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Abstract

In recent years, the demand for machine learning and artificial intelligence has grown
rapidly. This has manifested itself in a drastic increase in the number of existing appli-
cations as well as in the pervasiveness of these applications. In these, different machine
learning methods have shown enormous empirical success in accurately capturing relations
between input and output variables that are far too complex to model them by hand or
by classic statistical methods. The present work takes a more analytical approach by
mathematically investigating what guarantees can be given for the behavior of one special
type of machine learning methods, namely kernel-based minimizers of a regularized risk
functional. These minimizers are also known as support vector machines (SVMs) in the
literature. In recent years, SVMs have been investigated in much detail, but there still
remain open questions.

The present work examines two properties of SVMs. First, SVMs are proven to exhibit
different types of consistency—mnamely risk consistency, L,-consistency and consistency
with respect to the norm in the underlying reproducing kernel Hilbert space—under mild
conditions. Surprising negative results occur when transitioning to so-called shifted loss
functions, which in many cases helps to eliminate certain conditions regarding the under-
lying (and in practice unknown) probability measure. It is shown that this elimination is
in general not possible for some of the results on consistency, but at the same time it is
also shown that alternative and in a certain sense less restrictive conditions regarding the
probability measure do in some cases suffice when using shifted loss functions. Secondly,
total stability of SVMs is investigated, which is related to classic statistical robustness.
Whereas the latter concept however only considers the effect of changes in the probability
measure P (respectively an empirical probability measure D,, in applications) on the re-
sulting SVM, total stability additionally takes into account the regularization parameter A
and the kernel & of the SVM and gives bounds on how much the resulting SVM can in the
worst case scenario change based on simultaneous variations in the whole triple (P, A, k)
respectively (D,,, A, k).

As SVMs can in practice suffer from their super-linear requirements regarding computa-
tion time as well as computer memory, localized SVMs are examined as well. The principal
idea behind localized SVMs is to not learn a single global SVM on the whole input space,
but to instead divide the input space into different regions and learn one local SVM in
each of these regions and then plug them together to obtain a predictor on the whole input
space. This approach reduces the number of data points used for computing each single
of the local SVMs and hence—because of the super-linear computational requirements—
reduces the overall computation time and space. Additionally, it can also yield advantages
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regarding the quality of the resulting predictions. Results on consistency as well as on total
stability are transferred to localized SVMs. Notably, the consistency results also allow for
regions that change as the size of the data set increases, and the total stability results also
consider the effect of changes in the regions.
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Kurzzusammenfassung

In den letzten Jahren ist die Nachfrage nach maschinellem Lernen und kiinstlicher Intel-
ligenz rasant angestiegen. Dies hat sich in einer drastischen Zunahme der Zahl der be-
stehenden Anwendungen sowie in der Verbreitung dieser Anwendungen niedergeschlagen.
Hierbei haben verschiedene Verfahren des maschinellen Lernens enorme empirische Erfolge
beim akkuraten Erfassen von Beziehungen zwischen Eingabe- und Ausgabevariablen ge-
zeigt, die deutlich zu komplex sind, um sie von Hand oder mittels klassischer statistischer
Methoden zu modellieren. Die vorliegende Arbeit verfolgt einen analytischeren Ansatz, in-
dem sie mathematisch untersucht, welche Garantien fiir das Verhalten einer speziellen Art
von Verfahren des maschinellen Lernens gegeben werden koénnen, nédmlich kernbasierten
Minimierern eines regularisiertes Risikofunktionals. Diese Minimierer sind in der Literatur
auch als Support Vector Machines (SVMs) bekannt. In den letzten Jahren wurden SVMs
detailliert untersucht, aber es gibt weiterhin offene Fragen.

Die vorliegende Arbeit untersucht zwei Eigenschaften von SVMs. Erstens wird bewiesen,
dass SVMs unter schwachen Voraussetzungen verschiedene Arten der Konsistenz aufwei-
sen — namlich Risiko-Konsistenz, L,-Konsistenz und Konsistenz beziiglich der Norm im
zugrunde liegenden reproduzierenden Kern-Hilbertraum. Beim Ubergang zu sogenannten
geshifteten Verlustfunktionen, welche in vielen Féllen beim Eliminieren gewisser Vorausset-
zungen an das zugrunde liegende (und in der Praxis unbekannte) Wahrscheinlichkeitsmafl
helfen, treten iiberraschende negative Resultate auf. Es wird gezeigt, dass dieses Eliminie-
ren bei manchen der Konsistenzresultate im Allgemeinen nicht moglich ist, aber gleich-
zeitig wird auch gezeigt, dass in manchen Fallen alternative und in einem gewissen Sinn
weniger restriktive Voraussetzungen beziiglich des Wahrscheinlichkeitsmafles bei der Ver-
wendung von geshifteten Verlustfunktionen gentigen. Zweitens wird totale Stabilitdt von
SVMs untersucht, welche verwandt mit klassicher statistischer Robustheit ist. Wahrend
letzteres Konzept jedoch nur den Effekt von Anderungen im Wahrscheinlichkeitsmafl P
(beziehungsweise in einem empirischen Wahrscheinlichkeitsmafi D,, in Anwendungen) auf
die resultierende SVM betrachtet, berticksichtigt totale Stabilitat zusatzlich auch den Re-
gularisierungsparameter A und den Kern k der SVM und gibt Abschétzungen dafiir, wie
stark die resultierende SVM sich bei gleichzeitiger Anderung des gesamten Tripels (P, \, k)
beziehungsweise (D,,, A, k) schlimmstenfalls &ndern kann.

Da SVMs in der Praxis unter ihren superlinearen Anforderungen hinsichtlich Rechen-
zeit und Computerspeicher leiden konnen, werden zusatzlich lokalisierte SVMs untersucht.
Die grundsétzliche Idee hinter lokalisierten SVMs besteht darin, nicht eine einzelne globale
SVM auf dem kompletten Eingaberaum zu lernen, sondern den Eingaberaum stattdessen in
verschiedene Regionen aufzuteilen und in jeder dieser Regionen eine lokale SVM zu lernen
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und diese dann zusammenzufiigen, um einen Pradiktor auf dem gesamten Eingaberaum
zu erhalten. Dieser Ansatz verringert die Anzahl der Datenpunkte, die fiir die Berechnung
jeder einzelnen lokalen SVM verwendet werden und reduziert somit — wegen der superline-
aren Rechenanforderungen — die Gesamtrechenzeit sowie den Platzbedarf. Zuséatzlich kann
er auch Vorteile hinsichtlich der Qualitat der resultierenden Vorhersagen liefern. Resultate
zur Konsistenz sowie zur totalen Stabilitat werden auf lokalisierte SVMs tibertragen. Hier-
bei werden bei den Konsistenzresultaten insbesondere auch Regionen zugelassen, welche
sich bei Zunahme der Grofie des Datensatzes verdndern, und bei den Resultaten zur totalen
Stabilitiat wird insbesondere auch der Effekt von Anderungen in den Regionen betrachtet.
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Chapter 1

Introduction

We live in “The Age of Big Data” as The New York Times already titled in 2012 (Lohr,
2012). Data has become available in vast amounts, be it data from digital sensors in
manufacturing and research processes as well as in products for private use such as smart-
phones and cars, or data supplied by end-users on the web by uploading content such as
images and by searching for specific products or answers on questions, or numerous further
sources. Naturally, companies as well as public organizations want to make use of this
“data flood” to “guide decisions, trim costs and lift sales” (Lohr, [2012)—or to just gener-
ally improve their performance. The question arises of how to make sense of the oftentimes
overwhelming amount of data and how to identify and extract that part of all the available
information that is relevant for the decision/prediction one tries to make—how to learn
from data?

Because of the vast amount of potential influencing factors and the potentially complex
relations, it quickly becomes impossible even for experts in their respective fields to de-
velop accurate models by hand. This is where statistical machine learning comes into play,
supported by the quickly increasing computational resources available. Informally, a char-
acterizing property of machine learning is “to let the system learn by itself (...) instead of
being programmed explicitly for the task” (Alpaydin| 2020, p. xix). A similar description
is given by calling machine learning a “field of study that gives computers the ability to
learn without being explicitly programmed” which Arthur Samuel is often accredited with
(see for example |Zhou, 2021], p. 22). Even though this exact quote can not be found in the
often referenced seminal paper by |Samuel (1959), it still captures the gist of that paper,
which played its part in Samuel popularizing the expression machine learning. A slightly
more formal definition is given by Mitchell (1997, p. 2): “A computer program is said to
learn from experience F with respect to some class of tasks T" and performance measure
P, if its performance at tasks in T', as measured by P, improves with experience E.”

These learning tasks can be manifold. [Samuel (1959) looked at the game of checkers
which—as a game—has the advantage of having very clearly defined rules and states.
Later, the success of machine learning algorithms in the games of chess and Go, beating
some of the world’s leading players in both games after some of these algorithms had been
given no information about the games apart from the rules, also reached a lot of attention
in mainstream media, see for example McFarland, (2016)), Gibbs| (2017). Machine learning



has however also been successfully applied in numerous problems that are not restricted to
the domains of games. A classic example is the recognition of handwritten letters, which
is a typical task that many university students have to implement themselves in their
machine learning courses. Nowadays, not only the recognition of written but also that of
spoken language is well advanced and is used as an everyday helper in many smartphones
or even whole homes in the form of voice assistants. Smartphones of course also use
machine learning in many more applications, like for example face detection in the camera
app. In medicine, machine learning helps to identify and predict diseases that a patient
has respectively might get in the future based on the patient’s blood levels, the results
of imaging methods such as magnetic resonance imaging, and further characteristics of
the patient. In cars, machine learning methods use the data stream coming from sensors
and cameras for accident prevention systems and even for autonomous driving. This short
list gives a first idea of how varied and omnipresent machine learning applications already
are and that this will only further increase in the near future—mot only in tasks which
are as apparent to the end-user but also in such that are hidden in internal processes of
companies.

The tasks can be formalized by introducing an input space X containing all potential
explanatory variables (such as the signals coming from the different digital sensors in an
autonomously driving car) as well as an output space ) containing the possible decisions
that can be made based on the input variables (such as the different angles that the wheels
of the car can get moved into) and an unknown probability measure P on X x ) describing
combinations of values from X and ) which can occur (such as possible signals from the
sensors and appropriate angles of the wheels that will not cause a crash). If we denote
by (X,Y) a pair of random variables with distribution P, the task consists of predicting
the value of Y based on that of X, that is finding a good predictor function f: X — Y,
while inflicting as few prior assumptions upon P as possible. In (supervised) machine
learning, the ezperience used for this task consists of input-output-pairs (z;,y;) € X x Y,
t=1,...,n for some n € IN, of observations sampled from P, which together form a data
set Dy, = ((x1,91),- -+, (Tn,yn)) € (X x Y)"[]] Finally, as the relation between X and Y is
usually not entirely deterministic but P allows Y to take different values for a given value
x € X of X, it is not always immediately obvious in which way one should aim to predict
Y based on X. The exact goal of prediction gets specified by the performance measure one
chooses and often consists of finding a function which estimates certain characteristics of
the conditional distributions P(-| X = z), x € X, of YEI like for example the function of
conditional means or that of conditional medians.

For approaching such machine learning tasks, a vast array of methods and corresponding
algorithms exists. An overview of various popular approaches to the learning problem is
for example given by the aforementioned books |Mitchell (1997)), Alpaydin| (2020)), Zhou
(2021)), but also by Devroye et al.| (1996)), Duda et al.| (2001)), Gyorfi et al.| (2002)), Clarke
et al. (2009), Hastie et al. (2009), Shalev-Shwartz and Ben-David| (2014]) among others. We

IThe data set is denoted as a tuple rather than a set as it is possible for the same input-output-pair to
occur multiple times.

2These conditional distributions are known to uniquely exist whenever we have J) C R closed (which
will be assumed throughout this thesis), cf. Remark



mostly focus on one special type of machine learning algorithms, namely that of computing
support vector machines (SVMs). Whereas SVMs had originally only been proposed for
classification problems using the so-called hinge loss function (cf. eq. ), for which
reason some authors still use the term SVM to describe only this special type of kernel-
based regularized risk minimizers, we use it in a broader sense allowing for arbitrary loss
functions and thus notably also covering regression problems. SVMs as well as the necessary
building blocks—some of them have already been mentioned here, such as loss functions,
risks, kernels and regularization—are described in Section , see also|Vapnik (1995, |1998),
Cristianini and Shawe-Taylor| (2000)), Scholkopf and Smola) (2002), |Cucker and Zhou| (2007)),
Steinwart and Christmann| (2008) for more detailed introductions. Additional references
providing useful properties of SVMs can also be found in Section [2.1]

SVMs are an important and popular tool in machine learning mainly due to two reasons:
First, they are known to possess many desirable theoretical properties such as universal
consistency, statistical robustness and stability, and good learning rates (see for example
the books mentioned in the previous paragraph). Secondly, they are the solutions of finite-
dimensional convex programs (cf.|Smola and Scholkopf], 2004) and empirically observe good
performance (cf. Klambauer et al. 2017; Paoletti et al., 2019) if the data set is not too large.
For large data sets, SVMs however suffer from their computational requirements growing at
least quadratically in the size of the data set D,,, with regards to both time and memory, cf.
Platt| (1998), Joachims| (1998)), Thomann et al.| (2017). For this reason, we do not only look
at “regular” SVMs but also at so-called localized SVMs, which—instead of computing one
SVM for the whole input space—divide the input space X into different regions,ﬁ] compute
a separate SVM in each of these regions, and then plug them together in order to obtain
a global predictor on all of X. By regionalizing the input space, the data set gets split
into several smaller regional data sets—as the size of D,, increases, it is usually reasonable
to also increase the number of regions, such that the regional data sets do only grow
slowly in size—and the computational requirements are therefore greatly reduced for large
data sets, see for example Thomann et al.|(2017). Additionally, localizing SVMs can also
yield improvements regarding the resulting predictions because the localization increases
the flexibility of the method and can potentially separate regions in which P(-| X = x)
takes very different shapes. Section defines these localized SVMs in more detail and
reviews existing publications on them. That section additionally mentions some alternative
approaches which can also reduce the computational requirements of SVMs, but which for
the most part do not yield the additional improvement of the predictions that localized
SVMs can yield.

This thesis is mainly concerned with two important theoretical properties of SVMs and
localized SVMs. First, Chapter |3| takes a look at their consistency, i.e. at whether (local-
ized) SVMs converge (in a suitable sense) to the “true” function one tries to estimate as
the size n of the data set D,, tends to infinity. As this is a very fundamental property for
any learning method, there already exist results for SVMs (see for example Christmann
and Steinwart, 2007, Theorem 12) as well as for localized SVMs (see for example Hable,
2013, Theorem 1, and Dumpert and Christmann) 2018, Theorem 3.1). These results are in

3These regions are often chosen in such a way that they constitute a partition of the input space.
However, most of the results from this thesis do not actually require the regions to be pairwise disjoint.



some sense generalized in Chapter [3. Additionally, all these results consider the same type
of consistency, namely risk consistency, cf. Section Whereas risk consistency is the
most widely-used type of consistency in machine learning theory and the one that is aimed
at by SVMs and localized SVMs by their definition, other types like L,-consistency and
consistency with respect to the norm in a Hilbert space (which are both also introduced in
Section can also be of interest as they compare the two functions—(localized) SVM
and “true” function—more directly. For this reason, results on these types of consistency
are derived as well. Notably and in addition to some further generalizations, the results
for localized SVMs, contrary to those from Dumpert and Christmann| (2018)), also allow
the underlying regions to change as the size n of D,, increases and, contrary to those from
Hable (2013)), do not assume any specific method for obtaining the regions. Note that this
thesis does not investigate the rates of these types of convergence, but instead focuses on
deriving consistency under mild conditions.

Afterwards, Chapter 4| investigates total stability of SVMs and localized SVMs. The
expression “total stability” is based on the paper Christmann et al.| (2018) and bears
resemblance to the notion of statistical robustness, which is concerned with guaranteeing
that small changes in the data (such as a small amount of outliers or slight changes in
a potentially large part of the data set) will only lead to small changes in the resulting
predictor. Such changes in the data may always occur in practice, for example due to
measurement and rounding errors. Rounding inaccuracies can obviously lead to small
changes in a large part of the data set, and it is hence apparent that this type of changes in
the data is of great practical relevance. On the other hand, outliers constitute a common
occurrence as well: “[A]ltogether, 1-10% gross errors in routine data seem to be more the
rule rather than the exception” (Hampel et al., 1986, p. 28). Hence, it is obvious from
the exemplary machine learning tasks given earlier in this introduction that robustness
is a desirable property for machine learning methods such as (localized) SVMs: In an
autonomous car, changes in a few pixels of the output of a camera (for example because of
some dirt on the camera) should not lead to a completely different resulting angle of the
wheels. Similarly, when using blood levels and other patient data for diagnosing diseases,
rounding these values in a slightly different way should not yield a completely different
result. There exists a multitude of publications on statistical robustness of SVMs and also
some on that of localized SVMs (see Section . Our considerations, however, are more
closely connected to those by (Christmann et al.| (2018]) who additionally took into account
that SVMs also depend on certain hyperparameters (cf. Section , which in turn are
usually not predefined but instead depend on the data set D,, themselves. As changes in
these hyperparameters can therefore be a consequence of changes in the data, one would
hope that SVMs are stable with respect to them as well. |Christmann et al.| (2018)) proved
that this is indeed the case and used the expression “total stability” for this. Chapter 4| first
considerably generalizes results from that paper, before then transferring them to localized
SVMs. For these, the effect of changes in the underlying regionalization is considered as
well.

Chapter [3|is partially taken from the peer-reviewed papers Kohler| (2024aib)) that were
published in Neurocomputing and Journal of Machine Learning Research respectively.
Chapter [4] on the other hand is partially taken from the peer-reviewed paper Kohler and



(Christmann| (2022) that was published in Journal of Machine Learning Research. Both
chapters do however also contain previously unpublished results.







Chapter 2

Support Vector Machines and
Localized Support Vector Machines

This chapter gives a short introduction, first to support vector machines (SVMs) and
then to localized SVMs. Both of these are examined regarding different properties in the
subsequent chapters. Throughout this chapter, the following is assumed to hold true:

Assumption 2.0.1. Let (X, A) be a measurable space and let ) C R be closed.

Remark 2.0.2. Throughout this thesis we usually refrain from explicitly stating the o-
algebra A and instead just speak of the measurable space X to shorten the notation as
long as the exact shape of A is not relevant or A is obvious from context. When speaking
of probability measures on measurable spaces, we usually also omit explicitly stating the
o-algebra, thus for example speaking of probability measures on X instead of on (X, .A4).
On Cartesian products of measurable spaces, we always assume the product o-algebra if
not specified differently. On measurable subsets X C X, we always assume the o-algebra
A= {S C X|S € A} if not specified differently. A metric space (S, ds)—we will often
have S C R? for some d € IN—is always assumed to be equipped with its Borel o-algebra Bg
if not specified differently. To once more shorten the notation, we usually do not explicitly
state the metric dg and instead just speak of the metric space S.

Remark 2.0.3. Y C R being closed will be assumed in all main chapters and is known to
imply that ) is a Polish space (Bauer, 2001, p. 157). If P is a probability measure on
X x Y, the (regular) conditional distributions P(-| X = x), z € X, hence uniquely exist
and it is possible to split P into a marginal distribution P* on X and these conditional
distributions (Dudley, 2004, Theorems 10.2.1 and 10.2.2).

With a slight abuse of notation, we sometimes just write P(-|X) when discussing
P(-| X =), x € X, in the remainder of this thesis.

2.1 Introduction to Support Vector Machines

SVMs have been an important method in machine learning for many years now. After
important groundwork had been laid in the preceding decades (notably see [Vapnik and



Lerner, [1963; Vapnik and Chervonenkis, |1964), SVMs as they are known today have been
proposed in the 1990s by Boser et al. (1992), |Cortes and Vapnik| (1995) among others.
Whereas the concept of SVMs had only been proposed for binary classification tasks (with
the two classes being denoted as “—1” and “+1”, i.e. with output space ) = {—1,+1})
in these papers, Vapnikl (1995)), Drucker et al.| (1996)), Vapnik et al.| (1996) among others
generalized it to regression tasks, sometimes calling the resulting method support vector
regression in order to differentiate it from SVMs for classification. We however call both of
these SVMs—as it is the case in many publications nowadays—since the definition given
in this section covers both cases.

In the following, Section gives a definition of SVMs and Section formally
defines kernels and reproducing kernel Hilbert spaces, which are needed for SVMs. Sec-
tion then recalls some properties of the building blocks of SVMs that will be useful in
later chapters. Further detailed introductions to SVMs can for example be found in [Vap-
nikl (1995, 1998), |Cristianini and Shawe-Taylor| (2000)), Scholkopf and Smolal (2002), Cucker
and Zhou| (2007, Steinwart and Christmann| (2008, with Sections to mostly
using the definitions and notation used by [Steinwart and Christmann| (2008). Lastly, Sec-
tion recalls the concept of shifted loss functions and the advantages they can bring
to SVMs.

2.1.1 Definition of Support Vector Machines

SVMs tackle the problem of (supervised) statistical machine learning described in the
introduction. That is, the goal is to find some function f: X — R relating an input
random variable X taking values in X to an output random variable Y taking values in
Y C R and predicting the value of Y based on that of X. To decide for a predictor f, the
quality of predictions f(x) has to be assessed. This can be done using loss functions.

Definition 2.1.1 (Loss Function). A function L: X x Y x R — [0,00) is called a loss
function (or just loss) if it is measurable.

For a predictor f, the value L(z,y, f(x)) can then be interpreted as the loss or cost
associated with predicting f(z) while the true output belonging to x is y. In order to not
only assess single predictions f(z) but instead the whole predictor f, one has to look at
the average loss this predictor produces, i.e. the expectation of L.

Definition 2.1.2 (Risk). Let L: X x Y xR — [0, 00) be a loss function, P be a probability
measure on X x ), and f: X — R be a measurable function. Then,

Rep(f) = /

XxY

L.y, f()) dP(e,g) = [ [ L.y, f(2)) dP(y |2) dP¥ (a)

is called L-risk (or just risk) of f with respect to P [l

4Splitting P into marginal distribution P¥ and conditional distribution P(-| X) is possible because of

Remark and Assumption [2.0.1}



In practice, the true distribution P is usually unknown and the predictor f is learned
on the basis of a training data set D,, = ((z1,y1), .-, (Zn,Yn)) € (X x V)" of n € IN i.i.d.
observations sampled from P. The associated empirical distribution is given by

1 n

Z 6(%‘7%‘) ’

=1

D, :
n
with d,) denoting the Dirac distribution in (z,y) € & x Y. This leads to the following
important special case of Definition [2.1.2}
Remark 2.1.3 (Empirical Risk). Let D,, be the empirical distribution associated with the
training data set D,,. Plugging D,, into Definition yields the empirical L-risk (or just
empirical risk)

n

Rip,(f) = [ L.y, F@) dDu(e,y) = > Llrs v fa1).
XXY ni

The learning goal can be formalized as finding a function whose risk (i.e. expected
loss/cost) with respect to the true distribution P underlying the data is as small as possible.
Ideally, one would hope to find a measurable function that minimizes Ry p. In practice,
this is usually not possible because of P being unknown, all information about P stemming
from the data set D,,. Still, it is apparent that this minimizer of the risk as well as the
minimal risk itself both play an important role.

Definition 2.1.4 (Bayes Risk). Let L: X x Y x R — [0,00) be a loss function and P be
a probability measure on X x ). Then,

pp=inf{Rrp(f)]f: & = R measurable}

is called Bayes L-risk (or just Bayes risk) with respect to P. Any measurable Jip: X =R
satisfying Ry p(f7p) = R p is called a Bayes function.

For some loss functions, the Bayes functions correspond to easily interpretable character-
istics of the conditional distribution P(- | X). That is, the learning goals specified by these
loss functions correspond to learning these characteristics of P(- | X). Prime examples of
this include the least squares loss

LLS: XX:VXR—)[0,00), (xvyat)}_)(y_t)Qa

where the associated risk gets minimized by the function z — E [Y|X = z| of conditional
means (cf. Gyorfi et al., 2002, Section 1.1), and the (7-)pinball loss

1—-7)-(t—y) ,ify<t,

. (2.1)
T (y—1) Jify >t

LT-pin: X ny R — [07OO>7 (l’,y,t) H{

for 7 € (0,1), where the associated risk gets minimized by the function of conditional 7-
quantiles (cf. Koenker| 2005, Sections 1.3 and 1.4)E| As quantiles are in general not unique,
the latter is an example for Bayes functions also not always being unique.

5See also page [49| for further details and references on the pinball loss.
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Figure 2.1.1: Example of overfitting for the least squares loss and data generated according
to P* being the uniform distribution on (0,10) and P(-| X = z) being the normal distri-
bution A (z,1). The function represented by the solid line exhibits empirical risk 0 on the
training data but does—in contrast to the Bayes function—mnot yield good predictions for
unseen data coming from the same distribution. Here, the Bayes function is just the linear
function defined by f; p(z) = x because of the underlying conditional distributions being
symmetric about that function.

Now, trying to find a function whose risk (with respect to P) is as small as possible, ideally
equal to the Bayes risk, based on the training data set D,, comes with the problem that not
every function observing a small empirical risk on the finite data set D,, also offers good
generalization to unseen data coming from P and will therefore yield good predictions for
such unseen data (even though, by the law of large numbers, R p, (f) of course converges
to Rpp(f) for each single measurable f as n — 00). By just minimizing the empirical
risk, one often runs into the problem of overfitting the function to the training data, for
example just interpolating the points from D,, and thus obtaining empirical risk 0, but not
accurately capturing the structure underlying the data, see for example Figure [2.1.1]

In order to circumvent overfitting, one can add a regularization term penalizing functions
that are overly complex in a suitable sense, see also [von Luxburg and Scholkopf| (2011}, Sec-
tion 7) for more details on the idea behind regularization. For SVMs, the minimization is
performed not over all measurable functions but only those from some reproducing kernel
Hilbert space (RKHS) H over X and the penalty term is the squared H-norm of the func-
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tion multiplied by some positive constant A > 0, the so-called reqularization parameter,
controlling the amount of regularization. RKHSs as well as some of their properties are
described in more detail in Section [2.1.2] For now, it suffices to know that RKHSs over X
can be seen as special Hilbert spaces consisting of functions f: X — R, and that RKHSs
can be associated to a so-called kernel k: X x X — R on X and possess certain useful prop-
erties. RKHSs can be large enough to approximate every continuous function arbitrarily
well and to contain functions separating arbitrary compact disjoint sets in the binary clas-
sification setting (cf. Steinwart and Christmann) 2008, Definition 4.52, Proposition 4.54,
Corollary 4.58), but can still be handled well in practice because of not being too large
and having a useful structure for representing their elements (see also Lemma [2.1.10[(iv)).
This yields the following definition of SVMs:

Definition 2.1.5 (Support Vector Machine). Let L: X xY xR — [0, 00) be a loss function
and P be a probability measure on X x ). Let k be a kernel on X with RKHS H and let
A > 0. Then,

fLpak = arg ]}glg Rep(f)+ A Hf“i]

is called support vector machine (SVM).

Remark 2.1.6 (Empirical Support Vector Machine). In practice, the probability measure
in Definition [2.1.5]is usually the empirical distribution D,, associated with the data set D,,.
Plugging D,, into Definition yields the empirical SVM

JLDuAk = arg}g}gRL,Dn(f) + M fll = arg;g}f{ﬁ ;L(Imyuf(xi)) + Ml

In the considerations regarding consistency in Chapter [3], it is necessary in many results
to think of the empirical SVM not as a fixed function depending on the observed data
D, = ((x1,21),- -, (xn,ys)) but instead as a random function depending on the random
variables (X1,Y1),..., (X, Ys) Lig P, which the data points are realizations of. Since
it will be clear from the context whether the SVM needs to be thought of as a random
function, we will not introduce separate notation for this and instead also denote it by
JLDw A

Even though one usually needs empirical SVMs in practice, Definition[2.1.5]defines SVMs
for general probability measures, most notably also for the true distribution underlying D,,,
which is useful for theoretical considerations. To distinguish the latter from an empirical
SVM, it is also called theoretical SVM. Furthermore, when contrasting SVMs with the
localized SVMs introduced in Section [2.2] we sometimes also call them global SVMs or
reqular SVMs in order to emphasize the difference.

SVMs are known to possess many desirable theoretical properties under mild assump-
tions. These include existence and uniqueness as well as statistical robustness—making
them the solutions of a well-posed problem in Hadamard’s sense (Hable and Christmann,
2011)—, risk consistency and the existence of representation theorems, see for example the
references given at the beginning of Section [2.1, Further active research is performed on
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learning rates of SVMs, that is, on how quickly the convergence of the risks of empirical
SVMs to the Bayes risk takes place. Because of the no-free-lunch-theorem (Devroye, 1982]),
such learning rates cannot be derived without imposing assumptions on the unknown true
distribution P. Learning rates under different conditions on P have for example been de-
rived by (Caponnetto and De Vito| (2007)), Steinwart et al. (2009)), Mendelson and Neeman
(2010), |[Eberts and Steinwart| (2013), Hang and Steinwart| (2017)), Fischer and Steinwart
(2020). Some additional references regarding consistency and robustness (and general sta-
bility) are given in Chapters [3| and 4| respectively, where new results on these properties
are derived.

It is worth mentioning that there also exist several learning methods that are closely re-
lated to SVMs, such as pairwise learning. Pairwise learning uses loss functions depending
on not only a single input-output tuple (z,y) and a prediction f(z) but instead on pairs
((z,y), (¢/,y)) and either a prediction f(x,z’) or a pair of predictions (f(x), f(2')). This
approach is popular for different tasks. One such task is distance metric learning (Wein-
berger and Saul, 2009; Bellet and Habrard, 2015} |Cao et al., 2016]), where it is natural to
look at pairs of instances because metrics work on pairs of instances as well, and where
the learned metric can then be used to obtain predictions by learning methods such as
k-nearest neighbors. Another important application of pairwise learning is that of ranking
tasks, in which one aims at learning how different instances are ranked relatively to each
other (Clémengon et al., [2008; Agarwal and Niyogi, 2009; |Zhao et al., [2017). In principle,
one could approach such tasks by trying to learn a real-valued function of scores belonging
to the individual instances. As the precise values of such scores would however not contain
any inherent meaning and as only the pairwise comparisons of such scores are of impor-
tance, it is also natural to consider pairwise learning for such tasks. See also |Christmann
and Zhou (2016), |Ying and Zhou| (2016), Huang and Wu (2021)), |(Gensler and Christmann
(2022)) among others (with [Ying and Zhou, 2016, combining pairwise learning with online
learning) for general considerations on pairwise learning that do not focus on any specific
task such as distance metric learning or ranking.

2.1.2 Kernels and Reproducing Kernel Hilbert Spaces

This section gives a short overview of RKHSs and the associated kernel functions. We
however only state those properties that are necessary for later chapters, thus of course
not giving an extensive introduction. For more detailed descriptions of RKHSs and kernels,
see for example |Aronszajn| (1950)), Berlinet and Thomas-Agnan (2004), |Saitoh and Sawano
(2016)) as well as Steinwart and Christmann (2008, Chapter 4), from which most definitions
and results from this section are taken. The results can for the most part however also be
found in the other references.

We start by giving a definition of kernels, which are associated to RKHSs and which
are useful for working with the functions contained in the RKHSs and describing them.
As we are only interested in R-valued and not in C-valued kernels, the subsequent defini-
tion actually comprises two equivalent characterizations (Steinwart and Christmann, 2008,
Definition 4.1 and Theorem 4.16), which will both be useful in later chapters.
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Definition 2.1.7 (Kernel). Let X be a non-empty set. Then, a function k: X x X - R
is called a kernel on X if one of the following two equivalent conditions is satisfied:

(i) There exists an R-Hilbert space H, called feature space of k, and a map &: X — H,
called feature map of k, such that

k(z,2") = (®(x), ®(2")) g Ve,o' € X.
(ii) k is symmetric, i.e.
k(z,2") =k(z',z) Vz,2' eX,

and positive definite, i.e.

m

> k(i ;) >0 VmeN,a,....,am €R, 21,...,2;, € X.

i=1j5=1

Looking at the first part of this definition, the evaluation of a kernel can be interpreted as
first mapping the inputs into a potentially high-dimensional (or even infinite-dimensional)
Hilbert space H via ® and then computing the inner product of these H-valued repre-
sentations of the inputs. By choosing a suitable kernel, these computations in H can
be performed without ever explicitly moving to this potentially high-dimensional space,
thus circumventing the drastic increase in computational demands coming from the high
number of dimensions. Notably, this can even be done without knowing &, i.e. without
knowing how the transformation to H is done. This is also known as the kernel trick and
is described in detail by [Scholkopf et al.| (1998]) but had already been used in early papers
on SVMs such as Boser et al.| (1992), Cortes and Vapnik| (1995).

Now, by the Riesz-Fréchet representation theorem (see |Dudley, 2004, Theorem 5.5.1)
each element h € H can be one-to-one associated to a linear function g: H — R by
defining g(h') = (h, W)y for all K’ € H. Hence, it is also possible to associate each h € H
to a function f: X — R by defining f(x) = (h,®(x))y for all z € X, which is not
necessarily linear in x because of possible non-linearities coming from ®. As SVMs are
elements of certain Hilbert spaces (cf. Definition , they can therefore be seen as not
necessarily linear functions on X which can be obtained by only looking at linear functions
on H—without even being required to explicitly perform computations in H because of
the kernel trick. In contrast to the relation between elements from H and linear functions
on H, the relation between elements from H and functions on X is however not one-to-one
in general. On the one hand, not all functions on X can be represented by elements from
H. This can be mitigated by choosing H large enough that most functions can at least
be closely approximatedﬂ On the other hand, it is also possible that multiple elements
from H all represent the same function on X. This gets circumvented by not choosing
any possible combination of feature space and feature map, but instead the combination of

SIn practice, H is not chosen freely but instead as the RKHS (cf. Definition [2.1.8) of a suitable kernel.
However, popular kernels such as the Gaussian RBF kernels have RKHSs that are large enough to, for
example, approximate all continuous functions arbitrarily well, cf. Example [2.1.12
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reproducing kernel Hilbert space (see Definition and the so-called canonical feature
map (see Remark . For reproducing kernel Hilbert spaces, we also give two different
definitions in the following, which are equivalent by Steinwart and Christmann| (2008,
Lemma 4.19, Theorem 4.20, Theorem 4.21).

Definition 2.1.8 (Reproducing Kernel Hilbert Space). Let X be a non-empty set and let
H be an R-Hilbert space consisting of functions mapping from X into R. H is called a
reproducing kernel Hilbert space (RKHS) over X if one of the following two equivalent
conditions is satisfied:

(i) For all x € X, the Dirac functional
0. H—=R, f— f(x)
is continuous.

(ii) There exists a kernel k on X satisfying k(-,z) € H for all x € X as well as the
reproducing property

f@)=(f,k(,2)n
forall fe Hand z € X.

Remark 2.1.9 (Canonical Feature Map). In the situation of the second part of Defini-

tion 2.1.§
O X - H,z— O(x) =k(-,2)

is called canonical feature map of k. By |Steinwart and Christmann| (2008, Lemma 4.19),
the RKHS H and ® together form a possible combination of feature space and feature map
of k. Whereas in general there exist many possible such combinations, the relation between
kernel and RKHS is one-to-one (Steinwart and Christmann, 2008, Theorems 4.20 and 4.21)
and the RKHS is in some sense the smallest feature space of the kernel (Steinwart and
Christmann|, 2008, Theorem 4.21). For these reasons, RKHS and canonical feature map
form a canonical choice of feature space and feature map, which we always use if not
specified differently, and H is also called the RKHS of k and £ the (reproducing) kernel of
H.

The subsequent lemma summarizes several interesting properties of kernels and their
RKHSs that are useful for later chapters. For this, we define

k]|, = ilelg VE(z, ) (2.2)

for kernels £ on X and call k£ bounded if ||k|| ., < oco. Note that this definition of ||k||_
coincides with the square root of the general definition of the supremum norm when applied
to kernels, cf. Cucker and Zhou| (2007, p. 22).

Lemma 2.1.10. Let k be a kernel on X with RKHS H.
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(i) If k is bounded, then
A loe < 111 1Rl
forall f € H.

(11) Let Q be a probability measure on X. Ifk is bounded and measurable, then H C L,(Q)
for allp € [1,00].

(tii) If X is a separable topological space and k is continuous, then H is separable.

(iv) The set

Hpe = {i k(- z;)

=1

meN, a,...,a, € R, xl,...,xmeX}
is dense in H. For f =", a;k(-,x;) € Hpe, we have

A1 =203 cvoyk(zs, ;) -

i=1j=1

Proof.

(i) See|Steinwart and Christmann| (2008, Lemma 4.23).

(ii) Follows from part (i) and |Steinwart and Christmann| (2008, Lemma 4.24) because
/112, < IIfll« for all measurable functions and all p € [1, oo].

(ili) See|Steinwart and Christmann| (2008, Lemma 4.33).

(iv) See Steinwart and Christmann| (2008, Theorem 4.21). O

Also note that empirical SVMs based on convex loss functions (cf. Definition
always lie in Hpye from Lemma [2.1.10|iv), see [Steinwart and Christmann| (2008, Theo-
rem 5.5).

The next lemma concerns RKHSs of multiples of kernels. This result and its proof are
taken from the peer-reviewed paper Kohler and Christmann| (2022) that was published
in Journal of Machine Learning Research. We suppose that the result might be well-
established, but we still give the proof because we did not explicitly find it in any literature
preceding Kohler and Christmann| (2022).

Lemma 2.1.11. Let Q # 0. Let k: Q x Q — R be a kernel with RKHS H. Let o > 0
and define the kernel k: Q x Q — R by k = ak. Then, H = H equipped with the norm
|17 = ﬁ || is the RKHS of k.

Proof. Let ®: Q — H, x — k(-,x) be the canonical feature map of k. By Remark [2.1.9]

we obtain

ke, o) = ak(z,2) = a (B(x), ®()) ; = (Vad(z),Vad(z) ~— Vo' €Q,
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and hence % is indeed a kernel whose feature space and feature map can be chosen as H
and ® = /a®d respectively.

Now, let f € H be arbitrary but fixed. Because H is the RKHS of k, the reproducing
property vields that g == o~ /2 f € H satisfies

(980 = ( VD)) == f0)  VoEn 2.3)
va i

Hence, [Steinwart and Christmann| (2008, Theorem 4.21, eq. (4.10)) yields that H == H
equipped with a suitable norm is indeed the RKHS of k. To derive the norm, note that g
is actually the only element of H satisfying because for each h € H with h # g, there
needs to exist at least one x € ) such that

f(x) = Va-g(z) # Va-h(z) = Va- (h,®(@))n = (b, &(x))n

Steinwart and Christmann| (2008, Theorem 4.21, eq. (4.11)) therefore yields

£l = int {||ll; | h € H with f = (b, ®())n } = | [l - O

1
91l = NG |
Even though there exist many useful kernels, the one that is probably the most popu-
lar choice for SVMs and related machine learning methods is the Gaussian RBF (radial
basis function) kernel, for which reason this kernel will also appear in several examples
throughout this thesis and also in some results in later chapters.

Example 2.1.12 (Gaussian RBF Kernel). Let X C R? for some d € IN. For v € (0, c0),
the Gaussian RBF kernel (or just Gaussian kernel) k, on X with bandwidth v is defined
by

J— / 2
ky: X XX = R, (z,2") — exp (—W) .
The RKHS of k, is large enough to approximate all continuous functions as well as all
functions from L,(Q)-spaces (where Q is a probability measure on X') arbitrarily well, cf.
Steinwart and Christmann| (2008, Definition 4.52, Corollary 4.58, Theorem 4.63). The con-
tinuity of k., additionally implies the separability of its RKHS (see Lemma [2.1.10(iii)) and,

if X and ) are both equipped with their respective Borel o-algebras, also the measurability
of k.

Note that one does in practice usually not predetermine the exact kernel before learning
an SVM. Instead, a typical course of action is to predetermine some set of kernels and
then perform cross-validation to choose the kernel yielding the best prediction from this
set. For example, one might decide on using a Gaussian RBF kernel and then choose a
suitable bandwidth v by performing cross-validation for all bandwidths from some grid
of values. As cross-validation can be time-consuming, there exist approaches to speed it
up by suitable approximations, see for example |[Liu et al| (2020). In addition, Ying and
Zhou (2007), Xiang and Zhou (2009), Xiang (2013), Hu and Zhou (2021) (with the last
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one additionally considering distributed learning, see Section among others directly
include the choice of v in their optimization problemg| respectively choose v depending
on the size of the training data set and derive theoretical results such as learning rates by
incorporating this flexibility of v in their analyses. This approach is in parts motivated
by [Smale and Zhou/ (2003) who showed that fixed Gaussian RKHSs can—depending on
J7 p—exhibit approximation errors that decay only logarithmically with respect to the
regularization parameter A. Lastly, Lanckriet et al. (2004)), Micchelli and Pontil| (2005)),
Ong et al. (2005), Wu et al| (2007), |Ying and Campbell (2009), |Cortes et al. (2010),
Liu and Liao| (2015), |[Lv et al| (2021) among others investigate learning the kernel for
more general classes of kernels. The exact investigated framework differs between the
mentioned papers, many however coincide in actually learning a convex combination (or
sometimes a more general linear combination) of a set of base kernels. To achieve this,
Ong et al| (2005) take the conceptually particularly interesting approach of introducing
so-called hyper reproducing kernel Hilbert spaces—RKHSs whose elements are kernels
again—and associated hyperkernels. These different approaches are also known as multi-
kernel learning, and |Gonen and Alpaydin| (2011)) give an extensive review of many of the
approaches that existed at that point in time.

2.1.3 Some Additional Properties of Loss Functions and Risks

This section can be viewed as giving a collection of notation and properties regarding loss
functions and risks that will be useful in later chapters. Most of these are taken from
Steinwart and Christmann| (2008]).

Definition 2.1.13 (Properties of Loss Functions). Let L: X x ) x R — [0, 00) be a loss
function.

(i) L is called convex if L(z,y,-): R — [0,00) is convex for all (z,y) € X x V.
(ii) L is called continuous if L(z,y,-): R — [0,00) is continuous for all (x,y) € X x ).

(iii) L is called differentiable if L(x,y,-): R — [0, 00) is differentiable for all (z,y) € X'x Y.
In this case, L'(x,y,to) denotes the derivative of L(z,y,-): R — [0,00) at ¢, € R for
(x,y) € X x V.

(iv) L is called Lipschitz continuous if there exists a constant ¢ > 0 such that

sup |L(z,y,t1) — L(z,y,t0)| < - |t — ta] Vit € R.
(z,y)EXXY

The smallest such constant is denoted by |L|; and called Lipschitz constant of L.

In practice, one almost always uses convex—and hence also continuous—Iloss functions
as this is needed to guarantee uniqueness of the SVM and also makes SVMs the solutions
of convex programs, which makes their calculation computationally feasible because of

"In contrast to cross-validation, v can not only be chosen from a discrete set of possible values in these
optimization problems.
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one being able to apply known results and methods for such convex programs, see for
example |Smola and Scholkopf (2004) (some theoretical results will however also hold true
without the convexity). Lipschitz continuity will be of special importance in the stability
results from Chapter [4, but is not satisfied by the popular least squares loss. On the
other hand, whereas the least squares loss is differentiable, this is not satisfied by other
popular choices such as the pinball loss or the e-insensitive loss (cf. Figure . In such
non-differentiable but still convex cases, the concept of a subdifferential will be useful. The
following definition slightly simplifies the definitions found in books on convex analysis
such as Rockafellar| (1972, Chapter 23) because we only need subdifferentials with respect
to one-dimensional arguments.

Definition 2.1.14 (Subdifferential).

(i) Let f: R — R be convex. Then, the subdifferential of f at ry € R is defined by

Of(ro) = {3 € R‘f(r) > f(ro)+s-(r—r) forall r € IR} :

(ii) Let L: X x Y xR — [0,00) be a convex loss function. Then, dL(x,y,ty) denotes the
subdifferential of L(x,y,-): R — [0,00) at £y € R for (z,y) € X x V.

(i) Let L: X x Y x R — [0,00) be a convex loss function, and let g: X x ) — R and
f: X — R be functions. We say that g is from the subdifferential of L with respect
to fif g(x,y) € OL(x,y, f(x)) for all (z,y) € X x Y.

The loss function controls the exact goal of prediction by specifying how different devi-
ations between true output y and prediction f(x) are penalized. The two loss functions
already introduced in Section (least squares loss and pinball loss) coincide in the
structure of how this deviation is measured, namely by taking the difference between true
output and prediction. Such loss functions are also called distance-based, are typically used
in regression tasks and will be of special importance in Chapter

Definition 2.1.15 (Distance-Based Loss Function). A loss function L: X xY xR — [0, 00)
is called distance-based if there exists a representing function ¢: R — [0, 00) satisfying
¥(0) = 0 and L(x,y,t) = ¢¥(y —t) for all (z,y,t) € X x Y x R. If ¢(r) = ¢(—r) for all
r € R, then L is called symmetric.

Let p € (0,00). A distance-based loss L: X x ) x R — [0, 00) with representing function
Y is of

(i) upper growth type p if there is a constant ¢ > 0 such that ¢¥(r) < c¢(|r|? + 1) for all
reR.

(ii) lower growth type p if there is a constant ¢ > 0 such that ¢(r) > ¢|r|? — 1 for all
r e R.

(iii) growth type p if L is of both upper and lower growth type p.
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Figure 2.1.2: Representing function ¢ for some popular distance-based loss functions.

Since the first argument does not matter in distance-based loss functions, we often ignore
it and write L: ) x R — [0,00) and L(y,t) instead.

Even though distance-based losses are typical for regression tasks, some of them, like the
least squares loss, are also popular choices for classification tasks, see for example |Gyorfi
et al.| (2002, Section 1.4). As an example of a distance-based loss, the least squares loss is
of growth type 2 whereas many other common loss functions for regression tasks, like the
pinball loss, logistic loss, e-insensitive loss or Huber loss, are of growth type 1. For some of
them, the associated representing functions are plotted exemplarily in Figure 2.1.2] The
properties examined in later chapters show that the higher growth type sometimes leads
to slightly more restrictive conditions regarding P (cf. Chapter |3/ and also Remark
and sometimes even to results not being applicable at all (cf. Chapter [4)) when using for
example the least squares loss.

As many results from later chapters will specifically investigate such distance-based
loss functions, some additional properties of them and their associated risks are needed.
As a start, the subsequent lemma links properties of such loss functions to those of the
respective representing functions. This lemma for the most part coincides with [Steinwart
and Christmann| (2008, Lemma 2.33).

Lemma 2.1.16. Let L: Y xR — [0, 00) be a distance-based loss function with representing
function ¥: R — [0, 00).
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(i) L is convex if and only if 1 is conver.
(ii) L is continuous if and only if 1 is continuous.

(iii) L is Lipschitz continuous if and only if ¢ is Lipschitz continuous. In that case, we

have |L|; = |¥|1.

Proof. See |Steinwart and Christmann| (2008, Lemma 2.33). The equality of the two Lip-
schitz constants in (iii) easily follows because

sup | L(y,t1) — Ly, t2)| = sup [¥(y — t1) — ¥ (y — t2)]
yey yeY

< SUE V- [y —t1) —(y—ta)| = [¥]1- [th — 2] Vi, €R
ye

and
[(r1) = Y(r2)| = |L(0, =r1) — L(0, =r3)| < |L|y - |11 — 72| Vr,ra €R. O

Additionally, the growth type of a distance-based loss function can be linked to its
Lipschitz continuity:

Lemma 2.1.17. Let L: Y xR — [0, 00) be a distance-based loss function with representing
function ¢: R — [0, 00).

(i) If L is Lipschitz continuous, then it is of upper growth type 1.
(ii) If L is convex and of upper growth type 1, then it is Lipschitz continuous.

(iii) If L is convex and there exist r— < 0 and ry > 0 such that ¥(r_),¢(ry) > 0, then L
is of lower growth type 1.

(iv) If L is of lower growth type 1, then there exist r— < 0 and ry > 0 such that
U(r-),(ry) > 0.

Proof.
(i)+(ii) See Steinwart and Christmann| (2008, Lemma 2.36).

(iii) See Steinwart and Christmann| (2008, Lemma 2.36) and additionally observe that
limy,| 00 ¥(1) = 00 gets implied by the existence of r_ < 0 and r; > 0 such that
Y(r-),¥(ry) > 0 because ¢ is convex (which follows from L being convex, cf.

Lemma [2.1.16]) and 1(0) = 0 by definition of distance-based losses.

(iv) Let r— := —2 and r := +2 with ¢ being the constant from the definition of lower
growth type 1. Then,
2
PY(ro)>c-|——|—1=1>0,
c
and analogously ¥ (ry) > 1> 0. O
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Remark 2.1.18. In practice and in most theoretical results, one almost always uses convex
loss functions, see also the discussion subsequent to Definition [2.1.13] By parts (i) and (ii)
of Lemma [2.1.T7] Lipschitz continuity and upper growth type 1 are two properties that
can then be used interchangeably if the loss is distance-based. Additionally, it is obvious
that, for useful distance-based losses, there should exist r_ < 0 and r, > 0 such that
Y(r-),¥(ry) > 0. By also considering parts (iii) and (iv), Lipschitz continuity can hence
even be seen as equivalent to growth type 1 for the relevant distance-based loss functions.

Finally, the growth type can also be used to bound different useful quantities by each
other. For this, we need two additional definitions.

Definition 2.1.19 (Nemitski Loss Function). A loss function L: X x Y x R — [0, 00) is
called Nemitski loss function if there exists a measurable function b: X x ) — [0, 00) and
an increasing function h: [0, 00) — [0, 00) such that

L(z,y,t) < b(x,y) + h(|t]) V(z,y,t) e X x Y xR.

If there exists p € (0,00) and a constant ¢ > 0 such that h(|t|) = c|t|” for all £ € R, then
L is called Nemitski loss function of order p.

If P is a probability measure on & x ) such that [y, b(z,y)dP(z,y) < oo, then L is
called P-integrable Nemitski loss function.

P-integrable Nemitski loss functions can for example be useful for guaranteeing the
finiteness of Ry p(f) for all bounded functions f, like for example those from the RKHS of
a bounded kernel, cf. Lemma[2.1.10[i). We furthermore need the following definition which
can be thought of as describing the heaviness of the tails of the conditional distribution
P(-| X), averaged over the distribution P~ of X:

Definition 2.1.20 (Average p-th Moment). Let P be a probability measure on X x ) and
let p € (0,00). The average p-th moment of P is defined by

o= ([ wparey) "= ([ [ e ar | apse)

Lemma 2.1.21. Let L: Y x R — [0,00) be a distance-based loss function, let P be a
probability measure on X x Y and let p € (0, 00).

1/p

(i) If L is of upper growth type p and |P|, < oo, then L is a P-integrable Nemitski loss
of order p.

(it) If L is of upper growth type p, there exists a constant cr,, > 0 independent of P such
that, for all measurable f: X — R,

Rip(f) < crp- (IPE+IF px,+1) -
(7ii) If L is convex and of upper growth type p with p > 1, then for all ¢ € [p — 1, 00| with

q > 0 there exists a constant cr,,, > 0 independent of P such that, for all measurable
f:X—=>Randg: X - R,
Rep(f) = Rep(g)l
- -1 -1
<crpg ([P + NI oxy + g1 oy 1) - IF = all, o) -

q—p+1
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() If L is of lower growth type p, there exists a constant ¢, > 0 independent of P such
that, for all measurable f: X — R,

PP < crp- (Rep(f) +IFI o, + 1)

and

I8 oy < e (Ree() + [P +1).

Proof. See Steinwart and Christmann, (2008, Lemma 2.38). ]

Remark 2.1.22 (Moment Condition). Looking at the definition of SVMs, it is important
that the RKHS H contains at least one function with finite risk. Lemma 2.1.21] is the
reason why many results for distance-based loss functions of growth type p € (0,00) will
impose the easier to interpret moment condition |P|, < oo upon P instead:

(i) If |P|, < oo and L is of upper growth type p, then part (ii) of Lemma yields
Rrp(0) < oo and hence any RKHS H contains a function with finite risk. If on the
other hand |P|, = co and L is of lower growth type p, then part (iv) of Lemma
yields Ry p(0) = oo.

Therefore, |P|, < 0o is equivalent to Rz p(0) < oo if L is of growth type p.

(ii)) If p > 1 and H is the RKHS of a bounded and measurable kernel (for example
the Gaussian RBF kernel, cf. Example , then Lemma (ii) implies that
H C Lp(PX ) and the preceding can be strengthened to the following:
If |P|, < oo and L is of upper growth type p, then part (ii) of Lemma even
yields Ry p(f) < oo for all f € H. If on the other hand |P|, = co and L is of lower
growth type p, then part (iv) of the lemma even yields Ry p(f) = oo for all f € H.
Therefore, |P|, < 0o is equivalent to the existence of an f € H with finite risk and
also to all f € H having finite risk if L is of growth type p.

As a counterpart to distance-based loss functions, which are based on the difference
between true output and prediction and are typically used in regression tasks, so-called
margin-based loss functions constitute a second important type of loss functions, which
are instead based on the product of true output and prediction and are typically used in
(binary) classification tasks.

Definition 2.1.23 (Margin-Based Loss Function). A loss function L: X x Y x R — [0, 00)
is called margin-based if there exists a representing function ¢: R — [0,00) such that
L(x,y,t) = o(yt) for all (z,y,t) € X x Y x R.

Similarly to distance-based losses, the first argument can also be ignored in margin-based
loss functions. Even though margin-based losses will, in contrast to distance-based ones,
not play a special role in this thesis (i.e. there are no results only applicable to margin-based
losses), we still include their definition because of the general importance of this subtype of
loss functions for binary classification. As mentioned at the beginning of Section SVMs
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had originally been developed only for such binary classification tasks with ) = {—1, +1}.
In these early publications, the hinge loss

Lyinge: X x Y xR —[0,00), (z,y,t) — max{0,1 — yt} (2.4)

had been used, which is still among the most popular choices for such tasks. Further note
that the least squares loss is also often used for binary classification tasks and can actually
also be interpreted as being margin-based because Lis(y,t) = (y —t)? = (1 — yt)? holds
true for all (z,y,t) € X x Y x R for Y = {—1,+1}.

Finally, we give some useful additional definitions and lemmas that are not only appli-
cable to distance-based or margin-based loss functions. As an auxiliary tool for analyzing
risks, it is sometimes useful to only look at the inner integral from Definition and
define a specific notation for this.

Definition 2.1.24 (Inner Risk). Let L: X x Y x R — [0,00) be a loss function, P be a
probability measure on X x Y, x € X and t € R. Then,

CLp(o)a(t) = /y L(z,y.t) dP(y | z)

is called inner L-risk (or just inner risk) of ¢ at « with respect to P.

Definition 2.1.25 (Inner Bayes Risk). Let L: & x Y x R — [0, 00) be a loss function, P
be a probability measure on X x ) and x € X. Then,

CLp(|o)e = IECLp( a).2(1)

is called inner Bayes L-risk (or just inner Bayes risk) at x with respect to P.

The following lemma shows that using the expression “inner Bayes risk” is justified
because integrating over CE,P(~\$)J indeed yields the Bayes risk, which will be useful in
some proofs.

Lemma 2.1.26. Let X be a complete measurable space, L: X x Y x R — [0,00) be a loss
function, and P be a probability measure on X x Y. Then, x > CZ,P(_‘ s measurable
and we have

R*L,P = /XCZ,P(M),QC dPX(x)-

),z

Proof. See Steinwart and Christmann, (2008, Lemma 3.4). O

Furthermore, the property of convexity gets transferred from loss functions to risks as
well as inner risks. For this, denote by Ly(&X') the set of all measurable functions f: X — R.

Lemma 2.1.27. Let L: X XY xR — [0,00) be a convex loss function and P be a probability
measure on X x Y. Then, Rpp: Lo(X) — [0,00] is convex and Cpp(.|2): R — [0,00] is
convex for all x € X .
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Proof. See [Steinwart and Christmann| (2008, Lemma 2.13) for the convexity of Ry p. For
x € X, the convexity of Cp p(.|)» holds true because for all ¢1,t, € R and 6 € [0, 1], we
have

CLp( oy (6t + (1 0)ts) = /y L(,y, 0t + (1 0)tz) dP(y | 2)

< /y L(w.y,t0) dP(y| ) + (1= 0) [ L(z.y.t2) dP(y| )
=0-Crp(|a)a(ti) + (1 =0)-CrLp(|2)a(t2)

due to the convexity of L. O]

2.1.4 Shifted Loss Functions

Looking at the definition of SVMs as minimizers of the regularized risk, it is apparent that
the existence and uniqueness of SVMs can only be guaranteed if the RKHS H contains at
least one function with finite risk (see also Steinwart and Christmann, 2008, Lemma 5.1
and Theorem 5.2) and that this assumption will also be required for more advanced results
on SVMs. There are different ways to ensure such an element of H exists. For example,
for distance-based loss functions of upper growth type p € (0,00), the moment condition
|P|, < oo can be used, which does not only guarantee the existence of such an f € H but is
even equivalent to it under slight additional assumptions, see Remark [2.1.22] However, this
moment condition imposes an assumption on the probability measure P which excludes
heavy-tailed distributions such as the Cauchy distribution and which can in general not
even be verified because of P being unknown. To try to circumvent this problem, we use
shifted loss functions, which have been applied in robust statistics for a long time, see for
example Huber| (1967)) or Huber| (1981, Chapter 3).

Definition 2.1.28 (Shifted Loss Function). Let L: X x Y xR — [0, 00) be a loss function.
Then,

L*: X xYxR—=R, (z,y,t) = L(x,y,t) — L(x,y,0)

is called the shifted loss function associated to L.

The corresponding risks, inner risks and SVMs as well as properties of shifted loss func-
tions such as convexity or Lipschitz continuity can be defined analogously to how this was
done for regular loss functions, for which reason we do not repeat these definitions here.

Even though this shift of the loss function does not seem to really change anything at first
glance, Christmann et al.| (2009)) showed that it can indeed be used to eliminate the moment
condition from many results on SVMs in the case of L being Lipschitz continuous (which is
basically equivalent to L being of growth type 1 if it is distance-based, cf. Remark [2.1.18).
They observed that

Rip(f) < Ll [Ifllp,ex) +[EL-[Ph Ve Lo(X),
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from which the finiteness of the risk can only be guaranteed under the moment condition
|P|; < oo when using L, while at the same time

R p(D <ILL- gy V€ Lo(X), (2.5)

which means that the moment condition is not needed when using L*, since Rp-p(f) is
finite for all f € Li(PX) even if [P|; = co. Also note that L* and R p can—in contrast
to L and R p—also take on negative values and it is therefore not only necessary to have
Rr-p(f) < oo for at least one f € H but also Rp«p(f) > —oo for all f € H in order
to guarantee existence and uniqueness of the SVM fr.p yj (see also Christmann et al.|
2009, Theorems 5 and 6). As however bounds the absolute value of Ry« p(f), one can
conclude that using shifted loss functions looks promising when combining a Lipschitz con-
tinuous loss with a bounded and measurable kernel because the latter by Lemma [2.1.10(ii)
guarantees that H C L;(P*) and hence that the right hand side of is finite for all
feH.

Indeed, (Christmann et al.[(2009) showed that many of the results on the desirable prop-
erties that regular SVMs possess can be transferred to SVMs using shifted loss functions
without needing the moment condition that was required in the non-shifted case. In addi-
tion to the already mentioned existence and uniqueness, these results include a representer
theorem as well as results on risk consistency and robustness. Moreover, the use of shifted
loss functions is justified in that the loss gets shifted by a fixed amount (independently of
the prediction that is plugged in), for which reason this shift does not change the learning
goal, which gets reaffirmed by the following:

Lemma 2.1.29. Let L: X x Y x R — [0,00) be a loss function and let L* be its shifted
version. Let P be a probability measure on X XY, let H be an RKHS over X and let A > 0.
If R p(0) < oo, then

Jrepak = fLPAk-

Proof. See |Christmann et al. (2009, p. 314). O

Finally, the following lemma tells us that certain properties of loss functions and the
respective properties of the associated shifted loss functions can be used interchangeably,
for which reason it will for example not matter which of L and L* we require to be convex
or Lipschitz continuous in the results from later chapters.

Lemma 2.1.30. Let L: X x Y x R — [0,00) be a loss function and let L* be its shifted
Version.

(i) L is convex if and only if L* is conver.

(7i) L is Lipschitz continuous if and only if L* is Lipschitz continuous. Furthermore, we
have |L|; = |L*|;.

Proof. See |Christmann et al.| (2009, Proposition 2) for the one direction. The other direc-
tion follows analogously. O
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Because of the sketched advantages, Chapter 4] will only investigate SVMs using shifted
loss functions. Because of Lemma [2.1.29] the results from that chapter are however also
valid for SVMs using regular loss functions whenever the risk of the zero function is finite.
Chapter [3| takes a slightly different approach in that it investigates SVMs using regular loss
functions and those using shifted ones separately, which is due to the surprising observation
that the main advantage of shifted loss functions—eliminating the moment condition when
working with Lipschitz continuous losses—does actually not come into effect completely
for some of the results from that chapter.

2.2 Introduction to Localized Support Vector
Machines

Whereas SVMs possess many desirable theoretical properties, as reviewed in Section [2.1.1]
they suffer from their computational requirements growing at least quadratically in the size
of the training data set, see for example |Platt| (1998), Joachims (1998), Thomann et al.
(2017). One of the possible approaches to reduce this computational complexity is local-
ization, which can additionally offer some advantages regarding the quality of prediction
as well. Section starts by giving a quick overview of some other existing approaches
and then gives an informal introduction to the idea behind localization as well as stating
the mentioned additional advantages. Afterwards, Section formalizes the approach
by mathematically defining localized SVMs and introducing some notation that is needed
in later chapters.

Parts of Section coincide with the introduction already given in the peer-reviewed
paper Kohler| (2024a;, Section 3.1) that was published in Neurocomputing.

2.2.1 Localized Learning and Other Approaches to Deal with a
Large Amount of Data

There exist different approaches to reduce the computational complexity of SVMs. A pop-
ular such approach is online learning by stochastic gradient descent, which tackles the high
computational demands by only looking at a single training point respectively only a small
batch of training points at a time and updating the learned predictor iteratively (Smale
and Yao, 2000; Ying and Zhou, 2000}, |Dieuleveut and Bach| [2016} |[Lin and Rosasco| 2017;
Ying and Zhou, |2017). Note that some of the referenced publications deviate further from
the SVM approach by omitting the explicit regularization via A ||f]| ﬁ{, which gets justified
by noting that the step size used by the gradient descent algorithm serves as a form of
implicit regularization. Another approach is to find a suitable low-rank approximation to
the kernel matriz by smaller matrices (and hence effectively reducing the size of the prob-
lem) by performing column subsampling (Williams and Seeger}, [2000; Bach, 2013} |El Alaoui
and Mahoney, 2015; |[Rudi et al., 2015, for example using the Nystrom method. Instead of
approximating the kernel matrix, one can also approximate the whole kernel function by
random features and obtain a low-dimensional feature representation, through which it is
possible to efficiently find a good predictor (Rahimi and Recht|, 2007 |Sriperumbudur and
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Szabd, 2015; Rudi and Rosascol, 2017} [Liu et al., [2022; [Mei et al, 2022)). A popular type of
random feature approximation is using random Fourier features, which can be applied to
a large class of kernels (including the Gaussian RBF kernels). This type of random feature
approximation makes use of Bochner’s theorem, stating that each kernel on R? that is
shift-invariant (i.e. k(x,y) = k(x +t,y + 1) for all z,y,t € R?) and continuous can be seen
as the Fourier transform of a finite measure on R? (Wendland, 2005, Theorem 6.6) respec-
tively even of a probability measure if one scales the kernels properly, and approximates the
Fourier transform—and hence also the kernel—by sampling from said probability measure
and plugging this sampled data into the integrand of the Fourier transform. Further,
compare the column subsampling approach (more specifically, the Nystrom
method) with the random features approach (more specifically, random Fourier features),
and [Rudi et al.| (2017)), Meanti et al.| (2020]) combine multiple of the mentioned approaches.

Closer to the localized approach are, however, methods that decompose the available
data set into m € IN subsets and train m “small” SVMs on these subsets instead of a single
“large” one on all of D,,, which can substantially reduce the training time as well as required
storage space because of the aforementioned super-linear computational requirements of
SVMs. This can for example be done by means of distributed learning, which randomly
splits D,, into subsets, trains an SVM on each such subset, and then averages the resulting
m SVMs in order to obtain the final predictor (Christmann et al.,|2007; |Zhang et al., 2015;
\Guo et all [2017; [Lin et all, 2017; Mtcke and Blanchard), 2018} [Sun and Wul, [2021}; [Liu and|
Shi 2024)

In the localized approach, one also trains SVMs on subsets of D,,, but the split of D,
is now obtained in a spatial way—based on some regionalization of the input space X—
instead of randomly. Following early theoretical investigations of such localized approaches
(Bottou and Vapnik, [1992; Vapnik and Bottou, [1993), different methods for obtaining the
required regions have been examined. One such method is the use of decision trees, see for
example Bennett and Blue| (1998), Wu et al.| (1999), Tibshirani and Hastie| (2007)), Chang|
et al] (2010). Among these, |Chang et al. (2010) generate the tree by splitting the data in
an axis-parallel way, whereas the other three articles all propose using an SVM for each
decision in the tree. This difference is due to Bennett and Blue| (1998)), Wu et al.| (1999),
Tibshirani and Hastie| (2007) mainly aiming at improving the accuracy of the predictor,
whereas |Chang et al. (2010) also want to reduce the training time. |Cheng et al. (2010),
and Han| (2013) on the other hand split the training data into clusters based on variants of k-
means and then train an SVM on each resulting cluster, and other articles propose k-nearest
neighbors (KNN) methods for obtaining the regionalization. Here, we have to differ between
those approaches that measure distances for selecting the k nearest neighbors in the input
space X' (Zhang et al.) 2006; Hable, 2013)) and those that measure them in the feature
space H (Blanzieri and Bryl, 2007; Blanzieri and Melgani, 2008; |Segata and Blanzieri,
. One drawback of such kNN methods is their usually slow and computationally
intensive prediction phase, which is due to them having to compute a new SVM in the
k-neighborhood of each test point during the prediction phase. Even though each of these
SVMs is only based on k data points instead of the whole training data set, this still
considerably slows down the prediction phase if a large amount of predictions has to be
made. |Segata and Blanzieri (2010)) mitigate this problem by slightly adapting the kNN
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approach to instead train an SVM on the k-neighborhood of each training point during
the training phase and then use the SVM belonging to the single closest training point for
predicting the output to a test point.

In comparison to distributed learning, all these localized approaches have the disadvan-
tage that, no matter which method of regionalization is chosen, the process of regionalizing
the input space clearly also takes some time for large data sets—albeit considerably less
time than just training an SVM on the whole data set—, thus making the computational
gain of such a localized approach in the training phase smaller than that of distributed
learning. However, localization usually also results in a significantly faster prediction phase,
that is a significantly faster evaluation of the resulting predictor for test samples—in com-
parison to not only regular SVMs but also to the distributed approach. Whereas one has
to evaluate each of the m different SVMs (and then average the results) in distributed
learning, it suffices to evaluate the one SVM belonging to the region of the test sample
in localized learning (if the regions do not overlap). Comparing the localized approach to
regular SVMs on the other hand, one obtains from the empirical representer theorem (see
Steinwart and Christmann|, 2008, Theorem 5.5) for SVMs that

n
foank = Y aik(-, z;)
=1

for ay,...,a, € R. Depending on L, different lower and upper bounds on the number of
a; # 0 can be derived, see for example |Steinwart| (2003)). For simplicity of the argument,
consider a loss function for which «; # 0 for all i € {1,...,n} holds true almost surely, such
as the logistic loss for classification, see|Steinwart and Christmann| (2008, Proposition 8.30).
In this case, one has to evaluate n kernel functions in order to evaluate the SVM frp, -
For the localized approach on the other hand—if we assume for simplicity that each of the
m subsets that D, is split into has approximately the same size, that is size n/m—one only
has to evaluate those approximately n/m kernel functions belonging to training samples
from the region of the test sample (if the regions do not overlap).

Several of the referenced publications on localized SVMs also include experimental anal-
yses of how much the respective methods of localization reduce the computation time in
comparison to regular SVMs. For example, (Chang et al. (2010) compared their decision
tree based localized SVMs DTSVM (among some other approaches) to regular SVMs on
different medium-size data sets (ca. 10,000 to 500,000 samples, using about two thirds of
them for training) and observed drastic reductions in training time, especially for the larger
ones among these data sets. Depending on how the training of SVMs was implemented, the
training time for the largest data set was reduced by a factor of almost 3,700 or even 5,800
(Chang et al 2010, Figures 5 and 10). At the same time, DTSVM exhibited comparable
or even increased test accuracy over regular SVMs (Chang et al., [2010, Figures 6 and 11)
and also drastically reduced testing time (Chang et al.; [2010, Table 4). Additionally, they
also took a look at some large-size data sets (ca. 600,000 to 5,000,000 samples), for which
they could not perform a comparison with regular SVMs because of them requiring an
excessive amount of training time and memory, but showed that DTSVM is able to still
perform well on such large-size data sets. Similarly, [Segata and Blanzieri| (2010) compared
different variants of their kNN based localized SVMs with regular SVMs on different data
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sets containing ca. 50,000 to 1,000,000 data samples and also observed decreased training
and testing times (by factors ranging up to ca. 100 for the variant FaLK-SVM, which
was the one observing the highest test accuracy) as well as comparable or even increased
test accuracy (Segata and Blanzieri, 2010, Tables 5-7). |Gu and Han| (2013) performed
similar comparisons for their k-means based localized SVMs CSVM (as well as for some
other approaches), however only for data sets containing only ca. 3,000 to 60,000 training
samples—which were however high-dimensional, consisting of up to 784 features. Even for
these comparatively small data sets, CSVM exhibits training times that are considerably
lower than those of regular SVMs (called “kernel SVM” in their tables), by factors of up
to almost 130, while at the same time yielding comparable test accuracy (Gu and Han,
2013, Tables 2 and 3). In all of these three publications, the library LIBSVM (Chang and
Lin) 2011) was used for computing SVMs. Thomann et al.| (2017)) on the other hand used
their own library 1iquidSVM (Steinwart and Thomann, [2017) and looked at large training
data sets of up to almost 10,000,000 samples. They showed that localized SVMs based on
the Voronoi partition approach that is built into 1iquidSVM can be computed in few hours
and yield good test accuracy (as with the large-size data sets used by (Chang et al.| (2010)),
it was of course not feasible to also compute regular SVMs for such large data sets in order
to compare them). Additionally, by using not only a single but instead multiple machines,
they succeeded in obtaining good results in just a little over one day of combined training
and testing time even for an enormous training data set consisting of 32,000,000 samples
in 631 dimensions—whereas among the other data sets used in the four papers mentioned
in this paragraph, there was none that had more than 54 dimensions and at the same time
more than 240,000 samples.

Even though the exact training and testing time depends on the method chosen for
localization as well as on the exact implementation and therefore differs between these
publications, they all observed a drastic reduction compared to the computation time of
regular SVMs. In addition to this computational gain, localizing the SVM approach can
also yield advantages regarding the quality of prediction—compared to distributed learning
as well as regular SVMs: Whereas the underlying true function, which one aims to estimate,
can of course exhibit discontinuities, SVMs based on a continuous and bounded kernel such
as the commonly used Gaussian RBF kernel from Example [2.1.12] are always continuous
(and bounded) themselves (Steinwart and Christmann) 2008, Lemma 4.28). This can lead
to SVMs not accurately modeling the true function near such discontinuities, but instead
greatly oscillating and overshooting—an effect that is also known from Fourier series, where
it is called the Gibbs phenomenon, cf. |Hewitt and Hewitt| (1979). Additionally, in global
learning approaches like SVMs, the complexity of the predictor is usually controlled globally
by a very small amount of hyperparameters—in the case of SVMs by the regularization
parameter A and potentially by hyperparameters of the kernel, for example the bandwidth
v of the Gaussian RBF kernel. Hence, an accurate prediction can be difficult for such global
approaches if the complexity and variability of the true function, or that of the conditional
distributions P(Y | X = x), greatly differ between different areas of the input space X,
even if the true function does not exhibit any discontinuities. Both of these problems
can be overcome by the use of localized methods, as a good regionalization can split the
input space into separate regions at (or at least close to) discontinuities and such that the
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Figure 2.2.1: A global SVM (left plot) and a localized SVM (right plot; splits between the
regions at x = 3 and = = 6) fitted to the same data which was generated according to
the plotted true function and some normally distributed error. The global SVM (slightly)
overshoots at the discontinuity at x = 3 and oscillates too much for x < 6 because the
underlying hyperparameters have to be chosen in a way that also allows for a reasonably
good fit for > 6, where the true function oscillates very quickly. The localized SVM does
not exhibit these problems and yields a considerably better fit overall. [This is a minimally
modified version of a figure that was first published in Kohler| |2024a/]

complexity and variability do not change too much throughout the individual regions.
To exemplify the increased quality of prediction that can be the result of localizing, we
take a look at the following toy example:

Example 2.2.1. Let X = R and P* = 2/(0,10) be the uniform distribution on (0, 10).
Let Y = R and let the output y € Y be obtained by adding an N (0, 0?)-distributed error
to

0 Jifx <3
flz) =12 L if3 <2 <6
2+ sin(15(z — 6)) - 225, else.

We computed a global SVM as well as a localized SVM—with fixed regions capturing the
pattern in the data by splitting the regions at z = 3 and x = 6—for different values of o
and of the training set size n. The SVMs were all based on the 0.5-pinball loss function
L 5.pin, for which reason the Bayes function is the function of conditional medians, which
coincides with the underlying function f because of the symmetry of the additive error
terms. Figure exemplarily depicts the resulting predictors for ¢ = 0.5 and n = 3,000
and shows that the localized SVM does indeed yield a considerably better fit to the Bayes
function f than the global SVM does.

We further computed such global and localized SVMs for all o € {0.01,0.1,0.5,1} for
n = 2,000 as well as for n = 8,000 and estimated the associated risks based on 10,000
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n 2,000 8,000 n 2,000 8,000
o glob. loc. | glob. loc. o glob. loc. | glob. loc.
0.01 1.95 036 | 1.37 0.34 0.01 0.15 0.02 | 0.04 0.02
0.1 3.82 049 196 0.13 0.1 0.34 0.08 | 0.08 0.02
0.5 1532 5.02| 7.18 1.63 0.5 1.50 1.04 | 0.53 0.37
1 42.26 18.52 | 14.10 5.96 1 530 3.95| 1.63 1.35

(a) Medians (b) Median absolute deviations

Table 2.2.1: (a) Medians and (b) median absolute deviations of the excess risks of global
and localized SVMs in the situation of Example for different combinations of ¢ and
n, based on 1,000 iterations of training a global respectively a localized SVM for each
combination. To improve the readability and ease comparisons between the different com-
binations, all excess risks were multiplied by the factor 1,000.

test data points. We repeated this 1,000 times for each combination of ¢ and n in order
to minimize the effect of chance and to also get an estimate of the variation in the risks.
The computations were performed in R Statistical Software (R Core Team) 2022, v4.2.2)
using the library 1iquidSVM (Steinwart and Thomann) 2017)) for computing the SVMs. We
computed the excess risks

RLOﬁ—pinvP (g) - Rzo,5_pm,P = RLO.S—pith (g) - RLOﬁfpinvP(f)

for g being the respective global SVM as well as for g being the respective localized SVM
and collected the results in Table [2.2.1] (medians and median absolute deviations) and
Figure (box plots)ﬂ Whereas the exact values of the excess risks of course differ
between the different combinations of o and n—increasing as ¢ increases and decreasing as
n increases (note that the scaling of the box plots differs between the different combinations
of o and n as the box plots for small o and large n would be barely identifiable otherwise)—,
the overall shape of the localized SVMs possessing lower excess risks than the global SVMs
is always very similar, for which reason the results affirm the observations from Figure[2.2.1]
Note that the box plots even show that for five of the eight examined combinations of o
and n (those with ¢ € {0.01,0.1} and the combination of ¢ = 0.5 and n = 8,000), the
worst excess risk of a localized SVM was still better than the best excess risk of a global
SVM in these 1,000 repetitions.

The intuition of localized SVMs also being able to improve regular SVMs with regard to
the quality of prediction gets affirmed mathematically by Blaschzyk and Steinwart| (2022)),
who, in the case of using the hinge loss for classification, derive learning rates exceeding
those known for regular SVMs. Whereas most of the papers on localized SVMs mentioned
in the preceding paragraphs focus on the experimental analysis of a specific method of
localization, Blaschzyk and Steinwart| (2022)) constitutes an example of a paper deriving
theoretical results and additionally not requiring any special method of localization (instead

8In both displays, we multiplied all observed excess risks by the factor 1,000 in order to move to a scale
that makes quick comparisons between the different values easier.
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Figure 2.2.2: Box plots of the excess risks of global and localized SVMs in the situation
of Example for different combinations of o and n. Each box plot is based on 1,000
iterations of training a global respectively a localized SVM. To improve the readability and
ease comparisons between the different box plots, all excess risks were multiplied by the
factor 1,000.
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only requiring the resulting regionalization to satisfy certain conditions). There are several
papers taking a similar approach and also deriving learning rates for such localized SVMs,
with [Thomann et al.| (2017) also using the hinge loss, Meister and Steinwart| (2016]), [Miicke
(2019) investigating least squares regression, and Hamm and Steinwart| (2022)) considering
both for a specific method of localization. |Carratino et al.| (2021) also examined least
squares regression, but regionalized the feature space instead of the input space and com-
bined localization with other techniques like column subsampling. Additionally, [Dumpert
and Christmann| (2018)), Dumpert (2020) proved that localized SVMs are risk consistent
(which in some aspects gets considerably generalized in Section as well as statistically
robust.

2.2.2 Definition of Localized Support Vector Machines

To formally define localized SVMs, one first needs to split the input space X into different
regions. The set of regions is called a regionalization:

Definition 2.2.2 (Regionalization). A regionalization of X’ of size A € N is a set X =
{&X1, ..., X4}, where Xy, ..., X4 C X are non-empty and measurable and satisfy UaA:1 X, =
X. The sets X,, a=1,..., A, are called regions. X is called a partitioning regionalization
if Xy,..., X4 are pairwise disjoint.

Remark 2.2.3. Throughout this thesis, it is assumed that a regionalization is on hand and
properties of the resulting localized SVMs are examined. How to obtain such a regional-
ization in a sensible way is of course important as well, but not the topic of this thesis,
and we refer to the references given in Section for more information on finding a good
regionalization.

We impose different additional assumptions on the regionalizations in the sections deriv-
ing results for localized SVMs (Sections [3.4and [£.4), all of them however being rather mild.
Note that a regionalization does in general not need to be partitioning, but the regions can
instead also overlap. The applied regionalizations being partitioning is required only in
Section [4.4.2] For comparing two localized SVMs that are based on different localizations,
the combined regionalization can be useful:

Definition 2.2.4 (Combined Regionalization). The combined regionalization X7 , of two
regionalizations X'y == {X11,..., X1 4, } and Xo = {AXs1,..., Ap 4,} of X' is defined as

Xl =14, ..., A5}
= { X0 N X, | Xa, € X1, Ko, € X2} \ {0}
In order to define SVMs on the different regions, one first needs to find suitable measures

on these regions: Given some region X C X and some probability measure P on & x J, it
suggests itself to define a local measure on X x Y by

0 , else.

(2.6)
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Note that this obviously is a probability measure only if P(/'\N’ x YY) > 0. For an empirical
measure D,, associated to a data set D,, .= ((x1,91), ..., (Tn,yn)) € (X x V)", this definition
of (D,,) 3 yields exactly the same measure as first choosing the subset (D) 5 == D,N(X x))
and then constructing the associated empirical measure. Given a regionalization X =
{X,..., X4}, further denote by Py = (Px,,...,Px,) the vector of corresponding local
measures. These local measures can be used to define local SV Ms.

Definition 2.2.5 (Local Support Vector Machine). Let L: X x ¥ x R — [0, 00) and P be
a probabiligy measure on X x ). Let X C X be non-empty and measurable. Let k be a
kernel on X with RKHS H and let A > 0 Then,

_Jarginfrep Rep () + AIfll5 L P(X xY) >0,
fL’PX’/\’k "o else

is called local SVM on X.

Note that a local SVM is just a regular SVM on the region X if P(./'f’ x Y) > 0 holds
true. In some situations, it is required that all local SVMs are indeed SVMs, which leads
to the following definition:

Definition 2.2.6 (Positive Probability Measure on Regionalization). For a regionalization
X = {X,..., X} of X, a probability measure P on X x ) is called positive on X if
P(X,xY)>0forallae{1,...,A}.

Now, all that remains to do, is to plug the local SVMs on the different regions together
in a suitable way in order to obtain a global predictor. For this, they first need to be
extended such that they are defined on all of X. For X C X and a function g: X — R,
denote its zero-extension to X by

glx) ,ifzeX,
0 , else.

g:)(—>]R,x>—>{

Similarly, zero-extensions of kernels and probability measures will also be needed in
later chapters and are denoted by the (*)-notation as well: If k: X x X — R is a kernel on
X C X, denote

k(z,z') ,if z,2' € X,

ki X x X =R, (z,2) —
0 , else.

By Meister and Steinwart| (2016, Lemma 2) this indeed defines a ke~rnel on X. f X x)Yis
equipped with the o-algebra / and Q is a probability measure on X' x Y for a measurable
X C X, denote

Q: F—=1[0,1,8-Q(Sn (X xV)) .

Lastly, as the regions of a regionalization X = {X,..., X4} are not necessarily pairwise
disjoint, the influence of the different local SVMs on the resulting global predictor needs
to be controlled pointwisely by means of weight functions w,, a = 1,..., A, associated
with the regionalization. Throughout this thesis, we impose the following three standard
assumptions on such a set of weight functions:
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(W1) w,: X — [0, 1] measurable for all a € {1,..., A}.
(W2) ¥4 w,(z)=1forallz € X.
(W3) wy(z) =0forallae{l,...,;A} and x ¢ AX,.

Definition 2.2.7 (Localized Support Vector Machine). Let X = {X},..., X4} be a re-
gionalization of & and wy,. .., w4 be weight functions satisfying (W1), (W2) and (W3).
Let L: X x Y x R — [0,00) be a loss function and P be a probability measure on X' x ).
For a = 1,..., A, let k, be a kernel on &, with RKHS H, and let \, > 0. Denote
A= (N,..., 4) and k == (ky,...,ks). Then,

A
Jeparx: X =R, 2 Z W () - fL,PXa,Aa,ka (z)

a=1

is called localized support vector machine (localized SVM). The vector k is also called a
vector of kernels on X.

This definition explicitly allows that the regularization parameters and kernels in the
different regions differ from each other. This is integral for the increased capability of
localized SVMs (compared to non-localized ones) to accurately learn a function whose
complexity and variability differ between different areas of the input space, because the
choice of regularization parameter and kernel (respectively of the hyperparameter(s) of the
kernel) constitutes a principal mechanism for controlling the complexity of an SVM. As
explained in Section [2.2.1] this increased capability is one of the main motivations behind
the localized approach.

Remark 2.2.8. Note that (W2) and (W3) imply that w, = 1y, if X is a partitioning
regionalization. This leads to the following simplified definition of a localized SVM that is
based on a partitioning regionalization X:

A
fopakax: X = R, 2= Y frpa aak(T).

a=1

As it was the case for global SVMs, the definitions regarding localized SVMs can of
course also be transferred to shifted loss functions completely analogously.
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Chapter 3

Consistency

One of the most fundamental properties that learning methods should have is consistency:
As the size of the underlying data set tends to infinity, the function resulting from the
learning method should converge to the “true” function which one wishes to estimate, that
is, the Bayes function from Definition There exist different types of consistency that
can be of interest and that are described in Section Afterwards, Section contains
results on the relationship between these different types of consistency, that is, under
what circumstances one type implies the other. Notably, these results are not only valid
for (sequences of) SVMs respectively localized SVMs but instead for arbitrary sequences
of functions, for which reason they can also be applied to other learning methods. In
Sections [3.3] and [3.4] results on the different types of consistency are explicitly derived
for SVMs and localized SVMs. The main focus of this chapter are distance-based loss
functions (cf. Definition [2.1.15), but some results are also applicable to other types of loss
functions. Also note: Whereas distance-based loss losses are typically used in regression
tasks, some (like the least squares loss) are also applied in classification tasks, cf. |Gyorfi
et al| (2002, Section 1.4), which makes the results from this section applicable to an even
wider array of learning tasks.

Throughout this chapter, the following standard assumptions are assumed to hold true:

Assumption 3.0.1. Let X be a complete separable metric space and let )) C R be closed.

Let X and Y be equipped with their respective Borel o-algebras By and By. Let P be a

probability measure on X' x ). For alln € N, let the data set D,, == ((z1,%1),- -, (Tn,yn)) €
1 n

(X x V)™ consist of i.i.d. observations sampled from P, and let D,, :== =+ > | §..,.) be the
n =1 ( z»yz)
associated empirical distribution.

3.1 Types of Consistency

So far, the expression “learning method” has been used in a rather informal way. In order
to describe different types of consistency, measurable learning methods have to be defined
more formally.

Definition 3.1.1 (Measurable Learning Method). A measurable learning method £ on
X x Y maps every data set D,, € (X x V)" to a function fp_ : X — R and additionally
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satisfies that the map
(X xY)'xX =R, (Dp,x) — fp,(x)
is measurable, for all n € IN.

Measurable learning methods guarantee that the maps fp, are measurable for all fixed
D, € (X x Y)". They furthermore guarantee that the convergence in probability in the
subsequent three definitions is Well—deﬁnedﬂ This follows directly from Steinwart and
Christmann| (2008, p. 205) for Definition and in a similar way for Definitions
and [3.1.4] Note that SVMs constitute a measurable learning method under mild assump-
tions, cf. [Steinwart and Christmann| (2008, Lemma 6.23).

The most widely-used type of consistency in machine learning theory in general and for
SVMs in particular—because this is what their definition aims at, cf. Definition [2.1.5
certainly is risk consistency.

Definition 3.1.2 (Risk Consistency). Let L: X x ) x R — [0,00) be a loss function.
Then, a measurable learning method £ on & x ) is called L-risk consistent (or just risk
consistent) if

nh_}rgo RL,p(fDn) = RZP in probability P,

As this is a very natural type of consistency to consider and the classic one aimed at
in statistical learning theory (cf. Vapnik, [1995)), results on risk consistency exist for many
learning methods, see for example Steinwart| (2005) (SVMs for classification), |[Zhang and
Yu| (2005) (boosting), (Christmann and Steinwart| (2007) (SVMs for regression; see also
Section , Biau et al. (2008) (averaging classifiers such as random forests), |Lin et al.
(2022) (deep convolutional neural networks).

In addition to risk consistency, L,-consistency can also be of interest as it compares the
functions (the estimator fp, and the Bayes function ff p) directly, weighted only based on
the marginal distribution P, instead of additionally depending on the loss function and
the conditional distribution of Y.

Definition 3.1.3 (L,-Consistency). Let p € [1,00] and L: X x Y x R — [0,00) be a
loss function. Assume that f} p exists and is PX-a.s. unique. Then, a measurable learning

method £ on X' x Y is called L,(P™)-consistent (or just L,-consistent) if
nlg%o ‘fDn — fz’PHLp(PX) =0 in probability P.

At first glance, L,-consistency looks like the slightly stronger one among these two
types of consistency: Because one almost always uses continuous loss functions in practice
(see also Section [2.1.3), |fp, () — f7p(x)| being small for € X immediately implies
\L(2,y, fp,(x)) — L(z,y, f] p(x))| being small as well for all y € }; the other direction does

9Similarly as it was the case for empirical SVMs (see considerations subsequent to Remark , one
formally needs to denote fp, as a random function depending on the random variables underlying D,,
(instead of on D,, itself) for these convergences. We refrain from doing so in order to simplify the notation.
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not seem as straightforward. However, Section shows that L,- and risk consistency are
actually equivalent under mild conditions.
Whereas risk consistency and L,-consistency are the two main types of consistency inves-

tigated in the subsequent sections, a few results also consider H -consistency for an RKHS
H.

Definition 3.1.4 (H-Consistency). Let H be an RKHS and L: & x Y x R — [0,00) be a
loss function. Assume that f7 p € H and that f;p is PX-a.s. unique. Then, a measurable
learning method £ on X x ) is called H-consistent if

: X - . . o
nh_)nolo HfDn — fLypHH =0 in probability P>.

Note that L,- and H-consistency are defined in exactly the same way and the two
definitions could hence be merged into a single one considering Banach spaces or even
more general normed spaces. These two special cases are however important and yield
different results in later sections, which is why they are defined separately.

Remark 3.1.5. For shifted loss functions, these three types of consistency can be defined
analogously.

Remark 3.1.6. In general, f} p is neither guaranteed to exist nor to be unique, cf. Defini-
tion [2.1.4] As the predictors resulting from the learning method are compared directly to
J7p in the definitions of L,- and H-consistency, f7 p is however assumed to exist and be
P¥-a.s. unique in these definitions and all results dealing with these two types of consis-
tency.

3.2 Connection between Different Types of Consis-
tency

In this section, the connection between the three types of consistency described in Sec-
tion is examined. This is done in two parts, first for regular loss functions in Sec-
tion [3.2.T] and then for shifted loss functions in Section B.2.2l Whereas close connections
are derived in both of these sections, the latter one also yields the interesting negative result
that one of the relationships derived for regular losses—mnamely, L,-consistency following
from risk consistency—can surprisingly not be transferred to shifted loss functions in the
generality one might expect based on the results from Section [3.2.1]

For the most part, this section already appeared in the peer-reviewed paper Kohler
(2024b,, Section 3) that was published in Journal of Machine Learning Research. 1t however
also contains previously unpublished results, namely those connecting H-consistency to the
other two types of consistency.

3.2.1 Connection for Regular Loss Functions

So far, there are no general results on L,-consistency following from risk consistency, but
only results regarding special loss functions: For the least squares loss, it has been known
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for many years that the excess risk of a function, i.e. the difference between its risk and
the Bayes risk, corresponds to the squared Ly(P*)-norm of its deviation from the Bayes
function, and risk consistency therefore implies Lo-consistency, cf. Cucker and Smale| (2001,
Proposition 1) or (Cherkassky and Mulier| (2007, pp. 26-28). Recently, this Lo-difference
between a function and the Bayes function has also been bounded by the excess risk—by
means of so-called comparison or self-calibration inequalities—in case of the asymmetric
least squares loss by [Farooq and Steinwart, (2019) and in case of more general strongly
convex loss functions under additional assumptions by [Sheng et al. (2020)). Additionally,
Hable and Christmann| (2014) showed that L;-consistency follows from risk consistency in
case of the pinball loss, and [Steinwart and Christmann| (2011)), Xiang et al.| (2012)) derived
self-calibration inequalities for this loss under additional assumptions. Tong and Ng| (2019)
did so for the e-insensitive loss.

The subsequent theorem generalizes the aforementioned special cases to general convex,
distance-based loss functions, with parts of the proof being closely inspired by the proof of
Hable and Christmann| (2014, Lemma A.1).

Theorem 3.2.1. Let L: Y xR — [0,00) be a convex, distance-based loss function of lower
growth type p € [1,00). Assume that ffp exists and is PX-a.5. unique, Iip € L,(PY) and
R p < oco. Then, for every sequence (fu)new € Ly(PY), we have

lim Rpp(fn) =Rip = dim [|fo = f7pllL,@x) =0.

Proof. Let g,: X x Y — [0,00),(x,y) — L(y, fo(z)) for n € N, and g*: X x Y —
[0,00), (z,y) = L(y, fip(x)). Because of the convexity of L, we can apply Steinwart
and Christmann| (2008, Corollary 3.62)—where it is easy to see that we do not need the
assumption of the sets My p(.|z)» being singletons since we already know that f7 p P¥.as.

X
uniquely exists—, which yields that f, L Jip- Thus, because of the continuous mapping

theorem and the continuity of L, we also have g, R g*. Since
Jin f 19140 = fim [ .0 = Jin o)
~Ruplfip) = [g°aP = [lg'|ap, (3.1)

the sequence (|gn|)nen is thus equi-integrable according to Bauer| (2001, Theorem 21.7).
That theorem can be applied because R p(ffp) < oo, and hence Rpp(f,) < oo for n

sufficiently large because of (3.1), and therefore ¢* € Li(P*) and g, € Li(PY) for n
sufficiently large.
Because of L being of lower growth type p, there now exists a constant ¢ > 0 such that

[fa(@) = f7 p(@)]” < max{(@2ly — fu(@)])", @ly — f; p(x)])}
<2 max {¢" (L(y, fo(@)) + 1), ¢ (L(y, £ p(2) + 1)}

op

= (max {gn(z, ), " (x,9)} +1)
< 2; (gl y) + g (@ y) +1)  V(wyn) €XxYxN, (3.2)
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since g,, n € IN, and g* are non-negative.

As (|gn|)nen is equi-integrable, and g* € L;(PY) and hence also equi-integrable (cf.
Bauer, 2001, part 2 of the example on p. 122), every summand occurring on the right
hand side of is equi-integrable (as a sequence in n). By employing the example on
p. 121 of Bauer| (2001) as well as Corollary 21.3 from the same book, we hence obtain
equi-integrability of the whole right hand side (as a sequence in n).

Thus, the sequence (| f, — ff p|”)nen is equi-integrable as well and L,-convergence of f,
to f7 p, follows from Bauer| (2001, Theorem 21.7). O

Remark 3.2.2. If L is of growth type p instead of only being of lower growth type p, the
conditions f;p € L,(P*) and R} < oo in Theorem [3.2.1| can also be replaced by the
perhaps more intuitive and in this case equivalent moment condition |P|, < oco. This
equivalence can be obtained by combining Remark (1) with the observation that
Rip < Rrp(0) and with Lemma (iv).

Notably, Theorem strengthens [Steinwart and Christmann| (2008, Corollary 3.62),
which stated that risk consistency implies weak consistency.

As suspected in Section , the opposite direction—risk consistency following from L,-
consistency—is generally the easier one. We formally state this implication in the subse-
quent Theorem [3.2.3] Hence, this theorem can be seen as the counterpart of Theorem [3.2.1),
even though the conditions of the two theorems differ in some details. Notably, the function
f*, which the sequence is converging to, does not even necessarily need to be the Bayes
function f7 p here:

Theorem 3.2.3. Let L: Y x R — [0,00) be a continuous, distance-based loss function of
upper growth type p € [1,00). Assume that |P|, < co. Then, for every sequence (fn)nen C
L,(PY) and every function f* € L,(PX), we have

lim [Ifo— fllpex =0 = lim Rep(f) = Rep(f).

n—oo

Proof. Since ||f, — f*HLp(PX) — 0, we also have f, LGN f*, and Bauer| (2001, Theorem
21.7) yields equi-integrability of the sequence (| f,,|[P)nen. Let gn: X' x Y — [0, 00), (z,y) —
L(y, fo(x)) for n € N, and g*: X x Y — [0,00), (z,y) — L(y, f*(x)). Because of L being
of upper growth type p, there then exists a ¢ > 0 such that

190(2,9)] = gn(2,y) = Ly, fu(2)) < ¢ (ly — fulx)” + 1)
<c- (27 (Jyl” + | fulx)") + 1) (3.3)
for all (z,y,n) € X x Y x IN.
Since every summand on the right hand side of (3.3)) is equi-integrable (because |P|, <
o0), the whole right hand side is equi-integrable as well (as a sequence in n) by the example

on p. 121 of Bauer| (2001) and Corollary 21.3 from the same book. Hence, the sequence
(|gn|)nen is equi-integrable as well.

X
Additionally, g, L, g* because of f, L f* and the continuous mapping theorem in
combination with the continuity of L, and thus, Bauer| (2001, Theorem 21.7) yields

Jm Ryp(f) = lim [ g.dP = lim [lg.|aP = [lg|dP = [g"dP =Ry p(f). O
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Together, Theorem and Theorem [3.2.3) prove that L,- and risk consistency are in-
deed equivalent under mild assumptions. Lastly, the subsequent corollary of Theorem |3.2.3
and Lemma [2.1.10| shows that H-consistency implies both of them.

Corollary 3.2.4. Let H be the RKHS of a bounded and measurable kernel k on X. Then,
for every sequence (fn)new € H and every function f* € H, the following hold true:

(i) For allp € [1, 0], we have

I ([fo = Fllg=0 =l lfa = fll,ex) =0.
(i) Let L: Y x R — [0,00) be a continuous, distance-based loss function of upper growth
type p € [1,00). Assume that |P|, < co. Then, we have
i [|fo— Flly =0 = lim Rep(f) = Re(f).

n—sc0
Proof.
(i) H C L,(P*) by Lemma (ii). Hence,
o = L, x) S e = oo < M1 = 7l 1Rl

for all n € IN and p € [1, 00] by Lemma [2.1.10((i), which yields the assertion because
||k||, < oo by assumption.

(ii) Follows directly from part (i), H C L,(P~), and Theorem m O

Remark 3.2.5. As can be seen from the preceding proof, H-consistency does actually not
only imply L,-consistency but even consistency with respect to the strong and nicely inter-
pretable supremum norm ||-|| . As the subsequent sections are however mainly concerned
with L,- and risk consistency, these are the types of consistency considered in the statement

of Corollary [3.2.4]

3.2.2 Connection for Shifted Loss Functions

When looking at Theorem , it is obvious that the assumptions f7p € L,(PY) and
Rip < oo are indeed necessary for the conclusion of the theorem and that one cannot
hope to derive L,- from risk consistency without them. Because these assumptions are
equivalent to the moment condition |P|, < oo if L is of growth type p (cf. Remark ,
this however excludes heavy-tailed distributions such as the Cauchy distribution—even for
p = 1. Analogously, Theorem and part (ii) of Corollary also require |P|, < oo
and can therefore not be applied to such heavy-tailed distributions.

Based on the considerations from Section [2.1.4] it suggests itself to try to transfer the
results from Section to shifted loss functions in order to circumvent this problem and
eliminate the moment condition and thus extend the applicability of these results in the
case of using a Lipschitz continuous loss. As this Lipschitz continuity for distance-based
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losses all but coincides with the loss being of upper growth type 1 (cf. Remark, one
might hope that the elimination of the moment condition is possible in the case p = 1.
When looking at the proof of Theorem , it is however easy to see that does
not hold true for shifted loss functions and the proof can thus not be transferred to the
situation of this section. The following negative result shows that this is indeed not a
failing of the specific proof we used, but that L;-consistency does, somewhat surprisingly,
actually not follow from L*-risk consistency in the generality one would have hoped for:

Proposition 3.2.6. Let Y = R. Let L: Y x R — [0,00) be a convex, distance-based and
symmetric loss function of growth type 1, and let L* be its shifted version. Then, even if
fiep is PY-a.s. unique with fi.p € Li(PY), a sequence (fu)new € L1(PY) of functions
satisfying

lim Ry p(fn) = Ri.p
does in general not imply

lim ’fn - fz*,PHLI(PX =0

n—00 )
without any additional assumptions besides Assumption being imposed.
For proving Proposition |3.2.6, we need the following auxiliary lemma:

Lemma 3.2.7. Let L: X x Y x R — [0,00) be a conver and Lipschitz continuous loss
function, and let L* be its shifted version. If there exists a measurable function f: X — R
satisfying R~ p(f) = —oo, there also exists a measurable function g: X — R satisfying
P¥(g #0) > 0 and Rr-p(g) € (—o0,0].

Proof. With the inner risk Cr« p(.|2),2, We have

R p(f) z/nyf@MPwyzfﬁmquMWPW@

_/Qw )) dP¥ (w /QW f(2)) dPX(z) = —c0,

with C}, Pl = max{Cr+ p(.|2)x, 0} and C;*P o) = max{—Cpr+ p(.|2), 0} denoting
the positive and the negatlve part of Cr«p(.|2)2 respectlvely From the definition of the
integral, we hence obtain

[ Copiayalf@) dPX () = o0 (3.4

and therefore the existence of ¢ € (0,00) and S C X measurable such that P*(S) > 0 and
Crep( |0y (f(2)) = clorallz €S

We further know that |L|; > 0 because it is clear from the definition of Lipschitz continu-
ous loss functions that |L|; = 0 would imply L(z,y, f(z)) = L(x,y,0) for all (z,y) € X xY
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and hence Ry« p(f) = 0, which contradicts our assumptions. Therefore, (3.4)) directly im-

plies that | f(z )| > 1y > Oforall 7 € S because otherwise

Coo el $@) = ([ @y f@) aP¥ @) < [ [L (o, fa)) | dP¥ (@)
= [ |E,y, f@) = Lla,y,0)[ dP¥ (@) < L] - 1/ (@) < e,

which would form a contradiction to z coming from S.
Define

(x)._{o Jifz ¢S,
P sien(f@) Lifzes.

Then, P*(g # 0) > 0 and

R / Corpioe(9(x)) AP¥ (z) + / Crop( | o0(g(x)) AP¥ () . (3.5)

=0

All that remains to investigate is the first integral on the right hand side. For all x € S,
we know that

Cep(alg(@))] < [ |L(,9,9(2)) = L(z,9,0)| dP(y|2) < |L]1 - [g(a)| = ¢
and
CLep(-a)(9(7)) < max {CL*,P(~\x)7x(0)>CL*,P(~|:c),x(f<x))} = Cr+p(12)2(0) =0

because g(x) lies between 0 and f(z), Cpr+p(.|2). i convex (cf. Lemma [2.1.27, which is
applicable because of L* being convex), and additionally Cp« p(.|2).(f(x)) < 0 by definition
of S.

Plugging this into the right hand side of (3.5]) yields Ri«p(g) € [—¢,0] and hence the
assertion. [l

Proof of Proposition[3.2.6. We prove the statement by providing a counterexample.
Because of L being of lower growth type 1,

co = sup{r € [0,00) | ¢(r) = 0}

is finite, where 1 denotes the representing function belonging to L, as introduced in Defi-
nition 2.1.15] Because of L being convex, distance-based, and symmetric, we have

Lly,t)=d(y—t)=0 <  y—1€[—c,co]. (3.6)

Assume without loss of generality that ¢y < % (else just scale the subsequent example
accordingly).
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Choose X = (0,1), P* :=1(0,1) and

l1—=x
2

P(-|X=2) =z -U-1,1)+ (0ca, +6s,)  Vrex, (3.7)
where U(a, b) denotes the uniform distribution on (a,b), . denotes the Dirac distribution
in z € ]R and a, > 1 is a constant depending on x (and on L) that we will specify right

after H Further define
n ,ifz e (O,%) ,

0 ,else,

fo: X =R, x|—>{ (3.8)

for n € N. As f, is bounded and measurable for all n € N, we have (f,)nen C Li(P¥).
We now show that this example also possesses the remaining properties mentioned in the
proposition, which consists of three main steps:

First, we show that fj.p is P*-a.s. unique, more specifically Jisp =0 P*.as., and
Jisp € Ly (P%):
Choose f* = 0. We show that Rp- p(f*) < Rr«p(f) for all measurable f: X — R satisfy-
ing PY(f #0) > 0. As Rz-p(f*) = 0, the case Rp-p(f) = oo is trivial. Furthermore, if
there was an f satisfying Rp«p(f) = —oo and thus contradicting our claim, there would
by Lemma (which is applicable by Lemma also exist a measurable g with
P¥(g # 0) > 0 and —c0 < Rp-p(g9) < 0 = Rp-p(f*), which would also contradict our
claim. Hence, we can without loss of generality assume that Rz« p(f) € R.
Since f* = 0, we have, for each x € X and y > 0,

L (g, (@) + L (0, () = 2 L*(3.0)
=21 (i, 5 - (@) + 5 @)
< I (g~ f(@) + L* (5, £ (2)
= I (g, f(@) + L (5, /() (39

because of L being distance-based, symmetric and convex.

Furthermore, by the definition of f, there exists ¢ = (£1,£2) with £1,69 > 0 such that
PX(AX.) > 0, where X. = {z € X : |f(x)| > €, and z > &5}. Now, specifically look at
z € X. and y € [cg, o + min{3, il x)|}} [0,1]. First, only consider such z that satisfy
f(z) > 0. We then obtain that

- S =y 4 @) 2t f@) ad - r@l=y<eo+ 1 @0

and hence

L(=y. f() 2 4- L=y, /(@) = 2- (L (v, (@) + L=y, (@) )

0For the sake of strictly adhering to the completeness assumption from Assumption we can also
choose X as [0, 1] or R, and P(- | X = x) as an arbitrary probability measure for ¢ (0, 1) without changing
anything else.

45



because of and the convexity, symmetry and distance-basedness of L. Thus,
(L (= F@) + L (0 @) ) = (L7 (o @)+ L7 (.S (@) )

Lo o) LG $@)) = (L p @)+ L. @)

L=y, f(x) = 5 -0l —y— F@)) = L e+ 1),

v

N~ -/~

where, in the last step, we again applied the convexity and symmetry of L, as well as
(13.10)).

By interchanging the roles of y and —y in the preceding paragraph, we obtain an analogous
inequality for the case that f(x) < 0. Combining these two cases yields that

(L7 (v f@) + L7 (0 F@) ) = (L7 (0. £ @) + L (0. £ @)

L oo+ (@) (3.11)

> .
2

for all z € X. and y € [co, co + min{2, ‘f(ﬂ}] [0, 1].
Because R+« p(f*) =0 € R by the definition of f* and Rz« p(f) € R by assumption, our
considerations yield

Re-p(f) = Rir-p (f)
= [, [ 2 0 f(@) = L (0. (@) dP(y | @) aP¥ ()

[ [ (s + 2 )

(1 (o £ @) + 1 (@) ) dP(y ] 2) AP ()
Lo fo gy oy 3 000+ F@D APy | 2) P (a)
= [, 5 {5 H D v+ anro

> PY(X.) - 2. mm{l 81} 1'¢(00+61)

2 2" 4 2

)
0.

Vg

In the second step, we multiplied the integrand by 2 for y = 0, which does not change
the value of the integral since P(Y = 0] X = z) = 0 for all x € X. In the final steps we
additionally applied that P(-| X = z) has Lebesgue density § on [co, co + mln{1 e I}]
[0, 1], respectively the definition of X..
Hence, fi.p =0 P¥-a.s. and thus also ff. p 6 Ly (PY).

Next, we show that lim,, . R p( fn) =Rip:
Recall the definition of f,,, n € IN, from For all n € N, we have fr.p, fn € Li(P¥)
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and therefore Rj. p = Re«p(ff+p) € R and Rp«p(fs) € R by (2.5). Hence, we can write
Rrp(fn) — Rip
= [ [ 1" @ fal@)) = L (9. fie (@) dP(y|2) dP¥ ()
y

= | [ L fulw)) = L (9 i p(2)) dP(y | 2) dP¥ ()

X JYy

n rl o
:/0 /_1§~(L(y,n)—L(y,0))dydw

where we applied the definition of f,, f/.p, and P in the last step. We will now analyze
the two integrals on the right hand side separately and show that they both converge to 0
as n — oo, starting with the first one:

/ol/n /11 g ' (L (y;n) — L (y,O)) dy dx

1/n 1 LIt noes
S/ / £~|L|1-|n—0|dydx:Q;>O
0 -12 2n

with L being Lipschitz continuous by Lemma [2.1.17]

As for the second integral on the right hand side of :

We take a look at the subdifferential 0 of the representing function 1 (cf. Deﬁnition
of L. Because of the symmetry of L, we will without loss of generality only investigate

OY(r) for r € [0, 00). Define
z(r) == sup dy(r) € [0, 00) Vrel0,00),
where z(r) < oo will follow from (3.13)) and z(r) > 0 follows from v being monotonically

increasing on [0, 00) because of L being distance-based and convex. Furthermore, let ¢;, be
the constant from the definition of the upper growth type 1 of L, that is

Pir)<er-(r]+1) VreR.

Assume there was an ry € [0,00) such that z(rg) > ¢z. Then, by the definition of the
subdifferential, we would obtain

cr - (r+1) > ¥(r) > Y(rg) + z(ro) - (r —10) Vr € [0,00)
and hence

@D(To) - 2(7“0)7“0 —CL
cr — z(ro)

Vre|0,00),

which is a contradiction because the right hand side is a constant in R that is independent
of r. Hence, z is bounded by c¢;. Because of 1) being monotonically increasing on [0, c0)
and convex, we additionally obtain that z is monotonically increasing on [0, co) and

¢p = lim z(r) = sup z(r) <cg (3.13)
r—roo r€[0,00)
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exists.
We can therefore, for each z € (0,1), choose r, € [0, 00) such that

0<ép—z2(ry) <z (3.14)
and
Y(re) + 2(ry) - (r—ry) <(r) <p(ra) + - (r—ry) V71 € [ry,00). (3.15)

Now choose a, in the definition of P(- | X = z) in as ay =1, + + for all 2 € (0,1).
Please note that a, > 1 for all x € (0,1). We obtain

L(—agz,n) + L(az,n)
=¥ (] = ax = nl) + ¢ (|az —nl)

=¢<Tm+i+n>+1/1<7‘z+i—n)
€ [2-¢(rz)+z(rx)-<i+n+i—n) ,z-w(rm)+eL-(i+n+i—n)}

B lQ' (1#(7"3:) . z(ﬁ)) . (zb(rm) n 5;)] VneN,ze (0, i) ,

where we applied the symmetry of L as well as (3.15)) combined with the fact that %—l—n >0
and % —n > 0. Analogously, we obtain

L(—ag,0) + L(ag,0)

ro(u)
€ [2- <1p(rm) +Z(;z)> , 2 (w(r$)+6;)] Ve (0,71).

Plugging these results into the second integral on the right hand side of (3.12) finally yields

nl—g

5 ((L(—am,n) —|—L(am,n)) - (L(—ax,O) +L(aw,0))> dz

So/l/n - (2_ (w(m) n C;) _s. <¢(m) N z(f))) 4

_/”"1_9” 2 (en—2(ra)) da

T

£ /1/"(1 Jdo = L - L moe
—x)de =—- - —
— Jo n  2n? ’

and thus lim, o R+ p(fn) = Ri-p

Finally and as a last step, we have to show that lim,, H fo— [ PHL %) £ 0:
’ 1
I : tim [ I
Ji [[fu = fiepl] o, = Jim, [ I = Ofde = Jim 10, 2
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Note that in the situation of Proposition [3.2.6] risk consistency does also not imply
L,-consistency for any p > 1 since L,-consistency for p > 1 would imply L;-consistency.

We now take a special look at the 7-pinball loss for 7 € (0,1), cf. , which is convex
and distance-based with growth type 1, but not symmetric for 7 # 0.5. The pinball loss
can be used for quantile regression, i.e. for estimating the conditional quantiles

I R
z— {t" |P((—o0,t*]|z) > 7 and P([t*,00)|z) > 1 -7},

see also |[Koenker and Bassett| (1978)), [Koenker| (2005)), Takeuchi et al.| (2006), Steinwart
and Christmann| (2011) for more details on quantile regression.

If one assumes these conditional quantiles F*p(7) to P¥-a.s. be singletons, it is possible to
denote them by the P*-a.s. unique quantile function fip: X — R defined by {fp(z)} =
Fp(x) for all z € X. Recall that this fp is the up to PX_zero sets only measurable
function satisfying

RLT»pin7P(f:,P) = sz—pin,P (316)

if R}, ..p is finite (see also Steinwart and Christmann, 2008, Proposition 3.9 and Lemma
3.12), and similarly, that f’p satisfies

Re: P(f:,P):Rz* P (3.17)

T-pin’? T-pin’

and is the up to P*-zero sets only measurable function doing so if R%. , is finite. This
T-pin’

ties our assumption of the conditional quantiles P*-a.s. being singletons to Remark
about the required P*-a.s. uniqueness of the Bayes function and yields fj. p = f*p
T-pin’ ?

P¥-as.

As non-symmetric loss functions are not covered by Proposition [3.2.6] and as the pinball
loss is the probably most popular among these, we specifically investigate the behavior of
this loss function and obtain the following analogous result to Proposition [3.2.6}

Proposition 3.2.8. Let Y = R. Let 7 € (0,1) and let Ly_,;, be the shifted version of
the T-pinball loss. Then, even if f}p is P~ -a.s. unique with Iip € Li(PY), a sequence
(fu)nen C Ll(PX) of functions satisfying

*

JLI{}ORL* p(fu) =R p

T-pin’ T-pin’

1Tt can easily be seen that this shifted pinball loss function is, for 7 € (0, 1),

L . : YxR—R

T-pin *
(1—7)-t , if y < min{0, ¢},
(1-7)-t—y ,if0<y<t,
, T — Ly pin(y,t) — Lr_pin ,0) =
(y,t) pin(Y; 1) pin(Y,0) y—1-t Jift <y <O,
Tt ,if y > max{0,t}.
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does in general not imply

nh~>I£lonn_ P ’L (PX)
without any additional assumptions besides Assumption being tmposed.

Proof. Similarly to Proposition |3.2.6] we prove the statement by providing a counterexam-
ple:
Choose X == (0,1), Y := R, P* :=1/(0,1), and

PLIX=2)=a- (T-u((—1,0))+(1_7) -L{((O,l))>
+(1—x)-<T-5_1/1,+(1—T>.51/z) VeeX,

where U(a, b) denotes the uniform distribution on (a,b) and ¢, denotes the Dirac distribu-
tion in z € ]R. From this definition, we immediately obtain that fp =0 € Li(P*).

Further define
n ,ifzxe (0, %) ,
0 ,else,

fn: X =R, :Ur—>{

for all n € IN. As f, is bounded and measurable for all n € N, we have (f,)nen € L1 (P¥).
Because of the occurring risks both being finite, cf. (2.5]), and Rix oo =Rix . p(fp)

cf. (3.16)), we can for all n € IN write
R f n) * P

T- pm T pin’

= oy Jo Bron (0 £2(2)) = Ly, £ () APy | ) dP¥ (). (3.18)

For P¥-almost all z € X, we can now further analyze the inner integral, applying that

fol@) > frp(2), by
[ Loin 0 Ful)) = Ly, £2p(a)) dP(y | 2)
= [ Leony: ful®) = Leyin(y, £2p(x)) dP(y| 2)
- /( N ) (fal@) = fip(2)) dP(y|2)
+ /[ ooy () = Frp(@) - (a(a) =) dP(y )
+ /[ (T (Fal@) = frp(@)) dP(y | 2)

T e @ @) (fu(@) —y) dPly]2). (3.19)

12For the sake of strictly adhering to the completeness assumption from Assumption we can also
choose X as [0, 1] or R, and P(- | X = ) as an arbitrary probability measure for « ¢ (0, 1) without changing
anything else.
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In the last step, we employed that, for P*-almost all z € X, we know from the definition of
P that P({f}p(7)} | 2) = 0 and therefore P((—oo, f;p(z)) |2) = 7 and P([f;p(z),00) | 7) =
1 — 7 by the definition of f7p.

Plugging and the definition of f, and fp into , we obtain

Riz e () = Riz o = fio f, (0= 0) P10 AP (a)

T-pin’ T-pin’
11

:/n/ (n—y)-z-(1—71)dyde

o Jo

2n—1

1z —0, n — 00.

=(1-7)-

On the other hand,

Hf”_f:’P‘Ll(PX)_/O}lm_O‘dl'—lﬁO, n— oo,

which completes the proof. O]

As the preceding results allow for arbitrary sequences of functions in L;(P~), we might
still hope to deduce Li-consistency following from L*-risk consistency by restricting our-
selves to smaller function spaces with more structure like Sobolev spaces. However, the sub-
sequent corollary shows that Proposition [3.2.6{and Proposition [3.2.8/ can even be strength-
ened to sequences of functions from Sobolev spaces. Here, we assume that X = R? for
some d € N, and we denote by W"4(X) the Sobolev space consisting of all functions from
L,(X) whose weak derivatives (cf. Adams and Fournier, 2003, Paragraph 1.62) up to order
m are also in L,(X), cf. Adams and Fournier| (2003, Definition 3.2). Here, as usual, L,(X)
denotes the L, -space with respect to the Lebesgue measure on X.

Corollary 3.2.9. Letd € N, X =R?, and Y = R. Let L: Y x R — [0,00) be a conver,
distance-based and symmetric loss function of growth type 1, or the T-pinball loss for some
7 € (0,1). Let L* be its shifted version. Let m € N and 1 < q < oo. Then, even if f7.p is

PX_a.s. unique with fi-p € Li(PY), a sequence (f,)new € W™I(X)N Ly (PY) of functions
satisfying

im Ry p(fn) = Ri.p
does in general not imply

Jim ’f” n fz*’PHLl(PX) =0

without any additional assumptions besides Assumption being imposed.

Proof. The assertion follows directly from the proof of Proposition respectively Propo-
sition by changing the functions f,, n € N, to

fLX SR N n- (1 —nx)™ ,ifxe(O,%),
7’1/: 9 X
0 , else.
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Since, for all n € IN, f,, is bounded, measurable and m times weakly differentiable, we
obtain (fu)new € W™(X) N Ly (PY) € W™a(X) N Ly (PY)[F]

If we denote the functions from the mentioned proofs by g,, n € N, we have f7. p(z) <
ful(x) < gn(z) for P*-almost all z € X because Ji-p=0 PX-a.s. (with fi.p = TP PX-as.
in the situation of L* = L7 ; by the considerations prior to Proposition . It is easy
to see that the convexity of L and the definition of f}. p as a minimizer of Rz« p therefore
implies Rp«p(fn) — Rivp < Rrrp(gn) — Ri+p, which then yields lim, o Ri+p(fn) =
Ri«p-

At the same time, we obtain

[ Fa = Fip|,, o, = /01/" - (1 = na)™ — 0| dz = ml“ A0, n— oo,

which completes the proof. O]

The preceding results show that it is not possible to get rid of the moment condition from
Theorem (cf. Remark just by transferring it to shifted loss functions. It might,
however, still be possible to circumvent this moment condition by instead imposing some
different and less restrictive conditions. For the pinball loss, i.e. for performing quantile
regression, we are indeed able to derive such an alternative and in many cases less restrictive
condition regarding P. To be more specific, the conditional distribution P(-| X) is, in some
sense, not allowed to be too heteroscedastic and it has to be continuous in the conditional
quantiles ffp(z), € X, which gets formalized by and in the subsequent
theorem. Condition ([3.20]) gets visualized in Figure m

Theorem 3.2.10. Let 7 € (0,1) and Ly_,;, be the shifted version of the T-pinball loss.

Assume that fTp exists and is PX-a.s. unique, Iip € Ll(PX), and P additionally satisfies
at least one of the following conditions:

(i) |P|1 < 0.

(i) There exist c1,cy > 0 such that
P((f2p(X) =1 f1p(X)) | X) 2 0 and P((£1p(X), £1p(X)+e1) | X) 2 0 (3:20)
P*-a.s., as well as
P(fip(X)[X) =0 (3.21)
P¥.a.s.

Then, for every sequence (fu)new C Li(P™), we have

p(fn) = REL:

T-pin’

lim R L*

it (AT A I P = dim [[fo = frpllo,@x)=0.

131f X is not chosen as (0,1) but instead as R in the proofs of Proposition and Proposition
in order to strictly adhere to the assumptions, it is obviously possible to extend the functions f,, n € IN,
in such a way that they are still in W™ (X) N Ly (P¥).
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Proof. By (2.F), both Rerx,p(fa), n €N, and Rpx  p(ffp) are finite.

If condition (i) is satisfied, we further obtain as in Remark that Rp,_..p(0) and
R,y (fn), forn € N, are finite, and therefore also R} p. AsR} . p=Rr, ..p(frp)
and R}E* p =R p(fip) by (3.16) and (3.17), we hence obtain

T-pin’

RLT,pimP(fn) RL* (fn) + RLTfpirnP(O) VneN

T-pin’

and

zq—_pin,P = RLT—pimP(f ) RL* (f:,P) + RLT—pin,P<0) = Rz:_pm,P + RLT-pimP(O) °

T-pin’

Theorem and Remark then yield the assertion because of L, i, being of growth
type 1. Thus, it is only left to show that condition (ii) yields the assertion as well:
Because of the finiteness of RL* p(fn), n € N, and RL* _p(frp), the assumed risk
consistency implies that the P- mtegral of L7 (v, fu(z)) — L. pm(y frp(r)) converges to 0
as n — 0o. We will now begin by fixing an x € X and further analyzing the inner integral
with respect to P(-|x):
First, we look at the case that f,,(x) > f7p(z). In this case, repeating the considerations

from ([3.19), where we can apply (3.21) in the last step, yields for P~-almost all such z
that

/ L in (¥ (@) = Lin(9s Frp () dP(yl)

[ p(@), fn(l’)(fn( r) —y)dP(y|z)

2 /[ fnu)+f;fp<z>) (fn
TP x
fTP

SURRRRCES
B0 Fle)

z) —y) dP(y|z)

(
)N (PRRRALES I

)
(f;ip(a:), () J;fi—‘,p(fﬂ)) ’ x) .
< [rp

*p(7), we analogously obtain for PX-almost all such z:

2
If on the other hand f, ()

/ LT pin y fn ) Tpln(y fTP( )) dP(yll‘)
S frp(@) = fule )_P<<fn($)+f:,P(x)’ :7P(x)>|x> _

- 2 2

In summary,

£aX) — 2p(X)]
2

[, B0 Fu@) = L. () dP(5]X) > P (Jxal X) (3.22)

P¥.a.s., where

e (min {f:,p@), ful2) +2 fip(@) } i { o), fn(2) +2 frp(@) })
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for all z € X. .
Additionally, |Christmann et al.| (2009, Corollary 31) yields f, LN Jrps ie

lim PX(|fu(X) = fp(X)[>2) =0  Ve>0. (3.23)

n—oo

Now, let € > 0 be an arbitrary positive number (without loss of generality ¢ < 2¢;). X can
be partitioned as X = Uf’zl X, -, where

Xla:{ive?fr!fn() fre@) <ef,
X {a:EX e < |fu(x) — f:p(x)|§2‘01}>
Xyoi= Xy = {0 € X1 | fulw) = fip(@)] > 21},

such that
& X
L fn = FopllLox) = Z/X |[fn(2) = f7p(2)| AP (2). (3.24)
i=17Xie
The three summands can now be analyzed separately:
[, @) = frp@)] 4P (@) <
() = Fr (@) dPX(2) < 2 ¢ - PX (X 0, n — 0o,
e T,P )

and

Jy, Mnla) = ()] dP¥ (z)

|folz) — f7p(@)] 2
X 2

-P(Jx7n|x)> Suamm) dP*¥ (x)

LB L[ (0 o) () () 4P 0

—0, n — oo,

with the last convergence holding true because

Jo | B 51@) = L (9. Fp(w)) dP(yla) dP¥(2) 50, oo,

by assumption and
/ LTpll’l y,fn ) Tpll’l( f,P('r))dP(y’X) 2 0
P¥-as. by (3.22).

Plugging these results into ([3.24]) yields the assertion. O

o4
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™ —— Bayes function +/- c;
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X

Figure 3.2.1: Visualization of (3.20). Each vertical slice between f’p —c¢; and fp as well
as between f;p and fp+c1 needs to have a conditional probability (given ) of at least c;.
The solid vertical lines depict some examples of such slices whose conditional probability

needs to be at least ¢y. [This is a minimally modified version of a figure that was first
published in [Kohler} 2024b,]

Even though it was not possible to get rid of the moment condition (i) without imposing
the new conditions (ii), this still substantially expands the applicability of the theorem
since there are many cases in which (ii) (whose first part is visualized in Figure is
satisfied even though (i) is not:

Example 3.2.11. Assume that 7 € (0,1) and that we have an underlying homoscedastic
regression model like

Y =f(X)+e,

where f: X — ) is an arbitrary measurable function and ¢ is a continuous random variable
whose distribution does not depend on the value of X. Whenever £ has a unique 7-
quantile ¢; € R, (ii) from Theorem holds true with fp = f 4 ¢,. For example,
¢ can follow a Cauchy distribution with location and scale parameters which are fixed
independently of the value of X. In this case, the moment condition (i) does not hold true,
but Theorem does still yield L;-consistency following from risk consistency.

Example 3.2.12. The independence of € from X in Example [3.2.11] is not even strictly
necessary. Assume the more general heteroscedastic model

Y:f(X)+€X,
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where the distribution of €x is now allowed to depend on the value z of X. If, for example,
there exist C' > 0 and ¢; > 0 such that ¢, has a unique 7-quantile ¢, - € R and Lebesgue
density greater than C on (¢, — ¢1,¢s - +¢1) for PX-almost all € X, condition (ii) from
Theorem [B.2.10 is still satisfied.

For example, this situation is on hand if X = R? for some d € N, Y = R, and ¢, follows
a Cauchy distribution with location parameter cos(||z||2) and scale parameter 2+sin(||z||2)
for all x € X. More generally, the same also holds true for different choices of location and
scale parameters, as long as they are bounded from above and from below (in the case of
the scale parameter we mean bounded away from zero by bounded from below).

We saw that L-consistency can not be obtained from risk consistency without imposing
some different, albeit in some sense weaker, condition regarding P in exchange for omitting
the moment condition. It is, however, indeed possible to just omit the moment condition
in the reverse statement (Theorem when transferring this to shifted loss functions
in the case of having a convex loss function of upper growth type 1, which again hints at
this direction being the easier one as it was suspected in Section [3.1]

Theorem 3.2.13. Let L: Y — R be a convex, distance-based loss function of upper growth
type 1, and let L* be its shifted version. Then, for every sequence (fo)new € Li(P¥) and
every function f* € Ly(PX), we have

im [[fu = e =0 = lim Rpep(fa) = Re-p(f7).

n—oo

Proof. We know from ([2.5)) that all risks appearing in this result are finite. L additionally
being Lipschitz continuous (cf. Lemma [2.1.17)) yields

Ri-p(fa) = Reep (S < [ 1170, ful@)) = L (v, f*(2))] dP(z,y)
= [ 1L, ful@)) = L(y. /" (@))] dP(ay)
<Ll [1fal@) = S @) dP (2, )
= 1Ll 1= Fllyery =0 n— oo, s

Lastly, it is obvious that the first part of Corollary [3.2.4}—H-consistency implying L,-
consistency (for any p € [1, 0o], not only for p = 1)—also holds true in the situation of the
present section as the loss function did not come into play in that statement. The second
part of Corollary [3.2.4—H-consistency implying risk consistency—does depend on the loss
function but can be transferred to shifted loss functions seamlessly:

Corollary 3.2.14. Let L: Y — R be a convez, distance-based loss function of upper growth
type 1, and let L* be its shifted version. Let H be the RKHS of a bounded and measurable
kernel k on X. Then, for every sequence (fy)new € H and every function f* € H, we have

dim [|f = f*[[ =0 = dim Ry p(fn) = Re-p(f7)-

Proof. The assertion follows directly from Corollary [3.2.4(i) and Theorem [3.2.13] which
i.l.lo(ii)

can be applied because H C Li(P~) by Lemma ]
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3.3 Consistency of Support Vector Machines

In this section, the results from Section are used as an aid for deriving new results
on different types of consistency of SVMs. First, SVMs using regular loss functions are
considered. For them, Section examines L,-consistency. The results from that section
are then employed in Section to in some sense (which gets specified in Sections [3.3.1]
and improve existing results on risk consistency of such SVMs, and results on their
H-consistency are derived in Section [3.3.3] Finally, SVMs based on shifted loss functions
are investigated in Section [3.3.4] (L,-consistency) and Section [3.3.5] (H-consistency). Risk
consistency of SVMs based on shifted loss functions is not investigated in a separate sec-
tion since the results from the preceding Section [3.2] would not yield any improvement
over existing results in this case. This is explained in slightly more detail at the end of
Section [3.3.4

Sections [3.3.1], 3.3.2] and [3.3.4] are mostly taken from the peer-reviewed paper [Kohler
(2024b, Section 4) that was published in Journal of Machine Learning Research. Sec-
tions [3.3.3] and [3.3.5] consist of previously unpublished results.

3.3.1 L,-Consistency Using Regular Loss Functions

Whereas SVMs based on distance-based losses are known to be risk consistent under mild
assumptions (cf.|Christmann and Steinwart}, 2007, Theorem 12), there are no general results
on their L,-consistency so far, but instead only corollaries for special loss functions based
on the results mentioned at the beginning of Section [3.2.1]

Since the conditions required by |Christmann and Steinwart| (2007, Theorem 12) also
imply the validity of Theorem L,-consistency of such SVMs would now directly
follow under these conditions. However, by some more thorough investigations, we are even
able to slightly relax the conditions on the sequence (\,),en of regularization parameters,
namely only requiring it to satisfy A? n — oo (as n — oo) for p* = max{p+ 1,p(p+1)/2}
instead of for p* = max{2p, p*}, which is required by (Christmann and Steinwart| (2007,
Theorem 12). This relaxation gets apparent in the following example:

Example 3.3.1. The popular least squares loss function is of growth type p = 2. Hence
in this case max{p + 1,p(p + 1)/2} = 3 < 4 = max{2p,p?}. Thus, the subsequent Theo-
rem yields L,-consistency (and Corollary will yield risk consistency) of SVMs
using the least squares loss under the condition that A>n — oo as n — oo, which is for
example satisfied if A, oc n~%/4. On the other hand, (Christmann and Steinwart| (2007,
Theorem 12) guarantees risk consistency of such SVMs only if A1n — oo as n — oo, which
is not satisfied for \,, oc n='/4. Thus, our new results allow for slightly faster convergence
of the regularization parameter to 0 and one therefore becomes more flexible in choosing
the regularization parameters while still being guaranteed consistency.

It should be noted that such a relaxation takes place whenever p > 1 holds true. The
case p = 1 is the only one, in which max{p + 1,p(p + 1)/2} = max{2p, p*}.

Theorem 3.3.2. Let L: Y x R — [0,00) be a convex, distance-based loss function of
growth type p € [1,00). Let H C L,(PY) dense and separable be the RKHS of a bounded
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and measurable kernel k on X. Assume that f} p exists and is PX-a.s. unique and |P|, < oo.
Define p* = max{p+1,p(p+1)/2}. If the sequence (\,)nen satisfies N, > 0 for alln € N
as well as A\, — 0 and A\’ n — oo for n — oo, then

Lim 200k — fLpllL,@x) =0 in probability P™.

We outsource the following statement, which is needed in the proof, into a separate
lemma as this will be needed again in the proofs of Propositions [3.3.6] and [3.3.7]

Lemma 3.3.3. Let L: Y x R — [0,00) be a convex, distance-based loss function of upper
growth type p € [1,00). Let k be a bounded and measurable kernel on X with separable
RKHS H. Assume that |P|, < co. Define p* == max{p+ 1,p(p + 1)/2}. If the sequence
(An)nen @s bounded and satisfies A, > 0 for alln € N as well as )\{’:n — 00 forn — oo,
then

nh_)rgo HfL,Dn,)\n,k — fL,P,An,kHH =0 m pmbabzlzty P.

Proof. Start by noting that applying Lemma [2.1.10(i), Steinwart and Christmann| (2008},
eq. (5.4)), and Lemma [2.1.21|(ii) yields

1zl loo < MRl - [1fzpnklly < Kl - Rep(0)2- 002 < e rpge- ALY (3.25)

for all n € N, with ¢, 1, p € (0,00) denoting a constant depending only on p, L, P and k,
but not on \,.

We know from [Steinwart and Christmann (2008, Corollary 5.11) that there exist func-
tions h,: X x Y — R, n € N, such that

1ers = feeanelly < 5 - [Ep, (@) = Ee (@]l VneN,  (326)

|
and, for s :=p/(p—1),
1l ey <8 e (T IPE™ + ([ fopannl2)
<8 cp (T4 PR+ s A7)
< Eprpg - A, P2 VneN, (3.27)

where we employed in the second and the boundedness of (\,),en in the third
step, and where ¢z, € (0,00) and &, px € (0,00) denote constants depending only on L
respectively p, L, P and k.

Now, we can apply Steinwart and Christmann| (2008, Lemma 9.2) with ¢ :== p/(p — 1)
if p>1and q := 2 if p = 1, which leads to ¢* = min{1/2,1 — 1/q} = min{1/2,1/p} =
(p+1)/(2p*), to the functions h,®, n € IN: First of all, with the help of we obtain

], = (Ep 1 BlGDY" < [l hal gy oy < Il - Epe - 32072 < 0
for all n € IN. We employed that, for all (z,y) € X x Y,
(1o (2, ) @ () || = [, )| - || @ (@) = [Pa(, )| - K, )% < [h (i, )| - (K],
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by the reproducing property. Hence, we obtain for all € > 0, by combining this Lemma 9.2
with (3:20),

P" (Do € (X x V)" : || fL.u sk = Frpsnklly > )

<P"(D, € (X xY)":|Ep, [M®P] —Ep [h,P]||; > A\ - €)

(el Y

<cq- Noent” S CpLPk W — 0, n — 0o,

with ¢, € (0,00) and ¢é,pr € (0,00) denoting constants depending only on ¢ (that is,
only on p) respectively p, L, P and k, and with the convergence in the last step holding
true because

APED2pa = (Agf’“)/(zq*)n)q* = (Ai’:n)q* — 00, n — 00,
by the assumptions on (A,)nen. This completes the proof. O]

Proof of Theorem[3.3.3 We can split up the difference, which we have to investigate, as

[ £2.00 0k = Fip < feDurmt = Frpnnilly, o) + || Frpans = fipl|, %)
D

’LT—’(PX )
< 1kl oo 200wk = Frprillgr + || Frp s = Fip|| o
Lyp(P)
(3.28)
by Lemma[2.1.10(i). The first summand on the right hand side converges to 0 in probability
as n — oo by Lemma [3.3.3]
As for the second summand: First of all, Lemma [2.1.21{(i) yields that L is a P-integrable

Nemitski loss of order p. Hence, we know from Steinwart and Christmann, (2008, Theorem
5.31) that

R*L,P,H = }glg Rrp(f) = R*L,P )

and |Steinwart and Christmann| (2008, Lemma 5.15) (with R} py = Rip < oo by Re-

mark |3.2.2)) then yields

Tim Ay [ fzp k|l + Rep(frpas) = Rip =0

because A\, — 0 as n — oo. Since A, HfL7P7,\n7k||§{ is non-negative and Ry p(frpa, k) >
R1p by the definition of R} p, we obtain

. _ *
nlgrg(} Rep(frpank) = RL,P .

Hence, Theorem [3.2.1], whose conditions are satisfied because of the considerations from
Remark [3.2.2] yields convergence to 0 (as n — 00) of the second summand on the right
hand side of ([3.28)), which completes the proof. H

Remark 3.3.4. The conditions on H in Theorem can be difficult to check directly.
Because of X being separable by Assumption [3.0.1] the separability of H however immedi-
ately follows whenever k is continuous (cf. Lemma [2.1.10[(iii)) and it suffices to verify this
continuity instead. For example, the commonly used Gaussian RBF kernel (among many
other kernels) satisfies this continuity and its RKHS additionally is dense in L,(P~) (cf.
Example [2.1.12)), for which reason this RKHS satisfies both conditions from Theorem 3.3.2]
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3.3.2 Risk Consistency Using Regular Loss Functions

As we successfully slightly reduced the conditions regarding (A,,),en compared to the refer-
enced result on risk consistency in Section we can now transfer this slight relaxation
back from L,-consistency to risk consistency by using Theorem [3.2.3}

Corollary 3.3.5. Let L: Y x R — [0,00) be a convex, distance-based loss function of
growth type p € [1,00). Let H C L,(PY) dense and separable be the RKHS of a bounded
and measurable kernel k on X . Assume that f} p exists and is P¥-a.s. unique and |P|, < oo.
Define p* = max{p+1,p(p+1)/2}. If the sequence (A\n)nen satisfies N, > 0 for alln € N
as well as A\, — 0 and N\’ n — oo for n — oo, then

Iim Rpp(fLo,ak) =Rip  in probability P*.
Proof. The assertion follows directly from Theorem [3.3.2] and Theorem [3.2.3] O

Alas, the slight relaxation of the mentioned condition regarding the regularization pa-
rameters also comes along with an additional condition compared to |Christmann and
Steinwart| (2007, Theorem 12): Corollary requires f;p to P*-a.s. uniquely exist.
Thus, Corollary pays for the slight relaxation in one condition by introducing this
new additional condition and should therefore not be seen as a replacement of Theorem
12 from |Christmann and Steinwart| (2007) but as an addition instead.

3.3.3 H-Consistency Using Regular Loss Functions

If the Bayes function f7 p is contained in H, it is even possible to strengthen the L,- and
risk consistency results from the preceding two sections to the stronger (cf. Corollary
H-consistency. Alas—in contrast to the condition f;p € L,(PY) that is needed for L,-
consistency but that could be replaced by the moment condition |P|, < oo in Theorem m
based on Remark [3.2.2—the generally also not verifiable condition f7 p € H can not easily
be replaced by a more intuitive alternative condition here.

Proposition 3.3.6. Let L: Y x R — [0,00) be a convex, distance-based loss function of
upper growth type p € [1,00). Let H be the separable RKHS of a bounded and measurable
kernel k on X. Assume that fip exists and is PX-a.s. unique, fip € H and |P|, < oo,
Define p* = max{p+1,p(p+1)/2}. If the sequence (A\,)nen satisfies N, > 0 for alln € N
as well as A\, — 0 and \’"n — oo for n — oo, then

nh_)ngo HfL,Dn«\n,k — f;”PHH =0 in probability P>.
Proof. By applying the triangle inequality, we obtain
[ Frpwrnk = Fipl| <N Frnurk = Frpanslly + || frpane = fiel], - (3.29)

Lemma then yields that the first summand on the right hand side converges to 0 in
probability as n — oo.
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Thus, only the second summand remains to be examined. By Lemma [2.1.21{i), L is
a P-integrable Nemitski loss. Hence, [Steinwart and Christmann (2008, Corollary 5.19) is
applicable and yields (since f; p € H) that A+ frp xx defines a continuous mapping from
[0,00] to H (by extending the definition of an SVM to the cases A = 0 and A = 00). By
noting that f7 p € H results in f; p = f1p o, this continuity yields, for all € > 0,

HfL,P,)\n,k — fZ,PHH = ||feppnke — frrolly <€
for n sufficiently large, which then yields the assertion. O]

Notably and by Corollary [3.2.4] this result strengthens Theorem [3.3.2]to L,-consistency
for any q € [1, 00]—also for ¢ exceeding the growth type p of the loss—if the additional
assumption f7 p € H is satisfied. Furthermore, Proposition offers the additional ad-
vantage of being transferable to Lipschitz continuous but not necessarily distance-based
losses rather easily (cf. Proposition , thus being applicable to an even larger class of
loss functions than the results on L,- and risk consistency from Sections [3.3.1] and [3.3.2]
This way, the subsequent Proposition [3.3.7] can also be applied for margin-based loss func-
tions (cf. Definition which are usually used in classification tasks. Most of the
commonly used margin-based losses, like the hinge loss or the logistic loss, are Lipschitz
continuous and satisfy Ry p(0) < oo (when actually being used in classification tasks),
which is required by the proposition.

Proposition 3.3.7. Let L: X x Y x R — [0,00) be a convezx, Lipschitz continuous loss
function. Let H be the separable RKHS of a bounded and measurable kernel k on X.
Assume that f] p exists and is PX-a.s. unique, fip € H and Rpp(0) < co. If the sequence
(An)new satisfies A, > 0 for alln € N as well as \, — 0 and \2n — oo for n — oo, then

Jim HfL,Dn,/\n,k - szHH =0 in probability P>.

Proof. The proof works in exactly the same way as that of Proposition [3.3.6] with only
small changes. Again, the triangle inequality yields

[ £r.00nnk = Fip||, < N Frurnk = Frpsnslly + || freane = fipl], - (3.30)

The first summand on the right hand side converging to 0 in probability can be shown
similarly to Lemma [3.3.3] By |Steinwart and Christmann| (2008, Corollary 5.10), there exist
functions h,: X x Y — R, n € N, such that

1
L Dndnk = fLonklly < o ||Ep, [hn®] — Ep [h,P]|| 4 VnelN
and

Now, the convergence can be proven analogously to Lemma by applying [Steinwart
and Christmann| (2008, Lemma 9.2), where only the case ¢ := 2 (and hence ¢* = 1/2) needs
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to be considered this time. This yields, for all ¢ > 0,

kL)
DD, € ()" i~ fursally > 9 < o (112 )
— 0, n — 0o,

with ¢y € (0,00) denoting the constant from the applied Lemma 9.2, and with the conver-
gence holding true by the assumptions on (\,),en.

Hence, only the second summand on the right hand side of remains to be in-
vestigated. Here, L being a P-integrable Nemitski loss can now be seen from the fact
that

L(z,y,t) < L(z,y,0) + L]y - [t]  Y(2,y,1) € X xY xR

by definition, and L(-,-,0) € Li(P) (since R p(0) < oo and L > 0). The rest follows the
same way as in the proof of Proposition [3.3.6] O

3.3.4 L,-Consistency Using Shifted Loss Functions

If one uses a Lipschitz continuous loss function (i.e. one of growth type 1 if it is distance-
based, cf. Remark , it was explained in Section that switching to the corre-
sponding shifted loss function eliminates the moment condition |P|; < oo in many results
on SVMs.

The natural hope that Theorem [3.3.2| can be transferred to the shifted case similarly,
thus also ridding it of the moment condition, might have already decreased because of
the negative results from Section As SVMs are always contained in some RKHS
H, one might however still hope that counterexamples like the ones from the proofs of
these results can not occur in such RKHSs because of the additional structure they possess
compared to L;(P¥ ) Alas, Sobolev spaces like the ones considered in Corollary
are also RKHSs if one chooses an appropriate kernel like for example the ones found in
Wendland (2005), which are classic examples of kernels with compact support. Hence, we
obtain the following:

Corollary 3.3.8. Letd € N, X =R?, and Y = R. Let L: Y x R — [0,00) be a conver,
distance-based and symmetric loss function of growth type 1, or the T-pinball loss for some
7 € (0,1). Let L* be its shifted version. Then, even if H is the RKHS of a bounded and
measurable kernel k on X and fi.p is PX-a.s. unique with Ji-p € Li(PY), a sequence
(fu)new € H of functions satisfying

nh_{{)lo Rip(fa) = L*P
does in general not imply

lim ‘fn - fz*,P“Ll(Px) =0

n—oo

without any additional assumptions besides Assumption being imposed.
1By Lemmal2.1.21{(ii), the associated kernel k being bounded and measurable implies that H C L (P).
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Proof. There exist different kernels whose RKHS is W22(X'). Examples of such kernels
can be found in Berlinet and Thomas-Agnan| (2004, Chapter 7), |Saitoh and Sawano| (2016,
Theorem 1.11) among others. For this proof, we will however use the kernel k; ; defined
by ki1(z,2") = ¢11(||r — 2'||2) with ¢1; as in |Wendland (2005, Definition 9.11), that
is, ¢11(r) o< (1 —r)3(3r + 1) (cf. Wendland, 2005, Table 9.1). By Wendland (2005,
Theorem 10.35), the RKHS of k;; is indeed W*?(X). Additionally, k;; is bounded by
¢1.1(0) < oo and because of its continuity also measurable. Applying Corollary yields
the assertion. O

As the (probably) most commonly used RKHSs for computing SVMs are those of the
Gaussian RBF kernels, cf. Example 2.1.12] we also want to take a special look at these.
After proving in Corollary that RKHSs, in which Li-consistency does not follow
from risk consistency, do in fact exist, we see in the subsequent Corollary that this
phenomenon can not only occur for kernels whose RKHS is a Sobolev space but also for
the Gaussian RBF kernel.

Corollary 3.3.9. Letd € N, X = R¢, and Y = R. Let L: Y x R — [0,00) be a convez,
distance-based and symmetric loss function of growth type 1, or the T-pinball loss for some
7 € (0,1). Let L* be its shifted version. Let v € (0,00) and H, be the RKHS of the
Gaussian RBF kernel k., on X. Then, even if f].p is PX_a.s. unique with Jisp € Li(PY),
a sequence (fn)new C H., of functions satisfying

Jm Rpep(fn) =R p
does in general not imply

lim || fn = fie 0| =0

n—o0 L1 (PX)
without any additional assumptions besides Assumption being imposed.

Proof. Denote, for some m € IN, the functions from the proof of Corollary by gn,
n € IN, that is,

gn: X = R, T
, else.

{n-(l—nx)m ,ifxE(O,%),
0

Because (gn)new € L1(PY), there exists by [Steinwart and Christmann| (2008, Theo-
rem 4.63) a sequence (f,)new € H,, such that

1

| fn _gnHoo < n

for all n € IN.
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Since both f,, and g, are bounded, we obtain from (22.5)) that, foralln € N, Ry« p(f,) € R
and Rz p(g,) € R. Hence,

Ruvp(fa) = Ruplg)| < [, 1L (9 Ju(@) = L' (5. 9.(@))] dP(z: )

= [, 1L 5:@) = Ly, ()| dP(ay) < |Lly- [ 1fu(e) = gu()] dP(a.)

XxY

1
<|L|;-——0, n — o0o.
n

with L being Lipschitz continuous by Lemma [2.1.17|(ii). The risk consistency of (g, )nen
shown in the proof of Corollary then yields risk consistency of (f,)nen-
On the other hand,

1
T (1= gl ey = i [ 1£u(@) = gu(a)] dP¥ (@) < lim = =0
combined with
1

Jim, Hg” B fz*7PHL1(PX) Tl

which is known from the proof of Corollary yields

LS ‘f” B fL*PHLl(PX) 2 lim, (Hg” B fL*’PHLl(PX) —lfn— gnHLl(Px)) T m+1
and thus (f,)nen not being L;-consistent. 0

The previous results show that L;-consistency of SVMs using shifted loss functions does
in general not follow from their risk consistency, with the latter being known from |Christ-
mann et al.| (2009, Theorem 8). Note that it might still be possible for such SVMs to be
Ly-consistent for different reasons though.

At least in the special case of the shifted pinball loss, we found some alternative con-
ditions to replace—and in many situations weaken—the moment condition from Theo-
rem [3.3.2] in Theorem [3.2.10] With this, we can now at least deduce L;-consistency of
SVMs using this shifted pinball loss without needing to impose the moment condition:

Corollary 3.3.10. Let 7 € (0,1) and L _,;, be the shifted T-pinball loss. Let H C Li(P¥)
dense and separable be the RKHS of a bounded and measurable kernel k on X. Assume
that frp exists and is P*-a.s. unique, Iip € Ly(PX) and P additionally satisfies at least
one of the additional conditions (i) and (i) from Theorem[3.2.10, If the sequence (\;)nen

satisfies A, > 0 for alln € N as well as \,, — 0 and \2n — oo for n — oo, then

lim || frx Do, — f:,PHLl(PX) =0 in probability P™.

n—00 T-pin’
Proof. |Christmann et al.| (2009, Theorem 8) yields
Do) = Ri-p(frp)

in probability P*. The assertion follows directly from Theorem [3.2.10] O

A, R (i

T-pin’
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It would now be possible to use Corollary to derive a result on risk consistency
of SVMs which are based on the shifted pinball loss, similarly to what we did in the
non-shifted case in Section [3.3.2} where we used Theorem on L,-consistency to derive
Corollary on risk consistency. In the latter result, we however only achieved an actual
improvement (over already existing results) regarding the conditions on the regularization
parameters if the loss function is of growth type p > 1. Similarly, a result on risk consistency
which is based on Corollary would offer no benefit over Theorem 8 from |Christmann
et al.| (2009) because of the pinball loss being of growth type 1.

3.3.5 H-Consistency Using Shifted Loss Functions

In contrast to the results on L,-consistency, it is indeed possible to transfer Proposi-
tion |3.3.7] on H-consistency of SVMs based on Lipschitz continuous losses to the shifted
case and eliminate the condition R p(0) < oo (which corresponds to the moment condi-
tion |P|; < oo if the loss is additionally distance-based, cf. Remarks [2.1.18 and [2.1.22(i))
without needing to add a different condition regarding P instead.

Proposition 3.3.11. Let L: X x Y x R — [0,00) be a Lipschitz continuous and convex
loss function, and let L* be its shifted version. Let H be the separable RKHS of a bounded
and measurable kernel k on X. Assume that f7.p is PX-a.s. unique. If Ji-p € H and
the sequence (A, )new satisfies N, > 0 for alln € N as well as A\, — 0 and \2n — oo for
n — 00, then

lim HfL*,Dn,/\n,k’ - fz*7PH =0 in probability P>.

n—00 H

The proof needs the subsequent auxiliary result, which transfers |[Steinwart and Christ-
mann| (2008, Corollary 5.19) to shifted loss functions. In this, the definition of SVMs from
Definition [2.1.5]is extended analogously to the cases A = 0 and A = cc.

Lemma 3.3.12. Let L: X x Y x R — [0,00) be a convexr and Lipschitz continuous loss
function, and let L* be its shifted version. Let H be the RKHS of a bounded and measurable
kernel on X. Define Ri.p g = infrey Rpp(f). Then, the following statements hold true:

(i) If Ri«ppy > —00, A frpak is a continuous mapping from (0,00] to H.

(i) If Ripy > —00, X = Rp«p(frpak) is a continuous mapping from (0,00] to
[0, 00).

(idi) If there exists an f* € H minimizing Rp-p in H, then Ri.py > —oo and the
mappings from (i) and (ii) are also defined and continuous at 0.

Proof. We omit stating the proof in full detail, as the result just transfers [Steinwart and
Christmann (2008, Corollary 5.19) from regular to shifted loss functions, which does not
change the proof apart from some minor details. The main change is that the condition that
L has to be a P-integrable Nemitski loss is dropped. This is possible because this condition
was only necessary for the risk functional to be continuous and we are only examining
Lipschitz continuous losses, for which the continuity of the risk functional follows from
Christmann et al.| (2009, Lemma 29). O

65



Proof of Proposition|3.5.11. By applying the triangle inequality, we obtain

(I fZ*,pHH <1 f1e Dok = Frop bl + || Forprnk — fZ*,PHH - (331)

The first summand on the right hand side converging to 0 in probability can be shown
exactly the same way as in the proof of Proposition by just replacing [Steinwart and
Christmann (2008, Corollary 5.10) with |Christmann et al.| (2009, Theorem 7).

As for the second summand, we obtain from Lemma [3.3.12] (since f;.p € H) that
A+ fr+pax defines a continuous mapping from [0,00] to H. By noting that fip € H
results in f7. p = frpo, this continuity yields, for all € > 0,

[ Frep k= fiep||,, = 1 prns = Frepolly < e

for n sufficiently large, which then yields the assertion. O]

Recall that H-consistency implies L,-consistency for all p € [1,00] by Corollary
Hence, the preceding result—similarly to Corollary [3.3.10] but for arbitrary distance-based
losses of growth type 1 instead of only the pinball loss—yields an alternative (albeit not
verifiable) condition to replace the moment condition |P|; < oo in Theorem and still
obtain L,-consistency, namely f7.p € H.

Since 0 € H for any RKHS H and the Sobolev space W22(X) is separable (cf. Adams and
Fournier], 2003, Theorem 3.6), Proposition is actually applicable to the situation of
the counterexample used to prove Corollary (see also proof of Corollary . Thus,
this is an example for which L;-consistency does not directly follow from risk consistency,
but SVMs are L;-consistent nonetheless.

3.4 Consistency of Localized Support Vector Machines

In this section, consistency results from Section are transferred to localized SVMs,
showing that they are L,- and risk consistent under analogous assumptions. This is done
for L,-consistency in Section and for risk consistency in Section Notably, the
regionalizations underlying the different localized SVMs are allowed to change with n in all
results. Before stating the results, some additional definitions and assumptions are stated

in Section B.4.11

Remark 3.4.1. Some of the cases that were investigated for global SVMs are not explicitly
examined for localized SVMs, which is due to different reasons:

« In contrast to global SVMs, there is generally not an obvious associated RKHS which
contains a specific localized SVM and which therefore suggests itself to be used for
H-consistency.

o For shifted loss functions, proving L,-consistency without the moment condition
would yield similar problems as in the non-localized case. Risk consistency on the
other hand has already been derived by [Dumpert and Christmann (2018]), even if
only for regionalizations that do not change as the size of the data set D,, increases.

This section is for the most part taken from the peer-reviewed paper Kohler| (2024al,
Sections 3.2 and 4) that was published in Neurocomputing.
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3.4.1 Prerequisites

As consistency of localized SVMs is investigated in this section and as the regionalization
is allowed to change with n, localized SVMs fr b, ankn,x., 7 € IN, are required. For
n € N, the regionalization X,, = {X,,1,..., X, 4, } is assumed to be of size A, € IN. For
ne€Nandae{l,...,A,}, denote by P, , = Pyx,, and D, , = (D,)x,, (as the empirical
measure associated to D, , = (Dy,)x,,) local measures on &, , as defined in eq. , and
dna = |Dngl. Additionally, denote

Lip = {a € {1,..., A} |P(X,0 x ) > 0}

and A,, == |Ix, p| for all n € V. ) )
Further denoting X,,(z) = {X € &,, |z € X} for all x € X and n € N, the regionaliza-
tions are assumed to satisfy the following three conditions:

(R1) A, , complete (as a metric space) for all n € N and a € {1,...,4,}.
(R2) Jsmax € N such that | X, (z)] < Spax for all z € X and n € IN.

(R3) The sequence (X,),en is stochastically independent of the sequence (D,,)nen of
training data sets.

Condition (R3) might seem restrictive at first glance because it seemingly constitutes
a restriction to only using regionalizations whose construction does not take the observed
data into account. However, one can easily circumvent this restriction by randomly parti-
tioning the whole data set into not only the usual three parts—namely a training data set
D,,, a validation data set and a test data set—but four parts instead, where the fourth part
is a regionalization data set. This way, the regionalizations can be chosen data-dependently
without violating (R3). By putting only a relatively small part of the available data into
the regionalization data set—which can be sufficient because one reason for regionalizing
is to just reduce the subsequent training time of the SVMs, for which no “perfect” region-
alization is necessary—, this procedure does not substantially reduce the amount of data
available for training, validating and testing.

Further note that, for every n € IN, the regions need not necessarily be pairwise disjoint
but can instead also overlap—as long as (R2) is satisfied, that is, as long as the number
of regions overlapping does not exceed some global constant s,., in any point x € X. If
the regionalization does not change with n, then (R2) is trivially satisfied for sy, = A;.

Remark 3.4.2. By Dunford and Schwartz| (1957, Lemma 1.6.4 and Theorem 1.6.12), any
subset of a separable metric space is a separable metric space again if it is equipped with
the metric of the original space. Hence, Assumption being satisfied for X implies it
also being satisfied for the regions &, ,, n € Nand a € {1,...,A,}.

In the consistency results, we further need the concept of families of kernels of type 3,
which is introduced in the following definition.

Definition 3.4.3 (Family of Kernels of Type 3). Let I be an index set such that 0 € [.
For kernels k(" and constants 3 € (0,00), r € I, we say that k := (k("),¢; is a family of
kernels of type 8 := (8"),¢; if, for all r € I,
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(i) H" D> HO where H"™ and H® are the RKHSs associated with k) and k©®
respectively, and

(i) [1fllzer < BD 11 fl] o for all f € HO.

Remark 3.4.4. By Saitoh and Sawano (2016, Theorem 2.17) (see also |Aronszajn, 1950,
Part 1.7, and |Berlinet and Thomas-Agnan, 2004, Section 4.5, for related considerations),
condition (i) from Definition already implies that there exists some 5 € (0, 00)
such that (ii) is satisfied as well. Hence, every family of kernels satisfying (i) will also be a
family of kernels of type B for suitable 8. Furthermore, the same theorem also yields that
the two conditions from Definition [3.4.3] are equivalent to

(iii) (B2 k™ — kO is a kernel,

for which reason families of kernels of type 8 are equivalently characterized by (iii) holding
true for all r € I.

Example 3.4.5. Let d € N, X C R? non-empty and I be an index set such that 0 € I.
For r € I, define k") as the Gaussian RBF kernel on X with bandwidth ") € (0, 00), cf.
Example By [Steinwart and Christmann| (2008, Proposition 4.46), the conditions
from Definition are satisfied with 3" := (v /742 if 4O > sup, 0 7.

Hence, every family (k™),c;, 0 ¢ J, of Gaussian RBF kernels with bounded bandwidth
can be turned into a family of kernels of type B8 = ((v9/y™)42),c;, T == J U {0}, by
choosing &k as the Gaussian RBF kernel with bandwidth v(® = sup,.c; AT,

We introduced these families of kernels of type B since all kernels &, ,, n € N, a €
{1,..., A,}, used in the local SVMs will be required to come from the union of ¢ € IN such
families kW, ... k®. To be more specific, k¥, j = 1,...,¢, will consist of kernels on X
and each k, , will be the restriction of such a kernel to &, , x &), ,. That is, we will have
kpo = kUomo) | X0 x ¥, fOI SOME o € {1,...,£} and ry € 1U°) where U0 denotes the index
set of the jo-th family. Based on this, we introduce the additional notation 3, , = [3(o:0)
and k) = ko0 | Xpax ¥, (i case of ambiguity regarding jo and ro, any of the options
may be chosen), which will be needed later on.

Note that the concept of families of kernels of type B also allows for infinite index sets
(see also Example . This will lead to the kernels k, ., n € N, a € {1,..., A,}, being
allowed to be chosen from a possibly infinite set of kernels.

Using this, the following assumptions are needed in the main results from the subsequent
sections, for which reason they are stated here in order to be able to shorten the formulation
of the results themselves:

Assumption 3.4.6.

e Let L: Y x R — [0,00) be a convex, distance-based loss function of growth type
p € [1,00).

o Let, forn € N, X,, = {X,1,..., X, .4,} be a regionalization of X of size A, € IN
such that the regionalizations satisfy (R1), (R2), (R3), and let the weight functions
Wna, n € Nand a € {1,..., A,}, satisfy (W1), (W2), (W3).
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« Let P be a probability measure on X' x ) that satisfies [P, < 0o as well as sup,,ei aery » [Prialp <
0.

o Forne N, let Ay, == Moty -5 Ana,) € (0,00)%.

e Let £ € N and let, for j = 1,....¢, k@ = (kU") _,;) be a family of uniformly
bounded and measurable kernels of type B0 = (5(j’r))re 1) on X with separable
RKHSs (HU")), ;) such that HGO C L,(P*) dense. For all n € N, let k, =
(knay- .-, kn.a,) such that for all a € {1,..., A,}

Fna € (K97, xtn 2 G €41, 0}, € IO}

These relatively weak assumptions can for the most part be ensured to hold true as they
only concern entities that can be chosen by the person computing the localized SVMSE
Notably, the conditions that—directly or indirectly—concern the regionalization and there-
fore also the way this regionalization is obtained, can be ensured for most of the methods
mentioned in Section [2.2.1] with the exception of some of the kNN methods, which do not
satisfy (R2).

Remark 3.4.7. The condition sup,cy sery. o [Pralp < 00 is disadvantageous in that it re-
quires knowledge about all regionalizations X,,, n € IN. Because

Prap= [, IPCI)EdPY, (@) < sup P(| )

for all n € N and a € Ix,p (and analogously also |[P[F < sup,cy |[P(-|2)[F), it however
suffices if sup,c |P(- | 2)[, < o0.

On the other hand, even though the finiteness of |P|, does already imply the finiteness
of |Ppalp for all n € N and a € Iy, p because

1
X X
’Pn’a’£ - w//"(n,a |P(. | x)|£ dPn,a(I) B m . /‘Xn,a |P( | x>|£ dP (x)
1 1
<—— [ |P(-|2)PdP¥(2) = —— - |P]P
~ PY(X0) /X PC1o) AP (@) P¥(X.a) Pl

|P|, being finite is not sufficient to guarantee sup,cn .cr,. p [Pria
’ n, ’

from the following example:
Let P* :=(0,1) and P(-| X = ) == U(0,27"/?) for all « € (0, 1), where U(a,b) denotes
the uniform distribution on (a,b). Then, we have

1 1
]P|1:/0 /Oﬁy\/fdydx:1<oo7

but for X, ; == (0, 1), n € N, we obtain

P11 :/OE/Oﬁy\/Edy‘ndx:\/ﬁ,

5The most notable exception to this is the moment condition, which is however necessary for the
existence of functions with finite risks in the respective RKHSs and for even having a PX-a.s. unique
Bayes function lying in L,(P~), cf. Remark 2.1.22L

p» < 00, as can be seen
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which yields sup,en qery. o |Ppalp = 00.
Hence, the condition sup,cn 4er, » [Prialp < 00 is not superfluous in itself and can not
just be erased without adding a replacement like sup,cy |P(- | 2)|, < oo.

3.4.2 L,-Consistency Using Regular Loss Functions

The subsequent theorem shows that localized SVMs are indeed L,-consistent under As-
sumption [3.4.6]

Theorem 3.4.8. Let Assumption be satisfied. Assume that [} p evists and is P¥-a.s.
unique. Define pi = max{p+ 1,p(p+1)/2}. Further choose p} = max{2(p—1)/p,p—1}
if p > 1 and p5 € (0,00) arbitrary if p = 1. If the regularization parameters satisfy
Ma € (0,C) for alln € N and a € {1,..., A} for some C € (0,00), as well as

max 32 Ana — 0 (3.32)
aEIXn’p ’ ’
and
A
min ——"% — oo (3.33)

a€lx,, p Aflz

as n — 0o, then

nh_)rglo ‘fL,Dn,An,kn,Xn — fz’PHL,,(PX) =0 in probability P>.
Remark 3.4.9. The conditions and are closely connected to the ones from the
non-localized case (see Theorem , requiring that the regularization parameters tend
to 0, but not too fast. however additionally needs to take changes in the kernels into
account by including £, ,, and additionally states that the number of regions must
not grow too fast.

In some special cases, we can slightly simplify these two conditions:

If one only allows for a finite amount of kernels to choose from (instead of a finite amount
of families of kernels of type 8), it is obviously possible to view each of these kernels as its
own family of kernels with index set 1) = {0} and Y% =1 for all j € {1,...,¢}, and
thus simplify by eliminating £, , from it.

Additionally, if the regionalization X,, does not change with n, then A, is constant and
we can erase it from .

Hence, if both of these hold true (finite amount of kernels and constant regionalization),
the conditions regarding the regularization parameters are indeed exactly the same as in
Theorem [3.3.2]on L,-consistency of non-localized SVMs, with the only difference being that
the conditions obviously need to hold true for each region now instead of only globally.

For proving Theorem [3.4.§, we need to investigate the difference between f1p, x,kn.xn
and f7 p. Analogously to the non-localized case, we do this by plugging in the theoret-
ical localized SVM fr p A, k..x. as an intermediate step. The two subsequent auxiliary
results examine the difference between frp, an.kn,x, a0d fLp A, k. x, and that between
FL.P Anken, 2, a0 fz’P respectively.
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As the assumptions needed for these lemmas are slightly weaker than those needed in the
theorems from this section, Assumption is not assumed to hold true in these lemmas,
but we will instead explicitly list the required assumptions in the lemmas.

Lemma 3.4.10. Let L: Y x R — [0,00) be a convez, distance-based loss function of
upper growth type p € [1,00). Let the regionalizations X, n € N, satisfy (R1), (R3),
and let the weight functions wpq, n € N and a € {1,..., A}, satisfy (W1), (W2),
(W3). Assume SUDyen acry, o |[Pralp < 00 Let, for alln € N and a € {1,...,A,},
kna be a bounded and measurable kernel on X, , with separable RKHS H, ,, such that
SUDeN acl, p |[Fnalloo < 00. Define pj = max{p + 1,p(p + 1)/2}. Further choose p; =
max{2(p —1)/p,p — 1} if p > 1 and p5 € (0,00) arbitrary if p = 1. If the regularization
parameters satisfy Anqo € (0,C) for alln € N and a € {1,...,m,} for some C € (0, 00),
as well as

C Madi
min
a€lx,, p Aff

— 00 (3.34)

as n — oo, then
. B . e
I [ fL D, Ankn X = fLPAwkn, 2|l px) =0 in probability P™.

Proof. To shorten the notation, denote fp .0 = fL P, o nakne @04 [Duna = fLDnanakna
for all m € N and a € {1,..., A}, as well as £ = SUp,enaery, p |[Fnall, and p =
SUPel,acly, p |Pnalp throughout this proof.

Because applying (W1) and (W2) yields

| fL.DnAnknsXn (T) = FLP A kn, 2 (2

2) - (fonmalz) - fp,n,au))\

) (ZL’) - fP,n,a(x)‘

An A~
< an,a('r> ’ ’fDn,n,a( ) ana( )‘ max
a=1

ae{lv 7A }

for all m € N and all z € X, we obtain

S LDn Ao X = LA 2|1 o3y < e na = fenal|, )
= aél}lf&fjp ||fDn,n,a - fP’n’alle(Pia) S K * agllng | fDn,n,(z - fP,n,aHHn@ (335)

for all n € IN, with the last inequality holding true because of Lemma (1) Hence, we
start by fixing an n € IN and an a € Iy, p and investigating the corresponding difference
on the right hand side of (3.35] -

First, note that employing Lemma [2.1.10|(i), [Steinwart and Christmann| (2008, eq. (5.4))

and Lemma [2.1.21(ii) yields

HfP:nyaHoo S Hk s o0 : ||fP:n7aHHn,a S HknyaHoo ’ RPn,a (0)1/2 ' )\;,}1/2 S Cp:va»K ’ )\71/2 (336)

n,a

with ¢, 1, € (0,00) denoting a constant depending only on p, L, p and &, but not on A, ,.
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Assume now without loss of generality that d,,, > 0 (which by has to be satisfied
for n sufficiently large), i.e. that fp, . is indeed an empirical SVM and not just defined
as the zero function. We know from [Steinwart and Christmann| (2008, Corollary 5.11) that
there exists a function A, ,: &), X YV — R such that

1
HfDn,n,a - fP,n,aHHma < \ ) HEDn,a [hn,aq)n,a] - EPn,a [hn,aq)n,a] Hy o (3-37)
and, for s :=p/(p—1),
1l o cr (14 [Pualt™ + [ fomal %)
—(p—1)/2
g e (L ey, A D2)
S ép,L,p,n )\n(f 1)/2 (338)

where we employed in the second and A, , < C in the third step, and where ¢;, €
(0,00) and &, 1, € (0,00) denote constants depending only on L respectively p, L, p and
K.

Assume without loss of generality that p < 1 if p = 1. Then, we can apply [Steinwart
and Christmann (2008, Lemma 9.2) with ¢ == p/(p — 1) if p > 1 and ¢ :== 2/p} if p =1
which leads to ¢* = min{1/2,1 — 1/¢q} = min{1/2,1/p} = (p + 1)/(2p}), to the function
P o®n.qo: First of all, with the help of we obtain

ona@all, = (B, [lna®nally, ])”

S HkmaHoo ' th’aHLq(Pn,a) S K 6p,L,p,n . )\_(p_l)/Q < OO,

n,a

where we employed that, for all (z,y) € X, . X Y,

||hn,a(xay>q)n,a<x)|’§1n’a = |hna(z,y)|"- H(I)n,a(x)m{nﬂ
= |z, y)|?- kn,a(xax)qﬂ < Nhnalz,y)|! ||kn,a||go

by the reproducing property. Hence, we obtain for all £ > 0, by combining this Lemma 9.2

with (3:37),

9
Pfl?ﬁ’ba (-Dn,a € (Xn )dna ||fDn n,a fP’n’aHH"’a Z >

K

S PZT(;L (Dn,a S (Xn,a X y)dn’a . H]EDTL@ [hn,aq)nv CL] - ]EPn,a [hn,aq)n,a]

(|, Y
<o\, ) S e g,

with ¢, € (0,00) and ¢, prpr € (0,00) denoting constants depending only on ¢ (which
means only on p in the case p > 1) respectively ¢, p, L, p and .
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With this, we can now return to investigating the whole global predictors with the help
of (3.35): For all ¢ > 0 and n € N, we have

P (Dn € (X X V)" || fL.00An ke, n — fL,P,An,kn,XnHLoo(pX) > €

‘ Dyl = doss )| Do,

= dn,An>

< pn <Dne<»c><y>": max [|fooma — fomally >
aefxmp n,a

= Q)

’ ’Dn,l‘ = dn,l: sy ‘Dn,An‘ = dn,An>

g
5 Pl (Dun € (s < 90" forma— frmalln, 2 )

aEIXn P K

~ 1 a
< CypLpys - An + Max <)\(p+1)/2dq> ) (3.39)

CLGIX P
and it remains to further investigate the right hand side:

If p > 1, we obtain (¢¢*)™' = ((p — 1)/p) - max{2,p} = pj. If p = 1, we analogously
obtain (qq*)~! = (p/2) - 2 = p}. Thus, we have

; 1 “ A\
An - Max p<A(p+1 24 ) TS NGRICRr

A7 99"
n
= max - —0, n — 00,

a€lx, p )\fﬁadn’a

by assumption. Hence, the whole right hand side of (3.39)) converges to 0, which completes
the proof. O

Lemma 3.4.11. Let L: Y x R — [0,00) be a convex, distance-based loss function of upper
growth type p € [1,00). Let the regionalizations X,, n € N, satisfy (R1), (R2), and
let the weight functions w,,, n € N and a € {1,..., A,}, satisfy (W1), (W2), (W3).
Assume that |P|, < co. Let £ € N and let, for j =1,...,¢, kY9 = (kU") __,;) be a family
of measurable kernels of type BY) = (BU™), ;i on X with RKHSs (HU™), ;) such that
HUO C L,(PX) dense. Let, for alln € N and a € {1,...,A,},

Fna € (K9 | owen, 15 € {1, 01 € 10}

If the regularization parameters satisfy Anqo > 0 for alln € N and a € {1,...,A,} as well
(s MaXaely, o Bn gAna — 0 asn — 0o, then

Jm Ry p(fLpanknn) = Rp-
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Proof. First, we show that all risks appearing in the assertion are finite: Lemma (ii)
yields R p(0) < oo as well as Rrp, ,(0) < oo for alln € N and a € Iy, p (With the latter
holding true because |P, .|, < co by Remark . Since R} p < Rrp(0) by definition,
we obtain the finiteness of R} p. Furthermore,

Rip(frprmnen) = [ L frprn o () dP(2.0)
X

S ~/X><y Z ’I,Un,a(x) . L(y, fL,Pn,a:)\n,a,kn,a (CL’)) dP(I7 y)

<Z/ L(Y, 1000 o (7)) APz, )

Xn,a XY

Z P n,a X y) : RLaPn,a (fLyPn,ay)\n,a;kn,a) ?

a€lxp,p

where we applied (W1), (W2) and the convexity of L in the second and its non-negativity
as well as (W1) and (W3) in the third step. In the last step, we employed that X, , x )
is a P-zero set for a ¢ Ix, p, leading to the corresponding P-integrals being 0. Since
RL,Pn,a (fL,Pn,a,/\n,a,kn,a) S RL,Pn,a (0) for all a € [Xn,P by the definition of fL,Pn,a,An,a,kn,av
and since we already saw that Ry p,,(0) < oo, the finiteness of Rp p(fr.p.an kn.xn) follows
for all n € IN.

With the inner risk Cp p(.|4), and the minimal inner risk CZ,P(-II),I’ we can now write

Rrp(fLpanknxn) — Rip

= [ (CLrtimalfrprmhxn(@) = Cippas) AP¥ ()
</ ana (CopeinelFpuermane (@) = Cp ) AP¥(2)
<Z/ (CLpt 10 (FLPumrmben(®) = Cip o) AP (@)

— Z (P(Xn,a X y) . RL,Pn,a(fL,Pn,a,An,a,kn,a) — /X CL P( | dPX( )) y (340)

aclxp,p

where we applied Lemma in the first, (W1), (W2) and the convexity of L in the
second, and (W1), (W3) and Crp(12)e(fLPrarnakna) = CLp( e = 0 forall z € X (by
the definition of C; LP(| r)ﬁv) in the thlrd step. In the final step, we once more used that
P(X,ax)Y)=0fora¢ Iy, p.
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If we define \, = MaXeely, o ﬁfm/\n,a as well as l%nﬁa c {kUm) .5 e {l,...,6},r €10}
such that l;:na‘;gmxxn!a = ky o and analogously ];7(10()1 e {kU9 . j € {1,...,0}} such that

k(o = k), we can further analyze the right hand side of (3.40) by noting that,

for all n € N and a €lx, p,

ReLPoo(fLPrarnakna)

2
S RLPu (L Prarnadna) F Ana || FLPuarnakn

Hn,a
2

S RL’Pn’a (vapn,avﬁ%,aA’ﬂya7k$lC:)a> + )\nza . ‘ fL7P77«71175721,a)‘71,(17k’l(10,>a

Hn,a
2

/; PrasB2 o Anakoh

2
< Rip,.(f L,Pn,aﬂ%,aAn,a,k,&?L) + Bna Ana s ‘ HO)

2

<RrPn. <fL,P,5\nJ~€§LO,l ‘Xn,a) + 62,@ “ A ‘

fL,P,XnJE&% Anal| L

na

2

< Ripn iy o) 50 T i

2

< RS p 5, 50| ) +An - ‘ Ture kS || 0

)
n,a

Here, we employed the definition of f7p, , A, ...kn.. T€SPECtivVely L as the min-

fL7Pn,a7/87217aAn asvn,a
imizers of the respective regularized risks (combined with the fact that f, P82 A k) €
7O ‘ Xna € H ) by [Berlinet and Thomas-Agnan, 2004, Theo-

HY) C H,, and that frps
rem 6) in the second and in the fourth step, and again Berlinet and Thomas-Agnan (2004,
Theorem 6) in the last step. Furthermore, the third step holds true because

£l = min lgllg,, < min llallg,, < Auee min loll, = B 11 FlLyg
n,a: g n a g ’
Q‘Xn’a:f g‘Xn,a_f g‘Xn,a_f
forall f € H n ) where we once more applied Berlinet and Thomas-Agnan| (2004, Theorem

6) and that Hfl?g C Hua

I0)



Plugging this into the right hand side of (3.40)), we obtain

Rip(fLPAnknxn) — Rip
B 2
< > (P(Xn,a x V) - (RL,Pn,a(fLP;n O \XM) + An - ‘ frps w© ~(0)>
aeIXn)P Ly yn,a iy svn,a Hn,a

G dPY (e >)

Xna
2

. (P(Xn,axymn-\

aClx, p

fL,P,Xn,fcifl 70

n,a

o (Corer s i o)~ Ciero.c) 4P (0)

{ Ay - 2
< Z <P(Xn7a X y) ’ /\n ’ HfL,P,S\n,k(j’O)

H(,0)
=la=1

<.

—i—/ CL P(| ) fLP)\n kG0 (7)) _CZ,P(-M)@) dPX@))

l
< Z Smax (An : HfL,PVS\mk(j’O)
Jj=1

2 *
oo T Rep(fLps,k60) — RL,P) : (3.41)

with the third step holding true because of the summands being non-negative and the final
step employing that, for all j € {1,...,1},

An
Z / (Crrcimelfrpi,uon @) = Cipne) P¥ ()

- /. zlum (Cuptimalfipanpon (@) = Cipgna) AP ()
< Smax (RL,P(fL7P7S\n,k(j70)) - R*L,P)
by (R2), and analogously 37 P(X, 4 X V) < Smax-
Now, by Lemma [2.1.21{(i), L is a P-integrable Nemitski loss of order p. Hence, for all
g €A{l,...,l}, we know from Steinwart and Christmann| (2008, Theorem 5.31) that

LPHGO = [ 1an o Rep(f) =Rip < o0

and [Steinwart and Christmann| (2008, Lemma 5.15) then yields that

- 2
. *
nh_{glo An HfL,P,S\n,k(ij) G0 + R’L,P(fL,P,Xn,k(N)) —Rip=0

because A, — 0 as n — oo. Thus, the whole right hand side of (3.41) converges to 0

as n — oo and we obtain the assertion because Rpp(frpanknx,) — Rip = 0 by the
definition of R} p. O
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Proof of Theorem[3.4.8 We can split up the difference, which we wish to investigate, as
‘ ’szDny)\n,knyxn - fL,P ‘ ’LP(PX)

(3.42)

<200 A n = FLP A, 2l o) F || 2P A 0 — fZ,pHLp(Px) :

Because |[fL,0, An b ¥n = SLP A kn 2l |1 %) S 1 fLD0 A kn 20 = FLPAw k2l (px)s WE
know from Lemma that the first summand on the right hand side converges to 0 in
probability as n — oo.

Thus, only the second summand remains to be examined: From Lemma|3.4.11} we obtain

TI:,li—)IIE.lO RL’P(fL,P,An,kn,Xn) = E’P :

We further know for all n € N that f7px, k.2, € Lp(PY) because

JLPradmakna

HfL,P,An,kn,XnHL pxy S HfL,P,)\n,kn,XnHLw pxy < max
p(P) (P*)

ac{l,...,An} Loo (P¥)

< max
CLEIxn,p

by (W1), (W2) and Lemma [2.1.10[(i), similarly to (3.35). Employing Theorem and
Remark then yields convergence to 0 (as n — o0) of the second summand on the

right hand side of (3.42)), which completes the proof. ]

< 00

VA P .
n,a

LOO(PT}LC’Q) — (lél}gip Hkn,a‘ ‘oo HfLypn,a,)\n,aykn,a

Example 3.4.12. If p = 2, like for the popular least squares loss, we have pj = 3 and
p5 = 1 in Theorem and condition (3.33)) therefore becomes

A n,a
min 227 s x0.

CLEIXn,p n

If p = 1, like for the pinball loss or the e-insensitive loss, we have p; = 2 and p} can be
chosen arbitrarily small. Hence, condition (3.33)) relaxes even further in this case, becoming

2
. )‘n,adma
min =~ —
a€lx,, p Ag

for an arbitrarily small 6 > 0.

In the subsequent example, we empirically examine the convergence postulated in The-
orem [3.4.8 for some simulated data. As this example also considers the case A, = 1 for
the different investigated sample sizes n, it also covers the L,-consistency of non-localized
SVMs that was stated in Theorem [3.3.2]

Example 3.4.13. We used R Statistical Software (R Core Team, 2022, v4.2.2) to perform
median regression (that is, we used the 0.5-pinball loss function in our SVMs) on synthetic
data generated according to the regression problem “Friedman 1” from the library mlbench
(Leisch and Dimitriadou, [2021) as described by |[Friedman| (1991). Here, the input space X
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is 10-dimensional and each component of the input is uniformly distributed on [0, 1], with
however only 5 of these components actually influencing the output y via the function

f(z) = 10sin(rzy2) + 20(23 — 0.5)% + 1024 + 55,

from which the value of y is obtained by adding an A(0, 1)-distributed error, which yields
that [} p is P*-a.s. unique and coincides with f. The remaining 5 components of the input
data are hence just adding noise.

We proceeded by generating a regionalization data set of size 10,000, based on which we
used a k-means approach to partition X into 3, 5, 10, 20, 40 and 100 regions. For each
of these regionalization choices, we then used 1iquidSVM (Steinwart and Thomann| 2017)
with the 0.5-pinball loss function to compute corresponding localized SVMs for different
training set sizes ranging from n = 600 to n = 2,000,000. Additionally, we did the same
computations for a regular SVM (i.e. one based on a single global region). We used fixed
Gaussian RBF kernels not changing with n. By Example [3.4.12] Theorem then

guarantees convergence of H FL.Dn Aniden.Xn — 1 P‘ (X to 0 whenever \,,; tends to 0 slower
) 1 ?

than d;;/ 2 (because A, is constant for each fixed regionalization). For this reason, we chose
some constant ¢; > 0 on each region &; (for each regionalization) and then used \,; =

c,--d;%/ ® To empirically verify the postulated convergence, we estimated the resulting values

of

to “Friedman 1”7 without the random errors in order to obtain evaluations of the Bayes
function f7 p.

We repeated this whole procedure 30 times and collected the means of the estimated
values of HfL,Dn,)\n,kn,Xn - fz’PHLl(PX) for the different combinations of n and the number

of regions in Table We also added the estimated standard errors of the means
based on these 30 repetitions in that table.

It can be seen that—mno matter the number of regions—the convergence with respect to
n does indeed seem to take place. Looking at the table row-wise instead of column-wise,
one further notices that the number of regions yielding the best results slowly increased
as we increased n, starting from 1 (i.e. using a global SVM) for n = 600 and reaching the
maximum examined amount of regions, namely 100, for n = 2,000,000. Looking at how
small the estimated values of the standard errors of the means are, one can conclude that
this pattern was not just due to chance but really exists and hence supports the idea of
increasing the number of regions as n increases in practice.

This idea also gets supported by Table [3.4.2] where we collected the corresponding com-
putation times (training and testing times combined).ﬂ The table shows that computation

FLDn A kon X — fEPHL ) based on 1,000,000 test data points generated according
’ 1

16The missing values in the table are due to the corresponding localized SVMs not having been
computed—either because of having too few data points in the different regions (depicted by “—”) or because
of having so many data points in a single region that the calculations become exceedingly memory-intensive
(depicted by “+”).

17Because of us not computing a new regionalization for each n but instead using regionalizations that
are fixed independently of n, the computation times do not include the time needed for computing the
regionalization, which was however negligible for the simple k-means approach that was used. The time
needed for assigning training and test points to the different regions on the other hand is included in the
stated computation times.
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. #Reg. 1 3 5 10 20 40 100
600 | 1.154 1.227 1.318 1590 1.826 - -
0.025 0.028 0.020 0.009 0.010

2000 | 0.967 0.952 0954 1.084 1227 1.403 -
0.024 0.030 0.019 0.009 0.005 0.004

6,000 | 0.846 0.799 0.764 0812 0.874 0981 1.160

0.026 0.032 0.020 0.009 0.005 0.008 0.002

20,000 | 0.744 0.689 0.640 0.641 0.657 0.703 0.800

0.027 0.032 0.019 0.009 0.004 0.002 0.002

60,000 | 0.663 0.612 0.559 0.544 0.541 0.557 0.611

0.028 0.031 0.018 0.009 0.004 0.002 0.002

200,000 i + 0483 0463 0453 0.453  0.476

0.016 0.008 0.004 0.002 0.002

600,000 T + + 0402 0394 0.386 0.392

0.008 0.004 0.002 0.002

2,000,000 4 1 1 + + 0331 0.326

0.002 0.002

Table 3.4.1: Means and estimated standard errors of the means (in small font) of

H FL.D0 Anikn, X — fz’PHLl(P x) for the regression problem “Friedman 1” with different train-

ing set sizes n and different amounts of underlying regions (based on 30 repetitions for
each combination). Bold font highlights the minimum value for each n.

times indeed drastically decrease as the number of regions increases, also recall the analyses
of computation times referenced in Section 2.2.1]

3.4.3 Risk Consistency Using Regular Loss Functions

To our knowledge, the only existing results which explicitly examine risk consistency of
localized SVMs are those by Hable (2013, Theorem 1) and Dumpert and Christmann
(2018, Theorem 3.1), both of which are in certain aspects considerably less general than
the subsequent Theorem : Dumpert and Christmann| (2018]) only considered Lipschitz
continuous (shifted) loss functions, whereas we take a look at distance-based loss functions,
thus covering a different subset of all loss functions, notably also including the popular
but not Lipschitz continuous least squares loss. Additionally, Dumpert and Christmann
(2018)) assumed a fixed regionalization and fixed kernels on the different regions, which
stay the same independently of the size n of the underlying data set. We however also
allow for regionalizations which change with n (cf. Section , since the regionalization
is oftentimes not predefined in practice but instead might change when new data points
are added to the data set—for example, becoming finer when n grows. We also allow for
kernels that change with n and that are chosen from an possibly infinite set of kernels—for
example, Gaussian kernels whose bandwidth decreases as n increases (cf. Example .
Thus, we significantly generalize the investigations by Dumpert and Christmann| (2018))
in these aspects. |Hable| (2013) on the other hand only allowed for a bounded output
space ) and only considered the special case of the regionalization stemming from some k-
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#Reg. 1 3 5 10 20 40 100

600 | 10 7 6 5 6 - -
2,000 28 13 10 8 7 8 -
6000 8 32 22 14 11 10 13
20,000 | 340 95 61 34 21 16 16
60,000 | 1,486 509 178 94 51 32 26
200,000 + 4+ 1077 377 177 101 56
600,000 + o+ + 2429 834 395 184

2,000,000 + o+ + + 4+ 3808 1,142

Table 3.4.2: Means of the computation times (training plus testing) in seconds based on
for the regression problem “Friedman 1”7 with different training set sizes n and different
amounts of underlying regions (based on 30 repetitions for each combination).

nearest neighbor method. Whereas this approach implicitly also allows for regionalizations
which change with n, this makes our Theorem applicable to a much wider array of
localization methods—even though the k-nearest neighbor approach described by [Hable
(2013)) is not one of them because it can lead to condition (R2) from Section being
violated, thus making our result and that of |[Hable (2013)) applicable to different situations.

Apart from that, the oracle inequalities by Meister and Steinwart| (2016), Thomann et al.
(2017), [Miicke| (2019)), Blaschzyk and Steinwart| (2022) of course also imply risk consistency
if the different parameters in these results are chosen accurately. However, these oracle
inequalities are only valid for the least squares respectively the hinge loss, whereas we
aim at deriving a much more general result which is applicable for the considerably larger
class of convex, distance-based loss functions (even though this class does not contain
the hinge loss). Additionally, these oracle inequalities require stricter conditions than our
consistency results, like for example X being contained in a ball of fixed radius, ) being
bounded, the kernels all being Gaussian kernels, and also additional requirements regarding
the regionalization.

In the subsequent theorem, we derive such a general result on risk consistency of localized
SVMs. Condition in that theorem is slightly more restrictive and complicated than
its counterpart in the result on L,-consistency. However, the additional factor
)\ffb can be eliminated from in several important special cases, thus weakening and
simplifying this condition again: If the loss function is of growth type p = 1, one directly
obtains p5 = 0, and if the regionalizations underlying the localized SVMs partition X" or
Jip exists and is P¥-a.s. unique, the special cases (i) and (ii) of the theorem also yield
similar relaxations.

Theorem 3.4.14. Let Assumption[3.4.6 be satisfied. Define p; = max{p+1,p(p+1)/2}
and p§ = max{p — 1,p(p — 1)/2}. Further choose p5 = max{2(p — 1)/p,p — 1} if p > 1
and p; € (0,00) arbitrary if p = 1. If the reqularization parameters satisfy A\, € (0,C)
foralln e N and a € {1,...,A,} for some C € (0,00), as well as

max 32 Apa— 0
aEIXnﬁp ’
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and

P35 \P]
N Ao

min — — 00 (3.43)
a,be[_x,n”p AﬁQ
as n — 0o, then
nhg& Rerp(fLDwAnknn) = RLp in probability P°.

If some additional conditions are satisfied, it is possible to slightly relax assumption (3.43])
regarding the reqularization parameters:

(i) If, for allmn € N, the regionalization Xy, is a partition of X, then it suffices if (3.43))
is satisfied for pt := max{2p,p’} and p} = 0.

(i) If fp ewists and is PX-a.s. unique, then it suffices if (3.43) is satisfied for pl = 0.

For proving this theorem, the following lemma is useful. Because it does not need all of
Assumption the required assumptions are explicitly stated in the lemma instead.

Lemma 3.4.15. Let L: Y x R — [0,00) be a convez, distance-based loss function of
upper growth type p € [1,00). Let the regionalizations X, n € N, satisfy (R1), (R3),
and let the weight functions wy,q, n € N and a € {1,..., A}, satisfy (W1), (W2),
(W3). Assume that |P|, < 0o and Sup,ew ery,, p [Pralp < 00. Let, for alln € N and
a € {l,...,An}, kna be a bounded and measurable kernel on X, , with separable RKHS
Hpa, such that sup,enaery p l|knalloe < 00. Define pi == max{p + 1,p(p + 1)/2} and
pi = max{p — 1,p(p — 1)/2}. Further choose p; = max{2(p —1)/p,p — 1} if p > 1 and
p5 € (0,00) arbitrary if p = 1. If the reqularization parameters satisfy A, € (0,C) for all
nelN anda € {l,...,A,} for some C € (0,00), as well as

P35 \P]
)\n,b)\n,adn,a

min — — 00 (3.44)
a,bGIXnyp AI’;Z
as n — 0o, then
Im [Rep(frp,anke2n) = RLp(fLPAka2,)] =0 in probability P.

If additionally, the regionalizations X,, n € IN, are partitions of X, then it suffices if
(3.44) is satisfied for pt := max{2p,p’} and p} = 0.

Proof. Assume, for alln € IN and a € Ix,, p, without loss of generality that d,, , > 0 (which
by has to be satisfied for n sufficiently large), such that the respective local empirical
SVM fLDy.aAnaskn.e i indeed an empirical SVM and not just defined as the zero function.
To shorten the notation, we denote fp., == fLPAnkn.Xns fOun = fLDuAnkn.Xn> [Pna =
TLPradmakne A D, na = fLDradmakna f0r alln € Nand a € {1,...,A4,}, as well as
K= SUDpeN actp, p | Fnalloo: 2= [Plp V SUDnew aery,, o [Prialp and An = mingery, » Ana
throughout this proof. Additionally, note that Lemma [3.4.10] is applicable in the situa-
tion of this lemma (in the base case as well as in the special case of the regionalizations
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being partitions of X) as in combination with A,, € (0,C) for all n € IN and
be{l,...,A,} implies the validity of (3.34).

We start by proving the main assertion before turning our attention to the special case
of the regionalizations being partitions of X afterwards.

By applying Lemma [2.1.21{(iii) with ¢ := p, we obtain

|72'L,P(fDn7 )_RLP(an)’
SCP,L' (|P|p 1+HanHp PX)+||fDn7n||L (PX) 1) ’ ||fDn,n_fP,n||Lp(pX) ) (3'45)

where ¢, 1, € (0,00) denotes a constant only depending on p and L.
We can further analyze the right hand side of this inequality by noting that

||fP,n||Loo(pX) < max

a€{l,...,An} Loo(PX)
—1/2
= max max c “A
aelxnp ||fP7n’aHLOO(P a) — Xn.P p’L7p7 n,a Y

with the first inequality following from (W1) and (W2), similarly to (3.35]), and the last
one analogously to (3.36)), with ¢, 1 ,. € (0,00) denoting a constant depending only on p,
L, p and k. Hence,

||fP,n||Z(1 < ||an||L ®x) S Jpax o - A2 = A, PTD2 0 (3.46)

b n,a p,L PR

Similarly, we obtain

p—1
||fD"Ln||L (PX ( anHL PX)>
<27 Cp, l,pru A, 1)/2+2f” Yo = Seall] oy (3.47)

where we applied in the last step.

Plugging ([3.46] and into (3.45) then yields

IRrp(foun) — Rep(fen)l
o (P T ) L AT 2| -

D PX +1)

N[ fonn — fP,n”LP(PX)
— ey ((pp—lgvgp—w @)+ AET)
2| o = Foalliyer, + 277 fown = feall o, )
< g (A o = Sl o) + [1Fo0m = foall]_px)) -
where we employed A, < C and || fp,n = feall, px) < |foan = foall,_px, i the last
step.

We know from Lemma|3.4.10|that the second summand on the right hand side converges
to 0 in probability as n — oo. Hence, we only need to further investigate the first summand.
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For this, we can proceed in exactly the same way as in the proof of Lemma [3.4.10] and only
need to additionally consider the factor A-P~Y/2 By doing this, we obtain for all € > 0

P" (D € (X x V)" s A2 [ fo, 0 foally ox) > €

1Dl = duss s 1P| = o)

XD/
<P"(D, € (X xY)": max 1 fonna = femally,, 2 =

aclxy,

‘ ’Dn,1| = dn,l: vy |Dn,An| = dn,An)

< Y Pl (pn,ae@cm D) | fouma — fomall, . > 20—

~ 1 a
< CapLopp * An - ag}g : <)\(p 1)/2)\(p+1)/2 = ) , (3.48)

analogously to (3.39), with ¢, 1, € (0,00) denoting a constant depending only on ¢, p,

L, p and k. Here, as in the proof of Lemma [3.4.10, ¢ == p/(p — 1) if p > 1, ¢ == 2/p} if

p=1 and ¢" =min{l/2,1 —1/¢} = min{1/2,1/p} = (p+1)/(2p]) = (p — 1)/ (2p3).
Because (qq¢*)~' = p} (cf. proof of Lemma [3.4.10)), we furthermore obtain

q 3 qq

A ( ! An -0 —

n © IMax ~ (=172 73 o= — maXx P T — y n o0,
wlane \NETVPNITVRdE L) oSl \ XE M ady

by assumption. Hence, the whole right hand side of converges to 0, which yields the
main assertion.

As for the special case of the regionalizations being partitions of X: If X, is a partition
of X, then the conditions (W2) and (W3) imply that w,, = 1y, foralla € {1,..., A, }.
Hence, we obtain

"Rep(fo,n) —Ree(fen)

[ 2 (935 1 o nal)) aP )
S A (5 oY BCEY ) R

X XY

An
([ H o) P - M%ﬁmwww@wﬂ

a—1 Xn,a XY Xn,aXY
S Z P<Xn,a X y) . ‘RL,Pma (fDn,n,a) - RL,Pn,a (fP,n,a)

aEIXn,p
< max [Rrp,.(fo.nae) = Ripn.(fPna) (3.49)

aEIxn’p
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in this case. In the third step, we applied that &, , x ) is a P-zero set for all a ¢ Iy, p,
leading to the corresponding P-integrals being 0.

The argument of the maximum on the right hand side of can, for each a € Iy, p,
be examined in the same way as we previously examined the difference on the left hand
side for proving the main assertion. A difference appears in , where we now have

—1 —1 —1 —(p—
||fP,n,aHIZ/p(P%(7Q) < HfP,n,aHioo(Pfl(’a) < C}Z;’L’p’ﬁ . )\n,gzp 1)/2 )

That is, we can omit the final step of bounding this with the help of A, because we are
now not interested in maxaery, o |[fpnall, px ) but only in || fprall,_px ) for a specific
a. ’ ”

By applying this to the subsequent steps of our proof, we obtain

RLp(fo,n) — Rep(fen)l
RL,Pn,a (fDn,n,a) - ,R'L7Pn7a(fP,n,a)

< max
aefxnyp

S 6p,L,p,n . mﬁfp (An,gpl)/Q . HfDn,n,a - fP,n,aHLoo(piia) + HfDn,n,a - fP,n,aHioo(Pia)>

S 6P,L,p,/$ . (aérjlﬁ,}{ ()\;7217—1)/2 . ||fDn,n,a - fP,nHLOO(Pf’a)) + ||fDn,n - fP,nHiw(PX)) ’

where the second summand on the right hand side converges to 0 in probability by
Lemma [3.4.101

As for the first summand, we can derive

p" (Dn €(XxY)": max (Anff”” N founa — fp,n,aHLoo(pga)) >¢

aEIXnyp

‘ |Dn,1‘ = dn,h ceey ‘Dn,An’ - dn,An)

~ 1 a
< CypLpw * An - max < ) )

+
aclx, p A%,agd%,a

analogously to (3.48). Finally, we obtain convergence to 0 of the right hand side, and thus
the assertion, because

~ ok qq
. I A
A, - max T = max = — 0, n— oo,
a€lxpp \ Mnadna o€lxne \ Nladp 4

by assumption, where we applied that p/q* = p} since p} = max{2p, p*} now. O]

Proof of Theorem [3.4.1. We start by proving the main assertion and the special case (i):
We can split up the difference, which we wish to investigate, as

IR (fL.DwAnkn.Xn) — R7pl
<|RLp(fLDwAmbn2n) = RLP(fLP A k20| + I RLP(fLP Ak x,) — Ripl- (3.50)
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The assertions then follow directly by applying Lemma[3.4.15]to the first and Lemma[3.4.11]
to the second summand on the right hand side.
As for the special case (ii): If f7 p P¥-a.s. uniquely exists, the assertion follows directly

from Theorem and Theorem which is applicable because f7p € L,(PX) (cf.
Remark [3.2.2) and f1,p, an k.t € Lp(PX) for all n € N (cf. proof of Theorem [3.4.8)). [

If p = 1, the cases (i) and (ii) of Theorem[3.4.14] can be ignored since they do not yield an
actual relaxation because p; = 0 then also holds true in the general case. Furthermore, the
possible relaxations mentioned in Remark are obviously also valid for Theorem [3.4.14]

The subsequent example transfers Example [3.4.13] to now examine risk consistency in-
stead of L,-consistency. As it also considers the case A, =1 for the different investigated
sample sizes n, it also covers the risk consistency of non-localized SVMs that was stated in

Corollary [3.3.5]

Example 3.4.16. We look at the regression problem “Friedman 1” the same way as we did
in Example [3.4.13| notably also choosing the regularization parameters as A\, ; = ¢; - a1\
for constants c¢;. Theorem yields that Rpp(fr.p,Akn,xn) — Rip converges to 0
because the special case (ii) of that theorem tells us that condition coincides with
in the situation of this example, and the latter condition was explained to be satisfied
for this choice of \,; in Example Table shows the resulting values of the
excess Tisk Rpp(fL.D,Ankn,xn) — Rip, from which it can be seen that the postulated
convergence does indeed take place and that it does so considerably faster than that of
in Example 3.4.13

HvaD’VhAnvknan - fz,PH

L1 (PX)

18The missing values in the table are due to the corresponding localized SVMs not having been
computed—either because of having too few data points in the different regions (depicted by “—”) or because
of having so many data points in a single region that the calculations become exceedingly memory-intensive
(depicted by “+7).
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. #Reg. 1 3 5 10 20 40 100
600 | 0.316 0.344 0.381 0493 0.604 - -
0.010 0.012 0.008 0.004 0.004

2,000 | 0.244 0238 0.237 0286 0.343 0.417 -
0.009 0.012 0.008 0.004 0.002 0.002

6,000 | 0.200 0.184 0.170 0.185 0206 0.245 0.314

0.009 0.011 0.007 0.003 0.002 0.001 0.001

20,000 | 0.163 0.147 0.129 0.129 0.133 0.145 0.176

0.009 0.011 0.006 0.003 0.002 0.001 0.001

60,000 | 0.136 0.122 0.104 0.100 0.098 0.101 0.114

0.009 0.010 0.006 0.003 0.001 0.001 0.001

200,000 + + 0082 0077 0074 0.072 0.076

0.005 0.002 0.001 0.001 0.001

600,000 i + + 0061 0059 0.056 0.055

0.002 0.001 0.001 0.000

2,000,000 + T T + + 0044 0.041

0.001 0.000

Table 3.4.3: Means and estimated standard errors of the means (in small font) of the excess
risk Rrp(fL.D0Anknxn) — R p for the regression problem “Friedman 17 with different
training set sizes n and different amounts of underlying regions (based on 30 repetitions
for each combination). Bold font highlights the minimum value for each n.
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Chapter 4

Total Stability

This chapter concerns itself with total stability of SVMs and localized SVMs. That is, the
influence that simultaneous slight changes in probability measure, (vector of) regularization
parameter(s), (vector of) kernel(s) and—in the case of localized SVMs—regionalization
have on the resulting predictor is investigatedF_g] Naturally, one would hope that such
small changes only lead to small changes in the predictor, such that small random errors
in the available data do not completely skew the predictor.

The notion of total stability is formally defined in Section Afterwards, Section
introduces ways to measure the differences between probability measures, regularization
parameters, kernels and regionalizations, which are needed to derive results on total sta-
bility of SVMs in Section [4.3] and on that of localized SVMs in Section [£.4]

Throughout this chapter, the following standard assumptions are assumed to hold true:

Assumption 4.0.1. Let X be a complete separable metric space and let )) C R be closed.
Let X and Y be equipped with their respective Borel o-algebras By and By.

Note that the results from this chapter only consider SVMs and localized SVMs using
shifted loss functions. Because of Lemmal2.1.29| they can however be transferred to regular
loss functions whenever Ry, p(0) < oo

4.1 Introduction to Total Stability

Total stability can in some sense be seen as an extension to the considerably more well-
known concept of statistical robustness. Roughly speaking, the latter concerns itself with

19Total stability thus considers the effect of changes in all components influencing the predictor except
for the loss function. It is explained in Section why it makes sense to treat the loss function differently
than probability measure, regularization parameter(s), kernel(s) and regionalization and not include it in
the notion of total stability.

20Transferring it to localized SVMs, Lemma strictly speaking does not demand Ry, p(0) < oo,
but instead that the risks with respect to the local measures on all regions with positive probability are
all finite. If X C X is such a region with P(.)E' x ) > 0, it however follows from the definition of the local
measures that Ry, p(0) < oo already implies Ry p(0) < co. (If on the other hand P(X x ) = 0, then
JrPek = fL,py 2k is immediately obvious from the definition of local SVMs.)
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the effect that changes in the probability measure (respectively the data) have on an
estimator and the estimator is called statistically robust if small changes in the probability
measure only lead to small changes in the (distribution of the) estimator. In practice, such
changes in the data for example occur because of measurement or rounding errors and can
therefore consist either of few extreme outliers or of slight changes in a large part of the
data. Different notions of statistical robustness take different approaches, for example, to
how these changes are quantified, but they all examine the same fundamental concept. We
refer to Huber| (1964), Hampel (1971)), [Huber| (1981)), [Hampel et al.| (1986), Rousseeuw and
Leroy| (1987), [Maronna et al.| (2006) among others for details on robust statistics.

When applying predictors like SVMs, we of course hope that such changes in the data
do not skew the predictions by too much, for which reason we would like SVMs to be
robust. Indeed, several papers derived results regarding different notions of statistical ro-
bustness. These include Bousquet and Elisseeff| (2002), |Christmann and Steinwart (2004,
2007)), (Christmann and Van Messem| (2008), [Hable and Christmann! (2011)), [Sheng et al.
(2020)), Eckstein et al. (2023)). Additionally, Dumpert and Christmann| (2018]), [Dumpert
(2020) transferred some of these results to localized SVMs. Similar considerations for re-
lated machine learning methods can for example be found in|Poggio et al.|(2004)), Mukherjee
et al.| (2006) and the references cited therein.

While classic statistical robustness only considers the effect of small changes in the
probability measure (respectively the data set in practice) on the resulting predictor, this
is not the only component influencing the resulting (localized) SVM. Instead, loss function,
regularization parameter(s), kernel(s) and—for localized SVMs—regionalization also play
a role.

Among these, the loss function stands out as it usually is entirely predefined and not
chosen depending on the data in practice. Instead the loss function is chosen depending on
the property of the underlying distribution one wishes to estimate. If one tries to estimate
the function of conditional means, one might choose the least squares loss, whereas the
T-pinball loss is the obvious choice for estimating the function of conditional T-quantiles,
and so on. Hence, the choice of the loss function describes the goal of the prediction and
it is usually entirely intended that changes in the loss function can lead to considerable
changes in the predictor. For this reason, the effect of such changes in the loss function is
not included in the notion of total stability that is considered here.

On the other hand, regularization parameter(s), kernel(s) and regionalization are usually
not predefined but instead chosen data-dependently. To be more specific, the type of kernel
is often predefined (for example, a Gaussian RBF kernel), but not its hyperparameter(s).
Regularization parameter and hyperparameter(s) of the kernel are often chosen from some
predefined grid by means of cross-validation. Thus, they might change if the data changes
and one would hope that (localized) SVMs are not only stable/robust with respect to the
changes in the data itself but also with respect to the changes in regularization parameter(s)
and kernel(s) that might result from them or from slightly changing the grid used in the
cross-validation scheme.

Similar considerations suggest themselves regarding the regionalization: As described in
Section [2.2.1] there are different methods for obtaining a regionalization in practice, like for
example tree based methods. All of them have in common that the resulting regionalization
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depends on the data that is used for generating it. Hence, changes in the data might also
lead to changes in the regionalization and it seems sensible to investigate whether localized
SVMs are also stable with respect to such changes.

In the following, these considerations are transferred into formal definitions of total
stability of SVMs and localized SVMs. Note that these definitions are highly adapted to
the results presented in this thesis. They could of course also be generalized to different
norms on the left hand side of the bound as well as to slightly different kinds of bounds, as
long as the principal idea of total stability is adhered to: bounding the difference between
the predictors by a weighted sum of the differences in the components influencing the
predictors.

For SVMs, the previous considerations lead to the notion of total stability needing to
consider simultaneous changes in the whole triple (P, A, k) consisting of probability mea-
sure, regularization parameter and kernel. Because of this focus on the triple (P, A, k), we
will usually omit the loss function from the notation for SVMs and localized SVMs in this
chapter.

Definition 4.1.1 (Total Stability of SVMs). Let L: X x Y xR — [0, 00) be a loss function
and let L* be its shifted version. Let & be a set of assumptions. We call SVMs based on
L* totally sup-stable (under the assumptions .7 and with respect to di, ds and d3) if, for
all Py, Po, A1, Ao, Ky, ko satisfying o7,

[ feiak = fPadokelly < €1 di(P1,Pa) 4 ca - da( A1, Ag) + 3 - ds(ky, k2) (4.1)

where, for £ =1,2,3, ¢, € (0,00) can be written as

cp = max {ce ;o t - max {Cop, Cos

for constants ¢ y; and ¢y, depending on A; and k; respectively, j = 1,2. That is, each ¢,
is allowed to depend on each of \{, o, k1, ko individually but not on their differences.

For p € [1,00), we call SVMs based on L* totally L,-stable (under the assumptions .o/
and with respect to dy, dy and d3) if (4.1) holds true with ||-|| replaced by H‘HLP(PZ_X),

i = 1,2, and with d3 := d3 px being allowed to depend on PZX.

Note that even though d;, d> and ds are not required to be metrics, those that are used
in the results on total stability and introduced in Sections to do actually satisfy
the axioms of a metric.

Similarly to the previous definition, total stability of localized SVMs considers changes in
the whole quadruple (P, A, k, X’) consisting of probability measure, vector of regularization
parameters, vector of kernels, and regionalization. Alas, Section will explain that it
is not possible to derive meaningful bounds on ||fp, a; k1,21 — [fPora ke xs|], if the two
regionalizations do actually differ. Hence, we first give a definition of regionalization-
subtotal stability of localized SVMs, i.e. stability with respect to changes in only the triple
(P, A, k), while the regionalization stays the same (as do the associated weight functions).

For the subsequent definitions, recall the notations Px and X7, from Section ,
denoting the vector of local measures on X associated with P respectively the combined
regionalization of two regionalizations X'; and X5.
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Definition 4.1.2 (Regionalization-Subtotal Stability of Localized SVMs). Let L: X' x ) X
R — [0,00) be a loss function and let L* be its shifted version. Let 7 be a set of assump-
tions. We call localized SVMs based on L* regionalization-subtotally sup-stable (under
the assumptions ./ and with respect to dy, dy and d3) if, for all Py, Py, Ay, Ag, k1, ko, X
satisfying o7,

[ fprankr,x = fPoda kol S 1 di(P1x, Pax)+ca-da(Ai, A2) +c3-d3(k, k), (4.2)

where, for £ =1,2,3, ¢, € (0,00) can be written as

Cy = Inmax {Cg’)‘l, Cg’)‘z} - max {Cl,k;u Cg,kz} (43)

for constants ¢, »; and ¢, depending on A; and k; respectively, j = 1,2. That is, each ¢,
is allowed to depend on each of A1, Az, k1, ko individually but not on their differences.

For p € [1,000), we call localized SVMs based on L* regionalization-subtotally L,-stable
(under the assumptions &7 and with respect to di, dy and dj) if holds true with ||-||
replaced by [|-[[; px), i = 1,2, with ds := d3 px being allowed to depend on P, and with
cach of ¢y, ¢y, c3 being allowed to additionally depend on P (X&) == (PX(&L), ..., P (X))
via a factor ¢, px () that is multiplied to ({£.3).

Definition 4.1.3 (Total Stability of Localized SVMs). Let L: X x ¥ x R — [0,00) be
a loss function and let L* be its shifted version. Let .7 be a set of assumptions. For
p € [1,00), we call localized SVMs based on L* totally L,-stable (under the assumptions
o/ and with respect to di, ds, d3 and dy) if, for all Py, Py, Ay, Ag, kq, ko, X1, X5 satisfying
d?

||fP17>\17k1,X1 - fPQ,)\z,kz,XzHLp(piX) <c - dl(Pl,X{ga Pz,x;g) + co - d2(>‘1> /\2)
+c3 - dg(kl, kz) +cy - d4(X1, Xz)

for i = 1,2 and where, for £ =1,2,3,4, ¢, € (0,00) can be written as
€= maX{C@,PZX(Xl)» Cz,Pf(xz)} -max {Co s Cong } - max {cok,, Cons }

for constants ¢, px (x,); e, and cop; depending on PX (&) = (P (X)), ... . P (Xa,)),
A; and kj respectively, j = 1,2. That is, each ¢, is allowed to depend on each of
PX(X1), P (X3), A1, Ag, kq, ko individually but not on their differences. Additionally,

dy = doxy ,, d3 = d3,PZX,X’{’2 and dy := dy px are allowed to depend on P:X and/or Xla

Suitable distance measures dy, ds, d3 and d4 are described in Section

So far, there are—to our knowledge—mno results on total stability of localized SVMs.
Results on total stability of non-localized SVMs have already been derived by |Christ-
mann et al. (2018]). These are however considerably generalized by those derived in Sec-
tion [4.3] Namely, Theorems 2.7 and 2.10 from |Christmann et al| (2018) both show total
sup-stability (in the case of the latter, an application of the property || f||.. < |kl [|fll g
see Lemma [2.1.10{i) from this thesis, is needed to actually obtain sup-stability), but com-
pared to Theorem they impose additional assumptions regarding both the loss func-
tion L and either the regularization parameters A\; and Ay (Theorem 2.7) or the kernels k;
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and ky (Theorem 2.10). The generalization that Theorem achieves is explained in
more detail in Section and comes with a small drawback regarding the distance d3 for
measuring the difference between the kernels, cf. Remark [4.3.21] Additionally, Section
contains results with respect to two different choices of d;, namely the total variation dis-
tance and the Wasserstein distance, whereas |Christmann et al. (2018)) only considered the
former. This further substantially adds to the list of comparisons in Definition for
which one can obtain meaningful bounds, cf. Section [4.2.1]

4.2 Measuring Differences between the Components
Influencing (Localized) Support Vector Machines

This section describes the different ways in which the distance measures d;, j = 1,...,4, in
the definitions of total stability from Section |4.1] are chosen in the results on total stability
from Sections [4.3] and [L.4]

4.2.1 Differences between Probability Measures

There exist many different metrics for quantifying the difference between two probability
measures. This section does not give a complete overview of such metrics. Instead, it
focuses on those two that are used in the results from Sections and namely the
total variation distance and the Wasserstein distance, and gives some examples of when
these distances are useful and when they are not. A more extensive overview of metrics for
probability measures is given by [Rachev| (1991), Gibbs and Su| (2002), see also [Zolotarev
(1976)) for some theoretical considerations underlying such metrics.

We start by giving a definition of the total variation distance, see also Tierney| (1996,

p. 61).

Definition 4.2.1 (Total Variation Distance). Let Py, Py be probability measures on some
measurable space (€2, .4). The total variation distance between Py and Py is given by

dtv(Plv PQ)
‘= sup {Z IP1(S;) — Pa(S;)|| n € N, Sy,...,S, measurable partition of Q}
i=1

= 2-sup [P1(5) — Pa(9)].
SeA

Note that some authors define the total variation distance as half of that from Defini-
tion , see for example [Tsybakov| (2009, Definition 2.4). Further, the total variation
distance does actually define a metric on the space of probability measures on (£2,.4), cf.
Tsybakov| (2009, p. 84). In our case, the measurable space usually is (X X Y, Byxy).

There are several situations in which two probability measures are similar with respect
to the total variation distance, and results on total stability using this metric will therefore
yield meaningful bounds. One such situation is the comparison of two empirical distri-
butions, where one is obtained from the other by perturbing (for example, because of
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measurement /reading errors) or adding (because of obtaining new observations) a small
amount of data points{]

Example 4.2.2. Let n € IN and let D; and D5 be the empirical distributions belonging to
data sets Dy and Dy with Dy = (wy,...,w,) € Q™.

If Dy = (@1,...,0,) € Q" is of the same size as D; but differs from D; in at most
¢ € IN data points, which means that we have (after potentially reordering the data sets)
(Wiy e ey Wng) = (@1,...,0n_¢), then

20
dtV(D17D2) S g .

Similarly, if Dy was obtained by adding m € IN new data points to D;, such that now

D2 = (Ldl, ey Why Wity - awn-‘rm) S Qn+m7 then
2m
diy(Dy, Dy) < .
t( ! 2)_n+m

Similarly, this metric can be useful for comparing probability measures that have densi-
ties with respect to the same measure:

Example 4.2.3. Suppose that P,,, n € IN, and P are probability measures with densities
fny, n € N, and f with respect to some measure p on the measurable space (€2,.4). If
the densities satisfy f,, — f p-almost everywhere as n — oo, then Scheffé’s Theorem (cf.
Billingsley} 1995, Theorem 16.12) yields

diy (P, P) =2 - sup [P (S) = P(5)[ < 2- / |fo— fldp =0,  n—o0.

SeA Q

On the other hand, the subsequent two examples show cases in which the total variation
distance is not useful.

Example 4.2.4. Suppose that P is a probability measure with Lebesgue density on the
measurable space (2,.4) and that D, is the empirical distribution belonging to a data set
D, = (wy,...,wy,) € Q" drawn from P. Then, we have

div(P,Dy,) = 2+ [P(supp(Dy)) — Dn(supp(Dy))[ =2 [0 — 1| =2

because of the finiteness of the support supp(D,,) of D,, and the Lebesgue continuity of P.
As this holds true regardless of the size n of the data set, d,(P,D,,) does not converge to
0 as n — oo in such cases.

Example showed that the total variation distance yields meaningful bounds for two
of the three main types of changes in the data, in which one would naturally hope that
the resulting predictors do not change by much: (arbitrarily large) measurement /reading
errors in a small amount of data points, and adding a small amount of new data points.
For the third such slight change of the data, namely slight changes in a large amount of
the data points (for example, because of general imprecision in measuring the data), it is
however easy to see from the subsequent example that d;, is not as useful.

2l Examples to are taken from the peer-reviewed paper [Kéhler and Christmann| (2022).
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Example 4.2.5. Let n € IN and let D; be the empirical distribution belonging to a data
set Dy = (wy,...,w,) € Q. Assume that Dy := (@1, ...,&,) € Q" is obtained from D; by
just slightly perturbing all n data points, for example by adding the same small € > 0 to
all w;, 2 =1,...,n, and let Dy be the associated empirical distribution. Then,

dyy(D1,D2) = 2+ [Dy(supp(D1)) — Da(supp(D1))[ =2+ [1 — 0] = 2

if not by chance w; coincides with @; for some 7, j. This holds true no matter how small
the perturbations in the data points are. Similarly, if not all but only some ratio ¢ € (0, 1)
of the data points is perturbed, one still obtains di, (D1, D2) > 2¢, no matter how small
these perturbations are.

To conclude, total stability results using the total variation distance are useful for bound-
ing the influence of slight changes in the underlying distribution (cf. Example or that
of perturbing or adding a small amount of data points (cf. Example .

They do however not yield useful bounds in the situations from Examples[d.2.4]and [£.2.5],
i.e. for comparing an empirical distribution with an underlying distribution with Lebesgue
density and for bounding the influence of slight changes in all data points (or at least
in a significant portion of them). The former of these two negative examples is not the
primary focus of considerations on total stability anyway, as total stability is mainly about
the effect of small changes in the data respectively the underlying distribution and not
about comparing an empirical with a theoretical SVM. The latter example, i.e. having
slight measurement errors in many/all data points, however constitutes a typical situation
occurring in practical problems. One would hope that such slight errors do also only lead
to slight changes in the resulting predictor, but Example 4.2.5] shows that total stability
results using the total variation distance can not help here.

At this point, the Wasserstein distance comes into play, which will also be used in stability
results in Sections and [4.4] and which yields meaningful bounds in this situation, cf.

Example [£.2.8—and actually even in the situation from Example cf. Example [£.2.10]

Definition 4.2.6 (Wasserstein Distance). Let d € IN and let Q@ C R? be separable, com-
plete and equipped with its Borel o-algebra. Let Py, Py be probability measures on €2. The
Wasserstein distance (of order 1) between Py and Py is given by

dw(P1,Py) = inf/ ljw — '], dv(w,w’),
voJaxQ

where the infimum is taken over all joint distributions v on £2x €2 with marginal distributions

P, and P,

Note that the Wasserstein distance can also be defined for other metrics than the one
induced by ||-||; and for higher orders, cf. |Villani (2009, Definition 6.1), but we only need
this special case from Definition[£.2.6] Also note that the Wasserstein distance is also known
by several other names in the literature, for example Kantorovich-Rubinstein distance or
earth mover’s distance, see also |Villani (2009, pp. 118-119).

22There always exists at least one such distribution v as it is possible to choose v as the product measure
Pi ® Ps.
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Further note that dw defines a metric if one only allows for probability measures P which
satisfy

/Q||x—x0||1 dP(z) < o0 (4.4)

for some (and hence every) zo € €, cf. Dudley| (2004, Lemma 11.8.3 and subsequent
Remark). This subspace of Borel probability measures is also called Wasserstein space (of
order 1) and denoted by W, (Q2). For probability measures P; and Py from this Wasserstein
space, the Kantorovich-Rubinstein theorem yields the sometimes useful dual representation

dy (P1, Ps) :sup{/QfdPl —/chlp2

L < 1} , (4.5)

where |f|; denotes the Lipschitz constant of f, cf. Villani (2009, Remark 6.5).
More detailed introductions to Wasserstein distances including their interpretation as

measuring the optimal transport cost between two measures can for example be found in
Rachev and Riischendorf] (1998), Villani| (2009), Panaretos and Zemel (2020)).

Remark 4.2.7. Using the dual representation of the Wasserstein distance, it can be observed
that both the total variation and the Wasserstein distance share the same structure of being
special cases of so-called integral probability metrics (see |Miller, [1997)), which means that
they can both be written as

[ rdpi— [ rap,

where d, denotes either of di, and dw and %, is a suitable class of functions (see [Miiller]
1997, Section 5.2 for di,). Further examples of such integral probability metrics include
the Kolmogorov distance as well as the Dudley distance (also known as bounded Lipschitz
distance) and the mazimum mean discrepancy (MMD). Among these, the Dudley distance
possesses the nice property of metrizing weak convergence (Dudley, 2004, Theorem 11.3.3)
and it additionally bears close resemblance to the Wasserstein distance because of the
similarity of the associated function classes,

yDudley:{f7|f|1+||f||oo§1}g{fa|f|1§1}:‘g‘w

Thus, dpudgiey can be bounded by dw and convergence with respect to dw hence implies
weak convergence as well. Because the reverse does in general not hold true, dw does
in general however not metrize weak convergence but instead metrizes a slightly stronger
statement, see Villani| (2009, Definition 6.8 and Theorem 6.9).

MMD (see Gretton et al. 2006; Muandet et al) 2017) on the other hand is particu-
larly interesting because it is often referred to in a way that seems very different from
the definition of integral probability metrics, namely as the distance between the kernel
mean embeddings of two probability distributions. These kernel mean embeddings can
be seen as embeddings of the distributions into an RKHS and therefore transfer the idea
of using RKHSs for representing single data points (cf. Section to using them for

de(P1,Py) = sup

fEFe

9
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representing whole distributions, see |Sriperumbudur et al.| (2011)) for the relation between
kernels that are typically used for SVMs and kernels that are typically used for such em-
beddings. Because of its representation as an integral probability metric (Muandet et al.|
2017, Section 3.5), MMD however also has a close connection to the total variation as well
as the Wasserstein distance. This connection gets especially apparent in [Sriperumbudur
et al.| (2010, Theorem 21), where it is shown that both can be used to upper bound MMD.
Lastly, Sriperumbudur et al| (2010, Theorems 23 and 24) give conditions under which
MMD metrizes weak convergence, with the former theorem being further generalized by
Sriperumbudur| (2016, Theorem 3.2).

A major advantage that the Wasserstein distance offers over the total variation distance
lies in the fact that it is also useful in the situation of Example [£.2.5] In the following,
the situations from Examples [4.2.2] and [£.2.5] are combined into a single example because
the Wasserstein distance is able to handle them both similarly well, yielding bounds of the
same structure for both:

Example 4.2.8. Let n € IN and let D; and Dy be the empirical distributions belonging to
data sets Dy and Dy with Dy == (wq,...,w,) € Q"
If Dy = (&1,...,0,) € Q" is of the same size as Dy, then

n

DDy < [ =, d (nz%,@)) (w,2) =

i=1

1 n
— > wi — @il -
=1

n =

Hence, the Wasserstein distance is small no matter whether D, was obtained from D; by
changing few data points greatly (first scenario in Example or by changing many
data points slightly (scenario in Example [4.2.5)).

Similarly, if D, was obtained by adding m € IN new data points to Dy, such that now
Dy = (Wi, s Wny Wit 1y - -+ Wnam) € (X X Y)"T™ (second scenario in E><;anr1p1e7 then

1 " m
dw (D1, Dg) < inf —wl||,; d 0w o, L@
DD} iy [l = 0l (e 3 g + ) ()
m
— . f - d ~
n+m nJa QHw “lly dulw, @)
m ~
= ~dw(Dy,D
ntm w(D1,D2),
where Dy is the empirical distribution associated with (Wntty -y Wnim) and where the

infimum is taken over all joint distributions p with marginal distributions D; and Ds.

In both scenarios from Example [£.2.2] the bound derived for the total variation distance
was stronger than that derived for the Wasserstein distance in Example [4.2.§] if the data
points that differ between D; and Dy differ by much (first scenario) respectively if the added
data points in D, are very different from those already present in D; (second scenario). This
is due to the total variation distance only being influenced by the number of points differing
between D; and D, but not by how large those individual differences are. Nevertheless, the
bounds derived for the Wasserstein distance can also be useful as they also become smaller
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if the number of differing/added points decreases. Additionally, the Wasserstein distance
shows the great advantage of also yielding a nice bound in the scenario from Example

Furthermore, the Wasserstein distance can also be used for the comparison between two
theoretical distributions if they have densities with respect to the same measure, i.e. in the
scenario from Example [£.2.3}

Example 4.2.9. Suppose that P,, n € IN, and P are probability measures from the
Wasserstein space Wi (Q2) with densities f,,, n € IN, and f with respect to some measure
@ on the measurable space (2, Bg). Assume that the densities satisfy f, — f p-almost
everywhere as n — oc.

Defining g, by gn(w) = ||w||; - (fu(w) — f(w)) for w € Q, one obtains that g — 0
p-almost everywhere and that 0 < g (w) < ||wl|, - fu(w) for all w and n. As P, € W;(Q),
w = ||wl|]; - fu(w) is p-integrable, and hence the dominated convergence theorem yields
[ g5 du — 0asn — oo. Analogously, [ g, du — 0 follows as well and one therefore obtains

[ 1elly dPu@) = [ flwlly dP@) = [ galw)duw) 50, 0= oo.

By replacing ||-||, with an arbitrary bounded and continuous function, one can show in
a similar way that P, converges weakly to P. Together, these two facts show that the
probability measures satisfy |Villani (2009, Definition 6.8(i)), for which reason Villani| (2009,
Theorem 6.9) yields that

dw(P,,P) =0, n — 00.

Lastly—even though this is not the main focus of results on total stability, as explained
earlier—, the Wasserstein distance can even be useful for comparing an empirical distribu-
tion with an underlying theoretical distribution with Lebesgue density, i.e. in the scenario
for which Example [4.2.4] showed that the total variation distance can not be used.

Example 4.2.10. Suppose that P € W, (Q) is a probability measure with Lebesgue density
and that D,, is the empirical distribution belonging to a data set D,, == (wy,...,w,) € Q"
drawn from P. Then Panaretos and Zemel (2020, Proposition 2.2.6) yields

dw(P,D,) — 0, n — oo,

almost surely.

If P even lies in a Wasserstein space of some slightly higher orderF_gl then [Dereich et al.
(2013 Theorem 1) and [Fournier and Guillin (2015, Theorems 1 and 2) even bound the rate
of convergence by n=/ d. Alas, one observes the curse of dimensionality as it is in general
not possible to derive a better rate, cf. Dereich et al. (2013, Theorem 2) and Fournier
and Guillin| (2015, p. 709). See also Weed and Bach| (2019) for related considerations in
compact metric spaces.

23This means that ||z — z¢l|, is replaced by ||z — x¢||? in condition (4.4) for some suitably chosen g
slightly greater than 1.
24To be more precise, this rate is derived for d > 3 and the rates for d = 1,2 differ slightly.
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Remark 4.2.11. If Q2 is assumed to be bounded, the Wasserstein distance can actually
be bounded by some multiple of the total variation distance, cf. |Gibbs and Su/ (2002,
Theorem 4). Further, it is obvious that W;(£2) contains all (Borel) probability measures
on  in this case, for which reason the observations from Examples and then
hold true without needing to explicitly require the probability measures to be in W; ().

To conclude, for measuring the difference between two probability measures P; and P,
the results on total stability of SVMs will use either

dl(P17 PQ) = dtV(P17 PQ)
or
dl(Pb P2) = dW(Pla PQ)

in Definition 4.1.1l For comparing two vectors of local measures on a regionalization
X ={AX),..., X}, the results will use

di(P1x,P2x) = max de(P1x,,P1x,)

ae{l,...,A}
for sup-stability and

A
di(P1x,P2x) =D de(Pix,,Pix.),

a=1

for L,-stability in Definitions [4.1.2) and 4.1.3] with d, denoting either of di, and dw.

4.2.2 Differences between Regularization Parameters

As the regularization parameters are just real numbers, it suggests itself to measure the
difference between two regularization parameters \; and Ay by just calculating the absolute
value of their difference and hence choose

d2()\17)\2) = p\l - )\2‘

in Definition For vectors A; and A underlying localized SVMs that are both based
on the same regionalization and that are hence of the same length, the results will use

da(A1, A2) = [| A1 — Az|[
for sup-stability and
da(A1, Az) = [[ A1 — Azf[;

for L,-stability in Definition If the regionalizations differ, Section yields that
this can be reduced to the case of still comparing vectors of the same length, for which
reason it is still valid to use these choices.
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4.2.3 Differences between Kernels

Since the kernels are functions, it suggests itself to use an analogous norm for ds as the
one on the left hand side in Definition 4.1.1} namely

1], = 1R]m for sup-stability,
t H.HLP(PZ_X®PZX) for L,-stability.

To be more specific, the results need a slightly adapted version of ||-||,, namely
ds(ky, k2) = [[ky = kol |, + /[lky = K2l - (4.6)

Remark 4.2.12. Even though 4/||-||, is not a norm, it is easy to see that it still induces a
metric. Hence, ds is also a metric since it is the sum of two metrics[”|

Note that k; — ko is generally not a kernel. Therefore, if one chooses ||-||, in as the
supremum norm, ||k — ko||_ denotes the general supremum norm of a function instead of
the special definition of ||-||_ for kernels stated in (2.2).

In the following, two examples are given in order to illustrate the behavior of this supre-
mum norm ||k — ks|| as well as the whole distance d3 from ﬁ First of all, Ex-
ample compares two Gaussian kernels with different bandwidths and examines how
this difference influences ||k; — ka|| .. Such a difference can for example arise from two
practitioners using slightly different grids for their cross-validation schemes or from them
having slightly different data at hand cf. Section [4.1]

Example 4.2.13. Let X = R for some d € N and let k, be the Gaussian RBF kernel
with bandwidth v > 0 on X, cf. Example 2.1.12] For 71,7 > 0 and z,2’ € X, we then
have

[l — 2[5 [l — 2[5
‘k’h(m?xI)_kw(xax/)‘ = |&XPp <_22 — eXp _722
71 V2
/112 /112
z _ oz z _
72 72112 72 Y2112
=lexp|———5—5 2| —exp| ——F—-—"72=
1/ 1
x x
— |k N I
/e (’727 ’Yz) <’Y2’ ’Y2>|
and analogously
s s (@, 2) = by (,2')| = [y (2, 707) = iy, (2, 707)]
PI [ fly = [[ll,, pxgpx), then ||-[|, of course strictly speaking only defines a seminorm, for which

reason the distance ds between two distinct kernels can be zero. As usual, one formally needs to switch to
equivalence classes of kernels in order for ||| L,(PX@pX) to actually define a norm, which we however omit
for ease of notation. o

26These two Examples [4.2.13| and |4.2.14| are slightly adapted versions of Examples 4 and 5 from the
peer-reviewed paper [Kohler and Christmannl (2022)).
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Y1/ |1 1.01 105 1.1 1.5 2
[kyy — kanll, | 0.000 0.007 0.036 0.070 0.290 0.472
ds3(ky,, ko) [ 0.000 0.093 0.225 0.335 0.829 1.160

Table 4.2.1: Ratio between the bandwidths v, and 7, of two Gaussian RBF kernels, as well
as the resulting value of ||k, — k,,||__ and the corresponding value of ds(k,,, k,,) for ds as

defined in ({4.6))

As x,2" € X implies that x /vy, 2" /2, V21,722 € X as well (because X = R?), we hence
obtain

iy = Erallog = [ e — |-

Therefore, changing the bandwidth from ~; to 7, results in a value of ||k, — k., ||, which
depends only on the ratio between v, and .. We computed ||k,, — k., || for some such
ratios 1 /72 and collected the results in Table . Additionally, that table also includes
the corresponding values of d3 as defined in (4.6)).

Similarly to Example 4.2.13] one might also be interested in the effect on the SVM of
not slightly changing the bandwidth of the Gaussian kernel, but instead for example be
interested in the effect of switching to a suiting Wendland kernel (cf. [Wendland, 2005,
Definition 9.11 and the subsequent results), which possesses the numerical advantage of
having a compact support:

Example 4.2.14. Let X = R® (other dimensions can be analyzed analogously and yield
similar results). Let k, be the Gaussian kernel with bandwidth v > 0 on & and let kw
be the normalized Wendland kernel on X defined by kw(z, z’) = ¥ 3(||x — 2'||,) with ¢s3
as in |Chernih et al. (2014, Theorem 3.3, with a = '7—2)@ This results in ||k, — kw|| =~
0.0037, and thus ds(k,, kw) ~ 0.0650 with ds as in , being quite small and hence the
corresponding SVMs closely resembling each other because of their stability with respect
to changes in the kernel which is shown in Proposition 4.3.14]

For vectors k; and ko of kernels underlying localized SVMs that are both based on the
same regionalization of size A € IN and that are hence of the same length, the results will
use

dy(ky k3) = max (Hkl,a — aall + y/llfra — k2,ayyoo)

ac{l,...,A}
for sup-stability and
A

(R, k) = 3 (ko = Kaallp, sy + ke = Faallp, erery))

a=1

for L,-stability in Definition [A.1.3] Again, if the regionalizations differ, Section yields
that this can be reduced to the case of still comparing vectors of the same length, for which
reason it is still valid to use one of the above two choices.

2TNote that the notation used in that paper differs from the one used by Wendland! (2005)), such that the
function ¢g 3 used in the definition of 16 3 in the mentioned theorem corresponds to ¢s 3 in the notation
of [Wendland| (2005)).
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4.2.4 Differences between Regionalizations

Assume throughout this section that the two regionalizations Xy = {X)1,..., X} 4, } and
Xy ={Xy;,..., X 4,} that are compared are both partitioning regionalizations of X, and
that Q is a probability measure on X (in the results, this will be PZX , 1 =1,2). Them
being partitioning regionalizations will also be required in Section [.4.2 on total stability of
localized SVMs, which is the only section in which the difference between two regionaliza-
tions comes into play. It is not straightforward how to quantify this difference. However,
in Section two different quantities connected to the regionalizations arise that are
relevant for bounding the difference between two localized SVMs and which both in some

sense characterize the difference between two regionalizations. Both of these quantities can

be defined intersection-wise, that is, for each b € {1,..., B} and corresponding region of
the combined regionalization X7 , = {A7,..., X5} separately.
First off,

‘Q(Xl,a(l,b)) - Q(X2,a(2,b))‘

shows to play a role in the bound. This difference in size (according to the probability

measure Q) has to be accounted for since a large difference could possibly lead to the local

SVM in the smaller of the two regions being fitted much closer to its underlying data than

its counterpart and the two local SVMs therefore greatly differing on the intersection Xj.
Secondly,

QXi,a(i,w(Xb*) ' (1 N QXi,a(i,b)<Xb*)>

plays a role as well for ¢ = 1,2. If each region from X closely coincides with a region
from X5, then the probability Q Xi,a(i,b)<Xb*) appearing in this term will be either close to
0 or close to 1 for all b € {1,..., B} and i € {1,2} and the regionalizations are therefore
similar to each other in the sense of this second criterion.

In the bound in Section [£.4.2] these two quantities need to be combined in the following
way:

Eqp(Xq, X2) = ‘Q(Xl,a(l,b)) - Q(XQ,a(Z,b))‘
+ max {Q(Xl,a(l,b))a Q(XQ,a(Q,b))}

1
| Z (2 ‘ QXiva(i»b)(Xb*) ' (1 - QXi,a(i,b)(Xb*))

i=1

Qi () (1 QXZ.WM(X;))) , (4.7)

forall b e {1,...,B}.

Summing this over all intersections from X7 ,, one can choose

B
diq(X1,X2) =) Equp(X1, X2)

b=1
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in Definition 1.3l

In the following, we give a few examples on the behavior of d4 g in different situations.

Example 4.2.15. Let Xy = {Xy1,...,X1.4,} be a partitioning regionalization of size
Ay € N. Let Xy ={Xs1,...,X 4,41} be a partitioning regionalization of size A; + 1 that
satisfies Xp, = &3, for all @ € {1,..., A; — 1}, such that the only difference between the
two regionalizations is that X; 4, was split in two, which results in X7 , = X'3. Denoting

q = Q(X1,4,), we have Q(Xy4,) = g and Q(Xp4,41) = (1 — O)q for some 6§ € (071)@
This yields

Cqu(X1,X2) =0  Vbe{l,..., A — 1},
§Q.4, (X1, X2) = |q — bq
+ max{q, fq} - (;9(1—8)—1—\/0(1—8)4—;-1-0+m>
=q- ((1—6)4—9(1_0)—1— 9(1—9)) ,
fQa+1(X1, X2) = g — (1 = 0)q|
+ max{q, (1 — 0)q} (;(1—0)94—\/(1—9)94—;-1-0+\/1-0>

:q.<9+8<12_6)+ 9(1—9)>>

and hence

dio( X1, Xz) = - (1 01— 0) +2,/6(1 — 9)) .

Example 4.2.16. Let Xy = {X11,...,X1.4,} be a partitioning regionalization of size
Ay € N. Let Xy = {AXy;,..., X 4,} be a second partitioning regionalization of size A;
that satisfies Xy, = Xy, for all @ € {1,...;A; — 2}, and X} 4,1 C Xo4,-1 (and hence
X1 4, D Ab ), such that the only difference between the two regionalizations is that a
part of X} 4, was moved to &5 4,_1, which results in

*
Xl,z - {Xl,h sy Xl,Al—QJ Xl,Al—lv Xl,Al N XQ,A1—17 XQ,Al } .
—— ——
p— * pa— * — *
=%, 1 =X =% 41

Assume that Q(X7,4,-1) = Q(&3,4,) =: ¢ to slightly simplify the notation and calculations.
We hence have Q(Xs 4,-1) = (1 4 0)q and Q(Xa.4,) = (1 — 6)q for some 6 € (0,1)[*] This

BWe assume that Q(Xz,4,), Q(X2,4,+1) > 0 because we would trivially obtain dy q(X1, X2) = 0 oth-
erwise.

2We assume that Q(X2,.4,-1), Q(Xa,4,) > 0 because we would trivially obtain dy q(X1,X2) = 0 oth-
erwise.
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3.0

dsq
15 20 25

1.0

0.5

0.0 0.2 0.4 0.6 0.8 1.0
0

Figure 4.2.1: Behavior of dy (X1, X2) as a function of # in the situation of Example|4.2.16
for ¢ = % Please note that dsq(X1, X2) is decreasing for values of 6 close to 1.

yields
fob(X1,X2) =0  Vbe{l,...,A -2},

£qa-1(X1, X2) =¢q- <9+

0
2(1+0)

(@) = - (04 "D o) o =0y 5 0 A

f(1—-20
fQ,A1+1(X1,X2)_Q‘<9+ ( 5 )+ 0(1—0)),
and hence
B 0 0(1—0)(2+6)
d4,Q(X1,X2)—CI' (30+1+0+2\/§+ 9 +(2+¢9)\/Q(1 0) s

whose behavior can be seen in Figure for the case q = %, i.e. for the case of X'y
and X5 both consisting of only two regions (for different ¢, the principal behavior of d4 q
depending on 6 does of course not change, but all values get scaled according to q).

Example 4.2.17. Let Xy = {&X11,..., &1 4,} be a partitioning regionalization of size
Ay € N satisfying Q(X;,) =1/A; foralla € {1,..., A1}, Let Xo ={X5;,..., X4, } be a
second partitioning regionalization of size A; that satisfies

1—-0

Q(Xl,a N XZ,Q) - A Yae {1, . ,A1}7
1
0
Q(Xl,aﬂXQ,a+1)=I Vae{l,..., A — 1},

1
0

X Xoq) = —
Q(AX1,4, N Xa1) ,
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- = Borders of X'y
— = Borders of X,

Figure 4.2.2: Visualization of situation from Example |4.2.17| for a two-dimensional X that
is assumed to be equipped with a uniform distribution Q.

(and hence also Q(X2,) = 1/A; for all @ € {1,...,A;}) for some 6 € (0,1), which can
be interpreted as the borders between the regions all being moved by a share of 8 in the
probability mass of the regions, see Figure for a visualization for a two-dimensional
X. This results in

Xi,z = {Xl,l N Xg’l, Xl,l N XQ’Q, XLQ N X272, Ce 7‘)(17141 N X27A1, XLAl N Xg’l}
—_———— —_——

— * p— *
=47 —X2A1

and yields
1
Eou(X1. Xa) = (9(1 — ) +2/6(1 - 9)) Vhe {1,...,24,)

and hence

dio(X1, X3) = 20(1 — 6) + 4,/6(1 — 6)

independently of A;.

Lastly note that, even though the preceding examples showed that dsq seems to be
sensible for quantifying the difference between two regionalizations because it takes small
values when one would intuitively describe the regionalizations as being similar and vice
versa, dy q does in general not define a metric as can be seen in the following.
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Example 4.2.18. Let X = R and Q = U(0,4) be the uniform distribution on (0,4). Let
Xy ={X}, X2={(-00,2),[2,00)}, X3={(-00,2),[2,3),[3,00)}.

From Example 4.2.15] we immediately obtain

1 11 11
d4’Q(X2,X3):2.(1+22+2 ):

dyq(X1, X3) can be obtained in a similar way: The structure of X'y and X3 immediately
yields X7 3 = X3 and with that

1 (111 111
Xy, Xg) =1+ RN L [ SR o
far(#1, ) ’ 2‘+max{’2} (2 ) 2+\/;+2 0+ O)

_9
g’
I I (RN (ES TSI RR
= 27;28\/3 = {q3(X1, X3),
which altogether yields
dio(Xy, Xg) = 90+3;6\/§ ~ 3.68 > 3.375 = dyo(Xr, X) + di o Xz, Xs).

Hence, d4 g does not satisfy the triangle inequality and does therefore not define a metric.

Remark 4.2.19. Apart from the triangle inequality, d4q satisfies all properties of a met-
ric if we define it on equivalence classes of regionalizations instead of on regionalizations
themselves, where two regionalizations X1 = {X11,..., X114, } and Xo = {AXo1,..., Ao 4, }
are called equivalent, X = X5, if

Va1 S {1, c. ,Al}Vag € {1, Ce ,AQ} with Xl,al N X27a2 7é @ .
Q(Xl,m) = Q(XQ,tm) and Q(Xl,al N XQ,az) € {Oa Q(Xl,m)} . (48)

This does indeed define an equivalence relation: Reflexivity and symmetry are trivial, so
only transitivity remains to show. For this, assume that X; = X5 and X5 = X3 and let
a; € {1,..., A1} and a3 € {1,..., A3} be such that X;,, N X, # 0. Then, X3 being a
regionalization implies that there exists as € {1,..., A3} such that

(Xl,al N X3,CL3) N X27(12 7é (2)7
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and hence, because of X1 = X5 and X5 = X3,

Q(X14,) = Q(Xoa,) = Q(X344) ,

which yields the first property from (4.8)). For proving the second property, assume without
loss of generality that Q(&X) 4, N X3,4,) > 0, and choose

dp ‘= arg  max }Q((Xl,al N Xsa;) N Xz,@) :

az2€{1,...,
This implies, for ¢ = 1, 3,
Q(Xia, N Xay) > Q((Kigy N Xsay) N Xagy) >0
and hence, because of X1 = X5 and X5 = X3,

Q(Xi,ai N XQ,ag) = ( 7 az) (XQ ag)
Q(Xza N C-96‘2 ) Q( ) (Xza N XQ CL2> = 07
Q( BX@ N N X2 ag) Q( ) (Xz a; N XQ ag) =0.

Thus,

Q(Xl,al N X3,a3) = Q((Xl,al N X3,a3) N XQ,ELQ) + Q((Xl,al N X3,a3) N EXQ,&Q)
SQ(Xl’alﬂCXQ’aQ)ZO
= Q(Xi0, N Xag,) — QX1 g, N Xog, N B ,)

<Q(X2,a,NC0A3 45)=0

= Q(Xl,al) 5

which finally yields X1 = X3.

Now, if X; and X5 are element of the same equivalence class [X], then we have
by definition that Q(X1.1) = Q(Xoeep) and Qy,,,, (A7) € {0,1} for i = 1,2 and
b=1,...,B, and hence {q4(X1,X2) =0 for b =1,..., B, where B denotes the number
of regions in the combined regionalization X7 , = {&7, ..., A5}, Thus,

B
dq(X1, X2) =) Equ(X1, X2) =0

b=1
in this case. If on the other hand [X'1] # [X3], there exists at least one by € {1,..., B}
such that Q(X1,a(1,60)) 7 Q(Xa,a2.60)) OF Qu, s bO)(Xb’;) ¢ {0,1} and hence—as this trivially

implies that max{Q(X1 a(1,60)), Q(X2.0(260))} > 0 holds true—also £qp, (X1, X2) > 0. As
Equ(X1,X2) >0forall be {l1,..., B}, we have

B
dig(X1,X2) =D Eqp(X1, X2) > Equpy (X1, X2) >0

b=1

in this case. As symmetry is trivially satisfied by dy q, it does indeed satisty all properties
of a metric on these equivalence classes of regionalizations except for the triangle inequality.
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4.3 Total Stability of Support Vector Machines

In this section, total stability of SVMs, as it was defined in Definition [4.1.1] is derived based
on the distance measures from Section [4.2] As intermediate steps, Sections to [4.3.3]
consider stability with respect to only one component of the triple (P, A, k) changing at
a time, before these results are finally combined in Section to actually derive total
stability.

In Sections |4.3.1] and [4.3.2] only sup-stability but not L,-stability is investigated. As

||g||Lp(Q) < 119/loo (4.9)

for all probability measures Q on X, p € [1,00) and measurable functions g, the corre-
sponding results can still be used to derive total L,-stability in Section

All main results from this section impose the following assumptions on loss function,
probability measures, regularization parameters and kernels:

Assumption 4.3.1. Let L: X x ) x R — [0,00) be a convex, Lipschitz continuous loss
function and let L* be its shifted version. Let P, Py, Py be probability measures on X x ),
A, A1, Ao > 0, and £, k1, ks be bounded and measurable kernels on X with separable RKHSs
H,H,, H,.

Note that the requested separability of the RKHSs is always satisfied for continuous
kernels, cf. Lemma [2.1.10[(iii). The results using the Wasserstein distance to measure the
difference between two probability measures additionally require the following:

Assumption 4.3.2. Let X C R? for some d € IN. Let L be distance-based with repre-
senting function ¢ such that ¢ is differentiable and ¢ as well as its derivative ¢’ are both
Lipschitz continuous. Let X D X with X C R? be open and assume that k = k:‘ xxx for

a kernel k on X that can be written as k(z,2') = ¢(||z — 2/||3) for all ,2' € X, where

¢: Rso — R is a twice continuously differentiable function satisfying p(0) — ¢(r) < % o
for all » > 0 for some ¢, > 0. Analogously for ki, ks with open sets X7, Xy O X, functions

©1, p2 and constants cg,, g, > 0.

Note that these additional assumptions on the kernels are satisfied by popular kernels
such as the Gaussian RBF kernels, cf. Corollary [£.3.7]

Several parts of this section coincide with parts of the peer-reviewed paper Kohler and
Christmann| (2022) that was published in Journal of Machine Learning Research: Propo-
sition 4.3.3| as well as the results from Section |4.3.3| appear in Appendix A of that paper.
Proposition [4.3.10] is similar to a further result from the same Appendix A, but improves
the derived bound by a factor of 2, which makes the bound asymptotically sharp. In Sec-
tion [£.3.4] the parts using the total variation distance have already been published similarly
in Section 2 of that paper, but the results have been improved based of the improvement
achieved in Proposition [4.3.10, The results using the Wasserstein distance have not been
published before.
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4.3.1 Stability Regarding Changes in the Probability Measure

First, stability with respect to the total variation distance is examined. The proof of the
subsequent proposition closely coincides with that given in the proof of Theorem 2.7 of
Christmann et al. (2018]), but slightly generalizes it to not necessarily differentiable loss
functions. Notably, the proposition shows that || fp, ax — frorkl|,, grows at most linearly
in the difference between P; and P, as measured by the total variation distance.

Proposition 4.3.3. Let Assumption[4.5.]] be satisfied. Then,

k> |L
[ feiank — fraakll, < HHO;\||1 - dyy(P1,Py) .

Proof. First of all,

1 feink = Frankllse < MFllo - [[for ok = foonilly

by Lemma [2.1.10(i). By (Christmann et al. (2009, Theorem 7), there exists a function h
from the subdifferential of L* with respect to fp, xx such that

[ feiak = franklly < i\ : H/h(m,y)@(w) dPy(z,y) — /h(x,y)@(x) dPg(x,y)HH
L [ h(a )@@y APy~ Pol(a,y)

sup [h(z,y)| ~51€1£H®(x)||H-/ld|P1 — Ps|(z,y)

(z,y)eX XY

sup \h(x,y)\ - Sup \V k(l‘,.’ﬂ) : dtV(P17 PZ)

(z,y)EX XY reX

| L]y - |kl o - dev(P1, P2),

IN

IN

[ = > = > = >

<
- A

where we used (Christmann et al.| (2018, Lemma 6.1) in the second and the reproducing
property in the fourth step. This yields the assertion. O

It is not clear whether the bound from Proposition is sharp or not. For minimal
examples such as the subsequent one, it is off by a factor of 2. We look at such simple cases
in most of the examples in this chapter—mostly at distributions whose support consists
only of a small amount of points—because this simplicity makes it feasible to actually
analytically derive SVMs and therefore assess the quality of the different bounds derived
in this chapter.

Example 4.3.4. Let X C R? for some d € N, Y = R, L* = L¢ 5 pin be the shifted
0.5-pinball loss, A > 0, and k be a Gaussian RBF kernel.lﬂ Let further Py = (4, 4,) and

Py = 0(4,,4,) be Dirac distributions in some (21, 41), (22, 92) € X x Y satisfying y1 > 0 > y».

300ther loss functions and kernels satisfying certain conditions can also be used without changing much
in the example.
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For i = 1,2, using the representation of SVMs from (Christmann et al.| (2009, Theorem 7),
one obtains

1

1
foonk = =55+ [ hila,y)®(@) dPi(z,y) = = - hilai, ) B(ws),

for some h;: X x Y — R from the subdifferential of L* with respect to fp, \x (see Defini-
tion [2.1.14)). By the definition of the pinball loss, we obtain

_% Cify > k()
o) = o€ (4] i)
+% , if Y; < fPi,A,k(l‘i) )

that is, |hi(z;,y:)] < 5 and hence

1

| fo, ak(i) k(z;,z;) = o

< .
4\

because k(z;, x;) = 1 for the Gaussian RBF kernel.
Now assume that X is chosen in such a way that y; > (4\)"! and yo < —(4\)"!. The
former condition implies that y; > fp, »x(21) and hence hy(x1,y1) = —%, which yields that

1
friak = e D(xq).

Analogously, the latter condition yields that

1
TPk = o ().

Hence, we obtain

1
[ feiak = frankllo = e @ (21) + (22)]|

for these values of . If additionally P; and P, are such that x; = x4, this reduces to

1

1
[1feink = Feanllo = 7 - 112200l = 53

by the definition of Gaussian RBF kernels.
On the other hand, the bound from Proposition yields

[1#]|5 | £ 1 1

orns — fonnslly < PllEmnlt g by py— Lo g b Py = S

Thus, the bound is greater than the actual supremum norm by a factor of 2 in this situation.
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Because stability with respect to the Wasserstein distance would also yield meaningful
bounds in situations in which stability with respect to the total variation distance does not
bound || fp, ax — froakll,, in a meaningful way, cf. Section [4.2.1, we now aim at deriving
such a stability result as well. To our knowledge, the only existing result on stability with
respect to the Wasserstein distance is Theorem 7 from Eckstein et al.| (2023)). Compar-
ing the subsequent result to the referenced Theorem 7 however yields several differences
regarding the assumptions and the situations for which the results are applicable. One
major advantage of the subsequent result is not requiring ) to be bounded. Additionally,
it yields a bound not only on an Ls- but on the stronger co-norm, but in exchange has
to include A\~2 instead of only A™! (cf. [Eckstein et al., 2023, Remark 8) in the bound.
Finally, the two results are valid for completely distinct sets of loss functions and thus
applicable in different learning scenarios. Whereas the referenced Theorem 7 is applicable
for the popular least squares loss (which is possible because of the authors assuming ) to
be bounded) but no other loss functions, the subsequent result can be used for a whole
class of loss functions, however excluding the least squares loss because of requiring the
loss to be Lipschitz continuous (as already stated in Assumption {4.3.1)).

As did Proposition [4.3.3} the subsequent proposition also shows that || fp, ax — feonklls
grows at most linearly in the difference between P; and P,, which is however measured by
the Wasserstein distance now.

Proposition 4.3.5. Let Assumptions|/.53.1] and|/.53.2 be satisfied. Then,

1 feiak — franello

< Hk/\loo - max {|1/1\1Ck +(—2¢'(0))

okl
e W Hkum} dw(P1.Py).

It is not clear yet whether it is possible to further weaken the conditions on L from As-
sumptions|4.3.1land [4.3.2land still obtain an analogous stability result using the Wasserstein
distance.

In order to prove Proposition [£.3.5] the following lemma bounding the slope of an SVM
is needed, which follows as a special case from Steinwart and Christmann (2008, Corol-
lary 4.36):

Lemma 4.3.6. Let X C RY for some d € N. Let k be a kernel on X with RKHS H.
Let X D X with X C RY be open and assume that k = k:‘XX;g for a kernel k on X that

can be written as k(z,2') = ¢(||lx — 2/||3) for all z,2' € X, where ¢: Rsg — R is a twice
continuously differentiable function. Then, every f € H satisfies

|[f(z) = f(=")]

||5E—33/Hl

< (=20 (ON"*|Iflly Va2 eX,x#a

Proof. For x,2' € R% denote in this proof by x;, 2}, i = 1,...,d, the components of z, ',
Further denoting the argument of ¢ by r, one obtains for alli € {1,...,d} and all z,2’ € X
Ok(x,a’) _ dp(|lx —a'l)3) Olle —'|l; _ dp(llx — a'|[;)

_ — . ol
or; or Ox; N or 2z = 1),
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and hence

Phr) _ Pellle—|E)
ox,0x; oxor

Pl =23 " Op(||z — ='|[3)
=—4- 52 (ry — )" —2- o )

With H denoting the RKHS of k, Steinwart and Christmann (2008, Corollary 4.36) yields
that all f € H satisfy

_ 1/2
| 71 (g Pells=al) oy dellle—al)
ox; H or? Lo or

; ZON
- (171 (-2 2%2)

for all i € {1,...,d} and all € X. With us denoting ' : 8‘” , we hence obtain

|f(x) = f(a))]

|z = 2'lly

< (=2¢'0))"* || ]|,

for all f € H and all 2,2’ € X. Finally, Berlinet and Thomas-Agnan (2004, Theorem 6)
yields that H consists exactly of the restrictions to X of the elements of H and that

(28O)" 171y = (-26/O)" - wuin |7, > min L2 =@

N in
Fed: a7 fem: ||lv—2'||
fla=f fla=f
|f(z) = f{@)]
||z — =[],
for all f € H and all z,2' € X. O

Proof of Proposition[4.53.5. First note that J C R being closed by Assumption di-
rectly implies that ) is separable and complete, see also Bauer (2001, p. 157). Hence,
X x ) is separable and complete as well and the definition of the Wasserstein distance is
applicable.

By Lemma [2.1.10(1),
[ fei e = frankllog <Ko - 11 fPine — fronklly -

Now, since L is differentiable (which is equivalent to ¢ being differentiable), |Christmann
et al.| (2009, Theorem 7) yields that for the function h: X x Y — R defined by h(z,y) =

(L") (y, feoak(@)) = L'(y, fPl ae(@)) = =0 (y — fo, () P we have

HfP1,)\,k - fPQ,,\,kHH H/h X y dP x y /h T,y ‘I)(IL’) dP2(95>?J)HH

31As usual, (L*)" and L’ denote the derivatives with respect to the last argument of the (shifted) loss
function.
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Therefore, for any probability measure Q on (X x )) x (X x ) with marginal distributions
P; and PQE we have

rins— franilly <+ || (1o 000) — i )20 ) a0, ()|
< i [ 1be, )@ (@) = b, 1)) | AQU(, ), (@', y')
< i [ 11w, y)@() = b, )@@l dQ(, ), (', y)

. i . / |h(z, y)® () — bz, v )@ ()|, dQ((x, ), (. 4)),

(4.10)

where Diestel and Uhl (1977, Theorem I1.2.4) was applied in the second step.
The integrands of the two summands on the right hand side of (4.10) can now be exam-
ined separately, starting with the first one:

1/2

k(. )®(@) — hia, )|y = [z, y)|- (B(0) -~ (), B@) - (')}

1/2
= |h(z,y)| - <k(m,x) + k(2 2") — 2k(a:,x')>

1/2
= [h(z )] - V2+ (#0) - el - I))
< gl llo = ol (.11)

where the reproducing property was applied in the second and ||h|| < |L|1 = |¢|1 (cf.
Christmann et al., |2009, Theorem 7) in the last step.
Now, we can take a look at the the integrand of the second summand: By Lemma [4.3.6]

[F(@) = F@)] < (=200 11 fll - lle = 21l

forall f € H and z,2" € X.
Combining this with

@),y = (®('), B " = (k(a',a)"* = (p(0)/* = |IK]|..

by the reproducing property and because of (2.2)), and with ¢/’ being Lipschitz continuous,
yields

[z, y)®(a') = h(z', 5 )@ ()|
= [|&(@)l; - |P(x,y) = h(a',y))
= [kl [y = forn(@)) = &' (6" — fo,an(2))
< klloo - 1|0 = foran(@) = @ = fooan(@)]
<kl - ] (ly = ¥/ + | fonk(@) = fooak(@)])
<l - 11+ (Jy = o'+ (=20 (0)2 || fo, skl 1z = '], - (4.12)

32As Q can be chosen as the product measure of P, and Ps, at least one such Q always exists.
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Since additionally ||z — 2'||, < ||z — /|, as well as || fp, axll; < AL K], (cf. |Christ-
mann et al., 2009 equations (16) and (17)) and |L|; = |¢]; (cf. Lemma2.1.16(iii)), plugging
({.11) and (4.12)) into (4.10]) yields

L feoak = feapillg
1
<5 [ h e lle = all, dQ((@. ), (@',y)
1 k
b3 O 1 (=4 2o R o )
dQ((z,y), (=", y/))

<

/ 2
- max {\wm + (oo DIV IIE,

[ (1= 91+ lle = 1l,) dQU, ) ().

Because |y — y/| + ||z — /||, = ||(z,y) — (', ¥')||, and Q was allowed to be an arbitrary
probability measure with marginal distributions P; and Ps, this completes the proof. [

Wl Hkum}

>l =

Note that the assumptions imposed on the kernel in Proposition [4.3.5] are satisfied by
popular kernels such as for example the Gaussian RBF kernels, cf. Example [2.1.12], which
gets captured by the subsequent corollary.

Corollary 4.3.7. Let Assumptions |4.5.1] and |4.3.9 be satisﬁedﬂ Let v € (0,00) and k,
be the Gaussian RBF kernel on X with bandwidth v and RKHS H.,. Then,

-max{\/i;yw|1 (1 + W)ih) ; W/‘l} -dw(P1,Py).

Proof. k, is measurable and bounded by 1. Furthermore, k. (z,2") = ¢, (||z — 2'|[3) for all
x,x’ € X if one defines

1
D

‘ ‘fPl,A,kW = fPaky

0yt Rxo — R, 7 > exp (—2) .
- y

¢~ is twice continuously differentiable and, because exp(t) > 1+t for all t € R, it satisfies

r CiV
©4(0) — py(r) =1 —exp 3 §7-7’ Vr>0
for ¢y, = %

Hence, Proposition can be applied and yields the assertion because ||k,|| = 1 and

N G B G N
S%(O)— p( 72) ( 72) N2 =

33Those parts of the assumptions that concern the kernels k, k1, ko are of course of no relevance for this
corollary as it already specifies the use of special kernels, namely Gaussian RBF kernels. Instead, the
proof of this corollary shows that the Gaussian RBF kernels indeed possess the properties required from
k, k1, ks, such that they can be plugged in for k in Proposition
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Indeed, Proposition using the Wasserstein distance can yield considerably better
bounds than Proposition using the total variation distance. To observe this, we look
at a similar situation as that in Example [£.3.4, However, we do not use the pinball loss
now because this loss function does not satisfy Assumption 4.3.2] which is required by

Proposition [4.3.5

Example 4.3.8. Let X C R? for some d € N, Y = R, A > 0, and k be the Gaussian RBF
kernel of bandwidth v > 0. Let a > 0, L be the a-Huber loss defined by

L(z,y,t) = { 2

aly—tl—% Lifly—t/>a,

and L* be its shifted versionﬁ Let further Py = (4, 4,) and Py = (4, ,4,) be Dirac distri-
butions in some (z1,y1), (z2,y2) € X x Y satisfying vy, yo > 0.
As in Example [£.3.4] we obtain for i = 1,2

1
fPi,)\,k = _ﬁ : hi(‘riu yi)q)(xz’) )

for some h;: X x Y — R from the subdifferential of L* with respect to fp, »x. By the
definition of the Huber loss, we obtain

—Q , if Y; > fpi’)Hk(ZEi) +a,
hi(xi, yi) = § —(y — feoan(@i) 5 if v € [fe,an(@i) — o foan(zi) +of ,
Q ; if Yi < fPi,)\,k(mi) -,

that is, |h;(x;, ;)| < @ and hence

. O <
’fPl,)\,k<I‘Z>| — 2)\ 2)\

Now assume that A is chosen in such a way that y;,y2 > a - (2\)~! + a. This implies,
for i = 1,2, that y; > fp, \x(z;) + o and hence h;(x;,y;) = —a, which yields that

«

feink = 5y D(z;) -
Hence, we obtain
[0
1 feiak — fronklloe = o [ @(21) — @(22)]]

for these values of .
For the bounds from Proposition and Proposition [£.3.5] (or more specifically the
special case from Corollary as we are using Gaussian RBF kernels), note that one

34Other loss functions and kernels satisfying certain conditions can also be used without changing much
in the example.
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2 — 2V 001 01 05 1 2 5 10
boundee/ [[ /e vk — foansllo | 466.34 46,71 9.72 548 407 4.00 4.00
boundw/ || fo, ak — feankll. | 659  6.61 687 7.74 1151 2828 56.59

Table 4.3.1: Ratio between the bound using the total variation distance (boundy,) as well
as the bound using the Wasserstein distance (boundyw) and the actual supremum norm
| feine = frapnklly, for o = A =+ =1 and different distances \x&” — a:él)] in the scenario
described in Example [£.3.8

can easily derive |L|; = |¢|; = o and [¢)/|; = 1, where 1) denotes the representing function
of L. The bound from Proposition using the total variation distance therefore yields
k|| |L o 20
oons — franslle < PP g by py) = @ (P, Py = 22
The bound from Corollary using the Wasserstein distance can be simplified to

1 V2 - !
e — frannll < - max d Y2 (L1000 U gy by
A y A

zl.nmx{‘ﬁiﬁl<1+—i),1}~!Kxbyﬂ-—($myﬁH1

A

As the latter bound additionally considers the distance between (z1,y;) and (z2,y9), it
seems likely that it might be the superior one if this distance is small and the inferior one
if it is large—as long as the bandwidth ~, which also only appears in the latter bound, is
fixed. Table [4.3.1] affirms this by collecting how both the bound using the total variation
distance and the one using the Wasserstein distance compare to the actual supremum
norm || fp, xx — fronkl,, for different distances between (x1,4;) and (x2,%2). To be more
specific, we assumed that this distance comes entirely from the first component :cgl) of z;,
i.e. that y; and y, coincide and that z; and 5 coincide in all components but the first one.

Lastly, we present another lemma, which is similar to Lemma [£.3.6] also bounding the
slope of an SVM, but which is only applicable for the Gaussian RBF kernel and empir-
ical SVMs. In exchange for this reduced generality, the subsequent lemma strengthens
Lemma by considering ||z — 2'||, instead of ||z — 2’||; and deriving the exact same
bound apart from that (because ¢'(0) = —y~2 for the Gaussian kernel, cf. proof of Corol-
lary [£.3.7). Even though this strengthened bound is not used in the results on (total)
stability (because the Wasserstein distance needs the 1-norm instead of the 2-norm of the
difference anyway), we still explicitly state this lemma since it might also be interesting in
its own right because of the popularity of the Gaussian RBF kernel.

Lemma 4.3.9. Let X C R? for somed € N. Let L: X x Y x R — [0,00) be a convex
loss function and let L* be its shifted version. Let v € (0,00) and k. be the Gaussian RBF
kernel on X with bandwidth v and RKHS H.,. Let D, == ((z1,%1), ..., (Zn,yn)) € (X xY)"
and A > 0. Then,

‘fDn,,\,k7 (iC) - fDn,A,kw (37')‘ \/§

<2 .

Vao,o' € X o #12'. (4.13)

|z = "l Hy
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Proof. The assertion gets proven by showing that the absolute value of the directional
derivative of fp, ar, in direction of any unit vector (with respect to [|-||,) can not be
greater than the right hand side of . For the purpose of this proof, elements of a
vector € X C R® are denoted by 29, ¢ =1,....d.

By Steinwart and Christmann, (2008, Theorem 5.5), there exist a, ..., a, € R such that
JDaak, can be written as

Jo Ak, Zaz T, ;) VeeX. (4.14)

Now, let x = (x(l), ...,x' )T € X be arbitrary but fixed. We only examine the derivative

of fp, e, in direction of the unit vector (d='/2,...,d""/?)T because each derivative in
the direction of a different unit vector can be viewed as a derivative in the direction
(d=Y2,...,d"Y*)T by just rotating = as well as z,...,x, around the origin accordingly

(because of k, being rotationally invariant). With a slight abuse of notation, we denote
this directional derivative by f]gm/\,k7 in the following. For investigating fﬁmA’kv, we first

need the partial derivatives of fp, x, With respect to each of the components AN
With z; =2 — x; for i = 1,...,n, we obtain
9fp, 2k, (T) 2 & lz =l 0 ©
T(@; = ——Q-Z;oziexp —T (3: —x; )
2 & s
=——- Zai exp (_ H’22H2> Zi(é)
Y i=1 7
for £ =1,...,d. Observing that
1 3fDn,Ak (x)
/o, ks Z W
and applying the Cauchy-Schwarz inequality then yields
!/ 2 . ]' d afDn)\,kw(‘/L‘) ’
<fDn,)\,k7<x>) =g ; I —
d 2
< Z afDn,AJc7 (37)
ox®
=1
4 d n n ; 2 112
== ZZZO‘O‘JGX (_HZH2+2HZJH2> ZZ(Z)Z](Z)
T o=i=1 =1 Y
4 n n ; 2 112
— S Y, <_||Z||z+2||%||z> (26, 2) (4.15)
7 i=1j5=1 fy

Because of the representation from (4.14)), the reproducing property additionally yields
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that

o),
)

n n
- ZZaiag‘exp< sz %HQ

i=1j=1
i=1j=1 v
because z; — x; = z; — z; for all 4,5 € {1,...,n}.

To prove the assertion, it hence suffices to show that the right hand side of (4.15]) can
be bounded by 2y~2 times the right hand side of (4.16). That is, we have to prove that

9 n 2 9 12 112
2 8% (e (1) - 2 oy (LIEIEEI) )50 o
Y Y

i=1 j=1 7 72
for all ay, ..., qn, 21,...,2, € R. As this is equivalent to
/12 2 /2
— 2
b BB o2 e L2 2 o (BBHIEIE)
8 Y g

being positive definite and as ki is obviously symmetric, (4.17)) holding true is equivalent
to ki being a kernel on RY, which is what gets proven in the following.
First of all, define

2
By RYX R, (2, 2) o5 exp ({2, 2)) — (=, )
ky: R RY, (2,2) = (2, 2)).

2 ! 2
ky: RYx R, (2,2) |—>exp< <Z’Z>> — —(z,2"y,

As ky is known to define a kernel on R¢ (cf. Berlinet and Thomas-Agnan, 2004, Lemma 1),
it follows analogously to (Cristianini and Shawe-Taylor| (2000, Corollary 3.13), by using the
polynomial coefficients « == % —1=0and a,, = # > 0 for m # 1, that

f:: ki (z,2') = exp (ky(2,2") — ka(2,2") = k3(z, 2")

also defines a kernel on R%. Because

ko(z,2') = k3(¢(z), U(2)) Vz,2 eR

for ¢: R — R?, 2z — Y22, Cristianini and Shawe-Taylor| (2000, Proposition 3.12) yields

that ko is a kernel on ]Rd as well. By definition, there therefore exist a Hilbert space H
and a feature map ®,: R? — H such that

ky(z,2) = (By(2), ®o( )y V2,2 € RY.
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Defining

72

2
®:RY— H, 2z exp <—||ZH2> - Py (2)

finally yields

2 2
=l + 11211

ki(z,2") = exp ( ~2 > ka(z,2)
— exp (_”Z||z+||z||2> A Do(2), Bo(2))

72
= (®1(2),®:1(¢ )y Vz, 2 €RE.

Hence, H and ®; are feature space respectively feature map of k;. Thus, k; is a kernel on
RY, which completes the proof. O

4.3.2 Stability Regarding Changes in the Regularization Param-
eter

Similarly to Proposition on stability regarding changes in the probability measure
with respect to the total variation distance, the proof of the subsequent result on stability
regarding changes in the regularization parameter also closely coincides with that of a
result from |Christmann et al.| (2018)), in this case Theorem 2.6, but slightly generalizes it
to not necessarily differentiable losses, while at the same time improving the derived bound
by a factor of 2. It also constitutes an improvement by a factor of 2 compared with Kohler
and Christmann (2022, Lemma 14). The proposition shows that || fpx, & — fpe.k||,, grows
at most linearly in |A; — A\a| as long as min{\;, A} does not decrease.

Proposition 4.3.10. Let Assumption [{.5.1] be satisfied. Then,

k|2 |L
’|fP’>\1’k_fP,>\2,k|| < || ||oo| |1

A = Ag|.
e Qmin{)\l,)\z}Q | ! 2|

In order to achieve the aspired improvement by a factor of 2 in the bound, the following
lemma is needed:

Lemma 4.3.11. Let Assumption be satisfied. Then,

K[l [L1a
2\ '

Proof. Assume without loss of generality that ||fp k||, > 0 since the case ||fpi|l; = 0
is trivial.

Christmann et al.| (2009, Theorem 7) yields the existence of a function h: X x Y — R
satisfying [|h|| < |L|; as well as

L fenllg <

foan= 55 [ e 0)®() dP(a,y).
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By using this function h and applying the reproducing property as well as in the last step

Lemma [2.1.10(i), we obtain
ol = <f —5 [ M) ) dPay) )
= o5 [ 1e0) - Foas(e) dP(e,y)

1
< o\ / \h(z,y)| - | foan(z)|dP(z,y)
< |L|1 okl

|W|Mh

< MPleo 111 _

> 2\ ||fP,>\7k||H

Dividing by || fp.ax||; yields the assertion. O

Proof of Proposition[4.5.10. To shorten the notation, define f; = fp,x, ¢ = 1,2, in this
proof. By Lemma 2.1.10( )

i = Folloe <Kl - Il = Lol -

Assume now without loss of generality that ||f; — fa||; > 0 since the case || fi — fa||z =0
is trivial.

Christmann et al.| (2009, Theorem 7) yields functions hy and hy from the subdifferential
of L* (with respect to f; respectively fs) such that

H

fi— /hlxy dny—i—— /hgmy x)dP(z,vy) .
29

From this we obtain, by applying the reproducing property in the last step,
||f1 - f2||§{ = <f1 — fas 1 — f2>H
= (5 [ Talen)@@) dPy). 1 - 1)
—<2)\2/2,y Y)s J1 2H
(5 - [ m@ne@ aP@y. fi- 1)
1
=5 / ha(.y) (fy(x) = fo()) dP(z,y)
- o @) (fi(a) - L) dP(.y). (4.18)

Because L (and thus also L*, cf. Lemma [2.1.30)) is convex and h;(x,y) € OL*(z,y, fi(x))
for all (z,y) € X x Y and for i = 1,2, we know that

hz(x>y)(t_fz('x)) SL*($,y,t)—L*<fL',y,fl(l’)) \V/tGR, 1=1,2,
more specifically

hi(z,y) - (fa(z) = fi(z)) < L¥(2,y, fo(x)) — L*(2,y, fi(x))
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and

hg(l‘,y) ) (fl(m) - f?(x)) < L*(x7ya fl(z)) - L*(Zlf,y, fQ(x)) :
Plugging these two inequalities into (4.18]) yields

1= 5l < (55— 51 )+ [ B @) = I (2. fla) dPGa.v)

:Ql_sj(mmmxxmxm—mumxxmxm)<u%

Now, || f1 — f2||§{ being positive implies that the right hand side of this inequality has to be
positive as well. That is, both factors need to have the same sign. First assume \; > Ag:
In this case 5 — i > 0 and thus Ep [L*(X, Y, f1(X))] — Ep [L*(X, Y] f2(X))] has to

2
be positive as well. Because of the definition of f; as the minimizer of the regularized risk

with regularization parameter \;, we know that
Ep [L*(X,Y, LX) + A ||l < Ep (LYY, f2(O)] + A I foll -
From this, it follows that

0 < Ep [L*(X,Y, i(X))] = Ep [LA(X, Y, f2(X))] < M- (Il — A1)
= A1 (1l + 1 ll) - (ol = A1) < M- (LAl + el - LA = follg

with the last inequality holding true because of Ai(||f1||5 + ||f2]|z) = 0 and the reverse
triangle inequality. Plugging this into (4.19)) and dividing by ||fi — f2||, we obtain

1 [max{A\;, A2}
1= flly < - (el )il + Dl (4.20

The case Ay > )\ yields the same inequality.
By additionally applying Lemma [£.3.11], we now obtain

15l < P s (el fe) ) (2 L)

2 min{)\l, )\2} 2)\1 2)\2
L]y ||K]] . 2
_ I o | A Aot — M Aod) . — =
-2 min{)\l, )\2} <max{ b 2} mln{ b 2}) 2 min{)\l, )\2}
L1 ||%]]
= XA — A
2min{)\1, )\2}2 | ! 2|
which yields the assertion. O

The subsequent minimal example shows that the bound from Proposition is
asymptotically sharp:
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Example 4.3.12. Let X C R? for some d € N, Y = R, L* = Lg 5 pin be the shifted
0.5-pinball loss, k be a Gaussian RBF kernel, and P = §(4, 4,) be the Dirac distribution in
some (z9,Yp) € X x Y, where we assume yo > 0 for simplicity[’] As in Example 4.3.4] we
obtain

fP,)\i,k = "I)(l’o)

N
for i =1,2if \; > (4yo) . For Ay > Ay > (4yo)~!, we therefore obtain

1 1 1
[ foaik = feooklle = <4>\1 - 4)\2) @ (20)]] o = Dy (A2 — A1)

On the other hand, the bound from Proposition yields

k|2 | Lroin 1
[ ek — [Pkl < W M=) = (A= \).
1

Y
Thus, the bound is greater than the actual supremum norm only by a factor of As/A;, which
converges to 1 if we replace A\g by a sequence (A2, )nen satisfying Ao, Ny A1 as n — oo.

4.3.3 Stability Regarding Changes in the Kernel

The stability results from this section are the ones leading to the main differences to those
derived by |Christmann et al. (2018)). In addition to not requiring the underlying loss func-
tion to be differentiable, the results from this section also eliminate additional assumptions
regarding the regularization parameter respectively the kernels from |Christmann et al.
(2018, Lemmas 6.4 and 6.5). These generalizations are discussed in more detail in Sec-
tion [4.3.4] where the results from Sections [£.3.1] to [4.3.3] are combined in order to derive
total stability.

We start by giving a result on sup-stability, before then turning the attention to L,-
stability. Contrary to the results from the previous sections considering changes in P
and )\, the subsequent proposition does not yield a bound growing strictly linearly in the
difference between k; and ke but instead also includes the square root of this difference,
which dominates the behavior of the bound for small differences.

Remark 4.3.13. It would also be possible to state an analogous result that only uses the
linear part in the bound ||k — k2||, cf. (Christmann et al. (2018, Lemma 6.4). This would
however require the additional assumptions regarding loss function and regularization pa-
rameters that were mentioned before and that are laid out in more detail at the beginning

of Section [4.3.4l

Proposition 4.3.14. Let Assumption be satisfied and let k = max{||ki|| ,||k2|| .}
Then,

Ll /1
oa = Foasalloe < 50 (5l = kol -l = Rl )

350ther loss functions and kernels satisfying certain conditions can also be used without changing much
in the example.
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In order to prove Proposition we need an auxiliary statement giving two inequal-
ities which are well-known for Lebesgue integrals, but which are needed for RKHS-valued
Bochner integrals in the proof. Even though we suppose that this statement is also already
established for Bochner integrals, we did not find a reference in the literature, for which
reason we prove it here. See Diestel and Uhl| (1977)), Diestel (1984)), Denkowski et al. (2003)
for a detailed introduction to Bochner integrals.

Lemma 4.3.15. Let Q be a probability measure on some measurable space (2, A) and let
k be a bounded and measurable kernel on Q) with RKHS H. Let g: Q2 — H be a Q-Bochner
integrable function. Then,

J s aQ@)| < [ gl dQe) (421)
and, for all p € [1,00),
fo@aQ@)| < [llg@l;,q Q). (4.22)

Proof. By Denkowski et al.| (2003, Definition 3.10.7), g being Q-Bochner integrable means
that there exists a sequence (sp)new of so-called simple functions s,: Q@ — H, w +—

> b;n)ll A (w), with b§n) € H, Ag") € Aand 1 A denoting the indicator function

on Ag-") for alln € N and j € {1,...,m,}, such that

tim [ Jlg(w) = su(@)l]; Q) = 0. (4.23)

n—00

Then, the same definition tells us that

[ 9)aQ(w) = lim [ s,(w)dQ(w).

where
/an(w) dQ(w) = mgn bén)Q (Aﬁ-"))
=1

for all n € IN. Additionally, we know from Diestel (1984, Chapter IV) that we can without

loss of generality assume Aﬁ”), e ,A,(gi to be pairwise disjoint for all n € IN.
Let now |[[-[|, denote either of [|-[|, and [[-[|; ). Then,

i (400 (a))
=1 .

() = g (5 /7], 110000

s -

> H70 (4")
j=1

< g (517

= lim (/% Hb§”>’L ]lA;m (w) dQ(w)) = lim (/ %by‘)]lA(n) (w) dQ(w))

= lim ([ llsu@)l 4Q)) = [1lg()ll, dQ). (424

n—oo
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where we applied the continuity of ||-||, as a function on H in the second step and the

pairwise disjointness of A", ..., A in the second to last row, with the continuity of ||-||,
holding true because ||h|[, q) < |[hl]o < |[F]l [|R]|; and thus

[Alle < 11Kl oo 1P (4.25)

for all h € H, cf. Lemma [2.1.10{(i). Additionally, the equality in the last step of (4.24)
holds true because

[ llg@l. dQ) = fim ([ llsi(@)l, dQw) )|
< lim ([] 9@l = llsa@)l, dQ(w))

< Jim ([ llgw) = sa@)ll, dQG >)
<kl Jim (] ll9w) = su@ll dQe) ) = 0 (4.20)

Here, we employed the finiteness of the two summands on the left hand side in the first
step, and the reverse triangle inequality, and in the remaining steps. In the
first step, the finiteness of the first summand follows directly from and Denkowski
et al.| (2003, Theorem 3.10.9), and the finiteness of the second one can be shown by again
using and then slightly adapting the proof of the mentioned theorem:

tim ([ llsal)lL dQ(w)>
< lim ([ 11s0(@) = gl 4QE) + [ 19l Q)

= tim ([ lsa) — 9@l 1)) + [ llg)lly Q)
= [1l9@)lly dQw) < oo

with the first inequality holding true because of the second integral on its right hand
side being finite (cf. Denkowski et al 2003, Theorem 3. 10.9) and the first one being
finite for n sufficiently large, cf. ( The same equation (4 additionally yields that
limy, o0 (S ][8n(w) — g(w)|] 7 dQ(w )) ex1sts and the linearity of the limit can therefore be
applied in the second step. Finally, and the mentioned Theorem 3.10.9 yield the
last two steps. O

Proof of Proposition[4.5.14. To shorten the notation, define f; := fpx,, ¢ = 1,2, in this
proof. . )

Define k; = % for v = 1,2. B}j Lemma 2.1.11} H; = H; (equipped with the norm
|z, = V2 |[[l7,) is the RKHS of k;. Thus, f; € H; for i =1,2.

In the next step, define a new space which contains f; as well as f, by

ﬁ::ﬁl@ﬁQ::{g:X—>]R‘g:gl+gg,gleﬁ1,ggeﬁl2}.
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Berlinet and Thomas-Agnan| (2004, Theorem 5) tells us that H equipped with the norm

2 : ( 2 2 ) 7
= min + i Vge H
g1l e, g Ha: g14-g2= H91HH1 |g2]| 2 g

is the RKHS of the reproducing kernel k := ky+ky = (k1+k»)/2. Since obviously f1, fo € H,
we now use this new RKHS as an aid for investigating the difference between f; and fs.

First of all, because & is measurable and bounded by ||&||ec < & (|[k1]|, + [[k2||..) < oo
and H is obviously separable, there exists a unique SVM Teak = f (Christmann et al.,
2009, Theorem 7). The triangle inequality then yields

11 = folloo < Wt = Flloo +11.f2 = Flloo - (4.27)

By applying |Christmann et al.| (2009, Theorem 7), both of the differences on the right hand
side can be expanded as

+ o~ [ (h(z.y) = hi(z.y)) () dP(x,y) (4.28)

with h; and A from the subdifferential of L* (with respect to f; respectively f) Thus,

Lemma [2.1.10[i) yields for ¢ = 1,2
)MSH;-/MWwN@@—@m”dH%who
+Wi3/@un»—m@w0@@ﬁW@ﬂwm
< - 1ta) (0001 - 07) |

e |55 [ (i) = il ) b(2) aP(a )|

fi—f

(4.29)

H

Now, the first summand on the right hand side of (4.29)) can easily be bounded by

o0

o5 [t (80) = 2@)) aPl)|| < 55 ibil - sup[b6e) — @460

i
- 2A

|k — & (4.30)

)
oo

where we applied Lemma in the first step and obtained the bound for h; from
Christmann et al.| (2009, Theorem 7).
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As for the square of the H-norm in the second summand on the right hand side of (&.29)),
applying (4.28) yields

2

|5+ [ () = ita) e aP )|
= (55 [ (hte0) = it ) @) dP(e,), i = )
— {55+ [ (e.) = hate, ) B(2) 4P, ),
;A./ﬁuﬁﬁyq(é@ﬂ-—Qxxﬁ)dP@ﬂyﬁ>H, (4.31)

H

where the reproducing property can be applied to the first of these two inner products in
order to obtain

<21,\ ' / (ﬁ(l”y) - hz‘(l’,y)) d(z)dP(z,y), f; — f>H
- 21>\ ' / (h(z,y) = hi(z,)) (fi(z) = f(x)) dP(z,y) <0,

This inequality holds true because L* is convex which implies that for all (z,y) € X x Y
we have s; < sy for every s; € OL*(z,y,t1), s2 € OL*(x,y,ts) with t; < t5. Now there
are two cases: Either at least one of the two factors in the integrand is zero or the two

factors have different signs. Therefore, the integrand, and hence also the whole integral, is
non-positive.

Plugging this into (4.31]) results in

|-/ (o) — o) ) P

<|(55 [ (w0) = it ) &) Pz, ),
21/\ : /hi(x',y’) (i)(x') - @i(x/)) dP(x’,y/)>

H

i

= 4; ' ‘// (h(x,y) = hi(z,9)) haa!, o) (K(e, ') = ki, 2)) dP(2’,y/) dP(x, y)
SJFWM—himwmme@_kim

LI 5
SW"‘k_ki o (4.32)

where we again applied the reproducing property in the second step and |Christmann et al.
(2009, Theorem 7) for bounding i — h; and h; in the last step.
By the definition of k, we further know that

o0

Hk_k' ky + ko

2

k1 — ko
2

_ Ik = Kol
2

— K

o0
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for i = 1,2, as well as

[#l., = |5

2

© L maX{HleooaHk?Hoo} =k

< ko + [Fo|
2

(e e |
[e.e]

Thus, we obtain the assertion by combining with ([4.29), and (4.32):
1= Falloe < |1 = A+ {112 = 7],

L (1Ll ; |-
L 1
<Ll b= Rall s R L) -

For similar minimal examples as those investigated in Examples and [£.3.12] the
linear part of the bound from Proposition [4.3.14] actually suffices. We slightly adapt the
mentioned examples by not only considering Gaussian RBF kernels because the kernel is
the focus of this example:

Example 4.3.16. Let ¥ = R, L* = Lj; ;, be the shifted 0.5-pinball lossf9 A > 0,
and P = 0,4, be the Dirac distribution in some (z,y0) € X x Y, where we assume
yo > 0 for simplicity. Let further k; and ky; be measurable and bounded kernels with
separable RKHSs (for example, Gaussian RBF kernels, see Example . Similarly to

Examples [4.3.4] and 4.3.12, one then obtains

1
feak = o (o)

for i = 1,2 if k;(xg,z0) < 4Ayo. Hence, if both ky(zg,x¢) < 4A\yo and ko(xg, z0) < 4Ayo
hold true, we have

1
< ||k -k
oo — 4)\ H 1 2“00 ?
which exactly coincides with the linear part of the bound from Proposition because
|L'r—pin|1 = 1/2

Remark 4.3.17. We also examined further examples that were slightly more complex than
Example but still simple enough that it was feasible to derive a closed formula for the
SVMs. That is, we looked at distributions P whose support did consist of different small
amounts of points instead of only a single point, and considered kernels such as Gaussian
RBF kernels or constant kernels. For all the examples we considered, the linear part of the
bound from Proposition always sufficed, for which reason we suspect that it might
actually be possible to eliminate the other part from the bound from Proposition

Additionally, an analogous result to Proposition which however considers L,-
stability instead of sup-stability also holds true:

1
[ foak — [Pkl = o |[@1(20) — Po(mo)]|

360ther loss functions satisfying certain conditions can also be used without changing much in the
example.
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Proposition 4.3.18. Let Assumption be satisfied and let k = max{||ki|| , [|k2|| .}
Let p € [1,00). Then,

IL]x
||fP,>\,k1 _fP,A,k2||Lp(pX) < \ ( ||k1 kQHL »(PX@PX) +hK- \/Hkl kQHL (PX®PX)) :

Proof. The proof is almost identical to that of Proposition {4.3.14| with ||-|| being replaced
by [[[|z, px), for which reason only the differences are highlighted here.

First of all because of (4.9 . we obtain analogously to (4.29))

fi—

Lp(px HZ)\ /h r.y) (B(z) — ®i()) dP(z,y) L, (PX)
o f (B(x,y) - hi(w.)) &) APz, y)
= H21>\'/h"(x’y) (®() — i(x)) dP(z,y) Ly(PX)

Lo f e = i) s apie]

o0

Then, the first summand on the right hand side can be bounded in an analogous way to
(14.30):

I [ ) (862) — @.0)) ap(e.y

Lp(PX)
< ox fo i) (8@) — 2@)]], ) P
< oy il [ |8 - @i@)\ o, PY)
= o Wl [ (Rt = e a2 )™ ¥
< b -

L, (pXepX)

2

where we applied Lemma [4.3.15|in the first step, and (Christmann et al. (2009, Theorem 7)
(for obtaining the bound on h;) as well as Holder’s inequality in the last step. Finally, it
is possible to tighten the bound from the last steps of (4.32)) in the following way:

4)\2 ’// (2,y) = hi(w,y)) hil@' ) (K(z,2') = ki, ') dP(a’,y) dP (. y)

<ILI%.//
— 2)\2

k(z,z") — ki(x, 2")

dP (2, ") dP(x,y)

_ LR [
2)2 L (pXepX)
LR |z
< o222 Hk — ki Ly(PX@PX)
The assertion then follows in the same way as in the proof of Proposition [4.3.14] O]
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4.3.4 Total Stability

In this section, the results from Sections [4.3.1] to [£.3.3] are combined into bounds on the
difference between two SVMs differing in the whole triple (P, A, k), that is, into results on

total stability of SVMs. All results are based on decomposing the difference between the
two SVMs as

prh)\l,k’l - fP2,>\2,k2Hoo < HfPl,AL]ﬁ - fP27/\1,k1||oo + ||fP2,/\17k1 - fPQ,)\Q,leoo
+ ||fP27>\2,k1 - fP27>\2,k2||oo (433)

for total sup-stability and as

fein b — fraamallL, exy < fpiaim — feanimll px
o : ) p( i )
+ Hng,)q,k’l - fPQ,)\kalHLp(PZX)

+ HfP2>)\27k1 - fP?v)\2’k2||LP(PZX) (434)

for total L,-stability. Of course, the order of decomposition can also be varied, for example
changing A instead of P in the first step, thus considering the difference between fp, z, x,
and fp, »,k in the first summand on the right hand side of the decompositions. This is
also taken into account in the results.

The first theorem considers total sup-stability (with the difference between the proba-
bility measures being measured by the total variation distance) and, as already mentioned
in Section [4.1 considerably generalizes [Christmann et al| (2018, Theorem 2.7): First of
all, an additional condition on L that was required by |Christmann et al.| (2018) gets elim-
inated. Previously, L did not only need to be convex and Lipschitz continuous but also
differentiable. Since many popular loss functions are not differentiable (e.g., pinball loss,
e-insensitive loss, hinge loss), this change makes the result applicable to a considerably
larger class of learning tasks. Secondly, in (Christmann et al. (2018, Theorem 2.7) it was
assumed that the regularization parameters A\; and Ay were greater than some specified
positive constant, which is unsatisfactory because the regularization parameter used by an
SVM has to converge to zero as the size of the training data set tends to infinity in order
to achieve consistency, cf. Chapter [3]

In order to circumvent the latter problem, Christmann et al.| (2018)) additionally provided
another result (Theorem 2.10), in which A; and A\, are allowed to be arbitrarily close to
zero and instead of || fp, x, kb — fry ok |lo they bound [ fp, x b — fPyso ks, - Because of
Lemma [2.1.10|(i) and because k; is assumed to be bounded, this also translates to a bound
for [|fpi a k1 — fPaaikello- Alas, this result obviously requires the RKHSs H; and Hj be
nested, Hy C Hy, and additionally uses |[k; — k||, instead of the more easily interpretable
||k1 — k2|, in the bound.

In the subsequent theorem, it is neither required that A\; and A\, are greater than some
positive constant nor that H; and H, are nested. Furthermore, the improvement in the
bound coming from the difference between A\; and Ay derived in Section transfers to
this theorem as well.
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Theorem 4.3.19. Let Assumption be satisfied. Denote k = max{||ki|| ,||k2|| .}
and 7 = min{\;, \o}. Then,

L K2
| e = frodokells < ‘T‘l . (/{2 - diy(P1, Pg) + o A1 — g

1
byl =l + ey = Rl )

Proof. Applying Propositions |4.3.3], 4.3.10] and |4.3.14| to the decomposition (4.33)) of the
investigated norm || fp, x, k1 — fPoeike||,, Yields

k1|2, 1)1 ||| 12, 1L
||fP17/\1,k1 fP2,>\2,k2Hoo = )\1 t ( 1 2) + 92 111{)\1,)\2}2 | 1 2’
|L]x

1
T (5 = Rl - ks = Rall)

Since the order of decomposition can of course be varied freely, we also obtain analogous
bounds with ki being replaced by ko (and vice versa) as well as A; by Ay (and vice versa) in
some of these summands. Since the right hand side of the assertion is greater or equal to the
right hand sides of all of the bounds generated this way, the assertion directly follows. []

Recall the examples from Section [4.2| on how the different quantities on the right hand
side of the bound behave in different situations.

Remark 4.3.20. To formally use the metric ds from (4.6)) in Definition of total stability
of SVMs, the bound from Theorem [4.3.19| can of course be bounded further by applying

1 1
>l = Rallyg o Tl = Tl < max {5} (11 = Rall.o + Il = Rallc)

1
= maX{Q, KJ} - ds(ky, k) .

This can be done similarly in the remaining results of this section.

Remark 4.3.21. It is also possible to state an analogous result to Theorem that uses
||k1 — ko], instead of ||k — ko[ +/||k1 — k2|, in exchange for imposing the additional
assumptions regarding loss function and regularization parameters that were explained
before this theorem, cf. Christmann et al.| (2018, Theorem 2.7).

In addition, it is also possible to analogously derive a new result on total sup-stability
using the Wasserstein distance to measure the distance between the probability measures.
This has the advantage of also yielding meaningful bounds in situations in which Theo-

rem [4.3.19] does not yield such meaningful bounds, cf. Section [£.2.1]
Theorem 4.3.22. Let Assumptions|].3.1] and[{.5. be satisfied. Denote

k= max {||k1|| ., [|k2|| o} >
7 :=min{A;, A2} ,

12 || |1 ||k io
o= (Il o { e, + (20) " R0 1)

T
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Then,

1
| foinhen — ng,Ag,kgHoo < = <n - dw(P1,P2) +

2
K
W’; “[A1 = Agf

2

2y kol + ol T — k2||m> -

Proof. The proof works analogously to that of Theorem by just applying Proposi-
tion instead of Proposition O

Again, recall the examples from Section on how the different quantities on the right
hand side of the bound behave in different situations. Additionally, applying Corollary[4.3.7]
instead of Proposition |4.3.5|in the proof yields a more specialized result for the Gaussian
RBF kernel, in which the properties of that kernel are plugged in.

Remark 4.3.23. Similarly to Remark [£.3.21] it is also possible to derive an analogous result
to Theorem {4.3.22|that uses ||k — k|| instead of ||k — kaf|+1/]|k1 — k2|| ., in exchange
for imposing the additional assumptions regarding regularization parameters that were
explained at the beginning of this section by applying Christmann et al.| (2018, Lemma 6.4)
instead of Proposition in the proof.

Now, the subsequent Theorem states a result which is very similar to Theo-
rem 4.3.19] but which shows total L,-stability instead of total sup-stability:

Theorem 4.3.24. Let Assumption be satisfied. Denote k = max{||ki|| ,||k2||. .}
and T = min{A;, \o}. Then, for all p € [1,00) and i € {1,2},

||fP17/\1,k1 - sz,Amkz”Lp(PlX)

L K2
< Q . <H2 diy(P1,P2) + — - |A1 — Ag]
T 2T

1
+ 5 : ||k’1 - ]{72||LP(PZX®1:>ZX) + K- \/”kl - k2||Lp(PZX®PiX)> .

Proof. Applying Proposition as well as Propositions [4.3.3and [4.3.10{in combination
with (4.9) to the decomposition (4.34)) of || fp, x .k — fp27)\27k2||Lp(Px) yields for i = 2

HfPh)\l,kl - fPQA%’@HLp(Pg()

||k ]|%, L] 1|2 L]y
< Ml Wy py P ulilEs A=A
- )\1 t( ! 2)+2m1n{)\1,)\2}2 | ! 2|
P v Tl
/\2 2 1 2 Lp(P§(®P§) 1 2 LP(P§(®P§)
K2|L K2|L
< ML ey Py +
T 2T
1Ll /1
T '(2'||k1_k2||Lp<P§‘®P§)+“'\/”kl_kQHLp(Pé‘@Pé‘))'
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Analogously, reversing the order of decomposition (such that Proposition |4.3.18| can be
applied to a summand with probability measure P; in both SVMs) yields for i = 1

HfP1,)\1,k1 - fP27)\27k2||Lp(P{()
LI, (1
< (5 = Rallgyparyy + 5T = Rall ory)
ka2, 1L [1Kal2 1 L1x
2 min{)\l, )\2}2 )\2
KJ2|L|1
<

A= Ae| F

k2| Ly
272

L, /1
e (2 Ik = kel pxapy) + 5 \/Hkl B kQHLp(Pf(@P{()) ‘ -

As it was the case for the result on total sup-stability, it is also possible to analogously
derive a result on total L,-stability that uses the Wasserstein distance instead of the total
variation distance in the bound.

Theorem 4.3.25. Let Assumptions|4.3.1| and|4.3.4 be satisfied. Denote

: dtv(Pla PQ)

- dyy(P1,Pg) + AL = Ag

k= max {||ki|| s [[k2|| o}
7 :=min{\;, \2} ,

2 [Phle ] [E 2,
o= s (101 - ot + (~2g50) " PRI gy )

Jj=1, T

Then, for all p € [1,00) and i € {1,2},

||fP1,>\1J€1 - fP2,/\2J€2||LP(PlX)
1 K2
<L (77 (P, Py) 4 YD

T 27
k= 2||Lp(pf®pg<)+|¢|1/f'\/|| 1= kol pxepx) | -

Proof. The proof works analogously to that of Theorem by just applying Proposi-
tion instead of Proposition [4.3.3] O

The results on total L,-stability become particularly useful in Section where the
total stability of localized SVMs is investigated. In that section, it will be explained that no
meaningful result on total sup-stability can be derived in this situation, but it will at least
still be possible to derive results on total L,-stability, which are based on Theorems @
and [£.3.25

AL = A

+

4.4 Total Stability of Localized Support Vector Ma-
chines

The goal of this section lies in deriving total stability of localized SVMs. As already
hinted at in Section [4.1] it is however only possible to derive meaningful results on total
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L,-stability and not on total sup-stability. Therefore, before investigating total stability
in Section [4.4.2] regionalization-subtotal stability is examined in Section because for
this it is also possible to obtain meaningful results on sup-stability.

The parts of this section using the total variation distance already appeared in the peer-
reviewed paper Kohler and Christmann| (2022, Section 3), which was published in Journal
of Machine Learning Research. The parts using the Wasserstein distance have not been
published before.

4.4.1 Regionalization-Subtotal Stability

As this section considers regionalization-subtotal stability, it is about the comparison of
two localized SVMs fp, a; k1,2 and fp, a, k., x that are based on the same regionalization
X = {X),...,Xa} of size A € IN (and on the same weight functions). As in the definition of
regionalization-subtotal stability (cf. Definition , these localized SVMs are allowed to
be based on different probability measures P; and P,, on different vectors of regularization
parameters A; and Ao as well as on different vectors of kernels k; and ko on X. The results
from this section need the following assumptions regarding the components influencing the
localized SVMs:

Assumption 4.4.1.

e Let L: X x Y x R — [0,00) be a convex, Lipschitz continuous loss function and let
L* be its shifted version.

o Let X = {AXy,..., X4} be a regionalization of X of size A € IN and let the weight
functions w,, a = 1,..., A, satisfy (W1), (W2), (W3).

e For ¢ =1,2, let P; be a probability measure on X x ) that is positive on X.
o Fori=1,2,let \; := (N\i1,...,\ia) € (0,00)4

o Fori=1,2 let k; == (ki1,...,kia) be a vector of bounded and measurable kernels
on X with separable RKHSs H;,, a=1,..., A.

Note again that the separability of the RKHSs is always satisfied if the associated kernels
are continuous, cf. Lemma [2.1.10(iii). For i € {1,2} and a € {1,..., A}, further introduce

the shortening notation P;, := P; x, based on the local probability measures defined in

9.

For the results using the Wasserstein distance in the bound, the following is required as
well:

Assumption 4.4.2.
e Let X C R? for some d € IN.

o Let L be distance-based with representing function v such that ¢ is differentiable
and 1) as well as its derivative ¢' are both Lipschitz continuous.
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e Fora=1,...,A, let X, be complete.

e For: = 1,2~and a=1,... A, letjﬁ»,a D) iYa with /"?@a C R? be open z}nd assume
that k;, = Kia|x,xx, for a kernel k;, on X;, which can be written as k; ,(z,2') =

ial|lr —2'||y) for all z, 2’ € ‘)E'i,a; where ¢;, : R5g — R is a twice continuously
2

differentiable function satisfying ¢; .(0) — ¢;4(r) < ck% -1 for all » > 0 for some
Ck. > 0.

1,0 —

Recall that popular kernels such as the Gaussian RBF kernels can be written is such a
way as it is requested in Assumption [4.4.2] cf. Corollary 4.3.7]

The succeeding theorem states that Theorem [4.3.19 can be transferred to the situation
at hand, i.e., that localized SVMs inherit regionalization-subtotal sup-stability from the
total sup-stability of regular SVMs:

Theorem 4.4.3. Let Assumption [[.4.1] be satisfied. Denote
o 1= max {[ kLl » [|R2all o } -
To = min {4, Aoa} ,

foralla € {1,...,A}. Then,

||fP1,>\17k17X - fP27>\2,k2,X||oo

1 K2
<|L|; - QGI{I}%TA} - : (Féz “diy(P1,q, Poa) + o [ AMa — A2l

1
5 e = Foall + o -/ llha = kg,a||oo> .

Proof. To shorten the notation, define f; = fp, ;12 and fia = [P, niokiar @ = 1,2,
a=1,..., A, in this proof. By the definition of f; and fs,

i = foll < sup 5" wals): fra(@) = foal®)

a=1
< sup max ‘fla f2,a(x)‘
zeXx a€f
= a a ) 435
ae?ll,ia.i(A} fl’ f2’ oo ( )

where we applied (W1) and (W2) in the second step. Since the functions ﬁ‘,a have not
been defined as SVMs but instead as zero-extensions of SVMs fp, , x; ..k, 00 Xy, We cannot
apply Theorem [4.3.19 m to the right hand side of ( - yet. However, these functions can

actually be seen as SVMs on X themselves, fz,a fP . (where Pw and kz o denote

the zero-extensions of P, , and k;, respectively): ’
According to Meister and Steinwart| (2016, Lemma 2), we have H; , = {§| g € H;.} and

o, for all g € H,;, for If[m denoting the RKHS of /Afw Since additionally
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Rp-p..(9) = Reep,.(g) for all g € H;, (because the whole probability mass of P, is on

X, where g and g commde) the definition of SVMs yields fp ;. Z fpZ e diakia (= fia)-
Thus, Theorem can be applied to the right hand 81de of since the functions
fm are actually SVMS on the complete space X (whereas the functions fi.a are SVMs on
the not necessarily complete spaces X, for which reason the theorem can not be applied to
| fi,.a — fa.al|, even though this term is obviously equivalent to /1.0 — foallse). By doing
this, the assertion follows, but with every P; , replaced by ISW and k; , by l%m Because of
them just being zero-extensions of P; , and k; , respectively, this does however not influence
the respective distances. O

Remark 4.4.4. To formally obtain a bound exactly as proposed in Definition and
based on the distance measures from Section [4.2] it suffices to further bound the inequality
from Theorem by

1 fPiakr.x — fPodaka x|
2

1 K
S |L|1 : max = — - </ic2z : dtv(Pl,aa P2,a) + ﬁ . |)\l,a - )\Q,a‘

ae{l,..., A} T,

1
5 ke = Faall + o/ llhra — kz,anoo)

K2 K2
<Ll - Ma P. P Ma_ _
- | |1 (ael{lll?i(A} Ta ael{rllaX }dtv( Las 2’a> + ae?%%i(A} 27‘3 ae{l, LA ’)\1(1 )\2a’
max{i, Ka}
+ ae?ll,iai(A} Ta ae?llﬁ?,(A} (Hkl’a ~ kaalloo + \/Hkl’a B kz’aHOO) >

L
< (max max | |1> : <max max szaHio) -dy(P1,x,P2.x)

ie{1,2} ae{l,..,A} A\; . ic{1,2} ac{1,...,A}

L
+ (m | |1> : (,max max sz',a”io) 1 d2(A1; Az)

i€fl, 2} ae{l, ,A} 202 i€{1,2} ae{l,..,A}

L 1
+<max max £l )-(max max max{2,||k:i7a||oo}> -d3(k1, k2) ,

i€{1,2} ae{1,.., A} \; 4 ie{1,2} ae{l,...,A}

denoting by Py x,P3x vectors of local measures as defined in Section 2.2.2] For the
remaining results from this section as well as for those from Section [£.4.2] one can proceed
analogously to formally obtain a bound in the exact shape of that in Definition
respectively that in Definition [4.1.3]

As for non-localized SVMs, it is again possible to derive a result on regionalization-
subtotal sup-stability using the Wasserstein distance in an analogous way.
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Theorem 4.4.5. Let Assumptions|].4.1| and|].].9 be satisfied. Denote

Rq = mMax {||k1,a||oo ) ||k27a||oo} )

To = min {4, Mg},

Ta = Iax (ij,aHoo

12 || |k io
-Inax{r¢hc@ﬂ—%(—2w;aan) P Wialle s, g, L)

foralla € {1,...,A}. Then,

||fP1,>\17k1,X - fP27>\27k2,X||oo

|¢|1ﬁi

27,

1
S max = — - <77a : dW(Pl,m PZ,a) + : ‘)\1,(1 - )\2,a‘

ae{l,..., A} T,

s = Rl + Wl =

-)-

||fP17}\1,k1,X - fPQ:A%kaXHoo S ae?ll’a')’(A} prl,ay/\l,aykl,a - fPZ,a,/\Q,aka,a 00

Proof. We have

Y
e}

= ae?ll,a.i(A} prl,a7>\l,a7k1,a - fpz,a,Az,a,k’Q,a

where the first step is equivalent to (4.35) and the second follows from fp, , \, ., and
fPsars.aiks, Deing defined on the same region A,. By Remark [3.4.2] each region X, a =

1,..., A, is separable again. As the regions are additionally assumed to be complete,
Theorem [£.3.25 can be applied to the norms on the right hand side, which yields the
assertion. [

Similarly, Theorem[4.3.24]can be transferred as well in order to obtain results on regionalization-
subtotal L,-stability, first based on the total variation distance.

Theorem 4.4.6. Let Assumption [4.4.1] be satisfied. Denote
o = max {|[krall » ||F2all0 ) -
To =min {4, Mg},

for alla € {1,..., A}. Then, for allp € [1,00) and i € {1,2},

HfPl,/\l,kl,X - fPQ,)\z,kz,XHLp(P;X)

A PX Xa 1/p
§|L|1.Z(’())

a=1

2

K
. (f{z . dtv(Pl,a, Pg,a) + 27@ . |)\17a — )\27a|
Ta

Ta

1
+ § . ||k‘1,a - kQ,GHLP(Pfa@Pfa)

el ol )
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Proof. To shorten the notation, define f; = fp, x;k;x and fio = [P, Niakiar ¢ = 1,2,
a=1,...,A, in this proof. By the definition of f; and fs,

VAN
M=

Wy - (fl,a - fm)

Ly = follp, ) Ly(P¥)

e
Il
—_

[\
hES

S

([ | rale) = ol @)
(Prex)- [

(X )" - ([ |frao) ~ fat] ()"
(

e
Il
—

) o 1/
fra@) = Foalw)] aPX ()

I
NES

2
l
—_

Il
NIES

2
Il
—

PX(x,))"" . (4.36)

LZD (Pi,a)

fl,a - f2,a

Il
NES

o
Il
—

Here, we applied (W1) in the second, f1,b and fgyb being zero on X \ A, in combination
with the definition of the local measures P;, (cf. ) in the third, and the definition of
f’i,b as zero-extension of P;; in the fourth step.

Noting that fl,a and fgya are SVMs on X themselves, fm = Ip. . nabin (cf. proof of
Theorem , Theorem can now be applied to the norms on the fight hand side
of . This yields the assertion (as in the proof of Theorem with f)m and /%i,a

instead ob P;, and k;, which does not change the respective norms). O

Similarly to how it was the case for sup-stability, an analogous result using the Wasser-
stein distance also follows directly.

Theorem 4.4.7. Let Assumptions and [{.4.2 be satisfied. Denote

Kq = I'IlaX{Hkl,aHoo ) Hk2,a“oo} ’

Ta = min {Al,aa )\2,11} 5

m:.%Ommw

7=1
1/2 i lkia 2
.max{|w|1ckj,a + (~2g, ) I alls ||k:j,a||m}) |

a
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for alla € {1,..., A}. Then, for allp € [1,00) and i € {1,2},

HfPl,)\l,kl,X - fP27A27k27XHLp(P;,X)

1/p
A (PY(X,) s
<2 <T> - (na HAw(Pra Paa) 5 7  Ara = Al
[Yh
. o ||kt — kg,a||Lp(P§fa®Pffu)

+ [P1kq - \/||/<?1,a - kz,a|’Lp(P§fa®pgfa)> :
Proof. One obtains

1 fpr s = fooda kel )

(Pr)”

P (&)
(PZX(XGDUP ’ prl,m/\l,a,kl,a - fPQ,a,/\Q,a,kz,a

A A
fpl,a7)\1,a7k1,a - fPQ,a7>\2,a7k2,a

A X
LP(Pi,a)

A
<>
a=1

A
=>
a=1

Y
Lp(P3%,)

where the first step is equivalent to and the second follows from fp, , x .k, and
JPsads.aske.. Deing defined on the same region X, as Pfa. By Remark each region X,,
a=1,..., A, is separable again. As the regions are additionally assumed to be complete,
Theorem can be applied to the norms on the right hand side, which yields the
assertion. O

To conclude, regionalization-subtotal stability of localized SVMs—be it sup- or L,-
stability and with respect to the total variation or the Wasserstein distance—follows from
the corresponding total stability of the underlying non-localized SVMs seamlessly and it
is possible to accordingly bound the difference between two such localized SVMs based
on the differences between the underlying probability measures, regularization parameters
and kernels.

4.4.2 Total Stability

As explained in Section [£.1], one would hope that localized SVMs are stable with respect to
changes in the underlying regionalization as well because this regionalization is often also
chosen in a data-dependent way (for example, using decision trees, cf. Bennett and Blue,
1998; Wu et al.,[1999; Tibshirani and Hastie, 2007; Chang et al., 2010, among others). That
is, the goal of this section now lies in deriving not only regionalization-subtotal stability
(cf. Section but even total stability results.

However, it can readily be seen from the simple example visualized in Figure that
we will not be able to derive meaningful results regarding total sup-stability. In that figure,
two localized SVMs are being compared. Both of them are based on the same training
data (that is, on the same empirical distribution) generated according to

X~U(-1,1), Y|X ~ sign(X) + ¢ with € ~ N(0,0.5),
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Figure 4.4.1: Comparison of two localized SVMs based on the same distribution, regular-
ization parameters and kernels, but on slightly different regionalizations. [This figure was
first published in [Kohler and Christmann), 2022,]

with U(a,b) denoting the uniform distribution on (a,b) and N (i, 0?) the normal distri-
bution with mean g and variance 2. Furthermore, both localized SVMs use the same
regularization parameter and the same Gaussian RBF kernel on every region. They only
differ in the underlying regionalization: The input space is split into two parts in both
cases, but for f; the border between the two regions is at x = 0 (thus exactly capturing
the pattern in the data) whereas it is moved slightly to the right, to x = 0.05, for fs.

It can easily be seen from Figure that this very minor change in the regionalization
greatly impacts the maximum difference between f; and f, and it is thus obviously not
possible to bound this maximum difference between two localized SVMs in any meaningful
way. However, the same Figure [£.4.1] also suggests that it might still be possible to find
such meaningful bounds on the L;(P;")-norm of the difference (which is rather small in the
example, approximately 0.06, compared to the supremum norm of about 0.95), similarly
to Theorems [£.4.6] and [£.4.7] In the following, we simplify this example even further in
order to also showcase the observed behavior analytically:

Example 4.4.8. Let X =Y = R, P* =U(—1,1) and, for z € X,

(50 ,iffL’<0,
51 ,lfIZO

P(-|X:x):{

with U(a, b) denoting the uniform distribution on (a, b) and ¢, denoting the Dirac distribu-
tion in y € Y. Let X9 = {(—00,0),[0,00)} and &X,, = {(—00,1/n),[1/n,00)} for n € IN.

Let L* = L{ 5, be the shifted 0.5-pinball loss and, for each i € Ny and a € {1,2}, let
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k;o =1 be a constant kernel on &; , and A\, , = 1.@
For the local SVMs fp, A . ki.: @ € No and a = 1,2, we obtain from Christmann et al.

(2009, Theorem 7)

1
Fony i = — 35+ [ ia(@:1)®ra(a) AP, (2,9) (4:37)
for some h;,: X;, x YV — R from the subdifferential of L* with respect to pr Moaskia:
Notably, as (®;4(z))(z') = kiq(2',2) = 1 for all z,2' € X;,, (4.37) yields that
1
fPXla: Aia ki, /> = _5 ’ /hi,a(x7y> dPXi,a(ny) va! S Xi,a; (438)
i.e. that fp, .k, isa constant function. By the definition of the 0.5-pinball loss, we
further have
_% lf y > fPXZa7 1a7ki,a(x)7
hi,a($7y> = CE |:_%7+%:| lfy - fPX1a’ zayki,a<$)7
+% lf yl < fPX z a,kz a('r) Y

that is, |h;(z,y)| < & for all (z,y) € Xi o x V. Therefore,

VZL’/ S Xi,a-

] =

|fPXza7 za» i, ( /)| S

For i € Ny, the definition of P(- | X = x) and that of the regionalization X; then yields that
y=1> fpy x.ko(®) and hence hio(x,y) = —35 for Py, ,-almost all (z,y). Therefore,

(4.38) yields that indeed

1
fPXi,2v)‘i,2»ki,2 (l‘/) = 1 Vo € .)C;‘72.

At the same time, we have, for all 7 € Ny,

Tpa i ks, (2" =0 Va' e Xy,

because the function is constant by (4.38)) and because all other possible constant functions
would lead to contradictions: fp, ., <0 would by the definition of P(- [ X = x) imply

that h; 1 (z, y) —3 for Py, -almost all (m y), which would by (4.38) yield the contradiction
pri Aok = 4 > 0 Slmllarly, fpx Akis > 0 would imply that

1
Py (hia = 5) = Pavy (ot () > ) = P, (B x {0)) > 5
by the definition of P(-| X = z) and X;, which would by (4.38]) yield the contradiction

1 1,11 1 1
wi=—c by dPa () < —= (= 4= (=2)) =0.
fPXi)l,Al,l,kz,l 2 / 71(‘7; y) Xz,l(m y) 2 (2 2+2 < 2)) 0

i.a 15 indeed a kernel on &;, because choosing the feature space H;, = R and the feature map
Qi Xig = Hia, = 1yields k; o(2,2") = 1 = (P 4(2), Pia(2))n, , for all x,2" € Xj,.

37/€
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Summing up, we obtain for the respective localized SVMs (using the simplified definition
from Remark which omits the weight functions because of the regionalizations being
partitioning):

0 7if{[‘<07
x pu—
fP,/\,k,Xo( ) {}1 7if;1520,
0 ,ifx<i
_ bl n’ v G]N
feoakx, () {}1 Jif x> %a b

This yields

1
[ fe ka0 — foakxnlle ==

4

for all n € IN, even though both localized SVMs that are being compared are based on
the same probability measure, regularization parameters and kernels, and the underlying
regionalizations become arbitrarily similar as n — co. On the other hand,

1
pr,)\,k,XO - fP,)\,k,XnHLI(PX) - 8771

does indeed converge to 0 as n — o0, i.e. as the regionalizations Xy and X’,, become more
similar.

As suggested by the preceding examples, it will indeed be possible to derive meaningful
bounds on the L;(P;)-norm of the difference of two localized SVMs, i.e. to derive results
on the total L;-stability of localized SVMs. Before stating the corresponding theorems,
Assumption from the preceding section first needs to be modified such that it fits the
situation of this section. For this, recall Definition [2.2.4] of the combined regionalization
X1 ,2 of two regionalizations X'y and X5, as much of the analysis of this section is based
on this combined regionalization and auxiliary local SVMs on its regions.

Assumption 4.4.9.

e Let L: X x Y x R — [0,00) be a convex, Lipschitz continuous loss function and let
L* be its shifted version.

o Fori=1,2,let X; = {AX;1,..., X, .4} be a partitioning regionalization of X" of size
A; € IN.

o Fori=1,2, let P; be a probability measure on X x ) that is positive on the combined
regionalization X7 , == {&7,..., A} of Xy and X.

o Fori=1,2,let \; .= (Ni1,...,\ia,) € (0,00)%.
o Fori=1,2 let k; = (k;1,...,kia,) be a vector of bounded and measurable kernels

on X; with separable RKHSs H;,, a=1,..., A;.

139



The main additional assumption coming into play compared to the previous section is
that the regionalizations need to be partitioning. Note that this comes with the slight
notation-wise advantage of being able to just use the simplified definition of localized
SVMs from Remark and completely omit the weight functions and the associated
assumptions.

Similarly, the additional assumptions needed in results using the Wasserstein distance
in the bound need slight modifications as well:

Assumption 4.4.10.

e Let X C R? for some d € IN.

e Let L be distance-based with representing function 1 such that v is differentiable
and 1 as well as its derivative ¢’ are both Lipschitz continuous.

e Fora=1,..., A, let X5, be complete.

e For a = 1,..., Ay, let /'?2,,1 2 Xy, with 2?2,(1 C R? be open and assume that
koa = koalxp,xas, for a kernel ky, on X, which can be written as kyq(z,2') =

p2.q(||x — 2'||,) for all z,2" € Xy,, where py, : Rsg — R is a twice continuously
CiQ,a
2

differentiable function satisfying ¢ ,(0) — pa,4(r) < -1 for all » > 0 for some

CkQ,a 2 0.

Before stating the results, some additional notation needs to be introduced. For i = 1,2
and a = 1,..., A;, the shortening notation P;, = P; Xia (based on the local measures
defined in ([2.6))) gets used, and additionally denote

Jia={be{l,....B}| X CXi.} #0.

Further additional notation arises from the already mentioned auxiliary SVMs on the
regions AT, ..., Xp from X7, that are used in the results. Fori =1,2 and b=1,...,B,
denote by a(i,b) that index a € {1,...,A;} such that A C &, (which is well-defined
because of X'; being partitioning) and by P, =P xr and k= ki aip) ‘ xrxxy auxiliary
distributions and kernels on the sets X}, ..., X}. By Berlinet and Thomas-Agnan, (2004,
Theorem 6), kf, is actually a kernel (on &) again.

Even though, as explained at the beginning of this section (cf. Figure and Ex-
ample , we cannot derive meaningful results on total sup-stability, it is now indeed
possible to prove the subsequent result on total L;-stability of localized SVMS@ For this,
recall the definition of £q (X1, X'2), for a probability measure Q on X, that was given in

38 Theorem |4.4.11]is only stated with respect to the Li(P)- but not with respect to the L (P3 )-norm.
This was done only for the sake of notational clarity, and the theorem of course also holds true with
respect to Ll(Pf )-norm if the indices on the right hand side of the bound are adjusted accordingly,

which is immediately obvious if one interchanges the roles of the two localized SVMs whose difference gets
bounded.
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@)
Eqp(X1, X2) = ’Q(Xl,aa,b)) - Q(X2,a(2,b))’
+ max {Q(Xl,a(l,b))a Q(XZ,a(Zb))}

1
. Z (2 . QXi»a(%b) (Xb*) ) (1 o Q.Xi,a(i,b)(xb*))

=1

Qe () - (1 QXZ,Q(Z.,Z,)(?(;))) .

Theorem 4.4.11. Let Assumption[{.4.9 be satisfied. Denote

Tb = mln {)\1,(1(1,17)7 >\2,a(2,b)} 9
p1,p = Max {Pf(é\ﬁ,a(l,b))a P{((Xza(lb))} )
forallbe {1,...,B}. Then,

Kp ‘= max {kal,a(l,b)Hooa k2,a(2,0)

prl,)\l,kl,/\f'l - fPQ,)\z,kz,Xz ’ ’Ll(P{f)

&1 x |Ik2al 2,
< |LJ; - Z P (AXy,) - ISV div(P1,25.0, P2,xs )
a=1 210“
B (2
+|L}; - Z P1p % : ‘)\l,a(l,b) - )\2,a(2,b)‘
Pt 27
LA or, 1B T2blL Py )X @(P],)X)

*

*
1,0 k2,b

‘Ll((P*{,b)X®(P*{,b)X)>

+“bw
T
Kp
+ = &px (X1, Xa) |
Th

Proof. In addition to the auxiliary distributions and kernels introduced prior to the theo-
rem, we also need auxiliary regularization parameters in this proof. Denote these parame-
* . X %\ — ..
ters by A7, = (Pix, ., () Niap fori,j=1,2andb=1,...,B.
By applying the triangle inequality, the left hand side of the assertion can be expanded
as

HfP1,>\17k1,X1 - fP2)\2,k2,X2||L1(P{() < HfPh)\l,kl,Xl - fPl,X‘{’l,kT,Xig L1 (PY)

+ HfPlAil,kI,X’{,z - fPl,)\;mk;,X;,z

L1(P{)
|| for g 10 — Tranaika s nexy  (439)
with Af, o= (A1, -, AL, p) and k] = (K7, ..., ki g) for i, j = 1,2. We will now examine

the three norms from the right hand side of (4.39)) separately:

141



(i) For a function g : X" — R, denote by g its zero-extension to &} 41 (respectively
to X1 ap) X Xigp if the function is instead defined on &7 x A}). Defining ko=
> ber l%’ib yields for all a € {1,...,A4;} new local SVMs fp, , x, ke Which are
defined as

fpl,aa)\l,aaki) = a’rg 1nf; RL*vpl,a(f) + )\La ||z][.||2_[v'1O : (440)
o feH?, La
Now, combining [Berlinet and Thomas-Agnan| (2004, Theorem 5) and |Meister and
Steinwart| (2016, Lemma 2) yields that £, is indeed a kernel on &), and that its
RKHS is given by

a

Hf,a:{f:‘)(l,a%R‘f: Z s fberbforbzl,...,B},

bE]l,a

with the decomposition of each such f € Hy, being unique because of the sets

XY, ..., X%, the domains of the functions f, being pairwise disjoint because X'; and
X5 being partitioning. Thus, the mentioned results also yield
2
A = 3 15l
b€J1 a

for all f € Hy,. Additionally, again because of the domains of the functions f, being
pairwise disjoint, it is possible to also expand the risk from (4.40) similarly to the
preceding expansion of the H7 ,-norm:

Ripalf) = [, Dy, f@) dPrala,y)
. Joo 1 ) dPra(e)

bEJla

= 3 PR /X L@y, fi(@)) AP} ()
b€J1,a b

= Z P 7?'L*P* (fb>>
bEJla

where (2.6) was applied in the third step.
Plugging this into (4.40)) yields

fPranaks, = arg fei%fo > (Pfa(Xb*) “Reep;, (fo) + Aa [ fol

La bElea

2
Hy,

. * 2
= Y arg fbler}{f* (Pfa(Xb) “Rerep;, (fo) + Aa [ fol Hib)
bEJ1,a Lo

= Z arg inf*b (RL*vPI,b(ﬁ’) Pfa(‘*})) ||fbHH )

H
bedi, oM

pu— * * *
Z fPl,b7>‘1,1,b’k1,b

bGJl,a
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and thus

B Al A
fPlﬂ 1 1,1k X* bz fPI,b’AT,l,b’kib - Z Z fPI b’X{ 1, poFT - Zl fPl,av)‘l,ava,a :
=1 a=

a=1b€J1,4

The first difference on the right hand side of can therefore also be interpreted as
the difference between two localized SVMs that are based on the same regionalization
X; (and on the same probability measure and vector of regularization parameters).
An application of Theorem hence yields

prl,Al,kl,Xl — fPiar kA,

Aq
fP17>\1,k1,X1 Z fP1,a,>\1,a,kia
a=1

S | L1(P{)

Ay
< |L|1 . Z P{((Xl,a)
a=1

JE

L, (PF, P,
max {||kvall. > |45, -
+ M.a H ba = Mlallp, (X @pX,) |
Because
kla(x V) = kio(z,2’) ,if3dbe Ji a2 € X,
0 , else ,

we furthermore know that max {||k1a| | s

Kal|_} = Ilkrall, and

— k' AN ko /
L (P, PY,) /X/X‘ ol @) = Kiole,7)

= 3 [ o P AP P )

Hkl,a - kia

dea(x') dea(x)

bET1 0 La\ Xy
<kl - > P - (1= PL(A))
bEJl,a

which finally results in

HfPl,Al,kl,Xl = feiny, kA,

L1 (P)
= 10l 2 )
g|L|1-zPi<<xl,a>-( e 3 PR (1 PR (A)))
a=1 La  beia




(ii) The second norm on the right hand side of already consists of the difference of
two localized SVMs that are based on the same regionalization X7 , (and the same
probability measure), without us needing to make any changes beforehand. We can
therefore directly apply Theorem 4.4.6| and obtain

[ fo gy ks s = foung ks i, LA (PY)

& X * (KZ)Q * *
<|L[y - ZP1 (A) - 2 Alap— )\2,1,5’

b=1 2( 1,b)2
1 . "
o ’ kip—kap ‘Ll((PT,b)XQ?(PT,b)X)
+ :;b . \/ T,b - k;,b Ll((PT,b)X@)(PI,b)X)) (441)
with
ey i max { |k | [R5} < max {[[kvaa||  [e2aen]] } =5

because £}, and k;q(ip) coincide everywhere k7, is defined, and
Ty = Min {)\1,1,b7 )\2,1,1;} 2 min {/\1,a(1,b), )‘Q,a(Q,b)} =Tp

because of A}, being defined as (Pfxi " b)(Xb*))_l)\i,a(i,b)- Thus, (4.41)) still holds
true after replacing xj and 77, by £y and 7,. Additionally, applying the definition of
Ai1p again as well as the definition of Pf X, iy Vields

* * 1
1,10 — 2,1,b‘ = PX(Xy) . ’)\1,a(1,b) . P{((lea(lvb)) — A2.a(2,) 'P{(<X2,a(2,b)>‘
1
1
< A a ’ PX X a —PX X a
- P{((Xb*) < La(1.b) ’ 1 (&, (1»b)) 1 (A, (2,b))‘

+ P{((XQ,Q(Q,I))> : ‘)‘l,a(l,b) - )\Q,Q(Q,b)‘ )
as well as analogously

l,l,b 2,1,1) — P{((Xb*)

: <>\2,a(2,b) : ’P{((Xl,a(l,b)) - P{((XQ,CL(Zb))‘

+ PY (Xiap) - ’)\1,(1(1,1)) - AQ,a(Q,b)’) ;

and hence
"6 = Ml
1
< —xror (Tb : ’P{((Xl,a(l,b)) - P{((Xla(lb))’ + p1p - ‘)\1,@(1,1;) - )\Q,a(2,b)‘) :
PY(A)
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Plugging this into (4.41)) finally yields

HfPlv 117 11X - fPlv 217k27X12 Ll(p{()
B 2
<|Lj - (Plb 2 P‘lalb >\2,a(2,b)‘
b=1
‘f'Pi((Xb*)'(l" 16— kap
27 ’ PHL((P] p) X (P 4)%)
Kb * *
T e T R L1<<P;b>X®(P’;,,,)X>>
"?g X X
o PY (X a1p) — P (?fza(zb))’) :

(iii) The third norm on the right hand side of (4.39)) can be analyzed similarly to the first

one. Let the (*)-notation now denote zero-extensions to Xy a(2,p) instead of Xy 401 ).
Analogously to (i), it can be shown that

B Ag
fPh 217"’ X* prf,b’Ag,l,b7k§,b:Z Z fP1b’21b7 prlXQaA2a’2a7
b=1 a=1beJ2,4

where k3, = Yy, ks p fora =1, A2 We can thus also interpret the third
difference on the right hand side of ( as the difference between two localized
SVMs that are based on the same reglonahzatlon X5 (and on the same vector of
regularization parameters) and apply Theorem m

HfPI: A3,1k5,X7 2 _fP27)\27k27X2 L1(PX)
1
A
D VO CR | T VN
a=1 L1(P{)

Ao k
<Lk - ) P (Xa) - (H 2all div(Pray s P2y )

a=1 )\2 @

2.0l 2, . .
T = 3 Pl () (1= Pl ()

’ bEJQ,a
4+ 1%2alleo ||k2a|| Z P * (1—PX (X*)>
)\ 1 Xg 1,X5 o b ’
2,0 beEJ2,a
where we employed that max{|[kza||. , [|k3,]|oc ., and
o X *
k20 — K3, Wb, P, ) S |k2.al 2, Z PY (A (1= Py (A)

which follows in the same way as the analogous statements in (i).
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Plugging these three bounds into (4.39) and additionally observing

A;
zpm,aw(”;” > P (40) - (1 Py (1))
a=1 7,4

beJi a

kla
Ml SRR ) (- PR )
La beJia
< X KiallZy (1 ox X
S Pl (X%a) s 5 ) PI,XZ‘, (Xb) (]‘ Pl,Xi,a(Xb ))
a=1beJ; 4 ia

Kj (Pf)(i’a(i’b)(xb*) ' (1 — Pin,a(i,b)(Xb*>)
2

+ \/Pfxi,a(i,b)(xb*) ’ (1 - P{in,a(i,b)(Xb*))) )

1 =1, 2, yields the assertion. O

Even though allowing for differing regionalizations makes this result on total stability
look more complicated than those on regionalization-subtotal stability from Section
at first glance, the statement indeed keeps the nice structure of bounding the difference
between the two localized SVMs based on the difference between the vectors of local mea-
sures, vectors of regularization parameters, vectors of kernels, and now additionally the
regionalizations. The main difference to Section [£.4.1]lies in the fact that we only derived
such a result on L;- but not on sup-consistency because of the difficulties explained in the
context of Figure [£.4.1]

Looking at the proof of Theorem an analogous result using the Wasserstein dis-
tance instead of the total variation distance can not be derived by just replacing all occur-
rences of Theorem m (result on regionalization-subtotal L,-stability using the total vari-
ation distance) by Theorem [4.4.7] (analogous result using the Wasserstein distance) because
the auxiliary kernels &, from the proof can not be written as k7, (v, 2") = ¢f ,(||z — 2'|],)
for functions p; ,—even if one assumes that the kernels £; , can be written in such a way—
as they do not only depend on ||z — 2'[|, but also on whether z and 2’ are contained in the
same X, € X7 ,. However, the situation at hand can easily be reduced to two parts which
can be handled by Theorem [£.4.11) and Theorem [£.4.7] respectively, yielding the following:

Theorem 4.4.12. Let Assumptions|{./.9 and[].4.10 be satisfied. Denote

ozn|| L}

Tp ‘= min {)\1@(1,{,), )\Q,a(Q,b)} )
P1,p = MmMax {Pf(()ﬁ,a(l,b))a P{((Xla(?’b))} ’

Kp ‘= max {
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forallb e {1,...,B}. Then,
||fP1,/\1,k1,X1 - fP27z\2,k2,Xz||L1(P{()

Az
< ZP{((;\(M) L Hv2alloo

a=1 )\270'

LA PR (L2
o { o, + (2630 el g

: dW(Pl,XQ’a Y P2,X2,a)

B 2
+ Ll - <P1,b o 2 ‘/\m 1,b) )\Q,a(2,b)‘
b=1

* *

1,6~ M2

1
X * N
+ P71 (A4) (2 \ L Li(P} )X & (P} ,)X)

L (s, )X@(P;*,,,)X))

Ky
+ —_— €P‘1X,b(X17X2)> .
Ty
P?”OOf. Bound HfPl,)\1,k1,X1 - fPQ,)\z,kz,XzHLl(P{f) by

fPrander,n = fPapaka,2allp o)

< HfPL)\l,kl,Xl - fPL)\z,kz,XzHLl(Pff) + HfPl,)\z,kz,?@ - fPQ,)\z,kazHLl(P{() .

The assertion then follows directly from applying Theorem to the first summand on
the right hand side and Theorem [£.4.7] to the second one. O
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Chapter 5

Conclusion and Outlook

The past few years have seen a rapid surge in popularity of machine learning and artificial
intelligence. Machine learning approaches have been greatly successful at learning un-
known relations between input and output variables in scenarios that are far too complex
to model them by hand or by classic statistical methods. Some such approaches—Ilike deep
learning—take their popularity mainly from this empirical success and have their theoret-
ical justification just slowly catching up. Support Vector Machines (SVMs) on the other
hand are already investigated very well and are known to possess many desirable theoret-
ical properties, even though there are still some open questions. In addition, even though
SVMs also observe good performance if the training data set is not too large, they do—for
large data sets—suffer from their computational requirements growing super-linearly in
the size of the training data set (with respect to computation time as well as computer
memory).

The contribution of this thesis is twofold: On the one hand, we further refined the
list of theoretical properties of SVMs by deriving new properties as well as considerably
generalizing some that were already known. On the other hand, we tackled the super-linear
computational requirements of SVMs by also investigating analogous theoretical properties
of localized SVMs, which are based on the idea of dividing the input space into different
spatial regions and then training local SVMs on these regions instead of a single global
SVM on the whole input space. In addition to reducing the computational costs, localized
SVMs can also offer benefits over regular SVMs (as well as over other approaches that also
reduce the computational costs of SVMs) when it comes to the quality of predictions—
as we discussed in Section with Example [2.2.1] showing this possible improvement
regarding the quality of predictions for simulated data.

The examined theoretical properties can be split into two groups which correspond to
Chapter [3] and Chapter {4] respectively, with Chapter |3 containing the results from the
peer-reviewed papers Kohler| (2024ab) and Chapter 4| those from the peer-reviewed paper
Kohler and Christmann| (2022), but both chapters also adding previously unpublished
results. To be more specific, Chapter |3| gives results on different types of consistency—
namely risk consistency, L,-consistency and H-consistency—, with Section notably
containing results that are valid not only for (localized) SVMs, but which instead state very
general connections between different types of consistency that can also be applied to other
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learning methods. It was shown that risk consistency—for the risk employing a distance-
based loss function of growth type p—and L,-consistency are equivalent under relatively
mild assumptions (Theorems [3.2.1/ and [3.2.3)) and that both are implied by H-consistency
(Corollary . These mild assumptions however include the finiteness of the averaged
p-th moment of the distribution P. As P is usually unknown in practice, this moment
condition is disadvantageous and we hoped to be able to eliminate it by switching to shifted
loss functions, which is an approach that can in many cases lead to the moment condition
not being required anymore (at least for loss functions of growth type 1), see Section
Surprisingly and even though we succeeded at showing that the moment condition is indeed
not required for L;-consistency implying risk consistency (Theorem as well as for
the connection to H-consistency (Corollary when using shifted loss functions, it
was however possible to prove that this benefit of shifted loss functions does not take full
effect for the other direction of the connection between L,- and risk consistency: It is not
possible to just omit the moment condition and still obtain L,-consistency directly from
risk consistency, even when using shifted loss functions (Propositions [3.2.6/ and [3.2.8)). It
might however be possible to replace the moment condition by some different condition(s)
that might be less restrictive. We succeeded in deriving such alternative and in some sense
weaker (see Examples [3.2.11] and [3.2.12)) conditions in the special case of the applied loss
function being the pinball loss (Theorem . An interesting open question is how such
alternative conditions could look like for other loss functions and especially whether it is
possible to derive weaker conditions that can replace the moment condition not only for
singular loss functions such as the pinball loss but instead for wider classes of loss functions.

The general connections between the different types of consistency were then used as an
aid in deriving new consistency results for SVMs in Section|3.3|as well as for localized SVMs
in Section [3.4] To our knowledge, such results for general loss functions only existed for
risk consistency but not for L,- and H-consistency before, which is in parts due to SVMs
being defined as minimizers of regularized risk functionals and risk consistency therefore
being a property that is more closely connected to this definition than the other two types
of consistency are. We thus derived results on L,- and H-consistency which are completely
new in that generality (Sections|3.3.1land [3.3.3|to|3.3.5|for regular SVMs and Section
for localized SVMs) [

Regarding risk consistency, we have to differentiate between regular and localized SVMs.
For regular SVMs, there already existed very general results on risk consistency. The contri-
bution of this thesis is to apply the discovered connection between L,- and risk consistency
to derive slightly modified conditions which also yield risk consistency (Corollary :
On the one hand, we were able to slightly relax the conditions imposed on the sequence of
regularization parameters \,, requiring A2’ n — oo only for p* = max{p + 1,p(p + 1)/2}
instead of for p* = max{2p,p?} as it was required by (Christmann and Steinwart| (2007,
Theorem 12), where p again denotes the growth type of the applied distance-based loss
function. This does not change the condition if p = 1 but constitutes a relaxation whenever
p>1 (Example. On the other hand, we had to add the assumption of the Bayes
function f7p P*-a.s. uniquely existing as a tradeoff. For localized SVMs, existing re-

39Note that the results on H-consistency were only derived for regular but not for localized SVMs
because there does not necessarily exist a self-evident RKHS H containing the respective localized SVMs.
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sults such as Hable (2013, Theorem 1) and [Dumpert and Christmann| (2018, Theorem 3.1)
indeed offer significantly less generality than our Theorem [3.4.14] for example requiring
special methods for obtaining the regionalizations underlying the localized SVMs, the out-
put space ) being bounded, the regionalization not changing as the size of the training
data set increases or only considering Lipschitz continuous loss functions@

In addition to consistency, we also examined the total stability of SVMs and localized
SVMs, which was the topic of Chapter [d That is, we looked at the effect that changes
in the underlying probability measure P respectively data set as well as in the applied
regularization parameter A and kernel k—and in case of localized SVMs additionally in
the regionalization X—have on the resulting (localized) SVM. More specifically, we derived
bounds of the type

/oy ag b — fPQ,,\Q,kQH. < ¢y -di(P1,Pa) + co - da( A1, Na) 4¢3 - ds(ky, ko)

in the case of global SVMs and analogous bounds that additionally consider the difference
between the two underlying regionalizations in the case of localized SVMs. Note that the
constants ¢y, co, c3 are known, see Sections and [4.4. We derived such bounds for
|||, being either the supremum norm or a suitable L,-norm and called the correspond-
ing properties total sup-stability respectively total Lp—stability.lﬂ The motivation behind
investigating total stability is the same as that behind investigating classic statistical ro-
bustness: In practice, there can always be slight errors in the data one has at hand—be
it small measurement or rounding errors affecting all data points or more drastic errors
affecting a smaller share of the data points, for example stemming from human errors in
writing down the data—and one would hope that such slight errors do only lead to small
deviations in the resulting SVM if it is compared to the one that would have been ob-
tained by using the “correct” data. Total stability takes this approach one step further
and additionally considers the effect of slight changes in regularization parameter, kernel
and regionalization.

To derive the corresponding bounds, each influence was examined separately, starting
with the probability measure. Here, we considered two different ways to measure the differ-
ence between P; and Py, namely the total variation distance and the Wasserstein distance.
The total variation distance had already been used by (Christmann et al.| (2018]) whose
bound we slightly generalized by also allowing for loss functions that are not differentiable,
such as the pinball loss (Proposition . The Wasserstein distance on the other hand
had already been used in a stability result by Eckstein et al.| (2023)), which we however
also generalized in several aspects, see also the discussion preceding the result in Propo-
sition [£.3.5] In Section [£.2.1] we discussed in detail how both the total variation and the
Wasserstein distance behave in different possible scenarios. For example, we noted that the
Wasserstein distance offers the advantage of also being able to provide meaningful results
if two empirical distributions are being compared, where one is obtained from the other

40Even though our conditions can generally be seen as the less restrictive ones, this is no strict comparison
and there also exist situations in which those by Hable| (2013) or those by Dumpert and Christmann| (2018])
are satisfied even though ours are not, see also the discussion at the beginning of Section

41T contrast to the results on L,-consistency in Chapter [3} the loss function did not need to be distance-
based of growth type p in these stability results.

151



by slightly shifting the whole data set (Example . Looking at minimal examples, we
saw that the derived bound using the Wasserstein distance can indeed yield considerably
better results than the one using the total variation distance in such a situation, but that
this comparison flips if the shift between the two underlying data sets increases (Exam-
ple . For this reason, each of the two bounds has its merit. Analogous minimal
examples further showed that the bound using the total variation distance is sharp up to
a factor of at most 2 (Example . It remains an open question whether there also
exist examples that completely exhaust the bound, thus making it sharp, or whether it is
possible to further improve the bound.

The bounds regarding the differences between regularization parameters and kernels are
also similar in shape to bounds already derived by |Christmann et al. (2018). They how-
ever also considerably generalize the bounds by (Christmann et al.| (2018)), especially the
one considering the difference between the kernels, which does not only eliminate the need
for the loss function to be differentiable but also additional assumptions on the regular-
ization parameter respectively kernels that were required by |Christmann et al.| (2018).
In addition to the achieved generalization, Proposition [£.3.10] also improves the existing
bounds regarding the difference between the regularization parameters by a factor of at
least 2, thus making it asymptotically sharp (Example . The bound with respect to
the difference between the kernels on the other hand pays for the mentioned considerable
generalizations by adding a non-linear term to the bound

L 1
et — fonsallas < 28 (2l — bollo + max{llhale, kallc} - Tk — B2l

which dominates the bound whenever the two kernels are reasonably close. For minimal
examples such as the one considered in Example [£.3.16 the linear part of the bound
actually suffices and is sharp. So far, we have, however, not been able to actually eliminate
the non-linear part from the bound (without imposing additional assumptions like the ones
used by (Christmann et al., 2018), for which reason it remains an open question whether
this is possible or whether there also exist examples for which the linear part does not
suffice.

These different bounds were then combined in order to obtain results on total stability
of SVMs (Section as well as localized SVMs (Section [4.4.1)). To be more specific, the
bounds directly resulting from this actually only yielded regionalization-subtotal stability
instead of total stability in the latter case, because our notion of total stability in the local-
ized case additionally includes stability with respect to changes in the regionalization. For
deriving such stability also with respect to changes in the regionalization, it was necessary
to define a notion of difference between two regionalizations. This was less straightforward
than for the difference between regularization parameters, kernels and—because there al-
ready existed many well-investigated distance measures for this, such as the total variation
and the Wasserstein distance—also probability measures. In Section [£.2.4] we introduced
such a possible notion of difference and gave examples on its behavior showing that it
successfully captures what one would intuitively describe as regionalizations being similar
or dissimilar, even though it does not define a metric because it does in general not satisfy
the triangle inequality (Example . With this, it was possible to indeed derive results
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on total stability of localized SVMs (i.e. bounds for the difference between localized SVMs
that also differ with respect to their regionalization) as well in Section however only
on Li-stability but not on sup-stability as we were able to give examples showing that it is
not possible to derive meaningful results on total sup-stability of localized SVMs (Exam-
ple . For future work, it might be interesting to examine whether it is also possible
to change the derived bound in such a way that it uses a notion of difference between
regionalizations which actually defines a metric.

In summary, the focus of this thesis was to mathematically derive certain properties—
consistency and total stability—of SVMs and localized SVMs. Whereas we still also in-
cluded empirical investigations (based on simulated data) affirming the results on con-
sistency (Examples and , we did for this reason not perform any empirical
studies on total stability. Hence, another extension of this thesis that might be of interest is
to, for example, look at simulated or real-world data and compute (localized) SVMs based
on different probability measures@ regularization parameters, kernels and regionalizations,
and then to compare their actual difference with the bounds that were derived in Chapter
(which we did analytically for minimal examples in Section . It has to be noted that the
bounds will oftentimes take values that greatly exceed the actual differences—even though
the minimal examples from Section showed that parts of the bounds are indeed sharp
or at least almost sharp—, which is however a completely natural drawback of their strong,
non-probabilistic nature and generality that cannot be circumvented without impeding at
least one of these two desirable properties.

42This can for example be achieved by taking different parts of the available data into account for
computing the different (localized) SVMs.
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List of Symbols

Sets and Spaces

IN set of natural numbers

INo Nu{0}
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C set of complex numbers

X input space (usually assumed to be a complete separable metric
space)
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P(-] X) shortening notation for conditional distributions P(- | X =z), 2z € X

P, average p-th moment of P . . . . . .. ... ... 0L
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pled from P
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