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1 Introduction

In these notes our aim is to survey recent (and not so recent) results regarding
the mathematical foundations of learning theory. The focus in this article is on
the theoretical side and not on the applicative one; hence, we shall not present
examples which may be interesting from the practical point of view but have little
theoretical significance. This survey is far from being complete and it focuses on
problems the author finds interesting (an opinion which is not necessarily shared
by the majority of the learning community). Relevant books which present a
more evenly balanced approach are, for example [T, [, [34], [35]

The starting point of our discussion is the formulation of the learning prob-
lem. Consider a class G, consisting of real valued functions defined on a space {2,
and assume that each g € G maps 2 into [0, 1]. Let 7" be an unknown function,
T : 2 — [0,1] and set p to be an unknown probability measure on 2.

The data one receives are a finite sample (X;)_;, where (X;) are independent
random variables distributed according to u, and the values of the unknown
function on the sample (T(XZ-)):,L:l. The objective of the learner is to construct
a function in G which is almost the closest function to 7" in the set, with respect
to the La(u) norm. In other words, given € > 0, one seeks a function g9 € G
which satisfies that

IEu|90 - T|2 < inf Eu|g - T|2 +¢, (1)
geG

where E,, is the expectation with respect to the probability measure p. Of course,
this function has to be constructed according to the data at hand.

A mapping L is a learning rule if it maps every s, = ((Xi)?zl, (T(Xi))?zl)
to some Ly, € G. The measure of the effectiveness of the learning rule is “how
much data” it needs in order to produce an almost optimal function in the sense
of ([@).

The one learning rule which seems to be the most natural (and it is the one
we focus on throughout this article) is the loss minimization. For the sake of
simplicity, we assume that the Ls(x) minimal distance between T' and members
of G is attained at a point we denote by PgT, and define a new function class,
which is based on G and T in the following manner; for every g € G, let £(g) =
lg —T|* — |PgT — T|? and set L = {l(g)lg € G}. L is called the 2-loss class

* T would like to thank Jyrki Kivinen for his valuable comments, which improved this
manuscript considerably.
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2 S. Mendelson

associated with G and T, and there are obvious generalizations of this notion
when other norms are considered.

For every sample s, = (21, ...,2,) and € > 0, let g* € G be any function for
which

%Z(g*(m) —T(x;))* < inf 1

i=1 =1

(9(xs) — T(x:))" + . (2)

®
Q
3
-

Thus, any ¢* is an “almost minimizer” of the empirical distance between mem-
bers of G and the target T. To simplify the presentation, let us introduce a
notation we shall use throughout these notes. Given a set {z1,...,z,}, let u, be
the empirical measure supported on the set. In other words, p,, =n=* Y 0| d,,
where 0, is the point evaluation functional on the set {z;}. The Lo(u,,) norm is
defined as Hf||%2(#n) =n"tY" | f2(z;). Therefore, g* is defined as a function
which satisfies that

" 9 . 2
97 = Tlauey < BE N9 =Tk + 2

From the definition of the loss class it follows that E, ¢(¢g*) < e. Indeed, the
second term in every loss function is the same — |T'— PgT'|?, hence the infimum
is determined only by the first term |g — T|?. Thus,

E, ¢(¢*) < inf E, <e,
fim (g)_]}gL unf +e<e

since inf ree By, f < 0, simply by looking at f = ¢(PgT).

The question we wish to address is when such a function ¢(g*) will also be an
“almost minimizer” with respect to the original Ly norm. Since ||g — T'||,(,) >
|PcT — T||1,(y it follows that for every g € G, E,l(g) > 0. Therefore, our
question is when

El(9") < inf E l(g) +€=¢€? (3)
gea

Formally, we attempt to solve the following

Question 1. Fix € > 0, let s, be a sample and set g* to be a function which
satisfies (2). Does it mean that E,¢(g*) < 2¢7

Of course, it is too much to hope for that the answer is affirmative for any
given sample, or even for any “long enough” sample, because one can encounter
arbitrarily long samples that give misleading information on the behavior of
T. The hope is that an affirmative answer will be true with a relatively high
probability as the size of the sample increases. The tradeoff between the desired
accuracy €, the high probability required and the size of the sample is the main
question we wish to address.

Any attempt to approximate T" with respect to any measure other than the
measure according to which the sampling is made will not be successful. For
example, if one has two probability measures which are supported on disjoint
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sets, any data received by sampling according to one measure will be meaningless
when computing distances with respect to the other.

Another observation is that if the class G is “too large” it would be impos-
sible to construct any worthwhile approximating function using empirical data.
Indeed, assume that G consists of all the continuous functions on [0, 1] which
are bounded by 1, and for the sake of simplicity, assume that 7" is a Boolean
function and that p is the Lebesgue measure on [0,1]. By a standard density
argument, there are functions in G which are arbitrarily close to T" with respect
to the Lo(u) distance, hence inf e E, [T — g|*> = 0. On the other hand, for any
sample {(z;), (T'(z;))} of T and every € > 0 there is some g € G which coincides
with 7" on the sample, but E,|T — g|? > 1 — .

The problem one encounters in this example occurs because the class in
question is too large; even if one receives as data 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) 7" on the sample, but are very far apart.
In other words, if one wants an effective learning scheme, the structure of the
class should not be too rich, in the sense that additional empirical data (i.e. a
larger sample) decreases the number of class members which are “close” to the
target on the data. Hence, all the functions which the learning algorithm may
select become “closer” to the target as the size of the sample increases.

The two main approaches we focus on are outcomes of this line of reasoning.
Firstly, assume that one can ensure that when the sample size is large enough,
then with high probability, empirical means of members of £ are uniformly close
to the actual means (that is, with high probability every f € L satisfies that,
|[E.f — Eu, f| < e). In particular, if E, ¢(¢*) < e then E,¢(¢g*) < 2e. This
naturally leads us to the definition of Glivenko-Cantelli classes.

Definition 1. We say that a F is a uniform Glivenko-Cantelli class if for every
e >0,

1 n
lim sup PT{?UE‘EMf - Zf(XZ)
€ i=1

n—oo “w

ZE}ZO,

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

We use the term Glivenko-Cantelli classes and uniform Glivenko-Cantelli classes
interchangeably. The fact that the supremum is taken with respect to all prob-
ability measures p is important because one does not have apriori information
on the probability measure according to which the data is sampled.

This definition has a quantified version. For every 0 < €,§ < 1, let Sg(e,0)
be the first integer ng such that for every n > ng and any probability measure

M,

Pr{sup |B.f ~E,,f| 2} <3, ()
JeF

where y,, is the random empirical measure n=* > | dx;.
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SF is called the Glivenko-Cantelli sample complexity of the class F' with
accuracy ¢ and confidence 6.

Of course, the ability to control the means of every function within the class is
a very strong property, and is only a (loose!) sufficient condition which suffices to
ensure that g* is a “good approximation” of T'. In fact, all that we are interested
in is that this type of a condition holds for a function like £(¢g*) (i.e., an almost
minimizer of ¢(g) with respect to an empirical norm). Therefore, one would like
to estimate

supPr{ElfGL, ]E#nf<s,Eﬂfzzg}. (5)
m

Let Cg(g,0) be the first integer such that for every n > Cg(g,0) the term in
(B) 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, implying that our learning algorithm will be successful.

These notes are divided into two main parts. The first deals with Glivenko-
Cantelli classes, in which we present two different approaches to the analysis of
these classes. The first is based on a loose concentration result, and yields sub-
optimal complexity bounds, but is well known among members of the Machine
Learning community. The second is based on Talagrand’s concentration inequal-
ity for empirical processes, and using it we obtain sharp complexity bounds. All
our bounds are expressed in terms of parameters which measure the “richness”
or size of the given class. In particular, we focus on combinatorial parameters
(e.g. the VC dimension and the shattering dimension), the uniform entropy and
the random averages associated with the class, and investigate the connections
between the three notions of “size”. We show that the random averages capture
the “correct” notion of size, and lead to sharp complexity bounds.

In the second part of this article, we focus on (@) and show that under
mild structural conditions on the class G it is possible to improve the estimates
obtained using a Glivenko-Cantelli argument.

Notational conventions we shall use are that all absolute constants are de-
noted by ¢ and C. Their values may change from line to line, or even within the
same line. If X and Y are random variables, Ef(X,Y") denotes the expectation
with respect to both variables. The expectation with respect to X is denoted by
Exf(X,Y)= E(f(X7Y)|Y)

2 Glivenko-Cantelli Classes

In this section we study the properties of uniform Glivenko-Cantelli classes (uGC
classes for brevity), which are classes that satisfy (B) or (). We examine various
characterization theorems for uGC classes. The results which are relevant to the
problem of sample complexity estimates are presented in full. We assume that
the reader has some knowledge of the basic definitions in probability theory and
empirical processes theory. One can turn to [5] for a more detailed introduction,
or to [33] [§] for a complete and rigorous analysis.
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We start this section with a presentation of the classical approach, using
which sample complexity estimates for uGC classes were established in the past
[36, 2]. This approach has its own merit, though the estimates one obtains using
this method are suboptimal.

2.1 The Classical Approach

Let F be a class of functions whose range is contained in [—1,1]. We say that
(Zi)ier is a random process indexed by F if for every f € F and every i € I,
Z;(f) is a random variable. The process is called i.i.d. if the finite dimensional
marginal distributions (Zi(f1), ..., Z;(f)) are independent random vectord!

One example the reader should have in mind is the following random pro-
cess: let u be a probability measure on the domain {2 and let Xq,..., X, be
independent random variables distributed according to u. Set u, to be the
empirical measure supported on X, ..., X,, — which is n~! E?:l dx,. Hence,
ln 18 a random probability measure given by the average of point masses at
X;. Let Zi(-) = (6x, — p)(+), where the last equation should be interpreted as
Zi(f) = f(X;) —E,(f) for every f € F. Note that 71, ..., Z, is an i.i.d. process
with 0 mean (since for every f € F, EZ;(f) = 0). Moreover,

sup | ;Zi(f)l = sup | ;(f(Xi) —E.f)l,

which is exactly the random variable we are interested in.

Our strategy is based on the following idea, which, for the sake of simplicity, is
explained for the trivial class consisting of a single element. We wish to measure
“how close” empirical means are to the actual mean. If empirical means are
close to the actual one with high probability, then two random empirical means
should be “close” to each other. Thus, if (X]) is an independent copy of (X;),
then the probability that | >, (f(X;) — f(X/))| > z should be an indication
of the probability of deviation of the empirical means from the actual one. By
symmetry, for every ¢, Y; = f(X;)— f(X]) is distributed as —Y;. Hence, for every
selection of signs ¢;,

n

Pr{li ) = fXD| = 0} = P[> ei(r(X0) - 1(XD) 2 2} (6)

=1

Now, consider (g;)_, as independent Rademacher (that is, symmetric {—1,1}-
valued) random variables, and (@) still holds, where Pr on the right hand side
now denotes the product measure generated by (X;), (X/) and (g;). By the
triangle inequality, and since X; and X are identically distributed,

! Throughout these notes we are going to omit all the measurability issues one should
address in a completely rigorous exposition.
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PrY A% - 06D 2 7}
<PH([Sar 0] > 5+ Pri(S e > 5)
fQPT{}Zel ES

Thus, Pr{|>_" & f(X;)] > 2/2} could be the right quantity to control the
deviation we require.

Since this is far from being rigorous, one has to make the above reasoning
precise. There are two main issues that need to be resolved; firstly, can this kind
of a result be true for a “rich” class of functions, consisting of more than a single
function, and secondly, how can one control the probability of deviation even
after this “symmetrization” argument?

The symmetrization procedure. The following symmetrization argument,
due to Giné and Zinn [9], is the first step in the “classical” approach.

Theorem 1. Let (Z;)_; be an i.i.d. stochastic process which has 0 mean, and
for every 1 <i<m, set h; : ' — R to be an arbitrary function. Then, for every
x>0

(1—ﬁsupvar(Zl(f)))Pr{SUMZZ Dl >;1c}

2
L7 fer rer o

<2Pr{sup|2€l i( 1(f))\ > %}a

fer 4

where (g;)1, are independent Rademacher random variables.

Before proving this theorem, let us consider its implications for “our” empirical
process. Fix a probability measure p according to which the sampling is made.
Then, Z;(f) = f(X;)—E,f and put h;(f) = —E,, f. Also, set v? = sup e p var(f),
and note that if # > 2v/2y/nv then 1 — 2% sup ;. var(Z1(f)) > 1/2. Therefore,
for such a value of z,

Pr{sup|z #f)|>x}<4Pr{;up|Zel )| > = } (7)

ferl

Now, fix any € > 0 and let x = ne. If n > 8@2/52 then

Pr{?ggi;ﬂX #f\>6}<4Pr{sup|Z€Z \>%} (8)

In particular, if each function in F' maps §2 into [—1, 1] then v? < 1. Thus, (8)
holds for any n > 8/¢2.
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Proof (Theorem [d). Let W; be an independent copy of Z; and fix x > 0.
Denote by Pz (resp. Py) the probability measure associated with the pro-
cess (Z;) (vesp. (W;)). Put B = infrep Pr{|> i, Z:(f)| < x/2} and let
A= {supscp | iy Zi(f)| > x}. For every element in A there is a realization of
the process Z; and some f € F such that | Y. | Z;(f)| > x. Fix this realization
and f and observe that by the triangle inequality, if | > ; Wi(f)| < /2 then
‘Z?Zl (Zi(f) - Wl(f))’ > x/2. Since (W;)_, is a copy of (Z;)_; then

n n n

o< Pl | Wil < 5 ) < B{I W) - X2 > 5
< PW{;ggiwxf) - izm >

Since the two extreme sides of this inequality are independent of the specific
selection of f, this inequality holds on the set A. Integrating with respect to Z
on A it follows that

6PZ{]scup\ZZ |>x}<PZPW{J§1€1p|Z —Wl(f))|>g}

i=1

Clearly, Z; — W; has the same distribution as W; — Z; = —(Z; — W;), implying
that for every selection of signs (g;)1; € {—1,1}", 3" | (Z; — W;) has the same
distribution as Y., £;(Z; — W;). Hence,

PZPW{sup|Z )= Wi(f)| > f}

fer 2

—PP (s Y (4 - WD) > 5}

fer 4

n

=E.PyPi{sup| 3 e (Z() - WD)l > 5}

where E. denotes the expectation with respect to the Rademacher random vari-
ables (¢;)_;. By the triangle inequality, for every selection of functions h; and
every fixed realization (g;)1 ,

PZPW{?IEII; | ZEi(Zi(f) - Wi(f)] > g}

n

<2Pz{sup | 3 =i (Z:(0) ~ hi(h)| > 3}
e =

and by Fubini’s Theorem
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£, (P2 {sun |3 (2D — (D)) > 2 e

fer
= Pr{ilelg | ZEi(Zi(f) —hi(f))] > g}

i=1

Finally, to estimate 3, note that by Chebyshev’s inequality

Pr{I30 201> 5} < var(21(£)),

for every f € F, and thus, 8 > 1 — (4n/x?)sup ;e p var(Z1(f)).

After establishing (8], the next step is to transform a very rich class to a trivial
class, consisting of a single function, and then estimate Pr{‘ S Ezf(l'z)’ >z}
We show that one can effectively replace the (possibly) infinite class F with a
finite set which approximates the original class in some sense. The “richness” of
the class F' will be reflected by the cardinality of the finite approximating set.
This approximation scheme is commonly used in many areas of mathematics,
and the main notion behind it is called covering numbers.

Covering numbers and complexity estimates. Let (Y, d) be a metric space
and set FF C Y. For every € > 0, denote by N(e, F,d) the minimum number
of open balls (with respect to the metric d) needed to cover F. That is, the
minimum cardinality of a set {y1,...,ym} C Y with the property that every
f € F has is some y; such that d(f,y;) < e. The set {y1,...,ym} is called an
e-cover of F. The logarithm of the covering number is called the entropy of the
set.

We investigate metrics endowed by samples; for every sample {z1,...,z,}
let 1, be the empirical measure supported on that sample. For 1 < p < oo

and a function f, put ||fHL,,(un) = (n*1 Z?:l |f(:ri)|p)1/p and set ||f|loo =
maxi<;<n |f(2;)]. Recall that N (g, F, L,(u,)) is the covering number of F at
scale ¢ with respect to the L,(u,) norm.

Two observations we require are the following. Firstly, if n = >0 | f(@;)] > ¢
and if ||f — gl|z, (u,) < t/2 then

n

1 - 1 "
g|;g(:€i)|zgz m1|——Z|fxl x2)|>§

Secondly, for every empirical measure p, and every 1 < p < oo, ||f[l1,(u,) <
1112y Gen) < WL se (i) - Hence,

N(E,F7 Ll(un)) < N(E,F, Lp(un)) < N(E,F7 LOO(,un)).

In a similar fashion to the notion of covering numbers one can define the packing
numbers of a class. Roughly speaking, a packing number is the maximal cardi-
nality of a subset of F' with the property that the distance between any two of
its members is “large”.
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Definition 2. Let (X,d) be a metric space. We say that K C X is e-separated
with respect to the metric d if for every ky,ke € K, d(k1,ke) > €.

Given a set F' C X, define its e-packing number as the maximal cardinality of a
subset of F' which is e-separated, and denote it by D(e, F, d).

It is easy to see that the covering numbers and the packing numbers are
closely related. Indeed, assume that K C F' is a maximal e-separated subset.
By the maximality, for every f € F there is some k € K for which d(z, k) < ¢,
which shows that N(e, F,d) < D(e, F,d). On the other hand, let {y1, ..., ym } be
an £/2 cover of F and assume that fi,..., fx is a maximal e-separated subset
of F. In every ball {y|d(y,y;) < e/2} there is at most a single element of the
packing (by the triangle inequality, the diameter of this ball is smaller than ¢).
Since this is true for any cover of F' then D(e, F,d) < N(¢/2, F,d).

Our discussion will rely heavily on covering and packing numbers. We can
now combine the symmetrization argument with the notion of covering numbers
and obtain the required complexity estimates.

Theorem 2. Let F be a class of functions which map 2 into [—1,1] and set p
to be a probability measure on (2. Let (X;)2, be independent random variables
distributed according to p. For every e > 0 and any n > 8/¢2,

1 € _ne?
Pr{;gg I ;f(Xi) ~Euf| > ¢} <4E, [N (5, Fs Lapn)) Je™ 5,

where p, is the (random) empirical measure supported on {Xi,..., Xn}.

One additional preliminary result we need before proceeding with the proof will
enable us to handle the “trivial” case of classes consisting of a single function.
This case follows from Hoeflding’s inequality [11} B3]

Theorem 3. Let (a;)?_, € R™ and let (¢;)_; be independent Rademacher ran-
dom variables (that is, symmetric {—1,1}-valued). Then,

n

2 2

Pr{| 3 ziai] > w} < 2em3e /el
i=1

where ||all, = (37 a2)1/2.

i=1%
In our case, (a;)_; is going to be the values of the function f on a fixed sample
{z1, ...z}

Proof (Theorem[3). Let A = {sup;cp | > 7 i f(X;)| > %}, and denote by x4
the characteristic function of A. By Fubini’s Theorem,

n

Pr(A) = E,(EcxalX1, ..., X,) = E, (Pr{?lelg 1Y e > X Xn)

=1
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Fix a realization of X3, ..., X, and let u, be the empirical measure supported
on that realization. Set G to be an €/8 cover of F with respect to the L (u,)
norm. Since F' consists of functions which are bounded by 1, we can assume that
the same holds for every g € G. If sup ;e p | Y2, €:f(X;)| > ne/4, there is some
f € F for which this inequality holds. G is an e/8-cover of F' with respect to
the L1 (p,,), hence, there is some g € G which satisfies that n=* Y"1 | | f(X;) —
9(X3)| < /8. Therefore, sup,eq | Yo €ig(X;)| > ne/8, implying that for that
realization of (X;),

n
Pr{;ug|26¢f( \>—}<Pr{5up|26zg |>n—€}
eF =1

Applying the union bound, Hoeffding’s inequality and the fact that for every
9€G, 3 9(x:)* <,

Pr{suplzelg |>—}<|G|Pr{|zelg X > )

ne?

< N(g,F,Ll(,un))efﬁ.

Finally, our claim follows from (@) and (§).

Unfortunately, it might be very difficult to compute the expectation of the cov-
ering numbers. Thus, one natural thing to do is to introduce uniform entropy
numbers.

Definition 3. For every class F, 1 <p < oo and € > 0, let

Np(s,R n) = supN(E, F, Lp(,un)),

Hn

and

N, (e, F) = supsup N (e, F, Ly (1))

n. Hn

We call log Ny(e, F) the uniform entropy numbers of F with respect to the
LP(Mn)'

The only hope for establishing non-trivial uniform entropy bounds is when
the covering numbers do not depend on the cardinality of the set on which
the empirical measure is supported. In some sense, this implies that classes for
which one can obtain uniform entropy bounds must be “small”. As we will show
in sections to come, one can establish such dimension-free bounds in terms of
the combinatorial parameters which are used to “measure” the size of a class of
functions.

The following result seems to be a weaker version of the theorem, but in the
sequel we prove that it is a necessary condition for the uniform GC property as
well.
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Theorem 4. Assume that F is a class of functions which are all bounded by 1.
If there is some 1 < p < 00 such that for every e > 0 the entropy numbers satisfy
lim log Np(e, F,n)

n—00 n

:O’

then F is a uniform Glivenko-Cantelli class.

An easy observation is that it is possible to bound the Glivenko-Cantelli
sample complexity using the uniform entropy numbers of the class.

Theorem 5. Let F be a class of functions which map 2 into [—1,1]. Then for
every 0 <e,6 <1,

1 n
sup Pr< sup |— X;)—E >ep <9,
w {fegln;f( )—E.fl >}

provided that n > %(log Ni(e, F) +1og(2/6)), where C is an absolute constant.

In particular, if the uniform entropy is of power type ¢ (that is, log Ny(e, F) =
O(e7%)), then the uGC sample complexity is (up to logarithmic factors in §=1)
O(e~2+9),

As an example, assume that F' is the 2-loss class associated with G and T.
In this case, the L, entropy numbers of the loss class can be controlled by those
of G.

Lemma 1. Let G be a class of functions whose range is contained in [0,1] and
assume that the same holds for T. If L is the 2-loss class associated with G and
T, then for every e > 0, every 1 < p < oo and every probability measure p,

N(57£’aLp(M)> < N(%Gv[’p(ﬂ))-

Proof. Since L is a shift of the class (G — T)?, and since covering numbers of a
shifted class are the same as those of the original one (a shift is an isometry with
respect to the L, norm), it is enough to estimate the covering numbers of the
class (G —T)?. Let {y1,...,ym} be an e-cover of G'in Ly (u). If |lg —yillz, () < &
then pointwise

lg—T1* = yi — TP =g — il - lg +vi — 27| < 4]g — wi.

Hence, [|lg = T1> = lyi = TP|IL, () < 4llg — villL, ) < 4e.

Corollary 1. Using the notation of the previous theorem, for everyQ < e,§ <1,
128
S (g,6) < ?(log Ni(e/4,G) +1og(8/9))

The natural question which comes to mind is how to estimate the uniform
entropy numbers of a class. Historically, this was the reason for the introduction
of several combinatorial parameters. We will show that by using them one can
control the uniform entropy.
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2.2 Combinatorial Parameters and Covering Numbers

The first combinatorial parameter was introduced by Vapnik and Chervonenkis
[36] to control the empirical Lo, entropy of Boolean classes of functions.

Definition 4. Let F be a class of {0, 1}-valued functions on a space 2. We say
that F shatters {x1,...,x,} C £2, if for every I C {1,...,n} there is a function
f1 € F for which fr(x;) =1 ifi €I and fr(x;) =0 ifi & I. Let

VC(F,2) = sup{|A| ‘A C §2, A is shattered by F}

VC(F,2) is called the VC dimension of F, but when the underlying space is
clear we denote it by VC(F).

The VC dimension has a geometric interpretation. A set s, = {z1,.,2,} is
shattered if the set {(f(x1),..., f(zn))|f € F} is the combinatorial cube {0,1}".
For every sample o denote by P, F the coordinate projection of F,

PoF = {(f(x), .| f€F).

Hence, the VC dimension is the largest cardinality of o C 2 such that P, F' is
the combinatorial cube of dimension |o]|.

Next, we present bounds on the empirical Lo, and Ly uniform entropy esti-
mate using the VC dimension.

Uniform entropy and the VC dimension. We begin with the L., estimates
mainly for historical reasons. The following lemma, known as the Sauer-Shelah
Lemma, was proved independently at least three times, by Sauer [28], Shelah
[29] and Vapnik and Chervonenkis [36].

Lemma 2. Let F' be a class of Boolean functions and set d = VC(F'). Then,
for every finite subset o C {2 of cardinality n > d,

= (3

In particular, for every e > 0, N(e, F LOO(O')> <|P,F| < (en/d)d.

Using the Sauer-Shelah Lemma, one can characterize the uniform Glivenko-
Cantelli property of a class of Boolean functions in terms of the VC dimension.

Theorem 6. Let F' be a class of Boolean functions. Then F is a uniform
Glivenko-Cantelli class if and only if it has a finite VC dimension.

Proof. Assume that VC(F') = co and fix an integer d > 2. There is a set o C {2,
|o| = d such that P,F = {0,1}%, and let ;1 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’
be the empirical measure supported on A. Since there is some f4 € F which is
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L on A and vanishes on 0\A then [E,fa —E,afa| = |1l —n/d| > 1/2. Hence,
sup re p [Eya f — Euf| > 1/2. Therefore, Pr{sup;cp [E,, f —E.f| > 1/2} =1
for any n < d/2, and since d can be made arbitrarily large, F' is not a uniform
GC class.

To prove the converse, recall that for every 0 < ¢ < 1 and every empir-
ical measure p,, supported on the sample s,, N (&, F, Loo(sy)) < |Ps, F| <

(en/ d)d. Since the empirical L, entropy is bounded by the empirical L, one,
log N1(g, F,n) < dlog(en/d). Thus, for every € > 0, log N1(g, F,n) = o(n), im-
plying that F' is a uniform GC class.

In a similar fashion one can characterize the uGC property for Boolean classes
using the L, entropy numbers.

Corollary 2. Let F be a class of Boolean functions. Then, F is a uniform
Glivenko-Cantelli class if and only if for every 1 < p < oo and every € > 0,
log N, (e, F,n) = o(n).

Proof. Fix any 1 < p < oo. If for every € > 0 log Ny,(e, F,n) = o(n), then by
Theorem 2] F' is a uGC class. Conversely, if F' is a uGC class then it has a finite
VC dimension. Denote VC(F) = d, let o be a sample of cardinality n and set
Ltn to be the empirical measure supported on o. For every e > 0and 1 < p < o0

log N (¢, F, Ly (tn)) < log N (¢, F, Loo(0)) < log |P, F| < dlog(%) = o(n).

There is some hope that with respect to a “weaker” norm, one will be able to
obtain uniform entropy estimates (which can not be derived from the L., bounds
presented here), that would lead to improved complexity bounds. Although the
uGC property is characterized by the entropy with respect to any L, norm (and
in that sense, the Lo, one is as good as any other L, norm), from the quantitative
point of view, it is much more desirable to obtain L, or L, entropy estimates,
which will prove to be considerably smaller than the L., ones.

Therefore, the next order of business is to estimate the uniform entropy of
a VC class with respect to empirical L, norms. This result is due to Dudley [7]
and it is based on a combination of an extraction principle and the Sauer-Shelah
Lemma. The probabilistic extraction argument simply states that if K C F is
“well separated” in L (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 (which depends of the cardinality of K) on which every two
points in K are different on at least one coordinate.

Theorem 7. There is an absolute constant C' such that the following holds. Let
F be a class of Boolean functions and assume that VC(F') = d. Then, for every
1<p<oo, and every 0 < e < 1,

Nyle. F) < ((enios 2) (1)
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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 — g7 o) = =f- QHLI(M)
Let pn, = n='>" 6, and fix 0 < & < 1. Set K. to be any e-separated
subset of F' with respect to the Lj(u,) norm and denote its cardinality by D.
IV ={fi— fi|fi # f; € K.} then every v € V has at least ne coordinates
which belong to {—1,1}. Indeed, since K, is e-separated then for any v € V'

1 n
e < lloyuay = I1fi = fillzaun) = - > 1filan) = fi)] Z |v(z1)
=1

and for every 1 <1 <n, |v(z;)| = | fi(x;) — f;(x1)] € {0,1}. In addition, it is easy
to see that |V| < D?.

Take (X;)!_; to be independent {1, ..., 2, }-valued random variables, such
that for every 1 <i <tand 1 <j <n, Pr(X; = z;) = 1/n. It follows that for
anyv eV,

t
Pr{Vz’, o(X;) = 0} =T Pr{vcx) =0} < (1 -2
=1
Hence,
Pr{EIv eV, Vi, v(X;) = o} < V|1 —e)t < D2(1—e).
Therefore,
Pr{Vv €V, Ji, 1<i<t|u(X;) = 1} >1- D1 -¢),

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

P K| = [{(F(@0) ¢, |F € K} =

Select t = @ which suffices to ensure the existence of such a set o. Clearly,
we can assume that ¢ > d, otherwise, our claim follows immediately. By the
Sauer-Shelah Lemma,

2elog D)
de '

1P K < [P, F| < (A7) = ¢

. (10)

It is easy to see that if @ > 1 and alog™ o < 3 then
o < [Blog(eflog B).
Applying this to (IQ),
2¢? 2
log D < dlog(— log( e))

as claimed.
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This result was strengthened by Haussler in [10] in a very difficult proof, which
removed the superfluous logarithmic factor.

Theorem 8. There is an absolute constant C such that for every Boolean class
F,any1 <p < oo and everye > 0, Ny(e, F) < Cd(4e)?cPe, where VC(F) = d.

The significance of Theorem [7] and Theorem B]is that they provide uniform L,
entropy estimates for VC classes, while the L., estimates are not dimension-free.
These uniform entropy bounds play a very important role in our discussion. In
particular, they can be used to obtain uGC complexity estimated for VC classes,
using Theorem

Theorem 9. There is an absolute constant C' for which the following holds. Let
F be a class of Boolean functions which has a finite VC' dimension d. Then, for
every 0 <e,0 <1,

1 n
supPr{sup|f f(X;)—E f|26}§5,
W feF n; !

provided that n > & (dlog(2/e) + log(2/9)).

Using the same reasoning and by Lemma [0 it is possible to prove analogous
results when F' is the 2-loss class associated with a VC class and an arbitrary
target 7" which maps {2 into [0, 1].

Generalized combinatorial parameters. After obtaining covering results
(and generalization bounds) in the Boolean case, we attempt to extend our
analysis to classes of real-valued functions. We focus on classes which consist of
uniformly bounded functions, though it is possible to obtain some results in a
slightly more general scenario [33]. Hence, throughout this section F' will denote
a class of functions which map (2 into [—1,1].

The path we take here is very similar to the one we used for VC classes.
Firstly, one has to define a combinatorial parameter which measures the “size”
of the class.

Definition 5. For every ¢ > 0, a set 0 = {x1,....,x,} C 2 is said to be e-
shattered by F if there is some function s : 0 — R, such that for every I C
{1,...,n} there is some fr € F for which fr(z;) > s(z;) +¢ if i € I, and
fr(x;) <s(z;)—eifi g I. Let

fat. (F) = sup{\a| ’a C {2, o is e—shattered by F}
fr is called the shattering function of the set I and the set {s(x;)|z; € o} is

called a witness to the e-shattering.

The first bounds on the empirical Lo, covering numbers in terms of the fat-
shattering dimension was established in [2], where is was shown that F' is a uGC
class if and only if it has a finite fat-shattering dimension for every €. The proof
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that if F' is a uGC it has a finite fat-shattering dimension for every ¢ follows from
a similar argument to the one used in the VC case. For the converse one requires
empirical L, entropy estimates combined with Theorem [l Dimension-free L,
entropy results for 1 < p < oo in terms of the fat-shattering dimension were first
proved in [I8]. Both these results were improved in [2I] and then in [22]. The
proofs of all the results mentioned here are very difficult, and go beyond the
scope of these notes. The second part of the following claim is due to Vershynin
(still unpublished). Let us denote by B(Leo(£2)) the unit ball in Lo (£2).

Theorem 10. There are absolute constants K and c and constants Ky, ¢, which
depend only on p for which the following holds: for every F' C B(LOO(Q)), every
sample s, every 1 < p < oo and any 0 < e < 1,

2\ Kpfate, . (F)
N(e, F, Ly(u)) < ( )

b

€

and, for any 0 < <1,

log N(a, F, Loo(sn)) < K -fates. (F) 10g1+6 (%),
The significance of these entropy estimates goes far beyond learning theory. They
are essential in solving highly non-trivial problems in convex geometry and in
empirical processes [22] 25] 311 [32].
Using the bounds on the uniform entropy numbers and Theorem [2], one can
establish the following sample complexity estimates.

Theorem 11. There is an absolute constant C' such that for every class F C
B(LOO(Q)) and every 0 < e,0 < 1,

1 n
supPr{sup |— Zf(Xi) —E,f| > e’:‘} <9,
H fer M i=1

provided that

n > g(fatE/S(F) . log(§> + log(§)>.

Unfortunately, the VC dimension and the fat-shattering dimension have be-
come the central issue in machine learning literature. One must remember that
the combinatorial parameters were introduced as a way to estimate the uniform
entropy numbers. In fact, they seem to be the wrong parameters to measure the
complexity of learning problems. Ironically, they have a considerable geometric
significance as many results indicate.

To sum-up the results we have presented so far, it is possible to obtain uGC
sample complexity estimates via symmetrization, a covering argument and Ho-
effding’s inequality. The combinatorial parameters are used only to estimate
the covering numbers one needs. One point in which a slight improvement can
be made, is by replacing Hoeffding’s inequality with inequalities of a similar
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nature, (e.g. Bernstein’s inequality or Bennett’s inequality [33]) in which addi-
tional data on the moments of the random variables is used to obtain tighter
deviation bounds. However, this does not resolve the main problem in this line
of argumentation - that passing to an e-cover and applying the union bound is
horribly loose. To solve this problem one needs a stronger deviation inequal-
ity for a supremum over a family of functions and not just a single one. This
“functional” inequality is the subject of the next section and we show it yields
tighter complexity bounds.

2.3 Talagrand’s Inequality
Let us begin by recalling Bernstein’s inequality [17, [33].

Theorem 12. Let u be a probability measure on §2 and let X1, ..., X,, be indepen-
dent random variables distributed according to p. Given a function f : 2 — R,

set Z =" f(X;), let b= f|loc and put v=E(>7_, f3(X;)). Then,
22
Pr{|Z —E,Z| > z} < 2 20+te73)

This deviation result is tighter than Hoeffding’s inequality because one has addi-
tional data on the variance of the random variable Z, which leads to potentially
sharper bounds. It has been a long standing open question whether a simi-
lar result can be obtained when replacing Z by sup e | i (f(Xs) — E,.f)|.
This “functional” inequality was first established by Talagrand [32], and later
was modified and partially improved by Ledoux [14], Massart [I7], Rio [27] and
Bousquet [3].

Theorem 13. [I7] Let v be a probability measure on 2 and let X1, ..., X, be
independent random variables distributed according to p. Given a class of func-
tions F, set Z = supscp | Yoy (f(Xi) — Euf)|, let b = supsep || flloo and put
0% = supsep iy var(f(X;)). Then, 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

Z <2EZ + C(ov/x + bx). (11)

Observe that if F' consists of functions which are bounded by 1 then b =1 and

ne?

o < v/n. If we select x = ne? /4C? then with probability larger than 1 — e~ 102,

1 & 3e
sup |— —E < 2E sup |— X;)—E + —
p| Zf uf| fegln;f( )~ Eufl+

fer N

This equation holds with probability larger than 1 — § provided that n >
(4C? /%) log 5.

It follows that the dominating term in the complexity estimate is the ex-
pectation of the random variable Z. Again, the notion of symmetrization will
come to our rescue in the attempt to estimate EZ. Let us define the (global)
Rademacher averages associated with a class of functions.



18 S. Mendelson

Definition 6. Let u be a probability measure on 2 and set F to be a class of
uniformly bounded functions. For every integer n, let

1 n
R, (F)=E,E.— sup g f(X
(F) = By | Y
where (X;)_, are independent random variables distributed according to p and

(e;)_, are independent Rademacher random variables.

The reason for the seemingly strange normalization (of 1/4/n instead of 1/n) will
become evident in the next section. Now, we can prove an “averaged” version of
the symmetrization result:

Theorem 14. Let i be a probability measure and set F to be a class of functions
on {2. Denote

1 n
Z=sup|=3 f(Xi)—Euf],
fer N ; !
where (X;)"_, are independent variables distributed according to u. Then,

E, Z<2R n(F) < 4E Z—|—2|bupEﬂf| E. FZ@

f i=1

Proof. Let Y1, ..., Y, be an independent copy of X1, ..., X,,. Then,

1 n
Ex ?lelgfﬁ ;f(Xi) —Ey f|
n

1 — 1
=Ex ;ggyg ;f(xi) —Eyf—Ey (=) f() —Eyf)|=(1).

i=1

Conditioning (1) with respect to X1, ..., X,, and then applying Jensen’s inequality
with respect to Ey and Fubini’s Theorem, it follows that

1 n n 1 n
(1) < ~ExEy ;gg\; F(X0) — ;f(Yi)\ = ~ExEy ;ggli;a(f(&) — f)l,

where the latter inequality holds for every (e;)?, € {—1,1}". Therefore, it
also holds when taking the expectation with respect to the Rademacher random
variables (g;)7_ ;. By the triangle inequality,

! <2 iy - 2Ba(F)
—ExEyE. ;gg\zsz X;) f(n))‘gnEXEE;Eg‘iz:;Ezf(Xl)‘_ N
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To prove the upper bound, the starting point is the triangle inequality which
yields

1 n

“EvE f(X

~Ex 5816112|Z<51f(

< LExE. ;“pwzez X0) ~ Euf)| + [sup Euf] - . 23l

EF i=1

To estimate the first term, let (Z;) be the stochastic process defined by Z;(f) =
f(X;) — E,f and let W; be an independent copy of (Z;). For every f € F,
EW;(f) = 0, thus,

ExE. ;gp|251 X; —]E#f)| :]EZIEE;1612|ZEZ-Z1(]‘)

_EEZ;EE|Z€1 i(f) —EwWi(f))|.

For every realization of the Rademacher random variables (g;)7; and by Jensen’s
inequality conditioned with respect to the Z;,

E, ;22’; ei(Zi(f) —EwWi(f))| < EzEw Sgg‘g&(@(f) —Wi(f))

which is invariant for under any selection of signs ¢;. Therefore,

EEZ?EII;IZ& io(f) = EwWi(f))|SEzEw;IEJL;\Z(Zi(f)—Wi(f))\

<2E Z
Z?‘é}'@';

This result implies that the expectation of the deviation of the empirical

means from the actual ones is controlled by R, (F')/v/n. Therefore, we can for-
mulate the following

Corollary 3. Let p be a probability measure on {2, set F' C B(LOO(Q)) and put
0% = supsep iy var(f(X;)), where (X;) are independent random variables
distributed according to . Then, 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

supl 3 00) ~Euf] < T+ T ). (12

In particular, there is an absolute constant C' such that if
C
> — R%(F),1
n max{ og 5}

then Pr{sup;ep |+ >0, f(XZ) —E.f| > ¢} <6.
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After establishing that the random averages control the uGC sample com-
plexity, the natural question is how to estimate them. In particular, it is in-
teresting to estimate them using the covering numbers and the combinatorial
parameters which we investigated in previous sections.

2.4 Random Averages, Combinatorial Parameters, and Covering
Numbers

In this section we present several ways in which one can bound the Rademacher
averages associated with a class F. First we present structural results, which
enable one to compute the averages of complicated classes using those of simple
ones. Next, we give an example of a case in which the averages can be computed
directly. Finally, we show how estimates on the empirical entropy of a class can
be used to bound the random averages.

Structural results. The following theorem summarizes some of the properties
of the Rademacher averages we shall use. The difficulty of the proofs of the
different observations varies considerably. Some of the claims are straightforward
while others are very deep facts. Most of the results are true when replacing the
Rademacher random variables with independent standard Gaussian ones (with
very similar proofs), but we shall not present the analogous result in the Gaussian
case.

Theorem 15. Let F' and G be classes of real-valued functions on (£2, ). Then,
for every integer n,

1. If F C G, R.(F) < R,(G).

2. R,(F) = Ry(conv F') = Ry, (absconvF), where conv(F) is the conver hull of
F and absconv(F') = conv(F U —F) is the symmetric convex hull of F.

3. For every c € R, R,(cF) = |c|Rn(F).

4. If  : R — R is a Lipschitz function with a constant Ly and satisfies ¢(0) =
0, then R, (¢ o F) < 2LyR,,(F), where ¢ o F = {¢(f(-))|f € F}.

5. For every 1 < p < oo, there is a constant ¢, which depend only on p, such
that for every {z1,...,xn} C §2,

]E Sup|Z€l (z4) %gEgsup|Z€if(:ri){
feF 4

feF
E ;gg|2€z x;) 7.

"ﬁ

6. For any function h € Ly(u), Ru(F +h) < Rn(F)+ (E,h?)2, where F +h =
{f+h|feF}.

7. For every 1 < p < oo there is an absolute constant c, for which
-~ 1 ~ 1
p(Esup|Zaif(Xi)}p)p gEsup|Zsif( )| < Esup|26 FXHP) 7,
fer fer i

provided that sup e B, f > 1/n.
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Proof. Parts [[] and [3] are immediate from the definitions. To see part [2, ob-

serve that R, (F) < Ry(conv(F)) < Ry, (absconv(F)). To prove the reverse

inequality, note that H = absconv(F') is symmetric and convex. Hence, for ev-
. . n

ery sample x1,...,x, and any realization of (;)j;, suppeqc| >, €ih(z)| =

SUPpege Dimy Eih(xi). Every h € 3 is given by 331", A;f; where 3270 [\ = 1,

and thus,

n

Z& x;) = Zx\jzfifj(l“i) < sup ‘ Zfif(xi)’
i=1 j=1 =1 fer 5

Hence, the supremum with respect to F' and to H coincide.

Part @] is called the contraction inequality, and is due to Ledoux and Tala-
grand [15] Corollary 3.17].

Part [ is the Kahane-Khintchine inequality [24]. As for part [ note that for
every sample 1, ..., Tp,

]Esup‘ZEl (i) + h(x;))| < Ee sup‘Zsf&:l|+E|Zez z;)| = (%).

fer fe i=1

By Khintchine’s inequality for the second term and the fact that (g;)7_, are
independent,
n n 1
() < Ecsup | Z&‘f(fﬂi)‘ + (Z h(z)) 2.
fer o5 i=1
Normalizing by 1/4/n, taking the expectation with respect to x and by Jensen’s
inequality,

R, (F + h) < R,(F) + (E,h?)?

Finally, part [lfollows from a concentration argument which will be presented
in appendix B2

Remark 1. A significant fact we do not use but feel can not go unmentioned
is that the Gaussian averages and the Rademacher averages are closely con-
nected. Indeed, one can show (see, e.g. [24]) that there are absolute constants ¢
and C' which satisfy that for every class F, every integer n and any realization

{z1,....,zn}

E. sup | ;5if(zi)| <E. sup | ;gif(rm)l < CE. sup | ;sif(xm -logn,

where (g;)7_; are independent standard Gaussian random variables.

When one tries to estimate the random averages, the first and most natural
approach is to try and compute them directly. There are very few cases in which
such an attempt would be successful, and the one we chose to present is the case
of kernel classes.
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Example: Kernel Classes. Assume that {2 is a compact set and let K :
2 x 2 — R be a positive definite, continuous function. Let p be a probability
measure on (2, and consider the integral operator Tk : La(u) — Lao(u) given
by (TKf) (z) = [ K(z,y)f(y)du(y). By Mercer’s Theorem, Tk has a diago-
nal representation, that is, there exists a complete, orthonormal basis of La(u),
which is denoted by (¢n(x))zozl, and a non-increasing sequence of eigenval-
ues (A\,)$2; which satisfy that for every sequence (a,) € lo, Tr (> ey Gntn) =
Yoo | pAn @y Under certain mild assumptions on the measure p, Mercer’s The-
orem implies that for every x,y € 2,

Let F be the class consisting of all the functions of the form Y " a; K (z;,)
for every m € NU{co}, every (x;)", € £2™ and every sequence (a;)", for which
E;iljzl aiajK(aci, l‘j) < 1.

One can show that Fx is the unit ball of a Hilbert space associated with the
integral operator, called the reproducing kernel Hilbert space, and we denote it
by H. In fact, the unit ball of 3 is simply \/Tx [B(L2(n))], which is the image
of the La(p) unit ball by the operator which maps ¢; to v/A;¢;. An important
property of the inner product in H is that for every f € K, <f, K(x, )>}c = f(z).

An alternative way to define the reproducing kernel Hilbert space is via the
feature map. Let @ : £2 — {5 be defined by @(x) = (\/)Tz@(at))zl Then,

Fie = {f() = {B.D(-)), | 18]l < 1}.

Observe that for every z,y € 2, <Q3(:1:), ¢(y)>:}c = K(z,y).
Let us compute the Rademacher averages of F with respect to the proba-
bility measure pu.

Theorem 16. Assume that the largest eigenvalue of Tk satisfies that Ay > 1/n.
Then, for every such integer n,

where (A;)$2, are the eigenvalues of the integral operator Tk arranged in a non
increasing order, C,c are absolute constants and Fy is the unit ball in the re-
producing kernel Hilbert space.

Remark 2. As the proof we present reveals, the upper bound on R, (Fk) is true
even without the assumption on the largest eigenvalue of Tk .

Before proving the claim, we require the following lemma:

Lemma 3. Let Fx be the unit ball of the reproducing kernel Hilbert space H
associated with the kernel K. For every sample s, = {x1,...,x,} let (ez(Sn))Z;l
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be the singular values of the operator T : R™ — H defined by Te; = K(x;,-).
Then,

n

2 2

5— bup’i eif(x;) :E ;.
Vi g i=1
1=

feFr 325

Proof. By the reproducing kernel property,

Esup|zefxz _E, sup<z<sz 2 ), gl

€Fk =1
2
S
Since F is the unit ball in H then
E. sup |<Z eiTes, f > = Ee ZEiTei”gC‘
Felfe 5 =1

Thus,

n n n n
E. sup | eif(x)] =B Y eiTe|5 = S ITeil3 = > 62(s0),
feFK i=1 i=1 =1 i=1

proving our claim.

Proof (Theorem[18). Firstly, it is easy to see that there exists some f € F
for which E,f? > 1/n. Indeed, f = Tx¢1 = VAi¢p1 € H satisfies that
E,f* = A\ > 1/n. Thus, using part [7] of Theorem [[5] R, (Fk) is equivalent

_ 2y1/2
to n =12 (Esupsep, | Sy eif (Xi)]7) /
ing its notation,

1 . 1O
EE}L(EE JSCIGH; | ;Ezf(Xz)|2|X17 7Xn) = ]E,ug ;922(377,)

. Applying the previous lemma and us-

By the definition of the operator T, (9 (s n))n:1 are the eigenvalues of T*T, and
it is easy to see that T*T = (K (z;, x]))?jzl. Therefore,

Z 07 (sn) = te(T*T) = Z K(wi, ).
=1 =1
Hence,
1 1 <&
By (E. wp\zgf )| X0, s Xon) :EM(ZZK(X“X))
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To conclude the proof, one has to take the expectation with respect to p and
recall that

E,K(Xi, X;) HZAM => )
j=1

Corollary 4. Let (§2, 1) be a probability space, set Fi to be the unit ball in the
reproducing kernel Hilbert space and put tr(K) =Y .o A;. Let T € B(LOO(Q))
and denote by L the loss class associated with Fx and T. Then, there is an
absolute constant C such that

1 n
Pr{;lelg \g;f(Xi) ~E.f| >} <4,

provided that n > E% max{1 + tr(K), log %}

Proof. The proof follows immediately from Corollary Bland the estimates on the
Rademacher averages of F. Indeed, by Theorem [IH]

Ry(L) =R, ((Fx = T)? — (Pp T —T)?) < AR, (Fx —T) + || Pr, T — T2
1

< 4(Rn(Fg) 4+ C|T||ls) + 1

where C' is an absolute constant.

Entropy and averages. Unfortunately, in the vast majority of cases, it is next
to impossible to compute the random averages directly. Thus, one has to resort
to alternative routes to estimate the random averages, especially from above —
since this is the direction one needs for sample complexity upper bounds. We
show that it is possible to bound the Rademacher and Gaussian averages using
the empirical Lo entropy of the class. This follows from results due to Dudley
[6] and Sudakov [30]. Originally, the bounds were established from Gaussian
processes, and later they were extended to the sub-gaussian setup [8] B3], which
includes Rademacher processes.

Theorem 17. There are absolute constants C' and c for which the following
holds. For any integer n, any sample {x1,...,x,} and every class F,

1
log? N (e, F, Ly(pn)) < E o (i
csupelog? (e.F, La(un)) < ;1611;|Z€ ;)

< C/ 10g% N(€7F7 LQ(/’[’TL))d‘ev
0

where (., 1s the empirical measure supported on the sample.

This result implies that if the class is relatively small, then its Rademacher
averages are uniformly bounded.
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Corollary 5. There is an absolute constant C such that for every Boolean class
F with VC(F) = d and every integer n, R, (F) < CVd.

Proof. Since F is a Boolean class, all of its members are bounded by 1. Thus,
for every ¢ > 1 only a single ball of radius ¢ is needed to cover F. Using the
uniform Ly entropy bound in Theorem []it follows that for every integer n and
every empirical measure fi,,

log N (e, F, La(pn)) < Cdlog(1/e),
and the claim is evident from Theorem [T7

In a similar way one can show that if F¥ C B (LOO(Q)) has a polynomial fat-
shattering dimension with exponent strictly less than 2, it has uniformly bounded
Rademacher averages. This is true because one can obtain a uniform Ls-entropy
bound for which the entropy integral converges. It is less obvious what can be
done if the entropy integral diverges, in which case Theorem [T does not apply.

To handle this case, we present a stronger version of Dudley’s entropy bound,
which will be formulated for Gaussian random variables.

Lemma 4. [18] Let p,, be an empirical measure supported on {x1,...,x,} C {2,
put F C B(Loo(£2)) and set (g)32, to be a monotone sequence decreasing to
0 such that g = 1. Then, there is an absolute constant C' such that for every
integer N,

n N
1 1
%]E Jsclelg | ;%Jc(ﬂ%)} < C};&k—1 log? N (ek, F, La(pn)) + 2enn?,

where (g;)1"_, are standard Gaussian random variables. In particular,

n N
1 1/2 1,2 1
—_E (@) < CY epafatl/y(F)logh (=) +2eam. (13
7 igglggf(x)l_ ;ek ifate, o (F)log? (=) +2enn (13)
The latter part of Lemma [4 follows from its first part and Theorem [10] Before
presenting the proof of Lemmal] we require the following lemma, which is based
on the classical inequality due to Slepian [26], [§].

Lemma 5. Let (Z;)., be Gaussian random variables (i.e., Z; = > i1 @i gj
where (g;)_, are independent standard Gaussian random variables). Then, there
is some absolute constant C' such that Esup; Z; < C'sup, ; || Z; — Zjl|, log% N.

Proof (Lemma[f]). We may assume that F is symmetric and contains 0. The
proof in the non-symmetric case follows the same path.

Let p, be an empirical measure supported on {z1,...,z,}. For every f € F,
let Z; =n~Y23°" | gif(xi), where (g;)7_, are independent standard Gaussian
random variables on the probability space (Y, P). Set Zg = {Z¢|f € F} and
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define V' : Lo(un) — L2(Y, P) by V(f) = Zy. Since V is an isometry for which
V(F) = ZF then

N(E,F, Lg(un)) = N(E7ZF7L2(P)).

Let (1), be a monotone sequence decreasing to 0 such that eg = 1 and set
Hj C Zs to be a 2¢y, cover of Zp. Thus, for every k € N and every Z; € Zp
there is some Z}“ € Hy such that || Z; — ZJ’EHQ < 2y, and we select Z9 = 0.

Writing Zp = S5, (25 — Z§~') + Zp — ZV it follows that
N
Esup Z; < Esup(Zk — Z5Y 4+ Esup(Z; — Z).
ek f kZ:l feF( f f ) fe&"( f f )

By the definition of Z J’? and Lemma [ there is an absolute constant C' for which

Esup(Zf — Z§~") <Esup{Z; — Z;|Zi € Hy, Z; € Hy_1, || Zi — Zj|, < 4ek—1}
feF

1
<Csup||Z; — Zj||,log? |Hy| [Hy—1]
i,
<Cey_1log? N(ep, F, La(ptn)) -
Since Z}V € Zr, there is some f’ € F such that Z}V = Z. Hence,

<Z<W)2> =1Zf — Zp|l, < 2en,

i=1

which implies that for every f € F and every y € Y,

ng(y)‘ <2epn (i gf(y))% .

n

Zs(y) = 27 ()] <

i=1

N

Therefore, Esup e p(Zf — Z}V) < ENE<Z?:1 9'2)

i = 2en+/n, and the claim
follows.

Using this result it is possible to estimate the Rademacher averages of classes
with a polynomial fat-shattering dimension.

Theorem 18. Let F C B(L(2)) and assume that there is some v > 1 such
that for any € > 0, fat.(F') < ve~P. Then, there are absolute constants C,, which
depends only on p, such that

1 if0<p<2
R,(F) < Cpy? { log®*n ifp=2
néfilog%n ifp> 2.
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Proof. Let p,, be an empirical measure on (2. If p < 2 then by Theorem [10),

[N

o0 1
/ log? N(s,F, LQ(Mn))d{f < Cpy
0

and the bound follows from the upper bound in Theorem [I7.
Assume that p > 2 and, using the notation of Lemma ] select ¢, = 27% and

N = p~log,(n/log,(n)). By (I3),
2
=

N
R, (F) < Cp’y% 25,1;5 log% + 2enn?

k=1

N
< C,ﬁ% Z VE2FED L onz Ty,
k=1

If p = 2, the sum is bounded by
CpyP N < Cpytlog??n,
whereas is p > 2 it is bounded by Cp’y%n%7% log% n.

These bounds on R,, are “worst case” bounds, since they hold for any empirical
measure. In fact, the underlying measure p plays no part in the bounds. Using
a geometric interpretation of the fat-shattering dimension, it is possible to show
that the “worst case” bounds we established are tight (up to the exact power of
the logarithm), in the sense that if fat.(F') = 2(¢~?) for p > 2, then for every
integer n there will be a sample {x1, ..., x,} for which

1 = 1
—E,. sup gif(x;)| >cen2" 7,
N EfEF‘; of @i

where c is an absolute constant. Since this is not the main issue we wish to
address in these notes, we refer the interested reader to [1§].

The complexity bounds that one obtains using Corollary Bl and Theorem [I8]
are a significant improvement to the ones obtained via Theorem [[1l Indeed, the
sample complexity estimate obtained there was that if fat.(F') = O(¢~P) then

1 2 2
Sr(e,6) = O(EZTP : (logg + log 5))

Using Talagrand’s inequality, we obtain a sharper bound:

Theorem 19. Let F C B(Lx(£2)) and assume that fat.(F) < ~e P. Then,
there is a constant C,, which depends only on p, such that

1 1 1
Sr(g,0) < C, max{g—p, = log 5}

if p# 2. If p= 2 there is an additional logarithmic factor in é
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We were able to obtain this improved result is because we removed the major
looseness—the union bound in the “classical” argument. But this is not the
end of the story.... There is still one additional source of sub-optimality; as we
said in the introduction, using the uGC property only yields upper bounds to
the quantity we wish to explore — the learning sample complexity. In the next
section, we use very similar methods to the ones used here and obtain even
tighter bounds.

3 Learning Sample Complexity

After bounding the uGC sample complexity using Corollary [3 and establishing
bounds on the Rademacher averages, we now turn to the alternative approach
which will prove to yield tighter learning sample complexity bounds.
Recall that the question we wish to answer is how to ensure that an “almost
minimizer” of the empirical loss will be close to the minimum of the actual loss.
Thus, our aim is to bound

Pr{3f e L, Zf ) <e/2,E,f >el. (14)

To that end, we need to impose an important structural assumption on the class
at hand.

Assumption 1 Assume that there is an absolute constant B such that for every
feF,E,f?<BE,f.

Though this assumption seems restrictive, it turns out that it holds in all the
cases we are interested in.

Lemma 6. Let F' C B(LOO(Q)) satisfying assumption[d. Fiz € > 0 and define
H= { ]feF E.f > ¢, E f* > e}, (15)

and set
F.={f e F|E.f? <e}, H.={he H|E,h? < Be}.
Then

Pr{3f € F, Zf ) <e/2, E,f >e} <
Pr{ sup [E, f —E,, f| > f} —l—Pr{ sup |[E ,h —E,, k| > E}
feF. 2 heH. 2
In particular, for every 0 < § <1,

e < max{r, (5.3).50 (5. 5))
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Proof. Denote by fi,, the random empirical measure n=! >""  §x,. Then,

Pr{3feF K, f<e/2, E.f >¢} <
Pr{3feF E,f>¢c E,f*<e, E, f<e/2}+
Pr{3feF, E,f>¢, E,f>>¢, E,, f <e/2}
= (1) +(2).

IfE,f>cthenE,f > L(E,f +¢) > 3E,f +E,, f. Therefore, [E,f —E,, f| >
iE,.f > €/2, hence,

)+ @) < Pr{3f € F B, <e, [Buf ~Ep f12 5

+Pr{3feF E,f >e, E,f?>¢, [E.f —E,, f| > %E#f}
=3)+ 4).

The first term is bounded by Pr{supfeFE |E,, f—E,.f| > ¢/2}. Asfor the second,
assume that [E,, f —E,f| > (E.f)/2 and that E,f > €. Then, h = ¢f/E, f
satisfies that |E, h —E,h| > £/2 and since E,, f? < B(E, f) then

2
19
E,h? < B—— < Be.
H Epf

Therefore, (4) < Pr{3h € H, |E, h—E,h| >¢/2}.
To simplify this estimate, we require the following definition:

Definition 7. Let X be a normed space and let A C X. We say that A is star-
shaped with center x if for every a € A the interval [a,z] = {tz + (1 — t)a|0 <
t <1} C A. Given A and z, denote by star(A,x) the union of all the intervals
[a, ], where a € A.

It is easy to see that each element h € H is given by ayf, where 0 < ay < 1.
Thus, H C star(F,0) and obviously F' C star(F,0). Therefore,

1 n
Pri3feF, —> f(Xi) <¢/2,E.f>e} < (16)
=1
2Pr{§|h € star(F,0), E,h% < Be, [E h—E, h| > %}.

This implies that the question of obtaining sample complexity estimates may
be reduced to a GC deviation problem for a class which is the intersection of
star(F,0) with an Lo(p) ball, centered at 0 with radius proportional to the
square-root of the required deviation. Combining this with Corollary Bl yields
the following fundamental result:
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Theorem 20. Let F C B(Lo(2)) and assume that assumption [1 holds. Set
H = star(F,0) and for every e > 0 let H. = H N {h : E,h* < e}. Then, for
every 0 <e,6 <1,

1 n
— i) < > <
Pr{af eF, - ;f(Xz) <¢/2, B f > g} <3,
provided that

R2(H.) Blog?2
nZC’max{%7 Zg‘s}.

The proof of this theorem follows immediately from ([2)) in Corollary

Theorem shows that the important quantity which governs the learning
sample complexity is the “localized” Rademacher average R,,(H.), assuming, of
course, that assumption [I holds.

Before presenting bounds on the localized Rademacher averages of some
classes, let us comment on assumption [I Assumption [ clearly holds for 2-
loss classes if the target function is a member of the original class G, since in
that case, PgT = T, and every loss function is nonnegative and bounded by
4. The situation when 7" ¢ G is much more difficult. One can show that if
G C B(Lx(£2)) is convex and T € B(Loo(£2)), then for every probability mea-
sure p and every 2-loss function f, E, f? < 16E,, f [16] [[9]. In fact, it is possible
to obtain results of a similar flavor for ¢-loss classes, where the “usual” exponent
2 is replaced with some g > 2 (see [19]). Even the convexity assumption can be
relaxed in the following sense; if G C Lo(p) is not convex, then there will be
functions which have more than a single best approximation in G. The set of
functions which do not have a unique best approximation in G is denoted by
nup(G, 1) and it clearly depends on the probability measure u, because a change
of measure generates a different way of measuring distances. One can show ([23])
that given a measure p and a target T & nup(G, u), the 2-loss class L satisfies
that E, f2 < BE, f for every f € L. The constant B will depend on “how far”
T is from nup(G, p). Thus, the complexity bounds one obtains in this case are
both target and measure dependent.

For the sake of simplicity, in all the cases we shall be interested in we impose
the assumption that either T' € G, or that G is convex. In both these cases, a
selection of B = 16 suffices to ensure that assumption [[l holds.

3.1 Localized Random Averages

In an analogous way to what we did in Section [Z4)], we present two paths one can
take when computing the random averages. For the direct approach we present
the example of kernel classes. The second approach, which may be used in the
vast majority of examples is to apply uniform entropy estimates.
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Localized averages of kernel classes. Here, we present a direct tight bound
on the localized Rademacher averages of F in terms of the eigenvalues of the
integral operator Tk . It is important to note that the underlying measure in the
definition of R,, and of Tk has to be the same, which emphasizes the difficulty
from the learning theoretic viewpoint, since one does not have a priori knowledge
on the underlying measure.

Theorem 21. 20/ There are absolute constants ¢ and C' for which the following
holds. Let K be a kernel and set y to be a probability measure on £2. If (X\;)$2, are
the eigenvalues of the integral operator Tk (with respect to pu) and if Ay > 1/n,
then for every e > 1/n,

C(Z min{\;, E})% <

Jj=1

SR p | e (0] < (Y i),

Jj=1

where F. = {f € Fi, E,f? <&}

Remark 3. The upper bound in Theorem BI]holds even without the assumptions
on A1 and ¢, and this is the direction we require for sample complexity bounds.
The assumption is imposed only to enable one to obtain matching upper and
lower bounds.

Proof. Let Re = supscp, |Z?=1 slf(Xz)| Just as in the proof of Theorem [I6]
there is some f € Fg for which E, f2 > 1/n. Hence, there will be some 0 < t < 1
for which fi = tf € F. and E,ff > 1/n. Thus, sup;cp. E,f? > 1/n and by
Theorem [[5} part [[] ER, is equivalent to (ER2)'/2.

We can assume that /5 is the reproducing kernel Hilbert space and recall
that Fx = {f(-) = (8,9(:))| |B8], < 1}, where & is the kernel feature map. By
Setting B(e) = {f|E,f? < e} it follows that f € Fg is also in B(e) if and only
if its representing vector § satisfies that Y .-, 57\; < e. Hence, in /5,

F.=FxNBe)={81)_B <1, ) BN <e}
i=1 i=1

Let & C ¢5 be defined as {3|> 2, u;f? < 1}, where p; = (min{1,e/X;})~" and
note that

& C Fx N B(e) C V2€.
Therefore, one can replace F. by & in the computation of R,(F:), losing a

factor of v/2 at the most. Finally, let (e;)?2, be the standard basis in 5. By the
definition of & it follows that for every v € f5,

> 1
up(3 " yBics o) = (v, 0)?.
pet i
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Hence, it is evident that
n o a1
Esup|<ﬂ7Zsj@<Xj>>|2:Esup|<2\/miei,2 )2 Zsmz ei)|?
pee o pee o iz Hi
— A - A Ai
=B, Y “E () e;6i(X;)" =E, > SeiX;) = nz -,
o1 P j=1 i,j Hi o1 P

which proves our claim.

As an example, consider the case where the eigenvalues of T are \; ~ 1/iP, for
some p > 1. It is easy to see that in that case, R, (F.) < Ce'/271/%, Therefore
if T' € Fi, then according to Theorem 20 the learning sample complexity (When
the sampling is done with respect to the measure pu!) is

C(g,0) = O(max{ ! M})

gltl/p’ ¢

Using the Entropy. The previous section is somewhat misleading since the
reader might develop the feeling that computing localized averages directly is
a winning strategy. Unfortunately, even if the geometry of the original class is
well behaved and enables direct computation, the problem becomes considerably
harder in the localized case. In the latter, one has to take into account the
intersection body of the original class and an Ls(u) ball. Thus, in most cases
one has no choice but to resort to indirect methods, like entropy based bounds.

Theorem [I7 may be used to compute the localized version of the Rademacher
averages in the following manner; let Y be a random variable which measures
the empirical radius of the class, which is Y/ = (sup;cpn= Y1 f2(X;))1/2
Given a sample (1, ...,x,) and any ¢ > Y2(x1,...,2,), only a single ball is
needed to cover the entire class. Hence,

n }/1/2(I1,...7 n) 1
— if(x)| < C log2 N (e, F, Ly (1)) de.
ol S <o | o8 (e, P L))

Taking the expectation with respect to the sample it follows that there is an
absolute constant C' such that for every class F,

\/? 1
R,(F) < CE / log? N (e, F, Ly(pn))de.
0

where Y = sup ;e pn= ' 30 f2(X).

Of course, the information we have is not on the random variable Y, but
rather on 0% = sup rer By f2. Fortunately, it is possible to connect the two, as
the following result which is due to Talagrand [32], shows.

Lemma 7. Let F C B(Loo(£2)) and set 0, = supscp B, f2. Then,

E bupi ) <not +8VnR,(F)

fEFz 1



A Few Notes on Statistical Learning Theory 33

Using this fact, it turns out that if one has data on the uniform entropy, one can
estimate the localized Rademacher averages. As an example, consider the case
when the entropy is logarithmic in 1/e.

Lemma 8. Let F' C B(Loo(£2)) and set 07 = sup e B, f2. Assume that there
arey>1,d>1 and p > 1 such that

log Na(e, F) < dlogp(g)

Then, there is a constant C), ., which depend only on p and vy for which

d 1
R, (F )<Cp7max{710g — \[O’Flogz a}

Before proving the lemma, we require the next result:

Lemma 9. For every 0 < p < oo and v > 1, there is some constant c, , such
that for every 0 <z < 1,

/ log? fds< 2x log? pv
0 X

and z'/?log? 2> s increasing and concave in (0, 10).

The first part of the proof follows from the fact that both terms are equal at
xz = 0, but for an appropriate constant ¢, ~, the derivative of the function on
left-hand side is smaller than that of the function on the right-hand one. The
second part is evident by differentiation.

P'r()of (Lemma, ) Set Y = n! SUPsep ZZL:I f2(Xz) By Theorem m there is
an absolute constant C' such that

1 n VY o
JEe sup| ;sif(m <c /0 log? N (&, F, L (1)) de

oo,
< C\/g/ log? gda
0

By Lemma [0 there is a constant ¢, such that for every 0 < z <1,

p
2

/ log2 fds < 2zlog
0

and v(z) = \/Elogp/Q(cpﬁ/x) is increasing and concave in (0, 10).
Since Y <1,

IE sup|26f <C’ \/leogg Y
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and since 0% + 8R,,//n < 9, then by Jensen’s inequality, Lemma[7 and the fact
that v is increasing in (0, 10),

Therefore,

R, (F) < Cp Vd(oF + Bn(F)

and our claim follows from a straightforward computation.

In a similar manner one can show that if that there are v and p < 2 such that

Y
log Na(e, F') < >

then
R, (F) < Cp4 max{nfé%,aj;%}, (17)
and if
Y 22
log Na(e, F) < — log™ —
ep €
then
_12-p 3 2 1-2 2
R, (F) <Cpn max{n 22%r log” —, 0, ? log—}, (18)
ofp or

where 0 =4/(2+p).

Let FF C B(LOO(.Q)) and set F, = {f € F|Ililﬂf2 < 5}. Since F. C F then its
entropy must be smaller than that of F'. Therefore, all the estimates above hold
for F. when one replaces 0% by .

The next step is to connect the entropy of the original class G to that of F' =
star(£,0). Let us recall that the uniform entropy for the loss class is controlled
by that of G (see Lemma [I). Hence, all that remains is to see whether taking
the star-shaped hull of £ with 0 increases the entropy by much.

Lemma 10. Let X be a normed space and let A C B(X) be totally bounded
(i.e., has a compact closure). Then, for any ||z|| < 1 and every e > 0,

log N(2s, star(A, x)) < logg + log N(s, A).
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Proof. Fix € > 0 and let yi, ..., yx be an e-cover of A. Note that for any a € A
and any z € [a,z] there is some 2’ € [y;, z] such that |2’ — z|| < . Hence, an
e-cover of the union U [y, 2] is a 2e-cover for star(A,z). Since for every i,
lz — vi]] < 2, then each interval may be covered by 2e~! balls of radius ¢ and
our claim follows.

Corollary 6. Assume that G consists of functions which map {2 into [0,1] and
that the same holds for T'. Then, for any e,p > 0,

log N (p, Fz) < log Na(p/8,G) + log(4/p),
where F, = {f € star(£,0)|EHf2 < 5}.

This result yields sample complexity estimates when one has estimates on
the Lo entropy of the class (which can be obtained using the combinatorial
parameters or other methods). The case we present here is when the class has a
polynomial uniform entropy.

Theorem 22. Let G C B(LOO(Q)) be a convex class of functions and assume
that No(e,G) < ye™P for some 0 < p < 0o. Set T € B(Los(£2)) and put L to be
the loss class associated with G and T'. Then,

Pr{EIf cL, %if(x,-) <eE.f> 25} <3,
i=1

provided that

nZC(p,’y)m&x{(é)Hg,w} if 0 <p<2,

and

n > C(p,7) max{(é)p, M} if p> 2.

Proof. Let F = star(L,0) and set F. = {f € F|Euf2 < €}. Applying Theorem
[[8lit follows that for every integer n, every e > 0 and any p > 2,

Ru(F.) < R,(F) < Cpn® 7.
To estimate the localized averages for 0 < p < 2, one uses the previous corollary

and (7). Both parts of the theorem are now immediate from Theorem 20

3.2 The Iterative Scheme

The biggest downside in our analysis is the fact that the localized Rademacher
averages are very hard to compute, and it almost impossible to estimate them
using the empirical data one receives. If fact, all the results presented here were
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based on some kind of an a-priori data on the learning problem we had to face;
for example, we imposed assumptions on the growth rates of the uniform entropy
of the class.

It is highly desirable to obtain estimates which are data-dependent. This
could be done if we had the ability to replace the Lo(u) ball in the definition of
the localized averages by the empirical ball {f € F|n’1 A < 5}

Koltchinskii and Panchenko [12] have introduced a computable iterative
scheme which enabled them to replace the “actual” ball by an empirical one
for a random sequence of radii rp = r¢(X1, ..., X;,). In some cases, this method
proved to be an effective way of bounding the localized averages. In fact, when
one has some “global” data (e.g. uniform entropy bounds), the iterative scheme
gives the same asymptotic bounds as the ones obtained using the entropic ap-
proach. To this day, there is no proof that the iterative scheme always converges
to the “correct” value of the localized averages. Even more so, the question of
when is it possible to replace the La(p) ball by an empirical ball remains open.
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4 Appendix: Concentration of Measure and Rademacher
Averages

In this section we prove that all the L, norms of the Rademacher averages of a
class are equivalent, as long as the class is not contained in a “very small” ball.

Theorem 23. For every 1 < p < oo there is a constant c, for which the follow-
ing holds. Let F be a class of functions, set p to be a probability measure on {2
and put 0% = SUpfep E,f?. If n satisfies that 0% > 1/n then

Esup|> e f(X0) P < Esup|> i (X0)] < (Bsup| > e (X0[)
e ;gg!;d( )17 < ;gggef( )] < ( ;gggfﬂ DK

where (X;)"_, are independent random variables distributed according to p and
the expectation is taken with respect to the product measure associated with the
Rademacher variables and the variables X;.

The proof of this theorem is based on the fact that sup,cp | > i, & f(X5)| is
highly concentrated around its mean value, with an exponential tail. The first
step in the proof is to show that if one can establish such an exponential tail for
a class of functions, then all the L, norms are equivalent on the class. In fact,
we prove a little more:

Lemma 11. Let G be a class of nonnegative functions which satisfies that there
is some constant co such that for every g € G and every integer m,

Pr{lg—Eg| > mEg} < 2e ™.

Then, for every 0 < p < oo there are constants ¢, and Cp, which depend only on
p and cg, such that for every g € G,

cp(Eg?)» < Eg < Cy(Eg?)7.
Proof. Fix some 0 < p < oo and g € G, and set a = Eg. Clearly,
(oo}
Eg” = E¢”x{g<a} + Z Eg”X {(m+1)a<g<(m+2)a}-
m=0
By the exponential tail of g, Pr{g > (m+ 1)a} < 2e %™ and thus
Eg? < aP + 2a” Z (m + 2)Pe= 0™
m=0

proving that c,(Eg?)/? < Eg.
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To prove the upper bound, set h,, = Egx{g>ma}- We will show that there is
a constant C' > 1 which depends only on ¢y, with the property that for every
m > C, hy, < (Eg)/2. Indeed,

° 0o
hm = Z EgX{na§g<(n+1)a} < 2a Z (n + 1)@

n=m n=m

which is a tail of a converging series that does not depend on the choice of g.
Thus, for a sufficiently large m our assertion holds.
Set A = {g < a/4}, and observe that

a
< Egx(g<ca} = Egxa + EgX{a/acg<ca} < ZPT(A) + Ca(l — Pr(A)).

VS

It follows that Pr(A°) > 1/(4C — 1) and thus,

1
4C -1

Eg? > EgPxac > (Z)p : = CpaP,

as claimed.

Before we continue with our discussion, let us observe that the exponential tail
assumption can be slightly relaxed. In fact, all that we need is that the proba-
bility that g is much larger than its expectation must decay rapidly, uniformly
in g.

Now, we can show that for any class of functions F, R, (F') may be bounded
from below by op.

Lemma 12. There is an absolute constant ¢ such that if F' C B(LOO(Q)) then
R, (F) > cop, provided that c% > 1/n.

Proof. By the assumption on o, there is some f € F for which 0} = E, f* >
1/n. Applying the Kahane-Khintchine’s inequality, there is an absolute constant
¢ such that for every 1, ..., x,

1

E. sup’ZsZ ;)| > c(Ee Sup|§:sfacZ %2 ZfQ (z:))?
fEF

(in fact ¢ = 1/+/2 will suffice, as shown in [13]). Hence,

-

Ry (F) 2 B, *IZP ).

Define g(Xi,...,X,) = n~t>." | f?(X;) and since f is bounded by 1 then
Eg? < O’?. By Bernstein’s inequality (Theorem [2)) and selecting « = nmE, g for
some integer m,

7L2m2(]E“g)2

PT{|g . Eugl > mEug} < 26_Ca§n+nmtﬁw ]
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But since E,g = UJ% then the exponent is of the order of nmaj%, and because
naj% > 1 then there is an absolute constant ¢ such that

Pr{lg—E.g| > mE,g} < 2"

Using the previous lemma for p = 1/2 it follows that there are absolute constants
c and C such that ¢(E,g'/?)2 <E,g < C(E,g"/?)?. Thus,

n

= C(%Eu ZfQ(Xi))% = coy,

=1

N|=

(E.g?) > ¢(E,g)

as claimed.

Proof. Theorem[23] First, note that the upper bound holds, by applying Holder’s
inequality. As for the lower bound, denote by E the expectation with respect to
the product measure v™ = (¢ x p)™ and set

H=n""2sup|) ef(X))

Instead of applying Bernstein’s inequality, we will use its functional version ([ITJ),
for the random variable

Z = Sup|z€if(Xz‘) _Ez5if(Xi)’ =+/nH.
fer i i=1

Using the notation of Theorem [[3] 02 = no2, and with probability larger than
1—e™7,

1 - 1 - x
— sup g f(X;)| < 2E—— sup e f(X)|+Clopvo + —=
Vi 12 (00 < 2B 5 ) e (X0 + Clom+ 7).
for some absolute constant C. By our assumption, o > 1/4/n, and by Lemma
[ or < cn™'/2E supep | Do €if(Xi)|. Thus, selecting # = m for some inte-
ger m, it follows that there is an absolute constant C' such that with probability
larger that 1 —e™™, H < CmlEH. Hence,

Pr{H > mEH} <e M

for an appropriate absolute constant ¢. Using the same argument as in Lemmal[IT]
it follows that all the L, norms of H are equivalent, which proves our assertion.



	Introduction 
	Glivenko-Cantelli Classes 
	The Classical Approach 
	Combinatorial Parameters and Covering Numbers 
	Talagrand's Inequality 
	Random Averages, Combinatorial Parameters, and Covering Numbers 

	Learning Sample Complexity 
	Localized Random Averages 
	The Iterative Scheme 


