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Preface

Who is this book for? This is a textbook in probability in high dimen-
sions with a view toward applications in data sciences. It will be useful for
doctoral and advanced masters students in mathematics, statistics, electri-
cal engineering and other related areas, who are looking to expand their
knowledge of powerful theoretical methods used in modern data sciences.

To accommodate readers from various disciplines, a good previous mas-
ters level course in probability and an excellent command of linear algebra
should be enough preparation. Familiarity with measure theory would be
helpful but is not essential.

iii



iv



Contents

Preliminaries on random variables

1.1 Basic quantities associated with random variables . . . . . . .
1.2 Some classical inequalities . . . . . . .. .. ...
1.3 The Law of Large Numbers and the Central Limit Theorem .

Concentration of sums of independent random variables

2.1  Why concentration inequalities? . . . . . . . . ... ... ...
2.2 Hoeffding’s inequality . . . ... ... ... ...
2.3 Chernoff’s inequality and Poisson tails . . . . . . . ... ...
2.4 Application: degrees of random graphs . . . . . . ... .. ..
2.5 Sub-gaussian distributions . . . . ... ... Lo
2.6 General Hoeffding’s and Khinchine’s inequalities . . . . . . .
2.7 Sub-exponential distributions . . . .. ... ... 0L
2.8 Bernstein’s inequality . . . . .. ... 0oL

Random vectors in high dimensions

3.1 Concentration of thenorm . . . . . . .. ... ... ... ...
3.2 Covariance matrices and isotropic distributions . . . . .. . .
3.3 Examples of high dimensional distributions . . . ... .. ..
3.4 Sub-gaussian distributions in higher dimensions . . . . . . . .

Sub-gaussian random matrices

4.1 Preliminaries on matrices . . . . ... ... ... ... ....
4.2 Nets, covering numbers and packing numbers . . . . . .. ..
4.3 Upper bounds on sub-gaussian matrices . . . . . .. ... ..
4.4 Application: community detection in networks . . . ... ..
4.5 Two-sided bounds on sub-gaussian matrices . . . . . . .. ..
4.6 Application: covariance estimation and clustering . . . . . . .

NG N

q

10
13
17
19
26
30
32

37
37
40
45
o1



vi CONTENTS

5 Concentration without independence

5.1 Concentration of Lipschitz functions on the sphere . . . . .
5.2 Concentration on other metric measure spaces . . . . . . . .
5.3 Application: Johnson-Lindenstrauss Lemma . . . . . . . . .
5.4 Matrix Bernstein’s inequality . . . . .. .. ... ... ...
5.5 Application: community detection in sparse networks . . . .
5.6 Random matrices with general independent rows . . . . . .

5.7 Application: covariance estimation for general distributions

6 Quadratic forms, symmetrization and contraction

6.1 Decoupling . ... .. ... ... L L
6.2 Hanson-Wright Inequality . . . . . .. ... ... ... ...
6.3 Symmetrization . . . . ... ..o
6.4 Random matrices with non-i.i.d. entries . . . ... ... ..
6.5 Application: matrix completion . . . . . ... .. ... ...

132

6.6 Application: covariance estimation for unbounded distributions135

6.7 Contraction Principle . . . . ... ... ... ... ... ..

7 Random processes

7.1 Basic concepts and examples . . . . . ... ...
7.2 Gaussian processes . . . . . . . ..o e e
7.3 Slepian’s inequality . . . . . .. ... o o0
7.4 Sharp bounds on Gaussian matrices . . .. .. .. ... ..
7.5 Sudakov’s minoration inequality . . .. .. ... ... ...
7.6 The empirical method for constructing e-nets . . . . . . ..
7.7 Gaussian width . . . . .. ... Lo oo
7.8 Random projections of sets . . . . . . ... ... ...

8 Chaining

8.1 Dudley’s inequality . . . . . . . .. ... ...

8.2 Application: empirical processes and uniform laws of large
numbers . . ... .. e e e

8.3 Application: statistical learning theory . . . . . . .. . . ..
8.4 Generic chaining . . . .. ... L oo oL
8.5 Talagrand’s majorizing measure and comparison theorems . .
8.6 Chevet’s inequality . . . . .. ... ... ... ... ...
8.7 Vapnik-Chervonenkis dimension . . . . . . . ... ... ...

137



CONTENTS vii

9 Deviations of random matrices and geometric consequences209

9.1 Sub-gaussian increments of the random matrix process . . . . 210
9.2 Matrix deviation inequality . . . . . ... ... ... ... 215
9.3 Bounds on random matrices and sizes of random projections . 216
9.4 Johnson-Lindenstrauss Lemma for infinite sets . . . . . . .. 218
9.5 Random sections: M* bound and Escape Theorem . . . . . . 221
10 Sparse Recovery 227
10.1 High dimensional signal recovery problems . . . . . . . .. .. 227
10.2 Signal recovery based on M* bound . . . ... ... ... .. 230
10.3 Recovery of sparse signals . . . . . . ... ... ... ... .. 232
10.4 Low-rank matrix recovery . . . . . . . ... ... 236
10.5 Exact recovery . . . . . . ... 239
10.6 Lasso algorithm for sparse regression . . . . . . ... ... .. 243
11 Supplement: Dvoretzky-Milman’s Theorem 249

11.1 Deviations of random matrices with respect to general norms 249

11.2 Johnson-Lindenstrauss embeddings and sharper Chevet in-
equality . . . ... 253

11.3 Dvoretzky-Milman’s Theorem . . . . . . . . .. ... ... .. 255



viii CONTENTS



Chapter 1

Preliminaries on random
variables

1.1 Basic quantities associated with random vari-
ables

In a basic course in probability theory, we learned about the two most im-
portant quantities associated with a random variable X, namely the expec-
tation! (also called mean), and variance. They will be denoted in this book
by

EX and  Var(X)=EX -EX)%.

Let us recall some other classical quantities and functions that describe
probability distributions. The moment generating function of X is defined
as

Mx(t)=Ee™, teR.

For p > 0, the p-th moment of X is defined to be E X? and the absolute
p-th moment is E | X |P.

It is useful to take p-th root of the moments, which leads to the quantity
called the LP norm:

11|, = (E|X )P, pe (0,00).

If you studied measure theory, you will recall that the expectation E X of a random
variable X on a probability space (2,3, P) is, by definition, the Lebesgue integral of the
function X : Q@ — R. This makes all theorems on Lebesgue integration applicable in
probability theory, for expectations of random variables.
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This definition can be extended to p = oo by the essential supremum of | X|:
X [loo = esssup X

For fixed p and a given probability space (£2,3,P), the classical space
LP = LP(Q,X,P) consists of all random variables X on  with finite LP
norm, that is
L = {X X < oo}.

For p € [1, 00] the quantity || X||, is a norm and L, is a Banach space. This
fact follows from Minkowski’s inequality, which we will recall in (1.2). For
p < 1, the triangle inequality fails and ||.X||, is not a norm.
The exponent p = 2 is special: Lo is a Hilbert space. The inner product
on Lo is given by
E(X,Y)=EXY.

Then the standard deviation of X can be expressed as

IX —EX|s = /Var(X) = o(X).

Similarly, we can express the covariance of random variables of X and Y
can be expressed as

cov(X,Y)=E(X -EX)(Y -EY)=(X —EX,Y —EY).

When we consider random variables as vectors in the Hilbert space L2, we
may interpret covariance in a geometric way. The more the vectors X —E X
and Y —EY are aligned with each other, the bigger their inner product and
covariance are.

1.2 Some classical inequalities

Let us review some basic inequalities on random variables. Most of them
are usually covered in advanced calculus or basic probability courses.

Jensen’s inequality states that for any random variable X and a conves®
function ¢ : R — R, we have

P(EX) <Ep(X).

2By definition, a function ¢ is convez if o(Az + (1 — N)y) < dp(z) + (1 — Np(y) for all
t € [0,1] and all z,y in the domain of ¢.
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As a simple consequence of Jensen’s inequality, we may note that || X,
is an increasing function in p, that is

[ X]lp < [ X]lg for any 0 <p <q=oc. (1.1)

This inequality follows since ¢(z) = 29/? is a convex function if ¢/p > 1.
Minkowski’s inequality states that for any p € [1,00] and any random
variables X,Y € L,, we have

X+ Yl < [[ X1l + 1Y llp- (1.2)

This can be viewed as the triangle inequality, which implies that || - ||, is a
norm when p € [1, o0].
Cauchy-Schwarz inequality states that for any random variables X, Y €
Lo, we have
EXY <[ X[z [[Y]2.

The more general Holder’s inequality states that if p,p’ € (1,00) are conju-
gate exponents, that is 1/p + 1/¢ = 1, then random variables X € L, and
Y € L, satisfy

EXY < [[X]|p [[Y[lg-

This inequality also holds for the pair p =1, ¢ = co.

As we recall from a basic probability course, the distribution of a random
variable X is, intuitively, the information about what values X takes with
what probabilities. More rigorously, the distribution of X is determined by
the cumulative distribution function (CDF) of X, defined as

Fx(t)=P{X <t} for t € R.
It is often more convenient to work with tails of random variables, namely
]P){X > t} =1 —Fx(t).

There is an important connection between the tails and the expectation
(and more generally, the moments) of a random variable. The following
identity is typically used to bound the expectation by tails.

Lemma 1.2.1 (Integral Identity). For any random variable X, we have

IEX—/OO]P’{X>t}dt—/O P{X <t} dt.

—00

In particular, for a non-negative random variable X, we have

IEX:/ P{X >t} dt.
0
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Exercise 1.2.2. Prove the Ezxpectation Integral Identity.

Another classical fact, Markov’s inequality, bounds the tails in terms of
expectation.

Proposition 1.2.3 (Markov’s Inequality). For any non-negative random
variable X and t > 0, we have

E X
P{X >t} <=

A well-known consequence of Markov’s inequality is the following Cheby-
shev’s inequality. It offers a better, quadratic dependence on t, and instead
of the plain tails, it quantifies the concentration of X about its mean.

Corollary 1.2.4 (Chebyshev’s inequality). Let X be a random variable with
mean p and variance o2. Then, for any t > 0, we have

2
g
PUX -2 1h < 5

Exercise 1.2.5. Deduce Chebyshev’s inequality by squaring both sides of the
bound | X — p| >t and applying Markov’s inequality.

In Proposition 2.5.2 we will relate together the three basic quantities
recalled here — the moment generating functions, the LP norms, and the
tails.

1.3 The Law of Large Numbers and the Central
Limit Theorem

Let us recall the two arguably most important results in classical probability
theory, the Law of Large Numbers and the Central Limit Theorem.

Theorem 1.3.1 (Strong Law of Large Numbers). Let X;, Xa,... be a se-
quence of independent, identically distributed (i.i.d.) random variables with
mean . Consider the sum

Sy =X1 4+ Xn.

Then, as N — 00,

Sy, Imost surel
- atmost surely.
A y
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The next result, Central Limit Theorem, states that the limiting distri-
bution of the properly scaled sum of X; is the normal distribution, some-
times also called Gaussian distribution. Recall that the standard normal
distribution, denoted N (0, 1), has density

f(z) = . e g eR. (1.3)

Theorem 1.3.2 (Lindeberg-Lévy Central Limit Theorem). Let X, Xo,. ..
be a sequence of independent, identically distributed (i.i.d.) random variables
with mean p and variance o®. Consider the sum

Sy=X1+---Xn

and normalize it to obtain a random wvariable with zero mean and unit vari-
ance as follows:

Sy—ES 1
Zy =N N = Z(X’ —[).

VVar(Sy)  ovV/N &
Then, as N — o0,
Zn — N(0,1) in distribution.

The convergence in distribution means that the CDF of the normalized
sum converges pointwise to the CDF of the standard normal distribution.
We can expressed this in terms of tails as follows. Then for every t € R, we
have

1 o0
P{ZNZt}%P{th}:m/ e "2 dy
t

as N — oo, where g ~ N(0,1) is a standard normal random variable.
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Chapter 2

Concentration of sums of
independent random
variables

2.1 Why concentration inequalities?

Concentration inequalities quantify how a random variable X deviates around
its mean p. They usually take the form of two-sided bounds for the tails of
X — p, such as

P{|X — p| >t} < something small.

The simplest concentration inequality is Chebyshev’s inequality, Corollary 1.2.4.
Unfortunately, it is usually too weak to capture the true order of deviation.
Let us illustrate it with the example of the binomial distribution.

Question 2.1.1. Toss a fair coin N times. What is the probability that we
get at least %N heads?

The number of heads Sy is a binomial random variable. We can rep-
resent as Sy = Zf\il X; where X, are the indicators of heads. Thus
X; are independent Bernoulli random variables with parameter 1/2, i.e.
P{X; =0} =P{X; =1} =1/2. Thus

N N
ESy = 5 Var(Sy) = R

Applying Chebyshev’s inequality, we can bound the probability of at

7
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least %N heads as follows:

3 N|_ N\ _ 4
P >-N,<P — > — < —.
{SN—4 }— {‘S 2—4}—1\7

So the probability converges to zero at least linearly in N.

Is this the right rate of decay, or we should expect something faster? Let
us approach the same question using the Central Limit Theorem. It states
that the distribution of the normalized number of heads
Sy —N/2

Z
N N/4

converges to N(0,1). Thus we should anticipate that for large N,

P{SNZZN}glP{ZNE\/]TM}zP{gZ\/W} (2.1)

where g ~ N(0,1). To understand how this quantity decays in N, we need
a good bound on the tails of the normal distribution.

Proposition 2.1.2 (Tails of the normal distribution). Let g ~ N(0,1).
Then for allt > 1

1 ]. 1 —t2/2 1 —t2/2
(t t3> NoT sPlgztr< N

In particular, for t > 1 the tail is bounded by the density:

1
t

1 2
P{g>t} < —e /2 2.2
(921 < 22)
Proof. To obtain an upper bound on the tail

1 oo
P{ta}:m/t e~/ da,

let us change variables x =t + y. This gives

1 o 1 oo
P{g>t}= \/?/o e V2 eV 2 gy < reﬁ/?/o ey,

2

where we used that e=¥"/2 < 1. Since the last integral equals 1/¢, the desired
upper bound on the tail follows.
The lower bound follows from the identity

- g4y, —x?/2 g l_l —t2/2
/t(l 3z %)e dx (t t3>e .

This completes the proof. O
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Returning to (2.1), we see that we should expect the probability of having
at least %N heads to be smaller than

L s
me , (2.3)
a quantity that decays to zero exponentially fast in N.

Unfortunately, this can not be deduced rigorously from the Central Limit
Theorem. Although the approximation by the normal density in (2.1) is
valid, the error of approximation can not be ignored. And, unfortunately,
the error decays to zero too slow, even slower than linear in N. We can see
this from the following quantitative version of the Central Limit Theorem.

Theorem 2.1.3 (Berry-Esseen Central Limit Theorem). In the setting of
Theorem 1.8.2, for every N and every t € R we have

\P{zNzt}—P{gzt}\ST%.

Here p=E|X| — pul|?/0® and g ~ N(0,1).

So, once we take into account in (2.1) the approximation error, which is
order 1/4/N, it ruins the desired exponential decay (2.3).

Can we improve the approximation error in Central Limit Theorem? In
general, no. If NV is even, then the number of getting exactly N/2 heads is

=33

the last estimate can be obtained using Stirling’s approximation. (Do it!)
On the other hand, since the normal distribution is continuous, we have
P {g = %} = 0. Thus the approximation error here has to be of order

1/VN.

Let us summarize our situation. The Central Limit theorem offers an
approximation of a sum of independent random variables Sy = X1 +... Xy
by normal distribution. The normal distribution is especially nice since it
has very light, exponentially decaying tails. At the same time, the error of
approximation in Central Limit Theorem decays too slow, even slower than
linear. This big error ruins desired concentration properties for Sy, which
should guarantee light, exponentially decaying tails for Sy.

In order to resolve this issue, we need different ways to obtain con-
centration inequalities for Sy. We will now develop a direct approach to
concentration, which completely bypasses the Central Limit Theorem.
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2.2 Hoeffding’s inequality

It will be more convenient to work here with symmetric Bernoulli random
variables, which are already properly normalized:

Definition 2.2.1 (Symmetric Bernoulli distribution). A random variable X
has symmetric Bernoulli distribution (also called Rademacher distribution)
if it takes values —1 and 1 with probabilities 1/2 each, i.e.

P{X:—l}:P{X:l}:%.

Clearly, a random variable X has (usual) Bernoulli distribution with pa-
rameter 1/2 if and only if Z = 2X — 1 has symmetric Bernoulli distribution.

Theorem 2.2.2 (Hoeffding’s inequality). Let Xi,...,Xx be independent
symmetric Bernoulli random variables, and a = (ay,...,ay) € RY. Then,
for any t > 0, we have

N tz

=1

Proof. By homogeneity, we can assume without loss of generality that ||al|e =
1.

Let us recall how we deduced Chebyshev’s inequality (Corollary 1.2.4):
we squared both sides and applied Markov’s inequality. Let us do something
similar here. But instead of squaring both sides, let us multiply by a fixed
parameter A > 0 (to be chosen later) and exponentiate. This gives

N N
P {Z a; X; > t} =P {exp ()\Z aiXZ) > exp()\t)}
i=1 i=1

N
< e M Eexp ()\ Z aiXZ). (2.4)
i=1

In the last step we applied Markov’s inequality (Proposition 1.2.3).

We thus reduced the problem to bounding the moment generating func-
tion (MGF) of the sum Zf\; 1 6iX;. As we recall from the basic probability
course, the MGF' of the sum is the product of the MGF’s of the terms; this
follows immediately from independence. In other words,

N N
E exp ()\ Z aiXZ-) = H Eexp(Aa; X;). (2.5)
i=1 i=1
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Let us fix 7. Since X; takes values —1 and 1 with probabilities 1/2 each,
we have
_exp(Aa;) + exp(—Aa;)

Eexp(Aa; X;) = 5 = cosh(\a;).

Exercise 2.2.3 (Bounding the hyperbolic cosine). Show that
cosh(z) < exp(2?/2) for zeR.

(Compare the Taylor’s expansions of both sides.)
This bound shows that

Eexp(Aa; X;) < exp(\2a?/2).

Substituting this into (2.5) and then into (2.4), we obtain

N N 9 N
P {ZaiXi > t} <e M [[exp(Aaf/2) = exp ( — Mt + % Za?)
=1 i=1 =1

AQ
:exp<—)\t+?).

In the last identity, we used the assumption that |lalj2 = 1.
This bound holds for arbitrary A > 0. It remains to optimize in A; the
minimum is clearly attained for A = ¢t. With this choice, we obtain

N
P {Z a; X; > t} < exp(—t2/2).

i=1
This completes the proof of Hoeffding’s inequality. O

We can view Hoeffding’s inequality as a concentration version of Cen-
tral Limit Theorem. Indeed, the most we may expect from a concentration
inequality is that the tail of ) a;X; match the tail for the normal distribu-
tion. And for all practical purposes, Hoeffding’s tail bound does that. With
the normalization ||alj2 = 1, Hoeffding’s inequality provides the tail e~**/2
which is exactly the same as the bound for the standard normal tail in (2.2).
This is good news. We have been able to obtain the same exponentially light
tails for sums as for normal distribution, even though the difference of these
two distributions is not exponentially small.

Armed with Hoeffding’s inequality, we can now return to Question 2.1.1
of bounding the probability of at least %N heads in IV tosses of a fair coin.
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After rescaling from Bernoulli to symmetric Bernoulli, we obtain that this
probability is exponentially small in N, namely

P {at least %N heads} < exp(—N/4).

(Check this.)

It should be stressed that unlike the classical limit theorems of Proba-
bility Theory, Hoeffding’s inequality is non-asymptotic in that it holds for
all fixed N as opposed to N — oo. The larger N, the stronger inequality
becomes. As we will see later, the non-asymptotic nature of concentration
inequalities like Hoeffding makes them attractive in applications in data
sciences, where N corresponds to sample size.

We can easily derive a version of Hoeffding’s inequality for two-sided tails
P {|S| > t} where S = Zfil a; X;. Indeed, applying Hoeffding’s inequality
for —X; instead of X;, we obtain a bound on P {—S > t}. Combining the
two bounds, we obtain a bound on

P{|S| >t} =P{S>t}+P{-5 >1t}.
Thus the bound doubles, and we obtain:

Theorem 2.2.4 (Hoeffding’s inequality, two-sided). Let X1,..., Xy be in-
dependent symmetric Bernoulli random variables, and a = (a1,...,an) € R.

Then, for any t > 0, we have
2
>ty < 2exp <—> .
2||all3

P{’ﬁ;aiXi

Our proof of Hoeffdin’s inequality, which is based on bounding the mo-
ment generating function, is quite flexible. It applies far beyond the canoni-
cal example of symmetric Bernoulli distribution. For example, the following
extension of Hoeffding’s inequality is valid for general bounded random vari-
ables.

Theorem 2.2.5 (Hoeffding’s inequality for general bounded random vari-
ables). Let X1,...,Xn be independent random variables. Assume that X; €
[mi, M;] almost surely for every i. Then, for any t > 0, we have

al 22
P {Zai(Xi ~EX;) > t} < exp <_ZfV1(Mi - mi)2> .

=1
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Theorem 2.2.2 is a partial case of this result with m; = —|a;| and M; =
|a;].

Exercise 2.2.6. [Difficulty=5] Prove Theorem 2.2.5, possibly with some
absolute constant instead of 2 in the tail.

Exercise 2.2.7 (Small ball probabilities).

2.3 Chernoff’s inequality and Poisson tails

We saw in the previous section that Hoeffding’s inequality is sharp for sym-
metric Bernoulli random variables. What about the general form of Hoeffd-
ing’s inequality, Theorem 2.2.5 — is it sharp for all distributions we may care
about? Unfortunately, no. This bound is in terms of the worst possible,
extreme values m; and M; the random variables X; can take. These could
be too large compared to more realistic average magnitudes, which could be
quantified by the variances of X;.

An important example where these two bound could be very different
is where X; are Bernoulli random variables with very small parameters p;.
If, for example, p; = pu/n for constant p, then the sum Sy = Zf\;l X; has
constant mean u, and its distribution converges to Poisson distribution as
N — oco. (We will make this precise shortly). At the same time, Hoeffding’s
inequality is completely insensitive to the magnitude of p;, and does not
provide a useful tail bound for a Poisson-looking sum Sy.

The following classical inequality provides a quite sharp result, which is
sensitive to the true magnitudes of X;.

Theorem 2.3.1 (Chernoff’s inequality). Let X; be independent Bernoulli
random variables with parameters p;. Consider their sum Sy = 21111 X;
and denote its mean by p =E Syn. Then, for any t > u, we have

P{Sy >t} <eH (%)t
In particular, for any t > e?u1 we have
P{Sy >t} <e " (2.6)
Proof. We will use the same method — based on moment generating function

— as we did in the proof of Hoeffding’s inequality, Theorem 2.2.2. We repeat
the first steps of that argument, leading to 2.4 and (2.5) — multiply both

Write it
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sides of the inequality Sy > t by a parameter A, exponentiate, and then use
Markov’s inequality and independence. This yields

N
P{Sy >t} <e M][[Eexp(AX;). (2.7)
i=1
It remains to bound the MGF of each Bernoulli random variable X;
separately. Since X; takes value 1 with probability p; and 1 with probability
0, we have

Eexp(AX;) = e)‘pi +(1-—p)=1+ (eA — Dp; <exp [(6)\ — 1)pl} .

In the last step, we used the numeric inequality 1 + x < e*. Consequently,

N N
[[Eexp(AXi) < exp [<e* ~1) Zp@-] —exp [(e* = 1)y .
=1 =1

Substituting this into (2.7), we obtain
P{Sy >t} < e Mexp [(eA — 1)4 )

This bound holds for any A > 0. Substituting the value A = In(¢/u) which
is positive by the assmuption ¢ > p and simplifying the expression, we
complete the proof. O

Exercise 2.3.2 (Chernoff’s inequality: lower tails). [Difficulty=>5] Modify
the proof of Theorem 2.3.1 to obtain the following bound on the lower tail.
For any t < p, we have

P{Sy <t} < e*“(%)t.

2.3.1 Poisson tails

We will see now that Chernoff’s inequality is related to the classical Poisson
distribution — in the same spirit as Hoeffding’s inequality is related to the
normal distribution. The connection is provided by the classical Poisson
Limit Theorem. It is an analog of the Central Limit Theorem for sums of
Bernoulli random variables X; ~ Ber(p;) with extremely small parameters
pi, as opposed to constant parameters p; in Central Limit Theorem.

Recall that a random variable X has Poisson distribution with parameter
A, denoted X ~ Pois(A), if it takes values in {0, 1,2,...} with probabilities
k

}P{X:lf}ze—AA

T k=012 (2.8)
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Theorem 2.3.3 (Poisson Limit Theorem). Consider a sequence of indepen-
dent random variables X; ~ Ber(p;) and let Sy = Zfil X;. Assume that,
as N — oo,
; — 0 d ESy — A\
max p; an N

Then, as N — oo,
Sy — Pois(\) in distribution.

Poisson Limit Theorem allows us to immediately transfer Chernoff’s in-
equality from Bernoulli to Poisson distribution as follows. (Why?)

Corollary 2.3.4 (Possion tails). Let X ~ Pois(\). Then, for anyt > X we
have

AN ¢
P{X >t} < e—A(e?) .
In particular, for any t > e?>\ we have
P{X >t} <e'

How good are these bounds on Poisson tails? Let us compare them with
(2.8). Using Stirling’s approximation k! ~ v/27k(k/e)*, we can approximate
the Poisson probability mass function as

P{X =k}~ \/21716 e (%)k (2.9)

So our bound (2.9) on the entire tail of Pois(\) has essentially the same
form as the probability of hitting one value k (the smallest one) in that tail.
The difference between these two quantities is the multiple v/27k, which is
negligible since both these quantities are exponentially small in k.

Exercise 2.3.5. [Difficulty=5] How different are the magnitudes of the tail
P{X > k} and the probability mass function P {X = k} for the Poisson dis-
tribution? Is our bound O(V'k) on their ratio optimal?

2.3.2 Small deviations

It is sometimes useful to distinguish two regimes for concentration inequal-
ities like P {|X — u| > t}. In the large deviation regime, t is large, usually
larger than the mean u. In the small deviation regime, t is small. The ex-
ponential bound (2.6) is an example of a large deviation inequality. In the
small deviation regime, Chernoft’s inequality is also very useful.
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Exercise 2.3.6. [Difficulty="7] Deduce from Chernoff’s inequalities (Theo-
rem 2.3.1 and Exercise 2.3.2) that, for ¢ € (0,1] we have

P{X — p| > op} < 207",

(Apply those results with t = (1 + ) and t = (1 — 0)p, respectively, and
analyze the bounds for small §.)

Changing variables to t = du, we can restate this result so we can see
the emergence of normal distribution there.

Corollary 2.3.7 (Chernoff’s inequality: small deviations). In the setting of
Theorem 2.5.1, for any t € (0, pu] we have

ct?
P{|Sn —pl =1} <exp )

In particular, by the Poisson Limit Theorem 2.3.3, a similar bound holds
for X ~ Pois(A). For any t € (0, ], we have

ct?
P{X A >t} <exp (- ).

The reader probably recognized here the same tails bound as we could
derive from (2.2) for the normal distribution N (\,v/)\). This is should come
as no surprise once we recall that Poisson distribution admits a normal
approximation:

Theorem 2.3.8 (Normal approximation to Poisson). Let X ~ Pois()).
Then, as A\ — oo, we have
X -
——— — N(0,1) in probability.
5y (0,1) inp y
This well known fact can be easily derived from Central Limit Theorem,
using the fact that the sum of independent Poisson distributions is a Poisson
distribution.

Exercise 2.3.9. Give a formal proof of Theorem 2.3.8.

Thus we can view Chernoff inequality for small deviations, Theorem 2.3.7,
as a concentration version of the limit Theorem 2.3.8 — just like Hoeffding’s
inequality provides a concentration version of the Central Limit Theorem.
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2.3.3 Summary

Our findings about the tails of sums of Bernoulli random variables Sy =
> X; with ESy = A, and also for Poisson distribution Pois()), can be
summarized as follows. In the small deviation regime, in the interval of
length O(p) around the mean g, this distribution is similar to Gaussian
N(M\ V). In the large deviation regime, the tail decay is (\/t)!, which is
a bit lighter than exponential but heavier than Gaussian tail. Figure 2.1
illustrates these two tails.

SMALL DEVIATIONS LARGE DEVIATIONS
» Noewol fuils NOWR) | Heavier, Poisson tails ~ (/)"

\\\_.__b_ ‘

A o) ]

Figure 2.1: This is a sketch of the probability mass function of Poisson distribution
Pois(A). In the small deviation regime, within O(\) from the mean )\, the tails
of Pois()\) are like for the normal distribution N(A,v/A). In the large deviation
regime, the tails are heavier and decay like (\/t)¢.

2.4 Application: degrees of random graphs

We will give one application of Chernoft’s inequality to the classical object
in probability: random graphs.

The most thoroughly studied model of random graphs is the classical
Erdés-Rényi model G(n,p). A random graph G ~ G(n,p) is constructed on
n vertices by connecting every pair of vertices by an edge independently and
with probability p. Figure 2.2 shows a random graph generated according
to Erdos-Rényi model. In applications, G(n,p) with large n often appears
as the simplest stochastic model for large real world networks.

The degree of a vertex in the graph is the number of edges incident to
it. The expected degree of every vertex in G(n,p) is clearly

d:=(n—1)p.

Change the figure
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] -] o

* L]
S

Figure 2.2: A random graph from Erdés-Rényi model G(n,p) with n = 1000,
» = 0.00095.

Let us show that for relatively dense graphs where d 2 logn, all degrees
tend to concentrate near d.

Proposition 2.4.1 (Degrees of dense graphs concentrate). Consider a ran-
dom graph G ~ G(n,p) with expected degree satisfying d > Clogn. Then,
with high probability (for example, 0.9), the following occurs: all vertices of
G have degrees between 0.9d and 1.1d.

Proof. The argument is a combination of Chernoff’s inequality with a union
bound. Let us fix a vertex ¢ of the graph. The degree of i, which we denote
d;, is a sum of n independent random Ber(p) random variables. So we can
control this degree using Chernoff’s inequality for small deviations, which
we obtained in Exercise 2.3.6. It follows that

P {|d; — d| > 0.1d} < 2e~.

This bound holds for each fixed vertex i. Next, we can “unfix” it by taking
the union bound over all n vertices. We obtain

n
P{3i<n:|d-d>01d} <Y P{ld;—d >0.1d} <n-2e
i=1
If d > C'logn for a sufficiently large absolute constant C, the probability is
bounded by 0.1. This means that with probability 0.9, the complementary
event occurs:

P{Vi<n: |d; —d| <0.1d} > 0.9.
This completes the proof. O
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For sparse graphs, those with bounded expected degrees d = O(1), the
degrees do mot concentrate about the mean. As we will see by solving the
next exercise, such graphs are likely to have vertices with very small and very
large degrees. This makes sparse random graphs more difficult to study, but
also more interesting than dense graphs. Studying sparse random graphs
is important in view of applications, since real world networks also tend to
show big variation of degrees.

Exercise 2.4.2 (Degrees of sparse random graphs do not concentrate).
[Difficulty=7] Consider a random graph G ~ G(n,p) with expected degree
satisfying d = O(1).

1. Show that with high probability (say, 0.9), G has at least one isolated
vertex — a vertex with zero degree.

2. Show that with high probability, (say, 0.9), G has a vertex with degree
larger than 10d. (Here 10 can be replaced by any other constant).

Concerning the second part of Exercise 2.4.2, a more precise analysis re-
veals that the maximal degree of a sparse random graph G behaves asymp-
totically as (1 4 o(1))log(n)/loglog(n). The next exercise establishes an
upper bound of this type.

Exercise 2.4.3 (Degrees of sparse random graphs do not concentrate).
[Difficulty=7] Consider a random graph G ~ G(n,p) with expected degree
satisfying d = O(1). Show that with high probability (say, 0.9), the maximal

degree of G is
0 ( logn )
loglogn

(Hint: proceed similarly to the proof of Theorem 2.4.1. Use Chernoff’s
inequality for large deviations, Theorem 2.3.1.)

2.5 Sub-gaussian distributions

So far, we studied concentration inequalities that apply for a single class
of distributions of X;, namely the Bernoulli distribution. This significantly
limits the range of applications. It is natural to expect that Hoeffding’s
inequality, which provides a quantitative view of the Central Limit Theorem,
would apply at least to the normal distribution. So, what kind of random
variables X; can we expect to obey Hoeffding’s inequality in Theorem 2.2.4,

namely
N 02
P ‘ZaiXi >te<2exp| -7 ?
i—1 2[|all3

Cite something
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Setting a single coefficient a; to 1 and the other coeflicients to zero, we find
that X; must have sub-gaussian tails:

P{|X;| >t} <2e .

The class of such distributions, which we call sub-gaussian, deserves spe-
cial attention. On the one hand, this class is sufficiently wide as it contains
Gaussian, Bernoulli and all bounded distributions. On the other hand, as
we will see, concentration results like Hoeffding’s inequality can be proved
for all sub-gaussian distributions. This makes the class of sub-gaussian dis-
tributions a natural, and in many cases the canonical, class where one can
develop various results in high dimensional probability theory and its appli-
cations.

We will now explore several equivalent approaches to sub-gaussian dis-
tributions, exploring the behavior of their tails, moments, and moment gen-
erating functions. To pave our way, let us recall how these quantities behave
for the standard normal distribution.

Recalling (2.2) and using symmetry, we obtain the following bound on
the tails of X ~ N(0,1):

P{|X| >t} <2 "/? foralt>0. (2.10)

In the next exercise, we obtain a bound on the absolute moments and LP
norms of the normal distribution.

Exercise 2.5.1 (Moments of the normal distribution). Show that for each
p > 1, the random variable X ~ N(0,1) satisfies

D((1+p)/2)]r

I = (E1XP)77 = V2| =5 s

Deduce that
1 Xlp = O(Vp) asp— oo (2.11)

Finally, the classical formula for the moment generating function of X ~
N(0,1) is
Eexp(AX) = X2 forall A €R. (2.12)

2.5.1 Sub-gaussian properties

Now let X be a general random variable. The following proposition states
that that the properties we just considered are equivalent — a sub-gaussian
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tail decay as in (2.10), the growth of moments as in (2.5.1), and the growth
of the moment generating function as in (2.12). The proof of this result
is quite useful; it shows how to transform one type of information about
random variables into another.

Proposition 2.5.2 (Sub-gaussian properties). Let X be a random variable.
Then the following properties are equivalent; the parameters K; > 0 appear-
ing in these properties differ from each other by at most an absolute constant
factor.

1. The tails of X satisfy
P{|X| >t} < 2exp(—t*/K?) for allt > 0.
2. The moments of X satisfy
1X1, = (BIXP)P < Ko/5 for allp > 1.
3. The MGF of X? is finite at some point, namely
Eexp(X?/K3) < 2.

Moreover, if EX = 0 then properties 1-3 are also equivalent to the following
one.

4. The MGF of X satisfies
Eexp(AX) < exp(A\2K?) for all A € R.

Proof. 1 = 2. Assume property 1 holds. By homogeneity, rescaling X
to X/K; we can assume that K; = 1. Applying the Integral Identity
(Lemma 1.2.1) for | X|P, we obtain
o
E|X|p:/ P{|X|P > u}du
0
(o.9]
= / P{|X| >t} ptP~tdt (by change of variables u = tP)
0 2
< / 2¢~ " ptP~L dt  (by property 1)
0

= pI'(p/2) (set t* = s and use definition of Gamma function)
< p(p/2)P'*  (since T'(z) < z® holds by Stirling’s approximation).

'The precise meaning of this equivalence is the following. There exists an absolute
constant C' such that property 4 implies property j with parameter K; < CK; for any two
properties 7,7 = 1,2, 3, 4.
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Taking the p-th root yields property 2 with Ko < 2.

2 = 3. Assume property 2 holds. As before, by homogeneity we may
assume that Ko = 1. We will prove a bit more general bound than in
property 3, namely

1
Eexp(A\2X?) < exp(K2)\?) for all X satisfying |\| < T (2.13)
3

Expanding the exponential function in Taylor series, we obtain

O 232 ) 2
252y _ (AX=)P AP E[X]
Eexp(A\’X?) =E 1+ZT _HZT'
p=1 p=1
Property 2 guarantees that E[X?P] < (2p)P, while Stirling’s approximation
yields p! > (p/e)P. Substituting these two bounds, we obtain

= 2M%p)P & 1
Eexp(A?X?) <1 ( =) (2eNP = ———

provided 2eA? < 1, in which case the geometric series above converges. To
bound this quantity further, we can use the numeric inequality ﬁ < %7,
which is valid for z € [0,1/2]. It follows that

Eexp(A\2X?) < exp(4eX?) for all A satisfying |\| < 2\1/5'
This implies (2.13), a stronger version of property 3, with K3 = 1/24/e.
3 = 1. Assume property 3 holds. As before, we may assume that
K3 =1. Then
P{X| >t} =P{eX >}
< e EeX” (by Markov’s inequality, Proposition 1.2.3)
< 27" (by property 3).
This proves property 1 with K; = 1.

To prove the second part of the proposition, we will show that 4 = 1
and 3 = 4.

3 = 4. Assume that property 3 holds; as before we can assume that
K3 = 1. Let us use the numeric inequality e®* < x + 6“2, which is valid for
all z. Then

?

EAMN <EAX + MY = BN
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where we used the assumption that EX = 0. Next, we apply the general
form of property 3 obtained in (2.13), which states that

ENY <V it Al < 1.

Thus we have proved property 4 in the range |A| < 1.
Now let [A| > 1. Here we can use the numeric inequality AX < A%+ X2,
which is valid for all A and X. It follows that

EM < M EeX” < 2¢V (by property 3)
< 2V (since |A| > 1).
This proves property 4 with K, = /2.

4. = 1. Assume property 4 holds; we can assume that Ky = 1. We
will use some ideas from the proof of Hoeffding’s inequality (Theorem 2.2.2).
Let A > 0 be a parameter to be chosen later. Then

P{X >t} = P{eM > &M}
< e MEeM  (by Markov’s inequality)
< e MM’ (by property 4)

_ 2
—e A+t )

Optimizing in A and thus choosing A\ = t/2, we conclude that
P{X >t} < e /4

Repeating this argument for —X, we also obtain P{X < —t} < et /4,
Combining these two bounds we conclude that

P{|X| >t} < 2e7°/4,
Thus property 1 holds with K; = 2. The proposition is proved. ]

The constant 2 in properties 1 and 3 does not have any special meaning;
they can be replaced by other absolute constants. (Why?)

Exercise 2.5.3. [Difficulty=3| Show that the condition E X = 0 is necessary
for property 4 to hold.

Exercise 2.5.4. [Difficulty=3] Property 3 and especially its stronger form
(2.13) state that the MGF of X? is bounded in some constant neighborhood
of zero. Show that for X ~ N(0,1), the MGF of X? is infinite outside a
constant neighborhood of zero.
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2.5.2 Definition and examples of sub-gaussian distributions

Definition 2.5.5 (Sub-gaussian random variables). A random variable X
that satisfies one of the equivalent properties 1 — 8 in Proposition 2.5.2
1 called a sub-gaussian random variable. The sub-gaussian norm of X,
denoted || X|y,, is defined to be the smallest K3 in property 3. In other
words,

| X[y, =inf {t > 0: Eexp(X?/t*) < 2}. (2.14)

Proposition 2.5.2 states that every sub-gaussian random variable X sat-
isfies:

P{|X| >t} < 2exp(—ct*/||X|]3,) forall t > 0; (2.15)

1Xllp < CI X lypy/ for all p > 1 (2.16)
Eexp(X?/|X|2,) < 2.

if EX =0 then Eexp(AX) < exp(C’)\2HXHi2) forall A e R.  (2.17)

Here C,c > 0 are absolute constants. Moreover, up to absolute constant
factors, ||.X||y, is the smallest possible number in each of these inequalities.

Ezample 2.5.6. Classical examples of sub-gaussian random variables are
Gaussian, Bernoulli and all bounded random variables.

1. (Gaussian): As we already noted, X ~ N(0, 1) is a sub-gaussian ran-
dom variable with || Xy, < C, where C is an absolute constant. More

generally, if X is a centered normal random variable with variance o2,

then X is sub-gaussian with || X ||y, < Co. (Why?)

2. (Bernoulli): Consider a random variable X with symmetric Bernoulli
distribution (see Definition 2.2.1). Since |X| = 1, it follows that X is
a sub-gaussian random variable with || X ||, =1/In2.

3. (Bounded): More generally, any bounded random variable X is sub-
gaussian with

[ X1y, < CllX]loo, (2.18)

where C'=1/1In2.

Exercise 2.5.7. Show that Poisson, exponential, Pareto and Cauchy dis-
tributions are not sub-gaussian.
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Exercise 2.5.8 (Maximum of sub-gaussians). [Difficulty=6] Let X1, Xa, ...,
be a sequence of sub-gaussian random variables, not necessarily independent.
Show that

X
Emax# < CK,

i y/log(i+1)

where K = max; || X;||y,. In particular, for every N > 2 we have
Erréa]\)f(\Xl] < CK+/log N.
i<

Exercise 2.5.9 (Maximum of gaussians). Let X1, Xo,..., Xy be indepen-
dent N(0,1) random variables. Show that

Erga}\}[(gi > cy/log N.
1=

2.5.3 A more general view via Orlicz spaces

Sub-gaussian random variables can be included in the more general frame-
work of Orlicz spaces. A function ¢ : [0,00) — [0,00) is called an Orlicz
function if ¢ is a convex, increasing, and satisfies

»(0) =0, P(x) — oo asx — oc.

For a given Orlicz function ¢, the Orlicz norm of a random variable X is
defined as

X[l = inf {t > 0: Ex(|X|/t) < 1}.

The Orlicz space Ly = Ly(Q2,3,P) consists of all random variables X on
the probability space (2,3, P) with finite Orlicz norm:

Ly = {X  |X]ly < oo}
Exercise 2.5.10. Show that | X||y is indeed a norm on the space Ly,.

Thus L, is a normed space; it can also be shown that it is a Banach
space.

To give a few concrete examples, consider the function ¢(z) = 2P, which
is convex if p > 1. The resulting Orlicz space Ly, is the classical space Ly,.

Another example is for the Orlicz function
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The resulting Orlicz norm is exactly the sub-gaussian norm || - ||y, that we
defined in (2.14), and Orlicz space L, consists of all sub-gaussian random
variables..

Property 2 of Proposition 2.5.2 and (2.18) determine the place of the
space L., of sub-gaussian random variables in the hierarchy of L,, spaces:

Ly C Ly, C L, foreveryp>1.

Thus the space of sub-gaussian random variables L., is smaller than all L,
spaces, but it is still larger than their limit, the space of bounded random
variables Lag.

2.6 General Hoeffding’s and Khinchine’s inequal-
ities

After all the work we did characterizing sub-gaussian distributions in the
previous section, we can now easily extend Hoeffding’s inequality (Theo-
rem 2.2.2) to general sub-gaussian distributions. But before we do this, let
us deduce an important and enlightening property of the sums of indepen-
dent sub-gaussians, from which a general form of Hoeffding’s inequality will
immediately follow.

In the first probability course, we learned that a sum of independent
normal random variables X; is normal. Indeed, if X; ~ N (0, U?) are inde-
pendent then

N N
3 X~ N(o,zaf). (2.19)
=1 =1

This fact follows from the rotation invariance of the normal distribution,
see Section 3.3.2 below. Let us show that this property extends to general
sub-gaussian distributions, albeit up to an absolute constant.

Proposition 2.6.1 (Sums of independent sub-gaussians). Let Xi,..., Xy
be independent, mean zero, sub-gaussian random variables. Then ZZ]L X;
s also a sub-gaussian random variable, and

N
|3
i=1

where C' is an absolute constant.

) N
<O |IXil3,
V2 i=1
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Proof. Let us analyze the moment generating function of the sum. For any
A € R, we have

N N
Eexp (A Z X;) = H Eexp(AX;) (by independence)
i=1 i=1

N
< Hexp(C)\QHXiH?pQ) (by sub-gaussian property (2.17))
i=1

N
= exp(\?K?) where K% := C’Z ||XZ|@2
i=1
It remains to recall that this property of MGF characterizes sub-gaussian

distributions. Indeed, the equivalence of properties 2 and 4 in Proposi-
tion 2.5.2 and Definition 2.5.5 imply that the sum ZZ]\L 1 X is sub-gaussian,

and
N
H Soxi|| <ok
— P2
=1
where (] is an absolute constant. The proof is complete. O

We can restate this result as a concentration inequality.

Theorem 2.6.2 (General Hoeffding’s inequality). Let X1,..., Xy be inde-
pendent, mean zero, sub-gaussian random variables. Then, for every t > 0,

we have
N ct?
B3] 1) <20 (- o).
; i X313,

To compare this general result with a specific case for Bernoulli distri-
butions (Theorem 2.2.2, let us apply Theorem 2.6.3 for a;X; instead of Xj.

Theorem 2.6.3 (General Hoeffding’s inequality). Let X1,..., Xy be inde-
pendent, mean zero, sub-gaussian random variables, and a = (a1, ...,an) €
RN, Then, for every t >0, we have

N ct?
P{‘ZaiXi Zt}§2exp( >
=1

K2||a|l3
where K = max; || X;]|y, -
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2.6.1 Khinchine’s inequality
Consider making

As an application of sub-gaussian Hoeffding’s inequality, we can derive the section an exercise
so-called Khinchine’s inequality for the L,-norms of sums of independent

random variables. It is usually stated for symmetric Bernoulli random vari-

ables, but we can prove it for general sub-gaussian distributions with no

extra work.

Corollary 2.6.4 (Khintchine’s inequality). Let X1,..., Xy be independent
sub-gaussian random variables with zero means and unit variances, and let
a=(ay,...,ay) € RN, Then, for every p > 2 we have

(1)

= 1= =

where K = max; || X;||y, and C is an absolute constant.

Proof. Hoeffding’s inequality in (??) yields that the sum is sub-gaussian.
Then (2.16) bounds the growth of the moments of the sum. This proves the
upper bound on the L, norm.

To obtain the lower bound, we bound

N
S
i=1 b

= [ZVar(aiXi)r/Q (by independence)

— (iﬁ) V2 (since Var(X;) =1).

This completes the proof. O

Exercise 2.6.5. Show that a version of Khinchine’s inequality holds also
for all p € (0,2). In this case, an absolute constant factor will appear in the
left hand side and not in the right hand side.
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2.6.2 Centering

In results like Hoeffding’s inequality, and in many results in the future, we
typically assume that the random variables X; have zero means. If this is
not the case, we can always center X; by subtracting the mean. Centering
does not harm the sub-gaussian property. Let us check this carefully.

One can quickly check the centering inequality for the Ly norm, namely

X —EX]l2 < || X]l2.

(Do this!) The next lemma provides a similar centering inequality for the
sub-gaussian norm.

Lemma 2.6.6 (Centering). If X is a sub-gaussian random wvariable then
X —EX s sub-gaussian, too, and

IX = E Xlly, < CIX]y,-
Proof. Recall that || - ||y, is a norm, so triangle inequality yields
X = E Xy, < [ Xy + 1 E Xy, (2.20)

Let us bound the second term. By (2.14), for any constant random variable
a we trivially have ||a||y, = Ci|a| where C; =1/1In2. Thus

|E Xy, = C1|EX]
< C1E|X| (by Jensen’s inequality)
= C1f| Xy
< Co|| Xy, (by sub-gaussian moment property (2.16)).

Substituting this into (2.20), we complete the proof. O

Exercise 2.6.7 (Difficulty=8). What is the optimal constant C in Lemma 2.6.67
Does it hold with C' =17

Exercise 2.6.8. Using Theorem 2.6.3 and centering, deduce general Ho-
effding’s inequality for gemeral bounded random wvariables, Theorem 2.2.5,
possibly with some absolute constant instead of 2 in the exponent.
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2.7 Sub-exponential distributions

The class of sub-gaussian distributions is natural and quite wide. Never-
theless, it leaves out some important distributions whose tails are heavier
than gaussian. Here is an example. Consider a standard normal random
vector g = (g1,...,gN) in RY whose coordinates g; are independent N (0,1)
random variables. It is useful in many applications to have a concentration
inequality for the Fuclidean norm of g,

ol = (3 62)"”
=1

Here we find ourselves in a strange situation. On the one hand, [|g||3 is a
sum of independent random variables 92-2, so we should expect some con-
centration to hold. On the other hand, although g; are sub-gaussian ran-
dom variables, g? are not. Indeed, recalling the behavior of Gaussian tails
(Proposition 2.1.2) we have?

P{g? >t} =P {lg| > Vi} ~ exp (—(VD?/2) = exp(~1/2).

The tails of g? are like for the exponential distribution, and are strictly
heavier than sub-gaussian.

In this section we will focus on the class of distributions that have at
least an exponential tail decay; we will call sub-exponential distributions.
Our analysis here will be quite similar to what we did for sub-gaussian
distributions in Section 2.5, and we will leave some details to the reader.
In particular, it is not difficult to prove a version of Proposition 2.5.2 for
sub-exponential (and more general) distributions.

Proposition 2.7.1 (Sub-exponential properties). Let X be a random vari-
able. Then the following properties are equivalent; the parameters K; > 0
appearing in these properties differ from each other by at most an absolute
constant factor.’

1. The tails of X satisfy

P{|X| >t} <2exp(—t/Ki) forallt>0.

*Here we ignored the pre-factor 1/¢, which does not make much effect on the exponent.

3The precise meaning of this equivalence is the following. There exists an absolute
constant C such that property i implies property j with parameter K; < CK; for any two
properties ¢, 5 = 1,2, 3, 4.
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2. The moments of X satisfy

1X]l, = (E|X|P)P < Kop  for all p > 1.

3. The MGF of | X| is finite at some point, namely

Eexp(|X|/K3) < 2.

Exercise 2.7.2 (Diffuculty=5). 1. Prove Proposition 2.7.1 by modifying
the proof of Proposition 2.5.2.

2. More generally, consider the class of distributions whose tail decay
is of the type exp(—ct®) or faster. Here o = 2 corresponds to sub-gaussian
distributions, and o = 1, to sub-exponential. State and prove a version of
Proposition 2.7.1 for such distributions.

Definition 2.7.3 (Sub-exponential random variables). A random variable
X that satisfies one of the equivalent properties 1 — 8 in Proposition 2.7.1
1s called a sub-exponential random variable. The sub-exponential norm of
X, denoted || X||y,, is defined to be the smallest K3 in property 3. In other
words,

| Xy, =inf{t > 0: Eexp(|X|/t) <2}. (2.21)

Sub-gaussian and sub-exponential distributions are closely related. First,
any sub-gaussian distribution is clearly sub-exponential. (Why?) Second,
the square of a sub-gaussian random variable is sub-exponential:

Lemma 2.7.4 (Sub-exponential is sub-gaussian squared). A random vari-
able X is sub-gaussian if and only if X? is sub-exponential. Moreover,

1X 2, = [1X113,-

Proof. This follows easily from the definition. Indeed, || X?||y, is the infimum
of the numbers K > 0 satisfying Eexp(X?/K) < 2, while || X||y, is the
infimum of the numbers L > 0 satisfying Eexp(X?2/L?) < 2. So these two
become the same definition with K = L. O

More generally, the product of two sub-gaussian random variables is
sub-exponential:

Lemma 2.7.5 (Product of sub-gaussians is sub-exponential). Let X and Y
be sub-gaussian random variables. Then XY is sub-exponential. Moreover,

XY Mgy < M XN 1Y Ny
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Proof. Denote || X|y, = K and ||Y|y, = L. The lemma claims that
Eexp(|XY|/KL) < 2. To prove this, let us use Young’s inequality

2 b2

ab§%+5 for a,b € R.
It yields
XY X2 y?
1) <« i
EexP( KL ) < Eexp (2}(2 * 2L2>
X? y?
=E {QXP (37) 0 (2L2>]
1 X2 y? - .
< 3 E [exp (F) + exp (LQ)] (by Young’s inequality)
1
= 5(2 +2) =2 (by definition of K and L).
The proof is complete. O

Example 2.7.6. Let us mention some natural examples of sub-exponential
random variables. As we just learned, all sub-gaussian random variables and
their squares are sub-exponential, for example g? for g ~ N(u,0). Apart
from that, sub-exponential distributions include the exponential and Poisson
distributions. Recall that X has exponential distribution with rate A > 0,
denoted X ~ Exp()), if X is a non-negative random variable with tails

P{X >t} =e* fort>0.
The mean, standard deviation, and the sub-exponential norm of X are all
of order 1/\:

1 1 C
EX = X, Var(X) = ﬁ’ ||X||w¢)1 = X

(Check this!)

2.8 Bernstein’s inequality

Our next goal is to prove a concentration inequality for sums of sub-exponential
random variables. Just like in the proof of the previous concentration in-
equalities — Hoeffding’s and Chernoft’s — our argument will be based on the
moment generating function. We will have to be a little more careful now,
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since the tails of sub-exponential distributions may not be light enough to
make the MGF finite everywhere.

Indeed, consider the exponential random variable X ~ Exp(1). A simple
calculation shows that the MGF of the centered random variable Z = X —

E X equals
-

Eexp(A\Z) = for A <1

and the MGF is infinite for A > 1. (Check this!) More generally, the
MGF of a sub-exponential distribution is always finite in some constant
neighborhood of zero, and is similar there to the sub-gaussian MGF which
we analyzed in (2.17). Let us first show this fact, and afterwards deduce
from it a concentration inequality.

Lemma 2.8.1 (MGF of sub-exponential distributions). Let X be a mean
zero, sub-exponential random variable. Then, for X such that |\| < c¢/|| X ||y, ,

one has
Eexp(AX) < exp(CN*[|X|7,).

Proof. Without loss of generality we may assume that || X||,, = 1. (Why?)
by replacing X with X/|| Xy, and ¢ with ¢|| X{|,. Expanding the exponen-
tial function in Taylor series, we obtain

= (AX)P X"EXP
Eexp(AX) =E 1+)\X+E ( E
p!
p:]_ p=1

where we used the assumption that E X = 0. Property 2 in Proposition 2.7.1
guarantees that E[X?] < (Cp)?. (This is because Ky < CK3 = || X||y, = 1.)
Moreover, Stirling’s approximation yields p! > (p/e)P. Substituting these
two bounds, we obtain

8

Eexp(AX)

:2

If |C1\| < 1/2, the geometric series converges and is dominated by the first
term, so

p=2

Eexp(AX) <14 2(C12)? < exp(2(C1M)?).
This completes the proof. O

Now we are ready to state and prove a concentration inequality for sums
of independent sub-gaussian random variables.
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Theorem 2.8.2 (Bernstein’s inequality). Let Xi,..., Xy be independent,
mean zero, sub-exponential random variables. Then, for every t > 0, we

have
al t? t
IP’{‘ X; 2t}§2exp[—cmin( , )}
2% SR, e [l

Proof. Without loss of generality, we assume that K = 1. (Why?) As in
our proofs of some previous concentration inequalities for Sy = Zf\i 1 Xi,
(e.g. Theorems 2.2.2 and 2.3.1), we multiply both sides of the inequality
SNy >t by a parameter A, exponentiate, and then use Markov’s inequality
and independence. This leads to the bound (2.7), which is

N
P{Sy >t} < e M][Eexp(AX;). (2.22)
i=1
Lemma 2.8.1 can bound the MGF of each term X;. If we choose X\ small
enough so that
c

A< —S 2.23
A< e T, (2.23)

Then Lemma 2.8.1 yields Eexp(AX;) < exp (C)\2||XiH12pl)~ Substituting this
into (2.22), we obtain

N
P{S >t} <exp (—At+CA0%), where o® =) | Xi|7,.
=1

Now we minimize this expression in A subject to the constraint (2.23).
The optimal choice is A = min(t/2Co?, ¢/ max; || X[y, ), for which we obtain

t2 ct
]
(Sztysexp| —min (775, 5oos e
Repeating this argument for —X; instead of X;, we obtain the same bound
for P{—S > t}. A combination of these two bounds completes the proof. [J

To put Theorem 2.8.2 in a more convenient form, let us apply it for a;X;
instead of Xj.

Theorem 2.8.3 (Bernstein’s inequality). Let Xi,..., Xy be independent,
mean zero, sub-exponential random variables, and a = (a1, ...,ay) € RV,
Then, for every t > 0, we have

al £ t
]P’{‘ g a; X; Zt} §2exp[—cmin( )}
i=1

K2|al3” Klla]loo
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where K = max; || X ||y, -

Let us state Bernstein’s inequality as a quantitative form of the Law of
Large Numbers .

Corollary 2.8.4 (Bernstein’s inequality: LLN). Let X1, ..., Xy be indepen-
dent, mean zero, sub-exponential random wvariables. Then, for every t > 0,
we have

exXp c1min
KQ’ K

1 N
Py X

where K = max; || X;l|y, -

2.8.1 Summary

Let us compare Bernstein’s inequality (Theorem 2.8.2) with Hoeffding’s in-
equality (Theorem 2.6.2). The obvious difference is that Bernstein’s bound
has two tails, as if the sum Sy = ) X; were a mixture of sub-gaussian and
sub-exponential distributions. The sub-gaussian tail is of course expected
from the Central Limit Theorem. But the sub-exponential tails of the terms
X, are too heavy to be able to produce a sub-gaussian tail everywhere, so the
sub-exponential tail should be expected, too. In fact, the sub-exponential
tail in Theorem 2.8.2 is produced by a single term X; in the sum, the one
with the maximal sub-exponential norm. Indeed, this term alone has the
tail of magnitude exp(—ct/||Xil|y,)-

We already saw a similar mixture of two tails, one for small deviations
and the other for large deviations, in our analysis of Chernoff’s inequality
(2.3.3). To put Bernstein’s inequality in the same perspective, let us nor-
malize the sum as in the Central Limit Theorem and apply Theorem 2.8.3.
We obtain

2
2exp<—%), tSK\/N
zt}g K (2.24)

o (-50), 2

where K = max; || X;||y, as before. Thus, in the small deviation regime
where t < K+/N, we have a sub-gaussian tail bound as if the sum had
normal distribution N (0, K). Note that this domain widens as N increases
and the Central Limit Theorem becomes more powerful. For large deviations
where t > K+/N, the sum has a heavier, sub-exponential tail bound, which
can be explained by contribution of a single term X;. We illustrate this in
Figure 2.3.

1 N
P{’m;){i
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Figure 2.3: Bernstein’s inequality for a sum of sub-exponential random variables
N—1/2 vazl X, is a mixture of two tails, sub-gaussian for small deviations and
sub-exponential for large deviations. The sub-gaussian tail emerges in the O(v/N)
neighborhood of zero, and it can be explained by Central Limit Theorem. The
heavier, sub-exponential tail, is produced by a single term in the sum.

Exercise 2.8.5 (Centering). Prove an analog of Centering Lemma 2.6.6
for sub-exponential random variables X :

X =EX]ly; < ClX]ly, -

Bernstein inequality can be made a bit stronger if we assume that the
random variables X; are bounded, as opposed to sub-exponential.

Theorem 2.8.6 (Bernstein’s inequality for bounded distributions). Let X7, ...

be independent, mean zero random wvariables, such that |X;| < K almost
surely for all i. Then, for every t > 0, we have

N
P{‘j{j)@
=1

Here 0% = Zfil E X? is the variance of the sum.

—t2/2 )
o2+ CKt/)’

2t}§2mp(—

Exercise 2.8.7. Prove Theorem 2.8.2. Deduce it by first proving the fol-
lowing version of Lemma 2.8.1. If || X ||cc < K then

A\2/2

Eexp(AX) < exp(g(N)o?) where g(\) = 1-CKX



Chapter 3

Random vectors in high
dimensions

Why random vectors? Example: practitioners working with genetic data
study the expressions of n ~ 60,000 genes in the human body. To study
patterns in such genetic data in a given population, we can form a random
vector X = (Xi,...,X,) by choosing a random person from the population
and recording the expressions of his or her n genes.

Questions: are certain genes related to each other? How many people
should be sampled from the population to see such relationships?

Talk about lots of room (volume) in higher dimensions. This leads to
“the curse of high dimensions”. But probability can turn it into a blessing.

3.1 Concentration of the norm

Where in the space a random vector is likely to be located? Consider a
random vector X = (Xj,...,X,) whose coordinates X; are independent
random variables with zero means and unit variances. What length do we
expect X to have? Let us compute the expectation

N N
E|X[5=EY X?=) EX}=n.

i=1 i=1
So we should expect that the length of X is

We will see now that X is indeed very close to y/n with high probability.

37

Write
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Theorem 3.1.1 (Concentration of the norm). Let X = (Xi,...,X,) €
R"™ be a random vector with independent, sub-gaussian coordinates X; that
satisfy E X2 = 1. Then

[0 - val| | <cx?,
2

where K = max; || Xy, -

Proof. For simplicity, we will assume that K > 1. (Argue that you can
make this assumption.) We shall apply Bernstein’s deviation inequality for
the normalized sum of independent random variables

Lixp-1=13 x2-1)
n 2 _nizl ¢ '

The terms XZ-2 — 1 are mean zero random variables with zero means. Since
X, are sub-gaussian, XZ-2 — 1 are sub-exponential; more precisely

= CHXZ-H?ZJQ (by Lemma 2.7.4)
< CK>.

| X7 — 1y, < CIX7|ly, (by Centering Lemma 2.6.6)

Applying Bernstein’s inequality (Corollary 2.8.4), we obtain for any u > 0
that

1
P{‘nHXH%—l‘ Zu} < 2exp (—% min(u2,u)> . (3.1)

(Here we used that K* > K? since K is bounded below by an absolute
constant — why?)

To deduce from this a concentration inequality for ﬁ”X ll2 — 1, we will
use the following elementary observation

|z—1]>¢ implies |2? — 1| > max(d,6?) for z > 0.

Using this for z = %HX”Q together with (3.1) where v = max(d, 62), we
obtain for any § > 0 that

1 1
P{| it - 1|2 6} < { |20 1] 2 maxts.09)}

< 2exp (—% . 52) .
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Changing variables to t = §y/n, we obtain the desired sub-gaussian tail
P{|[| Xz — vn| >t} < 2exp(—ct?/K*) for all t > 0.
The proof is complete. O

Is is convenient to restate Theorem 3.1.1 as the following concentration
inequality, which is valid for all ¢ > 0:

2
P{[1X]2 — V| > ) < 2exp (- ). (3.2)
This inequality says that with high probability X is located very close to
the sphere of radius \/n. Most of the time, X even stays within constant
distance from that big sphere.

Such small, constant, deviation could be surprising at the first sight. Let
us explain this intuitively. The square of the norm, Sy := || X||3, is a sum
of n independent, mean zero random variables. Not surprisingly, Sy has
mean n and standard deviation of order /n, thus behaving exactly as we
would expect of a sum. (Check this!) Now, the norm || X]|| is the square
root of Sp,. So, as S,, deviates by O(y/n) from its mean n, the square root
| X 1|2 = /Sy, ought to have constant deviation around y/n. This is because

n+O(v/n) = v+ O(1),

see Figure 3.1 for illustration.

—
o(ir)

Figure 3.1: Concentration of the norm of a random vector X in R™. When || X||3
deviates by O(y/n) around n, the square root of this quantity, || X||2, deviates by
O(1) around /n.

Question 3.1.2. Is the quadratic dependence on K in Theorem 3.1.1 opti-
mal? Can it be improved to the linear dependence?
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Theorem 3.1.1 and Centering Lemma 2.6.6 imply the following concen-
tration inequality of a random vector about its mean. Let X = (X1,...,X,) €
R"™ be a random vector with independent, sub-gaussian coordinates X; that
satisfy Var(X?) = 1. Then

Jix —Ex) - va| <cx?

where K = max; || Xj||y,. To see this, apply Theorem 3.1.1 for X — EX
instead of X, and use that ||X; — E X;||4, < CK by centering.

Exercise 3.1.3 (Expected norm). Let X be a random vector as in Theo-
rem 3.1.1. Show that

V- C<E[X]2<vn+C.

Exercise 3.1.4. [Difficulty=>5] Let X be a random vector as in Theorem 3.1.1.
Show that

Var(| X[2) = O(1).

Exercise 3.1.5 (Sub-gaussian concentration squared). [Difficulty=7] Let
X be a random variable with sub-gaussian concentration around its mean (,
say

1 X = pllp, < 1.

What kind of concentration does X2 have around p>? Give a tail bound.

3.2 Covariance matrices and isotropic distributions

In the last section we considered a special class of random variables, those
with independent coordinates. Before we study more general situations,
let us recall a few basic notions about high dimensional distributions the
reader may have already seen in basic courses. We will thus be working
with random vectors X in R", or equivalently with probability distributions
in R".

The concept of the mean of random variables generalizes in a straight-
forward way for random vectors. The notion of variance is replaced in high
dimensions by the covariance matriz of a random vector X, defined as fol-
lows:

cov(X) =E(X —p)(X —p)" =EXX" —pup”
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where = EX. Thus cov(X) is an n X n matrix. Note that the formula
for covariance is a direct high-dimensional generalization of the definition of
variance for random variables Z, which is

Var(Z) =E(Z — p)> =EZ? — 1%, where u=EZ.
The entries of ¥ are the covariances of the coordinates of X = (X7,..., X,):
COV(X)Z'J' = E(XZ — EXZ)(Y} — ]EY})

It is sometimes useful to consider the second moment matriz of a random
vector X, defined as
Y=%N(X)=EXXT.

It is of course a high dimensional generalization of the second moment E Z2.
By translation (replacing X with X — p), in many problems we can assume
that X has zero mean, so

=0 and thus cov(X)=23(X).

So we will mostly focus on ¥ = 3(X) rather than cov(X) in the future.
The n x n matrix ¥ is symmetric and positive-semidefinite. (Check

this!) The spectral theorem for such matrices says that all eigenvalues s;

of ¥ are real and non-negative. Moreover, ¥ can be expressed via spectral

decomposition as
n
T
Y= E Sy
i=1

where u; € R™ are the eigenvectors of 3. We usually arrange this represen-
tation so that the eigenvalues s; are decreasing.

3.2.1 The Principal Component Analysis

The the spectral decomposition of ¥ is of utmost importance in applications
where the distribution of a random vector X in R"™ represents data, such
as genetic data we mentioned on p. 37. The eigenvector u; corresponding
to the largest eigenvalue s; indicates the direction in space in which the
distribution is most extended. This principal direction best explains the
variations in the data. The next eigenvector us (corresponding to the next
largest eigenvalue s3) gives the next principal direction; it best explains
the remaining variations in the data, and so on. This is illustrated in the
Figure 3.2.
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Figure 3.2: Illustration of the PCA. A few dozen samples are shown from a distri-
bution in R2. The covariance matrix ¥ has eigenvalues s; and eigenvectors u;. The
vectors sjuy and saus are shown in red.

It often happens with real data that only a few eigenvalues s; are large
and considered as informative; the remaining eigenvalues are small and con-
sidered as noise. In such situations, a few principal directions can explain the
data. So, even though the data is presented in a high dimensional space R™,
the data is essentially low dimensional. It clusters near the low-dimensional
subspace E spanned by the few principal components. This explains the
most basic data analysis algorithm, called the Principal Component Anal-
ysis (PCA). This algorithm projects the data in R™ onto the subspace F,
which reduced the dimension of the data considerably. For example, if E is
two- or three-dimensional, the PCA allows to visualize the data.

3.2.2 Isotropy

We might remember from the basic probability course that is often con-
venient to assume that random variables in question have zero means and
unit variances. The notion of isotropy is a high dimensional version of unit
variance (more precisely, the unit second moment).

Definition 3.2.1 (Isotropic random vectors). A random vector X in R™ is
called isotropic if

Y(X)=EXXT =1,
where I, denotes the identity matriz in R™.

Recall that any random variable X with positive variance can be reduced
to a random variable Z with zero mean and unit variance by translation and
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dilation, namely
X —p

/Var(X)

The following exercise is a high dimensional version of this observation.

Exercise 3.2.2 (Reduction to isotropy). [Difficulty=3] 1. Let Z be a mean
zero, isotropic random vector in R™. Let u € R™ be a fized vector and 3 be an
n X n positive-semidefinite matriz. Then the random vector X := p+XY2Z
has mean p and covariance matriz cov(X) = X.

2. Let X be a random vector with invertible covariance matriz ¥ =
cov(X). Then Z := S~ Y2(X — 1) is an isotropic, mean zero random vector.

Thus in the future we can often assume that, without loss of generality,
the distributions in question are isotropic and have zero means.

3.2.3 Properties of isotropic distributions

Lemma 3.2.3 (Characterization of isotropy). A random vector X is isotropic
if and only if
E(X,z)* = ||z||? for all z € R™

Proof. Recall that two n x n matrices A and B are equal if and only if
2" Az = 2" Bz for all x € R™. (Check this!) Thus X is isotropic if and only
if

z' <EXXT) r=x I,z forall xzeR"

The left side of this identity equals E (X, z)? and the right side, ||z[|3. This
completes the proof. O

If = is a unit vector in Lemma 3.2.3, we can view (X,z) as a one-
dimensional marginal of the distribution of X, obtained by projecting X
onto the direction of . Then X is isotropic if and only if all one-dimensional
marginals of X have unit variance. In plain words, an isotropic distribution
is extended as evenly in all directions as possible.

Lemma 3.2.4. Let X be an isotropic random vector in R™. Then
2
E[ X[z = n.

Moreover, if X and Y are two independent isotropic random vectors in R"™,
then
E(X,Y)* =n.
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Proof. To prove the first part, we have

E|X|2=EXTX =Etr(XTX) (viewing X'X as a 1 x 1 matrix)
=Etr(XXT") (by invariance of trace under cyclic permutations)
=tr(EXXT") (by linearity)
=tr(I,) (by isotropy)
=n.

To prove the second part, we use a conditioning argument. Fix a the realiza-

tion of Y and take the conditional expectation (with respect to X), which
we denote Ex. The law of total expectation says that

E(X,Y)? =EyEx [(X,Y) |Y],

where by Ey we of course denoted the expectation with respect to Y. To
compute the inner expectation, we apply Lemma 3.2.3 with x = Y. It yields
that the inner expectation equals ||Y'||3. Thus

E(X,Y)* =Ey [IY]3
=n (by the first part of lemma).

The proof is complete. O

3.2.4 Almost orthogonality of independent random vectors

Let us normalize the random vectors X and Y in Lemma 3.2.4, setting

— X — Y

and Y : .
[ X |2 [Y]]2

Then we should expect from Lemma 3.2.4 that

— = 1

KX ’ Y> ~ Jn

with high probability. This shows that in high dimensional spaces, indepen-
dent and isotropic random vectors are almost orthogonal, see Figure 3.3.

This could be surprising, since in low dimensions random vectors do not

tend to be almost orthogonal. For example, the angle between two random

independent directions on the plane has mean 7/4. (Check!) But in higher

dimensions, there is much more room, as we saw in the beginning of this

chapter. This may be an intuitive reason why random directions in high

dimensional spaces tend to be very far from each other — almost orthogonal.
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<ﬁ N
Y

n=2 n=20

Figure 3.3: Independent isotropic random vectors tend to be almost orthogonal in
high dimensions n but not in low dimensions.

3.3 Examples of high dimensional distributions

In this section we discuss several basic examples of isotropic high-dimensional
distributions. It will be useful to keep them in mind when we will develop
general theorems for such distributions.

3.3.1 Spherical and Bernoulli distributions

The coordinates of an isotropic random vector are uncorrelated (why?) but
not necessarily independent. An example is the spherical distribution where
a random vector is uniformly distributed on the unit Euclidean sphere in
R™ with center at the origin and radius y/n:

X ~ Unif (vVnS" ).

Exercise 3.3.1. Show that the spherically distributed random wvector X is
isotropic. Argue that the coordinates of X are not independent.

A good example of a discrete isotropic distribution in R™ is the symmetric
Bernoulli distribution. We say that a random vector X = (Xi,...,X,)
is symmetric Bernoulli if the coordinates X; are independent, symmetric
Bernoulli random variables. Equivalently, X is uniformly distributed on the
unit discrete cube in R™:

X ~ Unif ({—1,1}").

The symmetric Bernoulli distribution is isotropic. (Check!)

More generally, we may consider a random vector X = (Xi,...,X,)
whose coordinates X; are independent random variables with zero mean
and unit variance. Then X is an isotropic vector in R"™. (Why?)

3.3.2 Multivariate normal

The most important high dimensional distribution is arguably the Gaussian,
or multivariate normal. From the basic probability course we recall that a
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random vector Z = (Zy,...,Zy) has standard normal distribution in R"™,
denoted
Z ~ N(0,1,),

if the coordinates Z; are independent standard normal random variables.
The density of Z is then the product of the n standard normal densities
(1.3), which is

n
L a2 L lel3s
x)=||—=e %"= ——Fc¢ 2 x € R™ 3.3
fz(x) };11 Vor (zﬂ)n/Z ’ (3.3)
The standard normal distribution is isotropic. (Why?)

Note that the standard normal density is rotation invariant. In particu-
lar, for any fixed unitary matrix U,

Z ~ N(0,I,) implies UZ ~ N(0,I,).

Exercise 3.3.2 (Sum of independent gaussians). [Difficulty=5] Let X; ~
N(0,0?) be independent random variables. Deduce from rotation invariance
that the following property we mentioned in (2.19):

n n
ZXi ~ N(0,0%) where o*= ZO’?.
i=1 i=1

Hint: consider the random vector Z ~ N(0, I,) with coefficients Z; = X;/o;. Assume that
u=(01,...,0n) s a unit vector without loss of generality. Then Y . X; => . 0:Z; = (u, Z).
If U is a unitary matriz whose first row is u' then (u, Z) 1is the first entry of the vector
UZ ~ N(0,1I).

Let us also recall the notion of general normal distribution N(u,>).
Consider a vector p € R™ and an invertible n x n positive-semidefinite
matrix . According to Exercise 3.2.2, the random vector X := p + XY/2Z
has mean p and covariance matrix (X)) = X. Such X is said to have general
normal distribution in R", denoted

X ~ N(u,x).
Summarizing, we have
X ~N(p,Y) iff Z:=%"Y2(X —p)~ N(0,1,).

The density of X ~ N (u,>) can be computed by change of variables formula,
and it is

1 —(z—) TN (z— 2 n
fx(z) = A © (@) T @02 g e R (3.4)
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Figure 3.4 shows examples of the densities of multivariate normal distribu-

@\%

T T T

(a) The isotropic distribution (b) A non-isotropic dis-
N(0, I2) tribution N (0, X)

Figure 3.4: The densities of the multivariate distributions with different covariance
matrices ¥.. The density of the standard normal distribution N(0, I5) is rotation
invariant, and its contour lines are circles. The contour lines of the non-isotropic
distribution N(0,3) are ellipses.

3.3.3 Similarity of normal and spherical distributions

Contradicting our low dimensional intuition, the standard normal distribu-
tion N (0, I,,) in high dimensions is not concentrated close the origin where
the density is maximal. Instead, it is concentrated in a thin spherical shell
around the sphere of radius v/n, a shell of width O(1). Indeed, the concen-
tration inequality (3.2) for the norm of X ~ N (0, I,,) states that

P{|IX|2—Vn| >t} < 2exp(—ct?) forall t > 0. (3.5)

This suggests that the normal distribution should be quite similar to the
uniform distribution on the sphere. Let us clarify the relation.

Exercise 3.3.3 (Normal and spherical distributions). Let us represent g ~
N(0, I,) in polar form as
g=rb

where v = ||g||2 is the length and 0 = g/||g||2 is the direction of X. Prove
the following.

1. The length v and direction 8 are independent random variables.

2. The direction 0 is uniformly distributed on the unit sphere S™1.

Concentration inequality (3.5) for the length says that r ~ /n with high
probability, so

g ~ \/nf ~ Unif (\/ﬁSn_l) .
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This means that the spherical distribution considered in Section 3.3.1 and
the standard normal distribution are approximately the same. We can write
this heuristically as

N(0,1,) ~ Unif (vnS" ). (3.6)

Figure 3.5 illustrates a shift of intuition about gaussian point clouds in high
dimensions.

Figure 3.5: A Gaussian point cloud in two dimensions (left) and in high dimensions
(right). In high dimensions, gaussian distribution is very close to the uniform
distribution on the sphere of radius /n.

3.3.4 Frames

For an example of an extremely discrete distribution, consider a coordinate
random vector X uniformly distributed in the set {\/ne;}?" ; where {e;}} ;
is the canonical basis of R™:

XNUnif{\/ﬁei: izl,...,n}.

Then X is an isotropic random vector in R™. (Check!)

Of all high dimensional distributions, Gaussian is often the most conve-
nient to prove results for, so we may think of it as “the best” distribution.
The coordinate distribution, the most discrete of all distributions, is “the
worst”.

A general class of discrete, isotropic distributions arises in signal pro-
cessing under the name of frames.

Definition 3.3.4. A frame is a set of vectors {u;}Y., in R™ which obeys
an approximate Parseval’s identity, i.e. there exist numbers A, B > 0 called
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frame bounds such that
N
Allzl3 <> (ui,2)® < B|lz||3  for all z € R™.
i=1

If A = B the set is called a tight frame.

Exercise 3.3.5. Show that {u;}Y is a tight frame in R™ with bound A if

N
Z wgu; = Al,. (3.7)
=1

Hint: Proceed similarly to the proof of Lemma 3.2.3.

Multiplying both sides of (3.7) by a vector x, we see that

N
Z (uj, z)u; = Az for any x € R™. (3.8)
=1

This is a frame expansion of a vector x, and it should look familiar. Indeed,
if {u;} is an orthonormal basis, then (3.8) is just a classical basis expansion
of x, and it holds with A = 1.

We can think of tight frames as generalizations of orthogonal bases with-
out the linear independence requirement. Any orthonormal basis in R” is
clearly a tight frame. But so is the “Mercedez-Benz frame”, a set of three
equidistant points on a circle in R? shown on Figure 3.6.

In signal processing, tight frames are used as robust proxies of bases.

Figure 3.6: the Mercedes-Benz frame. A set of equidistant points on the circle form
a tight frame in R2.

Now we are ready to connect the concept of frames to probability. We
will show that tight frames correspond to isotropic distributions, and vice
versa.

Expand this.
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Lemma 3.3.6 (Tight frames and isotropic distributions). 1. Consider a
tight frame {u;}_, in R™ scaled so that the bounds satisfy A = B = N.
Let X be a random vector that is uniformly distributed in the set of frame
elements, i.e.

X ~Unif{u;: i=1,...,N},

Then X is an isotropic random vector in R™.
2. Consider an isotropic random vector X in R™ that takes a finite set
of values x; with probabilities p; each, i =1,..., N. Then the vectors

u; = /pixi, 1=1,...,N,
form a tight frame in RN with bounds A = B = 1.

Proof. 1. The assumptions and (3.7) imply that
N
Z uzulT = NI,.
i=1

Dividing both sides by N and interpreting %Z?’:l as expectation, we con-
clude that X is isotropic.
2. Isotropy of X means that

N
EXXT =Y pai] =1,
i=1

Denoting w; := /p; z;, we obtain (3.7) with A = I,,. O

3.3.5 Isotropic convex sets

Our last example of a high dimensional distribution comes from convex
geometry. Consider a bounded convex set K in R™ with non-empty interior;
such sets are called convex bodies. Let X be a random vector uniformly
distributed in K, according to the probability measure given by normalized
volume in K:

X ~ Unif(K).

Denote the covariance matrix of X by 3. Then by Exercise 3.2.2, the random
vector Z := ©~Y2X is isotropic. Note that Z is uniformly distributed in
the linearly transformed copy of K:

Z ~ Unif(7Y2K).



3.4. SUB-GAUSSIAN DISTRIBUTIONS IN HIGHER DIMENSIONS 51

(Why?) Summarizing, we found a linear transformation 7" := ¥ ~1/2 which
makes the uniform distribution on T K isotropic. The body T K is sometimes
called isotropic itself.

In algorithmic convex geometry, one thinks of the isotropic convex body
TK as a well conditioned version of K, with T' playing the role of a pre-
conditioner, see Figure 3.7. Algorithms related to convex bodies K (such
as computing the volume of K) work better for well-conditioned K. So in
practice, it is useful to be able to compute or estimate the covariance matrix
Y of K, since this allows one to transform K into as well-conditioned convex
body as possible.

Figure 3.7: A convex body K on the left is transformed into an isotropic convex
body TK on the right. The pre-conditioner T is computed from the covariance
matrix ¥ of K as T = /2,

3.4 Sub-gaussian distributions in higher dimen-
sions

The concept of sub-gaussian distributions we introduced in Section 2.5 can

be extended to higher dimensions. To see how, recall that the multivariate

normal distribution N (u,Y) can be characterized through its one-dimensional

marginals, or projections onto lines. A random vector X has normal distri- Can anyone suggest a
bution in R™ if and only the one-dimensional marginals (X, x) are normal reference for this charac-
for all z € R™. Guided by this characterization, we can define multivariate terization?

sub-gaussian distributions as follows.

Definition 3.4.1 (Sub-gaussian random vectors). A random vector X in
R™ is called sub-gaussian if the one-dimensional marginals (X, x) are sub-
gaussian random variables for all x € R™. The sub-gaussian norm of X is

defined as
[ XNy, = sup [ (X, 2) [ly,-

rzelSn—1

A good example of a sub-gaussian random vector is a random vector
with independent, sub-gaussian coordinates:
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Lemma 3.4.2 (Sub-gaussian distributions with independent coordinates).
Let X = (X1,...,X,) € R™ be a random vector with independent, mean
zero, sub-gaussian coordinates X;. Then X is a sub-gaussian random vector,
and
1XThs, < € max [ X; |y,
<n

Proof. This is an easy consequence of the fact that the sum of independent
sub-gaussian random variables is sub-gaussian, which we proved in Propo-
sition 2.6.1. Indeed, for a fixed unit vector = = (x1,...,2,) € S" ! we
have

n
2
X2} 3, = || o wixi]
i=1

n
< sz?HXZ”%bz (by Proposition 2.6.1)
2 i=1

n
2 . 2 _
< C’Ilngarzc | Xill, (using that E 1 xi =1).
1=

This completes the proof. O

Exercise 3.4.3. [Difficulty=>5] This exercise clarifies the role of indepen-
dence of coordinates in Lemma 3.4.2.

1. Let X = (Xq,...,Xyn) € R" be a random vector with sub-gaussian
coordinates X;. Show that X is a sub-gaussian random vector.

2. Nevertheless, find an example of a random vector X with

||X”1ZJ2 > H1<ax HXZHl/Jz
i<n

Many important high-dimensional distributions are sub-gaussian, but
some are not. We will now explore some basic distributions.

3.4.1 Gaussian and Bernoulli distributions

As we already noted, multivariate normal distribution N (u, ) is sub-gaussian.
Moreover, the standard normal random vector X ~ N (0, I,,) has sub-gaussian
norm of order O(1):

[ Xl < €.

(Indeed, all one-dimensional marginals of X are N(0,1).)

Next, consider the multivariate symmetric Bernoulli distribution we in-
troduced in Section 3.3.1. A random vector X with this distribution has
independent, symmetric Bernoulli coordinates. Then Lemma 3.4.2 yields
that

X1y, < C.
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3.4.2 Discrete distributions

Let us now pass to discrete distributions. The extreme example we con-
sidered in Section 3.3.4 is the coordinate distribution. Recall that random
vector X with coordinate distribution is uniformly distributed in the set
{V/ne; : i =1,...,n}, where e; denotes the the n-element set of the canon-
ical basis vectors in R".

Is X sub-gaussian? Formally, yes. In fact, every distribution sup-
ported in a finite set is sub-gaussian. (Why?) But, unlike Gaussian and
Bernoulli distributions, the coordinate distribution has a very large sub-
gaussian norm:

1X |y, =< V/n.
(To see this, note that | (X, e;)| = y/n with probability one.) Such large
norm makes it useless to think of X as a sub-gaussian random vector.

More generally, discrete distributions do not make nice sub-gaussian dis-
tributions, unless they are supported on exponentially large sets:

Exercise 3.4.4. [Difficulty=107] Let X be an isotropic random vector sup-
ported in a finite set T C R™. Show that in order for X to be sub-gaussian
with || X ||y, = O(1), the cardinality of the set must be exponentially large in
n:
|T| > e

In particular, this observation rules out frames (see Section 3.3.4) as
good sub-gaussian distributions unless they have exponentially many terms
(in which case they are mostly useless in practice).

3.4.3 Uniform distribution on the sphere

In all previous examples, good sub-gaussian random vectors had independent
coordinates. This is not necessary. A good example is the uniform distri-
bution on the sphere of radius y/n, which we discussed in Section 3.4.3. We
will show that it is sub-gaussian by reducing it to the Gaussian distribution
N(0,I,).

Theorem 3.4.5 (Uniform distribution on sphere is sub-gaussian). Let X be
a random vector uniformly distributed on the FEuclidean sphere in R™ with
center at the origin and radius \/n:

X ~ Unif (vVnS"1).
Then X is sub-gaussian, and

[ Xl < €
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Proof. Consider a standard normal random vector g ~ N(0,1,). As we
noted in Section 3.3.3, the direction g/||g||2 is uniformly distributed on the
unit sphere S"~!. By rescaling, we can represent a random vector X ~

Unif (y/nS"1) as

X =yvn-2_.
lgll2

We need to show that all one-dimensional marginals (X, z) are sub-
gaussian. By rotation invariance, we may assume that x = e;. So it is
enough to analyze (X, z) = X the first coordinate of X. Thus we want to
bound the tail probability

p(t) i= P{|X] Zt}_IP{H’zhL > \/tﬁ}

Heuristically, the concentration of norm (Theorem 3.1.1) implies that
lgll2 = v/n with high probability.

This reduces the problem to bounding the tail P {|g1| > ¢}, but as we know
from (2.2), this tail is sub-gaussian.

Let us do this argument more carefully. The concentration of norm,
Theorem 3.1.1, implies that

gl = v, < .

e:={lgl > %"}

is likely: by (2.15) its complement £¢ has probability

Thus the event

P(E°) < 2exp(—cn).

Then the tail probability can be bounded as follows:

|gl| t c
p(t) <P{H9’2 > 7 and 5}4—1[”(5 )

<P {|gl| > ;} + 2exp(—cn)
< 2exp(—t?/8) + 2exp(—cn) (using (2.2)).

Consider two cases. If t < /n then 2exp(—cn) < 2exp(—ct?/8), and we
conclude that
p(t) < dexp(—c't?)
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as desired. In the opposite case where ¢t > \/n, the tail probability p(t) =
P {|X1| > t} trivially equals zero, since we always have | X;| < || X |2 = v/n.
This completes the proof.

O

Exercise 3.4.6 (Uniform distribution on the Euclidean ball). [Difficulty=5]
Ezxtend Theorem 3.4.5 for the uniform distribution on the Euclidean ball
B(0,+/n) in R™ centered at the origin and with radius \/n. Namely, show
that a random vector

X ~ Unif (B(0,v/n))

s sub-gaussian, and
[ Xy < C.

Exercise 3.4.7. [Difficulty=8] Prove Theorem 3.4.5 by reducing the spher-
ical distribution to Gaussian. Use the similarity of these two distributions
we explored in Section 3.5.35.

Projective Limit Theorem

Theorem 3.4.5 should be compared to the well known “Projective Central
Limit Theorem”. It states that the marginals of the uniform distribution
on the sphere become asymptotically normal as n increases, see Figure 3.8.
Precisely, if X ~ Unif (\/ﬁ S"‘l) then for any fixed unit vector x we have

(X,z) = N(0,1) in distribution as n — oo.
So we can view Theorem 3.4.5 as a concentration version of the Projec-
—_—
S
—_—

Figure 3.8: The Projective Central Limit Theorem. The projection of the uni-
form distribution on the sphere of radius 4/n onto a line converges to the normal
distribution N(0,1) as n — 0.

tive Limit Theorem, in the same sense as we found Hoeffding’s inequality
in Section 2.2 to be a concentration version of the classical Central Limit
Theorem.
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3.4.4 Uniform distribution on convex sets

To conclude this section, let us return to the class of uniform distributions
on convex sets which we discussed in Section 3.3.5. Let K is a convex body
and

X ~ Unif(K)

be an isotropic random vector. Is X always sub-gaussian?

For some bodies K this is the case. Examples include the Euclidean ball
of radius \/n (by Exercise 3.4.6) and the unit cube [—1,1]" (according to
Lemma 3.4.2). For some other bodies, this is not true:

Exercise 3.4.8. [Difficulty=7] Consider a ball of the {1 norm in R™:
K:={zeR": |z|: <r}.

1. Show that the uniform distribution on K 1is isotropic for r ~ n.
2. Show that this distribution is not sub-gaussian.

Nevertheless, a weaker result is possible to prove for a general isotropic
convex body K. The random vector X ~ Unif(K) has all sub-exponential
marginals, and

X, 2) [l < C

for all unit vectors z. This result follows from C. Borell’s lemma, which itself
is a consequence of Brunn-Minkowski inequality; see [?, Section 2.2.bs].

Exercise 3.4.9. [Difficulty=6] Show the concentration inequality in Theo-
rem 3.1.1 may not hold for a general isotropic sub-gaussian random vector
X. Thus, independence of the coordinates of X is an essential requirement
in that result.



Chapter 4

Sub-gaussian random
matrices

4.1 Preliminaries on matrices

4.1.1 Singular value decomposition

The main object of our study will be an m x n matrices A with real entries.
Recall from a course in linear algebra that A admits them singular value
decomposition (SVD), which we can write in the following form:

A= Z siuv ,  where 1 =rank(A).
i=1

Here the non-negative numbers s; = s;(A) are called singular values of A,
the vectors u; € R™ are called the left singular vectors of A, and the vectors
v; € R™ are called the right singular vectors of A.

Since for random matrices r = rank(A) is random, it is convenient to
extend the sequence of singular values by setting s; = 0 for r < ¢ < n. Also,
for convenience we arrange them so that

812892 >5,>0.

The vectors u; are a set of orthonormal eigenvectors of AA* and the
vectors v; are a set of orthonormal eigenvectors of A*A. The singular vectors
s; are the square roots of the eigenvalues \; of both AA* and A*A:

si(A) = V/Ai(AA) = /(A% A).

o7
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In particular, if A is a symmetric matrix, the singular values of A are the
absolute values of the eigenvalues \; of A:

si(A) = |Ni(A4)],

and both left and right singular vectors of A are the eigenvectors of A.

4.1.2 Operator norm and the extreme singular values

The space of m xn matrices can be equipped with several classical norms. We
will mention two of them — operator and Frobenius norms — and emphasize
their connection with the spectrum of A.

When we think of the space R™ along with the Euclidean norm || - ||2 on
it, we denote this Hilbert space ¢5'. The matrix A acts as a linear operator
from ¢ — (5. Its operator norm of A, also called the spectral norm, is then
defined as

N [Azlla
zeR\{0} [|z|l2  zesn—1

A=A = & =

Equivalently, the operator norm of A can be computed by maximizing the
quadratic form xT Ay = (Axz,y) over all unit vectors x, y:

All = max Az, y).
Al = max  (4z,y)

In terms of spectrum, the operator norm of A is the same as the largest
singular value of A:

s1(4) = [[All.

(Check!)

The smallest singular value s, (A) also has a special meaning. By defini-
tion, it can only be non-zero for tall matrices where m > n. In this case, A
has full rank n if and only if s,,(A) > 0. Moreover, s,(A) is a quantitative
measure of non-degeneracy of A. Indeed,

1
n(A) = 1

where A" is the pseudo-inverse of A. Its norm ||Af|| is the norm of the
operator A~! restricted to the image of A.
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4.1.3 Frobenius norm

The Frobenius norm, also called Hilbert-Schmidt norm of a matrix A with
entries A;; is defined as

Al = (33 1)

i=1 j=1

Thus Frobenius norm is the Euclidean norm on the space of matrices R™*"™,

In terms of spectrum, the Frobenius norm can be computed as

e = (3 sia?)

=1

RmX’I’L

The canonical inner product on can be represented in terms of ma-

trices as

(A,B) =tr(A"B) = ZZA”BU

=1 j=1

Obviously, the canonical inner product generates the canonical Euclidean
norm, i.e.

1AlIE = (A, 4).

Let us now compare the operator and Frobenius norm. If we look at the
vector s = (s1,...,8,) of singular values of A, these norms become the /o,
and /o norms, respectively:

[AF = lslloe,  [[AllF = llsll2-

Using the inequality [|s]|cc < [IS|l2 < /7 ||8|lo for s € R™ (check it!) we
obtain the best possible relation between the operator and Frobenius norms:

1Al < [[Alle < V7 [IA]l. (4.1)

4.1.4 Approximate isometries

The extreme singular values s1(A) and s,(A) have an important geometric
meaning. They are respectively the smallest number M and the largest
number m that make the following inequality true:

m||z||2 < [|Az|2 < M||z||2 for all z € R™. (4.2)
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(Check!) Applying this inequality for  — y instead of x and with the best
bounds, we can rewrite is as

sr(A)|lx — yll2 < [|[ Az — Aylla < s1(A)||z —y|l2  for all x € R"™.

This means that the matrix A, acting as an operator from R to R", change
the distances between points by factors that lie between s,(A) and s1(A).
Thus the extreme singular values control the distortion of the geometry of
R™ under the action of A.

The best possible matrices in this sense, which preserve distances exactly,
are called isometries. Let us recall their characterization, which can be
proved using elementary linear algebra. (Do it!)

Lemma 4.1.1 (Isometries). Let A be an m x n matriz with m > n. Then
the following are equivalent.
1. A is an isometry, or isometric embedding of R™ into R™. This means
that
[Az|2 = ||z||l2  for all x € R™.

2. ATA=1,.
3. All singular values of A equal 1; equivalently

Quite often the conditions of Lemma 4.1.1 hold only approximately, in
which case we think of A as an approzimate isometry.

Lemma 4.1.2 (Approximate isometries). Let A be an m x n matriz and
& > 0. Suppose that
|ATA — I,|| < max(é,62).

Then
(1 =9)|z|l2 < ||Azll2 < (14 9)||z||2  for all z € R™. (4.3)

Equivalently, all singular values of A are between 1 — 9 and 14 0:
1-0<s,(A)<s1(4) <1404 (4.4)

Proof. Without loss of generality, we may assume that ||z|2 = 1. (Why?)
By assumption, we have

((ama- In)xv$>‘ = || A[|3 — 1] < max(s, 62).
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Applying the elementary inequality

max(|z — 1|,[z = 1*) < |22 =1|, 2>0 (4.5)
for z = || Az||2, we conclude that
[[Azlls — 1] < 0.
This proves (4.3), which in turn implies (4.4) as we saw before. O

Exercise 4.1.3 (Approximate isometries). [Difficulty=3] Prove the follow-
ing converse to Lemma 4.1.2. If A is an approximate isometry, i.e. (4.4)
holds, then

|ATA — I,,|| < 2max(é, 6?).

Suppose A is a fat m x n matrix, that is m < n, and
51(A4) = sm(A) =~ 1.

Then A can be viewed as an approximate projection from R™ into R™. Thus
A is an approximate isometry if and only if AT is an approximate projection.

Canonical example of isometries and projections can be constructed from
a fixed unitary matrix U. Any sub-matrix of U obtained by selecting a subset
of columns is an (exact) isometry, and any sub-matrix obtained by selecting
a subset of rows is an (exact) projection in this sense.

4.2 Nets, covering numbers and packing numbers

In a course in analysis, you may have studied the notion of an e-net. Let us
recall it here.

Definition 4.2.1 (e-net). Consider a subset K of R" and let ¢ > 0. A
subset N C K is called an e-net of K if every point in K is within distance
e of some point of N, i.e.

Ve e K dxg e N lo —xpll2 <e.

Equivalently, N’ C K is an e-net of K if and only if K can be covered
by balls with centers in A and radii €, see Figure 4.1a.

An important result in analysis about compactness of sets is that K C R"
is pre-compact (which in R™ simply means that K is bounded) if and only
if K has a finite e-net for every € > 0. More quantitatively, the smallest
cardinality of an e-net can be taken as a measure of compactness of K.
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Definition 4.2.2 (Covering numbers). The smallest cardinality of an e-net
of K is called the covering number of K and is denoted N (K,¢e). Equiva-
lently, the N'(K,¢) is the smallest number of closed balls with centers in K
and radii € whose union covers K.

(a) This covering of a pentagon K by (b) This packing of a pentagon K by
seven e-balls shows that N (K,e) < 7. ten e-balls shows that P(K,e) > 10.

Figure 4.1: Packing and covering

Closely related to covering is the notion of packing.

Definition 4.2.3 (Packing numbers). The packing number P(K,¢) is the
smallest number of open disjoint balls with centers in K and radii € > 0.

Figure 4.1b illustrates a packing of K by balls centered at some points
z; € K.

Exercise 4.2.4. [Difficulty=3] A collection of points x; € K are centers of
balls that form a packing in K if and only if

|zi — xjll2 > 2e  for all i # j.

The covering and packing numbers are equivalent up to a slight scaling
of the radius:

Lemma 4.2.5 (Equivalence of covering and packing numbers). For any
bounded set K C R™ and any € > 0, we have

P(K,e) < N(K,e) < P(K,e/2).
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Proof. Lower bound. Let P = {x;} and N' = {y;} be the centers of e-balls
that form a packing and a covering of K, respectively. By Exercise 4.2.4,
the centers of packing are 2z-separated:

|lz; — xj]|2 > 2¢  for all i # j.

Since any e-ball can not have a pair of 2e-separated points, each covering
ball B(y;, ) may contain at most one point z;. It follows that

[P < V.

This proves the lower bound.

Upper bound. Let P = {z;} be a maximal packing of K by ¢/2-balls.
Here by “maximal” we mean that an addition of any £/2-ball to P will always
destroy the packing property; Figure 4.1b shows an example of a maximal
packing. Equivalently, by Exercise 4.2.4, P is a maximal e-separated set of
points z; € K:

|zi — xj]|]2 > e for all i # j.
By maximality, {z;} is an e-net of K. (Indeed, an addition of any point
xz € K to the family {z;} destroys its e-separation property, which means

that ||z — x;||2 < e for some ¢.) Thus we constructed an e-net of K of
cardinality at most |P|. The upper bound in the lemma is proved. ]

Exercise 4.2.6 (Allowing the centers to be outside K). [Difficulty=5] In
our definition of covering numbers of K, we required that the centers x;
of the balls B(x;,e) that form covering lie in K. Relaxing this condition,
define external covering number N'(K, ) similarly but without requiring
that x; € K. Prove that

NYK,e) < N(K,e) < NYK,e/2).

Exercise 4.2.7 (Monotonicity of covering numbers). [Difficulty=6] Give a
counterexample to the monotonicity property

Lc K implies N(L,e) <N(K,e).
Prove an approrimate version of monotonicity:

LcC K implies N(L,e) < N(K,e/2).
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4.2.1 Metric entropy and coding

Covering and packing numbers measure the size, or rather complexity, of a
set K, which makes them a useful tool in coding theory. The logarithm of
the covering numbers log N (K, ¢) is often called the metric entropy of K.
As we will see now, the metric entropy is equivalent to the number of digits
needed to encode points in K as bit strings.

Proposition 4.2.8 (Metric entropy and coding). Let C(K,¢e) denote the
smallest number of bits sufficient to specify every point x € K with accuracy
€ in the Fuclidean norm. Then

IOgQN(Ka E) < C(K7€) < IOgQN(Ka 5/2)

Proof. (Lower bound) Assume C(K,e) < N, so there is a way to repre-
sent every point x € K with accuracy € using a bit string of length N. This
induces a partition of K into at most 2V subsets, which are obtained by
grouping points represented the same bit string; see Figure 4.2 for illustra-
tion. Each subset must have diameter at most ¢, and thus it can be covered
by a Euclidean ball centered in K and with radius e. (Why?) So K is covered
by at most 2V balls with radii €. This implies that N(K,e) < 2V. Taking
logarithm of both sides, we obtain the lower bound in the proposition.
(Upper bound) Assume log, N (K,e/2) < N, so there exists an (¢/2)-
net N of K with cardinality |N| < 2¥. To every point x € K, let us assign
a point zg € A closest to z. Since there are at most 2V such points, N
bits are sufficient to specify the point xg. The encoding x — x( represents
points in K with accuracy e. (Indeed, if both = and y are encoded by the
same g then ||z — yll2 < ||z — xoll2 + ||y — zoll2 < €.) This shows that
C(K,e) <N. O

4.2.2 Covering numbers and volume

If the covering numbers measure the size of K, how are they related to the
most classical measure of size, the volume of K in R"™? There could not be
a full equivalence between these two quantities, since “flat” sets have zero
volume but non-zero covering numbers.

Still, there is a useful partial equivalence holds, which is often quite
sharp. It is based on the notion of Minkowski sum of sets in R"™.

Definition 4.2.9 (Minkowski sum). Let A and B be subsets of R™. The
Minkowski sum A + B is defined as

A+B:={a+b: ac A, be B}.
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ey

Figure 4.2: Encoding points in K as bit strings of length N induces a partition of
K into at most 2V subsets.

Figure 4.3 shows an example of Minkowski sum of two sets on the plane.
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Figure 4.3: Minkowski sum of a square and a circle is a square with rounded corners.

Proposition 4.2.10 (Covering numbers and volume). Let K be a subset of
R™ and € > 0. Then

Vol(K)
Vol(¢BY)

Vol (K + (¢/2) BY)
<N(K.e) < \/01((5/2)B§‘)2 '

Here as usual By denotes the unit Buclidean ball in R™, so e BY is the Eu-
clidean ball with radius €.

Proof. (Lower bound) Let N := N(K,¢). Then K can be covered by N

balls with radii e. Comparing volume, we obtain
Vol(K) < N - Vol(eBy),

which proves the lower bound in the proposition.

(Upper bound) By Lemma 4.2.5, it is enough to prove the same upper
bound but for the packing number P(K,e/2) =: P. Consider P open disjoint
balls B(z;,e/2) with centers z; € K and radii /2. While these balls do not
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need to fit entirely in K (see Figure 4.1b), they fit in a slightly inflated set,
namely K + (¢/2)B%. (Why?) Comparing the volumes, we obtain

P -Vol((¢/2)By) < Vol (K + (¢/2)By),
which leads to the upper bound in the proposition. ]

Let us give some examples for the volumetric bound.

Corollary 4.2.11 (Covering numbers of the Euclidean ball). The covering
numbers of the unit Euclidean ball By satisfy the following for any € > 0:
1\n 2 n
(7> < N(BR,e) < (f +1) .
€

€
The same upper bound is true for the unit Euclidean sphere S™1.
Proof. The lower bound follows immediately from Proposition 4.2.10, since

the volume scales as Vol(eBjy) = " - Vol(BY). The upper bound follows
from Proposition 4.2.10, too:

Vol ((1+¢/2)By) (1+¢/2)" 2 n
K, e) < = =(-+1) .
NE-2) S 0 2)BE) (c/2)" (Z+1)
The upper bound for the sphere can be proved in the same way. O

To simplify the bound a bit, note the interesting range is € € (0, 1], where

we have
1 3

(2) =nvmre < (2)" (4.6)
In the trivial range where ¢ > 1, the unit ball can be covered by just one
e-ball, so N(Bj,e) = 1.

The important message of (4.6) is that the covering numbers are expo-
nential in the dimension n. This should not be surprising if we recall the
coding theory perspective we discussed in Section 4.2.1. Indeed, to encode
a vector in dimension n, one should be prepared to spend at least one bit
per coefficient, so n bits total. This makes the metric entropy linear in n,
and the covering numbers exponential in n.

Let us finish the discussion of covering and packing numbers with a more
general outlook. First, these numbers can be defined in an arbitrary metric
space, with a general metric replacing the Euclidean distance. Equivalently,
one can replace covering by FEuclidean balls in R™ with covering by a trans-
late of a general set D.

Exercise 4.2.12 (Covering and packing by general sets). Generalize the
results of Sections 4.2 and 4.2.2 for covering and packing by translates of a
general set D in place of the Fuclidean balls.
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4.3 Upper bounds on sub-gaussian matrices

4.3.1 Computing the norm on a net

The notion of e-nets can help us to simplify various problems involving
dimensional sets. One such problem is the computation of the operator
norm of an m x n matrix A. The operator norm was defined in Section 4.1.2

as
|4l = sup | Aallz

zeSn—

Thus, to evaluate || Al| one needs to control || Az| uniformly over the sphere
S"~1. We will show that instead of the entire sphere, it is enough to have a
control just over an e-net of the sphere.

Lemma 4.3.1 (Computing the operator norm on a net). Let A be an m xn
matriz and € € [0,1). Then, for any e-net N' of the sphere S*!, we have

1
sup [|Az|l2 < [|All < —— - sup [|Az]]2
zeN 1—¢ zen

Proof. The lower bound in the conclusion is trivial since N' C S~ To
prove the upper bound, fix a vector z € S*~! for which
[All = [[Az])2
and choose xo € N that approximates z so that
|z — zo|l2 < e.
By the triangle inequality, this implies
Az — Axoll2 = [[A(z — zo)[l2 < [[Allllz — zoll2 < e[| Al
Using the triangle inequality again, we find that
[Azoll2 > [|Azlle — [[Az — Axoll2 > [|All — ellAll = (1 —)[|A]l.
Dividing both sides of this inequality by 1 — &, we complete the proof. [

Exercise 4.3.2. Let x € R™ and N be an e-net of the sphere S*~'. Show
that

1
sup (z,y) < [lz]l2 < sup (z,y) .
yeN ]'_'5yEA/
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We may recall from Section 4.1.2 that the operator norm can be com-
puted by maximizing a quadratic form:

Al = max Ax,y) .
Al = max - (4n.y)
Moreover, for symmetric matrices one can take x = y. The following exercise
shows that again, instead of controlling the quadratic form on the spheres,
it suffices to have control just over the e-nets.

Exercise 4.3.3. [Difficulty=4] 1. Let A be an mxn matriz and € € [0,1/2).
Show that for any e-net N of the sphere S and any e-net M of the sphere
S™=1 we have

sup  (Az,y) < [|A]l < sup  (Aw,y).
2EN, yeM 1—2¢ 2EN, yeM

2. Moreover, if n =m and A is symmetric, show that

(Az, z) | < [|A]| < (Az, z)|.

sup | sup |
zeN 1 -2 gzen

Hint: Proceed similarly to the proof of Lemma 4.3.1 and use the identity (Ax,y) —
(Azo,y0) = (Az,y — yo) + (A(z — x0), Yo).

Exercise 4.3.4 (Bounding the norm deviation on a net). [Difficulty=7] 1.
Let A be an m x n matriz, 1 € R and € € [0,1/2). Show that for any e-net
N of the sphere S, we have

C
sup || Aslla — pl < —— - sup || Az]> — sl
zesSn—1 — 48 zeN

Hint: Assume that p = 1 without loss of generality. Represent | Az||3—1 as a quadratic
form (Rx,x) where R = ATA — I,,. Use Ezercise 4.3.3 to compute the mazimum of this
quadratic form on a net.

4.3.2 The norms of sub-gaussian random matrices

We are ready for the first result on random matrices. It states that an m xn
random matrix A with independent sub-gaussian entries satisfies

IAll'S vm+Vn

with high probability.



4.3. UPPER BOUNDS ON SUB-GAUSSIAN MATRICES 69

Theorem 4.3.5 (Norm of matrices with sub-gaussian entries). Let A be
an m x n random matriz whose entries A;j are independent, mean zero,
sub-gaussian random variables. Then, for any t > 0 we have

JA] < CK (Vm + vn+1t)

with probability at least 1 — 2exp(—t?). Here K = max;; || Aij|y,-

Proof. This proof is a good example of an e-net argument. We need to
control (Az,y) for all vectors  and y on the unit sphere. To this end, we
will discretize the sphere using a net (approximation step), establish a tight
control of (Axz, y) for fixed vectors = and y from the net (concentration step),
and finish by taking a union bound over all x and y in the net.

Step 1: Approximation. Choose € = 1/4. Using Corollary 4.2.11, we
can find an e-net A/ of the sphere S~ ! and e-net M of the sphere S™!
with cardinalities

IN]<9" and |M|<9™. (4.7)

By Exercise 4.3.3, the operator norm of A can be bounded using these nets

as follows:
All <2 max (Ax,y). 4.
|| || — xEN,a?;GM< 7y> ( 8)

Step 2: Concentration. Fix r € N and y € M. Then the quadratic

form
(Azx,y) Z Z Aijxiy;

=1 j=1

is a sum of independent, sub-gaussian random variables. Proposition 2.6.1
states that the sum is sub-gaussian, and

I(Az, y)|?, < cZZ 1Aijzi;lI3, < 0K222x2 ;

—CK2<Z )(Zy) — OK?2,

Recalling (2.15), we can restate this as the tail bound
P {(Az,y) > u} < 2exp(—cu®/K?), u>0. (4.9)

Step 3: Union bound. Next, we will unfix £ and y using a union
bound. Suppose the event maxzcpr, yem (Az,y) > u occurs. Then there
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exist x € N and y € M such that (Az,y) > u. Thus the union bound yields

Pl s ng)zals Y (rg) 2l

eN, yeM
v Y zeN, yeM

Using the tail bound (4.9) and the estimate (4.7) on the sizes of N and M,
we bound the probability above by

9" ™ . 2 exp(—cu®/K?). (4.10)

Choose
u=CK(/n+vVm+1t). (4.11)

Then u? > C2K?(n +m +t), and if constant C is chosen sufficiently large,
the exponent in (4.10) is large enough, say cu?/K? > 3(n +m) + t2. Thus

+ 2 2
P {xe/\r?,%)é/v( (Az,y) > u} < 9" . 2exp (—3(n +m) — t7) < 2exp(—t7).

Finally, combining this with (4.8), we conclude that
P {||A| > 2u} < 2exp(—t?).

Recalling our choice of u in (4.11), we complete the proof. O

Optimality

Theorem 4.3.5 states that

Al S vm ++v/n (4.12)

with high probability. Is this bound optimal?

The operator norm of a matrix is always is bounded below by the norms
of any column and row, and in particular the first column and row. (Check!)
Suppose the entries of A have unit variances. Then, by Theorem 3.1.1, the
Euclidean norm of the first column of A is concentrated around y/m, and the
Euclidean norm of the first row of A is concentrated around y/n. Therefore

[A]l 2 max(v/m, vn) > 2 (vV/m++/n),

N

so the upper bound (4.12) has the optimal form.
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Symmetric matrices

Theorem 4.3.5 can be easily extended for symmetric matrices, and the bound
for them is

1Al < v/

with high probability.

Corollary 4.3.6 (Norm of symmetric matrices with sub-gaussian entries).
Let A be an n xn symmetric random matriz whose entries A;; on and above
diagonal are independent, mean zero, sub-gaussian random variables. Then,
for any t > 0 we have

JA < CK (Vn+t)
with probability at least 1 — 4exp(—t?). Here K = max; ; || Aij|l4,-

Proof. Decompose A into the upper-triangular part AT and lower-triangular
part A~. It does not matter where the diagonal goes; let us include it into
AT to be specific. Then

A=AT+ A"

Theorem 4.3.5 applies for each part A* and A~ separately. By union bound,
we have simultaneously

|AT|| < CK (Va+t) and [|A*| < CK (Vi +1)

with probability at least 1 — 4 exp(—t2). Since by triangle inequality || A|| <
|AT|| + || A7, the proof is complete. O

4.4 Application: community detection in networks

We are going to illustrate Corollary 4.3.6 with an application to the analysis
of networks.

Real-world networks tend to have communities, or clusters, of tightly
connected vertices. Finding the communities accurately and efficiently is
one of the main problems in network analysis.

4.4.1 Stochastic Block Model

We will address this problem for a basic probabilistic model of a network
with two communities. It is a simple extension of the Erdos-Rényi model of
random graphs, which we described in Section 2.4.
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Definition 4.4.1 (Stochastic block model). Divide n vertices into two sets
( “communities”) of sizes n/2 each. Construct a random graph G by con-
necting every pair of vertices independently with probability p if they belong
to the same community and q if they belong to different communities. This
distribution on graphs is called the stochastic block model' and is denoted

G(n,p,q).

In the partial case where p = ¢ we obtain the Erdés-Rényi model G(n, p).
But we will assume that p > ¢ here. In this case, edges are more likely to
occur within than across communities. This gives the network a community
structure; see Figure 4.4.

Figure 4.4: A random graph generated according to the stochastic block model
G(n,p,q).

4.4.2 Expected adjacency matrix

Consider a random graph G ~ G(n,p,q). The adjacency matriz A of G is
defined as the n x n matrix with zero-one entries, thus A;; = 1 if the vertices
i and j are connected by an edge and A;; = 0 otherwise. The adjacency
matrix A of a random graph G is thus a random matriz, and we will examine
A using the tools we developed in this chapter.

It is enlightening to split A into deterministic and random parts,

A=D+R,

LThe term stochastic block model can also refer a more general model of random graphs
with multiple communities of variable sizes.
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where D is the expectation of A. It is useful to think about D as an infor-
mative part (the “signal”) and R as a “noise”.

To see why D is informative, let us compute its eigenstructure. The
entries A;; are Ber(p) or Ber(q) depending on community membership of
vertices ¢ and j. Thus the entries of D are either p or ¢, depending on the
membership. For illustration, if we group the vertices that belong to the
same community together, then for n = 4 the matrix D will look like this:

Exercise 4.4.2. The matriz D has rank 2. Check that the non-zero eigen-
values A\; and the corresponding eigenvectors u; of D are

1 1
_ (Pt B U O B
)\1—( 9 )TL, uyp = 1 N )\2—( 5 )n, U9 = — . (4.13)
1 —1

The important object here is the second eigenvector us. It contains all
information about community structure. If we knew uo, we would identify
the communities precisely based on the sizes of coefficients of us.

But we do not know D = EA and so we do not have access to us.
Instead, we know A = D + R, a noisy version of D. The level of the signal
D is

D[] = ~n
while the level of the noise R can be estimated using Corollary 4.3.6:
|R|| < Cv/n with probability at least 1 — 4e™™. (4.14)

So for large n, the signal to noise ratio is quite large, which should allow us
to use A+ D instead of D to extract the community information. This can
be justified using the classical perturbation theory for matrices.

4.4.3 Perturbation theory

Perturbation theory describes how the eigenvalues and eigenvectors change
under matrix perturbations. For eigenvalues, a simple argument shows that
symmetric matrices S and T satisfy

max |Ai(S) — Ai(T)] < [|S =T
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Thus, operator norm of the perturbation controls the stability of spectrum.
A similar results holds for eigenvectors. We need to be careful to track
the same eigenvector before and after perturbation. If the eigenvalues A;(.5)
and \;41(S) are too close to each other, the perturbation can swap their
order and force us to compare wrong eigenvectors. To prevent this from
happening, we need to assume that eigenvalues of S are well separated.

Theorem 4.4.3 (Davis-Kahan). Let S and T' be symmetric matrices with
the same dimensions. Fix i and assume that the i-th largest eigenvalue of S
1s well separated from the rest of the spectrum:

min (JA;(S) — A;(S)| - j#i)=0>0.

Then the angle between the eigenvectors of S and T corresponding to the
i-th largest eigenvalues (as a number between 0 and 7/2) satisfies

sin Z (v;(S), vi(T)) < C|55T”

In particular, the conclusion of Davis-Kahan Theorem implies that if
the eigenvectors v;(.S) and v;(T) have unit norm, then they are close to each
other (up to a sign):

_cls-1

W e{-1,1}:  [[vi(S) = Ovi(T)2 < 5 (4.15)

4.4.4 Spectral Clustering

Let us apply Davis-Kahan Theorem for S = D and T = A = D + R, and for
the second largest eigenvalue. We need to check that Ay is well separated
from the rest of the spectrum of D, that is from 0 and A;. The distance is

0 = min(A2, A1 — A\2) = min (p;q? q> n=:pun.

Recalling the bound (4.14) on R = T'— S and applying (4.15), we can bound
the distance between the normalized eigenvectors of D and A. There exists
a sign 6 € {—1,1} such that

Cyn _ C

pno o py/n

with probability at least 1 — 4e™™. We computed the eigenvectors of D in
(4.13), but there they had norm /n. So, multiplying both sides by +/n, we

[v2(D) — v2(A)]l2 <
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obtain in this normalization that
C
[u2(D) — Oua(A)|]2 < "

It follows from this that that the signs of most coefficients of fvo(A) and
vo(D) must agree. Indeed, we know that

D lua(D);j = Guz(A);)* < ; (4.16)
j=1

and we also know from (4.13) that the coefficients ua(D); are all £1. So,
every coefficient j on which the signs of fvy(A); and ve(D); disagree con-
tributes at least 1 to the sum in (4.16). Thus the number of disagreeing

signs must be bounded by
C

p?

Summarizing, we can use the vector vy(A) that can be computed from
the network to accurately estimate the vector vo = vo(D) in (4.13), whose
signs identify the two communities. This method for community detection
is usually called em spectral clustering. Let us explicitly state this method
and the guarantees that we just obtained.

Spectral Clustering Algorithm

Input: graph G
Output: a partition of the vertices of G into two communities
1: Compute the adjacency matrix A of the graph.
2: Compute the eigenvector vy(A) corresponding to the second largest
eigenvalue of A.
3: Partition the vertices into two communities based on the signs of the
coefficients of v2(A). (To be specific, if va(A); > 0 put vertex j into first
community, otherwise in the second.)

Theorem 4.4.4 (Spectral clustering of the stochastic block model). Let
G ~ G(n,p,q) with p > q, and min(q,p—q) = p > 0. Then, with probability
at least 1 —4e™"™, the Spectral Clustering Algorithm identifies the communi-
ties of G correctly up to C/u? misclassified vertices.

Summarizing, the Spectral Clustering correctly classifies all but a con-
stant number of vertices, provided the random graph is dense enough (q >
const) and the probabilities of within- and across-community edges are well
separated (p — g > const).
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4.5 Two-sided bounds on sub-gaussian matrices

Let us return to Theorem 4.3.5, which gives an upper bound on the spectrum
of an n x m matrix A with independent sub-gaussian entries:

s1(4) < C(Vm + vn)

with high probability. We will now improve this result in two important
ways.

First, we are going to prove sharper, two-sided bounds on the entire
spectrum of A:

Vm —Cvn < si(A) < Vm+ Cv/n.

Thus a tall random matriz (with m > n) is an approrimate isometry in the
sense of Section 4.1.4.

Second, the independence of entries is going to be relaxed to just inde-
pendence of rows. We will still require sub-gaussian tails, so this time we
assume that the rows are sub-gaussian random vectors. (Ee studied such
vectors in Section 3.4). This relaxation of independence is important in some
applications to data sciences, in particular where the rows of A are samples
from a high-dimensional distribution. The samples are usually independent,
and so are the rows of A. But there is no reason to assume independence of
columns of A, since the coordinates of the distribution (the “parameters”)
are not usually independent.

Theorem 4.5.1 (Two-sided bound on sub-gaussian matrices). Let A be
an m X n matriz whose rows A; are independent, mean zero, sub-gaussian
isotropic random vectors in R™. Then for any t > 0 we have

Vm — CK*(v/n+1t) < sp(A) < s1(A) < vVm+CK*(v/n+1t)  (4.17)
with probability at least 1 — 2exp(—t?). Here K = max; || A; |y, -

Before we prove this theorem, let us note that by Lemma 4.1.2, we can
equivalently restate the conclusion (4.17) in the following form:

H%ATA ~ 1| < max(8,6%) where 6= CK2<\/Z+ \/’%) (4.18)

Proof. We will prove (4.18) using an e-net argument. This will be similar to
the proof of Theorem 4.3.5, but we will now use Bernstein’s concentration
inequality instead of Hoeffding’s.
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Step 1: Approximation. Using Corollary 4.2.11, we can find an %—net
N of the unit sphere S”~! with cardinality

IN| < 9™

Using Lemma 4.3.1, we can evaluate the operator norm in (4.18) on the N:

1 1 1
H—A*A - ImH < 2max ‘ <(A*A - I)x,az> = 2max ‘—HA:EH% -1/
m zeN m zeN Im
To complete the proof of (4.18) it suffices to show that, with the required
probability,

1
mas| S| Acl3 — 1] < S where & := max(62)
zeN Im 2

Step 2: Concentration. Fix x € S"~! and express ||Az||3 as a sum of
independent random variables:

m

JAz]|3 =) (Ai,2)* =) X7 (4.19)
=1

=1

where A; denote the rows of A. By assumption, A; are independent, isotropic,
and sub-gaussian random vectors with || A4;]|y, < K. Thus X; = (A4;,x) are
independent sub-gaussian random variables with E X? = 1 and || X; ||y, < K.
Therefore X? — 1 are independent, mean zero, and sub-exponential random
variables with

HXzQ - 1H1/11 < CK”.

(Check this; we did a similar computation in the proof of Theorem 3.1.1.)
Thus we can use Bernstein’s inequality (Corollary 2.8.4) and obtain

1 € 1 — €
P ‘—A 2—1(>7 _P ’7§:X2_1’>,
{mH zll2 _2} {mizl ! -2

< 2exp {— % min(ez,a)m}
= 2exp {— %(Qm} (since & = max(é, 62))

<2exp [ — a1 C*(n+t%)].

The last bound follows from the definition of § in (4.18) and using the
inequality (a + b)? > a® + b? for a,b > 0.
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Step 3: Union bound. Now we can unfix x € A using a union bound.
Recalling that A has cardinality bounded by 9", we obtain

1 2 € 2 2 2

]P’{ max ‘NHA.%”Q —1| = 5} < 9" 2exp [ — 1C%(n+t7)] < 2exp(—t?)
if we chose absolute constant C' in (4.18) large enough. As we noted in
Step 1, this completes the proof of the theorem. O

Exercise 4.5.2. [Difficulty=6] Give a simpler proof of Theorem 4.5.1, using
Theorem 3.1.1 to obtain a concentration bound for ||Ax||2 and Ezxercise 4.3.4
to reduce to a union bound over a net.

Let us emphasize the alternative form (4.18) of Theorem 4.5.1, which is
important on its own. Replacing there ¢ with ¢\/n and assuming that ¢ > 1,
we can restate it as follows:

[Laa-s

< max(8,6%) where §=CK?%,/ n (4.20)

m
with probability at least 1 — 2 exp(—t2n).

Exercise 4.5.3 (Non-isotropic distributions). [Difficulty=7] Prove the fol-
lowing version of (4.20) for non-isotropic distributions. Let A be an m X n
matriz whose rows A; are independent, mean zero, sub-gaussian random
vectors in R™ with the same covariance matriz

Y =FEAA

Then for any t > 0 we have
1 T 9 n
H—A A— EH < max(0,0%) where §=CLty]—
m m

with probability at least 1 — 2exp(—t?n). Here L = max(K, K?) and K =
max; || Ailly, -

4.6 Application: covariance estimation and clus-
tering
Suppose we are analyzing high dimensional data, which is represented as

points X1, ..., X,, sampled from an unknown distribution in R™. The most
basic method is Principal Component Analysis (PCA), which we discussed
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briefly in Section 3.2.1. The goal of PCA is to identify the principal compo-
nents the eigenvectors of the covariance matrix of the distribution.

Since we do not have access to the full distribution but only to the finite
sample { X1, ..., X, }, we can only expect to compute the covariance matrix
and its eigenvectors approximately. How can we do this? Let X denote
the random vector drawn from the (unknown) distribution. Assume for
simplicity that X have zero mean, and let us denote the covariance matrix

Y=EXXT.

To estimate X, we can use the sample covariance matrix 3, that is computed
from the sample X1, ..., X,, as follows:

1 m
S = — > X[
=1

(Basically, we replace the expectation over the entire distribution by expec-
tation over the sample.)
Since X; and X are identically distributed, our estimate is unbiased,
that is
EY,, =3.

Moreover, by the Law of Large Numbers (Theorem 1.3.1),
Ym — 2 almost surely

as the sample size m increases to infinity. (Justify that we can apply the
Law of Larde Numbers to matrices.)

This leads to the quantitative question: how many sample points m are
needed to guarantee that

Ym =2

with high probability? For dimension reasons, we need at least m 2 n
sample points. (Why?) And we will now show that m ~ n sample points
suffice.

Theorem 4.6.1 (Covariance estimation). Consider a sub-gaussian random
vector X in R™ with zero mean and covariance matriz 3, and let € € (0,1)
and t > 1. Suppose the sample size satisfies

m > CK*(t/e)*n.
Then the sample covariance matrix ¥, satisfies
IZn Sl <&
with probability at least 1 — 2exp(—t*n). Here K = || X||y,-
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Proof. Consider the m x n matrix A whose rows are the sample points XiT .
Then the sample covariance matrix 3 can be represented as

m
Z 1
i=1

So we can apply the non-isotropic form of Theorem 4.5.1 stated in Exer-
cise 4.5.3 to bound the error ||%,, — %||. Setting the error bound max(§, §2)
to € and solving for m, we complete the proof. ]

Let us emphasize the meaning of this result. The covariance matrix can
be estimated accurately by the sample covariance matriz, if the size of the
sample m s proportional to the dimension n.

4.6.1 Application: clustering of point sets

We are going to illustrate Theorem 4.6.1 with an application to clustering.
The problem here will be similar to the community detection problem we
studied in Section 4.4. Like before, we will try to partition data into clusters,
but the nature of data will be different. Instead of networks, we will now be
working with point sets in R™. The general goal is to partition the points
into few subsets (“clusters”). What exactly constitutes cluster is not well
defined in data sciences. But the common sense suggests that the points in
the same cluster should tend to be closer to each other than points taken
from different clusters.

Just like we did for networks, we will design a basic probabilistic model
of point sets in R™ with two communities, and we will study the clustering
problem for that model.

Definition 4.6.2 (Gaussian mixture model). Generate m random points in
R™ as follows. Flip a fair coin. If we get heads, draw a point from N(u,I,),
and if we get tails, from N(—p, I,). We call this a Gaussian mizture model
with means u and —p.

Equivalently, we may consider a random vector
X=0u+g

where 6 is a symmetric Bernoulli random variable, g € N (0, I,,), and 0 and g
are independent. Draw a sample X1, ..., X,, of independent random vectors
identically distributed with X. Then the sample is distributed according to
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Figure 4.5: A simulation of points generated according to the Gaussian mixture
model, which has two clusters with different means.

the Gaussian mixture model. Figure 4.5 illustrates a simulation of Gaussian
mixture model.

A basic clustering method, called spectral clustering, is based on the
Principal Component Analysis (PCA) of the data, which we outlined in
Section 3.2.1. The distribution of X is not isotropic; it is stretched in the
direction of p. The first principal component of the data should also be close
to p, and thus one should be able classify the data points by projecting them
onto that first principal component. This is formalized in the following basic
clustering algorithm.

Spectral Clustering Algorithm

Input: points Xi,...,X,, in R”
Output: a partition of the points into two clusters
1: Compute the sample covariance matrix ¥, = % Py XiXZ-T .
2: Compute the eigenvector v = v1(%,,) corresponding to the largest eigen-
value of X,
3: Partition the vertices into two communities based on the signs of the
inner product of v with the data points. (To be specific, if (v, X;) > 0
put point X; into first community, otherwise in the second.)

Theorem 4.6.3 (Spectral clustering of the Gaussian mixture model). Let
X1,..., X be points in R™ drawn from the Gaussian mixture model as
above, i.e. there are two communities with means . and —p, and let e, > 0.
Suppose the sample size satisfies

1 1
m > poly( )

wll2

Then, with probability at least 1 — 4e™ "™, the Spectral Clustering Algorithm
identifies the communities correctly up to em misclassified vertices.

Correct the statement: e
should depend on p.
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Exercise 4.6.4. [Difficulty=8| Prove Theorem 4.6.3 along the following
lines.

1. Compute the covariance matriz ¥ of X and note that the eigenvector
corresponding to the largest eigenvalue is parallel to p.

2. Use results about covariance estimation (such as Exercise 4.5.3) to
show that the sample covariance matriz 3, is close to X.

3. Use Davis-Kahan Theorem 4.4.3 to deduce that the eigenvector v =
v1(X) is close to p.

4. Conclude that the signs of (u, X;) predict well which community X;
belongs to.

5. Since v = u, conclude the same for v.



Chapter 5

Concentration without
independence

Our approach to concentration was crucially based on independence of ran-
dom variables. This was clearly the case for sums of independent random
variables we studied in Chapter 2; our later results were based on con-
centration for these sums. We will now develop alternative approaches to
concentration that are not based on independence.

5.1 Concentration of Lipschitz functions on the
sphere

Consider a Gaussian random vector X ~ N (0, I,) and a function f: R" —
R. When does the random vector f(X) concentrate about its mean, i.e.

f(X)~Ef(X) with high probability?

This question is easy for linear functions f. Indeed, in this case f(X) has
normal distribution, and it concentrates around its mean well.

In this section, we will study concentration of non-linear functions f(X)
of random vectors X ~ Unif(S$"" 1) and X ~ N(0,1,). While we can
not expect concentration for completely arbitrary f (why?), the Lipschitz
requirement for f will be enough.

5.1.1 Lipschitz functions

Definition 5.1.1 (Lipschitz functions). Let (X,dx) and (Y,dy) be metric
spaces. A function f: X — Y is called Lipschitz if there exists L € R such

83
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that
dx(f(u), f(v)) < dy(u,v) for every u,v € X.

The infimum of all L in this definition is called the Lipschitz norm of f and
is denoted || f||Lip-

Lipschitz functions with || f||rip < 1 are usually called contractions.

Exercise 5.1.2. 1. f(x) = |x| is a Lipschitz a function on R, while f(z) =
vz and f(z) = 22 are not.

2. f(z) = ||z||2 is a Lipschitz function on R™, and || flrip = 1.

3. Fvery differentiable function f:R™ — R is Lipschitz, and

[ fllLip < 1V flloo-

4. For a fixred 0 € R™, the linear functional f(x) = (x,0) is a Lipschitz
function on R™, and || f|Lip = [|0]]2-

5. More generally, an m xn matriz A acting as a linear operator between
A (R™ - |l2) = R™, || - ||2) s Lipschitz, and

[Alleip = (Al

6. Any norm f(x) = ||z|| on R™ is a Lipschitz function. The Lipschitz
norm of f is the smallest L such that

lz|| < L||x|l2  for all x € R™.

5.1.2 Concentration via isoperimetric inequalities

The main result of this section is that any Lipschitz function on the sphere
concentrates well.

Theorem 5.1.3 (Concentration of Lipschitz functions on the sphere). Con-
sider a random vector X ~ Unif(y/nS™ 1) and a Lipschitz function' f :
VnS" 1 — R. Then

1F(X) = E f(X)lly, < CllfllLip-

!This theorem is valid for both the geodesic metric on the sphere (where d(z,y) is the
length of the shortest arc connecting = and y) and the Euclidean metric d(z,y) = ||z —y||2.
We will prove the theorem for the Euclidean metric; Exercise ?? extends it to geodesic
metric.
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Equivalently, Theorem 5.1.3 states that for every ¢ > 0, we have

02
P{S(X) ~Ef(X)] > 1) < 2exp (~ o)

1£1Es,

We already know that Theorem 5.1.3 holds for linear functions. Indeed,
Theorem 3.4.5 states that X ~ Unif(y/nS""!) is a sub-gaussian random
vector. By definition, this means that any linear function of X is a sub-
gaussian random variable.

To prove Theorem 5.1.3 in full generality, we will argue that non-linear
functions must concentrate at least as good as linear functions. To compare
non-linear to linear functions, it is enough to compare their sub-level sets:
arbitrary sets on the sphere and the spherical caps. Such comparison will
be based on a geometric principle called isoperimetric inequality.

The classical isoperimetric inequality in R? (and also in R™) states that
among all sets with given volume, the area is minimal for the Euclidean balls.
A similar isoperimetric inequality holds on the sphere, and the minimizers
are the spherical caps. To state it carefully, we will denote the normalized
area (n — 1-dimensional Lebesgue measure) on the sphere S"~! by 0,,_1. An
e-neighborhood of a set A C "1 is defined as

Ac={zeS" ' JyeA |z—yl2<c}=(A+eBy)nS" . (5.1)

Here we used the notation for Minkowski sum introduced in Definintion 4.2.9.
Figure 5.1 illustrates the e-neighborhood of A. The perimeter of A is the

e

Figure 5.1: The points that are within Euclidean distance ¢ from a given set A on
the sphere S”~! form the e-neighborhood A..

(n — 2)-dimensional area of boundary dA, and it can be defined as

Area(0A) := lim on-1(Ac) — Un—l(A).

e—0 )
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Theorem 5.1.4 (Isoperimetric inequality on the sphere). 1. Let € > 0.
Then, among all sets A C S~ with fived area o,,_1(A), the spherical caps
minimize the area of the neighborhood o,_1(A:).

2. Among all sets A C S"~! with fived area o,_1(A), the spherical caps
minimize the perimeter Area(0A).

We will not prove this theorem but just note that Part 2 follows from
part 1 by letting ¢ — 0. (Check!)

5.1.3 Blow-up of sets on the sphere

Now we will deduce form isoperimetric a statement that may sound counter-
intuitive. If A makes up at least half of the sphere (in terms of volume) then
A, will make up most of the sphere. This fact nevertheless is simple to
check for a hemisphere, and then extend to general sets using isoperimetric
inequality. In view of Theorem 5.1.3, it will be convenient to work with the
sphere that is scaled by the factor \/n.

Lemma 5.1.5 (Blow-up of neighborhoods on the sphere). Let A be a subset
of the sphere \/nS" ™1, and let o denote the normalized area on that sphere.
If 0(A) > 1/2 then, for everyt >0,

o(As) > 1 — 2exp(—ct?).
Proof. Consider the hemisphere
H:= {xe\/ﬁSnfl: xlﬁO}.

Then o(A) > o(H) = 1/2, and the isoperimetric inequality (Theorem 5.1.4)
implies that
U(At) Z O'(Ht). (52)

The set Hy is a spherical cap, and it should be easy to compute its area.
It is even easier to use Theorem 3.4.5 instead, which states a random vector

X ~ Unif(y/nsS"1)

is sub-gaussian, and || X ||, < C. Since o is the uniform probability measure
on the sphere, it follows that

O'(Ht) = P{X € Ht}
Now, the definition of the neighborhood (5.1) implies that

H; D {xe VSTl oy < \/575}
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(Check this!) Thus

o(H;) > P {X1 < \/it} > 1 — 2exp(—ct?).
The last inequality holds because || X1y, < || X[y, < C. In view of (5.2),
the lemma is proved. O
5.1.4 Proof of Theorem 5.1.3

Without loss of generality, we can assume that || f||Lip = 1. (Why?) Let M
denote a median of f(X), which by definition is a number satisfying?

P{f(X) < M} > % and P{f(X)> M} > %
Consider the sub-level set
A={zenS" " f(z) <M}.
Since P{X € A} > 1/2, Lemma 5.1.5 implies that
P{X € A} >1— 2exp(—ct?). (5.3)
On the other hand, we claim that
P{X € A} <P{f(X) <M +1t}. (5.4)

Indeed, if X € A; then || X — y|l2 < ¢ for some point y € A. By definition,
f(y) < M. Since f Lipschitz with || f||rip = 1, it follows that

FX) < F) + I1IX —ylla <M +2.

This proves our claim (5.4).
Combining (5.3) and (5.4), we conclude that

P{f(X)<M+t}>1—2exp(—ct?).

Repeating the argument for —f, we obtain a similar bound for the proba-
bility that f(X) > M — t. Combining the two, we obtain a similar bound
for the probability that |f(X) — M| < ¢, showing that

1F(X) = M|y, <C.

It remains to replace the median M by the expectation E f. This can be
done automatically by applying the Centering Lemma 2.6.6. (Do this!) The
proof of Theorem 5.1.3 is now complete. O

2The median may not be unique. However, for continuous and one-to-one functions f,
the median is unique. (Check!)
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Exercise 5.1.6 (Geodesic metric). [Difficulty=4] We proved Theorem 5.1.3
for functions f that are Lipschitz with respect to the Euclidean metric ||x —
yll2 on the sphere. Argue that the same result holds for the geodesic metric,
which is the length of the shortest arc connecting x and y.

Exercise 5.1.7 (Concentration on the unit sphere). [Difficulty=7] We stated
Theorem 5.1.3 for the scaled sphere /nS™'. Deduce that a Lipschitz func-
tion f on the unit sphere S™~! satisfies

Cllfllip
v

where X ~ Unif(S"~1). Equivalently, for everyt > 0, we have

1F(X) —E (X, < (5.5)

ent? ) (5.6)

1£1Es,

Exercise 5.1.8 (Exponential set of mutually almost orthogonal points).
Fiz ¢ € (0,1). Show that there exists a set {x1,...,xN} of unit vectors in
R™ which are mutually almost orthogonal:

P{IF(X) ~Ef(X)| > t} < 2exp (

| (i, z5) | < e foralli#j,
and the set is exponentially large in n:
N > exp (c(e)n).

Hint: Construct the points x; € S"~' one at a time. Note that the set of points on the
sphere that are almost orthogonal with a given point xo form a spherical cap. Show that

the normalized area of that cap is exponentially small.

5.2 Concentration on other metric measure spaces

In this section, we will extend the concentration for the sphere to other
spaces. To do this, note that our proof of Theorem 5.1.3. was based on two
main ingredients:

(a) an isoperimetric inequality;

(b) a blow-up of the minimizers for the isoperimetric inequality.

The sphere is not the only space where these two ingredients are in
place. In this section, we will briefly survey several other metric measure
spaces where (a) and (b) can be shown, and thus concentration of Lipschitz
functions almost automatically follows.
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5.2.1 Gauss space
Theorem 5.1.3 can be proved for the normal random vector X ~ N(0, I,,).

Theorem 5.2.1 (Concentration on the Gauss space). Consider a random
vector X ~ N(0,1,) and a Lipschitz function f : R™ — R (with respect to
the Euclidean metric). Then

1F(X) = Ef(X)ly, < Cllfl|Lip- (5.7)
The proof is similar to Theorem 5.1.3, and it is based on the following
isoperimetric inequality in the Gauss space® (R™, || - ||2,7n)-

Theorem 5.2.2 (Isoperimetric inequality on the Gauss space). Let ¢ > 0.
Then, among all sets A C R™ with fired Gaussian measure v,(A), the half
spaces minimize the area of the neighborhood ~y,(Ag).

Exercise 5.2.3. [Difficulty=4] Deduce Theorem 5.2.1. Hint: The e-neighborhood

of a half-space is still a half-space, and its Gaussian measure should be easy to compute.

Remark 5.2.4. We came across two partial cases of Theorem 5.2.1 before.
1. For linear functions f, concentration follows from the fact the normal
distribution N(0, I;,) is sub-gaussian.
2. For the Euclidean norm f(x) = ||z||2, concentration follows from
Theorem 3.1.1.

Exercise 5.2.5 (Replacing expectation by L, norm). [Difficulty=>5] Prove
that in the concentration results for sphere and Gauss space (Theorems 5.1.3
and 5.2.1), the expectation E f(X) can be replaced by the L, norm (E fp)l/p

for any p > 0 and for any non-negative function f. The constants may
depend on p.
5.2.2 Discrete cube

A similar method based on isoperimetry yields concentration on many other
metric measure spaces. One of them is the discrete cube

({0,1}",d,P).

Here d(z,y) is the Hamming distance , which is defined for binary strings
x,y € {0,1}" as the fraction of the digits where x and y disagree:

Ar,y) = {0 # i}l

3Here the measure ~» has the standard normal density (3.3).



Refer

90 CHAPTER 5. CONCENTRATION WITHOUT INDEPENDENCE

The measure P is the uniform probability measure on the discrete cube. So,
the coordinates of the random vector

X ~ Unif ({0,1}")

are independent Ber(1/2) random variables.
The concentration inequality for the discrete cube states that

_ Cll flLip
1f(X) =E f(X)[ly, < T

for any function f : {0,1}" — R, see [4, Section 6.2]. This result can be
deduced from the isoperimetric inequality on the cube, whose minimizers
are known to be the Hamming cubes — the neighborhoods of single points
with respect to the Hamming distance.

(5.8)

5.2.3 Symmetric group

The permutation group S, consists of permutations of n symbols, which we
choose to be {1,...,n} to be specific. We can view the symmetric group as
a metric measure space

(Sn,d,P).

Here d(m, p) is the Hamming distance — the fraction of the symbols where
the permutations m and p disagree:

d(m,p) = - |{i : 7(0) # ().

The measure P is the uniform probability measure on S,,.
Then concentration inequality (5.8) holds for any function f : S, — R,
see [4, Section 6.3].

5.2.4 Riemanian manifolds with strictly positive curvature

In addition of arguments based on isoperimetry, there are several other meth-
ods to prove concentration of Lipschitz functions. For a thorough treatment
of this topic, we refer the reader to the books [2, 1, 4, 3|; here we will briefly
survey some of these results.

A very general class of examples is covered by the notion of a Riemannian
manifold. We refer the reader to ... for necessary background in differential
geometry, and here we will just mention a relevant concentration result.

Let (M, g) be a compact connected smooth Riemannian manifold. The
canonical distance d(z,y) on M is defined as the the arclength (with respect
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to the Riemmanian tensor g) of a minimizing geodesic connecting x and y.
The Riemannian manifold can be viewed as a metric measure space

(M, d,P)

where P = dvv is the probability measure on M obtained from the Riemann
volume element dv by normalization (here V' is the total volume of M).

Let ¢(M) denote the infimum of the Ricci curvature tensor over all tan-
gent vectors. Assuming that ¢(M) > 0, it can be proved that

< Cllfllip

500 =B S0 < 28 (5.9

for any Lipschitz function f : M — R. This concentration inequality can be
proved by semigroup tools, see [2, Section 2.3].

To give an example, it is known that ¢(S"~!) = n — 1. Thus (5.9) gives
an alternative approach to proving the concentration inequality (5.5) for the
sphere S"~!. We will give several other examples next.

5.2.5 Special orthogonal group

The special orthogonal group SO(n) consists of all distance preserving lin-
ear transformations on R". Equivalently, the elements of SO(n) are n x n
orthogonal matrices whose determinant equals 1. We will view the special
orthogonal group as a metric measure space

(SO(n), || - |7 P),

where the distance is the Frobenius norm ||A — B||r (see Section 4.1.3) and
PP is the uniform probability measure on SO(n).

Technically, P is the Haar measure on SO(n) — the unique probability
measure that is invariant under the action on the group;* see ... . This
measure allows us to talk about random orthogonal matrices

X ~ Unit(SO(n))

and discuss concentration inequalities for f(X) where f is a Lipschitz func-
tion on SO(n).

Alternatively, a random orthogonal matrix U ~ Unif(SO(n)) (and thus
the Haar measure on the special orthogonal group) can be constructed by

4A measure p1 on SO(n) is rotation invariant if for any measurable set £ C SO(n) and
any T € SO(n), one has u(E) = u(T(F)).

Cite
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computing the singular value decomposition G = UGV T of a random Gaus-
sian matrix G with i.i.d. N(0, 1) entries. (Why? Check rotation invariance.)

The concentration inequality (5.8) holds for for any Lipschitz function
f:50(n) — R, see [4, Section 6.5.1]. This result follows from concentration
on general Riemannian manifolds discussed in Section 5.2.4.

5.2.6 Grassmann manifold

The Grassmann manifold G, ., consists of all m-dimensional subspaces of
R™. In the special case where m = 1, the Grassman manifold can be iden-
tified with the sphere S"~! (how?), so the result below will generalize con-
centration on the sphere.

We can view the Grassmann manifold as a metric measure space

(Gnym, d,P).

The distance between subspaces £ and F' can be defined as the operator
norm

d(E, F) = ||[Pg — Pr||

where Pg and Pr are the orthogonal projections onto E and F', respectively.

The probability P is, like before, the uniform (Haar) probability measure
on Gpm. This measure allows us to talk about random m-dimensional
subspaces of R™

E ~ Unif(Gpm),

and discuss concentration inequalities for f(E) where f is a Lipschitz func-
tion on Gy .

Alternatively, a random subspace E ~ Unif(Gy, ), and thus the Haar
measure on the Grassmann manifold, can be constructed by computing the
column span (i.e. the image) of a random n x m Gaussian random matrix
G with i.i.d. N(0,1) entries. (Why? Check rotation invariance.)

The concentration inequality (5.8) holds for for any Lipschitz function f :
Gnm — R, see [4, Section 6.7.2]. This result can be deduced from concentra-
tion on the special orthogonal group discussed in Section 5.2.5. Indeed, one
expresses Grassmann manifold as a quotient Gy, , = SO(n) /(SO x SOp—m)
and note that concentration passes on to quotients, see [4, Section 6.6].

Exercise 5.2.6. State and prove a concentration inequality for Lipschitz
functions on the set of all n x m matrices with orthonormal columns.
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5.2.7 Euclidean ball

The same concentration inequality (5.5) that holds for the unit Euclidean
sphere S"~! also holds for the unit Euclidean ball

(B2, [l - ll2,P)

equipped with the uniform probability measure. This can be deduced from
concentration in Gauss space, see [2, Proposition 2.9].

5.2.8 Continuous cube

Consider the continuous cube
([0, 1], [ - |2, )

as a metric measure space, equipped with the Euclidean distance and the
uniform probability measure. Thus the coordinates of a random vector

X ~ Unif ([0, 1]")

are independent random variables uniformly distributed in the interval [0, 1].

Then concentration inequality (5.7) holds for any Lipschitz function f :
[0,1]™ — R. This result can be deduced from concentration in Gauss space,
see [2, Proposition 2.8].

Other than for Euclidean balls and cubes, sub-gaussian concentration
inequalities hold for many other convex bodies, but not all of them. (A unit
ball in ¢; norm is a counterexample.) A weaker sub-exponential concentra-
tion can be proved for general convex bodies using C. Borell’s inequality, see
[4, Section III.3].

5.2.9 Densities e V®)

Exercise?

Exercise?

Concentration inequality for Gaussian distribution we proved in Theorem 5.2.1

can be extended for distributions more general densities. Let X be a random
vector in R™ whose density has the form

fl)=e V@ zeRr

for some function U : R®™ — R. As an example, if X ~ N(0,I,) then the
normal density (3.3) gives

Ux) = |lz]3 + ¢
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where ¢ is a constant (that depends on n but not z).

Suppose U has curvature like ||z||2 or better. More rigorously, we require
that the Hessian of U be lower bounded on all of the space. So, suppose
there exists x > 0 such that

HessU(z) = kI, for all z € R".

Then the concentration inequality

C| fllLip

1F(X) = Ef(X) ]y, < NG

for any Lipschitz function f:R"™ — R.

Note a similarity of this result with the concentration inequality (5.9) for
Riemannian manifolds. Both of them can be proved using semigroup tools
[2, Proposition 2.18].

5.2.10 Random vectors with independent bounded coordi-
nates

In Section 5.2.8, we mentioned a concentration inequality for random vec-
tors X = (X1,...,X,) whose coordinates are independent random variables
uniformly distributed in [0, 1]. We may wonder if this can be extended from
uniform to more general distributions.

This indeed can be done. Suppose the coordinates of X = (Xi,...,X,)
are independent bounded random variables; to be specific, assume that

|X;| <1 almost surely for every i.

Then concentration inequality (5.7) holds for any convez Lipschitz function
f:]0,1]™ — R. In particular, this holds for any norm on R™. This result is
due to M. Talagrand; see [2, Corollary 4.10].

5.2.11 Bounded differences inequality?
5.3 Application: Johnson-Lindenstrauss Lemma

Suppose we have N data points in R™ where n is very large. We would like
to reduce dimension of the data without sacrificing too much of its geometry.
The simplest form of dimension reduction is to project the data points onto
a low-dimensional subspace

ECR" dim(E):=m < n,
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see Figure 77 for illustration. How shall we choose the subspace E, and how
small its dimension m can be?

Figure 5.2: In Johnson-Lindenstrauss Lemma, the dimension of the data is reduced
by projection onto a random low-dimensional subspace.

Johnson-Lindenstrauss Lemma states that the geometry of data is well
preserved if we choose E to be a random subspace of dimension

m ~ log N.

We already came across the notion of a random subspace in Section 77..
Let us recall it here. The Grassmann manifold G ., is the set of all m-
dimensional subspaces in R™. It is equipped with Haar measure , which
is the unique rotation-invariant® probability measure on Grnm- This mea-
sure allows us to talk about random m-dimensional subspaces uniformly
distributed in the Grassman manifold

E ~ Unif(Gp m)-

Theorem 5.3.1 (Johnson-Lindenstrauss Lemma). Let X be a set of N
points in R™ and € > 0. Assume that

m > (C/e?)log N.

Consider a random m-dimensional subspace E in R™ uniformly distributed in
Gn,m. Denote the orthogonal projection onto E by P. Then, with probability

®Rotation invariance means that for any measurable set £ € G, and any orthogonal
matrix U € O(n), the set U(E) has the same measure as &.
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at least 1 — 2exp(—ce®m), the scaled projection

Q= WP
m

s an approximate isometry on X:
(1=9)llz—yl2 < 1Qz—Qyll2 < 1 +e)llz—yl2 for all z,y € X. (5.10)

The proof of Johnson-Lindenstrauss Lemma is based on concentration
of Lipschitz functions on the sphere, which we studied in Section 5.1. We
will use it to first examine the action of the random projection P on a fixed
vector « — vy, and then take union bound over all N? vectors z — y.

Lemma 5.3.2 (Random projection). Let P be a projection in R™ onto a
random m-dimensional subspace uniformly distributed in Gy, . Let v € R"
be a (fixred) point and € > 0. Then:

1 (B|P)}) =

m
— |lzll2-
n

2. With probability at least 1 — 2 exp(—ce?m), we have

(=2 fell < P2l < (1= <)y /2 el

Proof. Without loss of generality, we may assume that ||z[2 = 1. (Why?)
Next, we will change the model: instead of a random projection P acting on
a fixed vector z, we will consider a fixed projection P acting on a random
vector z. Specifically, the distribution of ||Pz||y will not change if we let P
be fixed and

z ~ Unif(S"71).

(Show this using rotation invariance.)

Using rotation invariance again, we may assume without loss of gener-
ality that P is the coordinate projection onto R™ viewed as a subspace of
R™. Thus

m m
E|Pzlf=E) 22 =) Ezl=mEz (5.11)
=1 =1

since the coordinates z; of the random vector z ~ Unif(S"~!) are identi-
cally distributed. To compute E 2%, note that 1 = ||z||3 = Y_I°, 22, Taking
expectations of both sides, we obtain

m
1= ZEZZQ =mEz},
i=1
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which yields

Putting this into (5.11), we get
m
E||Pz||5 = —.
P23 ="

This proves the first part of the lemma.
The second part follows from concentration of Lipschitz functions on the
sphere. Indeed,

f(z) =[Pz

is a Lipschitz function on S"!, and || f||Lip = 1. (Why?) Then concentration
inequality (5.6) yields

P {‘prug - ,/T‘ > t} < 2exp(—cnt?).
n

(Here we also used Exercise 5.2.5 to replace E ||z||2 by the (E ||z[|3)'/? in the
concentration inequality.) Choosing t := ey/m/n, we complete the proof of
the lemma. O

Proof of Johnson-Lindenstrauss Lemma. Consider the difference set
X—-X={x—y: z,yc X}
We would like to show that, with required probability, the inequality
(1—2)llzllz < [[Qzll2 < (1 + )|zl

holds for all z € X — X Since Q = y/n/m P, this is inequality is equivalent

to
=0y lells < 1ol < G+l [ el (52

For any fixed z, Lemma 5.3.2 states that (5.12) holds with probability at
least 1 — 2exp(—ce?m). It remains to take a union bound over z € X — X.
By doing this, we make the inequality (5.12) hold with probability at least

1—|X - X|-2exp(—ce?m) > 1 — N? - 2exp(—ce’m).

If we choose m > (C/e?)log N then this probability is at least 1—3 exp(—ce?m/2),
as claimed. Johnson-Lindenstrauss Lemma is proved. O



TODO: Interpret @
as a sub-gaussian pro-
jection. Discuss this
concept here or, better,
before. Make a coupling
between random orthog-
onal projections and
random  sub-gaussian
projections, using the
two-sided bounds on the
spectrum.
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A remarkable feature of Johnson-Lindenstrauss lemma is dimension re-
duction map A is non-adaptive, it does not depend on the data. It is also
interesting that the ambient dimension n of the data plays no role in this
result.

Johnson-Lindenstrauss Lemma uses a random projection as a means of
dimension reduction. Other linear and non-linear maps are possible to use,
too:

Exercise 5.3.3 (Johnson-Lindenstrauss with sub-gaussian matrices). [Difficulty=6]

Let G be an m X n random matriz whose rows are independent, mean zero,
sub-gaussian isotropic random wvectors in R™. Show that the conclusion of
Johnson-Lindenstrauss lemma holds for QQ = im G.

o

5.4 Matrix Bernstein’s inequality

Concentration inequalities for sums of independent random variables > X;
can be generalized for sums of independent random matrices. In this section,
we will prove a matrix version of Bernstein’s inequality (Theorem 2.8.6). It
is exactly the same inequality, but where random variables X; are replaced
by random matrices, and the absolute value |- | is replaced by the operator
norm || - .

A remarkable feature of matrix Bernstein’s inequality is that it will not
require any independence of entries, rows, or columns within each random
matrix X;.

Theorem 5.4.1 (Matrix Bernstein’s inequality). Let Xi,..., Xy be inde-
pendent, mean zero, n X n symmetric random matrices, such that | X;|| < K
almost surely for all i. Then, for every t > 0, we have

B3] 2 1) < 2new (- oL2 )

; nexp| — ———-—-1.

i=1 = b o? + Kt/3

Here 0% = HZZJ\LI IEXZQH s the norm of the matrix variance of the sum.

In particular, we can express this bound as the mixture of sub-gaussian
and sub-exponential tail, just like in the scalar Bernstein’s inequality:

{3 x

2t

%)

2t}§2nexp[—c-min(—
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The proof of matrix Bernstein’s inequality will be based on the follow-
ing naive idea. Can we repeat the classical argument based on moment
generating functions (see Section 2.8), replacing scalars by matrices at each
occurrence? This can indeed be done. In most of the places, scalars can
be replaced by matrices without any problem, but one inequality will be
non-trivial. To prepare for this, we will now develop the basics of matrix
calculus, which basically allows us to treat matrices as scalars.

5.4.1 Matrix calculus

Throughout this section, we will work with symmetric n X n matrices. As
we know, the operation of addition A+ B generalizes painlessly from scalars
to matrices. We need to be more careful with multiplication, since it is
not commutative for matrices: in general, AB # BA. For this reason, ma-
trix Bernstein’s inequality is sometimes called non-commutative Bernstein’s
inequality. Functions of matrices are defined as follows.

Definition 5.4.2 (Functions of matrices). Consider a function f: R — R
and an n X n symmetric matrix X. Ezpress X through its spectral decom-

position:
n
i=1

Then define
FOX) =) f)uin]
i=1

In other words, to obtain the matriz f(X) from X, we do not change the
eigenvectors and apply f to the eigenvalues.

Note that this definition agrees with addition and multiplication of ma-
trices:

Exercise 5.4.3 (Matrix polynomials and power series). 1. Consider a poly-
nomaual

f(z) =ap+ a1z +--- + apz?.
Check that for matrices X, we have

f(X)=al+ a1 X+ +a,XP.

In the right side, we use the standard operations of matrix addition and
multiplication, so in particular XP = X --- X (p times) there.
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2. Consider a convergent power series expansion of f about xq:
o0
flz) = Zak(az —x0)*.
k=1
Check that the series of matrix terms converges, and
oo
FX) =) ar(X — Xo)F.
k=1

As an example, for each n x n symmetric matrix X we have

X2 X3

X _ 202
e —I+X+2!+3!+

Just like scalars, matrices can be compared to each other. To do this,
we define a partial order on the set of n X n symmetric matrices as follows.
First, we say that

X =0 if X is positive semi-definite.
Equivalently, X > 0 if all eigenvalues of X satisfy \;(X) > 0. Next, we set
X>Y if X-Y >0
Finally, we obviously set ¥ < X if X =Y.

Note that > is a partial, as opposed to total, order, since there are
matrices for which neither X > Y nor Y > X hold. (Give an example!)
Exercise 5.4.4. Prove the following properties.

1. || X|| <t if and only if —tI < X < tI.

2. Let f : R — R be an increasing function and X,Y are commuting
matrices. Then X <Y implies f(X) = f(Y).

3. Let f,g : R — R be two functions. If f(z) < g(x) for all x € R
satisfying |x| < K, then f(X) < g(X) for all X satisfying || X| < K.
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5.4.2 Trace inequalities

So far, generalization from scalars to matrices was smooth. But the non-
commutativity of the matrix product (AB # BA) causes some important
identities to fail for matrices. One of such identities is €Y = e% ¥, which
holds for scalars but fails for matrices:

Exercise 5.4.5. [Difficulty=7] Let X and Y be n x n symmetric matrices.
1. Show that if the matrices commute, i.e. XY =Y X, then

XHY XY

2. Find an example of matrices X and 'Y such that

XY £ XY

This is unfortunate for us, because the identity e*™¥ = e%e¥ was cru-
cially used in our approach to concentration of sums of random variables.
Indeed, this approach was based on computing the moment generating func-
tion Eexp(AS) of the sum, and then breaking it into the product of expo-
nentials using this identity.

Nevertheless, there exists some useful substitutes for the missing identity
eXTY = XY We will state two of them here without proof; they belong
to the rich family of trace inequalities for matrices.

Theorem 5.4.6 (Golden-Thompson inequality). For any n x n symmetric
matrices A and B, we have

tr(eAB) < tr(e?e?).

Theorem 5.4.7 (Lieb’s inequality). Let H be an n x n symmetric matriz.
Consider the function

f(X) :=trexp(H + log X).

Then f is concave on the space on n x n symmetric matrices.

Note that in the scalar case where n = 1, the function f is linear and
Lieb’s inequality holds trivially.

A proof of matrix Bernstein’s inequality can be based on either Golden-
Thompson or Lieb’s inequalities. We will use Lieb’s inequality, which we

Concavity means that the inequality f(AX + (1 —A)Y) > Af(X)+ (1 —A)f(Y) holds
for matrices X and Y, and for A € [0, 1].
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will now restate for random matrices. If X is a random matrix, then Lieb’s
and Jensen’s inequalities imply that

Ef(X) < f(EX).
Applying this with X = e, we obtain the following.

Lemma 5.4.8 (Lieb’s inequality for random matrices). Let H be a fized
n X n symmetric matrix, and Z be a random n x n symmetric matrix. Then

Etrexp(H + Z) < trexp(H + logEe?).

5.4.3 Proof of matrix Bernstein’s inequality

In this section we prove matrix Bernstein’s inequality, Theorem 5.4.1, using
Lieb’s inequality.
Step 1: Reduction to MGF'. To bound the norm of the sum

N
S = Z Xi,
1=1

we need to control the largest and smallest eigenvalues of S. We can do this
separately. To put this formally, consider the largest eigenvalue

Amax(S) 1= max \;(5)
and note that

111 = max A ()] = max (Amax(S), Amax(=S)). (5.13)

To bound Ayax(s), we will proceed with the method based on computing
the moment generating function as in the scalar case. To this end, fix A > 0
and use Markov’s inequality to obtain

P (max(S) = 1} = B { M9 > M) < oM B, (510)

AAi (S)

Since the eigenvalues of e*® are e , we have

E:=EMwmax(8) = Amax (€.

The eigenvalues of e*¥ are positive. Then we can bound the maximal eigen-
value of e*¥ by the sum of all eigenvalues, which is the trace of e*®, leading
to

E <Etr s,
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Step 2: Application of Lieb’s inequality. To prepare this quantity
for an application of Lieb’s inequality (Lemma 5.4.8), we separate one term

from the sum S:
N—1

E <Etrexp { Z AX; + )\XN].
i=1
Let us condition on (X;)Y ' and apply Lemma 5.4.8 for the fixed matrix
H:= Zf\;l AX; and the random matrix Z := AX . We obtain

N-1
E < Etrexp { Z AX; + logEe/\XN].

i=1
(To be more specific here, we first apply Lemma 5.4.8 for the conditional
expectation with respect to X. Then we take expectation of both sides
with respect to Xi,..., Xy and use the law of total expectation.)

Next we separate the term AXy_; from the sum Zfi}l AX;, and apply

Lemma 5.4.8 again for Z = AXxy_1. Repeating these steps N times, we
obtain

N
E <trexp [ZlogEeAX’}. (5.15)
i=1
Step 3: MGF of the individual terms. It remains to bound the
matrix-valued moment generating function E e*¥: for each term X;. This is
a standard task, and the argument will be similar to the scalar case.

Lemma 5.4.9 (Moment generating function). Let X be an nxn symmetric
random matriz such that || X|| < K almost surely. Then

N2/2

Eexp(AX) < exp (g()\)EXQ) where  g(\) = W’

provided that |\ < 3/K.

Proof. First, note that we can bound the (scalar) exponential function by
the first few terms of its Taylor’s expansion as follows:

2

R P
- 1—1z/3 27

if |z < 3.

(To get this inequality, write e* =1+ z+2%- Y72, 27/p! and use the bound
p! > 2.3P72) Next, apply this inequality for z = A\z. If |2| < K and

|A| < 3/K then we obtain
AN <14 Az + g(\)a?,
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where g()) is the function in the statement of the lemma.
Finally, we can transfer this inequality from scalars to matrices using
part 3 of Exercise 5.4.4. We obtain that if | X|| < K and |A| < 3/K, then

M LT+ AX + g\ X2

Take expectation of both sides and use the assumption that EX = 0 to
obtain
Eer < T+ g(\)E X2

To bound the right hand side, we may use the inequality 1 + z < e* which
holds for all scalars z. Thus the inequality I + Z < e holds for all matrices
Z, and in particular for Z = g(\)E X2. (Here we again refer to part 3 of
Exercise 5.4.4.) This yields the conclusion of the lemma. O

Step 4: Completion of the proof. Let us return to bounding the
quantity in (5.15). Using Lemma 5.4.9, we obtain

N-1 N-1
exp [ Z logEe)‘Xi} < exp [g()\) Z IEXE}
i=1 i=1

(Here we also used that part 2 of Exercise 5.4.4 for the logarithmic and the
exponential function.)
Since the matrices on both sides of the inequality in (??) have positive
eigenvalues, the trace of the left side is bounded by the trace of the right
Revise the previous few side:

lines, think how to make =
9 o 2
them clear, more concise E < trexplg(A)Z],  where Z:= Z; E X7
1=

Since the trace here is a sum of n positive eigenvalues, it is bounded by n
times the maximum eigenvalue, so

E <n - Amax (exp[g(A)Z]) = n-exp [g(N)Amax(Z2)]  (Why?)
—n-explgVIIZ]]  (since Z = 0)
=n-exp [g()\)UZ] (by definition of ¢ in the theorem).
Plugging this bound for E = E e *max(5) into (5.14), we obtain
P {Amax(S) > t} <n-exp [—At + g()\)O'Q] .
Now we optimize the right hand side in A. The bound is minimized for
A =t/(c?+ Kt/3). (Check!) Substituting this value for \, we conclude that
—2/2 )

P {Amax(5) 2 t} < n'exp<— m
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Repeating the argument for —S and combining the two bounds via
(5.13), we complete the proof of Theorem 5.4.1. (Do this!) O

5.4.4 Discussion of matrix Bernstein’s inequality

Matrix Bernstein’s inequality, Theorem 5.4.1 is a direct generalization of the
scalar Bernstein’s inequality (Theorem 2.8.6). We will now pause to note
its remarkable strength and sharpness.

As an immediate consequence of Theorem 5.4.1, we can bound the ex-
pected deviation of the sum as follows.

Corollary 5.4.10 (Expected deviation of sum of random matrices). Let X1, .

be independent, mean zero, n X n symmetric random matrices, such that
| X;|| < K almost surely for all i. Then

N N
S x] <[ Sex
i=1 i=1

In the scalar case where n = 1, such a bound on the expected deviation
is trivial. Indeed,

N N
E‘ZXi < (]E‘ZXi
=1 =1

where we used that the variance of a sum of independent random variables
equals the sum of variances.

This simple argument fails for matrices (why?). Bounding the expected
deviation for a sum of independent random matrices is a non-trivial problem,
which matrix Bernstein’s inequality successfully solves.

The price of going from scalar to matrices is the pre-factor n in the
probability bound in Theorem 5.4.1. It is a light price, considering that this
factor becomes logarithmic in dimension n in Corollary 5.4.10.

The following example shows that a logarithmic factor is needed in gen-
eral; we will give another example in ....

1/2
v/logn + Klogn.

2\1/2 N NE
) _(Z;EXZ> .

1=

Exercise 5.4.11 (Sharpness of matrix Bernstein’s inequality). Let X be an
nxn random matriz that takes values eke;cr, k=1,...,n, with probability 1/n
each. (Here as usual (ey,) denotes the standard basis in R™.) Let X1,..., Xy
be independent copies of X. Consider the sum

This is not quite imme-
diate. Make this corol-
lary An exercise?

Covariance estimation
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Then S is a diagonal matrix.

1. Show that the entry Sy has the same distribution as the number of
balls in i-th bin when N balls are thrown into n bins independently.

2. Relating this to the coupon collector’s problem, show that if N < n

then |

ogn

E|S] < —=—.
loglogn

Deduce that Corollary 5.4.10 would fail if the logarithmic factors were re-

moved from its bound.

5.5 Application: community detection in sparse
networks

In Section 4.4, we analyzed a basic method for community detection in net-
works — the Spectral Clustering Algorithm. We examined the performance
of spectral clustering for the stochastic block model G(n, p, ¢) with two com-
munities (see Definition 4.4.1). We found that the communities are identified
with high accuracy and high probability (recall Theorem 4.4.4).

We will now re-examine the same method but using matrix Bernstein’s
inequality. We will find that spectral clustering works for much sparser
networks than we were able to analyze before. This will be done in a series
of exercises.

As in Section 4.4, we denote by A the adjacency matrix of a random
graph from G(n,p,q). We express A as

A=D+R

where D = EA is a deterministic matrix (“signal”) and R is random
(“noise”). The success of the method hinges on showing that the noise
| R|| is small with high probability (see (4.14)).

Exercise 5.5.1. [Difficulty=6] Represent the adjacency matriz A as a sum
of independent random matrices

n
A=Y 7y
i,j=1

Make it so that each Z;j encode the contribution of an edge between vertices
i and j. Thus the only non-zero entries of Z;; should be (ij) and (ji), and
they should be the same as in A.
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Apply matriz Bernstein’s inequality to find that

E||R| < v/dlogn + logn,

where d = %(p + q)n. Argue that d is the average expected degree of the
graph.

Exercise 5.5.2. [Difficulty=6] Similarly to Section 4.4, conclude that spec-
tral clustering works. Identify the conditions on p and q. In particular,
argue that spectral clustering works for sparse networks, as long as the av-
erage expected degrees satisfy

d > logn.

5.6 Random matrices with general independent
rows

We will illustrate the matrix Bernstein inequality with an application to
random matrices. In this section, we will prove a remarkably general ver-
sion of Theorem 4.5.1 which holds for random matrices with arbitrary, not
necessarily sub-gaussian distributions of rows.

Such generality is important because, as we noted in Section 3.4.2, dis-
crete distributions are poorly sub-gaussian. So Theorem 4.5.1 does not usu-
ally give a satisfactory result for random matrices whose rows have discrete
distributions. The next result will be more useful.

Theorem 5.6.1 (Random matrices with general rows). Let A be an m x
n matriz whose rows A; are independent isotropic random vectors in R"™.
Assume that for some L >0,

| Asll2 < Lv/n almost surely for every i. (5.16)

Then for every t > 0, one has

Vm —tLy/n < s,(A4) < 51(A) < V/m +tLy/n (5.17)
with probability at least 1 — 2n - exp(—ct?).

Before we prove this theorem, let us pause to make two remarks. First,
why does the boundedness assumption (5.16) have this form? The isotropy
of random vectors A; implies by Lemma 3.2.4 that

E || Aill3 = n.
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By Markov’s inequality, it follows that with high probability (let’s say, 0.99),
we have

[4ill2 = O(Vn).
So in applications, we expect that the boundedness assumption (5.16) hold
with
L=0().
Next, let us note that by Lemma 4.1.2, we can equivalently restate the
conclusion (5.17) in the following form:
1
H—ATA ~ 1| < max(5,6%) where §=tL,/ . (5.18)
m

m

Proof. Our proof of (5.18) will be based on matrix Bernstein’s inequality,
Theorem 5.4.1. To use this result, we express the matrix in question a sum
of independent random matrices:

1 . 1S 1 al 1,
—ATA— I = — ;AZAi — I, = Z;X where X; := — (A;A] = I).
Note that X; are independent symmetric n X n random matrices, and they
have zero means by the isotropy assumption. So, in order to apply Theo-
rem 5.4.1, it remains to bound the range || X;|| and the norm of the matrix

variance || 37 E X?||.

To bound the range, we can use boundedness assumption (5.16), where
we necessarily have L > 1 by isotropy. (Why?) By triangle inequality, we
have

1
16l < — (Al +1) = —([[Aill3 + 1)

< —(L*n+1) (by the boundedness assumption)

3

2L%n
m
= K. (5.19)

IN

(since L > 1)

To estimate the norm of the matrix variance H ZZ’;IEXZQ! , we first

compute

)

1
XP=— [(AZ-AZ.T)Q — (A AT + In} :
Taking expectations of both sides and using isotropy of A;, we obtain

1

EX?=— [E(AiAiT)Q - In} .
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Now, using boundedness assumption (5.16), we have

E(AA])? = E || A3 A AT
<E [L2n . AZ-AZT} (by the boundedness assumption— check!)

= L’n-1, (by isotropy).

Thus 9
L

EX? <= I,
m

Summing up, we obtain a bound on the matrix variance:
m
L’n
Y EX) 2= I
; m
=1
Since the matrix variance is a positive semidefinite matrix, it follows that
m
H S EX?
i=1

Now we are ready to apply the matrix Bernstein inequality (?7).

Ze}zP{HZf;Xi 25}

15
< 2nexp | —emin (5 )]
< 2n-exp cmin o

Substituting o and K from (5.20) and (5.19), we bound this further by

L2
< Wn = (5.20)

P {H;LATA _1,

2n - exp [— cmin(e?,¢) - %} (5.21)

Returning to (5.18), we set ¢ := max(J, ?) and § = tL+/n/m. Substituting
these values into (5.21), we bound the probability that (5.18) fails by

c6*m
2L%n

2n - exp ( — ) = 2n - exp(—ct?/2).

This completes the proof. O

Notice the pre-factor n in the probability bound 1 — 2n - exp(—ct?) in
Theorem 5.6.1. This theorem is non-trivial when the probability is positive,
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and this happens when ¢ > Cv/logn. So we can restate the conclusion of
Theorem 5.6.1 as follows. For every s > 1, one has

vVm — sLy/nlogn < s,(A) < s1(A4) < v/m+ sLy/nlogn (5.22)

with probability at least 1 — 2n7¢5". (To obtain this, set ¢ = sy/logn.)
Summarizing, we extended Theorem 4.5.1 from sub-gaussian to general
distributions, and we paid just a logarithmic factor for that.

Exercise 5.6.2 (Non-isotropic distributions). [Difficulty=7] Prove the fol-
lowing version of (5.18) for non-isotropic distributions. Let A be an m X n
matriz which satisfies all assumptions of Theorem 5.6.1 except the isotropy.
Assume that the rows have the same covariance matrix

> =EA;A].

Then, for every t > 0, the following inequality holds with probability at least
1 —2n - exp(—ct?):

1
H—ATA - zH < max(|2]|V25,6%) where 6 =tLy| . (5.23)
m m

5.7 Application: covariance estimation for general
distributions

In Section 4.6, we showed the covariance matrix of a sub-gaussian distribu-
tion in R™ can be accurately estimated using O(n) samples. In this section,
we will remove the sub-gaussian requirement thus making covariance esti-
mation possible for very general, in particular discrete, distributions in R".
The price we will pay is the logarithmic oversampling factor. The following
results shows that O(nlogn) samples suffice for covariance estimation of
general distributions in R™.

Theorem 5.7.1 (General covariance estimation). Consider a random vector
X in R™ with zero mean and covariance matriz 3. Assume that for some
K >0,

| X2 < K+/|[|[Z]|n almost surely. (5.24)

Let € € (0,1) and t > 1. Suppose the sample size satisfies

m > C(Kt/e)*nlogn. (5.25)
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Then the sample covariance matriz ¥, satisfies
[Em — X < el
with probability at least 1 — i

Proof. Consider the m x n matrix A whose rows are the sample points XZ-T .
Then the sample covariance matrix ¥ can be represented as

m
1
Sm= > XX = RATA.
=1

So, to bound the error ||¥,, — X|| we can apply the non-isotropic form of
Theorem 4.5.1 stated in Exercise 5.6.2. It states that with probability at
least 1 — 2n - exp(—cs?), we have

DA

12 — 3| < max(]|2|/26,0%) where 6= sK —

After simplifying, this becomes

22
IS = 2 < max (sK /=, =2 ) 3.
m m

So, if m > (Ks/e)?n the right hand side is bounded by ¢||X|| as required. It
remains to choose s = Cty/logn to complete the proof. O

Let us clarify the form of the boundedness assumption (5.24).
Move this exercise to the

Exercise 5.7.2. Let X be a random vector in R™ with EXXT = %. Show covariance section?
that
E| X3 = tx(%).
Since we always have
tr(X) < [|%]|n
Markov’s inequality implies that with high probability (let’s say, 0.99), we

have
| X[l2 = O(V/[Z]n).

So in applications, we expect that the boundedness assumption (5.24) hold
with

K =0(1).
Such bounded assumption indeed holds in many applications. When it fails,

one may consider enforcing it by truncation, thus rejecting a small fraction
of samples with the largest norm.
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Exercise 5.7.3. [Difficulty=6] Show that if the boundedness assumption
(5.24) is removed from Theorem 5.7.1, the result may in general fail.

Exercise 5.7.4 (Sampling from frames). [Difficulty=4] Consider a tight
frame (u;)Y.; in R™ (recall Section 3.3.4). State and prove a result that
shows that a random sample of

m 2 nlogn

elements of (u;) forms a frame with good frame bounds (as close to tight as
one wants). The quality of the result should not depend on the frame size

N.

5.7.1 Logarithmic oversampling

We will now argue that the factor logn can not be removed from (5.25). In
other words, logarithmic oversampling is in general needed for covariance
estimation.

To give an example, consider a random vector X with the most discrete
isotropic distribution in R", namely the coordinate distribution introduced
in Section 3.3.4. Thus

X ~ Unif {vne;: i=1,...,n}

where {e;}!"; is the canonical basis of R".
The distribution of X is isotropic, so X = I. In order to have a non-trivial

estimation of the form
[3m = X < el|Z|

with any € < 1, the sample covariance matrix X, must have full rank n.
(Why?) But recalling that

1 m
Y, = ~ z;XiXZ-T,
P

we see that for this to happen, the sample {Xi,..., X,,} must contain all
basis vectors y/ne,...,v/ne,. (Why?)

Rethinking this condition in terms of the classical coupon collector’s prob-
lem, we see that each of the n “coupons” \/nei,...,\/ne, must be picked
at least once in m independent trials performed by Xi,..., Xy,.

By the known result on the coupon collector’s problem, one must make
at least

m 2 nlogn
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trials to pick each of the n coupons with high (and even constant) probability.
This shows that the logarithmic factor logn is necessary for any non-trivial
covariance estimation for the coordinate distribution.

We can track the source of this logarithmic factor to matrix Bernstein
inequality (Theorem 5.4.1). As we saw, its only weakness compared with
the scalar Bernstein’s inequality is the pre-factor n in the probability bound.
Our analysis then shows that this pre-factor is needed, and is optimal.
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Chapter 6

Quadratic forms,
symmetrization and
contraction

6.1 Decoupling

In the beginning of this book, we thoroughly studied sums of independent
random variables of the type

iaiXi (6.1)
i=1

where X1,..., X, are independent random variables and «a; are fixed coeffi-
cients. In this section, we will study quadratic forms of the type

n
Y aXiX; = XTAX = (AX, X) (6.2)
ij=1
where A = (a;;) is an n x n matrix of coefficients, and X = (X1,...,X,)

is a random vector with independent coordinates. Such a quadratic form is
called a chaos in probability theory.

Computing the expectation of a chaos is easy. For simplicity, assume
that X, have zero means and unit variances. Then

n
EXTAX = Zaii = tr A.
=1

115
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(Check!)

It is less trivial to establish concentration of a chaos. The main diffi-
culty is that the terms of the chaos are not independent. To overcome this
problem, we will now introduce the technique of decoupling. This method
will allow us to replace X with a random vector X’ that is independent of
X yet has the same distribution as X. We call such X’ an independent copy
of X. So we will seek to replace the quadratic form (6.2) with

n
Y a4 XiXj=XTAX' = (AX,X').
ij=1

The usefulness of this new, decoupled form is that it is linear in X, and this
makes it easy to analyze. Indeed, we may condition on X’ and treat the
decoupled form as a sum of independent random variables

n n n
3 (S a))x = Yo
=1 j=1 i=1
with fixed coefficients ¢;, much like we treated the sums (6.1) before.

Theorem 6.1.1 (Decoupling). Let A be an n x n, diagonal-free matriz. Let
X = (X1,...,Xy) be a random vector with independent mean zero coeffi-
cients. Then, for every convex function F, one has

EF(XTAX) <EF(4XTAX') (6.3)
where X' is an independent copy of X.

We will actually prove a slightly stronger version of decoupling, where A
needs not to be diagonal-free. Thus, for every matrix A we will show that

EF( Y ayXiX;) <EF(4) ayX,X)) (6.4)
ijeiki i

where X' = (X{,..., X]).
The proof will be based on the following observation.

Lemma 6.1.2. Let Y and Z be independent random variables such that
EZ =0. Then, for every convex function F, one has

EF(Y)<EF(Y + Z).
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Proof. This is a simple consequence of Jensen’s inequality. Denote Ey and
Ez the conditional expectations with respect to Y and Z respectively. Con-
dition on Y. Since Ez Z = 0, we have

FY)=FY+EzZ)<EzF(Y + 2).
Taking expectation of both sides with respect to Y completes the proof. [J

Proof of Decoupling Theorem 6.1.1. Here is what our proof of (6.4) will look
like, in a nutshell. First, we will replace the chaos Z#j a;; X;X; by the

“partial chaos”
Z ainin
(i,§)€IxIe

where the subset of indices I C {1,...,n} will be chosen by random sam-
pling. The advantage of partial chaos is that the summation is done over
disjoint sets for ¢ and j. Thus one can automatically replace X; by X ]’ with-
out changing the distribution. Finally, we will complete the partial chaos
Z(i7j)61><lc ainin{ to the full sum using Lemma 6.1.2.

Let us pass to a detailed proof. To randomly select a subset of indices
I, consider selectors 01,...,0, € {0,1} — independent Bernoulli random
variables with P{d; = 0} = P{d; = 1} = 1/2. We define

I={i: 0; =1}

We shall denote the conditional expectation with respect to the selectors
(or, equivalently, with respect to the random subset I) by Es and E;, and
the conditional expectations with respect to X and X’ by Ex and Ex/
respectively. Since

1
Ed§i(1—0;) = =1 for all 4,

N | —
DN | =

We 1may express our chaos as
n n
Z ainl-Xj = 4E§ Z 52(1 - 5j)ainin = 4E1 Z CLinin.
3,j=1 1,j=1 (i,5)eIxIc

Then, using Jensen’s and Fubini inequalities, we obtain

Ex F(XTAX) <E[Ex F(4 Y ayXiX;).
(id)ElxI*
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It follows that there exists a realization of a random subset I such that

Ex F(XTAX)<ExF(4 > ayX.X;).
(i,j)elxI¢

Fix such realization. Since the random variables (X;);e; are independent
from (Xj);ere, the distribution of the sum in the right side will not change
if we replace X; by X j’ So we obtained

EF(XTAX)SEF<4 3 ainiX]’-).
(i,j)elxI°

It remains to complete the sum in the right side to the sum over all pairs
of indices. In other words, we want to show that

EF(4 Y aXXj)<EF(4 Y ayXXj),  (65)
(i,j)EIxIe (4:5)€[n]x[n]

where we use the notation [n] = {1,...,n}. To do this, we decompose the
chaos in the right side as

Z CLZ]XZX]/ =Y+ 21+ 2>
(i,5)€[n]x[n]

where

Y = Z ainiX§, Z1 = Z ainiX]'-, Z2 = Z aleX]'
(4.5)€IxI® (4,4)€IXT (i,j)el°x[n]

Condition on all random variables except (X})jer and (X;)iese. This fixes
Y, while Z; and Z5 are random variables with zero conditional expectations.
Use Lemma 6.1.2 to conclude that the conditional expectation satisfies

F4Y) < EF(4Y + 42, 4 42).

Finally, we take the expectation of both sides with respect to all other
random variables, and conclude that

EF(4Y) <EF(4Y + 47, +42,).

This proves (6.5) and finishes the proof. O
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Remark 6.1.3. The proof of Decoupling Theorem 6.1.1 generalizes without
change to higher dimensions. If X; are vectors in Hilbert space, then

EF(Z%- (X, X;) ) < EF(4Z% (X, X))

(Check!) If X; are vectors in R™ then this can be written in a matrix form
similarly to (6.3). If X is an m x n random matrix with independent, mean
zero columns, then

EF(XTAX) <EF(AXTAX').
(Check!)

Theorem 6.1.4 (Decoupling for vectors). Prove the following version of
decoupling in normed spaces. Let (uij)ijl be vectors in a normed space
such that w;; = 0 for all i. Let X = (X1,...,X,) be a random vector with
independent mean zero coefficients. Then, for every conver function F, one

has
IEF(HZXinuij ) gF(4E“ZXZ-X§uZ-j ).
i i

where X' is an independent copy of X.

Consider includ-
ing a  multivariate-
subgaussian exercise,
see my unpublished

: . : folder.
We will now prove a general concentration inequality for a chaos. It can be older

viewed a as a chaos version of Berstein’s inequalty.

6.2 Hanson-Wright Inequality

Theorem 6.2.1 (Hanson-Wright inequality). Let X = (X1,...,X,) € R”
be a random vector with independent, mean zero, sub-gaussian coordinates.
Let A be an n x n matriz. Then, for every t > 0, we have

12 t
P{|XTAX—EXTAX|215}g2exp[—cmin< : )}
K4 A% K2(|A]

where K = max; || X[y, -

We will first prove this result for Gaussian random variables X;; then we
will extend it to general distributions by an replacement trick.
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Proof of Theorem 6.2.1 for normal distribution. Let us assume that X ~
N(0,1,). As usual, it is enough to bound the one-sided tail

pi=P {XTAX _EXTAX > t} .

Indeed, once we have a bound on this upper tail, a similar bound will hold
for the lower tail as well (since one can replace A with —A). By combining
the two tails, we will complete the proof.

In terms of the entries of A = (a;;)};_;, we have

XTAX = Zainin and EXTAX = ZaiiEXiZ,
i,J i

where we used that E X; X; = 0 by mean zero assumption and independence.
So we can express the deviation as

XTAX —EXTAX =) ai(X?—EXD)+ Y a;X;X;.
i i,j:i#]

The problem reduces to estimating the diagonal and off-diagonal sums:

p<P {ZM(XE -EX7) > 75/2} +PQ Y aXiX; > t/2 0 = pi+p.
@ 1,J:17]
Step 1: diagonal sum. Since X; are independent, sub-gaussian ran-
dom variables, X 22 —EX ZQ are independent, mean-zero, sub-exponential ran-
dom variables, and

I1X? —E X2l S IX2 N S 1XGll3, S 1.

(This follows from the Centering Exercise 2.8.5 and Lemma 2.7.4 that states
that a sub-gaussian random variable squared is sub-exponential.)
Then Bernstein’s inequality (Theorem 2.8.3) yields

< [—emin (o )] < oo [ = emin (e )]

P1 >~ | —cmn s < exp | —cmin )|
;a3 max; |ag| IANIE (1A

Step 2: decoupling. It remains to bound the off-diagonal sum

S = Z ainin.

,J:17]
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The argument will be based on estimating the moment generating func-
tion of S by decoupling and then using rotation invariance of the normal
distribution.

Let A > 0 be a parameter whose value we will determine later. By
Chebyshev’s inequality, we have

p2 =P{S >1t/2} =P {\S > \t/2} < exp(—At/2) Eexp(AS). (6.6)

By using decoupling (Theorem 6.1.1) , we can relate the moment generating
function of S to that of
T:=> a;X;Xj=XTAX'
i?j

where X’ is an independent copy of X. We have

Eexp(AS) < Eexp(4AT). (6.7)
(Note that we do not to remove the diagonal terms a;; from T by Exer-
cise 77.)

Step 3: rotation invariance. Express A through its singular value
decomposition
A=UxvT.

Then
T=XTAX' = Z si (ui, X) (vi, X'
7

By rotation invariance of the normal distribution (see Exercise 3.3.2), g :=
((us, X)), and ¢’ := ((v;, X'))_, are independent standard normal random
vectors in R™. Thus we can represent 1" as

T= Z 5i9i9;
i

where g,¢’ ~ N(0, I,,) are independent and s; are the singular values of A.

In this representation, T' becomes a sum of independent random vari-
ables. This allows us to easily bound its moment generating function. In-
deed, by independence we have

Eexp(4\T) = H E exp(4Xs;g:9;)-
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Now, g;g; are mean zero, sub-exponential random variables with

lgigilly, < 1.

(Here we may use Lemma 2.7.5 which states that a product of two sub-
gaussian random variables is sub-exponential.) We have already seen a
bound on the moment generating function of sub-exponential random vari-
ables in Lemma 2.8.1. It implies that

E exp(4Xsigig)) < exp(CA\%s?) provided that A%s? < c.

It follows that

Cc

E exp(4AT) < exp [C’)\Q Z sﬂ provided that |A\| < .
p max; S;

Recall that s; are the singular values of A4, so Y, s? = |A]|% and
max; s; = ||A]l. Substituting this into the previous inequality and then

into (6.7), we can bound the moment generating function of S as follows:

Eexp(AS) < exp(CA2|A[%) provided that [A| < m.

Step 5: conclusion. Putting this bound into the exponential Cheby-
shev’s inequality (6.6), we obtain

Cc

p2 <exp (— A\t/2+ CA?||A||F) provided that [\ < Al

Optimizing over A\, we conclude that

2
p2 < exp [— cmin <Hff1H%’ ”2”)]

Summarizing, we obtained the desired bounds for the probabilities of diag-
onal deviation p; and off-diagonal deviation po. Putting them together, we
complete the proof. O

Our proof of Theorem 6.2.1 for general distributions will be based on a
replacement trick, where we seek to replace general distributions by standard
normal. The following comparison of moment generating functions will make
this possible.
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Lemma 6.2.2 (Comparison for MGF). Let X be a sub-gaussian random
vector in R™ with || X|ly, < K and g ~ N(0,1,). Then, for every fized
0 € R™ and every A € R, we have

Eexp(A (X, 0)) <Eexp(CK\(g,0)).

Proof. Without loss of generality, we may assume that 0|2 = 1. (Why?)
Then the bound || X ||y, < K implies by definition that || (X, ) ||, < K. By
(2.17), the moment generating function can be bounded as follows:

Eexp(A(X,0)) < exp(CK?)\?) for all A € R.

On the other hand, (g,0) ~ N(0,1). So, the formula (2.12) for the
moment generating function of the normal distribution implies that

Eexp(A(g,0)) = exp(\?/2) for all A € R.

Comparing the two expressions, we complete the proof. ]

Proof of Theorem 6.2.1 for general distributions. Now we assume that the
random vector X may have a general distribution as in Theorem 6.2.1.
Without loss of generality, we may assume that K = 1. (Why?)

Let us examine the previous argument. We had not used normal distri-
bution until Step 3 which relied on the rotation invariance. In particular,
we can control the diagonal sum can be controlled exactly as in Step 1 and
obtain the same good bound for p;.

To bound the contribution of the off-diagonal sum, the decoupling method
works as before, and gives (6.7). The problem is now to bound the moment
generating function

Eexp(4\T) for T =XTAX'.

We will do it by a replacement trick: we will replace X and X’ by indepen-
dent random vectors

9,9 ~ N(0,1,)

using Lemma 6.2.2. (We can apply this lemma since X and X’ are indeed
sub-gaussian random vectors with || X || < C'and || X'|| < C by Lemma 3.4.2.)
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Let us write Ex when we integrate with respect to X, and similarly for
other random vectors. We have

Eexp(4AT) = Ex: Ex exp(4X (X, AX"))
< Ex' Egexp(CiA (g, AX")) (by Lemma 6.2.2 for X)

=E4Ex exp(CiA <X’, ATg>) (by Fubini Theorem)
< EyEy exp(CoX <g’, ATg>) (by Lemma 6.2.2 for X')
= Eexp(CyAg' Ag').

Summarizing, we showed that X and X’ in the definition of T' can be re-
placed by standard normal random variables; the moment generating func-
tion of T will remain the same (except the constant 4 will change to some
other absolute constant).

This means that from this point on, we can continue the argument as in
the former proof for normal distributions. Theorem 6.2.1 is proved. 0

Exercise 6.2.3. [Difficulty="7| Give an alternative proof of Hanson- Wright
inequality for normal distributions, without separating the diagonal part or
decoupling. Use the singular value decomposition for A and rotation invari-
ance of X to simplify and control the quadratic form XTAX.

Exercise 6.2.4 (Comparison). [Difficulty=6] 1. Let B be an m X n ma-
triz, X be a sub-gaussian random vector in R"™ with || X|y, < K, and
g~ N(0,1,). Prove that for every A € R, we have

Eexp(A\?[| BX|[3) < Eexp(CK?)N||By|3).

Hint: Check and use the identity Eexp(\ (g, z)) = exp(A\?||z||3/2), which is valid for any
fized x € R™ and A > 0.
2. Check that for any X such that |\| < 1/||B||, we have

Eexp(A?[[Bg|3) < exp(CN[| B 7).

Hint: Use rotation invariance to pass to a diagonal matriz.

6.2.1 Concentration of anisotropic random vectors
Change A to B in this

section; we are applying As a consequence of Hanson-Wright inequality, we will now obtain concen-
HW with A = BTB. tration for anisotropic random vectors, which have the form AX, where A
is a fixed matrix and X is an isotropic random vector.
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Exercise 6.2.5. Let A is an m X n matriz and X is an isotropic random
vector in R™. Check that

E[AX|3 = || Al%-

Theorem 6.2.6 (Concentration of random vectors). Let A be an m xn ma-
triz, and let X = (X1,...,X,) € R™ be a random vector with independent,
mean zero, unit variance, sub-gaussian coordinates. Then

[1ax1: — e[, <cx)al,

where K = max; || X[y, -

An important partial case of this theorem when A = I,,. In this case, we
have

HHXHQ - \/ﬁHw < CK?
2

We proved this concentration result in Theorem 3.1.1 using Bernstein’s in-
equality. And now we will prove a more general result, Theorem 6.2.6, using
Hanson-Wright inequality.

Before we start the proof, note that the conclusion of Corollary 6.2.6 can
be stated as a tail bound: for every t > 0, we have

t2
P{[I4X]2 ~ 14llr| > ¢} < 209 (= g ) (6.8)

Proof. Let us apply Hanson-Wright inequality, Theorem 6.2.1, for the matrix
Q = AT A instead of A. Then

XTQX = |AX|3, EXTQX =|Al} and QI = |4

Thus we can state the conclusion of Hanson-Wright inequality as follows:
for every u > 0, we have

2

9 9 c . U U
P{|IAX[3 — | AI}| = u} < 2exp [ — -7 min <||ATA||2F’ HAHQH'

(Here we used that K > ¢. Why?)
To simplify this bound, note that

1AT A% < |ATIP|IAIE = [ AIPIIAlIZ.
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(Check the inequality!) Using this and substituting the value u = | A||%
for € > 0, we obtain

| Al
2 A2l S ol A2 < - 2 oy _IAlE_
B {[IAXIE ~ AIF| 2 <l AR} < 2exp | — emin(e?,) s |

It remains to remove the squares in the inequality in the left hand side.
Denote 62 = min(e?,¢), or equivalently set ¢ = max(d,52). Observe that
that the following implication holds:

If [ AX |2 — | Allp| > 6l|Allr  then [|AX |3 — [IAlIF| > e[| All%-
(Check it!) Then we conclude that

o AlF
P{IAX I~ [4llr] 2 8 4lr} < 2exp (- 0 g bs).
Setting 0 = t/||Al|p, we obtain the desired inequality (6.8). O
A version of Theorem 6.2.6 holds for general sub-gaussian random vectors
X in R™, without assuming independence of the coordinates.

Theorem 6.2.7 (Tails for sub-gaussian random vectors). Let B be an m xn
matriz, and let X be a sub-gaussian random vector in R™ with || X||y, < K.
Then for any t > 0, we have

ct?
P{IBXl2 > CK|[Bllr+1} < exp ( = =5 )-
K2[B]?

Exercise 6.2.8. [Difficulty=5] 1. Prove Theorem 6.2.7 by using the results
. Exercise 6.2.4.

2. Argue that there one can not have any non-trivial bound on the prob-
ability of the lower tail P{||BX||2 < cK||B||r — t}, even if X is isotropic.

Exercise 6.2.9 (Distance to a subspace). [Difficulty=5| Let E be a subspace
of R™ of dimension d. Consider a random vector X = (X1,...,X,) € R"
with independent, mean zero, unit variance, sub-gaussian coordinates.

1. Check that "
(Edist(X, B)?)"? = Vn —d.

2. Prove that for any t > 0, the distance nicely concentrates:
P{Jd(X, ) ~ Vi —d| >t} < 2exp(~ct?/K?),

where K = max; || Xy, -
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6.3 Symmetrization

We say that a random variable X is symmetric if X and —X are identically
distributed random variables. A simplest example of a symmetric random
variable is symmetric Bernoulli, which takes values —1 and 1 with probabil-
ities 1/2 each:

Pe=1}=P{e=-1}=.

Normal, mean zero distribution N (0, 02) is also symmetric, while Poisson or
exponential distributions are not.

Exercise 6.3.1 (Constructing symmetric distributions). Let X be a ran-
dom variable with zero mean, and & be an independent symmetric Bernoulli
random variable.

1. Check that £X and &|X| are symmetric random variables, and they
have the same distribution.

2. If X is symmetric, show that the distribution of (X and &|X| is the
same as of X.

3. Let X' be an independent copy of X. Check that X — X' is symmetric.

In this section we will develop the simple and useful technique of sym-
metrization. It allows one to reduce problems about arbitrary distribu-
tions to symmetric distributions, and in some cases even to the symmetric
Bernoulli distribution.

Throughout this section, we will denote by

€1,€2,€3, ...

a sequence of independent symmetric Bernoulli random variables. We will
assume that they are independent not only of each other, but also of any
other random variables in question.

Lemma 6.3.2 (Symmetrization). Let Xi,..., Xy be independent, mean
zero random vectors in a normed space. Then

1 N N N
iEHZEiXi gIEHZXZ- §2EHZEiXi
=1 =1 =1

This lemma allows one to replace general random variables X; by the
symmetric random variables €; X;.
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Proof. Upper bound. Let (X/) be an independent copy of the random
vectors (X;). Since ), X has zero mean, we have

p=E| Y x| <E| Y x-Y X

To see this, use the following version of Lemma 6.1.2 for indepdendent ran-
dom vectors Y and Z:

= E|| > (X - X))

if EZ=0 then E|Y|<E|Y + Z||. (6.9)

(Check it!)
Next, since (X; — X/) are symmetric random vectors, they have the same
distribution as €;(X; — X]) (see Exercise 6.3.1). Then

p<E H > (X - X))

SEHZEZX’ -l-EHZ&‘,XZ/

=2E H Z £iX;|| (since the two terms are identically distributed).
i

(by triangle inequality)

Lower bound. The argument here is similar:

<E Zei(xi—xg) (using (6.9))
=E|> (Xi— X))
—E| Y x| +E| Y X

1
<2E H S Xi|| (by identical distribution).
7

This completes the proof of Symmetrization Lemma. O

(the distribution is the same)

(by triangle inequality)

Exercise 6.3.3. Where in this argument did we use the independence of the
random variables X;? Is mean zero assumption needed for both upper and
lower bounds?
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Exercise 6.3.4 (Removing the mean zero assumption). [Difficulty=4] 1.
Prove the following generalization of Symmetrization Lemma 6.5.2 for ran-
dom vectors X; that do not necessarily have zero means:

N N N
EH S xi-Y EX| <2E H Y eX
=1 =1 =1

2. Argue that there can not be any non-trivial reverse inequality.

Exercise 6.3.5. Prove the following generalization of Symmetrization Lemma 6.3.2.

Let F : Ry — R be an increasing, convex function. Show that the same in-
equalities in Lemma 6.3.2 hold if the norm || - || is replaced with F(]| - ||),
namely

1 N N N
EF(zHgsiXi ) SEF(H;Xi ) gIEF(QHZ;EiXZ-

Such generalization can be used to derive tail bounds on the sums. In such
situations, to bound the moment generating function one can use the func-
tion F(x) = exp(Ax).

Exercise 6.3.6. Let X1,..., Xy be independent random variables. Show
that their sum Y, X; is sub-gaussian if and only if >, €;X; is sub-gaussian,
and

N N
<1550, <ol Sex
P2 ; 11112 ;Z !

N
CH E Ez‘Xi
=1

e

6.4 Random matrices with non-i.i.d. entries

A typical application of Symmetrization Lemma 6.3.2 has two steps. First,
general random variables X; are replaced by symmetric random variables
£;X;. Next, one conditions on X; and leaves the entire randomness within
g;. This reduces the problem to symmetric Bernoulli random variables ¢;,
which are often simpler to deal with.

To illustrate this technique, we will prove a general bound on the norms
of random matrices with independent but not identically distributed entries.

Theorem 6.4.1 (Norms of random matrices with non-i.i.d. entries). Let
A be an n X n symmetric random matriz whose entries on and above the
diagonal are independent, mean zero random variables. Then

E[[A]] < Clogn - Emax [| 4|2,
1

Make an exercise?
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where A; denote the rows of A.

This result is sharp up to the logarithmic factor. Indeed, since the op-
erator norm of any matrix is bounded below by the Euclidean norms of the
rows (why?), we trivially have

E 4]l > Emax || 4>

Note also that unlike all results we have seen before, Theorem 6.4.1 does
not require any moment assumptions on the entries of A.

Proof. The proof of Theorem 6.4.1 will be based on a combination of sym-
metrization with matrix Bernstein’s inequality.

First, we decompose A into a sum of independent, mean zero, symmetric
random matrices Xj;, each of which contains a pair of symmetric entries of
A (or one diagonal entry). Previsely,

T TN 5

A— ZZ", Zi Aij(eiej + €;e; )7 1<)
J J A T . .
i<j i1€i€; =]

where (e;) denotes the canonical basis of R”™.
Apply Symmetrization Lemma 6.3.2. This gives

ElAll =E H > Zi| <2E H > €iZi|s (6.10)
i<j 1<j

where (g;;) are independent symmetric Bernoulli random variables.

Now we condition on A. This fixes random variables (Z;;), leaving
all randomness within (g;;). Apply matrix Bernstein’s inequality (Corol-
lary 5.4.10) for

Xij = 5ijZij'

Then the conditional expectation is bounded as follows:

Ee || > X\ S oy/logn + Klogn, (6.11)
1<j

where

o2 = H SEXZ|| and K = max | Xyj]|.
i<s

Now, a quick check verifies that

A2 (eie] +ejel), i<y
EX,Z:Z%:{ (elel +6]6 )7 ? j

ij J
2,..T s
Ajeie i=7.

70
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The sum of these is the diagonal matrix

ZIEX% = Z A?j(eieiT + ejeJT) + ZA?ieieiT
i

i<j 1<J
n n n
E 2 T _ § 12, ,T
= 2 < AU>ez€Z =2 ”Alugezei .

(Check the matrix inequality!) Thus

o= | XX
i<j

1/2
< V2 max || 4|2
A

and, similarly,

K = max || X;;|| = max || Z;;|| < 2max|A;;] < 2max|[A;]|2.
1<j 1<j 1<j i

Substituting the bounds for ¢ and K into matrix Bernstein’s inequality
(6.11), we get

DX

i<j

Finally, we unfix A by taking expectation of both sides with respect
to A (equivalently, with respect to (Z;;)). Using (6.10), we complete the
proof. O

E.

< logn - max || A;|2.
T

By using the so-called “Hermitization trick”, we can obtain a version of
Theorem 6.4.1 for non-symmetric matrices.

Corollary 6.4.2 (Non-symmetric matrices). Let A be an m x n random
matriz whose entries are independent, mean zero random variables. Then

E|[|All < Clog(m +n) - (Emax || Aj]|2 + Emax [ A7)

where A; and A7 denote the rows and columns of A, respectively.

Proof. 1t is enough to apply Theorem 6.4.1 for the (m +n) x (m +n) sym-
metric random matrix
0 A
AT 0|

(Write down the details!) O

Again, note that Corollary 6.4.2 is sharp up to the logarithmic factor.
Indeed, since the operator norm of any matrix is bounded below by the
Euclidean norms of the rows and columns, we trivially have

. 1 .
E[A| = EH;@L.X(HAin, |A7]]2) > §(Emgﬂ< 145]l2 + E max [A7]]2).
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6.5 Application: matrix completion

A remarkable application of the methods we have studied is to the problem
of matrix completion. Suppose we are shown a few entries of a matrix; can
we guess the other entries? We obviously can not, unless we know something
else about the matrix. We will show that if the matrix has low rank then
matrix completion is possible.

To describe the problem mathematically, consider a fixed n x n matrix
X with

rank(X) =r

where r < n. Suppose we are shown a few randomly chosen entries of
X. Each entry Xj; is revealed to us independently with some probability
p € (0,1) and is hidden from us with probability 1 — p. In other words,
assume that we are shown the n x n matrix Y whose entries are

Yij = 6;;Xi; where 6;; ~ Ber(p) are independent.

These d;; are selectors — Bernoulli random variables that indicate whether
an entry is revealed to us or not (in the latter case, it is replaced with zero).
If m
then we are shown m entries of X on average.

How can we infer X from Y7 Although X has small rank r by assump-
tion, Y may not have small rank. (Why?) It is thus natural enforce small
rank by choosing a best rank r approzimation to Y.' The result, properly

scaled, will be a good approximation to X:

Theorem 6.5.1 (Matrix completion). Let X be a best rank r approzimation
to p~'Y. Then

1, - ™
E-||X - X|[r < Clog(n)y/ — [|X|l, (6.13)
n m

as long as m > nlogn. Here || X||o = max; ;| Xij| is the mazimum magni-
tude of the entries of X.

LA best rank k approzimation to a matrix A is obtained by minimizing ||[B — A|| over
all rank k matrices B. The minimizer can be computed by truncating the singular value
decomposition A = Zl siuiviT at k-th term, thus giving B = Zle slulvlT According to
Eckart-Young-Minsky’s theorem , the same holds not only for the operator norm but for
general unitary-invariant norm, e.g. Frobienus.
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Let us pause quickly to better understand the bound in this theorem.
The assumption m 2 nlogn guarantees that we will see at least one entry
in each row and column of X. (Why?) In the left side of (6.13), the recovery
error can be expressed as

1, - 1 - 1/2
~IX = Xllr = (ﬁ > 1Ky —Xz'j|2> :

1,j=1

This is simply the average error per entry (in the Lo sense). To make the
right side small, assume that

m = Crnlog?n.

If ¢ > 0 is a large constant, Theorem 6.5.1 gives an error that is much
smaller than || X ||o. So, if the rank 7 of the original matrix X is small, the
number of observed entries m needed for matrix completion is also small —
much smaller than the total number of entries n?.

To summarize, matriz completion is possible if the number of observed
entries exceeds rn by a logarithmic margin. In this case, the expected average
error per entry is much smaller than the maximal magnitude of an entry.
Thus, for low rank matrices, matrix completion is possible with few observed

entries.

Proof. We will first bound the recovery error in the operator norm, and then
pass to the Frobenius norm using the low rank assumption.

Step 1: bounding the error in the operator norm. Using triangle
inequality, let us split the error as follows:

IX = X| <X =p7 'Y+ Ip7'Y = X].

Since we have chosen X as a best approximation to p~'Y’, the second sum-
mand dominates, i.e. || X —p~ Y| < |[p~'Y — X||, so we have

N B 2
X - X| <2lp7 Y — X|| = Z||Y — pX]||. (6.14)
b

Note that the matrix X , which would be hard to handle, has disappeared
from the bound. Instead, ¥ — pX is a matrix that is easy to understand.
Its entries

Y = pX)ij = (6 —p) X5
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are independent and mean zero random variables. So we can apply Corol-
lary 6.4.2, which gives

E|Y -pX| < Clogn~(Enelﬁ\\(Y—pX)i\\2+Err€1?>]<H(Y—pX)j!b)- (6.15)

To bound the norms of the rows and columns of Y —pX, we can express
them as

1Y = pX)ill3 =D (65 — p)> X5 <> (65— p)* - IX 1%,
i=1 i=1

and similarly for columns. These sums of independent random variables can
be easily bounded using Bernstein’s (or Chernoff’s) inequality; this gives

n

Emax » (d;; —p)* < Cpn.

1€[n] =

(We will do this calculation in Exercise 6.5.2.) Combining with a similar
bound for the columns and substituting into (6.15), we obtain

E[Y —pX]| < log(n)y/pn || X |-
Then, by (6.14), we get

N n
JMX—stmgm¢;mwm. (6.16)

Step 2: passing to Frobenius norm. We have not used the low rank
assumption yet, and this is what we will do now. Since rank(X) < r by
assumption and rank(X) < r by construction, we have rank(X — X) < 2r.
The simple relationship (4.1) between the operator and Frobenius norms
thus gives R X

1X = X||p < V2| — X
Taking expectations and using the bound on the error in the operator norm
(6.16), we get

; N m
ElIX = X]p < V2rE[X = X[ 5 log(n)y /== X loo-
Dividing both sides by n, we can rewrite this bound as

1, - N
E—|X — X||r S log(n)y/ —5 [ X[lec-
n pn

Recalling the definition (6.12) of p we have pn? = m, so the desired bound
(6.13) is proved. O
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Exercise 6.5.2 (Bounding rows of random matrices). Consider i.i.d. ran-
dom variables §;; ~ Ber(p), where i,j =1,...,n. Assuming that pn > logn,
show that

Emax > (6 — ) < Cpn.
€N
=1

Hint: Fizi and use Bernstein’s inequality (Corollary 2.8.4) to get a tail bound for Z;;l(&-j—

p)?. Conclude by taking a union bound over i € [n].

Write this based on
Remark 6.5.3 (Removal of logarithmic factor). Seginer’s theorem as in
Remark 6.5.4 (Exact matrix completion). my tutorial. However,

this theorem applies for
Exercise 6.5.5 (Rectangular and symmetric matrices). (a) State and prove iid entries, which we

a version of Matriz Completion Theorem 6.5.1 for general rectangular niXne don’t have here. Fix?
matrices X. Check and write down.

(b) State and prove a version of Matriz Completion Theorem 6.5.1 for
symmetric matrices X .

Exercise 6.5.6 (Noisy observations). Extend Matriz Completion Theo-
rem 0.5.1 to noisy observations, where we are shown noisy versions X;; +v;;
of some entries of X. Here v;; are independent and mean zero random vari-
ables representing noise.

6.6 Application: covariance estimation for unbounded
distributions

Let us give one more application of the symmetrization technique. We will

prove a version of matrix Bernstein inequality for unbounded random vari-

ables, and then apply it for covariance estimation for unbounded distribu-
tions.

Theorem 6.6.1 (Matrix Bernstein for unbounded distributions). Let Z1,...,Zn
be independent n X n positive-semidefinite random matrices. Consider the

sum
N
i=1

Then

E|S—ES| §C<\/||ESH'L+L> (6.17)

where L = logn - Emax; || Z;]|.
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Proof. Using symmetrization (see Exercise 6.3.4), we obtain

E|S—ES)| §2HZ&~Z¢ . (6.18)

Condition on (Z;) and apply matrix Bernstein inequality (Corollary 5.4.10)
for the bounded random matrices X; = ¢;Z;. Afterwards, take expectation
with respect to (Z;). This gives

e

To simplify this bound, observe that

E|S—ES| SE

1/2
V1ogn + max || Z;|| logn
(2

0= 7} 2max|Z| - Y Z = max||Z]| - 5.
i %

(Check this!) This implies that

|32

i
Taking expectation and using Cauchy-Schwarz inequality, we obtain
E H Sz

i

Substituting into (6.18) and denoting L = log(n) Emax; || Z;||, we get

EIS-ES|SVE|S|-L+L.

We almost obtained the desired conclusion (6.17), but not quite: we
will need to replace E ||S|| with the smaller quantity ||ES||. By triangle
inequality, we bound

1/2

1/2
< (max | Zi]) ") 11/2.

1/2 1/2

< (Emax | Z| - E|S])

ES|<E|S-ES|+[ES].
Thus, denoting = := E ||S — E S|, we have
zSV(x+||ES|)- L+ L.

Solving this inequality and simplifying the solution, we get

e <VIES[-L+L.

(Do this computation!) The proof is complete. O
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Let us illustrate this theorem with an application to covariance estima-
tion. In Section 5.7, we showed that

m ~ nlogn

samples are enough to estimate the covariance matrix of a general bounded
distribution in R™. We will now relax the boundedness assumption (5.24),
and will prove the following version of Theorem 5.7.1. (For simplicity, we
prove only an expectation version here.)

Exercise 6.6.2 (Covariance estimation for unbounded distributions). [Difficulty=4]
Consider a random vector X in R™ with zero mean and covariance matrix
Y. Lete € (0,1) and K > 0. Suppose the sample size satisfies

m > C(K/e)*nlogn.

Assume also that
(Emax | X[2)"* < Kv/|[S[n. (6.19)
i<m
Then
E||Z, — 2| <elX].

Hint: Apply Theorem 6.6.1 for Z; = %XiXiT.

6.7 Contraction Principle

We conclude this chapter with one more useful comparison inequality. Here
will will keep denoting by €1, €2, €3, ... a sequence of independent symmetric
Bernoulli random variables. (which is also independent of any other random
variables in question).

Theorem 6.7.1 (Contraction principle). Let x1,...,xn be (deterministic)
vectors in a normed space, and let a = (ai,...,a,) € R™ be a coefficient

vector. Then
N
EH E a;E;T;
i=1

Proof. Without loss of generality, we may assume that ||aljcc < 1. (Why?)
Define the function

N
< llalloe - B || Y eie
i=1

N
f(a) =E H Z a;E;T;
i=1
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Then f: RY — RV is a convex function. (Check!)

We would like find an upper bound for f on the set of points a satisfying
llallso <1, i.e. on the unit cube [—1,1]". Recall that every convex function
defined on a closed, compact set attains its maximum on an extreme point
of the set. (Check this!) Then the maximum of f is attained at a vertex of
the unit cube, i.e. at a point a whose coefficients are all a; = £1.

For this point a, the random variables (g;a;) have the same distribution
as (g;) due to symmetry. Thus

N N
i=1 =1

The proof is complete. O

Using symmetrization, we can immediately extend the contraction prin-
ciple for general distributions.

Theorem 6.7.2 (Contraction principle for general distributions). Let Xi,..., Xy
be independent, mean zero random wvectors in a normed space, and let a =

(a1,...,an) € R™ be a coefficient vector. Then
N N
E H S aXs| < 4llalle - E H S x|
i=1 i=1

Proof. Tt is enough to apply symmetrization (Lemma 6.3.2), then use con-
traction principle (Theorem 6.7.2) conditioned on (X;), and finish by apply-
ing symmetrization again. (Write down the details!) O

As an application, we will now show how symmetrization can be done us-
ing Gaussian random variables g; ~ N(0,1) instead of symmetric Bernoulli
random variables ¢;.

Lemma 6.7.3 (Symmetrization with Gaussians). Let Xi,..., X be inde-
pendent, mean zero random vectors in a mormed space. Let g1,...,gn €
N(0,1) be independent Gaussian random variables, which are also indepen-
dent of X;. Then

N
<3E H ZgiXi
i=1

N
xS
=1

N
c
——=E H > giX;
Vg N —
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Proof. This is a standard argument, which combines symmetrization (Lemma 6.3.2)
and contraction (Theorem 6.7.2). Upper bound. We have

N N
E H Z Xil| <2E H Z g;Xi|| (by symmetrization).
i=1 i=1

To interject Gaussian random variables, recall that E |¢g;| = y/2/7. Thus we
can continue our bound as follows:

N
s
< 2\/; Ex H > eiBy gl X
i=1
= N
< 2\/; E H > eilgil X
i=1
- N
=2/ 8 Lax
i=1

The last equality follows by symmetry of Gaussian distribution, which im-
plies that the random variables €;|g;| have the same distribution as g; (recall
Exercise 6.3.1).

Lower bound. Condition on the random vector g = (g;)~, and apply
the contraction principle (Theorem 6.7.2). This gives

dporee )

> (by independence).

(by Jensen’s inequality)

N
<Ey (llgllo - Ex || > X
=1

N
< (Elgle) (E[ 3 x:
i=1
It remains to recall from Exercise 2.5.8 that

E gl < Cv/log V.

The proof is complete. O

Exercise 6.7.4. Show that the factor \/log N in Lemma 6.7.3 is needed in
general, and is optimal. (This is where symmetrization with Gaussian ran-
dom wvariables is weaker than symmetrization with symmetric Bernoullis.)
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Exercise 6.7.5 (Symmetrization and contraction for functions of norms).
Let F' : Ry — R be a convex increasing function. Generalize the sym-
metrization and contraction results of this and previous section by replacing
the norm || - || with F(|| - ||) throughout.

This generalization is useful for the functions of the form F(z) = exp(Az),
since it allows to bound the moment generating functions. Such bounds, as
we know, are instrumental in proving tail bounds rather than bounds on
expectation.



Chapter 7

Random processes

7.1 Basic concepts and examples

Definition 7.1.1 (Random process). A random process is a collection of
random wvariables (X¢)ier on the same probability space, and indexed by
elements t of a set T. As a standing assumption, we will always suppose
that

EX,=0 forallteT,

that is the process has zero drift.

The variable t is classically thought of as time, and in this case T is
a subset of R. But we will primarily study processes in high-dimensional
settings, where T is a subset of R" and where the analogy with time will be
loose.

Ezample 7.1.2 (Discrete time). If T'= {1,...,n} then the random process
(X1,...,X5)

can be identifies with a random vector in R™.

Ezample 7.1.3 (Random walks). If 7' = N, a discrete-time random process
(Xn)nen is simply a sequence of random variables. An important example
is a random walk defined as

where the increments Z; are independent, mean zero random variables. See
Figure 7.1 for illustration.

141
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(a) A few trials of a random walk (b) A few trials of the standard

with symmetric Bernoulli Z;. Brownian motion.

Figure 7.1: Random walks and Brownian motion in R.

Ezample 7.1.4 (Brownian motion). The most classical continuous-time ran-
dom process is the standard Brownian motion (Xt)¢>0, also called the Wiener
process. It can be characterized as follows:

e The process has continuos sample paths, i.e. the random function
t — X; is almost surely continuous.

e The increments satisfy Xy — X5 ~ N(0,t — s) for all £ > s.

Figure 7.1 illustrates a few trials of the standard Brownian motion.

Ezample 7.1.5 (Random fields). When the index set T is a subset of R", a
random process (X;)ier are sometimes called a spacial random process, or
a random field. For example, if X; denotes the water temperature at the
location on Earth that is parametrized by ¢, it can be modeled as a spacial
random process.

7.1.1 Covariance and increments

Similarly to covariance matrices for random vectors, we may define the co-
variance function for a random process (Xi)ier as

X(t,s) :=cov(Xy, Xs) =EX Xs, t,s€T.

We may also study a random process (X;)ier through the behavior of
its increments

1/2
1X; — Xallo = (B(X, — X)2)"*, tsel
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Ezample 7.1.6. The increments of the standard Brownian motion satisfy
| X: — Xsllo=vVEt—s, t>s

by definition. The increments of a random walk of Example 7.1.3 with
E; Z; = 1 behave similarly:

1Xn — X2 =vVn—m, n>m.

(Check!)

In principle, the index set T' may be an abstract set without any struc-
ture. But the increments define a metric on T,

d(t,s) = || X; — Xs|los t,s€T, (7.1)

thus turning T into a metric space. The examples above show, however,
that this metric may not agree with the canonical metric on R.

Exercise 7.1.7 (Covariance and increments). [Difficulty=3| Let (X;)ier be
a random process.

1. Express the increments || X;— X||2 in terms of the covariance function
X(t,s).

2. Assuming that the zero random variable 0 belongs to the process, ex-
press the covariance function 3(t, s) in terms of the increments || X; — Xs||2.
This shows that the distribution of a Gaussian random process containing the
zero random variable is completely determined by the increments || X;— Xs||2,
t,seT.

7.2 Gaussian processes

Definition 7.2.1 (Gaussian process). A random process (Xi)ier is called
a Gaussian process if, for any finite subset Ty C T, the random vector

(Xt)tET()

has normal distribution. Equivalently, (Xi)ier is Gaussian if every finite
linear combination
D> aXi

teTo

is a normal random wvariable.
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A classical example of a Gaussian process is the standard Brownian
motion.

The notion of Gaussian processes generalizes that of Gaussian random
vectors in R™.

From the formula (3.4) for multivariate normal density we may recall
that the distribution of a Gaussian random vector X in R™ is completely
determined by its covariance matrix. Then, by definition, the distribution of
a Gaussian process (X;)ser is also completely determined! by its covariance
function X(t, s).

7.2.1 Canonical Gaussian processes

We will now consider a wide class of examples of a Gaussian processes in-
dexed by higher-dimensional sets 7" C R"™. Consider the standard normal
random vector g ~ N(0,1) and define the random process

X = (g,t)y, teT. (7.2)

Then (Xy)ier is clearly a Gaussian process, and we call it a canonical Gaus-
sian process. The increments of this process define the Euclidean distance

| X: — Xsllo = ||t — s|l2, t,s€T.

(Check!)
One can essentially realize any Gaussian process as the canonical process
(7.2). This follows from a simple observation about Gaussian vectors.

Lemma 7.2.2 (Gaussian random vectors). Let Y be a mean zero Gaussian
random vector in R™. Then there exist points t1,...,t, € R™ such that

Y = (<g7ti>)?:1 ) where g~ N(O, In)'

Here “=7 means that the distributions of the two random wvectors are the
same.

Proof. Let 3 denote the covariance matrix of Y. Then we may realize
Y =%Y2g  where g ~ N(0,1,,)

(recall Section 3.3.2). Next, the coordinates of the vector $'/2¢g are (t;, g)
where t; denote the rows of the matrix £%/2. This completes the proof. [

!To avoid measurability issues, we do not formally define the distribution of a random
process here. So the statement above should be understood as the fact that the covariance
function determines the distribution of all marginals (X )ter, with finite To C T'.
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It follows that for any Gaussian process (Ys)ses, all finite-dimensional
marginals (Y5)ses,, |So| = n can be represented as the canonical Gaussian
process (7.2) indexed in a certain subset Ty C R™.

Exercise 7.2.3. Realize an N-step random walk of Example 7.1.3 with Z; ~
N(0,1) as a canonical Gaussian process (7.2) with T C RN . Hint: It might be

simpler to think about increments || X — Xs||2 instead of the covariance matriz.

7.3 Slepian’s inequality

In many applications, it is useful to have a uniform control on a random
process (X¢)er, that is to have a bound on?
E sup X;.
tel

For the standard Brownian motion, the answer is known exactly. As a
consequence of the so-called reflection principle, we have

2t
Esup X; = 20 for every tg > 0.
t<to ™

For general random processes, even Gaussian, this problem is very non-
trivial.

The first general bound we will prove is Slepian’s comparison inequality
for Gaussian processes. It basically states that the faster the process grows
(in terms of the magnitude of increments), the farther it gets.

Theorem 7.3.1 (Slepian’s inequality). Let (Xi)ier and (Yi)ier be two
Gaussian processes. Assume that for all t,s € T, we have

EX? =EY? and E(X;— Xs)? <E(Y; - Y:)> (7.3)
Then for every T > 0 we have
P{supXt 27‘} §]P’{squt 27‘}. (7.4)
teT teT
Consequently,
Esup X; <EsupV;. (7.5)
teT teT

Whenever the tail comparison inequality (7.4) holds, we say that the
random variable X is stochastically dominated by the random variable Y.
We will prove Slepian’s inequality now.

2To avoid measurability issues, we will study random processes through their finite-
dimensional marginals as before. Thus we interpret Esup,., X; more formally as
supr, cr Emaxier, X: where the supremum is over all finite subsets To C 7.
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7.3.1 Gaussian interpolation

The proof of Slepian’s inequality that we are about to give will be based
on the useful technique of Gaussian interpolation. Let us describe it briefly.
Assume that 7' is finite; then X = (X;)ier and Y = (Yi)ier are Gaussian
random vectors in R™. We may also assume that X and Y are indepen-
dent. (Why?) Define the Gaussian random vector Z(u) that continuously
interpolates between Z(0) =Y and Z(1) = X:

Z(u):==vuX+vV1—-uY, wel0,1].

Then the covariance matrix of Z(u) interpolates linearly between the covari-
ance matrices of Y and X:

YX(Z(u) =uX(X)+ (1 —u)X(Y).

(Check this!)
We will study how the quantity

E f(Z(u))

changes as u increases from 0 to 1, where f : R” — R is a general function.
Of specific interest to us is f that is a smooth approximation to the indicator
function 1{yax; 2,<u}- We will be able to show that in this case, E f(Z(u))
increases in u. This would imply the conclusion of Slepian’s inequality at
once, since then

Ef(Z(1)) > E f(Z(0)), thus P {m?xxi < T} >P {m?xyi < T}

as claimed.

We will now pass to a detailed argument. To develop Gaussian interpo-
lation, let us start with the following useful identity.

Lemma 7.3.2 (Gaussian integration by parts). Let X ~ N(0,1). Then for
any differentiable function f : R — R we have

E f/(X) = EXf(X).

Proof. Assume first that f has bounded support. Denoting the Gaussian
density of X by
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we can express the expectation as an integral, and integrate it by parts:

:/f’(x)p(x)dx:—/f(:z)p'(x) dx. (7.6)
R R

Now, a direct check gives

p'(z) = —ap(x),

so the integral in (7.6) equals

/f z)zdr = EXf(X),

as claimed. The identity can be extended to general functions by an ap-
proximation argument. The lemma is proved. ]

Exercise 7.3.3. If X ~ N(0,0?), show that
EXf(X)=0?Ef(X).
Hint: Represent X = oZ for Z ~ N(0,1), and apply Gaussian integration by parts.
Gaussian integration by parts generalizes nicely to high dimenions.

Lemma 7.3.4 (Multivariate Gaussian integration by parts). Let X ~ N(0,%).
Then for any differentiable function f :R™ — R we have

EXf(X) =% -EVf(X).

Exercise 7.3.5. [Difficulty=4] Prove Lemma 7.3.4. According to the matriz-
by-vector multiplication, note that the conclusion of the lemma is equivalent
to

EX;f(X ZE”E&:J i=1,...,n. (7.7)

Hint: Represent X = %'/2Z for Z ~ N(0,I,). Then

n

Xi:i(zm)ikzk and EXif(X) =Y (S EZc (27 2).

k=1 k=1

Apply univariate Gaussian integration by parts (Lemma 7.8.2) for IEZkf(El/2Z) as a
function of Zi ~ N(0,1), and simplify.
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Lemma 7.3.6 (Gaussian interpolation). Consider two independent Gaus-
sian random vectors X ~ N(0,%%) and Y ~ N(0,%Y). Define the interpo-
lation Gaussian vector

Z(u) :=vuX+vV1—-uY, wuel01l] (7.8)

Then for any twice-differentiable function f :R™ — R, we have

n 2
Lppaw) =5 S @E-she[ 2L zw) @)

d 2 i1 8.%1 an
Proof. Using the chain rule,® we have
d of Zi(t)
B f(zw) = Z (2
1 of X; Y

25,:1%71(2( ))(\f F) (by (7.8)). (7.10)

Let us break this sum into two, and first compute the contribution of
the terms containing X;. To this end, we condition on Y and express

ZIEX Z—Engz (7.11)

where

gi(X) = gﬂi(\/aX—i- V1—uY).

Apply the multivariate Gaussian integration by parts (Lemma 7.3.4). Ac-
cording to (7.7), we have

891
E X;g:(X Z 3 89:]

:ZE;-’]{E 83: (VuX +vVI—uY)- .
j=1 J

Substitute this into (7.11) to get

— EX E Z(u)).
Z 8;10] Z 83@1 axj( (u))
i,j=1
3Here we use the multivariate chain rule to differentiate a function f(g1(u), ..., gn(u))

. df N Of dg;
as follows: 2= =3>"" | Ba
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Taking expectation of both sides with respect to Y, we lift the conditioning
onY.

We can simiarly evaluate the other sum in (7.10), the one containing the
terms Y;. Combining the two sums we complete the proof. O

7.3.2 Proof of Slepian’s inequality

We are ready to establish a preliminary, functional form Slepian’s inequality.

Lemma 7.3.7 (Slepian’s inequality, functional form). Consider two mean
zero Gaussian random vectors X and Y in R™. Assume that for all i,j =
1,...,n, we have

EX?=EY? and E(X;-X;)?<E(Y;-Y;)>

Consider a twice-differentiable function f :R™ — R such that
0’ f

85% 695]-

>0 foralli#j.

Then
Ef(X)>Ef(Y).

Proof. The assumptions imply that the entries of the covariance matrices
YX and XY of X and Y satisfy

¥ =3} and ¥ >%7
for all 4,7 = 1,...,n. We can assume that X and Y are independent.
(Why?) Apply Lemma 7.3.6 and using our assumptions, we conclude that
d
—Ef(Z >0
SESZ(w) 20,

so E f(Z(u)) increases in u. Then E f(Z(1)) = E f(X) is at least as large as
E f(Z(0)) = E f(Y). This completes the proof. O

Now we are ready to prove Slepian’s inequality, Theorem 7.3.1. Let us
state and prove it in the equivalent form for Gaussian random vectors.

Theorem 7.3.8 (Slepian’s inequality). Let X and Y be Gaussian random
vectors as in Lemma 7.3.7. Then for every u > 0 we have

P {maxX,- > 7'} <P {maXYi > T} .
i<n i<n

Consequently,
Emax X; < EmaxY;.
i<n i<n
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Proof. Let h : R — [0,1] be a twice-differentiable, non-increasing approxi-
mation to the indicator function of the interval (—oo, 7):

h(m) ~ 1(—00,7’)3

see Figure 7.2. Define the function f: R™ — R by

T
Figure 7.2: The function h(z) is a smooth, non-increasing approximation to the
indicator function 1(_ .

f(z) = h(z1) - - - h(2n).

Then f(x) is an approximation to the indicator function

f([l?) ~ l{maxi T <T}*

We are looking to apply the functional form of Slepian’s inequality, Lemma 7.3.7,
for f(z). To check the assumptions of this result, note that for i # j we
have
o0 f
a%‘i 0.7)]'

— (e (@) [] -
ke{i.j}
The first two factors are negative and the others are positive by the assump-
tion. Thus second derivative is positive, as required.
It follows that
Ef(X) ZEf(Y).

By approximation, this implies

P {maXXi < 7'} >P {maXYi < T} .
i<n i<n

This proves the first part of the conclusion. The second part follows using
the integral identity in Lemma 1.2.1, see Exercise 7.3.9. O

Exercise 7.3.9. Using the integral identity in Lemma 1.2.1, deduce the
second part of Slepian’s inequality (comparison of expectations).
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7.3.3 Sudakov-Fernique’s and Gordon’s inequalities

Slepian’s inequality has two assumptions on the processes (X;) and (Y;) in
(7.3): the equality of variances and the dominance of increments. We will
now remove the assumption on the equality of variances, and still be able
to obtain (7.5). This more practically useful result is due to Sudakov and
Fernique.

Theorem 7.3.10 (Sudakov-Fernique’s inequality). Let (Xt)ier and (Y)ier
be two Gaussian processes. Assume that for all t,s € T, we have

E(X, — X.)* <E(Y; - Y)2

Then
Esup X; < EsupV;.
teT teT
Proof. 1t is enough to prove this theorem for Gaussian random vectors X
and Y in R™, just like we did for Slepian’s inequality in Theorem 7.3.8. We
will again deduced the result from Gaussian Interpolation Lemma 7.3.6. But
this time, instead of choosing f(z) that approximates the indicator function
of {max; z; < 7}, we want f(z) to approximate max; ;.
To this end, let 8 > 0 be a parameter and define the function?

flx) = élogZeB’“. (7.12)
i=1

A quick check shows that

f(x) - maxz; as ff — oo.
i<n

Substituting f(z) into the Gaussian interpolation formula (7.9) and simpli-
fying the expression shows that % E f(Z(u)) <0 for all u (see the exercise
below). The proof can then be completed just like the proof of Slepian’s
inequality. O

Exercise 7.3.11. [Difficulty=6] Show that - E f(Z(u)) < 0 in Sudakov-
Fernique’s Theorem 7.3.10. Hint: Differentiate f and check that

of e’ ’f
o S e pi(z) and Dridn,

B (0:5pi(x) — pi(x)p;(z))

4The motivation for considering this form of f(x) comes from statistical mechanics,
where the right side of (7.12) can be interpreted as a log-partition function and g as the
inverse temperature.
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where &5 is the Kronecker delta, which equals 1 is i = j and 0 otherwise. Next, check the
following numeric identity:

n n
1
IfY pi=1 then > 0i;(dipi — pipy) = 5 > (04 + 05 — 20i;)pip;.
i=1

Q=1 i#j

Use Gaussian interpolation formula 7.3.6. Simplify the expression using the identity above
with o5 = 575 — £ and p; = pi(Z(u)). Deduce that

LR f(2w) = 53T B0 - X)) - 0 - V)] En(Z0) 5y (2(0).
i#]

By the assumptions, this expression is non-positive.

Exercise 7.3.12 (Gordon’s inequality). [Difficulty=6] Prove the following
extension of Slepian’s inequality due to Y. Gordon. Let (Xuyt)uecv,ter and
Y = (Yut)uev, ter be two Gaussian processes indexed by pairs of points (u,t)
i a product set U x T'. Assume that we have

EXZ =EYZ, E(Xu— Xus)? <EYu — Yus)?  for all u,t, s;

E(Xy — Xvs)2 >E(Yy — sz)2 for all uw # v and all t, s.

Then for every T > 0 we have

]P’{inf sup Xy > T} < P{inf sup Yy > T}.

uelU ¢ uel e
Consequently,
E inf sup Xyt < E inf sup Y. (7.13)
uelU ¢ uel ¢eT

Hint: Use Gaussian Interpolation Lemma 7.3.6 for f(x) =T], [1 - I, h(xij)] where h(z)

s an approximation to the indicator function 1<}, as in the proof of Slepian’s inequality.

Similarly to Sudakov-Fernique’s inequality, it is possible to remove the
assumption of equal variances from Gordon’s theorem, and still be able to
derive (7.13). We will not prove this result.

7.4 Sharp bounds on Gaussian matrices

We will illustrate Gaussian comparison inequalities that we just proved with
an application to random matrices. In Section 4.3.2, we studied m x n
random matrices A with independent, sub-gaussian rows. We used the e-
net argument to control the norm of A as follows:

E|JA|l < Vin+Cva
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where C' is a constant. We will now improve this bound for Gaussian ran-
dom matrices, showing that it holds with the sharp constant C = 1. Our
argument will be based on Sudakov-Fernique’s inequality.

Theorem 7.4.1 (Norms of Gaussian random matrices). Let A be an m xn
matriz with independent N(0,1) entries. Then

E Al < vim + Vi

Proof. We can realize the norm of A as a supremum of a Gaussian process.
Indeed,

All = max Au,v) = max X,
H H ueS"—l,veSm—1< ’ > (u,v)eT w

where T denotes the product set S 1 x 8™~ ! and
Xuw = (Au,v) ~ N(0,1).

(Check!)

To apply Sudakov-Fernique’s comparison inequality (Theorem 7.3.10),
let us compute the increments of the process (Xy,). For any (u,v), (w, z) €
T, we have

E(Xuo — Xue)? = E({Au,v) — (A, 2))? = E (Y dyj(uiey —wizy))
Y]

= Z(Uﬂfj — w;zj)*>  (by independence, mean 0, variance 1)
Z7j

= |luv” —wzT|%
<Jlu—w|3+|lv—=z||3 (see Exercise 7.4.2 below).
Let us define a simpler Gaussian process (Y,,) with similar increments

as follows:
Yo = (g,u) + (h,v), (u,v) €T,

where
g~ N(,1I,), h~N(0,1I,)

are independent Gaussian vectors. The increments of this process are
E(Yyy — Yw2)2 =E((g,u —w) + (h,v — Z>)2
=E(g,u— w>2 +E(h,v— z>2 (by independence, mean 0)

= |lu—w||3+ ||v — 2|3 (since g, h are standard normal).
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Comparing the increments of the two processes, we see that
E(Xuo — Xuw:)? <E(Yy, — Ya,)? for all (u,v), (w,2) €T,

as required in Sudakov-Fernique’s inequality. Applying Theorem 7.3.10, we
obtain
EJA=E sup X <E sup Y,
(u,w)eT (u,w)eT
=E sup (g,u)+E sup (h,v)
uesSn—1 vesm-1
=Elgl2 +E|lA]2
< (E||glH)Y? + (E||n]|2)/?  (by inequality (1.1) for L, norms)
=/n++vm (recall Lemma 3.2.4).

This completes the proof. O

Exercise 7.4.2. Prove the following bound used in the proof of Theorem 7.4.1.
For any vectors u,w € S" ! and v,z € S™ 1, we have

luv™ —wz"[|F < flu—wll3 + [lv - 2[3.

While Theorem 7.4.1 does not give any tail bound for ||A||, we can au-
tomatically deduce a tail bound using concentration inequalities we studied
in Section 5.2.

Corollary 7.4.3 (Norms of Gaussian random matrices: tails). Let A be an
m X n matriz with independent N(0,1) entries. Then for every t > 0, we
have

P{||A|| > vVm +Vn+t} < 2exp(—ct?).

Proof. This result follows by combining Theorem 7.4.1 with the concentra-
tion inequality in the Gauss space, Theorem 5.2.1.

To use concentration, we will view A as a long random vector in
In fact, A is the standard normal random vector, A ~ N(0,Iy,). The
Euclidean norm ||Al|2 of such vector is the same as the Frobenius norm
|A||F, and the operator norm ||A|| is smaller:

A < [All7 = [|All2-

Rmxn

This shows that A — || A|| is a Lipschitz function on R™*" and its Lipschitz
norm is bounded by 1. Then Theorem 5.2.1 yields

P{||All = E[|A] +} < 2exp(—ct?).
The bound on E || A|| from Theorem 7.4.1 completes the proof. O
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Exercise 7.4.4 (Smallest singular values). [Difficulty=>5] Use Gordon’s in-
equality stated in Exercise 7.3.12 to obtain a sharp bound on the smallest
singular value of an m x n random matriz A with independent N(0,1) en-

tries:
E s,(4) > Vim — v/,

Combine this result with concentration to show the tail bound

P {||A| < vm —vn—t} < 2exp(—ct?).

Hint: Relate the smallest singular value to the min-max of a Gaussian process:

sn(d)= min, max, {Auvv).

Apply Gordon’s inequality (without the requirement of equal variances, which is noted below
Ezercise 7.3.12) to show that

Esn(A) > E|h|l2 —Elglls where g~ N(0,1,), h ~ N(0, L).

Combine this with the fact that f(n) := E||g|l2 — /1 is increasing in dimension n. (Take

this fact for granted; it can be proved by a tedious calculation.)

Exercise 7.4.5 (Symmetric random matrices). [Difficulty=6] Modify the
arguments above to bound the norm of a symmetric n X n Gaussian ran-
dom matrix A whose entries above the diagonal are independent N(0,1)
random variables, and the diagonal entries are independent N (0,2) random
variables. This distribution of random matrices is called the Gaussian or-
thogonal ensemble (GOE). Show that

E Al < 2v/n.
Next, deduce the tail bound

P{[|A] > 2v/n+t} < 2exp(—ct?).
Bai-Yin’s law — state it
somewhere, see a section
7.5 Sudakov’s minoration inequality that is commented out
here
Let us return to studying general Gaussian processes (Xi)ier. As we ob-
served in Section 7.1.1, the sizes of the increments

1/2

d(t, s) == || X — Xsll2 = (E(X; — X,)?) (7.14)

defines a distance, or metric on the otherwise abstract index set T". We will
call this metric the canonical metric associated with the random process.



Refer.

Refer to a subsection
here

156 CHAPTER 7. RANDOM PROCESSES

We also observed in Exercise 7.1.7 that the canonical metric d(t, s) deter-
mines the covariance function (¢, s), which in turn determines the distribu-
tion of the process (X;)er. So in principle, we should be able to answer any
question about the distribution of a Gaussian process (X )t by looking at
the geometry of the metric space (T,d). Put plainly, we should be able to
study probability via geometry.

Let us then ask an important specific question. How can we evaluate the
overall magnitude of the process, namely

E sup Xy, (7.15)
teT

in terms of the geometry of (T',d)? This turns out to be a difficult a difficult
problem, which we will start to study here and continue in Sections 77 ...

In this section, we will prove a useful lower bound on (7.15) in terms of
the metric entropy of the metric space (T, d). Recall from Section 4.2 that
for € > 0, the covering number

N(T,d,e)

is defined to be the smallest cardinality of an e-net of T' in the metric d.
Equivalently, N'(T,d,¢) is the smallest number® of closed balls of radius ¢
whose union covers T'. Recall also that the logarithm of the covering number,

logo N (T, d, €)
is called the metric entropy of T.

Theorem 7.5.1 (Sudakov’s minoration inequality). Let (X¢)ier be a Gaus-
stan process. Then, for any € > 0, we have

Esup X; > ce\/log N (T, d,¢).

teT
where d is the canonical metric (7.14).

Proof. Let us deduce this result from Sudakov-Fernique’s comparison in-
equality (Theorem 7.3.10). Assume that

N(T,d,e) =: N

is finite; the infinite case will be considered in Exercise 7.5.2. Let N be a
maximal e-separated subset of T. Then N is an e-net of T, and thus

V> N.

SIf T does not admit a finite e-net, we set N(t,d,¢e) = oo.
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(Check this! Recall the proof of the equivalence between covering and pack-
ing numbers in Lemma 4.2.5.) Restricting the process to N, we see that it

suffices to show that
Esup Xy > e4/log N.
teN

We can do it by comparing (X;)ien to a simpler Gaussian process
(Yy)tenr, which we define as follows:

€
Y, := — g, where g; are independent N(0,1) random variables.

V2
To use Sudakov-Fernique’s comparison inequality (Theorem 7.3.10), we need

to compare the increments of the two processes. Fix two different points
t,s € N. By definition, we have

E(X; — X,)? = d(t,s)* > &2

while
€
E(Yt - Ys)2 = ﬁ E(gt - 95)2 =2

(In the last line, we use that g; — gs ~ N(0,2).) So, we have checked that
E(X; — Xs)? > E(Y; — Ys)? forallt,s € N.
Applying Theorem 7.3.10, we obtain

€
Esup X; > EsupY; = — Emaxg; > cy/log N.
N N V2 N

In the last inequality we used that the expected maximum of N standard
normal random variables is at least cv/log N, see Exercise 2.5.9. The proof
is complete. ]

Exercise 7.5.2 (Sudakov’s minoration for non-compact sets). [Difficulty=2]
Show that if (T,d) is not compact, that is if N(T,d,e) = oo for some €, then

Esup X; = oo.
teT
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7.5.1 Application for covering numbers of sets in R”

Sudakov’s minoration inequality can be used to estimate the covering num-
bers of geometric sets
T CcR™

To see how to do this, consider a canonical Gaussian process on 7', namely
X¢ = (g,t), teT, whereg~ N(0,I,).

As we observed in Section 7.2.1, the canonical distance for this process is
just the Euclidean distance in R", i.e.

d(t, s) = || X¢ = Xll2 = [[t = s[]2.
Thus Sudakov’s inequality can be stated as follows.

Corollary 7.5.3 (Sudakov’s minoration inequality in R™). Let T C R™.
Then, for any € > 0, we have

Esup (g,t) > ce\/log N (T, ¢).
teT
Here N (T, ¢) is the covering number of T' by Euclidean balls — the small-
est number of Euclidean balls with radii € and centers in 1" that cover T, see
Section 4.2. Let us illustrate the usefulness of this bound with an example.
Consider the unit ball of the /1 norm in R", denoted

T={zeR": |zl <1}

The vertices of B} are +ey,...,+ey,, where (e;) is the canonical basis. So,
in dimension n = 2, this set is a diamond, and in dimension n = 3, a regular
octahedron, see Figure 7.3.

To apply Corollary 7.5.3 for T' = B}, we compute

E sup (g,t) = Emax|g;| < C/logn. (7.16)
te BT i<n

Here the first equality follows since the maximum of a linear function f(t) =
(g,t) on the polyhedron BY is attained on the extremal points (vertices)
of B}, which are £e;. The final bound in (7.16) then follows from Exer-
cise 2.5.8. Thus, Sudakov’s inequality (Corollary 7.5.3) yields

ey/log N (BT, e) < Cey/logn.

Simplifying this bound, we obtain:
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A

Figure 7.3: The unit ball of the ¢; norm in R"™, denoted B7, is a diamond in
dimension n = 2 and a regular octahedron in dimension n = 3.

Proposition 7.5.4 (Covering numbers of the ¢; ball). For every ¢ > 0, we

have ,
N (BT, ¢e) < N¢/<,

In particular, the covering numbers of B} are polynomial in dimension
n, for each scale €.

We may recall that we studied a different method for bounding cover-
ing numbers, which is based on volume comparison; see Proposition 4.2.10.
Which of the two methods is better? Sometimes Sudakov’s inequality gives
better results. In the example above, in order to apply the volumetric
method for B} one would need to bound the volume of the Minkowski sum
BT + B3, which is difficult to compute. In other cases — especially for very
small € > 0 — the volumetric bound can be better.

Exercise 7.5.5. [Difficulty=5] Compare the bounds on the covering numbers
for the unit Eucledian ball By given by Sudakov’s minoration and by volume
comparison (Proposition 4.2.10). Which method gives better results?

Exercise 7.5.6 (Covering numbers of polyhedra). Generalize the proof of
Proposition 7.5.4 to arbitrary polyhedra. Let P be a polyhedron in R™ with
N wertices and whose diameter is bounded by 1. Show that for every e > 0,

N(P,e) < N/,

Hint: Use the result of Exercise 2.5.8.

7.6 The empirical method for constructing c-nets

Sudakov’s minoration inequality gives only a bound for the covering num-
bers, but not a constructive method to find e-nets. In this section, we will
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give an explicit recipe for finding e-nets of polyhedra. This construction
is known as the empirical method of B. Maurey, and it is again based on
probability.

The empirical method itself allows one to approximate convex hulls of
point sets in R™. Recall that a convex combination of points 21, ..., 2, € R™
is a linear combination with coefficients that are non-negative and sum to
1, i.e. a sum of the form

Z)\izi, where X\; >0 and Z)‘izl‘ (7.17)
i=1 i=1

The convexr hull of a set T' C R™ is the set of all convex combinations of all
finite collections of points in T":

conv(T') := {convex combinations of z1,...,z, € T, for m € N},

see Figure 7.4 for illustration.

Figure 7.4: The convex hull of a collection of points on the plane.

The number m of elements defining a convex combination in R" is not
restricted. However, the classical Caratheodory’s theorem states that one
can always take m <n + 1.

Theorem 7.6.1 (Caratheodory’s theorem). Every point in the convexr hull
of a set T' C R™ can be expressed as a convexr combination of at most n + 1
points from T.

The bound n + 1 can not be improved, as it is attained for a simplex
T (a set of n + 1 points in general position). However, if we only want to
approximate x rather than exactly represent it as a convex combination,
this is possible with much fewer points.
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Theorem 7.6.2 (Approximate Caratheodory’s theorem). Consider a set
T C R™ whose diameter is bounded by 1. Then, for every point x € conv(T)
and every integer k, one can find points x1, ...,z € T such that

1< 1
i I < =
IR

There are two reasons why this result is surprising. First, one can achieve
good approximation with convex combinations whose length m does not de-
pend on the dimension n. Second, the coefficients of the convex combinations
can be made all equal. (Note however that repetitions among the points x;
are allowed.)

Proof. This argument is known as the empirical method of B. Maurey.
Translating T if necessary, we may assume that not only the diameter
but also the radius of T is bounded by 1, i.e.

It]2 <1 forallteT. (7.18)

Let us fix a point x € conv(7T) and express it as a convex combination of
some vectors zi,...,zm,m € T as in (7.17). Now we interpret the definition
of convex combination (7.17) probabilistically, with \; taking the roles of
probabilities. Specifically, we can define a random vector Z that takes values
z; with probabilities A;:

]P){Z:ZZ}:)\Z, izl,...,m.
Then
m
EZ = Z )\izi = XT.
i=1
Consider independent copies Z1, Zs,... of Z. By the the strong law of
large numbers,

k
1
z Z Zj — x almost surely as k — oo.
=1

To get a quantitative form of this result, let us compute the variance of
%Z?:l Z;. (Incidentally, this computation is at the heart of the proof of
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the weak law of large numbers). We obtain

k k
1 2 1 2 .
E Ha: % ]221 ZjH2 = EE H JEZl(Zj — ac)”2 (since E(Z; —x) = 0)

k
1
= Y EllZ;— ali}
j=1

The last identity is just a higher dimensional version of the basic fact that
the variance of a sum of independent random variables equals the sum of
variances; see Exercise 7.6.4 below.

It remains to bound the variances of the terms. We have

E|Z; — =3 =EllZ -EZ|3
=E|Z|3-|EZ|3 (another variance identity; see Exercise 7.6.4)
<E|Z|32<1 (since Z € T and using (7.18)).

We showed that i
1 2 1
IEH 2 ZH < -
* k:; My =%

Therefore, there exists a realization of the random variables Z1, ..., Z; such

that i
1 2 1
Ha:— EZZJ'HQ = k
7j=1
Since by construction each Z; takes values in T', the proof is complete. [

We can use the Approximate Caratheodory Theorem 7.6.2 to construct
good coverings of geometric sets. Let us give a constructive version of our
previous result on coverings for polyhedra in Exercise 7.5.6.

Corollary 7.6.3 (Constructing e-nets of polyhedra). Let P be a polyhedron
in R™ with N wvertices and whose diameter is bounded by 1. Then, for every
e >0, we have

N(Pe) < N/,

Moreover, an e-net with this cardinality can be constructed as follows. Let
k= [1/€?] and consider the set

k
1
N = {E ij . x; are vertices of P}.
j=1
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Then N is an e-net of P, and |N| < N*.

Proof. The polyhedron P is the convex hull of its vertices, which we denote
by T. Thus, we can apply Theorem 7.6.2 to any point x € P = conv(7)
and deduce that x is within distance 1/ Vk < ¢ from some point in N. This
shows that N is an e-net of the polyhedron P.

To bound the cardinality of A/, note that there are N* ways to choose k
out of N vertices with repetition. The proof is complete. O

Exercise 7.6.4. [Difficulty=3]| Check the following variance identities that
we used in the proof of Approximate Caratheodory’s Theorem 7.6.2.
1. Let Zy,.. ., Zy be independent mean zero random vectors in R™. Show

that
k 9 k
E|Y 2z, =Y EIZl3
j=1 j=1
2. Let Z be a random vector in R™. Show that

E|Z-EZ|;=E|Z]; - |EZ]3.

7.7 Gaussian width

In our previous study of the Gaussian processes, we encountered an impor-
tant quantity associated with a general set T" C R™. It is the magnitude of
the canonical Gaussian process on T, i.e.

Esup (g,t) (7.19)
teT

where the expectation is taken with respect to the Gaussian random vector
g~ N (Oa In)'

We have already seen how the quantity (7.19) can be used to bound cov-
ering numbers of 7" through Sudakov’s minoration inequality (Corollary ?7).
We will later see that (7.19) plays a central role in high dimensional proba-
bility and its applications. In this section, we will give the quantity (7.19)
a name and will study its basic properties.

Definition 7.7.1. The Gaussian width of a subset T C R" is defined as

w(T) = Esgg (g,z) where g~ N(0,I).
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It is useful to think about Gaussian width w(7") as one of the basic
geometric quantities associated with subsets of T' C R™, such as volume and
surface area.

Before we proceed to study the basic properties of Gaussian width, we
should mention that several other variants of this concept can be found in
the literature, such as

1/2
Esup|(g,:c>|, (Esup<g,x>2) / ) E sSup <g7x_y>a etc.
zeT zeT z,yeT

These versions are equivalent, or almost equivalent, to w(7"). We will men-
tion some of them in this section.

7.7.1 Basic properties

Proposition 7.7.2 (Gaussian width).
1. w(T) is finite if and only if T' is bounded.

2. Gaussian width is invariant under affine transformations. Thus, for
every orthogonal matrix U and any vector y, we have

w(UT +y) = w(T).

3. Gaussian width is invariant under taking convex hulls. Thus,

w(conv(T)) = w(T).

4. Gaussian width respects Minkowski addition of sets and scaling. Thus,
forT,S € R" and a € R we have

w(T +95) =w(T)+w(S); w(l)=|a|w(T).
5. We have ) .
w(T) = §w(T7T) =—E sup (g, —y).

z,yeT

6. (Gaussian width and diameter). We have

IR vnoo
o diam(7T") < w(T) < -5 diam(T).
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Proof. Properties 1—4 follow immediately from definition and the rotation
invariance of Gaussian distribution. (Check them!)
To prove property 5, we use property 4 twice and get

1 1 1
w(T) = 5 [w(T) +w(T)] = 5 [w(T) + w(~T)| = sw(T - T),
as claimed.
To prove the lower bound in property 6, fix a pair of points x,y € T.

Then both z — y and y — x lie in T'— T, so by property 5 we have

wuvzgmmw«x—yg 9)

1
1B (- Jm—ym

The last identity follows since (z —y, g) ~ N(0, ||z —y||2) and since E | X| =
V2/m for X ~ N(0,1). (Check!) It remains to take supremum over all
x,y € T, and the lower bound in property 6 follows.

To prove the upper bound in property 6, we again use property 5 to get

1
w(T) = - E sup (g,z—y)
z,yeT

1 .
< 5 E sup |igllzflz —yll2 < IE||g||2-dlfm1(T)-
z,yeT

It remains to recall that I ||g|l2 < (E||g||3)"/2 = v/n. [0 Define diameter

. . . . ) ) mally somewhere.
Exercise 7.7.3 (Gaussian width under linear transformations). [Difficulty=3]

Show that for any m x n matriz A, we have
w(AT) < ||A]w(T).

Hint: Use Sudakov-Fernique’s comparison inequality.

7.7.2 Geometric meaning of width

The notion of the Gaussian width of a set 7' C R™ has a nice geometric
meaning. The width of 7" in the direction of a vector § € S~ ! is the smallest
width of the slab between the parallel hyperplanes that are orthogonal 6
and contain 7', see Figure 7.5. Analytically, we can express the width in the
direction of 8 as

sup (0,z —y).
z,yeT

for-
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Figure 7.5: The width of a set T C R" in the direction of a unit vector 6.

(Check!) If we average the width over all unit directions 6 in space, we
obtain the quantity

E sup (0,2 —y) = ws(T = T)

z,yeT
Maybe make this a for- where
mal definition. We are wy(T) :=Esup (§,z) where 6~ Unif(S"!). (7.20)
using spherical width wel
later. Analogously to the Gaussian width, ws(T") is called the spherical width or

the mean width of T

How different are the Gaussian and spherical widths of 7’7 The difference
is what random vector we use to do the averaging; they are g ~ N (0, I,,)
for Gaussian width and 6 ~ Unif(S™"~!) for spherical width. Both g and
0 are rotation invariant, and, as we know, ¢ is approximately /n longer
than 6. This makes Gaussian width just a scaling of the spherical width by
approximately /n. Let us make this relation more precise.

Lemma 7.7.4 (Gaussian vs. spherical widths). We have
(Vn = C)ws(T) < w(T) < (Vi + C)ws(T).

Proof. Let us express the Gaussian vector g through its length and direction:

g
9= lglz- 7=~ =78
lgll2
As we observed in Section 3.3.3, 7 and 6 are independent and 6 ~ Unif(S™~1).

Thus
w(T) =Esup (rf,z) = (Er) - Esup (0,z) = E||g||2 - ws(T).
zeT zeT

It remains to recall that concentration of the norm implies that

E|gll — vn| < C,
. . see Exercise 3.1.3. O
Do Urysohn’s inequality
as an exercise? Com-
mented out.
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7.7.3 Examples
Euclidean ball
The Gaussian width of the Euclidean unit sphere and ball is

w(S") = w(BY) = E|lglls = V£ C, (7.21)

where we used the result of Exercise 3.1.3. Similarly, the spherical width of
these sets equals 1.

Cube
The unit ball of the fo, norm on R™ is B = [—1,1]". We have

w(BL) =Elgl1 (check!)

2
:E|gl|-n:\/7-n. (7.22)
T

Compare this with (7.21). The Gaussian width of the cube BZ and its
circumscribed ball \/nBY have the same order \/n, see Figure 7.6a.

Vi B} PANY:

< ) Gy

N

(a) The Gaussian widths of the (b) The Gaussian widths of B}
cube and its circumscribed ball and its inscribed ball are almost
are of the same order n. of the same order.

Figure 7.6: Gaussian widths of some classical sets in R™.

The ¢, ball

The Gaussian width of the unit ball of the ¢; norm in R” is

cy/logn < w(BY) < Cy/logn. (7.23)
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The upper bound was already noted in (7.16) where we discussed applica-
tions of Sudakov’s inequality; the lower bound follows similarly.
Equivalently, the spherical width of B} is

logn
wg(n) ~ TgL ,

Surprisingly, this is much smaller than the diameter of BT, which equals 2!
Further, if we compare with (7.21), we see that the Gaussian width of B}
is roughly the same (up to a logarithmic factor) as the Gaussian width of
its inscribed Euclidean ball ﬁ 5, see Figure 7.6b. This again might look
strange. Indeed, the “octahedron” B} looks much larger than its inscribed
ball whose diameter is %! Why does Gaussian width behave this way?

Let us try to give an intuitive explanation. In high dimensions, the cube
has so many vertices (2") that most of the volume is concentrated near them.
In fact, the volumes of the cube and its circumscribed ball are both of the
order C™, so these sets are not far from each other from the volumetric point
of view. So it should not be very surprising to see that the Gaussian widths
of the cube and its circumscribed ball are also of the same order.

The octahedron B} has much fewer vertices (2n) than the cube. A
random direction # in R"™ is likely to be almost orthogonal to all of them.
So the width of BT in the direction of 6 is not significantly influenced by the
presence of vertices. What really determines the width of B} is its “bulk”,
which is the inscribed Euclidean ball.

A similar picture can be seen from the volumetric viewpoint. There are
so few vertices in B} that the regions near them contain very little volume.
The bulk of the volume of B} lies much closer to the origin, not far from the
inscribed Euclidean ball. Indeed, one can check that the volumes of BT and
its inscribed ball are both of the order of (C'/n)". So from the volumetric
point of view, the octahedron B{ is similar to its inscribed ball; Gaussian
width gives the same result.

We can illustrate this phenomenon on Figure 7.7b that shows a “hyper-
bolic” picture of the B that is due to V. Milman. Such pictures capture
the bulk and outliers very well, but unfortunately they may not accurately
show convexity.

Exercise 7.7.5 (Gaussian width of ¢, balls). Let 1 < p < co. Consider the
unit ball of the £, norm in R":

By = {x eR": ||z, < 1}.
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(a) General convex set (b) The octahedron B}

Figure 7.7: An intuitive, hyperbolic picture of a convex body in R™. The bulk is a
round ball that contains most of the volume.

Check that

w(By) < Cmin (ﬁnl/pl, Vlogn) .

Here p' denotes the conjugate exponent for p, which is defined by the equa-

tion L + 1 = 1, and with the convention that 1 .
p 'p o0

Finite point sets

Exercise 7.7.6. [Difficulty=3| Let T be a finite set of points in R™. Show

that
w(T) < /log|T| - diam(T).

Hint: Use the result of Exercise 2.5.8.

In particular, the spherical mean width of a finite point set 1" is usually
much smaller than the diameter of T', unless there are exponentially many
points. This is just a more general observation than we have seen for the ¢;
ball Bf, which is a convex hull of 2n points.

7.7.4 Statistical dimension

The notion of Gaussian width will help us to introduce a more robust version
of the classical notion of dimension. In this application, it will be more
convenient to work with a closely related squared version of the Gaussian
width:

hT)? := Esup (g,t)>, where g~ N(0,1,). (7.24)

teT

The squared and usual versions of the Gaussian width are equivalent, up to
constant factor:
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Exercise 7.7.7 (Equivalence). [Difficulty=6] Check that
wT —-T)<h(T-T)<wT-T)+Cidiam(T) < Cw(T -1T).

Hint: Use Gaussian concentration to prove the upper bound.

In particular,

%uﬂgha¥43§%w@) (7.25)

The usual, linear algebraic, dimension dim7 of a subset T C R"”, is
the smallest dimension of a linear subspace £ C R that contains 1. The
algebraic dimension is highly unstable: it can significantly change (usually
upwards) by small perturbations of 7. We will now introduce a stable version
of dimension, or complexity of T', which is based on Gaussian width.

Definition 7.7.8 (Statistical dimension). For a bounded set T C R™, the
statistical dimension of T' is defined as
T—-T)> T)?
d(ry = S _w@)”
diam(7")?  diam(7T)?

We should first note that the statistical dimension is always bounded by
the algebraic dimension.

Lemma 7.7.9. For any set T C R™, we have
d(T) < dim(T).

Proof. Let dimT = k; this means that T lies in some subspace £ C R" of
dimension k. By rotation invariance, we can assume that E' is the coordinate
subspace, i.e. E =R* =R". (Why?) By definition, we have

WMT —T)*=E sup (g,z —y)*
z,yeT

Since = —y € R¥ and || — y||2 < diam(T'), we have x — y = diam(T) - z for
some z € Bé“. Thus the quantity above is bounded by

diam(T)2 -E sup (g, z>2 = diam(T)2 -E HPkgHg
zeB§

where Py is the orthogonal projection onto R¥. Finally, Prg ~ N (0, ;) and
E || Pegll5 = k.

(Check!) This shows that h(T — T)? < diam(T)? - k, as required. O
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Exercise 7.7.10. Show that if T is a Fuclidean ball in any subspace of R™
then
d(T) = dim(T).

In general, the statistical dimension can be much smaller than the alge-
braic dimension:

Ezxample 7.7.11. Let T be a finite set of points in R™. Then
d(T) < log|T|.

This follows from the bound on the Gaussian width of 7" in Exercise 7.7.6,
the definition of statistical dimension and the equivalence (7.25).

7.7.5 Stable rank

The statistical dimension is more robust than the algebraic dimension. In-
deed, small perturbation of a set T' leads to small perturbation of Gaussian
width and the diameter of 7', and thus the statistical dimension d(T").

To see this on an example, consider the Euclidean ball B3 whose both
algebraic and statistical dimensions equal n. Let us decrease one of the axes
of By gradually from 1 to 0. The algebraic dimension will stay at n through
this process and then jump to n — 1. The statistical dimension instead
gradually slides from n to n — 1. This is a consequence of the following
simple fact.

Exercise 7.7.12 (Ellipsoids). [Difficulty=4] Let A be an m X n matriz, and
B% denote the unit Euclidean ball. Check that the squared mean width of the
ellipsoid ABY is the Frobenius norm of A, i.e.

h(ABy) = [|A] F.
Deduce that the statistical dimension of the ellipsoid ABY equals

_ A
EE

d(ABY) (7.26)
This example relates the statistical dimension to the notion of stable rank
of matrices, which is a robust version of the classical, linear algebraic, rank.

Definition 7.7.13 (Stable rank). The stable rank of an m x n matriz A is
defined as
1Al
r(A) = .
1A
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The robustness of stable rank makes it a useful quantity in numerical
linear algebra. The usual, algebraic, rank is the algebraic dimension of the
image of A; in particular

rank(A) = dim(ABY).
Similarly, (7.26) shows that the stable rank is the statistical dimension of

the image:

r(A) = d(ABY).

Finally, note that the stable rank is always bounded by the usual rank:
r(A) < rank(A).

(Check this.)

Gaussian complexity

To finish this discussion, let us mention one more cousin of Gaussian width,
where instead of squaring (g, x) as in (7.24) we take absolute value:

v(T):=Esup|(g,z)| where g~ N(0,I,). (7.27)
z€T

We call v(T') Gaussian complexity of T. Obviously, we have

w(T) <A(T),
with equality if T is origin-symmetric, i.e. T = —T. Since T — T is origin-
symmetric, property 5 of Proposition 7.7.2 implies that
1 1
w(T) = iw(T -T) = iv(T -T). (7.28)

In general, Gaussian width and complexity may be different. For example,
if T consists of a single point, w(7T') = 0 but y(7) > 0. (What is y(7T") here
exactly?) Still, these two quantities are very closely related:

Exercise 7.7.14 (Gaussian width vs. Gaussian complexity). [Difficulty=6]
Consider a set T'C R™. Show that

1

3 () + llyll2] < ~(T) < 2[w(T) + llyll2]
for any pointy € T. (It is fine if you prove this inequality with other absolute
constants instead of 2 and 3.)

In particular, Gaussian width and Gaussian complexity are equivalent
for any set T that contains the origin:

w(T) < A(T) < 2u(T).
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7.7.6 Computing Gaussian width

How can we compute the Gaussian width w(T") of a given set T'?7 Algorith-

mically, this is not difficult, as long as we have a good description of T'. To

see this, recall that Gaussian width is invariant under taking convex hulls

by Proposition 7.7.2, so we can assume that T is convex. (Otherwise, one

needs to compute the convex hull of 7', for which algorithms are available.)
Next, for a fixed g € R", we need to be able to compute.

sup g(x) (7.29)
zeT

We can frame this as a convex optimization problem, since we are maximiz-
ing a linear function on a convex set.

Finally, we need to average over g ~ N (0, I,,). This can be avoided using
Gaussian concentration. Indeed, computing (7.29) with just one realization
of g will produce a result close to w(T):

Exercise 7.7.15 (Approximating Gaussian width). [Difficulty=3] Let T' C
R™ and g ~ N(0,I,). Show that for any u > 0,

sup (g, z) — w(T)| < u-r(T)
zeT

with probability at least 1 — 2 exp(—cu?), where

r(T) = sup|[|z|2
zeT

denotes the radius of T. Hint: Deduce this from Gaussian concentration, Theo-
rem 5.2.1.

Computing the Gaussian width w(7") theoretically for a general given set
T, even up to a constant factor, may not be easy. As we know, Sudakov’s
minoration inequality gives a lower bound on the Gaussian width in terms
of the covering numbers of T'. Indeed, Corollary 7.5.3 states that

w(T) > ce/logN (T,e), & >0.

In the next section we will develop an upper bound on the Gaussian width
in terms of the covering numbers of T', known as Dudley’s inequality.

Is it possible to compute
width with relative 1 £¢
error?
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7.8 Random projections of sets

Let us consider a set T" C R™ and project it onto a random m-dimensional
subspace in R" chosen uniformly from the Grassmanian G, ,,, (see Figure 5.2
for illustration. In applications, we might think of T" as a collection of data
points and P as a means of dimension reduction. What can we say about
the geometry of the projected set P17

If T is a finite set, Johnson-Lindenstrauss Lemma (Theorem 5.3.1) can
be helpful. It states that as long as

m 2 log |T|, (7.30)

the random projection P acts essentially as scaling of T'. Indeed, P shrinks
all distances between points in 7" by a factor ~ \/m/n, and in particular

diam(PT) ~ \/Tdiam(T). (7.31)

If there are too many points in 7T, or perhaps T is an infinite set, then
(7.31) may fail. For example, if T'= BY is a Euclidean ball than no projec-
tion can shrink the size of T" at all, and we have

diam(PT) = diam(T). (7.32)

What happens for a general set T'?7 The following result states that a
random projection shrinks 7" as in (7.31), but it can not shrink beyond the
spherical width of T'.

Theorem 7.8.1 (Sizes of random projections of sets). Consider a bounded
set T C R™. Let P be a projection in R™ onto a random m-dimensional
subspace E ~ Unif (G, 1,). Then, with probability at least 1 —2e~™, we have

diam(PT) < C’[ws(T) + \/T diam(T)}.

For the proof of this result, it will be convenient to change the model for
the random projection P.

Exercise 7.8.2 (Equivalent models for random projections). Let P be a
projection in R™ onto a random m-dimensional subspace E ~ Unif(Gj, ).
Let @ be an m X n matriz obtained by choosing the first m rows of a random
nxn orthogonal matriz, which is drawn uniformly from the orthogonal group

U ~ Unif(O(n)).
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1. Show that for any fized point x € R™,
|Px||2 and ||Qx||2 have the same distribution.

Hint: Use the singular value decomposition of P.

2. Show that for any fized point z € S™1,
Q"z ~ Unif(S™1).

In other words, the map QT acts a random isometric embedding of R™ into

R™. Hint: It is enough to check the rotation invariance of the distribution of Q" z.

Proof of Theorem 7.8.1. This proof is one more example of an e-net argu-
ment. Without loss of generality, we may assume that diam(7") < 1. (Why?)

Step 1: Approximation. By Exercise 7.8.2, it suffices to prove the
theorem for @) instead of P. So we are going to bound

diam(QT) = sup ||Qz|2 = sup max (Qz,z).

zeT—T 2€T—T z€5™m~1

Similarly to our older arguments (for example, in the proof of Theorem 4.3.5
on random matrices), we will discretize the sphere S"~1. Choose an (1/2)-
net N of S~ ! so that

IV < 5™

this is possible to do by Corollary 4.2.11. We can replace the supremum
over the sphere S"~! by the supremum over the net A/ paying a factor 2:

diam(QT) <2 sup max(Qz,z) = 2max sup <QTZ,JJ>. (7.33)
2€T—T 2€EN 2eN geT—T

(Recall Exercise 4.3.2.) In order to control this double maximum, we will
first control the quantity

sup <QTz,a:>. (7.34)
z€T-T
for a fixed z € A and with high probability, and then take union bound over
all z.
Step 2: Concentration. So, let us fix 2 € N. By Exercise 7.8.2,
QT2 ~ Unif(S"!). Then we might recognize the expectation of (7.34) as
the spherical width defined in (7.20):

E sup <QTz,:z:> =ws(T —T) = 2ws(T).
zeT-T
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(The last identity is the spherical version of a similar property of the Gaus-
sian width, see part 5 of Proposition 7.7.2.)

Next, let us check that (7.34) concentrates nicely around its mean 2w (7).
For this, we can use the concentration inequality (5.6) for Lipschitz func-
tions on the sphere. Since we assumed that diam(7") < 1 in the beginning,
once can quickly check that the function

60— sup (0,x)
zeT-T

is a Lipschitz function on the sphere S”~!, and its Lipschitz norm is at most
1. (Do this!) Therefore, applying the concentration inequality (5.6), we
obtain

IP{ sup <QTz,af> > 2w (T) + t} < 2exp(—cnt?).
zeT-T

Step 3: Union bound. Now we unfix z € A by taking the union
bound over N'. We get

P {max sup <QTZ,:L'> > 2wy (T) + t} < |V - 2 exp(—ent?) (7.35)
2eN zeT-T

Recall that [N| < 5™. Then, if we choose

t=C

m
n

with C' large enough, the probability in (7.35) can be bounded by 2e~"™.
Then (7.35) and (7.33) yield

P {; diam(QT) > 2u(T) + c\/f} <em.

This proves Theorem 7.8.1. O

Exercise 7.8.3 (Gaussian projection). [Difficulty=6] Prove a version of
Theorem 7.8.1 for m x n Gaussian random matriz G with independent
N(0,1) entries. Specifically, show that for any bounded set T C R™, we
have

diam(GT) < C [w(T) + v/m diam(T')]

with probability at least 1 — 2e~"™. Here w(T) is the Gaussian width of T.
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7.8.1 The phase transition

Let us pause to take a closer look at the bound Theorem 7.8.1 gives. We
can equivalently write it as

diam(PT) < C'max {wS(T), \/H diam(T)}.

n

Let us compute the dimension m for which the phase transition occurs be-
tween the two terms w,(7T) and /7 diam(7'). Setting them equal to each
other and solving for m, we find that the phase transition happens when

(VA (1))
diam(7")?
w(T)?

- diam(7")?

~d(T) (by Definition 7.7.8 of statistical dimension).

(pass to Gaussian width using Lemma 7.7.4)

So we can express the result Theorem 7.8.1 as follows:
2 diam(T), m > d(T)
diam(PT) < p AR, M=
Cws(T), m < d(T).
Figure 7.8 shows a graph of diam(PT') as a function of the dimension m.

diam(PT)
diam(T) | —— - -~ — = —————~

|
I
|
|
|
|
| |
|
1 |
d(T) n
Figure 7.8: The diameter of a random m-dimensional projection of a set 17" as a

function of m.

For large m, the random m-dimensional projection shrinks 7' by the
factor ~ y/m/n, just like we have seen in (7.31) in the context of Johnson-
Lindenstrauss lemma. However, when the dimension m drops below the
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statistical dimension d(7"), the shrinking stops — it levels off at the spherical
width ws(T"). We saw an example of this in (7.32), where a Euclidean ball
can not be shrunk by a projection.

Exercise 7.8.4 (The reverse bound). [Difficulty=4] Show that the bound in
Theorem 7.8.1 is optimal: prove the reverse bound

E diam(PT) > c[ws(T) + \/f diam(T)]

for all bounded sets T' C R™. Hint: To obtain the bound E diam(PT) 2 ws(T), reduce
P to a one-dimensional projection by dropping terms from the singular value decomposition
of P. To obtain the bound Ediam(PT) > /= diam(T'), argue about a pair of points in
T.

As an application of Theorem 7.8.1, we can obtain a bound on the norms
of random projections of matrices.

Corollary 7.8.5 (Random projections of matrices). Let A be an n X k
matrix.

1. Let P is a projection in R™ onto a random m-dimensional subspace
chosen uniformly in Gy, . Then, with probability at least 1 —2e™", we have

1 m
1PAl < C[= Il + /7 141].

2. Let G be an m x n Gaussian random matriz with independent N (0, 1)
entries. Then, with probability at least 1 — 2e™™, we have

IGAI < C (I Allp + vm Al -

Proof. The operator norm is clearly one half the diameter of the image of
the unit ball, i.e.

1.
HPAHZQdmmu%ABby

The Gaussian width of the ellipsoid AB% is equivalent to ||A||r, see Exer-
cise 7.7.12 and (7.25). Applying Theorem 7.8.1, we obtain the first part
of the conclusion. The second part, for Gaussian projections, follows in a
similar way from Exercise 7.8.3. O
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Chaining

8.1 Dudley’s inequality

Sudakov’s minoration inequality that we studied in Section 7.5 gives a lower
bound on the magnitude
Esup X;
teT

of a Gaussian random process (X;)er in terms of the metric entropy of 7'
In this section, we will obtain a similar upper bound.

This time, we will be able to work not just with Gaussian processes but
with more general processes with sub-gaussian increments.

Definition 8.1.1 (Sub-gaussian increments). Consider a random process
(Xt)ter on a metric space (T,d). We say that the process has sub-gaussian
increments if there exists K > 0 such that

|1 Xt — Xl < Kd(t,s) forallt,seT. (8.1)

An obvious example is a Gaussian process (X;)ier on an abstract set T,
and with the metric defined by

d(t, s) = [| X¢ — X2

But in general, the metric d on T" may not be induced by the increments of
the process as in the example above.

Dudley’s inequality gives a bound on general sub-gaussian random pro-
cesses (X¢)ier in terms of the metric entropy of T.

179
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Theorem 8.1.2 (Dudley’s integral inequality). Let (X;)ier be a random
process on a metric space (T,d) with sub-gaussian increments as in (8.1).

Then -
Esup X; < C’K/ VIogN (T, d,¢) de.
teT 0

Before we prove Dudley’s inequality, it is helpful to compare it with
Sudakov’s inequality, which for Gaussian processes states that

Esup X; > csupey/log (T, d,¢).

teT €20

Figure 8.1 illustrates Dudley’s and Sudakov’s bounds. There is an obvious
gap between these two bounds. It can not be closed in terms of the entropy
numbers alone; we will explore this point later.

log N (T,d,¢)

Dudley

7
Sudakow

€

Figure 8.1: Dudley’s inequality bounds Esup,c; X; by the area under the curve.
Sudakov’s inequality bounds it below by the largest area of a rectangle under the
curve, up to constants.

The form of Dudley’s inequality might suggest us that Esup;cr X; is a
multi-scale quantity, in that we have to examine T at all possible scales ¢
in order to bound the process. This is indeed so, and the proof will indeed
be multi-scale. We will now state and prove a discrete version of Dudley’s
inequality, where the integral over all positive ¢ is replaced by a sum over
dyadic values e = 2%, which somewhat resembles a Riemann sum. Later
we will quickly pass to the original form of Dudley’s inequality.

Theorem 8.1.3 (Dudley’s inequality as a sum). Let (X;)ier be a random
process on a metric space (T,d) with sub-gaussian increments as in (8.1).
Then
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Esup X; < C’KZ 2_k\/logN(T, d,27F). (8.2)
teT keZ

Our proof of this theorem will be based on the important technique of
chaining, which can be useful in many other problems. Chaining is a multi-
scale version of the e-net argument that we used successfully in the past, for
example in the proofs of Theorems 4.3.5 and 7.8.1.

In the familiar, single-scale e-net argument, we discretize T' by choosing
an e-net N of t. Then every point ¢t € T' can be approximated by a closest
point from the net 7(t) € N with accuracy ¢, so that d(¢t,n(t)) < e. The
increment condition (8.1) yields

1X — Xnoyllg < OKc. (8.3)

This gives
Esup X; < Esup X + Esup(Xe — Xrp))-
teT teT teT
The first term can be controlled by a union bound over |N| = N(T,d,¢)
points 7(t).

To bound the second term, we would like to use (8.3). But it only
holds for fixed ¢ € T, and it is not clear how to control the supremum
over t € T. To overcome this difficulty, we will not stop here but continue
to run the e-net argument further, building progressively finer approxima-
tions 71 (t), ma(t), ... to t with finer nets. Let us now develop formally this
technique of chaining.

Proof of Theorem 8.1.3. Step 1: Chaining set-up. Without loss of gen-
erality, we may assume that K = 1 and that T is finite. (Why?) Let us set
the dyadic scale

er=2"% kez (8.4)

and choose e;-nets N, of T' so that

Only a part of the dyadic scale will be needed. Indeed, since T is finite, we
can choose x small enough (for the coarsest net) and K large enough (for
the finest net) so that

N, = {to} for some to € T, Ng=T. (8.6)
For a point ¢ € T, let 7,(t) denote a closest point in N, so we have

d(t, Wk(t)) S Ek- (8.7)

Change N} to Tj; this
is the notation adopted
in the generic chaining
later.
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Since E X;, = 0, we have

]ESllp Xt = ESUp(Xt — Xto)-
teT teT

We can express X; — X3, as a telescoping sum; think about walking from ¢ to
t along a chain of points 7 (¢) that mark progressively finer approximations
to t:

Xo =Xy = (X () = Xuo) + (Xrpa () = Xre) + -+ (X = Xpe ), (8:8)
see Figure 8.2 for illustration. The first and last terms of this sum are zero

T (t)

to

Figure 8.2: Chaining: a walk from a fixed point g to an arbitrary point ¢t in T
along elements 7 (T) of progressively finer nets of T'

by (8.6), so we have

K

Xi—Xig= Y (Xepity = Xy 1(9)- (8.9)
k=kr+1

Since the supremum of the sum is bounded by the sum of suprema, this
yields

K
Esup(Xt - Xto) < Z Esup(Xﬁk(t) - XTrk,l(t))' (810)
teT Wy teT

Step 2: Controlling the increments. Although each term in the
bound (8.10) still has a supremum over the entire set 7', a closer look reveals
that it is actually a maximum over a much smaller set, namely the set all
possible pairs (7 (), mx—1(f)). The number of such pairs is

Nl - Vi1 | < (NG

a number that we can control through (8.5).
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Next, for a fixed ¢, the increments in (8.10) can be bounded as follows:

HXﬂk(t) — Xﬂk71(t)H¢2 S d(ﬂ'k(t), Wk_l(t)) (by (81) and since K = 1)
< d(m(t),t) + d(t, m—1(t)) (by triangle inequality)
<ep+er—1 (by (8.7))
< 2ep-1.
Recall from Exercise 2.5.8 that the expected maximum of N sub-gaussian

random variables is at most C'L+/log N where L is the maximal ¢y norm.
Thus we can bound each term in (8.10) as follows:

Esup(Xﬂk(t) — Xﬂk_l(t)) < Cé‘kflx/ log ’Nk| (8.11)

teT

Step 3: Summing up the increments. We have shown that

K
Esup(X; — Xi) <O > er1y/log [Ny, (8.12)
te k=rt1

It remains substitute the values e = 27 from (8.4) and the bounds (8.5)
on |N|, and conclude that

K
Esup(X; — X3,) < Ch Z 2*k\/log/\/’(T, d,27F).
teT Ml

Theorem 8.1.3 is proved. ]
Let us now deduce the integral form of Dudley’s inequality.

Proof of Dudley’s integral inequality, Theorem 8.1.2. To convert the sum (8.2)

—k
into an integral, we express 2% as 2 f;—k—l de. Then

—k —k) — - —k) de.
22 \/logN(T,d,Q ) 22/2_k_1\/10g./\/(T,d,2 ) de

keZ keZ

Within the limits of integral, 27% > ¢, so log N (T, d,27%) < log N(T,d,¢)
and the sum is bounded by

2-k o
22/ V1og N(T,d,e) de = 2/ VIog N (T, d,€) de.
21 0

keZ

The proof is complete. O
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Exercise 8.1.4 (Equivalence of Dudley’s integral and sum). [Difficulty=4]
In the proof of Theorem 8.1.2 we bounded Dudley’s integral by a sum. Show
the reverse bound:

/OO ViegN(T,d,e)de < CZ2‘k\/log/\/'(T, d,2=F).
0

keZ

Dudley’s inequality gives a bound on the expectation only, but adapting
the argument yields a nice tail bound as well.

Theorem 8.1.5 (Dudley’s integral inequality: tail bound). Let (X;)ier be
a random process on a metric space (T,d) with sub-gaussian increments as
in (8.1). Then, for every u > 0, the event

Esup X; < CK[ / V1og N(T, d,€) de + u - diam(T)}
0

teT
holds with probability at least 1 — 2 exp(—u?).

Exercise 8.1.6. [Difficulty=6] Prove Theorem 8.1.5. To this end, first
obtain a high-probability version of (8.11):

Sup(ka(t) — Xﬂk_1(t)) < CEk_l |: log ‘Nk’ + Zi|
teT

with probability at least 1 — 2exp(—2?).

Use this inequality with z = zj, to control all such terms simultaneously.
Summing them up, deduce a bound on Esup,cr X; with probability at least
1— 2%, exp(—z2). Finally, choose the values for zy, that give you a good
bound; one can set z, = u + 'k — k for example.

8.1.1 Remarks and Examples

Remark 8.1.7 (Limits of Dudley’s integral). Although Dudley’s integral is
formally over [0, o], we can clearly make the upper bound equal the diameter
of T in the metric d, thus

diam(7")
Esup X; < C’K/ V9og N (T, d, €) de. (8.13)
teT 0

Indeed, if € > diam(7") then a single point (any point in 7°) is an e-net of T,
which shows that log N'(T, d, ) = 0 for such e.



8.1. DUDLEY’S INEQUALITY 185

Let us apply Dudley’s inequality for the canonical Gaussian process,
just like we did with Sudakov’s inequality in Section 7.5.1. We immediately
obtain the following bound.

Theorem 8.1.8 (Dudley’s inequality for sets in R™). For any set T C R",

we have -~
T)gC/ V0eg N(T,¢) de.
0

Ezample 8.1.9. Let us test Dudley’s inequality for the unit Euclidean ball
T = Bj. Recall from (4.6) that

3\
N(B3,e) < <g> for e € (0,1]

and N(B%,e) =1 for € > 1. Then Dudley’s inequality yields a converging

integral
w(By) <C/ \/nlog de < Ci1v/n

This is optimal: indeed, as we know from (7.21), the Gaussian width of Bjy
is of the order of \/n.

Example 8.1.10. Let us do one more test on Dudley’s inequality. If T'= P
is a polyhedron with N vertices, then we know from Corollary 7.6.3 that

N(P,e) < NI/,

Substituting this into Dudley’s inequality, we get

diam(P) 1
P)g()/ g\/logNds.
0

This is, unfortunately, a diverging integral. Note, however, that it is barely
divergent; a little better bound on the covering numbers should lead to
convergence.

8.1.2 Two-sided Sudakov’s inequality

The previous examples suggest (but not prove) that Dudley’s inequality
should be almost optimal. Although in general it is not true and there is a
gap between Dudley’s and Sudakov’s inequalities, this gap is only logarith-
mically large in some sense. Let us make this more precise and show that
Sudakov’s inequality in R™ is optimal up to logn factor.
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Theorem 8.1.11 (Two-sided Sudakov’s inequality). Let T'C R™ and set

s(T) := sgl(c))s\/log/\/'(T, £).
Then
c-s(T) <w(T) < Clog(n)-s(T).

Proof. The main idea here is that because the chaining is expected to con-
verge exponentially fast, O(logn) steps should suffice to walk from ¢y to
somewhere very near t.

As we already noted in (8.13), the coarsest scale in the chaining sum
(8.9) can be chosen as the diameter of 7. In other words, we can start the
chaining at x which is the smallest integer such that

2% < diam(T).

This is not different from what we did before. What will be different is the
finest scale. Instead of going all the way down, let us stop chaining at K
which is the largest integer for which
oK w(T)
~ 4yn’
(It will be clear why we made this choice in a second.)
Then the last term in (8.8) may not be zero as before, and instead of
(8.9) we will need to bound

K
’U)(T) < Z Esup(ka(t) — Xﬂ'k—l(t)) + Esup(Xt — XﬂK(t))' (814)
k=r+1 €T tet

To control the last term, recall that X; = (g, t) is the canonical process,
SO

Esup(X¢ — Xrp ) < Esup (g, — mx(t))
teT teT

<27 %.Ellgll2 (since ||t —mx(t)[|l2 < 27%)
<27 %yn

T
< 7;)(\/5) -v/n  (by definition of K)

iw(T).

IN
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Putting this into (8.14) and subtracting 4 w(7T") from both sides, we conclude

that
K
w(T) <2 Y Esup(Xp, ) — Xno i 1): (8.15)
k=r+1 teT

Thus, we have removed the last term from (8.14). Each of the remaining
terms can be bounded as before. The number of terms in this sum is
di T
K — k <log,y _diam(T)_ (by definition of K and k)

w(T)/dv/n
< log, (4\/ﬁ . 277) (by property 6 of Proposition 7.7.2)
< C'logn.

Thus we can replace the sum by the maximum in (8.15) by paying a factor
C'logn. This completes the argument like before, in the proof of Theo-

rem 8.1.3. 0
An example of non-

optimality of Dudley?
Exercise 8.1.12 (Limits in Dudley’s integral). [Difficulty=7]| Prove the fol-

lowing improvement of Dudley’s integral inequality (Theorem 8.1.8). For
any set T C R™, we have

w(T) < C/b V0eg N(T,e)ds where a= le/(g), b = diam(T).

8.2 Application: empirical processes and uniform
laws of large numbers

We will give an application of Dudley’s inequality to empirical processes,

which are certain random processes indexed by functions. The theory of

empirical processes is a large branch of probability theory, and we will only
be able to scratch its surface here. Let us consider a motivating example.

8.2.1 Monte-Carlo method

Suppose we want to evaluate the integral of a function f : 2 — R with
respect to some probability measure p on some domain  C R%:

/Qfdu,
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fﬂfd.u

Q X1 Xg X3 . .Xn
(a) The problem is to com- (b) The integral is approximated
pute the integral of f on a by the sum 2 37 f(X;) with ran-
domain €. domly sampled points X;.

Figure 8.3: Monte-Carlo method for randomized, numerical integration.

see Figure 8.3a. For example, we could be interested in computing fol f(x)dx
for a function f:[0,1] — R.

Here is how we can use probability to evaluate integrals. Consider a
random vector X that takes values in € according to the law p, i.e.

P{X € A} = u(A) for any measurable set A C €.

(For example, to evaluate fol f(z) dx, we take X ~ Unif[0, 1].) Then we may
interpret the integral as expectation:

[ ran=Efx),
Q

Let X1, Xo,... beii.d. copies of X. The Law of Large Numbers (Theo-
rem 1.3.1) yields that

%Zf(}(i) — E f(X) almost surely (8.16)
1

as n — oo. This means that we can approximate the integral by the sum

[ a3 px0 (3.17)
1

where the points X; are drawn at random from the domain §2; see Fig-
ure 8.3b. for illustration. This way of numerically computing integrals is
called the Monte-Carlo method.

Remarkably, we do not need to know the measure p to evaluate the
integral; it suffices to be able to draw random samples X; according to pu.
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Similarly, we do not even need to know f at all points in the domain; a few
random points suffice.

The average error of integration is O(1/y/n), which follows from the rate
of convergence in the Law of Large Numbers:

]E’;Zn:f(Xi)—Ef(X)‘ :o(%). (8.18)
1

(Check this by computing the variance of the sum.) Maybe include this rate
in LLN?

8.2.2 A uniform law of large numbers

Can we use one, fixed sample Xi,...,X,, to evaluate the integral of any
function f : Q) — R? Of course, not. For a given sample, one can choose a
function that oscillates wildly between the sample points, and the approx-
imation (8.17) will fail. However, if we only look at functions f that do
not oscillate wildly — for example, Lipschitz functions, then Monte-Carlo
method (8.17) will work simultaneously over all such f.

This follows from a uniform Law of Large Numbers, which states that
(8.16) holds uniformly over all functions in a given function class. In our
case, it will be the class of Lipschitz functions

Fo={f:[0,1] = R, || fllip < L} (8.19)
where L is some number.

Theorem 8.2.1 (Uniform Law of Large Numbers). Let X be a random

variable taking values in [0,1], and let X1, Xa, ..., X, be independent copies
of X. Then

I CL

Esup | = > f(X) —Ef(X)| < —=.

(8.20)
fer i

Note that this result, which is uniform over all Lipschitz f, holds with
the same rate of convergence (8.18) as the classical Law of Large numbers
that holds for a single f.

To prepare for the proof of Theorem 8.2.1, let us view the left side of
(8.20) as the magnitude of a random process indexed by functions f € F.
Such random processes are called empirical processes.

Definition 8.2.2. Let F be a class of real-valued functions f : 0 — R where
(Q,%, 1) is a probability space. Let X be a random point in Q distributed



sub-gaussian increments
— sub-gaussian process
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according to the law w, and let X1, Xo, ..., X, be independent copies of X.
The random process (X¢)fer defined by

n

> F(X) —Ef(X) (8:21)

=1

Xy =

1
n
1s called an empirical process indexed by F.

Proof of Theorem 8.2.1. Without loss of generality we may assume that L =
1 and that
f:10,1] = [0,1] for all f € F. (8.22)

(Why?) We would like to bound the magnitude

E sup | X/|
ferF

of the empirical process (X¢)ser defined in (8.21).

Step 1: checking sub-gaussian increments. We will do this using
Dudley’s inequality, Theorem 8.1.2. To apply this result, we just need to
check that the empirical process has sub-gaussian increments. So, fix a pair
of functions f, g € F and consider

where Z;:= (f — 9)(X;) — E(f — 9)(X).

1 n
X;— X :*H Z
H f g”d& n ; i *n

Random variables Z; are independent and have mean zero. So, by Proposi-
tion 2.6.1 we have

1, & 1/2
1 = Xl S - (Do 12003,)
=1

Now, using centering (Lemma 2.6.6) we have

1Zillps SN = 9)(Xi)llwy S [1f = 9lloo-

It follows that

1 1
X7 = Kol S - D2 f = glloo = %Hf — 9lloo-

Step 2: applying Dudley’s inequality. We found that the empirical
process (Xy) rer has sub-gaussian increments with respect to the Lo, norm.
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This allows us to apply Dudley’s inequality, Theorem 8.1.2. Note that (8.22)
implies that the diameter of F in Ly, metric is bounded by 1. Thus

1 1
Esup X; < \/ﬁ/o \/log/\/(]:, |+ lloos €) de

ferF

(recall (8.13)).
Using that all functions in f € F are Lipschitz with || f||rip < 1, it is not
difficult to bound the covering numbers of F as follows:

NE N ler) < (97

€

we will show this in Exercise 8.2.3 below. This bound makes Dudley’s inte-
gral converge, and we conclude that

1 [t o C 1
Esup X < — —log —de S —.
feF d vn Jo € € vn

Finally, we note that

Esup | Xf| = Esup X
feF fer

(see Exercise 8.2.4); so this quantity is O(1/y/n) as well. This proves (8.20).

O

Exercise 8.2.3 (Metric entropy of the class of Lipschitz functions). Con-
sider the class of functions

F = {f : [07 1] — [07 1]7 HfHLip S 1} .
Show that oy
N(F, | - floore) < (g) for any € > 0.

Hint: put a mesh on the square [0,1]* with step €. Given f € F, show
that ||f — folle < € for some function fo whose graph follows the mesh;

see Figure 8.4. The number all mesh-following functions fo is bounded by

(1/)V/e.

Exercise 8.2.4. Show that for an empirical process in (8.21) indexed by the
function class

Fi=A{f[0,1] = [0,1], [[fllLip < 1},
we have

Esup [X¢| = Esup Xy.
fer feF



This bound would not
allow to simply use Dud-
ley to generalize uniform
LLN to higher dimen-
sions: the integral would
diverge.  See R. van
Handel p. 5.31 how to
use something like Exer-
cise 8.1.12 to do this.
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// fo\

/
/

Figure 8.4: Bounding the metric entropy of the class of Lipschitz functions in
Exercise 8.2.3. A Lipschitz function f is approximated by a function fy on a mesh.

Exercise 8.2.5 (An improved bound on the metric entropy). Improve the
bound in Exercise 8.2.3 to

N(F, | llsos ) < eCle for any € > 0.

Hint: Use that f is Lipschitz to find a better bound on the number of possible functions
Jo.

Exercise 8.2.6 (Higher dimensions). Consider the class of functions

Fi= {110, 5 R, f(0) =0, | fllip < 1}
for some dimension d > 1. Show that

N(F, |+ loore) < eC/e! for any € > 0.

Empirical measure

Let us take one more look at the Definition 8.2.2 of empirical processes. Con-
sider a probability measure u, that is uniformly distributed on the sample
X1,..., Xy, that is

1
w{X;})=— foreveryi=1,...,n.
n

Note that u, is a random measure. It is called the empirical measure.
While the integral of f with respect to the original measure p is the

E f(X) (the “population” average of f) the integral of f with respect to the

empirical measure is %Z?:l f(X;) (the “sample”, or empirical, average of
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f). In the literature on empirical processes, the population expectation of
f is denoted by pf, and the empirical expectation, by ., f:

nf = [ Fau=E 0 wnf = [ Fdun =23 10X
=1

The empirical process X in (8.21) thus measures the deviation of sample
expectation from the empirical expectation:

Xf:Nf_an-

The Uniform Law of Large Numbers (8.20) gives a uniform bound on the
deviation

E sup |pn f — pf| (8.23)
feF

over the class of Lipschitz functions F defined in (8.19).

The quantity (8.23) can be thought as a distance between the measures
n, and p. It is called the Wasserstein’s distance Wy (u, i) . The Wasserstein
distance has an equivalent formulation as the transportation cost of measure
i into measure f,, where the cost of moving a mass (probability) p > 0
is proportional to p and to the distance moved. The equivalence between
the transportation cost and (8.23) is provided by Kantorovich-Rubinstein’s
duality theorem.

8.3 Application: statistical learning theory

Statistical learning theory, or machine learning, allows one to make predic-
tions based on data. A typical problem of statistical learning can be stated
mathematically as follows. Consider a pair of random variables (X, YY) whose
distribution is unknown. More generally, X is a random vector or even a
point in an abstract probability space €2 like we saw in Section 8.2. It may
be helpful to think of Y as a label of X.

Suppose we have a sample
(X17Y1)7 (XQaY'Q)a RS (XnaYn) (824)

of n independent copies of (X,Y’). This sample is called training data. Our
goal is to learn from the training data how Y depends on X, so we can make
a good prediction of the label Y for a point X.
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Classification problems

Example 8.3.1. Suppose X € R? is a vector of parameters of a patient. For
example, X7 could be body temperature, X5 blood pressure, etc. Another
example is where X encodes d gene expressions. Let the label Y € {0,1} be
the diagnosis of the patient (O=healthy, 1=sick).

We conduct a study on n patients whose parameters and diagnoses are
known. This gives us training data (8.24). Our goal is to learn how to
predict the diagnosis Y based on the patient’s parameters X.

This example belongs to the important family of classification problems
where the label Y can take finitely many values that encode the class X
belongs to. Figure 8.5a illustrates a classification problem where X is a
random vector on the plane and the label Y can take values 0 and 1 like in
Example 8.3.1. A solution of this classification problem can be described as
a partition of the plane into two regions, one where f(X) = 0 (healthy) and
another where f(X) = 1 (sick). Based on this solution, one can diagnose
new patients by looking at which region their parameter vectors X fall in.

1 0 MO 1 1
1 LN 1

1 0 1 1
Y 1 o, 1

0 0 1 1 ! 0
1 0 1

0 0 0 0

(a) Right fit (b) Underfitting (c) Overfitting

Figure 8.5: Trade-off between fit and complexity in statistical learning.

Risk, fit and complexity

Generally, a solution to the learning problem can be described as a function
f:Q — R. We would naturally want f to minimize the risk

R(f) =E(f(X) - Y)*.
Ezample 8.3.2. For classification problems, we have Y € {0,1}, f : Q —
{0,1}, and thus

R(f) =P{f(X) #Y}.
(Check!) So the risk is just the probability of misclassification (such as
misdiagnosis for a patient).
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How much data do we need to learn, i.e how large sample size n needs
to be? This of course depends on the complexity of the problem. If the
dependence of Y on X is very intricate then we need more data, otherwise,
less. Usually we do not know the complexity a priori. So we may restrict
the complexity of the candidate functions f, insisting that f belong to some
given class of functions F.

Definition 8.3.3. The function f* that minimizes the risk a given function
class F, i.e.

* = in R
f arg nin (f),

1s called the target function.

How do we choose the function class F for a given learning problem?
Although there is no general rule, the choice of F should be based on the
trade-off between fit and complexity. Suppose we choose F to be too small;
for example, we want the interface between healthy (f(x) = 0) and sick
diagnoses (f(x) = 1) to be a line, like in Figure 8.5b. Although we will can
learn such a simple function f with less data, we probably oversimplified
the problem and. The linear function do not capture the essential trends in
this data, which will reflect in a big risk R(f).

Suppose, on the opposite, that we choose F to be too large. This will
result in overfitting where we are trying to fit f to noise like in Figure 8.5c.
Plus we will need a lot of data to learn such complicated functions.

A good choice of F is one that avoids either underfitting or overfitting,
just capturing the essential trends in the data just like in Figure 8.5a.

Empirical risk

The target function f* would give the best solution to the learning problem
in the class F, since it minimizes the risk

over all functions in F. Unfortunately, we can not compute R(f) from data
(we are not able to take population expectation E), so f* is not computable
either. Instead, we can try to estimate R(f) and thus f from the data.

Definition 8.3.4. The empirical risk for a function f : Q — R is defined
as



For higher dimensions,
[0,1]¢, see a marginal
note for Exercise 8.2.6.
I guess d = 2 could be
done easily there (Dud-
ley’s integral barely di-
verges so can use Ex-
ercise 8.1.12), and bor-
rowed here.
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The function f) that minimizes the risk a given function class F, i.e.
*:=argmin R
fi 1= angmin Ru(f).

is called the empirical target function.

The empirical risk, and thus the empirical target function f;;, can be
computed from the data. The outcome of learning from the data is thus f,.

The main question: how much data do we need for learning? More
precisely, how large is the excess risk

R(fn) = R(f")

produced by our having to learn from a finite sample of size n?
Suppose we can approximate the true risk by the empirical risk uniformly
in the class F, so we have a bound like

Esup [Rn(f) — R(f)| < en (8.25)
fer

with &, small. Then

R(f7) (fn) +en  (by (8.25))

<R,
< R,(f*)+en (since f, minimizes R,)
< R(f*)+2e, (again by (8.25)).

Thus the excess risk is bounded by 2¢,,:
R(fp) — R(f") < 2en.

We reduced our problem to establishing the uniform deviation inequality
(8.25). Let us show how to prove it for a specific example where F consists
of Lipschitz functions:

Fi={f:10,1] = R, || fllLp < L}. (8.26)
Theorem 8.3.5. Assume that the label Y is in [0,1] almost surely. Then
cL+y

E?gg]Rn(f)_R(fﬂ < NG

Consequently, the excess risk is
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In words, the excess risk of learning from data of size n decays like
O(1/y/m).

The proof of Theorem 8.3.5 is similar to the proof of the Uniform Law
of Large Numbers, Theorem 8.2.1. It is follows from Dudley’s integral in-
equality for the random process

Xp = Ra(f) — R(f). (8.27)

One just need to check that the process has sub-gaussian increments, and
we will do this in the next exercise.

Exercise 8.3.6. 1. Show that the random process (X¢)rer defined in (8.27)
for the Lipschitz functions class F in (8.26) has sub-gaussian increments:

CL
HXf _XgHw2 < ﬁ”]ﬂ_g“oo forall f,g € F.

2. Deduce Theorem 8.3.5.

8.4 Generic chaining

Dudley’s and Sudakov’s inequalities are simple and useful tools for bounding
random processes. These bounds are within O(logn) from being optimal,
as we may recall from Theorem 8.1.11. Unfortunately, it is not possible
to close the gap between Dudley’s and Sudakov’s inequality. There are
examples where one inequality gives a sharp bound and the other does not.
The issue is even more general. The entropy numbers N(T,d,e) do not
contain enough information to control the magnitude of Esup,cr X; up to
an absolute constant factor.

8.4.1 A makeover of Dudley’s inequality

References?

Fortunately, there is a way to obtain accurate, two-sided bounds on E sup;cr X;

for sub-gaussian processes (X;)ier in terms of the geometry of 7. This
method is called generic chaining, and it is essentially a sharpening of the
chaining method we developed in the proof of Dudley’s inequality (Theo-
rem 8.1.3). Recall that the outcome of chaining was the bound (8.12):

Esup X; < Z ex—1v/10g |Tk|. (8.28)

teT k=r+1



Do we need to define the
distance from a point to
a set?
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Here ¢, are decreasing positive numbers and T} are ep-nets of T' such that
|T.| = 1. To be specific, in the proof of Theorem 8.1.3 we chose

—k

£ =2 and |Ty| = N(T,d, ),

so Tj C T were the smallest ei-nets of T

In preparation for generic chaining, let us now turn around our choice of
e and Tj. Instead of fixing €, and operating the smallest possible cardinality
of Ty, let us fix the cardinality of T} and operate with the largest possible
€. Namely, fix some subsets T}, C T such that

Tol =1, Tl <2%, k=1,2,... (8.29)
Such sequence of sets (1})72, is called an admissible sequence. Put

e = supd(t, Ty).
teT

Then each T} is an e-net of T. With this choice of €5, and T}, the chaining
bound (8.28) becomes

oo
Esup X; < Z 2k/2 sup d(t, Ti—1).

teT P teT
After re-indexing, we conclude
oo
Esup X; < Z2k/2 sup d(t, Ty,). (8.30)
teT o teT

8.4.2 Talagrand’s 7, functional and generic chaining

So far, nothing really happened. The bound (8.30) is just an equivalent way
to state Dudley’s inequality. The important step will come now. The generic
chaining will allow us to pull the supremum outside the sum in (8.30). The
resulting important quantity has a name:

Definition 8.4.1 (Talagrand’s 7o functional). Let (T, d) be a metric space.
A sequence of subsets (T},)72, is called an admissible sequence if the cardi-
nalities of Ty, satisfy (8.29). The o functional of T' is defined as

[e.e]

T,d) = inf su 2k/12q(¢, T,
(T d) (Tk)te$k20 (& i)

where the infimum is with respect to all admissible sequences.
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Since the supremum in the o functional is outside the sum, it is smaller
than the Dudley’s sum in (8.30). Still, v2(T',d) controls the magnitude of
the random process. Let us state and prove this sharpening of Dudley’s
inequality.

Theorem 8.4.2 (Generic chaining bound). Let (X;)ier be a sub-gaussian
process on a metric space (T,d) in the sense of (8.1). Then

Esup X; < CKv»(T,d).
teT
Proof. We will proceed with the same chaining method that we introduced
in the proof of Dudley’s inequality Theorem 8.1.3, but we will do chaining
more accurately.

Step 1: Chaining set-up. As before, we may assume that K = 1 and
that 7' is finite. Let (T%) be an admissible sequence of subsets of T', and
denote Ty = {to}. We will walk from ¢y to a general point ¢ € T along the
chain

to = Wo(t) — 7T1(t) — s = WK(t) =1

of points 7 (t) € Ty, that are chosen as best approximations to ¢ in Ty, i.e.
d(t, m(t)) = d(t, Tk)-

The displacement X; — X;, can be expressed as a telescoping sum similar to
(8.9):
K
Xi = X1 = > (Xnp() = Xnpa(t)- (8.31)
k=1
Step 2: Controlling the increments. This is where we need to be
more accurate than in Dudley’s inequality. We would like to have a uniform
bound on the increments, a bound that would state with high probability
that
[ Xy = X

Tk—1

| <2¥%d(t,T,) VkeN, VteT. (8.32)

Summing these inequalities over all k would lead to a desired bound in terms
of Y2 (T, d) .

To prove (8.32), let us fix k& and ¢ first. The sub-gaussian assumption
tells us that

HXﬂ'k(t) - Xﬂk—l(t)Hq/,yQ < d(mi(t), me-1(1)).

This means that for every u > 0, the event

| X () = X1ty < Cu2 (e (t), i1 (1)) (8.33)
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holds with probability at least
1 — 2exp(—8u?2").
(To get the constant 8, choose the absolute constant C' large enough.) [
We can now unfix ¢ € T by taking a union bound over
[Tl - T ] < THf* = 22

possible pairs (7 (t), mx—1(¢)). Similarly, we can unfix k& by a union bound
over all £ € N. Then the probability that the bound (8.33) holds simulta-
neously for all t € T and k£ € N is at least

o
1-— Z 92" 2 exp(—8u?2%) > 1 — 2exp(—u?).
k=1
(Check the last inequality!)
Step 3: Summing up the increments. In the event that the bound

(8.33) does holds for all t € T' and k € N, we can sum up the inequalities
over k € N and plug the result into the chaining sum (8.31). This yields

Xy — Xy < Cud_ 252d(mp(t), me—a (1)) (8.34)
k=1

By triangle inequality, we have
d(mi(t), me—1(t)) < d(t, me(t)) + d(t, me—1(2)).

Using this bound and doing re-indexing, we find that the right hand side of
(8.34) can be bounded by 72(T, d), that is

|Xt — Xt0| § 01U’}/2(T, d)
(Check!) Taking the supremum over 7" yields

sup | Xy — Xy | < Couya(T, d).
teT

Recall that this inequality holds with probability at least 1 — 2exp(—u?).
This means that the magnitude in question is a sub-gaussian random vari-

able:

H sup ‘Xt — Xt0|
teT

< 0372 (T7 d) .
p2

This quickly implies the conclusion of Theorem 8.4.2. (Check!) O
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Remark 8.4.3 (Supremum of increments). A quick glance at the end of the
proof of Theorem 8.4.2 reveals that the generic chaining method actually
yields the bound
E sup |Xt - Xto| < CK72(T7 d)
teT
for any fixed typ € T'. Combining it with a similar bound for X, — X;, and
using triangle inequality, we deduce that

E sup |X; - X,| < CK(T, d).
t,seT

Note that in either of these two bounds, we need not require the mean zero
assumption E X; = 0. It is required, however, in Theorem 8.4.2. (Why?)

The argument above gives not only a bound on expectation but also a
tail bound for sup,c7 X;. Let us now give a better tail bound, similar to the
one we had in Theorem 8.1.5 for Dudley’s inequality.

Theorem 8.4.4 (Generic chaining: tail bound). Let (Xi)ier be a sub-
gaussian process on a metric space (T,d) in the sense of (8.1). Then, for
every u > 0, the event

Esup X; < CK |v(T,d) + u - diam(T)
teT

holds with probability at least 1 — 2 exp(—u?).

Exercise 8.4.5. Prove Theorem 8.4.4. Hint: State and use a variant of the
increment bound (8.33) with u + 2% instead of u2*/2. In the end of the argument, you
will need a bound on the sum of steps Y po | d(mr(t), T—1(t)). For this, modify the chain
{mi(t)} by doing a “lazy walk” on it. Stay at the current point mi(t) for a few steps (say,
q — 1) until the distance to t improves by a factor of 2, that is until

d(t, mx(t)),

N =

d(t, Tetq(t)) <

then jump to Tr4q(t). This will make the sum of the steps geometrically convergent.

Exercise 8.4.6 (Dudley’s integral vs. 72 functional). Show that v2 func-
tional is bounded by Dudley’s integral. Namely, show that for any metric
space (T,d), one has

w@@gc/mﬁ%Nm¢@@
0
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8.5 Talagrand’s majorizing measure and compari-
son theorems

Talagrand’s v functional introduced in Definition 8.4.1 has some advantages
and disadvantages over Dudley’s integral. A disadvantage is that v2(7, d)
is usually harder to compute than the metric entropy that defines Dudley’s
integral. Indeed, it could take a real effort to construct a good admissible
sequence of sets. However, unlike Dudley’s integral, the o functional gives
a bound on Gaussian processes that is optimal up to an absolute constant.
This is the content of the following theorem.

Theorem 8.5.1 (Talagrand’s majorizing measure theorem). Let (X;)icr be
a Gaussian process on a set T'. Consider the canonical metric defined on T
by (7.14), i.e. d(t,s) = || X; — Xs|l2. Then

c-y(T,d) <Esup X; < C-v(T,d).
teT

The upper bound in Theorem 8.5.1 follows directly from generic chaining
(Theorem 8.4.2). The lower bound is notably harder to obtain. Its proof,
which we will not present in this book, can be thought of as a far reaching,
multi-scale strengthening of Sudakov’s inequality (Theorem 7.5.1).

Note that the upper bound, as we know from Theorem 8.4.2, holds for
any sub-gaussian process. Therefore, by combining the upper and lower
bounds together, we can deduce that any sub-gaussian process is bounded
(via 7o functional) by a Gaussian process. Let us state this important com-
parison result.

Corollary 8.5.2 (Talagrand’s comparison inequality). Let (Xi)ier be a
random process on a set T and let (Yi)ier be a Gaussian process. Assume
that for allt,s € T, we have

1 Xe = X[l < K[IY; = Yilla.

Then
Esup X; < CK EsupY;.
teT teT
Proof. Consider the canonical metric on T' given by d(t,s) = ||Y; — Ys]|2.
Apply the generic chaining bound (Theorem 8.4.2) followed by the lower
bound in the majorizing measure Theorem 8.5.1. Thus we get

Esup Xy < CK~(T,d) < CKEsupY;.
tel teT

The proof is complete. O
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Corollary 8.5.2 extends Sudakov-Fernique’s inequality (Theorem 7.3.10)
for sub-gaussian processes. All we pay for such extension is an absolute
constant factor.

Let us apply Corollary 8.5.2 for a canonical Gaussian process

Y,={(g,z), €T

defined on a subset T' C R™. Recall from Section 7.7 that the magnitude of
this process,
w(T) = Esup (g, z)
z€T

is the Gaussian width of T'. We immediately obtain the following corollary.

Corollary 8.5.3 (Talagrand’s comparison inequality: geometric form). Let
(Xz)zer be a random process on a subset T C R™. Assume that for all
x,y €T, we have

X = Xyllp, < Kllz =yl

Then
Esup X, < CKw(T).
zeT

Exercise 8.5.4 (Two-sided bounds). Show that, in the context of Corol-
lary 8.5.3 (and even without the mean zero assumption) we have

Esup |X,| < CK(T).
zeT

Recall that v(T) is the Gaussian complexity of T'; we introduced this cousin
of Gaussian width in (7.27). Hint: Fiz xo € T and break the process into two parts:
| Xz| < | Xz —Xaoo|+1Xao|. Use Remark 8.4.3 to control the first part and the sub-gaussian
condition with y = 0 for the second part. Use Ezxercise 7.7.14 to pass from Gaussian width

to Gaussian complexity.

Exercise 8.5.5 (Tail bound). Show that, in the setting of Corollary 8.5.3,
for every u > 0 we have

sup Xy < CK(w(T') + u - diam(7"))
€T

with probability at least 1 — 2exp(—u?). Hint: Use Theorem 8.4..

State  explicitly  the
mean zero assumption
in all results where it is
required for the process
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8.6 Chevet’s inequality

Talagrand’s comparison inequality (Corollary 8.5.2) has several important
consequences. We will cover one application now, others will appear in
Chapter 77.

The theorem we are about to state gives a uniform bound for random
quadratic forms, that is a bound on

sup (Az,y) (8.35)
€T, yesS

where A is a random matrix and T and S are general sets.

We already encountered problems of this type when we analyzed the
norms of random matrices, namely in the proofs of Theorems 4.3.5 and
7.4.1. In those situations, T" and S were Euclidean balls. This time, we will
let T" and S be arbitrary geometric sets. Our bound on (6.2) will depend
on just two geometric parameters of T and S: the Gaussian width and the
radius, defined as

rad(7") := sup ||z]|2. (8.36)

zeT
Theorem 8.6.1 (Sub-gaussian Chevet’s inequality). Let A be an m x n
random matriz whose entries A;j are independent, mean zero, sub-gaussian
random variables. Let T C R™ and S C R™ be arbitrary bounded sets. Then

E sup (Az,y) < CK [w(T)rad(S) + w(S)rad(T)]
z€T,yesS

where K = maxij ||A1J||1/,2

Before we prove this theorem, let us make one simple illustration of its
use. Setting 7= S~ and S = ™!, we recover a bound on the operator
norm of A,

E Al < CK(Vn+ Vm),

which we obtained in Section 4.3.2 using a different method.

Proof of Theorem 8.6.1. We will use the same method as in our proof of the
sharp bound on Gaussian random matrices (Theorem 7.4.1). That proof
was based on Sudakov-Fernique comparison inequality; this time, we will
use the more general Talagrand’s comparison inequality.
Without loss of generality, K = 1. We would like to bound the random
process
Xy = (Au,v), weT,veS.
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Let us first show that this process has sub-gaussian increments. For any
(u,v), (w,z) € T x S, we have

HXuv - wszg = H ZAij(uivj - wizj)‘

— 2
Z?]
5 \1/2
< (Z | Asj(uivy — wizj)||w2) (by Proposition 2.6.1)
.3

1/2
< (D vy = wizil3)  (simee [[Aylly, < K =1)
i?j

= luv’ — w2
= |[(wv" —wo") + (wv" —wz")||p (adding, subtracting)
< [(u—=w'||p+ [|[wlv—2)T||p (by triangle inequality)
= [lu = wlflvll2 + [lv = z[l2]w]l2
< |lu — wl|2rad(S) + [|[v — z||2rad(T).
To apply Talagrand’s comparison inequality, we need to choose a Gaus-
sian process (Yy,) to compare the process (X,,) to. The outcome of our
calculation of the increments of (X,,) suggests the following definition for

(Yo ):
Yuv := (g, u) rad(S) + (h,v) rad(T),

where

g~ N(0,1I,), h~N(0,IL,)
are independent Gaussian vectors. The increments of this process are
1Yo — szH% = [lu— w”%rad(T)Q + [lv = ZH% rad(S)Q.

(Check this as in the proof of Theorem 7.4.1.)
Comparing the increments of the two processes, we find that

||Xu'u - sz”l/)z S ||Y1w - sz||2'

(Check!) Applying Talagrand’s comparison inequality (Corollary 8.5.3), we
conclude that

E sup Xuw SE sup Yy,

ueT,veS v ueT,veS
= Esup (g, u) rad(S) + Esup (h,v) rad(T")
ueT veES

= w(T)rad(S) + w(S) rad(T),

as claimed. ]
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Chevet’s inequality is optimal, up to an absolute constant factor:

Exercise 8.6.2 (Sharpness of Chevet’s inequality). Let A be an m X n
random matriz whose entries A;j are independent N(0,1) random variables.
Let T C R™ and S C R™ be arbitrary bounded sets. Show that the reverse
of Chevet’s inequality holds:
E sup (Az,y) > clw(T)rad(S)+ w(S)rad(T)].
z€T,yesS
Hint: Note that Esup,cr ,es (AT, y) > sup,cr Esup, 5 (Az, ).

Chevet’s inequality can be useful for computing general operator norms
of random matrices A. The case we have considered so far is where a random
matrix A : R™ — R™ acts as a linear operator between the spaces equipped
with the Euclidean norm || - ||2. The norm of A in this case is the classical
operator norm; recall Section 4.1.2. Chevet’s inequality allows to compute
the norm of A even if the spaces R™ and R™ are equipped with arbitrary,
possibly non-Eucdliean, norms. Let us illustrate this on the example of 7,
norms.

Exercise 8.6.3 ({, — ¢, norm of a random matrix). Let A be an m x n
random matriz whose entries A;j are independent, mean zero, sub-gaussian
random variables.

(a) Show that for every 1 < p < oo and 1 < q < oo, one has

E[A: €2 — 02 < Cpg(n'/? +m!/9). (8.37)

Here p' denotes the conjugate exponent for p, which is defined by the equa-
tion % + 1% =1, and with the convention that é = 0.
(b) How does the bound modify if p =17

(c) Show that the bound (8.37) can be reversed.
Hint: FExpress

|A: ey — 7] = sup  (Az,y)
xEB;},yEB;’}

and use Ezercise 7.7.5.
Exercise 8.6.4 (High probability version of Chevet). Under the assump-

tions of Theorem 8.6.1, prove a tail bound for sup,cr yes (AT, Y).
Hint: Use the result of FEzxercise 8.5.5.

Exercise 8.6.5 (Gaussian Chevet’s inequality). Suppose the entries of A
are N(0,1). Show that Theorem 8.6.1 holds with sharp constant 1, that is
E sup (Az,y) <w(T)rad(S)+ w(S)rad(T).

z€T,yes

Hint: Use Sudakov-Fernique’s inequality (Theorem 7.3.10) instead of Talagrand’s

comparison inequality.
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8.7 Vapnik-Chervonenkis dimension
Write!
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Chapter 9

Deviations of random
matrices and geometric
consequences

This chapter is devoted to a remarkably useful consequence of Talagrand’s
comparison inequality: a general uniform deviation inequality for random
matrices. Let A be an m xn matrix whose rows A; are independent, isotropic
and sub-gaussian random vectors in R”. We will essentially show that for
any subset 7' C R", we have

EsuIT) |Az||2 — E[|Az|2| < w(T). (9.1)
e

We will prove such inequality in Section 9.2 and garner its many applications
in Sections 77.

Let us pause to check the magnitude of E ||Ax|2 that appears in the
inequality (9.1). We should expect that

E || Az||2 ~ (E || Az||3)"/? (by concentration, see Exercise 5.2.5)

— S Ax2 1/2
(53 00)

= vmllz|2 (by linearity of expectation and isotropy).  (9.2)

In this light, we may expect that the following more informative version of
(9.1) should also be true:

Esug |Az|l2 — vVmlz|2| S w(T). (9.3)
TE

209

Extend that exercise to
include an approxima-
tion like this one.
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We will indeed deduce (9.3) from Talagrand’s comparison inequality
(Corollary 8.5.3). To apply the comparison inequality, all we need to check
that the random process

Xo = [|Azlly — Vmllz]l

has sub-gaussian increments. We will do this next.

9.1 Sub-gaussian increments of the random ma-
trix process
Theorem 9.1.1 (Sub-gaussian increments). Let A be an mxn matriz whose

rows A; are independent, isotropic and sub-gaussian random vectors in R™.
Then the random process

Xo = [ Azl — v/ml|z]l

has sub-gaussian increments, namely

1 Xz — Xyllgy < CK?||lz —yll2 for all z,y € R™. (9.4)

Here K = max; || A; |y, -

Remark 9.1.2 (Centered process). Applying Centering Lemma 2.6.6 we see
that the random process in (9.1), i.e.

X, = ||Az]lz — E[|Az]|;

has sub-gaussian increments, too. The conclusion of Theorem 9.1.1 holds
for this process, possibly with a different absolute constant.

We are now going to prove Theorem 9.1.1. Although this proof is a bit
longer than most of the arguments in this book, we will make it easier by
working out simpler, partial cases first and gradually moving toward full
generality. We will develop this argument in the next few subsections.

9.1.1 Proof for unit vector x and zero vector y

Assume that
lzlo=1 and y=0.

In this case, the inequality in (9.4) we want to prove becomes

14z, - vml| | < cx?. (9.5)
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Note that Ax is a random vector in R with independent, sub-gaussian
coordinates (A;, x), which satisfy E (A;, x>2 = 1 by isotropy. Then the Con-
centration of Norm Theorem 3.1.1 yields (9.5).

9.1.2 Proof for unit vectors z,y and for the squared process
Assume now that
[z]l2 = [lyll2 = 1.

In this case, the inequality in (9.4) we want to prove becomes
|14zl =14yl < OR?le =y (9.6)
2

We will first prove a version of this inequality for the squared Euclidean
norms, which are more convenient to handle. Let us guess what form such
inequality should take. We have

lAz]3 ~ 1 Ay13 = (114all> + 1 4yll2) - (14llz — | Ayl )
S Vil = ylla (9.7)

The last bound should hold with high probability because the typical mag-
nitude of ||Az||2 and ||Ayll2 is /m by (9.2), and since we expect (9.6) to
hold.
Now that we guessed the inequality (9.7) for the squared process, let us
prove it. We are looking to bound the random variable
[ Az [ — [|Ayll3 _ (A(z —y), A(z +y))

|
7Z = = = (Au, Av) (9.8)
Iz = yll2 lz = yll2

where
r—Yy

U= —
2 —yll2
The desired bound is

and v:i=x+y.

|Z| < v/m with high probability.

The coordinates of the vectors Au and Av are (A;,u) and (A4;,v). So we
can represent Z as a sum of independent random variables

Z = ' <A,,u> <Ai,1}>,

=1
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Lemma 9.1.3. The random variables (A;,u) (A;,v) are independent, mean
zero, and sub-exponential; more precisely,

H <A’Lau> <Aiav < 2K2

Mo,
Proof. Independence follows from the construction, but the mean zero prop-
erty is less obvious. Although both (A;,u) and (A;,v) do have zero means,
these variables are not necessarily independent from each other. Still, we
can check that they are uncorrelated. Indeed,

E(Ai,z —y) (A z+y) =E|(A,2)° — (A,p)°| =1-1=0

by isotropy. By definition of u and v, this implies that E (A;, u) (A;,v) = 0.
To finish the proof, recall from Lemma 2.7.5 that the product of two
sub-gaussian random variables is sub-exponential. So we get

1A w) (i o) [, < [ €A [, - I (Ai o) ],
< K||u|2 - Kljv|l2  (by sub-gaussian assumption)

< 2K?
where in the last step we used that ||u|ls = 1 and ||v]]2 < ||z|l2+|lyll2 < 2. O

To bound Z, we will use Bernstein’s inequality (Corollary 2.8.4); recall
that it applies for a sum of independent, mean zero, sub-exponential random
variables.

Exercise 9.1.4. Apply Bernstein’s inequality (Corollary 2.8.4) and simplify
the bound. You should get

2
CS
IP’{|Z| > s\/m} < 2exp (— ﬁ)
for any 0 < s < \/m. Hint: In this range of s, the sub-gaussian tail will dominate in
Bernstein’s inequality. Do not forget to apply the inequality for 2K? instead of K because
of Lemma 9.1.35.

Recalling the definition of Z, we can see that we obtained the desired
bound (9.7).

We wish this bound was true for all s, but for large s it may not hold.
The squared process, being sub-exponential, can not have a strictly lighter,
sub-gaussian tail everywhere.
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9.1.3 Proof for unit vectors z,y and for the original process

Now we would like to remove the squares from || Az||3 and ||Ay||3 and deduce
inequality (9.6) for unit vectors = and y. Let us state this goal again.

Lemma 9.1.5 (Unit y, original process). Let x,y € S"!. Then
|14l 4l < CB?a—y.
2

Proof. Fix s > 0. The conclusion we want to prove is that

2

p(s) i P { 421> ~ |4yl } crew(~S). o)

[z = yll2 Kt

We will proceed differently for small and large s.

Case 1: s < 2y/m. In this range, we will use our results from the previous
subsection. They are stated for the squared process though. So, to be able
to apply those results, we multiply both sides of the inequality defining p(s)
by ||Az|l2 + ||Ay|l2. With the same Z as we defined in (9.8), this gives

p(s) =P {|1Z] = s(|Azll2 + [[Ayll2) } < P{|Z] > s||Az|2} .

As we noted in (9.2), typically we have [|Az|2 &~ /m. So it makes
sense to break the probability that |Z| > s||Az||2 into two cases: one where
|Az|| > /m/2 and thus |Z| > s\/m/2, and the other where ||Az| < \/m/2
(and there we will not care about Z). This leads to

o) <P {1212 20 b p el < 5 = pa(o) + oo
The result of Exercise 9.1.4 gives
p1(s) < 2exp ( - ;i)
Further, the bound (9.5) and triangle inequality gives
pals) < B {|lsl — v > U} < 2o (- 7).
Summing the two probabilities, we conclude a desired bound

cs?
p(s) < dexp ( - ﬁ)
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Case 2: s > 2y/m. Let us look again at the inequality (9.9) that defines
p(s), and slightly simplify it. By triangle inequality, we have

[ Az[l2 — [ Ayllz| < [|AGz — y)ll2.

Thus
p(s) <P {|Aulls > s} (where u := ﬁ as before)
<P {||Aul2 — vVm > s/2} (since s > 2y/m)
< 2exp ( - ;i) (using (9.5) again).

Therefore, in both cases we obtained the desired estimate (9.9). This
completes the proof of the lemma.

9.1.4 Proof of Theorem 9.1.1 in full generality

Finally, we are ready to prove (9.4) for arbitrary z,y € R". By scaling, we
can assume without loss of generality that

lzll2 =1 and |yl > 1. (9.10)

(Why?) Consider the contraction of y onto the unit sphere, see Figure 77:

_ Y

= o (9.11)
l[yll2

Use triangle inequality to break the increment in two parts:
1 Xz = Xyllp, <Xz — Xglly, + [ Xg — Xylly,-

Since z and y are unit vectors, Lemma 9.1.5 may be used to bound the
first part. It gives

1Xe = Xgllg, < CEZ||lz —gll2.
To bound the second part, note that ¢ and y are collinear vectors, so
1Xg = Xylly, = 17— yll2 - [ Xgll.-
(Check this identity!) Now, since ¢ is a unit vector, (9.5) gives

X5l < CK2.
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Combining the two parts, we conclude that
1%z = Xylly, < CK* ([l =gl + 17 — yll2)- (9.12)

At this point we might get nervous: we need to bound the right hand
side by |z — y||2, but triangle inequality would give the reverse bound!
Nevertheless, looking at Figure 9.1 we may suspect that in our case triangle
inequality can be approximately reversed. The next exercise confirms this
rigorously.

Figure 9.1: Exercise 9.1.6 shows that triangle inequality can be approximately
reversed from these three vectors, and we have ||z — gll2 + |7 — yll2 < V2|l — y|2.

Exercise 9.1.6 (Reverse triangle inequality). Consider vectors x,y,y € R"
be satisfying (9.10) and (9.11). Show that
lz = Fll2 + 17 = yll2 < V2]|z = ylla-
Using the result of this exercise, we deduce from (9.12) the desired bound
Xz = Xylly, < CE?|lz —ylla.

Theorem 9.1.1 is completely proved. O

9.2 Matrix deviation inequality

We will now state and quickly deduce the matrix deviation inequality that
we announced in (9.1).

Theorem 9.2.1 (Matrix deviation inequality). Let A be an m X n matriz
whose rows A; are independent, isotropic and sub-gaussian random vectors
i R™. Then for any subset T' C R™, we have

Esup |[|Az|ls — v/mljz]2| < CK?y(T).
zeT

Here y(T) is the Gaussian complexity introduced in (7.27), and K = max; || A;||y, -
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Proof. By Theorem 9.1.1, the random process

Xo = [[Azll2 — Vmllz|2-

has sub-gaussian increments. This allows us to apply Talagrand’s compari-
son inequality in the form of Exercise 8.5.4. It gives

Esup|X,| < CK*y(T)
zeT

as announced. O

Exercise 9.2.2 (The centered process). Show that the conclusion of Theo-
rem 9.2.1 holds with E || Az||2 instead /m||z|2, i.e. we have

Esup [ Az — E | Az]s| < CK>(T).
zeT

This form of matriz deviation inequality is dimension-free. Hint: Bound the
difference between E ||Az||2 and /m||z||2 using (9.5).

Exercise 9.2.3 (Matrix deviation inequality: tail bounds). 1. Prove the
following high-probability version of the conclusion of Theorem 9.2.1. For
any u > 0, the event

sup ||| Az|s — vml|jz|2| < CK? [w(T) + u - rad(T)] (9.13)
€T

holds with probability at least 1 — 2exp(—u?). Here rad(T) is the radius of
T introduced in (8.36).

Hint: Use the high-probability version of Talagrand’s comparison inequality from Ez-
ercise 8.5.5.

2. Argue that (9.13) can be further bounded by CK?u~y(T) for u > 1.
Conclude that the result of part 1 of this exercise implies the conclusion of
Theorem 9.2.1.

9.3 Bounds on random matrices and sizes of ran-
dom projections
9.3.1 Two-sided bounds on random matrices

Matrix deviation inequality has a number of important consequences, which
we will cover in the next few sections.
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To get started, let us apply the matrix deviation inequality for the unit
Euclidean sphere T' = S™!. In this case, we recover the bounds on random
matrices that we proved in Section 4.5.

Indeed, the radius and Gaussian width of T' = S"~1 satisfy

rad(T) =1, w(T) < +/n.

(Recall (7.21).) Matrix deviation inequality in the form of Exercise 9.2.3
together with triangle inequality imply that the event

Vm — CK?*(vn+u) < ||Az|s < vm + CK*(Vn+u) Voe S !

holds with probability at least 1 — 2 exp(—u?).
We can interpret this event as a two-sided bound on the extreme singular
values of A (recall (4.2)):

vm — CK%(vn +u) < sp(A) < 51(A) < vVm+ CK?*(Vn +u).

Thus we recover the result we proved in Theorem 4.5.1.

9.3.2 Sizes of random projections of geometric sets

Let us note an immediate application of matrix deviation inequality. for
sizes of random projections of geometric sets we studied in Section 7.8. We
will see how matrix deviation inequality can yield a sharper bound.

Proposition 9.3.1 (Sizes of random projections of sets). Consider a bounded
set T C R™. Let A be an m X n matriz whose rows A; are independent,
isotropic and sub-gaussian random vectors in R™. Then the scaled matrizx

1
P=—A
NLD

(a “sub-gaussian projection”) satisfies
Ediam(PT) < /2= diam(T) + CK 2wy (T).
n

Here ws(T) is the spherical width of T (recall Section 7.7.2) and K =
max; || Ail|y,

Proof. Theorem 9.2.1 implies via triangle inequality that

Esup || Azlls < v/msup||z]ls + CK>(T).
€T zeT
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We can state this inequality in terms of radii of the sets AT and T as
Erad(AT) < vmrad(T) + CK?*~(T).

Applying this bound for the difference set T — T instead of T', we can write
it as
E diam(AT) < v/m diam(T) + CK?w(T).

(Here we used (7.28) to pass from Gaussian complexity to Gaussian width.)
Dividing both sides by y/n completes the proof. O

Let us compare Proposition 9.3.1 with our older bounds on sizes of pro-
jections, Theorem 7.8.1. We can see that the new result is more general and
also sharper. It states that the diameter scales by the exact factor \/m/n
without an absolute constant in front of it.

Exercise 9.3.2 (Sizes of projections: high-probability bounds). Use the
high-probability version of matriz deviation inequality (Ezercise 9.2.3) to
obtain a high-probability version of Proposition 9.5.1 with better probability
Namely, show that for € > 0, the bound

diam(AT) < (1 + e)ﬁdiam(T) + CK%wy(T)

holds with probability at least 1 — exp(—ce?m/K*).

Exercise 9.3.3. Deduce a version of Proposition 9.3.1 for the original model
of P considered in Section 7.8, i.e. for a random projection P onto a random
m-dimensional subspace E ~ Unif(Gy, ).

9.4 Johnson-Lindenstrauss Lemma for infinite sets

Let us now apply the matrix deviation inequality for a finite set 7. In this
case, we recover Johnshon-Lindenstrauss Lemma from Section 5.3 and more.

9.4.1 Recovering the classical Johnson-Lindenstrauss

Let us check that matrix deviation inequality contains the classical Johnson-
Lindenstrauss Lemma (Theorem 5.3.1). Let & be a set of N points in R”
and define T to be the set of normalized differences of X, i.e.

T .= {u : x,y € X are distinct points}.
[z —yll2
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Then the radius and Gaussian complexity of T' satisfy

rad(T) <1, ~(T)<Cy/logN (9.14)

(Recall Exercise 7.7.6). Then matrix deviation inequality (Theorem 9.2.1)
implies that the bound

sup Az = Aylls _ \/E’ < /log N (9.15)

zyeX ||33 - Z/||2

holds with high probability. To keep the calculation simple, we will be
satisfied here with probability 0.99, which can be obtained using Markov’s
inequality; Exercise 9.2.3 gives better probability. Also, for simplicity we
suppressed the dependence on the sub-gaussian norm K.

Multiply both sides of (9.15) by \/—%Hx — y||2 and rearrange the terms.
We obtain that, with high probability, the scaled random matrix

1
Q::ﬁA

is an approximate isometry on X, i.e.
(I=e)llz—yll2 < |Qx — Qyll2 < (1 + &)z —ylla for all 2,y € X.
where

log N

€S
m

Equivalently, if we fix € > 0 and choose the dimension m such that
m > e 2log N,

then with high probability @ is an e-isometry on X. Thus we recover the
classical Johnson-Lindenstrauss Lemma (Theorem 5.3.1).

Exercise 9.4.1. In the argument above, quantify the probability of success
and dependence on K. Thus, use matrix deviation inequality to give an
alternative solution of Exercise 5.3.35.

9.4.2 Johnson-Lindenstrauss lemma for infinite sets

The argument above does not really depend on X being a finite set. We only
used that X is finite to bound the Gaussian complexity in (9.14). This means
that we can give a version of Johnson-Lindenstrauss lemma for general, not
necessarily finite sets. Let us state such version.
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Proposition 9.4.2 (Additive Johnson-Lindenstrauss Lemma). Consider a
set X C R™. Let A be an m X n matrix whose rows A; are independent,
1sotropic and sub-gaussian random vectors in R™. Then, with high probability
(say, 0.99), the scaled matriz

satisfies
[z =yllz =0 < [[Qe—Qyll2 < lz—yla+6 forallz,yeX

where
_ CK?w(X)

= m

and K = max; || A; |y, -

Proof. Choose T to be the difference set, i.e. T'= X — X, and apply matrix
deviation inequality (Theorem 9.2.1). It follows that, with high probability,

sup [|Az — Ayll2 — vm|z — yll2| < CK?*y(X — X) = 2CK>w(X).
x,ye

(In the last step, we used (7.28).) Dividing both sides by \/m, we complete
the proof. O

Note that the error § in Proposition 9.4.2 is additive, while the classical
Johnson-Lindenstrauss Lemma for finite sets (Theorem 5.3.1) has a multi-
plicative form of error. This may be a small difference, but in general it is
necessary:

Exercise 9.4.3 (Additive error). Suppose a set X has a non-empty inte-
rior. Check that, in order for the conclusion (5.10) of the classical Johnson-
Lindenstrauss lemma to hold, one must have

rank(Q) = m > n.

Remark 9.4.4 (Statistical dimension). The additive version of Johnson-Lindenstrauss
Lemma can be naturally stated in terms of the statistical dimension of X,

w(X)?

d(x) ~ diam(X)2’
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which we introduced in Section 7.7.4. To see this, let us fix ¢ > 0 and choose
the dimension m so that it exceeds an appropriate multiple of the statistical

dimension, namely
m > (CK*/e?)d(T).

Then in Proposition 9.4.2 we have § < ediam(X’). This means that @ pre-
serves the distances in X to within a small fraction of the maximal distance,
which is the diameter of X.

9.5 Random sections: M* bound and Escape The-
orem

Consider a set T' C R™ and a random subspace F with given dimension. How
large is the typical intersection of 7" and E? See Figure 9.2 for illustration.
There are two types of answers to this question. In Section 9.5.1 we will
give a general bound the expected diameter of T'N FE; it is called the M*
bound. The intersection T'N E can even be empty; this is the content of
the Escape Theorem which we will prove in Section 9.5.2. Both results are
consequences of matrix deviation inequality.

E

Figure 9.2: Illustration for M* bound: the intersection of a set T" with a random
subspace F.

9.5.1 M* bound

First, it is convenient to realize the random subspace E as a kernel of a
random matrix, i.e. set

E:=kerA

where A is a random m x n random matrix. We always have

dim(E) > n —m,
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and for continuous distributions we have dim(E) = n — m almost surely.

Ezample 9.5.1. Let A be a Gaussian matrix with independent N(0,1) en-
tries. Rotation invariance implies that £ = ker(A) is uniformly distributed
in the Grassmanian:

E ~ Unif(Gpn—m)-

Our main result is the following general bound on the diameters of ran-
dom sections of geometric sets. For historic reasons, this results is called
the M* bound.

Theorem 9.5.2 (M*bound). Consider a set T'C R". Let A be an m X n
matriz whose rows A; are independent, isotropic and sub-gaussian random
vectors in R™. Then the random subspace E = ker A satisfies

K?w(T
E diam(T 1 B) < S50
vm
where K = max; || Az|qy, -
Proof. Apply Theorem 9.2.1 for T'— T and obtain

E SupTlllAuv — Aylla — v/mljz — ylla| < CK*y(X — X) = 20K>w(T).
I,ye

If we restrict the supremum to points x, y in the kernel of A, then || Az — Ay||2
disappears since A(z — y) = 0, and we have

E  sup vVmlz—yl2 <20K*w(T).
z,y€TNker A

Dividing by /m yields

CK2w(T)
\/m )

which is the bound we claimed. O

E diam(7 Nker A) <

Exercise 9.5.3 (Affine sections). Check that M* bound holds not only for
sections through the origin but for all affine sections as well:

K2w(T
Emaxdiam(T' N E,) < CRw(T)
z€ERM /m

where B, = z + ker A.
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Remark 9.5.4 (Statistical dimension). Surprisingly, the random subspace E
in the M* bound is not low-dimensional. On the contrary, dim(E) > n—m
and we would typically choose m < n, so E has almost full dimension. This
makes the M™* bound a strong and perhaps surprising statement.

It can be enlightening to look at the M* bound through the lens of
the notion of statistical dimension d(T) ~ w(T)?/diam(T)?, which we in-
troduced in Section 7.7.4. Fix ¢ > 0. Then the M* bound can be stated
as

Ediam(T' N E) < ¢ - diam(7T)

as long as
m > C(K*/e?)d(T). (9.16)

In words, the M™* bound becomes non-trivial — the diameter shrinks — as long
as the codimension of E exceeds a multiple of the statistical dimension of T'.

Equivalently, the dimension condition states that the sum of dimension
of F and a multiple of statistical dimension of 7' should be bounded by
n. This condition should now make sense from the linear algebraic point
of view. For example, if T' is a centered Euclidean ball in some subspace
F C R"™ then a non-trivial bond diam (7 N E) < diam(7") is possible only if

dim F +dim F < n.

(Why?)

Let us look at one remarkable example of application of the M* bound.
Ezample 9.5.5 (The ¢; ball). Let T = B}, the unit ball of the ¢; norm in
R™. Since we proved in (7.23) that w(T") ~ y/logn, the M* bound (Theo-
rem 9.5.2) gives

1
Ediam(T N E) < y/ —2 2.

m

For example, if m = 0.1n then

E diam(T N E) < \/10%. (9.17)

Comparing this with diam(7) = 2, we see that the diameter shrinks by
almost y/n as a result of intersecting 7" with the random subspace E that
has almost full dimension (namely, 0.9n).

For an intuitive explanation of this surprising fact, recall from Sec-
tion 7.7.3 that the “bulk” the octahedron T' = BT is formed by the inscribed
ball %Bg Then it should not be surprising if a random subspace E tends
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to pass through the bulk and miss the “outliers” that lie closer to the ver-
tices of T'. This makes the diameter of T'N E essentially the same as the
size of the bulk, which is 1/y/n.

This example indicates what makes a surprisingly strong and general
result like M* bound possible. Intuitively, the random subspace E tends to
pass entirely through the bulk of 7', which is usually a Euclidean ball with

Sharper bound - later in much smaller diameter than 7', see Figure 9.2.

E ise 77
xerese Exercise 9.5.6 (M* bound with high probability). Use the high-probability

version of matriz deviation inequality (Ezercise 9.2.3) to obtain a high-
probability version of the M* bound.

9.5.2 Escape theorem

In some circumstances, a random subspace £ may completely miss a given
set T in R™. This might happen, for example, if T" is a subset of the sphere,
see Figure 9.3. In this case, the intersection T'N E is typically empty under
essentially the same conditions as in M* bound.

E

Figure 9.3: Illustration for the Escape theorem: the set 1" has empty intersection
with a random subspace F.

Theorem 9.5.7 (Escape theorem). Consider a set T C S™1. Let A be an
m X n matrix whose rows A; are independent, isotropic and sub-gaussian
random vectors in R™. If

m > CK*w(T)?, (9.18)
then the random subspace E = ker A satisfies
TNE=10

with probability at least 1 — 2exp(—cm/K*). Here K = max; || A;||y,-
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Proof. Let us use the high-probability version of matrix deviation inequality
from Exercise 9.2.3. It states that the bound

sup ||| Azs — vm| < C1LK?*(w(T) + u) (9.19)
zeT

holds with probability at least 1 — 2exp(—u?). Suppose this event indeed
holds and T'N E # (). Then for any = € T N E we have ||Az||2 = 0, so our
bound becomes

\/ﬁ < ClKQ(w(T) + ’LL)

Choosing u := /m2C1 K?, we simplify the bound to

m < ClKQw(T) + \/2%,
which yields
vm < 2C K*w(T).

But this contradicts the assumption of the Escape theorem, as long as we
choose the absolute constant C' large enough. This means that the event
(9.19) with u chosen as above implies that TN E = (). The proof is complete.

O

Exercise 9.5.8 (Sharpness of Escape theorem). Discuss the sharpness of

Escape Theorem for the example where T is the unit sphere of some subspace
of R™,

Exercise 9.5.9 (Escape from a point set). Prove the following version of
Escape theorem with a rotation of a point set instead of a random subspace.
Consider a set T C S™ 1 and let X be a set of N points in R™. Show

that, if
1
O'nfl(T) < N

then there exists a rotation U € O(n) such that
TNnUX =0.

Here 0,1 denotes the normalized Lebesgue measure (area) on S™ 1.

Hint: Consider a random rotation U € Unif(SO(n)) as in Section 5.2.5. Applying a
union bound, show that the probability that there exists x € X such that Uz € T is smaller
than 1.
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Chapter 10

Sparse Recovery

In this chapter, we study applications of high-dimensional probability to
signal recovery problems that are typical for modern data sciences.

10.1 High dimensional signal recovery problems

Mathematically, a signal is a vector x € R™. Suppose we do not know z,
but we have m random, linear, possibly noisy measurements of x. Such
measurements can be represented a vector y € R™ with following form:

y = Az + w. (10.1)

Here A is an m x n known random measurement matrix, and w € R™ is an
unknown noise vector; see Figure 10.1. Our goal is to recover z from A and
y as accurately as possible.

Note that the measurements y = (y1,...,¥m) can be equivalently repre-
sented as

yi = (A, z) 4w, i=1,...,m (10.2)

where AiT € R™ denote the rows of the matrix A. It is natural to assume
that A; are independent, which makes the observations y; independent, too.

Ezample 10.1.1 (Audio sampling). In signal processing applications, x can
be a digitized audio signal. The measurement vector y can be obtained by
sampling x at m randomly chosen time points, see Figure 10.2.

Ezample 10.1.2 (Linear regression). The linear regression is one of the major
inference problems in Statistics. Here we would like to model the relationship

227
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Figure 10.1: Signal recovery problem: recover a signal z from random, linear mea-
surements y.

Figure 10.2: Signal recovery problem in audio sampling: recover an audio signal x
from a sample of z taken at m random time points.
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between n predictor variables and a response variable using a sample of m
observations. The regression problem is usually written as

Y =XG+w.

Here X is an m x n matrix that contains a sample of predictor variables,
Y € R™ is a vector that contains a sample of response variables, 5 € R™ is a
coeflicient vector that specifies the relationship that we try to recover, and
w 1S a noise vector.

For example, in genetics one could be interested in predicting a certain
disease based on genetic information. One then performs a study on m
patients collecting the expressions of their n genes. The matrix X is defined
by letting X;; be the expression of gene j in patient ¢, and the coefficients
Y; of the vector Y can be set to quantify whether or not patient ¢ has the
disease (and to what extent). The goal is to recover the coefficients of 3,
which quantify how each gene affects the disease.

10.1.1 Incorporating prior information about the signal

Many modern signal recovery problems operate in the regime where
m < n,

i.e. we have far fewer measurements than unknowns. For instance, in a
typical genetic study like the one described in Example 10.1.2, the number
of patients is ~ 100 while the number of genes is ~ 10, 000.

In this regime, the recovery problem (10.1) is ill-posed even in the noise-
less case where w = 0. It can not be even approximately solved: the solu-
tions form a linear subspace of dimension at least n — m. To overcome this
difficulty, we can leverage some prior information about the signal x — some-
thing that we know, believe, or want to enforce about z. Such information
can be mathematically be expressed by assuming that

z€T (10.3)

where T' C R™ is a known set.

The smaller the set T, the fewer measurements m could be needed to
recover x. For small £, we can hope that signal recovery can be solved even
in the ill-posed regime where m < n. We will see how this idea works in
the next sections.
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10.2 Signal recovery based on M* bound

Let us return to the the recovery problem (10.1). For simplicity, let us first
consider the noiseless version of the problem, that it

y=Ax, zeT.

To recap, here x € R" is the unknown signal, 7' C R" is a known set that
encodes our prior information about x, and A is a known m X n random
measurement matrix. Our goal is to recover z from y.

Perhaps the simplest candidate for the solution would be any vector x’
that is consistent both with the measurements and the prior, so we

finda': y=Az', xzeT. (10.4)

If the set T' is convex, this is a convex program (in the feasibility form), and
many effective algorithms exists to numerically solve it.

This naive approach actually works well. We will now quickly deduce
this from the M™* bound from Section 9.5.1.

Theorem 10.2.1. Suppose the rows A; of A are independent, isotropic
and sub-gaussian random vectors. Then a solution T of the program (10.4)
satisfies

CK?w(T)

N

ElZ -2 <
where K = max; || A;l|y, -
Proof. Since 2,7 € T and Ax = AT = y, we have
r,7e€TNE,
where E, := x+ker A. (Figure 10.3 illustrates this situation visually.) Then

E,=1xz+ker4d

Figure 10.3: Signal recovery: the signal x and the solution Z lie in the prior set T'
and in the affine subspace FE,.
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the affine version of the M* bound (Exercise 9.5.3) yields

CK?w(T)

This completes the proof. ]

E||Z — z|s < Ediam(T N E,) <

Remark 10.2.2 (Statistical dimension). Arguing as in Remark 9.5.4, we ob-
tain a non-trivial error bound

E|Z — z||2 < e-diam(T)
provided that the number of measurements m is so that
m > C(K*/e?)d(T).

In words, the signal can be approximately recovered as long as the number of
measurements m exceeds a multiple of the statistical dimension d(T') of the
prior set T'.

Since the statistical dimension can be much smaller than the ambient
dimension n, the recovery problem may often be solved even if the high-
dimensional, ill-posed regime where

m < n.

We will see some concrete examples of this situation shortly.

Remark 10.2.3 (Convexity). If the prior set T' is not convex, we can con-
vexify it by replacing T with its convex hull conv(7"). This makes (10.4) a
convex program, and thus computationally tractable. At the same time, the
recovery guarantees of Theorem 10.2.1 do not change since

w(conv(T)) = w(T)
by Proposition 7.7.2.

Exercise 10.2.4 (Noisy measurements). Extend the recovery result (Theo-
rem 10.2.1) for the noisy model y = Axz+w we considered in (10.1). Namely,
show that
CK?*w(T) + ||w||2

NG :

Hint: Modify the argument that leads to the M™ bound.

E|7 - |2 <
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Exercise 10.2.5 (Mean squared error). Prove that the error bound Theo-
rem 10.2.1 can be extended for the mean squared error

~ 2
B[z — (/3.
Hint: Modify the M™ bound accordingly.

Exercise 10.2.6 (Recovery by optimization). Suppose T is the unit ball of
some norm || - |7 in R™. Show that the conclusion of Theorem 10.2.1 holds
also for the solution of the following optimization program:

minimize ||2'||7 s.t. y = Ax’.

10.3 Recovery of sparse signals

10.3.1 Sparsity

Let us give a concrete example of a prior set T. Very often, we believe
that x should be sparse, i.e. that most coefficients of x are zero, exactly
or approximately. For instance, in genetic studies like the one we described
in Example 10.1.2, it is natural to expect that very few genes (~ 10) have
significant impact on a given disease, and we would like to find out which
ones.

In some applications, one needs to change basis so that the signals of
interest are sparse. For instance, in the audio recovery problem considered
in Example 10.1.1, we typically deal with band-limited signals z. Those
are the signals whose frequencies (the values of the Fourier transform) are
constrained to some small set, such as a bounded interval. While the audio
signal z itself is not sparse as is apparent from Figure 10.2, the Fourier
transform of x may be sparse. In other words, x may be sparse in the
frequency and not time domain.

To quantify the (exact) sparsity of a vector z € R™, we consider the size
of the support of x which we denote

[2llo == [supp(z)| = {7 : ; # 0}

Assume that
lz]jo = s < n. (10.5)

This can be viewed as a special case of a general assumption (10.3) by
putting
T={zeR": [z|o <s}.
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Then a simple dimension count shows the recovery problem (10.1) could
become well posed:

Exercise 10.3.1 (Sparse recovery problem is well posed). Argue that if
m > ||zllo, the solution to the sparse recovery problem (10.1) is unique if it
exists.

Even when the problem (10.1) is well posed, it could be computationally
hard. It is easy if one knows the support of z (why?) but usually the support
is unknown. An exhaustive search over all possible supports (subsets of a
given size s) is impossible since the number of possibilities is exponentially
large: (") > 2°.

Fortunately, there exist computationally effective approaches to high-
dimensional recovery problems with general constraints (10.3), and the sparse
recovery problems in particular. We will cover these approaches next.

Exercise 10.3.2 (The “/, norms” for 0 < p < 1). 1. Check that | - ||o is
not a norm on R".

2. Check that || - ||, is not a norm on R™ if 0 < p < 1. Figure 10.4
illustrates the unit balls for various £, “norms”.

3. Show that, for every x € R™,

= i .
lzllo = T [l

R e o=n=aI

Figure 10.4: The unit balls of ¢, for various p in R%.

il
8

10.3.2 Convexifying the sparsity by ¢/; norm, and recovery
guarantees

Let us specialize the general recovery guarantees developed in Section 10.2
to the sparse recovery problem. To do this, we should choose the prior set T’
so that it promotes sparsity. In the previous section, we saw that the choice

T:={zeR": ||z]o < s}

does not allow for computationally tractable algorithms.
To make T' convex, we may replace the “/p norm” by the ¢, norm with
the smallest exponent p > 0 that makes this a true norm. This exponent
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is obviously p = 1 as we can see from Figure 10.4. So let us repeat this
important heuristic: we propose to replace the £y “norm” by the £1 norm.
Thus it makes sense to choose T to be a scaled #¢; ball:

T := /sBY.

The scaling factor /s was chosen so that T' can accommodate all s-sparse
unit vectors:

Exercise 10.3.3. Check that
{z €R™: Jlzflo < s, [lz]2 < 1} € V/sBY.
For this T', the general recovery program (10.4) becomes
Find 2’ : y = A2, ||2/]1 < V/s. (10.6)

Note that this is a convex program, and therefore is computationally tractable.
And the general recovery guarantee, Theorem 10.2.1, specialized to our case,
implies the following.

Corollary 10.3.4 (Sparse recovery: guarantees). Assume the unknown s-
sparse signal x € R™ satisfies ||x|l2 < 1. Then x can be approzimately
recovered from the random measurement vector y = Ax by a solution T of
the program (10.6). The recovery error satisfies

1
E|Z —z|s < CK2y/ 28",
m

Proof. Set T = /sB}. The result follows from Theorem 10.2.1 and the
bound (7.23) on the Gaussian width of the ¢; ball:

w(T) = v/sw(B}) < Cy/slogn. O
The recovery error becomes small if
m ~ slogn,

if the hidden constant here is appropriately large. In words, recovery is
possible if the number of measurements m s almost linear in the sparsity
s, while its dependence on the ambient dimension n is mild (logarithmic).
This is good news. It means that for sparse signals, one can solve recovery
problems in the high dimensional regime where

m << n,

i.e. with much fewer measurements than the dimension.
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Exercise 10.3.5 (Sparse recovery by convex optimization). 1. Show that
an unknown s-sparse signal x (without restriction on the norm) can be ap-
proximately recovered by solving the convex optimization problem

minimize ||2'||y s.t. y = Az’ (10.7)
The recovery error satisfies

slogn

ElZ -zl <C [[]l2-

m

2. Argue that a similar result holds for approximately sparse signals.
State and prove such a guarantee.

10.3.3 The convex hull of sparse vectors, and the logarithmic
improvement

The replacement of s-sparse vectors by the octahedron /sB} that we made
in Exercise 10.6 is almost sharp. In the following exercise, we show that the
convex hull of the set of sparse vectors

Sns i ={x € R": lzflo < s, [J]2 <1}
is approximately the truncated ¢; ball
Ths=+sBfNBy ={z eR": |lz]i < Vs, |Jz|2 < 1}.
Exercise 10.3.6 (The convex hull of sparse vectors). 1. Check that
conv(Sy,s) C Ty s-

2. To help us prove a reverse inclusion, fir x € T, s and partition the
support of x into disjoint subsets T1,Ts, ... so that Ty indexes the largest s
elements of x in magnitude, Ty indexes the next s largest elements, and so

on. Show that
Z HxTZHQ <2,
i>1
where xp € RT denotes the restriction of x onto a set T.
Hint: Note that ||xr,|]2 < 1. Next, for i > 2, note that each coordinate of T,
is smaller in magnitude than the average coordinate of xr, ,; conclude that ||zT,||2 <

(1/vs)|lzr,_,|l1. Then sum up the bounds.
3. Deduce from part 2 that

K, s C 2conv(Sys).
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Exercise 10.3.7 (Gaussian width of the set of sparse vectors). Use Ezer-
cise 10.53.6 to show that

w(Th,s) < 2w(Sps) < Cy/slog(2n/s).

Improve the logarithmic factor in the error bound for sparse recovery (Corol-
lary 10.3.4) to
E|[7 — o] < C slog(2n/s)'
m
This shows that
m ~ slog(2n/s)

measurements suffice for sparse recovery.

Exercise 10.3.8 (Sharpness). Use Ezxercise 10.3.6 to show that

w(Tn,s) > w(Sn,s) > cy slog(2n/8).

Hint: Covering + Sudakov?

Exercise 10.3.9 (Garnaev-Gluskin’s theorem). Improve the logarithmic
factor in the bound (9.5.5) on the sections of the ¢1 ball. Namely, show

that

log(2
Ediam (Bl 1 B) </ 2820/™)
m

In particular, this shows that the logarithmic factor in (9.17) is not needed.

Hint: Fiz p > 0 and apply the M™ bound for the truncated octahedron T, := BT N
pBy. Use Ezxercise 10.3.7 to bound the Gaussian width of T,. Furthermore, note that if
rad(T, N E) < § for some § < p then rad(T' N E) < §. Finally, optimize in p.

10.4 Low-rank matrix recovery

In the following series of exercises, we will establish a matrixz version of the
sparse recovery problem studied in Section 10.3. The unknown signal will
now be a d X d matrix X instead of a signal z € R™ considered previously.

There are two natural notions of sparsity for matrices. One is where most
of the entries of X are zero, at it is quantifies by the £y “norm” || X||o, which
counts non-zero entries. For this notion, we can directly apply the analysis
of sparse recovery from Section 10.3. Indeed, it is enough to vectorize the
matrix X and think of it as a long vector in R?.

But in this section, we will consider an alternative and equally useful
notion of sparsity for matrices: low rank. It is quantified by the rank of X,
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which we may think of as the ¢y norm of the vector of the singular values of
X, ie.
$(X) = (si(X))y. (10.8)

Our analysis of the low-rank matrix recovery problem will roughly go along
the same lines as the analysis of sparse recovery, but will not be identical to
it.

Let us set up a low-rank matrix recovery problem. We would like to
recover an unknown d X d matrix from m random measurements of the form

Here A; are independent d x d matrices, and (A;, X) = tr(A] X) is the
canonical inner product of matrices (recall Section 4.1.3). In dimension
d = 1, the matrix recovery problem (10.9) reduces to the vector recovery
problem (10.2).

Since we have m linear equations in d x d variables, the matrix recovery
problem is #ll-posed if

m < d?.

To be able to solve it in this range, we make an additional assumption that

X has low rank, i.e.
rank(X) <r < d.

10.4.1 The nuclear norm

Like sparsity, the rank is not a convex function. To fix this, in Section 10.3
we replaced the sparsity (i.e. the ¢y “norm”) by the ¢; norm. Let us try to
do the same for the notion of rank. The rank is the £y “norm” of the vector
s(X) of the singular values in (10.8). Replacing the £y norm by the ¢; norm,

we obtain the quantity
d

1X =3 sa(X)

i=1
which is called the nuclear norm of X. (We omit the absolute values since
the singular values are non-negative.)

Exercise 10.4.1. Prove that || - ||« is a norm on the space of d x d matrices.

Exercise 10.4.2 (Nuclear, Frobenius and operator norms). Check that

(X, Y) < 1 X[l - [IY]] (10.10)

Make sure that the solu-
tion is not too hard.
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Conclude that
X7 < I1X] - 1 X))

Hint: Think of the nuclear norm || - ||+, Frobenius norm || - ||r and the operator norm

|| - || as matriz analogs of the £1 norm, €2 norm and ls norms for vectors, respectively.

Denote the unit ball of the nuclear norm by
B, = {X e R | X||, < 1}.

Exercise 10.4.3 (Gaussian width of the unit ball of the nuclear norm).
Show that

w(B,) < 2Vd.
Hint: Use (10.10) followed by Theorem 7.4.1.
The following is a matrix version of Exercise ex: sparse into L1.

Exercise 10.4.4. Check that

{X e R rank(X) <7, || X||r < 1} C V/rB,.

10.4.2 Guarantees for low-rank matrix recovery

It makes sense to try to solve the low-rank matrix recovery problem (10.9)
using the matrix version of the convex program (10.6), i.e.

Find X' : y; = (A, X)) Vi=1,....m; | X[l </r. (10.11)

Exercise 10.4.5 (Low-rank matrix recovery: guarantees). Suppose the ran-
dom matrices A; are independent and have all independent, sub-gaussian en-
tries.! Assume the unknown d x d matriz X with rank r satisfies | X||r < 1.
Then X can be approzimately recovered from the random measurements y;r
by a solution X of the program (10.11). The recovery error satisfies

- d
E|X — X|ls < CK%y/ 2.
m

The recovery error becomes small if

m ~ rd,

!The independence of entries can be relaxed. How?



10.5. EXACT RECOVERY 239

if the hidden constant here is appropriately large. This allows us to recover
low-rank matrices even when the number of measurements m is too small,
i.e. when

m < d?

and the matrix recovery problem (without rank assumption) is ill-posed.

Exercise 10.4.6. Extend the matrix recovery result for approximately low-
rank matrices. (Quantify approzimately small rank in a convenient way.)

The following is a matrix version of Exercise 10.7.

Exercise 10.4.7 (Low-rank matrix recovery by convex optimization). Show
that an unknown matric X or rank r can be approximately recovered by
solving the convex optimization problem

minimize || X'||s s.t. yi = (4, X) Vi=1,...,m.

Exercise 10.4.8 (Rectangular matrices). Extend the matriz recovery result
from quadratic to rectangular, di X do matrices.

10.5 Exact recovery

The guarantees for sparse recovery that we just developed can be dramati-
cally improved. The recovery error of sparse signals x can actually be zero.
In this section, we will deduce an exact recovery result from Escape Theo-
rem 9.5.7.

To see why such a strong, counter-intuitive result can make sense, let
us look at the recovery problem from a geometric viewpoint illustrated by
Figure 10.3. A solution Z of the program (10.6) must lie in the intersection
of the prior set T', which in our case is the ¢; ball /sB}, and the affine
subspace E, = x + ker A.

The ¢, ball is a polyhedron, and the s-sparse unit vector z lies on the
s — 1-dimensional edge of that polyhedron, see Figure 10.5a.

It could happen with non-zero probability that the random subspace E,
is tangent to the polyhedron at the point x. If this does happen, x is the
only point of intersection between the ¢; ball and E,. In this case, it follows
that the solution  to the program (10.6) is exact:

T =z

To justify this argument, all we need to check is that a random subspace
E, is tangent to the ¢; ball with high probability. We can do this using
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E,= x4+ kerA E,
T(z)

VA T S(a)

(a) Exact sparse recovery hap- (b) The tangency occurs iff E,
pens when the random subspace is disjoint from the spherical part
E, is tangent to the ¢; ball at the S(x) of the tangent cone T'(x) of
point x. the ¢1 ball at point x.

Figure 10.5: Exact sparse recovery

Escape Theorem 9.5.7. To see a connection, look at what happens in a small
neighborhood around the tangent point, see Figure 10.5b. The subspace E,
is tangent if and only if the tangent cone T'(z) (formed by all rays emanating
from x toward the points in the ¢; ball) intersects E, at a single point z.
Equivalently, this happens if and only if the spherical part S(z) of the cone
(the intersection of T'(x) with a small sphere centered at z) is disjoint from
E,. But this is exactly the conclusion of Escape Theorem 9.5.7!

Let us now formally state the exact recovery result. We shall consider
the noiseless sparse recovery problem

y = Azx.
and try to solve it using the optimization program (10.7), i.e.
minimize ||2'[]; s.t. y = Az'. (10.12)

Theorem 10.5.1 (Exact sparse recovery). Suppose the rows A; of A are in-
dependent, isotropic and sub-gaussian random vectors, and let K := max; || A; ||y, -
Then the following happens with probability at least 1 — 2 exp(—cm/K*).
Assume an unknown signal x € R™ is s-sparse and the number of mea-
surements m satisfies
m > CK*slogn.

Then a solution T of the program (10.12) is exact, i.e.

T =x.
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To prove the theorem, we would like to show that the recovery error
h=T—=x

is zero. Let us examine the vector h more closely. First we show that h has
more “energy” on the support of x than outside it.

Lemma 10.5.2. Let S :=supp(z). Then
[hselly < l[hs 1

Here hg € R denotes the restriction of the vector h € RS onto a subset of
coordinates S C {1,...,n}.

Proof. Since T is the minimizer in the program (10.12), we have
12l < [l (10.13)
But there is also a lower bound

[1Z]ly = [z + Al
= [lzs + hsll1 + [|zse + hsellx
= ||z + hgl|l1 + ||hse|1 (since xg =0 and xge = 0)
> ||lzllx — ||hslli + [|hse|l1  (by triangle inequality).

Substitute this bound into (10.13) and cancel ||z||; on both sides to complete
the proof. O

Lemma 10.5.3. The error vector satisfies
1Al < 2v/s]|A]l2.

Proof. Using Lemma 10.5.2 and then Holder’s inequality, we obtain

[l = llhslly + [[hsells < 2[|hsll1 < 2v/s]lhs]|2.

Since trivially ||hg||2 < ||h||2, the proof is complete. O

Proof of Theorem 10.5.1. Assume that the recovery is not exact, i.e.
h=2—x#0.

By Lemma 10.5.3, the normalized error h/||h||2 lies in the set

To:={z€ 85" " ||z|1 <2Vs}.
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Since also
Ah=Ar —Ar =y —y =0,
we have
N € Ts Nker A. (10.14)
12112

Escape Theorem 9.5.7 states that this intersection is empty with high
probability, as long as

m > CKw(T,)2.

Now,
w(Ts) < 2¢/sw(BY) < Cy/slogn, (10.15)

where we used the bound (7.23) on the Gaussian width of the ¢; ball. Thus,
if m > CK*slogn, the intersection in (10.14) is empty with high probability,
which means that the inclusion in (10.14) can not hold. This contradiction
implies that our assumption that h # 0 is false with high probability. The
proof is complete. O

Exercise 10.5.4 (Improving the logarithmic factor). Show that the conclu-
sion of Theorem 10.5.1 holds under a weaker assumption on the number of
measurements, which is

m > CK*slog(2n/s).
Hint: Use the result of FExercise 10.3.7.
Exercise 10.5.5. Give a geometric interpretation of the proof of Theo-
rem 10.5.1, using Figure 10.5b. What does the proof say about the tangent

cone T'(z)? Its spherical part S(x)?

Exercise 10.5.6 (Noisy measuremments). Extend the result on sparse re-
covery (Theorem 10.5.1) for noisy measurements, where

y=Ax + w.
Remark 10.5.7. Theorem 10.5.1 shows that one can effectively solve under-

determined systems of linear equations y = Ax with m < n equations in n
variables, if the solution is sparse.
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10.6 Lasso algorithm for sparse regression

10.6.1 Statistical formulation

In this section we will analyze an alternative method for sparse recovery.
This method was originally developed in statistics for the equivalent problem
of sparse linear regression, and it is called Lasso (“least absolute shrinkage
and selection operator”).

Let us recall the classical linear regression problem, which we described
in Example 10.1.2. Tt is

Y =XB+w (10.16)

where X is a known m X n matrix that contains a sample of predictor
variables, Y € R™ is a known vector that contains a sample of the values of
the response variable, 8 € R™ is an unknown coefficient vector that specifies
the relationship between predictor and response variables, and w is a noise
vector. We would like to recover j3.

If we do not assume anything else, the regression problem can be solved
by the method of ordinary least squares, which minimizes the £o-norm of the
error over all candidates for 3:

minimize ||Y — X 3|2 s.t. 3 € R". (10.17)

Now let us make an extra assumption that 3’ is sparse, so that the
response variable depends only on a few of the n predictor variables (e.g.
the cancer depends on few genes). So, like in (10.5), we assume that

1Bllo <'s

for some s < n. As we argued in Section 10.3, the £; is not convex, and its
convex proxy is the £1 norm. This prompts us to modify the ordinary least
squares program (10.17) by including a restriction on the ¢; norm, which
promotes sparsity in the solution:

minimize ||Y — X3'||2 s.t. ||8|l1 < R, (10.18)

where R is a parameter which specifies a desired sparsity level of the solution.
The program (10.18) is one of the formulations of Lasso, the most popular
statistical method for sparse linear regression. It is a convex program, and
therefore is computationally tractable.
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10.6.2 Mathematical formulation and guarantees

It would be convenient to return to the notation we used for sparse recovery
instead of using the statistical notation in the previous section. So let us
restate the linear regression problem (10.16) as

y=Azr+w

where A is a known m X n matrix, y € R™ is a known vector, x € R" is an
unknown vector that we are trying to recover, and w € R™ is noise which is
either fixed or random and independent of A. Then Lasso program (10.18)
becomes

minimize ||y — Az'[]2 s.t. ||2'|l1 < R. (10.19)

We will prove the following guarantee of the performance of Lasso.

Theorem 10.6.1 (Performance of Lasso). Suppose the rows A; of A are in-
dependent, isotropic and sub-gaussian random vectors, and let K := max; || A; |y, -
Then the following happens with probability at least 1 — 2 exp(—slogn).

Assume an unknown signal x € R™ is s-sparse and the number of mea-
surements m satisfies

m > CK*slogn. (10.20)

Then a solution T of the program (10.19) with R := ||z||1 is accurate:

~ 1
|7 — a2 < Coy) 0T,
m

where o is such that the noise satisfies ||wl]|2 < o/m.

Remark 10.6.2 (Noise). Let us clarify the dependence of the recovery error
on the noise. The condition ||w|j2 < oy/m simply bounds the average noise
per measurement by o, since we can rewrite this condition as

2 m
w 1
lwlf _ LS ¢ 2
m m 4
=1
Then, if the number of measurements is

m ~ slogn,

Theorem 10.6.1 bounds the recovery error by the average noise per measure-
ment o. And if m is larger, the recovery error gets smaller.



10.6. LASSO ALGORITHM FOR SPARSE REGRESSION 245

Remark 10.6.3 (Exact recovery). In the noiseless model y = Ax we have
w = 0 and thus Lasso recovers x exactly, i.e.

=z

The proof of Theorem 10.6.1 will be similar to our proof of Theorem 10.5.1
on exact recovery, although instead of the Escape theorem we will use Matrix
Deviation Inequality (Theorem 9.2.1) directly this time.

We would like to bound the norm of the error vector

h:=7—zx.

Exercise 10.6.4. Check that h satisfies the conclusions of Lemmas 10.5.2
and 10.5.3, so we have
[h]l1 < 2/s][h][2. (10.21)

Hint: The proofs of these lemmas are based on the fact that ||Z||1 < ||z||1, which holds

in our situation as well.

In case where the noise w is nonzero, we can not expect to have Ah =0
like in Theorem 10.5.1. (Why?) Instead, we can give an upper and a lower
bounds for || Ah||2.

Lemma 10.6.5 (Upper bound on ||Ahl|2). We have
| AR||2 < 2 <h,ATw> . (10.22)
Proof. Since 7 is the minimizer of Lasso program (10.19), we have
ly — AZlj2 < lly — Az|)2.

Let us express both of this inequality in terms of h and w, using that y =
Az +wand h =7 — x:

y— AT = Az +w — AT = w — Ah;
y— Ar = w.

So we have
|[w — Ahll2 < [lw|2.

Square both sides:
[wll3 = 2 (w, Ah) + [| AR5 < [[w]]3.

Simplifying this bound completes the proof. O
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Lemma 10.6.6 (Lower bound on ||Ahl||2). With probability at least 1 —
2exp(—4slogn), we have

m
Janl = ™).
Proof. By (10.21), the normalized error h/| k|2 lies in the set
T, :={z ¢ STz < 2V/s}.

Use Matrix Deviation Inequality in its high-probability form (Exercise 9.2.3)
with u = 2y/slog n. It yields that, with probability at least 1—2 exp(—4slogn),

sup ||| Az]l2 — \/ﬁ’ < C1K? (w(Ts) + 2\/slogn)

z€Ts
< CyK%\/slogn (recalling (10.15))
vm

< 5 (by assumption on m).

To make the last line work, choose the absolute constant C' in (10.20) large

enough. By triangle inequality, this implies that

|Az||2 > \/2% for all z € Ts.

Substituting z := h/||h||2, we complete the proof. O

The last piece we need to prove Theorem 10.6.1 is an upper bound on
the right hand side of (10.22).

Lemma 10.6.7. With probability at least 1 — 2 exp(—4slogn), we have

<h,ATw> < CK|[h2||wl|2+/5 log n. (10.23)
Proof. As in the proof of Lemma 10.6.6, the normalized error satisfies

h
[A]2

So, dividing both sides of (10.23) by ||h||2, we see that it is enough to bound
the supremum random process

sup <z, ATw>
z€Ts
with high probability. We are going to use Talagrand’s comparison inequal-

ity (Corollary 8.5.3). This result applies for random processes with sub-
gaussian increments, so let us check this condition first.

z= e Tk.
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Exercise 10.6.8. Show that the random process
X, = <t,ATw>, t e R",
has sub-gaussian increments, and

1Xt = X[l < CKJ|wllz - ([t — s]l2-

Hint: Recall the proof of sub-gaussian Chevet’s inequality (Theorem 8.6.1).

Now we can use Talagrand’s comparison inequality in the high-probability
form (Exercise 8.5.5) for u = 2¢/slogn. We obtain that, with probability at
least 1 — 2 exp(—4slogn,

sup <z A w> < C1K ||wl|2 ( )+ 2\/slogn)
2€Tys
< CoK ||wl|2y/slogn (recalling (10.15)).

This completes the proof of Lemma 10.23. O

Proof of Theorem 10.6.1. Put together the bounds in Lemmas 10.6.5, 10.6.6
and 10.23. By union bound, we have that with probability at least 1 —
2 exp(—4slogn),

m
7 I1lIz < CK[R]o][wll2 /s log .

Solving for ||h||2, we obtain

||wH2 slogn
hlo < CK .
Bl < ORI [0
This completes the proof of Theorem 10.6.1. O

Exercise 10.6.9 (Improving the logarithmic factor). Show that Theorem 10.6.1
holds if logn is replaced by log(n/s), thus giving a stronger guarantee.
Hint: Use the result of Exercise 10.3.7.

Exercise 10.6.10. Deduce the exact recovery guarantee (Theorem 10.5.1)
directly from the Lasso guarantee (Theorem 10.6.1). The probability that
you get could be a bit weaker.
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Another popular form of Lasso program (10.19) is the following uncon-
strained version:
minimize ||y — Az'[|s + A|2'||1, (10.24)

This is a convex optimization problem, too. Here A is a parameter which
can be adjusted depending on the desired level of sparsity. The method of
Lagrange multipliers shows that the constrained and unconstrained versions
of Lasso are equivalent for appropriate R and A. This however does not
immediately tell us how to choose A. The following exercise settles this
question.

Exercise 10.6.11 (Unconstrained Lasso). Assume number of measurements
satisfy
m 2 slogn.

Choose the parameter \ so that A 2 \/logn||wl||2. Then, with high probability,

the solution T of unconstrained Lasso (10.24) satisfies

AV's
et

17— =ll2 <



Chapter 11

Supplement:
Dvoretzky-Milman’s
Theorem

Write intro
11.1 Deviations of random matrices with respect
to general norms
In this section we generalize the matrix deviation inequality from Section 9.2.

We will replace the Euclidean norm by any positive homogeneous, subaddi-
tive function.

Definition 11.1.1. Let V' be a vector space. A function f:V — R is called
positive homogeneous if

flax) =af(z) foralla>0andzeV.

The function f is called subadditive if

flx+y) < flx)+ fly) forallz,yeV.

Note that despite being called “positive homogeneous”, f is allowed to
take negative values. (“Positive” here applies to the multiplier « in the
definition.)

Ezxample 11.1.2. 1. Any normon a vector space is positive homogeneous and
subadditive. The subadditivity is nothing else than triangle inequality in
this case.

249
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2. Clearly, any linear functional on a vector space is positive homogeneous
and subadditive. In particular, for any fixed vector y € R™, the function
f(z) = (z,y) is a positive homogeneous and subadditive on R™.

3. Consider a bounded set S C R™ and define the function

f(x) :=sup(z,y), xecR™. (11.1)
yeS
Then f is a positive homogeneous and subadditive on R". This function
is sometimes called the support function of S.

Exercise 11.1.3. Check that the function f(x) in part 11.1 of Example 11.1.2
18 positive homogeneous and subadditive.

Exercise 11.1.4. Let f : V — R be a subadditive function on a vector space
V. Show that

f(x) = f(y) < flx—y) foralz,yeV. (11.2)

We are ready to state the main result of this section.

Theorem 11.1.5 (General matrix deviation inequality). Let A be an m xn
Gaussian random matriz with i.i.d. N(0,1) entries. Let f : R™ — R be a
positive homogenous and subadditive function, and let b € R be such that

f(z) <b||lz|2 for all x € R™. (11.3)

Then for any subset T' C R™, we have

Esup |f(Az) — E f(Az)| < Cby(T).
z€T

Here ~(T) is the Gaussian complexity introduced in (7.27).

This theorem generalizes the matrix deviation inequality (in the form we
gave in Exercise 9.2.2) to arbitrary seminorms.

Exactly as in Section 9.2, Theorem 11.1.5 would follow from Talagrand’s
comparison inequality once we show that the random process X, := f(Azx)—
E f(Az) has sub-gaussian increments. Let us do this now.

Theorem 11.1.6 (Sub-gaussian increments). Let A be an m x n Gaussian
random matriz with i.i.d. N(0,1) entries, and let f : R™ — R be a positive
homogenous and subadditive function satisfying (11.3). Then the random
process

X, := f(Az) — E f(Az)
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has sub-gaussian increments with respect to the Euclidean norm, namely

| Xe — Xyl < Cb|lz—yll2 for all z,y € R". (11.4)

Exercise 11.1.7. Deduce the general matriz deviation inequality (Theo-
rem 11.1.5) from Talagrand’s comparison inequality (in the form of Exer-
cise 8.5.4) and Theorem 11.1.6.

Proof of Theorem 11.1.6. Without loss of generality we may assume that
b=1. (Why?) Just like in the proof of Theorem 9.1.1, let us first assume
that

[zll2 = llyll2 = 1.

In this case, the inequality in (11.4) we want to prove becomes

1/ (Az) = f(AY)lly, < Cllz —yl2. (11.5)
Step 1. Creating independence. Consider the vectors

r+y T—y
= = 116
e (11.6)

VeS|

Figure 11.1: Signal recovery: the signal x and the solution Z lie in the prior set T'
and in the affine subspace F,.

(see Figure 11.1). Then

r=u+v, Y=u-—0

and thus
Ax = Au+ Av, Ay = Au— Av.

Since the vectors u and v are orthogonal (check!), the Gaussian random

vectors Au and Av are independent. Include such exercise
to the gaussian section,
and refer to it.
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Step 2. Using Gaussian concentration. Let us condition on ¢ := Au
and study the conditional distribution of

F(Ax) = fa+ Av).

refer By rotation invariance, a + Av is a Gaussian random vector that we can
expressed as

a+ Av=a+|v|2g, where g~ N(0,I,).

We claim that f(a + ||v]j2 g) as a function of g is Lipschitz with respect to
the Euclidean norm on R™, and

[fllLip < o]l (11.7)

To check this, fix t,s € R™ and note that

f@) = f(s) = fla+lvllat) = fla+[vll2s)
< flvllzt = lvllzs) (by (11.2))
= ||v|]2 f(t —s) (by positive homogeneity)
<Iv|l2 ||t = sll2 (using (11.3) with b = 1),

and (11.7) follows.
Concentration in the Gauss space (Theorem 5.2.1) then yields

1£(9) = E f(9)lpo(a) < Cllvll2,

or

Hf(a + Av) — E, f(a + Av < Clv||2, (11.8)

)ng(a)

where the index “a” reminds us that these bounds are valid for the condi-
tional distribution, with a = Au fixed.

Step 2. Removing the conditioning. Since random vector a — Av
has the same distribution as a + Av (why?), it satisfies the same bound.

Hf(a — Av) — E, f(a — Av < Clv||2- (11.9)

)ng(a)

Subtract (11.9) from (11.8), use triangle inequality and the fact that the
expectations are the same; this gives

Hf(a’ + AU) - f(a - Av)Hd,Q(a) < 20”””2
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This bound is for the conditional distribution, and it holds for any fixed
realization of a random variable a = Au. Therefore, it holds for the original
distribution, too:

| f(Au + Av) — f(Au — Av < 2C||v]|2.

)Hﬂ)z

(Why?) Passing back to the z,y notation by (11.6), we obtain the desired
inequality (11.5).

The proof is complete for the unit vectors x, y; Exercise 11.1.8 below
extends it for the general case. O

Exercise 11.1.8 (Non-unit x, y). Extend the proof above to general (not
necessarily unit) vectors x, y. Hint: Follow the argument in Section 9.1./.

Remark 11.1.9. It is an open question if Theorems 11.1.5 and 11.1.6 hold
for general sub-gaussian matrices A.

Exercise 11.1.10 (Anisotropic distributions). Exztend Theorems 11.1.5 to
m x n matrices A whose columns are independent N (0,%) random vectors,
where X is a general covariance matriz. Show that

Esup | f(Az) — E f(Az)| < Cby(ZV2T).
zeT

Exercise 11.1.11 (Tail bounds). Prove a high-probability version of Theo-
rem 11.1.5. Hint: Follow Exercise 9.2.3.

11.2 Johnson-Lindenstrauss embeddings and sharper
Chevet inequality

Just like the original matrix deviation inequality from Chapter 9, the gen-

eral Theorem 9.2.1 has many consequences. In this section we consider an

application related to Johnson-Lindenstrauss lemma and a sharpened form
of Chevet’s inequality.

11.2.1 Johnson-Lindenstrauss Lemma for general norms

Applying the general matrix deviation inequality similarly to Section 9.4, it
is quite straightforward to deduce the following.

Exercise 11.2.1. State and prove a version of Johnson-Lindenstrauss Lemma
for a general norm (as opposed to the FEuclidean norm) on R™.
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Exercise 11.2.2 (Johnson-Lindenstrauss Lemma for ¢; norm). Specialize
the previous exerise to the 1 and £ norms. Thus, X be a set of N points
in R™, let A be an m x n Gaussian matriz with i.i.d. N(0,1) entries, and
let e € (0,1).
Suppose that
m > C(e)log N.

Show that with high probability the matriz Q := \/7/2-m~ 1A satisfies
A=e)llz —yl2 < 1Qz = Qulh < A +¢)lz —yll2 for all z,y € X.

This conclusion is very similar to the original Johnson-Lindenstrauss Lemma
(Theorem 5.3.1), except the distance between the projected points is measured
in the ¢1 norm.

Exercise 11.2.3 (Johnson-Lindenstrauss embedding into £+, ). Use the same
notation as in the previous exercise, but assume this time that

m > N,

Show that with high probability the matriz Q := (log m)*l/ZA satisfies
1=o)llz —yl2 < 1Qr — Qulloe < A+ )z —yl2 forallz,y € X.
Note that in this case m > N, so ) gives an almost isometric embedding

(rather than a projection) of the set X into .

11.2.2 Two-sided Chevet’s inequality

The general matrix deviation inequality will help us sharpen Chevet’s in-
equality, which we originally proved in Section 8.6.

Theorem 11.2.4 (General Chevet’s inequality). Let A be an m x n Gaus-
sian random matriz with i.i.d. N(0,1) entries. Let T C R™ and S C R™ be
arbitrary bounded sets. Then

Esup |sup (Az, y) — w(S)|z|2| < CA(T) rad(S).
zeT ' yes

This is a sharper, two-sided form of Chevet’s inequality (Theorem 8.6.1).

Proof. Let us apply general matrix deviation inequality (Theorem 11.1.5)
for the function f defined in (11.1), i.e. for

f(x) == sup (z,y).
yes
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To do this, we need to compute b for which (11.3) holds Fix z € R™ and
use Cauchy-Schwarz inequality to get

f(z) < sup|zf2]lyll2 = rad(S)||z|2.
yes

Thus (11.3) holds with b = rad(sS).

It remains to compute E f(Azx) appearing in the conclusion of Theo-
rem 11.1.5. By rotation invariance of Gaussian distribution, the random refer
vector Az has the same distribution as g||z||2 where g € N(0, I,,). Then

E f(Az) =E f(g) ||z|l2 (by positive homogeneity)
=Esup(g,y) ||z|l2 (by definition of f)
yeS

= w(S)||z||2 (by definition of the Gaussian width).

Substituting this into the conclusion of Theorem 11.1.5, we complete the
proof. O

11.3 Dvoretzky-Milman’s Theorem

Dvoretzky-Milman’s Theorem is a remarkable result, which says if you project

a bounded set in R™ onto a random subspace of suitably low dimension, then

the convex hull of the projection will be approzimately a round ball with high

probability. Figure... shows a random projection of a unit cube.... Write, add figure
We will deduce Dvoretzky-Milman’s Theorem from the two-sided Chevet’s

inequality, which we proved in Section 11.2.2.

11.3.1 Gaussian images of sets

It will be more convenient for us to work with Gaussian random projections
than with ordinary projections. Here is a very general result that compares refer
the Gaussian projection of a general set to a Euclidean ball.

Theorem 11.3.1 (Random projections of sets). Let A be an mxn Gaussian
random matriz with i.i.d. N(0,1) entries, and T C R"™ be a bounded set.
Then the following holds with probability at least 0.99:

r_By" C conv(AT) C r4 BYy"

where

ry = w(T) & Cy/m rad(T).

The lest inclusion holds only if r— > 0; the right inclusion, always.
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We will shortly deduce this theorem from two-sided Chevet’s inequality.
The following exercise will provide the link between the two results. It asks
you to show that the support function (11.1) of general set S is the ¢ norm
if and only if S is the Euclidean ball; there is also a stability version of this
equivalence.

Exercise 11.3.2 (Almost Euclidean balls and support functions). 1. Let
V CR™ be a bounded set. Show that V = B3" if and only if

sup (z,y) = |ly|l2  for all y € R™.
zeV

2. Let V. C R™ be a bounded set and r_,ry > 0. Show that the inclusion
r_By' C conv(V) C ry By
holds if and only if

r—|lyllz < sup (@, y) <rillylla for ally € R™.
S

Proof of Theorem 11.3.1. Let us write the two-sided Chevet’s inequality in
the following form:

E sup | sup (Az,y) — w(T)||y|l2| < Cy(S)rad(T).
yeS ' xeT

where 7' C R™ and S C R™. (To get this form, use Theorem 11.2.4 for T
and S swapped with each other and for AT instead of A — do this!)

Choose S to be the sphere S™~! and recall that it Gaussian complex-
ity v(S) < /m. Then, by Markov’s inequality, the following holds with
probability at least 0.99:

sup (Az,y) — w(T)||yll2| < Cv/m rad(T) for every y € ™1,
zeT

Use triangle inequality and recall the definition of r1 to get

r_ <sup(Az,y) <r, foreveryye S™ L
zeT

By homogeneity, this is equivalent to

r_|lyll2 < sup (Az,y) < ryllyll2  for every y € R™.
xeT

(Why?) Finally, note that

sup (Az,y) = sup (z,y)
xeT xEAT

and apply Exercise 11.3.2 for V = AT to complete the proof. O
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11.3.2 Dvoretzky-Milman’s Theorem

Theorem 11.3.3 (Dvoretzky-Milman’s theorem: Gaussian form). Let A be
an m x n Gaussian random matriz with i.i.d. N(0,1) entries, T'C R™ be a
bounded set, and let € € (0,1). Suppose

m < ce?d(T)

where d(T') is the statistical dimension of T introduced in Section 7.7.}.
Then with probability at least 0.99, we have

(1—¢)B C conv(AT) C (1+¢)B
where B is a Euclidean ball with radius w(T).

Proof. Translating T is necessary, we can assume that 7' contains the origin.
Apply Theorem 11.3.1. All that remains to check is that r— > (1 — e)w(T)
and 74 < (14 e)w(T'), which by definition would follow if

Cvm rad(T) < ew(T). (11.10)

To check this inequality, recall that by assumption and Definition 7.7.8 we
have

e2w(T)?
< ee2d(T) < ——2 72
m < ce”d(T) < diam(T)?

provided the absolute constant ¢ > 0 is chosen sufficiently small. Next, since
T contains the origin, rad(7T") < diam(7"). (Why?) This implies (11.10) and
completes the proof. ]

Remark 11.3.4. As is obvious from the proof, if T' contains the origin then
the Euclidean ball B can be centered at the origin, too. Otherwise, the
center of B can be chosen as Txg, where xg € T is any fixed point.

Ezample 11.3.5 (Projections of the cube). Consider the cube
T =[-1,1]" = BL.

Recall that

recall (7.22). Since diam(7) = 2y/n, that the statistical dimension of the

cube is i )2
T

d(T) ~ ———— ~n.

)~ Famz ="

With high probability?
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Apply Theorem 11.3.3. If m < ce?n then with high probability we have
(1—-¢)B Cconv(AT) C (1+¢)B

where B is a Euclidean ball with radius /2/7 - n.
In words, a random Gaussian projection of the cube onto a subspace

of dimension m ~ n is close to a round ball. Figure 11.2 illustrates this
remarkable fact.

Figure 11.2: A random projection of a 6-dimensional cube onto the plane

Exercise 11.3.6 (Gaussian cloud). Consider a Gaussian cloud of n points
in R™, which is formed by i.i.d. random vectors gi,...,qn ~ N(0,L;,).
Supose that n > exp(Cn) with large enough absolute constant C'. Show that
with high probability, the convex hull the Gaussian cloud is approrimately a
Euclidean ball with radius ~ logn. See Figure 11.3 for illustration.

Hint: Set T to be the canonical basis {e1,...,en} in R™, represent the points as

gi = Te;, and apply Theorem 11.3.3.

Figure 11.3: A gaussian cloud of 107 points on the plane, and its convex hull.

Exercise 11.3.7 (Projections of ellipsoids). Consider the ellipsoid £ in R™
given as a linear image of the unit Euclidean ball, i.e.

£ =S(By)
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where S is an n X n matriz. Let A be the m x n Gaussian matriz with .1.d.
N(0,1) entries. Suppose that

m 2 r(S)

where 7(S) is the stable rank of S (recall Definition 7.7.13). Show that with
high probability, the Gaussian projection A(E) of the ellipsoid is almost a
round ball with radius ||S| r:

A(E) ~ ||S]lr Bz

Hint: First replace in Theorem 11.3.3 the Gaussian width w(T) with the quantity
R(T) = (Esup,cr (g,t)*)"/?, which we discussed in (7.24) and which is easier to compute
for ellipsoids.

Exercise 11.3.8 (Random projection in the Grassmanian). Prove a ver-
ston of Dvoretzky-Milman’s theorem for the projection P onto a random m-
dimensional subspace in R™. Under the same assumptions, the conclusion
should be that

(1—-¢)B Cconv(AT) C (1+¢)B

where B is a FEuclidean ball with radius ws(T'). (Recall that ws(T) is the
spherical width of T, which we introduced in (7.20).)

Summary of random projections of geometric sets

It is useful to compare Dvoretzky-Milman’s theorem to our earlier estimates
on the diameter of random projections of geometric sets, which we developed
in Section 7.8. We found that a random projection P of a set 1" onto an
m-~dimensional subspace in R™ satisfies a phase transition. For m 2 d(T),
the projection shrinks the size of T by the factor of order \/m/n, i.e.

diam(PT) < (/= if m > d(T).
n
For smaller dimensions, m < d(T'), the size surprisingly stops shrinking. All
we can say is that

w(T)

diam(PT) S ws(T') ~ if m <d(7T),
see Section 7.8.1.

Dvoretzky-Milman’s theorem explains why the size of T" stops shrinking
for m < d(T). Indeed, in this regime the projection PT is approximately
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the round ball of radius of order wy(T") (see Exercise 11.3.8), regardless how
small m is.

Let us summarize our findings. A random projection of a set T in R™
onto an m-dimensional subspace shrinks the size of T by the factor /m/n
if m 2 d(T). For smaller m, the projection becomes approximately a round
ball of diameter ~ ws(T), and does not shrink with m.
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