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Preface

The purpose of these lecture notes is to provide an introduction to the general the-
ory of empirical risk minimization with an emphasis on excess risk bounds and
oracle inequalities in penalized problems. In the recent years, there have been new
developments in this area motivated by the study of new classes of methods in ma-
chine learning such as large margin classification methods (boosting, kernel ma-
chines). The main probabilistic tools involved in the analysis of these problems are
concentration and deviation inequalities by Talagrand along with other methods of
empirical processes theory (symmetrization inequalities, contraction inequality for
Rademacher sums, entropy and generic chaining bounds). Sparse recovery based on
{1 -type penalization and low rank matrix recovery based on the nuclear norm penal-
ization are other active areas of research, where the main problems can be stated in
the framework of penalized empirical risk minimization, and concentration inequal-
ities and empirical processes tools proved to be very useful.

My interest in empirical processes started in the late 70s and early 80s. It was
largely influenced by the work of Vapnik and Chervonenkis on Glivenko-Cantelli
problem and on empirical risk minimization in pattern recognition, and, especially,
by the results of Dudley on uniform central limit theorems. Talagrand’s concentra-
tion inequality proved in the 90s was a major result with deep consequences in the
theory of empirical processes and related areas of statistics, and it inspired many
new approaches in analysis of empirical risk minimization problems.

Over the last years, the work of many people have had a profound impact on my
own research and on my view of the subject of these notes. I was lucky to work
together with several of them and to have numerous conversations and email ex-
changes with many others. I am especially thankful to Peter Bartlett, Lucien Birgé,
Gilles Blanchard, Stephane Boucheron, Olivier Bousquet, Richard Dudley, Sara van
de Geer, Evarist Giné, Gabor Lugosi, Pascal Massart, David Mason, Shahar Mendel-
son, Dmitry Panchenko, Alexandre Tsybakov, Aad van der Vaart, Jon Wellner and
Joel Zinn.

I am thankful to the School of Mathematics, Georgia Institute of Technology and
to the Department of Mathematics and Statistics, University of New Mexico where
most of my work for the past years have taken place.
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Chapter 1
Introduction

We start with a brief overview of empirical risk minimization problems and of the
role of empirical and Rademacher processes in constructing distribution dependent
and data dependent excess risk bounds. We then discuss penalized empirical risk
minimization and oracle inequalities and conclude with sparse recovery and low
rank matrix recovery problems.

1.1 Abstract Empirical Risk Minimization

Let X,Xi,...,X,,... be iid. random variables defined on a probability space
(Q,X,P) and taking values in a measurable space (S,./) with common distribu-
tion P. Let P, denote the empirical measure based on the sample (X, ...,X,) of the
first n observations:

n
o1
Pn =n Zl8xj,
j:

where &;, x € § is the Diracs’s measure. Let .% be a class of measurable functions
f: 8~ R. In what follows, the values of a function f € .# will be interpreted as
“losses” associated with certain “actions” and the expectation of f(X),

Ef(X) = /S fdp = Pf,

will be viewed as the risk of a certain “decision rule”. We will be interested in the
problem of risk minimization

Pf—min, fE€.F (1.1)

in the cases when the distribution P is unknown and has to be estimated based on
the data (X,...,X,). Since the empirical measure P, is a natural estimator of P, the
true risk can be estimated by the corresponding empirical risk,
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n! Zf(Xj) :fgfdpn =P.f,
j=1

and the risk minimization problem has to be replaced by the empirical risk mini-
mization:
P,f — min, f€.7. (1.2)

Many important methods of statistical estimation such as maximum likelihood
and more general M-estimation are versions of empirical risk minimization. The
general theory of empirical risk minimization has started with seminal paper of Vap-
nik and Chervonenkis [141] (see Vapnik [140] for more references) although some
important ideas go back to much earlier work on asymptotic theory of M-estimation.
Vapnik and Chervonenkis were motivated by applications of empirical risk mini-
mization in pattern recognition and learning theory that required the development
of the theory in a much more general framework than what was common in statisti-
cal literature. Their key idea was to relate the quality of the solution of empirical risk
minimization problem to the accuracy of approximation of the true distribution P by
the empirical distribution P, uniformly over function classes representing losses of
decision rules. Because of this, they have studied general Glivenko-Cantelli prob-
lems about convergence of ||P, — P|| & to 0, where

Y7 := sup [Y(f)]
feF

for ¥ : % +— R. Vapnik and Chervonenkis introduced a number of important char-
acteristics of complexity of function classes, such as VC-dimensions and random
entropies, that control the accuracy of empirical approximation. These results along
with the development of classical limit theorems in Banach spaces in the 60s and
70s led to the general theory of empirical processes that started with the pathbreak-
ing paper by Dudley [56] on central limit theorems for empirical measures (see well
known books by Dudley [57], Pollard [118], van der Vaart and Wellner [142]).

In the 90s, Talagrand studied isoperimetric inequalities for product measures and,
in particular, he proved a striking uniform version of Bernstein inequality describ-
ing concentration of ||P, — P|| & around its expectation (see Talagrand [132, 133]).
This was a real breakthrough in the theory of empirical processes and empirical risk
minimization. At about the same time, a concept of oracle inequalities has been de-
veloped in nonparametric statistics (see, e.g., Johnstone [72]). In modern statistics,
it is common to deal with a multitude of possible models that describe the same
data (for instance, a family of models for unknown regression functions of varying
complexity). An oracle inequality is a bound on the risk of a statistical estimator
that shows that the performance of the estimator is almost (often, up to numerical
constants) as good as it would be if the statistician had an access to an oracle that
knows what the best model for the target function is. It happened that concentration
inequalities provide rather natural probabilistic tools needed to develop oracle in-
equalities in a number of statistical problems. In particular, Birgé and Massart [23],
Barron, Birgé and Massart [12], and, more recently, Massart [102, 103] suggested a
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general approach to model selection in a variety of statistical problems such as den-
sity estimation, regression and classification that is based on penalized empirical
risk minimization. They used Talagrand’s concentration and deviation inequalities
in a systematic way to establish a number of oracle inequalities showing some form
of optimality of penalized empirical risk minimization as a model selection tool.

In the recent years, new important classes of algorithms in machine learning
have been introduced that are based on empirical risk minimization. In particular,
large margin classification algorithms, such as boosting and support vector machines
(SVM), can be viewed as empirical risk minimization over infinite dimensional
functional spaces with special convex loss functions. In an attempt to understand the
nature of these classification methods and to explain their superb generalization per-
formance, there has been another round of work on the abstract theory of empirical
risk minimization. One of the main ideas was to use the sup-norms or localized sup-
norms of the Rademacher processes indexed by function classes to develop a gen-
eral approach to measuring the complexities of these classes (see Koltchinskii [78],
Bartlett, Boucheron and Lugosi [14], Koltchinskii and Panchenko [88], Bousquet,
Koltchinskii and Panchenko [34], Bartlett, Bousquet and Mendelson [15], Lugosi
and Wegkamp [100], Bartlett and Mendelson [17]). This resulted in rather flexible
definitions of distribution dependent and data dependent complexities in an abstract
framework as well as more specialized complexities reflecting relevant parameters
of specific learning machines. Moreover, such complexities have been used as nat-
ural penalties in model selection methods. This approach provided a general expla-
nation of fast convergence rates in classification and other learning problems, the
phenomenon discovered and studied by several authors, in particular, by Mammen
and Tsybakov [101] and in an influential paper by Tsybakov [138].

1.2 Excess Risk: Distribution Dependent Bounds

Definition 1.1. Let

E(f) = Ep(f) = Ep(F:f) == Pf — inf Pg.

gEF
This quantity will be called the excess risk of f € 7.

Let
f=Jn € Argmingc 2P, f

be a solution of the empirical risk minimization problem (1.2). The function f,, is
used as an approximation of the solution of the true risk minimization problem (1.1)
and its excess risk &p(f,) is a natural measure of accuracy of this approximation.

It is of interest to find tight upper bounds on the excess risk of f, that hold with
a high probability. Such bounds usually depend on certain ’geometric” properties
of the function class .%# and on various measures of its “complexity” that determine
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the accuracy of approximation of the true risk Pf by the empirical risk P, f in a
neighborhood of a proper size of the minimal set of the true risk.

In fact, it is rather easy to describe a general approach to derivation of such
bounds in an abstract framework of empirical risk minimization discussed in these
notes. This approach does give a correct answer in many specific examples. To be
precise, define the §-minimal set of the risk as

F(8) = Fp(8):= {f: 6p(f) < 8.

Suppose, for simplicity, that the infimum of the risk Pf is attained at f € . (the
argument can be easily modified if the infimum is not attained in the class). Denote
0 :=&p(f). Then f, f € #(8) and P, f < B,f. Therefore,

A ~

5:gP(f):P(f_f)SPn(f_f)J’_(P_Pn)(f_f)a

which implies

S< sup |(B—P)(f—2g)l
faeF ()

Imagine there exists a nonrandom upper bound

Un(8) = sup |(P,—P)(f—g)l (1.3)
FEF(5)

that holds uniformly in § with a high probability. Then, with the same probabil-
ity, the excess risk &p(f) will be bounded by the largest solution of the inequal-
ity 6 < U,(6). There are many different ways to construct upper bounds on the
sup-norms of empirical processes. A very general approach is based on Talagrand’s
concentration inequalities. Assume for simplicity that functions in the class .# take
their values in the interval [0, 1]. Based on the L,(P)-diameter Dp(.%;3) of the -
minimal set .% (&) and the function

$n(F:6):=E sup [(P,—P)(f—g)l,

47 (8)
define
0,(50) =K (0.(739) NN Al

n o n
Talagrand’s concentration inequality then implies that with some numerical constant

K >0, forallt >0,

P{ sup |(B—P)(f—g)l=0p(&:1)} <e,
187 (8)

This observation provides an easy way to construct a function U, () such that (1.3)
holds with a high probability uniformly in & (first, by defining such a function at a
discrete set of values of J and then extending it to all the values by monotonicity).
By solving the inequality § < U,(8), one can construct a bound §,(.%) such that
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the probability P{&p(f,) > 8,(#)} is small. Thus, constructing an upper bound
on the excess risk essentially reduces to solving a fixed point equation of the type
8 = Uy,(8). Such a fixed point method has been studied, for instance, in Massart
[102], Koltchinskii and Panchenko [88], Bartlett, Bousquet and Mendelson [15],
Koltchinskii [80] (and in several other papers of these authors).

In the case of P-Donsker classes .%,

0.(F;8) <E|B—P|z = 0(”71/2)7

which implies that B
8,(F) =0(n"'/?).

Moreover, if the diameter D(.%; §) of the §-minimal set tends to 0 as & — 0 (which
is typically the case if the risk minimization problem (1.1) has a unique solution),
then, by asymptotic equicontinuity, we have

im limsupn1/2¢n(9;5) =0,

1
EHO n—oo

which allows one to conclude that

5,(F) =o(n'/?).

It happens that the bound 8, (Z) is of asymptotically correct order as n — oo in many
specific examples of risk minimization problem in statistics and learning theory.

The bounds of this type are distribution dependent (that is, they depend on the
unknown distribution P).

1.3 Rademacher Processes and Data Dependent Bounds on
Excess Risk

The next challenge is to construct data dependent upper confidence bounds on
the excess risk &p( f ) of empirical risk minimizers that depend only on the sam-
ple (X1,...,X,), but do not depend explicitly on the unknown distribution P. Such
bounds can be used in model selection procedures. Their construction usually re-
quires the development of certain statistical estimates of the quantities involved
in the definition of the distribution dependent bound §,(.%) based on the sample
(Xi,...,X,). Namely, we have to estimate the expectation of the local sup-norm of
the empirical process ¢,(-%;6) and the diameter of the 6-minimal set.

A natural way to estimate the empirical process is to replace it by the Rademacher
process

Ri(f):=n""Y &f(X;), fEZ,
=1
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where {€;} are i.i.d. Rademacher random variables (that is, they are symmetric
Bernoulli random variables taking values +1 and —1 with probability 1/2 each)
that are also independent of the data (Xj,...,X,). The process R,(f), f € & de-
pends only on the data (and on the independent sequence of Rademacher random
variables that can be simulated). For each f € .%, R,(f) is essentially the “correla-
tion coefficient” between the values of the function f at data points and independent
Rademacher noise. The fact that the sup-norm ||R,||# of the Rademacher process
is "large” means that there exists a function f € .# that fits the Rademacher noise
very well. This usually means that the class of functions is too complex for the pur-
poses of statistical estimation and performing empirical risk minimization over such
aclass is likely to lead to overfitting. Thus, the size of sup-norms or local sup-norms
of the Rademacher process provides natural data dependent measures of complexity
of function classes used in statistical estimation. Symmetrization inequalities well
known in the theory of empirical processes show that the expected sup-norms of
Rademacher processes are within a constant from the corresponding sup-norms of
the empirical process. Moreover, using concentration inequalities, one can directly
relate the sup-norms of these two processes.

The §-minimal sets (the level sets) of the true risk involved in the construction
of the bounds &, (.%) can be estimated by the level sets of the empirical risk. This is
based on ratio type inequalities for the excess risk, that is, on bounding the following

probabilities
&
p(f) 1‘ > 8}.

&p(f)

This problem is closely related to the study of ratio type empirical processes (see
Giné, Koltchinskii and Wellner [63], Giné and Koltchinskii [64] and references
therein). Finally, the L, (P)-diameter of the §-minimal sets of P can be estimated
by the L,(P,)-diameter of the §-minimal sets of P,. Thus, we can estimate all the
distribution dependent parameters involved in the construction of §,(.%) by their
empirical versions and, as a result, construct data-dependent upper bounds on the
excess risk &p(f) that hold with a guaranteed high probability. The proofs of these
facts heavily rely on Talagrand’s concentration inequalities for empirical processes.

A
feF ,Ep(f)28

1.4 Penalized Empirical Risk Minimization and Oracle
Inequalities

The data-dependent bounds on the excess risk can be used in general model selec-
tion techniques in abstract empirical risk minimization problems. In such problems,
there is a need to deal with minimizing the risk over a very large class of functions
Z , and there is a specified family (“a sieve”) of subclasses { %, ¢ € A} of varying
complexity that are used to approximate functions from .% . Often, classes % cor-
respond to different statistical models. Instead of one empirical risk minimization
problem (1.2) one has to deal now with a family of problems
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P.f — min, f € Ty, A €A, (1.4)

that has a set of solutions { ﬁ,,a : o € A}. In many cases, there is a natural way
to measure the quality of the solution of each of the problems (1.4). For instance, it
can be based on distribution dependent upper bounds 8, () = 8,(.%) on the excess
risk &p(Fy; fn,a) discussed above. The goal of model selection is to provide a data
driven (adaptive) choice & = &(X,...,X,) of model index & such that the empirical
risk minimization over the class .Z results in an estimator f = fma with the nearly
“optimal” excess risk &p(.Z;f). One of the most important approaches to model
selection is based on penalized empirical risk minimization, that is, on solving the
following problem

o= i in P, (o 1.5
argming . 4 [fréu/% W+ R ( )}, (1.5)

where 7, (o), o € A are properly chosen complexity penalties. Often, 7, (o) is de-
signed as a data dependent upper bound on &, (), the “desired accuracy” of empir-
ical risk minimization for the class .%. This approach has been developed under
several different names (Vapnik-Chervonenkis structural risk minimization, method
of sieves, etc.). Sometimes, it is convenient to write penalized empirical risk mini-
mization problem in the following form

S

J = argmins. 5z [Pnf+pen(ﬂ;f)] )

where pen(n;-) is a real valued complexity penalty defined on % . Denoting, for
each @ € R,
Fo ={f€Z pen(n; f) = ot}

and defining %, (o) = o, the problem can be again rewritten as (1.5).

The bounds on the excess risk of f = fna of the following type (with some
constant C)

Ep(F;f) <Cinf | inf &p(f)+ 8, (x) (1.6)
acA | feFy

that hold with a high probability are often used to express the optimality properties
of model selection. The meaning of these inequalities can be explained as follows.
Imagine that the minimum of the true risk in the class .% is attained in a subclass
Fo for some a = a(P). If there were an oracle that knew the model index o(P),
then with the help of the oracle one could achieve the excess risk at least as small as
8,(t(P)). The model selection method for which the inequality (1.6) holds is not
using the help of the oracle. However, it follows from (1.6) that the excess risk of
the resulting estimator is upper bounded by C8,(ct(P)) (which is within a constant
of the performance of the oracle).
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1.5 Concrete Empirical Risk Minimization Problems

Density estimation. The most popular method of statistical estimation, the maxi-
mum likelihood method, can be viewed as a special case of empirical risk minimiza-
tion. Let 1 be a o-finite measure on (S, %7) and let & be a statistical model, that is,
& is a family of probability densities with respect to p. In particular, &2 can be a
parametric model with a parameter set ®, 22 = {p(0,-) : 6 € O}. A maximum like-
lihood estimator of unknown density p. € &2 based on i.i.d. observations Xi,...,X,
sampled from p, is a solution of the following empirical risk minimization problem

- Z( logp(X > — min, p € Z. (1.7)

Another popular approach to density estimation is based on a penalized empirical
risk minimization problem

—*ZP )+pl7, () — min, p€ 2. (1.8)

This approach can be explained as follows. The best Ly (1t )-approximation of the
density p. is obtained by solving

1= pel ) = =2 [ ppedi 1 + 4 ) — min, pe 2.
The integral [¢pp.dit = Ep(X) can be estimated by n~! =1 P(Xj), leading to
problem (1.8). Of course, in the case of complex enough models 22, there might be
a need in complexity penalization in (1.7) and (1.8).

Prediction problems. Empirical risk minimization is especially useful in a va-
riety of prediction problems. In these problems, the data consists of i.i.d. couples
(X1,11),...(X,,Y,) in S x T with common distribution P. Assume that 7 C R. Given
another couple (X,Y) sampled from P, the goal is to predict Y based on an obser-
vation of X. To formalize this problem, introduce a loss function £ : T x R — R .
Given g : S +— R, denote (£ e g)(x,y) := £(y,g(x)), which will be interpreted as a
loss suffered as a result of using g(x) to predict y. Then the risk associated with an
“action” g is defined as

P(teg) =EL(Y,g(X)).
Given a set ¢ of possible actions g, we want to minimize the risk:

P(leg) — min, g€ ¥.

The risk can be estimated based on the data (X;,Y1), ..., (X,,Y,), which leads to the
following empirical risk minimization problem:
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P,(leg) =n"! ZE(YJ- g(Xj)) — min, g€ 9.
j=1

Introducing the notation f := ¢ e g and setting .% := {{eg: g € 4}, one can rewrite
the problems in the form (1.1), (1.2).

Regression and classification are two most common examples of prediction prob-
lems. In regression problems, the loss function is usually defined as ¢(y;u) =
¢(y — u), where ¢ is, most often, nonnegative, even and convex function with
¢(0) = 0. The empirical risk minimization becomes

! Z 0(Y;—g(X;j)) — min, g€ 9.
=1

The choice ¢ (u) = u? is, by far, the most popular and it means fitting the regression
model using the least squares method.

In the case of binary classification problems, T := {—1,1} and it is natural to
consider a class ¢ of binary functions (classifiers) g : S +— {—1,1} and to use the
binary loss ¢(y;u) = I(y # u). The risk of a classifier g with respect to the binary
loss

P(teg) =P{Y #g(X)}

is just the probability of misclassification and, in learning theory, it is known as the
generalization error. A binary classifier that minimizes the generalization error over
all measurable binary functions is called the Bayes classifier and its generalization
error is called the Bayes risk. The corresponding empirical risk

Pi(teg)=n' Y 1(Y; # 5(X;)
=1

J

is known as the training error. Minimizing the training error over ¢
n
n 'Y 1Y) # g(X;)) — min, g €Y
j=1

is, usually, a computationally intractable problem (with an exception of very sim-
ple families of classifiers ¢) since the functional to be minimized lacks convexity,
smoothness or any other form of regularity.

Large margin classification. Large margin classification methods are based on
the idea of considering real valued classifiers g : S — R instead of binary classifiers
and replacing the binary loss by a convex “surrogate loss”. A real valued classifier g
can be easily transformed into binary: g — sign(g). Define ¢(y,u) := ¢ (yu), where
¢ : R — R is a convex nonincreasing function such that ¢(u) > I(_W’O](u),u €
R. The product Yg(X) is called the margin of classifier g on the training example
(X,Y). If Yg(X) >0, (X,Y) is correctly classified by g, otherwise the example is
misclassified. Given a convex set ¢ of classifiers g : S — R the risk minimization
problem becomes
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P(leg) =E¢(Yg(X)) — min, g€ ¥

and its empirical version is

n

Pi(teg)=n""Y ¢(Yig(X;)) — min, g€ ¥, (1.9)
j=1

which are convex optimization problems.
It is well known that, under very mild conditions on the “surrogate loss” ¢ (so
called classification calibration, see, e.g., [16]) the solution g, of the problem

P(leg) =E¢(Yg(X)) — min, g: S—R

possesses the property that sign(g.) is the Bayes classifier. Thus, it becomes plau-
sible that the empirical risk minimization problem (1.9) with a large enough and
properly chosen convex function class ¢ would have a solution ¢ such that the gen-
eralization error of the binary classifier sign(g) is close enough to the Bayes risk.
Because of the nature of the loss function (heavy penalization for negative and even
small positive margins), the solution g tends to be a classifier with most of the mar-
gins on the training data positive and large, which explains the name “large margin
classifiers”.

Among common choices of the surrogate loss function are ¢ (u) = e (the expo-
nential loss), ¢ (#) = log,(1+e™") (the logit loss) and ¢ (1) = (1 —u) V O (the hinge
loss).

A possible choice of class ¢ is

N N
9 .= COHV(%) = {lehj,N> l,lj >0, lel’lj,hj S %}7
f= =

where 7 is a given base class of classifiers. Usually, 7 consists of binary classi-
fiers and it is a rather simple class such that the direct minimization of the training
error over ¢ is computationally tractable. The problem (1.9) is then solved by a
version of gradient descent algorithm in a functional space. This leads to a family
of classification methods called boosting (also, voting methods, ensemble methods,
etc). Classifiers output by boosting are convex combinations of base classifiers and
the whole method is often interpreted in machine learning literature as a way to
combine simple base classifiers into more complex and powerful classifiers with a
much better generalization performance.

Another popular approach is based on penalized empirical risk minimization in
a reproducing kernel Hilbert space (RKHS) J# generated by a symmetric nonneg-
atively definite kernel K : S x S — R. For instance, using the square of the norm as
a penalty results in the following problem:

n
n 'Y o(Yig(X;)) +ellgll3s — min, g € 4, (1.10)
j=1
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where € > 0 is a regularization parameter. In the case of hinge loss ¢ (u) = (1 —u) V0
the method is called support vector machine (SVM). By the basic properties of
RKHS, a function g € /% can be represented as g(x) = (g,K(x,-)) . Because of
this, it is very easy to conclude that the solution ¢ of (1.10) must be in the linear
span of functions K(Xj,-),...,K(X,,-). Thus, the problem (1.10) is essentially a
finite dimensional convex problem (in the case of hinge loss, it becomes a quadratic
programming problem).

1.6 Sparse Recovery Problems

Let 5 ={hy,...,hy} be a given set of functions from S into R called a dictionary.
Given A € RV, denote f; = Z?’:l Ajhj. Suppose that a function f, € Ls.(J¢) is
observed at random points Xj, ..., X, with common distribution IT,

being the observations. The goal is to find a representation of f. in the dictionary,
that is, to find 2 € RY such that

f;L(Xj):Yj,j:L...,n. (1]1)

In the case when the functions in the dictionary are not linearly independent, such a
representation does not have to be unique. Moreover, if N > n, the system of linear
equations (1.11) is underdetermined and the set

L= {A ERN:f,l(Xj):Yﬁj:l,...,n}

is a nontrivial affine subspace of RY. However, even in this case, the following
problem still makes sense:

N
[A]ley =Y I(A; #0) — min, A € L. (1.12)
j=1

In other words, the goal is to find the sparsest solution of the linear system (1.11).
In general, the sparse recovery problem (1.12) is not computationally tractable
since solving such a nonconvex optimization problem essentially requires search-
ing through all 2V coordinate subspaces of R" and then solving the corresponding
linear systems. However, the following problem

N
[Alle, = Y |Aj] — min, A € L. (1.13)

j=1
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is convex, and, moreover, it is a linear programming problem. It happens that for
some dictionaries .7 and distributions IT of design variables the solution of prob-
lem (1.13) is unique and coincides with the sparsest solution A* of problem (1.12)
(provided that |||, is sufficiently small). This fact is closely related to some prob-
lems in convex geometry concerning the neighborliness of convex polytopes.

More generally, one can study sparse recovery problems in the case when f, does
not necessarily belong to the linear span of the dictionary J# and it is measured at
random locations X; with some errors. Given i.i.d. sample (X;,Y1),...,(X,,Y,) anda
loss function £, this naturally leads to the study of the following penalized empirical
risk minimization problem

A8 = argming v | B, (£o f7) —|—£||7L|51:| (1.14)

which is an empirical version of the problem

A® :=argminy _pn [P(Ce f3) +8||),||gl:|7 (1.15)

where € > 0 is a regularization parameter. It is assumed that the loss function
£(y;u) is convex with respect to u which makes the optimization problems (1.14)
and (1.15) convex. This framework includes sparse recovery in both regression and
large margin classification contexts. In the case of regression with quadratic loss
{(y,u) = (y —u)?, this penalization method has been called LASSO in statistical lit-
erature. The sparse recovery algorithm (1.13) can be viewed as a version of (1.14)
with quadratic loss and with € = 0.

Another popular method of sparse recovery, introduced recently by Candes and
Tao [44] and called the Dantzig selector, is based on solving the following linear
programming problem .

Af € Argmin, _z.[IA |,

where

Af = {l eRY: max
1<k<N

1Y (X)) — ¥ ()| < e/z}.
=1

Note that the conditions defining the set A€ are just necessary conditions of ex-
tremum in the LASSO-optimization problem

n 'Y (vi— f(X))* +€l|A |y, — min, 2 € RY,
=1

so, the Dantzig selector is closely related to the LASSO.

We will also study some other types of penalties that can be used in sparse re-
covery problems such as, for instance, the entropy penalty ):y:l AjlogA; for sparse
recovery problems in the convex hull of the dictionary .77
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Our goal will be to establish oracle inequalities showing that the methods of this
type allow one to find a sparse approximation of the target function (when it exists).

1.7 Recovering Low Rank Matrices

LetA € My, m, (R)! be an unknown m; x my matrix and Xi,...,X, € My, m, (R) be
given matrices. The goal is to recover A based on its measurements

Y; = (A,X;) = u(AX}), j=1,...,n. (1.16)

In the case when A is a large matrix, but its rank rank(A) is relatively small, it is of in-
terest to recover A based on a relatively small number of linear measurements (1.16)
with n of the order (m; V my)rank(A) (up to constants and logarithmic factors). This
noncommutative generalization of sparse recovery problems has been intensively
studied in the recent years, see [41, 45, 69, 68, 119] and references therein. As in
the case of sparse recovery, the main methods of low rank matrix recovery are based
on convex relaxation of a rank minimization problem

rank(S) — min, S€.%, £ = {S:(S,Xj>:Y-, j:l,...,n}, (1.17)

which is not computationally tractable. The most popular algorithm is based on
nuclear norm minimization:

S|l — min, S€.2, 3:{S:(S,Xj>=Yj,j:17...,n}. (1.18)

Of course, similar problems can be also considered under further constraints on the
set of matrices in question (for instance, when the matrices are Hermitian, nonneg-
atively definite, etc).

Matrix completion, in which Y}, j = 1,...,n are noiseless observations of ran-
domly picked entries of the target matrix A, is a typical example of matrix recovery
problems that has been studied in a great detail. It can be viewed as a special case
of sampling from an orthonormal basis. Let E;, i = 1,...,mymy be an orthonor-
mal basis of M, », (C) with respect to the Hilbert—Schmidt inner product and let
X;, j=1,...,n be ii.d. random variables sampled from a distribution IT on the
set {E\,...,E,2}. Most often, IT is the uniform distribution that assigns probability

p L_ {0 each basis matrix E;. Note that
1m2

1
E[(A,X)* = MHAH%’ A € Moy iy (R).

In the case of matrix completion problems, {E; : i = 1,...,mymy} is the matrix
completion basis

! In this section, we are using the notations of linear algebra introduced in Section A.4.
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{eneeri<i<m,1<j<m),

where {€/" :i=1,...,m}, {372 :j=1,...,my} are the canonical bases of R™ ,R™2
respectively. Clearly, the Fourier coefficients (A, ¢! ® e']-"2> coincide with the entries
of matrix A. We will discuss only the case when the matrices X1, ..., X, are i.i.d. with
uniform distribution in the matrix completion basis, which corresponds to sampling
the entries of the target matrix with replacement (although it is even more natural to
study the sampling without replacement, and it is often done in the literature).

Another example of sampling from an orthonormal basis is related to quantum
state tomography, an important problem in quantum statistics (see [69, 68]). The
goal is to estimate the density matrix p € H,,(C) of a quantum system, which is
a Hermitian nonnegatively definite matrix of trace 1. The estimation is based on
measurements of n observables X, ...,X, € H,,(C) under the assumption that, for
each measurement, the system is prepared in state p. In the noiseless case, p has to
be recovered based on the outcomes of the measurements

Yj:<p,Xj>:tr(pXj),jzl,...,n (1.19)
and the following version of (1.18) can be used:
ISt — min, Se.7, ($,X;)=Y;, j=1,...,n (1.20)

where

= {SeHm(C) :8>0,u(S) = 1}

is the set of all density matrices. As an example of an interesting design {X;}, let
m = 2% and consider the Pauli basis in the space of 2 x 2 matrices M, (C): W; :=
L 6;, where

V2
(01 (0 —i (10 d ) 10
O] .= 10)° Oy = i 0 , 03.= 0—1 and Oy .= 01

are the Pauli matrices (they are both Hermitian and unitary). The Pauli basis in
the space M,,,(C) can be now defined by tensorizing the Pauli basis in M (C) : it
consists of all tensor products W, ® --- @ Wj,, (i1,...,ix) € {1,2,3,4}%. As in the
case of matrix completion, Xj,...,X, are i.i.d. random variables sampled from the
uniform distribution in the Pauli basis and the state p has to be recovered based on
the outcomes of n measurements (1.19). Such a measurement model for a k qubit
system is relatively standard in quantum information, in particular, in quantum state
and quantum process tomography (see Nielsen and Chuang [115], section 8.4.2).
One more example of a random design in matrix recovery problems is subgaus-
sian design (which is similar to the design of dictionaries in sparse recovery and
compressed sensing). Assume again that the matrix A € H,,(C) to be recovered is
Hermitian and let X, X,...,X, be ii.d. random matrices in H,,(C). Suppose that
(A,X) is a subgaussian random variable for each A € H,,,(C) (see Section 3.1). One
specific example is the Gaussian design, where X is a symmetric random matrix
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with real entries such that {X; i 1<i<j< m} are independent centered normal

random variables with EX,% =1,i=1,...,mand EX?> = 1 i< j. Another example

iy 2
is the Rademacher design, where X;; = €;, i = 1,...,m and X;; = %&‘ij, i< j,
{6,']' : 1 <i < j<m} being ii.d. Rademacher random variables (that is, ran-
dom variables taking values +1 or —1 with probability 1/2 each). In both cases,
E|(A,X)> = ||A||3, A € M,,,(C), which means that X is an isotropic random matrix,
and (A,X) is a subgaussian random variable with subgaussian parameter ||A|> (up
to a constant).
In the case of matrix regression model

Yi=(AX;)+&;, j=1,...,n, (1.21)

where A € M, m,(R) is an unknown target matrix and &;, j =1,...,n are i.i.d.
mean zero random variables (random noise), one can replace the nuclear norm min-
imization algorithm (1.18) by the following version of penalized empirical risk min-
imization:

~ . . 2
A€ = argmmSeMm,‘,,,z(R) {n 1 Z (Yj — <S,Xj>) +8||S||1} ,
Jj=1

where € > 0 is a regularization parameter. Such problems have been studied in
[40, 121, 86] and they will be discussed in Chapter 9 (for some other penalization
methods, for instance, von Neumann entropy penalization in density matrix estima-
tion problem, see also [85]). The main goal will be to establish oracle inequalities
for the error of matrix estimators that show how it depends on the rank of the target
matrix A, or, more generally, on the rank of oracles approximating A.






Chapter 2
Empirical and Rademacher Processes

The empirical process is defined as
Zy:=n'*(P, — P)

and it can be viewed as a random measure. However, more often, it has been viewed
as a stochastic process indexed by a function class .% :

Zo(f) =n'?(P,—P)(f).f € F

(see Dudley [57] or van der Vaart and Wellner [142]).
The Rademacher process indexed by a class % was defined in Section 1.3 as

{&} being i.i.d. Rademacher random variables (that is, & takes the values +1 and
—1 with probability 1/2 each) independent of {X;}.

It should be mentioned that certain measurability assumptions are required in the
study of empirical and Rademacher processes. In particular, under these assump-
tions, such quantities as ||P, — P||.# are properly measurable random variables. We
refer to the books of Dudley [57], Chapter 5 and van der Vaart and Wellner [142],
Section 1.7 for precise formulations of these measurability assumptions. Some of
the bounds derived and used below hold even without the assumptions of this na-
ture, if the expectation is replaced by the outer expectation, as it is often done, for
instance, in [142]. Another option is to “define”

E||P,—P||# := sup{IE|P,, —Plg:9CF,9Yis ﬁnite},

which provides a simple way to get around the measurability difficulties. Such an
approach has been frequently used by Talagrand (see, e.g., [134]). In what follows,

17
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it will be assumed that the measurability problems have been resolved in one of
these ways.

2.1 Symmetrization Inequalities

The following important inequality reveals close relationships between empirical
and Rademacher processes.
Theorem 2.1. For any class % of P-integrable functions and for any convex func-
tion® Ry — Ry
1
50 (315, ) <B@ (17~ Pll>) < B (2IR,]15).
where F. .= {f —Pf: f € F}. In particular,

1
S ElRll.7. < E[[F, = Pll7 < 2E[Ru]| -

Proof. Assume that the random variables Xi,...X, are defined on a probability
space (Q,%,P). We will also need two other probability spaces: (Q2,%,P) and
(Q¢, Z¢,P:). The main probability space on which all the random variables are de-
fined will be denoted (£, X,P) and it will be the product space

(Q,Z,P) = (Q,X,P) x (Q,£,P) x (Qe,Xe, Pe).

The corresponding expectations will be denoted by E, |, E¢ and E. Let (X,...,X,)
be an independent ~copy~of (X1,...,X,). Think of random variables Xi,...,X, as
being defined on (2, %, P). Denote B, the empirical measure based on (Xj,...,X,)

(it is an independent copy of P,). Then EP, f = Pf and, using Jensen’s inequality,
E® (||~ Pll7 ) =E®(|[B,~ A7) =B (JEE £ <
n
n_12(6Xj75X‘j) ‘ )
j=1 F

Since Xi,...,X,,X1,...,X, are i.i.d., the distribution of (Xp,...,X,,X1,...,X,) is
invariant with respect to all permutations of the components. In particular, one can
switch any couple X;, X;. Because of this,
)
F

7) :E@cp(

for an arbitrary choice of 6; = +1 or 6; = —1. Define now i.i.d. Rademacher ran-
dom variables on (g, X¢,P¢) (thus, independent of (Xi,...,X,,Xi,...,X,)). Then,

EE® (P, ~ Pl EE@(

IF:]E@(

n 'Y (8 — )
=1

Y o8, 8,
j=1
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’ ) :ESI_EIFZCD(
j‘

and the proof can be completed as follows:

we have

EE® (

n 'Y (8, — )
=1

ey -5 )
= 7

)<
F

n
-1
n Z Sj(s}?j
=1

£ (1B~ Pl5) < EEm(

n! Z 8j(6Xj — 3;?1.)
=1

) + lngEcI) (2
? 2

1 _
SEE® (2

n
Y e, ) =Eo (2R 7).
j=1 Z

The proof of the lower bound is similar.
O

The upper bound is called the symmetrization inequality and the lower bound is
sometimes called the desymmetrization inequality. The desymmetrization inequality
is often used together with the following elementary lower bound (in the case of
D(u) =u)

E[|Rn||l 7. = E||Ry||.# — sup [Pf| E[R4(1)] =
feF

SUp e 7 |Pf|

> E|[R,|| 7 — sup [Pf| E'/|n""
fez j

n
g =E||Ru]l.# —
=1

2.2 Comparison Inequalities for Rademacher Sums

Given a set T C R” and i.i.d. Rademacher variables &;,i = 1,2,..., it is of interest to
know how the expected value of the sup-norm of Rademacher sums indexed by T

n
Zl‘i&'

i=1

R,(T) :=Esup

teT

depends on the geometry of the set 7. The following beautiful comparison inequal-
ity for Rademacher sums is due to Talagrand and it is often used to control R,(T)
for more complex sets 7" in terms of similar quantities for simpler sets.

Theorem 2.2. Let T C R" and let ¢; : R— R, i = 1,...,n be functions such that
©:(0) =0 and
|@i(u) = @i(v)[ < fu—v], u,v R

(that is, @; are contractions). For all convex nondecreasing functions @ : Ry — R,

n
> < E@(sup Ztie,- )
teT

i=1

n

1
E® (2 sup

teT

0; ()&
1

i=
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Proof. First, we prove that for a nondecreasing convex function & : R — R and
for an arbitrary A : T — R

E® (sup [A(t) + i} (p,-(ti)el} ) <E® (sup [A(t) + if t,-si] ) . (2.1

teT teT

We start with the case n = 1. Then, the bound is equivalent to the following

E (supln +£¢(12)]) < E (suplrs +en))

teT teT

for an arbitrary set T C R? and an arbitrary contraction ¢. One can rewrite it as

;((p (sup[tl Jr(p(tz)}) +(15(sup[t1 — (P(lz)])) <

teT teT
1
= <<I> (sup[tl + tz]) + & (sup[tl - tz])> .
2 teT teT

If now (t,12) € T denotes a point where sup,[t1 + @(#2)] is attained and (s1,52) €
T is a point where sup,.y[f1 — @(f2)] is attained, then it is enough to show that

<I>(t1 + <P(t2)) - <I>(s1 - <p(sz)) < ¢’(SUP[I1 +t2]> + @(Sup[tl _ ;2])

teT teT

(if the suprema are not attained, one can easily modify the argument). Clearly, we
have the following conditions:

1+ @(r) > s1+@(s2) and t) — @(t2) < 51— @(s2).

First consider the case when 7, > 0,sp > 0 and #, > s,. In this case, we will prove
that

qs(n + (p(tz)) + cp(sl - (p(s2)> < qb(tl +t2) +<1>(s1 fs2>, 2.2)
which would imply the bound. Indeed, for
a:=t+¢@),b:=t+t,c:=s51—52,d:=51—@(s2),

we have a < b and ¢ <d since @(t;) <12, ¢(s2) < sy (by the assumption that @ is
a contraction and ¢@(0) = 0). We also have that

b—aztz—(p(tz) ZSz—(p(Sz) =d—c,
because again ¢ is a contraction and #, > s,. Finally, we have

a=t+@()>s1+¢(s)>s1—s0=c.
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Since the function & is nondecreasing and convex, its increment over the interval
[a,D] is larger than its increment over the interval [c,d] ([a,b] is longer than [c,d)|
and a > ¢), which is equivalent to (2.2).

If 1, > 0,50 > 0 and s, > 12, it is enough to use the change of notations (¢,s) —
(s,2) and to replace ¢ with —¢.

The case 1, < 0,5, <0 can be now handled by using the transformation (¢1,#,) —
(t1,—12) and changing the function ¢ accordingly.

We have to consider the case ; > 0,57 < 0 (the only remaining case t, < 0,5, >0
would again follow by switching the names of ¢ and s and replacing ¢ with —¢). In
this case, we have @(t2) <1, —@(s2) < —sp, which, in view of monotonicity of
&, immediately implies

(P(ll + (p(l‘z)) + (P(Sl — (p(S2)) < (P(tl —l—lz) —|—(P(S1 —Sz).

This completes the proof of (2.1) in the case n = 1.
In the general case, we have

£ (sup [A<r>+i=i1<p,»<n>e,}) _

teT

B e, @ s0p A A+ Y w600, ).

teT i=1

The expectation E¢, (conditional on &1, ..., €&,—1) can be bounded using the result in
the case n = 1. This yields (after changing the order of integration)

E® <sup {A(t) + i (pi(t,»)e,»] > <EgEe . ¢ P (Sup {A(t) + &ty +nil (p,-(t,-)s,} > .

teT i=1 teT i=1

The proof of (2.1) can now be completed by an induction argument.
Finally, to prove the inequality of the theorem, it is enough to write

(sl o) -
50(5| (L awe) +(spLowi-e) |)<
3 o (L) ) +se( (sl omie) )|

where a; := aV 0. Applying the inequality (2.1) to the function u — P (u ), which
is convex and nondecreasing, completes the proof.

O

We will frequently use a corollary of the above comparison inequality that pro-
vides upper bounds on the moments of the sup-norm of Rademacher process R,, on
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the class

poF ={¢pof:feF}
in terms of the corresponding moments of the sup-norm of R, on .% and Lipschitz
constant of function ¢.

Theorem 2.3. Let ¢ : R — R be a contraction satisfying the condition ¢(0) = 0.
For all convex nondecreasing functions @ : R, — R,

1
50 (3Rl ) <ES (IR 7).

In particular,
EHRnH(pof < ZE”RnH?

The inequality of Theorem 2.3 will be called the contraction inequality for
Rademacher processes.

A simple rescaling of the class .# allows one to use the contraction inequality in
the case of an arbitrary function ¢ satisfying the Lipschitz condition

|@(u) = (V)| < Llu—v|

on an arbitrary interval (a,b) that contains the ranges of all the functions in .%. In
this case, the last bound of Theorem 2.3 takes the form

El[Rullpo7 < 2LE[|Ry | 7.

This implies, for instance, that

n! igif(xi)

i=1

n71 i 8,'f2 (Xl)

i=1

< 4UE sup
fes

E sup (2.3)

fes

provided that the functions in the class .# are uniformly bounded by a constant U.

2.3 Concentration Inequalities

A well known, simple and useful concentration inequality for functions
Z=gXi,---, Xn)

of independent random variables with values in arbitrary spaces is valid under so
called bounded difference condition on g : there exist constants cj, j = 1,...,n such
that forall j=1,...,nand all x1,x2,...,x;,x},..., %

/
g(xh"'axj—hxjv-xj-‘rla"'7xn) —g(xl,...7xj_1,xj,xj+1,...,xn) < Cj- (24)
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Theorem 2.4. Bounded difference inequality. Under the condition (2.4),

21

j=1€j

and
21
P{Z-EZ< —t} <expl —<— (-
Z} 1 C
A standard proof of this inequality is based on bounding the exponential moment
Ee*Z-EZ) ysing the following martingale difference representation

Z-EZ= Z[ (ZIX1,.... X)) —E(Z|X,,.. Xj—l)],

then using Markov inequality and optimizing the resulting bound with respect to
A >0.

In the case when Z = X; + - - - + X,,, the bounded difference inequality coincides
with Hoeffding inequality for sums of bounded independent random variables (see
Section A.2).

For a class .# of functions uniformly bounded by a constant U, the bounded dif-
ference inequality immediately implies the following bounds for ||P, — P|| &, pro-
viding a uniform version of Hoeffding inequality.

Theorem 2.5. For allt > 0,

tU
P{”Pn—PHy’ > E||P,—P|z+ %} < exp{—t2/2}

and U
Pl = Pllz <BJP - Plls = o} < expl—17/2).

Developing uniform versions of Bernstein’s inequality (see Section A.2) hap-
pened to be a much harder problem that was solved in the famous papers by Tala-
grand [132, 133] on concentration inequalities for product measures and empirical
processes.

Theorem 2.6. Talagrand’s inequality. Ler X1, ..., X, be independent random vari-
ables in S. For any class of functions % on S that is uniformly bounded by a constant

U >O0andforallt >0
1t tU
<K ———1 14+ —

o{|£ 00, = s

where K is a universal constant and V is any number satisfying

V > E sup f
fe%z
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Using symmetrization inequality and contraction inequality for the square (2.3),
it is easy to show that in the case of i.i.d. random variables X, ..., X, with distribu-
tion P

n
E sup Zfz(Xi) < nsup Pf*+8UE
feF i=1 fez

(2.5)

14

&f(X;)
=1

F

The right hand side of this bound is a common choice of the quantity V involved in
Talagrand’s inequality. Moreover, in the case when Ef(X) = 0, the desymmetriza-
tion inequality yields

E <2E

F

F

i & f(Xi)
i=i

) f(Xi)
=1

As aresult, one can use Talagrand’s inequality with

n

Y F(x)

i=1

V =nsup Pf>+16UE
feF

and the size of HZ;’ZI (X

This form of Talagrand’s inequality is especially convenient and there have been
considerable efforts to find explicit and sharp values of the constants in such inequal-
ities. In particular, we will frequently use the bounds proved by Bousquet [33] and
Klein [74] (in fact, Klein and Rio [75] provide an improved version of this inequal-
ity). Namely, for a class % of measurable functions from S into [0, 1] (by a simple
rescaling [0, 1] can be replaced by any bounded interval) the following bounds hold
forallz >0:

Bousquet bound

_ is now controlled it terms of its expectation only.

t t _
p{17,~Plls 2 BB~ Pl + /25 (03(7) + 2Bl —Pls) + - <o

Klein-Rio bound

t t _
Pl =Pl <ElA -l - |25 (03(2) + 2Bl Pl ) - L] <o

Here
OB(F) 1= sup (P12~ (Pf)?).
feF

We will also need a version of Talagrand’s inequality for unbounded classes of
functions. Given a class .# of measurable functions f : S — R, denote by F an
envelope of .7, that is, a measurable function such that | f(x)| < F(x),x€ S, f € Z.
The next bounds follow from Theorem 4 of Adamczak [1]: for all o € (0, 1] there
exists a constant K = K(ct) such that

Adamczak bound
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’ tl/a
_ > _ Z —_ . P < !
B{ 17, P> = K[EIR~ Pl + 7))+ | mas Fe| 55| <
and
7 tl/a .
IP’{]E||P,,—P|92K[|Pn—P||g+0'p(,§[) =t | max Fx;)| ]}ge .
n 1<j<n Yo N

Concentration inequalities can be also applied to the Rademacher process which
can be viewed as an empirical process based on the sample (X,€;),...,(X,, &) in
the space S x {—1,1} and indexed by the class of functions .% := {f : f € F},
where f(x,u) := f(x)u, (x,u) € Sx {—1,1}.

2.4 Exponential Bounds for Sums of Independent Random
Matrices

In this section, we discuss very simple, but powerful noncommutative Bernstein
type inequalities that go back to Ahlswede and Winter [4]. The goal is to bound the
tail probability P{||X; + - - - + X, || > ¢}, where Xi,..., X, are independent Hermitian
random m x m matrices with EX; = 0 and || - || is the operator norm.! The proofs of
such inequalities are based on a matrix extension of the classical proof of Bernstein’s
inequality for real valued random variables, but they also rely on important matrix
inequalities that have many applications in mathematical physics. In the case of
sums of i.i.d. random matrices it is enough to use the following well known Golden-
Thompson inequality (see, e.g., Simon [127], p. 94):

Proposition 2.1. For arbitrary Hermitian m X m matrices A,B
tr(eB) < tr(eheP).
It is needed to control the matrix moment generating function
Etrexp{A(X; +---+X,)}.

This approach was used in the original paper by Ahlswede and Winter [4], but also in
[68], [119], [85]. However, it does not seem to provide the correct form of “variance
parameter” in the non i.i.d. case. We will use below another approach suggested by
Tropp [136] that is based on the following classical result by Lieb [98] (Theorem
6).

Proposition 2.2. For all Hermitian matrices A, the function

GA(S) ;= trexp{A +1ogS}

! for the notations used in this section, see Section A.4
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is concave on the cone of Hermitian positively definite matrices.

Given independent Hermitian random m x m matrices Xi,...,X, with EX; =0,
denote ’

Theorem 2.7. 1. Suppose that, for some U > 0 and forall j=1,...,n, ||X;|| <U.
Then

o2:=n"! HIE(XI2 4+ X2)

2

t
PIX 4 X 214 <2 I 2.6
{” et Xl 2 }— meXp{ 262n+2Ut/3} 26)

2. Let o > 1 and suppose that, for some U@ >0 andforall j=1,...,n,
1], v X2 < ut.
Vo

Then, there exists a constant K > 0 such that

1 2
P{| X1+ +X,|| >t} <2mexp —— .7
{H 1 || } p{ K no? 4+ 1U@ logl/a(Um)/G)} 2.7

Inequality (2.6) is a direct noncommutative extension of classical Bernstein’s
inequality for sums of independent random variables. It is due to Ahlswede and
Winter [4] (see also [68], [119], [136]). In inequality (2.7), the L..-bound U on || X/||
is repaced by a weaker yy-norm. This inequality was proved in [85] (in the i.i.d.
case). Note that, when ¢ — oo, it coincides with (2.6) (up to constants).

Proof. Denote Y, := X +---+ X, and observe that ||Y,|| < ¢ if and only if —zI,, <
Y, < tl,. It follows that

P{[Yall = 1} = P{Yn £ thy} +P{Yy 2 —t1}. (2.8)
The next bounds are based on a simple matrix algebra:
P{Y, £ tl,} = P{*M £ A} < ]P’{tr (e”") > e’lt} < e MEwr(M). (2.9
To bound the matrix moment generating function Etr(e”" ), observe that
Etr(e”") =EE,trexp{AY,_1 + loge’lx’l} =EE,Gyy, , (e’lx’l).
where E, denotes the conditional expectation given X, ...,X,_. Using Lieb’s the-
orem (see Proposition 2.2), Jensen’s inequality for the expectation [E, and the inde-
pendence of random matrices X;, we get
Etr(e*) <EGyy, , (Ee*™) = Etrexp{AY,_; +logEe**}.

Using the same conditioning trick another time, we get
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Etr(e”") < Etrexp{AY,_i +10g]l§e“”} =
EE,_itrexp{AY,_2 + logEe’lX" +log M1 } = EExGyy, ,+logEet¥n (elx”*‘ )

and another application of Lieb’s theorem and Jensen’s inequality yields
Etr(e*') < Etrexp{AY, 2+ logEe**»1 4 logEe*Xn}.
Iterating this argument, we get
Etr(e*) < trexp{logEe* +log e + ... 4 logEe*¥n}, (2.10)

Next we have to bound Ee*X for an arbitrary Hermitian random matrix with
EX =0 and ||X|| < U. To this end, we use the Taylor expansion:

<

2! 31 4!

1 AlX| . A%x|)?
Im+A2EX2[2'+ !‘ | +7!“ ” +} = ,,,+AZEX2[

1 AX A*x?
]Ee’“lem+]E/12X2[++ +.. ]

X1 —1- 2]
22X

Under the assumption || X || < U, this yields

MW_1-AU
B <+ 2280 | T

A2U2

Denoting ¢ (u) := eu’u%’“, we get
Ee*X < exp{A’EX?¢(AU)}.

We will use this bound for each random matrix X; and substitute the result in (2.10)
to get

Etr(e*) < trexp{/’LZIE(Xl2 +--- +X3)¢(7LU)} <
mexp{ AZ[E(X] + -+ X2)[9(AU) }.
In view of (2.9), it remains to follow the usual proof of Bernstein-Bennett type

inequalities to obtain (2.6).
To prove (2.7), we bound Ee*X in a slightly different way: for all T > 0,

Ee*Y < 1, + A’EX? V”Xll ! _’”X'} <

A2 x|?
AT—1-A1
2272

A 1 2]
A

1m+12uax2{ ] L AZE|X? [ 11X > 7).

Take M :=2(log2)"/*U(® and assume that A < 1/M. It follows that
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M~ 1= x|
A|x |12
MZEl/ZeZHXH/M]P;l/Z{”X” > T}.

e
E|lx|? }I(IIXII > 1) < MPESXIMI(|X| > 1) <

Since, for oc > 1,

M =2(log2)"/*

i > 2|
Ya Y1

(see Section A.1), we get Ee2IXI/M < 2 and also

(x| 2 7 <exp{ 201082 ) .

Therefore, the following bound holds:
AT o
—1-At T
Ee*X <1, + A2EX? {ew] +21722pp2 exp{ZO‘_1 log2 <M> }Im.
L 2]/05—1 1 M2
Takenowr.fM(logz)l/a /a?
1. This yields the following bound

log and suppose that A satisfies the condition A7 <

Ee* <1, + %)LZ(]EXZ +0%1,) < exp{ %AZ(JExz + 021,,,)}

that holds with some constant C; > 0. We use this bound for each random matrix
Xj,j=1,...,n and deduce from (2.10) that, for some constants C;,C; > 0 and for
all A satisfying the condition

(a)\ /o
/IU(“>(logUG ) <G, 2.11)

we have c
Etr(e*) < trexp{ EIXZ(EXIZ + -+ EX? +n621m)},

which further implies that
Etr(e*) < mexp{C1A%nc?)}.
Combining this bound with (2.8) and (2.9), we get

P{|[Y,] >} < 2mexp{—/1t+c1/12noz}.

The last bound can be now minimized with respect to all A satisfying (2.11), which
yields that, for some constant K > 0,
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t

1 2
P =) <2me| log /(U@ o) i

This proves inequality (2.7).
O

The next bounds immediately follow from (2.6) and (2.7): for all r > 0, with
probability at least 1 — e’

X1+"'+Xn
n

<2 <G t+log(2m) \/Ut +log(2m)> 2.12)
n n

and, with some constant C > 0,

X+ +X, <cls t—|—10g(2m)\/
n - n
(@) l/a
U@ (log UG ) ! +1og(2m)>_ (2.13)
n

Note that the size m of the matrices has only logarithmic impact on the bounds.

It is easy to derive Bernstein type exponential inequalities for rectangular m X
my random matrices from the inequalities of Theorem 2.7 for Hermitian matrices.
This is based on the following well known isomorphism trick (sometimes called
Paulsen dilation). Denote by M, »,(R) the space of all m; x m; matrices with
real entries and by H,,(C) the space of all Hermitian m x m matrices. Define the
following linear mapping

J : My, my (R) = Hyyy 4m, (C), where JS := ( 0 S) .

S* 0
Clearly,
2. (S50
(JS) = ( 0 S*S) .
Therefore,
18I = [ISS* [/ v ||5*8]|"/* = | s]|
and, for independent random matrices Xi,...,X, in My, m, (R) with EX; =0, we
have

o2 i=n (JEGOXT) + -+ ECGX) |V IE(GX) + -+ EOG X))
— n Y B((IX1)2 4+ (IX%)2)]).

The following statement immediately follows from Theorem 2.7 by applying it
to the Hermitian random matrices JX1,...,JX,.

Corollary 2.1. 1. Suppose that, for some U >0 and forall j=1,...,n, | X;|| <U.
Then
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2
t
P Xi4--+X,|| >ty <2 —— - 2.14
{” et Xl = }— meXp{ 262n+2Ut/3} @14
2. Let o > 1 and suppose that for some U<O‘)>0andf0rallj:1,...,n,
1| veE 2 < ut.
Yo

Then, there exists a constant K > 0 such that

1 12
P{||X) + - +X,|| > 1} < 2mexp{ —— . (215
{H 1 || } p{ Kn62—|—tU(a)10gl/a(U<a)/Gx)} ( )

2.5 Further Comments

Initially, the theory of empirical processes dealt with asymptotic problems: uni-
form versions of laws of large numbers, central limit theorem and laws of iter-
ated logarithm. It started with the work by Vapnik and Chervonenkis (see [141]
and references therein) on Glivenko-Cantelli problem and by Dudley [57] on the
central limit theorem (extensions of Kolmogorov-Donsker theorems). Other early
references include Koltchinskii [77], Pollard [117] and Giné and Zinn [67]. Since
Talagrand [132, 133] developed his concentration inequalities, the focus of the the-
ory has shifted to the development of bounds on sup-norms of empirical processes
with applications to a variety of problems in statistics, learning theory, asymptotic
geometric analysis, etc (see also [131]).

Symmetrization inequalities of Section 2.1 were introduced to the theory of em-
pirical processes by Giné and Zinn [67] (an earlier form of Rademacher symmetriza-
tion was used by Koltchinskii [77]) and Pollard [117]).

In Section 2.2, we follow the proof of Talagrand’s comparison inequality for
Rademacher sums given by Ledoux and Talagrand [97], Theorem 4.12.

Talagrand’s concentration inequalities for product measures and empirical pro-
cesses were proved in [132, 133]. Another approach to their proof, the entropy
method based on logarithmic Sobolev inequalities, was introduced by Ledoux. It
is discussed in detail in [96] and [103]. The bounded difference inequality based on
the martingale method is well known and can be found in many books (e.g., [49],
[103]).

Noncommutative Bernstein’s inequality (2.6) was discovered by Ahlswede and
Winter [4]. This inequality and its extensions proved to be very useful in the recent
work on low rank matrix recovery (see Gross et al [69], Gross [68], Recht [119],
Koltchinskii [85]). Tropp [136] provides a detailed review of various inequalities of
this type.



Chapter 3
Bounding Expected Sup-Norms of Empirical
and Rademacher Processes

In what follows, we will use a number of bounds on expectation of suprema of
empirical and Rademacher processes. Because of symmetrization inequalities, the
problems of bounding expected suprema for these two stochastic processes are
equivalent. The bounds are usually based on various complexity measures of func-
tion classes (such as linear dimension, VC-dimension, shattering numbers, uniform
covering numbers, random covering numbers, bracketing numbers, generic chaining
complexities, etc). It would be of interest to develop the bounds with precise depen-
dence on such geometric parameters as the L, (P)-diameter of the class. Combining
the bounds on expected suprema with Talagrand’s concentration inequalities yields
exponential inequalities for the tail probabilities of sup-norms.

3.1 Gaussian and Subgaussian Processes, Metric Entropies and
Generic Chaining Complexities

Recall that a random variable Y is called subgaussian with parameter 62, or ¥ €

SG(c?), iff forall L € R
Ee}LY < 61262/2.

Normal random variable with mean 0 and variance 2 belongs to SG(c?). If € is a
Rademacher r.v., then € € SG(1).

The next proposition gives two simple and important properties of subgaussian
random variables (see, e.g., [142], Section 2.2.1 for the proof of property (ii)).

Propeosition 3.1. (i) IfY1,...,Y, are independent random variables andY; € SG(GJZ),
then
Yi+-+Y,€SG(o +---+07).

(ii) For arbitrary Yy,...,Yy, N > 2 such that Y; € SG(c7),j = 1,...,N,

E max |Y;| <C max o;jv/logN
lngN‘ il = 12yey IV 08

31
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where C is a numerical constant.

Let (7,d) be a pseudo-metric space and Y (¢),7 € T be a stochastic process. It is
called subgaussian with respect to d iff, for all t,s € T, Y (t) — Y (s) € SG(d>(t,s)).

Denote D(T) = D(T,d) the diameter of the space T. Let N(T,d,€) be the -
covering number of (7,d), that is, the minimal number of balls of radius € needed
to cover T. Let M(T, d, €) be the e-packing number of (T',d), i.e., the largest number
of points in T separated from each other by at least a distance of €. Obviously,

N(T,d,e) <M(T,d,e) <N(T,d,e/2), € > 0.

As always,
H(T,d,e) =1ogN(T,d,¢)
is called the e-entropy of (T,d).
Theorem 3.1. (Dudley’s entropy bounds). If Y (¢),t € T is a subgaussian process

with respect to d, then the following bounds hold with some numerical constant
C>0:

D(T)
EsupY (1) < c/ H'Y*(T,d,€)de
0

teT

and forallty € T

D(T)
Esup|Y (1) =Y (10)| < C / H'(T,d, €)de.
0

teT

The integral in the right hand side of the bound is often called Dudley’s entropy
integral.

For Gaussian processes, the following lower bound is also true (see [97], Section
3.3).

Theorem 3.2. (Sudakov’s entropy bound). [f Y (¢),t € T is a Gaussian process and
d(t,s) :=EY(X(1)—X(s))% t,s €T,
then the following bound holds with some numerical constant C > 0 :
EsupY (t) > CsupeH'?(T,d,€).

teT >0

Note that, if Z is a standard normal vector in RY and T ¢ RV , then Sudakov’s
entropy bound immediately implies that, with some numerical constant C' > 0,

supeH'2(T, |- |l¢,,€) < C'Esup(Z,1). (3.1)
>0 teT
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We will also need another inequality of a similar flavor that is often called dual
Sudakov’s inequality (see Pajor and Tomczak-Jaegermann [116]). Namely, let K C
RY be a symmetric convex set (that is, u € K implies —u € K). Denote

[[#l|x == sup(u,z).
uck

Finally, denote B12v the unit ball in the space 112V (that is, in RV equipped with the
l-norm). Then, the following bound holds with a numerical constant C' > 0 :

supeH'*(BY, || - ||k, €) < C'Esup(Z,1). (3.2)
>0 teK

Note that, for T = K, (3.1) provides an upper bound on the cardinality of minimal
coverings of the symmetric convex set K by the Euclidean balls of radius €. On the
other hand, (3.2) is a bound on the cardinality of minimal coverings of the Euclidean
unit ball B’zV by the translations of the convex set €K°, K° being the polar set of K.
In both cases, the bounds are dimension free.

The proof of Theorem 3.1 is based on the well known chaining method (see, e.g.,
[97], Section 11.1) that also leads to more refined generic chaining bounds (see
Talagrand [134]). Talagrand’s generic chaining complexity of a metric space (7,d)
is defined as follows. An admissible sequence {A,},>0 is an increasing sequence
of partitions of 7T (that is, each next partition is a refinement of the previous one)
such that card(Ag) = 1 and card(A,) < 22", n > 1. Givent € T, let A,(t) denote the
unique subset from A, that contains ¢. For a set A C T, let D(A) denote its diameter.
Define the generic chaining complexity ¥ (T;d) as

%(T;d) = inf supZ2"/2D(An(t)),

{An}n>0 reT 430
where the inf is taken over all admissible sequences of partitions.

Theorem 3.3. (Talagrand’s generic chaining bounds). If Y (¢),t € T is a centered
Gaussian process with

d(t,s) :=E"2(Y(t)—Y(s))? t,s€T,

then
K~ 'p(T;d) <EsupY (1) < Kp(T:d),
teT
where K > 0 is a universal constant. The upper bound also holds for all subgaussian
processes with respect to d.

Of course, Talagrand’s generic chaining complexity is upper bounded by Dud-
ley’s entropy integral. In special cases, other upper bounds are also available that
might be sharper in specific applications. For instace, if 7 C H is the unit ball in a
Hilbert space H and d is the metric generated by an arbitrary norm in H, then, for
some constant C > 0,
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o 1/2
yz(T;d)§C</0 sH(T;d;e)ds) . (3.3)

This follows from a more general result by Talagrand [134] that applies also to
Banach spaces with p-convex norms for p > 2.

In addition to Gaussian processes, Rademacher sums provide another important
example of subgaussian processes. Given 7' C R", define

n
Y(1):=Y &ti, t=(11,....t,) €T,
i=1

where {&} are i.i.d. Rademacher random variables. The stochastic process Y (¢),t €
T is called the Rademacher sum indexed by T. It is a subgaussian process with
respect to the Euclidean distance in R” :

d(t,s) = <i(li—si)2> ]/2.

i=1

The following result by Talagrand is a version of Sudakov’s type lower bound
for Rademacher sums (see [97], Section 4.5).
Denote

n
Zsiti .

i=1

R(T) :=E¢ sup
teT

Theorem 3.4. (Talagrand). There exists a universal constant L such that

R(T) > %6H1/2(T,d,6) (3.4)
whenever
52
R(T)suptlle. < - (3.5)
teT

3.2 Finite Classes of Functions
Suppose .Z is a finite class of measurable functions uniformly bounded by a con-

stant U > 0. Let N := card(.%#) > 2. Denote 67 := supfetgszz.

Theorem 3.5. There exist universal constants Ky, K> such that

log N
E||R,|| » < K\U+y/ i

logN \ ,, logN
og \/Uog}

and

E|R,]l# < K» {c
n n
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Proof. Conditionally on Xi,...,X,, the random variable
VR(f) = ==
nRy(f) = eif(Xj), f€F
n \/ﬁj:l J J

is subgaussian with parameter || f{|z,(p,)- Therefore, it follows from Proposition 3.1,

(ii) that
logN
EellRull 7 < K sup [|£l1,(p) 1/ :
feF n

The first bound now follows since sup ez || f||z,(p,) < U. To prove the second
bound, denote .#2 := {f?: f € .Z} and observe that

sup (|, ey < sup [ £llz,p) + 4/ 122 — Pll 225
fesz feF
E sup || flly(p,) < 6+ \/ElPy = P 2.
feF

Using symmetrization and contraction inequalities, we get

which implies

E|[Py = Pl 72 < 2E||Ru[| 72 < B8UE||Rnl| 7.

Hence,

logN logN
IR, > < KE sup |10\ 2 <Ko+ VUEIR> )/ 2.
feF n n

The result now follows by bounding the solution with respect to E||R,||# of the
above inequality.

O

The same result can be also deduced from the following theorem (it is enough to
take g = logN).

Theorem 3.6. There exists a universal constants K such that for all g > 2

E]/q”RnHZ@ < El/qHRn”Zq(ﬁ-gz) :=E!/ Z IR.(f)|7 <
fe#
_1\1/2a71/q _ 2/q
klgld=D "N yla— N7}
nl/2 n

Proof. We will need the following simple property of Rademacher sums: for all
q=2,

El/4

q n 1/2
-1y a)
i=1

n
oG E;
i=1

=
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(see, e.g., de la Pena and Giné [48], p. 21). Using this inequality, we get

EellRl% < ¥ EelRu(NI? < (g— )"0 92 Y £ <

fez feZ
/2 q/2
(g— 1)q/2nq/2N<sup P,,f2> <(q-— l)q/zrzq/zN(d2 +1|P —P||jcz>
feF
This easily implies
EV|Ra|% <EV4 Y [Ra(f)] <
feF
(q—1)"2n 12NV agl/2=1/a <G+E1/4|P,, —P||f;1§>. (3.6)

It remains to use symmetrization and contraction inequalities to get

2 2
E'4|[P, — P[5 < 2U'EY9||R, | < 202\ JEV4||R, |,

to substitute this bound into (3.6) and to solve the resulting inequality for E'/9||R,, 1%
to complete the proof.
O

3.3 Shattering Numbers and VC-classes of Sets

Let & be a class of subsets of S. Given a finite set F C S, denote
AY(F) :=card{¢ NF},
where ¥ NF 1= {COF :Ce ‘5} Clearly,

A%’”(F) < anrd(F).

If A% (F) =2(F) it is said that F is shattered by %. The numbers A% (F) are
called the shattering numbers of the class €.
Define

m® (n) := sup{M(F) . F C S,card(F) < n}

Clearly, m® (n) < 2", n > 1, and if, for some n, m® (n) < 2", then m® (k) < 2 for
all k > n.
Let
V(%) :=min{n>1:m"(n) < 2"}.
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If m% (n) = 2" for all n > 1, set V(&) = oo. The number V(%) is called the Vapnik-
Chervonenkis dimension (or the VC-dimension) of class €. If V(%) < oo, then
% is called the Vapnik-Chervonenkis class (or VC-class). It means that no set F of
cardinality n > V(%) is shattered by %'

Denote <<nk) _ (8) bt (Z)

The following lemma (proved independently in somewhat different forms by
Sauer, Shelah, and also by Vapnik and Chervonenkis) is one of the main combi-
natorial facts related to VC-classes.

Theorem 3.7. (Sauer’s Lemma). Let F C S, card(F) = n. If

a“o= ()

then there exists a subset F' C F, card(F') = k such that F' is shattered by €.

The Sauer’s Lemma immediately implies that, for a VC-class ¢,

0= <y )

V(€)-1
ne

which can be further bounded by V)1

We will view P and P, as functions defined on a class 4 of measurable sets
C— P(C),C — P,(C) and the Rademacher process will be also indexed by sets:

n
Ry(C):=n""Y gilc(X;)).
j=1

ForY : ¢ — R, we still write ||Y

% =SUpccy |Y(C)|. Denote F := {Ic: C € €}

Theorem 3.8. There exists a numerical constant K > 0 such that

€ €
%SKE\/logA (X1,...,X,) SK\/ElogA (X1,....X)
n n

E||B,—P

The drawback of this result is that it does not take into account the “size” of
the sets in the class %. A better bound is possible in the case when, for all C € ¥,
P(C) is small. We will derive such an inequality in which the size of E||P, — P||¢ is
controlled in terms of random shattering numbers A® (Xi,...,X,) and of

1P

« = sup P(C)
ce?

(and which implies the inequality of Theorem 3.8).
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Theorem 3.9. There exists a numerical constant K > 0 such that

12, [logA?(Xy,...,X, ElogA? (X1,..., X,
o < KPR 0B A K Xo) Blop AT (K, )

IN

E|P,—P

1/2 ElOgACg(Xl,...,X) ElOgA%(Xl,...7X)
K|P|Y \/ g “\/K : .

Proof. Let
T .= {(Ic(xl),...,lc(xn)) :Ce %}

Clearly, card(T) = A% (Xi,...,X,) and

E¢||Rull¢ = Eesup
teT

n
n! Z&'l‘,’
i=1

Forallt € T,n" 'YL, &t; is a subgaussian random variable with parameter n~!{|¢]|,.
Therefore, by Proposition 3.1,

n
Eesup|n 'Y et;| < Kn 'sup|lts, \/logA(f(Xl,...,X,,).
teT i=1 teT
Note that
n~ ' sup|lt]|e, = n~"/2(sup B, (C))"/2.
teT cev
Hence,

Ee|lRalle < Kn~'PE|R]1?\logA? (X1, X,) <

%/\/logA%)(Xla cee 7Xf’l> S
KPR [P Pl logd (51, ) +
Kn' /TP By logd” (Xi..... X,).

By symmetrization inequality,

(gSZanl/ZE\/m\/logA‘g(X],...,Xn)—|-
2Kn*1/2\/HP7E\/10gA%(X1’"'7X") <
2Kn_1/zm\/]mogﬁ(xl,...,Xn)+

2Kn 2 /TPl By log A (Xi,... X,),

Kn™'PE\/[[P =Pl + P

E||P, — P
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where we also used Cauchy-Schwarz inequality. It remains to solve the resulting
inequality with respect to E|| P, — P||« (or just to upper bound its solution) to get the
result.

O
In the case of VC-classes,
logA” (X1,...,X,) <logm® (n) < KV(€)logn

with some numerical constant K > 0. Thus, Theorem 3.9 yields the bound

1/2 IOgn \/ logn)

However, this bound is not sharp: the logarithmic factor involved in it can be elimi-
nated. To this end, the following bound on the covering numbers of a VC-class % is
needed. For an arbitrary probability measure Q on (S, .%7), define the distance

E[R, - Pg<KQ

do(C1,0) = 0(C1AG), C1,C, € 6.

Theorem 3.10. There exists a universal constant K > 0 such that for any VC-class
€ C o and for all probability measures Q on (S, <)

o 1\V©)
N(€:dg:€) < KV () (4e)"(®) <8> , £€(0,1).

This result is due to Haussler and it is an improvement of an earlier bound by
Dudley (the proof and precise references can be found, e.g., in van der Vaart and
Wellner [142]).

By Theorem 3.10, we get

) 1\V(@)-1
N(%;dpn;e)SKV(%)(ALe)V(g)(e) , £€(0,1).

Using this fact one can prove the following inequality:

€)log
1/2 '
g<Kan,hg f)

We are not giving its proof here. However, in the next section, we establish more
general results for VC-type classes of functions (see (3.17)) that do imply the above
bound.

E||P, — P
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3.4 Upper Entropy Bounds

Let N(.%; Ly (P,); €) denote the minimal number of L, (P, )-balls of radius € covering
Z and let
G,f = sup Pnfz.

fez

Also denote by (% ;L,(P,)) Talagrand’s generic chaining complexity of .% with
respect to the L, (P,)-distance.

Theorem 3.11. The following bound holds with a numerical constant C > 0 :
BIR 7 < - —En(F:La(R)
ni|F > \/ﬁ h7) sLa\In)).

As a consequence,

C 20,
E|Ru|5 < —F / V10N (Z L2 (Py): €)de
vn o Jo

with some constant C > 0.

Proof. Conditionally on X{,...,X,, the process
1 n
ViR, (f) = ﬁj;sjf(xj% fes
is subgaussian with respect to the distance of the space L,(P,). Hence, it follows
from Theorem 3.3 that
Ee[|Rul| 7 < Cn™' P pa(F 3 La(Py)). 3.7)

Taking expectation of both sides, yields the first inequality. The second inequality
follows by bounding Talagrand’s generic chaining complexity from above by Dud-
ley’s entropy integral. a

Following Giné and Koltchinskii [64], we will derive from Theorem 3.11 sev-
eral bounds under more special conditions on the random entropy. Assume that the
functions in .% are uniformly bounded by a constant U > 0 and let F < U denote a
measurable envelope of .%, that is,

|[f(x)]| <F(x),xeS, feZ.
We will assume that 62 is a number such that

sup P> < 6> <||F|7, )
fez

Most often, we will use 6% = sup . 5 Pf>.
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Let H : [0,%0) — [0,00) be a regularly varying function of exponent 0 < o < 2,
strictly increasing for u > 1/2 and such that H(u) =0 for0 <u < 1/2.

Theorem 3.12. If, forall € > 0andn > 1,

F
logN(F,La(Py),€) < H (”””’”) , (3.8)

4

then there exists a constant C > 0 that depends only on H and such that

% H(W%m) v ZH(”FLLM)] _ (3.9)

In particular, if, for some C1 > 0,

EHR,,Hg: <C

F
na? > C\UH (” |;2<P)> :

then

F
E|R,|| # < % H <””;2(P’) (3.10)

with a constant C > 0 that depends only on H and Cj.

Proof. Without loss of generality, assume that U = 1 (otherwise the result follows
by a simple rescaling of the class .#). Given function H, we will use constants
Cy > 0 and Dy > 0 for which

Sy u™?/H (u)du 2 .
supw\/lgﬁq, /O \/H(l/u)du—/l/zu 2/H(u)du < Dy.

v>1 y—l

The bound of Theorem 3.11 implies that with some numerical constant C > 0 !

20,
E|R,|.» < Cn~'/2E / V10N (7, L2(Py). €)de
20,
<Cl’l71/2E/ (” HLz (P) >d€
<cn—1/2E/ ,/ 2lIF ”LZ d 1 \F||L,Z ) < 2l ||yp )

~ H [
Cn 1/2]E/ ( Ly(Ry) >d81(||F|L2(pn)>2||F|L2(p)). 3.11)

It is very easy to bound the second term in the sum. First note that

! the value of C might change from place to place
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20,

¥l 2
2 ) de <Pl | V/H(1/0)du < DalFloyn,

Then use Holder’s inequality and Bernstein’s inequality to get

_ 205 1F |, (p,
v | [ o (P Vet (1F oy > 20 ) | <

_ 9 Dy
Dy~ 2||F || pyexp {—8”||F|i2<P)} <

<5 (3.12)

Bounding the first term is slightly more complicated. Recall the notation
Fr={f*:feF})
Using symmetrization and contraction inequalities, we get
Ec? < 62 +E||P, — P|| 52 < 6% 4+ 2E||R, | 22 < 6> +8E|[R,|| 7 =: B*.  (3.13)

Since, for nonincreasing &, the function

u— /Ouh(t)dt

is concave, we have, by the properties of H, that

_ 200 2||F Iy e
n W]E/ \/H—Z()del(F||L2(Pn)<2||F||L2(P))
e [ [ 2||F|\L2
2)1/2
<n 1/2/ <2||F||L2>dg

_1/2/28 / 2”FHLZ
=2 2 [ [ (L) ae
0 €

=2 V2 |F - 2\ /H(u)d 3.14
=2n"""7|F||L,p) u (u)du. (3.14)
Fllp,p)/B

In the case when B < ||F||.,(p), this yields the bound
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- 26 2[|F |y p
n 1/21@/0 H(62<>>dg I(IF ||y (p) < 20 F lyp))
F F
<2Cyn~'?’By|H (””g“”) <2Cyn By |H (”LLN’)>

In the case when B > ||F ||, (p), the bound becomes

20, 2 F
n‘l/zE/O H (H!Lzm)de I(1F |1 (m) < 21IF |y p)

o0
<20 2|, [ 0V H
1/2
- _ [ Flzy
<2V T < 2y 1 (1),
where we also used the assumption that

sup Pf <o’< HF||L
feF

Thus, in both cases we have

g [ (F
v [ o (SR e 10 < 20F L)

43

F
<cn 2By [H (””;2(”)) (3.15)

with a constant C depending only on H.
Now, we deduce from inequality (3.15) that

- 20n L2 p)
n B / < : )ng(F”LZ(Pn) S2||F||L2(P))

<cn o H(' liae) )+fc “12/E[R,| 7 H<” ) >

We will use the last bound together with inequalities (3.11) and (3.12). Denote
E :=E|Ry| .=

Then, we end up with the following inequality
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F
E<CDyn ' +Cn o H( Fllzg(r )+\fc “2VE\|H (' ”éz“’)).

Solving it with respect to E completes the proof.
O

The next bounds follow from Theorem 3.12 with 6 := sup s  Pf2. If for some
A >0,V >0 and forall € > 0,

AlF”Lz(P,l))V (3.16)

N(FLa(Py):e) < ( :

then with some universal constant C > 0 (for 6> > const n~ ")

/ / A F VU A F

If for some A > 0,p € (0,1) and for all € > 0,

A||F 2
10%N(9;L2(Pn);8)<<||gm) : (3.18)
then
AP||FIIE A/ 1)| |22/ (0F Dy (1=p) /(1)
ER"||9§C[\/?1(>GIP ,,12/((1)+p) } (3.19)

A function class .% is called VC-subgraph iff

{{(x,t):ogf(x) <t}U{(x,t): 0> f(x) >t} :feﬁz}

is a VC-class. For a VC-subgraph class .%, the following bound holds with some
constants A,V > 0 and for all probability measures Q on (S, <) :

AllF |4
N(F;L,(Q);€) < (W) £>0 (3.20)

(see, e.g., van der Vaart and Wellner [142], Theorem 2.6.7). Of course, this uniform
covering numbers condition does imply (3.16) and, as a consequence, (3.17).

We will call the function classes satisfying (3.16) VC-type classes.

If A is VC-type, then its convex hull conv(.7Z) satisfies (3.18) with p := +2
(see van der Vaart and Wellner [142], Theorem 2.6.9). More precisely, the following
result holds.

Theorem 3.13. Let 5 be a class of measurable functions on (S, </) with a mea-
surable envelope F and let Q be a probability measure on (S,4). Suppose that
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F € L(Q) and

A|F | ,0)

\%4
M La(Oe) < (BE L) e < |l

Then

BIF 2V/(V+2)
|||L(Q)> , €< [Fly

logN(conv(5#);L,(Q);€) < ( e

for some constant B that depends on A and V.

So, one can use the bound (3.19) for .# C conv(.#). Note that in this bound the
envelope F' of the class 7 itself should be used rather than an envelope of a subset
Z of its convex hull (which might be smaller than F').

3.5 Lower Entropy Bounds

In this section, lower bounds on E||R,|| # expressed in terms of entropy of the class
% will be proved. Again, we follow the paper by Giné and Koltchinskii [64]. In
what follows, the function H satisfies the conditions of Theorem 3.12. Denote 6% =
2
suprcz Pf*.
Under the notations of Section 3.4, we introduce the following condition: with
some constant ¢ > 0

logN(Z,Ly(P),6/2) > cH (W) . (3.21)

Theorem 3.14. Suppose that % satisfies condition (3.8). There exist a universal
constant B > 0 and a constant C that depends only on H such that

El|Rall 5 > B% ViogN(Z,1,(P),0/2) (3.22)
provided that
6||F
ne? > C\UH ('l';z“’)) . (3.23)

Moreover, if in addition (3.21) holds, then, for some constants C, depending only on
¢, constant C3 depending only on H, and for all n such that (3.23) holds,

F F
Cz%\ |H (””;“”) <E|Ru|l 5 < Cs%\ |H (”'L“”’) (3.24)

Proof. Without loss of generality, we can assume that U = 1, so, the functions in
the class .# are bounded by 1. The general case would follow by a simple rescaling.
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First note that, under the assumptions of the theorem, inequality (3.10) holds, so,
we have with some constant C depending only on H

|F||L2(P))

o
E||R,||lz <C——=4/H
IRl < €5 1 (8

This already proves the right hand side of inequality (3.24).
It follows from Theorem 3.4 that

I o
F > —— 7 ,
EellRill > > g7 72 V10gN(Z . La(Fy). 0 /8), (3.25)
as soomn as
o’ 26
E¢|Ry||z < —. .
ellRall7 < (3.26)

To use this result, we will derive a lower bound on the right hand side of (3.25) and
an upper bound on the left hand side of (3.26) that hold with a high probability. Let
us bound first the right hand side of (3.25).
Let
M :=M(%,L,(P),c/2)

(recall that M(.#,L,(P),0/2) denotes the o /2-packing number of the class .F# C
L,(P)). We apply the law of large numbers to M functions in a maximal & /2-
separated subset of .% and also to the envelope F. It implies that, for all € > 0,
there exists #n and @ such that

M(Z,Lx(P),6/2) <M(Z,Ly(Pa(0)), (1 —€)6/2) <
N(Z,Ly(Py(0)), (1 — €)c /4)

and
IF Ly Py () < (L+E)IF |y (p)-
Take € = 1/5. Then, by (3.8),

M(Z,L:(P),6)2) < exp{H<6”FO_L2<P)> } (3.27)

Let f1,..., fu be a maximal subset of .# such that
P(fi—f;)?>o?/4forall 1 <i# j<M.
In addition, we have
P(fi = f1)* <4P(fi— f;)* < 1607,

Bernstein’s inequality implies that
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IP’{ max <nP(f,-—fj)2— (ﬁ—fj)z(Xk)> > ?wm} <M?e .

1<i#j<M

»
i ™=
L

Lett = 6no?. Since P(f; — f;)* > 0% /4 and (3.27) holds, we get

IP{ min lZn"(fi—f,)z(xk) < o2 (1/4—86/3—\/%)}

I<ij<M n /=

3||F
< exp{6H(”|GL2<P)> — 5n62}.

For § = 1/(32-8?), this yields

. o’ 6|1, (p) no?
]P’{ min P,l(fi—fj)2<6}§exp{H< 2 )—32_83}. (3.28)

I<i#j<M -1 (e}

Denote
Ey = {w :M(F Ly (Fy),0/4) > M}~

On this event,

N(Z,Ly(Py),0/8) > M(F ,Lsr(Py),0/4) >
M:M(yaLZ(P)’G/Z) ZN(ﬂaLZ(P%G/z)

6 Fllz,p) noc?
P(El)zlexp{H< 5 >32_83}. (3.29)

Using symmetrization and contraction inequalities and condition (3.23), we have

o [ (TFloe
EH&—PyzszEmnnyzssmzennyscﬁ,/zf((;” <60 (330)

(with a proper choice of constant C; in (3.23)). Next, Bousquet’s version of Tala-
grand’s inequality (see Section 2.3) yields the bound

[26t ¢ -
]P){”Pn—PHy226GZ+O_ n+3n}§€ t.

We take t = 26no2. Then

and

P{||P, — P| #2 > 416%} < exp{—26nc?}.

Denote

E,:= {w 162 =sup Pf? < 4262}. (3.31)
feF
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Then
P(E;) > 1 —exp{—26nc?}. (3.32)

Also, by Bernstein’s inequality, the event
Ey ={0: |Fllzyp) < 20F|150p)} (3.33)
has probability
9
P(E3) > 1—exp{—4n||F||§2(,,)}. (3.34)

On the event E, N E3, (3.7) and (3.23) yield that, with some constant C depending
only on H, the following bounds hold:?

C F
Ee|[Rn|.# S — ””ﬂ J

2420 2 F 2V420/|F || 1
/ L (2 HLZ d ||F||L2 / L(P) H(g)dg

du.
fo leatr /2f> WPl /o VH@

Arguing as in the derivation of (3.15), the integral in the right hand side can be

bounded from above by
c |y 1F |, ()
N c

with a constant C depending only on H. This leads to the following bound

2

o 1F |z, (p) o
EellR 7z < C— |H| —=——= —_— 3.35
ellRull 7 < vn ( o < 6aL (3.35)

(which again holds with a proper choice of constant C; in (3.23)). It follows from
(3.25)-(3.35) that

;—L%\/IogN(sz(P)a o/2)P(E\ NE> N E3) (3.36)

E|[Ru||.#

and that
P(E;NE;NE3) >

6||F 2
1 —exp{H( | |GL2<P)> - 32(?83 } —exp{—26n62} —exp{—9nc?/4}.

2 note that C might change its value from place to place
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This last probability is larger than 1/2 by condition (3.23) with a proper value of C;.
Thus, (3.36) implies inequality (3.22). The left hand side of inequality (3.24) now
follows from (3.22) and (3.21), completing the proof.

O

3.6 Generic Chaining Complexities and Bounding Empirical
Processes Indexed by .72,

Generic chaining complexities can be used to control the size of empirical pro-
cesses indexed by a function class .% (see [134]). For instance, one can define the
complexity % (F;Ly(P)), that is, 1»(.%;d), where d is the L,(P)-distance. Another
useful distance is based on the y;-norm for random variables on the probability
space (S,.<7, P) (see Section A.1). The generic chaining complexity that corresponds
to the y»-distance will be denoted by 12 (.%; y,). In particular, these complexities
were used to bound the sup-norm of the empirical process indexed by the class
F?:={f*: f € Z}. This is of importance in a variety of applications including
sparse recovery problems. The goal is to control this empirical process in terms
of complexity measures of the class .# rather than the class .#2. A standard ap-
proach to this problem is to use the symmetrization inequality (to replace the empir-
ical process by the Rademacher process) followed by the comparison inequality for
Rademacher sums. However, for this approach, one has to deal with the uniformly
bounded class .% (the Lipschitz constant in the comparison inequality would be in
this case 2sup ;¢ 7 || f]|). In many interesting applications (for instance, in sparse
recovery) the quantity sup, 7 || f]| might be infinite, or very large. To overcome
this difficulty Klartag and Mendelson [73]) started developing another approach
based on generic chaining bounds for empirical processes. Quite recently, following
this path, Mendelson [110] proved the following deep result.

Theorem 3.15. Suppose that .F is a symmetric class, that is, f € F implies —f €
F,and Pf =0, f € F. Then, for some universal constant K > 0,

(F:w) \ , B(F:v)
v el |

We will discuss one more result in the same direction which provides a bound
on E||B, — P|| #2 in terms of L..(P,) generic chaining complexity ¥ (.#;Le(B,)) of
class .# . Denote 6?2 := SUp e 7 Pf? and

12
E||B, — P|| 72 < K | sup || f]ly,
feF

Loo(F) =By (F; Loo(Py)).

Theorem 3.16. There exists a universal constant K > O such that

E sup |Pnf2—Pf2|§K[6 LiolF )\/F"’“(‘%]. (3.37)
feF n n
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Proof. We start with the first bound of Theorem 3.11 and apply it together with
symmetrization inequality to class .72 to get that with some constant C > 0

E sup |P,f? — Pf?| < £Eyz(y?;Lz(Pn)). (3.38)
fes \/ﬁ

Next we have

12 =& py =17 Y12 (X)) —82(X)) 2 =
j=1
n VY (F(X) — g(X)2(F(X)) +8(X)) < 4sup PS8l p,)
j=1

which implies
1% = & leaer) < 20ullf — 8llien), (3.39)

where 0 = sup . 7 P, f>. It follows from (3.39) that

B(F21a(P)) < 2001(F; Le(P)).

and (3.38) implies that

2
E :=E sup \Pnf2 fPf2| < —CIEGHYZ(?;LOO(P,,)) <
feF NG

%El/zc,% Lol 7).

Note also that

E!/262 = E/2 sup P,f2 < ]El/z(sup P f? — P2 —|—62) <vE+o.
feF ez

Therefore, (3.40) implies that with some constant C > 0

2C —
E< ﬁ(ﬁw)\m,m(/),

and bound (3.37) easily follows by solving the last inequality for E. a

3.7 Function Classes in Hilbert Spaces

Suppose that L is a finite dimensional subspace of L, (P) with dim(L) = d. Denote

1
yL(x):=—  sup  [f(x)].
Vd peL flp <1
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We will use the following L,-version of Hoffmann-Jgrgensen inequality: for all
independent mean zero random variables Y;, j = 1,...,n with values in a Banach
space B and with E||Y;||” < +oo, for some p > 1,

n
)Y
j=1

ElV/P

p
<k,(e

! P
ZY,-H +E'7 ( max [1¥)]) ) (3.40)
= 1<i<n

where K}, is a constant depending only on p (see Ledoux and Talagrand [97], Theo-
rem 6.20).

Proposition 3.2. Let 7 :={f € L: ||fl|,p) < r}. Then

d
E|Ru|| 7 <EV?|Ra|% = r\/;.

Moreover, there exists a universal constant K such that whenever

2 n
E max y;(Xi) < 27,
we have
1 d
E||Ru||# > Kr\/;'
Proof. Let ¢@y,...,¢; be an orthonormal basis of L. Then
d d .
Rallz=  swp IR =sup{ Rn( aj¢j) Yal<r }:
JEL | flly ey <7 j=1 j=1
d d . d 5 1/2
sup{ ZajR,,((j)j) :Zaj <r }:r( R,,(q)j)) )
j=1 Jj=1 j=1

Therefore,

d
E|R[I% =r* ) ERZ(6).
=1

and the first statement follows since

P¢]2
n

ER}(¢j)=—", j=1,....n.

The proof of the second statement follows from the first statement and inequality
(3.40), which immediately yields

d ) 2 d 1 2 2
\f =EY||R, % < K (EIIRnllf“\/;ﬁE” max VLX) )

and the result follows by assuming that K = 2K5.
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Let K be a symmetric nonnegatively definite square integrable kernel on S x §
and let 7% be the corresponding reproducing kernel Hilbert space (RKHS), i.e.,
% is the completion of the linear span of functions {K(x,-) : x € S} with respect
to the following inner product:

(L) LK) ) = LK.y,
i j K ij
The corresponding norm will be denoted by || - ||x. Let

F={f € A |k < 1and | fll,p) < r}

Finally, let Ax denote the linear integral operator from L, (P) into L, (P) with kernel
K

)

Ak f(x) /ny P(dy),

let {A;} denote its eigenvalues arranged in decreasing order and {¢;} denote the
corresponding L, (P)-orthonormal eigenfunctions.
The following result is due to Mendelson [109].

Proposition 3.3. There exist universal constants Cy,Cp > 0 such that

o0 1/2 o0 1/2
C (nl Z(lj/\rz)> <EY?|R,||% <G (nl Z(lj/\rz)> .

j=1 j=1

In addition, there exists a universal constant C such that

o 1/2 K
E||R|| # ( Z (A A7) > _ VPres K5 )

n

Proof. By the well known properties of RKHS,

3;:{ch‘l)ka:(cl,cz,...)eéa]mgz},
k=1

s-{efisjman{oLis)

In other words, the set & is the ellipsoid in ¢, (with the center at the origin) with
“half-axes” 1/ A and & is the ellipsoid with half-axes™ r (a ball of radius r). Let

o C%
=qc: <1
{ kg’llk/\rz_ }

where
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denote the ellipsoid with “half-axes” /A4 A r. A straightforward argument shows
that & C & Né& C v/2&. Hence,
(Z Ck¢k) ‘ S ||RnH37 S \/ESllp Rn <Z Ck¢k> ‘
k=1
Z <7Lk/\r >R2 o).

sup (R,
cel

k=1 ces&

Also, we have

') 2
Ry (Z Ck¢k>
k=1

Hence,

sup
ceé

= sup
ceé

R, (i Ck‘Pk)
k=1

Since P92 = 1, ER2(¢y) = 1, we get

o 2
(Z Cik ¢k>
k=1
and the first bound follows.

The proof of the second bound is based on the observation that

Z\/* ( lk/\r)

Esup
cel

i(ka )ER2 o).

Esup|R,
ces

= ilk/\r

sup |f(x)| < [supK(x,x)
fez xes

and on the same application of Hoffmann-Jgrgensen inequality as in the previous
proposition.
O

A similar result with the identical proof holds for data-dependent Rademacher
complexity E;||R,||#. In this case, let {li(n)} be the eigenvalues (arranged in de-
n

creasing order) of the random matrix (an (X, X ])> (equivalently, of the in-
ij=1
tegral operator from L, (P,) into L (P,) with kernel K).

Proposition 3.4. There exist universal constants C1,Cp > 0 such that

n

n 1/2 12 1/2
( Z (M) A 42) ) /||Rnf<C2< Z(A}"Mﬂ)) .

Jj=1

In addition, there exists a universal constant C such that

" 12 su K
(n) Py X, X
R e Y e

n
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3.8 Further Comments

The main reference to the generic chaining method is the book by Talagrand [134].
Shattering numbers and Vapnik-Chervonenkis classes have been discussed in many
books [49, 57, 142].

Special cases of the inequalities discussed in Section 3.4 can be found in Tala-
grand [131], Einmahl and Mason [58], Giné and Guillou [62], Mendelson [108],
Giné, Koltchinskii and Wellner [63]. Theorem 3.12 is given in Giné and Koltchin-
skii [64] (in a slightly more precise form). Lower bounds proved in Section 3.5 are
due to Giné and Koltchinskii [64].

A number of other enotropy bounds on suprema of empirical and Rademacher
processes (in particular, in terms of so called bracketing numbers) can be found
in Dudley [57] and van der Vaart and Wellner [142]. Recently, van der Vaart and
Wellner [143] proved new versions of bounds under uniform entropy conditions
(both for bounded anf for unbounded function classes).

Generic chaining complexities were used by Klartag and Mendelson [73] to
bound empirical processes indexed by the squares of functions. This method was
further developed in [112] and, especially, in [110]. Another approach is based on
Lo, (P,)-covering numbers and generic chaining complexities (see Theorem 3.16). It
goes back to Rudelson [122] and it was used in learning theory and sparse recovery
problems in [111, 18]. Similar idea was also used by Giné and Mason [66].



Chapter 4
Excess Risk Bounds

In this chapter, we develop distribution dependent and data dependent upper bounds
on the excess risk &p(f,) of an empirical risk minimizer

Fo o= argming z P, f. 4.1

We will assume that such a minimizer exists (a simple modification of the results
is possible if f, is an approximate solution of (4.1)). Our approach to this problem
has been already outlined in Chapter 1 and it is closely related to the recent work of
Massart [102], Koltchinskii and Panchenko [88], Bartlett, Bousquet and Mendelson
[15], Bousquet, Koltchinskii and Panchenko [34], Koltchinskii [80], Bartlett and
Mendelson [17].

4.1 Distribution Dependent Bounds and Ratio Bounds for Excess
Risk

To simplify the matter, assume that the functions in .# take their values in [0, 1].
Recall that the set

Fp(8) = {fef:(fp(f)ga}

is called the 8-minimal set of the risk P. In particular, .%p(0) is its minimal set.
Define pp : Ly(P) X Ly(P) — [0, +o0) such that

p3(f.8) = P(f—8)* — (P(f —38))*, f.8 € La(P).

Usually, pp is also a (pseudo)metric, such as

p3(f.8) = P(f —g)* or p}(f.8) = P(f —g)* — (P(f —8))*

Under the notations of Section 1.2,

55
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D(8) :=Dp(F;6):= sup pp(f,8)

1.8 (9)

is the pp-diameter of the §-minimal set. Also, denote

7(8)={f-g:f.9€ F(3)}
and
$n(8) := ¢u(F:P;8) :=E[| P, = P 71(s5)-

Let {;}j>0 be a decreasing sequence of positive numbers with & = 1 and let
{t;} j>0 be a sequence of positive numbers. For § € (8;;1,9;], define

t; ti
0(8) = 0.5 22078+ 20,80 + . 2
Finally, denote
6,(F;P) :=sup{0 € (0,1]: 6 <U,(d)}.
It is easy to check that
Ou(F,P) < Un(6,(F,P)).
Obviously, the definitions of U, and &,(.#,P) depend on the choice of {J;} and

{1}
We start with the following simple inequality that provides a distribution depen-
dent upper bound on the excess risk &p(f,).

Theorem 4.1. For all § > 6,(F;P),

P{&(fu) > 8} < ) e

8;>5

Proof. Tt is enough to assume that § > 5,(#;P) (otherwise, the result follows by
continuity). Denote & := &(f,). If 6 > § > & > 0and g € .F(€), we have

§=Pf,— inf Pg< P(f—g)+€<
gEF

Pofu—8)+(P=P)(f —8) +& < [Py =P 55) + &

By letting & — 0, this gives & < ||P, — P|| (§)- Denote

7

Bayi= {1~ Pllis) < Un(6) .
It follows from Bousquet’s version of Talagrand’s inequality (see Section 2.3) that

P(E, ;) > 1—e". Let
E,:= () En;.

j =
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Then
P(E,) >1- Y 7.

On the event E,,, forall 6 > 8, || B, — P|| /() < Ux(0), which holds by the definition
of Uy (&) and monotonicity of the function § — ||, — P|| z/(5). Thus, on the event

{3 > 8} E,, we have
3 < ||Pn —Png/<3) < Un(S),

which implies that § < § < 8,(.Z;P), contradicting the assumption that & >
6,(:#; P). Therefore, we must have {0 > 0} C Ef, and the result follows.
O

We now turn to uniform bounds on the ratios of the excess empirical risk of a
function f € Z to its true excess risk. The excess empirical risk is defined as

n(f) = En(f).

Given y : R, — R, denote

c
y’(8) := sup y(o)
o>6 o

and
v (e) = inf{s >0:y’(8) < g}.

These transformations will be called the b-transform and the f-transform of v, re-
spectively. Some of their simple properties are summarized in Section A.3.
It happens that, with a high probability, the quantity

é(f) ’
sup -1
rez.&(n=8l € (f)

can be bounded from above by the function & — V,,(8) := U’(§).
Theorem 4.2. For all § > 6,(.%;P),

éu(f) -
207) —1‘ >vn(6)} gﬁge .

]P’{ sup
fEF.E(f)=68

Proof. Consider the event E,, defined in the proof of Theorem 4.1. For this event

P(E,)>1- Y e,
8;>8

so, it is enough to prove that the inequality
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éu(f) ‘
—1| <V, (8
fe@s,;%)f)za E(f) <Va(0)

holds on the event E,. To this end, note that on E,, by the proof of Theorem 4.1,
Jn € F(8). For all f €. .7 such that ¢ := &(f) > 9, for arbitrary € € (0,8) and
g € Z(¢€), the following bounds hold:

o=8(f)SPf—Pgte<Pf—Pg+(P—F)(f—g) +e<
Eu(F)+ 1P =Pl 51(c) + € < Eu(f) + Un(0) +€ < Eu(f) +Vu(8) o+,
which means that on the event E, the condition &(f) > & implies that
&)= (1-V(8)) ().
Similarly, on E,, the condition ¢ := &(f) > & implies that
() = Puf = Pufu S Pf = Pu+ (P = P)(f = fa) <

< E(f) +Un(0) < 8() +Va(8)o = (14 Va(8) ) £()),

and the result follows.
O

A convenient choice of sequence {J;} is §; := g/, j >0 with some fixed ¢ > 1.
If tj =t >0, j >0, the corresponding functions U, (8) and V,(8) will be denoted
by U,(6;¢) and V,,(9;t), and J,(F; P) will be denoted by &,(r).

The following corollary is obvious.

Corollary 4.1. For all t > 0 and for all § > J,(t),

B{£(f,) > 8) < <1qu§>€¢

‘5;((]]:)) - 1‘ > vn(s;;)} < <logq§)e_’.

and

]P{ sup
feZ.£(f)z8

It follows from the definition of &,(r) that &,(r) > £. Because of this, the proba-
bilities in Corollary 4.1 can be bounded from above by log, Texp{—t} (which de-
pends neither on the class %, nor on P). Most often, the logarithmic factor in front
of the exponent does not create a problem: in typical applications, J,(¢) is upper
bounded by &, + £, where &, is larger than logl%. Adding loglogn to ¢ is enough
to eliminate the impact of the logarithm. However, if 8, = O(n~!), the presence of
the logarithmic factor would result in a suboptimal bound. To tackle this difficulty,
we will use a slightly different choice of {3}, {t;}.

For ¢ > 1 and r > 0, denote
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V!(6) =249 D2 (0)y) = + 0
(0):=2q|9,(0)+/(D*)(0) o Tnol 7Y

:=0,(Z;P):=inf{c:Vi(0) <1}.

n

Let

Theorem 4.3. Forallt >0
P{&(fa) > 0} < Cye™

and for all ¢ > Gfl

IP{ sup ‘nlf) —1‘ > Vn’(c)} <Cye’,
rez.6(f)>0l € (f)
where q

Cq = ﬁ Ve

Proof. Let 6 > o}, Take §; = g~/,j>0and tj= t% for some ¢t > 0,0 > 0. The
function U, (J), the quantity §,(%#,P), etc, now correspond to this choice of the
sequences {0;}, {t;}. Then, it is easy to verify that for all 6 > &

Un(9) [ () D(§;) | 16; | 1§ }
<2q|sup ——= + su +
5 ~ s 8 see /5 \[ 008 o

< 5 5 i e -
2q [‘PZ(G) + \/m\/Z+ nto} =V!(0). (4.3)

Since ¢ > o}, and the function V! is strictly decreasing, we have V(o) < 1 and, for
all § > o,
Un(8) <Vi(0)d < 6.

Therefore, o7, > 6,(.%;P). It follows from Theorem 4.1 that

P{&(fu) >0} < ) el

B

The right hand side can be now bounded as follows:
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Z el — Z exp{ti} < Ze—tqf -

(5,‘26 5]‘26 120
hind . i . 1 el
et LY e (g g < e+ / e v =
q— j=1 q— 11

—t+11—t<q —t

e q—l;e _q—le

, 1> 1. 4.4)
This implies the first bound for # > 1 and it is trivial for # < 1 because of the defini-
tion of the constant C,,.

To prove the second bound use Theorem 4.2 and note that, by (4.3), V, (o) <
VI(o). The result follows from Theorem 4.2 and (4.4).
O

The result of Lemma 4.1 below is due to Massart [102, 103] (we formulate it in
a slightly different form). Suppose that .% is a class of measurable functions from S
into [0,1] and f; : S — [0, 1] is a measurable function such that with some numerical
constant D > 0

D(Pf —Pf.) > p3(f,f) = P(f — f)* — (P(f — f))% 4.5)

where pp is a (pseudo)metric. The assumptions of this type are frequently used
in model selection problems (see Section 6.3). They describe the link between the
excess risk (or the approximation error) Pf — P, and the variance of the “excess
loss” f — f.. This particular form of bound (4.5) is typical in regression problems
with Ly-loss (see Section 5.1): the link function in this case is just the square. In
some other problems, such as classification under “low noise” assumption other
link functions are also used (see Section 5.3).

Assume, for simplicity, that the infimum of Pf over .% is attained at a function
f € Z (the result can be easily modified if this is not the case). Let

0,(8) = 0, (F; f;8) :=E sup |(P,—P)(f—f)|
feZ pp(f.)<8
Lemma 4.1. There exists a constant K > 0 such that for all € € (0,1] and for all
>0 .
€ KDt
[(FP) < e(infPf —Pf)+ —0f [ — | + —~.
(7iP) < elinff ~P1)+ ok (155 ) + ot
Proof. Note that

$n(8) =E[|P, — Pl 215y < 2E sup [(P,—P)(f —f)l.
feZ(9)

For f € .7 (8),

pr(f.f) < pp(f.fo) +pp(f.f:) < V/D(Pf—Pf.)+1/D(Pf—Pf.) <
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< \/D(Pf—Pf) +2\/D(Pf—Pf*) <VD§+2VDA < \/2D(5 +4A),

where

A :=Pf—Pf, =infPf — Pf..
F
As a result, it follows that

D(8) <2vVD(V8+2VA) < /8D(5 +4A)

and
$n(8) <20, (2D(6 +4A)).

We will now bound the functions ¢’ (o) and (D?)°(c) involved in the definition of
V(o) (see the proof of Theorem 4.3). Denote 7 := 4. Then

(0) = sup —~ < 2 sup =4D(1+47)w, <2D(1 +41)o )
6>0 6 5>c o
and also
2
(%) () = sup 210 < sup BPOHA4) gy 4.
>0 6 5>c o
Therefore,

Vi(o) <2q {41)(1 +47)0) (21)(1 +4r)6> + 2\/ﬁm\/1+ nta} .

Suppose that, for some € € (0,1], we have o > €A implying that T < % Then we
can upper bound V! (o) as follows:

20D tD t
Vi(o) <2q {8(0; (ZDG) +2V104/ —— + ]

neoc no

KDt
G>2Da),§< >\/

with a sufficiently large K, the right hand side of the last bound can be made smaller
than 1. Thus, o}, is upper bounded either by €A, or by the expression

1 KDt
f

760 —_—

2D ”<KD>\/ ne’

which implies the bound of the lemma.

As soon as
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Remark. By increasing the value of the constant K it is easy to upper bound the
quantity sup{o : V!(o) < 1/2} in exactly the same way.
The next statement follows immediately from Lemma 4.1 and Theorem 4.3.

Proposition 4.1. There exists a large enough constant K > 0 such that for all € €
(0,1] and all t >0

P{PfPf* > (1 +£)(i%fPfPf*)+ll)w,3(;D> + KD[} <Cye.

Let us call y: Ry — R a function of concave type if it is nondecreasing and
@ is decreasing. If, in addition, for some y € (0,1), u — % is decreasing,
v will be called a function of strictly concave type (with exponent ¥). In particular,
if y(u) := @(u’), or y(u) := @¥(u), where ¢ is a nondecreasing strictly concave
function with @(0) = 0, then y is of concave type for ¥ = 1 and of strictly concave
type for y < 1.

Uur—

Proposition 4.2. Let §; := g/, j >0 for some q > 1. If ¥ is a function of strictly
concave type with some exponent y € (0,1), then

v(s) _  v(d)
_C, )
j:gzs J e

where cy 4 is a constant depending only on q, .

Proof. Note that

rsl=v = §v . I—y
5;'51' Jj:6j=8 5/

V) _ v v vl 1
j:éé 8j j:éé Z

v(9) < 6 > = PRACHR ST v(9)
=5 5 S5 L4 =Crq—s
5 425\0 s E) A

which implies the bound.
O

Assume that ¢,(8) < ¢,(8) and D(8) < D(§), § > 0, where ¢, is a function
of strictly concave type with some exponent ¥ € (0,1) and D is a concave type
function. Define

Un(8:1) = Uy (8) = k(én(a)Jr NG +t>

n n

with some numerical constant K. Then U, (;¢) is also a function of strictly concave
type. In this case, it is natural to define
_ Un(8s1)

Va(8:0) =0, ,(8) = =5 and §,(1) = Uy,(1).
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Theorem 4.4. There exists a constant K in the definition of the function U,(8;t)
such that for all t > 0 5
P{&(fu) = 0u(t)} < e

and for all 8 > 8,(1),

i((j:)) _1’ ZVn(fs;t)} <o

]P’{ sup
fEF.E(f)=6

Proof. 1t is similar to the proof of Theorem 4.2, but now our goal is to avoid using
the concentration inequality repeatedly for each value of §; since this leads to a
logarithmic factor. The trick was previously used in Massart [102] and in the Ph.D.
dissertation of Bousquet (see also Bartlett, Bousquet and Mendelson [15]). Define

9= g{f—g:f,geﬁ(c)}.

o>6

Then the functions in &5 are bounded by 1 and

5 D(o)
or(#5) < sup O sup (s —g) <5 sup 0 < (o),
6280 fgeF (o) 6>5 O
since D is of concave type. Also, since ¢, is of strictly concave type, Proposition 4.2
yields

0
E”Pn_PH% =E sup sup *”Pn_PHf’(U) <
.f:5j2566(5j+1,5j]

5 (8 y
PO < ey bid).
J

1)
<q Y 5. ElEs = Pllz1s) < 46 )
j:8,>8 9 j:8,>6

Now, Talagrand’s concentration inequality implies that there exists an event E of
probability P(E) > 1 — e~ such that on this event ||P, — P, < U,(8:1) (the con-
stant K in the definition of U, (8;¢) should be chosen properly). Then, on the event
E, forall ¢ > 6,

o . .

_ < — . < .

o) — =

||Pn PHg/( ) 6Un(6,t) Vn(5,t)6.
The rest repeats the proof of theorems 4.1 and 4.2.

O

In the next theorem, we consider empirical risk minimization problems over
Donsker classes of functions under the assumption that, roughly speaking, the true
risk has unique minimum and, as a consequence, the §-minimal sets .%(8) shrink
to a set consisting of a single function as & — 0. It will be shown that in such cases
the excess risk is of the order op(n~'/2).
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Theorem 4.5. If % is a P-Donsker class and
Dp(F;0) = 0asn— oo,

then
Ep(fn) = op(n™'/?) as n — oo.

Proof. If % is a P-Donsker class, then the sequence of empirical processes

Zu(f) :i=n"?(Pf —Pf),f € F

is asymptotically equicontinuous, that is, for all € > 0

lim limsup[P’{ sup Z,,(f)—Z”(g)‘ 28} =0.
pP(f7g

820 n—eo )<8.f.8€F

(see, e.g., van der Vaart and Wellner [142], Section 2.1.2). This also implies (in the
case of uniformly bounded classes, by an application of Talagrand’s concentration
inequality) that

lim limsupE sup Zu(f) —Za(g)| = 0.
=0 n—oo pP(fvg>§67f'rg€'fz

Since Dp(%#;06) — 0 as & — 0, it follows that
éim limsupn'/?¢,(F;P;8) = %im limsupn'/?E||P, —P|lz15) <
—0 p—oo —0

lim limsupE sup Zy(f)—Zu(g)| =0. (4.6)
020 n—eo pp(f.9)<D(F:8).f.8€F

n—o0

Without loss of generality, assume that D(5) > § (otherwise, in what follows, re-
place D(8) by D(0) V 0). Let now {8;} be a decreasing sequence such that & = 1,
8; — 0as j — ocoand D(§;) > e~ UT!). Define

tj:=t+2loglog

1
<t+2log(j+1
() g(j+1)

and
tj i .
Ui(8) :=2[9u(5) +D<6,~>\/E +2], 8 (8518 j=0.

Clearly, U! is an upper bound on the function U, (used in Theorem 4.1) provided
that U, is based on the same sequences {J;},{;}. Denote

8 :=sup{6 €(0,1]: 8 <U\(8)}.

Then 8! > 6,(.%;P) and also J}, > % It follows from Theorem 4.1 that
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P{&p(f) > < Y ei< Y ei<Y e 2ot = ¥ 72 <0,

8;>0, j=0 j>0 =1

The definitions of &} and U} easily imply that

t+2loglog(n/t) N t+210g10g(n/t)}

8 < Us(8,) <2[0u(1)+D() p p

which tends to 0 as n — oo since
9u(1) < 2E[|P, — P[5 = O(n'/?) — 0
for a Donsker class .# and D(1) < +e. Denote by j, the number for which
8, € (8j,+1,9;,)-

Then, clearly, j, — oo and J;, — 0 as n — co. Now, we have

nl28 < n'2Uy(8)) < 2[n120,(85,) +

t+2logl t
D(éjn)¢z+2loglog(1/g(5jn))+%@/) |

and, in view of (4.6) and the assumption that D(8) — 0,6 — 0, it is easy to conclude
that, for all # > 0,
n'28! — 0 asn — oo,

It remains to show that there is a choice of t = 7, — oo (slowly enough) such that
8% =o(n~'?).
The claim of the theorem now follows from the bound

P{&(f,)) > 87} <2 — 0 asn — oo.

There is another version of the proof that is based on Theorem 4.3.

The condition D(%#;8) — 0 as § — 0 is quite natural when the true risk mini-
mization problem (1.1) has unique solution. In this case, such quantities as 6,(-%; P)
often give correct (in a minimax sense) convergence rate for the excess risk in risk
minimization problems. However, if the minimum in (1.1) is not unique, the diam-
eter D(J) of the 5-minimal set is bounded away from 0. In such cases, 8,(.%;P)

is bounded from below by c\/% . At the same time, the optimal convergence rate of

the excess risk to 0 is often better than this (in fact, it can be close to n~!, e.g., in
classification problems).
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4.2 Rademacher Complexities and Data Dependent Bounds on
Excess Risk

In a variety of statistical problems, it is crucial to have data dependent upper and
lower confidence bounds on the sup-norm of the empirical process ||P, — P|| & for
a given function class .#. This random variable is a natural measure of the accu-
racy of approximation of an unknown distribution P by its empirical distribution P,.
However, || P, — P|| # depends on the unknown distribution P and, hence, it can not
be used directly. It happens that it is easy to construct rather simple upper and lower
bounds on ||P, — P||# in terms of the sup-norm of Rademacher process ||R,||.z.
The last random variable depends only on the data Xi,...,X, and on random signs
€1,...,&, that are independent of Xj, ..., X, and are easy to simulate. Thus, ||R,|| #
can be used as a data dependent complexity measure of the class .# that allows one
to estimate the accuracy of approximation of P by P, based on the data. This boot-
strap type approach was introduced independently by Koltchinskii [78] and Bartlett,
Boucheron and Lugosi [14] and it was used to develop a general method of model
selection and complexity regularization in learning theory. It is based on the fol-
lowing simple bounds. Their proof is very elementary and relies only on the sym-
metrization and bounded difference inequalities.

Assume that the functions in the class % are uniformly bounded by a constant
U>0.

Theorem 4.6. For allt > 0,

3tU t?
p{ie =Pl 2200l + 27 <o -5 )

and
24U

P[P —Pllz < 1||R |z ——= Yl ’
—Pllz <3 7 — - exps —— ¢.
L AW bt B

Proof. Denote
Zy = ”Pn_PH? _2||Rn||5/7

Then, by symmetrization inequality, EZ, < 0 and applying bounded difference in-
equality to the random variable Z, easily yields

3tU 12

which implies the first bound.
The second bound is proved similarly by considering the random variable

U
Rull7 — 5=

2y/n

and using symmetrization and bounded difference inequalities.

1
Zy:= Py~ Pl — 3|
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Note that other versions of bootstrap, most notably, the classical Efron’s boot-
strap, can be also used in a similar way (see Fromont [59]).

The major drawback of Theorem 4.6 is that the error term does not take into
account the size of the variance of functions in the class .%. In some sense, this is
a data dependent version of uniform Hoeffding inequality and what is often needed
is a data dependent version of uniform Bernstein type inequality. We provide such a
result below. It can be viewed as a statistical version of Talagrand’s concentration
inequality. Recently, Giné and Nickl [65] used some inequalities of similar nature
in adaptive density estimation.

Denote

03 (.F) := sup Pf* and 62(.F) := sup P, f>.
feF feF

Theorem 4.7. There exists a numerical constant K > 0 such that for all t > 1 with
probability at least 1 — e~ the following bounds hold:

< K[\/; (G,?(ﬁ) +UR,,||§> + ’ﬂ @

IRl 7 — E[|Rn]| 7

t tU
BlRl7 < K [R5+ 020+ ). @
tU
o3(#) < k() +UIR s+ 2 ) @9)
and
20 g 2( g g
o, (F) <K| op(F)+UE|R,|#+ ) (4.10)

Also, for all t > 1 with probability at least 1 — e

t tU
E|P— Pl < K[||Rn|@+on<ﬁ>\/; +2] @1

n

and

1Py = P||.7 —E|| P, — Pl #

< K[\/ ! (o,g(gf) +U||R,,||gz) + ’fj] @)

Proof. Tt is enough to consider the case when U = 1/2. The general case then fol-
lows by rescaling. Using Talagrand’s concentration inequality (to be specific, Klein-
Rio bound, see Section 2.3), we claim that on an event E of probability at least
1—e

2t t
E|R:||l.z < ||Rull.7 + \/n (6%(9) +21E||Rn|\,¢) + (4.13)

which implies that
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ElRull7 < |[Rall7 + 0p(F \/ o +2\/*E||R ||y

[21
< |[Rull 7 + 0p(F) + + EHR |7 +*

or

t ot
E[[Ril|7 < z||Rn||g+zfch<f>\ﬁ +o (4.14)

We will now upper bound 63(.%) in terms of 62(.%#). Denote .72 := {f?:
f € F}. Again, we apply Talagrand’s concentration inequality (namely, Bousquet’s
bound, Section 2.3) and show that on an event F of probability at least 1 — e’

0p(F) = sup Pf? < sup P f?+ || P — Pl| 2 <
fes feF

2t t
GF)+EIP— Pl s+ 2 (o3(5) + 2B~ Pl s2) + -

where we also used the fact that

sup Varp(f?) < sup Pf* < sup Pf* = o}(F)
fez? fez feF

since the functions from .# are uniformly bounded by U = 1/2. Using symmetriza-
tion inequality and then contraction inequality for Rademacher processes, we get

E||P, =Pl 52 < 2E[|Ry|| 72 < 8E||Ry[| 5.

Hence,

0p(F) < 6;(F) +8E||Ru||.7 + op(F \/ +2\/ E||R||J+*<

( )+9EHRH||?+GP( )ﬁ+

Vl

where the inequality 2v/ab < a+b, a,b > 0 was applied. Next we use bound (4.14)
on E||R,||# to get

2t 100¢
03 (F) < 0, (F) +18||Ry| 7 + 190p(F) o +T

As before, we bound the term 190p (% )/ % =2x19 G”\(ff) \/% using the inequality
2ab < a® 4 b*, which gives

500¢
05 (F)+ 0, (F)+18|R, lz+ =~
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As a result, the following bound holds on the event ENF :

1000t
03 (.F) <262(F)+36|R.| .7 + .

(4.15)

It also implies that

op(F) < V26,(7)+6./|R, ||j+32\[

We use this bound on op(.%) in terms of ¢, (.%) to derive from (4.14) that

t
Bl > <20R) 5 + 40y [+
t 100« t 172
NN Py (LU T S PR N O]

n

The last bound holds on the same event E N F of probability at least 1 —2¢~". This
implies inequalities (4.8) and (4.9) of the theorem. Inequality (4.7) follows from Ta-
lagrand’s inequality, specifically, from combination of Klein-Rio inequality (4.13),
the following application of Bousquet’s inequality

IRl <EIR +/ 2 ()4 2B IR )+ @le
and bounds (4.8), (4.9) that have been already proved. The proof of the next inequal-
ity (4.10) is another application of symmetrization, contraction and Talagrand’s con-
centration and is similar to the proof of (4.9). The last two bounds follow from the
inequalities for the Rademacher process and symmetrization inequality.

Under the assumption # > 1, the exponent in the expression for probability can
be written as ¢~ without a constant in front of it. The constant can be removed by
increasing the value of K.

O

We will use the above tools to construct data dependent bounds on the excess
risk. As in the previous section, we assume that the functions in the class .# are
uniformly bounded by 1. First we show that the §-minimal sets of the risk can be
estimated by the d-minimal sets of the empirical risk provided that § is not too
small, which is a consequence of Theorem 4.2. Let

Frn(8) == Fp,(5)
be the 6-minimal set of P,.

Lemma 4.2. Let 8° be a number such that 8 > U} ( %) There exists an event of

probability at least 1 — Y5> 5 e~ ' such that on this event, for all 8 > &;,
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F(8) C #,(38/2) and .£,(8) C Z(28).

Proof. Tt easily follows from the definitions that &, > 6,(.%; P). Denote

Ey:= () Euj,

8;>87
where E, ; are the events defined in the proof of Theorem 4.1. Then

P(E,)>1— ) e

;=87

It follows from the proof of Theorem 4.2, that, on the event E,;, for all f € .# with
E(f) =6,

o
>

- < <.
5= >

By the proof of Theorem 4.2, on the same event
1B — Pl 1(55) < Un(8y)-
Therefore, on the event E,;,
E(f) <26V S, feF, 4.17)

which implies that, for all § > 82, .%,(8) C .%(28). On the other hand, on the same
event E,, for all f € %, the assumption &(f) > &7 implies that &, (f) < %é‘) (f) and
the assumption &(f) < 6, implies that

& o o O\ O 3 o
on(f) < E(f) 1B = Pllzrsp) < E(F) +Un(8y) < 8, +Va(8,)8; < 58y

Thus, for all f € %,

A

3 o
G =3(60ve), 4.18)

which implies that on the event E,, for all § > 87, .F(8) C ,(35/2).
O

Now we are ready to define an empirical version of excess risk bounds. It will be
convenient to use the following definition of pp :

Pp(f.8) :=P(f—g)*.

Given a decreasing sequence {J;} of positive numbers with dy = 1 and a sequence
{t;} of real numbers, r; > 1, define

U,(8) = 13(%(51) +D(5j)\/§+ Z) 8 € (841,6)],/ =0,
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where K = 2. Comparing this with the definition (4.2) of the function U,,, it is easy to
check that U, (8) < U,(8), 8 € (0,1]. As a consequence, if we define &, := U (1/2),
then 6,(F;P) < S,

Empirical versions of the functions D and ¢, are defined by the following rela-
tionships:

Dy(8):= sup pp,(fig) and 9,(8):=[Rull 25
f8€%n(8)

Also, let

( 2 (65) t/+;j>, 8 € (8j41,8],j =0,

n

< +D C(S)\/; Z), 66(6]+1a51}71207

where 2 < K < K, ¢, > 1 are numerical constants. Define

(8) :=U(8), Vu(8) =T (8), Va(8) :=Ty()

§|

and
8, :=U%(1/2), §,:=0Uk1)2).

The constants in the definitions of the functions U, and U, can be chosen in such
a way that for all § U,(8) < Uy(8) < Un(8), which yields the bound §,(F;P) <
8, < &,. Since the definitions of the functions Un,Up, U, differ only in the constants,
it is plausible that the quantities &,(.%; P), §,, 5, are of the same order (in fact, it can
be checked in numerous examples).

We will prove that with a high probability, for all 8, U,(8) < U,(8) < U,(§),
s0, U, provides a data- dependent upper bound on U, and U, provides a distribution
dependent upper bound on U,. This implies that, with a high probablhty, &y < 6,, <
8,., which provides a data dependent bound &, on the excess risk &»(f,) which is of
correct size (up to a constant) in many cases.

Theorem 4.8. With the above notations,

P{8, <8, <8} >1-3 ¥ exp{-1}.

SjESn

Proof. The proof follows from the inequalities of Theorem 4.7 and Lemma 4.2 in
a rather straightforward way. Note that &, > U/(1/2), so we can use it as 87 in
Lemma 4.2. Denote H the event introduced in the proof of this lemma (it was called

E, in the proof). Then
H)y>1- Y e

SjZSn

and, on the event H,
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F(8) C F,(38/2) and £,(8) € F(28)

forall 8 > §,.

First, the values of 6 and ¢ will be fixed. At the end, the resulting bounds will
be used for 6 = §; and r = ;. We will apply the inequalities of Theorem 4.7 to the
function class .#'(§). It easily follows from bound (4.11) that there exists an event
F = F(0) of probability at least 1 — e~ such that, on the event H N F,

L~ /3 t t
E”Pn *PHKJ’(S) <K ||R”||=¢/z(3/25) +D, (55) E + n]
with a properly chosen K. Recalling the definition of U, and U,, the last bound
immediately implies that with a straightforward choice of numerical constants K, ¢,
the inequality U, (8) < U,(8). holds on the event H N F.

Quite similarly, using the inequalities of Theorem 4.7 (in particular, using bound
(4.10) to control the “empirical” diameter D(8) in terms of the “true” diameter
D(9)) and also the desymmetrization inequality, it is easy to see that there exists an
event G = G(8) of probability at least 1 —e ™' such that the inequality U, (§) < U,(8)
holds on H NG with properly chosen numerical constants K,¢ in the definition of
U,.

Using the resulting inequalities for § = §; > §, yields

P(E)>1-3 Z exp{—t,},
BjESn

where

E = {V5j > 6, U,(6)) < U,,(fij) < 0n(6j)} D U (HNF(6;)NG(6;)).
Jj:8;>8,

By the definitions of Uy, U, and U,, this also implies that, on the event E,
Un(8) < Un(8) < Uy (8)

for all § > §,. By simple properties of f-transform, we conclude that &, < 5, <6,
on the event E, which completes the proof.
O

It is easily seen from the proof of Theorem 4.8 and from the definitions and
constructions of the events involved in this proof as well as in the proofs of Theorem
4.2 and Lemma 4.2 that on an event E of probability at least 1 — p, where p =
3y 5,28, e”'J, the following conditions hold:

() 8, < 6, < by

(i) £(f) < bu;

(iii) for all f € 7,
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(iv) for all § > &,
[P = Pl 71(5) < Un(9).

Sometimes it is convenient to deal with different triples (5,,, 5,,, 5,,) (defined in
terms of various complexity measures of the class .%#) that still satisfy conditions
(1)-(iv) with a high probability. In fact, to satisfy conditions (ii)-(iv) it is enough to
choose &, in such a way that

V) & > Us(1/2).

This is reflected in the following definition.

Definition 4.1. Suppose sequences {;}, {#;} and the corresponding function U, are
given. We will call §, that depends on .% and P an admissible distribution depen-
dent bound on the excess risk iff it satisfies condition (v), and, as a consequence,
also conditions (ii)-(iv). If (ii)-(iv) hold on an event E such that P(E) > 1 — p, then
5, will be called an admissible bound of confidence level 1 — p. Atriple (5,,, 3,,, S,,),
such that Sn and S,, depend on .% and P, 3,, depends on .# and X1, ...,X,, and, for
some p € (0,1), conditions (i)-(v) hold on an event E with P(E) > 1 — p, will be
called a triple bound on the excess risk of confidence level 1 — p.

Such triple bounds will be used later in model selection methods based on penal-
ized empirical risk minimization.

4.3 Further Comments

Distribution dependent excess risk bounds of Section 4.1 are closely related to ratio
type empirical processes studied in the 80s by many authors (notably, by Alexander
[5D. This connection was emphasized by Giné and Koltchinskii [64] (see also Giné,
Koltchinskii and Wellner [63]). It was understood long ago that convergence rates
of statistical estimators based on empirical risk minimization could often be found
as solutions of certain fixed point equations defined in terms of proper complexi-
ties of underlying function classes and that such complexities are related to con-
tinuity moduli of empirical processes (see, e.g., van der Vaart and Wellner [142],
Section 3.2). Massart [102] and Koltchinskii and Panchenko [88] started defining
such fixed point based complexities in terms of continuity moduli of empirical and
Rademacher processes in a variety of problems of statistical learning theory. This
approach was developed further by Bartlett, Bousquet and Mendelson [15], Bous-
quet, Koltchinskii and Panchenko [34] and Koltchinskii [80]. In the last paper, the
data dependent Rademacher complexities were defined in terms of d-minimal sets
of the true risk and the L,(IT)-diameters of these sets play an important role in
the analysis of the problem. We followed this approach here. Bartlett and Mendel-
son [17] introduced different definitions of localized Rademacher complexities that
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provided a way to distinguish between bounding excess risk of empirical risk min-
imizers and estimating the level sets of the true risk. Boucheron and Massart [32]
obtained concentration inequalities for the excess empirical risk in terms of fixed
point complexities.

The idea to use Rademacher processes (“Rademacher bootstrap™) in order to
construct data dependent excess risk bounds was introduced by Koltchinskii [78]
and Bartlett, Boucheron and Lugosi [14]. Koltchinskii and Panchenko [88] sug-
gested a localized version of such complexities (in the “zero error case”). This idea
was developed by Bartlett, Bousquet and Mendelson [15], Bousquet, Koltchinskii
and Panchenko [34] and Koltchinskii [80]. “The statistical version” of Talagrand’s
concentration inequality (Theorem 4.7) was essentially used (without stating it) in
Koltchinskii [80]. We follow the approach of this paper in our construction of data
dependent Rademacher complexities. This construction provides reasonable excess
risk bounds only when the L, (P)-diameters of the 6-minimal sets are small for small
values of 8. This is not the case when the true risk has multiple minima. Koltchinskii
[80] gives a simple example showing that, in the multiple minima case, the distribu-
tion dependent excess risk bounds developed in the previous section are not always
sharp. Moreover, there is a difficulty in estimation of the level sets of the risk (the
J-minimal sets), which is of importance in constructing data dependent excess risk
bounds. Some more subtle geometric characteristics of the class .% that can be used
in such cases to recover the correct convergence rates were suggested in Koltchin-
skii [80]. However, the extension of the theory of data dependent excess risk bounds
to the multiple minima case remains an open problem.

Recently, Hanneke [71] and Koltchinskii [84] used localized Rademacher com-
plexities in the development of active learning algorithms.

Boucheron, Bousquet and Lugosi [29] provide an excellent review of excess
risk bounds in empirical risk minimization and their role in classification problems.
Some further references can be found in this paper and in lecture notes by Massart
[103].



Chapter 5
Examples of Excess Risk Bounds in Prediction
Problems

Let (X,Y) be a random couple in S x T, T C R with distribution P. The distribution
of X will be denoted by II. Assume that the random variable X is “observable”
and Y is to be predicted based on an observation of X. Let /: T xR +— R be a
loss function. Given a function g : S — R, the quantity (e g)(x,y) := £(y,g(x)) is
interpreted as a loss suffered when g(x) is used to predict y. The problem of optimal
prediction can be viewed as a risk minimization

E((Y,g(X)) =P({eg) — min, g: S+— R.

Since the distribution P and the risk function g — P({ e g) are unknown, the risk
minimization problem is usually replaced by the empirical risk minimization

P,(leg) =n"! ZE(Yj,g(Xj)) — min, g€ Y,
j=1

where ¢ is a given class of functions g : S+— R and (X;,Y1),...,(X,,Y,) is a sample
of i.i.d. copies of (X,Y) (“training data”). Obviously, this can be viewed as a special
case of abstract empirical risk minimization problems discussed in Chapter 4. In
this case, the class .% is the “loss class” . := {fe g : g € 4} and the goal of this
chapter is to derive excess risk bounds for concrete examples of loss functions and
function classes frequently used in statistics and learning theory.

Let u, denote a version of conditional distribution of ¥ given X = x. The follow-
ing representation of the risk holds under very mild regularity assumptions:

Peog) = [ [ tgto)ma(an) (@),

Given a probability measure (t on 7, let

uy € ArgminueR/TK(y;u),u(dy).

Denote

75
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8 (x) :=uy, = argminueR/TE(y;u)ux(dy).

Assume that the function g, is well defined and properly measurable. Then, for all g,
P(leg) > P({eg,), which implies that g, is a point of global minimum of P({ e g).
Let
&n 1= argmin,cy Py (Lo g)

be a solution of the corresponding empirical risk minimization problem (for sim-
plicity, assume its existence).

The following assumption on the loss function ¢ is often used in the analysis
of the problem: there exists a function D(u, 1) > 0 such that for all measures y =
U, XES

[ (€)= 000 20@) <D pt) [ (€00~ € ldy). 5.1
In the case when the functions in the class ¢ take their values in [-M/2,M /2] and
D(u, ), lu| <M/2,x€S

is uniformly bounded by a constant D > 0, it immediately follows from (5.1) (just
by plugging in u = g(x), 4 = U, and integrating with respect to IT) that, for all
g€Y,

P(Eog—ﬁog*)zSDP(gog—Eog*). 5.2)

As a consequence, if g, € ¢, then the L, (P)-diameter of the §-minimal set of .7 is
bounded as follows:
D(7:8) <2(D§)'/?.

Moreover, even if g, & ¢, the condition (4.5) might still hold for the loss class . %
with f, = (e g,, providing a link between the excess risk (approximation error) and
the variance of the “excess loss” and opening a way for Massart’s type penalization
methods (see sections 4.1, 6.3).

5.1 Regression with Quadratic Loss

We start with regression problems with bounded response and with quadratic loss.
To be specific, assume that Y takes values in T = [0, 1] and ¢(y,u) := (y—u)?, y €
T,u € R. The minimum of the risk

P(teg) =E(Y —g(X))’
over the set of all measurable functions g : § — R is attained at the regression func-

tion
g«(x) =1 (x) == E(Y[|X =x).
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If 4 is a class of measurable functions from S into [0, 1] such that g, € ¢, then it is
easy to check that for all g € ¢4

Ep(leg)=llg— 87,
In general, the excess risk is given by
&p(teg) = g = gullL,m) = inf 1h = gL, m)

The following lemma provides an easy way to bound the excess risk from below in
the case of a convex class ¢ and g := argmin .|| g — g« “1242(17)'

Lemma 5.1. If 4 is a convex class of functions, then
26p(Leg) > |8 —&lIL,m):

Proof. The identity

u? +v? u+v 27(u7v)2
2 2 4

implies that

(g—g:)*+(8—g.)*  [(8+3 > (-7

Integrating the last indentity with respect to IT yields

Hg*g*”iz(n)JF”g*g*Hiz(H) _ Hg—l—g_ 2 ||g*g||%2<m
2 2 L(I) 4
Since ¢ is convex and g,g € ¢, we have % € ¢ and
_ 2
g+8 - 2
‘ T T8 > 18— g« llL,(m-
Ly(IT)
Therefore,
”g*g*H%Z(H)+”gfg*”%z(n) _ 5 ||g*§||i2(n)
; > |18 = g0l + ——5 20,

implying the claim.

As before, we denote .7 := {{eg: g c ¥}. It follows from Lemma 5.1 that
F(8) c{teg:llg—2al7,um <28}

Also, for all functions g1,g0 € 4 andallxe S,y T,
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|(Cog)(xy) = (o) (x0)| = | =1 ()2 = (= g2(x))?

=[g1(x) —g2(x)[[2y — g1 (x) — g2(x) < 2|g1(x) — g2(x)],
which implies
2 2
P(hgl —f°gz) < 4llg1 = gllz,m)-

Hence
D(8) < ZSup{Hgl = &2ll1y(m) : llgn —§||%2(n) <26, ||82—§||%2(n) < 26} <4V2Vs.
In addition, by symmetrization inequality,

0.(8) = E|P, — Pl 71(5) < 2E[|Ru || #(5) <

ZEsup{

4FE sup {

Ry(leg —f°82)’ 1e1,82 €9, 81— 8L, m V182 — &l L, < 25} <

Rn(%g%'g‘)‘ g€, g 8&li,m §25},

and since £(y,-) is Lipschitz with constant 2 on the interval [0, 1] one can use the
contraction inequality to get

9.(8) < 16Esup{|R,(g—2)| : ¢ € ¥, llg—&ll7 ) < 28} = Wa($).

As aresult, we get
9,(0) < y,(0) and \/(D?)(0) < 4V2,
This yields an upper bound on the quantity ¢/, involved in Theorem 4.3:

) 1Y
o-nSK Wn?q +Z>

and the following statement is a corollary of this theorem.

Theorem 5.1. Let & be a convex class of functions from S into [0, 1] and let § de-
notes the least squares estimator of the regression function

n
g:=argmingeyn' Y (¥;—g(X;)).
j=1
Then, there exist constants K > 0,C > 0 such that for all t > 0,

5 . 1 -
P{ ||g—g*||i2(n) = ;2; ||g—g*||%4(n) +K(‘V5 (25]) + n) } <Ce™.
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A slightly weaker result holds in the case when the class ¢ is not necessarily
convex. It follows from Lemma 4.1. Note that the condition

4(P(Ceg) —P(leg.)) = 4|g— .||}, = Pp(Log,Log.) > P(leg—Lleg.)’
is satisfied for all functions g : S — [0, 1]. Also,
1

a)”(S):IE sup (Pn_P)(g.g_g.g_) <
4832, <5

v (6/8)

N

(by symmetrization and contraction inequalities). Therefore, the following result
holds.

Theorem 5.2. Let & be a class of functions from S into [0,1] and let § denote the
least squares estimator of the regression function. Then, there exist constants K >
0,C > 0 such that for all t > 0,

A . 1 € Kt _
P e = (1) inf e g + i (5 ) + e | <Ce

Clearly, similar results hold (with different constants) if the functions in ¢ take
their values in an arbitrary bounded interval.
Several more specific examples are discussed below.

e Example 1. Finite dimensional classes. Suppose that L C L,(IT) is a finite di-
mensional linear space with dim(L) =d < o0 and let 4 C L be a convex class
of functions taking values in a bounded interval (for simplicity, [0, 1]). It follows
from Proposition 3.2 that

w(3) <L

with some constant C > 0. Hence,

; i <Ké
wn zq — n?

and Theorem 5.1 implies that

A . d t _
P{Ilg—g*lliz(m = ;g;llg—g*\liz(n> +K<n + n>} <Ce™

with some constant K > 0.
e Example 2. Reproducing kernel Hilbert spaces (RKHS). Suppose ¢ is the
unit ball in RKHS 7% :

G = {h: h] g <1}

Denote {A;} the eigenvalues of the integral operator from L, (IT) into L, (IT) with
kernel K. Then Proposition 3.3 implies that
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- 1/2
w(d) <c(n' L200)
j=1
The function

5 (v 21A5YHA%@

is strictly concave with %,(0) = 0, and, as a result,

is strictly decreasing. By a simple computation, Theorem 5.1 yields

. . t _
P 1e 6.l > inf e~ el + K () + ) < e

with some constant K > 0.

e Example 3. VC-subgraph classes. Suppose that ¢ is a VC-subgraph class of
functions g : § — [0,1] of VC-dimension V. Then the function y;,(6) can be
upper bounded using (3.17):

\%49)
v, (8) C[ —log \/loga}
Therefore
o)< S tog"S
[724 ne? v

Theorem 5.2 implies

N . Vv ne? t _
P ey > (1-+8) inf e o+  egtoe 3+ ) <

¢ Example 4. Entropy conditions. In the case when the entropy of the class ¢
(random, uniform, bracketing, etc.) is bounded by O(£~2P) for some p € (0,1),

we typically have
vile) = o(n 1/ (140)),

For instance, if (3.18) holds, then it follows from (3.19) (with F = U =1 for
simplicity) that

nl/(1+p)

‘l’n(5)<K(\[ (1- p/szZP/ PH))

Therefore,
i CA2p/(1+p)

W) S Gy
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In this case Theorem 5.2 gives the bound

. 5 i ) A2p/(1+p) t »
P o=l > (1) inf o=+ oz + 5 ) <€

o Example 5. Convex hulls. If

9 .= COHV(%) = {Z)’Jh] . Z|l]| < 1,hj S L%ﬂ}

J J

is the symmetric convex hull of a given VC-type class 7 of measurable func-
tions from S into [0,1], then the condition of the previous example is satisfied

with p := % This yields

and Theorem 5.1 yields

. 2 : 2 Ly e -
Py 1e =gy > inflls—selfym +K( () )y <Ce

with some constant K > 0 depending on V.

5.2 Empirical Risk Minimization with Convex Loss

A standard assumption on the loss function ¢ that makes the empirical risk mini-
mization problem computationally tractable is that £(y, -) is a convex function for all
y € T. Assuming, in addition, that ¢ is a convex class of functions, the convexity
of the loss implies that the empirical risk ¥ > g +— P,({ e g) is a convex functional
and the empirical risk minimization is a convex minimization problem. We will call
the problems of this type convex risk minimization. The least squares and the L;-
regression as well as some of the methods of large margin classification (such as
boosting) are examples of convex risk minimization.

The convexity assumption also simplifies the analysis of empirical risk mini-
mization problems. In particular, it makes easier proving the existence of the mini-
mal point g, checking condition (5.1), etc. In this section, we extend the results for
L,-regression to this more general framework.

Assume the functions in ¢ take their values in [-M /2, M /2]. We will need the
following assumptions on the loss function ¢ :

e [ satisfies the Lipschitz condition with some L > 0

vy eT VM,V € [—M/Z,M/Z] |€(y,u) _E(yvv)l < L|M_V|; (53)
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o the following assumption on convexity modulus of £ holds for some A > 0:

()3 to) (b

Yy € T Yu,v € [-M/2,M/2) 5 ¥ >ZA|uv2. (5.4)

Note that, if g, is bounded by M /2, conditions (5.3) and (5.4) imply (5.1) with
D(u,u) < % To see this, it is enough to use (5.4) with v = uy, 4 = p, and to
integrate it with respect to t. As a result, for the function

L) == [ €w(ay)
whose minimum is attained at u, the following bound holds:

L(u) —L(uy)  L(u)+L(uy)

5 = > —L(uy) >
L(u)+L +
(u) S () L(” 2”#) 2A|u7uu|2. (5.5)

On the other hand, the Lipschitz condition implies that

100 = £100) Pry) < 22— (56

and (5.1) follows from (5.5) and (5.6). This nice and simple convexity argument has
been used repeatedly in the theory of excess risk bounds (see, for instance, Bartlett,
Jordan and McAuliffe [16]). We will also use it in the proof of Theorem 5.3.

Theorem 5.3. Suppose that 4 is a convex class of functions taking values in
[—M/2,M/2]. Assume that the minimum of P({ e g) over ¢ is attained at § € 4
and

®,(8):=E sup |Rn(g—28)|-
e g1}, 7 <5

Denote
§:=argming.y P, (leg).

Then there exist constants K > 0,C > 0,c > 0 such that

PS P(feg)> inf P(leg)+K( A} cA +L2t <Ce',t>0
[ ] 1 [ ] —_— —_— = e .
£ T ge9 & "\ L An - ’
Proof. Note that by Lipschitz condition (5.3), for all g;,g2 € ¥,

Pltegi—Leg|* <L*|g1— gall7, -

On the other hand, by (5.4), forallge ¥, x€ S,y e T,
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((y,8(x)) erﬁ(y,g(X)) > €<y; g(");g(x)) +Alg(x) — g(x)%.

Integrating this inequality and observing that # € ¢ and hence

P(@- (ngrg» > P(leg),

P(leg)+P(leg)
2

yields

> P(leg)+All|g—3I,

or
P(teg)—P(leg) >2AM|g—g*.

For the loss class .7 = {fe g : g € ¥}, this gives the following upper bound on the
Ly(P)-diameter of the §-minimal set .7 (§) : D?(§) < 2/\—5 By symmetrization and
contraction inequalities, it is easy to bound

$(8) =E| P, — P|| 7/(s)
in terms of @,(6) :

0.(6) < cmn(zi).

By a simple computation, the quantity o/, used in Theorem 4.3 is bounded as fol-

lows: )
cA Lt
o <K(Aw! = —— .

Under the additional assumption that ¢ is uniformly bounded by 1in T x [-M /2,M /2],
Theorem 4.3 implies the result. To get rid of the extra assumption, suppose that ¢
is uniformly bounded by D on T x [—M/2,M /2]. Then the result holds for the loss
function £/D. For this loss function, L and A are replaced by L/D and A /D, and
the expression )
(AN L0
A(on< 7 > + A n

cA/D\ L?/D*t 1 cA\ L*t
A/Daf —=— (A0} — )+ ==
/ n(L/D)+A/Dn D "\ L +An ’

so the result follows by rescaling.

becomes

O

As an example, consider the case when ¢ := Mconv () for a base class .7
of functions from § into [—1/2,1/2]. There are many powerful functional gradient
descent type algorithms (such as boosting) that provide an implementation of convex
empirical risk minimization over a convex hull or a linear span of a given base class.
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Assume that condition (3.16) holds for the class 7 with some V > 0, i.e., 7 is a
VC-type class. Define

n 2V+l 4 ——

L )<V+2)/(V+1> 1via L2t
An

T (M,L,Ast) == K[AMV/W“) (X V1

with a numerical constant K. The next result is a slightly generalized version of a
theorem due to Bartlett, Jordan and McAuliffe [16].

Theorem 5.4. Under the conditions (5.3) and (5.4),

P{P(z.gn) >minP(leg)+ ﬂn(M,L,A;t)} <Ce™.
8€Y

Proof. To apply Theorem 5.3, it is enough to bound the function @,. Since ¥ :=

Mconv(.5), where # is a VC-type class of functions from S into [—1/2,1/2],

condition (3.16) holds for ## with envelope F = 1 (see Theorem 3.13). Together

with (3.19), this gives

MP M2P/(p+1)
T osU=p)2\/ 2
n(9) SC[\/ﬁ‘S Al /(157) ]
with p := VL+2 Hence,
M2p/(1+p)
i T e2/(14p)
0n() < C= )

for e < 1.1If £(y,-) is bounded by 1 in T x [—-M/2,M /2], then Theorem 5.3 yields

P{P(f-g) >minP({eg) +7'C,,(M7L7A;t)} <Ce™.

g€Y
To remove the assumption that £ is bounded by 1, one should use the same rescaling

argument as in the proof of Theorem 5.3.
O

5.3 Binary Classification Problems

Binary classification is a prediction problem with 7 = {—1,1} and ¢(y,u) := I(y #
u), y,u € {—1,1} (binary loss). It is a simple example of risk minimization with a
nonconvex loss function.

Measurable functions g : S+ {—1,1} are called classifiers. The risk of a classi-
fier g with respect to the binary loss

L(g):=P(leg) =EI(Y # g(X)) =P{Y # g(X)}



5.3 Binary Classification Problems 85

is called the generalization error. It is well known that the minimum of the general-
ization error over the set of all classifiers is attained at the classifier
g«(x) = sign(n (x)),

where 1(x) = E(Y|X = x) is the regression function. The function g, is called the
Bayes classifier. It is also well known that for all classifiers g

L(g) —L(g+) = |1 (x) [T (dx) (5.7)

/{x:g(X) 78«(x)}

(see, e.g., [49]).
Suppose there exists i € (0, 1] such that for all x € §
n()| = h. (5.8)

The parameter i characterizes the level of noise in classification problems: for small
values of &, 11(x) can get close to 0 and, in such cases, correct classification is harder
to achieve. The following condition provides a more flexible way to describe the
level of the noise:

{x: [n()| <1} < Cr® (59)

for some o > 0. It is often referred to as “Tsybakov’s low noise assumption” or
“Tsybakov’s margin assumption” (sometimes, condition (5.8) is called “Massart’s
low noise assumption”).

Lemma 5.2. Under condition (5.8),
L(g) —L(g+) = M ({x: g(x) # g«(x)})-
Under condition (5.9),
L(g) — L(g«) = cIT*({x: g(x) # g«(x)}),

142 4nd ¢ > 0 is a constant.

where K = -

Proof. The first bound follows immediately from formula (5.7). To prove the second
bound, use the same formula to get

L(g) ~ L(g.) = 1T {x: g(x) # g.(x), N ()] > 1} >
1{x:g(x) # g-(x) =t {x: ()] <1} > 101 {x: g(x) # . () | — o'+
It remains to substitute in the last bound the value of ¢ that solves the equation
H{x 1g(x) # g*(x)} =2Ct*

to get the result.
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Let & be a class of binary classifiers. Denote
§ = argming.¢Ln(g),
where

Li(g)=n"" Y 17 # ¢(X)
=1

is the empirical risk with respect to the binary loss (the training error).
First we obtain upper bounds on the excess risk L(g) — L(g.) of g in terms of
random shattering numbers

AY (X, X)) = Card{(g(Xl),...,g(Xn)) (g€ %}

and parameter % involved in condition (5.8).

Theorem 5.5. Suppose condition (5.8) holds with some h € (0,1]. If g« €9, then

P{L(g)—L(g*) ZK(I&Elogﬁ(xl,...,Xn) +t>} <Ce!

nh nh

with some constants K,C > 0. In the general case, when g, does not necessarily
belong to 9, the following bound holds for all € € (0,1) :

P{L0)- Lis) = 1+ &) (nf L)~ Le) +

9
K(ElogA (Xl"”’X")—&-t)}gCe’

nhe? nhe

Proof. Note that

(Log)(x,y) = (Cog)(x,y)| = I(8(x) # g+(x)),

which implies

As always, denote . := {{e g : g € 4}. Under the assumption g, € ¢, the first
inequality of Lemma 5.2 implies that
1)
< 7 (>
LP)~ V h

so the L, (P)-diameter D(§) of the class # (8) satisfies D(8) < 2\/% Next we have

— Pl(Log)— (Log.)P = IT{x: g(x) # g.(x)}.

2
Log—tosr]|, )

F(0)= {Eog:g(ﬁog)—L(g)L(g*) §5} C {Eog: ‘ leg—leg,
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¢n(6):EHPﬂ_P”9’(5)§2E sup |(Py—P)(leg—Leg,)|. (5.10)
89 I ({g#g+})<8/h

Denote
9 = {{(x,y) y£glx)}:ge 54} and D, := {(x,y) 1y # g«(x)}.

It is easy to check that for

Dy :={(x,y):y#g1(x)}, Da:={(x,y):y# &)},

we have
II({g1 # g2}) = P(D1ADy).

It follows from (5.10) that

$.(8) <2E sup (P, — P)(D\Dy)| +
DED.P(DAD,)<8/h
2FE sup |(P, — P)(Dy\ D)|.

De% P(DAD,)<5/h

Theorem 3.9 yields

0n(5) < K[\/f\/ElogA@((X“I;l)’---»(Xn»Yn)) y

ElOgA@((Xl,Yl)yn-»(XmYn)):|

with some constant K > 0. Also, it is easy to observe that
AZ((X1,N),..., (X, Yy)) =AY (X,...,X,)

which gives the bound

0.(8) < K{\/f\/ElogAg(fh...,Xn) V ElogA”(Xl,...,X,,)}

n

The bounds on ¢, (8) and D(8) provide a way to control the quantity o, involved in
Theorem 4.3:

9
o SK{I[ﬂlogA X1y, %) N t }

nh nh
with some constant K > 0, which implies the first bound of the theorem.
The proof of the second bound follows the same lines and it is based on Lemma

4.1.
O
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The next theorem provides bounds on excess risk in terms of shattering numbers
under Tsybakov’s condition (5.9). We skip the proof which is similar to that of
Theorem 5.5.

Theorem 5.6. Suppose condition (5.9) holds with some o > 0. Let K := HTO‘. If
g« €Y, then
El Ag XX K/(2x—1) K/(2k—1)
ot i) 2 (A"t} O (1Y
n n

with some constants K,C > 0.
We will also mention the following result in spirit of Tsybakov [138].

Theorem 5.7. Suppose, for some A > 0,p € (0,1)

AN
ogN(#:Lo(P,):€) < (8) (5.11)

and condition (5.9) holds with some o > 0. Let K := lfTa. If g. €9, then

el k(D) () e

with some constant K,C > 0 depending on A.

The proof is very similar to the proofs of the previous results except that now
(3.19) is used to bound the empirical process. One can also use other notions of
entropy such as entropy with bracketing and obtain very similar results.

We conclude this section with a theorem by Giné and Koltchinskii [64] that re-
fines an earlier result by Massart and Nedelec [104]. To formulate it, let

%::{{gzl};ge%}, C. = 1{g. =1},

and define the following local version of Alexander’s capacity function of the class
€ (see [5]):
n (Uceg.n(mcg@(CAC*))

o

Theorem 5.8. Suppose condition (5.8) holds with some h € (0, 1]. Suppose also that
€ is a VC-class of VC-dimension V. If g, € 4, then

]P{L(g) —L(g.) > K(’Zl log’c(nzz> + nth> } <Ce™

with some constants K,C > 0. In the general case, when g, does not necessarily
belong to 94, the following bound holds for all € € (0,1) :

7(6) :=
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p{L0)- L) > (1+2) (inf o)~ L(e.)) +

Vv Vv t
K lo — ) <Ce'.
(nh£2 gT( h282>+nh8)}_ ¢

Proof. We give only a sketch of the proof that relies on bound (3.17). For instance,
to prove the second inequality this bound is used to control

@,(8) =E sup [(Py—P)(Leg—Le2)],
8€Y ||leg— log”z <5

where g is a minimal point of P({e g) on 4. To use (3.17) one has to find the
envelope

Fs(x,y) := sup [Cog(x,y) —Leg(x,y)]
gE%A,Hfog—ZogHiz(P)SS
Easy computations show that

1Fsllz,(m) =2/ 67(6)

and an application of (3.17) yields

(on((S)SK{ —logr \/—logr }

with some constant K. This implies that, for all € € (0,1),

Vv Vv
wf(e) < Kngzlogr<n£2)

with some constant K > 0. Now we can use Lemma 4.1 to complete the proof of the
second bound of the theorem (condition (4.5) of this lemma holds with D = %).
O

A straightforward upper bound on the capacity function 7(8) < % leads to the
result of Massart and Nedelec [104] in which the main part of the error term is

B log(g) . However, it is easy to find examples in which the capacity 7(§) is uni-

formly bounded. For instance, suppose that S = [0, 1]¢, IT is the Lebesgue measure
on S, ¥ is a VC-class of convex sets, C,. € ¢ and II(C,) > 0. Suppose also that with
some constant L > 0

L~'n(c,C.) <I(CAC,) < Lh(C,C.),C €,

where £ is the Hausdorff distance. Then the boundedness of 7 easily follows. In such
cases, the main part of the error is of the order % (without a logarithmic factor).
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5.4 Further Comments

The idea to control the variance of a loss in terms of its expectation has been ex-
tensively used by Massart [102] (and even in a much earlier work of Birgé and
Massart) as well as in the learning theory literature Mendelson [108], Bartlett, Jor-
dan and McAuliffe [16], Blanchard, Lugosi and Vayatis [26], Bartlett, Bousquet and
Mendelson [15].

L, (IT)-error bounds in regression problems with quadratic loss, given in Exam-
ples 1-5 of Section 5.1, are well known. In particular, the bound of Example 2
(regression in RKHS) goes back to Mendelson [109] and the bound of Example 5
(regression in convex hulls) to Blanchard, Lugosi and Vayatis [26].

Empirical risk minimization with convex loss was studied in detail by Blanchard,
Lugosi and Vayatis [26] and Bartlett, Jordan and McAuliffe [16]. In the last paper,
rather subtle bounds relating excess risks with respect to a “surrogate” convex loss
and with respect to the binary classification loss were also studied. Earlier, Zhang
[149] provided initial versions of such bounds.

Classification problems under condition (5.9) (“Tsybakov’s low noise assump-
tion”) have been intensively studied by Mammen and Tsybakov [101] and, espe-
cially, by Tsybakov [138]. Condition (5.8) was later suggested by Massart and used
in a number of papers (see, e.g., [104]). Koltchinskii [80] provided an interpretation
of assumptions of this type as special cases of conditions on the L, (IT)-diameters
of 8-minimal sets of the true risk (see Chapter 4).

In the recent years, the capacity function 7 used in Theorem 5.8 (see also Giné
and Koltchinskii [64]) started playing an important role in the analysis of active
learning algorithms (see Hanneke [71] and Koltchinskii [84]).



Chapter 6
Penalized Empirical Risk Minimization and
Model Selection Problems

Let .# be a class of measurable functions on (S, .¢7) and let {.%; : k > 1} be a family
of its subclasses .%; C %,k > 1. The subclasses .%; will be used to approximate a
solution of the problem of risk minimization (1.1) over a large class .# by a family
of solutions of “smaller” empirical risk minimization problems

Jie = fop = argmingc z P, f.

For simplicity, we assume that the solutions {7, } exist.
In what follows, we call

Ep(F:f) =Pf = int P

the global excess risk of f € . Given k > 1, we call &p(F; f) = Pf —infrc 7, Pf
the local excess risk of f € F.

Usually, the classes %,k > 1 represent losses associated with certain statistical
models and the problem is to use the estimators { fn.k} to construct a function f €7
(for instance, to choose one of the estimators fn.’k) with a small value of the global
excess risk &p(.Z; f). To be more precise, suppose that there exists an index k(P)
such that

91{1(1; Pf 127fPf.
In other words, the risk minimizer over the whole class .% belongs to a subclass
F(p)- A statistician does not know the distribution P and, hence, the index k(P) of
the correct model. Let §,(k) be an upper bound on the local excess risk &»(.Z; fox)
of fA,,Tk that provides an “optimal®, or just a ’desirable* accuracy of solution of em-
pirical risk minimization problem on the class .%;. If there were an oracle who could
tell the statistician that, say, k(P) = 5 is the correct index of the model, then the risk
minimization problem could be solved with an accuracy at least 5,1(5). The model
selection problem deals with constructing a data dependent index k = k(X ..., X,)
of the model such that the excess risk of f := f, ; is within a constant from 8, (k(P))

91
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with a high probability. More generally, in the case when the global minimum of the
risk Pf, f € F is not attained in any of the classes .%;, one can still try to show that
with a high probability

Ep(F:f) < Cinf |inf Pf — Pf. + (k)|
56/\](

where
Ji 1= argmingc z Pf.

For simplicity, assume the existence of a function f, € % at which the global min-
imum of the risk Pf, f € .Z is attained. The quantities 7, (k) involved in the above
bound are ideal distribution dependent complexity penalties associated with risk
minimization over .%; and C is a constant (preferably, C = 1 or at least close to 1).
The inequalities that express such a property are often called oracle inequalities.

Among the most popular approaches to model selection are penalization meth-
ods, in which k is defined as a solution of the following minimization problem

~

k := argmin,| {Pnfk + R, (k)} (6.1)

where 7, (k) is a complexity penalty (generally, data dependent) associated with the
class (the model) .%;. In other words, instead of minimizing the empirical risk on
the whole class .% we now minimize a penalized empirical risk.

We discuss below penalization strategies with the penalties based on data depen-
dent bounds on excess risk developed in the previous sections. Penalization methods
have been widely used in a variety of statistical problems, in particular, in nonpara-
metric regression. At the same time, there are difficulties in extending penalization
method of model selection to some other problems, such as nonparametric classifi-
cation.

To provide some motivation for the approach discussed below, note that ideally
one would want to find k by minimizing the global excess risk &p(.Z; f,x) of the
solutions of ERM problems with respect to k. This is impossible without the help
of the oracle. Instead, data dependent upper confidence bounds on the excess risk
have to be developed. The following trivial representation (that plays the role of
”bias-variance decomposition‘)

Ep(F s fur) = ia/rlfPf— Pf.+Ep(Fis fuk)
Tk

shows that a part of the problem is to come up with data dependent upper bounds
on the local excess risk &p(Fy; fux)- This was precisely the question studied in the
previous sections. Another part of the problem is to bound infz Pf — Pf, in terms
of infg, P, f — B, f«, which is what will be done in Lemma 6.3 below. Combining
these two bounds provides an upper bound on the global excess risk that can be now
minimized with respect to k (the term P, f, can be dropped since it does not depend
on k).
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Suppose that for each class .7, the function U, (-) = Uy (-) is given (it was de-
fined in Section 4.1 in terms of sequences {J;} {¢;} that, in this case, might also de-

pend on k). In what follows, we will assume that, for each k > 1, (8, (k), 6,(k), 8, (k))
is a triple bound on the excess risk for the class .%; of confidence level 1 — py (see
Definition 4.1). Suppose p := Y ;. px < 1. Then, there exists an event E of prob-
ability at least 1 — p such that on this event the following properties hold for all
k>1:

M Uf(3) <800 < 8 (0) < 8,8
&

(i) & (Fi, fux) < a(K);
(iii) for all f € F,
Ep(Frs f) < 268, (Fis )V Sa(k)
and

50 ( P ) < 3 (e )V EW):

(iv) for all 8 > §,(k), ||P, — Pl 31(5) < Uni(9).
In the next sections, we study several special cases of general penalized empirical
risk minimization problem in which it will be possible to prove oracle inequalities.

6.1 Penalization in Monotone Families .7,
In this section, we make a simplifying assumption that {.%} is a monotone family,
thatis, # C Fiy1, k> 1. Let F := > ;. Define

~

k= i inf P,f+48,(k
argming.| lfler?)@k W f +40,(k)

and f := fk The next statement is akin to the result of Bartlett [13].

Theorem 6.1. The following oracle inequality holds with probability at least 1 — p :

gp(g‘,f) <inf [infpffi;fPfJFgSn(j)]

JZ1LZF;
Proof. We will consider the event E of probability at least 1 — p on which properties
(1)—(@v) hold. Then, for all j > k,

(7)< 260, (F5: )V 8,(7) <2] inf Bf — int Puf ] +5,()) <
7k 7J

2 inf Bof +48,0) — int Py —48,()] +98,()
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which is bounded by 95,,( j) since, by the definition of &, the term in the bracket is
nonpositive and 9, (j) < 8,(). This implies

Pf < inf Pf+98,()).
fE,/O-:j

The next case is when j < k and §,(j) > 8,(k)/9. Then Ep(Fis fr) < 8a(k), and, as
a consequence,

P7 < inf Pf+8,(k) < inf Pf+98,()).
feﬁ",; feF;

The last case to consider is when j < k and 8,(j) < &,(k)/9. In this case, the defi-
nition of k implies that

. T £ — i _ 3 >AA—A'>AA.
i 6, (Fiif) = inf Pof = ind Fuf > 4080~ 8,(7)) = 38,()

fEZ

Hence,

3 . A n

= f Ep(Fs f)V (k) | > inf Ep (Fis f) > 30,(k),

([ &(Fn VD) = int 6(Fis) 2 38,0)
which yields .

3 inf &p(Fps f) +30a(k) > 60,(k)

Therefore

As a consequence, ~
Pf < inf Pf< inf Pf+98,(j).
JeZF; fe7;

This completes the proof.
O

Example. Consider a regression problem with quadratic loss and with a bounded
response variable ¥ € [0,1] (see Section 5.1). Let %, k > 1 be convex classes of
functions g taking values in [0, 1] such that % C 9%, k > 1. Moreover, suppose
that for all k > 1 9 C Ly, where Ly is a finite dimensional space of dimension dj.
Let

n
5 . -1 2
&k = argmingeq n Z (Y;—g(X;))".
j=1
Take a nondecreasing sequence {#;} of positive numbers such that

Y e =pe(0,).

k>1

Define
8u(k) = (k) = 8u(k) = K

dk-i-tk7 K> 1.
n
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It is straightforward to see that, for a large enough constant K, (8, (k), 8,(k), 8,(k))
is a triple bound of level 1 — e’ (see Example 1, Section 5.1). Hence, if we define

- . . < di + 1y
k= f (Y;— 4K ——
argming, | ng%n ; —g(X))*+ " }

with a sufficiently large constant K and set g := §,, ;, then it follows from Theorem
6.1 that with probability at least 1 — p
di+1
x % + k}
n

A 2
I8 8.y < | if e~ .1 +9

Clearly, one can also construct triple bounds and implement this penalization
method in more complicated situations (see examples 2-5 in Section 5.1) and for
other loss functions (for instance, for convex losses discussed in Section 5.2). More-
over, one can use a general construction of triple bounds in Theorem 4.8 that pro-
vides a universal approach to complexity penalization (which, however, is more of
theoretical interest).

Despite the fact that it is possible to prove nice and simple oracle inequalities
under the monotonicity assumption, this assumption might be restrictive and, in
what follows, we explore what can be done without it.

6.2 Penalization by Empirical Risk Minima

In this section, we study a simple penalization technique in spirit of the work of
Lugosi and Wegkamp [100] in which the infimum of empirical risk infg B, f is
explicitly involved in the penalty. It will be possible to prove rather natural oracle
inequalities for this penalization method. However, the drawback of this approach
is that, in most of the cases, it yields only suboptimal convergence rates.

Given triple bounds (8, (k), 8,(k),5,(k)) of level 1 — py for classes .%, define
the following penalties:

#(k) == 7 (k) = k[sn(k) n \/%* ﬂ
(k) == 7, (k) == K |:Sn(k) + \/%4_ trll‘:| ,
Tk

where K, K are sufficiently large numerical constants. Here 7 (k) represents a “de-
sirable accuracy* of risk minimization on the class .%.
The index estimate k is defined by minimizing the penalized empirical risk

and

~

k := argmin,| {Pnfk + ﬁ?(k)}
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and, as always, f 1= fk
The next theorem provides an upper confidence bound on the risk of f and an
oracle inequality for the global excess risk &p(F; f).

Theorem 6.2. There exists a choice of K,K such that for any sequence {t} of pos-
itive numbers, the following bounds hold:

P{szgg{])nfn,k-Fﬁ'(k)}} §]§1<pk+ezk>

and

P{gp(y;f) > inf{ inf Pf— inf Pf+ ﬁ(k)}} < i <pk+e’k).

k>1\fez, feF =1

Remark. Note that, unless infz, Pf = 0, #(k) = #,(k) can not be smaller than

const n~ /2. In many cases (see Chapter 5), the excess risk bound Sn(k) is smaller
than this, and the penalization method of this section is suboptimal.

Proof. The following lemma is the main tool used in the proof.

Lemma 6.1. Let & be a class measurable functions from S into [0,1]. If 8, is an
admissible distribution dependent bound of confidence level 1 — p, p € (0,1) (see
Definition 4.1), then the following inequality holds for allt > 0 :

= 2t t
]P’{‘ian,,f—ianf‘ > 28,4/ = infPf + } <pte.
F F n n

If (84, 5, Sn) is a triple bound of confidence level 1 — p, then

a 2t 8t
P{‘ian,,f—ianf‘ >45n+2\/iannf+} <p+e

Proof. Let E be the event where conditions (i)-(iv) of Definition 4.1 hold. Then
P(E) > 1—p.Ontheevent E, &(f,) < 6, and, for all € < §, and g € F(¢)

‘i;fp,, f—intP f‘ -
Pfu=infPf+|(Py = P)(fa— &)l +[(Pa = P)(g)| <

<8+ 1By — Pl sy +1 (P = P) (9] 62)

Pufy— ig,fPf] <

Also, on the same event E,
HPn _P”y/(gn) < Un(gn(t)) < ‘_/n(gn)gn < Sn~ (6-3)

By Bernstein’s inequality, with probability at least 1 — e~
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t 2t t 2t
[(P.—P)(g)| < (/2= Varpg+ —— < [2= (infPf+e )+,  (64)
n 3n n\ .7 3n

since g takes values in [0,1], g € .7 (&), and Varpg < Pg> < Pg <infz Pf+¢&. It
follows from (6.2), (6.3) and (6.4) that, on the event

pe)=sN{iE-rol <2 (mrre) + 21 63)

the following inequality holds:

= t t
‘ian,,f—ianf‘ <28+ /25 (ianf+e> +o (6.6)

Since the events E (&) are monotone in €, let € — 0 to get
P(E(0))>1—p—e".

This yields the first bound of the lemma.
For the proof of the second bound, note that on the event E(0),

. . t,. . = t. t
1sngnf—1sngf‘ < \/2n| ngnf— 1(r%fPf| +28, + 4 /2;1{1212101’,1]‘—1— o (6.7)

Thus, either

2t _ |infz Pyf —infz Pf|
< .

8t
|inf P, f —inf Pf| < —,

In the last case (6.7) implies that

_ t 2t
‘ian,,f—ianf’ <4, 42,2 infPf+ 2.

The condition of the lemma allows us to replace (on the event E) §, by 5, and to get

the following bound that holds with probability at least | —p —e ™" :

A t 8t
‘iannf—ianf‘ <48, +2, /25 infP,f+ .

Now, we return to the proof of the theorem. For each class .%; and t = 1, define
the event E;(0) as in (6.5) with € = 0. Clearly,

O

P(Ek(())) 2 1-— Pk — e_tk.
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Let

F:= () Ex(0).

k>1
Then

P(F<) < §<pk+e—fk).

We use the following consequence of Lemma 6.1 and the definition of the triple
bounds: on the event F for all k > 1,

Pfk — inf Pf< Sn(k) < Sn(k) < Sn(k)

feF

and
. . = 2lk . 173
‘mfP,,f—mfPf‘ <28, (k) + (| Eintpf+ %,
‘?k ‘?k n ,g}( n
a 2t 8t
‘ian,,f—ianf‘ < 48, (k) +2\/Tfp,,f+ 8tk
Fk Tk n % n
Therefore,

A A . = A . PP Zl‘fc . 827C
Pf =Pf; <infPf + 8,(k) <infP,f +56,(k)+2, | —~infB, f+— <

<infPuf + #(k) = inf[inf P, f + fr(k)} ,
A k L7

provided that the constant K in the definition of & was chosen properly. The first
bound of the theorem has been proved.
To prove the second bound, note that

n 7

1 1, 1
XinfPf+ X 4+ ~|infP,f — inf Pf].
n ﬁ?k 2”1 2 fik fk

Therefore, on the event F, for all &,

(k) :I%{Sn(k) T /Z‘i/nganrﬂ < f[Sn(k) T /%‘i;fPf—k Z‘] — 7(k)/2

1 1, 1
\/kiannfg \/;igfpf+\/;|i;fpnfigfpf| <
'k 7"k 'k
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= 2t t
’ian,,f—ianf‘ < 28,00+ Lintpp+ % <
Tk T n 7 n

K| I . | _ -
> {én(k)+,/n1d%{fPf+n} — #(k)/2,

provided that the constant K in the definition of #(k) is large enough. As a result,
on the event F,

2 < . . A < . . ~
Pf< lgf[{%fp,, f+ n(k)} <inf br}kaij n(k)} ,
proving the second bound.

O

Example. As an example, we derive some of the results of Lugosi and Wegkamp
[100] (in a slightly modified form). Suppose that .% is a class of measurable func-
tions on S taking values in {0, 1} (binary functions). As before, let A7 X1,---,Xn)
be the shattering number of the class % on the sample (Xi,...,X,) :

AT (X1, X,) ::card({(f(Xl),...7f(Xn)) ;fegf})

Given a sequence {7}, %, C F of classes of binary functions, define the fol-
lowing complexity penalties

- logAZk(Xy,.... X))+t logAZx(X1,....X,) +1
ﬁ(k)_K|:\/lnf Pnf og ( 1y ) n)+k+ og ( 1, s n)+ k:|

fe "(}?k n n

and

_ ElogAZx(X;,.... X))+t  ElogAZx(Xy,....X,)+t
ﬁ(k):_K{\/ianf 0g AT (X1, Xa) +1t | ElogATH(Xi,..., >+k}
feF n n

Let & be a solution of the penalized empirical risk minimization problem

k := argmin,, [m}nPnf—i- fr(k)} .
=1 |

Denote f = fnk

Theorem 6.3. There exists a choice of K, K such that for all t; > 0,

P{é’p(ﬁ;f) > inf{ inf Pffiél}Pf+ﬁ?(k)}} §1;e—tk.

k>1 feﬁk

Note that penalization based on random shattering numbers is natural in classifi-
cation problems and the result of Theorem 6.3 can be easily stated in classification
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setting. The result follows from Theorem 6.2 and the next lemma that provides a
version of triple bound on excess risk for classes of binary functions.

Lemma 6.2. Given a class of binary functions % and t > 0, define

n n

- _ ElogAZ (Xq,....X, ElogAZ (Xq,....X,
5n::K{\/im;Pf ogd”Xi,... ) 41 | ElogA” (X1, ’”Ht},
c.F

A . logAZ (Xy,....X,)+t logAZ (Xy,....X,)+t
&u:K{\/iannng Kr,-. oK)+ + =8 COT n>+]
e F n n

and

n n

“ _ ElogAZ (Xi,...,X ElogAZ (Xi,..., X,
6n::K{\/fianf oed” (X, Xo) 41 | ElogA7 (4, ’”)“}
cF

There exists a choice of constants K,K,K such that (Sn, 3,,, Sn) is a triple bound of
level 1 — e for the class F .

Proof. The following upper bounds on the L,(P)-diameter of the §-minimal set
Z (0) and on the function ¢,(5) hold:

DXF;8)= sup P(f—g)*< sup (Pf+Pg)<2(inf Pf+38).
187 (8) f.8€7(8) fezF

By Theorem 3.9,

¢n<6><K[\/2(;g;Pf+5

A straightforward computation implies the next bound on the quantity o}, from The-
orem 4.3:

)ElogAﬂ(Xl,...,X,,) N ElogAy(Xl,...,X,,)}
p .

n

5 o ElogAZ (Xi,...,X,)+t ElogAZ (X1,....X,) +1
Gflgan:K[\/]anf og ( 15 ) n)+ + og ( 1, R n)+ :|7
feF n n

provided that the constant K is large enough. Moreover, with a proper choice of this
constant, 8, is an admissible bound of level 1 —e™".
The following deviation inequality for shattering numbers is due to Boucheron,

Lugosi and Massart [31]: with probability at least 1 —e™’
logAZ (Xi,...,X,) < 2ElogA7 (X,...,X,) +2t

and
ElogA” (Xi,...,X,) <2logA” (Xy,...,X,) +21.
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Together with the first bound of Lemma 6.1, this easily implies that with probability
at least 1 — 8¢, §, < §, < §,. First we prove that §, < 5 To this end, we use
the first bound of Lemma 6.1 and the inequality 2ab < a*> 4 b* to show that with
probability at least 1 —2e™*

f7Pf 2
infPf <infP.f +23, +2,/—1anf+— <infP.f +28, 4o i £

n

Therefore,
= 4
infPf <2infP, f+46,+—.

We substitute this inequality into the definition of &, and replace Elog A~ X1,---,X%n)
by the upper bound 2logA” (X;,...,X,) + 2t that holds with probability at least
1 —e™". It follows that, with some constant K,

- logsAZ (Xy,....X,)+t logAZ (X{,....X,)+t
SnSwain;Pnfog (X1 X) 1, logd7 (X1 %) +1]
py s

n n

8, K2logAZ (Xy,..., X,
1oy On ogA” (X, ,X)+t’
2 2n

Again, using the inequality 2ab < a® + b*, we get the following bound that holds
with some constant K and with probability at least 1 —4e ™!

:O'»

logsAZ (Xy,.... X))+t logAZ (Xq,....X,)+1
5 S |:\/1an11ng ( 1, ) )+ + 0g ( 1, ) )+
feJ n n

The proof of the second inequality 5, < 5, is similar. By increasing the values of
the constants K, K, K, it is easy to eliminate the numerical factor in front of ¢™* and
to obtain a triple bound of level 1 — e, as it was claimed.

O

6.3 Linking Excess Risk and Variance in Penalization

In a variety of regression and classification problems, the following assumption
plays the crucial role: for all f € .F

Pf—Pf, > <,0( VarP(f—f*)), (6.8)

where @ is a convex nondecreasing function on [0, +e0) with ¢(0) = 0. In Chapter
5, we have already dealt with several examples of this condition. For instance, in the
case of regression with quadratic loss £(y,u) = (y — u)? and with bounded response
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Y € [0, 1], condition (6.8) is satisfied for the loss class .7 = {{e g : g € ¥}, where
¢ is a class of functions from S into [0, 1]. In this case, one can take @ (u) = u®/2,
so the function ¢ does not depend on the unknown distribution P (except that the
assumption Y € [0, 1] is already a restriction on the class of distributions P). On the
other hand, in classification problems, ¢ is related to the parameters of the noise
such as parameter « in Tsybakov’s low noise assumption (5.9) or parameter 4 in
Massart’s low noise assumption (5.8). So, in this case, ¢ does depend on P. The
function @ describes the relationship between the excess risk Pf — P, and the vari-
ance Varp(f — fi) of the “excess loss” f — f.. In what follows, we will call ¢ the
link function. It happens that the link function is involved in a rather natural way
in the construction of complexity penalties that provide optimal convergence rates
in many problems. Since the link function is generally distribution dependent, the
development of adaptive penalization methods of model selection is a challenge, for
instance, in classification setting.
We will assume that with some y > 0

@(uv) <yp(u)@(v), u,v = 0. (6.9)
Denote by
@*(v) := supluv — ¢ (u)]

u>0

the conjugate of ¢@. Then

w < 9(u) + 9" (v), v >0,

Let (8, (k), 6,(k), 8,(k)) be a triple bound of level 1 — py for the class .F, k > 1.
For a fixed € > 0, define the penalties as follows:

#(k):= A(S)Sn(k) +¢° (\/g) + %k

and

o A(e) x 2 o 2% 2 e
0= et Tt (Vo) e o
where

Ale):=2 —19(Ve).

As before, k is defined by
k.= argming,| {Pnfk + ﬁ?(k)}

and f := fnk

Theorem 6.4. For any sequence {1} of positive numbers,
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P{gp(ﬁ;f) > C(e) inf{ inf Pf — inf P+ #(k )}} < i (pk—l-e’k)

k>1\feZ k=1

where

14+79(V¢)
1—yp(Ve)

Proof. The following lemma is needed in the proof.

C(e):=

Lemma 6.3. Let 4 C .7 and let (8,,6,,8,) be a triple bound of level 1 — p for the
class 4. For all t > 0, there exists an event E with probability at least 1 —p —e™"
such that on this event

infR.f —Pof. < (1 +Y¢(ﬁ))(i;fPfPf*)+¢*(\/Z) +2 610

and

w

infPf —Pf. < (1=79p(ve)) " |infPuf — Pufi+ 58+ 9" ( Zt)+;]. (6.11)

En

l\)

In addition, if there exists S,f such that

&, < e(ingffPf*) +6

then
3 -1
]g;fpf_Pf*S <1_(P(\/E)_28> [lgfpnf_Pnf*‘f'

,5e+q,( 2f)+’]_ (6.12)

&n n

Proof. We assume, for simplicity, that Pf attains its minimum over ¢ at some f € ¢
(the proof can be easily modified if the minimum is not attained). Let E’ be the event
from the Definition 4.1 of the triple bound and let

£i={In =PI <\ v 1)+ £ 1

It follows from Bernstein inequality and the definition of the triple bound that
PEY>1—p—e".

On the event E,

(Be—P) (T~ )] < ) 2 Varp(F— fi) 4
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and

VfEeb &G f)=Ep (9 f) < 3(£p(§¢;f) v5n>.

Also,
Vary2(F— £.) < o~ (PF - PF£.).

Hence, on the event E,

t

(P=R)(F=£)] < <p(x/5<p“(Pf—Pf*))+<P*(\/Z) +-<

n
t

<vp(Ve)(Pf—Pf.) +¢*(\/27) + -,

&n n
implying
R(F—£.) < (1 +y<p<¢a>p<f-f*>+w(@ L e
and
P10 <= poe) ! [B-rove (2) 4. e

(6.13) immediately yields the first bound of the lemma.
Since, in addition, on the event E

Pn(f_f*) :Pnf_igfpnf‘f'igfpnf_])nf* :gn(g;f)“‘ingnf_Pnf* <
. 3 -
<infRuf = Pufot 5 (gp(%;f) v 6,,),

and since &p(¥; f) = 0, we get

n-

NSRS}

Pn(f_f*) < i%fpnf_Pnf* +
Along with (6.14), this implies

igfpf_Pf* :P(f_f*) <

3+ 2t t
1— e infP,f —Pof. + 28, ( —) 4,
(I=vo(Ve)) ' |infPuf —Pufu+ 58+ 0" (/o )+~
which is the second bound of the lemma. B
Finally, to prove the third bound it is enough to substitute the bound on §, into
(6.11) and to solve the resulting inequality with respect to infy Pf — Pf..
O

Let Ej be the event defined in Lemma 6.3 for ¢ = .%;, and t = 1, so that
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P(Ek) >1—pr— e ',

Let E := (> Ex. Then

On the event E, for all k > 1
Ep(Fis fi) = P —inf Pf < 8,(k)
7k
and B . ;
On (k) < 6, (k) < On(k).

On the same event, first using bound (6.11) and then bound (6.10) of Lemma 6.3,
we get

Ep(F:f) = P} ~infPf = Pf; — Pf. =
Pfy —infPf +infPf — Pf, < §,(k) +infPf — Pf. <

(1= 70(ve) ™ [(1 = 19(v/e)) 8, (R) +intPuf — Puf.+

S,,(fc)Jr(p*( ﬂ) +t—7‘} <

&n nl—

(1= vp(ve)) ! {int[infBuf +(5/2 - 1p(VE)S.(k) +
(o) ) ) =
(1~ vp(ve) ™ {int[infpf + 2(6)] ~Bf. } <

T+10(VE) . ol epe oo, 3/2-79(VE) &
—7p(Ve) & {fpf P T (Ve r9(Ve) n

2 2 2
1+ye(ve)? <\/g)+(1+7¢(f))tk} N

1+79(Ve)
1—yo(Ve)

and the result follows.

inf [ian f—infPf+ ft(k)} ,

A

a

Remark 1. Suppose that, for each k, 8, (k) is an admissible excess risk bound for
the class .%; on an event E;, with P(E};) > 1 — py (see Definition 4.1). It is easily seen
from the proof of Theorem 6.4 that the same oracle inequality holds for arbitrary
penalties (k) and 7 (k) such that on the event E}
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(k) > A(€)8, (k) + ¢* (\/E) +tﬁk
) > —E +‘P*(\/g) L

S Trre(Ve)  Trre(Ve) | 1+ re(Ven

As it has been already mentioned, the dependence of the penalty on the link
function ¢ is the most troubling aspect of this approach since in such problems as
classification this function depends on the unknown parameters of the distribution
P (such as “low noise” constants & in (5.9) and & in (5.8), see Section 5.3). Because
of this, it is of importance to know that, using Remark 1, it is easy to construct a
version of the penalties that do not depend on ¢ directly. Suppose that the number
of classes % is finite, say, N. Take

and

tr:=t+logN, k=1,... N.

Define

A~

54
k:= i in P, ~0,(k
argming <4<y [}2}% nf+3 n )}
and f := fk Note that we also have

~

k := argmin; .,y [min P.f+ fr(k)} )
- fEf/\k

- Sa of 200\ | 5 ./ [2(t+1ogN)\ 1+1logN
#k) = ES,,(kH—(p (\/2)+k:25n(k)+¢ ( ( g ))+ g ,

n &n n

since #; in the additional two terms of the definition of & (k) does not depend on k.
Denote

2(t+logN)) +2t+logN

7(k) = %Sn(k)+2(p*( L

n
Then it follows from Theorem 6.4 and from Remark 1 that

N
P{éop(ﬁ;f) > C(¢) lgigiN{fier};ka—j;g;Pf—&- fr(k)}} <e! —&—];lpk. (6.15)

Example. Consider, for instance, model selection in binary classification prob-
lems (see Section 5.3). Suppose that condition (5.8) holds with some % > 0 and, as
a result, condition (6.8) holds with @(u) = hu?,u >0, for f =legand f, = (e g,,
where g is a binary classifier, g, is the Bayes classifier and £(y,u) = I(y # u) is the
binary loss. In this case, ¢*(v) = v?/(4h),v > 0.

Let {¢} be a family of classes of functions from S into {—1,1} (binary classi-
fiers). For any k, define
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Gni = argmingggkLn(g) = argmingegk;f1 Z 1(Y; # g(X))).
j=1

= A ~

Let % :={leg: g€ %}. Denote (6,(k),0,(k),0,(k)) the standard triple bound of
Theorem 4.8 for the class % of level 1 — p;. Suppose that Zivzl pr=pe€E(0,1).
Define

N

. . 54
k := argmin; ;< [ inf L(g)+ 76,,(/()}
gEY) 2

and g := gn’,;. Then it easily follows from bound (6.15) that with probability at least

l-p—e

L(3)—L(g.) <C inf

inf | inf L(g) ~L(g.) + &) +

x t+logN
SEYG, nh

(we have fixed € > 0 and the constant C depends on ¢€). It is also easy to deduce
from the proof of Theorem 5.5 that, for the standard choice of J,(k),

< , ElogA%(Xy,....X,) 1
On(k) < f L(g) — L(g- — 1.
(0 < inf £(6) ~L(g.) + oA )y B

This leads to the following oracle inequality that holds with probability at least
1 — p—e ! and with some constant C > 0 :

L(8)~L(g.) <C inf [inf L(g)~ L(g.)

g ( 15 b n):| C g .
1<k<N | g% nh

nh

Thus, this penalization method is adaptive to the unknown noise parameter /4.

We conclude this section with stating a result of Massart [102, 103] that can
be derived using the approach of Theorem 6.4. Suppose that {.%; } is a sequence of
function classes such that condition (4.5) holds for each class .%; with some constant
Dy > 1, that is,

D(Pf = Pf.) = pp(f.f) = Varp(f = f.).

We will assume that the sequence {Dy} is nondecreasing. Denote

= _ € KDt
5:(]() = Dklwﬁ (I{Dk) + nE .

If K is large enough, then Lemma 4.1 implies the following bound:

O (k) := 0k (F;P) < s(io/ngf— Pf.)+ 6% (k).

Also, it follows from the proof of Theorem 4.3 that §,(k) is an admissible excess
risk bound of level 1 —Cye™".

Suppose that for each  there exist a data dependent bound 2 (k) and a distribu-
tion dependent bound & (k) such that
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P850 < 80 < B} 21—k

Define the following penalties:

I?D]Jk
&n

a I katk

~€ .__n8¢
o and 7% (k) :=30; (k) +

n

with some numerical constants K, K. Let

k := argmi min P, f + &% (k
argming [fel/’gk i n( )}
and f := fk

Theorem 6.5. There exist numerical constants K,K,C such that for any sequence
{t} of positive numbers,

IP’{Pf—Pf* >1te inf{ inf Pf—Pf*—&-fr,f(k)}} < i (pk+(C+l)e’k>.

1 —€ek=1fez =

To prove this result one has to extend theorem 6.4 to the case when condition
(6.8) holds for each function class .%; with a different link function ¢ and to use
this extension for ¢ (u) = u? /Dy and @} (v) = Dy /4.

6.4 Further Comments

Bartlett [13] suggested a simple and elegant derivation of oracle inequalities in the
case of monotone families. Theorem 6.1 is based on this approach. Penalization with
empirical risk minima was used by Lugosi and Wegkamp [100]. Section 6.3 is based
on the results of Koltchinskii [80]; Theorem 6.5 in this section is essentially due to
Massart [102]. Other useful references on oracle inequalities in penalized empirical
risk minimization are [26, 25, 29, 103, 7].

Birgé and Massart [24] introduced a concept of minimal penalties and advocated
an approach to the problem of calibration of data-dependent penalties based on so
called “slope heuristics”. So far, this approach has been mathematically justified for
several special models by Arlot and Massart [8] with a significant further progress
made in the dissertation by Saumard [125]. Concentration inequalities for empirical
excess risk obtained by Boucheron and Massart [32] are of importance in this line
of work.

Oracle inequalities in penalized empirical risk minimization for kernel machines
have been studied by Blanchard, Bousquet and Massart [25], Steinwart and Scovel
[130], Steinwart and Christmann [129]. Recently, Mendelson and Neeman [111] ob-
tained very subtle oracle inequalities in such problems based on a variety of methods
(including, generic chaining bounds).



Chapter 7
Linear Programming in Sparse Recovery

As it was pointed out in the Introduction, many important sparse recovery methods
are based on empirical risk minimization with convex loss and convex complexity
penalty. Some interesting algorithms, for instance, the Dantzig selector by Candes
and Tao [44] can be formulated as linear programs. In this chapter, we develop error
bounds for such algorithms that require certain geometric assumptions on the dictio-
nary. They are expressed in terms of restricted isometry constants and other related
characteristics that depend both on the dictionary and on the design distribution.
Based on these geometric characteristics, we describe the conditions of exact sparse
recovery in the noiseless case as well as sparsity oracle inequalities for the Dantzig
selector in regression problems with random noise. These results rely on comparison
inequalities and exponential bounds for empirical and Rademacher processes.

7.1 Sparse Recovery and Neighborliness of Convex Polytopes

Let 5 := {h1,...,hn} be a given finite set of measurable functions from S into R.
In what follows, it will be called a dictionary. Given J C {1,...,N}, we will write
d(J) := card(J). For A = (Ay,...,Ay) € R denote

N
fo =Y Ajhj, J =supp(L) = {j v 7&0} and d(A) :=d(J).
=1

Suppose that a function f, € 1.s.(#) = {f; : L € RN} from the linear span of the
dictionary is observed (measured) at points Xi,...,X, € S. For simplicity, we first
assume that there is no noise in the observations:

Yi=fuX)), j=1,...,n.

The goal is to recover a representation of f, in the dictionary. We are mostly inter-
ested in the case when N > n (in fact, N can be much larger than n). Define

109
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. N. ;
L= {A ERV: f(X;) =Y, j= 1n}

Then, L is an affine subspace of dimension at least N — n, so, the representation of
[« in the dictionary is not unique. In such cases, it is of interest to find the sparsest
representation, which means solving the problem

N
12l = Y 1(A; #0) — min, A € L. (7.1)
=1

j=

If we introduce the following n X N matrix A := (hj(Xi) :1<i<n1<j<N

and denote Y the vector with components Y7,...,Y,, then problem (7.1) can be also
rewritten as

N
[Alley = Y I(A; #0) — min, AL =Y. (7.2)
j=1

When N is large, such problems are computationally intractable since the function
to be minimized is non-smooth and non-convex. Essentially, solving (7.2) would
require searching through all 2V coordinate subspaces of RY. Because of this, the
following convex relaxation of the problem is frequently used:

N
1Alle, = Y. [Aj| — min, A €L, (7.3)
j=1
or, equivalently,
N
[Alle, = Y [Aj] — min, AL =Y. (7.4)

Jj=1

The last minimization problem is convex and, moreover, it is a linear programming
problem. However, the question is whether solving (7.3) has anything to do with
solving (7.1). Next result (due to Donoho [50]) gives an answer to this question by
reducing it to some interesting problems in the geometry of convex polytopes. To
formulate the result, define

P.=AUy, = conv({al7 —ai,...,ay, —aN})7

where Uy, :={A € RV : ||A||;, < 1} is the unit ball in ¢; and aj,...,ay € R" are
columns of matrix A. Here and in what follows, Up denotes the closed unit ball of a
Banach space B centered at 0.

Clearly, P is a centrally symmetric convex polytope in R” with at most 2N ver-
tices. Such a centrally symmetric polytope is called d-neighborly if any set of d + 1
vertices that does not contain antipodal vertices (such as a; and —ay) spans a face
of P.

Theorem 7.1. Suppose that N > n. The following two statements are equivalent:
(i) The polytope P has 2N-vertices and is d-neighborly;
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(ii) Any solution A of the system of linear equations AL =Y such that d(A) <d is
the unique solution of problem (7.4).

The unit ball Uy, of ¢, is a trivial example of an N-neighborly centrally symmet-
ric polytope. However, it is hard to find nontrivial constructive examples of such
polytopes with a ’high neighborliness”. Their existence is usually proved by a prob-
abilistic method, for instance, by choosing the design matrix A at random and show-
ing that the resulting random polytope P is d-neighborly for sufficiently large d with
a high probability. The problem has been studied for several classes of random ma-
trices (projections on an n-dimensional subspace picked at random from the Grass-
mannian of all n-dimensional subspaces; random matrices with i.i.d. Gaussian or
Bernoulli entries, etc) both in the case of centrally symmetric polytopes and without
the restriction of central symmetry, see Vershik and Sporyshev [144], Affentranger
and Schneider [3] and, in connection with sparse recovery, Donoho [50], Donoho
and Tanner [55]. The approach taken in these papers is based on rather subtle geo-
metric analysis of the properties of high-dimensional convex polytopes, in particu-
lar, on computation of their internal and external angles. This leads to rather sharp
estimates of the largest d for which the neighborliness still holds (in other words,
for which the phase transition occurs and the polytope starts losing faces). Here we
follow another approach that is close to Rudelson and Vershynin [123] and Mendel-
son, Pajor and Tomczak-Jaegermann [112]. This approach is more probabilistic, it
is much simpler and it addresses the sparse recovery problem more directly. On
the other hand, it does not give precise bounds on the maximal d for which sparse
recovery is possible (although it still provides correct answers up to constants).

7.2 Geometric Properties of the Dictionary

In what follows, we introduce several geometric characteristics of the dictionary 7
that will be involved in error bounds for sparse recovery methods.

7.2.1 Cones of Dominant Coordinates

ForJ C {1,...,N} and b € [0, 40|, define the following cone consisting of vectors
whose “dominant coordinates” are in J :

Cpy = {MGRNZZW/' SbZ|Mj|}

s jer

Clearly, for b = +o0, C, ; =RY. For b = 0, Cp; is the linear subspace R of vectors
u € RN with supp(u) C J. For b = 1, we will write C; := C; ;. Such cones will be
called cones of dominant coordinates and some norms in R" will be compared on
these cones.
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Some useful geometric properties of the cones of dominant coordinates will be
summarized in the following lemma. It includes several well known facts (see Can-
des and Tao [44], proof of Theorem 1; Ledoux and Talagrand [97], p. 421; Mendel-
son, Pajor and Tomczak-Jaegermann [112], Lemma 3.3).

With a minor abuse of notations, we identify in what follows vectors u € RY with
supp(u) C J, where J C {1,...,N}, with vectors u = (u;: j€J) e R/.

Lemma 7.1. Let J C {1,...,N} and let d := card(J).

(i) Take u € Cp y and denote Jo := J. For s > 1, J1 will denote the set of s coordinates
in{1,...,N}\Jo for which |uj|'s are the largest, J, will be the set of s coordinates
in{1,...,N}\ (JoUJ1) for which |uj|'s are the largest, etc. (at the end, there might
be fewer than s coordinates left). Denote u®) := (uj:jeJy). Then u= Y=o u®)

and 12
b d
k
¥ 1l < 2 Tl <oy (Tuf)

k>2 S jer =

¥ 12
e < (o 44) (£ )
§ jeloUl;

(ii) Denote Ky := Cp, ;N Uy,. There exists a set Mg C Uy, such that d(u) < d for
ue My,

In addition,

N
card(. ;) < 59 (S d)

and
K; C 2(2+4b)conv(.4Ay).

Proof. To prove (i), note that, for all j € Ji 1,
1
il < < ¥ luil
iy

implying that

) 2y
(2 wf) <5l

J€Jk+1

Add these inequalities for k = 1,2,... to get

1 b
Y (lu®l,, < 7 Y lujl < 7 Y fujl <

k>2 & jeJ

p ) 1/2 p ) 1/2
AT r) <4 T )
S \jes S \jeson

Therefore, for u € Cy,
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7 12
e < (s 44) (£ )
s jeloUJ;

To prove (ii) note that
K; C (2+D) conv(UB, IC{l,...,N},d(I) < d>,

where

By := {(ui:iel):2|ui|2§ 1}.

icl
Indeed, it is enough to consider u € K; and to use statement (i) with s = d. Then, we
have u® By,, uld) e B;, and

Zu(k) IS bconv(UBI:IC {1,...,N},d(I) < d).
k>2

It is easy to see that if B is the unit Euclidean ball in R? and M is a 1/2-net of this
ball, then
B C 2 conv(M).

Here is a sketch of the proof of the last claim. For convex sets C;,C> C RV, denote
by C; + C> their Minkowski sum

C+CG = {x1 +x:x1€Ci,x € Cz}.

It follows that

1 1 1 1
BCM+ EB C conv(M) + EB C conv(M) + Econv(M) + ZB C...

1 1
conv(M) + Econv(M) + Zconv(M) +--- C 2conv(M).

For each I with d(I) = d, denote M; a minimal 1/2-net of B;. Then,
K; C2(2+D) conv <UM1 IC{l,...,N},d(I) < d) =:2(2+b) conv(.#y).
By an easy combinatorial argument,
N
< d
card(Ay) <5 (S d) )

so, the proof is complete.
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7.2.2 Restricted Isometry Constants and Related Characteristics

Given a probability measure IT on S, denote

N
B (J;11) ;:inf{ﬁ>o:2|/1,gﬁ Y A, ,AerJ}
jel j=1 Ly(IT)
and
b N 2
B (1.1 :inf{ﬁ >0: Y 412 < B2 Y A Ac cb,,}.
Jj€J Jj=1 Ly (IT)
Let

BW,IT) := BN, IT), Bo(s, 1) := B (U, 1T).

As soon as the distribution IT is fixed, we will often suppress IT in our notations
and write B(J),Bx(J), etc. In the case when J = 0, we set B()(J) = Bz(b> (J)=0.
Note that if J # @ and hy,...,hy are linearly independent in L;(IT) or in Ly (IT),
then, for all b € (0,+0), B()(J) < +oo or, respectively, ﬁz(b> (J) < +oo. In the case
of orthonormal dictionary, [32<b) (J)=1.

We will use several properties of (%) (J) and ﬁz(b) (/) and their relationships with
other common characteristics of the dictionary.

Let x(J) denote the minimal eigenvalue of the Gram matrix ((hi, hj) L2<H>> .
LJjE
Also denote L; the linear span of {A;: j € J} and let

p(]) — sup <f7g>L2(H) ‘
feLy,g€Lc,f,g#0 ||fHL2(H)||8||L2(H)

Thus, p(J) is the largest “correlation coefficient” (or the largest cosine of the angle)
between functions in the linear span of a subset {4, : j € J} of the dictionary and
the linear span of its complement (compare p(J) with the notion of canonical cor-
relation in multivariate statistical analysis). In fact, we will rather need a somewhat
different quantity defined in terms of the cone Cp ; :

‘ <Zjef Ajhj Y e %‘hj>

s

p() = sup
lECbJ ZJE])’jh]

HZM Ajhj
Ly (IT) Ly(IT)
Clearly, p")(J) < p(J).

Proposition 7.1. The following bound holds:
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(7.5)

)y < .
@()‘Jmnu—w@mv>

Proof. Indeed, let A € Cp, ;. The next inequality is obvious

< (1-(p! “ﬂ

2 (IT) 2 (IT)

jeJ

since for f =Y jc;Ajhj and g = Y oy Ajhj, we have

2
I +8l =u—wﬂwmmam+@mmemmﬂmmmg
> (1= (e A2

where « is the angle between f and g. This yields

(j;l%ﬁ)l/zgr Eh, < 7 HZ)Lh o

which implies (7.5).

O

Lemma 7.1 can be used to provide upper bounds on ﬁz(b> (J). To formulate such
bounds, we first introduce so called restricted isometry constants.

Ford =1,...,N, let 8;(IT) be the smallest § > 0 such that, for all A € RN with
d(A) <d,

If 64(II) < 1, then d-dimensional subspaces spanned on subsets of the dictionary
and equipped with (a) the L, (IT)-norm and (b) the ¢>-norm on vectors of coefficients
are "almost” isometric. For a given dictionary {h;,...,hy}, the quantity 6, (IT) will
be called the restricted isometry constant of dimension d with respect to the measure
I1. The dictionary satisfies a restricted isometry condition in Ly(IT) if 8;(IT) is
sufficiently small for a sufficiently large value of d (in sparse recovery, this value is
usually related to the underlying “sparsity” of the problem).
ForI,J C {l,...,N},INJ =0, denote

(1=98)[Alle, <

< (1+8)|Ale,.

Lz(H)

r(l;J) = sup _ 8m ’
rerrgely f.g20l 1l gl )

Note that p(J) = r(J,J). Let

Pa = max{r([,]) LJCA{l,...,N}, INJ =0, card(I) = 2d, card(J) :d}.
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This quantity measures the correlation between linear spans of disjoint parts of the
dictionary of fixed “small cardinalities”, in this case, d and 2d.
Define
my = inf{|| full yy - u € RY, [lulle, = 1,d(u) < d}

and
My = sup{|| full Loy - u €RY, Julle, = 1,d(u) < d}.

It my <1< M, <2, the restricted isometry constant can be written as
= (Md - 1) V (1 —md).

Lemma 7.2. Suppose J C {1,...,N}, d(J) =d and pg < g7 Then

(b) 1
<< —.
h T myg — bpaMay

Proof. Denote P; the orthogonal projection on L; C Ly (IT). Under the notations of
Lemma 7.1, for all u € Cy,

N N
Y ujh; > | Prousy Y ujhj >
j=1 Ly (IT) j=1 Ly(IT)
Y. ujh, —|Proun Y, ujhy >
JEHUN Ly(IT) JEIoUI, Ly (IT)
Y. ujh, =Y ||Proun Y uihj >
jeloUl Ly(IT)  k>2 JjeJi Ly (IT)
Y, ujhy —Pa )| X ujh; >
jeloud; Ly (IT) k>21jed, Ly (IT)
Y. ujh, —paMag Y [[u® g, >
JjeJoUJy Ly (IT) k>2
Y. ujhy deM2d< Y |u,»|2> >
jedoud Ly(IT) JeJon
My
Z Ltj/’lj —bpdi Z ujhj =
jedoudy L,(IT) mM2d || jejou, Ly(IT)
M
<1 — bded) Z ujhj
M2d /1l jesquiy Ly(II)
On the other hand,
1/2 1/2
(Z |Mj|2) < ( Yy |Mj|2) <my |l Y, ujh; ;
jel jeloUl j€oUdy Ly(IT)
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implying that
1/2 1| N
My
(Z|“j2) <my, <1_bpd) Y it
jel M2d j=1 Ly(IT)
Therefore,
1
HI<—.
) < maq —bpaMay

It is easy to check that

1 (14+8&\> [(14+8a4) 1 1=&a\> [(1-&a4\’
py <t AN AN (VAP 3\ AN
2 1—6y 1-6; 2 1+ 6y 1+,
Together with Lemma 7.2 this implies that ,(J) < +eo for any set J such that

card(J) < d, provided that &35 < % (a sharper condition is also possible).
We will give a simple modification of Lemma 7.2 in spirit of [22].

Lemma 7.3. Suppose J C {1,...,N}, d(J) = d and, for some s > 1,
M, 1\/?

< =4/
mgrs b\ d

() Vs
ﬁ (J) = \/Emd+s - b\/EMs .

Then

Proof. Forallu € Cp,

1/2 1
(z|u,-|2) S P
ier Md+ts || jejou, Ly (IT)
1
Zu, + Y, ujh
Me-ts || i= L) Md+s |l g0y, Ly(IT)

To bound the last norm in the right hand side, note that

1/2
MO NS o P [T M PCTETPAVECT O i
L (IT) k>2

JEIUT, Ly(IT)  k>2lljeg, jeJ

This yields the bound

1/2
(Z Mj|2) <
jes Md-+s

1/2
o )"
Z / Ly(Im) Md+s jezj !

Jj=
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which implies the result.

7.2.3 Alignment Coefficients

In what follows, we will use several quantities that describe a way in which vectors
in RV especially, sparse vectors, are “aligned” with the dictionary. We will use the
following definitions. Let D C R be a convex set. For A € D, denote by Tp(1) the
closure of the set

{veRY:3>0A+wv D}

The set Tp(A) will be called the tangent cone of convex set D at point A. Let

H:= <<hi7hj>L2(H)>

ij=1,..N

be the Gram matrix of the dictionary in the space L, (IT). Whenever it is convenient,
H will be viewed as a linear transformation of RY.

For a vector w € RV and b > 0, we will denote Cp,, := Cp supp(w)» Which is a cone
of vectors whose “dominant” coordinates are in supp(w). Now define

afy (D, 2, w) := sup{ (w, ), 0 € ~T(A) N Copp | fullo(m) =1}, b € [0,+e9].

The quantities aﬁ? (D, A,w) for b € [0,00] will be called the alignment coefficients

of vector w, matrix H and convex set D at point A € D. In applications that follow,
we want the alignment coefficient to be either negative, or, if positive, then small
enough.

The geometry of the set D could have an impact on the alignment coefficients
for some vectors w that are of interest in sparse recovery problems. For instance,
if L is a convex function on D and A € D is its minimal point, then there exists a
subgradient w € dL(A) of L at point A such that, for all u € Tp(A), (w,u),, >0
(that is, the vector —w belongs to the normal cone of D at point A; see Aubin and
Ekeland [9], Chapter 4, Section 2, Corollary 6). This implies that azﬁ (D,A,w) <0.
If D=R" then Tp(1) = RY, 1 € RV. In this case, we will write

ag)(W) = ag’)(RN,l,w) = sup{(w,u}l2 2 € Copy | full Ly my = 1}.

Despite the fact that the geometry of set D might be important, in many cases, we
are not taking it into account and replace a}? (D, A,w) by its upper bound a%’) (w).
Note that

Hquiz(H) = <Hua “>fz = <H1/2M,H1/2“>€2'

We will frequently use the following form of alignment coefficient
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a7 (D, 2w) 1= sup{ (w,u) s, 2 € ~To(A), | fullym = 1},
or rather a simpler upper bound

afy () = aj? @, A, w) = sup{ (), | ullymy = 1}
The last quantity is a seminorm in R" and, for all b, we have

al(w)<ag)w)= sup  (wu)e, = [
1H/2u] 1y =1

If H is nonsingular, we can further write

Iwla = sup  (HVPw,H'u),, = ||H 2wy,
[lE1/2u] =1

Even when H is singular, we still have |w||z < ||[H~"/?w]||s,, where, for w €
Im(H'/?) = H'/?RN | one defines

|H Y 2w|g, := inf{||v]s, : H/?*v = w}

(which means factorization of the space with respect to Ker(H 1/ 2)) and, for w ¢
Im(H'/?), the norm ||H~'/?w||,, becomes infinite.
Note also that, for b =0,

afy (w) = afy) R 2,w) = sup{ (w0, : | fullo(my = 1,50pp(e) = supp(w) |

This also defines seminorms on subspaces of vectors w with a fixed support, say,

supp(w) =J. If Hy := ((h,-,h 0 L2<H)> is the corresponding submatrix of the
ijel
Gram matrix H and H; is nonsingular, then
© N —1g=1/2
aH (W) - HH] W”éza

s0, in this case, the alignment coefficient depends only on “small” submatrices of
the Gram matrix corresponding to the support of w (which is, usually, sparse).

When 0 < b < +oo, the definition of alignment coefficients involves cones of
dominant coordinates and their values are between the values in the two extreme
cases of b =0 and b = oo.

It is easy to bound the alignment coefficient in terms of geometric characteristics
of the dictionary introduced earlier in this section. For instance, if / = supp(w), then

ol < Pl vlle.v/d0)
- \/K(J)(l_PZ(J)) o \/K(J)(l—pz(j))’
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where k(J) is the minimal eigenvalue of the matrix Hy = ((h,',hj)Lz(H))' . and
1,j€
p(J) is the “canonical correlation” defined above.
One can also upper bound the alignment coefficient in terms of the quantity

Bay(w;IT) := B (supp(w); 7).

Namely, the following bound is straightforward:

al?) (w) < [wlleyBap (w3 IT).

These upper bounds show that the size of the alignment coefficient is controlled
by the “sparsity” of the vector w as well as by some characteristics of the dictionary
(or its Gram matrix H). For orthonormal dictionaries and for dictionaries that are
close enough to being orthonormal (so that, for instance, k(J) is bounded away
from 0 and p?(J) is bounded away from 1), the alignment coefficient is bounded
from above by a quantity of the order ||w]|,../d(J). However, this is only an upper
bound and the alignment coefficient itself is a more flexible characteristic of rather
complicated geometric relationships between the vector w and the dictionary. Even
the quantity |[H~!/ 2wl|¢, (a rough upper bound on the alignment coefficient not
taking into account the geometry of the cone of dominant coordinates), depends not
only on the sparsity of w, but also on the way in which this vector is aligned with the
eigenspaces of H. If w belongs to the linear span of the eigenspaces that correspond
to large eigenvalues of H, then |[H~'/?w)|;, can be of the order ||w||, .

Note that the geometry of the problem is the geometry of the Hilbert space
Ly(IT), so it strongly depends on the unknown distribution IT of the design vari-
able.

7.3 Sparse Recovery in Noiseless Problems
Let I, denote the empirical measure based on the points X1, ..., X, (at the moment,
not necessarily random).

Proposition 7.2. Let A be a solution of (7.3). If A* € L and By(Jy«;I1,) < +oo, then

A

A =A%
Proof. Since A € Land A* € L, we have
LX) =f-(Xp), j=1,....n

implying that || f; — fa+ |z, (r7,) = 0. On the other hand, since 2 is a solution of (7.3),
we have ||A||;, <||A*||,. This yields

Y < Y (4l-ah< Y 144l

jg"l* jGJ;L* jEJl*
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Therefore, A —A* € C 7, and

. . . 1/2
1A =A%, <2 ), Ili%’»‘ISZ\/d(l*)( )y lilﬂz) <

jEJA* jEJA*
2B>(Jp+:11,) \/d (A7)

implying the result.

fi = farllym,) =0,

O

In particular, it means that as soon as the restricted isometry condition holds for
the empirical distribution IT, for a sufficiently large d with a sufficiently small &,. To
be more precise, it follows from the bounds of the previous section that the condition
034(I1,) < 1/8 would suffice. Candes [38] gives sharper bounds. Then, the method
(7.3) provides a solution of the sparse recovery problem for any target vector A*
such that f, = fj« and d(A*) < d. The restricted isometry condition for IT, (which
can be also viewed as a condition on the design matrix A) has been also referred to
as the uniform uncertainty principle (UUP) (see, e.g., Candes and Tao [44]). It is
computationally hard to check UUP for a given large design matrix A. Moreover,
it is hard to construct n x N-matrices for which UUP holds. The main approach is
based on using random matrices of special type and proving that for such matrices
UUP holds for a sufficiently large d with a high probability. We will discuss below
a slightly different approach in which it is assumed that the design points Xi,...,X,
are i.i.d. with common distribution IT. It will be proved directly (without checking
UUP for the random matrix A) that, under certain conditions, (7.3) does provide a
solution of sparse recovery problem with a high probability.

Recall the definitions of yy-norms (see Appendix A.1) and, for C > 0,A > 1,

define
AlogN
Ag:= {),ERN:Cﬁ(JA;H)1r<nka<xN||hk(X)||wlw . §1/4}.

We will interpret Ag as a set of “sparse” vectors. Note that in the case when the
dictionary is L, (IT)-orthonormal, B(J;IT) < y/card(J), so, indeed, Ag consists of
vectors with a sufficiently small d(A) (that is, sparse).

In what follows we assume that AlogN < n.

Recall that

L= {/1 ERV: f1(X) = £(X;), j= L...,n}.

Theorem 7.2. Suppose f. = fp-, A* € RN. Let A > 1. There exists a constant C in
the definition of the set Ag such that with probability at least 1 — N~4,

either LN Ag = 0, or LN Ag = {1}.

In particular, if A* € Ag, then with the same probability L =1%
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Proof. The following lemma is used in the proof.

Lemma 7.4. There exists a constant C > 0 such that for all A > 1 with probability
atleast 1 —N—4

AlogN , ,AlogN
11, —I1 <C hi (X .
o [ =] € s ot (155 VAL

Proof. Let R,(f) be the Rademacher process. We will use symmetrization inequal-
ity and then contraction inequality for exponential moments (see sections 2.1, 2.2).

For ¢t > 0, we get
R} <

Eexp{r sup (Hn—m(lfu)\}SEexp{
e, <1

Eexp{ R, }
flulle, <1

Since the mapping u — R,(f,) is linear, the supremum of R,(f,) over the set
{llulle, < 1} (which is a convex polytope) is attained at one of its vertices, and

we get
n(hk)‘} =

lulle, <1

(fu)

]Eexp{t sup ’(Hn—H)(|f,,|)‘} <Eexp{4t max
llulle, <1 SksN

nglkaxNE[exp{4tR (hg) }\/exp{ —4tR,( hk)H <

t n
2N max Eexp{4tR (hk)} < 2N max (Eexp{4shk(X)}> .
1<k<N 1<k<N n

To bound the last expectation and to complete the proof, follow the standard proof
of Bernstein’s inequality.
O

Assume that LN Ag # 0 and let A € LN Ag. Arguing as in the proof of Proposition
7.2, we get that, forall A € L, A — A € Cy, — fallL,(m,) = 0. Therefore,

A=Al < Y 1+ Y 14 -4 <

J&05 J€,

2 Y 1A=l <2BU)IA — fally - (7.6)

JEJ

— fallz, () in terms of || — A, , which will imply

the result. First, note that
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If5 = falle,amy = 15 — falleyamy + (T =TL) (|5 — fal) <
e (T = ID)(| fuD) |14 = Al (7.7)

By Lemma 7.4, with probability at least 1 — N~4 (under the assumption that

AlogN <n)
AlogN
- 0| <€ s, o2
||uﬂng1( = ID(ful)] <€ max lifelly, () —

This yields the following bound that holds with probability at least 1 — N~4:

AlogN

s — < A=A, :
1f5 = falle,amy < ClrgnkEg(NHthWI . 1A —Allg, (7.8)
Together with (7.6), this implies
A AlogN | »
- < —= A=Ay,
1A = Alle, <2 () max Ay \f — =14 =Alle,

It follows that, for A € LN Ag, with probability at least 1 — N4,
A 1 -
1A =Alley < 514 =4,

and, hence, A = A.
O

It is of interest to study the problem under the following condition on the dictio-
nary and on the distribution IT : for all A € C;
N N
Y Ajhj Y A <B()
Jj=1 Jj=1 Ly (IT)

(7.9)

<
)

N
Y Ajhj
=1

Ly(I1 Ly(IT)

with some constant B(J) > 0. This inequality always holds with some B(J) > 0 since
any two norms on a finite dimensional space are equivalent. In fact, the first bound is
just Cauchy-Schwarz inequality. However, in general, the constant B(J) does depend
on J and we are interested in the situation when there is no such dependence (or, at
least, B(J) does not grow too fast as card(J) — ).

Examples.

e Gaussian dictionary. It will be said that 41, ..., Ay is a Gaussian dictionary with
respect to IT iff (hy(X),...,hy(X)) has a normal distribution in RV, X having
distribution IT. In this case, condition (7.9) holds for all A € RN with B(J) = B
that does not depend on the dimension d(J). Moreover, all the L, norms for
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p > 1 and even ;- and y,-norms of ijy:l Ajhj are equivalent up to numerical
constants.

e Gaussian orthonormal dictionary. In this special case of Gaussian dictionaries,
h(X),...,hy(X) are i.i.d. standard normal random variables.

e Rademacher (Bernoulli) dictionary. In this example /;(X), ..., Ay(X) are i.i.d.
Rademacher random variables. Condition (7.9) holds for this dictionary with an
absolute constant B(J) = B. Moreover, as in the case of Gaussian dictionaries,
all the Orlicz norms between L; and y, are equivalent on the linear span of
the dictionary up to numerical constants. This fact follows from the classical
Khinchin inequality (see Bobkov and Houdre (1997) for a discussion of Khinchin
type inequalities and their connections with isoperimetric constants).

o y,-dictionary. Let o > 1. It will be said that &y,. .., hy is a Yy-dictionary with
respect to IT iff

/2l < Bl fallzy > A € RY

with an absolute constant B. Condition (7.9) obviously holds for y-dictionaries.
In particular, y»-dictionaries will be also called subgaussian dictionaries. Clearly,
this includes the examples of Gaussian and Rademacher dictionaries.
e Log-concave dictionary. Recall that a probability measure u in RV is called
log-concave iff
W(tA+(1—=1)B) > (u(A)) (u(B)'

for all Borel sets A,B C RV and all # € [0, 1]. A log-concave measure g is always
supported in an affine subspace of RV (that might coincide with the whole space).
Moreover, it has a density on its support that is a log-concave function (i.e., its
logarithm is concave). In particular, if K C RY is a bounded convex set, then uni-
form distribution in K is log-concave. It will be said that a dictionary {Ay,..., Ay}
is log-concave with respect to IT iff the random vector (4 (X),...,hy(X)) has a
log-concave distribution, X having distribution II. A well known result of Borell
[28] (see also Ledoux [96], Proposition 2.14) implies that log-concave dictionar-
ies satisfy the condition (7.9) with an absolute constant B(J) = B (that does not
depend on J). Moreover, the same result implies that for log-concave dictionaries

12l < Bllfall, > A €RY

with an absolute constant B. Thus, logconcave dictionaries are examples of -
dictionary.

Under the condition (7.9),

B(J) < B(J)B2(J)/d(J). (7.10)

If B, (J) is bounded (as in the case of orthonormal dictionaries), then f3(J) is "small”
for sets J of small cardinality d(J). In this case, the definition of the set of ’sparse
vectors” Ag can be rewritten in terms of ;.
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However, we will give below another version of this result slightly improving
the logarithmic factor in the definition of the set of sparse vectors Ag and providing
bounds on the norms || - [|,(r7) and || - [|¢, -

Denote

B(d) := Ba(d; IT) := max{ﬁz(.l)  JC{1,... N}, d(J) < Zd}.
Let
B(d) := max{B(J) s JC{l,...,N},d(J) < d}.

Finally, denote d the largest d satisfying the conditions d < % -1, %(NM) <1,
and
Adlog(N/d)
CB(d)Ba(d)  sup |l fully\| ———— <1/4.
llulle, <1.d(u)<d n

We will now use the following definition of the set of ’sparse” vectors:

Asai={A RV :d(A) <d}.

(£)-50)

Suppose f, = fy+, A* €RN.Let A > 1. There exists a constant C in the definition
of the set Ag such that with probability at least 1 — N4,

Recall the notation

Theorem 7.3. Suppose that f, = fi-, A* € RN and that condition (7.9) holds. Let
A > 1. There exists a constant C in the definition of As> such that, with probability

at least »
|_5daf N
<d) ’

either LN Aga =0, or LNAg = {A}.
In particular, if A* € Ag o, then with the same probability A =A%
Proof. We will use the following lemma.

Lemma 7.5. For J C {1,...,N} with d(J) = d, let K; := C; N Uy,. There exists a
constant C > 0 such that, for all A > 1 with probability at least

—A
j_sda( N
<d) ’

the following bound holds:
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< Adlog (N/d) \/Adlog N/d)>

sup
ucky

(Hn—H)(Iful)‘SC swp [l

llulle, <1.d(u)<d
Proof. 1t follows from statement (ii) of Lemma 7.1 with b =1 that
Ky C 6 conv(.4y),

where ., is a set of vectors u from the unit ball {u € R : [jul|s, <1} such that
d(u) <d and
card(.Ay) < Sd( N )
< <d
Now, it is enough to repeat the proof of Lemma 7.4. In particular, we use sym-
metrization and contraction inequalities to reduce bounding the exponential moment
of

sup
ueky

<nn—n><fu|>\

to bounding the exponential moment of sup,¢ 4, [Ra(fu)|, card(.#;) playing now
the role of N. The bound on card(.#;) implies that with some ¢ > 0

log(card(.#;)) < cdlog g7

and it is easy to complete the proof.
O

We now follow the proof of Theorem 7.2 with straightforward modifications.
Assume that LN Ag, # @ and let A € LN Ag,. Instead of (7.7), we use

If3 = falleyamy = If = falle,amy + (T = IL)(1f; — fal) <
sup | (T —ID)(|ful) 1A = Al (7.11)

HL{H[ZSI,uECJQL

To bound || — A| ¢, note that, as in the proof of Theorem 7.2, A-LrecC 7, and
apply Lemma 7.1 tou =24 —A,J = Jy:

R R 1/2
|A—A||zz<2( y Aj—xﬂ) < 2B dN s — il (12)
JjeJoUJq

Use Lemma 7.5 to bound

s |(T,—I)(I£ul)| <

lulle, <LaueCy,

\/Ad(/l)log(N/d(l)X (7.13)

C  sup [ tllyn
Julley <1.d(w)<d(2)
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which holds with probability at least 1 — 5414 ( < :(’ /1)) “* Then we use

R . . ]/2
1A= Al <2Y J4— 4 <2¢dm>( y Mj—w) <

jes jeJul
2B(d(A)Vd( ) fo = fally - (7.14)

It remains to substitute bounds (7.12) and (7.13) in (7.11), to use (7.9) and to solve
the resulting inequality with respect to || f3 — f2[|,(r7)- It follows that the last norm

is equal to 0. In view of (7.14), this implies that L = A.
O

Remark. Note that, in the case of L,(II)-orthonormal logconcave dictionary,
Theorem 7.3 easily implies that A = A* with a high probability provided that

Ad(A7)log(N/d(27)) _ .

n

for a sufficiently small c. Recently, Adamczak, Litvak, Pajor and Tomczak-Jaegermann
[2] obtained sharp bounds on empirical restricted isometry constants 6,(I1,) for
such dictionaries that imply bounds on d(A*) for which sparse recovery is possible
with a little bit worse logarithmic factor than what follows from Theorem 7.3 (of
course, in this theorem we are not providing any control of d,(IT,)).

7.4 The Dantzig Selector

We now turn to the case when the target function f; is observed in an additive noise.
Moreover, it will not be assumed that f, belongs to the linear span of the dictionary,
but rather that it can be well approximated in the linear span. Consider the following
regression model with random design

Y]:f*(X])+§]’ ]: 17"'7”7

where X,Xj,...,X, are i.i.d. random variables in a measurable space (S,.2/) with
distribution IT and &,¢&;, ..., &, are i.i.d. random variables with E€ = 0 independent
of (Xi,...,X,). Candes and Tao [44] developed a method of sparse recovery based
on linear programming suitable in this more general framework. They called it the
Dantzig selector:
Given € > 0, let
<e}

Ag = {), eRY: max
1<k<N

n! 'n](fx(Xj)—Yj)hk(Xj)
=

and define the Dantzig selector as
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A ae .
A =A% € Argmin, ;4 ]l¢,

It is easy to reduce the computation of A€ to a linear program. The Dantzig selec-
tor is closely related to the /;-penalization method (called "LASSO” in statistical
literature, see Tibshirani [135]) and defined as a solution of the following penalized
empirical risk minimization problem:

n 'Y (f(X) = Y)2 4+ 2€| Al =: La(A) +2€]| ||, — min. (7.15)
=

The set of constraints of the Dantzig selector can be written as

<e}
loo

and the condition A € Ag is necessary for A to be a solution of (7.15).
In [44], Candes and Tao studied the performance of the Dantzig selector in the
case of fixed design regression (nonrandom points Xi,...,X,) under the assump-

Ae = {/1 : HVL,,(A)

tion that the design matrix A = ( h; (Xl)) R satisfies the uniform uncertainty
principle (UUP). They stated that UUP hbiéis with a high probability for some
random design matrices such as the “Gaussian ensemble” and the “Bernoulli or
Rademacher ensemble” (using the terminology of the previous section, Gaussian
and Rademacher dictionaries).

We will prove several “sparsity oracle inequalities” for the Dantzig selector in
spirit of recent results of Bunea, Tsybakov and Wegkamp [36], van de Geer [61],
Koltchinskii [81] in the case of /1- or £,-penalized empirical risk minimization.
We follow the paper of Koltchinskii [82] that relies only on elementary empirical
and Rademacher processes methods (symmetrization and contraction inequalities
for Rademacher processes and Bernstein type exponential bounds), but does not use
more advanced techniques, such as concentration of measure and generic chaining.
It is also close to the approach of Section 7.3 and to recent papers by Rudelson
and Vershynin [123] and Mendelson, Pajor and Tomczak-Jaegermann [112]. As in
Section 7.3, our proofs of oracle inequalities in the random design case are more
direct, they are not based on a reduction to the fixed design case and checking UUP
for random matrices. The results also cover broader families of design distributions.
In particular, the assumption that the dictionary is L, (IT)-orthonormal is replaced
by the assumption that it satisfies the restricted isometry condition with respect to
II.

In what follows, the values of € > 0, A > 0 and C > 0 will be fixed and it will be
assumed that AIOTgN < 1. Consider the following set

A=A (A) = {/1 eRVN: ‘(fx — [ i)y my |+
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O = £y + 1m0 )1 212N < e k=1,

consisting of vectors A (“oracles”) such that f; provides a good approximation of
S+ Infact, A € A¢(A) implies that

— <e. .
max |(fu = fouhe) | < e (7.16)
This means that f} — f. is “almost orthogonal” to the linear span of the dictionary.
Thus, f, is close to the projection of f, on the linear span. Condition (7.16) is
necessary for A to be a minimal point of

A 1o = FillE my + 2812 e

and minimizing the last function is a ”population version” of LASSO problem (7.15)
(A € Ag is a necessary condition for (7.15)). Of course, the condition

AlogN
> <
€> 1rglrlkang||¢3hk(X)||un\/ ,

is necessary for Ag(A) # 0. It will be clear from the proof of Theorem 7.4 below
that A € A¢(A) implies A € A with a high probability.

The next theorems 7.4 and 7.5 show that if there exists a sufficiently sparse vector
A in the set Ag of constraints of the Dantzig selector, then, with a high probability,
the Dantzig selector belongs to a small ball around A in such norms as || - ||, || - [|¢,-
At the same time, the function f3 belongs to a small ball around f; with respect to
such norms as || - ||z, (r) or || - ||z,(rr)- The radius of this ball is determined by the
degree of sparsity of A and by the properties of the dictionary characterized by such
quantities as 3 or 3, (see Section 7.2). Essentially, the results show that the Dantzig
selector is adaptive to unknown degree of sparsity of the problem, provided that the
dictionary is not too far from being orthonormal in L (IT).

Recall the definition of the set of “sparse” vectors Ag from the previous section.
Let

A = Ag(A) 1= Ag(A) N As.

Theorem 7.4. There exists a constant C in the definitions of A¢(A),As such that,
fgrA > 1 with probability at least 1 — N~4, the following bounds hold for all A €
A NAg:

|

fi = fall,amy < 16B(n)e

and A
1A =2l < 3257 n)e.

This implies that

A — fx < inf — f« +16B(J; )e]|.
I1f5 = fello, am }LEIAHEW I fo = fello, (my +16B(J3)
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If. in addition f, = f«,A* € RN then also

A=2l < it 1A =2l +328°0n)e

EAe

Proof. We use the following lemma based on Bernstein’s inequality for y;-random
variables (see Section A.2).

Lemma 7.6. Let n(k),nl(k), ey n,ﬁ") be i.i.d. random variables with En(k) =0and
Im ®) lly, < +oo,k=1,...,N. There exists a numerical constant C > 0 such that, for
A > 1 with probability at least | — N~ forallk=1,...,N,

e AlogN , ,AlogN
1y <cun<k>||wl(\/ = \/,,g)'
=

For A € A¢ N Ag, we will upper bound the norms ||A — Mleys 15 = fallz, my in
terms of each other and solve the resulting inequalities, which will yield the first
two bounds of the theorem. As in the proof of Proposition 7.2 and theorems 7.2,
7.3, A € A and the definition of A imply that A — A € C 7, and

1A = Alle, < 2B = Fulley om)- (7.17)

It remains to upper bound || f; — f3 ||z, (i7) in terms of ||j. — Al|¢, - To this end, note
that

If3 = falleyamy = If5 — falle, amy) + (T = IL)(1f; — fal) <

155, = falle, . +HT|up (I, — D) (| ful) |1 A = Allg, - (7.18)
l

The first term in the right hand side can be bounded as follows

Hf; = Az, < W = Aalltm) = (= fasfy = fadim,)

Z e =2 (s — Fus by < 1A = AL, max, (f;L o) 1y |-

Both A € A and A € A, implying that

s — <
max (s =) oy | <
7] n n
[max_ n j;(fx(xj)—Yj)hk( )|+ max n” J; [ (X)) =Yp)h(X;)| < 2e.
Therefore,

Hf;L f)LHLl <\/28||)L lHﬁ
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Now we bound the second term in the right hand side of (7.18). Under the assump-
tion AlogN < n, Lemma 7.4 implies that with probability at least 1 — N~

AlogN
su ’H—H fi ’ngax hy, _
e [(1h =D <€ s Wl /=

Hence, we conclude from (7.18) that

- AlogN
~ il m < /2612 = 21l +C max, il A=Al (.19)

Combining this with (7.17) yields

~ alleym < \J4€BUDIf = falluyim +

AlogN
chglkix (2917 ﬁ(J/l)Hf;L leHL.(H)
By the definition of Ag,
AlogN
2C max [ily, \/ 2~ Bx) < 1/2,

1<k<N

so, we end up with

~ Falleymy < 20/4eBULIf = fallym

which implies the first bound of the theorem. The second bound holds because of
(7.17).
Observe that forall A € A,

n! im (X)) — Y))h(X;)

< ‘(fz —f*,hk>L2(H)‘ +

IZ§hk

3 [0 00— X)) B 0) £ (OO0 |+

Lemma 7.6 can be used to bound the second and the third terms: with probability at
least 1 —2N 4

n

n! Y (A () ~¥)(X))

j=1

C(||(fx — £ X (X) |y, + ||§hk(x)”%)\/@] e

max
1<k<N

< max, U (fa _f*ahk>L2(1’I)’ +
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This proves that for all A € A, with probability at least 1 —2N~4, we also have
AeA.
For each of the remaining two bounds, let A be the vector for which the infimum
in the right hand side of the bound is attained. With probability at least 1 — 2N 4,
Ae /&8 N As. Hence, it is enough to use the first two bounds of the theorem and the
triangle inequality to finish the proof.
O

We will give another result about the Dantzig selector in which the properties of
the dictionary are characterized by the quantity 3, instead of . Recall the definition
of the set of “sparse” vectors Ag, from the previous section and related notations
(B2(d),B(d), etc) and define

A?=AZ(A) == Ae(A) N Aga.

Theorem 7.5. Suppose condition (7.9) holds. There exists a constant C in the defi-
nitions of A¢(A),Asp such that, for A > 1 with probability at least

—A
|5 N
<d) -

the following bounds hold for all A € /&S NAs»o:

15 = fallyamy < 16B*(d(2))B2(d(2))V/d(A)e

and

12 =2lle, < 32B*(d(2))B5(d(R))\/d(A)e.
Also, with probability at least 1 — N4,

1~ Flliam < inf |15z~ £l + 16B°(@(2) Ba(d(A) d(Ms].
AEAE(A) L

If fo = fr-,A* €RN  then

1A =27, < inf |4 =A%, +32B*(d(2))B3(d(2)) d(l)e]-
reAz(a)L

Proof. We follow the proof of Theorem 7.4. For A € Ae N Ag 2, we use the following
bound instead of (7.18):

If3 = Falleyamy = I — falle, amy + (T = IL)(1f; — fal) <
£ =l +  sup [IL=ID(|f)[IIA = Al (7.20)

lulley <1ueCy,

Again, we have A-Ae Cy,, and, using Lemma 7.1, we get for u = A — A and
J= J;L:
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X X 1/2
manzzsz( y A.,wﬂ) < 2B dONNf, il (.2D)

jeJoUJq

Lemma 7.5 now yields

sup
Hu||[2§1,u€C/l

(1, — (11| <

A1 A
c s )Ilfullwl\/Ad( )Ogn(N/ d2) (7.22)

llulle, <1,d(u)<d(A

which holds with probability at least

|_5dmal N -
<d))

As in the proof of Theorem 7.4, we bound the first term in the right hand side of

(7.20):
fi = Fully iy < \/2€lA = Allg, - (7.23)

In addition,

. . . ]/2
1A - Al <2 Y 2 - A <2¢dm>( y mj—w) <

jes jeJus,
2Bo(d(A)) VA fo = fally - (7.24)

Substitute bounds (7.21), (7.22), (7.23) and (7.24) into (7.20), use (7.9) and solve
the resulting inequality with respect to || f3 — /2 I L,(17)- This gives the first bound of
the theorem.

The second bound follows from (7.21) and the remaining two bounds are proved
exactly as in Theorem 7.4. a

In the fixed design case, the following result holds. Its proof is a simplified ver-
sion of the proofs of theorems 7.4, 7.5.

Theorem 7.6. Suppose Xi,...,X, are nonrandom design points in S and let Il, be
the empirical measure based on Xi,...,X,. Suppose also f, = fy-, A* € RN. There
exists a constant C > 0 such that for all A > 1 and for all

AlogN

£2 ClElyy max ey | e

with probability at least 1 — N~ the following bounds hold:
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||fi _fl*HLz(Hn) S 4132(‘]/1*7111) d(z’*)sa
12 =A%\, <8B3 (Jae, TT)d(A")e
and A
1A —=2%le, < 8B (d(A7), 1) /d(A*)e.
Proof. As in the proof of Theorem 7.4,

fi = Fulliaamy < /2614 — A%y,

and

1A = 2% le, < 2Ba(e, TV AA) 5 — fae ly(rmy)-

These bounds hold provided that 1* € A, or

max
1<k<N

AlogN
5ZCH&H%1r<nka<XN||thLz(Hn)\/ Pt

<e.

n! i Eih(X;)
=1

IF [E Iy, < +oo and

(7.25)

(7.26)

(7.27)

then usual bounds for random variables in Orlicz spaces imply that A* € A, with

probability at least 1 — N~4.

Combining (7.26) and (7.27) shows that with probability at least 1 — N~4

£ = fa o () < 4B2(as, )/ d(A%)e

and .
1A =A% [le, <8B3 (Ja-, IT)d(A)e.

Using Lemma 7.1 and arguing as in the proof of Theorem 7.5, we also get

12 = 2" lr, <8B3 (d(A"),1T,)\/d(A")e.

O

Bounding f3,(J,I1,) in terms of restricted isometry constants (see Lemma 7.2),
essentially, allows one to recover Theorem 1 of Candes and Tao [44] that was the
first result about the Dantzig selector in the fixed design case. Instead of doing this,
we turn again to the case of random design regression and conclude this section with
the derivation of the results of Candes and Tao [44] in the random design case.

To simplify the matter, assume that the following conditions hold:

e The dictionary {hy,...,hy} is Lp(IT)-orthonormal and, for some numerical con-

stant B > 0,
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1 N
1AL, < ~h-’ <B
sl < [ L asm |, o < H121

and

1 N
*MSH 7Lh” <B||All;,, A €RY.
gl <[ X am, o, sl

This is the case, for instance, for Gaussian and Rademacher dictionaries.

e The noise {§;} is a sequence of i.i.d. normal random variables with mean 0 and
variance o2.

e Finally, f, = f3+, A* € RV,

The following corollary can be derived from the last bound of Theorem 7.5.

Corollary 7.1. There exist constants C, D with the following property. Let A > 1 and
suppose that
Ad(A*)logN <
n

1.
Then, for all € satifying the condition

AlogN
e>Do ,
n

the following bound holds with probability at least 1 — N~4

N
IA=A%7, <CY (|A;PAe?)=C inf [Z|7L;2+d(.])82 . (7.28)
j=1 Il N Ljgy
In particular, this implies that
12 = 2717, < cd(27)e>.

The proof of (7.28) is based on applying the last bound of Theorem 7.5 to the
oracle A = A* defined as follows:

S AI(AS| > €/3), j=1,...,N.

7.5 Further Comments

Theoretical study of sparse recovery methods based on the /;-norm minimization
started with the work of Donoho [50, 51, 52, 53] who understood the connections of
these problems with convex geometry in high dimensional spaces. Rudelson and
Vershynin [123] followed by Mendelson, Pajor and Tomczak—Jaegermann [112]
used ideas and methods of high dimensional probability and asymptotic geomet-
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ric analysis (concentration of measure, generic chaining) in further development of
the theory of sparse recovery.

Geometric properties of the dictionaries discussed in Section 7.2 have been used
in many recent papers on sparse recovery as well as in other areas of analysis and
probability.

The Dantzig selector was introduced by Candes and Tao [44] who proved spar-
sity oracle inequalities for this estimator. In the same paper, they also introduced the
restricted isometry constants that have been frequently used to quantify the proper-
ties of the dictionary needed for sparse recovery.

Here we followed the approach to oracle inequalities for the Dantzig selector as
well as to the analysis of noiseless sparse recovery problems developed in [82].



Chapter 8
Convex Penalization in Sparse Recovery

We will discuss the role of penalized empirical risk minimization with convex penal-
ties in sparse recovery problems. This includes the ¢;-norm (LASSO) penalty as
well as strictly convex and smooth penalties, such as the negative entropy penalty
for sparse recovery in convex hulls. The goal is to show that, when the target func-
tion can be well approximated by a “sparse” linear combination of functions from
a given dictionary, then solutions of penalized empirical risk minimization prob-
lems with ¢, and some other convex penalties are “approximately sparse” and they
approximate the target function with an error that depends on the “sparsity”. As
a result of this analysis, we derive sparsity oracle inequalities showing the depen-
dence of the excess risk of the empirical solution on the underlying sparsity of the
problem. These inequalities also involve various distribution dependent geometric
characteristics of the dictionary (such as restricted isometry constants and alignment
coefficients) and the error of sparse recovery crucially depends on the geometry of
the dictionary.

8.1 General Aspects of Convex Penalization

In this chapter we study an approach to sparse recovery based on penalized empirical
risk minimization of the following form:

N
Af :=argminy ., |P,(Ce )+ € Z v(Aj) |- 3.1

J=1

We use the notations of Chapter 1, in particular, we denote

N
fo=Y Ajhj, A eRY,
j=1

137
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where 5 := {hy,...,hy} is a given finite dictionary of measurable functions from
S into [—1, 1]. The cardinality of the dictionary is usually very large (often, larger
than the sample size n). We will assume in what follows that N > (logn)? for some
Y > 0 (this is needed only to avoid additional terms of the order log]%
inequalities).

We will also assume that y is a convex even function and € > 0 is a regularization
parameter, and that D C RY is a closed convex set.

The excess risk of f is defined as

E(f) =Pl f)—

in several

inf P({eg)=P(lef)—P(lef,),
g:S—R
where the infimum is taken over all measurable functions and it is assumed, for
simplicity, that it is attained at f. € L,(IT). Moreover, it will be assumed in what
follows that f; is uniformly bounded by a constant M.

Definition 8.1. It will be said that £ : T x R — R is a loss function of quadratic
type iff the following assumptions are satisfied:

(i) forally € T, £(y,-) is convex;

(ii) forally € T, £(y, -) is twice differentiable, £,/ is a uniformly bounded function
in T xR and
sup £(y;0) < oo, sup|£;,(y;0)| < +oo.
yeT yeT

(iii) Moreover, denote

1
R):= - inf inf ¢/ (y,u). 8.2
7(R) 3 inf inf u (1) (8.2)

Then it is assumed that T(R) > 0,R > 0. Without loss of generality, it will be also
assumed that 7(R) < 1,R > 0 (otherwise, it can be replaced by a lower bound).

For losses of quadratic type, the following property is obvious:
w1l VM = fulliymy < () < CIF = £l )

where C := 1 SUPyer uer Ly (9 1)

There are many important examples of loss functions of quadratic type, most no-
tably, the quadratic loss £(y,u) := (y — u)? in the case when 7' C R is a bounded
set. In this case, we can choose 7 = 1. In regression problems with a bounded
response variable, one can also consider more general loss functions of the form
L(y,u) :== ¢(y — u), where ¢ is an even nonnegative convex twice continuously
differentiable function with ¢” uniformly bounded in R, ¢(0) = 0 and ¢"(u) >
0, u € R. In binary classification setting (that is, when 7' = {—1,1}), one can
choose the loss ¢(y,u) = ¢ (yu) with ¢ being a nonnegative decreasing convex twice
continuously differentiable function such that ¢” is uniformly bounded in R and
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9" (u) >0, u € R. The loss function ¢(u) = log,(1+ e~ *) (often called the logit
loss) is a typical example.

The condition that the second derivative £/ is uniformly bounded in 7 x R can be
often replaced by its uniform boundedness in T X [—a, a], where [—a, a] is a suitable
interval. This allows one to cover several other choices of the loss function, such as
the exponential loss ¢(y,u) := e ™" in binary classification.

Clearly, the conditions that the loss ¢, the penalty function ¥ and the domain D
are convex make the optimization problem (8.1) convex and, at least in principle,
computationally tractable; numerous methods of convex optimization can be used
to solve it (see, e.g., Ben-Tal and Nemirovski [20]).

In the recent literature, there has been considerable attention to the problem of
sparse recovery using LASSO type penalties, which is a special case of problem
(8.1). In this case, D = R", so this is a problem of sparse recovery in the linear
span 1.s.(5€) of the dictionary, and y(u) = |u|, which means penalization with ¢;-
norm. It is also usually assumed that £(y,u) = (y — u)? (the case of regression with
quadratic loss). In this setting, it has been shown that sparse recovery is possible
under some geometric assumptions on the dictionary. They are often expressed in
terms of the Gram matrix of the dictionary, which in the case of random design
models is the matrix

H:= ((hiahmz(n))

They take form of various conditions on the entries of this matrix (“coherence co-
efficients”), or on its submatrices (in spirit of “uniform uncertainty principle” or
“restricted isometry” conditions, see Section 7.2). The essence of these assump-
tions is to try to keep the dictionary not too far from being orthonormal in L, (IT)
which, in some sense, is an ideal case for sparse recovery (see, e.g., Donoho
[51, 52, 50, 53], Candes and Tao [44], Rudelson and Vershynin [123], Mendelson,
Pajor and Tomczak-Jaegermann [112], Bunea, Tsybakov and Wegkamp [36], van de
Geer [61], Koltchinskii [79, 81, 82], Bickel, Ritov and Tsybakov [22] among many
other papers that study both the random design and the fixed design problems).

We will study several special cases of problem (8.1). LASSO or ¢;-penalty is the
most common choice when D = RV , but it can be used in some other cases, too,
for instance, when D = Uy, (the unit ball of ¢1). This leads to a problem of sparse
recovery in the symmetric convex hull

i,j=1,N

convy(H) 1= {f)L 1A e Uy }’

which can be viewed as a version of convex aggregation problem. Note that empiri-
cal risk minimization with no penalty does not allow one to achieve sparse recovery
or even error rate faster than n~!/2 in this case (see Lecue and Mendelson [95] for
a counterexample). More generally, one can consider the case of D = Uy, the unit
ball in the space £, with p > 1 and with y(u) = |u|? (that is, the penalty becomes
1A HZJ); the same penalty can be also used when D = R". Tt was shown by Koltchin-
skii [81] that sparse recovery is still possible if p is close enough to 1 (say, of the
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order 1 + 1/logN). Another interesting example is
N
D=A:= {}LERNZ)UJ'>O,Z)»]':1},
j=1

that is, D is the simplex of all probability distributions in {1,...,N}. This corre-
sponds to the sparse recovery problem in the convex hull of the dictionary

conv () = {fl ) EA}.

A possible choice of penalty in this case is
N
—H(A) =) Ajlogh;,
j=1

where H(A) is the entropy of probability distribution A; this corresponds to the
choice y(u) = ulogu. Such a problem was studied in Koltchinskii [83] and it will
be also discussed below. We will also show in Section 9.4 that sparse recovery in
convex hulls can be achieved by empirical risk minimization with no penalty (which
is not possible in the case of symmetric convex hulls).

We will follow the approach of [81, 83]. This approach is based on the analysis
of necessary conditions of extremum in problem (8.1). For simplicity, consider the
case of D = RV . In this case, for A€ to be a solution of (8.1), it is necessary that

~

0 € dL,¢(A%), where

N
Lig(A):=Py(tefy)+eY w(A;)
=1

Jj=

and 0 denotes the subdifferential of convex functions. If y is smooth, this leads to
the equations

Pu(C' o fie)hj+ey (AF) =0, j=1,...,N. (8.3)
Define N
Le(A):=P(lef)+€) w(A))
j=1
and

VLe(X) = (P(ﬁ’ o fa)hj+ Sllf’(l/)) .

The vector VL (A) is the gradient and the subgradient of the convex function Lg (1)
at point A. It follows from (8.3) that

N
Pl 0 fie)(fre — )+ €Y WAHAF—24;) =0
=1

J
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and we also have
N A A
P(E o 1) (fye = f2)+€ YW A)AF = 2) = (VLe(A). A =) .
j=1 2

Subtracting the second equation from the first one yields the relationship

~

N A
P(l'efc—L0f3)(fre—f2)+E Y, (WA =¥ (A)(Af = 4)) =
=1

(VL) A =A%) +(P=P)(l's 1) (e = fr)-

2

If ¢ is a loss of quadratic type and, in addition, 7(+e) > 0, then

P(l' o fi:— 1 o f)(fre — f2) > ¢l

2
fre = falliym
with some constant ¢ > 0 depending only on ¢ and the following inequality holds

~ ~

N
cllfye = falliym +e Zl(llf'( P) =V ()4 =4)) <
=

(VLe(W).A=2%) +(P—P)(¢'e f1)(fye —2). (34

Inequality (8.4) provides some information about “sparsity” of A€ in terms of “spar-
sity” of the oracle A and it also provides tight bounds on || f;¢ — f4 ||, (r7)- Indeed, if
J =J, = supp(4) and y'(0) = 0 (which is the case, for instance, when y(u) = u?
for some p > 1), then

N

Y (W) =V (A)A] = 45) = Y W (A])A] = Y W (4])]|A]]

=1 j¢l j#
(note that all the terms in the sum in the left hand side are nonnegative since Y is
convex and Y is nondecreasing). Thus, the following bound holds

cllfye = fallZyam +€ X IWADIIAT <
il

(VLe(2).A =A%), +(P=PB)(E' e f12) (e — o) (8.5)

in which the left hand side measures the Lp-distance of f;. from the oracle f; as
well as the degree of sparsity of the empirical solution A€ This inequality will be

applied to sparse vectors A (“oracles™) such that the term <VL8(A),7L - i£>é is
2
either negative, or, if positive, then small enough. This is the case, for instance,

when the subgradient VLg (1) is small in certain sense. In such cases, the left hand
side is controlled by the empirical process
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(P=P) ('@ f3¢)(fre — f2)-

It happens that its size, in turn, depends on the L,-distance |

fie = fallL,m) and on
the measure of “sparsity” of A€, ¥ e v (if)HjLﬂ, which are precisely the quan-
tities involved in the left hand side of bound (8.5). Writing these bounds precisely
yields an inequality on these two quantities which can be solved to derive the ex-
plicit bounds. In the case of strictly convex smooth penalty function y (such as
y(u) = |ulP, p > 1 or y(u) = ulogu), the same approach can be used also in the
case of “approximately sparse” oracles A (since the function v’ is strictly increasing
and smooth). A natural choice of oracle is

N
Af ;= argmin, ., {P(fof;t) +e) W(Aj):| , (8.6)
=

for which in the smooth case <VLE (A8), A5 — 5L£>[ <0 (if D =R", we even have

VL¢(A%) = 0). For this oracle, the bounds on |

sparsity of A€ do not depend on the properties of the dictionary, but only on "approx-
imate sparsity” of A%. As a consequence, it is also possible to bound the “random
error” |&'(f3¢) — &(fye)| in terms of “approximate sparsity” of 1. It happens that
bounding the “approximation error” & (fje) is a different problem with not entirely
the same geometric parameters responsible for the size of the error. The approxima-
tion error is much more sensitive to the properties of the dictionary, in particular, of
its Gram matrix H that depends on the unknown design distribution IT.

The case of ¢;-penalty is more complicated since the penalty is neither strictly
convex, nor smooth. In this case there is no special advantage in using A% as
an oracle since this vector is not necessarily sparse. It is rather approximately
sparse, but bound (8.4) does not provide a way to control the random Lj-error
Il f5e — faell L,(mT) in terms of approximate sparsity of the oracle (note that in this
case Y’ (1) =sign(1)). A possible way to tackle the problem is to study a set of ora-

fie — Jaell,(m) and on the degree of

cles A for which <VL£ (A),A— ﬁ.g>[ is negative, or, if positive, then small enough.
2
This can be expressed in terms of certain quantities that describe a way in which

the subgradient VL¢ (A1) is aligned with the dictionary. Such quantities also emerge
rather naturally in attempts to control the approximation error &(f3¢) in the case of
smooth strictly convex penalties.

In this chapter, we concentrate on the case when the domain D is bounded. In
[81], in the case of £,-penalization with p close to 1, upper and lower bounds on
[22]¢, in terms of |[A||, for proper values of ¢ have been proved (in the case
when the domain D is not necessarily bounded). Such bounds can be used to extend
oracle inequalities of the following sections to the case of unbounded domain. We
do not pursue this approach here, but in Chapter 9, we will obtain several results
for sparse recovery in unbounded domains as corollaries of more general statement
concerning low rank matrix recovery. This will be done when ¢ is the quadratic loss.
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8.2 /,-Penalization and Oracle Inequalities
The following penalized empirical risk minimization problem will be studied:
3 i argmin, ., [in-m +e|x||f.} | 87)

where € > 0 is a regularization parameter. As always, we denote A a solution of
the “’true* version of the problem:

AE = argmin;LeUz1 [P(g‘fl) +e[A ”51} :

Let
Le(A) :=P(Lo f;)+£|A]y,-

For A € RV, let VL (A1) € dL¢(A) be the vector with components
P(f/.f;t)hj—l—SSj()y), j=1,...,N

where s; = 5;(A) = sign(A;) (assume that sign(0) = 0). The vector VL¢(A) is a
subgradient of the function L at point A. Note that d|u| = {41} for u > 0, d|u| =
{—=1} foru <0 and d|u| = [-1,1] for u = 0.

In the case of /;-penalization, we are going to compare the empirical solution A€
with an oracle A € Uy, that will be characterized by its “’sparsity” as well as by a
measure of “alignment” of the subgradient VL¢ (1) € dL¢(A) with the dictionary.

We will use the following versions of the alignment coefficient for vectors
VLg(A)and s(A) :

a(e,A) =al?) (Ugl,A,VLg(A)) VO
and
() =y (Un,2s(R)) VO, as(A) i=aly” (Usy A,s(2) ) VO,
Clearly, a(1) < ¢4 (A) and it is easy to check that

a(&,4) < [|P2(' o f3)ll,p) + €0 (R),

where . denotes the linear span of the dictionary {&,...,hy} in the space Ly(P)
(with a minor abuse of notation, we view functions /4; defined on § as functions
on S x T) and Py denotes the orthogonal projection on £ C L,(P). In the case of
quadratic type losses, the first term in the right hand side can be upper bounded as
follows:

1Pz (£ 8 f)llLyp) = P2 (€' @ fr, =€ @ f)llypy < CllfA = Fill iy (am)s
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where C depends only on £. Thus, the quantity [P (¢’ e f3)|1,(p) is upper bounded
by the L,-error of approximation of the target function f, in the linear span of the
dictionary. The second term o, (1) is based on the alignment coefficient of vector
s(A) with the dictionary. It depends on the sparsity of oracle A as well as on the
geometry of the dictionary.

Theorem 8.1. There exist constants D > 0 and C > 0 depending only on ¢ such that,
forall A € Uy, , for J = supp(A) and d := d(J) = card(J), for all A > 1 and for all

d-+AlogN
SZDU&, (8.8)
n

the following bound holds with probability at least 1 — N~

d+AlogN 2
T

Ifye —Fal2m +e X IAS <€ aﬂab}
JgJ

Moreover, with the same probability

. d+AlogN
||fzefx|iz<m+8§]|kf|gc{Og\/HP (e f3) H \/a ]
J

Note that, if we formally pass to the limit as n — oo in the bounds of the theorem,
we get the following bounds for the true solution A ¢ that hold for all € > 0 :

e = FillZym +€ Y125 < Coi (e, 1)
j¢J

and

nﬁsfmam+ezzﬂsc[ won)l, , Ve }

Jgl

These bounds can be proved directly by modifying and simplifying the proofs in the
empirical case given below. They show that the true penalized solution A¢ provides
an approximation of “sparse* oracle vectors A € Uy, that are, in some sense, well
aligned with the dictionary. In particular, the second bound shows that fje is close
in the space L (IT) to “sparse* oracles f; such that the vector s() is well aligned
with the dictionary and f; is close to the target function f, in L,(IT). Moreover, A°
is “approximately sparse‘ in the sense that it is supported in supp(i) up to a small
{1-error. The same properties hold for the empirical solution A€ with an additional
error term W that depends only on the degree of sparsity of A, but not on
the geometry of the dictionary. In some sense, the meaning of this result is that the
empirical solution A¢ provides “sparse recovery” if and only if the true solution
A€ does (regardless of the properties of the dictionary). This is even more apparent
in the versions of these results for strictly convex penalties discussed in the next
section.
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No condition on the dictionary is needed for the bounds of the theorem to be true
(except uniform boundedness of functions /4;). On the other hand, the assumption

ong e€>D %, essentially, relates the regularization parameter to the un-

known sparsity of the problem. To get around this difficulty, we will prove another

version of the theorem in which it is only assumed that € > D Al(;lgN , but, on the

other hand, there is more dependence of the error bounds on the geometry of the
dictionary. At the same time, the error in this result is controlled not by d = card(J),
but rather by the dimension of a linear space L providing a reasonably good approx-
imation of the functions {%; : j € J} (such a dimension could be much smaller than
card(J)). To formulate the result, some further notation will be needed.

Given a linear subspace L C L, (IT), denote

U= swp [flet1.
FEeL | flliym=1

I 1 (L, || [y () = (Ly || - ||) is the identity operator, then U (L) — 1 is the norm
of the operator ;. We will use this quantity only for finite dimensional subspaces.
In such case, for any L, (IT)-orthonormal basis ¢y, ..., ¢, of L,

< il|oo
U(L) < max 10V +1,

where d := dim(L). In what follows, let P, be the orthogonal projector onto L and
L* be the orthogonal complement of L. We are interested in subspaces L such that

e dim(L) and U(L) are not very large;
e functions {4, : j € J} in the "relevant” part of the dictionary can be approximated
well by the functions from L so that the quantity max ey | Py A;]| 1, () is small.

Theorem 8.2. Suppose that
AlogN
n

e>D

(8.9)

with a large enough constant D > 0 depending only on (. For all A € Uy, , for J =
supp(A), for all subspaces L of Ly(IT) with d := dim(L) and for all A > 1, the
following bound holds with probability at least 1 — N~ and with a constant C > 0

depending only on { :

1fze = FillE,am +€ X 1A < (8.10)
i

d+AlogN AlogN | ,U(L)logN -
¢ nvr?él}(|PLth||L2(H)\/Tv . \ ot (g:1)].

Moreover, with the same probability
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Ifae = fill,am +€ L IATI < 8.11)

J¢l
d+AlogN AlogN  ,U(L)logN
¢ EEENN a1, | EN V
n n n
s s, Vet

The next two corollaries provide bounds on ||A€ — 4| ¢, in terms of the quantity
B22(A,IT) (see subsection 7.2.3); they follow in a straightforward way from the
proofs of the theorems.

Corollary 8.1. Under the assumptions and notations of Theorem 8.1, the following
bound holds with probability at least 1 — N~

e 3 d+AlogN
| fre— il m +ElAS =Rl gc[n

\/Hpg Cef;) H \/ﬁ22 (A,I)de?

Corollary 8.2. Under the assumptions and notations of Theorem 8.2, the following
bound holds with probability at least 1 — N~

1fze = £17 0y +ENIAE = Allg, < (8.12)
d+AlogN AlogN, ,U(L)logN
c[g\/max||PLmJ-Lz<m\/ el UL)logN ,
jeJ n n
HRZ’ "o f3) H \/ﬁzz (A.I)d(J;)e ]

We now turn to the proof of Theorem 8.2.
Proof. Note that subgradients of convex function
A= Py(Ce fp)+ellAlle, =:Lne(A)
are the vectors in R with components
P,(l"e f))hj+ecj, j=1,....N

where o; € [—1,1], 6 = sign(4;) if A; # 0. It follows from necessary conditions
of extremum in problem (8.7) that there exist numbers §; € [—1,1] such that §; =
sign(Af) when A7 # 0 and, for all u € Ty, (A°),

N
Z( o fre)h uj—i—Ssjuj) > 0. (8.13)

Indeed, since A€ is a minimal point of L, ¢ in Uy, , there exists w € c?L,lyg(i8 ) such
that —w belongs to the normal cone Ny, (A?) of the convex set Uy, at point A®



8.2 {;-Penalization and Oracle Inequalities 147

(see Aubin and Ekelagd [9], Chapter 4,_SectAion 2, Corgllary 6). This immediately
implies (8.13). Since A € Uy, we have A — A¢ € Ty, (A%), and the next inequality
follows from (8.13).

Pl o f0)(fie — f1) +€ Y 8(A— ;) <0. (8.14)
j=1

Recalling the definition s; = 5;(1) = sign(4;) and

VLe(A) = <P(€’ o fi)hj +8sj> ;

j=1,..N

we also have

N A _ - A —_
P(Cof)(fye—f1) +€ Y si(A— 1) = <VL€(;L),;LH/1>[ . (8.15)
j=1

2

Subtracting (8.15) from (8.14) yields by a simple algebra

($j—s)(Ai—2;) <

M=

Po(l' 0 fre =l 0 f3)(fye — f1) + €
J

(VL) A=A%) +(P=R)( o fi)(fye = f2) (8.16)

2

and

=

P(l'ofre—C o f3)(fie—f1) FEY (8 —s)(Ai—A)) <
Jj=1

<VLS(Z),1 fi€>[ F(P=B)({l o f) (fre — f1)- (8.17)

2

We use inequalities (8.16) and (8.17) to control the “approximate sparsity” of
empirical solution A¢ in terms of “sparsity” of the “oracle” A and to obtain bounds
on || f3e — fi lly(mm)- As always, we use notations J := J; 1= supp(1). By the con-
ditions on the loss (namely, the boundedness of its second derivative away from 0),

we have

P(l'e e =l o ) (fre — f2) = €l fre = filllyam)s
ijs

($j—s)(A—4;) >0

where ¢ = 7(1) (note that || f3 [|.. < 1 and

|« < 1). Observe also that, for all j,

(by monotonicity of subdifferential of convex function u +— [u|). For j & J, we have
Aj =0and s; = 0. Therefore, (8.17) implies that
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cllfie = fillLum +€ Y, A1 <

i¢l
(VLe@)A-2%) +(P=P)sfi)fye—fr)  BIY)
Consider first the case when
(VL) =07), = (P=P)(E's fye)fye = fr). (8.19)
In this case, (8.18) implies that
e Sl +e LAl < AVL()A-2%) . ®20)
J
which, in view of the definition of o, (¢,2), yields
cllfye = fild,m e XA < 200 (8. D)1 fye — filloam-  B2D)

ey
Therefore,
2 _
Hfis _f7L||L2(H) < Za+(£v)“)v

and, as a consequence, with some constant C > 0 depending only on ¢

1fe = fillZym +€ X 14| < Cai (e, 2). (8.22)
il
It o
(VLe2). =A%), < (P=B)(E's f1) (e~ 1) (8.23)
then (8.18) implies that
cllfze = FillL,am +& X 1Al S2(P—P)(€ o f1)(fye — f1)- (8.24)

J&J
Denote

A@:A) = {AeUs 1= fillam < 8, L I4 <4},
J¢)

0 (8:4) := sup{ | (P = P)((£' fy) (1 — /)| : 2 € A(8:4) }.
To bound a,(8,A), the following lemma will be used.

Lemma 8.1. Under the assumptions of Theorem 8.2, there exists a constant C that
depends only on { such that with probability at least 1 — N~4 | for all

n'2<§<1and n'?<Aa<1 (8.25)



8.2 {-Penalization and Oracle Inequalities 149

the following bound holds:

d+AlogN AlogN
. < : = _— E—
0,(8:A) < Bu(8:4) c[sy/ - \/A ,

AlogN, ,U(L)logN , ,AlogN
V/max (Pl — =V —"——V= "~ 20

S—

Take

fie = faell,an and A=Y Af (8.27)
il

If 8 >n""2,A>n""/2 then Lemma 8.1 and (8.24) imply the following bound:

8% 4+eA <2B,(5,A). (8.28)

If§ <n /2 orA<n /2 then & and A should be replaced in the expression for
B.(8,A) by n~'/2. With this change, bound (8.28) still holds and the proof goes
through with some simplifications. Thus, we will consider only the main case when
s> n1/ 2,A > n~1/2 In this case, the inequality (8.28) has to be solved to complete
the proof. It follows from this inequality (with a proper change of constant C) that

AlogN d+AlogN
A < CA /0g+c[5 d+Aloghy
n

n
AlogN, ,U(L)logN , ,AlogN
max Pyl ==V === V=~

As soon as D in condition (8.9) is such that D > 2C, we can write

d+AlogN AlogN , ,U(L)logN , ,AlogN
e e e

(again the value of constant C might have changed). Under the assumption (8.9) on
€ (assuming also that D > 1), it is easy to derive that

_[8 [d+AlogN U(L)logN | , [AlogN
A<A(5).:C[£\/T\/I§1€a}‘PLthHLz(H)\/ s V P

Note that f3,(8,A) is nondecreasing in A and replace A in (8.28) by A(J) to get the
following bound:

s <cls /d+Along6\/d—i—AlogN\/AlogN\/U(L)logN Along
- n & n n ne n

[AlogN , ,U(L)logN  ,AlogN
r?éleHPLihj”Lz(H) p \/ p \/ p .
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We skip the second term in the maximum and modify the third term because

é\/@ < 1. As aresult, we get
d+AlogN AlogN | ,U(L)logN \ ,AlogN
82 < C[s n\/r?gJXPLJ-h/HLz(H)\/T\/ V|

Solving the last inequality with respect to & yields the following bound on &2 :

d+AlogN AlogN , ,U(L)logN
8 < | A BN a1,y B\ TEER ) 9

We substitute the last bound back into the expression for A(6) to get:

d+AlogN 12 1 (AlogN\'"* [d+AlogN
Afc[ngV‘?Sf‘”’”ﬂ“”ww( n v

\/U(L) logN \/d +AlogN

U(L)logN AlogN
ne ne Vv Vv } '

\/I?GaJX”PLithLZ(H) > .

Using the inequality ab < (a*> + b?)/2 and the condition é\/@ <1, we can
simplify the resulting bound as follows

d+AlogN
ne

U(L)logN AlogN
A <C[ \/r?gjx||PLihj|\Lz<H)\/ > \/ , (8.30)
with a proper change of C that depends only on £. Finally, bounds (8.29) and (8.30)
can be substituted in the expression for §,(5,A). By a simple computation and in

view of Lemma 8.1, we get the following bound on «,(8,4) that holds for §,A
defined by (8.27) with probability at least 1 — N4 :

d+AlogN AlogN U(L)logN
an(S,A)SC[f—i—r;leaijLlhj||L2(n)\/ o (L) og }

n

Combining this with (8.24) yields

cllfze = fillL,am +€ L IATI <
JgJ

d+AlogN [AlogN U(L)logN
C{g+max||PLihj”14(H) g + (L)log :|, (8.31)
n jeJ n n

which holds under condition (8.23).

Together with bound (8.22), that is true under the alternative condition (8.19),
this gives (8.10).

To prove bound (8.11), we again use (8.18), but this time we control the term
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<VL£<1>, A }18>
somewhat differently. First note that

(VL) A-2%) = (Vefifi=fie), , +elA1A =A%,

- )
This implies that

<VLs(j~),jL —i£> < HPz(f“fz)H 15 = Frellam +€ Y s5(A; =A%) <
1) Ly(P) jeJ

1 2 c - A
2ell P2 5[+ 513 = Frelm +e K si =25,
JE

Combining this with bound (8.18) yields the following inequality

c R
513 — frelliym +e X IAF1 <

J¢l
_ o 1 2
g%‘}sj(lj_lf>+ZHP3(€/°JCZ)HL2(P> +(P=P)(C 0 fre)(fe = f2)-
J
If
- o 1 2
S;Jsj(lj_ f)ZE‘Pf(él.fZ) L2<P)+(P_Pn)(£/.fie)(fj’s_f,_‘{)7
J
then
C A - A
S = Frelltym +e XA <26 Y 552 - A7),
J&J jeJ
which implies . o
YA <2) |4 —Af],
72 jes

ordf—1 e C, ;- The definition of a(A) then implies the bound

c a -
3 = FrellZym +& X 1471 < 260Q)1 3 = fiellaqm:
j¢t

Solving this inequality with respect to || f; — fje llz, () proves (8.11) in this case.
If
2
HP‘%(gl.fi)HLz(P) +(P=R)(C'0 fie)(fre = f2)

and
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we get
c A 2
W= reldm +e L IASI < Z||P (o 1)
jgJ
which also implies (8.11) with a proper choice of constant C in the bound.
Thus, it remains to consider the case when

2
Ly(P)

eX sk - < 5 [PetCar)|) , + PRI R B~ 1)

jeJ
and 1 5
sclPe )|, < (PRI )3 = 13).

which implies

c R

S = Felliym +e % AE| <A4(P—P)(C o f5.0)(fre — F1)-

J

In this case, we repeat the argument based on Lemma 8.1 to show that with proba-

bility at least 1 — N4

c .
§||fzs *fiHiz(H) +8§ Afl <
i

d+AlogN AlogN  U(L)logN
C|———— +max||Phjl )/ + ,
n jeJ n n

which again implies (8.11). This completes the proof.

We will now give the proof of Lemma 8.1.

Proof. First we use Talagrand’s concentration inequality to get that with probability
atleast 1 —e™'

0,(8:4) gz[Ean(s;A)Jrca\/}ﬂ. (8.32)

Next, symmetrization inequality followed by contraction inequality for Rademacher
sums yield:

Eon(8:4) < 2Esup{ [Ru((¢'e £3) (fy — /3))] : 2 € A(8:4)} <
CEsup{|R,,(fk—f,—l)| :AeA(a;A)} (8.33)
with a constant C depending only on /. In contraction inequality part, we write

CHO) ) =) =C(f() +uu

u=f3(-)=f;()



8.2 {;-Penalization and Oracle Inequalities 153
and use the fact that the function
(L1 2u—0(f5()+u)u

satisfies the Lipschitz condition with a constant depending only on /.
The following representation is straightforward:

f=f=P(f—fi)+ Y (A —A)Pihj+ Y AP hj. (8.34)
JEJ Jjgl

ForallA € A(5,4),

IPL(fr = Fllam) < W = filloam < 0
and P_(f — f3) € L. Since L is a d-dimensional subspace,
d
Esup{IRu(P(fr ~ ) : A € A(8:4) | < ca\/;

(see Proposition 3.2). On the other hand, 1,1 € Uy, , so, we have YieslAj— Aj| <2.
Hence,

]Esup{

R, (jg(lj —Zj)Puhj)‘ A€ A(5;A)} < 2Emax |Ry(PL1hy)].

Note also that

1Pehjllee < [1PLhjlloo + [[Ajlle0 < (U(L) = D[P Lym) +1

< (UL) =Dl +1 <UL,
and Theorem 3.5 yields

log N log N
Emaxmw,-)gc[max||PLLh,-||Lz<m eV ypylo ]
JjeJ ’ JjeJ ’

n n

Similarly, for all A € A(8,A), ¥j¢; |4 < A and

Esup{

Rn(§z,-PLth,-)( A EA(B:A)} < AEmax R, (P hy)|
T

Another application of Theorem 3.5, together with the fact that
1P chillymy < il <1,

results in the bound

logN log N
Emax (7, i) < [y o) 2],
J

n n
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Now we use representation (8.34) and bound (8.33). It easily follows that
d logN
Eo,(6,A) <C 5\/> Ay ——
0,(5.4) <[5/ Va2
logN, ,U(L)logN
max [P hjllym | ==V === |- (8.35)

Substituting this bound into (8.32) shows that with probability 1 —e™*

n(8,A) < Bu(8,A,1) :C{S\/z\/A logly

n

logN | ,U(L)logN ty,t
r?EaJXHPLthHbZ(HM/ - \/ ” \/ 8 ;\/5 (8.36)

with a constant C > 0 depending only on /.

It remains to prove that, with a high probability, the above bounds hold uniformly
in §,A satisfying (8.25). Let §; := 27/ and A; :=27/. We will replace 7 by ¢ +
2log(j+ 1) +2log(k+ 1). By the union bound, with probability at least

1— Y exp{—t—2log(j+1)—2log(k+1)} =
k=0

1— (Z(j—l—l)*z)zexp{—t} >1—4e™,

j>0
the following bound holds
a4, (8:A) < B, (5j,Ak,t n 210gj+210gk> ,
for all § and A satisfying (8.25) and for all j, k such that

0 € (6j11,6;] and A € (Agp1, Ayl

Using the fact that
. 1 2
2log j < 2loglog, (—) < 2loglog, <7)
6; 13}
and )
2logk < 2loglog, (Z)’
we get

B, <5j,Ak,t+210gj+210gk) <

B, (25,2A,t+210g10g2 (%) +2loglog, (%)) =: B.(8:As1).
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As aresult, with probability at least 1 —4e™, for all § and A satisfying (8.25),
o, (8;A) < Bu(8:4:1).

Take now t = Alog N +log4, so that 4" = N~4. With some constant C that depends
only on /4,

Bn(S;A;t) SC[S\/g\/5 Alc;gN\/6

2loglog ( )
2 \/ logN \/maXHPLLh ”L2 /logN \/ U(L logN \/

2loglog, (3> 2loglog, (Z) vAIOgN}

n n n

For all 6 and A satisfying (8.25),

2loglog, (2) 2loglog, (2)
5 <Cloglogn and A <Cloglogn'

n n n n

Assumptions on N, n, imply that AlogN > yloglogn. Thus, for all d and A satisfy-
ing (8.25),

O‘”(‘S’A)SB”(&A”)SC[S\/Z\/5\/A1:°’N\/A loiN\/
logN\ ,U(L)logN \ ,AlogN
e WPty ”LM\/T\/ VT, } (8.37)

The last bound holds with probability at least 1 — N~ proving the lemma.

a

The proof of Theorem 8.1 is quite similar. The following lemma is used instead
of Lemma 8.1.

Lemma 8.2. Under the assumptions of Theorem 8.1, there exists a constant C that
depends only on { such that with probability at least 1 — N~ for all

n2<§<1and n'?<A< 1,
the following bound holds:
0,(8;A4) < B,(6;A) :=

AlogN Al AlogN
C[6\/d+ og VA\/d+ ong og 838)

n
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In theorems 8.1 and 8.2, we used a special version of subgradient VL¢ (4 ). More
generally, one can consider an arbitrary couple (4,VL¢(1)) where A € U;, and
VL¢(A) € dLg(A). This couple can be viewed as “an oracle” in our problem. As
before,

VLe(h) = (P oy es)

but now s; = s;(2) are arbitrary numbers from [—1, 1] satisfying the condition
Sj= Sign(i’/)’ j’j # 0.

The next results provide modifications of theorems 8.1 and 8.2 for such more
general ~oracles®.
Denote

a® (1) = a? (Ugl ,l,s(l)) VO
for some fixed b > 0.

Theorem 8.3. There exist constants D > 0 and C > 0 depending only on £ with the
following property. Let A € Uy, and

VL:(1) = ((P(é’ofi))hj+8sj> € IL(A).

J=1

LetJ C {1,...,N}, J D supp(A) with d := d(J) = card(J). Suppose that, for some
r€(0,1),
|sj| < 1_’}/7 ]€J

Then, for all A > 1 and for all

d+AlogN
¢ > py) L AoeN (8.39)
n

the following bound holds with probability at least 1 — N~4 :

A d-+AlogN _
e~ Fim +er Y A < c[ng\/a_as,m} |
e

Moreover, with the same probability,

Ifse = fillE,am + €YY 1A <
i

Vlpeees,, V(@) e

£ > D\/M (8.40)
n

C[d +AlogN
n

Theorem 8.4. Suppose that
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with a large enough constant D > 0 depending only on (. Let A € Uy, and

VL) = ((P(f’ofi))hj+8sj) € dLe(R).

J=1,.N
LetJ C {1,...,N},J D supp(A). Suppose that, for some y € (0,1),
|sj| <l-v, JéJ.

Then, for all subspaces L of Ly(IT) with d :== dim(L) and for all A > 1, the following
bound holds with probability at least 1 — N~ and with a constant C > 0 depending
onlyon( :

Ifse = fill,am + €YY 1AS] < (8.41)
m*TErL
i

d+AlogN AlogN \ ,U(L)logN -
C[n \/n;lg}‘|PLth||L2(n>\/T\/ - \ o (g;1)].

Moreover, with the same probability

fae = FilZym +EY Y IAF] < (8.42)
i

d+AlogN AlogN \ , U(L)logN

€| TN B
o i M) g2
\/‘Pg(éofl)HLz(P)\/(a ().

For some choices of vector A and of subgradient VL, (A), the alignment coeffi-
cient might be smaller than for the choice we used in theorems 8.1 and 8.2 resulting
in tighter bounds. An appealing choice would be A = A%,

A€ — argmin;tew1 [P(Eof;t) +Sl||g]] ,
since in this case it is possible to take VLg(A%) € dL¢(A?) such that

all) (Uy,, A8, VLe(25)) <0

(this follows from the necessary conditions of extremum). Therefore, with this
choice, we have o (€,A%) = 0, which means that for the oracle vector A¢ there
exists a version of subgradient that is "well aligned* with the dictionary.

We have the following corollaries in which both the Lp-error || f3e — fae 1, (m)

and the degree of “approximate sparsity” of the empirical solution A€ are controlled
by the “sparsity* of the “oracle* without any geometric assumptions on the dictio-

nary.
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Corollary 8.3. There exist constants D > 0 and C > 0 depending only on ¢ with the
following property. Let

VLe(AE) = ((P(e' o f1c))h; +es,-) | EIL(2F)

serny

be such that, for all u € Ty, (A8),
(VLe(A®),u)s, > 0.
LetJ C {1,...,N},J D supp(A) with d := d(J) = card(J). Suppose that, for some

v€(0,1),
Isi|<1—7v, j&J.

Al
_D\/L sk (8.43)
n

the following bound holds with probability at least 1 — N4 :

Then, for all A > 1 and for all

A d+AlogN
e = faellEym +ev X JA5] < S0
J¢l
Corollary 8.4. Suppose that
Al
e > py AN (8.44)
n

with a large enough constant D > 0 depending only on {. Let

VL) = (P s fre)hj+es;) € OLe(2?)

jeeny

be such that, for all u € Ty, (A%8),
(VLe(A®),u)s, > 0.

LetJ C {1,...,N},J D supp(A). Suppose that, for some y € (0,1),
sil<1-v,jgJ.

Then, for all subspaces L of Ly (IT) with d := dim(L) and for all A > 1, the following
bound holds with probability at least 1 — N~ and with a constant C > 0 depending
onlyon/:
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f2e = faellE,om + €YY IAF| < (8.45)
j¢J

d+AlogN AlogN \ ,U(L)logN
Cn\/r?é‘}‘”PLth”mm\/T VR

8.3 Entropy Penalization and Sparse Recovery in Convex Hulls:
Random Error Bounds

As before, it will be assumed that ¢ is a loss function of quadratic type (see Defini-
tion 8.1). Denote

=

AIZ{(A],...,AN)IA]‘ZO,].ZI,...,N, /1121}

1

J

The following penalized empirical risk minimization problem will be studied:
A€ := argmin; _, [P,,(ﬁof;t) - £H(7L)] =

N
argmin 4 [Pn(€Of,1) +e Z Aj loglj] , (8.46)
j=1

where € > 0 is a regularization parameter and
N
HA)=— Z AjlogA;
j=1

is the entropy of 4. Since, for all y, £(y,-) is convex, the empirical risk P,({ e f3)
is a convex function of A. Since also the set A is convex and so is the function
A — —H(A), the problem (8.46) is a convex optimization problem.

It is natural to compare this problem with its distribution dependent version

Af :=argminy ., {P(Zofl) —SH(X)] =

N
argming ¢ 4 [P(Eofl) +¢€ Z Aj loglj] . (8.47)
j=1

Note that the minimum of the penalty —H(A) is attained at the uniform distri-
bution A; =N~!,j=1,...,N. Because of this, at the first glance, —H(A) penalizes
for "sparsity” rather than for “non-sparsity”. However, we will show that if 1 is
“approximately sparse”, then A% has a similar property with a high probability.
Moreover, the approximate sparsity of 1¢ will allow us to control || fe — fazllz,(m)

and K(A£, A%), where



160 8 Convex Penalization in Sparse Recovery
KA, v):=KQAV)+K(V|1)

is the symmetrized Kullback-Leibler distance between A and v,

K(A|v) :i log( )

being the Kullback-Leibler divergence between A, v.
In particular, it will follow from our results that for any set J C {1,...,N} with

card(J) = d and such that
Z 1€ < /logN

JjEJ

with a high probability,
d +logN

n

1fse = faellzym) +EK(A%32%) <

This easily implies upper bounds on “the random error” |£ (3. ) — &' (fie)| in terms
of “approximate sparsity” of 1.

Some further geometric parameters (such as “the alignment coefficient” intro-
duced in subsection 7.2.3) provide a way to control “the approximation error”
&(fae). As a result, if there exists a “sparse” vector A € A for which the excess
risk &(f3) is small and A is properly “aligned” with the dictionary, then A€ is ap-
proximately sparse and its excess risk &(f¢) is controlled by sparsity of A and its
“alignment” with the dictionary. Together with sparsity bounds on the random error
this yields oracle inequalities on the excess risk &'(f;¢) showing that this estima-
tion method provides certain degree of adaptation to the unknown “sparsity” of the
problem.

The first result in this direction is the following theorem that provides the bounds
on approximate sparsity of A€ in terms of approximate sparsity of A% as well as the
bounds on the L-error of approximation of fje by f3. and the Kullback-Leibler

error of approximation of A€ by 4.

Theorem 8.5. There exist constants D > 0 and C > 0 depending only on { such that,
SforallJ C{l,....N}withd :=d(J) = card(J), for all A > 1 and for all

d+AlogN
qu/%, (8.48)

the following bounds hold with probability at least 1 — N4 :

A d+AlogN
P <clyag TN

jEJ 2
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e [d+AlogN
ZlfgC{Zler\/nOg]

2 2

Fre = fael? iy +eK(A2,A5) < C ‘”AlOgN T d+A10gN
A Lo(11

e

and

Similarly to what was done in Section 8.2, we will also establish another version
of these bounds that hold for smaller values of € (the quantity U (L) introduced in
Section 8.2 will be involved in these bounds).

AlogN
e>Dy T8 (8.49)
n

with a large enough constant D > 0 depending only on £. Forall J C {1,...,N}, for
all subspaces L of L, (IT) with d := dim(L) and for all A > 1, the following bounds
hold with probability at least 1 — N~ and with a constant C > 0 depending only on
l:

Theorem 8.6. Suppose that

d+AlogN U(L)logN
YA <c|La a1 + SR ss0)
i¢r je]
d+Alo N U(L)logN
¥ 5 <[ L a5+ TN i+ O] )
JéJ jed ne

AlogN

d+AlogN
e — a2 + €K (A, m<c[ FALEN \/y o

V
e

[AlogN \ ,U(L)logN
r?eanHPLih/HLz(H) o \/ ; . (8.52)

If, for some J,

AlogN
n

A<

j¢
and, for some L with U(L) <d, hj € L, j € J, then bound (8.52) simplifies and

becomes Adl N
og
fye = e )+ €K (2,26) < CREER,
In particular, it means that the sizes of the random errors ||f;¢ — f“”iz(ﬂ) and

K(A£,A%) are controlled by the dimension d of the linear span L of the “relevant
part” of the dictionary {%; : j € J}. Note that d can be much smaller than card(J)
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in the case when the functions in the dictionary are not linearly independent (so, the
lack of ”orthogonality” of the dictionary might help to reduce the random error).

The proofs of theorems 8.5 and 8.6 are quite similar. We give only the proof of
Theorem 8.6.

Proof. We use the method described in Section 8.1. In the current case, necessary
conditions of minima in minimization problems defining A¢ and A¢ can be written
as follows:

(logAf + 1)(Af 1) >0 (8.53)

M=

P(l"® fre)(fre — fre) +€

J

and

Pu(l'® fie)(fre — fae) +€ ¥ (logAf +1)(Af — A£) <0. (8.54)

J

1=

The inequality (8.53) follows from the fact that the directional derivative of the
penalized risk function (smooth and convex)

N
AS3A—P(lefy)+e€ leloglj
=1

at the point of its minimum A€ is nonnegative in the direction of any point of the
convex set A, in particular, in the direction of €. The same observation in the case
of penalized empirical risk leads to inequality (8.54). Subtract (8.53) from (8.54)
and replace P by P, in (8.54) to get

N A~ A
P((C0f3) = (U0 fi0)) (fye = fre) +€ Y (loghf —logAf ) (Af — 4)
j=1
< (P=P)(C'® fye)(fre = fae)- (8.55)
It is easy to see that
N R . N A€ R R
y (1ong_1ogajs)( c_A5 =Y <1og/lfg)( £_A%) = K(A5,A°)
j=1 j=1
and rewrite bound (8.55) as
P((C0f3) = (€' 0 13)) (fre = fre) + EK (A5 2°)
< (P—F) (0 @ fre)(fre — fae)- (8.56)

We use the following simple inequality
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A N )»5 R
KG9 = 1 (loe 31 ) O 2 2

— Jt ZA A5, (8.57)

which implies that for all J C {1,...,N}

Z?Lf <2218+LK(M A9) (8.58)
jg) jg) log2
and
)f <2 )ﬁ /15 A8, (8.59)
ﬁ% % log2

If K (Zs,lg) is small, the last bounds show that “sparsity patterns” of vectors A€
and A? are closely related. Then, it follows from (8.56) that

2
8218<28218+ﬁ(f’ B) (0 @ fie)(fie = fe)- (8.60)
J&J e 0g

As in the previous section, for the loss functions of quadratic type, we have
P((C0 f30) = (€0 £3)) (fre — f20) Z ellfye = frel
where ¢ = 7(1). Note that || fye|[ < 1 and || f;¢[l < 1. Then, bound (8.56) yields

c fls *fls||2+8K(i87)Lg) < (PiPn)(El‘fis)(ijs *fls)' (8.61)

Following the methodology of Section 8.1, we have now to control the empirical
process (P —B,) (" ® fie)(fje — fae)- To this end, let

AB:8) = {2 €A fi— frelym <8, LA <4}
jéJ

and

0(8:4) == sup{|(B, ~ P)((€' f1) (f2 — fre))] : A € A(8:4)}.

The following two lemmas are similar to lemmas 8.2 and 8.1 of the previous
section. Their proofs are also similar and we skip them.

Lemma 8.3. Under the assumptions of Theorem 8.5, there exists constant C that
depends only on € such that with probability at least 1 — N~4, for all

n12<§<1and n'2<A<1

the following bound holds:
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d+AlogN \/d +AlogN
. (8;A) < Bu(8;4) c{a\/ - \/ A -

Z)LS /d+AlogN\/AlogN} 8.62)

2

Lemma 8.4. Under the assumptions of Theorem 8.6, there exists constant C that
depends only on € such that with probability at least 1 — N~4, for all

n2<8§<1and n?2<A<1 (8.63)

the following bound holds:

Al Al
0 (5:4) < Bu(5:4) - [ d+ ong ogN
AlogN AlogN
V LA == Vmax Pl \V
il
U(L)logN , ,AlogN
. .64
- \ . (8.64)

We now proceed exactly as in the proof of Theorem 8.2. Let

i — faellyqm and A=Y A%, (8.65)
e

and suppose & > n 12 A>n"1/2 (thecase § <n /2 orA <n~'/?iseven simpler).
Then, by Lemma 8.4 and bounds (8.61), (8.60), the following inequalities hold with
probability at least 1 — N4 :

c8® < Bu(8,4) (8.66)
and 5
€A < 282),8 ngﬁ .(5,A), (8.67)

where f3,(8,A) is defined in (8.64). Thus, it remains to solve the inequalities (8.66),
(8.67) to complete the proof. First, rewrite (8.67) (with a possible change of constant

C)as
[AlogN d+AlogN
eA < CA 0g —|—C[ Zle\/é +70g\/
Jgl
AlogN AlogN, ,U(L)logN , ,AlogN
Af P, 1h; \/ .
j% j " \/I?GaJXH Ll ) p \/ p \/ p

If the constant D in condition (8.49) satisfies D > 2CV 1, then the term
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AlogN
LA,

2

in the maximum can be dropped since it is smaller than the first term €} ;¢ ),f, and
the bound can be easily rewritten as follows:

0 |d+AlogN
A<A0 [De\/ eV max [y V
J#d
U(L)logN \/ AlogN
ne n |

Using the fact that 3,(8,A) is nondecreasing in A, substituting A(§) instead of A
in (8.66) and dropping the smallest terms, we get

d+A10gN AlogN AlogN
SZSC[S \/Z?Lg \/max||PLLh Il () , \V
U(L)logN \/ AlogN
n n |
Solving the inequality yields the following bound on &7 :
d+AlogN AlogN
szgc[ TAEN\ Y a5, 208N (8.68)
Jgl

AlogN, ,U(L)logN
max [P hjllym | ==V === |-

We substitute this into the expression for A (8) which results in the following bound
onA:

d+AlogN 12 AlogN 1/4 d+AlogN
a=cl TV () (M) VY

gl " "
\/U(L)logN\/d+AlongmaX|PLh ”1/2 1 (AlogN 1/4 d—l—AlogN\/
né n L n n
U(L)logN AlogN
max 1P, hjllym V===V =, —|

The inequality ab < (a® +b?) /2 and the condition 1/ AIOTgN < 1, allows us to sim-
plify the last bound and to get
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d+AlogN
a <AV AN a2y V
J¢)
U(L)logN AlogN
8.69
ne Vv n (869)

with a constant C depending only on £. Substitute bounds (8.68) and (8.69) in the
expression for 3,(6,A). With a little further work and using Lemma 8.4, we get the
following bound on o,(8,A) that holds for §,A defined by (8.65) with probability
atleast 1 — N4 :

Zle AlogN \/

j¢J

AlogN , ,U(L)logN
r?ngHPLth”Lz(H)\/T\/ n '

This bound and (8.61) imply that

d+AlogN
0(8,4) < C {* og

Zlg AlogN\/

ez

AlogN  ,U(L)logN
I?g}(”PLithLz(H)\/ . \Y . , (8.70)

and (8.52) follows. Bound (8.50) is an immediate consequence of (8.69); bound
(8.51) follows from (8.59) and (8.70).

d-+AlogN
ellfie — fuelBan + K AE, wsc[ g

O

From theorems 8.5, 8.6 and the properties of the loss function, we will easily
deduce the next result.

As in Section 8.2, let .Z be the linear span of the dictionary {4,...,hy} in the
space L, (P) and let Py be the orthogonal projector on . C L,(P). Define

ge =Py (l'e fie).

Theorem 8.7. Under the conditions of Theorem 8.5, the following bound holds with
probability at least 1 — N~4, with a constant C > 0 depending only on { and with

d = card(J) :
[d—l—AlogN\/Zlg\/m] V

e

d+AlogN d+AlogN1"?
Cl/zllgelle(n{ g \/Z/IE\/ig} . (8.71)

2

‘P(f.fig)P(gOf;Ls) S
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Similarly, under the conditions of Theorem 8.6, with probability at least 1 — N~4
and with d = dim(L)

’P(K'fie)—P(g'fAE) <
[d+Along<Z A5\ max 1, H)) \/m\/ U(L 1ogN} v

Jgl
d+AlogN AlogN
2l | AN (LA ma 7 ) o 2
n ) n
D1 1/2
\/U()()gN] . (8.72)
n
Proof. For the losses of quadratic type,
(€ fre)(x,y) = (Lo fre)(x,y) = (£ ® fre)(x,)(f1e — fae)(x) + R(x.y),
where
[R(x,y)| < C(fie — fre)*(3)-
Integrate with respect to P and get
[P(C0 i) = P(£0 fie) = P @ fie)(fye = fie)| < Cllfie = frelyam
Since
/ Ae — € = / € e — € -
P e fae) e = fao)| = (€ 0 s fye = Far), )
’<Pf(fl°fzs),fls —fxs>L2(P)’ <Igellop)ll fre — faelliom
theorems 8.5 and 8.6 imply the result.
O

Recall that f; is a function that minimizes the risk P(¢e f) and that f. is uni-
formly bounded by a constant M. It follows from necessary conditions of minimum
that

P(l'ef)hj=0, j=1,...,N

or /' e f, € £+ For any function f uniformly bounded by M and such that ¢ e f €
#+ (for instance, for f+), the following bounds hold

18ellLy(rm) = P2 (€' ® fre)llyp) = |P2 (€ @ fre — €' @ )l 1,p) <

1(€ @ fre =€ @ )llLypy < Cll fae = Flliyim

since £’ is Lipschitz with respect to the second variable.
Since ¢ is the loss of quadratic type, we have, forall A € A,
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E(f) > r(l\f*wa)fo Fellzyamy =2 Tl fa = FellZymy- (8.73)
Note that
|8 (fie) — E(fae)| = |P(Lofre) —P(Lo fre)l.

Thus, Theorem 8.7 implies the following bound on the random error |&'(f3¢) —
&(fre)| : under the conditions of Theorem 8.5, with probability at least 1 — N~

[d—l—AlogN\/ZAg\/m] V

lg(fig) S| <

Jgr
1/2
ol éo({?s) [d+AlOgN\/ZA£ /d—l—AlogN] , 8.74)
igl

where d = d(J), and under the conditions of Theorem 8.6, with probability at least
1-NH4

’é?(f;le)—éa(fﬁ) <
[d—i—AlogN\/(ZlevmaX”PLLh o )\/MVU logN}v

JgT
E(fre) |d+AlogN AlogN
cvzy [l V(X 28V max i V
n il jeJ n

1/2
U(L)logN] , 875)

n

where d = dim(L).

8.4 Approximation Error Bounds, Alignment and Oracle
Inequalities

To consider the approximation error, we will use the definitions of alignment coef-
ficients from subsection 7.2.3. For A € R¥ | let sﬂy(l) :=log(eN?1;), j € supp(A)

and s’}'(l) =0, j & supp(A). Note that logA; + 1 is the derivative of the func-

tion Alog A involved in the definition of the penalty and, for j € supp(A), slly () =
logA;+ 1+ 2logN. Introduce the following vector '

sY(A) = (Y (A, sm(A)).

We will show that both the approximation error & (f;¢) and the “approximate spar-
sity” of A¢ can be controlled in terms of the alignment coefficient of the vector
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sV (A) for an arbitrary “oracle” vector A € A. We will use the following version of
the alignment coefficient:

av(A) :=a? (A, 4,V (1)) V0,

where

bi=b(A) :=2lls" (A)z..

Theorem 8.8. There exists a constant C > 0 that depends only on ¢ and on the
constant M such that || fi|| < M with the following property. For all € > 0 and all
AEA,

E(fre)+e Y Angc?(f;L)+C<a1%,(7L)£2+;). (8.76)
Jj&supp(2)

Proof. The definition of A implies that, forall A € A,
N N
E(fre)+€ Y Af10g(N*AF) < £(f1) +€ ¥ A;log(N2A,)
j=1 j=1

By convexity of the function u — ulog(N?u) and the fact that its derivative is
log(eN?u),

E(fre)+e€ Z lflog(Nzlf) <

J2Ix
&(f)+e ¥ (A10g(N?y) — Af log(N*Af)) <
JEI
E(fr)+€ Y log(eN*A;)(A;— A). (8.77)
JEI
Note that
ey Af=eY Aflog(N*Af)+
J&I) JEJI)
AE(1—log(N*AE A8(1—log(N*AE
e ) ¥ og(N’Af) ) +¢e ) y 0g(N?A7)).
ng,l,/lfgeN‘z j¢J;L,lf>eN—2
We have

e Y /1;(1—1og(1v2/1§))g0.

ngJ,lJLJ‘? >eN—2
Moreover, the function
(0,eN72] 3 x — x(1 —log(N?x))

is nonnegative, its maximum is attained at x = N2 and this maximum is equal to
N2, Therefore, we have
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e Y A (1 —log(Nzlf)) <e Y NZ<eN"
J#I AE<eN=2 JEIAE<eN—2
It follows that
e Y 25 <e ) Aflog(N*Af)+eN .
Jgo i

Recalling (8.77), we get

E(fre)+e Y AL <E(fr)+e Y log(eN?A))(A; —AF) +eN~.

JgI V=Y
If
E(fr)+eN"" > e Y log(eN*2;)(A; — Af),
JEI
then

E(fre)+€ Y, AF <28(fr)+2eN"",
J&a

and the bound of the theorem follows. Otherwise, we have

E(fre)+e Y, Af <2e Y log(eN*2;)(A;— Af),
JE, JE,

which, in particular, implies that

Y A7 <2llsw()le. Y, 12— A7

J¢ds JEI,

This means that A — A € C, 5. The definition of oy(A) implies in this case that

E(fre)+e Y, AF <2e Y log(eN*A;)(A; — AF) < 2ean(A)||fo — frellLy(m)-
J&JIx JEJY,

Since /£ is a loss of quadratic type, we have

E() , Vé@(fm

T T

1f2 = Faelloamy < Wfa = Fellyam + 1 fae = fell Ly < \/

(see (8.73)). This yields

E(fre)+e ), AT < 28aN(,1)(\/5’(Z;L) +\/£(fxs)).

) T
Jéd5

Using the fact that

2
2eon () S0 < WA Ly
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and 2 2
2ean(A) é/a) SZQN(;L)E +1@("(f/1),
T T 2
we get
! 1 az ) 82
=E(fre)+e Y, Af < *5(fx)+4M,
2 JEIy, 2 T

which completes the proof.
O

Theorem 8.8 and random error bounds (8.74), (8.75) imply oracle inequalities
for the excess risk &'(fj ). The next corollary is based on (8.75).

Corollary 8.5. Under the conditions and the notations of theorems 8.6, 8.8, for all
A € A with J = supp(A) and for all subspaces L of Ly(II) with d := dim(L), the
following bound holds with probability at least 1 — N~ and with a constant C de-
pending on £ and on M :

d+ AlogN AlogN
g(fis)§4é"(fx)+C(ng“"r}lgjx||PLihj||L2(H)\/?+

U(L)logN
n

2 2, €
oy(A)es+— ).
raiae+ L)
Remark. Note that the constants in front of &(f3 ) in the bounds of Theorem 8.8
and Corollary 8.5 can be replaced by 1+ 6,8 > 0 at a price of C being dependent
on§.

8.5 Further Comments

{1-penalization in linear regression problems is often called LASSO, the term intro-
duced by Tibshirani [135].

Sparsity oracle inequalities for this method have been studied by many authors, in
particular, Bickel, Ritov and Tsybakov [22], Bunea, Tsybakov and Wegkamp [36],
van de Geer [61], Koltchinskii [81]. In these papers, some form of restricted isom-
etry property or its generalizations have been used (which means strong geometric
assumptions on the dictionary viewed either as a subset of L, (IT,,) in the fixed design
case, or as a subset of L(IT) in the random design case). The version of sparsity
oracle inequalities presented here is close to what was considered in [81].

Other type of oracle inequalities for LASSO (under very mild assumptions on
the dictionary, but with ’slow* error rates) were obtained by Bartlett, Mendelson
and Neeman [18] and by Massart and Meynet [105].

Extensions of LASSO and related methods of complexity penalization to sparse
recovery problems in high-dimensional additive modeling and multiple kernel learn-
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ing can be found in Koltchinskii and Yuan [92, 93], Meier, van de Geer and
Biihlmann [107].

There has been a considerable amount of work on entropy penalization in infor-
mation theory and statistics, for instance, in problems of aggregation of statistical es-
timators using exponential weighting and in PAC-Bayesian methods of learning the-
ory (see, e.g., McAllester [106], Catoni [46], Audibert [10], Zhang [148, 149, 150]
and references therein). Dalalyan and Tsybakov [47] studied PAC-Bayesian method
with special priors in sparse recovery problems.

The approach to sparse recovery in convex hulls based on entropy penalization
was suggested by Koltchinskii [83] and it was followed in this chapter. In [83],
this method was also used in density estimation problems. Earlier, Koltchinskii [81]
suggested to use || - pr as complexity penalty, which is also a strictly convex function
for p > 1. It was shown that, when p =1+ @, the estimator based on penalized
empirical risk minimization with such a penalty satisfies random error bounds and
sparsity oracle inequalities of the same type as for entropy penalty. Koltchinskii
and Minsker [87] studied extensions of the entropy penalization method to sparse
recovery in infinite dictionaries.



Chapter 9

Low Rank Matrix Recovery: Nuclear Norm
Penalization

In this chapter, we discuss a problem of estimation of a large target matrix based
on a finite number of noisy measurements of linear functionals (often, random) of
this matrix. The underlying assumption is that the target matrix is of small rank and
the goal is to determine how the estimation error depends on the rank as well as on
other important parameters of the problem such as the number of measurements and
the variance of the noise. This problem can be viewed as a natural noncommutative
extension of sparse recovery problems discussed in the previous chapters. As a mat-
ter of fact, low rank recovery is equivalent to sparse recovery when all the matrices
in question are diagonal. There are several important instances of such problems, in
particular, matrix completion [41, 45, 68, 119], matrix regression [40, 121, 86] and
the problem of density matrix estimation in quantum state tomography [69, 68, 85].
We will study some of these problems using general empirical processes techniques
developed in the first several chapters. Noncommutative Bernstein type inequalities
established in Section 2.4 will play a very special role in our analysis. The main
results will be obtained for Hermitian matrices. So called “Paulsen dilation” (see
Section 2.4) can be then used to tackle the case of rectangular matrices. Throughout
the chapter, we use the notations introduced in Section A.4.

9.1 Geometric Parameters of Low Rank Recovery and Other
Preliminaries

In the results that follow, we will need matrix extensions of some of the geometric
parameters introduced in Section 7.2.

Given a subspace L C C™, P, denotes the orthogonal projection onto L. We will
need the following linear mappings &, : H,,(C) — H,,(C) and &} : H,,(C) —
H,,(C) :

2.(B):=B—P, . BP,., 2} (B) =P, BP,..

Note that, for all Hermitian matrices B, rank(%(B)) < 2dim(L).

173
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Given b € [0,+o0], a subspace L C C™ and a closed convex subset D C H,,(C),
consider the following cone in the space H,,(C) :

H (D;L;b) = {B els.(D): || 2L (B)| < b||32L(B)||1}.

Roughly, in the case when dim(L) is small, the cone J# (ID; L; b) consists of matrices
B for which “the low rank part” &1 (B) is dominant and “the high rank part” % (B)
is “small”. Note that, for b = 0, # (ID;L;0) is a subspace of matrices of low rank
and, for b = +oo, ¥ (D; L; +o0) coincides with the whole linear span of D.

Given a probability distribution IT in H,(C), define

b .
BY (L 11) i= inf{ B > 0: | ZL(B) |2 < BIBIlLymy, B € A (DsLib) }.
Clearly, D; C D, implies that ﬁz(h) (Dy;L;IT) < Bz(b) (Dy; L; IT). We will write

BZ(b) (L’H) = ﬁ2<b) (Hm((c),L,H)

As in Section 7.2, we will also introduce a matrix version of restricted isometry
constants. Namely, given r < m, define

6 :=6,(II) :=

inf{ 8> 0: (1= 8)|Bll2 < 1Blly(m) < (1+8) B2, B € B, (C), rank(B) < r}.

The quantity §,(IT) will be called the matrix restricted isometry constant of rank
r with respect to the distribution IT. A matrix restricted isometry condition holds
for IT if 6,(IT) is “sufficiently small” for a certain value of r (in low rank recovery
problems, it usually depends on the rank of the target matrix).

Define also the following measure of “correlation” between two orthogonal (in
the Hilbert—Schmidt sense) matrices of small rank:

(B1,B2) 1,(mm)
1Bl () 1B2 | 2, (1)

pri=p-(IT) == sup{ ‘ : By, By € Hiu(C),

rank(B)) < 2r,rank(B;) < r,(B1,B2) = O}.
Finally, define
my = my(IT) := inf{||B||L2(H) : B € H,,(C),||Bj2 = 1, rank(B) < r}
and
M, = M,(IT) := sup{|\BHL2<H> . B € H,,(C),||B|]2 = 1, rank(B) < r}.

If m, <1 <M, <2, the matrix restricted isometry constant can be written as
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6 =M, —1)V(1—m,).

Also, a simple geometric argument shows that

1[/148,\> 148\ 1 1-8,\> [1-8,\°
o< = + 03 I + 03 _9 \/ 2o 3 _ 03 '
2\ 11— 1-6 2 1+ 6, 1+
The next statement is a matrix version of Lemma 7.2 and its proof is a rather
straightforward modification of the proof in the vector case.

Lemma 9.1. Let L C C™ be a subspace with dim(L) = r. Suppose that p, < b\;'%’/l .
2r
Then, for all B € ¢ (D;L;b),

1
P B)|, < ————||B ,
1PLBe < o Bl

and, as a consequence,

Opm<— 1
ﬁz ( ' )_ m2r_bﬂprM2r

Also, for all B€ # (D;L;b),

(267 +1)!/2

[Blls < ——F——
my, — b\ﬁprMZr

1Bl (m)-
It follows from Lemma 9.1 that as soon as &3, < ¢ for a sufficiently small ¢ > 0,

ﬁém (L;IT) is bounded from above by a constant C (depending on c¢) provided that
dim(L) <r.

To control the quantities m, and M,, it is convenient to discretize the infimum
and the supremum in their definitions, that is, to consider

me :=mE(I) := inf{||B||L2<H) :Be 5’,8}

r r

and
ME = MEIT) = sup{ Bl : B € 7 |

where . is a minimal proper e-net for the set
= {B € H,,(C) : ||B||2 = 1, rank(B) < r}

(that is, a set of points of .7, of the smallest possible cardinality such that any S € .7,
is within distance € from the set).

Lemma 9.2. Forall € <27'/2, the following bounds hold:

_ M)

M, (IT) < T— 3

9.1)



176 9 Low Rank Matrix Recovery: Nuclear Norm Penalization

and
2ME(IT
(1) > m (17) — Y2MEDE 9.2)
1—+V2¢e
Proof. Note that, for all By,B; € .7,
1By = Ball 1, (1) < V2M,(IT)|| By — Ba||2. 93)

Indeed, since rank(B| — B;) < 2r, this matrix can be represented as B — By = Aj +
Ay, where Aj,A; € H,,(C), rank(A;) < r,rank(A;) <rand A; L A, with respect to
the Hilbert—Schmidt inner product (to obtain such a representation it is enough to
write down the spectral decomposition of B; — B, and to split it into two orthogonal
parts of rank at most r). Therefore,

1B1 = B2l , 1) < 1ALy i) + A2l 2y () < M(IT)([|A1 |2+ [|A2]]2) <
M (IT)V2(||A1[3 + |A213)"/? = M. (IT)V2||A; + A2 = V2M,(IT) || By — B, .-
It immediately follows from (9.3) that

M, (IT) < ME(IT) + sup 1B~ B|l1,m) < ME(IT) + V2M, (ID)e,
Be.% . B'e SE,|B—B||;<e

which implies

ME(IT
1—2¢
Similarly,
2ME(II)e
my (1) = m (IT) —/2M, (e > m (11) — Y2 (IDE
1—2¢
O
Clearly, as soon as
sup (1B, my— 1| < 2,
BesfE
we have M < +/1+ A and mé > V1 =2, and it follows from Lemma 9.2 that
VI+A
M,(IT) < VItA (9.4)
1—+2¢

and
V2(1+A)e
m(II) > /1—-A — +—+—. 9.5
(m =/ — ©5)
When both A and € are small enough, this guarantees that M, (IT) and m,(IT) are
close to 1 and &,(IT) is small.
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Lemma 9.2 is usually combined with the following bound on the covering num-
bers of the set ., of all matrices of rank r and of unit Hilbert—-Schmidt norm (see
also Candes and Plan [40]).

Lemma 9.3. The following bound holds:

18 2m+1)r
€ ) '

card(#F) < (
Proof. Given two Hermitian matrices B, B € .%, with spectral representations
r roo_
Z (ej®e;) Z Ai(ej@e;)
j=1 j=1

we have B
1B~ Bll2 < A~ Allr, +2 max Je; 2], 9.6)
1<j<r

where 1,4 € R” are the vectors of the eigenvalues of B, B, respectively. Indeed, we
have

Z i(ej®ej)— ZZj(éj@e_j) < Z(lj_ij)(ff’}@ej)’ +
=l j=1 2 =1 2
Z ej)®ej) 2+ Y Ai(e;®(ej—e;)) )

i=1 j=1

and it is easy to see that the first term in the right hand side is equal to ||A — 1|,
and the two remaining terms are both bounded by max < j<,|e; —&;|. For instance,
we have

.
:Z (ej—e))@ejl5 =

.
Zi ej—ej)®ej)

r r
2
Z ej—&jl’le| SZ ax |e]—ej| <1mjax lej — ;.

where we used the facts that the matrices (e¢; — &;) ® e; are orthogonal and, for
Be .7, Y AT =1

It remains to observe that there exists an €/3-covering of the unit ball in R” of
cardinality at most (g)’ . On the other hand, there exists a proper €/6-covering of

the set
U:= {(uh...,u,) cuj € C" fuj| = 1}
with respect to the metric

d((u],...,Mr),(V],...7Vr)) - IIEai(r‘u] _VJ|
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that has cardinality at most ( %)2’"’. This also implies the existence of a proper €/3-
covering of a subset V C U,

V= {(el,...,e,) :eq,...,e, orthonormal in (C’"}.

In view of (9.6), this implies the existence of an €-covering of .7, of the desired
cardinality.

O
9.2 Matrix Regression with Fixed Design
In this section, we study the following regression problem
Yj:<A,Xj>—|—§j,j:17...,n, 9.7
where X; € H,,(C), j=1,...,n are nonrandom Hermitian m x m matrices, & ,&;, j =
1,...,n are i.i.d. mean zero random variables with (752 :=E&? < 400 (i.i.d. random

noise) and A is an unknown Hermitian target matrix to be estimated based on the
observations (X1,Y1),...,(X,,Y,). Assume that A € D C H,,(C), where D is a given
closed convex set of Hermitian matrices and consider the following nuclear norm
penalized least squares estimator:

n
A® = argmingep, [n ' Y (¥ — (S, X)) + €S| | 9.8)
=

where € > 0 is a regularization parameter. Our goal is to develop upper bounds on
the prediction error ||A® — A ||i2( 1,)» Where IT, is the empirical distribution based on
(X1,..,Xn)-

We will use the quantity 8() (ID; L; IT,) with b = 5 and with L := supp(S), where
S € H,,(C). For simplicity, denote

Bu(S) := B (s supp(S); ITy).

We will also use the following characteristics of the noise &, j = 1,...,n and of
the design matrices X;,j=1,...,n:

ng = Egzv Ué(a) = ||§Hllfa \/(265)7 o> 1

and

— a2 =
Oy = Oy, =

n! Zn:ij
j=1

The following theorem is the main result of this section.

, Ux :=Ux, := max HXJH
1<j<n
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Theorem 9.1. Let > 1, ¢t > 0 and suppose that

Uéa)UX> t—Hog(Zm)}

t+log(2m
SZD|:G§GX 75( )\/Uéa)leogl/a< ceox ;

There exists a constant D > 0 in the above condition on € such that with probability
at least 1 —e™!

I = Al < int 15 AIE,z,+ 2611, ©9)
and
|\A€—A||i2(m < mf {HS A||L2 B 2B.(S )rank(S)} (9.10)
It immediately follows from the bounds of the theorem that
JAE — A2, 1, < €2Ba(A)rank(4) A 2¢ Al
If, for r = rank(A), 6,(I1,) is sufficiently small (that is, I, satisfies a “matrix re-
stricted isometry” condition), then f3,(A) is bounded by a constant and the bound
becomes
IA® —All7, (1, < Ce’rank(A) A2e]|Al|r-

Proof. The definition of the estimator A® implies that, for all § € H,,(C),

||A€||%2<Hn>—< Y 1x, Y el <

2 n
151, — (2 3 1755 ) + sl
=1

Also, note that E(Y;X;) = (A,X;)X;. This implies that

1}’1 n
fZYX —E(Y;X)) ;

Jj=1

3
:\—‘

Therefore, we have
||A8||%2(n,,) —2(A%,A) 1y, < HSH%Z(HH) —2(8,A)y(n,)+

(22,A% = 5) +e(lISlh — 1A%,

which implies
1A% = AlIZ, ) < IS—AllZ,(m,) +2A1A° =S|l + (IS = [A°[h),  ©.1D)

where A := ||Z||. Under the assumption € > 2A, this yields
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A 5 5 A A
1A = AlIL, () < IS —AllLym,) +€NAT =Sl + 1Sl = [A%]1) <
IS —AllZ,m, +28||S||1 9.12)

It follows from Theorem 2.7 that, for some constant C > 0, with probability at least
1—e!

Ug(a)UX> t+log(2m)

A<C[G§GX H_loff(zm\/Uéa)leogl/a< -
£ OX

} 9.13)

n

Thus, bound (9.9) follows from (9.12) provided that D > 2C.
To prove the second bound, we use a necessary condition of extremum in problem
(9.8): there exists V € d||A¢||; such that, for all S € D,

2(A%,A® = S)1,m,) — <ZYX Af — > e(V,A® —§) <0. 9.14)

To see this, note that since A€ is a minimizer of the functional

(Y] - <S3XJ>)2+8||SH17

™-

Ly(S):=n""
1

J

there exists B € dL,(A?) such that —B belongs to the normal cone of convex set D
at the point At (see, e.g., Aubin and Ekeland [9], Chapter 4, Section 2, Corollary 6).
A simple computation of subdifferential of L, shows that such a B has the following
representation:

<>

B:=2 (A H)HII,

%
H,(C) n |

n

for some V € d||A¢||;. Since —B belongs to the normal cone of I at A,
(B,A" —5) <0,

and (9.14) holds. Consider an arbitrary S € D of rank » with spectral representation
§=1Y'_12j(ej®e;) and with support L. Then, (9.14) easily implies that, for an
arbitrary V € 9|51,

2(A® —AA® = 8) 1, +€(V —V,A® —S) < —£(V,A® - §) + (25,A° = S). (9.15)
It follows from monotonicity of subdifferential of convex function || - ||; that

(V—V,A®—8) >0.

On the other hand, a well known computation of subdifferential of the nuclear norm
(see Section A.4) implies that
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V= ngn Y(e;j®e;)+P WP, =sign(S)+P, WP,

where W € H,,(C) and ||W|| < 1. Since L is the support of S, it follows from the
duality between nuclear and operator norms that there exists a matrix W such that
W] <1and

(P WP, ,A® —S) = (PLAWP, 1, A®) = (W, P, LA®P, ) = ||P,LAP, . ||1.
For such a choice of W, (9.15) implies that

2<Ae —AA® - S) L, (m,) + EHPLLAEPLL h <
—e(sign(S),A® —S) + (22,A% —S). (9.16)

We will also use the following simple identity:
2(A° —AA° =) 1y, = I1A° = AllL, () + 1A° =SIIE, (7, — 1S = AllZ, (17, (9-17)

Note that if (A€ —A,A¢ —8);, 7, <0, then (9.17) implies that [|A€ ~AllZ, @, <
IS — A||2 > and (9.10) trivially holds. On the other hand, if

(A =A% =) 2 0
then it easily follows from (9.16) that
e|| ZE (A% - S)|i < €| PL(A® - S) |1 +2A(| ZL(A® = S)|1 + | 2L (A5 = S) ).
As a result, under the condition € > 3A, we get that
12 (A% = $) |11 < 5|2 (A° = S)lI, (9.18)
or A£ —S e #(ID,L,5). Therefore, recalling the definition of f3,(S), we also have
12L(A° = $)ll2 < Bu(S)IIA® = Sllz, 17, )- 9.19)
Now, using the fact that
|(sign(8),A® — )| = |(sign(S), ZL(A® - 8))| <

Isign(8)[|2]| ZL(A = S)|l2 = /rank(S) || ZL(A® = S)|l2,
we can deduce from (9.16), (9.17) and (9.19) that
1A° = All7, s, JrHAE—SHi2 ) HElPL AP < (9.20)
S — A||L2 ) +&\/rank(8) B, (S)|A® = S| 1,(m,) + (25, A% = 5).

Finally, we have
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(B,A% —8) = (P, (5),A® = S) + (P} (E),A® - S) < 9.21)
< A|PLAE=S)|,+T || 21 (A5 =9)]h,

where
A= |ZLE)2, T =2 ().

Note that I" < ||Z|| =24 and
A= |PEIG + 1Py 2R3 <

rank (S)||PLZ ||? + rank(S) || P P, ||* < 2rank(S)A?,

where we used the facts that rank(P, =) < rank(S),rank(P, . ZP;) < rank(S) and
|PLE| <||E],IP.LEPL] < ||E]|. As a consequence,

A < +/2rank(S)A.
Now, we can deduce from (9.20) and (9.21) that
IA® —AlIZ, 11,y +IIA® = SIIZ, (17, +€llPLL AP |1 <
IS = AlIZ, 1z, + € v/rank(S) Ba(S)|A® — Sl 1,1,
+2A||P, AP, ||y +2+/2rank(S)A B (S) A% — S| 1,(r3,)- (9.22)

If € > 3A (which, in view of (9.13), holds provided that D > 3C), then (9.22) implies
that
1A% = AllZ, 7,y < IS —AllZ, (1, + € B3 (S)rank(s),

and (9.10) follows.
O

It is worth mentioning that Theorem 9.1 implies sparsity oracle inequalities in
the vector recovery problems discussed in the previous chapters. It is enough to
use this theorem in the case when D is the space of all diagonal m X m matrices
with real entries and the design matrices X; also belong to . In this case, for all
S € D, rank(S) is equal to the number of nonzero diagonal entries. Also, if ey, ..., en
denotes the canonical basis, L = L; is the subspace spanned on {e; : j € J} and IT

is a probability distribution in DD, then the quantity ﬁz(b) (D;L;II) coincides with
Bz(b> (J;IT) defined in Section 7.2. Note also that, for S € D, ||S||; coincides with the

£1-norm of the vector of diagonal entries of S and the operator norm ||S|| coincides
with the £.-norm of the same vector. The quantities 67 and Uy become

n
2 -1 2
Ox = X; Ux:=m X;
x =" jZ:l 7| o Ux = max (1 Xl

loo

(with an obvious interpretation of diagonal matrices X; as vectors of their diagonal
entries).
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Under the notations of chapters 7-8, it is easy to deduce from Theorem 9.1 a
corollary for the LASSO-estimator

A€ := argminy pm |1~ Z (Y — fL(X;)* + €l A (9.23)

of parameter A, € R™ in the following regression model with fixed design:

Y _fl( )+§]’ ]_l
Here

foi= Y Ak, A= (A1, Aw) ERT,
j=1

hi,...,hy :S+— Risadictionary and Xi,...,X, € S are nonrandom design points.
In this case, denote

n Ith D,

j=1

07 := max
1<k<m

Ux '= max max |(X;)|.
1<k<m 1< j<n

and s
Ba(A) =B (Ui 1),
where J), := supp(A).

Corollary 9.1. Let o > 1, t > 0 and suppose that

()
U."Ux
SZD|:G§GX H_lof(zm)\/Uéa)leOgl/a< éc >t+10§(2m):|.
£ OX

There exists a constant D > 0 in the above condition on € such that with probability
at least 1 —e™!

e = oy < i | o+ 26080 020

and

e = ol < i |12 = Al + 2B Rheanalr)|. - 025)

The case of matrix regression with rectangular m; X my matrices from M, ,, (R)
can be easily reduced to the Hermitian case using so called Paulsen dilation already
discussed in Section 2.4. In this case, we still deal with the regression model (9.7)
with fixed design matrices Xi,...,X, € M, », (R) and we are interested in the nu-
clear norm penalized least squares estimator
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AA‘? = argminSGMmlmz (R) |:nl Z (Yj — <S7Xj>)2 + SHSHI . (926)
j=1
Recall that J : Ml s, (R) = Hip, m, (C) is defined as follows (see also Section
2.4)
oS
= (23)
and let J := —-J. Also observe that

V2
<J_S13fS2> = <S17S2>7SI7S2 6 Mmhmz(R)

and, for a random matrix X in M,,, ,», (R) with distribution IT,

A2, m) = E(A,X)? = EUAX)? = WAIE, 1o
Moreover, ||JS|[i = [|S]|1, S € My, m, (R).

Consider a linear subspace D := JM,;, i, (R) C Hyy, 1, (C). Then, it is straight-
forward to see that

n
JA® = argmingep |n~" Y (Vi — (S,7X;))* + €IS |,
=1

and, applying the bounds of Theorem 9.1 to JA?, one can derive similar bounds for
A% in the rectangular matrix case. We leave further details to the reader.

9.3 Matrix Regression with Subgaussian Design

We will study a matrix regression problem
Yj:f*(Xj)-l—&j, j=1,....n, 9.27)

where {X;} are i.i.d. subgaussian Hermitian m x m matrices, {&;} are i.i.d. mean
zero random variables, {X;} and {&;} are independent. The goal is to estimate the
regression function f : H,,(C) — R. We are especially interested in the case when
f«(+) can be well approximated by a linear oracle (S,-), where S € H,,(C) is a Her-
mitian matrix of a small rank. We consider the following estimator based on penal-
ized empirical risk minimization with quadratic loss and with nuclear norm penalty:

n
A® :=argmingcp [n 'Y (Y= (S,X;))> + €S| |, (9.28)
j=1
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where D C H,,(C) is a closed convex set that supposedly contains reasonably good
oracles and that can coincide with the whole space H,,(C), and € > 0 is a regular-
ization parameter.

To be more specific, let X be a Hermitian random matrix with distribution IT such
that, for some constant 7 > 0 and for all Hermitian matrices A € H,,(C), (A,X) isa
subgaussian random variable with parameter 72||A ”%2( - This property implies that
[EX = 0 and, for some constant 7; > 0,

|ax)|, <alalm. 4€Ma©). 9.29)

We will also assume that, for some constant 7, > 0 and for all u,v € C" with |u| =
|v| =1,
E[(Xu,v)|* = v@ulf,m < % (9.30)

A Hermitian random matrix X satisfying these conditions will be called a subgaus-
sian matrix. If, in addition, X satisfies the following assumption (that is stronger
than (9.30))
2 2 2
AL,y = E[{A, X) 7 = [|A]l2, A € ML, (C), (9.31)

then X will be called an isotropic subgaussian matrix. As it was pointed out in
Section 1.7, this includes the following important examples:

e Gaussian matrices: X is a symmetric random matrix with real entries such that
{X;j : 1 <i < j < m} are independent centered normal random variables with
2 _ 1 2 _ 1 +_ -
EX;=1,i= 1,...7mand]EXl-j— 3, 1< J;
® Rademacher matrices: X;; = &;, i=1,...,m and X;; = %Sij, i <], {eij 1<

i < j < m} being i.i.d. Rademacher random variables.

Simple properties of Orlicz norms (see Section A.1) imply that for subgaussian
matrices P
Al my = EV7[ (4,30 < epmiallAllLym

and
4l = [[(4.x)| | <ecnmlAlm. A€ Ma(©).p2 1,
1

with some numerical constants ¢, > 0 and ¢ > 0.
The following fact is well known (see, e.g., [124], Proposition 2.4).

Proposition 9.1. Let X be a subgaussian m x m matrix. There exists a constant B >

0 such that
V2

Proof. Consider an e-net M C ™! := {u € C™ : |u| = 1} of the smallest cardinality.
Then, card(M) < (1+2/€)*" and it is easy to check that

IX[[ = sup (Xu,v) < (1—€)~* max (Xu,v).

u,yesSm—1 u,ve
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Let € = 1/2. We will use standard bounds for Orlicz norms of a maximum (see
Section A.1) to get that, for some constants C;,C,B > 0,

H”X”H < 4| max (xu,v)|| < Cry; " (card®(M)) max <
V2

u,veM H 1723 u,veM

(Xu,v)‘

V2
Cy+/logcard(M) un:gi(lﬂv@uHLz(m < By/m.
O

Given S € H,,(C), denote fs the linear functional fs(-) := (S,-). Our goal is to
obtain oracle inequalities on the L, (IT) prediction error || fe — fx ||%2 (mm) in terms of

the L, (II)-approximation error || fs — f ||i2 () Of /. by low rank oracles § € ID.

One possible approach to this problem is to show that, in the case of i.i.d. sub-
gaussian design, the matrix restricted isometry property holds for the empirical dis-
tribution I, with a high probability and then to use the oracle inequalities for fixed
design matrix regression proved in Section 9.2 (see Candes and Plan [40], where a
similar program was implemented). Below we develop a version of this approach in
the case when f; is a linear functional, f,.(-) = (A, ), so, Theorem 9.1 can be applied
directly. We also do it only in the case of subgaussian isotropic design. We do not
derive an oracle inequality, just a bound on the Hilbert-Schmidt error ||A¢ — A3 in
terms of the rank of A. Later in this section, we develop a more direct approach to
oracle inequalities for the random design regression.

As in Section 9.2, denote 0'52 = EE2, Ué(a) = (€ llye V (20¢), 00 > 1. We will
also use the following notations:

n
2 —1 2
Ox,= |1 X:|, Ux = max || X;||.
X ,n j;} jl» YXn lgjgnH jH
Theorem 9.2. Suppose that X is an isotropic subgaussian matrix and X, ..., X, are

its i.i.d. copies. Let ¢ > 1,t > 0 and suppose that

t+log(2
gleiaicxyn M\/
n

(9.32)

Ug(a) UX,n) r+ log(2m)}
p :

U(a)UX,,, log!/® (
Gé OXx n n

There exists a constant D > 0 in the above condition on € and constants C > 0,v >
0,B > 0,08y > 0 with the following property. For all § € (0,0) and for all

n>v8 2log(1/8)m rank(A),
with probability at least 1 —e™" — e_ﬁ”‘sz,

A%~ AJ13 < Cmin(e]Al|1, €2 rank(4)). (9.33)
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Moreover; there exists a constant Dy > 0 such that, for all t € (0,n), the condition
(9.32) on € holds with probability at least 1 —2e™" provided that

8>D1[G§ w\/

n

(@
U(a>1og1/a<ch )x/%(t+logn)(t+log(2m» . ©.34)

S G(g n

Proof. We will use the bounds of Theorem 9.1 applying them to S = A. Denote
r ;= rank(A). To bound f3,(A), we apply Lemma 9.1 for the empirical measure
IT,. The quantities M, (IT,), my,(I1,) and p,(IL,) will be bounded in terms of the
restricted isometry constants 03,(IT,). It is enough to show that 83,(IT,) is small
enough (smaller than some & € (0,1)) to guarantee that 3,(A) is bounded by a
constant. Moreover, it follows from the proof of Theorem 9.1 (see (9.18)) that
Af —Ac #(D,L,5) with L = supp(A), and, in this case, the last bound of Lemma
9.1 implies that [|A¢ —A||3 < Cy[|A — AHL ) for some constant Cy. Thus, to prove
(9.33), it is enough to control &3,(IT,).
We use lemmas 9.2 and 9.3 to derive the following result.

Lemma 9.4. Suppose that X is a subgaussian isotropic random matrix. There exist
constants v > 0,7 > 0 such that for all 1 <r <mand all § € (0,1/2)

P{6.(IT,) = 5} < exp{~pnd?},

provided that n > v8~>log(1/8)mr.

Proof. Since X is isotropic subgaussian, for all B € H,,,(C) with [|B|l2 =1, [|(B,X)?||y, <
¢, for some constant ¢. Let € € (0,1/2) and A € (0,1). Using a version of Bern-
stein’s inequality for random variables with bounded yi-norms, the union bound
and Lemma 9.3, we get that with some constant ¢; > 0

zk}s

(2m+1)
2card(yf)exp{—c1(/12 M)n} < 2<1£8> exp{—cl (A2 A?L)n}.

{sup 1812, )~ 1| >/1}

Pl

card(7F) sup {
BeSfE

Therefore, if
6log(18/¢)
> 7C112 mr,

then, with probability at least 1 —e~(c1/ 2)’12",

sup [[|Bl17,z,) — 11 < .
poge ! 1a(Mh)
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We can choose A, € in such a way that

V1+A \/ (I+2)e
<148 and V1 >1-6
1-2¢ 1-V2e
(note that, to satisfy these bounds, it is enough to choose A and € proportional to &

with some numerical constants). Then, bounds (9.4) and (9.5) (that followed from
Lemma 9.2) imply that M,(I1,) < 1+ 6, m,(II,) > 1 — 6 and 6,(IT,) < &, which

holds with probability at least 1 — P n8% for some constant B >0. a
It remains to prove the last statement of the Theorem. To this end, note that

j=1

2
GX,n_

n
<ENX|? 40" Y (1%1% = EIIX[).
=1

For a subgaussian isotropic matrix X, we have

]E||X||2 <cim,

X2, <eum
1

for some constants cy,cp > 0. It easily follows from a version of Bernstein’s in-
equality for random variables with bounded y;-norms (see Section A.2) that, for

some constant ¢3 > 0 and with probability at least 1 — e,

t t
<czm -\ - | <cm
con\[1V1) <o

provided that t < n. Therefore, we also have that, for some c4 > 0, G)z(Jz < cq4m. On
the other hand, it easily follows from the properties of Orlicz norms and the union
bound that for some ¢s5 > 0

n
Y (X117 = EIX %)
j=1

}P’{Ux_rn > csﬁ(t+1ogn)} < nIP{HXH > qﬂ(t—l—logn)} < ne~(Hlogn) — 1.

Thus, with probability at least 1 — e~

Ux n < csy/m(t +logn).

Since in the bound (9.32) oy ,,Ux , can be replaced by upper bounds, it is easy to
complete the proof.
O

Theorem 9.2 essentially shows that, in the case of subgaussian isotropic design,

the nuclear norm penalized least squares estimator A® recovers the target matrix
2m rank(A)

with the Hilbert-Schmidt error |[A¢ —A||3 of the order C 57 (with a proper
choice of regularization parameter €).
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We now turn to a somewhat different approach to bounding the error of (9.28)
without a reduction to the fixed design case. We will obtain a general oracle inequal-
ity for a subgaussian (not necessarily isotropic) design.

Assume that & € Ly, (P) and denote

U = |Elly, v (20%).

Recall the notation f4(-) := (A, -). Let us view functions from L, (IT) as random
variables defined on the space H,,(C) with probability measure IT and let £ C
Ly(II) be a subspace of subgaussian random variables such that f. € £, for all
A eH,(C), (A,-) € Z, and, for some constant 7] > 0,

£y < il fllzymy, fE€Z (9.35)

(compare with (9.29)). We assume also that condition (9.30) holds.
Recall the notation B(b) (D; L; IT) of Section 9.1 and define

B(S) := B (D;supp($); IT).
Finally, denote
R . s 2
g(e) 1= q(D:e) := inf || fs = £l +elISIh |

Observe that
q(&) <1 £ll7,m)

(take S = 0 in the expression after the infimum defining ¢(€)). Note also that if, for
some S € D,

1q(e)
< _1\%
Ist < 522,
then
2
q(€) <2\ fs = fllz, - (9.36)
Indeed,
_ 2 _ 2
q(e) < | fs— £ HLZ(H) L 1IS]h < | fs— £ ||L2(H) +lq 8)’
£ £ £ 2 ¢
implying (9.36).

Given ¢ > 0 and € > 0, denote
K= log<logn\/10gm\/\log£| Viog || fill o, () \/2),
tam = (t +K)logn+log(2m).

Theorem 9.3. There exist constants c¢,C,D > 0 with the following property. Suppose
thatt > 1,
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2

U 1/2
gZD{% W\/Uéz)k’g( G% )m (r+’:og(2m>>} ©37)

and t, y < cn. Then, the following bound holds with probability at least 1 —e™" :

e = 1B < JnE |25 £ B+

C<[32(S)rank(S)82 + <||S||% Vv "28(28) ) % +nl>} . (9.38)

Proof. Throughout the proof, C,c,cq,... denote constants (typically, numerical or
dependent only on irrelevant parameters) whose values might be different in dif-
ferent parts of the proof. Recall the definitions and notations used in the proof of
Theorem 9.1, in particular, the definitions of = and A :

n
E=n'Y &X;, A=|Z|.
=1

Step 1. Bounding the norm ||A%||;. We start with the following lemma:

Lemma 9.5. There exists a constant C > 0 such that, for all € > 4A, with probability
atleast 1 —e™"
q(e)

N E
A8l < c==.
[A%]]1 < c

Proof. We argue exactly as in the proof of Theorem 9.1 to get the following version
of bound (9.11): forall S € D,

1fze = £l o) + €A < I1fs = £ul13, ) + 24 1A = Sy +€S]h, (9.39)
which implies
e = fellE )+ €IACII < (9.40)
s = £ullZ ) + (T — ) (fs — £2)7 + 2A[|A° = S]|1 + ]IS 1.

Since (fs — f+)? € Ly, (IT) and, moreover,

”(fS _f*)2||lﬂ/1 < C”fS _f*”%z(H)

for some constant ¢ > 0, we can use a version of Bernstein’s inequality for Ly,
random variables (see Section A.2) to get that, with some constant ¢; > 0 and with

probability at least 1 — e,

(I, —I)(fs— £?] < erllfs = £12, (\/z\/ ;) : (9.41)



9.3 Matrix Regression with Subgaussian Design 191

As a consequence, for t < n, we get from (9.40) that

A t A~
el A€l < Ifs— £ (1 +\f) +24(JA% ]+ IS + el

As soon as € > 4A, this implies

€ e 2 t 3
1A%l < Ufs = fell2ymy (1 +c1ﬁ) +5elSlh-

Fort = n, we get

2(1+c)

Al < === fs = £ell2,m +311S ], (9.42)

which holds with probability at least 1 — e~ and under the assumption € > 4A.
The bound of the lemma follows by applying (9.42) to the value of S for which the
infimum in the definition of g(€) is attained. O

Since g(€) < || f« Hiz(ﬂ)’ under the assumptions of Lemma 9.5, we have

e C
A1 < ZIFlZy ) (9.43)

(again with probability at least 1 —e™").
Next, observe that

e = £l ymy < 2 (e Wy comy + 1 ) < (9.44)
c(IAEIRENXIP + 1)) < 1 (mlA IR+ 11112, ) <

.1
(S £ ).

where we used bound (9.43) and Proposition 9.1. Now it is easy to see that it will
be enough to consider S € D for which

ml £ o
2

s £y < VI

(otherwise bound (9.38) of the theorem trivially holds). This implies that, for some
C}
m1/2||f* ||%2<H

| e Ly ||f*||L2(n>)- (9.45)

Jae = fsllom) < C<

Step 2. Reduction to the bounds on empirical processes. Arguing again as in the
proof of Theorem 9.1, we get the following version of bound (9.16):
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2fze = for fre = I5) o) + EIPLLASPLL 1 <
—e(sign(S),A® —S) + (22, A® — )

(9.46)

If (f4e — fir fae — fs)1,(m,) > 0 and € > 2A, then (9.46) implies that At —Se
A (D,L,5), where L = supp(S) (see the proof of Theorem 9.1). Because of this,

|2L(A° = $)ll2 < BIHIA® =Sz, rm)- (9:47)

Replacing in the left hand side of (9.46) I, by II and using the identity

2(fie — fer fre _fS>L2(H> =

g = FellZ,cmy + 1 Fae = Fs Il — s = FellEymy» (9.48)
we get

fze = FllZ,my + I fae = Ssl1Z ) + €IPLL AR P < (9.49)
Ifs — f*||,%2(n) —g(sign(8),A® —S) + (25, A® — ) +
2(IT—11,)(fs — fo) (fie — f5) +2(IT = IL) (f3e — fs)?

This inequality will be used when (fze — f, fie — fs)1,(mm,) > 0 (case A). Alterna-
tively, when (fze — fi, fie — fs)1,(1,) < O (case B), a simpler bound holds instead
of (9.49):

£ 4e *f*”iz(n) + 11 fze *fS”iz(n) <

(9.50)
s = FllZ ymy + 200 = L) (fs = £) (fze = fs) +2( = IL) (e — f5)?

It remains to bound the empirical processes in the right hand sides of (9.49) and
(9.50) in each of these two cases:

(28,A%—8) =

<i i &X;, A —S>,
j=1
2(H_Hn)(fA£ _fS)2 and 2(H_Hn)(fS_f*)(fA€ _fS)'

Step 3. Bounding (=, A% — ). We use slightly modified bounds from the proof of
Theorem 9.1 to control (&

=, A% — ), which is needed only in case A:

(E,Af — ) = (P (E),A — §) + (P} (E), A —§) <
< A|PLAE = S)|],+ || 2\ (A% =),

where

A= PLE)2, T= 20 (3.

Using the fact that, in case A, At —Se (D,L,5) and (9.47) holds, and arguing as
in the proof of Theorem 9.1, we get
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(2,45~ ) < AP AP, |1+ /2rank(S)AB (8) A€ — S]] m) <
" 1
A||P L A%P, L ||; 4 2rank(S) B*(S)A% + ZHfAs —fs||%2<n). (9.51)

Since X is a subgaussian random matrix, we can use Proposition 9.1 to get that with
some constant ¢

ox = [E(X —EX)[|' < [[EX?|"2 < EV2|X|> < cv/m

and U)((Z) = H 11X | H < ¢y/m. Tt easily follows that
V2

Jixmerf, <er|ixif], 1l <esvmigiy,.

Therefore, the second bound of Theorem 2.7 with & = 1 implies that, with proba-

bility at least 1 —e™,

A<A:= 9.52)

m(t +log(2m)) 2) U.g(z) m'/2(t 4+-1og(2m))
Clog | =222\ Ul log  ——
n O¢ n

b

which will be used in combination with bound (9.51).

Step 4. Bounding (IT — IT,)(fs — f:)(fie — fs)- Note that

|(Hnn)(fsf*)(f/$s —fs)| = (T,A® = 5)| <

N[4S =Sl < TN A%] -+ 11S]h), (9.53)
where
Y= n Y [(5() — AOX - E(5(X) ~ AXODX;]. 054
j=1

Observe that with some constant ¢ > 0
15500 = 17,00 PX|| < Blfs(0) - £.00OPIXIP <
E'2|f5(X) — £u(X)*E"IIX | < em| fs — 1B )

by the properties of subgaussian matrix X and “subgaussian subspace” .£. Also,
with some ¢ > 0,

| s = RN < evimllfs = fillgam:
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Therefore, we can use again exponential inequalities of Theorem 2.7 to bound 1" as
follows: with probability at least 1 —e~* and with some ¢ > 0,

m(t +log(2m)) v ml/z(t+1°g(2m))} . (9.55)

n n

I <ellfs — il [

Under the assumption ¢ + log(2m) < n, we now deduce from (9.53), (9.55) and

Lemma 9.5 that, with probability at least 1 —2e™7,

m(t—|—10g(2m)).

(11-10) s £ B =19 <SSV 181 ) 13— s
This leads to the bound

1
(T = 10,)(fs = £2) (e = £9)| < 515 = FullEym +
2
C(IISI%V qg(f)) m(t +log(2m)) (9.56)

n

which holds with some constant C > 0 and with the same probability.

Step 5. Bounding (IT — IT,)(f;¢ — fs)?. Here we will use the following lemma.
Given 6 > 0 and R > 0, denote

n

Z —82,X;)" = [IS1 — 52%2(17)‘ :

An(8,R) := sup{

51,82 € Hin(C), [1S1 = S2lLy(my < 8, [IS1lh < R, [[S2]h < R}~

Lemma 9.6. Suppose X1,...,X, are i.i.d. copies of a subgaussian matrix X satisfy-
ing conditions (9.29), (9.30). Let 8 > 0 and R > 0. There exists a constant C > 0
such that, for all t > 0, with probability at least 1 —e™'

2 2
A,(8,R) < C[SR\/T\/an \/52\/5\/ R’";log”} : (9.57)

Moreover, if 0 < 0_ < 85, then, with some constant C > 0 and with probability at
least 1 —e ™, forall 6 € [5_,8.],

2 2
An(5,R)§C[5R\/T\/an\/52 IZK\/Rm(t:K)IOg"], (9.58)

where

K := 2loglog, (%&) .

Proof. Clearly, the following representation of the quantity A,(8,R) holds:
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Aq(6,R) := sup no! Zn:(fz(Xj)—sz) ,

feFsr j=1
where
Fsr={(51—52,-) : 51,82 € Hu(C), [|S1 = S|, my < 6, [IS1llt <R, [|S2[l1 <R}

To bound this empirical process, we use a powerful inequality of Mendelson (see
Theorem 3.15). It implies that

P JSR»WZ \/ y{?Rs‘VZ (9.59)

EA,(8,R) <c| sup [|f]ly

f€Ts R

where ¢ > 0 is a constant. By assumption (9.29), the y; and y»-norms of functions
from the class 95713 can be bounded by the L, (P)-norm (up to a constant). There-
fore,

sup || f|ly, <co. (9.60)

fEa”‘};ﬁR

The next aim is to bound Talagrand’s generic chaining complexities. First note that

%(Fsr:v2) < B Fsricll - o, m) 9.61)

for some ¢ > 0 (again, by the bound on the y-norm). Let Wiz (f), f € Lo(IT) denote
the isonormal Gaussian process, that is, a centered Gaussian process with covariance

EWir (Wirlg) = [ fedll.
Hn(C)
We can also write
Wilf) = [ fWlds),
JH,,(C)
where Wrr(B) := Wy (Ip) for Borel subsets B C H,,,(C). Clearly, by linearity of Wyy,
Wi ((S,-)) = (S,G), where G is a random matrix with the entries
ii= xiiWr (dx).

= [, o i)
Note that G is a Gaussian matrix and, as a consequence, it is subgaussian. Moreover,
it satisfies condition (9.30) since, for u,v € C" with |u| = |v| =1,

E|(Gu,v)? = EWn((v@u, ) = veul}, i < .

It follows from Talagrand’s generic chaining bound (see Theorem 3.3) that, for some
constant C > 0,
’)/Z(ﬁSR?CHHLz(H)) SCCO(G,(S,R), (9.62)

where
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o(G;6,R) :=E sup Wiz ({S1 = S2,-))|.
11 =821l () <8, lIS1 11 <R,[1S2 ]l <R

Bounds (9.59), (9.60), (9.61) and (9.62) imply that

o(G;8,R) \ , ®*(G;8,R)
v A

Observe that, under the assumption [|S1||; <R, ||S2]|1 <R,

EA,(8,R) < c[s (9.63)

(51 - 5:,6)] <151 = 211G < 2RI G|
It follows from Proposition 9.1 that
®(G;8,R) < 2RE|G|| < cRy/m.

The last bound can be substituted in (9.63) to give that, for some constant C > 0,

2
EA,(5,R) < C[5R\/f \/ an} (9.64)

To complete the proof, we use Adamczak’s version of Talagrand’s concentration
inequality for unbounded function classes (see Section 2.3). To apply this inequality,
one has to bound the uniform variance and the envelope of the function class yg‘ R
The uniform variance is bounded as follows: with some constant ¢ > 0,

sup (PfH)'/? = sup E'2(S — 85, X)* =
FEFs R [S1=S2l2, () <&, IS1 [ <R,[IS2[l1 <R

2 2
sup Hfsl _fS2HL4(H) SCS )
/sy =55 Ly (<8, IS1 1 <R ISz ][ 1 <R

where we used the equivalence properties of the norms in Orlicz spaces. For the
envelope, we have the following bound:

sup () = sup (51— 52, X)* < 4% X
feZsr 151 =82, (m) <8 [IS1 11 <R [1S2 ] <R

and

2
max - sup f~(X;)
]SlS"fEﬂa,R i

2
’ §01R2H||X||2H 1ogn§czR2H||X||H logn < c3R*mlogn,
Vi Yi v2

for some constants cy,cy,c3 > 0. Here we used well known inequalities for maxima

of random variables in Orlicz spaces (see Section A.1). Adamczak’s inequality now

yields that, with some constant C > 0 and with probability at least 1 —e ™",
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t _R’mtl

Au(8,R) < ZIEA,1(57R)+C52\/>+CmOgn. (9.65)
n n

It remains to combine (9.64) with (9.65) to get that with probability at least 1 — e~

2 2
A(8,R) gc{&ﬁ\/v\/#\/z\/lenfog”} (9.66)

The second claim is proved by a standard discretization argument based on the union
bound and on the monotonicity of A,(8;R) and its upper bound with respect to &
(see, e.g., Lemma 8.1 for a similar argument). a

We will use the second bound of Lemma 9.6 to control (IT — IT,)(f4e — f5)*. By
a simple algebra (in particular, using the inequality ab < a® /84 2b% and using the
fact that #, ,, < cn for a sufficiently small constant c), this bound implies that with
some sufficiently large constant C > 0

2m(t + x)logn

A,(8,R) < %62—|—CR (9.67)

Clearly, we also have

(1= 1) (fge = £52] < A (IS V1A 13 £ = fsllaam) ) (9.68)

Due to Lemma 9.5 and (9.45), we now use bound (9.67) for

ri=c( "),

6 =n"12and

VA
5. ::c(s Ll >\/||f*||L2(H)>\/nl/2.

We get from bounds (9.67) and (9.68) that with some constant C > 0 and with
probability at least 1 — e’

1
’(H—Hn)(fge —f5)* < < fre _fSHiz(H) T

2
c(nsn%vq (‘9))’"(’“‘“"“, ©.69)

€2 n

where
K= log(logn\/logm\/ [loge| Vlog|| fill 1, () V 2).

Bound (9.69) holds provided that 6 < || fze — fsl|z,(r1) < 0. Note that we do have
I fze — fsllL,(m) < 84 because of (9.45). In the case when || fze — fs||r,m) < 0,
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the proof of (9.38) even simplifies, so, we consider only the main case when | e

Isllzy(my > 6

Step 6. Conclusion. To complete the proof, it is enough to use bound (9.49) in
case A and bound (9.50) in case B in combination with the resulting bounds on
empirical processes obtained in steps 3—5 (namely, bounds (9.51), (9.52), (9.56)
and (9.69)). By a simple algebra, we get the following bound

[ f4e —f*”iz(n) <2|fs —f*”iz(n) +
2
C([BZ(S)rank(S)ez + <||S||% Vv qg(f)> Milnym +n_l) (9.70)
n

that holds with probability at least 1 —4e™'. A simple adjustment of constant C
allows one to rewrite the probability bound as 1 — e~ which establishes (9.38). O

The following corollary clarifies the meaning of bound (9.38) of Theorem 9.3
and explains the role of quantity ¢(&) in this bound.

Corollary 9.2. Under the assumptions of Theorem 9.3, for all S € D with ||S||; >
%ﬁ), the following bound holds with probability at least 1 —e™" :

1fze = fllZ,m) < 205 = fllZm) +

2
¢ (ﬁz(S)rank(S)g2 + S”l’”’ﬂfﬂ“) '
n

9.71)

On the other hand, for all S € D with ||S||; < 28 , with the same probability,
HfAs_f*”%z <
24 C()m’nm Ifs — 2 2, 1
S f*||L2 C| B*(S)rank(S)e”+n~" ). (9.72)

if
1
cﬂf)m”” <1, 9.73)
€ n
this implies that
fze = £, my <3155 = £,y + C(BAS)rank($)e? +n71 ). (0.74)

Proof. For all S e ID) with ||S]|; > 42, (9.38) immediately implies (9.71). Alterna-

tively, if ||S]|; < 28 )| we have q(e) < 2||f5—f*\|%2(n) (see (9.36)) and (9.38) implies

9.72). 0
Remarks.

e Note that the leading constants 2 in oracle inequalities (9.38), (9.71) or 3in (9.74)
can be replaced by 1+ 0 (with constant C becoming of the order %).
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e Note also that, when ||S||; < % and, as a consequence, g(€) < 2|| fs —f*||12‘2(m7
condition (9.73) is satisfied provided that

Mty m
£ ZDlllfsf*mmﬁ (9.75)

for a sufficiently large constant D; > 0. This yields the following coroolary.

Corollary 9.3. Suppose the assumptions of Theorem 9.3 hold. For all S € D sat-
isfying condition (9.75) with sufficiently large constant D1 > 0, the following
bound holds with probability at least 1 —e™" :

| f1e —f*||i2<n) <2|fs —f*||iz<n) +

2
c ([32(S)rank(s)e2 + WZ"““) . (9.76)

e In the case when the set D is bounded, the following version of Theorem 9.3
holds.

Theorem 9.4. Suppose that D C H,,,(C) is a bounded closed convex set and

Rp :=sup||S]|;.
SeD

There exist constants c,C,D > 0 with the following property. Suppose that t > 1
and

)
U 1/2
e>Dlo; m(t—i—log(Zm))\/U(z)lOg e \m/*(t+log(2m)) ©977)
n ¢ G[; n

Kk :=loglog,(mRp) and t,,, := (t+ k)logn +log(2m)

and suppose that t, , < cn. Then, the following bound holds with probability at

least1 —e " :

2 ' 2
e -y < o 216 - +

C(BZ(S)rank(S)ez +Rﬁ% —|—n1>} . (9.78)

9.4 Other Types of Design in Matrix Regression

In this section, we study matrix regression problem (9.27) under somewhat different
assumptions on the design variables Xi,...,X,. In particular, our goal is to cover
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an important case of sampling from an orthonormal basis, that is, the case when

Xi,...,X, are i.i.d. random variables sampled from a distribution II (most often,
uniform) in an orthonormal basis Ej,...,E,» of M, (C) that consists of Hermitian
matrices.

We will study nuclear norm penalized least squares estimator (9.28) with some
value of regularization parameter € > 0 and establish oracle inequalities of the same
type as in Theorem 9.3. One of the challenges will be to replace the bound of Lemma
9.6 that relied on the assumption that X,...,X, were i.i.d. subgaussian matrices
with another bound on empirical processes indexed by functions (S, -)2. To this end,
we use an approach based on L. (P,)-covering numbers that was developed in a
different context by Rudelson [122] and, in high-dimensional learning problems, by
Mendelson and Neeman [111] (see also [18], [94]). It is based on Theorem 3.16.

Assume that, for some constant Ux > 0, || X|| < Uy (the case when || X| has a
bounded y;-norm can be handled similarly). In this section, we also use the notation

ox = [|EX?|].
We will need below the quantity
Thi=LhelF)= Ep (F:Le(P,)),

based on generic chaining complexities with respect to L. (IT,)-distance, introduced
and used earlier in Theorem 3.16. It will be used for the class

F={(S,):Sels.(D), ||S]; < 1}.

It will be shown below (see Proposition 9.2) that in typical situations 7, grows as a
power of logn. In particular, we will see that, for D = H,,(C),

27702
T gK]Elrgja%(nHXszlog n.
Fort > 1 and € > 0, denote

K :=log (1ogn VlogUx Vloge Vog || fillr.m) V 2),
tam = Yo+ Uz (t + K +1log(2m)). (9.79)

We will also use a modified version of function g(€) from the previous section.
Givent > 1, it is defined as follows:

. t
4(e) = qu(Dse) = Slgﬂg[nfsf*n;(m +ellsl+ /s f*llimm)n]-

Clearly,
’ 2 2 !
q(&) < fellym + Hf*HLw(n); (9-80)

Moreover, if for some S € D,
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14(e)
< 177
ISl < 577
then ;
q(8) <2llfs = fellLym +20fs = ol - 9.81)

As in the previous section,
B(S) := B (D;supp($); IT).
Assume that, for some o > 1, & € Ly, (P) and denote
o :=EE%, UL := |IE]lyq V (20%).
The following theorem is the main result of this section.

Theorem 9.5. There exist constants c,C, D > 0 with the following property. Suppose
thatt > 1, t,,, < cn and also that

(o)
U
SZD{O'J;GX Hk)’fQMVUé“)leogl/“< é Zx)tﬂof(zm)]. (9.82)
3 X

Then the following bound holds with probability at least 1 —e ™" :
2 : 2 2 2
e = £l < ot 2085 £+ C(BSank(S)e? + 089

2
q (&) \ thm t+log(2m _
(1517 L) 22 2 )]

n n

Proof. We follow the proof of Theorem 9.3 with some modifications and use the
notations of this proof as well as the preceding proof of Theorem 9.1.

Step 1. Bounding the norm ||A%||;. In this case, we need the following version of
Lemma 9.5.

Lemma 9.7. There exists a constant C > 0 such that, for all € > 4A on an event of

probability at least 1 —e™,

|A®]|; < C%S). (9.84)
Proof. We repeat the proof of Lemma 9.5 using instead of (9.41) the bound
|- (5 12| <
er (s~ s s SNV b)) 89

that easily follows from the usual Bernstein inequality and that holds with probabil-
ity at least 1 — e™’. Repeating the argument that follows in the proof of Lemma 9.5,
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it is easy to conclude that, for € > 4A, bound (9.84) holds with some constant C > 0
and on an event of probability at least 1 —e™". a

Note that, bounds (9.84) and (9.80) yield
A C t
el < 5 (1 +121 ) 936
that holds with probability at least 1 — e’ and with some C > 0. Using this bound

for t < n and arguing as in the proof of Theorem 9.3, we get that with some constant
c1>0

e = £l ymy < 2 (13 Wy + 1y ) < 9.87)

2 (A REIXIP + 1L £ ) < 2(URIAS I+ £l ) <
GRIFIE o

€1 (82() Vv ||f*||%2(n)>~

Hence, it is enough to consider only the oracles S € D for which

A TA T
s = £ull2,im < e (82“ v ||f*||i2<n>),

otherwise, the bound of the theorem trivially holds. This implies that, for some c,

A
€

Ve — fsllaam < ( by ||f*||L2(H>). (9.88)

The last bound holds with probability at least 1 — e~ and on the same event where
(9.86) holds.

Step 2. Reduction to the bounds on empirical processes. This step is the same as
in the proof of Theorem 9.3 and it results in bounds (9.49), (9.50) that have to be
used in cases A and B, respectively.

Step 3. Bounding (Z,A¢ — ). The changes in this step are minor. We still derive
bound (9.51), but the bound on A that follows from Theorem 2.7 is slightly different:

with probability at least 1 —e™,

A<A:= (9.89)

(@)
log(2 Us' U log(2
C[%O_X t +log( m)\/Uéa)leogl/“( ¢ X>t+ og( m)]
n 65 Ox n

This bound will be used in combination with (9.51).

Step 4. Bounding (I1 —I1,)(fs — f+)(f4e — fs)- The changes in this step are also
minor: the bound on ||T|| becomes
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t+10g (2m)

\/Ilfs—f*lle (9.90)

t+log(2m
T < cUx [Ilfs—f*m(m ”()}

and it holds with probability at least 1 — e~ and with some ¢ > 0. It follows from
(9.53), (9.90) and Lemma 9.7 that, with probability at least 1 —2e™’,

(=1 (fs= £ e = £9)| <

CUX(|51 v q(:)) (fs—f*”Lz(H) M\/
t—i—log(2m))

n

I fs = fill o)

As aresult, we easily get the bound

1= 1) (s~ £ e = 55)] < 3155 = £ ym + ©.91)
+log(2m 1 +log(2
cug (517 v L) B2 1 Ly o )

which holds with some constant C > 0 and with the same probability.

Step 5. Bounding (IT —I1,)(fie — fs)?. We have to control (IT — IT,) (f3¢ — fs)*
which would allow us to complete the proof of the theorem. Recall the notation

A(8,R) = sup{

n
nt Y (S1—82,X)2 — |I1S) —Sziz(n)‘ 1
=

1,82 € Hyu(C), 11 = S2ll 1y () < 6,11l < R, (|21 SR}-

We are now in a position to prove a version of Lemma 9.6.

Lemma 9.8. Let Xy,...,X, be i.i.d. copies of a random Hermitian m x m matrix X .
Let 8 > 0 and R > 0. There exists a constant C > 0 such that, for all t > 0, with
probability at least 1 — ™!

Yo B2 \ﬁ R*U2t
< — — . .
An(8,R) < C{(‘BR . \V} p \/ 8RUx - \V} - 9.92)

Moreover, if 0 < 6_ < Oy, then, with some constant C > 0 and with probability at
least 1 —e™" forall § € [5_,8.],

(5R)<C[5R y"\/Ry"\/5RUX I+K\/RUX(+K)} (9.93)

where
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20
K := 2loglog, <5+> .
Proof. Applying bound (3.37) to the class

F:={(8,): S els.(D), ISl < 1, [8]],(my < 8},

we get

E  sup ‘(H,,—H)(S,->2‘<C{8 z\/’;]

ISIh<LlISll 2, (my <6

This bound easily implies that

6 1
= 2 _ = < .
EA,(8,R) = 4R EAn<2R,2> < (9.94)
AR’E sup ‘(H —1)(s ->2‘ <4C|8R ﬁ\/Rz%’
" N n n |

[SIt <1118l 2y 11y <6/ (2R)

The rest of the proof is based on repeating the concentration argument of Lemma
9.6 with minor modifications. ad

We are now ready to provide an upper bound on (IT —I1,)(f;e — fs)*. In view of
Lemma 9.7 and (9.88), we will use Lemma 9.8 with §_ := n’l/z,

U f7
5, = C<€L°°<H

by ||f*||L2<n>) Va2

and

R:C<||S||1\/q(8)).

€

It follows from (9.88) that || fc — fs ||L2( m < 6. and the second statement of Lemma
t

9.8 implies that with probability at least 1 —e™",

(H_Hn)(f/is _fS)2 < An(‘

cll

provided that

fie = 55llamyiR) <

R%y,
ny \/RUx‘

t+1<\/R2U§(t+K)
n n

T
fae = FsllamR o \V Fae = fsllom)

1 £4e _fS||L2(n> >8 =n 12

(we are not going to consider the case when || fze — fsl|z,(r7) is smaller than n™
but it only simplifies the proof). Therefore, we can easily conclude that, with some
C' >0,

1/2
)
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1 UZ(t+ %)+ %
(T—10) (e = 157 < 2 e 513,y + O TR

It remains to substitute in the last bound the expression for R.

Step 6. Conclusion. To complete the proof, it is enough to combine the bounds
of Steps 1-5 (as it was also done in the proof of Theorem 9.3). A simple inspection
of probability bounds involved in the above arguments shows that the bound of the
theorem holds with probability at least 1 — 5¢~!, which can be rewritten as 1 — e’
with a proper adjustment of the constants. ad

Arguing as in the proofs of corollaries 9.2 and 9.3, one can show the following
statement.

Corollary 9.4. Suppose that all the notations and assumptions of Theorem 9.5, in-
cluding (9.82), hold. Then, for all S € D, such that

t thm
e >D|||fs— fillyam \V I fs = Fill g \/1 \V o

with probability at least 1 —e™,

fze = FellZy ) < 20 s = fellZ, oy +C(/32<S)rank(5>82 + 999

IS0, 2 ttlog(2m)
P 1fs = fell o cmy " +n o).
Note that in the case of sampling from an orthonormal basis E1,...,E,» (that

is, when IT is a probability distribution supported in the basis), the Lo (IT)-norm
involved in the bounds of Theorem 9.5 coincides with the {.-norm:

1 fll.my = max [f(Ej)], f:Hxu(C)—R.
1< j<m?

We now turn to the problem of bounding the quantity };, := I «(-%), where
F:={(8,) : S € Hn(C), [IS]1 <1}
Proposition 9.2. With some numerical constant K > 0, the following bound holds:

Lo F) < Klog*n E max ||X;][3.
1<j<n

Proof. In fact, we will even prove that

T(#) < Klog*n E max [|X;]3,
' 1<j<n

where & := {(S,-) : ||S]]2 < 1} D .#. Note that

max |<S:Xj>

— S.A) = |IS]|
[max. | AS;{%(J N
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where ¢ := conv{XJ-7 —Xj,j= 1,...7n}. Since By = {S: ||S]|2 < 1} is the unit ball
in a Hilbert space, we can use bound (3.3) to control 1»(¥; L.(P,)) as follows:

1/2

B La(B) = 1B omsc(/omeH<Bz;||-||%;e>ds) L 9.96)

where C > 0 is a constant. Note that | f(X;)| < || X;|2, f € ¢, which implies

{0 ) F e | C [Vl

where V, := maxi<;<x ||Xj||2. Bounding the ¢ -covering numbers of the cube
[—Vi, V)", we get

N(Bo: |- | :€) = N(@: Lo(Py):6) < (‘;"H) e<V, (997

This bound will be used for small values of €, but, for larger values, we need a
bound with logarithmic dependence on n that can be derived from dual Sudakov’s
bound (3.2). Take an orthonormal basis Ej,...,Ey, N = m(m+ 1)/2 of the space
H,,(C) and use the isometry

H,,(C) > S ((S,E1>,...,<S,EN>) cdy

to identify the unit ball By in H,,(C) with the unit ball B’ZV in 512\/ . It follows from
dual Sudakov’s bound (3.2) that, conditionally on Xy, ...,X,,

eH' (B |- | i) = eH' 2 (BY: ||| s) <
C'Ez sup(Z,t) v = C'Ez max (Z,X;),v < CiVy+/logn,
4 2 1<j<n T2

where Z is a standard normal vector in RY (= ¢)) and Cy,C’ > 0 are numerical con-
stants (with a minor abuse of notation, we identify matrices in H,,(C) with vectors
in EIZV in the above relationships). As a result, the following bound holds:

C2
H(Ba:|-||r:€) < S—éVnzlogn. (9.98)

Let 8, := n~'/2. We will use (9.97) for € < 8,V, and (9.98) for € € (84Vi, Vi) In
view of (9.96), we get the following bound:
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=Ep(4;L.(P,)) <

6V V, 1
C<n]E/ 10g< +1>£d8+C210gn IEVZ/ ds) _
8,Vy €

1 1
C<n]EV2 0 log(+l)8d£+C1210gnEVn210g5> <

<n5210g6 +lognlog — )IEV2 <Klog’nE max ||X 13

S,
with some constant K > 0. O

In the case when the set D is bounded with R := supgcp ||S|/1, it is easy to derive
a version of Theorem 9.5 with control of the error in terms of Rp. To this end, for
t > 1, define

K —log(logn\/logUx VlogRp V1og|| fullr,m \/2)
tam = Yo+ Uz (t + K +1log(2m)). (9.99)

Theorem 9.6. There exist constants c,C,D > 0 with the following property. Sup-
pose that t, ,, < cn and also that (9.82) holds. Then the following bound holds with
probability at least 1 —e™" :

e = FollZym) < inf {Zfs — fellZm +C(ﬁ2<S>rank(S>82 + (9.100)

Rt t+log(2m)
B o oy T ) .

Suppose now that f,(-) := (A,-) for some matrix A € H,,(C), that D is a closed
convex subset of H,(C) and that A € D. In particular, it includes the case when D =
H.,,(C). Then, one can use S = A as an oracle in Corollary 9.4 to get the following
result.

Corollary 9.5. Under the notations of Theorem 9.5 and under the conditions t, , <
cn and (9.82), the following bound holds with probability at least 1 —e™" :

Wl 1)

n

1A% - AlIZ,m) gC(ﬁz(A)rank(A)ez (9.101)

Next we turn to a couple of examples in which X, X1, ...,X, are i.i.d. random ma-
trices sampled from an orthonormal basis in the space M,,(C) of all m x m matrices
or in the space H,,(C) of m x m Hermitian matrices. We will not discuss similar
problems for rectangular matrices, but it has been already shown at the end of Sec-
tion 9.2 how these problems can be reduced to the Hermitian case using the Paulsen
dilation.

Matrix Completion. As a first example, consider an orthonormal basis {Ej it
k < j} of the space H,,(C), where
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Egw:=eQer, k=1,...,m, and

Eyj:= %(ek®ej+ej®ek)+ %(ek®ej —ej®e) 1 <k<j<m.
Note that, for all A € H,,(C) and for all k < j, (A,Ey;) = Ay;. Let IT denote the
probability distribution (non-uniform) that assigns probabilities 7> to the matri-
ces Ey corresponding to the diagonal entries and probabilities 2m =2 to the rest
of the matrices of the basis. Then, it is easy to check that, for all matrices B,
||B||1%2(H) = m~2||B||3, which implies that 3(B) < m. Sampling from the distribu-
tion IT is equivalent to sampling the entries of matrix A at random with replacement
(when an entry A;; becomes known, A j; = Ay ; 1s also known).
Note that

oy = |[EX?|= sup EX?*v)= sup E|Xv]%
veCm |v|=1 veCm |v|=1

For X = Ey, we have |Xv|? = |(v,¢;)|?, and, for X = Epj k< j,

1 . . 2
|Xv|2 =17 (1+i)(ex,v)e;+ (1 —i)(ej,v)exr| =

|17i|2| 1

11+ 1
— e = 5le) P+ 3 ler I,

T e )P+

This easily implies that 2 < % We also have || X|| < 2, so, we can take Uy = 2.
In the case of i.i.d. Gaussian noise with mean 0 and variance O'g, condition (9.82)
with @ = 2 can be written as

log(2 log(2
SZDo'g[ t +log( m)\/logl/zmH_ og( m)]
mn n

with a large enough constant D > 0. Assuming for simplicity that

m(t +1log(2m))logm <1 (9.102)
n - .
one can take
t+log(2
e = Doy 108 2m) (9.103)
mn

With this choice of regularization parameter € and under the assumption that A € D,
Corollary 9.5 implies the following.

Corollary 9.6. Under the conditions t,,, < cn, (9.102) and (9.103), the following

bound holds with probability at least 1 —e ™" :

o sank(4) 1 +log(2m) Al n

1A = A7, () < C("g

+n1>. (9.104)
n n
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Sampling from the Pauli basis. Another example is sampling from the Pauli
basis already discussed in Section 1.7. Recall that the Pauli basis in the space of
2 x 2 matrices M (C) was defined as W; := %G,', i=1,2,3,4, where

o (O1) o (0= (10 do (10
=l10) @27 \io ) BT o-1) ™% =101

are the Pauli matrices.. Let m = 2%, k > 1. The Pauli basis in the space M,,(C)
consists of all tensor products W, ®---@W;,, (i1,...,ix) € {1,2, 3,4}*. Assume that
IT is the uniform distribution in this basis and X, X1, ..., X, are i.i.d. random matrices
sampled from IT. Then, we have ||B||i2(n) = m~2||B|)3, implying that B(B) < m. It

is also easy to see that || X || < 27%/2 = m~!/2. Therefore, one can take Uy = m~ /2
and we have

ox <E[X|><m™".

In condition (9.82), ox can be replaced by an upper bound, say, Uy = m~ /2. In the
case of centered Gaussian noise, condition (9.82) can be rewritten as

¢ > Do [ t+log(2m) \/t—l—log(Zm)] .

nm ny/m

Under the assumption 7 +log(2m) < n, one can use the value of regularization pa-
rameter
t+log(2m)

€= DO'&
nm

(9.105)

with a sufficiently large constant D.
As before, assume that D C H,,(C) is a closed convex subset that contains A.

Corollary 9.7. Under the conditions t,,, < cn and (9.105), the following bound
holds with probability at least 1 —e™" :

N A 2
VA1 < g AN o) | Al

+n1>. (9.106)

n n

An interesting special case is when D is the set of all density matrices, that is,
Hermitian nonnegatively definite matrices of trace 1. Such matrices describe the
states of a quantum system and Y;, j = 1,...,n can be viewed as measurements
of observables X;,j = 1,...,n, provided that the system has been prepared each
time in the same state. The problem of estimation of the unknown state (density
matrix) based on measurement (X1,Y),...,(X,,Y,) is very basic in quantum state
tomography, see [115, 69, 68]. In this case, for all € > 0, the estimator A€ coincides
with the unpenalized least squares estimator A,

N

n 2
A := argming_pn~! Z (Yj - (S,Xj>) .
=1
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Indeed, for all S € D, ||S||; = tr(S) = 1, so, the penalty term in the definition of A®
is a constant on the set . However, the bound of Corollary 9.7 and other bounds
of this type hold for the estimator A. For instance, the oracle inequality of Theorem
9.6 takes in this case the following form

13— £l ) < 205 = £l +

thm Inm
C(ﬁz(S)rank(S)Sz s = el = + )

n

and it holds for all density matrices S.

Another interesting special case is when D C H,,(C) is a closed convex set of
diagonal m x m matrices that can be identified with m-dimensional vectors, so that
D can be viewed as a convex subset of R”. As we have already pointed out in
Section 9.2, this special case of low rank recovery is equivalent to the usual sparse
recovery discussed in chapters 7-8 and the results on nuclear norm penalized least
squares estimators, such as Theorem 9.5, easily imply oracle inequalities for the
LASSO. This reduction has been already discussed in Section 9.2, so, we will only
formulate here a corollary of Theorem 9.5. We will use the notations of chapters 7-8
and of Section 9.2. In particular, denote B(A) := Bz(s) (Jp,;IT), where J, :=supp(A).
We will also assume that the functions in the dictionary {h,...,h,} are uniformly
bounded and denote

2 2
Oy := max Ilh = m h .
X 1Sk?2<m o Ux 1§ka§>3nH kHLw(H)

We will use the quantity ¢, ,, defined by (9.79) with ¥, = I, (%), where
F = {fl 1A els.(D), Al < 1}

(which, in the case under consideration, is equivalent to the general definition used
in Theorem 9.5). We also use the notation

. t
a(e) = aDse) i= 0t 13~ £ B+ el + 13~ L1 |

Corollary 9.8. There exist constants ¢,C,D > 0 with the following property. Sup-
pose that t, , < cn and that

(a)

U
SZD[crgGX Hk’f(zm\/ug‘”leogl/“(é ?)Hlof(zm)} (9.107)
13 X

Then the following bound holds with probability at least 1 —e™" :



9.4 Other Types of Design in Matrix Regression 211
e = £illtym < it {sz*nL2 +C<ﬁ (A)card(J; )€ + (9.108)
( A}/ t+log(2m)  _
(115, v T2 ) 22 1 oy 2 ) .

n

In the case when

D :{()L],...,Am):/ljzo,Z)szl},

Jj=1

the estimators ie, € > 0 coincide with the least squares estimator over the convex
hull of the dictionary

~

n
A = argminy _pn~ Z Y, — f(X;))%,

s0, the oracle inequality of Corollary 9.8 applies to the least squares estimator A
The following proposition can be used to bound the quantity 7, involved in the
definition of #, ,, and in oracle inequality (9.108).

Proposition 9.3. There exists a constant K > 0 such that
%, < KUz log® nlogm. (9.109)

Proof. The proof is based on a version of well known Maurey’s argument (see, for
instance, Lemma 2.6.11 in [142]). We will start with bounding the L. (IT,)-covering
numbers of the convex hull of the dictionary

& :=conv({hy,...,hn}) = {fl DA ZO,Z)LJ- = 1}.
j=1

Any vector A with 4; > 0 and Y| 4; = 1 can be viewed as a probability distri-
bution on the dictionary {hi,...,hy,}. Let &, &, ..., Ey be an i.i.d. sample from this
distribution (that is, §; takes value Ay with probability A;) defined on a probabil-
ity space (Q', X', ). Clearly, E' = f;. We will apply symmetrization inequality
followed by Theorem 3.5 to an empirical process based on (&;,...,&y) to get

logn
< CU; .
)= VN

N
/N71 L
j;l&] fl LI

It follows that there exists @’ € Q' such that

N logn
N! () — < CUx/ .
H j;g’( )= fa L) = VN
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Note that the number of possible choices of (§i,...,Ey), where &; € {hi,... ,hy}, is

logn
N

at most m". Let N be the smallest number for which CUy < g, which implies

I
N< U2t Og” 9.110)

Then N(¥4; L..(IT,);€) < m". Note also that
F = {fx : HA’”ﬁ < l} = COHV({07h1,—h17...,hm, —hm})

Hence, we have
N(F;Lo(IT,);€) < (2m+ 1)V, (9.111)

On the other hand, we have an obvious bound (see also the proof of Proposition 9.2)
Ux "
N(F;Le(R,);€) < —+1 , €< Ux (9.112)

and we will use (9.111) for € > Uyn~'/2 and (9.112) for € < Uxn~ /2. We can
bound the generic chaining complexity ¥ (.7 ; L (I1,)) in terms of Dudley’s entropy
integral, use (9.112) and (9.111) in the respective intervals of values of € and also
use (9.110) to get

Uyn=1/2
n(F <C2/ nlog —+1 de+

Ux
/ \/log 2m+1 UX\/logn] =

Uxn~

172 1
G [\/ﬁUx/ log <£ + l)d&‘ + Uy \/log(2m + 1) lognlog(n'/?)
0 \
C3Ux /logmlog®/? n. 9.113)

It immediately follows that

Yo = Lo F) =By (F; Loo(I,)) < KUz log® nlogm.

9.5 Further Comments

Nuclear norm minimization has been used for a while as a heuristic approach to low
rank matrix recovery. Theoretical understanding of this method in the case of noise-
less matrix completion started with the papers by Recht, Fazel and Parrilo [120]
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and Candes and Recht [41]. Generally speaking, matrix completion with no error is
impossible unless almost all the entries of the matrix are observed (it is enough to
consider a matrix with only one non-zero entry: for such a matrix, the probability
to miss the non-zero entry is close to 1 unless the number of the observed entries is
comparable with the total number of entries in the matrix). However, under a rea-
sonable assumption that the row and column spaces of the target matrix have “low
coherence”, these authors were able to prove that it is possible to recover the matrix
based on a much smaller number of measurements and that this number depends
on the rank of the target matrix. Candes and Tao [45] obtained the first tight bound
on the number of randomly sampled entries needed for precise matrix completion.
For an m x m matrix, this number is equal (up to a logarithmic factor) to mr, where
r is the rank of the matrix. The proof of this result was rather involved and relied
heavily on noncommutative probability and random matrix theory. Gross et al [69]
and Gross [68] developed a different approach to the analysis of low rank matrix
recovery problems based on a noncommutative version of Bernstein’s inequality de-
veloped earlier by Ahlswede and Winter [4]. Using this inequality, they simplified
the argument of Candes and Tao, improved the logarithmic factor in their bound
and extended the result to a broader class of matrix recovery problems based on
sampling of Fourier coefficients in a given basis in the space of matrices, including
important problems in quantum state tomography. Tropp [136] provided a review of
exponential inequalities for sums of independent random matrices and matrix val-
ued martingales extending the initial result of Ahlswede and Winter [4] (see also
[85] for a yy-version of such exponential bounds).

Candes and Plan [40], Rohde and Tsybakov [121], Koltchinskii [85], Negahban
and Wainwright [113], Koltchinskii, Lounici and Tsybakov [86], Lecué and Gaiffas
[94] started developing error bounds in low rank matrix recovery in the presence
of noise. Our approach to the matrix regression with subgaussian isotropic design
in the first part of Section 9.3 (reduction to the fixed design case using a matrix
version of restricted isometry condition) is akin to the approach in [40] and the
proof of Theorem 9.1 in Section 9.2 resembles the proof of the main result in [86]. In
addition to the approach based on nuclear norm penalization, Rohde and Tsybakov
[121] obtained error bounds for some other methods of low rank recovery based
on the penalization with Schatten “p-norms” with p < 1 and studied a number of
examples including multi-task learning. Koltchinskii [85] obtained “low rank oracle
inequalities” for estimators of a density matrix (in quantum state tomography) based
on penalized least squares method with a complexity penalty based on von Neumann
entropy. Lecué and Gaiffas [94] studied a number of complexity penalties including
a matrix version of “elastic nets” for which they proved oracle inequalities with
“slow rates”. Koltchinskii, Lounici and Tsybakov [86] studied a modification of
nuclear norm penalized least squares method suitable in the case of random design
matrix regression problems with known design distribution (in the case of fixed
design regression, this method coincides with the penalized least squares).

Propositions 9.2 and 9.3 are similar to what has been already used in sparse and
low rank recovery (see Bartlett, Mendelson and Neeman [18] and Lecué and Gaiffas
[94]).
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The literature on low rank matrix recovery is vast, it keeps growing and it is not
our goal here to provide its comprehensive review. Some further references can be
found in the papers cited above.



Appendix A
Auxiliary Material

A.1 Orlicz Norms

We frequently use Orlicz norms || - ||y of random variables. Given a convex non-
decreasing function ¥ : R} — Ry with y(0) = 0 and a random variable 1 on a
probability space (Q2,XZ,P), define

||n||w2:inf{C>0:Ey/<2|> < 1}

(see Ledoux and Talagrand [97], van der Vaart and Wellner [142], de la Pena and
Giné [48]). If we want to emphasize the dependence of the Orlicz norms on the
probability measure, we write || - |1, () (similarly, [ - ||, 7, || - [|,,(17)» €te)-

If y(u) = u? for some p > 1, then the y-norm coincides with the usual L,-norm.
Some other useful choices of function y correspond to Orlicz norms in spaces of
random variables with subgaussian or subexponential tails. For ¢ > 0, define

Wolu) :=e"“—1,u>0.

Most often, y»- and yi-norms are used (the first one being the “subgaussian norm”
and the second one being the “subexponential norm”). Note that, for & < 1, the func-
tion Yy, is not convex and, as a result, || - ||y, is not a norm. However, to overcome
this difficulty, it is enough to modify y, in a neighborhood of 0. As it is common in
the literature, we ignore this minor inconvenience and use || - ||, as a norm even for
a < 1. Moreover, usually, we need the y,-norms for & > 1. The following bounds
are well known (see [142], p. 95):

1My, < (10g2)4/ %[0y, 1< 01 < 0

and, forall p € (m—1,m],m=2,3,... |[n|[L, <m!|N]y,-
It easily follows from the definition of yy-norms that

215
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P{n|> 1} szexp{—(m)a}.

Another well known fact is that for all convex nondecreasing functions y with
y(0) = 0 and such that y(u)y(v) < c;y(couv), u,v > 0 for some constants ¢y, cp >
0, for all N > 1 and for all random variables 1y, ..., Ny

<K -y
Hl%nkﬂw_ max [y (V).

where K is a constant depending on ¥ (see, e.g., [142], Lemma 2.2.2).

A.2 Classical Exponential Inequalities

Let Xy, ..., X, be independent random variables with EX; =0, j=1,...,n. We state
below several classical exponential bounds for the sum

Spi=X| + -+ X
Denote B2 := EX? +--- +EX?.
e Bernstein’s inequality. Suppose |X;| <U,j=1,...,n. Then,

l‘2

23,2;(1+;gz)}

¢ Bennett’s inequality. Suppose |X;| <U,j=1,...,n. Then,

B2 [t
i <onf-Ba(12))
n

where h(u) := (14 u)log(1+u) —u.
o Hoeffding’s inequality. Suppose a; <b;,j=1,...,n,X; € [a;,b;],EX; =0, j=
1,...,n. Then,

P{S, >t} < exp{—

IP’{S >t}<exp{ th} t>0
e 1(bj—ap)? JT

e Bernstein’s type inequality for y;-random variables. Suppose |X;|ly, < V.

Then,
[D{ Sn > l} < exp ¢ t /\ t
nV 2 V

with some universal constant ¢ > 0.
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Bernstein’s inequality easily implies that, for all # > 0, with probability at least
1—e!

|S,| < C(B,VtVUL),

where C is a numerical constant. We frequently use this form of Bernstein’s inequal-
ity and other inequalities of similar type.

A.3 Properties of #- and b-Transforms

Here we provide some properties of f- and b-transforms introduced in Section 4.1
and used in the construction of excess risk bounds. The proofs of these properties
are rather elementary. We are mainly interested in #-transform.

1. If w(u) = o(u) as u — oo, then the function y* is defined on (0, +o0) and is a
nonincreasing function on this interval.

2. If y; <y, then y/f < wg. Moreover, if y(8) < y»(8) either for all 5 > wg(s),
or for all 6 > llff(e) — t with an arbitrary 7 > 0, then also l//f(e) < l[/’z:(e).

3. Foralla >0,
(aw)i(€) = (e /a).
4. If € = & + - + &, then
vie) V. Vi) < (wi+-+ym)e) < vien) ...\ Wi (en).

5. If y(u) =c, then
yi(e) =c/e.
6. If y(u) := u® with a < 1, then
1—o)

yi(e) =g /179,

7. For ¢ > 0, denote y,(8) := y(cd). Then

vi(e) =S¥ (e/e).
If y is nondecreasing and ¢ > 1, then
ey (u) < ¥ (u/e).
8. For ¢ > 0, denote y.(6) := w(8 +c¢). Then for all u > 0,€ € (0,1]
Wé(u) < (yF(eu/2) —c) v ce.

Recall the definitions of functions of concave type and strictly concave type from
Section 4.1.



218 A Auxiliary Material
9. If v is of concave type, then y? is the inverse of the function

5. v()

)

In this case,
yH(eu) > yh(u)/c
forc <1 and
v (cu) < yi(u)/c
forc>1.
10. If y is of strictly concave type with exponent ¥, then for ¢ < 1

_ L
-y,

W (cu) < Y (u)e

A.4 Some Notations and Facts in Linear Algebra

Let L be a linear space. The following notations are frequently used: 1.s.(B) for a
linear span of a subset B C L,

1s.(B) := {Z/ljxj n>1,4 R x; € B};

Jj=1

conv(B) for its convex hull,
n n
conv(B) := {Z Aixjin>1,4;>0,Y Aj=1x;€ B};
Jj=1 J=1
and conv,(B) for its symmetric convex hull,

n n
convg(B) ::{lexj:nzl,lje]& Mjgl,xjeB}.
=1 =1

J

For vectors u,v € C™ or u,v € R™, (u,v) denotes the standard Euclidean inner
product of « and v; |u| denotes the corresponding norm of u. Notations |u||¢, or
||| are also used for the same purpose.

For vectors u, v in C™ (or other real and complex Euclidean spaces), u ® v denotes
their tensor product, that is, the linear transformation defined by

(u@v)x = (v,x)u.

Given a subspace L C C™ (more generally, a subspace of any Euclidean space), Py,
denotes the orthogonal projection onto L and L denotes the orthogonal complement
of L.
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We use the notations M, ,n, (R) and M, ,n, (C) for the spaces of all m; x my
matrices with real or complex entries, respectively. In the case when m; = my = m,
we use the notations M, (R) and M, (C). The space of all Hermitian m x m matrices
is denoted by H,,(C). For A,B € H,,(C), the notation A < B means that B— A is
nonnegatively definite.

We denote by rank(A) the rank of a matrix A and by tr(A) the trace of a square
matrix A. Given A € M,;, », (C), A* denotes its adjoint matrix. We use the notations
(+,-) for the Hilbert-Schmidt inner product of two matrices of the same size,

(A,B) = tr(AB"),

|| - || for the operator norm of matrices and || - ||, p > 1 for their Schatten p-norm:

Al = (;o;’(A))l/p,

where {0} (A)} denote the singular values of the matrix A (usually, arranged in a
nonincreasing order). In particular, || - ||2 is the Hilbert—Schmidt or Frobenius norm
and || - ||; is the nuclear norm. The notation || - || is reserved for the operator norm.
Given a probability distribution IT in H,,(C), we also associate with a matrix B €
H,,(C) the linear functional (B,-) and define the L,(IT) norm of B as the L, (IT)-
norm of this functional:

IB1E = (BT

m

We use the corresponding inner product (-, -) L,(17) in the space of matrices.
For a matrix S € H,(C) of rank r with spectral decomposition

S=Y Ajlej@ej),
=1

where eq,...,e, are the eigenvectors corresponding to the non-zero eigenvalues
Aly..., A, define the support of S as supp(S) :=L.s.({e1,...,er}). Also, define

S1:= V2 =Y [2l(e;®e))
j=1
and ,
sign(§) := ) sign(4;)(e; ®e;).
j=1

It is well known that the subdifferential of the convex function H,,(C) 3 § — ||S]|1
has the following representation (see, e.g., [145]):

ISl = {sign(s)+ P WL s W] <1},
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where L := supp(S).
Some other facts of linear algebra used in Chapter 9 can be found in [21].
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