High Dimensional Probability and Statistics 2nd Semester, 2023-2024

Lecture 0: Short Introduction
Instructor: Ke Wei Scribe: Ke Wei (Updated: 2024/02/25)

Keywords: concentration inequalities, expectation of suprema, uniform law of large numbers,
random matrices, minimax lower bounds.

This lecture provides a short introduction on what we are interested in this course and why we
are interested in them. We begin with the arguably simplest example.

Given n i.i.d random variables X7, -, X, with mean p = E[X}], maybe the most common
approach to infer u is to use the sample mean %ZZZI X}, as (stochastic) estimator. Then what
can we say about the convergence of % Y opey Xi?

e By law of large numbers (LLN), it is known that % > p—q Xk converges to p almost surely.

e Suppose the variance of the random variable is 0. Central limit theorem (CLT) implies that
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from which a confidence interval can be constructed (in the asymptotic sense). It follows that
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Note that both LLN and CLT are asymptotic results which are not useful if we want to measure
how %Zzzl X deviates from p for finite n. This lecture considers the finite n or nonasymptotic
case. That is, we would like to provide an explicit bound for

1 n
P{|— X —
[
k=1
in contrast to ~ obtained from CLT. Though an explicit bound can be obtained from CLT through
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the resulting bound is not desirable due to the second term (see Theorem 2.1.3 of [1]). Thus, we
need to seek alternative approaches that bypass CLT. It turns out the asymptotic CLT result admit
more quantitative nonasymptotic variants, though not as concise as CLT.

Deviation bound for (0.1) is known as concentration inequalities for the sum of independent
random variables. However, in many applications the quantity of interest is not a sum but a
nonlinear function of independent random variables. For example, let X € R™*" be a random

>t (0.1)

i




matrix! whose entries are independent random variables. Clearly, the spectral norm of X, denoted
|| X |2 can not be expressed as the sum of its entries. In fact, we can express || X||2 as

| X2 = u' Xv, (0.2)

max

[[ull2=1,[|v]l2=1

which is a non-linear function of (Xj;;). This encourages us to extend concentration inequalities to
Bf(X1, o Xa) = E[f(X1, - Xa)] | > 1

for more general f in addition to sum. A large effort will go into developing techniques suitable
for the general concentration inequalities, during which more properties of random variables will
be studied.

Note that in order to provide a high probability bound for the size of f(X1,--- , X}, ), we still need
to understand the size of E [f(X1,---,X,)] whose information is not contained in concentration
inequality. For general f, bounding E[f(X1,---,X,)] is by no means an easy task. Since we
cannot hope to address this problem for every possible f, we specify our attention to expectation
of suprema:

E [sup Xt} , T is an index set,
teT

which arises from a wide of applications, i.e. (0.2) for spectral norm of random matrices. As a
special case, we will consider the following form arising from generalization analysis in statistical
learning:

, JF is a class of functions.

The result for this case is usually referred to as uniform law of large numbers (ULLN).
The concentration inequalities for random variables can be extended to random matrices.
We will focus on the bound of
p [ . t] |
2

It has applications in for example covariance matrix estimation, sparse linear regression.

For an estimation problem, there can be many different estimators. Thus, a natural question is
which one is better or whether an estimator achieves the optimal performance. The answer to this
question relies on the criterion that is used. For example, a minimum-variance unbiased estimator
(MVUE) is an unbiased estimator that has lower variance than any other unbiased estimators. In
this lecture, we consider the minimax framework, and study the minimax lower bounds over a
family of estimation problems.

n

> (Xk — E[Xk))

k=1

Reading Materials

[1] Roman Vershynin, High-dimensional probability: An introduction with applications in data
science.

"With a light abuse of notation, capital letters are also used to denote matrices.



High Dimensional Probability and Statistics 2nd Semester, 2023-2024

Lecture 1: Chernoff Method and Concentration Inequalities
Instructor: Ke Wei Scribe: Ke Wei (Updated: 2024/02/25)

Motivation: Recall that our first goal is to establish the tail probability for
]P)Hf(Xl? aXn) _E[f(Xla 7Xn)]| > t]’

where X1, -+, X, are independent random variables. This tail bound reflects the concentration or
fluctuation of f(Xi,---,X,). Note that there are two parts in f(X1,---,X,): the set of random
variables and the function f. Intuitively, if each individual random variable concentrates well
and the function relies smoothly on each random variable, then f(Xi,---, X)) should concentrate
well'. Thus, we need a property that can reflect the concentration of each random variable and a
mechanism that allows us to exploit the property about the individual random variable to establish
the concentration of f(Xiy,---,X,) (a.k.a. tensorization). In this lecture, we focus primarily
on the linear case where f(Xi,---,X,) = +>7_, Xj. In this case, (log-)moment generating

~ n
function (MGF), which tensorizes well for sum, suffices to establish the concentration inequality of
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Agenda:

e Variance bounds

e Some classical inequalities

Sub-Gaussian distributions and Hoeffding inequality

Sub-exponential distributions and Bernstein inequality

Bounded difference inequality

Two simple applications

1.1 Variance Bounds

Notice that concentration essentially reflects the fluctuations of random variables (from probability
aspect). As a basic quantity also for this purpose, it is useful to first study some variance (reflects
fluctuations from expectation aspect) bounds briefly. Recall that the variance of random variable
X, denoted Var [X], is defined as

Var [X] =E [(X —E[X])?] =E [X?] — (E[X])%.

!The basic principle underlying modern concentration theory was enunciated by Michel Talagrand in a 1996 paper:
“A random variable that depends (in a ‘smooth’ way) on the influence of many independent variables (but not too
much on any of them) is essentially constant”.



Variance admits the following variational expression:
Var [X] = mcinIE (X —0o)?].
Moreover, for two i.i.d random variables X and X', one has
Var [X] = %IE (X —X")?].

Given a set of independent random variables X1, --- , X,,, it is well-known that
n n

> Xk] = Var[Xy].

k=1 k=1

This is indeed a sort of tensorization property of variance, which allows us to control the variance
of > r_; Xj by the variance of each coordinate. It is interesting to see whether this is true for a
general function of independent random variables Z = f(X3,---,X,). The answer is affirmative.
Define the coordinate expectation Ej [Z] as the expectation with respect to X while holding the
remaining random variables (X;);- fixed. Define the coordinate variance Vary [Z] as the variance
with respect to X}, while holding the remaining random variables (X;) . fixed:

Var

Varg [Z] = By, [(Z — E[2])?] .
It is worth emphasizing that both Ej, [Z] and Vary, [Z] are random variables of (X)) .. Also notice
that for Z =35, | X,
B [Z) =E[X:]+ > X,
ik
and

Vary [Z] = Ey, [(Xy — E [X3])?] = Var [Xy].

Theorem 1.1 Let X1,---, X, be a set of independent random variables and let Z = f(X1,--- , X,).
Then

Var [Z] < Zn:E [Vary [Z]] .
k=1

Proof: The idea is to express f(Xi,---,X,) as an incremental or sum form and mimic the
arguments for sum function. To this end, define

Yk :E[f(Xla 7Xn)‘X1a"' 7Xk] :Ek+1:n [2]7
where

Ek+1:n = Ek—l—l v En

means taking expectation with respect to (Xg41, -+, Xy). Then Y, = Z, Yy = E[Z], and

n

Z-E[Z]=) Yk —Yi1)=> Dy (1.1)
k=1

k=1



It is not hard to see that {Dy} is a martingale difference and
E[Dy] = E[E [Dg| X1, , Xg-1]] = 0.
Moreover, for £ < k (also true for reverse direction)

E[DyDy] = E[E[DpDy| X1, -+, X]]
=E[D,E[Dg| X1, , X]
—0.

Therefore,
E[(Z-E[2)°] =) E[Di]
k=1
= ZE |:(Ek-+1:n [Z] - IEk:n [Z])Q}
k=1

= iE [(Ek-i-l:n [Z — Ek[ZH)ﬂ

k=1

< iEEk+1:n {(Z - Ek[z]ﬂ
k=1

_ 3 EE, ((Z - Ei(2)7?]

k=1
= E[Var [Z]],
k=1

where the inequality follows from Jensen’s inequality (see the next section).

Remark 1.2 It is clear that the equality holds for f(X1, -, Xn) => 5 Xk-

1.2 Some Classical Inequalities

Theorem 1.3 Let X be a non-negative random variable. Then,
o0
E [X] :/ P[X > t]dt.
0
Proof: We have

E[X]:IEU 1{t<X}dt] :/ E [L<xy] dt:/ P[X > t]dt,
0 0 0

as claimed.

Exercise 1.4 Let X be a random variable and p € (0,00). Show that

E[|X[7] :/ ptP B [|X| > 4] dt.
0
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Theorem 1.5 (Jensen’s inequality) If f is convez, then
E[f(X)] > f(E[X]).
If f is concave, then
E[f(X)] < f(E[X]).
Proof: It suffices to prove the first inequality. Let {(z) be the tangent line of f(z) at E[X]. Then,
E[f(X)] = E[I(X)] = (E[X]) = f(E[X]),

where the first equality follows from the fact that [(X) is a linear function and the second equality
follows from that [(x) is tangent to f(x) at E[X]. |

Next, we present two elementary tail bounds: Markov inequality and Chebshev inequality,
which control the tail probability of a random variable by its moments.

Theorem 1.6 (Markov inequality) If X is a non-negative variable, then any t > 0 one has

IP[X>t]§EEtX].

Proof: A simple calculation yields that
E[X] > E [X1xsy] > tP[X > 1],
as claimed. -

Theorem 1.7 (Chebshev inequality) For a random variable with finite variance, there holds,

E[|X -E[X]?
P[X —E[X]|> ] < [ - XIP]
t
Proof: Apply Markov inequality to the random variable | X — E [X] |2 ]

Example 1.8 Let X be a Bernoulli variable,

_J 1 with probability p
0  with probability 1 — p.
n
Let Xy, i =1,--- ,n be i.i.d copies of X, and define S,, = > Xy. For a positive number p < o < 1,

k=1
the application of Markov inequality gives

P[S, > an] < =
while the application of Chebshev inequality gives

P[S, > an] =P[S, —pn > (a — p)n|
<P[|Sn —pn| > (a —p)n]
E [|S,, — pn|?
= ([L—p)gnl]
_ pr(1—p)
(a=p)°n’
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This example shows that we can have a better bound (order of 1/n rather than a constant order)
by Chebshev inequality. As can be seen later, by one of the main results in this lecture — Hoeffding
inequality, we can establish a tail bound that decays exponentially fast.

There is a natural way to extend the Markov inequality to random variables with higher-order
moments. For instance, if E [| X — E [X] |k] exists for some k > 1, then an application of the Markov
inequality to the random variable | X — E[X]|* yields that

E[|X —E[X]|*]
th ’
Of course, we can use other functions rather than a single moment of the random variable. The

tight bounds that will be established next are indeed based on the moment generating function
(MGF, a mixture of all moments),

PlIX -E[X][>1] <

E [e/\(X—E[X])} )
In the same spirit of the Markov or Chebshev inequality, we have
PIX -E[X]>t]=P [eA(X*E[XD > e’\t] < e ME [eMX*E[XD} . A>0.

Note that in the above inequality, there is a free parameter A > 0 to choose. The Laplace transform
method or Chernoff method chooses A in an interval [0, b] (b can be infinite or finite up to the bound
of moment generating function) such that the righthand side is minimized, leading to

PIX —E[X]>#< inf e™E [eMX*E[XD] . (1.2)
A€E[0,b]

It is easy to see that the key in the application of the Chernoff method is to estimate
E [e)‘(X *]E[XD] . Indeed, one advantage of using moment generating function over the all possible
polynomials is that the former one is a smooth function with the parameter A and can be easily
manipulated. Next we will study two different distributions based on the different behaviors of
their moment generating functions, as well as the corresponding concentration inequalities.

1.3 Sub-Gaussian Distributions and Hoeffding Inequality

Let X ~ N (p,0?) be a normal/Gaussian distribution of mean ; and variance o2. We have

2
PIX — ul > 1] < 2exp (—22) (13)

Exercise 1.9 Prove (1.3).

The above inequality shows the tail bound of normal distribution decays exponentially fast. Thus,
it is interesting to see whether there are other distributions which exhibit similar behavior. The
answer is affirmative, and this family of distributions are known as sub-Gaussian distributions.
They are fully characterized by the behavior of their moment generating functions.

Definition 1.10 (Sub-Gaussian distribution) A random variable X with mean p is sub-Gaussian
if there exists a positive number v > 0 such that

E [eA(X—m} <M forall AeR. (1.4)

5



Remark 1.11 Though here v is NOT equivalent to the variance of a random wvariable, we can
sometimes think of it as the variance to get some intuition.

Example 1.12 (Gaussian distribution) Let X ~ N(u,02) be a Gaussian random variable.
One has

E [exp(AM(X — )] = 217ra /_00 exp(\z) exp(—22/20%)dx
= exp(02z\2/2)\/217m /O; exp (—; <§ — 0’)\)2) dx
= exp(c?)A?/2). (1.5)

Thus X is sub-Gaussian with parameter v = o.

Example 1.13 (Rademacher variables) A Rademacher random variable € takes the values {—1,41}
in the same probability. By taking expectations and using the power series exrpansion, we have

=[] -3 ()
> AQk

- ; (2k)!

<1+ ; ;;

2
= M2,

which shows that € is a sub-Gaussian variable with parameter v = o = 1.

Example 1.14 (Bounded random variables) Let X be zero-mean, and supported on a closed
interval [a,b]. We claim that

E [exx} < N (b—a)?/8

In other words, X is sub-Gaussian with parameter (b — a)/2. To show this, define (\) (knowns
as log-moment generating function) as

$(\) = logE [eAX} .

Then it suffices to show

A2 (b —a)?
v < 2029
First, it is not hard to see that
E [XeM
E[er]



and

E [¢*] E [X2eMY] — (E [XeM])?
iy = BB ~ @ [xe)

sl e ]

¥(0) = 0.

1t follows immediately that

Moreover, the expression for ¥"(\) implies that " (\) is indeed the variance of X after a change
of measure. Thus, by the variational definition of variance, we have

b+a\? e (b—a)?
X — < R.
(x-5%) g <5 e

(N <E

Also noting that 1 (0) = 0, we finally have

1 A2 (b—a)?
Y = 9(0) + WO+ Jue < A0
which completes the proof.

1.3.1 Hoeffding Inequality

By the Chernoff method (see (1.2)) we can show that sub-Gaussian random variables have the same
concentration properties as Gaussian random variables.

Theorem 1.15 (Hoeffding inequality) Let X (with E[X] = u) be a sub-Gaussian random vari-
able with parameter v. Then,

+2

Pl X —pu| >t <2e 22.

Proof: Inserting the sub-Gaussian property into(1.2) and optimizing the right hand side of the
above inequality with respect to A > 0 yields that

+2

P[X —p>t] <e 22,

Moreover, by considering — X, we can get

+2

PX —p<—t]<e 22,

which concludes the proof. [

Chernoff bounds can be easily extended to sums of independent random variables because of
the tensorization property of the moment generating functions in this situation, i.e., moment gen-
erating functions of sums of independent random variables become products of moment generating
functions.



Proposition 1.16 Let Xq,---, X, be independent 1/,% sub-Gaussian random variables. Then Y ,_; Xj

is a sub-Gaussian random variable with parameter v =3 j_, V3.

Proof: The moment generating function Y, _; X can be upper bounded as

E |exp <>\ <Z X —E [Z Xk])) =E|[]exp (X —E [Xk])] = [ Elexp (Xx — E[X4]))
k=1 k=1 k=1 k=1
- N N2 Yk Vi
oo () (1)
k=1
which completes the proof. |

The follow general Hoeffding inequality follows immediately from Theorem 1.15 and Proposi-
tion 1.16.

Theorem 1.17 (General Hoeffding inequality) Suppose X, k = 1,--- ,n are independent
random variables, and Xy has mean ux and sub-Gaussian parameter vg. Then for all t > 0, we

have
2
P >t <2exp <—n>.
2) k-1 Vl%

Example 1.18 Suppose Xy, k =1,--- ,n are independent random variables satisfying E [Xx]| = pg
and a < X <b. Then for all t > 0, we have

P[ ] <vep ().

Example 1.19 Let us revisit EFxample 1.8 using the Hoeffding inequality, yielding

> (X9 > (o —p)n] < oxp (1021,

k=1

n

> Xk — )

k=1

n

> Xk — i)

k=1

P[S, >an]|=P

which decreases faster than what Chebshev inequality gives.

Remark 1.20 It is evident that a key in establishing the general Hoeffding inequality is that mo-
ment generating function or log-moment (or cumulant) generating function tensorizes well for sum
of independent random variables.

1.3.2 Equivalent Characterizations of sub-Gaussian Distribution?

We have shown that the sub-Gaussian property implies the exponential decay of the tail prob-
ability. In fact, the converse direction also holds true. Moreover, there are several equivalent
characterizations of the sub-Gaussian distribution.

Theorem 1.21 Let X be a mean zero random wvariable. Then the following four statements are
equivalent.

2This part can be skipped if you find it difficult.



1. X is sub-Gaussian satisfying,
E [exp (AX)] < exp (cl)\Ql/Q) for all X\ eR.
2. The tails of X satisfy

2
P[|X]| > t] <2exp <—2> for allt > 0.
CoV

3. The moments of X satisfy
Xz, == (E []X’p])l/p < csvy/p forall p>1.
4. The moment generating function of X? is bounded at some point3,

X2
E {exp <C4V2>:| <e.

Here, ¢;, i =1,---,4 are positive, absolute constants (see the notational remark in the syllabus).

Proof: We will proceed the proof in the following way: 1 =2 =3 =4=1.
1= 2: We have established this above using the Chernoff method.

2=3: W.log, assume c; = 1. Then,

E[IX7] = p / PP > 1) di
0

0o t2
< 2p/ tp_lexp <2) dt
0 14
2

> L1 -s ; t
= p? sz e %ds (letting s = —)
0 1%
= pvPT(p/2) (I'(#) is a Gamma function)
< p? (p/2)P/? (T'(2) < 2%, check this! ).

Taking the p-th root on both sides and noting that p'/? < e (check this!) concludes the proof.

3= 4: As above, we can assume c3 = 1. Then

X\] BT Sy
oo (52)] - X G <X

2
CqV
4 p=0 p=0

— [ 2e\” 1
< () = <e (use p! > (p/e)P, check this!)

provided ¢4 > 2¢/(1 — 1/e).

3The constant e on the righthand side does not have any special meaning and can be replaced by any absolute

constant (similar to different scales of a norm).




4 = 1: Again, we can assume ¢4 = 1. First noting that

A2 n x2
2 202’

Ar <

we have
E [exp (AX)] < exp (A*1?/2) E [exp (X?/(20?))] < exp (\*1?/2) V/E [exp (X2/(12))]

< e'2exp ()\21/2/2) < exp ()\21/2)

provided |A| > 1/v, where the second inequality follows from the Jensen inequality to the function
vz. Thus, it remains to discuss the case |A| < 1/v. In this situation, using the inequality e* <
2+ e* (check this!) we have

E [exp (AX)] < E[AX]+E [exp (\2X?)] =E [exp (\2X?)] = E [(exp (XQ/VQ))()\QVQ)}
=0

(E [exp (x2/v?)])

exp (A1?),

where in the second inequality we utilize the Jensen inequality by noting that Av? < 1. ]

<
<

Exercise 1.22 (Khintchine inequality) Let X, k=1, --- ,n be i.i.d, zero mean, unit variance
sub-Gaussian random variables with parameter v?. Letting a = (a1, -+ ,a,) € R™, show that for
any p € [2,00) we have

n
lalla < 1Y~ arXellz, S vy/pllalls:
k=1

(See the notational remark in the syllabus for the meaning of <.)

At the end of this section we present the following lemma, where a very useful decoupling
technique via the introduction of an independent random variable for auxiliary randomness is used
in the proof. See Chapter 6.1 of [2] for the general decoupling technique.

Lemma 1.23 Let X be mean zero sub-Gaussian random variable with parameter v2. Then

E [exp (AX?)] < ———M,
o0 (O] < o

where the equality holds for X ~ N(0,v?).

Proof: When X ~ N(0,2?), we can establish the equality by direction integral based on the pdf

of the Gaussian distribution.

For a general sub-Gaussian variable X, let Z be an independent N(0,1) random variable.
Noting that

E [exp (\2Z)] = exp <A2x2> ,

2
we have
1
E [exp ()\XQ)] =E [exp <\/ QAXZ)} <E [exp ()\1/222)] < a———
[1—2X\2]/
where the first inequality follows from the sub-Gaussian property of X and the second inequality
follows from the the fact Z is N(0,1). [

10



1.4 Sub-exponential Distributions and Bernstein Inequality

As we have seen from above, sub-Gaussian distribution is an extension of the Gaussian distribution.
In contrast, sub-exponential distribution is an extension of the squared Gaussian distribution. For
simplicity, let X ~ A(0,1) be standard normal distribution and let Z = X2 be x2. Then,

e : 1
B[] = {W_Qw i A<s

not exist, otherwise.

Thus, the moment generating function does not exist over the entire real line. Moreover, since
1—2 > e "7 (check this!) for all z < 1/2, one has

1
E [eW—U} < e/ forall [N < 7.

Compared with (1.4), we see that similar bound only holds in a local neighborhood of zero. This
kind of condition defines the family of sub-exponential distributions.

Definition 1.24 (Sub-exponential distribution) A random wvariable X with mean p is sub-
exponential if there are non-negative parameters (v,b) such that

E [e’\(X_“)} < N2 for all |A| < 1/b.

Example 1.25 (x2-distribution) We have shown that if X ~ N(0,1), then X? is sub-exponential
with parameters (v,b) = (2,4).

Example 1.26 (Exponential distribution) Recall that X has exponential distribution with rate
a > 0 if the pdf of X is given by

o) = {ae‘m x>0

0 x < 0.

=

A direct calculation shows that E[X] = . For simplicity let a = 1. Then we have

o0 e A<
E [e MX —1))] = e*ADe=Agy — T2
fexp (ACX — 1) /0 R

The application of 1 — x > e~ for x < 1/2 yields that

Elexp (AM(X —1))] < X for all Al < %

Bernstein condition based on the moments of X provides an indirect way to verify the sub-
exponential property. More precisely, let X be random variable with mean p and variance o2. We

say Bernstein’s condition with parameter b holds if

1
)E [(X - ,u)k] } < 5]{!02bk_2 for k=3,4,---

11



Lemma 1.27 If X satisfies the Bernstein condition, then X is sub-exponential with parameters

(v/20,2b).
Proof: We have

o2\? a2 X2 \|b 1
LI SR\ < ’|<b>

B a2X\?/2

B 1—|Ab
o222)2

< e T-PB (1.6)
o2(v2))? 1

<e 2 V)N —

<e NEES

which implies X is sub-exponential with parameters (v/20, 2b). |

Exercise 1.28 Let X be a random variable with E[X] = p. Suppose | X — p| < b. Show that X
satisfies the Bernstein condition.

1.4.1 Bernstein Inequality

For sub-exponential distributions we can establish the Bernstein tail, which mixes the Gaussian
tail and the exponential tail.

Theorem 1.29 (Bernstein inequality) Suppose X is a sub-exponential variable with parameters
(v,b). Then

2
1 2t N v
]P’[|X—u]>t]§2exp<—min<2,>>: 2e 7, if 0§t2§ 2
2 v b 272 if t> Y.

Proof: We assume without loss of generality 4 = 0. The application of the Chernoff approach
yields that

PIX —pu>t]<eME [eAX] < e M2y < A < 1),

Optimizing the right hand side with respect to A over (0,1/b] gives the one-sided tail bound.
Consider —X for the other tail bound. |

Example 1.30 Let X be a random wvariable such that | X — p| < b. We know that it is also sub-
exponential with parameters (\/ia, b) where o is the variance of X. Then the Bernstein inequality
implies that

+2

2717, if 0<t< 9

HD[|;XT - /‘| > t} < ot R 2
2e” 26 if 1> %,

12



while the application of the Hoeffding type bound gives

2

PX —p| >t] <2 7.

It is evident that when t is sufficiently large, the Hoeffding type bound is better than the Bernstein
type bound (not a very useful conclusion since it requires t > b). However, it is worth noting that
if t is small, the Bernstein type bound might be better than the Hoeffding type bound since it is
possible that o? < b>.

For sub-exponential variable satisfying the Bernstein condition, we can actually establish the
following slightly improved bound

2
PIX — | > ] < 2exp <—2(02t+bt)) . (1.7)

Exercise 1.31 Prove(1.7). (Hint: Apply the Chernoff method to the inequality (1.6) directly.)

Proposition 1.32 Suppose that X, k = 1,--- ,n are n independent variables, and that Xy is
sub-exponential with parameters (vg,b). Then > p_ (X — i) is sub-exponential with parameters
(vs, by), where

n

= 1/,% and by = max bg.
— 1<k<n

1%

Moreover, if Xy, k=1,--- ,n are i.d.d sub-exponential with parameters (v,b), then Y, _, (X — p)
is sub-exponential with parameters (\/nv,b).

Proof: The moment generating function of »,_, (Xj — ) can be bounded as follows

E lexp (A > (X - Mk))] =[] Elexp A(Xe — )] < [ exp (A%07/2)
k=1 k=1

k=1

where the inequality is valid for all A\ < (maxy by,) L. [ |
The following general Bernstein inequality follows immediately from the last proposition.

Theorem 1.33 (General Bernstein inequality) Suppose that Xy, i =1,--- ,n are n indepen-
dent variables, and that Xy is sub-exponential with parameters (vy,by). Then,

|

+2

1 2t T v2
> t| < 2exp (—min <2>> _JeeE iposi<y
2 vi by 2T if t>

D Xk — )
k=1
where

n
Vf = Z 1/,% and by = max bg.
1 1<k<n
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By last theorem, we have

. 2722 0 <t< VU2

2e" "t > ‘/ﬁbﬂ.

1 n
—= > (Xp—p) zt] <
v k=1
Thus, ﬁ Y p—q(Xk — p) also exhibits two types of tail bounds: Gaussian tail and exponential tail.

2
It is clear that the Gaussian tail region 0 < ¢t < ‘/ETV increases linearly with respect to \/n. Thus,
the exponential tail in the Bernstein inequality does not contradicts the central limit theorem.

Example 1.34 Let Zy, k=1,--- ,n be i.i.d Chi-square variables. Noting that Zj, is sub-exponential
with parameters (2,4), there holds

1 n
= (Zr-1)

P[ -
n
k=1

< 2exp <—gmin (tQ,t)> .

1.4.2 Equivalent Characterizations of sub-Exponential Distribution*

Under a generalized definition of sub-exponential distributions (in for example High-dimensional
probability: An introduction with applications in data science by Roman Vershynin), we may es-
tablish the following equivalence.

Theorem 1.35 Let X be a mean zero random variable. Then the following four statements are
equivalent.

1. X is sub-exponential satisfying,
/
E [exp (AX)] < exp (cl)\QVQ) for all |\ < %1 (1.8)

Note that if X satisfies Definition 1.24, then it will satisfy (1.8) with max(v,b). However, the
resulting Bernstein inequality will be weaker since both v and b will be replaced by max(v,b).

2. The tails of X satisfy

t
P[|X]| > t] < 2exp (—) for all t > 0.
CoV

3. The moments of X satisfy
Xz, = E[XP)'? < csvp forall p>1.

4. The moment generating function of | X| is bounded at some point>,

oo (1]

Here, ¢;, i =1,--- ,4 and ¢} are positive, absolute constants.

Proof: We will proceed the proof in the following way: 2 =3 =4 =2 and 1 & 3.

4This part can be skipped if you find it difficult.
5The constant e on the righthand side does not have any special meaning and can be replaced by any absolute
constant (similar to different scales of a norm).
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2=3: W..o.g, we assume co = 1. Then,
Enmﬂ:p/ PP (| X > t] dt
0

< 2p/ tPLexp (—t/v) dt
0

= 2p’T'(p)
< 2pUPpP.

Taking a p-th root on both sides yields the result.

3 =4: As above we assume c3 = 1. Then,
X\ XE[XP] & ) _ e} 1
E =] = < < —) =" <

provided c¢s > e/(1 —1/e).

4= 2: Assume ¢4 = 1. Applying the Markov inequality to eX/”

, it is easy to see that
PIX >t <e' v,

With the same result for the negative tail, we have

2t
P[|X| > t] < min(2e' 7%, 1) < 2exp (—5 ) ,
v

where in the second inequality we choose a constant ¢ such that both 2e!~%/¥ < 2e=¢*/¥ when ¢ is
greater than some threshold and 2e~<//¥ > 1 when ¢ is greater than the same threshold.

1 =3 Using the numerical inequality |z|P < pP(e® + e~7) for all z and p > 0 (check this!) with
T = # and then taking the expectation yields

e[S el (oo (55) 2o (555))]

/\2
< 2pPexp <01 (612) 1/2> ,
v
which gives 3 after simplification.

A X
v

3=1 Assume c3 = 1 for simplicity. By Taylor’s expansion we have

EmeXM=1+Ewm+§§M%Fﬂ
p=2 ’
L (Apr)?
§1+p§(§!)

15



<1+ Z()\eu)p (use p! > (p/e)?)
p=2

(ev)?

1—dev

<14 2(Xev)? (assume Xev < 1/2)
< exp (2()\61/)2) ,

which concludes the proof with ¢; = 2¢? and ¢ = 2e. [

1.5 Bounded Differences Inequality

In this section, we make our first attempt to extend the concentration inequalities to nonlinear
functions of independent random variables f(Xy,---,X,). The idea is overall similar to that for
the tensorization of variance in Section 1.1: Expressing f(Xi,---,X,) as an incremental or sum
form and mimic the arguments for sum function. To this end, we need the notion of conditional
expectation and martingale. Recalling the notation of Dy, in Section 1.1, the martingale structure
enables us to establish the sub-Gaussian tail once they are bounded.

Theorem 1.36 (Azuma-Hoeffding tail bound) Let {D;}}_, be the martingale difference se-
quence defined in (1.1). Suppose that Ay < Dy < By almost surely for all k > 1, where Ay and By
are functions of X1, -+, Xg_1. If Bp — A < Ly, then for all t > 0, we have

[0
k=1

Proof: Noting that E[Dg| Xy, -+, Xg_1] = 0, repeating the argument in Example 1.14 for a
conditional expectation yields that

2 B. — A 2 )\2L2
E |:6>\Dk|X1> . an:—l:| < exp <)\(kk)> < exp < 3 k> (19)

2t2

> t] <2 ZTioiik

8

Consequently,
E [SAZZzl Dk} =E [E [QAZZ:I Dk‘Xl’ ce 7Xn71H
g [T [y, |

< g [ATE .
Thus, iterating this procedure yields E {eA 2k D k] < N Tk Lt/ 8 which means that Yy Dy is

n 2
sub-Gaussian with parameter v? = #, and an application of the former Hoeffding inequality
yields the desired tail bound. |

Remark 1.37 There are two key ingredients in the above proof: one is the sub-Gaussian type
property but for the conditional expectation; the other one is the tensorization property of the
moment generating function but for martingale difference sequence.
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Exercise 1.38 Write out the details for the proof of (1.9).

Since Azuma-Hoeffding inequality actually shows the concentration of (X7, -+, X,,) around its
mean with the proviso that D are bounded, a natural question will be for which f the corresponding
Dy, are bounded. Next we are going to show that this is the case if f does not fluctuate with each ar-
gument too much, leading to the bounded difference inequality, i.e., the McDiarmid inequality. This
result reveals a connection between stability and concentration: if a function f(x1,---,2;,) is not
too sensitive to any of its coordinates x;, then it is anticipated that f(X;,- -, X,) (X;, i=1,---,n
are independent or weakly independent) is close to its mean. This is also the first concentration re-
sult in this course that is beyond the sum of independent random variables, as well as a benchmark
concentration inequality we will revisit a few times.

Theorem 1.39 (McDiarmid inequality/Bounded difference inequality) Let X;,k=1,---,n
be independent random variables taking values in X, where X is the sample space. Suppose that a
function f: X™ — R satisfies the bounded difference property

L1y 3 Th—1, Ly Tk+1y"" " yTn) — L1y 3 Th—1, Ly Th+1y """ T )| > Lk
A ) — f( i )<L

with parameters (L1,--- , Ly) for all x1,--- ,xpn, ), € X.Then

2t2

Pf(X) —E[f(X)]] > 1] < 2e Zh1 'L

Proof: Define Dy, as in (1.1). By the last theorem we only need to show Dy is bounded. To this
end, define

Ak - H€1§(Ek+1n |:f(X17 o 7Xk717x7Xk‘+17'.‘ 7X7’L):| _Ek:n I:f(X17 o 7Xk717Xk‘7Xk‘+17”' 7X7L):|
x ——————

and

Bk‘ - SugEk-i—l:n |:f(X17 an‘—lvvak-‘rla” : 7Xn):| 7Ek:n |:f(Xla 7Xk‘—17XkaX1€+1a' o 7Xn):| .
e S—

It is clear that Ay < Dy < B} almost surely. Moreover, we have

B — A = jlelgEkH:n [f(le“ s X1,y Xpy1, - 7Xn)} _xilel/fYEk-&-l:n [f(Xlu"' s Xp—1, @, Xppy1, -+ 7Xn)}
< xSyuer Egt1:n |:f(X1,"‘ s X1,y Xgy1, oo ,Xn)] — Egt1m |:f(X17"‘ s Xk—1, Yy X1, ,Xn)H
nyuepx Ek+1:m |:f(X17"' s Xi—1, @y X1, Xn) — (X, Xpem1, 9y Xigr, o 7Xn):H
< L,

as desired. -

Exercise 1.40 Show how to prove the result in Example 1.18 using the McDiarmid inequality.
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Example 1.41 (Rademacher complexity) Let {c}}}_, be an i.i.d sequence of Rademacher vari-
ables, namely

1
]P)[Ek = 1] :P[Ek: —1] = 5,
and let € = (e1,--+ ,&,). Gien a subset A of R"™, define the random variable
7 = sup arer | = sup [{a, e
acA [kzl ] acA [< >]

The Rademacher complexity, denoted R, (A), is defined as the expectation of Z,
Rn.(A) =E[Z].

Here the random variable Z and its expectation measures the size of A based on the Rademacher
sequence. Roughly speaking, it measures the “diameter” of the set in different directions randomly
and then computes the average. (when it is not clear how to do, try randomly). They also reflect
how strong the set A looks like a random set defined by the Rademacher sequence. For example, if
A ={1,-1}", then it is equal to ¢ in certain sense.

We want to show that the McDiarmid inequality can be used to establish the concentration of
Z. Define

f(z1,--+ ,x,) = sup [Z akxk] x € {1,—1}.

acA 1

it suffices to show that f satisfies the bounded difference property. To this end, we have

/
flxy,--- 7xkflaxkaxk+17xn) — f(@1, -+ T1, Ty, Ty 1, Tn)
= sup E akmk] — sup g a;T; +akxk + E a;x;
aEA j=k+1

n
< sup (Z akxk> — Zajxj —i—akxk—i— Z a;Tj
k=1

acA i j=k+1

= sup ag (T — x},)
acA

< 2sup |ag/,
acA

where the last line follows from the fact xy, € {1,—1}. Similarly, we have

f(xh T a$k—1’x;gaxk+lal'n) - f(xla e 7$k—17xkaxk+1,xn) < 25u3|ak|'
ac
Consequently,
|f(z1, @, @ Thog1, ) — f(T1, 0 B, Ty Thog1, Tn)| < 25D Jag|.
acA

18



Thus, by the McDiarmid inequality we can see that Z is sub-Gaussian with parameter v?> =

S SUpaea |ak|?. Later, we will show that this parameter can be sharpened to supge 4 > p—q |ax|?.
To some extend, this has motivated the development of other machinaries for establishing the con-
centration inequality. In order to achieve the goal, we need to exploit more structure of f, for
example the convezity of it.

Example 1.42 Let Xz, k= 1,--- ,n be bounded random vectors in R? satisfying E[Xz] = 0 and
| Xk|l2 < B. We want to study the concentration of

1 n
n 2

around the mean E [H% > orq XkH2]. Let f(x1, -+ ,x,) = H% > ory a:kH2, where x3, € R™. Then, by
triangular inequality

2

1 2B
|f($1a"' sy Lk—1s Lhy k41, " 7$n) - f(xlf o 7$k—17x;c71"k+1>"' 71:n)| < Eka _:B;QHQ < 7

Thus, the application of the bounded difference inequality yields that
1 o R nt?
Pl||l— X — X >t <2 — .

If we further assume E [|| Xz||3] < o?. Then
o7\ 1/2

2

nt?
< - | .
P [ < 2exp < 232>

Remark 1.43 The bounded difference inequality is very useful and the next two lectures are essen-
tially about generalizing the bounded different inequality by considering different f and (X1, -+, X,).

—E

2

E

Lo 1/2
S NCE [)1X,12 < 7
(ng 2 Il k”Q]) <

1 n
w2 i

1n
— X

Consequently, we have

n

> ¥

> 7 4y
" ~Vn

n

S

2

1.6 Two Simple Applications

1.6.1 Random Game

Suppose you are playing a very simple game with your friend and decide whether a coin is in his
left or right hand after a number of queries with him. In each query, he will give you an answer.
However, he only gives you the right one with probability %—1—5 for a small § > 0. Thus, if you make
a decision after only one query by using his answer, this is pretty much equivalent to a random
guess since ¢ is small. Here is strategy that can guarantee a correct decision with high probability:
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query your friend n times and then make a majority vote. Then we can show that by doing so you
can have the correct answer with probability 1 — & provided

1 1
> — - . .
nZ 55 log <€> (1.10)

To show this, let X} be random variable corresponding to the k-th query, defined as

¥ 1 wrong answer is given
k= L

0 correct answer is given.
Consequently,

]P’[szl]:%—é and P[szo]zéw.

Moreover, letting S, = Y _; X}, it suffices to bound the probability
n
P [Sn > 5} .

First we have E[S,] = (3 — d)n. Moreover, since X;, € [0,1], it follows from the (one sided)
Hoeffding inequality (see Example 1.18) that

P [Sn > g} =P[S, —E[S,] > dn] <exp (—252n) .

At last, it is not hard to see that the righthand side of the above inequality is smaller than € as
long as (1.10) is satisfied.

1.6.2 Random Projection and Dimension Reduction

Suppose there are n vectors {1, -+ ,z,} in R?. If the data dimension d is too large, it might be
expensive to store and manipulate the data. Thus, we want to project these vectors onto a lower
dimensional space while preserve certain essential features.

Let P € R™*? be a projection matrix which maps each vector z; to a m dimensional vector
Px;. We are interested in those projections that can approximately preserve the pairwise distance
of the vectors. More precisely, given some tolerance § € (0,1), we hope that:

(1= 0)llwi — @jll3 < || Pzi — Pajll3 < (1+6)l|lzi — ayll3,  for all 2; # . (1.11)

The problem of finding a projection which satisfies the condition (1.11) is typically known as the
Johnson-Lindenstrauss embedding. Constructing such a projection which can satisfy the condition
with probability at least 1 — ¢ turns out to be straightforward as long as the projected dimension
is lower bounded as

m > 62 log (ﬁ) , (1.12)
€
with the projection matrix given by

P = A/\/m, where the entries of A are i.i.d N'(0, 1) entries. (1.13)
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Let ag, k=1,---,m denote the k-th row of A. For any fixed vector € R? of unit norm (i.e.,
|z||2 = 1), by the basic property of Gaussian distribution, we have that af z ~ N(0,1), so |a} x| is
a Chi-square random variable. Moreover, there holds

m

E[|Pal] = B [Z \asz] -1

k=1

Thus by the Bernstein tail bound in Example 1.34, we have

I 72

EZ |ajx|” —1
k=1

Note that (1.11) is equivalent to

mo?

P[||Pz|3—1] >6] =P [ > 5] < 2exp <—8> , forée(0,1). (1.14)

2
-1
2

<90, forall z; # x;.

P
|zi — @2

Therefore, for the construction of P in (1.13), the utilization of (1.14) yields that

2
> § for some x; # xj] < 2<Z>exp <—m§> <e

provided (1.12) holds. In other words, the approximate isometry property (1.11) can be guaranteed
with high probability if projecting the data onto a lower dimension via Gaussian random projection.

2
-1
2

J,‘i—l’j

lzi — ;|2

P

I

Reading Materials

[1] Martin J. Wainwright, High-dimensional statistics — A non-asymptotic viewpoint, Chapters
2.1 and 2.2.

[2] Roman Vershynin, High-dimensional probability: An introduction with applications in data
science, Chapters 2.5, 2.6, 2.7 and 2.8.
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High Dimensional Probability and Statistics 2nd Semester, 2023-2024

Lecture 2: Herbst Argument and Entropy Method
Instructor: Ke Wei Scribe: Ke Wei (Updated: 2024/03/19)

Recap and Motivation: In Lecture 1 we have discussed the sub-Gaussian and sub-exponential

distributions and the corresponding tail bounds for sums of independent random variables and

functions satisfying the bounded different property. Our next goal is to extend the concentration

results to other interesting functions. We will restrict our attention to the sub-Gaussian type tails

while some of the techniques may also be applicable for establishing the Bernstein type bound.
Define the log-moment (or cumulant) generating function of a random variable X as

¥(A) = logE [exp (A(X — E [X]))]. (2.1)
The sub-Gaussian property can be equivalently expressed as

P(A) < A2 forall AeER. (2.2)

By the Chernoff bound we know that the sub-Gaussian property immediately implies a Gaussian
tail bound (they are indeed equivalent). Moreover, the sub-Gaussian property can be established
for sums of independent random variables and functions obeying the bounded difference inequality.
As already seen, the proofs rely essentially on the tensorization property (or a martingale difference
sequence variant) of the log-moment generating function defining the sub-Gaussian property, i.e.,

logE |exp ()\Z (X —E [X;J))] < ZlogE [exp (A (X — E [Xk]))]-
k=1 k=1
However, for more complicated functions f(Xi,---,X,) arising from the applications than

sums of independent random variables, the above tensorization property hardly holds. That is, the
sub-Gaussian property in terms of the (log-)moment generating function overall does not tensorize
well. To mitigate this issue, one idea is to introduce an alternative formulation of the sub-Gaussian
property that behaves well under tensorization.

In this lecture we will study the sub-Gaussian property based on certain entropy function and
establish a concentration inequalities for more general f. To motivate this, let us recap the calculus
method that is used in the proof of the sub-Gaussian property for bounded random variables. First,
a simple calculation yields that

¥(0)=0 and +'(0)=0.

Thus in order to establish the sub-Gaussian property (2.2), it suffices to show that
Y"(\) Sv? forall AeER.

Noting that (2.2) is equivalent to

PN /A< AP forall A eR,



it also suffices to show that

L w)/A) 2 (23)

Though this is a trivial reformulation, it will lead to a more powerful method for proving concen-
tration inequalities. Moreover, it turns out that (2.3) can be related to a type of entropy function
that tensorizes well.

Agenda:
e Entropy
e Herbst argument and tensorization
e Modified log-Sobolev inequality and entropy method

e (Gaussian concentration

2.1 Entropy

Definition 2.1 The entropy of a positive random variable Z, denoted Ent [Z], is defined as
Ent[2] = E[¢(2)] — $(E [2]) = E [Z log Z] — E 2] log E ],

where ¢(t) = tlogt.

Remark 2.2 Note that the entropy defined here should not be confused with the Shannon entropy
which is roughly about on average how many bits are needed to store a random variable.

Exercise 2.3 Show that ¢(t) = tlogt is a convex function and thus Ent [Z] > 0.
Remark 2.4 Given any convex function ¢(t), we can define the Bregman distance (divergence) as
D(yllz) = ¢(y) — ¢(z) — ¢ (z)(y — x).
With this notion, it is easy to see that
Ent [Z] = E[D(Z|E[Z])] (2.4)

for ¢(t) = tlogt. That is, Ent [Z] is the average Bregman distance between Z and E[Z]. Moreover,
by simple calculus, one has

Ent [Z] = %r>1(f]IEl [D(Z]|t)] . (2.5)
Note that the definition of entropy in (2.4) is overall similar to that of variance,
Var [Z] =E [(Z - E[Z])?],

but with a different metric. Thus, it is reasonable that entropy can tensorize well like variance.



Example 2.5 (Entropy of exponential of Gaussian) Let X ~ N(0,02). We have
Ent {eAX} =E {eAXlog (GAX>} —E [eAX} log (E [e)‘XD
2252
=E [)\XeAX] —-E {e’\X] log (e2>
1
= 5\ 0%E [eAX} forall NeR,
where we can use dE [e’\X] Jd\ =E [Xe)‘X] to calculate the first term in the second line.

Exercise 2.6 Show that Ent [e’\(X+C)] = ¢’ . Ent [e)‘X] for any c € R.

Lemma 2.7 (Entropy of exponential and MGF) Let () be the log-moment generating func-
tion defined in (2.1). We have

Ent [e’\X ]
—— 4 = () —p(N).
o = WO~ v
Proof: The result follows from the definition and E [X erX ] = d%E [e)‘X } Note that X is not

necessarily mean zero though it is centered when defining ¥(\). ]

Example 2.8 (Entropy of exponential of bounded random variable) Let X be mean zero
and supported on [a,b]. By Lemma 2.7, we have

1 €>\X
Exat[gm} = X/(A) = () = () = (V)] = [0+ 2'(0) — (0)]
A

- [ e
(b _ a)2 A

<O [Cea

_ N(b—a)?

Sl

where the inequality follows from the bound for ¥"(§), see Example 1.13 of Lecture 1. Thus,

B [¥] < 20— g o).

Lemma 2.9 (Variational formula of entropy) Let Z > 0 be a nonnegative random variable.
Then,

Ent [Z] = sup {E[ZX]: X is a random variable satisfying E [eX] =1}
=sup{E[Z (logY —logE[Y]): Y > 0]}.

Proof:  Note if letting X = log(Z/E[Z]), then it is not hard to show that E [eX] = 1 and
E[ZX] = Ent [Z]. Thus, it suffices to show that

Ent[Z] —E[ZX] >0



for all X satisfying E [e*] = 1. Note that Ent [Z] — E [ZX] can be expressed as
Ent[Z] -E[ZX]|=E [(e X Zlog (e7*2)) e*] —E [(e*Z) e*]logE [(e=¥Z) ]

Since E [eX ] = 1, if we define the new probability dQ = eX dP where P is the probability distribution
defining Z and X, then Ent[Z] — E[ZX] is indeed the entropy of e~XZ under the probability
distribution, i.e.,

Ent [Z] - E[ZX] =Entg [e ¥ Z] >0, (2.6)

where the inequality follows from the nonnegative property of entropy.
The second equality follows simply from the fact that

E[eX] =14 3Y > 0such that X =logV —logE[Y].
The proof is complete now. ]

Lemma 2.10 (Exchangeable bound for entropy) Let Z and Z' be two i.i.d positive random
variables. Then,

Ent[Z] < %E (Z—-Z")(logZ —1og Z")] .
In particular, for two i.i.d random variables X and X',
Ent [eX] < %E [(eX — X)X - X’)}
Proof: By the definition of entropy, one has

Ent[Z] =E[Zlog Z] — E[Z]logE [Z]

E
E[Zlog Z] — E[Z]logE [Z']
<E[ZlogZ] —E[Z]E [log Z']
E[Z(log Z —log Z')] .

E
E

Similarly, one has Ent [Z'] < E[Z'(log Z" — log Z)] . Combining the them together yields the first
result and the second result follows immediately from the first one. ]

2.2 Herbst Argument and Tensorization

2.2.1 Herbst Argument

The examples above reveal a connection between Ent [e)‘X ] and E [eAX ] for certain sub-Gaussian
random variables. It turns out this relation can be used to define the sub-Gaussian property, which
follows from the Herbst argument.

Theorem 2.11 (Herbst) Suppose that

2,2
Ent [eAX] < )\—VIE [e)‘X} forall X >0. (2.7)
Then X satisfies the bound

W(\) = log E [exp (A(X — E [X]))] < %)\%2 for all A > 0. (2.8)
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Proof: The proof is indeed based on the argument sketched around (2.3). First note that

lim v =0. (check this!)
A=0 A

EECOE

Moreover, condition (2.7) can be used to provide an upper bound for d (@) since there holds

Consequently,

¢
d (v©\ 1, , 1 Ent[e8Y]  1&2?2 12
i (70) - @ @ O-w0) - ggpay <@ty — g ral €20

where the second equality follows from Lemma 2.7 and the inequality follows from (2.7). Inserting
this bound into the integral yields that

(A

RAANS
<

2 222
- <
5 = () < 5

as claimed. ]

Remark 2.12 The fact Ent [eA(X“‘C)] = e’ . Ent [eAX] implies that if X satisfies (2.7), so does
X +c. That is why we do not need to center the random variable in (2.7), but are still able to obtain
a result for a centered random variable in (2.8). Indeed, the random variables we are interested are
in the form of f(Xi,---,X,) which are generally not mean zero.

The following proposition follows immediately from Theorem 2.11, showing the sub-Gaussian
property can be defined based on the relation between Ent [e)‘X ] and E [eAX ]

Proposition 2.13 (sub-Gaussian property via Entropy) Suppose

A2

Et[AX}<
nt |e <

E [e’\X} forall XeR. (2.9)
Then, X is sub-Gassuain with parameter v.

Exercise 2.14 Prove Proposition 2.13. (Hint: apply Theorem 2.11 to —X and —\ in the case
when (2.9) holds for A <0.)

Remark 2.15 The above proposition provides a new perspective for sub-Gaussian distribution
through the comparison of entropy of exponential and MGF, which enables us to avoid bound-
ing MGF directly. This is very useful in establishing sub-Gaussian property of nonlinear functions
since entropy tensorizes well which allows the comparison of entropy of exponential and MGF in a
coordinate way.



2.2.2 Tensorization of Entropy

The entropy has a nice tensorization property for functions of independent variables which enables

us to bound the entropy of random variables in the form of g(Xi,---,X,) in a coordinate-wise
manner. To present this property, let us first introduce a new notation. Let Xq,---,X,, be
independent random variables. Given g : X" — [0, 00), we define Enty [¢(X1, -+, X,,)] as

Entk‘ [Q(Xla e 7X7’L)] - Ent [9(3717 T 7xk717Xk7wk+17 U 7:1;71)”

r1=X1," k- 1=Xk-1,Tp+1=Xp 41, Zn=Xn

In other words, Enty [¢(X1,- -+, X,)] is the entropy of g(Xi,---,X,,) with respect to the variable
to X}, only, while the others keep fixed. Note that Enty [g(X7, -+, X,,)] is still a random variable,
a function of Xl, ce an’—lan-‘rla s ,Xn.

Theorem 2.16 (Tensorization of entropy) We have
n
Ent [g(le e aXn)} S E ZEDtk [g(le e aXn)] )
k=1

where X1,--- , X, are independent.

As already noted, entropy can be viewed as another expected quantity to reflect fluctuations of
random variables, and it is natural to anticipate entropy tensorizes similarly as variance (see Lec-
ture 1 for tensorization of variance). This property allows us to deduce a bound for functions of
independent random variables from bounds for functions of each individual random variable, thus is
very helpful for studying high dimensional problems. If we think Enty [-] as the way of quantifying
the random in the k-th mode (when average out the other random variables), the theorem implies
that the randomness of the joint distribution is less than or equal to the sum of the randomness
of all the modes. Compared to MGF, this property implies that for any form of g, we
can control the entropy of g(Xi,---, X,) by considering the entropy of each coordinate,
which means entropy tensorizes better than MGF. The proof of this theorem is based on
the variational form of entropy.

Proof: [Proof of Theorem 2.16] Let Z = g(X1,--- ,X,) and define
Up =logE[Z| Xy, -+, Xp] = 1log E[Z] Xy, -+, Xjpq].

Then we have

Ent [Z] =E(Z (log(Z) — logE[Z])] = > E[ZUy].
k=1

Thus, it suffices to show that E [ZU| X1, -, Xp—1, Xkt1, -+, Xn] < Entg [Z]. To this end, let us
fix
Xla te 7Xk—17Xk+17 U aXn

and consider

ZUy, = Z (Iog E[Z] X1, , X¢] = log E[Z|X1, -+ , X_1])



as a function of Xj. Noting that Ex, [E[Z|Xy, -, X}]] =E[Z]X1, -, Xk_1] due to the indepen-
dence of all the X, the application of Lemma 2.9 with respect to X; immediately that

E [ZU/{:|X17 e 7Xk’—17X/€+17 T aXn] S Entk [Z]7
which completes the proof. [ |

Exercise 2.17 Verify that the equality in the tensorization property holds for

g(Xh' e 7Xn) = €xp <)\2Xk> 5
k=1

where X1,--- , X, are independent.

Example 2.18 (Bounded difference inequality revisited) In this example, we are going to
show that the bounded difference inequality can be proved in an alternative way based on the Herbst
argument (Theorem 2.11) and the tensorization property (Theorem 2.16). Recall that a function f
satisfies the bounded difference property if

L1y 3 Th—1,Lhky Tk+1y"" " yTn) — L1y 3 Th—1, Ly Th+1y" " yTn)| > Lk
| £( ) — f( i )<L

with parameters (L1, -+ , Ly) over the range of the independent random variables X = (X1,--- , Xp).
Thus, when fiving X1, , Xp—1, Xga1, -, Xn, f(X1, -+, Xp) can be viewed as a bounded random
variable which locates in an interval of length at most L. Then it follows from Example 2.8 that

I

N2L?
Enty, [e’\f(Xl”"’X")} < 5 kR, [ekf(Xl’“”X")}

where Ey, [-] means taking expectation with respect to Xy only. Furthermore, letting (X1, -, Xp) =
M X1 Xn) yhe tensorization property implies that

Eng [ (¥ X0 < f: A28L iy By [/ 60 0]]

k=1
2 [~ Li A (X1, Xn)
= )\ —_— E |: 1, s An :| .
> 5 |Ele
k=1
Thus, by the Herbst argument, we know that f(X1,---,Xy,) is sub-Gaussian with parameter v? =

n 2
% and the tail bound in the bounded difference inequality follows immediately.

2.3 DModified Log-Sobolev Inequality and Entropy Method

As demonstrated in the last example, in order to apply the Herbst argument and the tensorization
property to establish the sub-Gaussian tail, it remains to bound Enty [eAf (le'"X")]. In a more
general setting, this can be achieved by the modified log-Sobolev inequality! (MLS), which is
the last piece of the entropy method. In a nutshell, MLS controls the entropy of e’ X) by the
fluctuation/gradient of the function f.

!Overall, Sobolev inequalities are a family of inequalities which control the energy of functions by that of their
derivatives.



Lemma 2.19 (MLS) Let f: X — R be a single variable function. Define

D™ f(a) = f(x) — inf f(2).

zEX

Then for any A > 0 we have

where ¢p(x) = e * +x — 1.
Proof: By (2.5), we have

Ent [Z] :%ggE[ZlogZ—Zlogt—Z—i—t].

Thus, letting Z = e &) yields that

Ent [e/\f(x)] = %n(f)E [/\f(X)e’\f(X) — MX ogt — M) 4 t}
>

<E [ Af(X)M O — M D16g (exinfz f(Z)> _M(X) | int f(Z)]
= E [{AJ(X) = Ainf f(2) = 14 M OPRARE A ] A0
—E |6 (ADf(X)) M)
The second inequality in the lemma simply follows from the fact ¢(x) < %332 for z > 0. [ |
When f : X" — R is a multivariable function, applying the MLS conditionally to each

Enty, [eAf (le"”X”)] leads to the following theorem which can be viewed as an generalization of
the bounded difference inequality.

Theorem 2.20 (General bounded difference inequality) Let x = (x1,--- ,x,) and define

D’;f(l') = f(xlf" y Lk—1y Ly Tht-15 " 7xn) _zlgj‘(f(xl’ y Lk—1, 2, L1, " 7xn)7
D:([L’) = Sugf(wla'" sy Tk—1,2, Tle41," " * 7$n) - f(wla"' sy Tk—1,Lhy Thet-1," " * 7‘7:71)-
zE

Let X1,---, X, be i.i.d random variables. If Y p_, |D,;f(x)|2 < v2, then we have

2
FIFX ) 2 B Xl +1] <o (0
1
Similarly, if 3 3y ]D,:f(x)ﬁ < v2, we have

2
]P[f(Xla"' 7Xn) SE[f(Xla"' 7Xn)] —t] < exp <—;2>

D)



Proof: If we fix Xy, -+, Xp_1, Xgt1, -, X, and consider f(Xq,---,X,) as a function of Xy,
the application of the MLS yields that

1
Enty, [ekf(le"»X")} < 5B [IAD,: F(X1, e, Xp) PN X)) oy >0,

By the tensorization property of entropy, we have

Ent [ekf(xl"”’xn)} < ZH:E [Entk [eAf(Xlr-an)H

k=1
n

1 - e
SE [)\2 (Z Dy f(X1, - ,Xn)2> M (X1, ,Xn)]

k=1

IN

22
< g [ ).
- 2
The upper tail bound follows immediately from the Herbst argument and the Chernoff method.
The lower tail bound can be established by considering — f. ]

Remark 2.21 Let
Dkf(x) = Supf(xlv'" sy Lk—19 R, Th+1y " " a$n) - H;ff(.’lj‘l, sy Lk—19 Ry Th+1y" " ,l‘n).
z

Note the tail bound obtained by the bounded difference inequality is of the order exp (—t*/ > _j_, || Di.f()[|%)
while the tail bound established here is of the order exp (—t2/|| Y1 |Dif(2)|*|lsc). It is trivial that

1> %y 1Dk ()P, < Sohei IDkf(2)]1%,. Moreover, there are cases ||y |Dif(z)[?||, can be
sufficiently smaller than > p_, || Di.f(z)||%. Thus, the bounds of Theorem 2.20 are an improvement

over that in the bounded difference inequality. This is due to the fact entropy function tensorizes

better than the moment generating function.

Note that the upper and lower tail bounds here are essentially asymmetric: the upper bound is
controlled by > j_, |Dy f(X)|? while the lower bound is controlled by > j_; | D} f(X)[>. There are
problems where it is may be not clear how to bound one of them. Howewver, if the function f satisfies
a stronger condition, it is still possible to obtain a two-sided tail bound from the single bound of
py |D,;f(X)]2. The machinery needed to prove such bounds are discussed in the next lecture.

From the general bounded difference inequality we can obtain the following proposition which
is relatively easier to manage. Recall that a function f : X" — R is separately convex if for each
i=1,---,n, it is a convex function of its i-th coordinate while the rest of the coordinates are fixed.

Proposition 2.22 Let Xi, k=1, ,n be independent random variables taking values in an in-
terval [a,b] and let f : [a,b]™ — R be a separately convex function which also satisfies the Lipschitz
condition |f(x) — f(y)| < L||x — yl||2 for all x,y € [a,b]™. Then, for allt >0,

t2
Pf(X1,- Xn) Z E[f (X0, -, Xn)] +1] <exp <—W>

Proof: For ease of presentation, we assume the partial derivatives of f exist (Otherwise we can
adopt a standard approximation argument). Letting ) be the random variable at which

inf f(1, STt T, )

9



is achieved. Then it follows from the separately convex property of f that

D];f(m) = f(':vla L1, Tk Tl 1y " 7xn) - Hzlff(xh oy T—1, 2, L4150 axn)
= f(wla Ty Tk—1, Tk Te+15 """ 7:CTL) - f(xla T axk—17x§g7xk+lv T >$n)
< O f(x)(z) — ). (use the separately convexity here)

It follows that
S OID f@)P <> 0 f (@) (ke — )
k=1 k=1

<Y Gif@)(b—a)?
k=1
= [Vi(@)3(b —a)* < L*(b - a)?,

where ||V f(x)]|2 < L follows from the Lipschitz condition of f (check this!). The upper tail bound
then follows immediately from Theorem 2.20. ]

Remark 2.23 The lower tail cannot be established by considering — f since it is a concave function.

Example 2.24 (Sharper upper bounds on Rademacher complexity) Let us revisit Exam-
ple 1.43 of Lecture 1, which is about establishing an upper tail bound for

n
Z = sup Zakak ,
acA b1
where e,k =1,--- ,n are i.i.d Rademacher variables. Let
n
f(z1, -+ ,xn) = sup [Z akxk] , o e {1,—-1}.

acA =1

Since f is a supremum of a collection of linear function, it is a convex function and hence separately
convex. Moreover, it is not hard to show that (check this!)

[f(@1, e an) = f(2h, - ay)] < sup[laflz]lz — 2|2,
acA

/

where x = (x1,--+ ,x,) and o' = (2}, -+ ,al) That is, f is Lipschitz with parameter sup,c 4 ||all2-

Thus, it follows from Proposition 2.22 that

2
Pf(er, e+ sen) ZE[f(er, - sen)] + ] < oxp <‘w) -
ac

Note that the quantity sup,c 4 ||lal|3 (the squared Euclidean width of the set) used in the upper bound
here may be substantially than Y, _, Supgec .4 ai established in Lecture 1.

10



2.4 Gaussian concentration

Lastly, we present a classical concentration inequality of standard Gaussian random variables. The
proof of the inequality requires a type of Gaussian log-Sobolev inequality which is listed below
without proof. Interested readers are referred to Chapter 3.4 of [2] or Chapter 5.3 of [3] for a proof.

Lemma 2.25 (Gaussian log-Sobolev inequality) Let Xi,---, X, be a collection of n inde-
pendent standard Gaussian random variables, and let f : R™ — R be a continuously differentiable
function. Then

Bat [f2(X1,+, Xa)] < 2E[IVA(G, - X))

To see why the above inequality is referred to as a type of log-Sobolev inequality, assume for
simplicity f is single variable function. Then by the chain rule we have

Ent [eAf(X)} < %E {])\f'(X)Fe)‘f(X)} , forallAeR

which is analogous to the one give in Lemma 2.19, but with the discrete gradient replaced by the
calculus gradient. Similarly, when f is a multivariable function, we have (check this!)

1
Ent [ekf(Xh'“van < JE [HWf(Xl, . ,Xn)ng)‘f(Xl"”’X")] , forall \eR (2.10)

Theorem 2.26 Let Xy, -+, X, be a collection of n independent standard Gaussian random vari-
ables. Let f :R™ — R be a Lipschitz function with parameter L > 0. That is, for any x,y € R,

[f (@) = f(y)l < Lz = yll2-
Then f(X1,-, Xn) —E[f(X1, -+, Xy)] is sub-Gaussian with parameter v?> = L2, and hence

t2
P[’f(Xla"' vXn) _E[f(Xla"' 7Xn)” > t] < 2exp <_2L2> .

Proof: We may assume f is differentiable (otherwise we can use an approximation argument).
Then ||V f(X1, -+, Xp)|l2 is bounded by L (check this!). It follows from (2.10) that

2172
Bt [0 X0] < AL [ ]
-2

Then claim follows immediately by the Herbst argument. |

Example 2.27 (Gaussian complexity) Let X1,---, X, be an i.i.d sequence of N'(0, 1) variables.
Given a set A € R", define the random variable

n
Z = sup Zaka = sup (a, X),
acA =1 acA

where X = (X1, ,X,). The Gaussian complezity, denoted G,(A), is defined as the expectation
of Z,



which is another way to measure the complexity of a set (cf. the Rademacher complezity).

Define f(x1, -+ ,xn) = SuPaeq [ peq akTr). Since f is a Lipschitz function with parameter
SUPgc 4 ||all2 (check this!), by the Gaussian concentration inequality we know that Z = sup,c 4 (a, X)
is sub-Gaussian with parameter v* = sup,¢ 4 ||all3.

Example 2.28 (Singular values of Gaussian random matrices) Let A € R"*"™ be a random
Gaussian matriz whose entries obey the i.i.d standard Gaussian distribution. Let oi(A) be the k-th
largest singular value of A. By Weyl’s theorem (this can be found in any standard linear algebra
textbook), we have

lok(A) = op(AT)| < |A = A||p.
That is, o (A) is Lipschitz with parameter 1. Therefore, we can conclude that o (A) is sub-Gaussian
with parameter v = 1.
Reading Materials

[1] Martin Wainwright, High-dimensional statistics — A non-asymptotic viewpoint, Chapter 3.1.
[2] Ramon van Handel, Probability in High Dimension, Chapters 3.3, 3.4.

[3] Stéphane Boucheron, Gébor Lugosi, and Pascal Massart, Concentration inequalities: A nonasymp-
totic theory of independence, Chapters 5.3, 5.4, 6.1, 6.3, 6.4, 6.6.
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High Dimensional Probability and Statistics 2nd Semester, 2023-2024

Lecture 3: Lipschitz Concentration and Transportation Method
Instructor: Ke Wei Scribe: Ke Wei (Updated: 2024/03/15)

Recap and Motivation: In this lecture, we take a reverse route by fixing the family of functions
and then asking for what kind of random variables concentration phenomena will display. In
particular, we will consider Lipschitz functions.

Definition 3.1 Letting (X,d) be a (measurable) metric space, we say a function f : X — R is
L-Lipschitz if |f(z) — f(y)| < Ld(z,y) for all x,y € X.

Remark 3.2 Note that in this lecture X can used to denote a single metric space or a product
metric space, which should be clear from its context. In addition, the Lipschitz condition is indeed
equivalent to f(x) — f(y) < Ld(z,y) for all x,y € X since d(z,y) = d(y, ).

In the last lecture we have already seen a result about concentration of Lipchitz functions - Gaussian

concentration. That is, letting Xi,---, X, be i.i.d standard Gaussian random variables taking
values in X = R, if f : R® — R is a Lipschitz function with respect to the || - |2 norm, then
f(Xq, -+, X,,) presents the Gaussian type concentration. It is natural to study the general principal

for the concentration phenomena of Lipschitz functions and answer the following question:

Given a Lipschitz function f under certain metric defined on Q,_, Xi, for what kind
of (X1,--+,X,) or under what probability measure on @j_; Xi, f(X1,---,X;) will be
sub-Gaussian?

As in the entropy method, there are two key ingredients in the analysis: 1) a new characteri-
zation of the sub-Gaussian property based on the Wasserstein distance (known as transportation
lemma), 2) a tensorization property (known as Marton theorem) which can transfer the problem
from the general n case to the n = 1 case.

In fact we can also express the bounded difference inequality as the concentration of Lipschitz
functions under a properly chosen metric. Let (X1,---,X,) be a vector of independent random
variables taking values in Q) _; Xy := &1 X --- x X,. For any function f : Q) _; X — R satisfying
the bounded difference property

|flze, - a1, T Thg1, o5 @) — f(21, - Th1, Ty Thy1, - -5 T0)| < L,
f(X1, -+, X,) has the Gaussian type concentration. To rephrase this result into a concentration
result of Lipschitz functions, first define the following weighted Hamming metric on X1 X -+ - X X,
. 1 if g, #
dr(z,y) = ;Lkl{xﬁgyk}, where 1g,, 21 = {0 i 2= e

Exercise 3.3 Verify that dp(-,-) is a metric.



Assuming f satisfies the bounded difference property, it follows that

n

F@) = F) =) (fl@n,  @het, Ty Yoty 2 Un) = L1, Thet, Yo Yo+ > Yn)
k=1

n
= Z Lkl{ﬂﬁk#yk}
k=1

= dL(x,y).

That is, f is 1-Lipschitz under with respect to the metric dy. Therefore the bounded difference
inequality can be rephrased as: Assume f is 1-Lipschitz under with respect to the metric dy,. Then
for any independent random variables Xy, -, Xy, f(X1, -+, X,) is sub-Gaussian.

Agenda:
o KL divergence, Wasserstein distance
e Transportation lemma and tensorization
e Talagrand concentration inequality

e Short summary

3.1 KL Divergence, Wasserstein Distance

In this section we introduce two notions, KL divergence and Wasserstein distance, to measure the
divergence or distance between the two probability distributions. These two distances are not only
useful here but actually widely used in machine learning. Of course there are other divergence
measures which will be introduced in the due course.

3.1.1 KL Divergence
Definition 3.4 (Kullback-Leibler (KL) Divergence) Given two probability measures P and
Q, the KL divergence (or relative entropy) of Q with respect to P is defined as

Entp {‘fi%} fQ<P

D(Q|P) = .
s} otherwise,

where Entp [-] means computing the entropy (see Definition 2.1 of Lecture 2) of dQ/dP under the

probability distribution P.

Remark 3.5 The KL divergence quantifies the difference of P and Q using the randomness of
Q relative to P. Thus, KL divergence is also known as relative entropy. Given two probability
measures P and Q, Q < P means Q is absolutely continuous with respect to P, namely, there exists
a (real-valued) nonnegative random variable Y (x) with Ep [Y] = [, YdP =1 such that

Q(A) =Ep[Y14] for any measurable A.



If P and Q have densities with respect to some underlying measure u (e.g., take p = P+Q), denoted
p(x) and q(x), then

@mwaﬁawmmo=A?g&@mwm=m%§3y

and thus Y can be chosen to be Y (x) = q(z)/p(z).

Remark 3.6 (Equivalent definition of KL-divergence) By the definition of entropy', we have

d d d d
s[5 [ §]ee[3

) o)

If both P and Q have densities with respect to some underlying measure (i, then

q(x)
D(Q|P :/ q(x)log ——=pu(dx). 3.2)
(@) = | afz)log 273 (
In particular, when x is a discrete space and P and Q are discrete probability distributions, we have
x
DIQIE) = Y afa)log 4. (33

reX

Note that D(QJ|P) is not a metric (D(Q||P) # D(P||Q) in general, give an example!). However,
we do have the following lemma.

Lemma 3.7 D(Q||P) > 0 and the equality holds if and only if P = Q (almost everywhere).
Proof: Use the definition in (3.1) and Jensen’s inequality (noting that log x is strictly convex). m

Example 3.8 Let P = N (u1,0%) and Q = N(ua,0?). Then

—(X —p2)?  —-(X —ul)z]

D@W=Mw[ "

202 202
_E 13 — 15— 2(u1 — p2)x
- e 202
2,2 92 _
_ oy — s = 2(p — pa)pe
202

_ (Ml - M2)2

202

Exercise 3.9 Compute the KL divergence between two multivariate Gaussian distributions N (1, 31)
and N (uz, X2).

The following lemmas establishes a connection between moment generating function and the
KL divergence, showing the duality property between them.

"We will always assume Q < P without specifying this next.



Lemma 3.10 (Duality between KL and MGF) We have

log Bz |/ = sup {Eq [£(X)] - D(QIIP)}
Q<P

Proof: Let Z = f(X) — logEp [ef(X)]. Since Ep [ez] = 1, by the variational form of entropy in
Lecture 2, we have

D(Q|[P) = Entp [d@] Ep {d@

dP dP ] =Eq [Z] =Eq[f(X)] — logEp [ef(X)] 7
or equivalently that
log Bz [¢/9)] > Eq [(X)] - D(QI).

Since this holds for any Q < P, it follows that log Ep [ef(X)] > supg<p 1{Eq [f(X)] — D(Q|P)} .
In addition, if we define Q by

-

Q= Ep [e/(X)]
a direct calculation can show that logEp [e/X)] = Eq[f(X)] — D(Q|P) (check this!). This
completes the proof. n

Lemma 3.11 (Chain rule of KL) Let P and Q be two probability measures that define the joint
distribution of random variables (X1, X2). Then,

D(Q[|P) = D(Q1||P1) + Eq, [D (Qa(-|X1)[[P2(-]X1))],

where Py and Q2 are marginal distributions of X1 under the joint distribution P and Q respec-
tively, and Pa(-|X1) and Q2(:|X1) are the conditional distribution of Xo given X under the joint
distribution P and Q respectively.

Proof: It follows from the Bayes formula that
dP = dPy - dP2(-|X1) and dQ = dQ - dQo(-|X1).
Consequently,

o] - 2] o 2

d
= E@1 [log dg :| +EQ1 [EQz( | X1) |:10g d%j(( “ )):|:|
= D(Q1[|P1) + Eq, [D (Q2(-|X1)[IP2(-] X1))]

as claimed. []



Remark 3.12 To have a better understanding of the above lemma, let us particularly consider the
case when (X1, X2) are real-valued and P and Q have continuous densities p(x1,x2) and q(z1,2)
with respect to the Lebesque measure, respectively. Let py(x1) and g1(x1) be the marginal distribution
of X1 and X9 under P and Q respectively. Let pa(x2|z1) and ga(x2|x1) be the conditional probability
densities of Xo given X1 under P and Q respectively. Then

q(a:1,x2)
fR l’l,l'g)dl'Q

p(z1,x2)

—_— d
pr 21, 2)dz2 and  q2(x2|r1) =

p2(w2lz1) =
It follows that

q(x1,x2)log Mdmldazg
]RXR p(71,22)

d
/ - QQ($2|$1) (Jg (1, z2)dws) doydis
RxR p2($2|$1) (J p(z1, 32)dw2)

D(Q[[P) =

\

, d

:/ q(x1,x2)log (qu@:l z2) J:Q) dm1d$2+/ q(x1,x2)log Mdl‘ldl‘g

RxR (Jgp(z1, 22)d2s) RxR p2(z2]x1)
:/ q(z1, 2 log a(z l)d.%'ldQSQ—l-/ q1(x1)q2(x2|71) log ————= g2(22|21) =" Zdxidxo

RxR P1( 1) RxR p2( ’ )

Tolx

= [ qi(z log )da: +/q1($1) (/ qg(a:g]xl)log a2(22] 1)dx )d:m

R T1) R R p2(z2|z1)

D(@1IIP1)+E@1[ (Q2(-[X1)[IP2(-| X1))] -

Exercise 3.13 Let P =P; x Py and Q = Q1 X Q2 two product probability measures that define the
joint distribution of random variables (X1, X5). Show that

D(Q|[P) = D(Q1[[P1) + D(Q2[[Py).

Exercise 3.14 Generalize the result in Lemma 3.11 and Exercise 3.13 to the case of joint distri-
butions of n random variables.

3.1.2 Wasserstein Distance

Wasserstein distance is a distance defined over probability measures within the framework of optimal
transport. Roughly speaking, it is the least cost of transporting/redistributing a source probability
measure to a target probability measure. Optimal transport was first introduced in the Monge
formulation. Then Kantorovich relaxed it by allowing the mass splitting in the source based on the
notation of coupling.

Definition 3.15 (Coupling) Let P and Q be two given probability measures on X. We say a
probability measures m on X x X is a coupling of P and Q if the marginal distributions of 7w in the
first and second coordinate coincides with P and Q, respectively. In addition, we denote by C(P, Q)
the set of all the couplings of P and Q.

Exercise 3.16 Does the coupling always exist? Are there always more than two couplings for a
fized pair of probability measures?



Definition 3.17 (Wasserstein Distance) Let (X,d) be a metric space. Given two probability
measures P and Q on X, their Wasserstein distance is defined as

Wi (P = inf d d = inf E;[d(X,Y 3.4
®Q= it [ deiney) =t B XY (3.4

If we view the joint distribution 7 as a transport plan, meaning a scheme for reshuffling the
probability mass P to another probability mass Q, and view d(-,-) as the unit transport cost, then
E, [d(X,Y)] can be interpreted as the transport cost of associated with the plan 7. Seeking the
the transportation plan that minimizes the transport cost is the optimal transport problem. The
solution to the optimal transport problem measures how far we have to move the mass of P and
turn it into Q and thus is a natural way to define the distance between two probability measures.

Remark 3.18

1. Ifd is a distance on X, W1 (P, Q) is indeed a distance. Namely, it satisfies the three conditions
required for a distance, especially the triangular inequality. A proof of this can be found in
[4] and references therein.

2. It is evident that we can express the Wasserstein distance as

WiF,Q) = inf {E[d(X,Y)], X ~F, ¥ ~Q}.

3. What we have in (3.4) is actually the 1-Wasserstein distance, hence there is subscript 1 in
the notation. In general, we may also define p-Wasserstein distance as follows:

= in PP .
Wo= (e 40X VP 5)

4. Computing the Wasserstein distance is generally difficult and relies on some numerical solvers.
A detailed discussion of the computations is beyond the scope of this lecture.

If viewing (3.4) as an optimization problem (equality constrained) on the infinity dimensional
probability measure space, we can compute its dual problem. In addition, since every probability
measure corresponds a linear functional over the function space on X, we can also define the
distance between probability measures based on the perspective of linear functional (similar to
operator norm). This provides another duality for Wasserstein distance which plays an important
role in this lecture.

Theorem 3.19 (Duality) Under mild conditions, we have

Wi(P,Q) £ inf E.[d(X,Y)]= sup [Ep[f(X)]—Eq[f(Y)]]. (3.6)
meC(P,Q) felip(x,d)

The proof of this theorem can be found in [4], and we only consider a simple example here.
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Figure 3.1: Problem setup of Example 3.20.

Example 3.20 (Discrete example) Here we consider P and Q defined on a discrete space X =
{1,292, 23,24}, see Figure 3.1 for the problem setup. In order for w to be a coupling of P and Q

we must have
a+c=1/4, b+d=3/4, a+b=1/2, c+d=1/2, a,b,c,d > 0.
For example, if we take 1 =P ® Q, then
a=1/8, b=3/8, c=1/8, d=3/8,
with the total transport cost
g =E[dX,Y)]=1/8+3/8+1/8+6/8=11/8.

There are also exists other coupling of P and Q (or transport plan) in addition to mo = P® Q. For
example, we may let

a=0,b=1/2, c=1/4, d=1/4,
with the total transport cost
o =E;[d(X,Y)]=0+1/2+1/4+1/2=5/4 < ¢;.

In fact, this is the minimum total transport cost we can achieve over all the possible couplings of P
and Q (why?), i.e.,

inf E,[d(X,Y)]=5/4.
i [d(X,Y)] =5/

Moreover, let f = (f1, f2, f3, f3) be a function defined on X. Then f is 1-Lipschitz under d(-,-)
if and only if

|f1 = f3l S d(x1,23) =1, |fa— f3| S d(wa,23) =1, |f1 — fu| < d(x1,24) =1, |fo — fal < d(w2,24) = 2.



Given a 1-Lipschitz f, letting © (with (a,b,c,d)) be any coupling of P and Q, we have

Er[f]~Eqlfll = |j/i+ 2o 3fs— 5/

=lla+c)fi +(b+d)fo— (a+D)f3s— (c+d)fd

= la(fi — f3) + b(f2 — f3) + c(f1 — fa) + d(f2 — fa)|
< Eq [d(X,Y)].

It follows that,

sup  [Ep[f]~Eglfll < inf E.[d(X,Y)]
freLip(x.d) ©eC(P,Q)

The equality can be achieved for example by taking f = (f1, f2, f3, f1) = (0,1,0,—1). Thus, we have
verified the duality theorem using this example.

Next we study a special case of the Wasserstein distance with the trivial metric d(z,y) = Lizstyy-
In this case it can be shown that the Wasserstein distance is none other than the total variation
distance which itself is interesting in many applications.

Definition 3.21 (Total variation distance) The total variation distance between two probabil-
ity measures P and Q is defined as

[P = Qflrv = sup [P(4) — Q(A)].
ACx

Example 3.22 (Wasserstein distance for d(z,y) = 11,,)) In this case it is not hard to see
that f is 1-Lipschitz if and only if

|f(z) = fly)l < 1.

Since the Wasserstein distance is invariant to constant offsets of the function, we have

Wi(P,Q) = 031}51 |Ep [f(X)] — Eq [f(Y)]]-

Let dP(z) = p(z)u(dx) and dQ(z) = q(x)u(dx) for some underlying measure . Then we can
rewrite the Wasserstein distance as

Wi(P,Q) = sup
0<f<1

/[p —q(2)]; p(dz). (3.7)

/ F(@)(p(x) — q(x))p(dz)

On the other hand, since

IP(A) - Q(4)] =

I

[ @)~ a@utar)
A




it is not hard to see that the supremum is attained at Ay = {x : p(x) > q(x)} or Ay ={z: q(z) >
p(z)} (show that |P(A) — Q(A)| have the same value on these two sets!). It follows that

P~ Qv = [ [p(e) - ala)], o).
X
Therefore we have

WiP.Q) = _inf Er[X#Y]=|P-Qlrv. (3.8)

In this case we can also construct the optimal coupling/transport plan explicitly. We refer interested
readers to Chapter 4.2 of [2] for details.

3.2 Transportation Lemma and Tensorization

3.2.1 Transportation Lemma

There is a necessary and sufficient condition in terms of the two probability divergence measures
to characterize the sub-Gaussian property of Lipschitz functions. We begin with a sub-Gaussian
characterization in terms of the KL divergence.

Lemma 3.23 (Sub-Gaussian in terms of KL) Letting X ~ P, then f(X) is v2-sub-Gaussian
if and only if

[Eq [f(Y)] = Ep [f(X)]] < 202D(Q|P)  for all Q < P.
Proof: By the definition f(X) is sub-Gaussian if and only if

A2p2
log Ep eW(X)—Ew[f(X))]} <5y forallAeR

Then, by the duality between DL divergence and MGF, this is equivalent to

)\2 2
MNEg[f(Y)—Ep[f(X)]]) — DQ|P) — 21/ <0 forall \eRand Q <« P.
Taking the supremum of the left hand side yields the claim. [ |

Lemma 3.24 (Transportation lemma) Let P be a probability measure defined on a metric space
(X,d). Then the following are equivalent:

1. Letting X ~ P, f(X) is v?-sub-Gaussian for every f € Lip (X, d).
2. W1(Q,P) < /2v2D(Q|P) for all probability measures Q < P.
Proof: By the last lemma we can see that that the property 1 can be stated as

Eg [f(Y)] — Ep [f(X)]| < /22D(Q|P) for all Q < P. for all f € Lip(X,d) and Q < P.

Taking the supremum of the left hand side with respect to f € Lip (X, d) yields that the above
expression is equivalent to

W1(Q,P) < +/2v2D(Q|IP) for all Q < P,

which concludes the proof. [ |



Exercise 3.25 Lemma 3.24 works for f being 1-Lipschitz functions. What about gemeral L-
Lipschitz functions?

Our first consequence of Lemma 3.24 is a useful inequality known as Pinsker inequality

Proposition 3.26 (Pinsker inequality) Let P and Q are probability measures satisfying Q < P.

Then
[P~ Qllrv < /5 D(QIP) (3.9)

Proof: First we have shown that f is 1-Lipschitz with respect to d(z,y) = L{z#yy if and only if
|f(z)— f(y)| < 1. Thus, for any X ~ P, we known that f(X) is in an interval of length bounded by
1. Consequently, f(X) is %—sub—Gaussian. Therefore, applying Lemma 3.24 yields the result since
we have already shown that Wy (P,Q) = ||P — Q||pv for the trivial metric. [

Of course, if we could give an independent proof of Pinsker inequality (there are indeed direct
proofs), we can use Lemma 3.24 to provide an alternative proof of the sub-Gaussian property of
bounded variables (by taking f = 11,4 ()).

Exercise 3.27 Let X ~ P be v?-sub-Gaussian. Show that W1(Q,P) < /v2D(Q||P).

Due to Theorem 3.19, in order to show f(X) is sub-Gaussian for f € Lip (X,d), it suffices to
show that

inf E,[d(X,Y)] < /2v2D(Q|P). (3.10)

7eC(P,Q)

Inequalities of this type are usually called transportation (cost) inequalities which play an key role
in establishing some useful concentration inequalities that cannot be established by the previous
methods.

3.2.2 Tensorization and Bounded Difference Inequality Revisited

Given metric spaces (X, dg), k=1,--- ,n, there are different ways to define a metric on @j_; X%,
for example,

k=1
or
da(x,y) = | D di(r, ye)?. (3.12)
k=1

Rather that considering the tensorizaton in a specific setting, the following theorem provides a
general tensorization principle. The proof of the theorem is by induction and is omitted. Details
of the proof can be found in [2] and [3].

10



Theorem 3.28 (Marton) Let @;_, Py be a product measure on a product measure space @Qj_; Xr.
Let ¢ : Ry — R4 be a convex function, and let ¢ : Xy X X — R4 be positive weight function.
Suppose that for k =1,--- ,n and for every probability measure Qy which is absolutely continuous
with respect to Py,

inf Ex [cx(Xe, Yi)]) < 202D Py).
rectb g, @ (Br LK Yi)]) < 27 D(Ql|P)

Then for any probability measure Q that is absolutely continuous with respect to @y, Pr, we have

n

inf > G(Br [ex (X, Y2)]) < 20°D (@H ®Pk> : (3.13)

WEC(®2:1 ]PImQ) k=1 k=1

Note that the left hand of (3.13) is not necessarily a W; distance. Thus, for different metric,
we need to choose suitable ¢ and ¢ in order to obtain a result associated with Wj distance. The
following proposition considers the dp(-, ) metric in (3.11).

Proposition 3.29 Let @;._, Pi be a product measure on a product measure space @ _, (X, di).
If for each univariate probability measure,

W1(Qk,Pk) < \/21/2D(Qk||[Pk) for all Qi < Py,. (3.14)
Then

Wi (Q@M) < .| 202 <Z Lg> D (QH ®Pk> for all Q < (R Py,
k=1 k=1 k=1

k=1

where the W1 is defined using the distance dr,(z,y) = > p_y Lidi(xk, yi). Hence, for any 1-Lipschitz
function f: Qj_y X — R under this metric, f(X) is sub-Gaussian if X ~ Q_; Py.

Proof: First we have

Wi (@, ®Pk> = inf E,
k=1

> Lidp(Xy, Yi)
ﬂec(@::l Pk:@)

k=1

= inf Lk]Eﬂ' [dk(Xka Yk)]
meC(®}_, Pr,Q) kzl

n

> L7 inf > (Br [di (X, Yi)])?.
k=1

7T€C(®Z:1 ]Pk,@) k=1

IA

Noting that the assumption implies

Wi(Qx,Pr)?> = inf  (By [dp(Xk, Yi)])? < 202D (Qu||Ps),
WEC(PIWQIC)

the claim follows immediately from Theorem 3.28 by taking ¢(z) = 2% and ¢ (-, ) = di (-, ). ]

11



Example 3.30 (Bounded difference inequality revisited) For any Xy ~ Py, under the met-
ric di(Tr, Yk) = Vay£y, ), the Pinsker inequality implies that

W1 (Qg, Py) < %D(anpk)'

Thus, for f being 1-Lipschitz under the metric dr(x,y) = > p_1 Lil{z, 2y} (equivalent to the
bounded difference property as mentioned at the beginning of this lecture), the application of Propo-
sition 3.29 yields that

(X1, Xg) s i Ly 1 —sub Gaussian,

which recovers the bounded difference inequality. More precisely, we have

n n

inf D (B [di(Xe, Yi)))* = inf D (m[Xi # Vi) <

WEC(®2:1 Pk)v@) k=1 7T€C(®Z:1 ka@) k=1

l\D\»—\

p ().

(3.15)

3.3 Talagrand Concentration Inequality

Up to this point, the transportation method did not yield any new results yet. In this section we
will use a type of asymmetric transportation cost inequalities based on a one-sided variant of the
trivial metric to establish the following remarkable Talagrand concentration inequality.

Theorem 3.31 (Talagrand) Let f: @j_, X — R be a function satisfying

) < Zak Wiwptyy for all z,y.

Assume sup, (Zk 1 ak(y)) < v%. Then, for any independent random variables X = (X1,---, Xy,)
taking values in @j_; X, f(X) is v?*-sub-Gaussian.

Proof: Assume X ~ Q) _; P;. By Lemma 3.23, we need to show that

[Eolf()] - Egy_ v, [F(X)]| < || 202D (@u ®Pk). (3.16)

Letting 7 € C (Q, P), a simple calculation yields that (again the goal is to reduce the problem about
the concentration of f to the problem of comparing the divergences of two probability measures)

EQ [f(Y)] = Egr_ p, [f(X)] = Ex [f(Y) — f(X)]

n

IN

Er

Ck(Y)l{inyk}]
e

—

n

Ex [ex(Y)1gx, 2%
=1

ol

12



k=1
< 30 & [ (B [tr e # viv))?])
= n 1/2 1/2
s(m Z(cw»?) (ZE[ Xk#ykl’”])})
k=1

Similarly, we have (check this!)

1/2
Egr b, [f(X)] —Eqlf <V<ZE[ Xk#Yk!X])D .

Therefore, in order to show (3.16), it suffices to show (since 7 is arbitrary above)

f E, Xk # Yi|Y]) f Ex (X% # Yi|X <2D P

{”Gén@mz [ k7 YilY] } eén@pz [ k7 Yl ])]}_ (QH@ k)
(3.17)

which actually holds. Thus the proof is complete. [ |

Remark 3.32 Here we have used (3.17) without proof. Note that (3.17) can be viewed as an

asymmetric version of (3.15). The details of proof can be found in [2] and [3], which uses a
conditional version of Theorem 3.28 for tensorization.

Corollary 3.33 (Talagrand) Let X = (X1, -+, X,) be a vector of independent random variables
taking values in [a,b]. Let f : R™ — R be convexr and L-Lipschitz with respect to the Euclidean
norm. Then, f(X) is L*(b — a)?-sub-Gaussian.

Proof: The first order condition for convexity implies

fy) = f@) < V) (y—=z) forallz,y.

Since |z — yk| < (b — a), we have

<O f (W) (yr — k)
k=1

n

<> (b—=a) [0k f(Y)] L2y,
k=1

The result follows immediately from Theorem 3.31 by further noting that ||V f(y)||2 < L. |

13



Remark 3.34 a) Only upper tail can be established in this scenario based on the entropy method in
Lecture 2. b) The convexity property of f is indispensable to establish the sub-Gaussian property.
There exists nonconvex 1-Lipschitz functions Corollary 3.38 even fails for symmetric Bernoulli
variables, see for example Problem 4.9 of [2].

Example 3.35 (Rademacher complexity revisited) In Example 2.22 of Lecture 2, we have
established upper tail bound of the Rademacher complexity of a set A in terms of the width of the set
SUpge 4 llall2. In the example we actually show that the function f(x1,- -+ ,&n) = SUPae4 [ peq GkTk)
is conver and sup,e 4 ||a|l2-Lipschitz continuous. Thus, it follows from Corollary 3.33 that the
Rademacher complexity supge 4[> ph—q aker] is 4sup,e 4 |lall3 and hence

n n 2

t
P E E >t <2 ——— | .
lsup[ e e ] - ] N eXp( 8supaeAHa||%)

a€A | jm1 k=1
3.4 Gaussian Concentration Revisited

—E [sup

acA

So far, we have established certain concentration inequalities (i.e., sub-Gaussian properties) for
Lipschitz functions under the ¢1-type metric,

n

FW) = f@) S LY dilwe,yr) or f(y) = f(2) <D cly)di(ae, yr)- (3.18)

k=1 k=1

However, we have already seen that independent Gaussian random variables exhibits dimension
free concentration for Lipschitz functions under the ¢5 metric,

n

F) = fl@) < L [dilae, vl (3.19)

k=1

That is if f satisfies (3.19) and X is a vector of i.i.d standard Gaussian random variables, then
f(X) is L?-sub-Gaussian.

Since lo-metric is less than the ¢;-metric, if f satisfies (3.19), it naturally satisfies the first in-
equality in (3.18). Lets first attempt to use Proposition 3.29 to establish the Gaussian concentration.
Since for each univariate standard Gaussian random variables, we have W1 (Qg, Pr) < /D (Qk||Pk)
(see Exercise 3.27), by Proposition 3.29 we can conclude that for any Lipschitz functions satisfying
(3.19), f(X) is nL2-sub-Gaussian. However, it is much weaker than the Gaussian concentration we
have previously seen which does have the multiple factor n. Thus, we need a direct route for the
concentration of fo-Lipschitz functions.

Let X ~ @)_, Py and assume f is 1-Lipschitz under the fo-metric. Then, in order to estab-
lish the sub-Gaussian property of f(X), by the concentration lemma and the Monge-Kantorovich
duality, we need to show that for any Q < @;_, P,

n

Wi (Q, (09 ]P’k> = inf E, [di (X, Yi)]?
k=1

WEC(Q7®Z=1 Pk) k=1

IN

202D <Q| é)]?k> . (3.20)
k=1

14



Since by Jensen’s inequality (1/z is concave) we evidently have

inf E, [die (X3, V)2 | < inf EF[ [di (X5, Vi) |
meC(Q®h-1) ; meC(Q.Q5—, Pr) ;

Thus it suffices to show

inf E, [di (X3, )2 | < | 202D (QH ®Pk>,
7eC(Q.®F=1 Pr) k=1 k=1
or equivalently
inf E, [di (X5, Yi)? | < 202D (QII ®Pk>. (3.21)
7eC(Q.®Fi=1 Pr) k=1 k=1

That is, what we need is a characterization based on W5 distance instead of W7 distance. It turns
out that if (3.21) is satisfied each univariate Py, then it is also satisfied for the product measure

®Z:1 Py.

Theorem 3.36 Let Q_, Pi be a product probability measure on Qj_,(Xi, di). Assume

inf E, [[dk(Xk, Yk)ﬂ < 202D (Qp||Br) for all Qp < By (3.22)
ﬂEC(Qk,Pk)

holds for each k. Then we have

n

inf Er | Y [de(Xg, Yi)I?| < 20°D (QH ®Pk> for all Q < Q) Py.
meC(Q.®5—1 Px) k=1 k=1 k=1
Proof: Apply Theorem 3.28 with ¢(z) = = and c(zk, yx) = [dr(zk, yk)]2. [ |

Remark 3.37 a) It can be shown that the standard Gaussian distribution satisfies (3.22) (see
for example [3]). Thus, we can establish the dimension free Gaussian concentration based on the
transportation method from the above analysis, which has been established by the Herbst argument
and Gaussian log-Sobolev inequality in Lecture 2. b) (3.22) cannot be established for arbitrary
sub-Gaussian random variables (otherwise it will contradicts with the counter example for Corol-
lary 3.33). ¢) In fact it turns out (3.22) is not only sufficient, but also necessary for establishing
(3.20), i.e., for establishing the dimension-free concentration result, see for example [2].

3.5 Short Summary

We have discussed three methods for establishing concentration inequalities of functions of inde-
pendent random variables:

e Chernoff method (Lecture 1)

e Entropy method (Lecture 2)

15



e Transportation method (Lecture 3).

In both the entropy method and the transportation method, the variational formulations (duality
in the transportation method) play an important role in showing the tensorization property. Here
are a list of concentration inequalities we have presented:

e Hoeffding inequality (Lecture 1, for sum of independent sub-Gaussian random variables)
e Bernstein equality (Lecture 1, for sum of independent sub-exponential random variables )
e Bounded difference inequality (Lecture 1, for function obeying bounded difference property)

e General bounded difference inequality (Lecture 2, for function obeying asymmetric bounded
difference property)

e Gaussian concentration inequality (Lecture 2 and 3, Lipschitz function concentration of Gaus-
sian random variables)

e Talagrand inequality (Lecture 3, Lipschitz and convex function concentration of bounded
random variables)

In addition, there is another method — geometric method based on isoperimetric inequalities
we did not cover. This method works for certain types of probability measures such as Gaussian
measure and uniform measure on the sphere.

Reading Materials
[1] Martin Wainwright, High-dimensional statistics — A non-asymptotic viewpoint, Chapter 3.3.

[2] Ramon van Handel, Probability in High Dimension, Chapters 4.

[3] Stéphane Boucheron, Gabor Lugosi, and Pascal Massart, Concentration inequalities: A nonasymp-
totic theory of independence, Chapters 8.

[4] Gabriel Peyré and Marco Cuturi, Computational optimal transport, Chapter 2, 8.
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High Dimensional Probability and Statistics 2nd Semester, 2023-2024

Lecture 4: Expectation of Suprema: Finite Approximation
Instructor: Ke Wei Scribe: Ke Wei (Updated: 2024/03/31)

Recap and Motivation: As already mentioned previously, estimating the suprema of the form

sup X (4.1)
teT

arises in a wide range of contexts. Two representative examples are:

e The spectral norm of a random matrix W € R™*™ can be expressed as

W2 = sup u' Wo.

llull2=1,||v]l2=1
e The generalization error analysis in empirical risk minimization finally reduces to

1
n

sup
feFr

> f(Xip)—E [f(X)]‘ ,
k=1

where F is a set of functions. This is typically referred to as Uniform Law of Large Numbers.

While the concentration of (4.1) around its mean for typical applications can be established by the
concentration inequalities discussed in the last three lectures, computing the expectation

" |sup X 42

is by no means easy. This will be the focus in the next few lectures. We will first study the general
form (4.2), and then give a particular treatment of this problem later for uniform law of large
numbers. Unless otherwise stated, it is always assumed that E [X{] = 0.

Agenda:
e Finite maxima
e Gaussian complexity and Rademacher complexity
e Covering and packing

e Finite approximation bound



4.1 Finite Maxima

The problem here is to bound

)

E [kmax Xk} ,

where X, is o2-sub-Gaussian. Maybe the most naive approach is to bound the supremum by a
sum,

E[ max Xk} <E
k=1,.n

n
Z\Xk] <n max E[X|] < no,
P k=1, n

where the last inequality follows from the o?-sub-Gaussian property of each Xj. Of course,
bounding a maximum by a sum is an exceedingly crude idea. We may consider a transform of
maxg—i,... o X, such that the gap between supreme and sum is seemingly not so large after the
transform. Next we attempt to provide a bound based on the higher order moments,

P\ 1/p
E[ max Xk} < ((E[ max ]XM}) )
k=1, n k=1,.-m
1/p
< <IE[ max |Xk|p]>
k=1, m

1/p
< (n max E[]Xk\p])

< nl/pa\/ﬁ

Minimizing the righthand side with respect to p yields that

E { max Xk} < ov/logn.

=1,,n

Of course we can apply the moment generating function to estimate the maximum as in the devel-
opment of the tail bound by the Chernoff method. More precisely, we have the following lemma.

Lemma 4.1 Let {Xy}}_; be o%-sub-Gaussian random variables. Then

Xk] < o4/2logn.

E [ max
k=1

Proof: We have
E [exp <)\ max Xkﬂ =E [mkax exp ()\Xk)} < Z E [exp (A X})]
k
< nexp(c?X?/2) = exp(log(n) + o2)\?/2).
Thus, the application of Jensen’s inequality yields that

exp <IE [)\ max XkD <E [exp ()\ mgxxkﬂ < exp(log(n) + 02)\?/2),

2



which leads to

log(n) = o2\
E Xl < —
[m/? * ’“} =7y T
Taking A = /2log(n)/o concludes the proof. ]
Note that the above result does not require that Xz, k = 1,--- ,n are independent to each other.
It is evident that we cannot obtain a general lower bound, for example, letting X; = --- = X,.

Nevertheless, the upper bound in the last lemma is indeed tight for independent Gaussian random
variables. More details on lower bound will be provided in the sequel for suprema of random

Gaussian processes.

Lemma 4.2 Let {X};_, be i.i.d N(0,0%) random variables. Then there exists a small absolute
constant ¢ > 0 such that

E [knllax Xk] > c-o4/logn.
B

Proof: First we have

IE[ max Xk] =FE [max{ max Xk, H +E [min{ max Xk,OH
k=1, n k=1, k=1, mn

Jmax X0 H + E [min { X1, 0}]

17

max

(e 9]

[k max X > t] dt + E [min { X1, 0}]
=L, n

Il
%ﬁ

vV
>

P
P [klax X > 5] —E[IX1]]

;T

(11— (P[Xy <0])") — E[IX]]

=0
=0(1-(1-P[X;>d)")-E[[X4]].
Note that
1 e 2
P[X; > 0] = / e 2%dx
2o Js
1 ©_ (w+)?
e / (& 202 dy
2o Js
6762/0'2
=T

for some numerical constant ¢; > 0. Choosing § = o+/log(n/c1) yields that P[X; > ] > 1/n.
Consequently,

| max Xi| 2 ovigt/el(l - (- 1)) -0
> (1—1/e)\/log(n/c1)o — o,

which concludes the proof for sufficiently large n. [ |



4.2 Rademacher Complexity and Gaussian Complexity

This section studies E [sup,c7 X¢] associated with Rademacher complexity and Gaussian complexity.
Recall that give a set T C R?, the Rademacher complexity is defined as

R(T)=E [i,gjg <s,t>] , e=(e1, " ,€q),

while the Gaussian complexity of T is defined as

6() =B [sup 5.1)| . 9~ NO.11),

teT

Lemma 4.3 We have
R(T) S G(T) SR(T)/logd.

Proof: Lower bound. First we have

R = su eptr| =
(T) = E. LEZIF)Z k k] \[ 3
— d
< —
< 5[5 [ |

sup E,

d
Zé‘k\gkﬁk”
k=1

where the third follows from the fact that ei|gx| has the same distribution with gg.
Upper bound. To prove the upper bound, first note that the function

d
sup Z Ektkak]

tETk 1

f(a17"'7 )_]E

is a convex function. Thus, the maximum of f over the region {(a1,--- ,aq) : |ag| < L, k=1,---,d}
must be achieved at the boundary. Then it follows that

d d
suszktkak <E supZektk. for all |ax| < 1,k=1,---,d.
teT 1 teT 1=

Consequently,
d
G(T) =By |Ec [sup > exlgxltx
teT . =

=E, max|gk\ B¢

|9k |
sup Y ep————tp
Z maxy, | gi|

tEkl




<&, |mx o - R(T)|

= R(T)+/logd,

as claimed. m

Example 4.4 (Unit 2-norm ball BY) Let BY = {t € R?: ||t|]o < 1}. Then,

R(T)=E [ sup <€7t>] =E[llell2] = V.

lItll2<1
The same argument shows that
G(T) = Elgll2] < \/E [llglI3] = Vd.

Together with Lemma 4.3, we can conclude that Q(Bg) = \/d. Therefore, the Rademacher complexity
and the Gaussian complexity of Bg are essentially the same.

Example 4.5 (Unit 1-norm ball BY) Let B = {t ¢ R?: ||t||; < 1}. Then,

R(T)=E | sup (e,8)| =E[lle][o] =1,
el <1
while
g(T)=E HS||uEl (9,t)| = E[llglloc] < /logd.
t1<

Therefore, in this case, the Rademacher complexity and Gaussian complexity differ by the order
Viogd. By Lemma 4.3, this difference turns out to be the worst possible.

4.3 Covering and Packing

For general random variables X; and infinite number of elements in 7', the first step can be made
by approximating the supremum with a maximum of finite number of random variables. It should
be not surprising that overall the bound for (4.2) should rely on the complexity or richness of the
index set T'. This section studies two closely related ways to measure the complexity of T', which
indeed shows how to approximate T with a set of finite number of elements to achieve certain
accuracy.

Definition 4.6 (c-net and covering number) Let (T,d) be a metric space. A set N C T is
called an e-net of (T, d) if for every t € T, there exists a w(t) € N such that d(t,n(t)) < e. The
covering number of (T,d), denoted N(T,d,¢), is the smallest possible cardinality of an e-net of
(T,d). That is,

N(T,d,e) =inf{|N|: Nis ae-net of (T,d)}.



Figure 4.1: Covering (right) and packing (left) [2].

Note that N is a e-net of T if and only if (see right of Figure 4.1)

T c | J B(t,e), where B(t,e) ={seT: d(t,s) <e}.
teN

The covering number N (7', d,e) can be viewed as a measure of the complexity of T" at the scale
g: The more complex T is, the more number of points we need to approximate it up to a certain
precision. In addition, the logarithm of the covering number log N (7', d, €) is often called the metric
entropy of T as it is equivalent to the number of bits needed to encode every points of T up to a
prescribed precision ¢.

Example 4.7 Consider the interval T = [—1, 1] with the metric d(t,t') = |t — t'|. If we let
N={ti=-1+20k—1)e, k=1, kmax}

for the kmax such that ty_ .. < 1. it is not hard to see that N is an c-net of T'. Thus, we have
1
N(T,d,e) < —+1.
€

Exercise 4.8 Generalize the above result to the d-dimensional cube T = [—1,1]% with d(t,t') =
|t = ||oc and show that N(T,d,e) < (L + l)d.

Definition 4.9 (e-packing and packing number) Let (T,d) be a metric space. A set P C T
is called an e-packing of (T,d) if for every t,t' € P and t # t', we have d(t,t') > . The packing
number of (T',d), denoted P(T,d,¢), is the largest possible cardinality of an e-packing of (T, d).
That is,

P(T,d,e) =sup{|P|: P is aec-packing of (T,d)}.



The key idea, which was already hinted at above, is that the notion of packing is dual to the
notion of covering (i.e., the typical primal-dual relationship between inf and sup), as given in the
following lemma. This means that we can use covering and packing interchangeably. It is often the
case that estimating one of them is easier than estimating the other in the applications.

Lemma 4.10 (Dual or equivalence between covering and packing) For any e > 0,
P(T,d,2e) < N(T,d,e) < P(T,d,e¢).

Proof: Upper bound. Let P be a maximal e-packing of (7,d). Then it is not hard to see
that P is also a e-net of (7T, d); otherwise it will violates the maximality. The upper bound follows
immediately.

Lower bound. Let P = {z;} be an 2e-packing of (T, d) and let N = {y;} be a e-net of (T, d).
It can be argued that each closed B(y;,¢) ball can only contain one z; due to the 2e-separability of
{z;}. Since each z; must be contained in one B(y;,¢), we must have |P| < |[N|. The lower bound
follows due to the arbitrary of P and N. [ |

The following lemma studies the covering of unit-norm balls in R%. The proof is based on a
clever technique known as a volume argument.

Lemma 4.11 Let || - || be a norm defined in R? (e.g., 1-norm, 2-norm or infinity-norm). Let B¢
be a unit || - || ball, i.e., BY = {t € R?: ||t|| < 1}. Then

(1)d < N -]0) < (1+§)d'

Proof: Lower bound. Let N = N(B?| - ||,¢). We know that B can be covered with N balls of
radius € (see right of Figure 4.1 for an illustration under the 2-norm). Thus,

vol(B4) < Nvol(eB?).

Noting that vol(¢B¢) = e%vol(B?), the lower bound follows.
Upper bound. For the upper bound we consider P = P(B?, || - ||,¢). Let {z;} C B¢ be the
e-packing of B?. Construct P balls B(z;,¢/2). Then we have
| B(wi,e/2) c B + %Bd - (1 + %) B,

T4

see the left of Figure 4.1. Thus, it follows that

P -vol <%Bd) < vol ((1 + %) Bd> .

It follows that P < (1 + %)d, and the upper bound follows by noting Lemma 4.10. [ |
The result in Lemma 4.11 for the unit 2-norm ball Bg will be very useful for studying the
spectral norm of a random matrix. It follows that the metric entropy of B¢ satisfies

1
logN(IB%g, Il - ll2,€) ~ dlog ( ) ,

€
which scales linearly with respect to d. For some spaces (of functions), the metric entropy scales

exponentially with respect to d, hence suffering from the curse of dimensionality.

Remark 4.12 Result and argument in Lemma 4.11 can be generalized to any set T in R?, see [3].



4.4 Finite Approximation Bound

At last, we consider the general case E [sup,cp X;] and present a simple bound via one step of finite
approximation. More precisely, the idea is approximating [ [sup;cp X;] by a finite maximum over
a e-net of T, together with the approximation error.

Theorem 4.13 Assume X; is o2-sub-Gaussian for every t € T. Then,

E [sup Xt] < inf {E [Sup (Xt — Xw(t)) + v/20210og N (T, d, 5)} .
teT e>0 teT

Proof: Let ¢ > 0 and N be a e-net of (T,d). For any ¢, let 7(t) be the point in N such that
d(t,m(t)) <e. Then,

sup Xy = sup (Xt — Xﬂ.(t) + Xﬂ.(t)) < sup (Xt — Xﬂ.(t)) + sup XTI'(t)'
teT teT teT teT

Taking the expectation on both sides and using the upper bound for the supremum of a finite
number of sub-Gaussian random variables yields

E [sup Xt] <E [sup (Xt — Xﬂ(t)) + /2021og N(T, d,¢).
teT teT

Noting that the first term indeed relies on € since d(t,7m(t)) < ¢, taking the infimum over all € > 0
concludes the proof. [ |

There is a trade-off in the bound of Theorem 4.13. When ¢ decreases, the first term will
potentially become smaller since X; becomes closer to Xr(;), but the second term increases as the
covering number increases under a decreasing precision.

Example 4.14 (Maximum singular value of sub-Gaussian random matrix) Let W € R"™*"
be a random matriz with i.i.d o%-sub-Gaussian entries. We would like to estimate

E[[IW]l2]-
By the variational formula of the spectral norm,

|[Wl|2=  sup uTWo,
uEBY vEBY

it is equivalent to bound E sup u'Wu|. Firstly note that v Wov is o2-sub-Gaussian for
u€B vEBY

every u € BY* and v € By (verify this!). Let M be an c-net of By' and N be an e-net of BY. By
Theorem 4.13, we have

E[[W]|2] <E sup  (u' Wo —w(u) Wr(v))

ueBD weBY

++v/202%log |M||N|, Ve>D0.

e By Lemma 4.11, we can choose M < (14+2/e)™ and N < (1+2/e)".



e Because for any u € BY',v € By,

W Wo —a(w) Wa(v)| < [(u—a(w)"Wo| + |7(u) "W (v - 7(v))|
< 2¢[|[Wl,

we have E [supueﬁgnwem (u"Wo — W(U)TWTF(’U))] < 2eE [||[W]|2]-

Combining all them together yields

E[[W/s) < —

<79 V202(m +n)log(3/e), Ve >O0.

Taking € to be a small constant (e.g., € = 1/4) yields that
E[[Wll2] S o(v'm +v/n).

As can be seen in the next lecture, this crude bound already captures the correct (tight) order of
magnitude of the matrix norm.

A careful reader may find out that what have used in the above analysis is essentially the result

[W]2= sup w!Wuv< sup  ulWo.
u€eBL veBY 1—2¢ ueMveN

Moreover, because the remaining term is of the same order with the target to bound but with a
smaller factor, i.e.,

E sup (uTWU - ﬁ(u)TWﬂ(v)) < 2eE[||W 2],
ueBy* veBy

optimal bound (in order) can be achieved for this case. But sometimes, the bound for the remaining
term obtained via invoking the Lipschitz property is inefficient, so the finite approximate scheme
only yields sub-optimal bound. An example will be presented when discussing uniform law of large
numbers.

Reading Materials

[1] Martin Wainwright, High Dimensional Statistics — A non-asymptotic viewpoint, Chapters 5.1,
5.2 and 5.3.

[2] Ramon van Handel, Probability in High Dimension, Chapter 5.1, 5.2.

[3] Roman Vershynin, High-Dimensional Probability: An introduction with applications in data
science, Chapter 4.2, 4.4.
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Recap and motivation: Recall from the last lecture that we have established the following bound
based on (one-step) finite approximation:

E {sup Xt} <E [Sup (X — Xw(t))} +E [sup Xﬁ(t)} , (5.1)
teT teT teT

where 7(t) is the projection of t onto a covering set of 7', denoted N. Assume 7" has infinite number
of points. Then the first term on the right side of (5.1) still has infinite number of terms. Though
for some problems (i.e., computing the expectation of the spectral norm of a random matrix), it
can be shown that E [supteT (Xt — Xw(t))] is a small proportion of E [sup,c X¢], in general it is
still not very convenient to process the first term. In order to mitigate this, we may continue to
approximate T' by a finer covering set, denoted N’, and obtain

E [supr} <E [sup (Xt — Xﬂx(t))} +E [sup (wa(t) - Xﬂ(t))} +E [supXW(t)} ,
teT teT teT teT

where 7/(t) denotes the projection of ¢ onto N’. Of course, we can iterate this process and the term
with infinite number of points is expected to diminish to zero as the approximation becomes finer
and finer. The chaining argument applies this mechanism from the coarsest covering (with only
one point), which yields a more tractable bound for E [sup;cp X¢].

Agenda:
e The chaining method
e Examples

e Generic chaining

5.1 The Chaining Method

Definition 5.1 (Sub-Gaussian process) A random process {X}ier defined on a metric space
(T, d) is called sub-Gaussian if E[X;] = 0 and Xy — X, is d(t, s)*-sub-Gaussian for all t,s € T.

Since the variations within the random process is determined by the metric space (T, d), it is
expected to exploit the structure of (7', d) to bound E [sup; X;]. The chaining method will be our
focus of this lecture. It provides one way to exploit the structure of (7,d). (A more refined way
(see [2] for example, equivalent to generic chaining which is presented in the last section but not
required, may improve the chaining bound in some situations.)

Example 5.2 Consider X; = (g,t), where g € N'(0,14) andt € T C R, Since X;— X, = (g,t — s)
is a ||t — 5||3-Gaussian, {X;}ier is certainly a sub-Gaussian process.



Theorem 5.3 (Discrete Dudley inequality) Let {X;}ier be a separable sub-Gaussian process
on the metric space (T,d). Then!,

[supXt] S 27 flog N(T, d, 27).

teT keZ

o Tl Tt

/\WH:)
AN |

o%sit) ®© T=
N LI
] ® é 7, » T
0/(. a/ c/\o \o \0 ‘\ T
t "

Figure 5.1: Illustration for chaining.

Proof: Without loss of generality we may assume |T'| < oo since the separability of {X;}ier
implies that E [sup,;cp X;] = lim E [sup,cq, X¢| where T,, in an increasing finite subset of 7.
n—oo

Let ko € Z such that 27%0 > diam(7). Then any singleton Ty = {t¢} is an 27*0-net of 7. For
k > ko, let Ty, be the 27 F-net of T with covering number N(T,d,27%). Moreover, since |T| < oo,
there exists a sufficiently large K such that Tk =T, see Figure 5.1. Thus, we have

XtO + Z ﬂ'k(t 7Tk 1(t))’
k=ko+1

where 7(t) maps ¢ to the nearest point in Tj. It follows that

E supX} < E {sup -X,. ) 5.9
[teT ' k ;H teT k(1) k 1(t)) (5.2)
First note that there are at most

| Tel| Tt | < |Ti|* = N(T,d,27%)?

terms in sup;cp (Xﬂk(t) — Xﬂkil(t)). Moreover, since

d(my,(t), w1 () < d(mp (1), 8) + d(t, T () < 3 x 27F,

'The negative k in the sum denotes the approximation in the coarse (or large) scale with a small metric entropy. If
diam(T) < oo, there exists a sufficiently small ko such that for all k < ko, N (T, d, 2*) = 1 and thus log N (T, d, 2*) = 0.



and X, ) — Xnp_, 0 18 d(7i(2), mr—1(t))?-sub-Gaussian by the assumption, we have

E [igj? (ch(t) B Xﬂ'kl(t)>:| < 2—k\/lOgN(T7 d, 2_k)'

Inserting this into (5.2) completes the proof. ]

Remark 5.4 A careful reader may find out that what we have actually established in Theorem 5.3
is that

E [sup |X; — Xt0|] <> 2_k\/10g N(T,d,27F).
teT ke

This observation will be useful in one of the examples in the sequel.

Discrete Dudley inequality bounds E [sup;c7 X;] by a sum of (geometric structured) covering
scales times the corresponding square root of metric entropies. The result can be written in an
integral form since the sum can be viewed as a Riemann sum approximation to a certain integral.

Theorem 5.5 (Dudley integral) Let {X;}icr be a separable sub-Gaussian process on the metric
space (T,d). Then

E [supXt} g/ V0eg N(T,d,e)de.
teT 0
Proof: The claim follows from

S 27 log N (T, d,27+) = 22/2
kez’?2”

keZ

—k

\/logN(T, d,2=F%)de

(k+1)

—k

§QZ/2_ V1og N(T,d,e)de

ez /27D
:2/ Vieg N(T,d,¢)de,
0
which completes the proof. [

Remark 5.6 In the proof we have shown that

Z2-k\/1ogN(T, d,27F) < 2/ V1og N(T,d, ¢)de.
0

kEZ

Actually, we can also establish that

S 27 flog N(Td,27%) = Z/

keZ k€eZ

27(1@71)

—k

Vlog N(T.d. 2—k)d52/ V1og N(T, d, 2)de.
0

Thus nothing s lost in expressing the chaining bound as an integral rather than a sum, up to a
constant factor.



Remark 5.7 . [t is worthing that we always have N(T,d,e) = 1 when ¢ > diam(T). Thus, it is
sufficient to take integral up to ¢ = diam(T).

Remark 5.8 It is not always the case that the bound by the Dudley integral is better than the one
step discretization bound. Note that N(T,d,e) may approaches co as € approaches 0. Then the
Dudley integral in an indefinite integral at the point 0. If \/log N(T,d,e) diverges very fast, the
Dudley integral can be infinite. In this case the one step-discretization would still give a nontrivial
bound even when the covering number is not integrable. Thus, sometimes, it is useful to combine the
chaining method and the one step-discretization method to obtain a bound which mixes the Dudley
integral (from a point strictly larger than zero) and the uniform one step-discretization bound, see
for example Problem 5.11 in [2].

5.2 Examples

5.2.1 Gaussian Complexity of BJ
Recall that the Gaussian complexity of BY is given by

G(BY) =E

sup <g,t)] , g~N(0,1y).

teBg

Letting X; = (g,t), we known that X; — X; is ||t — s||3-sub-Gaussian. Moreover, the covering
number of (BS, || - ||2) at a scale 0 < & < 1 can be bounded by (3/£)¢ (see Lecture 4). Thus, by the
Dudley integral, we have

1
989 < | \flog N (B, |- |2,)dc
0

1
=\/&/ \/log§d€§\/&,
0

which captures the correct order of G(B), see Lecture 4.

5.2.2 A Failure Example

Let T = {\/%ng k=1, ,n}, where e}, is the k-th canonical vector. Consider the Gaussian

complexity of T,

6(r) =B sup 9.0)| g~ N(0. 1)

teT

Note that G(T') can be explicitly written as

G(T)=E

Ik
su .
kzl,.l.). nV1+log k;]

Thus, it can be shown that there exists a universal constant C' > 0 such that for all n,

|g%|
sup

Gg(T)<E —_—
( ) k=1,n V1+logk




> |9k
P su — >t dt
/0 Llﬁn JI+logk =

> \
k|
dt+/ P| sup ————>1t|dt
a L_l’"' nV1+logk

/aIP’ sup 7‘gk|
0 k=1, n V 1 + 10 k

— [ 9]
< ) L Y g
_a+§::/a [Ml%—logk_

<C (complete this step by choosing a properly!) .

However, we will show that the bound from the Dudley integral diverges as n — co. Here, we
consider the case n = 22°. First note that the first m vectors in T is 1 /v/log m separated. Thus,

the packing number satisfies
P(T, || - [l2,1/+/logm) = m
It follows that

/ Viog N(T, - T e)de
0

> /O o e N T e

1
b [ Vg N Ty

24/log(n)

1
w [ N e
2,/10g(n1/2L_1>

2 log ].
> log N | T, — |d
= [ o (2

1

O n ]-
+/"’v1g( ") Nog N T+ oy ———— | de

ﬁg(n) 24/log (n1/2)

2, /log 1/2L
/V logN [T, - ||2, — |z
9 /log(nl/Q ) 1Og( / )

2 log 1
> log P <T 92, )da
/ I o =




1

+/2 s (1725 logP | T, | - ||2,—1 de
% IOg (’I’LI/QL)
21/10g(n1/2L 1)

1 1 1
22+2<1—\/§>L—>ooas[/—>oo,

where the third inequality follows from the relationship between covering number and packing

number, and the last one uses the note that the first m vectors in 7" is 1/+y/log m separated.

Thus, the Dudley inequality/integral is not able to capture the right bound for the Gaussian
complexity of T" in this example. Next we will present a method that works well for this example.

5.3 Generic Chaining

Before introducing generic chaining, we first reformulate the Dudley inequality into an equivalent
form. To this end, we need to give the definition of admissible sequence. Let {T},}7° , be a sequence

of subsets of T'. If
To| =1, [T <2¥, k=1,2,---
{T}:}72, is called an admissible sequence.

Lemma 5.9 We have

\V01og N(T,d,e)de < inf 2k/28upd t,Ty),
/0 ( ) {Tk}?_okgo teT ( )

where the infimum is taken over all the admissible sequence satisfying (5.3).

Proof: First note that the righthand side (5.4) is equivalent to

oo
Z 2k/2 inf sup d(t, T,).
o T teT

Then letting ey (7T") = inf7, sup;er d(t, T)), one can easily see that

eo(T) = inf{e : N(T,d,e) =1}, en(T)=inf{c: N(T,d,c) <22} for k > 1.

Therefore, for & < e, (T), N(T,d,c) > 22" + 1. It follows that

er(T)
/ VIog N(T. d,e)de 2 2/%(ex(T) — ex(T)).

k+1(T)

(5.3)

(5.4)



Consequently,

eo(T) o0
/ V0eg N(T,d,e)de 2, Z 2k/2(ek(T) —ert1(T))
0 k=0
:Z2k/2€k Z2k; D/2¢,
k=0 k=1

which completes the proof of one direction.
For the other direction, we have

o eo(T)
/ \/logN(T,d,s)dsz/ V01og N(T,d,e)de
0
= Z/ \/logN(T, d,e)de
€k+1

o0

<22 (e (T) — ey (1)
k=0

S 2ker(T)
k=0

Now the proof is complete. |

Remark 5.10 The above lemma means that if we choose the sequence of covering numbers properly,
fizing the sequence of the covering numbers and computing the related covering errors is equivalent
to firing the sequence of covering errors and computing the covering numbers in Dudley inequality.
The derivation above also reveals why it requires |Tj| < 22" in the admissible sequence. Basically, we
would like to have a matching lower and upper bound for Dudley integral in the form of the righthand

of (5.4). Alternatively, if we want \/log N(T,d, ) to be integrable towards 0, /log N(T,d, 5 ) is at

most of order 1/\/e (other smaller than 1 power also be fine). Then, N(T,d,e) ~ e'/* = ¢? " when
e=27F

The generic chaining will allow us to pull the supremum outside the sum and thus leads to a
potentially smaller bound.

Theorem 5.11 (Generic chaining) Let {X;}ier be a separable sub-Gaussian process on the met-
ric space (T,d). Then

o)
E supX] <~(T,d):= inf sup 2k/2q t, Ty, 5.5
|:t€T ! T 4) {Tk}32 oteTkZO ( ) (5:5)

where the infimum is taken over all the admissible sequences.



Proof: As before, we can still assume |T'| < co. Thus, it holds that

K

Xt - Xto — Z (Xﬂ'k(t) - Xﬂ'k,1 (t)) )
k=1

where 7 (t) maps ¢ to the closest point in 7. The overall goal is to show that
P [sup | Xt — Xio| 2 uy(T, d)] Sexp (—u?/2) foru > e,
teT

where ¢ > 0 is an absolute constant. The claim will then follow immediately.
To this end, we will consider each term in the chaining sum and then take a uniform bound.
Because | X, (1) — Xr, )| is d(mp(t), mp_1(t))?-sub-Gaussian, we have

Tk—1

P (| Xyt = Xy = Cu22d(my(t), mea (£))] < 2exp (—u2¥), (5.6)

where C' > 0 is an absolute and fixed constant. Let €2, be the event such that

| Xoet) = X o] < Cu2*?d(my(t), mp_1(t)) for all t € T and k.

Tk—1
Since there are at most |Tj|[Tk—1| terms in | X ) — X, )], we have
¢ 2k+1 29k
P[QU]SQZ2 exp(—u?).
k>1
Note that whenever Q, occurs, we have?
o
sup | X¢ — X¢,| < Cu supz k120 (t), 1 (1))
teT tel 1=

Consequently,

oo
P |sup|X: — Xt,| > Cusup Z 2k 2d(mp(t), mr_1 (2)) | < 2 Z 22k+lexp (—u22k)
teT teT =

Noting that d(m(t), mp_1(t)) < d(t,T) + d(t, Tx—1), we have

P [Sup | Xt — Xio| 2 uy(T, d)] <2 Z 22k+lexp (7u22k) .
teT E>1

Thus, it only remains to bound ) ;- 22k+lexp (—u22"’). Noting that

for v > 2, one can easily obtain that ), 22" exp (—u?2%) < exp (—u?/2). |

It is worth noting that the tail bound version of the Dudley integral and the generic chaining
can also be established, see for example [2] or [3]. The generic chaining bound is not as convenient
to use as the Dudley integral since constructing a good admissible sequence is not always easy.
However, the difference between the generic chaining bound and the Dudley integral can look
minor, but sometimes it is real. To see this, we revisit the failure example for the Dudley integral
in Section 5.2.2.

2Basically, the argument here tensorize well without first triggering the sup in the first place.



Example 5.12 (Revisit of example in Section 5.2.2) Consider the case n = 22" For no-
tational convenience, we let tp = ex/\/1+1logk. For any admissible sequence {T}} satisfying
T,| < 22", it is easy to show that

supd(t, Ty) = 1/1/1 4 log 22" = 27F/2,
teT

Thus, the bound obtained from Dudley integral is about

> 0(1) = O(L) — oo.

L
k=1

In contrast, to apply generic chaining, we can construct an admissible sequence as follows:
T():{tn}, Tk:{tQ,-",tQQk,tn},k‘Zl,-",L—l.

Then give any t € T, there exists a K such that the index of t satisfies 22" < i(t) < 227
follows that

00 K K
DR, Typ) =Y 2M2d(t, 1)) £ 202 = 0(1).
k=0 k=0 k=0

Here t,, is included in Ty, in order for d(t,Ty) =< 2~5/2, k < K (independent of k). Because t is
arbitrary, we can conclude that the generic chaining can capture the right magnitude in this special
example.

Reading Materials
[1] Martin Wainwright, High Dimensional Statistics — A non-asymptotic viewpoint, Chapter 5.3.

[2] Ramon van Handel, Probability in High Dimension, Chapter 5.3.

[3] Roman Vershynin, High-Dimensional Probability: An introduction with applications in data
science, Chapter 8.
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Lecture 6: Lower Bound of Suprema for Gaussian Process
Instructor: Ke Wei Scribe: Ke Wei (Updated: 2024,/04/07)

Recap and motivation: In the last few lectures, we have studied the upper bound for E [sup,c X¢],
especially by Dudley inequality:

E [supr} ,S/ V01og N(T,d,e)de,
0

teT

where d is defined through the increments of the process. In a reverse direction, we can interpret
this result as measuring the complexity of a set via a random process, with Radamacher complexity
and Gaussian complexity as special examples.

In this section we study the lower bound of E [sup,cp X¢]. It is clear that we cannot expect
to obtain a nontrivial lower bound at the level of generality. For example, even in the case of
finite maxima, we have seen that the additional assumption of independence is needed to obtain a
meaningful lower bound. Otherwise, an extreme example would be E [sup,cr X¢| with X; = X for all
t. Therefore, in this lecture we will restrict our attention to the Gaussian process, whose additional
properties enable us to establish lower bound of E [sup,cp X¢] for certain random processes via
Gaussian comparison theorems. As before, we will always assume X; is centered (i.e., E[X¢] =0
for all ¢, unless stated otherwise).

Definition 6.1 (Gaussian process) The random process { X} et is called a centered Gaussian
process if the random variables {Xy,,- -+ , Xy, } are centered and jointly Gaussian' for alln > 1 and
ti,-,th €T,

Recall that for the centered Gaussian random variable, its sub-Gaussian parameter is equal to
its variance. Thus, if we define

d(t,s) = VE[(Xt = Xo)?] = | X — Xl (6.1)

Then, a Gaussian process is a sub-Gaussian process on (T, d). Note d is usually referred to the
canonical metric defined on T and it is indeed a pseudo-metric but it satisfies the triangle inequality.
Gaussian process has additional properties that makes it easy to work with.

Agenda:
e Gaussian interpolation
e Gaussian comparison inequality
e Sudakov minoration inequality

e A short remark

Tt is equivalent to that any linear combination of {X¢,,--- , X, } is Gaussian. Note that it is possible to construct
a set of random variables that are individually Gaussian but whose joint distribution is not Gaussian.



6.1 Gaussian Interpolation

The proof of the Gaussian comparison inequality in the next section relies on a technique known
as Gaussian interpolation. First we have the multidimensional version of the Gaussian integration
by parts.

Lemma 6.2 (Gaussian integration by parts) Let X ~ N (0,X), where 3 is an n x n variance
matrixz. Then,

=> 5E [g(X)] :
j=1 J
Proof: In the special 1-d case when X ~ A(0,1), the claim of the lemma reduces to
EXfX))=E[f(X)],

which follows immediately after we apply the integration by part to

2

== [ rwe*

In general, first note that letting Z ~ A(0, I,), then X has the same distribution as ©'/2Z. Thus,

221/2 [ZfZl/QZ] 221/2 [Zeg(2)],

E [f'(X)]

where g(z) = f(2'/22) and hence

dg = 1/2% 1/2
G = omr g,

Since the result for the special 1-d case implies (noting Zj, are independent)

Blzi(2)] =& | 52(2)] - zzl/ﬂ 7)),
we have

221/2 Zrg(2)]

_ 221/2 221/2 I: 21/2Z):|

_ 1/2:1/2 Of (172
;(gz ]> [ (2 Z)}
S [2on].

as desired. -
Using the Gaussian integration by parts property, we are ready to present and prove the Gaus-
sian interpolation result.



Lemma 6.3 Let X ~ N(0,5%) and Y ~ N(0,XY) be two independent n-dimensional Gaussian
vectors. Define

Z(t)=VtX +V1—tY, tec[0,1].

Then for every smooth function f we have

d 1 « 0% f
FEUEOI=5 3 (5 -5} (2.

Proof: By the chain rule we have
d de’
dt ZE [&zz dt ]
Xi I ~_[of Yi
= —| - = E|—=~Z :
Z [82’1 \/{] 2; [8zi( (t»\/l—t]

Considering the first term, as X and Y are independent, we can apply Lemma 6.2 to X (con-
ditioned on Y). More precisely, letting g(X) = g(X1, -, Xn) = fF(VEX1 + V1 —tY1, -+ VX, +
V1—1tY,) = f(Z(t)), then

dg
al‘i

0%g B 0% f
c%szc’):p]( ) a aziazj (Z(t))

(X) =Vt gi: (Z(t)) and

It follows that

Since the second term can be bounded similarly, the proof is complete. |

6.2 Gaussian Comparison Inequality

Theorem 6.4 (Sudakov-Fernique inequality) Let {X;}icr and {Y;}ier be two mean zero sep-
arable Gaussian processes. Suppose

E[|X: — X,)*] 2E[|Y; - Yi?] forallt,seT.

Then,

E [sup Xt] >E [sup Yt] .
teT teT

3



This theorem is very intuitive: if {X; };e7 has larger pairwise variance than {Yy }+cr, then E [sup;cp X¢] >
E [sup,er Y3]. Tt is enough to establish the theorem for two Gaussian vectors X ~ N(0,%%) and

Y ~ N(0,%Y) . Moreover, we can assume X and Y are independent; otherwise we can consider

an independent copy of one of them.

Proof: For any 8 > 0 define
1 n
falz) = =log Y e,
5(z) = 3 ;

It is not hard to see that (check this!)

1
oy, < fo(e) < max xp+ °en

n B

max
=1, n

Thus, fg(z) = maxg=1,.. ,x as f — co. Moreover,

9 By, 52
aj; — s =) g g — B (Byme(@) — pr(@)py (@),

where d3; equals 1 if k = j and equals 0 otherwise. It follows from Lemma 6.3 that

n 2
T 5z = ;kz (5% - =) B | 5ot (2(0)
= O3 (5~ ) E i (Z0) (1 - pu(Z0)] — 5 Y (S - S5) Blpe 20y (Z(0).
k=1 ey

Noting that 1 — py(z) = >, ., pj(x), we have

n

> (S - S0 Elpk(Z) (1 —pr(Z0)] =D (Sh — ki) Elpe(Z(1)p;(Z(1))]
k=1 k#j

It follows that

CEZ0)] =Y 7 (5~ 295 + 55 Bl 2020 - 3§ (S~ 250, + 23) E (20 (20)]

ki kg

= fZ (E [1Xx — X;I?] — E Vi — V%)) E[pe(Z()p; (Z(1))]
k#j
2 07

where in the last line we have used the assumption. Thus f3(Z(t)) is increasing in ¢, yielding

Efs(X)] = E[fs(Y)].



Letting 8 — oo concludes the proof. [ |
There are also other types of Gaussian comparison inequalities such as the Slepian inequality or
the Gordon inequality, which can be proved similarly, see for example [3]. The Gaussian comparison
inequalities have many interesting applications. Here we give an example before presenting its
application on the lower bound for the expectation of suprema of the Gaussian process.

Example 6.5 (Spectral norm of Gaussian matrices) Let W € R™*" be a random matrix
with i.5.d N'(0,1) entries. By the the finite approximation bound in Lecture 4, we have

E[|[W]l2] < C(vVm+V/n).
Next we can show that the bound can be sharpened to
E[[Wll2] < vVm++vn
by the Sudakov-Fernique inequality®. We still begin with the variational form for [|[W ||,

[Wla= sup u!'Wov=: sup Y.
u€BY weB} u€BY weB}

We have

E (Vi = Yl = E | | D Wij(wivj — tis;)

]
=D (uj — tis;)?
ij

= ™ 573

< [l — tl13 + flo — s]13.
If we construct another Gaussian process as follows,

XUU:<Q,U>+<h,U>, gNN(Oylm)a hNN(O7In)

it is easy to see that E [| Xy, — Xys|?] = |lu—t||3 + |lv — s||3. Thus, applying the Sudakov-Fernique

inequality yields

E[ sup UTWU] <E

uEBY vEBY N

sup  (g,u) + (h, U>]

weBD weBY

=E|sup (g,u)| +E

ueBy
=G(By') + G(B3)
< Vm++/n.

It is worth noting that this example is a special case of the Chevet theorem which considers the
problem on a compact subsets of the unit spheres.

sup (h, v)]

vEBY

2However, note that the finite approximation bound works for all the general sub-Gaussian matrices, not only the
standard Gaussian matrices.



6.3 Sudakov Minoration Inequality

Theorem 6.6 (Sudakov minoration inequality) Let {X;}icr be a centered Gaussian process.
Then

E [sup Xt} 2 super/log N(T,d,¢),

teT e>0
where d is the canonical metric defined in (6.1).
Proof: For any € > 0, let P be e-packing of T" under the canonical metric with the packing
number P(T,d,e). Let X = {X;}iep and let Y = {Y; }+ep be a vector of length P(T, d,¢) with i.i.d
N(0, %) variables. Then,

E[|X: — X|*] =d(t,s)* > =E[|Y; - Y,|?] .
Thus the Sudakov-Fernique inequality yields
E {sup Xt} >k {sup Yt} = ey/log P(T,d,e) > e+/log N(T,d,¢),
teP teP

where the last inequality follows from the relationship N (7', d,e) < P(T,d,¢). ]

Sudakov minoration inequality can be used in two different ways: converting lower bound of
covering number into lower bound of the suprema of Gaussian process, and converting upper bound
of the suprema of Gaussian process into upper bound of covering number.

Example 6.7 (Lower bound on suprema of i.i.d Gauss) We have already shown in Lecture }
that

E [ max gk} 2 +/logn
k=1, n
for i.i.d standard Gaussian random variables gi. The lower bound actually can also be established
via Sudakov minoration inequality. First note that

max g = max(g,t
k:l,---,ng teT {g,1),

where T = {e1, - ,en} and g € N(0,1,). Since for sufficiently small e, N(T\,| - ||2,€) = n, it
follows immediately that E [maxy—i ... n gi] 2 v/logn.

Example 6.8 (Gaussian width of unit 2-norm ball BS) In Lecture 4, we have seen that

G(BY) =E

sup <g,t>] = Vd,

teBg

where the lower bound is obtained via the comparison with the corresponding Rademacher complez-
ity. Since (g,t) is a Gaussian process with the canonical metric given by

d(t,s) = VE[[(g,t = 5) [!] = [|t — s]l2,

we can also use the Sudakov minoration inequality to get the lower bound,

1
G(B) 2 2\log N(BS, || - |2.2) = &y [dlog - = Vd

after choosing a proper ¢.



Example 6.9 (Lower bound on spectral norm of Gaussian matrices) In Ezample 6.5, we
have seen that

E[|Wl2] < vm+vn

for an m x n Gaussian random matriz. The Sudakov minoration inequality can be used to show
that this bound is sharp in terms of the scaling. Recall that

[Wla= sup uw!Wuv=: sup Y.
u€BY vEBY u€BY wEBY

The application of the Sudakov minoration inequality yields that (complete the details!)

E[[Wll2] 2 ey/log N(B © B, | - | <)

2 &\ /log (N(BE || [l2.€) - N(BS. || - [12.))

1
= e/ (m+n)log R
2 Vm+vn
after choosing € properly.

Example 6.10 (Metric entropy of unit 1-norm ball B¢ under the Euclidean distance) We
have already seen that

G(Bf) =E

sup <g,t)] = +/logd.

d
teBd

Together with the Sudakov minoration inequality, we have

1
IOgN(B(li7 H ' ”276) S glogd

Up to constant, this result matches the bound for the covering number of a convexr hull of a finite
set due to Maurey. Noting that

1
log N (B, | - [|2,€) < dlog -

we can see in a different way that the unit 1-norm ball is much smaller than the unit 2-norm ball.

6.4 A Short Remark

Combining the Sudakov minoration inequality with the Dudley inequality /integral, we have for the
Gaussian process { X, }ier

Sl;p 2_k\/10g N(T,d,27%) <E [ilengt] < %:2_k\/logN(T, d,27F).



In some situations, the upper and lower bounds are not as far apart as may appear at first sight
because the term 2_k\/ log N(T,d,2~*%) behaves like a geometric sequence so that their sum is of
the same order as the largest one (for example, consider Example 6.8). However, there are also
cases where there is indeed a gap between these two bounds. It turns out the generic chaining
bound is tight for Gaussian processes, i.e.,

E {sup Xt} < (T, d),
teT

see Section 3 of Lecture 6 for the definition of (7, d). This is the notable Talagrand majorizing
measure theorem. We will omit the details, see for example [2] and [3]. For stationary Gaussian
process, Dudley integral is also tight.

Reading Materials
[1] Martin Wainwright, High Dimensional Statistics — A non-asymptotic viewpoint, Chapter 5.4.

[2] Ramon van Handel, Probability in High Dimension, Chapter 6.1.

[3] Roman Vershynin, High-Dimensional Probability: An introduction with applications in data
science, Chapter 7.
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Lecture 7: Uniform LLN, VC Dimension and Applications
Instructor: Ke Wei Scribe: Ke Wei (Updated: 2024/04/28)

Motivation: We are interested in bounding the random variable

sup |~ 57 £(X) — E[F(X)]] (7.1)
k=1

feF | =

where F is a class of functions. That is, we want to estimate the deviation between = >)' | f(Xy)
and E [f(X)] uniformly over the class F — hence the name of uniform laws of large numbers (ULLN).
Here, we ignore the measurability issue after taking the supremum. This problem arises in a wide
range of applications. We first give several typical examples.

Wasserstein law of large numbers Let Xy, -, X,, bei.i.d samples from a population measure
P, where P is a probability measure on [0, 1]. Define the following empirical measure

> ox,-
k=1

Then a natural question is how well P, stands for P. For a realization, the Wasserstein distance
between P,, and P is given by

Wi(Py,,P) = ?EE Ep, [f(Z2)] — Ep[f(2)]|

P, =

S

where F = {f € Lip ([0,1],|-|) : 0 < f <1} is a set of 1-Lipschitz functions. It is evident that
W1(P,,, P) is in the form of (7.1). In this case, the related result is also known as Wasserstein law
of large numbers.

Classical Glivenko—Cantelli theorem Letting X ~ P, the cumulative distribution function
(CDF) F(a) is given by F(a) = P[X < a]. Given a set of i.i.d samples {Xj};_,, we can estimate
F' by the empirical CDF,

~ 1 <&
Fp(a) = - Z 1(—00.0) (Xk),
k=1

i.e., the empirical frequency over (—oo,a]. Then it is natural to ask whether

F,(a) — F(a)| is small uniformly for all a € R?

The classical Glivenko—Cantelli theorem answers this question in an affirmative way. Letting F =
{1(Cooa(®) : a € R}, since E [1(_q 4(X)] = F(a), we actually need to bound (7.1), where F is
given by

F={1(_sa a €R}. (7.2)

1



Generalization analysis in statistical learning Given a pair of random variables (X,Y), a
central task in statical learning is to find the relationship between X and Y. This is typically
formed as the problem of finding a function (hypothesis) h in a function class H such that the
population risk

R(h) = E[L(h(X),Y)]

is minimized. Here L(-,-) represents certain loss function. However, since we do not know the
distribution of by only have access to a set of i.i.d samples X7, --- , X,,, a computationally tractable
alternative is to minimize the empirical risk,

Ruh) = 3" £(b(Xe). Vi),
k=1

Letting h* be the minimizer of R(h) and i be the minimizer of R,,(k), in order for h%; to generalize
well for the entire distribution, we wish R(h*) should be close to R(h*). This can be achieved if
Ry,(h) is close to R(h) for all h € # since then they will have their minimizers close to each other.
More precisely, the excess risk defined by R(h*) — R(h*) satisfies

R(hy) = R(W) = (R(h) = Ra(hy) ) + (Ba(h) = Ra(h)) + (Ra(h) = B(E))

< |R(z) — Bai)| + | R () = RO)

< 2sup | Ru(h) — R(h)’ . (7.3)
heH

Thus, in order to bound the generalization error R(h:) — R(h*), it suffices to bound

lzﬁ(h(Xk)>Yk) —E[L(h(X, Y))]‘ (7.4)

sup | Rn(h) — R(h)| = sup -
k=1

heH heH

If we define
LS™ L(h(xX0), i) — E[L(h(X), V)

f(Z1,-++, Zy) := sup
"=

heH

y where Zk = (Xk,Yk),

it is easy to see that (7.4) is a special case of (7.1).

Under some proper conditions (e.g., || f|lcoc < b for f € F), it is easy to show that the quantity
in (7.1) concentrates around its mean, for example by bounded difference inequality. Thus, we will
focus on its expectation

E |sup

fer|m

k=1

LN (f(x) —E [f(kau . (7.5)

Note that when there is single function in F, we have

E




under some mild moment assumptions. It is intriguing to see whether this is also true when F has
many functions, which is also the desirable goal to pursue.

Agenda:

e Wasserstein Law of Large Numbers
e Symmetrization, VC Dimension
e (Classical Glivenko-Cantelli Theorem

e Statistical Learning

7.1 Wasserstein Law of Large Numbers

In this section, we consider (7.5) for the case
F={felip([0,1],]-): 0<f <1}
The following theorem establishes the covering number of F under the infinity norm.

Lemma 7.1 There is a numerical constant ¢ > 0 such that
1 1
N(.F,H~||OO,E)§€C/E f0r5<§ and N(]:,H-||oo,e)zlf07"£2§.

Proof: The claim N(F, || |0, ) =1 for & > & is trivial since || f — %HOO < L for each f € F. The
proof of the first claim is basically based on approximating f with piecewise constant functions,
see [2] for details. |

7.1.1 First Effort via Finite Approximation

For ease of notation, let Zp = 2 37" | f(X}) — E[f(X)]. First note that Z; is 1/4n-sub-Gaussian
since f € [0,1] (check this!). Letting N be the e-net of (F,| - ||o), by Lemma 7.1, we have
N(F, || loc, &) < €%, for e < 1/2. Thus,

c
E Z:l| < inf E Zy— Ly +/
s larl) = 05511/2{ sepl2s = Ze m}
Moreover, we have
1 n
Zf — Zn(p)l = (n (f(Xk) — 7T(f)(Xk))> +E[r(f)(X) - f(X)]'
k=1
2 n
< Z _
<=3 -7l
k=1
< 2e.
It follows that
E |sup|Zf|| < inf {25+ ¢ }xn_l/?’,
feF 0<e<1/2 2ne

which is sub-optimal.



7.1.2 Second Effort via Dudley Integral

With the same definition of Z; as in the last subsection, we have that
1 n
Zy—Zg= D (F(Xk) — g(Xx) = (B[f(Xi)] = E[g(Xp)])
k=1
is 1] f — g||%,-sub-Gaussian. Thus, if we define
d(f,9) = | f = glloo,

then Z; — Z, is d(f, g)*-sub-Gaussian. In addition, it is easily seen that (check this!)

N(f;nil/QH ’ HOng) - N(‘Fﬂ H ’ HOOvnl/25)'

Thus, the application of the Dudley integral (note that 0 € F) yields

E |sup

fer

%Zf(Xk) —E[f(X)]“ S /000 \/logN(}", | - oo, nt/2¢)de

k=1

1 oo
- = [ Vi NE T e
1 12 J¢
-7l Ve
1
=
7.2 Symmetrization, VC Dimension

For the problem in the last section, the infinite norm can be used to bring out the sub-Gaussian
nature of the process, and thus the tight 1/y/n bound can be established via Dudley integral.
However, for many cases, it is not efficient to bound the increments using the infinite norm and
weaker metrics should be considered. Consider F given in (7.2). Since

11Cooa) ~ Lmseailloo =1 whenever a#d,

we have N(F,| - ||oc,€) = 00 for € < 1. Thus, substituting this into Dudley integral is not quite
meaningful. The symmetrization argument provides a way to overcome this pitfall, which allows us
to use the Dudley integral based on covering under potentially a smaller distance through separating
the sign (or “Gaussian part”) out from its magnitude . To motivate the symmetrization argument,
consider the random variable 22:1 X}, where X} are independent mean zero random variables.
When the magnitude of each X}, is of the order O(1), a naive bound for | >~}_; Xx| would be O(n).
However, by the central limit theorem, a more desirable bound would be O(y/n). This is due to
that the terms in the sum are independent and centered, so they are likely to have opposite signs,
yielding the cancellation effect. Therefore, the random sign »_,_, sign(X}) plays an essential role
in the Gaussian tail while the magnitudes of X}, only determine the variance.



7.2.1 Symmetrization

As already mentioned, the symmetrization technique separates the sign (or “Gaussian part”) of
the process out from its magnitude and analyze each part sequentially. This allows us to provide
bounds for (7.1) more efficiently.

Lemma 7.2 (Upper bound by symmetrization) Let {X}};_, be i.i.d random variables. Then,

|

> erf(Xe)

k=1

Z (f (Xk) —E[f (X))

k=1

) |

< 2By |sup
feFr

E |sup
feF

where {ex}j_, is a collection of i.i.d Rademacher random variables.

Proof: Let {Y;};_, be ii.d copies of {Xj};_,. We have

n

E |sup | (f(X) —E[f(X)])“ =Ex [sup |Y_ (f(Xi) —Ey [f(Yk)])|
feF = feF o
=Ex ?elg By | > (F(Xx) = (V) '

k=1

NE

< Ex [supEy
| feF

(f(Xk) — f(Yk))‘

k=1

> (f(Xk) = F(V))

k=1

< Ex)y [sup

feFr

where the third line follows from Jensen inequality. Noting that f(Xj) — f(Yx) is symmetric and
thus has the same distribution with e (f(Xg) — f(Y%)), it follows that

E |sup | (f(Xe) =E[f(X)])|| <Exye [sup > (ex(f(Xi) = F(Y)))
fer k=1 fer k=1
<Ex. [sup erf(Xk)|| +Eye |sup erf(Ye)||
Jonp[3eur | 4 s a0
which completes the proof since {Y}};_; are i.i.d copies of {Xy};_;. |

Lemma 7.3 (Lower bound by symmetrization) Let {X}};_, be i.i.d random variables. Then,

E

sup
fer

sup
fer

1
> §EX,€

> (f(XR) - E[f(Xk)])‘

k=1

S e (f(Xi) —E [f(Xk)])“ ,

k=1
where {e}}_; is a collection of i.i.d Rademacher random variables.

Proof: We have

D e (f(Xx) —Ex [f(Xk)])“

Ex. [sup
k=1

feF




=Ex. |sup Zek (f(Xk) —Ey [f(Yk)])|
feF =1
Eyy. X)) — f(Y;
<Exy, [ngelg ;&“k(f( k) — f(Yx))
=Exy sup ;(f(Xk) _f(Yk))‘
E Xp) —E[f(X E Y. —E[f(Y;
< ?lelgkzﬂ(f( k) —Ef(Xe)D]| + ?EE;W K —E[f( k)])' :
which completes the proof since {Y;};_, are i.i.d copies of {X;}}_;. [ ]

Remark 7.4 Note the right hand side in Lemma 7.3 cannot be replaced by Ex . [supfe}— DIy Ekf(Xk)H
since a counter example can be easily constructed for the n = 1 case.

To upper bound (7.5), by Lemma 7.2, it suffices to bound

Exe |sup | Y erf(Xe) ] : (7.6)
feF |2
For this, we can first condition on X = (z1,--- ,x,) and bound
Ee sup | Y exf(xk) (7.7)
) [fEf 2

and then take expectation with respect to X. It follows that

E[sup Z(f(Xk)—E[f(Xk)])‘ S |E supzf%Xk)] VIog T (n), (7.8)
feF b1 i fE]-'k:1
where

Or(n) = —max [{(f(z1), -, f(za)): fE€TF}. (7.9)

{xlv"' »In}C-X

Note that when |F| = oo in which case a direct bound uniform bound for (7.5) fails. In contrast,
it is possible that IIrz(n) is finite (e.g., when F a class of binary value functions for classification
problems). Assuming ||f|loc < b for all f € F, we can still work out an upper bound for (7.5)
through (7.7) and obtain

n

> (F(Xk) —E[f(Xe)])

k=1

E |sup

ferF

sup » fQ(Xk)] V9ogIlx(n) < v/nby/log Il x(n).

fer 4
(7.10)

Next we will focus on the case when F a class of binary value functions (and hence IIx(n) is
finite, at most 2"). It can be shown that the growth of Iz (n) is determined by a notion called VC
dimension. In other words, VC dimension provides a different way to quantify the complexity of
the function class F. Though we only discuss the VC dimension for the families of binary value
functions, it can be extended to general classes of functions, see for example Chapter 7.3 of [2].



7.2.2 VC Dimension

Definition 7.5 (Shattering and VC dimension) Let F be a class of binary value functions.
We say a set (x1,--+ ,x,) C X is shattered by F if

The VC' dimension of F, denoted v(F) or simply v for short, is defined as the largest integer n for
which there exists a collection of points (x1,--- ,xy) that is shattered by F.

Remark 7.6 By the definition, when n > v, then for any collection of points (x1,--- ,xy),

{(f(@1),-- fan)) : e F}

must be exactly smaller than 2™. In terms of the growth function in (7.9), the VC dimension is the
largest integer n such that I1x(n) = 2™.

Exercise 7.7 If there exists n points that can be shattered, why for any m < n there exists m
points hat can also be shattered? If there does not exist n points that can be shattered, why for any
m > n there does not exist m points that can be shattered?

Bkmwae 1. $= {(“D“,*jl teRS

(n=1) —+ F—
+
(N=2) . x } V. I
t + J -
. VI X
J ™ ~ (r— A} Y
-~ -+
4

=2 VlS)=1.
Figure 7.1: Example I

Example 7.8 Figures 7.1, 7.2 and 7.3 give three examples with finite VC dimension, where
F={lg(z), S€S8}.
There also exists set S such that the VC dimension of F is infinite, see [3].

For the function class having a finite VC dimension, it turns out its growth function is of the
polynomial order in n.
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Figure 7.2: Example 11

Lemma 7.9 (Sauer-Shelah) For alln > v and (z1, - ,z,) C X, there holds

Mr(n) = max |{(f<w1>,---,f<$k>>:fef}iﬁi@q?)v
k=0

{z1,,xn}CX

Proof: The second inequality follows directly from the combinatorial argument
" /n n\ /n\v—k
2 k)= k (*>
k=0 v
n
k
) i ( ) )

=0

IN
— = >
353 3 M= I

k
)v(l—i-v
>v

The first inequality follows from an inductive argument and the details will be omitted. Interested

readers may find them in [1] and [3]. ]

Note that Lemma 7.9 is a truly deep result. For n > v(F), though the definition of VC dimension
implies that [{(f(z1), -, f(zn)): f € F} < 2" for any (x1,--- ,xy), this does not exclude the
possibility that there exists a (z1,---,zy,) such that |{(f(z1), -, f(zn)): fE€F} = 2" — 1.
However, the Sauer-Shelah lemma says that this cannot be true.

IN
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Figure 7.3: Example III

Exercise 7.10 For the three examples in Example 7.8, show that [{(f(z1), -+, f(an)): f € F} S
n directly rather that using the Sauer-Shelah lemma.

7.3 Classical Glivenko-Cantelli Theorem

In this section we return back to the problem of estimating E [Hﬁn — F|oo|, where F' and F, are

CDF and empirical CDF, respectively. It corresponds to estimating (7.5) for 7 = {1(_ q)(z) : a €
R}. By Example 7.8, we first know that v(F) = 1. It follows from the Sauer-Shelah lemma that
I1,,(F) < n. Together with (7.10), we have

~ 1
E[IF, - Flle] /22, (7.11)
n

Remark 7.11 By certain central limit theorem (Kolmogorov theorem), one can directly show that
the optimal rate for ||F,, — Fl|ls is 1/y/n. Next, we will remove the log-factor in (7.11) by more
advanced technique.



Let F = {1¢, C C X'} be the set of binary value functions defined on a probability space (X, P).
For any f,g € F, we define

1/2
1f = glloe = ( [ - g(w))zdm)) |

Lemma 7.12 There is a numerical constant ¢ > 0 such that

C

N(F, |- 2@y, €) < (*) fore < 1.

€

where v is the VC dimension of F.
The proof of Lemma 7.12 relies on the following lemma.

Lemma 7.13 Let f1,---, fn be functions on (X,P). If

[fillo <1, WIfi = fill2@ey > € for alli # j,

then there exists m =< e *logn points x1,--- , Tm such that
— Z \filzg) — fi(xp)|? > €2/4  for alli # j. (7.12)

Proof: The proof of this lemma uses a very interesting probabilistic argument: we first choose
m points randomly and then show (7.12) holds with high probability. Then there must exist such
m deterministic points. More precisely, let X1, ---,X,, ~ P be i.i.d samples. The application of
Hoeffding inequality implies that

m
k=1

Ly 2 2 mt?
!Z F(X8) — [P B [1fi(Xe) — F(X)I]) < —t] < exp <_2> |
Noting that

Z|fz Xi) = fi(Xe)?| = E[1fi(Xe) = £;(Xe)1?] = I1fi = Fill T2 > €%

we have

2 4
[ Z|fz Xk f] Xk:)| < Z] < exp <—Tnj> .

Now a union bound gives

me

[ Z’szk ijk)]2>forallz;éj]>1—nexp<—44>>0

provided m =< e *logn. [

10



Proof: [of Lemma 7.12] Let fi,-- -, f, be an maximal e-packing of (F, |- ||2(py). By Lemma 7.13,
there exist m =< e *logn points z1,- - - , 2, such that

fZIfz o) — fi(zp)2 > €2/4 for all i # .

Thus, letting F,, = {f1,- - >fn}7

Note that the VC dimension of F,, is less or equal than the VC dimension of F. By the Sauer-Shelah

lemma we have
4 v
em\ v ce *logn
n < (—) <|\l—
v v

and the claim follows after some simple calculus. [

Theorem 7.14 (Glivenko-Cantelli) We have E [HF FHOO] %

Proof: For fixed (z1, - ,x,), let
LS et
=— Tk).
\/ﬁk:1 k k

Noting that Zy — Z, = ﬁ Sorqen(f(zr) — glzy)) is 237, (f(zk) — g(xx))*-sub-Gaussian (see
Lecture 1). Thus, if we define the metric

n

AF.9) = || - D) — o),

k=1

then Zy — Z, is d(f, g)*>-sub-Gaussian. Let F = {F,0}, namely we add a 0 function to F. Note
that we still have v(F) = 1 (check this!). Thus, Lemma 7.12 implies that

N(]?,d,a)g <§>C, for e < 1,

where ¢ > 0 is a universal constant. Moreover, it is easy to see that d(f,g) < 1 for any f,g € ﬁ,
and thus diam(F) < 1. By the Dudley integral (also noting Remark 6.4) we have

1 n
sup exf(zp)|| =Ee |sup|—= > epf(ar) —0
B feF |vn Z e feF \/ﬁkzz1
1 ~
< log N(F,d,e)de
0
:O(1>7

where O(1) means a constant. Thus,

1
sup J(Xp) —Ef(X)]|| SExe [sup|— ) erf(Xp)|| S —=.
fer|n Z “fer ; vn
The proof is now complete. |
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7.4 Statistical Learning

In this section, we study the generalization error analysis problem in statistical learning, as intro-
duced at the beginning of this lecture. For simplicity, consider the classification problem where
Y = T(X) and T is a fixed Boolean function on X. Moreover, we consider the case where L is
squared loss,

L(h(Xk), Yy) = [W(Xy) = Yil* = [A(X5) — T(Xp) .
Therefore, by (7.3), we have

R(b) = R() < 25up |Bu(h) = ()
heH
—2sup |- 5 (1h(Xe) = T(X)? —E[\h(Xw—T(Xk)P])‘

heEH nk 1

n

= 2sup 1 f(Xk)—E[f(X)]‘,
fer |3

where f = |h—T|*, F = {|h—T|?, h € H}. Assume H is a set of Boolean functions: {1¢, C' C X'}.
We have the following result.

Lemma 7.15 For any set of points (x1,- - ,x,), define d(f, g) \/ Yopeq (f(xk) — g(zk))?. Then

N(F,d,e) < N(H,d,e).
Proof: Since both h and T are Boolean functions, so does h — T'. Thus,
\lh =T = |h—T]|.
It follows that
by = T[> = [he = T*| = ||h1 = T| = |hg = T| < |h1 = ha| = [h1 — ho|*.

for any hi, ho € H. Therefore,

Al = 7o = T) = | 3 a(an) = T(@) 2 = lhalan) = T

< *ZVM xy) — hao(zy)[?
- d(hla h2)7
from which N(F,d,e) < N(H,d,¢e) can be easily established. |

Theorem 7.16 Under the previous assumptions, we have

£ [R(iy) ~ B0 < /122,

n

where v(H) denotes the VC dimension of H.

12



Proof: We have

<E |sup | f(Xk)—E[f(X)]u
fer|n el
< sup |—
ExE. feg nkZﬂSkf(Xk)]

SL [/ \/Wde]
L [/Wd}

where the last line follows from Lemma 7.12.

Reading Materials

[1] Martin Wainwright, High-dimensional statistics — A non-asymptotic viewpoint, Chapter 4.
[2] Ramon van Handel, Probability in High Dimension, Chapters 5.2, 7.1, 7.2.

[3] Mehryar Mohri, Afshin Rostamizadeh, and Ameet Talwalkar, Foundations of Machine Learn-

ing, Chapter 3.
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High Dimensional Probability and Statistics 2nd Semester, 2023-2024

Lecture 8: Random Matrices and Applications
Instructor: Ke Wei Scribe: Ke Wei (Updated: 2024/05/05)

Motivation: The study of random matrices is directly motivated by the estimation of covariance
matrices. Let X € R" be a mean zero random vector. Then the covariance matrix corresponding
to X is given by

Y =E[XXT].

However, since we typically do not know the distribution of X but only have access to m i.i.d
samples { X} | of X, a natural estimator! of ¥ is

1 m
S = — ; Xp XL

Then we would like to know how close the random matrix 3, to its mean X, particularly in terms
of the matriz spectral norm.

The approaches for studying the concentration of random matrices relies on the knowledge of
the distribution of the elements. For example, if the random matrix has sub-Gaussian entries, we
can establish the concentration results based on the concentration of random variables through the
variational expression for the matrix spectral norm. When there is no explicit distributions associ-
ated with the elements of the random matrix, the matrix concentration bound can be developed by
imitating the Chernoff method for random variables. That is, either we can use the concentration
inequalities for the random variables directly, or we can extend the proof techniques for the random
variable case to the random matrix case.

Before proceeding, it is worth noting that we will study matrix concentration in terms the spec-
tral norm rather than the Frobenius norm. This is largely due to that the deviation of principle
directions associated with the covariance matrix is typically of interest, and the bound based on
spectral norm is sufficiently tighter than that based on the Frobenius norm (which is the sum of
the errors in all directions). In addition, it is trivial that the matrix concentration bound in terms
of Frobenius norm can be reduced to concentration result of random variables.

Agenda:
e Covariance matrix under sub-Gaussian assumption
e Application: Clustering based on PCA
e Matrix Bernstein inequality
e Application: Covariance matrix for general distributions

e Application: Sparse Recovery

"When the covariance matrix is known to have certain structure, a better estimator can be constructed based on
that structure, see for example Chapter 6.5 of [1].



8.1 Covariance Matrix under sub-Gaussian Assumption

In this section we will consider the concentration of the covariance matrix ¥, when X is a sub-
Gaussian random vector, defined as follows.

Definition 8.1 (Sub-Gaussian random vector) A mean zero random vector X € R™ is sub-

Gaussian with parameter o if for each v € S*~ ! (i.e., ||v]la = 1), (X,v) is a sub-Gaussian random

variable with parameter 2.

Example 8.2 Assume X € R" has i.i.d 0%-sub-Gaussian entries. Then,

)\21)%02 2 2

n n

Ao _
He’\“kxklgne > =e¢ 2 forveS
k=1 k=1

meaning (X,v) is o2-sub-Gaussian. Thus, X is a o*-sub-Gaussian random vector.

E [eMXM] ~E

Example 8.3 Let X ~ N(0,%). Then for anyv € S"~ 1, v X ~ N(0,07%0v). Since vT %o < ||z,
we can conclude that X is a sub-Gaussian random vector with parameter at most ||3||2.

The following lemma provides a characterization of the spectral norm of a symmetric matrix in
terms of the e-net. We have indeed seen this result for general matrices in Lecture 4.

Lemma 8.4 Let Z € R™™ be a symmetric matriz. Assume € € [0,1/2) and let N be a e-net of
S"=1 under the || - |2 metric. Then

1
Zll2 < sup |[(Zv,v)|.
12112 < {5 sup |(Z0.v)

Proof: For any 2 € S"~!, by the definition of e-net, there exists a vector m(z) € N such that
|z —7(z)||2 < e. It follows that

(Za,x) = (Zm(z),m(x)) = (Z(x — 7(2)), ) + (Z7(z),z = n(2)),

and hence
[(Zz,z) — (Z7m(z),7m(x))] < 2e]|Z]2.
Consequently,
1Z]l2 = sup [(Zz,z)| < sup ([(Zm(x),7(x))| + 2| Z]l2).
zesn—1 zesSn—1
Then the proof is complete after rearrangement. [ |

Theorem 8.5 Let X € R™ be a mean zero o2-sub-Gaussian random vector and ¥ = E [XXT] be
its covariance matriz. Let {Xy}7 | be i.i.d samples and define X, = 257" | Xp XTI Then,

Y — 2 .
P w > { n + n} + t] < coexp (—03 m1n{t,t2}m) for allt > 0.
V' m

g m

Here, c1,co,c3 > 0 are absolute numerical constants.



Proof: Let Z =X, — . Taking N to be a 1/4-net of S"~!, we have |N| < 9" and

| Z]|2 < 2sup [(Zv,v)].
veEN

The overall strategy of the proof is to first consider a fixed v € N and then take a union bound.
For any fixed v € N, we have

(Zo.0) = L3 ((xT0) 2 [(xT0)?)).

k=1

Since ng is o2-sub-Gaussian, we have

|(xTw)* B[ (xT0)?]|

+E[(X[v)’]

implying that (X ,;Fv)2 —-E [(X 30)2} is c4-0%-sub-exponential. Thus the application of the Bernstein

inequality yields that
J 62 9
P |:<Z1),U>‘ > 2] < exp (—05 min {04, 02} m> .

Taking a union bound yields that

P[|Z]s > 5] < P [bup (Zv,0)] > ‘21

vEN
52 6
< 9"exp (—05 min {4, 2} m)
o’ o
o [6% 0
=exp (nlog9 —csming —, — ¢ m (8.1)
ot o

Let 6 = (01 {w/% + %} +t) o2. Then,
o> <01E + t) o? and 6% > (C%ﬁ + t2) ot
m m
Substituting them into (8.1) yields that
P[||Z]l2 > 6] < exp <n10g9 — ¢5 min {cl +t,ci— +t2} )

The proof is complete if we take ¢; to be sufficiently large. ]

Remark 8.6 Given the tail bound, it is anticipated to obtain the moment bound, in particularly
on E[||3,, — X||2]. Since

Ym — 2 & Yim — 2
SEEL0 I L
g 0 g



dvatat TIs, — % o S — 5
:/ ]P’[HmQHz>x]dx—l—/ p{“’”QHQ>$}d$
: v alvEs) Lo

© [T, -5
Scl{,/n+”}+/ P[”QHQch{‘/nJrn}th] dt
m  m 0 o m  m

n n & . 9
<c { — + } + 02/ exp (—c3min{t, t*}m) dt
m m 0
S+
m m

it follows that

n n
Immm—Mﬂs{ +}ﬁ.
m m

n n
EW&ﬂﬂﬁHMb+{M+}a?
m m

Thus, an upper bound for E[||X,,]|2] can be derived from the concentration result under less stringent
conditions. Note this bound cannot be obtained via methods discussed in the previous lectures since
they only work for (sub)-Gaussian processes.

Moreover, we have

AT A

Figure 8.1: ¥, = %ATA.

Remark 8.7 Assume ¥ = I,, and X}, is sub-Gaussian with parameter o> = 1. Note that we can
ETPTESS Yigp AS Ly = %ATA, where AT = [X1,---,X,] (see Figure 8.8). Thus, Theorem 8.5
implies that, with high probability,

1 _ C/ E S amln(A) S amaX(A) S 1 + C/ E
m vm vm V' m
for some numerical constant ¢ > 0, with the proviso that m > n. That is, A behaves more and

more well-conditioned (like an orthogonal matriz) when m/n increases. This turns out to be a
useful result itself.




8.2 Application: Clustering Based on PCA

The PCA paradigm which first projects data onto a low dimensional subspace can be used for data
clustering. For simplicity we consider the following Gaussian mixture model with two different

means {_:U’? ,LL},

X =¢cu+g, (8:2)

where ¢ € {1,—1} is a Rademacher random variable, u € R™ is deterministic and g € N(0, I,,).
In words, sampling from X will generate two clusters of data, obeying N'(—u, I;) and N (u, I,)
respectively, see Figure 8.2.

6 F |

Figure 8.2: A simulation of points generated according to the Gaussian mixture model (8.2).

Suppose we are given a sample of m points { X} | drawn according to the Gaussian mixture
model and want to identify which points belong to which cluster (i.e., determine they are generated
from which mean). From the simulation, it is not hard to see that the data generated from X is
stretch in the direction of p, and the data points from different clusters have different inner product
with p. Assuming ||p]l2 > 1, noting that

(e + g, 1) =ellpll3 + (9. 1)

where the size of (g, 1) is about ||u||2, the sign of the inner product will coincide with &, and hence
can tell which mean the data point corresponds to. Indeed, if we define

Zy, = (sign((expe + g, 1/l pll2)) # €x),
X

by the Hoeffding inequality, it can be shown that with high probability the number of misclassifi-
cations Y ', Zj, cannot exceed a fraction of m (show this!).



In the situation when we do not know p but only have access to { X }}",, we can approximate
1 by PCA since the principal direction of PCA captures the direction that the data points stretch
the most. This gives the spectral algorithm for data clustering (here “spectral” refers to using the
eigenvectors of a matrix for the task since the eigen-decomposition of a matrix is also known as
spectral decomposition),

e Compute the covariance matrix £, = L 37" | X X[

e Compute the principal eigenvector ¢ (of unit norm) of ¥,,, i.e., eigenvector corresponding to
the largest eigenvalue of 3,,.

e Partition the data points into two clusters based on the sign of (X}, ¢) (data points with the
same sign of (X, ¢) will be put into the same cluster).

Next we are going to show that ¢ can be close to u. To this end, we need the Davis-Kahan
theorem.

Theorem 8.8 (Davis-Kahan) Let S and T be two symmetric matrices with the same dimension.
Suppose the i-th largest eigenvalue of S is well separated from the rest of them:

min ’)\](S) — /\1(5)‘ > 4.
J#1

Then the acute angle 6; between the unit-norm eigenvectors p;(S) and p;(T) corresponding to the
i-th largest eigenvalues satisfies

sinf; < M
o
In particular, there exists a 0 € {1, —1} such that ||p;(S) — pi(T)||2 < 23/2||S — T)|2/6.
Note that
S=E[XXT] = puu’ + I,

and the largest eigenvalue of ¥ is 1+ ||u||3, with the corresponding normalized eigenvector g/ |||z
Since X is a sub-Gaussian random vector with the parameter proportional to ||u/|3 (check this!),
By Theorem 8.5, we have

1S = Zll2 < pllull3, (8.3)

for a sufficiently small p > 0 when m 2 n (the hidden constant relies on p). Noting the gap between
the first and second largest eigenvalues of X is || |3, the Davis-Kahan theorem together with (8.3)
implies that

30 € {1, -1} such that [[¢ — 0(u/||ull2)ll2 < /',

where p’ > 0 is also a sufficiently small number (a multiple of p).



8.3 Matrix Bernstein Inequality

In the last section, we have studied the covariance matrix concentration based on the distributional
information of the matrix elements (e.g, certain sub-Gaussian rows). When there is no distribution
assumption to use, we may develop matrix concentration inequalities via the matrix Chernoff
method, which imitates the Chernoff method for random variables. Both the matrix Hoeffding
inequality and the matrix Bernstein inequality can be developed this way. In this section we focus
on the more widely used matrix Bernstein inequality.

8.3.1 Matrix Calculus

In this section we use S™*" to denote the set of n x n symmetric matrices and use S'}*" to denote
the set of n x n symmetric and positive definite matrices. In addition, we say X <Y or Y = X if
Y — X is positive semidefinite.

Definition 8.9 (Matrix Function) Let X € S"*™ with the eigenvalue decomposition X = QAQT =
> orq )\quq,{. Given a function f: R — R, we define f(X) as

FX) =" FOw)arar
k=1

In other words, we compute f(X) by applying f(-) to each eigenvalue of X while the eigenvectors
remain unchanged.

Example 8.10 Let f(z) = ap+ a1z + -+ + a;a?. Then,
fX)=aol + a1 X + -+ +a; X7.
Example 8.11 Let f(x) = e®. Then,
xX* X3 — X*
fX)=eX=T+X+++ =) —.

! ! !
2! 3! prrd k!

Example 8.12 Let f(x) =logz. Then, for X € ST"",

el X) = glog X — x

Exercise 8.13 Let X and Y be two matrices in S"*™.
1. Show that if the matrices commute (i.e., XY =Y X ), then

€X+Y = €X€Y.

2. Give an example of two matrices X and Y such that

XY £ XY



Note that the identity e*™¥ = e%e¥ plays a crucial role in the proof of the concentration of the
sum of random variables. Indeed, this identity allows us to tensorize, i.e., to break the moment
generating function of variable sum into the product of exponentials. Unfortunately, as we see in
the above exercise, similar identity does not hold for matrices in general. Nevertheless, there are
useful substitutes in terms of the matrix trace, which are stated below without proofs.

Lemma 8.14 (Golden-Thompson inequality) For two matrices X and Y in S™*", we have
trace (eX+Y) < trace (eXeY) .
Lemma 8.15 (Lieb inequality) Let H € S™*". Define the function on the set ST*",
f(X) = trace (exp (H + log X)) .
Then f(X) is a concave function on S™".

Remark 8.16 The Jensen inequality still holds for random matrices since we can interpret f(X)
as a function of all the entries of X. Thus, letting X be a random matriz, we have

E [trace (exp (H + log X))] < trace (exp (H + log E [X]))
Letting X = €%, we have

E [trace (exp (H + Z))] < trace (exp (H + logE [ez])) . (8.4)
This inequality will be used in the proof of the matriz Bernstein inequality.

Both the Golden-Thompson inequality and the Lieb inequality can be used to establish the
matrix Bernstein inequality. We will use the Lieb inequality next as it tensorizes better and thus
yields better parameter dependence.

8.3.2 Matrix Bernstein Inequality

Theorem 8.17 (Matrix Bernstein inequality) Let X, --- , X,, be independent, mean zero, nx
n symmetric random matrices. Assume ||Xg|l2 < B almost surely for all k. Then, for any t > 0,
we have
m 2
t/2
P Xell >t] <2n- S e—
[ 2N A eXp( 0-2+Bt/3>

where 02 = HZZL:NE [X,f] H2

Note that the matrix Bernstein is an exact analogue of the Bernstein inequality for random variables.
Thus, the overall proof strategy is similar to that for the variable case. We start by establishing a
matrix MGF inequality.

Lemma 8.18 (Moment generating function of random matrix) Let X € S"*" be a mean

zero random matriz which satisfies || X||2 < B almost surely. Then,

Elexp (AX)] < exp (9(NE [X?])  where g(\) = &
- 1 — BJ|)\/3

provided that |\| < 3/B.



Proof: First it can be shown that (check this!)

2’2

ez<1+z+;-— if |z| < 3.
- 1—1z/3 2

Thus, for |z| < B, if |\| < 3/B, then
A <14 Az + g(\)a?,
It follows that
exp(AX) < T+ AX + g(\) X3,
provided || X||2 < B and |A| < 3/B. Taking expectation on both sides yields that
E [exp (AX)] < T+ g(ME [X?] < exp (9(ME [X?]),

as desired. -

Proof: [Proof of Theorem 8.17] Noting that

oo (0 e (1))

it suffices to show that P [Amax (D pey Xi) > t] < n-exp <— Ugtjg/g), and the bound for P [Amax (— > py X&) > t]

can be established in the same manner. To this end, for fixed A\ > 0 and the application of the
Markov inequality gives

. [ N (kzl X;:) N t] _p lexp ()\ A_max <Z Xk)) > exp )\t)]
ol (£4)
= oxp (-M)E Am <eXp (A ZXR))I

<exp(—At)E -trace (exp ()\ ZXk>>] (8.5)

To apply the Lieb inequality (8.4), letting H = A\ ;" 11 X, and Z = A\X,,, we have

Crace (exp ( A g Xk))] <E [trace (exp (Ag X +logE [eAme)]

Repeating this process yields that

E [trace (exp ()\ : ixk»] < trace (exp (kil log E [ Y] ))

9

m

> X

k=1

E




< e (e Soseo vz )
— trace (exp (g()\) iﬂi [X%]»
exp (9()\) iE [Xif]>

oo (500

<n

provided |A| < 3/B, where in the second line we have used Lemma 8.18 for every E [e**¥], the last
line follows from the definition of o2. Plugging this bound into (8.5) gives

b [Am (i Xk) -

k=1

<n-exp (=t + g()\)(f2) .

Note that this bound holds for all 0 < A < 3/B, and thus we can minimize the right side over this
interval. Indeed, the minimum is attained at A = t/(0? + Bt/3), yielding

o ()2 ] v ()

prt o2+ Bt/3

which is the desirable bound. u
From the tail bound on || ;% ; X||2, we can obtain a bound on the expectation.

Theorem 8.19 (Matrix Bernstein in expectation) Let Xi,--- , X, be independent, mean zero,
n x n symmetric random matrices. Assume || Xi|l2 < B almost surely for all k and let 0 =

IR B [XE] [l Then,

m

D X

k=1

E

] S o+/logn + Blogn.

2

Proof: By Theorem 8.17, it is not hard to show that (check this!) there exists an absolute
numerical constant ¢ > 0 such that

P [ ZXk > c(ox/logn—i-u—FB(logn%—u)) <27
k=1 2
Thus,
E ZXk ]:/ }P’[ZXk zt]dt
k=1 2 0 k=1 2

10



m

c(ax/log n+ B log n) 00
:/ P ZXk >t dt+/ P ZXk >t|dt
0 =1 9 C(J\/log n+ B log n) =1 9
Sc(a\/logn—i—Blogn)
&0 - co
+ P X, 20(0 logn + u + B(lo n—l—u) <—|—cB>du
/O [; 2o ovios ogn + W)\ \ 3 ognsa
Sc(ax/logn—i—Blogn)
co & “
+ +CB>/ P X 20(0\/10gn+u—|—B(logn+u)> du
<2\/10gn 0 [ kzzl )

o
Sc(ax/logn%—Blogn)%—(\/%%—CB)/ e %du
0
< oy/logn + Blogn,

which completes the proof. [
The matrix Bernstein inequality can be extended to non-symmetric and non-square matrices.

Theorem 8.20 (Matrix Bernstein inequality for rectangular matrices) Let X1,---,X,, be
independent, mean zero, n1 X ng matrices. Assume || Xi|l2 < B almost surely for all k. Then, for
any t > 0, we have

P zm:X >t] <2(n1+ng)e /2
< | —— 1=
Hlo=" = ! 2)EXP{ 752 + Bt/3)"’
k=1 2

where

m m

2 max( S E XX LD E XX ) .
k=1 2 k=1 2
0 X7
Proof: Apply Theorem 8.17 to the sum of be e |
k

8.4 Application: Covariance Matrix for General Distributions

In the first section we have considered the covariance matrix problem when the random vector is
sub-Gaussian. In this section we remove the sub-gaussian requirement and consider the case when
the random vector has bounded #2-norm. In this situation, the Bernstein inequality will yield better
result than simply using Theorem 8.5 with a crude estimation of the sub-Gaussian parameter based
on the /y-norm of the random vector.

Theorem 8.21 Let X1, ---,X,, € R" be i.i.d zero mean random wvectors with covariance ¥ =
E [Xng]. Assume || Xgl||2 < Vb almost surely. Then for any t > 0, the sample covariance matriz
Smo= L3 Xk X[ satisfies

t2/2
P[||zm—zuzzt]gzn.e><p<_ mt?/ >

b||2||2 + 20t/3

11



In addition, we have

bl|IX]|lologn  blogn
E (S0 — Sl </ AZl2logn | blogn
m m

Proof: First note that if || X||2 < v/b, there holds (check this!)
Ik = 12 [xX7)1), <.
Letting 7, = % (Xng — E), it follows that

1 2b
124y < — X XE |, + -2l < 2

Moreover, we have

1 1 b
E[Z}] = — — (E (X X])?] —22) < WE [1Xe3X6 X ] =< WE‘

It follows that,

m

bHEHQ
2 2
<
o Y E[Z]|| < =
k=1 2
Thus, applying Theorems 8.17 and 8.19 concludes the proof. [

Example 8.22 Let X; = \/ﬁekj, where ey, is the kj-th canonical vector in R"™ with k; being
sampled uniformly at random from {1,--- ,n}. Then

E [ X, X[ Zej el =1, and |Xi|2 < Vn.

Thus, by Theorem 8.21, we have

I I
E (IS — Lnll2) S 1/ T2 4 B8R
m m

8.5 Application: Sparse Recovery

Consider the following underdetermined linear system (see Figure 8.3 for a pictorial illustration):
y=Az" +w, (8.6)

where A € R™*" is a fat matrix with m < n, y denotes the observation, x* denotes the parameter
to be estimated or signal to be reconstructed, and w denotes the measurement noise. The goal is
to infer or reconstruct x* from the observation y.

The linear model (8.6) arises in many statistical and signal processing applications. In statistics,
(8.6) models the regime where the number of responses is fewer than the number of predictors (or
covariates). In signal processing, it describes the problem where the number of measurements
is smaller than size of the signal. Since the number of unknowns is larger than the number of
equations, (8.6) does not admit a unique solution, in contrast to the classical least squares problem.
Therefore, additional structures on the unknown vector z* is needed to reduce the feasible space.
In this section we will focus on the sparse solution, namely z* only has a few nonzero entries.

12
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Figure 8.3: A pictorial illustration of (8.6).

Definition 8.23 (Sparse vector) A vector x € R™ is said to s-sparse if the number of nonzero
entries in x is less than or equal to s. In other words, if we define

l|zllo=#{k e{l,--- ,n}: z # 0}
which counts the number of nonzero entries in x, then x is s-sparse if ||x||o < s.

In this lecture we will refer || - ||p as the y-norm though it is technically not a norm. The notion
of sparsity plays an important role in modern statistics, signal processing and machine learning,
which characterizes a special type of low dimensional structure.

e In statistics, especially in the context of variable selection, it means only a number of covari-
ates play an important role (a typical example is genome expression).

e Insignal processing or machine learning, it means the signal of interest has the sparse structure
itself or under certain linear transform.

A basic question to answer is how and when one can reconstruct the sparse vector x* when there
are fewer observations. There have been many methods for sparse parameter estimation or
sparse signal reconstruction, including both the convex and nonconvex methods. In this lecture,
we study the most widely studied methods based on the £1-norm. For simplicity, we only consider
the noiseless case (i.e., w = 0). The noisy case can discussed in an overall similar way, see the
references for details.

8.5.1 Exact Recovery in the Noiseless Setting

Since we know z* is a sparse signal it is natural to reconstruct it by seeking the sparsest vector which
is consistent with the measurement, namely by solving the following fp-minimization problem:

min [|z|lp subject to Az =y. (8.7)
TzER™

However, the ¢y minimization problem is nonconvex and computationally intractable due to the
combinatorial nature of fp-norm. In optimization, convex relaxation is a widely used technique

13



to handle nonconvex problems. Here, the nearest convex relaxation of the fp-norm is the ¢1-norm
which sums up the magnitudes of all the entries of a vector (i.e., ||z||1 = > ;_; |zk|). Replacing the
fo-norm with the ¢1-norm in the objective leads to the following ¢;-minimization,

min ||z]|; subject to Az =y. (8.8)
zeR?

The ¢1-minimization problem is also known as basis pursuit in the literature. It is a convex problem
which can be rewritten as a linear programming. It can be solved by the first order or the second
order methods. Indeed, the ¢;-minimization problem has spurred the significant development of
the first order methods in optimization.

A central question in this section is when the £1-minimization is able to recover the target sparse
solution x*. To understand why the ¢;-minimization returns a sparse solution we first present the
intuition and then give a rigorous analysis. Noting that (8.8) is trivially equivalent to

mint subject to ||z||y =t and Az = y.

teR
That is, the solution to (8.8) can be found by gradually enlarge the ¢1-ball until the ball intersect
with the solution set, see Figure 8.4. Since the ¢1-ball is pointy at its vertices (or the extreme sets
in high dimension), the vertices will first touch the solution set. Noting the vertices have fewer
nonzero entries, the /;-minimization tends to return a sparse solution.

Ax=y Ax=1y Ax =y

Figure 8.4: A pictorial illustration of ¢;-minimization.

There are several different conditions which have been developed for the guarantee analysis of
the /i-minimization. In this lecture we will adopt the restricted isometry property proposed by
Candes and Tao [2005].

Definition 8.24 (Restricted Isometry Property (RIP)) Given an integer s € {1,--- ,n}, we
say the matriz A € R™*™ (m < n) satisfies the restricted isometry property with the constant d5 if

(1= 0)lll3 < [lAz]l3 < (1 + 8)ll (13 (8.9)
holds for all s-sparse vectors x such that ||x||o < s.

The restricted isometry property basically means that every s columns of A, denoted Ag with
|S| = s, form a nearly orthogonal matrix when ;5 is small since it can be easily seen that (8.9) is
equivalent to

|AsAS — Lll2 < 4 (8.10)
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for any subset S of cardinality at most s, where Ag denotes the sub-matrix formed by the columns
of Ain S.

We are now in position to present a rigorous analysis about when the /1 minimization is able to
exactly reconstruct the target solution z* based on the restricted isometry property of the matrix.

Theorem 8.25 (Exact recovery) Lety = Az*, where x* is a s-sparse vector (i.e., ||z*|lo < s).
If the RIP constant of A of order 3s satisfies 035 < 1/3, then the solution to (8.8) is x*. That is,
the £1 minimization is able to exactly recovery the sparse vector x*.

A careful reader may wonder when a matrix A satisfies the condition d3s < 1/3. As can be
seen in the last section, certain random matrix satisfies this condition with high probability when
m 2 slogn.

Proof: [Proof of Theorem 8.25] Let S denote the support of * and S¢ denote the complement of
Sin {1,---,n}. We first show that for any = = 2* +h € R", if ||z||; < ||«*||1, then there must hold

[hsellr < (sl (8.11)
This follows from
[z"lr > [|z|l1 = |=* + ks = |z + ksl + |hsellr > [|z5lls —lhslly + [[hsellr-
—
=[lz*[l1

Thus it suffices to show the following nullspace property?: for any A in the nullspace of A (i.e.,
Ah = 0), if h satisfies (8.11), then we must have h = 0.

Next we are going to show that if d35 < 1/3, the nullspace property holds. To this end, let
So = S be the support of z*, let S1 be the first 2s largest entries (in magnitude) of hge, let Sy be
the second 2s largest entries (in magnitude) of hgec,and so on. Let hg, € R"™ be the vector such
hs;(i) = h(i) when i € S; and h(S;)(i) = 0. With a slight abuse of notion, we also use hg, to
denote the vector segment supported on S;. Noting that

0= Ah = Ahgousl + Z Ahsj,
j>2

we have

0> [ Ahsyus, 2 — |3 Ahs s

i>2
> || Ahsgus ll2 — Y [[Aks, |2
i>2
> /1= G3sllhsousy lla = V1 + 835 > s ll2- (8.12)

Jj=2

2The nullspace property for sparse recovery which basically means that the nullspace of A does not insects with
the descent direction of the ¢1-norm at z*. It is actually both sufficient and necessary for exact recovery of basis
pursuit, see for example [1]. Theorem 8.25 gives a sufficient condition for this property to hold in terms of the RIP
constant.
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Moreover, a simple calculation yields that

D lsllz <) V2sllhs,

j>2 5>2

ey sl

j>2

< Euhseul

< sl

< j§||hsua

< jﬁnhsousluz, (8.13)

where the fourth line follows from (8.11). Inserting this inequality into (8.12) gives

1+ 34
<¢ v1tos ) Iasyus: Iz < 0.

Since /1 — 35 — 7@\}2635 > 0 due to the assumption d3s < 1/3, ||hs,us, |l2 = 0 and thus [|h]2 =0. =

8.5.2 Random Matrices Satisfying RIP

Theorem 8.26 Let A be an mxn matriz whose rows A; are independent, isotropic (i.e., E [A;TFAZ-] =
I,,), sub-Gaussian vectors with parameter o = 1. Then, if

m > 6 2slogn,

the matriz A/«/m satisfies the RIP with a small constant 0 < 6 < 1 with probability at least
1—co-exp (—0452m), where co and ¢y are numerical constants.

Proof: Recall that, by (8.10), it is enough to show

<5

1
HA?;AS 1,
m 2

for all subsets S of cardinality s, where Ag denotes the sub-matrix constructed from the columns
of Ain S.

For a fixed subset S, first note that A;(.S) is also o-sub-Gaussian (why?) and it also satisfies
E [A4;(S)TA;(S)] = L. Thus, the application of Theorem 8.5 implies that

> 01\/?4— t] < coexp (—c3 min{t,tQ}m) )
2 m

provided m > s. Let t = g. If m > c- 6 2slogn for a sufficiently large constant ¢ > 0, then

<ci S—l-é <6
9 Vm 2~

16
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HmAgAS — I




for all subsets S of cardinality s with probability at least
1-— <n> - C9€XP (—6352m) >1—co-exp (S logn — 0352m) >1—co-exp (—0452m) ,
s
which completes the proof. |

Reading Materials

[1] Martin Wainwright, High Dimensional Statistics — A non-asymptotic viewpoint, Chapters 6.2,
6.3,6.4, 7.1, 7.2, 7.3.

[2] Roman Vershynin, High-Dimensional Probability: An introduction with applications in data
science, Chapters 4.6, 4.7, 5.4, 5.6, 10.5, 10.6.
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High Dimensional Probability and Statistics 2nd Semester, 2023-2024

Lecture 9: Minimax Lower Bounds
Instructor: Ke Wei Scribe: Ke Wei (Updated: 2024/05/19)

Motivation: Consider a set of probability distributions define on X and indexed by ©, denoted P =
{Py, 6 € ©}. For example, 6 can denote certain parameter of a distribution or the corresponding

probability density function. Given a set of i.i.d data (X1, -+, X,,) sampled from Py where 6 is not
known a prior, a fundamental statistical problem is to estimate 6 from D.
Let 6 : (X1,---,X,) — O be an estimation procedure. The concentration inequalities and

other probability tools presented earlier can help establish an upper bound of the estimation error

in terms of!
+(:(0))

where p(+,+) is a (semi)metric defined on © and @ : [0,00) — [0,00) is an increasing function. As
an example, for a univariate mean estimation problem, p(,6') = |0 — '| and ®(t) = ¢ yields the
squared error. On the other hand, it is worth investigating whether the estimation error of 0 is
optimal. To this end, we study the lower bound of the estimation error based on the minimaz risk,
defined by

M, (©) = infsupEy [@ <p (5, 9))} , (9.1)
0 6€6
where the subscript # means that X, -+, X,, are sampled from Py. That is, for a fixed estimation

procedure we consider the worst case error by taking the supremum over all the distributions, and
then study the smallest worst case error achievable by any procedure.

There are two methods for obtaining the minimax lower bound: Bayesian analysis and reduction
to hypothesis testing. We will focus on the latter one since it is more versatile and can be applied
to most situations. To gain some intuition of the hypothesis testing method,consider the minimazx
risk of estimating a scalar parameter in terms of the risk function |0 — €'|. Suppose there are two
point 01 and 02 such that |01 — 02| > §. If the probability of testing error is a constant no matter
what method we use to test which point the observed data comes from, then the estimation error for
any procedure should be greater than a multiple of 0 since with constant probability we are likely to
mistaken one from the other. Of course we can also consider the problem of testing multiple points.
Thus, overall the problem is about how to choose the testing points such that they are as far away
as possible while the probability of testing error for any testing method remains a constant.

In this lecture we discuss two standard techniques for establishing the lower bounds of the min-
imax risks based on testing, including the Le Cam and Fano methods. Roughly speaking, Le Cam
method is based on binary testing and Fano methods are based on multiway hypothesis testing.
There is another method which is not covered in this lecture, known as Assouad method, for lower
bounding the minimax risk. Assouad method is based on the multiple binary hypothesis testing
when the risk function is separable, see for example Chapter 8 and 9 of [2].

Agenda:

'We use 0 to denote §(X1, -+, X,) for simplicity.



Reduction to hypothesis testing

Some divergence measures

Le Cam method

Fano methods

9.1 Reduction to Hypothesis Testing

Let {61,---,0n} be a 20-packing of the space © under the (semi)metric p, i.e., p(6;,0;) > 2§ for
all ¢ > j. Define P} =Py, x --- x Py,. First, by the Markov inequality we have

Eo, [@ (0(0,0)))] = 06) - P} | @ (p(0.60))) = 2(5)] = @(5) - P} [0(.6) = 6|,

where we note that = 5(X1, -, Xp), and IP’;L indicates that (X1,---,X,) are sampled from Py, .
In addition, the second inequality is due to the fact that ® is increasing. It follows that

sup g 2 (0 (0.0))] = max By, @ (00.6))] = 25) ;im 10(0.6;) = 0|

Next we will show % Z;n:l Py [,0(5, 0) > 5} can be lower bounded by hypothesis testing error.

In the hypothesis testing, a test function is a map from a set of i.i.d data sampled from one
of {Py;, j = 1,---,m} to {1,--- ,m}, which is used to infer from which probability distribution
the data comes from. Given an estimation procedure 5, we can define a test function naturally as
follows:

(I\/(Xl, e X)) = argminp(A(Xl, < X0, 00),
Le[m]

where the tier is broken arbitrarily. Since {61,---,0,,} is a 2§-packing of ©, it is clear that (see
Figure 9.1)

p(0,0,) <6 = T=j

Thus, when (X1, -+, X,) are sampled from Py, we have?

Consequently,

2We also use ¥ to denote \T/(Xl7 -+, X,) for simplicity.



Moreover, we have

sup Eg [@ (p (é\, 9]-))} > P(9) ;Zm:]?? [(I\’ # ]}
j=1

0cO

Taking the infimum over all estimation procedures 9 on the lefthand side and the infimum over all
test functions yields the following proposition.

Proposition 9.1 Under the setup of the above test problem, the minimax risk (9.1) is lower
bounded as

M, (0) > B(6)inf | S WXy, X) #]] | (9.2)
j=1

where the infimum ranges over all test functions. Note that § is parameter that is free to choose
and it denotes the minimum distance between 8; and 0; for all i # j.

Figure 9.1: An illustration of 24-packing.

Consider a joint distribution (J, Z7), where J is uniform distributed in {1,---,m} and given
J=3j,29 = (X1, -, X,) obeys the distribution of P7. It is clear that the joint distribution obeys

1 .
Q[ZJE-,JZJ']ZEP?[ZJG'}’

and the marginal distributions are given by

L1 1 &N
Q[J=jl=— and Qz (27 €] :mZ;]Pj (27 €.
j=
Moreover, for any test function ¥, we have
Qu(z7)#£J) =) Q[¥(27) #J,J =]
j=1



j=1
1 m
- LS e @) £ )
j=1
Therefore, we can rewrite (9.2) as
M (©) > @(6) inf Q (w(z7) # J], (9.3)

which will be used in the sequel for conciseness.

Remark 9.2 In words, reduction to hypothesis testing lower bounds the best achievable estimation
error by a multiple of the failing probability of test. It is mot hard to imagine that the smallest
mis-test probability fundamentally relies on how close }P’? are, which enables us to provides a bound
independent of the test function. Moreover, the lower bound in (9.2) or (9.3) is a function of the
separation §, which trades off between ®(0) (increases as ¢ increases) and the probability of test
error infy Q [U(Z7) # J] (relying on § implicitly, decreases as & increases). In order to obtain
a desirably large lower bound, one usually chooses the largest® § such that infy Q [\I/(Z Ty £ J]
is greater than a constant® (for example 1/2) and then uses the corresponding ®(§) to provide
lower bound. As we have explained in the motivation part, the intuition is that if the parameters
are far away (i.e, by choosing the largest possible 6) but it is still difficult to distinguish the related
distributions from the observations (i.e., probability of testing error is constant), then the estimation
error must be lower bounded by related function of the parameter distance since we can mistaken
one for the other. Next, we will present two concrete methods: the Le Cam and Fano methods.

9.2 Some Divergence Measures

We first take a detour and present some inequalities for divergence measures and their consequences
for product distributions. Let P and Q be two probability distributions defined on X'. Assume they
have densities p(z) and ¢(x) respectively with respect to some underlying base measure pu. The
three related divergences are

e KL divergence: D(Q|[P) = [, g(x)log ! g (dx),

o TV distance: ||P — Q||rv = supacx [P(A) — QA)] = 5 [y [p(z) — a(@)|p(dz),

e Hellinger distance: H*(P||Q) = [ (\/ —Va(z >

Recall that KL divergence and TV distance have also been mentioned in Lecture 3. The three
divergence measures are related as follows.

Lemma 9.3 For two distributions P and Q, we have

1. ||P - Qllrv < 4/3D(Q||P),

3As can be seen § may rely on other parameters, such as the number of samples.
4That is, choose the largest possible § that the testing problem is still sufficiently challenging.



2. |P - Qv < H(P[Q)y/1 — LEIQ

Proof: The proof for the first inequality can be found in Lecture 3. The second inequality can
be proved by the Cauchy-Schwarz inequality (check this!). |

Recall that P™ (respectively, Q™) is the product distribution on the product space X™ (i.e., the
distribution of n i.i.d random variables). It is desirable to express the distance between P™ and Q"
in terms of P and Q. For TV distance, it is difficult to express |P" —Q"||rv in terms of ||P—Q||1v.
For KL divergence and the Hellinger distance we have the following lemma.

Lemma 9.4 For two distributions P and Q and the corresponding , we have
1. D(Q"[[P") = nD(Q|P),
2. HA(P"|Q") < nH(P|Q).

Proof: The first inequality can be proved directly using the fact that the density functions for
P™ and Q™ are p(x1) - p(xy,) and q(x1) - - - q(x,) respectively. Additionally, it can be shown that
(check this!)

1 1 "
SHE ) =1- (1- 32°FQ) .
Then the second inequality follows immediately since (1 — z)" > 1 — nx for z € [0, 1]. [ |

9.3 Le Cam Method

Le Cam method provides lower bounds on the minimax using the simple binary hypothesis testing.
This section explores this connection based on the total variation distance.

Lemma 9.5 In the case of binary hypothesis testing, we have
. 1
inf @ [9(27) £ J] = 5 (1— [P} — Pfllrv).
where P and Py are product distributions corresponding to 01 and 02, respectively.
Proof: For any test function ¥ defined on X", let
A={(z1, ) € X" U(x1, -+ ,25) = 1}.

and A€ be the complementary on which W = 2. Then we have
sup Q [v(z7)=J] = Sup 5 (P} [A] + P3 [A°))

1 1 n n
=3 sup (Pl [A] - Pz [A])
2 2 A
1 " n
=5+ HP — P3|

Noting that supy Q [¥(Z7) = J] =1 —infy Q [¥(Z7) # J], the claim follows immediately. ]
Combining the above lemma and Proposition 9.1 together yields the following minimax risk bound.



Proposition 9.6 We have

()

Ma(©) 2 22 (1~ [P} — Pjrv)

for any pair of distributions 601 and 0y satisfying p(61,02) > 26.

Note that as ¢ decreases ||P} — P4 ||y decreases, and the binary hypothesis testing problem becomes
more challenging. In practice, we roughly attempt to choose the largest possible d such that
|IP? — PZ||Ty is a small constant so that we can still mistaken the ¢; and 6y (yielding the lower
bound of the estimation error depending on §) .

Example 9.7 Let P = {Py : 6 € R} be a family of normal distributions N(6,02) with fized
variance o®. We study the minimaz risk of estimating 0 from i.i.d samples {Xk}p_y drawn from
Py. We consider two parameters 61 = 0 and 0y = 0 satisfying 0 = 26. In order to apply the Le
Cam method, we need to bound ||Py — P§|rv. Given two probability distributions P and Q defined
over X, respectively with their probability densities p(x) and q(x) under some base measure p, it
can be easily shown that (check this!)

-l < 5 ([ Z8uan -1).

Using this result for Py and Py on X' = R"™ yields that

PG — IP’GLH%V < (exp (n92/02) - 1) = (exp (4n52/02) - 1) .

| =
| =

Taking 6 = % yields that

S

~ 2 2
inf sup Eg [|0 —9[2} > o (1-Ve—1/2) > o — ii_
0 6eRr 2 6 n

The scale o%/n is sharp, and the sample mean 0 = LS Xy, satisfies this bound (check this!).

9.4 Fano Methods

The Fano methods provide lower bounds based on the multiway hypothesis testing and the Fano
inequality in information theory.

9.4.1 Information Theory Basics

Information theory is essentially about studying the information or randomness stored in probability
distributions. Here we provide some basic materials in information theory that is needed for lower
bounding the minimax risk. More details about information can be found in the book Elements of
Information Theory. The fundamental notion in information theory is Shannon entropy.



Definition 9.8 (Shannon entropy) Let X ~ Q where Q is a probability distribution on X with
density q(z) with respect to some base measure . The Shannon entropy of> X is

H(X) =~ | afe)loga(e)utis). (9.4)

When X is a discrete random variable, we can take X as a finite set and take p as a counting
measure on X. In this case, the definition (9.4) reduces to the discrete entropy®

H(X) = -3 g(x) log q(a). (9.5)
TEX

To motivate the definition of entropy, consider the random variable/the distribution

a with probability
b with probability
¢ with probability
d with probability

X =

QO 0Ol W[ N[ —=

Let (Xi,---,Xn) be i.i.d samples of X, e.g.,
a,a,b,c,a,d,a,b...

In the coding problem, we need to assign {a,b,c,d} with binary numbers such that the binary
number sequences corresponding to (Xi,---, Xy) can be decoded to recover (Xi,---,Xy). For
example, we can set

a=00, b=01, c=10, d=11.

Then for any 0-1 sequence, we can uniquely decode the symbols. For this coding scheme, the
total length of the codes is 2/V; that is on average 2 digits for each sample. A natural question
is whether there are other more efficient coding scheme that has a smaller length but can also
guarantee successful decoding. It is obvious that the above coding scheme does not consider the
frequency each symbol occurs. Intuitively, symbols with low frequency should be encoded with
short codes and vice versa. A more efficient coding scheme is presented in Figure 9.2, with the
total length of the codes for the sampled sequence is (in expectation) N - H(X). Actually, it can
be shown that this is the best one can do.

Overall, the entropy H(X) measures on average how many bits are needed to represent a distri-
bution. Roughly speaking, to represent the probability for X = x (i.e., ¢(x)), we need log1/(q(x))
bits since it corresponds to 1/¢(x) possibilities. Thus, on average we need H (x) bits to store the
distribution of X. The entropy reflects the uncertainty (amount of information) of a distribution,
and distributions with high uncertainty have high entropy (large amount of information)”.

Lemma 9.9 For discrete entropy, we have 0 < H(X) < log|X|.

5Shannon entropy is actually a function of probability distributions since there are many different random variables
obeying the same distribution. That is, it is a quantity that summaries the information of a distribution. Despite
this, we just follow the standard practice in information theory and treat it as a function of random variables.
5Note that, for continuous random variables, the Shannon entropy is often referred to as the differential entropy.
7Amount of information = possibilities, quantified by codes length.



Figure 9.2: A coding scheme.

It is worth noting that for differential entropy (i.e., entropy of continuous random variables),
H(X) > 0 is not always true since g(z) can be greater than 1 (for example consider a uniform
distribution over a small interval). The upper bound log |X| is achieved by the uniform distribu-
tion on X, i.e.,, Q(X =1z) = i'
Proof: The lower bound H(X) > 0 follows from ¢(z) < 1 and the upper bound follows from
Jensen inequality. [ |

We can also define the conditional entropy, which is the amount of information left in a random

variable after observing another.

Definition 9.10 (Conditional entropy) Given a pair of random variables(X,Y") on (X,)) with
joint distribution Qx y, the conditional entropy of X|Y is defined as

H(X|Y) = Ey [ /X 4(zY) log q(x]Y )u(dx)

In addition, given two random variables, we can define the mutual information between them.

Definition 9.11 (Mutual information) Given a pair of random variables(X,Y) on (X,)) with
joint distribution Qxy, let Qx and Qy denote the respect marginal distributions. The mutual
information of X and Y is defined as

I(X,Y) = D(Qxy||QxQy).

We first note that I(X,Y) > 0, and I(X,Y) = 0 if and only if X and Y are independent. Thus,
it can be thought as a way to measure the amount of dependence between X and Y. When X and
Y are independent, I(X;Y) =0.

We have the following properties about entropy, conditional entropy and mutual information.

Lemma 9.12 We have
1. HX,Y)=H(X)+ H(Y|X) = H(Y) + H(X|Y),
2. HX,Y|Z)=H(X|2)+ H(Y|X,Z)=H(Y|Z) + H(X|Y, Z),
3. I(X,Y)=H(X)+H(Y) - H(X,Y)



4. I(X,Y) = H(X) - H(X]Y) = H(Y)) — H(Y|X),
5. H(X|Y) < H(X), H(Y|X) < H(Y),
6. HY|X)=01iY = f(X), i.e., when Y is a function of X.

Proof: Whenever it is possible, we will assume the existence of the (conditional) density functions
in the proofs for conciseness.
The first two identities are known as the chain rule for entropy. We only prove the first equality

in 1 and 2 since the other two can be proved similarly. Noting that ¢(y|z) = qéf’l)') we have

v -- [ < / a(wl) 1ogq<y|x>u<dy>) a(e)u(dz)

-/ < / - logq;fgm(dy)) a(z)yu(dz)

= H(X,Y) - H(X).

q(z,y,2) _ q(zylz)q(z) _ q(zylz)
q(z,z) — q(zz) T q(zlz)

Similarly, noting that q(y|z, z) = and q(z, z) = q(z|z)q(z), we have

nvix = [ [ ([ L0 80U, ) ooy epanyuces
:—/X/Z(/y (z,y|2) log q(z,y|2) dy>q dz)
L [ ooyl oga(el: () ) a2 utdo) ()
—— [ [ (] ateieosatesioiutan) antaointaz)
(L R ) oga(olz)ulda ) a(2)p(d2)
— H(X,Y

%) — H(X|Z).

Expanding the expression for I(X,Y),

z,y)
I(X,Y) // z,y log w(dz)p(dy),
)(I( )"
yields 3 straightforwardly.

Combining 1 and 2 together yields 4, and 5 follows from 4 directly. Note that 5 means the
conditional entropy is always less than or equal to the entropy. That is, considering the entropy
under certain condition only decreases the uncertainty of a random variable. Moreover, if X and
Y are independent, then H(X|Y) = H(X), so in this situation observing Y will not reduce the
uncertainty in X.

When Y = f(X), Y|(X = z) is deterministic or it is a discrete random variable only taking one
value at f(x). Evidently, we have H(Y|X) = 0. This means there is no uncertainty in ¥~ once X
is observed and hence H(Y|X) = 0. ]



Now we are ready to present and prove the Fano inequality in information theory. Let X be
random variable on a finite set X' . Assume we observe a different random variable Y, and want to
estimate Q [¥(Y) # X|, where Q is the joint distribution of X and Y, and ¥(-) is a test function.

Lemma 9.13 (Fano inequality) We have
H(X|Y) —log2

Q) £ X] > =

Proof: Let E be the random variable such that £ =1 if ¥(Y) # X and E = 0 otherwise. The
proof follows by expanding H (X, E]Y) in two different ways given in 2 of Lemma 9.12.
Letting h = —plogp — p)log(1 — p), we have

(1-
H(X,E|Y) = H(E Y)+ H(X|E,Y)
H(

(9.6)

ElY)+Q[E=1H(X|E=1,Y)+Q[E=0H(X|E=0,Y)
<H(E) <Q[E=1]log(|X|-1) =0
< h(QU(Y) # X]) + Q[U(Y) # X]log(|X| - 1),

where we have used the fact that conditioned on £ = 1,Y = y, X can only take |X| — 1 possible
values and conditioned on F = 0,Y =y, X = ¥(y) is deterministic. On the other hand,

H(X,E|Y)=H(X|Y)+ H(E|X,Y) = H(X|Y),

where H(E|X,Y) = 0 due to 6 of Lemma 9.12. Combining the above two inequalities together and
further noting h(p) < log?2 for all p € [0, 1] concludes the proof. |

9.4.2 Fano Lower Bound on Minimax Risk

Recall that the minimax risk can be lower bounded by ®(4) infy Q [¥(Z7) # J| , where the random
variable Z” is generated by first sampling .J uniformly from [m] = {1,--- ,m} and then generating
Z7 according to P (here P?,j=1,---,m are the product distributions which corresponds to the
20-separated set {0;}1,), see Section 9.1 for details. Intuitively, Q [U(Z7) # J] should relate to
the dependence between Z7 and J. For example, if Z” is independent of .J, it would be impossible
to tell J from Z”. Since I (Z T ) provides one way to characterize the dependence between Z 7 and
J in terms of the KL divergence, it is reasonable to bound Q [¥(Z”) # J| by I(Z”,J) and then
provide a minimax lower bound based on it. Indeed, we have the following theorem.

Theorem 9.14 Under the setting for the construction of J and Z” in Section 9.1, we have

1(Z7,J) +log 2
M, (0) > d(6) (1 - . 9.7
(€)= 0(s) (1- 50 (97
Proof: It suffices to show that
1(Z7,J) + log 2
V(ZHY £ T >1- ’ . 9.8
Qlu(z?) #J] > log m (9.8)
To this end, letting X = J and Y = Z”7 in (9.6) and further noting H(J|Z”) = H(J) - I1(Z’,J) =
logm — I1(Z7,.J) shows (9.8). ]

In order to apply Theorem 9.14, we need to further upper bound I(Z”,J). The local Fano
method and global Fano method establish the lower minimax risk bound by upper bounding
I(Z7,J) in different ways.
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9.4.3 Local Fano Method

The mutual information can be written in terms of the component distributions {P}}72; and the
mixture distribution Qz = % Z;"Zl P? as follows

1 m
1(27,0)= = 3" DE}|Qz). (9.9)
i=1
Letting pf(z1,---,2zn) be the density of P7 under some base measure y(dzy---dx,) and noting

that % is the density of Q; under the counting measure p(dj), the density of the joint distribution
Q under the base measure pu(dzy - - - dxy,) u(dj) is given by %p}l (1, ,2n), and the density of Qz
is given by % Z;n:1 p?(ml, -+, 2p). Thus a simple calculation yields,

1. n
1 *p‘(xla"'vxn)
K20 = [ e ) log
X7 x[m] M ! " (% doisapi(@n, ,xn)) %

1 & / P (@1, @)
= — pn(:L‘la-.- ’g'jn) log - ,Uf(dl‘ldxn)
m; n? (% PO A CINEEE axn))

p(dwy - - - dan ) p(dj)

1 & .
7=1
which proves (9.9). Indeed, the above derivation can be interpreted using

1z, 0y=H(z") - H(Z’|J).

In addition, we have

1 m
D(P}[Qz) = D} > PY)
=1

p?(fﬁl,"‘ ,l’n)
= pn(l‘lv"' ) L )1Og ,U,(dl‘ldl‘ )
/" ! " %Z;’ilp?(l‘h ,.Tn) "

Ly m
i—1 D; (‘rlv"' axn)
=_ 1K log M &i=110 des - -d
/npj ($1, ,.Tn) Og p?(xl, 7.%,”) /.L( xl $n)
1 & py(x1,- - o)
< = 7 loe=2—"" " ™, (dx1---d
- m;/np](xl’ n) ng?(;vl’-.. 7xn)'u( o Zn)
1 m
= — " D(®}|P}),
=1
where the fourth line follows from the Jensen inequality. Inserting this inequality into (9.9) yields
1 m
1(z7,J) < — > D(P}|P}). (9.10)
ji=1

Therefore, we have the following proposition.
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Proposition 9.15 Under the setting for the construction of J and Z”’ in Section 9.1, we have

w7 Lgim1 DEHPY) +10g2>

9.11
logm ( )

M, (0) > B(5) (1 -

To apply the bound in (9.11), we need to construct a family of distributions {P;}"; corre-
sponding to {6;}72; such that

e p(8;,6,) > 20, and m can be as large as possible,
e D(P?[|P}) is sufficiently small.

Due to the second constraint, we cannot construct a packing of the entire space ©; otherwise,
max; j D(P7|[P}') would be large. Instead, the local Fano method construct a packing of local subset
by first construct a packing set of a fixed radius and then shrinking the packing sets by §, which
leaves the packing number unchanged but gives us the room to choose a ¢ that is sufficiently small

. LS D(P?||PY)+log 2
such that D(P7[|P}?) can be sufficiently small and 1 — w2 2=t DE ) Hog
constant. Let illustrate this with two examples.

Togm is larger than a small

Example 9.16 We consider the mean estimation of multivariate normal distributions (in contrast
to Ezample 9.7) N'(0,021,), where 8 € R%. It is not hard to show that the mean squared error of
the sample mean estimator is of the order d%Q (check this!). In this example we will show that

the minimazx risk of the means squared error is 2 ‘1%2
To this end, let {x1, -+ ,zm} be a 1/2 packing of the unit ¢3-ball with logm > dlog2. Define
0; = 40xj. Then it is trivial that ||0; — 0|2 > 20 and ||0; — 0|2 < 85. In addition, we have

i 9 9 n 9 32n62
D(P}(|P}) = nD(P;||P;) = nD(N (05,07 1) [N (0:,0°1a)) = @H@j —0ill3 < ——.

It follows that

1 32n62
iz Lim DEFIPY) +log2 _ 3282 1 1og2 _ 1

o2

logm ~  dlog2 ~2

if we choose 6% = %02. Thus, we conclude that

do?

n .

inf sup E [0 - 03| 2
0 HcRd

Example 9.17 Consider the model Y = A0* 4+ w, where A € R™*? is fired and rank(A) = d, and
w ~ N(0,0%1,). We want to lower bound the minimaz risk when estimating 0* from Y under the
(semi)metric

140 - o),
ke

Define the set S = {x € range(A) : ||z||2 = 1}. We can construct a 1/2-packing of S with the
packing number m satisfying logm > dlog2. Let {x1,--- ,xn} denote the packing set, the goal is

p(0,0)

12



to construct a set {61,--- ,0m} such that p(6;,0;) > 26. To this end, define 0; to be the vector such
that A0; = 46\/nx;. Then, it is easy to verify that

B
\/ﬁ

i)ll2
o(01.0) = LA I _ 5,
and consequently, 26 < p(6;,0;) < 80.
Note that the observations Y = (Y1,---,Y,) ~ N(A0,0%1,). By the divergence property of
multivariable Gaussian distribution, we have

32n62
—

1
D(PF([P}) = 55140 - 0:)ll3 <

g

It follows that

YT DESPY) +log? _ 22 log2 1
logm ~—  dlog2 ~2

if we choose 6% =< 02, Thus, we conclude that

AA_ 2 2
inf sup 1 | 140 9)!!2]2@0.
n

0 0eRrd n

This bound is sharp in order which can be achieved for example by the least-squares estimator
(check this!).

9.4.4 Global Fano Method
Recall from (9.9) that

m

127,0)= 3 DEIQs), Q7= ZP”

i=1

Thus, if we can construct a packing of P™ in terms of the KL divergence, it is likely to bound
I(Z”,J) using the packing of the all the distributions. This leads to the global Fano method, also
known as Yang-Barron method.

Lemma 9.18 Let Nk, be the e-covering number of P™ under the square root KL divergence. Then
we have

J < 2
(Z7,J) _gg{s + log NkL} - (9.12)
Proof: We first claim that
1 & 1 —
— E D IP’" — E D IP’" f .
mj:1 ( ||QZ mJZI HQ or any@

That is, the average distribution minimizes the KL divergence. Indeed, we have

; dP? 1 dP? 4Q
o= S o ] < S o ()

13



1 — [ dP?] 1 & dQ
=— ) Epn|log—L|+—) Epn|l
2By [log G|+ By s 1

j=1 L — j=1
1 & [ dPY] dQz
=— ) Epn|log—L-| —Eg, |1
mjz_; %% a0 ) QZ[Og dQ}
1 & [ dP?
< =N Epn |log —L|.
_mz 7y 108 gy

Jj=1 -

1 & .

= — > D(F}|Q).
j=1

Consequently,
1 m
J
Nﬂﬂﬁm;meméﬁ%MW@
J:
for any Q. Thus, it suffices to obtain a bound by a particular Q.

To this end, let {Q1,---,Qn} be a e-net of P™ under the square-root KL distance and define
Q= % Zszl Qg By construction, there exists a Qg, such that D(IP”J?Hij) < £2. Then,

n oo 25
D(P}(|Q) = Epn _108; 0
. [ dp?
’ % ivzl dQy
<E -1 4y
pn | 108
Tl %d(@kj
<e2+logN
Since this bound holds for any P? and any € > 0, the claim follows. [ |

Combing Lemma 9.18 with Theorem 9.14 yields the following proposition.

Proposition 9.19 Under the setting for the construction of J and Z” in Section 9.1, we have

(9.13)

2
e + log Nk1,) + log 2
M, () > B(6) (1—( 8 Vi) + log )
logm
Recall that m in (9.13) is the number of #; such that p(6;,6;) > 20, so it relies on § and when 0
is prescribed we may choose {0; }7]7‘:1 to be global packing of © so that m is maximized. Note that
there are two parameters € and 0 to be determined in (9.13). A typical way to choose them is

e choose £ such that 2 > log Nkr,,

e choose largest possible ¢ such that logm > 4e2 + 2log 2,

82+10g NKL)+10g 2
logm

so that 1 — ( >

1
5
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Example 9.20 Consider the family of density functions

1
F={f:10,1] = [co,c1] : [ ]loo < 2 and / f(z)dz =1},

where 0 < ¢y < 1 < c1,c9 > 1 are constants. We study the minimazx risk of estimating a density
function from i.i.d data Xq,--- , X, ~ Py under the Hellinger distance

1 2
p(f.9) = H(fllg) == H(P[P,) = \/ /0 (V@) - V(@) do

Note that
1 z
D(EI7y) = [ (o) tog Lo
! (z)
< [ 1o (5 1)
[ U@ s?,,
0 g()
1 1
<L [ (r@) - g,
co Jo
and
1 2
:/0 ( 9( 1:)) dz

flx
13 /j( ) o) (VG + Vo) ds
/0 (f(z) — g(a))* d.

Therefore, both the squared KL divergence and p(-,-) can be bounded by the Lo distance. Conse-
quently, in order to apply the global Fano method, we only need to understand the metric entropy
in the Lo-norm. Since f € F is second order smooth with ||f"||cc < c2, it can be shown that (See

Ezample 5.11 of [1]),
1\ /2
g NF o) = (1)
o
Since D(P}||Py) = nD(P¢|[Py), /D(PH|Py) < e if \/D(Pf[[Py) < e/v/n. It follows that,

1/2
n
log Nk, < ({)

. 1 _ 1/2
Thus, in order for €2 > log N1, we may choose €2 < (n)5. Moreover, since logm = (%) / , for

460

the above choice of €, we may choose § =< n=% such that logm > 4e? + 2log2. Finally, it can be
concluded that

inf sup H2(f f) 2 n~%.
o f
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