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1 Introduction

In these notes we present some mathematics aspects of Statistical Learning
Theory. By no means is this a complete survey which captures the variety of in-
teresting mathematical problems encountered in Machine Learning, but rather,
it focuses on one particular problem, called the sample complexity problem,
which has a geometric flavor. Relevant manuscripts which offer a much broader
exposition of Machine Learning (though not necessarily from the mathematical
viewpoint) are, for example [2, 14, 15, 36, 62, 64]. We also refer the reader to
[7, 6] for results of a similar flavor to the ones we present here.

The surprising fact we wish to stress is that many topics in Machine Learn-
ing (and in particular, the sample complexity problem), which have been viewed
as problems in Computer Sciences and Nonparametric Statistics, are connected
to natural questions arising in the local theory of normed spaces. Our hope
is that this article would encourage mathematicians to investigate these seem-
ingly “applied” problems, which are, in fact, linked to interesting theoretical
questions.

The starting point of our discussion is the formulation of a learning problem.
Consider a space {2 endowed with an unknown probability measure p, let G be
a given class of real valued functions defined on €2, and set T" to be a real valued
function. The aim of the learner is to approximate T in some sense using a
function in G. Throughout these notes we assume that each g € G and T map
Qinto [0,1]. G is called the base class and T is referred to as the target concept.

The notion of approximation investigated here is with respect to the L, ()
norm (which cannot be computed because the underlying probability measure
is unknown). In other words, given € > 0, the learner attempts to construct a
function go € G which satisfies that

g0 — TWEP(H) < qlgg g — T”ZL)p(H) +e. (L.1)
The data the learner receives in order to construct the approximating function is
a sample s, = (X;, T(Xi)):lzl, where (X;)?_; are independent random variables
distributed according to .

The construction is based on the learning rule, which is a mapping that
assigns to every sample s,, some A, € G. The effectiveness of the learning
rule is measured by “how much data” it requires to produce an almost optimal
function in the sense of (1.1).

The learning rule we focus on is the empirical loss minimization. For the
sake of simplicity, assume that the L,(u) distance between T and G is attained
at a point denoted by PgT, which is an element in the metric projection of
T onto G. Define a new function class which depends on G and T in the
following manner; for every g € G, let {,(9) = |9 — T|? — |PeT — T|? and
set L,(G,T) = {l,(g9)lg € G}. The class L£,(G,T) is called the p-loss class
associated with G and T'. Since

Euty(9) = llg =TI,y — L 1A =TI7 (-



it follows that given € > 0, the learner’s aim is to find some g € G for which
E,¢,(g9) < €. Recall that this has to be obtained without apriori knowledge on
the measure 1, and thus, with no knowledge on the particular L,, structure one
is interested in.

The empirical loss minimization algorithm assigns to every sample a function
in G which is “almost optimal” on the data. For every sample (X4, ..., X,,) and
€ >0, let g* € G be any function which satisfies that
1 * D . 1 = p
- Z(g (Xi) - T(X;))" < inf — Z(Q(Xi) - T(X:)" +

T geGn
i=1 g i=1

(1.2)

| ™

Thus, any ¢* is an “almost minimizer” of the empirical L, distance between
members of G and the target T'.

From the definition of the loss class it is evident that if u,, is the empirical
measure n~ ' Y"1 | dx,, then E, £,(g*) < £/2, since the second term in every
loss function is the same - |T'— PgT|P, and thus the infimum is determined only
by the first term |g — T'|P. Hence,

B bp(g") < nf B, f+

< <
FeLy(G,T)

)

N ™
N ™

because infyer ¢ 1) Ep, f < 0, simply by looking at f = £,(PcT). Therefore,
the empirical minimization algorithm is effective if, for any € > 0, the fact that
E,.,¢,(g) < /2 implies that E,¢,(g) < €.

Formally, we tackle the following

Question 1.1 Given a class of functions G, what are the conditions which
ensure that for every ¢ > 0, 0 < & < 1, there exists ng such that for every
n > ng, every target T and any probability measure u, the following holds. If
(X)), are independent and distributed according to p and g* is a function

which satisfies (1.2), then Pr{E,(,(g*) > e} <67

Note that we require an estimate which holds uniformly with respect to all
probability measures and all possible targets, because both are unknown. In
what follows we shall also be interested in results which are measure dependent.

The reason for the requirement that E, ¢, (¢*) is “small” only with high prob-
ability, is because it is too much to hope for that any ¢* which is almost optimal
empirically will be almost optimal with respect to the original L, structure. In
fact, one can encounter arbitrarily large samples which give misleading infor-
mation on the behavior of the target. The hope is that an affirmative answer
can be established with a relatively high probability as the size of the sample
increases. The quantitative tradeoff between the desired accuracy e, the high
probability required and the size of the sample is called the sample complexity
problem.

There are several learning scenarios which are common and which were in-
vestigated in the literature. All of them are variations on the theme presented
above. The first and simplest case is called proper learning, in which the tar-
get concept T' belongs to the class. Improper function learning is when T is a



function which does not necessarily belong to the given class. A more general
case is called agnostic learning in which both the target and u are represented
by a probability measure v on  x [0,1]. In this case, the given data points
are (X;,Y;)", C 2x[0,1], where (X;,Y;)™, are independent random variables
distributed according to v, and the goal is to minimize E, |g(x) —y|P. The reason
for the more general setup is mainly to handle the possibility of noisy observa-
tions, which is the standard situation in real-world problems. The analysis we
present holds in the agnostic setup with essentially the same proofs. We present
the results in the improper case only for the sake of simplicity.

Historically, Learning Theory originated from pattern recognition problems
(sometimes referred to as “classification problems”), in which both the base
class and the target are assumed to be binary valued, or more generally, to
have a finite range. The main tools used in the analysis of these problems were
combinatorial in nature (e.g. the Vapnik-Chervonenkis dimension [63]).

In the late 80s the interest in real-valued problems increased, but even then
the approach to the sample complexity problem was based on generalized ver-
sions of the same tools used in the binary case. In recent years, due to influ-
ences from Mathematical Statistics, more modern tools (such as Rademacher
and gaussian processes) were introduced in the context of the sample complex-
ity problem. The goal of these notes is to survey these developments from a
geometric viewpoint.

In the analysis, we estimate the sample complexity of learning problems using
geometric parameters associated with the given class, but we do not attempt to
estimate these parameters for particular classes. A more extensive survey would
have to contain such estimates, which exist in some cases (see, for example, [2])
but are unknown in many others.

Let us mention some easy observations regarding Question 1.1. Note that
any attempt to approximate T with respect to any measure other than the one
according to which the sampling is made will not be successful. As an extreme
example, if one has two probability measures which are supported on disjoint
subsets of €2, any data obtained by sampling according to one measure will be
meaningless when computing distances with respect to the other. Thus, among
the various L,, structures possible, the notion of L,(u) approximation is the best
one can hope for.

Another observation is that if the class G is “too large” it would be impossible
to construct any worthwhile approximating function using empirical data. As
an example, assume that G consists of all the measurable functions g : [0,1] —
[0, 1], that T : [0,1] — [0, 1] and that u is the Lebesgue measure on [0, 1]. Clearly,
there are functions which agree with 7' completely on any finite sample, but are
very far apart with respect to the L, norm.

The remark above demonstrates a general phenomenon; if G is too large,
then for an arbitrarily large sample there are still “too many” very different
functions in the class which behave in a similar way to (or even coincide with)
the target on the sample. Thus, if one wants an effective learning scheme,
additional empirical data (i.e. a larger sample) should decrease the number
of class members which are “close” to the target on the sample. Therefore, a



question which emerges is which is the right notion of the “size” of a class?
The approach we present is an outcome of this line of reasoning. Firstly, the
easiest notion of size is the ability to approximate means by empirical means.
To that end, assume that one can ensure that when the sample size is “large
enough”, then for any probability measure u there is a set of “high probability”
on which empirical means of members of £, are uniformly close to their actual
means (that is, if n > ng, with high probability every f € L, satisfies that
|E.f —E,, f| <¢e/2). In particular, since E, ¢,(g*) < /2 then E,¢,(9*) < e
as required. This leads to the definition of uniform Glivenko-Cantelli classes.

Definition 1.2 Let F' be a class of functions. We say that F is a uniform
Glivenko-Cantelli class (uGC class) if for every e > 0,

1 n
lim supPr{sup E,.f—— f(X; 25} =0,
supl£, ~ 33 10)

n—oo n

where (X;)$2, are independent random variables distributed according to p.

The uGC condition is simply a uniform version of the law of large numbers,
where the uniformity is with respect to all members of F' and all probability
measures [.

This definition is natural in the context of Learning Theory because the
supremum is taken with respect to all probability measures, and this is essential
since the learner does not have apriori information on the probability measure
according to which the data is sampled.

Let us mention that if F' is uncountable, there is a measurability issue that
needs to be addressed, and which will be completely ignored in these notes. It
can be resolved by imposing mild conditions on F' (see [18] for more details).

The definition of the uGC condition has a quantified version. For every
0<e,d<1,let Sp(e,d) be the first integer ng such that for every n > ng and
any probability measure p,

Pr{sup E.f—E, f| > 5} <, (1.3)
fer

where p, is the random empirical measure n=* Y | dx;,.

Sr(e,0) is called the Glivenko-Cantelli sample complezity of the class F' with
accuracy ¢ and confidence d.

One can show [1] that if G consists of uniformly bounded functions then
it can be used to approximate any target T in the agnostic version of (1.1)
(and thus uniformly with respect to the measure) if and only if G is a uni-
form Glivenko-Cantelli class. Therefore, uniform Glivenko-Cantelli classes are
the natural base classes that should be investigated, and from the qualitative
viewpoint, the uGC property for the base class captures the correct notion of
size. However, from the quantitative point of view, this result is not satis-
factory. Firstly, exact estimates on the uGC sample complexity are essential,
and should depend on a more fine-grained notion of size. Moreover, the uni-
form Glivenko-Cantelli condition is not necessarily the optimal approach to the



sample complexity problem. Indeed, the uGC condition provides the ability to
control the deviation between empirical means and the actual mean of every
function within the class. This is a very strong property, and is only a (loose!)
condition which suffices to ensure that g* is a “good approximation” of 7. In
fact, it is enough to show that empirical means are close to the actual means
for functions which are produced by the learning algorithm, i.e., functions for
which B, f <e.
Formally, for every ¢ > 0, one would like to estimate

supsup Pr{3f € L,(G,T), E,.f <e,E,f > 2}, (1.4)
T p

and define the learning sample complexity as the first integer ng such that
for every n > ng the term in (1.4) is smaller than ¢. For such a value of n,
there is a set of large probability on which any function which is an “almost
minimizer” of the empirical loss will be an “almost minimizer” of the actual loss,
regardless of the underlying probability measure. Clearly, this would imply that
the empirical minimization algorithm was successful.

Let us remark that an estimate on

Pr{3feF, E, f<e E,f >2} (1.5)

has a geometric interpretation. Indeed, fix a probability measure p and assume
that G is a /¢ separated class in La(p). For every (z1,...,2x), let p, be the
empirical measure supported on the set, and let G = {(g(x1), ..., g(x,)) | g € G}
be the projection of G onto the coordinates (1, ..., 2, ), endowed with the Ls ()
norm. It is natural to ask when such a coordinate projection of G is also
separated in Lo(u,) at a scale proportional to /. This is exactly determined
by (1.5) - if F = {(g—h)?|g # h, g,h € G}, then (1.5) is the probability that for
a random set (X1, ..., X,,) there is some f € F for which n=! 3" | f(2;) < e,
although one knows that E, f > 2e.

The analysis of the sample complexity problem is presented as follows. In
the next section we present an outline of the classical and modern probabilistic
approaches used to estimate the Glivenko-Cantelli sample complexity. These
approaches lead to the introduction of various notions of size, such as the uni-
form entropy, the combinatorial dimensions and the Rademacher averages, all
of which are investigated in section 3. In section 4 we explore the parame-
ters that govern the learning sample complexity needed to improve the bounds
obtained via the Glivenko-Cantelli sample complexity. In particular, we show
that the learning sample complexity of an arbitrary class can be reduced to
“Glivenko-Cantelli” tail estimates for a class of functions with “small variance”,
an observation which leads to sharper complexity estimates. We also present a
slightly different approach to the sample complexity problem, known as error
bounds and compare the empirical and actual structures endowed on the class
by pn, and p respectively using the notion of isomorphic coordinate projections,
leading to even sharper bounds. Finally, we present a detailed example of a
family of particularly interesting function classes, called Kernel classes.



We end this introduction with some notation. We denote the class in ques-
tion by F', which should be thought of as a loss class associated with a base class
G and a target T, although all the results we present hold for general classes of
functions which are uniformly bounded. All the constants we use are denoted
by ¢, C or K. Their value may change from line to line, or even within the
same line. (), denoted a constant which depends only on p. We write a ~ b if
there are absolute constants ¢ and C' such that ¢b < a < Cb. Finally, if X is a
Banach space, we denote its unit ball by Bx or B(X).

2 Glivenko-Cantelli classes and Learnability

In this section we investigate two approaches to the problem of bounding the
tails of the random variable sup ;¢ - |E,, f —n~' Y27 | f(X;)|. The first approach
was the basis to the best known sample complexity estimates up to the mid 90s.
We then present a more modern result which is based on a sharper concentration
inequality.

2.1 The classical approach

Our starting point is a symmetrization argument which originated in the works
of Kahane [29] and Hoffman-Jgrgensen [24, 25] (see also [27]).

Theorem 2.1 Let F' C B(LOO(Q)), Then, for any ¢ > 0 and every n > 8/&2,

ne

Pr{;ggmuf—%i_zlf(xm > e} <apr{op DR [V

where (;)1_, are independent Rademacher random variables (that is, symmetric
and {—1,1}-valued), and the probability on the right-hand side is with respect
to the product measure.

Having the symmetrization idea in mind, the course of action one can take is
clear: restricted to any sample (X7, ..., X,), F is projected onto a random set
V C R™. To control the possibly infinite set V', one uses the notion of covering.

If (Y,d) is a metric space and F' C Y then for every € > 0, N(g, F,d) is the
minimal number of open balls (with respect to the metric d) needed to cover
F', and the set of the centers of the balls is called an e-cover of F. For obvious
reasons, we are interested in metrics endowed by samples. Given a sample
(X1,...,Xp) let p, be the empirical measure supported on that sample, and for
1 < p < oo, denote by N (g, F, L,(1,)) the covering numbers of F' at scale €
with respect to the L, (u,) norm.

To bound the right-hand side of (2.1), fix a sample (X1, ..., X;,) which cor-
responds to fixing a coordinate projection, and set p, = n= 'Y dx,. It
is clear that given a fixed projection one can replace F with an £/8 cover of
F with respect to the Lq(u,) norm. Bounding the probability of the supre-
mum over the cover by the sum of probabilities, all that remains is to estimate



Pr{| Y% ei| >t} for a fixed vector (v;)i_; € R™, which is the coordinate
projection of an element of the cover of F' with respect to the L;(u,) norm. By
Hoeffding’s inequality [61],

n
Pr{| Y el > th < 267200,

i=1

where ||v], = (30 v2)1/2.

i=1"Yi
Finally, taking the expectation with respect to u, the following is evident:

Theorem 2.2 Let ' C B(Lx(Q)) and set pu to be a probability measure on
Q. Let (X;)$2, be independent random variables distributed according to p. For
every € > 0 and any n > 8/¢2,

1 .
Pr{;lelg Ef - ;f(Xi)] > g} < 8B, [N(¢/8, F, L1 (tin)) ] e~ 5%,

where p, is the (random) empirical measure supported on (X1, ..., X,).

If one is interested in measure independent bounds, it is possible to replace
EMN(E, F, Ll(,un)) with the uniform covering numbers, which is the first notion
of size we investigate.

Definition 2.3 For every class F, 1 <p < oo and e > 0, let

N, (e, F,n) =sup N (e, F, Ly(vn)),

Un

and
N, (e, F) =supsup N (¢, F, L,(v,)),
n

Un

where vy, is an average of n point-mass measures.
The logarithm of the covering numbers is called the metric entropy of the
set. log N, (e, F') is the uniform L, entropy of F.

Corollary 2.4 If ' C B(LOO(Q)) then for any probability measure i,

Pr < sup
feF

In particular, if F is such that log N1(e, F) = O(e™P) for some 0 < p < oo, then
the uGC sample complezity satisfies that Sp(g,6) = O(e~3+P)) up to logarith-
mic factors in 1/e and 1/9.

ne?

> s} < 8Ni(e/8, F,n)e” 125,

B, f(X)
=1

As an example, consider F' = L,(G,T), and observe that the entropy of F
is controlled by that of G. Indeed, since each g € G maps {2 into [0, 1], then
for every g1,92 € G and every w € Q, [{4(g1) — £4(92)|(w) < ¢lg1 — g2|(w) . In



particular, if log N1(g,G) = O(e7P), then for every target T', S¢ (q,1)(€,0) <
Cp.qe~3*P) up to logarithmic factors in 1/ and 1/4.

Although these tail bounds will be shown to be loose, the uniform entropy
does characterize uniform Glivenko-Cantelli classes. This line of investigation -
connecting the metric entropy to the uniform Glivenko-Cantelli property orig-
inated in the work of Vapnik and Chervonenkis [63], and then extended by
various authors.

Theorem 2.5 [19] A class F C B(Lx(Q)) is a uniform Glivenko-Cantelli
class if and only if the following holds. There is some 1 < p < oo such that for
every € >0

lim log N, (e, F,n)

n— o0 n

=0.

The fact that uniform entropy can be used to characterize uniform Glivenko-
Cantelli classes (and thus, classes in which any target can be approximated)
demonstrates its significance. Unfortunately, in most cases it is not easy to esti-
mate the uniform entropy directly. It turns out that one can control the uniform
entropy of the class using combinatorial dimensions which measure the “rich-
ness” of the class (such as the VC dimension) and those are sometimes easier
to estimate (see [2] for some examples). These uniform measures of complexity
will be discussed in the next section.

It is clear that the main source of possible looseness in the uGC sample
complexity bounds is due to the weak concentration result used in the proof. In
order to obtain sharper bounds one has to find better ways of controlling the
supremum of the random variable sup e [E,f —n~' 30 f(X5)].

2.2 Talagrand’s inequality for empirical processes

Let us begin by recalling Bernstein’s inequality in a form analogous to Tala-
grand’s inequality below [37, 61].

Theorem 2.6 Let pu be a probability measure on Q and set Xi,..., X, to be
independent random variables distributed according to p. Given a function f :
Q—R, set Z=>3 ", f(Xi), let b= f|loc and put u=nE,f?. Then,

22
Pr{|Z —E,Z| > a} < 2e” 2wtsa/9

This exponential inequality is sharper than Hoeffding’s inequality when one
has additional information on the variance of the random variable Z. It has
been a long standing question whether a similar result can be obtained when
Z is replaced by supscp | >0, (f(Xi) — E,.f)|. Such an inequality was first
established by Talagrand [59] and later modified by Ledoux [34], Massart [37],
Rio [52] and Bousquet [10] who currently has the best estimates on the constants
appearing in the inequality. The following is Bousquet’s version of Talagrand’s
inequality.



Theorem 2.7 [10] Let F be a class of functions defined on a probability space
(2, 1) such that supscp || fllo < 1. Let (X;)jy be independent random vari-
ables distributed according to p, put o > supsep Var[f(X1)] and set Z =

SUPfep | Z?:l(f(Xi) — ]E#f)|, Then, for every x > 0,
Pr{Z >EZ+z} <exp (fvh(f)) ,
v

where v = no? + 2EZ and h(x) = (1 + x)log(1 + x) — x. Moreover, for every
x>0,

Pr{Zz > B2+ 20 + g} <eo. (2.2)

Hence, if F' consists of functions which are bounded by 1, then by selecting

ne

x = ne?/4 it follows that with probability larger than 1 — e~ "5,

Buf— - 3 S0 + 2

sup < 2E sup
feF feF i=1

Euf -3 (X0
=1

The dominating term in (2.2) is the expectation of the random variable Z,
and this expectation EZ can be estimated by a symmetrization argument.

Definition 2.8 Let p be a probability measure on Q) and set F' to be a class of
uniformly bounded functions on Q. For every integer n, let

Z€if(Xi)

where (X;)?_, are independent random variables distributed according to p and
(e:)f, are independent Rademacher random variables (which are also indepen-
dent of X1,...,X5). Rn(F,u) are the (global) Rademacher averages associated
with the class F' and the measure p.

n

> eif(Xi)

i=1

1
—E sup

Ry (F,p) = N

)

1
=E,E;—= sup
n fer

Proposition 2.9 Let p be a probability measure and set F C B(LOO(Q)). De-
note

Z

H = sup = —,

feF n

Euf - = 30 f(X)
=1

where (X;)_, are independent random variables distributed according to p.
Then,

R, (F,p) 1< 1
E,H<2— 2~ <J4E,H +2|supE, f|-E. |- g|=4E,H+0O|—].

Combining this with Talagrand’s inequality yields sharp estimates on the uGC
sample complexity.

10



Theorem 2.10 Let p be a probability measure on Q, set F C B(LOO(Q)) and
put o2 = SUpfcp var(f(Xl)). There is an absolute constant C' > 1 such that for
every x > 0, there is a set of probability larger than 1 — e™* on which

<W+C<o\/§+z). (2.3)

In particular, there is an absolute constant C' such that if

sup
fer

Euf == > S(X)
i=1

1
n > gmaX{RfL(F, ), log g} ,

then Pr{supscp [E.f — 13" | f(X;)| > e} <4.

We will show in the following sections that although the Glivenko-Cantelli
sample complexity is governed by the global Rademacher averages, the learning
sample complexity can be controlled by several local versions, one of which is

1 n
—=E,xe sup e f(X;
\/ﬁ X ek, ; ( )
where F,. = {h = M\f|f € F, 0 <X <1, E,h? <r}. In other words, F, is the
intersection of the star-shaped hull of F and 0 with an Ls(u) ball of radius /.

It is evident that the averages associated with every fixed sample (X;)"
can be written as Ec|| Y1, 5e4]|(p/s, )0, where

)

Fls, = {% > F(Xieil f e F} c
i=1

is the natural coordinate projection of F' onto ¢35 endowed with the Euclidean
structure of La(py,), and (F/s,,)° is the polar of F'/s,. This can be interpreted
as a decoupling of R, (F,u): the “richness” associated with every sample is
determined by the geometry of the coordinate projection F/s,, and the com-
plexity of the underlying measure p is the “average size” (with respect to p) of
individual coordinate projections.

Sometimes it is useful to use the gaussian averages instead of the Rademacher
ones, i.e,

E.E,

b

n
E gi€;q
i=1

1 n
=E,—E,sup g f(X;
/"'\/ﬁ ngF ’Lzzl ( )

(F/sn)°
where (g;)"_, are independent standard gaussian random variables. The gaus-
sian average associated with a fixed coordinate projection is simply the ¢-norm
of the polar body of the projected class.

Recall that for any index set T, the expectation of the supremum of the
gaussian process indexed by T dominates the expectation of the supremum of

11



the Rademacher process (up to an absolute multiplicative constant), and thus
the gaussian averages may be used instead of the Rademacher ones to obtain
upper bounds.

The reason for the normalizing factor of 1/4/n in the definition of the random
averages (instead of the more transparent 1/n) becomes clearer in the gaussian
case. If T C {5, the isonormal process indexed by T is the gaussian process
which has the covariance structure endowed by the inner product in /5, i.e.,
for every t1,to € T, EXy Xy, = <t1,t2>. Under the 1/4/n normalization, the
gaussian process indexed by F/s,, is the isonormal process indexed by F when
considered as a subset of La(u,), since the covariance structure of the process is
endowed by the inner product in Lo(u,). As such, all the usual tools of gaussian
processes, and in particular, the Dudley-Sudakov inequalities may be applied,
and the underlying metric entropy is the natural empirical Lo entropy.

Note that Theorem 2.10 is measure dependent. Hence, to obtain uniform
estimates one would require measure independent estimates on the Rademacher
averages R, (F, u).

3 Uniform measures of complexity

As stated above, the sample complexity problem has two determining factors.
The first is the probability measure according to which the samples are selected
and the other is the geometry of coordinate projections of F. The probabil-
ity measure determines which samples, or equivalently - which projections are
encountered frequently and thus influence the “size” of the class with respect
to that measure. To analyze the worst case scenario (which would hold for
all probability measures) one has to estimate the size of the largest coordinate
projection of F'.

In this section we investigate various geometric parameters of the projected
sets which are uniform with respect to the measure. In section 5 we present
measure dependent bounds which can be computed using the given sample.
The notions of size we focus on are the random averages, the combinatorial
dimension and the metric entropy.

3.1 Metric entropy and the combinatorial dimension

The interest in the metric entropy is two-fold. Firstly, the “classical” approach
shows that the uniform metric entropy N,(e, F') is essential in obtaining the
(loose) complexity bound in Theorem 2.2. Secondly, the Rademacher/gaussian
averages associated with the class (which lead to sharper bounds) can be esti-
mated via Dudley’s entropy integral. Indeed, for every empirical measure .,
supported on the sample s,, = (X1, ..., Xp,),

1
< [ \flogN(e,F. La(yn) .
0

1 n
——=Egsup | > gif(X;
\/ﬁ ngF ; ( )

where C' is an absolute constant.
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Below, we present estimates on the uniform Ly entropy of a class based on
its combinatorial dimension.

3.1.1 Binary valued classes

Let F be a class of {0,1}-valued functions. One possible way of measuring
how “rich” a class is, is by identifying the largest dimension of a combinatorial
cube that can be found in a coordinate projection of F. This combinatorial
dimension was introduced by Vapnik and Chervonenkis and is known as the VC
dimension.

Definition 3.1 Let F be a class of {0,1}-valued functions on a space Q. We
say that F shatters {x1,...,x,} C Q, if for every I C {1,...,n} there is a function
f1 € F for which fr(x;)=14fi €1 and fi(x;) =0 ifi € I. Let

ve(F, Q) = sup{|A\ ‘A C Q, A is shattered by F}.

ve(F, Q) is called the VC dimension of F', but when the underlying space is clear
we denote the Vapnik-Chervonenkis dimension by ve(F).
It is easy to see that s, = {x1,..., 2, } is shattered if and only if

{(f(@1), -, flwn)) | f € F} ={0,1}".

For every sample o denote by P,F the coordinate projection of F', that is,

PoF ={(f(2i),e,| fEF},

and thus, the VC dimension is the largest cardinality of ¢ C Q such that P, F'
is the combinatorial cube of dimension |o]|.

The following lemma is known as the Sauer-Shelah Lemma ([54, 56, 63], see
also [30] for a generalization of that result).

Lemma 3.2 Let F be a class of binary valued functions and set d = ve(F).
Then, for every finite subset o C ) of cardinality n,

n
n en\d
P, F| < <(_),
<2 (0) s (G
=0
where the last inequality holds for n > d. In particular, for every ¢ > 0,
N(e,F,Loo(0)) < |P,F| < (en/d)".

Using the Sauer-Shelah Lemma one can characterize the uniform Glivenko-
Cantelli property of classes of binary valued functions in terms of the VC di-
mension.

Theorem 3.3 A class of binary valued functions is a uniform Glivenko-Cantelli
class if and only if it has a finite VC dimension.

13



Proof: Assume that vc(F) = oo and fix an integer d > 2. Then, there is a set
o C Q, |o| = d such that P, F = {0,1}%, and let u” be the uniform measure on
o (assigns a weight of 1/d to every point). For any A C o of cardinality n < d/2,
let u;‘l‘ be the empirical measure supported on A. Since there is some fs € F
which is 1 on A and vanishes on o\ A then |E o fa —E a fa| = [1 —n/d| > 1/2,
and in particular, for any empirical measure p, supported on a subset of o of
cardinality smaller than d/2,

1
sup [Epo f — E,, fl > 9
feF
Hence, for any n < d/2,
sup Pr{sup B, [ — E,f| > 1/2} =1,
I fer

and since d can be made arbitrarily large, F' is not a uGC class.
To prove the converse, recall that for every 0 < ¢ < 1 and every empiri-
cal measure p,, supported on a set o of cardinality n > d, N(s,F, Ly (0)) <

|P,F| < (en/ d)d. Since the empirical L; entropy is bounded by the empirical
L one, log N1(e, F,n) < dlog(en/d). Thus, for every ¢ > 0, log N1(g, F,n) =
o(n), showing that F is a uGC class. ]

Although the L., entropy estimate depends on n and thus on the dimension
of the coordinate projection, it is possible to derive dimension free L,, entropy
bounds for 1 < p < co. The first such bound was proved by Dudley [16] and is
based on a combination of an extraction principle and the Sauer-Shelah Lemma.
The extraction argument shows that if K C F' is “well separated” in Ly (p,,) in
the sense that every two points are different on a number of coordinated which
is proportional to n, one can find a much smaller set of coordinates (whose size
depends of the cardinality of K) onto which the coordinate projection of K is
one-to-one.

Recall that a set is e-separated with respect to a metric d if the distance
between every two distinct points in the set is larger than . It is easy to see
that the cardinality of a maximal e-separated subset of F' (denoted by D(e, F, d))
is equivalent to the covering numbers of F', namely, for every e > 0, N(¢, F,d) <
D(e,F,d) < N(e/2,F,d).

Theorem 3.4 Let F be a class of binary valued functions and assume that
ve(F) =d. Then, for every 1 < p < oo and every 0 < e < 1,

2\ /1\"
Np(e,F)g(cplogg) (g> .

Proof: Since the functions in F are {0, 1}-valued it is enough to prove the claim
for p = 1. The general case follows since for any f,g € F' and any probability

measure 4, || f *gHiP(#) =|f *gHLl(My
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Fix z1,...,2, and 0 < € < 1, and let p, = n= 'Y 1 | 0. Set K. to be
any e-separated subset of F' with respect to the Lji(u,) norm and denote its
cardinality by D.

Let V = {fi — fj|fi # f; € K.}; thus, |V| < D? and since K. is e-separated
then every v € V has at least ne coordinates which belong to {—1,1}.

Set (X;)!_; to be independent {z1,...,x,}-valued random variables, such
that for every 1 < i <tand 1< j <n, Pr(X; =x;) =1/n. Forany v € V,
Pr({¥i, v(X;) = 0}) = [T'—, Pr ({v(X;) = 0}) < (1 — ¢)*, implying that

Pr({3v eV, Vi, vo(X;) = 0}) < [V| (1 —¢)' < D*(1 )",
If o = (X1,..., Xt) then
Pr({P,K. is one — to — one }) > 1 — D?*(1 — ),

and if the latter is greater than 0, there is a set o C {1,...,n} such that |o| < ¢
and

P K| = [{(f(2:))ie, | | € Kc}| = D.

Selecting t = suffices to ensure the existence of such a set ¢. By the
Sauer-Shelah Lemma,

d d
2elog D
D = |P,K.| < |P,F| < (%"') < (%) . (3.1)

2log D

To complete the proof, note that if « > 1 and alog_la < B then a <

Blog(efBlog B). By (3.1), log D < dlog (% log(%)), as claimed. [ |

This result was strengthened by Haussler in [23] (see also [61] for a different
exposition).

Theorem 3.5 There are constants C), which satisfy that for every class F of
binary valued functions with ve(F) =d, any 1 < p < oo and every 0 < e < 1,

N,(e, F) < Cpd(4e)?eP4.

3.1.2 Real valued classes

Combinatorial parameters associated with real-valued classes can be obtained
by extending the notion of a shattered set. Unlike the {0,1} case, where every
cube found in a coordinate projection of the class is the combinatorial cube of
the appropriate dimension, in the real-valued case the size of the cube found
in the projection is very important. The combinatorial dimension measures the
tradeoff between the size of such a cube and its dimension.

Definition 3.6 For every e > 0, a set ¢ = {z1,...,x,} C Q is said to be
e-shattered by F if there is some function s : 0 — R, such that for every
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I C {1,...,n} there is some fr € F for which fr(x;) > s(x;) +e ifi € I, and
fr(x) <s(z;)) —eifi g l. Let

ve(F,Q,e) =sup{|o|| o C §, o is e—shattered by F'}.

f1 is called the shattering function of the set I and the set {s(x;)|z; € o} is
called a witness to the e-shattering. In cases where the underlying space is clear
we denote the combinatorial dimension by vc(F, ).

Observe that if F' is convex and symmetric and if o = {1, ..., 2, } is e-shattered
by F, then
eBL C{(f(z1), ., flzn)) | f € F}.

Indeed, if o is e-shattered with a witness (s(z;));_, then for every I C {1,...,n}
there is some fr such that fr(z;) > s(z;) +eif i € I and fr(z;) < s(x;) —e
for i € I°. For every such I, define g; = (fr — f1c)/2 and since F is convex
and symmetric, gr € F. Tt follows that {(f(x1),..., f(zn))| f € F} D eBL, as
claimed.

The first estimate on the empirical L., covering numbers in terms of the
combinatorial dimension was established in [1] and was used to show that a
class of uniformly bounded functions is a uGC class if and only if it has a finite
combinatorial dimension for every €. The proof that if F' is a uGC class it has
a finite combinatorial dimension for every ¢ follows from a similar argument to
the one used in the binary valued case. For the converse, one requires empirical
Lo entropy estimates combined with Theorem 2.2.

Other results on the Lo, and L, entropy estimates in terms of the combina-
torial dimension were derived in [51, 4, 39, 58, 60].

The following are the best known bounds on the uniform Ly and L., entropy
in terms of the combinatorial dimension. The L, estimates are from [47] and
the Lo, ones can be found in [53].

Theorem 3.7 There are constants K, and c, depending only on p such that
the following holds. For every F' C B(LOO(Q)), every probability measure p,
every 1 <p< oo and any 0 <e <1,

2) K,ve(F,cpe)

N R < (2

Moreover, for any 0 < &,d < 1 and every set o C Q, |o| =n,

log N (e, F, Loo (0)) < K - ve(F, ceb) log' ™0 (%) ,

where K and c are absolute constants.

It is easy to show that the L, bounds are optimal (up to the absolute con-
stants) and that the optimal L, bound (as a function of € and n) is proportional
to ve(F,e) - log(2n/e).

By selecting empirical measures supported on the shattered sets, the uniform
entropy can be bounded from below, demonstrating the sharpness of the upper
bounds (up to a single power of a logarithm).

16



Theorem 3.8 There are absolute constants K, K’ c,c’ such that for any F C
B(Lx(Q)) and every 0 <e < 1,

2
K’ -vc(F,de) <log No(e,F) < K - ve(F, ce)log (—) .
5

3.2 Random averages and the combinatorial dimension

In the past, the only known way to obtain complexity estimates was by bounding
the uniform entropy via the combinatorial dimensions. Thus, much effort was
put into the investigation of the combinatorial dimension of many interesting
classes (see e.g. [2]).

It was noted in [39] that there are nontrivial connections between the com-
binatorial dimension and the Rademacher/gaussian averages associated with a
class, and that the latter could be used to obtain sharper complexity bounds. To
estimate the random averages using the combinatorial dimension, we introduce
a uniform version of the gaussian averages. Let

1 n
L, (F) =supl(F/sp) = sup —E sup gif(x;)
Sn {z1,....,2, }CQ \/ﬁ feFr ’ 7;21

)

that is, the largest gaussian average associated with a coordinate projection on n
points. Since F' C B(Loo(2)) then F/s, C n~Y/2B% and the largest projection
one might encounter is when F/s, = n~'/2B™  in which case {(F/s,) ~ \/n.
We define a scale-sensitive parameter which measures for every £ > 0 the largest
cardinality of a projection which has a “large” ¢-norm. Let

t(F,e) = sup{n € N|,,(F) > ey/n}.

t(F,e) was introduced in [39] where its connection to the uniform Glivenko-
Cantelli condition and complexity estimates were investigated.

One can show that if ¢(F/s,) ~ ey/n, there exists a set ¢ C s, of cardi-
nality proportional to n, which is ce shattered by F', and thus the two “worst
case” scale-sensitive parameters - the combinatorial dimension and t(F,¢) are
comparable.

Theorem 3.9 [/8] There are absolute constants K and ¢ such that for any
FC B(LOO(Q)) and every & > 0,

ve(F, ce)

ve(F,de) <t(F,e) < K -

This result can be used to estimate the combinatorial dimension of a convex
hull of a class.

Corollary 3.10 [/8] There are absolute constants K and c¢ such that for any
F C B(Lx(2)) and every e > 0,
K -vc(F,ce)

g2 ’

ve(conv(F),e) <
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Proof. Since the f-norm of a set and of its convex hull are the same, then for
any € > 0, t(F,e) = t(conv(F),e). By Theorem 3.9,

Kvc(F, ce)
)

ve(conv(F), e) < t(conv(F),e) = t(F,e) <

It is possible to prove sharper estimates on the combinatorial dimension of
convex hulls of F' if one knows more on the structure of the class. For example,
if F'is a VC class of functions, then one has “global” information - the uniform
entropy of the class at every scale . In the general case presented above, the
information is “local” - the combinatorial dimension at a single scale, in which
case it is possible to construct an example proving that the estimate in Corollary
3.10 is sharp. Indeed, in [44] it was shown that if K,, y C B is the symmetric
convex hull of a random {0, 1} polytope F,, x with N vertices, and if N > en?

then )
log N
ve(Kp, N, €) ~ min {%,n} .
€

One can also show that vc(F,, n) ~ log N from which the sharpness of Corollary
3.10 follows.

3.3 Phase transitions in GC classes

The final remark in the previous section reveals a very significant (though not
surprising) fact. If one is interested in scale-sensitive parameters (e.g. the
uniform entropy) one can obtain much sharper bounds if one has some global
information on the class. In this section we relate the combinatorial dimension
to the random averages, given the combinatorial dimension at every scale. We
focus on classes which have a power type p, that is, there exists a constant C
such that for every 0 < e < 1, ve(F,e) < Ce™P.

Although it is natural to think that parameters which describe the complex-
ity of uniform Glivenko-Cantelli classes behave smoothly in terms of the power
type, there is a clear phase transition which occurs at p = 2. In some sense,
if the class has power type p for 0 < p < 2 it is “small”, whereas if p > 2 the
class is considerably larger. We will demonstrate this phenomenon in several
examples.

3.3.1 The uniform Central Limit Theorem

The first example of a phase transition can be seen in a uniform version of the
Central Limit Theorem.

Definition 3.11 [18] Let F C B(Loo(R2)), set u to be a probability measure on
Q and assume G, to be a gaussian process indexed by F', which has mean 0 and
covartance

EG.(f)Gu(g) =/fgdu—/fdu/gdu.
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F' is called a universal Donsker class if for any probability measure u, the law
G, is tight in Loo(F) and v¥ = n'/?(u, — 1) € loo(F) converges in law to G,
in loo(F), where wy, a random empirical measure selected according to fu.

Stronger than the universal Donsker property is the uniform Donsker prop-
erty. For such classes, v# converges to G, uniformly in g in some sense (see
[18, 61] for more details). The following result of Giné and Zinn [28] is a rela-
tively simple characterization of uniform Donsker classes.

For every probability measure p on Q, let o7 (f, 9) = E,.(f—g)*— (Eu(f—g))g,
and set for every § > 0, F5 ={f —g|f,g € F, p.(f,g9) <}

Theorem 3.12 [28] A class F is a uniform Donsker class if and only if the
following holds. For every probability measure u on Q, G, has a version with
bounded, p,-uniformly continuous sample paths, and for these versions,

supEsup |G, (f)| < oo, limsupE sup |G,(h)| = 0.
n fEF =0 4 heFs

The main tool in the analysis of uniform Donsker classes is the Koltchinskii-
Pollard entropy integral.

Theorem 3.13 [18] If F C B(Lso (%)) satisfies that

/ sup sup \/logN(E,R Lg(ﬂn)) de < o0,
0

no pn

then it is a uniform Donsker class, where p, are empirical measures supported
on at most n points.

On the other hand one can show [18] that if F' is a uniform Donsker class then
there is some constant C' such that for every ¢ > 0,
C
supsuplog N (e, F, Lo(j1n)) < .

€

no n

(3.2)

Therefore, the gap between the two estimates is at most logarithmic.

Corollary 3.14 [39] Let F C B(Loo(S)). If there is some constant C such
that ve(F,e) < Ce™P for 0 < p < 2 then F is a uniform Donsker class. On the
other hand, if ve(F,e) > ce™P for p > 2 then F is not a uniform Donsker class.

Proof: The first part of our claim follows from Lemma 3.7, since F satisfies
the Koltchinskii-Pollard entropy condition. For the second part, recall that by
Theorem 3.8, Na(F,e) > C/eP for some p > 2. On the other hand, if F is a
uniform Donsker class then Na(F,e) = O(e~2) which is a contradiction. n
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3.3.2 Uniform /-norm estimates
Another clear phase transition can be seen in the asymptotic behavior of £, (F').

Theorem 3.15 Let F' C B(Loo(f2)) and assume that there is some v > 0 such
that for any e > 0, ve(F,e) < ye~P. Then, there are constants C), which depend
only on p, such that

1 if0<p<2,
,(F) < 71/201) log®?n if p=2,
nt/2=1/P1ogt/ P ifp> 2.

The proof is based on Dudley’s entropy integral bound for 0 < p < 2 and
on a discrete version of that theorem for p > 2, combined with the uniform
entropy estimate (see [39, 43]). Note that in the case p < 2 and p > 2 the
bound is tight up to a logarithmic factor. This is obvious for p < 2. As for
p > 2, if ve(F,e) = ve~P then t(F,e) > K~ye P for some absolute constant K.
Hence, there is an integer n > K~e P and a set s, of cardinality n such that
UF/sp) > ey/n > (K'y)%n%_%. The exact growth rate in the case p = 2 is not
known.

Combining Theorem 3.15 with Theorem 2.10, we obtain the following esti-
mate on the uGC sample complexity, which, as lower bounds show (see, e.g.
[2]) is optimal rate wise, up to logarithmic factors.

Corollary 3.16 Let F' C B(Loo(Q2)) and assume that ve(F,e) < ve P. Then,
there is a constant Cp, ~ such that

1 1 1
Sr(e,0) < Cpy max{e—p, 2 log g}
if p#£ 2. If p=2 there is an additional logarithmic factor in l
In particular, if each g € G maps Q into [0,1] and ve(G, 5) < ~ve~P for some
p # 2, then

1 1 1
. 5311[)0 : Se,ar)(€6) <Cpgy max{g—p, ) log 5}

The proof of the latter part of the corollary follows from the fact that for
every probability measure p, N(a,ﬁq(G7T), Lg(u)) < N(s/q, G, Lg(,u)). Thus,
the same asymptotic estimates on ¢,,(G) hold for ¢,,(L4(G,T)), regardless of the
specific selection of T'.

Recall that the sample complexity bound obtained by the “classical” ap-
proach (Corollary 2.4) was O(s~(2*P)), which is considerably worse than the
above result.

3.3.3 On the size of convex hulls

Investigating the structure of convex hulls of classes has a natural origin in
Machine Learning. In each learning procedure one has to solve, in one way or
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another, an optimization problem (locating an “almost” empirical minimizer).
This is a reasonable task when the class is convex. Apriori, taking the convex
hull of a nonconvex class might make it too complex for an efficient solution from
the probabilistic point of view, in the sense that the sample complexity becomes
huge. From the definition of the Glivenko-Cantelli condition it is clear that the
uGC sample complexity of a class and of its convex hull are the same, but this is
no longer true for the learning sample complexity, and thus it is important to at
least obtain upper bounds on the way the combinatorial dimension, the metric
entropy and the localized random averages grow when one takes the convex hull
of F.

There are sharp estimates on the growth rate of the Ly entropy of the convex
hull of a set, given information on the growth rate of the entropy of the given
set. These results are summarized in the next theorem, which is divided into
two parts. The first is when the covering numbers of the class are polynomial
in 1/ while in the second they are exponential.

Theorem 3.17 Let F C B(Loo(R2)) and set H to be the convex hull of F.
1. If there are v,p > 0 such that N(E, F, Lg(u)) < ~e™P for every € > 0, then

there is an absolute constant C' such that for every e > 0,

1\ 25
log N (e, H, Lo(u)) < Cvip(2) 7.

2. If there are v > 0 and p such that logN(s,F, Lg(,u)) < ~ve7P for every
€ > 0, then there is some constant C,  such that

e 2log ™ HP(1/e) if0<p<2
log N (e, H, Lz (1)) < Cpy q e log?(1/e) ifp=2
eP if p>2,

and all the estimates are sharp (up to the constants).

The fact that the rate of the entropy in part (1) is e=27/(P+2) was established
by Dudley [17], and the constants are taken from [38]. Part (2) for p # 2 was
proved in [12] (see [38] for a different proof), and for p = 2 in [26]. Another
proof for the complete range 0 < p < oo may be found in [11].

As in the previous examples, the phase transition is apparent. If 0 < p < 2
the entropy of the convex hull grows at a rate which is slightly better than 1/¢2.
For “large” classes the power of the entropy does not change. Observe that
there is a slight looseness in the analysis of Donsker classes using the entropy.
If F is a Donsker class then its convex hull is also Donsker [18]. On the other
hand, for any 2/3 < p < 2 there is a probability measure p and class F' C Lo(p)
for which the Lo(p) entropy is O(e~P), but the entropy of the convex hull could
be of the order of £ 2 10g172/p(1/5). In particular, the entropy integral diverges.
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As a corollary to Theorem 3.17, we improve the estimates on the combina-
torial dimension of convex hulls. For example, let F' be a binary valued class
with ve(F') = d. Then, for any probability measure p

2d

1+d

1
log N (g, conv(F), La(p)) < Cd(—) ,
€
where C' is an absolute constant. In particular, by Theorem 3.8

ve(F)

1\ ™4
vc(conv(F),a) <K- logNg(ce,conv(F)) <K- d(g) =K- pryrEE

in which the exponent of ¢ is strictly smaller than 2.

Similar results can be established for classes with vc(F, ) = O(e™P), namely,
that vc(conv(F),s) = O(s’ ma"{z’p}) for p # 2, while for p = 2 there is an
additional logarithmic factor in 1/e. This estimate is better than the one in
Corollary 3.10, because one has “global” information on the given class.

3.4 Concentration of the combinatorial dimension

This section is devoted to the concentration of measure phenomenon for the
combinatorial dimension. The fact that the combinatorial dimension is highly
concentrated (is a sense which will be explained below) is rather surprising
and is due to Boucheron, Lugosi and Massart [9]. It is based on the following
exponential inequality for general functions.

Theorem 3.18 [9] Let X1, ..., X,, be independent random variables defined on
some set  and set Z = f(Xi,...,X,) to be a random variable. Assume that
there is a function g : Q"1 — R such that for all {z1,...,2,} C Q,

1. 0 < f@1, ooy @) — g1, ooy Bim 1, Tig 1y ooy ) < 1 forall 1 <i<mn,

2. Z?:l(f(xlv 7x’n) - g(x17 vy Lj—15, T4, 7xn)) S f(‘rlﬂ "'7xn);

then, for every t > 0,

t2
Pr{Z>EZ 1) < [_7}
MZzEZ+th s ev|—gpr o

2
2II;ZZ]

For any fixed € > 0 let Z = ve(F,{X},..., X, },€) be the combinatorial dimen-
sion of the class F' at scale € on the random set {X3, ..., X, }, where (X;)I,
are independent, distributed according to a measure p. It is easy to see that
by setting g(x1,...,2n-1) = ve(F,{21,...,xn_1},¢), both conditions of The-
orem 3.18 are satisfied. Indeed, removing one point can change the com-
binatorial dimension by at most one. By the same argument, the number
of removals of points in {z1,..,z,} which change the combinatorial dimen-
sion is exactly ve(F,{z1,...,2n},€). Thus, both conditions are verified and
Z =ve(F,{X1,..., Xn}, €) satisfies the required concentration inequality.

Pr{Z <EZ —t} < exp [—

22



Some other applications of Theorem 3.18 can be found in [8, 9].

It is natural to ask whether the two other measures of complexity, the
Rademacher averages and the L, empirical entropy, display similar concen-
tration phenomena. The first can be verified, simply by applying Talagrand’s
inequality (a fact which will be used in section 7). Whether the random vari-
able Z = log N (e, F, Ly(ft)) is concentrated is not known in general. As the
following example [45] shows, the L., log-covering numbers when the centers
are taken from the set are not concentrated, in the sense that the best estimate
on the concentration of the covering numbers is given by Markov’s inequality.
More precisely, Let N (K,eBL) be the covering numbers of K by translates of
eBY, centered at point in K. Then, we have the following

Theorem 3.19 There exists an absolute constant C' for which the following
holds. For anyt > 2 and & > 0 there exist Nyn € N and a set K C BY such
that the random variable

Z(X1,..,X,) =log N(P,K,cB™)
satisfies EZ < 2logt and
Pr(z 21>,

where (X;)_, are independent, distributed according to the uniform measure on
{1,...,N}.

Proof. Without loss of generality assume that d = t/log2 € N. Set N = 20d?

and let .
2e 2e
K, = {{—3,3} X (0,...,0)} c BY

and Ky = {e1,...,eq} where (e;), is the standard unit vector basis in RY.

Define K = K; U K, observe that if {1,...,d} C o then all the points in P, K
are e-separated, and thus N(P,K,eBZ) > 2%. On the other hand, if there is
some i € {1,...,d}\o then P,e; =0, and eBZ, is centered at P,e; and contains
P,K, implying that N(P,K,eBZ) < d. Let u be the uniform probability
measure on {1,..., N} and denote

a=an(d,N) = Pr({{1,...d} C {X1,... X, }}).

There exists an integer n such that

L (3.3)
20d = “ = 10d’ '

If the inequality (3.3) holds, then Z > log2 - d = ¢ with probability o > 5=,
while
EZ < a-log(2? +d) + (1 — ) - logd < 2logt,

which implies the Theorem.
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To verify (3.3), observe that for fixed integers d and N, lim,,_, o ay(d, N) =
1. Let 0, = {X3y,..., X;,}, set By, be the event {{1,...,d} C 0,,} and put A; =
{1,...,d}\{i}. Clearly,

Oén+1(d, N) = PT‘ (Bn+1 n Bn) + P’f‘ (Bn+1 n Bfl)

d
= an(d,N)+ > Pr(Bpy 0 {{X1, ... Xn} N {1, ....d} = A;})
i=1

= a,(d,N) + %an(d —1,N).

so,
1

< — < = —.

0 < anga(d.N) = an(d. N) < d/N = 7

4 Learning Sample complexity and error bounds

Bounding the learning sample complexity using the Glivenko-Cantelli condition
is not the optimal strategy. In fact, the best that one can hope for using this
approach is a sample complexity estimate of 2(1/£2) (up to logarithmic factors),
since this is the minimal number of examples needed to ensure that |E,f —
n~t 3", f(X;)| < e with sufficiently high probability for a single function with
a nontrivial variance.

The reason for the sub-optimality of this approach is that the random vari-
able sup e |[E, f —n~' 31" | f(X;)| measures the worst deviation of empirical
means from actual ones, going over the entire class; for the learning sample
complexity problem, it suffices to control the deviation with respect to func-
tions which are potential empirical minimizers (that is, functions which satisfy
that E,, f is “small”), and this is a relatively small subclass of F. An added
complication arises because this is a random subset of F.

The ability to obtain improved complexity estimates is based on two essen-
tial ingredients. Firstly, the class has to be “relatively small”, otherwise, it is
impossible to improve the uGC based bounds. Secondly, the class should have
the property that the variance of each class member can be controlled by a
power of its expectation.

Definition 4.1 F is called a Bernstein class of type 0 < a < 1 with respect to
the measure i, if there is some constant B such that for any f € F, E,f? <

B(E.[)*

Note that this definition is measure dependent. To obtain uniform results one
requires the class to have a Bernstein type a for every measure, and with the
same constant.

Obviously, if F' consists of functions bounded by v/B it has “Bernstein type
0” with a constant B. It is also evident that if F' consists of nonnegative
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functions bounded by B then F' has Bernstein type 1 with constant B with
respect to any probability measure pu. Therefore, if the target T belongs to G
then for any 1 < p < oo, £,(G,T) has Bernstein type 1 with constant 1. In
section 6 we show that even if T ¢ G and G is convex, then for any probability
measure p, £,(G,T) has a Bernstein type 1 for any 1 < p < 2 and Bernstein
type 2/p if 2 < p < 00, and the constants do not depend on the measure p.
The improved complexity bounds are based on the fact that if F' has Bern-
stein type 1 with a constant B, the learning sample complexity at scale ¢ is
controlled by the GC sample complexity of the intersection of the star-shaped
hull of F with 0 (ie., {\f|0 < X <1, f € F}) with the ball {f|E,f? < Be}.
Similar results hold for any class with any nontrivial Bernstein type [41].

Lemma 4.2 [/1] Let p be a probability measure on Q and assume that F C
B(LOO(Q)) has Bernstein type 1 with respect to u, with a constant B > 1.
Then, for any e > 0,

prizrer, %if(xi) <SS Ef2ep<
i=1

2Pr{ sup |E h—E,, h| > 5}7
hestar(F,0),E, h? < Be 2

where star(F,0) = {\fJ0 <A <1, f € F}.
Proof: Set A={3f e F, 13" f(X;) <e/2, E,f > ¢} and observe that
Pr(4) < Pr{ﬂf €F Buf>c B f2<e, B, f<c/2 }
+Pr{§|f€F, E.f >e, B f%> e, Eunfgs/Z}
< Pr{EIf €F E,f2<e, |[E.f —E,, f| > g}
+Pr{£|f€F, E.f>¢ Euf>>e¢, [Euf —E,, f| > %]Euf},

because E, f > ¢ and E,,, f < /2 imply that [E,f —E,, f| > %E,Lf >¢e/2. Let
H = {%‘f EF E,f >¢e, E,f? > 5} which is a subset of star(F,0) since

0 <e/E.f <1. Every f € F satisfies that E, f*> < BE, f, and thus for every
he H, E#h2 < Be. In particular,

Pr(4) < Pr{3f € F, Euf* <<, [E,f ~E,,f1 > 5}
+ Pr{3h € H, E,h? < Be, [B,h— B, h| > g}

which proves our claim. ]

The fact that the learning sample complexity can be interpreted as a GC
estimate of a class consisting of functions with variance of the same order of
magnitude as the required deviation, yields improved tail bounds by a straight-
forward application of Talagrand’s inequality.
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Theorem 4.3 [43] There is an absolute constant C such that the following
holds. Let F' C B(LOo (Q)) be a class of Bernstein type 1 with a constant B > 1.
Set H = star(F,0) and for every e > 0 let H. = H N {h|E,h? < e}. Then for
every 0 < e,0 < 1,

Pr{Eif €F %Xn:f(X,») <e/2, B f > s} <
=1

Provided that

2 Blog 2
n > Cmax{R"(Za’u), Zg6 }»

where (X;)_, are selected according to p and recall that

n

1
—FE sup eh(X;)].

\/ﬁ heHe Z

i=1

R, (Hea M) =

4.1 Error Bounds

An alternative presentation to the sample complexity problem is to use error
bounds. The idea is to ensure that with high probability, every function in the
class satisfies that E, f < % S, f(X;) + “penalty term”, which measures the
richness of the given class. If C' = 1, this is simply a one-sided GC condition and
the penalty term can not decay faster than or/\/n, for o2 = sup e p var(f).
On the other hand, if C' > 1 one can obtain faster rates. The rate by which
the penalty term tends to 0 as a function of n is called the error rate and
is analogous to the learning sample complexity. Indeed, if the error bound
holds for any f € F' = £,(G,T), it holds for any function which satisfies that
E,.0l,(9) < e/2. For such functions E,¢,(g) < Ce provided that n is large
enough to ensure that the penalty term is sufficiently small. It can be shown
(see, for example, [20, 2, 14]) that the best error rate possible is O(1/n) (which
corresponds to a sample complexity estimate of O(1/¢)), and this holds for “very
small” classes. For example, this is the rate of decay (up to a logarithmic factor)
for losses associated with binary valued classes with a finite VC dimension.

There are various known error bounds in literature, and modern estimates
for the penalty terms are based on the random averages associated with the
class. It turns out that even if the class is small, in order to establish error
rates faster than 1/4/n (which can be obtained via a GC-style argument if the
class is sufficiently small) one has to use the localized random averages instead
of the global ones as penalty terms, as will be explained below. Recently, in [5],
a new method of obtaining error bounds was developed, based on the idea of
comparing the empirical and the actual structures on the class.

4.2 Comparing structures

One can consider the uniform law of large numbers as a way of comparing the
empirical (random) structure and the structure endowed by p uniformly over
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the class. Indeed, a typical statement would be that with probability larger
than 1 — 4, for every f € F, |E,f —n'> " | f(Xi)| < An(6). Hence, this
condition is an additive notion of similarity between the two structures. It is
possible to use a multiplicative notion of similarity - that for “most” functions
in the class, a random coordinate projection is a good isomorphism. By this we
mean that for a subset G C F containing functions with “large” expectations
and 0 < p < 1, then with high probability, every g € G satisfies that

(1= PBug < =3 g(X0) < (14 By,

In this case we say that the coordinate projection P, onto (Xi,...,X,) is a
p-isomorphism of G. The connection to our problem is simple: suppose that
G, ={f € F:Ef > \,} and assume that P, is a p-isomorphism on G,,. Then,
for every f € F

EffEHMX{:lEnﬁAn}’
1—p

(since if Ef > X, then f is projected isomorphically onto o), and this yields
the desired error bound. The name p-isomorphism comes from the fact that if
F consists of nonnegative functions then a projection is a p-isomorphism if and
only if P, : (G, L1(p)) — (G, L1(uyn)) is a bi-Lipschitz function.

In what follows we shall denote

E.f—n 'Y F(X)

E|p— pnllp =Esup
feF i—1

Theorem 4.4 [5] There is an absolute constant ¢ for which the following holds.
Let F be a class of functions, such that for every f € F,Ef =X and || f|loo < b.
Assume that F is a Bernstein class of type 0 < 8 < 1 with a constant B, and
suppose that 0 < p <1 and 0 < o < 1 satisfy

b Bx \Y/@P)
A>cmax{ ——o, | —— .
na2p’ \ na?p?

1. IfE|p— pnllp = (1 4+ ) Ap, then

T

Pr{P, is not an p-isomorphism of F'} > 1—e™".

2. IfE|lp — pnll p £ (1 —a)Ap, then

x

Pr{P, is an p-isomorphism of F} > 1 —e™".
Observe that if the class is star-shaped around 0, and if the set F), = {f €

F : E,f = A} is p-isomorphically projected, then the same holds for the set
{f € F:E,f > A}. This leads to the following error bound:

27



Corollary 4.5 There is an absolute constant ¢ for which the following holds.
Let F be a class of functions bounded by b, which is star-shaped around 0 and is
a Bernstein class of type B with a constant B. For 0 < p,\,a <1 and x > 0, if

ba Bx \Y/@H)
A>cmax{ ——o, | —— )
na2p’ \ na?p?

and if Ellp — pallp, < (1= a)Ap, then with probability at least 1 — e~

f € F satisfies
Ef < max{lEnf ,)\} .

xr
, every

In particular, if f* is an e-empirical minimizer (that is, if n =2 Y"1 | f*(X;) <€)
then Ef* < max {1579’ )\}.

Note that this approach improves on the results of previous section, mainly
because the localized averages here are indexed by the constraint F, = {f €
F : E,f =r}. By the Bernstein assumption, F, C {f EF : E,f*< Br}. In
extreme cases, the resulting gap between the averages indexed by the F,. and
Fn{f : E,f* <r} could be considerable.

Although the star-shape assumption is very mild, it means that the class is
very regular in some sense. Indeed, every function encountered at level r will
have a scaled down version for any 0 < ¢ < r. Thus, as the r decreases the
sets F,. become richer in some sense - up to a critical value of r, beyond which
it becomes impossible to compare the empirical and actual structures. Let us
mention that the fact that a set can not be isomorphically projected should have
a geometric interpretation, a point we shall return to later.

Although this approach yields the best known error bounds, and as such,
the best estimate on the error of the empirical minimizer based on structural
results, it is possible to obtain even better bounds on Ef*. In [5] it was shown
that the error rate obtained using the structural argument presented above is a
An defined by E||pupn — pl|F. ~ r, while sharp estimates on Ef* are of the order
of " which minimizes the function E||u, — p||r. — 7.

5 Estimating the localized averages

It is clear from the sample complexity estimates that the behavior of E||u, — || ¢
or alternatively, that of the Rademacher/gaussian averages is the determining
factor in the tail estimates which lead to sharp bounds for both the GC and
the learning sample complexities. When global averages are used, that is, when
the set indexing the process is the entire class, one can estimate the averages
via Dudley’s entropy integral. This is particularly useful because there are
natural connections between the entropy of the base class G and the entropy of
the loss class £,(G,T), implying a similar upper bound on the global averages.
Another possibility is to use comparison theorems for the averages (e.g. Slepian’s
Lemma), since p-loss classes are Lipschitz images of the base class.
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There are many interesting examples of base classes used in practice that
can be written as compositions of simpler base classes [2]. In most cases, there
are structural results which enable one to bound the global random averages
associated with G using those of the original classes H; without resorting to
entropy estimates. The most extreme case, in which an entropic argument
would clearly be the wrong approach, is when G is the convex hull of elements
of H. The random averages associated with G are the same as those of H -
whereas the metric entropy of G is much larger than the metric entropy of H.

The situation becomes more difficult when one has to estimate the localized
averages, that is, the expectation of the empirical or Rademacher process in-
dexed by F, = {f € F:E,f =r}. As a first step in the analysis, one can use
the assumption that F' is a Bernstein class and replace the “L1” constraint with
an Lo one, which is easier to handle in the context of subgaussian processes.
Indeed, as mentioned before, if F' is a Bernstein class of type 1 with a constant
B then

F,c{feF:E.f*<Br},

but the latter set could be considerably larger than the former. The next section
is devoted to the question of estimating the expectation of the process indexed
by {fEF:]EMf2 Sr}.

5.1 L, localized averages

The complexity of the learning problem is determined by the function which
measures the localized averages and not the global one. Unfortunately, there
are no clear structural properties which enable one to compare the localized
averages of a “complicated class” to those of simpler classes used to compose
it. Let us give two examples to demonstrate this point; firstly, suppose that
G is the convex hull of H, which is assumed to be star-shaped around 0 and
symmetric. Given an Lo structure on the indexing sets H and G, the aim is to
compare

E sup Xy, and E sup Xg,
{heH:||h||<r} {9€G:|lgll<r}

where {X; : ¢t € T} is the gaussian process indexed by T'.

The two quantities are clearly different; the former corresponds to the aver-
ages associated with an index set generated by the convex hull of the intersection
of H and a ball of radius r, while the latter is generated by the intersection of
the convex hull of H with a ball of radius r, and may be considerably larger.

Comparing the two averages is equivalent to the problem of estimating the
modulus of continuity of a gaussian process indexed by a set, and the one indexed
by its convex hull. There are some results which connect the two (see, for
example, [11]), all of which are based on additional parameters of the original
class. For example, in the approach presented in [11], additional information
on the Kolmogorov numbers or the metric entropy was required. It is not clear
whether such an additional information is really needed to compare the two
averages.
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The other example is when G = ¢(H), where ¢ is a Lipschitz function.
Although it is possible to apply Slepian’s inequality and thus compare the two
expectations, one has to identify the pre image ¢~1{g € G|||g|| < r} which may
be difficult in practical examples.

When it is possible to estimate the uniform entropy of the class, the Lo
localized averages can be bounded by combining Dudley’s entropy bound and
an estimate on the average diameter of a random coordinate projection. Since
the upper limit in Dudley’s entropy integral can be taken to be the radius of a
ball centered at the origin which contains the set, then

Z&f(Xi)

1=1

1 C VY
ﬁEuxs sup < \/ﬁE#/O \/logN(e,F, Lo(py))de,

{feF:E, f2<r}

where Y = %sup{feF:E“fzgr} S f2(X;). The expected value of the radius
can be estimated by the following inequality from [59], which states that

> eif(X)

i=1

8
EY <r+ —<E sup
VI (feriE, f2<r}

)

and the localized averages may be bounded by bootstrapping. This line of
argumentation together with Theorem 4.3 yields the following upper bound.

Corollary 5.1 [3, 43] Let G be a convex class of functions which map € into
[0,1], and assume that log N2(e,G) < ~ve~P for some 0 < p < oo. Then,
the error rate of the class Lo(G,T) is O(n=*@*P)) [resp. a learning sample
complexity estimate of O(s*(Hp/Q))] if 0 < p < 2 and of O (nil/p) [resp.
O (e7P)] if p > 2. Both results are uniform in the target T.

This result is independent of the underlying measure p and as such, is sharp.
If 0 < p < 2, the error rate is faster than the 1/,/n (which one can prove via a
uGC argument), while if p > 2 the “localized” approach yields the same rates
as the uGC one.

5.2 Data dependent bounds

Next, we turn our attention to data dependent error bounds. Recall that the
critical value of r in the isomorphic coordinate projections approach is given by
the solution ' to the equation £(r) ~ r for £(r) = E||pt — pnl/F.. If F happens
to be a Bernstein class of type 1 with a constant B, and if we set

Z€if(Xz‘)

i=1

W)=E s
{feF : E,f2<Br?}

)

then the equation t(r) = r has a unique positive solution, which we denote
by r*, and satisfies that r* > /. Thus, r* is an upper bound on the error rate
established in Corollary 4.5. From the practical point of view, it is advantageous
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to bound 7’ (or r*) using only empirical data (that is, the values of class members
on the given sample). This is a useful strategy because one can, in principle,
discover the error rate without knowing the “size” of the class. The fact that
the “L,” constraint in the definition of the indexing set F). was replaced with an
Lo constraint (which is used in the definition of 1)) enables one to estimate r*
efficiently [3]. To that end, we introduce random functions ¢ which have similar
properties to 1, but can also be computed from the given data. Moreover, these
functions have the following property: if 7* is the random variable defined as
the unique positive solution of the equations 1/;(7") = r, then 7* satisfies that
r* < #* + 1/n with high probability.

One can show [3] that the random functions

zﬁle“-vXn (r) - 7E5 sup
n {festar(F,0) : n=13 0 | f2(X;)<r}

eif(Xy)| + ot

i=1

n

have the desired properties, where Cp,Cs are appropriately selected absolute
constants. These functions are computable since they depend on the empirical
Rademacher averages associated with the intersection of the star-shaped hull of
F and 0 with an empirical ball of radius /7 (unlike 1) where the ball was an
Lo(p) ball). Hence, ¢ is determined by the Euclidean structure endowed on F
by the coordinate projection, and thus is potentially computable.

From the statistical point of view, there is a practical method of estimating
7*, called the iterative procedure, an idea which was introduced in [33] and
refined in [3].

Set 741 = min{l,¢ ()} where 7p = 1. It is possible to show that this
(computable) sequence converges quickly to 7*; it takes N = O(loglogn) steps
to ensure that #* < 7y < #* 4+ 1/n. Thus, with high probability, the iterative
procedure gives a quick estimate of r*.

Passing to the Ly constraint implies that t(r)/y/7 is non-increasing, a fact
which plays a significant role in the proof of the fast convergence of 7. The
price is that r* is only an upper bound on 7’. Although it should be possible
to obtain an iterative procedure scheme using the “L;” localized averages (and
not their Ly version), such results are not yet known.

Though the iterative procedure yields very positive results in many cases,
the problem of determining which parameters govern the localized averages
associated with a class is far from being fully understood, and its solution will
have far reaching implications.

*

5.3 Geometric interpretation

A question arising from the discussion is the geometric interpretation of #* or
its “L1” analog #'. First, we consider F' to be class of nonnegative functions,
and note that for any set o = {x1, ..., 2, }

Zfif(l“i)

=1

E sup

] = R(V NnrnBY),
{fEF : n=1X1 | f(z;)<r}
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where
V=A(f(z1),..f(zn)) : f € F} C[0,1]".

Since R(rnBfj) = rn, the critical radius 7' defines an intersection body which
is extremal - a subset of F' (and thus of BZ), whose Rademacher average (or,
in a similar fashion, its ¢-norm) is of the same order of magnitude as the “reg-
ular body” containing it. This assumption seems to apply that at that scale,
the original body is “large”, e.g., in the sense that a random coordinate pro-
jection will not be a good isomorphism. One possible explanation of that fact
could be that this intersection body contains a large cube in a high dimensional
coordinate projection, and leads to the following

Question 5.2 Let K C B be such that R(K N rnl/pB;}) ~ nr. Does it mean

that K has a coordinate projection o of proportional dimension which contains
lo|

crBs'?

This question is a generalization of Elton’s Theorem [47], which states that if
K C BZ such that R(K) > dn, then there is ¢ C {1,...,n}, which satisfies

that |o| > ¢162n, and (3253(‘;‘ C P,K. In our scenario, one has the additional
information that K, , = K Nrn'/ PB) is an intersection body, but in return one
hopes for a cube in a projection of K, whose dimension does not depend on
r. Hence, one should think of it as “Elton’s Theorem” for small scales, since
r can be as small as 1/n, and at a scale smaller than 1/y/n, Elton’s Theorem
is vacuous. Note that by taking K’ = K, /r, Elton’s Theorem implies the case
p = 0o. Moreover, the case p > 2 can be verified (up to logarithmic factors in
n) in a similar fashion to the proof of Elton’s Theorem in [47]. Of course, for a
general class of functions, the constraint which defines the localized averages is
not an £ constraint, and thus a different argument might be required altogether
to exhibit that the intersection body is “large”.

A question of a similar flavor (again, in the simplified context of classes of
nonnegative functions) is how to estimate the functions H(r) = M*(V NrBy)
for a given set V C Bl , where M*(K) = [q,_, ||z||x+. Even when V is very
regular, e.g. V' = By this task is nontrivial, though possible. In fact, in that
case the dual to the norm endowed by the intersection body (which is the J-
functional of the two spaces) can be estimated up to an absolute constant, which
leads to sharp bounds on the integral. The general case seems to be considerably
more difficult.

6 Bernstein type of L, loss classes

The assumption which makes the proof of Theorem 4.3 (and analogous results)
possible, is that the class in question has a nontrivial Bernstein type. Thus, one
needs to check whether this condition holds for various classes of functions. As
stated before, if the target function T' belongs to the base class G then £,(G,T')
is a Bernstein class of type 1 with constant 1. If T ¢ G the situation is less
obvious. Recall that we are interested in base classes which consist of functions
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whose ranges are contained in [0, 1], that the range of T is also contained in
the same interval and that the p loss functional associated with the target T
is £,(g) = |T — g|P — |T — PgT|P, where PgT is the best approximation of T
in G with respect to the L,(p) norm. In general, the geometry of G and the
location of T' determine whether the loss class has a nontrivial Bernstein type
and influences the constants in a manner which will be specified below.

If the base class is convex the situation is simpler to handle, since the best
approximation map onto a convex set in a strictly convex and smooth space is
well defined and has a geometric interpretation. In particular if X = L,(p) for
1 < p < oo, then every target T will have a unique best approximation in G and
the loss class £,(G,T) has a nontrivial Bernstein type with a constant which
depends only on p and not on the underlying measure.

Theorem 6.1 [/1] Let 1 < p < oo and assume that G is a compact convex
subset of L,(p). If 2 < p < oo then for every f € L,(G,T),

E,f* < 4p*(E,f)*.

If1 <p <2 then
4p - 2P
1Eﬂf

E,.f? <

We shall present a proof in the case 1 < p < 2. The other case follows a
similar path.

We begin by bounding E, f? from above. For any 1 < p < oo and any
fELNGT),E,f2<p’E,l|g— P&T|?, which follows from the fact that ||? is
a Lipschitz function on [0, 1] with a constant p.

To bound E,, |g — P(;T\2 from above using E,, f, we use the uniform convexity
of L,(p). Recall that the modulus of convexity of L,(u) is given by d,(¢) =
1— (1= (g/2)7) ", while for 1 < p < 2, 5,(¢) > (p— 1)e2/2-27 [21, 22] (in fact
é1, is equivalent to cp,e? as € — 0).

The main observation required for the proof is based on a standard separa-
tion argument.

Lemma 6.2 Let X be a uniformly convezx, smooth Banach space with a modulus
of convexity dx and let G C X be compact and conver. Set T & G and put
d = |T — PcT||. Then, for every g € G,

lg = PT|| d
ox| ———— | <1-—,
< dg dg

Proof (of Theorem 6.1) We estimate ||g—PgT'||* from above by E,, f = db—dP.
Applying Lemma 6.2 to X = L,,

where dg = |T — g||.

2.2°
lg — PGT“2 < Edg(dg —d).
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Since G consists of functions into [0,1] and T takes valued in [0,1] then 0 <
d,dy < 1. Observe that forany 0 <y <z <1, z(z —y) < %(mp —yP), and by
selecting x = dy and y = d,

E.f* <p®lg— PeT|]* <

2p% - 2P 4p - 2P
1 daldy =) < ——TEuS.

Let us mention that our analysis does not pass smoothly to the nonconvex
case. To start with, one has a problem with the definition of the loss class,
because it is no longer true that every target has a unique best approximation
in G. Even if PgT a is well defined function, the geometric characterization of
the nearest point map is no longer valid. However, it is still possible to obtain
partial estimates on the Bernstein type of L5(G,T). To that end, we require

Lemma 6.3 [/9] Assume that there is some 0 < B < 1 such that for every
geiG

p
(PeT =T, PeT — g) < 5| PaT — g7, () (6.1)
Then Lo(G,T) is a Bernstein class of type 1 with a constant 16/(1 — (3).

In cases where T has a unique best approximation in G, one can find the
smallest value of (3 for which (6.1) holds, which leads to a bound on the constant
in the Bernstein type of the 2-loss class.

Without loss of generality, assume that G is a compact subset of Lo(p). De-
note by nup(G, u) the set of points with more than a unique best approximation
in G with respect to the La(p) norm. Suppose T € La(u) \ (GUnup(G, 1)), and
let

rau(T) =inf{|lg — PeT| : g € {\T — PcT) : A > 0} Nnup(G, i) }.

Intuitively, rg ., (T) = || faup — PaT|| where fuup is the point in nup(G, ) found
by extending a ray from PgT through T until reaching nup(G, ). One can
show that the smallest possible value of 3 is

T — P;T T — PaT
by | I_ | I
rG,u(T) | foup — PT||

Clearly, if G is convex then nup(G, p) is the empty set; hence for all T' €
Ly(p), 7a,u(T) = oo and B¢, (T) = 0, which is exactly the result obtained in
Theorem 6.1 - that £L5(G,T) has Bernstein type 1 with a constant 16.

The analysis of the Bernstein type of loss classes when the target has more
than a unique best approximation is incomplete. Moreover, the Bernstein type
of p-loss classes in the nonconvex case is far from being understood.

Let us point out that learning is inherently more difficult if the base class
G is nonconvex [35], in the sense that the best uniform upper bound on the
sample complexity that one can obtain (at least in the agnostic case) is Q(1/£?)
regardless of the “size” of the base class G.
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7 Classes of linear functionals

Here we investigate classes which seemingly have an easy structure - classes
which consist of linear functionals on a given domain. The simplest example we
consider is when the class G is the dual unit ball of some infinite dimensional
Banach space X, and the domain of the functionals is the unit ball Bx. Thus,

G={z":Bx =R | |z"| <1}.

It was shown in [19] that G is a uniform Glivenko-Cantelli class of functions if
and only if X has a nontrivial type. Actually, if X is infinite dimensional, the
exact asymptotic behavior of the combinatorial dimension of G is determined
by the Rademacher type of X. This follows from the next observation:

Lemma 7.1 {z1,...,2,} C By is e-shattered by Bx~ if and only if (z;)I—, are
linearly independent and e-dominate the {1 unit-vector basis, that is, for every
(a0)iy CR, e300 lai] < || 350, aiil|.

Using this lemma, it is possible to upper bound the combinatorial dimension of
Bx-~.

Theorem 7.2 [46] Let X be a Banach space. Then, for every e > 0,

M)p%ﬂ,

ve(Bx-, By, ) < ( -

where T,(X) is the Rademacher type p constant of X.

If X happens to be infinite dimensional, then this upper bound can be comple-
mented. This is due to the fact that if p* = sup{p|X has type p} then £}. is
finitely represented in X.

Theorem 7.3 [46] Let X be an infinite dimensional Banach space. Then
ve(Bx+, Bx,€) is finite for every € > 0 if and only if X has a nontrivial type.
In addition,
1y 71
(E) —1 SVC(BX*,BX,E).

A more general problem is when the domain of the class of functionals is not Bx
but some other convex symmetric set. Let K and L be two convex symmetric
bodies in R™ and consider elements of the polar body L° as functions on K using
the fixed inner product in R™. It turns out that computing the combinatorial
dimension ve(L°, K, €) in equivalent to a factorization problem. For every two
convex, symmetric sets K and L in R™ and every integer n < m, let ', (K, L) =
inf || A]| || B||, where the infimum is taken with respect to all subspaces of E C R™
of dimension n and all operators B : (E, || ||[Lng) — £¢, A : 7 — (E,| l|knE),
such that AB=1id: E — E.
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Lemma 7.4 [/6] For every integer n and any conver and symmetric sets K

and L,

1
TL(K.L) sup{e|FH{z1,...,z,} C K, e(LNE) C absconv(z1,...,z,)} (7.1)

where E = span{xy, ..., z, } and absconv(x1, ..., x,) is the symmetric convex hull

of {x1,...,xn}.

Thus, 1/T, (K, L) is the discrete inverse of ve(L°, K, ¢).

In [46] the factorization constants ', (B, By') were investigated. However,
from the Machine Learning perspective, the significant point is that one can
estimate the combinatorial dimension of classes of functions which can be viewed
as linear functionals on some domain. One such case is when the base class G is
the unit ball of some Sobolev space X which is embedded in C(£2). Hence, for
every g € G and every = € , g(x) = d,(g). If the point evaluation functionals
are uniformly bounded in X* (say by 1) then

M)#

ve(G, Q,e) < ve(Bxws, Bx«,e) < ( .

which is often tighter than results obtained by more direct approaches [40].

The next example, which plays a central role in modern Machine Learning,
has a similar flavor. Let Q be a compact set and set K : Q x Q@ — R to be
a positive definite, continuous function. Given a probability measure v on €2,
set T : Lo(v) — La(v) by (T f)(x) = [ K(x,y)f(y)dv(y). According to the
spectral Theorem, Tk has a diagonal representation, and denote by (d)n(x))zozl
the orthonormal basis and by (A;)$2; the non-increasing sequence of eigenvalues
corresponding to this diagonal representation. Mercer’s Theorem implies that
v x v almost surely,

and since K is continuous, then under mild assumptions on v this representation
of K holds for every z,y € Q.

Let Fi be the class consisting of all the functions of the form >~ a; K (z;, )
where x; €  and a; € R satisfy that ij.:l a;a; K(z;,z;) < 1.

There is extensive literature on learning algorithms based on the class F
and on similar classes (in which (a;)$2, satisfy slightly different constraints), all
called kernel classes [55, 13]. These are probably the most frequently used classes
in real-life applications such as optical character recognition, DNA sequence
analysis, Time Series Prediction and many more.

It is easy to see that Fx is the unit ball of the Hilbert space associated with
the kernel, called the reproducing kernel Hilbert space and denoted by H. An
alternative way to define the reproducing kernel Hilbert space which makes the
interpretation of Fx as a class of linear functionals clearer, is via the feature
map. Define ® : Q — (5 by ®(z) = (VAi¢s(x)),-,. Then,

Fi = {f(-) = (8,2()), |8l < 1}.
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In other words, the feature map is a way of embedding the space 2 in ¢5 and Fx
can be represented as the unit ball in the space. Each 3 € ¢ acts as a functional
on the image of the Q via the feature map, denoted by ®(€2), and in particular,
if By denotes the unit ball in ¢5 then ve(F, Q,e) = ve(Ba, (), ) for any £ > 0.
Using the volumetric methods of [46] it is possible to estimate the combinatorial
dimension of Fg and of other families of kernel classes. For Fx one can show
that if, for some measure with a strictly positive density, the eigenfunctions
of the integral operator Tk are uniformly bounded, then the combinatorial
dimension of the class can be bounded above in terms of the eigenvalues of Tk .
In general, it is possible to connect the fact that {1, ..., 2, } is e-shattered to the
eigenvalues of the Gram matrix (K (z;, xj))zjzl. However, spectral information

is not enough to determine the largest e for which {1, ..., 2,} is e-shattered by
Fg, and for that one needs to analyze the geometry of T'B}, where T is the
linear operator which maps the unit vectors e; to ®(x;).

Because of the relatively simple geometry of Fk, the Lo-localized aver-
ages associated with Fg can be computed exactly. Observe that the index
set H, = Fx N{f|E,f? < r} with respect to which the supremum is taken, is
an intersection of a ball and an ellipsoid, which makes the computation of the Lo
norm of sup ¢y I>or, eif(X;)| possible. Indeed, if £ and £’ are ellipsoids with
the same principal directions and axes (a;):2; and (b;)$2, respectively, then the
ellipsoid B whose axes are (min{a;,b;})$2, satisfies that B ¢ £ NE C /2B.
Therefore, one can replace the set £ N &’ indexing the Rademacher process by
B, losing only a multiplicative factor, and it is a straightforward exercise to
compute the Ly norm of the supremum of the process indexed by B. Next, one
shows that the Ly norm of sup ey | D07 €:f(X;)| is equivalent to its Ly norm,
which follows from concentration.

Theorem 7.5 [42] For every 1 < p < oo there is a constant ¢, for which the
following holds. Let F' C B(LOO(Q)), set p to be a probability measure on ) and
put 0% = SUPfep E,f2. If n satisfies that 0% > 1/n then
1
P) »

p (E sup Zeif(Xi) Zfif(Xi) Zfif(Xi>
fEF i=1 1=1

i=1

P\ ¥
< E sup < | Esup
fer |, — fEF "=

where (X;)_, are independent random variables distributed according to fi.

The upper bound is just Holder’s inequality. The condition on the op is
needed only for the lower bound, which is more delicate than the Kahane-
Khintchine inequality because of the additional randomness due to (X;)™ ;.

Combining these facts one can prove the following:

Corollary 7.6 [42] There are absolute constants C' and c such that if (A\;)52, is
the nondecreasing sequence of eigenvalues of the integral operator (Tk f)(x) =

[ K(z,y)f(y)du(y) and if Ay > 1/n, then for every r > 1/n,

Zé‘if(Xi)

i=1

1
2

~ imin{)\j, r}l

j=1

! E
— sup
VI {feF: B, f2<r}
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where (X;)2, are independent, distributed according to p.

It is evident that the localized averages depend on the underlying measure
14, since the spectrum of the integral operator may change dramatically when
the measure changes. Moreover, since the underlying measure is unknown it
is impossible to estimate the eigenvalues of the integral operator. This leads
to another question: is it possible to replace the eigenvalues of the integral
operator with those of the normalized Gram matrix (n™'K(X;, X j)):jzl? In
other words, is there a concentration of measure phenomenon for the eigenvalues
of n‘l(K(X,',Xj))ijl around those of Tx? A positive answer would enable

one to estimate the Lo-localized averages from empirical (and thus computable)
data.

There are some partial asymptotic results in that direction due to Koltchin-
skii and Giné [31, 32]. In our case, Tk is trace class (because K is continuous),
and for such operators they proved that the spectrum of (n’lK(Xi,Xj))ijl
converges almost surely (as sets) to the spectrum of the integral operator Tk.
There are few known results on the rate of convergence, and those are less than
satisfactory.

In a similar way one can bound the empirical local Rademacher averages,
ﬁEE SUP{fep: E,, f2<r} > 5Z-f(XZ-)’ where p, is the (random) empirical
measure supported on (Xi,...,X,), in which case the eigenvalues of the in-
tegral operator in Corollary 7.6 are replaced by the normalized eigenvalues of
the Gram matrix - making the iterative procedure presented in the previous
section feasible.

8 Concluding Remarks

Although this article focused in its entirety on the sample complexity problem,
we would like to end it by briefly mentioning several other questions which are
significant in Learning Theory and have a mathematical flavor.

Firstly, there is the question of the learning algorithm. Empirical minimiza-
tion is not the only possibility to attack the learning problem. Even if one
chooses empirical minimization, there is an algorithmic problem of finding an
almost minimizer, and the computational complexity of the algorithm has to be
estimated. Secondly, there is an issue of the degree of approximation; a solution
of the learning problem is a function which is almost the optimal in the class.
However, even the optimal can be “very far” from the target. This is a classical
tradeoff between large classes for which the approximation error is small for
many targets, but the sample complexity is huge, and small classes for which a
small sample is needed for the probabilistic construction but the approximation
error is very large. Balancing the statistical error and the approximation error
simultaneously can be achieved via model selection, in which a very large class
G is divided into an increasing family of classes G; such that (J;-; G; = G, and
one wants to find the “best class” from which the target 7" can be approximated.
A formulation similar in nature involves regularization. For example, if G is the
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entire reproducing kernel Hilbert space with norm || ||k then one can consider
(g) = (g—T)?+7||g|l - This loss functional balances the way g approximates
T on the sample and the “smoothness” of g, captured by ||g| -

All of the issues mentioned above and others that were not mentioned are
intriguing mathematically. Our hope is that this article would encourage more
mathematicians to investigate questions arising in this rapidly developing field,
boosting the theoretical side of Machine Learning.
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