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Abstract

Localized support vector machines solve SVMs on many spatially defined small chunks and
besides their computational benefit compared to global SVMs one of their main charac-
teristics is the freedom of choosing arbitrary kernel and regularization parameter on each
cell. We take advantage of this observation to derive global learning rates for localized
SVMs with Gaussian kernels and hinge loss. It turns out that our rates outperform un-
der suitable sets of assumptions known classification rates for localized SVMs, for global
SVMs, and other learning algorithms based on e.g., plug-in rules or trees. The localized
SVM rates are achieved under a set of margin conditions, which describe the behavior of
the data-generating distribution, and no assumption on the existence of a density is made.
Moreover, we show that our rates are obtained adaptively, that is without knowing the
margin parameters in advance. The statistical analysis of the excess risk relies on a simple
partitioning based technique, which splits the input space into a subset that is close to the
decision boundary and into a subset that is sufficiently far away. A crucial condition to
derive then improved global rates is a margin condition that relates the distance to the
decision boundary to the amount of noise.

Keywords: classification, margin conditions, hinge loss, support vector machines, spatial
decomposition, Gaussian kernel

1. Introduction

Experimental results show that support vector machines (SVMs) handle small- and medium-
sized datasets in supervised learning tasks (see Fernandez-Delgado et al., 2014; Meister and
Steinwart, 2016; Thomann et al., 2017; Klambauer et al., 2017). Recently, it was shown that
they even outperform self-normalizing neural-networks (SNNs) for such datasets (see Klam-
bauer et al., 2017). However, many learning tasks, e.g., diagnostics of diseases on patient
data, demand learning methods that handle large-scale datasets, where observations have
high dimensions and/or the number of observations is large. At this point global SVMs and
more generally kernel methods suffer from their computational complexity, which for SVMs
is at least quadratically in space and time. To reduce this complexity Meister and Steinwart
(2016) propose a data decomposition strategy, called localized SVMs, which solve SVMs on
many spatially defined chunks and which leads to improved time and space complexities.
Experimental results with 1iquidSVM (Steinwart and Thomann, 2017) show that localized
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SVMs can even tackle datasets with 32 million of training samples (see Thomann et al.,
2017).

One aspect of this paper is to show that localized SVMs do not only have computa-
tional advantages compared to global SVMs, as shown in (Thomann et al., 2017). Under
reasonable assumptions we prove theoretically an advantage of those methods in terms of
(faster) learning rates. Localized SVM global (classfication) rates have already been proven
in (Thomann et al., 2017) but the results only showed that the learning rates match the
global SVM rates and roughly speaking that one do not loose accuracy by localization.
Our results in this paper instead verify a common intuition: Due to localization, classifiers
should adapt better to the underlying target function compared to classifiers produced by
global algorithms. Intuitively, this should reflect in theoretical results and this is exactly
what we prove with our results in terms of global learning rates. The existing global con-
vergence rates can be improved by assuming certain margin parameters, which describe the
behaviour of the data-generating distribution and by applying localized training on decom-
posed input spaces. Further below, we describe these parameters and the applied technique
in more detail. But first, we share a methodical overview.

In literature many approaches have been proposed that aim to reduce complexities for
large-scale datasets. Approaches that as well base on data partitioning are for example
random chunks (see Bottou and Vapnik, 1992), or distributed learning algorithms (see
Zhang et al., 2015; Lin et al., 2017a; Miicke and Blanchard, 2018). Some other approaches
apply strategies that are based on gradient approximation such as stochastic gradient decent
algorithms (e.g., Lin and Rosasco, 2017; Pillaud-Vivien et al., 2018), or that are based on
kernel matrices approximations such as Nystrom Method (e.g., Williams and Seeger, 2001;
Rudi et al., 2015), or Random Fourier Features (e.g., Rahimi and Recht, 2008; Rudi and
Rosasco, 2017).

Most of the papers previously mentioned have in common that the authors usually
consider least-squares regression in their theoretical analysis. Furthermore, they assume
that the true regression function f* is contained in some subspace of the chosen reproducing
kernel Hilbert space H. Since for Gaussian kernels we have [Lo, H];, C C*° with 0 < 8 <1
the latter is a rather hard assumption for this type of kernel. Typically, the regularization
parameters of these algorithms as well as the learning rates depend on unknown parameters,
as the smoothness parameter or as a parameter that describes the decay of the eigenvalues
of the associated kernel operator. Algorithms that are adaptive to these parameters are
solely sketched if given and adaptive rates are not yet proven theoretically.

It is well known that least-squares regression results can be used to obtain learning rates
for classification by applying a so-called calibration inequality in which the least-square re-
gression classifier serves as a plug-in rule. In other words, to solve a classification problem a
regression problem is solved in a first step. Fast rates can be achieved if a margin condition,
namely the Tsybakov noise exponent (see Mammen and Tsybakov, 1999) is used. This ex-
ponent measures the amount of noise in the input space, where noise equals the probability
of wrongly labelling some given input x € X. Under the assumption of Tsybakov’s noise
exponent and some smoothness assumption on the regression function, fast rates for plug-in
classifier are achieved in (Audibert and Tsybakov, 2007; Kohler and Krzyzak, 2007), and
(Belkin et al., 2018) or for tree-based classifiers in (Binev et al., 2014). Some of the men-
tioned authors additionally make assumptions on the density of the marginal distribution
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Px to improve their rates that were achieved without density assumptions. However, it is
well known that boundedness assumptions on the density of Px together with smoothness
and noise exponent assumptions substantially limit the class of considered distributions (see
Audibert and Tsybakov, 2007; Kohler and Krzyzak, 2007; Binev et al., 2014).

Another possibility to solve the (binary) classification problem is to solve the optimiza-
tion problem with respect to the hinge loss. This loss function has a natural connection to
the classification loss, see Zhang’s inequality (e.g., Steinwart and Christmann, 2008, Theo-
rem 2.31). In fact, the Bayes classification function f;  p:=sign(2P(y =1|-) —1) is a
minimizer of the hinge excess risk. Clearly, this is not the case for the least-square excess
risk. Following this path learning rates for SVMs are achieved in (Steinwart and Scovel,
2007; Steinwart and Christmann, 2008; Lin et al., 2017b; Thomann et al., 2017) without
assumptions on the existence on the density of Px or smoothness assumptions on the Bayes
decision function, but with an additional margin condition that takes also the amount of
mass around the decision boundary into consideration.

In this paper, we investigate the statistical properties of localized SVM classifiers with
Gaussian kernels and hinge loss. Recently, it became more popular to analyze localized
SVMs theoretically. For example, based on possible overlapping regions or decomposition
with k-nearest neighbor universal consistency and/or robustness for these classifiers is shown
in (Dumpert and Christmann, 2018) and (Hable, 2013). Meister and Steinwart (2016)
achieve optimal learning rates for localized SVMs with Gaussian kernel and least-squares
loss, whereas Miicke (2019) presents rates for localized SVMs with least-squares loss under
assumptions on the eigenvalue decay of the kernel integral operator. Moreover, Thomann
et al. (2017) derive learning rates for localized SVMs with Gaussian kernel and hinge loss.
In contrast, there exist also several results that are rather experimentally investigated such
as localized SVMs with a partition based on clusters (Cheng et al., 2007), decision trees
(Bennett and Blue, 1998), or k-nearest-neighbors (Zhang et al., 2006).

Our aim is to derive global learning rates for localized SVMs with Gaussian kernel and
hinge loss under a set of margin conditions. We show that these outperform or match under
suitable assumptions the rates of several learning algorithms mentioned in the previous
paragraphs. It turns out that the improvements result essentially from a margin condition
that relates the distance to the decision boundary to the amount of noise. Descriptively,
this condition restricts the location of noise, that means, if we have noise for some z € X,
this « has to be close to the decision boundary. Note that Blaschzyk and Steinwart (2018)
showed recently under this condition together with a mild regularity assumption that rates
for the simple histogram rule can be obtained, which under a suitable set of assumptions
even outperform known rates for global SVMs.

To obtain classification rates for localized SVMs under margin conditions, we derive
finite sample bounds on the excess classification risk by applying the splitting technique
developed in (Blaschzyk and Steinwart, 2018). That means, we split the input space into
two sets that depend on a splitting parameter s > 0, one that is close to the decision
boundary and one that is sufficiently far away from the decision boundary, and analyze the
excess risk separately on these sets. By a standard decomposition into a stochastic and
an approximation error we derive in a first step local finite sample bounds. Compared to
the technique in (Blaschzyk and Steinwart, 2018), which is applied on the histogram rule,
we make the observation that it is necessary to refine the analysis of the approximation
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error for localized SVMs. More precisely, on the set that has cells sufficiently close to the
decision boundary we have to distinguish carefully between cells that intersect the decision
boundary and those that do not. The result is an analysis on three rather than two sets.
Based on local finite sample bounds on these sets we derive rates by taking advantage of the
great flexibility local SVMs enable us by definition, that is, that kernel and regularization
parameters can be chosen on each cell individually. Remarkably, our analysis shows that
the individual regularization parameters A, ; for i € {1,...,m} have only a marginal effect
on the stochastic error and that they may decay with an arbitrary polynomial rate without
effecting the overall error rate. Note that this effect also occurs in global SVM error bounds
(e.g., Steinwart and Christmann, 2008, Theorem 7.23) but has been overlooked for several
years. By choosing in a final step the splitting parameter s appropriately, we then derive
global learning rates that depend on the margin parameters. We emphasize that the splitting
parameter s is no additional hyper-parameter and appears in the proof solely. Moreover,
we show that training validation support vector machines (TV-SVMs) achieve the same
learning rates adaptively, that is, without knowing the margin parameters in advance.

The paper is organized as follows. In Section 2 we briefly describe the localized SVM
ansatz, introduce notation and close with theoretical assumptions. Section 3 is divided
up into several subsections: In Section 3.1 we present our main result followed by a de-
tailed discussion on the choice of parameters and on some proof details in Section 3.2. We
show that the presented learning rates can be achieved adaptively in Section 3.3. In Sec-
tion 3.4 we compare our rates carefully with other known rates. The proofs of our main
results are contained in Section 4. The results on individual sets, that is, bounds on the
approximation error, oracle inequalities and learning rates, on predefined sets can be found
in Subsection 4.4.1 up to Subsection 4.4.3. Some results on margin conditions and some
technical results can be found in the appendix.

2. Preliminaries

Given a dataset D := ((x1,v1),...,(Zn,yn)) of observations, where y; € Y := {—1,1}, the
learning target in classification is to find a decision function fp: X — Y such that for new
data (z,y) we have fp(x) = y with high probability. We assume that z; € By, where Bya
denotes the closed unit ball of the d-dimensional Euclidean space ¢4 and assume that our
data D is generated independently and identically by a probability measure P on R% x Y.
We denote by Px the marginal distribution on R?, write X := supp(Px), and assume
X C Byg and Px(0X) = 0.

We briefly describe the localized SVM approach in a generalized manner. Given a
dataset D local SVMs construct a function fp by solving SVMs on spatially defined small
chunks of D. To be more precise, let A := (A;);j=1,...m be an arbitrary partition of ng. We
define for every j € {1,...,m} the index set

Ij ::{iE{l,...,n}:xiEAj}

with 77, |I;| = n, that indicates the samples of D contained in A; and we define the
corresponding local data set D; by

Dj = ((zi,y:) € D i € Ij).
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Then, one learns an individual SVM on each cell by solving the optimization problem

fD A *argmln)\ HfHH +7 Z L wzayu xl)) (1)
Jet, x“yzeD
for every j € {1,...,m}, where \; > 0is a regularization parameter, where H; is a reproduc-

ing kernel Hilbert space (RKHS) over A; with arbitrary reproducing kernel k; : A; x A; — R
(see Steinwart and Christmann, 2008, Chap. 4), and where L : X x Y x R — [0,00) is a
measurable function, called loss function, describing our learning goal. The final decision
function fp x : X — R is then defined by

foa( :Z () fD; A (), (2)

where X := (A1,..., A\p) € (0,00)™. We make the following assumptions.

(H) For every j € {1,...,m} let k; : Aj x Aj = R be the Gaussian kernel with width
vj > 0, defined by

by (2,2') = exp (=77 2o = #'[3) (3)

with corresponding RKHS H,, over A; and denote by H'j = {1a,f : f € Hj} the
extended RKHS over Bzg- For some J C {1,...,m} define the joint RKHS H; over

ng by Hy := ®j€J flj, see (Meister and Steinwart, 2016, Sec. 3).

We write fp; », ~, for the local SVM predictor in (1) to remember its local dependency on the
kernel parameter v; and the regularization parameter A; on each cell A; for j € {1,...,m}.
Clearly, we are free to choose different kernel and regularization parameters on each cell,
since the predictors in (1) are computed independently on each cell. Moreover, we write
fp.a~ for the final decision function in (2), where v := (y1,...,7m) € (0,00)™. Note
that we have immediately fpx~ € Hy for J = {1,...,m} since 14;,fp, ;; € ﬁj for
every j € J. To measure the quality of the predictor locally, we define a (local) loss
Lj: X xY xR —=[0,00) by

Li(z,y,t) == 1a,(z)L(7,y,1).

Moreover, we define for an arbitrary index set J C {1,...,m} the set T := |J
the associated loss Ly, : X XY x R — [0,00) by

e Aj and

LJT (.’L‘, Y, t) = 1T(IL')L([IJ, Y, t):

where we sometimes use the abbreviation Ly := L, to avoid multiple subscripts. A typical
loss function is the classification loss Lejass : Y X R — [0, 00), defined by

Lass (ya t) = 1(—00,0] (y Signt)a
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where sign 0 := 1. For (local) SVMs the optimization problem is not solvable for the
classification loss. A suitable convex surrogate is for example the hinge loss Lyjpge : ¥ xR —
[0,00), defined by

Liinge(y, t) := max{0,1 — yt}

for y = +£1,¢t € R. Note that for convex losses the existence and uniqueness of (1) are
secured, see e.g. (Steinwart and Christmann, 2008, Chap. 5.1) or (Meister and Steinwart,
2016). Since we are not interested in the loss of single labels, we consider the expected loss
and define for a loss function L the L-risk of a measurable function f : X — R by

Rir(f)= [ Ly f@)dP(e.g).

XxY

Moreover, we define the optimal L-risk, called Bayes risk, with respect to P and L, by
Rip:=if{Rrp(f) | f: X — R measurable}

and call a function f; p : X — R attaining the infimum, Bayes decision function. For
the classification loss, a Bayes decision function is given by f7  p(x) = sign(2P(y =
llz) — 1),z € X. A well-known result by Zhang (see Steinwart and Christmann, 2008,
Theorem 2.31) shows that the excess classification-risk is bounded by the excess hinge-risk,
that is,

RLclassvp(f) - chlassvp S RLhingeap(f) - R*Lhinge7P

for all functions f : X — R. Hence, we restrict our analysis to the hinge loss and we write
in the following L := Lyinge. Since a short calculation in (Steinwart and Christmann, 2008,
Example 2.27) shows that

L(y, max{—1, min{f (), 1}) < L(y, f(z))

for all f: X — R and y € {—1,1}, it suffices to consider the loss and thus the risk for
functions values restricted to the interval [—1,1]. Thus, we define the clipping operator by

¢ := max{—1, min{t, 1}}

for t € R, which restricts values of ¢t to [—1,1] (see Steinwart and Christmann, 2008,
Chap. 2.2). For our decision function in (2) this means that the clipped decision func-
tion fp)w : X — [—1,1] is then defined by the sum of the clipped empirical solutions
fDﬁ A;y; Since for all z € X there is exactly one fp; x. ., With fp. x; () # 0.

In order to derive learning rates for the localized SVM predictor in (2) that measure
the speed of convergence of the excess risk Rr p(fpx~) — R p it is necessary to specify
our partition A. To this end, we denote the ball with radius » > 0 and center s € ng by
B,(s) := {t € R4| ||t — 5|2 < 7} with Euclidean norm || - ||z in R? and we define the radius
rq of aset AC ng by

ra=inf{r >0:3s € By such that A C B,(s)}.

6



IMPROVED CLASSIFICATION RATES FOR LOCALIZED SVMS

(A) Let A := (Aj)j=1,..,m be a partition of ng and r > 0 such that we have fij #+ 0
for every j € {1,...,m}, and such that there exist z1,...,2n, € Bfg such that A; C
Br(zj)v and ||Zl - Zj||2 > %7 i # j, and

ra; <1< 16m_§, fa.je{l,...,m} (4)
are satisfied.

Note that if one considers a Voronoi partition (A;)=1,...m of ng based on a r-net z1,..., 2y, €

Byg with r < 16m = and |lzi — zjll2 > 5, @ # j, the assumptions above are immediately
satisfied (see Meister and Steinwart, 2016).

Besides the assumption on the partition above, we need some assumptions on the proba-
bility measure P itself. To this end, we recall some notions from (Steinwart and Christmann,
2008, Chap. 8). Let n: X — [0,1], defined by n(z) := P(y = 1|x),x € X, be a version of the
posterior probability of P, which means that the probability measures P(-|x) form a regu-
lar conditional probability of P. Clearly, if we have n(x) = 0 resp. n(z) = 1 for z € X we
observe the label y = —1 resp. y = 1 with probability 1. Otherwise, if e.g., n(x) € (1/2,1)
we observe the label y = —1 with the probability 1 — n(x) € (0,1/2) and we call the latter
probability noise. In the worst case we observe both labels with equal probability 1/2 and
we define the set containing the corresponding = € X by Xo := {z € X: n(z) = 1/2}.
Furthermore, we write

X1 ={zeX:n(x)>1/2},
Xg={zeX:nlx)<1/2}.

Moreover, the function A,: X — [0, oo] defined by

d(z, Xy) ifze X_y,
Ay(x) = qd(z,X_q) ifze X, (5)

0 otherwise,

where d(z, A) := inf,c 4 d(x,2'), is called distance to the decision boundary.

In the following, we introduce various exponents that describe the behavior of the data-
generating distribution P and that are typically used to derive learning rates in classifi-
cation. The probably most known exponent is the (Tsybakov) noise exponent introduced
in (Mammen and Tsybakov, 1999). We say that P has (Tsybakov) noise exponent (NE)
q € [0, 00] if there exist a constant exg > 0 such that

Px({z € X : [2n(x) — 1] <e}) < (cnpe)? (6)

for all € > 0 (c.f. Steinwart and Christmann, 2008, Def. 8.22). Note that a common name
for (6) is margin exponent but we call it noise exponent since it measures the amount of
critical noise and does mot locate the noise. Obviously, in the best case P has NE ¢ = oo
and hence, 1 is bounded away from 1/2.
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Figure 1: Three examples of 7 (red line) with different values of LC ¢. The blue bar on the x-axis shows the
set containing x of X with noise close to the critical level 1/2. Figure from (Blaschzyk, 2020, Figure 2.3).

Moreover, we introduce an exponent that describes the existence of noise around the
decision boundary. We say that P has margin-noise exponent (MNE) S € (0, o0] if there
exists a version n and a constant cyng > 0 such that

[ ) - 1]dPx(@) < (i)’ g
{Ag(z)<t}

for all ¢ > 0. That is, we have a large margin-noise exponent, if we have low mass and/or a
large amount of noise around the decision boundary. In Section 3.4, we introduce another
exponent that is closely related to the margin-noise exponent, the so-called margin exponent.
Since we do not apply this exponent in our analysis and since we need it only for comparison
reasons we skip its definition here.

Next, we introduce an exponent that explicitly relates the amount of noise to its location.
We say that the distance to the decision boundary A, controls the noise from below if there
exist a ¢ € [0,00), a version 7, and a constant cp,c > 0 such that

Af(z) < evcl2n(x) - 1 (8)

for Px-almost all x € X. Descriptively, if n(x) is close to 1/2 for some x € X, then this z is
close to the decision boundary. In Figure 1, we describe the dependence of different values
of n(x) and the location of large noise which is close to the critical level 1/2.

Moreover, a simple calculation in (8) shows that 7 is bounded away from 1/2 if ( = 0 (see
Blaschzyk, 2020, Section 2.3.1). This indicates that small values of { are maybe preferable
for learning and in Section 3.2 we will see that this is indeed the case. In Appendix A, we
show that the lower control condition can be related to the reverse Holder continuity of n
and that it can be related to the noise exponent if P has some margin exponent, see (26).
For a more detailed description of the lower control condition (8) we refer the reader to
(Blaschzyk, 2020, Section 2.3.1) and to (Blaschzyk and Steinwart, 2018, Fig. 1).

For examples of typical values of the exponents above and relations between them we
refer the reader to (Steinwart and Christmann, 2008, Chap. 8 and Exercises), (Blaschzyk
and Steinwart, 2018, Section 4), (Hamm and Steinwart, 2021, Ex. 4.5) and to Section 3.4.

Finally, we define some mild geometrical assumption on the decision boundary. To
this end, we say according to (Federer, 1969, Sec. 3.2.14(1)) that a general set T' C X is
m-rectifiable for an integer m > 0, if there exists a Lipschitzian function mapping some
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bounded subset of R” onto T'. Furthermore, we denote by dx T the relative boundary of T’
in X and we denote by H%~! the (d— 1)-dimensional Hausdorff measure on R?, see (Federer,
1969, Introduction). Then, we state the following assumptions on the decision boundary.

(G) Let n : X — [0,1] be a fixed version of the posterior probability of P. Let Xy =
Ox X1 = 0xX_1 and let Xg be (d — 1)-rectifiable with H%~1(Xy) >0 .

Remember that under assumption (G) we have H9"1(X() < oo. In particular, Blaschzyk
and Steinwart (2018) show under assumption (G) how to measure the d-dimensional Lebesgue
measure ¢ of a certain set in the vicinity of the decision boundary. More precisely,
Blaschzyk and Steinwart (2018, Lemma 2.1) show that there exists a 6* > 0 and a constant
cq > 0 such that

M{A,(z) <6}) <cg-6,  fa.d€ (0,6 (9)

We remark that for some sequences a,,, b, € R we write a,, ~ b,, if there exists constants
c1,co > 0 such that a, < c1b, and a, > c2b, for sufficiently large n.

3. Classification Rates
3.1 Learning Rates for localized SVMs

In this section, we derive global learning rates for local SVMs with Gaussian kernel and
hinge loss. We apply the splitting technique developed in (Blaschzyk and Steinwart, 2018),
that is, we analyze the excess risk separately on overlapping sets that consists of cells that
are close to and sufficiently far away from the decision boundary. By choosing individual
kernel parameters on these sets we obtain local learning rates that we balance out in a last
step to derive global learning rates. To this end, we define for s > 0 and a fixed version 7
of the posterior probability of P the set of indices of cells near the decision boundary by

Jy={je{l,....m}|Ve e A; : Ay(x) <3s}
and the set of indices of cells that are sufficiently far away by
Jp={je{l,....m}|Ve e A;: Ay(z) > s}.
Moreover, we write
No=|J 4 and F*i= | A (10)
jets jegs

Clearly, by dividing our input space into the two overlapping sets defined above we have
to be sure to capture all cells in the input space and to assign the cells in F** either to
the class X_; or to X;. The following lemma gives a sufficient condition on our separation
parameter s. Since the proof is almost identical to the one in (Blaschzyk and Steinwart,
2018, Lemma 3.1) we skip it here.

Lemma 1 Let (Aj)j=1,..m be a partition ofng such that for every j € {1,...,m} we have

fij # (0 and (4) is satisfied for some r > 0. For s > r define the sets N° and F* by (10).
Moreover, let Xg = 0x X1 = OxX_1. Then, we have
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i) X C N*UF,
i) either AjN X1 =0 o0r AjNX_1=0 forall j € J;.

To prevent notational overload, we omit in the sets (of indices) defined above the de-
pendence on s for the rest of this paper, while keeping in mind that all sets depend on this
separation parameter.

Based on an analysis on the sets defined above, we present in the subsequent theorem our
main result that yields global learning rates for localized SVMs under margin conditions.
The result is remarkable in three ways. First, it shows that the regularization parameters
An,i can decay arbitrarily fast in a polynomial way to achieve the presented rate, see also
Section 3.2 for more details. Second, we will see in Section 3.3 that the theoretical rate
presented below can be achieved adaptively for a subclass of the considered P. Third, we
will show that localized SVMs do not only have computational advantages compared to
global SVMs, but the theoretical rates outperform rates of SVMs and of other algorithms
under suitable sets of assumptions, see Section 3.4.

Theorem 2 Let P be a probability measure on R? x {—1,1} for which P has MNE 3 €
(0,00], NE q € [0,00] and LC ¢ € [0,00) and let (G) be satisfied for one n. Define
K gt1 3 Let assumption (A) be satisfied for m,, and define

"= Blgr2)+d(g+1
rpi=n Y,
where v satisfies
£ if B > 1)(1 d,(} —d),
) < {l_nl_ﬁn if 82 (q+ D(1+ max{d, ¢} - d) )
Br+max{d,C} else,

and assume that (H) holds. Define for J ={1,...,m,} the set of indices
I, = {j € J’Vw € Aj : An(:c) < 3r, and Px(Aj ﬂXl) > 0 and Px(Aj ﬂX_l) > 0},

as well as

' rem™"  forj e Jny,
T = Tn else, (12)
Anjn”?

for some o > 1 and for every j € J. Moreover, let T > 1 be fived and define for 6* considered

1
in (9), n* := max{4, (4*15*) v, (4*15*)75}. Then, for all € > 0 there exists a constant
CB.deoq > 0 such that for all n > n* the localized SVM classifier satisfies

R, P(fDAnr,) — Ri, p < Codeoqr - n RO TITE (13)

with probability P™ not less than 1 — 9e™7".

10
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Remark 3 The exponents of ry, in (11) match for f = (¢+1)(1+max{d,(}—d). Moreover,
a short calculation shows that in the case B > (¢ + 1)(1 + max{d,(} — d) the best possible

; > — K
rate is achieved for v := 1 and equals

_ B(q+1)
n_ B@F)T@-DFh ¢

In the other case, < (¢ + 1)(1 + max{d,(} — d), the best possible rate is achieved for
V= W%C} and equals

_ Balitmax{d.C}] |
n~ Brtmax{d,()

€

Remark 4 The rates in Theorem 2 are better the smaller we choose the cell sizes r,,. The
smaller ry, the more cells my, are considered and training localized SVMs is more efficient.
To be more precise, the complexity of the kernel matrices or the time complexity of the solver
are reduced (see Thomann et al., 2017). However, (11) gives a lower bound on r, = n™".
For smaller r, we do achieve rates for localized SVMs, but, we cannot ensure that they
learn with the rate (13). Indeed, we achieve slower rates. We illustrate this for the case

B < (¢4 1)(1 + max{d,(} — d). The proof of Theorem 2 shows that if

(gi;) (14 max{d,(} —d) < 8 < (¢+ 1)(1 + max{d, ¢} — d)

we can choose some v € [W%Q, 125 | such that the localized SVM classifier learns for

some € > 0 with rate

nf(lfu max{d,(})Jrs.

A short calculation shows that this rate is indeed slower than (13) for the given range of v

and matches the rate in (13) only for v := W% In the worst case, that is, v :=

K
the rate equals

_ (1_ rmax{d,¢} _(1_ _ (g+1)max{d,(} B(g+2)+(g+1)(d—1—max{d,(})
p~(I-vmax{dc}) — (1 T—r >:n (1 ﬁ(q+2>+<d—1><q+1>):n‘ Bla+2)+(d—1)(a+1)

up to € in the exponent, where the numerator is positive since 3 > (%) (14+max{d,(}—d).

3.2 Proof Details and Choice of Kernel and Regularization Parameters

To follow the arguments that lead to the various choices of the parameters in (11) and (12)
we give a brief overview of the main effects influencing the proof of the previous theorem
and of the main steps we have taken. Learning rates are derived from finite sample bounds
on the excess risk which follow a typical decomposition into a bound on the approximation
error and on the stochastic error. A key property to bound the stochastic error is to have
a variance bound, that is a bound of the form

Ep(Lof—Loffp)* <V (Bp(Lof—Loffp))° (14)

11
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with exponent 6 € (0, 1] and some constant V' > 0. Descriptively, a function whose risk is
close to fz? p has low variance. Clearly, the best exponent is § = 1 and is obtained e.g.,
for the least-squares loss (see Steinwart and Christmann, 2008, Example 7.3). Moreover,
under the assumption that P has NE ¢ € [0,00] it can be shown for the hinge loss that
0= q% (see Steinwart and Christmann, 2008, Theorem 8.24). Thus, we obtain § = 1 only
in the special case ¢ = co. However, we show in the next lemma that it is still possible for
the hinge loss to obtain the best possible variance bound # = 1 on sets that are sufficiently
far away from the decision boundary by using the lower control condition in (8). We take

advantage of this fact in the analysis over the sets in (10).

Lemma 5 Let n: X — [0,1] be a fized version of the posterior probability of P. Assume
that the associated distance to the decision boundary A, controls the noise from below by
the exponent ¢ € [0,00) and define the set F':= F*° as in (10). Furthermore, let L := Lpnge
be the hinge loss and let f; p: X — [—1,1] be a fired Bayes decision function. Then, there
exists a constant cp,c > 0 iﬁdependent of s such that for all measurable f: X — R we have

> 2erc
Ep(Lpof—Lpofip)< —¢ Ep(Lro f—Lrofip)
Besides the stochastic error, we have to bound the approximation error. More precisely,
we aim to find an appropriate fo € Hj such that the bound on

> Nill1a, foll St R, p(fo) = RL,p
jeJ

is small. Obviously, we control the error above if we control both, the norm and the excess
risk.

The excess risk is small if fy € H is close to a Bayes decision function since its risk is
then close to the Bayes risk. Note that we cannot assume the Bayes decision function to
be contained in the RKHS Hj, since H; does not contain functions that are constant on
an open ball (see Steinwart and Christmann, 2008, Corollary 4.44). Nonetheless, we find a
function fo € H; that is similar to a Bayes decision function. To this end, we define fy on
every cell A as the convolution of functions K., : R? — R and f € Ly(R?) so that

(Ky = f)1a € H(A),

and choose f as a function that is similar to a Bayes decision function on a ball containing
A. Doing this, we observe the following cases. If a cell A has no intersection with the
decision boundary and e.g., AN Xy # (0, but AN X_1 = 0, we have for all x € AN X;
that f; p(x) = 1. Otherwise, if the cell intersects the decision boundary we find for the
decision function that f;  p:= sign(2n — 1). Note, that this discontinuous step function
makes classification harder than regression, where usually smoothness of the Bayes decision
function is assumed. In order to approximate fzdm, p by the convolution above, we choose
f as constant if the considered cell has no intersection with the decision boundary and as
sign(2n — 1) otherwise. Both depicted cases can occur on the set N, see (10), and motivates
to divide the set of indices Jy into

JNl = {] S JN|PX(Aj ﬂXl) > 0 and Px(Aj ﬂX_l) > 0},

15
JN, ::{jEJN|Px(AjﬂX1):OOI“ Px(AjﬂX_l):O}, ( )
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IMPROVED CLASSIFICATION RATES FOR LOCALIZED SVMS

leading to an overall analysis on the corresponding sets N1, No, and on the set F'.

Concerning the norm, we make the observation that we are able to control the norm by
choosing the regularization parameters A, sufficiently small on each set Ny, No, and F, and
down below, we illustrate this for Ny.

We refer the reader for a more detailed analysis on the approximation error bounds
on the sets N1, Ny and F to Section 4.4.1. In Sections 4.4.2 and 4.4.3, we combine the
bounds on the approximation and stochastic error and present bounds on the excess risks
on N1, Ny and F. These sections also include the learning rates for the mentioned sets and
in the following, we take a closer look at those learning rates and start with the set V7.

By applying the tools above and under the assumption that P has MNE g and NE ¢
we derive learning rates on the set /N1 on the basis of the excess risk bound in Theorem 17,
which has for some p € (0, %) with high probability the form

q+1

PN AT r )\—P —d '\ 9t2-p T gq+1
RLNl,P(fD,)\n,’yn) — RENI,P < :,dn +’y£ + <M> + <7) q+2 : (16)

o n n

where we already made some slight modifications, e.g. we set A, := A, ; and v, := 7, ; for
all j € Jn, as at beginning of the proof of Theorem 18. Note that the fist two terms on the
right-hand side result from bounding the approximation error, norm and excess risk, while
the other terms result from bounding the stochastic error.

First, we observe that the regularization parameters A, influence the first and third
term in the right-hand side of (16). We set A, ~ n~7 for some o > 1 and observe that A,
in the third term can be bounded by

+1
_p( at1 ) ( g+1 ) .
A NI PP\ arzmn ) < pf

n 9

~ 1 . . .
where € > %}r). This means we can choose o arbitrary large since we are able to choose

the parameter p sufficiently small. In other words, we are able to choose the decay of A, in
an arbitrarily fast polynomial way, see (12), and the regularization parameters A, influence
the stochastic error only marginally. However, in practice A, should be chosen carefully
since a larger o makes the constant in the excess risk bounds larger.

Remark 6 The effect that the regularization parameters X\, may decay with an arbitrarily
fast polynomial rate without affecting the global error rate also occurs for global SVMs. To
see that, we remark that the general oracle inequality for global SVMs given in (Steinwart
and Christmann, 2008, Theorem 7.23) has exactly the form of (16) for r,, = 1 and hence,
our considerations for the reqularization parameters A, in the previous paragraph are still
valid. In particular, this means that this effect even occurs for multiple types of SVM
regression (with r, =1 and ¢ = o00) such as least-squares or quantile regression (see Eberts
and Steinwart, 2013), or as expectile regression (Farooq and Steinwart, 2019).

Second, in (16) we observe a different behavior in terms of 7,,. While the second term
on the right-hand side tends to zero for 7, — 0, the bound on the stochastic error behaves
in v, exactly the opposite way. Motivated by the approximation of the Bayes decision
function discussed above we choose appropriately small kernel parameters ~, on Ni, see
(12), leading to convolutions with steep kernels.

13
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Both explained choices for the regularization parameters A, and kernel parameters ~,
lead on the set N; with high probability to the bound

Rin, P(fDAnr,) = Ry, p S

for lower bounded 7, see Theorem 18. Note that the restriction on r, guarantees that
the kernel parameters -, satisfy the condition -, < r,, which is required to measure the
capacity of the underlying Gaussian RKHSs by entropy numbers, see Section 4.4.

For the sets N2 and F', which have no intersection with the decision boundary, we derive
learning rates on the basis of the corresponding excess risk bounds, see Theorems 19 and
21 as described for the set Ny. Since the considerations on the behavior of A,, we made
above are also true for the bounds on the sets Ny and F', we skip this discussion here but
we remark at this point that A\, ~ n~7 with ¢ > 1 is an appropriate choice for all three
sets and justifies the choice of the regularization parameters in (12). Concerning the kernel
parameters ,, the bounds in Theorems 19 and 21 again show a trade-off in ,,. Motivated
by the approximation of the Bayes decision function discussed above we choose for the sets
Ny and F appropriately large kernel parameters -, leading to convolutions with flat kernels.
Note that this means to choose A, equally to r,, see (12).

Both explained choices for the regularization parameters \,, and kernel parameters =,
lead on the set No and F' with high probability to bounds of the form

g+l

~ " Sp \ ¢t2  _atl
Ring P(fDA,) = Riy,p =2 g ) 1 o
n

and
RLF,P(fD,An,Vn) - RZF,P = max{r;d’ ST_LC} ) n_1+€7

see Theorems 20 and 22. We observe that these bounds do not tend to zero for r, — 0,
as the bound on N;. Moreover, both bounds depend in an opposite way on the separation
parameter s,. In (Blaschzyk and Steinwart, 2018) this is handled by a straightforward
optimization over the parameter s,. Unfortunately, in our case the optimal s* does not
fulfil the basic requirement 7, < s* that results from Lemma 1. We bypass this difficulty
by choosing s, = r,, in the proof of our main Theorem 2. This choice has two effects. First,
the rates on Ny are always better than the rates on Nj. Second, for the rates on Ny and F
the combination of our considered margin parameters and the dimension d affects the speed
of the rates. This leads to the differentiation of r,, in (11). If 8 > (¢+ 1)(1 + max{d,(} —d)
the rate on V7 dominates the one on F' and v has to fulfil » < ;. In the other case, if

B < (qg+1)(1 + max{d,(} — d), the rate on F' dominates N, but only if v < Wﬁdq}‘

Unfortunately, we find in the latter case W%C} < ﬁ such that 7, cannot be chosen

that small as in the other case in order to learn with rate n=?%("*1) Larger r,, would lead
to a worse learning rate. In summary, the interplay of the considered margin conditions
together with the dimension d affects the rate presented in Theorem 2.

3.3 Adaptive Learning Rates for Localized SVMs

Before comparing our rates in (13) with rates obtained by other algorithms in the next
section, we show that our rates are achieved adaptively by a training validation approach.

14
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That means, without knowing the MNE 3, the NE ¢ and LC ( in advance. To this end,
we briefly describe the training validation support vector machine ansatz given in (Meister
and Steinwart, 2016). We define A := (A,) and T' := (T';,) as sequences of finite subsets
A, C (0,n7Y and T, C (0,7,]. For a dataset D := ((z1,91), -, (Tn,Yn)) we define

Dl = ((5517.@1)7 cee ('xlv yl))7
Dy := ((xl+1ayl+1)’ R (:L'na yn))>

where [ := [ 5] + 1 and n > 4. Moreover, we split these sets into

Db

](' = ((xbyi)ie{l,...,l} SRS Aj) ’ ] S {17 s 7mn}7
Dy
J

= (($i7yi)i€{l+1,...,n} 13X € A]) 3 j € {17 v 7mn}7
and define [; := \D](-l)| for all j € {1,...,my} such that 377 I; = . We use D](-l) as a
training set by computing a local SVM predictor
.= argmin ;|| f||% +R
fD;l))\jv’Yj feg’yj (Aj) ] ”fHH'yJ (Aj) Lj7D§-1> (f)

(2)

for every j € {1,...,m,}. Then, we use D;

()\Dz,ja’YDQ,j) € A, x I, such that

to determine (\j,7;) by choosing a pair

—~ ~

RL]"DQ(ng'l)v)‘Dz,MDg,j) - (/\j,yjr)nei/r\lnxrn RLijf)(fD;l)J\wj)'
Finally, we call the function fp, Dy ¥y defined by
Mn
fD1Ap, Ay T ]Z1 s fDJ<'1>’)‘D2’j7'YD27j’ (17)

training validation support vector machine (TV-SVM) w.r.t A and I'. We remark that the
parameter selection is performed independently on each cell and leads to m - |A] - |T'| many
candidates. For more details we refer the reader to (Meister and Steinwart, 2016, Sec. 4.2).

The subsequent theorem shows that the TV-SVM, defined in (17), achieves the same
rates as the local SVM predictor in (2).

Theorem 7 Let the assumptions of Theorem 2 be satisfied with
Th =N

for some v > 0. Furthermore, fiz an pp-net A, C (0,n71] and an §,r,-net Ty, C (0,7,] with
pn <n72 and 6, < n~'. Assume that the cardinalities |A,| and |T'y| grow polynomially in
n. Let 7> 1. If

(18)

1—Bk

BrFmax{d.C} else.

< { if 82 (a+ D)(1+ max{d, ¢} - d),
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then, for all € > 0 there exists a constant cqpq. > 0 such that the TV-SVM, defined in
(17), satisfies

* —Br(v+1)+e
RLJ’P(fD17>‘D277D2) - RLJ,P S Cd,ﬁ,q,ET -n ﬁ ( )

T

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

Remark 8 The previous result shows two aspects. First, it reveals a trade-off between the
“range of adaptivity” and “computational complexity”: On the one hand, the smaller we
choose v the bigger the set of P for which we learn with the correct learning rate without
knowing the margin parameters 3,q and (. On the other hand, smaller values of v lead to
bigger cells and hence, training is more costly. This trade-off also appears in the result for
Training- Validation- Voronoi- Partition-SVMs using least squares loss and Gaussian kernels
in (Meister and Steinwart, 2016, Thm. 7).

Second, it shows that by choosing v as large as it is computationally feasible in prac-
tice, we achieve adaptivity for a large class of various distributions described by the margin
parameters 3,q and ¢ but unfortunately not for all combinations of these margin param-
eters as in the global training-validation approach (see Steinwart and Christmann, 2008,
Thm. 8.26). At a first glance this might seem restrictive. However, adaptivity results for
common approaches that also aim to reduce complexities of certain algorithms, also need
assumptions on P. For example, the eigenvalue decay of kernel operators has to be known
(see Zhang et al., 2015).

3.4 Comparison of Rates

In this section, we compare the results for localized SVMs with Gaussian kernel and hinge
loss from Theorem 2 to the results from various classifiers, we mentioned in the introduction.
We compare the rates to the ones obtained by global and local SVMs with Gaussian kernel
and hinge loss in (Thomann et al., 2017, Theorem 3.2), (Steinwart and Christmann, 2008,
(8.18)) and (Lin et al., 2017b). Moreover, we make comparisons with the rates achieved by
various plug-in classifier in (Kohler and Krzyzak, 2007; Audibert and Tsybakov, 2007; Binev
et al., 2014; Belkin et al., 2018), and by the histogram rule in (Blaschzyk and Steinwart,
2018). We remark that in all comparisons we try to find reasonable sets of assumptions
such that both, our conditions and the conditions of the compared methods are satisfied.
This means in particular that our rates as well as the other rates are achieved under less
assumptions. We emphasize that the rates for localized SVMs in Theorem 2 do not need
an assumption on the existence of a density of the marginal distributions.

Throughout this section we assume (A) for some r, := n~", (G) for some 7, and (H)
to be satisfied. Moreover, we denote by (i), (ii) and (iii) the following assumptions on P:

(i) P has MNE g € (0, o0],
(ii) P has NE ¢ € [0, o],
(iii) P has LC ¢ € [0, 00).

Note that under the just mentioned assumptions the assumptions of Theorem 2 for localized
SVMs using hinge loss are satisfied. First, we compare the rates to the known ones for local
and global SVMs.
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Local and global SVM. Under assumptions (i) and (ii), (Steinwart and Christmann,
2008, (8.18)) show that global SVMs using hinge loss and Gaussian kernels learn with the
rate

_ B(g+1)
nBr = n Blar2)Fdlat) | (19)

We remark, that in the special case that (i) is satisfied for 8 = oo this rate is also achieved
for the same method in (Lin et al., 2017b). The rate is also matched by localized SVMs in
(Thomann et al., 2017) using hinge loss and Gaussian kernel as well as cell sizes r, = n™"
for some v < k. We show now that under a mild additional assumption our derived rates
for localized SVMs outperform the one above. To this end, we assume (iii) in addition to
(i) and (ii). Then, the rate in (13) is satisfied and better by vfk for all v our analysis is
applied to. According to Remark 3 the improvement is at most ¢ + 1 in the denominator
if B> (¢+ 1)(1 + max{d,(} — d). In the other case, we obtain the fastest rate with

V= Wj{d,g} such that the exponent of our rate in (13) equals
Br(l+max{d(}) _ B(g+1)(1+max{d,(}) _ B(g+1) (20)
Brtmax{d,C} Alat1)+max{d,CH(Bla+2)+d(aHD) ™ B(g+2)+d(g+1)— ratl”
B+d(g+1)

Compared to (19) we then have at most an improvement of Trmax{d.cT in the denominator. <

The main improvement in the comparison above results from the strong effect of the
lower-control condition (iii). Descriptively, (iii) restricts the location of noise in the sense
that if we have high noise for some x € X, that is n(x) ~ 1/2, then, (iii) forces this =
to be located close to the decision boundary. Note that this does not mean that we have
no noise far away from the decision boundary. It is still allowed to have noise n(z) €
(0,1/2 —e] U[1/2 4+ ¢,1) for x € X and some ¢ > 0, only the case that n(z) = 1/2 is
prohibited. We refer the interested reader to a more precise description of this effect to
(Blaschzyk and Steinwart, 2018) and proceed with our next comparison.

In the following, we compare our result with results that make besides assumption (ii)
some smoothness condition on 7, namely that

(iv) n is Hélder-continuous for some p € (0, 1].

This assumption can be seen as a strong reverse assumption to (iii) since it implies that the
distance to the decision boundary controls the noise from above, which means that there
exists a p and a constant ¢ > 0 such that ¢|2n(x) — 1] < AP(z) for all z € X (see Blaschzyk
and Steinwart, 2018, Lemma A.2). In particular, if (iii) and (iv) are satisfied, then p < .
Note that we observe vice versa that a reverse Holder-continuity assumption implies (iii) if
71 is continuous, see Lemma 23.

If we assume (iii) in addition to (ii) and (iv) we satisfy the assumptions for localized
SVMs in Theorem 2 since we find with (Blaschzyk and Steinwart, 2018, Lemma A.2) and
(Steinwart and Christmann, 2008, Lemma 8.23) that the MNE equals 8 = p(q + 1). We
observe that

B=plg+1) <(¢+ 1)1+ max{d,(} - d) (21)
and according to Theorem 2 the localized SVMs learn with the rate
nfﬂm(lﬂrl) (22)
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for arbitrary v < W%. In particular, this rate is upper bounded by

(g+1)
n=BROHY) =B — TRt ra (23)

Plug-in classifier I. Under assumption (ii), (iv) and the assumption that the support
of the marginal distribution Px is included in a compact set, the so called “Hybrid” plug-in
classifiers in (Audibert and Tsybakov, 2007, Eq. (4.1)) learn with the optimal rate

__pla+D)
n~ pla+2)+d (24)

(see Audibert and Tsybakov, 2007, Theorem 4.3). If we assume in addition (iii), the localized
SVM rate again equals (22) and satisfies (23) such that our rate is faster for arbitrary
1=Pr For v := —-5% _ we find for the exponent in (22) that

v < Br+max{d,(}" ~ Br+max{d,(}
_ Br(I+max{d,(}) _ p(g+1) _ p(g+1)
KR\V + 1 — - max - —_—
Br( ) Br+max{d,(} p(q+1)+1+m{££fc}zf§}(q+2)+d) p(g+2)+d—7 +mf’;§ T

such that we have at most an improvement of - Hf;(? T in the denominator. <«

In the comparison above the localized SVM rate outperforms the optimal rate by making
the additional assumption (iii). This is not surprising, since the assumptions we made imply
the assumptions of (Audibert and Tsybakov, 2007). We emphasize once again that our rates
as well as the other rates are achieved under less assumptions.

Tree-based and Plug-in classifier. Assume that (ii) and (iv) are satisfied. Then,
the classifiers resulting from the tree-based adaptive partitioning methods in (Binev et al.,
2014, Sec. 6) yield under assumptions (ii) and (iv) the rate

_ _p(g+1)
n rlat+2)+d

(see Binev et al., 2014, Theorems 6.1(i) and 6.3(i)). In fact the rate is achieved under milder
assumptions, namely (ii) and some condition on the behavior of the approximation error
w.r.t. P, however, by (Binev et al., 2014, Prop. 4.1) the latter is immediately satisfied under
(ii) and (iv). Moreover, (Kohler and Krzyzak, 2007, Theorems 1, 3, and 5) showed that
plug-in-classifiers based on kernel, partitioning and nearest neighbor regression estimates
learn with rate

_ _plg+1)
n pla+3)+d (25)

Actually, this rate holds under a slightly weaker assumption than (ii), namely that there
exists a ¢ > 0 and some « > 0 such that for all 6 > 0 the inequality

E(ln —1/2| - Lgy—1/21<y) < -0

is satisfied, but this is implied by (ii) (see Déring et al., 2015, Sec. 5). To compare our rates
we add (iii) to (ii) and (iv). Then, the localized SVM rate again equals (22) and is faster
for all v our analysis is applied to. The improvement to the rate from (Binev et al., 2014) is
equal to the improvement in the previous comparison, whereas compared to the rate from
(Kohler and Krzyzak, 2007) the improvement is at least better by p in the denominator.«
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The three comparisons above have in common that rates are solely improved by assump-
tion (iii). This condition was even sufficient enough to improve the optimal rate in (24). It
is to emphasize that neither for the rates from Theorem 2 or the rates from the mentioned
authors above nor in our comparisons assumptions on the existence of a density of the
marginal distribution Px have to be made. As mentioned in the introduction assumptions
without conditions on the density of distributions are preferable, however, to compare our
rates we find subsequently assumption sets that do contain those.

Plug-in classifier II. Let us assume that (i) and (iv) are satisfied and that Px has
a uniformly bounded density w.r.t. the Lebesgue measure. Then, Audibert and Tsybakov
(2007, Theorem 4.1) show that plug-in classifiers learns with the optimal rate

_ _platl)
n elg+2)+d

If we assume in addition (iii), the localized SVM rate again equals (22) and satisfies (23)
such that our rate is faster for arbitrary v < Wﬁ?d,(}' <

Before we proceed, we define another margin condition that measures the amount of
mass close to the decision boundary and we say according to (Steinwart and Christmann,
2008, Definition 8.6) that P has margin exponent (ME) « € (0, o], if there exists a constant

cMmE > 0 such that
Px({Ay(z) < t}) < (cmpt)” (26)

for all ¢ > 0. Descriptively, large values of « reflect a low concentration of mass in the
vicinity of the decision boundary.

Plug-in classifier III. Let us assume that (ii), (iv) are satisfied and that that Px has
a density with respect to the Lebesgue measure that is bounded away from zero. Then,
the authors in Belkin et al. (2018) show that plug-in classifiers based on a weighted and
interpolated nearest neighbor scheme obtain the rate

n_p(q—f—)ng‘ (27)

Under the same conditions, Kohler and Krzyzak (2007) improved for plug-in-classifier based
on kernel, partitioning, and nearest neighbor regression estimates the rate in (25) to

_ pla+1)

n- 2etd . (28)

To compare results we add (iii) to (ii) and (iv). Then, the localized SVM rate equals (22)
and satisfies (23) such that our rate is obviously faster than the rate in (27) for all possible
choices of v. The improvement compared to (27) is at least m.
our rate with (28) we take a closer look on the rate and the margin parameters under the
stated conditions. A short calculation shows for the exponent of the rate in (22) that

In order to compare

+1) plg+1)
Br(v+1) = plg =
pla+2)+d p(a+2)—2p(v+1)+d—d(v+1)
1D 2ptd+ D)

and its easy to derive that our exponent is only larger than the one in (28) or equals it if

V> %. We show that the largest v we can choose satisfies this bound if p = 1 and derive
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a rate for this case. Since Px has a density with respect to the Lebesgue measure that is

bounded away from zero, we restrict ourselves to the case that pg < 1 and hence g < 1,

see Remark 25. Moreover, Blaschzyk and Steinwart (2018, Lemma A.2) and Steinwart and

Christmann (2008, Lemma 8.23) yield & = pg = ¢. Furthermore, we find by Lemma 24
o

that ¢ = ¢ and we follow ( = p = 1. Thus, a short calculation shows that

— 1-8k _ 1-Br _ ptd _ 1+d > a4
T Brdmax{d(} — Brtd — plgt1)+d(p(g+2)+d) — gFitd(g+2+d) = 2+d

v

is satisfied for all ¢ < 1. By inserting this v into the exponent of the localized SVM rate in
(22) we find

Br(v +1)= Br(l+d) _ p(g+1) _ g+1 — _q+l
Br+d p(q+2)+d+ p(q+1)*1(isiq+2)+d) gr2+dt q+1*1(1z2+d) q+1+d

Hence, the localized SVM rate is faster than the rate in (28) for all ¢ < 1 and matches it if
qg=1. «

Under assumptions that contained that Px has a density w.r.t. Lebesgue measure that
is bounded away from zero, we improved in the previous comparison the rates from (Belkin
et al., 2018) and in the case that n is Lipschitz, the rates from (Kohler and Krzyzak, 2007).
We remark that under a slight stronger density assumption Audibert and Tsybakov (2007)
showed that certain plug-in classifier achieve the optimal rate in (28).

Finally, we compare our rates to the ones derived for the histogram rule in (Blaschzyk
and Steinwart, 2018), where we also considered a set of margin conditions and a simi-
lar strategy to derive their rates. Note that under a certain assumption set the authors
showed that the histogram rule outperformed the global SVM rates from (Steinwart and
Christmann, 2008, (8.18)) and the localized SVM rates from (Thomann et al., 2017).

Histogram rule. Let us assume that (i) and (iii) are satisfied and that

(v) P has ME « € (0, o],

see (26). Then, we find by Lemma 24 that we have NE ¢ = % and according to (Blaschzyk
and Steinwart, 2018, Theorem 3.5) the histogram rule then learns with rate

B(g+1) -
B(Q+1)+d(Q+1)+m (29)

n

as long as < (1 +¢)(g+1). Under these assumptions the localized SVM learns with the
rate from Theorem 2 that is

AR+

where our rate depends on v. To compare our rates we have to pay attention to the range
of 8 that provides a suitable v, see (11). If we have that (¢ + 1)(1 + max{d,(} —d) < 8 <
(¢g+1)(1 + (), then a short calculation shows that our local SVM rate in (13) is faster if v
is not too small, that is if v satisfies

BB+d) g+ 1)(C+1)+80) " <v< £
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According to Remark 3 the best possible rate is achieved for v := ;- and has then
exponent

B(g+1) _ B(g+1) _ B(g+1)
Blat2)+(d=1)(g+]) ™ B(g+1)+d(g+1)+ g +B8—(a+D) -1z Blg+1)+d(g+1)— <q+ﬁ>

such that compared to (29) we have an improvement of ¢ + ﬁ in the denominator. In the
other case, that is, if 8 < (¢+1)(1 +max{d, (} —d) a short calculation shows that our local
SVM rate is better for all choices

BIB+d)(g+1)(C+1)+B80) 7 <v < gt

In this case we find due to Remark 3 that the best possible rate is achieved for v :=
W% and has exponent
Br(1+max{d(}) _ Blg+1) Bla+1)

- x{d, }—d = — 3 max )
PhamaxddCy T pg+1)+d(q+ D)+ PRRERIEEER T B(g) (g 1)+ £ — (AR Emaddd e )

Compared to (29) the rate is better by d(qﬁﬁgf Xr?(?}z%d’C} {i—cc > 0 in the denominator.

We remark that the lower bound on v is not surprising since if ¥ — 0 our rate matches
the global rate in (19) and Blaschzyk and Steinwart (2018) showed that under a certain
assumption set the rate of the histogram classifier is faster than the one of the global SVM.
Moreover, we remark that our rates in Theorem 2 hold for all values of 8 and not only for
a certain range of 3. «
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4. Proofs

In this section we state the proofs of Section 3. We define yyax := maxjesy; and Ymin :=
minjeyy; w.r.t. some J C {1,...,m}.

4.1 Proof of Theorem 2
Proof [Proof of Theorem 2| By Theorem 1 for s,, := n™" we find that

RLJ»P(fD,Ana"‘/n) - REJ,P
<Rin.P(fDAA,) = Riy,p + Rip,P(fDAA,) = Ripp
< Rin P(IDAw,) = Ry, P+ Rin, P(fDA~,) = RLy, P+ Rip,P(fDAA,) = RLpp-

(30)

In the subsequent steps we bound the excess risks above separately for both choices of
v by applying Theorems 18, 20 and 22 for « := v. First, we consider the case § >
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(g+ )(1 +max{d, (} — d) and check some requirements for the mentioned theorems. Since
B> L5 (1 + max{d, (} — d) we have

K _ g+1 1
VS 1% T Bait @Dt S max(dd)-

Moreover,

w(d-1) _ (e0)@=1)  _  Blg+2)
T+v(l=d) 2 1= 57 =1 = g5 — s+ >

Hence, we apply Theorem 18 and Theorems 20, 22 with o := v. That means, together with

Br(v+1) < 25 = (g+1)B(g+2) _ g+l (1 _ k(d- 1)) < (er)(-v(d-1)) (31)

1—r = (@) Bg+2)+[@d—D)(g+1)) — q+2 T—r q+2

and
B(g+1) _ (d=1)(g+1)+8 (g+1) max{d,(} x max{d,(}
BV +1) < gt @ e = L T Berd @ D) S T B r@ D) S LT T

(32)
so that Br(v + 1) < 1 —vmax{d,(} for v < 1%, we obtain in (30) for £1,£2,e3 > 0 and
with probability P™ not less than 1 — 9e™" that
Ri,;.p(fDAnA,) = RL, P

< Rin, P(fDAw,) = Riy, P+ Rin, P(fDA ) = Riy, P+ Ripp(fDAn,) = Ripp

(¢+1)(1+a—vd)

<cor <n6n(y+1)n51 +n 2 pf2 4 n(lmax{ud,a(})nsg,)

< cyrnt <2n76n(u+1) 4 nf(lfumax{d,g})>

- 1
< cyrn ARt HE,

(33)

holds for some ¢ := max{e;, 2,3} and some constants ¢; depending on d, 3, ¢,&,€1,€2,€3,0
and ¢y, c3 > 0 depending on d, 3, ¢, &, ¢, 0.
Second, we consider the case f < (¢ + 1)(1 + max{d,(} — d) and check again the

requirements on v < Wi{dc} for the theorems applied above. We have
Ly < 1=Bx B+d(g+1) < g+l = 5 (34)
= Brtmax{d(} ~ BlgtD)+max{d H(B(a+2)+d(g+D)) = Blg+2)+({d—1D(g+1) ~ T+’
and
1-8 1-8k
V< Bn—l—max?d ¢} B max{d,(} < max{d ¢H
Moreover,

(1-Bk)(d—1) _ max{d,(}—d(1-Bk)+1 max{d,(}—d+1
Itv(l-d) 21 - grqaey = = frimaxidd 2 Brtmax(dd] > O

Again, we apply Theorem 17 and Theorems 19, 21 for « := v. Together with (34) we find
similar to (31) and (32) that

K 1 r(d—1 1 1—Bkr)(d—1 +1)(1—v(d—1
Br(v+1) < {2 = [1 - %] <is [1 - ék—&-mzz)g{d,g“)} <l )(q+2( =
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IMPROVED CLASSIFICATION RATES FOR LOCALIZED SVMS

and

Br(1+max{d,( max{d,(}(1—8k
Br(v+1) < 62+max{{d g}}) 1= ﬁnimaig{d,g}) <1 —vmax{d,(}

such that we obtain in (30) that

Re,p(fDAur,) = Ri, P
< Rin, P(IDAw,) = Ry, P+ Rin, P(fD A ~,) = Riy, P+ Ripp(fDAA,) = RLpp

(¢+1)(At+a—vd)

<cr <n€1n—ﬁli(l/+1) L nf2nT T etz 4 negn—(l—umax{d,g})>

< cont <2n—6ﬁ(y+1) + n—(l—umax{d,(}))
< chnfﬁn(szrl)Jrs’

holds with probability P™ not less than 1 — 9e™7". |

4.2 Proof of Lemma 5

Proof [Proof of Lemma 5| Since fiX > [—1,1] we consider functions f : X — [—1,1].
Then, an analogous calculation as in the proof of (Steinwart and Christmann, 2008, The-
orem 8.24) yields (Lpo f — Lro ff p)*> = f — ff p. Following the same arguments as in
(Blaschzyk and Steinwart, 2018, Lemma 3.4) we find for all z € F with the lower-control
assumption that

1< %\277(95) —1).
Then, we have
Br(Lrof = Lrofip) = [ |f@) = fi.p(e)dPs(@
<2/!f ~ fi.p(@)ldPx ()
<22 [ 1) = fi.pl@)l20(o) ~ 11dPx (@)

2CLC

<

H‘-‘ﬂaP(LFOf LFOfLP)

4.3 Proof of Theorem 7

1
Proof [Proof of Theorem 7| We assume n > n* := max{4, (47'6*) v, (4716*)" a} with-
out loss of generality. For n < n* the equation in (18) is immediately satisfied with
constant éqpge = (n*)? *H+D=¢ and with probability 1. We analyze the excess risk
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Rr,.p(fp, A, 77D2) — R1.p by applying the splitting technique described in Section 3.1
and by applying a generic oracle inequality for ERM given in (Steinwart and Christmann,
2008, Theorem 7.2) on each set. To this end, we define s, := r, and find by Theorem 1
that

RLJ,P(fDL)\DQ,’YDQ) - REJ,P

< Riy,P(fDi Ay p,) = Riy.p + RipP(fDixpyvp,) = RLp P (35)
< Riy, P(fDiApyvp,) = Riy,.p+ Rin, P(fDi A, vp,) = Riy,.P

+Rip P(fD130,vp,) = Rip.p-
First of all, we analyze RLN17P(fD17)‘D2 ’7D2) — Rle p- Note that
Rin, P (D1 Apyn,) = 2 R (FDiany svmy.):
JE€JIN,
According to (Steinwart and Christmann, 2008, Theorem 8.24) we have on the set NVj
_q
variance bound 0 = q+—1 with constant V' := 6¢ . Then, for fixed data set D; and

=7 4+ In(1 + A, x Ty My,

as well asn — 1 >n/4 for n >4, and [ := | 5| + 1, we find by (Steinwart and Christmann,
2008, Theorem 7.2) with probability P! not less than 1 — e~ 7 that

RLN17P(fD17AD2 ,‘YDQ) B R*LN1 P (36)
<6 inf 7?/LNI ,P(fDL)\N) - RENI P

(A€, xT,) M|

e =
L A8ctt (14 In(1 + Ay, x T 1M1y
n—1
NN\ G
. * T

< 6( inf , "RLNI,P(fDl,)\,'y) - RLNI,P> t¢q < :L ) :

(AY)E(AnxTn) N1

By Theorem 17 for p € (0,3) we obtain with probability P! not less than 1 — 3|A, X
[p|”Mile=™ that

Rin P(fDiay) = RLy P

Ajrd 8 e
Sq(Z . +J%1}13<17j+( ) > A 'YJPPX i)

j€In, 7 j€In,

p(g+1)
q+2—p

g+1

H(")
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holds for all (X, ) € AanNl‘ x T JnJNll simultaneously and some constant ¢; > 0 depending on
d,3,p,q. Then, Lemma 28 i) for all €1 > 0 yields

inf RLN17P(fD1’A’7) - R*LN17P (37)
A E(AnxTy) M1
i d
< ot el 30 T max]
AYEMXTy) N J€In, 7 J€INy
p(g+1)
Tn % 1 _d q+2-p - %
_ : ‘
* (F> > Ay T Px(4)) +<n)
SN

+1 +1
< e (n_ﬁﬁ(y+1)+61 + TZ-TQn_g?>

where cg > 0 is a constant depending on d, 8, ¢ and €;. By inserting (37) into (36) we have
with probability P™ not less than 1 — (1 + 3|A,, x T'y[/¥1e=" that

RLNl 7P(fD1,>\D2 ,’)’D2) - RENl P

q+1

. TN a+2
<6 inf RLN17P(fD1,/\7‘Y) - Rle,P +cq ( n >
(A€ xDn) M1

n
g+l
N1\ ¢+2
_ g+l g+l T a
o e ) 4 ()

Analogously to the calculations at the beginning of the poof of Theorem 17, we find by
Lemma 26 for t = 2r, that |[Jy,| < cqrnr,;?. Thus, we obtain with the inequalities (31)
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resp. (34) that

RLNI,P(fDlyAD27’YD2) - R*LNl P (38)
q+1

[Ny | q+2
<o ( (1) e +r§1§n‘3%> e, <T+1n(1 + A, x Ty [l ))
n

41 _gil e
< c3 <’I’L Br(v+1)+er +Tg+2n g+2 + (T)q+2
n

g+1
+ <ln(1 + [An X Fn!'m)> - )

q+1
PRl ber | gt - g¢;+<|JNl|ln<2|A x T |>) )
n

g+1
(n Br(v+1)+er +2Tgiénf%+ <CdTnln 2|A XF | ) q+2 >

N +< caln(ZAn x T D) >

nl-v(d-1)
<y <2n Br(v+1)+er 4 oriiin” Zié) ,
where €1 > 0 and where c3,c4 > 0 are constants depending on d, 3, q, &1 resp. d,5,q,€1. A
variable transformation in 7 together with Lemma 26 yields

g+l ~
e 1
RLvap(fDl)\Dgf‘/Dz) — Rle P < csTat2 - Br(v+1)+£€; (39)

T

for some &; > 0 with probability P™ not less than 1 — e~
depending on d, 3, q, ;.

, where c¢5 > 0 is a constant

Next, we analyze Rr, p(fDiAp.~vp. ) — Ri. p by the same procedure. According to
27 D25 T Dy No»
(Steinwart and Christmann, 2008 Theorem 8.24) we have on the set Ny variance bound

0= 7 +1 with constant V := 6013%1 Then, for fixed data set Dy and

TéVQ =7+ 1In(1+ |A, X I‘nHJN2|)7

as wellasn —1 >n/4 forn >4, and [ := || 4 1, we find by (Steinwart and Christmann,
2008, Theorem 7.2) with probability P"~! not less than 1 — e~ that

Ry, P(fDixpyvp,) = Riy,.P (40)
. N2 i
<6 inf RLN27P(fD17>\,7) — RENTP +cq < n ) .
(A)E(An xTn) N2 n
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By Theorem 19 for s, = r,, p € (0,1) and & > 0 we obtain with probability P" not less
than 1 — (14 3|A,, x [|!/N2l)e~" that

Riny P(fD1ary) = Riy, P

)
mlnjesz Vi e,
o W
+( ) > %PPXA) +<—)q
JEIN, "

J J
ALNQ‘ erlnN2|

holds for all (X, v) € simultaneously and some constant cg > 0 depending on
d,3,p,q and €. Then, Lemma 28 ii) for all 3 > 0 yields

inf RLNQ,P(thA,‘Y) - REN27P (41)
(AA)E(An xTy) N2

< inf Cﬁ( < > g Aj n°
J
(A)E(AnxTy) V2! mmjeJN2 Vi ST,
p(g+1)
q+2—p

_d
> A " Px(4)

1
. ((%>p
n )
JE€JIN,
g+l
- a2 —atl
< e (n52 (rfll 1n> n q+2) ,

where ¢7 > 0 is a constant depending on d, 3, q and €5. We insert (41) into (40) and obtain
7QLNQ P (D, sADy YDy )

- Ny LEL
_ PE] q+1 T 2 q+
< (n52 (rﬁ 1n) ‘n q+2> + ¢4 < - :
n

with probability P" not less than 1 — (1 + 3|A,, x T'|l/¥2!)e=". An analogous calculation as
in (38) yields

q+1
+ 749+2 .

*
- RLN2,P

g+1
+ 79+2 .

7zLNQ ,P(fDl)\DQ Y Dy )

= (n (ri-tn) ™

(I+

*
- RLNQ,P

P e (cdln@m X Ty \)) )
nl-v(d-1)

g1 o
a2 atl g+l cgIn(2|A, x T'y|) a2
+ 2792 .y at2 4+
nl-v(d-1)
L g g1
+ 749+2 . gt2 ,
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where €5 > 0 and where cg, cg > 0 are constants depending on d, 3, q, e resp. d, 3,q,é2. A
variable transformation in 7 together with Lemma 26 then yields

arl -
1 1—v(d—1 q+2
RLN?p(fDl’)\DQﬁ%) — RENQ,P < cppTa*2 - nt? (n v( )> (42)

with probability P™ not less than 1—e™", where ¢1g > 0 is a constant depending on d, 3, ¢, &s.
Next, we analyze R, p(fps,ap, WDQ) — R}, p- According to Theorem 5 we have on the

set F' the best possible variance bound # = 1 with constant V' := 2¢cr,cry, ‘. Then, for fixed
data set D; and

P =7+ In(1 +|A, x T, |7F]),

n

as well as n — 1 >n/4 forn >4, and [ := | 5] + 1, we find by (Steinwart and Christmann,
2008, Theorem 7.2) with probability P"~! not less than 1 — e~7 that

RLF,P(fDL)\DQ fYDQ) - REF,P (43)
. 2cr,0TE
<6 inf Ripp(fDiA~y) = RLpp |+ LC .
(A7) EARxT) ] AN

Then, Theorem 21 for s, =y, p € (0, %) and € > 0 yields

RipP(fDiA~y) = Ripp

d p p
Tn : 4, -2 _ T
<on () T+ (Tt ean ) ot T )

min; :
i€Tr 13/ jere jeTp

with probability P! not less than 1 — 3|A,, x T',y|/Fle=7 and for all (A, ) € APl TPl
simultaneously and some constant c¢jo > 0 depending on d,p and £. Again, Lemma 28 iii)
for all €5 > 0 yields

ot R —Ri 44
(>\7’7)6(15LIXF,L)UF\ LF,P(th)\,'y) Lp,P ( )

d
< inf C10 (Tn> Z )\jné
(AY)E(An xTy)I/FI miNje jp Vs :

JjeJF
18 g 1 T
_ 5 ‘ _
+ Z )\j ar Px(Aj) | n +7rCn
je€JF n

<eq (max{r;d, r;c} opTiE r;cn_l) ,
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where ¢11 > 0 is a constant depending on d and e3. By inserting (44) into (43) we find

RLF,P(fDl,)\DQ,—yDZ) - REF,P <45)
i 2cr,crl
<6 inf Ri.p(fD; a~) — RS + n
((A7’7)€(An><Fn)|JF| rPDixy) Lp,P n
In(1+ |A T |IJrFl
< ci2 max{rgd,r;C} opites L T;Cn—l + 7+ In(1 + |< n X Iy |1VF1)
RN
Jr|In(2|A, x T
< e (a6 199 o it 0 X T
RN
In(2|A, x T
< ci2 (max{r;d,r;C} .pTites 4 or . T‘gcn_l + My, In( |C n X n|)>
rRn

n r'n

<3 (max{r_d rn Y nTiE Lot 4

< c14 (max{r;djrgg} op 1t L or . Tgcn_1> ,

where €3 > 0 and where c¢3,c¢13,c14 > 0 are constants depending on d,e3 resp. d,€3. A
variable transformation in 7 then yields

Rep,p(fD1Apyp,) = Ripp < c1s7 - max{r,r, ¢} -n= 1+ (46)
with probability P™ not less than 1 —e™7, where c¢;5 > 0 is a constant depending on d and
- Finally, we compose (39), (42), (46) and insert these inequalities into (35). We obtain
with probability P™ not less than 1 — 3e™7 that

ReL;,P(fDiApyvp,) = RLyP
< Ry, P(fD1AD,vp,) = Riy, P+ Rin, P(fDiAD,vp,) = RLy,.P

+ RLF,P(fDl)\DQ ,’YDQ) - REF,P

_ g+l
< c16T <n_’3“(”+1)+§1 + n®2 (nl_”(d_l)) R max{r_d r_c} . n_1+‘§3>

n »r'n

< c16mn° <2n_’3“(”+1) + max{r; 4, r-¢}. n_1>

n »r'n

< cyprnt - p AR

where in the last step we applied Sr(r+1) < 1—vmax{d, {} analogously to the calculations
in the proof of Theorem 2, where € := max{é1,£2,£3} and where ¢4, c17 > 0 are constants
depending on d, 3,q and €. |

4.4 Oracle Inequalities and Learning rates on predefined sets

In this subsection, we state the theorems leading to the proof of our main result in Theorem
2. They show the individual oracle inequalities and learning rates on the sets defined in
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(10) resp. (15). We present first the general oracle inequality for localized SVMs on that
all results are based on and discuss some necessary results concerning entropy numbers of
localized Gaussian kernels. After that we decompose our analysis in the following way. We
derive in Section 4.4.1 bounds on the approximation error on our predefined sets. Then, in
Sections 4.4.2 and 4.4.3 we present the oracle inequalities and learning rates on the sets Ny
resp. Ny and F'.

Note that in this section, for some measure y we denote by Lo(u) the Lebesgue spaces
of order 2. We write Dx for the empirical measure w.r.t. the x-samples of D and we write
Px| 4 for restriction of the marginal distribution Px onto some set A C X.

Before we state a more general oracle inequality in the next theorem, we recall the
definition of so-called entropy numbers, see (Carl and Stephani, 1990) or (Steinwart and
Christmann, 2008, Definition A.5.26), which are necessary to measure the capacity of the
underlying RKHS. For normed spaces (E, || - ||g) and (F, || - ||r), as well as an integer ¢ > 1,
the i-th (dyadic) entropy number of a bounded, linear operator S : E — F is defined by

ei(S:E — F):=¢;(SBg,| - ||r)

21—1
= inf{e >0:3s1,...,89i-1 € SBg such that SBg C U (sj +5BF)} ,
j=1

where we use the convention inf () := oo, and Bg as well as Br denote the closed unit balls
in E and F', respectively.

Theorem 9 (Oracle Inequality for Localized SVMs) Let L : X x Y x R — [0,00)
be the hinge loss. Based on a partition (Aj)j=1,..m of Beg, where /Olj #+ () for every j €
{1,...,m}, we assume (H). Furthermore, for an arbitrary index set J C {1,...,m}, we
assume that for 0 € [0,1] to be the exponent of the variance bound (14) w.r.t. the loss L.
Assume that for fized n > 1 there exist constants p € (0,1) and ay > 0 such that

EDXNP)*}ei(id : HJ — LQ(DX)) <ay Z‘ii s 1>1. (47)

Finally, fix an fo € Hy with ||folleo < 1. Then, for all fired 7 > 0, A 1= (Al,..;,)\m) >0,
and a := max{ay,2} the localized SVM predictor given by (2) using Hy,...,H,, and Ly
satisfies

> Ailfo, sl + Ry p(foa) = R, p
jeJ

1 1
N a’P\ 2-p—0+6p 72Vr\2-9 307
<9 ZAJ'HlAjfollqu+RLJ,P(f0)—RLJ,p +C <n> +3< - > =
jed

with probability P™ not less than 1 — 3e™ 7, where C > 0 is a constant only depending on
p, V. 0.

Proof We apply (Eberts and Steinwart, 2015, Theorem 5). The hinge loss is Lipschitz
continuous and can be clipped at M = 1. Since ||follcc < 1 we have ||L o fy|looc < 2 such
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that By = 2. A look into the proof of (Eberts and Steinwart, 2015, Theorem 5) shows that
two things can be slightly modified. First, it suffices to assume to have average entropy
numbers of the form in (47). Second, it suffices to consider the individual RKHS-norms on
the local set J C {1,...,m} instead of the whole set J = {1,...,m}. By combining these
observations yields the result. |

We remark that the constant C' > 0 in Theorem 9 is exactly the constant from (Steinwart
and Christmann, 2008, Theorem 7.23). As the following two lemmata shows, we obtain a
bound of the form (47).

Lemma 10 Let A C Bya be such that A#0 and A C B.(2) withr >0,z € X. Let H,(A)

be the RKHS of the Gaussian kernel k, over A. Then, for all p € (0,%) there exists a
constant cq, > 0 such that for all v <r and i > 1 we have

ei(id : Hy(A) = La(Pxa)) < capV/ Px(A) -r%V*%fﬁ’
L (ai1) %
20 P
where ¢4, = (3¢q)2r (2—;}) .

Proof Following the lines of (Meister and Steinwart, 2016, Theorem 12) we consider the
commutative diagram

H,(A) d Lo(Px|4)
Ig: ol id
H,(B,) - loo(By)

where the extension operator I4 : H,(A) — H,(RY) and the restriction operator Ijgrl :
H,(RY) — H.,(B,), defined in (Steinwart and Christmann, 2008, Theorem 4.37), are iso-
metric isomorphisms such that ||I]_§T1 olyg:Hy(A) — Hy(B,)|| = 1. According to (Steinwart
and Christmann, 2008, (A.38) and (A.39)) we then have

ei(id : Hy(A) — La2(Px|a))
< HIE} ola: Hy(A) = Hy(By)| - ei(id : Hy(B;) = bo(By)) - [[id : loo(Br) — La(Pxa)lls
(48)

where we find for f € {(B;) that
1id : Lo (Br) = La(Pxja)ll < [[flleo v/ Px (A) (49)
since

s = (/. 1,4@/:)\f(acﬂ%zPX(ac))é <Iflle- (], 1A<x>dpx<x>)% < 1 flloev/Px(A).
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Furthermore, by (Steinwart and Christmann, 2008, (A.38) and (A.39)) and (Farooq and
Steinwart, 2019, Theorem 5) we obtain

d d 1

e;(id : Hy(B,) = loo(By)) < ei(id : H2 (17 'B) = Loo(r™'B)) < cqp -2y 20i 2, (50)

da+1

where ¢q,, = (3cd)ﬁ (%) " Plugging (49) and (50) into (48) yields

d d 1

ei(id : H,Y(A) — LQ(PX|A)) < Cd,p Px(A) -T2y 2pq 2p,

r >0,z € Bﬁg for every j € {1,...,m}, we assume (H). Then, for all p € (O,%) there
exists a constant cqp, > 0 such that for all v; <r and i > 1 we have

d 2
1 d 1 — L .
ei(id : Hy — La(Dx)) < éqp|J|2Pr2e § Aty PDx(4y) | i, i>1,
jeJ

and, for the average entropy numbers we have

14 1 L ,
Epy~pypei(id: Hy = Ly(Dx)) < éapld|2r2e | Y A1y, " Px(4;) | i, i>1.
jeJ

d+1>?

1
The proof shows that the constant is given by ¢qp = 2 (91n(4)cq)2» <2ep

d

d —
Proof We define a; := cqp+/Dx(4;) - 1%, °? . By Lemma 10 we have

1

ei(id : H’yj (AJ) — LQ(DX|AJ.)) < aji_ﬁ

for j € J,i > 1. Following the lines of the proof of (Meister and Steinwart, 2016, Theo-
rem 11) we find that

eiid : Hy — Ly(Dx)) < 2|J]2 | 3In(4) 3" A;%a® | i%.
JjeJ
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By inserting a; and by applying || - H?\J\ < |J)tP| - ||§|J| we obtain
P 1

1

2p

ei(id : Hy — Ly(Dx)) < 2|J]3 | 3In(4) SN 7a® | iz

jeJ
1
1 1 4 —d\?2P > 1
oG [ A (Cd,p\/Dxmj) rE; ) i*
JjeJ
1
d p 2
_ AR LI 1.7 p 55
= c4p2(31n(4))2 | J|2 72 Z(Aj v; DX(AJ')> ir

jeJ

_ 1 4, 1-p 4 -4 A
< Capl|J[2rew|J| 2 Z)‘j 1’Yj "Dx(4;) | i
jed

2
1

1 d _d
= Cap|J[2Pr2 ZA]-_I’Yj "Dx(4;) | 1%,
jedJ
1
where ¢q, 1= ¢q2(31n(4))? and cq, is the constant from Lemma 10. Finally, by consider-
ing the above inequality in expectation yields

) >
1 d 1 5 L
EDXNP;;ei(id : Hy — Ly(Dx)) < Ed7p|J|2PT2P Z)\j 1’}’]- pEDXNPg}DX(Aj) (A
JjeJ

[V

1 a 4 -4 1
< GaplTPree | D A7 "Px(4y) | i

jeJ
[ |
4.4.1 BOUNDS ON APPROXIMATION ERROR
We define for an fj : X — R the function
AP =3 AilILa,follf, + Ry (fo) = R, p- (51)

jeJ
Recall that we aim to find an fo € H such that both, the norm and the approximation error
in AE,V) (A) are small. We show in the following that a suitable choice for fy is a function

that is constructed by convolutions of some f € L2(RY) with the function K, : R¢ — R,
defined by

2\ _oyreg
K, (z) = 17 e 2, (52)
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Note that K« f(z) = (~(x), f) 1, ra) for 2 € RY, where @ is a feature map of a Gaussian
kernel (see Steinwart and Christmann, 2008, Lemma 4.45). The following lemma shows
that a restriction of the convolution is contained in a local RKHS and that we control the
individual RKHS norms in (51).

Lemma 12 (Convolution) Let A C B,(z) for some r > 0,z € By. Furthermore, let

H.,(A) be the RKHS of the Gaussian kernel k. over A with v > 0 and let the function

K, : R? — R by defined as in (52). Moreover, for p > r define the function e R? = R by
(@) = (m7?) " 1p,0 (@) - f(2),

where f : RY — R is some function with [flloe < 1. Then, we have | K~ * f£]loo < 1 and

14(K, * f§) € Hy(A) with

2 d/2
2
L4l x DIy < (25) voluB).
Proof Obviously, ff € Ly(R?) such that we find
150y = [, 17 L @) Pl
<@ [ )P

— @) [ 1w (53)
Bp(z)

= (m7%) 2 vola(B,(2))
2\ d/2
- (’)2> vola(B).

™y
Since the map K., * - : Lo(RY) — H,(A) given by

o N\ 42 .

is a metric surjection (see Steinwart and Christmann, 2008, Proposition 4.46), we find
15y * £y < 121 ey (54)
Next, Young’s inequality (see Steinwart and Christmann, 2008, Theorem A.5.23) yields
9 \ /2 ) 9 \ /2 .
Ko Bl = (22) Iy x APl < (25) Bl <t 69
Hence, with (54) and (53) we find

2\ d/2
0
LAl = DIy = 105 = 220 B < 120 ey < (L) vola()
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In order to bound the excess risks in (51) over the sets Ny, No and F' we apply Zhang’s
equality given by

Re,p(fo) — Ry, p= / fo— fi pll2n—1ldPy (56)

jEJAJ'

(see Steinwart and Christmann, 2008, Theorem 2.31). We begin with an analysis on the
set N1, whose cells have no intersection with the decision boundary. For such cells the
subsequent lemma presents a suitable function fy and its difference to f;_  p that occurs

n (56). In particular, the function fo is a convolution of K. with 21 — 1 since we have

fL p(®) =2n(r) — 1 for x € A; with j € J}, as mentioned in Section 3.2.

Lemma 13 (Convolution on N; and its difference to ;) Let the assumptions of
Lemma 12 be satisfied with AN X, # 0 and AN X_1 # 0. We define the function
fg” ‘RY SR by

class P

£ (@) = (m7*) " 1p (naux ) (@) sign(2n(z) = 1). (57)

Then, we find for all x € A that
2 oo
K 3r _p¥ < 7ttd/271 dt
‘ Y * f’y (CU) fLClass,P(x” — F(d/Q) /AQ x)'y € )

where K is the function defined in (52).
Proof Let us consider w.l.o.g. x € AN X;. Then,

Ay(z) = jelI)l(f |z — Z|2 < diam(B,(z)) = 2r. (58)

Next, we denote by B the open ball and show that éAn(z) (x) C Bsy(2) N X;. For 2’ €
§A7](w)(x) we have ||z’ — z|j2 < A,(x) such that 2/ € X;. Furthermore, (58) yields ||z' —
zilla < ||z’ — z|]2 + [|# — 2j]]2 < Ay(x) + r < 2r + 7 = 3r and hence 2’ € Bs,.(2). We find

o N2 e ) ‘
K+ £ () = <1/2) /R e I () ) (sien (20(y) — 1) dy

d/2
92|y |2 .
27 =l lB3r(z)ﬁ(X1UX71)(y)Slgn (277(3/) - 1) dy

d/2
) o2l gy, / =27 le=yl3 gy
ny B3r( )ﬂX1 B3T‘(Z)QX—1
/2
2) ( =22 lle—vl3 gy, _ / ﬂ“llx—ylgdy)
Bay (@) (@) RA\BA, (2) (7)

s
d/2
2 (2> e~ lle—vllz gy 1.
7 BA',](L)( )
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Since f _ p(z) =1 we obtain by Lemma 12 for p = 3r and f=1x,ux_, sign(2n—1), and
by Lemma 27 that

Ky * f27 () = ff . p(a)] = |Kyx f37 (z) — 1
=1-K,x f,:;”"(m)

2 \%? a2
<9_9 <2> / =2 2la=vl g
™ BAW(Z)(x)

—92_ e td/2-1 g (59)
I'(d/2) Jo

0o 2A2 (z)y—2
__2 / e 2 g — / e e 421 gt
L'(d/2) \ Jo 0

2 /OO —t,d/2-1
= = et dt.
F(d/2) 202 (z)y—2

The case x € AN Xy is clear and for x € AN X_; the calculation yields the same inequality,
hence (59) holds for all z € A. [ |

Under the assumption that P has some MNE § we immediately obtain in the next
theorem a bound on the approximation error on the set NVj.

Theorem 14 (Approximation Error on Ny) Let (A) and (H) be satisfied and let P
have MNE 8 € (0,00]. Define the set of indices

J = {] € {1,...'m}]AjﬂX1 ?é(b andAjﬁX_l %@}
and the function fo: X — R by
for=> 14, (Kyj * fi’f) ;
Jj€J
where the functions K. and f:?: are defined in (52) and (57). Then, fo € Hy and || follco < 1.
Moreover, there exist constants cq,cqp > 0 such that

AP < eq- >

jes Vi

+ C smax-y. .
d.p jeJ 7

d
Ajr
d

Proof By Lemma 12 for p = 3r and f =1 X ux_, sign(2n — 1) we have immediately that
fo € Hy as well as || folloo = | K~ * f27[|oo < 1. Moreover, Lemma 12 yields

Do Nlta follfy = Do Ml (K = S5 < e

jet jeJ jes Vi

.d
Ajr
d

for some constant c¢q > 0. Next, we bound the excess risk of fy. To this end, we fix w.l.o.g.
an x € A; N X, and find

Ay(x) = :fElI}l{f 1 |z — Zz||o < diam(B,(z)) = 2r
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such that A; C {A,(z) < 2r} for every j € J. Together with Zhang’s equality (see Steinwart
and Christmann, 2008, Theorem 2.31), and Lemma 13 we then obtain

Re,,p(fo) — R*LJ,P
- Z/A (K, % f30) (@) = f7 o p(@)]20(2) — 1| dPx (2)

jedJ

2 / /OO —tyd/2—1
< — e 't dt|2n(z) — 1|dPx ()
F(d/2) ]EZJ Aj 2A%(w)’y{2

2 00 - -
~ I(d/2) Z/ / L2 (a)y 2 00 (e 271 dt]20(2) — 1] dPx ()
jeJ Aj 0 J

- F(5/2) Z/A /000 Ly /73y B (@)™ Y2 dt 27 () — 1] dPx (x)
JjeJ J

=1 ) 2, o Bl n) — P et
jeg A

2 o0
1 A, (z))12n(2) — 1|dPx (x)e Y2 L at
Dy e T o) 1101

77
F(d/ ) 0 {An(z)<min{2r,\/7 i/QVmax}} ’

IN

IN

(z) — 1|dPx (z)e” 1% dt.

Next, a simple calculation shows that

ift> 87“27;13)(,

2r
min § 2r, 1/t/2 max} = '
{ /2 {\/t/i2fymax, if else.
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B/2
and that 1 < (7578?#&;() for t > 8r?y,2,. Finally, the definition of the margin-noise
exponent [ yields

Ri,.p(fo) = RL,p

2
<

F(d/2)/0 AAn(x)gmin{2T,mVrrlax}}
2C§4NE RV B tdje—1
r(d/g)/D (min{2r, Vi 20m}) e 42

2N 87 mix g (1 o d/2—1 > B —t,d/2—1
= — T dt 2 Y T dt
sl e(3) 2

2 (Vo (S (d+8)/2-1 g [ t,d/2—1
—ty Lt + (2 —tyd/2=1
I'(d/2) \ 28/ /0 ‘ ) /8r2'ym§x ‘

2C§/INE ’Yﬁ 81“27;3,( . 72 B/2 0o
max —ty(d+8)/2-1 gy | (oA [ Jmax / —ty(d+8)/2-1 g
T(d/2) \ 2772 / ‘ S o,

265 B 87’27;3,( 00
_ 2CMNE Ymax / ett(d+5)/21dt+/ oty dHB)/2-1 g
I'(d/2) 25/2 \ Jo 8r2ym2,

2V G DA+ B)/2) 4
- F(d/Q) ’Ymax'

12 — 1|dPxe 42 dt

IN

IN

IN

In the next step we develop bounds on the approximation error on sets that have no
intersection with the decision boundary, that is, Ny and F'. Recall that we apply (56) and
again, the subsequent lemma presents a suitable function fo and its difference to f7  p
that occurs in (56). Note that on those sets we have f7 ~ p(z) = 1for x € A; with j € Jg,
or j € Ji and hence, we we choose a function fo € H; that is a convolution of K., defined
in (52), with a constant function that we have to cut off to ensure that it is an element
of Ly(R%). Unfortunately, we will always make an error on such cells since (Steinwart and
Christmann, 2008, Corollary 4.44) shows that Gaussian RKHSs on an open ball do not
contain constant functions. In order to make the convoluted function as flat as possible on
a cell, we choose the radius w, of the ball on which f is a constant arbitrary large, that is
w4 > r. We remark that although the radius is arbitrary large we receive by convolution a
function that is still contained in a local RKHS over a cell A;.

Lemma 15 (Difference to fi....p on cells in Ny or F) Let the assumptions of Lemma
12 be satisfied with ANX; =0 or ANX_1 =0. For w_ > 0 we define wy :=w_ +r and
the function fy* :RY — R by

(60)

for(z) == {(TWQ)—dM . 1Bw+(z)ﬂ(X1UXo)(fU)y ifz e AN (X, U Xp),
gl =

(—1) - (my?) 4/ 1p,, (:nx_, (@), else.
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Then, we find for all x € A that

1 [e.9]
X . e < —t,d/2—1
’( v * f'y )(.’L') chlassvp(x)‘ - F(d/2) /(w)22,y—2 ¢t dt’

where K., is the function defined in (52).

Proof We assume w.l.o.g. that € AN (X; U Xg) and show in a first step that B,_(x) C
B, (). To this end, consider an 2’ € B,,_(z). Since A C B,(z) we find

2" = zll2 < ll2" — @lla + [l2 = 2lls <w-+r=wy
and hence, 2’ € B,,, (z). Next, we obtain with Lemma 27 that

3 2 N\ e e o
K, * fw+(x) - (771/27) /Rde 277z y||2(7w2) d/4 1Bw+(z) dy

/2
_ <2> / o2 2la-ul3 g
T2 Bu, (2)

/2
> ( 22> / 2 2lla=vl3 g
™y Bu_ (z)

w_)2y—2
= 1/2( " e /21 gt
I'(d/2) Jo

Since fzdass7p(:n) = 1, we finally obtain with Lemma 12 for p = w, and f := 1x,ux, that

(Ko £99)(@) = ff o p(@)] = [(Ky 5 £25) (@) — 1]
=1 (K, * ) (2)

1 2(w-)?y?
<1-— —t d/2—1
< T(d)2) /0 e 't dt
1 > —t,d/2—1
= T2 /2(w_)27_2 e 't dt.

For z € AN X_; the latter calculations yields with f := 1x_, the same results and hence,
the latter inequality holds for all z € A. |

In the next theorem we state bounds on the approximation error over the sets F' and
Ns. We obtain directly a bound for the set F', however, to obtain a bound on N» we need
the additional assumption that P has MNE £.

Theorem 16 (Approximation Error on F' and N;) Let (A) and (H) be satisfied and
define the set of indices

J::{je{l,...m}|Aij1:®or AjﬂX_1:®}.
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For some w_ > 0 define wy := w— +1r > 0 and let the function f«, for every j € J be
defined as in (60). Moreover, define the function fo: X — R by

fo:= U 1y, (va * ,‘;;Jr) .
jeJ

Then, fo € Hy and || follso < 1. Furthermore, for all £ > 0 there exist constants cq,cq¢ > 0
such that

d
J<e SN ( +.> L ene (maXy€J7J> S Py(4,
jeJ jedJ
In addition, if P has MNE /3 € (0,00] and we have A; C {A,(x) < s} for every j € J, then

2
max; 1
N <ea N < +> + Cag (W) (ennE - )°

jeJ -

Proof By Lemma 12 with p = wy and f = 1x,ux, resp. f := 1x_, we have immediately
fo€ Hy and || folloo = | K5, * f5, loo < 1. Moreover, Lemma 12 yields

D Aillta ol =D Ajllta, (B, = 0I5 <ca- D N ( >

jeJ jeJ jeJ

for some constant ¢; > 0. Next, we bound the excess risk of fo. We find by applying Zhang’s
equality (e.g., Steinwart and Christmann, 2008, Theorem 2.31), Lemma 15 and (Steinwart
and Christmann, 2008, Lemma A.1.1) for some arbitrary £ > 0 that

Ri,plfo) —Ri,p=3 / Koy 12 — [, pl2n — 1]dPy

jeJ

<X, T o A

1 oo
< e tpd/2-1 Z/ .
N F(d/2) /20.) )2ym2 ¢ dt |2n 1|dPX

=) max JjeJ
d/2,2(w_)%vy;2
< ( / d/2 ’Vmax Z/ ‘277 _ 1|dPX
270(d/2 + €) ( Ymax
=TT ( > 2 Pxl4,

JjeJ

If in addition P has MNE 3 and A; C {A, < s} for every j € J we modify the previous
calculation of the excess risk. Then, we obtain again with Zhang’s equality, Lemma 15 and
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IMPROVED CLASSIFICATION RATES FOR LOCALIZED SVMS

(Steinwart and Christmann, 2008, Lemma A.1.1) for some arbitrary £ > 0 that

RLJ’ (fo RLJ P= Z/ d/2 /w )22'\/—2 _ttd/Z_ldt|2n B 1|dPX

1 /OO o—tyd/2-1 /
< t dt 2n — 1|dPx
TG Jo i sy
el (072, (¢ o »
I'(d/2)

chnp2 T(d/2 + €) <wmax> % 5
- I'(d/2) w_ '

By combining the results for the norm and the excess risk yields finally the bounds on the
respective approximation error. |

Both bounds in the theorem above depend on the parameter £ > 0. However, we will
observe in the theorems in Section 4.4.3, which state the corresponding oracle inequalities,
that by setting w_ appropriately this £ will not have an influence any more.

4.4.2 ORACLE INEQUALITIES AND LEARNING RATES ON Vg

Based on the the general oracle inequality in Section 9 and the results from the previous
section we establish in this section an oracle inequality on the set N; and derive learning
rates.

Theorem 17 (Oracle Inequality on N;) Let P have MNE (3 € (0,00] and NE q € [0, 0]
and let (G) and (H) be satisfied. Moreover, let (A) be satisfied for some r := n™" with
v > 0 and define the set of indices

J::{je{l,...,m}WxEAj: Px(AjﬁX1)>Oandpx(Aij_1)>0}.

Let 7 > 1 be fized and define n* := ((;i*) Then, for all p € (0,3), n > n*, X =

1
A,y Am) € (0,00)™ and v := (1, -+, Ym) € (0,7]™ the SVM given in (2) satisfies

Rer,p(foAa~) —RL, P

p(g+1)
Ajrd 8 = e ™ &3
oo . +2
< 9cqp Z = + ax; + Cdpq (5) qp Z A 7 pPX(A ) + Cpa (ﬁ) q
jeJ 7 jed
(61)

with probability P™ not less than 1—3e™" and for some constants cqg,cqpq > 0 and cpq > 0
only depending on d, B, p,q

Proof We apply the generic oracle inequality given in Theorem 9 and bound first of all
the contained constant a?” . To this end, we remark that an analogous calculation as in the
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proof of Theorem 14 shows that A; C {A, < 2r} for every j € J. Since

4\ 7
n > <(5*> o 4r < 6
we obtain by Lemma 26 for t = 2r that
|| < eprdtL, (62)

where ¢ is a positive constant only depending on d. Together with Lemma 11 we then find
that

1 2p
1 d _d g
a* = max { éq,p|J|2P 12> Z)\j_lfyj "Px(A;) ] ,2
jedJ
P
<el Tt 3o ATy, pPX |+
jeJ
. P
< cléffp - Z )\j_lfy;;PX(Aj) + 47,
JjeJ
d+1
where cq, = 2c¢1(91In(4)cq)?? (‘é‘;}) »_ Moreover, (Steinwart and Christmann, 2008,
9
Lemma 8.24) delivers a variance bound for 0 = q_‘;”_l and constant V := 6¢i;. We de-

note by AS7)(A) the approximation error, defined in (51). Then, we have by Theorem 9
with 7 > 1 that

Rer,p(fpDA~) —RL, P

+1 1
a2\ Ter 4327 307
<A )+ () nef ()

n
d ? i 1 i1
_a __9q 9+2
< QASY)()\) +Cpg cléflpp o Z )\j_lfyj "Px(Aj) | +4° -n at2r 4 ¢ (Z) e
jeJ n
p$12+1)
atl _d e (¢+1) +1 a1
= 9AS7)(A) + Cdpq (7") B Z )\;1% " Px(4;) +¢p, qllgf2 NG q (T> "
n = n
p(g+1)
- N L d at2op eS|
12— 1 5 ~ +2
< 9AJ7 (A) + Capg (n) e Z)‘j 17j " Px(4;) t Cpyg (;) !
jeJ

holds with probability P™ not less than 1 — 3e™" and with positive constants cq, 4 =

~2p \ at+2—p qfqz ﬂ; ~ p(qjl) .
Cp,q <610dp> , Cg '= 2max § 3cyp432972,30 » and ¢4 = 2max § ¢pgd9t2P,cq 0. Fi-
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nally, Theorem 14 yields for the approximation error the bound

A () < A 8
P < [ S8 4 maxat |
jeJ Vj i&s

where ca > 0 is a constant depending on d and . By plugging this into the oracle inequality
above yields the result. |

Theorem 18 (Learning Rates on Nj) Let the assumptions of Theorem 17 be satisfied
with m,, and with

v

Th N,
")/n7j = ,rgnilg’ (63)
)\n,j ~ n*U,
forall j € {1,...,my}. Moreover, define k := Wﬁl(qﬂ) and let
K
< 64
V= 11—k (64)

and o > 1 be satisfied. Then, for all € > 0 there exists a constant cgqc 4,4 > 0 such that
for Ap = Mty s Am,) € (0,00)™, and v, == (Yn1s-- s Ynmn) € (0,7]™, and all n
sufficiently large we have with probability P™ not less than 1 — 3e™" that

~ gq+1
RLJ,P(fD,An,'yn) RLJ P S CBdeagg T2 T

gﬁn*BNJrs'

In particular, the proof shows that one can even choose 0 > k(B +d)(v+1) —v > 0.

Proof We write A, :=n"? and 7, :=rin~". As in the proof of Theorem 17 we find
|J’ < Cd?";d+1

for some constant ¢y > 0. Together with Theorem 17 we then obtain that

Re,p(fDAnr,) — R, P

p(q2+l)
+_
< /\n,jrd B q+2 P A pP m T %
<o | X2 rmal+ ()7 | XA |+ ()
jeJ ) jeJ
pf;rl)
\,rd ro\ —d e 7\ &1
<o |2 4+ (27 (A o pxay |+ (5)
Tn n - n
jeJ
d 1-2;-1 +1
—DP.— g+2—p q+1
<oy [2n oy op oy (A T (D)™
ol n n
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holds with probability P™ not less than 1 — 3e™7 and for some positive constant cq,co
depending on f,d, p and q. Moreover, with (63), 0 > k(8+d)(v+ 1) — v and (=dr)(g+1) _

q+2
B(g+2) 41
(W) h = fkx we find

Rei,; P(fDAn~,) — RL, P

q+1
An? TpAn Py -4\ 7P ™ &5
,:L/dn + 75 + <nn'7n> + (f> a+2

n n

<c

n”(5+d)(V+1)— n

n" Br. —8 r\ S T\ 2

K, —Bk n - € r

nrB+d)(v+1)—vp—vdky —dk T + (n) n°+ (TL)
< (1—dr)(g+1) g+1

n Vﬁnn—ﬁli+r£ﬁn—ﬂn+ (@) q+2 nt + (T>q+2>

1—dr %1 ( ) gt+1

r _ rt- q+2-p __ plgtl T\ 7705

=C2 - v + rPrpBR 4 ( & > (n=7) a2 + <f) a+2
n

n

g+l g+l

where p is chosen sufficiently small such that ¢ > > 0 and where the constants

po(g+1)
q+2
c3,¢4,¢5 > 0 depend on (,d,e,0 and gq. [ |

4.4.3 ORACLE INEQUALITIES AND LEARNING RATES ON No, F

Based on the the general oracle inequality in Section 9 and the results from the previous
section we establish in this section an oracle inequality on the set No and F'. Moreover, we
derive learning rates.

Theorem 19 (Oracle inequality on N;) Let P have MNE 8 € (0,00] and NE q € [0, 00|
and let (G) and (H) be satisfied. Moreover, let (A) be satisfied for some r := n~" with
v > 0. Define for s :=n" with a > 0 and o < v the set of indices

J={je{l,....m}|Ve e Aj: Ay(x) <3s and Px(A;NX1) =0 or Px(A;NX_1)=0}.

1
Let 7 > 1 be fixed and define n* = (4_15*)_5. Then, for alle > 0, p € (
A= (A1, Am) € (0,00)™, and v := (V1,...,Ym) € (0,7]™ the SVM given i

3), n > n*,
n (2) satisfies
Ri,p(foay) =R, p

p(g+1)

dpeq T g1 q ok JINES |
2— — 5 2
< (mlﬁ = > E :)‘ + Cdpyq ( )q+ ’ E )‘j I'Yj " Px(4;) t CdBepg <;> "
i€ i jed jeJ
(65)
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with probability P™ not less than 1—3e™" and with constants cqg.c q,Cdpq > 0 and cqgepq >
0.

Proof We apply the generic oracle inequality given in Theorem 9 and bound first of all
the contained constant a?? .To this end, we remark that we find with a < v that

_1
(4715*) o <n = F>An T >3n Y+ n YV =3s+r
such that we obtain by Lemma 26 for ¢ = 3s that
|J| < ey -sr79, (66)

where ¢ is a positive constant only depending on d. Together with Lemma 11 we then find
for the constant a®? from Theorem 9 that

1 2p
2

1 d _d
a*? = max { éq,p|J|2P 12> Z)\;Hj "Px(Aj) ]| ,2

JjeJ
p
da
~2 d 1 ~>p
<l It [ ONTy TPx(4)) | + 4P
JjeJ
p p
§cléffp-s ZAJ-_I"}/;EP)((AJ‘) + 4P
JjeJ
d+1

L dt1

where cq,, := 2¢1 (91n(4)cq) 2 (‘éj;) 7. Again, (Steinwart and Christmann, 2008, Lemma 8.24)
9

yields a variance bound for § = %5 and constant V := 6¢}/;;. We denote by AS‘Y)()\) the

approximation error, defined in (51), and find by Theorem 9 with 7 > 1 that

Rer,p(foAa~) —RL, P

- QP\TTT o (4397\ 62 307
<OAP N+ (5) 7 w3k (0) T 4
n n

n
p q-?-;ip
<A N) + cpy |1 - s ZATl’y-ﬁ%Px(A') +47 A e (T)gié
— J P9 d,p = 7 g J q n
p$12+1)
g\ 4L ., —d e p(a+1) _ g+l 7\ &5
<A (N) + capg (ﬁ) T DoAYy T Px(4)) +opgdrtir w4 (H) "
jeJ
p(g+1)
() S qj-;ip 1 -4 e T %
<9AS(A) + capq <H) Z)\j v " Px(4;) + Cpgq (ﬁ)
jeJ
(67)
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holds with probability P™ not less than 1 — 3e™" and with positive constants cgp 4 =

op \ 7t A afl ~ plat1)
Cp,q <010d7p) , Cq = 2max { 3cyp4329t2,30 5 and ¢4 = 2max ¢y 47t27P, ¢y
q+1 .
nally, Theorem 16 for w_ := ymaxn 2@+ | where £ > 0, and w4 := w_ + r, yields

A < e

w d ~ 2¢
<o ( +> ij+< max) o
“Ymin 5 w—
jeJ
q+1 d
n2¢(a+2) 4 ¢ _gtl
— CQ ’Vmax )\j _|_n q+2 SIB
“Ymin ier
d
d(q+1) +1
<csg nzﬁ(qtﬁ-?) 7’7max +r Z i + n_%sﬁ
o “Ymin - J
jeJ
<c | n i+ n at2g
Ymin X J

b

where in the last step that we applied ymax < r, and where we picked an arbitrary € > 0

d(q+1)

and chose £ sufficiently large such that ¢ > 2E(q+2)

> (0. The constants c2,c3 > 0 only

depend on d, 8 and &, whereas ¢4 > 0 depends only on d, 5,¢ and ¢. By plugging this into

the oracle inequality above yields

Rer,p(foa~) —RL, P

d
r _g+1
< 9¢y n€< : > Z)\j—}—n ar2 gb
“Ymin Py
p(g+1)
s a+1 d q+2—p - q+1
q+2—p -1 " p . ~ q+2
+ Cdp,q (;) Z)‘j 7 Px(4;) t Cpyg (ﬁ)
jed
p(g+1)
r d s g+1 d q+2—p
e q+2—p —-1_"p
<o () S0 ean (2) 7 [ LA Pl
mns ey jed
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Theorem 20 (Learning Rates on Ny) Let the assumption of Theorem 19 be satisfied
for my, s ~ s, and

T ~n" Y,

rYTL,j = Tn, (69)

>\n,j ~n 9

with some 0 > 1 and 1 + « —vd > 0, and for all j € {1,...,my,}. Then, for alle > 0
there exists a constant cgdeoq > 0 such that for Ap == (An1,..., Aam,) € (0,00)™, and
Yo = (Y15 Ynmn) € (0,75]™, and all n sufficiently large we have with probability P™
not less than 1 — 3e™" that

g+l

- q+1 S a+t2 g+l
* 92 n f—l-s
Rer; P(fDAA,) = RL, P < CodeoqT " (rd> n”at2
n

Proof We write A, := n~? and =, := r,. By Theorem 19, Lemma 26 and (69) we find
with probability P™ not less than 1 — 3e™7 that

Ri,; p(fDAA,) — RL, P

p(a+1)
s q+1 q+2—p - q+1
n +2— q+2
<c ( > Z)\,]n +( )q P 2:)\737in){ ) _‘_(5)
“Ymin Py
- p(q;rl)
q q+2—p 41
<o | [t + d) ML ST Py(4y) + (ﬁ>
a+1
e = (g+1) g+1
e SpAnN N Sp ) 72 ”)\;Zf%p . (Z) otz
- rd rdn n
e 2 ol o
SpT S q po(g+ T\ o2
<o ZGJr Tn n ati-p +(*)q
rén ré n
q+1
€ o) g+l
Spn S a2 4 T\ 952
<e | o+ | o= n€+<—)“
rén réd n
g+l
at1 Sp | 912 _atl
< c47-q+2n — +n a2
rén
g+l
atl (s at2 g+l
< csTat? (Z) narzte
TTZ
0(q+1)

where we chose p sufficiently small such that e > 2 o 0. The constants cy,cy > 0 de-
pend only on d, 3, ¢, p and ¢, whereas the constants cs, 04, c5 > 0dependond, 3,¢,0 and ¢. &
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Theorem 21 (Oracle Inequality on F') Let P have LC { € [0,00) and let (G) and
(H) be satisfied. Moreover, let (A) be satisfied for some r := n~" with v > 0. Define for
s:=n"% with o > 0 and a < v the set of indices

Ji={je{l,....m}|Ve € A; : Ay(z) > s }.

Furthermore, let 7 > 1 be fized. Then, for all e > 0, p € (0, %), n>1, A:=(A1,...,A\m) €
(0,00)™, and v := (Y1, .. .,Ym) € (0,7]™ the SVM given in (2) satisfies

Rer,p(foa~r) —RL, P
p

Cd7€ T (70)

d d
_ - = _ T
< <> nez)\j + Cdp Z)\j 1’7]- pPX(Aj) n~! + Cdep- ST

e jer jel "
with probability P™ not less than 1 — 3e™" and some constants cqe, Cpq,Cdep > 0.

Proof We apply the generic oracle inequality given in Theorem 9. To this end, we find for
the contained constant a?” with Lemma 10 and (4) that

2p

N[

1 d _d
a*? = max { éqp|J|2P 72> Z)\j_lfyj "Px(A;) ] ,2
JjeJ

_d
<@Lt [ SN T Px(ay) |+ (71)

where ¢; > 0 is a constant depending on d. According to Lemma 5 we have variance bound
6 = 1 and constant V := 2¢p,cs~¢. We denote by A('Y)(}\) the approximation error, defined
in (51), and obtain by Theorem 9 together with (71) with probability P™ not less than
1 —3e™7 that

Rei,; . p(fDAA,) — RL, P
2r 432cr07 307
el

<94AD(\) + & 'na

sSn n
d ! 4P 432 30
_ _q -2 . c cLeT T
< QASW)(A) + cpclc?l?p Z)\j 1')/]- "Px(A;) | nt+ pn + SC;C + - (72)
J€J
p
™) 1 -1, 4 T
<9A;7(A) +cap Z)‘j 7 "Px(A;) | n + .

jed
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for some constants cgp,¢, > 0. For the approximation error Theorem 16 with w_ :=

1
Ymax 26, where & > 0, and w4 1= w_ + r, yields

o\ 4 y 2%
ASY)(A)SCQ _Z/\j <+> +C4.<:1ax> Px(F)
jeJ i -
o \ 4 - 2
< ( +> SN e (maX>
Ymin 5 w—
jeJ
1 d
2¢
= ¢ (7“;’“‘7 +7r. ) SN +nt
min min .
jeJ
r d
=c3|n° Ni+nt],
3 <7min) Z J
JjeJ

where we applied in the last step that vpna.x < 7 and where we fixed an € and chose &
sufficiently large such that ¢ > 2% > 0. The constants ¢ > 0 and c3 > 0 only depend on
d, € resp. d,e. By combining the results above we have

Re,,p(foAn~,) — RL,.p

d g P
<9c3 | n° ( T. ) Z Aj+nTt ] +eap Z )\j_lfyj PPx(A;) | nt+ ép%
Tmin /5T = s
P
r \¢ —d T
< 9¢3n® < > Z Aj+cap Z )\j_lyj " Px(A)) nl+ Ca
Jmin /2T jel s
for some constant ¢4 > 0 depending on d, ¢ and p. |

Theorem 22 (Learning Rate on F) Let the assumptions of Theorem 21 be satisfied for
My, S = S, and with

rn=n ",

’ynd' >~ T (73)

~ O
)\n,j =n -,

forallj € {1,...,my} and with max{vd,al} < 1 and o > 1. Then, for alle > 0 there exists
a constant cqe » > 0 such that for Ay == (An1, ..., Apmy,) >0, and v, == (Y1, s Yamn) €
(0,7,)™, and all n > 1 we have with probability P™ not less than 1 — 3e™" that

Rer,; P(fDAnA,) — R*LJ,P < CheoT - max{r;d, s;c}n*HE.
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Proof We write A\, := n~? and =, := r,. Then, we obtain by Theorem 21 and (73) with
probability P™ not less than 1 — 3e™7 that

p
~ T
R, p(foany) —Rp,p<a [ n ( > An,j + Ai A | nt+ —
J Js mln]e],y] JGZI ng;] n,J n] s%n
p

-

< co n€|J|)\n+)\;p7‘;d ZPX(AJ) n_l—I-T

jeJ SnT

< coT (r;dnﬂ”g + n"pr;dnfl + S;qu)
< c37T (r,;dn_l"'s + ner Iy s, —¢ _1)
< car (2r—dn—1+a 4 S;%—l)

< eyt - max{r s_C}n_lJrg

n 'en

where p is chosen sufficiently small such that € > po > 0 and where the constants ¢1,co > 0
depend only on d, e, p and the constants c3,cq4 > 0 only on d, ¢, 0. |
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Appendix A.

In this appendix we state some results on margin conditions.
Lemma 23 (Reverse Holder yields lower control) Let (X,d) be a metric space and
P be a probability measure on X x {—1,1} with fized version n: X — [0, 1] of its posterior

probability. Assume that Xo = 0xX1 = 0xX_1. If n is reverse Hélder-continuous with
exponent p € (0,1], that is, if there exists a constant ¢ > 0 such that

(@) —n(@)| =z c-d(z,2")’,  =z,2"€X,
then, A, controls the noise from below by the exponent p.

Proof We fix w.l.o.g. an x € X_;. By the reverse Holder continuity we obtain

cAl(z) = ¢ inf (d(z,%))” < inf [n(z) —n(Z)| < inf n(z) —n(z).

TeX1 TeX1 zeX1
Since n(Z) > 1/2 for all & € X7, we find by continuity of n and 0X; = X that infzex, 7(Z) =
1/2. Thus,
~1
Ag(x) < (2¢)7 (1 —2n(x)).

Obviously, the last inequality is immediately satisfied for x € Xy and for x € X; the
calculation is similar. Hence, A, controls the noise by the exponent p from below, that is,

Al(z) < ercl2n(x) — 1], e X,

where cpc := (2¢) 1. [ ]

Lemma 24 (LC and ME yield NE) Let (X,d) be a metric space and let P be a prob-
ability measure on X x {—1,1} that has ME o € [0,00) for the version n of its posterior
probability. Assume that the associated distance to the decision boundary controls the noise
from below by the exponent ( € [0,00). Then, P has NE q = %

Proof Since P has ME « € [0, 00), we find for some ¢ > 0 that

< [2n(z) —1| < t, z € X,

e

and we follow that A,(z) < (crct)<.
yields

Consequently, the definition of the noise exponent

)

=

Py ({z € X : |2n(z) — 1| < t}) < Px <{x €X:Ay(x) < (cLct)

~R

< cygeleLct) <.
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Remark 25 i) One can show by using similar arguments as in (Blaschzyk and Stein-
wart, 2018, Lemma 2.1) together with (Steinwart, 2015, Lemma A.10.4(i)) that there
exists a 0* > 0 such that the lower bound

M{z e X|Ay(x) <8}) >cq 0 for all 6 € (0,5%]
and some cq > 0 is satisfied.

it) Assume that n is Holder-smooth with exponent p, that P has NE q and that Px has
a density w.r.t. the Lebesque measure that is bounded away from zero. Then, part i)
together with (Blaschzyk and Steinwart, 2018, Lemma A.2) yields

ctr < Px({An(x) <t7}) < Px ({z € X : [2n(z) — 1] < t}) < expt?

for some constant ¢ > 0. Thus, pqg > 1 can never be satisfied.

Appendix B.

In this appendix we state some technical lemmata.

Lemma 26 (Number of cells) Let assumptions (A) and (G) be satisfied. Let t > r
such that t +r < 6%, where 6* > 0 is the constant from (9), and define

J={jeJ|VeeAj: Ay(z) <t}
Then, there exists a constant cq > 0 such that
|| < eq-tr@

Proof We define T := ;. ; 4; and T:= Ujes Br(zj). Obviously, T C T since A; C By(2j)
for all j € J. Furthermore, we have for all z € T that Ay(x) < t, where ¢ := t + r. Then,
we obtain with (Blaschzyk and Steinwart, 2018, Lemma 2.1) that

A(T) < A ({A(z) < 1}) < AHTH(Xo) - 1. (74)

Moreover,

XT) =2 | Bolzg) | 207 [ U By () | =1 (B3 () =] G)d)\d(B), (75)
jeJ jeJ

since Br(z) N Br(z;) = 0 for i # j. To see the latter, assume that we have an x €
B:(z;)NBz(z;). But then, ||z —zjl2 < [lz—2jll2+ [z — 2|2 < 7+ 7 < 5, which is not true,
since we assumed ||z; — zj|l2 > § for all 7 # j. Hence, the balls with radius 7 are disjoint.

Finally, by (74) together with (75) and t > r we find

49\4(T)

22d+2d=1({z € X|n = 1/2}) -£< 220431 {x € X|n=1/2}) - ¢
ri\d (B) '

J|<
1< rIxI (B) = rixd (B)

<
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Lemma 27 Let X C R¢ and v,p > 0. Then, we have

—2

d/2 2p?
<2> / 6—2772|Ix—y||§ dy = 1 / - o tpd/2-1 g
T2 B, (z) I'(d/2) Jo

Proof For p > 0 we find that

d/2
(2) / e~ 27 2llz—yll3 dy
B,(x)
< d/2

(&
<3

727*2||y||2 dy
Bp

d/2 P —242
/6—27 Cd e
d/2+1

/2 1 d—1
/2 9rd/2 fpv g 1 ( v > y

e

dr( d/2 V21 \v2
20?2 1
/ e td/27h . Z gt
0 2
2 2.—2
T ey,
0

Lemma 28 Let (Aj)j=1,..m be a partition of Bya. Letd>1,pe (0,2) and let r, € (0,1].
For p, < n~2 and 6, < n~! fir a finite py-net A, C (0,n71] and a finite 8,7, -net Ty, C
(0,rn]. Let J C{1,...,my} be an index set and for all j € J let v; € (0,7,], Aj > 0. Define
Ymax 1= Max;cy, as well as analogously Ymin.

i) Let B € (0,1],q € [0,00) and let |J| < cqr; 9t for some constant cq > 0. Then, for
all €1 > 0 there exists a constant ¢ > 0 such that

inf (Z Aira Voax

(Av’v)e(A"XF’ﬂ)‘J‘ jGJ ’YJ
p(g+1)
Tn qj';ip -1 _% e
+(;) > A T Px(4y)
jeJ

<& . BR+D e
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ii) Let 3 € (0,1],q € [0,00) and let |J| < cqgr; 9t for some constant cqg > 0. Then, for
all €,e9 > 0 there exists a constant ¢o > 0 such that

inf >\ n
(AY)E(An XTp) VI (("len) Z

JjeJ

Tn % AL _%P A
()TN P

jeJ

p(g+1)
q+2—p

q+1
4 50) d—1 q+2
<cn (rn n) .

iii) Let |J| < cqry;. Then, for all & e3 > 0 there exists a constant & > 0 such that

p
inf Ajn + AT Pp -1
(AN)e(lAnann)\J\ ((%mn) Z n’ (Z ’Y] x ( )) n )

jeJ jeJ

< ¢s- r;dn_1+53.

Proof We follow the lines of the proof of (Meister and Steinwart, 2016, Lemma 14). Let
us assume that A, := {AD .. X®} and T, := {y(U, .. .4} such that A1) < X&) and
A=D < A0 for all 4 = 2,...,u and | = 2,...,v. Furthermore, let (0 = A0 := 0 and
M@ =1 () .= Then, fix a pair (\*,7*) € [0,n!] x[0,7,]. Following the lines of the
proof of (Steinwart and Christmann, 2008, Lemma 6.30) there exist indices i € {1,...,u}
and [ € {1,...,v} such that

N <D <\ 4 2),

76

i) With (76) we find

o=
)\"I"d r q;l e
1nf ﬂ_‘_ 51 X_|_ n \ q+2—p )\ pP A
(A7) E(Apn xITp)IVI = ]ql Yma. (n) ]EZJ v; v (A;)
=
d B r q+1 ) L Lol
n ) o q+2—p (z) (l) - .
Z G ()= (B (Z00)7 () extay
jEJ JjeJ
)P ()~ T plgtl)
AWr B rn (AD) T (W) T\ T
=Wyt () + ( ( )n ) 3 Px(4))
(7 ) jeJ
O 20000 4 (" 4 28,r) +(rn<A*>—p>q1;ip
(7*)d nen (7*)dn
q+1
* * * T (NS) 7P\ at2=p
< C1 <>\ ’rn(’y ) d"‘ (’y )5+ ( (/_(y*)c)ln > +pn7’n( ) d (5 Tn) >
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for some ¢; > 0. We define \* := n~? for some o € [1,2] and v* := rfin™". Obviously,
A* e [O,n_l]. Moreover, we have v* € [0,7,] since v < £-. Then, we obtain

1-k
with p, < n72 and §, < n~!, and together with 1 > k(3 +d)(v +1) —v > 0 and
(1—dr)(g+1) (1—dr)(g+1) __ B(g+2) +1
ot (B(q+2)q+d(q+1)> d+2 = Pr that

01 (m(w*w £+ (BT )+ @m)ﬁ)

1—dr(\y*\— oy
r A p +2—p
< ey | nT o et o pBrp AR <" lgdﬂ) > +n 2, () + (rnn_l)ﬁ
n
(1—dr)(g+1) o(q+1)
= <TT7 LD =Gy s g i =0% 1 (1) e TS (rnn‘l)ﬁ>
< ¢9 (T{f”n_ﬁ” + rﬁ“n_ﬁ"nel + (rnn_l)ﬁ)
< cy- n—Bn(u—i—l)—I—sl

holds for some constants ¢y, cg > 0 and where p is chosen sufficiently small such that

po(q+1)
€12 q+2—p > 0.

ii) With (76) we find

plg+1)
q+2—p
. T'n +2 P
inf Aj nt + ! )\ o7 pPX
(A ) E(Ny XTp) 1] <7mm> ]EZJ ( ) jgzj ’ 2
pla+1)
1 4 q+2—p
< () S+ ()75 (3 () (10) 7 ey
jeJ JjeJ
(a+1)
. 4 . qj_;»lp () _p&];l) Z‘EQ*P
< (22 ) pont 4+ [ AD) TS Pa(a
(Z5) W (hm)dn) (3®) 3 P4
jeJ
r )\(7,) g r q-?—JQFip . _P(q2+1>
<ey——r + nd (A(Z)) Hip
A0\ o
e
* q p
e +< ) ()
q+1
TR AN at2-p _pla+1) PNt
<cy AT) o+ 2y d
(v9)? (")
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for some constant ¢4 > 0 depending on d. We define v* :=r,, and A\* := n~? for some
o € [1,2]. Then, we obtain with p,, < n~2 that

q+1

ro\N*n r a+2=p plg+1) P )
Cy n d =+ *nd (Xk) a+2-p + 2y npnd
() (v)n (v*)
~ g+1
n=on¢ 1 at+2-p  po(g+l) pnn
=cu—= T | 53 n at2r 4 2c4——
Tn Tn M T
-1, _g+1 5
n_'n . n
d—1 2 ¢ Pn
<cy -t (rn n) n° + 2c¢y =1
Tn n
- -3 -
< ¢5n®? ((rﬁ%l) + (rf@l*ln) 42 (T‘g71> )
q+1

_ T q+2
< cgn? (rﬁ ln) -

where cs5, cg > 0 are constants depending on d and where p is chosen sufficiently small
A 1 ~ A
such that & > % and €9 := max{é,£}.
iii) We find with (76) that

p

> ZA + Z)\ 7, pPX Dl nt

jeJ jeJ

inf <
(A7) E(An XTI Ymin

p

S0+ (3 (Am)‘l (,Ya))‘ﬁ Pe(4) | n!

jeJ

p

) T
<n <7mm>lelA (@) () [ S exay | n
)

jeJ
<C7n( DARNGI ( )”((z)) -
< et ()T 4 200) + (V)P () I
= cern® (v) N+ W) (7) T+ 2pnem (v7) 71

holds for some constant ¢y > 0 depending on d. We define v* := r, and \* :=n
for some o € [1,2]. Then, we obtain with p, < n=2

e ()TN + (W) () 0 2pgern ()7

< cmsfr’;dn*" + npgr,;dnfl + 207n8r;dn*2
< C7n57“;dn_1 + ner;dn_l + 2C7n5r;dn_2
< cg - r;dn—1+a3

for some constant cg > 0 depending on d and where p is chosen sufficiently small such
that € > po > 0. Here, €3 := max{¢, £}.
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