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The support vector machine (SVM) algorithm is well known to
the computer learning community for its very good practical results.
The goal of the present paper is to study this algorithm from a sta-
tistical perspective, using tools of concentration theory and empirical
processes.

Our main result builds on the observation made by other authors
that the SVM can be viewed as a statistical regularization procedure.
From this point of view, it can also be interpreted as a model selection
principle using a penalized criterion. It is then possible to adapt gen-
eral methods related to model selection in this framework to study
two important points: (1) what is the minimum penalty and how does
it compare to the penalty actually used in the SVM algorithm; (2)
is it possible to obtain “oracle inequalities” in that setting, for the
specific loss function used in the SVM algorithm? We show that the
answer to the latter question is positive and provides relevant insight
to the former. Our result shows that it is possible to obtain fast rates
of convergence for SVMs.

1. Introduction. The success of the support vector machine (SVM) al-
gorithm for pattern recognition is probably mainly due to the number of
remarkable experimental results that have been obtained in very diverse do-
mains of application. The algorithm itself can be written as a nice convex
optimization problem for which there exists a unique optimum, except in
rare degenerate cases. It can also be expressed as the minimization of a reg-
ularized functional where the regularizer is the squared norm in a Hilbert
space of functions on the input space. Although these are nice mathemati-
cal formulations, quite amenable to analysis, the statistical behavior of this
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algorithm remains only partially understood. Our goal in this work is to
investigate the properties of the SVM algorithm in a statistical setting.

1.1. The abstract classification problem and convex loss approximation.
We consider a generic (binary) classification problem, defined by the follow-
ing setting: assume that the product X x ) is a measurable space endowed
with an unknown probability measure P, where ) ={—1,1} and X is called
the input space. The pair (X,Y’) denotes a random variable with values in
X x Y distributed according to P. We will denote Px the marginal distri-
bution of variable X. We observe a set of n independent and identically
distributed (i.i.d.) pairs (X;,Y;)" ; sampled according to P. These random
variables form the training set.

Given this sample, the goal of the classification task is to estimate the
Bayes classifier, that is, the measurable function s* from X to ) which min-
imizes the probability of misclassification, also called generalization error,
E(s*) =P[s*(X) #Y]. It is easily shown that s*(z) =2 x 1{P(Y =1|X =
z) >3} —1 as. on the set {P(Y =1|X =z) # 1}. Note that it is an abuse
to call s* “the” minimizer of the misclassification error, since it can have
arbitrary value on the set {P(Y =1|X =) = 3}. In the sequel, we refer to
s* as a fixed function, for example, if we choose arbitrarily s* to be 1 on the
latter set.

Having a finite sample from P, a seemingly reasonable procedure is to find
a classifier s minimizing the empirical classification error &, (s) = £ 37, 1{s(X;) #
Y;}, with the minimization performed over some model of controlled com-
plexity. However, this is in most cases intractable in practice because it is
not a convex optimization procedure. This is the reason why a number of
actual classification algorithms replace this loss by a convex loss over some
real-valued (instead of {—1,1} valued) function spaces. This is the case of
the SVM where such a “proxy” loss is used ensuring convexity properties.
Its relation with the classification loss will be detailed in Section 2.1.

1.2. Motivations.

Relative loss and oracle-type inequalities. In the last two decades of the
last century, the theoretical study of various classification algorithms has
mainly focused on deriving confidence intervals about their generalization
error. The foundations of this theory have been laid down by Vapnik and
Chervonenkis as soon as 1971 [38]. Such confidence intervals have been de-
rived for SVMs and, more generally, so-called “large margin classifiers,” for
example, using the notion of fat-shattering VC dimension; see [2].

However, it is probably fair to say that the explicit confidence intervals
thus obtained are mewver sharp enough to be of practical interest—even
though effort, legitimately, has been and is still made to obtain tighter
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bounds. On the other hand, we argue that uniform confidence intervals
about the generalization error are not the most adapted tool to understand
correctly the behavior of the algorithm.

If we compare the classification setting to regression, we see that, in re-
gression, the loss of an estimator is always measured relatively to a target
function f* (e.g., through L? distance). Furthermore, recent work (see, e.g.,
[22]) has shown that a precise study of the behavior of the relative loss when
the estimator fis close to f* is a key element for proving correct convergence
rates. This approach is sometimes called “localization.”

In this paper we follow this general principle in the context of SVMs.
Our main quantity of interest will therefore be the relative loss, for the
proxy loss function, of 5 with respect to s*, instead of the absolute loss itself
(the average relative loss will also be called risk). In this regard, this work
should be put in the context of a general trend in the recent literature on
classification and, more generally, statistical learning, where the focus has
shifted to the relative loss (see also below Section 5.1.2 for further discussion
on this point).

Of course, a confidence interval for the relative loss is not informative,
since s* is unknown; instead, the goal to be aimed at is an oracle-type
inequality. The term oracle inequality originally refers to a risk bound for
a model selection procedure where the bound is within a constant factor of
the risk of a minmax estimator in the best model; that is, almost as good
as if this best model had been known in advance through an “oracle”. In
the present context, we use more loosely the term “oracle-type inequality”
to designate a bound where the risk of the estimator can be compared to
the risk of the best approximating functions coming from any model under
consideration plus a model-dependent penalty term; this without knowing in
advance which models are best. This approach typically allows us to obtain
precise bounds on the rates of convergence toward the target function.

SVM and regularized model selection. It has been noted by several au-
thors (see Section 2.3) that SVMs can be seen as a regularized estimation
method, where the regularizer is the squared norm of the estimating func-
tion in some reproducing kernel Hilbert space. We show that this can also
be interpreted as a penalized model selection method, where the models are
balls in this Hilbert space. This allows us to cast the SVM problem into a
general penalized model selection framework, where we are able to use tools
developed in [22], in order to obtain oracle-type inequalities over the family
of considered models.

1.3. Highlights of the present work.

A generic, versatile model selection theorem. To be applied to SVMs,
the results of [22] need to be extended to a setting where various parameters
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are model-dependent, resulting in various technical problems. Therefore, we
decided to devote a whole section (Section 4) of this paper to the extension of
these model selection results in a very general setting. We believe this result
is of much interest per se because it can be useful for other applications
(at least when the loss function is bounded model-wise) and constitutes an
important point of this work.

Is the SVM an adaptive procedure? The application of the above general
result to SVMs is an example of the power of this approach, and allows us to
derive a nonasymptotic oracle-type inequality for the SVM proxy risk. This
is the main result of this paper. The interesting feature of oracle-type bounds
is that they display adaptivity properties: while the regularization term used
in the estimator does not depend on assumptions on the target function,
the bound itself involves the approximation properties of the models to the
target function. Therefore, the (fixed) estimation procedure “adapts” to how
well the target is approximated by the models. This is in contrast to other
related work on the subject such as [12, 32], where typically the optimal
bound is obtained for a choice of the regularization constant that depends
a priori on these approximation properties.

Is the SVM reqularization function adequate? Our result allows us to cast
a new light on a very interesting problem, namely, concerning the adequate
regularization function to be used in the SVM setting. Our main theorem
establishes that the oracle-type inequality holds provided the regularizer
function is larger than some lower bound (|| f||x,n), which is a function of
the Hilbert norm || f||; and the sample size n. Since the oracle inequality
bound is nonincreasing in function of the regularization term, choosing the
regularization precisely equal to (|| f]|x,n) will result in the best possible
bound allowed by our analysis. The precise behavior, as a function of the
sample size n, of {(||f]/x,n) depends on a capacity analysis of the kernel
Hilbert space. For this, we provide two possible routes, either using the
spectrum of the kernel integral operator, or the supremum norm entropy of
the kernel space. In particular, we show (in both situations) that, while the
squared Hilbert norm is traditionally used as a regularizer for the SVM, a
linear function of the Hilbert norm is enough to ensure the oracle inequality:
this suggests that the traditional regularizer could indeed be too heavy.

Using several kernels. Another interesting consequence of the model se-
lection approach is that it is possible to derive almost transparently an
oracle-type inequality in an extended situation where we use several kernels
at once for the SVM. Namely, the different kernels can be compared via
their respective penalized empirical losses. The oracle inequality then states
that this amounts to selecting the best kernel available for the problem.
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Influence of the genmerating probability on the convergence rate. It has
been recently pointed out (see [23, 35]) that in the classification setting, the
behavior of the function n(z) =P[Y = 1|X = z] in the neighborhood of the
value % plays a crucial role in the optimal convergence rate toward the Bayes
classifier. In this paper we assume that n(z) is bounded away from the value
% by a “gap” np and study the influence of 79 on the risk bounds obtained.
An interesting feature of the result is that the knowledge of 7 is not needed
to define the estimator itself: it only comes into play through a remainder
term in the bound.

Note that, for a strictly convex proxy loss, this type of assumption on 7
essentially influences the relation between classification risk and proxy risk
(see [4]), while it has no impact on the statistical behavior of the proxy risk
itself. Because the proxy loss used by the SVM is not strictly convex (it is
piecewise linear), the setting considered in the present paper is different: the
gap assumption plays a role directly in the inequalities for the proxy risk
and not in the relation with the classification risk.

1.4. Organization of the paper. In Section 2 we present the SVM algo-
rithm, show how to formulate it as a model selection via penalization method
and survey existing results. In Section 3 we state the main result of the paper
for the SVM and discuss its implications and scope. The main tool to derive
these results, which handle penalized model selection in a generic setting,
is given in Section 4—we hope that its generality will make it useful in the
future for other settings as well. We subsequently show how to apply this
general result to the special case of the SVM. Section 5 contains a compar-
ison of our result to other related work and concluding remarks. Finally,
Section 6 contains the proofs of the results.

2. Support vector machines. For details about the algorithm, its basic
properties and various extensions, we refer to the books [13, 29, 37]. We give
here a short presentation of the formulation of the algorithm with emphasis
on the fact that it can be thought of as a model selection via penalization
method.

2.1. Preliminaries: loss functions. With some abuse of notation, we de-
note Pg:=E[g(X,Y)] for an integrable function ¢g from X x Y to R. Also,
we introduce the empirical measure defined by the sample as

1 n
Py i=— . -
- ; dx, ® dy,
so that P,g denotes n='>"" ; g(X;,Y;). Finally, we denote n(z) = P[Y = 1]
X =zl.
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Before we delve further into the details of the support vector machine, we
want to establish a few general preliminaries useful to understand the goals
of the rest of the paper.

The natural setting to study SVMs is real-valued classification where we
build estimators f,, of s* as real-valued functions, being understood that the
actual binary classifier associated to a real function is obtained by taking its
sign. We therefore measure the probability of misclassification by comparing
the sign of fn(X ) to Y, thus rewriting the generalization error as

E(fn) =PY fu(X) < O] =E[6(Y (X)),

where 0(z) = 1{z <0} is called the 0-1 loss function. By a slight abuse of
notation, we also denote by 6 the following functional:

0(f) = (,y) = Hyf(x) <O}
We define the associated risk (or relative average loss) function
O(fu,s™) :==P[Y fu(X) < 0] — P[Y's*(X) < 0] = PO(f,) — PO(s").

However, as will appear in the next section, the classification error () is
not the actual measure of fit used by the algorithm of the support vector
machine; it uses instead the “hinge loss” function defined by ¢(z) := (1 —2)4,
where ()4 denotes the positive part. Similarly, we also denote by ¢ the
following functional:

(f) = (2, y) = (1 —yf(@))

the associated risk function is denoted

L(fu,s*) :=E[0(fa) = €(s")].

As mentioned in the introduction, using this convex loss allows for a tractable
optimization problem for actual implementation of the algorithm. Since ¢ is
the loss function actually used to build the SVM classifier, the aim of our
analysis is to derive oracle inequalities about its associated risk L.

However, as the main goal of classification is ultimately to obtain low
generalization error £, it is only natural to ask the question of the connection
between the two above losses. It is obvious that §(z) < ¢(x) and therefore
that £(f) <E[¢(f)]. Nevertheless, recalling our main focus is on risks (i.e.,
relative average loss), this remark is not really satisfactory and the two
following additional questions are of primary interest:

e How is the real-valued function f* minimizing the averaged hinge loss
E[¢(f*)] related to the optimal classifier s*?
e How are ©(-,-) and L(-,-) related?
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(Again, note that it is not entirely correct to talk about “the” function f*
minimizing the hinge loss, since it is not unique: in the sequel we will assume
a specific choice has been made.)

The following elementary lemma gives a satisfactory answer to these ques-
tions:

LEMMA 2.1. (i) Let s* be a minimizer of £(s) over all measurable func-
tions s from X into {—1,1}. Then the following holds:

E[(s™)] = minE[((f)],

where the right-hand side minimum is taken over all measurable real-valued
functions on X. Furthermore, if f* is a minimizer of E[((f)], then f*=s*
a.s. on the set {P[Y =1|X =x] ¢ {0, 3,1}}.

(ii) For any P-measurable function f,

O(f,s") < L(f, f7).

Part (i) of the lemma can be found in [19] and part (ii) in [40], but we
give a self-contained proof in Section 6.1 for completeness. Since the choice
of f* is arbitrary among minimizers of E[¢(f)], (i) implies that we can choose
f*=s*, which will be assumed from now on.

2.2. The SVM algorithm. There are several possible ways of formulating
the SVM algorithm. Historically, it was formulated geometrically. First sup-
pose the input space X is a Hilbert vector space and that the two classes can
be separated by a hyperplane. The SVM classifier is then the linear classi-
fier obtained by finding the hyperplane which separates the training points
in the two classes with the largest margin (maximal margin hyperplane).
The margin corresponds to the smallest distance from a data point to the
hyperplane.

Now, in general, X may not be a Hilbert space, but is mapped into one
where the above algorithm is applied. For computational tractability of the
algorithm, it is crucial that this Hilbert space can be generated by a (repro-
ducing) kernel, whose properties we sum up briefly here.

Assume we have at hand a so-called kernel function k: X x X — R, mean-
ing that k is symmetric and positive semi-definite, in the following sense:

n
\V/n,\V/(IEl, . 'axn) € Xn7v(a17 R an) S Z (IZCL]]{?(IEZ,QZ‘]) > 0.
7,7=1

It can be proved that such a function defines a unique reproducing kernel
Hilbert space (RKHS for short) Hj, of real-valued functions on X. Namely,
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define Hj as the completion of span{k(x,-):z € X'}, with respect to the
norm induced by the following inner product:

n m n m
(u, ) = Z Z a;bjk(z;, ;) for u = Zaik(azi, ) and v = Z bik(xj,-);
i=1j=1 i=1 =1
here the completion is defined in such a way so that it consists of real
functions on X as announced. We denote the norm in Hy by || - ||x-
Since H, is a Hilbert space of real-valued functions on X', any element w
of Hj. can be alternatively understood as a vector or as a function. Moreover,
this space has the so-called reproducing property which can be expressed as

Vu e Hg, Ve e X u(x) = (u, k(x, ).

Finally, as announced, the input space X is mapped into H; by the simple
mapping z — k(z,-), and, thus, the scalar product of the images of z,2' € X
in My, is just given by k(z,z’).

Now, in that space, a hyperplane is defined by its normal vector w and a
threshold b € R as

H(w,b) ={v e H: (w,v)p+b=0}.
It is easy to see [29] that the maximum margin hyperplane (when it exists)
is given by the solution of the following optimization problem:

. 1 2
wegggeRgHwHk

under the constraints: Vi=1,...,n,Y;((w, k(X;,-))r + b) > 1.

However, it can happen that the data is not linearly separable (i.e., the above
constraints define an empty set). This has led to considering the following
relaxed optimization problem, depending on some constant C' > 0:

n
3 1 2 §
m £ O .
weH;%eRQHWHk * izl&

(2.1) under the constraints: Vi =1,...,n, Y;((w, k(X;, )k +b) > 1 —&;
Vie1l,...n  &>0.

This problem always has a solution and is usually referred to as the soft-
margin SVM. It is common, although not systematical, for theoretical stud-
ies of SVMs to introduce a simpler version of the SVM algorithm where one
uses only hyperplanes containing the origin, that is, b is set to zero (although
this version is admittedly rarely used in practice). This is mainly for avoid-
ing some technical difficulties. We will adopt this simplification here, calling
this constrained version “SVMj,” and we will focus on it for the main part
of the paper.
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2.3. From regqularization to model selection. It has been noticed by sev-
eral authors [15, 30] that the soft-margin SVM algorithm can be formulated
as the minimization of a regularized functional. Consider the primal opti-
mization problem (2.1). For a fixed w, obviously the optimal choice for the
parameters (&;) given the constraints is & = (1 —Y;((w, k(X;,-))x +b))+. Now
using the reproducing property of the kernel, we have (w, k(X;,))r = w(X;),
so the new formulation of the problem is (now denoting f instead of w)

(2:2) min = 3" (1 = Yif (X0, + Al 71,
1=1

where A,, = % and the minimum is to be performed over f € Hy (for the
SVMj algorithm) and for f € H} = {z — g(z) + blg € Hy,,b € R} for the
plain SVM algorithm. Note that [| - ||, inherited from Hy, to Hy, is only a
semi-norm on Hz.

Now, it is straightforward that the optimization problem (2.2) can be
rewritten in the following way:

. B 2
(2.3) %‘éﬁ{ﬁ”%lfgg - ;(1 Yif(Xi))y + AnR }
This gives rise to the interpretation of the above regularization as model se-
lection, where the models are balls in Hy, (or “semi-norm balls” in H%), and
where the model selection is done using penalized empirical loss minimiza-
tion. Also, it is now clear from equations (2.2) and (2.3) that the empirical
loss used by the SVM is not the classification error (or 0-1 loss function),
but the hinge loss function ¢ defined in the previous section.

Denoting B(R) the ball of Hj, of radius R, our interest in the main part
of the paper is to study the behavior of SVMg vis--vis the family of models
B(R), and the correct order of the regularization function to be used.

3. Main result.

3.1. Assumptions. We will present two variations of our main result. The
difference between the two versions is in the way the capacity of the RKHS
is analyzed. General assumptions on the RKHS Hj and on the generating
distribution are common to the two versions. Below we denote n(x) = P(Y =
11X =x).

(A1) Hy is a separable space (Note that the separability of Hy is ensured,
in particular, if X is a compact topological space and k is continuous on
X x X.), and k(z,z) < M? < oo for all z € X.

(A2) (“Low noise” condition) Vee X In(x) — | > no.
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The following additional assumption will be required only for setting (S1)
below:

(A3) Vee X min(n(z),1 —n(z)) > n.

Our result covers the two following possible settings:

Setting 1 (S1). Suppose assumptions (Al), (A2) and (A3) satisfied. In
this first setting, the capacity of the RKHS is analyzed through the spectral
properties of the kernel integral operator Ly, : L?(Px) — L?(Px) defined as

(3.1) (Lif)(x /k 2,2')f(2') dPx ('),

which is positive, self-adjoint and trace-class (see Appendix A for details).
As a result, L, can be diagonalized in an orthogonal basis of L?(Py), it has
discrete spectrum A; > Ag > --- (where the eigenvalues are repeated with
their multiplicities) and satisfies 37,50 \; < oc. For a fixed ¢ > 0, we then
define for n € N the following function:

y(n)=m™ 7561{](\/7 i Z;i/\>

Setting 2 (S2). Suppose assumptions (Al) and (A2) satisfied. For the
second situation covered by the theorem, the capacity is measured via supre-
mum norm covering numbers. In this situation, we assume that the RKHS
Hj. can be included via a compact injection into C(X) and we denote by
Hoo (B, ,€) the e-entropy number (log-covering number) in the supremum
norm of the unit ball of H;. Denote

(3.2) £(z) = /0 " JHoo(Br o) de

and let z,(n) be the solution of the equation &(z) = M~ 'n'/222. For a fixed
0 > 0, define for n € N the following function:

(n) =M~2ai(n).

3.2. Statement. We now state our main result, which applies, in partic-
ular, to the SVMj algorithm.

THEOREM 3.1. Consider either setting (S1) under assumptions (A1),
(A2) and (A3), or setting (S2) under assumptions (Al) and (A2). Define
the constant wy = for setting (S1) and wy =1 for setting (S2).

Let 6 > 0 be a fized real number; and let A,, > 0 be a real number satisfying

log(6=11 1
(33 Az o)+ BBV,

n
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where ¢ is a universal constant. Finally, let ¢ be a nondecreasing function
on R such that p(0) =0 and ¢(z) >z for x> 1.

Consider the following reqularized minimum empirical loss procedure on
an i.i.d. sample ((X;,Y;))i=1,..n from distribution P, using the hinge loss
function (z,y) = (1 — zy)4:

. (1

(3.4) 9=Arng<—Z€(g(X¢),Yi) +An90(M||ng)>a
AN

then if s* denotes the Bayes classifier, the following bound holds with prob-

ability at least 1 —§:

(85) L(g,s") <2 inf [L(g,s") +20n0(2M lglle)] + 440 (20(2) + cwing ).

3.3. Discussion and comments.

3.3.1. Discussion of the result.

Adaptivity of the SVM. The most important point we would like to stress
about Theorem 3.1 is that the regularization term and the final bound are
independent of any assumption on how well the target function f* is ap-
proximated by functions in Hj. This is an important advantage in the ap-
proach we advocate here, that is, casting regularization as model selection.
The model selection approach dictates a minimal order of the regulariza-
tion, which is “structural” in the sense that it depends on some complexity
measure of the models (here balls of Hj) and not on how well the models
approximate the target. In simpler terms, the minimal regularizer depends
only on the estimation error, not the approximation error. Our result is
therefore an oracle type bound, which entails that the SVM is an adaptive
procedure with respect to the approximation properties of the target by
functions in Hj. From this bound, we can derive convergence rates to Bayes
as soon as we have an additional hypothesis on these approximation prop-
erties, while the procedure stays unchanged. We discuss this point in more
detail in Section 3.4.

Squared versus linear regularization. The second point we want to empha-
size about Theorem 3.1 is that the minimum regularization function required
to ensure that the oracle inequality holds is of order ||g||; only (as a function
of ||lgllk)- In the original SVM algorithm, a regularization of order ||g||? is
used. The theorem covers both situations by choosing respectively ¢(x) =z
or p(x) = 222, In view of the oracle inequality, the weaker the regularization
term, the better the upper bound: provided that the oracle inequality holds,
a weaker regularization will grant a better bound on the convergence rate.
Therefore, this theorem suggests that [under certain conditions, i.e., mainly
(A2)] a lighter regularization can be used instead of the standard, quadratic,
one.
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Of course, while a lighter regularization results in a better bound in our
theorem, we cannot assert positively that the resulting algorithm will nec-
essarily outperform the standard one: to draw such a conclusion, we would
need a corresponding lower bound for the standard algorithm. Here we will
merely point out the analogy of SVM to regularized least squares regression.
Under a Gaussian noise assumption, the behavior of the regularized least
squares estimator of the form (3.4) [with the square loss £(x,y) = (z — y)?
replacing the hinge loss] is completely elucidated (see [24], Section 4.4). In
particular, the standard quadratic regularization estimator has an explicit
form, from which it is relatively simple to derive corresponding lower bounds.
As a consequence, in that case, it can be proven that a regularization that is
lighter than quadratic enjoys better adaptivity properties than the standard
one. In the present work, we have followed essentially the same driving ideas
to derive our main result in the SVM setting, so that there is reasonable
hope that the obtained bound indeed reflects the behavior of the algorithm.
A complete proof of that fact is an interesting open issue.

From hinge loss risk to classification risk. This theorem relates the rela-
tive hinge loss E[((g) — £(s*)] (where s* is the Bayes classifier) to the opti-
mum relative loss in the models considered, that is, balls of Hj, (see Section
2.3). Furthermore, Lemma 2.1 ensures that the relative classification error
is upper-bounded by the relative hinge loss error, hence, the theorem also
results in a bound on the relative classification error.

3.3.2. Discussion of the assumptions.

About assumption (A2). This assumption requires that the conditional
probability of Y given X should be bounded away from % by a “gap” ng.
Note that the knowledge of 7y is mot necessary for the definition of the
estimator, as it does not enter in the regularization term. This quantity only
appears as an additional term in the oracle inequality (3.5). Furthermore, for
1o not depending on n, this trailing term will become negligible as n — oo,
since the infimum in the first term will be attained for a function g, € Hy
with ||gn||x — oo (see below Section 3.4 ). Assumption (A2) is a particular
case of the so-called Tsybakov’s noise condition, which is known to be a
crucial factor for determining fast minmax rates in classification problems
(see [23, 35]).

A possible generalization. A more general Tsybakov’s noise condition
would be to assume, in place of (A2), that |& —n(z)|~! € L? for some p > 0.
In this setting, it is possible to show (although it is out of the scope if the
present work) that a result similar to (3.5) holds, with the same regular-
ization function, except that the trailing term in (3.5) of order 7, YA, gets
replaced by a term of the form ((A,), with z < {(x) < /2, where the exact
form of { depends on the noise condition and the structural complexity anal-
ysis of Hy. Obviously, in this general situation, the trailing term is no longer



STATISTICAL PERFORMANCE OF SVM 13

necessarily negligible — whether or not this is the case will depend on the
behavior of the first term of the bound, and therefore on the approximation
properties of f* by Hy. The interpretation of this generalization is therefore
more involved.

About assumption (A3). The requirement that 7 should be bounded away
from 0,1 by a gap n; is a technical assumption in setting (S2) needed as a
quid pro quo for obtaining an explicit relation between regularization term
and eigenvalues (see the short discussion before Theorem 6.6 in Section 6.3).
While there does not appear to be an intrinsic reason for this assumption, we
did not succeed in getting rid of it in this setting. Note that, in contrast to
the previous point, the knowledge of 7; is needed to define the regularization
explicitly in this setting. While this assumption is somewhat unsatisfactory,
it is possible, at least in principle, to obtain an explicit lower bound on the
value of 77 by introducing deliberately in the data a small artificial “label
flipping noise” (i.e., flipping a small proportion of the training labels). We
refer to [9] (in the discussion preceding Corollary 10 there; the idea also
appeared earlier in [39]) where this idea is exposed in more detail. Note that
the label flipping preserves assumption (A2), albeit with a smaller gap value
1o-

About setting (S2). An unsatisfactory part of the result for setting (S2) is
that it is not possible to compute the value of the regularization parameter
v(n) from the data, since it requires knowledge of the eigenvalues of Lj. The
interest of this setting is to give an idea of what the relevant quantities are
for defining a suitable regularization, in a way that is generally more precise
than for setting (S1) (see discussion in the next section). Moreover, there
is strong hope that estimating these tail sum of eigenvalues from the data
(using, e.g., techniques from [3]) would lead to a suitable data-dependent
penalty.

3.3.3. Other comments.

Multiplicative constant. The constant 2 in front of the right-hand side of
equation (3.5) could be made arbitrarily close to one at the price of increasing
the regularization function accordingly. Here we made an arbitrary choice
in order to simplify the result.

Deviation inequality vs. average risk. The above result states a deviation
bound valid with high probability 1 —§. Note that § enters into the regular-
ization function, hence, it is not possible to directly integrate (3.5) to state
a bound for the average risk. However, it is possible to obtain such a result
at the price of a slightly heavier regularization (an additional logarithmic
factor). Namely, the proof of Theorem 2 essentially relies on a general model
selection theorem (Theorem 4.3 in the next section) which covers both the
deviation inequalities and average risk inequalities with minor changes in
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the penalty function. For brevity, we do not state here the resulting theo-
rem obtained for average SVM performance, but it should be clear that only
minor modifications to the proof of Theorem 3.1 would be necessary.

Using several kernels at once. Suppose we have several different kernels
ki,...,k at hand. Then we can adapt the theorem to use them simulta-

neously. Namely, to each kernel is associated a penalization constant ASZ);
the estimator g is given by (3.4) where we add another Argmin operation
over the kernel index; and oracle inequality (3.5) is valid with an additional
minimum over the kernel index; only § has to be replaced by §/t for the
price of the union bound. That such a result holds is straightforward when
one takes a look at the model selection approach used to prove Theorem 3.1
(developed Section 4). This is one of the advantages of this approach.

3.4. Penalty functions and convergence rates for support vector machines.

3.4.1. Convergence rates for the SVM. Let us first note from the defi-
nition of ~ in both settings (S1) and (S2) that, generally, v(n) is of order
lower than n~'/2. This is in contrast with some earlier results in learning
theory where bounds and associated penalties often behave like n=2. Ac-
tual rates of convergence to the Bayes classifier also depend on the behavior
of the bias (or approximation error) term inf),, <z L(g,s*). In most prac-
tical cases, the functions in Hj are continuous, while the Bayes classifier
is not; hence, the Bayes classifier cannot belong to any of the models. If
we assume that Hj is dense in L;(P), however (see also the stronger no-
tion of “universal kernel” in [31]), then there exists a sequence of functions
(gn) € Hy such that w, = L(g,,s*) — 0, implying consistency of the SVM.
Moreover, if information is available about the speed of approximation [i.e.,
how inf| ;) < L(g,s™) goes to zero as a function of R] and about the function
~v(n) [depending either on eigenvalues or supremum norm entropy according
to setting (S1) or (S2)], an upper bound on the speed of convergence of the
estimator can be derived from Theorem 3.1. As noted earlier, in this case,
using a regularization term of order ||g||; instead of ||g|[7 always leads to
a better upper bound on the convergence rate. The study of such approxi-
mation rates for special function classes is outside the scope of the present
paper, but is an interesting future direction.

3.4.2. About the function y(n) in settings (S1) and (S2). The behavior,
as a function of the norm ||g[|x, of the minimum regularization function
required in the theorem does not depend on the setting. Its behavior as a
function of the sample size n, however, does, since the complexity analysis
is different in both settings.

In order to fix ideas, we give here a very classical Sobolev space type
example where we can explicitly compute the function v in both settings—
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and where they coincide. Let us consider the case where X =T is the unit
circle, the marginal Py of the observations is the Lebesgue measure, and
the reproducing kernel k is translation invariant, k(z,y) = k(x —y) where k
is a periodic function that admits the Fourier series decomposition

k(z) = Z ay cos(2mkz),
k>0

where (ay) is a sequence of nonnegative numbers. Obviously, the Fourier
basis forms a basis of eigenvectors for the associated integral operator Ly
and the eigenvalues are A\; = ag, Aop = Aopy1 = ax/2 for k> 0. A function
belonging to the RKHS f € Hy is therefore characterized by >~/ /\;lﬁf =

7112 < oo, where f are its Fourier coefficients.

Consider the case where \;, < k™2% for some s > % Then computing the
function v in setting (S1) yields v1(n) < n=2/(s+1)_ On the other hand,
clearly Hj, can be continuously included into the Sobolev space H*(T). Uni-
form norm entropy estimates for Sobolev spaces have been established (and
can be traced back to [7]; see also [14], page 105 for a general result); it is
known that Heo(Bps(ry,€) S £=1/5: hence, the function ¢ appearing in set-
ting (S2) is such that &(z) <n5=1/25 Jeading also to yo(n) < n=2%/(2s+1),

However, the fact that the two settings lead to a regularization of the
same order seems very specific to this case, depending, in particular, on the
properties of the Lebesgue measure and of Sobolev spaces. In a more general
situation, if we assume the eigenvalues to be known, and 7; to be a fixed
constant, we expect the analysis in setting (S1) to give a tighter estimate for
the minimal regularization function than the analysis in setting (S2); that is
to say, the function v(n) appearing in (S1) will be of smaller order than the
one appearing in (S2). Informally speaking, this is because the eigenvalues
of L are related to the covering entropy of the unit ball of Hj, in L? norm,
while setting (S2) considers covering entropy with respect to the stronger
supremuin norm.

On the other hand, this tighter analysis comes at a certain price, namely,
additional assumption (A3) and the requirement that the eigenvalues are
known (or estimated), as already pointed out above. One advantage of supre-
mum norm entropy is that, by definition, it is distribution independent.
Furthermore, some relatively general results are known on this entropy de-
pending on the regularity properties of the kernel function; see [41].

4. A model selection theorem and its application.
4.1. An abstract model selection theorem. The remainder of the paper

is devoted to the proof of Theorem 3.1. However, in the present section we
change gears somewhat, forgetting voluntarily about the specific setting of
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the SVM to present an “abstract” theorem resulting in oracle inequalities
that can be obtained for model selection by penalized empirical loss mini-
mization. This theorem is the cornerstone for the proof of Theorem 3.1.

Our motivation for leaving momentarily the SVM framework for a more
general one is twofold. On the one hand, we hope that it will make appear
more clearly to the reader the general principle underlying our result, inde-
pendently of the specifics of the SVM (which we will return to in the next
section). On the other hand, we think that this result is general enough to
be of interest of itself, inasmuch as it can be applied in a variety of different
frameworks.

The theorem is mainly an extended version of Theorem 4.2 of [22] to a
more general setting, namely, where some key parameters, considered fixed
in the above reference, can now depend on the model. This extension is
necessary for our intended application to SVMs, which is exposed in Section
4.2, and requires appropriate handling. However, the scope of this abstract
model selection theorem can cover a wider variety of situations. Examples are
the classical VC-dimension setting using classification loss (in this case the
result of [22] is actually sufficient; see also the more detailed study [23]), or
regularized Boosting-type procedures (see [9], where an earlier version of the
model selection theorem presented here was used). The fact that the theorem
applies to approximate, rather than exact, penalized minimum empirical loss
estimation is a minor refinement that is useful in certain situations: this will
be the case for our application to SVMs, where the continuous regularization
scheme will be related to an approximate discrete penalization scheme.

We first need to introduce the following definition:

DEFINITION 4.1. A function ¢ :[0,00) — [0,00) is sub-root if it is non-
negative, nondecreasing, and if r+ 1 (r)/+/r is nonincreasing for r > 0.

Sub-root functions have the following property:

LEMMA 4.2 ([3]). Let 1:[0,00) — [0,00) be a sub-root function. Then
it is continuous on [0,00) and the equation ¢¥(r) =1 has a unique positive
solution. If we denote this solution by r*, then for all r >0, r > (r) if and
only if r* <r.

We can now state the model selection result:

THEOREM 4.3. Let £:& — L?(P) [where ® C L*(P)] be a loss function
and assume that there exists g* € ArgMin ey E[((g)]. Let (Gm)mer, Gm C
be a countable collection of classes of functions and assume there exists the
following:
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e a pseudo-distance d on &;
e a sequence of sub-root functions (¢n,), m € M;
e two positive sequences (by,) and (Cp,),m € M;

such that

(H1) Vm € M, Vg € G, 1£(g)lloo < by

(H2) Vg,d €& Var(l(g) —£(g)) < d*(g,9);
(H3) VmeM\NgEG,  d*(9,9") < CnL(g,9%);

and, if r}, denotes the solution of ¢u(r)=1/Chp,

Ym e M,Vgg € G,V > 1)
(H4)

B[ s (PP - ago))} < (1),
d2(g,90)<r

Let (zm)mem be a sequence of real numbers such that Y, c g e” "™ < 1.
We assume that families (by,),(Cn), (Xm), m € M, are ordered the same
way, by which we mean that

bm < bm’;
Con < Cpyr.
Let £ > 0,K > 1 be some real numbers to be fized in advance. Put B, =

75K C,, + 28by,, and let pen(m) be a penalty function such that, for each
me M,

(4.1) Vm,m' € M, T < Ty = {

. Bum(wm + & +1og(2))
4.2 > 250K 2 .
(4.2) pen(m) > 250 . + ™

Let (pm)mem be a family of positive numbers and g denote a (py,)-approzimate
penalized minimum empirical loss estimator over the family (Gy,) using the
above penalty function, that is, satisfying
dJneM:geq; and
(4.3)
P,0(g) +pen(m) < inf inf (P,4(g) + pen(m) + pm);
meM geGm,

then the following deviation inequality holds with probability greater than
1 —exp(—¢):

o K+1/5 . .
L(g,9 )éi/ inf (mf L(g,g )+2pen(m)+pm>-

K—1 mem 9EGm

Furthermore, if the penalty function satisfies, for each m € M,

r* By (zy, +10g(2))  Bplog By,
4.4 > 250K >
(14)  pen(m) 2 250K {4 St EOE) | B 08T,
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then the following expected risk inequality holds:

K+1/5 inf ( inf L(g,g")+ 2pen(m) + pm + g)
n

E[L(g,9")] <
[ (gjg )]_ K—-1 meM \geEGm

Remarks.

1. Note that the difference with Theorem 4.2 of [22] is the fact that constants
b, and C,, can depend on m, which requires additional work, but is a
necessary step for application to SVMs.

2. In hypothesis (H4) ¢(7?) can be interpreted as the modulus of continuity
with respect to d of the supremum of the empirical process indexed by
g.

3. The class & C L?(P) should be seen as the “ambient space”; it should
at least contain all models. Note that choice of & determines the target
function g* (the minimizer of the average loss on &). Typically, the the-
orem will be applied with & = L?(P) or ® = L?(Px) (as will be the case
below), but other choices may be useful.

4. Although it is not its main purpose, this theorem can also be used for the
convergence analysis of the empirical loss minimization procedure on a
single model G. Namely, it is sufficient to consider a model family reduced
to a singleton and to disregard the penalty. This is also a situation where
the choice of & can be of interest. If we make the choice & = G, then
the target gg is the best available function in the model G. In this case,
the bias term of the bound vanishes. By adding to the left and right of
the obtained inequality the quantity L(gg,g"), where g* is the minimum
average loss function over a larger class [e.g., L?(P)], it is then possible
to obtain a constant 1 in front of the bias term (instead of % > 1).
However, this does not come completely for free since we must consider
g5 instead of g* when checking for assumption (H3). This assumption
may actually be harder to check for in practice, because usually ¢g* has
a simple, closed form (e.g., the Bayes classifier in a classification frame-
work), whereas gi; depends on the approximation properties of model G.
Under certain convexity assumptions of the risk and of the model, it was
shown in [4] that (H3) holds in this setting; this way we retrieve a bound
in all points similar to single-model ERM results of [4].

4.2. Application to support vector machines. We now expose briefly the
key elements needed to apply Theorem 4.3 to the SVM framework. Remem-
ber that in the case of SVMs, the natural loss function to consider is the
hinge loss function ¢(g) = (x,y) — (1 — yg(z))+: this is the empirical loss
which is minimized (subject to regularization) to find a classifier g. Inter-
preting the SVM procedure as a penalized model selection procedure (see
Section 2.3), we intend to apply Theorem 3.1.
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To this end, we first discretize the continuous family of models (B(R))ger
over a certain family of values of the radii: thus, our collection of models
will be (B(R))grer, where R is an appropriate discrete set of positive real
numbers. We now have to check assumptions (H1)—(H4) of Theorem 4.3.
The detailed analysis is exposed in Section 6.3 and the following statement
sums up the obtained results:

THEOREM 4.4. Let R be a countable set of positive real numbers, & =
L?(Px), and { the hinge loss function.

In setting (S1) under assumptions (A1), (A2) and (A3), the family of
models (B(R))rer satisfies hypotheses (H1) to (H4) of Theorem 4.3 with
the following parameter values:

br=1+ MR; CR:2<@+i);
m o

<162 e (L m SO
B="""nden\ /n = M ="

In setting (S2) under assumptions (A1) and (A2), the family of mod-
els (B(R))rer satisfies hypotheses (H1) to (H4) of Theorem 4.3 with the
following parameter values:

1
bp=1+ MR cR:(an—); r < 2500M 20222 (n),
0

where x4 is as in the definition of setting (S2).

Once assumptions (H1)—-(H4) are granted, the remaining task in order to
prove Theorem 3.1 is to formalize precisely how to back and forth between
the continuous regularization and the discrete sets of models (B(R))grer.-
The details are given in Section 6.4.

5. Discussion and conclusion.

5.1. Relation to other work. In this section we compare our result to
earlier work. The properties of the generalization error of the SVM algorithm
have been investigated in various ways (we omit here the vast literature
on algorithmic aspects of the SVM with which the present paper is not
concerned). To this regard, we distinguish between two types of results: the
first type are error bounds. They bound the difference between the empirical
and true expected loss of an estimator. The second type are excess loss
inequalities which relate the risk of the estimator to the Bayes risk.



20 G. BLANCHARD, O. BOUSQUET AND P. MASSART

5.1.1. Error bounds. The first result about the SVM algorithm is due
to Vapnik; who proved that the fat-shattering dimension (see, e.g., [1] for a
definition) at scale 1 of the set {(z,y) — y(k(z, ), flr +b=yf(x)+b: f €
Hi, | f|lx < R,b € R} on asample X1,...,X, is bounded by D?R?, where D
is the radius of the smallest ball enclosing the sample in feature space, which
can be computed as D = inf ey, maxi—1, _n ||k(X5, ) — g||x or, equivalently,
D? = max g, <1 Yy Bik(Xi, Xi) — 25 5 BiBik(Xi, X5).

i>0

This bOUIﬁld is known as the “radius-margin” bound since it involves the
ratio of the radius of the sphere enclosing the data in feature space and of
the (geometrical) margin of separation of the data which is equal to 1/R
when the scaling is chosen such that the points lying on the margin (the
“support vectors”) have output value in {—1,1}.

The first formal error bounds on large margin classifiers were proven by
Bartlett [2]. In these bounds, the misclassification error £(f) of a real-valued
classifier f is compared to the fraction of the sample which are misclassified
or almost misclassified, that is, which have margin less than a certain (pos-
itive) value. In later work, it was noticed that for classes of functions such
as B(R), the spectrum of the kernel operator [27] plays an important role in
capacity analysis.

More recent bounds on the capacity of such classes, involving Rademacher
averages, have confirmed this role. We reproduce here a particularly elegant
bound based on this technique (Theorem 21 of [5], slightly adapted for our
notation):

THEOREM 5.1. Let R > 0; for any x > 0, with probability at least 1 —
de=*, for all f € B(R),

4R |1 T
PO(f) < Pult(f) A1] +%$ E;k(Xi,Xi)Jrg\/%-

Error bounds as the above are typically valid for any function in B(R)
uniformly. They thus do not take into account the specificity of the SVM
algorithm. Also, for an error bound, we cannot expect a better convergence
rate than n=1/2 of the empirical loss to the true average loss, since for a single
function this is the rate given asymptotically by the central limit theorem.

The term Y ;- k(X;, X;) in the above theorem is the trace of the so-
called Gram matrix (matrix of inner products of the data points in feature
space). Its expected value under the sampling of the data is precisely n times
the trace of the kernel operator, that is, the sum of its eigenvalues. If we
compare this to our main result Theorem 3.1, in setting (S1), we see that
our complexity penalty is always of smaller order (up to a constant factor,
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and to the relation between empirical and true spectrum, which we do not
cover here, but is studied, e.g., in [8, 28]).

In a different direction, in [11] are presented error bounds for regulariza-
tion algorithms which explicitly involve the regularization parameter.

5.1.2. Excess loss inequalities. Studying the behavior of relative (or ex-
cess) loss has been at the heart of recent work in the statistical learning
field. Some results have been developed specifically for regularization algo-
rithms of the type (2.2). In particular, asymptotic results on the consistency
of the SVM algorithm, that is, convergence of the risk toward Bayes risk,
were obtained by Steinwart in [31].

Using a leave-one-out analysis of the SVM algorithm and techniques sim-
ilar to those in [11], Zhang [40] obtained sharp bounds on the difference
between the risk of the SVM classifier and the Bayes risk of the form

E[6(fn)] — cEI(f)];

where ¢ > 1. However, because of this last strict inequality, this means that
one cannot directly obtain information about the convergence L(f,, f*) to
zero from these results as soon as E{(f*) is nonzero.

Studying the convergence of L(f,, f*) opens the door to complexity penal-
ties that decrease faster than n~1/2, because the final goal is to compare
directly the true average loss of the target and the estimated function, not
their empirical loss. The so-called “localized approach” (that we followed in
this paper) is a theoretical device used to prove such improved rates. Intro-
duced in the statistical community for the general study of M-estimation, it
has become widespread recently in the learning theoretical community; see,
for example, [3, 4, 6, 16, 17, 20, 23, 25].

Concerning more specifically the SVM, recent works have concentrated
on obtaining faster rates of convergence in various senses. In [12], the ¢-
soft margin SVM is studied (i.e., when the considered loss function is ¢?) for
g > 1. In [26], the SVM is studied from the point of view of inverse problems.
In [32], convergence properties of the standard SVM is studied in the case
of the Gaussian kernel. In the above references, to obtain the best bounds
on the rates of convergence, the regularization parameter A,, (and, in the
latter reference, the width of the Gaussian kernel) must have a prescribed
decrease as a function of the sample size n, depending on a priori knowledge
on regularity properties of the function f* (or n). Therefore, these results
do not display adaptivity with respect to the regularity of f*.

In the recent paper [33], a general inequality for regularized risk minimiz-
ers was derived, applying, in particular, to the SVM framework. The main
differences in this work with respect to our framework are the following;:

e a general family of possible loss functions (which includes hinge loss and
square loss) is considered;
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e a general condition on the loss and the generating probability distribution
is considered, covering, in particular, the general T'sybakov’s noise setting
for classification (but without adaptivity to this regard);

e the regularization considered is fixed to be the squared RKHS norm;

e the capacity of the kernel space is measured in terms of universal L2
entropy.

While our work has obviously less generality concerning the first two points,
our results are sharper concerning the two last ones. One of our main goals
here was to study precisely what was the minimal order of the penalty
with which we could prove an oracle inequality for the loss function used
in the SVM. Furthermore, our setting (S2) relies on a capacity measure of
the kernel space based on the spectral properties of the associated integral
operator, which is sharper than universal entropy in this setting. Again, the
approach we followed here was inspired by an analogy of the SVM with the
more classical regularized least squares regression, which is by now relatively
well understood, and where the optimal results concerning the two last above
points are known to be sharper than those obtained in [33]. Our investigation
was driven by the question of how much of these precise results could be
carried over to the SVM setting.

Finally, while our results demonstrate the adaptivity of support vector
machines with respect to the approximation properties by the RKHS Hj, of
the target fx*, we do not tackle the question of full adaptivity with respect
to Tsybakov’s noise condition. Only recently have results been obtained in
this direction [18, 34, 36].

5.2. Conclusion. Summing up our findings, we have brought forth a gen-
eral theorem allowing to derive oracle inequalities for penalized model se-
lection methods. Application of this theorem to support vector machines
has led to precise sufficient conditions for the form of the regularization
function to be used in order to obtain oracle inequalities for the hinge loss.
In particular, under the assumptions considered here about the probability
distribution P(Y|X), the bound we obtain gets better if we use a linear
regularizer in the Hilbert norm rather than the standard quadratic one.

This result thus brings forth the interesting question of whether a SVM-
type algorithm using a lighter (linear in the Hilbert norm) regularizer would
yield improved practical results. Several issues are in play here. First a
practical issue: a disadvantage of a linear regularizer is that the associ-
ated optimization problem, although convex, is not as easily tractable from
an algorithmic point of view as the squared-norm regularization. Second, a
theoretical issue, namely, whether a corresponding lower bound holds, which
would prove that the linear regularizer is indeed better. This is the case for
regularized least squares in the Gaussian noise; for the SVM, lower bounds
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remain very largely an open problem. And third, a crucial issue both theo-
retical and practical, and not tackled here, is that the multiplicative factor
A, in (2.2) is seldom taken equal to some a priori fixed function of n in
practice. Instead, it is typically picked by cross-validation. It is important
to bring into focus the fact that, even if the quadratic regularizer was sub-
optimal for a fixed penalty scheme, this may still be compensated by the
cross-validation step for the multiplicative factor A,,, which could implicitly
“correct” this effect. We believe this issue has not been studied in current
work on SVMs, and that it is a central point to be studied in the future in
order to reconciliate theory and practice.

Several other mathematical problems remain open. Ideally, one would
hope to obtain the same kind of result for the full SVM algorithm instead
of the SVMj considered here. We mentioned in our comments after the
main theorem a possible extension from our “gap” condition to a general
Tsybakov’s noise condition. This would give rise to an additional term for
which we cannot always ensure that it is only a negligible remainder as the
sample size grows to infinity. Therefore, the question of full adaptivity to
Tsybakov’s noise remains generally open. Finally, it is not clear whether our
sufficient minimum rate conditions for the penalty are minimal: it would be
interesting to investigate whether a lower order penalty would, for example,
yield an inconsistent estimator.

6. Proofs.

6.1. Proof of Lemma 2.1. We start with proving (i). We can write
Elt(9)] = E[n(X)(1 - g(X)) 4
+ (1 =n(X) (1 +9(X)) ]

We will prove that, for each fixed x, s*(x) minimizes the expression in the
expectation. Let’s study the function g— n(1 —g)y + (1 —n)(1 +g)4. It is
easy to see that for n € [$,1] it is minimized for g =1, and for n € [0, 1] it is
minimized for g = —1. This means that, in all cases, the minimum is reached
at g = s*. Finally, it is easy to see that this minimum is unique whenever
n ¢ {0, %,1}, hence, f* = s"* a.s. on this set. (Notice additionally that, for
n =1, any g > 1 reaches the minimum, for n =0, any g < —1 reaches the
minimum and for = %, any g € [—1,1] reaches the minimum.)

We now turn to (ii). Considering (i), we can arbitrarily choose f* = s*.
We then have to prove that

E[1{Yg(X) <0} — 1{Y's™(X) < 0}]
<E[(1-Yg(X)), — (1 -Ys"(X)),].

We know that the right-hand side is nonnegative. Moreover, the random
variable in the left-hand side is positive (and thus equal to 1) if and only
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if Yg(X) <0 and Ys*(X) >0, in which case (1 —Yg(X))y >1 and (1 —
Ys*(X))4+ =0 (since s* takes its values in {—1,1}). This proves the inequal-
ity.

6.2. Proof of Theorem 4.3. To prove Theorem 4.3, we first state the
key technical result concerning a localized uniform control of an empirical
process.

THEOREM 6.1. Let F be a class of measurable, square integrable func-
tions such that for all f € F, Pf— f <b. Let w(f) be a nonnegative function
such that Var[f] <w(f). Let ¢ be a sub-root function, D be some positive
constant and r* be the unique positive solution of ¢(r)=r/D. Assume that
the following holds:

(6.1) Vr >r* E[O\/ ( sup (P—Pn)f)] < o(r).

feFw(f)<r

Then, for all x >0 and all K > D/7, the following inequality holds with

xT

probability at least 1 —e™*:
50K , (K +9b)x

D2 r+ " .

If additionally, the convex hull of F contains the null function, the same is
true when the positive part in (6.1) is removed.

VifeF  Pf—P.f<K 'w(f)+

Note that this result is very similar to Theorem 3.3 in [3] which was
obtained using techniques from [21]. We use similar techniques to obtain
the version presented here.

We will need to transform assumption (6.1), using the following technical
lemma which is a form of the so-called “peeling device”; the version presented
here is very close to a similar lemma in [22].

LEMMA 6.2. If ¢ is a sub-root function such that for any r >r* >0,
Blov( s Pr-ms)|<ow)
feFw(f)<r
one has for any r >r*,

B fsup £ =S ] < 800

]s4 ,
T

sup
feF w(f)+r

and when 0 € convF, the same is true if the positive part is removed in the
previous condition.
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ProoOr. We choose some x > 1. In the calculations below a supremum
over an empty set is considered as 0. We have

Pf - Pnf
sup —————
feul'2 w(f)+r
- Pn Pf— Pn
< sup Bf = Puf)s + Z sup (Pf—Puf)+
feFw(f)<r w(f) +r kzofef:rxkgw(f)grxk+1 w(f) +r
1 Pf—P,
<-  sup (Pf—Pnf)++Z sup (fk—f)+
I feFw(f)<r k>0 feFrak<w(f)<rak+l Tt 47
1 Pf—P,
s—( s (Pf-Puf)y 4y sup P TnDe ,f)+>.
feFw(f)<r kS0 feFw(f)<raktt 1+

In the general case, note that sup,c4(0Va) =0Vsup,c4 a. In the case where
conv.F contains the null function, one has sup ez Pf — P f = sup reconyr Pf —
Pnf >0 so that supser(Pf — Pof)+ =supser Pf — Pof, which allows us
to remove the positive part in the condition for ¢.

So, taking the expectation, we obtain

Pf—P.f ¢(raF+D)
E[S“p <f>+r}— ( M+ = )

JeF W

k>0
(k+1)/2
< o(r) 1+ Z & .
r >0 1+2x

é@(lm < +> "“/2>>
k>1

@(H 1/2(1 * 1/21—1)>

where we have used the sub-root property for the second inequality. It is
then easy to check that the minimum of the right-hand side is attained at

z=(1+v2)>%
Plugging this value in the right-hand side, we obtain the result. [

IN

PrROOF OF THEOREM 6.1. The main technical tool of the proof is Ta-
lagrand’s concentration inequality (here we use an improved version proved
n [10]). We recall it briefly as follows.

Let X; be independent variables distributed according to P, and F a set
of functions from X to R such that E[f] =0, ||f|/ec < ¢ and Var[f] < o? for
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any f € F. Let Z =supscrd iy f(Xi). Then with probability 1 —e™, it
holds that

(6.2) Z <EZ +/22(no? + 2E(Z]) + %

We will apply this inequality to the rescaled set of functions

fr‘{w(;) Lrer),

where we assume r > r*. The precise choice for r will be decided later. We
now check the assumptions on the supremum norm and the variance of
functions in F,. We have

) o

f(x
sup sup
feFzex T + w(f)

<w

%I@‘

and, recalling the hypothesis that Var[f] (f), the following holds:
Fx) wf) _ wl)
Var[wm +J ST+ w0

where we have used the fact that 2ab < a® 4 b2. Introducing the following
random variable

o Pf_Pnf
(6.3) W—]sclelgiw(f) e

—x

we thus obtain by application of (6.2) that, with probability at least 1 —e™7,

42bE[V;] | b
4 V, <E[V, —.
(64) \/27’71 * 3rn

It follows from Lemma 6.2 that E[V,] < 4¢( )/r. Plugging this into (6.4),
and recalling that 7* is the unique solutlon of ¢(r) =r/D, we obtain that,
for all z > 0, and r > r*, the following inequality hold with probability at
least 1 —e™*:

VfeF

e < )

Here, we have used the fact that, for r > r* ¢(r)/r < /r*/rD? and that
2V ab < aa + b/a.

Now given some constant K, we want to find r» > r* such that V, <1/K
(with high probability). This corresponds to finding r such that the left-hand
side of (6.5) is upper bounded by 1/K.

(6.5)
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Denote Ay = 4(1 + a)V/r*/D + /x/2n and Ay = (1/3 + 1/a)bx/n. Then
we have to find r such that Ayr~Y2+ Ayr—1 < K1 It can be easily checked
that this is satisfied if

(6.6) r>K2A? + 2A49K.
We have

2K27"*

K243 + 245K < 32(1+ a) =5~ + (K + 2bK /3 4 26K /).

Taking o = 1/4, we conclude that (6.6) is satisfied when the following holds:

K? N 9 x
Note that K > D/7 ensures that the lower bound above is greater than r*.
We can thus take r equal to this value.
Combining the above results concludes the proof of Theorem 6.1. [

We are now in a position to proceed to the proof of the main model
selection theorem.

PROOF OF THEOREM 4.3. The main use of hypotheses (H1), (H2) and
(H4) will be to apply Theorem 6.1 to the class

Fin.go =1€(9) = £(90),9 € G}

for some m € M, gg € G,,, with the choice w(f) = min{d*(g, 90)|g € Gm,£(g) —
¢(go) = f}, so that, using hypotheses (H1), (H2), (H4) and the fact that the
null function belongs to the class, we obtain that, for any arbitrary K > C/7,

xT

with probability at least 1 —e™%,

Vg € Gm
(6.7)
50K , (K +9b)x

C2T+ n

For each m € M, we define u,, and g,, as functions in G, satisfying,
respectively,

(P = P,)(L(g) — €(g0)) < K 'd*(g,90) +

d(um,g") = inf d(g,9°),
9g€Gm
L(gm,g") = inf L(g,9").
gegm
[If these infima are not attained, one can choose y,, g,, such that d(u,,,g"*),
L(gm,g") are arbitrary close to the inf, and use a dominated convergence
argument at the end of the proof.]
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Now, for any m € M, g, € Fpn,s
L(9,97) — L(gm-9")
= Pl(g) — Pl(gm)
= Pol(§) — Pol(gm) + (P — Py)(€(g) — (gm))
< pen(m) — pen(m) + pm + (P — P,)(4(g) — £(gm)),

(6.8)

where the last inequality stems from the definition of g.
Denoting m the model containing g, we decompose the last term above:

(P = Pp)(£(g) — tgm)) = (P — Pn)(€(g) — £(ug,))
+ (P - Pn)(é(uﬁl) - E(gm))

We will bound both terms separately. For the first term, we use (6.7): for any
m’ € M and an arbitrary K.,y > C,,//7, with probability at least 1— e Tm ¢,
for all g € G,,,; we have

(P - Pn)(g(g) - g(um’))

(6.10) < K, dP (g, um ) +

(6.9)

50K,
Cc?,
+ (Km’ + 9bm’)($m’ + f)
n

*

'm,

!

By the union bound, this inequality is valid simultaneously for all m’ € M
with probability 1 — e™¢, so that it holds, in particular, for m’ =m,g= g
with this probability. Finally, note that, for g € G-,

(6.11) d*(g,uz) < (d(g,9") + d(ug;, 97))* < 4d*(g,9").

For the second term of (6.9), we will use the following Bernstein inequality:
for any mj,mg € M, we have, with probability 1 — exp(—zpm, — Tm, — &),

(P = o) (€(umy) = £(gms))

Var[ﬁ(uml ) - g(gmz )]

(6.12) < \/ 2(@my + Ty +§)

max(bml 5 me ) (:Eml + Ly + g)
+
6n

Now, using assumption (4.1), if by« = max(by,, , b, ),

max (b s by ) (Timy + Tmy) < 20y T < 26y, Ty + 20100 Ty -
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We now deal with the first term of the bound (6.12): for any g € G, ,

Var{l(tm, ) — £(gms )]

\/2($m1 + T, + é)

(A2 (tmy, 9%) + d*(Gmy, 97))
n

< \/ﬁl(a:m1 + Ty + &)

_ " _ " Kp, + Kny) (@my, +Tm +£
§Km}d2(97g )+Km;d2(gm27g )_,_( 1 2)(n 1 2 )7

where the first inequality follows from hypothesis (H2) followed by the tri-
angle inequality, and the second from the definition of wu,,,. Anticipating
somewhat the end of the proof, we will choose K,,, = aC,, for some fixed «,
so that, using again assumption (4.1) like above, it is true that

(Kmy + Kimy) (Tmy + Ty ) < 4Ky Ty + 4Ky Ty -

Therefore, (6.12) becomes, with probability 1 — exp(—zpm, — Tm, — &), for
any g € Gm,,

(P = o) (€(umy) = £(gmy))
< Kot d*(9,9") + Ky d(gima, 9°)
12Ky 4 by ) (@my +§)
3n
4 (12K, + biny ) (@, +€)
3n
Bound, (6.13) is therefore valid for all m;,my € M simultaneously with
probability 1 — exp(—¢), and, in particular, for my =m,mo =m,g=g.
Putting together (6.9), (6.10), (6.11) and (6.13), we obtain that, with
probability 1 — 2exp(—¢§), for all m € M,

50K ~

(6.14) SHKCAYG,97) + Ko 4 (gm, 97) + =57,
m

N (15K~ + 280~ )(x~ + &) (12K, + b)) (T + €)

3n + 3n '

Now choosing K,, = 5KC), (note that we have K,, > C,,/7 as required,
since K > 1), and replacing £ by € + log(2), recalling inequality (6.8) and

(6.13)
L
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the hypothesis (4.2) on the penalty function, we thus obtain that, with
probability 1 — exp(—¢), for any m € M,

L(g.9") — L(gm.9")
< pen(m) —pen(m) + C='K~'d*(g,9%) + £Cp, ' K~ d*(gm. ")
+pen(m) + pen(m) + pm
<K 'L(G,g%) + K " L(gm,g") + 2pen(m) + pm,

using hypothesis (H4). This leads to the conclusion for the deviation in-
equality of the model selection theorem.

For the inequality in expected risk, we go back to inequality (6.14), with
the choice K, =5KC,,; also using (6.8), we conclude that, for any £ > 0,
the following inequality holds with probability 1 — exp(—¢§):

L(g,9") — L(9gm-9")
<K7'L(g,9%) + LK L(gm,g") + pen(m) — pen(inr) + pp,

(6.15)
250KC . By (xs +&+1og(2))
D% m 3n
By + € +10g(2))
+ .
3n

The point is now to linearize the products B,,£. To do so, we use the fol-
lowing Young’s inequality valid for any positive z,y:

zy < exp(g) + 2ylogy,

with x =&,y = By, so that, putting u = exp(£/2), and using the hypothesis
(4.4) on the penalty function, we obtain that, with probability 1— (u=2 A1),

(6.16) L(G,9") = L(gm,9") < K" L(G,9") + K" L(gm. ")
+ 2pen(m) + pp, + %

Integrating concludes the proof. [

6.3. Proof of Theorem 4.4. The purpose of Theorem 4.4 is to check that
conditions (H1) to (H4) of the general model selection Theorem 4.3 are
satisfied for settings (S1) and (S2) of the SVM. We will split the proofs into
several results corresponding to the different hypotheses.

LEMMA 6.3. Under assumption (Al), hypothesis (H1) is satisfied for
br=MR+1.
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PrROOF. We use the reproducing property of the kernel to conclude that

VgeB(R)  [l(yg(x))| <1+]g(z)|
=1+ [{g,k(x, )|k
< 1+ lgllell®&Cz, )k

=1+ |gllx\/k(zx,z) <1+ MR. O

We now check conditions (H2) and (H3). This differs according to the set-
ting, because we make a different choice for the pseudo-distance d depending
on the setting considered.

LEMMA 6.4 [Setting (S1)]. Under assumptions (Al), (A2) and (A3),
conditions (H2) and (H3) of Theorem 4.3 are satisfied for the choice

di(9.9)=E[(g—¢)*; Cr= 2(% + n—10>

ProOOF. Obviously, (H2) is satisfied since ¢ is a Lipschitz function, so
that [£(yg(x)) — £(yg ()] < |g(x) — g'(2)]-
We will obtain the result we look for if we can bound uniformly in x the
ratio
E[(g —s*)* | X =4
E[l(g) — £(s*) | X =a]

Remember that, for g € B(R), the reproducing property of the kernel and
assumption (A1) imply ||g|lec < M||g|lx < M R. Let us consider without loss

of generality the case s* =1 (i.e., n=P[Y = 1|X =] > 1). We then have to
bound the ratio

(1—g)?
nl—g)+ +A=n)1+g)+—2(1-n)

For g < —1, this becomes ngé—n); putting x = —g — 1 € [0, M R], this

can be rewritten as

2)2 202 2 M 1
(x+2)7 __ 2 +8 g4MR+—§2<—R+—),
nr+2(2n—1) = nr+2(2n—1) 1o m o Mo

where we have used the fact that n > % >m. For g > 1, this becomes {%717,

which is smaller than (MR —1)/n; for g € [1, M R]. For g € [-1, 1], the ratio
becomes %, which is smaller than 1/n. O
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LEMMA 6.5 [Setting (S2)]. Under assumptions (Al) and (A2), condi-
tions (H2) and (H3) of Theorem 4.3 are satisfied for the choice

dao(g.9") =E[(L(g) — £(¢))*);  Cr= (MR+ %)

PrOOF. Obviously, (H2) is satisfied as before. We will obtain the result
we look for if we can bound uniformly in x the ratio

E[l(g)? — 2(g)t(s*) + 2(s") | X = a]
E[t(g) — £(s*) | X = x] '

Notice first that
E[(*(s*) | X = 2] = 2E[((s*) | X = 2] = 4min(y(x), 1 — ().

Let us first consider the case s* =1 (i.e., n > %) The above ratio can be
written

nl—gd+1—n)1+g)4((1+9)4 —4)+4(1—1n)
Nl =g+ +0=n1+g)+—2(1-n) '

For g < —1, this becomes % putting x = —g — 1 € [0, M R}, this

can be written as

244 4 442 1
gt Anetd 0 At e L
nr+2(2n —1) nr+2(2n —1) 0

For g > 1, this becomes (1;—91)2 =g — 1, which is smaller than MR — 1 for
g €[, MR]. For g € [-1,1], this becomes 21_ which is smaller than 1/n9.

The case n < % can be treated in a similar way. [

Finally, we check for hypothesis (H4); this condition characterizes the
complexity of the models and constitutes the meaty part of Theorem 4.4.
We start with the following result which deals with setting (S1). Here we
can see the (technical) reason why assumption (A3) was introduced in this
setting: to relate the penalty to the spectrum of the integral operator, we
use the L? distance d; as an intermediate pseudo-distance; but this requires
in turn, assumption (A3) to check hypothesis (H3) (see Lemma 6.4 above).

THEOREM 6.6. Let G be a RKHS with reproducing kernel k such that
the associated integral operator Ly has eigenvalues (\;) (in nonincreasing
order). Let { be the hinge loss function and denote d2(g,u) = P(g — u)?.
Then, for all 7 >0 and u € B(R),

4
E o \(P—Pn)(ﬁ(g)—ﬁ(U))!} S%égg<\/%+2}% /§A> = or(r).

d3 (gu)<r
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The above ¢r is a sub-root function, and the unique solution of ¢r(r) =
r/Cr, with Cr > nl_lMR, s upper bounded by

R<1673¢2§<\/_ gA)

To prove Theorem 6.6, we will use two technical results; the first will
allow to bound the quantity we are interested in by a localized Rademacher
complexity term; the second will give an upper bound on this term using
the assumptions.

We introduce the following notation for Rademacher averages: let o1,...,0,
be n iid Rademacher random variables (i.e., such that Plo; = 1] =P[o; =
—1] = ) independent of (X;,Y;)" ;; then we deﬁne for any measurable real-
valued functlon fon X x)Y

(6.17) R.f = n_lzn:aif(Xi,Y;-).
=1

We then extend this notation to sets F of functions from X x ) to R,
denoting

R,F =sup R, f.
feF

We then have the following lemma:

LEMMA 6.7. Let F be a set of real functions; let ¢ be a 1-Lipschitz
function on R. Then for gy € F,

E{SUPKP_Pn)(QSOg_ qbogo)l] <4ER,{g—go:9 € F}.
geEF

PROOF. By a symmetrization argument, we have

Esup (P~ Po)éog — (P = P)o o gol| < 2E|sup|Ra(é0g — oo go).
9eF geF
and by symmetry of the Rademacher random variables, we have

E {Sup |Rp(¢pog—do go)l} <2E [sup(Rn(qb og—dogo)),
geEF geF

Since gg € F, choosing g = gg, one notices that

E[Sup(Rn(¢ °og—¢og)),

geF

_E {sup(Rn(qb og—¢o 90))} :

geF
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and since g is fixed, and ER,,¢ o go = 0, we obtain
B [sup|(P — Pa)éog — (P~ Po)oo gol| < 4E[sup Ra(09)].
geF geF

Since ¢ is 1-Lipschitz, we can finally apply the contraction principle for
Rademacher averages; then using ER, go =0, we obtain the result. [

The next lemma gives a result similar to [25], but we provide a slightly
different proof (also, we are not concerned about lower bounds here). The
principle of the proof below can be traced back to the work of R. M. Dudley.

LEMMA 6.8.

1
: < 2o<r}<—inf(V DRy
ERn{g € Hy, Hng <R, ||.gH2,P = 7"} = \/ﬁéE&( dr+R j>d/\1>

1/2
< @(Z min(r, Rz)\j)> .

j=1

PRrROOF. For g € Hj, by Lemma A.1 in the Appendix, we can decompose
g as
g(x) =" aiti(x),
>0
with [|g[|3 p = i Aiaf and ||g[|7 = >0 af. The above series representa-

tion holds as an equality in Hj, and hence pointwise since the evaluation
functionals are continuous in a RKHS. Let us denote

N(R,r) = {a €ly:]lal® < R2,Z)\Za? < 7‘}.
>0
Thus, the quantity we try to upper bound is equal to

|

1 n
—E| sup
. |a€l(R,r)

O'iga(Xi)
1

1=
where
9a(Xi) = b (X).
j>0
We now write for any nonnegative integer d and o € I'(R, )

Y 0iga(Xi)| = Do a; Yo (X)
=1

7>0 i=1




STATISTICAL PERFORMANCE OF SVM 35

(6.18)

Z ay ZO’ZTZJ](XZ) .

j>d  i=1

Doy oii(X)

j<d =1

< +

Applying the Cauchy—-Schwarz inequality to the second term, we have

j>d =1 j>d j>d \i=1
n 2\ 1/2
§R<Z<Zm¢j(Xi)>> :
j>d \i=1

We now take the expectation with respect to (o;) and (X;) in succession.
We use the fact that the (0;) are zero mean, uncorrelated, unity variance
variables; then the fact that E[X'/?] <E[X]Y/2, to obtain

n n 1/2
Yy onhi(Xi)|| < REx KZ ZTZJ?(Xi)> ]

EXEO' l
j>d  i=1 j>di=1

1/2
<+nR <Z Aj) ,

j>d

where we have used the fact that Ex [¢]2-(X )] =Aj. We now apply exactly
the same treatment to the first term of (6.18), except that we use weights
(A\;) in the Cauchy—Schwarz inequality, yielding

n 1/2 n 1/2
Sy S| < (Sved) x|S0

j<d =1 j<d j<di=1
<+vnrd.
This gives the first result. The second one follows from choosing d such that,

for all j > d, R2)\j < r, and using the inequality VA +vB < v2vA + B.
O

EXEUl

PrROOF OF THEOREM 6.6. For g a function X — R, let us briefly intro-
duce the notation §: (z,y) € X x Y+ yg(z) € R. Let us apply Lemma 6.7
to Fu=1{9,9 € Fu}, where F,, = {g € Hy: ||gllx < R,d?*(g,u) <r}. The hinge
loss function £ is 1-Lipschitz, and v € F, hence,

E|sup|(P—P,)(¢(g)—¥t(u))|| <4ER,{g—u,g € F,} =4ER, {9 —u,g € F.},
geEF
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where the last equality is true because of the symmetry of the Rademacher
variables. Notice that, since ||ul|x < R, we have

{9—wgeF} c{g—ullg—uly <2R,d*(g,u) <r};

since d?(g,u) = E[(g — u)?] is a norm-induced distance, we can replace g —u
by g (by linearity) so that the above term can be upper bounded by

AER,{g € Hi: ||gllk < 2R, ||gll2,p < V7}-
Using Lemma 6.8, this can be further upper bounded by

7 inf <\/%+2R /;)\ )

which concludes the proof of the first part of the theorem.

Observe that the minimum of two sub-root functions is a sub-root func-
tion, so that ¢g is a sub-root function. We now compute an upper bound
on the solution of the equation ¢r(r) =r/C, which can be written

:Tmf<\/_+23 /§A>

Notice that the infimum is a minimum since the series >, A; is converging
and, thus, the value of the right-hand side is bounded for all d and goes to
oo when d — oco. Let us then consider the particular value of d where this
minimum is achieved. Solving the fixed point equation for this particular
value, we have

= 402(\/_+\ld+8fR4C /ZA).
j>d

Now for any other value d’ # d, r* satisfies

\ <7<\/*—d’+2R /Z:;A)

which means that 7* is smaller than the largest solution of the corresponding
equality. As a result, we have

P 52§7<I+Jd+8f340 /EA).

Using (a+b)? < 2(a® +b?), putting C = Cr and finally using the assumption
RC;zl <mM~! yields the result. O
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This concludes the proof of Theorem 4.4 for setting (S1). We finally turn
to checking hypothesis (H4) in setting (S2): in this case we use a classical
entropy chaining argument.

THEOREM 6.9. Under assumption (A1) and the notation of setting (S2),
we have

) ) U8R [T\  SMR® | (\F\?
E “gSHIIjER (P —P,)(L(g) 5(90))!] < \/_§<2R)+ n g(2112)
d3(g,90)<r

= YR(r),

where the function & is defined as in (3.2). The function Vg is sub-root; if .
denotes the solution of the equation &(x) = M~ n~1222, then the solution
5 of the equation Yr(r) = C}glr, with Cr > MR, satisfies

5 < 2500M ~2C%a?

The chaining technique used for proving this theorem is summed up in
the next lemma, for which we give a proof for completeness.

LEMMA 6.10. Let F be a class of real functions which is separable in
the supremum norm, containing the null function, and such that every f € F
satisfies || flloo < M and E[f?] < 0%. Denote Huo(g) the supremum norm e-

entropy for F. Then it holds that
(6.19) [Sup (P—P,) f@ / JHo () de + M=),
feF

PRrROOF. Tt is a well-known consequence of Hoeffding’s (resp. Bernstein’s)
inequality that a finite class of functions G bounded by M in absolute value
have

M?21
(6.20) E[Sup(P - Pn)g} < [p 2 1oe((G]).
Y n
respectively, if, additionally, it holds that E[¢g?] < ¢ for all g € G, we have
a?log(|G]) | Mlog(|G])

n 3n

(6.21) E [ZEB(P - Pn)g} </2

Since F contains the null function, it is clear that

(6.22) E[;ggKP ~Pfl] < E[Jstggw - RS +E[;33<Pn -y
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Since we have assumed that F is separable for the sup norm, it is sufficient
to prove (6.19) for any finite subset of F. Without loss of generality, we
therefore assume that F is finite. Put §; = 027% and let, for any f € F, I, f
be a member of a d;-supremum norm cover of F such that ||II; f — fllcc < ;.
We write

E LS‘lEl.I?)—(P - Pn)f} <E [,Sflelg(P - Pn)Hof}

+ ZE {sup(P - Pn)(Hzf — Hi—lf) .
i>0 LfEF

We now apply (6.21) to the first term of the above bound and (6.20) to all
of the other terms. More precisely, we apply (6.21) to the class {IIpf, f € F}
which has cardinality bounded by exp(H(do)), and respectively (6.20) to
the classes {(IL;f —II;_1f), f € F} which have their respective cardinality
bounded by exp(2H(d;)). We then have

2 2
E{sup(P—Pn)f} < 20 Hoo(50) MH Z 365
Jer n 1>0
MH (o)

3n

We apply the same inequality to the class —F and conclude using (6.22).
O

ProOOF OF THEOREM 6.9. We want to apply Lemma 6.10 to the class
of functions

Fao ={0(g) — £(90):9 € His llgllx < R:E[(£(9) — £(90))"] <7}
Similarly to the reasoning used in the proof of Theorem 6.6, it is clear that
Fao CF(2R,v) = {l(g); 9 € Hi; lgllr < 2R; E[e(9)*] <7}

Because the loss function £ is 1-Lipschitz, it holds that [[((f) — £(g)[| <
|| f — glloc, hence, Hoo(F(2R,1),€) < Hoo (B, (2R), ). Applying Lemma 6.10
therefore yields

B[ s (7= P(s) — o))

llgllx<R
d3(g,90)<r

N
/ \/Hoo(2RByy, ,€) de + 2M RHoo (2R By, \/F)
NG n
48R/\/_/2R\/T 2M RH oo (B, ,/T/2R)
Hpyr €
n
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< % (%) + SKRBTA&(ZL;Y =r(r),

where ¢ is defined as in (3.2), and the last inequality comes from the obser-
vation that &(z) < xy/Hoo(By,,x). The function v is obviously sub-root

since Hoo (B, ,€) is a decreasing function or e.

Denote z, the solution of the equation £(x) = 1\/_ nx®; we claim that,
for a suitable choice of constant ¢, tj = c2M 202 Ra: is an upper bound for
the solution r}, of the equation ¢R( )= C’R r entering in hypothesis (H4).
This is implied by the relation () < Cp Lyx & which we now prove.

Note that \2/R_ = cng T, and that g—]\’} > 1. Since 27 '¢(z) is a decreasing

function, assuming ¢ > 2, it holds that
t*R> CR CR\/_ 2 \/ﬁ *
v < L) = 22 = .
5( ok ) = “2rar ) T GmaE T creg '
Plugging this into the expression for ¢ yields

L. /48 SMR\ 5 _ (48 8\ th
< | — < [ = _
Va(tR) < < c + czCR)CR - < c + 02>CR’

where we have used again the relation M R < Cr. The choice ¢ =50 implies
the desired relation. [J

6.4. Proof of Theorem 3.1. Theorem 4.4 states that the conditions (H1)-
(H4) of the model selection theorem (Theorem 4.3) are satisfied for the
family of models B(R), R € R and some explicit values for bgr,Cr,¢r and
r% [depending on the considered setting (S1) or (S2)]. Let us choose an
appropriate finite set R and a sequence (xr)ger so that we can approximate
the minimization over all R > 0 in equation (3.4) by a minimization over the
finite set of radii R.

We consider the set of discretized radii

R={M12% ke N,0<k<[logyn]}.

The cardinality of R is then [(logyn)] + 1 and we consequently choose xp =
log(logyn 4 2) for all R € R which satisfies } pc ™7 < 1.

In order to apply Theorem 4.3, the penalty function should satisfy equa-
tion (4.2). A sufficient condition on the penalty function for the family of
models {B(R),R € R} is therefore

TR (CR+bR)(:ER+10g(5_1)\/1))
+ )
Cgr n

pen(R) > ¢y (

where ¢; is a suitable constant, and we picked K =3 in equation (4.2).
Recalling the definition of v(n) in settings (S1) and (S2), the requirement
(3.3) on A, and the definition of w; in Theorem 3.1, it can be checked
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by elementary manipulations that the above condition on the penalty is
satisfied in both settings for

pen(R) = An(p(MR/2) + w1 ™),

up to a suitable choice of the constant ¢ in (3.3); note that we can assume
c>1.

The last step to be analyzed now is how to go back and forth between
the discretized framework R € R and the continuous framework to obtain
the final result. To apply the model selection theorem, we will interpret the
continuous regularization defining g as an approximate discretized penalized
minimization over the above family of models using the penalty function
defined above.

In view of definition (3.4) of the estimator g, the following upper bound
holds:

Pol(g) + Anp(M|g]lx) < Pal(0) + Anip(0) =1,

which implies 1 > A,@(M||G||x). Since we have assumed ¢ > 1 in (3.3), we
have A,, > n~!; this implies ||g||x < M ~'n (using the assumption on (). De-
note R = M~12% where k = [(logy(M||g|lx))+]. The fact that ||gl[x < M 'n
implies R € R. Note that § € B(R) and that R < 2M ' max(M]||§||x,1). This
entails

Pol(3) +pen(R) < Pol(9) + Anp(max(M Y|, 1)) + ng wi ' Ay,
< Pl(@) + Anp(MH[G15) + Anp(1) +wi g T A,
< inf [Pol(g) + Anp(MH|glle)] + Anp(1) 4+ wi g ' Ay,

< inf
gEH
= inf inf [P, Ay, (o(M 1 -1, -1
ll%nzogellg(R)[ £(g) + An(p(MR) + (1) +wy g )]
< inf inf [P/ A (o(M 1 —1, —1
_J%IeleelzIzl(R)[ (9) + An(P(MR) + (1) +wy 1)),

~

where the first inequality follows from the definition of pen(R), and the third
from the definition of §. So if we put pr = A, (@(MR) + (1) +w; 'ngt) —
pen(R) > 0, we just proved that g is a (pr)-approximate penalized minimum
loss estimator over the family (B(R))rer. Now applying the model selection
theorem (Theorem 4.3), we conclude that the following bound holds with
probability at least 1 — §:

L(G,s*) <2 inf inf [L(g,s") + 20, (o(MR) + ¢(1) +wi g )]

RERQEB(R)
égRgélg(R)[ (9,57) + ol )]+ (p(1) +wyny )
<2 inf inf [L(g,s*)+ 2An90(2[10gMR1)]

M~-1<R<nM~1 geB(R)
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+ 40, (o(1) +wi g h)

<2 inf  inf [L(g,s") + 2A, (208 MR+ ]
< Rglnanlgelg(R)[ (9,5%) + 2Ane( )]

+ 40, (p(1) +wi'ng )

<2 inf inf [L(g,s*) +2A,(0(2(MRV 1
< RgﬂlM—lgéél(R)[ (9,8%) + 2An(p(2(M R V 1)))]

+ 400 (p(1) +wi g ')
<2 inf [L(g,5") + 2000 (2M lglli)] + 440 (2(2) + 1wy Mg ).

The last inequality holds because, if we denote ¢* the minimizer of the last
infimum, comparing it with the constant null function (as for g earlier),

we conclude that 2A,,p(2M||g*||x) < 1, implying ||g*|lx < M ~'n, so that the
restriction R < M~'n in the previous infimum can be dropped.

APPENDIX A: PROPERTIES OF THE KERNEL INTEGRAL
OPERATOR.

In this appendix, we sum up a few useful properties of the integral op-
erator Ly introduced in (3.1). These are used in the proof of Lemma 6.8.
While these results are certainly not new, we provide a self-contained proof
for completeness.

LEMMA A.1. Let Hy be a separable RKHS with kernel k on a measurable
space X. Assume y+— k(x,y) is measurable for any fived x € X. Then the
function x +— k(x,-) € Hy is measurable; in particular, (z,y) — k(x,y) is
jointly measurable.

Let P be a probability distribution on X ; assume L*(P) is separable and
EXNP[]{?(X,X)] < 0.

Then Hj, C L?(P) and the canonical inclusion T :Hy, — L?(P) is contin-
UOUS.

The integral operator Ly : L*(P) — L?(P) defined as

(Luf) @) = [ Ko,y f ) dP(y)

is well defined, positive, self-adjoint and trace class; moreover, L, =TT*. In
particular, if (A;)i>o denote its eigenvalues, repeated with their multiplicities,
Zizo A < 00

Finally, there exists an orthonormal basis (1;)i>0 of Hy such that, for
any f € Hg,

ITfl5p = Nlfi ).

>0
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PROOF. Let us first prove that any function f € Hj is measurable. By
assumption, for any fixed z, k(x,-) is measurable; hence, also any finite
linear combination Y; a;k(x;,-). Any function f € Hj is the limit in Hy
of a sequence of such linear combinations. By the reproducing property,
a sequence converging in Hy also converges pointwise, since (f;,k(z,-)) =
fi(x). Hence, f is measurable. Now we prove that x — K(x) = k(x,-) € Hy
is measurable.

For any f € Hy, =+ (k(x,-), f) = f(z) is measurable, hence, the inverse
image of a half-space by K is measurable. Since Hy, is separable, any open
set is a countable union of open balls (Lindel6f property); and any ball in
‘H}, is a countable intersection of half-spaces. Hence, K is measurable. This
implies that k(x,y) = (k(z,-), k(y,))x is jointly measurable.

By the Cauchy—Schwarz inequality, we further have |k(z,y)|* < k(z,2)k(y,y),
so that the assumptions that k(x,z) € Li(P) imply that k(-,-) € L?(X x
X, P ® P). This ensures that Ly is well defined [as an operator L%(X) —
L%(X)] and Hilbert-Schmidt, hence, compact. Moreover, by symmetry of
k, Ly is self-adjoint. As L?(P) is separable, L; can be diagonalized in an
orthonormal basis (¢;);>¢ of L?(P), where Li¢; = \i;.

Consider now the canonical inclusion 7" from the reproducing kernel Hilbert
space Hj, into L?(P). For f € Hj,, we have

[ @ aP@) = [ £k, 3, dP@) < 1y, [ k.2)dP()

This proves that T is well defined and continuous on Hy. Let T*: L?(P) —
‘Hj. denote its adjoint.

For any f € L?(P), we have by definition for all z € X, T* f(x) = (k(z, -),
T* f)r, = (Tk(x,-), f)r2(py = (Li.f)(x). Hence, TT™ = Ly. In particular, \; =
(@i, Nibi) 2Py = (T @i, T*$i)n,, > 0, which proves that Ly, is a positive op-
erator.

Now let us consider the operator C'=T*T:Hy — Hy. It is bounded, pos-
itive and self-adjoint. Let (¢;);>0 be an orthonormal basis of Hj. We have

k((L’,(L‘) = (k((L’, ')7 k(a:, )> = Z<k(‘ra ')71/}i>2 = Z%(@Z
120 i>0

and

Z<w27C¢Z>Hk = Z ”Tle%,P = EZ(Twl)z(X) - Ek(X7X) < 00,

1>0 >0 >0

by monotone convergence. This proves that C' is trace-class. Now since T7T*
and T*T have the same nonzero eigenvalues (with identical multiplicities),
and trC =37,5(A; <00, Ly is also trace-class.
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We can actually choose (1;) as an orthonormal basis of eigenvectors of C
with corresponding eigenvalues A;. In that case, we can write any function

feHy as

i>0

where || f|l3,, = >i>0(f,i)* and by continuity of T,

Tf=Y (f, )T

i>0
Now, since Cvp; = \j);, we have (T';, Tv;) = N (i, 1j) = Xid;j so that

ITfl5p = Nlfi ).
i>0 U
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