainty bounds are required, and our results from Chapter 5 are suitable
for some classes of misspecification. However, we also found some conservatism,
and improved robust uncertainty bounds are an interesting subject for future work.
Finally, as discussed above, numerical evidence in a frequentist setup has to be cau-
tiously interpreted, and we tried to carefully describe and circumvent pitfalls, for
example by using different generation methods for RKHS functions.

Motivated by the practically of the considered uncertainty bounds, in Section 6.2
we present a very general framework for learning-enhanced robust controller syn-
thesis. By leveraging the establish LFR structure together with IQCs for describing
uncertainties, we can easily include prior knowledge in the overall approach, and by
relying on GP regression, we can include further prior knowledge in learning process
and ensure rigorous statistical and control-theoretic guarantees. Tot he best of our
knowledge, this is the first usage of actual frequentist uncertainty bounds together
with modern robust controller synthesis.

Finally, assuming a well-specified modelling setup, all of the above relies on the
knowledge of a subgaussianity constant for the noise and an upper bound on the
RKHS norm of the target function. While the former is usually a rather mild
assumption, the latter is very problematic in practice, as we will discuss in detail in

the next chapter, where we will also propose some solutions to this problem.

6.4. Comments

Section 6.1 is based on and to a large extent taken verbatim from [CF12]. This latter
work arose from discussions of the author with the S. Trimpe and C.W. Scherer.
The author of this thesis designed and performed all experiments in that work, and
wrote the manuscript, with editorial comments from C.W. Scherer and S. Trimpe.
Section 6.2 is based on and to a large extent taken verbatim from [CF10]. The
overall methodology has been suggested by C.W. Scherer and S. Trimpe, and the
realization, including the formalization and all experiments, as well as the majority

of the writing, has been done by the author of this thesis. The robust controller
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synthesis in Section 6.2 has been performed with Matlab code from J. Veenman, cf.
also [208].

Some comments on [CF12] The work on [CF12] was conducted in 2019 and 2020,
and at that point, the two most popular results on frequentist uncertainty bounds
for GP regression, especially in the context of learning-based control, were [186,
Theorem 6] and [54, Theorem 2]. The former involves very large constants and
requires bounded noise, and hence the latter result, involving smaller constants and
requiring only conditionally subgaussian noise, should be preferred. The author of
this thesis noticed that in the learning-based control literature, essentially all works
using [186, Theorem 6] or [54, Theorem 2] replaced the scaling factors Sy from
these results by some heuristic value, usually 85 = 2 or 3, which breaks in general
all guarantees of the overall algorithm. One reason for this could be that both of
these results are formulated in terms of the maximum information gain, cf. [186] for
background on this quantity, and in general, working numerically with this quantity
is not convenient? and might lead to some conservatism. The main motivation of
[CF12] was to provide bounds that can be computed and actually used in learning-
based control algorithms. The author of this thesis noticed that the derivation of
[54, Theorem 2] can be “stopped early”, leading to an uncertainty bound that can
be computed easily (if an RKHS norm bound and a subgaussian constant for the
noise is known), and to the best of our knowledge, this fact was not used before in
learning-based control, and hence seemed at that point to be a new contribution.
However, the PhD thesis [1] contains essentially an uncertainty bound superior to
[54, Theorem 2], but unfortunately this bound is not explicitly stated in [1] (though
it is explained how to derive it in [1, Remark 3.4]), and it seems that these results
from [1] have not been published apart from this thesis. During the preparation
of this thesis, we also realized that similar results are contained in [128] and [67].
However, curiously these results have not been taken up in the learning-based control
literature.

Since the corresponding result in [CF12] is based on [54, Theorem 2], it inherits
the limitation of the latter to A > 1 (and A > 1 if the kernel is not positive definite).

2If a constant factor of conservatism and using a numerical approximation are deemed acceptable,
then one can compute an upper bound on this quantity algorithmically, cf. [186] for details. We
thank A. Krause for pointing this out.
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To circumvent this limitation, a new scaling factor X was introduced®, which leads
to (6.2) and (6.3). Proposition 5.4.1, essentially contained in [1] and rediscovered
by [219], does not have this limitation, i.e., any A > 0 is permitted. During the
preparation of [CF8], the author noticed that in the setting of this latter result, for
0 < A < 1 and k positive definite, we have A = max{1, \} = 1 and hence

fX\/2 In (; det <1N n i\KN)> - \I/%X\/In (det(1/\K; + In)) — 21n(5)

= j;\/ln (det(j\/)\KN + S\IN)) — 21In(9),

so in this case [CF12, Theorem 1] (corresponding to (6.2)) reproduces the result
Proposition 5.4.1, and similarly for (6.3). Additionally, since the only difference
happens inside +/In(-), any noticable difference between the two bounds will happen
for A >> 1, so any difference will be neglegible in practice. For this reason we
decided to report the original experiments from [CF12] using (6.2) and (6.3).
Given this convoluted history of [CF12], we would like to explicitly summarize

the contributions of this work from our current perspective.

e We pointed out the lack of convenient, computable frequentist uncertainty
bounds for GP regression, at least in the context of learning-based control, and
provided such bounds. This should be seen more as a conceptual contribution
and not a significant technical contribution.?

e To the best of our knowledge, we provided the first frequentist uncertainty
bounds for GP regression (in the form as usual used in learning-based control,

cf. also our discussion on this point in Chapter 5) under model misspecification.

e We conducted the first systematic frequentist evaluation of such uncertainty
bounds for GP regression, and pointing out some of the problems (like a bias

in the randomly generated RKHS functions).

3Unfortunately, in [CF12] this was done incorrectly, and subsequently corrected [CF13]. We would
like to thank L. Kreiskdther and D. Baumann, who discovered this error. Note that the mistake
leads to only minor quantitative changes in the results of [CF12], but not qualitative differences
and no change in the conclusions and arguments of this work.

“In fact, even in the original work [CF12] we explicitly stated that our bounds are based directly
on [54, Theorem 2].
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6.4. Comments

e To the best of our knowledge, we applied computable frequentist uncertainty
bounds to a (simple and existing) learning-based control application for the
first time. This is not a technical innovation, since uncertainty bounds like
[186, Theorem 6] and [54, Theorem 2| have been very popular in the context
of learning-based control. However, to the best of our knowledge, using the
actual bounds in the algorithm instead of a heuristic seems to have not been

done before in learning-based control.

The simple bounds like [CF12, Proposition 2] could be interpreted as an additional
minor contribution, however, the concrete form used in [CF12] is probably too con-
servative for applications, and the updated variants from Chapter 5 should be pre-
ferred. As a sidenote, an in-depth investigation and numerical evaluation of the

latter could be an interesting avenue for future work.
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7. Geometric prior knowledge and
uncertainty bounds in learning-based

control

In Chapter 6, we demonstrated through numerical experiments that frequentist un-
certainty bounds as presented in Chapter 5 fulfill some of the desiderata arising
from learning-based control applications, cf. also our discussion in Chapter 4. In
particular, the uncertainty bounds can be evaluated numerically, and the empirical
results indicate that the resulting uncertainty sets are tight enough for applica-
tion in learning-based control scenarios. However, naturally these results need some
assumptions, and in order to be useful in practice, these assumptions need to be rea-
sonable from practicioner’s perspective. In Section 7.1, we therefore carefully discuss
the prior knowledge required for the uncertainty bounds presented and investigated
in Chapters 5 and 6. In turns out that the requirement of a known bound on the
RKHS norm of the target function is very problematic in the context of learning-
based control, and we propose to use assumptions that are more geometric in nature
as a replacement. In Section 7.2, we present several examples of such assumptions,

and outline an approach that allows combining them with kernel methods.

This chapter is based on, with some parts taken verbatim from, [CF11]! as well
as [CF8|. Detailed comments on the author’s contribution and the relation of this

chapter to existing work are provided in Section 7.4.

'© IEEE 2022. Reprinted, with permission, from Christian Fiedler, Carsten W. Scherer, and Se-
bastian Trimpe. Learning functions and uncertainty sets using geometrically constrained kernel
regression. 61st IEEE Conference on Decision and Control (CDC), 2022.
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7.1. The delicate question of quantitative prior knowledge

Let us go back to the high level picture outlined in Chapter 4, and recall the following
popular strategy in learning-based control that we also use. A machine learning
method is utilized to learn more about the underlying system, and the remaining
uncertainty is quantified using frequentist uncertainty sets. Subsequently, these are
transformed into a format suitable for a robust control method, which is finally used
to control the system, and the control-theoretic guarantees then hold with the high
confidence from the frequentist uncertainty sets. However, to get these end-to-end
guarantees, we need concrete and valid frequentist uncertainty sets. The former
means that the existence of such uncertainty sets is not enough, we need to actually
compute them in a format suitable for the downstream robust control method, and
the latter says that these uncertainty sets have to contain the ground truth with
a prescribed high confidence. If no additional post-hoc verification of the resulting
controller is performed, then we have to rely on the validity of the uncertainty sets.
Since without some assumptions, it is impossible to get non-vacuous uncertainty
sets in non-trivial situations, this means that all the guarantees ultimately rely on
the prior knowledge used to derive the uncertainty sets. In particular, this strongly
suggests that only established prior knowledge that is deemed reasonable by the users

should be used to get these uncertainty sets.

To further illustrate the importance of this point, let us briefly introduce a partic-
ular variant of safe Bayesian optimization. The overall goal of Bayesian optimization
(BO) is to optimize an unknown target function f, : X — R. The function is only ac-
cessible through noisy evaluations, i.e., the optimization algorithm can choose some
input € X, query f, at this input, and receives a noise evaluation y = fi(x) + 7.
Most BO algorithms maintain an internal model of the target function, usually via
GP regression, which is used to decide which input to query next. Usually in BO it is
expensive to query the target function, for example, because it corresponds to some
physical experiment like running and evaluating a controller, and hence the goal is to
be query-efficient. In safe BO, some inputs are unsafe and hence have to be avoided
as queries during the optimization process. For example, in controller tuning with
BO, these can correspond to controller parameters leading to instabilities or crashes
of the plant or robot that is controlled. For the class of SafeOpt-type algorithms, as
introduced by [192], the set of safe inputs is modelled by S = {s € X | g«(z) > 0},
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where g, : X — R is an unknown function that is also accessible through noisy
queries. Starting from a known set Sg C S, SafeOpt-type algorithm try to optimize
f« while only querying at inputs from S. This is achieved by maintaining an internal
model of g, and computing high probability uncertainty sets, which can be used to
determine inputs that are safe with high probability. However, SafeOpt type algo-
rithms are supposed to never query unsafe inputs with very high probability. This
means that the uncertainty sets have to hold from the start and no tuning phase is
allowed, so once again, the uncertainty sets must be derived from reasonable prior
knowledge. For a more detailed discussion of these aspects, we refer to [CF8] and
[CF9].

Of course, when using GP or kernel regression, frequentist uncertainty sets are
available that can actually be computed, cf. Chapters 5 and 6. Similar bounds
are also available for bounded noise without distributional assumptions, leading to
worst-case uncertainty sets, cf. [127, 176]. However, all of these bounds assume that
the target function is contained in an RKHS and need an upper bound on the RKHS
norm of the target function. In the next section, we will critically investigate this

assumptions.

7.1.1. The problem with the RKHS norm bound

As mentioned above, all frequentist-type uncertainty bounds for GP or kernel re-
gression rely on the knowledge of an upper bound on the RKHS norm of the target
function. More precisely, if we want to compute the uncertainty bounds, say in a
learning-based control scheme, then we need to know a concrete bound on the RKHS
norm of the target function. Note that this is a much stronger assumption than just
membership of the target function in a known RKHS. As discussed above, for many
applications in learning-based control it is important to get quantitative uncertainty
bounds from reasonable prior knowledge, which in this context means that we need
to get (among other ingredients) the aforementioned upper bound on the RKHS
norm. Unfortunately, to the best of our knowledge, at present it is not possible to
derive such a quantitative bound from established prior engineering knowledge in
non-trivial situations. This is somewhat surprising given the extensive and user-
friendly theory of kernel methods [189, 217], especially since the RKHS norm is in

general a very well-understood object. In fact, many characterizations and explicit
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representations for it are known, but they all appear to be not suited to connect it
to quantitative prior engineering knowledge.

For an arbitrary kernel, one can use discretization-based variational characteri-
zations of the RKHS norm (and RKHS functions), for example, by maximization
over a family of lower bounds on the RKHS norm [CF6, Section B|, [17, Chapter 1],
by minimization over certain bounds on function values at finitely many inputs
[149, Theorem A.2.6], by minimization over finite interpolation problems [152, The-
orem 3.11], or by minimization over certain matrix inequalities [152, Theorem 3.11].
For separable RKHSs, the RKHS norm can be expressed using a sampling expan-
sion [113], or as the limit of norms of RKHSs over finite inputs [125, Lemma 4.6].
On the one hand, all of these variational problems have an explicit form and they
work for any kernel (any kernel with separable RKHS, respectively). However, it is
not at all clear how to relate these representations to common properties of func-
tions that might be used as reliable prior knowledge to derive upper bounds on the
RKHS norm. Furthermore, these variational problems generally cannot be used in
numerical methods to estimate upper bounds on the RKHS norm, but only lower
bounds, though they may be used for estimating bounds in heuristics [CF19]. Since
these characterizations are based on discretizations of a given RKHS function, in
particular, using the exact function values, they are not suitable in typical learning
scenarios where the unknown target function is only accessible through noisy eval-
uations. If one considers more specific classes of kernels, other characterizations of
the RKHS norm become available. For example, continuous kernels on a compact
metric space equipped with a measure having full support (often called a Mercer
kernel in this context) allow a description of the RKHS norm as a weighted f2-norm
[189, Section 4.5], based on Mercer’s theorem. This has a clear interpretation in
the context of kernel methods, in particular, giving insight into the regularization
behavior of the RKHS norm in optimization problems in kernel machines [89, Sec-
tion 5.8], which in turn can be used to derive learning rates for various statistical
learning problems [190]. More general forms of Mercer’s theorem are available [191],
which in turn lead to improved learning theory results [73]. While the RKHS norm
representation for Mercer kernels is an important tool for statistical learning theory
and provides intuition about the regularization behavior, it is again unclear how
it can be used to derive quantitative RKHS norm bounds. Expressing the RKHS

norm for Mercer kernels as a weighted fo-norm provides valuable qualitative intu-
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ition about the corresponding RKHS norm, but we are not aware of any practically
relevant example where this has been used to translate realistic prior knowledge
into a concrete upper bound on the RKHS norm. Similarly, for sufficiently regu-
lar translation-invariant kernels, the RKHS norm can be expressed as a weighted
integral over the Fourier transform of RKHS functions [217, Theorem 10.12]. This
formulation allows an intuitive interpretation of the RKHS norm as a generalized
energy, penalizing high-frequency behavior of RKHS functions (as determined by
the Fourier transforms of the kernel). Several important function spaces are related
to RKHSs, for example certain Sobolev spaces [217, Chapter 10] or Fock spaces
[189, Section 4.4], which again have their own representations of the RKHS norm
(potentially after some embedding). Again, all of these representations offer insights
into the RKHS norm, and are important theoretical tools, but how this can be used
to derive practically useful quantitative upper bounds on the RKHS norm remains
unclear.

To summarize, while an extensive body of work on characterization and represen-
tation results for the RKHS norm is available, these results appear to be unsuited
to derive numerical upper bounds on this norm using practically meaningful prior
knowledge. Note that for many kernel methods and their theory this is not a prob-
lem, since most of them rely just on RKHS membership, but not the knowledge of
an upper bound on the RKHS of the target function. A classic example are support
vector machines (SVMs) and their theory. The algorithm itself needs no quantitative
knowledge about the target function? to work, and the RKHS norm might appear
in learning guarantees, but it just determines how good or fast the learning process
goes, not whether it succeeds at all, cf. [189] for this theory.

Let us connect this back to the application in learning-based control. As dis-
cussed above, in general the uncertainty sets should be based only on reasonble and
established prior knowledge. However, as the extensive discussion in this section
shows, at present it appears to be not possible to derive a concrete RKHS upper
norm bound from such knowledge, expressed as easily interpretable propreties of
the target function. This means that at present there is an insurmountable gap

between theoretically grounded kernel-based learning methods for control and their

2Note that this formulation is slightly imprecise. In statistical learning theory the notion of a target
function does not appear implicitly, but functions attaining the Bayes risk (or the minimal risk
in the corresponding hypothesis class) take on the role of the target function.
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practical applicability. Note that the difficulties with the RKHS norm are occasion-
ally acknowledge in the literature, cf. e.g. [117], but the severity of this problem
is usually not discussed. Furthermore, this issue can actually lead to problems. As
shown with numerical experiments in [CF8|, underestimation of the RKHS norm
can invalidate frequentist uncertainty sets (as is expected), and in turn this can lead
to algorithmic failures, for example, safety violations in safe BO. Note that simply
trying to use a conservative upper bound on the RKHS norm is in general not a vi-
able strategy, since it is very difficult to decide in a concrete, non-trivial application
what a “conservative” overstimate would be.

How to go forward from here? Trying to derive quantitative upper bounds on
RKHS functions from established prior knowledge is one option and a very important
research question. However, this appears to be an extremely hard problem? and an
alternative approach seems necessary. In the next section, we propose one such

direction.

7.1.2. An alternative approach: Geometric prior knowledge

Recall that in the setting relevant in this part of the thesis, we are concerned with
prior knowledge about functions f : X — R, cf. also the discussion on more general
output sets in Chapter 4. One class of prior knowledge that is very broad, easily
interpretable for practioners, and connected to many forms of established engineering
prior knowledge, are geometric properties of functions. For example, if X C R, then
one such property could be monotonicity of the target function, i.e., it is known that
the function is nondecreasing or nonincreasing. It is clear that in many applications,
this is a natural prior assumption on the target function. Similarly, we might know
that the function belongs to a sector, cf. Section 6.2. If X is at least a metric space,
then another such assumption is Lipschitz continuity with a known bound on the
Lipschitz constant. This assumption has a very clear interpretation — a known bound
on the rate of change of a function — and since it can be interpreted as knowledge
about the sensitivity of the underlying problem, it is closely connection to established
engineering notions. In particular, practitioners have a chance to judge whether

a certain Lipschitz bound is reasonable in a given application, which is in stark

3For certain technical reasons, we suspect that it might be feasible in the context of kernel-
based linear system identification [159], by connecting RKHS properties with frequency domain
assumptions on the plant. However, pursuing this direction is beyond the scope of this thesis.
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contrast to an RKHS norm bound. Furthermore, a considerable amount of system-
theoretic knowledge, like invariance or stability properties, can be interpreted as
geometric constraints, as used for example in learning dynamical systems under side
information [5]. Importantly, when combined with a suitable measurement model,
for example assuming bounded additive noise, then it is often easily possible to
derive quantitative uncertainty bounds. One prominent example is the assumption
of a Lipschitz bound combined with bounded measurement noise, for which explicit
and tight uncertainty sets can be derived, which are often employed in systems and
control [140], [45].

Summarizing, using geometric assumptions together with a suitable measurement
model leads to explicit uncertainty sets, and the assumptions having a clear interpre-
tation and can often be derived from prior domain knowledge. On the other hand,
these approaches are often ad-hoc and they are rather disconnected from more estab-
lished machine learning approaches like kernel methods. Furthermore the estimators
and uncertainty sets have sometimes undesirable properties like non-differentiability,
which can lead to problems for gradient-based methods [126].

This motivates us to combine the best of both worlds by using kernel methods
together with geometric constraints. Results like those in Chapter 3 suggest that
RKHSs with sufficiently regular kernels can be compatible with such constraints, but
including such constraints in a kernel method can be nontrivial. In the following,
we will present and evaluate one possible approach. In addition, in the recent work
[CF8] we used a similar strategy in the context of safe Bayesian optimization, cf.
Section 7.3.

7.2. Kernel regression and uncertainty bounds

In this section, we will use kernel methods on uncertainty sets derived from geometric
constraints. This allows us to obtain nominal predictors with prescribed properties
in a systematic manner, together with explicit uncertainty sets. Furthermore, we
provide guaranteed overapproximations of the uncertainty set that have favorable
properties like differentiability. We implement this strategy using the recently in-
troduced Hard Shape Constrained Kernel Machines (HSKM) [19], which reduce the
learning problems to standard convex optimization problems. To the best of our

knowledge, this is the first work using kernel machines with guaranteed geometric
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constraints in the context of uncertainty sets relevant for learning-based control.
Furthermore, we retain the advantages of kernel methods coming with uncertainty
sets, but do not need an upper bound on the RKHS norm. We illustrate the prac-
tical feasibility of the approach by means of numerical examples, including a simple

control example.

7.2.1. Learning setting and goals

At the core, we consider the following regression problem. Let f, : X — ) be
a fixed, unknown static map, which is our target function or ground truth, where
0 # X C R is open. Only for notational simplicity, we choose J) = R. Furthermore,
let D = ((z1,91),...,(zN,yn)) for N € N, be some data set satisfying x,, € X
and y, = fi(xn) + €, for n € [N], with bounded additive noise |e,| < B, for a
known bound B, € R. The goal is to find a nominal prediction or approximation
f = fp of f, from the data set D, together with an appropriate uncertainty set
Ap = Allp,up) = {f € Y* | Ip(x) < f(z) < up(z)Vxr € X} with bounding
functions £p,up € RY. We take a worst-case perspective and require f, € Ap for
all noise realizations. Note that this learning scenario is yet another instantiation of
the abstract approach outlined in Chapter 4, and it is very common in learning-based
control. It appears for example when learning the dynamics for learning-based model
predictive control [92] (where f, corresponds to the unknown transition function
or vector field), when approximating static nonlinearities for learning-based robust
controller synthesis (where f, is the unknown static map acting on the nominal
plant) as in Section 6.2, or in safe learning-based controller tuning [31, 22] (where f,
corresponds to the unknown performance measure for given controller parameters).

Additionally, for some applications, bounding functions with certain prescribed
properties like differentiability are desirable. For example, in the case of bounded
Lipschitz constant, the tightest uncertainty sets are piecewise affine-linear [140],
which can lead to problems for gradient based methods [126]. This leads to the
problem of finding additional 2’]_), tp € RY with such desirable properties and still
fulfilling f. € Ap = A(fp,ﬂp). Note that simply applying a standard smoothing
procedure to £p, up can be problematic since it might result in an invalid uncertainty
set.

It is clear that some assumptions need to be imposed on the target function f,
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in order to be able to compute nontrivial uncertainty sets from the finite data set
D. Here, we use geometric constraints on f, for this purpose, and we follow [19]
and focus on constraints that can be formulated using inequalities involving linear
differential operators with homogenous coefficients. To faciliate a concise exposition,
we introduce some additional notation. Denote by N the nonnegative integers and
by N the positive integers. Define for N € Ny the set [N] = {1,...,N}. For
o € N*, define |a| = -7, a; and for a sufficiently regular function f € R* on some
open X C R?, define 8% f = 2% .- 5L . Similarly, for k : X x X — R sufficiently

Bac‘lll 8:c3d
aaq _ 091 9% 9% 9%d o 01 0%
regular, define 0%k = 95T 92T, 225 90 k as well as 0f'k 2T BT k and
a e . . .
05k = 6‘30% e (,?x ark. Finally, C™(X,R) denotes the set of m-times continuously
1+d 2d

differentiable functions.
Let us formalize now the geometric constraints we consider in the following. For
n € [N¢] with some N¢g € N4, let

Ch={f € C™(X,R) | Ly[f](x) > b, Vx € Ky} (7.1)

(n)
where K, C X is a non-empty compact set, b, € R and L,, = ZéV:Lf agn)ﬁo‘e , with

aén) e N, \agn)\ < m, and aén) € R. Note that this class includes many common
geometric constraints, like slope-restrictions or convexity, cf. [19] for more examples.

We continue with a simple, but instructive instance from this class.

Example 7.2.1 (Monotonicity). Let X = (a,b), [c,d] C (a,b), and f. € R be a
nondecreasing function that is bounded by ¢ < f.(x) < u for all z € (a,b), where
¢,u € R. We can encode this in the form of (7.1) by setting Ne = 3, L; = (%, b1 =0
and Ly =id, by = ¢ and L3 = —id, b3 = —u, and K,, = [¢,d], n = 1,2, 3.

Let us now summarize the learning problem we tackle: Given a data set D and

prior knowledge about f, including the constraints (7.1), find

1. a nominal prediction f that is reasonably close to f,, fulfills all the constraints
from prior knowledge and is guaranteed to be contained in a suitable uncer-

tainty set;
2. an explicit uncertainty set Ap that contains the ground truth f;

3. optionall an uncertainty set AD that contains the ground truth and has desir-

able properties, e.g., being described by smooth bounding functions.
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7.2.2. Related work

Before moving on to the proposed method, let us briefly discuss related work. In
[117], the problematic nature of the RKHS norm bound assumption has been pointed
out, and a GP based approach using Lipschitz continuity has been proposed to
circumvent this problem. However, this approach is difficult to reconcile with robust
control methods, because it relies on a probabilistic setting, cf. our discussion in
Chapter 4. Uncertainty sets from geometric assumptions have been used for a while
in the special case of Lipschitz bounds, for example in Nonlinear Set Membership
estimation [140] and Kinky Inference [45], but these methods are very disconnected
from established kernel-based approaches. Furthermore, while a variety of geometric
and shape constraints are considered in statistics [86], explicit uncertainty sets based
on finite data sets are usually not derived there [19]. A main aspect of the present
section is the usage of realistic prior knowledge, in particular from the domain of
systems and control. This leads to a natural connection to learning methods using
side information, e.g. [5, 107] and the references therein. In fact, these works
can be seen as complementary to our approach since the focus there is on good
nominal prediction while here we focus on the containment in uncertainty sets.
Closely related to our work is [126], where a scenario approach is proposed to get
sufficiently regular predictors under bounded noise and a known Lipschitz constant.
While this seems to be the first work making an explicit connection between kernel
methods and geometric constraints in the context of uncertainty sets, only high-
probability guarantees can be given owing to the scenario approach. Furthermore,
the approach is tailored to the case of hard Lipschitz bounds. While enforcing
constraints at finitely many inputs in kernel regression is easily possible with the
Representer Theorem [180], enforcing geometric constraints is considerably harder
since such constraints usually involve infinitely many inputs. Finally, a variety of
constrained kernel methods are available, see [4] for a typical example, but these
methods usually rely on relaxing the constraints, which invalidates any uncertainty
sets and subsequent guarantees building on them. The latter aspects motivates us

to use hard shape constrained kernel machines.
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7.2.3. Hard shape constrained kernel machines

Consider a kernel k£ : X x X — R. It is well-known (cf. e.g. [189, Corollary 4.36))
that if & has continuous partial derivatives 0%k for all |a| < m for some m € Ny,
then for all f € Hy, we have f € C"(X,R) and for all z € X and |a| < m, we have
0%f(x) = (f,0%®k(x)), where the right-hand side is well-defined. From now on,
we assume that k is sufficiently regular, which is only a mild assumption for many
popular kernels.

We opt for optimization-based kernel methods and want to enforce the geometric

constraints in the optimization problem, leading to the generic problem

min £(f(z1),..., f(ear)) + Al FI7 (7.2)

feHg

s.t. f € C, Vn € [N¢]

where z1,...,2y € X for some M € N and £ : RM — R is strictly convex and
A € Ry g is a regularization parameter For example, in Section 7.2.4 we have M = N
and £ will be a data-fit term. In general, this is an infinite-dimensional optimiza-
tion problem, and in order to solve it without discarding or relaxing the geomet-
ric constraints, we use the tightening approach from [19]: For each n € [N¢], let

dn € R+ be given and choose m%) € I, for m € [M,] with some M,, € N, such that

(n) (n)

(z1”,..., 2y, ) forms a d,-cover of K,, and choose 7, € R>q such that
> max o sup [ La[@k(a())] = Lo[@x(a) + )] (73)
me[Mn] m—l—z,(ﬁ)EICn
llz]|<dn

We can then formulate the new problem

moin L(f(1), - flaar)) + AlLFIIE (7.4)

s.t. L[f](z) > by + 0| L[ f]lx Y1 € [Ne], m € [M,)]

and summarize its main properties in the next result, essentially a simplified variant
of [19, Theorem 1].

Theorem 7.2.2. Every feasible f for problem (7.4) is also feasible for (7.2), i.e.,

the former is a tightening of the latter. Furthermore, every solution f of problem
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(7.4) can be written in the form

M
fz) = Z cmk (T, Tm) + Z Cla,7)05 K (7, T), (7.5)
m=1 (a,Z)eG
where
G {af"” | n € [Nel, £ € [Np,]} (76)

< {z{P | n € [Ne], m € [My]}
and ¢, C(a,z) € R for m € [M], (o, 7) € G.

For the proof and an explicit description of (7.5) and (7.6), see the supplementary
material of [19]. The representation (7.5) is a variant of the Representer Theorem
[180] and implies that problem (7.4) is equivalent to a finite-dimensional convex
second order cone (SOC) optimization problem. The latter optimization problem
can be explicitly formulated via standard arguments, cf. [19] for details. Note that
if f € Hj is feasible for (7.4), then fec,foralln e [N¢], i.e., all geometric

constraints are fulfilled.

Remark 7.2.3. The method from [19] supports the simultanous approximation of
multiple functions which are are coupled by convex constraints. Furthermore, using
a generalization, cf. [18], it is also possible to work with vector RKHS functions
and semidefinite constraints. For conciseness, we do not use these more advanced
capabilities in the present work, but we would like to stress that all of the following
developments and results apply to these more sophisticated variants. Furthermore,
using standard arguments, cf. [180, 222], additional constraints on the RKHS func-
tion values or derivatives at finitely many inputs can be enforced, which we will

make use in the next section.

7.2.4. Geometrically constrained kernel regression with uncertainty sets

We now develop a geometrically constrained kernel regression approach to tackle the
learning problem outlined in Section 7.2.1, considering each of the three subproblems

in turn.
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Nominal prediction

In order to find a nominal prediction f fulfilling all constraints from prior knowledge
(in particular, the constraints (7.1)), while being contained in a suitable uncertainty
set, we use a kernel optimization approach and enforce the geometric constraints
from prior knowledge and the noise model in a HSKM. Note that this includes
the implicit assumption that the RKHS used in the kernel machine includes a good
approximation of the target function, which is a common and reasonable assumption
[189]. First, we encode the prior knowledge as constraints of the form (7.1). This
is demonstrated for a few illustrative examples below, with many more examples
in [19, 18]. Next, in order to achieve a good nominal approximation of the target
function, we use L£(t1,...,tn) = SN (t, —yn)?, i.e., the sum of squares criterion as
a data fit term. If the empirical mean of the noise terms is close to zero, we expect

a good approximation of the target function for sufficiently large data sets.

Remark 7.2.4. Many different objectives are possible. For example, one can use
sum of absolute values, which could add additional robustness to outliers. Fur-
thermore, one can remove the data term completely, resulting in a Support Vector
Regression-type problem, cf. e.g. [126]. Finally, adding an ¢;-penalty on the coeffi-
cients leads to sparsity, which becomes relevant when the resulting function has to

be evaluated efficiently.

Finally, we apply the tightening procedure and the Representer Theorem described

in Theorem 7.2.2. For convenience, we summarize this in the following result.

Theorem 7.2.5. Let f, € C; N...NCn,, Z1,...,2n € X and, for n € [N], assume
that y, = f«(xn) + €n, where |e,| < B, for some known B, € R>g. Consider the

optimization problem

N
in 3 (flaw) - yn)? + A 112 (7.7)
s.t.|f(#n) — yn| < Be Vn € [N]

Lu[f1(@3)) = b+ 0al| Lal ]Il Y € [Ne], m € [M,]

Any feasible function for (7.7) fulfills all geometric constraints (7.1) and is contained

in every valid uncertainty set that can be derived from the geometric constraints and
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the noise assumption. Furthermore, every solution f of problem (7.4) can be written
in the form (7.5).

Proof. The first and third claim are direct consequences of Theorem 7.2.2 and Re-
mark 7.2.3. The second claim follows since such an uncertainty includes any func-
tion fulfilling all geometric constraints and is compatible with the data set and noise

model, which is the case for any feasible function. O

The second claim implies that (7.7) is equivalent to a finite-dimensional convex
SOC problem and, compared to the situation in Theorem 7.2.2, we only added 2N

linear inequality constraints.

Uncertainty sets

In order to obtain explicit uncertainty sets, we combine the geometric constraints
and bounded noise assumptions. In general, nontrivial uncertainty sets require a
manual construction, taking the specific geometric constraints into account. We

demonstrate this now with a straightforward, but instructive example.

Example 7.2.6 (continued). Given a data set D = ((¥n,Yn))nen] as described in
Section 7.2.1, elementary calculations show that the tightest uncertainty set in this

situation is given by

14 x € [c,x1)
bp(z) = {max{l,y; — Be,...,yn — B} € [, Tpi1)
max{¢,y1 — Be,...,yvy — Be} 1z € [zn,d]

min{u,y; + Be,...,yn + B¢} x € e, 1)

up(zx) = min{u, Yn+1 + Bey ..., ynv + Be} = € [xn, Tpy1)

u x € [zN,d]

where we assumed without loss of generality that ¢ < 1 < ... < zxy < d and
{ <y1 — Be, yv + Be < u.

Example 7.2.7 (Slope restriction). Let « < ¢ < 0 < d < b, s < 0 < s and
f« : (a,b) = R with f.(0) = 0 and fl(z) > s, fi(x) < s for all x € [¢,d]. Such

functions appear frequently in control as slope-restricted nonlinearities. Given a data
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set D = ((%n,Yn))ne|n] as described in Section 7.2.1, this leads to an uncertainty
set described by up(z) = min{b,(z) | n =0,..., N}, where we defined for n € [N]
bn(z) = yn + Be + 8(x — ) if x > xy, by(x) = yn + Be + s(x — x,) otherwise,
and by(z) = sz if © > 0 and bg(z) = sz otherwise. Furthermore, ¢p is given by
an analogous construction. For an illustration on a concrete example, see Figure
7.2. These uncertainty sets are direct generalizations of the well-known tightest

uncertainty sets from Lipschitz approaches like [140].

Remark 7.2.8. Note that, in general, bounding functions of an uncertainty set can-
not be directly computed using geometrically constrained kernel regression. The lat-
ter searches over an RKHS which contains functions that are usually much smoother
(in terms of regularity as well as complexity) than the class of all functions fulfilling
the geometric constraints. While this is a desirable feature for nominal prediction
[130, 126], it poses an obstacle for uncertainty sets that have to contain all possible
function candidates fulfilling the geometric constraints and being compatible with
the data.

Uncertainty sets with prescribed properties

Recall that for some applications an uncertainty set Ap described by bounding func-
tions @D, Up with prescribed properties, like differentiability, is desirable. To solve
this task, we propose to start with a valid uncertainty Ap and find an overapproxi-
mation Ap D Ap by using a HSKM to compute suitable bounding functions Ip,ap.
In particular, this leads to a valid uncertainty set since AD O Ap 3 fi. The strategy
is to minimize a suitable measure of overapproximation, subject to the constraint
that the resulting functions still lead to an overapproximation of the given uncer-
tainty set, as well as any additional constraints. For concreteness, consider the case
of finding a smooth upper bounding function p, the case of ip being analogous.

One option to implement this strategy is by solving
M
min (w(Zm) — up(Zm))? + M|ul|? (7.8)
ueHy, m—1

stau(z) > up(x) Ve € K
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where Z1,...,2Z) € K is a sufficiently fine grid and X C X a compact subset of
the input set, on which we want an overapproximation of the uncertainty set. One
can now use the procedure outlined in Theorem 7.2.2. In particular, if the kernel k
is sufficiently smooth, then the solutions gp,ﬁp of the resulting finite-dimensional
convex problem are smooth bounding functions that are guaranteed to lead to a

valid uncertainty set Ap.

7.2.5. Examples
lllustrative examples

We now illustrate the methodology using Examples 7.2.1 and 7.2.7. For simplicity,
we use the popular Squared Exponential kernel with length scale £ = 0.5 and unit
variance, albeit other kernel choices can readily be applied. For the tightening and
determination of the relevant constants, we use the gridding approach from [19].
The resulting optimization problems are solved using MOSEK [13] and cvxpy [62].

Computation times were less than 2min on a standard laptop.

Example 7.2.9 (continued). As a concrete ground truth, choose f, : [0,2] — R,
f«(x) = 2 + 0.3sin(27wx). We sample N = 30 inputs z;, uniformly from [0, 2] and
set yn = fe(zn) + €, where €, are sampled independently and uniformly from
[—0.2,0.2]. The tightening in Theorem 7.2.2 is performed using an equidistant grid
of 100 points from [0, 2], following the procedure described in [19]. As an illustration
of Remark 7.2.4, we removed the data fitting term from the objective. Furthermore,
the uncertainty set described in Example 7.2.6 is computed and overapproximated
using the approach outlined in Section 7.2.4. The result is shown in Figure 7.1. It
can be seen that the uncertainty set is rather tight and, as indicated by Theorem
7.2.5, the nominal prediction is contained in this uncertainty set (as well as the
ground truth). Furthermore, by the choice of the kernel, the overapproximation is

smooth, but at the expense of conservatism.

Example 7.2.10 (continued). Consider as a concrete example the piecewise affine-
linear function f, : [-1.5,1.5] — R defined as f.(z) = —I;<0-0.52+ Iz>05- (z —0.5),
where [ is the usual indicator function. Using s = —1, § = 2, as well as N = 20 and

B, = 0.1, leads to the results shown in Figure 7.2. Despite the nonsmoothness of
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Figure 7.1.: lustrating geometrically constrained regression on the example of a
nondecreasing function. © 2022 IEEE

f«, the nominal prediction is mostly close to it and the smoothed uncertainty sets

are rather tight.

Control example

We now apply the methodology to an illustrative control example adapted from
[117]. In particular, we use the nominal prediction from the proposed learning
method for feedback linearization control for tracking a reference trajectory, while
the uncertainty estimates are used for computing ultimate bounds for the tracking
error.

Consider the 2d system @1 = x93, 2 = f(z) + u, a reference input x.s and
define x4 = (xref a';ref) and e = x — xq4. Given a model f , use the controller u =
—f(x)—i—féref—kcr—)\eg with parameters k., A and filtered state 7 = f(z) —f(a:) —k,r.
For concreteness [117, Section 5.1], let f(x) = 1 —sin(z1) + 1/(1 + exp(—x2)) =
1+ fi(z1) + fo(x2) and k. = 5, A = 1. We take advantage of the additive structure
of f and learn fi, fo separately, using two data sets of the form v; , = fi(zin) + €in,
i = 1,2, with n = 1,...,50, uniform additive noise with |¢;,| < B = 0.05 and
assume as prior knowledge a Lipschitz bound of 2 for both f; and f. We use the
method from Section 7.2.4 to get fl and fQ, leading to the prediction model f (x) =
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Figure 7.2.: Geometrically constrained kernel regression in the case of a Lipschitz
continuous function. © 2022 IEEE

1+ fi(x1) + fo(x2). Similar to Example 7.2.7, we also get an uncertainty set with
bounding functions fp,up and smoothed bounding functions ED,QD as described
in Section 7.2.4. Figure 7.3 (top) shows the resulting closed loop trajectory for
Tref(t) = 2sin(t), using f in the controller, as well as the local size of the uncertainty

set wp(z) = up(x) — {p(x).

It has been shown in [117, Section 4] that e converges to a (time-varying) ball
with radius rp(z) = wp(z(t))/k.v/ A2 + 1, in particular, rp is an ultimate bound
for |le||. This bound can in turn be used for safety guarantees, cf. the discussion
in [117]. Figure 7.3 (bottom) shows the norm of e, the radius rp as well as the
smooth overapproximation #p(x) = Wp(z)/kevV/A2 + 1 with @p(z) = dp(z) — Ip(x).
As expected, 7p changes more smoothly than rp at the expense of conservatism,

due to the smoother but more conservative uncertainty set.
Note that we did not need any RKHS norm estimate in this example. Further-

more, in contrast to [117], all guarantees hold in a worst-case sense and not only

probabilistically.
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Figure 7.3.: Top: Reference and closed-loop trajectory using controller with
nominal prediction model. Background color indicates local size of
uncertainty set. Bottom: Tracking error norm |e|| and asymptotic
bounds rp, 7p over time. Note that after a short transient phase, the
tracking error stays well below the asymptotic bound from [117,
Section 4]. © 2021 IEEE

7.2.6. Discussion

We presented a versatile kernel based approach for the problem of learning func-
tions together with uncertainty sets from noisy data. Relying only on geometric
constraints and a bounded noise model, this leads to learned functions with guaran-
teed properties and explicit uncertainty sets. Since a multitude of prior engineering
knowledge can be expressed as geometric constraints, this paves the way to practical

and reliable uncertainty sets for learning-based control.

At the moment, three relevant limitations of our approach can be identified: First,
HSKM rely on a gridding approach and hence suffer from the curse of dimensionality
in the input space dimension, which is a limitation inherited by our methods. Sec-
ond, the feasibility of the convex optimization problems is not guaranteed, though
in practice this does not seem to pose a problem. In particular, if the problems
are feasible, the geometric constraints are guaranteed to be fulfilled. Finally, the
derivation of uncertainty sets from geometric assumptions currently has to be done

manually on a case-by-case basis.

The methodology outlined here can be easily generalized and extended in many
directions: Target functions with multiple outputs can be handled by approximating
all coordinate functions separately, potentially coupled by convex SOC constraints
[19] or, alternatively, approximated using a function from a vector RKHS [18]. Since

the approach in Theorem 7.2.5 is also compatible with the generalizations developed
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in [18], semidefinite constraints can be handled analogously. This is particularly
relevant for learning-based control, since many relevant properties of dynamical
systems can be expressed using Linear Matrix Inequalities, cf. e.g. [179]. Finally,
the methodology outlined here is compatible with any constrained kernel regression
method that supports geometric constraints, and Theorem 7.2.5 applies mutatis
mutandis to any such method. As already hinted at in [19], linear integral functional

constraints can also be used.

Ongoing work is concerned with more complex application scenarios, stochastic
noise models, learning vector-valued functions, and combining the presented method-

ology with other modeling approaches.

7.3. Conclusion

In Section 7.1, we argued that uncertainty bounds in learning-based control should
be only based on assumptions that can be clearly linked to reasonable prior knowl-
edge accepted by practitioners. Furthermore, we argued that at present a concrete
numerical upper bound on the RKHS norm does not fulfill this requirement, and we
proposed to switch towards geometric properties of the ground truth as alternative
assumptions, and combine this with kernel methods. In Section 7.2, we proposed
one concrete framework for this approach, which showed promising initial results
and many interesting avenues for future research in this area remain. However, as
already pointed out there, automating the derivation of uncertainty sets from ge-
ometric assumptions, and broading the class of suitable measurement models, in
particular, including also stochastic noise, is an important open problem. Further-
more, in the recent work [CF8] we used a similar approach in the context of safe BO,
and by relying only on a Lipschitz bound for ensuring safety, we achieved excellent
performance while guaranteeing safety using only reasonable and easily interpretable
quantitative prior knowledge. Since this work is beyond the scope of this thesis, we
refer to [CF8] for more details, and [CF9] for a concise overview. In summary, while
interesting open problems and plenty of opportunities for extensions remain open,
combining geometric assumptions for uncertainty sets with kernel methods appears
as a very promising approach for learning-based control with rigorous guarantees,

that can translate into practice.
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7.4. Comments

Section 7.1 is based on [CF11] and [CF8], with some parts taken verbatim from
these references. Section 7.2 is based on and to a large extent taken verbatim from
the work [CF11]. The corresponding methods were developed, implemented and
evaluated by the author of this thesis, who also wrote the article with editorial
input from C.W. Scherer and S. Trimpe. The line of work in [CF8] was initiated
by S. Trimpe, the main approach (LoSBO) was developed by the author of this
thesis together with L. Kreiskdther, who also performed all the initial experiments.
The additional algorithm LoS-GP-UCB reported in [CF8] arose through discussions
with J. Menn, P. Brunzema and A. von Rohr. All the experiments in [CF8] were
conducted by J. Menn with support by the author of this thesis, who also wrote
most of the manuscript, with editorial input from J. Menn and S. Trimpe., and
some of the plots were prepared by the student assistant S. Azirar. The extended
abstract [CF9] was written mostly by the author of this thesis, with editorial input
by J. Menn.
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8. Introduction

We now turn to our second main contribution, investigating kernels in the context
of mean field limits. The main concept in the next chapters are mean field limits
of functions, which we motivate and formalize in detail in Section 8.2. To provide
some context, in Section 8.3 we give a self-contained introduction to (formal) mean
field limits as commonly used in kinetic theory, and link this to mean field limits of
functions. Finally, in Section 8.4 we explain how all of this is connected to kernel
methods, and motivate the developments in the upcoming chapters. For the reader’s
convenience, we also include some technical background on kernel mean embeddings
in Section 8.5, since this will be used frequently later on.

This chapter is partially based on, and some parts have been taken verbatim from,
[CF6] and [CF5]. Detailed comments on the author’s contribution and relation to

existing work are provided in Section 8.6.

8.1. Multiagent systems, kinetic theory and mean field
limits

Models with many variables play an important role in many fields of mathematical
and physical sciences. In this context, going to the limit of infinitely many variables
is an important analysis and modeling approach. Multiagent systems (MAS), or
synonymously, interacting particle systems (IPS) is a rich and thriving field at the
intersection of systems and control, applied mathematics, computer science, and
physics. This area has started in the statistical mechanics of many-particle systems,
in particular, gas dynamics [52, 151]. In past decades, the field has expanded its
investigation to many complex systems, both natural and engineered. Applications
include animal movement (inter alia swarms of birds, schools of fish, colonies of
microorganisms) [21, 104], social and political dynamics [200, 51], crowd modeling

and control (pedestrian movement, gathering at large events like football games or
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concerts) [68, 57, 6], swarms of robots [158, 148, 53] or vehicular traffic (in particular,
traffic jams) [201]. There is now a vast literature on such applications, and we refer
to the surveys [146, 212, 23, 24, 82| as starting points. Typical questions concern
the long-term behavior of such systems, in particular, emergent phenomena like

consensus or alignment [146].

Recently, machine learning has played an increasing role also in this area. While
first-principles modeling has been very successful for interacting particle systems
in physical domains, using this approach to model the interaction rules in complex
domains like social and opinion dynamics, pedestrian and animal movement or ve-
hicular traffic, can be problematic. Therefore, learning interaction rules from data
has been recently intensively investigated, for example, in the pioneering works [35,
124]. The data consists typically of (sampled) trajectories of the particle states,
potentially with measurement noise, and the goal is to learn a good approximation

of the interaction rule ¢.

In many relevant applications, the number of agents or particles is very large.
For example, even small volumes of gases typically contain an enormous number
of molecules, a microscopic modeling approach quickly becomes infeasible. In par-
ticular, simulation and control on the microscopic level, modelling every individual
particle or agent, is not possible anymore in such applications. One way to deal
with this difficult is to go from the microscopic level to the mesoscopic level, and
considering only the distribution of the agents or particles, instead of every individ-
ual one. This forms one of the major subjects of kinetic theory. Several approaches
for this transition are available, both formal and rigorous. For example, from a
continuous-time microsopic model, one can derive a Boltzmann-type equation, and
in an appropriate scaling-limit, one ends up on the mesoscopic level [151]. Alter-
natively, one can go directly to the mesoscopic level with the mean field limit. In
Section 8.3, we provide a gentle introduction to the (formal) mean field limit in a
typical setting of kinetic theory. However, our starting points are mean field limits
of functions (or rather of a sequence of functions), which we motivate and formalize
in detail in Section 8.2. It turns out that this has a direct connection to kernel
methods, cf. Section 8.4.
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8.2. Mean field limit of functions

Some notation and terminology For M € N, we denote by Sy the set of permu-
tations of {1,...,M}. For some set X, we will frequently use the notation # € XM,
M € Ny, for tuples of elements of X, and the notation z,, to refer to the m-th
element of Z, 1 < m < M. Furthermore, given ¥ € XM and ¢ € Sy, we write for

brevity
O'f = (xa(l) s CEU(M)) . (81)

For x € X, we denote by J, the Dirac probability measure with atom on z. Note

that technically a measure is only defined on a measurable space, but since

1 ifxze A
0:(A) =

0 otherwise

holds for any A C X, not specifying the underlying o-algebra does not cause any
problems. Furthermore, note that in earlier chapters of this thesis, J, has been
used to denote the evaluation fucntional over a given function space, but since this
notation is so established, and no confusion can arise, we deemed this ambiguity

acceptable. For & € XM we write

1
M -
K2

B

8, (8.2)
1

for the empirical measure with atoms x1,...,xp. Note that the order of the atoms
does not matter, so ji[oZ] = f[Z] for all o € Sps. Furthermore, we write £y, (X) for

the set of empirical measures with M atoms (potentially with repetitions), and

= |J em) (8.3)
MeNy

for the set of all empirical measure with a finite number of atoms.

Let Y # () be some additional set. We call a function f : XM — Y permutation-

invariant if for all z4,...,x) € X and o € S); we have

f(@oq)s - Tony) = f(@1, - 20m),
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or more short f(oZ) = f(Z). A permutation invariant function is sometimes also
called symmetric.

Finally, there is a close connection between permutation invariant functions, and
functions on empirical measures. More precisely, a function Fis : Ep(X) — Y on
empirical measures with M atoms is in a unique correspondence with a function
far : XM Y that is permutation invariant. Given Fj;, we can define fis by
setting

fau(zr, .o xn) = Fy(if(x, .. 2ar))),

and we find for all Z € XM and o € S); that
fru(oZ) = Fy(ploz]) = Fu(alx)) = fu(),

so fas is indeed permutation invariant. Given fjs, we can define F; by

1 M
FM (M;éwl) :fM(:Ulw"va)a

and this is well-defined since if 7,7’ € XM with j[#] = a[7], we have ¥ = o’ for

some o € Sy, so we get
fu(@) = fu(od’) = fu(@).

We can therefore work interchangably with functions on empirical measures and

permutation invariant functions.

Functions of empirical measures Consider now the following situation. We have
collections of entities of the same type, and we are interested in a property of such
collectives. Furthermore, we assume that the entities are indistinguishable, so if we
have a collection of M entities, it is best modelled as an empirical measure with the
M entities as atoms. At least for finitely many entities, the property of interest can
then be modelled as scalar functions on empirical measures. Arbitrary collections
of entities can be modelled by probability distributions, though the intuition is not
as transparent anymore. In the context of multiagent systems, this situation occurs
when we are interested in a certain state-dependent functional or feature of the

system.
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Formally, we have a set X # (), which could be for example the state space of an
individual agent of a multiagent system. Furthermore, we have maps Fs : Ear(X) —
R, M € N4, and given & € XM, we interpret Fy;(fi[Z]) as the value of the property
of interest for the collection of entities modelled by fi[Z]. Roughly speaking, this
means that we can compute the property of interest for a finite number of entities.
But what if we want to compute the property for arbitrary collective of entities?
Ideally, we “extend” the family of maps (Fjs)as from empirical measures to a map
on all (or at least sufficiently regular) probability distributions over X

One way to do this is the mean field limit of a sequence of functions. Before moving

on to this concept, we need some more background on probability distributions.

Technical background on probability measures Unless noted otherwise, from now
on (X, dx) denotes a compact metric space. Let P(X) be the set of Borel probability
measures on X. We consider the usual weak convergence! of probability distribu-
tions, cf. e.g. [109, Chapter 13], so (un)n C P(X) converges to p € P(X) iff for all
bounded and continuous ¢ : X — R we have

lim [ o(@)dpn(e) = [ o()du(a).

n—oo Jx

Of course, since X is compact, this is equivalent to requiring the convergence for all
continuous ¢. It is well-known, cf. [64, Section 11.8], that this convergence in P(X)

can be metrized by the Kantorowich-Rubinstein distance dkgr, defined by

(1, 2) = sup { [ 9()d(un — pa)() | 63 X - Ris L-Lipschits |

and P(X) is compact under this metric. Furthermore, the empirical measures are

dense in P(X) under the given metric.

Defining the mean field limit of functions Let us return to the problem from
above and restrict us to a setting with convenient analytical tools available. Instead
of an arbitrary set X, we consider the compact metric space (X, dx), and suppose
that for all M € N, we have Fyr : Ep(X) — R given, and the goal is to find

!Note that in the literature, in particular in the context of optimal transport, it is also called
narrow convergence, cf. e.g. [12, Chapter 6].
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some F': P(X) — R that in an appropriate sense extends the Fjs. Recalling our
interpretation from above, using the Fj; we can compute some property of interest
for all empirical measures with a finite number of atoms, and F will allow us to
compute this property for all Borel probability measures u € P(X).

How should such a F' look like? Since £y/(X) C P(X), a natural requirement of
an extension would be Fg, (x)= Fu for all M € Ny, however, we do not require
this, since the Fj; might not be consistent with each other. Instead, we start from
the denseness of £(X) in P(X) w.r.t. dgr. This means that for all y € P(X) and
¢ > 0, there exists some #. € X< for some M, € N, such that dxr(2[Z], 1) < e.
In general, a smaller ¢ requires a larger M., and conversely, empirical measures
in £y/(X) should become increasingly better approximators with larger M. But
this means intuitively that for a large M, Fj; is almost capable of computing the
property of interest for any Borel probability measure, since /(X)) can approximate
arbitrary measures already quite well, and hence Fj; and F' should be somewhat

close, i.e. Fy(a[7]) =~ F(i[Z]). We can formalize this by requiring that

sup  |Fu(Al#)) — F(ala))| —0 M — . (8.4)
AlE)eEn (X)
This is almost the definition of the mean field limit of a sequence of functions, as
found in the literature. The only difference is that it is customarily defined for
permutation invariant functions.
To make this connection, recall that we can identify the functions Fis : Ea(X) —

R with permutation invariant functions fy; : X™ — R, so (8.4) becomes

sup |far(Z) — F(A[T])| =0 M — oo.

TeXM
If the preceding holds, we call F' the mean field limit of (far)ar. This notion has
been introduced by P.-L. Lions in the context of mean field games [49], and it is
by now a very established notion in kinetic theory, where it appears for example in
mean field (optimal) control [91, 74]. For convenience, we record this concept in the

following formal definition.

Definition 8.2.1. Let X be a measurable space, and let P be a set of probability

distributions on X that contains all empirical probability measures with finitely
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many atoms. Consider a sequence of functions fy; : XM — R, M € N, and a
function f: P — R. If

lim — sup [fu(Z) — f(A[Z])| = O, (8.5)

=0 gexM

then we say that (fyr)y converges to f in mean field, or that f is the mean field
limit of the fa, and we write fi; — F.

A classic existence result In most situations, we have the functions fy;, M € N,
and would like to get the corresponding mean field limit, so that we can deal with
arbitrary (Borel) probability measures. In other words, what about the existence of
mean field limits of functions?

For convenience, we recall a by now classic result, cf. [49, Theorem 2.1]. To
formulate it, we define a modulus of continuity as a function w : R>9g — R that is
continuous, non decreasing and with w(0) = 0. Later we use that for every R € R<q
and every modulus of continuity w, we can find a concave modulus of continuity
@ : [0, R] — R>q such that w(r) < @(r) for all r € [0, R].

Proposition 8.2.2. Assume the following about the (fas)as.

1. (Symmetry in ¥) For all M € N, ¥ € XM and permutations o € Sy, we have
fM(O—f) = f(xa(l)a s 7:CO'(M)) = f(f)
2. (Uniform boundedness) There exists C'y € R>( such that

VM € Ny, &€ XM . |fy(Z)] < C

3. (Uniform continuity) There exists a modulus of continuity wy : R>9 — Rx>q
such that for all M € N, 71,7 € XM

[fa(Z1) = far(Z2)| < wr (dxr (A[71], A4l 2]))
Then there exists a subsequence (fas,)¢ and some f : P(X) — R, such that

lim sup |fa,(Z) — f(@[z])| = 0.

L—00 FeX Mo
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Furthermore, f is continuous as function on P(X) and (uniformly) bounded by Cf.

Note that in the assumptions of this result, the symmetry in & for fs is actually
implied by the uniform continuity, cf. [50, Remark 1.3]. Furthermore, this latter

property also implies continuity with respect to the product metric on XM,

8.3. Interlude: But where is the mean field?

While standard in the literature, the terminology mean field limit might appear
unclear at this point. To provide intuition and more context, we include in the
following a gentle and high level outline of a typical mean field limit argument in the
context of multiagent systems. Our presentation is folklore, and follows expositions
like [34, Chapter 4] and [81].

To make things more concrete, we consider first-order dynamics in continuous
time, which includes alignment dynamics. A system with M € N, agents, where
agent 4 = 1,..., M has state z;(t) € R? at time ¢ > 0, can be described by

1 Y
xXr; = sz::l\ll(xi,xj)(xj — xz) (8.6)
z(0)=2Y  i=1,...,M (8.7)

where U : R? x R — R>o models the interaction strength between two agents, and
is often of the form ¥ (z,2") = ¢ (||z —2'||). We would like to lift the dynamics to the
mesoscopic level, so if f(t,z) is the density of agents at time ¢ > 0 at state = € RY,
we want to describe the evolution of f over time. Here is the basic idea. Instead of
describing the evolution of the density f directly, we describe the evolution of the

average of some feature ¢ : R? — R of the agents, i.e.,

m+/¢mﬁ@me

For technical reasons, we now work with measures (the density f induces a measure
A [, f(t,z)dx for A C R? measurable). Our goal is now as follows. Let p(t) be the
distribution (“density”) of agents at time ¢, then we want a model for the evolution
t — p(t) starting with initial distribution (“density”) u(0) = uop. But as already

remarked earlier, a (microscopic) state & = (x1,...,23) € (RY)M corresponds to
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the empirical measure [i[Z]. The average of some feature ¢ : R — R of the agents

in microscopic state & can hence be expressed as the integral
| M
[ s@anld)@) = 37 3 oGm).
m=1

Consider now ¢ € C*(R% R) (smooth functions with compact support, our “fea-
tures” of interest) and let us derive an ODE for [ ¢(z)da[Z](x),

d . d1 Y
i | SN = 77 3 oe)
1 & q
= M ; a(b(xz(t))
1 M
= 37 2 Veolwi®) 0
1 X1 X
=37 2 37 2 V@ 2) Vae (i) (w;(t) — xi(t))
=1 7j=1
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We have at the moment
d A= AT = AT =
S [ 0@aaEO)@) = [ Fudtan() gD AalF) @),
Now formally apply partial integration (recall that ¢ has compact support) to get

[ Vel ) TP plE@)dalE0) (@)
= [P@t) Pl i 1 [ it AFED)AAEE) (@),

=0
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so we arrive at

& [6@aE@)@) = (-1 [ 6(i0) Vo @ AEODIAED] ).

This holds for all M € Ny, so we can formally consider M — oo, the formal mean
field limit. Our previous derivations suggest the following. Let pg be the initial
distribution of agents, then p(t) is the distribution of agents at time ¢ > 0 according

to the alignment dynamics if

L p(0) = po

2. For all ¢ € C°(RY, R) we have

G [ @@ = [ Voo Fau®)u@).  68)

where

Fla,w) = [ W)y - 2)du(y) (39)

Equation (8.9) explains the term mean field: F(x, p) is the average “force” exerted by
agents distributed according to p and felt by an agent at state x. In other words, it is
the mean of the field acting on a representative agent at a given state. Furthermore,
if the interaction function is translation-invariant, i.e., ¥(z,y) = ¥ (z — y) for some
function ¢ : R? — R, then

Flaop) = [ (o~ y)a — y)dnly) = [ K- yduty) = (6 + (),

i.e., F(x,pn) is the convolution of the function K(z) = 1(z)z with the measure pu.
In many works on mean field dynamics, one can find this formulation, cf. e.g. [34,
Chapter 4].

For additional insight, consider now the case d = 1. Applying formally partial

integration to

& [ o)) = [ Vaotw) Flape)aut)@) = [ S-6()- e pi)au(o))
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leads to (recall that ¢ has compact support)

S [o@an(o@ = P P )=~ [ o) 5 F e w()dur) @)
=0

Assume now that there exists a suitable f with pu(t)(A) = [, f(t,x)dz, so u(t) has
the density f(t,-). We then get

S [ o+ [ o) o Fw, £, ) (t0)d =0

with
Pl f) = [ Bay)o -y @)y,

motivating the notation

0uf(t,2) + 0, [ Way)(x — ) f(ty)dy =0,

a kinetic PDFE in strong form.

To summarize, we have lifted microscopic dynamics to mesoscopic dynamics by
interpreting a finite collection of agents as an empirical measure, and then formally
replaced the empirical measure by an arbitrary measure. The latter can be inter-
preted as approximating an arbitrary probability measure by empirical measures
with an increasining number of atoms, so that the given probability measure is the
limit of the empirical measures. Furthermore, in the dynamics on measures the mean
of the field acting on the agents appears, which suggests the terminology mean field

limit. Finally, the preceding arguments can be made rigorous, cf. e.g. [81].

Let us connect all of this back to Section 8.2. From a physical perspective, Def-
inition 8.2.1 is not a traditional mean field limit, however, it shares the motivation
arising from approximating arbitrary probability measures by empirical measures.
A more fitting terminology for Definition 8.2.1 might distributional extension or
asymptotic distributional extension (as discussed in Section 8.2, the mean field limit
does not have to be a proper extension), but the former terminology is standard in
the literature. Furthermore, even in the context of traditional mean field limits of
ODE dynamics, the need for the mean field limit of functions arises, for example, in

mean field optimal control [74]. In the next section, another such application will
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appear.

8.4. Kernels enter the picture

In the present part of the thesis, we will explore two applications of kernels and

kernel methods to kinetic theory.

Kernels in the mean field limit Frequently, the state of such a complex multiagent
system can be easily measured or estimated, e.g., by video recordings or image snap-
shots for bird swarms or schools of fish, and microscopy recordings for microorganism
colonies; aerial imaging for human crowds (e.g., via quadcopters); and polling and
social media analysis for opinion dynamics. However, some interesting features of
the whole system might be more difficult to measure. For example, how a swarm
of birds or a school of fish will react to an external stimulus (like an approach-
ing predator), given the current state of the population. Such a reaction could be a
change of density or spread of the population, or a change in mean velocity. Another
example is given by features of a society in opinion dynamics (average happiness,
aggression potential, susceptibility to adversarial interventions), given the current
"opinion state". Measuring such features can be difficult, for example, due to a re-
quired intervention. Formally, if X" is the state space of an individual agent (say, a
metric space or just R?), such a feature is a functional Fy; : XM — R of the current
state of the system, and since the state is often easy to measure, it would be useful
to have an explicit mapping from state to feature of interest. However, since first
principles modeling is unlikely to be successful in the domains considered here, it is
promising to learn such a mapping from data. We can formalize this as a standard
supervised learning task: The data set consists of DE\]}/[} = ((#1,11),---, (@N,yN)),
where Z,, € XM are snapshot measurements of the particle states (corresponding to
the input of the functional) and y, € R is the value of the functional of interest,
potentially with measurement noise, at snapshot state Z,. Let us assume an addi-
tive noise model, i.e., y, = Fa(Z,) + €, forn =1,..., N, where €1,...,ey € R are
noise variables. This is a regression problem that could be solved for example using
a Support Vector Machine (SVM) [189]: Let ky; : XM x XM — R be a kernel on
XM with associated RKHS Hyy, and £37 : XM x R x R — R>o be a loss function,
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then the resulting approximation of the functional Fj; is given by

N
: 1 " S
F£M7D£\][M],)\ = a‘rgmlnfEH]\/[N ZléM(‘TTHyn? f(fl:n)) + AHfH?\J? (810)
n=
where A € Ry is the regularization parameter and || - || the RKHS norm.

Suppose now we are interested in systems with a very large number of agents
or interacting particles. As outlined above, in this context it is reasonable to go
to the mesoscopic level, so instead of trajectories of particle states of the form
[0,T] >t +— #(t) € XM we then have trajectories of probability measures [0,7] >
t — wp(t) € P(X). This immediately raises the question of whether the learning
setup outlined above also allows a corresponding kinetic limit. More precisely, let
K C X be compact and assume that all particles remain confined to this com-
pactum, i.e., z;(t) € K for all i = 1,..., M and all ¢t € [0,7] under the microscopic
dynamics. If the underlying dynamics have a mean field limit, then it is reasonable
to assume that the finite-input functionals Fy; : KM — R converge also in mean
field to some F' : P(K) — R for M — oo. In turn, we can now formulate a cor-
responding learning problem on the mean field level: A data set is then given by
Dy = ((#t1,y1),---, (N, YN)), where p,, € P(K) are snapshots of the particle state
distribution over time and y, € R are again potentially noisy measurements of the
functional. Assuming an additive noise model, this corresponds to y, = F'(uy) + €n,
n=1,...,N. If we want to use an SVM on the kinetic level, we need a kernel
k:P(K)x P(K)— R on probability distributions. There are several options avail-
able for this, see e.g. [55]. However, assuming that all ingredients of the learning
problem arise as a mean field limit, this naturally leads to the question of whether a
mean field limit of kernels exists, and what this means for the relation of the learn-
ing problems on the finite-input and kinetic level. This motivates us to investigate
kernels and their RKHSs in the mean field in Chapter 9, and their application in

the context of statistical learning theory in a mean field limit setup in Chapter 10.

Discrete-time mean field limits In Chapter 11, we consider discrete-time multia-
gent systems and their mean field limit. As explained in detail in the introduction
there, trying to adapt existing tools from mean field theory to this task leads to

technical problems. Surprisingly, kernels offer an elegant solution, leading to an ex-
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istence result for the mean field limit of discrete-time multiagent systems, the first

such results to the best of our knowledge.

8.5. Technical background: Kernel mean embeddings

In Chapter 9 and 11 we will need kernel mean embeddings, so we collect some
background on this concept here. Let k : X x X — R be a Borel-measurable kernel.
Furthermore, assume that it is bounded, i.e., sup, ,cx |k(z,2’)| < co. In this case,
X 32z k(-,z) € Hy is Bochner-integrable w.r.t. every u € P(X), and we define

Iy : P(X) = Hiy, p— /Xk(-,x)d,u. (8.11)

For p € P(X), we call II;(p) the kernel mean embedding (KME) of p in Hj. This
terminology is explained by the fact that in the present setting, for all u € P(X),
any f € Hy is p-integrable, and [ f(x)dp = (f, Ik (p))k. If the map IIj is injective,
then we call k characteristic, cf. [187] for many examples and conditions for this
property. To simplify notation, define additionally I (%) = I (p[Z]) for # € XM.

For convenience, we record the following simple fact.
Lemma 8.5.1. The set I} (P(X)) is convex.

Proof. Let g,h € II; (P(X)) and A € (0,1) be arbitrary. By definition there exist
w,v € P(X) with g =TI (u) and h = Il (v). We then have

Ag + (1= A)h = ATy () + (1 — \)TTi(v)
_ )\/Xk(~,x)du(x) +a —A)/Xk(.,x)dy(x)
_ /Xk(-,x)d()\u+ (1A

= e (Au+ (1 = M) € I, (P(X)) ,
where we used the fact that Au+ (1 — M\)v € P(X). O

Finally, define the maximum mean discrepancy (MMD) w.r.t. k by

W P(X) X P(X) = Rxo,  k(p,v) = [T (p) = i (9)]| -
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vk is a semimetric on P(X), and if k is characteristic, 7y is a metric.
Lemma 8.5.2. If (X, dj) is a compact metric space, then II; (P(X)) is compact.

Proof. Recall that (P(X),dkr) is compact, where dggr is defined with dx = d.
Next, since (X, dy) is compact, it is separable, and hence [188, Theorem 21] implies
that for all p,v € P(X)

Ye(psv) = Mg (p) — i (v) ||k < dxr(p,v),

which shows that Iy : (P,dxr) — (Hg, || - ||%) is 1-Lipschitz continuous. Altogether,
I (P(X)) is the image of a compact set under a continuous map, so it is compact.
O O

For additional background on KMEs and MMD, see [188].

8.6. Comments

Section 8.1 is based on and partially taken verbatim from [CF6]. Section 8.2 has
been written from scratch for this thesis, and the author is not aware of a similar
exposition carefully describing the intuition behind the definition of the mean field
limit of functions, though the ideas are of course implicit in existing presentations
like [50]. Section 8.3 is based on a talk given by the author of this thesis at RWTH
Aachen University in 2023. Section 8.4 is based on and partially has been taken
verbatim from [CF6], and Section 8.5 has been taken from [CF5].
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0. Kernels and their RKHSs in the mean
field limit

In the preceding chapter, we presented the notion of a mean field limit of a sequence
of functions, and motivated that this concept can appear also in the context of
kernels and kernel methods. In this chapter, we now start the investigation of kernels
and their RKHSs in the mean field limit. First, we define the appropriate notion
of convergence and prove an existence result of the mean field limit of kernels in
Section 9.1. Large classes of examples of appropriate kernels are provided in Section
9.2, where we also discuss an interesting connection to kernel mean embeddings.
Finally, in Section 9.3 we investigate the RKHSs of kernels in the mean field limit.
Unless noted otherwise, in this chapter we use the setting that was introduced in
the preceding chapter.

This chapter is based on, and in parts taken verbatim, from the articles [CF3,
CF6, CF4]. Detailed comments on the author’s contribution and the relation of this

chapter to existing work are provided in Section 9.5.

0.1. The mean field limit of kernels

The definition of mean field convergence of a sequence of functions can be easily
generalized to bivariate functions, or more precisely, functions with two blocks of

arguments that are growing in size.

Definition 9.1.1. Let X be a measurable space, and let P be a set of probability
distributions on X that contains all empirical probability measures with finitely
many atoms. Consider bivariate functions sy; : XM x M — R, M € N, and
k:P xP — R. We say that x is the mean field limit of (kar)as, or that (k)
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converges in mean field to , if

Jim s kv (2, @) — w(p[7], pl2])] = 0.

Since a kernel on XM is just a bivariate function, the preceding definition im-
mediately applies to sequence of kernels with an increasing number of inputs. This
immediately raises several questions. Does a mean field limit exist in this case? If
ks are kernels and they converge in mean field to «, is the limit also a kernel? And
if they are all kernels, what happens to their RKHSs? In this section, we start with

the first two questions.

Recall that X is a compact metric space and dkg is the Kantorowich-Rubinstein
metric on P(X), the set of Borel probability measures on X. Define dip : P(X) x
P(X) = Rxo by

dier (11, 111), (2, 1h)) = dr(p1, p2) + dicr (1], 1),

and note that (P(X) x P(X),d%g) is a compact metric space. Consider now a
sequence
ML xM o xM s ROM e Ny,

of kernels on input space XM.

Assumption 9.1.2. 1. (Symmetry in Z) For all M € N, #, 2/ € XM and per-

mutations o € Sy; we have

k:[M](O-fa f/) = k[M]((xa(l)a R axcr(M))af/) = k[M} (fa f/)

2. (Uniform boundedness) There exists Cj € R>¢ such that

VM e Ny, 2,7 e XM . |kM(z 2)| < ¢

3. (Uniform continuity) There exists a modulus of continuity wy : R>g — Rxg
such that for all M € N, &, 7, &2, Zh € XM

KM@y, 7)) — MM (3, 2)] < wr (i (A1), A1), (2], Al75))))
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For later reference, we record two immediate consequences of the preceding as-

sumption.

Proposition 9.1.3. Consider the situation of Assumption 9.1.2. For M € N, let

(Har, @ar) be any feature space-feature map pair for kM.

1. For all M € N, &)/ is invariant under permutations, i.e., for all Z € X and
o € Sy we have @y (oF) = Opr(F).

2. For all M € Ny and ¥ € XM we have ||®(%)]|3,, < VvC.

3. 2wy, is a modulus of continuity for ®,; for all M € N, i.e., for all &1, 79 €

XM we have

1as (#1) — D (F2) 130,y < o/ 20k (dice (A1), Al22)))

Proof. 1. Let M € Ny, # € X™ and o € Sy be arbitrary. From

1@ ar(0F) — Par(Z)|3;,, = (Par(0F, @ar(08))20y, — 2(Pas(0D), Par(£)) 0y,
+ (P (Z), P (Z))
= Moz, o) — 26M (0, 7) + EM)(Z, 2)
= kM@, 7) — 2M(7, 7) + K7, 7)
=0

(where we used the symmetry and permutation invariance of k™) we find

that ®p/(0&) = ®ps(Z), hence the permutation invariance of all @ ;.

2. Let M € Ny and & € XM be arbitrary, then

123 (@) s = /(@21 (2), D11 ()30, = VAM(7.7) < /T
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3. Let M € N, and ¥, %2 € XM be arbitrary, then

1P (F1) = Par(T2)l[31,, = (Par(Z1), @ (F1)) 00 — (P (T2), Par(Z1)) 24,
—(Pp (1), @ ( 2)) 30 + (Par(F2), Par(F2)) 2,
=Mz, 7)) - (a-:' 7)) — kM (Z), Zo) + kM2, Zo)

< (KM@, 21) — KM (@, 20)| + [RM(3), 22) — KM (22, )|

< 2wy (dxr (A[71], M[ 2])),

hence || (21) — Par(Z2) |7y, < 2wi(dir (A[Z1], A[Z2])).

Next, we turn to properties of functions f from the RKHSs of kM1

Proposition 9.1.4. Consider the situation of Assumption 9.1.2. Let M € N,,
denote for simplicity Hy; = Hyn, and let f € Hys be arbitrary.

1. For all Z € XM and o € S); we have
f(oZ) = f(Z).

2. For all # € XM we get

@) < 1fll 23 V/Ch-

3. Let &1, %2 € XM be arbitrary, then

|f(Z1) — f(@2)] < \/2Wk (dxr (A[Z1], AlT2])).

The arguments used in the proof are standard, but for completeness we provide
all details.

Proof. Using the reproducing property and symmetry of kM we find for 7 € XM
and o € Sy

floz) = (£, k™M (0, ),y = (f,M(E )y, = (@),
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establishing the first claim. Next, using again the reproducing property of kM
Cauchy-Schwarz and the boundedness of kM) we get

F@)] = 1(f, kM(E, ) |
< Sy, IR, ) 1,
= £l ma  KMU(Z, )

< 1f 0 Vo,

showing the second statement. Similarly, for Z1,Zs € XM we get

F(@0) = f(@)] = [ RM @) = M@, ) b | < I i 1R (Z ) = R (@, )
= ||f||HM \/k[M] (fl?fl) - k[M] (fl7f2) + k[]b{] (‘(Z:QWL—:?) - k[M] (f%fl)
<[ fll e \/|k[M](flafl) — KIMI(Ey, )| + [k (22, ) — KM (T2, 2 )|

<l s v/ 2wr (dcr (A[F1], A7)

O]

We now turn to the central existence result of the mean field limit of kernels. The
next theorem extends the proof in [49, Theorem 2.1] and shows that, if a sequence
of kernels fulfills Assumption 9.1.2, then a mean field limit exists, which is again a

kernel.

Theorem 9.1.5. Under Assumption 9.1.2, there exists a subsequence (k:[ML’]) ¢ and
a continuous, bounded kernel k : P(X) x P(X) — R such that

lim  sup [KMA(F &) — k(7] 42)] = 0. (9.1)
{00 2 21 x Mg
The first part of the proof is based on the same arguments as in [49, Theorem 2.1]

and repeated only for convenience.

Proof. We construct a sequence of uniformly bounded and equi—continuous kernels
kLM for M e N Tts limit will be the desired kernel k.

Step 1. In the first step we define kl[\]/}{]K and show that it is bounded on
P(X) x P(X) and coincides with the kernel kM on XM x XM Since P(X) is

compact, it has a finite diameter Dp(x) € R>o. Let @ : [0,2Dp(x)] — Rx>o be a
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modulus of continuity, that is a pointwise upper bound to wy. For all M € N,
define now the McKean extension k%%{ :P(X) x P(X) = R by

Bt (o) = inf  EPE ) + @y (dig (BT, ALE), (1)) -

T eXM

Note that for all M € N, kl[\%]}( is well-defined. For this, we show that

d%x [(2[7], 2[#]), (4, 1')] belongs to the domain of @. This holds true, since

dier [(A[Z), AZ), (s 1)) < dir([E], 1) + dr (A1E], 1) < 2Dpx).

Second, we show that kl[\%]K(,u,, p') is bounded. Since X and hence P(X) are non-

empty, we have k%]}((u,u’ ) < oo0. The uniform continuity assumption on k[

implies that all kernels are continuous as functions on X2 and therefore (recall
that @y > 0)
MLy > it MU ) > —oo
Mk (1 1) = s FexM (Z,7)

by compactness of XM x XM,

Furthermore, observe that for all M € N, and Z,# € XM, we have
M AT =] AT — =
K (713, 1) = KM (7, 2). (9.2)
For arbitrary Z, ' € XM it holds by construction

Kk (Al2), A7) < KP(E, ) + o (di (A2, pLE), (A1), L)) )

= kMg 7).

Let additionally 1, #; € X be arbitrary, then we obtain

7,7 — (KM@, 7)) — KM(E &) + @ (dig [(A121), 417), (l2], al27])])
2,3) — wi (dicg [(A[F1], 4Z1)), (A[Z], 1)) + @ (dikg [(A13], A1F1), (A[F], AlE)])
> KMN(&, &) — o (dig [(21F1), 41F1), (A[2], 2[2))]) + @ (dkg [(A121], ALF1), (17, al2))])
)

where we used the uniform continuity of k™) in the second inequality and the
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1[7'])] < 2Dpx) in the third

definition of @y, (together with d%y [(A[#1], A[7]), (A[Z],
inequality. This implies that kl[\/IC]K (p[a], pl]) > KMz, ).

Step 2 We now show equi-boundedness of (kl[\%]K) m- Let M € Ny and p,p' €
P(X) be arbitrary, then

R 0 = | int | KNI ) + o (e (A1, 717, mm)]
< of @)+ | (e (Al A1), (1) )]

ZxeXxM

< Gy, + 0k (2Dp(x)) =: Cr,
where we used the uniform boundedness of k™ and the compactness of P(X).

Step 3 Next, we show that @ is a modulus of continuity, i.e., for all M € N,
[, ph s pe, iy € P(X) we have

M -
RS s 1) — Rk (o, 1) | < @on (A [ 125, (2 15)]).

To establish this, let M € Ny, py, pj, pa, h € P(X) and € > 0 be arbitrary. Now,

let (&2, 7)) € X*M be e-close, i.e.,

KM (T, 7) + @ (dkm [(Al7), ALE)), (2, 15)] ) < Kok (o, i15) + e

Then, it holds

Btek (1, 14) < KM (@, ) + @y (dikg (A7), Al3)), (o, 411)] )
= KM(2y, 7)) + @ (d%{R [(Al7a), Al)), (2, 15)] )
— g (g [(AL7], ALEE)), (2, 15)]) + (dKR [(ﬂ[f 1, AE)), ()]
< Fntek (s 1) + € = wk(dKR[m[ o], AlTb), (o, 15)] )
+ @ (dig [(Al7a], AlF5), (1, 410)))
< Witk (1o, i) + € — (dKR [(Ala), ALE5), (12, 15)] )
+ @ (g [(A[8a], A7), (o, 15)] + di (12, 1h), (a, 111)] )
< Fhtek (2, 1) + € + G (dKR [(p12, 1), (a1, )] )
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9. Kernels and their RKHSs in the mean field limit

where we used the definition of k%]}((ul, @) in the first inequality, the choice of

(@2, 7%) in the second inequality, the triangle inequality for dxr together with the
monotonicity of @ in the third inequality and finally the subadditivity. Repeating
these steps with the roles interchanged shows that

M -
R o, 1) + R0 (o, )] < (e [, 1), (s 11h)]) + €

and since € > 0 was arbitrary and &, does not depend on M, the claim follows.

Step 4 Summarizing, (k%]K)MeML C C%P(X)xP(X),R) is a uniformly bounded,
equi-continuous sequence. The Arzela-Ascoli theorem guarantees existence of k €
C°(P(X) x P(X),R) and an unbounded sequence (M;)¢en, such that

M,
ehm sup |k?1[\/[c/i]<(/ﬁ,#/) — k(u, 1) = 0.
T W €P(X)

This implies also (9.1). To prove this, note that for all £ € N, and € X we have
A[x] € P(X), and hence

lim sup [KM(F &) — k(A[7), @) = lim sup [k (@), Al#]) — k(ala), o)

£—r00 2,3 e XM £—r00 &3 e XM

< lim  osup (RN () = R(p, )|
€200 1 preP(X)

:0’

where we used (9.2) in the first equality.

Step 5 Next, we show that for all 1, pue € P(X), |k(u1,u2)| < Ck, ie., the
function k is bounded. For this, let p1, ue € P(X) and € > 0 be arbitary. Choose
n € Ny such that

HkoK - kHOO - sup ‘koK(/'L lu) k(/%,ul)’ S €
pop €P(X)

We then have

(1, )| < Ve, p2) — K35 (o, )|+ R (s i2)] < € + Co,

due to the uniform boundedness of kM»l. Since € > 0 was arbitrary, the claim

follows.
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9.1. The mean field limit of kernels

Step 6 Finally, we show that k is a kernel, i.e., k is a symmetric and positive
definite function on P(X).

Symmetry Let u,p/ € P(X) and @y, 7y, € XM such that dggr(A[Za], 1) and
dgr(fi[Zh,], 1) converge to zero. For convenience, define fi; = fi[Zag,] and ) =

A~

fi[Z,,]. We then have

k(i) = k()| < k(s ') = K, )| + 1k (e, fip) — KM (@0, By,
+ (KM E L Eag,) — k(g )| + k(i fie) — k(s )]
— 0,

M,]

where we used the symmetry of k¢ in the inequality and then the continuity of &

(w.r.t. dkg) as well as (9.1).

Positive definiteness Let N € Ny, a € RY and py,...,un € P(X) as well as

E'LLM} € XM such that for all n = 1,..., N, dKR(/j[i:LlM}]a ftn) — 0. For convenience,

define ﬂv[@M] = /l[fLM]]. Let € > 0 be arbitrary. For all 4,7 =1,..., N and M we have

~[M] ~[M ~[M] ~[M
Fpis i) > k(pl ]7@- Dy = k(1) — k(R ]7/1; h)

S[M] S[M ~[M] ~[M S[M] S[M ~[M] ~[M

> kM @M F MY gl plMy B EM ZMY (g, ) — kM, AT

Choosing /¢ large enough and setting M = M, ensures

B, ) = K@M, ZM) — 2c

due to the continuity of the k£ and (9.1). Repeating this for all pairs (4, j) and taking

the maximum over all resulting k& then leads to

N N
> oiogk(pi ) = Y ajarjklMe] (JE'EMZ],.%'BMM) —2N?%e > —2NZ%,
1,5=1 i,j=1

where we used that k™ is a kernel. Since € > 0 was arbitrary, we find that

N
Z OéiOéjk'(,uZ',Mj) Z 0.
2,7=1
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9. Kernels and their RKHSs in the mean field limit

Remark 9.1.6. The function @y from the proof of Theorem 9.1.5 is also a modulus

of continuity for k, i.e., for all y; € P(X), i1 =1,...,4,
| (pr, p2) — K(ps, pna)| < p(dicr (s p2), (13, 114)))-

Proof. Let u; € P(X), i =1,...,4, and € > 0 be arbitrary. Choose n € N such
that

M, My
hiesd = klloo = sup [R5 (s 1) = B, 1)) <
o' EP(X)

N

(exists due to the Arzela-Ascoli Theorem). We then have

\k(p1, p2) — k(ps, pa)| < [k(pr, p2) — k%%](uhm)’

R g ) — RS (g )|+ (RS (s, 1) — B, paa)|

% +@n(dicrl (i, 12), (i3, pa)]) + %

IN

Since € > 0 was arbitrary, we find that

k(s pa) — s, pa)| < G (dicg (1, p2), (13, pa)))-

This finishes the proof. O

Remark 9.1.7. Tt is also possible to generalize Assumption 9.1.2 and Theorem 9.1.5
to kernel sequences of the form kM : (Y x XM) x (Y x X™) — R for some compact
metric space Y, leading to a mean field kernel k£ : (Y x P(X)) x (Y x P(X)) - R

using techniques presented for example in [33].

9.2. Examples of kernel mean field limits

We now turn to examples of kernels and their mean field. We will consider two large
classes of suitable kernels, pull-back kernels and double-sum kernels. To close, we
will discuss and intriguing connection between double-sum kernels in the mean field

and kernel mean embeddings.

230



9.2. Examples of kernel mean field limits

9.2.1. Pullback kernels

Our first example are sequences of kernels that arise as the pull-backs [152, Sec-

tion 5.4] of a sufficiently regular kernel along mean field compatible functions.

Proposition 9.2.1. Let Y be a Banach space, ky : Y XY — R be a kernel on Y

and oM : XM 'Y a sequence of functions. Furthermore, assume that

1. (Boundedness of ko) There exists a Cy, € R>g with |ko(y,y’)| < Ck, for all
v,y ey,

2. (Continuity of ko) The kernel kg has a modulus of continuity wg,, i.e.,
[ko(y1,91) — Koz, y2)| < wio(llyr — w2lly + [lv1 — %ally)

for all y1,91, 92,95 €Y.

3. (Symmetry of gb[M} ) For all M € N, the function ng[M I'is permutation invariant,
ie., for all # € XM and o € Sy we have oM (07) = ¢[M(Z).

4. (Uniform continuity of ¢!™]) There exists a modulus of continuity we : R>g —
R>g such that for all M € N, #,7" € XM

16M(@) — oM@ ly < wg (dicr (AL, 4[7])) -

Then kM . XM x XM 5 R with kIM(Z, 7)) = ko(¢M)(2), M(Z)) is a sequence
of kernels on XM fulfilling Assumption 9.1.2.

Proof. Since kM is the pull-back of ko along ¢!M! it is a kernel on X™. Symmetry

is clear,
M0z, 7) = ko (6™ (02), oM7) = ko(¢M(2), oM7) = kM7, 7).

Uniform boundedness follows from boundedness of ky, hence Cj = Cj,. For the
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9. Kernels and their RKHSs in the mean field limit

uniform continuity, let M € N, Z1, ¥}, &2, 75 € XM, then

KM@, 71) — KM (3, 2)| = (ko (M) (#1), oM (21)) — o(¢1) (), 1M (a5) )]

)y + (@) — M (@)l )

for an appropriate modulus of continuity wy. O

9.2.2. Double-sum kernels: Abstract perspective

The next class of examples has been introduced by [108] and extended by [39],
though similar constructions have been used earlier [78]. However, the connection

to mean field limits and kernel mean embeddings has not yet been investigated.

Proposition 9.2.2. Let ky : X x X — R be a kernel bounded by |ko(z,2’)| < C,
for some Cy, € R>g. Define for M € N, the map kM : XM x XM R by

M
Mz 7)) = L ko(zm, 2! /). 9.3
M?2 m
m,m’=1

Then kM) are kernels that are permutation invariant in their first argument, and

that are uniformly bounded.

Proof. Let M € Ny be arbitrary. First, we establish that kM1 is indeed a kernel by
showing that it is a symmetric, positive definite function. Note that this fact has
been established earlier, cf. e.g. [39], but for convenience we provide a full proof.

For all Z, 7" € XM we have (using the symmetry of k)

M M
- 1 1 o
kI[M](l‘,l’,) =2 Z ko(zm, )) = e Z ko(zhy, m) = kM (@, 7),
m,m’=1 m,m’=1
ie., KM is symmetric. Let N € Ny and Z1,..., 2N € XM o € RN be arbitrary,
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9.2. Examples of kernel mean field limits

then

N
> kM@, #) = Z OWJM2 Z ko(z
3,j=1 2,j=1 m,m/=1
N M

1 o
= 2 cigggko(a, T,

1,j=1mm’=1

- Y Ll al,) >0,
(¢,m),(j,m')eT

where we defined Z = {1,..., N} x {1,..., M} and used that k¢ is positive definite.

For the uniform boundedness, let Z, & € XM, then

L 1
W%MKM§ZWMMW<WW%:%
m,m’=1

O]

In addition to permutation-invariance and boundedness, we also have a form of

uniform continuity of double sum kernels.

Proposition 9.2.3. Let ky : X x X — R be a kernel bounded by |ko(x,2’)| < Cj,

for some Cf, € R>g, and assume that (X, d,) is a separable metric space, where
digy + X X X = R, digy (2, 2") = [|[Pro () — Pro () |1

is the usual kernel metric. Then the double sum kernels k™! defined in (9.3) are

uniformly continuous with respect to the Kantorowich-Rubinstein distance induced
by dko .

Proof. Observe that for Z, 7/ € X™ we have

LMz 2 Z%%w

mm’ 1

:W
M

< Z ko (-, ,MZ >k = (fuz1> fagz) ko
- 0

233



9. Kernels and their RKHSs in the mean field limit

Furthermore, we also have for any # € XM

Fitalio = V ([ ko)l @), [ hol-,a)dpla) @)y
- V [ [ k(). kol eyl () dl) (o)

< V [ [ kot ldla)(@)dala) @)

<

Chy-

Let fl,fQ,fi,fé € XM, then

KM@y, 7) — RV (F0, )] = 1A Fae ko — (Pt s PRy Vol
_ k k k
= (£ M[w = Faley Tl Yho + Uiy Fale — Tt ol
M[m]Hkon[xl]Hko“‘Hf ]Hkon [#1] — £€E@]Hko

Ck’(”fﬂ[f/l] - ﬂ[j‘é]”ko + ||f£ﬁm - m;gﬂ”ko)

Next, since (X, d,) is separable, [188 Theorem 21] shows that || £ ]~ FF@}Hko <
(7], L) andd (745, — 1801 sy < dcn (B[], Al4)), where

dir (1, p12) = sup {/X ¢(z)d(p1 — p2)(z) | ¢+ X — R is 1-Lipschitz w.r.t. dko} :

the Kantorowich-Rubinstein distance induced by dy,. Altogether, we find that

KM@, 7) — KM @, 2| < \/Cro (dicr (3171], 4172]) + dicr (3171, A1T))),

but since /C}, does not depend on M, this establishes uniform continuity of M
w.r.t. ci;g% ]

In Proposition 9.2.3, we have not established uniform continuity of the double sum
kernels (9.3) with respect to the Kantorowich-Rubinstein distance induced by the
metric dx. In particular, combining Propositions 9.2.2 and 9.2.3 is not enough to
ensure that the double sum kernels fulfill Assumption 9.1.2. However, if (X, dy,) is

a compact, separable metric space, then Proposition 9.2.3 implies that Assumption
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9.2. Examples of kernel mean field limits

9.1.2, now with dy, instead of dx, applies to the kernel sequence (9.3). In this case,
Theorem 9.1.5 shows the existence of the mean field limit kernel and its associated
RKHS, again with dj, instead of dx. These observations motivate the developments

in the next section.

9.2.3. Double sum kernels: Elementary approach

In the preceding section, we dealt with double sums kernels within the general theory
for mean field limits of kernels. We will now revisit this class of kernels from a more
elementary perspective. Let kg be a bounded kernel on X, so there exists By € R>q
such that |ko(z,2")| < By for all x,2’ € X. Define now k : P(X) x P(X) = R by

k() = /X /X ko(z, ) dp(z)du (). (9.4)

Since p,v € P(X) are finite measures and kg is bounded, the double integral above

is well-defined. Furthermore, we have

bv) = [ [ ko(e,a)du()dv()
- ~/X /X<k0('7$/)7 kO(‘vx»kodu(‘r)dy(m/)
— </Xko(-,a;')du(a?),/xko('yﬂ?)dﬂ(w)>

ko

where the integrals in the last line are in the sense of Bochner, cf. [188, Theorem 1],
and we used in the last step that the scalar product as a continuous linear functional
commutes with the Bochner integral. The above equality shows that % is indeed a
kernel on P(X).

For M € N, define kM) : XM x XM 5 R by

1 M
KMz 7 = Ve > kolwi,2}). (9.5)

4,j=1

These bivariate maps are called double sum kernels, and it is well-known that they

are indeed kernels, and permutation-invariant. Furthermore, since for M € N and
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9. Kernels and their RKHSs in the mean field limit

-

7 € XM we have

M

Z (i, )

M
‘ [M]( S Z I’z, ] ’<B()7

the kernels k™ are uniformly bounded.

Observe now that for all M € Ny and Z, %' € XM we have

R A7) = [ [ ko) il (@) Al ) (@)

which implies that

lim sup (K& ) - k(al7), pl#)| = 0,

M—o0 = FFeXM
so the kernels k™! converge to k in mean field in the sense of Definition 9.1.1.

Remark 9.2.4. The preceding developments work for any measurable space (X, Ax),
where P(X) is now the set of probability measures defined on this measurable
space, and any A ® A-B(R)-measurable (here B(R) is the Borel o-algebra on R)
and bounded kernel £y : X x X — R.

For some applications, we might need additional properties of the involved kernels.
For a particular and broad class of base kernels, the following result provides a
sufficient condition for uniform Lipschitz continuity. To the best of our knowledge,

this result appeared for the first time in [CF4].

Proposition 9.2.5. Let X be a normed vectorspace, X C X a non-empty Borel-
measurable subset, ¢ : X — R a L-Lipschitz continuous function, define kg :
X x X — R by ko(z,2') = ¢(]|]z — 2'||), and for M € Ny define ry(Z,7') =
M2 ZZ] 1 Ko(&, 7). We then have for all M € Ny, 7,7, 9,7 € XM that

i (2, @) — ks (7, 7)| < Ldieg (A, 2121), (A7), A7) -
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9.2. Examples of kernel mean field limits

Proof. Without loss of generality we can assume that L € Rsg. Define for x € X
the function ¢, : X — R by ¢, (2') = L71¢(]|]2' — z||), and observe that since that
for all 2/,y' € X

|pa(2") = aly)] = LHo(ll2" — zIl) — ¢(lly" — )]
< L7ULll2" = 2 = [ly" — =]
<@ =)= (' - 2)|

= [« =¥/l

the function ¢, is 1-Lipschitz continuous.

<
-4

Let now M € Ny, Z,&,7,if € XM, then we get

o . 1 U 1
‘RM(I',[B/) _KM(:U?g,)‘ = W Z ﬁO(xhx;) M2 Z Ko ylvy])
ij=1 ij=1
1M1 Y 1M
=|=> Z¢ @i — 251 — —= > ollys — ¥jll)
M =1 j:l J szl J
HES ST f}é (s = ) = = 5" o2 = 1)
a Mz:l g:l ] Mj:1 J
1 M 1 M 1 M
07 2 | 37 2 @lei = ) = 57 > oy — o5
=1 jil j:1
1 U (1 X S - ,
=L Mz MZ‘P%(‘Q?])_MZ@%(?J])
=1 ]:1 ‘771
1 M 1 M M
+L\37 2 (MZS%;(%)— MZ%;(.%))
j=1 i=1 i=1
1 X1 M 1 X
< Ly 2 (g7 2o P (@) = 37 2w )
=1 ]:1 J:l
1 M1 M 1 Y
+Lap 2 |37 2w (@) = 37 2% ()
j=1 i=1 i=1
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9. Kernels and their RKHSs in the mean field limit

Observe now that for all Borel-measurable f : X — R we have

1 ¥ .
3 S = [ S
so we can continue with
1 M
o, ) G| < By 30| [ o R ) [, #a )l V)
M
+Lﬂl4j§ [ ey @dild(a) - [ oy 0)aaliw)
1 al / AT / / AT /
iy g | S [ 6

"7 f 1-Lipschitz

+ L% f: sup ‘/X f(z)da[@](z) — /X f(y)dﬂ[ﬂ(y)‘

f 1-Lipschitz
1 U S
= Lo > dir (AF), A7) + Lz Y- dr(@la], flg)
i=1 J=1

establishing the claim. O

We illustrate the results with a concrete example.

Example 9.2.6. Let consider now X C H a nonempty subset of a Hilbert space.
A kernel kg on X of the form ko(x,2’) = ¢(||x — 2'||) is called a radial kernel, or a
radial basis function (kernel). In the following, we consider H = R%, X C R? a non-
empty compact subset, and choose ko as the Gaussian kernel, so in this case ¢(s) =
exp(—%). Observe that this ¢ is bounded, and (globally) Lipschitz-continuous
with Lipschitz bound given by maxscg |¢/(s)|, so the resulting sequence of double

sum kernel fulfills all conditions from Theorem 9.1.5.

Finally, we would like to point out the following delicate aspect of the preceding

developments. By direct calculation, we have established the mean field convergence
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9.2. Examples of kernel mean field limits

of the double sum kernels ks, as defined in (9.5), to k given by (9.4). Furthermore,
the sequence of double sum kernels based on the Gaussian kernel fulfills all the
conditions of Theorem 9.1.5, so there exists a mean field limit kernel that is bounded
and Lipschitz continuous, and a subsequence of the double sum kernel sequence, that
converges in mean field to this latter kernel. However, we did not prove that this
kernel is (9.4). If we had uniqueness of the mean field limit kernel in Theorem 9.1.5,
then this would trivially follow. Investigation of this uniqueness question is beyond
the scope of the present work. However, it is clear that (9.4) is bounded, and by
using mutatis mutandis the arguments from the proof of Proposition 9.2.5, one can
verify that (9.4) is Lipschitz continuous. This means that (9.4) fulfills the properties

from the limit kernel in Theorem 9.1.5.

9.2.4. Double sum kernels, mean field limits, and kernel mean
embeddings

Recall from the proof of Proposition 9.2.3 that for all M € N, and Z, 7' € XM we

have

1 U 1 X
k[M](fv fl) = M2 Z k0($m7$/m’) = M2 Z <k0( ) m’) k‘o( )>k0
m,m/=1 m,m’=1

This equality implies that for all M € N, the RKHS Hy is a feature space and
Opr: XM — Hy, (%) = f;fff} is a feature map for kM. Furthermore, defining
eMl(z) = (x---2) € XM for x € X and M € N, we obtain that for all M € N,
feXMandze X

(@) (M (@) = KM (M) (2), 2) = 15, (@)

Note that e!™] (%) can be interpreted as a representation of 0z in X ™ since fi[e!™(z)] =
0z. Altogether, we have now two different kernel-based embeddings of empirical
probability distributions: We can embed /i[Z] into Hy via the kernel mean embed-
ding féffﬁ or we can identify fi[Z] with ¥ and embed into Hjp; with the canonical
feature map ®M(#) = EMI(., Z). Those two embeddings are connected by evalua-

239



9. Kernels and their RKHSs in the mean field limit

BV . KME k
XMog ~ pld)eP(r) fﬂfﬂe Hy
®lM] Evaluated at T € XM
oo KM, Z) iz (T)

Evaluated at eM(7) € XM

Figure 9.1.: Commutative diagram on the relation of canonical feature map of k[

and KMEs.

tions on a Dirac distribution, represented by Z € X and el™!(z) € XM respectively.

This leads to the commutative diagram in Figure 9.1.

An interesting situation arises if we consider the weak* convergence of empirical
probability measures, metrized by dkgr, and the convergence of their embeddings.
Consider the setting of Propositions 9.2.2 and 9.2.3 and assume additionally that the
double sum kernels (9.3) are uniformly continuous, so that Theorem 9.1.5 applies
and we have the mean field limit kernel k£ and its associated RKHS Hy, as well as
convergence (of a subsequence) of k(M to k. Let Zy € X™ with fi[Zp] sl u for
some p € P(X). Each empirical measure fi[Zs] can be embedded into Hy via the
kernel mean embeddings f}f{%m and into Hjys by first identifying it with &3, and

then using the canonical feature map ®].

Assume now that kg is characteristic,
i.e., the map P(X) — Hy, p— fo is injective. Under this assumption, convergence
of the kernel mean embeddings metrizes the weaks topology [183, Theorem 12], so
we get that f[]fffM] Ho, f,’jO. Since k is the MFL of k™) and the former is continuous
w.r.t. dggr, we also get up to a subsequence k[M](‘,:EM) — k(-, 1) as a mean field
limit. Note that the kernel mean embeddings that appear here are all well-defined,

cf. [188, Theorem 1].

The preceding discussion is summarized as a diagram in Figure 9.2.
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- KME
peP(T) f,]fOG Hy
dx R Ho
(M](. 7 o M Ao ko
Hy> k (,JJ) XY 5@y ~ ,LL[J}M] E fme]G Hy
MFL \L]\/f — 00 \L
dKR
His k(p) & <——m—o—— peP(I)
Dy

Figure 9.2.: Diagram illustration of the relations of double sum kernel, KME and
MFL.

9.3. The reproducing kernel Hilbert space of the mean field

limit kernel

The mean field limit k established above is a kernel and therefore it is associated
with a unique RKHS. We will now investigate the relation of this RKHS with the
RKHSs of the finite-input kernels. We slightly simplify the setting and notation to
ease the exposition of the following results. Consider a sequence of kernels ks :
XM 5 XM 5 R, M € N, with the following properties!.

1. Forall M € Ny, Z,#' € XM and permutations ¢ € Sy we have kys (0%, 7)) =

e

ka (2, 2).
2. There exists Cy € R>q such that VM € N, 7,7 € XM : |kp (2, 77)] < C..

3. There exists some Lj, € Rsq such that for all M € N, 1, &, 22, %) € XM we
have [kar (1, 1) — ki (22, 75)| < Lidieg [(A[21], A[21)), (A[22], Al75))]-

Theorem 9.1.5 then ensures the existence of a mean field limit kernel k& : P(X) x

P(X) — R which is also bounded C} and is Li-Lipschitz continuous. By potentially

!The only different to Theorem 9.1.5 is the restriction of uniform Lipschitz continuity instead of
an arbitrary modulus of continuity. This simplification is common in the related literature, e.g.
[50, Lemma 1.2], and the following developments could be generalized to an arbitrary modulus
of continuity.
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9. Kernels and their RKHSs in the mean field limit

re-indexing, we have ks 2 k. Finally, denote by Hys := Hy,, the (unique) RKHS
corresponding to kernel kj; and denote by Hj the unique RKHS of k.

We clarify the relation between Hjsand Hj in the next result.

Theorem 9.3.1. 1. For every f € Hy, there exists a sequence fy € Hy, M €
N,, such that fa 25 f.

2. Let far € Hpr be sequence such that there exists B € R>g with || far|lam < B
for all M € N;. Then there exists a subsequence (far,), and f € Hj with
P
far, — f and || f[|x < B.

In other words, on the one hand, every RKHS function from Hparises as a mean
field limit of RKHS functions from Hj;.On the other hand, every uniformly norm-
bounded sequence of RKHS functions (fas)as has a mean field limit in Hy.

The relation between the kernels kj; and their RKHSs H)s, and the mean field
limit kernel k and its RKHS Hj, is illustrated as a commutative diagram in Figure
9.3. In order to arrive at the mean field RKHS Hp, on the one hand, we consider
the mean field limit k£ of the kjs, and then form the corresponding RKHS Hy. This
is essentially the content of Theorem 9.1.5. On the other hand, we can first go from
the kernel kjs to the associated unique RKHS Hjs (for each M € N ). Theorem
9.3.1 then says that Hj can be interpreted as a mean field limit of the RKHSs Hjy,
since every function in Hj arises as a mean field limit of a sequence of functions
from the Hjs, and every uniformly norm-bounded sequence of such functions has a
mean field limit that is in Hy. Next, we state two technical results that will play an
important role in the following developments, and which might be of independent
interest. They describe liminf and lim sup inequalities required for I'-convergence

arguments used later on.
Lemma 9.3.2. Let fyy € Hy, M € N4, and f € Hy, such that fjs N f, then
1/l < lim inf || far||as- (9.6)
M—o0

Proof. Assume the statement is not true, ie., ||f||x > Uminfa/oo || far|lar. This
means that there exists a subsequence My and C' € Rxq such that || f||z > limg || far, || v, =
C. Note that this implies that ||f||x > 0.
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9.3. The reproducing kernel Hilbert space of the mean field limit kernel

MFL of kps
M—oo

ko

|

Hoy MFL of fy€H s

M—o0

k
Hy,

\

7
\
I4

Figure 9.3.: The kernel k arises as the mean field limit (MFL) of the kernels kj;.
Every uniformly norm-bounded sequence fy; € Hpyr, M € Ny, has an
MFL in Hp, and every function f € Hj arises as such an MFL
(Theorem 9.3.1).

Let €1,62 > 0and a > 1, 8 € (0,1) be arbitrary. From Theorem 9.4.1, there exists
(i, @) € P(X)N x RY such that

D(i,a, f k) + e > || fllk

and w.l.o.g. we can assume that €; > 0 is small enough so that D(i, a, f, k) > 0.
The latter implies that E(f, &, f), W(i, &, k) > 0, so defining

a—1_,_
€a = a 5(M7047f)

€3 = (1/ﬁ - 1)W(ﬁ7 0_27 k)

we get €q,€3 > 0. For each n =1,..., N, choose :E’W] e XM such that a_c'LM} KR Lhn

for M — oo. Choose now Ly € N such that for all £ > L, we get

(cf. also the proof of Theorem 9.3.1) and W(X[M@], @, k[Mel) > 0. We then get

E(fi @, f) < a&(XM &, far,)
k
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9. Kernels and their RKHSs in the mean field limit

so altogether

E(ji,a, f) < QE(X[MZ}’&vfMZ)
Wi, &, k) = fW(XIMI &, kpy,)

Using Theorem 9.4.1 again leads to

fm) M) =
= frd D X K, , 7k: g '
/BW(X[MZ]’ a, kMg) ( a, fays ka,) < | far,llaz,

Finally, let Ly such that for all £ > Lo we have || fa,||m, < C + €3. For £ > Ly, Lo

we then get

<

o
C+ —e + €.
B

Since €1,e9 > 0 and a > 1, § € (0,1) were arbitrary, this implies that

<

C<|fllx <€,

a contradiction. O

Lemma 9.3.3. Let f € Hp. Then there exist fiy € Hy, M € N4, such that

lim /o0 SUpze xm | far(Z) — f(2[Z])] = 0, and
limsup [ farl[ar < [[£ 1k (9.7)
M—o0

Proof. Let f € Hy be arbitrary and choose (€,), C Rso with €, \, 0.
Step 1 For each n € N choose

Ln
frre = Zaﬁn)k(,uén)) c H]}sre’
(=1
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9.3. The reproducing kernel Hilbert space of the mean field limit kernel

where agn), . (n) € R and ,u( noL ,u(LT;) € P(X), with

1f = £l <

N

and ||fP*[|x < ||fllx. To see that such a sequence of functions exists, choose some
sequence (f,), € HP™ with f, = Ze 10_% )k(-,ﬂgn)), where oz( " eR, ué " e P(X),
with f,, L3 [ (exists since H}'® is dense in Hy). Define now for n € N

H,, = span{k(-, ji )]m—l n, 0=1,..., Ly}

and f,, = Py f, where Py is the orthogonal projection onto H,. Then H, C H}",
1 Falls = 1P, Fllk < 1Fllk and [|f = fulle < I = Falls = 0 (since fo = Py, f is the
orthogonal projection of f onto H,, and f, € H,), hence fn M f- We can now
choose (fP'),, as a subsequence of (fy)n.

Next, for alln € Nand ¢ =1,..., L, choose a:( 9 e XM with ,u[_’(n é)] ey ,uén)
for M — oo. Furthermore, for all n € N choose M,, € N such that for all M > M,
and / =1,..., L, we have

€ 62
dicr ([T, 1) < min . = e
3(1+ L sobey log?l) 2 (1+ 2L S, o™ [0l

and
€n €

L, ’
1+ o)) 2 (14 Shy ol el }

T eXxM

sup |kar(7,7) — k(a[7], 4[2'])|] < min { (
W.lo.g. we can assume that (M), is strictly increasing. For M € N, let n(M) be
the largest integer such that M, ) < M and define

Ly (ar

re n(M ~r=(n(M),l re
fore S Q) arn00y ¢ e

Ly (ar)

fu= 30 ok (a0 e mYe.

Step 2 We now show that fs N f. For this, let € > 0 be arbitrary and n € N
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9. Kernels and their RKHSs in the mean field limit

such that €, < e. Let now M > M, (note that this implies that n(M) > n. and

hence €,y < €,) and ¥ € XM then we have

o (LD + R (A7) — far ()]

=III

|f(alZ]) = fu (@) < [f(AlF]) = fan (AED] + | faan (A1F]) -

=II

=I

We continue with

I =|f(alz]) - ( [ )|
<|f- fn(M)||k||k('>ﬂ[f])Hk

= If = Faen i/ K (R[], AT])

En(M)
<
=370, VO

where we first used the reproducing property of k, then Cauchy-Schwarz, again the
y and the boundedness of k.

reproducing property of k, and finally the choice f, (s

Next,

IT = | fony(Al7) — fRi°(2[2))]

"

n(]M)
n(M)) /~ n(M n(M ar=1 A~r=(n(M),L
=| X ok ) = 3 o kala], alal )
/=1
L"( ) (n(M) (n(M),0)
<> [ k(ala], wg" ™M) = k(ala), all )|
/=1
Enaan M),0 M
<L Z ’a Iar(n( ))] (n( )))
6n(M)
— 3 )

where we used the triangle inequality, the Lipschitz continuity of k, and then the

choice of the sequence (My,)s,.
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9.3. The reproducing kernel Hilbert space of the mean field limit kernel

Finally,

IIT = | {3 (Al7) — far ()]

Enaan M M) L Enaan M
o Vk(ala, a0 = S 0 kg A 0)
/=1 (=1
Ln(M)
n(M ar= ar=(n(M)L = S(n(M),L
< 7 [al O k(aga, alzy M) - k(@ 25009
/=1
< 1)
- 3

where the triangle inequality has been used in the first step and then again the

choice of the sequence (Mp,)n.

Altogether,

\FOA[E)) — far(@)| < T+ 11+ 111
En(M) i En(M) " €n(M)

<
- 3 3 3

S

establishing fa; —% f.

Step 3 We now show limsup,;_, [|fallar < ||fllx- Let € > 0 be arbitrary and
ne € N such that €, < e and let M > M,,_. We have

n(M)) (n(M n(M)L") S(n(M),l
Ifarl3s = Z ay" M a M g (@D M)
£,0'=1

< Z a n(M)) (n M))k(ugl(M)),uén(M))) + | R1| + | R
=1

= 5&1)”% + R+ Ry
< | fI2 + Ry + Ro.
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9. Kernels and their RKHSs in the mean field limit

with remainder terms

Ly () Ly ()
Ry = Z a n(M)) (n M))k: @\ n(M)f) —f(n M)f) Z an(M n(M))k(ﬂ[—'("(M)f)] ﬂ[—'(n(M)Z)])
0,0'=1 L0 =1
Ln(ary Ly
n(M n(M ~Ar=(n(M),l ~ra(n(M), (n(M)) (n(M n(M n(M
Ro= 3 al" 0 ey iz LS a0 () (00) 00y
£0'=1 £,0'=1

We now bound these terms, so that

Ln(ary L ()
Ry = Z a n(M)) (n(M))k ( —(n(M),¢ ) —'(n M)f) Z a M)) (" M))k( [—'g\z(M)’f)] ﬂ[ (n(M) )])
0'=1 0,0'=1
Ly (ary

(n(M)) nM (n(M _(n(M),0 —(n(M),
Z |a ( ) (n( ))Hk, ( (n(M),¢ )’xgw( ) )) k(L [ (
0,0'=1

2
En (1)

2 )

| N

O, a0 )

IN

and
Ly () Ly ()
Z ag”(M))agl(M))k(ﬂ[—'(n(M)1’)] flz —(n (M)f)]) Z Oégn(M))Oégtl(M))k(ﬂg/n(M)),,ugn(M)))
=1 =1
L ()
< Z |a(n(M) I ("(M))”k( [ (n(M),£ )} ﬂ[—»("(M)Z)]) k(ﬂg?(M)),uén(M))”
0,0'=1

Ly (nr)
n(M n(M ~r=(n(M),L M ~r=(n(M),0 M
< Ly Z |04g( ))||ag,( ))|( r(AE (n(M), )] (n( )))er R (a[E" (n(M), )} (7( )))>
L0 =1

2

€
< Cn)
=2

Altogether,

I faellar < IF1I7 + [Ra] + | Rel

2 2
En(M) n En(M)
2 2

<|IflIz +

< IIFIIR + €,

so || farllar < || fllk + € for all M > M, , and since € > 0 was arbitrary, we finally get
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9.3. The reproducing kernel Hilbert space of the mean field limit kernel

lHm sup ;oo [ /a2ll3r < |1 f k- =

Finally, we can now provide the proof for the central Theorem 9.3.1.

Proof of Theorem 9.3.1. The first statement is part of Lemma 9.3.3. Let us turn to
the second statement. Proposition 9.1.4 ensures that (fys)as is a bounded, equicon-
tinuous sequence, so Proposition 8.2.2 ensures the existence of a subsequence (faz, )¢
and a continuous function f : P(X) — R with fy, N f, so we only have to en-
sure that f € Hj with || f||x < B. For this, we use the characterization of RKHS
functions from Theorem 9.4.1. In particular, we will utilize the notation introduced
there.

Step 1 Let (ii,@) € P(X)V x RY. We show that if W(ji,da,k) = 0, then
E(i, G, f) = 0.

Assume that W(fi, a, k) = 0. If B =0, then fi; = 0 and fyy, N f implies that

f =0, so the claim is clear in this case. Assume now B > 0, let ¢ > 0 be arbitary and

forn=1,..., N, choose sequences xL e XM such that 7 [M] dKR iy for M — oc.

For convenience, define X X [M] — ( 7ML xgé/f]) Choose now /. € N such that

for all M > M, we get W(X XM & Y, ky) < ¢/B. This is possible since ks Pk
M)

together with the continuity of kj; and k as well as & KRy tn for M — oo and
all n=1,..., N implies that W(XM & ky;) — W(iI, @, k) = 0. Let now £ > £, be
arbitrary and observe that fa; € Hys implies N'(far, kar) < oo according to Theorem
9.4.1, so in particular D(XM & a, fu,, k) < oo.
If W(XIMe & kpr,) = 0, then we get that E(XIM & , fam,) =0 < e since
D(X XM g, fm,, k) < oo, which implies by definition that S(X[ME], a, fm,) =0.
If W()Z[Mf},&, k) > 0, then we have

S(X[MZ]’&’ fMg) o

W(XIMA G, k) DX, @, far,, kar,) < N (far kor,) = 1zl < B,

which implies

g(X[Mz] 7, fa,) < BW(X [Me] a kM/z) <

Since far, N f together with the continuity of fi; and f as well as xn dﬂ
implies that &(XMd, & Y, fv,) —

E(f,a, f), we get that E(fi,d, f) < €, and since
€ > 0 was arbitrary we arrive at £(fi, @, f) < 0.
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9. Kernels and their RKHSs in the mean field limit

Assume now that £(ji, a, f) < 0. This implies that there exist § > 0 and /5 € N
such that for all £ > £5 we have E(X[M@] , fa,) < —6 <0, since £(X XM A, fum,) =
E(fd,a, f). Let £ > s, then we get that £(X XM },—a,fM[) > 6 > 0 and we have
WX —@ k) = W(XIME @ k) > 0. We can then continue with

5 _ E(XM, -, fur,)
W(XIM @ kyy,) — WXIM —G, k)
< D(X[Mg]a _627 wa kMz)
<N (fm, km,)

= HszHMe < B,

which implies that W(XMd, —a, k) = W(XIMd & kpy,) > 6/B. But since
W(X'[Mf},d', ka,) — W(ii, &, k), this implies that W(fi,d, k) > 6/B > 0, a contra-
diction. Altogether, E(f, d, f) = 0.

Step 2 Let (ji,d) € P(X)N x RN, If W(ji,a, k) > 0 and £(ji,a, f) > 0, then

E(ii,a, f)
Wiia k) =2

To show this, let « > 1 and 3 € (0,1) be arbitrary. Define

a—1

E(f, a, f)
€8 = (1//8 - 1)W(ﬁ7 0_27 k)

€q —

and observe that e,,eg > 0. Furthermore, for all n = 1,..., N choose a se-
quence f%w] € XM such that 7 _’[M 9KR un for M — oo, and define XM =
(a_c'[lM] e g}’%/‘[]) Choose ¢, € N, such that for all £ > ¢, we have

’g(X[MZ]’&’ fMg) - g(/jv &a f)’ S €a
|W(X[MZ}7 &a k;Mé) - W(IE’:’ O_Z’ k

and W(XM g, ku,) > 0. Such an /. exists because ks Pk together with
=[M]

the continuity of kjs and k as well as the convergence of T} ° to p, imply that
W(X[Mﬁ], a,ky,) = W(i, a, k), and fu, N f together with the continuity of fas
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9.3. The reproducing kernel Hilbert space of the mean field limit kernel

and f imply that £(XM &, far,) — E(f1, @, f).

Let now ¢ > /. be arbitrary. By definition of e, we get ae, < (v — 1)E(ji, &, f),

which in turn leads to

€a < €a — e + (@ — 1)E(, A, f)
—(a=1)éa + (= 1)E(H, @, f)
= (= 1)(E(H,a, f) —€a)
< (a—1)EXMI G, far,),

where we used in the last inequality that &« — 1 > 0 and by choice of ¢, we have
E(L, @, f) < E(XIM &, far,) + ea. We can then continue with

S(ﬁ,d' ) g()Zi Ml _'7 fMg) + €q
< EXWM & far,) + (a — DEXM G, far,)
=« (X[Mé],d‘, fMe)~

Next, by definition of eg and choice of /. we find that

WX & k) < W, @, k) + eg
- W( y & ) (1/5 - 1)W(ﬁ> 0_27 k)
= (1/B)W(i, a, k),
hence
1 1

<
W(ji, . k) = pW(XIMd, &, k)
Combining these results, we get that for all ¢ > £,

E(,a.f) _a &XM 1dfMe><g
W(ﬁ&‘k) BW(XIM, @, kyp,) ~ B

a Q@
N(fMpkMz) = *HfM/zHMz < =B.

B B
Since @ > 1 and 3 € (0, 1) were arbitrary, this shows that

E(fi, d, f)
———= < B.
W(i, d, k)

IN
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9. Kernels and their RKHSs in the mean field limit

Step 3 Let (jii,d) € P(X)" x RY be arbitrary. If W(ji,a,k) = 0, then we get
from Step 1 that £(ji, d, f) = 0 < B. Assume now W(fi,d, k) > 0. If £(@, d, f) =0,
then again (i, a, f) =0 < B. If £(ji,d, f) > 0, then Step 2 ensures that

E(fi, a, f)

— 2 =D(i,a, f,k) <B.
W(/IO_ZI{Z) (M,Cl,f, )_

Finally, if £(f, @, f) < 0, then again

Ql

E(f, a, f) N
m =D(ji,d, f,k) <0< B.

Altogether, we get that D(fi, d, f, k) < B. Since (ji, @) was arbitrary, maximization
leads to N(f, k) < B < o0, hence f € Hy and || f|x = N(f, k) < B. O

9.4. Technical background: A characterization of RKHS
functions
Here we recall the following characterization of RKHS functions from [17, Sec-

tion 1.4]. Let X # () be arbitrary. For k : X x X — R symmetric and positive
semidefinite and some f € RY as wellas N e N, # € XN, @ € RN define

E(Z,a, f) = z an f(n)
n=1
N
W(E,d, k) =$ 3 auagk(ag,a),
ij=1

SEA i £(7,, f) # 0,W(F, @, k) £ 0
D(Z,d, f, k) =140 if £(7,d, f) = W(Z,d, k) =0
00 if £(%,a, f) #0,W(F,a,k) =0
and
N(f,k)=  suwp  D(&a,f k)
(2,d)exXN xRN
NEN+
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9.4. Technical background: A characterization of RKHS functions

We collect now some simple facts that will be used repeatedly.

Let £ € XV, @ € RN, N € N, be arbitrary, and define

N
f= Z ank(-,xn) € HY .
n=1
1. By construction, W(Z, &, k) € R>g (recall that k is positive semidefinite).

2. Since f € HY™, its RKHS norm has an explicit form and we find

N
1fllx = J > ajajk(zy, x) = W(E d, k).

ij=1

This also implies that f = 0 if and only if W(Z,d, k) = 0.

3. If W(f7 O_Z, k) > 0, then

W(Z,d, k)

— Y o f ()
\/sz‘szl aak(z), ;)

_ >N k() @)
\/fo’jzl ok (zy, ;)

_ W& a k)

T OW(,d, k)

D(Z,a, f,k) =

= W(Z,a, k).

We can now state the characterization result.

Theorem 9.4.1. Let k: X x X — R be a kernel and f € RY. Then f € H, if and
only if N(f, k) < oo. If f € Hy, then ||f||x = N(f, k).

For convenience, we provide a full self-contained proof of this result.

Proof. Step 1 First, we show that for f € Hy, we have || f|lx = N(f, k).
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9. Kernels and their RKHSs in the mean field limit

N(f, k) < |fllx: Let N € Ny and (%, @) € XN x RY be arbitrary. Observe that

N
E(f, a, f) = Z anf@:n)

< (£l Zan n)

= [l FlsW(Z, a, k).

k

UW(Z, a, k) = || Eﬁlzl ank (-, xn)||x = 0, then 2711\[:1 ank(-,zn) = 0p, , hence E(Z, d, f) =
(f,0m,)r = 0 and by definition D(Z, &, f,k) =0 < || f||x-

If W(&,d, k) > 0, we can rearrange to get

£, a f) L
———=— =D <
Since (Z, @) was arbitrary, we find that N (Z, &, f,k) < || f]l«-

N(f,k) > ||fllx: Let € > 0 and choose f. = S0 ank(-,x,) € HE™ such that
lf = felle < e EW(Z d,k) =|fellx =0, then fc = 0y, and hence E(Z,a, f) =
(fs foor = (f,0m, )k = 0. By definition, this then shows

D(@,a, f) = 0= |felle = [Ifllx — e

Before we continue, note that for all fi, fo € Hy we have

N

N
‘g(f,&7f1) 8 z,d, f: Z fl J;n f2 xn ‘ Z f27 )>k
f2>204n n
<N fr = Follill fell-
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Assume now that W(&, &, k) > 0, then we get

L &7, a, f

D@, @ f) = )
> 5(5,52,fe) . ||f_ferer”k
~ W(Z,da, k) W(Z, a, k)
> g(f,&,fe) o €||f€Hk
S W@ a. k) W(T,a,k)
=W(Z,d,k) —¢
= | fellx — €
> || flle — 2¢

Altogether, by definition of N'(f, k), we get that
N(f.k) = D@, a, f,k) = || flle — 2
Since € > 0 was arbitrary, we find that N (f, k) > || f|lx-
Step 2 Let f € RY be arbitrary. We show that if A(f, k) < oo, then
0 P SR

N N
Z Oénk(', l’n) — Z anf(xn)
n=1

n=1
is a well-defined, linear and continuous (w.r.t. || - ||x) map.

=,

To establish the well-posedness, let (Z,d) € XN xRN and (¢, ) € &M x RM such

that
N M
Z ank(-,wy) = Z Bk (-, ym) € H]};)re'
n=1 m=1

This implies that

S

N
Z ank(-, zy) + Z (=Bm)k(-sYm) = Om,

m=1

and hence W((Z, ), (&, — 4),14:) = | 20 ank(yzn) + SN (= Bm) k(s ym) |l = 0.
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9. Kernels and their RKHSs in the mean field limit

Assume now that

N m
Z anf(fzn) # Z /Bmf(xm)v

n=1 m=1
then we get that
N m .
n=1 m=1

=,

which by definition implies that D((Z, %), (&, =), f, k) = oo and therefore N'(f, k) =

00, a contradiction.

The linearity is then clear. Finally, to show the continuity, let H,Ere S fo =

N ank(-, x,) be arbitrary and set Z = (ml e :UN), a= (al aN>, then
N
€5 (fo)l = | D anf(xn)
n=1
= [E(Z,d, [)
< N(f,k)W(Z,d, k)
= N(f.B)ll foll

Since N(f, k) is finite and independent of fy, and ¢ is a linear map, this shows the
continuity of /.

Step 3 Let f € RY such that N(f,k) < oo. Since according to Step 2 £ is
a linear and continuous map on H,?re and the latter is dense in Hj, there exists a
unique linear and continuous extension ¢ ¢ Hy — R of £;. Furthermore, from the
Riesz Representation Theorem there exists a unique f € H, with ¢ F=( f>k For
all x € X we then get

N —

fx) = (fLkC 2k = k(- 2), P = L (k( @) = Lp(k(-,2)) = f(),

hence f = f € Hy. O
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9.5. Comments

0.5. Comments

Section 9.1 and 9.2 are based on, and to a large extent taken verbatim, from [CF3],
with the exception of Section 9.2.3, which is from [CF4]. Section 9.3 is based on, and
to a large extent taken verbatim, from [CF3, CF6]. The idea to investigate kernels
and their RKHSs in the mean field limit is due to the author of the present thesis,
who also established all of the theoretical results above. The elementary approach to
the double sum kernel in Section 9.2.3 has been started by M. Herty and C. Segala
on a formal level, the fully rigorous treatment here is due to the author of the thesis.
The idea to describe the relation between the RKHSs as a commutative diagram is
due to M. Herty. The article [CF3] was written mostly by the present author and
M. Herty, with editorial input from all remaining authors. The parts of the article
[CF4] that appear in this thesis have been written by the present author. The article
[CF6] was written mostly by the author of this thesis, with editorial input by M.
Herty and S. Trimpe.
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10. Kernel-based statistical learning in
the mean field limit

One motivation for the study of kernels in the mean field limit is given by statistical
learning problems arising in the context of kinetic theory, cf. our discussion in
Chapter 8. In the preceding Chapter 9, we introduced the mean field limit of kernels,
and we achieved a fairly complete description of the resulting RKHSs, so we are ready
to turn to the to the investigation of kernel-based statistical learning in the mean
field limit, the goal of this chapter. In Section 10.1, we start with results on the
approximation capabilities of RKHSs in a mean field context. We briefly review
the standard setup of statistical learning theory in 10.2, before investigating kernel-
based learning in the mean field limit in Section 10.3. For the reader’s convience,
we provide some background on I'-convergence in Section 10.4.

This chapter is based on, and in large parts taken verbatim from, the article [CF6].
Detailed comments on the author’s contribution and the relation of this chapter to

existing work are provided in Section 10.5.

10.1. Approximation with kernels in the mean field limit

Kernel-based machine learning methods use in general an RKHS as the hypothesis
space, and learning often reduces to a search or optimization problem over this
function space. For this reason, it is important to investigate the approximation
properties of a given kernel and its associated RKHS as well as to ensure that the
learning problem over an RKHS (which is in general an infinite-dimensional object)
can be tackled with finite computations.

The next result asserts that, under a uniformity condition, the approximation

power of the finite-input kernels kj; is inherited by the mean field limit kernel.
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10. Kernel-based statistical learning in the mean field limit

Proposition 10.1.1. For M € N4, let Fjs be the set of symmetric functions that
are continuous w.r.t. (%,7') — dxr(2[7], a[7]). Let F C C°(P(X),R) such that
for all f € 7 and € > 0 there exist B € R>o and sequences fy € Fur, fM € Hyy,
M € Ny, such that

1. fu 25 f
2. |1far — farlloo < € for all M e N
3. ||farllar < B for all M € N,
Then for all f € F and € > 0, there exists f € Hj, with ||f — f]joe < €.

Proof. Let f € F and € > 0 be arbitrary. Let B € R>g and fy € Fur, fM € Hyy,
M e Ny, such that far =% f, |far — farll < € and || farllr < B for all M € Ny
(exist by definition of F). Theorem 9.3.1 ensures that there exists a subsequence
(fa,)e and f € Hy, with |||, < B such that fMé D, f for £ = oco. Choose now
L1 € Ny such that for all £ > L; we have

sup |far, (&) — J(ala])] < ¢
FeXxMe
sup | far, (%) = £ (A1) < ¢
FeXxMe

K

Let now p € P(X) be arbitrary and choose a sequence #'y; € X™ with f1[% ] dKR 1.
Finally, let Lo € Ny such that for all £ > Ly we have

[f (1) = F(alZar])] <

f [Zar])] <

1f () = J(

=
[ e 2 Rl

(such an Ly exists due to the continuity of f and f).
We now have for £ > max{L;, Lo} that

\f(,u) - f(u)| < |f(:u‘) - f(A[fMﬁ])‘ + |f(:a[fMﬂ]) - fMﬁ(fMl/” + |fMi,(fM[.> - fAMy(fM/”
+ | Far (Ea,) = F@Ew )]+ 1 (Fa]) = F(w)]

+i4
- =€
5

[S28 e

L e, €
5 5 5
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10.1. Approximation with kernels in the mean field limit

Since p was arbitrary, the result follows. O

Intuitively, the set F consists of all continuous functions on P(X) that arise as
a mean field limit of functions which can be uniformly approximated by uniformly
norm-bounded RKHS functions. The result then states (to use a somewhat impre-
cise terminology) that the RKHS Hy is dense in F. We can interpret this as an
appropriate mean field variant of the universality property of kernels: a kernel on a
compact metric space is called universal if its associated RKHS is dense w.r.t. the
supremum norm in the space of continuous functions, and many common kernels
are universal, cf. e.g. [189, Section 4.6]. In our setting, ideally universality of the
finite-input kernels kj is inherited by the mean field limit kernel k. However, since
the mean field limit can be interpreted as a form of smoothing limit, some unifor-
mity requirements should be expected. Proposition 10.1.1 provides exactly such a

condition.

Remark 10.1.2. In Proposition 10.1.1, the set F is a subvectorspace of C°(P(X), R).

Furthermore, if the P;-convergence in the definition of F is uniform, then F is closed.

Proof. We first show that F is a subvectorspace. Let f,g € F and A € R, ¢ > 0
be arbitrary. W.l.o.g. we can assume A # 0. Choose sequences fur,gm € Far,
fM,QM € Hy, M € Ny, and constants By, By € R>¢ from the definition of F for
f, ﬁ, and g, 5, respectively. Let M € N, 7 € XM be arbitrary, then

(MM (F) + 9(F) = (Af(alF]) — g(alz])| < M| far(Z) = F(AIED)] + 190 (F) — g(al])]

together with fas KN fyom KN g shows that Afy + gnr N A +g.
Next, we have for all M € N, that

. R A R € €
(Ao +gnr) = (A + Ga)llo < A far = Farlloo + [lgar — G lloe < I/\Im tg=e
Finally,

N+ anellar < I Farllar + laar |l ar < [N By + By,

establishing that (A fM + gar)ar is uniformly norm-bounded. Altogether, we have
that A\f + g € F.

We now turn to the second claim. Let (f(™), € F such that f(® — f for some
f € C°(P(X),R) and for all € > 0 there exist f](\?) € Fur, A](\;) € Hyr, (pamr)mr € Rxo
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10. Kernel-based statistical learning in the mean field limit

and BM € Rsg with pyr N\, 0, [[£% — F") o < € and £y < B™ for all
n, M € Ny, and
sup | /37 (@) — £ (alE)] < par

FeXxM

for all n,M € N;. We now show that f € F. For this, let ¢ > 0 be arbitrary
and choose f](\;) € Fu, f](\;) € Hy, (par)m € R>p and B ¢ R>( as above with
¢ = £. Let N € Ny be such that ||f™ — f| < ¢ for all m,n > N (such an
N exists since (f(™),, converges in C°(P(X),R) and hence is a Cauchy sequence).
Furthermore, let M, € Ny be such that for all M > M, we have ppy < ;. Define now
fu = fLM) and fM = f](wM) for M =1,...,M, -1, and fy = (M+N ) f (N)
for M > M,,.

Step 1 Let M > M, and ¥ € XM be arbitrary. We have

(@) — F(RED] = 150 (@) - F(ala)]
< [ M @) = FNED Az 4 |FND (alF]) - f(AlE)]
< pu + |FED — £l

and since the right hand side (which is independent of Z) converges to 0 for M — oo,
P1
we get far — f.

Step 2 For M =1,..., M, we get

Ifar = Farlloe = £ — FOD) o <é<e.
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10.1. Approximation with kernels in the mean field limit

Let now M > M, and ¥ € XM be arbitrary. We have

(@) — fu @) =115V @) - 1Y @)
< |F N @) — FNED ()| 4 | FND (afz]) — O (afF)]
+ @) - 1@+ 1Y@ - 1 @)

< sup |fy @) = O )] + N = f o
reXxM
+ sup [fM@ED) — £ @18 — I e
f/eX]w
<pm+ Z +pmte€
< 4& =,

and since & € XM was arbitrary, we get || far — farlloo < €
Step 3 For M =1,..., M, —1 we get by construction that HJ?MHM = Hf](wM)HM <
BM) and for M > M, we find || far||; = ||f1(év)||M < BW). Altogether, we get for
M € N, that
I vl < max{BW, . . BMe=1) BN

Combining the three steps establishes that f € F. O

Since kp; and k are kernels, we have the usual representer theorem for their
corresponding RKHSs, cf. e.g. [180]. A natural question is then whether we have
mean field convergence of the minimizers and their representation. This is clarified

by the next result.

Theorem 10.1.3. Let N € N, ,ul,...,uN € P(X) and for n = 1,...,N let
ﬁ[M}GXM M € N, such that ,u[ ]4/% for M — oo. Let L : RV —>R>0 be

continuous and strictly convex and A > 0. For each M € N, consider the problem

min L(FE"), ., F@D) + A, (10.1)
JEHM
as well as the problem
i L0 n)s - ) + Al (102)
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10. Kernel-based statistical learning in the mean field limit

Then for each M € N, problem (10.1) has a unique solution f},, which is of the

form £, = YN oMy () € Hyy, with ool € R, and problem
(10.2) has a unique solution f*, which is of the form f* = SN | ank(-, pn) € Hy,
with aq,...,any € R. Furthermore, there exists a subsequence ( fX/[e)g such that

Fin, 25 f* and

L(fir, @M i @) + M i g = LU (), oy () + AL -
(10.3)
for ¢ — oo.

The main point of this result is the convergence of the minimizers, which we
will establish using a I'-convergence argument. This approach seems to have been
introduced by [75, 35, 74] originally in the context of multi-agent systems. For the

reader’s convenience, we briefly recall in Section 10.4.

Proof. The existence and uniqueness of fj; and f follows from the well-known rep-
resenter theorem (applied to all ky; and k).

We now turn to the convergence of the minimizers. For all M € N, we have

M filae < L @EM, o F @YD)+ Ml < L0, -, 0),

ie, || fifllar < L(O,...,0)/\ Define

Lar: Har = Rso, £ LOAEM), o F@EED) + Al
L: Hy, = R, f= L(f(p1)s- - f(un) + M| fllks

and let fys € HM with far KN f for some f € Hji. The continuity of fyr, f
and L as well as xn M) dxny pn for M — oo and all n = 1,..., N, imply then that
limps oo L (fM(x1 ), . .,fM(_’%/[])) = L(f(p1),-. .,f(,uN)). Combining this with
Lemma 9.3.2 leads to

L(f) < liminf Lpr(f).

M—o0
Let now f € Hy be arbitrary and let fy; € Hys be the sequence from Lemma 9.3.3.

Using the same arguments as above we find that

limsup Ly (far) < ||f]]x-

M—o0
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10.2. The setup of statistical learning theory

We have shown that Ly, Iy £ and hence Proposition 10.4.1 ensures that there
exists a subsequence (f},)¢ such that fi, LN frand L, (fig,) — L(f). O]

Remark 10.1.4. An inspection of the proof reveals that in Theorem 10.1.3 we can
replace the term A|| - ||ar and A|| - ||x by Q(|| - ||ar) and Q(]| - ||x), where 2 : R>¢g — Rx>g

is a nonnegative, strictly increasing and continuous function.

10.2. The setup of statistical learning theory

We now introduce the standard setup of statistical learning theory, following mostly
[189, Chapters 2 and 5]. Let X' # () (associated with some o-algebra) and § # Y C R
closed (associated with the corresponding Borel o-algebra). A loss function is in
this setting a measurable function £ : X x Y x R — R>g. Let P be a probability
distribution on X x Y and f : X — R a measurable function, then the risk of f
w.r.t. P and loss function £ is defined by

Rep(H)= [ty )P

XY

Note that this is always well-defined since (x,y) — ¢(x,y, f(x)) is a measurable and
nonnegative function. For a set H C RY of measurable functions we also define the
minimal risk over H by
Rip = inf R :
ep = fob e.p(f)

If H is a normed vector space, we additionally define the reqularized risk of f € H

and the minimal regularized risk over H by
Riealf) = Rep(f) +AIF s REf = int Repa(s),

where A € R+ is the reqularization parameter. A data set of size N € N is a tuple
Dy = ((z1,%1),---, (xNn,yn)) € (X x V)V and for a function f: X — R we define
its empirical risk by

N

R () = 5 - n, v S ().

n=1
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10. Kernel-based statistical learning in the mean field limit

If H is a normed vector space and f € H, we define additionally the regularized

empirical risk and the minimal regularized empirical risk over H by
Repy () = Repy (F) + Al f I, RiDy = J}glf{ Repya(f),

where A € R+ is again the regularization parameter. Note that the notation for the
empirical risks is consistent with the risk w.r.t. a probability distribution P, if we
identify a data set Dy by the corresponding empirical distribution % Z,]LI (@ ym)-

In the following, H will be a RKHS and a minimizer (assuming existence and
uniqueness) of Rf p Will be called an infinite-sample support vector machine (SVM).
Similarly, REBN»/\ will be called the empirical solution of the SVM w.r.t. the data
set Dy . Note that this is the common terminology in statistical learning theory, cf.

[189], and corresponds to (empirical) risk minization with Tikhonov regularization.

10.3. Statistical learning theory in the mean field limit

We now turn to kernel-based statistical learning in the mean field limit.

10.3.1. Setup

We start by translating the setup of statistical learning theory to a mean field setting.
This will require the mean field limit of loss functions. However, to the best of our
knowledge, existing mean field limit existence result are not applicable to general
loss functions. We therefore first state and prove the following existence result for

mean field limits of functions, which might be of independent interest.

Proposition 10.3.1. Let (X,dx) be a compact metric space and (Z,dz) a metric
space that has a countable basis (U, ), such that U, is compact for all n € N. Let
fur s XM x Z - R, M € N, be a sequence of functions fulfilling the following

conditions.

1. (Symmetry in ) For all M € N, ¥ € XM 2 € Z and permutations o € Sy,

we have fi(o@, z) = fu(Z, 2).

! As mentioned before, this condition is actually implied by the next condition. However, as usual
in the kinetic theory literature, we kept this condition for emphasis.
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10.3. Statistical learning theory in the mean field limit

2. (Uniform boundedness) There exists By € R>g and a function b : Z — Rx>q
such that VM € N, 7 € XM 2 € 21 |fum(&,2)| < By + b(2).

3. (Uniform Lipschitz continuity) There exists some Ly € Ry such that for
all M € N+, fl,fg € XM, 21,29 € Z we have ’fM(fl,Zl) — fM(fQ,Z2)| <
Ly (dxr(A[Z1], p[Z2]) + dz(21, 22)).

Then there exists a subsequence (far,)¢ and a continuous function f : P(X)xZ — R
such that fu, N f for £ — oo. Furthermore, f is L-Lipschitz continuous and there
exists Br € R>¢ such that for all p € P(X), z € Z we have |f(p, 2)| < Br + b(2).

Proof. For M € Ny define the McShane extension Fys : P(X) x Z — R by

Fu(p,2) = ieif)l(fM fru (@, 2) + Lydgr(A[T], 1)

Observe that Fys is well-defined (i.e., R-valued) since fur(-,2) and Lydkr(fi[]

1)
are bounded for every z € Z (since fy; and dggr(fi[-], ) are continuous and P(X) i

S
compact, hence bounded).

Step 1 Fy extends fy, ie., forall M € N_, & € XM and 2z € Z we have
Fy(p]#],2) = fum(,2). To show this, let ¥ € XM and z € Z be arbitrary and
observe that by definition

Fy(fla],2) = inf  fa(3, 2) + Lydxr(2[2], 4[2])
FeXxM

< fm(@, 2) + Lydgr (0[], 0]7]) = fu (7, 2).
If Fa(p[2], 2) < far(%, 2), then there exists some &' € XM such that
fu(@, 2) + Lpdgr (0[], A7) < fu(Z, 2),
but this means that
Lpdir ([, p[7) < far(@,2) — (@, 2) < | fu(@,2) — fu (@, 2)],

contradicting the L ;-Lipschitz continuity of f;.
Step 2 All F; are Ly-continuous: Let M € Ny, u; € P(X) and 2z, € Z,i=1,2,
be arbitrary. Since X is compact and fys(-, ) and Lydgr(f]-], pi), @ = 1,2, are
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10. Kernel-based statistical learning in the mean field limit

continuous, the infimum in the definition of Fj; is actually attained. Let & € XM

such that Fis(p2, 22) = fa(Z2, 22) + Lpdgr(fi[Z2], p2), then we have

Fry(p,z1) < fu(@2, 21) + Lydgr

Iy (f]72], 1)
fr (T, 21) + Lypdgr(f[T2], p2) — Lydkr(f[T2], p2) + Lydkr(A[Z2], p1)
[ (2

(T2, 22) + Lydkr

< [T2], p2) + Lydz(21, 22) — Lydxr(f[72], p2)

+ Lydgr(A[72], )

< Far(po, 22) + Lydz (21, 22) — Ldgr (f[@2], p2) + Lpdrr(p1, 12)
+ Lydgr(f[Z2], p2)

= Fu(p2, 22) + Lg(dgr(p1, p2) + dz(21, 22)),

where we used the definition of F); in the first inequality, the Lipschitz continuity
of far (w.r.t. the second argument) for the second inequality, and then the fact that
Ty attains the infimum in the definition of Fis(u2, 22) and the triangle inequality for

dkr. Interchanging the roles of 1,21 and ps, 2o then establishes the claim.

Step 3 There exists Br € R>( such that for all M € N, p € P(X) and z € Z we
have |Fiy(u, 2)] < Br + h(z2): Let Dp(xy be the diameter of P(X) (which is finite
since P(X) is compact), then for all M € Ny and ¥ € XM, 2 € Z, p € P(X) we

have
—(By + LyDpx) +b(2)) < fu(Z, 2) + Lydgr(f[Z], p) < By + LyDp(x) + b(2),

therefore |Fys(p,2)| < By + LyDp(x) + b(z), showing the claim with Br = By +
Ly Dp(x).-

Step 4 Summarizing, (Fas)ar is a sequence of L -Lipschitz continuous and hence
equicontinuous functions such that for all y € P(X) and z € Z, the set {Far(u, 2) |
M € N.} is relatively compact (since it is a bounded subset of R). We can now
use a variant of the Arzela-Ascoli theorem, cf. [114, Corollary II1.3.3]. From the
assumption on Z, we can find a sequence (V},),, of open subsets of Z such that all V,
are compact, V,, C V41 and we have U, Vo = Z. Then (F M|Vn) M 1s a sequence of
functions that fulfills the conditions of the Arzela-Ascoli theorem (since P(X) x K,

is compact), so there exists a subsequence (F' () |7, )e that converges uniformly to
4

a continuous function on P(X) x V,,. Denote the diagonal subsequence of all these
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10.3. Statistical learning theory in the mean field limit

subsequences by (Fa, )¢, then there exists a continuous f : P(X) x Z — R such that
(F'v, )¢ converges uniformly on compact subsets to f. Since P(X) is compact, this

means that for all compact K C Z

lim sup |Fu, (@, 2) — f(p, 2)] = 0.
b per(X)
zeK
This also implies that for all u € P(X) and z € Z we have |f(u, z)| < Br + b(2).
Furthermore, f is also L-Lipschitz continuous: Let p; € P(X), z; € Z, i = 1,2,
and € > 0 be arbitrary. Let K C Z be compact with 2,20 € K and choose ¢ € N
such that

sup |FMZ(/L7 Z) - f(:ua 2)| §
REP(X)
zeEK

N

We then have

|f(pa,21) = fp2, 22)| < |f (1, 21) — Fag, (s 20)| + | Fag, (1, 21) — Fag, (p2, 22))|
+ [ Fuvy (p2, 22) — f (12, 22)|
< Ly (dxr(p1, p2) + dz(21,22)) + ¢,

and since € > 0 was arbitrary, the claim follows.
Step 5 For £ € N, and ¥ € XM¢| 2z € Z we have

|fM4(fv Z) - f(,&[f], Z)’ = |FM4(/AL[£LZ) - f(ﬂ[f]vz”

since Iy, extends fys,, and hence

sup |fMé(fa Z) - f(ﬂ[f]"z” — 0.
a?,eXI?é
zE

O]

Let now () # Y C R be compact and £3; : X™ x Y x R — Rxq, M € N, such that
the following holds.

1. ly(o, y,t) = Ly (2, y,t) forall € XM 0 € Sy, yc Y, t€R.

2. There exists C; € R>g and a nondecreasing function b : R>¢g — R>o with
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10. Kernel-based statistical learning in the mean field limit

100 (Z,y,8)| < Co+ b(|t]) for all M € Nand F€ XM y eVt eR.

3. There exists L, € R>o with

[0 (Z1, 91, t1) — Lar(Zo, y2, t2)| < L(dxr (A1), AlT2]) + ly1 — ya| + [t — t2)
for all 1, zo € XM, yl,yi €Y, t1,t2 € R.

In particular, all £3; are measurable (assuming the Borel o-algebra on X™) and
hence are loss functions on XM x Y. Proposition 10.3.1 ensures the existence of a
subsequence (€, )m and an Lg-Lipschitz continuous function £ : P(X)xY xR — R
with

lim  sup |lu,, (Z,y,t) — L(A[Z],y,t)] =0 (10.4)

0 gexMm

yeY te K

for all compact K C R, and we write again ¢y, N readability, from
now on we switch to this subsequence. Furthermore, we also get from Proposition
10.3.1 that there exists some Cf, € R>g such that |[¢(u,y,t)| < Cr + b(|t]) for all
peP(X)yeY,teR

Remark 10.3.2. Note that, for Proposition 10.3.1 to apply, it is enough to assume in
item 2) above the existence of a function b : R — R>¢ with | (%, y,t)| < Co+b(|t]).
However, we chose the slightly stronger condition that b is nondecreasing, since
then £y is a Nemitskii loss according to [189, Definition 2.16]. Since the function
with constant value Cy is actually Pjs-integrable, this means that ¢;; is even a

Pyr-integrable Nemitskii loss according to [189]. A similar remark then applies to £.

Lemma 10.3.3. The function ¢ is nonnegative. Furthermore, if all £;; are convex
loss functions [189, Definition 2.12], i.e., if forall M € Ny, # € XM y € Y t1,t5 €R
and A € (0,1) we have

then so is /.

Proof. That ¢ is nonnegative is clear from the proof of Proposition 10.3.1. Let now
all 5 be convex and let € P(X), y € Y, t1,t2 € Rand A € (0,1) be arbitrary, and
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10.3. Statistical learning theory in the mean field limit

define I = [min{ty,t2}, max{t1,ts}]. Furthermore, let Z); € XM with 7, e w for
M — oo and € > 0 be arbitrary. Choose now M so large that

0001, 9 Aty + (1= N)ta) — €(ALZa), . Ay + (1= A)to)

€ — AT =
<g sw [0 (2,9, ) — ([T, o', 1))
zexM
y'eytel

<

[«>N e

This is possible due to the continuity of ¢, as well as s 1, . We then have

€

6
< Uy (Znr,y, A1+ (1 = N)ta) + %
. . €
<My (Zarsyst1) + (1= Nl (T, y, t2) + 5

3
< My, 1) + (1= NEEEy 1) + 5+ A+ 1= N

< )‘E(:Uﬂ Y, tl) + (1 - )‘)g(:ua Y, t2) + ¢,
and since € > 0 was arbitrary, this establishes

E(:u’a Y, )‘tl + (1 - A)t2) < Ag(”vyatl) + (1 - )‘)E(M’yth)v

i.e., convexity of /. O

10.3.2. Empirical SVM solutions

Given data sets DK}H = ((f[lM],ng]), ey (f%ﬂ,y}[\y])) for all M € N with #) €

XMy e Y, and Dy = (1, 91), - .-, (un. yn)) with g, € P(X) and y, € Y,
we write DK\K] P Dy if /][f[nM]] 9K iy and yLM] — yn (where M — o0) for all

n=1,...,N. We can interpret this as mean field convergence of the data sets.

Furthermore, consider the empirical risk of hypothesis fyy € Hy (and f € Hy)
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on data set DK,V[] (and Dy)

N

n=

N
Zg (s Yns [ (1n)s

n=

Z\H

REM,D[

[y

Z\H

Repy(f

—_

and the corresponding regularized risk

1 _ o
Rey o aUn) = 3y 32 araf2 5 )+ e

REDN, > Yns f >)+/\HfH%7

Z\H

where A € Ry is the regularization parameter.

Proposition 10.3.4. Let A > 0, assume that all £;; are convex and let D[M}
Dy be finite data sets with D[M} — Dp. Then for all M € Ny, Hy 3 fu —
R, 2. DM A (far) has a unique minimizer firxn € Huand Hy 3 f = Ry py, A(f) has a

umque minimizer fy € Hj. Furthermore, for all M € N there exist aL Ve R, n=

., N, such that f},\ = nN laLM}kM( _'[M}), and there exist ay,...,ay € R
such that f)’\" =N ank(-, ptn). Finally, there exists a subsequence ( fi1,, A)m such

that fy, KN /% and R . plm] /\(me7 ) = Repya(fx) for m — oo.

Proof. From Lemma 10.3.3 we get that ¢ is nonnegative and convex. The exis-
tence, uniqueness and the representation formulas follow then from the standard
representer theorem, cf. e.g., [189, Theorem 5.5].

Furthermore, for all M € N, we have

A”f]@,,\ﬂ%\/f ZEM f 7yn M] fM,\( ))+>\||fM,\||M

< RZALDE\]]V[])\(O)
S chv
Cy

N
hence || f3 \llm <4/ =5*
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Let f € Hi and (far)umr, fur € Hu, such that fas N f. From D[M] Lic Dy and
the continuity of £ys, £, together Wlth s H ¢ and the boundedness of {yn M | M €

Ny,n=1,.. N}CYand{fM( )|MEN+, =1,..., N} we find that
N
Combining this with Lemma 9.3.2 and Lemma 9.3.3 then establishes that R M) AN

0, DRI

Re,py,» and the remaining claims follow from Proposition 10.4.1 and the uniqueness

of the minimizers. O

10.3.3. Convergence of distributions and infinite-sample SVMs in the
mean field limit

We now turn to the question of mean field limits of distributions and the associated
learning problems and SVM solutions. Let (P[M ]) M be a sequence of distributions,
where P is a probability distribution on X™ x Y, and let P be a probability
distribution on P(X) x Y. We say that PMI converges in mean field to P and write
PM] P, if for all continuous (w.r.t. the product topology on P(X) x Y) and

bounded 2 f we have
Sy TEE PN @) > [ fapuy). (106)

This convergence notion of probability distributions (on different input spaces) ap-
pears to be not standard, but it is a natural concept in the present context. Es-
sentially, it is weak (also called narrow) convergence of probability distributions

adapated to our setting.

Consider now data sets DK\,/[], Dy, with DJ[\]}/[] 7, Dy, then we also have con-

vergence in mean field of the datasets, interpreted as empirical distributions: let

20f course, since Y is compact, all continuous f are bounded in our present setting.
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f € C°(P(X) x Y,R) be bounded, then

1 N
Jor g F00)ADY @) = 5 3 I 42
Moo, L if(# y )=/ £, y)dDy (1, ).
N &I sy T ’

This shows that the mean field convergence of probability distributions as defined
here is a direct generalization of the natural notion of mean field convergence of data

sets.

Finally, consider the risk of hypothesis fy; € Hyr and f € Hy w.r.t. the distribu-
tion PIM) and P, respectively,

Repon(far) = [ tarl@y. Sas(@)AP(E, )

Rep(f) = / sy, f(0)dP (1, y),

P(X)xY
as well as the minimal risks
Hyr* . Hox .
R,M* = inf R R, 5 = inf R )
E]VI’P[A[] f]\/[eH]M KA/IJD[M] (fM> K,P fer é»P(f)

Our first result ensures that mean field convergence of distributions P™M!| loss
functions £3; and data sets D][\]y] ensures the convergence of the corresponding risks

of the empirical SVM solutions.

Lemma 10.3.5. Consider the situation and notation of Proposition 10.3.4 and

M]

assume that P 2% P We then have Ry, poim) (fir, ) = Rep(fy) for m — oo

Proof. Let € > 0 be arbitrary. Recall from the proof of Proposition 10.3.4 that for
all M € Ny we have [ f3,\[[m < w%, and hence for all Z € XM we have

[P (@] < W arallellkar (- D)l

NC,

<\ VO
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10.3. Statistical learning theory in the mean field limit

A similar argument applies to fy € Hj, so we can find a compact set K C R with
{fip @M I MeNy,n=1,....N}U{fi() | n=1,...,N} CK.

Choose now m, € N such that for all m > m, we have

M

sup [€a,, (7, Y5 far,, A (2) = b, (9, R(AIED)] < 5

FexMm
yey

— AT — €
sup MMm(fL',y,t) —E(M[Jf],y,t” < g

FeXMm

yeY,te K
AT = ¥ [ AT = — k €
[ @y, K@AAPY Gy = [ ey ()| < 5
XMm <y P(X)xY 3

. : P . : : .
Such a m, exists since fy; —% f} and all £y, are uniformly Lipschitz continuous

(first inequality), £ps, Pl ¢ and YV and K are compact (second inequality), and
PMI P4 P as well as that (1, y) = L(p, y, f5()) is continuous and bounded (third

inequality). We now have

Ry, i (fin,2) = Rep(f3)]

< [ (0 Fi A — (@ 3 (BIE)AP 2, )
XMmxy

Lo @y S — Kl . S5 (Bl AP <f,y>|
XMm xy
| O B GE)APM ) — [ oy (00 F DG )

< o N0, @y St \(@) = a1, (Foy S (AP )
o Van o S = G, ) AP )
<

<e

— )

and since € > 0 was arbitrary, the claim follows. O

Next, we investigate the mean field convergence of infinite-sample SVM solutions
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10. Kernel-based statistical learning in the mean field limit

and their associated risks. Define for A € R>¢ (and all M € N ) the regularized risk
of far € Hyr and f € Hy, respectively, by

Ry, poin(far) = Ry, pon (far) + Al full3, Repa(f) = Rep(f) + A7

and the corresponding minimal risks by

Rowpuna =, 06 Reyponalfn),  Repi= inf Repa(f).
Proposition 10.3.6.3 Let A\ > 0, assume that all £;; are convex loss functions and
let PIM] and P be probability distributions on X™ x Y and P(X) x Y, respectively,
with PP P P Then for all M € Ny, Hyr 3 far = Ry, pian p(far) has a
unique minimizer fy,\ € Hy and Hy > f — Re,pa(f) has a unique minimizer
f} € Hg. Furthermore, there exists a subsequence (f}; )m such that f3, N I
Hg,, *

and RZMWP[Mm]v)\(fﬂm’/\) — Re,pa(fy) for m — oo. In particular, RéMm,P[Mml,A

Hk*
Ry pa-

%

Proof. Observe that all ky; are bounded measurable kernels, R, = piu) (far) < oo for
all f € Hyy, £y is a convex, PIMlintegrable Nemitskii loss (cf. Remark 10.3.2) and
hence [189, Lemma 5.1, Theorem 5.2] guarantee the existence and uniqueness of
Thr A completely analogous argument shows the existence and uniqueness of fy.

We now show that R, pu ) RN Re,py- For the I'-lim inf-inequality, let fas €
Hys, f € Hy be arbitrary with fas N f, and let € > 0. Choose M, € N so large
that for all M > M,

[ @l 1EDAPYE ) - [ sy H)AP ()| <

N

(this is possible since (i, ) — £(u,y, f(11)) is bounded and continuous and PM] LN
P) and
€00 (%, y, faa (7)) — L(07], y, £(A[7]))] <

N

for all £ € XM,y € Y (this is possible due to the same argument used in the proof

3Note that Proposition 10.3.4 is actually a corollary of this result. However, since the former result
is independent of the notion of mean field convergence of probability distributions, we stated
and proved it separately.
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10.3. Statistical learning theory in the mean field limit

of Lemma 10.3.5). For M > M, we then find
Repa() = [ sy £)AP(sy) + N1
7y, St (@)APM ()

(@), v, FRAAPIE ) ~ [ e, SG0)AP )

—_
S
8

MrmJM@»—MMﬂwjmm»mﬂW@wﬂ+MuM

where we used Lemma 9.3.2 in the last inequality.

For the I'-lim sup-inequality, let f € Hy be arbitrary and let ( fas) s be the recovery
sequence from Lemma 9.3.3. The desired inequality then follows by repeating the
arguments from above.

Finally, using exactly the same argument as in the proof of Proposition 10.3.4
shows that || fi/,\llm < NTC‘Z, so we can apply Proposition 10.4.1 and the result

follows. O

Finally, we would like to show that RZ’I‘{;W] — Rff)* for PIMI P4 P Up to a
subsequence, this is established under Assumption 10.3.7. Define the approzimation
error functions, cf. [189, Definition 5.14], by

M . Hr* Hj *
A[Q ]()\) = férll{fkf ReM,P[MJ,/\(f) - Rg;{vjp[M] Ax(A) = flenlg Repa(f) — sz’ ’
where M € N and X € Rsg. Note that (for all M € N.) A 4y : R — Rsg are
increasing, concave and continuous, and A[QM], As(0) =0, cf. [189, Lemma 5.15]. We
need essentially equicontinuity of (A[QM]) M in 0, which is formalized in the following

assumption.

Assumption 10.3.7. For all € > 0 there exists Ac > 0 such that for all 0 < A < A,
and M € N, we have A[QM]()\) <e.

Proposition 10.3.8. Assume that all £, are convex loss functions, let P[] and P
be probability distributions on X xY and P(X)xY, respectively, with pM P p
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10. Kernel-based statistical learning in the mean field limit

If Assumption 10.3.7 holds, there exists a strictly increasing sequence (M), with

Hyy,, *
ReM PlMm] Rg for m — oo.

Proof. Let (€,)n € Ry with €, N\, 0. We construct a strictly increasing sequence

(M,,)y, such that
HMn
Ly, P

‘R ~ Ry

< e

for all n € N,.

We start with n = 1: Since A3(0) = 0 and Ay is continuous in 0, cf. [189,
Lemma 5.15], there exists A} € Rsq such that Az(\) < G for all 0 < A < A,
From Assumption 10.3.7 we get \] € Rs( such that for all M € Ny we have
AgM]()\) < G forall 0 < A < Af. Define now A; = min{A}, A7}, and observe that
A1 > 0. Proposition 10.3.6 ensures the existence of a strictly increasing sequence
(M), € Ny with

HI\/I(l)* R
m —
1 P,
¢ P TR
My,

for m — oo. Choose m; € N such that for all m > m, we have

H )*
My, Hj,* €1
R o) Ripa| < =
£y (1) PM] \ 3

We now set M7 = M,(;l) and get that

e PP P i Rz P
Mfy}i ) M(l) ’ sAL ]\/I'Sr]ii )

Hk*

HMI* Hk:*
R [M(l)] - RZ,P,)\l

Oy ,plMi] <R

Hk* Hk*
+ ’Rz,ml Ry

(1) €
< A3 O0) + 5 Aa(h)

< €.

We can now repeat the argument from above inductively: Suppose we have con-
structed our subsequence up to n € N4, i.e., My,..., M,. Choose X' € R+ such
that Ax(A) < = for all 0 < A < X (exists due to continuity), and \” € R-q such
that for all M € N we have A[2M]()\) < @i for all 0 < A < N (using Assumption
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10.4. Technical background: A T'-convergence argument

10.3.7). Define now ;41 = min{\, X"}, and observe that \,11 > 0. Proposition

10.3.6 ensures the existence of a strictly increasing sequence (Mr(r? +1)) such that
m

H
MT(:+1)* — Hk*
plfrtDy £, P Ant1

fMT(:H), Ant1

for m — oo. Choose my, 41 such that for all m > m,; we have

H
R Mfgﬂ)* Hpx < €n+1
n+1 - MP X, — :
ZM(7L+1)’P[ 'r(n )]1>‘n+1 T + 3

Define now M, {1 = max{M, + 1, Mr(,?ntll)}, then we get

H * H *
(n+1) (n+1)
H]Wn+1* _ Hy <R ]\/jmn-&-l - R ]\/Imn+1
EM P[]Mn+1] Z,P — [Jw(n—Q—l)] [M(n+1)]
K € (1), P € gy P A
M1 Mp41
H *
(n+1)
Iumn-ﬁ—l Hk*
+|R (D) —RiPania
ZN1(7L+1) 7P n+1 7)‘n+1
Mp 41

Hk* Hk*
+ ‘R&P,)\,H_l —Ryp

(n+1)

Mp, €
< Ay T (M) + n?:rl + A2(An+1)
< €nt1-
The resulting sequence (M, ), fulfills then
Hyy, H
ghx,p[Mn] = Ry b
for n — oo. O

10.4. Technical background: A I'-convergence argument

We use repeatedly the concept of I'-convergence, see for example [60]. For conve-
nience, in this section we summarize the well-known and standard main argument,
roughly following [34, Chapter 5]. Let Fas : Hyr — RU{oo} and F : H, — RU{o0}.
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10. Kernel-based statistical learning in the mean field limit

We say that Fj; I'-converges to F' and write Fiy AN F,if

1. For all sequences (far)ar, far € Hur, with fas T, f for some f € Hy, we have

F(f) < limMianM(fM)-

2. For all f € Hj there exists a sequence (far)ar with fyr € Hps such that
fur N f and
F(f) = lim];upFM(fM)-

The sequence in the second item is commonly called a recovery sequence (for f).

Proposition 10.4.1. Let Fy; — F and fir € argminge g Fa(f) for all M € N
(in particular, all the minima are attained). If there exists B € Rxq such that
[ f3rllar < B for all M € N, then there exists a subsequence (f},,)¢ and f* € Hy

such that f3, T, f*. Furthermore, Fiy, (f3,,) — F(f*).

Proof. From Theorem 9.3.1 we get the existence of (f},,)¢ and f* € Hy, and that

I, N f*. Let f € Hy be arbitrary and let (far)a be a recovery sequence for f.
We then have

F(f) > lim];upFM(fM)
> limsup Fy, (fur,)
M,
> liminf Fay, (fa,)
M,
> lim inf Fyy, (far,)

> F(f"),

where we used the lim sup-inequality of I'-convergence in the first step, standard
properties of limsup and liminf in the second and third step, the fact that fy,
is a minimizer of F);, in the fourth step, and finally the lim inf-inequality of I'-
convergence. Since f € Hj was arbitrary, this shows that f* is a minimizer of
F.
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Furthermore, let (fas)ar be a recovery sequence for f*, then
F(f*) > limj\;up Fa(far)
> limKSUP FMg (sz)

> limésup Fu, (f]T/[g)’

where we used the lim sup-inequality in the first step, an elementary property of

lim sup in the second step, and finally that [, 1s a minimizer of Fly,. Since I, N

f*, the lim inf-inequality of I'-convergence implies that
F(f") < limgianMZ(ﬁ\}z),
so we find that
timsup Fug,(£77,) < F(/) < lininf Fu, ()
l

establishing that Fas, (f3,,) — F(f). O

10.5. Comments

This chapter is based on, and to a large extent taken verbatim from [CF6]. All
theoretical results presented above have been established by the author of the present

thesis.
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11. Mean field limits of discrete-time
multiagent systems via kernel mean
embeddings

In the present part of this thesis, we are concerned with kernels in the context of
mean field limits as arising in kinetic theory. Motivated by learning problems on
large scale interacting particle systems, cf. Chapter 8, we investigated in Chapters 9
and 10 kernels, RKHSs, and kernel-based learning methods in the mean field limit,
which led to a rich and fairly complete theory. This means that problems from
kinetic theory motivated interesting questions and theoretical results for kernels and
associated learning methods. In this chapter, we will find that conversely kernels
and their theory are also helpful in kinetic theory itself. The starting point is the
investigation of the mean field limit of discrete-time multiagent systems (MAS). In
Section 11.1, we provide some background and explain why new results are needed
in this context, and why kernels and their theory will be helpful. In Section 11.2, we
state and prove two existence results for sequence of functions that are immediately
applicable to discrete-time MAS. Finally, in Section 11.3 we apply the results to
the standard optimal control setup, and establish a relaxed dynamic programming

principle in the mean field.

This chapter is based on and taken to a large extent verbatim from the article
[CF5].1 Detailed comments on the author’s contribution are provided in Section
11.5.

'@ IEEE 2023. Reprinted, with permission, from Christian Fiedler, Michael Herty, and Sebastian
Trimpe. Mean field limits for discrete-time dynamical systems via kernel mean embeddings.
IEEE Control Systems Letters, 2023.
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11. Mean field limits of discrete-time multiagent systems via kernel mean embeddings

11.1. Introduction

In continuous time, MAS can be described on the microscopic level by ordinary
differential equations (ODEs). As an example, let us consider first-order dynamics,
as appearing for example when considering alignment. Let z;(t) € R? be the state
of agent ¢ = 1,..., M at time ¢t > 0, and let u(t) € R™ be some control input. A

very general class of such dynamics is given by the ODE system

M

1
T; = Mj;\ll(mi,xj)(xj — .’L‘Z) + Bu

z(0)=2a) i=1,....M (11.1)

with interaction function U : R? x R — R, control matrix B € R¥™ and initial
states z9, ... ,m% € R?. If the number of agents or particle M is very large, then it
can be benefitial to go to the mesoscopic level, and model only the evolution of the
distribution of the agents over time. One way to do this transition is the mean field
limit, cf. Section 8, leading to a partial differential equation (PDE) describing the
evolution of the particle distribution.

But what about discrete-time MAS? Typical examples include [58, 221], and they
are particularly relevant for engineering applications [41]. On the microscopic level,

the direct analogon of the ODE system (11.1) is given by

1
:UZ+ =x; + Wi Z\I/(xi,xj)(:vj — ;) + Bu
j=1
z;(0) =2  i=1,..., M. (11.2)

Formally, we have discrete-time control system of the form
7 = fu(d,u), (11.3)

where the transition function is of the form fy; : XM x U — XM, where the state
space of the individual agents X and the space of control inputs U does not have to
have any special structure a priori. Note that not any function f: XM x U — XM
can be interpreted as the transition function of a discrete-time MAS. Inspecting the

structure of systems like (11.2) shows that they should be permutation equivariant
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in the state space, i.e., for all Z € XM w € U, and ¢ € Sy, we need

floZ,u) = o f(Z,u). (11.4)

Suppose now that we have a large M, and just as in the continuous time case, we
would like to go to the mesoscopic level via the mean field limit. Since discrete-time
dynamical systems are completely described by their transition functions, the mean
field limit should be formalized on the level of transition functions. Adapting the
reasoning from Section 8.2, this can be done as follows. Let X be a measurable
space, U some set, and P a space of probability distributions over X that contains
all empirical measures with finitely many atoms, and let dp be a metric on P.
Consider a sequence of functions fis : XM xU — XM M € N, that is permutation
equivariant in the first argument, and a function F : P x U — P. We say that F is
the mean field limit of (fas)as, or that the latter converges to F' in mean field, if

Jim  sup_dp (Al (7, )], F(pl#], u)) = 0. (11.5)
O gex M
uelU

It is now tempting to adapt the proof strategy from Proposition 8.2.2, or the simpler
variant [50, Lemma 1.2], to the present situation. However, one quickly finds a se-
vere difficulty. The functions fj; have an increasing number of inputs and outputs.
An important step in the proof of [50, Lemma 1.2] is the extension of these func-
tions from &,/(X) to all Borel probability measures while preserving the uniform
Lipschitz bound, which is done with the McShane extension [134]. But this explicit
construction works only for functions with a scalar output space, whereas in our
case, we have an increasing number of outputs, even growing unboundedly.

We now present a way to circumvent this difficulty. The overall proof strategy
remains roughly the same, however, we need to adapt the extension step. Instead of
the explicit McShane extension, we use a non-constructive extension result. Since
we need to preserve the uniform Lipschitz bound, we choose Kirszbraun’s Theorem.
As is well-known, in general this only works for functions between Hilbert spaces,
and apart from a slight weaking, this cannot be overcome [56]. So we need to trans-
late our setting, which involves empirical measures and Borel probability measures,
into a Hilbert space setting. But we have already a very convenient tool at hand

for this — kernel mean embeddings. Here is now our approach. Instead of more tra-
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ditional probability metrics like Kantorowich-Rubinstein, we work with the MMD,
which is compatible with the RKHS framework. We embed the empirical measures
into an RKHS via kernel mean embeddings, perform the Lipschitz extension via
Kirszbraun’s theorem, and then project onto the subspace of all kernel mean em-
beddings in the RKHS, since the Lipschitz extension will in general result in RKHS
elements that are not necessarily embeddings of probability distributions. From now
on, the rest of the proof works as before, leading to a mean field limit on KMEs.
Essentially, we have lifted the microscopic dynamics into an RKHS, where a mean
field limit exists. Finally, if we use a characteristic kernel, we can translate this back

into the original state space.

11.2. New Mean Field Limit Existence Results

We now present and prove new mean field limit existence results that are tailored

to discrete-time control systems.

Systems with control input Our first main result concerns functions of the form of
transition functions of discrete-time dynamics with input. We will apply this result

to such systems in Section 11.3.

Theorem 11.2.1. Let (X,dx) be a metric space, H a Hilbert space and U C H
compact, k a measurable, bounded and characteristic kernel such that I (P (X)) is
compact. Consider a sequence of functions fy; : XM x U — XM M € N_, such
that

1. VM e N, VZ € XM o € Syr,u € U: filfu(oi,u)] = plfu (T, u)

2. AL € R5gYM € NLVF, 2/ € XM ' € U:

(Al fa (& W), alfar (@, u)]) < L[ (M (2(2]), w) — @k (@), ) || g, e -
(11.6)

where || - || g, xz is the norm for the product of the Hilbert spaces Hy and H.

Then there exist a subsequence (far,)¢ and an L-Lipschitz continuous function F' :
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I, (P(X)) x U — I (P(X)) such that

Jim  sup 1Ty, (far, (7, u)) — F(ITg(2),u)||x = 0 (11.7)

7O ge XMy yeU

and
lim  sup  vi(@[far, (%, w)], f(A[Z],u) =0, (11.8)

=00 z2e XMy e
where we defined f(u,u) = I, ' (F (I (), w)).
Proof. Due to property 1) of the fys, the mappings fas : Ex(X) x U — Epr(X)
given by

(1 M
fM (M Z 5:Em7u> :ﬂ[fM(xla"'axMau)]
m=1

are well-defined for all M € N, . Furthermore, since k is characteristic, the mappings
Far = I o fr o el ey, ()

are well-defined. Let now M € Ny, g,¢" € IIx(En (X)), u,u’ € U be arbitrary, and
choose Z, 7 € XM such that

which shows that all F; are L-Lipschitz continuous. Since Hy, x H is a Hilbert space,
Kirszbraun’s theorem ensures that there exist L-Lipschitz continuous mappings Fiy :
Hy, x H — Hy, with Fy|m, (p(x))xv= Fur, for all M € No. Recall that IT;(P(X)) is
convex and by assumption also compact, so there exists the orthogonal projection

P, (p(x)) from Hy onto I (P(X)). Define now for all M € N, the mappings
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Fy : i (P(X)) — Hg(P(X)) by

Far = P pixy) © Fulng px))<u-

We have for all M € Ny, ¢,¢" € I (Ep (X)), u, v’ € U that

| Far(g,u) — Far(g', u')lle = 1P, op(x)) (FM(gau) - FM(Q’#L')) [P
< 1Pyl ncen 1 Far (g, w) — Far(g', o)l

< L0, ) — (¢ @)l ez

where we used that || P, (px))llna,) < 1 (since P, (p(x)) is a projection). This
shows that all Fj; are L-Lipschitz continuous. Since I (P(X)) x U and I (P (X))
are compact, we now have a sequence (Fis)yen, of equicontinuous functions defined
on a compact input set, with their range contained in a compact set, so the Arzela-
Ascoli theorem asserts that there exist a subsequence (F,), and an L-Lipschitz
continuous function F' : II(P(X)) — Ik (P(X)) with

lim sup | Far, (g, u) — F(g,u)||x= 0,
=00 geTly (P(X)),uel

which implies that

lim  sup || Fag, (Te(), w) — F(IL(&), w)||x= 0.

O ge XMy yeU

Observe that for all M € N, Z € XM and u € U we have

which implies
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and since TIj, is injective, we can set f(u,u) = II; *(F(TTx (1), u)) and get (11.8). O

Feedback maps Our second main result is concerned with functions that can be
used as feedback maps for discrete-time control systems, cf. Theorem 11.3.6 for an

example of such a situation.

Theorem 11.2.2. Let (X,dx) be a metric space, k : X x X — R a bounded,
Borel-measurable and characteristic kernel on X such that IIx(P(X)) is compact,

H a Hilbert space and C' C H a compact and convex subset. Consider maps gys :
XM _ ©, M € Ny, such that

1.YMeN,, 7€ XM oeSy,ucU: gy(of) = gu(?)
2. AL € R50VM € N, #, 2’ € XM:

lgae (%) — ga (@)l < Loy (R[], A7) (11.9)

Then there exist a subsequence (gps,)¢ and an L-Lipschitz continuous map G :
I (P(X)) — C such that

Jim - sup g, () — Gk (A[Z]) ]| = 0 (11.10)
—}OOfeleZ
and

lim sup [lga, (%) — g(al#)]| =0, (11.11)

0 gex My

where we defined g = G o Il.

Remark 11.2.3. Observe that g is also L-Lipschitz continuous as a map on (P(X), vx),
since for all u, ' € P(X) we have

l9(1) = gl = |G (M(p)) — GAL(W) |12
< LTy (pe) = T(p") [k = Loy (s 1)

Proof of Theore 11.2.2. The proof follows a similar strategy as used in the proof of

Theorem 11.2.1. Since all gj; are permutation invariant, we can define the maps
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gM : EM(X) — be

| M
M (M > 5a:m> = gm(z1,. .., T0m),

m=1

and since k is characteristic, we can further define Gy = gas o H];”Hk(EM(X))- Ob-

serve that for all M € N; and Z € X™ we have by construction G (I (fi[Z])) =
gu (). Furthermore, for all M € N and #, 7 € XM we have

|Gy (T (2)) — G (e (@) i = lgna () — gnr (@) | < Lo ([2], 7)),

so Kirszbraun’s theorem ensures the existence of L-Lipschitz continuous maps Gy :
Hi — H with GM|Hk(€A4(X)): g for all M € N, Since C' is compact and convex
by assumption, the orthogonal projection Py exists, and we can define Gy = Po o
Gl (p(x))- Since || Pl < 1, we have for all M € Ny, fi, fo € II(P(X)) that

G (f1) = Gar(f2)llr = I1Po(Gar(f1) — Gar(f2)) |
<N PcllnnlGu(fr) = Gar(f2)l
< Ll fi = f2llx-

The sequence (Gpr)as is therefore equicontinuous, defined on a compact set (since
by assumption Il (P (X)) is compact) with a compact codomain, so by the Arzela-
Ascoli theorem there exist a subsequence (G, ), and an L-Lipschitz continuous map
G : IIx(P(X)) — C such that

elim sup G, (f) = G(f)llg =0,
0 fell(P(X))

which implies
Jim - sup (g, (%) — Gy (2[7]))]] 1 = 0.

O zeXMe
Finally, since k is characteristic, we can set ¢ = G o Ili, and by definition we then
have (11.11). O
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11.3. Application to Discrete-Time Systems

We now apply our existence results to discrete-time control systems, in particular,
large-scale MAS. First, we specify an appropriate setup that ensures the existence
of the mean field dynamics and mean field stage cost. Next, we show that in our
setting also the corresponding total cost functional has a mean field limit. Finally,

we prove a result on relaxed dynamic programming in the mean field limit.

11.3.1. Setup

Let X # () be some set, £ : X x X — R a kernel on X and denote by d; the

corresponding kernel metric. From now on, we make the following assumption.

Assumption 11.3.1. The (semi)metric space (X, dy) is compact, and the kernel k
is bounded, Borel-measurable (w.r.t. the Borel o-algebra on (X, dy)) and character-

istic.

Recall that under these assumptions II;(P(X)) is compact. Consider now a se-

quence of discrete-time dynamical systems
#M = fMIEM ) M oe Ny (11.12)

with transition functions f (M) XM« U7 — XM where XM is the state space and

U the input space. Given an initial state f([)M} € XM and a control input sequence

u € UV, a state-trajectory :E’[M](-; f([)M],g) is induced by
#M(0:7" u) = 7"
M0+ 15300, w) = @M (0 267, w), u(n),
where n =0,..., N — 1. We make the following assumption on these systems.
Assumption 11.3.2. 1. U C H is compact, where H is a Hilbert space.

2. All fy; are permutation equivariant in the state, i.e., VM € N, , 7 € XM o ¢
Sw,ueU: fM(oz u) =ofM(Z u).

3. The f[M] are uniformly Lipschitz-continuous, i.e., 3Ly € R>oVM € N, ,Z, 2’ €
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XM oy eU:

(AL fME W] A ) < L || (@), ) = (@),

Assumptions 11.3.1 and 11.3.2 together allow to apply Theorem 11.2.1, so there
exist a subsequence (fIMml), and a map F : I (P(X)) — IIx(P(X)) such that

Jimsup [0 (F(F ) ) — F(L(@), ) = 0.
*)Oolfexﬂfm
uclU

This map is also Lg-Lipschitz continuous. Since k is characteristic, we can define

the function f =TI ' o F oI, : P(X) x U — P(X), so

lim s (LM ), £l w) = 0.

M09 ge X Mm ycU

The map f induces another discrete-time dynamical system

p = [, w), (11.13)

where P(X) is the state space and U the input space. A given initial state g € P(X)

and control sequence u € UV induce a state trajectory u(-; o, ) by

12(0; 10, w) = po
p(n + 15 po,w) = f(u(n; po, ), u(n)) ¥n=0,...,N — 1.

Motivated by optimal control applications, consider a sequence of stage cost func-
tions (M . XM » I — R, and the associated finite-horizon total cost functionals
JM XM« UN 5 R, N € Ny, defined by

N-—1
T (@, w) = 37 M@ (n; 7, ), u(n)). (11.14)

n=0

We make the following assumption on the stage cost functions ¢/M].

Assumption 11.3.3. 1. All ¢IM] are permutation-invariant in the state variable,
ie, VM eN,, Zec XM oeSy,uecU: M(oi,u)=1IM(Z v).
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2. The /M are uniformly bounded, i.e., 3By € R5o VM € N, # € XM v € U :
|0MI(Z, )| < By.

3. The stage cost functions are uniformly Lipschitz-continuous, 3L, € R>oVM €
N, Z, 2 € XM u,u' €U

(@, ) — €M@ )| < Le(me(l2), A7) + Ju = |l ).

An inspection of the proof of Theorem 8.2.2 shows that under Assumptions 11.3.1
and 11.3.3 there exist a subsequence (¢(Mm2l) and a function ¢ : P(X) x U — R
such that

: My (7 w) — 0(017 =
pll)rglofeXASllleZ7ueU |0 (Z,u) — L(p[z],w)| = 0. (11.15)
This can be used to define a corresponding total cost functional Jy : P(X)xU — R,

N e N4, by
N-1

IN(poyw) = D Lp(n; po, w), u(n)). (11.16)

n=0
We now switch to the subsequence (M,,,), and reindex by M for readability, so

that we can write

Jim - sup (A ), £ (1T, W) = 0 (11.17)
O Fe XM yelU

lim sup [z, u) — ¢(p[T], u)| = 0. (11.18)
M—00 ze XM 4l

11.3.2. Mean field limit of J{"

Next, we show that Jy is indeed the MFL of J][\][m.

Proposition 11.3.4. For all N € N, we have

lim  sup |Jy" (&0, u) — Jn(jilZol,w)| = 0. (11.19)
_>OOCE‘0€X]M
ucUN

For the proof we need a technical lemma.
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Lemma 11.3.5. For all M € N;, % € XM N € N, and u € UV we have
N
W(P(N), p(N) <37 LML (A(N —n+ 1))
— F(A(N —n),u(N —n))]|,

where we defined for brevity fi(n) = a[EM(n; %, u)] and pu(n) = p(n; 4[], w).

This result can be shown using a standard induction argument, and hence the

proof is omitted.

Proof (of Proposition 11.3.4). Let N € Ny, M € N, ¥y € X™ and u € UN be
arbitrary, and define #(n) = ZM(n; o, u) and fi(n) = a[Z(n)], then we have

N—
I8 (o, w) — In (R ZWf u(n)) — £(u(n; plEo), u), u(n))|

\ A
3
g

=

< D 1EM(E(n), u(n) = £(i(n), u(n))|
0

+ (i), u(n)) — £(p(n; flZo], w), u(n))|.

S
I

Since { is Ly-Lipschitz continuous, we have for all n =0,..., N — 1 that

[(A(n), u(n)) = €(p(n; Al7o), w), u(n)| < Loy (pE™ (n; o, w)], p(n; 7], u))

Z M — i+ 1)) = F(iln = i), u(n =)k,

where we used Lemma 11.3.5 in the second inequality.
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Combining these bounds results in

sup |J1[VM](3?0,Q) — In (o], )|
f()EXFJM
ucUN

< sup Z M (F(n), u(n) — £(i(n), u(n))|
ZEOEXNIn 0
ucUN

sup Z Ly ZL?lllﬂk(ﬂ(n —i+1)) = F(a(n —i),u(n — i),
J:()EX
ucUN

N-1

< Z sup [(M(F(n),u(n)) — £(fu(n), u(n))]
n— OZOGXA/I
uGUN

N—-1n-1

£ 3 S L sup (Mo — i+ 1)) = F(atn — i), u(n — )]

n=0 i=1 FoeXxM
ucUN

— 0 for M — oo.

This concludes the proof. O

11.3.3. Relaxed dynamic programming

Relaxed dynamic programming has been frequently used in the analysis of NMPC.
We now present a mean field limit variant thereof, which can be used to derive
performance bounds for mean field NMPC. This result generalizes [91, Proposition 1]

to a wide class of systems and feedback maps.

Theorem 11.3.6. Assume that U is convex. Consider Vi : XM — R>o, M € N,
such that

1. VM eN,,Ze XM o €Sy : Viy(oZ) = V(@)

2. E]LV S RZO VM e N_:,_,f,l'/ e XM,
Var (&) = Var ()] < Low(pla], 4l2)).- (11.20)

Let kys : XM — U, M € N, such that
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1. VM e N, VT € XM 0 € Sy,u e U: ky(oZ) = vy (T)

2. 3L, € R5qVM € Ny, &, 2" € XM

l5ar () = £ar ()| < Ly (A[Z], ALT]).- (11.21)

Assume that there exists a € (0, 1] such that for all M € N} and ¥ € XM we have
Var(Z) > Var (FMUE, ks (2))) + al™MU(E, 134 (Z)). (11.22)

Then there exists a strictly increasing sequence (M, ), an Ly-Lipschitz continuous
function V : (P(X), ) — Rsp and a map  : P(X) — H such that for all y € P(X)

we have

V(1) 2 V(f (s 5(1)) + l(p, (1)) (11.23)

Proof. Under the given assumptions, Theorem 11.2.2 is applicable to (kns)as, so
there exist a subsequence (ks ), and an L,-Lipschitz continuous map « : P(X) — U
such that supzc xn, ||k, (Z) — k(2]2])|[g — 0 for p — oco. Since k is characteristic,
we can define kK = K o Hle’Hk('p(X)). An inspection of the proof of Theorem 8.2.2
reveals that it applies to (Vay, )p, so there exists a subsequence (Mp,, ), and a function
V : P(X) — Rsq such that V,, P ¥ for m — 00, and for all w, i1 € P(X) we also
have |V (u) — V(i')| < Lyyk(p, 1'). To simplify the notation, we denote (M, )m by
(M) from now on. Let now p € P(X) and € > 0 be arbitrary. There exists Zj €
XM such that v (f[Za], ) — 0. Define é = ¢/5(Ly (14 Le(1+ Ly)) +aLy(1+ Ly))
and choose m € N, such that

~ s €
sup Vi, (%) = V(Al])| < 5 = ep

reXMm

sup ||k, (F) — w(2[&)|a < €/5(LyLy + aLy) =t e,
FeXMm
sup (M) F, u) — 0(a[F), u)| < e/5a =: ¢

ze X Mm

uwelU
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and

sup || Tk (F)(Z, u)) — F(Tk(2), )|k < ¢/5Ly =: €.
feX“Ufm
ue

‘We now have

15(1) = Kty (Enr, )| = 16 () = 6(@lZar, ) + 62T, ]) — Kot (Taz,) |
< LK’Y]C( [me] ) + €
< L€+ e

and

e (0 [0 @ rgys it (@s )] F (1 (1))
< P (s w() = F(@lFas, ], mas,, (Fa0,)) i + 1P (&, o, (@)
— T (f[ @ rgy, s Kt (Tt ))) I3

< Ly | (i), 500)) = (AT ) 51 (E00,0) Ly
+H€S;ijmHHk( (&, ) = F(I(AF]), w) |k
uelU

< Ly (v, ]s 1) + 16, (Zar,,) — w(0) || 1) + €5
< Lyé+ Ly(Leé+eg)+ €

as well as V(u) > Viy,,(Zu,,) — € — L€ Finally,

V(p) > VMm (Zm,,) — €y — Lyé
M (SNt 0t (B ) + @M (Er,, s R, (Fag,,)) — €p — Lé
> V(ﬂ[f[Mm](mea KM (E01))]) + (BT 01, ) B0t (T, ) — 26 — g — Lypé

> V(F (s k() + al(pe, 5(12)) = Loy (7 [fY @t 5t (@as,))] 5 F 1, 5 (1)))
— aLe (@), 1) + |15 () = ko, (@, llk) — 265 — aeg — Lye

> V(S (s 5(1))) + @bl m(1)) = Ly (Lyé+ Ly(Lé + €x) + €5)
—aL;(é4+ Lyé+ex) — 2 —aeg — Lié

= V([ 5(w)) + al(p, 5(p)) — €.
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11. Mean field limits of discrete-time multiagent systems via kernel mean embeddings

Since € > 0 was arbitrary, we get (11.23). O

11.4. Conclusion

We would like to close with some concluding remarks. First, to the best of our
knowledge, the mean field limit existence results in Section 11.2 are the first result
that generalize the well-known [50, Lemma 1.2] to functions with essentially non-
scalar output spaces. Second, in this way we have also achieved, to the best of
our knowledge, the first existence results for the mean field limit of discrete-time
multiagent systems. In contrast to the continuous-time situation, we do not arrive
at an explicit description of the mean field dynamics, so at present, we have a pure
existence result.

The developments in this chapter can be the starting point of many promising
additional investigations. As already mentioned in the introduction, to establish the
existence of the mean field limit, we have lifted the dynamics into an RKHS, where
also the mean field limit dynamics act. It seems therefore very promising to use
kernel methods to solve numerical problems associated with the mean field dynamics,
like simulation or control. Furthermore, the proof strategy from Section 11.2 works
actually with any suitable Hilbertian embedding of probability distributions. It
would be interesting to investigate other embeddings which might offer advantages
over KMEs. Since so far we worked with a very general class of systems, it would
also be interesting to specialize our results to more concrete system classes. Finally,
since we now have a rigorous mean field limit existence result for discrete-time MAS
available, the investigation of further control and system-theoretic questions in this

context are interesting.

11.5. Comments

This chapter is based on, and to a large extent taken verbatim from, the article
[CF5], which was published in the IEEE Control Systems Letters, and presented at
the American Control Conference 2024. All results are due to the author of this
thesis, who would like to thank P.-F. Massiani for pointing out a problem with the

original formulation of Theorem 11.2.1.
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12. Conclusions

This thesis presented a broad range of contributions to kernel methods and their the-
ory in the context of systems and control. In this concluding chapter, we will briefly

summarize and discuss this work, and provide some pointers to future directions.

Summary To provide a solid foundation, in Part I of this thesis we present some
background on kernels and RKHSs. Our introduction to these topics in Chapter 2
does not only serve as background material for this thesis, but also aims at closing
a gap in the literature by providing a perspective-agnostic exposition. Furthermore,
Chapter 3 contains a comprehensive treatment of Lipschitz and Hoélder continuity
in RKHSs, which collects and improves many known results, and presents some new
ones.

In Part II, the focus is on uncertainty bounds for kernel methods and their use
in learning-based control, which is the first major topic of this thesis. The general
discussion in Chapter 4 suggests that in the context of learning-based control, espe-
cially when using establish robust control methods, frequentist uncertainty bounds
or alternatively worst-case uncertainty bounds should be used. Furthermore, as
is well-known but often not clearly articulated in the literature, for their use in
learning-based control these bounds need to be numerically computable, not too
conservative, and based on reasonable prior knowledge. This leads us to frequentist
uncertainty bounds for GP regression and kernel ridge regression, as outlined in
Chapter 5. We collect and refine several such bounds, and provide an elementary
derivation of the well-known uncertainty bound based on self-normalization. Fur-
thermore, we state and prove new bounds that are robust to certain classes of model
misspecifications. In turn, in Chapter 6 the uncertainty bounds are then empirically
evaluated and actually used in learning-based control applications. We conduct
thorough numerical experiments to evaluate the uncertainty bounds which indicate

that they are tight enough to be useful in practice, which is also confirmed by a
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first, simple learning-based control application based on MPC. In addition, we also
use them together with modern robust controller synthesis. The resulting modular
approach allows the seamless integration of prior knowledge and machine learning
components in an established framework of modern control, while retaining rigorous
statistical and control-theoretic guarantees. However, in order to be useful in prac-
tice, uncertainty bounds should only rely on reasonable prior knowledge, ideally in
the form of assumptions that are meaningful and clearly interpretable by users. This
prompts us to revisit in Chapter 7 the foundations of uncertainty bounds for kernels
methods. Essentially all frequentist uncertainty bounds rely on the knowledge of a
concrete upper bound on the RKHS norm of the target function, and we argue that
this forms a severe obstacle to the practical applicability of these approaches, since
at the moment it is appears very difficult, if not impossible to derive such a bound
from established prior knowledge in non-trivial situations. While this problem is
known to some extent in the learning-based control literature, the severity appears
to be underappreciated, and we provide the most thourough discussion of this issue
so far. To overcome this issue, we propose to rely on geometric assumptions for the
uncertainty sets, since many relevant forms of prior knowledge can be encoded in
this way, and some special cases like Lipschitz bounds are already very established in
systems and control. As a first step in this direction, we show how the resulting un-
certainty sets can be combined with kernel methods by using hard shape constrained
kernel machines. Our results and insights from Part II demonstrate the power of
kernel methods in the context of learning-based control with rigorous guarantees,
highlight practically relevant limitations, and point to novel approaches to overcome
the latter.

Uncertainty bounds for kernel methods and their use in learning-based control is
an established and active topic, and our contributions in Part II of this thesis are
about revisiting and consolidating the foundations of this area. In contrast, in Part
IIT of this thesis we turn to a novel and underexplored topic: kernels and kernel
methods in the mean field limit. We start in Chapter 8 with a gentle introduction
to mean field limits and the relevance of this concept, and motivate the connection
to kernels and kernel methods. In Chapter 9, we introduce the notion of a mean
field limit of kernels, prove an existence result, and present and investigate a large
class of suitable kernels. Furthermore, we provide an essentially complete theoreti-

cal description of the interaction between the mean field limit of kernels and their
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RKHSs. These results allow us to investigate in Chapter 10 kernel-based statistical
learning methods in the mean field limit. We establish a representer theorem in the
mean field limit, and show that the risks and learning outcomes of regularized em-
pirical risk minimization schemes converge in the mean field limit. From a practical
perspective, this justifies switching between the microscopic and mesoscopic levels
in kernel-based learning methods on large-scale multiagent systems, analogously to
the situation of numerical methods in kinetic theory. From a theoretical perspective,
we introduce and investigate a new large-scale limit in theoretical machine learning,
complementing many existing approaches for such limits. The results in Chapters 9
and 10 show that kinetic theory motivates interesting problems in kernel-based sta-
tistical learning with a rich theory. Chapter 11 demonstrates that conversely kernels
and their theory can be useful in kinetic theory. Using kernel mean embeddings, we
are able to prove an existence result for the mean field limit of very general discrete-
time multiagent systems, the first such result to the best of our knowledge. As a first
application, we formulate in a rigorous manner the standard optimal control setup
in the mean field limit, and prove a relaxed dynamic programming principle in this
setting. In summary, in Part III we uncover very fruitful connections between ker-
nels and kinetic theory, with many new theoretical results and lots of opportunities

for further investigations and new applications of kernel methods.

Future work To close, we would like to point out some open questions and interest-
ing directions for future work, starting with uncertainty bounds for kernel methods
as outlined in Chapters 4 and 5. In Section 5.5 we stated and proved uncertainty
bounds that are robust to some model misspecifications, focusing on lengthscale
and unstructured, but bounded kernel misspecifications. Using the techniques from
[47], these results should be easy to extend to more general classes of hyperparameter
misspecficiations. Similarly, analogous robust uncertainty bounds should be possible
in a worst-case setting with bounded additive noise, by combining the results from
[127, 176] with our techniques and the ones from [47]. Another avenue for future
work are uncertainty bounds for more general measurement models, like derivatives
or linear integral functionals. The latter should lead in a straightforward manner
to frequentist (and possibly worst-case) uncertainty bounds for kernel-based linear
system identification. Furthermore, it should be possible to establish all results in

Chapter 5 and the generalizations outlined here also for vector RKHSs, cf. [152,
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Chapter 6]. For example, using the results in [142], the simple uncertainty bounds
from Sections 5.1 and 5.2 can be immediately generalized to this setting with essen-
tially the same arguments. Finally, the question of tightness of the bounds should be
further investigated. For example, when not the target function itself is of interest,
but rather a finite dimensional projection thereof, using techniques from optimal
design of experiments can result in tighter uncertainty sets [145]. Furthermore, it
would be interesting to investigate how much tighter the uncertainty bounds can be
made. In the case of bounded noise, it is possible to derive such bounds at the ex-
pense of relying on an optimization problem instead of a closed-form solution [176],
and it is a very interesting problem whether this could be achieved for stochastic
noise. A similar question appears for time-uniform bounds, and in some situations
a tight bound can be provided [95].

Regarding the empirical evaluation of uncertainty bounds as started in Chapter 6,
further experiments with synthetic target functions are another interesting direction.
This includes more kernels, more RKHS function sampling methods (e.g., using other
orthonormal bases if available), and additional noise distributions. Furthermore,
our refined versions of the simple uncertainty bounds from Sections 5.1 and 5.2
should be now competitive with the standard time-uniform bounds, and should be
included in such an empirical evaluation. Similarly, the additional theoretical results
outlined above should be also systematically evaluated with numerical experiments.
All of these generalizations and improvements can be immediately transferred to
applications in learning-based control.

In addition, the methodology for learning-enhanced robust controller synthesis in
Section 6.2 points to many directions for future work. For example, it can be ap-
plied to a more complex control scenario, where its advantages — seamless integration
of prior knowledge and learning components, state-of-the-art robust controller syn-
thesis methods, providing rigorous control-theoretical and statistical guarantees —
become even more apparent. Furthermore, the integration of the learning compo-
nent for static nonlinearities can be improved, by tailoring the uncertainty sets to
the form of the IQC multipliers, which is a challenging but very promising direction.
Moreover, frequentist uncertainty bounds for kernel-based linear system identifi-
cation, as described above, would allow the generalization of the methodology to
dynamic uncertainties.

Finally, Chapter 7 provides also many interesting open questions and directions
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for future work. First, as discussed there, at present it appears that deriving quanti-
tative RKHS norm bounds from common engineering prior knowledge is not possible
with existing methods in non-trivial situations. Nonetheless, given the importance
of this problem and the fact that a large amount of work in learning-based control
is affected by this issue, it should be further investigated. We suspect that at least
in the context kernel-based linear system identification it might be possible to re-
late the RKHS norm of suitable kernels to frequency domain properties, which are
well-established in control theory [65]. Second, more complex examples of geometric
constraints and their relation to practical prior knowledge should be investigated
and used in kernel machines. Third, and perhaps the most important aspect, the
initial uncertainty bounds derived from geometric assumptions should be improved.
This includes the development of algorithms that can automatically compute such
uncertainty bounds, replacing manual derivation on a case-by-case basis, as well as
the the generalization to stochastic and potentially unbounded noise.

Turning to Part III of this thesis, despite our extensive theoretical investigations,
many interesting open questions remain for kernels and kernel methods in the context
mean field limits. In the following, we point out just some of them. In Chapter
9 we present a rather complete theory for kernels and their RKHSs in the mean
field limit. Ongoing work is concerned with the generalization to vRKHSs, and
initial results indicate that indeed most of the theory generalizes immediately to
this setting. In terms of concrete kernels in the mean field limit, only the case of
double sum kernels has been investigated in detail, and it would be interesting to
extend this to other classes of suitable kernels. In the context of statistical learning
with kernels in the mean field limit, c¢f. Chapter 10, two questions are of particular
interest. First, one motivation for the mean field limit in kinetic theory is given by
the availability of suitable numerical methods for kinetic PDEs [151]. This poses
the question whether such methods can be adapted to the case of kernels in the
mean field limit and associated learning problems. Second, the convergence results
for regularized empirical risk minimization in Chapter 10 are all in the setting of
finite data sets, but in statistical learning theory, a major aspect is the investigation
of the limit of infinitely many i.i.d. data points, leading to questions of consistency
and learning rates [189, Chapter 6]. It is therefore very interesting to investigate
the case of a double limit, with an increasing number of particles and an increasing

number of data points in the data set, and ideally provide consistency and learning
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rate results in the mean field limit.

Finally, also Chapter 11 leads to many interesting directions for further inves-
tigations. Ongoing work is concerned with generalizing the results to other types
of Hilbertian embeddings, cf. also Chapter A, and various classes of multiagent
systems, as well as using these to establish control-theoretic results, for example
related to controllability and dissipativity. Furthermore, while we have used kernel
mean embeddings in Chapter 11 for theoretical reasons, it turns out that our proof
strategy actually amounts to lifting the microscopic dynamic to mesoscopic dynam-
ics in RKHSs. This immediately suggests to use establish kernel methods to solve
numerical tasks like simulation or control. Investigating this approach appears to

be a very promising direction for future work.
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A. Towards statistical learning theory
with distributional inputs

This thesis is focused on kernel methods in the context of systems and control.
However, during the work leading to this thesis, we could also achieve new theoretical
results in the area of kernel-based statistical learning with distributional inputs.
While not directly related to systems and control, the techniques we are utilizing
are closely related to the work reported in this thesis, so we include this additional
work here.

Apart from minor modifications, this chapter is taken verbatim from the work

[CF7].

A.1. Introduction

Supervised statistical learning with distributional inputs has received significant at-
tention lately, cf. [196, 70, 137], both from practical and theoretical perspectives.
The goal is to learn a relation between inputs and outputs from data, where the
inputs are probability distributions on some measurable space. Furthermore, the
inputs (probability distributions) are not directly accessible, but the data contains
only samples thereof. A classic example is the prediction of some health indicator
of a patient from several clinical measurements [195], which we recall now. Let S be
the set of outcomes of some diagnosis tools (e.g., electrocardiogram characteristics,
or the blood serum concentration of some substance). Since these measurements will
vary even when coming from the same patient, it is reasonable to assume that an
individual patient with a specific health status has a certain distribution ) on S that
generates the measurements and that can be a predictor for some health indicator
y € Y (e.g., healthy or not). However, during training, @ is not directly acces-
sible, but rather through independent and identically distributed (i.i.d.) samples
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Sty Syt M- (. For example, this could correspond to daily blood measurements

of a patient during a week-long hospital stay, assuming the patient’s distribution @
has not changed during the week (e.g., when the health status has not changed).
The training data consists of such data from NN different patients, so the data set is
not of the form D = ((Qn,Yn))n=1,.. N, but rather D = ((S(”),yn))nzl,m,N, where
Sln), . 751(\2 L Q. The goal is to learn a map fp from distributions @ over
S to outcomes Y (e.g., from distributions over diagnostic measurements to health

status).

Among such learning problems, the focus of previous theoretical investigations
has been on distributional regression. In this setting, one is interested in predict-
ing a real-valued quantity from a distributional input, so Y = R. While the early
work [162] relied on density estimation, starting with [195], kernel mean embed-
dings (KMEs) together with kernel ridge regression (KRR) have been used. For
concreteness, let us review this latter approach. Consider a data set D as intro-
duced above. A single input item S (") ig first interpreted as an empirical measure
[[s™] = ﬁn 2%21 537(77;), where d, is the Dirac measure with atom on s, which is
then embedded into a reproducing kernel Hilbert space (RKHS) H,; using the KME,
[[S™)] — I4[S™)]. Assuming access to a (second) kernel k on the RKHS H,, one
then performs KRR on the transformed data set Dﬁk = ((Hkﬂ[S(")],yn))nzlj,,_7N.
The resulting learned function fpﬁk can then be used for prediction by composing
it with the KME map. A distribution Q on & would therefore lead to prediction
fpﬁk (ITxQ). This approach has been thoroughly analyzed [195, 196, 70]. All of
these investigations rely on the seminal analysis [48] of the regularized least-squares

algorithm for regression.

Recently, [137] developed a much more general perspective on this problem. In-
stead of KMEs, they consider suitable embeddings II of probability distributions
into some Hilbert space H, and then utilize distance substitution kernels [88] with
the induced Hilbertian (semi)metric (P, Q) +— |IIP — IIQ||% on probability dis-
tributions. In particular, they apply this construction to sliced Wasserstein (SW)
distances [36] and construct corresponding SW kernels. The resulting method has

been theoretically analyzed, building again on [48].

Despite this multitude of activity, many interesting and practically relevant prob-

lems in this area are still open. In this work, we focus on two theoretical aspects.
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First, most theoretically grounded works in the context of distributional learning
methods have focused almost exclusively on the distributional regression problem.
However, other learning scenarios are also highly relevant, in particular, distribu-
tional classification. For example, in the medical example outlined above, a natural
task is to predict a binary health status of a patient (e.g., having a certain disease
or not), corresponding to (distributional) binary classification. As another example,
in [123], distributional classification is applied to the problem of predicting causal
directions and causal graphs from data. KMEs are also used there, though empir-
ical risk minization (ERM) is then applied on the transformed data set. To the
best of our knowledge, this reference is also the only one investigating distributional
classification with KMEs from a theoretical perspective. While they establish some
generalization bounds based on margin theory, no consistency results or oracle in-
equalities in the sense of [189] are provided. Recall that an oracle inequality in this
context is a high probability bound on the excess risk of the learned hypothesis over
what an oracle, that has access to the true data-generating distribution, can achieve.
In turn, these inequalities allow derivation of consistency results, and under suitable
distributional assumptions also of learning rates, and it is hence highly desirable
that such inequalities are also available in the distributional learning setting. Sec-
ond, the theoretical analyses of distributional learning have been restricted to rather
specific settings. Even in the context of distributional regression, the learning se-
tups considered have been fairly specific. In particular, in the context of KME-based
distributional regression, to the best of our knowledge only KRR has been consid-
ered so far, and analyzed exclusively using [48]. This technique is inherently limited
to KRR, and hence cannot be used to analyze inter alia support vector regression
(SVR) with the e-insensitive loss. It is furthermore also not suitable to analyze
classification using support vector machines (SVMs), or more general regularized
empirical risk approaches.

We therefore tackle these open issues. First, for the distributional learning setting
outlined above, we provide two oracle inequalities for the risk of SVMs (in the sense
of regularized risk minimization over RKHSs) that cover a multitude of learning
scenarios. To the best of our knowledge, both of these results are completely new in
the context of learning on distributional inputs. Second, we establish a generalization
bound for distributional learning based on algorithmic stability, and apply it to
SVMs. Third, inspired by [137], we formulate all of this for kernel-based methods
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that rely on a general Hilbertian embedding of probability distributions. In this
manner, our results apply to the case of KMEs and SW kernels, and any future
method that provides Hilbertian embeddings. Fourth, we specialize our results to
KMEs and SW distances for the Hilbertian embedding.

A.2. Distributional Learning Setup

In this section, we introduce necessary technical background, and formalize the
learning setup that we consider in the following.

Preliminaries For a measurable space (Z,.Az), we denote the set of all proba-
bility distributions on it by M;(Z), suppressing the o-algebra if no confusion can
arise, and the set of measurable real-valued functions is denoted by L°(Z). If
(X, Ax), (Y, Ay) are measurable spaces, f : X — ) is a measurable map, and
1 € Mi(X) is a probability measure, then the pushforward of p along f is defined
as fiu(A’) = u(f~H(A")) for all A’ € Ay. For a topological space (X, 7y ), we denote
the associated Borel o-algebra by B(7x). Given pi,, u € Mi(X), n € Ni, we say
that (i, ), converges weakly! to y, if for all bounded and continuous f : X — R, we
have [ f(z)dun(z) = [5 f(z)dp(x). This induces a topology 7, on M (X), called
the topology of weak convergence. If (X, | - ||x) is a normed space, we define B(X)
as the Borel g-algebra generated by the open sets w.r.t. to the topology induced by
the norm.

We use the notation and terminology on kernels as used in the rest of this thesis.
In addition, we also define ||k|l = sup,cx vk(z, ), and call k bounded if it is
bounded as a map on X x X, which is the case if and only if ||k < o0.

Furthermore, in order to balance generality and simplicity of notation, we use
comparison functions, a very successful formalism in control theory [105]. Define
K as the set of continuous functions a : R>g — Rx>¢ such that a(0) = 0 and «
is strictly increasing. Operations and relations are declared pointwise on K, so for
aj,az € K, a1 < ap means that ai(s) < ag(s) for all s € R>p. Note that K is
closed under addition and scalar multiplication with positive real numbers. Finally,
we call (ap)Ber., C K a nondecreasing family, if o, < oy for all 0 < a < b < oo.

Furthermore, we use the basic setup of statistical learning theory, as presented in

In the sense of probability theory, not functional analysis.
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Section 10.2. For the reader’s convience, we recall this here, and add some additional
material that is necessary for the following developments. Let X be a measurable
space, and let 0 # Y C R be closed. A loss function £ : X x Y x R — R>¢ is a
measurable function. We call ¢ convex, differentiable, etc., if for all z € X,y € ) the
function ¢(z,y, -) has the corresponding property. If £ is locally Lipschitz continuous,
we define for all B € R+

J4 t1) — ¢ t
‘£|1,B: sup ‘ (‘T’ya 1) (xvyv 2)|

t1,t2€[~B,B] |t1 — to]
t1#£t2
zeX,ycy

(A1)

Given P € M (X x Y) and f : X — R measurable, we define the risk Ry p(f) =
Jl(z,y, f(z))dP(z,y) and the Bayes risk R} p = infrcroxyRep(f). Let k be
a kernel on X such that all functions in Hj; are measurable. For f € Hj and
a regularization parameter A € Rsg, we define the regularized risk Repx(f) =
Rep(f)+ A2, as well as Ry'SS = inf re, Repa(f) and Ry'E* = inf rem, Re,p(f)-
Additionally, if Rf]’g* < 00, define the approximation error function Af])j Ry =+ R
by

AP = RilEy —RiE (A2)

Furthermore, define the empirical risk of a function f € Hjp w.r.t. data D =

(20, y)n=1,..5 € (X X V)V by Rep(f) = 5 o H@n, n, f(wn), and the reg-
ularized empirical risk Rep(f) = Rep(f) + M| |- If it exists, a solution to the

optimization problem

in R A3
oin ¢, (f) (A.3)

is called an (empirical) SVM solution and we denote it by fp . Similarly, if a

solution to the optimization problem
min R f A4

exists, we called it an infinite-sample SVM solution or just SVM solution, and denote
it by fp .

Two-stage sampling setup We now introduce the concrete distributional learn-

ing setup that we consider, roughly following [195] and [137]. Unless noted otherwise,
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this will be the setup that we use in the remainder of this work. Let (S,7s) be a
topological space and consider the set of Borel probability measures M;(S) on S .
Let 7, be the topology induced by weak convergence in M;j(S), and consider the
measurable space (M1(S), B(7y)).

Let H be a Hilbert space, which we endow with the Borel o-algebra B(H), let
IT : My(S) — H be some map, and define the Hilbertian semimetric dy (P, Q) =
III(P) — II(Q)||, and the set X = II(M;(S)). Additionally, we assume access to
a family of maps (ﬁM)MeN+ with Iy, : SM — X, and we define S* = Unren, sM
and I : 8 — X by TI(S) = My(S) for all S € SM and M € N,. The usual
example is [1(S) = II (ﬁ SM 6Sm) for S € SM and all M € N,. However, our
setup allows also different choices. For the analysis of this setting, measurability of
various components needs to be ensured, for which the following assumption can be

invoked.

Assumption A.2.1. H is separable, II is B(7y)-B(H)-measurable, and X € B(H).
Furthermore, for all M € N, Il is B(7s)®M-B(X)-measurable.

The following technical result now ensures that we can apply the usual statistical

learning theory setup.

Lemma A.2.2. Under Assumption A.2.1, the map II is B(7,)-B(7|x)-measurable,
where Ty|x is the subspace topology on X induced by the topology on H. Fur-
thermore, every P € Mj;(M;(S) x )) induces a distribution Py on X x ) as the
pushforward of P along (Q,y) — (11Q,y).

A proof of this result is provided in Section A.1.1 in [195] and the supplementary
to [123]. For the remainder of this subsection, we work under Assumption A.2.1.
Let P be a probability distribution on M;(S) x ) (often called meta-distribution),
and to ease the notational load, in the following we will use P also for the push-
forward® Py, if no confusion can arise. Furthermore, we assume the following
data-generating model. We sample (Q1,%1),...,(Qn,yn) ii.d. from P, and for
each n = 1,...,N, we assume that S ~ QZMn for some M,, € Ny, and that

S, 8 are also independent. The data sets used for training are then of the

2Formally, Pr; = gfP, where the measurable map g : M1(S) x Y — X x Y is defined by ¢(Q,y) =
(1Q,y).
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form D = ((S(”),yn))nzl,,,_,N € (8" x y)N. Furthermore, we define

Dy = (T(S™), yn))n=1,.. N
and for 25 = ((Qna yn))nzl,...7N € (MI(S) X y)N, define

,D = ((Qm yn))nzl,...,N € (Ml(S) X y)N
Di = (IQn, Yn))n=1,..x € (X x Y)V.

To summarize, we have to deal with two sampling stages. First, sampling input-
output pairs (@Q,y) ~ P, and then sampling from the distributions @. Let now
0: X xY xR —=R>p be aloss function and %k a kernel on X. Given a data set D

as above, consider the regularized empirical risk minimization problem

min Ry p. A5
Join ¢y (f) (A.5)
where A € R is the regularization parameter. If a solution fp_  to (A.5) exists,
it can be used for a prediction task with distributional inputs by composing it
with the map II, so given input Q@ € M;(S), it leads to prediction fp, A(11Q).
Using Assumption A.2.1 and Lemma A.2.2, we can now consider various risks® like

Repa(fDg0)-

Remark A.2.3. Note that X’ is a subset of a Hilbert space H, so in order to imple-
ment the approach just described, we need kernels & on (subsets of) Hilbert spaces.
On the one hand, any such kernel can in principle be used for this task, cf. [55]
for some examples. On the other hand, constructing kernels on (potentially infinite-
dimensional) Hilbert spaces can be challenging. To tackle this, [137] suggested a
general framework based on distance substitution kernels [88]. The Hilbertian em-
bedding (H,II) is used to construct a kernel on probability distributions by defining
E(P,Q) = ¢(||ILP —T1Q||3), where ¢ is a function that induces a radial kernel. Note
that all of our general results immediately apply to this framework, covering for
example sliced 1- and 2-Wasserstein distances and the induced distance substitution

kernels. For details and concrete examples, we refer to [137].

3Note that we tacitly assume that the learning methods induced by the regularized (empirical)
risk minimization problems are measurable learning methods. In the setting we consider, this
does not pose a problem, cf. the thorough discussion in Chapter 6 in [189].
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Special case: Kernel mean embeddings The first works on distributional
learning using Hilbertian embeddings relied on kernel mean embeddings (KMEs),
cf. Section 8.5. For convenience, we summarize the necessary background in the

following result.

Proposition A.2.4. Let (S, As) be a measurable space, and k a measurable and

bounded kernel on S.

1. The map
I - My(S) = Hy, TL,Q = /H(., $)dQ(s) (A.6)
is well-defined, and we call II;Q the kernel mean embedding (KME) of Q €
M (S) w.r.t. k.

2. Define I} : S* — H, by

R 1 M
i ((s1,---,8Mm)) = i Z K(*y Sm)- (A.7)

m=1

For all Q € M(S) and S ~ Q®M M € N,, and § € (0,1), we have that

A H"ngo 2||%/loo In(1/9)
— < .
1S — Q| < 2\/ u T i (A.8)

holds with probability at least 1 — 4.

3. Let (S, 7s) be a separable topological space, choose As = B(7s), and assume
that x is continuous. Then IIj is (M1(S), B(1w))-(H,, B(Hy))-measurable,

where 7, is the topology induced by weak convergence in M; (S).
A proof can be found in Appendix A.5. This result allows to use KMEs as the
Hilbertian embedding, i.e., setting H = H,, II = II; and 11 = II.
A.3. Oracle Inequalities

Oracle inequalities are important tools in modern statistical learning theory [189].
Roughly speaking, they are concentration inequalities for the excess risk of the

learning outcome over the risk that is achieved by an oracle which has access to the
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true underlying distribution. In particular, oracle inequalities provide finite-sample
guarantees, and can be used to derive consistency of a learning method, as well as
(under additional assumptions on the data-generating distribution) learning rates.
We now present our two oracle inequalities for the risk of SVMs in the distributional
learning setting. The first one is based on a form of Lipschitz-continuity of SVMs,

and can be interpreted as a distributional analogon of Theorem 6.24 in [189].

Theorem A.3.1. Let Assumption A.2.1 hold. Assume that ¢ is convex, differ-
entiable, and that there exists By € R>g such that ¢(x,y,0) < By. Furthermore,
assume that there exists Bj € R>g such that |¢/(z,y,0)] < B; forallz € X,y € Y,
and that there exist 71 € K and a nondecreasing family (vs38)Ber., € K such
that [¢/(z1,y,t1) — £ (z2,y,t2)| < M|z — x2||) + v3,8(|t1 — t2]) for all B € Ry,
x1,x9 € X,y € Y and t1,t2 € R with [t1], [t2] < B. Let k be a kernel on H that
is measurable, bounded, has a separable RKHS Hj, and assume that there exists*
a € K such that | Px(x1) — Pr(z2)|lx < ar(||lx1 — z2||) for all z1,29 € X. Fi-
nally, assume that for all n = 1,..., N, there exists B, : (0,1) — R such that
P[|[TT(S™) — T1(Q,)||% > Bn(8)] < & for all § € (0,1). We then have for all A € Rxg
and ¢ € (0,1) that with probability at least 1 — ¢

4 2V ﬁl,Bfllkllm/A i ox(Bu(8/(2N)))

n=1

[, 16112
+ 22 (g (/B )

) ( 21n(2/5)+1+41n(2/5)>’

Repa(fogn) — Rf}'g* < AE?I)D(

N 3N

where we defined By = ||k[|oc\/Be/A and ay = ||klloo(v1 + 73,8, © (\/Bg/)\Oék)) +
(B + 3.8, (By)) .
The functions B,, in the statement of the result are used to provide estimation

bounds of the Hilbertian embeddings of the input distributions, i.e., how close s

(which can be computed from data) is to I1Q,, (which cannot be computed from

4The latter condition implies that ®; is continuous, which implies that k is continuous, which
in turn implies that k is measurable and has a separable RKHS. However, we kept these two
conditions for emphasis.
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data). In particular, the functions B, depend on M,,, but we suppressed this de-
pendency to ease the notation. Similarly, ay € K describes (up to a multiplicative
factor) how the estimation error of the Hilbertian embedding that arises from a sin-
gle data set item, influences the risk. Using this abstraction allows us to formulate
our results for any Hilbertian embedding approach. Specializing to a concrete em-
bedding approach then boils down to checking the well-posedness assumptions (cf.
Assumption A.2.1), and replacing the B,, by concrete estimation bounds. While
this approach makes Theorem A.3.1 (and similarly Theorem A.3.4 presented below)
broadly applicable to various Hilbertian embedding methods, as a result the bounds

do not directly help in choosing an appropriate embedding.

Proof sketch for Theorem A.3.1. The basic idea is to apply the proof strategy of
Theorem 6.24 in [189] to the ideal, but inaccessible data set Dy, and then use esti-
mation error bounds for the Hilbertian embeddings (encoded by the functions B,,)
to translate this to the accessible data set Dy. To do so, we use a known generalized
Representer Theorem (recalled as Proposition A.6.4 later on) together with the con-
tinuity property of the canonical feature map and the regularity and boundedness
properties of the loss function, which allows us to propagate the estimation error
through the bounds. A detailed proof is provided in Section A.6.2. O

Example A.3.2. Let us provide some concrete examples for the ingredients of the
preceding result. For instance, consider loss functions of the form 4(x, y,t) = ¥ (y—t)
(which are called distance-based supervised losses in [189]), and assume that 1) is
continuously differentiable and that Y C [—M, M] for some M € R~. In this case,
suitable constants By and By exist, and we can choose an arbitrary v, € K (since
¢ does not depend on the first argument) and 3 g(s) = Cps for suitable constants
Cp € Ryp. An example of the condition on @ is given by Hdélder-continuity of
the canonical feature map @, which has been used in previous works like [195].
This means that there exist C € Ry, a € (0,1], such that ||®4(z1) — Pp(z2)|ln <

Ckllz1 — x2||* for all z1, 29 € X, and we can set ag(s) = Cis®.

When using KMEs for the Hilbertian embedding, we get the following oracle

inequality as a special case.

Corollary A.3.3. Let S be a compact metric space, k be a measurable, bounded,

continuous and universal kernel on S, and set H = Hy, Il = II;, and I = 1I,.
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Assume that ¢ is convex, differentiable, ¢’ is locally Lipschitz continuous, and that
there exists By, B; € Rxg such that {(z,y,0) < B and |[¢/(z,y,0)] < Bj for all
x € X,y € Y. Let k be a universal kernel on H that is measurable and bounded,
and that there exists aj € K such that ||®g(x1) — Pr(x2)||x < ax(||lx1 — x2||y) for
all x1,x9 € X. We then have for all A € Ry and ¢ € (0, 1) that with probability at
least 1 —§

Re,pa(fon) — Rip

2B + |1, B, ||k o 2 2 50 In(2N/§
< A2+ 2T ) Hooxz (\/w Il n />)

21In(2N/9) 4ln IN/S
+ 24015, Il (B + 75,5, (B)) \/7/ 41n(20/5) )),

with By and a) as in Theorem A.3.1.

Theorem A.3.1 puts strong regularity requirements on the loss function, but needs
only mild assumptions for the kernel used in the empirical risk minimization. The
following oracle inequality, a distributional analogon of Theorem 6.25 from [189],
is complementary, putting only mild requirements on the loss function, but strong

structural results on the RKHS are used.

Theorem A.3.4. Assume that ¢ is convex, that there exist 71 € K and a non-
decreasing family (v3 B)Ber., € K such that for all z1,29 € X,y € Y, and all
B € Ry and t1,t2 € R with |t1], |t2| < B, it holds that |[l(x1,y,t1) — (x2,y,t2)] <
(|1 —x2||%) +73,8(]t1 —t2|), and that there exists B, € R>g such that ¢(z,y,0) <
By for all © € X,y € V. Let k be a kernel on X that is measurable, bounded,
and has a separable RKHS Hj. Assume that there exists an nondecreasing family
(af,B)Ber, C K such that for B € Ryg and f € Hj, with ||f|x < B, we have
|f(x1) = f(x2)| < ay (|1 — 22||3) for all 1,22 € X. Furthermore, let €, A € Ry,
and let F C Hj, be a finite set such that for all f € Hy with ||f||x < \/Be/) there
exists f € F with ||f — flleo < €. Finally, assume that for all n = 1,..., N, there
exists By, : (0,1) — Rsg such that P[||TI(S™) — II(Q,)|l% > Bn(8)] < ¢ for all
0 € (0,1). We then have for all § € (0, 1) that with probability at least 1 — 4 it holds
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that

. 2 ¥ 5
Ripalfon) = REE < AL + 435, + 5 S on (Ba (52177 ))

N 9

where we defined By = ||k||oo\/% +eand oy =71 + 7, klloo /B2 © O‘f \/37'
1K lleo A >

By

The central assumption of Theorem A.3.4 is the existence of a suitable discretiza-

tion F of B%, the closed centered ball with radius /By/A in the RKHS Hy.

. . . . . 5 H), )
Under suitable assumptions, a finite F exists, and one can set |F| = N (B NS I

lloo, €), where N(T',d, €) is the e-covering number of a metric space (T',d). For more

details and pointers to the literature, we refer to Chapters 6, 7 in [189].

Proof sketch for Theorem A.3.4. Similarly to the proof of Theorem A.3.1, we apply
the proof strategy of Theorem 6.25 in [189] to the ideal, but inaccessible data set
Dr1, and translate the result to the accessible data set Dy, by the estimation bounds
described by the functions B, using the continuity and boundedness properties of
the loss function (which can be milder now, since we do not use Proposition A.6.4
anymore) and the canonical feature map. A detailed proof is provided in Section
A.6.2 later on. O

Example A.3.5. A sufficient condition for the existence of the nondecreasing family
(13.8) e C K is Holder-continuity. If da(s,v) = ||(®y o T0) (1) — (& o 1) (1),
then it is well-known that one can choose a p(s) = Bs. If there exists Cj, a, € Rxg
such that |k(z1, ) —k(z2, x)| < Cillzyr—a2||3f for all 21, 29 € X, then one can choose
arp(s) = V2C;,s*+/2. For proofs of these facts and more general conditions, we refer
to [CF1].

We can immediately specialize Theorem A.3.4 to the case of KMEs for the Hilber-

tian embedding.

Corollary A.3.6. Consider the situation of Theorem A.3.4. Additionally, let S

be a compact metric space, k be a measurable, bounded, continuous and universal
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kernel on S, and set H = H,., Il = II;, and II = II,. We then have for all § € (0,1),
that

N - 2In((N + |F|)/6
Repa(fon) — Ry gA%(A)+473’Bf(e)+2<Bg+7373f(3f))\/ (( NI )/9)

N+|F
ER S \kuzo+¢2||m||ooln<t'>
N ™ M M ’

holds with probability at least 1 — 8, with B ¢ and ay as in Theorem A.3.4.

The proof is completely analogous to the one of Corollary A.3.3.

A.4. Stability-based Generalization Bound

The oracle inequalities from the previous section allow us to compare the risk of
the learned hypothesis (i.e., of the empirical SVM solution) to the minimum risk
that could be achieved by an oracle (having access to the true underlying meta-
distribution). We now consider a slightly different question: How accurate is the
empirical risk of the learned hypothesis (which can be computed from data) as an
estimate of the true risk of the learned hypothesis (which cannot be computed,
since we do not know the true underlying data-generating distribution)? In other
words, how well does the learned hypothesis generalize from the training data to the
population, as measured by its risk?

We investigate this using a variation of our basic setup. Let (Q,y) ~ P as before,
but now assume that the number of samples from @ (collected in S) is also random.
Denote the joint distribution of (Q,S,%) by P, the marginal distribution of (.S,%)
by P, and the number of samples in S by M, an N.-valued random variables. A
special case covered by this setup is a constant M, a setting which is often considered
in related works like [195] or [137]. The data set D is therefore now generated
by sampling (Q1,S™M,y),...,(Qn,S™ yy) iid. from P, and then setting D =
((S™), Yn))n=1,..N, hence D ~ PeN,

The generalization bounds that follow are based on the concept of algorithmic
stability [38], which applies to very general learning methods. A learning method is
a map’ Unen, (X X W)YV > D Lp, where Lp : X — R is measurable. We call £

5In the present setting, it is safe to ignore measurability issues, cf. the discussion in Chapter 6 in
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p-stable (w.r.t. the loss function £) if there exists (8n5)nen,, Sv € Rxo, such that
forall N e Ny, z € X,y € Y we have

[€(z, y, Lp(x)) — L, y, Lp(x))] < B, (A.9)

for all D,D € (X x ) such that there exists 1 < i < N with D,, = D,, n €
{1,..., N} \ {i}. In other words, a learning method is -stable, if changing just one
sample in a data set of size N € N, changes the loss of the resulting hypothesis by
at most By. We are now ready to present the announced generalization result. It is

a distributional-input analogon of Theorem 14.2 in [141].

Theorem A.4.1. Consider a §-stable learning method £. Assume that there exists
a concave a € K such that for all 21,22 € X,y € Y and all D € (S* x V)Y we have
’€($17ya£D($1)) - g(x%ya ‘CD(x?))’ < Oé(”l'l - x2HH) For all ¢ € (071)7 it holdst
with probability at least 1 — § that

In(1/4)

Re.p(£D,) < Repy (£,) + 2Ny + B)\| 252 + 0 (Big5.)p [ITQ ~ TS ) + 8.

The proof of this result can be found in Appendix A.7.2. We now present and
prove a generalization bound for SVMs in the two-stage sampling setup, which is
based on Theorem A.4.1.

Theorem A.4.2. Let ¢ be convex, locally Lipschitz continuous, and assume that
there exists v € K such that |[0(z1,y,t) — £(z2,y,t)| < Y1(]|z1 — x2|n) for all
r1, 29 € X,y € Y and t € R. Furthermore, assume that there exists B, € R~ such
that ¢(z,y,0) < By for all x € X,y € ). Let k be measurable and bounded, and
assume that there exists a nondecreasing family (o p)per., € K such that for all
x1,x2 € X, B € Ry, and all f € Hy with ||f|lx < B we have |f(x1) — f(z2)| <
ayp(||lx1 — x2l|). Assume that for A\ € R.q, there exists a concave ay € K with
7+ |€|1’Bfaf,\/m < ay, where we defined By = ||k||oo\/Be/A. We then have for
all 0 € (0, 1), with probability at least 1 — §, that

< 103 5, ]2,

Re.p(foyn) < Repy(foy,n) + N
2 2

N <2Z|I}B‘f||k||oo

A

+a (Eg.sy)~p [IMQ —11S]) )

In(1/6
+ By + El,Bfo> ;J\/f )

[189].
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Before turning to the proof of Theorem A.4.2, we describe two example classes of

suitable ¢ and a.

Example A.4.3. Assume that there exist (Ct,g)Ber., € R>0, (@f,B)Ber-, C (0, 1]
such that |f(z1) — f(z2)| < Cppllzy — x2||"” for all B € Rug, z1,72 € X, and
f € Hy with || f||x < B. Let us call a function ¢ : R — R locally Holder-continuous,
if there exist (Cy B)Ber-y € R>0, (@,B)Ber~, C (0,1], such that for all B € Ry,
|p(s1) — d(s2)] < Cg Bls1 — s2|*»B for all s1,s92 € [—B,B]. We refer to [CF1] for

a discussion of these properties, including characterizations of suitable k. (i) As-

sume that {(z,y,t) = ¥ (y — t), where v is a nonnegative, locally Holder-continuous

. . _ Ay Qg
function. Given A € R+, we can then choose a(s) C¢7“k“oo\/m0f’\/m$

with ay = Oy klloon/Be/n and oy = Oy JBx (ii) Assume that ¢(z,y,t) = p(yt)
(called a margin-based loss function in [189]) for a nonnegative, locally Holder-
continuous function, and that ) C [—M, M| for some M € R~(. Given A € Ry,
— «a Qo QpOf 1y —

we can then choose ay(s) = C,M 9’C’f7\/ms ¢ with C,, Cw,Mllklloo\/m’
S Yo e A AV OToY

Proof of Theorem A.4.2. Let Q be a distribution on M1 (S)x Y. From Lemma A.5.4
we have |fgr(@)] < [klloollfolls < [Ellooy/ZE = By, 50

[(z1,y, foa(@1)) — Uz, Y, foa(22)| < Milllzn — 22lln) + 1B, | foa(z1) — foa(a2)]

< |7+ B ([[z1 — z2ll30)
( RVE"

< ax(l|z1 — z2lln),

hence «, fulfills the requirements of Theorem A.4.1. Furthermore, as before we have
Uz, y, fo(x)) < By + |18, By = B.

NextS, for all f,g € Hy, with ||f|x, [lg]lx < % and all z € X,y € Y, we have
6w, y, f(2)) — @, 5,9(2)| < V15, 1f(x) — g(2)|. An inspection of the proof of

Proposition 14.4 in [141] then shows that the learning method (X x Y)Y 3 D

. \flf,BfHkllio
Je.pA € Hy is By = ——;—— stable.

The result now follows from Theorem A.4.1. O

5The following is a generalization of the property from Definition 14.3 in [141].
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Remark A.4.4. An inspection of the proof of Theorem A.4.2 and how Propo-
sition 14.4 in [141] is used there, reveals that instead of local Lipschitz conti-
nuity of ¢ the following continuity property is sufficient: There exists a family
(CB,pB)BeRr~, With Cp € Ry, 0 < pp < 2 for all B € Ry, such that for all
x € X,y € Y, B € Ryp and all t1,t2 € R with [t1],|t2] < B we have that
|0(x,y,t1) —l(x,y,t2)| < Cplty —t2[PE. Furthermore, we now need a concave oy € K
such that v, + C’Baf Be(~)p3 < ay with B = ||kl %. In this case, we have

AV
R T A A T
By =Cp " Pl T ()T
Once again, we can immediately specialize to the case of using KMEs for the

Hilbertian embedding.

Corollary A.4.5. Consider the situation of Theorem A.4.2. Additionally, let S
be a compact metric space, k be a measurable, bounded, continuous and universal
kernel on S, and set H = Hy, Il = II;, and 1= ﬁk We then have for all ¢ € (0,1),
with probability at least 1 — J, that

Re,p(fop,A) < Rep, (fep,A) + an (

<2w|%,3f||k||zo
+ - v J

\/2||/<>||oo>
E[VM]

In(1/4) 1413 g, 1%]13

2N AN ’

)\ +Bz+!€|1,Bfo>

where we defined By = ||k|]oo\/%.

Proof. First, as in the proof of Corollary A.3.3, the KME setup fulfills Assump-
tion A.2.1. Let Q € My(S), M € Ny, and S ~ Q®M. According to Lemma 4 in
[85], ||T1,Q — 1135« is the maximum mean discrepancy between Q and the empirical

measure 37 SM_ | 8s,,, so we get from Equation (19) in the same reference that

\ 121Kl o
ESNQ@sM [HHkQ - HkSHn} S ”]\Jv

i 2] lloo 2[| &[]
E(q.5.)~p | ITQ — TS| SE[ T i

which implies that
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Combining this with Theorem A.4.2 and using that «) is increasing, establishes the
result. O

A.5. Additional Technical Background

Comparison functions In addition to K, we define
L ={p:R>9 — R>¢ | p continuous, strictly decreasing, ILm p(s) = 0}.
- - S oo

Observe that if p € £, then p(s) > 0 for all s € R>q, and its inverse is defined on
its range, i.e., p~1 : (0, p(0)] — Rx>p. We define addition and scalar multiplication
in K and £ pointwise, i.e., if a1, a9 € K (respectively, £), then ag + a is defined by
(a1 +a2)(s) = aq(s) +aa(s) for all s € R>p, and if ¢; € Ry, then cjaq is defined by
(c1a1)(s) = cia(s). Note that cioq + ap € K (respectively, in £), so K and £ form
a cone. Furthermore, a1 o ag € K. We also define comparison relations pointwise,
e.g., if a1, aq € K, then oy < ag means that a;(s) < as(s) for all s € R>g. For more
background on comparison functions, including historical remarks and application
examples, we refer to [105].

More on loss functions For technical reasons, we need some additional concepts
from [189]. A loss function £ : X x Y x R — Rxq is called a Nemitskii loss, if
there exists a measurable function b : X x Y — R>p and an increasing function
h : R>9 — R>q such that for all z € X,y € J and all ¢ € R we have

Uz,y,t) < b(x,y) + h(|t]).

Let P be a probability distribution on X x Y. We call £ a P-integrable Nemitskii
loss, if it is a Nemitskii loss, and the function b from the definition of this concept
is P-integrable.

Boundedness in RKHSs For convenience, we summarize some well-known re-

sults on boundedness of kernels and RKHS functions.

Lemma A.5.1 (Boundedness in RKHSs). Let X’ be an arbitrary nonempty set and

k a kernel on it, and define

lk]| oo = SIGJE \/ k(x,x). (A.10)
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1. k is bounded if and only if ||k|c < oo.
2. All f € Hy are bounded if and only if k£ is bounded.
3. Forall f € Hyand z € X, |f(2)] < ||flxllk] co-

Proof. For the first item, assume that k is bounded, then obviously ||k|l.c < oc.

Conversely, if || k|lcc < 00, then we have for all z,2’ € X

o, )| = (B2, B )il < I8l @)l = /R, a7yl 2) < k)% < oo

so k is indeed bounded.
The second statement is given by Lemma 4.23 in [189].
For the last statement, let f € Hy and x € X be arbitrary, then

[F@)] = [{f kG 2D el < NFINEG, @)k = [l R, 2 < ]kl Flloo-
O

Properties of loss functions and their risks Next, we present two technical
results on loss functions and their associated risks. These results are essentially
known (cf. Chapter 2 in [189]), however, we formulate them in greater generality

using comparison functions.

Lemma A.5.2 (Condition for P-integrable Nemitskii loss). Let £ : X x Y xR — R>g
be a loss function such that there exists By € R>o with ¢(z,y,0) < By for all x €
X,y € Y, and a nondecreasing family (o p) Ber., C K with |(z, y, t1)—€(x,y, t2)| <
agp(|t1 —t2|) for all z € X,y € Y and t1,ty € R with |¢1|, |[t2| < B, then £ is a P-
integrable Nemitskii loss for all distributions P on & x ).

In particular, this result applies to locally Lipschitz continuous functions, where
g, B(t) = €]y t]-

Proof. Let x € X,y € Y,t € R be arbitrary, then we have

E(.T,y,t) < E(:L‘,y,O) + |£($,y,t> - E(x7y70)|
< B+ agp(Jt])
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Since [ BydP = By < oo and t +— ay y([t|) is nondecreasing, the statement follows.
O

Lemma A.5.3 (Continuity of risk from continuity of loss function). Let £ : X' X
Y xR — R>p be a loss function such that there exists a nondecreasing family
(ag,B)Ber~y C K with [l(x,y,t1) — l(x,y,t2)| < p(|ti —t2]) forallz € X,y € Y
and t1,t2 € R with |¢1], |t2] < B. Let P be a distribution such that ¢ is a P-integrable

Nemitskii loss.

1. For all B € R+ and all measurable and bounded” f, g with ||f|l s, |g]lcc < B,

we have

Re.p(f) = Rep(9)] < ceB(lf = 9lloo)- (A.11)

2. Let k£ be a measurable and bounded kernel on X. For all B € Ryo and
f,g9 € Hy with || ||k, [|9]lx < B, we have

Re.p(f) = Rep(9) < agji)e-BUILf = gllrllElloo)- (A.12)

Proof. For the first claim, let B € Ryg and f,g be measurable functions with
Il lloos lglloc < B. We then have

Rep(f) = Rep(9) < [ 16wy, (@) = €.y, 9(@)|AP(w.y)
< / arp(f(x) — g(z)))dP(z,y)
< / ars(|f = gllee)dP(z, y)

= B[l = glleo),

where we used the triangle inequality in the first step, the existence of (oy p)p in
the second step, the fact that oy p is increasing in the third step, and finally that P
is a probability distribution.

For the second claim, let B € Ry and f,g € Hy, with || f||x, [|g][x < B. Since k is
measurable and bounded, also f, g are measurable and bounded. From Lemma A.5.1
we get [[flloo < |Ifllkllkllce < Bllk||co, and similarly for g, as well as || f — gllco <

IIf — gllkll%|loc- The result now follows from the first claim. O

"Measurably essentially bounded would be enough.
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Bound on norm of regularized risks minimizers Finally, we recall a well-
known result providing a bound on the norm of minimizers of regularized risks

minimization problems, cf. the beginning of Section 5.1 in [189].

Lemma A.5.4 (Regularized risk minimization over RKHSs). Let £ : X x Y x R —
R>o be a convex, locally Lipschitz continuous loss function, such that there exists
By € R>¢ with ¢(x,y,0) < By for all x € X,y € Y. Let k be a kernel on X’ that is
measurable, bounded, and with separable Hj. For all distributions P on X x ) and

all A € Ry, there exists a unique solution fp ) of

in R M| FI1?
Join e.p(f) + Allfll%

and || fpalle < (/5L

Proof. Lemma A.5.2 ensures that ¢ is a P-integrable Nemitskii loss, so Lemma 5.1
and Theorem 5.2 from [189] are applicable and ensure that a unique solution fp
exists.

Additionally, we have

M fealli € Rep(fra) + Alfealli = Repa(fra)
< Re.pr(0) =Rep(0) + A0}

_ /g(x,y,o)dP(x,y)

< BE?

where we first used the nonnegativity of ¢ (and monotonicity of the integral) in the
first step, followed by the definition of fp ), and finally the boundedness assumption
of ¢ in zero. Rearranging shows that indeed || fp|[r < 1/ 5-. O

Kernel mean embeddings

Proof of Proposition A.2.4. The first statement is contained in Theorem 2 and Propo-
sition 2 in [188], and the discussion following it.

The second statement follows from Theorem 1 in [123], by two minor modifica-
tions. First, applying Lemma A.5.1 to f € H, with ||f||. < 1 leads to |f(s)] <
IfllllElloc < ||K]loo for all s € S, which shows that the constant of the bounded
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difference property in the proof of Theorem 1 in [123] needs to be set to 2||k||e/M.
Second, we use [ (s,5)dQ(s) < [ |x[%dQ(s) < ||k||% for all Q € M (S).
The third statement is shown in Section A.1.1 in [195]. O

Sliced Wasserstein distances Let S = R? and denote by W, (u, ) the sliced 2-
Wasserstein distance, cf. equation (13) in [137]. It has been shown in Proposition 5 in
the same reference that there exists a Hilbert space Ho and a map Iy : M1(S) — Ha
such that Wo(u,v) = ||[Tlap — Iov||py,. Setting IS = IA[S] for all § € SM
and M € Ny, where a[S] = 4 3M | §g, is the empirical measure having the
components of S as atoms, and assuming that Assumption A.2.1 is fulfilled, our main
results Theorems A.3.1, A.3.4 and A.4.2 apply to the case of sliced 2-Wasserstein-
based Hilbertian embeddings. For more details, as well as the case of sliced 1-
Wasserstein-based Hilbertian embeddings, and concrete constructions of suitable

kernels k on Hso, we refer to [137].

A.6. Additional Material on the Oracle Inequalities

In this section, we present the proofs of our oracle inequalities Theorem A.3.1 and
Theorem A.3.4. Furthermore, we state and prove specializations to the case of sliced
2-Wasserstein embeddings, analogous to the results for KMEs, cf. Corollary A.3.3
and Corollary A.3.6.

A.6.1. Sliced Wasserstein Distances

Our specialization of the oracle inequalities to sliced 2-Wasserstein embeddings are

based on the following error bound, which might be of independent interest.

Proposition A.6.1. Let P be a distribution on M;(R?) x Y and (Q,y) ~ P.
Assume that P-a.s. @ is a log-concave distribution, and denote its (P-a.s. defined)
covariance matrix by Yg. Furthermore, assume that there exists py € £ such that
for all t € R, P[||[Zg]| > t] < ps(t) P-a.s. Let M € N4 and S ~ Q®M | then for all
0 < 0 < min{1/4,2px(1/Cy)}, we have

P (6/2)

P W, (Q, i[S]) = NGTi

<4

)

<C’d In(M) + G, ln(4/5))
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where C; and Cy are universal constants that only depend on d.

To simplify the notation in the following proof, we define a A b = min{a, b} for
a,beR.

Proof. As shown in the proof of Proposition 7 in [147], there exists a universal
constant ¢g € Ry, depending only on d € N, such that P% > m for all log-
concave distributions y on R?, where P, is the Poincare constant of x. Furthermore,
according to Theorem 1 (choosing p = 2 there) in the same reference, there exists a

universal constant Cy € R+, depending only on d, such that

135, In (M)

B[, (1, LX) < ([

(A.13)

for all log-concave distributions y on R? and X ~ p®M.

Let 0 < § < min{1/4,2px(1/Cy)} be arbitrary, and z,t € R+ two constants to

be chosen later. We start with

In(M)
M

P lwg@,ﬂ[S]) > (z A Vx)Cy +t

In(M)
M

—p [m(cz,msn > (2 A VT)Cy +1, el <z A \/E}

In(M)

W (Q, alS]) = (z AVE)Cay| =1

+P

+, [ Zol >mﬁ}

<P [ Wy(Q.il8) > (A VECa | M 1| 8g]l < = A VE| BlSgl| <2 A VAl

+P[[Zoll > 2 A Va

<P | Wy(Q,lS) 2 (2 A VEICay| ST 41180 < 2 A VE| + pstar A V)

where we used in the last step that probabilities are always from [0,1], and the

assumption on ||Xql|.
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We continue with the first term,

| M
P (W(@. 18] > (2 A vEYCay| ) 4 4| gl s:mﬁ]
<P |W,(Q rint) \zQusmﬁ]
<P [W,(Q,7 \/”ZQ”IH +t yyzQ\yngﬁ]

<P Wy (Q, 2[S]) > EWo(Q, a[S])] +t | [Zll < z A V]

<P [IWy(Q, a[S]) — EWVL(Q, AlSD] > t | 1Zqll < 2 A Va]
VMt A Mt?

<E |2exp <_min{2\/P7,6€5PQ}> | S0l <z AVZ|,

where we used Theorem 3.8 from [119], as used in the proof of Proposition 7 in [147],

and the last equality holds almost surely.

Conditional on [|Sq| <z A v/z, we get that

1 1 1
min{2/Py, 6655} { 2/Pq’ 665 Py }
o1 11
— MaX§ —F/—m, —
~ 6ed \/PQ’ PQ

1 1 1
> —= max ,
6e {\/Cd‘ZQ” Cd|EQH}

1 1 1
= 6e® max{,/cq, cq} max{ ||EQ||’ HEQH}
- G max{y/eq ca} min{, /IS, [Sol}
< L !
~ 6edmax{,/cq,ca}t T N\/T
1
~ Calz A V)
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In the last inequality we used that

min{\/|Zqll,ISgl} < min{y/z A v,z A Va} <2 AV,

and in the last step we defined Cy = 6€° max{,/cg, c4}.
We therefore get (again almost surely) that

N In(M
P {wm,mw > (A vy B0 | gl < @]
VMt A Mt
<E|2 — Yoll <
= eXp( min{2./Pg, 665 Py} IZell < zn Ve
VMt A Mt
<E|2 —_— Yol £x A
<& [oesp (YoM M) 1ol <20 v
90 VMt A Mt
- X - = —__ .
P Cy(z N /)
Observe now that
VMEEANMEE\ 6 VMt A Mt?
Qexp [ -t NN 20 o paVo= T
Ca(z A /) 2 Cqln(4/0)
and since % > 0 (recall that we restricted 0 to (0,1/4)), we can choose

x € Ry such that the last display holds.

With this choice of x, we are now at

. VMt A Mt? In(M)
P [WQ(Q,M[S]) = s O
P [wm, 1) > (@ A V) Gy 20D t]
VMt A Mt?
< 2exp <—C~M> + ps (A V)
) VMt A Mt
< 5 +ps <édln(4/5)> .

Note that this holds since the above computation works for any version of the con-
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ditional expectation.

Next, let s > 1 and set t = In(4/9)

VM

s, then

P [WQ@,@[SD > 5S4, /M) | Inl4/9) ]

V. M VM
_ B | w8l > 2 ‘gdg(lz/(;*)/ S 200 1“\%” ]
_p _WQ(Q,MS]) > *g;@%fod mﬁ\f) +t
ggw@ ?jﬁj)
=50es(3,)

where we used that In(4/)s A In(4/6)?s% = In(4/6)s since In(4/6),s > 1.
The condition P[||Xg|l > z] < px(z) for all z € R>( implies that px([0,00)) =

(0,1], so we have

s _5 o
pz<Cd> 5 & s=Cary (0/2)

and since

s>1 & Cppsl(9/2)>1 <  §<2px(1/Cy),

our requirements on § ensures that we can set s = Cyps'(6/2). Altogether, we

arrived at

In(M) ln(4/5)
i+ ke <6/2>]

_p [m(@msn > g;W+ 1“%)8] <gtes(g) =

P W, (Q, AlS]) = (5/2)

O]

We can now formulate and prove the announced specializations of the oracle in-

equalities.
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Corollary A.6.2. Consider the situation of Theorem A.3.1. Let & = RY, set
H = Ho, I = TIlsy, and I = ﬁg, and assume that Assumption A.2.1 holds in
this case. Furthermore, for (Q,y) ~ P, assume that P-a.s. @ is a log-concave
distribution, and denote its (P-a.s. defined) covariance matrix by ¥g. Assume that
¢ is convex, differentiable, ¢’ is locally Lipschitz continuous, and that there exists
By, B) € R>q such that ¢(z,y,0) < By and |¢'(z,y,0)| < By forallz € X,y € Y. Let
k be a kernel on H that is measurable and bounded, and that there exists oy € K
such that ||®x(x1) — Pr(z2)|lx < ak(||z1 — z2||). We then have for all A € Ry and
0 € (0,1) that with probability at least 1 — ¢

Repa(fogn) = Rip < APH(N)

Al Té” (pzl (srwtern) (cun/min - com (107 |f|)>))

VM

21In( 2N 0) 4111 IN/S
20ty s, [Fllo (Bt 7.5, (By)) ( 2MONJ) | 7, AN/ >> |

with By and a as in Theorem A.3.1, and Cy and C,; are universal constants that

only depend on d.

Proof. The result follows immediately by combining Theorem A.3.1 with Proposi-
tion A.6.1. O

Corollary A.6.3. Consider the situation of Theorem A.3.1. Let S = RY, set
H = Ha, Il = 1Ils, and 1= ﬂQ, and assume that Assumption A.2.1 holds in this case.
Furthermore, for (Q,y) ~ P, assume that P-a.s. @ is a log-concave distribution,
and denote its (P-a.s. defined) covariance matrix by X¢. Finally, assume that there
exists py; € £ such that for all ¢ € R>q, P[||X¢g]| > t] < pu(t) P-a.s. We then have
for all 0 < & < min{1/4,2px(1/Cy)} that with probability at least 1 — ¢ it holds that

. . 2In((N + |F|)/o
Repa(for) — RIS sAé?%(AHz(Beﬂg,gf(Bf))¢ WVAD) | 5,00

25 ( (i) (c, /it + Ca (4<N+rﬂ>)))
Vi ’ |

where we defined By = ||k||oo\/% +e an=m +’73 el /2 oaf \/377 and Cy and
[e’s} ) DY
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Cy are universal constants that only depend on d.

Proof. The result follows immediately by combining Theorem A.3.4 with Proposi-
tion A.6.1. ]

A.6.2. Proof of the Oracle Inequalities

We will need the following result, which is derived at the beginning of Section 5.2

in [189], but not stated as a theorem there. For convenience, we repeat it here.

Proposition A.6.4. Let X and ) be measurable spaces, £ : X x Y xR — R>( a loss
function that is convex, differentiable, and define ¢ = %E. Let k£ be a kernel on X
that is measurable, bounded, and has a separable RKHS Hj,. For all P € M;(X x))
such that £ and |¢'| are P-integrable Nemitskii losses, and for all A € R+, there exists

a unique solution fp ) of
IIl.Il R )\ 2 A.14
fG}‘Ik £7P(J) ||f||k:a ( )

and this solution fulfills the equation

fea==55 [ Ol foa@)@u(@)P(,p) (A.15)
XxY

Note that in (A.15) a Bochner integral appears.

Proof of Theorem A.3.1. Let A € Rsq be arbitrary and define D = ((Qns Yn) )ne[ny-
We then have

Repa(fo0) — Rf}%} =Repa(fp,2) — Repa(fra)
= Ru.p(f0) + Al alf + Rep(f5,0) — Rep(f5,0)
+ Ry (fogn) — Repy (foga) + Repy (fra) — Rep, (fPA)
—Re.p(fen) = A fealli + Al a7k = M5, Al
=Re,p(fos0) — Rep(fog0) + Rep(fog0) — Rep(fra)
I 1
+ Ry 5 (Fogn) + Mg alli = (Ropy (frA) + Al feall?)
—111
+ Rypy (FPA) = Rypy (Fo0) + Aoy alli = Ml o a7

=1V =V
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We now upper bound terms I to V. First, by definition of f5_ ), term III is nonpos-

itive, and hence can be discarded.

In order to bound the remaining terms, we need some preparations. Lemma A.5.2
ensures that for all distributions @ on X x Y, £ is a @Q-integrable Nemitskii loss.
Furthermore, repeating the proof of Lemma A.5.2 on ¢’ shows that also |[¢'| is a
Q@-integrable Nemitskii loss. Altogether, we can apply Proposition A.6.4 to ¢ for any
distribution @ on X x ). An inspection of the proof of Theorem 5.9 in [189] reveals
that (5.14) in this reference applies to the present situation, so for all distributions

Q,Q on X x Y, unique SVM solutions fo.x and fQ ) exist, and we have

)

Ifos = faalle < 5| [ halw ) @u@Q. ) - [ hote.)@u(@)aQan)|
(A.16)

where we defined hq(z,y) = '(z,y, for(z)).
Bounding I Using Lemma A.5.4, we have [y llE < %, hence we

get from Lemma A.5.1 that |fp. a(z), [fp, \(7)] < ||k‘||oo\/% =: By. Define now
for brevity Ly := \E|173f, then we get

Re.p(fo,0) = Repl g, n\ < Lellkllooll foyr = Fogalls

Leuknoo 1Y iy Ly
S N Z ’yn)(bk(ns ) - N Zl hDﬁ (Han yn)q)k(HQn)
n=1 n= k
L[kl 1 o o
< L] NZHhDﬁmS( ) ) ®(T15)) — By (1Q y)04(11Q) |,
LerHoo

Z |hp, (TIS™)  y) — hp, (T1Qn, yu)|[| @1 (TLS™) I
+ |, (TTQ, yn) ||| @4 (T1S™) — &4 (TIQ) |1

where we used Lemma A.5.3 in the first inequality, in the second step the bound
(A.16), followed by using the triangle inequality twice. For each n = 1,..., N, we
have

|hD1sI (ﬂs(n)’ yn> - h’Dﬁ (HQnayn)‘ = |€/(ﬁ5(")aym fDﬁ,)\(ﬁS(n))) - gl(Hanynv fDH,)\(HQn))|
< (ST —TQu ) + 73,5, (| fo ATIS™) = fp, A(TIQn)])
< (9 + 988, 0 (VB ax) ) (M5~ 1Qu0),
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where we used the definition of hp_ in the first step, and in the following inequality

we used the assumed continuity property of ¢ (together with the previously derived
bound By on the values of fpﬁ, y and fpfp A). In the last inequality we used that for
all f € H, and x1,29 € X,

[f(z1) = fz2)l = [{f, Pr(ar) — Pr(@2))ul < [fllkllPr(zr) — Pr(a2)lli < [[flkok(llzr — 22)l2)-
Furthermore, we also have || @ (I1S™) — @ (IQ,)||x < o (|IIS™ — T1Q,||%) and

|@5(TLS™)||, < ||k|loo- Finally,

|hpy, (MQn, yn)| = [€(T1Qu, Yns fr, A(11Q))]
< |0 (MQuns Yn, 0)] + 1€/ (T1Qn, Yn, fo, A(TIQR)) — £ (TIQn, Yn, 0)]
< By 43,8, (| fo, A(11Q0)])
< By + 3,8,(By).

Altogether, we can continue with

|Re,P(fDﬁ,A) - Rz,P(ff)n,A)‘

L[|l
A

11y, (TMQn, ) [ @5 (T1S™) — @4(TIQu)
Lalloe LS (14258, (VB -) ) (1S — Qo)
b\ N "~ oo \ V1 T V3,By [4 Qg nilH
+ (Bi + 735, (By)) ax (ST —11Qn)||50)
< Lellile 1 <~ k VBi/X
< A5 (e (o (V7 )
n=1

+ (By + 73,5, (By)) ) (TS —T1Qu | 0)

N
1 o n A n
= 5 D Iy (TS, ) = o, (1Qu, )[4 (FLS )
n=1

IN

Defining ay = [|kl[oo(v1 + 73,8, © <\/Bg/)\ak)) + (Bé + 73,8/ (Bf)) oy and using a
union bound, we finally get with probability at least 1 — §/2 that

N
[Rep(o) ~ Re e < T2 L™ 0y (B (6/(2N)).
n=1
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Bounding IT and IV Let Q = P or Dy;. We have

Ry ) = Re@(Fra) < Lellkllooll f5, 0 = Pl

N
< Lkl H}V > iy (1Qu y)Bi(TIQu) = [ i (2, ) k() AP ()

k

Lzl!kHoo

Zﬁn—Eﬁn

where the first two steps are similar as in bounding I, and in the last step we defined
. iid.
én — hf)H(HQnayn)q)k(HQn) Since (Qlayl) ey (QNJ/N) lfl\J P7 also 517 s 7£N are

i.i.d. Furthermore,

[€nllk = [[hpg (1Qn, Yn) Pk (@) [k = [hp, (T1Qn, yn )| Px(11QR) ||k

< 10 (T1Qns Yy Fipg A (T1Q)) [l
< (Bi+3.8,(By)) [F]oo,

so&1,. .., &N are Hy-valued i.i.d. random variables bounded by B := (Bé + 73,8, (Bf)) I1k]| oo -
Hoeffding’s inequality for random variables in a separable Hilbert space, cf. Corol-

lary 6.15 in [189], now ensures that with probability at least 1 —§/2

<B§( [21n 2/5 m+4ln 2/5).

This implies that with probability at least 1 — d/2

Re@(fp,0) — Req(fra) < Lf”kHOO (W r 4ln2/5>

so with same probability the bound

U+1rvg2L”’;‘“‘°°Bg (Wﬂ/ﬁyﬂfgﬁ/@)

g

holds.
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Bounding V Using elementary computations, we get

i — AllfBy

2= (Ilfoyal17 = oy al17)
= A (Ifpgalle + 1 pgalle) (IFpgalle = Loy all)
<A (I pgalls + 1 o alle) 1 Fmgn =

<2\ By

Mo = o alle

B, 1 .

~ Z ax([TIS™ — TIQnll),
A Nn:1

where we used Lemma A.5.4 in the second to last step, and the bound on || Jog A —

[pn, \|l% from bounding I. In particular, with probability at least 1 —0/2 we get that
Ml Fogalli = Al Fp Al < 2\/ Z ax(Bn(/(2N))).

Finishing Using again a union bound, we finally get that with probability at least

1 — § we have

Hy Lf||k||ool al
Repa(foyn) — Ry py < NZ B, (6/(2N)))

from I

LI ( oy 41%%/&)

from II and IV

Za,\ 2 (0/(2N)))

from V

N

_ (2 % N L”'f”oo) ;z ax(Ba(3/(2N)))

Lkl ( oy 411;(}3[/&)
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The result now follows from the definition of Af};()\). O

Proof of Corollary A.3.3. Since S is compact, it is in particular separable, so Propo-
sition A.2.4 ensures that Iy is (M1 (S), B(Tw))-(Hg, B(H,))-measurable. Further-
more, since S is a compact metric space, M (S) with the topology of weak conver-
gence is compact. Since x is universal, IIj is continuous, and hence X = Il (M(S))
is a compact metric space. In particular, it is closed, and hence X € B(H,), and it
is also separable. By definition, for all M € N4 and S € M, I1),(S) = II,(S) =
= SSM_ k(- Spm), and hence measurable. Altogether, Assumption A.2.1 is fulfilled.

Next, for all z1,z0 € X we have ||Px(x1) — Pr(x2)||x < ax(||x1 — z2||), which
shows that @ is continuous, so according to Lemma 4.29 in [189] also k is continuous.
Since X is separable, this shows that also Hy, is separable.

Using the KME estimation bound from Proposition A.2.4 to find appropriate By,
all assumptions of Theorem A.3.1 are fulfilled, and we get

n

+ 2Ly k]| o <B5+L/||k||mﬁ> (\/W‘FF 41n32]<[\7/5)>’

where we defined

| B
VAP

Finally, since ¢ is locally Lipschitz continuous, it is in particular continuous, and

N
N 1 k|2 2|k Ooln 2N/6
Re,pa(foy,0) _jog,A < (2VABg + Lyl k|| s0) NZ ( \/” I5 \/ I 2N/ )>

as shown by Lemma A.5.2, it is also a P-integrable Nemitskii loss. Together with
the fact that X is a compact metric space and k is universal, Corollary 5.29 in [189]
shows that Rf ]’f-,*)\ =R} p, and the result follows. O

The strategy of the following proof follows the one for Theorem 6.25 in [189)],

however, several adaptions are necessary to deal with the two-stage sampling.
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Proof of Theorem A.3.4. Let A € Rsg be arbitrary. We start with

Repa(foy0) — Repa(frn) = Rep(foo0) — Rep, (foa) + Rep, (foa0) + Al fo allk
— (Rep, (frn) + AllfeallR) + Repy (frr) — Rep(fra)
S 2 sup ’RZ,Dﬁ (f) - Rf,P(f) )

fEH)

Ifle<y/ 3L

where we used in the last step that Ry p_ ,\(fp a) < Rep, A(fp) by definition of

fpgn, and we applied Lemma A.5.4 to fp, x and fp.

Let f € Hj with || f||x < /5%, and choose f € F such that ||f — f||» < e. Observe

that | f(z)] < |f(x)|+|f(x) = f(2)] < ||kl % +¢ = By, where we used the choice
of f together with (the proof of) Lemma A.5.2. We then have

Repy (F) = Rep(F)] < [Repy (F) = Repy ()] + [Repy () = Rey, (F)]|
+ [R5y () = Rep ()| + [Re.p(f) = Rep(f)
< [Repy () = Rypy ()] + [Re.py (F) = R (F)

where we used (a modified variant of) Lemma A.5.3 in the last step together with
[f(@)],[f(@)] < By.

We now bound the first two terms. First,

0TS y,,, FTS™)) — U(TTQy, Y, F(TIQ,))]

=
M=

|Re.py (f) = Rypy ()] <

i
L

IA
=
Mz

NS —1Qul) 47, | oz (1£TIS™) = FT1Qu))

3
Il
—

=
NgE

< (n) _
= (714”3 Ikl /B2 © Y, >(|HS T1Gn ).

n

where we used the triangle inequality, then the continuity property of £, and then

the continuity property of f.

Second,

Ryn(F) = Rep(f)] = ' Zf 11Qn, Y, F(11Q,)) / (IQ, y, FTIQ)AP(Q, y)|,
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MIQ1, y1, fTTQ1)), ..., L(IIQN, yN, f(IIQN)) are i.i.d. random variables (since the
(Qn,yn) are i.i.d.), and for all n = 1,..., N we have [((IIQ., yn, f(IIQn))| < By +
V3,8, (By) = B¢ according to (the proof of) Lemma A.5.2. All of this means that we

can use Hoeffding’s inequality to bound this term.

Third, we can combine the previous two bounds. Using the union bound we have

Pl max 118 — TQn |l > Bn(8/(N + |F])) or max |Re.5(@) — Re,p(3)| > Be
g

n=1,...,

2ln((N+f|)/5)]
N

N
. 2In((N Fl)/o
< STR[IS™ - 1Qulln > Ba(/(N + 1FD] + 3B llnw@ ~Rer@)| > Be ““;')”]
n=1 geF
) )
<N P =

Together with our previous two bounds this implies that with probability at least

‘RZ,D(f) - Rm’)(f)' + ‘Re,@(f) - RZ,P(JE)‘

1 X . _ _
<= (m+~ o (IT1S™ —TIQu %) + |Ry5(f) — Re,p(f)
NZ( 3,|1klloo\/ 32 f,Wif) ‘ %)) ‘

2In((NV + |Fl)/0)

1 N
<= 1+ o« Bn(5/(N+\f|))+B\/ :
N,; ( 8. Iklloo y/ 22 m/i@) ¢ N

This also implies that with probability at least 1 — 9,

"Rep(f) — Rep(f)]

IN

Rep(f) = Rep ()| + [Rep(D) ~ Rep(D| + 218l ¢

n=1 (% ’ 737”k||oo =] ° aﬁﬁ) (Bn(6/(N + |F]))

+ 5 \/mn((zv; F))/9)

IA
=z~
hE

+ 2’6‘1,Bf€7
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and since f € Hy with ||f|[x < \/% was arbitrary, this in turn implies that

N

1
R R < = _ ) (B.(5/(N +|F
s Renl) ~Rer)) < 7 32 (00, moa, ) B/ +170)
17l < /B
2In((N +|F|)/é
P TG T Y
with probability at least 1 — §, and the result follows. O

A.7. Additional Material on Generalization via Algorithmic
Stability

A.7.1. Sliced Wasserstein

Corollary A.7.1. Consider the situation of Theorem A.4.2. Additionally, assume
S = RY, let (H,II) be the sliced 2-Wasserstein embedding, and assume that the
support of Ts#P? is contained in the set of log-concave distributions, and for (Q, y) ~
P, denote by ¥ the (a.s.) defined covariance matrix of ). We then have for all
0 € (0,1), with probability at least 1 — §, that

Yol In(M
Rep(frp ) < Rep, (fepA) + an (CdE HQ”M<)] )
2163 5, 1N In(1/8) 0% 5, Ikl%
yDf DO f
+ ()\ +Bz+|£!1,Bfo> on T N

where we defined By = ||k||m\/%, and Cq € Rsq is a universal constant that
depends only on d.

Proof. Let @ € M1(S) and M € Ny. According to Theorem 1 in [147], we have

[Eqlln(M)

Eggem [Ws(Q, 21[S])] < Cq % ,

875 is the usual coordinate projection onto S.
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where Cy € R+ is a universal constant that depends only on d. This implies that

ax <E(Q,S,z,/)~15 [HHQ - ﬂSHHD = Qi (E(Q,S,y)NP W (Q, /fL[S])])

[ZellIn(M)
< E|Cyy| ———~
= Q) ( M )
with «, defined in Theorem A.4.2. This result now establishes the claim. ]

A.7.2. Proof of the general result

Our proof follows the one of Theorem 14.2 in [141], adapted to the present distribu-

tional setting.

Proof of Theorem A.j.1. Define F : (XxY)N — Rby F(D) = Ryp(Lp)—Re.n(LD).
Let Ne Ny, De (X xYN 1<i<N and (%) € X x Y be arbitrary. Define
De (X x YN

~ D, ifn#1
" \@ ifn=i
and for all 1 <n < N, define also (Z,,yn) = D,. We then have
[F(D) = F(D)| = [Re.p(Lp) = Re,p(£p) — (Rep D(ﬁf)))\
N
< Re.p(Lp) = Repr(Lp)l + |5 ; (Tns Yns LD (7)) ZZ: Ty s L (Tn)

< / 0T1Q. y, £(T1Q)) — £(TIQ. y, £p(TIQ))|AP(Q. y)
N

+ % Uiy yi, Lo (2:) = U(F3, i, L5(8:) + Y @0y Yoy LD(@0)) = L(En, Gy L (En))

n=1

Z#
B N — N — B
< — — _
5N+N+ 5N (1+ I >5N+N C.

McDiarmid’s bounded difference inequality then shows that for all § € (0,1), we

342



A.7. Additional Material on Generalization via Algorithmic Stability

have with probability at least 1 — § that

Nln(1/4
Rer(Lp ) =Ryp (Lo ) SE[Rep(Lp ) =Ryp (Lp )] +C Nin(1/9)

We now bound upper bound the expectation in the preceding display. We have

E[Rep(Lp )~ Ryp (Lp )| = E[Rep(Ly ) =B s,p [(01S,y, Lp (19))]]

11

=I
+E [E(qs)~p |UT1S,9, L5 (T19)] =R, 5

11

(L5 )

}

=11

and bound the two terms separately. Observe that

Rep(Lp ) = Egyer [(11Q,9, L (TQ))] =B s, p [(T1Q,y, L5 (TQ))],

so we have

I=E[Egs,.p [(11Q,y,Lp (T1Q)) — LISy, Ly (119))]]
< E By~ |[1Q.9, Lp (1Q)) — £(T1S,y, L (T19))]]]
<E [E(g,s,)~p |(ITIQ - Hsnmﬂ

<a (E(Q,S,y)NP [HHQ - HSHHD :

where we used Jensen’s inequality together with the concavity of « in the last step.

We turn to term IL Let (SOV+1 x4 1) ~ P such that (SO y1), ..., (SVD yn11)
are i.i.d., and define D = ((S®,y2),...,(SW*+D yxn.1). Note that D and D have

the same distribution. We then have

1 N
= & 2 Epopen [(IS™, yo, Lo, (TT5))]
E

ppor [A0SW, 0, Loy (ASO)] = (B (SD . £, (115D
n=1,.. 7N
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which we can upper bound by

150 . £ (15D 15D 15— oSW, g1, L5 (fISD
ok |15, 5 (115 ))}+<S("J§’yn> (1615, g1, £, (T1SD)) — ISP, 1, L5, (1150
n=1,..., N n=1,..., N

< B [as®pcp @50)) o
(8™ y) "
n=1,...,N

= E [¢1IS,y, Lp. (IIS )
o & [0Sy, Lo, (TS)] + B

Furthermore, observe that

We now get

N
I'=Ep.pon [E(Q,S,y)fvﬁ (018, £p, (TS))] = ZE(HS("%ym%ﬂ(HS(”)))]

1
= Eppon [Egsyyp [(08,y, L0, (118))]] = Ep.pen [Ren, (£o,)]

< EDNfD@N I:]E(S’y)/\/ﬁ) [ﬁ(ﬁS, Y, ‘CDI:[ (ﬁs))}} - D,E‘,y) V(ﬁsv Y, ‘CDI:[ (ﬂs))] + /BN
= Ep (s, [((T1S.y, Lo, (I1S)) — LIS, y, Lo, (119))] + By

= Bn.

Altogether we have

E[Rep(Lp )~ Ryp (£p )] < a(Bgeyp [ITQ—T1Sl]) + Ay,

11

and the result follows. O

A.8. Conclusion

We continued the investigation of kernel-based statistical learning with distributional
inputs from the perspective of modern statistical learning theory. To the best of our
knowledge, we provided the first general oracle inequalities in this setting, comple-
menting the existing excess risk bounds for distributional regression using kernel

ridge regression. In particular, our analysis covers rather general loss functions en-
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coding a multitude of learning scenarios. Additionally, we provided generalization
bounds based on algorithmic stability, a result and setting which has not been an-
alyzed at all in the distributional learning literature. We formulated all of this in a
very general setup based on Hilbertian embeddings of probability distributions. On
the one hand, in this manner the kernel construction approach from [137] is appli-
cable, and on the other hand, our main results apply directly to any existing and
future embedding approach. For example, if appropriate estimation tools become
available, our results will be directly applicable to the recently introduced kernel
cumulant embeddings [37]. Finally, we provided specializations of our results to the
important cases of KMEs as well as the recent sliced 2-Wasserstein distances.
Many relevant questions are still open, and our results form the starting point
for a multitude of future investigations. First, while oracle inequalities can be used
to derive consistency results, in order to guarantee learning rates, one needs suit-
able assumptions to derive bounds on the approximation error function. Finding
such conditions in the present setting is an important open problem. Second, while
the setting of our main results is rather general, we need various boundedness as-
sumptions on the loss functions. Removing these assumptions, or replacing them by
clippability (cf. Chapters 2 and 9 in [189]), is another interesting problem. Third,
both of our oracle inequalities are based on classic arguments, and it is known, cf.
Chapter 7 in [189], that using more advanced tools from empirical process theory,
one can derive sharper oracle inequalities, which eventually can lead to better learn-
ing rates. We expect that this applies also in the distributional setting, and that the
resulting analysis approach for kernel ridge regression from [190] then provides an
alternative to the integral operator technique from [48], which so far was the main

focus in the distributional regression literature.

A.9. Comments

This chapter is taken mostly verbatim from [CF7]. This work arose from discussions
of the author with P.-F. Massiani in the context of a biomedical applications. Most
of the theoretical results have been developed by the author, with help from P.-F.

Massiani.
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Acronyms

BO
GP
HSKM
i.i.d.
IPS
IQC
KRR
LFR
LMI

LS

MAS
MPC

RKHS
RL

SVM

Bayesian Optimization

Gaussian Process

Hard Shape Constrained Kernel Machine
Independent and identically distributed
Interacting Particle System

Integral Quadratic Constraint

Kernel Ridge Regression

Linear Fractional Representation

Linear Matrix Inequality

Least-Squares

Multiagent System
Model Predictive Control

Reproducing Kernel Hilbert Space

Reinforcement learning

Support Vector Machine
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List of Mathematical Symbols

id

yX

N(p, ¥)

X is distributed according to P.

Expectation of random variable X

Gaussian process on X with mean function m, co-

variance function k

Identity matrix. If necessary, Iy makes dimension
N explicit.
Identity map. If necessary, idy makes the under-

lying set X explicit.

Set of all maps f: X =Y

Normal distribution with mean u, covariance ma-
trix X

Positive semidefinite ordering for self-adjoint ma-
trices or linear operators, i.e., B — A is positive

semidefinite

Real numbers

Nonnegative real numbers
Positive real numbers

RKHS with reproducing kernel k
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List of Mathematical Symbols

Var[X] Variance of random variable X
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