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By now you have seen a number of finite-sample guarantees: estimation of a mean vector,
matrix estimation, constrained and unconstrained linear regression. In all the examples, the
key technical step was a control of the maximum of some collection of random variables.
Over the next few lectures, we will extend the toolkit to arbitrary classes of functions
and then apply it to questions of parametric and nonparametric estimation and statistical
learning.

First, we present a couple of motivating examples.

1. KOLMOGOROV’S GOODNESS-OF-FIT TEST

Given n indepenent draws of a real-valued random variable X, you may want to ask whether
it has a hypothesized distribution with cdf Fj. For instance, can you test the hypothesis
that heights of people are N (63,32) (in inches)? Of course, we can try to see if the sample
mean is “close” to the mean of the hypothesized distribution. We can also try the median,
or some quantiles. In fact, we can try to compare all the quantiles at once and see if they
match the quantiles of Fj. It turns out that comparing “all quantiles” is again a question
about control of a maximum of a collection of correlated random variables. We will make
this connection precise.

If you have taken a course on statistics, you might have seen several approaches to the
hypothesis testing problem of whether X has a given distribution. One classical approach
is the Kolmogorov-Smirnov test. Let

F0)=P(X <0)
be the cdf of X, and let
177/
F,(0) =— 1{X; <40
®=33 1(%<0)

be the empirical cdf obtained from n examples. The Glivenko-Cantelli Theorem (1933)
states that
D,, =sup|F,(0) — F(0)| -0 a.s.
OeR
Hence, given a candidate F', one can test whether X has distribution with cdf F', but
for this we need to know the (asymptotic) distribution of D,,. Assuming continuity of F,
Kolmogorov (1933) showed that the distribution of D,, does not depend on the law of X,
and he calculated the asymptotic distribution (now known as the Kolmogorov distribution).
Without going into details, we can observe that F'(X) has cdf of a uniform random variable
supported on [0,1], and this transformation does not change the supremum. Hence, it is
enough to calculate D,, for the uniform distribution on [0, 1]. D,, fluctuates on the order of
1/4/n and
VD, —> sup |B(F(9))].
PeR

Here B(x) is a Brownian bridge on [0, 1] (a continuous-time stochastic process with distri-
bution being Wiener process conditioned on being pinned to 0 at the endpoints).



In particular, Kolmogorov in his 1933 paper calculates the asymptotic distribution, as
well a table of a few values. For instance, he states that

P(D, <24/\/n) —  approx 0.999973.

In the spirit of this course, we will take a non-asymptotic approach to this problem. While
we might not obtain such sharp constants, the deviation inequalities will be valid for finite
n.

We will now come to the same question of uniform deviations from a different angle —
Statistical Learning Theory.

2. STATISTICAL LEARNING

2.1 Empirical Risk Minimization

Let S = {(x1,91),- .., (Tn,yn)} be n ii.d. copies of a random variable (X,Y") with distribu-
tion P = Px x Py|x, where the X variable lives in some abstract space X and y € YV C R.
Fix a loss function £ : Y x Y — R.

Fix a class of functions F = {f : X — Y}. Given the dataset S, the empirical risk
minimization (ERM) method is defined as

- 1 —
feargmin— » £(f(X;),Y:)
gin ; (f(X3)
Examples:
e Linear regression: X =R% V=R, F = {z > (w,z) : w € R}, £(a,b) = (a — b)?

e Linear classification: X = R%, Y = {0,1}, F = {z + (sign({(w,z)) +1)/2 : w € By},
L(a,b) =1{a # b}

We now define expected loss (error) as

L(f) = Ex,y)€(f(X),Y)

and empirical loss (error) as

For any f* € F, The decomposition

~ ~ A~ A~ ~

L(f) - L(f) = [L() —L(D] + [L() - LM + [L(F) ~ L)

holds true. By definition of ERM, the second term is nonpositive. If f* is independent of
the random sample, the third term is a difference between an average of random variables
L(f*(X;),Y;) and their expectation. Hence, this term is zero-mean, and its fluctuations can
be controlled with the tail bounds we have seen in class. The first term, however, is not
zero in expectation (why?).



Let us proceed by taking expectation (with respect to S) of both sides:

E[L(P] 10 < E[L() - L(H)] < Esup [L(f) - L()] (2.1)

ferF

Here we “removed the hat” on J?by “supping out” this data-dependent choice. We are
only using the knowledge that f € F, and nothing else about the method. We will see later
that for “curved” loss functions, such as square loss, the supremum can be further localized
within F.

2.2 Classification

We now specialize to the classification scenario with indicator loss £(a,b) = 1{a # b}.
Observe that 1{a # b} = a + (1 — 2a)b for a,b € {0,1}. Hence, by taking a = Y and
b= f(X),

E sup [L(f) - IAJ(J"')] = Esup

JeF feF n

i=1

E(Y + (1 - 2Y)f(X)) - ~ DY+ (1- 2Yi)f(Xz-))]

= E sup

JeF n

=1

E((1—2Y)f(X)) - =3 (1 - sz(Xi)]

Observe that (1 —2Y") is a random sign that is jointly distributed with X. Let us omit this
random sign for a moment, and consider

E sup [Ef(X) - % > f(X»] : (2:2)

feF

Over the next few lectures, we will develop upper bounds on the above expected supremum
for any class F. For now, let us gain a bit more intuition about this object by looking at a
particular class of 1D thresholds:

F={z—1{zx<0}:60cR}

Substituting this choice, (2.2) becomes

OcR OcR

Esup | P(X < 0) — % zn: 1{X, < 6} | = Esup [F(6) — F\(0)]. (2.3)
=1

which is precisely the quantity from the beginning of the lecture (albeit without absolute

values and in expectation). Again, (2.3) is the expected largest pointwise (and one-sided)

distance between the CDF and empirical CDF. Does it go to zero as n — co? How fast?
Let’s introduce the shorthand

U9=E1{Xg9}—%21{xig9}
=1

{Up}per is an uncountable collection of correlated random variables, so how does the max-
imum behave? We have already encountered the question (e.g. Lecture 5) in the context
of linear forms (X, #), indexed by 6 € By and we were able to use a covering argument to



control the expected supremum. Recall the key step in that proof: we can introduce a cover
61,...,0n such that control of sup Uy can be reduced to control of max;—1 . n Us,. Does
this idea work here? Problems with this approach start appearing immediately: how do we
cover R by a finite collection?

We will now present two approaches for upper-bounding (2.3); both extend to the general
case of (2.2).

2.2.1 The bracketing approach

While we cannot provide a finite e-grid of R directly, we observe that we should be placing
the covering elements according to the underlying measure P. Informally, Uy is likely to be
constant over regions of  with small mass.

For simplicity assume that P does not have atoms, and let 61,6,,...,0y (with 6y =
—00,0N+1 = +00) correspond to the quantiles: P(6; < X < 60;11) = ﬁ For a given 6,
let u(f) and £(6) denote, respectively, the upper and lower elements corresponding to the
discrete collection 6y, ...,0xy1. Then, trivially,

El{X<9}—iil{Xi<9}<E1{X<u(9)}—:LGzl{Xi<€(9)}
1

gEl{XSE(H)}—:Zanl{XiSe(g)}‘i‘]m

i=1

and thus

1 n
Esup [E1{X <0} — = > 1{X; < 6}
AR nrl

1 n
< g E1{X <6;} - —) 1{X;<¥;
< W By B S0 - Y <0

Now, each random variable E1{X <0} — 1{X; <60} is centered and 1/2-subGaussian.

Hence, for each j, Uy, is ﬁ—snb(}aussian, and the expected maximum is at most 4/ %ﬁfﬂ).
The overall upper bound is then

1 log(N +1) logn
N+1+ n _O< n

if we choose, for instance, N = n.

2.2.2 The symmetrization approach

An alternative is a powerful technique that replaces the expected value by a ghost sample.
To motivate the technique, recall the following inequality for variance:

E(X —EX)? <E(X — X')?2 =2E(X —EX)?

where X’ is an independent copy of X.
Observe that

E1{X <60} =E

iil{X{ge}]

4



where X1,..., X/ are n independent copies of X. We have the following upper bound on
(2.3):

E sup [m (x<op -2t zn: 1{X,; < 9}] (2.4)
AR n-=
1 & , ‘
SEE&E 521{& <9}—1{X2<9}] (2.5)

=1

by convexity of the sup. Now, since distribution of 1{X/ < 0} — 1{X; < 6} is the same
as the distribution of — (1 {X] <0} — 1{X; < 6}), we can insert arbitrary signs ¢; without
changing the expected value:

1o ,
Ezgﬂg - ;ezu {X/ <6} —1{X;<0})|. (2.6)
Since the quantity is constant for all the choices of €1,...,€,, we have the same value by
taking an expectation. We have
1 n
E sup [1[«:,1 (X< - 1{x; < 9}] (2.7)
6eR n.=
1 n
< Esup ﬁzei(l {X] <0} —1{X; Se})] ; (2.8)
0eR i—1

where ¢;’s are now Rademacher random variables. Breaking up the supremum into two
terms leads to an upper bound

n

L n L fo
52621 {Xx] <0}

=1

+ Esup
PeR

E sup
PeR

% f: —e X < 9}] (2.9)

i=1

1 n
=2Esup [~ Y &1{X; <6} (2.10)
0cR | i
by symmetry of Rademacher random variables.
Now comes the key step. Let us condition on Xi,..., X, and think of the random

variables
n

1
Vo = nz;eil{Xi < 6}
1=
as a function of the Rademacher random variables. How many truly distinct Vy’s do we
have? Since X7, ..., X, are now fixed, there are only at most n + 1 choices (say, midpoints
between datapoints), and so the last expression is

Xl:n]

Since each Vj is 1-subGaussian, and we get an overall upper bound

2E |E

96{91,...,9n+1}

1 n
sup — 61{X; <6
OGRn; A J

= 2EE [ max Vi

Xl:n:|

2log(n +1)
n

which, up to constants, matches the bound with the bracketing approach.



2.3 Discussion

The bracketing and symmetrization approaches produced similar upper bounds for the case
of thresholds. We will see, however, that for more complex classes of functions, the two
approaches can give different results.

In view of (2.1), the upper bounds we derived guarantee (modulo the fact that we
omitted “1 — 2Y”) that for empirical risk minimization,

. 1 1
EL(f) — ngg;L(f*) S Og(r;f)

It is worth stating the symmetrization lemma more formally:

Lemma: Let F = {f: X — Y} be a class of real-valued functions. Let X, X;,..., X,
be i.i.d. random variables with values in X, and let €1,...,¢, be i.i.d. Rademacher
random variables. Then

Ef(X —fo

E sup
fer

% > Eif(Xi)] :

=1

< 2E sup
fer

Furthermore,

E sup [711 > eaf(Xi)

ferF i—1

< 2E sup
feF

+—— sup [E/]

EfX _7Zf Vi jer

Proof. We only prove the second part since the first statement was proved earlier (for
indicators). Write

1o 1o 1o
Esup |— €f < Esup |— &(f Ef)| + Esup |— eEf
sup |36 (60| SEsup |32 a(/(X) ~ED)| +Esup | 3
Consider the first term on the RHS:
1 & 1 & )
Esup | =Y &(f(Xi) —Ef)| <Esup [ =Y a(f(X) — f(X))
fer im1 feF |4
fL
=Esup |- (f(Xi)—EerEf—f(X{))]
feF |
1 n
<Esup |- > (Bf — f(X3))| +Esup |~ Y (f(Xi) —Ef)
fer |4 feF |

As for the second term,

1 n
E sup [n Zﬁz’Ef] < iug\Ef\ -E
S

fer i—1

n
1

f§ €

n
=1




Of course, the symmetrization lemma can also be applied to the class of functions

{(z,y) = (1 = 2y) f(2)}.

Since (1 — 2y) is {£1}-valued, the distribution of (1 — 2Y;)e; is also Rademacher. Hence,

% > €if(Xi)] :

=1

n

E sup 1 Z (1 —2Y5) f(X5)

n
fer "=

= Esup
fer

This justifies omitting (1 — 2Y") for binary classification, at least with the symmetrization
approach.

2.4 Empirical Process

Let us also define an empirical process:

Definition: Let F = {f : X - R} and X, X1,..., X, are i.i.d. The stochastic process
Ef(X) -3 f(X)
Vs — _ .
f n 4 i
is called the empirical process indexed by F.

We note that it is also customary to scale the empirical process as
1 n
vy =n (Ef(X) - Zf(X»)
i=1

Second, empirical process theory often employs the notation

vy = \/H(P_ Pn)f

where P is the distribution of X and P, is the empirical measure. You may also see the
notation

Esup |us| = [P — B, »
feF
3. SUPREMA OF GAUSSIAN AND SUBGAUSSIAN PROCESSES

Definition: Stochastic process (Uyp)gpeo, indexed by 6 € O, is a collection of random
variables on a common probability space.

The index 6 can be “time,” but we will be primarily interested in cases where © has
some metric structure.

We will be interested in the behavior of the supremum of the stochastic process, and in
particular

E sup Up.
0cO
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To understand this object, we need to have a sense of the dependence structure of Uy and
Uy for a pair of parameters, but also about the metric structure of ©.

Gaussian process is a collection of random variables such that any finite collection
Ug,,...,Up,, for any n > 1, is zero-mean and jointly Gaussian. In this case

Eexp {A(Uy — Up)} = exp{\?d(6,6)%/2}

with d(6,0")> = E(Up — U})?. Hence, there is a natural metric for Gaussian process.

3.1 SubGaussian Processes
Definition: Stochastic process (Up)geo is sub-Gaussian with respect to a metric d on
© if Uy is zero-mean and

V0,0 c ©,A € R, Eexp{\Uy—Uy)} <exp{\2d(6,6)%/2}
The main examples we will be studying have a particular linearly parametrized form:

Gaussian process: Let Gy = (9,0), 9 = (g1,---,9n), gi ~ N(0,1) i.i.d. Take d(6,0") =
|0 — ¢'||. Then

Go— Gy = (9,0 — 6') ~ N(0, |0 — &'||")

In particular, this Gaussian process is also, trivially, sub-Gaussian with respect to the
FEuclidean distance on ©.

Rademacher process: Let Ry = (¢,0), ¢ = (e1,...,€,), € i.i.d. Rademacher. Again,
take d(0,0) = |60 — 6'||. Then
Ry — Ry = (e,0 = 0')

is subGaussian with parameter ||6 — ¢'°.
Note that in this linear parametrization of Uy, the expected supremum can be seen as
a kind of average ‘width’ of the set ©.

Definition: We will call R(0) = E supgeg (€, 0) the (empirical) Rademacher averages
of ©. The corresponding expected supremum of the Gaussian process will be called the
Gaussian averages or the Gaussian width of © and denoted by G(O).

3.1.1 A few examples
Let Up = (€,0), © C R™, and take Euclidean distance as the metric. We have

ﬁ(BZO) =E sup Uy =E sup (¢,0) = n.
9eBr, 9B,

To get a sublinear growth in n, we have to make sure O is significantly smaller than B’ .
A few other sets: ~
R(B3) =E sup (€,0) = E|e[, = vn
0Bz



and ~
G(B}) < vn.

However, we observe that

R(BY) = E sup (¢,0) = E e[, = 1.
9cBY

and yet for the Gaussian process,

G(B}) =E sup (g,0) = Emax |gi] < V/2log(2n).
en

0eBT

In fact, this discrepancy between the Rademacher and Gaussian averages for B} is the worst
that can happen and for any ©

R(©) <G(©) < \/logn - R(O). (3.12)

Furthermore, the discrepancy is only there because B} has a small ¢; diameter, and for
many of the applications in statistics, we will work with a function class that will not have
such a small ¢; diameter.

For a singleton,

R({6}) =0
while for the vector 1,, = (1,...,1),

n

S

=1

R({~1,,1,}) = Emax{(e, 1,), (e, 1,)} = E < n.

Some further properties of both Rademacher and Gaussian averages:

R(O) < diam(0)/log card(O),

~

R (conv(0)) = R(O),
R(cO) = |¢|R(O) for constant ¢

3.2 Finite-class lemma and a single-scale covering argument

Lemma: Let d be a metric on © and assume (Up) is a subGaussian process. Then for
any finite subset A C © x O,

E — Uy < ) v21 A 1
(G%I%é(AUg Uy _(etrgl%é(Ad(G,G) ogcard(A) (3.13)

How do we go beyond finite cover?

Definition: Let (©,d) be a metric space. A set 01,...,0x € O is a (proper) cover of ©
at scale e if for any 6 there exists j € [N] such that d(6,0;) < e. The covering number
of © at scale € is the size of the smallest cover, denoted by N(O,d, ).

As a simple consequence,



Lemma: If (Up)geo is subGaussian with respect to d on O, then for any § > 0,

EsupUy < 2E sup (Up— Uy) + 2diam(©)+/log N'(O,d, §)
0c® d(6,0")<d

Proof. Observe that

EsupUy=EsupUy — Uy <E sup Uy — Uy
0cO 0co 0,0'cO

Let © be a d-cover of ©. Then

Up—Up =Up—Us+ Uy — Uy + Uy — Uy (3.14)
<2 sup (Up—Uy)+ sup (Ué — Ué,) (3.15)
d(6,0")<é 0,0'c®

The last term is

E sup Uy — Uy < diam(@)\/Q log(card(©)?2)

6,6'c®
]
3.3 Example: Rademacher/Gaussian processes
Let Uy = (g,0) or (e,0), © C R", and take Euclidean distance as the metric. Then
E sup Up— Uy <E sup (g,0) <IE|g[l <dvn
d(0,0")<é 6]1<é
Hence,
EsupUp < 26v/n + 2diam(€), /log (O, |1, . 6) (3.16)
0cO

Roughly speaking, the supremum over © can be upper bounded by the supremum within a
ball of radius § (“local complexity”) and the maximum over a finite collection of centers of
d-balls. We will see this decomposition/idea again within the context of optimal estimators
with general (possibly nonparametric) classes of functions.

Let’s step back and ask what kind of generic statement we can say about a d-dimensional
subset of a Euclidean ball. Suppose that © C Bf and assume that © lives in a d-dimensional
subspace. Then

2 d
N©. 10 < (145)

and by taking § = y/d/n the estimate in (3.16) becomes

Esup Uy < 2Vd + 4\/dlog (1 + 2\/n/d) < /dlog(n/d). (3.17)

0cO

Here we tacitly assumed d < n. Recall that in Lecture 5 we obtained an upper bound of
O(\/&) in this setup by having a cover at scale 1/2 and comparing the supremum to the
maximum multiplicatively. Another way to see it is

E sup (e,0) = E ||| = Vd
9eBd

10



and similarly

E sup(g,0) =E|g| <
0eBg

zn:Egggx/?l
=1

Hence, we lost a logarithmic factor by appealing to the general machinery of the previous
section. We will also see that we can remove the extraneous logarithm by looking at a cover
at multiple scales.

3.4 Function class

In particular, we will be interested in the following indexing set ©. Let z1, ..., z, be fixed,
and let F = {f: X - R}. We call

O= L Flun = {1<f<:c1>, @) f e f} CR"

NG NG
a (scaled by 1//n) projection of F onto x1,...,x,. Take

d(6,0')? = |0 — 9,H2 =|f- f’HZ = %Z(f(ffi) — f(z:))?

i=1
where 0 = (f(x1),..., f(zy)) and 0" = (f'(x1),..., f'(zn)), f, [ € F. With these defini-
tions, we can define a Gaussian or Rademacher process with respect to © and d.
Important point: the symmetrization lemma allows us to relate supremum of the em-
pirical process to supremum of a Rademacher process.
3.4.1 Example: Linear Function Class
We now focus on a specific example of linear functions

F={zw (w,z):weB%.

Then for fixed x1,...,x, € Bg, a direct calculation yields

- 1
; €x;|| < ﬁ

Let’s see if we can recover this via our machinery. After all, the above object is precisely a
supremum of a subgaussian process. Observe that

(3.18)

I 1
E sup 7 Zei<w,:ﬂi> = %E
i=1

wEBg

O =—=Fluy,.2n © —=Bsx CB3 (3.19)

and that

Flaw,zn = {((w,x1>,...,<w,xn>) eR":we Bg} ={Xw:we Bg}

is a subset of a d-dimensional subspace. Hence, appealing to the previous example (3.17),
we get an upper bound of O(y/dlog(n/d)).

Looking back at (3.18), however, we see that we also gained an extra V/d factor, which
can be a big loss in high-dimensional situations. Where did we gain it? We can see that
the set ﬁ}" |21,z 10 (3.19) is, in fact, much smaller than a d-dimensional Euclidean ball.

n
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4. CHAINING

Theorem: Let (Up)pco be a (mean-zero) subGaussian stochastic process with respect
to a metric d. Let D = diam(©). Then for any J € [0, D],

D/2
EsupUy <2E sup (Up—Up) + 8\@/ V1og N (©,d,e)de (4.20)
5/4

) d(6,0')<6

Proof. Let ©; be a cover of © at scale 277 D. We have card(6g) = 1. Let
N = min{j :277D < (5}

(which means 2~V D < § < 2-(N=UD) and card(©y) = N(0,d,27VD) > N(0,d,5). As
before, we start with a single (finest-scale) cover:

EsupUy <2E sup (Up—Ug)+E sup (Up, — Uy ).
) 4(6,6')<6 On .00 EON N

For Oy € Oy,

ZU@ Ur,_ 10;) T Uy, (4.21)

where, recursively, we define 6;_; = m;_1(6;) to be the element of ©;_; closest to #;. The
sequence 0y, 01, ...,0yN is a “chain” linking an element of the covering to the corresponding
closest element at the coarser scale.

Let the corresponding chain for 6%, € Oy be denoted by 6;,61,...,0%. Then

ot (ot ()

and
N N
Eelépez%( Up— Uy < X;IE max (Ug, = Ury_1(6,) + 2 E&%(Umfl(eg) —Up) (4.22)
< 221}2*(“)\/2 log (O, d,2-1D) (4.23)
- SZDQ (41, /2105 N (8, d, 27 D) (4.24)
< 82/ V2log N (©,d,e)de (4.25)
(z+1

Observe that 2~-WN+DD > § /4, which concludes the proof. O

Sudakov’s theorem gives a single-scale lower bound:

12



log NV'(©,d,€)

2-G+tp 97D D

Figure 1: Illustration of the Dudley integral upper bound

Theorem: For a Gaussian process (Up)gco,

C'sup ay/log N'(0,d, ) < Esup Uy

a>0 0cO

for some constant C.

We can interpret this lower bound as the largest rectangle under the curve in Figure 1. This
lower bound can be tight in the applications we consider (whenever the sum of the areas of
rectangles Figure 1 is of the same order as the largest one).

5. COVERING AND PACKING

Given a probability measure P on X, we define

|12y = EFC0? = [ FlaPlao).

Similarly, for a given X1,..., X, we define a random pseudometric

n

1
1£122r = = D2 F(X)2 = 112

=1

Of course, the second definition is just a special case of the first for empirical measure
1 S8
n i=19X;-

Definition: An e-net (or, e-cover) of F with respect to L?(P) is a set of functions
fi,..., fn such that

vieF, FjeINl st |(f=fillpp <e

The size of the smallest e-net is denoted by N'(F, L?(P),¢).

The above definition can be also generalized to LP(P). Next, we spell out the above defini-
tion specifically for the empirical measure P,:

13



Definition: Let P, = %Z?:l 0z, be the empirical measure supported on 1, ..., Zy.
A set V = {v1,...,un} of vectors in R” forms an e-net (or, e-cover) of F with respect
to LP(P,) if

VfeF, 3j€[N] st Z]fa;z— ()P < &P

The size of the smallest e-net is denoted by N(F, LP(P,),e). Similarly, an e-net (or
e-cover) with respect to L*(P,) requires

VfeF, Jje[N] st Helz[n}(\f(xz)—vj()\ga

The size of the smallest e-net is denoted by N (F, L®(P,),¢).
Observe that the elements of the cover V' can be “improper,” i.e. they do not need to
correspond to values of some function on the data. However, one can go between proper

and improper covers at a cost of a constant (check!).
Second, observe that

N(F,LP(P,),e) < N(F,LY(P,),¢)

for p < g since || f||;» (p,) increases with p. Note that this is different for unweighted metrics:

e.g. [|z||, is nonincreasing in p, and hence N(©, |-||,,€) is also nonincreasing in p.
Definition: An e-packing of F with respect to LP(P,) is a set fi,...,fny € F such
that

*ZU] xz fk xz)|p>€p

for any j # k. The size of the largest e-packing is denoted by D(F, LP(P,),¢).

A standard relationship between covering and packing holds for any P:

D(F,LP(P),2e) < N(F,LP(P),e) < D(F,LP(P),e)

6. UPPER AND LOWER BOUNDS FOR RADEMACHER AVERAGES

As before, we let Uy = (€,0), © = ﬁf\xl7.,,7zn, and d Euclidean distance. Then from last

lecture

Esupre,f x;) = Esup Uy

feFr 0cO

D/2
< 20+/n + 8V2 V1og N(©,d,e)de

§/4

Trivially,
N(©,d,e) = N(F,L*(R,),¢).
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Corollary: For any Xi,...,X,,

12
il 2
E. ]Sclelg):n g 6f(X;) < 1nf {85—|— Nl \/logN(.F,L (Pn),s)de}

with D =sup; e[| f — gll,, < 2supser [ fll, < 2suprer || fllo

Putting together the symmetrization lemma and above Corollary, we have

Corollary: Let F = {f : X — R} be a class of functions and let X;,...,X,, ~ P be
independent. Then

1 & , 24 [P
E sup {Ef(X) - ; f(Xi)} < Eggg {166 + \/ﬁ/a Vg N(F, L2(Pn),s)ds}

feF
(6.26)

whereD—supr}- ZZ 1f( i)?.

Expectations on both sides are with respect to Xi,...,X,,. Note that the above results
hold for the absolute value of the empirical process if we replace log A by log 2\, and the
log 2 can be further absorbed into the multiplicative constant.

The Sudakov lower bound for the Gaussian process implies (together with the rela-
tionship between Rademacher and Gaussian processes) the following lower bound for the
Rademacher averages:

Corollary: For any Xi,..., X,

2
supa \/log/\/ (F,L2(P,), )

n

E. sup — Ze,f \/17

v 0gNn >0

for some absolute constant c.

We note that a version of the lower bound (for a particular choice of «) without the log-
arithmic factor is available, under some conditions, and it often matches the upper bound
(see a few pages below).

7. PARAMETRIC AND NONPARAMETRIC CLASSES OF FUNCTIONS

There is no clear definition of what constitutes a “nonparametric class,” especially since
the same class of functions (e.g. neural networks) can be treated as either parametric or
nonparametric (e.g. if neural network complexity is measured by matrix norms rather than
number of parameters).

Consider the following (slightly vague) definition as a possibility:

15



Definition: We will say that a class F is parametric if for any empirical measure P,,

N(F I2(P),0) < (1>dim.

~\e
We will say that F is nonparametric if for any empirical measure P,,

log N (F, L*(Py),¢) =< <1>p. (7.27)

€

The requirement that (7.27) holds for all measures P, and values of n is quite strong.
Yet, we will show that as an upper bound, it is true for a variety of function classes.
However, one should keep in mind that there are also cases where dependence of the upper
bound on n can lead to better overall estimates. The quantity

sup log N'(F, L2(Q)a €),
Q

where supremum is taken over all discrete measures, is called Koltchinskii-Pollard entropy.

Let’s consider a “parametric” class F such that functions in F are uniformly bounded:
|floo < 1. This provides an upper bound on the diameter: D/2 < 1. Then, taking 6 = 0,
conditionally on Xi,..., X,,

n

1 12 ! 5
Ee sup ngzf(XJ < \/H/O \/IOgN(f,L (Pn),€)de

1
<fﬁ/o Vdlog(1/e)de

d
<crl—
- n

Here it’s useful to note that

@ 2a/log(1/a) a<1/e
/0 Iog(1/2)de < {

2a a>1/e

The following theorem is due to D. Haussler (an earlier version with exponent O(d) is
due to Dudley '78):

Theorem: Let F = {f : X — {0,1}} be a class of binary-valued functions with VC
dimension vc(F) = d. Then for any n and any P,

N(F, L2(P,), ) < Cd(4e)" (1> ”

€

We will explain what “VC dimension” means a bit later, and let’s just say here that the
class of thresholds has dimension 1 and the class of homogenous linear classifiers in R? has
dimension d. In particular, this removes the extraneous log(n + 1) factor we had in Lecture
14 when analyzing thresholds.

16



7.1 A phase transition

Let us inspect the Dudley integral upper bound. Note that when we plug in

log N (F, L2(P,), ) < (1)

€
D/2
/ / e P/2de
)

If p < 2, the integral converges, and we can take 0 = 0. However, when p > 2, the lower
limit of the integral matters and we get an overall bound of the order

the integral becomes

6+ n 12 102 R REhE
5 =
By choosing § to balance the two terms (and thus minimize the upper bound) we obtain
§ = n~1/P. Hence, for p > 2, the estimate on Rademacher averages provided by the Dudley

bound is R
R(F) SnbP,

On the other hand, for p < 2, the Dudley entropy integral upper bound becomes (by setting
9 = 0) on the order of
nfl/Qlep/Z _ O(nfl/Q)’

yielding R
R(F) <n~ 12

We see that there is a transition at p = 2 in terms of the growth of Rademacher averages
(“elbow” behavior). The phase transition will be important in the rest of the course when
we study optimality of nonparametric least squares.

Remark that in the p < 2 regime, the rate n~'/2 is the same rate CLT rate we would
have if we simply considered E ’% Yo f(X;)—E f‘ (or the average with random signs)
with a single function. Hence, the payment for the supremum over class F is only in a
constant that doesn’t depend on n.

7.2 Single scale vs chaining

It is also worthwhile to compare the single-scale upper bound we obtained earlier to the
tighter upper bound given by chaining. In other words, we are comparing

5t log NV (9)
n

D/2
5+/ llog/\f(s)de’
F) n

simplifying the notation for brevity.
In the parametric case, the single-scale bound becomes (with the choice of 6 = 1/n)

/dim logn
n

17
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while chaining gives
dim

n
In the nonparametric case, the difference is more stark:

[§—p
o+ an_ﬁ
n

Vs
n—1/2
for p < 2, and
1—p/2
d+ o7 =n~l/P
n
for p > 2.

7.3 Linear class: Parametric or Nonparametric?

Let’s take a closer look at the function class
F={z— (w,z):we B}

and take X = Bg. Recall that for a given x1,..., %y,

Flaovsan ={(f(@1),..., f(zp)) : fEF} = {Xw tw € Bg}

where X is the n x d data matrix. As we have seen, the key quantity we need to compute
is

N(F,L*(PR,),¢).

What is a good upper bound for this quantity? What we had done in Lecture 16 was to
discretize the set B to create a e-net wy, ..., wy of size N'(BY, ||-||5,¢). Clearly, for any w
and the corresponding e-close element w; of the cover,

n

DG, 2i) = (g 20)? < mactoo = )?
1=1

1
n
2 2
< max [|w — w; " - [[z]]
1€[n]
< 2.
Hence,
N(F,L*(Pa),e) < N (B, ||l ©)- (7.28)
In fact, a much stronger statement can be made: Since for any x € X

[(w, 2) = (wj, x)| < [lw —wjl[ =[] <e,

the cover of the parameter space induces a cover of the function class pointwise (in the
sup-norm || f — g|| = sup,ex |f(x) — g(x)|) over the domain:

N(F L2 (Pn)€) S N(F, Mlloo - €) S N (B, [l €)- (7.29)
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Recall that the covering number of B is

2\ @
(1 n ) .
€
This gives a “parametric” growth of entropy
log N (F,L*(Py),¢) < dlog(1 4 2/).

However, if d is large or infinite, this bound is loose. We will show that it also holds that

log N (F,L*(Py),e) S e 2,

which is a nonparametric behavior. Hence, the same class can be viewed as either parametric
or nonparametric. In fact, in the parametric behavior, it is not important that the domain
of w is B since we would expect a similar estimate for other sets (including B%). In
contrast, it will be crucial in nonparametric estimates that the norm of w is fs-bounded.

Jumping ahead, we will study neural networks and show a similar phenomenon: we
can either count the number of neurons or connections (parameters) or we can calculate
nonparametric “norm-based” estimates by looking at the norms of the layers in the network.

It’s worth emphasizing again that (7.29) can lead to very loose bounds in high-dimensional
situations. A cover of function values on finite set of data can be significantly smaller than
a cover with respect to sup norm.

7.4 A more general result (Optional)

We have that for any fixed function

o <var(f)Y? =|f —EfllL2p) -

jﬁ S () — EF(X))
=1

Obviously this implies

sup \/15 ;(f(Xi) —Ef(X))| < ;ggvar(f)m =0
If we could ever prove
1 n
Esup | ;(f(X@-) ~Ef(X))| < C(F) -0,

it would imply that we only paid C(F) for having a statement uniform in f € F.
Next, rather than assuming that functions in F are uniformly bounded, it will be enough
to assume that they have an Lo(P)-integrable envelope F':

F(x) = sup | f(z)|.
feFr

Rather than assuming that F'(z) < 1, we shall assume that HF||%2(P) =EF(X)? < co and

everything will be phrased in terms of || F H%g( P)-
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Now, let H : [0,00) + [0,00) is such that H(z) is non-decreasing for z > 0 and
z4/H(1/z) is non-decreasing for z € (0,1]. Assume

D
/ JH)dz < CuD+/H{1/D)
0
for all D € (0, 1], and suppose that

sgplog 2N(F, L2(Q). 7| Fll o)) < H(1/7)

for all 7 > 0. With this control on Koltchinskii-Pollard entropy, it follows that

2| F
<4 H( I HLz(p)> (7.30)

g

E sup

jﬁ S () — EF(X))
=1

if n is large enough. We refer to [5] for more details, in particular Theorem 3.5.6 and the
following corollaries.

Remarkably, under additional mild conditions on size of n, the inequality (7.30) can be
reversed for a given P as soon as the entropy with respect to L?(P) indeed grows at least

AL
ag

Hence, the price we pay for uniformity in f € F is truly

C(F) = |H <”F”L2(P)>

o

Of course, this expression is even simpler if 02 = sup;c 7 E(f(X) —Ef)? is on the same
order as HFH%Q(P) = Esup; | f(X)]*.

8. COMBINATORIAL PARAMETERS

Let us gain some intuition for what can make ﬁ(@) large. First, recall that

R{E1Y) =E sup (0,¢) =n.
Oe{£1}m

Next, suppose that for a > 0 and v € R",
a{+1}" +v CO.

Then
R(O) > R(a{£1}" +v) = R(a{£1}") = aR({£1}") > an

Hence, “large cubes” inside © make Rademacher averages large. It turns out, this is the
only reason R(F|z, . z,) can be large!

The key question is whether F|;, .. contains large cubes for a given class F.

n
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8.1 Binary-Valued Functions

Let’s start with function classes of {0, 1}-valued functions. In this case, Fy, . s, is either a
full {0,1}" cube or not. Consider the particular example of threshold functions on the real
line. Take any point x;. Clearly, F|;, = {0,1}, which is a one-dimensional cube. Take two
points x1,x2. We can only realize sign patters (0,0), (0,1),(1,1), but not (1,0). Hence, for
no two points can we get a cube.

Definition: Let 7 = {f : X — {0,1}}. We say that F shatters z1,...,z, € & if
Flzr,...wn, = {0,1}". The Vapnik-Chervonenkis dimension of F is

ve(F) = max{n : F shatters some z1,...,2,}

Lemma (Sauer-Shelah-Vapnik-Chervonenkis): If vc(F) = d < oo,
¢ In en\d
< <[(—
ard (Fley ) <3 ()= ()

This result is quite remarkable. It says that as soon as n > vc(F), the proportion of the

cube that can be realized by F becomes very small (n? vs 27). This combinatorial result is

at the heart of empirical process theory and the early developments in pattern recognition.
In particular, the lemma can be interpreted as a covering number upper bound:

N(F,L®(Py), ) < (%)d

for any € > 0. Observe that these numbers are with respect to L°°(P,) rather than
L%*(P,), and hence can be an overkill. Indeed, L>°(P,) covering numbers are necessar-
ily n-dependent while we can hope to get dimension-independent L?(P,) covering numbers.
Indeed, this result (Dudley, Haussler) was already mentioned: for a binary-valued class with
finite ve(F) = d,
C Cd

N(.F,LQ(Pn),QE)S <€> .
Hence, a class with finite VC dimension is “parametric”. On the other hand, if vc(F) is
infinite, then F|g, . 4, is a full cube for arbitrarily large n (for some appropriately chosen
points). Hence, Rademacher averages of this set are too large and there is no uniform
convergence for all P (to see this, consider P supported on the shattered set). Hence,
finiteness of VC dimension is a characterization (of both distribution-free learnability and
uniform convergence).

8.2 Real-Valued Functions

For binary-valued functions, the size of the cube contained in F|;, . ,, was trivially 1, and
we only varied n to see where the phase transition occurs. In contrast, for a general real-
valued function class, it is feasible that F|,,, ., contains a cube of size a, but not larger
than «; this extra parameter is in addition to the dimensionality of the cube. To deal with
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this extra degree of freedom, we fix the scale o and ask for the largest size n such that
Flay,..z, contains a (translate of a) cube of size a. A true containment statement would
read s+ (a/2){—1,1}" C Fls,,....2,. However, it is enough to ask that the equalities for the
vertices are replaced with inequalities:

Definition: We say that F shatters a set of points z1,...,x, at scale « if there exists
s € R™ such that

se+a/2 ife=+1

Ve e {£1}",3f € F s.t. f() )
Ty st —af2 ife=-—1

()

The combinatorial dimension ve(F, «) of F (on domain X') at scale « is defined as the
size n of the largest shattered set.

>
<

8.2.1 Example: non-decreasing functions

Consider the class of nondecreasing functions f : R — [0,1]. First, observe that a point-
wise cover of this class does not exist (N(F, |||, ,€) = oo for any € < 1/2). However,
N(F,L>®(P,),€) is necessarily finite. Let’s calculate the scale-sensitive dimension of this
class.

Claim: vc(F,e) < e !. Indeed, fix any z1,...,7, and assume these are arranged in
an increasing order. Suppose F shatters this set. Take the alternating sequence € =
(+1,-1,...). We then must have a nondecreasing function that is at least s; + a/2 at
x1 but then no greater than sy — /2 at x3. The nondecreasing constraint implies that
89 > 81+ «. A similar argument then holds for the next point and so forth. Since functions
are bounded, na < 1, which concludes the proof.

8.2.2 Control of covering numbers

The following generalization of the earlier result for binary-valued functions is due to
Mendelson and Vershynin:

Theorem: Let F be a class of functions X — [—1,1]. Then for any distribution P,

N(F,Ly(P),¢) < ( c )c-vc(ﬁa/c)

3

for all € > 0. Here c is an absolute constant.

In particular, plugging into the entropy integral yields

/\/VC(]:, e)log(1/e)de

Rudelson-Vershynin: log(1/€) can be removed.
Back to the class of non-decreasing functions, we immediately get

log N (F, Ly(P,),e) S et -log (g) )
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In particular, Rademacher averages of this class scale as n~1/2

class with entropy exponent p < 2.

since this is a nonparametric

8.3 Scale-sensitive dimension of linear class via Perceptron

In this section, we will prove that

Proposition: For
F={z— (w,z):weB}}

and X C BY, it holds that
ve(F,a) < 16a72.

We turn to the Perceptron algorithm, defined as follows. We start with wy = 0. At
time t = 1,...,T, we observe z; € X and predict y; = sign((wy, x¢)), a deterministic guess
of the label of z; given the hypothesis w;. We then observe the true label of the example
yp € {£1}. If yy # yi, we update

W41 = Wt + Y4,

and otherwise w1 = w;.

Lemma (Novikoff’62): For any sequence (x1,41), ..., (z7,yr) € BY x {£1} the Per-
ceptron algorithm makes at most v~2 mistakes, where 7 is the margin of the sequence,

defined as

v = max miny(w*, xy)
w*eBg ¢

Proof. If a mistake is made on round %,
|@e11* = 1Be + gewel|* < 1@el® + 2y6(@, @) + 1 < || @]|* + 1
Denote the number of mistakes at the end as m. Then ||@p|* < m. Next, for w*,
7 < (W' ) = (W, Weyr — W),
and so by summing and telescoping, m~y < (w*, wr) < /m. This concludes the proof. [

Remarkably, the number of mistakes does not depend on the dimension d. We will now
show that the mistake bound translates into a bound on the scale-sensitive dimension.

Proof of Proposition. Suppose there exist a shattered set x1,...,%;, € Bg: there exists
S1y-+-y8m € [—1,1] such that for any sequence of signs € = (ej,...,€y,) there exists a
we € BY such that

€ ((we, ;) — si) > /2.

Claim: we can reparametrize the problem so that s; = 0. Indeed, take

We = [w€7 1]7 jl - [xi7 _Si]'
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Then we have
el-<u~)e,a~ci) Z a/2.

while the norms are at most /2:
liel? = [Jwel > +1 <2,  [|7]* <2

Now comes the key step. We run Perceptron on the sequence Z;/ V2, ... iy V2 and
yi = —¥;. That is, we force Perceptron to make mistakes on every round, no matter what
the predictions are. It is important that Perceptron makes deterministic predictions for this
argument to work. Note that the sequence of predictions of Perceptron defines the sequence
y=(y1,-..,yn) with
Yi(Wy V2,7 /V2) > a/4.
Hence, by Novikoff’s result,
m < 16/a>.

O]

Interestingly, both Perceptron and VC theory were developed in the 60’s as distinct
approaches (online vs batch), yet the connection between them runs deeper than was recog-
nized, until recently. In particular, the above proof in fact shows that a stronger sequential
version of ve(F, ) is also bounded by 16a~2, where (roughly speaking) sequential analogues
allow the sequence to evolve as a predictable process with respect to a dyadic filtration. It
turns out that there are sequential analogues of Rademacher averages, covering numbers,
Dudley chaining, and combinatorial dimensions, and these govern online (rather than i.i.d.)
learning. If there is time, we will mention these towards the end of the course.

9. REGRESSION. PREDICTION VS ESTIMATION

As before, let S = {(X1,Y1),...,(Xn,Yn)} be a set of i.i.d. pairs with distribution P =
Px x Pyjx on X x Y. Let f*(x) = E[Y|X = ] be the regression function. One can show
that
f* € argminE(f(X) —Y)?
f

where minimization is over all measurable functions.
Given a class F of functions X — ), we also define
fr € argmin E(f(X) — Y)?
feF

to be the best predictor within the class F.
Risk of a function f is defined as

E(f(X) = f*(X)* = If = fFapy = If = £1I

We will be interested in analyzing estimators fconstructed on the basis of n datapoints.
The hat on f reminds us about the dependence on S.
Note that for any function f,

E(f(X) = Y)? = minE(h(X) - V)* = E(f(X) - ¥)* - E(f*(X) - V)



Question: given i.i.d. data S, can we select estimator fsuch that risk
~ L2
|7-7
is small in expectation or high-probability (with respect to the draw of §)? Without further

assumptions this is not possible.
Two standard scenarios:

o Well-specified case: given some class F, assume f* € F. More precisely, P is such
that the regression function is in the class F.

e Misspecified case (agnostic learning in CS community): Redefine goal as

n * 2 : *2
|F= s = minfir =i (9.31)
= E(f(X) - ¥)? ~ min E(f(X) - V)?
feF

but do not insist that f* € F. Upper bounds on (9.31) are called Oracle Inequalities
in statistics, while the prediction form has been also studied in statistical learning
theory.

We see that the problem of prediction and the problem of estimation naturally coincide
for square loss. Moreover, the misspecified problem arises naturally as a relaxation of an
assumption on the form of the distribution.

Here, the road naturally forks into at least several paths: analyze the well-specified case,
analyze the misspecified case, or change the loss function altogether. Let us briefly consider
the last generalization.

10. PREDICTION WITH OTHER LOSS FUNCTIONS

This will be a brief but useful detour. Consider changing the loss function in the prediction
problem (9.31) on the previous page:

EC(f(X),Y) ~ min EE(f(X),Y) (10.32)

for some £: )Y x Y — R. In Lecture 14 we already showed that ERM

7 e argmin = 3" 6(£(X:), Vi)

fer i
enjoys
—~ 1 <&
EL(f(X),Y) — minEL(f(X),Y) < Esup EL(f(X),Y) — = > £(f(X;), V7).
fe]-' fe]-' n i—1
The latter is at most
1 n
2E sup — el(f(X5),Y; 10.33
sup 1 3 /(X0 ¥ (10.3)

by symmetrization, which is Rademacher averages of the loss class

L0 Fl(X1,1)0s(Xn, Vi)

We would like to further upper bound this with Rademacher averages of the function class
itself. This can be done if £ is Lipschitz in the first argument.
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Lemma (Contraction): Let ¢; : R — R be 1-Lipschitz, i = 1,...,n. Let © C R"
and ¢po 6 = (¢1(61),...,¢n(0n)) for 8 € ©. Denote po O = {pof:0 c ©}. Then

R(poO) <R(O).
Proof. Conditionally on €1, ...,€,_1,

1
Ec, sup(¢ o 0, ¢) = ) <SUP {{pob1n—1,€1:n-1) + Pn(On)} + sup {<¢ o Hi:n—lv €1:m—1) — an(‘g;z)})
0cO 0cO 0'cO

1
< 5 sup <¢ o 91:7],717 61:n71> + <¢ o Hi:n—la 61:,”(71) + ‘Qn _ 91’1|
0,0'co
1
- 5 Sup <¢ © elzn—l, 61:n—1> + <¢) 0 Hllzn—la 61:n—1> + en - 9;1
0,0'cO
1
- 5 (Sup {<¢ ° 91:71—17 Elzn—1> + Hn} + sup {<¢ © 0/1:n717 61:n—1> - 9;1}>
€0 9'co
= Een Sup<¢ o 915”715 61:77,71) + Enen
0cO

The inequality follows from the Lipschitz condition and the following equality is justified be-
cause of the symmetry of the other two terms with respect to renaming 6 and ¢’. Proceeding
to remove the other signs concludes the proof. O

We now apply this lemma to functions ¢;(-) = £(-,Y;). As long as these functions are
L-Lipschitz, contraction lemma gives

1 n n

1 1.~
E sup — 6l(f(X;),Y;) < L-Esup— 6f(X;) =L - —ER(F|x,,. x.), 10.34
sup 3l Y) < L Esup S af(X) = L BR(Flxi.x) (1030

the (expected) Rademacher averages of F. The argument can be seen as a generalization of
the argument we did in Lecture 14 for classification where we “erased” multipliers (1 —2Y;).

The simple analysis we just performed applies to any Lipschitz loss function. For uni-
formly bounded F and ), square loss is Lipschitz, but that is no longer true for unbounded
Y (e.g. for real-value prediction with Gaussian noise). Hence, such an analysis only goes so
far.

Second, observe that one would only obtain rates n™"/“ or worse with such an analysis,
while we might hope to have faster decrease. For instance, in finite-dimensional regression,
one can recall the classical d - n~! rates for Least Squares.

A quick inspection tells us that the second step (see Lecture 14) in the sequence of
inequalities

1/2

~ ~ ~

E L) - L") <E[L() - L)) < Esup [L(f) - L(p)] (10.35)

feFr

for ERM fmay be too loose. The second step only used the fact that fbelongs to F. It
turns out one can localize its place in F better than that.

Next few lectures will be on nonparametric regression. We will start with well-specified
models.
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11. NONPARAMETRIC REGRESSION: WELL-SPECIFIED CASE
We will start with “fixed design”: z1,...,x, € X are fixed. Let
Yi = f*(xi) + ni

where 7; are zero-mean independent subGaussian. Suppose f* € F. Goal: estimate f*
on the points z1,...,z, (denoise the observed values). That is, the goal is to provide
nonasymptotic bounds on
E ‘ f- ,
! 2(Py)

where J?is the least squares (ERM) constrained to F. In constrast, in random design the
goal is w.r.t. L?(P) with P unknown, while here P, is known. We write the L?(P,) norm

more succinctly as E H]?— I

Since .
- 1
feargmin = "(f(;) = Vi)? = | f - Y2
fer M4
we have
* 2 N 2 N * * 2 2 N * ek
I =y = ||F-y| =7 -y = g T

where (a,b), = Z(a,b). Thus,

which we will call the basic inequality.

< 200, f = f*)n (11.36)

11.1 Informal intuition for localization

Before developing the localization approach, we provide some intuition. The first intuition
comes from viewing (11.36) as a fixed point.
Let’s assume for simplicity that 7; are 1-subGaussian. For a € R™, we have that with
high probability
(n,a) < lall
Hence, if it holds that

lall* < (n,a),

then ||a| < 1.

We can try to repeat this argument with a being the values of ]?— f* on the data.
However, since f depends on 7, we do not have the averaging that we need. Still, we can
do the mental experiment of assuming that the dependence is “weak” (e.g. we fit linear
regression in small d and large n). Then a bound on the size of H f—- f*H would lead to
an improved bound on the RHS of the basic inequality, which would in turn tighten the
bound on the LHS of the basic inequality, suggesting some kind of a fixed point. It also
seems intuitive that this fixed point likely depends on F and its richness.
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11.2 1st approach to localization: ratio-type inequalities

To simplify the proof somewhat, we will assume that 7, ...,n, are independent standard
normal N(0,1).
We proceed as in the linear case earlier in the course. First, we divide both sides of the

Basic Inequality (11.36) by Hf I

supremum over f, removing the dependence of the algorithm on the data:

f=r
A Ty
By squaring both sides, we would get an upper bound on the estimation error (in probability
or in expectation).

Let us use the shorthand F* = F — f*. The rest of the discussion will be about complex-
ity of the neighborhood around f* in F, or, equivalently, complexity of the neighborhood
of 0 in F*. Observe that we only care about values of functions on the data x1,...,xy,, so
the discussion is really about the set 7*|;, .., drawn in blue below.

and further upper bound the right-hand side by a

|-

Y (11.37)

At this point, one can say that there is no difference from the linear case, and we should
just go ahead and analyze

sup (1,
i AN PG

After all, this is just the Gaussian width (normalized by /n) of the subset of the sphere
obtained by rescaling all the functions:

K={veS"":3geF" st v=_(g(x1),....9(za))/(Vnllgl,)}

(here the normalization is because ||g||,, is scaled as 1//n times the ¢; norm.) How big is
this subset of the sphere? Note: if the set is all of S"~!, we are doomed since in that case

2 =n0) = —lInll ~ 1
sup (1, 7——)n = sup —=(n,v) = —=|[n|| ~
gere gl vesnm1 v/ vn
and does not converge to zero. What we would need is that K is a significantly smaller
subset of the sphere. In the linear case, this was easy: we simply used the fact that the
subset is d-dimensional. However, for nonlinear functions, it is not easy to see what the set
is.

There is a bigger problem, however. Upon rescaling every vector to the sphere, all the
functions are treated equally even if their unscaled versions are very close to being zero
(that is, close to f* in the original class F). In other words, the quantity

g
sup (N, ——)n

geFlgl, > 9l
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can be potentially much smaller than the unrestricted supremum. This is depicted in the
above figure. If we look at functions within the smaller green sphere, its rescaled version is
the whole sphere. However, at larger scales (e.g. the larger green sphere), the set can be
much smaller. Understanding the map

U = sup <77> L>n
geF=lgl,>u  119lln

will be key. In particular, we can break up the balance at scale u and instead have a better
upper bound

Hf—f* <ut+2  sup (n ), (11.38)

U2
geF=lgh>u 9l

Indeed, to show (11.38), write

R e VR R S TR W RV IR TR R
<u+|F-r| 1f|F-r| =u}
§u+2<n,‘f‘f:;l>nx1{\\f—f* =

Sut2 s (n o n
geFlgl,zu 9l

Consider the following assumption:

Definition: A class H is star-shaped (around 0) if h € H implies Ah € H for h € [0, 1].
In particular, if H is convex and contains 0, it is star-shaped.

We will assume that F* is star-shaped. In particular, if F is convex, then F* is star-shaped.
The key property of a star-shaped class is that by increasing the radius, the sets cannot
become more complex, as for any function there is a scaled copy of it at a smaller magnitude.

In light of this last remark, we claim that the inequality ||g||,, > w in the supremum in
(11.38) can be replaced with an equality if the class is star-shaped. Indeed, for any g € F*

with ||g[|,, > u, there is a corresponding function h = urf— with norm | A||,, = u and

lll,,
g h
<777 7>n = <777 7>n
lgll,, u

Hence,

g 1
<777 n S - SU.p <T]7 h)’n
lgll,, U heF=|h|,—u

Taking a supremum on the LHS over g with [|g||,, > u gives an upper bound on (11.38) as

2
<u4+-—  sup  (,9)n
" U ger+igl,~u

|17-r

2
<u+=  sup (N, 9)n (11.39)
U geF*|gll, <u
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where in the last step we included all the functions below level u. We will use concentration
to replace the second term with its expectation. In particular, define

Z(u)= sup  (n,9)n
geF=:|gll, <u

and
G(u) =EZ(u).

If we were to replace Z(u) on the RHS of (11.39) with G(u), the natural balance between
the two terms would be

u = %G(u)

Definition: The critical radius 8, will be the minimum § satisfying

G(0) < 6%/2

One can ask if this critical radius is actually well-defined. This follows from the follow-
ing:

Lemma: If F7* is star-shaped, the function u — G(u)/u is non-increasing.

Proof. Let ¢’ < ¢. Take any h € F* with ¢’ < ||h]|,, < J. By star-shapedness,

!
h’:<(;>he}"*

and |||, = & ||, < &'. Hence,

0 )
<777 h>n = 5(777 h/>n < gZ(CS/)

Taking supremum on the left-hand side over h with ||h|,, < §, as well as expectation on

both sides, finishes the proof. O
In particular, for any u > d,,,
G(u) < u?/2
Indeed,
On
G(u) = uGiu) < uG((S ) < )2 < /2. (11.40)

To formally replace Z(u) with G(u) in the balancing equation, we need a concentration
result.
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Lemma (Gaussian Concentration): Let n = (n1,...,n,) be a vector of independent
standard normals. Let ¢ : R" — R be L-Lipschitz (w.r.t. Euclidean norm). Then for
allt >0

2
Po() <6 2 0) < exp {5 |

First, observe that Z(u) is (u/+/n)-Lipschitz function of . Omitting the argument w,

Znl - 21 < s g — g <|n—nll, sw gl < —=|n—|
geF Jlgll, <u geF |lgll, <u n

Hence, for any u > 0,
nt?
P(Z(u) —EZ(u) > t) < exp 5.2 (11.41)
u

In particular, by setting t = u?,

2

P (Z(u) > G(u) + u?) < exp {_”;‘} (11.42)

In light of (11.40), we have proved

Lemma: Assuming F* is star-shaped, with probability at least 1 — exp {—"7“2},
Z(u) < 1.50° (11.43)
for any u > §,.
Thus, from (11.39), we have

|7-r

< du (11.44)
n

with probability at least 1 —exp {—”7“2}, for any u > d,. Squaring both sides, yields

Theorem: Assume xz1,...,x, are fixed, ny,...,n, are i.i.d. standard normal, and
Y; = f*(z;) +m; with f* € F. Assume F — f* is star-shaped and 0, the corresponding
critical radius. Then constrained least squares f satisfies

~ 2 52
IP’<Hf—f* > 16553> gexp{—”‘;”} (11.45)
n
for any s > 1. In particular, this implies
~ 2 1
IEHf—f* < 82y
n n
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Note: in the literature, you will find a slightly different parametrization. Write 1 (r) =
EZ(\/7). In other words, ¥)(u?) = G(u). Then v has the subroot property:

b(ra) < vay(r)

using the same type of proof as above. The fixed point then reads as the smallest r such
that ¢(r) < r (ignoring the constant).
Let’s quickly discuss the behavior of G(6)/0.

61s)

—

>

5. b %

The above sketch shows the function 6 — G(J)/d for two classes of functions. The
purple curve corresponds to a more complex class, since the Gaussian width (normalized
by §) grows faster as § — 0. The corresponding fixed point is larger for a more rich class.

11.3 2nd approach to localization: offset

We start again with the basic inequality

<2<nf [ n

and trivially write it as

<4<n,f fn

Now take the supremum on both sides:

—~ 2
E|F=r| <Eswdinf— - If =112
n feF
=E sup 4nig(zi) — g(x;
geEF—f* T Z )

which we shall call the offset Rademacher (or Gaussian) averages.
Contrast this approach with the first approach where we divided both sides by the norm

-
then squared both sides.

Surprisingly, this somewhat simpler approach yields correct upper bounds. Note that the
negative quadratic term annihilates the fluctuations of the term 7;g(x;) when the magnitude
of g becomes large enough (beyond some critical radius). Hence, the supremum is achieved
in a finite radius, no larger than the critical radius:

and then upper bounded by supremum over an appropriately localized subset,
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Lemma: Let d,, be the critical radius. Then for any ¢ > 1,

9 2
P <sup 2c(1, 9)n — g2 > 2c263+cn“> < exp{—u/2} (11.46)
geF™*

In particular,

L
E sup, 201, 9)n — ll9ll7 < 57 +

Proof. By Gaussian concentration,

P (Z(5,) > EZ(5,) + t6,) < exp {_”;2} . (11.47)

We now condition on the complement of the above event. Take g € F*. Consider two cases.
First, if ||g||,, < 6, then

2
2¢(n, g)n — llglly < 2¢Z(6) < 2¢ (BZ(0,) + t6n) < 2c (‘52“ + t5n> <c(t+6,)°  (11.48)

Second, if ||g||,, > 6,, we set r =6,/ ||g]|,, < 1. Then

2¢c, 6 52 2 62 20, cZ(6,) 62
9 L —lgl? = =€ gy — < Tg(s,) - =2 no_ 11.4
c<7779> Han r <777 Hang> 7'2 = r ( ) TQ r 5n 7’2 ( 9)
Using 2ab — b? < a?, we get a further upper bound of
Z(6,)\ 2 62/2 + 15, \
2 <§)> <& (n/;> — P(6,/2 4+ 1) (11.50)
O

11.3.1 Example: linear regression

To get a sense of the behavior of the offset process, consider the linear class F = {z —
(w,z) : w € R}, First, F — f* = F. Second, note that functions are unbounded, and so
Rademacher averages are unbounded too. However, offset averages are

n

sup Zm(w,xi) — c{w, ;)% = sup ( mel —cllwl% (11.51)
weRd i=1 weRd

(11.52)

Z i
i=1

where ¥ =" | z;r] and »f is the pseudoinverse. Assuming En? <1,

T e

it

n
< inTETxi = tr(22") = rank(%)

»-1 =1

i
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We see that, these offset Rademacher /Gaussian averages have the right behavior: we already
saw in the first part of the course that the fast rate for linear regression is O (%)

without further assumptions.

We can view the negative term that extinguishes the fluctuations of the zero-mean
process as coming from the curvature of the square loss. Without the curvature, the negative
term is not there and we are left with the usual Rademacher/Gaussian averages.

12. LEAST SQUARES

12.0.1 Nonparametric

We would like to calculate the critical radius ¢, for some function clases of interest. Recall
that §,, is defined as the smallest number such that

E  sup  (n,g)n <6%/2.
geF=:|gll, <6

The strategy is to find upper bounds on the left-hand-side in terms of § and then solve for
the minimal §. In particular, we know that for any o > 0,

1 )
E swp  (nghnSat = / Vg N(F+, L2(By), £)de
geF*illgll, <6 vV Jasa

Suppose we have

log N (F*, L3(P,),e) < 7P
for p € (0,2). Then, taking oo = 0,

E  sup (9,9 Sn PR =0 25 R
geF*|lgll,, <o

Setting
n—1/261—p/2 _ 52
yields
1
§p =n T
and thus the rate of the least squares estimator is

2 __2
2
5 n +p
n

E|f-r

It can be shown that minimax optimal rates of estimation (for any estimator) for fixed
design are given by the fixed point (see [16])

log N'(F, L*(Py), 0s)
n

If log N (F, L?(P,), ) < 6P, the balance is

= 2 (12.53)

—-p,,—1 _ 52
0, Pn"" < 05

2
which gives the same rate of 62 = n~ 2t». Hence, least squares are optimal in this minimax
sense for p € (0,2).
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v

2
Figure 2: Optimal (in general) rates n~ 2+» (obtained with localization for p € (0,2) by
ERM) vs without localization (e.g. via global Rademacher averages)

Example: Convex L-Lipschitz functions on a compact domain in R%:

logN(fCVX,lipa Lz(Pn),E) < (L/E)d/2

Example: L-Lipschitz functions on a compact domain in R%:

log N (Fiip, L2(Pn),€) < (L/e)?

12.0.2 Parametric
Consider the parametric case,

log N (F*, L3(P,),¢) < dlog(1 4 2/e)
Then

E sup (n,9)n < = /(S dlog(1+2/e)de (12.54)
Vidy ¥

geF*:lgll,, <6

Change of variables gives an upper bound

\/35 . /1 Vog(1 4 2/(ud))du (12.55)
n 0

Unfortunately, this gives a pesky logarithmic factor that should not be there. However, for
some parametric cases one can, in fact, prove that local covering numbers behave as

log N (F*N{g: llgll,, <3}, L*(Pn),e) < dlog(1 + 25/¢) (12.56)

In this case, the change-of-variables leads to

d L d
E  sup  (n.g)n= \/;5 / log(1 +2/e)de < \/;5 (12.57)
0

geF*:lgll, <6
Equating
d
5\/> = 6
n
yields
d
2 o
0, =< -

Note that local covering numbers (12.56) are available in some parametric cases (e.g. when
we discretize the parameter space of linear functions) but may not be available for some
other classes (e.g. for VC classes, except under additional conditions).
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12.1 Remarks

e to bound metric entropy of F* = F — f*, instead consider F — F. This often leads to
only mild increase in a constant. For instance, if F is a class of L-Lipschitz functions,
then F — F is a subset of 2L-Lipschitz functions.

e Note that the rate 2 depends on local covering numbers (or, local complexity) around
f*. This gives a path to proving adaptivity results (e.g. if f* is convex but has
only k linear pieces, the rate of estimation is parametric because its neighborhood is
“simple”).

e A simple counting argument (see Yang & Barron 1999, Section 7) shows that for
rich enough classes (e.g. nonparametric) worst-case local entropy (worst-case location
in the class) and global entropies behave similarly. This implies, in particular, that
instead of constructing a local packing for a lower bound (via hypothesis testing), one
can instead use global entropy with Fano inequality, justifying the LHS of (12.53) as
the lower bound for estimation. See also Mendelson’s “local vs global parameters”
paper for an in-depth discussion.

13. ORACLE INEQUALITIES

What if we do not assume the regression function f* is in F? How can we prove an oracle
inequality

efi-s

2
—inf ||f — f*|2 <
. Jgngf 5 < o(F,n)

Again, we will focus on fixed design.

13.1 Convex F

Suppose F is convex (or, rather, F|;, . . is convex). Let fbe the constrained least squares:
1 n
f € argmin =Y "(f(x;) - V;)* = argmin || f — Y|
feF n i=1 feF
For the basic inequality we used
—~ 2 . 5
|7-v| <nr -y

but in the misspecified case this is no longer true. However, what is true is that

F-v|[ <ir—v2
—Y|| =lfF - [

Unfortunately, this inequality is not strong enough to get us the desired result. Fortunately,
we can do better. Since f is a projection of Y onto F' = F,, ., it holds that

(13.58)

~ 2
|7-v
n

Sl -7

for any f € F, and in particular for fr. This is a simple consequence of convexity and
pythagorean theorem. The negative quadratic will give us the extra juice we need.
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Adding and subtracting f* on both sides and expanding,

|7 =7+ = Y +20Fr —mat | £7 = T < Mr = 147 = VP42 1, b

which leads to

|7= 7|~ e = 712 < 20, F = g7 || F - 77 (13.59)
< sup 2, h)n — B (13.60)
heF=fr

We conclude that for convex F and fixed design, the upper bounds we find for well-specified
and misspecified cases match. Moreover, since the misspecified case is strictly more general
and lower bounds for the well-specified case and polynomial entropy growth match the
upper bounds, we conclude that constrained least squares are also minimax optimal for
fixed design misspecified case.

Note: a crucial observation is that offset complexity would arise even if (13.58) had a

2
different constant multiplier in front of — H f— fH . We will exploit this observation in a
n
bit.

13.2 General F

What if F is not convex? It turns out that least squares (ERM) can be suboptimal even if
F is a finite class!

13.2.1 A lower bound for ERM (or any proper procedure)

The suboptimality can be illustrated on a very simple example. Suppose X = {z}, ¥
is {0,1}-valued, and F = {fo, f1} such that fo(xr) = 0 and fi(z) = 1. The marginal
distribution is the trivial Px = §, and suppose we have two conditional distributions Py(Y =
1)=1/2—caand P (Y =1) = 1/2+«. Clearly, the population minimizer for P; is f;. Also,
under Py the regression function is fj = 1/2 — « while under P; it is f; = 1/2+ «. Finally,
ERM is a method that goes after the most frequent observation in the data Y7,...,Y,.

However, if « o< 1/4/n, there is a constant probability of error in determining whether
Py or Py generated the data. Note that the oracle risk is min ez, 7,y If — 1P =(1/2—a)?
while the risk of the estimator p(1/2 4+ a)? + (1 — p)(1/2 — a)? where p is the probability
of making a mistake and not selecting f; under the distribution P;. Hence, the overall
comparison to the oracle is at least p((1/2 4 a)? — (1/2 — a)?) = Q(«) when p is constant.

Hence, ERM (or any “proper” method that selects from F) cannot achieve excess loss
smaller than Q(n~1/2):

max {EHf— fi ’

P;e{Po,P1}

. #12 | _ -1/2
—  min — f: =Q(n
i (7= £ } (n1?)

Yet, an improper method that selects ]?outside F can achieve an O(n™!) rate.
A similar simple lower bound can be constructed for ERM with random design.!

'For more detailed discussion, we refer to [8].
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13.2.2 How about ERM over Convex Hull?

Given that the procedure has to be “improper” (select from outside of F), one can hy-
pothesize that doing ERM over conv(F) may work. Interestingly, this procedure is also
rate-suboptimal for a finite F since conv(F) is too expressive.?

13.2.3 An improper procedure

Somewhat surprisingly, only a small modification of ERM is required to make it optimal
for general classes. Consider the following two-step procedure® (Star Estimator):

g = argmin ||f — Y| (13.61)
feF
f= argmin |f-Y|? (13.62)
festar(F,g)

where

star(F,g) ={af+(1—a)g: f € F,a €[0,1]}.

Note that fneed not be in F but is an average of two elements of F.

Note: the method is, in general, different from single ERM over a convex hull of F, and
so it is not clear that a version of (13.58) holds [9]:

Lemma: For any f € F,

2
. (13.63)

~ 2 1 [~
I =Yz |F-v| = |- 7
n
The above inequality is an approximate version of (13.58), a generalization of the pythagorean
relationship for convex sets.
As a consequence,

|7= 7| =0 = £712 < 200, F = b= 5 127 = 7]

and the same upper bounds hold as in the convex case, up to constants. The difference is

that the supremum is now in star(F,g) C F — f* + star(F — F) which is not significantly

larger than F in terms of entropy (unless F is finite, which can be handled separately).
Remarks:

2
n

2Proof can be found in Lecué & Mendelson
3For a finite class, the above estimator was analyzed by J-Y. Audibert [1].
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1. if the set is convex, f =g.

2. the Star Estimator can be viewed as one step of Frank-Wolfe. More steps can improve
the constant.

Exercise: for any € > 0 and a set F' C R", the covering numbers satisfy
log N'(F, ||| , 2¢) < log N (star(F), |||, 2¢) < log(diam(F")/€) +log N'(F, ||| ;)
13.3 Offset Rademacher averages

For a set V' C R", the offset process indexed by V is defined as a stochastic process
n
2
v Zeivi —cv? = (e,v) —c|v|*.
i=1

Here ¢; are independent Rademacher, but the same results hold for any subGaussian random
variables.

Lemma: Let V C R” be a finite set of vectors, card(V) = N. Then for any ¢ > 0,

log N

2c

E. Iq]}nea&((e,w —c|v|* <

Furthermore,

, 1
_ > <
P (%Xw llo]? > 20<1ogN+10g(1/5>>) <5

Proof. Assuming the random variables are 1-subGaussian,

1
E max(e, v) — ¢||v]|* = ~Elog expmax A(e, v) — Ac|[v]?
veV A
1
< o 3" Eexp{Ae.r) - delfol?)
veV
1 2 11012 2
< S log (N exp{d? [v]]* /2 = A v]*})
1
= —logN
2c o8

where we chose A = 2c.

Theorem: Let F be a class of functions X — R. Then for any x4, ...,2, € X and the
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corresponding empirical measure P,

B pIAT A 13.64
;ggnz;efx cf (x:)° (13.64)
. (2/c)log N'(F,L*(Py,),7) 12/7 . }
: v>0,lc?ef[o,v1{ n tda+ NOA VIog N'(F, L2(P,), 8)ds

(13.65)

14. TALAGRAND'’S INEQUALITY AND APPLICATIONS

The following version of Talagrand’s inequality is due to Bousquet:

Theorem: Let Xi,..., X, beiid., andlet F ={f: X — [—1,1]}. Suppose Ef(X) =
0 and let

sup Ef*(X) < o
feF

for some o > 0. Let

2
= sup f(X v=no°+2EZ
7= w0

Then for any t > 0,
t
Z§E2+v2tv+§

with probability at least 1 —e™*

Consider a particular case of a singleton 7 = {f}. Then Z = > I' | f(X;), 02 = Ef?
and v = nEf? because EZ = Ef = 0. Then the theorem says that

<Zf ) > oV2tn + )

which is Bernstein’s inequality. Moreover, the constants match those in Bernstein’s inequal-
ity, which is remarkable.

Now, recall the definition of empirical Rademacher averages. In this lecture we will scale
these averages by 1/n:

R( = E, sup — Zelf

fermn

conditionally on Xi,...,X,, and its expectation

where the expectation is over the data.
The following holds for Rademacher averages (proof via self-bounding, see [3]):
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Theorem: Let 7 = {f : X — [-1,1]}. Then

P (ﬁm > R(F) | 2 ;n> <ot

In particular, by using the inequality

A 1
< Z _
Ve, y, A >0, Vrey < 2m+2/\y,

we have

P (ﬁ(f) > 2R(F) + St) <et.
61
This and other deviation inequalities for empirical Rademacher averages around their ex-
pected value immediately result in data-dependent measures of complexity whenever one
can derive a bound in terms of expected (over data) Rademacher averages. Specifically,
Talagrand’s inequality can be used to relate the random supremum of the empirical process
to its expectation; then symmetrization can relate the expected supremum of the empirical
process to the expected supremum of the Rademacher process; then above theorem can be
employed to relate the latter to the random data-dependent Rademacher averages.

For this lecture, we will note that above theorems are at the heart of proving localization
results for random design, both in the well-specified and misspecified settings. We will not
flesh out all the details and instead refer to [2]. In particular, in the remainder of this
lecture, we would like to develop tools for comparing random and population norms. This
will allow us to go from fixed to random design. The tools are also useful more generally.

15. FROM FIXED TO RANDOM DESIGN

Recall that in fixed design regression we aim to prove that for a given set of points x1, ..., Zy,
an estimator (such as constrained least squares) attains

|71

2
<...

L2(Py,)

where on the right-hand side we have either a quantity that goes to zero with n or oracle

risk as in the misspecified case. We would like to analyze random design regression where

X1,..., X, areii.d from P. Importantly, we also measure the risk through the L?(P) norm.

However,
2

E|f-r

)#EHf—f*

2
L2(P, L2(P)

since the algorithm ]?depends on X1i,..., Xy, and so lifting the results from the fixed design
case is not straightforward.
Imagine, however, we could prove that with high probability, for all functions f € F,

1f = £ F2py < 20F = £¥l172ep,) + (0, F). (15.66)

In that case, a guarantee for fixed-design regression would translate into a guarantee for
random design regression as long as f € F (for the Star Algorithm, just enlarge F appro-
priately). Furthermore, as long as ¥ (n, F) decays with n at least as fast as the rate of fixed
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design regression, we would be able to conclude that random design is not harder than fixed
design. Let’s see if this can be shown.

Our plan of action for proving results of the form (15.66) is to view the inequality as an
instance of a more general uniform comparison

Vgeg, Eg(X Zg )+ ¢(n,G)

for a class G of uniformly bounded and nonnegative functions.
Let ¢ satisfy

n

1
E. sup = eig(X;) < 6%/2 (15.67)

9€G:2 Y g(xi)<a2 Vi

conditionally on X1,..., X,. Then the following result can be proved from the theorems in
the previous section (see e.g. [4]):

Lemma: Let G be a class of functions with values in [0, 1]. Then with probability at
least 1 — et forall g € G

¢ (t+logl
Zg P +:g ogn) (15.68)

~ ~

where 6 = §(G) is any upper bound on the fixed point in (15.67).
Applying this inequality for the class G = {(f — f)?: f, f/ € F}, assuming F is a class
of [0, 1]-valued functions, yields

c - (t +loglogn)
- :

2 2 22
1 = F ey <20 = F oy T e 0%+ (15.69)
A few remarks. First, G = (F — F)? can be replaced by (F — f*)2, even if f* ¢ F, as
long as the resulting class is uniformly bounded. Second, we observe that (15.67) is defined
with a localization restriction 1 3" | ¢(X;) < 62 rather than 13" | g(X;)? < 6 in the
previous lecture. Since functionb are bounded by 1, the set

{ Zg <62}£{Hg|i§62}

and hence the set in (15.67) is smaller. Thus the fixed point (15.67) is potentially smaller
than the one defined in the previous lecture.

Now, one can ask how to compute a suitable upper bound on the critical radius in
(15.67) for particular classes of interest. As in the earlier lectures, the strategy is to upper
bound the left-hand side of (15.67) in terms of some more tangible measures of complexity
and §, and then balance with §%/2.

In particular, we are interested in the case when G = F2 (same analysis works for
(F — F)? or (F — f*)?) for some class F of [—1,1]-valued functions. In this case, it is
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tempting to proceed with the help of contraction inequality and upper bound

n n

1 1
Ee sup - E €9(X;) <2E. sup — E e f(Xi) (15.70)
gernM iz reFfz<e2 i

since square is 2-Lipschitz on [—1,1]. Balancing this with 2 gives, up to constants, the
critical radius of F as defined in previous lectures. Interestingly, one can significantly
improve upon this argument and show that the localization radius for F2? can be smaller
than that of F. In particular, a useful result is the following:

Lemma: For any class F = {f : X — [—1, 1]} of bounded functions, the critical radius
in (15.67) for the class G = F2 can be upper bounded by a solution to

12 !
Vv Js e

Vieg N (F, L>(P,),u/2))du < §/4. (15.71)

Proof. We start upper bounding the left-hand side of (15.67), aiming to get an upper bound
proportional to the scale §. Observe that functions in G are nonnegative and bounded
uniformly in [0, 1]. As discussed earlier, the restriction 2 Y% | g(X;) < 6% implies | g||,, < 6,
and hence the left-hand-side of (15.67) is upper bounded by

inf 4a+12/6 \/10 N(G N M, L2(P,),e)de (15.72)
1 \/ﬁ . g ) n)s . .

Let V = {fi,..., fn} be a proper L>®(P,)-cover of F N {||f|, < &} at scale 7 < § (proper

implies HfH <J). Fixany g = f2€gn M. Let f be an element of V that is 7-close to
n

f. Then

S )~ F)?) = S (F ) — Fan) ) + Fao)
i=1 1=1
< max( () — F)? -~ S (F i) + Fan))?
=1

2 2 ik
<215 +2|| 7))
< 47%5% =2
We conclude that

N(GNM, L (Po),e) < N(F O {If |, < 8}, L2 (Pn),e/(20))
S N(F, L>*(Py),¢/(26))

Substituting into (15.72), the upper bound on the right-hand side becomes

é
Oig% {4a+ \%/a Vieg N(F, LOO(Pn),s/(QcS))ds}

2 12 1 —
<62/4+6 x N VIeg N (F, L>(P,),u/2))du
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where we performed change-of-variables u = £/ and chose o = §2/16. Using this in (15.67)
and balancing with 62/2 yields (15.71). O

A key outcome of the above lemma is that the critical radius of F2 (or (F — F)?) is
much smaller than that of F. The latter would have §2 rather than § on the right-hand
side of (15.71). In particular, if the left-hand side of (15.71) is of order 1//n, the solution
is 0 o< 1/4/n and hence the remainder in (15.69) is of the order 1/n, a smaller order term as
compared to the rate of estimation for fixed design. For instance, for a class that exhibits
polynomial growth of entropy

cn\d
oo < _
N(F L*(P).0) < (Z)
the localization radius of G can be upper bounded as
56) = 1/ %10 (@)
N n & d

and for a finite class we immediately have

59) < oy 28 F]

n

We can also prove a general and useful result, albeit with extra log factors (due to its
generality). Following [15], we have

Lemma: For any class F = {f : X — [—1, 1]}, the critical radius in (15.71) is at most
Clog®n - R(F),
where

R(F)= sup R(F).

T1seeyTn

Proof. Substitute the following estimate for L°° covering numbers in terms of the scale-
sensitive dimension (see e.g. [14]):

log N(F, L®(P,), e) < 2ve(F, ce) - logn - (VC(;Z)J (15.73)

and then use the following fact: for any & > R(F),

AnR(F)?
ve(F,e) < ”eg) (15.74)
This last inequality can be written in the more familiar form
F _
sup € velZ,¢) < R(F), (15.75)
e>R(F) 4n

which bears similarity to Sudakov’s minoration. This inequality is proved by taking the
e-shattered set, replicating it [n/vc(F,e)] times, and using our previous argument about
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Rademacher averages being large when there is a cube inside the set. We leave it as an
exercise.
Back to the estimate, we have

1/4 Mo 1/4
\/15 Viog N(F,L®(P,),))de < ij%n / \/vc(]-", ce) log <@>de (15.76)
5/64 5

< \/log nR(F) / Y log (Cn>d5 (15.77)

To finish the proof, choose § = 64R(F) and observe that
log de < log?(en/R(F)).

O]

Hence, ignoring logarithmic factors, 6(G) < O(n™!) when R(F) < n~ Y2 and §(G) <
O(n=2/?) when R(F) < n~Y/?, which is smaller than the rate of estimation for least squares,
ignoring logarithmic factors.

We conclude that rates of estimation for fixed design translate into rates for estimation
with random design, at least for bounded functions. It is worth emphasizing that the extra
factors one gains from comparing || f — f*H%Z( py to 2] f — f*||%2( p,) 18 typically of smaller
order than what one gets from denoising for fixed design. The next section explains why
this happens.

16. BEYOND BOUNDEDNESS: THE SMALL-BALL METHOD

This approach was pioneered by [6] and then developed by Mendelson in a series of papers
starting with [10].

Roughly speaking, the realization is that whenever the population norm || f|| r2(p) 18
large enough, it is highly unlikely that the random empirical norm || f|| 2 (P, can be smaller
than a fraction of the population norm. Moreover, conditions for such a statement to be
true are rather weak and definitely do not require boundedness.

We first recall the Paley-Zygmund inequality (1932) stating that for a nonnegative ran-
dom variable Z with finite variance,

(E2)?
EZ?

P(Z >tRZ) > (1 —t)?

for any 0 <t < 1.
Let us use the following shorthand. We will write || f||y = || fll 2(p) = (Ef(X)?)'/? and

17l = £ llsry = (EF(X))14. Then

2111
11

P(F(X)] =t fl,) =P (F(X)? = £ £13) > (1 - )
Now, we make an assumption that for every f € F,

Ef(X)* < c(Ef(X)%)?
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for some c.
Under this L* — L? norm comparison, it holds that

P(IfCOI > tlIflly) > (1 - %)%

More generally, the condition

P(f(X)] = cllflly) = ¢ (16.78)

for some ¢, ¢ is called the small-ball property.

Let’s see how we can compare the empirical and population norms, uniformly over F,
given such a condition. First, let’s consider any function with norm || f||, = 1. Observe that
if we could show with high probability

—Zl{\f D> e} > e (16.79)

for some constants ci, co, we would be done since such a lower bound implies a constant
lower bound on + 50 f(Xi)? = e3||flly = c3). By rescaling and assuming star-shapedness,
we would extend the result to all functions in F (above some critical level for which we can
prove (16.79)).

For a given ¢ > 0, we have

*Zl{\f )2 ch =E1{If(X)] = 2} - (El{\f( ) >2c}—*21{|f i) >c})
> B1{|f(X)| > 2c} - <E¢(|f(X)I) - z;¢<|f<xi>r>>
for ¢(u) = 0 on (—oo0, ], d(u) = u/c — 1 on [¢, 2¢], and ¢(u) = 1 on [2¢, o).
2 it B(S00] 2 26l 1) ~ sy (E¢<rf\> - iilqb(lf%)l))

EFIIfllo=1

Now, using concentration (since ¢(|f]) are in [0,1]), the random supremum
n )

can be upper bounded with probability at least 1 — e~ 2u’ by its expectation

3\*—‘

sup (Eqﬁ /1) =

FeFNFll=1

1 & U
E su Eo(lf) — = ) _o(f(X)) | + —=
(o= Besen) +

FEFNfll=1

which, in turn, can be upper bounded via symmetrization and contraction inequality (since
¢ is 1/c-Lipschitz) by

“E  sup = af(Xi)+—F

¢ peF =11 i v
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By choosing u = v/n - ¢, we can make the additive term an arbitrarily small constant ¢”.
Now, we see that (16.79) will hold with a non-zero constant cy as long as
1 n
E sup =) &f(X;)<c”
FEFIFll=1 T

for an appropriately small constant ¢’. We now need to extend this control to all || f||,
above some critical radius. The key observation is that the critical radius £* can be defined
as the smallest 3 such that
1 n
E  sup  —Y ef(X) <8 (16.80)

FeF|fll.<B n i=1

Assuming that F is star-shaped around 0, the control extends for all 8 > *.

To summarize, with probability at least e™",

o 171, S ¢
rexlfl>8* £,

for some constants ¢, ¢. Alternatively, we have with probability at least e=", for all f € F,

£ < C IS + (8%

Observe that B8* can be significantly smaller than if (16.80) were defined with 32 on the
right-hand side, as before.

17. EXAMPLE: INTERPOLATION

Suppose we observe noiseless values y; = f*(X;) at i.i.d. locations Xi,..., X,,. Let J?be
an ERM with respect to square loss over F and assume f* € F. Clearly, fachieves Z€ero
error, and the question is what the expected deviation from f* is. This is a question of a
“version space size” — what is the L?(P) diameter of the random subset of F that matches
f* on a set of data points. More precisely, define the interpolation set

Ix,,..x, ={f €F: f(X;s) = f1 (X))},
a random subset of the class F, and its diameter as

o) = 0 Wl

Of course, from the earlier calculations, we have that with high probability
Hf o f/HL2(P) S 0?

where 4 is the localization radius for (F — F)2 and can be upper bounded by Sup,,., R(F)2.
Alternatively, we can use the fixed point (8*)? under the small ball property.
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18. EXAMPLE: RANDOM PROJECTIONS AND
JOHNSON-LINDENSTRAUSS LEMMA

The development here can be seen as a nonlinear generalization of the random projection
method and the Johnson-Lindenstrauss lemma. Let I' € R"*? be an appropriately scaled
random matrix. We then prove that for any fixed v € R, with high probability

201,112 2 201,112
(=) fvllz < [Tolly < (X +2)7 llvll3 -
Of particular interest in applications is the lower side of this inequality:

2
[Tl

lollz

where o € (0,1). A corresponding uniform statement over a set V C R? asks that with
high probability,

2

inf ”FUHQQ >1—a

veV lofly
Statements of this form are very useful in statistics, signal processing, etc. The lower
isometry says that the energy of the signal is preserved under random measurement. Or,
the null space of the random matrix I is likely to miss (in a quantitative way) the set V. Of
course, if V' is too large, it’s not possible to miss it, and so complexity of V' (as quantified
by the measures we have studied) enters the picture.

The connection to today’s lecture can be seen by taking

—X;—

with X1,..., X, i.i.d. from an isotropic distribution. Then

n

1
IToll3 = — > (v, X,)°

=1

while ||v|| = E; (v, X)2. Each v € V then corresponds to f € F in our earlier notation.

19. LARGE MARGIN THEORY

We end this lecture with a result from large margin classification, because its proof utilizes
the same technique (not surprisingly, the authors of [7] and [6] have a nonzero intersection).
Let F be a class of R-valued functions. Consider a classification problem with binary
Y € {£1}. Fix v > 0 as a margin parameter.
Let ¢ : R — R be defined by ¢(a) = 0 on (—o0,0], ¢(a) = a/v on [0,7], and ¢(a) =1
on [y,00). Then with probability at least 1 — 6*2“2, for any f € F,

BL(YF(X) 2 0} = ST 1{f(X0) 2 9} < sup Bo(Y (X)) — 3 041/ (X0)
i=1 € j

=1
1 u
< Esup BV (X)) - Zl oYl (X0) + 7
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since ¢ is in [0, 1]. By symmetrization, the above expectation is at most

2FE sup — ZengYf ) < ]Esup Zezyf 2]ESUP Zﬁf R(F)

fer iz Y o feFn Y feFn

\g

Hence, with probability at least 1 — 6_2“2, for any f € F,

E1{Y f(X) >0} < — Zl{Yf ) >+ R(f)

E\:

As an example, consider the class of linear functions
F={z— (z,w):w e B}

and X € Bg. We saw earlier that

1

R(F) < NG

(recall that here we normalized Rademacher averages by 1/n). Thus, one can derive an
upper bound on classification out-of-sample performance that does not depend on the di-
mensionality of the space despite the fact that the VC dimension of the set of hyperplanes
in R? is d and covering numbers of sign(F) necessarily grow with d. Similarly, one can prove
margin bounds for neural networks in terms of norms of the weight matrices and without
any dependence on the number of neurons.

20. TIME SERIES

Suppose we observe a sequence

i1 = () +me, t=1,...,n

where x; € R? and 7, are independent zero mean vectors. The function f* is unknown, but
we assume it is a member of a known class F. Let us treat this problem as a fixed-design
regression problem, except that the outcomes are now vectors rather than reals, and the
sequence xi,..., &, is a sequence of dependent random variables.

Consider the least squares solution:

f € argmin — Z i1 — fo)l5

fer "4

where the norm is the euclidean norm. This is a natural generalization of least squares to
vector-valued regression. As before, we denote

If =gl = Z 1 (@) — g2l

The basic inequality can now be written as (exercise):

<2 0 ) )
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Choosing the offset-style approach covered in previous lectures, we have

Up until now, the statement is conditional on {71, ...,n,}. What happens if we take expec-
tations on both sides? On the left-hand side we have a denoising guarantee on the sequence.
On the right-hand side, we have a “dependent version” of offset Gaussian/Rademacher com-
plexity where x; is measurable with respect to o(n1,...,7m:1). To analyze this object, we
first need to understand the simpler R-valued version without the offset: what is the be-
havior of

2
“II < sup A, g(@0) — [lg () |12
n gEF — f*nz

n
fer o

where x; is o(€q,...,6-1)-measurable, F is a class of real-valued functions X — R, and

€1,...,€y are i.i.d. Rademacher random variables.

21. SEQUENTIAL COMPLEXITIES

We choose to study the random process generated by Rademacher random variables for

several reasons. First, just as in the classical case, conditioning on the data will lead to

a simpler object (binary tree) and, second, other noise processes can be reduced to the

Rademacher case, under moment assumptions on the noise. The development here is based
n [13], and we refer also to [12] for an introduction.

Let us elaborate on the first point. Note that x; being measurable with respect to
o(€1,...,€—1)simply means x; is a function of €1, . .., €1 (in other words, it’s a predictable
process). Note that the collection 1, ..., ®, can be “summarized” as a depth-n binary tree
decorated with elements of X at the nodes. Indeed, x; € X is a constant (root), 2 = x2(€1)
takes on two possible values depending on the sign of €; (left or right), and so forth. It is
useful to think of (x1,...,x,) as a tree, even though it doesn’t bring any more information
into the picture. We shall denote the collection of n functions z; : {#£1}~! — X as
x = (x1,...,x,) and call it simply as an X-valued tree. We shall refer to € = (e1,...,€p)
as a path in the tree. We will also talk about R-valued trees, such as fox for f: X — R.

Given a tree x, we shall call

ﬁseq(f, :]3) ]E?ug): Z Etf .’L‘t €1y ,Etfl))
€

the sequential Rademacher complexity of F on the tree x.
Comparing to the classical version,

n
fer o

where x1,...,x, are constant values, we see that it is a special case of a tree with constant

levels x¢(e1, ..., €e-1) = x¢. Hence, sequential Rademacher complexity is a generalization of

the classical notion.
To ease the notation, we will write x; without explicit dependence on €, or for brevity
write x¢(€) even though x; only depends on the prefix €1.4_1.
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Observe that for any f € F, the variable

n

vy = % Z ecf(xt)

t=1

is zero mean. Moreover, it is an average of martingale differences ¢ f(x;), and so we expect
1/4y/n behavior from Azuma-Hoeffding’s inequality. It should be clear that, say, for F
consisting of a finite collection of [—1, 1]-valued functions on X, we have

n

E max 1 Z erf(xy) <

fer n

2log card(F)
n

Given that there is no difference with the classical case, one may wonder if we can just reduce
everything to the classical Rademacher averages. The answer is no, and the differences
already start to appear when we attempt to define covering numbers.

More precisely, since any tree x is defined by 2™ — 1 values, one might wonder if we could
define a notion of pseudo-distance between f and f’ as an £y distance on these 2" — 1 values.
It is easy to see that this is a huge overkill. Perhaps one of the key points to understand
here is: what is the equivalent of the projection F|;, . ., for the tree case? Spoiler: it’s
not Flg. The following turns out to be the right definition:

Definition: A set V' of R-valued trees is an 0-cover of F on a tree & = (x1,...,x,) if
VieFee{xl}",Fv eV st. f(ax(eri—1)) = vi(eri—1) VYt € [n]

The size of the smallest 0-cover of F on a tree x will be denoted by N(F,z,0).

The key aspect of this definition is that v € V can be chosen based on the sequence
e € {£1}". In other words, in contrast with the classical definition, for the same function f
different elements v € V' can provide a cover on different paths. This results in the needed
reduction in the size of V.

As an example, take a set of 2"~! functions that take a value of 1 on one of the 27!
leaves of x and zero everywhere else. Then the projection F|g is of size 277! but the size
of the O-cover is only 2, corresponding to our intuition that the class is simple (as it only
varies on the last example). Indeed, the size of the O-cover is the analogue of the size of
Flz1,... an in the binary-valued case.

For real-valued functions, consider the following definition.

Definition: A set V of R-valued trees is an a-cover of F on a tree @ = (x1,...,%y)
with respect to £ if

VfeFee{+1)"FveV st :L;(f(mt(q:tl)) — oylern1)? < a2

The size of the smallest a-cover of F on a tree & with respect to o will be denoted by
N 2 (JT , L, a).
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A similar definition can be stated for cover with respect to £,.
The following is an analogue of the chaining bound:

Theorem: For any class of [—1, 1]-valued functions F,
R(F, @) < inf { 4o + 12/1 V1og No(F, ,e)de
’ T a>0 \/ﬁ o T

Recall the definition of VC dimension and a shattered set. Here is the right sequential
analogue:

Definition: Function class F of {£1}-valued functions shatters a tree « of depth d if

Vee {£1}4, 3f € F, st. Vte[d, flxile) =¢

The largest depth d for which there exists a shattered X-valued tree is called the
Littlestone dimension and denoted by ldim(F).

To contrast with the classical definition, the path on which the signs should be realized is
given by the path itself. But it’s clear that the definition serves the same purpose: if x is
shattered by F then RSU(F,x) = 1. It is also easy to see that vc(F) < 1dim(F), and the
gap can be infinite.

The following is an analogue of the Sauer-Shelah-Vapnik-Chervonenkis lemma.

Theorem: For a class of binary-valued functions F with Littlestone dimension ldim(F),
¢ In en\d
< <[(—
N(F,x,0) < ; <Z) < (%)

Scale-sensitive sequential versions are defined as follows:

Definition: Function class F of R-valued functions shatters a tree & of depth d at
scale « if there exists a witness R-valued tree s such that

Vec {£1}4, If € F, st. Vte[d, e(f(xile)) —si(e)) > a/2

The largest depth d for which there exists an a-shattered X-valued tree is called se-
quential scale-sensitive dimension and denoted ldim(F, a).

We note that the above definitions reduce to the classical ones if we consider only trees
x with constant levels.
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Theorem: For any class of [—1, 1]-valued functions F and X-valued tree & of depth n

9 1dim(F,a)
Noo(F,x,a) < <en>

(0}

Finally, it is possible to show an analogue of symmetrization lemma: for any joint
distribution of (X1,...,X,),

1< .
Esup — Y E[f(X0)|[X14-1] — f(Xy) < 2sup R*Y(F, )
fe}— n t=1 x

If the sequence (Xi,...,X,) is i.i.d., the left-hand side is the expected supremum of the
empirical process. The present version provides a martingale generalization. Furthermore,
if we take supremum over all joint distributions on the left-hand-side, then the lower bound
is also matching the upper bound, up to a constant.

The offset Rademacher complexity has been analyzed in [11].

22. ONLINE LEARNING

Consider the following online classification problem. On each of n rounds ¢t = 1,...,n, the
learner observes x; € X', makes a prediction 3; € {£1}, and observes the outcome y; € {£1}.
The learner models the problem by fixing a class F of possible models f : X — {£1}, and
aims to predict nearly as well as the best model in F in the sense of keeping regret

I e _ 1<
Reg(F) =E - Z Wy #ye}| — ;ngT [n Z 1{f(z) # yt}] (22.81)
t=1 t=1
small for any sequence (z1,41), ..., (Zn,yn). At least visually, this looks like oracle inequal-

ities for misspecified models. The distinguishing feature of this online framework is that
(a) data arrives sequentially, and (b) we aim to have low regret for any sequence without
assuming any generative process.

It is also worth noting that in the above protocol there is no separation of training and
test data: the online nature of the problem allows us to first test our current hypothesis
by making a prediction, then observe the outcome and incorporate the datum in to our
dataset.

The expectation on the first term in (22.81) is with respect to learner’s internal ran-
domization. More specifically, let @; be the distribution on {£1} that the learner uses to
predict y; ~ Q. Let g¢ = Ey; be the (conditional) mean of this distribution. In other words,
¢+ = 0 would correspond to the learner tossing a fair coin.

A note about the protocol. The results below hold even if the sequence is chosen based
on learner’s past predictions. However, in this case, y; may only depend on ¢ but not
on the realization 7;. To simplify the presentation, let us just assume that the sequence
(x1,Y1)s .-, (Tn,yn) is fixed in advanced (this turns out not to matter).

We will answer the following question: what is the best achievable Reg(F) for a given
F by any prediction strategy?
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Let us first rewrite 1 {y; # v:} = (1 — yy)/2 and do the same for the oracle term.
Cancelling 1/2, we have

1< . 1 &
2Reg(F) = >~y — inf [n > ytf(l‘t)] (22.82)
t=1 =1
1< 1 @
=sup |~ Y wf(@)| — =D ay (22.83)

Now, consider a particular stochastic process for generating the data sequence: fix any

X-valued tree x of depth n, and on round t let z; = xi(y1,...,5—1) and y; = € be
an independent Rademacher random variable. This defines a stochastic process with 2"
possible sequences (z1,41), ..., (Zn,yn). Now, clearly

sup 2Reg(F) > 2E.Reg(F).
(x1,91)5+5(TnsYn)

Observe that ¢; = q(€1,...,€—1) and thus

1 n
— E Qtft] = 0.
n

=1

Ec

Hence,

EcReg(F) = Esup
feF

%Z Etf<wt)] . (22.84)

t=1

Since the argument holds for any @, we have proved that the optimal value of Reg(F) is
lower bounded by half of ) R
R*UF) = sup R*Y(F, x).

It turns out that this lower bound is within a factor of 2 from optimal. Define the minimax
value

YV =min max Reg(F)
Algo {(z¢,y¢) 17,

Theorem: For a binary-valued class F,

1 _
SREF) £V < R*(F)

Similar results also holds for absolute value and other Lipschitz loss functions. For square
loss, the sequential Rademacher averages are replaced by offset sequential Rademacher
averages (again, as both upper and lower bounds).

In short, sequential complexities in online learning play a role similar to the role played
by i.i.d. complexities as studied in this course. However, quite a large number of questions
still remains open. But that’s a topic for a different course.
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