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Preface

Many modern real-world applications of machine learning algorithms can
be modeled as high-dimensional statistical learning problems, such as im-
age classification or medical diagnostics based on gene expressions have
thousands of dimensions. It is well-known that such learning problems are
challenging both practically as well as theoretically. The practical chal-
lenges include the memory and time consumption of the learning algorithms,
however, we focus on the theoretical challenges. To this end, let us briefly
sketch some well-known theoretical results for least-squares (LS) regression
and their problems in high-dimensional scenarios. In [79] it is shown that
the optimal decay rate of the Lo-generalization error for an increasing
sample size n, the so-called learning rate, is

nT T (0.1)
where d > 1 denotes the dimension of the input values and o > 0 the
smoothness of the regression function. Since then it was shown by many
authors that this optimal rate (up to a logarithmic term) is achieved by var-
ious learning algorithms, see e.g. [79, 50, 78, 27, 34] and references therein.
Learning rates with a similar dependence on the input dimension were ob-
tained for other learning scenarios, see e.g. [3, 76] for binary classification. If
an algorithm achieves a learning rate of this form then the common interpre-
tation is as follows: Since the generalization error decreases polynomially in
n, the learning problem is feasible and the algorithm solves it data efficient.
But the polynomial order of the learning rate vanishes for increasing d and
hence the algorithm suffers from the curse of dimensionality. However, this
heuristic interpretation has its weaknesses:

(i) In (0.1) only the asymptotic behavior with respect to the sample size
n is specified, but in most cases the error bound is actually of the
form

Coz,d . niﬁ s (02)

with some constant C, 4 independent of n, but depending on the
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dimension d and the smoothness . Unfortunately, most contributions
providing learning rates do not investigate the dependence of Cy 4
on d and «. If we, for example, assume the highly unlikely case that
Cy.q = exp(—d) then the error bound in (0.2) would have a very
pleasing behavior for an increasing dimension d.

(ii) At first sight the regularity assumption expressed by « seems to
be independent of d but this is not completely true. For d =1 a
smoothness of o € N implies the existence of « derivatives. For d = 2
the same smoothness already implies (« 4+ 2)(a + 1)/2 — 1 different
(partial) derivatives. Moreover, for general d,« € N the number of
derivatives is expressed by the binomial coefficient (“;d) —1 and hence
grows like d* for d — oo. This shows that the smoothness assumption
depends on the dimension. Moreover, if o expresses (only) the Sobolev
smoothness of the regression function, as in [38, 27], the situation is
even more obscure. To be more precise, in low-dimensional spaces
d < 2a the Sobolev embedding theorem, see e.g. [1, Theorem 4.12],
guaranties the continuity of the regression function whereas in high-
dimensional spaces d > 2« the regression functions can be even
discontinuous.

Both issues indicate that the learning rate alone is insufficient to decide
whether a problem suffers from the curse of dimensionality or not. For
these reasons, we use a different approach to model high-dimensional learn-
ing problems which is motivated by the following idea: Many practical
applications are not only high-dimensional learning problems they are even
intrinsically infinite-dimensional. For example, if we have gray scale images
as input values z, it is natural to model them as infinite-dimensional objects,
namely functions z: [0, W] x [0, H] — [0, 1] over a rectangle, where z(s,t)
represents the brightness of the image at the position (s,t) € [0, W] x [0, H].
For the simple reason that we cannot store infinite-dimensional objects on
a computer the original infinite-dimensional learning problem is practically
not feasible. However, in the moment when we load the infinite-dimensional
data on a computer each data point gets discretized to a high-dimensional
but finite-dimensional object. In the case of images they get discretized, e.g.
via camera or scanner, to raster images consisting of finitely many pixels
and hence become finite-dimensional objects.

Inspired by this interpretation, we model a high-dimensional learning
problem as an infinite-dimensional one in which our algorithm has only
access to a projection of the data into a d-dimensional space. This allows

ii



Abstract

us to apply assumptions on the infinite-dimensional learning problem and
consider projections into a d-dimensional space for all d > 1. As a result,
this approach fixes Issue (ii). In a way, this means that the dimension d is a
hyper parameter of the learning algorithm. Lower values for d corresponds
to less information demand per data point and hence lower values of d are
preferable. In order to solve Issue (i), there is no way around tracking the
dependence on the dimension d precisely in all bounds.

The goal of this thesis is to identify infinite-dimensional learning problems
and corresponding projections onto R? in which standard algorithms can
learn with a polynomial rate in n even if d = d,, increases with n. In doing
S0, we present a class of infinite-dimensional classification problems in which
histograms can learn with a polynomial rate.

Abstract

In Part I, after a brief introduction to statistical learning theory in Chap-
ter 1, we introduce in Chapter 2 a framework that allows us to investigate
learning scenarios with restricted access to the data. In Chapter 3 we
use this framework to model high-dimensional learning scenarios as an
infinite-dimensional one in which the learning algorithm has only access to
some finite-dimensional projections. Afterwards, in Chapter 4 we provide a
prototypical example of such an infinite-dimensional classification problem.
Furthermore, we investigate learning rates of histograms in this scenario.
In Chapter 5 we generalize the prototypical example from the previous
chapter to various particular classes of infinite-dimensional classification
problems. These generalizations illustrate some peculiarities of high-dimen-
sional learning problems. We close this part with Chapter 6, in which we
sketch further research directions and briefly discuss other approaches in
the existing literature.

In Part II we present some individual results that might by useful for
the investigation of kernel-based learning methods in high- or infinite-
dimensional learning scenarios. To be more precise, after a brief introduction
to Gaussian kernels in Section 7 we present log-covering number bounds for
Gaussian reproducing kernel Hilbert spaces (RKHSs) on general bounded
subsets of the Euclidean space R? in Section 8. These bounds explicitly
provide the dependence on crucial parameters such as the dimension d and
improve already known bounds. In Section 9 we generalize the log-covering
number bounds from the previous section to Gaussian kernels defined on

iii
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special infinite-dimensional compact subsets of the sequence space 5. More
precisely, the considered domains are given by the image of the unit ¢,,-ball
under some diagonal operator.

The investigations of the compactness properties of diagonal operators
from ¢, to £, in Part III were initially thought as a preparation for Section 9.
However, it turned out that we do not need them for Section 9, but we
include these results anyway as they contribute to the still incomplete
picture of the compactness properties of diagonal operators.

In the appendix, we provide proofs and introductions to topics, which
are not directly related to learning with high-dimensional data, but may
support the understanding of this thesis.

Zusammenfassung

Den Teil T dieser Arbeit beginnen wir in Kapitel 1 mit einer kurzen Ein-
fihrung zur statistischen Lerntheorie. In Kapitel 2 stellen wir dann ein
Framework vor, das es uns ermdglicht, Lernszenarien mit eingeschrianktem
Zugang zu den Daten zu betrachten. Dieses Framework verwenden wir in
Kapitel 3, um hochdimensionale Lernszenarien als unendlich dimensionale
Szenarien zu modellieren, bei denen der Lernalgorithmus nur Zugang zu end-
lich dimensionalen Projektionen hat. Anschlieflend stellen wir in Kapitel 4
ein Modellbeispiel fiir ein solches unendlich dimensionales Klassifikationspro-
blem vor. Ferner untersuchen wir das Histogrammverfahren auf Lernraten
in diesem Szenario. In Kapitel 5 verallgemeinern wir das Modellbeispiel aus
dem vorigen Kapitel auf mehrere spezielle Klassen unendlich dimensionaler
Klassifikationsprobleme. Diese Verallgemeinerungen veranschaulichen einige
Eigenheiten von hochdimensionalen Lernproblemen. Zum Abschluss des
ersten Teils skizzieren wir in Kapitel 6 weiterfithrende Forschungsrichtungen
und diskutieren alternative Ansétze aus der Literatur.

In Teil IT stellen wir Ergebnisse vor, die zur Untersuchung von kernba-
sierten Lernmethoden in hoch- oder unendlich dimensionalen Lernszena-
rien niitzlich sein konnten. Genauer prasentieren wir, nach einer kurzen
Einfithrung in Kapitel 7 zu GauBkernen, in Kapitel 8 Schranken an die
log-Uberdeckungszahlen fiir Gau’sche reproduzierende Kern-Hilbertriu-
me (RKHS) auf allgemeinen beschrankten Teilmengen des euklidischen
Raums R¢. Dabei geben wir die Abhéngigkeit von wichtigen Parametern,
wie der Dimension d, explizit an. Ferner verbessern diese Schranken bereits
bekannte Resultate aus der Literatur. In Kapitel 9 verallgemeinern wir
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List of Notation

In the following we summarize the notation used throughout this thesis.
We start with some general notation sorted by the mathematical field and
end with some specific notation sorted by the part where it gets used.

Sets and Functions. For sets M and N we use the standard symbols: €
member, C subset, U union, N intersection, \ difference, and @) empty set.
Moreover, we use the notation:

Me¢ = N\M complement of M (in N) if M C N.

MWN wunion of M and N, where M and N are disjoint, i.e.
MNN =0.

MAN = M\N UN\M symmetric difference of M and N.

N, Np, R set of positive integers, non-negative integers, and real
numbers.

[a,b], (a,b) C R closed and open interval for —oo < a < b < co.
[d] ={1,2,...,d} set of the first d positive integers.
F(M) ={NCM: |N|< oo} set of all finite subsets.
id, idp; : M — M identity function.

sgn R — {£1} sign function with sgn(0) = 1.

1, indicator function of a subset M.
ty =max{0,t} for t € R.

log natural logarithm.

(]i) (generalized) binomial coefficient for ¢ > 0 and k € N.

L(t) = [y «'"'e™® dz Gamma function for ¢ > 0.

W_1,Wy Lambert’s W-functions.

Asymptotic Equivalence. For real-valued functions f, g, which are de-
fined in some neighborhood of a point a, we use the following asymptotic
expressions for r — a:

f =< g ie. there is a constant ¢ > 0 and a neighborhood U of a
with f(z) < cg(z) for all z € U.

f =g (weak) asymptotic equivalence, i.e. f < g and f = g.
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f~g

o(g)

strong asymptotic equivalence, i.e. f-g > 0 is positive in
some neighborhood of a and f(z)/g(z) — 1 for x — a.

small o Landau symbol, i.e. o(g) denotes a function f with
f(z)/g(x) — 0 for x — a.

We use the same notation for sequences and a = oc.

o-Algebras and Measures. For measurable spaces (X,B), (X,B) and
some measures v and p on B we use the notation:

Bla
B(X,T)

vlilu
v
dv/dp
PP

0

unif (M)
N(p, %)

trace o-algebra on A C X.

Borel o-algebra of X if (X,7) is a topological space. If
there is no risk of confusion, we write B(X).

initial o-algebra on X of a function f: X — X.
product o-algebra on X x X.
product measure on B ® B if ¥ is a measure on B.

push-forward measure of v with a measurable function
f+ X—X.

total variation of v if v is a signed measure.

support of v if X is a Hausdorff space and v is a Radon
measure.

v and p are singular.

v is absolute continuous with respect to pu.

p-density of v if v < pu.

d-dimensional and one-dimensional Lebesgue measure.
Dirac measure at the point x € X.

uniform distribution over a set M.

normal distribution with mean p € R? and covariance
¥ € Réxd,

For a probability measure v we additionally use the notation:

Z ~v
E,(f)
E,(f|A)

Z is a X-valued random variable with distribution v.
= E.,~. f(z) expectation of a function f: X — R.

conditional expectation of a v-integrable function f: X —
R and a sub-c-algebra A C B.

Xi
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Metric Spaces.

For a subset M C X of a pseudo-metric or quasi-metric

space (X, d) we use the following notation:

KX

M, M
Bx(xz,7)
Bx(x T)
dist(z, M)
diam (M)
N(M,r)
P(M,r)
en(M)

,7)

H(M
en(M)

> 1 quasi-triangle constant.

closure and interior of M.

closed ball with center x € X and radius r > 0.
open ball with center x € X and radius r» > 0.

= infepr d(z, 2') distance between z € X and M.
= sup,, e d(w, ") diameter of M.

covering number of M for r > 0.

packing number of M for r > 0.

entropy number of M for n > 1.

= log N (M, r) log-covering number of M for r > 0.
= g9n—1(M) (dyadic) entropy number of M for n > 1.

For a bounded linear operator R: U — V between (quasi-)Banach spaces

the quantities N'(R,r), P(R, 1),

en(R), H(R,T), and e, (R) are analogously

defined with M = RBy.

Vector Spaces and Linear Operators.

For a linear operator R: U — V

between two real vector spaces U and V we use the following notation:

Id, Idy
span M

ran R
rank R

I 1%
By, By

Hl ®hs H2

Xii

identity operator on some vector space and on U.

= {2 ami
subset M C U.

= RU range of R.

rank of R, i.e. dimension of ran R.

neN, ¢; € R, x; € M} linear span of a

(quasi-)norm on some vector space and on U.

closed and open unit ball if U is a (quasi-)normed vector
space.

tensor product of Hilbert spaces, i.e. Hilbert-Schmidt
operators H; — Hs.
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Function and Sequence Spaces. For a (X, B,v) measure space and a
measurable function f: X — R we denote the corresponding v-equivalence
class by [f],. Moreover, let (Y, 7) be a topological space. Then we define
the following function spaces:

Lo(X, B)

set of measurable functions f: X — R. If there is no risk
of confusion, we write Lo(X).

set of functions f € Ly(X, B) with finite (quasi-)norm

— (fx‘f|pdV)1/p7 0<p<o
1A lle,w) {inf{a>0: v(|f| >a)=0}, p=oo

={lflv : f € L,(v)} set of v-equivalence classes of
function equipped with the (quasi-)norm |[[f], ||z, w) =

£z,

L, space on a set I equipped with the counting measure.
= {,(N) sequence space of p-summable sequences.

= {p([d]) d-dimensional space equipped with the p-(quasi-)
norm.

set of bounded continuous functions f: Y — R equipped
with the uniform norm || f||c,(v) = sup,ey |f(y)]-

C Gy(Y) set of continuous functions with compact sup-
port.

Part I: Learning Scenario. In Part I we deal with learning scenarios which
we usually describe as follows:

(X, B)
Y CR
TX, Ty
P
v
)

measurable space used as input space.
closed subset used as output space.
projections from X x Y onto X and Y.
probability measure on X x Y.

=Po 77)_(1 marginal distribution of P on X.

€ (X xY)" data set as well as the corresponding empirical
measure.

=Do 77;(1 marginal distribution of D on X.

xiii
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L :Y xR —[0,00) (supervised) loss function.
Rr.p(f) =E@y~pL(y, f(x)) L-risk of a function f.

z, pH = infye g R, p(f) minimal L-risk over a hypothesis class
H C Lo(X).

Rip =Ry P,Lo(X) Bayes L-risk.
fip €argmingc, x)Rr p(f) Bayes decision function.

For a (binary) classification problem Y = {£1} we additionally use the
following notation:

P+, p— probability for observing a positive and negative label.

vy, v— marginal distributions of the positive and negative labeled
data points.

n(z) = pydvy/dr(z) probability for observing a positive label
at x € X.

If there is a pseudo-metric d on X then we use the following notation:
Ay distance to the decision boundary w.r.t. P and d.
My, MN; margin and margin-noise function w.r.t. P and Ay.

For a (measurable and countable) partition A = (Ag)rex of X we consider
histograms and therefore we use the following notation:

diam(A) = sup,cg diam(Ay) diameter of the partition.
hp.a, hp,4 population and empirical histogram.

H(AY) = {Y,cxcrla, : c €Y} set of Y-valued functions
which are constant on cells of A.

A, ={keK: v(A;) >0} indexes of relevant cells.

Ay = {k: eK: MNA, # @} indexes of relevant cells for a
subset M C X.

If X = [[,>,Xi is a sequence space, i.e. (X;,d;) are Polish spaces, and
A = (A;)i>1 a partition of (X;);>1 then we use the following notation, for
I e F(N):

Xr = HiEIXi'
d; = max;csd;

w; X — X projection onto the features in I.

Xiv
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Py
vr
Ar
Arw

A

My, MNy
hp a1, hp a1

hprr, hprr

Part Il: Gaussian Kernels.

= Po(my,idy) ™! transformed distribution of P on X;xY.
‘=vo 7r;1 marginal distribution of P; on X7;.
product partition of Xj.

= (A1), indexes of the relevant cells of the product
partition.

distance to the decision boundary on X w.r.t. P and the
pull-back pseudo-metric of d;.

margin and margin-noise function w.r.t. P and Aj.

population and empirical histogram using the features
specified in 1.

population and empirical histogram using the features
specified in I and a predefined cubic partition A4 with
radius r if X; = RPi for all 7 > 1.

For an index set I we use in Part II the

following notation:

ko, ko

Hy(X)
I,, I, X]

P(U)

H, ® Hy

Part Ill: Diagonal Operators.

isotropic Gaussian kernel with width ¢ > 0 and anisotropic
Gaussian kernel with width vector o € £ (1).

Gaussian RKHS on X C 45(]).

: Hy (X) = loo(X) £oo-embedding of the Gaussian RKHS
on X C ly(I) and I, := I5[Bya].

: H,(X) — H,(X) orthogonal projection onto a subspace
U C H,(X).

tensor product of RKHSs H; and Hs.

For 0 < p,q < o0, k > 1 and a sequence

0 = (0p)n>1 we use in Part III the following notation:

D,
k
DP»‘I

1d*

p.q

k
PP

k
IP

by = Ly, (Tn)n>1 — (0nTn)n>1 diagonal operator.
e AR S L
part of D, .

(o121, ...,0rx)) k-dimensional

: E’; — E’; identity operator.

: €p — gl;’ (xn)n21 — (£C17...
first k coordinates.

, ) projection onto the

: é’; — Ly, (zn)k_y = (21,...,24,0,0,...) embedding.
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Part |

Learning with
High-Dimensional Data

This is the main part of the thesis. In this part we develop a framework
which allows us to model a high-dimensional learning problem as a subset
or projection of an infinite-dimensional learning problem. Finally, we use
this framework to prove polynomial learning rates for histograms on various
particular classes of infinite-dimensional (binary) classification problems.






Chapter 1

Introduction to Learning Theory

In this chapter we give a brief introduction to statistical learning theory
and introduce the basic notation. Most of the introductory material and
the notation is taken from [76], see also [25, 43] for additional information
on learning theory.

1.1 Definitions and Basic Properties

Our learning scenario or learning problem of interest is described by the
measurable space (X, B) used as input space, the closed subset Y C R used
as output space, and the unknown probability distribution P on X x Y.
Moreover,

D= ((xl,yl)""v(xnvyn)) ~ P"

denotes a data set of length n > 1 independently sampled according to
P. For the marginal distribution of P on X we write v := P o 77;(1, where
mx: X XY — X is the projection onto X. If there is no risk of confusion,
we write D = % Z?:l O(x:,y:) for the empirical measure corresponding to
the data set D, where §(,, ,,) denotes the Dirac measure at (z;,y;). The
goal is to find a (measurable) function f: X — R such that f(z) is a good
prediction of y for an unseen pair (z,y) ~ P. In this context f: X — R is
called decision function.

In order to measure the quality of a decision function we use loss functions
and risks. A loss (function) is a measurable function L: X XY xR — [0, 00)
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and the corresponding (L-)risk is given by

Rie(f) = [ Loy f@) &Py
XXY

for all measurable functions f: X — R. The minimal L-risk over the set

Lo(X) of measurable functions f: X — R is called Bayes (L-)risk and

denoted by

R; p:= inf R )
L,P felﬁfé(x) L.p(f)

In this sense, the Bayes risk is a lower bound on the quality of any decision
function. The minimal L-risk on a subset H C Ly(X) is denoted by
Ripu = infrep Re,p(f). In this context H is called hypothesis class.
The discrepancy between the risk of a decision function f: X — R and the
Bayes risk

Rep(f)—RLp

is called excess (L-)risk. Furthermore, all decision functions that achieve
the Bayes L-risk

fi.p € argmin Ry, p(f)
fE€Lo(X)
are called (L) Bayes functions.
We call a loss function L supervised if it does not depend on z € X, i.e.
L:Y xR — [0,00). In this thesis we are mainly interested in the following
supervised loss functions:

(i) the LS loss L(y,t) = (y — t)? used for regression problems and

(ii) the classification loss L(y,t) == 1(_co0) (ysgn(t)) used for classifica-
tion problems. Here sgn denotes the sign function with the convention
sgn(0) == 1.

In the case of the LS loss we write Ris p(f), Rig p, and ffg p for the LS-
risk, the Bayes LS-risk, and a LS Bayes function, respectively. Analogously,
we adapt the notation for the classification loss. For further popular loss
functions see e.g. [76, Chapter 2].

A learning method L = (Ly)n>1 on X x Y is a sequence of mappings



1.1 Definitions and Basic Properties

Ln: (X xY)" = Lo(X) such that the map

(XxY)"xX =R

(1.1)
(D,z) = fp(x) = Ln(D)(z)

is measurable with respect to the product o-algebra. Note that in the
literature the measurability is sometimes defined with respect to the uni-
versal completion of product o-algebra, see e.g. [76, Definition 6.2]. Since
we do not need such a generality, we stick to the simpler definition for
convenience. If there is no risk of confusion, we just write D — fp for a
learning method. In other words, a learning method produces for any data
set D a decision function fp: X — R. As a result, the risk D — R p(fp),
describing the quality of the learning method, is no longer a real number,
but a real-valued random variable on (X x Y')™. Note that the measurability
of that random variable is ensured by the measurability of (1.1) together
with the non-negativity of the loss and Tonelli’s theorem.

Since the comparison of random variables is not straightforward, one
typically focuses on their asymptotic behavior for an increasing data set size.
A learning method £ = (£,,)n>1 with D — fp is called L-risk consistent
for Pif Ry p(fp) — R} p in probability for n — oo, i.e.

lim P”(D e(XxY)": Rup(fp)—Rip< 5) =1 (12
n—oo ’

is satisfied for all € > 0. In other words, the learning method achieves the
Bayes risk in the limit n — oo.

If a learning method £®) = (C,(Ip))nzl depends on a hyper parameter p,
then we have, for every hyper parameter sequence (py,),>1, & new learning
method (L’%p ”))nzl, whose consistency properties can be investigated. If
(L%p"))nzl is L-risk consistent for P, then we say that £®) is L-risk consis-
tent for P using the hyper parameter sequence (py)n>1. Furthermore, we
call LP) potentially L-risk consistent for P if there is a hyper parameter
sequence (py)n>1 such that the learning method (£%p"))n21 is L-risk con-
sistent for P. Note that this notion is essentially weaker than consistency
since the sequence (p,),>1 does not need to be specified.
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Both notions are qualitative descriptions of the asymptotic performance.
Consequently, we introduce next the quantitative counterpart, namely
learning rates. For a set of probability measures P on X x Y and a positive
sequence (€, ),>1 with € — 0 for n — oo a learning method D — fp is said
to learn with rate (g,)n>1 on P if for every 7 > 1 there is some constant
C, >0 and n, > 1 with

pr (D €(X xY)": Rpp(fp)—Rjp< C’Tsn) >1—e"

forall 7 > 1, n > n,, and P € P. Note that in the following the set of
considered probability measures P is only implicitly defined.

As final part of this section we recall some basic properties of the LS
loss function from [76, Example 2.6]. To this end, let 7x and 7y be the
projection onto X and Y, respectively, and define the average p-th moment

1/p
Pl = ey, = ( [ dP<x,y>) (1.3)
XxXY

of P for p > 0. In the following we assume |P|y < co. Then a function
f+ X — Ris a LS Bayes function if and only if

foﬂX:EP(Wy|7rx) (14)

is P-almost surely satisfied. This ensures, under consideration of the
factorization lemma, see e.g. [48, Corollary 1.97], that there is a LS Bayes
function f7g p and that all LS Bayes functions coincide v-almost everywhere.
Moreover, Jensen’s inequality yields

1t plr.o) = 1Ep(ry 7|, p) < I7vllLap) = [Pl2 < 00

and hence ffg p is in the space L2(v) of square v-integrable functions. In
addition, the excess LS-risk is given by

Ruis.p(f) —Risp=If— fES,P||2L2(V) : (1.5)
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Finally, note that the Bayes risk is given by the average conditional variance
* 2 2
RLS,P:/ Ep(’i‘(y|7'rx)— (Ep(ﬁy|7l’x)) dP .
XxY

For later use the following lemma provides a basic property of the LS Bayes
function.

1.1.1 Lemma For A € B the following identity is satisfied
[ fisple) ey = [ yar@y) .
A T (A)

Proof. Using the change-of-variables formula for v = P o 7r;(1 and the
representation fis p o mx = Ep(7y|rx) from (1.4) we find

/ ffjsyp(x) dv(x) :/ ffjs’P orrx dP :/ Ep(ny|rx) dP .
A T (A) T (A)

Since the set 7' (A) € o(mx) is o(7x)-measurable, the assertion follows
by the properties of the conditional expectation. O

1.2 Classification

For (binary) classification problems P on X x Y we assume that the labels
are +1 and —1, i.e. Y = {£1}, and define

p+ = P(X x {x1})

as the probability for observing a positive and a negative label, respectively.
Without loss of generality we assume 0 < py < 1 since in the cases pi €
{0, 1} only one class can be observed with positive probability. Moreover,
we denote the marginal distribution of the positive and negative labeled

data points by
P(A x {#1
vi(a) = DAL (1.6)
b+
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for A € B. With this notation the marginal v = P o w)_(l is given by the
convex combination

V=pyVy +p_v_ . (1.7)

Note that the probability distribution P, which describes our learning
problem, is uniquely defined by the two probability measures v+ and by
p+ € (0,1) with py +p_ = 1.

Using vy and py € (0,1) with p4 + p_ = 1 the sampling of a data point
(z,y) ~ P can be described as two-stage sampling as follows: As a first
step draw y € {41} such that y = +1 with probability p; and y = —1 with
probability p_. Then, as a second step, draw = ~ v, if y = +1 and draw
x ~ v_ if y = —1. This procedure gives a data point (z,y) ~ P following
the distribution P.

Since v < v holds true, we can define another important quantity

1) = pr ot (1) € [0,1]

for z € X. Note that n equals n(z) = P({my = 1}|rx = z) and hence is

the probability for observing a positive label for the input value z € X. To
see this, we determine the following integrals for a measurable set A € B

/ ]l{m,:l} dpP :/ ]1A><{1} dP = P(A X {1}) and
T (A) XxY

d
/ noﬂ'XdP:/ndu:p+/ﬁduzp+y+(A).
751 (A) A a4 dv

According to the definition of v4 both integrals coincide and hence
n(@) =Ep(Liry=1y|mx =2) = P({ry = 1}|rx = x)

is proven. However, 7 is not uniquely defined by P. To be more precise,
different versions coincide only v-almost surely and hence we fix some
specific version of 7 in the following. Using this version we define the sets

Xy ={n>1/2} and X_:={n<1/2} . (1.8)
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Note that it is more likely to observe a positive label than a negative one
for x € X and vice verse for x € X_. Consequently, on the set X, the
label 41 should be predicted and on the set X _ the label —1.

The following lemma establishes a connection to the LS Bayes function.

1.2.1 Lemma The following equalities are v-almost surely satisfied

dv dv_ N
2n—1 :P+T; —Pfg = fLs,P .

Proof. Using (1.7) and the definition of  we receive the first identity,
namely
d(pyvs +p_v-) dvy dv_

2n—1=2n— —p Ty
" n dv erd1/ p dv

The second identity is well-known, see e.g. [25, p. 11], where in this textbook
the labels are Y = {0, 1} and hence they have to be transformed to Y =
{%1}. O

Next, we recall some basic properties of the classification loss. With the
help of the function n the Bayes classification-risk is given by

RalaSS,P = /)'( min{ﬁ» 1- 77} dv (19)

and a measurable function f: X — R is a classification Bayes function if
and only if
(27 —1)sgn(f) =20

is satisfied v-almost surely. Since 2n — 1 = fq p holds true according to
Lemma 1.2.1, the functions fig p and f¢,. p = sgn(2n—1) are Bayes func-
tions for the classification loss, see [76, Example 2.4] for details. According
to [9, Lemma A.1] the excess classification-risk is given by

Roneor(f) = Rowp = [ P=1[dv . (110)
X4 A{f20}

where A denotes the symmetric difference. Note that the right hand side
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does not depend on the specific version of n even if X, which depends on
the version of n, appears.

In the next lemma we need the supports supp v+ C X of the probability
measures v+. To this end, let X be a topological space equipped with the
Borel o-algebra B(X) =: B. Then we define the support of a measure v as

suppu:( U 0>C. (1.11)

OCX open:
v(0)=0

To ensure that the support is actually a set of full measure V((supp V)C) =0
we need some additional regularity assumptions on v or X. In the following
if we need the support of a measure, we always assume that X is a Polish
space, i.e. it is a complete separable metric space, equipped with the Borel
o-algebra B(X) to ensure that the support is a set of full measure. To be
more precise, according to [31, Satz VIIL.1.16] every locally finite measure
v on a Polish space is an (inner and outer) regular measure. Especially v is
a Radon measure, i.e. inner regular and locally finite, and according to [31,
Lemma VIII.2.15] the support of a Radon measure is a set of full measure.
Since we are only interested in probability measures v, the support is always
a set of full measure on Polish spaces. Note that there are more general
spaces X which ensure that the support is a set of full measure, but we stick
to Polish spaces X (equipped with the Borel o-algebra) for convenience. In
Appendix B we summarize some basic properties of the support.

In Chapter 4 classification problems without (label) noise are of particular
interest, i.e. n € {0,1} v-almost surely. The following lemma provides some
characterizations of that property.

1.2.2 Lemma (No Noise) For a probability measure P on X x {1} the
following statements are equivalent:
(i) There is no noise, i.e. n € {0,1} v-almost surely.
(“) REI&SS,P = 0.
(iti) vy L v_ are singular measures, i.e. there is a decomposition X =
Ay WA_ with Ay € Bandvy(A_) =v_(Ay) =0.

10
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(’L'U) V+(X+) = l/_(X_) =1.

Moreover, if X is a Polish space (equipped with the Borel o-algebra) and
Supp V4 Nsuppv— is a vy- or v_-zero set then there is no noise.

To see that the condition v_(suppry Nsuppr—) = 0 or vi(suppry N
suppv_) = 0 is stronger than the conditions in (i)—(iv) consider the distri-
butions v4 given as convex combinations of a uniform distribution and a
Dirac distribution

vy o= unif ([0, 1]) + 0 and v= unif ([-1,0]) + d41

2 2

on X = [—1,1]. In this case we have supp vy Nsupp v_ = {—1,0,1} which is
neither a v -zero set nor a v_-zero set. However ({—1}U(0,1)) W ((—1,0]U
{1}) is a suitable decomposition that implies v L v_.

Proof. (i)<(ii) This is a direct consequence of the representation of the
Bayes risk in (1.9).

(i)=-(iii) We show that X = {n = 1}W{n # 1} is a suitable decomposition.
Using the definition of n we find

dv_
p,z/,(nzl):/ p,LdV:/ 1-ndv=20
=1y fr=1}

and hence v_(n = 1) = 0. Analogously, we can show v (n = 0) = 0. Since
n € {0,1} holds true v-almost surely, we get vy (n# 1) =vy(n=0)=0.
This proves vy 1L v_.

(iii)=(iv) According to our assumption there is a decomposition X =
Ay WA_ with vy (A_) =v_(A44) = 0. Since

dv_
/ 177](11/:}7_/ deI/:p_l/_(AJ,_):O
Ay Ay AV

and 0 < n <1 are satisfied, we find v({n # 1} N A;) = 0. Together with
the definition of X and v (A44) =1 we get

vi(X§) =vi(n<1/2) <vi(n# D) =vi(In#13NAL) =0 .

11
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This proves v (X4 ) = 1. The identity v_(X_) = 1 follows analogously.

(iv)=(i) We define the function 1’ := 1 x, and show that o' = p dvy /dv
v-almost surely. Note that X, and hence 1’ depends on some version of 7,
which we do not specify. For A € B we have

/Aﬁ/ dv =v(ANXy) =pvi(ANXy) +prv_(ANXy) =prvi(4)

where we used in the last step v (X)) =1and v_(ANX;) <v_(X¢)=0.
This proves 7' = p;dv, /dv v-almost surely. Since 1’ € {0,1} holds true,
every version of 7 satisfies n € {0,1} v-almost surely.

Finally, we assume that v_(supp vy Nsuppv_) = 0 and show Point (iii).
To this end, we consider the decomposition X = supp v W (supp vy )©.
Then v ((suppv4)¢) = 0 is a consequence of the fact that the support is
a set of full measure. Using again this property of the support and our
assumption gives v_(supp vy ) = v_(suppvy Nsuppr—_) = 0. As a result,
this is a suitable decomposition which shows Point (iii). O

In Lemma 1.2.2 we characterized learning problems without noise. Some-
times it is useful to have a more precise quantification of the amount of noise
in a classification problem. To this end, we introduce the noise function
N: [0,00) = [0,1] given by N(¢) := v(|2n — 1| < 2t). Moreover, we say that
the distribution P has noise exponent 0 < q < oo if there is some constant
¢y > 0 such that, for t > 0,

N(t) < (ent)? (1.12)

holds true, c.f. [76, Definition 8.22] and [61, Equation (4)]. This condition
is also known as Tsybakov’s noise condition in the literature. Note that if
there is no noise then we have N(t) = 1,2, 5)(t). Consequently, we have
the noise exponent ¢ = oo with cy = 2.

If we have a pseudo-metric space (X, d), i.e. d(x,2’) = 0 does not imply
x = x’, as input space, we can additionally introduce the following quantities,
cf. [76, Defintion 8.6 and Defintion 8.15]: The distance to the decision

12
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boundary is given by

dist(z, Xy), ze€X_
Ag(z) = dist(z, X_), =€ X, (1.13)

0, else,

with dist(z, A) = inf,eca d(z,a), for A C X. Note that the mapping = —
dist(z, A), for fixed A C X, is Lipschitz continuous and hence Agz: X — R
is measurable if the o-algebra B on X contains the Borel o-algebra B(X, d),
that is

B2 B(X,d) . (1.14)

In this case we can further define the margin function My: [0,00) — [0, 1]
and the margin-noise function MN 4: [0,00) — [0, 1] with respect to Ag by

My(r) =v(Ag < 2r) and

MN 4(r) ::/ 120 — 1| dv ’
{Aq<2r}

(1.15)

respectively. Using Lemma 1.2.1 the margin-noise function equals
MNg(r) = |prvy — p_v_|(Aa < 2r)

where |pyry — p_v_| denotes the total variation of the signed measure
p+vy — p—v_. Note that the quantities Ay, My, and MN4 additionally
depend on the specific version of 7. In contrast to the notation in [76] we
use the metric d in the subscript of Ay in instead of 7 since we will later
use different metric but a fixed version of 7.

1.3 Histograms

A histogram is a learning method that is based on a given partition A =
(Ag)rex of the input space X, where K is some index set. We call Ay a cell
of A and say that the partition A is measurable if every cell is measurable,

13
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i.e. Ay € Bforall k € K. Moreover, we say that the partition A is countable
if K is countable. If (X, d) is a pseudo-metric space, we define the diameter
of A by diam(A) := supy.c x diam(Ay), where diam(A) = sup,, ,¢ 4 d(z, ")
for A C X. For a measurable partition A4 = (Ag)rex we denote the indexes
of relevant cells by

A, ={ke K: v(A;) >0} . (1.16)

For a distribution P on X x Y with |P|y < oo and a measurable and
countable partition A = (Ay)rex the corresponding (population or infinite-
sample) histogram hp 4: X — R is given by

1a / y dP(z,y) . (1.17)
k;;,, * Ak X Y) AkXY

Using Lemma 1.1.1 the histogram can be written as

a= Yt o [ fise @ =Efisplo@) . 018)

keA,

where we used a well-known representation of the conditional expectation
with respect to a o-algebra generated by a measurable and countable
partition, see [4, Equation (15.3)]. Consequently, histograms are constant
on each cell and take there the average value of fi's p. For a data set
D = ((z1,y1),---,(Tn,yn)) € (X X Y)™ the corresponding (empirical)
histogram is given by

yi]lAk (x4)
hp,a(x La,( 71— ;
where § == D o w)_{l denotes the marginal distribution of the empirical

distribution D. As a result, D — hp, 4 defines a learning method in the

sense of (1.1) in which the predefined partition A is a hyper parameter.
In the case X = RP for some p > 1 the partition A = (Ag)kex of RP

is called cubic with radius r > 0 (or width 2r) if for every k € K, there

14
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is some z; € RP with Ay = 2z + (—r,7]P. Note that cubic partitions are
automatically Borel measurable and satisfy diam(.A) = 2r with respect to
the ¢4 -norm. Moreover, cubic partitions are automatically countable, see
the discussion after Lemma 1.3.7 below.

Next, we introduce two oracle inequalities for the histogram learning
method. The proofs are deferred to Appendix A.

1.3.1 Lemma (LS-Risk Oracle Inequality) Let P be a distribution on X XY
with Y = [-M, M| for some M > 0 and marginal distribution v. Further-
more, let A = (Ax)kex be a measurable and countable partition of X. Then
the following bound is satisfied, for all0 <e < M, 7> 1, and n > 1,

Ris.p(hp.a) — Rigp < 4||hpa— fES,PHQLQ(V)
+ 20Me

+ 1536 M2 log(3M /<) - #

T

with probability P™ not less than 1 —e™7.

1.3.2 Lemma (Classification-Risk Oracle Inequality) Let (X, d) be a pseudo-
metric space equipped with a o-algebra B 2 B(X,d) containing the Borel
o-algebra and P be a distribution on X x {£1} with marginal distribution
v and noise exponent 0 < g < oo (and constant cy > 0) defined in (1.12).
Furthermore, let r > 0 and A = (Ag)rex be a measurable and countable
partition of X with diam(A) < 2r. Then there is a constant C > 0,
depending only on q and cy, such that the following bound is satisfied, for
allt>1andn >1,

rid) #

n

RClass,P(hD,A) — R*C]ass7p < 6MNd(’I“) + C(

T

with probability P™ not less than 1 —e™7.

For both oracle inequalities, the number of relevant cells |A,| is a key
quantity. Therefore, we provide basic properties of A, in the following.
The indexes in A, specify the relevant cells with respect to the measure v,

15
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however, often it is easier to investigate the relevant cells Ap; with respect
to some subset M C X, namely

Ay ={keK: AxnM #0} . (1.19)

Both notions of relevant cells are closely related as we will see in the
following. But we start with some basic properties.

1.3.3 Lemma (Basic Properties) Let A = (Ap)rex be a partition of X.
Then the following statements are true:
(i) An C Ap for subsets N C M C X.
(71) Ay = A, U Ay for subsets My C X with M == M, U M_.
If A is measurable then the following statements are true:
(iii) A, € A, for absolute continuous measures j < v on X.
(v) A, = A, UA,_ for measures v+ on X with v :=v, +v_.
Proof. (i) and (iii) follow directly from the definitions in (1.19) and (1.16),
respectively.
(ii) For k € K we have k € Ay if and only if AxNM # 0 or ApNM_ # (.
The latter is equivalent to k € Apr, U Apr_.

(iv) For k € K we have k € A, if and only if v (Ag) > 0 or v_(Ag) > 0.
The latter is equivalent to k € A, UA,_. O

The next lemma establishes a relation between A, and Aj;.

1.3.4 Lemma (A, vs. Apg) Let A= (Ap)rex be a measurable partition of
X, v be a measure on X, and M C X be a measurable subset. If M is a
set of full measure, i.e. v(M€¢) =0, then A, C Ay is satisfied.

If v is a Radon measure on a Polish space X, this lemma directly gives us

Au Cc Asuppu-

Proof. Let k € A, be fixed. Since M is a set of full measure, we have
v(Ar N M) =v(Ay) > 0 and this implies Ay N M # (). As a result, we find
ke Ay O

16
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For the next result we need covering numbers. For r > 0, the covering
number N'(M,r) of a subset M C X of a metric space is defined as the
minimum number of closed balls of radius r needed to cover the set M. For
basic properties of covering numbers see e.g. Appendix C.

1.3.5 Lemma (Lower Bound for .A,; in Metric Spaces) Let X be a metric
space, A = (Ax)kex be a partition of X and M C X be a subset. If there
are by, € X and a r > 0 such that Ay is a subset of the closed ball with
center by and radius r, i.e.

Ak g Bx(bk,’l“) , (1.20)

for all k € Apr then |Ap| > N (M, r) is satisfied.

Proof. The assumption (1.20) implies

M C U A C U Bx(bk,r)

keAn ke An

and hence the points by, form an r-net of M. Since N (M, r) is the cardinality
of a minimal r-net, we get the desired lower bound. O

The next corollary transfers this lower bound for Ag,pp, to A,.

1.3.6 Corollary (Lower Bound for A, in Metric Spaces) Let X be a Polish
space, v be a probability measure on X, and A = (Ag)kex be a measurable
and countable partition of X satisfying the condition in (1.20) for some
r > 0. Then the following bound is satisfied

|A,| > N(suppr,r) .

Proof. We define the set M = UkeAy Aj. Since A is countable, the set
Me=U ke, Ak 18 as countable union of v-zero sets a v-zero set. In other
words, M is a set of full measure that additionally satisfies Ay = A,. Now,
Lemma 1.3.5 gives us

|AV| = |AM| ZN(Mvr) :N(M,’I“> 9

17
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where we used Point (iv) of Lemma C.4 in the last step. Since M is a closed
set of full measure, we have supprv C M and the assertion is proven. [

1.3.7 Lemma (Upper Bound for Ay, in ]Rd) Let X = R? be equipped with
some norm || - || and Bx the closed unit ball with respect to that norm,
A = (Ar)rer be a measurable partition of X, and M C X be a subset. If
there are a, € R? and 0 < ro < r with

A Dag + ToéX and diam(Ag) < 2r (1.21)
for all k € App then the following bound is satisfied, for e > 0,
An| < (/70 +2r/r0)" - N (M,e) .

Since N([—b,b]%,7) < oo is finite for every b > 0 and R? = (J, o[—b, b]*
holds true, this lemma proves that every measurable partition satisfying
(1.21) is countable.

Note that for a cubic partition with radius r > 0 and || - [| = || - [[,a we
can choose 1o = 7 and hence |Ays| < 3% - N(M, 7).

Proof. We use a volume argument to prove this lemma. To this end, we
denote the Lebesgue measure on R by A4, Let € > 0 be fixed. Since
there is nothing to prove in the case N (M, &) = oo, we can assume that
n = N(M,¢e) < oo is finite. Moreover, let L C Ay be a finite subset. Since
ap + roém C Ag for k € Ay and the cells Ay are disjoint for k € K, we
find
IL|-rd- X (Bx) = Z A (ay + roBy,)
keL

< QN4 (1.22)

kel

:)\d<UAk> .

keL

For every k € Ajs there is some y, € M N Ay and hence diam(Ag) < 2r
ensures that Ay C yi + 2rBx holds true. This shows that Ay is a subsets

18
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of M +2rBx for all k € Ay, ie.

U A, CM+2rBx .
kel

Now, let z1,...,z, € X be a minimal e-net of M, i.e. M C U?:l z; +eBx.
This gives

(z; + (e +2r)Bx) ,

-

U A C U(xz +eBx +27‘Bx) =
=1

i=1

where we used the convexity of Bx in the last step. Finally, if we plug this
into the right hand side of (1.22) we find

|L| -rg . )\d(éx) <n-(e+ 2r)d . )\d(BX) .

Note that we do not apply the Lebesgue measure to the set M. For that
reason, we do not need the measurability of M. Since Bx is a convex set,
[31, Satz I1.7.7] gives us A\4(By) = A(Byx). Consequently, we find the
upper bound |L| < (g/ro +27/r9)® - n. Since this bound is satisfied by every
finite subset L C Ajs, the set A, itself is finite and satisfies the claimed
inequality. O

Finally, the following corollary summarizes our findings for X = R%.

1.3.8 Corollary (Relevant Cells in Rd) Let X = R? be equipped with some
norm || - ||, A = (Ak)kex be a measurable partition of X satisfying the
conditions in (1.20) and (1.21) for some 0 < ro < r, and v be a probability
measure on X. Then the following bounds are satisfied, for e > 0,

N(supp v, r) < |Ay| < [Asuppv| < (2/r0 + 20 /r0)" - N(suppv,e)

Note that the condition in (1.20) already yields diam(Ay) < 2r which is
the second part of the condition in (1.21).

Proof. The remark after Lemma 1.3.7 implies that the partition A is
countable. As a result, the first inequality is a consequence of Corollary 1.3.6.
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Chapter 1 Introduction to Learning Theory

Since supp v is a set of full measure, Lemma 1.3.4 gives us the second
inequality A, C Agyppr- Together with Lemma 1.3.7 for M = supp v we
find the third inequality. O
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Chapter 2

Transformed Learning Scenarios

In this chapter we provide a framework that allows us to model a learning
scenario with restricted access to the data set. Based on this framework
we describe high-dimensional learning scenarios as a subset or a projection
of an infinite-dimensional learning scenario in Chapter 3 below. Since this
framework is possibly of interest in its own right, we devote this chapter
to it. For the special case of classification, some of the following ideas can
already be found in [25, Chapter 32], see also the references therein.

2.1 Definitions and Basic Properties

In real world applications we often do not have access to the original data
set D = ((z1,41),---,(Tn,yn)) ~ P". Instead our algorithm learns from
the data set

S(D) = ((‘ilvyl)a R (jnayn)) )

where z; == s(z;), for i = 1,...,n, with some measurable function
s: X > X

which maps (X, B) into a further measurable space (X, B). In other words,
for all the input values z;, the learning method can only access the infor-
mation preserved by the mapping s. Since the data set s(D) ~ P™ follows
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Chapter 2 Transformed Learning Scenarios

the probability distribution

P:=Po(s,idy)™! (2.1)

on X x Y, this defines a new learning scenario which we call transformed
learning scenario of P under s. In the transformed scenario we denote all
quantities with a bar, e.g. we write D := s(D), 7, etc. In this context we
call the learning scenario given by P original learning scenario. Note that,
for X = X and s = idx, the transformed learning scenario coincides with
the original scenario.

In contrast to the original scenario, which is given by the application at
hand, the measurable space X and the transformation s: X — X can be
chosen—at least in some applications—by the user. For example, in some
image classification tasks the camera and its resolution can be selected by
the user. In this case each camera and resolution corresponds to a different
transformation s.

In order to measure the quality of a decision function f: X — R in the
transformed scenario we pull back the decision function fos: X — R and
measure its quality using risks in the original scenario, that is

Rpp(fos)—Rip - (2.2)

Analogously, for a learning method £ = (£,,),>; on X x Y, in the sense
of (1.1), we define the pull-back learning method L = (Ly)p>1 on X XY
given by

L, (D) = L,(s(D))os .

In other words, we transform the data set D € (X xY)" to s(D) € (X xY)",
apply the learning method £ on X x Y using s(D), and pull back the
produced decision function on X. We say that the learning method L is
(potentially) L-risk consistent for P and s if the corresponding pull-back
learning method £ is (potentially) L-risk consistent for P in the sense of
(1.2). Analogously, we define the notion of learning rates for L.

The next lemma provides basic properties and relations between the

original and the transformed learning scenario.
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2.1.1 Lemma (Basic Properties) Let P be a probability distribution on
X xY,s: X = X be a measurable function, and P = P o (s,idy)~" be
the distribution of the transformed learning scenario. Then the following
statements are true:

(i) The marginal distributions v = Pony' and v = Po w)_zl of P on X
1

and P on X, respectively, satisfy v =vo s~ L.

(ii) For a data set D € (X x Y)* and D = s(D) € (X x Y)" the
corresponding empirical measures satisfy D = D o (s,idy) ™.

(iii) For 0 < p < oo the average p-th moments, defined in (1.3), coincide
|P|p = |P|p-

(iv) For a supervised loss function L: Y x R — [0,00) and a measurable
function f: X — R the L-risk is given by

R p(f)=Rrp(fos) .

(v) For another measurable function 5: X — X' into another measurable
space (X', B') the transformed learning scenario P' = P o (5,idy )~
of P under 5 equals the transformed learning scenario of P under

Sos.

Note that Point (iv) only considers supervised loss functions. For general
loss functions, the loss must be transformed as well. Since we are mainly
interested in the LS loss and the classification loss, which are supervised,
we stick to supervised loss functions for convenience.

Point (v) states that building transformed learning scenarios is transitive.

Proof. (i) The definitions of ¥ and P ensure

v=Po 7r§(1 =Po(s,idy) to 7r§(1 =Po(mgo(s,idy)) "

Using the identity 7 o (s,idy) = somx we find 7 = Pory'los™! =vos™L.

(ii) For a data point (z,y) € X x Y and a measurable set A C B x Y the
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corresponding Dirac measures satisfy

O(s(a)y)(A) = Ta 0 (s,idy)(z,y)
= 1(sidy)-1(a) (2, 9)
= b(ay) © (s,idy) 71 (A4) .

This proves the desired identity d(s(2),y) = O(z,y) © (5, idy )~ for a single
data point. Using
D:lié :lié o (s,idy) ™t = Do (s,idy) ™"
n pot (s(zi),yi) n pot (%4,y3) ’ ’ ’
we get the assertion for general data sets.
(iii) Using the change-of-variables formula for P = P o (s,idy)~" we get
the assertion

PP = / P dP(z,y) = / P dP(z.y) = P2 .
XxY XxY

(iv) Using the change-of-variables formula for P = P o (s,idy)~" we get
the assertion

XXY

Ry p(f) = / L(y, f(z)) dP(z,y)
- / Ly, f(s(x))) dP(z.y)
XxXY

=Rrp(fos) .
(v) This is a direct consequence of (50 s)~! = s71 o571, To be more
precise,
Po(s0s) ' =Postos!=Post=P
proves the assertion. O

The next lemma compares the Bayes risks of the original and the trans-
formed scenario.
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2.1.2 Lemma (Bayes Risk) Let P be a probability distribution on X X
Y, s: X — X be a measurable function, and P = P o (s,idy)™" be the
distribution of the transformed learning scenario. Furthermore, let L: Y X
R — [0,00) be a supervised loss function. Then the following statements
are true:

(i) The Bayes risks satisfy RE,P =R7 pro(X.o(s) = RL,p-

(ii) There is a o(s)-measurable Bayes function f7 p: X — R if and only
if there is a Bayes function f] 5: X - R and R} p = Ri.p holds
true.

The inequality R} 5 > R], p from Point (i) states that the transformed
learning scenario provides at most as much relevant information as the
original one. Here relevance is specified by the loss function L. If the
Bayes risks coincide R} 5 =R, p, we interpret this in such a way that no
relevant information gets lost when considering the transformed learning
scenario instead of the original one. Moreover, the representation of R*L P
shows that o(s) = B is a sufficient condition to ensures R} p=Rip for
all distributions P on X x Y and for all supervised loss functions L.

Point (ii) shows that if a Bayes functions fz,ﬁ exists then R} 5 =Ry p
Is equivalent to the existence of a Bayes function f; p satisfying a certain
symmetry condition. Moreover, Point (ii) can be found in [25, Theorem 32.5]
for the special case of binary classification.

Proof. (i) Note that according to [48, Corollary 1.97] the set of o(s)-mea-
surable functions is given by Lo(X,0(s)) = {fo s: fe Lo(X,B)}.
Consequently, Point (iv) of Lemma 2.1.1 gives us the claimed equality,
namely

RY 5= inf R; 5
P el g e
= inf_ _ RL,p(‘fO S)
fELH(X,B)

= _ inf 'R,LJD(f) .
f€Lo(X,0(s))
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The claimed inequality is a direct consequence of o(s) C B which is ensured
by the measurability of s.

(ii) First we assume that there is a o(s)-measurable Bayes function
fi p: X = R. Then [48, Corollary 1.97] gives us a measurable function
f: X = R with fip= f o 5. Together with Point (i) we find

Rzyp >Rip=Rrpr(fip)= Rip(fos)= Ry p(f) > Rzyp .

This shows that f] 5= f is a Bayes function and R} p =Ry, p- For the
converse implication we use

Rip=Rpp=Rpp(fip)=Rrr(fipos) .

This shows that f7 p = f] 5o s is a o(s)-measurable Bayes function. [

L,P
The following lemma investigates sufficient and necessary conditions that

ensure o(s) = B. To this end, we recall the definition of the trace o-algebra:
For a subset A C X the trace o-algebra Bl 4 is given by

Bla = {AﬂB: BEB} .
Note that A does not need to be measurable as subset of X.

2.1.3 Lemma (No Loss of Information) Let s: X — X be a measurable
function and consider the following statements:

(i) o(s) = B.
(i) s(A) € Blsx) for all A € B.
(iii) s is injective.
(iv) {z} € B for allx € X.
Then the implications (i)=(ii), (ii)+(iii)= (i), and (i)+(iv)= (i) hold true.
Note that for injective s: X — X the condition in (ii) equals the measur-

ability of the mapping s~!: s(X) — X, where s(X) is equipped with the
trace o-algebra Bs( X)-
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Let us mention some special cases in which this lemma provides o(s) = B:
If s: X — X is bijective with measurable inverse s~': X — X then
Point (ii) and (iii) are satisfied and hence this lemma yields o(s) = B.

Next, if the measurable space X satisfies Point (iv) then o(s) = B is
equivalent to Point (ii) and (iii). Note that Point (iv) is satisfied for every
metric space equipped with the Borel o-algebra. But there are more spaces
satisfying Point (iv) e.g. if (X, B) is countably separated, i.e. there is a
countable subfamily By C B separating points, see e.g. [11, Theorem 6.5.7]
for details. A class of countably separated spaces are Souslin spaces, see
e.g. [11, Corollary 6.7.5] or [22, Lemma 8.6.12] for details.

Note that for particular distributions P and loss functions L the condition
o(s) = B is not necessary to ensure R} 5 = R], p, see e.g. Example 2.1.5
and Example 2.1.7 below.

Proof. (i)=-(ii) Let A € B be fixed. Since we assume B = o(s), there is a
subset A € B with A = s7(A4). Consequently, we have s(4) = s(s~(A4)) =
Ans(X) e l’;’|s( x), where the transformation in the second step is true for
all functions and subsets.

(ii)+(iii)=(i) Since s: X — X is measurable, we have o(s) C B. For
the converse inclusion, let A € B be fixed. The injectivity of s ensures
A =s"1os(A) and the assumption s(A) € Bly(x) gives us a subset A € B
with s(A) = AN s(X). Together, we get

A=s5""os(4)=s"1(ANs(X)) =s (A Ns ' (s(X)) =5 (A) € a(s) .

This proves o(s) = B.

(i)+(iv)=(iii) Let z,2" € B with s(z) = s(2’). Since we have {z} € B =
o(s), there is some A € B with {z} = s~!(A). This gives us s(z') = s(x) €
A and hence 2’ € s71(A) = {2} holds true. As a result, we find 2’ = z and
s is injective. O

Next, we provide some direct yet useful consequences for the transformed
learning scenario using the LS loss.
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2.1.4 Lemma (LS Regression) Let P be a probability distribution on X X
Y, s: X — X be a measurable function, and P = P o (s,idy )~ be the
distribution of the transformed learning scenario. If |P|a < oo holds true
then the LS Bayes functions satisfy v-almost surely

fﬁs’p 08§ = Eu(ffs,ﬂs) .

As a direct consequence, for distributions P with [Pl < co and s: X — X,
we can quantify the discrepancy of the LS Bayes risks R 5 and Rig p,
namely from (1.5) and Point (iv) of Lemma 2.1.1 we get

ESJS - RfS,P = RLS,P(fEs’IS) - RES,P
= Rus,p(fisp°8) — Risp (2.3)

= B (fis.pl) — s plll) -

Proof. Recall that 7x: X x Y — X and ng: X x Y — X denote the
projections onto X and X, respectively. Moreover, if there is no risk
of confusion 7wy denotes the projection my: X XY — Y and ny: X x
Y — Y. Using Point (iii) of Lemma 2.1.1 we find |P|y = |P|y < oo and
hence according to (1.4) the LS Bayes functions are given by fﬁsyp(a:) =
Ep(ny|rx = x) and fES,P(f) =Ep(ny|m5 = %), respectively.

Since f{g p o s is measurable with respect to the initial o-algebra o(s)

generated by s, it remains to prove, for A € B,

/ figposdy :/ ~ fisp dv . (2.4)
s—1(A) s—1(A)

Using 7 = v o s~ ! from Point (i) of Lemma 2.1.1, the change-of-variables
formula, and Lemma 1.1.1 (for the transformed learning scenario) we find

/ ,fEsPOSdV:/,fLS,Pdﬁ:/ ydP(z,y) .
sTHA) A (A

Continuing this identity with the help of the change-of-variables formula
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for P = Po (s,idy)™! and 7y o (s,idy) = s o mx we get

[ Hepesdv=[  ydpay)
s~1(A) (s,ldy)*IO‘n'X (A)

=/ ~ ydP(x,y) .
mxt (71 (A))

Finally, an application of Lemma 1.1.1 with A = s~ (A) gives (2.4) and
hence the assertion is proven. O

Before we continue, let us consider the following LS regression example.

2.1.5 Example (LS Regression) Let the original regression problem P on
[—m, 7] x R be given by the marginal distribution v = unif ([-7, 7]) and
the conditional distribution P(-|z) = unif ([cos(z) — 1/2,cos(z) + 1/2]).
Furthermore, let s: [—m, @] — [0,7] be given by s(x) := |z|. Note that
all the measurable spaces are with respect to the Borel o-algebra. Then
fis.p(w) = cos(z) is a LS Bayes function. Since f{s p = f{s p o s holds
true, the Bayes function ffg p is even o(s)-measurable. Using Point (ii) of

Lemma 2.1.2 we find Risp = Ris.p-

For the visualization of a data set D ~ P™ and the corresponding
transformed data set s(D) see Figure 2.1. This example shows that if
we know some symmetry properties, specified by the transformation s, of
the Bayes function in advance then we do not lose any information, in
terms of Bayes risk, if we use the transformed data set s(D). In addition,
Figure 2.1 shows that in this case—roughly speaking—s(D) is twice as
dense in X = [0,7] as D in X = [~m,7]. Consequently, using s(D) instead
of D can possibly even improve the performance of a learning algorithm.

Next, we transfer the results for the LS loss to the classification loss.

2.1.6 Lemma (Classification) Let P be a probability distribution on X XY
with Y = {#+1}, s: X — X be a measurable function, and P = Po(s,idy )"
be the distribution of the transformed learning scenario. Then the following
statements are satisfied:

(i) p+ = p+,
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Y

..~

7
/ d .
/ : .,
3 \\_S/v\'\}' Cos(x)
[
Figure 2.1: Tllustration of the LS regression problem in Example 2.1.5. The
data points of a data set D ~ P"™ are in , the data points

of s(D) ~ P", which are effected by s, are in blue, and the
Bayes function is f{s p(¥) = cos(w).

(ii) vy =vyos™t and

(iii) 1os=RE,(n|s) v-almost surely.

Point (iii) shows that the original learning scenario is less noisy than the
transformed learning scenario.

Proof. (i) Since P = P o (s,idy)~! is given, we find p+ = P(X x {£1}) =
P(X X {:tl}) = p4. - - -
(i) From Point (i) and P = P o (s,idy)~! we get, for A € B,

o P(Ax{#1})  P(s{(A) x {+1}) i

vy(A = =vyos YA .
( ) P+ b+ ( )
(iii) Due to Lemma 1.2.1 and Lemma 2.1.4 we get
_ rs.poStLl  E(ffgpls)+1
fos= = =E,(n]s)
2 2
and hence the assertion is proven. O

Finally, we give an example of a transformed classification problem.

2.1.7 Example (Classification) Let the original classification problem P
on R? x {£1} be given by the uniform distributions v, = unif([0, 1] x
[-1/2,1/2]), v— = unif ([~1,0] x [-1/2,1/2]), and p; = p_ = 1/2. Note

30



2.2 Sequence of Transformed Scenarios

that all measurable spaces in this example are with respect to the Borel o-
algebra. Since the measures v and v_ are singular v | v_, the Bayes risk
equals the minimal possible value, namely R¢,q p = 0, see Lemma 1.2.2
for details. Now, we define two different transformed learning scenarios:
(i) Let s := m: R? — R be the projection onto the first coordinate.
The corresponding transformed learning scenario P is given by v, =
unif ([0,1]) and 7 = unif([~1,0]) (as well as py = p_ = 1/2).
Again, the measures v, and v_ are singular 7, | v_ and hence the

Bayes risk vanishes. Especially, R, 5 = R p = 0 is satisfied.
Moreover, o(s) = o(m) ={A xR: A€ B(R)} is a proper subset of
B(R?).

(ii) Let s := my: R? — R be the projection onto the second coordinate.
The corresponding transformed learning scenario P is given by v, =
v_ = unif ([-1/2,1/2]) (as well as py = p_ = 1/2). Consequently, we
have 77 = 1/2 and hence the Bayes risk equals the maximal possible
value, namely R’élass) p=1 /2. Especially, we have the strict inequality
Ritass.p > RClass,p and o(s) =o(m) ={RxA: AecBR)}is
again a proper subset of B(R?).

Point (i) of this example shows, that there are distributions P and trans-
formations s such that the transformed scenario P satisfies Rip=RLp
even if the generated o-algebra is a proper subset o(s) C B. Point (ii)
shows, that there are distributions P and non-trivial transformations s such
that no information is preserved in the transformed scenario P. This means
that in the transformed scenario, no learning method can do better than
guessing. For the visualization of a data set D ~ P™ and the corresponding
transformed data sets w1 (D) and ma(D) see Figure 2.2. Further interest-
ing examples of transformed classification problems can be found in [25,
Chapter 32].

2.2 Sequence of Transformed Scenarios

In this section we consider a whole sequence (s4)q>1 of measurable functions
sq: X — X4 with measurable spaces (Xg,B4) for d > 1. As a result, we
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1/2-

Figure 2.2: Illustration of the classification problem in Example 2.1.7. In the
middle a data set D ~ P™ is plotted, where positive and negative
labeled data points are in orange and in blue, respectively.
Below, the data set m1 (D), where m; is the projection on the
first coordinate, is plotted. On the right, the data set mo(D),
where 7 is the projection on the second coordinate, is plotted.
This plot shows that using 71 (D) it is an easy task to classify
the data points correctly, but using w2 (D) there is no method
classifying the data points better than guessing.

have a sequence of transformed learning scenarios Py = P o (sq,idy)~!
on Xy x Y. To prevent misunderstandings we use the index d for every
quantity in the d-th transformed scenario instead of the bar-notation.

In this context a learning method £ on (Xg x Y)g>1 is a sequence

L= (Lan)dn>1 (2.5)

with two indexes such that (L4, )n>1 is, for every fixed d > 1, a learning
method on Xy x Y in the sense of (1.1). Then we define the pull-back
learning method L9 = (E%d))nzl on X xY by

LI(D) = La, (sa(D)) o sq (2.6)

with the hyper parameter d > 1. The quality of £ is measured using risks
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of the pull-back learning method £(? in the original scenario, namely
Rep(LS(D) = Rip -

We call the learning method £ (potentially) L-risk consistent for P and
(sa)a>1 if the corresponding pull-back learning method, with hyper param-
eter d > 1, is (potentially) L-risk consistent for P in the sense of (1.2).
Analogously, we define the notion of learning rates for £. The following
lemma provides sufficient conditions that ensure potential L-risk consistency.

2.2.1 Lemma (Potential Consistency) Let P be a distribution on X XY, L
be a supervised loss function, (Sq)a>1 be a sequence of measurable functions
sq: X — X4, and Py be the corresponding transformed distribution on
Xy xY ford>1. Furthermore, let £ = (Lan)in>1 be a learning method
on (Xq X Y)g>1. If the following statements are true:

(i) For fized d > 1, the learning method (Lqn)n>1 on Xq x Y is L-risk
consistent for Py.

(ZZ) indel szpd = RE,P'

Then L is potentially L-risk consistent for P and (Sd)d>1-

In order to prove consistency we need more information on the learning
method (L4n)an>1, see e.g. Lemma 3.2.4 below for consistency results of
histograms.

Proof. Using the abbreviations

Ey(d, D) = Rep(L(D)) ~Ryp,  and
Ey(d) = RT:,Pd - RZ,P

we split the excess risk into two parts
Rep(LP(D)) =R} p = Ei(d, D) + E(d) .

According to Point (iv) of Lemma 2.1.1 and the definition of £ the first
part E;(d, D) equals the excess risk of the learning method (Lg,y)n>1 o1
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X4 X Y using the data set s4(D), namely
Ei(d,D) =Rp.p,(Lan(sa(D))) —RL p, -

Consequently, E1(d, D) is a random variable, but F5(d) depends on d only
and describes how well the d-th scenario approximates the original one.

According to our Assumption (ii), for every € > 0, there is a d(¢) > 1
with Fa(d(e)) < €/2. Next, we define the functions

G(e,d,n) = P"(D € (X xY)": Ei(d, D)+ Es(d) > ¢) and
F(e,n)=P"(De (X xY)": E(d(e),D) >¢/2) ,

for n,d > 1, and € > 0. Note that F'(¢,n) depends on our choice d(g) > 1.
Using these functions we have to show that there is a sequence (dy,)n>1 in
N such that for every e > 0 we have G(e,d,,n) — 0 for n — co. For a data
set D € (X xY)™ with Ey(d(e), D) + Ea(d(g)) > ¢ our choice of d(¢) yields

e < E1(d(e), D) + E»(d(e)) < Ey(d(g), D) +¢/2 .
and hence Ey(d(g), D) > €/2. This proves, for all n > 1 and € > 0,
G(e,d(e),n) < F(e,n) .

Since (Lgn)n>1 18, for every fixed d > 1, an L-risk consistent learning
method for P; and

F(e,n) = Pi'(D € (Xa x Y)" s Ru,py(Lan(D) = Rip, >/2) |

we have lim,, o, F'(e,n) = 0 for all € > 0. Consequently, we can apply
[76, Lemma A.1.4] that gives us a sequence (&,)n,>1 with &, N\, 0 and
F(ep,n) — 0 for n — oo.

Finally, we show that the sequence d,, := d(e,,) satisfies our requirements.
To this end, let £, > 0 be fixed and choose ng > 1 such that F(e,,n) < §
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and g, < € for all n > ng. Since G(e,d,n) is non-increasing in €, we find
G(e,dy,n) < G(en,d(en),n) < Fley,n) <6

for all n > ng and hence the assertion is proven. O

The following lemma provides a condition that ensures Assumption (ii)
of Lemma 2.2.1 in the case of the LS loss.

2.2.2 Lemma (LS Regression) Let P be a distribution on X x Y with
|Pla < 00, (sa)a>1 be a sequence of measurable functions sq: X — Xq, and
P, be the corresponding transformed distribution on X4 XY ford > 1. If

(i) o(sq) C o(sqs1) for alld > 1 and
(ii) there is a o(sq: d > 1)-measurable Bayes function fis p
then the LS Bayes risks converge Rig p, \ Rig p for d — oc.
The interpretation of Assumption (i) is as follows: For increasing d the

amount of information preserved by the transformation sy is non-decreasing.
Moreover, the Assumption (ii) is satisfied if e.g. B=0(sq: d > 1) holds.

Proof. The monotonicity is a direct consequence of Point (i) and the repre-
sentation Rig p, = RES,P7LU(X7U(Sd)) from Lemma 2.1.2. Consequently, the
limit for d — oo exists and it remains to prove that the limit equals Rig p.
Since we assume |P|s < 00, Lemma 2.1.4 yields

fffs,Pd osqg =K, (fffs,P\U(Sd))

for all d > 1. Point (i) and f{s p € L2(v) ensures that (f{g p, © sa)d>1 is a
martingale and hence a version of the martingale convergence theorem, see
e.g. [11, Theorem 10.2.1], yields

fis.p, ©8d — Eu(f]’_‘*sﬁp|0'(3d s d> 1))

in Ly(v) for d — oco. Moreover, Assumption (ii) ensures that the limit
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equals fis p v-almost surely. Finally, together with (2.3) we get

2
Ris,p, — Risp = || fiis,py © 8a — ffs,PHLz(,,) =0
for d — oo and this finishes the proof. O

2.2.3 Corollary (Classification) Under the assumptions of Lemma 2.2.2 the

same statements hold true for Y = {£1} and the classification loss, i.e.
>,élauss,P,,, \l Rélass,P fO’I" d — oo.

Note that the assumption |P|s < 0o of Lemma 2.2.2 is automatically satisfied
for classification problems since Y = {£1} is bounded. In [25, Theorem 32.3]
another sufficient condition for the convergence Rciass, P, — Rass.p CaN
be found.

Proof. This can be proved analogously to Lemma 2.2.2 using the calibration
inequality

‘ N 1/2
Rtass,P(f) = Rtass.p < (Rus,p(f) — Ris.p) 2,

which holds true for every measurable function f: X — R, see e.g. [76,
Example 3.23] for details. O

Finally, we present a situation in which the assumptions of Lemma 2.2.2
and hence also of Corollary 2.2.3 are satisfied. To this end, we define for
a topological space T the set Cy(T') of continuous and bounded functions
x: T — R. Moreover, we equip C(T") with the uniform norm || - || ¢, () and
the corresponding Borel o-algebra B(Cy(T)).

2.2.4 Lemma (Point Evaluations) Let T' be a compact metric space and
X = Cy(T) with B = B(X). Furthermore, let (t;);>1 C T be a countable
dense subset of T and sq: X — R% be given by

sa(x) = (z(t1),...,z(ta)) -

Then o(sq) C 0(sat1) ford>1 and B=o0(sq: d > 1) hold true.
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This lemma implies that Point (i) and (ii) of Lemma 2.2.2 are satisfied.

Since T is assumed to be a compact metric space, it is especially separable.
As a result, a countable dense subset (t;);>1 always exists.

The assumption that T is a compact metric space seems very strict. But
note that this assumption is equivalent to the separability of Cy(T) for
sufficient rich spaces Cp(T"). To be more precise, this equivalence is satisfied
for completely regular topological spaces T, see e.g. [23, Theorem V.6.6] for
details. Since the separability of Cy,(T) is a main ingredient of our proof, it
is natural to assume that T is a compact metric space.

Proof. The monotonicity of (¢(sq))a>1 is a direct consequence of the defi-
nition of s4.

“D7” Since the function s, is continuous, we have o(sq) C B(X) for every
d > 1 and hence the inclusion “2D” follows.

“C” First, we show that the closed ball Bx(z,r) C X with center x € X
and radius 7 > 0 can be represented by

Bx(z,7r) = ﬂ ([t —rat) +r]) = A, (2.7)

i>1

where m;: X — R denotes the point evaluation at ¢;. For 2’ € Bx(z,r)
we have [2/(t;) — x(t;)| < [|2" — 2|/, (r) < r and hence 2’ € A. Now, let
us fix some 2’ € A and t € T. Using the denseness of (¢;);>1 there is a
sequence (7;);>1 in N with ¢;, — ¢ for j — oco. Since z and 2’ are continuous
functions, we find

|2/ (t) — z(t)] = jlim |2 (t;,) — a(ts,)| <7

and hence ||z’ — x|/, (r) < r. This shows 2’ € Bx(z,r) and (2.7) is proven.

Since the representation in (2.7) is a countable intersection of o(m;)-
measurable sets, we find Bx(z,r) € o(m; : i > 1) = o(sq : d > 1).
According to [23, Theorem V.6.6] the space X = Cy,(T') is separable and
hence every open set O C X is the countable union of closed balls. This
shows O € o(m; : i > 1) for every open set O C X and hence the inclusion
B(X) Co(m; : i >1) is proven. O
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Finally, we present a corollary which summarizes Lemma 2.2.1-2.2.4.

2.2.5 Corollary (Potential Consistency of Point Evaluations) Let T be a
compact metric space, X = Cyp(T) with B = B(X), P be a distribution on
X xY with |Pla < oo, L be the LS loss or the classification loss (with
Y = {£1}). Furthermore, let (t;);>1 C T be a countable dense subset of T,
sq: X — R? be given by

sa(x) = (a:(tl), .. ,x(td)) ,

and L = (Lan)in>1 be a learning method on (R X Y)g>1. If, for all
d > 1, the learning method (Lyn)n>1 ON RY x Y is L-risk consistent
for Py == P o (sq,idy)~! then the learning method L on (Xa xY)g>1 is
potentially L-risk consistent for P and (Sq)d>1-

Proof. According to Lemma 2.2.4 we know that o(sq) C o(s4+1) for all
d>1and B=o0(sq: d>1)is satisfied. Since L is the LS loss or the
classification loss, Lemma 2.2.2 and Corollary 2.2.3, respectively, gives us
infq>1 R} p, = R] p- Together with the assumption that (Lan)n>1 is
L-risk consistent for P; and every fixed d > 1, Lemma 2.2.1 yields the
assertion. O

In Chapter 3 below we present another learning scenario satisfying the
assumptions of Lemma 2.2.2 in detail.

2.3 Histograms

In this section we investigate histograms in the transformed learning scenario.
To this end, let s: X — X be a function. Then for a partition A = (Ax)rex
of X we define the pull-back partition s~*(A) :== (Ax)rex of X by

Ay = s (Ag) . (2.8)

If A and s are measurable then the pull-back partition s~*(.A) is measurable.
The next lemma relates the number of relevant cells of a partition and
the corresponding pull-back partition.
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2.3.1 Lemma (Relevant Cells) Let A be a partition of X, s: X — X, and
A= s"1(A) be the corresponding pull-back partition of X defined in (2.8).
Then the following statements are true:

(i) Let A and s be measurable, v be a distribution on X and v :=vos™!

be the push-forward measure on X. Then A, = A, is satisfied.

(i) If M € X and M = s~Y(M) C X then Ay C Ay is satisfied.
Moreover, if M is a subset M C s(X) of the image of s then even
the equality holds true.

(ii) If M C X then Ay = As—l(S(M)) = -As(M)-

(iv) Let X and X be Polish spaces equipped with their Borel o-algebras,
s be continuous, v be a distribution on X, and U := v o s~ ! be the
push-forward measure on X. Then Asuppr € Asuppl—, is satisfied. If,
in addition, s(suppv) C X is closed then even the equality holds true.

In Point (iv) the set s(suppv) is closed if e.g. suppr C X is compact.

Proof. We denote the cells of the considered partitions by A = (Ag)rex
and A = (Ak:)kEK with Ak = Sil(lek) for k € K.

(i) The definitions of the push-forward measure and the pull-back partition
give us the assertion, namely 7(Ay) = v(s~1(Ay)) = v(Ay) implies k € A;
if and only if k € A,,.

(ii) Note that we have

A M = s~V (A) N s~ (M) = s~ (A, N M) (2.9)

for all k € K. Let k € Ay be fixed. Then we have Ay N M # 0 and hence
(2.9) implies Ay, N M # 0. This shows k € A;; and hence the inclusion “C”
is proven. For the converse inclusion we assume M C s(X) additionally.
Let k € Ay be fixed. Then we have Ay N M # (). Since A, N M C s5(X) is
a subset of the image of s, (2.9) implies ) # s~ (A, N M) = Ay N M. This
shows k € Ajp; and hence the inclusion “2” is proven.

(iii) The second equality is a consequence of Point (ii) with M = s(M) C
s(X) and it remains to prove the first equality. The inclusion “C” is a
direct consequence of M C s~!(s(M)). For the converse inclusion “2”
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Chapter 2 Transformed Learning Scenarios

we have to use the special structure of the pull-back partition A. Let
k € As-1(s(my and z € s71(s(M)) N Ay. Then we have s(z) € A, and
s(x) € s(M). Especially, there is some y € M with s(y) = s(z) € A. This
proves y € M N Ay and hence k € Ay,.

(iv) Using Point (iii) for M = supp v gives us Agypp, = fls(supp v)- Since
s(suppv) C s(suppv) = supp v is satisfied according to Lemma B.2, the
inclusion is proven. If, in addition, s(supp v) is closed then we even have
s(suppv) = supp v and hence the equality is proven. O

The following lemma relates the histogram on X and on X.

2.3.2 Lemma (Histograms) Let P be a distribution on X xY, s: X — X be
a measurable function, and P be the corresponding transformed distribution
on X xY. Furthermore, let A be a measurable and countable partition of X

and A = s71(A) be the corresponding pull-back partition defined in (2.8).
Then the histograms hp.a and hp z on X and X, respectively, satisfy

hp,AOSZhRA .

According to Point (ii) of Lemma 2.1.1 the statement remains true for
empirical histograms. To be more precise, for D € (X x Y)™ and D =
s(D) € (X x Y)™ we have hp 40s=hp.a.

If X = X and s: X — X is a bijective transformation with measurable
inverse then Lemma 2.3.2 shows that transforming the data set D with s is
equivalent to a transformation of the partition used by the histogram.

This lemma implies that the error in (2.2) for the histogram using the par-
tition A in the transformed scenario equals the excess risk of the histogram
using the pull-back partition 4 in the original scenario, that is

Rrp(hp g08) =Ry p=Rrr(hpa)—RLp -

As a result, we can bound the error in (2.2) using oracle inequalities in the
original scenario. We use this approach in Chapter 3 to prove consistency
results and in Chapter 4 to prove learning rates for histograms.
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2.3 Histograms

Proof. We denote the cells of the considered partitions by A = (A )rex and
A = (Ap)rex with Ay = s71(Ay,) for k € K. This gives T4, 0s=14, and
v(Ay) = v(Ag) for all k € K. Moreover, the change-of-variables formula
for 7 = v o s7! together with Lemma, 2.1.4 yields

/, f]fs,ﬁ dD:/ _ fES,ﬁOSd”
Ay Sil(Ak)

- /  Eu(fispls) dv
s™H(Ag)

:/ fisp dv .
Ay

Since Ay = A, is satisfied according to Lemma 2.3.1, we get

1
hp 10s8= 1; 05_77/ fia »dv
P,A kg Ay, o(Ay) Ja, 18P

1
= 14, —— fg p dv
Z Ay I/(Ak) Ak fLS,P

ke A,

=hpa
and hence the assertion is proven. O

As final part of this section we consider classification problems in the
transformed learning scenario. For classification problems we can addition-
ally investigate the margin-noise function. To this end, let us assume that
(X,d) is a pseudo-metric space and s: X — X is a measurable function.
Then we define the pull-back pseudo-metric on X by

d(z,2') = d(s(z), s(z')) . (2.10)

Note that d is in general only a pseudo-metric even if d is a metric. Moreover,
if X is already a topological space the pull-back pseudo-metric d on X
defines in general a different topology on X. If s: X — (X, d) is continuous
then id: X — (X, d) is continuous, i.e. the original topology on X is finer
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Chapter 2 Transformed Learning Scenarios

than the topology given by the pull-back pseudo-metric d. The next lemma
provides bounds on the diameter of the pull-back partition as well as a
representation of the distance to the decision boundary both with respect
to the pull-back pseudo-metric.

2.3.3 Lemma (Pull-Back Pseudo-Metric) Let (X,d) be a pseudo-metric
space, s: X — X be a (not necessarily measurable) function, and X be
equipped with the corresponding pull-back pseudo-metric d defined in (2.10).
Then the following statements are true:

(i) For a partition A of X and the corresponding pull-back partition
A= s"1(A) of X defined in (2.8) the diameters satisfy diam(A) <

diam(A). Moreover, if s is surjective then equality holds true.

(i) For a distribution P on X x{£1} the distance to the decision boundary
defined in (1.13) with respect to d is given by

dist(s(z), s(X4)), z€ X_
Aqg(r) = { dist(s(z),s(X_)), ze€ Xy (2.11)

0, else.

If the o-algebra B of X contains the Borel o-algebra B(X,d), that is B D
B(X,d), and s: X — X is measurable then (2.11) gives the measurability
of Ay: X — R. This condition is slightly stronger than the condition
B D B(X,d) provided in (1.14) to ensure the measurability of Ag. To show
this, we first prove

s H(B(X,d)) = B(X,d) .

The inclusion “C” is a consequence of the continuity of s: (X,d) — (X, d).
The converse inclusion “2O” follows from the fact that the pull-back pseudo-
metric d induces the initial topology on X under s: X — (X, d). Using this
identity together with the measurability of s and B D B(X,d) we recover
the condition in (1.14), namely

B2s ' (B)2s ' (B(X,d) =B(X,d) .
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Proof. (i) We denote the cells of the considered partitions by A = (Ax)rex
and A = (Ag)rerx with Ay = 5_1(/_1;@) for k € K. Let k € K be fixed.
Then for all x, 2" € A, we have s(x), s(2') € Ay and hence the definition of
the pull-back pseudo-metric d gives us

diam(Ay) = sup d(s(z),s(z')) < sup d(z,7') = diam(4y) .

x,x’ €Ay Z,%' €Ay,

This proves diam(.A) < diam(.A). Moreover, if s is surjective for all points
7,7 € Ay there are points z,2’ € Ay with s(z) = Z and s(2’) = &’ and
hence in the above inequality we even get equality. This proves the second
assertion.

(ii) In order to prevent misunderstandings we add the considered pseudo-
metric as a subscript to the dist-function in the following proof. The
definition of dist and the definition of d yield

distg(z, A) = zllléf:A d(s(z), s(2)) = distz(s(z), s(A))

for all subsets A C X. Together with the definition of A, the assertion
follows. O

The next lemma is a main ingredient for our learning rates proven in
Chapter 4 below.

2.3.4 Lemma (Margin-Noise Function) Let X and X be Polish spaces
equipped with their Borel o-algebras, s: X — X be a continuous function,
P be a probability distribution on X x {£1}, and P = P o (s,idy)™" be the
distribution of the transformed learning scenario. Furthermore, let d be a
metric on X, which induces the topology on X, and d be the corresponding
pull-back pseudo-metric on X given by (2.10), which does not necessarily
induce the topology on X. Then the following statements are true:

(i) If there is mo noise in the original classification problem P then,
for every version of n, the margin-noise function with respect to the
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pull-back pseudo-metric d satisfies, for r > 0,

MN 4(r) = My(r) > pyvy (dist(-,suppr_) < 2r)
+p_v_ (dist( -, suppvy) < 2r) .

(i) If suppvy Nsuppv_ is a vi- or v_-zero set then there is a version
of 7 such that the equality holds true in (7).

Note that the dist-function on the right hand side is with respect to the
metric d on X. Moreover, this result is especially applicable for X = X
and s = idx.

Since supp U4 Nsuppv_ is a subset of {dist(-,suppry) < 2r} for all
r >0, we get

MN 4(r) = My(r) > v(supp 4 Nsuppv—) .

In addition, using supp v+ C s~ (supp 7+ ) from (B.1) we find s~ (supp 7, N
suppv_) = s~ (suppzy) N s (supp_) D suppry Nsuppr_ and hence
we get the lower bound

MN 4(r) = My(r) > v(supp vy Nsuppv_)

for all 7 > 0. Note that the right hand side depends only on the original
learning problem.

Proof. First note that in this case the distance to the decision boundary
Agy: X — R is a measurable function according to Lemma 2.3.3 and the
remark after that lemma. The first equality MN 4(r) = Mq(r), forr >0, is a
direct consequence of our assumption that there is no noise. In the following
let » > 0 be fixed. Moreover, since My(r) = pivy(Ag < 2r) +p_v_(Ag <
2r) it is enough to consider vy (Ay4 < 2r) for symmetry reasons.

(i) According to Lemma 1.2.2 the sets X1 are sets of full measure with
respect to vy, respectively. Together with the representation in (2.11) and

44



2.3 Histograms

vy =vyos ! we get

vi(Ag <2r) = v (Xy N {Ag < 2r})
= v (dist(s(-),s(X-)) < 2r)
= vy (dist(-, s(X_)) < 2r) .

Since we have v_(X_) = 1, the support of v_ is contained in the closure
suppv— C X_. Moreover, the continuity of s implies s(f) C s(X),
see e.g. [32, Propositoin 1.4.1], and hence s(X_) = s(X_). Together with
Lemma B.2 we get

suppvV_ = s(suppr_) C s(X_) =s(X_) .
As a result, for all z € X the distance can be bounded by
dist (z,s(X_)) = dist(z, s(X_)) < dist(z, suppv_) .

Together, we get v (Ag < 2r) > iy (dist(-,suppr_) < 2r) which proves
the assertion.

(ii) According to Lemma 1.2.2 our assumption implies that there is no
noise and hence Point (i) applies. Moreover, in Point (i) the inequality comes
from the inclusion supp v+ C X+ which we used in the proof. Consequently,
we only need to find a version of 1 such that the equality supp v+ = X4 is
satisfied. To this end, we assume without loss of generality v_(suppv4 N
suppv—) = 0 and define

1, T € supp V4
n(z) =<0, 2 € supp v_\(supp v4+ Nsupp v_)
1/2, else

for x € X. As a result, we have X, = supp v, and

X_ =suppv_\(supp vy Nsuppr_) C suppr_ .
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Consequently, we find supp 4+ = X+ and it remains to prove n = p,dv, /dv
v-almost surely. For A € B we get

/ n dv=v(ANsuppry)
A
=pivy(ANsuppry) +p_v_ (A N supp v4+ N supp 1/,)

= p+V+(A) )

where we used v_(suppry Nsuppr_) = 0 in the last step. This shows
7 = pydvy /dv v-almost surely and hence the assertion is proven. O
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Learning in Sequence Spaces

In this chapter we consider learning problems using a sequence space as
input space. For such a sequence space we can consider various projections
onto finitely many coordinates (also called features). This defines a family
of transformed learning scenarios, which describe the circumstance that
we can only access finite-dimensional projections of an underlying infinite-
dimensional learning problem.

3.1 Definitions and Basic Properties

In this chapter we consider learning scenarios on a sequence space

xX=][x:, (3.1)

i>1

where (X;);>1 is a sequence of Polish spaces, i.e. complete separable metric
spaces. For i > 1, we denote a corresponding complete metric on X; by d;.
Moreover, we equip X with the product topology, i.e. convergence in X is
equivalent to pointwise convergence.

Note that the separability of X; ensures that it has a second-countable
topology and hence the product o-algebra and the Borel o-algebra of the
product topology on X coincide

B =) B(X;) = B(X)

i>1
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see e.g. [11, Lemma 6.4.2] for details. Moreover, as a countable product of
Polish spaces the space X itself is a Polish space, see e.g. [22, Proposition
8.1.4]. Recall from the discussion around (1.11) that for every probability
measure v on X the support supp v is a set of full measure.

For an index set / C N we denote the projection onto X7 := [[,.; Xi by
7wr: X — X5 where 77 ((%;)i>1) = (x;)icr. Moreover, we define F(N) as
the set of all finite subsets of N and [d] := {1,2,...,d} as the set of the first
d > 1 positive integers.

For every index set I € F(N) we have a corresponding transformed
learning scenario on X; x Y as defined in (2.1) with s = 7r;. To indicate
on which coordinates we are projecting we use the index set I as subscript
instead of the bar-notation, i.e. the distribution on X; x Y is denoted by
Pr = Po (n7,idy) ™}, its marginal distribution on X7 by vy =vo 7r;17 and
the data set by Dy = 77(D) € (X7 x Y)™.

We interpret each coordinate z; of a data point z = (z;);>1 € X as a
feature of x. In practice each feature is usually a measurement point. In
this sense I specifies the features of x that are available in the transformed
learning scenario Py and hence I is called feature set. Consequently, the
transformed learning scenario with a finite I C N, i.e. I € F(N), exactly
describes the circumstance that we only have access to finitely many features
of an infinite-dimensional data point.

In this context a learning method £ on (X1 x Y) ey is a family

L= (Lrn)rermmn>1

with two indexes such that (L1 ,,)n>1 is, for every fixed I € F(N), a learning
method on X; x Y in the sense of (1.1). Then we define the pull-back
learning method L) = ([,g))nzl on X xY by

L(D) = Lin(r1(D)) oy (3.2)

with the hyper parameter I € F(N). In contrast to the pull-back learning
method introduced in (2.6) the hyper parameter space is F(N) instead of
N. The quality of such a learning method is measured using risks of the
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pull-back learning method in the original scenario, namely
Rep(L(D) = Rip -

We call the learning method L (potentially) L-risk consistent for P
and (77)reFqn if the corresponding pull-back learning method, with hyper
parameter I € F(N), is (potentially) L-risk consistent for P in the sense
of (1.2). Analogously, we define the notion of learning rates for £. Recall,
potentially consistency means that there is some feature set sequence (I, ),,>1
such that the learning method £() using (In)n>1 is consistent for P, i.e.
(E%I"))nzl is consistent. In contrast, for consistency and learning rates we
have to specify the used feature set sequence (I,,),>1 exactly.

We interpret the sequence (I,),>1 as the amount of information, or in
practice measurements, per data point that we need to guarantee consistency
or learning rates, respectively. Here it is important to mention that if we
have more information available, we can omit some features to reduce the
amount of information. Consequently, the sequence (I,,),>1 only describes
a lower bound on the needed amount of information. To be more precise,
if our application at hand provides us the features in I/, € F(N) with
I, O I, for n > 1 then we—as a user—can decide to use only the features
in I, for learning. Formally, if we have some performance guaranties for
L= (L1,n)1eFm),n>1 using the feature set sequence (I,,),>1 then we can
consider the learning method M = (M) e Fav)n>1 on (X1 X Y)rerw)
given by

Min(D) == Linr, n(7in1, (D)) © Trnr, (3.3)

with the projection 7nr, : X5 — Xinz,. In this case myqy, acts as a data
independent feature selection method and M is nothing more than the
learning method £ combined with this specific feature selection method.
Moreover, the corresponding pull-back learning method M) = (M%I))nzl
satisfies

MDD = 0T

for all n > 1. Since I/, D I,, this means that the learning method M using
(I!)n>1 equals £ using (I,,),>1. As a result, every performance guaranty for
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a learning method £ using (I,,),>1 also applies for any feature set sequence
(I})n>1 satisfying the lower bound I], D I, for all n > 1 if we allow the
selection of a suitable subset of features for the actual learning. This is an
advantage of our infinite-dimensional modeling of high-dimensional learning
problems.

Being convinced that every condition on the feature set sequence is
actually only a lower bound we briefly consider the important special case
where X; = R for all ¢ > 1. In this case the size d,, == |I,,| of the feature
set I, € F(N) equals the dimension of the input space X7, = R% in the
corresponding transformed learning scenario and hence we can investigate
the curse of dimensionality. This expression was coined by Bellman [6]
in the field of dynamic programming. Nowadays, the term is popular in
many fields, e.g. combinatorics, numerics, machine learning, etc., and—
roughly speaking—refers to the general phenomena when the number of
required data points depend exponentially on the dimension of the problem
to ensure non-trivial performance guaranties. In our situation the curse
of dimensionality can be specified as follows: A performance guaranty,
e.g. a consistency result or a learning rate, for the learning method £ =
(L1.n)1eF®),n>1 using feature sets sequences (I,,),>1 suffers from the curse
of dimensionality if there are some constants ¢, > 0 with

n > cexp(a|l,)) (3.4)

for all n > 1. Note that (3.4) is an upper growth bound on the sequence
(HnDnz1-

Assume for a moment, that we have a performance guaranty for £
using (I,),>1 that suffers from the curse of dimensionality. As in (3.3),
we can combine £ with a feature selection method such that the same
performance guaranty is satisfied using any feature set sequence (I},)n>1
with I}, D I,,. This means, that (|}, |),>1 only has to satisfy a lower growth
bound. Especially, there is a feature set sequence (I,),>1 that does not
satisfy the upper growth bound in (3.4), but for which our performance
guaranty applies. Consequently, in our setting the curse of dimensionality
is not present if we allow the usage of a feature selection method. However,
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we do not claim that selecting the right features in practice is an easy task.
Since the study of feature selection methods is its own research field, we
focus on conditions for (I,,)n>1 that allows for consistency or learning rates
and keep in mind that these performance guaranties do not suffer from the
curse of dimensionality if we combine our learning method with a suitable
feature selection method. We continue this discussion in Section 4.3 below
in which we present polynomial learning rates.

Furthermore, note that from a practical point of view the usage of
less information, i.e. smaller feature sets I,,, are also beneficial in terms
of memory and time consumption. Before we go to the next section, the
following lemma translates the potential consistency results from Section 2.2
into the situation of this chapter.

3.1.1 Corollary (Potential Consistency) Let X = [[..; X; be given by (3.1),
P be a distribution on X x Y with |P|y < co, L be the LS loss or the
classification loss (with Y = {£1}), and £ = (L1.n)1eFm)n>1 be a learning
method on (X1 XY )rermy. If, for every fived I € F(N), the learning method
(L1n)n>1 on X1 xY is L-risk consistent for Py then the learning method
L on (X1 x Y)1ery is potentially L-risk consistent for P and (7r)re rav)-

Proof. Let (I4)q>1 be an arbitrary sequence with Iy C N, Iy C I;44, and
Uas1 Za = N, e.g. we can choose Iy = [d]. As a result, M = (Man)dn>1
givgn by Mg, = L1, defines a learning method in the sense of (2.5)
on (X, x Y)g>1 with the transformations sq :== 7, : X — X,. Since we
assume Iy C Iy for d > 1, the o-algebras satisfy o(sq) C o(sq4+1) as well.
Moreover, the product o-algebra is per definition the initial o-algebra with
respect to the projections m;: X — X, and hence

B=Q)BX;)=o(m: i>1)=0(sq: d>1) .

i>1

As a consequence, M satisfies the assumptions of Lemma 2.2.2 and Corol-
lary 2.2.3, respectively. This ensures that the assumptions of Lemma 2.2.1
are satisfied which gives us a sequence (dy),>1 such that the pull-back
learning method (M), ~; = (£LUn)), ~; is an L-risk consistent learning
method for P. O
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Chapter 3 Learning in Sequence Spaces

3.2 Histograms

Let X = [],~; Xi be a sequence space as defined in (3.1). In order to apply
histograms to a learning problem on (X7 X Y')rc 7av) we need a partition of
X for every I € F(N). To this end, we introduce product partitions. We
call a sequence A = (A4;);>1 a partition of (X;)i>1 if A; = (Aik)kek, is a
partition of X; for all ¢ > 1. Then for every index set I € F(N) the product
partition Ar = (Ap)rer, of X1 is given by Ky = [[,c; K; and

Ak = HAZJCZ - X] (35)
i€l

for k = (k;)icr € K. Tt is easy to see that A; is actually a partition of X;.

We say a partition A = (A4;);>1 of (X;);>1 is measurable or countable
if A; is a measurable or countable partition of X; for all 4+ > 1. Since
I € F(N) is finite, the product partition .A; is countable if A is countable.
Analogously, since X is equipped with the product o-algebra, the product
partition Aj is measurable if A is measurable. Since X; is a metric space
for every i > 1, the diameter diam(A;) of A; is defined in Section 1.3 and
hence we define the diameter of A as diam(A) = sup, -, diam(A;). But
note that there can be multiple metrics on X; inducing the topology of X;
and hence we have to specify a metric on X; explicitly, for all ¢ > 1, if we
talk about the diameter diam(.A). Moreover, for a distribution v on X and
I € F(N) we use the abbreviation

AI,I/ = (AI)VI

for the indexes of the relevant cells of the product partition A; with respect
to the measure vy = vo 7r;1.

3.2.1 Lemma (Relevant Cells) Let X = [[;5, X; be a sequence space as
defined in (3.1), A= (A;);>1 be a measurable partition of (X;)i>1, and v
be a distribution on X. Then, for I € F(N), the relevant cells satisfy the

inclusion

-AI,U g H(Az)m )

icl
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3.2 Histograms

where v; = v o 711._1 is the marginal distribution of v on X; for ¢ > 1.

Proof. Let I € F(N) and k = (k;)ier € Ar,,. With the notation from (3.5)

this means

0<vr (H Avk) <vr (Aj,kj X HX7> = v;(Ajk,)

i€l i#£j

for all j € I. Consequently, k; € (Aj),, for all j € I or equivalently
k€ Ilier(Aiv,- O

For a measurable and countable partition A of (X;);>1 we consider the
histogram learning method £ = (ﬁgﬁ))lef(l\l),nzl given by EY}B (Dy) =
hp,.a, for Dy € (X1 x Y)™. Recall that the histogram hp, 4,: X; — R is
defined in (1.17) and A; denotes the product partition from (3.5). As an
abbreviation of the corresponding pull-back learning method, defined in
(3.2), we introduce the notation

hD,A,I = hDI,AIOWF X—R.

Note that this pull-back learning method depends on two hyper parameters,
the feature set I and the partition A of (X;);>1. Moreover, we use the same
notation for the infinite-sample version hp 4,1 = hp, a4, © 7r.

Next, we present some properties of the approximation error. To this
end, we need the following preparatory lemma.

3.2.2 Lemma (Lipschitz Continuous Functions) Let X be a metric space, v
be a regular measure on the Borel o-algebra B(X), and f € L2(v). Then,
for every € > 0, there is some Lipschitz continuous and bounded function
h: X — R with v(h # 0) < co and

If =Pl <& -

Note that for locally compact spaces X the set C.(X) of compactly sup-
ported continuous functions is dense in £,(v), see e.g. [5, Theorem 29.14]
or [22, Proposition 7.4.3] for details. This well-known approximation prop-
erty of C.(X) is in many cases sufficient to investigate the approximation
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Chapter 3 Learning in Sequence Spaces

error. However, the assumption that X is locally compact excludes many
non-compact infinite-dimensional spaces X and hence Lemma 3.2.2 is more
suited for our purpose.

Proof. First, we approximate an indicator function 1, for some M € B(X)
with v(M) < co. To this end, let € > 0 be fixed. Since v is regular, there is
a compact set K C M and an open set M C U with v(U\K) < £2. Since K
and U¢ are disjoint and closed sets, we have dist(K,U¢) > 0. Consequently,

dist(x, U®)
=min{ ———=,1
#le) mm{ dist(K, U°)’ }
for z € X. The Lipschitz continuity of z — dist(z, U¢) implies the Lipschitz
continuity of ¢. Moreover, we directly get 0 < ¢ < 1, ¢ =1 on K, and
@ =0 on U°. This implies v(p # 0) < v(U) <v(M)+v(U\K) < co and

we can define

1M — ll2, ) = /U My — of2 dv < W(U\K) < €2 .

As a result, the assertion is proven for indicator functions.

Now, let f € L5(v) and € > 0 be fixed. According to [22, Proposition 3.4.2]
there is a function g = " ; a; 1y, with a; € R, M; € B(X), and v(M;) <
oo for all i > 1 such that ||f — g||z,) < €/2. Using the assertion for each
function 14, gives us a Lipschitz continuous and bounded function ¢; with
v(pi #0) < oo and |[1a, — @illL, ) < €/(2a), where a = |ai| + ... + |an|.
Then the function h := Z?:l a;; is Lipschitz continuous, bounded, and
satisfies v(h # 0) < co. Moreover, we have

lg = BllLae) <D lail - [, = @ill Loy < /2 -
=1

All together we find ||f — b,y < [If — 9llzow) + 119 — PllL,0) < € and
hence h has the desired properties. O

Now, we can prove a basic property of the LS approximation error.
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3.2 Histograms

3.2.3 Lemma (LS Approximation Error) Let X = [[,-, X; be a sequence
space as defined in (3.1) and P be a probability distribution on X x Y
with |P|a < co. Then, for every e > 0, there is some rg > 0 and dy > 0
such that for all partitions A of (X;)i>1 with diam(A) < 2r¢ and d > dy
the histogram hp a1 using the feature set I = [d] satisfies the following
inequality

Ris.p(hpar) — Rigp = ||hpar— fIfS’PHiQ(y) ¢

The following proof is an adaption of [66, Lemma E.4] to the infinite-
dimensional setting.

Proof. Let € > 0 be fixed, I € F(N), r > 0, and A be a partition of (X;);>1
with diam(A) < 2r. Since the product partition Ay is a partition of X7, we
can consider the corresponding pull-back partition 2 := wl_l(A ;) of X given
by (2.8). Together with Lemma 2.3.2 we find hp a1 = hp, 4, c 71 = hpy.
According to (1.5) we have

Rus,p(hpar) = Risp = |hea = fisel},o, - (3.6)

Note that X is a Polish space and hence the marginal distribution v is
regular, see e.g. [31, Satz VIIL.1.16]. As a result, Lemma 3.2.2 is applicable
and gives us a Lipschitz continuous and bounded function f: X — R with
v(f #0) < oo and

If = Fispllp,o) < VE/3 -

However, the notion of Lipschitz continuity depends on the metric and there
are multiple (possibly non-equivalent) metrics on X inducing the product
topology. We use Lemma 3.2.2 with the metric

Z 9—i - dxz;:“z) l) (37)

for x = (2;)i>1,2" = (¢)i>1 € X which is well-known to induce the product

topology on X. Now, we define a probability measure Q on X XY by defining

1

the marginal distribution @ o 7" := v and the conditional distribution
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Q(-|x) =) for ¥ € X. For Q the LS Bayes function equals f{s 5 = f.
Using hpa = E, (fig plo(A)) from (1.18), Qo % = Pony! = v, and the
projection property of conditional expectations we find

Ihoa—heall,, = [Bofisq ~ fisplo@ll, 0, < 17 = s pll,a, -
This results in

hra = Fis el < hpa = haall,, .,
+ [|hoa — fHLg(V)
+||If - ffs,PHLQ(V)
2ve/3+ [[hoa = fl 0

(3.8)

IA

and hence it remains to bound ||hqa — f|lz,(v)- To this end, let A be a cell
of A with v(A) > 0 and z € A. Using (1.18) and the Lipschitz continuity
of f we find

‘hQ)g((x) z)| dv(z') < L - diam(A) |

where L denotes the Lipschitz constant and diam(A) the diameter with
respect to the metric d in (3.7). Since the cells A of 2 with v(A4) = 0 are
ignored by the Lo, (v)-norm, we find

Ihaa =l < Ihea = £l ) < L-diam(@) — (39)

and we need to bound the diameter of the pull-back partition 2. Note that
the diameter of 2 with respect to the pull-back metric, defined in (2.10), is
already given by Lemma 2.3.3 but this metric does not induce the product
topology on X and hence this result cannot be used for this proof. Again,
let A be a cell of A and = = (x;)i>1,2" = (2});>1 € A. Since diam(A) < 2r
and 2 = 7; '(Ar) hold true, we have d;(z;,2}) < 2r for i € I. Together
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3.2 Histograms

with I = [d] we find

d(z,z")

§ 2" 77+2 d<op 49
142
i>d

As aresult, the diameter with respect to d is bounded by diam(2() < 2r+279.
Together with (3.9) we get |[hga — fllr,) < L(2r +27%).

Finally, we choose ¢ := v/¢/(12L) and dy := [log(6L/+/¢)/10og(2)]. Then
for 0 < r <o and d > do we have L(2r +27%) < \/z/3 and together with
(3.6) and (3.8) we get the assertion. O

For us, the most important case is X; = (RP¢,

| - ||e§g) with p; > 1, where

el = supla|

for 2 = (2;)%L, € RPi. In this case we call a partition A = (A;);>1 of
(Xi)i>1 cubic with radius » > 0 if A; is a cubic partition, as defined in
Section 1.3, with radius r for all 4 > 1. For I € F(N), the product partition
Aj of a cubic partition is again a cubic partition of X; = RP with the same
radius and p =, ; p;. Moreover, we introduce the abbreviation

hprr="hpar ,

where A is some predefined cubic partition of (X;);>1 with radius r > 0
and I € F(N). In addition, we use an analogous notation for the population
version hp, 1 :=hpa .

The following lemma establishes consistency for histograms using cubic
partitions and finitely many features.

3.2.4 Lemma (LS-Risk Consistency) Let X = RY be a sequence space as
defined in (3.1) with X; = R for alli > 1 and P be a probability distribution
on X x Y with Y = [-M, M] for some M >0 and P([-b,b]" xY) =1 for
some b > 0. Furthermore, let (r,)n>1 and (d,)n>1 be sequences in (0, ]
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Chapter 3 Learning in Sequence Spaces

and N, respectively, with r,, — 0, d,, — oo, and

(3b) dn,

d
nry”

-0 (3.10)

for n = oco. Then the histogram learning method D +— hp ., 1, using the

feature set I, := [d,] is LS-risk consistent for P.

n

This is a generalization of the well-known consistency of cubic histograms
from finite- to infinite-dimensional spaces, cf. [43, Theorem 4.2].

Note that scaling the data influences the condition in (3.10). To be more
precise, if we scale the data by a factor of a > 0, the data is concentrated
on [—ab,ab] x Y and we need to scale the sequence (r,),>1 by the same
factor to ensure that (3.10) is still satisfied.

Since r,, < b holds true, the condition in (3.10) implies n > ¢ - 34n for all
n > 1 with some constant ¢ > 0. At first sight, it seems that this consistency
result suffers from the curse of dimensionality defined in (3.4). However,
recall from the discussion around (3.4) that if we allow the combination
with a feature selection method the curse of dimensionality is no longer
present.

Proof. Let n > 1 and A be the predefined cubic partition of (X;);>1 with
radius r,,. Moreover, we define the sequence

(3b)dn

d
nra”

Qp =

which converges to zero according to our assumption. Since A; is a partition
of R!, we can consider the corresponding pull-back partition 2 := 7r1_1(A1)
of X = RY given by (2.8). Using Lemma 2.3.2 the excess LS-risk equals

Rus,p(hpyr,.1,) = Ris,p = Ris.p(hpa) = Risp -

—1

If we apply Lemma 1.3.1 to the right hand side for 7 = 7, = an, /% and
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3.2 Histograms

€ =¢e, = 3Mexp —aﬁl/?’ , we get
g

Ris.p(hpr,.1,) — Risp < 4||hpa — fES,PHQLz(V)
+ 20Me,,

|2y
+1536M2 log(3M /=) - 2w

with probability P™ not less than 1 —e~". Note that our choice 7, = an /3

ensures that 1 —e™"™ — 1 for n — oo. Consequently, it remains to prove
that all the terms on the right hand side vanish for n — oc.

The assumption a,, — 0 for n — oo implies 40Me,, — 0 for n — oo.
Since r, — 0 and d,, — oo for n — oo, Lemma 3.2.3 yields, for n — oo,

HhPa‘l‘ - fES,PHiz(u) = ||th'an - fES,PHiZ(u) —0.

Finally, we consider the number of relevant cells. Using Point (i) of
Lemma 2.3.1, Lemma 3.2.1, and Lemma 1.3.4 with M = [—b, b] we find

|Q[V| = ’(Al)w‘ < H’(AZ)W < H’(Ai)[fb,b]’ :

iel el

Consequently, it remains to bound |(A;)[—p4)|. To this end, let Ay be the
cell that contains the left corner of the interval [—b, b]. Since all cells are
aligned, the remaining interval [—b,b]\ Ay of length L < 2b is covered by
[L/(2r)] cells. Together with r,, < b this yields

[(Ad) o] S L+ [b/rn] <2+ b/ry < 3b/ry

Putting both together and using log(3M/e,,) = an'’? we get

v 37n b n dn 4
153602 log(3M /e) - | < aﬁ/aw —al3 50
n n

for n — co. As a result, the consistency of D — hp ., 1, is proven. O

The next corollary transfers the LS-risk consistency of the previous lemma
to classification-risk consistency.
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Chapter 3 Learning in Sequence Spaces

3.2.5 Corollary (Classification-Risk Consistency) Let the assumptions of
Lemma 3.2.4 with Y = {£1} be satisfied. Then the histogram learning

method D — hp . 1. is classification-risk consistent for P.

n

This is a generalization of the well-known consistency for cubic histograms
from finite- to infinite-dimensional spaces, cf. [25, Theorem 6.2].

Proof. This is a direct consequence of Lemma 3.2.4 and the calibration
inequality

* * 1/2
RClass,P(f) - 7?’Clauss,P < (RLS’P(jj - 7zLS,P) )

which holds true for every measurable function f: X — R, see e.g. [76,
Example 3.23] for details. O

As final part of this section we consider a classification problem P on
X x {£1}, where X = [[,»; X; is a sequence space. Since (X;,d;) is a
metric space for all i > 1, we can turn X, for I € F(N), into a metric
space using the metric

dl((xi)iel, (a:;»)iej) = suII)di(a:i,a:;») ) (3.11)
ic

For a partition A = (A;);>1 of (X;);>1, the diameter of the product partition
A; with respect of d; satisfies diam(A;) = sup;c; diam(A;) < diam(A).
Moreover, for the corresponding pull-back pseudo-metric

d(z,2") == dy(mr(z), 7 (2")) (3.12)

on X, introduced in (2.10), we denote the distance to the decision bound-
ary by Ay := Ay, see (1.13) for the definition of A,;. In this case the
representation in (2.11) reads

diSt(ﬂ'l(SC),W[(X_._)), re X_
Ar(z) = { dist(my(2), (X)), z€ Xy (3.13)

0, else,
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3.2 Histograms

where X1 are defined in (1.8). Moreover, we write MN for the margin-
noise function and M for the margin function with respect to Ay, see (1.15)
for their definitions. The following lemma provides some monotonicity
properties of Ay, MN, and My in I.

3.2.6 Lemma (Monotonicity) Let X = [[,»; Xi be a sequence space as
defined in (3.1) and P be a distribution on X x {£1}. Then the following
statements are true, for finite I C J C N:

(i) Ar(x) < Ay(z) forallz € X,
(ii) My(r) > M;(r) for allr >0, and
(i) MN(r) > MN ;(r) for all v > 0.

Since the margin-noise function bounds the approximation error, see (A.4)
in the proof of Lemma 1.3.2, Point (iii) underpins our intuition: The larger
the index set I, the more information of the original scenario is preserved
in the I-th transformed scenario, and the smaller the approximation error
bound.

Proof. Point (ii) and (iii) are direct consequences of Point (i). To prove
Point (i) we fix some z = (z;);>1 € X. If z € X then for an arbitrary
x_ = (z;,-)i>1 € X_ we have

Aj(x) < dl(m(m),m(x,)) = s‘u?di(xi,xiy,) < dJ(WJ(m),WJ(x,)) )
1€
Taking the infimum over x_ € X_ yields Aj(z) < Ajy(x). For x € X_ an
analogous argument yields Ay(z) < Aj(x). Finally, we have Aj(z) =0 =
Aj(z) in all remaining cases. O

Finally, we apply the oracle inequality of Lemma 1.3.2 in the case of
a sequence space X. Since this is the basis of all the investigations of
Chapter 4, we formulate it as a corollary.

3.2.7 Corollary (Oracle Inequality for Histograms on Sequence Spaces)
Let X = Hi21 X; be a sequence space as defined in (3.1), P be a distribution
on X x {x1} with noise exponent 0 < q < oo in the sense of (1.12), r > 0,
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and A be a measurable partition of (X;);>1 with diam(A) < 2r. Then the
histogram using A and the feature set I € F(N) satisfies, for 7 > 1 and
n>1,

T|AI7V|)315

n

Rciass,p(hD,a,1) — Rijass.p < 6MN (1) + C(

T

with probability P™ not less than 1 —e™ 7.

Proof. Let T € F(N),n>1,7>1,and D € (X xY)". Moreover, we denote
the product partition defined in (3.5) by A; and the corresponding pull-back
partition of X defined in (2.8) by 2 := 7; *(A;). From Lemma 2.3.2 we get

Rtass,P(hp,a,1) = Retass,p (hp;,4; © 1) = Retass,p(hp )

According to Point (i) of Lemma 2.3.3 the diameter with respect to the pull-
back pseudo-metric, given in (3.12), is bounded by diam(2() = diam(A;) <
diam(A) < 2r. Consequently, using Lemma 1.3.2 for 2 and the pull-back

pseudo-metric gives us

: i, |\
Rclass,p(hp A1) — RClass,P <6MN(r)+C W

T

with probability P™ not less than 1 — e™7. Using Lemma 2.3.1 we get

120,| = |(Ar)v,| = |Ar,,| and hence the assertion is proven. O

3.3 Product Distributions

In this section we consider the margin-noise function and the number of
relevant cells for the following type of classification problems on sequence
spaces.

3.3.1 Assumption Let X = [],5, X; be a sequence space as defined in (3.1)
and P be a distribution on X x {£1}, where the marginals vy, defined in
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(1.6), are of the form

vy = ®1/+7i and v_ = ®1/_,i

i>1 i>1
with probability measures v ; and v_; on X; for i > 1.

Recall from (1.7) that v = p v +p_v_ holds true and hence the marginal
distribution v on X is generally not a product measure. The assumption
that v, and v_ are product measures allows us to transfer properties
of the corresponding one-dimensional distributions v ; to v4. The first
lemma specifies the representation of the margin-noise in Lemma 2.3.4
under Assumption 3.3.1.

3.3.2 Lemma (Margin-Noise Function) Let Assumption 3.5.1 be satisfied.
If supp vy Nsuppv—_ is a v4- or a v_-zero set then there is a version of n
such that the following equality is satisfied, for all I € F(N) and r > 0,

MN(r) = M;(r) = py HVJ’_’»L' (dist(-,suppr_;) < 2r)
iel

+p_ H v_i(dist(-,suppry ;) <2r) .
iel

Moreover, for any other version of 1 we have the inequality “>".
To prove this we need the following auxiliary result.

3.3.3 Lemma (Auxiliary Result) Let X =[], X; be a sequence space as
defined in (3.1), I € F(N), and My = [[,c; M; € X1 be a cylinder in X7.
Then the following equality is satisfied, for x = (x;):c1 € X1,

dist(z, M;) = max dist(x;, M;)

i€l
where X7 is equipped with the metric d; defined in (3.11).

As the proof shows it is essential that the set I is finite.
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Proof. The definitions of dist and d; give us

dist(z, M) = inf  maxd;(x;,y;) .
( I) (yi)ier€My i€l ( Y )

For (y;)icr € My the fact that M7 is a cylinder implies y; € M; and hence
di(z,y;) > dist(x;, M;) holds for all ¢ € I. This proves the inequality “>".

Conversely, for every ¢ € I there is a sequence (.%( )) p>q i M; with

KN — Jist (2 M,
khm dist (z;, ;") = dist(a;, M;) .
Since M is a cylinder, we have y*) = (yl(k))igl € M; and hence
dist (2, My) < dp(z,y*) = max d; (xi,yz(k)) .
1€

Taking the limit & — oo gives the desired inequality “<” since the limit
interchanges with the maximum over the finite set I. As a result, the
assertion is proven. O

Now, we are ready to prove Lemma 3.3.2.
Proof of Lemma 3.3.2. Let I € F(N) and r > 0 be fixed. After an applica-

tion of Lemma 2.3.4 for s = 7y it remains to prove

Vig (dist( -, suppvg,r) < 2r Hyi i dlst ,supp vg,;) < 27“) )
icl

For symmetry reasons, it enough to consider v ;. Using Lemma B.2 and
Lemma B.3 we get
suppv_ = T mr(suppr_) Hsuppu_l —HSUPPV—Z ,
i€l el

where we used that products of closed sets are closed, see e.g. [32, Corol-
lary 2.3.4], in the last step. This shows that suppr_ ; C Xy is a cylinder in
X;. Using Lemma 3.3.3 with M; = [[;c;suppv_; and vy 1 = @,c; Vi
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we find
vy (dist(-,suppr_ ;) < 2r)
= 1/+’[((xi)i€1 e Xr: r?ealx dist(z;, suppr_ ;) < 27’)
= Hz/+)i(dist( ,suppr_ ;) < 27‘)
iel
and hence the assertion is proven. O

The final lemma of this section provides some bounds on the number of
relevant cells of a product partition under Assumption 3.3.1.

3.3.4 Lemma (Relevant Cells) Let Assumption 3.5.1 be satisfied and A =
(A;)i>1 be a measurable partition of (X;)i>1. Then, for every I € F(N),
the number of relevant cells satisfies

maX{H|Ai,V+J 7H’Ai,u_),; } S |AI,V| S H|-Ai,u+yi + H|Ai,u_yi

i€l iel iel iel

Note that the upper bound is already contained in Lemma 3.2.1 even for
general distributions v. Consequently, this lemma states that Lemma 3.2.1
is almost optimal under Assumption 3.3.1. In other words, for fixed one-
dimensional distributions vy ; on X;, the number of relevant cells has the
worst possible behavior if Assumption 3.3.1 is satisfied.

Proof. Since we have vy = pyvy 1 +p_v_ ; from (1.7) with some px > 0,
Lemma 1.3.3 gives us A;, = Aj,, UA;,_. Consequently, it is enough
to determine Ay, . To this end, let A; = (Aix, )rek, for ¢ > 1 and
k= (ki)ier € K;. Then k € Az, if and only if

var(Ar) = [[vai(Aix,) >0

iel
where Ay = [],¢;
positive is equivalent to the positivity of every factor, i.e. vy ;(A; k) >0
for all i € I. The latter is equivalent to k; € A; ., , for all i € I or in other

A; 1, For a finite product of non-negative numbers, being
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words k € [[;c; Aivy - All together this shows

"AI,V:EJ’ = ‘HAi7V:E,i = H’Ai,l/i’i

icl icl

and hence the assertion is proven.

66



Chapter 4

A Prototypical Example

In this chapter we investigate a prototypical infinite-dimensional classi-
fication problem. We can explicitly calculate the margin-noise function
and give sharp bounds on the number of relevant cells for this learning
problem. Depending on some parameters there are situations in which we
get polynomial learning rates from Corollary 3.2.7 and other situations
in which we can show that Corollary 3.2.7 does not provide polynomial
learning rates. To get an over overview of the obtained learning rates see
Table 4.3 in Section 4.3 below. Note that this classification problem is the
basis for various generalizations presented in Chapter 5.

4.1 Definition and Basic Properties

For easy referencing we formulate our classification problem of interest as
an assumption.

4.1.1 Assumption (Prototypical Example) Let (0;);>1, (ki)i>1, (¢:)i>1 be
sequences with o; > 0, 0 < k; < 1/2, and ¢; > 0 for all ¢ > 1, and define
the function

fi(t) = Qit%_l]l[(),l] (t)

for t € R and i > 1. Furthermore, let Assumption 3.3.1 be satisfied with
Xi =R, vy ; < A, where X is the Lebesgue measure, and

dvey o fi(ki £t/o;)
d\ (t) o ag;
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for A-almost all t € R and all ¢ > 1.

First, we want to give some intuition for the influence of the parameters
0;, ki, and g; on the distributions v4 ;. To this end, assume that z; is a
random variable with z; ~ f; d\ then the transformed random variables
2y, = *(z; — K;)o; satisty z4 ; ~ vy ;. In other words, the parameter x;
shifts and the parameter o; scales the random variables x+ ;. Moreover,
since x4 ; = —x_; the distribution v_; equals v; ; reflected at 0. As a
result, the supports equal

supp vy ; = [—moi, (1- Iii)Ui] and (4.1)
suppv_; = [—(1 — K)oy, Kioi]

respectively. The effects of 0;, x;, and ¢; are visualized in Figure 4.1.

Now, we discuss the effect of k; in more detail. For k; < 0 there is a
gap between the supports supp v, ; and suppv_ ;. Since this is an easy
classification problem, this case is excluded by Assumption 4.1.1. For k; =0
the supports touch but do not overlap. For 0 < k; < 1/2 the supports
overlap but there are still regions where only one class can be observed. For
ki = 1/2 the supports supp vy ; = [—0;/2,0;/2] are the same.

The parameter g; describes where the probability masses of v ; and
v_; are located within their support. The larger ¢;, the less probability
mass is in the overlapping region and vice versa. Moreover, for ¢; = 1, the
distributions vy ; and v_ ; are uniform distributions.

The first lemma provides basic properties of the one-dimensional distri-
butions vy ;.

4.1.2 Lemma (One-Dimensional Distributions) Let Assumption 4.1.1 be
satisfied. Then the following statements are true, for i > 1:

(i) va, (dist( -, supp v ;) < 2r) = min{(2ni +2r/0;)%, 1} forr>0.

(i) For any cubic partition A; of R with radius r > 0 the number of
relevant cells is bounded by

[0i/(2r)] <Al <14 [0:/(2r)]
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: —qi=2 : : — qi = 1/2
L — ¢ =3 | L —ai=1/3
L — =4 | L —qi=1/4
‘ L —q=5 1 L —qi=1/5
| L qi=6 | L =1/6
| : q =7 /// : qi = 1/7
I I // |
| | L
| | —
| | | LB |
—(1 = ki)oi —kio; kKioy (1 —kKi)o; —(1 = ki)oy —Kioi kKios (1 —Ki)o;
Figure 4.1: Plots of the (Lebesgue) density dvy ;/dA in and the

density dv_;/dX in blue for different values of ¢; and fixed
k; = 1/5, 0; = 1. The left plot shows that for increasing ¢; ,* 0o
the probability mass moves away from the overlapping region
E; := [—K;04,K;0;]. The right plot shows that for decreasing
¢; \( 0 the probability mass is more and more concentrated in
the overlapping region F;.

Proof. We prove both statements for vy ; and note that for symmetry
reasons the same is true for v_ ;.

(i) Since suppv_; = [—(1 — k;)0y, ki04] holds true, we find
{dist ,suppv_ ;) < 2r} = [ 1 —ky)o; —2r, Koy —|—2r]
and together with supp vy ; = [—kK04, (1 — Ki)o;] we get
supp v4; N {dist( ,suppr_ ;) < 27’}

. [—/iiUi,liiJi+2TL 2/%4—27"/0'7; S 1
supp vy ;, 2k; 4+ 2r/o; > 1 .

In the case 2x; +2r/0; > 1 we directly get V+,i(dist( ,suppr_ ;) < 27‘) =1.
In the case 2r; +2r/o; < 1 the definition of v ; together with some integral
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transformations yields

Kioi+27 fz(“z + t/O’z)

0;

Vi (dist( ,suppv_ ;) < 27«) = / dt

—KiO;

2k;+2r/0;
= / fi(t) dt
0

= (2K, +2r/o)" <1 .

(ii) Since every cell of the cubic partition .4, is contained in a closed ball
of radius r, Corollary 1.3.6 gives
op
iari| = N ([0, (L= k)oil,r) = | 21
where we used in the last step that suppry,; = [—kio;, (1 — ki)oy] is
an interval of length o;. For the upper bound, Lemma 1.3.4 gives us

|Ai v, | < [(Ai)suppry ;|- Now, let Ay be the cell that contains the left
corner of the interval supp v ;, i.e. —k;0; € Aj. Since all cells are aligned,

the remaining interval supp vy ;\ Ay of length L < o; is covered by [L/(2r)]
cells. Together this yields

|Ai7V+ | < ’ (Ai)supp Vii

<1+4[L/(2r)] <1+ [o;/(2r)]
and hence the assertion is proven. O

Before we go to the multi-dimensional case let us have a look at Figure 4.2
that visualizes the effect of x; on the placement of the supports of v and
v_ in the two-dimensional case.

The next result combines Lemma 4.1.2 with the results of Section 3.3.

4.1.3 Corollary (Finite-Dimensional Distributions) Let Assumption 4.1.1 be
satisfied. Then the following statements are true:

(i) If supp vy Nsuppv_ is a v4- or a v_-zero set then there is no noise

70



4.1 Definition and Basic Properties

Figure 4.2:

Supp V4 Supp V4

K1 —K1 k1 =0 —K1 K1

Plots of the supports of vy = v} 1 ® vy 2 in orange and v_ =
v_1 ®v_ g in blue for different values of x; and 01 = 03 = 1.
For all three plots we have ko = 1/4. The left plot (k3 = —1/4)
shows that there is a gap between the supports if one x; is
negative. Since this is an easy classification problem, this case
is excluded by Assumption 4.1.1. The middle plot (k; = 0)
shows that the supports touch each other if one x; (here k1) is
zero. In this case they touch at a line, e.g. a one-dimensional
set, because there is one other positive x; (here k). Imagine
if ko would be zero too then the supports would only touch at
a single point. The right plot (k1 = 1/4) shows that there is a
overlapping region F = supp v; Nsuppv_ if all k; are positive.
This overlapping region E increases with increasing &,;.

and there is a version of n with

MN;(r) = Hmin{(Qm +2r/o;)%,1}
i€l

for every I € F(N) and r > 0. Moreover, for any other version of n

we have the inequality “>".

(ii) For I € F(N) and a cubic partition A= (A;)i>1 of radius r > 0 the
number of relevant cells satisfies

[Iloi/@n1 <Al <2 JT(1+ Tos/(20)]) -

icl i€l

Note that the bound on the number of relevant cells is independent of
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(k;)i>1 and (¢;)i>1. In contrast, the margin-noise function is non-decreasing
in k; and non-increasing in ¢; for every individual ¢ > 1. As a result, the
smaller x; and the larger g;, the better our bound on the excess risk given
by Corollary 3.2.7. In this sense, the sequences (k;);>1 and (g;);>1 have
the most favorable behavior if k; — 0 and g; — oo for ¢ — oo, respectively.
Conversely, they have the least favorable behavior if k; — 1/2 and ¢; — 0
for ¢ — oo, respectively.

In a finite-dimensional setting, decreasing the radius r is typically the
only way to decrease the margin-noise function. In contrast, in our infinite-
dimensional setting if we add a feature ¢ > 1 with 2x; + 2r/0; < 1 to our
feature set I then the margin-noise function decreases, too.

Recall from the discussion after Lemma 3.3.4 that the number of relevant
cells | Az, | behaves unfavorably for an increasing feature set I. In order
to get polynomial learning rates we have to compensate this bad behavior
by ensuring that the margin-noise function MN(r) decreases fast enough
for increasing I. In other words, we have to ensure that we gain enough
information for each feature that we use for learning. In Section 4.3 below
we provide conditions on the sequences (k;);>1 and (¢;);>1 that allow feature
selections such that MN;(r) behaves benignly in 1.

Proof. Point (i) is a direct consequence of Lemma 3.3.2 and Point (i)
of Lemma 4.1.2. Analogously, Point (ii) follows from Lemma 3.3.4 and
Point (ii) of Lemma 4.1.2. O

An essential assumption of Lemma 4.1.2 it that suppv, Nsuppr_ is a
v4- or a v_-zero set. To check this it is useful to note that Lemma B.3 and
(4.1) imply

supp V4 Msuppv_ = H(supp V4 M supp l/,’i) = H[—mai, KiO;
i>1 i>1

Plugging in the definitions of v; and v_, respectively, yields

v4(supp vy Nsuppr_) = H(Qm)qi . (4.2)
i>1
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As a result, suppvy Nsuppr_ is a vi-zero set if and only if it is a v_-
zero. Moreover, the scale sequence (0;);>1 has no influence on v(supp vy N
suppv_). The final lemma of this section provides conditions on (k;);>1
and (g;);>1 that ensure v(supp vy Nsuppr_) = 0.

4.1.4 Lemma (No Noise) Let Assumption 4.1.1 be satisfied. Then suppry N

supp v_ is a v-zero set for all the following situations:
(i) There is some iy > 1 with k;, = 0.
(i) There are ¢ > 0 and k < 1/2 with ¢; > q and k; < K for all i > 1.
(iii) There is some k < 1/2 with k; < Kk for alli > 1 and ¢; — 0 with

ZQi:OO .

i>1
(iv) There is some q > 0 with ¢; > q for alli > 1 and k; — 1/2 with

Z(l—?m) =00 .

i>1

It is important to mention that, according to Lemma 1.2.2, all the conditions
in Point (i)-(iv) imply that there is no noise and hence Ry, p = 0 is
satisfied. The condition in Point (i) additionally implies R, . p, = 0 for
all I € F(N) with igp € I. However, the conditions in Point (ii)—(iv) can
also be satisfied if x; > 0 for all ¢ > 1. In this case we have Ralass,PI >0
for all I € F(N) and hence no (pull-back) learning method using a fixed
feature set I € F(N) for all n > 1 can be (potentially) consistent.

Proof. Due to (4.2) it is enough to show [],.;(2k;)% = 0 in all cases. (i)
Since there is a zero factor, the product is zero. (ii) Since (2x)? < 1 is

satisfied, we find
[T@s)® <JJex)*=0 .

i>1 i>1
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(iii) Since log(2r) < 0 and } -, ¢; = oo are satisfied, we find

H(Z/{i)m < H(2/<;)‘“ = exp(log(2f$) Zqz) =0 .

i>1 i>1 i>1

(iv) Using log(z) < 2 — 1 for z = 2k; we find

H(Qni)qi < H(Qm-)q = exp (quog(Qm)) < exp(fq Z(l - 2/@-)) .

i>1 i>1 i>1 i>1

Together with our assumption } -, (1 —2k;) = oo we get the assertion. [

4.2 Auxiliary Results: Polynomial Learning Rates

In order to establish learning rates for a learning algorithm which depends
on a hyper parameter, say m, one typically has to balance an expression

like .
TO0m

with a,,,b,, > 0 and v > 0 for all data set sizes n > 1. Since in our
case m > 1 is often integer-valued, we cannot use derivatives to explicitly
minimize (4.3) for m > 1.

In this section we present conditions that allow a hyper parameter se-
lection m*(n) giving a polynomial decay of (4.3) for n — oo as well as
conditions on a parameter selection m*(n) that prevent a polynomial decay
of (4.3) with m = m*(n). To this end, we introduce the following notation.
For a function f: [xg,00) — [0,00) with zo > 0 we say that f increases
sub-polynomially for x — oo if

lim f(z)x=° =0
T—00
for every € > 0.

First, we present the positive result which ensures a polynomial hyper

parameter selection.
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4.2.1 Lemma (Polynomial Parameter Selection) Let v > 0, (Gy,)m>1 and
(bm)m>1 be sequences with am, by, > 0 for m > 1 and a,, — 0 for m — cc.
Furthermore, define
. log(by)
Pm = SUp —/————————~
k>m —log(ag—1)

form > 2 and let

log(byy,
p= lim p,, = limsupM < o0
m—00 m—00 *log(am—l)

be finite. Then the following statements are true:

(i) There is a constant Ty > 1 such that for every x > xo there is a
m > 2 with
U S TTTFT < Ay (4.4)

The minimal integer m with this property is denoted by m*(x). This
function satisfies m*(x) — oo for x — co.

(i) The function f: [xg,00) = (0,00) given by

2

v
1+wv

) =1+ exp( o 108(e) - (o)~ 0))
increases sub-polynomially and is even bounded if 1og(x) - (pm=(z) — P)
is bounded.

(iii) For the choice m = m*(n/7) the following bound is satisfied

n

Let us briefly demonstrate the typical usage of that lemma. For m > 1 and
some Z,,, € F(N) and R,, C (0,00), we prove bounds on the margin-noise
function MN(r) < ¢- a,, and the number of relevant cells |A; | < ¢ by,
forall I € Z,,, r € R,,, and all cubic partitions A of radius r € R,,. If the
sequences (@, )m>1 and (by,)m>1 satisfy the assumptions of Lemma 4.2.1
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then Corollary 3.2.7 and Lemma 4.2.1 for v = g% yield

g+1
. T A v a+2
RClaSS,P(hD,.A,I) - RClass,P < GMNI(T) * C(|7’LL|>
T m
< max{6c,Cc} - f(n/7) - (ﬁ)

forall 7 > 1, n > xo7, I € Lyye(nr), ¥ € Ryps(n/r) with high probability.
This proves polynomial learning rates for the histogram.

Proof. (i) Let o > 0 be a number with x(;lfi”” < Sup,,>1 @m. Since
am — 0 for m — oo, for every & > z( there is an integer m sz;tisfying (4.4)
. Moreover, since a,, > 0 for all m > 1 and 2" T — 0 for  — oo the
function m™*(z) converges to oo for z — co.

(ii) Since m*(x) — oo for x — oo, we have pp,«() — p — 0 for x — oc.
Consequently, for every € > 0, the following function converges to 0 for
T — 00

) o+ exp(tog(o) - (1 - (oo =) =2 )

The statement about the boundedness of f follows immediately by the
definition of f.
(iii) The definition of p,, ensures

pm
Qm—1

for m > 2 and the choice m = m*(n/7) gives (7/n) ™% < ay,_1. Together

we find ( o)
Tom \* T vom \* 7\ (I—785)v
7 < — . T+ov — | —
( n ) o (n (n/7) ,,) (n)

2
— v v . .
Jo= Trop T Thop (Pm—p) & combination

VPm
14+vp

with a,, < (7/n)T#% gives the assertion. O

Since the exponent equals (1 —

Finally, we present the negative result.

76



4.2 Auxiliary Results: Polynomial Learning Rates

4.2.2 Lemma (No Polynomial Parameter Selection) Let v > 0, (an)n>1
and (by)n>1 be sequences with ay,, by, >0 forn >1 and a, — 0 for n — co.
If
. IOg(bn)
limsup ———— = 4.5
n—>oop - log(an) ( )

then for all v > 0

lim sup (an + (bn)v> n’ =o0 .
n—00 n

Let us briefly demonstrate the typical usage of that lemma. We take
arbitrary sequences (y,)n>1 and (Ip,),>1 in (0,00) and F(N), respectively.
Then we prove lower bounds on the margin-noise function MNy,_ (r,) > c-ap
and the number of relevant cells | Ay, .| > ¢ b, for all cubic partitions A
of radius r,, with some ¢ > 0. If the sequences (ay)n>1 and (b, )n>1 satisfy
the assumption of Lemma 4.2.2 then the bound of Corollary 3.2.7 satisfies,
for every v > 0,

g+1
q+2
lim sup <6MNIn (ra) +C (T|Alv|) >m
n

n—oo

> min{6e¢, Cc} - limsup <an + (b;;)v) n’ =o0 .

n—roo

Since we considered arbitrary sequences (7, )n>1 and (I),>1, Corollary 3.2.7
does not provide polynomial learning rates in this situation.

Proof. We assume that there are C,~ > 0 with

an + (%)v <Cn™7

and show that this assumption leads to a contradiction. Since a,, — 0 for
n — 0o, the assumption in (4.5) implies b,, — oo for n — co. Our assumed
inequality implies two further inequalities, namely

ap <Cn™" and b, < (Cn”f"’)l/” .
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Since b, — oo for n — oo, this implies v > . Moreover, we get

log(by,)
—log(an)

11 — )1 -
S;.og(C)ﬂL(v log(n) v—v _

log(1/C) + vlog(n) vy

for n — oo. This is a contradiction to our assumption in (4.5) and hence
the assertion is proven. O

4.3 Polynomial Learning Rates

In this section we provide learning rates for histograms applied to the
prototypical classification problem from Assumption 4.1.1. For this purpose,
we combine the results of Section 4.1 and Section 4.2 with the oracle
inequality for histograms in Corollary 3.2.7. For some cases this establishes
polynomial learning rates. For other cases this shows that Corollary 3.2.7
does not provide polynomial learning rates. Note that the learning rates of
this section are the basis for various generalizations presented in Chapter 5.
To get an overview of the obtained learning rates see Table 4.3.

Before we start with the learning rates let us comment on the scaling
sequence (o;);>1. For the histogram, as for most learning algorithms, the
scaling o; of a feature relative to the other features determines its influence
on the decision function. Larger values of o; correspond to a higher influence.
Since we do not have any additional information about the relevance of
a feature, we assume a fixed scale factor o; := o for all features ¢ > 1
in this section. Also in practice, scaling all features approximately to
the same order of magnitude is typically the starting point of every data
analysis. However, there are situations in which all features share a common
measurement unit, see e.g. Section 5.2 and Section 5.3 below for situations
in which the scaling naturally decreases and increases, respectively, for
1 — 00.

This section is organized as follows: We start with a result which provides
polynomial learning rates for the histogram under Assumption 4.1.1 and
some additional assumptions on the sequences (k;);>1 and (g;);>1. After-
wards, we show that if we slightly strengthen these assumptions, we can
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learning problem hyper parameters learning
Lem. (Ki)i>1 (¢i)i>1 radius 7y, feature set I, rate n= "
43.1 =7 1] = log(n) prewy
432|0< ki €1/2 0K <K<o0| rm —0 X X

|I| = oo or
4.3.3 Tn =T I, = {i,} with 1
in — 00

4.3.4 rn — 0 _ q%
435 |0 ki < 1/2 q; (O X x x
436 K, 1/2 0K g <Ko X X

Table 4.3: Simplified versions of the learning rates presented in Section 4.3
for the prototypical example from Assumption 4.1.1. In all
situations we use a constant scale sequence o; = o > 0 for
1 > 1 and ignore sub-polynomial terms in the learning rate. The
symbols “<” and “>” mean bounded away from by k and ¢,
respectively. Recall that the margin-noise function is small if &,
is close to 0 or if ¢; is close to oo and vice versa it is large if k;
is close to 1/2 or if ¢; is close to 0. In this sense, the color and
fond-weight indicate that the respective parameter sequence has
the least favorable behavior, both, the most and least favorable
behavior is excluded, ,
and for ¢ = 0o. The symbol
“x” means that there is no restriction or that Corollary 3.2.7 does
not provide polynomial learning rates.

improve the polynomial order of the learning rate under weaker restrictions
on the feature set. In some cases we even get the optimal learning rate
n~'. Finally, we show that if we slightly weaken these assumptions, Corol-
lary 3.2.7 does not provide polynomial learning rates. In this sense, the next
theorem, which is the main result of this chapter, is on a thin line between
the optimal (polynomial) rate n~! and no polynomial learning rate.

4.3.1 Theorem (k; < k and q; > q) Let Assumption 4.1.1 be satisfied for
0; =0, ki <K, and q; > q for alli > 1 with some o,q >0, and 0 < k < 1/2.
Furthermore, let 0 < r < (1/2 — K)o be fized and o == —log(2k + 2r/0),
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B = log(1 + [o/(2r)]). Then there are constants xo,C > 1 with the
following property:
For 1> 1, n>xor, and every feature set I,, € F(N) with

the histogram using a cubic partition with radius r and the feature set I,
satisfies

qo

X T\ 7o+8

Retass.p(hD,ri1,) = Résasep < C - (Z) (4.6)

T

with probability P™ not less than 1 —e™ 7.

This lemma provides polynomial learning rates for every fixed radius 0 <
r < (1/2—k)o if k; is bounded away from 1/2 and ¢; is bounded away from
0. In other words, we get polynomial learning rates if the least favorable
behavior of (k;);>1 and (g;);>1 for i — oo is excluded. Moreover, the
polynomial order of the learning rate depends on the fixed radius r. In
Section 4.4 below we present good choices for the radius 7.

Note that there is only a restriction on the number of features |I| and
hence it does not matter which features are exactly used for learning. Here
the easy feature selection method which chooses the indicated number of
features randomly does the job. More precisely, if the application at hand
provides us the features I, = [d}| = {1,2,...,d],} with

;o [log(n/T)

then histograms combined with this easy feature selection strategy learn
with the rate in (4.6). Note that for stronger restrictions on (k;);>1 or
(¢i)i>1, i-e. for a smaller upper bound x or a larger lower bound ¢, the
learning rate in (4.6) is faster and the restriction on d), is weaker, i.e. we
need less information per data point.

Proof. The proof is an application of Corollary 3.2.7 and Lemma 4.2.1.
To this end, let us fix some feature set I € F(N) with |I| = m and some
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cubic partition A with radius r. According to Point (ii) of Lemma 4.1.4 the
assumption of Corollary 4.1.3 is satisfied and hence we find

MN](T) < H(Z,‘@ + 27"/0‘)q — emom _ gqag and
iel
Arol <2-T](1+ [o/(2r)]) = 27" = 2b,,

iel
with a,, = exp(—ga(m + 1)) and b, = exp(fm). It remains to investigate
the properties of the sequences (am)m>1 and (bm)m>1. Note that the
restriction 0 < r < (1/2 — K)o ensures @ > 0 and hence a,, — 0 for m — co.
Moreover, we find that

log(bm) _ mf :ﬁz;p<oo

—log(am-1) gqam  qa

is constant. As a result, Lemma 4.2.1 gives 29 > 1, m*: [xg,00) — N, and
f: [mo,00) = (0,00) such that Corollary 3.2.7 yields

. T\ 7597
Rciass,p(hp,a,1) = Rijass.p < f(n/7) - (ﬁ) v

for 7 > 1, n > o7, |I| = m*(n/7) with high probability. Since the above

fraction is even constant, the function f is bounded. Consequently, it
remains to determine the function m*(x). To this end, fix z > z¢ and

am, = exp(—ga(m + 1)) < T = 2T < exp(qa(m + 1))

log(@)
qa(1+p)
Using p = /(ga) and an analogous equivalence for 27T < Am—1 We get

log(x)
ga +

1
A < e < Qpp—1 <~ m < <m+1.

This proves the claimed representation of m*(z) and hence the assertion is
proven. [

81



Chapter 4 A Prototypical Example

The choice of a fixed radius r in the previous lemma is unexpected since
for finite-dimensional learning problems one typically has to assume that
the radius r,, — 0 vanishes for n — oo to ensure consistency or learning
rates of the histogram learning method, see e.g. [10, Example 2.14] and
[66, Proposition E.5]. For this reason, we consider the situation r, — 0 for
n — oo in the next lemma.

432 Lemma (k’ < k; < k and q < q; < ¢’ with r,, — 0) Let the
assumptions of Theorem 4.3.1 be satisfied and additionally k; > k' and
q; < q for alli>1 with some 0 < k' < 1/2 and 0 < ¢’ < co. Furthermore,
let (rn)n>1 be a sequence with v, > 0 for i > 1 and r, — 0 for n — oc.
Then Corollary 3.2.7 does not provide polynomial learning rates for the
histogram hp r, 1, with any feature set sequence (Iy)n>1-

Roughly speaking, the restrictions on x; and ¢; ensure that the most
and the least favorable behavior of the parameter sequences (k;);>1 and
(gi)i>1 for ¢ — oo are excluded. Note that the additional requirements
cannot be removed without replacement. To be more precise, if k; N\, 0 then
Lemma 4.3.4 below shows that the polynomial learning rate of Theorem 4.3.1
can even be improved when r,, — 0.

The negative result in Lemma 4.3.2 seems to be contradicting to the
consistency result in Corollary 3.2.5 in which we assumed r,, — 0 for n — oco.
But even if Corollary 3.2.7 does not provide polynomial learning rates the
histogram can still be consistent.

Proof. The proof is an application of Lemma 4.2.2. Let (I,),>1 be an
arbitrary sequence of feature sets I,, € F(N) and A be a cubic partition of
RN with radius r,,. According to Point (ii) of Lemma 4.1.4 the assumption
of Corollary 4.1.3 is satisfied and hence gives us

MNy, (ra) 2 H min{ 2k’ + 2ry /o)%, 1} > (26)1nl7 = q,, and
i€l,

AL | > [o/@r)]"™ > (o/@r)) ™ =0,
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Since r,, — 0 for n — oo, we find

log(by,) _ log(o/(2r,))
—log(an)  ¢'log(1/(2+"))

for n — oo and hence Lemma 4.2.2 gives the assertion. O

Now, we present two further results that show if one of the parameter
sequences (k;)i>1 or (g;);>1 has the most favorable behavior, i.e. ¢; / 00
or k; \, 0 for ¢ — co, then we even can improve the polynomial learning
rates of Theorem 4.3.1.

433 Lemma (k; < k and g; " o0) Let Assumption 4.1.1 be satisfied for
0; =0, ki <K, and q; > 0 for all i > 1 with some o >0, 0< Kk <1/2 as
well as q; /* 0o for i — co. Furthermore, let 0 < r < (1/2 — K)o be fized.
Then the following statements are true:

(i) There is a constant 1 > 1, a function mi: [x9,00) = N, and a
function f1: [x1,00) — (0,00) increasing sub-polynomially with the
following property:

For v > 1, n > x17, and every feature set I,, € F(N) with |I,| =
mj(n/T) the histogram using a cubic partition with radius r and the

feature set I, satisfies

.
RCI&SS,P(hDﬂ"»In) - R*Class,P < fl (TL/T) : E

T

with probability P™ not less than 1 —e™7.

(ii) There is a constant x4 > 1, a function m3: [x9,00) — N, and a
constant Cy > 1 with the following property:
For 7 > 1, n > zo7, and every feature set I,, = {in} with i, >
m3(n/T) the histogram using a cubic partition with radius v and the
feature set I, satisfies

.
RClass,P(hD,r,I") - R*Class,P < 02 . E

T

with probability P™ not less than 1 —e™ 7.
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This lemma provides the optimal learning rate n~!, up to a sub-polynomial
term, for every fixed radius 0 < r < (1/2 — k)0 in two extreme feature
selection regimes. In Point (i) there is only a restriction on the number of
features |I| used for learning. Roughly speaking, we do not have to worry
about how useful the features are as long as we choose the right number
of features. Point (ii) shows that using a single good feature for learning

is enough to learn with rate n=".

Therefore, at first sight, this learning
problem seems to be actually a finite-dimensional one. However, the good
feature depends on n and since mj(x) — oo for & — oo all together we still
need infinitely many different features for the whole learning process. Since
(gi)i>1 is non-decreasing, in this situation it is easy to find the good feature,
namely the feature with the largest index available. But in practice it is
typically a challenging problem to find useful features.

If the application at hand provides us the features I = [d},] then the

feature selection strategies of Point (i) and (ii) can be applied if
d,, > m;i(n/7) and  d, >mi(n/T)

is satisfied, respectively. Moreover, if the behavior of (g;);>1 becomes more
favorable for i — oo, i.e. (¢g;);>1 increases faster, then a closer look at
the proof shows that the functions m}(x), i = 1,2, increase slower for
x — oo. This means that the restriction on d, gets weaker, i.e. we need
less information per data point.

Although for every fixed 0 < r < (1/2 — k)o the function f; increases
sub-polynomially, these functions do not have the same asymptotic behavior
for different values of r. Analogously, the constant C5 depends on the radius
r as well.

Proof. The proof is an application of Corollary 3.2.7 and Lemma 4.2.1.
To this end, we use the notation o := —log(2x + 2r/0) and 8 := log(1 +
[0/(2r)]) from Theorem 4.3.1. Recall that the restriction 0 < r < (1/2—k)o
ensures a > 0. Furthermore, we fix some cubic partition A of RN with
radius 7 and a feature set I € F(N). According to Point (ii) of Lemma 4.1.4
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4.3 Polynomial Learning Rates

the assumption of Corollary 4.1.3 is satisfied and hence we find

MN(r) < [](26+2r/0)%  and
el

(2r)]) = 2¢°111

icl

Now, we consider Point (i) and (ii) separately.
(i) Let I be a feature set of cardinality m := |I| > 1. Then the mono-
tonicity of (¢;);>1 ensures

MN(r ﬁ (2k+2r/0)t = exp( iqz) = a,,
i=1 i=1

and |A;,| < 2b,, with b, = e’™. Since the sequence of the arithmetic

means (ﬁ E:i_ll qi)m22 has the same limit as the sequence (g;);>1 itself,

we get

log(bm) mﬁ m B

_IOg(a’mfl) aZz 1 Qz m_l m— 121 1 (h

—0=p<oo

for m — co. As a result, Lemma 4.2.1 gives z1 > 1, m{: [z1,00) — N, and
a function fy: [z1,00) — (0,00) increasing sub-polynomially such that in
combination with Corollary 3.2.7 we get the desired bound for feature sets
I € F(N) with |I| = mi(n/7) and cubic partitions with radius r.

(ii) Let I = {i} be a singleton with ¢ > m > 1. Then the monotonicity of
(gi)i>1 ensures

MN(r) < 26+ 2r/0)? < exp(—agm) = am
and |A;j,| < 2¢Pb,, with b, == 1. Since

log(bu) _ log(l) _,

- log(amfl) aqm—1

= p <00

holds true for all m > 1, Lemma 4.2.1 gives o > 1, m3: [z2,00) — N, and
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a constant Cy > 1 such that in combination with Corollary 3.2.7 we get
the desired bound for feature sets I = {i} with ¢ > m3(n/7) and cubic
partitions with radius r. O

Next, we consider a further improvement of Theorem 4.3.1 in the case
Ki \( 0 for ¢ = oo.

4.3.4 Lemma (k; \( 0 and q; > q) Let Assumption 4.1.1 be satisfied for
o; =0, ki >0, and q; > q for all i > 1 with some o,q > 0 as well as
ki \ 0 for i — oco. Furthermore, define

m
_ 1
Km = — E Kj
m <
i=1

for m > 1. Then the following statements are true:

(i) There is a constant 1 > 1, a function m}: [x1,00) — N, and a
function f1: [xg,00) — (0,00) increasing sub-polynomially with the
following property:

For T > 1, n > 217, and every feature set I, € F(N) with |I,,| =
mi(n/T) the histogram using a cubic partition with radius r, =
Kmx(n/r) and the feature set I, satisfies

. T\ a+1
RClass,P(th,r",In) - RClass,P < f1 (n/T) ’ (E) 1

T

with probability P™ not less than 1 —e™7.

(ii) There is a constant x2 > 1, a function mb: [x9,00) = N, and a
constant Cy > 1 with the following property:

%

For m > 1, n > xa7, and every feature set I, = {in} with i,
ms(n/T) the histogram using a cubic partition with radius r,, =
(7/n) @) and the feature set I,, satisfies

q

q+1

T
RClaS&P(hD)TmIn) - 7?’Elass,}’ < 02 : (E)

T

with probability P™ not less than 1 —e™7.
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4.3 Polynomial Learning Rates

In contrast to Theorem 4.3.1 and Lemma 4.3.3, where a fixed radius 7 is
used, here we use a vanishing radius r, \, 0 for n — oc.
If k1 < 1/2 is additionally satisfied then also Theorem 4.3.1 applies in this

situation with k = k1. However, in (4.10) below we see that the polynomial

qo
qa+f

rate of order qf’l is always faster than the polynomial rate of order
provided by Theorem 4.3.1.

Analogously to Lemma 4.3.3, we consider two extreme feature selection
regimes. In Point (i) only the cardinality of the feature set I,, matters and in
Point (ii) only one good feature is used. However, this good feature depends
on n such that infinitely many features are used in total. In contrast, if
ki, = 0 holds true for some 79 > 1 then we can even prove the same learning
rate if we consider the fixed feature set I = {ig} for all n > 1. This case is
excluded since it is not really an infinite-dimensional problem.

Again, analogously to Theorem 4.3.1 and Lemma 4.3.3, if the application
at hand provides us the features I, = [d},] then the results of Point (i) and
(ii) can be applied if

d, >mi(n/T) and  d, >mi(n/T)

is satisfied, respectively. Moreover, if the behavior of (k;);>1 becomes more
favorable, i.e. (k;);>1 decreases faster, then the functions m(z), i = 1,2,
increase slower for x — 0o, i.e. we need less information per data point to

obtain the desired learning rate.

Proof. Let us fix a cubic partition A of RY with radius » > 0 and a feature
set I € F(N). According to Point (ii) of Lemma 4.1.4 the assumption of
Corollary 4.1.3 is satisfied and hence we find

MN;(r) < [](20i +20/0)"  and  [Aru] <2- (14 [o/(2r)])"
iel

Now, we consider Point (i) and (ii) separately.
(i) Let I be a feature set of cardinality m := |I| > 1. Then the mono-
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tonicity of (k;);>1 ensures
MN[(l_im) < H(Qlil + 2I_€m/0')q
iel
m
< [ @5 + 2m/a)
i=1

m

= (2fm) " [[(1/0 + Ki/Rm)? .

i=1

Since the geometric mean is bounded by the arithmetic mean, we find

" 1 & K R
1/0 + ki /fom) /™ < — <1J+_l):10+_—m:10+1.
[T /o /)™ < 52+ £ = 1+ 22 =1
Moreover, we have
o _mAL D mAl
Rl M Kmgl+ D Ki m

Combining all three bounds we get
MN;(Rm) < (25)7 (1 /o + 1) < (4Rpme1)(1/o + )T = a,, .

Next, we consider the number of relevant cells. Since (k;);>1 is non-
increasing, we have 2k, < 2x; < 1 and hence, for r = k,,,, we find

Arsl <2- (14 To/@Ra)" <2 (T2) =2 b
Rm
It remains to investigate the properties of the sequences (am,)m>1 and
(bm)m>1. Since k; — 0 for i — oo, the arithmetic mean ,, — 0 vanishes
for m — oo as well. As a result, we find a,, — 0 for m — oco. Again, using
Em — 0 for m — oo we get

log(bim)

—1/g=p< 0
—log(am—1) fa=p
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4.3 Polynomial Learning Rates

for m — co. As a result, Lemma 4.2.1 gives z; > 1, m}: [z1,00) — N, and
a function f: [z1,00) — (0,00) increasing sub-polynomially such that in
combination with Corollary 3.2.7 we get the desired bound for feature sets
I € F(N) with [I| = mj(n/7) and cubic partitions with radius 7 = K,;» (n/7)-

(ii) In this case we do not use Lemma 4.2.1. We define mj(z) as the
minimal integer m > 1 with

1
Rm <z et

for x > x9 := 1. Now, let I = {i} be a singleton with i > m = m}(n/7) and
r= (T/n)qflrl As a direct consequence we have k; < K, < (T/n)ﬁ =r.
Then we find

MN(r) < (2r;+2r/o)? <29(1+1/0)?-r? and
Ay < (d+0) r7t

where we used r < 1. Together with Corollary 3.2.7 we get
Rotass, P (hD,r1) = Ripssp < 6-29(1+ 1/0)7 - 79 + C(4 + 0)%
—Cy- (Z) G
n

with probability P™ not less than 1 —e~7 for Cy :== 6-29(1+1/0)74+C(4+0).
As a result, the assertion is proven. O

Before we continue with the negative results let us briefly summarize the
results so far. In Theorem 4.3.1 we have seen that if (k;);>1 is bounded
away from 1/2 and (¢;);>1 is bounded away from 0 then we get polynomial
learning rates. To this end, we only have to use an appropriate number of
features |I,,|, depending on the data set size n, for training. Moreover, in
Lemma 4.3.3 we have seen that if ¢; /* co is additionally satisfied, we even
reach the optimal rate n~!. Finally, in Lemma 4.3.4 we have seen that if
ki \¢ 0 is additionally satisfied, we reach the improved rate n~ @1, In all
these situations, the more favorable the parameter sequences behave, the
less information per data point is needed to obtain the desired rate.
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Now, we continue with the negative results. Note that these results
are always of the form: Under some conditions Corollary 3.2.7 does not
provide polynomial learning rates for the histogram. Consequently, we
prove—in some sense—lower bounds on Corollary 3.2.7 and not on the
learning problems themselves. However, these results are already not a
good omen for polynomial learning rates.

435 Lemma (k’ < k; < k and g; N\ 0) Let Assumption 4.1.1 be satisfied
foro; =0, & <k; <k foralli>1 with someo >0and 0 <k <Kk <1/2
as well as q; \, 0 for i — oo with

ZQi:OO .

i>1

Then Corollary 3.2.7 does not give polynomial learning rates for any choice
of cubic partition and feature set sequence.

Note that »,.; ¢; = 0o is a condition which prevents the sequence (g;)i>1
from decreasiﬁg too fast. This condition is essential since it ensures that
supp v4+ Nsupp v_ is a v-zero set and hence the representation of the margin-
noise function of Corollary 4.1.3 applies. If (g;);>1 decreases too fast, i.e.
> i>1 @ < 0o, our intuition says that the situation is even worse and hence
we would not expect polynomial learning rates from Corollary 3.2.7.

Proof. The proof is an application of Lemma 4.2.2. Let (ry,)n>1 and (I,)n>1
be sequences with r, > 0 and I,, € F(N) for all n > 1 and MNy, (r,) — 0
for n — co. Moreover, let A be a cubic partition with radius r,. According
to Point (iii) of Lemma 4.1.4 the assumption of Corollary 4.1.3 is satisfied
and hence we find

o
MNIn (Tn) > min{2/-@’ + 27“71/0" 1}Zi=1 i and
|AI,“1/| Z (0/(27'”))[71 = bn ,
where we additionally used the monotonicity of (g;);>1 and the notation

4, = |I,|. Since MNy, (r,) — 0 for n — oo, there are infinitely many
n > 1 with 2k’ + 2r,, /o < 1. By transitioning to a subsequence we can
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4.3 Polynomial Learning Rates

assume that 2k’ + 2r,, /o <1 holds for all n > 1. The lower bound on the
margin-noise function implies two further lower bounds. First, we find

Ln
(26") 2250 % < MNp () —= 0

which yields ¢,, — oo for n — oo. Second, we have
tn
MN ;. () > (21 /o) ¥ = ay,

which implies

log(b,) ly -log(o/(2ry)) _ 1

—log(an) log(o/(2rn)) % e £ St a

Since ¢,, — oo for n — oo and the arithmetic mean é Zle ¢; has the same
limit as the sequence (g;);>1 itself, the right hand side converges to oo for
n — oco. Consequently, we found a subsequence for which the left hand side
converges to oo and hence the limes superior of the left hand is infinite.
Together with Lemma 4.2.2 we get the assertion. O

Finally, we present a second negative result.

43.6 Lemma (k; 7 1/2 and q < q; < ¢q') Let Assumption 4.1.1 be
satisfied for o; =0, k; >0, ¢ < q; < ¢ for alli > 1 with some o > 0 and
0<q <qg<ooaswellas k; /1/2 fori— oo with

21—2/@:00 .

i>1

Then Corollary 3.2.7 does not give polynomial learning rates for any choice

of cubic partition and feature set sequence.

The condition »,.; 1 — 2k; = oo prevents the sequence (k;);>1 from
increasing too fast. If (Ki)i>1 increases too fast, ie. o, 1 —2k; < o0,
analogously to Lemma 4.3.5, our intuition says that the situation is even
worse and hence we would not expect polynomial learning rates from
Corollary 3.2.7.
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Proof. The proof is an application of Lemma 4.2.2. Let (ry,)n>1 and (Ip,)n>1
be sequences with r, > 0 and I, € F(N) for all n > 1 and MNy, (r,) — 0
for n — co. Moreover, let A be a cubic partition with radius r,. According
to Point (iv) of Lemma 4.1.4 the assumption of Corollary 4.1.3 is satisfied
and hence we find

1| ,
MNy, (rn) > H min{2x; + 2r, /0o, 1}q and
i=1
1]

lAr, | > {0/(27%)] )

where we additionally used the monotonicity of (k;);>1 and ¢; < ¢’. Let
1 <4, <|I,| be the maximal integer with 2k, + 2r,/0 < 1. If there is no
such integer, we set £, := 0. With this notation we find

o~

n

MNy (rn) > | | (2k; + 27“n/0)q, and |Az, | > (a/(ZTn))Z"’ )

i=1

The lower bound on the margin-noise function implies
Zn
MNy, (rn) > H(2I€i)q =a, .
i=1

Since 0 < k1 < k; holds true, this implies (2k1)7% < MNy, (r,) — 0
and hence ¢,, — oo for n — oo. Consequently, we can assume ¢, > 1
without loss of generality. As a result, we have 2k, + 2r, /0 < 1 and hence
2rp /o < 1— 2k for all n > 1. This implies

‘Afn,ul > (]. — 251)_% — bn )

All together we find

log(by,) _ log(1/(1 — 2#1)) ) 1
—log(ay,) q i 221 log(1/(2k;))
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4.4 Choosing the Radius r

Since ¢, — oo for n — oo and the arithmetic mean 7- S log(1/(264))
has the same limit as the sequence itself, the right hand side converges to

infinity for n — oco. Together with Lemma 4.2.2 we get the assertion. [

4.4 Choosing the Radius r

In this section we investigate choices for the (fixed) radius r in Theo-
rem 4.3.1 that approximately maximize the polynomial order of the learning
rate presented in that theorem. To this end, we choose the fixed scaling
o = 1 throughout this section and recall that Theorem 4.3.1 provides the
polynomial learning rate of order

g  _ q
qa+ 3 q+ fu(r)

with
B log(1+[1/(2r)])

fulr) = o log(1/(2k 4 2r)) ' (4.7)

which depends on k, ¢, and r. In contrast to the parameters x and ¢, which

are given by the learning scenario, the radius 0 < r < 1/2 — k can be chosen
by the user. Since the smaller f,(r) the faster our learning rate, an optimal
choice for 7 minimizes fy(r) over 0 < r < 1/2 — k. Note that an optimal
choice for r depends only on x and is independent of ¢q. For the function
mapping « to the optimal value we write F': [0,1/2) — (0,00) and set

Flr) =it £0) (48)

In this section we use Lambert’s W-function W_;, which is defined as
the inverse of t — te! for t < —1. For a brief introduction to Lambert’s
W -function see e.g. Section 7.2 of Part II.
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The goal of this section is to prove that the choices

by /2
Wfl(—b,i/e)

(x) b /2
ro(K) = —
? (14 2b,) W1 (—£245) + 26,

ri(k) = — and

(4.9)

for the radius r with b, := 2xlog(1/(2x)) are optimal in some sense. To be
more precise, we show the strong asymptotic equivalence f,(r;(k)) ~ F(k)
for Kk — 07 as well as k — (1/2)7, i.e. fu(ri(k))/F(x) — 1 in both cases.
Moreover, for a visualization of these radii and functions see Figure 4.4.
However, let us start with some basic properties of the functions f; and F.

4.4.1 Lemma (Basic Properties) The functions f..: (0,1/2 — k) — (0,00)

for 0 < k < 1/2 and F:[0,1/2) — (0,00) defined in (4.7) and (4.8),
respectively, have the following properties:

(i) The function F: [0,1/2) — (0,00) is non-decreasing and equals

F(k) = irelg fe(1/(2m)) .

1/(2$<1:/2—K

(i) For 0 < k < 1/2 there is a minimizer 0 < r*(k) < 1/2 — k with
F(r) = fu(r* (k).

(iii) For k = 0 there is no minimizer, i.e. F(0) < fo(r) for all0 <r < 1/2,
and F(0) = 1.

Since F' is non-decreasing, the order of the polynomial learning rate of
Theorem 4.3.1 (for an optimal choice of the radius r = r*(k)) becomes
better for decreasing . If we combine Point (i) and (iii), we get the first
lower bound, namely for all 0 < x < 1/2 we have

F(k)>F(0)=1 . (4.10)

Proof. (i) Let 0 < k < &’ < 1/2 be fixed. Since 1/2 — k' < 1/2 — k holds
true, for every r < 1/2 — k¥’ where fy/(r) is defined f,(r) is defined as well.
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Moreover, for fixed r < 1/2 — k’ we have f/(r) > f.(r). All together this
proves the monotonicity of F', namely

F(r'y= inf fo(r)> inf fo(r)> inf fo(r) = F(k) .
W)=, )= f S 2 o I = Fs)
Next, let us fix some 0 < k < 1/2 and m € N with 1/(2m) < 1/2 — k. Then,
for 1/(2m) < r < 1/(2(m — 1)), the numerator in the definition of f,(r)
depends only on m and not on r

_ log(14+m)
Julr) = log(1/(2k + 2r))

Consequently, if we minimize f,(r) over 1/(2m) <r < 1/(2(m —1)) we find

1emy<r e amon ) = Fa(1/2m)) -
As a result, it is enough to take the infimum over all integers m € N with
1/(2m) < 1/2 — k.

(ii) Let us fix some 0 < x < 1/2. We directly see that the denominator in
the definition of f,. converges log(1/(2x + 2r)) — log(1/(2x)) € (0, 00) for
r — 0 and hence f,(r) — oo for r — 0. Consequently, for M = 2F (k) > 2
there is some rg < 1/2—k with f(r) > M for all r < ry and we can further
restrict the infimum in the representation of F(x) in Point (i)

F(x)

inf fe(1/(2m)) .

meN:
ro<l/(2m)<1/2—k

Since there are only finitely many integers m € N with ro < 1/(2m) <
1/2 — k, the infimum is actually a minimum and the assertion is proven.
(iii) For k = 0, we find, for r — 0,

~log(1+[1/(2r)7)
folr) = log(l/(2r))

Since fo(r) > 1 for r < 1/2, there is no minimizer and we have F(0) =1. O
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The following auxiliary result is the basis for all our bounds.

4.4.2 Lemma (Auxiliary Result) Let the function g,p: (max{1/b,1},00) —
(0,00) be defined by

_ (z+a)log(x + a)
ga,b(x) — I‘b 1 )

fora >0 and b> 0. Then the following statements are true:
(i) gap(x) = 00 for z — oo.
(i5) If b > 1+ ab then gq, is increasing.
(iii) If b <1+ ab then

2*(a,b) = eXp(—W_l(—llZZb) - 1) —a

- Eabwﬂ(—lbﬁb) —a

is well-defined and x*(a,b) > max{1/b,1}. Moreover, g, is decreas-
ing for x < x*(a,b), increasing for x > x*(a,b), and has a global

minimum at x = x*(a,b) with

gun(z(ah) = L@b a1 W1< bje )

1+ ab b 1+ab

Proof. First note that > 1/b ensures that the denominator in the definition
of gq»(z) is positive. Moreover, x > 1 and a > 0 ensure that the numerator
is positive as well.

(i) The first assertion is a consequence of the fact, that g, ,(x) is the
product of a rational function, which converges to 1/b for x — oo, and a
logarithm, which converges to oo for z — oo.

Before we continue with the proof of Point (ii) and (iii), we calculate the
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derivative of g,

, B (log(z +a) + 1) (zb— 1) — (x + a)log(x + a)b
ga,b(x) - (mb . 1)2
—(1+4 ab)log(x + a) + (x + a)b — (1 + ab)

- o . (4.11)

Since the denominator is positive for all > 1/b, we only have to consider
the numerator in order to determine the monotonicity properties of g, 4.

Elementary transformations show

Gop(r) >0 = (1+ ab)log(e(z+ a)) < (z+a)b

<~

e(x +a) 10g(e(m—|—a)> ” ~e(1+ab) (4.12)

(ii) Now, we consider the case b > 1 + ab. In this case we have

b 1

e(1+ ab) < e
The left hand side of (4.12) is the concatenation of the functions z —
log(1/(e(z + a))) and ¢ — te’, and the latter is always greater or equal to
—1/e, see Figure 7.1 of Part II for a plot of the function t — te'. As a
result, the condition in (4.12) is satisfied for all > 1 = max{1/b,1} and
hence g(’hb > 0 holds true. This proves the assertion.

(iii) Now, we consider the case b < 1+ ab. Since we assume z > 1, we
have log(1/(e(x+a))) < —1. This ensures that we can apply the decreasing
branch W_; of Lambert’s W-function to the inequality in (4.12). Together
with some basic transformations we find

a0 >0 = s ) < W ()
— x>z (a,b) .

Analogously, we obtain g, ,(z) < 0 if and only if z < z*(a,b) as well
as gt’hb(x*(a,b)) = 0. This proves the stated monotonicity properties
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of gqp and that g,; has a global minimum at z = z*(a,b). Next, the
second representation of x*(a, b) is a direct consequence of exp oW_q(—t) =
—t/W_1(—t) for all 0 < t < 1/e, see e.g. Lemma 7.2.4 of Part II. Finally,
we calculate the minimum. Using g;, (2" (a,b)) = 0 in (4.11) yields

z*(a,b)b — 1 = (1 + ab) log(z*(a,b) + a)

Plugging this into the denominator of g, gives the claimed value of the

minimum. O

The next lemma provides upper bounds for the functions f,(r;(k)) with
i=1,2.

4.4.3 Lemma (Upper Bounds) For 0 < k < 1/2, f. defined in (4.7), and F
defined in (4.8) the following statements are satisfied:

(i) For the radius (k) defined in (4.9) the following upper bound is
satisfied

ot ([ en))
log(1/(2k)) W-1(=bufe) log(1/(2r1(x)))

fa(ri(r)) <

(i) For the radius ro(k) defined in (4.9) the following upper bound is
satisfied

1

b /e
fu(ra(x)) < _mwfl <_1+2b,€>

Note that the case k = 0 is excluded in this lemma and that each statement
provide a bound on F via F(k) < fx(ri(k)) for i = 1,2.

Since there are explicit bounds for the function W_; in the literature, see
e.g. [20], these bounds can be made more concrete if necessary. Moreover,
for a visualization of these bounds see Figure 4.4.

Proof. Our strategy is to linearize the logarithm in the denominator of f,
at 1/(2k) and then determine the minimum explicitly using Lemma 4.4.2.
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4.4 Choosing the Radius r

This approach shows that the choice r; given by (4.9) essentially coincides
with the minimizer given by Lemma 4.4.2.

Since the logarithm is a concave function, we can estimate the denominator
of f.(r) by

log<2ﬁ i 21") = —log(2k + 2r)
> — (((2/@ + 2r) — 2x) log'(2K) + log(2n))

=log(1/(2r)) —2r/(2k) .

The right hand side is positive if and only if r < b,;/2 is satisfied, where
b, = 2rlog(1/(2k)). Using log(1+t) <t we find

1 1
b, = 2/~@log(—) < 2&(— — 1) =1-2k
2K 2K

and hence b, /2 < 1/2 — k. Since f,;(r) is defined for r < 1/2 — k, we can
apply the above bound for r < b, /2. This gives

log(1+ [1/(2r)])

<
Tu(r) < 25 2rb, — 1

(4.13)

for all r < b, /2. Now, we continue this estimate differently for vy and rs.
(i) For r; we rewrite the right hand side of (4.13) using the function go 4,
defined in Lemma 4.4.2 for a = 0 and b = b,

1/(2r) -log(1 + [1/(2r)])

fm(r) <2k bn/(27a) -1
log(1+ [1/(2r
=2k go, (1/(2r)) - gl(ogJ(rlg(éf“))ﬂ)

Note that using derivatives we find 0 < b, < 1/e for all 0 < kK < 1/2 and
hence the monotonicity properties of go, are described in Point (iii) of
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Lemma 4.4.2. According to Lemma 4.4.2

x*(0,b,) = _W—l(b;bn/e) _ 2“1(,{)

is a minimizer of go ;, . Plugging in the minimum provided by Lemma 4.4.2
gives the desired upper bound on fy(r1(k)).

(ii) For this statement we continue the estimate in (4.13) differently than
for Point (i). Since

(1/(2r)+2) log(l/(2r) + 2)

fulr) < 25 bj@r) — 1 =2t g2, (1/(21)

holds true, again Point (iii) of Lemma 4.4.2 describes the monotonicity
properties of the right hand side. According to Lemma 4.4.2

1+ 20, by /e 1
* 2 b = —_—— . |/[/_ — —2:
27 (2,bx) b, 1< 1+ 20, 29 (k)

is a minimizer of go 3, . Plugging in the minimum provided by Lemma 4.4.2
gives the desired upper bound on fy(r2(x)). O

In order to prove the optimality of our choices r;(k) for kK — (1/2)~ we
use a lower bound on F which is provided by the following lemma.

4.4.4 Lemma (Lower Bound) For 1/(2¢) < k < 1/2, F defined in (4.8),
and by, defined after (4.9) the following lower bound is satisfied

_; _ bﬁ/e
(k) = log(l/(Qﬁ))Wl( 1—10g(1/(2"‘))+b’””> |

For k — (1/(2e))™, we have b, = 2r -log(1/(2k)) — 1/e and hence this
lower bound implies

1 be/e
(k) = _log(l/(2/~@)) W (_ 1-— 10g(1/(2/—1)) + bn>

1/e?
— _ R ——— :1
- 1( 1—1+1/e>
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| l
| |
| |
| |
| |
| |
! l
| |
|
3 |
0 } — K T v
0 1/4 1/2 0 1/4 1/2

optimal value F'(k
upper bound on f,(r1(k)
upper bound on fy(re(k)

lower bound on F'(k

) —— optimal radius r*(k)
) radius 71 (k)

) —— radius ra(k)

)

Figure 4.4: The left plot shows the (numerically calculated) optimal value
F (k) together with the bounds from (4.10), Lemma 4.4.3, and
Lemma 4.4.4. The right plot shows an (numerically calculated)
optimal radius r*(x) together with the radii defined in (4.9).
Note that x — r*(k) is a step function because 1/(2r*(k)) € N
according to Point (i) of Lemma 4.4.1.

Consequently, at £ = 1/(2¢) this lower bound coincides with the lower
bound in (4.10). For a visualization of both bounds see Figure 4.4.

Proof. Analogously to the proof of the upper bounds in Lemma 4.4.3, we
use the concavity of the logarithm to get a bound for the denominator of
fw(r) by its linearization, namely

1 1 1 , 1
< _ = el
10g<2/<:—|—27") - (2/@—1— 2r 2/@) log (1/(2"{)) +10g(2/-£)

1 (1) 2r
= |0 ) - —
& 2K 2k + 2r
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Together with [1/(2r)] > 1/(2r), 2 < 1, and b, = 2xlog(1/(2k)) we get

(2k + 2r) log(1 + [1/(2r)]) - (1+2r)log(1+1/(2r))

fulr) 2 (26 + 2r)log(1/(2r)) —2r — " by — 2r(1 — log(1/(2x)))

Using the function g; ., defined in Lemma 4.4.2 with

o by, _ 2K log(l/(Qﬁ))
- log(1/(2x)) 1 —1log(1/(2x))

this reads ox
fe(r) > W *91,c, (1/(27’))

for r < 1/2 — k. Since we want to apply Lemma 4.4.2, we need to assume
¢, > 0 which is equivalent to x > 1/(2e). Moreover, since a = 1 Point (iii) of
Lemma 4.4.2 applies and plugging in the minimum provided by Lemma 4.4.2
proves the desired lower bound. O

The final lemma combines the lower bounds in Lemma 4.4.4 and (4.10)
with the upper bounds in Lemma 4.4.3 to establish the optimality of our
choices r; in (4.9) for k — 07 and k — (1/2)".

4.4.5 Lemma (Asymptotic Behavior) For F' defined in (4.8) and r; defined
in (4.9) the following strong asymptotic equivalences are satisfied fori =1,2:
F(k) ~ fu(ri(k)) = 1 for s — 0T and

1
1—-2k

F() ~ (i) ~ 15 log (1= ) = o0
for k — (1/2)~.

Proof. Let us recall some basic facts about the asymptotic behavior of
Lambert’s W-function and the logarithm, which we will use several times
in this proof,

—W_y(—t) ~log(1/t) fort— 0"  and log(1+t)~t fort—0 ,
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4.4 Choosing the Radius r

see e.g. Lemma 7.2.4 of Part II for details about Lambert’s W-function.
Moreover, note that the quantity b, = 2 - log(1/(2x)) — 0 vanishes for
Kk — 0T as well as for k — (1/2)".

First, we consider the radius ;. Since b, — 0 holds true, we find

be/2 b /2

W_1(=bs/e) ~ log(e/by) =0

ri(k) = —

for K — 07 as well as for k — (1/2)~. As a result, the upper bound in
Lemma 4.4.3 for rq gives

. (ke —W_1(=bg/e) ' 10g(1 + fl/(?ﬁ(l@'))])

F) < 1) < 50 0 m) T log(1/(2m ()
 logle/by)

10g(1/(2/~;))

for Kk — 071 as well as for k — (1/2)~. Next, we investigate the right hand
side of (4.14). To this end, we write

(4.14)

log(e/by) 1 ~ log(log(1/(2x)))
log(1/(2k)) B log(1/(2k)) ! log(1/(2k)) (4.15)
For  — 0%, we have log(1/(2x)) — oo and hence
logle/be) 4 (4.16)

log(1/(2x))

For k& — (1/2)~, we have log(1/(2)) ~ 1/(2k) =1 ~ 1 —2k — 0 and hence
the third term in (4.15) is dominating. This gives, for K — (1/2)7,

log(e/by) N 1 o 1
log(1/(2r)) log(l/(Zm))l g(log(l/(Qn)))

L 1
1—2r B\1T22:) -

Second, we analyze the radius r analogously. Since b, — 0 holds true,

(4.17)
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we find

be/2 b /2

(1+20,)Woy (— L) + 26 Woa(=be/e)

— 0

ro(k) = —

for K — 0T as well as for k — (1/2)~. As a result, the upper bound in
Lemma 4.4.3 for ro gives

1 be/e
e (1)
N log(e/by) log(1 + 2by)

log(1/(2r))  log(1/(2k))

for k — 0" as well as for k — (1/2)~. The first term coincides with (4.14)
and was already investigated. Since the second term behaves like

F(r) < fu(ra(r)) <

log(1 + 2b,) 2by,

og (1)) " log(1/@R)) "

in both cases, k — 07 and k — (1/2)7, the second term does not influence
the asymptotic behavior. As a result, the upper bound for f,(ra2(x)) behaves
asymptotically as the upper bound for f,(r1(x)) in both regimes, x — 0T
and Kk — (1/2)".

Until now, we have only investigated the asymptotic behavior of the
upper bounds on f.(r;(k)) with ¢ = 1,2. Consequently, it remains to
establish the optimality by proving the same behavior for a lower bound.
The lower bound in (4.10) gives F(k) > 1 and hence, together with (4.16),
the optimality of F(k) ~ f.(r;(k)) = 1 for K — 0% is proven.

For k — (1/2)~ we use the lower bound from Lemma 4.4.4. In this case

we have
1 b/e
F(k) > Tlog(1/2n) W (_1 —log(1/(2k)) + bﬁ,)
_ _log(e/br) log(1 —log(1/(2x)) + bx)
10g(1/(2/<;)) 10g(1/(2/€))
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4.4 Choosing the Radius r

and again the behavior of the first term was already investigated. The
second term behaves like

log(1 —log(1/(2k)) + by) N b, —log(1/(2k))
log(1/(2K)) log(1/(2K))

=—(1-2k)—0

for kK — (1/2)~. Consequently, the second term does not influence the
asymptotic behavior and hence, together with (4.17), the optimality F'(k) ~
frx(ri;(k)) and the claimed asymptotic behavior for k — (1/2)~ are proven.

O
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Chapter 5

Generalizations

In this chapter we present various generalizations of the prototypical example
that still allow to prove polynomial learning rates. To this end, we typically
denote the prototypical example by P and the classification problem of
interest by P which will be in some sense a generalization of P. Although,
in most cases all the upper rates of Section 4.3 for P can be transferred to
P, for convenience, we focus on the situation considered in Theorem 4.3.1,
i.e. P satisfies Assumption 4.1.1 for 0; = 0, k; < k and ¢; > ¢ for i > 1
with some 0 < k < 1/2 and o,¢ > 0. Moreover, in many cases it is also
possible to combine multiple generalizations but, again for convenience, we
always take the assumptions of Theorem 4.3.1 as starting point for P.

5.1 Absolute Continuous Finite-Dimensional
Distributions

In this section we consider two classification problems P and P on X x {1},
with a sequence space X = [],.; X; as defined in (3.1), which satisfy the
following relation: There is a constant Cy > 1 such that vy ; < ¥4 and

‘dl/i,j

1]
< 1
R (5.1)

vy r-almost surely for all I € F(N). Here and in the following we denote all
quantities related to P with a tilde and all quantities related to P without
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a tilde. For convenience, we assume p+ = py throughout this section. The
goal is to transfer learning rates for P to P using (5.1). But let us start
with an important class of distributions satisfying (5.1).

To this end, we assume that X = RY, P satisfies Assumption 3.3.1, and
vy < A with
dsiiﬂ(t) < Cp - fl(%it/m) , (5.2)
for A-almost all ¢t € R and all ¢ > 1, where k;, ¢;, 0;, and f; are defined as
in Assumption 4.1.1. Now, if P satisfies Assumption 4.1.1 with the same
parameters k;, ¢;, and o; then (5.2) reads

dl/iﬂ' dﬁiﬂ'
B =Co- == (1)

for A-almost all ¢ € R. Consequently, (5.2) is equivalent to

dl/:t_’i

< CO

diy ;

74 ;-almost surely for all ¢ > 1. Since we assume that v4 and 74 are product
measures, via Assumption 3.3.1, we find

_ ‘d<®ieﬂi,i>
A(Rjer 7.0

7®%

=11 < ¢y
Vil
iel ?

dl/:t’[
doy g

vy r-almost surely for all I € F(N). This proves (5.1) and hence the
following section especially generalizes the prototypical example from As-
sumption 4.1.1 to the class of distributions which satisfy only the inequality
in (5.2) with Cy > 1 instead of the equality with Cy = 1 as required by
Assumption 4.1.1.

The first lemma provides some basic implications of (5.1).

5.1.1 Lemma (Basic Properties) Let X be a sequence space as defined in
(3.1) and P, P be probability distributions on X x {*1} satisfying (5.1).
Then the following statements are true, for I € F(N):

(i) v (A) < C(lflf/i,I(A) for all measurable A C X;.
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(ii) suppv,r C Supp v ;.
Proof. This is a direct consequence of (5.1) and vy ; < 7y 1. O

The next lemma relates the margin-noise function and the number or
relevant cells of the two classification problems P and P.

5.1.2 Lemma (Upper Bounds) Let X = [[,5, X be a sequence space as
defined in (3.1) and P, P be probability distributions on X x {1} satisfying
(5.1). Then the following statements are true, for I € F(N):

(i) If supp vy Nsuppv_ is a v_- or vy-zero set and there is no noise in
P then there is a version of m such that the margin-noise functions

satisfy, for every version of 7 and r > 0,

MN;(r) < CHMN(r)

(it) For a measurable partition A of (X;)i>1 the relevant cells satisfy the
inclusion

Ar, CArs .

Proof. (i) Let I € F(N) and r > 0 be fixed. Since supp vy Nsuppr_ is a
vi- or a v_-zero set, Point (ii) of Lemma 2.3.4 is applicable. As a result,
there is a version of 7 such that

MN(r) = pyvy r(dist(-,supprv_ ;) < 2r)
+ p_v_ s(dist(-,suppry ;) < 2r) .

From Point (ii) of Lemma 5.1.1 we get
{dist(-,suppr_ ) < 2r} C {dist(-,suppr_ ) < 2r}
and together with Point (i) of Lemma 5.1.1 we find

vy (dist( -,suppr_ ) < 27“) < C(ljl‘mr,[ (dist( ,supp_ 1) < 27") .
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For symmetry reasons, this bound remains true if we interchange “+” and
“_” Since there is no noise in P, Point (i) of Lemma 2.3.4 yields the
assertion.

(ii) This statement is a direct consequence of vy 1 < Uy 1 and Point (iii)

of Lemma 1.3.3. O

In the remaining part of this section we assume that P satisfies Assump-
tion 4.1.1 and transfer the bounds and learning rates presented in Section 4.1
and Section 4.3, respectively, from P to P.

5.1.3 Lemma (No Noise) Let X = RN be a sequence space as defined in (3.1)
with X; = R for i > 1 and P, P be probability distributions on X x {1}
satisfying (5.1). Furthermore, let P satisfy Assumption 4.1.1 with o; = o,
¢ > q, and k; < Kk for all © > 1 for some o,q > 0, and k < Co_l/q/Q. Then
the following identity is satisfied

v(supp vy Nsuppr_) = (supp vy Nsuppr_) =0 .

Proof. Since P satisfies Assumption 4.1.1, o(supp oy Nsuppo_) = 0 is
already stated in Point (ii) of Lemma 4.1.4. Now, let us fix some I € F(N).

For symmetry reasons it is enough to show v (suppry Nsuppr_) = 0.
Using A C 71, * omr(A) and 77(AN B) C m7(A) Nwp(B), which hold for all
A, B C X, we get

supp v+ Nsupprv— C 7r1_1 omr(supp vy Nsuppv_)
C iyt (mr(supp vy) Ny (supp v-))
C Wfl(supp vy rNsuppr_g) ,
where we used supp v+ ; = mr(supp v+) from Lemma B.2 in the last step.
Since the set on the right hand side is measurable, we can plug this into v

to find

vy(supp vy Nsuppr_) < vy (suppvy yNsuppr_ ) .
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Together with Point (i) and (ii) of Lemma 5.1.1 we get
1]~ _ -
vi(suppry Nsuppr_) < C(‘) ‘V_hj(supp DUy pNsuppi_g) .

Finally, using the explicit form of 7} together with Point (i) of Lemma 4.1.2,
for r = 0, gives us

vy(suppry Nsuppr_) < HCO(Z‘%)(“ < H Co(26)7 .
i€l iel
Since this holds for all I € F(N) and we assume Cy(2k)? < 1, taking the
limit |I| — oo yields the assertion. O

The final lemma transfers the learning rates of Theorem 4.3.1 from P to P.

5.1.4 Lemma (Polynomial Learning Rates) Let X = RY be a sequence
space as defined in (3.1) with X; = R for i > 1 and P, P be probability
distributions on X x {1} satisfying (5.1). Furthermore, let P satisfy
the assumptions of Theorem 4.3.1, where additionally k < C’O_l/q/2 and
0<r< (Co_l/q/Q — K)o holds true. Moreover, define a = —log(2k + 2r/o)
and 3 :=log(1+ [0/(2r)]) as in Theorem 4.3.1. Then there are constants
xg9,C > 1 with the following property:

Fort>1,n> xor, and every feature set I, € T with

B log(n/T) 3
Hnl = {qa—log(Co)Jrﬁw !

the histogram using a cubic partition with radius r and the feature set I,
satisfies
- qa—lo(g(c)())
qa—log(Cqp)+B
RCI&SS,P(hDﬂ‘,I) - ,R’Elass,P <C- (5) °

T

with probability P™ not less than 1 —e™7.

Compared to Theorem 4.3.1, here the restriction on x is stronger. Since
we have Cy > 1, the learning rate for P is worse than for P. Nevertheless,
we get polynomial rates for both classification problems. If P even satisfies
the assumptions of Lemma 4.3.3 or Lemma 4.3.4, the polynomial learning
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rates of Lemma 4.3.3 and Lemma 4.3.4, respectively, can be transferred to
P as well.

Proof. Let I € F(N) be fixed. According to Lemma 4.1.4 and Lemma 5.1.3
we have

v(supp vy Nsuppr_) = (supp vy Nsuppr_) =0 .

As a result, Lemma 5.1.2 is applicable. Together with Corollary 4.1.3 for P

we receive

MN;(r) < C(l)HMN[(r) < HCO(2H +2r/0)? = exp(—(ga — log(Co))|1])
icl
Aol < ALl <2- T[4+ [o/(2)]) = 27171

i€l

Our restriction on r ensures qo — log(Cy) > 0. Consequently, proceeding
analogously to the proof of Theorem 4.3.1 we get the assertion. O

5.2 Fourier Coefficients

In this section we consider the prototypical example of Assumption 4.1.1
for a decreasing sequence of scaling factors o; N\, 0 for ¢ — co. But we start
with an application that motivates the investigation of this scenario.

To this end, we consider a classification problem P given by some prob-
ability measures 7y and 7_ on an Ly space, i.e. we have two stochastic
processes with square-integrable sample paths. However, we assume that
we cannot observe point evaluations, but we have some information about
the Fourier coefficients of the sample paths. This is a typical assumption in
tractability studies, see e.g. [67] where even so-called linear information is
available to the algorithm. To be more precise, we assume that vy and v_
are given by the following construction:

Let (T, 7, i) be some measure space and (e;);>1 be a sequence of functions
e;: T — R such that their p-equivalence classes [e;], form an orthonormal
system (ONS) in Lo(p). Moreover, we assume that the functions (e;);>1
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are pointwise uniformly bounded, i.e. sup,>; |e;(t)| < oo for all ¢ € T'. Note
that these assumptions are especially satisfied for the following standard
Fourier basis.

5.2.1 Example (Standard Fourier Basis) Let T = [—m, 7] be equipped
with the Borel o-algebra T = B(T) and u = 1/(27) - A be the normalized
Lebesgue measure. Then for the sequence (e;);>1 of functions given by

ei(t) = V2 -sin(i/2-t), i€ 2N
ST V2 cos((i+1)/2-1), ie2N—1,

for t € T, the equivalence classes ([e;],,)i>1 define an ONS in Lo(p). Since
the constant function ¢ — 1 is omitted, this is not an orthonormal basis
(ONB), see e.g. [72, p. 187] for details (note that in [72] the Lebesgue
measure is not normalized).

Now, we define the measures 71 as the push-forward measures
~ — —1
Uy =vyoF

of some measures v; and v_ on the Borel o-algebra 5(¢1) under the (linear)
mapping F': ¢1(N) — Lo(p) given by

F((z)i>1) = Zwiei . (5.3)

i>1

In other words, the classification problem P on Ly(u) is the transformed
scenario of a classification problem P on ¢, given by v4, under the trans-
formation F'. Since we assume that (e;);>1 is pointwise uniformly bounded,
the series in (5.3) converges pointwise. The pointwise convergence allows us
to simulate some paths of 7y, see Figure 5.1. Moreover, using the ONS prop-
exty of ([ei], )izt and |-l < |- e, we find [ F(2)le, = lele, < Il
and hence F' is a continuous mapping. As a result, F' is measurable with
respect to the Borel o-algebras and the push-forward measures 74 are
well-defined. This motivates the investigation of classification problems
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on /1. To this end, the following lemma recalls some basic measurability
properties of #1.

5.2.2 Lemma The set {; C RY is measurable and the Borel o-algebra on ¢,
satisfies

B(t) = BRY)|,, ) = (@ B(R))

i>1

zo(ﬂi:€1—>R: iZl) ,
£1(N)

where m;: {1 — R are the projections onto the i-th coordinate.

Proof. First we show that every closed ¢1-ball # +rB,, C RY, with center
x € /1 and radius r > 0, is a measurable subset of RY. Since the ball
g () + TB[zli in R? and the projection Tq) : RY — R? are measurable, this
is a direct consequence of the representation

T+ 1By, = ﬂ W[ji]l(ﬂ'[d](l‘) +TBZ‘11) .

d>1

Using the measurability of the closed ¢;-balls in RY together with ¢; =
U,,>; mBe, we get the measurability of ¢ C RY. Now, we consider the
claimed identities of the o-algebra.

The second equality is a consequence of B (RN) = &,>1 B(R), which
holds even for general sequence spaces, see e.g. the discussion after (3.1).

For the third equality, note that the product o-algebra is defined as
the initial o-algebra @),~; B(R) = o(m; : ¢ > 1) with the projections
7:: RY — R and that the trace o-algebra is the initial o-algebra o(1) with
the embedding ¢: £; — RY. Using the transitivity of building the initial
o-algebra, we get that (®i21 B(R))’h(N)
projections m; o ¢: £1 — R, see e.g. [31, Korollar II1.5.4] for details. This is
the third equality.

For the first equality, we use the already proven ones and show both

is the initial o-algebra of the

inclusions separately.

“C” Since ¢, is a separable metric space, every open set in /; is a countable
union of closed ¢1-balls, which are B(RN)
remark. This proves the inclusion “C”.

’ Zl—measurable by our preliminary
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“2” Since the projections 7: ¢; — R, which are defined on /¢;, are
continuous with respect to the ¢;-norm, we find o(m; : ¢ > 1) C B(¢;) and
hence this inclusion is proven. O

Next, we show that the Bayes risks of P on £; and P on Ly(u) coincide.
Using the ONS property of (e;);>1, we see that F' is injective with inverse
G : F(¢1) — £1 on the image F(¢1) C Lo(p) given by

G(f) = (<fv ei>£2(u))i21 ’

Now, we show that G is measurable. According to Lemma 5.2.2 we have
B(¢1) = o(m; : ¢ > 1) and hence G is measurable if and only if m; 0 G :
F(¢1) — R is measurable for all ¢ > 1. Moreover, the o-algebra on
F(¢1), which is the trace o-algebra, equals the Borel o-algebra of the
pseudo-metric space F'({1) C La(p), that is B(La(u))|re,) = B(F({1)),
see e.g. [31, Korollar 1.4.6] for details. Since m; 0 G : F(¢1) — R given by
;0 G(f) = (f,€i) £, is continuous, we get the measurability of m; o G for
all ¢ > 1. This proves the measurability of G : F'(¢1) — ¢1. As a result, the
transformation F' satisfies Point (ii) and (iii) of Lemma 2.1.3 and hence we
find o(F) = B(f1). Thus, Lemma 2.1.2 yields that the problems P on Ly (1)

*
Class, P’
As another consequence of Lemma 5.2.2; every probability measure v on

and P on {; are equal in terms of Bayes risks, i.e. Rf,is p =R

/1 can be extended to RY with v(¢1) =1 and vice verse. Consequently, we
can consider the measures vy as measures on RY with vy (¢1) = 1. Now,
if we want to use Assumption 4.1.1 for vy, the condition vq(¢) = 1 is
satisfied if and only if the scale sequence (0;);>1 € ¢1 is summable. This
motivates the investigation of Assumption 4.1.1 with o; \, 0 for i — co.

Note that Assumption 4.1.1 implies that v+ are product measures and this
corresponds to the independence of the Fourier coefficients of the stochastic
processes U4, which is a reasonable assumption in this context.

Recall that the larger the scaling o; of a feature, the higher its influence on
the learning algorithm. Since we want to use the most influential features
and (0;);>1 is non-increasing, we use the first features for learning, i.e.
we consider feature sets of the form I = [m] = {1,...,m} with some
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m > 1. The following lemma presents polynomial learning rates under some
regularity condition on the scale sequence (0;);>1.

5.2.3 Lemma (Polynomial Learning Rates) Let Assumption 4.1.1 be satisfied
for k; < Kk and q; > q for all i > 1 with some ¢ > 0 and 0 < Kk < 1/2.
Furthermore, let ¢ > 1 and (0;);>1 satisfy, for alli > 1,
(0’1-0'2~...-0'i)1/i§6-0'i. (5.4)
In addition, let 0 < s < 1/2 — Kk be fized and a == —log(2x + 2s), B’ =
log(2 4+ 1/(2s)). Then there are constants xo,C > 1 with the following
property:
For > 1, n> xo7, and every feature set I, = [my,] with

]

the histogram using a cubic partition with radius v, = s-0m,, and the feature
set I, satisfies

qo
Z) ga+log(c)+p8’

RClaSS,P(hD,rn,In) - R*Class,P <C- (n

with probability P™ not less than 1 —e™7.

The condition in (5.4) does not ensure that v is concentrated on ¢ (N),
e.g. (5.4) is satisfied for the constant sequence o; = o. This means that
the application of Lemma 5.2.3 is not limited to our introductory Fourier
example. However, the condition in (5.4) remains valid for decreasing
sequences if they do not decrease too fast. To be more precise, (5.4) is
satisfied for an arbitrary ¢ > 1 if and only if the doubling condition o9; < o;
is satisfied, see Lemma 10.2.2 of Part III. Based on this characterization
it is easy to see that polynomially decreasing sequences o; < ¢~%, with
some a > 0, satisfy (5.4). In Example 5.2.4 below, we provide an explicit
value of the constant ¢ in (5.4) for such a polynomial decreasing sequence.
Moreover, using Lemma 10.2.2 again, we find that the condition in (5.4)
implies o; > i~® for some a > 0.
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5.2 Fourier Coefficients

Compared to Theorem 4.3.1, the definition of « coincide if we replace s
by r /o, hence we denote both quantities by «. However, ' is slightly larger
than (3, hence we added a prime. Moreover, note that the constant ¢ > 1
of (5.4) appears in the learning rate. All these changes, lead to a slightly
worse polynomial order, compared to the situation o; = ¢ considered in
Theorem 4.3.1, but we get polynomial rates in both cases. Finally, in
contrast to Theorem 4.3.1, here we choose a varying radius r, = s o,
depending on the scale sequence (0;);>1.

Proof. The proof is an application of Corollary 3.2.7 and Lemma 4.2.1. To
this end, let us fix some feature set I = [m]| with m > 1 and some cubic
partition A with radius r := so,,. According to Point (ii) of Lemma 4.1.4
the assumption of Corollary 4.1.3 is satisfied and hence we find

MN(r) < H 2k + 2r/0;)! and
i€l

Arp| <2-T](1+ o/ (2r)]) -

i€l
Using the monotonicity of (¢;);>1 and r = so,, we get
MN(r) < (264 2r/op)T™ < (25 + 25)7" = 799 =t 9% . q,,

with a,, = exp(—qa(m + 1)) Now, we turn to the number of relevant cells.
Using [z] <z + 1, r = soy,, and the monotonicity of (o;);>1 we find
A <2- T2+ 0i/(2s0m)) <2- (24 1/(29)™ - [[(0i/om) -

i=1 1=1

The condition in (5.4) gives us [[;~,(¢:/0m) < ¢™ and hence we get
|Ar,| <2-¢™(241/(25))™ = 2exp((log(c) + B')m) =: 2by, .

Finally, proceeding analogously to the proof of Theorem 4.3.1 we get the
assertion. O
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In the case of a polynomial decreasing scale sequence, the following
example presents an explicit constant ¢ > 1 for the condition in (5.4).

5.2.4 Example (Polynomial Scaling) For a > 0, the sequence (0;);>1 given
by o; == [i/2] 7 satisfies (5.4) with ¢ = e®. In order to prove this we write

(o1 o)/ 1/a: o
( ay ) (1-1-2.2-.”.M/2-|)1/é (5.5)

and consider the case £ = 2m + 1 with some m > 0 first. For m = 0, (5.5)
equals 1 and hence it is bounded by e. For m > 1, (5.5) equals

m+1
((m!)2 “(m+ 1))

e -

Using Stirling’s formula m! > v/27mm - (m/e)™ and 2mm > e we find

m+1 ((m+1)’51)1“

(- (m+ 1) = \erlm/epr

1/¢
= ((1+1/m)2m-e2m_1) .
Finally, since 1+ 1/m < exp(1/m) we find

(o1 ... 00"

o

<e® .

For ¢/ = 2m with m > 1, an analogous argument gives the same bound.
Consequently, Lemma 5.2.3 is applicable for o; := [i/2]~* with a > 0 and
gives us a polynomial learning rate of order

qo
quta+p

We used o; := [i/2] 7% in Example 5.2.4, instead of the simpler sequence
o; ‘= 1~ %, to ensure that in combination with the standard Fourier basis of
Example 5.2.1 the sine and cosine basis functions with the same frequency
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5.2 Fourier Coefficients

have the same scaling.

For learning problems on finite-dimensional spaces the scaling of the data
typically only influences the constants but not the learning rate itself. In
contrast Example 5.2.4 shows that there are infinite-dimensional learning
problems where the scaling of the input values influences the learning
rate. Moreover, the learning rate provided by Lemma 5.2.3 gets worse
for increasing a. At first sight, this seems to be counter intuitive since in
combination with the standard Fourier basis faster decreasing sequences
(0;)i>1 correspond to smoother sample paths. But there is the following
heuristic argument for this effect: The faster (0;);>1 decreases, the more
the learning algorithm is dominated by the first features. Consequently, the
information provided by the last features is nearly invisible for the learning
algorithm and hence with decreasing o; the algorithm gets less information.

For a visualization of some sample paths of 74 = vy o F~!, where F is
given by (5.3) with the standard Fourier basis described in Example 5.2.1
and P satisfies Assumption 4.1.1 with o; = [i/2]~* from Example 5.2.4,
see Figure 5.1.

The final lemma of this section shows that the condition in (5.4) is—in

some sense—almost sharp.

5.2.5 Lemma (No Polynomial Learning Rates) Let Assumption 4.1.1 be
satisfied for 0 < k' < k; < Kk and q < q; < ¢ for all i > 1 with some
0< K <Kk<1/2and0 < q <q<oo. Furthermore, assume that
. o - g\
lim (102 o) (5.6)

71— 00 g;

is satisfied. Then Corollary 3.2.7 does not give polynomial learning rates
for any choice of cubic partition sequence and feature set sequence (Ip,)i>1
of the form I, = [my] with m, > 1.

Since the condition in (5.4) for ¢ > 1 is equivalent to o; (o) - o - ... -
;)" < ¢, there are no sequences (0;);>1 satisfying both, (5.4) and (5.6).
The condition (5.6) is typically satisfied for fast decreasing sequences, e.g.
o; < exp(—ai*) with a, A > 0 satisfies (5.6).
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a=2,s~0.0132, and p ~ 0.0219 a =3, s~ 0.0113, and p ~ 0.0187

Figure 5.1: Four Plots with 5 paths ~ ¥} in orange and 5 paths ~ 7_ in
blue each. The distributions are ¥y = vy o F~! where F is
given by (5.3) with the first £ = 1000 elements of the standard
Fourier basis described in Example 5.2.1 and vy satisfies As-
sumption 4.1.1 with k; = 2/5, ¢; = 2/3, and o; = [i/2]7* from
Example 5.2.4 for all i > 1. Below each plot there is the used
a > 1 and a (numerically calculated) optimal value for s > 0
maximizing the exponent in the learning rate n~* provided by
Lemma 5.2.3.

Proof. The proof is an application of Lemma 4.2.2. Let (r,),>1 and
(In)n>1 be sequences with 7, > 0 and I, = [m,] € F(N) for all n > 1
and MNy, (r,) — 0 for n — co. Moreover, let A be a cubic partition
with radius r,,. According to Point (ii) of Lemma 4.1.4 the assumption of
Corollary 4.1.3 is satisfied and hence we find

MNy, (r,) > Hmin{2,@-’ + 21, /0y, 1}q/ and |Ag, .| > H[Ui/(anﬂ ,

i=1 i=1

where we additionally used x; > &’ and ¢; < ¢’. Let 1 < £,, < m,, be the
maximal integer with 2k’ + 2r,, /oy, < 1. If there is no such integer, we set
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{,, = 0. With this notation we find

~

n

> [ (oi/(2rn)) -

i=1

123
MNy, (ra) > [[@2K +2r/00)”  and  |A,,
=1

The lower bound on the margin-noise function implies
MNy, (rn) > (2/{')‘1/‘3” =ta, .

Since MNy, (r,) — 0 for n — oo, this implies ¢, — oo for n — oo.
Consequently, we can assume ¢, > 1 without loss of generality. As a result,
we have 2k’ + 2r,, /oy, < 1 and hence 2r, /oy, < 1 for all n > 1. This
implies

Ln

|A1n71/| > O.an Hai = bn .

i=1

All together we find

hffgflb % log(ll/(QK’)) 'log(%l (ﬁl 0’)1%) o

7

for n — oo according to (5.6). Using Lemma 4.2.2 we get the assertion. [

Finally, note that the statement of Lemma 5.2.5 does not hold true in
general if the sequences (k;);>1 or (g;);>1 have a more favorable behavior,
ie. k; \(0or ¢ /oo for i — oo.

5.3 Autoregressive Models

In this section we consider a specific type of stochastic processes, namely
autoregressive models. Let us formulate the considered type of processes as

an assumption.

5.3.1 Assumption (Autoregressive Model) Let X = [[..; X; be a sequence
space as defined in (3.1) with X; = X := RP for some p > 1 and all § > 1,
where X is equipped with the norm || - || = || - |

. Furthermore, let
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m > 1 and f: X" — Xy be a Lipschitz continuous function with Lipschitz
constant L > 0, where X§* = Xy X ... X X is equipped with the norm

[z, - wm) e (xp) 7= max ]|
i=1,....,m

Then let F': X — X with F((Ei)i21) = (x;);>1 be defined recursively by

Ei, 1<m
€Tr; =

i+ f(®ict, o Timm), ©>m.
Furthermore, for any probability distribution P on X x {£1} the distribution
P:=Po(F,id{1)""
is called the autoregressive distribution of P and f.

In the following we denote all quantities related to the classification
problem P with a tilde and all quantities related to the corresponding
autoregressive classification problem P without a tilde. Note that P is the
transformed learning scenario of P under the function F. Moreover, to prove
learning rates for P we have to assume that P is the prototypical example
from Assumption 4.1.1, but we can already relate important quantities of
P and P for general P. For this reason, Assumption 5.3.1 does not imply
any restriction on P.

If the norm || - [[,z. on X is replaced by another norm, the statements
remain essentially the same, i.e. only the constants and the polynomial
order possibly change.

Let us start with an example illustrating Assumption 5.3.1. To this end,
let m =1, Xo =R, and f(z) == 2. If ¢ = (&);>1 is a random variable with
e ~ Uy then the random variable z = (x;);>1 = F(¢) satisfies © ~ v;. As
a result, we find

Ti=€1+e+...4+¢&;

for all ¢ > 1 and hence = ~ v, is a random walk on R. If, in addition, 7, is
a product measure, the one-dimensional distributions vy ; = vy o7, ! of v
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k=1/10, ¢ =1/9, r = 0.0192,
and p ~ 0.0314

ey ,\"L"

R
e

(5

—10 4+

K =3/10, ¢ = 3/7, 7 ~ 0.0143,
and p =~ 0.0370

k=2/10, ¢ =1/4, r = 0.0192,
and p ~ 0.0404

i Swad
ey

M WM
k=4/10, ¢ =2/3, r = 0.0071,
and p =~ 0.0228

Figure 5.2: Four Plots with 5 paths ~ v; in orange and 5 paths ~ v_ in
blue of length £ = 1000 each. The distributions vy are given by
Assumption 5.3.1 with p = 1, m = 1, f(2) = = and P satisfying
Assumption 4.1.1, i.e. v4 are random walks. The parameter

sequences are K; = Kk and ¢; = q =

K H p—
i, e Eqnpy 60 = 0,

for all 7+ > 1. Below each plot there is the used k, ¢, and a
(numerically calculated) optimal value for r > 0 maximizing the
exponent in the learning rate n~? provided by Lemma 5.3.6.

are given by the convolution

Vij =Dy %DUgpo*...xDqp; .

As a result, the supports and hence the scaling of the feature xz; ~ v;
increases for ¢ — oco. This is in contrast to the uniform scaling considered
in Section 4.1. For a visualization of some sample paths of P, in the case
that P additionally satisfies Assumption 4.1.1, see Figure 5.2.

The first lemma provides basic properties of the transformation F'.

5.3.2 Lemma (Basic Properties) Let Assumption 5.5.1 be satisfied. Then

the following statements are true:
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(i) The function F is continuous.

(ii) The function G: X — X with G((x;)i>1) = (€:)i>1 defined by

Ty, ng
gy = .
i — f(@ic1y . Timm), T>m

is the inverse of F': X — X. Moreover, G is continuous.

(iii) For every { > 1 there is a finite-dimensional version Fy: X§ — X§
of F with
Fm OW[@] = 7('[@] oF .

(iv) For every { > 1 there is a finite-dimensional version Gy X§ — X§
of G with
Gomg=mgoG .

Moreover, Gy is Lipschitz continuous with constant 1+ L and Gy
is the inverse of Fiy for all £ > 1.

Note that in the definition of F' there are components of x and € on the
right hand side and hence F' is defined recursively. But in the definition of
G there are only components of x on the right hand side and hence G is
not defined recursively.

Since the function F' is continuous, it is measurable. Consequently, the

I is well-defined. Moreover,

autoregressive distribution P = P o (Fyidg41y)~
since F' is bijective with measurable (even continuous) inverse G, Point (ii)
and (iii) of Lemma 2.1.3 are satisfied and hence we have o(F) = B(X).

Together with Lemma 2.1.2 we get Ry, p = R and the learning

N >kCIass,T:’
problems P and P are equal in terms of Bayes risks.
For the later use it is important that the Lipschitz constant of Gy does

not depend on /.

Proof. (i) Since X = X} is equipped with the product topology, the function
F: X — X is continuous if and only if 7; o F': X — X is continuous for
all ¢ > 1. We prove the latter by induction. For ¢ = 1,...,m we have
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m; 0 F(e) = m;(¢) and hence 7; o F' is continuous. Now, assume that m; o F’
is continuous for all i < k — 1 with some k& — 1 > m. Then we can write

Ty o F(e) = mp(e) + f(mh—10 F(e),..., Th—m o F(g)) .

as a combination of continuous functions. Consequently, 7o F' is continuous
and the assertion is proven by induction.
(ii) To see the continuity of G we write

5, 1 <m
m oG = .
i — f(Mic1, .o Timm), ©>m

as a combination of continuous functions. Next, we prove the identity
G o F =1dx. To this end, we fix some ¢ = (&;);>1 and set © = (2;);>1 ==
F(e) as well as ¢’ = (€});>1 = G(x) = G o F(e). Then we have to show
g;=c¢, foralli>1. Fori=1,...,m we have €}, = x; = ¢;. For i > m the
definition of &} and z; gives us

g =xi — f(@ic1, o Timm)

=ci+ f(@ict,.  Timm) — f(@ic1, o Tim) =&

(iii) This is a direct consequence of the fact that the k-th component xy,
of © = F(e) depends only on the components ¢; for i = 1,... k.

(iv) The existence of a finite-dimensional version Gy follows by an
analogous argument as in Point (iii). Next, we prove the Lipschitz continuity
of G- To this end, let = (z;){_; € X§ and 2’ = (2})!_; € X{. Then we

write

G (@) = G @)l (x,) = max |7 o Gra(@) =m0 G| -
Fori=1,...,m we have
[|7i 0 Gy (@) — 7 0 Gy (2)[| = llws — 2l < Jlw = 2"lleg (o) -
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Fori=m+1,...,¢, using the Lipschitz continuity of f we receive

|75 0 Gy (z) = 3 0 G (2') H
= ||(xz*f((zz W) — (25 = f((z- )k 1 )H
< s = @il + (| f (@imi)izr) — f((@5k)i) |
< o= alll + L, max i —al_ 0

s

<(1+1L): Hx—l‘ lee(x0) -

All together this proves the Lipschitz continuity of G, with Lipschitz
constant 1+ L.

Finally, we prove Gy o Fjg = Id Xt This can be done analogously to
the proof of G o F = Idy in Point (ii). Alternatively, since the projection
s X — X{ is surjective, it is enough to show G o Flg o ) = T which
is a direct consequence of the previously shown properties of F', G, Fjy, and
G|, namely

GoFyomy=Gonyol =ngoGoF =my .

This concludes the proof. O

The next lemma relates the margin-noise functions of P and the corre-
sponding autoregressive distribution P.

5.3.3 Lemma (Margin-Noise Function) Let Assumption 5.5.1 be satisfied.
Then the following statements are true:
(i) no F =7 v-almost surely.

(i) There is no noise in the autoregressive classification problem P if

and only if there is no noise in the classification problem P.

If we define n =10 G for a fized version of 7 then the following statements
are true:

(i) X = F1(Xy).
(iv) MN(r) < MNyy(r(1+ L)) for all € > 1 and r > 0.
(v) Myg(r) < Myy(r(1+L)) for all > 1 and r > 0.
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Note that we use the same norm for A[g] and Ay

Proof. (i) Since F' is measurable and bijective with measurable inverse, we
have o(F') = B according to Lemma 2.1.3. Together with Lemma 2.1.6 we
find no F = E;(7|o(F)) = 7 v-almost surely.
(ii) As shown in Point (i) we have o(F) = B and hence Lemma 2.1.2
gives Riass, p = REIaSS’ B Consequently, Lemma 1.2.2 gives the assertion.
(iii) This is a direct consequence of the definition 7 := 7 o G, namely

Xo={1>1/2} ={noF>1/2} = F7'({n>1/2}) = F1(Xy) .

The identity X_ = F~'(X_) can be proven analogously.
(iv)+(v) First, we investigate Ao F'. To this end, we fix some ¢ € X and
assume € € X, . In this case we have F(¢) € X, according to Point (iii).

Using the representation in (3.13), X_ = F(X_) from Point (iii), and
mg o F' = Fjg o mpg from Lemma 5.3.2 we receive

A[Z] ] F(&) = diSt(T([Z] o F(&),ﬂ'[g] (X_))
= dist (7 o F(e), mq 0 F(X_))
= diSt(F[g] O Ty (5),F[£] 07'1'[@]()2,)) .

If we apply the Lipschitz continuity of Gy and G|y o Fg = Idxg then we
get

dist (F[g] o 7'('[@] (6), Fm ] ﬂ'[g] (X_))

= _inf [|Fyg omg(e) — Flg o ma(e)lle (x,)

I

2 75 ok (|G © Fig o ma(€) — Gy o Fro o ma ()l
.

= 73 0 1m0 =m0 e x,

1 . -
= 1+ L dlSt(W[g](E),ﬂ'[g](X,)) .
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Since we assume € € X, the right hand side equals A[e] (¢) and all together

we get

1 -
Ao Fl(e) = 120 Apg(e) (5.7)

for all e € X,. This inequality can be shown analogously for e € X_. For
e € (X4 UX_)¢ we have F(g) € (X4 UX_)¢ and hence Ao F(e) =0 =
H%L . AV] (€). As a result, (5.7) is satisfied for all € € X.

Now, we are ready to prove Point (iv) which is a direct consequence of
v=10oF~ noF =i, and (5.7), namely

MNy(r) = / [2n — 1] dv
{Ag<2r}

= / 2n0 F — 1] dp
{ApoF<2r}

< 27 — 1| div

]
Al <2r(1+L)}

{
M [g] (T(l + L)) .

Finally, Point (v) can be proven analogously. O

The following lemma provides a bound on the number of relevant cells of
a product partition with respect to vi.

5.3.4 Lemma (Relevant Cells) Let Assumption 5.5.1 be satisfied and A be a
cubic partition of (Xo)i>1 with radius v > 0. Then, for £ > m, the number
of relevant cells is bounded by

m 4
‘Am’yi‘ < 3pt. H/\/(supp Ui iyT) H N (rLBx, + supp it ;,7) .

i=1 i=m+1

Proof. For symmetry reasons it is enough to consider v;. Since the product
partition Ay of X§& = RP! s a cubic partition, the assumption in (1.21) is
satisfied with ro = r for the norm || - [[,_(x,). Consequently, Lemma 1.3.7
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with e = r and M = supp vy |4 ensures

| A, | < 3P° N (supp Vi) -

Since Fyy is continuous, Lemma B.2 gives us supp v g = Fig(supp 74 )
and together with Lemma C.4 and Lemma B.3 we find
N (supp vy g, 7) = N (Fig (supp oy g7), 7)
= N (Fig(supp o4 [g),7)
< N (Fa (I s 7.0).7) -

Now, it remains to give an upper bound for the right hand side. To this
end, we define n; := N (supp vy ;,r) for i =1,...,m and n, := N(rLBx, +

supp 7y 4, 7) for i = m+1,...,£. Moreover, we choose corresponding r-nets
€ily--,Ein; € Xo,le fori=1,...,m we have
n;
supp 74 ; C U ei,j + rBx, (5.8)
j=1
and for i =m+1,...,¢ we have
n;
rLBx, + suppv4,; C U €ij +rBx, - (5.9)
j=1

Then, for multi-indexes j = (j1,...,J¢) with 1 < j; <n; foralli=1,...,¢,
we define ¢; == (€1,j,,...,6¢,4,) and z; = Fiy(g;). This defines at most
ny - ... ng elements x; and hence it remains to prove that they form an
r-net of Fyy (Hz L SUPP g ;).

To this end, let = (z;){_; € Fy (H _ysuppy ;) and € = (g;)f_; €
Hle supp 74 ; with Fiy(e) = x. Then, we choose a multi-index j =
(J1,---,Je) by selecting 1 < j; < n; with ||z; — z; j, || < r recursively for all
i=1,...,¢ as follows:

For ¢ = 1,...,m, according to (5.8) there is some 1 < j; < n; such that
llei — €. |l < ris satisfied. Since z; = ¢; and x; j, = €, j, are satisfied, we
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have

[l — @i ll <
Now, assume that ji,...,jx—1 for some k—1 > m have already been defined
such that ||z; — 2, || <r fori=1,...,k— 1. Then we have

1f ((r—i)iy) = f((@rig)ita) || < L max ze—i = p—ij. || < Lr

and the difference on the left hand side is contained in rLBx,. According
to (5.9) and ¢y, € supp U4, there is some 1 < ji < ny with

[ F(@r—i)iZy) = f((@rmige_)imn) +ex —nge] <7 -
Since we have

T zsk—i—f(mk,l,...,xk,m) and
Th,ji, = €k, T f(xk_lyjk—l’ i vmk—mdkfm) )
this choice ensures ||z — xg j, || < 7. By induction, we get a multi-index

J=(1,...,Je) with 1 < j; <m; fori=1,...,¢ and ||z —z;|| < r. This
finishes the proof. O

The next lemma combines Lemma 5.3.3 and Lemma 5.3.4 with the assump-
tion that P satisfies Assumption 4.1.1.

5.3.5 Lemma (Upper Bounds) Let Assumption 5.5.1 be satisfied for p =1
and let P satisfy Assumption 4.1.1. Then the following statements are true,
for€£>1:

(i) If supp Uy Nsuppv_ is a U-zero set then there is no noise in the

autoregressive scenario P and there is a version of n with

2(1 + L)r)

0;

L
MN g (r) < H (2/% +
1=1

for all r > 0.
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(i) Forr >0 and a cubic partition A of (X;);>1 with radius v the number
of relevant cells satisfies

14

Aol <26 TI(1+]52]) -

i=1

Proof. (i) This is a direct consequence of Lemma 5.3.3 and Lemma 4.1.3.
(ii) First, we consider the covering numbers appearing in Lemma 5.3.4.
Since supp Uy ; = £[—kK;04, (1 — K;)0;] is an interval of length o; and rLBx,
is an interval of length 2rL, the sum rLBx, + supp 7+ ; is an interval of
length o; + 2rL. Consequently, the covering numbers are bounded by

g;

N(TLBXO —|—suppl7i,i77“) = [L_‘_ %—‘ <[LT+ [2;‘ <[] (1 + [%—D ’

where we used [a + b] < [a] + [b] which holds true for all a,b > 0.
Analogously, we get

ai o
:J<L(1 [—D
N(suppr,r) = | 24] < [L](1+ [
Together with |Ajy.| < [Ajg,., | + [Ajg,_| from Lemma 1.3.3 and an

application of Lemma 5.3.4 we get the assertion. O

The next lemma shows that if P satisfies Assumption 4.1.1, we get poly-
nomial learning rates for the corresponding autoregressive distribution

P.

5.3.6 Lemma (Polynomial Learning Rates) Let Assumption 5.3.1 be satisfied
for p =1 and let P satisfy Assumption 4.1.1 with o; = o, ¢; > q, and
ki < Kk for alli > 1 for some o,q > 0, and k < 1/2. Furthermore, let
0<r<(1/2=kK)o/(1+L) be fied and o/ = —log(2x + 2(1 + L)r/o),
B = log(1 + [o/(2r)]). Then there are constants xo,C > 1 with the
following property:

For > 1, n> xo7, and every feature set I, = [{,] with

[P I
4o’ +10g(3[L]) + 5
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Chapter 5 Generalizations

the histogram using a cubic partition with radius r and the feature set I,
satisfies

/

qo
T\ 7o o5 I8
* qo’+log(3[L])+8

RCI&SSvP(h‘D’TJn) - RClass,P <C (H>

T

with probability P™ not less than 1 —e™ 7.

Compared to Theorem 4.3.1, the definitions of 5 coincide, but the definitions
of o and o’ coincide only if we replace r by (1 + L)r, hence we added a
prime. Moreover, note that the Lipschitz constant L of f appears in the
learning rate. All these changes result in a slightly worse polynomial order
for P, compared to the learning rate for P provided by Theorem 4.3.1, but
we get polynomial rates for both classification problems.

If P even satisfies the assumptions of Lemma 4.3.3 or Lemma 4.3.4,
the polynomial learning rates of these lemmas can be transferred to P as
well. For a visualization of some paths of a random walk, i.e. f(z) =« in
Assumption 5.3.1, see Figure 5.2.

Proof. Let £ > 1, I = [¢], and r > 0 be fixed. According to our assump-
tions on P Lemma 4.1.4 gives us 7(supp 74 Nsupp7_) = 0. As a result,
Lemma 5.3.5 is applicable and gives us a version of 1 with

MN(r) < (26 +2(1 + L)r/o) ™ = =9

g

¢
|Ar| <2 (3[L])" H(l + [27“

1=

D = 2exp((log(3[L]) + B)I) .

Finally, proceeding analogously to the proof of Theorem 4.3.1 we get the
assertion. O

5.4 o-Mixing

In this section we use the concept of a-mixing conditions to relax the
independence assumption used in Assumption 4.1.1.
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5.4 a-Mixing

Let us start with a brief introduction to the a-mixing coefficient. To this
end, let X = [[,~; Xi be a sequence space as defined in (3.1) and P be a
distribution on X x {1} with marginals v1 of the positive and negative
labeled data points, respectively. For two sub-o-algebras Fi, Fy C B we
define

ay (Fr,Fa) = sup ‘l/i(Al NAy) — I/i(Al)Vi(Ag)‘ )
A eF
AseFs
Note that the sub-o-algebras F;, F2 C B are independent with respect to
v if and only if the corresponding quantity «4 (Fp, Fe) = 0 is zero. In this
sense o (F1, F2) measures the dependence of F; and F» with respect to
V4. Moreover, for 1 < i < j < oo we define the sub-o-algebras
]-"ij::cr(ﬂk: igkgj)
generated by the projections 75 : X — X with ¢ < k < j. Then we define
the a-mixing coefficient with respect to v+ by

o (k) = sup as (F7, FiXy) -
i>1

for k > 1. Note that we do not assume that (m)r>1 is a stationary
sequence of random variables. Consequently, we need the supremum in
the definition of ai.. Moreover, we set a(k) = max{oy (k),a—(k)}. A
direct consequence of these definitions is that (o (k))g>1 and (a(k))g>1
are non-increasing sequences. If ay (k) \, 0 even vanishes for k — oo, we
say that vy is a-mizing. For examples of a-mixing stochastic processes see
e.g. [45, Section 3.1] and the references therein and for a general overview
of mixing coefficients see e.g. the survey [14].

Furthermore, we denote the one-dimensional marginal distributions of
vg, for i > 1, by vy ; = vy om, ! and define the corresponding product
measures

Dy = ®1/i,i. (5.10)

i>1
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Chapter 5 Generalizations

Consequently, 74 defines a classification problem P on X x {#+1} which we
call the independent classification problem of P. Moreover, all quantities
related to P are denoted with a tilde and all quantities related to P are
denoted without a tilde.

For I € F(N), we denote the inner distance of I by 0(I) := inf; jer.izj [i—
j| > 1. Using the convention inf ) = oo we have 6(I) = oo for singletons
I={i} CN.

The first lemma provides a basic property of the a-mixing coefficient.
5.4.1 Lemma (Basic Properties) Let X =[], X; be a sequence space as
defined in (3.1), vy be a probability measure oan, and I = {i1,...,im} CN
be a feature set with iy < ia < ... < imym, m > 1, and inner distance
0(I) > k > 1. Then, for o(m;)-measurable sets A; € o(m;), the following
bound is satisfied

m s—1
e (14) < ) X [T w4+ [
iel s=1j=1 iel
Proof. The proof is based on the following telescope sum

vy (ﬂ Ai> - lf[l vi(4;)

icl

_ i[w(ﬁ%) -S]i[iwr(Aij)—V+( ﬁ Aij) .f[lw(Aij)}

Jj=s+1

For 1 < s < m, the corresponding summand can be bounded by

(A T (A )T

j=s+1
m m s—1
= |:I/+ (AZS n m AZ]) - 1/+( m A1]> Sy (A’Ls):| . H vy (A’LJ)
j=s+1 j=s+1 Jj=1

IN

s—1
g (s 41 — is) H vi(4y)
j=1
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5.4 a-Mixing

where we used ﬂ;”:SH A, e F' and A € Fi=. Since we assume 0(I) > k,
we have 4511 —is > k and hence ay (isy1 —is) < a4 (k) is satisfied. This

gives the assertion. O

For the remaining part of this section we consider the case where the corre-
sponding independent classification problem P satisfies Assumption 4.1.1.

5.4.2 Lemma (No Noise) Let X = [[,5, X; be a sequence space as defined
in (3.1) and P be a probability distribution on X x {£1} with corresponding
independent distribution P given by (5.10). Furthermore, let P satisfy
Assumption 4.1.1 with o; = 0, q; > q, and k; < k for all i > 1 with some
0,q >0, and k < 1/2. If the measures vy are a-mizing then the following
equality is satisfied

v(supp vy Nsuppr_) = v(supp ¥4 Nsuppv_) =0 .

Proof. Since P satisfies Assumption 4.1.1, p(supp vy Nsuppv—) = 0 is
already stated in Point (ii) of Lemma 4.1.4. Now, let I = k- [{] =
{k, 2k, 3k, ..., ¢k} with some fixed ¢,k > 1 and

A; == (suppv4; Nsupr_;) X HXj € o(m;)
J#i

for ¢ > 1. For symmetry reasons it is enough to prove v (suppvy N
suppv_) = 0. According to Lemma B.3 we have suppvy C [[,~, suppvs;
and hence

vy (supp V4 M supp 1/,) <vy <H supp v4 ; N supp 1/2>

i>1
()= ()
i>1 iel
Since §(I) > k is satisfied, Lemma 5.4.1 yields
£ s—1
vy(suppry Nsuppr-) < ay(k Z H vy (Agj) + H vy (Agj) -
s=17=1
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From Point (i) of Lemma 4.1.2 for 7 = 0 and our assumptions we get
vi(A) < (2r)E<(28)T=a<1 .

Together we find

4

vi(suppry Nsuppr-) < ay (k) Z a*~ '+ at
s=1

IN

Since this bound is satisfied for all k,¢ > 1 and v, is a-mixing, we get the
assertion. O

In order to establish bounds on the margin-noise function we need some
restrictions on the (non-empty) feature set I € F(N) used for learning. To
this end, we introduce the following notation: For k£ > 1, we denote some
arbitrary subset with maximal cardinality and inner distance of at least k
by

I, € argmax{|I'| : 0 #1' C I withé(I') >k} .

Since d({¢}) = oo is infinite for singletons {i} C N, there is always such a
subset. Note that (|Ix|)x>1 is a non-increasing sequence with |I;| > 1 for
all k > 1, I, = I for k < §(I), and |Ix| = 1 for k > max ] — min . Using
this notation we define, for 0 <v <1 and k > 1,

Ty = {1 € F(N): |I] > [T} .

Roughly speaking, Zj, , contains the feature sets I that are in some sense
well separated. Larger values of v corresponds to a larger separation.

Let us briefly discuss the consequences for a grid I = k - [¢] of distance
k > 1 and length ¢ > 1. Since 6(I) = k is satisfied, we have I, = I for
k' <k. For k' > k, a subset I’ C I with 6(I') > k' and maximal cardinality
can be chosen as follows: To this end, we denote the elements of I’ by
I' = {ig,i1,...,ipr—1} with 49 < 43 < ...ip_1 for some 1 < ¢ < ¢. Since
I' C I =k-[{is asubset, every i, is of the form

zj:k~mj
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5.4 a-Mixing

with some 1 < m; < £. Moreover, the distance of two consecutive elements
ij41—1; = k(mjp1 —m;) > k' must be at least &’. Dividing by k& and using
m;t1 —my; € N yields

mjer—my > [K /K] .

Consequently, the subset I’ C I satisfies §(I') > k' and is of maximal
cardinality if we take the first element of I, i.e. ig = k (with mg = 1), and
choose mjt1 :==m; + [k'/k] for j > 0 recursively. As a result, we get

m; = 1+j' |_k'l/k?-|

for j > 0. This procedure can be continued as long as i; = k- m; < kl is
satisfied. This condition is equivalent to

Finally, we set I}, := I'. To sum it up, for £,k > 1 and k' > k, we
constructed a subset Iy C I =k - [{] with 6(Ix/) > k' and

/-1
L =0 = 1. 5.11
el =€ = | | + (5.11)
Note that this identity remains valid for 1 < k¥’ < k. Finally, for £ > 2 we
can bound this by

1
Iy | > ———=|1
| k‘— 2“@'/[17]' |
and hence I =k - [¢] € Iy, with v :==1/(2[K'/k]) for k, k' > 1 and £ > 2.
Now, we are ready to prove the following lemma which establishes an
oracle inequality for feature sets in 7 , using the a-mixing coefficient.

5.4.3 Lemma (Oracle Inequality) Let X be a sequence space as defined in
(3.1) and P be a probability distribution on X x {1} with corresponding
independent distribution P given by (5.10). Furthermore, let P satisfy
Assumption 4.1.1 with 0; = o, ¢; > q, and k; < Kk for all i > 1 with
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Chapter 5 Generalizations

some o,q > 0, kK < 1/2, and v+ be a-mixing. Moreover, let 0 < v < 1,
0 <r < (1/2—k)o be fized and o == —log(2x+2r/0), B :=log(1+[c/(2r)]).
Then there are constants xo,C > 1 with the following property:
Fort2>1,n>xo7, k > 1, and every feature set I, € Iy, , with

the histogram using a cubic partition with radius r and the feature set I,
satisfies

RC]&SS7P(h‘D;T71n) - R’élassJD <

T

with probability P™ not less than 1 —e™ 7.

If vy are o-mixing with a(k) > 0 for all k& > 1, we have to choose k = k,, —
oo for n — oo to get consistency or learning rates from this bound.

Note that the definitions of & and S coincide with the corresponding
definitions in Theorem 4.3.1.

Proof. Let k,m > 1 and I € Ty, with |I| = m be fixed. First, we consider
the margin-noise function for some fixed r > 0. According to Lemma 5.4.2
we have v(supp v4 Nsuppv—_) = 0 and hence Lemma 2.3.4 is applicable. As
a result, there is a version of 7 such that
MN(r) = pyvy g (dist(-,suppr_ ) < 2r)
+ p_v_ r(dist(-,suppry ;) < 2r) .

For symmetry reasons it is enough to investigate the first summand in the
following. According to Lemma B.3 we have suppv_; C [[,c;supprv_;
and hence Lemma 3.3.3 gives us

vy (dist(-,suppr_ ) <2r) <wvy g (dist( S ILiersuppr—;) < 27“)

=vig (Hiel{dist( ,suppr_ ;) < 27’}) .

138



5.4 a-Mixing

Since we assume I € 7y ,, there is a subset I, C I with |I;| > vm and
6(Ix) = k. Using the notation A; == {dist(-,suppv_;) <2r} x [[,,; X; C
X for ¢ € I we find

v (dist(-,suppr_ ) < 2r) < vy <ﬂ Ai) <y ( N Ai>

i€l i€ly,

Since P satisfies Assumption 4.1.1 and vy ; = 7, ; holds true, Point (i) of
Lemma 4.1.2 gives us

vi(A;) = vqi(dist(-,suppr_;) <2r) < (26 +2r/o) =€ 1 <1 .

Combining both bounds with Lemma 5.4.1 yields

|1 |
Vi (dlst( -, supp 1/7’[) é 27~) é O[+(k) Z ef(Sfl)th + efqallk\
s=1
Oé+(k') —vgam
ST e O -

Altogether, we get for the margin-noise function

Oé(k) —vqall| _ O[(k)
MNI()_l—e anre 71—e—qa+am
with a,, = e?9*", Now, we consider the number of relevant cells. Since
Ary = Az, UAr,_ holds true according to Lemma 1.3.3, it is enough to
consider |Az,, |. Using Lemma 3.2.1 and Point (ii) of Lemma 4.1.2 we get

Il _ efm —, b -

|AIV+|<H} i 1/_;_z = 1+[O—/(2Tﬂ)

el

Consequently, we have |Ar | < 2b,,. Finally, proceeding analogously to the
proof of Theorem 4.3.1 we get the assertion. O

In order get learning rates from Lemma 5.4.3 we need explicit bounds
on the a-mixing coefficient (k) and the structure of the feature set 1. In
the following we consider the case where I = k- [{] is a grid and investigate
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under which conditions on k = k,, Lemma 5.4.3 provides the same learning
rate for P as Theorem 4.3.1 does for the independent learning Problem
P, ic. n~@i5. Recall from (5.11), that for a grid I, = k, - [(,] with
l, = Tlog(n/7)/(qoe + )] — 1 we have I,, € I, 1 and hence Lemma 5.4.3
yields

RClass,P(h‘D,T,In) - RE]&SS,P <

a(ky) T\ 7057
b o)
1 —e9a + n

with probability P™ not less than 1 —e™".

Now, let us assume that v4 are polynomially a-mixing, i.e. there is a
constant ¢ > 0 and ¢ > 0 with

as (k) < ck™?

for all £ > 1. As a result, we recover the learning rate n~ 17 if there is a
constant ¢ > 0 with s
qo

N\ gatp

Ky, > C(*) qa+B

.

for all n > 1. Analogously, if we assume that vy are geometrically a-mizing,

i.e. there is a constant ¢ > 0 and 6, A > 0 with
ay (k) < cexp(—6k™)

for all £k > 1 then we recover the learning rate n~ 7«17 if there is a constant

¢ > 0 with "
qa/é
ky,, > -1
- <qa + Og(n/ﬂ)

for all n > 1. Note that geometrically a-mixing is stronger than polynomially

a-mixing, but also the restriction on k,, is much weaker in the geometrical
case than in the polynomial case. Roughly speaking, the faster the decay
of the a-mixing coefficient the weaker the condition on k.

Finally, note that if the feature set I = [¢], for £ > 1, is a block, i.e. a
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grid of distance 1, then (5.11) implies

I _ G+

for k > 1 and ¢ > 2. Assuming that a(kg) = 0 for some ko > 1, we can
apply Lemma 5.4.3 for v = 1/(2ko) and k = ko to get the polynomial

qa
(7’) qat2koB
n

This learning rate for P is worse than the rate for P from Theorem 4.3.1.

1
— < <
2k — -

learning rate

Nevertheless, we get polynomial rates for both classification problems.

However, if vy are a-mixing with «(k) > 0 for all £ > 1, we have to
choose k = k,, — oo for n — oo. Consequently, for every fixed 0 < v <1
there is some ng > 1 such that I,, = [¢,] & Ly, » for all n > ng. As a result,
Lemma 5.4.3 does not provide any consistency result or learning rate for the
simple reason that it only applies for finitely many n. This is in contrast
to the results in Section 5.2 and Section 5.3, where I = [{] is a reasonable
choice for a feature set.

141






Chapter 6

Discussion

In the first part of the thesis we provided a mathematical framework to
rigorously treat high-dimensional learning scenarios. Moreover, we used
this framework to investigate histograms on high-dimensional classification
problems. However, these are only small steps towards understanding
learning with high-dimensional data. Hence, we would like to draw attention
to the following research questions.

To achieve the learning rates presented in Section 4.3, we chose the hyper
parameters, i.e. the feature set I and radius r, based on parameters of
the learning scenario at hand. However, these parameters are unknown
in practical applications. So the question is, how to choose the hyper
parameters adaptively, i.e. without knowing the parameters of the learning
scenario. We conjecture that the classical cross-validation method is an
appropriate choice for the radius. However, there is an own research field
called feature selection for the feature set. It would be interesting to pair
a concrete feature selection method with our framework and analyze its
statistical properties.

The histogram method is probably the easiest learning algorithm to
analyze theoretically, but in practice it is rarely used. This raises the
question, how other learning methods, e.g. kernel methods, perform in the
high-dimensional scenarios of Chapter 4 and Chapter 5. For methods based
on Gaussian kernels, our investigations in Part II can possibly be useful.

Our developed framework in Chapter 2 and Chapter 3 indicates that
other learning goals, i.e. different loss functions, can be treated in the same
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way. We already presented some results for LS regression in Lemma 2.1.4,
Lemma 2.2.2, and Lemma 3.2.4. For regression problems in general an
important question is, what are appropriate regularity assumptions for the
Bayes function f{g p. Since ff'g p is a function on an infinite-dimensional
space, there is no obvious choice. For example, there are various non-equiv-
alent generalizations of Sobolev differentiable functions in the literature,
see e.g. [12] and references therein. Another example is the classical Holder
continuity, but even for this type of regularity assumption different possibly
non-equivalent metrics on X can be considered. Maybe a look into the
tractability literature, which deals with high- or infinite-dimensional nu-
merical problems, can give some inspiration for defining suitable regularity
assumptions, see e.g. [67] for an introduction to this topic.

In the remaining part of this section we briefly discuss further approaches

tackling high-dimensional learning problems:
One strand of research additionally assumes that the support of the data
generating distribution is concentrated on a low-dimensional set, i.e. the
learning problem is intrinsically low-dimensional. For various algorithms
this approach is able to replace, in the learning rate, the dimension d
of the ambient space X = R? by the (fractal) dimension of the support
supp v. For kernel estimators in combination with small ball probabilities
see e.g. [35, Section 13.3.1] and for Gaussian support vector machines
(SVMs) in combination with the (upper) box-counting dimension see e.g.
[44]. Moreover, the oracle inequalities in Lemma 1.3.1 and Lemma 1.3.2 in
combination with Lemma 1.3.8 show that histograms using cubic partitions
are capable to exploit a low intrinsic dimension as well.

Next, we compare our findings with those of the already mentioned book
[35] and the article [36], which belong to the field of functional data analysis
(FDA). To this end, we start with a brief overview of these contributions.
The authors of [35] and [36] consider pseudo-metric (there called semi-
metric) spaces as input space X. In [35], for a fixed input value z € X,
pointwise convergence of various quantities of the conditional distribution
is proven. These results are improved to uniform convergence in [36].
The following common problem occurs in both contributions for infinite-
dimensional learning problems: As stated in [35, Section 13.3.2], most of
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the classical stochastic processes v on X = Cy([0,1]), equipped with the
uniform or the L,-norm, are of ezponential-type, see e.g. [35, Definition 13.4]
for the definition, and hence the learning rates decrease only logarithmically,
see e.g. [35, Proposition 13.5]. This fact is unsatisfactory from a statistical
point of view. To overcome this shortcoming, [35] and [36] suggest the
usage of a specially designed pseudo-metric on X of the form

d(z,7') = (i@ - x’,ei>§()1/2 : (6.1)

=1

where X is assumed to be a Hilbert space and (e;);>1 an ONS in X.
This pseudo-metric is called projections type pseudo-metric and depends
only on finitely many Fourier coefficients, see [35, Lemma 13.6 i)]. Under
some additional assumptions [35, Lemma 13.6 ii)], in combination with
[35, Proposition 13.2], provides polynomial learning rates if X is equipped
with the projections type pseudo-metric. However, in these additional
assumptions the Holder continuity of ffj& p: X — Ris included and since
d(z,x + ') = 0 for all € span{es,...,eq} and ' L {e1,...,eq} this
implies

fis.plz+2') = fis p(@) . (6.2)

As a result, the considered Bayes function depends only on finitely many
Fourier coefficients with respect to the ONS (e;);>1. To summarize, the con-
siderations of [35, 36] lead to polynomial learning rates if the Bayes function
decision depends only on finitely many features or if the support supp v has
a low-dimensional structure, as mentioned in the previous paragraph. Now,
we compare these results with ours. The projections type pseudo-metric
in (6.1) is closely related to our pull-back pseudo-metric defined in (2.10).
To be more precise, it is the pull-back pseudo-metric with respect to the
transformation s: X — ¢4 given by s(z) == ((z,e;)x)L,. In contrast to
[35, 36], we consider a whole family of transformations and hence a family
of pull-back pseudo-metrics. More precisely, we treat the pseudo-metric as
a hyper parameter of our learning method. Since we consider a different
learning problem, namely classification instead of regression, and a different
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algorithm, it is an open question if our approach can weaken the assumption
in (6.2), which is implicitly used in [35, 36] to get polynomial learning rates.

Another strand of research considers functional linear regression, i.e. the
LS Bayes function is of the form

T
fisp(@) =a+ / B)(t) dt = a+ (B, 2)Lacry -

for x € X C Lo(A) with some function § € La()), see e.g. [16, 52] and refer-
ences therein as well as [86] for a generalization. For example [16] proves, for
a fixed input value x € X, polynomial pointwise convergence of an algorithm,
which has access to the infinite-dimensional data under regularity assump-
tions on (3, x, and the covariance kernel K (u,v) := E,,2z(u)z(v). Possibly,
our framework can be helpful to overcome the unrealistic assumption of
accessing the original infinite-dimensional data.

In [40], see also the related article [41], the authors consider a sequence
of learning problems (P;)¢>1 on R x Y and the sequence (Hg)g>1 of
hypothesis classes given by

d
Hy = {(xn?_l Hp(leﬂi) : BieRand [{i: B0} = k}
=1

with a sequence k,, = o(n/log(n)) and a (measurable) function p: R — R.
Then for an ¢;-regularized empirical risk minimizer (ERM) over H,, and
the sequence d = d,, = n®, with some o > 1, convergences in probability of

Ri,p,(fp) =R pyr, — 0

for n — oo is proven under some additional technical assumptions, see
[40, Theorem 2]. This type of convergence is called persistence, see [40,
Definition 1] for a definition, and is a weakened type of consistency, since
the Bayes risk R} p is replaced by the minimal risk R} p g, over Hg.
Next, let us have a look at linear discriminant analysis, see e.g. [15,
Chapter 1] for an introduction to this topic. The most basic setting is a
classification problem Py on R x {#1}, where Py is given by py =p_ = 1/2
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and two normal distributions vy y = N (pa,+, Xq) and vg— = N (pa,—, Xa)
with a common covariance matrix ¥, € R4*? and different mean vectors
ta,+ € R?. In most contributions, see e.g. [7, 33], the assumption that
the distance between the mean vectors is bounded away from zero, i.e.
d(pd,+, pa,—) > ¢ > 0, plays an important role. Since the mean vectors
coincide (and are identical zero) in our prototypical example from Chapter 4
for ¢; = 1f—jﬁ, 1 > 1, this approach does not cover our results. Note that
the Mahalanobis distance

ds, (bt pra, ) = (prd+ — prd,— 53" (a4 — fhd,~) ) pa

2

and the Euclidean distance are popular distance measures for the discrepancy
of the mean vectors. The starting point of most contributions is Fisher’s
linear discriminant rule, which is the learning method that assigns the label
+1 to an unseen data point x € R? if

ds, (@, fay) < dg (z,fta,-) (6.3)

and otherwise the label —1. Here fig+ and $4 denote the sample versions
of the mean vectors and the covariance matrix. For fixed d > 1 it is
well-known that Fisher’s linear discriminant rule is consistent, see e.g. [15,
Equation (3.4) in Chapter 1]. However, in [7, Theorem 1 (a)] it is shown
that in the so-called high-dimension low-sample-size (HDLSS) setting, i.e.
for d = d,, with d,/n — 0o as n — oo, Fisher’s linear discriminant rule
performs asymptotically not better than guessing. For this reason, there
are various generalizations of Fisher’s linear discriminant rule addressing
this issue in the HDLSS setting. For example, in [7, Theorem 1 (b)] a
modification called independence rule or naive Bayes is investigated. In
this modification the off-diagonal entries of $4 are set to zero in (6.3). In
this theorem it is proven that the independence rule performs better than
guessing if, in addition, the eigenvalues of ¥; are bounded away from zero
and infinity and g4+ are contained in a compact subset of ¢;. However,
this theorem provides consistency only if 3, is a multiple of the identity
matrix. Moreover, in [33] the authors combine the independence rule with
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a feature selection method and investigate the statistical properties of the
combined method. For further generalization see e.g. [2, 46, 47, 49] and
the references therein. Unfortunately, in most contributions there are no
learning rates provided.

Finally, we mention the so-called distribution regression. In this approach
we assume that P is a distribution on M; x Y, i.e. the marginal v is a
distribution on the set of probability distributions M; on a measurable
space Z. However, the algorithm has only access to finitely many samples
z1,...,2Nn ~ x of each data point 2z € My, see e.g. [80, 81, 65] and references
therein. This scenario can be applied to model high-dimensional learning
problems as follows: Let Z = [0,1] x R be the product of the unit interval
and R. Then every data point x € X itself defines a learning problem on
Z, with input space [0, 1] and output space R, and using the corresponding
LS Bayes function f{g ,: [0,1] — R the samples are given by z; = (i, s)

with t; ~ o 7r[_0,11] and
si = fis.(ti) +ei
where ¢; is some error term for ¢ = 1,..., N. In this regard, the samples can

be interpreted as noisy evaluations of the (random) function fES,ac at random
points. This approach is more general than our framework since the mapping
from the infinite-dimensional object f{'s , to the finite-dimensional object
(21,...,2n) € ([0,1] x R)" includes another source of randomness. But in
most contributions to this field the assumptions, which allow polynomial
learning rates, are very abstract such that an interpretation or verification
in a concrete example is a difficult task.

To sum it up, our prototypical example from Chapter 4 and its gener-
alizations from Chapter 5 contribute—to the best of our knowledge—mnew
polynomial learning rates to the field of high-dimensional classification.
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Part Il

Gaussian Kernels

In this part we consider the probably most popular kernel used for kernel-
based learning methods, namely Gaussian kernels. For the statistical
analysis of such learning methods the capacity of the corresponding RKHSs
plays an important role. We provide some new bounds on the capacity of the
Gaussian RKHS using so-called log-covering numbers of its ,,-embedding.
In Chapter 7 we set up our notation and provide some preparatory material.
Chapter 8 is based on the article [77], which establishes log-covering number
bounds for Gaussian RKHS over finite-dimensional domains. These bounds
provide the dependence on the kernel width and the dimension of the
underlying space explicitly. In Chapter 9 we generalize these log-covering

number bounds to some particular infinite-dimensional domains.






Chapter 7

Introduction and Preparation

In this chapter we introduce the notation and some preparatory material.

7.1 Definitions and Basic Properties

Since we consider Gaussian kernels on finite-dimensional as well as infinite-
dimensional spaces, we use a unifying notation covering both cases. To this
end, we consider sequences over an index set I C N and recall the definition
of the sequence space ,(I) == {z = (z;)ier € R' : ||z[|¢,(1) < 00} with the

norm
1/2
lelleacy = (ZW)

iel
and the closed unit ball By, (r). Using this notation for I = [d] and I = N we
get the finite-dimensional case £¢ = ¢5([d]) = R? and the infinite-dimensional
case f5 = l5(N), respectively.
Next, for bounded sequences o = (0;)icr € loo(I) with o; > 0 for all
i € I we define the diagonal operator Dy : l3(I) — ¢3(I) by

Do (i)ier = (0i%4)ier -

Using this diagonal operator we define the (anisotropic) Gaussian kernel
on lo(I) with width vector o by

ko(z,2") = exp(—| Doz — Dax'HZ(U) ,
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Chapter 7 Introduction and Preparation

for x, 2" € £y(I). For a subset X C ¢5(I), we denote the Gaussian kernel
restricted to X again by ks and the corresponding Gaussian RKHS by
H,(X). For a general introduction to reproducing kernels and RKHSs see
e.g. [76, Chapter 4].

Since kq (x, x) = 1 for all x € X the Gaussian kernel is bounded and hence
the Gaussian RKHS H,(X) is a subset of the space £ (X) of bounded
functions on X. To be more precise, according to [76, Lemma 4.23] the
{oo-embedding

I,[X]: Ho (X)) =5 loo(X), f f (7.1)

is a bounded operator with operator norm ||/, [X]| = 1.

The goal of this part is to give bounds on the capacity of the Gaussian
RKHS H,(X) in terms of log-covering number bounds for the £,,-embedding
I,[X]. To this end, recall that, for € > 0, the covering number N (I5[X],¢)
is defined as the minimum number of closed ¢, (X )-balls of radius € needed
to cover the closed unit ball By, (x) C foo(X) of the Gaussian RKHS
H,(X). Moreover, we denote log-covering numbers by

H(Is[X],e) ==1logN (I5[X],e) ,

see e.g. Appendix C for basic properties of (log-)covering numbers.

Finally, for a scalar o > 0 we denote the (isotropic) Gaussian kernel on
lo(I) of width o by k, = ks with o = (0,0,...). Analogously, we denote
the corresponding RKHS by H,(X) and the ¢,-embedding of the isotropic
Gaussian kernel on X C ¢5(I) by I,[X].

7.2 Special Functions

In this section we introduce functions we use at several places. Especially,
we give a brief introduction to a generalization of the binomial coefficient
and Lambert’s W-function. To this end, recall that for f, g defined in some
neighborhood of a € RU{+o0} we write f(t) ~ g(t) as t — a for the strong
asymptotic equivalence, i.e. if f(t)/g(t) — 1 for t — a.
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For t > 0 and k € N, we define the generalized binomial coefficient by

(Z) :=Ii!i1f[l(t—k+z’) .

Note that this definition coincides with the classical definition for ¢ € N. In
the following generalized binomial coefficients mainly appear, for d € N and
t > 0, in the form

<t2d> _ ;!f[l(t+i) . (7.2)

For the first lemma, which summarizes important monotonicity properties
of (7.2), we use the Gamma function T'(t) == [;~ a'~'e™ dx for ¢ > 0.

7.2.1 Lemma (Binomial Coefficient) For an integer d > 1 and a real number
t > 0 the (generalized) binomial coefficient from (7.2) satisfies

t+dy  Tt+d+1)
(d ) C(t+)I(d+1)

Moreover, the following statements are true:

(i) For a fized d > 1 the functiont — (t-gd) is increasing and the function
t— (tgd)t_d is decreasing with (tzd)t_d — 1/d! fort — oo.

(ii) For a fized t > 0 the sequence d (thd) is increasing and the
sequence d — ("1%)d~t is decreasing with (*1%)d=t — 1/T(t + 1) for
d — o0.

Using the notion of strong asymptotic equivalence this lemma states

d
t+d Nt— for t — oo and
d d!
(7.3)
t+d dit for d = oo
d L(t+1) '

Proof. First note that I'(d 4+ 1) = d! and an d-fold application of T'(t + 1) =

153



Chapter 7 Introduction and Preparation

t-I'(t) gives us the first assertion, namely

t+d\  1a, . TE+DI[,(t+i)  T(d+t+1)
( d >—d;i1:[1(t+’>— DA+ O0(t+1)  Td+10(E+1)

(i) From (7.2) we directly see that ¢ — (“1?) is increasing and that

d
t— (t;d)t_d is decreasing with limit 1/d!.

(ii) Since Hd+D) » 1 and

d+1
t+(d+1)\ _ (t+d\ t+(d+1)
d+1 \d d+1
the sequence d — (t"gd) is increasing. In the following we use the abbrevi-

ation ag = (t'gd) -d~! for d > 1. A well-known property of the Gamma
function is ag — 1/I'(t + 1) for d — oo, see e.g. [72, Equation (95)]. Hence

it remains to show the monotonicity of (a4)g>1. Since

 T(d+t+2)
Y T Pd+ 2Tt + 1)

d Y'd+t+l

D =a4-
(d+1)7" = aq (d+1 d+r1

(aq)a>1 is decreasing if and only if % < (M)t is satisfied for all d > 1

d
and t > 0. In order to prove this we fix some d > 1 and show that

ﬁﬂﬂ:::@f%é)t—(14fgii);>o

is satisfied for all ¢ > 0. To this end, we calculate the derivatives

<1+%>t10g<1+§)—%+1 and
(1+

Do)

Using log(1 + x) > {7, which holds for all z > —1, for z = 1/d we get

fa(t)
a(t)

1) 1 d 1

1(0) =log(1+ =) — - -
1a(0) Og(er d+1=1+1/d d+i
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Together with f7(t) > 0 we get f;(¢t) > 0 for all ¢ > 0. Finally, f4(0) =0
and fi(t) > 0 gives f4(t) > 0 for all ¢ > 0 and hence the assertion is
proven. O

The next lemma demonstrates our general approach to establish explicit
bounds for the binomial coefficient.

7.2.2 Lemma (Bound for the Binomial Coefficient) Let f,h: I — (0,00)
be functions defined on some interval I C R with f(e) >ty and h(e) < f(e)
for all e € T then the binomial coefficient satisfies, for e € I,

he) +d\ _ (to+d\ (f)\*
d - d to ’
Proof. In order to prove this statement we use the auxiliary function
aq(t): (0,00) = (0,00) defined by

d
t+d _
ad(t)::( i )-td 1:[1+z/t
Since ¢+ (%) is increasing and ¢ — a,(t) is decreasing we get

(h(g)f d) < (f(g)f d) = aa(f(€) - 1*() < aulto) - F()

for all € € I, which gives the assertion. O

Now, we give a brief introduction to Lambert’s W -function, which is defined
as the inverse of the function f(t) := te’. To be more precise, the function f
is not bijective on R but, it is bijective as function fo = f|[_1,00): [~1,00) —
[~1/e,00) as well as function f_1 = f[_o,—17: (=00, —1] — [~1/e,0).
Consequently, Lambert’s W-function consists of two branches, namely

Wo = fy: [~1/e,00) = [~1,00) and
W_1=f{:[-1/e,0) = (—o0, —1]
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[
[\]
[ Y .

|
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1
<4 1/e W,

Figure 7.1: Plot of fo and f_; on the left as well as plot of Wy and W_;
on the right.

Note that for complex arguments there are even more branches, but we are
only interested in real arguments. See Figure 7.1 for a plot of Lambert’s
W-function. The following lemma summarizes basic properties of Wj.

7.2.3 Lemma (Lambert’s Wy-Function) Lambert’s Wy-function is differen-
tiable on the interval (—1/e, 00) with derivative

exp(—Wo(2)) =20 Wol(z)
1+ Wy(z) z(1+ Wo(z))

Wi () =

Moreover, the following statements are true:
(i) Wy is increasing.

(ii) Wo(ye¥) =y fory > —1.

(iii) Wo(x)e"o®) =g for x > —1/e.

(iv) Wo(0) =0 and W(z) > 0 for x > 0.

(v) Wo(z) ~ log(z) for x — oo.

Proof. First note, that fy is differentiable on [—1, 00) with derivative f{(y) =
e¥(1 4 y). Consequently, fy is increasing on [—1,00) and hence the inverse
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foexists on fo([—1,00)) = [~1/e,00). In other words, Wy is well-defined.
Moreover, the monotonicity of fj already implies Point (i). Point (ii) and (iii)
are explicit descriptions of the fact that Wy is the inverse of fy. Moreover,
f{ > 0 on (—1,00) implies that Wy is differentiable with derivative

1 B exp(—Wo(x))

Wol) = A Wo(@) 1+ Wolx)

for all > —1/e. For  # 0 an application of Point (iii) yields the second
representation of the derivative. Point (iv) follows from f;(0) = 0 and
fo(y) > 0 for y > 0. Finally, an application of L’Hépital’s rule

Wo(z) _ . Wol) _ . Wo(x)

= = =1
oo log(z) oo logl (z) w00 1+ Wo(x)
gives Point (v). O

Analogously to the previous lemma, the next lemma summarizes basic
properties of W_j.

7.2.4 Lemma (Lambert's W_;-Function) Lambert’s W_-function is dif-
ferentiable on the interval (—1/e,0) with derivative
exp(—W_1(z)) W_i(z)

Wl_l(x) = 1+ W71(33> - 1’(1 + W,l(it))

Moreover, the following statements are true:
(i) W_1 is decreasing.
(ii) W-i(ye”) =y fory < —1.
(iii) W_1(2)eV-1®) =g for —1/e <z <0.
(iv) W_1(—x) ~log(x) for x — 0F.
Proof. This can be proven analogously to Lemma 7.2.3. O

The next lemma presents an explicit bound comparing Wy with a scaled
version of the logarithm.

157



Chapter 7 Introduction and Preparation

7.2.5 Lemma (Lambert’s Wy-function vs. Logarithm) For o > 0 let t* :=
o 2exp(c72) and g, : (0,00) — R be given by

log(t - ea?)

() = Wo(t)

Then g, is increasing on (0,t*] and decreasing on [t*,00). Moreover, ¢,
has a unique global mazimum at t* with q,(t*) = 1+ 0 and we have
lim; 00 ¢5 () = 1.

Proof. A simple but tedious calculation shows

_ W(t) —log(ta?)
t-Wo(t) - (1+ Wo(t))

4, (t)

Since the denominator is positive for all ¢ > 0 we can focus on the numerator
in order to investigate the monotonicity properties of q,. Consequently, g,
is decreasing, if and only if Wy(¢) < log(to?) and this is equivalent to

t = Wo(t)e"o® < log(to?) - expolog(to?) = to? log(to?) .

Rearranging this inequality for ¢ shows that ¢, is decreasing on [t*, 00).
Analogously, we get that g, is increasing on (0,¢*] and that ¢, has a unique
global maximum at t*. Since Wy (t*) = 0~2 and log(t*) = —log(c?) + 02
we find ¢, (t*) = 1 + 02. Finally, lim; .. ¢, (t) = 1 directly follows from
Wo(t) ~ log(t) for t — oo, see Point (v) of Lemma 7.2.3. O

In the following lemma we use Lambert’s W-function to introduce important
functions that appear in our log-covering number bounds.

7.2.6 Lemma (Auxiliary Functions) For o >0, z > 0, y > —02,

92 2\ ©/2
po(z) == 2( o ) ) and ho(y) = 2e0? exp (W()(ey?))
g

xT

the following statements are true:
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(i) The function ps: (0,00) — (0,00) is decreasing on (202,00) and
po(x) = 0 for x — oo.

(ii) The function hy: [—02,00) — [202,00) is increasing and satisfies

2y

ho(y) = m .

(7.4)

(iii) The function p,: [202,00) — (O,Qexp(az)] is bijective with inverse
p,; 1 given by
Pt (€) = hy olog(2/e)

Proof. (i) Some tedious calculations show that the derivative of p,, for

1) = ()

X

x > 0, is given by

From this identity for the derivative of p, the first assertion immediately
follows. The second assertion is obvious.

(ii) The monotonicity of h, is a consequence of the monotonicity of Wy
and the definition of the function h,. Moreover, (7.4) follows from the
identity Wo(z) exp(Wo(z)) = .

(iii) By Point (i) we already know that p,: [202,00) — (0,2exp(c?)] is
bijective. To verify the formula for p;!, we fix some 0 < ¢ < 2exp(0?) and
write y = log(2/¢). This immediately gives y > —o? and by the definition
of h, we find

2ec? \ 0 W)/2 Y hs(y)
= [ = — .2 — 9 Y —
Poohe(y) 2<hg(y)> 2exp( WO(602) 5 ) 2¢ €,

i.e. we have shown the assertion. O

Finally, the function considered in the next lemma appears at several places
of Section 8.2.
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7.2.7 Lemma Let t* := e and the function B: (1,00) — (0,00) be defined by

_ t
~ log(t)

Bt) :

Then B is decreasing on (1,t*] and increasing on [t*,00). Moreover,  has
a unique global minimum at t* with B(t*) = e

Proof. Since the derivative of 5 equals

/ o log(t) -1
)= log”(t)

)

the assertion directly follows. O
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Chapter 8

Gaussian Kernels on
Finite-Dimensional Spaces

In this chapter we consider Gaussian RKHSs H,(X) on bounded subsets
X C R? of the finite-dimensional space R%. To be more precise, we provide
bounds on the log-covering number for the ¢y-embedding I,[X] of the
Gaussian RKHS H,(X) defined in (7.1). Unlike previous results in this
direction we focus on small explicit constants as well as their dependence
on crucial parameters such as the kernel width and the size and dimension
of the underlying space. The content of this chapter is mainly taken from
the article:

I. Steinwart and S. Fischer. A closer look at covering number bounds
for Gaussian kernels. J. Complexity, 62:101513, 2021.

8.1 A closer Look at Kuihn's Proof

In this section we essentially repeat the key arguments of [59, Theorem 3]
on the input space X = ng instead of X = [0,1]%. Moreover, in contrast
to [59, Theorem 3] we precisely keep track of the appearing constants.
Throughout this section the domain X := ng C R? is fixed, and hence
we simply write I, for the embedding I, [Bya]: Ho(Bya) — loo(Bya). Our
first result provides a general estimate for the log-covering numbers of 1.
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8.1.1 Lemma (Kiihn’s Bound) For o,e > 0 and integers N > 1 the following
bound is satisfied

2\N _
H(Ig,e—i- (202) >§<N 1+d

i 4 > -log(1+2/¢) .
Proof. For fixed 0 >0, >0, and N > 1 we define

(202)"
N!

Ep ‘=

In order to repeat the argument of [59, Theorem 3|, we begin by recalling
some notation: For every multi-index k = (ky,...,kq) € Nd we define the
function ey, : Byja — R by

202) Ikl
ex(z) = ( k') z® exp(702||zH?g)
where we use |k| == ki + ...+ kq, k! = k1! ... kq!, and zF == 2} ~...~:z:gd
for v = (x1,...,24) € Bys. Since By has a non-empty interior, the

family of functions (ex)yena forms an ONB of H,(Byg) according to [76,
Theorem 4.42]. Using this ONB we now consider, for N > 1, the orthogonal
projections Py, Qn: Hy(Byg) — Hy(Byg) onto span{ex : |k| < N} and
W{ek 2 k| > N}, respectively. From the first equation on page 494 of
[59] we know

(202Hx||5d)N (202)N
I, < . SO =g . 8.1
1o 0 Qnll < mseugzg N i €0 (8.1)

Using (C.3), Point (vi) of Lemma C.9, and ||I, o Py|| = 1 we find

H(Ig,€+€o) = H(Ig oPv+1,0QnN,¢ +€0>
< H(Ig o PN,E)
< rank(Py)log(l+2/¢) .
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Together with the formula

N-1
rank(Py) = ( + d) ,
d
which was derived in [59, Remark 4], we thus obtain the assertion. O

Our next goal is to find suitable values of N > 1 for the bound established
in Lemma 8.1.1. To this end, we use the functions p, and h, introduced in
Lemma 7.2.6.

8.1.2 Lemma (Log-Covering Number Bound) For o >0 and 0 < e < 1,
the following bound is satisfied

HI.e) < ((h“ Tlos)(/e) d) log(4/e) .

This lemma is the basis for all log-covering number bounds presented in
Chapter 8 as well as Chapter 9 below.

Proof. For a fixed 0 < e <1 we write y := log(4/¢) and = := h,(y). Since
y > 1 holds true, we have z > 202 > 0, and hence there is a unique integer
N > 1 with N — 1 < 2 < N. Using Lemma 8.1.1 with 2¢/3 instead of ¢,
the monotonicity of ¢ — (t‘;‘i), and 1 < 1/e we find

H(L,, ., (202)N> < (N *; +d> log(1 + 3/¢)

3 N!
< ( ' d) log(4/e) -

Consequently, it remains to show that y/(2¢62)/N! < &/3 holds true. To
this end, we use Stirling’s formula N! > /27N (N/e)V to get

< Po(N)
- 2(2m)v/4

)N _ 1 2e02\ V/?
NI~ @eN)/i N

Moreover, the already observed z > 202 together with Point (i) and (iii) of
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Lemma 7.2.6 yields

pU(N) < pa('r) = Do (ha(y)) = Do (ha © 10g<4/8)) = 5/2 :

Combining both estimates and (27)~1/% < 4/3 we get the assertion. O

Note that by an easy adaption of the above proof we can replace the
4 in y = log(4/¢) by v = 7/2 if we choose 4¢/5 instead of 2¢/3 and use
the bound (27)~1/* ~ 0.6316 < 7/10. Moreover, some tedious calculations
show that the argument still works for

2m)t/4 41 2m)1/2 + 2(2m)1/4 + 1
7::3( Y4414 /9(2m)V/2 4 2(2m)1/4 + 3485
2(2m)t/4

Since these improvements have little impact we stick to v = 4 for conve-
nience.

8.2 Isotropic Gaussian Kernels on Byq

In this section we exploit the log-covering number bound from Lemma 8.1.2
to derive further bounds which are (probably) easier to interpret. Recall that
Lemma 8.1.2 is valid for the domain X = Byg and isotropic Gaussian kernels
with width o > 0. Moreover, we use again the abbreviation I, := I,[B]
in the proofs.

8.2.1 Theorem Ford>1,0>0,0<e<1, and

2
Ky, = (26(1 +; )+ d) cemd

the following log-covering number bound is satisfied

log™(4/¢)

H(I5[Bpl,e) < Kgo - ——————— .
(Lol ] ) ¢ loglog®(4/¢)

Note that this result recovers the asymptotic behavior of & — H (1, [ng], £)
found by Kiihn in [59], which in turn improves the upper bound of [87,
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Proposition 1]. Moreover, by presenting a corresponding lower bound on the
log-covering numbers, [59] further shows that this behavior in € is optimal
and hence improves the lower bound of [88, Proposition 1]. Unlike the
upper bound in [59], however, Theorem 8.2.1 provides an upper bound for
the behavior in o and d that is expressed by the constant K.

Proof. Let us define g9 := 1 and yo = log(4/eg). For 0 < ¢ < gg we
further write y := log(4/¢) > yo > 1. Moreover, recall the representation of
ho(y) = 2y/Wo (%) in Lemma 7.2.6. An application of Lemma 7.2.5 then
yields

(h, olog)(4/e) =

for all 0 < € < g9. According to Lemma 7.2.7 we have y/log(y) > e and
hence we get f(¢) > 2e(1 + 02) = to. Finally, combining Lemma 8.1.2 and
Lemma 7.2.2 for h = (h, olog)(4/ ) gives the assertion. O

To better understand the behavior of the constant K, defined in The-
orem 8.2.1 we fix some o > 0 and consider its asymptotic behavior for
d — oo. From (7.3) we get

Kdoz

)

26(1 JrJZ) +d 4 d2e(1+g2) 4
d I'(2e(1+02) +1)

for d — oco. Moreover, the monotonicity properties of the binomial coefficient
presented in Lemma 7.2.1 gives the upper bound

Kio <Cqyo . g2e(i+o?) g—d with

2e(1+02%) +d —2e(140?
Clo o :=< ( do) 0)-d02(”) (8.2)
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for all d > dy > 1. Note that the smaller the range of d, i.e. the larger dg, the
smaller the constant Cy, . In the case o = 1, which is of special interest in
Section 8.4 below, we have C; = 4e+1 ~ 11.8731 and C ; =~ 0.0407 < 0.05,
i.e. for d > 2 we have

Kg1 <Oy -d*e ?<0.05-d*e .

For a plot of d — Ky see Figure 8.1.
Now, let us consider the behavior of Ky, in o for some fixed d > 1. To
this end, we first observe that (7.3) gives

KdU:

s

d - e .o

2e(1+0)+d\ _, (e(1+o2))" _, 20
AT v

for ¢ — oo. Consequently the constant K, , grows like o?¢ for o — oo.
This improves the bound in [87, Proposition 1], which provides an ¢2¢+2-
behavior. However, in Section 8.4 below we will see that we can find
another constant for the estimate of Theorem 8.2.1 that only grows like
o® for ¢ — co. Moreover, K4, is increasing in o and the representation
of the binomial coefficient in (7.2) directly gives, for all o > 0 satisfying

2¢(1+ 02) > d, the bounds

2d 2 d 4d 2 d

I(1+o-) ng,aga(Ha) : (8.3)
Our next goal is to show that the constant in Theorem 8.2.1 is significantly

influenced by the considered range of €. More precisely, Theorem 8.2.1

considers the maximal range 0 < ¢ < 1, since we have ||I, [B@g]H =1, and

thus Point (ii) of Lemma C.9 gives

,H(IU[BZSL E) =0

for all € > 1. Our next theorem shows that by considering a smaller range
for €, we can substantially decrease the constant appearing in the estimate
of Theorem 8.2.1.
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25 + e Kan
Ka,1,e, for different g
20 4 5 ;
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Figure 8.1: Plot of K4 from Theorem 8.2.1 and Kg 1 ¢, from Theorem 8.2.2
for different values of g¢ as well as in the limit case g — 0T
from (8.4).

8.2.2 Theorem (Small e-Range) For d > 1, 0 > 0, and 0 < ¢g < 4 -
exp(—el+"72) consider yo = log(4/g0), o = 2yo/Wo(23), and

€eo

To +d lo d
Kd,cr,eo = ( Od ) . (gy(jo)> .

Then the following log-covering number bound is satisfied, for 0 < e < g,

log"*! (4/¢)
loglog®(4/¢)

Proof. For 0 < e < gg we write y := log(4/¢) > yo. Note that the restriction

on €p ensures Yo > exp(l + 0*2) and hence X5 > o2 exp(a*2). As a
y

eo?

H(IJ[B[gL&\) S Kd,a,sg .

consequence, the function y +— log(y)/Wo (%) is decreasing on [yo, 00)

according to Lemma 7.2.5 and we get

e 2losy) 2log(yo) ¥ _ o0
(ho 2 08)(42) = 0 oy < () Tonl) = /)

Now, from Lemma 7.2.7 we know that the function 5(t) = t/log(t) is
increasing on [e, 00) and the already observed yg > exp(1 4 072%) > e gives
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us
2log(yo) o 210
fle) > . = =z
) 2 () Toalwo) ~ Wo(Z)

for all 0 < ¢ < g¢. Finally, combining Lemma 8.1.2 and Lemma 7.2.2 for
h = (hy olog)(4/-) and tg = x( gives the assertion. O

To appreciate Theorem 8.2.2 we note that for eg — 07 we have yg — oo
and xg — oo. Since (Hd) ~ t?/d! and Wy(t) ~ log(t) for t — oo, see

d
Lemma 7.2.1 and Lemma 7.2.3, respectively, we find
d d
. . zo+d _a [ 2log(yo) 2
1 Kioe, =1 . =) == . 8.4
o, Kaoe jﬂ( d ) %o (WO(;;Q) a- G

This sharpens the result of [59, Remark 4] by a factor of approximately
V2rd. For fixed ¢ > 0 and 0 < &g < 4dexp( — e“"’g“) the quantity Kg,0 e,

behaves like 4
Kameo e (2200)
7% Do + 1) Yo

for d — oo. Since log(yo)/yo < e~ ! is satisfied according to Lemma 7.2.7,

the quantity Ky 5, vanishes faster than the quantity K4, of Theorem 8.2.1
for d — oco. Finally, note that, for o = 1 and g¢ := 4 exp(—e?) &~ 0.0025, we
have 3o = e? and xy = 2¢2. Using the monotonicity of d — (mojd) d—"0 we
find, for d > 1,

Kaneo < (142€%)-d2 - (2/e2)? <16 - d> - (2/e2)¢ .

For a plot of d — Kg 1 ¢, for different values of g see Figure 8.1.

For some applications, see e.g. [84, 34], it is sufficient and more convenient
to work with a weaker bound in €, namely a polynomial bound in €. For
this reason, the following theorem establishes a polynomial upper bound
with an explicit constant.
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8.2 Isotropic Gaussian Kernels on Bya

8.2.3 Theorem (Polynomial Bound) For d > 1, 0 > 0, and p > 0 consider

to+d\ d+1 »
Kd,a,p 3:<O;— ) (:Z_) - 4T with

t._2(d+1)-4dilex< 1 )
T e wo(EH) TT\W(ED)

p

Then the following log-covering number bound is satisfied, for 0 < e <1,
H(IU[BKS],e) <Kigop-€?.

Proof. For 0 < £ <1 we again write y := log(4/¢) > log(4). In order to give
a polynomial upper bound for H(I,,e) we use Lemma 8.1.2 and estimate
the two factors, (h"(ZHd) and y = log(4/¢), appearing in Lemma 8.1.2,
separately by a polynomial bound. To bound the first factor we fix ¢; > 0
and define the function

te~nt
t) =2—F—F—~
gl() WO(#)

for t > 0. Using e” 'Y = (4/¢)~% we then get

(hy otog)(4/2) = = (2) " (2)" = (2)" sw () = f(o)

Wo(s) \e € e/ >0

and f(g) > 4% - sup,~ 91(t) =: t1. A simple but tedious calculation shows

0= 2 (oo (1)) (141 (5)))

Another tedious calculation shows that g; has a unique global maximum at

P b (1 - 1)
o Wo(ql%)
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Using t/Wy(t) = exp(Wy(t)) for t = —L; we find

q10?

= (WO(mIUQ> —1) -Wol(/qi)

q10?
1 1
o () - 1) e ()
Q10 q10

This representation together with Wy (ze®) = x for x = W) (ql%) —1 implies

t* t* 1

Wo() ~ Wolgha) =1 ar-Wa()

Using this identity we directly get

t=4%g (1) =247 .

q1 'vvb(qlbz)

240 1
eqr Wo(:Liz) exp(l/WO(mUQ)>

q10?

and Lemma 7.2.2 for h = (h, olog)(4/-) and ¢y = t; gives us

<(hgolog)d(4/s)+d) s <t1;d> | <ft(€))d
_ (th+d) ,qlld. ad (8:5)
_< . ) gm0d . (4/e)nd

Now, we estimate the second factor y = log(4/¢) by a polynomial bound
of order gz > 0. To this end, we define the function go(t) := te~92t, for
t > 0, and estimate

y=(4/e)” -y (4/e)"" < (4/e)® -jt;ggz(t) :

An easy calculation shows that the derivative of go is given by g¢5(t) =
92(t) - (1/t — g2) and consequently g» has a global maximum at t* := 1/gs
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with go(t*) = é. Therefore, we get

4 q2
y< WO (3.6)
€42
Finally, combining Lemma 8.1.2 with (8.5) and (8.6) yields
t1 +d 1 q1d+q
niine < (" ) g
and for ¢ = ¢o = ﬁ we find t; = tg as well as the claimed bound. O

Since we do not directly see the behavior of Ky, in d, the next lemma
shows that K, ., grows more slowly than any exponential function in d,
i.e. for all @ > 0 we have K, ,-e % — 0 for d — oo.

8.24 Lemma For o,p > 0 there are constants csp,Cyp > 0 such that
Kqop defined in Theorem 8.2.3 satisfies, for d > 1,

log log(d)
Kiop < Cop-+/dlog(d) - exp (cg’p -d- Togd) ) -
Proof. Using Wy(t) ~ log(t) from Lemma 7.2.3 we get, for d — oo,

tz(d+1)~4dilex( 1 )
°T e Wo(Zh) TP\WO (D)) T Wo(&

_ d
1) " log(d)

) log(

Since ty — oo for d — oo, Lemma 7.2.1 together with Stirling’s formula

L(t+1) ~ V27t (t/e)t yields

to+d D(to+d+1) 1 1\1/2 to\ @ d\ to
= = | — — 1 — 1 —_
( d > T(to + DI(d + 1) (t0+d) (1+3) ( +t0)
for d — oo. Using the inequality 1 + ¢ < e?, which holds for all + € R, for
t =tog/d we get
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for d — oo. Consequently, we find a constant C, , > 0 with

t d\ d+1 P d
Kiop= (0; ) + 4T < Cy - d1og(d).exp<t0.1og(e+eto)) .

ep

Since the exponent behaves like

d d loglog(d)
to -log e + e ) = tog(e+ elog(d)) = d- 2228
o - log e+et0 og(d) og| e+ elog(d) log(d)
for d — oo, there is a constant ¢, > 0 independent of d with the desired
property. ]

The next lemma establishes a bound on K, , in d and p for fixed o = 1.

8.2.5 Lemma For 0 <py < 1/e and o =1 the quantity K4, defined in
Theorem 8.2.3 satisfies, for 0 < p <pg and d > 1,

d+1
Kaip < 1/2.030.\/3,1(1229()1/) 7
og D

where Cy, is given by

Cpo = epo - log(1/po) + (2 + 1/e)2"HPo eXp(VVO(;/po)) .
For fixed p, this bound is weaker in d than the bound in Lemma 8.2.4.
However, this bound provides the dependence on p explicitly. In particular,
Cp, only depends on pg, and for py = 1/e we find Cp, ~ 13.6481. In
addition, Cp, converges to 4 + 2/e &~ 4.7358 for py — 0.

Moreover, this lemma shows that Theorem 8.2.3 with p = 1/log(4/¢)
recovers the optimal behavior of € — H([; [Bg(zz], g) for e — 0% from Theo-
rem 8.2.1 and Theorem 8.2.2 in the case o = 1.

Proof. As a first step we bound ¢y defined in Theorem 8.2.3. To this end,
we write

9(po) =270 'eXP< ) (2+1/e) =4

1
Wo(2/po)
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8.2 Isotropic Gaussian Kernels on Bya

and bound Wy by log with the help of Lemma 7.2.5, that is

d+1 1
log(1/p) log(* e<d+1>e) . 1L, 241/

Wo (%) Wo(EL) = T@rDe - dvn

where we used d + 1 < 2d in the last step. Since p < pg and d > 1 hold
true, we have 4T < 2P0 and together we find

RGP G W WO SO V/ S
fo = ep - Wo( +) (Wo(dpl)> = e g log(1/p) )

Since 3(t) = t/log(t) is increasing on [e, 00) according to Lemma 7.2.7 and
1/p > 1/po > e holds true, we get f(p) > f(po) = g(po)/e - - 20, where

_ 1/po
log(1/po) -

Then Lemma 7.2.2 for h = tg and to = f(po) = g(po)/e - d - zp together with
the already observed bounds, d + 1 < 2d and 4T < 2P0 yields

to+d\ d I »
Kdlp <O+> i 4t

() ()
1+po +1
() e

Consequently, we have extracted the dependence on p from the binomial

coefficient and it remains to consider the dependence on d. To this end,
we use the representation from Lemma 7.2.1 for the binomial coefficient
together with Stirling’s formula, for x > 0,

27 - (%)az <TI'(z+1) < exp(%) V2mz - <§>w ,
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f(po) >4,d>1,and 1+ ¢ < e for t =d/f(po)

<f(poc)l+d)-zod-d
\//27 | Cz ! f<;o>)1/2<1 * f(?))d(l ’ f(i()))ﬂm) td

e (e N (Liao/e ) a e
< 1y ) -e%-d .
Nozs 9(po) - 2o &

Since Cp, = e/z0 + g(po) holds true and the arising quantities that are
independent of p and d satisfy

IN

e1/60 ( e 1/2 9l+po
(1 )"
V2T 9(po) - 20 e
e1/60 1 1/2 21+1/e
SN (P R e
V21 22+ 1/e) e
~ 04239 <1/2 |
the assertion is proven. O

Finally, we note that the constant appearing in Theorem 8.2.3 can again
be substantially improved if we restrict our consideration to a smaller range
0<e<ep.

8.3 Translation Invariant Kernels

In this section we exploit the translation invariance of the Gaussian kernel
to reduce the problem of bounding the log-covering numbers ’H(IU [X], 5) of
the /.-embedding I,[X] with a bounded subset X C R? to the estimation
of H(Ia[ng], 5). In other words, this section enables us to generalize the
log-covering number bounds presented in Section 8.2 to anisotropic Gaussian
kernels on general bounded subsets X. Since this reduction is possible for
general bounded and translation invariant kernels on a Banach space, we
formulate this section in its natural generality.
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8.3 Translation Invariant Kernels

Let us start with some notation. For a fixed bounded kernel k defined
on a set X we often consider its restriction to different subsets Y C X.
Consequently, we highlight the considered domain by writing H(Y") for the
corresponding RKHS and

IY]: HY) 2 4o (Y), f = f (8.7)

for the corresponding f¢..-embedding. Recall that I[Y] is well-defined
according to [76, Lemma 4.23]. The first lemma considers the behavior of
the covering numbers of I[X] under transformations of the kernel.

8.3.1 Lemma (Transformed Kernels) Let T: Y — X be a mapping between
two non-empty sets and k be a bounded kernel on X with RKHS H(X).
Then

kr(y,y') = k(T(y), T(y")) (8.8)

fory,y €Y defines a bounded kernel on'Y with RKHS Hr(Y) = {f oT:
fe H(X)} and the corresponding RKHS-norm satisfies

1f o Tllrr vy < flmx)
for f € H(X). Moreover, the covering numbers satisfy, for e > 0,
N(Id: Hp(Y)— EOO(Y),S) < N(Id: H(X)— Em(X),s) . (8.9)

If, in addition, T is bijective then equality holds in (8.9).

An easy, but important, application of this lemma is the case Y C X
with the embedding 7' = id: Y — X. In this case we have kr = k|y v,
Hp(Y)=H(Y), and, for € > 0,

N(I[Y],e) < N(I[X],e) . (8.10)

Proof. Let ®: X — H(X) be the canonical feature map of k, that is
O(x) == k(z,-) for z € X. Then it is easy to see that &7 = o T is a
feature map for kp. Consequently, kr is a kernel on Y, and according to
[76, Theorem 4.21] the RKHS of kr has the claimed form, the claimed norm
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inequality is satisfied, and Sy : H(X) — Hp(Y) defined by f+— foT is
a metric surjection, i.e. S’HéH(X) = BHT(y). Consequently, it remains to
prove the covering number bound. To this end, we define the mapping
Soo: loo(X) = oo (Y) by f+— foT and recall that I[X] and Ip[Y] denote
the ¢-embeddings of H(X) and Hr(Y'), respectively. These mappings
satisfy the commutative diagram

Su

H(X) Hr(Y)
I[1X] Ir[Y]
loe (X) S (oY) |

ie. Ir[Y] o Sy = So o I[X]. Together with Point (i) of Lemma C.9 and
the metric surjectivity of Sy we get, for € > 0,

N(IT[Y],E) = N(IT[Y] o SH7E) = N(Soo o I[X],a) .

Since [|Soo fllen (v) = subyey [F(T(Y)] < [Ifllen (x) is satisfied for all f €
loo(X), we have || S|l < 1 and together with (C.3) this yields the assertion.
If T is bijective, we can exchange the role of X and Y and hence we get
the claimed equality. O

The next lemma investigates the behavior of the covering numbers under
a partition of the domain.

8.3.2 Lemma (Partition of the Domain) Let X = X3 W X5 be the disjoint
union of non-empty sets X1, Xo and k be a bounded kernel on X with
RKHS H(X) and ly-embedding I[X]. Then the covering numbers satisfy,
fore >0,

N(I[X1 6 Xo),e) SN (I[X1],e) - N(I[X2),€) -

Proof. Let m = N (I[X1],e) and n := N(I[X,],e). Moreover, choose
corresponding e-nets f1, ..., fm € loo(X1) and g1,...,gn € oo(X2). Then
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for each i € {1,...,m} and each j € {1,...,n} we define

h. (;17) . fz(:v)7 xr € X1
" o gi(z), zeXy,

for € X. This defines at most m - n different elements of £, (X) and it
remains to show that h; ; fori =1,...,m and j =1,...,n defines an e-net

For h € H(X) with ||h||z(x) < 1 Lemma 8.3.1 gives us h|x, € H(Xy)
with ||| x, || #(x,) <1 for £=1,2. Consequently, there is an i € {1,...,m}
and a j € {1,...,n} with [|hlx, — fille.(x,) < € and [|h]x, = gjllen. (x2) < e
respectively. For this choice of i and j we have

1B = hijllew ) = max{[lhlx, = fillew s 10l xs = gjllewxa) ) <€
and hence the assertion is proven. O

So far, we considered bounded kernels on general sets. In the following we
investigate bounded kernels k : V' x V' — R on a vector space V. The kernel
k is called translation invariant along a vector a € V' if

k(v + a,v' +a) = k(v,v")

is satisfied for all v,v" € V. In this case the transformation T'(z) =z + a
does not change the kernel. With the notation from (8.8) this means
kr = k. Since T is bijective as a mapping X — a + X, Lemma 8.3.1 gives
the following identity for the covering numbers of the {,.-embeddings

N(I[X),e) = N(I[X +d,¢) (8.11)

for all e > 0. If k is translation invariant along all « € U C V for some
subspace U C V then we call £ translation invariant along U. The following
lemma bounds the covering number of the /. -embedding of a translation
invariant kernel and is the main result of this section.
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8.3.3 Lemma (Translation Invariant Kernels) Let (V,|| - ||) be a Banach
space with complemented subspaces Vi,Vo C V, i.e. V = Vi + V5 and
ViNVy = {0}. Moreover, let X; C V; be non-empty subsets, for i =1,2,
and k be a bounded kernel on V' with {o-embeddings I[-] of its restrictions
defined in (8.7). If k is translation invariant along Vi and Xy is precompact
then the log-covering numbers satisfy, for 6 >0 and ¢ > 0,

H(I[X1 + Xa],e) S N(X1,6) - H(I[6By, + Xal,€) .

Proof. Let us fix some €, > 0 and set n := N (X;,d). For a minimal §-net
of Xy denoted by x1,1,...,%1,, € V1 we choose a partition Xy 1,..., X1
of X with Xy ; C z1;+0By, foralli =1,...,n. Since we chose a minimal
0-net, X1, # () is non-empty for all i = 1,...,n. Because X; C V;, for
i = 1,2, and V3, Vs are complemented subspaces the sets X; ; + Xs, for
i=1,...,n, form a partition of X; +Xo with X; ; + X9 C z1;+6By; + Xo.
A repeated application of Lemma 8.3.2 and (8.10) yield

)gi%( I[X1i+ Xa) €) < Z’H( 213+ (0Bv,) + Xal,e) .

Since k is translation invariant along Vi, (8.11) gives the assertion. O

8.4 Anisotropic Gaussian Kernels on General
Domains

The goal of this section is to analyze how the constants in the log-covering
number bounds depend on the kernel width ¢ and the size of the input
space X. To this end, we use Lemma 8.3.3 to reduces the problem of
bounding the log-covering numbers of an anisotropic Gaussian RKHSs to
the estimation of the log-covering numbers of the isotropic Gaussian RKHS
on the closed unit ball Bys with width ¢ = 1.

However, let us start with an easy observation: With the notation
introduced in (8.8) the anisotropic Gaussian kernel reads ko = kp_ if k and

178



8.4 Anisotropic Gaussian Kernels on General Domains

D, denote the isotropic Gaussian kernel of width ¢ = 1 and the diagonal
operator, respectively. Since Dy: X — D,X is bijective, Lemma 8.3.1
yields, for € > 0,

H(I,[X],e) = H(L[DoX],€) . (8.12)

Note that we did not use that X is a subset of a finite-dimensional space
and hence (8.12) holds true for Gaussian kernels on infinite-dimensional
spaces.

The following theorem is a direct consequence of (8.12) and Lemma 8.3.3.

8.4.1 Theorem For a bounded subset X CR?, o = (01,...,04) € (0,00)%,
and 0 < € <1 the following log-covering number bound is satisfied

H(IU[XLE) SN(DUXal) '7‘[([1[353],5) )

where the covering numbers N(DgX,1) of Dg X C R are with respect to

the Euclidean norm.

Proof. Using (8.12) and Lemma 8.3.3 for 6 = 1, V; = R? (equipped with
the Euclidean norm), V2 = {0}, and X; = D, X, Xy = {0} we get the
assertion. O

The proof suggests that this bound can be improved if we optimize over 0
instead of using a fixed value for §. But this is not an easy task and the
possible suboptimal choice § = 1 has the advantage that the dependence of
the bound on o and ¢ is in some sense factorized.

Now, to illustrate the impact of Theorem 8.4.1 we note that X is assumed
to be bounded, and hence there is an @ € R? and an R > 0 with X C
a+ RBya. In the case min; o; > 1/R Point (iii) of Lemma C.7 gives us

N(DoX,1) <N (Do By, 1/R)

A (Dy B,a) ! d
< 2 ( . + 2R) (8.13)
)\d(Beg) min; oy
<op-...-04-(3R)T .
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For the sake of completeness, we further mention that in the case max; o; <
1/R we have N (DyX,1) = 1. Now, we can combine Theorem 8.4.1 and
(8.13) with one of the theorems presented in Section 8.2.

For example, together with Theorem 8.2.1 we obtain

H(Io[X],e) <o1-...-0a- BR)?- H(L[Byl,e)
- log?*!(4/¢) (8.14)

for0<e<1,R>0,and o = (01,...,04) € [1/R,oo)d with

Kd,a',R = Kd,l c01 ... 04" (3R)d

(4e;d) “(BR/e)* -0y -... 04

§C1,1'd4€~(3R/e)d-01-...~ad .

Recall that C;; is defined in (8.2) with C;; = 4de + 1 ~ 11.8731. We
mention that in the case R > 1 and an isotropic Gaussian kernel with
width o > 1 the constant Rd,a,R grows like o for ¢ — oco. In contrast,
recall from (8.3) that the constant K4, obtained in Theorem 8.2.1 grows
like 02¢. Consequently, (8.14) improves Theorem 8.2.1 in the dependence
on o by a factor of 2 in the exponent. In this respect, note that [84,
Lemma 4.5] obtained the same behavior in ¢ but for a bound that does not
include the double logarithmic factor loglog?(4/¢) of (8.14). Moreover, [76,
Theorem 6.27] achieves the same behavior in o for a polynomial bound. Of
course, the latter two results can be recovered from (8.14), and in addition,
the results in [76, 84] do not take care of the explicit form of the constants
and their dependence on d.
Next, a combination of Theorem 8.4.1 with Theorem 8.2.3 yields

H(I,[X)e) < Kgpp - N(DogX,1) P (8.15)

ford > 1, 0 = (01,...,04) € (0,00)%, p >0, and 0 < e < 1 with the
constant Ky 1, defined in Theorem 8.2.3.
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Finally, we compare our result with [87, Proposition 1] since this is one of
the few results that provides explicit constants for the log-covering number
bound. As preparation, note that [87] considers the Gaussian kernel on
the set X = [0,1]%. To apply our result, we use [0,1]¢ C 1/2 +v/d/2 - Bya.
Then (8.14) gives us

d cdY . (9e/3)" 4. q1/2 . 54 . IOgdH(‘l/@)
H(Ia HO, 1] ],5) S 0171 d (2 /3) d loglogd(zl/g)

for 0 < e < 1,0 >0,and d > 1 with 0 > 2/Vd. As a result, we
approximately get an d%/2-behavior of the constant for d — co. Since the
bound in [87] behaves like d?*! for d — oo, our result improves this by
roughly a factor of 2 in the exponent.

The result in [87] establishes an improved bound for smaller ranges
0 < e < g as well. To be more precise, they proved, for o0 > 0 and d > 1,

H(I,[[0,1]%],¢) < 4%(6d + 2) - log™*!(1/e)

for all 0 < & < exp(—90d%0% — 11d — 3). In order to compare our results
with [87] we need the following lemma.

8.42 Lemma For C > 0, d > 20¢?, and gy := 4exp(f%log(zgc)) the

condition g9 < 4exp(—el+"72) in Theorem 8.2.2 is satisfied for o =1 and
the quantity K41 ., defined in Theorem 8.2.2 satisfies

Kgie, < (2m)7 1% (4e)d(1+ ). =41/

>0 > we have

1
Moreover, for 5=

1
V360e

exp(—90d® — 11d — 3) < & .

Combining Theorem 8.4.1 with Theorem 8.2.2 and this lemma for C =
1/4/360e ~ 0.0320 we obtain, for d > 1 and o > 2/V/d,

d Y2 . (6e d, g-(d+1)/2  gd 10gd+1(4/5)
H(I5[[0,1]],¢) < (27) (6e(14 C))*-d~ 4+ log log" (4/2)
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for all 0 < e < 4exp(—35 log(5%)) where 6e(1 + C) ~ 16.8311. This
improves the result from [87] in both, the £ range and the behavior for

d— oo

Proof. Let us recall the definitions of yo = log(4/e¢) and z¢ := % =
hi(yo) from Theorem 8.2.2 as well as the definitions of hy and p; from
Lemma 7.2.6. Using the function p; we can write

2eC\ 56
)T =2 md/0)

50:4<

Since d/C > 2¢% > 2 holds true, Point (iii) of Lemma 7.2.6, which states
pl_1 = hy olog(2/-), is applicable and hence

xo = hy olog(4/eg) = hy 0 10g<pl(5/C')> =d/C

is satisfied. Next, we prove the inequality €9 < u = 4exp(—e?). To this
end, note that we have hy olog(4/u) = hy(e?) = 2eexp(Wy(e)) = 2¢? since
Wo(e) = 1. Our assumption d > 2Ce? implies

hi olog(4/eo) = d/C > 2e* = hy o log(4/u)
and since hy is increasing according to Point (ii) of Lemma 7.2.6 we get

g0 < u = 4exp(—e?). Now, we prove the bound on K4 1.,. To this end,
we rewrite Kg 1, using the representation of the binomial coefficient from

(7.2)
1 d
Koo = (%;—d)xgd- (l‘o og(yo))
Yo
1

B . 210g(y0) \ ¢
‘!.”+““”Q%%ﬁﬂ '

If we bound the first factor by using i/z¢ < d/xo = C and if we bound the
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8.5 Conversion to Dyadic Entropy Number Bounds

second factor by using log(yo) < 2Wy(yo/e) from Lemma 7.2.5 then we get

441+ 0)?

Kd,l,EO S d'

Together with Stirling’s formula d! > v/2rd (d/e)? this gives the desired
bound. Finally, note that log(¢) <t and C' > 1/4/360¢ yields

d2

> _an2
4602> > exp(—90d°)

€ = exp(—

which proves the lower bound on &. O

8.5 Conversion to Dyadic Entropy Number
Bounds

Since in some situations it is more convenient to work with dyadic entropy
number bounds instead of log-covering number bounds we show in this
section how to convert some bounds of the previous sections into dyadic
entropy number bounds. Recall, that the dyadic entropy number e, (I5[X])
is defined as the infimum over all » > 0 that allows to cover the closed unit
ball By_(x) with 271 translates of rBe_(x)-

This conversion is easiest for polynomial bounds. To this end, we start
with the polynomial bound in (8.15).

8.5.1 Theorem (Polynomial Entropy Number Bound) For a bounded subset
X CRY o = (01,...,04) € (0,00)¢, and p > 0 the following dyadic
entropy number bound is satisfied, for n > 1,

en(Io[X]) < (3 Ka1p N(DoX,1))/7 017

where Kg41, denotes the constant from Theorem 8.2.8 and the covering
numbers N'(DsX,1) are with respect to the Euclidean norm.

Proof. According to (8.15) we have H (I,[X],e) < C-e7? = F~1(e) for all
0 < e < 1, where we used the abbreviation C' := K41, - N(DsX,1) and
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Chapter 8 Gaussian Kernels on Finite-Dimensional Spaces

defined the function F~1: (0,1] — [C,00). Since F~! is decreasing and
bijective with F(t) = (C/t)'/?, Point (ii) of Lemma C.8 gives us

en(I[X]) < F(log(2) - (n — 1)) = (C/log(2))"/" - (n — 1)~/

for all n > C'/log(2) + 1. This bound remains true for 2 <n < C/log(2)+1
since in this case the right hand side is larger than 1 and we have the
trivial bound e, (I5[X]) < e1(Io[X]) = ||[Is[X]|| = 1. Using (n — 1)~'/7 <
21/P . n=1/P for n > 2 and 2/log(2) ~ 2.8854 < 3 we get the assertion for
n > 2.

To treat the case n = 1 we use the following observation. According
to Point (iii) of Lemma C.9 we have log(2) < H(I,[X],e) < C -&7?
for e < ||Io[X]|| = 1. Letting ¢ 1 we find C > log(2) and hence
e1(Io[X]) = 1 < (C/log(2))'/? proves the desired bound for n = 1. O

In order to provide a dyadic entropy number bound decreasing faster
than any polynomial we need the following auxiliary lemma.

8.5.2 Lemma For d > 1 the function f: [0,00) — [0,00) given by
f(t) =t exp(d- Wy(t))

is increasing, bijective, satisfies

td+1

f(t)zm

fort >0, and its inverse is given by

1 Wo((d+ 1)) Wo((d+ 1)t)
R e i)
N (WO((dH)t))dil |

= td+1 .
d+1

Proof. Since Lambert’s W-function Wy is increasing and bijective from
[0,00) to [0,00), f is increasing and bijective, too. The second representa-
tions of f and f~! are direct consequences of the identity exp(Wy(x)) =
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8.5 Conversion to Dyadic Entropy Number Bounds

x/Wo(z) for & > 0. Consequently, it remains to check that the given f~!
is actually the inverse of f. To this end, we calculate f o f~1(t) for ¢ > 0.
Using the second representation for f and plugging the first representation
of f~1 into the denominator and the second one into the enumerator we
directly get f o f~1(t) =t, i.e. the assertion is proven for t > 0. For t = 0
the identity f o f~1(t) =t is obvious. O

The following theorem provides a dyadic entropy number bound which
decreases faster than every polynomial.

8.5.3 Theorem (Entropy Number Bound on Beg) Ford>1,0 >0, and
0 < eg <1 consider yy = log(4/e0), xo == 2y0/W0( y°2),

€eo

xo+d 1
Cioe = < Od ) ~(2/mo)d . m , and

ro+d
ng == < Od )~y0/log(2)+1 .

Then the following dyadic entropy number bound is satisfied, for n > ng,

n—1 T4 (n—1)(d+1)
en(Ls[By]) S4exp(—(w> Wy (oww

For g9 \( 0 we have yg / 0o and xg * co. Together with Lemma 7.2.1 we
have Cy»c, N\ 2%/d! - 1/log(2) for £y N, 0. This means that the constant
Cd,0,c, and hence the bound improves for decreasing €y but also the range
in which this bound applies decreases, i.e. ng * co.

For convenience, the consideration of Theorem 8.5.3 is restricted to the
isotropic Gaussian RKHS on Beg~ However, this bound can be easily
generalized to the anisotropic Gaussian RKHS on general bounded sets
X CR%

Moreover, for g = 1 this bound remains valid for the whole range n > 1.
This can be proven by proceeding analogously to the proof of Theorem 8.5.1.
To be more precise, for n < ng = F~!(gg)/log(2) + 1, the right hand side is
larger than £9 = 1 and hence the trivial bound e, (I5[X]) < e1(Io[X]) =1
gives the desired estimate for n > ng.
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Proof. The proof is an application of Lemma C.8 and hence we need a

bound on the log-covering numbers which is decreasing and bijective as
log?t!(4/¢)
loglog®(4/e)
bijective nor decreasing on (0, 1]. To this end, we first slightly modify the

a function on e. Unfortunately, the function € — is neither

log-covering number bound from Theorem 8.2.1 using Lemma 8.1.2 such
that the resulting bound satisfies our needs.

For 0 < € < gg we write y = log(4/¢) > yo > 1 and recall the definition
ho(y) = 2y/WO( z) from Lemma 7.2.6. Since h, is increasing, we have
he(y) > = z9. Combining Lemma 8.1.2 and Lemma 7.2.2 for
h=f= (h OIOg)(4/ ) and tp = x¢ gives us

. dt1
(I, By <) < (ha(yi+d) y < ( Ojd) - (2/x0)? - m

Using the auxiliary function f: [0,00) — [0,00) from Lemma 8.5.2 this
bound reads

H(I5[Byg).€) <10g(2) - Caoreq - (e0?) 1 - f(i) = F(e)

eo?

for all 0 < € < gq. Since the function F~1: (0,e0] = [F~(gg), o0) satisfies

_ t
F(t) :4~eXp(—602.f 1(10g(2)'0d,0,so . (602)d+1)> ;

a combination of Lemma 8.5.2 and Point (ii) of Lemma C.8 gives the desired

dyadic entropy number bound for n > F~1(gp)/log(2) + 1 = ny. O
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Chapter 9

Gaussian Kernels on
Infinite-Dimensional Spaces

In this chapter we transfer some of the log-covering number bounds for
Gaussian kernels on finite-dimensional domains presented in Chapter 8 to
Gaussian kernels on infinite-dimensional domains X C /¢5. To be more
precise, (8.15) states that on a bounded (precompact) set X C R? the
log-covering numbers H(I,[X], e) increase slower than any polynomial for
€ — 0. The goal of this chapter is the generalization of this statement to
some specific precompact but infinite-dimensional sets X C /5.

9.1 Product Kernels

In this section we investigate product kernels. For such product kernels
we partly reduce the problem of bounding the log-covering numbers of the
loo-embedding of their RKHS to the estimation of the same quantity for
one factor only. In Section 9.2 below we use these results for Gaussian
kernels.

Let us start with some notation: X; and Xs are non-empty sets and
ki: X1 x Xog — R and ky: Xo x Xo — R are kernels on X; and X5 with
RKHSs H; and Hs, respectively. According to [76, Lemma 4.6] the product
kernel k: X x X - R on X = X; x X5 given by

k((z1,22), (21, 24)) = ki (@1, 2}) - ko(za, 25) (9.1)
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for x1, 2} € Xy and xq, z}, € X5 is actually a kernel whose RKHS we denote
by H. Then we define the tensor product of the RKHSs H; and Hsy by

H1®H2 =H . (92)

Moreover, for bounded kernels k1 and ks we denote the corresponding
lso-embeddings by I[X1]: Hi — loo(X7) and I[Xs]: Hy — lo(X2), re-
spectively. In this section we investigate the log-covering numbers of the
{-embedding I[X; x Xs]: Hy ® Ha — oo (X1 X X2) of the product kernel
k. But, we start with some preparatory results. The first lemma provides
an ONB for the RKHS H; ® Hs.

9.1.1 Lemma (ONB of H; ® Hz) Let X1, X2 be non-empty sets and ky,
ko be kernels on X1 and Xy with RKHSs Hy and Hs, respectively. Then
the following statements are true:
(i) For ONBs (e;)icr and (f;)jes of Hi and Ha, respectively, the func-
tions (e; @ f;)icr jes defined by

(e: ® fi) (@1, 22) = ei(x1) fj(22)
for x1 € X1, zo € X5 form an ONB of H; ® Hs.
(ZZ) ||h1 X h2||H1®H2 = ||h1HH1||h2||H2 fO’f’ all hy € Hy and hy € Hs.

For closed subspaces U; C H; and Us C Hs, which are again RKHSs,
Lemma 9.1.1 directly gives U; ® Us C H; ® Hs.

Proof. (i) Let ®1: X1 — H; and ®5: X9 — Hs be the canonical feature
maps of k1 and ko, respectively, i.e. ®;(x;) = k;(x;, -) for z; € X; and
i =1, 2. Recall that H; ®ns Ho denotes the Hilbert space of Hilbert-Schmidt
operators from H; to Hs. For a definition and basic properties of Hilbert-
Schmidt operators see e.g. [63, Definition on p. 152]. From the proof of [76,
Lemma 4.6] we know, that ®: X; x Xy — Hj ®ys Hy defined by

D(z1,22) = D1 (21) Ons Po(w2) = (P1(w1), - ) 5y Pa(22)
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9.1 Product Kernels

for (z1,x2) € X1 X X, is a feature map of the product kernel k. According
to [76, Theorem 4.21] the mapping V : Hy s Ho — H defined by

(Vw)(z1,22) = <‘I)1(331) @ns P2 (z2), w>H1 @ Ho

is a metric surjection. We show that V is injective and hence an isometric
isomorphism. To this end, let w € H; ®us Ho be fixed with Vw = 0.
It is well-known that (e; ®ps fj)ier,jes forms an ONB of Hy ®ns Ho and
consequently there is an (unique) a = (a; j)ier jes € €2(I x J) with w =
Zz‘el,je} a; ;(e; ®ns fj)- Plugging this representation of w into the definition
of V yields

0= (Vw)(z1,72) = Z ai,j(P1(21) Ons P2(22), € Ons f5) . 6. g,
el ged

= Z ai7j<(1)1(.'1?1),€i>H1<(I)2($U2)7fj>H2 (93)

iel,jeJ

D eil@) ) aiifi(ws)

il jeJ

for all 1 € Xy,25 € Xs. Since (a; ;j)jes € ¢2(J) holds true for every fixed
i € I, we can define the sequence b(x2) = (b;(x2))icr by

bl(ﬂfg) = Zai,jfj(xQ)

jeJ

for every fixed zo € X,. Using Minkowski’s inequality (for integrals),
Holder’s inequality, and the representation from [76, Theorem 4.20] we find

(= b?(u))m <l a?,j)l/2

el jeJ icl
1/2 0.4
< (Z f1‘2($2)> llalle,(rx.r) (94)

jeJ

1/2
= k3 (w2, 22) - lalles 12y < 0
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and hence b(xs) € (1) for all x5 € X5. Consequently, for all 25 € X5
the series ), ; bi(22)e; defines an element in Hy, which is identical zero
according to (9.3). Since (e;);er is an ONB of Hy, we get b;(z2) = 0 for all
xo € Xo and all i € I. Thus, for a fixed i € I, b; = ZjeJ
element of Hy which is zero. Using the ONB property of (f;);jes in Hy we

a; ; f; defines an

get a; ; = 0 for all j € J. Because i € I was arbitrary we get w = 0 and
hence V' is an isometric isomorphism.

Consequently, the image of the ONB (e; ®ns f;)ic1,jes of H1 @ns Ha under
V is an ONB of H. Since V(e; ®ns fj) = €; @ fj forall i € [ and j € J,
this gives the first assertion.

(ii) The second assertion is a consequence of an application of the iso-
metric isomorphism V' to the well-known equality [|h1 ®ns holl g, o, w, =
1P|, |2l - O

Note that with an analogous calculation as in (9.4) we can show that
for h € H; ® Hy and x2 € X3 the section h,,(z1) = h
element of Hy with ||hg,|lm, < ||h|lm - k;/z(fﬂg,xz).

The next lemma provides an identity for the operator norm of the £,.-

(21, x2) defines an

embedding restricted to subspaces, cf. [76, Theorem 4.20 and Lemma 4.23].

9.1.2 Lemma (Operator Norm) Let k: X x X — R be a bounded kernel
on a non-empty set X with RKHS H, (ex)rex be an ONS in H, and
I: H = {(X) be the Loo-embedding of H. Then, for the orthogonal
projection P: H — H onto span{ey : k € K}, the following identity holds
true

IToP|?=sup ex(r) .
1o PP = sy 3

Proof. Obviously, U := span{ey : k € K} isa RKHS and the corresponding
kernel kiy: X x X — R is given by

ky(z,2') = Z ei(z)ei(x')

keK

see [76, Theorem 4.20]. Since PBy = By holds true, we have || [oP|| = || Id :
U — oo (X)]|. Moreover, ||Id : U — £o(X)]| is given by [76, Lemma 4.23]
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9.1 Product Kernels

and hence

|IoP|?= sup ky(z,z) = sup Z e (x
xEXkeK

proves the assertion. O

The following lemma combines Lemma 9.1.2 with Lemma 9.1.1 to get an
identity for the operator norm of a product kernel’s ¢,,-embedding.

9.1.3 Lemma (Operator Norm for Product Kernels) Let X, X5 be non-
empty sets and k1, ko be bounded kernels on X1 and Xo with RKHSs Hy and
Hy as well as ly-embeddings I[X1] and I[X3], respectively. Furthermore,
let k be the product kernel of k1 and ke on X1 x Xs defined in (9.1) with
loo-embedding I[X, x Xo]. If Uy € Hy, Us C Hy are closed subspaces,
P(Uy), P(Us) the orthogonal projections onto Uy and Us, respectively, and
P(U; ® Us) the orthogonal projection onto Uy @ Uy C Hy @ Hy then the
following equation is satisfied

[1[X1 x Xa] o P(Uy ® Uz)|| = |[I[X1] o P(U)]| - ||[1[X2] 0 P(Ua)]| -

Note that for U; = H; and Uy = Hs Lemma 9.1.3 gives || I[X; x Xs]|| =
I IXA]I] - (XS]

Proof. If we choose ONBs (e;);er and (f;);es of Uy and Us, respectively,
then (e; ® fj)ier,jes forms an ONB of U; ® Us according to Lemma 9.1.1.
Using Lemma 9.1.2 we find

[1[X1 x Xo] 0 P(Uy @ Us)|| = sup Z (ei ® f;)*(z1, x2)
(z1,22)€X1 X X2 iel,jed
= sup Ze (z1) sup Zf (z2)
z1€X1 oy z2€X> jeJ
A two-fold application of Lemma 9.1.2 yields the assertion. O

The final lemma provides the already mentioned covering number bound
for product kernels and is the main result of this section.
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9.1.4 Lemma (Log-Covering Number Bound) Let X1, X5 be non-empty
sets and kq, ko be bounded kernels on X1 and X5 with RKHSs Hi and
Hy as well as lo-embeddings I[X1] and I[Xs], respectively. Furthermore,
let k be the product kernel of k1 and ko on X1 x Xy defined in (9.1) with
loo-embedding I[ X1 x Xs]. If Uy = span{us } C Hy with ||ui||g, =1 is an
one-dimensional subspace and P(Uy ® Hs) the orthogonal projection onto
U, ® Hy C Hi ® Hy then the following log-covering number bounds are
satisfied, for e >0,

H(I[X1 x Xa] o P(Uy ® Ha), ) > H(I[X2],2¢/]Julle(x1))
H(I[X1 x Xp] o P(Uy ® Hy),e) < H(I[Xa],e/luallen (x1)) -

Note that the upper bound can be generalized to general finite-dimensional
subspaces U; using bounds for the covering numbers of so-called vector-
valued diagonal operators. Since this generalization does not improve our
application in Section 9.2 below, we stick to this version for convenience.

Proof. For the proof we use the commutative diagram

I[Xl X XQ]
U ® Hy loo (X1 X X2)
Q M
H. loo(X2) .
: 11X5]

To this end, we first introduce and investigate the operators @) and M.
Since u; is an ONB of Uy, we know from Lemma 9.1.1 that for every
h € U; ® Hy there is a unique hy € Hy with h = u; ® hy. Using this
representation we define the operator Q: Uy ® Hy — Hjy by Q(u1 ®hs) = ha.
Conversely, for every hy € Hy we have u1®hg € U1 ® Ha and Q(u; ®hs) = ha.
Together we find that @ is bijective. Moreover, |lu1|/z, = 1 and Lemma 9.1.1

give us

1Q(ur @ ho)l[m, = hallm, = llualle, - [2llm, = lur @ hollm e,
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and hence @ is an isometric isomorphism.
The operator M: £o(X3) = £oo (X1 x X2) is defined by Mh = u; @ h
for h € £ (X32). Consequently, we have

IMA[le (x:xx2) = llualles (xi) 1Pl ews (x2)

and M is the multiple of an isometric mapping with ||M|| = [lu1 ¢ (x,)-
It is easy to check that the above diagram commutes. Since @ is an
isometric isomorphism, we get from Lemma C.9 the claimed upper bound,

namely
H(I[X1 x Xa] o P(Uy ® Ha),e) = H(M o I[X5] 0 Q,¢)
=H(M o I[Xs],¢)
<H(I[Xo),e/|M])

Since M is the multiple of an isometric mapping, we get from (C.4) the
claimed lower bound and hence the proof is finished. O

9.2 Covering Number Bounds

In this section we provide log-covering number bounds for the ¢..,-embedding
I,[X] of the Gaussian RKHS H,(X) on the infinite-dimensional domain

X = H[—ri,ri] C ¥y
i>1
with some positive sequence r = (r;);>1. To this end, we use the fact
that the Gaussian kernel on X equals the product kernel of the Gaussian
kernel on the infinite-dimensional set X = [];. 4[—74, 7] and the Gaussian
kernel on the finite-dimensional set X5 := [[;_;[—74,75]. On the infinite-
dimensional set X; we use a trivial bound and on the finite-dimensional
set Xo we use Lemma 8.1.2. Here we benefit from the explicit constants
provided by Lemma 8.1.2. However, let us start with some preparatory
lemmas for the isotropic Gaussian kernel. To this end, recall the notation

introduced in Section 7.1.

193



Chapter 9 Gaussian Kernels on Infinite-Dimensional Spaces

9.2.1 Lemma (Operator Norm on a Subspace) Let I C N be non-empty,
X C Uy(I), z0 € X, R(X) = sup,ex |z — zolleyry, 0 > 0, and U =
span{k, (zo, - )} C Hy(X). Then, for the orthogonal projection

P(U*): Hy(X) — Hy(X)
onto U+, the following operator norm bound is satisfied
11,[X] 0 P(UY)||” = 1 — exp(—20°R*(X)) < 20°R*(X) .

This result generalizes the bound (8.1) used in the proof of Lemma 8.1.1
from finite index sets I to infinite index sets in the case N = 1.

Proof. Note that k,(xo, -) € H,(X) has the norm

ko (x0, F, (x) = kolzo,20) =1 .

Consequently, the orthogonal projection P(U): Hy(X) — H,(X) onto U
is given by
P(U)f = <f7 ko’(x(h .)>HU(X)]{;U($0’ ) .

Since P(U+) = Id —P(U) holds true, we find

112 . . 2
||IO'[X] © P(U )|| - fe;;l{i)(x) ;g§|f(x) - <f7 k'o-(.T(), )>HU(X)]€U($O’$)| .

Interchanging the suprema and using the reproducing property f(z) =
(f, ko(z, ')>HU(X) yields

11,[X] 0 P(US)|
2
= akO' ) " _kO' ) " ko’ ’
jggfegli)(x)Kf (z,-) (o, - )ko (2o x)>Ha(X)|Ha(X)

2
= ka ) " 7]?0' ) " ka ) .
sup||ko (x, ) = ko (0, ko (20, 2) [, x)

For every x € X we have (k, (w0, - ), ko (2, - )i, (x) = ko (2, z0) and hence
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ko (2, 7, (x) = ko(z,2) = 1. As a result, we find

2
Hko'(x; ) - ko-(.'lj(), )k:o-(x07x)HHa(X)
= ka(xa‘r) - 2]@3(1‘,1‘0) + ka(xo7$0)k<27(170,$)

=1—k2(z,z0) .

Taking the supremum over x € X gives the claimed equality and an
application of 1 — e~ < t, for t = 202R?(X) yields the claimed inequality.
O

The next lemma uses the fact that Gaussian kernels are product kernels to
split the estimation of H(I,[X; x Xs], ) into two parts, namely H(I,[X1], €),
which is bounded by a trivial bound, and H(I,[X2], €).

9.2.2 Lemma (Splitting) Let I;,I> C N be disjoint non-empty index sets,
X1 Cly(I1), Xo C la(I3) be non-empty subsets such that X is precompact,
and o > 0. Then, for I :== 11 W I, the following log-covering number bound
is satisfied, for e,6 > 0,

H(I[X1 x Xol &+ 0V2) < N(0X1,0) - H(I,[Xa]Le) -

Note that Lemma 9.2.2 holds for infinite index sets I, I and that the
covering numbers N (0 X1, §) are with respect to the ¢5(/;)-norm.

Proof. Let e,e0,0 > 0 be fixed. First, we apply (8.12) and Lemma 8.3.3 to
exchange X by the closed ball By, (;,) of radius ¢, namely

H(IU[Xl X X2],E+EQ) = H(Il [o(X1 x Xg)],s—i—ao)

< N(UXl, 5) . H(Il [53@2(11) X O'XQ],E-: + 50) .
In the following we use the abbreviation X := 0By, (1) X 0X2. Using this
notation it remains to prove H(I1[X], & + o) < H(I,[Xa],¢).

Since the Gaussian kernel k1 on X is the product kernel of two Gaussian
kernels, namely the Gaussian kernel on § By, (;,) and the Gaussian kernel on
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0 Xy C la(13), we have Hy(X) = H1(0By,(1,)) ® Hi(0X2) according to the
definition of the tensor product in (9.2). Now, let Uy := span{k;(0, -)} C
H1(6By,(1,)) be a one-dimensional subspace and

P(Uy ® Hi(0X>)), P(U" @ Hi(0X2)): Hi(X) — Hi(X)

the orthogonal projections onto U; ® Hi(0X2) and Uit ® Hy(0X>), respec-
tively. Using Lemma 9.1.3, ||I1[0 X2]|| = 1, and Lemma 9.2.1 we get

|1:[X] o P(Ufr ® Hi(0X2))|| = || 11[6Bey1y] © P(UT)|| - [ 11 o Xo] |

<6V2=¢p . (9:5)

Since the orthogonal complement of Uy ® Hy (0 X2) in Hy (0B, (1,))@H1(0X>2)
is
1
(Uh @ Hi(0X5))” = Ui @ Hi(0Xa) ,

we haveldy () = P(Uy@H,(0X2))+P(Ui®H1(0X>)) and a combination
of (C.3) with (9.5) gives us

H(L[K] 2 +20) < H(NL[X]o P(Uy © Hi(0X2)) €)
Since [|k1(0, +)|l¢o. (684, r,,) = 1 holds, an application of Lemma 9.1.4 yields
H(L[X], e +e0) < H(L[oXa],e) -

Finally, (8.12) gives H(I1[0X3], &) = H(I,[X2],e) and hence the assertion
is proven. O

In the case |I3| < oo we can combine Lemma 9.2.2 with Lemma 8.1.2 for
d = |I5|. To this end, we recall the definition of the function

he(y) = 2e0? exp (Wo (%))

for o > 0 and y > —o? from Lemma 7.2.6. This approach leads to the
log-covering number bound in the following lemma.
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9.2 Covering Number Bounds

9.2.3 Lemma (Log-Covering Number Bound) Let I;,I5 C N be disjoint
non-empty index sets with |Is| < 0o, X1 C ly(I1), Xo C €a(I3) be non-empty
precompact subsets, and o > 0. Then, for X .= X1 x Xo and [ =11 W I,
the following log-covering number bound is satisfied, for 01,02 > 0 and
0<e<,

H(IU[X],€ + (51\/5) < N(aXl,él)N(an,ég)

((hs, o log)(4/e) + 12|\ |
(8l e

Recall that the covering numbers N(0Xy,d;) and N(0Xs,d2) are with
respect to the ¢2(I1)- and ¢5(I2)-norm, respectively.

Proof. After an application of Lemma 9.2.2 with § = §; it remains to bound
H(I,[X2],e). With the help of Lemma 8.3.3, for X; = X3 and X5 = {0},
we can exchange Xy by 2By, (r,), namely

H(I,[X2],e) < N(X2,02) - H(Is,[Bry (1)), €) -

Finally, an application of Lemma 8.1.2 on H(Is,[By,(1,)], €) gives the asser-
tion. O

In the following we consider the index set I = N and domains X of
the form X = [[,~,[—ri, 7] with some positive sequence r = (7;);>1 € {a.
Then, for d > 1, we split the index set I = I; W I, into I; := d + N and
I, = [d] = {1,...,d} and analogously, we split the domain X = X; x X5
into X = [[;54l—7i, 7] and Xy == Hle[—ri, r;]. This allows us to apply
Lemma 9.2.3. Consequently, we have to choose the parameters d > 1,
01,09 > 0, and € > 0, depending on the sequence r, to get a reasonable
log-covering number bound.

To this end, we use the following regularity assumption for the sequence
r = (r;);>1: For some 8 > 0 the supremum

enB

T'n
ci=sup —5 < 00 EXP
k<n TrEFD ( )
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Chapter 9 Gaussian Kernels on Infinite-Dimensional Spaces

is finite. Note that this supremum is taken over all tuples (k,n) € N? with
k < n. Moreover, (EXP) is independent of the scaling of r, i.e. if r satisfies
(EXP) then or = (or;);>1 satisfies (EXP) for the same ¢ > 1 and 5 > 0.
If the sequence r is non-increasing then some characterizations of (EXP)
can be found in Lemma 10.2.1 of Part III. We call this condition (EXP)
because it implies an exponential decay and the sequence r; = ae~*?, for
i > 1, is probably the most important example satisfying this condition
with (optimal) constant ¢ = 1. The following lemma provides a covering
number bound for the infinite-dimensional set X7 if r satisfies (EXP).

9.24 Lemma Letd > 1, r = (1;);>1 € {2 be a sequence with r; > 0 for all
i > 1, and X = [[;5,[-ri,ri] C la. If r satisfies (EXP) with 3 > 0 and
¢ > 1 then the covering numbers of Xy = [[,s 4[—ri, ri] satisfy, for 61 >0,

N(Xl,él) SN(X,éledB/c) .

Proof. The condition in (EXP) yields 7,44 < crie”@ for all i > 1. If we
shift the index then we find

X1 = [[l=ritarriva € ce ™ [[[=risri] = ce X
i>1 i1

and hence N (X1,d1) < N(ce %X, ;). Finally, the scaling property of the
covering numbers, see Lemma C.6, gives the assertion. O

Now, we are ready to prove our log-covering number bound for Gaussian
kernels on the infinite-dimensional domain X = [],~,[—7s, 7).

9.2.5 Lemma (Log-Covering Number Bound for (EXP) Sequences) Let
0>0, 7= (r)i>1 € by withr; >0 for alli > 1, and X = [[,~,[—ri, 7] C
ly. If r satisfies (EXP) for > 0 and ¢ > 1 then, for 0 <e<1 and
y = log((4 + V/2)/e), the following log-covering number bound is satisfied

ML) < N0, oo (PRI (1 o)

where o(1) denotes a function converging to 0 for e — 0.
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9.2 Covering Number Bounds

Note that the kernel width ¢ influences only the constant and not the
asymptotic behavior of the upper bound for € — 0.

Proof. For d > 1 we define X, = [, [-ri, 7] € lo(d + N) and X, =
Hle[—ri, r;] € £4. An application of Lemma 9.2.3 with ¢ = 4¢/(4 + V/2)
and §; = ¢/(4 + v/2) = 7Y together with log(4/¢) < y gives us

?WwﬂdgwaﬂyW@&mch2+6y

for 0 > 0, d > 1, and 0 < € < 1. Since r satisfies (EXP), Lemma 9.2.4
yields
N(oX1,eV) < N(oX,e v ¥ /c) .

The choice d == [(log(cég) + y) /[ﬂ implies

e YedB  o—Yelos(cdz)+y

=0d2 .
c c

and hence we find V(0 X1,e7Y) < N(0X, d2). Together with N'(cX3,d2) <
N(0X,82) we get the upper bound

h d
H(I,[X],) < N2(oX, 52>( n ) ) v .
Now, we choose do = 1 and use Lemma 7.2.1 as well as Stirling’s formula

to get

h(y)+d\  T(hi(y)+d+1)
( d >_F(h1<y)+1>F<d+1)

1/2e Lo hl(y) d d h1(y)
=m0 (1) (1)

It remains to investigate the asymptotic behavior of all the factors depending

IA

on ¢ (or y). To this end, we give the function in the exponent of our desired

bound the name
_ 2y10g(1 + Wo(y/e))

) Woly/e)
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Recall from Lemma 7.2.6 that

2y
h =——— .
1) Wo(y/e)
First, using Wy(y/e) ~ log(y) from Lemma 7.2.3 we find h1(y) — oo and
d~1y/B — oo for e = 0T. As a result,

ol/24 12

—(1/h +1/d

is bounded and hence gets absorbed in exp(f(y) - 0o(1)). Second, the factor
y satisfies log(y) = o(f(y)) and hence it gets absorbed in exp(f(y) - o(1)),
too. Third, using 1 + ¢ < e, for ¢t = hq(y)/d, yields

d
log <1 + hlfgy)> <logoe™ W = hy(y) = o(f(y)) -

and hence the third factor gets absorbed in exp(f(y) . 0(1)). Finally, the
logarithm of the last factor behaves like

hi(y) log<1 + hjy)) ~ W(jz/e) log<1 + WO;%/S))

2y
~ Wolw/o) log(1+Wo(y/e)) = f(y) -

As a result, the last factor is of the type exp(f(y)(1+ o(1))). Combining
all estimates we get the desired bound. O

The final theorem presents a simplified, but more convenient, version of
Lemma 9.2.5 for anisotropic Gaussian kernels. Except for a square, this
theorem recovers the log-covering number bound in (8.15) for Gaussian
RKHSs on finite-dimensional domains.

9.2.6 Theorem Let o = (0;);>1, 7 = (1;)i>1 be sequences with o;,r; > 0
fori>1and X =[], [—ri,7i] C €a. If there is a real number > 0 such
that the sequence or = (0;1;);>1 satisfies (EXP) with ¢ > 1 then for every
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9.2 Covering Number Bounds

p > 0 there is a constant Cg., > 0 such that the following log-covering
number bound is satisfied, for 0 <e <1,

H(I,[X],e) < Csep - N* (Do X,1)- 7P .

Proof. Let p > 0 be fixed and y := log((4 + v/2)/¢) as in Lemma 9.2.5.
Using H(Is[X],e) = H([1[DsX],e) from (8.12) and Lemma 9.2.5 it is
enough to show that

p oy [ W108(L+Woly/e))
o exp( P (1 ot))

is bounded (or even converges to 0) for e — 0. However, e? = (4++/2)Pe™PY

and
log(l + Wo(y/e))

Wo(y/e)

for € — 07 already proves this claim. O

To the best of our knowledge, there is no bound in the literature which
is directly comparable to our bound. In [75, Corollary 3.5] is a bound for
general 1-Holder continuous operators, which includes the operator I,[X].
To be more precise, they use the condition

en(DeX) g n =1/ (9.6)

for some 0 < p < oo on the dyadic entropy numbers of D, X to provide the
bound
n=1/p, 2<p<oo

9.7
n1210gt/* " VP(m), 0<p<2 . ®-7)

e (1a1X]) < {

To compare this with our findings we translate Theorem 9.2.6 into a dyadic
entropy number bound. Using (C.2) Theorem 9.2.6 reads as follows: If the
sequence or satisfies (EXP) then we have

en(Io[X]) s n= /P

201
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for all p > 0. First, we compare the assumptions. The condition (EXP)
implies 0;7; < e~#% and hence analogously to the proof of [58, Proposition 6],

for real sequence spaces, we find
en(DeX) =ey (DarBzm) <nl/*. exp(— 25 10g(2)n) .

As a result, (EXP) is stronger than the condition in (9.6) used by [75,
Corollary 3.5]. But our bound on e, (I5[X]) is stronger than the bound in
(9.7) provided by [75, Corollary 3.5]. More precisely, the polynomial decay
of the bound in (9.7) saturates at the polynomial order of 1/2, however,
our bound decreases faster than any polynomial.
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Part 11l

Diagonal Operators

In many applications discretization techniques are used to reduce the often
difficult problem of estimating entropy numbers in function spaces to easier
estimation problems in sequence spaces. For instance, the problem of
quantifying the compactness of Sobolev embeddings can be reduced to
diagonal operators in sequence spaces via wavelet or Fourier bases, see e.g.
[58, 21] and references therein. In this part we therefore derive new entropy
number bounds for diagonal operators D, : ¢, — {4, where p # g. In the
case p < g we prove the optimality for fast decaying diagonal sequences,
which include exponentially decreasing sequences. In the case p > ¢ we
show optimality under weaker assumptions than previously used in the
literature. The content of this part is mainly taken from the article:

S. Fischer. Some new bounds on the entropy numbers of diagonal
operators. J. Approx. Theory, 251:105343, 2020.






Chapter 10

Introduction and Preparation

In the first section of this chapter we introduce the notation and provide
some preparatory material. In Section 10.2 we give a brief introduction to
regularity conditions for sequences. Such regularity conditions allow us to
prove the optimality of our entropy number bounds.

10.1 Definitions and Basic Properties

Since we reduce the investigation of diagonal operators on sequence spaces to
the case of diagonal operators on R* we use a unifying notation. To this end,
we consider sequences over an index set I C N and recall, for 0 < p < oo, the
definition of the sequence space £,(I) == {z = (2;)ic; € RT : [|z[|¢, (1) < 00}
with the (quasi-)norm

(Xier |:1ci|p)1/p7 0<p<oo
zlle, ) =

sup;er |zil; p=00

and the closed unit ball By, ;). With this notation we have ¢, = £,(N) and
08 = €,([k]) for k > 1. It is well-known that £,(I) is a quasi-Banach space
for all 0 < p < oo and that £,(I) is a Banach space if and only if 1 < p < 0.
Moreover, the quasi-triangle constant is ), == g, (1) = max{Ql/p’l, 1}.

In the following we fix some 0 < p,q < 0o, a sequence o = (0;)ic; €
R, and the diagonal operator D,: £,(I) — £,(I) given by Dy (%;)icr ==
(042i)icr. As a consequence of Holder’s inequality the operator norm of D,
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Chapter 10 Introduction and Preparation

is given by

lolle.cy, p>q, 1/g=1/p+1/r
| Do |l = { o (10.1)
lollewy, P<q .

Consequently, D, is well-defined and bounded if and only if ¢ € £,.(I) in
the case p > ¢ and o € £ (I) in the case p < q. Moreover, we define the
auxiliary operators

Dl;,q: Z]; — K’;, (zn)f_ = (o121, .., ohTk)
P]f: Ly — K’;, (@n)n>1 = (21,...,Tk) (10.2)
I;f: E’; — Ly, () (21,000, 25,0,0,...) .

Note that these operators satisfy DX = PFDgI¥ and || I¥| = ||P¥|| = 1.

The goal of this part is the investigation of the asymptotic behavior of the
entropy numbers of D,. For n > 1, the entropy number €,(D,) is defined
as the infimum over all » > 0 that allows to cover D, By, with n translates
of rBy,. Note that we even need covering and packing numbers for the
proofs. For the definitions and basic properties of these metric entropy
quantities see Appendix C.

In the case p = ¢ the asymptotic behavior of the entropy numbers
en(Dy) is well-known for all diagonal sequences o, see e.g. Gordon et al.
[39, Proposition 1.7] for the Banach space case 1 < p < oo but, modulo the
constant, the result remains valid for all 0 < p < co. Therefore, we focus
on the case p # ¢, where—as far as we know—are only partial answers
available, see e.g. [57, 58, 18].

Recall that for real sequences (z)n>1 and (yn)n>1 we write z, < y,
if there is a constant ¢ > 0 with =, < cy, for all n > 1 and the (weak)
asymptotic equivalence x,, < y, means x, < y, as well as =, > y,. Using
this notion, we declare an upper bound (z,),>1 on the entropy numbers
to be optimal if there is a corresponding lower bound (y,)n>1, which is
asymptotically equivalent x, =< y,. In our bounds the ratio of the volumes
of the unit balls ng and Bg;{;- play an important role. To this end, recall that
¥ denotes the k-dimensional Lebesgue measure and that a combination of
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[70, Equation (1.17)] with Stirling’s formula yields, for k — oo,

k 1/k
A BN e (10.3)
A¥(Bx) B ' '

Finally, the following lemma establishes a comparison between covering and
entropy numbers.

10.1.1 Lemma Let 0 < p,q¢ < oo, (ax)k>1 be a positive sequence and

Dy: 4, — £, be a diagonal operator with ||Dy| < oo. If the covering
number estimate

1\ F
N(Dgy,e) < itgl) ar (g> (10.4)

holds true for all 0 < & < e1(D,) then for n > 1 the n-th entropy number
satisfies

1/k
En(DU) < Sup(%) .
k>1\ T

Note that Point (ii) and (iii) in Lemma C.9 in the language of entropy
numbers read || Dy ||/kq < €1(Dy) < ||Dy||. Consequently, in Lemma 10.1.1
it is sufficient to check (10.4) for all 0 < ¢ < || Dy |

Proof. Let n > 1 be a natural number. If £,(D,) = 0 holds true then
D, = 0 is the zero operator and there is nothing to prove. In the following
we assume €,(D,) > 0 and choose 0 < € < €,(D,). By the contrapositive
of Point (i) in Lemma C.1 we have n < N (D,,e). Moreover, by our
assumption for every § > 0 there is a ks > 1 with

n < N(Dy,2) < (1+6) ap, (%)k .

This implies

(14 96) ag, 1/ks ap \ 1/ks ap\1/k
< 1 <1+ (= <1496 — .
€_< n _(Jr)(n) _(+)2§i(n)

Letting 6 \, 0 and ¢ ¢, (D,) we get the assertion. O
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10.2 Conditions on Sequences

In this section we introduce the regularity conditions on the diagonal
sequence o = (0y)k>1 that we need to prove the optimality of our entropy
number bounds. Furthermore, we collect some characterizations of these
conditions that allows us to compare our results with the existing literature.
Most of the following results are consequences of the general theory of
O-regular varying functions/sequences, but for convenience we include the
proofs or give detailed references. Throughout this section, all suprema
supy <, and infima infy<,, are taken over all tuples (n, k) € N? with k < n.
Let o = (0k)k>1 be a positive and non-increasing sequence with oy N\, 0
for £k — oco. Then we define the r-tail sequence, for r > 0 and n > 1, by

e () 009

k=n

and we define the s-partial sum sequence, for s > 0 and n > 1, by

on = (; gk—s>”5 . (10.6)

Note that the r-tail sequence is well-defined if and only if o € /.. Now,
we are ready to formulate our regularity conditions on o: We say that
o = (o)) k>1 satisfies

(EXP) if there is some b > 1 with sup, ., ‘;’;72: < 00.

(ALP) ifo €/, and 7, < 0,07,

(AMP) if 0 € £, and 7, = o,,n'/".
Note that we already used the Condition (EXP) in Section 9.2 of Part II.
Moreover, (EXP) implies an exponential decay o, < b~". This is the reason
why we call this condition (EXP). The abbreviation (ALP) stands for at
least polynomial decay since this condition implies o, < n~% for some

« > 1/r according to Point (i) of Lemma 10.2.3 below. In Lemma 10.2.3
below we see that (AMP) implies 7, = n~® for some a > 0 and hence we
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called this condition at most polynomial decay. Our first lemma provides
characterizations of the Condition (EXP).

10.2.1 Lemma ((EXP) Sequences) Let r,s > 0, 0 = (0j)k>1 with o >0
for k> 1 and o, \ 0 for k — 00, T = (T, )n>1 be the r-tail sequence given
by (10.5), and v = (vp)n>1 be the s-partial sum sequence given by (10.6).
Then the following statements are equivalent:
(i) o satisfies (EXP).

(i) Thereis anng > 1 and an 0 < a < 1 with op4pn, < aoy for allk > 1.

(iii) o = 1/v,.

(v) o €L, and oy =X Ty,
Note that Condition (i) and (ii) are independent of » > 0 and s > 0.
Consequently, if ¢ satisfies Condition (iii) or (iv) for some s > 0 or r > 0

then o satisfies both conditions for all , s > 0. Furthermore, from Point (iv)
we get (EXP) C (ALP) and (EXP)N (AMP) = 0.

Proof. (i)=(iii) For ¢ := supj.<,, ‘;’;—Z: < 00 we get

Q

viaizi(j—n) <c® Zb s(n—k) — ;s Zb‘g’*g bS 1
. _

for all n > 1. Moreover, v,o, > 1 always holds. By considering (7 /o))"
we can analogously prove (i)=(iv).

(iii)=-(ii) Let ¢ > 0 be a constant with v,0, < ¢ for all n > 1. Because
of the monotonicity of o we get for k,ng > 1

k+no

k4+ng

5> 8 s _ Ok+no \° > Ok+no \*° > Ok+no \° 1

¢ —Uk+n00k'+no - o = o - = 70% (n0+ ) .
1 P . i

Choosing ng = [c¢®] yields, for k > 1,

Ok+no c c

< <1.
o~ (no+1DYs = (es+1)/s
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(iv)=(ii) Let ¢ > 0 be a constant with 7, < coy, for all k > 1. Because of
the monotonicity of o we get for k,ng > 1

o © g\ k+no N on r
Tk n=~k Tk n=~k Tk Ok

Hence Statement (ii) follows along the same line as (iii)=(ii).
(ii)=-(i) For k < n there is a unique m > 0 with k + mny < n <
k + (m 4+ 1)ng. Using the monotonicity of ¢ and Assumption (ii) m-times

we get
O nzk g
on < Ok+mng < Ukam < la "= ibk_n
a a
with b = a~/™ > 1. Hence the supremum is bounded by a . O

Another important condition is the doubling condition o2, =< o,. The
following lemma provides equivalent characterizations for this condition.

10.2.2 Lemma (Doubling Condition) Let o = (oy)r>1 with o, > 0 for k >1
and o, \( 0 for k — co. Then the following statements are equivalent:
(i) on =< o9y

(i) For all X > 0 the function f(x) = 0|41 satisfies f(x) < f(Axr).

o

(iti) infr<n 225 > 0 for some a > 0.
(iv) op = (01 -...-0n)/™

Note that the symbol “<” in Point (ii) means that for all A > 0 there are
constants ¢, ca > 0, depending on A > 0, with ¢; f(z) < f(Az) < caf(x)
for all © > 0. Moreover, Point (iii) implies o, %= n~* and hence o decreases
at most polynomially. Finally, the Point (iv) has already been used in
Lemma 5.2.3 of Part I as an assumption. Consequently, this lemma provides
equivalent assumptions for Lemma 5.2.3 .

Proof. (i)<(iii) This has already been pointed out by Kiithn [57, p. 482]
and is a direct consequence of the monotonicity of o.
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()< (i) Statement (ii), for A = 2 and « = n — 1/2, directly implies (i).
For the converse implication we first show that

lnz] +1<n(lz]+1) (10.7)

holds for all n > 1 and all # > 0. To this end, let 0 < r < 1 with « = |z] +7.
Since the strict inequality nz = n|z| + nr < n|z| + n holds true and the
right hand side is an integer, we find |nx| < n|z]+mn—1 which is equivalent
to (10.7). Now, to the implication (i)=-(ii). Let ¢ > 0 be the doubling
constant of o, i.e. oy, > co, for all n > 1. Using the monotonicity of o,
the inequality in (10.7), and (i) we find

f(Ql‘) = 0|2z]+1 > 02(|x]+1) > CO|z|+1 = Cf(:l?) . (108)

Finally, for fixed A > 1 we choose an m > 1 with 2" > A. The monotonicity
of f and an m-fold application of (10.8) yields (ii). The case 0 < A < 1 can
be easily deduced from the case A > 1.

(iii)=(iv) Because of the monotonicity of o we always have (oy - ... -
o)™ > o,. For ¢ == infr<, ‘;z—’;j > 0 we have o}, < ¢ to,n%k~ for all
k < n. Since Stirling’s formula yields (n!)'/™ =< n, we get

[0

(0'1 et O'n)l/n S C_lo'nW Oop .
(iv)=(i) Let ¢ > 0 with ¢, < (61 - ... 0,)*/™ < co, for all n > 1. Then
coop > (01 ... -Jgn)ﬁ =(o1-... 'Un)ﬁ(Uan e Ugn)ﬁ > /0,00 -

2

is satisfied for all n > 1. Hence we have c*oq,, > 0, > 09, foralln > 1. O

The final lemma provides some characterizations for various conditions
on the r-tail sequence.

10.2.3 Lemma (Tail Sequence) Let r > 0, 0 = (oy)k>1 with o > 0 for
k>1 and o, (0 for k — oo and 7 = (7,)n>1 be the r-tail sequence given
by (10.5). Then the following statements hold true:
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(i) The following statements are equivalent:

(a) supg<, ‘;kza < oo for some o> 1/r.

(b) o satisfies (ALP).
(i) The following statements are equivalent:

(c) o€l and T, X Top.

(d) o satisfies (AMP).

(iti) If o € £, and o, < 09, are salisfied then the r-tail sequence satisfies

Tn X T2n.-

(i) If (a) is satisfied then o, < ooy, is satisfied if and only if T, < Ty, is
satisfied.

If we combine Point (ii) with Lemma 10.2.2, we see that Condition (AMP)
implies 7,, %= n~® for some a > 0.

Proof. (a)=(b) For ¢ = sup;, ‘;:—Z: < 0o we get

Tl: 1 = on\" rp.or—1 = ar
=— E — ) <k g n-
k/’O'z k <Uk> -
n==k n==k

for all £k > 1. Estimating the remaining sum using integrals we get the

assertion, namely

> > ar
kar—l —ar - koz'r—l f—ar / 7o qt | <
Z " - ( * k Tar—1

n=~k

(b)=-(a) This is a consequence of Bingham et al. [8, Theorem 2.6.3] to the
positive and measurable function f(z) = xa’[x | for x > 1. To this end, we
recall the definition of almost decreasing functions from [8, Section 2.2.1] and
the Matuszewska index a(f) of f, defined in [8, Section 2.1.2]. Moreover,

we have

o(f) =inf{a € R: 2~*f(z) is almost decreasing}
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according to [8, Theorem 2.2.2]. Since x~!f(x) is decreasing, we have
a(f) <1 < oo and hence f is of bounded increase, i.e. f € BI, see [8, p. 71]
for a definition. Consequently, [8, Theorem 2.6.3 (d)] is applicable to the
function f. For f(z) = [ ° f(t)/tdt we have

zo| zo| z|ol
@) TR T L T
fl@) 1y —(@—lz])ol, — 7, uty
for all > 1, where ¢ > 0 is a constant satisfying 7, < co,n'/" for all

n > 1. Therefore, liminf, . f(z)/f(z) > 0 and [8, Theorem 2.6.3 (d)]
yields a(f) < 0. Consequently, there is a ap < 0 such that =2 f(x) is
almost decreasing. The definition of almost decreasing gives us the assertion
with o = 1=20 > 1/r,

(c)=(d) This is from [58, first equation on p. 45]. (d)=-(c) The following
idea is from [13, proof of Theorem 4]. According to our assumption the

r r__ T r
Pn = TL(]. _ Tn+1) _ nTn Tn+1 _ no,
n — _— =M= —

T T '
T?’L Tn T'V‘L

sequence

is positive and bounded. Building a telescope product we get

n—1 _p n—1
Tn _ T 2 = H(l—&)
T Tr k/ -
1 k=1 'k k=1

Sincelo < 1— £t <1 holds true, this gives 7;, = expolog(7;,) = exp (yn -
> iz pe/k) with

n—1
Yn = log T + Z(log(l - %) + F;:) .

k=1

Below we will prove that (v,),>1 converges and hence the assertion is a
consequence of this representation of 77 according to [26, Theorem 2]. Now,
to the convergence of (V,)n>1. Since (pr)r>1 is bounded, the sequence
ay = pi/k is square summable. Without loss of generality we assume that
there is a 0 < ¢ < 1 with a, < ¢ for all n > 1. Using the Taylor series of

213



Chapter 10 Introduction and Preparation

the logarithm we get

)4

o0 o0 e
a
log(l—ak)—&—ak:—g 7k+ak E 7k
=1

Additionally, for ¢ > 2, we have the estimate > - af < llall7,q =2 To
gether we get the absolute convergence of the series

oo oo Z oo
’;{logl—ak +ak Zza—;:z

k=1 ¢=2 =2

IS

$p < Ll f)%
(=2

k=1

(iii) According to our assumption there is a constant ¢ > 0 with o9, > co,
for all n > 1. Then the assertion follows by

(o ] oo
T T T T o__ T
7_2n Z E UQk 2 C E Jk) =C Tn
k=n k=n

(iv) It is enough to prove the converse implication of Point (iii). Since
we assume (a), we have (b) and (d), ie. 7, < o,n'/"

= o, . Consequently,
Oon = Ton(2n) Y7 < 1,0~ 1/" < o, is satisfied. O
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Chapter 11

Entropy Number Bounds

In this chapter, besides establishing some new upper bounds on the entropy
numbers, we prove their optimality under some regularity conditions on
the diagonal sequence. Finally, we compare our findings with the existing
literature.

11.1 Upper Bounds

In this section we prove upper bounds on the entropy numbers of diagonal
operators on sequence spaces. All these bounds are based on the following
bound for diagonal operators between finite-dimensional spaces.

11.1.1 Lemma Let 0 < p,q < o0, k > 1, and 01,...,0r > 0. Then the
diagonal operator D, : E’; — ﬂ’; satisfies, for e >0,

)\’“(ng) o1 Ok
P(Dy,¢) < (2k,)F NG (H 1t | + ﬁq?) L (H 1d* || + ﬁq?) ,

where IdZ,p: E’; — E’; denotes the identity operator and ¥ the k-dimensional
Lebesgue measure.

In the case p = ¢ this bound originates from Oloff [68, Hilfsatz 2]. Further-
more, note that the proof of Kolmogorov and Tikhomirov [51, Theorem XVI]

contains the case p =q¢ =2 and g, = n~.
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Proof. For the first step of the proof we proceed analogously to the proof
of Lemma C.7. To be more precise, for ¢ > 0 we choose an e-packing
N C D,By with n = [N| = P(Ds,e). Then we get from (C.1) for
M = Dong and B = Bgl;

H-J (x—l—e/nq~Bg§) C Do Byi +€/kq - By

A (11.1)
& C DBy, +¢/rq || 1d

qp” Béz’g )

where we used the definition of the operator norm in the last step.

Before we continue to estimate (11.1) we prove the following auxiliary
result: For a second diagonal operator D, : E’; — E’; with w; > 0 for all
i=1,...,k we have

DO-B@I; +Dnglg g 2/€ng+ng75 . (112)

Since Dy, is invertible, (11.2) is equivalent to Da___,’l_w(Dngl; + DWBW;) C
2kpByr,. Now, to show (11.2) we fix z,y € By and observe

IDZ 4 (Do + Duy)lles < ipll Doioy Dalles + rpll Dyt Dyl e
< Hp||DU+wD H + HPHDUerDUJ” .

Since D +cAJDU is an operator from ﬁk to Ek the operator norm is given by

||DU+wDa|| = maxi Lok g0, S 1 Analogously we have ||D wDwll =

< 1 and therefore (11.2) is proven.

maX;=1,... o +

Comblmng (11 1) with (11.2) and applying the Lebesgue measure gives

n(e/rg)FAF(By) = )\k< H (2 +¢/x, BZZ))

zEN
k
< N (26p Doy 1ak  |1-e/m, Bet)
k

= (2r,)" N (Byy) - [ (o + 1128, [ /) -

i=1

Solving this inequality for n yields the assertion. O
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11.1 Upper Bounds

In order to transfer the bound of Lemma 11.1.1 from finite- to infinite-
dimensional diagonal operators we split the diagonal operator in to a
finite-dimensional part and a remainder. To this end, we fix 0 < p,q < o0
and a sequence o = (0,,)n>1 such that the corresponding diagonal operator
D,: £, — {; is well-defined and bounded. Using the auxiliary operators
defined in (10.2) and properties of the covering numbers from Lemma C.9
we find, for k > 1,

N (Dg#ge) = N (IED}  Pf + (Do — IEDE  PE) e

pP,q=p>’ pP,q=p>’

< N(Dk.2/2) - N(Dy — 15 DS PEe/2)

p,q- p’

N(I’“Dk Pk 5/2) -N(D — I*Dk Pk 5/2)

In the following we will choose a suitable k > 1 with || Dy —I¥DE PF|| <e/2.

Since in this case we have ./\/( - IkDLf qP;f, 5/2) = 1, the estimate above

reduces to

N(Dgy, kqe) <N(DE . e/2) . (11.3)
First, we apply (11.3) in the case p < q.

11.1.2 Lemma (Upper Bound for p < q) Let 0 < p < q < oo with
1/p=1/g+1/s and 0 = (0k)k>1 with o, > 0 for k > 1 and o5, \, 0 for
k — oo. Then the diagonal operator Dy : £, — {4 satisfies, for n > 1,

N (Ber)

—1 1/s
/\k(Btz’;) nT (26001 + EYS0y) ..

en(Do) < 4dkpky sup (
1/k

- (2Kq0% + kl/sak)> .

Proof. For every 0 < £/2 < ||Dy|| = o1, there is a k > 1 with o341 <¢&/2 <

ok. Then (10.1) gives us ||Dy — Ié“D;f’qPI’fH = ox41 < €/2. Using (11.3)
with this &, Lemma 11.1.1, and || Id} , || = k'/* we get

)\k(ng) dkg0 dkg,0
b 1/s a1y (pl/s o Ze9k
N(Dy, kge) < (26,)" Ak(B[,;)(k + L ) (k + L ) .
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Using k'/* < 204,k'/# /e and taking the supremum over k > 1 gives

N (Dy, kqe) < sup

Sup —r (Jkkl/s + 2/@101) o

A*(Bx) b\
. (O'kk;l/s + Qﬂq("k) <§p> } .

Finally, Lemma 10.1.1 yields the assertion. O

{ N¥(Bex)

Next, we apply (11.3) in the case p > q.

11.1.3 Lemma (Upper Bound for p > ¢q) Let 0 < ¢ < p < oo with
1/g=1/p+1/r, 0 = (0k)k>1 € £y with o), > 0 for k > 1 and o, \, 0 for
k — oo, and T the r-tail sequence defined by (10.5). Then the diagonal
operator Dy : £, — £, satisfies, forn > 1,

en(Dy) < 4kpky 21;11)

<(7’;C + 20,k Ta) - (T 26,k Toy) > 17k
n

Proof. For every 0 < £/2 < ||Dy|| = 11, there is a k > 1 with 7,41 <e/2 <
7. Then (10.1) gives us HDU—I(?D’“ Pk|| = 141 < /2. Using (11.3) with

p,a~ p

this &, the decomposition D’;’q = Id’;’q oDF_ and || Id’;

A | = EY7 we get

al

N(Dav qu&?) < N(Dlg,pa kil/r5/2) N(Idk

p,q’

kYT = N(D¥

p,p’

E~Yre/2) .
Using Lemma 11.1.1 and 1 < 274 /e gives

I R (e

£ S

k
< (Tk + 2I$pk1/T0'1) o (Tk + 2/$pk1/rok) (%) .

Finally, taking the supremum over k£ and using Lemma 10.1.1 gives the
assertion. O
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11.2 Optimality

In this section we investigate the optimality of the upper bounds of Sec-
tion 11.1. To this end, we use the regularity conditions (EXP), (ALP),
and (AMP) introduced in Section 10.2. First, we recall a well-known lower
bound.

11.2.1 Lemma (Lower Bound) Let 0 < p,q < 0o and 0 = (ok)g>1 with
o >0 for k>1 and o \( 0 for k — oo such that the diagonal operator
Dy,: 4, = €, is bounded. Then for all n > 1 the n-th entropy number
satisfies

)‘k(BZ’;) O1°... 0Ok 1/k
)\k(ng) n '

q

en(Dy) > sup
k>1

Note that this lower bound holds without any additional assumption on o.

Proof. Let n,k > 1 be fixed and choose ¢ > ¢,(D,). Using Lemma C.1
we find n > N(D,,e). Next, we use the auxiliary operators defined in
(10.2) and the multiplicativity of the covering numbers from Lemma C.9 to
get N(DE &) = N(PFDy1},e) < N(Ds,e). An application of the lower
bound in Lemma C.7 gives us

A (B

n > N(Dgy,e) > N(DF e ( e”)-alm..-ak-a_k.
k
q

> P
rre) 2 5By

Rearranging this inequality for € yields

Letting ¢ N\, e,(D,) and taking the supremum over k > 1 we get the
assertion. O

Using the lower bound of Lemma 11.2.1 we can prove the optimality of
our upper bounds in Lemma 11.1.2 and Lemma 11.1.3. Let us start with
the optimality of Lemma 11.1.2 if the Condition (EXP) is satisfied.
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Chapter 11 Entropy Number Bounds

11.2.2 Theorem (Optimality for p < q) Let 0 < p < ¢ < oo with 1/p =
1/g+1/s and 0 = (o)k>1 be a sequence with o, > 0 for k> 1 and o \, 0
for k — oo. If o satisfies (EXP) then the upper bound in Lemma 11.1.2
is optimal. In this case the entropy numbers of the diagonal operator
Dy £, — £y satisfy

N L
en(Dy) = sup k=17 <1k> .
k>1 n

Proof. Lemma 11.1.2 together with (10.3) gives us

n

en(Dy) < sup k—l/s<(01 + k/’l/sak) oo (o + k’l/sak>>1/k
E>1

Rearranging the term in parentheses gives

((01 + EkYsay,) -...~(0k—|—k1/sak)>1/k
n

_ (o1 ok 1/k. 1+k1/sok 1+k1/50k 1/k
— p p .

Applying that the geometric mean is bounded by the arithmetic mean as

well as the triangle inequality in ¢* yields

kl/s kl/s 1/k k kl/s s\ 1/s
(<1+ 0k>.....<1+ ”’“)) <<1/kz<1+ J’“) )
g1 Ok P ag;

k 1/s
< Kg + KOk (Z Ui5> .
1

=

Since o satisfies (EXP), according Point (iii) of Lemma 10.2.1 we find
okvE < 1. As a result, the right hand side is bounded in k& and we get “<”
for the claimed asymptotic equivalence. If we combine Lemma 11.2.1 with
(10.3), we get the corresponding lower bound “3=". O

Next, we consider the optimality of Lemma 11.1.3.
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11.2 Optimality

11.2.3 Theorem (Optimality for p > q) Let 0 < ¢ < p < o0 with 1/q =
1/p+1/r and 0 = (0k)k>1 € ¢r be a sequence with o, > 0 for k > 1 and
ok 0 for k — oco. If o satisfies one of the following conditions then the

upper bound in Lemma 11.1.3 is optimal:

(i) Condition (ALP), i.e. T, < 0,n/". In this case the entropy numbers
of the diagonal operator D, : £, — £, satisfy

(D) = sup i/ (P )
k>1 n

(i) Condition (AMP), i.e. T, = o,n'/". In this case the entropy numbers
of the diagonal operator D, : £, — £, satisfy

en(Ds) X Tllog,(n)|+1 -

Proof. (i) Lemma 11.1.3 gives us

en(Ds) < sup
E>1

<(Tk + kl/ra.l) .o (Tk + kl/ro,k))l/k
" .

Rearranging the term in parentheses gives

<(Tk+k1/rol) ~...~(Tk+k1/rak))1/k
n

o1 - - O} 1/k Tk Tk l/k
— sup k(T Tk (7 1)<7 1) .
igli ( n > < klVroy + kY7o, +

According to (ALP) the last factor is bounded in k and hence we get “<”
for the claimed asymptotic equivalence. If we combine Lemma 11.2.1 with
(10.3), we get the corresponding lower bound “3=".

(ii) Because of Point (ii) of Lemma 10.2.3 we have 7, < 7a,,. Hence Kithn
[58, Theorem 1] yields €,(Dy) X T|10g,(n)|+1 and it is enough to show that
the upper bound in Lemma 11.1.3 is asymptotically bounded by 7|10g, (r)|+1-
According to (AMP) and Point (iii) of Lemma 10.2.2 applied to (7, )n>1
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Chapter 11 Entropy Number Bounds

there are constants c¢q, 2, 8 > 0 with 0; < 1734~ Y" and 7; < comikPi=P for
all k > 4. Together we get, for a:==1/r 4+ 3,

1 kl/r-i—ﬁ ko
T+ k UZ'STk-FClCQTkWSTkifa(l-FClCQ)

and all £ > 4. Plugging this into the bound of Lemma 11.1.3 we get

sup

po1 Lk (K1)l

(Tk—&—kl/ral)-...-(Tk—l—kjl/rak)>l/k e k®
n )

en(Do) < sup(
k>1

From Stirling’s formula we know (k!)*/* < k and hence we have

Tk
en(Dy) < sup 7 (11.4)
E>17
and it remains to show, that the right hand side behaves asymptotically
like 7|10, (n)|+1- To this end, let ¢ > 0 be the doubling constant of 7, i.e.
Ton > Ty for all n > 1. Without loss of generality we can assume ¢ < 1

and define o := 211%((12)@ > 0. For k < alogy(n) we have
nFE =p % < exp _710g(n) =c< T2k
2alogs(n) T

and this implies
I 2k (11.5)
nk N2k
A recursive application of this inequality enables us to restrict our supremum
to k > alogy(n). Moreover, for such k we have

1>n" k= exp(logk(n)> > exp(alf’ogg%> =927/ (11.6)

If we combine (11.4), (11.5), and (11.6) then we get

Tk Tk
en(Do) S SUp— = SUD  —p X SUD Tk = Tlalog,(n))+1 -
E>1 1 k>alogy(n) T k>alog,(n)

Finally, an application of Point (ii) of Lemma 10.2.2 yields the assertion. [
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11.3 Comparison

In this section we compare our results with some bounds previously obtained
in the literature. Since all previously established results on the entropy (or
covering) numbers of diagonal operators, see e.g. [51, 64, 62, 68, 17, 56] and
the references therein, are essentially contained in [57, 58, 18], we restrict
our comparison to the latter three articles.

In the case p < ¢ the most general entropy bounds are derived by Kiihn
in [57]. Namely, he obtained optimal bounds under each of the following
set of assumptions:

onn®
ok

(i) polynomial decay: supj<,, < oo for some ae > 0 and o0, < 025,

< oo and 0,2 X oy,

(ii) fast logarithmic decay: sup,<,, o= (iﬂggg)l/s

(iii) slow logarithmic decay: infy<y, %:(

1+logn>1/s
1+log k

> 0.

Note that Scenario (i) and (ii) both exclude sequences that decrease too slow
as well as sequences that decrease too fast. In contrast, (iii) only excludes
sequences that decrease too fast. In comparison, our bound of Lemma 11.1.2
is optimal if the diagonal sequence decays at least exponentially in the sense
of (EXP). Since all of the Scenarios (i)—(iii) imply o, < o2,, we easily see
that they all exclude (EXP), that is, (EXP) is not covered by [57].

In the case p > ¢, [57] provides optimal bounds for sequences o satisfying

opn®

sup < 00

k<n OLK®

for some o > 1/r and o, < 09,. According to Lemma 10.2.3 the combina-
tion of both assumptions is equivalent to the combination of (AMP) and
(ALP), i.e. 7, < 0,,n"/". In [58], Kiihn generalizes the results of [57] by es-
tablishing optimal bounds under the Condition (AMP), only. Consequently,
the upper bound of Lemma 11.1.3 is optimal for sequences considered in
[58] and is additionally optimal for sequences satisfying (ALP) only.

Table 11.1 lists three types of sequences o that are barely covered by the
literature and our bounds bring new insights. Compared to [57, 58], another
advantage of our results is that they actually provide bounds for all p # ¢
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On = o = | (AMP)  (ALP) (EXP)
exp(—alog*(n)) on " logt=M /" (n) no yesifA>1 no
exp(—ank) o=V no yes yesif A>1
exp(fae)‘") On no yes yes

Table 11.1: Three types of diagonal sequences for which our bounds bring
new insights into the asymptotic behavior the entropy numbers
and which are hardly covered by the existing literature. For
all examples we assume a > 0 and A > 0. In addition, the
conditions (AMP) and (ALP) are only considered in the case
p > ¢, whereas (EXP) is actually independent of p and ¢. Note
some subtleties of the first example: For A = 1 it reduces to
a plain polynomial decay, which is already well understood.
Moreover, for A < 1 the operator D, is not even bounded in
the case p > ¢ and the asymptotic behavior can be found in [28,
Example 14] in the case p < q.

and all sequences . However, in some cases the question of optimality is
not answered yet.

There is another strand of research, see e.g. [17, 18], that describes the
asymptotic behavior of the entropy numbers in terms of (generalized) Lorentz
spaces. The most general result in this direction is [18, Corollary 1.2]:

0€ly, <= en-1(Dy)€Llyny

where £, , ., is a generalized Lorentz space with slowly varying function ¢,
see [18, Section 2] for a definition, and the parameters satisfy 1 < p, ¢ < oo,
0<t,v<oo,1/t>(1/q—1/p)+,and 1/u =1/t — (1/q — 1/p). Note that
the implication “<=” is contained in Lemma 11.2.1 and “=-" is contained in
Lemma 11.1.3 in the case p > ¢ and v = oo.

Finally, many results previously obtained in the literature are based on
the operator ideal theory and a dyadic splitting of the diagonal operator,
see e.g. [69] for an introduction to operator ideals and [17, 56, 18] for their
application to entropy numbers of diagonal operators. This approach reduces
the problem of bounding &, (D,) to the estimation of entropy numbers of
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embeddings between finite-dimensional spaces. In order to bound the
entropy numbers of these finite-dimensional embeddings advanced bounds
with a good so-called preasymptotic behavior are needed. Such bounds can
be found e.g. in [74, 30, 42, 55, 29] and are often based on sophisticated
combinatoric arguments and interpolation theory. In contrast, our results
are based on a single splitting of the diagonal operator and a simple bound
for finite-dimensional diagonal operators. The latter bound has no good
preasymptotic behavior but it is based on a plain volume argument.
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Appendix A

Poofs of the Oracle Inequalities

In this chapter we provide proofs of the oracle inequalities in Lemma 1.3.1
and Lemma 1.3.2. To this end, we use the fact that histograms are empirical
risk minimizers (ERMs). To be more precise, for the (convex) output space
Y = [-M, M] with M > 0 and the hypothesis class

H(A,Y) = {Z ]lAk “Ck . Ck EY} gﬁ()(X7O'(.A))

keK

we get as direct consequences of (1.5), (1.18), and the projection property
of the conditional expectation that hp 4 € H(A,Y) and

Ris,p(hp,.a) =Ris pray) = feél(lf"y) Ruis,p(f) (A1)
are satisfied for all data sets D € (X x Y)™. This means the histogram
learning method is an ERM with respect to the LS loss and the hypothesis
class H(A,Y). Moreover, since we use measurable and countable partitions
A the set UkeK\A,, Ar C X is a v-zero set. As a result, the histogram
hp,a is even a LS ERM with respect to the possibly smaller hypothesis
class H(A,,Y) for P™almost all data sets D € (X x Y)". By abuse of
notation we write H(A,,Y) even if we mean H ((Aj)rea,,Y ). Note that
(A.1) analogously remains true if we replace the empirical distribution D
by P. Using these facts we are ready to prove the LS-risk oracle inequality.

Proof of Lemma 1.3.1. The proof is an application of a modified version of
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the general oracle inequality for ERMs in [76, Theorem 7.2], see also [66,
Theorem E.2] for details. Since the histogram is P™-almost surely an LS
ERM over H(A,,Y), the assumptions for this theorem are satisfied with
¥ =1, B=4M? V =16M? and |L|p1 = 4M, see e.g. [76, Example 7.3].
Consequently, we find

Ris,p(hp,.a) = Risp <4 (Rispia,y) — Risp)
+20- Me

+st9. gy T LN (A, Y),9)

n

with probability P™ not less than 1 — e~", where N'(H(A,,Y),¢) denotes
the covering numbers of H(A,,Y) as subset of the set of bounded functions
lo(X). For a definition of covering numbers and basic properties see
e.g. Appendix C. Using Rig p (4, y) = Ris,p(hp.a) from (A1) (with P
instead of D) and (1.5) we get

Ris pra,y) — Risp=Risp(hpa) —Risp=Ilhra— fispli,u -

Next, the hypothesis class H(A,,Y) is isometrically isomorphic to the set
MB@‘;;‘"‘ C EL’S‘”‘ via ZkeAV ¢k - 14, — (ck)kea, and hence Lemma C.7
and Lemma C.3 yield

N(H(A,,Y),e) = N(MBya,e) < (1+2M/2) 4 < 3M/e) 41

where we used ¢ < M in the last step. Using 7 > 1, log(3M/e) > 1, and
|A,] > 1 we find

T4+ 14 1log(N(H(A,,Y),e)) < 3rlog(3M/e)| A, .

Finally, combining all pieces we find the assertion. O

For the proof of the classification-risk oracle inequality we use an ERM
property of the histogram again. To be more precise, for the classification
loss it is well-known that the sign of the histogram sgn o hp 4 is an ERM
with respect to the hypothesis class H (A, {£1}) and the classification loss.
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Analogously to the LS loss case, sgn o hp_4 is a classification loss ERM over
the potentially smaller hypothesis class H(A,, {£1}) for P"-almost all data
sets D € (X xY)™ and the population version sgn ohp 4 minimizes Rciass, p
over H(A,{+£1}). Finally, note that the definition of the classification loss
yields Rciass,p(f) = Rclass,p(sgn o f). Using these facts we are ready to
prove the classification-risk oracle inequality.

Proof of Lemma 1.3.2. The proof is an application of the general oracle
inequality for ERMs in [76, Theorem 7.2]. Since (the sign of) the histogram
is P™-almost surely a classification loss ERM over H(A,,{£1}) and [10,
Theorem 2.41] gives the variance bound

IEP(LOfﬁLofélass,P)2 S C(EPLOf - LOfC*JIaSS,P)qq?

for all f € Lo(X,B) with some constant ¢ > 0 depending on ¢ and ¢y, the
assumptions of [76, Theorem 7.2] are satisfied with ¥ = ¢/(¢+ 1), B =1,
and V = c¢. Consequently, we find

RClass,P (hD,.A) - RE]&SS,P

<6- (,R’*Class,P,H(.Ay,{:tl}) - Ralass,P) (A2)

g+l

T (8V(T +log(1 +T}LH(AV, {=11)])) > e

¥

with probability P™ not less than 1 —e™".

Next, we consider the approximation error, i.e. the first summand in
(A.2). Since hp, 4 minimizes the classification loss over H(A,,{£1}) and
2n—1=0on (X; UX_)¢ we can rewrite the approximation error using
(1.10)

* *
RClass,P,H(Ay,{:l:l}) - RClass,P

/ |27 — 1| dv
X1 A{hp,a>0}

= Z/X]lAk,r‘n(X+uX,)r‘n(X+A{hP,AZO})|277_1| dv .
k>1
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In order to proceed we fix k£ > 1 and distinguish four different cases. First, if
V(AN (XL UX2)) = v(AxNX4)+v(ArNX_) = 0 then the corresponding
summand obviously vanishes. Second, assume that v(Ar N X;) = 0 and
v(ArNX_) > 0 hold true. Since v(A; N X;) = 0 holds true, the summand
is equal to

/ Ta,nx_nx a{hpazopl2n — 1] dv
X
We know that hp 4 = ci is constant on Ag with ¢, = [, frs p dv/v(Ag).

Since v(Ax N Xy) =0, v(Ax N X_) >0, and figp=27—-1<0on X_
hold true, we find

1 1
— | frepdv= / flapdv <0 .
v(Ag) Ja, T v(Ak) Jagnx T

C =

As a result, we have Ay N {hp 4 > 0} =0 and we get

AN X_ N (X4 A{hpa > 0})
= (AenX_nX )A(AxnX_Nn{hpa>0})
(A NO)A(X_ND)
=0A0=0 ,

where we used that the intersection N is distributive over the symmetric
difference A. Consequently, the corresponding summand vanishes. Third,
if v(Ar N X;) > 0 and v(A; N X_) = 0 an analogous argument as in
the second case applies and hence the corresponding summand vanishes.
Forth, if v(Ax N X1) > 0 and v(Ax N X_) > 0 the corresponding summand
eventually does not vanish. In this case we show A, C {A; < diam(A)}.
To this end, note that we have Ay N X, # () and A N X_ # () and hence
there are x4 € A N X4 and z_ € Ay N X_. Then, for an arbitrary point
x € A, with z € X, we have

Ay(x) =dist(z, X_) < d(z,z_) < diam(A4x) < diam(A) .

In the case x € X_ an analogous argument yields Ag(z) < diam(A).
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Since A4(x) = 0 for all remaining points, we find A, C {Ag < diam(A)}.
Combining this with (A.3) we find the approximation error bound

REI' ss,P,H(A, ,{+1}) — Rél ss, P < / |277 - 1| dv
e PH AL * {Aq<diam(A)} (A.4)

S MNd(T) .
Here we used the assumption B D B(X, d) which ensures the measurability
of {Ay < diam(A)}.

Finally, we consider the estimation error, i.e. the second summand in
(A.2). Since |H(A,,{£1})| = 2! and 7,|A,| > 1 hold true, we find

7+1log(1+ |H(A,, {£1})|) <7+ (1 + |A])log(2) < 7].A,|log(4e)

and hence combining this with (A.2) and (A.4) proves the assertion with
q+1
C:=4-(8c)a+z. O
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Appendix B

Support of Measures

In this chapter we summarize some basic properties of the support of
a measure. Recall, for a measure v on the Borel o-algebra B(X) of a
topological Hausdorff space X the support supp v of v is defined in (1.11)

by .
suppu( U O> .

OCX open
»(0)=0

Moreover, for a Radon measure v (locally finite and inner regular) the
support is a set of full measure, i.e. v((suppv)¢) = 0. Since most of the
results of this chapter are true for general Radon measures, we do not
assume that v is a probability measure.

As a direct consequence of the definition of the support, we get supp u C
suppv for every absolute continuous Radon measure p < v. The first
lemma considers sums of measures.

B.1 Lemma (Sums of Measures) Let X be a topological Hausdor(f space
and vy are Radon measures on the Borel o-algebra B(X). Then the support
of v i= vy + v_ satisfies

supp v = supp V4 Usuppr_ .

Proof. Taking the complement of the claimed identity we see that this
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identity is equivalent to

U o= U o4n o .

OCX open 04 CX open O_CX open
2(0)=0 s (04)=0 v

“C” Since vy < v is absolute continuous, every v-zero set is a v -zero
set and a v_-zero set. This gives the inclusion “C”.

“2” Let « € (suppv4+)° N (suppv— )¢ be fixed. Then there are Oy C X
open sets with € Oy and v4(O1) = 0. Consequently, O == Oy NO_
is a open set with z € O and v(O) < v4(0O4) +v_(O_) = 0. This gives
x € O C (suppv)® and hence the inclusion “2” is proven. O

The following lemma provides a representation for the support of a push-
forward measure.

B.2 Lemma (Push-Forward Measure) Let X and X be topological Hausdorff
spaces, s: X — X be a continuous function, v be a Radon measure on B(X),
and U :=vos~! the push-forward measure of v under s. Then U is a Radon
measure with support

supp 7 = s(suppv) .

If, in addition, suppv is compact then supp v = s(suppv) holds true.

Proof. That v is a Radon measure is stated in [31, Aufgabe VIII.1.10], see
also [11, Theorem 9.1.1 (i)] for the case of a finite Radon measure.

“C” For this inclusion we prove that s(supp u)c is an (open) v-zero set.
Using s71(A¢) = (s7(A))¢ and s~!(s(A)) 2 A, which hold for all A C X
and A C X, we find

s~ (s(suppv) ) C s (s(suppv)®) = (s™' o s(supp v))" C (suppv)© .
This inclusion gives

v (s(supp u)c) =v(s™!(s(supp V)C)) < v((suppr)®) =0

and hence the inclusion “C” is proven.
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“D” We prove this inclusion using the following auxiliary result, which
we will prove below,
s~ (suppv) D suppv . (B.1)

Together with A D s(s‘l(f_l))7 which holds for all A C X, we find

supp v 2D s(s_l(supp 17)) D s(suppv) .

Since supp v is closed we get the inclusion “2”.

Finally, it remains to prove (B.1). To this end, we show that the set
(s~ ' (supp 7))
set s~ (suppv) C X is closed and hence its complement is open. Using
(s71(A))¢ = s~ 1(A°), which holds for all A C X, we find

¢ is an open v-zero set. Since s: X — X is continuous, the

v((s™ (supp»))°) = v(s~" (supp #°)) = v(supp ¥°) = 0

and hence the inclusion in (B.1) is proven.

Finally, if we additionally assume that suppv is compact then as the
image of a compact set under a continuous function the set s(suppv) C X is
compact. Since X is a Hausdorff spaces, the set s(suppv) is closed, see [32,
Theorem 3.1.12]. As a result, we find suppv = s(suppv) = s(suppv). 0O

The final lemma relates the support of a measure on a product space with
the supports of its one-dimensional push-forward measures.

B.3 Lemma (Infinite Products of Measures) Let X = [[;5; X; be the
product of Polish spaces X; fori > 1, v be a Radon measure on B(X) with
one-dimensional push-forward measures v; == 1/o7ri_1 on X; fori > 1. Then

the support of v satisfies

suppv C H suppv; .
i>1

If, in addition, v; are probability measures fori > 1 and v = ®i21 v; then
equality holds.

Proof. Note that X is a Polish space and the Borel o-algebra coincides
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with the product o-algebra B(X) = @),~, B(X;). See Section 3.1 for more
details on such spaces. We start with two preparatory remarks without
proving them. First, for a base 9B of the product topology the complement
of the support of v is given by

(suppv)© = U 0= U (O (B.2)
OCX open [o)=p)
v(0)=0 v(0)=0

We will use (B.2) for the base B := {(Hil O0i) x[IanyXi: N>1, 0, C
X; open}. Second, the complement of the right hand side is given by

(H supp l/i)c = U ((supp v;)¢ X HXj) . (B.3)
i>1 j#i

i>1

After this two remarks we start with the actual proof. Since the right hand
side of (B.3) is open, it is measurable and we have

V<<H supp ul-)c) <> v((supra)® x [T ;)

i>1 i>1 i
= vi((suppr;)©) =0 .
i>1

As a result, (Hi21 supp v;)€ is an open v-zero set and consequently we get
(I;>1suppv;)© C (suppv)®. This proves the claimed inclusion.

For the converse inclusion we additionally assume that v = Ry viisa
product of probability measures v;. Let O € B, i.e. O = vazl O; X [Lisn
for some N > 1 and some open sets O; C X; for all ¢ = 1,..., N with
v(0) = 0. Since

N
0=v(0)= HVi(Oi)

holds true, there is some ¢ € {1,..., N} with v;(0;) = 0 and hence O; C
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(supp v;)¢. Together with (B.3) we find
O C (suppui)® x [[ X; € <H supp w) .
i i1

Since this holds true for all O € B with v(0O) = 0, we get (suppv)® C
(II;>, suppv;)¢ from (B.2). This proves the inclusion “2” for product
measures. 0
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Appendix C

Metric Entropy

In this chapter we give a brief introduction to some metric entropy quantities
such as entropy, covering, and packing numbers. For a more comprehensive
introduction see e.g. [51, 19] and the references therein.

These metric entropy quantities are important tools for quantifying the
compactness of sets and operators with various applications in different fields
of mathematics, e.g. functional analysis (see e.g. [53, 19, 30] for operator
ideals and eigenvalue distribution of compact operators), approximation
theory (see e.g. [82, 30, 83] for embeddings of Sobolev or Besov spaces),
probability theory (see e.g. [54, 60] for small deviations of Gaussian processes
and [85] for empirical process theory), and statistical learning theory (see
e.g. Appendix A and [73, 43, 24, 76] for the capacity of hypothesis spaces).

In the following let M C X be a (non-empty) subset of a quasi-metric
space (X, d), i.e. we only have the quasi-triangle inequality

d((E,y) < Kkx (d(xa Z) + d(Z,y))

with some constant xx > 1 independent of z,y, 2z € X. In this case we call
kx the quasi-triangle constant. Unfortunately, we cannot limit ourselves to
metric spaces, as we consider the quasi-Banach spaces €,(I) for 0 < p <1
in Part III.

For € > 0, we call a subset N C X (external) e-net of M if the closed
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balls with centers in IV and radius € cover M, i.e.

Mc ] Bx(x,e) .
zeN

Or equivalently, for every € M there is some 2’ € N with d(z,2’) < e.
For the sake of completeness, N is called internal e-net of M if N C M is
additionally satisfied. However, we only use external e-nets in the following
and hence we just call them e-nets. Moreover, for € > 0, we call a subset
N C M e-packing of M if

d(z,z") > 2

is satisfied for all x,2’ € N with z # 2’. This means that for two distinct
points z,2’ € N in an e-packing the closed balls with radius ¢/kx and
centers z and z’, respectively, do not intersect. Using e-nets and e-packings
we define the entropy numbers of M by

en(M) :=inf{0 <& <oo: Fenet N of M with [N| < n}
for n > 1, the covering numbers of M by
N(M,e) = min{l <n<oo: Jemnet N of M with |[N| < n}
for € > 0, and the packing numbers of M by
P(M,e) =max{l <n <oo: Je-packing N of M with [N| > n}

for € > 0. Here we use the convention that every non-empty subset N C X
is an co-net of M and that N = M is an 0-net of M with |[N| = |M| € [1, o0]
and hence the considered sets in the definitions of entropy and covering
numbers are always non-empty. Analogously, every singleton N C M is an
oco-packing of M and hence the considered set in the definition of packing
numbers is always non-empty.

Attention, the definitions of the metric entropy quantities vary in the
literature and we always have to check the precise definition. In this regard,
we emphasize that we always use closed balls and external e-nets.
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For the sake of completeness, we mention that in the literature the num-
bers ¢, (M) := sup{0 < £ < oo : there is an e-packing N of M with |[N| >
n+ 1} for n > 1 can be found, see e.g. [19, p. 7]. The ¢, (M )-numbers are
in the same way related to the packing numbers as the entropy numbers
to the covering numbers. Moreover, the only difference in the definition of
the entropy and covering numbers is the following: For entropy numbers
the cardinality of the e-nets is bounded and we minimize over the radius
¢ and for covering numbers the radius ¢ is fixed an we minimize over the
cardinality n of the e-nets. The following lemma is a direct consequence of
this observation.

C.1 Lemma (Entropy vs. Covering Numbers) For a subset M C X of a
quasi-metric space (X,d) the following statements are true:

(i) Fore >0 the bound ,(M) < ¢ is satisfied for alln > N (M,e).

(i) For n > 1 the bound N(M,e) < n is satisfied for all € > e,(M).

This lemma implies N (M, e) < oo for all € > 0 if and only if £, (M) — 0
for n — oo.

Proof. This statement is a direct consequence of the definition of entropy
and covering numbers. O

Recall, M C X is called precompact (or totally bounded) if for every
€ > 0 there is a finite e-net of M. Consequently, Lemma C.1 yields the
equivalence of the following statements:

(i) M is precompact.
(ii) N(M,e) < oo for all € > 0.
(iii) en(M) — 0 for n — oo.

In this sense the metric entropy quantities are quantitative refinements of
the notion of precompact sets.

Another application of Lemma C.1 allows to translate bounds on covering
numbers to bounds on entropy numbers and vice versa.
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c.2 Corollary (Conversion of Bounds) Let M C X be a subset of a quasi-
metric space (X,d) and f: [a,00) = (0,b] be a decreasing bijective function
with a,b > 0. Then the following statements are true:

(i) If en (M) < f(n) is satisfied for alln > a then
N(M.e) < fHe) +1

is satisfied for all 0 < e <b.
(ii) If N(M,e) < f~1(e) is satisfied for all 0 < & < b then

en(M) < f(n)
is satisfied for all n > a.

This lemma suggests that entropy and covering numbers are inverse concepts.
Especially, a polynomial bound of order 1/p on the entropy numbers, i.e.
f(t) = Ct~1/?, gives a polynomial bound of order p on the covering numbers,
i.e. f71(t) = (C/t)P, and vice versa. Note that the constant C' of the entropy
number bound does not influence the asymptotic behavior of the covering
number bound. This is in general not true in the non-polynomial regime.

Proof. (i) For 0 < € < b we choose the minimal integer n > a with f(n) < e.
Since f is bijective and decreasing there is some 0 < § < 1 with f(n—0) =e.
Consequently, we have n = f~1(e) +§ < f71(e) + 1, en(M) < f(n) < ¢,
and Point (ii) of Lemma C.1 gives the assertion, namely

N(M,e)<n< fHe)+1 .

(ii) For n > a and € := f(n) we have N'(M,e) < f~!(¢) = n. Conse-
quently, Point (i) of Lemma C.1 gives the assertion &,(M) <& = f(n). O

Our general strategy for proving upper and lower bounds is as follows:
If we can construct an e-net of M C X with cardinality n > 1 then we
directly get the upper bounds &, (M) < & and N'(M,¢) < n. Conversely, if
we can construct an e-packing of M with cardinality n > 1 then we get the

244



lower bound P(M,e) > n. The following lemma already uses this strategy
to relate covering and packing numbers.

C.3 Lemma (Covering vs. Packing Numbers) For a subset M C X of a
quasi-metric space (X, d), with quasi-triangle constant kx > 1, the following
inequalities are satisfied, for e > 0,

P(M,ekx) < N(M,e) < P(M,e/2) .

Proof. In order to prove the first inequality we assume the opposite, i.e. we
assume that m = P(M, kpe) > N(M,e) = n holds true. The definition
of the packing numbers gives us an ek x-packing N of M with cardinality
|N| = m and the definition of the covering numbers gives us an e-net N’ of
M with cardinality |N’'| = n. Since [N| =m >n = |N'| and

NcMc | Bx(ye)

yeEN’

hold true, there are y € N’ and z,2’ € N with  # 2’ and x,2’ € Bx(y, ¢).
For these elements we get the contradiction

2kxe < d(z,2") < kx (d(z,y) +d(y,2")) < 2kxe .

To prove the second inequality we choose a maximal €/2-packing N of
M with cardinality m = |N| = P(M,¢e) and show that N is an e-net of
M. To this end, we assume the opposite, i.e. there is some x € M with
d(z,z") > ¢ for all 2’ € N. This means that N U{z} is an ¢/2-packing with
cardinality m + 1. This contradicts the maximality of N and hence N is an
e-net of M. This proves the desired inequality. O

The next lemma provides basic properties of the metric entropy quantities.

C.4 Lemma (Basic Properties) For a quasi-metric space (X, d), with quasi-
triangle constant kx > 1, the following statements are true:

(i) For fired M C X the sequence (e,(M))n>1 and the functions e —
N(M,e), e — P(M,e) on (0,00) are non-increasing.
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(ii) For fizedn > 1 and € > 0 the numbers e, (M), N(M,¢e), and P(M,¢)
are non-decreasing in M C X.

(iii) For fired M C X the function € — P(M,e) is right-continuous.

(iv) €,(M) = e,(M) and N(M,e) = N(M,e) for M C X, n > 1 and
€ > 0, respectively.

(v) P(M,e) < P(M,e) < P(M,e/min{2kx,r%}) for M C X and
€>0.

Point (iii)—(v) heavily depend on the fact that we use closed balls in the
definitions of the metric entropy quantities. Note that in the case that X is
even a metric space, i.e. kx = 1, Point (v) reduces to P(M,e) = P(M,¢).

Proof. (i) If N C X is an e-net of M then every N’ O N is an e-net of M .
This proves the monotonicity of (€,(M)),>1. If N C X is an e-net of M
then N is an &’-net of M for every ¢’ > e. This proves the monotonicity of
N (M, -). Finally, if N C M is an e-packing of M then N is an ¢’-packing
of M for every ¢’ < e. This proves the monotonicity of P(M, -).

(ii) If N C X is an e-net of M then N is an e-net for every M’ C M.
This proves the monotonicity of €,(-) and N(-,¢). Finally, if N C M is
an e-packing of M then N is an e-packing for every M’ D M. This proves
the monotonicity of P(-,¢).

(iii) Let € > 0 be fixed and choose an e-packing N C M with n :== |[N| =
P(M,e). Then, we define

g0 = min d(z,2')/2—e>0 .
z,x’ €N:
r#z’

and show P(M,d) =n for all € < § < € +&9. Since § > € holds true, we
get P(M,5) < n from Point (i). The choice of gq ensures 26 < 2(e + ¢g) =
ming /e N: o4 d(x,2") and hence N is a d-packing of M. This proves
P(M,d) > n.

(iv) Since we have M C M, the inequality “<” follows from Point (ii)

for entropy and covering numbers. In order to prove the inequality “>” we
choose some finite e-net N C X of M. Note that in the case that there
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is no finite e-net of M the entropy and covering numbers are infinite and
there is nothing to prove. Using the fact that the closure interchanges with
finite unions, see e.g. [32, Theorem 1.1.3], we get

Mg U BX(xaE): U Bx($,€): U Bx(ZL',é‘) :

TeN zeN rEN

As a result, N is an e-net of M and hence the inequalities “>” are proven.

(v) Since we have M C M, the first inequality follows from Point (ii).
In order to prove the second inequality we consider the case kx < 2 and
Kx > 2 separately.

In the case kx < 2 we use Point (iii), i.e. there is some § > 0 with
n = P(M,e) = P(M,e + 6). Consequently, we can choose an (g + §)-
packing N C M with |N| = n. Using the definition of the closure, for every
y € N there is some x, € M with d(z,y) < §/rk%. With this choice we get,
for y,4y' € N with y # ¢/,

2(e+9) < d(y.y)
< ’%( (d<ya Ty) + d(wy, vy ) + d(l’y’ay/))
<20 + k% d(zi,x4) -

As a result, N’ == {z, : y € N} C M is an ¢/rk%-packing of M with
N’ = |N| = n and hence the second inequality is proven in the case
RX § 2.

In the case kx < 2 a two-fold application of Lemma C.3 together with
Point (v) gives us

P(M,e) <N (M,e/rx) =N(M,e/rx) < P(M,e/(2rx))
and hence the assertion is proven. O
Next, we consider images of Holder continuous mappings.

C.5 Lemma (Holder Continuous Images) Let 0 < o < 1, f: X — X' be
an a-Holder continuous mapping between quasi-metric spaces (X, d) and
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(X',d") with constant L, i.e.

d'(f(z), f(y)) < L-d*(z,y)

forx,y € X, and M C X be a subset. Then the following inequality is
satisfied, for e > 0,

N(f(M),Le*) < N(M,e) .

Proof. Let € > 0 be fixed and choose an e-net N C X of M with |N| =
N(M,e). Then we show that f(N) forms an Le“-net of f(M). For an
element 2’ = f(x) € f(M) with € M there is some y € N with d(z,y) < e.
Consequently, we have y' := f(y) € f(N) and d'(2/,y') = d'(f (=), f(y)) <

Ld*(z,y) < Le®. This shows that f(N) is an Le*-net of f(M) with at
most |N| = N (M, ¢) elements and hence the assertion is proven. O

If X is additionally a vector space and the quasi-metric is introduced by a
quasi-norm || - ||, we can consider the multiple s- M = {sx € X : x € M}
of the set M C X and the Minkowski sum M+ M' ={z+2' € X: z €
M, 2’ € M'} of two sets M, M’ C X. Using this notation we can write
the closed ball as Bx (xz,7) = x + r - Bx, where Bx denotes the cosed unit
ball with center 0. The following lemma presents basic bounds for these
constructions.

C.6 Lemma (Covering Numbers on Vector Spaces) Let (X, - ||) be a
quasi-normed vector space with quasi-triangle constant kx > 1 and M C X

be a subset. Then the following statements are true, for e > 0:
(i) N(M+M' kx(e+e)) < N(M,e)N(M', &) for M' C X and e’ > 0.
(it) N(m/ + M,e) = N(M,e) form' € X.
(iii) N(s-M,e) =N(M,e/|s|) for s € R\{0}.
Proof. (i) Let €,&’ > 0 be fixed and choose an e-net N C X of M with
n:=|N|=N(M,e) as well as an ¢’-net N' C X of M’ with n/ == |N'| =

N(M',¢"). Then we show that N + N’ forms a rx (e 4 &')-net of M + M'.
For an element y+1" € M+ M’ there is some x € N and some 2’ € N’ with
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lx —y|| < eand ||’ —y'|| <€, respectively. Consequently, x +xz' € N+ N’
and

|(@+2)—w+y)|| <sx(lz—yll+ 2" =) <rx(e+€) .

This shows that N + N’ is a kx (e + &’)-net of M + M’ with at most n - n’
elements and hence the statement is proven.

(ii)+(iii) Both statements follow by a two-fold application of Lemma C.5
with the Lipschitz continuous mappings  — m/+z and x — sz, respectively,
and their (Lipschitz continuous) inverses. O

For the vector space X = R? so-called volume arguments are one way
to bound the covering and packing numbers. To this end, we denote the
d-dimensional Lebesgue measure by A\%. The following lemma presents some

elementary bounds based on volume arguments.

C.7 Lemma (Volume Arguments) Let X = R? be equipped with some quasi-
norm || - ||, kx > 1 be the quasi-triangle constant, and B be the closed unit
ball. Then the following statements are true, for M C R% and ¢ > 0:

(i) If M is measurable then the following lower bound is satisfied

A(M)

N(M,e) > N(B) S(1/e) .

(ii) If there is some R > 0 and a € R with M C a + RB then the
following upper bound is satisfied

P(M,e) < vl - (1+ Rrx/e)" .

(iii) If M is conver and there is some eg > 0 and a € R? with a+e9B C M
then the following upper bound is satisfied

P(M,e) <

- (1/e0 +nX/5)d .
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Point (i) can be easily transferred from covering numbers to entropy numbers.
But if we want to state Point (ii) and (iii) for entropy numbers instead
of packing numbers then the inequalities appearing in the proof have to
be solved for ¢ instead of n. But this is not an easy task because these
inequalities are of the form p(1/e) > n with a polynomial p of degree d.
As a workaround one typically further estimate these inequalities until it
is easier to solve them for . But the price one has to pay is that this
procedure results in weaker bounds for the entropy numbers than for the
packing numbers. This is the reason why we present the upper bounds for
packing numbers and not for entropy numbers.

For particular sets there are further volume arguments to derive packing
number bounds, see e.g. Lemma 11.1.1 of Part III for generalized ellipses.

Proof. (i) For a fixed ¢ > 0 we choose an e-net N C R? with n := |N| =
N(M,e), ie.
M C U (x +eB) .
€N
Since both sides are measurable, we can apply the Lebesgue measure. Using
the translation invariance of the Lebesgue measure we find

M) <Y Mz +eB) = ne®A(B)
zeN

Since B has a non-empty interior, we have A¢(B) > 0 and hence we can
solve this inequality for n. This proves the statement.

(ii)4(iii) For both statements we fix some £ > 0 and choose an e-packing
N C X of M with n = |N| = P(X,e). Then the balls  + ¢/kx - B for
x € N are disjoint subsets of M + ¢/kx - B, i.e.

H—J(m+e/KX-B)QM+€/Kx-B . (C.1)
zeN

Under the assumptions of Point (ii) we can continue the inclusion of (C.1)
as follows

M+e/kx - BCa+R-B+e/kx -BCa+kx-(R+e/kx) B .
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Since the right hand side is measurable, we can apply the Lebesgue measure

* =

n-(e/rx)* A(B) = )\d< (zi+¢e/kx - B))

I
-

7

<M(a+kx - (R+¢e/kx)- B)
=r% - (R+e/rx)- \(B) .

Solving this inequality for n proves Point (ii).
Under the assumptions of Point (iii) we continue the inclusion of (C.1)
slightly different. From B C (M — a)/ep we get

M —
M+e/kx -BC M+¢e/kx - a

€0
€ €
- (1 n ) M- a,
RXEQ KXEo

where we used the identity s; M + sa M = (s1 + s2) M, which holds for all
convex sets M and s1,s2 > 0, in the last step. Using the convexity of M

again gives us the measurability of M, see e.g. [31, Satz I1.7.7], and hence
we can apply the Lebesgue measure

n-(e/kx)t- (O (zi+¢e/kx ))

3

§(1+ ) M)

KRXEo
Solving this inequality for n proves Point (iii). O

For a bounded set M C R with A¢(M) > 0 Lemma C.7 gives the polyno-
mial behavior N (M, ) < P(M,¢) < (1/e)¢ for e — 0. Consequently, the
polynomial order is related to the dimension of a set. This observation can
be used as the definition of a generalized or fractal dimension, the so-called
boz-counting dimension. For infinite-dimensional sets the covering numbers

typically grow faster than polynomially for € — 0. In such cases it is more
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convenient to consider the log-covering numbers
H(M, e) :=log N (M,e)

or the dyadic entropy numbers
en(M) :=egn-1(M) .

Analogously to entropy and covering numbers, bounds on dyadic entropy
numbers can be converted into log-covering numbers bounds and vice versa.
The following lemma is a direct translation of Corollary C.2 from entropy
to dyadic entropy numbers and from covering to log-covering numbers.

C.8 Lemma (Conversion of Bounds) Let M C X be a subset of a quasi-
metric space (X,d) and F: [A, 00) — (0, B] be a decreasing bijective function
with A, B > 0. Then the following statements are true:

(i) If e, (M) < F(n) is satisfied for all n > A then
H(M,e) <log(2)- (F~'(e) +1)

is satisfied for all 0 < e < B.
(ii) If H(M,e) < F~1(e) is satisfied for all 0 < e < B then

ea(M) < F(log(2) - (n — 1)
is satisfied for alln > A/log(2) + 1.

In the polynomial regime the conversion is particularly pleasing. To be
more precise, ignoring the constants we get, for p > 0,

H(M,e) g 7P — en(M) g n 17 (C.2)

see also [76, Lemma 6.21 and Exercise 6.8].

Proof. (i) For k > 24 there is a (unique) n > A with 2" > k > 2"~! and
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hence we have

log(k)
M) <egn1(M) = M) < Fn)<F
£4(0) < 2z (1) = en(M) < Pl < P20 )
where we used n > log(k)/log(2) and the monotonicity of F' in the last step.
Consequently, we can apply Point (i) of Corollary C.2 with f: [24,00) —
(0, B] given by f(t) := F(log(t)/log(2)). Since f~*(t) = exp(log(2)F~1(t))
we find the assertion, namely, for 0 < e < B,

N(M,e) < fHe) + 1 <exp(log(2) - (F~'(e) + 1)) .

(ii) Using Point (ii) of Corollary C.2 for f=': (0, B] — [e”, 00) given by
f7H(t) = exp(F~1(t)) yields

ex(M) < f(k) = F(log(k))

for all k > e?. Since k = 2"~ > e is satisfied for n > A/log(2) + 1 we
get the assertion. O

As final part of this chapter we transfer the metric entropy quantities
from sets to operators. To this end, let U and V be quasi-Banach spaces
with quasi-norms || - || and || - ||v. Moreover, we denote the closed unit
balls by By and By, respectively. Then for a bounded (linear) operator
R: U — V we define

en(R) == e,(RBy) and  N(R,e) :=N(RBy,e¢)

for n > 1 and ¢ > 0, respectively. Analogously, the notion of packing num-
bers, log-covering numbers, and dyadic entropy numbers transfers from sets
to operators. These metric entropy quantities allow a quantitative descrip-
tion of the compactness of an operator. The following lemma summarizes
some basic properties of the covering numbers for operators.

C.9 Lemma (Covering Numbers for Operators) Let U, V, and W be
quasi-Banach spaces and R,S: U =V, and T: V — W bounded (linear)
operators. Then the following statements are true, for e,6 > 0:
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(i) N(R,e) = N(RBy,e).
(ii) N(R,e) =1 for all ¢ > ||R].
(iii) ||R|| < kye for alle > 0 with N(R,e) = 1.
(i) N(R+ S,kv(e+6)) <N(R,e)N(S,9).
(v) N(TR,e6) < N(R,e)N(T.,9).
(vi) N(R,e) < r{ - (1+ 2||R||m//6)d if d .= rank R < 0.
Note that xy denotes the quasi-triangle constant of the quasi-Banach space
V. As an important consequence of Point (ii), (iv), and (v) we find, for

e >0,

N(R+ S, kv(e+]9]) S N(R,e) and ©.3)
N(TR.e|TIl) < N(Re) '

respectively.

Proof. (i) Since RBy C RBy holds true, Point (i) of Lemma C.4 yields
the inequality “>”. Using Point (iv) of Lemma C.4 we get

N(RBy,e) = N(RéU, £)

and the continuity of R implies

RBy 2 RBy = RBy

see e.g. [32, Theorem 1.4.1 (v)]. Together we get the inequality “<”.
(ii) For € > ||R|| the definition of the operator norm implies RBy C
|R||Byv. As aresult, N = {0} is an e-net of RBy and hence N'(R,¢) = 1.
(iii) For € > 0 with N(R,e) = 1 there is some e-net N = {v} of RBy
consisting of one element. Then for u € By there are vy,v_ € By with
Ru =v+¢evy and R(—u) = v+ ev_. This yields

2||Rully = ||Ru — R(—u)HV =¢|lvg —v_|lv < 2Kye

and hence ||Rully < kye is proven for all u € By.
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(iv) This is a direct consequence of (R + S)By € RBy + SBy and
Point (i) of Lemma C.6.

(v) Let Ny €V be an e-net of RBy with |[Ny| = N (R,¢) and Ny C W
be a é-net of T By with [Ny | = N (T,9). Since Ny is an e-net, we have

RBU - U U+€BV .
vENy

Applying T and using the J-net property of Ny, yields

TRBy C U Tv + T By

vENy

c U Tv—l—s( U w—|—6BW)
vENy we Nw

= U (Tv + ew) + edBy .
vENYy,
wENw

Asaresult, TNy +eNy C W is an ed-net of TRBy with at most | Ny || Ny |
elements. This proves the desired inequality.

(vi) Since ran R C V is a finite-dimensional space of dimension d, choosing
a basis of ran R we can construct an isomorphism 7": ran R — R?. Using
the quasi-norm ||z|| = |7~ z|v for € R? on R? the mapping 7' becomes
even an isometric isomorphism. Moreover, this definition implies ks = Ky .
From Point (v) we get

N(R,e) =N (T 'TR,e) <N(TR,e) - N(T7',1) .

Since T~ ! is also isometric, we find [|7!|| = 1 and hence the second factor
equals N(T1,1) = 1 according to Point (ii). For the first factor we have
TRBy C ||TR||Bge and hence Point (ii) of Lemma C.7 implies

N(TR,¢) < P(TR,e/2) < k% - (14 2|TR|ry /e) .

Finally, using | TR|| = ||R|| and combining both inequalities gives the
assertion. O
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Recall that an operator @: X — U between quasi-Banach spaces is called
metric surjection if it satisfies QBx = By. For such an operator we directly
get from Point (i) of Lemma C.9

N(RQ,e) = N(R,e)

for all ¢ > 0. Moreover, for an isometric operator 7: V — W between
quasi-Banach spaces, i.e. | Tv|lw = ||v||v for v € V|, the definition of packing
numbers directly gives

P(TR,e) =P(R,¢)

for all € > 0. In this case for the covering numbers only a weaker relation
holds true. To be more precise, (C.3) with ||T'|| = 1 and Lemma C.3 yield

N(R,e) > N(TR,e) > P(TR,exw)

(C.4)
=P(R,ekw) > N(R, 2eRw) .

Note that such an operator T is called metric injection in [19, Equa-
tion (1.3.5)].

Finally, recall that more details about metric entropy quantities can be
found, for example, in [51, 19] and the references therein.
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Abstract

This thesis is divided into three parts. In the first part we
introduce a framework that allows us to investigate learning
scenarios with restricted access to the data. We use this
framework to model high-dimensional learning scenarios as
an infinite-dimensional one in which the learning algorithm
has only access to some finite-dimensional projections of the
data. Finally, we provide a prototypical example of such an
infinite-dimensional classification problem in which histograms
can achieve polynomial learning rates.

In the second part we present some individual results that
might by useful for the investigation of kernel-based learning
methods using Gaussian kernels in high- or infinite-dimensional
learning problems. To be more precise, we present log-covering
number bounds for Gaussian reproducing kernel Hilbert spaces
on general bounded subsets of the Euclidean space. Unlike
previous results in this direction we focus on small explicit
constants and their dependence on crucial parameters such
as the kernel width as well as the size and dimension of the
underlying space. Afterwards, we generalize these bounds
to Gaussian kernels defined on special infinite-dimensional
compact subsets of the sequence space £2. More precisely, the
considered domains are given by the image of the unit £..-ball
under some diagonal operator.

In the third part we contribute some new insights to the
compactness properties of diagonal operators from £, to £,

for p # q.
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