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For binary classification we establish learning rates up to the order of
n—1 for support vector machines (SVMs) with hinge loss and Gaussian RBF
kernels. These rates are in terms of two assumptions on the considered dis-
tributions: Tsybakov’s noise assumption to establish a small estimation error,
and a new geometric noise condition which is used to bound the approxima-
tion error. Unlike previously proposed concepts for bounding the approxima-
tion error, the geometric noise assumption does not employ any smoothness
assumption.

1. Introduction. In recent years support vector machines (SVMs) have been
the subject of many theoretical considerations. Despite this effort, their learning
performance on restricted classes of distributions is still widely unknown. In par-
ticular, it is unknown under which nontrivial circumstances SVMs can guarantee
fast learning rates. The aim of this work is to use concepts like Tsybakov’s noise
assumption and local Rademacher averages to establish learning rates up to the
order of n~! for nontrivial distributions. In addition to these concepts that are used
to deal with the stochastic part of the analysis we also introduce a geometric as-
sumption for distributions that allows us to estimate the approximation properties
of Gaussian RBF kernels. Unlike many other concepts introduced for bounding the
approximation error, our geometric assumption is not in terms of smoothness but
describes the concentration and the noisiness of the data-generating distribution
near the decision boundary.

Let us formally introduce the statistical classification problem. To this end let
us fix a subset X C RY. We write ¥ := {—1, 1}. Given a finite training set T =
((x1,51)s -+, (xn, yn)) € (X x Y)", the classification task is to predict the label y
of a new sample (x, y). In the standard batch model it is assumed that the samples
(x;, y;) are i.i.d. according to an unknown (Borel) probability measure P on X x Y.
Furthermore, the new sample (x, y) is drawn from P independently of T'. Given a
classifier C that assigns to every training set 7 a measurable function fr: X — R,
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the prediction of € for y is signy f(x), where sign(0) := 1. The quality of such a
function f is measured by the classification risk

Rp(f) = P({(x,y):sign f(x) # y}),

which should be as small as possible. The smallest achievable risk Rp :=
inf{Rp(f)|f: X — R measurable} is called the Bayes risk of P and a function
attaining this risk is called a Bayes decision function and is denoted by fp. Ob-
viously, a good classifier should at least produce decision functions whose risks
converge to the Bayes risk for all distributions P. This leads to the notion of uni-
versally consistent classifiers which is thoroughly treated in [14]. The next nat-
urally arising question is whether there are classifiers which guarantee a specific
convergence rate for all distributions. Unfortunately, this is impossible by a result
of Devroye (see [14], Theorem 7.2). However, if one restricts consideration to cer-
tain smaller classes of distributions, such “learning rates,” for example, in the form
of

P (T e(X XYY :Rp(fr)<Rp+Cx)nP)>1-e", n>1,x>1,

where 8 > 0 and C(x) > 0 are constants, exist for various classifiers. Typical as-
sumptions for such classes of distributions are either in terms of the smoothness
of the function n(x) := P(y = 1|x) (see, e.g., [19, 38]), or in terms of the smooth-
ness of the “decision boundary” (see, e.g., [18, 35]). Moreover, the corresponding
learning rates are slower than n~!/? if no additional assumptions on the amount of
the noise in the labels, for example, on the distribution of the random variable

(1) min{1 — (x), n(x)} = 3 — [n(x) — 3|

around the critical level 1/2, are imposed. On the other hand, [35] showed that
ERM:-type classifiers can learn faster than n~!/2, if one quantifies how likely the
noise in (1) is close to 1/2 (see Definition 2.2 in the following section). Unfortu-
nately, however the ERM classifier considered in [35] requires substantial knowl-
edge on how to approximate the desired Bayes decision functions. Moreover, ERM
classifiers are based on combinatorial optimization problems and hence they are
usually hard to implement and in general there exist no efficient algorithms.

On the one hand SVMs do not share the implementation issues of ERM since
they are based on a convex optimization (see, e.g., [12, 26] for algorithmic as-
pects). On the other hand, however, their known learning rates are rather unsatis-
factory since either the assumptions on the distributions are too restrictive as in
[28] or the established learning rates are too slow as in [37]. Our aim is to give
SVMs a better theoretical foundation by establishing fast learning rates for a wide
class of distributions. To this end we propose a geometric noise assumption (see
Definition 2.3) which describes the concentration of the measure |2n — 1| d Px—
where Py is the marginal distribution of P with respect to X—near the decision
boundary. This assumption is then used to determine the approximation proper-
ties of Gaussian kernels which are used in the SVMs we consider. Provided that
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the tuning parameters are optimally chosen our main result then shows that the
resulting learning rates for these classifiers can be as fast as n 1.

The rest of this work is organized as follows: In Section 2 we introduce the main
concepts of this work and then present our results. In Section 3 we recall some ba-
sic theory on reproducing kernel Hilbert spaces and prove a new covering number
bound for Gaussian kernels that describes a trade-off between the kernel widths
and the radii of the covering balls. In Section 4 we then show the approximation
results that are related to our proposed geometric noise assumption. The last sec-
tions of the work contain the actual proof of our rates: In Section 5 we establish
a general bound for ERM-type classifiers involving local Rademacher averages
which is used to bound the estimation error in our analysis of SVMs. In order to
apply this result we need “variance bounds” for SVMs which are established in
Section 6. Interestingly, it turns out that sharp versions of these bounds depend on
both Tsybakov’s noise assumption and the approximation properties of the kernel
used. Finally, we prove our learning rates in Section 7.

2. Definitions and main results. In this section we first recall some basic no-
tions related to support vector machines which are needed throughout this text. In
Section 2.2, we then present a covering number bound for Gaussian RBF kernels
which will play an important role in our analysis of the estimation error of SVMs.
In Section 2.3 we recall Tsybakov’s noise assumption which will allow us to es-
tablish learning rates faster than n~!/2. Then, in Section 2.4, we introduce the new
geometric assumption that is used to estimate the approximation error for SVMs
with Gaussian RBF kernels. Finally, we present and discuss our learning rates in
Section 2.5.

2.1. RKHSs, SVMs and basic definitions. For two functions f and g we use
the notation f(A) < g(A) to mean that there exists a constant C > 0 such that
f(A) < Cg(r) over some specified range of values of A. We also use the notation
> with similar meaning and the notation ~ when both < and > hold. In particular,
we use the same notation for sequences.

If not stated otherwise, X always denotes a compact subset of R¢ which is
equipped with the Borel o -algebra.

Recall (see, e.g., [1, 6]) that every positive definite kernel £: X x X — R has
a unique reproducing kernel Hilbert space H (RKHS) whose unit ball is denoted
by By. Although we sometimes use generic kernels and RKHSs, we are mainly
interested in Gaussian RBF kernels, which are the most widely used kernels in
practice. Recall that these kernels are of the form

ko (x,x") =exp(—o?|x —x'I3),  x,x €X,

where o > 0 is a free parameter whose inverse 1/o is called the width of k,. We
usually denote the corresponding RKHSs which are thoroughly described in [32]
by Hy (X) or simply H,.
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Let us now recall the definition of SVMs. To this end let P be a distribution on
X xYand!l:Y x R— [0, 00) be the hinge loss, that is,

[(y,t) :=max{0, 1 — yt}, veY,teR.
Furthermore, we define the /-risk of a measurable function f: X — R by

R p(f) =Eu py~pl(y, f(X)).

Now let H be a RKHS over X consisting of measurable functions. For A > 0 we
denote a solution of
0 argmin(|| £ |3 + Rp.p(f + b))

feH
beR

by (fp’x, Ep’k). Recall that fp’k is uniquely determined (see, e.g., [30]), while
in some situations this is not true for the offset Ep, »- In general we thus assume
that b p.». 1s an arbitrary solution. However, for the (trivial) distributions that sat-
isfy P({y*}|x) =1 Px-a.s. for some y* € Y we explicitly set Ep,x := y* in or-
der to control the size of the offset. Furthermore, if P is an empirical distribu-
tion with respect to a training set 7 = ((x1, y1), ..., (xu, Yn)) we write R; 7(f)
and ( f}, A Z;T, ».). Note that in this case the above condition under which we set
Z;T, 5 = y* means that all labels y; of T are equal to y*. An algorithm that con-
structs ( fT, A IET, ») for every training set T is called an SVM with offset. Further-
more, for A > 0 we denote the unique solution of

3) argmin(A| £ + R, p(f))
feH

by fp. and for empirical distributions based on a training set 7 we again write
S7..- A corresponding algorithm is called an SVM without offset. Recall that under
some assumptions on the RKHS used and the choice of the regularization parame-
ter A it can be shown that both SVM variants are universally consistent (see [29,
31, 39]); however, no satisfying learning rates have been established yet.

We also emphasize that in many theoretical papers only SVMs without off-
set are considered since the offset often causes serious technical problems in the
analysis. However, in practice usually SVMs with offset are used and therefore we
feel that these algorithms should be considered in theory, too. As we will see, our
techniques can be applied for both variants. The resulting rates coincide.

2.2. Covering numbers for Gaussian RKHSs. In order to bound the estima-
tion error of SVMs we need a complexity measure for the RKHSs used, which is
introduced in this section. To this end let A C E be a subset of a Banach space E.
The covering numbers of A are defined by

n
N(A, e, E) :=min nZl:Ele,...,xneEwithACU(x,'—i—sBE) ,

i=l
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& > 0, where Bg denotes the closed unit ball of E. Moreover, for a bounded linear
operator S : E — F between two Banach spaces E and F, the covering numbers
are N(S,¢) :=N(SBg, ¢, F).

Given a training set T = ((x1, y1), ..., (X, yu)) € (X x Y)" we denote the space
of all equivalence classes of functions f: X x ¥ — R with norm

n 1/2
1
) I fllLycry == <;Z|f<x,-, y,-)|2>
i=1

by L, (T). In other words, L,(T) is an Ly-space with respect to the empirical mea-
sure of 7. Note that for a function f:X x ¥ — R a canonical representative in
Lo(T) is its restriction f7. In addition, L»(Tx) denotes the space of all (equiva-
lence classes of) square integrable functions with respect to the empirical measure
of x1,..., xy.

The proof of our learning rates uses the behavior of N (By, (x), &, L2(Tx)) in e
and o in order to bound the estimation error. Unfortunately, all known results on
covering numbers for Gaussian RBF kernels emphasize the role of ¢ and hence we
will establish in Section 3 the following result which describes a suitable trade-off
between the influence of ¢ and o.

THEOREM 2.1. Leto > 1, X C R? be a compact subset with nonempty inte-
rior, and Hy (X) be the RKHS of the Gaussian RBF kernel k; on X. Then for all
0 < p=<2andall § >0, there exists a constant cp s q > 0 independent of o such
that for all ¢ > 0 we have

sup log N (By, (x), & L2(Tx)) < cp,(g’da(l_”/z)(“r‘s)ds_p.
Te(XxY)"

2.3. Tsybakov’s noise assumption. Now we recall Tsybakov’s noise condi-
tion, which describes the amount of noise in the labels. In order to motivate Tsy-
bakov’s assumption let us first observe that by equation (1) the function |2n — 1]
can be used to describe the noise in the labels of a distribution P. Indeed, in regions
where this function is close to 1 there is only a small amount of noise, whereas
function values close to 0 only occur in regions with a high level of noise. The fol-
lowing definition in which we use the convention r*° := 0 for ¢ € (0, 1) describes
the size of the latter regions:

DEFINITION 2.2. Let 0 < g < oo and P be a probability measure on X x Y.
We say that P has Tsybakov noise exponent q if there exists a constant C > 0 such
that for all sufficiently small # > 0 we have

5) Px({xeX:|2n(x) —1]<1}) <C -1,
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Obviously, P has Tsybakov noise exponent ¢ > 0 if and only if |2 — 1|7! €
L4 ,00(Px), where L, ~ denotes a Lorentz space (see [5]). It is also easy to see
that P has Tsybakov noise exponent g’ for all ¢’ < g if P has Tsybakov noise
exponent g. Furthermore, all distributions obviously have noise exponent 0. In the
other extreme case g = oo the conditional probability 7 is bounded away from
1/2. In particular, noise-free distributions have exponent ¢ = co. Furthermore, for
g < oo it is easy to check that Definition 2.2 is satisfied if and only if (5) holds for
all t > 0 and a possibly different constant C. Finally, note that (5) does not make
any assumptions on the location of the noisy set, and hence we prefer the notion
“noise condition” rather than the often used term “margin condition.”

2.4. A new geometric assumption for distributions. In this section we intro-
duce a condition for distributions that will allow us to estimate the approximation
error for Gaussian RBF kernels. To this end let / be the hinge loss function and P
be a distribution on X. Let

Ry p :=nf{R; p(f)|f:X — R measurable}

denote the smallest possible /-risk of P. Since functions achieving the minimal
[-risk occur in many situations we indicate them by f;, p if no confusion regarding
the nonuniqueness of this symbol can be expected. Furthermore, recall that f; p
has a shape similar to the Bayes decision function sign fp (see, e.g., [30]). Now,
given a RKHS H over X we define the approximation error function with respect
to H and P by

(6) a() = inf (A fI1% +Rip(f) —Rip),  A=>0,

inf
feH
Note that the obvious analogue of the approximation error function with offset is
not greater than the above approximation error function without offset and hence
we restrict our attention to the latter for simplicity.

For A > 0, the approximation error function describes how well A|| fp, A||%1 +
Ri.p(fp.) approximates R; p. For example, it was shown in [31] that we have
limy_,ga(X) =0 for all P if X is a compact metric space and H is dense in the
space of continuous functions C(X). However, in nontrivial situations there can-
not exist a convergence rate which holds uniformly for all distributions P. Since
Hy(X) is dense in C(X) for compact X ¢ R and all o > 0 these statements are
in particular true for the approximation error functions a, (-) of the Gaussian RBF
kernels with fixed width 1/0. Moreover, we are not aware of any weak condition on
n or P that ensures a, (A) < A8 for » — 0 and some B > 0, and the results of [27]
indicate that such behavior of a,(-) may actually require very restrictive condi-
tions. In the following we will therefore present a condition on P that allows us to
estimate a, (1) by A and o . In particular it will turn out that a, (A) — 0 with a poly-
nomial rate in A if we relate o to A in a certain manner. In order to introduce this
assumption on P we first define the classes of P by X_1:={x € X:n(x) < %},
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Xi={xreX:nkx)> %} and Xo:={x e X:nx) = %} for some choice of 1. Now
we define a distance function x — 7, by

d(x, XoU X1), ifxeX_q,
@) Ty =1dx, XogUX_1), if x € X1,
0, otherwise,

where d(x, A) denotes the distance of x to a set A with respect to the Euclidean
norm. Roughly speaking, 7, measures the distance of x to the “decision boundary.”
Now we can present the already announced geometric condition for distributions.

DEFINITION 2.3. Let X C R be compact and P be a probability measure on
X x Y. We say that P has geometric noise exponent o > 0 if there exists a constant
C > 0 such that
2
T
(8) / 12n(x) — 1|exp(—7x)PX(dx) < Cr%/2, > 0.
X

We say that P has geometric noise exponent oo if it has geometric noise exponent
a for all @ > 0.

Note that in the above definition we neither make any kind of smoothness as-
sumption nor do we assume a condition on Py in terms of absolute continuity with
respect to the Lebesgue measure. Instead, the integral condition (8) describes the
concentration of the measure |25 — 1| d Px near the decision boundary in the sense
that the less the measure is concentrated in this region the larger the geometric
noise exponent can be chosen. The following example illustrates this.

EXAMPLE 2.4. Since exp(—t) < Cyt~“ holds for all # > 0 and a constant
Cy > 0 only depending on « > 0, we easily see that (8) is satisfied whenever

) (x> 177 ") € Loa (127 — 1]d Px),

where Lyq(|2n — 1|d Px) denotes the usual Lebesgue space of functions that are
ad-integrable with respect to the measure [2n — 1|d Px. Now, let us suppose
Xo = @ for a moment. In this case 7, measures the distance to the class x does
not belong to. In particular, (9) holds for ¢ = oo if and only if the two classes X _
and X have strictly positive distance. Moreover, if (9) holds for some 0 < o < co
the two classes may “touch,” that is, the decision boundary dX_; N dX; is non-
empty. Consequently, we can easily construct distributions P that have geometric
noise exponent oo and touching classes, but also satisty fp ¢ H,(X) forall o > 0.
However, note that for such P the measure |2n — 1|d Px must obviously have a
very low concentration near the decision boundary.

We now describe a simple regularity condition on 7 near the decision boundary
that can be used to guarantee a geometric noise exponent.
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DEFINITION 2.5. Let X C R¢, P be a distribution on X x ¥ and y > 0. We
say that P has an envelope of order y if there is a constant ¢, > 0 such that for
Px-almost all x € X we have

(10) 2n(0) — 1] < ¢yt

Obviously, if P has an envelope of order y then the graph of x — 25 (x) — 1 lies
in a multiple of the envelope defined by 7 at the top and by —z. at the bottom.
Consequently, 1 can be very irregular away from the decision boundary but cannot
be discontinuous when crossing it. The rate of convergence of n(x) — 1/2 for
T, — 0 is described by y.

Interestingly, for distributions having both an envelope of order y and a Tsy-
bakov noise exponent ¢ we can bound the geometric noise exponent, as the fol-
lowing theorem, which is proved in Section 4, shows.

THEOREM 2.6. Let X C R? be compact and P be a distribution on X x Y
that has an envelope of order v > 0 and a Tsybakov noise exponent q € [0, 00).
Then P has geometric noise exponent (q + 1)yd =" if ¢ > 1, and geometric noise
exponent o for all a < (q + 1)yd™—" otherwise.

Now the main result of this subsection which is proved in Section 4 shows that
for distributions having a nontrivial geometric noise exponent we can bound the
approximation error function for Gaussian RBF kernels.

THEOREM 2.7. Leto > 0, X be the closed unit ball of the Euclidean space R?
and as(-) be the approximation error function with respect to Hy(X). Fur-
thermore, let P be a distribution on X x Y that has geometric noise exponent
0 < «a < oo with constant C in (8). Then there is a constant cq > 0 depending only
on the dimension d such that for all . > 0 we have

(11) as (L) < ca(o?n + Cd)*/25—d),

In order to let the right-hand side of (11) converge to zero it is necessary to as-
sume both A — 0 and 0 — 00. An easy consideration shows that the fastest con-
vergence rate is achieved if o () := A~ V@D d) p this case we have aqy(A) =
A%/@+D In particular, we can obtain rates up to linear order in A for sufficiently
benign distributions. The price for this good approximation property is, however,
an increasing complexity of the hypothesis class By ,,, as we have seen in Theo-
rem 2.1.

@)

2.5. Learning rates for SVMs using Gaussian RBF kernels. With the help of
the geometric noise assumption we can now present our learning rates for SVMs
using Gaussian RBF kernels. Note again that these polynomial rates do not re-
quire a smoothness assumption on P. Furthermore note that we use the conven-
tion 42etb . — & fora,ce(0,00), b,d € [0, c0) in order to make the presentation

coo+d T
compact.
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THEOREM 2.8. Let X be the closed unit ball of R¢, and P be a distribution
on X x Y with Tsybakov noise exponent q € [0, oo] and geometric noise exponent
a € (0, 00). We define

2
i 9 l.fa S &7
= 200 + 1 2q
T 20(q + 1) )
otherwise,

20(g+2)+3q +4°

and Ay = n=@tV/eB gnd o, = nP/ @D iy both cases. Then for all ¢ > 0 there
exists a C > 0 such that for all x > 1 and n > 1 the SVM without offset using the
Gaussian RBF kernel ky, satisfies

Pr*(T eX xY)" :Rp(fra,) <Rp+ szn_’3+8> >1—e¥,

where Pr* denotes the outer probability of P" in order to avoid measurability
considerations. If o« = oo the latter inequality holds if 0, = o is a constant with
o > 2+/d. Finally, all results also hold for the SVM with offset.

REMARK 2.9. The above learning rates are faster than the “parametric” rate
n~1/2 if and only if @ > (3g +4)/(2g). For ¢ = oo the latter condition becomes
a > 3/2 and in an “intermediate” case ¢ = 1 it becomes o > 7/2.

REMARK 2.10. Itis important to note that our techniques can also be used to
establish rates for other definitions of the sequences (A,) and (o,). In fact, Theo-
rem 2.7 guarantees d,, (A,) — 0 (which is necessary for our techniques to produce
any rate) if o,, - oo and o*rfl)»n — 0. In particular, if A, :=n~" and o, := n* for
some ¢, k > 0 with kd < ¢, these conditions are satisfied and a conceptually easy
but technically involved modification of our proof can produce rates for certain
ranges of ¢ (and thus «). In order to keep the presentation as short as possible we
have omitted the details and focused on the best possible rates.

REMARK 2.11. Unfortunately, the choice of 1, and o, that yields the optimal
rates within our techniques, requires to know the values of o and ¢, which are
typically not available. Adaptive methods which do not require such knowledge
are still unknown.

REMARK 2.12. Theorem 2.7 and Theorem 2.8 establish results for all dis-
tributions having some geometric noise exponent. However, for certain distribu-
tions of this type the resulting rates are not satisfactory. For example consider the
distribution P on X := [—1, 1] whose marginal distribution Py equals the uni-
form distribution and whose conditional distribution n(x) := P(y = 1|x) satisfies
2n(x) — 1| = |x|¥, x € X, for some constant y € (0, c0). Then P obviously has
Tsybakov noise exponent g := 1/y, and Theorem 2.6 or a simple modification of
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the proof of Theorem 2.7 shows that P has geometric noise exponent @ := 1+ y.
2¢%+4q+2
5¢2+10g+4°
faster than n~!/2. Though this is disappointing at first glance, it is not really sur-
prising since the proof of Theorem 2.7 is not tailored to distributions having such
simple decision functions. We believe that sharper bounds on the approximation
error function (and thus faster learning rates) for this and other distributions are
possible, but a detailed analysis is beyond the scope of this paper.

Theorem 2.8 thus gives a rate of the form n~#7¢ for = which is never

REMARK 2.13. Another interesting but open question is whether the obtained
rates are optimal for the class of considered distributions. In order to approach this
question let us consider the case « = 0o, which roughly speaking describes the
case of almost no approximation error. In this case our rates are essentially of the
form n@+1/@+2) which coincides with the rates Tsybakov (see [35]) achieved for
certain ERM classifiers based on hypothesis classes of small complexity. The latter
rates in turn cannot be improved in a minimax sense for certain classes of distri-
butions as was also shown in [35]. This discussion indicates that the techniques
used for the stochastic part of our analysis may be strong enough to produce opti-
mal results. However, if we consider the case o < oo then the approximation error
function described in Theorem 2.7 and its influence on the estimation error (see
our proofs, in particular Section 5 and Section 7) have a significant impact on the
obtained rates. Since the sharpness of Theorem 2.7 is unclear to us we make no
conjecture regarding the optimality of our rates in the general case.

3. Proof of Theorem 2.1. The main goal of this section is to prove Theo-
rem 2.1, which is done in Section 3.2. To this end we provide in Section 3.1 some
RKHS theory which is used throughout this work.

3.1. Some basic RKHS theory. For the proofs of this section we have to recall
some basic facts from the theory of RKHSs. To this end let X  R¢ be a compact
subset and k: X x X — R be a continuous and positive semi-definite kernel with
RKHS H. Then H consists of continuous functions on X and for f € H we have

Iflloo = K[ f1l 1, where

(12) K :=sup vk(x, x).

xeX

Consequently, if the embedding of the RKHS H into the space of continuous func-
tions C(X) is denoted by

(13) Jg:H — C(X)

we have ||Jg|| < K. Furthermore, let us recall the representation of H based on
Mercer’s theorem (see [13]). To this end let Ky : Lo(X) — L2(X) be the integral
operator defined by

(14) Kx f(x) ::/;(k(x,x/)f(x/)dx/, felyX),xeX,
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where L;(X) denotes the Ly-space on X with respect to the Lebesgue measure.

Then it was shown in [13] that the unique square root K ,1(/ 2of K x 1S an isometric
isomorphism between Ly(X) and H.

3.2. Proof of Theorem 2.1. In order to prove Theorem 2.1 we need the follow-
ing result which bounds the covering numbers of H, (X) with respect to C(X).

THEOREM 3.1. Leto > 1,0 < p <2 and X C R? be a compact subset with
nonempty interior. Then there is a constant cp q > 0 independent of o such that
for all ¢ > 0 we have

log N (B, (x), &, C(X)) < cp,da(l_p/‘l)de_p.

PROOF. Let B, be the closed unit ball of the Euclidean space R and éd be its
interior. Then there exists an > 1 such that X C r B;. Now, it was recently shown

in [32] that the restrictions H, (r By) — H,(X) and H, (r Bj) — H, (l?’d) are both
isometric isomorphisms. Consequently, in the following we assume without loss of
generality that X = By or X =Bc;d and do not concern ourselves with the distinction
of both cases.

Now let us write H, := H,(X) and J, := Jp, : Hy — C(X) in order to sim-
plify notation. Furthermore, let K, : L(X) — L»(X) be the integral operator of &k,
defined as in (14), and || - || denote the norm in Ly(X). According to [13], Theo-
rem 3, page 27, for any f € H,, we obtain

1 1
inf [|f =kl < < IK AP = <1 F 113
K5 hI<R R 7 R

where we use the convention ||Kg_lh|| =00 if h ¢ K;L>(X). Suppose now
that # C Ly(X) is a dense Hilbert space with ||k < ||k, and that we have
Ko :Lo(X) = H C Lo(X) with ||Ky : Lo(X) = H|| < o3¢ < 00 for some con-
stant ¢y g¢ > 0. It follows that

. 1
If =hl< inf ||f_h||§E”f”%Ia

Al <co, 3¢ R Ko hlI<R
and hence
. Co, ¥ 2
inf —h|| <= .
it If—hll < R (alya

By [27], Theorem 3.1 it follows that f is contained in the real interpolation space
(L2(X), #)1/2,00 (see [7] for the definition of an interpolation space) and its norm
in this space satisfies || f111/2,00 < 2,/Co. 5|l f | , - Therefore we obtain a continu-
ous embedding

Yi:Hy — (L2(X), #)1/2,00,



586 I. STEINWART AND C. SCOVEL

with || Y]] <2,/¢s, . If in addition a subset inclusion (L2 (X), #)1/2,00 C C(X)
exists which defines a continuous embedding

1o (La(X), H) 172,00 = C(X),

we have a factorization J, = Y, T and can conclude

£
15 log NV (B ,6,C(X))=logN(Jy,8) <log N| Y>, .
(15)  log N (B, (x), &, C(X)) =log N (Js, ) <log ( 2 zm)

Consequently, to bound log & (J,, €) we need to select an F#, compute ¢, g and
bound log N (Y7, ¢). To that end let # := W™ ()0() be the Sobolev space with norm

Ifln = > ID*fII,

l|<m

where o] := Y4, a;, D* :=T]%_, 8", and 8" denotes the o;th partial derivative
in the ith coordinate of R¢. By the Cauchy—Schwarz inequality we obtain

(16) DK, f|? < ||f||2fX/X|D;‘k0<x,f)|2dfdx,

where the notation D¢ indicates that the differentiation takes place in the x vari-
able. To address the term D%k, (x, X) we note that

D% (e ") = (= 1)/le= 12 (),

where the multivariate Hermite functions A4 (x) = ]_[fl=1 hg, (x;) are products of
the univariate functions. Since [ h,%(x) dx = 2kk!ﬁ (see, e.g., [11]) we obtain

—1xl? el
/Rd‘Dg(e . )|2dx=%l;de &l hi(X)dx

(17)
5[ hi(x)dx:Z‘“la!rrd/z,
R4

where we have used the definition o! := ]_[l‘-l:1 o;!. Applying the translation invari-
ance of k,, we obtain

o N2 g2 o N2 g2 oa( —0
/Rd|kaa(x,x)| dx—/Rd|D)2kg(0,x)| dx—‘/Rd|D)E(e

2|)2|2

)|*dz.

and by a change of variables we can apply inequality (17) to the integral on the
right-hand side,

D% (e~ )2 gt = g2el=d || p¥(em P g < g Hel=dplel g d/2,
R4 R

X

Hence we obtain

//|D;‘kg(x,)é)|2d)€a’x50(a’)02|“|_d2|“|oe!nd/2,
XJX
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where 6(d) is the volume of X. Since Y|, <,@! < d"m!? and | Ky fIIZ, =
laj<m I D* Ko f||> we can therefore infer from (16) that for o > 1 we have

(18) 1Ko |l < VOd)2d)"*m1 2™ =2 = ¢\ .

Now let us consider Yo : (Ly(X), W™ (}2))1/2’00 — C(X). According to Triebel
[34], page 267, we have

o o o 2. 0
(L2(X), W™ (X)) 1/2,00 = (L2(X), W (X)) 1/2,00 = Bgféo(X)
isomorphically. Furthermore

m/2
2,00

(19) log N (BY2(X) = C(X), €) < cp.ae 24/

for m > d follows from a similar result of Birman and Solomjak ([8], cf. also [34])
for Slobodeckij (i.e., fractional Sobolev) spaces, where the constant ¢, 4 depends
only on m and d. Consequently we obtain from (15), (18) and (19) that

g —2d/m
1()gN Jo', < Cm.d
( 8) ' (2«/6'0,}()

= Cp.a(Bcg g0) /M= 2d/m

_ Em’do_d—dz/(Zm)g—Zd/m
for all m > d and new constants ¢,, 4 depending only on m and d. Setting m :=
2d/p completes the proof of Theorem 3.1. [J

PROOF OF THEOREM 2.1. As before we write H, := H,(X) and J, :=
Ju, : Hr — C(X) in order to simplify notation. Furthermore recall for a train-
ing set T € (X x Y)" the space Ly(Tx) introduced in Section 2.2. Now let
Rty : C(X) — Ly(Tx) be the restriction map defined by f + firy . Obviously, we
have ||R7y || < 1. Furthermore we define I, := Ry, o J; sothat I : Hy, — L2(Tx)
is the evaluation map. Then Theorem 3.1 and the product rule for covering num-
bers imply that

(20) sup log N (I, &) < cg g0 174/P 44
Tez"

for all 0 < g < 2. To complete the proof of Theorem 2.1 we derive another
bound on the covering numbers and interpolate the two. To that end observe that
Is : Hy, — L(Tx) factors through C(X) with both factors J; and R7, having
norm not greater than 1. Hence Proposition 17.3.7 in [23] implies that I, is ab-
solutely 2-summing with 2-summing norm not greater than 1. By Konig’s theorem
([24], Lemma 2.7.2) we obtain for the approximation numbers (ax (/5 )) of I, that
D k1 a,%(l(,) <1 for all ¢ > 0. Since the approximation numbers are decreasing

it follows that sup, Vkay(I;) < 1. Using Carl’s inequality between approximation
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and entropy numbers (see Theorem 3.1.1 in [10]) we thus find a constant ¢ > 0
such that
(21) sup log N (I, €) < ée 2

Tezn
for all ¢ > 0 and all o > 0. Let us now interpolate the bound (21) with the
bound (20). Since || Iy : Hr — L2(Tx)|| <1 we only need to consider 0 < ¢ < 1.
Let0<g <p<2and0<a <1.Then for 0 <& < a we have

log N (I, &) < Cq’do(l—q/4)d8—q < Cq’da(l—q/4)dap—q€—p’

and fora <& <1 we find

log N (I, €) < &2 < éaP™2eP.

Since o > 1 we can set a := o~ ((4=9)/B=40)d apnd obtain
log N (I, &) < 5q’d0(1—P/z)((S—ZQ)/(8—4LI))d8—P’

where ¢, 4 is a constant depending only on g, d. The proof is completed by choos-
ing q := 1:‘_—‘328 when § < 83—{1{) and ¢ just smaller than p otherwise. [J

4. Proofs of Theorems 2.7 and 2.6. In this section we prove Theorems 2.7
and 2.6, which both deal with the geometric noise exponent.

4.1. Proof of Theorem 2.7. Let us begin by recalling some facts about
Gaussian RBF kernels. To this end let H, (R?) be the RKHS of the Gaussian
RBF kernel with parameter o. Then it was shown in [32] that the linear operator
V, : Lo(R?) — H;(R?) defined by

20)d/2
Vog(x) = &/ e 2l (yydy, g e Lry(RY), x e RY,
md/4 Jpa

is an isometric isomorphism. Consequently, we obtain
22)  aW) = inf Algl} ga+ Rip(Ve) = Rip, >0

geLr(RY) :
In the following we will estimate the right-hand side of (22) by a judicious choice
of g. To this end we need the following lemma, which in some sense enlarges
the support of P to ensure that all balls of the form B(x, ) are contained in

the (enlarged) support. This guarantee will then make it possible to control the
behavior of V, g by tails of spherical Gaussian distributions [see (28) for details].

LEMMA 4.1. Let X be a closed unit ball of R? and P be a probability mea-

sure on X x Y with regular conditional probability n(x) = P(y = 1|x), x € X. On
X :=3X we define

n(x), iflx| <1,
(23) ﬁ(x)=[

X .
n (—) otherwise.
| x|
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We also write X_1 :={x € X :1i(x) < %} and X1 :={x € X:A(x) > %}. Finally let
B(x, r) denote the open ball of radius r about x in Rd. Then for x € X1 we have
B(x, 1) C X1 and for x € X_1 we have B(x, 17,) C X_1.

PROOF. Letx € X; and x" € B(x, 7). If x" € X we have |x — x’| < 7, which
implies n(x) > % by the definition of t,. This shows x’ € X ;. Now let us assume

|x’| > 1. By |{x, x")| < |x’| and Pythagoras’ theorem we then obtain
X/ 2 2 ()C, x/>x/ 2
/|2

;o {xx)x
B /|2

—x| =] —x~

| x| |x |x

Therefore, we have ||§—:| — x| < Ty, which implies 7(x") = n(%) > % O
Let us finally recall that Zhang showed in [39] that the hinge risk satisfies

(24) Ri,p(f) = Rip =Epe(12n = 11-1f — fpPD

for all measurable f: X — [—1, 1]. Now we are ready to prove Theorem 2.7.
PROOF OF THEOREM 2.7. With the notation of Lemma 4.1 we fix a measur-

able f’p:)? — [—1, 1] that satisﬁes fp =1 on )?1, fp =—1on X,l and fp =0
otherwise. For g := (02/m)%/* fp we then immediately obtain

o2\ d/4
(25) ||g||L2(Rd)s( = ) 6(d).

where 6 (d) denotes the volume of X. Moreover, it is easy to see that —1 < f p<l1
implies —1 < V, g < 1. Since Py has support in X, (24) then yields

(26) Ri.p(Vog) —Rip=Ep,(I12n—1|-|Vog — fprI).
In order to bound |V, g(x) — fp(x)| for x € X| we observe

202

2 ,
Vog(x) = <7> e o) dy

202\4/? 2 2, ¢
@n = (%) e R e+ ay -1
252\ d/2 )
= <7) /B( . )e_zoznx_y”%(fp(y)Jr1)dy— L.
X, Ty

Now remember that Lemma 4.1 showed B(x, 7,) C X 1 for all x € X1, so that (27)
implies
2.d/2
Vog(x) = 2<i) / e 200y gy
T B(x,7yx)

=1- 2Pyg(|u| > Ty),

(28)
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where y, = 202/m)%/ 2¢=20%F gy is a spherical Gaussian in R¢. According to
the tail bound [17], inequality (3.5) on page 59, we have P, (lu| >r) < 4e=0"r?/2d
and consequently we obtain

1> Vog(x)>1-8e %2 yex.
Since for x € X_1 we can obtain an analogous estimate, we conclude
Vog(x) = fp(x)] < 8™ 7/

for all x € X1 U X_1. Consequently (26) and the geometric noise assumption for
t:= i—‘;l yield

702 2
09) R1.p(Veg) — Rip < 8Epnpy (12(x) — 1]e™0 /%)
S 8C(2d)ad/20'_ad,

where C is the constant in (8). Combining (29), (25) and (22) now yields the
assertion. [J

4.2. Proofof Theorem 2.6. In this subsection, all Lebesgue and Lorentz spaces
(see, e.g., [5]) and their norms are with respect to the measure Py.

PROOF OF THEOREM 2.6. Let us first consider the case ¢ > 1 where we can
apply the Holder inequality for Lorentz spaces [22], which states

Ifgllt < 11fllg.oollgllgr1

forall f € Ly 00, g € Ly,1 and ¢’ defined by % + % = 1. Applying this inequality
gives

2
Ex~py (127(x) — 1]e™%/7)
_ _ 2
(30) <120 = D7 Mlg.oolx > ) = 1)%e 751, |

<C[@n- 1)2e~(12n=11/c, /717!

q'.1
where in the last estimate we used the Tsybakov assumption (5) and the fact that

P has an envelope of order y. Let us write A(x) := [2n(x) — 117!, x € X, and
b:= t(cy)z/y so that

|2n(x) _ 1|26—(|27]—1|/C}/)2/yl‘_1 :g(h(x)),

-2 .
where g(s) ;=5 2”0 /b for all s > 1. Now it is easy to see that g : [1, c0) —
[0, 00) is strictly increasing if 0 < b < %, and hence we can extend g to a strictly
increasing, continuous and invertible function on [0, co) in this case. Let such an
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extension also be denoted by g. Then for this extension we have

(31) Px(goh>1)=Px(h>g '(1)).

Now for a function f : X — [0, co) recall the nonincreasing rearrangement
f*(w) :=inf{oc >0: Px(f > 0) <u}, u >0,

of f which can be used to define Lorentz norms (see, e.g., [5]). For u > 0 equa-
tion (31) then yields

(goh)*(u) =g(inf{g ' (0): Px(h > g7 (0)) <u}) =g o h*(u).

Now, inequality (5) implies Px (h > (%)1/ 9y < u for all u > 0. Therefore, we find
Cc\ /4
h*(u) <inflo >0: Px(h>0) <u} < <—)
u
forall 0 <u < 1. Since (g o h)* = g o h* and g is increasing we hence have

(g0 h)* () < g((%)l/q)

forall 0 < u < 1. Now, for fixed & > 0 the bound e ™ < —*——
In” (x)+1

—o

on (0, co) implies
§2@/y=1
I (s=2/7b=1) + 1

for s € [1, 00). Using the fact that (g o £)*(u) = 0 holds for all u > 1, we hence
obtain

g(s) < bY

u2a(1=a/y)

oh)* b
(g ) (M) = 11'12 ((u/C)Z/(qy)b_]) + 1

for u > 0 if we assume without loss of generality that C > 1. Let us define & :=
y%. Then we find % + %(1 — %) = 0 and consequently for b < % that is,

t we obtain

2
< __ 2
- 3V(Cy)2/y ’

00 /
lg o hllg.1 =/ w41 (g o )" (u) du
0

(32)
~ e¢} uil
< b“/ du < t)/(q+l)/2
—Jo I (w/CO)¥erbhy+1 T

by the definition of b. Since we also have Ep, (|121(x) — lle_ff/’) <1forallt >0,
estimate (30) together the definition of g and (32) yields the assertion in the case
g>1
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Let us now consider the case 0 < ¢ < 1 where the Holder inequality in Lorentz
space cannot be used. Then for all £, T > 0 we have

_ .2
Ex~py (120(x) — 1]e™%/")

_ 25(x) — 1]e™%/! Py (dx)
2n—1|<t

+ / 2n(x) — 1je~%/" Py (dx)
2n—1|>1

2y
< Crit! +exp<—<i) t_1>,
Cy

where we have used the Tsybakov assumption (5) and the fact that P has an
envelope of order y. Let us define t by t9t! := exp(—(%)z/Vt_l). For a :=

(33)

(cy)z/ Y(g + 1) and small ¢ this definition implies

T<|(— tln — ,
2 at
and hence the assertion follows from (33) for the case 0 < g < 1. [

5. The estimation error of ERM-type classifiers. To bound the estimation
error in the proof of Theorem 2.8 we now establish a concentration inequality
for ERM-type algorithms using a variant of Talagrand’s concentration inequality
together with local Rademacher averages (see, e.g., [2, 4, 21]). Our approach is
inspired by [3]. However, due to the regularization term A|| f ||%1 in the definition
of SVMs we need a more general result than that of [3].

This section is organized as follows: In Section 5.1 we present the required
modification of the result of [3]. Then in Section 5.2 we bound the resulting local
Rademacher averages.

5.1. Bounding the estimation error for ERM-type algorithms. We first have
to introduce some notation. To this end let & be a class of bounded measurable
functions from Z to R such that ¥ is separable with respect to | - ||co. Given a
probability measure P on Z we define the modulus of continuity of ¥ by

wp(F,€e) :=wpp(F,e):= ET~P”( sup |Epf — ETf|>» e >0,
feF,
Epf2<e
where we note that the supremum is, as a function from Z to R, measurable by
the separability assumption on . Now, a function L: ¥ x Z — [0, 0o) is called
a loss function if L o f := L(f, -) is measurable for all f € . Given a probability
measure P on Z we indicate by fp & € ¥ a minimizer of

> Rep(f):=E.~pL(f,2).
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Throughout this paper Ry p(f) is called the L-risk of f. If P is an empirical
measure with respect to T € Z" we write f7 & and R, 7(-) as usual. For simplic-
ity, we assume throughout this section that fp & and fr & do exist. Furthermore,
although there may be multiple solutions we use a single symbol for them when-
ever no confusion regarding the nonuniqueness of this symbol can be expected.
An algorithm that produces solutions fr # is called an empirical L-risk minimizer.
Moreover, if F is convex, we say that L is convex if L(-, z) is convex for all z € Z.
Finally, L is called line-continuous if for all z € Z and all f, f € ¥ the function
t— L(tf 4+ (1 —1t)f,z) is continuous on [0, 1]. If F is a vector space then every
convex L is line-continuous. Now the main result of this section reads as follows:

THEOREM 5.1. Let F be a convex set of bounded measurable functions from
ZtoR,andlet L:F x Z — [0, 00) be a convex and line-continuous loss function.
For a probability measure P on Z we define

9::{L0f—LOfP’f‘:f€?}.
Suppose that there are constants ¢ > 0, 0 <a <1, § >0 and B > 0 with

Epg? < c(Epg)* + 8 and ||gllec < B for all g € §. Furthermore, assume that
G is separable with respect t0 || - ||oo- Let n > 1, x > 1 and ¢ > 0 with

Sx [4cx\/C~® B
(34) 6> 10max{wn(g,ce“ +6). =, (ﬁ) ,—x}.
n n n

Then we have
Pr*(T € Z": Ry p(fr.7) < Rr p(fr#)+e)>1—e".

REMARK 5.2. Theorem 5.1 has been proved in [3] for § = 0, where it was
used to find learning rates faster than n~!/? for certain ERM-type algorithms. At
first glance such fast rates are impossible if § > 0. However, we will see later that
for SVMs we have § = aX (A) for a suitable ¥ > 0 depending on both Tsybakov’s
and the geometric noise exponent, and hence we have § — 0 for n — oo.

As already mentioned, the proof of Theorem 5.1 is based on Talagrand’s con-
centration inequality in [33] and its refinements in [16, 20, 25]. The version below
of this inequality is derived from Bousquet’s result in [9] using a little trick pre-
sented in [2], Lemma 2.5.

THEOREM 5.3. Let P be a probability measure on Z and H be a set of
bounded measurable functions from Z to R which is separable with respect to
I - lloo and satisfies Eph = 0 for all h € . Furthermore, let b > 0 and © > 0 be
constants with ||h|so < b and Eph?® <t for all h € #. Then for all x > 1 and all
n > 1 we have

2 b
p" <T € Z":sup Erh > 3Eg~pn sup Erh +,/ makd + _x) <e .
hedH hedt n n
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This concentration inequality is used to prove the following lemma which is a
generalized version of Lemma 13 in [3].

LEMMA 5.4. Let P be a probability measure on Z and G be a set of bounded
measurable functions from Z to R which is separable with respect to || - ||co. Let
c>0,0<a<1,6>0and B > 0 be constants with Epg2 <cEpg)¥+ 6 and
lglloo < B for all g € §. Furthermore, assume that for all T € Z" and all ¢ > 0

for which for some g € § we have
Erg<e/20 and Epg=>¢
there exists a g* € G which satisfies
Erg*<e/20 and Epg*=e.

Then foralln > 1, x > 1, and all ¢ > 0 satisfying (34), we have

Pr*(T € Z": forall g € G withEpg <e/20 we have Epg <e) > 1—e™ .

PROOF. We define # :={Epg — g:g € $, Epg = €}. Obviously, we have
Eph =0, ||hlloo < 2B, and Eph?> = Epg? — (Epg)? < ce® + 8 for all h € K.

Moreover, since it is also easy to verify that ¢ is separable with respect to || - || o,
our assumption on § yields

Pr*(T € Z":3ge G withErg <e/20and Epg > ¢)
<Pr*(T €Z":3gec G withEpg —Erg >19¢/20 and Epg = ¢)
<P" <T €Z":sup Erh > 198/20).
hedt

Note that since ¢ is separable with respect to || - || 0, the set on the last line is actu-
ally measurable. In order to bound the last probability we will apply Theorem 5.3.
To this end we have to show

19 [2 b
—8 > 3ET/~P11 sup ET’h + L‘E + _X
20 hedH n n

Our assumptions on ¢ imply

(35 &= 10ETU\,Pn< sup Epg — ET/g|> > 10E7/~pn sup Ez/h.
8€§, hedt
Epgzgcs“—I—S

Furthermore, since 10 > (?—8)2 and 0 < o <1 we have

(36) 6> 10(4CX)1/(2—01) . <60>2/(2—a)(4cx>1/(2—a)
RN =\19 n :
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If § <ce“ a simple calculation hence shows é—gs >/ M Furthermore, if
8 > ce® the assumptions of the theorem show

o
> 10 |8 dx . 19 /48x /2(08 +5)x

Hence we have %s >/ M for all ¢ satisfying the assumptions of the theo-
rem. Now let 7 :=ce“ 4+ 6 and b :=2B. By (35) and ¢ > 10% we then find

19¢ 2xt  bx

— >3Eppnsup Eph 4+ — + —.

20 heJ n n
Applying Theorem 5.3 then yields

Pr*(T € Z":3ge G withErg <¢/20and Epg > ¢)

< P" (T €Z":sup Erh > 198/20)
hedt

2xt b
< P" (T € Z":sup Erh > 3Ez/.pn sup Eph + makd _x)
heft heH n n

<e . O

With the help of the above lemma we can now prove the main result of this
section, that is, Theorem 5.1.

PROOF OF THEOREM 5.1. In order to apply Lemma 5.4 to the class § it
obviously suffices to show the richness condition on § of Lemma 5.4. To this end
let f € ¥ with

Er(Lof—Lofps)<e/20 and Ep(Lof—Lo fpF)>s¢.

For t € [0, 1] we define f; :=tf + (1 —t) fp,#. Since ¥ is convex we have f; €
F for all ¢ € [0, 1]. By the line-continuity of L and Lebesgue’s theorem we find
that the map h:t+— Ep(L o f; — L o fp ) which maps from [0, 1] to [0, B] is
continuous. Since 4#(0) =0 and (1) > ¢ thereis a t € (0, 1] with
Ep(Lofi—Lo fps)=h()=¢
by the intermediate value theorem. Moreover, for this # we have
Er(Lofi—Lo fp#) <Er(tLof+ (1 —t)Lo fpy —Lo fps)=<¢/20.

Now, let & > 0 with & > 10max{w,(§, ce® + 8), (25)1/2, (4£)1/2=)  Bx} Then
by Lemma 5.4 we find that with probability at least 1 — e™*, every f € ¥ with
Er(Lof—Lofpg)<e/20satisfiesEp(Lo f—Lo fp ) < €. Since we always
have

Er(Lo fT’y: —Lo fp’y.‘) <0< ¢/20,

we obtain the assertion. [
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5.2. Bounding the modulus of continuity. The aim of this subsection is to
bound the modulus of continuity of the class § in Theorem 5.1 with the help of
covering numbers. We then present the resulting modification of Theorem 5.1.

Let us begin by recalling the definition of (local) Rademacher averages. To this
end let ¥ be a class of bounded measurable functions from Z to R which is sepa-
rable with respect to || - ||co. Furthermore, let P be a probability measure on Z and
(ei) be a sequence of i.i.d. Rademacher variables (i.e., symmetric {—1, 1}-valued
random variables) with respect to some probability measure p on a set 2. Then
the Rademacher average of ¥ is

Radp (¥ ,n):=Rad(F,n) :=EpE, sup‘ Zelf(z,

and for ¢ > 0 the local Rademacher average of ¥ is defined by

Rad(¥,n,¢e):=Radp(¥,n,¢) :=EpE, sup ‘ Zs,f(zl

EPf2<8
For a given a > 0 we immediately obtain Rad(a ¥, n) = a Rad(¥", n) and
(37) Rad(a ¥, n, e) =aRad(F, n, a_ze).

Moreover, by symmetrization the modulus of continuity can be estimated by the
local Rademacher average. More precisely, we always have (see [36])

wpn(F,e) <2Radp(F,n,¢), e>0.

Local Rademacher averages can be estimated by covering numbers. Without
proof we state a slight modification of a corresponding result in [21]:

PROPOSITION 5.5. Let ¥ be a class of measurable functions from Z to
[—1, 1] which is separable with respect to || - ||co and let P be a probability mea-
sure on Z. Assume there are constants a > 0 and 0 < p < 2 with

sup log N (F, ¢, Lo(T)) <ae™?
Tez"

for all ¢ > 0. Then there exists a constant ¢, > 0 depending only on p such that
foralln > 1 and all ¢ > 0 we have

172 2/(2+p)
Rad(F,n,¢) <c, max{sl/z_p/4<c—l> , <C—l> ! }
B n n

Using this proposition we can replace the modulus of continuity in Theorem 5.1
by an assumption on the covering numbers of §. Assuming that all resulting mini-
mizers exist, the corresponding result then reads as follows:



FAST RATES FOR SUPPORT VECTOR MACHINES 597

THEOREM 5.6. Let & be a convex set of bounded measurable functions from
ZtoRandlet L:F x Z — [0, 00) be a convex and line-continuous loss function.
For a probability measure P on Z we define

G:={Lof—-Lofpg:feF}

Suppose that there are constants ¢ > 0, 0 <a <1, § >0 and B > 0 with
Epg? <c(Bpg)® +8and ||g|leo < B forall g € §. Furthermore, assume that G is

separable with respect to || - ||co and that there are constants a > 1 and 0 < p <2
with
(38) sup log N (B, &, Lo(T)) <as™?

Tez"

for all ¢ > 0. Then there exists a constant ¢, > 0 depending only on p such that
foralln>1andall x > 1 we have

Pr*(T € Z": Ry p(fr,7) > R p(fp,#) +cpe(n,a, B,c,8,x)) <e™ ™,
where

en,a,B,c,§,x)

.— p2p/(4=2a+ap) .(2—p)/(4—2a+ap) <ﬂ
n

2/(4—2a+ap)
)
+B( = +/=+ (= +—.

172
+ Bp/23<2—p>/4(ﬁ)

n n n n

PROOF. By (37) and Proposition 5.5 we find
12 2/(2+p)
Rad(§,n,¢€) <cp max{B”/zgl/z_P/“(g) ,B(g) }
n n

We assume without loss of generality that ¢, > 5. Let ¢* > 0 be the largest real
number that satisfies

1/2
(39) " =2¢, B"*(c(e*)* + 5)1/2‘1’/4(9> .
n

Furthermore, let ¢ > 0 be such that

a2
£=2c, max{Bp/z(cg“ +5)(2p)/4<;> ,

B a\*@tP) [sx [4cx\V@® By
(Z) ’ 7(7) 7}

It is easy to see that both ¢ and ¢* exist. Moreover, our above considerations show
& > 10max{w,($, ce* + 3), (‘37")1/2, (4%)1/(2_“), %}, that is, ¢ satisfies the as-
sumptions of Theorem 5.1. In order to show the assertion it therefore suffices to
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bound ¢ from above. To this end let us first assume that

1/2 2/(2+p) 1/Q2-a)
B (s + 3)<z_p>/4(g> zmax{ B(ﬁ) " /8_x(4_x) ¢ ,&},
n n n n n

Then we have ¢ = ZCpBP/Z(ce"‘ + 8)(2_”)/4(%)1/2. Since &* is the largest solution
of this equation we hence find ¢ < ¢*. This shows that we always have

N a\¥/@tp) Sx dex\ V@ By
e <e*+2c,( B~ + =4 (= +==).
n n n n

Hence it suffices to bound £* from above. To this end let us first assume c(¢*)% > 8.
This implies £* < 4chp/2(c . (8*)0’)1/2_1’/4(%)1/2, and hence we find

2/(4—2a+ap)
§* < 16¢3 B2P/4-2arkep) (2= p)/(4-2arkerp) (C_l > |
n

Conversely, if c(¢*)% < § holds, then we immediately obtain

1/2
e < dc, Br/2s@-m/A( <
r n : ]

3

6. Variance bounds for SVMs. In this section we prove some “variance
bounds” in the sense of Theorem 5.6 for SVMs. Let us first ensure that these clas-
sifiers are ERM-type algorithms that fit into the framework of Theorem 5.6. To this
end let H be a RKHS of a continuous kernel over X, A > 0,and/:Y xR — [0, c0)
be the hinge loss function. We define

(40) L(fox,y) =M fI% + 10, f(x)
and
(41) L(f.b,x,y) =l flIF +1(y, f(x)+b)

forall fe H,beR,xe Xandy e Y. Then R r(-) and R 7(-,-) obviously co-
incide with the objective functions of the SVM formulations and therefore SVMs
are empirical L-risk minimizers. Furthermore note that all above minimizers ex-
ist (see [31]) and thus the SVM formulations in terms of L actually fit into the
framework of Theorem 5.6.

In the following, f; p denotes a minimizer of R; p if no confusion can arise.
For the shape of these minimizers which depend on 1 := P(y = 1]-) we refer to
[39] and [30]. Now our first result is a variance bound which can be used when
considering the empirical /-risk minimizer.

LEMMA 6.1. Let P be a distribution on X x Y with Tsybakov noise exponent
0 < g < co. Then there exists a minimizer f; p mapping into [—1, 1] such that for
all bounded measurable functions f:X — R we have

EP(lof_lOfl’P)z
= Cﬁ,q(”f”oo + 1)(Q+2)/(q+l)(Ep(l of—lo fl’P))CI/(CH—l),



FAST RATES FOR SUPPORT VECTOR MACHINES 599
where Cy 4 == |[|(2n — H~! lg0o +2ifg>0and Cy4=1ifg=0.

PROOF. For g = 0 the assertion is trivial and hence we only consider the case
q > 0. Given a fixed x € X we write p := P(1]|x) and ¢ := f(x). In addition, we
introduce

v(p. 1) = p(l(1,0) —I(1, fip )’ + (1 = pU(=1.0) = I(=1, fipx))*,
m(p,t) == p((1,1) =I(1, fi, p(x))) + (1 = p)(I(=1,1) = I(=1, fi,p(x))).

Since Tsybakov’s noise assumption implies Px (Xo) = 0, we can restrict our con-
sideration to p # 1/2. Now we will begin by showing

5T

Without loss of generality we may assume p > 1/2. Then we may set f; p(x) :=1
and thus we have [(1, f; p(x)) =0and I(—1, f; p(x)) =2.

Let us first consider the case t € [—1, 1]. Then we have [(1,7) =1 — ¢t and
[(—1,1) =1 +1¢, and therefore (42) reduces to

)(Zp — DA —1).

42) o(p.1) < <|r| 4

2
e e
Obviously, the latter inequality is equivalent to 1 — ¢ < (2p — 1)|t| + 2, which is
always satisfied for t e [—1, 1] and p > 1/2.
Now let us consider the case ¢+ < —1. We then have /(1,7) =1 — ¢t and
I(—1,t) =0, and after some elementary calculation we hence see that (42) is sat-
isfied if and only if

p2(6—2t) — p(5—=3t) =2t > 0.
The left-hand side is minimal if p = (5 — 3¢)/(12 — 4¢), and thus we obtain
7t2 — 18t — 25
24 — 8¢

Consequently, it suffices to show 7t — 181 — 25 > 0. However, the latter is true
forall t < —1 since 7 — 7t2 — 18t — 25 is decreasing on (—oo, —1].

Now let us consider the third case, ¢ > 1. Since we then have [(1,¢) = 0 and
[(—1,t) =1+t it suffices to show

p2(6—21)— p(5—3t) =2t >

t—1<t .
< +2p_1

However, this is obviously true, and hence we have proved (42). Now, let us write
gy, x) =1y, f(x)) =y, fi.p(x)),
hi(x) == n(0)g(l,x) + (1 —n(x))g(=1, x),
ha(x) := 1 ()g? (1, x) + (1 = 1(0))g* (=1, x).



600 I. STEINWART AND C. SCOVEL

Then (42) yields h2(x) < (Il flloo + =)/ (x) for all x with n(x) # 1/2. For
t > 1 we hence find

Epg’= [ madry + | mdry
12n—1]"1 <t t<|2n—11""<

§<||f||oo+2z)/ . hdPy+  (f e+ D?dPy
2n—1]""<¢ t<2n—1]""<o0

<2(1 flloo +DEpg + (I flloo + D> Px(12n = 1|7 = 1)
< 2t( flloo + DEpg + (1 f oo + D127 = D™ llg,00t 77

Let us define 7 by 197! := (|| flloc + D(Epg)~". Since Epg < || flloo + 1 we have
t > 1 and hence the above estimate yields the assertion. [

In the case of SVMs with offset we also need the following lemma which
bounds the size of the offset b p.».- This lemma has been proved in [15] for em-
pirical distributions. Although its generalization to general probability measures is
straightforward we include the proof for completeness.

LEMMA 6.2.  Let P be a distribution on X x Y and A > 0. Then for all possi-
ble pairs (fp,bp ;) € Hx R we have

6Pl <l fpillos + 1.

PrROOF. If P(y = y*|x) =1 Px-a.s. for some y* € Y, there is nothing to be
proved since b p.n = y* by our assumption on SVMs mentioned in Section 2. Now
let us assume that b ra >l fp 1lloo + 1 and that P is not degenerate in the above
way. Then there exists a constant § > 0 such that bp ; > || fp.llco + 1 +8. This im-
plies fp,k(x) + EP’)\ > 14§ forall x € X. We define b;x = l;p,;L — §. Obviously,

we then find I(—1, fp,(x) +bp ) =0=1(1, fp,.(x) + b} ;) and
(L, fpa () +bpy) =1+ fpo(x)+bp, +8=1(—1, fpu(x)+b} )+

for all x € X. Therefore we obtain JR[,p(fp,;L + Z;P’)\) > JR[,P(]FP’)L + b;,x) by
using the assumption on P. [

The proof of the above lemma can be easily generalized to a larger class of
loss functions including, for example, the squared hinge loss. With the help of
Lemma 6.1 we can now show a variance bound for SVMs. For brevity’s sake
we only state and prove the result for SVMs without offset. Therefore, the loss
function L is defined as in (40). Considering the proof, it is immediately clear that
the variance bound also holds for the SVM with offset.
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PROPOSITION 6.3. Let P be a distribution on X x Y with Tsybakov noise
exponent 0 < g < co. We define C := 16+ 8||(2n — 1)~} llg,00 if g >0and C :=38
otherwise. Furthermore, let A > 0 and 0 < y < A~ Y/2 such that fpy€yBu.Then
forall f € yByg we have

E(Lof—Lo fps)><C(Ky+ 1)@/ @D(E(Lo f—Lo fp’k))q/(qﬂ)
+2C(Ky + HlatD/a+Dga/a+D
PROOF. We define C := (Ky + 1)@t2/@+D and fix an f € y By. Further-

more, we choose a minimizer f; p according to Lemma 6.1. Using (a + b)? <
2a?* 4+ 2b? for all a, b € R we first observe

E(Lo f—Lo fps)*
<22 fI* + 207 fpoll* + 2B o f — 1o fp1)
<4E(o f—1lo fip)*+4E( o fip —lo fp,)* + 22 fII* + 222 fp.111*
<4C,,C(E(lo f—1lo fip)+E(lo fps—1ofip)* 4D
+ 2020 1%+ 2220 fe ol

where in the last step we have used Lemma 6.1 and a” 4+ b? < 2(a + b)? for all
a,b>0,0< p<1.Since A|| f||> <1 and )»||fpyﬂ|2 < 1, we can continue,

E(Lo f—Lofp;)’
gcé(ﬂa(zof—zof,,,g)

q/(g+1)
+EWo frr—lo fip)+A21FI*+ 22 el

<CC(E(Lo f—Lofpy)+2E(o fps—Lo fip)+21l fpul?) 7V
<CC(E(Lof—Lo fp))4™) £ 2cCa?@tH ). O

7. Proof of Theorem 2.8. In this last section we prove our main result, Theo-
rem 2.8. Since the proof is rather complex we split it into three parts. In Section 7.1
we estimate some covering numbers related to SVMs and Theorem 5.6. In Sec-
tion 7.2 we then show that the trivial bound | fr || < A~ 1/2 can be significantly

improved under the assumptions of Theorem 2.8. Finally, in Section 7.3 we prove
Theorem 2.8.

7.1. Covering numbers related to SVMs. In this subsection we establish a sim-
ple lemma that estimates the covering numbers of the class § in Theorem 5.6 in
terms of the covering numbers of By . For brevity’s sake it only treats the case of
SVMs with offset. The other case can be shown completely analogously.
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LEMMA 7.1. Let H be a RKHS over X such that K defined by (12) satisfies
K >1/2, P be a probability measure on X x Y, > > 0, and L be defined by (41).
Furthermore, let 1 <y < A7 V2 and

F={(f,b)e HxR:|flln =y and |b| <y K +1}.

Defining B:=2yK +3and §:={Lo(f,b)—Lo(fp s,bp.7):(f,b) € F}then
gives ||glloc < B for all g € G, where (fp &,bp.F) denotes a L-risk minimizer
in F . Assume that there are constants a > 1 and 0 < p < 2 such that for all ¢ > 0
we have

sup log N (By, &, L2(Tx)) <ae™".

Tez"
Then there exists a constant ¢, > 0 depending only on p such that for all ¢ > 0 we
have

sup log N (B~ e, Lo(T)) < cpae P,
Tezn

PROOF. Let us write § := {L o (f,b):(f,b) € F} and H = {l o (f +
b): (f,b) € F}. Furthermore, for brevity’s sake we denote the set of all constant
functions from X to [a, b] by [a, b]. We then have

N(B7'G, e, Lo(T)) = N(B™'G, e, Lo(T)) < N ([0, 1y + B~ H, &, Lo(T)).

Using the Lipschitz-continuity of the hinge loss and the subadditivity of the log-
covering numbers we hence find

log &' (B~'G., 3¢, La(T))
<log N ([0, Ay2], &, R) +log N (B~ 3¢, 2¢, Lo(T))

1
< log<g + 1) + log N(B_l(y By + [—B, B]), 2¢, L(Tx))

2
< 210g(— + 1) +log N (Bg, ¢, L2(Tx)).
&
From this we easily deduce the assertion. [l

7.2. Shrinking the size of the SVM minimizers. In this subsection we show
that the trivial bound || f7 ;|| < 27172 can be significantly improved under the as-
sumptions of Theorem 2.8. In view of Theorem 5.6 this improvement will have a
substantial impact on the rates of Theorem 2.8. In order to obtain a rather flexible
result let us suppose that for all 0 < p < 2 we can determine constants ¢,y > 0
such that
(43) sup log N (By, . &, La(Tx)) < co?¥e™P

Tezn
holds for all ¢ > 0, 0 > 1. Recall that by Theorem 2.1 we can actually choose
y =00 —25)(1+6) forall § > 0.
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LEMMA 7.2. Let X be the closed unit ball of the Euclidean space RY, and P
be a distribution on X x Y with Tsybakov noise exponent 0 < g < oo and geomet-
ric noise exponent 0 < o < 00. Furthermore, let us assume that (43) is satisfied
forsome 0 <y <2and0 < p <2.Givenan 0 < ¢ < % we define

Ay 1= n~G@FD@TD)/(Qat+D2q+pg+)+4y (g+D)1/(1-¢)

and o, ;= Ay V(@ADD A ssume that for the SVM without offset using the Gaussian
IZBF kernel with width o,, there are constants m +4c<p< % and C > 1 such
that

Pr*(T e X x V)" : | fra,l <Cxr,P)=1—e"

for all n > 1 and all x > 1. Then there is another constant C > 1 such that for
0= %(m +4¢ + p)andforalln > 1, x > 1 we have

Pr*(T e (X x V)" 1|l fro, |l < éxx;ﬁ) >1—e .

Moreover, the same result is true for SVMs with offset.

PROOF.  We only prove the lemma for SVMs without offset since the proof
for SVMs with offset is analogous. Now let f7;, be a minimizer of R, r on
C x)»,(f -b/ 2B H,,» Where L is defined by (40). By our assumption we have fT, Ay =
S, with probability not less than 1 —e™" since f7, is unique for every training
set T' by the strict convexity of L. We show that for some constant C > 0 and all
n > 1, x > 1 the improved bound

(44) I fra, 1l < CxalP=D72
holds with probability not less than 1 — e™*. This then yields | fr,I <
C x)»,(f ~D72 With probability not less than 1 — 2¢™*, and from the latter we easily
obtain the assertion. In order to establish (44) we will apply Theorem 5.6 to the
modified SVM classifier which produces f7;,,. To this end we first remark that the
infinite sample version pr, 1, Which minimizes R p on Cx)\i,p ~Di2p H,, €Xists
by a small modification of [31], Lemma 3.1. Furthermore, by Proposition 6.3 and
assumption (43) we observe that we may choose B, a and c such that

B~ x)7P a ~ \Tv/@t+D ¢ ~ x@t2/(q+1)y —p-(g+2)/(g+1)

n n ’ n .

In addition, Theorem 2.7 shows ag, (A,) < )L‘,X,/ @+ and thus by Proposition 6.3
we may choose

§ ~ x(q+2)/(q+1))L§laq—p(q+2)(a+1))/((a+1)(q+1))‘

A rather time consuming but simple calculation then shows that the e-term in The-
orem 5.6 satisfies
a _ 2pa+D—1_ _ Qa+1)Q2q+pg+H+4y(g+D)

2, @+ 2@t 9 2a+D)2q+pg+4
n

en,a,B,c,8,x)Xx
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Moreover, by Theorem 5.6 there is a constant Ci>0 independent of n and x such
that for all » > 1 and all x > 1 the estimate

)»n||fT,An 12 < )»n||fr,xn 12+ Rl,P(fT,An) —RiP
<l fra,II> + Rip(fps,) — Rip+ Cix’e(n,a, B, c,8,x)

holds with probability not less than 1 — e™. Now A|| fp|I% < dg, (hn) < A/ @TD
yields || fp., | < An /" and hence p > ﬁ implies || fp, | < A, <

Cx\, " for large n. In other words, for large n we have fp;, = fp,xn. Conse-
quently, with probability not less than 1 — ¢~ we have

Ml fron P < dnll £2o, I + Rip(fpa,) — Rip + Cix*e(n,a, B, ¢, 8, x)
< ézkg/(aﬂ) + @1x2kz/(a+1)—(Zp(a+1)—1)/(2(a+1))—4§’

which shows the assertion. [

7.3. Proof of Theorem 2.8. The next theorem almost establishes the result of
Theorem 2.8. We present this intermediate result because it clarifies the impact of
covering number bounds of the form (43) on our rates.

THEOREM 7.3. Let X be the closed unit ball of the Euclidean space R?, and
P be a distribution on X x Y with Tsybakov noise exponent 0 < g < 00 and geo-
metric noise exponent 0 < a < 0o. Finally, let us assume that we can bound the
covering numbers by (43) for some 0 <y <2 and 0 < p <2.Givenan 0 < ¢ < %
we define A, and o, as in Lemma 7.2. Then for all ¢ > 0 there is a constant C > 0
such that for all x > 1 and all n > 1 the SVM without offset and with regularization
parameter A, and Gaussian RBF kernel with width o, satisfies

Pr*(T : Rp(fr.i,)

<Rp+ Cx2n*(4a(q+1))/((2<1+1)(261+I7Q+4)+4)/(q+1))-1/(1*§)+20§+8)
>1—e .
Moreover, the same result is true for SVMs with offset.

PROOF. Iteratively using Lemma 7.2 we find a constant C > 1 such that for
0= m 4+4¢+eandalln > 1, x > 1 we have
Pr*(T € (X x V)" || fra,ll <CxA,P)>1—e"" .
Repeating the calculations of Lemma 7.2 we hence find a constant C > 0 such that
forall n» > 1 and all x > 1 we have

Al fra, |2+ Rip(fra,) — Rip

<Ml fpo, 2+ Rip(fra,) — Rip
€220/ @D~ @0t D=1/ Qe+ )4
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with probability not less than 1 — e~*. By the definition of p we obtain
Aa/(aJrl)7(2p(a+1)71)/(2(oz+1))74g
n

< )¢/ (@t —4g—e—d¢
—"n
< p~@alg+1)/(Qa+D(2q+pg+H+4y (q+1)-1/(1-¢)+205+3¢

From this we easily deduce the assertion. [

In order to prove Theorem 2.8 recall that by Theorem 2.1 we can choose y :=
(1— g)(l + §) for all § > 0. The idea of the proof of Theorem 2.8 is to let § — 0
while simultaneously adjusting ¢. The resulting rate is then optimized with respect
to p. Unfortunately, a rigorous proof requires p to be chosen a priori. Therefore,
the optimization step is somewhat hidden in the following proof.

PROOF OF THEOREM 2.8. Let us first consider the case o < %. Our aim is
to apply Theorem 7.3. To this end we write ps :=2—§ and y5 := (1 — %)(1 +46) =
%(1 + §) for § > 0. Furthermore, we define ¢s by

da+1Dg+1) a4l
QRa+1)(@q—8g+4 +4ys(g+1) 1—gs 2a+1
Since 2aqg —q —2 <0 <28(g + 1) we have g2a +1) <2(1 +8)(¢ + 1) and
hence
4Ra+ g+ 1) <4Ra+1)(g+1) —6gQRax+ 1) +26(1 4+ 68)(g + 1).

This shows ¢s > 0 for all § > 0. Furthermore, these definitions also imply ¢s — 0
and ys — 0 whenever § — 0. Now Theorem 7.3 tells us that for all ¢ > 0 and all
small enough § > O there exists a constant Cs > 1 such that foralln > 1, x > 1
we have

Pr*(Rp(fr.1,)
< Rp + Cy px2n~ Ao+ D)/ (Qa+1) (g —bg+4)+47(g+1)-1/(1-65) 12053+

>1—e .
In particular, if we choose § sufficiently small we obtain the assertion.
Let us now consider the case % < o < 00. In this case we write ps := § and
ys = (1 — %)(1 +8) =1+ % — % for § > 0. Furthermore, we define ¢s by
4(a+1(g+1) I 2@+ D@+
Qa+1)2q+38g+4) +4ys(@+1) 1—g5 2a(g+2)+3q+4
Since for 0 <§ <1 we have 0 < §qgQRa + 1) +25(¢ + 1) — 282(q + 1) we eas-

ily check that ¢5 > 0. Furthermore, the definitions ensure ¢s — 0 and y5 — 1
whenever § — 0. The rest of the proof follows that of the first case. Finally, let
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us treat the case o = co. We define o), by logA = a)d log ZUﬁ. Since o > 2+/d
we have o, > 0 for all 0 < A < 1. Furthermore, applying Theorem 2.7 for «; we
find a(A) < 2Cg4A for all 0 < A < 1 and a constant Cy; > 0 depending only on
the dimension d. Adapted versions of Lemma 7.2 and Theorem 7.3 then yield the
assertion. [
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