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Chapter 1

Basic function spaces

In what follows, we will be interested in various properties of normed spaces consisting of
functions defined on a probability space (€2, ). The simplest norms we shall encounter are
the L, norms.

Definition 1.1. Let (2, 1) be a probability space and let X be distributed according to p. For
1 <p < oo and a measurable function f: Q2 — R set

1/p
1l = ELFCOP)P'= ( I If(x)\pdu(x)) ,

and let
|l psen) =inf{a: u(|f] > a) =0}

be is the essential supremum of f. Thus, up to a set of measure 0, |f| < ||f|lr..-
To ease notation, we often omit the measure yu and denote the Ly(u) norm by ||f|z,-

It is standard to verify that for 1 < p < oo, the functionals || ||z, are indeed norms.
Moreover, because (€2, 1) is a probability space, the L, norms form a hierarchy:

1fllz, <N fllz, if 1<p<qg<oo. (1.1)

The space of measurable functions with a finite L, norm is denoted by L,(p). Again, we
often omit the dependence on the measure and write L,, instead of L,(p). Also, observe that
by (1.1),if 1 < p < ¢ < o0, then Ly C L,,.

Another useful feature of the L, norm is that it could be computed using tail integration:

Exercise 1. Show that for 1 < p < oo,
o
91, =p [ e Pr(f] > v (1.2)
0

A significant part of these notes is devoted to the question of preservation of structure
through random sampling. In this chapter we present a very naive version of this question,
and for a single function/random variable, and use it to describe some of the important
features of the L, norm.
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Let f be a function on (€, ) and let X be distributed according to pu. One is given a
sample X1, ..., X, consisting of N independent copies of the random variable X which is
distributed according to the underlying measure p. One would like to see when the values

(f(Xl)a ) f(XN))

can be used to reconstruct || f||z,.), and for that reconstruction to be valid with high prob-
ability with respect to the given sample. The simplest attempt of reconstruction is by using
the empirical mean

| N
N Z |fIP(X3),
i—1

and the reconstruction is successful if there are absolute constants ¢ and C' such that, with
high probability,

N
1
I, < 7 SO < €I, . (1.3)
=1

which is an isomorphic reconstruction; when ¢ =1—=cand C =1+¢ for 0 <e <1, (1.3) is
an almost isometric reconstruction.

In this chapter we shall not explore the question of whether the empirical means can by
used to reconstruct || f||z,. Rather, let us present two examples of cases in which this question
is of interest. In both cases the central object is R?, though viewed in different ways. As a
result, the question of L, norm preservation via empirical means is completely different.

Remark 1.2. The fact that the empirical mean have been chosen as a preliminary recon-
struction option should not lead the reader to expect it to be a wise choice. In fact, one of
the main aspects of this presentation is that using the empirical mean is, at least from certain
aspects, rather useless: unless f is particularly nice, the empirical mean is typically close to
HfH]zp only for samples that belong to an event that is not very big. To obtain estimates in
the very high confidence regime, a more sophisticated recovery methods are called for.

1.1 Two examples

The space R? is featured in two natural ways in this presentation: sometimes it serves as a
space of functions on the probability space {1,...,d} and sometimes as a probability space,
endowed with some natural measure; in that case one is interested in functions defined on R,

R as a space of functions

The vector space R? can be viewed as a space of functions: each v € R? corresponds to a
function defined on Q = {1,...,d} by setting f(i) = v; for 1 < i < d. Let u be the uniform
probability measure on {1, ..., d}, i.e., the measure that assigns the weight of 1/d to each i € Q

and set
d L 1/p
17l = (;Zwmﬂ) = ([1s@ranm) .

i=1
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It follows that

1/p

d 1/p L
[vllp = <Z Ivz'!p> = d'/r (d > !U|p(i)> = dl/pHUHLgv (1.4)
i=1 i=1

and || HLg is just a re-scaling of the £, norm || [|,. The space (R || HLg) is denoted by L,

and the unit ball in EZ is a ‘scaled-down’ copy of the unit ball in Lg:

By ={veR: ull, <1} =d P{v: ||v] g < 1} = dPB(LY). (1.5)
Also, for I C {1,...,d} set
1 1/p
— — .|P
lollr = <m Zlvz! > :
el

Sampling in this case consists of a selection of a subset I C {1,...,d} and one has access
to the values f(i) for i € I. Clearly, there are various ways of selecting a subset in a
reasonable way, for example, by using selectors: let 4y, ...,04 be independent, {0, 1}-valued
random variables with mean §, and set I = {i : §;/= 1}. Another natural possibility is to
select a subset uniformly from all subsets of a fixed cardinality, etc.

Intuitively, the ideal behaviour of a reasonable sampling method is that for a typical
selection of I C {1,...,d},

1/p

1 & 1/p L
() () i
i=1 i=1

that is, ||v]| Ld ~ |l r1- Of course, understanding when that equivalence holds, and obtaining

quantitative estimates on the equivalence constants and the probability (relative to the choice
of I) for which (1.3) holds, is, at this point, a long way away.

R? as a probability space

Let us turn to the other role that R? plays—as a probability space. Let u be a probability
measure on R? and let X be a random vector, distributed according to u. Hence, (R%, 1)
is a probability space, and one may consider the L, space of functions on (RZ, 11). For the
time being, our focus is on a rather particular choice on functions: the subspace of Ly(u)
containing the linear functionals on R<.

Clearly, there is a natural correspondence between R? and those linear functionals: each
v € R? defines a linear functional by

d

folz) = <U,$> = Zlez

i=1
Having said that, it is far from obvious that f, actually belongs to L,. For that to happen,
| fllz, must be finite, and here
P 1/p
du(z)) < 0.

d

g Uiy

i=1

| foll, = (EI(X, 0)P) 7 = (/Q
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Here, independent sampling means that N points, X7, ..., X, each distributed according to
X are selected independently, and in the context of (1.3), one would like to ensure that

1 N

v > X v)P ~ E[(X, ).

=1

Despite the natural correspondence between points in R% and the linear functionals, there is
no reason to expect any connection between ||v||, and || fy[/z,. Although both || ||, and || ||z,
are norms on R?, these norms can be totally different.

In what follows we abuse notation and write |[v||, instead of || f,||z,, and let us begin by
exploring the case p = 2, in which both norms are endowed by inner products.

Definition 1.3. A measure ju (resp. a random vector X ) on R? is isotropic if it is symmetric
and for every v € R?,

2 _ 2 V4 2.
01 = |, 1{o.2) (o) =
in other words, E|{v, X)|* = [Jv[3.

Hence, when the measure is isotopic, not only does each f, € La(u), but the mapping
v — f, is an isometric embedding of (R?, || ||2)in Lo(u). Of course, this does not mean that

fv € Lp(p) for p > 2.

Exercise 2. Give an example of an isotropic random vector on R% and some v € R? such
that <X,v> & Ly, for any p > 2.

In general, if every f, belongs to La(x) then the inner product in Lo endows an alternative
inner product of R, Set X = (z1,...,24) to be a random vector on R, let ey, ..., eq be the
standard basis in R? and define

el = [ fu@ oy @dnte) = [ (eia) (e a)duta) = [ ziayduto).
Rd Rd Rd
The matrix ([e;, €;]);,; is the covariance matrix of the random vector X and

[v,u] = Zviuj[ei,ej] = (Cov(X)v,u)

is an inner product on R%. The unit ball of the norm that inner product endows on R? is the
ellipsoid

{v eR?: (Cov(X)v,v) < 1} :

In the special case of an isotropic measure, Cov(X ) = Id is the identity matrix, <v, u> = [v,ul;
the £5 inner product <-, > and the inner product [-,-] endowed by Lo coincide on R?; and the
ellipsoid is the standard Euclidean ball. However, in general, || ||1,(,) and || ||2 are different
norms.

The difference between || ||,y and || ||, is even more obvious when considering the
standard gaussian vector G, whose density is proportional to cexp(—||t||3/2). Clearly, G has
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the same distribution as (g1, ..., g4) where the g;’s are independent, standard gaussian random
variables. Observe that for every v € R,

d
]E<G721>2 = Ezgigjvivj = Zv?ng = |jvll3,
- -

implying that G is an isotropic random vector, and in particular, the Lo norm it endows on
RY coincides with the standard Euclidean norm || [|o. We show in what follows that for every

veRYand any 1 < p < o0,
1/p
) ~ V/Plvll2;

implying that {v : ||<G, U>||Lp <1} ~ \/;T)Bg However, that set is a very different from the
unit ball in ¢¢.

i Vi

(BI(G. o))" = (

Remark 1.4. L, norm preservation (or reconstruction).in the gaussian case via the empirical
means implies that with high probability, if G1,...,GN are independent copies of G,

(B)(G,v)[P)" /" ~ <N2| Gi,v)| )1/p,

which is a completely different question than (1.6), although both setups deal with R4,

1.2 Weak L, spaces

Let f be a measurable function defined on the probability space (€2, ). Set
HfHLpoou)—mf{A>0 sup tpPr(|f|>tA)<1} (1.7)
teR+

and at times we will omit the underlying measure p and denote the norm by || f||z, .-
The weak L, space consists of all the functions for which || ||z, ., < oo, and it is denoted
by Ly o

Remark 1.5. It should stressed that ||f|z, .. is actually not a norm, as it does not satisfy
the triangle inequality. Having said that, we will keep referring to it as the weak L, norm and
denote it by || ||, . as if it were a norm.

Exercise 3. Show that indeed, || |1, ., need not satisfy the triangle inequality.

There is a true difference between the L, norm and the weak L, norm. Indeed, as was
noted previously,

[e.e]
91, =p [ e Pr(f] > vy (18)
0
Moreover, a straightforward application of Chebyshev’s inequality shows that

Pr(fl > 7l,) < .
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and in particular,
sup t"Pr(|f| > [/ fllz,) <1,
teR+

ie, [fllzye < IIfllz,. However, if f € L, then its tail probability Pr({|f| > t}) decays
faster than ~ 1/tP, but that does not ensure integrability as in (1.8).

Exercise 4. Construct an example of a function on (Q, p) that belong to Ly, o but not to Ly.

Although the weak L, norm is indeed weaker than the L, norm, the next lemma shows
that it is only slightly weaker.

Lemma 1.6. If 1 < p < q < oo, then

p \l/p
171z, < (14 22 ) T e

Proof. Clearly, sup;cp+ t7Pr(|f| > tA) < 1if and only if sup,cp+ t9Pr(|f| > t) < A%. Hence,
by (1.8),

11, =p [ e P =

1AL g 00 0

§p/ P~ +p/ =1 TPy (| f| > t)dt
0 1£1lg,00

o0

~1- p
S ol [ = (1 2 ).

11 24,00



Chapter 2

Orlicz norms and maximal
inequalities

Let us turn to a very important family of function spaces—the so-called Orlicz spaces, defined
on the probability space (€2, u).

Definition 2.1. Let ® # 0 be an even, convexr function that is increasing in R* and satisfies
®(0) =0. For f:Q — R, set

Iflle = inf {C > 03 E®(F/C) <1}
Denote by Lg the set of all (measurable) functions that satisfy || f|le < co.

Example 2.2. Let ®(t) = |t|P for1 < p < oo. Then E(|f|?/CP) < 1 when | f|lr, < C,
implying that || f|le = ||fllz, and Le = L.

Lemma 2.3. Let ® be an even, convex function that is increasing in R™ and satisfies ®(0) =
0. Then || || is a norm on the space Lg.

Proof. Clearly, || ||¢ is positive homogeneous and for every f € Lg, ||f|le > 0. Observe
that if || f|le = 0 then for every C' > 0, E®(f/C) < 1. Now, since ® is even, it follows from
Jensen’s inequality that for every C' > 0,

O(E[f]/C) <E®(|f]/C) = E&(f/C) < 1.

On the other hand, ® is convex and increasing, and since ®(0) = 0 and ® # 0, one has that
lim¢_,oo ®(t) = co. Therefore, if E|f| # 0 and C is small enough, then ®(E|f|/C) > 1, which
is impossible—implying that E|f| = 0 and that f = 0 almost surely.

Finally, one has to establish the triangle inequality. Let f,h € Lg and set a > ||f|l¢ and
B > ||h|le. Let us show that a + S is a ‘legal candidate’ in the definition of || f + k¢, i.e.,

that
E<I><f+h> <1
a—+p

B
+

To that end, note that

f+h o f
a

h
athf  a+p 3 B

«

13
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which is a convex combination of f/«a and h/f3. Hence,
a f B h o f p ( h)
o REA ) < o(l)+ o2
<a+ﬁ a a+f B)‘a—kﬁ (a) a+pB \pB
and taking the expectation on both sides,

f+h a g
Eq)(a—l—ﬁ) Sa—i—ﬁ—I—a—i—ﬂ_l

An important choice of a family of Orlicz norms is ®,(t) = exp([t|*) — 1 for 1 < a < 2.
The corresponding norms are called 1, norms and they play a significant role in what follows.

2.1 The Orlicz ¢, norms

Recall that the natural hierarchy of L, (probability) spaces implies that for 1 < p < ¢ < o0,
Ifllz, < |Ifllz,- And, by Chebyshev’s inequality, functions with a finite L, norm exhibit
a polynomial tail decay. The 1, norms capture an exponential tail decay and thus ‘live’
between the L, spaces for 1 < p < oo and L.

Definition 2.4. Let 1 < a < 2. The ¥, norm of f:Q = R is
[ fllga = inf{C">0: Eexp(|f/C|*) < 2}.
The space of all functions with a finite 1o norm is denoted by Ly, .

The most natural example of a function (or random variable) X that belongs to Ly, is the
one with density cg exp(—|t|?) for some 1 < 3 < 2, where ¢ is an appropriate normalization
constant. Observe that for C' > 0,

Eexp(|X|*/C) = 205/ exp(—t® 4 t%/C%)dt,
0

implying that X € Ly, but X & Ly, for a > j.

Corollary 2.5. If X has density ~ exp(—(|t|/L)*) then || X||y, < cL for an absolute constant
c. In particular, if g is a centred gaussian random variable with variance o® then ||g||y, < co.

Because the belief is that random variables with densities ¢, exp(—|t|*) are a good example
of 1Y, random variables, let us explore their moments growths and tail decays.
Note that for ¢t > e,

00 0 2i+1¢
Pr(|X| >t) :2ca/ exp(—u®)du = 2¢, Z/ exp(—u®)du
t 27t
Jj=0
o - .
<2¢, Z 2t exp(—2Yt%) < 4eq exp(—t?),
=0

where the last inequality follows by comparing to an appropriate geometric progression.
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As for the moments of X, following a change of variables t¢ — wu,

ptl_q

EIX[P = 2ca/ tpexp(to‘)dt=2ca/ u e exp(—u)du,
0 0

where ~ -
Co = 1/2/ exp(—u®)du = 1/2/ w1 exp(—u)du.
0 0

Recall the definition of the Gamma function
['(x) —/ u® 1 exp(—u)du,
0

and thus,

K
~

(%)

L)

It suffices to consider the case in which (p + 1)/a = m+ 1 for an integer m. Recall that
I'(m+ 1) = m! and that by Stirling’s approximation, for every integer m,

2mm (%)m < m! <eV2rm (%)m, (2.1)

E|X[P =

Hence, for 1 < a <2,
ep® < |1 X |, < eap'/ (22)

for suitable absolute constants ¢; and cs.
It turns out that such tail estimates’and moment growths actually characterize the ),
norms:

Theorem 2.6. FEach one of the following three conditions implies the other two:
(1) Eexp(lf/L1%) <2,
(2) Pr(|f| = Lat) < 2exp(—[t|*) for every t > 1,
(3) for every ¢ > 1, | flz, < Lsa"/*.

Moreover, for (1) = (2) one may select L1 = La, for (2) = (3) one may select Ly = 2eLs
and for (3) = (1) one may select Ly = 2e*L3 (though all these choices are not optimal).

Theorem 2.6 implies that if f € Ly, then it also belongs to L, for every 1 < ¢ < oo;
however, such functions need not be bounded. Thus, the L, hierarchy “lives” between all
the L, spaces and L.

The proof of Theorem 2.6 requires an observation that was used previously: there is an
absolute constant ¢ which satisfies that for every ¢ > 1 and any 1 < a < 2,

q/1 u?™texp(—u®)du < ¢ - g/, (2.3)

Proof of Theorem 2.6. (1) = (2) is an immediate outcome of Chebyshev’s inequality:
for t > 0,

Pr([f| = Lat) = Pr(exp(|f/L1]") = exp((Lat/L1)%)) < 2 exp(—[t|*)
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once one selects Lo > L.
Turning to (2) = (3), one may use tail integration:

E|f|? :q/o tPr(|f] > t)dt = qu/o ulrPr(|f| > Lou)du

<Ll (1 + q/ u?™! exp(—uo‘)du> .
1

Applying (2.3) one has that (E|f]|9)Y/9 < Ly - ¢¢/®, thus verifying (3) for any Lz > cLo.
Finally, to show that (3) = (1), recall that exp(z) =1+ 3 -, 27/¢!. By the monotone
convergence theorem,

Eexp(|f/L1|*) =1+ |f/qL1‘aq <14 <L1)aq 4 = (%).

q>1 q>1

Since exp(q) > q?/q! one has (¢?/¢!)'/? < e, and

<1+Z< 36a> <2

q>1

provided that L; > 2e¢2L;. ]

The most significant outcome of Theorem 2.6 is that in a similar fashion to (2.2), a finite
1o norm is actually equivalent to-a tempered growth of moments: the L, norm does not
grow faster than ~ ¢!/® (though unlike (2.2); the lower estimate on the L, norms need not
be true). Moreover, it follows that there are absolute constants ¢; and co such that, for every
1<a<?2,
I £1 2 ()
ql/a

Il.f ”Lq
<: <:
e [ fllpe < 2 2;11)

(2.4)
Remark 2.7. Recall that there is a real difference between the L, norm and the weak L, norm
as the latter is determined by a certain tail decay property. The situation is different when
it comes to 1, norms: the ‘weak-space’, characterized by a faster tail decay than exp(—|t|%),
actually coincides with having a finite ¥, norm.

Exercise 5. Show that the is an absolute constant C, such that for every mean-zero random
variable,
2
[ Xy, < CEexp(]X]).

2.2 Subgaussian random variables

A significant fact (and a source of much confusion) is that there is a substantial difference
between the assumption that a function has a finite norm—say, || f[|z, < oo or || f[/y, < oo—,
and assuming that two different norms of f are equivalent. The information that can be
derived from the two assumptions is of a completely different nature. In the context of these

notes, the most important notion of norm equivalence is called subgaussian'.

1t should be noted that in some places, being called “subgaussian” means having a bounded 2 norm.
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Definition 2.8. A function f defined on the probability space (2, u) is L-subgaussian if
Hf”lbz < L”f”lzz'

Clearly, the important factor in Definition 2.8 is the identity of the equivalence constant
L. Later we study L-subgaussian classes of functions, that is, classes that consist of functions
that share the same equivalence constant.

The origin of the name “subgaussian” is the characterization of the tail behaviour of
functions with a finite 19 norm. Indeed, recall that for a suitable absolute constant ¢ and
every t > 0.

Pr(lf] > et|[flls,) < 2exp(—£%).

But if f is L subgaussian then || f|y, < L|| f| 1., implying that

Pr(|f| 2 t) < 2exp(—ct?/L?|| f||2,)-

In other words, the tail of f is dominated by the tail of a centred gaussian random variable
with variance ~ (L f| 1,)?.
Moreover, if f is centred and L-subgaussian, then thanks to Theorem 2.6,

1 Fllga ~ sup 112,
q>1

N

Thus, for a suitable absolute constant ¢; and every ¢ > 2,

Iy < fllLe-< erv/allf s, < crLv/all fllz,,
implying that all the Ly and L, norms of f are equivalent with the equivalence constant
~ L\/q.

Exercise 6. Show that if f is centred and L-subgaussian then

1fllLe < (D)1l
for a constant ¢ that depends only on L.

It turns out that L-subgaussian functions/random variable appear frequently and in nat-
ural situations.

e A gaussian is subgaussian: Let g be a centred gaussian random variable with variance
o?. Thus, ||g||z, = o and Pr(|g| > to) < cexp(—t?). Applying Theorem 2.6, ||g||y, < o,
and g is L-subgaussian for L that is an absolute constant.

e Stability under tensorization: Let 71,..., Z; be independent, centred L-subgaussian
variables with variance 1. Let 2 = (21, ...,24) € R? and put Z, = Z?:l x;Z;. Clearly,
| Z2|lL, = ||x]|2. We show in what follows that there is an absolute constant C' such that

d 1/2
1Zal|y, < C (ZwillZill?p2> ;

=1

implying that ||Z;|ly, < cL|z|l2 for an absolute constant c. Thus, for every z € R?
the random variable Z, is L-subgaussian, with a constant that is independent of the
dimension d and of the vector x.
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e Let a > 0 and set Z to be a symmetric, {—a, a}-valued random variable. It follows that
|Z||L, = a, and Pr(|Z| > ta) = 0 for any ¢ > 1. Therefore, by Theorem 2.6, || Z||y, < ca
for an absolute constant c.

e Let &1,...,64 be independent, symmetric, {—1,1}-valued random variables. Let =z =
(1,...,7q) € R and put Z, = 2% | &;z;. Note that

d

1 Zs HLQ =E Z TiljEic) = Zf’f = [|l=[3-

t,j=1

Since the )9 is stable under tensorization (which still has to be proved), one has that
| Zz |l < cllx||2, implying that Z, is L-subgaussian with a constant that is independent
of the dimension d and the specific choice of the vector x.

Let us now give a direct proof of that fact—the so-called Hoffding inequality.

Lemma 2.9. Let €1, ...,eq be independent, symmetric, {—1,1}-valued random variables and
let © = (x1,...,24) € R®. Then, for everyt > 0,

d
r Z Eily

i=1
The proof of Lemma 2.9 is based on an argument that is used frequently in what follows—
obtaining tail estimates using the moment generating function.
Proof. Since the random variables ¢;, 1 < i < d are symmetric and {—1, 1}-valued, then for
every r; € Rand A > 0,

> tHa:H2> < 2exp(—t?/2).

1 1
EeXp()‘szxz) - 5 (Al‘z) 5 exp(—)\xi) < exp()\2$?/2),
because exp(t) + exp(—t) < 2exp(—t2/2). Therefore, by the independence of e1, ..., 4,
d d
Pr (Z g > t) =Pr (exp (AZ&%) > exp (/\t)>
i=1 =1
d
<exp (—At) - Eexp ()\ Z esia:i>
=1
d d
=exp (—At) H Eexp (Ag;x) < exp (—At) H exp (A2} /2)
i=1 i=1

d
=exp ( At + ()\2/2)2 3) :
i=1

Optimizing the choice of A one has that
d
Pr (Z €iT; > tHa:||2> < exp(—t?/2),
i=1

and the claim follows because Zle g;x; is a symmetric random variable.
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The fact that Zle gix; is L-subgaussian for an absolute constant L—independent of d or
of z is a reformulation of a classical result known as Khintchine’s inequality.

Theorem 2.10. There exist absolute constants c1 and co for which the following holds. For
any integer d, any v € R? and any 1 < p < oo,

d d
E €T E €T
i=1 i=1

<
Lo

C1

< cop

Ly

d
E &4
i=1

Lo

Exercise 7. Construct an infinite-dimensional space E, consisting of functions defined on a
probability space (2, 1) such that E is closed in Lo(p) and on which all the Ly(p) norms are
equivalent: for p > 1 there are constants c, and C, that depend only on p such that for any
fek,

Sl fllLe < fllz, < CollfllL,

Hint: construct a sequence of symmetric, {—1,1}-valued that are independent ; : [0,1] — R.
Then use Theorem 2.10.

2.3 Maximal inequalities

The study of the supremum of a collection of random variable {Z; : ¢t € T} has been the

subject of extensive study over the years (see, for example [?]). We refer the reader to

Talagrand’s treasured manuscript [?] which is the most comprehensive one on this topic.
For now, let us consider a more modest goal:

Question 2.11. Let T be a finite set. Is there a simple way of obtaining (possibly crude)
estimates on

Pr(sup Z; > u)?
teT

As always, let us begin with an example. Assume that |T| = {1,...,m} and that each Z; is
a standard gaussian random variable. Of course, there is likely to be a substantial difference in
the behaviour of the supremum, depending on the correlation between the random variables
Z;. In the simplest of situations, the random variables Z; are independent, and one has that

Pr(31<i<m :|Zj]|>u)=1—Pr"(lg| <u)=1-(1-Pr(lg| > u))™.

Clearly, (1 — Pr(|g| > w))™ = 1/2 when Pr(|Z] > u) ~ 1/m; hence, setting u = c;+/logm,

Pr ( max |Z;| > cls/logm> >1/2.

1<i<m
On the other hand, if u 2 /logm then

Pr(31<i<m : |Zj|>u) <mPr(lg| > u) < exp(logm — u?/2) < exp(—u?/4).
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Exercise 8. Show that there is an absolute constant ¢ such that for every p > 1 and integer
m7

(2 (s 1)) " < o(BEm+ vB)

This example happens to be more indicative than what one would expect: the upper
estimate on Pr(max|Z;| > u) is based on the union bound, applied in a rather direct way. It

implies that
E sup |Zi| < cy/logm

1<i<m

and that for larger values of u than /logm, the maxj<;<p |Z;| decays as fast as a single
gaussian.

The reverse inequality is a different story: independence is used to generate the lower
bound and if the variables Z; were not independent, there would have been no reason to
expect that Emaxi<i<m | Zi| ~ Iogm—for example, if Zy = Zy = ... = Z,, = g, the lower
bound is just an absolute constant.

In later parts of these notes we will present generic chaining: a general mechanism, in-
troduced by Michel Talagrand, which leads to upper bounds on Esup;c7 Z;. The method
is based on identifying natural metric structures d, endowed on 1" by the process, followed
by the study of the geometry of the metric spaces (T, dp).

Although chaining leads, in many cases, to satisfactory upper bounds, obtaining
matching lower bounds turns out to be-a formidable task which is still far from being
fully understood.

At this point, targeting modest goals and armed with a rather limited set of tools, one
can still derive the following general maximal inequalities which are used extensively in what
follows.

Theorem 2.12. There exists an absolute constant ¢y for which the following hold. If Z1, ..., Zy,
are random variables, then

(1) For any p > logm, (Emaxi<icm |Zi|P)/? < emaxi<i<m | ZillL, -
(2) For every 1 < a <2, [ maxi<i<m Zil|y, < €1 logl/am -maxi<i<m || Zi| e -

The proof of Theorem 2.12 is based on the following observation: if p > clogm then
(R™, || |loo) and (R™, || ||,) are equivalent; in other words, for every z € R™,

[2]loo < lzllp < ef|#]loo- (2.5)

Indeed, the first inequality is just the natural hierarchy of the £, norms. For the second
one, assume without loss of generality that x; > 0 and 1 > x2 > ... > x,,. Since ml/P <
ml/logm <e,

m
1/
Izl = O a?) " < m!Pay < ef|a]|s.
=1
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Proof of Theorem 2.12. For every realization of 7y, ..., Z,, let Z = (Zy, ..., Z,). Thus,
— |p\*/P
lgla%X 1Zil = |20 < (Z‘ZZ| ) )

and

p p
Elrgngx |Zi|P < E;E]Z\ <m- max. HZHL,,
1=
The first part follows because m/? < e.

Turning to the second part, set K = maxi<ij<m ||Zi|l¢,. Recall that for every p > 1,
1Z]|z, < Lpl/O‘HZHwa. Therefore, by the first part, for p > logm,

1/p
| max Zi|r, = (E max |Z; yp) < e max | Zi|z, <eLp'/°K.
1<i<m 1<i<m 1<i<m
For p < log"/“m

m

Pr( max | Zi| > u) Z (1Zi] > u) < mexp(—cu®/K®*) < exp(—ciu®/K®),
1<i<m

provided that u > co K logl/ *m. Therefore, setting ug = c3K logl/ *m, it follows that

[e.9]

o0
E max |Z;|P —/ puP ' Pr( max |Z;| > w)du < ul) +/ puP~ exp(—ciu®/K®)du
1<i<m 0 1<i<m uo

o0
<uf +/ exp(—cqu®/K*)du
uo
provided that c;u®/K* > 2(logp+ (p— 1)u) for any u > ug. Since p < logm, that is the case
for a suitable choice of the absolute constant cs; hence,

I max [Zl|z, < cug ~ Klog'/*m

and the claim follows by recalling that || X||y, ~ sup,>q HXHLp/pl/“. ]

It is instructive to see that the 1, estimate from Theorem 2.12 hides the true picture,
because || X||y, is equivalent to the largest ratio ||X||Lp/p1/°‘. While there are values of p for
which this ratio is attained, there could be others for which || X||r, is significantly smaller
than pl/aHXHwa. The estimate on the maximum of Zi,..., Z,, is one such example: the 1),
estimate implies that for every p > 1,

1/a 1/a

H max ZHL <cp

. . <

log!/® Z;
og " *m max | Zilly.
but in reality, the situation is much better. For p < logm we have that
ZillL, <log'/® Z;i
| max illL, <log m max 1Zill e
(which, as indicated by the gaussian example, cannot be improved even for p = 2). In other
words, the estimate for || maxj<j<m Zi||r, remains stable up to p = logm. Only at that

point does || maxi<i<m Z;i||L, begin to grow like a 1), random variable. The actual estimate
is summarized in the following corollary:
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Corollary 2.13. There exists an absolute constant ci; for which the following hold. If
21y ..., L are random variables, then for every p > 1,

) < l/a a1, )
H@%IZZIHLP < ¢1 max{log™/*m,log™/* p} 1r§rliaé>;nllZsza-



Chapter 3

Independent random variables

As the proof of Lemma 2.9 shows, one may generate tail estimates for a sum of independent
random variables based on the behaviour of the moment generating function: if Zy,..., Zn
are independent random variables, then for any A > 0,

N N
Pr (Z Z; > t) = Pr (exp (AZ Zi> > exp (/\t)>

=1

N N
<exp(—At)Eexp ()\ Z ZZ-> = exp(—=A\t) HEexp()\Zi). (3.1)

i=1 =1

Therefore, by estimating each Eexp(AZ;) and optimizing the choice of A\ one may derive
nontrivial tail bounds.

In what follows we show how certain assumptions on the random variable Z can be used
to bound its moment generating function Eexp(AZ).

3.1 The sum of independent ¢ random variables

Let Zi, ..., Zy be independent, centred random variables. If Z; € Ly, and a = (a1, ...,an) €
RN , what can be said about the tail behaviour of the random variable Ef\i 1 i 257

We answer this question using two different arguments. The first is based on estimates
on the moment generating function of Z;.

Lemma 3.1. There is an absolute constant c for which the following holds. If Z € Ly, is a
centred random variable then for any A > 0,

Eexp(A\Z) < exp(c/\Z\\Z\@z).

The proof requires a simple idea that appears frequently in what follows—symmetrization,
which allows one to replace a mean-zero random variable Z with its symmetric counterpart,
eZ, where ¢ is a symmetric, {—1, 1}-valued random variable that is independent of Z.

Lemma 3.2. Let ¢ be a convex function and let Z be a mean-zero random variable. Then
E¢(Z) < E¢(2Z).

23
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Proof. Let Z;, Z, be independent copies of Z. By Jensen’s inequality,
Ez,¢(Z1) = Bz, ¢(Z1 — Ez,Z2) < EzEz,¢(Z1 — Z2) = (*). (3.2)

The random variable Z; — Z5 is symmetric, and in particular it has the same distribution as
—1-(Zy — Z3). Therefore, Ez, Ez,¢(Z1 — Z2) = Ez, Ez,¢(c(Z1 — Z3)) for every realization of
the symmetric random variable ¢ that is independent of Z; and Z. Taking the expectation
with respect to € and using the convexity of ¢, Fubini’s Theorem, and that Z; and Z, have
the same distribution as Z,

@QzEﬂaEbderdﬁDgEE%E@~%w@dm+¢@d@):EM%Z) (3.3)
| ]

In particular, if Z is a mean-zero random variable then Eexp(AZ) < Eexp(2XeZ), and so
from here on we may assume, if needed, that Z is a symmetric random variable.

Exercise 9. Use the same argument as in Lemma 3.2 to show the following: if Z1,...,ZN
are independent, mean-zero random variables, then for any a1,...,zn € R,

N N.
E¢ (z; al-ZZ) < E¢ (2;&-@) , (3.4)

where (g;)¥, are independent, symmetric, {—1,1}~valued random variables that are also in-
dependent of Z1, .., Zn.

Proof of Lemma 3.1. Applying Lemma 3.2 to the convex function t — exp(A\t),

j(eZy

Eexp(\Z) < Eexp(20eZ) =E | 1+2XeZ + Y (20—
J]:

7>2

= (x).

It is straightforward to verify (e.g., by the Monotone Convergence Theorem for the positive
and negative parts of €Z) that

121, (2eiY
jlg9

Z2J
() ST+ (2))? <1+Z 2X)2
Jj=2 Jj=2

indeed, recall that ||Z]|z, < ¢\/p||Z]y, and that (2j)! < j!j7. Therefore,

Eexp(A\Z) <1+Z (2] Z]3,) < exp(eX?]Z]12,).
7j>2

Lemma 3.1 leads to the wanted estimate on || Zf\il ;i Zi | o -

Corollary 3.3. There is an absolute constant ¢ for which the following holds. Let Z1, ..., Zn
be independent, centred, 1o random variables, and let ay,...,an € R. Then

N 1/2
< (zamzu;) |
P2

i=1

N

Z al-ZZ-

i=1
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Proof. Since a norm is a convex function of its argument, it follows from Exercise 3.4 that
one may assume without loss of generality that a; > 0 and that each Z; is symmetric. Fix
A > 0 to be named later and observe that by Lemma 3.1,

N N N
Eexp ()\ZaiZZ) :HIEeXp (Na; Z;) < Hexp (c)\2a?\|Zi||iz)
i=1

i=1 i=1
N
=exp (cA2 Za?\ZiH%) :
i=1
Therefore,
N N N
Pr <Z a; Z; > t) < exp(—At)Eexp (AZaiZZ) < exp (—)\t + )2 Za?”ZA\%) .
i=1 i=1 i=1
Setting A\ = t/2¢ Zfil a?HZiH%, it follows that for every ¢ > 0,
N t2 N
Pr (Z a;Zi > t) < exp <—§CZG?HZiH§> ;
i=1 i=1

and recalling that each Z; is symmetric, it is evident that

N N 1/2
Pr Z%’Zz' >1- <clzaf||Z¢||i2> < 2exp (—t?).
i=1 1=1
The claim follows from the characterization Theorem 2.6. [ ]

Remark 3.4. The argument used in the proof of Corollary 3.3 is almost identical to the proof
of Lemma 2.9. This should not come as a surprise, as the latter is a particular instance of the
former. Moreover, Corollary 3.3 leads to a more general version of Khintchine’s inequality
(Theorem 2.10): if Z2 = (Z1, ..., Zn) that has independent, mean-zero, variance 1 coordinates
that satisfy max || Z;||y, < M then

N

Z (IZ'Zi

=1

N
Z aZ-ZZ-

i=1

<cM,/p
LP

Lo

Let us present a different proof of Corollary 3.3, which is based on a comparison argument.
The idea is to find X1, ..., Xy that on the one hand, ‘dominate’ Z1, ..., Zn in an appropriate
sense, and at the same time, one can compute (or at least estimate) || Zf\; 10 X;i|| 1, directly.

Lemma 3.5. Let Xq,..., X§ be symmetric, independent random wvariables and assume that
for every 1 <i < N and any 1 <p < q, || Z||1, < || Xi|ln,. Then for every a € RN,

N N
Z aiZi < ClL Z aiXi
i=1 i=1

Lq Lq
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Proof. Without loss of generality, assume that ¢ is an even integer, and by a symmetrization
argument assume that Zi, ..., Zy are symmetric. Therefore,

N q N N
E (Z aiZZ) =EY cz[[az) => [[aEZ),
i=1 i=1 i=1

with the sum taken over all choices of 5 = (61,...,0n) € {0, ...,q} that sum to ¢, and cz is
the appropriate multinomial coefficient. Since Z1, ..., Zy are symmetric, each product does
not vanish only when i, ..., By are even, and in that case,

N N
[[e/Ez) <[]aLPEX]".
=1 =1

Therefore,

N N N
aPEZP < L9 P EXP = LIE(Y 4 X)4.
- 1 7 e 7 K3 —

Proof of Corollary 3.3—version 2. Recall that if Z; € Ly, then for every p > 1,

1ZillL, < cov/pll Zilly, < erllZillysllgllz,

for a standard gaussian variable g. Therefore, if g1, ...,gx are independent standard gaussian
random variables and selecting X; =¢1[|Z;||y,¢; in Lemma 3.5, it is evident that for every
p>1 and every a € RV,

N

Z CLZ'ZZ'

=1

N

Z CLZ‘Xi

i=1

N

> aill Zilly,9i

=1

<
LP

= Cl
LP

Ly

Finally, using the rotation invariance of the standard gaussian vector, it is evident that
zg\il ;|| Zi|| o 9i has the same distribution as (Zf\il a?HZﬂ@Z)l/QQ; therefore,

N N 1/2
> aill Zillpgi| < co (Za?HZiH?pQ) VD,
=1 =1

and the claim follows. [ ]

Ly

3.2 Bernstein type inequalities

Let us return to more applications of (3.1), leading to Bernstein type inequalities.

Lemma 3.6. Let Z be a mean-zero random variable, and assume that there are constants M
and o such that, for every integer p > 2,

E|Z|P < p!- MP252.
Then for every 0 < A < 1/2M,

Eexp(AZ) < 1+ 2)X%0?% < exp(2\z).
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Before proving the lemma, let us examine the condition on the growth rate of the moments
of Z—which fits two standard situations.

e Let Z be a bounded random variable and set M = || Z||_. and 02 = EZ2. Observe that
EZP < ||Z||’2;2IEZ2 = MP~202% which is far better than the required condition (there is
no additional factor of p!).

constant c¢. Since pP < eP - p! (e.g. by induction), one may select 0 = M = ec||Z||y, .

e Let Z € Ly, and recall that by Theorem 2.6, || Z]|z, < cp||Z]|y, for a suitable absolute

Proof. Using Taylor’s expansion, exp(z) = > ;°,z”/p!, and by a standard argument, (e.g.
the monotone convergence theorem applied to the positive and negative parts of Z),

(A\Z)p 2 NEZP
. =1+ o

Eexp(AZ) =E)
p=0

= (x).

p=1
Recall that EZ = 0 and that E|Z|P < p!MP~252; therefore, since AM < 1/2,
2 oo
(#) <1+ —= Y AM)P<1+2)\%0%
p=2
The claim follows because 1+ 22/2 < exp(z). ]

With Lemma 3.6 in place, one can derive various versions of Bernstein’s inequality.

Theorem 3.7. Let Z1,..., Zn be independent, mean-zero random variables and assume that
there are constants M and oy, i = 1;..., N, such that, for every 1 < i < N, E|Z;|P <
p!MP~202, If §? = ZN o2 then for every t > 0,

i=1"1
al 2
Pr (ZlZl > t) < exp (—min {852’ 4]\4}) .
Proof. Combining (3.1) and Lemma 3.6, it follows that for 0 < XA < 1/2M,
N N
HEexp()\Zi) < Hexp(Z/\Zaiz) = exp(2A\%5?).
i=1 i=1

Therefore,

N
Pr (Z Z; > t) < exp(—At + 2)\25?%) < exp(—At/2),

i=1
provided that 20282 < A\t/2, i.e., A < t/45%. Let

) t 1
)\:mln TS’Z,W

al 2t
Pr ZZ7’>t <exp<—m1n{852,m})

=1

and thus
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Remark 3.8. The constants appearing in Theorem 8.7 are not optimal, though this will be
of no importance in what follows. Because of that, from here on we will replace the constants
appearing in Theorem 3.7 with an unspecified constant c.

Corollary 3.9. There exists an absolute constant ¢ for which the following holds. Let
Z1, ..., ZN be independent, mean-zero random variables.

o If Z1,....,Zn are bounded almost surely by M (i.e., maxi<i<n || Zi|lr.., < M), and o} =
EZZ-Q, then for every t > 0,

Pr (iZ->t> <exp( cmin{t2 ! })
% > - N y = .
i=1 Dim 01‘2 M

o If Zy,...,Zn are uniformly bounded in Ly, , i.e., if maxi<i<n || Zil|y, < M, then

al 2t
Pr ZZ¢>t §exp<—cmin{W,M}>.

i=1

In particular, if Z1, ..., Zn are also identically distributed as Z then

1 o t2 t
Pr| — E Zi >t ] <exp | —=cN min , .
(N i=1 ) ( { HZHiI ||Z||¢1 })

3.3 Sum of squares of 1) random variables

For reasons that will become clear in what follows, there is a special interest in the behaviour
of a sum of squares of independent random variables

1 N
NZZE.
=1

One can establish a rather accurate description of the behaviour of this average, highlighting
the difference between the upper estimate and the lower one and way the estimates are
connected with various properties of the random variables Z;. However, for the time being,
let us obtain a two-sided estimate of the from

. t)

1 N
E 2 2

i=1
when Z1, ..., Zn are independent copies of a random variable Z that is L-subgaussian; that
is, it satisfies || Z]|yp, < L||Z||L,-
The starting point is the straightforward observation that || 22|y, = ||Z ||i2 which follows
from the definition of the v, norms. Also, because || - ||, are norms for 1 < a < 2,

122 —=EZ%| gy < N1Z2%]lg, + IBZ% ]l < 2012°]ly;

indeed, by the definition of the 1, norm and Jensen’s inequality it is evident that for a random
variable Y, [[EY ||y, < [|Y[¢.-
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Thus, the random variable Z? — EZ? is centred and || Z% — EZ?(|,, < 2||Z||12bz‘ Applying
the 1 version of Bernstein’s inequality,

1 & 2 t
Pr||—= >t| <2exp| —cNmin{ ———, ——— .
(N = ) ( {”Z”i‘m ||Z||i2}>

> 7z} -EZ°
i=1
Setting t = eEZ?, it follows that with probability at least
4 2
1 —2exp [ —¢N min { &2 (HZHL2> ,E (‘ZHL2> , (3.5)
[ 1214

(1-e)EZ2 < Z Z2 < (1+e)EZ% (3.6)

Now recall that ||Z]|y,/||Z]|r, < L for some L > 1. Hence, if 0 < ¢ < 1 then (3.5) becomes

. [e? ¢
1 —2exp (—CN min {L‘“ L2}> =1—2exp(—c;(L)e*N). (3.7)

Thus, on a high probability event, N~! Zf\i 1 Zl? is almost-isometrically equivalent to EZ2.
As an example, let X be an isotropic, L-subgaussian random vector in R¢.

Definition 3.10. A random vector X taking values in R? is L-subgaussian if it is symmetric
and for every t € RY,

H<X’t>HTZJ2 < L||<X’ t>||L2‘

Thus, for any ¢t € R?, the random variable Z = <t, X > is exactly as described previously:

it is mean-zero by the symmetry of X; it satisfies E{ X, t>2 = ||t]|3 because X is isotropic; and
[(t, X))y < L|I{X,t)||L, because X is an L-subgaussian random vector.
Let T C R™ be a finite set. Let X1,..., X5 be independent copies of X, and consider the

random matrix
1 N
ro Ly,

=1
The following result is the celebrated Johnson-Lindenstrauss embedding lemma:
Lemma 3.11. For L > 1 there exist constants c¢1 and co that depend only on L and for which

the following holds. If T C R? is a finite set, 0 < € < 1 and N > cie2log|T|, then with
probability at least 1 — 2 exp(—c2e?N), for every x,y € T,

(1 =e)llz = yl3 <INz = y)lz < (1 + )z — yll3.

In other words, Lemma 3.11 implies that the random operator I' almost preserves distances
in T, as long as there is ‘enough randomness’—sufficiently many independent copies of the
random vector X, which serve as the rows of the random matrix I.
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Remark 3.12. As will be clarified later, log |T| is a rather crude measure of complexity for
a set, and one may obtain better estimates on the number of rows required (i.e., the number
of sample points/linear measurements needed), as well as improved understanding on the way
a subgaussian operator acts on a set. Moreover, we show that the lower estimate

2 2
(I =o)flz —ylz < [T(z -yl
holds in far more general situations than the one considered here.

Proof. Observe that for every t,to € T,

N

1
P = ) = 5 30Xt - 1)
1=

and obviously, E<X¢,t1 — t2>2 = |t1 — t2||3. Hence, for 0 < & < 1, with probability at least
1 —2exp(—c(L)e?N),

(1 +e)lltr = tafl3 < T (01 = t2) 3 < @ + )[t1 — tall3. (3-8)

The number of different pairs of distinct points in 7'4s at most |T'|?, and by the union bound,
with probability at least
1 —2|T)? exp(—c(L)e2N),

for every t; # t;, t;,t; € T', one has
(L +e)llti — 415 <Mt — )15 < (L +€)llts — ¢5113. (3.9)

Therefore, if N > ¢1(L)e~2log |T| then (3.9) holds with probability at least 1—2 exp(—ca(L)e2N).
|

3.4 Bennett’s Inequality

Let us return to the first part of Corollary 3.9, which deals with bounded random variables.
As can be immediately seen from the estimates on the moment generating function in that
case, there is some room for maneuvering, since E|Z[P < MP~252—without the additional
factor of p!l. This observation is at the heart of the following improvement to Bernstein’s
inequality in the bounded case, called Bennett’s inequality.

Before formulating and proving that inequality, let us improve the estimate on the moment
generating function of a bounded random variable.

Lemma 3.13. Let Z be a centred random variable. If | Z||.. < M then for every X\ > 0,

EZ?
Eexp(AZ) <1+ el (exp(AM) —1—AM).

Proof. Using the same argument as in Lemma 3.6 and recalling that EZ = 0 and that
E|Z|P < MPT2REZ2,

EZ% S NP MP EZ?
Eexp(AZ) < HWZ =1+ g (exp(AM) — 1 - AM),
p=2 p

where the final step follows from Taylor’s expansion of exp(x) and the choice z = AM. [ |
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Corollary 3.14. Let Zq,...,Zn be independent mean-zero random variables. Assume that
maxi<i<M HZZHLoo < M, set 52 = Zf\il EZZQ and put

O(z) = (14 x)log(l+x)— .

(S e) <o (e (40))

=1

Then, for every t > 0,

Proof. Combining (3.1) and Lemma 3.13, it follows that

N 52
exp(—tA) HEexp()\Zi) < exp <—)\t + e (exp(AM) — 1 — AM)) = (%).
1=1

One may optimize the choice of A and verify that the minimum is attained for

1 tM

which yields the desired bound. [ |

To understand the meaning of Corollary 3.14, one should study the behaviour of the
function ®(x). It is straightforward to verify that for x > 1, ®(x) > (1/2)zlog(1l 4+ =), and
that for 0 < x < 1, ®(x) > 22/4. Thus, the tail behaviour changes according to the value
of t: when 0 < t < S%2/M, the sum exhibits a subgaussian behaviour, and when ¢ > S2/M
the tail behaviour is better than ~ exp(—t): thanks to the extra logarithmic term, the tail is
actually similar to that of a Poisson random variable.

As an example, let Z1,...; Zn be identically distributed according to the bounded, centred
random variable Z. Then S? = NEZ2? = No¢? and therefore,

N
1 Nt Nt No? Mt
PT(NZiZIZi>t>SeXp<_M_<M+M?>10g<1+a2>>'

If 0 <t < No?/M then the tail is smaller than
exp(—t?/2Na?), (3.10)

while for every ¢ > 0, it is smaller than

exp (-A’; <log (1 + ]34;2))) . (3.11)

One very useful application of Bennett’s inequality is for the sum of independent selectors
— which are simply {0, 1}-valued random variables. Indeed, let (5i)fi1 be independent, taking
values in {0, 1} and assume that for every 1 <i < N, E§; = 0. Set Z; = 0; — 0 and note that
EZ; =0, || Zi|lo = 1 and EZ? = § — §% > §/4 provided that § < 3/4. Therefore, applying
(3.10) and (3.11) to the random variables Z; and then to the random variables —Z;, the
following is evident: for t < N§/4,

N
Pr ( D (-8 > t) < 2exp (—c]’\fé) (3.12)
=1
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and for t > N¢§/4,

pr ( > t) < 2exp <—ct <log ( 4 ;5) - 1)) . (3.13)

Thus, with probability at least 1 — 2exp(—ci10N),

N

> (6= 9)

i=1

1
5<5N <Hi: 6 =1} < ;;N (3.14)
and for u > 2, with probability at least 1 — 2exp(—c1dNulogu),

{i:9; =1} < uoN.

3.5 Symmetrization of Empirical Processes

We end this chapter with a symmetrization argument, due to Giné and Zinn [?], which shows
that Esupep [N™ LSV f(Xi) — Ef| is equivalent to N~ ESUPfeF|Z@:1 eif(X;)|. This
generalizes the simple symmetrization arguments described previously, and it is one of the
main technical tools used in the study of empirical processes.

Theorem 3.15. There are absolute constants C1 and Cy for which the following holds. Let
F be a class of functions on (2, 1) and let X be distributed according to u. If X1,..., XN are
independent copies of X then

1 N
v 2 f(Xi) —Ef
=1

where r = sup s [Ef (X)].

N

1
v [(Xi) —Ef

=1

\
+ =,
VN

< *E sup
fer

Zezf

=1

E sup
fer

< CLE sup
fer

Proof. Let (Y;), be an independent copy of (X;)¥ ;. Note that

N N
T3 (X By | = Z F(X:) — By f — By (}V S ) - Eyf) |
=1 =1

Conditioning on Xj,..., Xy followed by Jensen’s inequality with respect to Ey and then
Fubini’s Theorem, one has

Ex sup Ex sup

feF

1 N N N
E;lelg NZf(X —Ef| < *EXEYJS}ElIIg Zf(Xz) - ;f(yz)
1

*NEXEY?EE ;52 Xi) = f(Y)l,

where the final equality holds for every (g;)%, € {—1,1}"V. Taking the expectation with
respect to (g;); and by the triangle inequality,

fExEyE sup
fer

Zfz (Xi) = f(Ya)| <

=1

EXE sup
fer

Zezf

=1

N
> eif(X
i—1

2
= —Esup
N fer
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To prove the upper bound, one may apply the triangle inequality,

N
Z&; (f(Xs) —Ef)

i=1

Zgif(Xi)

i=1

1
—ExE. sup

+
N fer

1
< —ExE. sup
N “rer

independgnt copy of (Z;)¥,. For every f € F, EW;(f) = 0, thus,

N N
EXE&?EE ;Ei (f(X3) —Ef)‘ =EzE, ]Sclelg ;EZZZ(f)‘
N
=E:Ez Sup ;52‘ (Zi(f) - EWWz'(f))i -

For every realization of the Bernoulli random variables (g;)/"; and by Jensen’s inequality
conditioned on Z;,

N
> e (Zi(f) = Wilf))

i=1

N
> e (Zilf) — EwWi(f))

i=1

Ez sup
fer

< EZzEw sup
feFr

)

which is invariant for any selection of signs (e;)X_,. Therefore,

N N
E.Ez JS}GH; ;&' (Zi(f) =EwWi(f))| < EzEw JSclelE ; (Zi(f) — Wi(f))‘
<2Ez Jsgelg ;Zi(f) :
as claimed. [

Next, let us turn to an ‘in-probability’ symmetrization argument. The proof can be found
in [7].

Theorem 3.16. Let (Z;)., be an iid stochastic process, that is mean-zero (i.e., for every
feF,EZ(f)=0). For every1 <i <N, set h; : FF — R to be an arbitrary function. Then,

for every x > 0
> a:)

N
> i (Zi(f) = hi(f))

i=1

N
ZZi(f)

i=1

(1 - % sup var (Zl(f))) Pr <sup

e fer feF

<2Pr | sup
fer

=T
ik

Let us consider its implications to the standard empirical process. Set Z;(f) = f(X;)—Ef
and put hi(f) = —Ef. Also, set v? = sup ;e var(f), and note that if z > 2v/2v/Nv then

AN
1-— ? sup var (Zl(f)) Z 1/2
fer
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Therefore, for such a choice of x,

N N
Pr (]Sclelg ZZ;(f(XZ) —Ef)| > :c) < 4Py <]801€11; ;Eif(Xi) > Z) .

Now, fix any € > 0 and let z = Ne. If N > 8v?/e? then

Pr | su 1§:f(X-)—Ef >¢e | <4Pr | su is'f(X) >& (3.15)
feg ZVZ‘:1 i > fe]g £ i i 1 . .

Theorem 3.15 and Theorem 3.16 give a different way of addressing questions related to
empirical processes. Instead of analyzing the collection of the random variables {Zf : f € F},
where each Z¢ is the empirical mean (centred or not) of f, one can study the behaviour of a
random subset of R, the random coordinate projection, defined for a given F and a sample
o= (Xi)iL, by

PUF:{(f(XZ-))f\Ll : feF}.

By a symmetrization argument, the expectation of the supremum of the empirical process
indexed by F' is equivalent to

and understanding objects like . sup;eq ‘Zf\il aiti‘ and the way they depend on the indexing

N

Ex (]E‘E sup EiU;
1

vEP; F

1=

set T takes one a significant step forward towards a sharp analysis of empirical processes.
A significant part in these notes is the long journey towards a better understanding of

the connections between E. supcr ‘Zf\il 5,~ti‘ and the geometry of the indexing set T. A

crucial part of this journey is the study of how much of the structure of the indexing class F'
is reflected in the geometry of a typical P, F.



Chapter 4

Vectors with i1id coordinates

One of the most significant objects that appears in what follows is a random vector in RV
whose coordinates are independent copies of a fixed random variable. This is a natural
feature of sampling: given a function f one ‘sees’ the sample (f(X;))Y , and uses the sample
to address statistical questions on properties of f. In other words; the belief behind sampling
is that with high probability (f(X;))}¥.; encodes information thatis important in the context
of statistical questions.

Of course, another way of looking at the same object is as a random vector in R with
iid coordinates. If the idea behind sampling is indeed true, then the location of a typical
realization of the random vector (f(X;))Y; must contain important information. That leads

us to the following fundamental question:

Question 4.1. If Z is a random variable and Z1, ..., Zq are independent copies of Z, what is
the typical location of the random vector Z = (Zy, ..., Zq)?

As outlined in Section 1.1, the two notions of location we focus on are when Z is viewed
as a function on R? endowed with the natural probability measure; the other is when Z
endows a probability measure on'R? and we study the linear functionals <t, > defined on
that probability space. Specifically,

e What is the typical behaviour of ||Z|| for various natural norms on R?, like Lg and ¢4 ?
And does Z necessarily have many ‘nontrivial coordinates’?

e Given t € R% what are the moments of the linear form <Z,t>? In a more geometric
language, what is the structure of the set

B(Ly(2)) = {t € B : |[(Z,8)]|1, < 1}7

Both notions of location will turn out to be very important in what follows, and at times, the
study of the location can be highly nontrivial. At this point, the machinery at our disposal
is somewhat limited, and Question 4.1 will accompany us for a while. Still, some very useful
facts can still be derived, and we present some of them in what follows.

To get a better feeling of what is going on, we study two special cases: when Z is the
standard gaussian random variable, implying that Z = (gi, ..., g4) is the standard gaussian
random vector in R? (denoted in what follows by G; and when Z is a symmetric, {—1,1}-
valued random variable, implying that Z = (1, ...,e4)—the uniform distribution on the d-
dimensional combinatorial cube. In what follows we refer to this vector as the (standard)

35
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Bernoulli vector and denote it by £. Before getting one’s hopes too high, even in these very
special cases we will be far from a complete answer.

4.1 The gaussian vector in R?

The standard gaussian vector is of extreme significance for the theory we present. We do not
present all its basic properties in this presentation.

A very useful fact is that the gaussian random vector is rotation-invariant, meaning that
for any measurable set A and any orthogonal matrix O, Pr(G € A) = Pr(OG € A) i.e., the
distribution of G and of OG coincide.

Two facts immediately follow from this observation:

e For t € R, (t,G) has the same distribution at [|t[2g: indeed, let O be the orthogonal
matrix that satisfies O71t = eq||t||2. Since G and OG have the same distribution then
(t, @) is distributed as (¢t,0G) = (O~t,G) = ||t||2g14 as required.

e Let X = G/||G||2. Then X is a probability measure-on the sphere S?~! which is invariant
to rotations: for every orthogonal operator O-and a measurable set A C S¢1,

Pr(X € OA) = Pr(O7'G/||07'G|]2 € A) = Pr(G/||G]2 € A),

because G and ||G||2 are rotation invariant. A deep fact is that the there is only one
probability measure on the sphere-that is rotation invariant—the surface area. This is
an example of the notion of the Haar measure.

Thanks to the first observation; we can identify the L, structure endowed on R? by G: for any
t € RY, (t,G) has the same distribution as g1||t||2, and therefore, by the standard estimate on
moments of a gaussian random variable, ||(t,G)||z, = [|tl2]lg]lz, = ¢y/Pllt]l2. We thus have
that the L, unit ball endowed on R% by the gaussian vector,

d. I
B(Ly(@)) = {t e RT: [|{t,G)llz, <1} = - N
and is just a re-scaling of the standard Euclidean ball.

A far more subtle question is the ‘location’ in R? of a typical realization of G. Let us
start by a simple question: examining the Euclidean norm of G. It turns out that typically,
G ‘lives’ in some well specified shell in R?. While this may sound strange at first, it becomes
straightforward once presented in a more probabilistic language: the event {a < ||G|l2 < 8}
is simply {a? < Z;‘i:l g? < 2}, and we have obtained sharp estimates on the sum of inde-
pendent subgaussian random variables in Chapter 3.3. Since | g?||y, = || gHi2 it follows by the

11 version of Bernstein’s inequality that with probability at least 1 — 2 exp(—cod min{u?,u}),

?

2
9% ) <.

In other words,

IG]l2 € (Vd — e1v/m, Vd + c1v/m) (4.1)

with probability at least 1 — 2 exp(—cam).
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Even this sharp shell bound does not give precise enough information on the location
of G: as noted previously, from the perspective of sampling, the vector (\/&,0, ..,0) is (at
least intuitively) terrible because it is ‘peaky’, while (1,...,1) is great—being ‘well spread’.
However, both these vectors belong to the shell (4.1).

To complement the shell picture, we need to derive more information on the distribution
of the coordinates of G, and show that a typical G has to be well spread. Recall that in the
sense that a proportional number of its coordinates are of the order of ||G||2/V/d,

Lemma 4.2. There exists absolute constants c1 and co for which the following holds: with
probability at least 1 — 2 exp(—cyd)

, IIGH2H
1:|gil > co——== 7| > 0.98d.
H ra 2 Vd

One useful fact is that a standard gaussian variable satisfies a small-ball property: for
a suitable absolute constant x, Pr(|g| > k) > 0.99. Therefore, with probability at least
1 — 2exp(—cod),

i lgil > w} > 0.984,
which means that typically, G is well-spread: there is ~ d coordinates larger than ~ ||G||2/v/d >
¢1 which by (4.1) holds with probability at least 1 —2exp(—cad).

Note that the coordinate small-ball estimate does not exclude the fact that many of the
coordinates of G are big — say that there a constant number of them is of the order of v/d.
To exclude that option one has to obtain an upper estimate on ||G|| for norms that are more
restrictive that the ¢ one.

Lemma 4.3. There are absolute constants c1 and co for which the following holds: HEHG”wgl <
c1, and for u > 4, P’I“(HGng > u) <exp(=cu?logd).

Before we prove Lemma 4.3, let us explain its meaning. As observed previously, with
probability at least 1 — 2exp(—cod), d/2 < ||G|]2 < 2d and G has d/2 coordinates that are

larger than a suitable absolute constant c¢1, and, in fact, that a proportional number of the
coordinates belong to an interval [c2,c3]. Now, by Lemma 4.3 we have that with super-

polynomial probability,

gi < c2v/log(ed/),
showing that the coordinates of (g;)%_; cannot be too big: ||G|loc < c3y/logd and for any
k <d, Zisk(g;‘)Q < csklog(ed/k).

Remark 4.4. Recall that G/||G||2 is distributed as the uniform measure of S%='. Therefore,
we have that ‘most’ of the mass is concentrated on regular vectors:

{i : il € [es/ V. co/Vd]}| = erd, and 27| < e log(fid/i)'

Before we proceed with the proof, let us mention the following standard fact about bino-
mial coefficients:

Lemma 4.5. If 1 <m < N then

()= ()=60"

1
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Proof. Observe that
() =) S () @y e () S () ()

Ny

as claimed. []

Proof. Recall that for a random variable X on a probability space we have that ||.X||y, <
CEexp(|X|?). Consider the probability space {1,...,d} endowed with the uniform measure
and put X = G/R for a fixed realization of G. Therefore,

d
1
| Xllyg < Eexp(|G?/R?) = = > exp(g?/R?).
=1

Hence, taking the expectation with respect to G, if we set' R = ||g||y,, it follows that

d
1
ElX]lyg < > Eexp(lgil*/R%) <2,
i=1
implying that EHGng < 2R = 2||g||y, < 10.
Next, let us estimate the monotone rearrangement of the coordinate of G. By Lemma 4.5
and the tail estimate of the gaussian,

Prir 20 < (§)Prisl =0 () Pretal > 0) < 2esplitontedi) - 2/2)

If we set t = uy/log(ed/i) for u > 4, then
Pr(g; > uv/log(ed/i)) < 2exp(—(u®/4) - ilog(ed/i)).

The claim follows by taking the union bound over 1 < i < d. [ |

4.2 The Bernoulli vector in R?

Let 1, ...,€4 be d independent, symmetric {—1, 1}-valued random variables. Let & = (g1, ..., £4),
where in what follows we do not specify the dimension of the underlying space.

While for the gaussian vector G the structure of linear functionals <G, t> is simple but the
study of the coordinate structure of G required some work, the situation for £ is quite the
opposite: the coordinate structure of £ is very simple since every realization is just a point
in the combinatorial cube, but the behaviour of linear forms is more complex.

For t € R?, let

d
gt = <(€,t> = Z&iti.
1=1

An immediate outcome of Hoffding’s inequality (Lemma 2.9) is that & is a subgaussian
random vector:
[€¢llys < cllEllzy = cllt]]2,
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and the constant c is independent of ¢ or of the dimension d. Therefore, the 15 and Ly norms
are equivalent in R¢, with the standard identification of each t € R? with &. Moreover, by
the characterization of the ¥ norm, one has that for every p > 2 and every ¢t € R?,

1K€ L, < crvpI(E )L, = crv/plltl2. (4.2)

While (4.2) is straightforward, it is far from sharp. It leads to the same estimate as for the
standard gaussian vector in R?, although clearly there are vectors ¢t € R? for which <E , t> is
‘much nicer’ than <G,t>. For example, if ¢ = eq, then & = &1 which is a bounded random
variable, and [[(€,t)||z, <1 for every p, while (G,t) = g1, implying that [[(G,¢)| 1, ~ /P-

The fact is that contrary to the rotationally invariant gaussian <G, t>, <<5' , t> is ‘direction
dependent’, and at the same time its moment growth is always better than that of the
corresponding gaussian. And the corresponding L, (&) balls endowed on R? will be larger sets
than L,(G) as the next lemma shows:

Lemma 4.6. For every t € R? and every p > 1, |(€,t)|, <G, V)L,

Proof. Clearly, Zl 1 Eits = ﬁ Z?Zl g;E|gi|t;. Therefore, by Jensen inequality,

p d p 1 p d p

E sElglt:;l < | —— | EE gilg:|t;
<Egl) 2 ciBlailts 4 (o) ™ - |2 ilalt
1 \* | \

— E giti
(&) B[

because (g;)%; and (£;9;)%, have the same distribution. ]

)

A geometric way of formulating Lemma 4.6 is that the L, unit balls endowed on R? by G

and &€ imply that
1 1
—_BY = B,(G) ¢ ——B,(&).
\/13 2 P( ) E\g\ P( )

The different behaviour of linear forms <5,t> and <G,t> plays a crucial role in what
follows. And at this point, let us quantify the moment growth of each linear form (i.e., one

dimensional marginal) (£,¢) and as an outcome, identify B,().
In what follows let (/)% be the nonincreasing rearrangement of (|t;|)%_, and set

HtHs,p—Zt +eyp(S )2

i>p

The || |lgp is a ‘mixture’ of two norms—the ¢; norm and an appropriate multiple of the /o
one; such mixtures are studied in Interpolation Theory (see e.g. [?]). Let us mention that at
this point using || ||¢, is a terrible abuse of notation, since at this point, it is not clear that
| lep has anything to do with a norm.

The motivation behind the definition is the main result of this section:

Theorem 4.7. There exist absolute constants ¢ and co for which for any t € RY,
Ep > H<t 5>||Lp < C2Ht||5,p

Moreover, set K to be the convex hull of B{ and (1/\/13)B2d. Then, there are absolute constants
c3 and ¢4 such that

cilltlle

3K C By(€) C K.
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Note that indeed K is a larger set than B(L,(G)), which is (¢/,/p)BY. In contrast B,(&)
is attained by taking the convex hull of what is effectively B(L,(G)) with BY.

Remark 4.8. It is instructive to see for what directions t € S ||(t,G)||1, is equivalent to
(¢, ENllL, - since it always holds that

> < V(X))

then equivalence is satisfies when either
1/2
> it = c\/ﬁ(Zigp(t;‘)Q) / , or when

1/2 1/2
° (Zi>p(t;<)2) > C(Zz‘gp(tf)2> .
We will return to this fact when we explore empirical processes where we explore vectors t of

the form t = (f(X:))X,.

Let us begin the proof of the second part of Theorem 4.7 assuming that its first part is.
The proof requires the application of some basic notions from the theory of normed spaces
which will be used again in what follows.

If K ¢ R is a convex body (that is, a bounded, convex, centrally-symmetric subset of R?
with a nonempty interior). It is standard to verify that K is the unit ball of a norm on R%
and, if we set

K°®={t«(xz;t) <1forall z € K}
then K° is the unit ball of its dual norm. For example, if 1 <p < oo and K = Bg—the unit

ball of (R%, || ||,)—then K° =B where g is the conjugate index of p.
K? is called the polar body of K.
The following facts are standard and their proofs are left to the reader as an exercise.

Lemma 4.9. Let K, K1 and Ko be convex bodies in R4,
(1) For ¢ >0, (cK)° =c 1K°.
(2) If ¢,C > 0 and cK; C Ko C CKy then CT'K{ C K5 C ¢ 1Kj3.
(3) (conv(K71 U K3))° = K{ N K3S.

Exercise 10. Prove Lemma 4.9.

The claim is that the unit ball of the norm B,(€) endowed on R? is equivalent to

conv (Bf U %Bg). By Lemma 4.9, it suffices to show that the dual ball is equivalent to

1 [¢]
<c0nv (B{’ U \/ﬁBg’)) = B% N \/pBY;

that is, there are absolute constants ¢ and C such that for every t € R?

cd(t. &)L, < swp  (t.a) <COIEE L,
zeBL N/pBY

Now, if the first part is to be believed, all that is left is demonstrate the following:
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Lemma 4.10. There exist absolute constants ¢; and cy such that for every t € RY,

cilltllep < sup <t,x> < callt||e p- (4.3)
zeBd N/pBY

Proof. Fix t € R? and without loss of generality assume that (¢ ) _, is non-increasing and

nonnegative. Fix x € BL N /PB5 and note that by the ¢; — { Holder inequality and the
Cauchy-Schwarz inequality,

Y=t + Y tiws < ||$||ooztz +lalla (30 #)"

'L<p i>p i>p
<Zt +p ZR < ||tlle.p-
i>p

Taking the supremum with respect to = € Bgo N \/ﬁBg it follows that the left-hand side of
(4.3) holds with ¢ = 1.

As for the right-hand side, let R? = ZDP #, and consider two cases. Let if Y-V, ¢; > \/pR,
then set z = > P, e;. Hence, z € Bg N /pBY, and

<xt:§jz2(zy+¢w> el

Otherwise, Y, ¢; < \/pR, and set

i>p
Then )
oo < Yt < 7 -;;tz <1
and
(2,6) 2 VIR 2 o tle,
showing that the right-hand side holds with constant ¢; = 1/2. [ |

Next, we shall establish the first part of Theorem 4.7, by considering the upper and lower
estimates separately.

Lemma 4.11. There exists an absolute constant ¢ for which the following holds. For every
t € RY and every p > 2,

1/2

p
IE )L, <D ti+eyp [ D]
=1

i>p
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Proof. By the L, triangle inequality, followed by the triangle inequality for the first term
and (4.2) for the second — applied to (t])i>p, it is evident that

py 1/p N\ 1/p p\ 1/p
(IEJ t; ) S(E ) + B et
i>p
» 1/2
< e (D] (4.4)

7

1 i>p
[
While the proof of Lemma 4.11 is simple, it is far from obvious that this upper bound is

optimal. That requires a lower bound on H<8 ) t>|] L,> and obtaining such a lower bound is a
considerably harder task.

Lemma 4.12. There exists an absolute constant c¢ for which the following holds. For every
t € R? and every p > 2,

d
(E Z Eiti
=1

The proof of Theorem 4.12 requires some preparation.
Lemma 4.13. Let a € RY. If |lal|oo < |lall2/16+/5, then there is a decomposition of {1, ...,d}
to coordinate blocks I, ...1s, and for every 1 < j < s,
1/2

1/2

Py /P p
) >c| D trayp | D) . (4.5)
=1

i>p

llall2 2 lall2
LS ) < e
N Z o =95
lGIj
Proof. Without loss of generality, we may assume that a; > ag > ... > aq > 0. Let j; be

the smallest integer for which ZZ Laz > IIfﬁng Since a1 < ||al|2/16+/s it follows that j; > 1.

Moreover, since Zjl ! a? < ”a/H2 16s, it is evident that

Za <oty Il ol
S

and setting I1 = {1,..., 71},
1/2

lall2 2 lall2
< ; <
45 = Z“Z =25
i€ly
as required.
We continue along the same lines and construct k coordinate blocks: the process termi-

nates when Zg: a? < ”16[*2’ implying that

k

\a| Zz}: |a|’2

hence, k > s, as claimed. [ |
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Proof of Lemma 4.12. Without loss of generality we may assume that t; > to > ... > t45 > 0.

First, consider the case Y ¢ ¢; > \Q(ZDP t2)1/2. Clearly, with probability at least 277,
€1 =¢e2=..=¢p=1,and in partlcular

P p P P
E Zgiti 2 27P <Z ti)
i=1 i=1

Moreover, by Jensen’s inequality and since Ee; = 0,

E El’b

; (4.6)

57, 7,<p Ez i>p

implying that
1/2

1€, )L, > 5 Zt > Zt+\f >t

i>p

Next, assume that > b, t; < %(ZDP t2)1/2 and consider the vector a = (t;);>p. Observe
that

lalle
alloo < th > 16\/‘

and the condition of Lemma 4.13 holds with s = p. Let I1,...,I, be the decomposition of
{p +1,...,d} guaranteed by that Lemma. Recall that there is an absolute constant ¢; for

which
1/2
1> eitillz, < eVl eitill, = avp(d 1)
i€l; i€l i€l
thus, by the Paley-Zygmund inequality, there are absolute constants co and c3 such that

1/2

Pr Zaiti > ¢4 Zt? > c3.

i€l icl;

Note that the p random variables . I g;t; are independent and symmetric. Therefore, with
probability at least (c3/2)?, for every 1 < j < p,

1/2 1/2

2 €4 2
Zeitiz@ Ztl > Zti
i€l 1€l 1>p

for a suitable absolute constant ¢4. Thus,
p\ 1/p 1/2
E Z it > c54/p Z t )
i>p >p

and the claim follows using a similar argument to (4.6). |
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Chapter 5

Introduction

The underlying theme of these notes is structure, and specifically, the way randomness may
be used to expose hidden structures in sets. Using randomness to expose structure has been
one of the central ideas of Asymptotic Geometric Analysis, an area devoted to the study of
convex sets in R?. What is less widely known is that connections between randomness and
structure are at the heart of Statistical Learning Theory.

Statistical Learning Theory, and more generally, Nonparametric Statistics, are areas that
focus on prediction and estimation problems. Roughly put, a random sample is used to
generate an approximation of an unknown random variable by (wisely) selecting a function
from a given class of functions. Because of the nature of the given data, randomness obviously
plays an essential role in learning preblems, but connecting this with ‘structure’ seem a little
far-fetched at this point.

To give some indication of why problems involving sampling are connected with structure,
let us begin by describing a toy example: selecting randomly a subset of the coordinates of a
single vector in R%. This example captures many of the issues one has to contend with in what
follows, though, obviously, difficulties will have to be addressed not just for a single vector in
R? (or for a single function), but rather uniformly—for an infinite family of vectors/functions.

Contrary to what one might think, the fact that a vector (or a function for that matter) is
bounded with respect to some natural norm says very little on the effectiveness of sampling,
and the outcome of a sampling procedure may be totally distorted. To illustrate this obser-
vation let v € R? (and d is very large). One has access to set of N coordinates I C {1,...,d}
selected randomly. and the hope is that the sampled vector (v;);c; ‘inherits’ the significant
properties of the vector (vi)gzl—for example, that the £5 norm of v,

d 1/2
[vll2 = (Z |vz'2> :
i=1
is reflected by the values (v;);er.

Clearly, the best outcome one can hope for is when v is the constant vector, in which case,
for every I C {1,...,d}, if Prv = (v;)ier then

d\ 12
lolla = (m) 1Prolle

Therefore, if || is very close to N (as would be the case in any reasonable of choosing a random

47
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2|Jv]l2; in

1/2

subset ), a successful outcome of sampling is that || Prv||2 is ‘very close’ to (|N|/d)
other words, sampling shrinks the Euclidean norm by a factor that is very close to (|I|/d)
Now, consider the following vectors

v1 = (1,0,...,0) and vy = (1/Vd,...,1/Vd).

Both vectors belong to the Euclidean unit sphere, but respond in very different ways to a
choice of a random subset of their coordinates. Indeed, for any reasonable definition of a
random subset I C {1,...,d}, and even if N is large, the typical outcome is that the first
coordinate is not be selected. Therefore, || Prvi||2 = 0, which is very far from the benchmark
value of \/N/d. In contrast, since vy is a constant vector, ||Prvall2 = +/|I|/d.

The way the two vectors respond to sampling happens to be an outcome of their different
structures. Although the two have the same Euclidean norm, the norm of v is due to a single
coordinate, and in that sense, v; is a peaky vector. In contrast, ve is well-spread, as all of its
coordinates are the same!. Clearly,

Having some information on the Euclidean norm of a vector says absolutely nothing about
the success of sampling. And, like-wise, having information on the vector being bounded
with respect to other £, norms is equally useless. Meaningful information has to provide
more information than just “being bounded”.

Intuitively and somewhat inaccurately, independent sampling works reasonably well when
the wanted property is captured by a ‘large set’ of {2, and in this case, by a set consisting of
many coordinates. Indeed, a natural way of ensuring that || Prv||2 is large enough, say of the
order of \/|I|/d||v]|2 is that the set of coordinates

T {i ol S < ol < o} 5.1)

has cardinality that is proportional to d, for « and 3 that are absolute constants. In that case,
a typical random choice of I C {1, ...,d} of cardinality IV satisfies that [INJ, g| ~ N, leading
to the wanted outcome: the shrinking of the £ norm by a factor of (N/d)'/?. However, the
property that J, g is large is not captured by some natural norm of v.

At this point, a word of warning is called for: the first step in exploring sampling problems
is to identify the property one wishes sampling to preserve. For example, let

note that ||v||2 = 1 and that for p > 2,

d oy d—1\"/
vl = (D Il | = 7 (1 + dp/2> : (5:2)
=1

which is of the order of 1. Set a = 1/2 and # = 2, and thus |J, 5| = d — 1, implying, at
least intuitively, that a random choice of coordinates does not ‘collapse’ the £o norm. But as

! Although the terms “peaky” and “well-spread” are used rather freely, one should take care when using
them. For example, is the vector (1/v/2,1/v/2M,...1/v/2M) peaky or well-spread?
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it happens, the same is not true for the ¢, norm for any p > 2. Indeed, for a typical subset
I c{1,...,d}, say of cardinality N < d,

d\ /P 1/p 1\ 1/2-1/p
(&) (zer) <@
i€l

and the p-norm of Prv is much smaller than what we would like it to be.

The reason behind the collapse of the £, norm after sampling is simple—as relative to the
p-norm, v is peaky: the main contribution to the £, norm comes from a single coordinate and
all the other coordinates are negligible. In such a situation, sampling is useless. Upon some
reflection it is straightforward to verify that the correct p-analogue of the set J, g is

, a p
(i 1oy <10 < Mol | (5:3)

and for the vector v and constant values of & and 3 that set contains just a single coordinate.

Having large level sets like (5.1) or (5.3) has strong ties with the so-called small-ball
condition and such a property helps guarantee that the norm of a_sampled object does not
collapse. In contrast, ensuring that the sampled object is not too big—for example, in this
case, that \/d/|[I|(3;c; [vi|?)!/? is not significantly larger than |[v||s, is based on a totally
different property: a tail estimate, captured in this case by the cardinality of the sets

{z’ | >t ”\U/‘g} (5.4)

fort > 1.

One of the key observations used throughout these notes is that obtaining good tail es-
timates, and thus ensuring that the sampled object is not ‘too large’, requires rather
restrictive assumptions. In contrast, the small-ball estimate which guarantees that the
sampled object is not ‘too small’ is almost universally true and requires minimal assump-
tions.

5.1 A question

Let F' be a class of functions defined on a probability space (€2, ). In a subtle twist that
will become clearer in what follows, assume that very little is known about the measure p.
As a result, if X is distributed according to p, there is no information on the Lo(u) distance
between any fi, fo € F}; i.e.,

Hﬁawiw=4mfhWWM@=MMﬂ—hMW

is not known. Instead of information on u, one receives as data a sample X, ..., X, selected
independently according to p, and uses the empirical means

L 1/2
(N dolf- f2!2(X¢)> (5:5)
i=1

as a ‘guess’ of E|f1(X) — fo( X)|%.
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Question 5.1. Are the empirical means (5.5) a good guess of Lo(u) distances? In a more
geometric language, is the original Lo structure of F preserved via the empirical means?

Remark 5.2. Clearly, a version of Question 5.1 is valid for any Ly(p) rather than just for
p=2.

As an example, let Q = R? and set i to be some probability measure on R?. For T c R?
let Fr = {(t,-) : t € T} be the class of linear functionals defined by 7. As noted previously,

each t € T has a two roles: as a vector in R?, and as a linear functional on R?. Clearly,
for u,v € T one may easily compute various distances between v and v, for example, the €Z

distances,
d 1/p
- (} us v#’) ,
i=1

where (e;), is the standard basis in R?. However, the L,(u) distance between u and v, via
their identification as a linear functionals is a completely different story. Since the measure

d

Z(Ui — ;)€

=1

lu—vllp =

p

w is not known, it is impossible to compute
Ju=oll, = [ Ku=v.a)Pdie) Elfu— v, X)P.

Remark 5.3. Let us stress again that there is.no reason why ||u — v||, should have anything
to do with ||u —v||L,; these are completely different objects.

An assumption that is encountered frequently is that the measure p is isotropic, i.e., it is
symmetric and if for every u € R%, ||u||%2(u) — E<u,X>2 = ||u||3. Thus, when y is isotropic,

the Ly norm endowed on linearfunctionals in R? coincides with the || || norm.
Given X1,..., Xy, let
| N

((X)iLp, £h) = 5 D_(f = h)*(X0), (5.6)

=1

and the hope is that with high probability, at least for most of the pairs in F,

N
AN = Bl < 5 D20 — WX < BIS - bl
=1

moreover, one would like the constants A and B to be as close to 1 as possible.
Keeping in mind that there could be (and will be) a fundamental difference between upper
estimates and lower ones, it makes sense to split Question 5.1 to two parts.

Question 5.4. Given the functional ®, find the best possible choices of 0 < oy < 1,
AN, Bn, TN, TN > 0 for which the following holds: with probability at least 1 — oy, if h, f € F
and ||f — h|[z, > rn then

® (X)L, foh) = AN f = Rl (5.7)
and if h, f € F and ||f — h|L, > rly then

O ((X;)N1, f,h) < Bullf — hl3,. (5.8)
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The optimal values of the parameters should be determined by the structure of F', the
measure u and the sample size N.

Remark 5.5. One can ask a more fundamental question: what is the best choice of a func-
tional ®? Although (5.6) is the obvious candidate, is it the right one? As it happens, the
answer to that question is a resounding “no”, and far better alternatives are explored in what
follows.

Alternatively, one may formulate the same question not for distances between every pair
of functions in F', but rather for the norm of each f € F. Namely, when, with probability
1-— (SN, if ”fHL2 Z rN then

O (XN, £,0) > An|IfII3,; (5.9)

and if || f||z, > 'y then
® ((Xi)[L1, £,0) < Byl fI17, (5.10)

To put Question 5.4 in some context, let us present three examples of problems that may be
resolved once the question is answered. The first example originates in asymptotic geometric
analysis; the second is from random matrix theory;and the third one is from statistics/signal
processing.

Almost isometric Embedding of a finite subset of R

Let T C (R?, || ||l2) be a finite set. One would like ‘reduce the dimension’ of T, while preserving
all of its metric structure: i.e., to map T to R for k that is, hopefully, significantly smaller
than d, in a way that (almost) preserves the Euclidean distances between the points in 7.
Thus, the goal is to find a mapping ¢ : T — R* which satisfies that for every u,v € T, and
€ > 0 as small as possible,

[P (w) = ¢ (v)ll2

[ = vll2

1-¢e< <1l+¢; (5.11)

here || ||2 denotes the Euclidean norm in both R% and R*.
This problem has been studied extensively since the mid-80’s, when Johnson and Lin-
denstrauss proved their celebrated lemma. They showed that with high probability, a cor-

rectly normalized random orthogonal projection? onto a k-dimensional subspace of R? for
k = ce 2 log|T| satisfies (5.11).

Remark 5.6. It should be noted that despite its popularity, the Johnson-Lindenstrauss Lemma
was just that, a component in the proof of a different result, on extending a function between a
finite subset of a metric space X and s, to the entire space X, without distorting the Lipschitz
constant by much.

There has been significant progress in the study of linear operators that satisfy (5.11) over
the last 30 years. One class of such operators that is of particular interest in the context of
these embeddings consists of random matrices with independent rows.

2The notion of randomness Johnson and Lindenstrauss used was relative to the Haar measure on the
appropriate Grassmann manifold.
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Let X be an isotropic random vector in R%, set X1, ..., Xy to be independent copies of X,

and define
LS,
= = Xiy © €4,
VN i=1

i.e., the matrix whose rows are X7, ..., Xn.
Observe that on average, I' preserves the Euclidean norm of u € R%, because

N
1
E[[Pull3 = E< Y (Xi,u)” = [lul3.
=1

Of course, having a well-behaved mean does not imply that ||Tu||3 is close to that mean with
high probability, nor that uniform control over a large collection of points is possible.

To see the connection the embedding problem has with Question 5.4, let Fpr = {<t, > 1t e
T'}. Note that by selecting ® as in (5.6), Question 5.4 implies that for every u,v € T,

1 Y 1
P ((Xi)'f\ilafuafv) = NZ(fu - fv i NZ u—, X - ||F(u _U)”%a
i=1 =1

and || fu — foll7, = E{u — v,X>2 = ||lu — v||3. Thus, (5:11) follows from a positive answer to
Question 5.4 for the right value of N that suffices to ensure that 1 — 5 > 0, and with the
choices of Ay =1 —¢ and By =1+¢ and ry = 'y = 0.

An estimate for a finite set T" was presented in Lemma 3.11, but the real reason why
N = ce2log|T| is a suitable choice might appear mysterious at this point; in fact, the
technical argument used in the proof of Lemma 3.11 is far from the complete picture. Once
the necessary machinery is developed it will become clear that the logarithm of the cardinality
of a set is a actually a rather crude measure of the set’s complexity, and considerably sharper
alternatives can be established.

Extremal singular values of a random matrix

The spectral theory of random matrices has attracted considerable attention in recent years.
One well studied question has to do with the largest and smallest singular values of a random
matrix I', and those have a very simple geometric description according to the way I' acts on
the Euclidean unit sphere 91

Amax = sup [Tzl and Apin = 1nf HI‘xHQ
zeSd—1
In other words, the largest and smallest singular values of I' are the outer radius and the
inner radius, respectively, of the ellipsoid FB%.
Let us consider once again the random matrix I' mentioned previously: a matrix whose
rows are independent copies of an isotropic random vector in R%. It follows that

N

2 _ 1 \2

M= sp D0
1 N

A = inf —Z<Xi,:c>2,

zeSd—1 N 4
i=1
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corresponding to (5.10) and (5.9), respectively.
The fact that the upper estimate and the lower one have been separated will prove to
be significant. For example, one may show that under minimal assumptions on X, and with

high probability,
d
)\min > 1— AT
VN

/d
Amaxgl
+c N

is true, but only under more restrictive conditions. Moreover, these estimate hide what is
the natural complexity parameter associated with the Euclidean unit sphere: v/d. The ‘error
term’ /d/N happens to be the ratio between the ‘complexity’ of the indexing set—in this
case, of the unit sphere S?~!—and the square root of the cardinality of the given sample.
This will prove to be a general phenomenon. Why v/d captures the complexity of sphere
S9=1 has to be explained. And also, since the sphere is a very special set, one has to identify
the right complexity parameters of more general classes of functions and their roles in ‘error
terms’.

On the other hand,

Simple exact recovery

Let T C R? and assume that some to € T is selected but is kept concealed. The goal is to
identify tg, or, if that is impossible, to approximate it with respect to the £ norm. To perform
that task, the information one is provided consists of linear measurements, (<XZ-, t0>)£\;1, with
X1, ..., Xn selected independently, according to an underlying measure pu.

Given that information, an-obvious guess is to select any ¢t € T that agrees with the given
measurements; that is, take any ¢ € T for-which <t, XZ-> = <t0, X,-> for every 1 <¢ < N.

Now, assume that Question 5.4 may be answered in this case. Specifically, that with
probability at least 1 — 0, if u,v € T"and ||u — v||%2 =E(u—v, X>2 > ry then

N

1

5 2 (u=0.X0)" = Axllu— |3,
=1

for some An > 0. Clearly, on that event, if <t, Xi> = <t0,XZ-> for1 <14 <, then Ht—toH%2 < 7ry;
moreover, if ;4 happens to be an isotropic measure, then

It = toll3 = lIt — tollZ, < -

Finally, if rn; = 0 then no other point in T agrees with ¢y on the measurements. As a result,
the system of equations

<t,X7;> = <t0,Xi> forevery 1 <i< N

has a unique solution in 7', and that solution is %.

These observations have different names in different fields. In a naive version of sparse
recovery, the set T' consists of all the vectors in R? that are s-sparse; that is, supported on at
most s coordinates relative to the standard basis in R?. In learning theory, this is an example
of a realizable learning problem, or a noise-free problem when the class of functions consists
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of linear functionals in R?. And, in asymptotic geometric analysis, for T that is convex and
centrally symmetric, the argument leads to a bound on the so-called random Gelfand widths
of T', i.e., on the Euclidean diameter of ker(I') N7

All these examples are explored in some detail in what follows. For now, their role is to
convince the reader that Question 5.4 is a nontrivial question and has far-reaching implications
in modern areas of mathematics, statistics, computer science and engineering—even if one
only considers the restricted setup of classes of linear functionals in R? and iid sampling is
performed according to an isotropic measure. Because it is such a fundamental question, it
should not be surprising that developing the machinery necessary for addressing it requires
some effort. At the same time, as a learning problem, Question 5.1 is almost “as simple as
it gets”. One should keep in mind that general learning problems are far more complex and
addressing them requires much more than an answer to Question 5.1.

5.2 A Learning problem

Let us turn to the “main event” of these notes: the definition of a learning problem. The
starting point is the same as in the previous section: a class of functions defined on a prob-
ability space (€2, pt), where the measure p is not known and X is a random variable taking
values in {2 which is distributed according to pu.

Let Y be a collection of admissible targets, consisting of the random variables from which
the (unknown) target is selected. Obviously, one would like to keep that set as large as
possible.

Thus, a learning problem is naturally associated with a triplet (F, X,Y), where the class
F is known, but X and Y are not—other than, perhaps, some minimal assumptions on their
general properties (e.g. that Y€ Y).

Consider some (fixed but unknown) Y € ). The goal in a learning problem is to find
some f € F that is as close to Y as possible. For obvious reasons, the notion of similarity is
up to the learner, and is calibrated using a loss function. In what follows we only consider
the following collection of loss functions:

Definition 5.7. A loss is a function £ : R — R, that is even, convez, increasing in R
and satisfies £(0) = 0.

What is arguably the most important example of a loss function is the squared loss
((t) = t2, and it is the focus of these notes.

Given y € R and z € Q, the loss incurred by predicting f(z) instead of y is £(f(z) — y),
and for the squared loss, it is (f(x) — y)?. Hence, the best function one can find in the class
F' is the minimizer in F of the risk functional,

f=EE(f(X) =Y) = R(f),

with the expectation taken with respect to the joint distribution (X,Y’). We assume in what
follows that the minimizer exists and is unique, which happens to be the case under rather
minimal assumptions. That unique minimizer is denoted by f*.
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The obvious difficulty in identifying f* is that both X and Y are not known, and therefore
it is impossible to solve the risk minimization problem

argmin s pE (f(X) — V)%,

This lack of information is the key difference between standard problems in approximation
theory and the ones in statistical learning theory. In the latter, all the information one has
access to, other than the identity of the class F', is a random sample D = (X, Y;)f\il, selected
according to the joint distribution (X,Y’). Using that random sample the learner is expected
to produce some f and ensure that for most samples, f approximates f* in an appropriate
sense.

Naturally, there are various notions of approximation one may consider. In all of them the
objective is to make the error as small as possible and to do that with the highest confidence

(i.e., probability estimate) possible. Here are a few important notions:

(1) f is selected from F, and one would like f to be close to f* in the Lo (1) sense; that is,
ensure that with high probability with respect to the given sample,

If =513, =E((f - fP5)ID) <.
&, is called the estimation error.

(2) f is selected from F and one would like the risk of f to be almost the best possible in
F'. In other words, with high probability with respect to the given sample,

R(f) < b R() +8,

&y is called the prediction error, and it is important to note that the constant in front
of infep R(f) is 1. The prediction problem becomes much easier if one is allowed to
change it to a constant that is larger than 1.

(3) Procedures taking values in F'are called proper. One can be allowed more freedom if the
restriction that f € F' is removed. Still, the goal is to select f whose risk is not much
larger than the best in F'; that is, with high probability,

A

R(f) < }rellfw R(f) + Eagg-

Eagg is called the aggregation error® and such parameters are called unrestricted.

(4) Tt is possible to show that if the class F' is ‘too rich’, the estimation error and prediction
error are too big to be of any use, regardless of the way f is selected. Instead of
restricting the problems one can reasonably address to small classes, an alternative is
to invoke regularization methods. The idea behind regularization is that some functions
within F' are preferred to others: each class member has a ‘price-tag’ attached to it by
the learner. If two functions fit the random data to a similar extent, preference is given
to the function with the smaller price-tag. The hope is that with a well-chosen penalty
one may find a procedure f that has a small estimation/prediction error, despite the
fact that F' is seemingly too large.

3The name “aggregation error” is not standard; it comes from problems involving finite classes of functions
(or “dictionaries”) consisting of reasonable estimators. One can show that by combining the estimators—and
as a result leaving the original class—one can produce an even better estimator.
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There are many questions that one could ask at this point, but the most fundamental one
is probably this:

Question 5.8. What determines the prediction error and the estimation error? Specif-
ically, how do the estimation error and prediction error scale with sample size N, the
probability estimate one is aiming for, the structure of F, the underlying measure u and
the class of admissible targets Y ? And, finally, what is the right choice of a learning
procedure f?

The main goal of these notes is to address Question 5.8, or, rather, give the reader a
flavour of what is needed for addressing it.

The accuracy/confidence tradeoff is the term used here to describe the way & and &,
depend on the confidence parameter J, the sample size N and some features of ', X and Y.
It is the notion more frequently used in statistical literature (though it is usually called the
error rate of the problem). The emphasis is on the best tradeoff one can hope for when given
a fixed sample size N, which is a natural point of view when data is expensive. At the same
time, computer science literature uses the notion of sample complexity, in which one is given
the wanted accuracy and confidence levels and has to produce a sample size N that suffices
to ensure recovery with those accuracy and confidence levels.

To a certain extent the two notions are equivalent. The one subtle point that should be
kept in mind is the information that the learning procedure requires as input: whether it is
the sample size, or, rather, the wanted accuracy and confidence levels. We use both notions
in various parts of this exposition.

Before presenting a formal definition of a learning problem, let us give an example of a
prediction problem and of an estimation problem, both in R? and with respect to the squared
loss.

Example 5.9. Let yi be the standard gaussian measure on R?: i.e., the measure whose density
is proportional to exp(—||t||3/2) (in what follows we do not use any of the special properties
of the gaussian measure—other than the fact that it is isotropic).

Let T = B = {z: Zf’:l |z;| < 1} be the unit ball of the normed space (¢ = (R, || ||1) and
set

Fr={(t,-):teT}.

As always, one may identify each t € T with the linear functional f; = <t, >

Let tg € RY (not necessarily in B}) and set Y = <t0,X> + W, for W that is a centred
random wvariable that has variance o and is independent of X. Because W and X are
independent, W is mean-zero, and X is isotropic, it is evident that for everyt € T,

R(t) = E(Y — (t, X)) = E(to — t, X)* + 0% = |[to — |3 + 0.

Hence, the minimizer in Fr of the risk is attained by f* = <t*, > for t* that is closest to ty
with respect to the Fuclidean distance.
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In an attempt to identify or approximate to the data one is given consists of a random

sample
(X3, Yi)iL) = (X, (X to) + Wi) iy

for X1, ..., XN that are independent and distributed according to p, and W; that are indepen-
dent copies of W and are also independent of (Xz)fil The goal in the proper setup is to use
that given sample to produce some t € BT; thus, the learning procedure assigns to each sample
(X5, YN, a function f = <f, > € F. The success of the procedure is measured, for a given
confidence parameter 6, by

(1) the estimation error off = <f, ~>, which s
E=If—flL, = -3 and
(2) the prediction error of f = <f, > which is
& = R(f) = R(f*) = |t — toll3 = [It* — toll3

that the procedure achieves with confidence of 1—6 with respect to the given samples (X, Y@)Z]\L1
In the unrestricted setup one is allowed to select f = <f,-> for t € R? that need not
belong to B{l. The success of the procedure is measured by the tradeoff between the excess risk

A~

R(f) — R(f*) and the confidence with which that prediction error can be achieved.

With Question 5.8 in mind, how should ¢ be selected? How is the fact that T = BY
reflected in the accuracy/confidence tradeoff of the estimation problem and of the predic-
tion problem? And how would the tradeoff change for different X or Y—for example, if
X happen to be more ‘heavy tailed’ than gaussian?

Even in the restricted setup of linear regression in B{l, giving a complete answer to all
these questions is highly nontrivial. Doing so for an arbitrary problem seems to be asking for
too much. Still, as the reader will discover, a highly satisfactory answer can be obtained in
very general situations. That answer requires the development of a suitable machinery, which
will be done gradually.

5.2.1 Some Definitions

As always, let (€2, 1) be a probability space; the probability measure p is fixed, but not known,
and let X be distributed according to u. Let F' be a class of real-valued functions defined on
), and set ) to be a collection of admissible targets.

Definition 5.10. A set of admissible targets is minimal if it contains all targets of the form
{f(X)+W,: feF, o>0}, where Wy is a centred gaussian random variable with variance
o2 that is independent of X. With a slight abuse of notation we will denote a minimal set of
targets by Vmin-

The idea is that a reasonable class of admissible targets must at least contain what are
arguably the most natural and simplest of all targets: realizable targets, i.e., targets of the
form Y = fo(X) for some fy € F, and additive shifts of realizable targets by independent
gaussian noise, Y = fo(X) + W.
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Definition 5.11. Given a sample size N, a (proper) learning procedure is a collection of
functions @y : (Q x R)YN — F. In other words, ®x assigns to each (z;,y;)N., some f € F.
An unrestricted procedure is allowed to take values outside the class F'.

In what follows we ease notation and write ® instead of ® .

Remark 5.12. For the time being, we shall focus our attention to proper procedures. We
explain in what follows why it is essential in a generic learning problem to allow the procedure
to take values outside F'.

Next, let us formally define the estimation error and prediction error of a learning problem,
both with respect to the squared loss. The modifications needed for the analogous definitions
relative to more general loss functions are obvious and are omitted.

Definition 5.13. Given a class F', a set of admissible targets Y and an integer N, a
procedure ® performs with estimation accuracy & and confidence parameter § if for any
Y € Y, with probability at least 1 — 6,

H‘I) ((le YVZ)ZJ\LI) - f*“Lg S ge (512)

where f* denotes the minimizer in F of the true risk functional f € E(f(X) —Y)? and
the probability is with respect to the N product of the joint distribution of X and Y.

The procedure ® performs with prediction accuracy &, and confidence parameter o if
for any Y € Y, with probability at least 1 — 4,

B(@((X;, YDil1)) < inf R(S) + & (5.13)

The functions & and &, depend on 6, N and some features of the known target Y (for
example, the noise level ||Y — f*(X)||L,)-

Alternatively, given € > 0 and 0 < § < 1, the sample complexity of the procedure ®
is the minimal sample size Ny such that for any N > Ny, with probability 1 — J,

19 (X3, Yi)iLy) = f7llz. < Ve resp. R(®((X5,Yi)iLy)) < }rellf!«“R(f) +e.

Follows Definition 5.13, the performance of a procedure is measured by its success when
faced with any admissible target Y € ) and that success is measured via the accuracy /confidence
tradeoff (i.e., the error a procedure may guarantee and the probability with which it can guar-
antee it), or, equivalently, according to its sample complexity.

The obvious way of deciding if a procedure is useful is by comparing the accuracy/confidence
tradeoff it achieves with the benchmark performance of a hypothetical procedure: the theo-
retical limitations on the accuracy/confidence tradeoff. And to make this comparison more
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interesting, the hypothetical procedure only has to contend with a minimal set of admissible
targets Vmin- This type of an error rate is often called the minimax error rate, though in
some places its meaning is slightly different than the way the notion is used here.

Definition 5.14. Given a class of functions F' on a probability space (2, 1), a set of admissible
targets Y and a given sample size N, a procedure ® performs with the y-minimax accuracy
for a confidence parameter § if

e For every Y € Y, with probability at least 1 — 68, (5.12) (resp. (5.13)) holds, with an
estimation error & (resp. prediction error &p).

o If U is any learning procedure, then there is some Y € Y for which the event
1w (X3, Ya)ily) = Fllz, < 7€e

(resp. R (<I)N ((XZ,YZ)f\Ll)) < infrep R(f) + ~&p) holds only with probability that is
smaller than 1 — 6.

Because it is rather optimistic to hope that one can identify the best possible procedure,
the parameter ~ gives one some freedom. Thus, a procedure is optimal in the minimax sense
if for a given degree of confidence, the accuracy with. which it -performs when faced with
any Y € ) is proportional to the theoretical limitations relative to that set of targets and
for v that is an absolute constant. Also, from here on all the sets of admissible targets )
considered contain at least Viin — i.e., the set of all realizable targets Y = f(X) for f € F,
and targets consisting of independent, additive gaussian noise, that is Y = f(X) + W where
W is a centred gaussian random variable that isindependent of X.

Unfortunately, we shall not discuss the question of the optimality and minimax rates in
these notes. A more detailed exposition can be found in the appendix of [?] and in [?].

5.3 What estimates should one expect?

An intuitive way of viewing estimation and prediction problems is as structure preservation.
In the case of the squared loss (which is the one we shall focus on here), one would like
to compare E(f(X) — Y)? to E(h(X) — Y)? for every pair (f,h) € F and to be able to
decide which of the two is bigger given only the values (X,-,Yi)f\il. Unfortunately, such
a uniform comparison is likely to be impossible: even taking the most optimistic view of
statistical recovery, one should expect inaccuracies caused by the incomplete information at
one’s disposal—as a sample does not capture the entire picture. Therefore, what is a more
realistic goal is to be able to compare E(f(X) —Y)? to E(h(X) — Y)? when f and h are ‘far
enough’, allowing for the true distance between f and h overcome the fluctuations caused
by the data (and what is meant by ‘far enough’ has to be made explicit). Also, one should
only be concerned about such comparisons when either f or h is the true minimizer of the
functional f — E(f(X) — Y)?: the goal is identify a function whose ‘predictive capabilities’
are comparable with the performance of the best function in the class. Naturally, one has
to be able to do that without knowing beforehand which function is the best in the class,
making the task more challenging.

As will become clearer, such a comparison is possible in a direct way only when the set
of ‘almost minimizers’ in F' has a small diameter; i.e., for an acceptable error of ¢, the set

{feFLE(f(X)-Y)? <E(f"(X) - Y)* +¢}
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consists only of functions that are close to f*. The difficulty in dealing with situations
where the set of almost minimizers has a large diameter occurs because of massive ‘statistical
fluctuations’ in estimates of R(f) — R(f*) = E(f(X) — Y)? — E(f*(X) — Y)? when f is an
almost minimizer (meaning that R(f) — R(f*) is close to 0) but at the same time, ||f — f*|/z,
is large. We refer to such issues as geometric obstructions; they are connected to the so-called
convexity condition explored in Section 5.5.

Remark 5.15. It should be stressed that the ability to accurately identify from data the smaller
of E(f(X)—=Y)? or E(h(X)—=Y)? when h = f* and f is far from f* is an approach that leads
to a sufficient condition for recovery, resulting in an upper estimate on the sample complexity
or on the accuracy/confidence tradeoff. Because it is enough to identify, for a typical sample,
just one function that is close enough to f*, the fact that a method can be used to identify
many such functions, is, at least in principle, a source of looseness.

The question of whether “separation analysis” is an optimal approach is still open. In
almost any noisy learning scenario it leads to the best known bounds and in most cases, to a
bound that is optimal in the minimax sense. A discussion on that issue can be found in [?].

For now, let us assume that one is dealing with the simpler case, in which the set of
‘almost minimizers’ of the risk functional consists-only of functions that are close to the true
minimizer. To see how Question 5.8 can be addressed in such a scenario, let us attempt to
speculate on when uniform separation is possible.

At the heart of this discussion is the following crucial observation: that the difficulty
of learning problems is ‘coded’ in the geometry of a random subset of F' that is naturally
associated with F' and o = (X1, ..., Xn).

Definition 5.16. Given a class F' and a sample o = (Xi)zj-il, the random coordinate projec-
tion assoctated with F and o is the set

PrF = {(f(X1), ... f(Xn)) : f € F} CRY.

Example 5.17. Let T C R¢ and let X be a random vector in R, If T = Z£1<Xi, ->ez- :
R? — RN s the random matriz whose rows are X1, ..., Xy, and Fp = {<t, > :t €T}, then
P,Fr=T1T.

The most important part of this presentation is the study of the way in which the
difficulty of statistical problems involving the class F' and the underlying distribution X
is reflected in the geometry of the sets P, F. We will explain how statistical problems can
be translated to questions on the structure of the sets P,F', and then solve these ques-
tions using the machinery of asymptotic geometric analysis—thus resolving the original
statistical problem.

5.3.1 Two regimes

Let us try to split the description of a generic problem, consisting of a triplet (F, X,Y") (and
under the assumption that there are no geometric obstructions) to two regimes: the low-noise
regime and the high-noise regime, by making educated guesses on the reasons why a statistical
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recovery procedure might make mistakes in each regime. We will make these guesses more
concrete in the next section.

At the extreme end of low-noise problems is the (seemingly) simple case, in which the
there is no noise at all: Y € F, and in particular f*(X) = Y. Continuing the separation
analogy of the previous section, one has to be able to distinguish between

E(f(X) =Y)? =E(f(X) - f*(X))* and E(h(X)- f*(X))?

using only the given sample as data. And, restricting to the important case, in which either
f = f*or h = f* the question becomes distinguishing E(f(X) — f*(X))? from 0 uniformly
in f € F,—at least when ||f — f*||z, is not too small.

As always, one has to contend with only having access to partial information in the
form of a sample (X;, Y)Y, = (X;, f*(X;))~X, and the natural problematic object is the
corresponding version space:

Definition 5.18. For f* € F and a sample 0 = (Xi)f\;l, the version space associated with
F, f* and o is a random subset of F' defined by

Vo ={f € F: f(X;) = f*(X)) forall 1 <i< N}.

Thus, functions in Vg« , are indistinguishable from f* on the given sample; therefore,
if, for a given sample o the Ly diameter of Vi« , is at-least r, there is no hope to of being
able to separate f* and every f € E-that satisfies ||f — f*||z, > r/2 using only the data

(i, fH (X)L

Example 5.19. Let us return-to-the case in which T C R? and Fr = {<t, > ct €T} s
the class of linear functionals defined by T. Let X be a centred random vector in R?, set
t" €T and put Y = <t*, > Thus, the triplet (Fp, X,Y) defines a noise-free problem. Given

the sample (X, Yl)fil = (X, <t*,Xi>)Z-]\L1, let T = Z£1<Xi, ->e,~ be the random matriz whose
rows are X1, ..., Xy, and note that

Vio={(t,-):teT, (t—t",X;) =0 forevery 1 <i < N}
:{<t,-> :teT, T'(t —t*) =0 for every 1 gz'gN}.
Thus,
Vio C )+ {{u,) ru€ker(D)N (T —T)}.

If T is convex and centrally-symmetric, then T —T = 2T. Hence, for every possible t* € T,
Vi o C (") + {({u,) s u € ker(I) N 2T} .

Finally, if X happens to be isotropic, implying that ||(t,)||, = |tz for every t € R?, the
mazimal Lo diameter of a version space in T is at most the o diameter of ker(I') N 2T'. This
parameter appears frequently in the study of the Gelfand widths of a convex body [?], and we
will encounter it again in what follows.

Intuitively, a large version space appears when F'is ‘rich’ around f*, since distinguishing
when f # f* becomes easier the larger ||f — ||z, is. Indeed, under mild assumptions, the
differences between f and f* are easier to expose using random sampling the further f and f*
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are from each other. Therefore, one should expect a balancing act between the radius r and the
‘size’ of the set {f € F : ||f— f*|lL, = r}: the larger r is, and unless {f € F': || f — f*||z, =7}
is ‘very rich’, it is likely that set does not intersect Vs« ,. Having said that, identifying the
right notion of size and obtaining quantitative estimates on the ‘critical level’ r is a highly
nontrivial task. As we explain in what follows, that notion is based on a fixed point, denoted
by rq, which finely balances the radius  and the ‘size’ of the set {f € F': ||f — f*|r, < r}.
We show that the fixed point is determined by the geometry structure of a typical coordinate
projection P,F (see Section 5.4 for more details).

The role of r¢ is to upper bound the smallest distance between an arbitrary f and f* that
still guarantees one can distinguish between the functions using the given data. More accu-
rately, we show that there is a data-dependent procedure ®, such that, with high probability,
for any f € F that satisfies || f — f*||z, > crq, one has

Q(X)Xy, £ ) 2 f = 713,

Thus, not only is the Ly diameter of a typical version space V(f*, o) smaller than cr, but, in
fact, one has much more: for larger distances one can derive a uniform one-sided estimate of
IIf — f*|l, using the given data.

Remark 5.20. These observation, in themselves, do mot imply that the typical diameter of
the version space is a lower bound on &, in noise-free problems. In fact, there are known
examples where that is not the case, though in general the situation is not fully understood.
We refer the reader to the appendiz of [?] for more details.

Once the target Y ‘moves away’ from F, there are other reasons why statistical errors are
likely to occur when trying to determine the signs of E(f(X)—Y)? —E(h(X) —Y)? using the
sample (Xj, Yi)i\il. Again, when considering only ‘interesting pairs’ where h = f*, one has
that for every f € F|

(1) = E(f(X) = Y)? = E(f*(X) =Y)? = E(f — f*)*(X) + 2E(f*(X) = Y) - (f = [)(X).

In other words, exhibiting that the difference is positive can be achieved by obtaining an
accurate data-dependent estimate on the two terms: the quadratic term E(f — f*)2(X) and
the multiplier term 2E(f*(X) —=Y) - (f — f*)(X).

One can easily be convinced that the reason why statistical estimates of (%) are correct
(i.e. positive) is the domination of (estimates of) the quadratic term over (estimates of) the
multiplier one. Indeed, the latter could easily be 0, for example, when Y = f*(X) + W for a
centred W that is independent of X. In such a case, when the problem consists of independent
additive noise, statistical estimates of the multiplier term are likely to fluctuate around 0 and
in particular can be negative with constant probability. Thus, the only reason why one can
“guess” the signs of (x) correctly is because the positive contribution of the quadratic term
is dominant.

The quadratic term is the same as in the noise-free problem, and the intuition behind
rq is that one can accurately “guess” E(f — f*)?(X) using the given sample when the lo (1)
distance between f and f* is at least ~ rg. With that in mind, satisfactory control of
the multiplier term means that for a well chosen ry, if ||f — f*||z, > M, there is a way
of “guessing” E(f*(X) —Y) - (f — f*)(X) sufficiently accurately. To that end one has to
capture the way the “noise” £ = f*(X)—Y interacts with the functions (f — f*)(X): a strong
interaction can cause fluctuations that prevent any procedure from accurately guessing the
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means E(f*(X)-Y)-(f—f*)(X). And, one has to keep in mind that “guess” means uniformly
in fekF.

Clearly, the noise level, captured by ||£||z, should have an important effect on the inter-
action between £ and functions in F'; and one should expect the signal-to-noise ratio to come
into play as well.

We show that just as in the noise-free case, rp is reflected through the geometry of (subsets
of) P,F.

A problem is considered “low-noise” if rg dominates rp; it belongs to the “high -noise”
regime if the reverse inequality holds. And, at least at the intuitive level, once the noise
level ||£]| L, is small enough, that is, once Y is close enough to F', the error should tend to
the noise-free solution. Specifically, when exact recovery in the noise-free case is possible
(i.e., when it is possible to have £ = 0), the error should tend to 0 with ||£]|L,.

The formal definition of rq and 7 is presented in the next section, as are some insights
regarding a geometric interpretation of the two. The statistical motivation behind their
definition is explained in Section 5.5.

It will be a long journey before one is able to justify in full why these parameters are
the right choices, and discuss whether they lead to a sharp characterization of the accu-
racy/confidence tradeoff in learning problems.

5.4 Complexity terms and fixed points

The question “what is the right way of measuring the size of a set?” does not have a single
answer. As one might expect, an answer depends on the context in which the question is
asked. Before we defined rq and 7 formally, let us describe a natural way of measuring
the size of a subset of R"V. The notion in question has originated from asymptotic geometric
analysis and is based on the idea of a mean width.

Definition 5.21. Let T C RY and set Z to be a centred random vector. The mean-width of
T with respect to Z is

Esup [(Z,t)]|. (5.14)
teT

The reason for the name “mean-width” is simple: for any z € SN=1, 2sup,ep [(2,t)] is
the width of T in the direction defined by z. If one would give equal weight to every direction
on the Euclidean unit sphere and average the width over all directions, the natural notion of
mean-width is

/S sup |<z,t>‘ do(z), (5.15)

N-1teT
with integration performed with respect to the Haar measure on the Euclidean unit sphere.
There is no reason to restrict oneself to directions, nor to a uniform distribution on the

sphere. Instead, (5.14) is natural analogue when considering a general random vector Z
instead of the uniform distribution on the Euclidean unit sphere.
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Example 5.22. A natural random vector that closely resembles the uniform measure on
the sphere (up to mormalization) is the standard gaussian vector G = (g;)~X.,. By rotation
invariance and the uniqueness of the Haar measure, G/||G||2 is uniformly distributed on SN=1,
and one may verify that

1
/S Sup‘<z,t>’da(z) ~ ﬁEKG’tM .

N-1 teT
Exercise 11. Complete the details of Example 5.22.

The most important random vector from the perspective of statistical learning theory is
the Bernoulli random vector, & = (g;)I¥;, that has independent, symmetric {—1,1}-valued
random variables as coordinates (i.e., it is uniformly distributed in {—1,1}". The random
vector & is isotropic and its Euclidean norm is ||€]|2 = v/N. One should note that the mean-
width of T" with respect to G and the mean width with respect to £ need not be equivalent.
For one, the Bernoulli mean-width is obtained by averaging the width with respect vectors
that are the vertices of the combinatorial cube {—1,1}¥, implying that it is far from being
rotationally invariant.

Exercise 12. Give an example of a set T C RN for which E SUpPse ‘<S, t>} and E sup;cr |<G, t>‘
are not equivalent.

Remark 5.23. For a set T C RY set

T° = {u e RN sup [(t,u)| < 1}.
teT

It is straightforward to verify that if T is bounded and the symmetric convex hull of T has
a nonempty interior in RN then that convex hull is the unit ball Bx of a normed space
X = (RN,|| ||). In that case, T° is the unit ball of the dual space X*, and in particular,
Esup,cr [(Z,6)| = E||Z||x+. At times we denote the latter by E|Z||ro.

The sets T that are of interest in statistical learning theory are not arbitrary subsets of
RY: they are the random coordinate projections of localizations of F' around f*, and since
they are the result of iid sampling, they have a rather special structure. To define those sets,
let

star(F,h) ={A\f+(1—XN)h: feF, and 0 <\ <1},

which is the star-shaped hull of F' and h; i.e., the set star(F,h) consists of all the intervals
whose end-point are h and any point in F'.

Taking the star-shaped hull of a set around a designated point might appear strange at
a first glance. It is actually a technical trick used to increase the regularity of F' around f*
while at the same time not increasing the size of F' by too much. At an intuitive level, one
may think of the star-shaped hull as adding one extra dimension to F', and as a result, other
standard notions of size (e.g. the covering numbers) do not increase by much. At the same
time, the added regularity is very useful: taking the star-shaped hull makes the set relatively
richer closer to its centre. Indeed, if p > r, any point in star(F, h) whose distance from h is
p, has a “scaled-down copy” whose distance from h is r (this is very easy to see when h = 0:
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if u € star(F,0) and ||u||z, = p, then since 0 < r/p < 1, (r/p)u € star(F,0) and its norm is
7). In other words, the subsets of the sphere

{u/]|u||L, : u € star(F — h,0) N pS(L2)}

become bigger as p decreases.
This regularity plays an important role in many of the results we present. A useful
observation to keep in mind is as follows:

If the goal is to show that a certain property is satisfied by any function in F whose
distance from f* is at least r, and if that property is homogeneous in f — f* in some
appropriate sense, it is enough to show that the property holds for any function in star(F —
f*, O) N T’S(LQ)

Indeed, consider u = f — f* such that ||u|lz, = ||f — f*llz, = p > r. Then v = (r/p)u €
star(F'— f*,0)NrS(Lg); therefore, v satisfies the wanted property. If the property is preserved
by multiplying v by a > 1, then u must satisfy the property as well.

After one makes the sets more regular by taking the star-shaped hull around a designated
centre (f*), the next step is to shift that centre to 0 and localize the resulting set by inter-
secting it with balls in Lo(u). For the next definition recall that D denotes the unit ball in
Lo(p).

Definition 5.24. For f* € F set
Fpep =star(F — f5,0)NeD ={h=X(f - f"): 0< X1, ||h|, <7}

Let €& = (g;)X, be the standard Bernoulli vector, and assume that it is independent of
X1,...,Xn. Consider the functions

o (r, f*,N) = Euesg[i Zbi@u(}(@) , (5.16)
f*r i=1
and for § = f*(X;) = Y;, 1<i<N, put
L
doi(r, f*, N) = Euesgflzm v ; ei&iu(X;)| - (5.17)

Thus, ¢q is the expectation of the generalized mean-width—relative to the Bernoulli
vector—, of the random coordinate projection P, F=, of the localization F« .. Indeed,

i=1
At the same time, ¢pi(r, f*, N) is the generalized mean-width of a weighted version of
P, Fys ., with the weights (&)Y, calibrating the effect of the noise.
As we explain in the next section, the critical levels rq and r are given by the fixed
point conditions ¢g(r, f*,N) ~ r and ¢n(r, f*, N) ~ 12, respectively. Before diving into

. 1
balr f*N) = ~Ex (E sup
UEPO'Ff*

T
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more technicalities, let us give a geometric interpretation of those conditions. Although at
this point the interpretation will seems like hand-waving, the reader is invited to take a leap
of faith with us; this interpretation will prove to be very useful and quite accurate.

The idea of structure preservation loosely implies that at the right scale, what one “sees”
in the real-world of Ls(1) is exhibited by a typical random coordinate projection, and

N

1/2
If = hllzg = (}V Z(f—h)2(Xi)> ~IIf = Pl

i=1

Armed with that belief, and because Fy«, C rD, the “complexity” of N -1/ 2P0Ff*’T should
not exceed that of a Euclidean ball of radius proportional to r. If the complexity happens to
be larger, that would hint that the sample o, which is used to define the mapping from Lo(p)
to L3, distorts the structure of Fy« . C rD by too much to be of any use. Since the Bernoulli
mean-width of rBéV is ~ rvV/N , the intuitive condition on rq is that it is the smallest r for

which
N
(%
&

2N

And that is precisely the fixed point condition that is used to define rq:

Ex [ E. sup
’UEPJFf*

) < VT (5.18)

,T

The fixed point rq is the smallest radius r such that, for a typical sample o, N -12p F rx
is not “richer” than the Euclidean ball in RY ‘of radius ¢r. Moreover, by the star-shape
property, if > rq then Nfl/QPaFf*ﬂn will be “less rich” than ~ rB5, and if r < rQ, it
will be at least as rich as ~ 7BY.

Naturally, one may ask if the fact that at the level rq, N -1/ QPUFf*,r becomes as rich as
crBY has anything to do with geometry; specifically, if N -1/ QPUFf*VT has the same Bernoulli
mean-width as chéV implies that one can find a Euclidean ball of radius r “living inside”
N1/ 2PUFf*’T. The remarkable answer to that is yes*—up to the right understanding of what
“living inside” means.

The situation regarding rp is a little more subtle, even at the level of hand-waving, because
of the normalization of 72 in the fixed point condition. Again, let us write that condition as

N 5 V;
Z €Mz, VN

and consider the differences between it and (5.18). The Bernoulli mean-width is of the set

W (5)N vepFy, b
IR RN G P

the weights (&;/]/€|1,)Y., distort the geometry of N~'/2P, Fy« .. in coordinate directions when
either & /||¢]| 1, is very large or when it is very close to 0. Having said that, one may show that

Ex | Ec sup
’UGPo-Ff*m

.
~ N
) e

4The “yes” is valid under some additional assumptions on F' and X and a slightly weaker statement is true
in full generality—though we conjecture that the weaker statement could be improved.
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fundamentally, that distortion is not devastating (although it could still have a meaningful
impact). A more significant issue is the extra multiplicative factor of r/||¢||z, appearing in
the definition of the fixed point. It captures the worst signal-to-noise ratio one encounters
when || f — f*||z, > . As a result, the fixed point is not defined by comparing the Bernoulli
mean width of W with that of a Euclidean ball of radius ~ r, but rather with a Euclidean
ball whose radius is multiplied by the worst signal-to-noise ratio.

In the next section we will explain the statistical motivation behind the definitions of the
fixed points rq and rp, and formulate the main result we shall present in these notes.

5.5 The satisfactory sample complexity

In this section we give further insights to the reasons behind the definitions of the fixed
points, and following that, formulate the main result of these notes. The key notion here is
the satisfactory sample complexity.

The satisfactory sample complexity is defined using a list of obstructions, which are, in
some sense, trivial. Overcoming each one of those obstacles is something one would expect of
any reasonable learning procedure. On the other hand, overcoming each obstruction comes
at a price:

e A certain geometric obstruction on the class F' forces one to consider procedures that need
not take values in F'

e Overcoming some trivial statistical obstructions requires a minimal number of sample
points.

At an intuitive level, the main result of [?] is that the sample complexity needed to
overcome the trivial statistical ebstructions actually suffices (up to some absolute mul-
tiplicative constant) for the solution of an (almost) arbitrary learning problem. And
because of the geometric obstruction, the solution is carried out using a procedure that
is allowed to take values outside the given class.

Here, for the sake of simplicity, we only explore the case in which F' is convex, which, as
we show in what follows, implies that no geometric obstructions exist.

Let us begin by describing the trivial obstructions we have in mind.

A geometric obstruction

In the standard (proper) learning model the procedure is only allowed to take values in the
given class F'. At a first glance this restriction seems to be completely reasonable; after all,
the learner’s goal is to find a function that mimics the behaviour of the best function in F,
and there is no apparent reason to look for such a function outside F'. However, a more
careful consideration shows that this restriction comes at a high cost:

Example 5.25. Let F' = {f1, fa} be defined on a probability space (2, 1), and as always, X is
distributed according to p. Fix an integer N and set Y to be a ‘noisy’ ~ 1/\/N—perturbation
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of the midpoint (f1(X)+ f2(X))/2, that is slightly closer in Lo to fi(X) than to fo(X). Then,
given samples (X;, Y;)fil, any proper procedure ® will necessarily make the wrong choice with
probability 1/10; that is, with probability at least 1/10, ®((X;,Y;).|) = fa and on that event,
the excess risk is £, ~ 1/\/ﬁ Thus, the best sample complexity estimate one can hope for
when using a proper learning procedure is ~ 1/2.

A proof of this standard fact may be found, for example, in [?, ?].

Example 5.25 serves as a strong indication of a general phenomenon: there are seemingly
innocent-looking problems, including ones involving classes with a finite number of functions
(in this example, only two functions...), in which the sample complexity is significantly higher
than what one would expect given the size of the class. The reason for such slow rates, or
equivalently, for large sample complexities, is that the ‘location’ of the target relative to the
class is not favourable. As will be clarified in Section 5.6, the notion of a favourable location
is characterized by a convexity condition on the excess risk functional:

Definition 5.26. A triplet (F, X,Y) satisfies a convezity condition with constant B > 0 with
respect to the squared loss, if for every f € F,

If = £1Z, < B (E(f(X) = V)= B(f*(X) - Y)?).

Note that the convexity condition implies that the minimizer in F' of the risk functional
f = E(f(X)—Y)?is unique. And, one may also verify that under a convexity condition, the
set of functions in F' that ‘almost minimize’ the risk consists only of perturbations of f*. For
more information on the convexity condition, see {?] and Section 5.6.

If F happens to be convex then for any target Y, the triplet (F, X,Y") satisfies the convexity
condition with B = 1. In particular, there is no geometric obstruction when dealing with
a convex class F', which makes the analysis of learning problems involving convex classes
significantly simpler than in the general case.

The following exercise requires some knowledge of Functional Analysis:
Exercise 13. Show that if F C Lo(u) is closed and conver and Y € Lo, then:
(1) f* = argmin g pEB(f(X) = Y)? exists and is unique.
(2) The triplet (F, X,Y) satisfies the convexity condition with constant B = 1.

(3) What features of the Ly norm are used in (1) and (2)? Can you deduce a similar result
with respect to other loss functions?

Remark 5.27. The focus of [?] is on general triplets (F, X,Y’), making it is impossible to
guarantee that the unknown target Y is in a favourable location, and therefore, there is no
convexity condition at one’s disposal. As a result, to have any hope of addressing the geometric
obstruction one must remove the restriction that the procedure is proper.

Statistical obstructions

A natural way of finding generic statistical obstructions is by identifying reasons why a statis-
tical procedure may make mistakes. As was explained in Section 5.3.1, there are two simple
sources of error:
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o Intrinsic errors and the low-noise regime: When F' is ‘rich’ close to the true minimizer f*,
it is difficult to ‘separate’ class members with the limited data the learner has, even if
Y = f*(X). The problem is compounded with the introduction of low-level noise, e.g.,
by setting Y = f*(X) + W where W is a centered random variable that is independent
of X and has a small variance relative to the wanted accuracy. One way of addressing
learning problems with low-level noise is by ensuring that in the noise-free (realizable)
problem, the version space has a small diameter in Ls.

e FEuxternal errors and the high-noise regime: When the noise level becomes significant and
| f*(X)— Y|]%2 is larger than the wanted accuracy €2, interactions between Y and class
members can cause distortions. These interactions make functions that are close to f*
indistinguishable and forces the learning procedure to make mistakes in the choices it
makes.

The “statistical obstructions” we refer to are the intrinsic-and external errors caused by
two specific collections of triplets involving F' and X (keeping in mind that the learner does
not know the distribution of X), and with targets Y that belong to Vmin, i.e., either:

(1) Realizable targets; that is, targets of the form ¥ = fy(X) where fy € F.

(2) Additive, independent gaussian noise; that is, targets of the form Y = fo(X) + W,

where fy € F' and W is a centred gaussian random variable, independent of X and with

variance o2.

The idea is that a satisfactory statistical procedure should be able to deal with targets
in Vmin. Moreover, the sample complexity needed to overcome the intrinsic errors caused by
targets in (1) by ensuring that each version space has a small diameter in Lo, and the external
errors caused by targets in (2) is a rather minimal price. One should be willing to pay such
a price if the goal is addressing general estimation and prediction problems that are likely to
be far more complex than these trivial targets.

The satisfactory sample complexity is a relatively sharp upper bound on the sample size
needed to overcome the trivial obstructions with constant confidence.

Definition 5.28. For a triplet T = (F, X,Y") let
Nint(T, e, k) = min {N t (Ve f5,N) < m"} , (5.19)

and
Newt (T, 2, %) = min {N : 6w (v&, f*, N) < 2} (5.20)

Theorem 5.29. Let T = (F,X,Y) be a triplet that satisfies the convexity condition with
constant B. Under minimal conditions on T, there are constants c1 and co that depend on B
(and on the minimal conditions), and a procedure that, given a sample of cardinality at least

N = Nint(Ta &, Cl) + Next(Ta g, 02)
such that, with probability at least 0.5,
”f_ f*HLQ < \ﬁv

(and 0.5 can be modified to any fized constant).
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Theorem 5.29 is harder than what might suspect and the procedure in question is empirical
risk minimization (ERM) which is studied in detail in Section 6.1. The proof when F' is convex
was established in [?]. We present highlights of the argument at a later point in these notes,
after the necessary machinery has been developed. Also, we shall not present a proof of the
fact that a sample size of N = Niy(T,¢€,¢1) + Next (T, €, ¢2) is not far from the lower bound
on the necessary sample size for overcoming the trivial obstacles. For more information on
that we refer the reader to the appendix in [?].

A sample complexity of N > Nin (T, /€, ¢1)+ Next (T, /£, c2) might have been a reasonable
candidate for the satisfactory sample complexity had one been interested in the constant
confidence level. But since the interest is in higher confidence levels as well, there is a need
for an additional term whose origin is the following lower bound:

Theorem 5.30. [?] There are absolute constants c; and ca for which the following holds.
Let W be a centred gaussian random variable that is independent of X and with variance o2,
and assume that F contains an interval [f1, fa] such that ||fi — f2|lL, > c1io0. Then for any
learning procedure ® there is some fo € F such that the sample complexity ® needs in order

to perform with accuracy € and confidence 1 —§ when faced with the triplet (F, X, fo(X)+W)

is at least
021 2
co— -log | =]
27 & 1)

Remark 5.31. Note that in Theorem (5.30), o= || f*(X)—Y ||, and that the triplet (F, X,Y")
satisfies the convexity condition with constant B'= 1.

With all these ingredients in place, let us define the satisfactory sample complexity:

Definition 5.32. An unrestricted procedure performs with a satisfactory sample complezx-
ity for a collection of triplets T if there are constants c1 and co such that for every triplet
T = (F,X,Y) € T, the procedure performs with accuracy € and confidence 1 — 6 with
sample complexity

* _ 2
N = Nut(T, V&, €1) + Newt (T, V7 1) + €2 (Hf M 1) log (?) - (5:20)

3

At a first glance, the satisfactory sample complexity seems a very optimistic notion. Not
only is its motivation a collection of trivial obstructions, Nyt 4+ Next is known to be valid
upper estimates only at the constant confidence level and for estimation problems that involve
classes that satisfy a convexity condition. The only term in (5.21) that depends on the wanted
confidence level is based on a lower bound that is essentially one dimensional.

A more tangible indication that achieving the satisfactory sample complexity may prove
to be difficult (if at all possible) is the problem of linear regression in R%:

Example 5.33. Let F = {(t,-) : t € R} be the class of linear functionals on R?. Assume

that X is an isotropic random vector in R, (i.e. for any t € R, E(X,t>2 = ||t]|3). Let
Y = <t0,X> + W, where W is centred, independent of X and satisfies that EW? = o2. It is
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straightforward to verify that f* = <t0, > and that for every r > 0,

Fpe, = {(t,-} te ng} ,

where BY is the Euclidean unit ball. Moreover, one can show that

1 & [d
Euesll?lﬁ, N;QU(XZ) <r N (5.22)
and
(IREL d
Euesgf N;&;(f (Xi) = Yi)u(Xy)| < o/ - (5.23)

Hence, the satisfactory sample complexity in this case satisfies that

d log(2/6
< max {d, o=, 02M}

€ €
which is the minimax estimate for linear regression in R*. However, finding a procedure that
performs with that sample complexity when X and W are heavy-tailed has been a long-standing

open problem; it was resolved only recently, in [?].
Exercise 14. Prove (5.22) and (5.23).

The main contribution of [?] is identifying a procedure that performs with the satisfactory
sample complexity in the sense of Definition 5.32, with one modification: for a problem
involving the triplet (F, X,Y’), one requires a sample size of

* _ 2
~ sup (Nunt(T' V&, 1) + Nt (T, V7, 1)) + € <||f (X)6 Yz, + 1) log <§> (5.24)
T/

where the supremum is taken with respect to all triplets 7" = (H, X,Y’), for classes H that
satisfy

H
< 2 2

However, here we focus on the simpler problem, in which the class F' is convex, and in which
case the following holds:

FiF
+ :{f+h:f,heF}, and [* € H.

If F is convex, then under minimal assumptions on the triplet (F, X,Y") there is a proce-
dure that attains the satisfactory sample complexity: a sample size of

*(X)—Y 2 92
~ Nint(T/7 \/57 Cl) + NeXt(T/7 \/g7 Cl) + (Hf ( )5 ||L2 + 1) IOg <5>

suffices to produce f such that with probability at least 1 — 9,

1f = Fllie < V6, and E((F(X) = YPI(X0 YR, ) S E(A(X) = YV)? +e.
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An alternative formulation of this estimate is given in terms of the accuracy/confidence
tradeoft:

If F is convex, then under minimal assumptions on the triplet (F, X,Y’) there is a
procedure that satisfies the following: given a sample size N, if r > max{rg,rn}, then

with probability at least
2
1—2exp <—cmin {7“2’ 1}) ,
o

E ((F(0) = Y216 YO, ) < E(P(X) = V)2 42,

one has that

Here, 0 = || f*(X) — Y||1, and the constants used in the definition of rq and v depend
only on the “minimal assumptions” on the triplet.

At the heart of the results from [?] and [?] is that the sample complexity /tradeoff estimates
hold in heavy-tailed situations, in which there is no hope of having satisfactory concentration
of empirical means around the true ones. In particular, ERM does not have a chance of
performing well given only the satisfactory sample complexity.

Heavy-tailed problems were considered totally out of reach until very recently. Up to
that point, an overwhelming majority of the work on statistical learning theory focused on
situations in which empirical means did concentrate well around their true means. This is not
to say that solving problems where there is enough concentration is easy; far from it: such
questions have been left unanswered for ~.40 years and their solutions require sophisticated
mathematical machinery. Although that bounded framework is not the main focus of these
notes, it is still highly instructive to see how estimation and prediction problems can be
resolved when there is sufficient concentration of empirical means. We present two results
that are based on concentration in the next chapter.

5.6 The convexity condition

Let F' C Ly be compact, denote by N(F') the set of functions in Ly that have more than a
unique best approximation in F, let Y ¢ N(F) and set f* to be the best approximation of Y
in F. Put

r=d(Y,N(F)) andset R=|Y — L,

Theorem 5.34. There exists an absolute constant C' for which the following holds. If L =
(f(X) —=Y)?2 = (f*(X) —Y)? is the excess squared loss functional, then

If = f*I1Z, < BELy
for B=C(1+ R/r).
Remark 5.35. The estimate one actually obtains is a little better—see Corollary 5.40.

The proof of Theorem 5.34 is based on a general estimate in a uniformly convex Banach
space, which is of independent interest and which we describe now.

Recall that a Banach space X is smooth if the norm is Gateaux differentiable in any x # 0.
In other words, for every x on the unit sphere of X there is a unique functional z* € X*
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such that ||z*|| = 1 and z*(x) = 1 (thus, there is a unique hyperplane {z : *(z) = 1} that
supports the unit ball of X, Bx, in z).

Definition 5.36. A Banach space X is strictly convez if for every x,y € Bx one has ||[z+y|| <
2. The space X is uniformly convez if there is a positive function dx () such that for every
0 <e <2 and every x,y € Bx for which |[x —y[| > €, one has ||z +y[| <2 —20(¢). In other
words,

. 1
ox(e) =int {1~ 3llo + ol . Il < 1, 1o~ 2 e}
is positive for € > 0.
The function 0x(¢) is called the modulus of convexity of X.
For basic properties of dx (¢) we refer the reader to [?], Chapter 8. Important facts that are

used in what follows are that dx (£) is an increasing function of ¢, and that if 0 < g1 < g9 < 2,

then
d(e1) < 5(62).
€1 £9

The proof of Theorem 5.34 is based on properties of the nearest point map (also known
as the metric projection).

Definition 5.37. Let X be a Banach space and put F*C X. The nearest-point map is a set
valued function Pr : X — 25 defined by assigning to each x € X the set of nearest points to
x in F with respect to the norm.

For basic facts regarding the nearest point map, see, for example, [?] Chapter 2.2 and
references therein.

Note that if F' is compact then Prz is a nonempty set for every x € X. It is also standard
to verify that if X is strictly convex and F is convex then Ppx consists of at most a single
element.

Exercise 15. Prove these facts.

Of course, if F' is not convex then some points in X may have more than a unique nearest
point. In fact, under various assumptions on the norm, if F' is compact, then |Prz| = 1 for
every z if and only if F' is convex. In its full generality, when removing the compactness
assumption, this equivalence is the famous problem of the convexity of Chebyshev sets. We
refer the reader to [?] for a survey on this topic.

Recall that N (F) is the set of points in X that have more than a unique best approximation
in F', and we abuse notation by also setting Pp : X\N(F') — F.

Remark 5.38. It is well known that the sets N(F) are small; indeed, if F is compact and
X is strictly convex then N(F) is a G set of the first category [?]. Thus, “most” points in
X have a unique nearest element in F'. For other results in this direction see also the survey

7). .

Throughout we use the following notation: for every z,y € X let
[2,y] = {te + (1 —t)y: 0 <t <1},

and set m to be the ray originating in x and passing through .

The crucial geometric estimate needed in the proof is as follows. The triangle inequality
shows that if x ¢ N(F), i.e., if  has a unique best approximation Prz € F, then for every
0<t<1,tx+ (1—t)Prz has a unique best approximation in F—namely, Ppz.
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Exercise 16. Prove that indeed, for 0 < t < 1, tx+(1—t) Ppx has a unique best approzimation
i F, and that is Prx.

The heart of the argument is to show that if = is “far away” from N(F’), any point on the
ray Ppx,z of the form z(t) = tx + (1 —t)Ppx for 1 <t < A(x) is still projected (uniquely) to
Prpxz—up to A(z) > 1 that depends on the distance between = and N (F).

This observation is connected with the so-called “solar” property of a set, introduced by
Efimov and Stechkin [?, ?, 7] in the study of the metric projection onto convex sets. The
proof of this “local” solar property is based on a fixed point argument similar to the one used
by Vlasov in [?] (and at the same time, though with a slightly different flavor, by Klee in [?]).

Lemma 5.39. Let F' be a compact subset of a Banach space X. Consider x € X\(N(F)UF),
set r = d(x, N(F)), R =d(z,F) and for every t > 0 let x(t) = tx + (1 — t)Prpx. Then, for
any 0 <t <1+r/R, Ppx(t) = Prx.

The claim for 0 < ¢t < 1 follows immediately from Exercise 16. The nontrivial part of
Lemma 5.39 is that if z is “far away” from N(F), one can'move further up the ray Prz, x—
beyond z and still be (uniquely) projected to Ppx.

Exercise 17. Show that if X is strictly convex and F' is compact and convezx, then for every
t> O, pr(t) = PFJZ

Exercise 17 is the so-called solar property of a convex set. The assertion of Theorem 5.39
is that F' has some local solar property despite the fact it is not convex (and without any
assumptions on the norm).

Proof of Lemma 5.39. Let 0 < § < r and set B.= B(x,r —0) to be the closed ball around
x and of radius r — 4. Put

to.=sup{t: z(t)€ B, Prx(t) = Pr(z)} (5.25)

and let 29 = z(tp). By the uniqueness of the nearest point in F' for points in B, the supremum
in (5.25) is attained and Pp(xg) = Ppx. Clearly, typ > 1 and assume that t < 14 (r — J)/R,
i.e., that zo belongs to the interior of B.

Consider the function ¢ : F' — B, given by

r—39 r—90
o) = (“ ||a:—f\)”“"_ o=

and observe that ¢ maps each f € F to the unique point in m N OB for which = € [¢(f), f].

Since x ¢ F then ¢ is continuous. Also, since BN N(F) = () and F is compact then
P is continuous on B. Thus, ¢ : B — B given by 1(z) = ¢(Prz) is also continuous, and
using the compactness of F' once again, W is compact and is contained in 0B. By the
Schauder-Tikhonov Fixed Point Theorem (see, e.g. [?], pg. 61) and the fact that ¢(B) C 0B,
there is some z € 9B for which 1(z) = z. Note that z ¢ Prz,z. Indeed, any fixed point
on that ray must be projected onto Prz; on the other hand, the only candidate for a fixed
point on Prx,z is on 0B and “beyond” xz(tp), which, by our assumption, is not projected
onto Prx. Moreover, since z ¢ Ppz, then Prz # Prx, because a fixed point projected onto
Prx must be on the ray Prz,x.

Thus, from the definition of ¢ and since z is a fixed point, z € [z, Ppz]. On the other
hand, by Exercise 16, Prz = Prz, which is a contradiction.

The claim follows by taking § — 0. [ |
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Observe that what matters is actually not d(x, N(F')), but rather “how much further” up

—
the ray Ppx,x can one go an still be outside N(F); such points will be projected to Prx as
well. To formulate that fact, let

X(z) = sup {/\ >1: Az +(1—\)Ppz ¢ N(F)} . (5.26)
Corollary 5.40. Let X be a Banach space and let ' C X be a compact set. If x ¢ (FUN(F))
then for every 1 <t < \*(z), Prx(t) = Prz.

Proof. Consider the functions r(y) = d(y, N(F)), R(y) = d(y, F') and define a sequence
0

(xn)2y C Ppz,z as follows. Let x; = x and set x9 = tz1 + (1 — t)Ppzy for t = 1 +

r(z1)/2R(z1). By Lemma 5.39, x9 € Prz,z and its unique nearest point in F' is Ppx. Also,

R(xs) = (1 L ra) )R(xl)

2R<$1)
and
r(z1) r(x1) r(z1)
1 — 1 = -p
o> o (14 55605 ) = (14 B = St - 7
()
=— > 0
Since 2o ¢ N(F), one can repeat_this argument for 2 = x5 and so on. It is clear that
A

(xr)0%, C Prpz,z N (X\N(F)), that Ppx, = Ppx for every integer n, and that

R(znit) = (1 + 27;@)) R(xn).

Moreover, relative to the natural order on Ppx,x, (2,)52; is increasing, and set ' = sup,,
(where 2/ might be infinite). By the construction of (x,)! it is evident that for every
z € [z,2'), Ppz = Ppx and that r(z) > 0. Thus, there are two possibilities: if 2/ = co then
every point in Ppz, z is uniquely projected to Ppx and the claim is trivially true. Otherwise,
(R(xy,))22, converges to a finite, positive limit, implying that r(z’) = lim, . 7(2y,) = 0. This
observation combined with the fact that » > 0 on [z, 2’) implies that ' = z(¢) for t = \*(z).

|

Next, we turn to the second component needed for the proof of the convexity condition.

Lemma 5.41. Let X be a uniformly convez, smooth space and consider w,y € X and p € Ry
such that ||y—w|| = p. Let0 < 0 < 1 and set wg = (1—0)w~+0y. If z satisfies that ||z—w| > p
then
Jun = 21 (1= 6)p > 26— wlax ({F=21).
Iz = wl|
Note that the bound improves the larger 0 is, i.e., the further wy is from w.

Proof. Without loss of generality one can assume that w = 0. Fix z # y and by the
assumption, ||z]| > ||y||. Define the function

lwo — z[| _ |10y — =||

HO = =
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and observe that H is a convex function and H(0) = 1. Also, since X is smooth, H is
differentiable in § = 0. Thus, H(§) — H(0) = H(#) — 1 > H'(0)6, implying that

H(®)—(1-6)> (H'(0)+1)86,

and to complete the proof one has to bound H'(0) from below.
Applying the chain rule, H'(0) = u* (II7yH)’ where u* is the unique functional of norm one

supporting the unit sphere in —z/||z|| = u. Let v = y/||z|| and since ||u*|| = 1 then

—Z
(= ) < u— v <2 265 (Ju+ o) =2 — 2 (Hyuzu ‘) |

Clearly, u*(u) = 1 and thus —u*(v) <1 —20x (”y_ZH), implying that

II=]

H(0) — (1—60) > (H'(0) +1) 6 > 205 (”y — Z’) .

2]l

Therefore

—Z
Mm—d%%l—@pzWw—ZW—O—QWﬂ22WdMXC%M“U'

Corollary 5.42. Let X be a uniformly convex and smooth Banach space and assume that
F C X is compact. Let x € X\(FUN(F)), set r =d(z,N(F)) and R = ||x — Prz||. Then,
for every f € F,

lf el

|z — fll = llz — Pra|| > 2(lz — f|| +r) <Ri,,n> Ox (Hm = fll+r

Proof. Fix 0 < § < r, z and f as above. Using the notation of Lemma 5.39 and of Lemma
5.41, let

w =xg = <1+r]_%6>x—rl_%5pr,

wy = (1 - O)w + 0Pz,
where 6 is chosen to ensure that wy = x. Since Prwy = Prx and
|w—wql| = [lw— Ppz|| — |lwg — Ppz| =r—4

then by Lemma 5.39, Prw = Prz. Thus, setting p = ||w — Ppz||, it is evident that B(w, p) N
F = {Ppz}. In particular, if f € F then | f — w|| > p and the assumptions of Lemma 5.41
are satisfied. A straightforward calculation shows that

0=(r—08)/(R+r—90), p=R+r—3, and (1—-0)p= |z — Pra|.

Thus, by Lemma 5.41,

r—2a — Ppx
lo = £l = lle = Pra] > 2]la0 = fll 5= —0x (Hf - \|>.

lzo — [l
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Finally, by the triangle inequality, ||zo — f|| < ||z — f|| 4+ (r — ) = A, and recall that for
0 < e1 < e <2one has 7 '0x(e1) < 5 '0x(e2). Therefore, if |zg — f|| < A and setting
e1 = ||f — Prz||/A and €2 = || f — Ppx||/||xo — f||, one has that

r=0Y s (IS = Pral
—fl = |z — Prz| >2A [ — = P ed | Ry
o= 71~ e = Peal > 28 (750 ) o (V721

the claim follows by the monotonicity of dx and taking § — 0. [

Proof of Theorem 5.34. Let X = Lo, recall that Y is the unknown target and that
Y ¢ FUN(F). Setting r =d(Y, N(F)) and R = ||Y — f*||z, it is evident from Corollary 5.42
and the bound of the modulus of convexity of a Hilbert space, that

) LT
R+v) V=2,

Therefore, using that a® — b*> = (a — b)(a + b) and that [|Y — f|lz, > [|Y — f*|lL.,

1Y = fllzo =11V = e, = 2(1Y = fllz, +7) <

r
r+ R

1Y = FIlE, = 1Y = f107, = Y = fllee = 1Y = £ ) 1Y = flle, > ¢ 1f = 112,

as claimed. m
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Chapter 6

When things concentrate

In this chapter we present two generic examples in which the triplets satisfy a convexity
condition and the random variables involved are well behaved—in the sense that certain
empirical means exhibit enough concentration around the true means and that concentration
is uniform. Thanks to that strong concentration one can address the estimation and prediction
problems using the most natural of procedures—empirical risk minimization.

6.1 Empirical risk minimization

Given a class of functions F' on (€2, 1) and an unknown target Y, there is a natural candidate
for a learning procedure: if (X;, Yz)fil is the sample, the choice is the function in F' that best
fits the sample, taking into account the loss function, that is:

N
= axgmingep - D70 (F(X) - ).
=1

In the case of the squared loss, that candidate is a minimizer in F' of the empirical risk

N
1 2
f=+ Z} (F(Xi) = Y3)%, (6.1)
and the mapping ® : (Q x R)Y — F selects
. 1 X
fe argminfeFN Z (F(X;) —Y)2. (6.2)
i=1

This procedure is called Empirical Risk Minimization (ERM). It is of central importance in
statistical learning theory and was studied extensively over the last 50 years.

The analysis of ERM is based on the notion of the excess loss functional and the resulting
excess risk.

Definition 6.1. Let £ be a loss function and set f* to be the minimizer in F of the risk
functional f — EL(f(X) —Y). The excess loss functional assigns to each f € F' the function

Lp(X,Y) =(f(X) =Y) - (" (X) = Y),

79
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and the excess risk is
EL;(X,Y) =EL{(f(X)-Y) - E{(f(X) -Y) = R(f) — R(f").

Note that while the loss ¢(f(X) —Y) can be computed on a given sample point (X,Y),
the same is not true for the excess loss L;(X,Y): the identity of f* is not known. Thus,
the excess loss functional may be used only as a theoretical object, and one cannot suggest
learning procedures that are based on it. With this disclaimer out of the way, observe that
the excess risk has two important features:

(1) For every f € F, EL;y > 0, and if f* is uniquely determined then EL; = 0 only for
f=r

(2) The empirical minimizer of the loss coincides with the empirical minimizer of the excess
loss. In other words, if ERM produces f then

N
~ 1
fe argmin— Z;L'f(Xi,Y;).

It follows that

because f* is a ‘competitor’ and Ly« = 0.

6.2 The bounded framework

In this section we study learning problems in extremely favourable condition: the loss satisfies
a Lipschitz condition; the class consists of uniformly bounded functions; and the geometry
of the problem is well-behaved, in a sense that the triplet satisfies a suitable version of the
convexity condition. To put this in perspective, the classical statistical prediction problem of
linear regression in R with respect to the squared loss and additive gaussian noise does not
fall within the scope of the bounded framework. Indeed:

Example 6.2. Let T C R? be bounded and set Fr = {(t,-) : t € T}. Let X be the standard
gaussian vector in R?, set Y = <zo,X> + W where zy € R and W is a standard gaussian
variable; and put £(t) = t>—the squared loss. For the triplet (F, X,Y) all the conditions of the
bounded framework are false: linear functionals are not bounded, the loss in not a Lipschitz
function, and, without more information on the location of zy relative to T, the converity
condition need not be true.

At the same time, there are countless interesting problems that do fall within the scope
of the bounded framework (see, e.g., the books [?] and references therein as a starting point).

Formally,

Assumption 6.1. The classical approach is based on the following assumptions:
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1. The class F' consists of functions that are bounded by almost surely by b and so is the
target Y.

2. The loss £ is a Lipschitz function with constant L in [—2b,20b].

3. The excess loss L satisfies a convexity condition: there is a constant B > 1 such that
for every f € F,
If = fIZ, < BEL;.

Out of the three assumptions, it is straightforward to relax (1), by assuming that the class
F has a well behaved envelope function H(z) = supscp |f(x)| that belongs to L or to Ly, .
Having said that, an assumption on the envelope does not really go beyond the bounded case.
An envelope condition restricts the ‘peaky’ part of all the functions in the class to a fixed
area on §) (exactly where the envelope is large), and so those peaky parts may be controlled
uniformly by studying a single function. Thus, by applying a simple truncation argument,
one reverts to the bounded case.

As for assumption (3), one may show that it holds if F' C Lo is a convex set and the loss
¢ is strongly convex. For simplicity, if £ is also smooth, then strong convexity means that for
any u,v € R

) > €(0) + £(0) -l D 5 fu — ol
Exercise 18. (1) Show that if £ is smooth and strongly convex, F' C La(p) is closed and

convex and Y € Lq, then the triplet (F, X,Y) satisfies the convezity condition (3), with
B that depends only on_the strong convexity constant of £.

(2) Show that the same holds without the smoothness assumption on £.

Combining (1) and (2) it follows that for every f € F' and every (X,Y),
L5 (X, Y)[ = [6(f(X) —=Y) —£(f(X) = Y)| < LIf(X) — f*(X)] < 2Lb, (6.4)

implying that {Ly : f € F'} is a class of uniformly bounded functions.
Also, combining (2) and (3) one has for every f € F,

ELG =E(U(f(X) = Y) = 4(f*(X) - Y))* < L’E|f - f*(X) < BL’EL;,  (6.5)

which is the so-called Bernstein condition (and the key part of (6.5) is, as one could expect,
the convexity condition).

To formulate the accuracy/confidence tradeoff and the sample complexity estimate for
prediction and estimation under Assumption 6.1, recall that Fy«, = star(F — f*,0)NrD and
set

N
on(r,o) = \/lﬁug}rlﬁ ) ;siu(Xz) , (6.6)
and
kn(7) = inf {r >0:Epn(r,o) < ’yrQ\/]v} , (6.7)

where the expectation is taken with respect to both (g;)¥; and (X;)Y;.
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Theorem 6.3. Under Assumption 6.1 there exists a constant ¢ that depends only on B and
a constant ¢ that depends only on L,b and B for which the following holds. Let v = c¢/L and
set r = 2kn(7y). Then, with probability at least 1 — exp(—c1 N7?),
1 N
sup WZizl £f(Xi’Yi) -1 < 1
(fEFEL;>r) ELyf 2

In particular, on that event, the excess risk of the empirical minimizer satisfies
EL; < 4k3(7),
and R -
If = ¥z, < 2VBkn(7).

An alternative formulation of Theorem 6.3 is in terms of the sample complexity—and its
proof, once Theorem 6.3 is established, is straightforward.

Theorem 6.4. Under the same conditions as in Theorem 6.3, let € and § be the wanted
accuracy and confidence levels. Set

No = min{N : E¢n(/z,0) < 7eVN} + CslogT@/fs)7

and let N > Ngo. Then, ERM satisfies that, with probability at least 1 — & with respect to
(X, Y;) Y

=1

IF = 771 < VE and B ((703) - ¥ )10 ) < BP0 - ¥ e

Observe that the fixed point-kn(7y) (and therefore, the error term in Theorem 6.3) does
not improve when the noise level of the problem, || f*(X) — Y||z,, decreases.

Before turning to the proof of Theorem 6.3, let us compare the fixed point r = kn(7)
to rq and ry. First of all, note that r > ry, because r is a legal value in the fixed-point
condition (up to the right choice of constant used to define rp;). Indeed, by the contraction
inequality for Bernoulli processes and recalling that ||¢||z.. = ||f*(X) = Y|z, <2b

ExE; sup < 2byr2VN

u€Fpx .

< 20ExE. sup
uGFf*,'r‘

1 & 1 &
- g€ X - e X
\/N; Zgl ( Z) \/N; (] ( 7,)
where the last inequality holds because r satisfies (6.7).
As for rg, observe first that r < \/b/y. Indeed, P, F C bBY, and thus, for every p,
E.én(p,0) < vV Nb. Hence,

< ’Y\/NT‘2 < \/I;\/NT,

E sup
uGFf*,'r

1 XN
— > eu(X)
VN5
and up to the dependence on v and b, r = kx/(v) is larger than max{rg,rn}-.

The first observation required for the proof of Theorem 6.3 has to do with the nature of
the fixed point ky (7). A similar phenomenon holds for rq and ry, and all of them are based
on the fact that the indexing set consists of localizations of a set that is star-shaped around
0—star(F — f*,0).
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Lemma 6.5. If r > kn(7) then Eon(r,0) < 2V N, and if r < kn(7), the reverse inequality
holds.

Proof. Fix p; > 0 for which

E¢n(p1,0) =E sup )| <vIVN,

U’EFf*,p

o Dax

and note that if po > p; and u € Fy« ,, then by the star-shape property, (p1/p2)h € Fy« ,,.

Given (g;)¥, and (X;)¥ ,, assume that SUPpeFy. ‘Zfil au(Xi)‘ is attained in h and that
p1 < ||h]lL, < p2. Therefore,

N

Zeiu(Xi) =

i=1

1] e
P1

sup
ueFf*

> ew(x

=1

sup
P1 UEF

N
Y e Pn(x)| <

P2 Pl

Taking expectations on both sides,

P2 2
E sup |— giu(X;)| < ey ) sup €l < vpap1VN < yp5V N
ueFf*,P2 \/NZZ; ’ pl uGFf*’p \/ Z ’
The proof of the second part follows an identical path and is omitted. [ |

The proof of Theorem 6.3 relies heavily on Talagrand’s concentration inequality for bounded
empirical processes, a version of which is formulated below (see also [?]). The impact that
Talagrand’s inequality has on statistical learning theory cannot be overstated. Almost every
major contribution to the area is based, to some extent, on that inequality, and the fact
that no similar inequality holds for empirical processes involving more heavy-tailed random
variables caused a major delay in the study of prediction and estimation problems.

Talagrand’s inequality will be used many times throughout these notes. The reader is
strongly encouraged to study its proof—as well as the entire beautiful machinery developed
by Talagrand for the analysis of the concentration of measure phenomenon in product spaces.

Theorem 6.6. There exist an absolute constant C for which the following holds. Let H be a
class of functions and set 0% = suppcpy var(h) and b = suppcy |hl|L... For every x > 0, with

probability at least 1 — 2exp(—x),
x b x
TH\I'N N |~

The second preliminary result the proof of Theorem 6.3 requires is based on is the following
version of the contraction theorem for Bernoulli processes [?]:

1 N

v

sup
heH

h(X;) —Eh

T enx

< C | Esup
heH

Theorem 6.7. Let T C RY and let ¢; : R — R satisfy that ¢;(0) = 0 and that ||¢;|lp < L.

Then
Z €Z¢l 7/

N

Z Ez‘ti .

i=1

< 2LEsup
teT

E sup
teT
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Proof of Theorem 6.3. The classes we are interested in are level sets of F', scaled according
to their excess risk: let r = 2ky () for v = ¢/ L, where the absolute constant ¢ is to be specified
in what follows. Set

Fj={feF: 2 <EL; <2/r?}, and Fy={f€ F:EL; <r?},

and consider the classes Lr, = {Ly: f € Fj}. The key to the proof is an estimate on the
probability with which

To that end, because every f € Fj satisfies that 277 1r% <EL; < 2772, it suffices to estimate
the probability with which

sup < =202 (6.8)

fEFj

|

N

1

v > Ly(X:,Y:) - ELy
=1

One may invoke Talagrand’s concentration inequality to each one of the class L. Note that
by (6.4)

sup || Lf|leo < 2L,
fEF;

and by (6.5), for any f € Fj,
EL} < BL*ELy < BL* - (2/r%);

thus,
oL, < VBL-2/%r and {f=f":feF;} CFpp

for p = /B27/%r, because || f — f*||%2 < BEL;.
Finally, one has to estimate

E sup
fEF;

N N
1 1
N E eily(X:,Y;)| =Exy (Ea sup | E eily(X;,Y;)
=1 i—1

feF;

and to do so we invoke a contraction argument. Fix (Xj, Y;)i]il, set & = f*(X;) — Y; and put
¢i(z) = Uz — &) — U(&)-

Clearly, each ¢; is a Lipschitz function with constant L and satisfies that ¢;(0) = 0. Also,

Lp(X,Ys) =0((f = f)X) + &) —£(&) = o ((f — f)(X0))-

By the contraction inequality for Bernoulli processes (Theorem 6.7), for every fixed (X;, ;)X ,,
1 1
Ee sup | Zfiﬁf(Xz‘, Yi)| =Ee sup | - ZEi (9i(f = [7)(X3))
fEFJ =1 feFJ =1
| X
<2LE. Sup |y ;&'(f — (X)) (6.9)




6.2. THE BOUNDED FRAMEWORK 85

Therefore, recalling that {f — f*: f € F}} C Fy- , for p = VB2,

< 2LE sup
fEF;

1 N
N;&'(f—f )(Xi)

< 2L -~(VB2/%r)?,

because vV B2//2r > r and applying Lemma 6.5.
Combining these observations, it follows that with probability at least 1 — exp(—z),

<C <2L vB2r? +,/ Y VBL 2% 4 oLpE )

sup Li(X;,Y;) —EL
sup Z £(Xi,Ys) —ELyg
Sl . 2j—17«2’
provided that
C1
6.10
T<71g (6.10)
and setting
x = co(L, b, BYN2ir?; (6.11)

(one may take ¢; = 1/24C and ¢y = min{1/(144BL*C?),1/(24C Lb)}—which clearly are not
the optimal choices).
Hence, with probability at least 1 — 2exp(—c2(L, b, B)N2/r?), for any f € Fj,

N
4 1 1 3
L2« TR <7§: X,,Y;) < =E
T—2[’f—N [’f( ) )—QLf’

and on top of having the required ratio estimate, it is evident that on the same event, f & Fj.
Applying the union bound for j > 1, one has that with probability at least

1-— Zexp(—CQ(L, b, BYN2/r?) > 1 — exp(—c3(L, b, BYN1?),
i>1

the ratio estimate holds for any f € F'\ Fy and the empirical minimizer satisfies

fé UFJ- = F\Fp.

jz1
Thus, f € Fp, and as a result, the risk of the empirical minimizer satisfies
EL; < r? = 4k3 (7).

The final part of the proof is immediate, recalling that for every f € F, || f — f"‘H%2 < BEL;.
|
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Remark 6.8. Note that the probability estimate is not trivial only when r?> > 1/N. Thus,
this method of proof cannot give an error bound that is better than ~ 1/N, and specifically,
cannot be used to ensure exact recovery even in noise-free problems.

The crucial point to notice here is the damaging effect of the application of a contraction
argument. The outcome of Theorem 6.3 depends on the Lipschitz constant of ¢ rather than
on the ‘magnitude’ of the noise (captured, for example, by ||Y — f*(X)||r, rather than by a
function of ||Y — f*(X)|| L., ). The estimate does not improve even when the problem becomes
‘more realizable’—that is, when Y is closer to F', and therefore it is, at times loose.

It turns out that ERM performs with the best possible accuracy and the optimal confidence
when F' is a subgaussian class (in which case 7 = ¢/L can be replaced by the correct quantity
v~ (IY = f*(X)|lL,)~1). Unfortunately, in more heavy tailed problems ERM is no longer a
reasonable procedure and one has to come up with better alternatives.

Exercise 19. Give an ezample of estimation/prediction problems involving a convez class in
which ERM does no perform with the sample complexity of, say, (5.24). (Hint: it is possible
to find a one-dimensional example).

6.3 Subgaussian learning

Let us turn to another example in which concentration of empirical means is still strong
enough. As is the case throughout these notes, the focus is on a convex class F' (and as a
result, Fy- . = (F — f*)NrD).

The assumption that leads to sufficient concentration is that the class is L-subgaussian
and that £ = f*(X) — Y has a finite 9 norm, where the meaning of the 2 and Ly norm
equivalence is that

1f = Pllg, < LI = hllz, for every f,h e FU{0}.

To formulate the result, given H C Lo let {G}, : h € H} be the canonical gaussian process
indexed by H; that is, each G}, is'a centred gaussian random variable and for any f, h € H,
EGLGy = (f,h) = [ f(z)h(x)du(z). For an extensive survey no gaussian processes we refer
the reader to [?].

Let

Esup Gj, = sup{E sup Gj,, H' C H is finite}.
heh heH'
Theorem 6.9. There are constants cg, c1,co that depend only on L for which the following
holds. Let r satisfy that

2
E sup thcm/ﬁ-min{r,r}.
heFpe , 1€l

Then with probability at least

r2
I1—2exp | —ciNmin{ +—5—,1 ,
1€113,

ERM performed in F using a sample (X;,Y;)Y,, returns f that satisfies

If = f*llL, <cor and E((f(X)—Y)Z‘(Xi,E)iJ\;)§02r2.
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The rest of this section is devoted to the proof of Theorem 6.9.

Remark 6.10. Note that the estimate in Theorem 6.9 relies heavily on ||£||y, rather than on
€]l o, the latter being what the optimal estimate should be based on. As a result, if ||£||y, is
significantly larger than ||€||r, the estimate from Theorem 6.9 is suboptimal—though for the
optimal performance one would have to use a different procedure than ERM.

Equation (6.3) presents an opportunity to analyze ERM in more detail. For every fixed
sample, the fact that Zf\; 1 L¢(X;,Y;) > 0 excludes f as a potential empirical minimizer.
Hence, if there is some r > 0 for which

N
(feF:lf~flnzrc {f € F: Y Li(XiYi) > o}, (6.12)

i=1

it implies that ||f — f*||z, <, establishing an estimate of &. In a similar fashion, if

N
(feF:R(f)—R(f*) >} C {f e Y L(XY) > 0} (6.13)

i=1

then R(f) — R(f*) < r?, leading to an estimate on &,.

Let us examine (6.12) for the squared loss. To obtain a useful bound one has to show that
with high probability, for any function that is sufficiently far away from (the unknown) f*,
the excess empirical risk is positive.

Recall the decomposition of the excess loss functional to its quadratic and multiplier
components:

(f(X) =Y)? = (f(X) = ¥)* = (f(X) = f*(X))* + 2 (f(X) = [*(X)) (f*(X) = Y),
and denote by Py the empirical mean functional, i.e.,
PyLy =Py (f(X) = f*(X))* + 2Py (f(X) = f*(X)) (f(X) = Y) =

1 N 2 2 al
= 2 (F(X) = (X)) + 5 D (f(X (X:) (f*(X5) = Y).

i=1 i=1

Note that PyL; has some homogeneity in f — f*: suppose that PyLy > 0, and consider
u € F that ‘lives’ on the ray originating from f* ‘beyond’ f; thus u— f* = 0(f — f*) for some
6 > 1 and

PyLy = 0*Py(f = f*) + 20Py (f(X) = f*(X)) (f(X) = Y) > 0PyLs > 0.

This, and the fact that F' is star-shaped around f* (a convex set is star-shaped around any
of its points) implies the following:

Let F' be a convex class. To prove that ELy > 0 for any f € F which satisfies that
| f—f*|lzo = 7, it suffice to show that EL; > 0 for any f € F that satisfies || f — f*||z, = 7.




88 CHAPTER 6. WHEN THINGS CONCENTRATE

Set £(X,Y) = f*(X) —Y and for a sample (X;,Y;)XY,, let

| X
Qp—p =5 D = (X, (6.14)
i=1
and
9 N
My_p- = sz (f = £)(X0), (6.15)
where & = f*(X;) — Y;. Therefore,
| X
PNﬁf:NZEf(Xi,Y;): Qf_p+ + Mp_ps. (6.16)

For obvious reasons we call Qf_ ¢+ the quadratic component of the empirical excess risk func-
tional and My_y« is the multiplier component.

Let us first find a high probability upper bound on &, by showing that if || f — f*||z, >
then PyLy > 0, implying that ERM selects f whose distance from f* is at most r. Once
again, by the star-shape property, it suffices to show that with high probability,

PyLy>0 when ||f — f*||py, =1
Clearly, EL; = EQ¢_p« +EM_p«, and therefore, by the convexity condition,
PNLp=(Qp-yr —EQf o) + (My_pr =EMy_ ) + EL;
~ 19 ~ B AT Wy - EMy_p 4 3 (ECs+ 5l - FIR, ). (617
The question becomes estimating the oscillations
1Qf—f+ —EQp_y+| and [My_p- —EMy_s|

on the star-shaped set (F' — f*) NrD, and showing that if || f — f*||z, = r these oscillations
are dominated by EL; +1?/B.

Obtaining a useful bound of these oscillations is a nontrivial task. This has been studied
extensively over the years under various conditions on the class F (see, for example, [?]). The
following estimate is from [?], and to formulate it one requires the next definition.

Definition 6.11. For an integer s,

As(H) = Esup Gy, + 2%/2diam(H, Ly).
heH
Theorem 6.12. For every L > 1 there exist constants c1 and ca that depend only on
L and for which the following holds. Let H be an L-subgaussian class of functions. If
§ € Ly, then for every u,w > 8 and s > 0, with probability at least 1 — 2 exp(—ciu?2®) —
2 exp(—cy N min{w?, w*}),

N

Z — E¢h)

=1

< couwV' N [[€]| g, As(H). (6.18)

sup
heH
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Moreover, with probability at least 1 — 2 exp(—c1u?2%),

N

sup |3 (W(X;) — ER)

heH |

< ¢ <u2A§(H) + uV'N sup ||h||L2AS(H)> : (6.19)
heH

In the case that is of interest here, H = Fy«, = (F — f*)NrD and £ = (f*(X) - Y). To
ensure that both oscillation terms are bounded by at most (6/2)r2 for 0 < 6 < 1 it suffices
that u,w ~ 1 and

A(H) ~ OVN mm{nsnw rp=

Hence, if r is the smallest such that

0 2
E sup G < c— mm{ }
heFpe VN €11, "

for a suitable constant ¢, and 2° = ((x)/r)2, one has that on‘an event A of probability at least

2
1—2exp | —c1(L)6?N min %, 1 ,
%217,

0
sup | Qg —EQpoyps| < 57”2,
{feF, |If=f*llLy<r}
and 9
sup |[Mys_ o= EMp_pe| < 57“2.

{fer, If=f*llLy<r}
Recalling (6.17), on the event A, one has that for every f € F that satisfies || f — f*||z, =7,
PuLy > —0r2 bt (BLs + = |1f - £ 04—
02 e —f— —
N = 2\ B Lz 2B
where the last inequality follows because ELy > 0. Thus, if # < 1/2B then PyLy is positive
for any f € F that satisfies ||f — f*||, = r. By the star-shape property, the same is true
when || f — f*||z, > r, showing that & < r with the wanted probability estimate.
To establish that &, < 72 on the same event, assume that it is not—and the conditional
expectation EL; > Cr?. But since ||f — f*||z, < r, that means that there is some f € F for

which || f — f*||lz, <7, EL; > Cr? and PyLy < 0. That is impossible on the event A by
(6.17): for any f € F such that ||f — f*||z, <,

1 1 1
PNLy> —0r® + 3 <ch + 5/ - f*||%2> > —0r? + 1ELs >0
if C' > max{46,2/B}. |
Remark 6.13. It is instructive to see how the choice of r is connected with r¢ and .

For the former, note that if H is an L-subgaussian class of functions then by Talagrand’s
majorizing measures theorem,

< cLE sup Gy,
heH
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which means that the condition Esuppep,, Gp < c(L)V/'Nr implies that rqg < 1 (of course,
assuming that the constants in the definitions are chosen properly).

Also, an immediate application of the first part of Theorem 6.12 (which is also based on
the magjorizing measures theorem) shows that

E sup
heH

N
1

—— Y g&h(X)| < eL?||€]|y,E sup Gy,
\/N; i&ih(Xi) | Hl/)z nelr
which, by the same argument, implies that ry < r.

Therefore, the estimate in Theorem 6.9 is weaker than the main result of these notes—
even at the level of fized points. Also, as noted previously, the estimate depend on |||y,
rather than on ||&|| for a smaller norm (ideally—||&||L,)-
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Heavy tailed problems
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Chapter 7

The small-ball method

The fact that the sum of iid random variables concentrates around the mean is an important
and useful fact. However, it is not without its problems.. At least the bounds that were
presented in the first part of these notes require the given random variable to be ‘well-
behaved’: for example, it should have a finite Lo, or?, norm, and even in such cases, the
quality of the estimate often depends on norm equivalence rather than of an upper bound
with respect to some norm. But is concentration of the empirical mean around the true one
really a single phenomenon? Concentration is a two-sided inequality, and unlikely as it sounds
at first, it is possible that the two inequalities are of a completely different nature.

Consider the following case. Let Z be a mean-zero variance 1 random variable, and set
Z1, ..., Zn to be independent copies of Z. For some fixed constants ¢ and C, consider the two

events
1 N 1 N ) ,
_ 2 2 _
A= NE Z; > cEZ and B = NE Z; <CEZ" ;.

i=1 i=1

A two-sided estimate of N~! Zf\il Zf holds on A N B, and therefore, the worse estimate of
the two will determine the way the empirical means deviate from EZ2.
There is a clear difference between the two event: a single very large ZJZ might result in

(Z,-)fil ¢ B. On the other hand, even if a proportional number of the Z; are 0, it is still
possible that (Zi)fil € A. This lack of symmetry is very significant. it hints that the lower
bound may be true with a much higher probability estimate than the upper one.

Example 7.1. Define a random variable Z by

1 1 1
Pr(Z:N):m, and Pr(Zzl):Pr(Z:()):2<1—N2>.

Therefore, EZ? = 3/2 — 1/2N?. Let Zy, ..., Zy be independent copies of Z, and observe that

Pr(31<i<N : Z;=N)=1 1 ! N> L
T AN . i = == N2 _2Na

and that on this event,

1 N
2
NE 72 > N.
=1

93
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Hence, even if C is ridiculously large, the best upper estimate one can have in this case holds
only with probability 1 —1/(2N). On the other hand, with probability at least 1 —2exp(—c1N),

oo\»—k

1N
N Az

It follows from Example 7.1 that there are situations in which what is a weak upper
estimate holds only with probability (1 — poly(1/N)), but a much stronger lower estimate is
true with very high probability.

The aim of this chapter is to study this phenomenon and see when high-probability ‘iso-
morphic’ or ‘almost isometric’ lower bounds are true. The main message is that such lower
bounds are almost universally true, and are certainly are less restrictive than the upper es-
timates. Moreover, under minimal conditions the lower bounds are stable: they remain true
even if someone maliciously removes a large part of the sample.

The importance of the universality of the lower bound and its stability is extreme: both
facts play a crucial role in what follows, especially in the study of heavy tailed learning
problems.

In this presentation the focus is on lower bounds on + ZZ 1 Z though the universality of
lower bounds is true in far more general situations, involving the sum of nonnegative random
variables.

7.1 The small-ball condition

The small-ball condition quantifies the fact that the random variable Z does not assign too
much ‘weight’ close to 0. It has nothing to do with the rate of decay of Z; that calibrates the
L, or ¢, norms of Z.

Definition 7.2. A random variable Z € Lo satisfies a small-ball condition with constants k
and § if

Pr(|Z| =z kl|Z]|,) = 0

Example 7.3. Let us give two extreme examples of random variables that satisfy a small-ball
condition.

o Let g be the standard gaussian random variable. It is straightforward to verify that for
0<e<1, Pr(lg| <e) < coe, where g is a suitable absolute constant. Therefore, given
any 0 <6 <1, Pr(lg| > c1dl|gllr,) > 1—6.

o Let h(t) = co/1+|t|* and set Z to be a random variable whose density is h. Then EZ% ~ 1,
but the tail decay of Z is slow. In fact, Z & Ls. On the other hand, Z satisfies the same
small-ball condition as the gaussian: close to 0 its density is of the order of a constant.
Hence, for 0 < <1, ffé h(t)dt ~ 6§, implying that Pr(|Z| > c2d||Z]|1,) > 1 —9.

The reason why a small-ball condition is so useful is the following almost trivial observa-
tion:
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Lemma 7.4. There exists an absolute constant ¢ for which the following holds. If Z € Lo is
a random variable that satisfies a small-ball condition with constants k and § and Z1, ..., Zn
are independent copies of Z then with probability at least 1 — 2exp(—cdN),

. ON
[i:12] 2 sl 20} = 55

In particular, on that event,

1 1
NZZ? > §H25HZH%Q-
=1

Proof. Let n; = Yz >k 2011y} Thus, (1;)Y, are independent selectors with mean at least
0. By the concentration of iid selectors (see (3.14)), the first claim follows. The second claim
is an immediate outcome of the first. [

Remark 7.5. Note that the lower bound on % Zf\il Zf 1s stable, because it the result of having
a proportional number (N/2 ) of the Z;s are of the order of |Z||,. Even if a malicious
adversary is allowed to change any subset of {Z1,....,.ZN} of cardinality at most 6N/4, the
lower bound would still hold—with a constant of k*0/4 instead of k?6/2. This is our first
encounter with a recurring theme, of a stable lower bound.

Because of its importance, let us turn to a more detailed study of the small-ball condition,
starting with the all-important question of ways in which a small-ball condition can be verified.
The first example is rather obvious, as it was featured in Example 7.3:

Lemma 7.6. Let Z be a random wariable-that has a density bounded by L. Then for every
>0,
Pr(|Zl < el Z]|L,) < e - 2L[|Z]|L,-

The proof is obvious: if h denotes the density of Z then
b
Pr(Z € [a,b]) = / h(t)dt < L(b— a),

and setting a = —¢||Z||, and b = ¢||Z]|, the claim follows. ]

7.1.1 Norm equivalence

The natural hierarchy of the L, spaces implies that || Z||., < [|Z]|r, when 1 < p < ¢ < oco. But
suppose that one is in a situation where the inequality is reversed, and there is some constant
L such that || Z]|, < L||Z||z,. This norm equivalence forces Z to have nontrivial structure:
a significant part of Z’s weight “lives” in the interval [«| Z]|z,, 8]/ Z||,] for constants o and
B that depend only L, p and ¢. In some sense, this is a combination of a small-ball condition
(plenty of weight in [a||Z]|z,,00) and a relatively nice tail decay, i.e., not too much weight in
Bl Z||L,,00). While both facts are useful, the one that is more significant for this discussion
is being far from 0, and that is an outcome of the Paley-Zygmund inequality.

Theorem 7.7. Let 1 <p < q<oo. If |Z| L, < L||Z]|L, then for 0 <8 <1,

q
1 gr\ o
Pr(z12 0121 > (5 )"
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Proof. By Hoélder’s inequality for » = ¢/p > 1 and its conjugate index ' = ¢/(¢ — p),
P P p pq/p\p/q . ppl-p/a P
127, =E|Z[PLyp50 + EIZIPLyz1<p < (BIZ[PYP)PIT- PrimP(1Z] 2 t) + ¢t

<|\z|f5, Pri=r/a(|2] = ) + 1.

Therefore,

|2Ii7, —#\ 7
Przlz 0z | —Z—] - (7.1)
121,

If |Z||c, < L||Z]|L,, 0 <0 <1andt=0|Z|L,, one has

1—6P\a>»
Pr(iZ) 2 01Z0,) = ()

Exercise 20. Show that for o, 8 and § that depend only-on p, ¢ and L, one has

Pr(z e [alZ|r,,81Z\,]) > o.

7.1.2 Small-ball and linear functionals

An important set of functions that is of considerable interest consists of linear functionals on
RY. Let us examine when linear functionals satisfy a small-ball condition with an important
twist: the goal is to have a uniform estimate, namely, if X is a random vector in RY, then
there are constants x and § such that for every t € SV—1,

Pr(|(X,t)| > &l[(X, t)ll,) > 0

(obviously, the implicit assumption is that X has a nontrivial covariance, and in particular,
all linear functionals are square-integrable).

By the Paley-Zygmund inequality, if the class of linear functionals satisfies any sort of
norm equivalence, for example, that there is some p > 2 such that for every ¢t € S9!
(X, )|z, < L|[{X,t)|L,, then the small-ball condition holds with constants x and & that
depend only on L. However, proving such a norm equivalence is often a nontrivial task.

Exercise 21. Let X be an isotropic random vector in RN .

1/4

(1) Give some ezamples of random vectors that satisfy (E||X|[|3)""" < LV/N for an absolute

constant L.

(2) Show that given such a random vector, “most” directions 0 € SN=1 satisfy a small ball
condition with constants k and 0 that depend only on L.

Consider a special choice of a random vector: Z = (7, ..., Zny)—a random vector whose
coordinates are independent copies of a symmetric random variable Z. As it happens, the
random vector Z ‘inherits’ the small-ball behaviour of random variable Z without resorting
to norm equivalence.
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Theorem 7.8. There exist absolute constant c1 and co for which the following holds. Let Z
be a symmetric random variable that satisfies a small-ball condition with constants k and §.
If Z1, ..., Zn are independent copies of Z then, for every (ay,...,ay) € RY,

pr( )

N
>_aiZ
=1

> 01\/3/1> > ¢90.

Proof. Since Z is symmetric, % a;X; has the same distribution as SN | &a;| - | Xil.
Observe that for every (b)Y, € RN if Y = Zf\il g;b; then

Pr. (

N
E ib;
i=1

> C1Hb\|2> > c2 (7.2)

for absolute constants ¢; and co. Indeed, because a Bernoulli vector is ¢p-subgaussian for an
absolute constant ¢y, one has

N
> _cibs
i=1

Now (7.2) follows from the Paley-Zygmund Theorem.
Next, let b; = |a;| - |Z;| and apply (7.2) for a realization of Z1, ..., Zxn. Thus,

N ~ 1/2
> eilail - 1Zil| > & <Z %ZZZZ) > C2, (7.3)
i=1 i=1

and it remains to obtain a lower bound on (vaz La2Z2)'/2 that holds with a high enough

probability. To that end, let 5; = 1qz,/>x); thus (n;)Y, are independent selectors with mean
at least d, and pointwise,

N

Z 5ibi

i=1

= [[bll2 and S 162

Lo

Ly

Pr.

N N
§ 272 § 2
a; ZZ > K a; ;.
=1 i=1

Let W = 3" 421; and observe that EW = §||al|2. Moreover,

i=1""
N 2 N N
EW? — 5 (Za3> Yt Yl
i=1 i=1 i=1
and
N N 1/2 N
Wiz, <8 (Z a$> +V6 (Z agi) < 2V§ (Z a3> .
i=1 i=1 i=1
Applying the Paley-Zygmund Theorem again, using that ||W/||z,/[|W|lz, < 2/v/d one has

) )
Pr(w = glalg) > ¢.

and therefore,

. (7.4)

| ™

N N
Pr (Z a?Z? > m252a?> >
i=1 i=1

The claim follows by combining (7.3) and (7.4). ]
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7.2 Uniform lower bounds

A crucial part in the study of lower bounds is the ability to obtain such bounds that hold
simultaneously for a class of functions. The small-ball method is a way of deriving such
uniform estimates, and the standard fist step is a uniform version of the small-ball condition.

Definition 7.9. The class H C La(u) satisfies a small-ball condition with constants k and §
if for every f,h € H U {0},

Pr(|f = hl(X) = &[lf = hl[z,) = 6.
Let us formulate a version of the key estimate that leads to a uniform lower bound.

Theorem 7.10. There exist absolute constants ¢y and cy for which the following holds. Let
H C rS(Ls) be a class that satisfies a small-ball condition with constants k and § > 1/N. If

E sup
heH

< cl(n5)2r,

1 N
¥ > eih(X)
=1

then with probability at least 1 — 2exp(—ca62N), for every h € H,

(- mixareg S8

Remark 7.11. There are various cases in which the probability estimate can be improved to
1 —2exp(—cdN). We shall return to the point after the proof of Theorem 7.10.

The idea behind the proof of Theorem 7.10 is simple, and versions of the same idea can
be used in many other cases.”To make the presentation as general as possible, let us consider
the following problem. Suppose that there is a certain property P that one would like to
show is satisfied by every v € P, H (in the context of Theorem 7.10, that property is that
each v € P, H has a proportional number of coordinates that are at least of the order of r.

(1) The first step in deriving a uniform estimate is to show that for every fixed h € H, P,h
satisfies P with very high probability. That is usually achieved thanks to the underlying
assumption on H, and the independence of X1, ..., X. In the context of Theorem 7.10,
the small-ball condition implies that with probability at least 1 — 2exp(—cdN), the
cardinality of the set Ij, = {i : |h(X;)| > k||h||L,} is at least ON/2.

(2) The high probability with which each P,h satisfies P implies that one can have such a
control uniformly for a large number of class members. Indeed, by the union bound, it
is possible to have |Ij,| ~ 0N for every h € H' as long as |H'| < exp(¢10N) for a suitable
absolute constant c;.

The natural choice of H' is an appropriate approximating subset of H, and in the
context of Theorem 7.10 is will be a maximal separated set with respect to the Lo
norm (though obviously one can think of other alternatives that make sense in various
examples). Denote the ‘mesh width’ of the separated set by p.

(3) The crucial part of the argument is the uniform estimate: that if h and f are ‘close
enough’, and P’ is a slightly weaker version of P then the fact that f satisfies P implies
that h satisfies P’. In other words, a perturbation does not ‘spoil’ P by too much.



7.2. UNIFORM LOWER BOUNDS 99

(4) By combining (2) and (3) one has that with high probability, every h € H satisfies (the
slightly weaker) P which is the estimate one is looking for.

In the context of Theorem 7.10, f satisfies P’ if
ON

_ K
{is ez 5o} = 75
and to establish (3) one has to show that with high probability
. ON
wp (i ]f - A) 2 w2y < O
{f.heH, ||f—hllL,<p}

Indeed, recall that H C rS(Ly), that H' C H is a maximal p-separated subset of H and
therefore, if h € H and wh denotes its best approximation in H’ then ||h—7h| L, < p. Hence,
it follows that on the intersection of the events from (2) and (3) that:

e by (2), for every b € H', |{i : |h(X;)| > kr}| > 0N/2 (i.e., each point in the net satisfies
P).
e by (3), for every h € H, |{i : |(h — f)(Xi)| > (k/2)r}| < dN/4 (i.e., perturbations do not
spoil P by ‘too much’).
Therefore, for every h € H there is I, C {1, ..., N} such that |I;| > 6 N/4 and for every i € I,

[R(CX)] > [7h(X0)] — | (h = 7h)(X)l = s — Zr > Zr.

On that event, every function in H satisfies the slightly weaker P’, as required.

Proof of Theorem 7.10. Part (1) is simply Lemma 7.4. Now, let us turn to (2): let H' ¢ H
be a maximal p-separated subset of H for p which satisfies that

log M(H, pD) < %O(SN. (7.5)
Invoking the individual estimates, one has that with probability at least 1—2 exp(—(co/2)dN),
for every h' € H', there is Iy C {1,..., N} such that |I;/| > 0N/2 and for every i € I,

W' (Xi)| = KlIW||L, = rr. (7.6)

Next, let us turn to the “main event”—establishing (3). One has to show that with high

probability,
ON
sup ‘{i:|f—h|(Xi)2Er} < .
{h.fem, [h—fllz,<p} 2 4

To that end, set U = (H — H) N pD and let us estimate the probability with which

N
(*) = sup > Luix) s /2 (7.7)
uet =1

Observe that (%) is the supremum of a sum of independent, binary-valued random variable.
By Talagrand’s concentration inequality for bounded empirical processes, one has that with
probability at least 1 — 2 exp(—z),

(x)<C (E(*) +J\/$7N+ZUN) ,
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where

2 E1 =P X) > (k/2)r) < el <A
o _ilelg {ul(x)> (/2y} = Pr(|ul(X) = (k/2)r) < K212 = 2p2

Thus, to have a chance that (x) < §N/4 one must ensure that

xgminN{5,52 (*Z)Q} (7.8)

All that is left is to estimate E(x), which based on standard methods from empirical processes
theory. Clearly,

N

Z Xi)| = Elul)

E(x) <— EsupZ\u |<— Esup + N sup E|u
wel ;4 1 uelU
N
Zfz

8
<— E sup )+ Np| <— | Esup ZE’ )|+ Np
uelU KT heH

where we have used the fact that ||u||r, < ||u|lr, <p; the Giné-Zinn symmetrization inequal-
ity; the contraction inequality for Bernoulli processes; and the triangle inequality. As a result
E(x) < 6N/16 provided that

N

%Zsm(x@-)

=1

£§(5 andE sup

< Kkor. (7.9)
KT heH

Taking into account the first part-of (7.9) and (7.5), it suffices to show that for a suitable
absolute constant cs,

log M(H, cardr) < %O(SN. (7.10)

The proof of that fact is based on Sudakov’s inequality for Bernoulli processes, which is
presented at a later stage of these notes.

Theorem 7.12. There exists an absolute constant ¢ for which the following holds. Let p > 1.
Consider T C RN, a set of cardinality exp(p) which is n-separated with respect to the Ly(E)
norm (that is, for every ty,ta € T, ||{t1 — t2,E)||L, =n). Then

E sup git; > on.
w3

Assume that there is a set H; C H consisting of exp(k) points in H that are Sr separated
with respect to the Ls norm for k < (¢o/4)0N. Just as in the proof of (1), by the small-ball
condition and the union bound, one has that with probability at least 1 — 2 exp(—(co/2)0N),
for every f,h € Hy,

i+ |(f — h)(Xi)| > kBr}| > %51\7. (7.11)

Conditioned on this event set W = {(h(X;))X, : h € Hy}. Observe that for every u,v € W
and p < dN/4
H<u - v,5>|\Lp 2 \/DEBTVON;



7.2. UNIFORM LOWER BOUNDS 101

indeed, that is the case because thanks to (7.11) each vector u — v has at least IN/2 > 2p
“large coordinates”. Recalling that

1/2

[u—=v.&)l,, 2 Vo | D lwi—v) )

i>p

Theorem 7.12 implies that

2 \/prBrvVON 2 kpréN,

N
E EiW;

=1

E. sup
weW

where the last inequality holds by setting k = p ~ d N. Since the event we have conditioned
on has probability at least 1/2 one has

N

E sup eih(X;
heH ; ( )

> c3kfBrolN.

In other words, setting 5 = cord, if the reverse inequality holds, i.e:, if

N
1
E sup | — gih(X;)| < (ko 2, 7.12
o | D h(0)| ) (712)
then log M(H, Br) < (co/2)0N, as required. ]

It should be stressed that the proof of Theorem 7.10 reveals the claim can potentially be
loose, and there could be instances in which the estimate may be improved. The sources of
possible looseness are:

. N N .

e Using (2/kr)Esup,cys ’Zi:l eiu(XZ-)’ to control Esup, ey > 2521 Liju|(x:)>(x/2)r} 18 frequently
very convenient, but at the same time it is far from sharp. There are some important
examples in which the latter'can be bounded directly, leading to a much better outcome.

e Replacing U = (H — H) N pD with H can be very costly, especially if p, which is the
mesh-width of a net of log-cardinality ~ d N, is very small. Again, there are examples
where that reduction is unwise.

e Estimating p using Sudakov’s inequality for Bernoulli processes is, again, convenient but
suboptimal. That leads to a fixed-point condition on the Bernoulli process that scales
like 62 rather than like d, and to a probability estimate of the order of 1 —2exp(—cé62N)
rather than better estimate of 1 — 2exp(—cdN).

Since there are important examples in which each one of these steps is loose, let us formulate
two relatively ‘raw’ versions of Theorem 7.10. The two are not the most convenient for-
mulations, and can be made more ‘clean’ just as in the proof of Theorem 7.10, but that will
become handy in some examples, including the proof of the main result of these notes—sample
complexity bounds on estimation and prediction.

A part of one raw version is a modification of the small-ball condition: instead of con-
sidering H C rS(L9) and assuming that Pr(|h(X)| > kr) > ¢ it suffices to assume that
Pr(|h(X)| > k) > 6. While the outcome might slightly change, the path the proofs take
remain the same.
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Theorem 7.13. Let H C Lo(p) and assume that for every h € H, Pr(|h(X)| > k) > 0.
Assume further that

(1) log M(H, pD) < c10N -log(2/(1 - 9));
(2) if U= (H — H)NpD then Esup,cy Zfil Lju)(x)>(r/2)} < ON/16.

Then with probability at least

2
1 — 2exp(—coN min {5, 52 <H> } ,
p

i+ In(X0)| > (5/2)}] = 30N

for every h € H,

Remark 7.14. Note that the factor of log(2/(1 — 9)) in (1); it is meaningful when & is very
close to 1, or, in other words, when the probability of “failure” for each random wvariable is
close to 0. As a result, if ni = Lyn(x,)=x} and En;is close to 1, then the probability that
Zf\;l n; > 0N /2 is very high—the tail estimate is in the Poisson range of Bennett’s inequality.
This simple observation plays a key role in some of the applications presented in what follows.

Also, just as in the proof of Theorem 7.10-one may show that

N

Esup > " Liju|(x)>(x/2)} <
uelU i—1

1 N
=) eu(X)
N =1

E sup
ue(H—H)NpD

9

F o

leading to a slightly relazed version of condition (2) in Theorem 7.13.

In a similar fashion, one may prove an analogous bound, in which the “likely events”
satisfy the reverse inequality, and for reasons that will become clearer in what follows, one
should consider § as being relatively close to 1.

Theorem 7.15. Let H C Lo(p) and assume that for every h € H, Pr(Jh(X)| < k) > ¢
0.99. Assume further that, for suitable absolute constants c¢1 and co,

v

(1) log M(H, pD) < 10N -log(2/(1 —6)), and

(2) f U= (H — H)N pD then Esup,c g m)npn }% S eu(X)

< k.

Then with probability at least

| 2o <_63Nmm {1, <;)2}> |

(i : |h(X:)| < (3/2)}] = 0.9N.

for every h € H,

Exercise 22. Prove Theorem 7.18 and Theorem 7.15.
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Simple outcomes of Theorem 7.10

In what follows we implicitly assume that all the functions involved satisfy a small-ball con-
dition with constants k and § (or the reverse condition if needed). It suffices that the right
condition holds in span(F’), but often much less is needed. For the sake of simplicity we make
no attempt of pin-pointing the minimal assumptions needed for the proofs to work. Instead,
the discussion is restricted to cases in which the required condition holds on span(F).

8.1 Proof of Theorem 5.29

At this point there is enough machinery set in place to prove Theorem 5.29, thus obtaining
an constant confidence estimate on the estimation error when F' is convex and satisfies a
small-ball condition. Instead of presenting a complete proof, let us highlight the components
that are needed in the proof.

The first observation is that by the quadratic-multiplier decomposition, and recalling that

E=f(X)-Y,
1 1 X
PaLy = 300 = £ +2 <N SC&(f - )X —Be(f - f*)) +2RE(S — )
i=1 =1

And, because F' is convex, the characterization of the nearest point map onto a convex subset
of a Hilbert space implies that for any f € F, E{(f — f*)(X) > 0.
Invoking Theorem 7.10, it follows that with high probability, if || f — f*||z, = 7 > rq then

Py(f =)= collf = 2,

where ¢y depends on the constants in the small-ball condition. By homogeneity and the
star-shape property, the same lower bound is true if ||f — f*||z, > r.

Next, Chebyshev’s inequality implies that if » > 7y (for the right choice of constants)
then with constant probability, for every f € F such that ||f — f*| 5, =,

N
1 * (&) Co
N D& = F)(Xa) —EE(f — )| < % = LI = Il (8.1)
i=1
Again, by the star-shape property and on the same event, (8.1) holds whenever || f—f*||z, > 7.
Setting r > max{rg, ™}, one has that with constant probability, if || f — f*||z, > r then

PnLy > 0, implying that on that event, ||f — f*||z, < 7. n

103
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It is instructive to see what feature of this argument must be improved to obtain Theorem
5.29 in its full generality: an estimate of the prediction error and for classes that satisfy
a convexity condition rather than being convex. The key point is that Theorem 7.10 only
provides an isomorphic lower bound on Py (f— f*)?, namely, that Py (f— f*)* > | f— f*[|7,,
but the constant ¢ need not be close to 1. The proof of Theorem 5.29 calls for an almost
isometric estimate: that Py(f — f*)2 > (1 = )| f — f*||%2, where ¢ can be as close to 0 as
we like. Unfortunately, such an estimate is beyond the scope of these notes; the interested
reader can find the result in [?], with the critical level being rq for a constant that depends
on (.

Let us show how such an almost isometric estimate can be used in the study of the
prediction error of ERM. Observe that by the quadratic-multiplier decomposition and the
convexity condition,

+EL;

1 ) 1
>PyQspr —BQp o — [PNMype = EMy gt o=l f = FI17, + 5ELy

Invoking the almost isometric lower estimate on the quadratic component for ( = 1/(4B), it
follows that if » > rq and ||f — f*|/r, > r, one has

PnQy g —EQp g = PnQy oy — |If — F2l7, = —CIIf — F71I3,-

Therefore, on that event,

1
—EL
+ 5 f

1 .
PnLy > <2B - C) If = fN7 = IPNMy_ e —EM_p
1 . 1
> — [PNMy_pe =EMy_pe| + Eﬂf — 3, + §Eﬁf-

From here the proof continues along the lines of Theorem 6.9, where a similar functional was
analyzed to control the prediction error. [ |

8.2 Dealing with malicious noise

Let F' C La(p) be a class of functions and set f* € F. Let H, = star(F' — f*,0) NrS where r
satisfies that

E sup < ci(k,0)r,

heH,

1 N
N > eih(Xi)
=1

and in particular, Theorem 7.10 holds for H,: with probability at least 1 —2exp(—ca(k,d)N),
for every h € H one has

i = [p[(Xi) = (r/2)[|P]l2s}] = 251\7- (8.2)

Observe that functions if H are of a particular form: if ||f — f*||z, > r, thereis 0 < A < 1

such that A(f — f*) € H,. And, since (8.2) is positive homogeneous, the same claim holds for
any f — f* aslong as || f — f*||z, > r; i.e.,



8.3. GEOMETRIC APPLICATIONS I 105

With probability at least 1 — 2exp(—c20N), for any f € F such that ||f — f*|| > r one
has

51 = £710%) 2 (s/D1f = Fllza)] > 16N (33)

Now, consider the following recovery problem in F: assume that one wishes to identify
f* € F given only a random sample of the form f*(Xy),..., f*(Xn), where Xi,..., Xy are
independent, distributed as the (unknown) X. In a cruel twist of events, the Devil, (which
from here on will be called “Toby”), can change 7N of the sample points in any way that he
see fit. Therefore, instead of seeing the true values f*(X1),..., f*(Xn) the given data is the
corrupted sample Zy, ..., Zn, where [{i : f*(X;) # Z;}| <nN. The question is how well (that
is, with what accuracy and confidence) can f* be approximated given the corrupted data?

Thanks to (8.3) one possible method of recovery is as follows. Assume that 7 < §/16, which
means that Toby can corrupt only a small fraction of the points—and “small” is relative to the
constant in the small-ball condition). Select any f € F such that [{i: f(X;) # Z;}| < dN/16.

First of all, observe that such a function exists: f*(X;) = Z; for at least (1 —n)N indices,
and (1 —n)N > (1 —0)N/16 > dN/16 provided that 6 < 1/2, which one can clearly assume
without loss of generality. Second, on the event on which (8.3) holds, if ||f — f*|, > r
then for at least 6N/4 of the indices one has that f(X;) # f*(X;). Therefore, even after
Toby’s malicious interference there are still at least N/4—nN > (3/16)0N indices such that
f(X;) # Z;. As aresult, if ||f — f*||L, > r there will be too much disagreement between the
values f(X;) and Z;, and such a funetion will not be a candidate. Hence,

With probability at least 1—2exp(—codV) any function selected by the procedure satisfies
that ||f — f*||L, < 7. The choice of r is-the smallest one such that

T3 etx

and ¢, ¢; are constants that depend only on the small-ball condition satisfied in span(F’).

E sup
U/EFf*’T

<cr,

8.3 Geometric applications I

An immediate outcome of (8.3) is as follows. Let H = star(F,0) NrS, where r satisfies that

33 etx

It follows that with probability at least 1 — 2exp(—caN), if || f||z, > r then

170X 2 (/D2 = 70N,

E sup <cyr.

uestar(F,0)NrS

and in particular,

Zf2 ) > cs(r, 0)IIfIIZ,.- (8.4)
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Let us invoke (8.4) to address two well-studied geometric problems. In what follows, X is an
isotropic random vector in R¢ that satisfies a small-ball condition in the following sense:

Definition 8.1. The random vector X € R? satisfies a weak small-ball condition with con-
stants K and § if for any t € R,

Pr (X, )] = &l(X,t)]|L,) > 0.

In other words, a random vector X satisfies a weak small-ball condition with constants
k and ¢ if every one dimensional marginal <X , t> is a random variable that satisfies a small-
ball condition with the same constants. This is the same as saying that the class of linear
functionals on R? satisfies a small-ball condition. The reason we call this a “weak small-
ball condition” is because there is a stronger version in which one has control on a certain
small-ball property for every marginal of X, not just one-dimensional marginals.

8.3.1 The smallest singular value of a random matrix

A question that has been studied extensively in recent years has to do with the smallest
singular value of a random matrix generated by X: let. X,..., X be independent copies of
X and define the random matrix I' = N~1/2 Zi]i1<Xi7 ->ei, which is a matrix whose rows are
X1,...,Xn. Note that the smallest singular value of I is given by

N
1 2
Amin(T) = inf [[Tt3 = vinf — ) (X;,t)7,
mn( ) tel‘S]:ld—l H H2 tel,;ld—l N;< 7 >
and the estimate from (8.4) when F = {<t, > it e Sdil} is precisely what is needed to bound
Amin from below.
Observe that star(F,0) = {(t,+).: t € B3}; therefore, if one can show that for r = 1,

N
1
E sup |— e X, )| < cq,
teBg N; z< 7 > 1

then by (8.4), with probability at least 1 — 2exp(—caN), Amin > ¢3. To that end, note that

N N
1 1 (B X][3)"2
E sup |— Z&'<Xi,t> =E|— ZsiXi < —==— = (%)
teBg N i=1 N i=1 9 VN

And, since X is isotropic, E||X||2 = EZ?ﬂ(X, ei>2 = d, implying that
[ d
(*) < N <c

Remark 8.2. One can show that a sharper estimate on Ayin @S possible if one assumes that
the linear forms {(t, > 't e Sdil} satisfy an Ly — Lo norm equivalence for some q > 2. For
example If ¢ > 4, one recovers the Bai-Yin asymptotics that Apmin > 1 — ¢\/d/N (see [?]).
Obtaining an upper estimate on Amax requires additional assumptions, and the key component
is the ability to control

provided that N > c%d.

3
X .
1<i<N d

The best estimates in this direction can be found in [?].
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8.3.2 Gelfand widths of convex bodies

The following question arises naturally in asymptotic geometric analysis.

Question 8.3. Let K be convex body in R? (that is, K is a bounded, convez, centrally-
symmetric set with a nonempty interior). Can one find a central section of K of small
co-dimension and has a relatively small diameter?

Estimates on the smallest possible diameter of a section of K for a fixed co-dimension is a
well-known parameter from approximation theory (the connection can be seen by identifying
K with a unit ball of a normed space). Formally:

Definition 8.4. Given an integer N < d, the Gelfand N-width of K is defined as
inf diam(K N E),

where the diameter is with respect to the Euclidean norm and E is a subspace of R® of co-
dimension N.

One way of generating an N co-dimensional subspace of R is as the kernel of a matrix
I': R? — RN, Historically, in the context of Question 8.3, the matrix I' that was considered
was a gaussian matrix (g;;), with independent, standard gaussian random variables as entries.
In [?] it was shown that a typical kernel of such a matrix satisfies that

E|Cllx-
/N )
where G is the standard gaussian random vector in R, and ||z| ke = sup,cx (2, 2).

A very useful observation if the following, linking the way a linear operator acts on certain
subset of the sphere endowed by the convex body K and the Gelfand widths of K:

diam(K Nker(I")) < (8.5)

Let T': R — RY. If one can find r > 0 such that

inf  ||Tz|% >0,
reKNrSd-1

then
diam(K Nker(I")) < 2r.

Indeed, K is convex and therefore it is star-shaped around 0. In particular, if y € K and
lyll2 > 7 then by homogeneity ||T'y|j2 > 0: set A = r/||yll2 < 1; thus \y € K NrS?1 and
ITyll2 = A7 (A\y)|l2 > 0. Therefore, K Nker(T') C rBY, and hence the diameter of that set
is at most 2r.

Identifying when I' “acts well” on such subsets of the sphere is not a task that can be
performed in complete generality. However, when it comes to random matrices, the sit-
uation is much better. To that end, let X be a random vector and consider the matrix
=N"12 Zfil <Xi, '>ei, where X1, ..., X are independent copies of a random vector X. If
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X happens to be isotropic and satisfies a small-ball condition with constants x and §, then
finding the wanted value of r is the outcome of (8.4): set

H={(t):te K BXt)" =} ={(t,):te Knrsi}.

The condition by Theorem 7.10 is that

N

% Zfi<Xi,t>

i=1

E sup
te KNrSd—1

< cr,

hence, one is looking for the smallest 7 > 0 such that

<cyr.
(KnrSd—1)o

For that choice of r, with probability at least 1 —2exp(—calN), inf, ¢ erpga-1 |Tz||3, implying
that diam(K Nker(I")) < 2r.
|

Remark 8.5. This improves the estimate from [?].
To see the connection with (8.5), note that the random vector Z = N—1/2 ZZ 1 €iX; s
isotropic, and for r > 0,
_ElZe
/N )

< D e
(KnrSd—1yo \/ﬁ ||\/7 Ke°

Hence, one may always select r ~ E||Z| go /v N. Moreover, if X is L-subgaussian then Z is
also L-subgaussian. One can show that in such a case, for any norm on R%,

E|IZ]| < cLE|G].
In particular, if X is L-subgaussian then

E|[Gl &

diam(K Nker(I")) < cL N

with probability at least 1 — 2 exp(—c/(L)N).

8.4 Random Polytopes

Information on the connection the following estimate has with the geometry of random poly-
topes can be found in [?].

Lemma 8.6. Let T C B g, set 0 < a < 1, assume that N 2, d and that for every z € T,

Pr ({2 X) = 5) = 4 <§>a (5.6)

With probability at least 1 — 2exp(—coN'=%d®), for every z C T, one has that
[{i: [(z, Xi)| > w/2}| > il N'=%™ > 0.
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To establish that fact one may use Theorem 7.13 for the class H = {(z,-) : z € T'}.
Proof. First, observe that (8.6) plays the analog of the small-ball condition for § = 4(d/N )%,
implying that 6N = 4N'~%d®. Moreover, T C Bg, and since X is isotropic, M(H, pD) =
M(T, pB%. By a volumetric covering estimate for p = 5exp(—co(N/d)!~%), one has

d
M(T, pBY) < <5) < exp(c1oN)
p

as required in (1) of Theorem 7.13. Turning to Condition (2) in that theorem, one may use
the relaxed version from Remark 7.14, and show that

N
61U(XZ)
i=1

E sup < KkON.

ue(H—H)NpD

To that end, observe that each u € (H — H) N pD is of the form (z,-) for z € (I'—T)NpBY C
pBY, and therefore it suffices to show that

N
E sup Zz—:i<Xi,z> < KON ~kd*N™o,
z€pBY | ;=1
But
N N
E sup ZEZ'<Xi,Z> = pE Zsin- gp\/J\Td,
2€pBY |i=1 i=1 9

and all that is left is to verify-that py/Nd < xN(d/N)?, ie. that exp(—c(N/d)'~) <
r(N/d)~**t1/2 which is always the case if N > ¢(k, a)d.
Therefore, by Theorem 7.13, with probability at least 1 — 2exp(—cN!'~%d®, for every
zeT,
[{i : (X, 2)| > k/2}| Z 6N ~ N'7*q°,

as claimed. m
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Chapter 9

Mean estimation

Estimating the mean of a random variable or a random vector is a very important question in
modern high-dimensional statistics. In fact, the goal of these notes—identifying the optimal
accuracy /confidence tradeoff, is a problem of that flavour: one has to estimate from data the
value E(f(X)—Y)? —E(h(X)—Y)? for every pair (h, f) where one of which is the best in the
class. As a result, successful mean estimation has to be carried .out uniformly over all such
pairs.

As we explain in this chapter, the solution of the simplest problem—mean estimation of a
random variable—leads to the right path for the solution of that general problem. But before
heading-off in that direction, let us digress and describe a notion from probability in Banach
spaces that will prove to be instructive.

9.1 Strong-Weak inequalities and mean estimation

Let Z be a centred random veetor in R, and one would like to study (E|[|Z|[?)"/? where || ||
is a fixed, arbitrary norm on R%. Clearly, (E||Z|[?)"/? is bounded from below by two terms:

e Since the L, norm dominates the L; norm, it is evident that
1
(E|1Z|IP)"/» > E||Z]],
and the latter is called the “strong norm” of Z.

e If Bx- is the unit ball in the dual space to (R%,| ||), then for any = € R?, |z| =
SUPy+cpy. [27(2)|. Therefore,

E|Z|P=E sup |z"(z)[P > sup Elz*(x)|?,

z*EBx* r*EBx*
implying that
(E[Z|P)/? > sup [|lz*(Z)|L,-

r*EBx*

The term sup,-cp,., [[2*(Z)||L, is called the weak L, norm of Z.

As a result, it follows that for any random vector and any norm, one has

ENZIM? Z BIZ|| + sup [a*(Z)llL,-

111
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The notion of a strong-weak inequality we use here is the reverse inequality: i.e., that there
is an absolute constant C such that for any norm on R? and every p > 1,

(E|Z|IP)/? < © (EIIZII + sup ”ﬂf*(Z)HLp) : (9-1)

ﬁ*eBx*

Remark 9.1. [t should be stressed that there are similar, more subtle notions of a strong-weak
inequalities which arise from questions regarding the concentration of |Z|| around its mean
(see, e.g., [7]). One important aspect is to explore when the constant in front of E||Z|| is 1.

An inequality like (9.1) is a very strong feature of a random vector, because it implies
that the moment growth of ||Z]|, for any norm, depends only on the moment growth of the
‘worst’ one dimensional marginal of Z, rather than on other, “global” properties of Z (e.g.,
the behaviour of high dimensional marginals).

Among the examples of random vectors that satisfy a strong-weak inequality are gaussian
vectors, which follows from the gaussian concentration theorem.

Theorem 9.2. There exists an absolute constant C for which the following holds. Let Z be a
centred gaussian random vector in R%. Then, for-any norm || || and any 1 < p < oo one has

p. 1/p
(B)Z|]7)? < B2+ C sup (B(2)I1,) "

CC*EBX*
Exercise 23. Prove Theorem 9.2.

Let us return to the mean estimation problem, in which X is an unknown random vector
in R? that has a finite mean and covariance. One would like to identify ;1 = EX, and to do so
when the given data consists of IV independent copies of X, X1, ..., X ;. In other words, given
an arbitrary norm | || on R?, one hasto find a procedure i, such that, with high probability,
It — || is as small as possible.

Question 9.3. What is the best possible accuracy/confidence tradeoff in a mean-
estimation problem with respect to a general norm, and what procedure attains that trade-

off 7

To get a feeling of what is possible, let us consider a gaussian random vector X. Set
X = X — u, and consider the simplest possible procedure: choose ji to be the empirical mean

1N
~ 2 X
i=1
Set Zny = % Zf\il X; and observe that by the strong-weak inequality for gaussian vectors,

ElZy — plP)? < C (Enz —ull+ sup (Ela*(Zy - u)V’)“p) :
T*e }}
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Recall that a centred gaussian random vector W satisfies that for any linear functional z*,
(Ela*(W)[P)VP ~ /p(Elz* (W) [*)/2.

Hence,
* 1/2
(E|Zy — plP)? < C (EIIZ —ull+vp sup (Ele*(Zn - w)I?)" ) ;
r*eBY

and clearly,
12 _ Bz (X)[?

(Ela*(Zn — )
Moreover, by a symmetrization argument,
| N

N Z €iXi

=1

E|Z-pu|=E sup

ZL‘*EBx*

SE

~

1 N
v > (X)) - Ea*(X)
=1

and selecting p ~ log(1/6), by Chebyshev’s inequality, with probability at least 1 — 4,
L
1S
NI

Remark 9.4. Since X is gaussian, one can simplify (9.2) further, because Zf\;l i X; has the
same distribution as )_(/\/N However, unlike all the other properties that have been use to
establish (9.2) (i.e., strong-weak inequality and subgaussian tail estimates for one-dimensional
marginals), this property is rather special and it makes no sense to invoke it when trying to
‘guess’ the right estimate that should hold in the general case.

la—pl<C <E

r*EBx* N

+ sup (Bt (X))V2. log(l/‘”). (9.2)

Taking (9.2) as a guide, one might risk making a wild conjecture:

Given X1, ..., Xy which are iid copies of a random vector X that has a finite mean and
covariance, and for an arbitrary norm || || on RY, there is a procedure i such that with
probability 1 — §

I —pll <C (E

1 N
e,
N =1

and where C' is an absolute constant.

- swp (Bl (DR lgﬁ“)) SNCE)

To clarify why this is indeed a wild conjecture, note that general random vectors do not
satisfy a strong-weak inequality and do not exhibit a subgaussian tail decay of marginals.
Moreover, it is quite clear that selecting the empirical mean is a bad choice, as it fails even
in one-dimensional problems (see more details below). Hence, one must come up with an
alternative to the empirical mean if there is to be any hope for the conjecture to be true.

In what follows we show that the conjecture is indeed true for the £3 norm, and explain why
it is almost true (with one minor gap) for a general norm. The first step is to understand how
to address the mean estimation problem in dimension one—for real valued random variables,
as that turns out to be useful when dealing with the “weak term” in (9.3). We then study
the general case, and explain how the global structures of X interacts with the norm.

As one may expect, the proofs will be based on the small-ball method, specifically, on
Theorem 7.13.
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9.2 real-valued mean estimation

Let us recall the optimal mean estimation estimate one is looking for in the real-valued case:
if X1,..., Xn are independent copies of an unknown random variable whose mean is pu, the
goal is to find [ such that with probability at least 1 — ¢ satisfies that

log1/6
N )

i—pl < Co

which is the best estimate one can hope for, and which, for a gaussian random variable, is
attained by the empirical mean.

Exercise 24. Show that indeed this is the best one can hope for, and that for the gaussian
random variable it is attained by the empirical mean.

The starting point in the design of an optimal mean estimation procedure is the basic
argument behind the small-ball method: that Pr({Z satisfies P}) is reflected, with very high
probability over samples, by |{j : Z; satisfies P}|. With that realization, all that remains is
to identify the right choice of Z and P. Here, P is rather obvious: let

for the right choice of m that is specified in what follows. One has that

ox
7~ ) < cp—= 9.4
12 7.4 < co—= (9-4)

with probability at least 0.99. If n = N/m and 71, ..., Z, are independent copies of Z, then
with probability at least 1'—= 2exp(—ein), there at least 0.98n of the 71, ..., Z, that satisfy
(9.4), implying that the same holds for a median i of the values {Z1, ..., Z,}; i.e., if [i is any
such median then

| —p| < co% with probability at least 1 — 2exp(—cin).

Now one has to specify the values of n and m: since the goal is to have an estimator that
performs with confidence 1 — §; one should choose n ~ log(2/9); and since m = N/n,

lo 2(5
i — N’<Co —COUX\/ oxX\| —— &l /

This idea of choosing fi, which is a median-of-means of X1, ..., Xy with a specific choice
of block size, is used extensively in what follows. Intuitively, taking an empirical mean has
a smoothing effect on X, in the sense that with constant probability, the empirical mean is
close to the true one. The ‘majority vote’ is used to increase the probability of success from
constant to exponential in the number of blocks; thus, the wanted probability dictates the
number of blocks, and therefore the size of each block.

as required.

Exercise 25. Give an example showing that the best performance of the empirical mean is
one can hope for is opoly(1/8)/v/N, and that poly(1/8) can be arbitrarily bad.
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9.3 Vector mean estimation

Now that the one-dimensional case is resolved, let us turn to the much harder problem of
estimating the mean of a random vector. Let (R, || ||) be a normed space and set B° to be the
unit ball of its dual space. As a starting point, suppose that one can perform mean estimation
uniformly—for all the one dimensional marginals {z*(X) : * € B°}. Here, uniformly means
two things: firstly, a high probability event on which the estimate holds for all the marginals;
and secondly, that all the individual means are generated by a single point in R%. Formally,
one is looking for some z € R? such that, with high probability,

|z*(2) —Ex*(X)| < A for every z* € BB°. (9.5)

In that case, by the linearity of the expectation, sup,«cpo |2*(2 — EX)| < A, implying that
Iz — EX|| < A, as required.

The first part of the question will be resolved using the small-ball method, and the second
part is the real obstacle: how to generate a point z as in (9.5) using information on one-
dimensional marginals. To that end, note that if, for a fixed 2* € B°, one finds a number a;«
such that |Ez*(X) — au+| < A, that defined a slab in R?:

Sy ={v e R : |2¥(v) —ag-| < A},

and if oy« is indeed a good mean estimator for the marginal z*(X), then the true mean
1 € Sy« belongs to the slab S+, implying that Sz is nonempty. Hence, if one can find a high
probability event on which (9.5) holds for every z* € B°, then (1 .. By Sy+ is nonempty—it
contains, at the very least, the true mean pu. \Moreover, if z is an arbitrary point in the
intersection, one has that

|z = pll = sup [27(z) —2"(w)| < sup (J27(2) = cpr| + |27 (1) — 00| < 24.
T*eBe z*eB°
Therefore, a uniform solution to the mean estimation problem of the marginals almost gets
us to where we want to be. The only problem is that there is not enough information on X
to “guess” the right value of A. Thankfully, that is an issue that is easily resolved.
The mean estimation procedure explored here as follows:

e Set € > 0.

e Let n = log(2/§) and split the sample (X;)¥; to n blocks I;, each of cardinality N/n.
Set Zj =1 Zielj Xi.

m

e For every z* € B° set

Sy = {v c R? . |z*(Z;) — «*(v)| < e for more than g blocks} . (9.6)

o Set $(e) = (y+ecpo Sz+- Let g be the smallest such that $(¢) # 0 and select fi to be
any point in $ = (.., $(e).
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Thus, the values a,+ are indeed given by the median of means estimators for each marginal
x*(X), which, in turn, are used to define the slabs of width e.

Exercise 26. Show that the set $ is not empty.

The fact that $ is not empty is not enough. Thanks to its monotonicity in ¢, it suffices
to show that there is a good choice of € = A for which $(g) contains p; then, automatically,
any point in $ also belongs to $(A), and || — p|| < 2A—without the need to know explicitly
the value of A.

Question 9.5. Consider the family of random variables {x*(X) : z* € B°}. Given X1, ..., XN
and Zy, ..., Zyn as above, find A such that with probability at least 1 —§

sup [Med(a”(2,) o ()| < A
z*eB°

In other words, show that with probability at least 1 — 9, for every xz* € B°,

¢ le*(2)) —Ea(2)] < A} > 2. (9.7)

Clearly, (9.7) fits perfectly the set up of Theorem 7.15 for the class of functions H =
{x*(:) : * € B°} and for the n independent copies of the centred random vectors Z1, ..., Z,,
where n ~ log(2/9).

Let A to be named later, and set x to be

log(2 _
k=A+c 108(2/9) sup (E(:L'*(X))2)l/2,
N I*GBO

for a suitable absolute constant c.
It follows that with this choice of k, Pr(|Z| < k) > 0.99, by invoking Chebyshev’s in-
equality and since

%[ 77 . ”w*(X)”[Q < x (v 10g(2/5)
I (). = —72= 5 sup lle* (Xl y/ —5—

At the same time, using the notation of Theorem 7.15 and since H is a convex, centrally-
symmetric set, one has that (H — H) N pD C 2H and

N N
_ 2 _
E sup € = —IE sup |z* ;|| =—-E €l
ue2H nZz z*eBe (;ZJ>‘ n jz::lj]
Recall that Z; = % Zielj X;, and thus,
N
1
>z g 52X
j=1 Jj=1 €l

and by a standard symmetrization argument,

Ze]ZX < 4E

j=1 i€l

ZX

=1
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Hence, it suffices to ensure that

E

S ks

1 N
N e
N i=1

which is the case as long as one sets

N

%ZQXZ

=1

A>E

)

and « is that the natural “strong term” in a strong-weak inequality.
To complete the proof, one must estimate the covering numbers of H with respect to the
Ly(Z) norm.

Exercise 27. (1) Prove (9.8).

(2) Complete the proof of the theorem, first when || || is Fuclidean norm and then for a
general norm (Hint: Sudakov type inequalities may be helpful here).
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Part IV

Complexity measures of sets
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Chapter 10

Introduction

What is the right way of measuring the size of a subset of R?? Obviously, there is more
than one answer to this question, as it depends a great deal on the context in which it is
asked. Here we study three seemingly different such notions: the Bernoulli mean-width, the
{5 metric entropy and the combinatorial dimension. “Understanding their roles has been of
central importance to the development of statistical learning theory.

A crucial facet of the questions explored here is, once again, structure. Most notably,
whether the fact that a set is large is exhibited by the appearance of some canonical structure
that is “hidden” in the set. As it happens, that is a general phenomenon which seems, at
first, rather surprising:

The fact that a set is both “well bounded” and extremal in the right sense is exhibited
by structure.

This statement, albeit vague, is of extreme importance. Let us mention two examples of
this phenomenon, both originating from asymptotic geometric analysis.

The Milman-Dvoretzky Theorem

Let K C Bg be a convex body, making the notion of “bounded” clear in this case. So what
would be considered extremal? One option is the set’s mean-width—say, relative to directions
in the Euclidean unit sphere S4'. Obviously, the width of K in direction § € S%1, is
supx€K<m, 0> < 1, because K C Bg. Therefore, the mean width cannot be bigger than 1, and
a reasonable choice of “extremal” is a constant lower bound on the mean width:

/ sup(z, 0)do(6) > 4,
Sd-1 zeK
for a fixed parameter § independent of K or of d. If the idea that “bounded + extremal
implies structure” is to be believed, K must be hiding some structure; and in this case an
optimistic guess is that K is hiding a large Euclidean ball (of radius 2 ¢).

Note that K may be very far from a Euclidean ball; for example, the normalized cube,
d-1/ 2B2 satisfies both conditions, but does not look anything like a Euclidean ball'.

1“Does not look anything like” can be made accurate, using for example, the notion of the Banach-Mazur
distance between convex bodies, see, e.g., [?].
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Exercise 28. Show that indeed

/ sup  (z,0)do(0) > c
S

d-1 ped-1/2Bd,

for a suitable absolute constant c that is independent of the dimension d.
Hint: Use the gaussian representation of the Haar measure on ST,

The outcome of Milman’s version of Dvoretzky’s Theorem (see, e.g., [?]) is that a random
orthogonal projection of K onto a subspace of dimension ¢ = dé? will satisfies that

c10BS c PK.

In other words, being both bounded and extremal is exhibited by a typical orthogonal pro-
jection of K of dimension ¢ (i.e., projecting K onto an element of the Grassmann manifold
Go.q selected according to the Haar measure) contains a Euclidean ball whose diameter is at
least the guarantee one has on the mean-width of K.

We shall not formulate Milman’s version of Dvoretzky’s Theorem here, only mention that
it actually implies a two-sided estimate: for a typical orthogonal projection P of the ‘right
dimension’, PK is very close to a ball whose radius is very close tothe mean-width of K. And
the dimension in which the structure is exposed is the effective dimension of K: the algebraic
dimension multiplied by (M/R)?, where M is the mean-width and R is the Euclidean radius.
We strongly encourage the reader to explore the beautiful theory behind this result and other
result of its kind (e.g., the books [?] are an excellent start).

Sign-embeddings of Z‘f

Let X = (R% | |I) be a norm and denote by Bx its unit ball. Let x1,...,z4 € Bx, (which
captures the notion of being bounded in this case. Note that by the triangle inequality,
E| 2?21 gixi]| < Zle ||z;|| < d; therefore, a possible notion of “being extremal” is that

d
=1

for some 0 < § < 1.

One trivial example of a norm and vectors that are both bounded and extremal in this
sense is the Eil norm and the unit basis vectors ey, ...,eq. Therefore, a natural question
is whether the fact that the normed space (R% || |) has {x1,...,24} that are bounded and
extremal implies that it is ‘hiding’ an subspace, spanned by a large subset of x1,...,z4 that
looks like #;. More accurately,

Question 10.1. Are there constants c¢1(d) and ca(d) and a subset I C {1,...,d} such than
|I| > ¢1(8)d, and for every v € RY,

e2(8) Y Juil <

el

§ Uiy

iel

<> fuil? (10.1)

el

The answer to this question is “yes”, with ¢;(8) ~ 6% and c2(8) ~ &, which is the best one
can hope for. This problem has been addressed by several authors, most notably Elton [?],
Pajor [?] and Talagrand [?]; it was solved in [?].
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The reader might be disappointed by the formulation of Question 10.1, because the appear-
ance of structure seems a little vague and unrelated to statistical learning theory. However,
all one has to do is to look at the formulation of the dual result to see a canonical structure.
Indeed, another way of writing (10.1) is that the coordinate projection

PrBx+ = {(x*(xl))zel 1zt e Bx*} (102)

satisfies that
co(6)BL, ¢ PiBx- ¢ BL,,

where as always, Bx+ is the unit ball in the dual space. Thus, a high dimensional coordinate
projection of Bx+ contains the promised structure: a large cube.

Exercise 29. Prove the dual formulation of Question 10.1.

Remark 10.2. Note that PiBx~ has a familiar structure: if F = {a*(-) : * € Bx+} then
F consists of linear functions on R%. Setting o ={x; : i € I} and using the notation of
the previous chapters, P,F is precisely (10.2). As it happens, the answer to Question 10.1
1s actually far more general, and deals with coordinate projections of function classes; it has
nothing to do with the linearity of the functions involved.” Also, at it will become clear, the
general result will prove to be extremely useful in the context of statistical learning theory.

Let us now turn to some preliminary facts what is arguably the most natural of the
complexity parameter we focus on—the metrie entropy (or covering numbers) of a set.

Definition 10.3. Let (T,d) be a metric space. The e-covering number of T is the minimal
number of open balls of radius £ (with respect to the metric) needed to cover T'. The e-packing
number of T' is the largest cardinality of a subset of T' that is e-separated; i.e., for every x;, x;,
d(l‘i, SL‘j) > E.

In what follows, covering numbers are denoted by N (T, ¢) and the packing numbers are
denoted by M(T, e)—where in both cases, for the sake of simplicity the metric is omitted. If
T is a subset of a normed space and B is the unit ball is the space, the covering numbers are
denoted by N (T,eB) and the packing numbers are denoted by M(T,eB).

The following exercise shows that the notions of covering numbers and packing numbers
are interchangeable if one has the flexibility of a constant factor in the scale.

Exercise 30. Show that for every e > 0,
N(T,e) < M(T,e) < N(T,e/2).

A comprehensive exposition on covering/packing numbers can easily occupy an entire
volume. As this is just a ‘tasting’, let us present to relatively simple yet very useful facts on
covering numbers of subsets of a normed space, beginning with estimates that are based on
volumetric arguments.
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10.1 Volume based estimates

The link between various notions of volume and the cardinality of a separated set is rather
natural: if a set 7" contains an e-separated set {t1, ..., t;}, then by the triangle inequality, the
open balls B(t1,¢/2), ..., B(tx,€/2) are disjoint. Therefore, if T" is a subset of a normed space
and B is the unit ball in that space then the sets ¢; + (¢/2) B are disjoint. On the other hand,
all these sets are contained in

T+ (/2) B={z:z=t+v, teT, |v|<e/2}.

Hence,
k

Ui+ (e/2)B) c T + (¢/2)B, (10.3)

=1

and it is a union of disjoint sets. If y is a measure on the space, one has

k
u(U(t+e/2 ) Zutz (¢/2)B.),

i=1

but at the same time, by (10.3),

k
[ (U(ti + (8/2)B)> < u(T+(e/2)B).

i=1
Combining these two simple observations,

k

> p(ti+(e/2)B) < u(T + (¢/2)B). (10.4)

i=1
The simplest example in which (10.4) leads to an interesting bound is when 7' C R%, B is the
unit ball of a norm in R? and g is the volume (Lebesgue) measure in RY.

10.1.1 The Lebesgue measure

With a minor abuse of notation, let | | denote the volume measure on R?, and clearly it is
shift-invariant. Therefore,

k
> lti+(e/2)Bl = k- (¢/2)"|B],
i=1

implying that

d
< (2) L erasl 0s)

For T = B, by (10.5)

M(B,eB) < <§>d (1+¢/2)4 < (i)d (10.6)
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Remark 10.4. It is clear from (10.5) that obtaining an upper estimate on the volume |T'+<B|
leads to an upper bound on M(T,2eB). Bounding |T + €B| for convexr sets T and B is one
of the classical questions in convex geometry, especially when B = BQd (see, for example, the
books [?] for the beautiful theory behind such estimates).

It turns out that up to the constants involved, and as long as ¢ is sufficiently smaller than
1, say, 0 < e < 1/2, (10.6) is sharp. Indeed, if T" is covered by k shifts of B, then since a
measure is sub-additive,

k

k
w(T) < p (U(ti +€B)> <> ulti+eB).
=1

i=1
Hence, in the case of the volume measure, one has
7| < ke| B,
and for T'= B,
1 d
N (B,eB) > <-> .

&

Corollary 10.5. If B C R? is a convex body then for any 0 < ¢ < 1/2,

() eym L)

Exercise 31. Show that a set B as in Corollary 10.5 is a unit ball of a norm, and deduce
the corollary from that.

Let us turn to another application of the volumetric estimate, though this time, a more
subtle one—with respect to a different measure which is not shift invariant.

10.1.2 The gaussian measure
Recall that for T C R? the polar of T is the set
T°={z : [(a,t)] <1 VteT},
set ||z||7e = supyer |(z,t)], and let £,(T) be the gaussian mean width of T, that is,

t(T) = Eig (G ) =E|Gl1-,

where here, as always, G is the standard gaussian vector in R

Theorem 10.6. There exist an absolute constant ¢ such that, for any T C R* and ¢ > 0,
celog/? N(BY,eT°) < £,(T).

For reasons that will become clear later, Theorem 10.6 is called the dual Sudakov in-
equality—and it is an extremely useful fact. The proof presented here is due to Talagrand

7).



126 CHAPTER 10. INTRODUCTION

Proof. Set ug to be the standard gaussian measure on R%. Let u > 2/,(T) = 2E|G||7- and
by Markov’s inequality, pq(||z||re > u) < 1/2. Therefore,

ue(20(T) - T°) > 1/2. (10.7)

Observe that if {21, ..., 2} C BY is an e-separated set with respect to || ||z, then x; + (£/2)T°
have disjoint interiors, and the same holds for the sets a(z; + (¢/2)T°) for any o > 0. Let
a satisfy that a(e/2) = 20,(T) and put y; = ax;. Thus, the sets y; + 2¢,(T)T° have disjoint
interiors and
k k

> nalyi+20.(T)T°) = pe (U(yz + 26*(T)T°)> <1, (10.8)

i=1 1=1
because g is a probability measure.

Now let us estimate each pug(y; + 20+(T)T°) from below. For any measurable A C R?,

H(A) = (Q;W /R Laexp(~ el /2)dr

Let A =y; + BT°, note that 1,4 g7o(x) = lgre (v — y;) and by a change of variables,

1
pa(yi + BT°) :W /ﬁTo exp (— ||z — yill3/2)

112
—exp (50 ) s [ bl ) explalB2)

12
=exp (—%) tic (BT°)E exp(—(Z, yi)),

where Z is the gaussian vector G conditioned on the set 57°.

Since Z is a symmetric random vector (G is symmetric and T° is centrally-symmetric), it
is evident that the linear forms <Z, y,> are symmetric random variables. Hence, E<Z, yl> =0;
by Jensen’s inequality, ]Eexp(—<Z , yz>) > 1; and for every 8 > 0,

. o _M o
pa(yi + BT°) > exp 5 ) Ha(BT”).

Set = 20,(T), and by (10.7), pg(B8T°) > 1/2. Moreover, y; = ax;, and thus ||y|l2 <
40,(T)/e. Therefore,

k
k (T
> pelyi + BT°) > 5 OXP (—8 *&52 )> : (10.9)
i=1
The claim follows by combining (10.8) and (10.9). ]

10.2 The Maurey Lemma

The second example is due to B. Maurey [?]: an estimate the covering numbers of the convex
hull of a set of n points in a normed space which has a nontrivial type.

The type constant of a normed space is a generalization of the parallelogram equality: if
H is an inner product space and z1, ..., x,, € H then

m 2 m
Z&‘l’i ZQZH%‘H%I-
=1 i=1

E

H
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Definition 10.7. A normed space X has type 1 < p < 2 with constant T,,(X) if it is the
smallest constant for which, for every finite set x1,...,xym € X,

m m 1/p
D oam| < Tp(X) (Z sz‘\|§<> :
i=1 ¥ i=1

Remark 10.8. One may show that for any normed space X and any 1 < g < 0o,

m
(E Z &4
i=1

This is a vector-valued version of Khintchine’s inequality—the so-called Kahane-Khintchine
inequality, see, e.g., [?]. It particular, one may replace the L1 norm E|| Y™, g;xil|x in the
definition of type with any Lq norm.

E

q

1/q m
=1

X

Remark 10.9. Observe that every space has type 1 with-constant T1(X) = 1.

There is a very well developed theory describing the structure of normed spaces that have
a non-trivial type — specifically, the connection between the type and the ability to embed
the spaces £; in X. We refer the reader to [?].

Lemma 10.10. Let X be a Banach space of type p-with constant T,(X). Let A = {z1,...,xn} C
X and set a = max ||z||. Then for every e >0

p

N (conv(A),2aT,(X)Bx) < (e + enap%l>ﬁ :

Proof. Let (\;)"; be nonnegative numbers that satisfy Y . ; A\; = 1, and for an integer
k let Y1,...Y) be independent random variables defined by Pr(Y = z;) = A;. Note that
EY =", \iz;, and by a symmetrization argument,

1

k I3
5 2aT,(X)
2 ||p i A s
< L EYT(X) <§1 1Yil| ) S

Hence, there exists a realization of £~ Zle Y; whose distance from ;" | A;z; is smaller than
2aT,(X)/k'~1/P. Observe that every realization of Y; belongs to {21, ...,x,}, and therefore
the number of possible realizations is at most

<"+Z_ 1) < F(1+n/k)*.

2
Ey < %]EY]EE

k
k! Z Y; - EY
=1

k
E gY;
i=1

Hence,
2aT, k
N (COHV(A), a Zl)BX> < ¥ (1 + ﬁ) ;
k' k
from which the claim immediately follows. [ |

Exercise 32. Use Lemma 10.10 to estimate N'(B{,eB%). Is this estimate sharp for every
0 <e<1/2? Is it sharp in some range of 0 < e < 1/2%
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Chapter 11

Generic Chaining

This chapter is devoted to a systematic study of upper estimates on the expectation of the
supremum of random process {Z; : t € T} indexed by sets T. The focus is on the way
the structure of the indexing set T is reflected in the estimates on the expectation of the
supremum, and for obvious reasons, the processes that interests us the most are gaussian
processes, Bernoulli processes and empirical processes.

The analysis is based on Talagrand’s generic chaining mechanism, and the reader is
strongly encouraged to read Talagrand’s treasured manuseript [?]. It is far more extensive
and instructive than the brief outline presented in what follows, and is a must for anyone who
wants to truly understand the chaining mechanism.

11.1 The natural metrics

Earlier in these notes we explored some features of random variables. Here, the goal is to
study properties of collections of random variables. To be more accurate, let V' be a set and
assume that one associates to each v € V a random variable Z,. One would like to obtain
high probability, sharp estimates on
Esup Z,,
veV

and in particular understand the way the structure of V' is reflected in upper and lower bounds
on the expectation.

But what is the meaning of “structure of V”?7 At this point, V is just an indexing set,
with no apparent structure. The main message of this chapter is:

The random process v — Z, endows a sequence of natural metrics on V', and understand-
ing the geometry of V' with respect to those metrics plays a crucial role in estimating
Esup,cy Zo.

At this point it should be stressed that “natural” may seem at times totally unnatural.
It may be the case that V is a metric space with respect to some underlying metric d (e.g.,
if V.C (R4 ||2), but the Euclidean metric has absolutely nothing to do with the metrics
endowed on V' by the process {Z, : v € V}.

129



130 CHAPTER 11. GENERIC CHAINING

Remark 11.1. In what follows we completely avoid the question of measurability, even when
V' is an infinite set. There are various ways of justifying that but the simplest one is to define

E sup Z, = sup {Emax Zy: VICV, V'is ﬁnite} .
veV veV’

Under some mild assumptions on the process this coincides with the standard notion.

Although this presentation holds for rather general processes, it helps to keep in mind
several specific examples:

e Let X be a symmetric random vector in R%, set T C R and define Z; = <X , t>. Among the
natural processes that belong to this family are when X is a centred gaussian random
vector in RY, leading to a gaussian process indexed by a subset of R%, and when X is
the uniform measure on {—1,1}¢, leading to a Bernoulli process indexed by a subset of

RY,

e Let F' C Lao(n) be a class of functions and set X7, ...; Xn to be independent, distributed
according to p. The (centred) empirical process indexed by F'is given by the choice of

N
Zp = 3 JX)= .
i=1
and the centred quadratic process-is given by
&
Zr= 5 Z} FH(X0) —Ef*;

naturally, one can, and often will consider the non-centred versions of the empirical and
quadratic processes.

Note that in all these examples, the indexing set is naturally endowed with various metric
structures that could be seen as natural, e.g. some £, metric for 7" C R? and the Ly(yu)
metric for F'. However, there is no reason to expect that these metrics have any relevance
to questions regarding the random processes indexed by the sets; the intuitive metrics are
nothing more than distractions one would be wise to ignore.

Let us begin with the question of obtaining sharp upper bounds on Esup,cy Z,; specifi-
cally, given u > 0, one would like to estimate

Pr(sup |Zy| > u).
veV
Obviously, there are various ways of bounding Pr(|Z,| > w) individually, ,but the question
here is how can those individual estimates be ‘combined’, leading to the wanted estimate on
the supremum. As a first step, assume that V is finite, and consider a very crude estimate:
using the union bound

P Z < Pr(|Z . 11.1
r (max v|>u>_vezv (2] > u) (1L1)
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While (11.1) can be very costly if performed without thought, it gives information on the
smallest u one can take that would still be useful. For example, it suffices that max,cy Pr(|Z,| >
u) < 1/|V| to ensure a nontrivial estimate. One way of obtaining such a bound is via Cheby-
shev’s inequality, as for any p > 1 one has

e_p
Pr(|Z] > te| Z]|L,) < s (11.2)
In particular, one may set p = log |V| and v = t max,ey ||Z,|L, to obtain
Pr <max | Z,|| > t max |yzv||Lp) < ¢~ loelVI, (11.3)
veV veV

The almost trivial combination of (11.2) and (11.3) is of crucial importance: it implies
that one may use the L, norm to obtain a probability estimate that is better than exp(—p).
In return, that allows one to control exp(p) random variables simultaneously.

The estimate in (11.3) is indeed very crude. It is based on the belief that the events
Qy = {|Zy] > u} are essentially disjoint, and at the same time that they are roughly of the
same ‘size’. Thus, the bound follows by setting u large enough to ensure that the largest of
the sets {2, is small enough. While there is no reason to expect that either part of these beliefs
is true, the idea of using the union bound can be optimized. At the heart of the matter is
finding a notion that captures when two random variables are ‘close’: roughly put, the fact
that random variables Z, and Z, are close should imply that the events {Z, is large} and
{Z, is large} have a large overlap. As a result, there would be no need to take both events
into account in the union bound. One way of ensuring that the events in question have a
large overlap is that the ‘tails’ Pr(|Z; — Z,| > u) are small enough.

To make this idea more precise, recall the definition of the Esup, ¢y Z,, as the supremum
of such expectations taken over finite sets. Let V/ C V be a finite set, fix an integer so > 0 and
let us construct a sequence of sets V; C V' for s > sg, where the cardinalities |Vs| grow with s,
and that for s large enough, Vi = V’. The idea is that V are increasingly fine approximations
of V', in the sense that for each Z, there is some Z, such that u € V; and |Z, — Z,] is likely
to be small.

Formally, for every v € V' let msv € Vi, and if v € V; then msv = v. The collection
(Zryw)s>s, 1s called a chain, each Zr, 410 — Zng 18 a link in that chain and each Z, can be
represented as the telescopic sum along the chain

Zy = TsgV + Z (Z7r5+1v - Zwsv); (11.4)

$>S0

Since Vi = V' for s large enough, for every v the sum is over a finite set of values s.

Let us return to the ‘large overlaps’ idea: for Z, to be large, some of the links in the chain
(11.4) must be large. Therefore, one’s aim is to find a high probability event such that for
every v and every s > s, all the links are relatively small, i.e., [Zr o — Zro| < A(s,v),
where we set A(sg,v) = |Zr, |- Indeed, on that event,

sQv

max | Z,| < max A(s,v). (11.5)
veV’ veV’
$>50
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Observe that (11.5) holds on the complement of the event
A={3s>s0, WeV' 1|Zs 10— Znp| > A(s,0)},

and
Pr(A) <Y Pr(3v eV’ :|Zn o — Zewl = Als,0)) . (11.6)

$>50

For every s > sg the number of possible differences of the form Zr , ,, — Zr, is at most
|Vs| - [Vs41|. This naturally leads to a growth condition on the allowed cardinality of Vi,
namely, |V;| < 22°, ensuring that |V| - [Vss1| < 2277 which is the restriction on |Vyyo|. Thus,
log |Va] - [V | < 2+,

Finally, let us return to the key idea behind the choice of A(s,v): one may use the L,
norm to control exp(p) random variables uniformly. Hence, for every s set

p=c2° > log|Vs| - [Viy1]

and let
A(s,v) = €t||Z7rs+1v - ZﬂsvHLp-

Therefore,

Pr(3veV' | Ze o= Znowl > €| Znsiw — ZnywllLws) <t (11.7)

—c1250

By the union bound over s > sq it follows that with probability at least 1 — ¢ ,
sup |Zy| < et sup ||Z7rsovHL250+4 + Z | Zr g 10— Zfrsv||L25+4 .
veV’ veV’ 5>50

This discussion leads to the following definition:

Definition 11.2. Given a finite set V., an admissible sequence of V' is a collection of subsets
Vs CV such that |Vo| = 1 and for every s > 1, |Vi| < 22°. For so > 0 let

W(ZVVSO) = inf su‘[/) <||ZU||L250+4 + Z ||Zﬂ's+1v - Zﬂ’sU”L25+4>
ve

5$>80

where the infimum is taken over all admissible sequences of V.
If V' is infinite then set

Y(Zv, so) = sup {¥(Zv+,50) : V' C V, V' is finite} .
In what follows we denote ¥(Zy) = 3(Zy,0),

Thus, one has the following Generic Chaining upper estimate:

Theorem 11.3. There exist absolute constants c,c’ and ¢’ for which the following holds.
Let {Z, : v € V'} be a random process. Then fort > 1 and any so > 0, with probability at
least 1 — t=¢%0,

sup | Z,| < dt3(Zy, so).
veV
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Corollary 11.4. There exists an absolute constant cy such that for every process {Z, : v €
Vi,

Esup |Z,| < co7(Zy).
veV

Proof. Let ¢ be the constant from Theorem 11.3 and set sy to be the smallest such that
2% > 2. By the triangle inequality and since || ||, < || |z, for ¢ > p, it is evident that
¥(V,s0) <7(V). Hence, Theorem 11.3 implies that for every ¢ > 1,

1
Pr (sup | Zy| > tv(ZV)> <
veV t
and integrating the tail,
o0
BsuplZil = [~ (sup|z] > 1) < an(zy)
veV 0 veV

for a suitable absolute constant cg. [ ]

Exercise 33. For p > 1, estimate (Esup,cy | Z,[P)V/P .

Theorem 11.3 leads to a general scheme for upper bounding sup,cy | Zy|:

1) Identify the natural L, norms associated with the process v — Z,,.
y D b

(2) Choose the level sy for the starting point of the chaining process, based on the
probability estimate one is.looking for.

(3) Find an optimal (or almost optimal) admissible sequence of the set V' with respect
to the L, metrics endowed by the process.

Out of the three tasks, the third one is, by far, the most difficult one. Finding the right
way of constructing approximating sets of V' and doing so with respect to metrics that are
endowed by the random process is often a real challenge. Moreover, at this point there is
no guarantee whatsoever that this chaining scheme leads to an optimal estimate (in fact, the
question of whether chaining leads to an optimal estimate is open, except in very special
cases).

Before we tackle (3), let us consider (1), which justifies the effort that was invested in
exploring the L, norm of linear forms <X , t> for several random vectors X.

The standard gaussian random vector

Let G = (g1, ...,94) be the standard gaussian random vector in R%. As noted previously, for
any v € R%,

IKG, v) Iz, ~ vBlvl2.
Now fix V C R% and let G, = <G, v>. Observe that by the triangle inequality ||ms110—msv]|]2 <
|msv — v||2 + ||[Ts+1v — v]]2. Thus, for any admissible sequence (Vs)s>p of V and every v € V
one has that

1 Zes10 = ZrowlL, = (G, Ts1v = mov)llL, ~ /P (750 = vll2 + 710 = v]2),
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implying that

5(Gy, s0) ~ inf sup | 2°0/2|jv|s + Z 252 || rgv —vlla |,
veV

$>50

where the infimum is taken with respect to all admissible sequences of V. In particular,

Esup [(G,v)| < ¢y inf sup 2%0/2||v||, + Z 22| mgv — w2 | . (11.8)
veV

veV 5>50

The important point to note is that all the metrics involved in the chaining bound for
a gaussian process are multiples of a single metric. Indeed, the fact that [|(G,z)|1, ~
VPI{G, )|, is a general feature of centred gaussian processes and holds regardless of the
covariance of G; however, the fact that [|[(G,z)|/r, = ||z]j2 follows because the standard
gaussian measure on R? is isotropic. If one were to choose a centred gaussian random vector
Z whose covariance is not the identity, that would endow a different inner product on R? and
a different distance—namely ||z = [|[(Z)||r,. Still, the chaining bound involves multiplies of
that single metric and

Esup |[(Z,v)| < crinfsup | 2°2(Z,v) |, + Y 2% |(Z, mv — )L, | - (11.9)
veV veV

$>50

The fact that in the gaussian case all the metrics ‘collapse’ to a single one makes the chaining-
based estimate on Esup,cy{(Z,v)| (at least, potentially) simple: one has to construct an
almost optimal admissible sequence with respect to the Ly norm endowed on R¢ by Z. And
even though that norm is Hilbertian, it has nothing to do with the natural Euclidean norm
in R% unless Z is isotropic. That illustrates the comment made earlier—the natural metrics
endowed by the process may seem totally unnatural at first glance.

As it happens, the analysis of general gaussian processes indexed by a class of functions
F C Ly(p) is not fundamentally different from the case of gaussian processes indexed by
subsets of R? (though there are nontrivial technical difficulties in defining the gaussian process
and showing that it behaves well, see, e.g. [?]). Because the definitions and basic properties
of general gaussian processes are a little more involved we will not describe that setup here.

Let us stress once again that at this point there is no reason to expect that (11.8) or
(11.9) are sharp in any way. The definition of 4 seems to be artificial: a compact way
of presenting the outcome of the chaining mechanism. As it happens, one of the great
achievements of Generic Chaining, Talagrand’s majorizing measures theorem shows that
this artificial notion is, in fact, optimal: the expectation of the supremum of a gaussian
process, is equivalent to 7:

Theorem 11.5. There ezists absolute constants ¢ and C for which the following holds.
Let F C Ly and let {Gy : f € F} be the canonical gaussian process indexed by F (i.e.,
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the covariance of the process satisfies EG G, = <f, h>L2)' Then

c¥(Gr) < Esup Gy < C¥(GF).
feF

Remark 11.6. An outcome of the majorizing measures theorem is that for an arbitrary set
T C la, ¥(GT) ~ Y(Geonv(r))- To-date, there is no direct proof of that fact.

The standard Bernoulli vector

Let X = (e1,...,€4) be the standard Bernoulli vector, that is, a vector whose coordinates are
independent, symmetric {—1, 1}-valued random variables. Recall that for any v € R?,

1/2

K€ 0)llz, ~ > vf + v | Do)

i<p >p

where, as always, (v}) denotes the nonincreasing rearrangement of (|v;|)%_;.

Right from the start it is clear that a chaining bound for the supremum of the process
{<8 , v> :v € V}is far more complex than for its gaussian counterpart. The metrics involved
in the chaining bound truly change with s rather than being scaled versions of a single metric.
As a result, the construction of an optimal admissible sequence is even more challenging than
in the gaussian case.

One easy (yet suboptimal) way forward is tonote that if G is the standard gaussian vector
in R?, then for any p > 2,

1), < el(Gyv)liy: (11.10)
in particular, for any so > 0, ¥(Ey, so) < Y(Gvy, s0).

Exercise 34. (1) Show that 7 satisfies a Sudakov type inequality: that there is an absolute
constant ¢ such that for any process Xy and p > 1, if {X, : v € V'} contains a set of
cardinality exp(p) that is e-separated in L, then J(X,) > ce.

(2) Let V = {e1,...,eq} be the standard basis in R?. Estimate 3(G.,) and 3(Ey) from above
and below and deduce that the two are not equivalent.

1), processes

Let 0 < a < 2. A random process {Z, : v € V'} is called a 1), process with constant L if for
every u,v € V and any p > 1,

| Zu — ZvHLp < Lpl/a”Zu — Zyl|L,, and HZvHLp < Lpl/aHZvHLz

Hence, the norm equivalence constant of differences between the L, norm and the Lo norm
is at most Lpl/o‘.

Example 11.7. Clearly, both a gaussian process and a Bernoulli process are 1o processes with
an absolute constant L, but all though the estimate ||Z, — Zy||L, < Lp' | Zy — Zy||L, is sharp
for a gaussian process, it is far from sharp for the Bernoulli process: as moted previously,
€Iz, = I{E, ei)lln, =1 for every p > 1, which is far better than ~ \/p.
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There is a wide variety of 1, processes that appear naturally in analysis, geometry and
statistics, and the study of such processes is worthy of a detailed exposition in its own right.
To give some flavour of the diversity of such processes, a log-concave random vector X on R¢
endows a 1 process {(X , v> TV E V} for any V' C R?, and all with an absolute constant L.
At the same time, it is quite likely that there will be some directions in which <X , v> behaves
in a far better way than the v condition would indicate, making the problem of finding sharp
estimates on Esup,cy X, a very subtle one.

In the context of the 4 functionals, the fact that a process is v, yields a trivial upper
estimate. Indeed, for an arbitrary admissible sequence of V', one has for every v € V'

1ZoLyegra + D 1 Zreno = Zraollgera < L | 270 Zolly + D 2% Zrisnv = Zrsollas | -

5>50 5250

implying that

Y(Zv,s0) < CLinf Sup 20/ Zyly + 37, 2\ Zy 5 = Zrgoll e
ve

$>350
Definition 11.8. Let (V,d) be a metric space. For o >0 _and an integer so > 0 set

Ya,s0(V, d) = inf sup 230/adiam(V7 d) + Z 2S/ad(7rs+1v,7rsv) ,

veV s>50

where the infimum is taken with respect to all admissible sequences of V.

Clearly, when V is the indexing set of a 1), process Zy, and d is the Lo metric endowed
on V by the process, then
'_Y(ZV7 30) < CL7%$0(M d)-

Again, it should be stressed that 5(Zy, sg) is a way of obtaining an upper estimate on
Esup,cy Zv, and if the process is 1, then v,5,(V) is a way of obtaining an upper
estimate on J(Zy, s9). Neither one of the two steps need be sharp. The fact that both
are sharp for gaussian processes (and a few other canonical processes) is rather a miracle,
and Talagrand’s proof of this fact is a masterpiece of beautiful mathematics.

Understanding when functionals like 4 or v, yield sharp estimates on Esup,cy Z,
and, moreover, what is the right bound when they don’t, is a real challenge that is very
far from being resolved.

11.2 ~, and metric entropy

The results described above may seem as rather unsatisfactory, because that has actually
been accomplished up to this point was replacing a mysterious quantity, Esup,cy Z,, with
another mysterious quantity—the 7 functional. Even taking the substantial leap of faith, that
the latter can serve as a useful bound on the former, the key question remains:
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Question 11.9. How one may construct a good admissible sequence for ¥¢ And, assuming
one chooses to estimate 5 by o for ¥, processes, how one may construct an admissible
sequence metric spaces (T, d)?

Constructing optimal admissible sequences, even up to a multiplicative constant, is a very
difficult task and is not known in general—even when 7' C R? and d(x, y) = ||z —y||2. It follows
from the majorizing measures theorem that an optimal admissible sequence exists and that
~v2(T, L2) is equivalent to the expectation of the supremum of the gaussian process indexed
by T (with Lo corresponds to its covariance structure). The proof is constructive in the
sense that there is a greedy algorithm that produces the admissible sequence. Unfortunately,
examples in which that construction can be clearly specified as few and far-between; vo(T', Lo)
is, by-far, the case where one has the most extensive understanding of what is going on....

If one is willing to be less ambitions, and settle for a bound that is likely to be loose,
there is a generic construction of an admissible sequence for 'an arbitrary metric space. As
it happens, that simple construction, which is based on covering numbers, is good enough in
many cases.

Let us consider (T, d), as the analogous construction for 4 will be clear from this exam-
ple.

To define an admissible sequence using a covering, fix an integer s > 0 and let T be an
gs-cover of T' with respect to the metric d. Hence, €, is the smallest number for which 7" has
an e-cover of cardinality at most 22° (if the infimum- is not attained, one may take e, to be
twice the infimum). Let 74t be the nearest point to ¢ in Ty, implying that for every ¢t € T,
d(t,mst) < g4, and therefore, that

Yauso (Tod) < D 2%/%,. (11.11)

$2>50

Remark 11.10. Observe that the difference between o 5,(T,d) and ) 25/%, is essen-

tially changing the order of the supremum and the sum.

5250

Equation (11.11) has a more friendly presentation, frequently (and somewhat inaccurately)
called the Dudley entropy integral bound.

Theorem 11.11. For every 0 < o < oo there exists a constant co for which the following
holds. If (T,d) is a metric space then

D
Yo(T,d) < o / log!/® N (T, )de,
0

where D is the diameter of (T, d).

Proof. Without loss of generality assume that €5 > 0 and that ¢, is the smallest number for
which T contains an e-cover of cardinality at most 22°. Therefore, N'(T,es/2) > 22°. Hence,
if 7 € (e541/2,€5/2) then N(T,z) > 2%°. In particular,

€s/2
28/0‘(5-:S —es41) < 2/ log!/® N(T,x)dz.

ES+1/2
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Summing the left-hand side,

223/04(88 - 53-‘,—1) :ZQS/ass o 228/a85+1 — 223/(188 - 22(371)/0%8

s>0 s>0 s>0 s>0 s>1
2(1 _ 2—1/a) Z 28/0‘85.
s>0
Therefore,
€s/2
(1—271) Yy os/ee, <2y log!/® N'(T, ) dx
s>0 5>0 /es+1/2

§2/ log'/® N'(T, ) dx,
0
and the claim follows because log N (T, z) = 0 for x > diam(T,d). ]

Corollary 11.12. There exists an absolute constant c¢ for which the following holds. Let X
be an isotropic, L-subgaussian random vector in R™. Then for every T C R",

dr
Esup(X,t) < c/ \/1og N(T', e BY)de.
teT 0

In particular, if X = (e1,...,epn) then

n dr
Esusziti < c/ \/1og N (T, e BY)de.
0

teT

Exercise 35. Prove Corollary (11.12).

11.2.1 Example: BY

Let us explore the two bounds on 72(B{, f2)—firstly, an lower estimate based on covering
numbers and the Dudley’s entropy integral, and secondly, by constructing an optimal admis-
sible sequence. These estimates show that the entropy based bound in suboptimal in this
case. It will also be a good indication that constructing an optimal admissible sequence is a
nontrivial task, even in seemingly simple situations.

Thanks to the majorizing measures theorem, 'yg(Bf,Zg) is known up to absolute multi-

plicative constants, since
E sup (G,t) = E||G|lo ~ \/logd.
teB¢

The next exercise shows that

/ \/logN(Bf,aBg)da > clog®?d.
0

Exercise 36. Let 1 < s < d and set Zs to be the collection of all subsets of {1,...,d} of

cardinality s. Show that the set
{ i xeiex]
— e; i €T
Ve g
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is a subset of B and contains a c1/+/s separated subset of cardinality at least exp(caslog(ed/s)).
Use that to deduce a lower estimate on log N' (B¢, e;BS) for ej ~ 27 /\/d and control the
entropy integral from below.

The construction of an optimal admissible sequence is more involved. First of all, assume
without loss of generality that d = 2+ for some integer £. For every 0 < k < ¢, let T, be the
collection of all subsets of {1, ...,d} of cardinality 2¥. Thus, using the monotone nonincreasing
rearrangement of x € Rd, one can write

4
xr = Z Plk(x)x,
k=0

with Iy (z) € Ty, and Iy(x), I1 (), ... are disjoint blocks of cardinality 2¥, k& = 0,1, ...—according
to the nonincreasing rearrangement of the coordinates of x. Moreover, because of the blocks
correspond to the nonincreasing rearrangement, for every 0.< k < £ — 1 one has

| Pr, ()1 1P ozl
||Plk+1(x)$”oo = 37? and HPIkH(w)SUH? < 2(k+1)/2||PIk+1(:v)x||oo < 2;’(“79;)2'
(11.12)
Hence, for every x € BY, || Pp, (2 < 1/2F/2. Moreover,
[Pmestdli
1> Pr@els <7 —25— (11.13)

i>k >k
From here on, to ease notation, when the identity of x is clear we write P, instead of P ().

Lemma 11.13. Let 0 > 1. There are absolute constants cog and c1 for which the following
holds. For every 0 < k < { there exists Wy, C B{l such that

ed
[Wi| < exp <Co¢92k log <2k>> ;

and for every x € B{l there is z € Wy, that is supported on I(x) such that

2k 6—1 1
”P[k(x)l‘—z||2 <cp {(d) HPIk(ﬂC)x‘Q’\/g} . (11.14)

The first step in the construction of the sets Wy is to consider all the subsets I of {1, ...,d}
of cardinality 2%, and the collection of balls 279/ 2Bl for j > k. The idea is that after the
decomposition of each x according to the subsets Io(x), ..., Ix(x), ...Is(z), there is no informa-
tion on || Pr, (zy7|]2 beyond the fact that this norm is at most ~ 1/2%/2 and that is where the
balls 279/2BS for I = I;(z) and j > k come in. As (11.14) indicates, the goal is approximate
Py, ()T up to an error which is either trivial, or, at most, a small order of || Py, (5)7||2.
Proof of Lemma 11.13.

Consider 0 < k </l and j =k, ...,¢, and let us construct covers of

1 I
IEIk
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where for each j the cover is of cardinality exp(62¥ log(ed/2¥)). Since there are at most (;}l@)
subsets in Z, by the volumetric estimate for each ball 277/ 2B§ , one has

W (d 5\
N(UkJ,gBQ) S (2k‘> <27/2€> .

Consider the union of such covers of Uy ;, for j = k,....,f. It follows that as long as the
mesh-width of the net of Uy ; is at most

279/2(2k /)01, (11.15)

the total number of points in the union of these covers is

14
Z exp(02¥ log(ed/2%)) = exp(log (£ — k) + 62% log(ed/2%)) < exp(cof2” log(ed/2%)) (11.16)
j=k

for an absolute constant ¢y > 1, because £ — k ~ log(d/2¥).

Define the set W}, as the union of these covers with 0.

Add to this cover the point 0 and denote it“by Wjy. Now fix = € Bfl and recall that
|| Pr,z|]2 < 2/2%/2. Observe that if || Py x|a > 2/2%/% ~1/+/d then it satisfies that

27 UT2 < || Py, z|falf< 2792

for some k < j < /. By approximating Py, x using a appropriate point z € Uy ; that is
supported on I, it is evident from (11.15) that

‘ 2k’ 0—1 2k 0—1
IPradale <292 (%) <Pl (%)

as required. Otherwise, ||Pr z|l2 < 1/v/d and one may choose 0 as the approximating point.
|

Next, for 0 < k < ¢ consider the approximating sets Vj, obtained by combining the sets
(Ws)s<k in a reasonable way:

k
Vi = {Zzwj o | Is| = 2% Ih, ..., Ij are disjoint, ws € Ws} .

s=0 iEIs

In other words, Vi consists of all the points that are of the following form: taking disjoint
subsets of {1, ...,d}, one for each cardinality 2°, 1 < s <k, and on each block I select some
ws € Wy that is supported on that block. The idea is that just like any = € B{l can be
approximated by a point in Wy on Ii(z), it can be well approximated by a point mpz € Vi
on Uy« Is(x), implying that

Y Prwe

s>k

H:L’—?TkaQ < ZP]S(:E)(E—ka +
s<k

2

is small. Formally,
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Lemma 11.14. There exist absolute constants co and c3 for which the following holds. For

any 0 <k <¢,
d
|Vi| < exp <C202k log <;k>> ,

and for any x € Bil there is mpx € Vi, such that

k

s no—1 1Pzl HPIgfﬁHl
|z — mexll2 < cs (Z(Q /d) 25]/2 Z 9s/2 d

s=0

Proof. To estimate the cardinality of Vi, note that it is bounded by the cardinality of a set
containing all possible sums Zl;:o wg, with ws € Wy. Thus, by (11.16), the cardinality of the

latter is at most
k

H exp(cof2° log(ed/2%)) < exp(c202F log(ed/2)), (11.17)
s=0
implying that the same holds for V.
Observe that by the construction and (11.14), for every x € B{ and every 0 < s < k,
there is ws € Wy that is supported on I4(z) and

k k k
1
Prxz—v|?= Pr x w52 cmax{Q d2(9_1)P$2,}

II§ . 12 ;H I Iz < ; 1 /d) 1Pr,2ll2, -

& k

(2° /PP a5 + 3

s=0
k

Prx|f?

28 d 9 1 || S 1

N

using that by (11.12)

[ Pr,zl
25/2

1Pr |3 < 2

Clearly, Z _o Ws € Vj, and denote that point by mx. Therefore, by (11.13), for every « € B{
there is mpx € V;, such that

k
Prx Prx
IIw—WHg—HZPng—mxHﬁIIZPMII S (e aypo-n1Burlly & s 1P
s>k s=0 s>k
(11.18)
Since ||a||2 < [|a||1, it is evident that
: IPLels | 5~ 1ol fR
_ s 0 1 Is 1 IS 1 R
s—
as claimed. m

Thanks to (11.19), it is possible to obtain an upper estimate for a functional that is close
to y2(BY, ¢
o 72( 1s 2)'
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Lemma 11.15. There exists an absolute constant ¢ for which, for every x € B‘f,
¢
> 2"z — ma)ly < ey/logd.
k=0

Proof. Fix z € B{. By (11.19) one has to consider the sum of the three terms. Firstly,
recalling that 2¢ ~ d,

¢
ZQ’“Q . \/EN Vi~ v/logd,
=0

as required. Secondly,
by changing the order of summation,

-1 p 29\ 1 ||
ZQk/Q Z <> I 21rss/96‘2|1 _ Z ( d) I 2Iss/fl;Hl Z2k/2

s=0 s=0
25\t /a2 : $ N\0—3/2
=S N S !
s=0 5=0
V4
< <max(2s/d)9*3/2) - Z | Pr,xljs < c
s=0

provided that 6 > 3/2.
Finally,

ZQk/QZ "PQI;ZI‘I Z HZISS/ZHl ZQk/2 CZ Pl < ¢

s>k

Exercise 37. Use the sets Vi, and Lemma 11.15 to construct an admissible sequence of B{l,
showing that ~2(B{, €2) ~ v/logd.

Another well-known example in which there is a true gap between the 5 functional and
the entropy integral are ellipsoids in ¢o. We refer the reader to [?] for details of this generic
example. Despite this gap, there are still many interesting cases in which the entropy integral
yields a useful estimate, and in any case, as in the case of B‘f, understanding how efficient
covers of the set can be constructed is a first step towards on optimal admissible sequence.

11.2.2 Random coordinate projections

Keeping in mind that the main focus of these notes is statistical learning theory, in makes
sense to see what an entropy integral bound means as far as the Rademacher averages are
concerned. Thus, for a class of functions F', let f* € F. Assume for the sake of simplicity
that F' is star-shaped around f*, implying that Fy , = (F — f*) NrD. Let us explore

) |

E sup
’U,EFf*J

N
1
=Ex <E8 sup ‘\/N Z&"Uz‘
i=1

UePgFf* .

1 N
— Z Eiu(XZ
\/N =1
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The trivial estimate follows from the fact that a Bernoulli process is L-subgaussian, and in
particular, [|(€,t)||r, < |[{G,t)|1, for every t € RN. Therefore, by the chaining argument,
given any o = (X1, ..., Xn),

E. sup
UEPoFf*J.

§ C'YQ(PO—Ff*,T/\/N, fg)

1 N
e X
\/N =1

Note that when endowed on F, the metric in question depends on o: for any u,v € Fp« .,

2

N
1 1 1
—P,u— —PFP,v :—g u—)(X;),
H\/N 7 \/N 7 2 Nizl( )( Z)
implying that N
1

ExE. sup —E givi| < cBxvyo(Fygx ., L) = (*).

EUEPUFf*’T \/Nizl 1Y 72( f T 2) ( )

Unfortunately, a useful estimate on (%) calls for the construction of an optimal admissible
sequences of Fly« . with respect to the random Lo metrics endowed by the sample. And at
this point, there is no indication that these metrics are close to the original Lo one (though
that is an extremely important and well-studied question).

One can relax the estimate further by turning to the entropy integral, as

[e's) R
Exv2(Fpe r, Lg) < cEx / log'/2 N'(Fy« »,eB(LS))de = cEx / log'/? N'(Fp« ., e B(LS))de,
0 0

where

LN 1/2

R= sup | — Y u*(X;) :
ueFf*’r (N ZZ; !

Once again, relating the diameter of F)«, with respect to the random metric L3 to the Lo

diameter (which is at most 2r) is a highly nontrivial question which is far from being fully

understood.

One way around these obstacles is to find some way of obtaining uniform entropy estimates,
that is, estimates that would holds for any . That was the motivation behind the introduction
of the combinatorial dimension. However, the real question—the possible equivalence between
the spaces (F, La) and (F, Lg) for a typical sample o,—is, in general, open.

Remark 11.16. Note that the estimate on the Rademacher averages is loose already in the
first step: it is based on the fact that a Bernoulli process is subgaussian, implying that the
expectation Esup,ep, .. | |IN—1/2 Zfil e;v;| is dominated by vy2(PyFy+ . /V'N, LS). However,
there are situations in which reverting to the gaussian case comes at a high price, most notably,
when trying to analyze the quadratic empirical process (see, e.g., [?]). Although this aspect
will not be pursued further in this notes, this fact should be kept in mind.
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Chapter 12

Sudakov type inequalities

The entropy integral is a way of obtaining upper estimates on Esup,cy Z, using metric
properties of V' with respect to the right metric structure/s. It is natural to ask whether
there exist similar lower bounds. It turns out that it is much harder to obtain lower bounds
of that flavour, and understanding when such bounds are possible is an extremely difficult
question that is still open. In the chapter we present. two such metric-based bounds: for
gaussian processes and for Bernoulli processes. There are more general examples of similar
bounds (see, e.g. [?]), but those are beyond the scope of this presentation.

The first result we present is a simple proof of Sudakov’s inequality in R, due to N.
Tomczak-Jaegermann [?]. The argument is based on Theorem 10.6. A different proof is
presented in what follows.

Recall that for 7' C RY, £,(T) = Esup,ep |(G, t)].

Theorem 12.1. There exists an absolute constant ¢ such that, for every T C R% and every
e >0,
celogt? N (T, e BY) < £,(T).

Proof. Is suffices to prove Theorem 12.1 under some additional assumptions on 7" firstly,
that T is a convex and centrally-symmetric, because ¢, (1) = (.(absconv(T)); that T is
bounded—otherwise the statement is trivially true; and, by replacing R? by span(7'), that T’
has a nonempty interior. Thus, without loss of generality, T is the unit ball of a norm on R¢
which is denoted by || ||, and its dual norm is denoted by || ||7o. Observe that

2T N (£2/2)T° C eBY, (12.1)
because ||z3 = (z,z) < |||l - ||z[|zo. Moreover,
N(T,2T N (£2/2)T°) = N(T, (£%/2)T°); (12.2)

indeed, one direction is clear because 27 N (¢2/2)T° C (T, (¢2/2)T°. In the other direction,
if T C Y(y; + rT°) then for every x € T there is some y; for which x — y; € rT°. But T is
convex and centrally-symmetric, x — y; € 27", and thus T C J(y; + 27 N (rT°)).
Combining (12.1) and (12.2), and since covering numbers are sub-multiplicative,
N(T,eBY) <N(T,2T N (£2/2)T°) < N(T, (2/2)T°)
SN(T,22B9) - N (22BY, (2/2)T°) = N (T, 22 BY) - N (B, (/4)T°)
<N(T.2eB3) exp(ei (T) [€?),

145
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where the last inequality follows from Theorem 10.6. Thus, setting ¢(¢) = log N (T, eBg), one

has, for every ¢ > 0,
(T
P(e) < B(2¢) + 015(2)-

Clearly, lim;_, #(27¢) = 0 and therefore,

P(e) = i (p(27e) — p(27e)) < 62(211) i 272 < 02@'
; =

2
€ €
Jj=1

Because Sudakov’s inequality is so important, let us present an alternative proof which is
more direct. The proof is based on a the fundamental idea that “bounded+being extremal”
implies the exitance of structure. One first obtains a seemingly weak entropy bound, but when
applied to the right projection of the set—i.e., to a set that will. be shown both bounded and
extremal, the entropy estimate turns out to be both obvious and sharp.

12.1 A direct proof of Sudakov’s inequality

Recall that one may assume that 7' C R¢ is a convex body, and the proof is based a funda-
mental fact from convex geometry, known as Urysohn’s inequality.

Theorem 12.2. Let T be a convex body in R%. Then

(’T|>1/d < /Sd_l ||| 7o dz (o), (12.3)

B

where integration is with respect to the Haar measure on S1. Moreover,

T\ e(T)
(rffsl\) = LB (124

Exercise 38. (1) Show that for the standard gaussian vector G, one has that ||G|l2 and
G/||Gll2 are independent.

(2) Use the gaussian representation of the Haar measure on S4=1, (1) and (12.3) to deduce
(12.4).

Let m be an integer to be selected later and consider the random operator

1 m
I'= ﬁ ;<G’L7 '>€i,

where G4, ..., G, are independent copies of the gaussian random vector in R
Lemma 12.3. There exist absolute constants c1,ca and c3 for which the following holds.
(1) If z € R, then with probability at least 1 — 2exp(—c1m), [|Tz|2 > callz|2.

(2) EL.(T'T) < c3l,(T'), where the expectation is with respect to G, ..., Gp,.
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Before presenting the proof of the Lemma, let us recall the following standard fact: if O is
a random orthogonal matrix, that is, if O is distributed according to the Haar measure on the
orthogonal group O(d) then Oe; is distributed uniformly on S¢~'. Indeed, Oe; is a random
vector taking values on S9~! and is rotation invariant under O(d). Thus, by the uniqueness
of the Haar measure, it must coincide with Oe;. In particular, one has that

0.(T) ~ VdEo sup(Oe;, t). (12.5)

teT

Proof of Lemma 12.3. The first part of the claim is an immediate outcome of the small-ball
property of a gaussian variable. Since this argument has already appeared several times in
these notes, it is omitted.

Turning to the second part, let K = I'T" C R™ and note that by (12.5),

l.(K) ~ v/mEo sup(I'*Oey, t) = /mEo sup({I'*Oey, t).
tel

teT

Therefore, taking the expectation with respect to G, ..., G, followed by a Fubini argument,

EEo sup<F*Oel, t> =EoE Sup<F*O€1, t>.
teT teT

Moreover, for any fixed orthogonal matrix O, the distribution of I'*Oe; = (<Fi, Oei>)§i1 is
the same as for a standard gaussian vector in R™. Hence; for every fixed orthogonal matrix
0,

IEsup<F*Oel,t> = Esup<G,t> =0.(T),
teT teT

completing the proof. [ |
Exercise 39. Show that indeed, for any O € O(d), I*Oey is distributed as the standard

gaussian random vector in R™.

As was mentioned previously, the first component of this proof of Sudakov’s inequality is
actually a weak version of the theorem.

Lemma 12.4. Let T C R? be a convex body. Then for every u > 0,
! > < @
uvd

Remark 12.5. The full version of Sudakov’s inequality would imply that log M (T, uﬁ*(T)Bg) <
c/u?, rather than v/d/u.

log M(T, ul,(T)BY) < dlog (1

Proof. Recall that by a volumetric estimate,

T + sBY|

2

= (x).

By the gaussian version of Urysohn’s inequality and the subadditivity of ¢, (i.e. (¢x(A+ B) <
t(A) + 6(B)),

sB\? s dy\ ¢
|T+ng|§yBg|.<w> §|B§l|-< (T)E:E )(Bz)>
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Therefore,

() < <£*(T2ej<$>(35)>d <=1+ ik\(/?)d’

where the last inequality holds because £, (BY) = E(Z?Zl g)Y/? < V/d. Hence, setting s =
ul,(T) one has

1 Vd

log M(T, ul, (K)BY) < dlo <1+> < ¥e

g M( (K)Bs3) g T ”

as claimed. m

Proof of Sudakov’s inequality. To prove Sudakov’s inequality, let A = {z1,...,zer} C T
be ul,(T) separated in £4, and one has to show that there is an absolute constant ¢ for which
r <c/t2.

To that end, fix an integer m to be named later, and consider the random mapping
I' : R - R™. Applying the first part of Lemma 12.3, one has that if » < ¢;m there is an
event of probability at least 1 — 2exp(2r) - exp(—com) >"1 — 2exp(—com/2) on which, for
every r; # xj, ¥;,T; € A,

T (2 — x5)ll2 = e2l|lzi — |2 = couli(T).

Also, by Markov’s inequality, ¢,(I'T) < 2¢,(T) with probability at least 1/2. Hence, there
exists I' for which both properties holds. Therefore,

log M(T'T, (c2/2)ul (TT)) > log M(T'T, coul (T)) > 7.
On the other hand, by Lemma 12.4 for the set I'I' C R™,

Jm
(c2/2)u’

and taking the minimal ‘legal’ choice of m, namely, m = r/cy, it follows that r < c3/u? for a
suitable absolute constant cs, as required. [ |

log M(T'T, (c2/2)ul (TT)) <

12.2 Sudakov’s inequality for Bernoulli processes

In what follows we present a version of Sudakov’s inequality for Bernoulli processes v — <5 , v>,
where, as always, we denote by £ the standard Bernoulli vector in R?. The first question that
should be asked is on the right formulation of the inequality, because using the gaussian
formulation is clearly false:

Example 12.6. Let T = {e1,...,eq}. Then for any ¢ < v/2, log M(T,cBY) = logd. At the

same time,

d
Esup =1
teT

il
i=1
As it happens, the reason for the difficulty is the price one pays for the regularity of the
gaussian process—that [|(G,t)||, ~ /p||t|2 for every t € R? and p > 2. Let us try to re-write
Sudakov’s inequality while keeping the L, structure in place and without resorting to the fact
that all the L, norms of <G, t> are equivalent to its Ly norm.
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Observe that if 7" C T is e-separated in £, then {<G, t> :t € T'} is ,/p separated subset
in L,. Hence, identifying 7" with the set of linear functionals {(¢,-) : ¢ € T}, the gaussian
version of Sudakov’s inequality can be reformulated as:

sup e log'/? M(T,e\/pB(L,)) = sup ki log'/2 M(T,86B(Ly)) < cl.(T). (12.6)
£>0 §>0 /P

Exercise 40. With (12.6), show that the following is an equivalent formulation of Sudakov’s
inequality: There exist an absolute constant ¢ such that for every p > 2, if |T'| = exp(p) is a
0-separated subset of T', then § < cly(T).

The version of Sudakov’s inequality from Exercise 40 actually holds for Bernoulli processes
and for other processes as well. In the Bernoulli case one has:

Theorem 12.7. There exists an absolute constant for which the following holds. Let V C RY,
§ >0 and p > 1 such that Ay = {(£,v) :v €V} is 6-separated in L, and |V| > exp(p).

Then
d
D _civi
i=1

E sup > co.

veV

The proof of Theorem 12.7 requires some preparation. Its main component is an embed-
ding lemma that allows one to revert to a gaussian argument:

Lemma 12.8. There are absolute constants cq and cy for which the following holds. Let V' be
as in Theorem 12.7. There is an integer m and a map ® : V — (5" N LY such that W = ®(V)
satisfies:

(1) W is cod//p-separated with respect to the o norm;
(2) W C (5/p)B2; and

(3) Esupew | S0 iwi] < clEsup,ey | S0 g0

The idea behind Lemma 12.8 is that ® ‘spreads’ the vectors v € V' in a way that ensures
that the image of each vector is well-bounded coordinate-wise, and at the same time, the
separation in L, of the Ay is transformed to separation in ¢». Moreover, the Bernoulli
average of the resulting set W is dominated by the Bernoulli averages of the original set V,
implying that it suffices to lower bound the former. The intuitive reason why such a lower
bound is possible is due to (1) and (2): vectors in W are both well-separated and well-spread,
which indicates that the Bernoulli average of W should not be too far from the gaussian one,
allowing one to invoke Sudakov’s inequality for gaussian processes. More accurately, assuming
that Lemma 12.8 is true, the first step in the proof of Theorem 12.7 is the following:

Theorem 12.9. For every k > 0 there exists a constant c¢(k) for which the following holds.
Let W C R™ be a bounded, e-separated in € which also satisfies that

€
sup ||w < K——.
weWH lee log |[W|
Then
m
E sup Zeiwi > ¢(k)ey/log |W].
weW

i=1
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In other words, a standard Sudakov bound happens to be true for the Bernoulli process
as long as the indexing set is well bounded in f,. Thus, in such cases, the Bernoulli process
“behaves” as if it were gaussian.

The combination of Lemma 12.8 and Theorem 12.9 leads to the proof of Theorem 12.7:

Proof of Theorem 12.7. Recall that W = ®(V') C ¢35, and without loss of generality one
can assume that |V| = exp(p). By parts (1) and (2) of Lemma 12.8, |W| is e-separated in ¢35’

for e = cod//p and
€

V1og [W]

for k = ¢, L Thus, W = ®(V) satisfied the conditions of Theorem 12.9, implying that

m
E EiW;

i=1

5
<-<
max fwleo < 7 < x

> ¢(r)ey/log [W] = e1V3. (12.7)

E sup
weW

Moreover, by part (3) of Lemma 12.8,

d m
E sup Z&"Uz‘ > o sup Zgiwi ,
veV i—1 weW R |
which, combined with (12.7) completes the proof. [

Next, let us turn to the proofs of the two components, which are of independent interest
in their own right.

12.2.1 The supremum of Bernoulli processes for bounded sets

As mentioned previously, the idea behind the proof of Theorem 12.9 is that if W is a separated
set in ¢4 that is also well bounded in ¢Z% then the random variables Y ", e;w; behave as if
they were gaussian because the vectors (v; — w;)", are ‘well-spread’: their ¢5* norm is large,
but their 7 is relatively small.

Making this intuition more precise requires two preliminary steps. Let X1, ..., X, be iid
copies of a symmetric random variable X. Set z > 0 and u € R™ and consider the random
variable

m
Q= uXilyx, |-
i=1
It stands to reason that if X has a reasonable tail decay, that should be reflected in the
behaviour of Qf, as a function of ¢. Indeed, in the extreme case, when X is bounded, say by

1, QL =0 if t > 1. Quantifying the effect that increasing ¢ has on the tail behaviour of @, is
studied in the next lemma.

Lemma 12.10. There exist absolute constants ¢ and cq for which the following holds. Let X
be a symmetric random variable that satisfies || X||y, < L and let X1, ..., X, be independent
copies of X. Then for u € R™ and every t,z >0

72 x
Pr(|Q!| > z) <2exp <—cmin{ , }) , (12.8)
( ) [ul3L2A%(t) " Lllulloc
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where \(t) = Pri/8(|1X| > t).
Moreover, for any p > 1,

1Qull, < coL(v/pllull2A() + plluloo)-

The implication of Lemma 12.10 is that the fast tail decay of X “helps” the subgaussian
part of the tail of Q°,.
Proof. Fix p > 1 and let Y; = u; X;1 x>}, which is a symmetric random variable. Using
the notation of Bernstein’s inequality (Theorem 3.7),

1/2
EY) =E(ui X;)P % - (i X)Ly x> < <E(uiXi)2(p72)) ' (E(UiXi>4ﬂ{\X¢\2t})1/2

2
< (Bux)2e2) . (B X)) Pr/ix| = 0

<(eL)P2||ull5?p! - LPuf Pri/t(1X| > t)
for a suitable absolute constant ¢, because || X ||z, < Lq and since p! ~ \/27p(p/e)P. Therefore,

one may set
M = cL||ullos, and o2 =L2u2Prt/*(|X| > t).

The first part of the claim follows from Theorem 3.7, and the second one from the connection
between moments and tail estimates. [ |

The estimate on [|Q%||z, immediately leads to the following outcome:

Corollary 12.11. Let U C R™ be a finite set.and let X be as in Lemma 12.10. Then
Emax |Q4} < o(L) max (A |[ull2v/10g [UT + [ul - log |U)

Proof. Let p = log|U|. Recall that if a € R? then ||a|joc < |lalloga; therefore, by Jensen’s
inequality and the second part of Lemma 12.10,

1/p 1/p
E max Q)| <eF (Z IQZIP> < (Z E\Qfﬂ’)

uelU uelU
<|u|'?.cr max (v/pllull2A(t) + pllulle)

—chaX ( ()||u|l2v/1og U] + ||u|| o log |U|)

Let us now prove a Sudakov type inequality indexed by a set that is both bounded in 7}
and in /3"

Lemma 12.12. There exist constants k and c for which the following holds. Let p > 0 and
U C 2pBf* N BY where § < kp/\/log|U|. If U is p-separated with respect to the ¢3 norm

then
Z&Uz > cpy/log |U|.

E sup
uelU
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Proof. First, observe that by Sudakov’s inequality there is an absolute constant ¢; such that

E sup | Zglul| > c1py/log |U].

uEUZl

On the other hand, fix x > 0 and apply Lemma 12.10 for X = g—the standard gaussian
random variable. One has that for any ¢ > 0,

E sup | Zgz“z’ <Esup | Z&gzﬂﬂgzm}u%\ +Esup| Zgﬂlﬂg BN
ue =1 =1

<tE suIU) \ Z giui| + E sup | Z 9il{|g:|>1) il s
ue i=1

where the last inequality is an outcome of the contraction principle for Bernoulli processes,
conditioned on ¢y, ..., gn,. Therefore, it suffices to shows that

m
C1
5P log |U| 2Esu5| E Gil g1 >0 Wil (12.9)
ueY =1

to ensure that

E sup | Zglul| < 2tE sup | Zslul|
wel 5 wel 75

which, in turn, implies

Esuplzszuzl > *p log |U],
uelU Py

as required.
To establish (12.9) one uses Corollary 12.11: recall that

<9 d <9.
gleagIIUIlz <2p an gleagIIUI\w <

Set t to satisfy that A(¢) < ¢1/(8¢2), where cg is the constant from Corollary 12.11. Since X
is a standard gaussian random variable, ¢t can be taken to be an absolute constant. Thus,

Esup\ g 9ilyg,>yuil <cz max( Nwll2/log |U] + ||u|co - log|U]>
uel
<2 ov/10g U] + caflog [U] < Jpv/log U]

provided that 6 < cgp/+/log |U| for a suitable absolute constant cs. ]

Proof of Theorem 12.9. Let W be ¢ separated in £3', set x to be as in Lemma 12.12 and

recall that .
W C c—————=B"™.

Vieg W[~

The first observation is that for any p > /2

sup log M (W —w) N 2pB5*, pB3') < c2p™ ’E sup
weWw weW

3.

=1

(12.10)
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Indeed, fix w € W and let U C (W —w) N2pBY* be a p—separated set for p > 2e. Therefore,

)
sup ||u §2sup w < )
sup e < 2 sup [l < 2 < L

and the conditions of Lemma 12.12 hold. Applying that lemma for the set U, it is evident

that )
sz )

and (12.10) is valid because each u € U is of the form u =w" —w for some w’ € W; thus

E EiUyg 5 W,

Next, let us use (12.10) iteratively: denote by R = sup,cw ||w|2 and let W3 C W be a
maximal R/2-separated subset of W. Clearly,

M(W,eB3") < M(W NRB3", (R/2)By") - max M (W =w1)N (R/2)By', eB3").

log |U| < ¢p™2 | Esup
uclU

E sup
uelU

< 2E sup
weW

Continuing in the same fashion,
¢
M(W, eBY) H 10x M (Wn (R/2"1B (R/2F) By ) (12.11)

where R/2! < e < R/27!, and in particular, for each p = R/2* one has that p > /2. Hence,
combining (12.11) with (12.10),

V4
log M (W, eBIY) < Z ma log M (W N (R/2"Y)BY, (R/2’“)B§“)

(IE sup \Zsﬁm)

wEWzl

12.2.2 Spreading a set using chopping maps

Now let us turn to the second component needed for the proof of Theorem 12.7, the con-
struction of the embedding ® that maps V' to ¢5'. The construction is based on the idea of
chopping maps, introduced in [?] and which play a central in the solution of the Bernoulli
conjecture in [?].

We only define the maps that are used in the proof of Theorem 12.7 and refer the reader
to [?] for a more detailed exposition on the topic of chopping maps.

Definition 12.13. Let A > 0. For every k = +£1,42, ..... define a function ¢ as follows: if
k>0 and x> 0 set

0 if x € [0,kA),
de(x) =< o — Ak ifr € [kA, (k + 1)A),
A ifz € [(k+1)A, 00),

and if © < 0 set ¢p(x) = 0. If k <0 define ¢p(z) = —(¢—r(—x)) for any x € R.
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Thus, each ¢(z) is a 1-Lipschitz function. The functions ¢ are called chopping maps
because that is what they do: each x € R is ‘broken’ into pieces of size A. This can be
recorded in the natural vector (¢ (z))x: for example, if x > 0 then writing z = mA + « for
m>0and 0 < a < A, it is evident that

(¢k($))k7£0 == 0, ...,O,A, ...,A, « 3 0,
k<0 k=1,...m k=m+1l p>my1

From here on we set for z € R,
®(z) = (¢r(2)) k20,

where we omit the dependence of the chopping maps on the parameter A.
The chopping maps naturally define a transformation, mapping finite subsets of R? to a
high-dimensional space in the following way:

Definition 12.14. Let ®(z) = (¢ (x))kz0 and for T C RY set

() = {(@(t:) Ly M)y €T}

Note the obvious fact that the coordinates of ®(7") are all bounded by A. With Lemma
12.8 in mind, the choice of A has to be ~ §/p.
The two crucial features of the mapping & are:

o If T C R?is ~ ¢ separated with respect to the L,(&) norm then for the right choice of A
(again, A ~ §/p, then ®(T") is separated in /3 at scale ~ 6/,/p.

e For an arbitrary 7' C R% the Bernoulli process indexed by ®(T) is ‘smaller’ than the
Bernoulli process indexed by T

In other words, if one is interested in lower bounds on Bernoulli processes, one possibility
is to study the process indexed by ®(7T") (defined explicitly in what follows). The added value
is that ®(T') is ‘more regular’ than T', because its coordinates are all bounded by A. And, as
a preliminary indication that the resulting bound is not trivial, separation (in some sense) in
T is inherited by ®(T).

Of course, all this is shameless hand waiving. Let us turn to a more accurate description
of the mapping ®, beginning with a straightforward (yet a little tedious) observation:

Lemma 12.15. Let A > 0 and set (¢y)r0 be the corresponding chopping maps. Then for
z,y € R,

1
TOH‘I’(JU) — ()15 < Alx — y|Ljp—y>ay + |2 — YPL{u—yj<ny < 10[@(z) — 2(y)]]3.

We omit the details of the proof which is based on a case-by-case analysis. To give
an illustration of why the statement is correct in one case, assume that x = mA + « and
y=nA+pform>n>0and 0<a,B<A. If m—n >3 then

m—-—n

2

A< |z —y| <2(m—n)A,
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implying that Alz — y|1jjo_y>ay + |2 — y[*1jjo—yj<ay = Alz —y|, and

1
§(m —n)A? < Az —y| < 2(m —n)A%

On the other hand

O(x)=0,..,0,A,.., A «a, ,0,..
k<0 k=1,..m k=m+1 k>m+1

o(y)=|0,...0,A,...A, B ,0,.., |,
k<0 k=1,...n k=n+1 k>n+1

and thus
[®(z) — 2(y)ll5 = (A=) + (m —n=1)A% +a”.

Since m —n — 1 > (m —n)/3 if follows that

n

[@(x) — @) = (m —n <1)A? > TEA?

and
[®(z) — @(y)l5 < (m —n)A%*+2A%< 2(m — n)A?,

proving the wanted equivalence.
Verifying the other cases is equally simple. [ |

Let us turn to the question of separation and the way the vector-valued mapping ®
preserves it.

Lemma 12.16. There exists an absolute constant ¢ for which the following holds. If x,y € R?
satisfy that

1/2
» /

Dle—yi+vp | D (=) | =4

i=1 i>p
then for A = §/4p one has that

1@ (z) — (y)ll2 = cb//p-

In particular, if z,y are J-separated with respect to the L,(£) norm endowed on R, that
is exhibited by the {5 distance between ®(x) and ®(y), as long as the scale of the chopping
maps is selected wisely.

Proof. Applying Lemma 12.15 and the fact that

1@(z) — @)l = Z (i) — ©(i)*,

it suffices to show that for A = §/4p we have

d
52
D Alzi = yilljje,ysay + 20 = Uil L yi<ay 2 e
=1
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Without loss os generality assume that (|z; —y;|)%_, is non-increasing and let us consider two
cases. First, if >0 | |z; — y;| > /2, then

p

)
Z |z — yi|1{|$i_yi|25/4p} 2 Z;
=1

indeed, Y7, |x; — yilL{jz,—y;|<s/apy < P~ (6/4p) = §/4. Therefore,

9
4p

p
5
A lwi = il yzs/am = 3 5 =

i=1 16p

as required.
If, on the other hand, ¥, |z; — y;| < §/2 then by monotonicity,

1< )
Tp = ypl < =D Jwi — i £ -
|Zp — Yyl pmlz il %

And, since by the separation condition

, 1/2
> lai =il + VP Z(ﬂii =)’ >0,
i=1 i>p
it is evident that
5 9 52 52
pY (wi—y)* >0 -T2 73

i>p

Let I ={i>p:|x;—yi| > d/dp}. If |I| > p/4 then again,

) 52
AY lai—ulz o= oo

oyt dp4dp 4 64p
otherwise, |I| < p/4, implying that
2 p 52
2 2 _
E |zi — yil” < [2p — yp |I‘§4p2.1_16p’

i€l
and thus on the complement 7€ in {p + 1, ....,d} we have |z; — y;| < §/4p and

Z 5 02 52 52
T —yil" >~ — >
Pt 4p  16p — 16p
thus,
2 5
Z i — yil Ljzi—yil<s/apy 2 16’
iele

completing the proof. [ |
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Finally, let us show that the Bernoulli process indexed by 7' dominates the Bernoulli
process indexed by ®(7T'), which is the final component needed for the proof of Theorem 12.7.
Recall that

(1) = {(@(E)L, : (t)Ly €T},

and view each ®(t) € ®(7T') as a vector indexed by pairs (i, k) for i € {1,...,d} and k € Z\{0}.
This set of indices is denoted by A.

Let {e;x : (i,k) € A} and (¢})%, be independent Bernoulli random variables. Thus,
(i) (ik)er and (€56 k) (i k)ea have the same distribution. With that in mind, set

Zowy = Y, cicirdrti) = Z > einon(ti)

(i,k)EA i=1 k0

and note that Esup,cp Zg(y) is the expectation of the supremum of the Bernoulli process
indexed by ®(T).
Observe that there exists an absolute constant ¢ for which

d

Z git;

=1

E sup
teT

> cESup Zag|.

Indeed, fix a realization of (&;x)(; k)ea and let hi(z) = Z,ﬁéo i k¢r(x). Thus,

d

Zsh

1=1

Esup|Zg ;)| =Esup
teT teT

For z,y € R, |hi(x) — hi(y)| < 2|x — y| and h(0) = 0; therefore, by the contraction inequality
for Bernoulli processes,

< 2Esup
teT

Zsh Zat

Esup |Zp()| = Esup
teT teT

Exercise 41. Prove that the process t — Zgy) is well defined.
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Chapter 13

The Combinatorial Dimension

In addition to the covering numbers and to the Bernoulli/gaussian mean-widths of the class,
there is another way of measuring how “rich” a set is, that is extensively used in statistical
learning theory. In its simplest from, the combinatorial dimension captures the largest di-
mension of a combinatorial cube that can be found in a coordinate projection of a binary
valued class of functions F.

This simple version of the combinatorial dimension-was introduced by Vapnik and Cher-
vonenkis, and is known as the VC dimension.

Definition 13.1. Let F' be a class of {0, 1}-valued functions on a space Q. The class F
shatters {x1,...,xn} C Q, if for every I C {1,...,n} there is a function fr € F for which
fr(x;)) =14dfiel and fr(z;) =0 if e & 1. Let

VC(F,Q) =sup{|A| « A CQ, Ais shattered by F'}.

VC(F, Q) is the VC dimension of F', but when the underlying space is clear we denote it
by VC(F).
It is easy to see that o = {x1,...,x,} is shattered if

P,F ={(f(xi))i, : feF}={01}"

Thus, The VC dimension is the largest cardinality of ¢ C €2 for which P, F is as big as it can
be: the combinatorial cube of dimension |o|.

The real-valued counterpart of the VC dimension, called the combinatorial dimension, is
defined by extending the notion of a shattered set. Unlike the binary-valued case, when every
cube found in P, F' is the combinatorial cube of the appropriate dimension, in the real-valued
case there is a tradeoff between the ‘size’ of the cube and the dimension.

Definition 13.2. For e > 0, a set 0 = {x1,...,x,} C Q is e-shattered by F if there is a
function s : 0 — R, which satisfies that for every I C {1,...,n} there is some f; € F for
which fr(z;) > s(x;) +e ifi € I, and fr(x;) < s(x;) —e ifi € 1. Let

VC(F,Q,e) =sup{|o| : o C, ois e—shattered by F'}.

fr is called the shattering function of the subset I and the vector (s(x;))i, is a witness to
the e-shattering. In cases where the underlying space is clear we denote the combinatorial
dimension by VC(F,¢).
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There is a clear geometric interpretation of shattering, implying that if o is e-shattered
by F' then P,F' contains a ‘cubic structure’. Indeed, consider the “cell”

(s(i))iz +eBo CR™.

The 2n hyperplanes supporting the n—1 dimensional facets of the cell define 2" ‘quadrants’ in
R", with each quadrant corresponding to a vector signs (n;)?_; € {—1,1}". A vector z € R"
belongs to the quadrant defined by (n;)/ if z; > s(z;) + € when 7; = 1, and 2z; < s(x;) — ¢
otherwise. The set o is shattered by F' with the witness (s(z;));; if P,F contains at least
one point in each quadrant. Using this geometric picture it is clear that conv(P,F') contains
(s(x))iy + B

Observe that if F' is convex and centrally symmetric and if o = {z1, ..., x,} is e-shattered
by F' then one may take s(z;) = 0 and

eBl C P,F.

Indeed, if o is e-shattered with a witness (s(x;));", then for every I C {1,...,n} there is some
fr that satisfies fr(z;) > s(z;) + e if ¢ € I and fr(z;) < s(z;) — e for i € I°. For every such
I,let g = (fr — f1¢)/2, which clearly belongs to F' because the class is convex and centrally
symmetric. It follows that e B, C P, F', as claimed.

In particular, if {z1,...,x,} is e-shattered by F' then eBl. C absconv(F).

13.1 Metric entropy and the VC dimension

The next lemma, known as the Sauer-Shelah Lemma was proved independently at least three
times, by Sauer [?], Shelah [?] and Vapnik and Chervonenkis [?], and then generalized by
Karpovsky and Milman [?].

Lemma 13.3. Let F be a class of {0, 1}-valued functions and set d = VC(F'). Then, for
every finite subset o C Q of cardinality n,

|P,F| < (%)d.

In particular, for every 0 < e <1/2,
N (¢,F, Loo(0)) = |P,F| < (en/d)? .
The proof of Lemma 13.3 uses the notion of a hereditary class of sets.

Definition 13.4. Let U be a class of subsets of Q). The class is hereditary if for every A € U
and B C A, then B € U.

An natural example of a hereditary class of subsets of {1,...,n} is the d-cross:
{UcCA{1,..,n} : U <d}.

Proof. We identify P,F with a class of sets U, each belongs to {1, ...,n} in the natural way:
each P, f is of the form f =14 for A C {1,...,n}.



13.1. METRIC ENTROPY AND THE VC DIMENSION 161

The assertion of Lemma 13.3 is immediate if U is hereditary. Indeed, a hereditary class
of subsets of {1,...,n} whose VC dimension is at most d is a subset of the d-cross. And, the

cardinality of the d-cross is
d (n) en\d
> ()= (F)
1 d

i=1
Therefore, the proof will be complete by constructing a one-to-one map from U to a hereditary
class U’ whose VC dimension is at most d.

Define a family of operators T, in the following way: T,(U) = U\{z} if 2 € U and
U\{x} € U; otherwise T,(U) = U. Thus, when viewing U as a subset of {0,1}", the operator
T, makes U C {0,1}" more hereditary by ‘pushing down’ points in the combinatorial cube
when there is an empty slot ‘below’ them.

To see that T, is one-to-one, assume that T, (Uy) = T, (Us). If T,(U;) # U; for i = 1,2,
then U; = T, (U;) U {x} and thus U; = U,. Otherwise, if T,,(Uy) = Uy and T, (Us) # Us, then
Uy = T,(Ug) and Uy = T,(Usz) U {z}, which is impossible, because Us\{z} € U, and that
would imply that T, (Us) = Us.

Next, let us show that if I is shattered by T, (i) then it is also shattered by U. In
particular, that means that the VC dimension cannot increase by the application of T.

Consider two cases. First, let x ¢ I, and in which ecase, for every U € U, UNIT = T, (U)NI.
Thus, if I is shattered by {T,(U) : U € U} then I is shattered by U.

Next, assume that « € I, and let I’ C I'\{x}. Let us show that both I’ and I'U{z} belong
to U, implying that I is shattered by Y. Indeed, recall that T, (i) shatters I, and therefore
I''I"U{z} € T,(U). By the definition of T, I' U{x} € U and since = ¢ I’ it is evident that
I' € U as well—showing that the VC dimension does not increase with the application of T.

To complete the proof, let ¥ be a class of subsets of {1,...,n} and set

HY)=>_[V].

Vey

Let T be the set of finite compositions of operators of the form T,. Since H(T,V) < H(V),
one has that infz_ H <T u )) is attained. The minimizer T(/) is a hereditary class of sets:

for every € {1,...,n}, and every V € T(U), if z € V then V\{z} € T(U) - otherwise, one
may apply T, and decrease H even further. [ |

Although the Lo, entropy estimate depends on n and thus on the dimension (cardinality)
of the coordinate projection, it is possible to derive dimension free L, entropy bounds for
1 < p < oo. The first such bound was proved by Dudley [?] and is based on a combination
of a dimension reduction argument and the Sauer-Shelah Lemma. The dimension reduction
part shows that if K C F is “well separated” in L1, in the sense that every two points are
different on a number of coordinates that is proportional to n, one can find a much smaller
set of coordinates (whose cardinality depends on the cardinality of K) on which every two
points in K are different on at least one coordinate. We prove the claim for p = 1; the general
case follows because the class contains {0, 1}-valued functions, and for any f,h € F and any

probability measure 1 [1f = gl ) = I/ = gllz, (o

Theorem 13.5. There exists an absolute constant ¢ for which the following holds. Let F be
a class of {0, 1}-valued functions on a probability space (Q, ). If VC(F) < d then for any
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0<e<1/2,

e

N(e, F, (1)) < (2)w.

Proof. Consider first an arbitrary empirical measure p,, = % Yoy 0z, and let us prove the
entropy estimate for such a measure. 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 and consist of
{0, 1}-valued functions, it follows that every v € V has at least ne coordinates which belong
to {—1,1}.

Set (X;)!_; to be independent {z1, ..., z,}-valued random variables, where for every 1 <
i<tand1<j<n, Pr(X; =x;) =1/n. Forany v € V,

Pr(vi, v(X;) = 0) = [[ Pr (v(X;) = 0).<(1 - &),

implying that
Pr(3v eV, Vi, v(X;) =0) < |[V|(1 — &)t < D*1 -¢)..

Therefore,
Pr(YweV, 3i, 1<i<t, X)) =1)>1-D*1-¢),

and if the latter is greater than 0, there is a set I C {1,...,n} of cardinality |I| < ¢ and the
mapping (f(x;))"y — (f(zi))icr is one-to-one. In particular, setting

PiE: ={(f(zi))ies | f € Kc}

then |PK.| = D.
{(f(@:)e; |f € K2} = D.

2log D
€

It is straightforward to verify that the choice of t = suffices to ensure the existence of

such a set I. Finally, by the Sauer-Shelah Lemma,

d
D = |PiK.| < |PiF| < (e‘d”> < ( (13.1)

2elog D d
de ’

To complete the proof, note that if o > 1 and alog™! a < § then a < Blog(ef). By (13.1),

clog D < Elo clog D
dd e B\ ’

and one may set o = (clog D)/ed and 8 = 1/e. Thus, |D| < (2/¢)°?, as claimed. |

This result was strengthened by Haussler in [?]:

Theorem 13.6. There is a constant C such that, for every class of binary-valued functions
F with VC(F) = d and every 0 < e < 1, N(g, F) < Cd(4e)%e1.



