Journal of Machine Learning Research 9 (2008) 1559-1582 Submitted 10/07; Revised 2/08; Published 7/08

Aggregation of SVM Classifiers Using Sobolev Spaces

Sébastien Loustau LOUSTAU@CMI.UNIV-MRS.FR
Laboratoire d’Analyse, Topologie et Probabilités (UMR CNRS 6632)

Université Aix-Marseille 1

CMI-39 rue Joliot-Curie 13453 Marseille, France

Editor: John Shawe-Taylor

Abstract

This paper investigates statistical performances of Support Vector Machines (SVM) and considers
the problem of adaptation to the margin parameter and to complexity. In particular we provide a
classifier with no tuning parameter. It is a combination of SVM classifiers.

Our contribution is two-fold: (1) we propose learning rates for SVM using Sobolev spaces
and build a numerically realizable aggregate that converges with same rate; (2) we present practi-
cal experiments of this method of aggregation for SVM using both Sobolev spaces and Gaussian
kernels.
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1. Introduction

We consider the binary classification setting. Let X x {—1,1} be a measurable space endowed
with P an unknown probability distribution on X x {—1,1}. Let D, = {(X,Yi),i=1,...n} ben
realizations of a random variable (X,Y ) with law P (in the sequel we also write Px for the marginal
distribution of X). Given this training set Dy, the goal of Learning is to predict class Y of new
observation X. In other words, a classification algorithm builds a decision rule from X to {—1,1}
or more generally a function f from X to R where the sign of f(x) determines the class of an input
X.
The efficiency of a classifier is measured by the generalization error

R(f) = B(sign(f(X)) £Y),

where sign(y) denotes the sign of y € R with the convention sign(0) = 1. A well-known minimizer
over all measurable functions of the generalization error is called the Bayes rule, defined by

f*(x) :=sign(2n(x) — 1)

where n(x) :=P(Y = 1|X =x) for all x € X. Unfortunately, the dependence of f* on the unknown
conditional probability function n makes it uncomputable in practice.

A natural way to overcome this difficulty is to provide an empirical decision rule or classifier
based on the data Dy,. It has to mimic the Bayes. The way one measures the efficiency of a classifier
fo:= fo(Dy) is via its excess risk:

R(fn, £*) :=R(fa) —R(f"), (1)
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where here R(f,) := P(sign(f,(X)) # Y |Dy). Given P, we hence say that a classifier f, is consistent
if the expectation of (1) with respect to P®" (the distribution of the training set) goes to zero as n
goes to infinity. Finally, we can look for a way of quantifying this convergence. A classifier f,
learns with rate (Yn)nen if there exists an absolute constant C > 0 such that for all integer n,

ER(fn, f*) < Cu, )

where in the sequel E is the expectation with respect to P®". Of course (2) ensures consistency of
fn whenever () goes to zero with n.

It has been shown in Devroye (1982) that no classifier can learn with a given rate for all distri-
butions P. However several authors propose different rates reached by restricting the class of joint
distributions. Pionneering works of Vapnik (Vapnik and Chervonenkis, 1971, 1974) investigate the
statistical procedure called Empirical Risk Minimization (ERM). The ERM estimator consists in
searching for a classifier that minimizes the empirical risk

1 n
Ra() =7 2, Tistn(rx))24)- (3)
1=

over a class of prediction rules F, where 1 denotes the indicator function of the set A. If we
suppose that the class of decision rules # has finite VC dimension, ERM reaches the parametric
rate N~z in (2) when f* belongs to the class . Moreover, if P is noise-free (i.e., R(f*) = 0), the
rate becomes n~1. This is a fast rate.

More recently, Tsybakov (2004) describes intermediate situations using a margin assumption.
This assumption adds a control on the behavior of the conditional probability function n at the level
% (see (10) below). Under this condition, Tsybakov (2004) gets minimax fast rates of convergence
for classification with ERM estimators over a class F with controlled complexity (in terms of en-
tropy). These rates depend on two parameters : the margin parameter and the complexity of the
class of candidates f* (see also Massart and Nédélec, 2006). Another study of the behavior of ERM
is presented in Bartlett and Mendelson (2006).

It is well known, however, that minimizing (3) is computationally intractable for many non
trivial classes of functions (Arora et al., 1997). It comes from the non convexity of the functional
(3). It suggests that we must use a convex surrogate ® for the loss. The main idea is to minimize an
empirical ®-risk

AR(E) = 1 3 00T X))

over a class F of real-valued functions. Then f, = sign(F,) where F, € Arg min;.,AY(f) has a
small excess risk. Recently a number of methods have been proposed, such as boosting (Freund,
1995) or Support Vector Machines. The statistical consequences of choosing a convex surrogate is
well treated by Zhang (2004) and Bartlett et al. (2006). In this paper it is proposed to use the hinge
loss ®(v) = (1 —v), (where (-); denotes the positive part) as surrogate, that is, to focus on the
SVM algorithm.

SVM was first proposed by Boser et al. (1992) for pattern recognition. It consists in minimizing
a regularized empirical ®-risk over a Reproducing Kernel Hilbert Space (RKHS for short in the
sequel). Given a training set Dy, the SVM optimization problem without offset can be written:

min (i;l(Yi,f(Xi)HGan!ﬁ)7 “)
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where in the sequel:

1. The functional | is called the hinge loss and is now written I(y, f(x)) = (1 —yf(x)),. The
first term of the minimization (4) is then the empirical ®-risk A® for ®(v) = (1 V).

2. The space H is a RKHS with reproducing kernel K. Under some mild conditions over K, it
consists of continuous functions from X to R or C with the reproducing property:

Vi e A, Wxe X, f(x) =< K(x,-), f >4 .
Recall that every positive definite kernel has an essentially unique RKHS (Aronszajn, 1950).

3. The sequence ap is a decreasing sequence that depends on n. This smoothing parameter has
to be determined explicitly. Such a problem will be studied in this work.

4. The norm ||.||k is the norm associated to the inner product in the Hilbert space #.

For a survey on this kernel method we refer to Cristianini and Shawe-Taylor (2000).

This algorithm is at the heart of many theoretical considerations. However, its good practical
performances are not yet completely understood. The study of statistical consistency of the algo-
rithm and approximation properties of kernels can be found in Steinwart (2001) or more recently
in Steinwart (2005). Blanchard et al. (2006) propose a model selection point of view for SVM. Fi-
nally, several authors provide learning rates to the Bayes for SVM (Wu and Zhou, 2006; Wu et al.,
2007; Steinwart and Scovel, 2007, 2005). In these papers, both approximation power of kernels and
estimation results are presented. Wu and Zhou (2006) state slow rates (logarithmic with the sample
size) for SVM using a Gaussian kernel with fixed width. It holds under no margin assumption for
Bayes rule with a given regularity. Steinwart and Scovel (2007) give, under a margin assumption,
fast rates for SVM using a decreasing width (which depends on the sample size). An additional
geometric hypothesis over the joint distribution is necessary to get a control of the approximation
using Gaussian kernels.

These results focus on SVM using Gaussian kernels. The goal of this work is to clarify both
practical and theoretical performances of the algorithm using two different classes of kernels. In a
first theoretical part, we consider a family of kernels generating Sobolev spaces as RKHS. It gives
an alternative to the extensively studied Gaussian kernels. We quantify the approximation power
of these kernels. It depends on the regularity of the Bayes prediction rule in terms of Besov space.
Then under the margin assumption, we give learning rates of convergence for SVM using Sobolev
spaces. It holds by choosing optimally the tuning parameter a, in (4). This choice strongly depends
on the regularity assumption over the Bayes and the margin assumption. As a result, it is non-
adaptive. Then we turn out into more practical considerations. Following Lecué (2007a), we give a
procedure to construct directly from the data a classifier with similar statistical performances. It uses
a method called aggregation with exponential weights. Finally, we show practical performances of
this aggregate and compare it with a similar classifier using Gaussian kernels and results of Steinwart
and Scovel (2007).

The paper is organized as follows. In Section 2, we give statistical performances of SVM using
Sobolev spaces. Section 3 presents the adaptive procedure of aggregation and show the perfor-
mances of the data-dependent aggregate. This procedure does not damage the learning rates stated
in Section 2. We show practical experiments in Section 4 and conclude in Section 5 with a discus-
sion. Section 6 is devoted to the proofs.
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2. Statistical Performances

As a regularization procedure, minimization (4) generates two types of errors: the estimation error
and the approximation error. The use of a finite sample size produces the estimation error. The
approximation error can be seen as the distance between the hypothesis space and the Bayes decision
rule. It comes from the use of a RKHS of continuous functions in the minimization whereas the
Bayes is not continuous. The first one is random and depends on the fluctuation of the training set.
The second one is deterministic and depends on the size of the RKHS. We can see coarsely that
these errors are antagonist. Theorem 7 gives a choice of the regularization parameter o, that makes
the trade-off between these two errors.
For the estimation error, we will state an oracle-type inequality of the form :

ER; (o, ) ngin}f& (Ri(f, %) +an| f[[&) +&n, (5)
S

where R (f, f*) := Epl(Y, f(X)) —Epl(Y, f*(X)) is the excess I-risk of f. The term &, must be a
residual term and satisfies:

g, <C'inf (Ri(f, ")+ apnl |2
n< fem( ((F, ) +anll fllk),

where C’ > 0. Inequality (5) deals with the estimation error. It depends on the complexity of the
class of functions # and the difficulty of the problem.

Hence it remains to control the infimum in the right hand side (RHS for short) of (5). Steinwart
and Scovel (2007) define the approximation error function as:

(o) i= inf (Ri(f, ) +atnl| FII) - (6)

This function represents the theoretical version of the empirical minimization (4). It depends on the
chosen Hk and the behaviour of o, as a function of n.

Using this approach, Steinwart and Scovel (2007) study the statistical performances of SVM
minimization (4) with the parametric family of Gaussian kernels. For o € R, we define the Gaussian
kernel Kq(x,y) = exp (—0?||x —y||?) on the closed unit ball of RY (denoted X). The parameter o1
is called the width of the Gaussian kernel. In this paper, under a margin assumption and a geometric
assumption over the distribution, they state fast learning rates for SVM. These rates hold under
some specific choices of tuning parameters recalled in Sect. 4. Following Lecué (2007a), we will
use this result and more precisely these choices of tuning parameters to implement the aggregate
using Gaussian kernels.

2.1 Sobolev Smooth Kernels

We propose to deal with other class of kernels than the Gaussian kernels. First we need to introduce
some notations. Let us consider the set of complex-valued and integrable (resp. square-integrable)
functions on RY denoted as L*(RY) (resp. L2(RY)). On this set, we define the Fourier transform of
f to be:

~ 1

- - —iwt d
f(w) = (2mar Rdf(t)e dt,Vw e R,
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where x.y denotes the usual scalar product of RY between two points x,y € RY.

After the usual extension from L1(RY) to L?(RY) with Plancherel, this operator is an isometry
on L2(RY). It allows us to define, for any s € R, the Sobolev space 72 (often called fractional
Sobolev space) as the following subspace of L?(RY) (Malliavin, 1974):

W= {1 e 2R 112 = [ F@PPA+ [o?deo < o). )

We refer to Triebel (1992) or Adams (1975) for a large study of this well-known functional space.
With such a norm, #/2 is a Hilbert space endowed with the inner product defined as:

<fg>s= [ fOfw@ 1+ ) o

where Z is the complex conjugate of z in C. Moreover it is a Hilbert space of continuous functions
for any s > g (due to the embedding between W2 and C(RY) for any s > g). It can be seen as a
RKHS.

In this framework, a kernel is a symmetric and positive definite function K : RY x R — C. For
r € R*, a kernel K, will be called Sobolev smooth kernel with exponent r > d if the associated
RKHS #, is such that

e =W,

where ‘W%2 is defined in (7). The restriction r > d ensures that the RKHS consists of continuous

functions from RY to C. Corollary 2 provides a way of constructing such a kernel.
We say that a kernel K is a translation invariant kernel (or RBF kernel), if for all x,y € RY,

K(x,y) = ®(x—y) (8)

for a given ® : RY — C. Function @ is often called RB function for Radial Basis function. The most
popular example of translation invariant kernel is the Gaussian kernel Kg(x,y) = exp(—a?||x —y||?).
This kernel is not a Sobolev smooth kernel (see below).

Under suitable assumptions on @, the following theorem gives a Fourier representation of a
RKHS associated to a translation invariant kernel. The proof is given in Section 6.

Theorem 1 Let K : R x RY — C be a translation invariant kernel where in (8) @ belongs to
LY(RY) NL?(RY) and such that @ is integrable. Then the RKHS associated to K can be written

_ 2mdy g2 L \f(w)fz . £ d
He = {f e LA(R ).||f||,<_(2n)d/2/S 30 Jo < and =0 Es)

with the inner product

< f,g>k=

1
(2m)d/2 /5 ®(w)

where S := {we RY : ®(w) # 0} is the support of ®.

Sufficient conditions to have a Sobolev smooth kernel are:
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Corollary 2 Let K satisfying assumptions of Theorem 1. Suppose moreover that there exist con-
stants C,c > 0 and a real number s > $ such that

~

D(w) = _ YweRY 9)

(C+ [|wl[?)
Then K is a Sobolev smooth kernel with exponent r = 2s > d.

In Section 5 we propose an example of Sobolev smooth kernel and use it into the SVM procedure.

Remark 3 (Gaussian kernels are not Sobolev smooth) Theorem 1 can be used to define Gaus-
sian kernels in terms of Fourier transform. Indeed, the Gaussian kernel defined above is a transla-
tion invariant kernel with RB function ®(x) = exp(—a?||x||?). Its Fourier transform is given by

oo 1 el
O0) = 50 gz

).

Then & satisfies assumptions of Theorem 1. The Fourier representation of # is given by:

loo]®

Ho={f € L2(RY): /Rd [f(@)Po”exp(7,

)dw < oo},
From definition (7), it is clear that # is not a Sobolev space. This integral representation of a
Gaussian RKHS illustrates the smoothness of functions f € ;. Indeed we can see trivially that
Hs C H, for any fixed o,r > 0 (because the Fourier transform of @ is rapidly decreasing in this
case). Moreover the parameter o can be seen as a regularization parameter : the fewer is o, the
smoother are the functions in #5. More precisely, 0 < o’ entails Hy C Hy.

2.2 Approximation Efficiency of Sobolev Smooth Kernels

Here we are interested in approximation properties of #, . We aim at bounding the approximation
function a(ay) defined in (6) for the procedure (4). The best case appears when f* € #. Then we
get coarsely a(ay,) < Ca, where C is an absolute constant. This case is not realizable considering
a continuous RKHS since the Bayes classifier is not. In this paper, we get a control of the approx-
imation function when f* does not belong to the RKHS. Theorem 4 provides such a result using a
Sobolev smooth kernel.

Theorem 4 Consider the approximation function a(ay,) defined in (6), with Sobolev smooth kernel

Ky such that r > 2s > 0. Suppose Px satisfies d(% < Co.
Then if f* € B2, (RY), we have:

r—2s r _s
a(on) <Gy [[Flgaan,

where ||. || defines the norm in the Besov space @ém(Rd).

The proof is detailed in Section 6 where we define explicitly Besov spaces Q%ém (RY).
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Remark 5 (BAYES REGULARITY) Here we get a control of the approximation function under an
assumption on the smoothness of the Bayes classifier. Of course large values of s are not possible
because f*(x) = sign(2n(x) — 1) is not even continuous (except for the trivial case n(x) < % a.s. or
n(x) > % ). More precisely, the Besov space Bs?q(Rd) is included in the space of continuous functions
for s > % and g > 1. Here p = 2 then parameter s must satisfy s < % to have f* € fBém(Rd). In
Remark 10 we give an example of Bayes rule verifying this smoothness assumption.

Remark 6 (COMPARISON WITH STEINWART AND SCOVEL, 2007) Steinwart and Scovel (2007)
propose a same type of result using Gaussian kernels. Under a geometric assumption over the
distribution, they get

Yy
a(ap) <Caj™,

where vy is the geometric noise exponent. Here we propose a same type of result under a regularity
assumption over the possible f*. Theorem 17 in Section 6 shows that this result can be generalized
to any other kernel, using interpolation spaces.

2.3 Learning Rates

In this work, we restrict the class of considered distributions P. We add a control on the local slope
of the conditional probability function n at the level % This margin assumption (we often call
In— %| the margin) is originally due to Mammen and Tsybakov (1999) for discriminant analysis.
We will use throughout this paper the following formulation: we say that P has margin parameter
g > 0 if there exists a constant cg > 0 such that

P(12n(X) — 1] <t) < cot, (10)

for all sufficiently small t.

According to Boucheron et al. (2005), this hypothesis is equivalent to the low noise or margin
assumption in Tsybakov (2004). Best situation for learning appears when the conditional probability
makes a jump at the level % Hence (10) holds true for any positive g. It corresponds to a margin
parameter g = +oo, that is, K = 1 in the sense of Tsybakov (2004).

Finally, last step of modelling consists in clipping the solution of minimization (4). For any
classifier f, we hence define the clipped version f€ with values in [—1,1] by

—1forx: f(x) < —1,
fCx) =< f(x)forx: f(x)e[-1,1],
1forx: f(x) > 1.
This operation does not modify the classification property of f since sign(f) =sign(fC). It produces
classifiers with bounded norm ||.||». It appears in several works (Bartlett, 1998; Steinwart et al.,

2007). We stress that the clip does not modify the algorithm. It is done after the training as a part of
the theoretical study of the algorithm. We are now on time to state the main result of this section.
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Theorem 7 Let P be a distribution over RY x {—1,1} such that Px satisfies %X < Cp and (10)
holds for g € [0, 4-0]. Let s > 0 and suppose f* € B2, (RY).

Consider the SVM minimization (4) with Sobolev smooth kernel K, with r > 2s\/d, built on the
i.i.d. sequence (X;,Y;),i=1...naccording to P.

If we choose ap, such that

- r(r—s)(g+1)
Op ~ N SE-a+dr-9@rD (11)

then there exists a constant C which depends on r,s,d, ¢, g and Cy such that
ER(fS, 1) <Cn Y49,
where

rs(q+1)
q+2)—d)+d(r—s)(q+1)

The proof of this theorem is given in Section 6.

y(a,s) = S (12)

rs(g+1)

Remark 8 (FAST RATES) Rate (12) is a fast rate (i.e., faster than n*%) if

1

@2 -d)+dr—s Gty ~ 2°
In particular, for q = 4o, it corresponds to s > rerd The presence of fast rates depends on the
regularity of the Bayes classifier. Unfortunately the behaviour of f* (see Remark 4) entails s < %

s 1
As aresult, o5 < ; and fast rates can not be reached.

Remark 9 (COMPARISON WITH STEINWART AND SCOVEL, 2007) This theorem gives perfor-
mances of SVM using a fixed kernel. On the contrary, according to Steinwart and Scovel (2007), the
bandwidth of the kernel has to be chosen as a function of n. Nevertheless, rates of convergences are
fast for sufficiently large geometric noise parameter. Here we cannot get fast rates for reasonable
assumption over f*,

Remark 10 (OPTIMAL SMOOTHING PARAMETER) Theorem 7 provides a particular choice of ap
to reach rates (12). Other definitions for the sequence a, give other rates of convergence. We
only mention the best possible rates. It holds for a regularization parameter optimizing the sta-
tistical performances. Indeed, a, in (11) makes the balance between the estimation error and the
approximation error.

Remark 11 (ExaMPLE) Consider the one-dimensional case where X = R. Suppose f* is such
that:

card{x e R: f* jumps atx} =N < co. (13)

It means that the Bayes rule changes only a finite number of times over the real line. Using standard
analysis, we get

1+ [lrv :/R\Df*(x)|dx: 2N

where Df* is the generalized derivative of f*. Moreover, for any f, |f(w)| < ||f|jvt/|w|. Then f*
belongs to Wi, only for s < 1/2. Finally, with basic properties of Besov spaces (Triebel, 1992), we

have s, = 35272 C B
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Consequently, f* verifying (13) belongs to Qsém foranys < % If we consider a margin parameter
g = +o0, We hence cannot reach the rate of convergence

R
n 3-1

which corresponds to a regularity s = % in the Besov space. Then the SVM using Sobolev smooth
kernel Hk, with r > 1 cannot learn with fast rate in this simple case.

3. Aggregation

Theorem 7 provides the optimal value of o, to reach rates of convergence (12) in the context of
Sobolev spaces. It holds under two ad-hoc assumptions: a margin assumption over the distribution
and a regularity assumption over the Bayes rule. Hence the choice of the smoothing parameter
depends on two unknown parameters: the margin parameter q and the exponent s in the Besov
space. Consequently the classifier f, of Theorem 7 cannot be constructed from the data. It is called
non-adaptive.

The goal of this section is to overcome this difficulty. We propose a classifier that adapts auto-
matically both to the margin and to regularity. In other words, we will build a decision rule from D
which does not depend on the unknown parameters s and g. Moreover, Theorem 12 shows that this
procedure of adaptation will not damage the learning rates of Theorem 7.

We use a technique called aggregation (Nemirovski, 1998; Yang, 2000). We apply the method
presented in Lecué (2007a) to our framework of Sobolev smooth kernel. It consists of splitting the
data into two parts : the first part in used to construct a family of classifiers. The second part is
used to make a convex combination of these classifiers. We obtain an adaptive decision rule which
mimics the best one over the family. Let us first describe the method.

Denote Drl]l (resp. Dﬁz) the first subsample of size ny (resp. second subsample of size n,) with
ni +n, =n. The choice of ny and ny will be discussed later. We construct a set of classifiers
(f%)acg(n) defined by % = sign (FZ) where

- 1M
FO— in [ = S 1Y, f(X fl12].
n argf@;zr (nli; (Yi, (X)) +al HK)

The grid G(ny) is defined by

Gnz) == {O‘k=nz—""1<ﬂ<=i+kA1,k=o,...,L(2rd)AJ},

2d

with A = ng‘ for some b > 0. We hence have Vzrz_dd)AJ + 1 classifiers to aggregate.

The procedure of aggregation uses the second subsample D%Z to construct a convex combination

with exponential weights. Namely, the aggregate f, is defined by

o= ¥ Wi, (14)
acg(n)
where
(n) EXp (Zin:nl+1Yi fArgxl (Xi))

dae G(n) EXP (Xin:nlJrlYi fAr?ll (Xi)) '
We hence have the following result.
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Theorem 12 Consider the classifier f, defined in (14) where n, = [a%} fora>0. LetK a

compact of (0,00)2. Then there exists a constant C which depends on r,d, co,K,a,b, L and Cq such
that for all (q,s) € K

sup ER(f,, ) <Cn @9,
PEQus

where

B rs(q+1)
Y@S) = Sr@r—d) 1 dr—9G+ 1)

and Qs is the set of distributions P satisfying % < Co, (10) with parameter g and such that
fre B2, (RY,L) = {f € B2,(RY) : [[f|| <L}

Remark 13 Same rates as in Theorem 7 are attained. Here we deal with an implementable classi-
fier. In Section 5 we sum up practical performances of this aggregate.

Remark 14 Instead of aggregating a power of n classifiers, only logn classifiers are enough to
obtain this result. Lecué (2007b) states an oracle inequality such as (22) without any restriction on
the number of estimators to aggregate.

Remark 15 (AVERAGE OF AGGREGATES) This method supposes, for a given ny and ny, an arbi-
trary choice for the subsample D,11l and D,Z,Z. However we can use different splits of the training set.
We get an average of aggregates, namely

_ 1M
fo=— .
n Mkzln

It does not depend on a particular split. Each ﬂ']‘ is defined in (14) for the split number k. With
(Lecué, 2007a, Theorem 2.4), this average satisfies the oracle inequality (22). Then Theorem 12
holds for f, for any family of M splits, for M < .

4. Practical Experiments

We now propose experiments illustrating performances of the aggregate of Section 3. We study
SVM classifiers using both Sobolev spaces and Gaussian kernels. The aggregates were implemented
in R using the free library kernlab. It contains implementations of support vector machines. For a
description of this package for kernel-based learning methods in R, we refer to Karatzoglou et al.
(2007). We use real world data sets from benchmark repository! used by Rétsch et al. (1998). We
consider 9 data sets called ”Banana”, “Titanic”, "Thyroid”, ”Diabetes”, ”Breast-Cancer”, "Flare-
solar”, "Heart”, ”Image” and "Waveform”. These data sets are explained in Table 1. For each data
set, we have several realizations of training and test set. The dimension of the input space is denoted
by d whereas the number of observations for the training set is n. It follows the notations used in
the previous sections. On each realization, we train and test our classifiers. The results presented in
Table 2,3,4 show the average test errors over these realizations and the standard deviations.

1. Data sets are available online at this address http://ida.first.fraunhofer.de/projects/bench/benchmarks.htm.
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Data Set d n  testsample realizations
Banana 2 400 4900 100
Titanic 3 150 2051 100
Thyroid 5 140 75 100
Diabetis 8 468 300 100

Breast-cancer 9 200 77 100
Flare-solar 9 666 400 100
Heart 13 170 100 100
Image 18 1300 1010 20
Waveform 21 400 4600 100

Table 1: Description of the data sets

4.1 SVM Using Sobolev Smooth Kernel

The first step is to pick up a Sobolev smooth kernel. Consider the following class of RBF kernels,
with Radial Basis function ®:

K(x.y) = D(x—y) = exp(~]x—y]) Yo € . (15)

For a given o, this kernel is called a Laplacian kernel. It is clear that ® € L1(RY) N L2(RY). Recall
the Fourier transform of ® : RY — R (see Williamson et al., 2001):
P(w) = 2%11*%I'(9 +1)—— 2 vweRd
2 (o2 wl?) 7
where ' (X) = [z~ e~'t*"1dt is the Gamma function.

With Corollary 2, for any fixed o, the Laplacian kernel defined in (15) is a Sobolev smooth
kernel with exponent r = d + 1. It satisfies assumptions of Theorem 7 and can be used in the
implementation of the algorithm.

It is worth noticing that the parameter o is constant. If we take a significantly small value for o,
aso=n"Y u>0,(9) holds for C and c depending on n. Thus Corollary 2 does not hold. To avoid
this problem, we choose in our aggregation step using this class of kernels a constant o = 5. In the
sequel the Laplacian kernel used is precisely K(X,y) = exp(—5||x —Y]|).

Table 2 shows the first experiments. For each realization of training set, we use previous section
to build

e the set of classifiers (ﬂ?l) for a belonging to G(ny);

)

e exponential weights wl” to deduce aggregate f,.

Recall the definition of G(ny) in this case:

where A = ng. We take b = 1 in the construction. Instead of a step A = ng, it is possible to take
only A = logn; (see Remark 14) . The value of b governs the size of the grid. The cardinal is
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given in Table 2 for each data set. Note that growing b does not improve significantly the perfor-

mances whereas it adds computing time. Indeed, whatever b, G(n) is contained in this case into
d+1 1

[n, 9 .n,2]. This location is motivated by Theorem 7, namely equation (11).The value of b only
deals with the distance between each point of G(n). It does not change the location of the grid.

Table 2 relates the average test errors and the standard deviations. We first collect the perfor-
mances of the family of weak estimators (ﬁ?‘l),a € G(n2). We mention in order the performances
of the worst estimator, the mean over the family and the best over the family. It gives an idea of
the estimators to aggregate. Then the performances of the aggregate using exponential weights are
given in the last column.

Data Set cardG(nz) max mean min Laplace Aggregate
Banana 102 11.41+0.58 11.33+0.57 11.124+0.59 11.314+ 0.57
Titanic 38 22.80+1.16 22.80+1.14 22.774+1.13 22.77+1.13
Thyroid 31 5.97+2.61 5.45+2.56 4.77+2.63 5.45+2.68
Diabetis 72 29.56+2.03 28.40+2.00 27.33+1.96 28.34+2.27
Breast-cancer 35 35.10+5.34 33.264+5.06 31.49+5.05 32.74+5.16
Flare-solar 95 35.97+1.94 35.68+1.90 35.52+1.90 35.69+1.93
Heart 29 22.384+3.97 22114398 21.764+3.99 22.12+3.98
Image 152 4.35+0.87 4.06+0.74 3.794+0.74 3.954+0.74
Waveform 56 1451+0.70 14.164+0.67 13.78+0.65 14.1240.72

Table 2: Performances using Laplacian kernel

Note that the amplitude in the family is not very important. It may be explain by its construction.
Indeed, G(n2) is motivated by Theorem 7, which gives the location of the grid (see above). This
family has a mathematical justification. The test errors of the aggregate are located between the
average over the family and the oracle of the family.

A temperature parameter usually appears in aggregation methods. It governs the variations of

values wf”, for a € G (n2). In Table 2 the weak classifiers have almost the same performances. This
could explain why no temperature parameter is needed here.

4.2 SVM Using Gaussian Kernels

Here we focus on the parametric class of Gaussian kernels Kg(x,y) = exp (—0?||x —y||?), for g € R.
We build an aggregate made of a convex combination of Gaussian SVM classifiers. In this case,
the construction is not exactly the same. It comes from Steinwart and Scovel (2007). In this paper,
they introduce a geometric noise assumption. This hypothesis deals with the concentration of the
measure |2n — 1|Px near the decision boundary. It allows to control the approximation function
(6). According to Steinwart and Scovel (2007), suppose that the probability distribution P has a
geometric noise y > 0 and assumption (10) holds with margin parameter g > 0. Then if we choose

v+l
Nt ify< 9L,
On = _ 2y _
N~ @234 otherwise
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1

the solution of (4) using a Gaussian kernel Kg with o = on ¥ learns with rates
n w1 ify < 42,
S P .
n @2+3+4 7" otherwise,
forall € > 0.

We can see that the variance of the Gaussian kernels is not fixed. It has to be chosen as a function
of the geometric noise exponent. As a result, parameter o must be considered in the aggregation
procedure, as the smoothing parameter a. It gives a two-dimensional grid of Gaussian SVM of the
following form (Lecué, 2007a):

A(n2) = { (O ) = (0,0, *) (0 ) € M () }

where
- (P1p2 1Y\ e
M(nZ)_ ((Pnzplaq—'napz)— ﬁ?K—i_E .p1—1,...,2LAJ,p2—1,...,{A/ZJ )

for A = ng. Thus we have more classifiers to aggregate and needs more time to run. As a conse-
guence, we choose constant b = 0.5 in our experiments. Such as the Sobolev case, the number of
classifiers to aggregate is mentioned in Table 3 for each data set.

Table 3 relates the generalization performances of the classifiers over the test samples. We first
give the performances of the family of Gaussian SVM (namely the worst, the mean and the oracle
over the family). The performances of the aggregate using exponential weights are given in the last
column.

Data Set cardA/(nz) max mean min gaussian aggregate
Banana 100 17.294+3.08 12.27+0.89 10.85+0.63 11.434+0.84
Titanic 36 23.15+1.30 22.81+1.00 22.49+0.78 22.574+0.79
Thyroid 36 8.19+2.63 6.76+2.72 5.59+2.94 6.31+2.97
Diabetis 100 29.824+1.98 28.194+1.84 26.39+1.85 27.80+2.06
Breast-cancer 42 34.83+5.12 32.76+4.82 30.48+4.61 32.13+4.77
Flare-solar 144 39.06+1.92 36.01+1.54 34.09+1.69 34.87+1.82
Heart 42 23.1+3.80 22.60+3.71 21.994+3.59 22.62+3.77
Image 256 7.79+41.00 6.33+0.83  5.30+0.73 5.66+0.74
Waveform 100 15.41+0.80 15.08+0.78 14.72+0.77 15.044-0.79

Table 3: Performances using Gaussian kernels

In this case the generalization errors in the family are more disparate. It comes from a two-
dimensional grid of parameters. The performances of the Gaussian aggregate, as above, are located
between the average of weak estimators and the best among the family.

4.3 Comparison With Ratsch et al. (1998)

Table 4 combines the performances of the aggregates using Laplacian kernel and Gaussian kernels.
The errors are comparable. Gaussian kernels and Laplacian kernel lead to similar performances.
Then we mention the generalization errors of Rétsch et al. (1998).
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Ratsch et al. (1998) proposes generalizations of the original Adaboost algorithm. However, ex-
tensive simulations are presented like experimental results for SVM using Gaussian kernels. The
choice of the parameters (o, o) are done by 5-fold-cross validation thanks to several training data
sets. This approach has not any mathematical justification. Moreover their mathematical program-
ming problems are distributed over 30 computers. We only use last column to have an idea of
reasonable average test errors for these data sets.

Data Set Laplace Aggregate Gaussian Aggregate  Ratsch et al. (1998)
Banana 11.31+ 0.57 11.43+0.84 11.53+0.66
Titanic 22.77+1.13 22.57+0.79 22.42+1.02
Thyroid 5.45+2.68 6.314+2.97 4.80+2.19
Diabetis 28.34+2.27 27.80+2.06 23.53+1.76
Breast-cancer 32.744+5.16 32.13+4.77 26.04+4.74
Flare-solar 35.69+1.93 34.87+£1.82 32.43+1.82
Heart 22.12+3.98 22.62+3.77 15.95+4-3.26

Image 3.95+0.74 5.66+0.74 2.96+0.6

Waveform 14.1240.72 15.044+0.79 9.884+0.83

Table 4: Comparison with Rétsch et al. (1998).

Table 4 illustrates good resistance of our aggregates when the dimension is not too large. Nev-
ertheless, in the last columns, our estimators fail. This may have a theoretical explanation. In
Theorem 7 and 12, a constant C appears in the upper bounds. This constant in front of the rates of
convergence depends on the dimension of the input space. Increasing d grows this constant C and
may affect the performances. Moreover, the choice of the parameters in Rétsch et al. (1998) are
done with several training sets. In our approach, for each realization of a training set, we construct
an adaptive classifier using n observations. The amount of information used is not the same. It may
also explain this difference.

5. Conclusion

This paper gives some insights into SVM algorithm, from both theoretical and practical point of
view. We have tackled several important questions such as its statistical performances, the role of
the kernel and the choice of the tuning parameters.

The first part of the paper focuses on the statistical performances of the method. In this study, we
consider Sobolev smooth kernels as an alternative to the Gaussian kernels. It allows us to bring out a
functional class of Bayes rule (namely Besov spaces B2,,) ensuring good approximation properties
for our hypothesis space. Explicit rates of convergence have been given depending on the margin
and the regularity (Theorem 7). Nevertheless, this result was non-adaptive.

Then it has been necessary to consider the problem of adaptation. The aggregation method
appeared suitable in this context to construct directly from the data a competitive decision rule: it
has the same statistical performances as the non-adaptive classifier (Theorem 12). In this procedure,
we use explicitly the theoretical part to choose the scale of tuning parameters. For completeness,
we have finally implemented the method and gave practical performances over real benchmark data
sets. These practical experiments are to be considered as preliminary. However it shows similar
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performances for SVM using Gaussian or non-Gaussian kernel. Moreover it illustrates rather well
the importance of constructing a classifier with some mathematical background.

6. Proofs

This section contains proofs of the results presented in this paper.

6.1 Proof of Theorem 1 and Corollary 2

We consider a translation invariant kernel K : R9 x R — C with RB function & satisfying assump-
tions of Theorem 1. The following lemma will be useful.

Lemma 16 For any y € RY, consider the function ky : X — K(x,y) defined in RY. Then we have the
following statements:

1. ky(x) = Gy(x) where gy(w) = eYD(w).
2. ky(w) = e 19YD(w).
Proof

1. @ € L?(RY) hence the inverse Fourier formula allows us to write :

ky(X) = D(x—y) = (ml)d/z /R YD (w)do

R

e~ 10Xgy(w)do.

1
(2m)d/2 /]Rd

2. Now using 1. one gets

Ry(w) = (ml)d/z /R &% (x)dx = (an)d/z /R e (x)dx.

Gathering with the inverse Fourier transform of gy € L2(RY), we have

ky(w) = gy(w) = e YP(w).

Proof (of Theorem 1)
We write
|f(w)?

%:{feLz(Rd):/ ~—dw<oand f =00nS},
S d(w)
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with the corresponding norm

115 1= \/(2 Sy LICI

mY2 Js d(w)

We will show that #; coincides with Hk. A
For a given y € RY, from Lemma 16 it is clear that ky(w) = 0 for w € R9\S. Moreover using
again Lemma 16:

K@, s .
/S () dw—/stb(oo)doo<

since @ is integrable. Then ky € #o forany y € RRY. Now we have to establish that #; is a Hilbert
space. Following Matache and Matache (2002), we can show that, for any f € % :

11l </ (292 ®||] |5 and || Fllz < \/ r)2|D|1 £ 5,

where || - ||1 and || - ||2 denote the norms in L(RY) and L?(RY).
Indeed, by Cauchy-Schwarz,

: 1 [ f@)P -
/R f(w)ldw< \/ 557 s o dw\/(Zn)d/2 /S d(w)dw.

Moreover, since ||®|jo < ||®|1,

3 [F(wp
[ Jf@Paw< o). [ 50

Then considering a Cauchy sequence ( fn)ner in H endowed with || - ||, (fo)nen will be a Cauchy
sequence in both L1(RY) and L?(RY). We conclude with Matache and Matache (2002) that ( f,)n is
convergent in #Hy. Then % is complete and becomes a Hilbert space endowed with the following
inner product:

1
f = —
< 1,0 >4 (2ﬂ)d/2 /S CD((A))

Finally reproducing property holds. Indeed let f € #p. Using again Lemma 16 :

_ 1 10X £ _ 1 fA(w) U o
f(x)_W/Rde f(w)dor = (zn)d/z/sa(w)kx(w)dw—< ok >

We have already shown that Vx € RY, ky € Hy. As a result, the unicity of the RKHS for a given
kernel concludes the proof. |

Proof (of Corollary 2)
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First we have trivially that P is integrable since s > % We can hence apply Theorem 1 to have
H = {f € L2(RY) / 1 (@) 2+ [|w]?)*do < o},

since the support of ® is RY. This expression of the RKHS associated to K corresponds, up to a
constant, to the Sobolev space %2 defined in (7). Then K is a Sobolev smooth kernel with exponent
r=2s. |

6.2 Proof of Theorem 4

First introduce the notion of interpolation space (Bennett and Sharpley, 1988). We restrict ourselves
to a description of the real interpolation method. Let (B, ||.||g) be a Banach space and A a Hilbert
space dense in B. The Peetre’s functional for the couple (B, #) is defined by, for t > 0,

P(f,t,B,#): Inf{HfoHB-f-tHflﬂ}[, f = fo+ fy such that fo € B, f; € .‘7‘[}

For fixed t > 0, the functional P defines a norm in the Banach space B. It is therefore a simple
way to define the interpolation space between B and # entirely in terms of this functional. Given
8 €]0,1[and q € [0, ], the space (B, #)g q called interpolation space between B and # consists of
all f € B such that

(Jo=t%P(f,t,B,70)9%) if g < o,

IFlloq:= t-8P(f.t.B, )} if
— 00
sup {t°P(f,t,B,#)} ifq

is finite.
Here we are interested in the case g = o and the following geometric explanation of interpolation
space (Smale and Zhou, 2003, Theorem 3.1):

1

_6_
€ (B, H)pw — ooh 'nf ||f*9\|B<||f|| ( )=, (16)

where B,/ (R) := {f € # : ||f|, <R}. Hence the interpolation space between B and 7 satisfies
H C (B, H)e C B. To be more precise it consists of functions located at a polynomial decreasing
distance in ‘B from a ball in # of radius R as a function of R. It would be useful to control the
approximation error function in our framework.

Theorem 17 Consider a(a) defined in (6). Suppose the marginal of X is such that ddi; < Cp. Then
if f* € (L2(RY), %k )e..0 We have:
2 Ge
a(on) < [[f*lgan .
Proof By the lipschitz property of the hinge loss, we have clearly since dd%x <Cp:

a(dn) < inf (I = *lliapye) +anll Flli)

< inf [Cy inf ||f—f* apR? | .
T R0 <ofeB}4((R)H ”Lz(Rd)+ " )
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Now from (16), it follows that if f* € (L?(RY), H )g.co,

)% +GnR2> .

|-

1
< inf (|[f*52
atan < ot (111620

Optimizing with respect to R leads to the conclusion. |

Let introduce Besov spaces BL4(RY). A Besov space is a collection of functions with common
smoothness, in terms of modulus of continuity. This is a large class of functional spaces, including
in particular the Sobolev spaces defined in (7) (W2 = %éz(Rd) for any s > 0) and the Hélder spaces
(HS= 733,700(]1%“) for any s > 0). For a large study, we refer to Triebel (1992).

Here we restrict ourselves to the spaces @ém(]R{d). For any h € RY, we write | for the identity
operator, Ty, for the translation operator (Th(f,x) = f(x+h)) and Af, := (T, —1)" for the difference
operator. The modulus of continuity of order r of a function f € L2(RY) is then

o (f,1)2 = sup [| AL ()l 2(ra).-
Ihj<t

Then the Besov space 93,00 (RY) consists of all functions f such that the semi-norm
[fllse = sup t%ax(f,t),
t>0
is finite.
If we add || f || 2(ge) to this semi-norm, we obtain the usual norm of B2.,(R?).
Lemma 18 Lets>0and 0 < 6 < 1. Then,
(LR, WE)ow = B (RY).

A proof is presented by Triebel (1978) in a more general framework.
Proof (of Theorem 4)

From the definition of Sobolev smooth kernels, we have #Hx, = W?2. Hence we obtain with
Lemma 18: :

(LA(RY), 7 oo = B, ,(RY).

Applying Theorem 17 with 68 = 273 this ends up the proof since Px satisfies dd%x < Co. [ |

6.3 Proof of Theorem 7

In order to control the generalization error, we have to state an inequality such as (5). We propose
to use a stochastic oracle inequality from Steinwart et al. (2007). This result takes place under a
margin assumption of the type (10) and a complexity assumption over the used RKHS.

We define the covering numbers of a subset A of a Banach space (E,d) as :

A(A,&,E) =min{n >1:3xq,...Xn € E such that A C U] ;Bq(xi,€)}.

1576



AGGREGATION OF SVM

Furthermore, given a realization T = {(X1,Y1),... (Xn,Yn)} Of the training set, we denote by L?(Tyx)
the space of all equivalence classes of functions f : X — R such that the norm

L 1/2
[ flleme) = (n;f(xi)2> 17)

is finite. Then we can consider the behaviour of log A((B . €, L?(Tx)) as a complexity measure for
the used RKHS.

Proposition 19 (Steinwart and Scovel, 2007) Let P be a distribution on X x {—1,1} and #x a
RKHS of continuous functions on X. Suppose

1. There exists g € [0,+o0] and ¢ > 0 such that
P(2n(X)— 1] <) < cot?, , ¥t > .

2. Thereexista > 1,0 < p < 1 such that

su lo B,.,& L?(Tx)) < ag2P,ve > 0. 18
osue 9N (Byg, &L (Tx)) < (18)

Then there exist constants ¢ > 1, k,k’,k” > 0 such that for all x > 1, the clipped version f< of SVM
classifier f,, satisfies, with probability larger than 1 —e~*,
K

p

RI(fS, ) < cfien}f-ﬁ((IE:.:(I(f)—|(f*))+om||f||2K)+no(n

g+l
( K ) wzp k' K'x
+ (—p + 7+ —
naf ez N
Proof (of Theorem 7)

The hinge loss I(y, f(x)) = (1 —yf(x)) satisfies, for all classifier f (Zhang, 2004):
R(f, 1) <Ri(f, ). (19)

Therefore, to control the excess risk of a classifier, it is sufficient to control the RHS of (19).

We apply Proposition 19 for the stochastic part and Theorem 4 for the approximation part of the
analysis.

Recall a standard result for covering numbers of Sobolev spaces (Chen et al., 2004):

log 7\ (B2, €,C(RY)) < ag v, (20)

where constant a := a(d). From (17) we have || f | 2(7) < || f[|w forany f € C(RY), T € (X x )",
Then (20) holds true for log A((By», €, L2(Tx)) uniformly over T € (X x 9)". Gathering with
Hy, = ‘Wrz/2 the RKHS H, satisfies (18) of Proposition 19 with p = %. Applying Proposition 19,
there exist ¢ > 1, K,K’,k” > 0 such that, for all x > 1, with probability larger than 1 — e,

_ K
RI(S. %) < cinf (Ri(f, )+l f[[Z) + —5
fes nay
qrl

K a+2—-d/r K K''x
+ 5 + Tt
naﬁ noat2
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Since f* € Qiém(Rd), we get from Theorem 4 that with probability larger than 1 —e %,

q+1
. s s K K a+2—d/r / K''x
Ri(fg, %) <cC ¥ || fgsah * + —5 + | — +—g .
nay nay noy n

The choice of ap in (11) optimizes the RHS. Integrating with respect to the training set, one leads
to the conclusion. |

6.4 Proof of Theorem 12

To prove Theorem 12, we use a general oracle inequality for aggregation. Let us first recall the
general context of aggregation.

Suppose we have M > 2 differents classifiers f1,..., fu with values in {—1,1}. The method of
aggregation consists in building a new classifier f, from D, called aggregate which mimics the best
among fy,... fm. Our procedure is using exponential weights of the following form:

oW eP (L, Yifi(X)

L ke exp (T Yifi(Xi))”

Then we define the following aggregate:

M
fi=5 " f;. (21)
ot

Under the margin assumption (10), we have this oracle inequality:

Theorem 20 (Lecué, 2005) Suppose (10) holds for some q € (0, 4). Assume we have at least a
polynomial number of classifiers to aggregate (i.e., there exist a > 1, b > 0 such that M > anP).
Then the aggregate defined in (21) satisfies, for all integer n > 1,

ER(fy, ) < (142log=4M) (2 minM}R(fk, f)+Cn 42 |og7/4|v|> , (22)

ke{1,
where C depends on a,b and the constant cq appearing in (10).

Proof (of Theorem 12)
Let (qo,So) € K and consider 0 < Qpin < qmax < + and 0 < Spjn < Smax < +°0 such that K C
[Amin, Amax] X [Smin, Smax]- We consider the function

r(r—s)(q+1)
(r(@+2)—d)+(r—s)(q+1)d

cD(q,S) - S

defined on [0, +oo[x [0, +oo[ with value on [, £]. We denote by

oc o | r20m] 1)

1578



AGGREGATION OF SVM

the integer such that
1 1
5+ koA™! < d(qgp,%0) < >+ (ko+1)A71,

Since g — ®(q,s) continuously increases on R*, for n greater than a constant depending on b, r, d
and K, there exists 0y € [937, 0ma Such that gy < g and

1
®(To,S0) = 5 + koAt (23)
Now we can apply Theorem 20 for gj,. Since A = n'g, putting M = V de) J we have the following
oracle inequality:

4 o _%+!
Epery (R(fn, £)|Dp,) < (1+2log™ M) <2 mi(n | (R(fZ, £*)) +C1n, ©" log"/* M) :
acG(ny

where C1 depends on ¢p, K and b. Hence we have, integrating with respect to Dnl,

. _%Got!
E (R(fn, *)) <C (ER(fn f*)+n, ©7 log"/4 ng) ,
where ag, = m~ % = n, *@%) \yith (23) and C, depends on K,b,r,d and cg. Therefore we can
apply Theorem 7 to the classmer f°‘k

~ 2 o(qy,
EpensR(f2%0, £4) < Cny "0 0%,

where C depends on r,d and K. Remark that C does not depend on g, and sg since (Ty,So0) €
(92 Gmax] X [Smin, Smax]. Moreover C is uniformly bounded over (qg,s) belonging to a compact in
Theorem 7.

Finally suppose P satisfies (10) for go. Hence we obtain:

. TJo+1
E (R(fn, 7)) < Cs< W% q°*Zlog4r12>

for C3 :=C3(K,b,co,r,Co,d). We have n > np > Iogn and n; > n( IO93) Then for n greater than
a constant depending on Bmin, &, and b, there exists C; := C5(K, b, cg, r,Co,d) such that

f % go+1
E(R(f”’f*)) < G <n B )—i—n q8+2 Iogl41 n)
S C n —s 50 (qOSO)

The construction of g and restrictions on r entail ﬁytib(qo,so) —®(qo,80)| <A = nz‘b. We lead
to the conclusion since the sequence (n”ib)neN is convergent. |
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