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Preface

The purpose of these lecture notes is to provide an introduction to the general
theory 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 machine learning such as large margin classification methods (boosting, kernel
machines). 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 {;-type penalization and low rank matrix recovery based on the nuclear norm
penalization are other active areas of research, where the main problems can be
stated in the framework of penalized empirical risk minimization, and concentration
inequalities and empirical processes tools proved to be very useful.

My interest in empirical processes started in the late 1970s and early 1980s.
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
concentration inequality proved in the 1990s was a major result with deep conse-
quences 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
exchanges 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 Mendelson, Dmitry Panchenko, Alexandre Tsybakov, Aad van der Vaart,
Jon Wellner and Joel Zinn.
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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.

The research described in these notes has been supported in part by NSF grants
DMS-0304861, MSPA-MPS-0624841, DMS-0906880 and CCF-0808863.

I was working on the initial draft while visiting the Isaac Newton Institute for
Mathematical Sciences in Cambridge in 2008. I am thankful to the Institute for its
hospitality.

I am also very thankful to Jean-Yves Audibert, Kai Ni and Jon Wellner who
provided me with the lists of typos and inconsistencies in the first draft.

I am very grateful to all the students and colleagues who attended the lectures in
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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. Many important aspects of empirical risk
minimization are beyond the scope of these notes, in particular, the circle of
questions related to approximation theory (see well known papers by Cucker and
Smale [47], DeVore et al. [49] and references therein).

1.1 Abstract Empirical Risk Minimization

Let X, X1,...,X,,... be i.i.d. random variables defined on a probability space
(£2, ¥, P) and taking values in a measurable space (S, .o7) with common distri-
bution P. Let P, denote the empirical measure based on the sample (Xi,..., X;)
of the first n observations:
n
Pn = I’l_1 ZSXI’
j=1

where §,, x € S is the Diracs’s measure. Let .% be a class of measurable functions
f S — 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, feF (1.1)

V. Koltchinskii, Oracle Inequalities in Empirical Risk Minimization and Sparse Recovery 1
Problems, Lecture Notes in Mathematics 2033, DOI 10.1007/978-3-642-22147-7_1,
© Springer-Verlag Berlin Heidelberg 2011



2 1 Introduction

in the cases when the distribution P is unknown and has to be estimated based on
the data (X1, ..., X,,). Since the empirical measure P, is a natural estimator of P,
the true risk can be estimated by the corresponding empirical risk,

and the risk minimization problem has to be replaced by the empirical risk
minimization:
P,f — min, f € .%. (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
Vapnik and Chervonenkis [147] (see Vapnik [146] 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 empiri-
cal risk minimization in pattern recognition and learning theory that required the
development of the theory in a much more general framework than what was
common in statistical 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 problems about convergence of || P, — P | # to 0, where

1Yz := sup [Y(f)]
fesF

for Y : % +— R. Vapnik and Chervonenkis introduced a number of important
characteristics 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 1960s and 1970s led to the general theory of empirical processes that started
with the pathbreaking paper by Dudley [58] on central limit theorems for empirical
measures (see well known books by Dudley [59], Pollard [123], van der Vaart and
Wellner [148]).

In the 1990s, Talagrand studied isoperimetric inequalities for product measures
and, in particular, he proved a striking uniform version of Bernstein inequality
describing concentration of ||P, — P| & around its expectation (see Talagrand
[138, 139]). 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 developed in nonparametric statistics (see, e.g., Johnstone [74]). 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
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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 inequalities in a number of statistical problems. In particular,
Birgé and Massart [23], Barron et al. [12], and, more recently, Massart [106, 107]
suggested a general approach to model selection in a variety of statistical problems
such as density 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
performance, 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 general approach to measuring the complexities of these classes (see
Koltchinskii [81], Bartlett et al. [14], Koltchinskii and Panchenko [92], Bousquet
et al. [34], Bartlett et al. [15], Lugosi and Wegkamp [104], 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 natural penalties in model selection methods.
This approach provided a general explanation of fast convergence rates in classi-
fication and other learning problems, the phenomenon discovered and studied by
several authors, in particular, by Mammen and Tsybakov [105] and in an influential
paper by Tsybakov [144].

1.2 Excess Risk: Distribution Dependent Bounds
Definition 1.1. Let
E(f):=6Ep(f):=6Ep(F; f):=Pf — inf Pg.
gEF

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

Let R A
S = Jn € Argmin g Py f
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be a solution of the empirical risk minimization problem (1.2). The function fAn 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
the accuracy of approximation of the true risk P f 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) = Fpd) :={f:Ep(f) =8}

Suppose, for simplicity, that the infimum of the risk Pf is attained at f € Z (the
argument can be easily modified if the infimum is not attained in the class). Denote

§ = @@p(fA). Then f, fe ﬁ(g) and P,,f < P, f. Therefore,

S=&(H=P(f =) <P.(f—F)+@—=P)f - 1)

which implies
§= sup [(Pn—P)(f =2l
1.8€F ()

Imagine there exists a nonrandom upper bound

Un(8) = sup [(Po = P)(f =8I (1.3)
f5€7 ()

that holds uniformly in § with a high probability. Then, with the same probability,
the excess risk &p ( f ) will be bounded by the largest solution of the inequality § <
U, (8). 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 D p (% §) of the §-minimal set
7 (§) and the function

ou(F:8):=E sup |(P,—P)(f -8
f5€7 ()

define
Un(&t) = K((]ﬁn(g‘\;S) + D(ﬁ;S)\/g_F 2)
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Talagrand’s concentration inequality then implies that with some numerical constant
K > 0, forallt > 0,

Bl sup |(P = P)f =g = T,@E0) <™.
f8EF(5)

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 § and then extending it to all the values by monotonicity).
By solving the inequality § < U,(8), one can construct a bound §,(.%) such that
the probability P{&p ( f;) > §,(.Z)} is small. Thus, constructing an upper bound
on the excess risk essentially reduces to solving a fixed point equation of the type
8 = U,(8). Such a fixed point method has been studied, for instance, in Massart
[106], Koltchinskii and Panchenko [92], Bartlett et al. [15], Koltchinskii [83] (and
in several other papers of these authors).

In the case of P-Donsker classes .%,

¢u(F:8) <E|P, — P|lz = O(n~'?),

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

ging) limsupn'/?¢,(F:8) =0,

n—o0

which allows one to conclude that
8:(F) = o(n™'"?).

It happens that the bound §u(F ) 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 sample
(X1,...,X,), but do not depend explicitly on the unknown distribution P. Such
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bounds can be used in model selection procedures. Their construction usually
requires the development of certain statistical estimates of the quantities involved
in the definition of the distribution dependent bound §,(.%) based on the sample
(X1, ..., X,). Namely, we have to estimate the expectation of the local sup-norm of
the empirical process ¢, (-%; §) and the diameter of the §-minimal set.

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

Ri(f):=n""Y &, f(X)), [ € Z,

J=1

where {¢;} are ii.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 (X1, ..., X,). The process R,(f), f € -# depends
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 “correlation
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 € .7 that fits the Rademacher noise very
well. This usually means that the class of functions is too complex for the purposes
of statistical estimation and performing empirical risk minimization over such a
class 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 6, (%) 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
&
n(f) 1‘ _ 8}'
&p(f)

This problem is closely related to the study of ratio type empirical processes (see
Giné et al. [65], Giné and Koltchinskii [66] 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
Ep( f ) that hold with a guaranteed high probability. The proofs of these facts heavily
rely on Talagrand’s concentration inequalities for empirical processes.

i
feF.Ep(f)=8
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1.4 Penalized Empirical Risk Minimization
and Oracle Inequalities

The data-dependent bounds on the excess risk can be used in general model selection
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 .7,
and there is a specified family (“a sieve”) of subclasses {.%,,a € A} of varying
complexity that are used to approximate functions from .%. Often, classes %,
correspond to different statistical models. Instead of one empirical risk minimization
problem (1.2) one has to deal now with a family of problems

P,f — min, f € %,, a € A, (1.4)

that has a set of solutions { fw : 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 §,(«) = §,(Fy) on the
excess risk &p (Fy; f:,,a) discussed above. The goal of model selection is to provide
a data driven (adaptive) choice & = &(X1, ..., X,) of model index « such that the
empirical risk minimization over the class .%; results in an estimator f = f;a with

the nearly “optimal” excess risk &p (F; f ). One of the most important approaches
to model selection is based on penalized empirical risk minimization, that is, on
solving the following problem

@ := argmin, 4 [fmgl P, f+ 7, (a)}, (1.5)
€Fy

where 7,(a),¢ € A are properly chosen complexity penalties. Often, 7,(x) is
designed as a data dependent upper bound on 8n (), the “desired accuracy” of
empirical 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
minimization problem in the following form

fi= argmin ;¢ 5 [Pnf + pen(n; f)i|v

where pen(n;-) is a real valued complexity penalty defined on .#. Denoting, for
eacha € R,
Fo={f €F pen(n; ) = a}

and defining 7, (&) = «, the problem can be again rewritten as (1.5).
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The bounds on the excess risk of f = fnﬁ of the following type (with some
constant C)

& (7 f)<c gg[‘fiengfa Er(f) + Sn(a)} (1.6)

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
F, for some o = a(P). If there were an oracle that knew the model index «(P),
then with the help of the oracle one could achieve the excess risk at least as small as
8, (a(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 C§, («(P)) (which is within a constant
of the performance of the oracle).

1.5 Concrete Empirical Risk Minimization Problems

Density estimation. The most popular method of statistical estimation, the maximum
likelihood method, can be viewed as a special case of empirical risk minimization.
Let u be a o-finite measure on (S,.¢/) and let & be a statistical model, that
is, & is a family of probability densities with respect to w. In particular, &
can be a parametric model with a parameter set ®, & = {p(0,:) : 0 € O}.
A maximum likelihood estimator of unknown density p. € & based on i.i.d.
observations X1, ..., X, sampled from ps is a solution of the following empirical
risk minimization problem

n! Z(— log p(Xj)) —> min, p € &. (1.7
j=1

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

2 « .
== P(X) + 1Pl — min, p e 2. (1.8)
Jj=1

This approach can be explained as follows. The best L, (u)-approximation of the
density p is obtained by solving

lp = pellZ,g = —Z/S ppwdi+ 1|PlI7, 0 + I P47, () —> min, p € 2.

The integral [ pp«dp = Ep(X) can be estimated by n~! Z’;’:l p(X;), leading to
problem (1.8). Of course, in the case of complex enough models &2, there might be
a need in complexity penalization in (1.7) and (1.8).
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Prediction problems. Empirical risk minimization is especially useful in a variety
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 ¥ based
on an observation of X. To formalize this problem, introduce a loss function
£:TxRr—R4.Giveng : S — R, denote (£ ® 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(leg) =ELY, 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 (X1, Y1), ..., (X,, Y,), which leads to
the following empirical risk minimization problem:

P,(teg)=n"" Ze(y,g(xj)) —> min, g € 9.

J=1

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

Regression and classification are two most common examples of prediction
problems. 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

nt Z¢(Y/ —g(X;)) — min, g € 9.

j=1

The choice ¢ () = 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(leg) =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
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P,(Leg)=n"" Y I(Y; # g(X)))

=1

is known as the training error. Minimizing the training error over ¢

n! ZI(Y/ # g(X;)) — min, g€ ¥
j=1

is, usually, a computationally intractable problem (with an exception of very simple
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 ¢ : 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 — Ry is a convex nonincreasing function such
that ¢ (u) > I(—c0,0](1), u € R. The product Y g(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

P(leg)=FEp(Yg(X)) — min, g€¥4

and its empirical version is

Py(Leg)=n""Y ¢(¥;g(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) =Ep(Yg(X)) — min, g: S —>R

possesses the property that sign(gs«) is the Bayes classifier. Thus, it becomes
plausible that the empirical risk minimization problem (1.9) with a large enough
and properly chosen convex function class ¢ would have a solution g such that the
generalization 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 margins on the training data positive and large, which explains the name “large
margin classifiers”.
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Among common choices of the surrogate loss function are ¢(u) = e™* (the
exponential loss), ¢ (1) = log, (1 + e™*) (the logit loss) and ¢ (1) = (1 —u) v O (the
hinge loss).

A possible choice of class ¢ is

N N
4G .= conv(H) 1= {Zx,-hj,zv >1.4; =0, Ajhj.h; e%},

J=1 J=1

where .77 is a given base class of classifiers. Usually, 7 consists of binary
classifiers and it is a rather simple class such that the direct minimization of the
training error over .7 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) 7k generated by a symmetric
nonnegatively definite kernel K : § x § — R. For instance, using the square of
the norm as a penalty results in the following problem:

n
n~' > ¢(Y;g(X)) + ellglZ, —> min, g € A, (1.10)
j=1

where ¢ > 0 is a regularization parameter. In the case of hinge loss ¢ (#) = (1—u)Vv0
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 g of (1.10) must be in the linear
span of functions K(X1,-),..., 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 s = {hy,...,hy} beagiven setof functions from S into R called a dictionary.
Given A € RY, denote f; = Z?]=1 Ajh ;. Suppose that a function fix € 1.5.(J7) is
observed at random points X1, ..., X}, with common distribution I7,

Yj=f*(Xj), ] =1,...,n
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being the observations. The goal is to find a representation of f in the dictionary,
that is, to find A € R¥ such that

fAX) =Y, j=1,....n. (1.11)

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:= {’\ERN:fA(Xj)ZYj,j =1,...,n}

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

N
IMlley =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 searching
through all 2V coordinate subspaces of RY and then solving the corresponding
linear systems. However, the following problem

N
IAlle, =D [A;] — min, A € L. (1.13)
j=1

is convex, and, moreover, it is a linear programming problem. It happens that
for some dictionaries .77 and distributions IT of design variables the solution of
problem (1.13) is unique and coincides with the sparsest solution A* of problem
(1.12) (provided that [|[A*||¢, is sufficiently small). This fact is closely related
to some problems 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 7 and it is measured at
random locations X; with some errors. Given i.i.d. sample (X1, Y1),...,(X,.Y,)
and a loss function £, this naturally leads to the study of the following penalized
empirical risk minimization problem

A = argming g [ Pa(C o f3) + el | (1.14)

which is an empirical version of the problem
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A% = argmin, cpx [P(E « )+ g||,\||41], (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
literature. 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

A® € Argmin, 4. [|A ]l ,

where

n Y X)) = Y)he(X )

Af =11 eRY: max
1<k<N —
=

58/2}.

Note that the conditions defining the set A® are just necessary conditions of
extremum in the LASSO-optimization problem

n~' Y (Y = fu(X))) + el All, —> min, A € RY,
j=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
recovery problems such as, for instance, the entropy penalty Zﬁ-\;l AjlogA; for
sparse recovery problems in the convex hull of the dictionary 7.

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

Let A € IMI,,”,mz(]R)l be an unknown m x my matrix and X1, ..., X, € M, m, (R)
be given matrices. The goal is to recover A based on its measurements

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

'In this section, we are using the notations of linear algebra introduced in Sect. A 4.
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In the case when A is a large matrix, but its rank rank(A) is relatively small, it is of
interest to recover A based on a relatively small number of linear measurements
(1.16) with n of the order (m; vV mj)rank(A) (up to constants and logarithmic
factors). This noncommutative generalization of sparse recovery problems has been
intensively studied in the recent years, see [41,45,70,71,124] 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)=Yj, j =1,...,n}, (1.17)

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

IS|l, — min, S € .2, $={S:(S,Xj)=Y,-, j=1,...,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,
nonnegatively definite, etc).

Matrix completion, in which Y;, j = 1,...,n are noiseless observations of
randomly picked entries of the target matrix A4, 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,...,mm, be an
orthonormal 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 onthe set {Ey,..., E,}. Most often, [T is the uniform distribution that assigns
probability ﬁ to each basis matrix E;. Note that

1
EI{AX)P = =4l A € Moy (R).

In the case of matrix completion problems, {E; : i = 1,...,m1my,} is the matrix
completion basis

{e;’” ®eT2 l<i<m,1<j §m2},
where {e;"" 1 i = 1,...,m}, {eT2 : j = 1,...,my} are the canonical bases of
R™ R™2, respectively. Clearly, the Fourier coefficients (A4,e!"" ® e'}”) coincide
with the entries of matrix A. We will discuss only the case when the matrices
X1, ..., X, arei.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).
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Another example of sampling from an orthonormal basis is related to quantum
state tomography, an important problem in quantum statistics (see [70, 71]). 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

Y, =(o,X;) =tr(pX;), j=1,....n (1.19)
and the following version of (1.18) can be used:
S|y — min, S €., (S, X;)=Y;, j=1,....n (1.20)

where
7 = {S €H,(C): S >0,u(S) = 1}

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

01 0—i 10 10
o] = , o= . , 03:.= and o4 1=
10 i 0 0-—1 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;, ® ---® W;,, (i1,....ix) € {1,2,3, 43k As in the
case of matrix completion, X, ..., 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 [120], Sect. 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, X1, ..., X, be i.i.d. random matrices in H,, (C). Suppose that
(A, X) is a subgaussian random variable for each A € H,,(C) (see Sect.3.1). One
specific example is the Gaussian design, where X is a symmetric random matrix
with real entries such that {X;; : 1 < i < j < m} are independent centered

normal random variables with IEXI% =1,7i=1,...,mand IEXl»zj = % i<
Another example is the Rademacher design, where X;; = ¢;;, i = 1,...,m and
X = \%81‘]’, i < j,{e&; 1 <i < j < m} being ii.d. Rademacher random

variables (that is, random variables taking values +1 or —1 with probability 1/2
each). In both cases, E[(4, X)|*> = |A]3, A4 € M,,(C), which means that X
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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

Y; =(A.X;)+§&.,j=1....n, (1.21)

where A € 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
minimization algorithm (1.18) by the following version of penalized empirical risk
minimization:

R ) e 2
A = argmmSeMWz(R)[n 1Z(Y,—(S,X,)) +e||S||1]
j=1

where ¢ > 0 is a regularization parameter. Such problems have been studied in
[40, 90, 127] and they will be discussed in Chap.9 (for some other penalization
methods, for instance, von Neumann entropy penalization in density matrix estima-
tion problem, see also [88]). 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 A4.



Chapter 2
Empirical and Rademacher Processes

The empirical process is defined as
Z, :=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 .7 :

Zi(f)=n"2(P, = P)([). [ € F

(see Dudley [59] or van der Vaart and Wellner [148]).
The Rademacher process indexed by a class .% was defined in Sect. 1.3 as

Ri(f)=n"" e (X)), f € 7.

i=1

{e;} 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 [59], Chap.5 and van der Vaart and Wellner [148],
Sect. 1.7 for precise formulations of these measurability assumptions. Some of the
bounds derived and used below hold even without the assumptions of this nature, if
the expectation is replaced by the outer expectation, as it is often done, for instance,
in [148]. Another option is to “define”

E|Py, — Pllz := sups E| Py, — Pllg : ¢ C F,9 is finite

V. Koltchinskii, Oracle Inequalities in Empirical Risk Minimization and Sparse Recovery 17
Problems, Lecture Notes in Mathematics 2033, DOI 10.1007/978-3-642-22147-7_2,
© Springer-Verlag Berlin Heidelberg 2011
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which provides a simple way to get around the measurability difficulties. Such an
approach has been frequently used by Talagrand (see, e.g., [140]). In what follows,
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 %

function @ : Ry — R

of P-integrable functions and for any convex

1
lE@(EIIRnII%) <E®(|P.— Pllz) <E®(2|Rl5),
where F. .= {f — Pf : f € F}. Inparticular,
1
SEIRul|z. < EllPy — Pllz < 2E|[Ru]| 5.

Proof. Assume that the random variables X1, ... X, are defined on a probability
space (.(_2, ¥, ]I_D). We will also need two other probability spaces: (f?, by , ]f”) and
(£2¢, X, P;). The main probability space on which all the random variables are
defined will be denoted (£2, X', IP) and it will be the product space

(2,2.P) = (2.2,P) x (2, £,P) x (2, Z.. P,).

The correspondlng expectations will be denoted by E,E,E, and E. Let
(X I.....X,) be an independent copy of (X,..., X,). Think of random variables
Xi... X as being defined on (.Q z, ]P’) Denote P, the empirical measure based
on (Xl, ..., X,) (it is an independent copy of P,). Then EP, f = Pf and, using
Jensen’s 1nequa11ty,

Ee(IP, — Pllz) = Eo (I P, ~EF,|.#) = Bo(IE(P, - P)ll»)

T

j=1

< BB (1P, — Pulls) = I‘Efw(

Since X1, ..., X, X1,..., X, arei.i.d., the distribution of (X1, ..., 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,
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)

for an arbitrary choice of 6; = +1 or 0; = —1. Define now i.i.d. Rademacher
random variables on (£2,, X, P,) (thus, independent of (X1, ..., X,, X1,..., Xy)).
Then, we have

EE@(

n_lijﬁxf—S&)H )::EE@(
j=1 7

! ZGJ(SX/' —dz)
j=1

n

P> 6y, — 85 )H )=ESEE@(

EE@(
j=1

n*zq@ﬁ%W)
j= 7

and the proof can be completed as follows:

n*zq@ﬁ%W)
j=1 7

1 -
—-E.E®
) T3 (

o (P, — Pl.7) fESIEfE@(

=582

=E(2|R, 7).

-1
> ety

j=1

ZSJSX/

)

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||R,|l#z. = EllRull7z — sup [Pf|E[R,(1)| =
feF

- sup rez | Pf
Z E|Ry |7 = sup |Pf|E|n”! Zsj ?=E|Ry]5 — —LF.
feF = NG
2.2 Comparison Inequalities for Rademacher Sums

Givenaset T C R” and i.i.d. Rademacher variables ¢;,i = 1,2, ..., itis of interest
to know how the expected value of the sup-norm of Rademacher sums indexed by T’

Zte,

i=1

R,(T) := Esup

teT
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depends on the geometry of the set 7. The following beautiful comparison inequality
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" andlet ¢; : R +— R, i = 1,...,n be functions such
that ¢; (0) = 0 and
lpi () —@i()| < [u—v|, u,v € R

(thatis, @; are contractions). For all convex nondecreasing functions ® : Ry — Ry,
— sup ;i (t;)e; ) <E® (sup ti & )
o (5ml) £

i=1 i=1
Proof. First, we prove that for a nondecreasing convex function @ : R — R and
for an arbitrary A : T — R

E® (sup|:A(t) + pr, (t,)e,jD <Eo® (sup[A(t) + Zt 8,i|) 2.1

teT i=1 teT i=

We start with the case n = 1. Then, the bound is equivalent to the following
E® (sup[t1 + £<p(tz)]) <Eo® (sup[tl + stz])
(€T teT

for an arbitrary set 7 C R? and an arbitrary contraction ¢. One can rewrite it as

1

3 (cb (?IGJTP[II + @(h)]) + qb(?:?[tl - <P(l2)]))

< %( (?2?[11 + 12]) + @(SUP[fl - 12]))

If now (t1,,) € T denotes a point where sup,cr[ti + ¢(f2)] is attained and
(s1,52) € T is a point where sup, 7 [t; — ¢(f2)] is attained, then it is enough to show
that

@(tl + (p(tz)) + @(sl — (p(sz)) < @(fgg[ﬁ + tz]) + @(sup[tl — tz])

teT

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

t 4+ @(t2) = 51+ @(s2) and 11 — @(12) < 51 — @(s2).

First consider the case when t, > 0,5, > 0 and #, > ;. In this case, we will prove
that

45(11 + (p(tz)) + @(sl - (p(sz)) < @(11 + tz) + @(sl - sz), 2.2)
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which would imply the bound. Indeed, for
a:=t +¢(tr).b:=t +t.c:=s51—5.d =5 —@(s2).

we have ¢ < b and ¢ < d since ¢(t2) < t2, @(s2) < s, (by the assumption that ¢
is a contraction and ¢(0) = 0). We also have that

b—a=t—-¢t)=s5—¢()=d—c,
because again ¢ is a contraction and #, > s,. Finally, we have
a=10+¢() =51 +¢(s2) =51 —5=c.

Since the function @ is nondecreasing and convex, its increment over the interval
[a, b] is larger than its increment over the interval [c, d] ([a, b] is longer than [c, d]
and a > c¢), which is equivalent to (2.2).

Ift, > 0,5, > 0 and s, > 17, it is enough to use the change of notations (¢, s) +>
(s, ) and to replace ¢ with —¢.

The case , < 0,5, < 0 can be now handled by using the transformation
(t1,tn) — (11, —t) and changing the function ¢ accordingly.

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

@(tl + (p(tz)) + @(sl — (p(sz)) < @(tl + tz) + @(sl —sz).

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

E® (sup[A(r) e (r,»)siD

teT i
n—1
=E, 0 Ee, @ (sup [A(t) + > pilt)e + enqo(tn)D-
teT i
The expectation E,, (conditional on ¢, ..., &,—1) can be bounded using the result

in the case n = 1. This yields (after changing the order of integration)

n n—1
Eo (SUP[AUHZ wf(tf)eiD < E,E,... snlé(sup[A(t)+8ntn+Z wf(tf)eiD.

1eT prt teT eyt

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

Zmr,)e, )
= Ed)( I:(SUPZ%(E)E:) (SUPZ<P1(lz)( Ei ) i|)
i=l1 + i=l1 +

<3[=o((mpren) ) oo owen) )]

i=1

1
E® (— sup

teT

where a4 = a Vv 0. Applying the inequality (2.1) to the function u > @(u4),
which is convex and nondecreasing, completes the proof. O

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

={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 @ : Ry — Ry,

1
50( 1Rl ) <0 (IR, 115).

In particular,

EllRnllyo7 < 2E[| Ry | -

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

lom) — ()| < 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

E”Rn ”(poy < 2LE||Rn ||J’J

This implies, for instance, that
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n

n' Y e f(X0)

i=1

n_l Zn:é‘ifz(x,')

i=1

E sup
fez

(2.3)

< 4UE sup
fez

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 =g(X1,...,Xn)

of independent random variables with values in arbitrary spaces is valid under so

called bounded difference condition on g : there exist constants ¢;, j = 1,...,n
such that forall j =1,...,n andallxl,xz,...,xj,x},...,xn
/
g(xl,...,xj_l,xj,xjH,...,x,,)—g(xl,...,xj_l,xj,xjH,...,x,,)‘ <cj.
2.4)

Theorem 2.4 (Bounded difference inequality). Under the condition (2.4),

212
J=1"

and

212
P{Z-EZ <—t} <expi—~=7— (-
> j=16€j
A standard proof of this inequality is based on bounding the exponential moment
Ee*?~EZ) "using the following martingale difference representation

n
Z-EZ = Z[E(Z|X1,...,Xj) —E(Zle,...,Xj_l)},
j=1

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
Sect. A.2).

For a class .% of functions uniformly bounded by a constant U, the bounded
difference inequality immediately implies the following bounds for || P, — P| &,
providing a uniform version of Hoeffding inequality.
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Theorem 2.5. Forallt > 0,

tU s
B{iPu = Plls 2 EI P = Plls + o) < expl=r/2)

and

tU
BlIi7 = Pls < BIP = Pl — o} < expl=r’/2)

Developing uniform versions of Bernstein’s inequality (see Sect. A.2) happened
to be a much harder problem that was solved in the famous papers by Talagrand
[138, 139] on concentration inequalities for product measures and empirical pro-
cesses.

Theorem 2.6 (Talagrand’s inequality). Ler Xi,..., X, be independent random
variables in S. For any class of functions .% on S that is uniformly bounded by

a constant U > 0 and forallt > 0
>ty <K ! tl 1+tU
=N =R Ty 8 v )

P{ ‘Hgf(xf)

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

SElE ],

V=Esup > fAX0).

f‘e§i=1

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 Xi,..., X, with
distribution P

Y s f(X)

i=1

n
E sup Zfz(X,) <nsup Pf?+8UE (2.5)
JeF =1 re7 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 E f(X) = 0, the desymmetriza-
tion inequality yields

E

F

Zeif(x,»)Hy <2E|Y " (X))
i=1 i=1

As aresult, one can use Talagrand’s inequality with

; F(X0) H

V =n sup Pf*+ 16UE
feF

and the size of H Y f(XD)

- is now controlled it terms of its expectation only.
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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
inequalities. In particular, we will frequently use the bounds proved by Bousquet
[33] and Klein [77] (in fact, Klein and Rio [78] provide an improved version of
this inequality). 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 forall # > 0 :

Bousquet bound

t 4 _
Plir~Plls 2 BIP, - Pl + Ph (o3 + 2z - Pls) 4yt <

Klein-Rio bound

t t
P17, = Plls <BIP, - Pl - h (o3 + 21— PIs) - e

Here
0} (F) = sup (Pf2=(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 .%, that is, a measurable function such that | f(x)| < F(x),x € S,
f € % . The next bounds follow from Theorem 4 of Adamczak [1]: forall o € (0, 1]
there exists a constant K = K («) such that

Adamczak bound

1/a

t <ot
Vo N -

1/a

! <e.
Vo N -

Concentration inequalities can be also applied to the Rademacher process which
can be viewed as an empirical process based on the sample (X1, €1), . . . (X, €e,)in
the space S x {—1, 1} and indexed by the class of functions F={f:feZF),
where f(x,u) := f(x)u, (x,u) € S x{—1,1}.

t
PlIE=Plls = K[EIP=Pls-tor(P) |1+ | max FOx)
n I<j=n

and

t
PLEI Pl = K[ 1B Plotor () 4] may FOX)
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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, || > t}, where X}, ..., 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 [133], p. 94):

Proposition 2.1. For arbitrary Hermitian m x m matrices A, B
tr(e?t8) < tr(e’e?).
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 [70, 88, 124]. 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 [142] that is based on the following classical result by Lieb
[102] (Theorem 6).

Proposition 2.2. For all Hermitian matrices A, the function
G4(S) :=trexp{A + log S}

is concave on the cone of Hermitian positively definite matrices.

Given independent Hermitian random m xm matrices X1, ..., X, withEX; =0,
denote

o2 = n—IHE(Xf+---+X3)

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

t2
P X+ + Xl =2ty <2 —_— . 2.6
Xt Xz o] <amef -t 2o

2. Leta > 1 and suppose that, for some U@ > 0 and forall j = 1,...,n,

For the notations used in this section, see Sect. A.4.
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H||X]~||HW V2E2| X2 < U@,

Then, there exists a constant K > 0 such that

1 r?
N 1 (27
X+ 4+ X, = 1) < ’"e"p% K no? + (U@ log U@/~ 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 [70, 124, 142]). In inequality (2.7), the Loo-bound U on ||.X /||
is replaced by a weaker v,-norm. This inequality was proved in [88] in the i.i.d.
case and in [89] in the general case. We follow the last paper below. Note that, when
a — 00, (2.7) coincides with (2.6) (up to constants).

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

IED{”Yn” EZ}SP{Yn ftlm}"i']P){Yn ?l_tlm}- (2-8)
The next bounds are based on a simple matrix algebra:
P{Y, £ tl,} = P{e*n £ My < P{tr(e””) > em} < e MEtr(e*).  (2.9)

To bound the matrix moment generating function Etr(e*"

), observe that
Etr(e*'") = EE,trexp{AY,_; + loge**n} = E]EnGlyn_l(eAX”).
where [E, denotes the conditional expectation given Xj,..., X,—;. Using Lieb’s

theorem (see Proposition 2.2), Jensen’s inequality for the expectation [E, and the
independence of random matrices X ;, we get

Etr(e*’") < EGyy, , (Ee**") = Etrexp{AY,—; + logEe**"}.
Using the same conditioning trick another time, we get

Etr(e*'") < Etrexp{AY,_; + log Ee*¥"}
= EE,_trexp{AY,_s + log Ee**" 4+ loge*¥n—1} = EE, Gy, s +log EerXn (eMn=1)

and another application of Lieb’s theorem and Jensen’s inequality yields

Etr(e*") < Etrexp{AY,_, + log Ee* "~ 4 log Ee**"}.
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Iterating this argument, we get
Etr(e™") < trexp{log Ee**! + logEe**> + ... 4 log Ee**"}. (2.10)

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

AX _ 242 1 AL
Ee** =1, + EA*X 2!+3!+ m

(1 AlX] AX” }
= +...

1 AX  A*x? i|

2 2 ©
=S o+ AEX 2!+ 3! 4

PANS WYY
=1, + 22Ex2| &
* B

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

AU 1
EeMX < I, + AZEXZ[M}

2202

e'—1
u2

Denoting ¢ (1) := — we easily get

log Ee** < A2EX2¢(AU).

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

Etr(e*) < tr exp{)LzIE(Xlz Foeet X3)¢(w)}
< mexp(R[E(X] + -+ XD$ (U)}.

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*¥ in a slightly different way. We do it for an
arbitrary Hermitian random matrix with EX = 0 and

V2EV? | X|P < U@,

x|,

For all T > 0, we get
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MXL g - x|
Ee™ < I, + A2Ex?| &
=it FEAE
1 A1 x|
<1, + A EX| AT L E|X 11X > 7).
R S e R D e L

Take M := 2(log2)"/“U® and assume that A < 1/M. It follows that

X — 1 — 2 x|
E|X|> I(|X]| > 1) < MR XM 1 x| > 7) <
[ II[ 21X }(II [ >17) < e (IXI=7) <

M2EV22IXUMBI20 x|l > 7).

Since, fora > 1,
M =2(log2)/*U@ > 2H||X||H
Y1

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

T o
P{IX|| >} < —2%log2| — ] ;.
{ ||_f}_eXP{ 0g (M) }
Therefore, the following bound holds:

Ee** < I, + A’EX? rol-de £ 21202 M % expl 2% og 2 — Y
i m Aztz M m-

1/a—1 2 . .
Take now v := M (1ig/2)1 = lo gl/e % and suppose that A satisfies the condition

At < 1. This yields the following bound
C
Ee*¥ < I, + 71A2(IEX2 + 021,),
which implies that
C
log Ee™¥ < TIAZ(]EXZ +021,)

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

U@ /e
AU@ (log ) <C,, (2.11)
o

we have
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Etr(e*) < trexp %AZ(EXf o+ EX2 4 no’l,);,
which further implies that
Etr(e*'") < m exp{CiA*no?)}.
Combining this bound with (2.8) and (2.9), we get
P{||Y, | > 1} < 2m exp{—m + clxznoz}.

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

1 i?
P{|| Y, || >t}<2mexp{—— T }
K no? +tU@log/* (U@ /o)

This proves inequality (2.7). O

The next bounds immediately follow from (2.6) and (2.7): for all # > 0, with

probability at least 1 — e~
[t + log(2m t 4 log(2m
( g( ) \/ g( )) (2.12)

and, with some constant C > 0,

X1+ -+ X,
n

Xy +--+ X, r+ log(Zm)
e B Gl Y
U@ONY ¢ 4 log(2
U@ (log ) + log m)). (2.13)
o 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
mj 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, gy (R) = Hyy 4, (C), where JS = (SO* g)

Clearly,
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(JS)? = (SS* 0 )

0 S*S§
Therefore,
1IS| = ISS*V* v (IS*S |/ = ||S||
and, for independent random matrices X1, ..., X, in My, »», (R) with EX; = 0, we
have

o2 = (IEGGXT) + -+ ECGXD |V B X)) + -+ B X))
= 1R X 4+ (X))

The following statement immediately follows from Theorem 2.7 by applying it
to the Hermitian random matrices J Xy, ..., JX,.
Corollary 2.1. 1. Let m := m; + my. Suppose that, for some U>0 and for all
J=1....n | X;| < U.Then
12

S — 2.14
202n + 2U1/3 2.14)

]P’{ X1+ -+ Xl > t} < 2mexp%—
2. Let a > 1 and suppose that for some U™ > 0 and forall j = 1,...,n,
11|, voEix P < v,

Then, there exists a constant K > 0 such that

12

1

PUIXi + -+ X, || = 1} < 2mexp) —— :
{” 1 ” } p{ K]’[O‘2+tU(a)10gl/a(U(a)/UX)

(2.1

2.5 Further Comments

Initially, the theory of empirical processes dealt with asymptotic problems: uniform
versions of laws of large numbers, central limit theorem and laws of iterated
logarithm. It started with the work by Vapnik and Chervonenkis (see [147] and
references therein) on Glivenko-Cantelli problem and by Dudley [59] on the
central limit theorem (extensions of Kolmogorov—Donsker theorems). Other early
references include Koltchinskii [80], Pollard [122] and Giné and Zinn [69]. Since
Talagrand [138, 139] developed his concentration inequalities, the focus of the
theory 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 [137]).
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Symmetrization inequalities of Sect. 2.1 were introduced to the theory of empiri-
cal processes by Giné and Zinn [69] (an earlier form of Rademacher symmetrization
was used by Koltchinskii [80] and Pollard [122]).

In Sect.2.2, we follow the proof of Talagrand’s comparison inequality for
Rademacher sums given by Ledoux and Talagrand [101], Theorem 4.12.

Talagrand’s concentration inequalities for product measures and empirical pro-
cesses were proved in [138, 139]. Another approach to their proof, the entropy
method based on logarithmic Sobolev inequalities, was introduced by Ledoux. It
is discussed in detail in [100] and [107] (see also [30]). The bounded difference
inequality based on the martingale method is well known and can be found in many
books (e.g., [51, 107]).

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. [71], Gross [70], Recht [124],
Koltchinskii [88]). Tropp [142] 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
function 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 dependence 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 o, or ¥ €

SG(0?),iff forall A € R
EerY < or'0/2.

Normal random variable with mean 0 and variance o> belongs to S G(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., [148], Sect. 2.2.1 for the proof of property (ii)).

Proposition 3.1. (i) If Y1,...,Y, are independent random variables and Y; €
S G(ojz»), then
Yi+--+ Y, €SGO} + - +02).

(ii) ForarbitraryYy,...,Yy, N > 2suchthatY; € SG(UJZ»),j =1,...,N,

V. Koltchinskii, Oracle Inequalities in Empirical Risk Minimization and Sparse Recovery 33
Problems, Lecture Notes in Mathematics 2033, DOI 10.1007/978-3-642-22147-7_3,
© Springer-Verlag Berlin Heidelberg 2011
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E max |Y;| <C max o;+/logN
lsjsNI iI= 12y oy 77V I08

where C is a numerical constant.

Let (T, d) be a pseudo-metric space and Y (¢),¢ € T be a stochastic process. It is
called subgaussian with respect to d iff, forallt,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
e-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 (7,d), i.e., the
largest number of points in 7 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) =log N(T.,d,¢)

is called the e-entropy of (T, d).

Theorem 3.1 (Dudley’s entropy bounds). IfY(t),t € T is a subgaussian process
with respect to d, then the following bounds hold with some numerical constant
C >0:

D(T)
Esup Y(t) < c/ H'YX(T,d,e)de
0

teT

andforallty e T
D(T)
Esup |Y(t) — Y(to)| < c/ HY*(T,d,¢)de.
teT 0

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 [101],
Sect. 3.3).

Theorem 3.2 (Sudakov’s entropy bound). If Y(¢),t € T is a Gaussian process
and

d(t,s) =EV>(X(t)— X(s))% t.s €T,

then the following bound holds with some numerical constant C > 0 :

Esup Y(t) > CsupeHY*(T,d, ¢).

teT >0

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

supeHY*(T,|| - |l¢,.€) < C'Esup(Z.t). (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 [121]). Namely, let K C
RY be a symmetric convex set (that is, u € K implies —u € K). Denote

]l := supu.1).
uek

Finally, denote BZN the unit ball in the space lé\’ (that is, in RY equipped with the
[r-norm). Then, the following bound holds with a numerical constant C’ > 0 :

supeH'2(BY || - |lk. &) < C'Esup(Z,t). (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)' 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., [101], Sect. 11.1) that also leads to more refined generic chaining bounds (see
Talagrand [140]). Talagrand’s generic chaining complexity of a metric space (T, d)
is defined as follows. An admissible sequence {4, },>0 is an increasing sequence
of partitions of 7' (that is, each next partition is a refinement of the previous one)
such that card(Ap) = 1 and card(A,) < 2%, n > 1. Givent € T, let A,(¢) 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 y,(7'; d) as

ya(T:d) == inf sup ) 2"2D(A,(1)).
0

{An}nZO teT n>

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 cen-
tered Gaussian process with

d(t,s) =EV2(Y(@t) - Y(s))% t,s €T,

then
K ' (T:d) <EsupY(t) < Ky»(T;d),
teT

where K > 0 is a universal constant. The upper bound also holds for all subgaus-
sian processes with respect to d.

Of course, Talagrand’s generic chaining complexity is upper bounded by
Dudley’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,
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for some constant C > 0,

1/2

(T;d) < C(/oo sH(T;d;s)de) . (3.3)
0

This follows from a more general result by Talagrand [140] 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

Y() = Zsiti, t=(,....ty) €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” :

n 1/2
d(t,s) = (Z(zi - si)z) .

i=1

The following result by Talagrand is a version of Sudakov’s type lower bound
for Rademacher sums (see [101], Sect. 4.5).
Denote

n
Z&‘ili .

i=1

R(T) := E; sup

teT

Theorem 3.4 (Talagrand). There exists a universal constant L such that
1
R(T) > Z5H1/2(T,ar,5) (3.4)

whenever

2
R(T)sup [It]leee < I (3.5)
teT

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

constant U > 0. Let N := card(.#) > 2. Denote 02 := SUP fe o Pf2.

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

log N
E|R,| 7 < Klu\/gT
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and
log N log N
BIR > < Koo 5N \/ U RER ]
n n
Proof. Conditionally on X1, ..., X,,, the random variable

1 n
VIR, (f) = ﬁ;le,f(xj), fe7

is subgaussian with parameter || f||1,cp,). Therefore, it follows from Proposition

3.1, (ii) that
[log N
Ec[[Ry|l#z < K sup ”f”Lz(Pn) :
feF n

The first bound now follows since sup e & || f || 2,(p,) < U. To prove the second
bound, denote .#? := { f?: f € .7} and observe that

sup || fllzacpy < sup || fllapy + V1P — Pll22,
fez feF

which implies

E sup (| fllLocpy = 0 + VEI Py = Pll 2.
feF
Using symmetrization and contraction inequalities, we get
E| Py = Pllz2 < 2E[[ Ry 52 < SUE| R, || 2.

Hence,

log N log N
E[R.|l7 = KE sup || f|zo(pn)/f 22 < K(U + SU]EIIRnIIy)\/ =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 ¢ = log N).

Theorem 3.6. There exists a universal constants K such that for all ¢ > 2
EVR % < BV R} (5 = EVT Y [Ra( )N
fez

(g—1'2N4 s 1N/
nl/2 n '

§K[o
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Proof. We will need the following simple property of Rademacher sums: for all

q=2,
n q n 1/2
Z%’Si (- 1)1/2(2%‘2)

i=1 i=1

EV4

(see, e.g., de la Pena and Giné [50], p. 21). Using this inequality, we get

Eel|Rull% < Y BelRi(OI < (g = D072 > £ ),

feF fesF

q/2
<(qg- 1)q/2n‘q/2N(sup Pnfz)
fez

q/2
<(q- l)q/zn‘q”N(o2 + 1Py — p||gﬂ) :
This easily implies

EV4 | Ryl% <B4 | Ru(f)) (3.6)
feF

< (q—1)"2n712N Va2 (o +EY| P, — P||‘1/2)

It remains to use symmetrization and contraction inequalities to get

E'4|| P, — P|%5 < 2U'EV4||R, |0 < 202 \JEV4 | R,||%.

to substitute this bound into (3.6) and to solve the resulting inequality for
E!Y4||R,||% to complete the proof. i
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
AC(F) := card{€ N F},
where ¢ N F = {C NF:Ce ‘5} Clearly,

A%(F) < 2card(F)‘
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If A%(F) = 2¢4(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! AC(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~
forall k > n.
Let
V(%) := min{n > 1: m% (n) < 2"}.

If m“(n) = 2" foralln > 1, set V(%) = oo. The number V(%) is called the
Vapnik—Chervonenkis dimension (or the VC-dimension) of class €. If V(%) <
~+o00, then € is called the Vapnik—Chervonenkis class (or VC-class). It means that
no set F of cardinality n > V(%) is shattered by €.

)

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). Ler F C S, card(F) = n. If

n
AC(F) > (5 L 1),

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 €,

m(n) = << V) 1),

V(%)—1

which can be further bounded by %
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:

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

For Y : € — R, we still write ||Y || = supcey |Y(C)|. Denote .# = {I¢ :
C e%}.
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Theorem 3.8. There exists a numerical constant K > 0 such that

log A% (X,.....X,) _ K\/ElogA‘fo”(Xl,...,Xn)
n - n ’

El| Py — Pll¢ < KE\/

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 ACK(X 1,...,Xy) and of

[Pz = sup P(C)
Ce%

(and which implies the inequality of Theorem 3.8).

Theorem 3.9. There exists a numerical constant K > 0 such that

1o [log AC(X1,....X,) Elog A% (Xy,....X,)
ElP, = Ple < KIPIY \/ , V& p

Elog A€ (Xy,..., X Elog A% (X,,.... X
< K||P||cl,;2\/ 0g (nl n) \/K 0g (nl n).

Proof. Let
= {(Ic(Xl),...,Ic(Xn)) :C € ‘5}

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

EelRulle = Ee Sup 1

Z eiti|.

i=1

For all + € T, n=' Y !_, &t; is a subgaussian random variable with parameter
n~|t|l¢,. Therefore, by Proposition 3.1,

Z et

i=1

E; sup|n

teT

< Kn”"sup el Jlog A% (X1, X,).

Note that
n~'sup tlle, = n 1/Z(Sllp P,(C))'2.

teT

Hence,
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Ecl|Rlle < Kn™'PE|[ P, |2\ Jlog A% (X,..... X,)

< Kn'PEV[[P, = Pl + Plle/log A% (X1..... X,)
< Kn'PEV/[P, — Pll\Jlog A% (X,..... X,)
+Kn™ TPIElog A% (X,..... X,).

By symmetrization inequality,

E| P, — Plle < 2Kn™ PEV[[P, — Plle/log A% (Xi..... X,)
+2Kn~2 /[Pl EJlog A (Xi..... X,)
<2Kn™V2/E[P, — Pllz\/Elog A% (X...... X,)
+2Kn~" 2/ [PeE /log A% (X,..... X,).

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,
log AC(Xy,....X,) < logm(‘”&(n) < KV(%)logn

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

V(%) logn V(%) logn
BIP, - Ple < K (1p12 LR\ TORER ),

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

do(C,C) = Q(C1AG), C,C, € %.

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, &)

1 V(€)—1
N(€:dg;e) < KV(%)(4e)V<‘@”>(E) , £€(0,1).
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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 [148]).

By Theorem 3.10, we get

1 V(€)—1
N(€:dp,;e) < KV(%)(@)V“@(-) , e€(0,1).
&

Using this fact one can prove the following inequality:

V(‘K)log
EIP. — Pl < 1/2 V(©) TPz )
1Py = Pll < K ||P|| \/log ”P” V-V

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.

3.4 Upper Entropy Bounds

Let N(Z; L2(P) ¢) denote the minimal number of L,(P,)-balls of radius ¢
covering .% and let
o2 := sup P, f>.
feF

Also denote by y»(:F; Lo(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 :

C
E[R, | # < EE)/Z(y; Ly(Py)).

Asa consequence,

20,

C
E|R,| 7 < —=E VIog N(F: Ly(P,): e)de
Vi Jo

with some constant C > 0.

Proof. Conditionally on X, ..., X,, the process

1 n
VAR,(f) = ﬁ;emxn, feZ
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is subgaussian with respect to the distance of the space L,(P,). Hence, it follows
from Theorem 3.3 that

E.|Rullz < Cn™'?y2(F; 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
Dudley’s entropy integral. O

Following Giné and Koltchinskii [66], we will derive from Theorem 3.11 several
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 .7, that is,

| f()| < F(x).xeS, feZF.
We will assume that o2 is a number such that

2
sup Pf <o’ < ”F”LZ(P)
fesF

Most often, we will use 02 = SUP /e Pf2.

Let H : [0, 00) > [0, 00) be a regularly varying function of exponent0 < o < 2,
strictly increasing for u > 1/2 and such that H(u) = 0 for0 <u < 1/2.

Theorem 3.12. If, foralle > 0 andn > 1,
log N(Z, Ly(P,).e) < H (” o) ) (3.8)
&

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

IF IF
1E||Rn||gz§C[ VH | ”LZ“” \/ | ”LZ(”)}. (3.9)

In particular, if, for some C; > 0,

F
no? > C1U2H (” ”Lz(P)) ,
o

then

Co | Flle,cp
E|R < —,H| —= 3.10
IRl < 7 ( (3.10)

o

with a constant C > 0 that depends only on H and C;.
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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 > 0and Dy > 0 for which

oo _Zw/H(u du - 2 e, 3
izl e\ ey [ VA= [t Ewdus Dy

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

20,
E|R,|lz < Cn—l/ZE/ VIog N(Z, Ly(P,).e)de
0

20, | F
< Cn—l/ZE/ H (” ”LZ(P”))dS
0 £
20, 2 F
s [ (e 1 (1F Ly < 20F L) G
0
B 20, F
S (””%)ds 1(1F Vst > 21F l))-
0

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

20, F 2
/ H(u ||22<Pn>)d£§”F”L2(Pn) / VHI]wdu = Dy || Flliae,.
0 0

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

e [ [ (1 T
n”zE[/O i (P et (1 F sy > 20 Fhusen) | G12)

_ 9 Dy
< Dun™"?||F|lLyp) exp%—§n||F||iz(P)} =5,

Bounding the first term is slightly more complicated. Recall the notation
2 2.
={f": feF}
Using symmetrization and contraction inequalities, we get

Eo? < 02 + E|P, — Pl g2 < 0> +2E|R,| 2> < 0> +8E|R,| & =: B> (3.13)

!The value of C might change from place to place.
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Since, for nonincreasing #, the function

U /Ouh(t)dt

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

_ 20m 2| F
w2 [ [ (A e 1P Ly = 20 Pl
0
20,
S’1_1/21}3/ ,H (2||F”L2(P))d8
0 &

2(Eo)/? U F
En_lﬂ/ H ( ” ||L2(P))d€
0 &

2B
S’1_1/2/ ,H (2||F”L2(P))d8
0 &

12 B/IIFllLypy 1
=2[|F||Lypyn H . de
0

+o00
=2n""2||F || Ly / w2/ H(u)du. (3.14)

1FlliLypy/B

In the case when B < || F||1,(p), this yields the bound

_ 20, 2UF
n 1/2]E/ H( l |(|9L2(P))d8 T(IF | Locpy) < 211F | Lacpy)
0
F F
< 2CHn—1/ZB H (””%(m) < ZCHn—l/ZB H (” ”LZ(P))‘
o

In the case when B > || F||1,(p), the bound becomes

o [ [ (HF ey
w0 o (A g 1F Ly < 20 )

+o0
=207 Pl | o V@
1/2

) Du

- JH®)

D F
R VA = 2202 (1),
VA o
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where we also used the assumption that

sup Pf? <0’ < ||F||L2(P)
feF

Thus, in both cases we have

—1/2 2o 2| Fllzycp)
n~/°E ; H - de I(| FllLopy = 21 F Lapy)

F
o

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

_ 20m IF Lo e,
V2R |:/0 \/@dsl (”F”LZ(P,,) < 2| FllLyp))

F
ECn—l/ZO_ (” ”LZ(P)) +\/—C —1/2 /]E”R ”‘? ( ”LZ(P))'
o

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

E<CDHn_1+Cn—l/20_ H(” ||L2(P))+\/_C _1/2\/_ (”F”Lz(P))
= o .

Solving it with respect to £ completes the proof. O

The next bounds follow from Theorem 3.12 with 6 := sup ;¢ 5 Pf?. If for
some A > 0,V > 0and forall ¢ > 0,

|4
N(F:Ly(Py);e) < (M) , (3.16)

&

then with some universal constant C > 0 (for a2 > const n~h

|4 A|F VU A|F
ElR: |z < C[\/—U\/logm\/—logm] (3.17)
n o n o
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If for some A > 0, p € (0, 1) and for all ¢ > 0,

A||F 20
log N(F; La(Py); ) < (M) ’ (3.18)
e
then
A”||F||'22(P) | AZP/(p+l)”F||ip/(p+1)U(1—p)/(1+p)
- =) 1=p 2(P)
Elan||y§C[ N \/ i } (3.19)

A function class .% is called VC-subgraph iff

{{(x,r):osf(x)sz}u{(x,z):ozf(x)zz}:feﬁf}

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, <) :

14
N(Z:Ly(Q):¢) < (M) £>0 (3.20)

(see, e.g., van der Vaart and Wellner [148], 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 77 is VC-type, then its convex hull conv(57) satisfies (3.18) with p := VL—{—Z
(see van der Vaart and Wellner [148], Theorem 2.6.9). More precisely, the following
result holds.

Theorem 3.13. Let 57 be a class of measurable functions on (S, <f) with a
measurable envelope F and let Q be a probability measure on (S, 7). Suppose
that F € L,(Q) and

N(#: La(Q)ie) = (M)V e < I Flo
Then
log N(conv(#): L(Q): ) < (M)Mw, e < IFl
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 77 itself should be used rather than an envelope of a subset
Z of its convex hull (which might be smaller than F).
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3.5 Lower Entropy Bounds

In this section, lower bounds on E|| R, || # expressed in terms of entropy of the class
Z will be proved. Again, we follow the paper by Giné and Koltchinskii [66]. In
what follows, the function H satisfies the conditions of Theorem 3.12. Denote 02 =
2
Supfeg Pf .
Under the notations of Sect. 3.4, we introduce the following condition: with some
constantc¢ > 0

log N(Z, Ly(P),0/2) > cH (” ”GLZ“”) (3.21)

Theorem 3.14. Suppose that .7 satisfies condition (3.8). There exist a universal
constant B > 0 and a constant Cy that depends only on H such that

o
E|[R, |7 > B—=1og N(Z, Ly(P),0/2) (3.22)
Jn
provided that
6| F
no?> C\U*H (%) . (3.23)

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

£ ||L2(P)) o (||F||L2(P))
C— <E|R, <Ci—|H| ——— ). 3.24
5 ( < BRI < G ! 624

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.
First note that, under the assumptions of the theorem, inequality (3.10) holds, so,
we have with some constant C depending only on H

o ”F”Lz(P))
E|R,||z < C— — .
IRl = €7 o (1L

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

E| Rz > g—wogzvu Ly(Py).0/8), (3.25)

as soon as )

o
Eel| R, 7 < il (3.26)
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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(F,L,(P),c/2)

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

M(F,Ly(P),0/2) = M(F, Ly(Py(w)), (1 — €)0/2)
= N(Z. Ly(Py(w)). (1 —&)a/4)

and
[F N2 (Puy = (1 + ) FllLyp)-

Take ¢ = 1/5. Then, by (3.8),

M(Z,Ly(P).0/2) < exp{ H(M)} . (3.27)

Let f1...., fu be a maximal subset of .% such that
P(fi— f})* = o%/dforalll <i #j <M.
In addition, we have

P(fi — fi)* <4P(fi — f;)? < 160>

Bernstein’s inequality implies that

IP’{ max (nP(ﬁ —f,)z—Z(fi —ﬁ)z(xk)) > gt + ~/32m02§ <M?Z?e".

I<i#j<M =1
Lett = §no?. Since P(f; — f;)* = 02/4 and (3.27) holds, we get
1 n
]P’{ min =Y (fi - £)’(Xe) <0 (1/4 —88/3— \/323)§
n
k=1

I<i#j<M
3| F
< exp%6H (M) — 8n02} .
o

For § = 1/(32-8%), this yields
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o? 6l FllL,p no’
P in P,(fi—f)<—\< H 2 - . (3.28
lsir;énjnsM i = /" = 16} - eXp{ ( o ) 32.83} (3:28)

Denote
E| = {a) M(F, Ly(Py),0/4) > M}'

On this event,

N(F, Ly(Py),0/8) = M(F, La(Py).0/4) =
M = M(F.Ly(P).0/2) = N(F. L2(P).0/2)

and

6| F 2

o 32.83

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

P(E) > 1 —exp%H(

F

E|Py — Pllys < 2E|Rullp < SE|R, |5 < €= [a (20} 652
NG o

(3.30)

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

126t t
||Pn—P||g22602+o 4 —
n 3n

We take t = 26n02. Then

P <e.

P{||P, — P| 7 = 410°} < exp{—26n07}.

Denote
E) = %a) 102 = sup P, f? < 4202}. (3.31)
fez
Then
P(E,;) > 1 — exp{—26nc>}. (3.32)

Also, by Bernstein’s inequality, the event
Es = {0 [|FllLapy = 21 Fllzace) (3.33)

has probability
9
P(E;) > 1— eXP{‘z"”F”%z(m} : (3.34)
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On the event £, N E3, (3.7) and (3.23) yield that, with some constant C depending
only on H, the following bounds hold?:

C [ I F [l Lo (py)
E.||R < — H| —2)d
N nngz_ﬁfo J ( : )e
2420 / 2||F||L2<P>
24/420/ 11 Flly(p)
anuLz(m/ ( )ds

2C +o00 _
= 2 FlLe /( > JHGdu

NG B F Ly o

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

bounded from above by
c % g (1FlLe)
N o

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

o [ (IFlun) _ o
E Ryllg <C—4=|H| ————— — 3.35
IRl = 02 (Flae ) < o (.35)

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

1
ElR,| 5 = —L%ﬂog N(Z.L:(P).0/2B(E\ N Es N Es)  (3.36)

and that
P(EiN E; N E3) >

32-83

This last probability is larger than 1/2 by condition (3.23) with a proper value of Cj.
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. a0

6| F 2
1— exp{ H( | ”LZ(P)) _ e } —exp{—26n02} — exp{—9nc?/4}.
o

Note that C might change its value from place to place.
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3.6 Generic Chaining Complexities and Bounding Empirical
Processes Indexed by .72

Generic chaining complexities can be used to control the size of empirical processes
indexed by a function class .% (see [140]). For instance, one can define the com-
plexity y2(%; Ly(P)), that is, y2(%#;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 Sect. A.1). The generic chaining complexity that corresponds
to the v,-distance will be denoted by y2(F; ¥,). In particular, these complexities
were used to bound the sup-norm of the empirical process indexed by the class
F2:={f?: f € #}. 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 .7 rather than the class .%#2. A standard approach
to this problem is to use the symmetrization inequality (to replace the empirical
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 s & || f [|oo). In many interesting applications (for instance, in sparse
recovery) the quantity sup ;¢ & || f [|oo might be infinite, or very large. To overcome
this difficulty Klartag and Mendelson [76]) started developing another approach
based on generic chaining bounds for empirical processes. Quite recently, following
this path, Mendelson [115] proved the following deep result.

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

VA Fia) \  VI(F )
.

We will discuss one more result in the same direction which provides a bound on
E|| P, — P|| 2 in terms of Lo (Py) generic chaining complexity y2(.-%; Loo(Py)) of
class .7. Denote 0> := sup ¢ » P f* and

E|P, — Pl < K[Sup £ My
feF

[hoo(F) = Eyg(y; Loo(Py)).

Theorem 3.16. There exists a universal constant K > 0 such that

Esup |P,f?— Pf? < K|:o Tnool %) \/ F”*w(j)] (3.37)
feF n n

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
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E sup [Py f2 = Pf2| < ~—Eys(F2 La(P,)). (3.38)
feF ﬁ

Next we have

n
1f2 = &7y =n"" D _1F7(X) — (X))

J=1

="' Y (F(X) = g(X))(f (X)) + g(X))) < 4;“}; Pof21f =gl o
j=1 N

which implies

1% =& lLacpy = 200l f = gllLootrn)s (3.39)
where af =Supregz Pn 2. 1t follows from (3.39) that

)’2(?2; Ly(Py)) < 20,y2(F; Loo(Pn))-

and (3.38) implies that

2C
E:=Esup |P,f?>— Pf* < “=FE0,y2(F; Loo(P,))
feF \/ﬁ

2C
< —EY262 /T, o (%).
Jn
Note also that

E262 = EV? sup P, f? < E1/2<sup 1Py f2— PfY + 02) <JVE +o.
feF feF

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

E < i—%wf + o) Thoe(P).

and bound (3.37) easily follows by solving the last inequality for E. O
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3.7 Function Classes in Hilbert Spaces

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

]
Yr(x):=—=  sup  |f(0)]
t VA feLlfllym<!

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; ||” < 400, for some p > 1,
1/ n V4 n 1/ p
P . . P :
E ZIY, < KP(E Z:IY, H +E (1‘2,?‘5",, ||Y,||) ) (3.40)
j= i=

where K, is a constant depending only on p (see Ledoux and Talagrand [101],
Theorem 6.20).

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

d
E|R, |7 < E*|Ryll% = r\/;

Moreover, there exists a universal constant K such that whenever

n
E max WZ(X,-) < X

1<i<n

1 d
ElRullz =z 7 \/;

Proof. Let ¢1,...,¢g be an orthonormal basis of L. Then

d
Rn (Z(de)j)
j=l1

we have

d
E 2 2
: . <

. Ol] r}

IRz = s [Ru(f)] = sup{
j=l

SELNfllLypy=r

d
Y aR.(4))
j=1

d d 1/2
:Za? §r2} =r(ZR5(¢j)) .
j=1

J=1

= sup%

Therefore,

d
E|R,|% = r* Y ER}($)),
j=1
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and the first statement follows since

Py;
ER2(¢;) = TJ j=1,....n.

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

[ [d 1
4 _ 2 2 a1 ip
r " EV7Ry |7 < KZ(E”Rn”ﬂ +r " ﬁE llgaj I/fL(X ))

and the result follows by assuming that K = 2K,. O

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

<mem)Zﬁmm¢> = b K

The corresponding norm will be denoted by || - | . Let

={f ek | fllk <land|flL,r) =r}
Finally, let Ax denote the linear integral operator from L,(P) into L,(P) with
kernel K,
Ak 1@ = [ K S0Py,
let {A;} denote its eigenvalues arranged in decreasing order and {¢;} denote the

corresponding L, (P)-orthonormal eigenfunctions.
The following result is due to Mendelson [113].

Proposition 3.3. There exist universal constants Cy, C, > 0 such that
oo 1/2 o0 1/2
a(n 0 A BRI < (0 0y Ar)
Jj=1 Jj=1

In addition, there exists a universal constant C such that

1/ < 172 sup,cg K(x,x)
M&MaEQIZ@mﬂQ | YUses K6 1)

n
=1
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Proof. By the well known properties of RKHS,

F = {Z:quﬁk:C’:(C’I,C’z,...)E(g‘}ﬂ(g"z}7
k=1

where
o0

[o o) 2
N k N Ck
& = {C.kz::ll_kfl} and & = %C.Zr—zf 1}-

k=1

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

o0 C}%
§:={c:zkk/\r2§1}

k=1

denote the ellipsoid with “half-axes” «/Ax A 7. A straightforward argument shows
that & C & N & C +/2&. Hence,

Rn (Z Ck(Pk)
k=1

sup
CcEE

<|[Rullz = V2sup
cEE

Rn (Z Ck(Pk) ‘
k=1

Also, we have

(e )| = el T ()
o0
= 3" (M A ) R20).
k=1
Hence,
o0 2 o0
Esup|R, (Z ckqﬁk) = Z(Ak A rZ)ER,%(qﬁk).
ced k=1 k=1

Since Pq&,% = 1,ER2(¢y) = % we get

R, (Z ck¢k)
k=1

and the first bound follows.
The proof of the second bound is based on the observation that

2

E sup
cEE

="'y (AT,
k=1
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sup | f(x)] = [sup K(x,x)
feF xX€S

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 {)kl(n)} be the eigenvalues (arranged in

n

decreasing order) of the random matrix (n_l K(X;, X j)) (equivalently, of the
ij=1
integral operator from L,(P,) into L,(P,) with kernel K).

Proposition 3.4. There exist universal constants Cy, C, > 0 such that

n 1/2 n 1/2
a(n G Ar) BRI < G G Ar)
i=1 j=1

In addition, there exists a universal constant C such that

1/ 1/2 sup,es K(x,x)
Eslanllf/‘ZE(n IZ(AE’/\H)) _ VSUPres ALY, X)

‘ n
Jj=1

3.8 Further Comments

The main reference to the generic chaining method is the book by Talagrand [140].
Shattering numbers and Vapnik—Chervonenkis classes have been discussed in many
books [51,59, 148].

Special cases of the inequalities discussed in Sect. 3.4 can be found in Talagrand
[137], Einmahl and Mason [60], Giné and Guillou [64], Mendelson [112], Giné et al.
[65]. Theorem 3.12 is given in Giné and Koltchinskii [66] (in a slightly more precise
form). Lower bounds proved in Sect. 3.5 are due to Giné and Koltchinskii [66].

A number of other entropy bounds on suprema of empirical and Rademacher
processes (in particular, in terms of so called bracketing numbers) can be found
in Dudley [59] and van der Vaart and Wellner [148]. Recently, van der Vaart and
Wellner [149] proved new versions of bounds under uniform entropy conditions
(both for bounded and for unbounded function classes).

Generic chaining complexities were used by Klartag and Mendelson [76] to
bound empirical processes indexed by the squares of functions. This method was
further developed in [117] and, especially, in [115]. Another approach is based
on Lo (P,)-covering numbers and generic chaining complexities (see Theorem
3.16). It goes back to Rudelson [128] and it was used in learning theory and sparse
recovery problems in [18,116]. Similar idea was also used by Giné and Mason [68].



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 = argmin ;¢ & Py 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 Chap. 1 and it is closely related to the recent work of
Massart [106], Koltchinskii and Panchenko [92], Bartlett et al. [15], Bousquet et al.
[34], Koltchinskii [83], 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

Fr@) ={f € F : 6p(f) = 8]

is called the §-minimal set of the risk P. In particular, .%p (0) is its minimal set.
Define pp : L,(P) x Lo(P) — [0, +00) such that

pp(f.8) = P(f —8)° = (P(f =) f.g € La(P).
Usually, pp is also a (pseudo)metric, such as

pp(fi8) =P(f —g)lorph(fig)=P(f—g>—(P(f—2g)"

V. Koltchinskii, Oracle Inequalities in Empirical Risk Minimization and Sparse Recovery 59
Problems, Lecture Notes in Mathematics 2033, DOI 10.1007/978-3-642-22147-7_4,
© Springer-Verlag Berlin Heidelberg 2011



60 4 Excess Risk Bounds

Under the notations of Sect. 1.2,

D) := Dp(#:8):== sup pp(f.8)
f8EF(5)

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

F'®) ={f-g: fgeF )
and
Gn(8) := P (F; P;6) :=E|| P, — Pz ).

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

0a0) = du(8) + 22 (026)) + 2900, + 2L “2)
Finally, denote
8,(F; P) :=sup{d € (0,1] : 6 < U,(8)}.

It is easy to check that
§i(F. P) = Uy(8:(F ., P)).

Obviously, the definitions of U, and §,(%#, P) depend on the choice of {§;} and
{1}

We start with the following simple inequality that provides a distribution
dependent upper bound on the excess risk &p ( f;).

Theorem 4.1. For all § > §,(F; P),

P{E(f) > 81 <Y eV

8/'28

Proof. Tt is enough to assume that § > §,(%; P) (otherwise, the result follows by
continuity). Denote § := &(f,). If § > 8 > ¢ > 0and g € F(¢), we have

§=Pf,—inf Pg<P(f,—g)+¢
gEF
an(fn_g)+(P—Pn)(f_g)+8§”Pn_P“y/(S)"_S‘

By letting ¢ — 0, this gives § < | Py — P||y,(3). Denote

Enj = I1Pu— Pllzs;) < UnS))-
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It follows from Bousquet’s version of Talagrand’s inequality (see Sect.2.3) that
P(E, ;) >1—e7".Let
En = m En,j.

8/' >§
Then
P(E,) > 1= e

8]28

On the event E,, for all 0 > §, |P, — P|l#/() < U,(0), which holds by the
definition of U, (§) and monotonicity of the function § — || P, — P| /(. Thus, on

the event {8 > 8} () En, we have
8 <N1Py = Pl 75 < Un ),

which implies that § < H < 8,(%; P), contradicting the assumption that § >
8,(F; P). Therefore, we must have {§ > §} 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 € .7 to its true excess risk. The excess empirical risk is defined as

En(f) = Ep, (/).
Given ¥ : R4 +— R4, denote

VP (8) = supM
o

)
and
Yie) = inf{S >0:9"(6) < g},

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

&m_q
&(f)

feF.E(f)=8

can be bounded from above by the function § > V;,(§) := U}(§).
Theorem 4.2. Forall § > §,(F; P),

én(f) N
7 —1' > Vn(S)} _Sge )

7
fE€F.E()=8
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Proof. Consider the event E,, defined in the proof of Theorem 4.1. For this event

P(E,) >1~— Z e—t,-’

8/' >6
S0, it is enough to prove that the inequality
é
1| v
rez.&zsl ()

holds on the event E,. To this end, note that on E,, by the proof of Theorem 4.1,
fu € F(8). Forall f € % suchthato := &(f) > &, for arbitrary ¢ € (0, §) and
g € Z (), the following bounds hold:

o=6(f)=Pf—Pg+e<Pf—Pg+(P—-P)(f—-g +e
Sé%”(f)—i— ”Pn_P”ﬂ’(o)+8§C§n(f)+Un(O—)+‘9fé%z(f)'i‘vn(s)o—'i'&

which means that on the event E, the condition &( f) > § implies that
Gz (1-V®)&),
Similarly, on E,, the condition o := &(f) > & implies that
6(f) = Puf = Pufy < Pf =P fu+(Py=P)f = ) <
< 5+ Un(0) < E() + Va®)o = (14 V2)) (),

and the result follows. O

A convenient choice of sequence {§;} is §; := ¢/, j > 0 with some fixed
qg>1.1ft; =t >0, j >0, the corresponding functions U, (8) and V, () will be
denoted by U, (3;¢) and V,,(8;¢), and §,(F; P) will be denoted by §,(¢).

The following corollary is obvious.

Corollary 4.1. Forallt > 0 and for all § > 6,(t),

P > 8) < (1ogq 1)

and

?((J{)) — 1‘ > V,,(S;t)} < (logq %)e‘t.

P% sup
JeF.E(f)28
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It follows from the definition of §,(¢) that §,(r) > % Because of this, the
probabilities in Corollary 4.1 can be bounded from above by log, - exp{—} (which
depends 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, §,(¢) is
upper bounded by §, + ﬁ, where §, is larger than loglogn Adding loglogn to ¢t
is enough to eliminate the impact of the logarithm. However, if §, = 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 {§;}, {#,}.

Forg > 1 and ¢t > 0, denote

V(o) := 261[(15,5(0) + (Dz)b(U)\/g+ %} o >0.

o, =0 (F;P):=inf{o: V(o) <1}.
Theorem 4.3. Forallt > 0

Let

P{E(f) > op} < Cye™

and for all o > o

é
IP’% () _ 1' > an(a)} <Cje™,
feEZ.E(f)=0 &(f)
where g
C,:=——Ve.
q—1
Proof. Leto > o!. Take §; = ¢~/,j > Oand t; := t% for some > 0,0 > 0.

The function U, (8), the quantity &,(%#, P), etc, now correspond to this choice of
the sequences {8, }, {¢; }. Then, it is easy to verify that forall § > o

U, (8) [ $u(5;) DG,y [ 18 15 }
<2qg| sup ——= + su
8 1 3].2137 8]' 5/.;()7 ,/81» I’lU(Sj }’lO'Sj
$n(8) D) |1 !
2 - -
= q[?ga J +§§g V8 Vno + no

= 20|80 + 0L+ ==, 43)

Since o > o7, and the function V} is strictly decreasing, we have V//(0) < 1 and,
forall § > o},
U,(8) < Vi(0)s <.
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Therefore, 0! > §,(%; P). It follows from Theorem 4.1 that

,n_

PES) zob< Y e,

8/'2(7

The right hand side can be now bounded as follows:

Y=Y exp{_t_} DR

§jz0 §jz0 j=z0
1 o0
4 — Zq"e"q (¢ —¢' ) <e' +— e dx
-1 q—1
1 1
— Cet< 4ot s (4.4)
q—1t qg—1

This implies the first bound for # > 1 and it is trivial for # < 1 because of the
definition of the constant C,.

To prove the second bound use Theorem 4.2 and note that, by (4.3), V,(0) <
V(o). The result follows from Theorem 4.2 and (4.4). O

The result of Lemma 4.1 below is due to Massart [106, 107] (we formulate it in
a slightly different form). Suppose that .7 is a class of measurable functions from
S into [0,1] and fi : S + [0, 1] is a measurable function such that with some
numerical constant D > 0

D(Pf = Pf) = pp(f fu) = 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 Sect. 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
L>-loss (see Sect. 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 Sect. 5.3).

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

0, (8) == 0, (F; [:8):=E  sup  |(P, = P)(f = /)l
FEF ph(f)=<8

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

ol (ZF; P)<8(1anf Pf>,<)+i (KSD)+K—€D%.
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Proof. Note that

$n(8) = E| Py — Pz < 2E SuP(K)I(P - P)(f = /)l

For f € F(8),

pr(f. ) < pp(fo o) + pp(f. fu) < VD(Pf — Pf) + D(Pf — Pfo) <

< \/D(Pf — P ) +2/D(Pf ~ Pf.) < VD5 + 2/DA < /2D + 44),

where

= Pf—Pfe=infPf—Pfe.

As a result, it follows that
D(8) <2/ D(V§ + 2V A) < \/8D(S + 4A)

and
$u(8) < 20, (ZD(S + 4A)).

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

wp (2D(1 + 4t)5)
¢n(0) = ;up $:(9) < 2§up ; =4D(1 +41)0) (2D(1 +4t)0)
and also
(D?)’(0) = sup 28(8) < ;up w < 8D(1 + 41).
Therefore,

Vi(o) < 2q[4D(1 + 41)0] (20(1 + 41)0) +2v2DV1 + 41’,/% + %}

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

Vi(o) < 2q[@w (2Do) +2v10 L}.

no
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As soon as

1 e KDt
> o =
o= 2Dw"(KD) Ve
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 e KDt
LT
ZDw”(KD)\/ ne

which implies the bound of the lemma. O

Remark. By increasing the value of the constant K it is easy to upper bound the
quantity sup{o : V//(0) < 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
ee (0,1]andallt >0
PYPf = Pfz(+e)fPf — P+ lw ( ¢ ) + Qi} <Cue.
KD e n
Let us call ¥ : R4+ +— Ry a function of concave type if it is nondecreasing and
U W”) is decreasing. If, in addition, for some y € (0, 1), u W( ) is decreasing,
¥ will be called a function of strictly concave type (with exponent )/) In particular,
if ¥(u) := @), or ¥(u) := ¢?(u), where ¢ is a nondecreasing strictly concave
function with ¢(0) = 0, then ¥ is of concave type for y = 1 and of strictly concave
type for y < 1.

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

Z V) = qu@,

j )
j8i=s

where ¢, is a constant depending only on q,y.

Proof. Note that

1/’(5) V() 1/;(5)
Z Z PY2 L Z s -

ji;=8 j Ji8j=8 ") /8>81

8 s\ 8 ; 8

Jj=0

which implies the bound. O
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Assume that ¢, (§) < q;,, (6) and D(8) < DV(S), § > 0, where q;,, is a function
of strictly concave type with some exponent y € (0,1) and D is a concave type
function. Define

U0 (8:1) = Uy (5) = 1%(43,,(5) N b(a)\@ N f;)

with some numerical constant K. Then U, (+; 1) is also a function of strictly concave
type. In this case, it is natural to define

U (8:1)

V,(8:1) = (7}3J(3) = and §,(t) := U,f,,(l).

Theorem 4.4. There exists a constant K in the definition of the function U, (8;1)
such that for all t > 0 . 5
P{E(fa) = 8, (1)} < e

and for all § > g,, (1),

E(f) . } o
P{ P vy 1) =g =e

Proof. Tt 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 [106] and in the Ph.D.
dissertation of Bousquet (see also Bartlett et al. [15]). Define

%=\ o5 fge 7o)
0>48

Then the functions in ¥ are bounded by 1 and

D@ _ 5,

1)
op(¥%) <sup— sup op(f—g) <8sup
0>8 O fgeZF (o) 0>6

since D is of concave type. Also, since ¢V>,, is of strictly concave type, Proposition
4.2 yields

§
E|P, — Pllgy =E sup  sup —|[P,— Pz @) <
J:8;>8 0€(;41.85]

5 $u(8)) y
<q D SEIP = Ploe) a8 Y =57 <4c6a09).

j8i=8 7 jsi=s
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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|lg, < U, (8;1) (the
constant K in the definition of U, (8;¢) should be chosen properly). Then, on the
event E, forallo > §,

O v v
[P — Pll# o) < gUn(S;t) < V.(6:t)o.

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 .% () 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~'/?).

Theorem 4.5. If % is a P-Donsker class and
Dp(%;8) —> 0asn — oo,

then .
Ep(fn) = oIp(n_l/z) asn — oo.

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

Zn(f) = nl/z(Pnf_Pf)vf €7

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

limlimsup]P’{ sup Z,,(f)—Zn(g)‘ > s} =0.
820 n—oo pp(fg)<s.fgeF

(see, e.g., van der Vaart and Wellner [148], Sect.2.1.2). This also implies (in the
case of uniformly bounded classes, by an application of Talagrand’s concentration
inequality) that

lim limsup E sup Z,(f)—Zu(g)| = 0.
§20 n—soo  pp(fig)<b.fgeF

Since Dp(.7;8) — 0as§ — 0, it follows that

lim limsupn'/%¢, (% P;8) = lim limsupn'/*E|| P, — Pz s
§—>0 =0 p—oo

n—o0

< lim limsup E sup Z,(f)—Z,(g)| =0. (4.6)
820 n—>00  pp(fQ)<D(F:6).fe€F
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Without loss of generality, assume that D(§) > § (otherwise, in what follows,
replace D(8) by D(8) v §). Let now {3} be a decreasing sequence such that §y = 1,
§; — 0as j — ocoand D(§;) > e~UTD, Define

t; ;=1 + 2loglog

DG = <t+2log(j +1)

and
U@)—4@@>+D@)/_ | 6@ ) =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 {8, }, {t; }. Denote

8 :=sup{8 € (0,1]: § < U!(8)}.

Then §!, > §,(.%; P) and also §! > % It follows from Theorem 4.1 that

P{EP(f) >80 < Y ey e <Y e AU = N 72 <07

;=8 j=0 j=0 j=z1

The definitions of &, and U easily imply that

t+ 210g10g(n/t) t+ 210g10g(n/t)]
n 9

&<an<ﬁmm+Dm¢
which tends to 0 as n — oo since
¢u(1) <2E|P, — Pllz = O(™") -0
for a Donsker class .# and D(1) < 4oc0. Denote by j, the number for which
8, € (8j,+1,8;,].

Then, clearly, j, — oo and §;, — 0asn — oco. Now, we have

n'28, < n'PULs) < 2[n'9,(6,,)

t + 2loglog(n/t
+D(8;,),/1 + 2loglog(1/D(),)) + ngl/zg( /0]

and, in view of (4.6) and the assumption that D(§) — 0,6 — O, it is easy to
conclude that, for all # > 0,

n'/2§! — 0asn — oo.
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It remains to show that there is a choice of t = 1, — 0o (slowly enough) such that
s = o(n~'?).
The claim of the theorem now follows from the bound
P{é"p(f;) > 8t <2e”™ — 0asn — oo. O

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
minimization problem (1.1) has unique solution. In this case, such quantities as
8,(.F; 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 diameter D(6) of the §-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 O is often better than this (in fact, it can be
close to n™!, e.g., in classification problems).

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 accuracy
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
IR, |l#. The last random variable depends only on the data Xi,..., X, and on
randomsigns €y, . . ., &, that are independent of X7, ..., 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 bootstrap type approach was introduced independently by Koltchinskii
[81] and Bartlett et al. [14] and it was used to develop a general method of
model selection and complexity regularization in learning theory. It is based on
the following simple bounds. Their proof is very elementary and relies only on the
symmetrization and bounded difference inequalities.

Assume that the functions in the class .% are uniformly bounded by a constant
U >0.
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Theorem 4.6. Forallt > 0,

3tU 12
PP, — P > 2||R, + — ' < __

and

2tU

%IIP Pl < IIR [ v }< { tz}
- - — expy ——= -
7= VR Behted I

Proof. Denote

Zy =Py = Plz —2|Rul 7.

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

3tU 2
P Zn EEZ;,, + W} <exp{——},

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

Zy =P —Plz—5 IIR Il — 2\/—

and using symmetrization and bounded difference inequalities. O

Note that other versions of bootstrap, most notably, the classical Efron’s boot-
strap, can be also used in a similar way (see Fromont [61]).

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 [67] used some inequalities of similar nature
in adaptive density estimation.

Denote

U%(ﬁ) := sup Pf?and 03(37) = sup P, f>.
a 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[\/ (oZ(ﬁ)qu ||gz) U} @7

t tU
E||Rull> < K[annf/- + on(ff)f;+ 7}, (4.8)

[Rullz — E| R, ]2
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o2(P) < K(oﬁ(ff‘) L UIR5 + g) 4.9)

and

tU
oA F) < K(o,%(ﬁf) + UE[Ry|l 5 + 7). (4.10)

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

t U
B18 - Pls < K[IRs o[£+ 2] @

and

1Py — Pllz —E| P, — Pllz

< K[\/%(og(gz) + U||Rn||y) + %} 4.12)

Proof. 1t is enough to consider the case when U = 1/2. The general case then
follows by rescaling. Using Talagrand’s concentration inequality (to be specific,
Klein—Rio bound, see Sect. 2.3), we claim that on an event E of probability at least
1—e™

2t t
BIR s = IRl + |2 (03(2) 4 2EIR5) + £ 1)

n

which implies that

2t t 1 2t
El[Rullz < | Rull.z + 0p(F) - + - + 24/ §E||Rn||ff7 <

2t t 1 2t
< [Rullz +0p(F)y - + - + EE”Rn”fJ + o
or
t 6t
El[Rull# < 2| Rull# + 2v20p (F) —t (4.14)

We will now upper bound 0% (.%) in terms of 02(%). Denote .#? = {f? :
f € .Z}. Again, we apply Talagrand’s concentration inequality (namely, Bousquet’s
bound, Sect. 2.3) and show that on an event F of probability at least 1 — ™"

012;(35) = sup sz < sup P,,f2+ | Py — Pllg2 <
fez fez

20 ,
< 02 F) + ElPy— Plys + || 2L (03(7) + 2B Py — Pl ) + 1.

where we also used the fact that
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sup Varp(f?) < sup Pf* < sup Pf* = o%,(ﬁ)
fez? fe fez

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|l Py = Pllz2 < 2E| Ry | 72 < 8E[Ry|.7.

Hence,

2t 8t t
03(F) = 0}(F) + 8E|[Rull7 + 0p(F)\| — + 2y —E[Ril|7 + 3 <
2t 9t
< 0}(F) + 9B Rull7 + 0p(F)y) — + —

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

z 100z
05 (F) < 62(F) + 18||R, || 7 + 190p(F)

As before, we bound the term 190p (%) ,/ Zn—’ =2X 19%\/‘? \/; using the inequality
2ab < a® + b?, which gives

1 5001
op(F) < op(y) +02(F) + 18||R, || 7 + —

As a result, the following bound holds on the event E N F:

1000z

03 (F) <207(F) + 36| Ryl| & + (4.15)

It also implies that

0p(F) < V20s(F) + 6/ TRal7 + 32\/5

We use this bound on op (%) in terms of o, (%) to derive from (4.14) that
t
BlRLs =208, s +40,(2), " +

00¢ t 172t
+1272|R, ||g:\/7+— < 3||R, ||y+4o,,(f)\/;+7.
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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 Talagrand’s inequality, specifically, from combination of Klein—Rio inequality
(4.13), the following application of Bousquet’s inequality

|Rull> < ElIR, |5 + \/%(o%(ff) FOBRF) + 5 416)
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
concentration 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 e~ 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 §-minimal sets of the empirical risk provided that § is not too small,
which is a consequence of Theorem 4.2. Let

Fn(8) := Fp, (8)

be the §-minimal set of P,,.

Lemma 4.2. Let 83 be a number such that 5; > U,?(%) There exists an event of
probability at least 1 — ZS, >§0 e™"i such that on this event, for all § > 57,

F(8) C F,(38/2) and %, (8) C .Z(25).

Proof. 1t easily follows from the definitions that §7 > §,(.%; P). Denote

Ey:= () Enj.

8j=87

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

P(E,) > 1— Z e,

;=67

It follows from the proof of Theorem 4.2, that, on the event E,,, for all f € .% with
E(f) =8y,
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1_&)
27 6(f)

By the proof of Theorem 4.2, on the same event

3
<.
-2

[Py = Pllzse) < Un(8y).
Therefore, on the event E,,,
E(f) 26,(f)V 8. f e, (4.17)
which implies that, for all § > §°, j\n (8) € Z(26). On the other hand, on the same

event E,, forall f € .#, the assumption &( ) > §° implies that & (f) < %é"(f)
and the assumption &( f) < §? implies that

A 3
E(f) = ES) + 1Py = Plzse) = E) + Un(8)) <87 + Va(8))8,) < 553.

Thus, for all f € %,

S 3
En(f) < E(f(f)wﬁjf), (4.18)
which implies that on the event E,,, forall § > §°, .7 (8) C Ty (36/2). 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 {3, } of positive numbers with §o = 1 and a sequence
{t;} of real numbers, t; > 1, define

0,06)i= & (9.6 + D) + 1) e =0

where K = 2. Comparing this with the definition (4.2) of the function U, it is
easy to check that U, (§) < U, (8),6 € (0, 1]. As a consequence, if we define Sy 1=
Uk(1/2), then §,(Z; P) < 6,

Empirical versions of the functions D and ¢, are defined by the following
relationships:

ﬁn(a) = sup pPp, (f,g) and ¢;n(8) = ”Rn”fj;(‘;)-
f.8€Fn(8)
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Also, let

~ A A A t; t;
Un(S) = K((Pn(ésj) + Dn(é(gj)\/gd' ;j), 8e (8j+158j]aj = 07
~ ~ t t
U,(8) := K(¢n(55,~) + D(ES;)\/%—F ;’) §€@j+1.8;].j =0,

where 2 < K < K , ¢, > 1 are numerical constants. Define
V() := U 8), Va(8) := U, (8), Va(d) := U, (8)

and . B

8, := Uk1/2), &, :=Uk(1/2).
The constants in the definitions of the functions U, and Un can be chosen in
such a way that for all § U,(§) =< U,(5) < U,(8), which yields the bound
8., (F, P) < 8 < 8 Since the definitions of the functions Uy, U,, U differ only
in the constants, it is plausible that the quantities 6,(.%; P), §,, 8, are of the same
order (in fact, it can be checked in numerous examples).

We will prove that with a high probability, for all §, U,(§) < U, ) < U, (),
s0, Uy, provides a data- dependent upper bound on U, and U, provides a distribution
dependent upper bound on U,. This 1mp11es that, with a high probablhty, 8n < 8 <
8, which provides a data dependent bound 8, on the excess risk &p ( f,,) which is of
correct size (up to a constant) in many cases.

Theorem 4.8. With the above notations,

]P’{g,, <$§, <6, } >1-3 Z exp{—t;}.

szgn

Proof. The proof follows from the inequalities of Theorem 4.7 and Lemma 4.2 in

a rather straightforward way. Note that Sn > U,F (1/2), so we can use it as §; in
Lemma4.2. Denote H the event introduced in the proof of this lemma (it was called
E, in the proof). Then

P(H)>1- ) e

8/' Zgn
and, on the event H,
F(8) C Z,(38/2) and %, (§) C .Z(25)
forall § > 3,,.

First, the values of § and 7 will be fixed. At the end, the resulting bounds will be
used for § = §; and ¢ = ¢;. We will apply the inequalities of Theorem 4.7 to the
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function class .#’(8). It easily follows from bound (4.11) that there exists an event
F = F(§) of probability at least 1 — e~ such that, on the event H N F,

~ /3 t t
sz—mmmsK@MM@WM+D4EQJ;+;}

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.é,
the inequality U, (§) < U, (6) 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 ﬁ(8) in terms of the “true” diameter
D(8)) and also the desymmetrization inequality, it is easy to see that there exists
an event G = G(§) of probability at least 1 — e~ such that the inequality
U, (8) < U,(8) holds on H N G with properly chosen numerical constants K, ¢
in the definition of Un

Using the resulting inequalities for § = §; > 8, yields

P(E)>1-3 ) exp{—1;}.

szgn

=
Il
<
\O’J
IV
=<1
S
=
~~
\O’J
SN
IA
=

@)S@wﬂ}alJ(HanﬂmG@D.

j:8/' Zgn
By the definitions of l_],,, Un and Un, this also implies that, on the event E,
U,(8) < U,(8) < Uy(8)

forall § > S,,. By simple properties of f{-transform, we conclude that 3,, < 3,, < S,,
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 =32 55 ¢ . the following conditions hold:

(i) 8, <38, <8,
(i) &(f) <34,
(iii) forall f € .Z,

S(N) 226NV, and &) = 3 (60 V)
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(iv) forall§ > §,,
[ Py — Pl < Un(5).

Sometimes it is convenient to deal with different triples (Sn gn, Sn) (defined
in terms of various complexity measures of the class .%) that still satisfy
conditions (i)—(iv) with a high probability. In fact, to satisfy conditions (ii)—
(iv) it is enough to choose 8, in such a way that

V) 8, = U(1/2).

This is reflected in the following definition.

Definition 4.1. Suppose sequences {§;}, {¢;} and the corresponding function U,
are given. We will call 8, that depends on .# and P an admissible distribu-
tion dependent 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 8, will be called an admissible bound of confidence level
1 — p. A triple (8,,,8n,8 ), such that §, and §,, depend on .% and P, 8, 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
penalized empirical risk minimization.

4.3 Further Comments

Distribution dependent excess risk bounds of Sect.4.1 are closely related to ratio
type empirical processes studied in the 1980s by many authors (notably, by
Alexander [5]). This connection was emphasized by Giné and Koltchinskii [66]
(see also Giné et al. [65]). 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 complexities
of underlying function classes and that such complexities are related to continuity
moduli of empirical processes (see, e.g., van der Vaart and Wellner [148], Sect. 3.2,
van de Geer [62], Shen and Wong [132]). Massart [106] and Koltchinskii and
Panchenko [92] 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 et al.
[15], Bousquet et al. [34] and Koltchinskii [83]. In the last paper, the data dependent
Rademacher complexities were defined in terms of §-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 Mendelson [17] introduced
different definitions of localized Rademacher complexities that provided a way
to distinguish between bounding excess risk of empirical risk minimizers and
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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 [81]
and Bartlett et al. [14]. Koltchinskii and Panchenko [92] suggested a localized
version of such complexities (in the “zero error case”). This idea was developed
by Bartlett et al. [15], Bousquet et al. [34] and Koltchinskii [83]. “The statistical
version” of Talagrand’s concentration inequality (Theorem 4.7) was essentially used
(without stating it) in Koltchinskii [83]. 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
d-minimal sets are small for small values of §. This is not the case when the true
risk has multiple minima. Koltchinskii [83] gives a simple example showing that, in
the multiple minima case, the distribution 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 §-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 Koltchinskii [83]. However, the extension of
the theory of data dependent excess risk bounds to the multiple minima case remains
an open problem.

Rademacher complexities have been also used in other problems of statistical
learning theory, in particular, in margin type bounds on generalization error (see
[93-95]). Recently, Hanneke [73] and Koltchinskii [87] used localized Rademacher
complexities in the development of active learning algorithms.

Boucheron et al. [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 [107]. Recent
results on lower bounds in empirical risk minimization can be found in Mendelson
[114].



Chapter 5
Examples of Excess Risk Bounds
in Prediction Problems

Let (X, Y) bearandom couplein S x7, T C R with distribution P. The distribution
of X will be denoted by 1. Assume that the random variable X is “observable” and
Y is to be predicted based on an observation of X. Let £ : T x R > 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

EL(Y,g(X)) =Pl 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

Py(teg)=n""> L(Y;. g(X;)) — min, g € ¥,
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 Chap. 4.
In this case, the class .# is the “loss class” .# = {{ e g : g € ¢} 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
following representation of the risk holds under very mild regularity assumptions:

P(teg) = /S /T £0: (0 (d) T ().

Given a probability measure p on 7, let
Uy € Argmin, g / Ly uwpu(dy).
T

V. Koltchinskii, Oracle Inequalities in Empirical Risk Minimization and Sparse Recovery 81
Problems, Lecture Notes in Mathematics 2033, DOI 10.1007/978-3-642-22147-7_5,
© Springer-Verlag Berlin Heidelberg 2011
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Denote
gx(x) i=u,, = argminue@/TE(y;u)ux(dy).

Assume that the function g4 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(Leg).
Let
&y = argmin, ey P, (€ @ g)

be a solution of the corresponding empirical risk minimization problem (for
simplicity, 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, ) > 0 such that for all measures
W=y, XES

/T (0(y.w) — £y, )’ 1(dy) < D, ) /T (o) — Lo )p(dy).  (5.1)

In the case when the functions in the class ¢ take their values in [-M /2, M /2] and
D(u, puy), |ul <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), u = u, and integrating with respect to IT) that, for all
geY,

Pleg—Lleg,)’><DPleg—Leg,). (5.2)

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

Moreover, even if g« ¢ ¢, condition (4.5) might still hold for the loss class .% with
f+ = £ e gy, 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 Sects. 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 7 =0, 1] and £(y,u) := (y —u)>,
y €T, u € R. The minimum of the risk

P(Leg) =E(Y —g(X))
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over the set of all measurable functions g : S +— R is attained at the regression
function

gx(x) :=n(x) =EY|X = x).

If ¢ 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) =g —gli,um-
In general, the excess risk is given by
sp(teg)=|g— g*”iz(n) - hlg; 17— g*||%2(n)-

The following lemma provides an easy way to bound the excess risk from below in
the case of a convex class & and g := argmin,ey||g — g« ”iz(n)‘

Lemma 5.1. If¥ is a convex class of functions, then

26p(Leg) > llg—£l3,m)-

Proof. The identity

u? +1?2 u+v 2_(u—v)2
2 2 4

implies that

(g—g*)2+(g—g*)2_(g+gr_ )2+(g—g)2
2 “\ 2 * 4

Integrating the last identity with respect to 7 yields

lg — g*Hiz(n) + g _g*”%Z(n) _ H g+g iy 2 lg — g”%Z(n)
2 2 L>(1T) 4
Since ¢ is convex and g, g € ¢4, we have gTﬂ;’ € ¢ and
g§+g _
' Ty T8 > |lg —g*”i(n)‘
L (IT)
Therefore,
llg _g*”i ) + g _g*”i ) _ llg _g_”i )
S 0 > g - galft i + ——5 2

implying the claim. O
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As before, we denote .7 := {{ @ g : g € ¢}. It follows from Lemma 5.1 that
F@) Clteg:llg—2li,m <26}

Also, for all functions g;, g, € Y andallx € S,y € T,
(Cogn(x.y) = (Eog)(x )| = | = g1(0)) = (v = g2x))?

= |g1(x) — g2y — g1(x) — 2(x)] < 2|g1(x) — g2(x)].

which implies
2
P(Z eg —le gz) <4|g1 — g2||iz(17)'

Hence
D(8)=<2 SUP{”gl—gz“Lz(n) g1 =817, < 281182817 i) < 28} <4v2Vs.
In addition, by symmetrization inequality,

P (8) = El| Py — Pllzi) < 2E[|Rull 7 5)

< 2Esup{ ‘Rn(ﬁ og — ¢ 032)‘ gng €9 g —2gli,m

Hm—ﬂbmsw}

< 4Esup{[Ru(Cog—tod)|:g e lig—Flm = 28}

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

$n(8) < 16Esup{|R,(g — 2)| : g € ¥, g — &ll7,m) =< 28} =: ¥ (8).

As aresult, we get

$,(0) < ¥i(0) and \/(D?)(0) < 4V/2.

This yields an upper bound on the quantity o/, involved in Theorem 4.3:

, (1) 1
Uanl/’n Z)—i_’;s

and the following statement is a corollary of this theorem.
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Theorem 5.1. Let 4 be a convex class of functions from S into [0, 1] and let g
denotes the least squares estimator of the regression function

n

g = argmingegn_1 Z(Y,’ —g(X;)%
j=1

Then, there exist constants K > 0, C > 0 such that for all t > 0,
P& — g«ll2, gy = inf |lg — g«ll oy + K[ ¥F L + IV < e
8 — 8xllL,um) = o 8 — &x*llL,um) "\ 2¢ " = .

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(Leg)—P(Legy) = 4lg—gulll, ) = pPp(Leg.legs) = P(leg—Leg,)’

is satisfied for all functions g : S + [0, 1]. Also,

@) =E s |(B-P)Cog—Led)] < vn6/8)

—7I2
4lg g”Lz(I'I)SS

(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,

1 e Kt
~ 2 . 2 # _
PHIE — g«ll7,m = (1 + 8);2; g — g«llz,m) + Z‘/’n (}) + 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.

* Example 1. Finite dimensional classes. Suppose that L C L,([T) is a finite
dimensional linear space with dim(L) = d < oo and let ¥ 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

1/fn(8)§C\/@
n

with some constant C > 0. Hence,

Ul 57 ) = K-,
2q n
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and Theorem 5.1 implies that

d t
~ 2 . 2 _
P12l = inf s - e luim + K (5 + £)} =0

with some constant K > 0.
* Example 2. Reproducing kernel Hilbert spaces (RKHS). Suppose ¥ is the
unit ball in RKHS J#%:

&=l < 15

Denote {A;} the eigenvalues of the integral operator from L,(IT) into L,(IT)
with kernel K. Then Proposition 3.3 implies that

e8] 1/2
WY (8) <C (n_l Z(A] A\ 8)) .
j=1
The function o 12
§ > (n—l >y /\8)) = yu(8)
j=1
is strictly concave with y,(0) = 0, and, as a result,

72 (8)
5

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

Yo (8) =

) . t B
Y& = g«liam = inf llg = gl + K(Vﬁ(l) it ;)} <Ce™

with some constant K > 0.

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

[Vé 1 V 1

Therefore

I’l82

cv
te) < — log —.
Vale) = 5 log—

Theorem 5.2 implies

1% ne?
A 2 : 2 —t
Polg—g«llz,im) = (1+¢€) ;g; IIg—g*IIL2<m+K(@log 7+%)} =Ce.
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* Example 4. Entropy conditions. In the case when the entropy of the class ¢

(random, uniform, bracketing, etc.) is bounded by O(g7%°) for some p € (0, 1),
we typically have

Yie) = O(n/+0).

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

AP A20/(p+1D)
2 s(1=p)/2 Z
¥ (8) = K(\/ﬁ(S \/ nl/(+p) )

Therefore,

C A20/(1+p)
Vi) <~
(ngz)l/(H‘P)

In this case Theorem 5.2 gives the bound

P& — gxll7,um = (1 +¢) inf |lg — g«ll7,ir) + K MJFL
Ly(IT) = pr] L (IT) (n82)1/(1+p) ne

< Ce™.
Example 5. Convex hulls. If

& = conv(X) := {ijh,- DESN Y ejf}
J J

is the symmetric convex hull of a given VC-type class # of measurable
functions from S into [0, 1], then the condition of the previous example is
satisfied with p := 3. This yields

K(V) =y
yi(e) < (—2)
ne
and Theorem 5.1 yields
N
t
PSTD) > o 2 - P\ -
PlIe -l = ot e -l +K((5) T +5)] < ce

with some constant K > 0 depending on V.
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5.2 Empirical Risk Minimization with Convex Loss

A standard assumption on the loss function £ that makes the empirical risk
minimization 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 4 > 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 minimiza-
tion problems. In particular, it makes easier proving the existence of the minimal
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 £ :

» { satisfies the Lipschitz condition with some L > 0
Vy €T VYu,v e [-M/2, M/2] [{(y,u) —£(y.v)| < Llu—vl; (5.3)

* The following assumption on convexity modulus of £ holds for some A > 0 :

) + L0,
VyeT Vuve[-M/2 my2 B0 +HE0Y) —e(y; “TJ” > Alu—vP

2
5.4)

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

L= [ eawniy)
whose minimum is attained at u,,, the following bound holds:

L(u) — L(uy) _ L(u) + L(uy)

5 2 — L(uy)

On the other hand, the Lipschitz condition implies that

/T 1y 1) — €0 Paady) < L2l — . (5.6)
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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
et al. [16]). We will also use it in the proof of Theorem 5.3.

Theorem 5.3. Suppose that & 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 g € 4
and

w,(8) =1 sup IR (g — 8)I-
gegv”g_g'”iz(n)fé

Denote
g 1= argmingc P, (( 0 g).

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

R ) A L2 ¢ =
PiP({eg)>inf Pleg)+ K|Aw;| — |+ ——); <Ce™", t>0.
g€Y L An

Proof. Note that by Lipschitz condition (5.3), for all g, g» € ¥,
Plleg —Leg < L?g1 — &7,
On the other hand, by (5.4), forallg e ¥, x € S,y € T,

b, g() + 6y, 8(x)) _ e( (8 +8(x)
2 -\

)+Amuy—ﬂmﬁ

. .. . . +3z
Integrating this inequality and observing that g—zg € ¢ and hence
P(z . (%)) > P(le3),

P(teg)+ P(leg)
2

yields

> P(Leg)+ All|g — g|*

or
P(teg)—P(teg)=2AM|g—gf
For the loss class % = {£ e g : g € ¢}, this gives the following upper bound on the

L>(P)-diameter of the §-minimal set .7 (§) : D?(§) < % By symmetrization and
contraction inequalities, it is easy to bound
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$n(8) = E| Py — Plz )

in terms of w, (§) :

$,(8) < cmn(%).

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

follows:
ol < K[ Aw! e + L—zi
" "\ L An)

Under the additional assumption that £ is uniformly bounded by 1 in 7 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

cA L*¢
Aa)g (T) +—

becomes

A/D L?/D? ¢ 1 A L*t
Apep(CARY L EIDTE L (CA) 4 B,
L/D A/D n D L An
so the result follows by rescaling. O

As an example, consider the case when & := M conv(.7¢) for a base class .77
of functions from S 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.
Assume that condition (3.16) holds for the class 57 with some V > 0, i.e., 77 is a
VC-type class. Define

2
(M. L, Ast) == K[AMV/(V+1)(£ \/ 1)(V+2)/(V+l)n‘%5if + L—L]
A
with a numerical constant K. The next result is a slightly generalized version of a
theorem due to Bartlett et al. [16].

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

IP{ P(Lo ) = min P(L e g) + 7, (M. L. A;z)} <Ce.
gE-
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Proof. To apply Theorem 5.3, it is enough to bound the function w,. Since
4 := Mconv(s¢), where 7 is a VC-type class of functions from S into
[—1/2,1/2], condition (3.16) holds for .7# with envelope F = 1 (see Theorem 3.13).
Together with (3.19), this gives

M 2/ (p+1)
w, (8) < C[ 8= p)/z\/ 1/ () }

with p 1= V+2 Hence,

M 2r/(1+p)

g M a4
0, (8) = C— ¢

fore < 1.1f£(y,-) is bounded by 1 in 7" x [-M /2, M /2], then Theorem 5.3 yields
P! P(le2) > mié; P(leg)+m(M,L,A;t); <Ce™.
ge

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
classifier g with respect to the binary loss

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

is called the generalization error. It is well known that the minimum of the
generalization error over the set of all classifiers is attained at the classifier

gx(x) = sign(n(x)),

where 77(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(gs) = [ (o)l 1T (dx) 5.7)
{x:g(x)Fgx(x)}

(see, e.g., [51]).
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Suppose there exists & € (0, 1] such that for all x € S
In(x)| = h. (5.8)

The parameter /1 characterizes the level of noise in classification problems: for small
values of &, n(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:

IT{x : n(x)| <t} < Ct* (5.9)

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+) = hIT({x : g(x) # g+(x)}).
Under condition (5.9),

L(g) = L(g«) = cIT*({x : g(x) # g+(x)}).

14+a

where k = = and ¢ > 0 is a constant.

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«) = tIT{x: g(x) # g«(x), [n(x)| >}
> tIT{x: g(x) # g«(X)} — tI{x : [n(x)| <t}
> 1T {x : g(x) # g«(x)} — Ct'*.

It remains to substitute in the last bound the value of ¢ that solves the equation
IT{x : g(x) # g«(x)} = 2C1°
to get the result. O
Let ¢ be a class of binary classifiers. Denote
g = argmingcq L, (),
where
Ly(g) :=n""Y_I(Y; # g(X}))
j=1

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

AY(Xy, . LX) = card{(g(Xl),...,g(X,,)) 1g € %}

and parameter /4 involved in condition (5.8).

Theorem 5.5. Suppose condition (5.8) holds with some h € (0,1]. If g« € ¥4, then

Elog AY(X,.....X, _
PlL(@) - Ligs) = k(184" LA | e
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{L(é) ~ Ligs) = (1 +)(inf L(s) ~ L(ss))

Elog AY(X4,.... X t
1 BlogdT DA |
nhe? nhe

Proof. Note that
[(Log)(x,y)—(Leg)(x,y)| =1(g(x) # g«(x)),

which implies

= P|(Leg)—(Logy)|> = M{x:g(x) # gu(x)}.

2
lteg—{(
|ees-tes].,,

As always, denote .7 := {{ e g : g € ¢}. Under the assumption g« € ¢, the first
inequality of Lemma 5.2 implies that

F(6) = {Kog :E(Leg)=L(g)— L(gx) 55} C {Kog [leg—Leg,

1)
=< T (>
LyP) — V h

so the L, (P)-diameter D(§) of the class .7 () satisfies D(§) < 2 \/g Next we have

() = E|P,— Pl <2E sup |(Pn—P)(Leg—Legy)|. (5.10)
€Y. M({g#g+})=<8/h

Denote

7= 1. y) 1y #g)p:g €Y and Du i= {(x,y) 1 y # g« ()}
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It is easy to check that for

Dyi={(x.y):y # &)} Dai={(x,y):y # g0}

we have

I1({g1 # g2}) = P(D1ADy).

It follows from (5.10) that

$n(8) < 2E sup |(Pn — P)(D\Dx)|
DEeD.P(DAD4)<8/h
+2E sup |(Py — P)(D«\D)|.

DeD.P(DAD4)<8/h

Theorem 3.9 yields

§ [Elog AZ((X1,Y1),....(X,.Y)))
$n(8) < K[\/;\/

n

V Elog AZ((X. 1;1), o (X, Yn))}

with some constant K > 0. Also, it is easy to observe that
AZ(XL, YD), (X0 V) = AY (X0, ..., X))

which gives the bound

§ [ElogAY(Xy,.... X, Elog AY(Xy,..., X,
¢n(8)51<[\/;\/ og (n‘ )\/ o8 (nl )}.

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

t
0, <K

Elog AY(Xy..... X») L
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
Lemma4.1. O

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.



5.3 Binary Classification Problems 95

Theorem 5.6. Suppose condition (5.9) holds with some a>0. Let k:= %

If g« €9, then

Elog AY (X1, ..., X,)\/@7D /¢ \</C=D
PL<§>—L(g*>zK(( og A7 (Xu. . )) +(—) )}scw
n n

with some constants K, C > 0.

We will also mention the following result in spirit of Tsybakov [144].

Theorem 5.7. Suppose, for some A > 0,p € (0,1)
A\
log N La(Poyie) < (5) 620 (511
e

and condition (5.9) holds with some a > 0. Let k := % If g« € 9, then

1 k/(2k+p—1) f k/(2k—1)
Plo@ - Lo = &((5) (1) ) =ee
n n

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 [66] that
refines an earlier result by Massart and Nedelec [108]. To formulate it, let

¢:={{g=1}:g€9}, Ci:={g«=1}

and define the following local version of Alexander’s capacity function of the class
€ (see [5]):

n (UCe%,n(CAC*)sS(C AC*))

(§) := :

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« € ¢, then

~ |4 Vv t .,
PIL(8) — L(g+) = K(E logr(W) + %)} < Ce
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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{L(gv) ~Lig+) = (1 +)(inf L(g) ~ Lisw)

4 vV t
K 1 — ) <Ce™.
+ (nhe2 Ogr(nhzsz) + nhs)} =&

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

wa(8) = E sup |(Pn— P)(Log—Leg)

112
g€Y, ”K.g_e.g”LZ(p)SS

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 [Ceg(x,y)—Leg(x,y)l

gEY |[tog—Log]|| %2(}:) <6
Easy computations show that

IE5 1) = 2+/87(8)

and an application of (3.17) yields

wy () < K[\/ V—8 log 7(8) \/ K log 1(8)]
n n

with some constant K. This implies that, for all ¢ € (0, 1),

f %4 4
w,(e) < K—logt( —
ne ne

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

. . . 1
A straightforward upper bound on the capacity function t(§) < 5 leads to

the result of Massart and Nedelec [108] in which the main part of the error term
is % log (%) However, it is easy to find examples in which the capacity ()
is uniformly bounded. For instance, suppose that S = [0, 1]¢, IT is the Lebesgue
measure on S, % is a VC-class of convex sets, C« € % and [1(Cy) > 0. Suppose

also that with some constant L > 0

L™'h(C,Cy) < IT(CACy) < Lh(C,Cy),C €€,



5.4 Further Comments 97

where / is the Hausdorff distance. Then the boundedness of t easily follows. In such
cases, the main part of the error is of the order % (without a logarithmic factor).

5.4 Further Comments

The idea to control the variance of a loss in terms of its expectation has been
extensively used by Massart [106] (and even in a much earlier work of Birgé
and Massart) as well as in the learning theory literature Mendelson [112], Bartlett
et al. [16], Blanchard et al. [26], Bartlett et al. [15] (and even earlier, see [6, 19]).

L,(IT)-error bounds in regression problems with quadratic loss, given in
Examples 1-5 of Sect. 5.1, are well known. In particular, the bound of Example 2
(regression in RKHS) goes back to Mendelson [113] and the bound of Example 5
(regression in convex hulls) to Blanchard et al. [26]. Other important references on
L,-error bounds in regression problems include [11, 62,72, 79].

Empirical risk minimization with convex loss was studied in detail by Blanchard
et al. [26] and Bartlett et al. [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 [155] provided initial versions of
such bounds in connection with his study of consistency of classification algorithms
(see also [103, 134] for other important results on this problem).

Classification problems under condition (5.9) (“Tsybakov’s low noise assump-
tion”) have been intensively studied by Mammen and Tsybakov [105] and, espe-
cially, by Tsybakov [144] (see also [145]). Condition (5.8) was later suggested by
Massart and used in a number of papers (see, e.g., [108]). Koltchinskii [83] provided
an interpretation of assumptions of this type as special cases of conditions on the
L, (IT)-diameters of §-minimal sets of the true risk (see Chap. 4).

In the recent years, the capacity function 7 used in Theorem 5.8 (see also Giné
and Koltchinskii [66]) started playing an important role in the analysis of active
learning algorithms (see Hanneke [73] and Koltchinskii [87]).



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
Z by a family of solutions of “smaller” empirical risk minimization problems

f;c = f:,k = argmin ¢ g, Py f.

For simplicity, we assume that the solutions { f;k} exist.
In what follows, we call

€r(F: f) = Pf — inf Pf

the global excess risk of f € #. Given k > 1, we call &p(F; f) = Pf —
infreg, Pf the local excess risk of f € Fy.

Usually, the classes %, k > 1 represent losses associated with certain statistical
models and the problem is to use the estimators { f;k} to construct a function f eF
(for instance, to choose one of the estimators f;,k) with a small value of the global
excess risk &p (F; f ). To be more precise, suppose that there exists an index k(P)
such that

Lﬁ}g}f) ) Pf gf Pf.
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 g,, (k) be an upper bound on the local excess risk &p (% ; f;,k)
of f;k that provides an “optimal”, or just a “desirable” accuracy of solution of
empirical 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
8,(5). The model selection problem deals with constructing a data dependent index

V. Koltchinskii, Oracle Inequalities in Empirical Risk Minimization and Sparse Recovery 99
Problems, Lecture Notes in Mathematics 2033, DOI 10.1007/978-3-642-22147-7_6,
© Springer-Verlag Berlin Heidelberg 2011
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k= IQ(XI, ..., X,) of the model such that the excess risk of f = f;k is within a

constant from §, (k(P)) with a high probability. More generally, in the case when
the global minimum of the risk P f, f € .% is not attained in any of the classes .7,
one can still try to show that with a high probability

(T f) <C igf[i;fPf — Pfy + fr,,(k)],
k
where

S« 1= argmin ¢ 5 P f.

For simplicity, assume the existence of a function f, € .% at which the global
minimum of the risk Pf, f € % 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= argminkzl{Pnf; + fr,,(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
dependent bounds on excess risk developed in the previous sections. Penalization
methods have been widely used in a variety of statistical problems, in particular, in
nonparametric regression. At the same time, there are difficulties in extending penal-
ization method of model selection to some other problems, such as nonparametric
classification.

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 (F; f;,k) 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: fox) = inf Pf = Pfo+ Ep(Fis fu)
k

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
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previous sections. Another part of the problem is to bound inf z, P f — P fi in terms
ofinfg, P, f — P, 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, fi can be dropped since it does not depend
on k).

Suppose that for each class .%, the function U,(-) = U,x(:) is given (it
was defined in Sect.4.1 in terms of sequences {§;} {¢;} that, in this case, might
also depend on k). In what follows, we will assume that, for each k > 1,
(gn(k),gn(k),gn(k)) is a triple bound on the excess risk for the class % of
confidence level 1 — p; (see Definition 4.1). Suppose p := Z;fo:l pr < 1. Then,
there exists an event E of probability at least 1 — p such that on this event the
following properties hold for all k > 1 :

M Uf, (2) =800 = 8,60 = 5,0)
(i) &(Fk. fux) < 8ulk)
(iii) forall f € %,
Ep(Fr, [) < 260, (Fis £)V 8,(k)

and
3 _
Ep (Fis f) < 5(5P(9k; v 8n(k));

(iv) forall § > 8,(k), | P, — Pz < Uni(8).

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, %y C Fpy1, k > 1. Let & = Uj>1 Z;. Define

A

k= argminkzl[fiél;k Py f + 4(§n(k)]

and f = fAk 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 :

6\. o . . _ . s .
607 f) < inf[inf Pf —inf P+ 98,())].
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Proof. We will consider the event E of probability at least 1 — p on which properties
(i)—(iv) hold. Then, for all j > k,

Ep(F5; f) < 260,(F;: )V 5,()) < 2[#3% Baf = ol Pof ] +8)
< z[fz“% Baf o+ 46,(k) = int P, f - 48,(1)] +98.()).

which is bounded by 98, () since, by the definition of 12, the term in the bracket is
nonpositive and §,(j) < 8,(j). This implies
Pf < inf Pf+95,(j).
feF;

The next case is when j < k and Sn(j) > (§,,(l€)/9. Then &p (F; f;g) < g,,(lg), and,
as a consequence,

Pf < inf Pf+8,(k)y< inf Pf +95,(j).

f_flenﬂ‘lg f+ ()_flenyf S+ 98.())

The last case to consider is when j < k and Sn (Jj) < Sn (lg) /9. In this case, the
definition of k implies that

. O‘\A. — . _ . N N _ N . N ~
flen;, an (Jk, f) fén;j Pnf flen;:,g Pnf = 4(8n(k) 8!1(] )) = 38n(k)

Hence,
3( . T A : .. S 7
5 (flen;j E (T IV, (k)) = inf 61, (T f) 2 38,06,
which yields .
3 inf gp(gﬂg; 1)+ 38,(k) > 66,(k).
feF;
Therefore

fien;f Ep(Fpi f) = 8ulk) = Ep (T ).

As a consequence,
Pf < inf Pf < inf Pf +95,(j).
f_flenyj f_flen% [+ 98.(j)

This completes the proof. O
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Example 6.1. Consider a regression problem with quadratic loss and with a
bounded response variable ¥ € [0, 1] (see Sect.5.1). Let 9%, k > 1 be convex
classes of functions g taking values in [0, 1] such that ¢ C %4+, k > 1.
Moreover, suppose that for all k > 1 %, C Ly, where Ly is a finite dimensional
space of dimension dj. Let

n
8nk = argmingegn' Y (¥; — (X))
j=1

Take a nondecreasing sequence {#; } of positive numbers such that

Ze‘“‘ =pec(0,1).

k>1
Define

di + t;

§u(k) = 8,(k) = 8, (k) = K k=1

It is straightforward to see that, for a large enough constant K, (8, (k). Sn k), 8» (k))
is a triple bound of level 1 — e~ (see Example 1, Sect. 5.1). Hence, if we define

n
. N dr + t;
k= i inf IE:Y-— X;)? +4K
argmlnkzl[glengkn j:l( ;—8(X;)" + " :|

with a sufficiently large constant K and set g := g, ¢, then it follows from Theorem
6.1 that with probability at least 1 — p

di +1t
18 = g1, < grzlfl[giengfk g = gl + 9K 2 "]
Clearly, one can also construct triple bounds and implement this penalization
method in more complicated situations (see Examples 2-5 in Sect. 5.1) and for other
loss functions (for instance, for convex losses discussed in Sect.5.2). Moreover,
one can use a general construction of triple bounds in Theorem 4.8 that provides
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.
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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 [104] in which the infimum of empirical risk inf g, P, 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), 8n (k)) of level 1 — py for classes %, define

the following penalties:
NP [tk . 173
K|:8,,(k) + /—inf P, f + —:|
n % n
- - ~| 5 I . 173
a(k):=nw,(k) := K|:8,,(k) +,/—infPf + —:|,
n % n

where K, K are sufficiently large numerical constants. Here 7 (k) represents a
“desirable accuracy” of risk minimization on the class .%.
The index estimate k is defined by minimizing the penalized empirical risk

#(k) == fp (k) :

and

A

k= argminkZI{P,,f;c + ﬁ(k)}

and, as always, f = f;
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
positive numbers, the following bounds hold:

P{Pf > ggfl{Pnf:t,k + ft(k)}} < Z(pk + e‘”‘)

k=1
and

]P’%@@P(ﬁ’; e inf{ inf Pf — inf Pf +7”t(k)}} < Z(pk +e—rk).

k=1 feF =1

Remark. Note that, unless infz, Pf = 0, 7(k) = 7,(k) can not be smaller than
const n~'/2. In many cases (see Chap. 5), the excess risk bound 8, (k) is smaller than
this, and the penalization method of this section is suboptimal.
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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 ‘ £P, f —inf P ‘>28,, J =it Pf+ < —
{1} f inf fl= + - ind f+n <p+e

If (5, 8, g,,) is a triple bound of confidence level 1 — p, then

2t 8t
]P’{‘lanf—lanf’>45 +2,/ 1anf+ }§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, forall ¢ < §, and g € .7 (¢)

inf P, f — inf P ):
‘m f inf f

3 —i;fPf)
P fy—inf Pf +|(Py = P)(fy = )| + (P = P)(®)] <

0 1Py = Pllgi, + 1P = P)(@)l (6.2)
Also, on the same event E,

122 = Pllgs,y < UnGa®) < VaG)b, < (6.3)

By Bernstein’s inequality, with probability at least 1 — e’

t 2t t{. 2t
(P, — P)(g)| < +/2—Varpg + — < [2—|inf Pf + ¢ | + —, (6.4)
n 3n n\ 7 3n

since g takes valuesin [0, 1], g € .#(¢), and Varpg < Pg> < Pg <infz Pf +¢.
It follows from (6.2), (6.3) and (6.4) that, on the event

E(e) ::Eﬂ{|(Pn—P)(g)|§ 2%(i%fPf+s)+§—;}, (6.5)

the following inequality holds:

- t t
inf P, f —inf P ‘<2n J2=(inf P L .
‘1; f inf [l <28, + n(l}% f+£)+n (6.6)



106 6 Penalized Empirical Risk Minimization and Model Selection Problems
Since the events E (&) are monotone in ¢, let ¢ — 0 to get
P(EQ0)>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
inf P, f —inf P ‘< 2—|inf P, f —inf P 26 ‘[2—' fP —. (6.7
1}; w ) 1; f _\/l’lh}; n S 1}; [ +28, + nlg nf+n (6.7)

Thus, either

8t 2t _ |infy P, f —infz P
|inf P, f —inf Pf| < —, or _§|1ng f —infg f|
F F n n 4

In the last case (6.7) implies that

- t 2t
inf P, f —inf P }<45 2. 25 inf P, f + =
in ) inf S| =48, + _ind nf+n

The condition of the lemma allows us to replace (on the event E) 8n by (§,, and to
get the following bound that holds with probability atleast 1 — p —e™" :

N t 8t
inf P, f — inf P ‘<45 2. 2 inf P f + 0
int w S inf | <48, + —ind nf“"n

Now, we return to the proof of the theorem. For each class .%; and ¢ = f;, define
the event E (0) as in (6.5) with ¢ = 0. Clearly,

P(Ec(0)) > 1 — px —e™™.

Let
F := (") Ex(0).
k>1
Then
o0
P(F) < Z(pk + e—fk).
k=1

We use the following consequence of Lemma 6.1 and the definition of the triple
bounds: on the event F forall k > 1,

Pfi— inf Pf <8,(k) <8,(k) <38,(k)
€Ty
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and
inf P, f — i fPf) <25, + | infpp 4 &
in —in —in =,
Fr " (19:/( - " n }?k n
. . A 2t . 81k
£P, f —inf P ‘<48nk 2 |t p, 4 2
fgr e gt | < 0+ 2 S r e 4
Therefore,

N N N A A 2tr 817
Pf=Pf <infPf +8§,(k) <inf P, f +58,(k) +2,/—Linf P, f + £ <
ﬂlg 3’,; n 3’,; n

< 1ynEfP,,f + (k) = nlgf[lgnkanf + n(k)],

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

Iy . Ik . I . .
—inf P, f < ,/—inf P —|inf P, f —inf P

[t . e 1. .
<,/ —inf P — + —|inf P, f —inf Pf]|.
- n lgnk f + 27’2 + 2|1.?nk nf };k fl

Therefore, on the event F, for all k,
N 5| 2 [Tk . Tk
wk) = K[Sn(k) + /—inf P, f + —i|
n n
3 I . 195 -
|:8,,(k) +/—inf Pf + —i| =n(k)/2
n % n

. . = 2t . Ix
£P, f —inf P ‘<28,,k J = inf P 4+
lﬁnk f lﬂnk f - ()+ n }gk f+ n
K- ;
< —[sn(k) + [ Eint P+ t—"} = 7#(k)/2,
2 n % n

provided that the constant K in the definition of 7 (k) is large enough. As a result,
on the event F,

D | =

=

and
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Pf< inf[inf Puf+ ft(k)] < inf[inf Pf + fr(k)],
k L k LF

proving the second bound. O

Example 6.2. As an example, we derive some of the results of Lugosi and Wegkamp
[104] (in a slightly modified form). Suppose that .7 is a class of measurable func-
tions on S taking values in {0, 1} (binary functions). As before, let AT (X1,...,X»)
be the shattering number of the class .% on the sample (X1,..., X,) :

AT (X1, ... X)) = card(%(f(Xl),...,f(Xn)) (f e 9‘})

Given a sequence { %}, -, C % of classes of binary functions, define the
following complexity penalties

N log Ak (X1,..., X))+t log APk (Xy,...,X,) +1
feFy n n

and

. Elog AZk (X1, ..., X))+t Elog A7k (Xy,..., X)) + 1
7k = K[\/ inf Pf og (Xy n) + tk , Elog (X1 n) + ki|.
feFy n n

Let k be a solution of the penalized empirical risk minimization problem
k= argming ., | [n}ln P, f+ fr(k):|.
- k

Denotef:: f;/é'

Theorem 6.3. There exists a choice of K, K such that forall ty > 0,

o0
PYEp(F: /) = inf{ inf Pf— inf Pf+7(}G = D e
P(F:f)z inf{ inf Pf— inf Pf+7(k) } _;e

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
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.
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Lemma 6.2. Given a class of binary functions ¥ andt > 0, define

_ - Elog AZ(Xy,..., X t ElogAZ(Xy,...,X t
5, = K|:\/inf priloed” X Xo) 4t | Blogd (X Xo) & ]
fez n n
A R log AZ (X1,.... X))+t logAZ(Xy,...,X,) +1
8n:=K|:\/ian,,f0g CORREORAE. Byl )+]
eF n n

and

- - Elog AZ(Xy,.... X t ElogAZ(Xi,...,X t
5, = K[\/inf prilogd” X X +r | Blogd” (X, X) + }
fez n n

There exists a choice of constants K , K, K such that (Sn, 8,,, g,,) 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
% (8) and on the function ¢, (8) hold:

DX(F:8) = sup P(f—g)’< sup (Pf+ Pg)<2(inf Pf+36).
f2EF () fgeF ) feF

By Theorem 3.9,

F F
¢n(8)51<[\/2( . Pf+8)IElogA (X1.... X))  ElogdA7(X,..... Xn)}
feF n n

A straightforward computation implies the next bound on the quantity o from
Theorem 4.3:

t
O.n

=

- _ Elog AZ (Xy,..., X t ElogAZ (X1,...,X,) +1
n:K[\/in;Pf og A7 (X, Wt ElogA” (X n) + ]
€ n n

provided that the constant K is large enough. Moreover, with a proper choice of this

constant, §, is an admissible bound of level 1 — e ™.

The following deviation inequality for shattering numbers is due to Boucheron
et al. [31]: with probability at least 1 — e™’
log A7 (X1,....X,) <2Elog A7 (X,,...,X,) + 2t

and

Elog A7 (X1,....X,) <2log A7 (X1,...,X,) + 2.
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Together with the first bound of Lemma 6.1, this easily 1mp11es that with probability

atleast | — 8¢, 8, < 8, < §,. First we prove that §, < 8, To this end, we use
the first bound of Lemma 6.1 and the inequality 2ab < a® + b? to show that with
probability at least 1 —2e™"

f7 Pf 2
inf P < inf P, f +23, +2,/—mfPf+—<manf+25 +%+—.

n

Therefore,
inf Pf < 2inf P, f + 48, +4t
in inf P, n + —.
F -7 n

We substitute this inequality into the definition of 8, and replace Elog A7
(X1,...,X,) by the upper bound 210gALg(X1,...,X,,) + 2t that holds with
probability at least 1 — e™". It follows that, with some constant K,

_ log AZ (Xy,.... X))+t logAZ(Xy,...,X,) +1
SnSK[\/iannfog X1, )+t loed7 (K )+}+
feF n n

8, K2log AZ (Xy,.... X)) +1
2. og X1, X)) + ’
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™" :

- log AZ(Xy,..., X t logAZ(Xy,.... X t A
(SnSK[\/inf p gt N) A Jogdn e Xo) }:;5,,.
fez n n

The proof of the second inequality Sn < &, is similar. By increasing the values of
the constants K, K, K, it is easy to eliminate the numerical factor in front of e~
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—Pfe> w(m) 6.8)
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where ¢ is a convex nondecreasing function on [0, +00) with ¢(0) = 0. In Chap. 5,
we have already dealt with several examples of this condition. For instance, in the
case of regression with quadratic loss £(y, #) = (y —u)? and with bounded response
Y € [0, 1], condition (6.8) is satisfied for the loss class .# = { 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 / 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
variance Varp ( f — fx) of the “excess loss” f — fx. 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) < yoe(v), u,v = 0. (6.9)
Denote by

@™ (v) := supluv — (u)]

u>0

the conjugate of ¢. Then
wv < @(u) + ¢*w), u,v > 0.

Let (g,, (k), Sn (k), Sn (k)) be a triple bound of level 1 — p; for the class Z;, k > 1.
For a fixed ¢ > 0, define the penalties as follows:

7 1= A©B 0 + o7 (| 22) + %

and

o AR 2 x|k 2 k&
k)= 1+ W(«/E)g"(k) A o)’ ( en) * 1+ yp(Je)yn’
where

A@) =2~ 7o(VB).
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As before, k is defined by

~

k= argminkzl{P,,f; + ﬁ(k)}

andf = f;k

Theorem 6.4. For any sequence {t} of positive numbers,
o0
P! Ep(F: f) = C 'f{'fP—'fP 70| = ),
P(Z:f)z C(e) jnf} inf Pf— inf Pf +7(k) } _;(pk+e
where

_ 1tre(Ve)
S 1-ye(Ve)

Proof. The following lemma is needed in the proof.

C(e)

Lemma 6.3. Let ¥ C . and let (5,, g,,, g,,) be a triple bound of level 1 — p for the
class 9. For all t > 0, there exists an event E with probability at least 1 — p — e™"
such that on this event

inf P, f — P, fu < (1 + yp(/e)(inf Pf — Pf.) + qo*(,/ﬁ) +L 610
G 2 En n
and

t

3 2
igf Pf—Pfi < (1—yp(Ve)™! [i%f Pnf—P,,f*JrE(Sn—i—qo*(\/;)—i—ﬂ. (6.11)

In addition, if there exists SZ such that
8p < einf P — Pf) + 8,

then

-1
ingf—Pf* < (1 —¢(¢E)—;s) [ing,,f—P,,f*

3., o 2t t
+25 + ¢ ( —)+— . (6.12)

2 en n
Proof. We assume, for simplicity, that P/ attains its minimum over ¢ at some
[ € ¥ (the proof can be easily modified if the minimum is not attained). Let E’ be
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the event from the Definition 4.1 of the triple bound and let

E:=1|(P, = P)(f = fo)l < %VarP(f_f*)+:7}ﬂEl'

It follows from Bernstein inequality and the definition of the triple bound that
P(E)>1—p—e.

On the event E,

[Py = DY~ fo)l =\ Narp(F = fo) +

NS G EG: f) = En @i f) < %(&(%; 1) vg,,).

and

Also,

Varl*(f = f) < 97" (P f — Pfo).

Hence, on the event £,

(P P — fo)l = o(ew™ (P T — Py + () 2) + L <

en

<yoRNP T~ Pf) ot (| 2) + L

en n

implying

113

Pu(f = f) = (1 + oV P(f = f) +¢*(F J+2 1)

en

and

P(f = fo) = (1 =ye(Je) ™! [Pn(f' —fo+ so*(\/7 )+ ﬂ (6.14)

en

(6.13) immediately yields the first bound of the lemma.
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Since, in addition, on the event E
Pi(f = fo) = Puf —inf P f +inf P, f — Py fu = 6,2 [) +inf P f — Po fs

<infP, f — Py fu + E(@@P(%; v 8)
@ 2
and since & (¥; f) = 0, we get
BA(f ~ fo) Sinf By f — Pufu+ 300
Along with (6.14), this implies
igfpf —Pfu=P(f — fo)

=~ yqo(\/f?))‘l[ingnf — P fu+ %Sn + <p*( 2) + 5},

en n
which is the second bound of the lemma.

Finally, to prove the third bound it is enough to substitute the bound on 8, into
(6.11) and to solve the resulting inequality with respect to infy Pf — P fs. O

Let Ej be the event defined in Lemma 6.3 for 4 = %, and t = t;, so that
P(Ex) = 1 —pp —e .

Let £ := (> Ex. Then

P(E) > 1— Z(pk + e—'k).

k>1

On the event E, forall k > 1
Ep(Fi fo) = Pfe—inf Pf <5,(k)
k
and

8uk) < 8, (k) < 8, (k).

On the same event, first using bound (6.11) and then bound (6.10) of Lemma 6.3,
we get

Ep(T; f) = Pf—i;fPf =Pf;—Pf

— AA_. . _ <_ A~ . _
P f; 19n,;fpf+lyn,;fpf Pf*_5n(k)+}%fPf Pfi
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< (1= yp(Ve) ! [(1 = yo(VO)S,(k) + int P f = P, fu

% 2t 17

(Vo) ;] = Putef

= (= yo(Vo) intlinf P,/ +4(K)| = P, /o]

< ifizgfil f[ (Pf —infPf + 5/2 V"(’%) 5. k)
2 % 21 2 Tk

ESTINGM <\/;) o

= 111_;/;&//__)) 12f[1anf i;fPf + ﬁ(k)],

and the result follows. |

Remark 6.1. Suppose that, for each k, S,, (k) is an admissible excess risk bound
for the class .%; on an event Ey with P(Ex) > 1 — pi (see Definition 4.1). It is
easily seen from the proof of Theorem 6.4 that the same oracle inequality holds for
arbitrary penalties 7 (k) and 7 (k) such that on the event Ej

2(k) > A()5, () + ¢ (\/g) ¥ %‘

and

e = A0 (V%) L&
T 1+ye(Ve)  T+ye(Ve) (14 ye(Je)n’

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 Sect.5.3). Because
of this, it is of importance to know that, using Remark 6.1, it is easy to construct a
version of the penalties that do not depend on ¢ directly. Suppose that the number
of classes .7 is finite, say, N . Take

te =t +logN, k=1,...,N.
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Define

~

. . 54
k := argmin, ; _y [fnelglk P, f+ §8n(k)1|

and f = fAk Note that we also have

A

k= argmin1<k<N[ min P, f + ﬁ(k)i|,
T LfEeFk

R . 54 % 2tk I
(k) = 28,06 + ¢ (,/ 8n)+ .

2(t +1logN) t +logN
( EN )+

where

3

5.
= =0, (k) + ¢*

2 n

since #; in the additional two terms of the definition of 7 (k) does not depend on k.

Denote
. 5~ N 2(t +log N t+1logN
Fk) = 28, (k) + 20 (,/( o8 ))+2 08
2 en n

Then it follows from Theorem 6.4 and from Remark 6.1 that

Py Ep(F; f)>C(g) mf {flenf Pf— mf Pf—i—n(k)}} +Zpk

(6.15)

Example 6.3. Consider, for instance, model selection in binary classification prob-
lems (see Sect.5.3). Suppose that condition (5.8) holds with some 2 > 0 and, as a
result, condition (6.8) holds with ¢(x) = hu®>,u > 0,for f = Legand fx = Leg.,
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
classifiers). For any k, define

&nk = argmingeg Ly(g) = argmingegkn_1 Z I(Y; # g(X;)).
j=1

Let Z := {L e g : g € %} Denote (5, (k), Sn k), 8n (k)) the standard triple bound
of Theorem 4.8 for the class .7 of level 1— p. Suppose that ij:l pr=p € (0,1).
Define
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A

. . 5,
k = argmin;; .y [glenggk L,(g)+ 58,, (k)]

and ¢ := g, ;. Then it easily follows from bound (6.15) that with probability at
least 1 — p —e™'

R . . ~ t +1log N
L&)~ Lg) < C inf [mf L(g) - L(gs) + 5, (k) + 108N }
1<k<N| g€% 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 §,(k),

Elog A% (X1,....X,) N e }

5.0 = €| inf 26~ L)+ - -

This leads to the following oracle inequality that holds with probability at least
1 — p — e~ and with some constant C > 0 :

Elog A%(X4,..., X,
L&) - Lg) <C inf [inf L(g) - L(ge) + —log 47N )]
1<k<N| g€%; nh
t +logN

C
+ nh

Thus, this penalization method is adaptive to the unknown noise parameter /.

We conclude this section with stating a result of Massart [106, 107] 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,

Di(Pf — Pfu) = pp(f. f) = Varp(f — f).

We will assume that the sequence { Dy } is nondecreasing. Denote

_ KDyt
5;(k)::D,;1wg( © )+ Kk

KDy ne

If K is large enough, then Lemma 4.1 implies the following bound:

5. (k) =0} (Fi1 P) < e(inf Pf — Pfo) + 8 (k).

Also, it follows from the proof of Theorem 4.3 that 8n (k) is an admissible excess
risk bound of level 1 — C e ™.
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Suppose that for each k there exist a data dependent bound S,ﬁ(k) and a
distribution dependent bound &/, (k) such that

PISE(k) < 85(k) < 8:(k)0 = 1—pi, k> 1.

Define the following penalties:

K Dyt < K Dyt
K and 78 (k) = 385 (k) + ———*

78 (k) = 382 (k) + — —

with some numerical constants K , K. Let

A

k := argmin, ., [ min P, f + ﬁ,f(k):|
— LfeFk

andf:: fAk

Theorem 6.5. There exist numerical constants K, K, C such that for any sequence
{tx} of positive numbers,

; 1+8 . . ~& s —tk
PIPf —Pfe> 1—8/§Izlf1<flen:;k Pf—Pf*—l—nn(k)}} S;;(pk+(c+l)e .

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 ¢y (1) = u?/ Dy and ¢} (v) = Dyv?/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 [104]. Section 6.3 is based
on the results of Koltchinskii [83]; Theorem 6.5 in this section is essentially due to
Massart [106]. Other useful references on oracle inequalities in penalized empirical
risk minimization are [7, 25,26, 29, 107].

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 [131]. Concentration inequalities for empirical
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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 et al. [25], Steinwart and Scovel [136], Steinwart
and Christmann [135]. Recently, Mendelson and Neeman [116] obtained very subtle
oracle inequalities in such problems based on a variety of methods (including,
generic chaining bounds).

The methods developed in this and in the previous chapters are also of importance
in the study of statistical aggregation procedures, see [35,119, 143,152, 153].



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 dictionary. 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 5Z := {hy, ..., hy} 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 = (A1,...,Ay) € R", denote

N
fio =Y Ahj. Ty = supp(h) i= {j LA o} and d(A) := d(J;).

=1

Suppose that a function fi € 1.s.(#) = {fi : A € RV} from the linear span of the
dictionary is observed (measured) at points X1, ..., X, € S. For simplicity, we first
assume that there is no noise in the observations:

Y] =f*(X])a j = 1,--.,”.

V. Koltchinskii, Oracle Inequalities in Empirical Risk Minimization and Sparse Recovery 121
Problems, Lecture Notes in Mathematics 2033, DOI 10.1007/978-3-642-22147-7_17,
© Springer-Verlag Berlin Heidelberg 2011



122 7 Linear Programming in Sparse Recovery

The goal is to recover a representation of f, in the dictionary. We are mostly
interested in the case when N > n (in fact, N can be much larger than »). Define

L= {AGRN:fA(Xj)=Yj, j =1,...,n}.

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
IMleg =Y I(A; #0) —> min, A € L. (7.1)
j=1

If we introduce the following nx N matrix A := (h;(X;):1<i <n,1 < j <N

and denote Y the vector with components Y1, .. ., ¥,,, then problem (7.1) can be also
rewritten as

N
IMleg =) 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 2" coordinate subspaces of R". Because of this, the
following convex relaxation of the problem is frequently used:

N
IAlle, =D 14,1 —> min, A € L, (7.3)
j=1
or, equivalently,
N
IAle, = 14| —> min, AL =Y. (7.4)
j=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 [52]) 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 =AU, = conv({al,—al, .. ,aN,—aN}),
where Uy, := {1 € RV : ||A||;, < 1} is the unitball in ¢; and ay,...,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.
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Clearly, P is a centrally symmetric convex polytope in R” with at most 2N
vertices. 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 equiva-
lent:

(i) The polytope P has 2N -vertices and is d-neighborly
(ii) Any solution A of the system of linear equations AA =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 — 1)-neighborly centrally
symmetric polytope. However, it is hard to find nontrivial constructive examples of
such polytopes with a “high neighborliness”. Their existence is usually proved by
a probabilistic method, for instance, by choosing the design matrix A at random
and showing 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 matrices (projections on an n-dimensional subspace picked at random
from the Grassmannian 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 [150],
Affentranger and Schneider [3] and, in connection with sparse recovery, Donoho
[52], Donoho and Tanner [57]. The approach taken in these papers is based on rather
subtle geometric analysis of the properties of high-dimensional convex polytopes, in
particular, 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 [129] and
Mendelson et al. [117]. 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 57
that will be involved in error bounds for sparse recovery methods.

7.2.1 Cones of Dominant Coordinates

For J C {l,...,N} and b € [0, 400], define the following cone consisting of
vectors whose “dominant coordinates” are in J :
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Cpy = %ueRN >y 5bZ|uj|}.

J&J JjeJ

Clearly, for b = 400, Cp; = RY. Forb = 0, Cp; is the linear subspace R’ of
vectors u € RY with supp(#) C J. For b = 1, we will write C; := C; ;. Such
cones will be called cones of dominant coordinates and some norms in RV will be
compared on these cones.

Some useful geometric properties of the cones of dominant coordinates will
be summarized in the following lemma. It includes several well known facts (see
Candes and Tao [44], proof of Theorem 1; Ledoux and Talagrand [101], p. 421;
Mendelson et al. [117], 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 vectorsu = (u; : j € J) € R’.

Lemma 7.1. Let J C {l,...,N}andletd := card(J).

(i) Take u € Cp y and denote Jy := J. For s > 1, J| will denote the set of s
coordinatesin {1, ..., N}\ Jo for which |u;|'s are the largest, J» will be the set
of s coordinates in {1, ..., N} \ (Jo U J1) for which |u;|'s are the largest, etc.
(at the end, there might be fewer than s coordinates left). Denote u®) := (uj :
j€Ji). Thenu=Y, ,u® and

> e = =3yl = ”\E(Z |u,|2) .

k>2 jer jeJ

In addition,

i 1/2
lulle, < (b\ﬁ+ 1)( 3 |u,»|2) |
$ Jj€JUJy
(ii) Denote Kj := Cp j NUy,. There exists a set My C Uy, such that d(u) < d for
u e ///,b
N
card(Ay) < 5¢ (E d)

and

K; C 22+ b)conv(Ay).

Proof. To prove (i), note that, for all j € Jx41,

1
il < = 3l

i€Jy

implying that
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S k) = S
(T wr) =

JE€Jk+1 J€Jk

Add these inequalities for k = 1,2,... to get

1 b
> u®e, < WG > luy] < G > luj

k>2 il jel

d 1/2 d 1/2

5b\/;(z|”j|2) <b ;( > |Mj|2) :
jel jeJUn

Therefore, foru € Cy,
i 1/2
lulle, < (b\ﬁ+ 1)( 3 |uj|2) .
$ j€JUL;

To prove (ii) denote

g = {Ic{l,...,zv};d(z)gd}

and observe that

K; Cc2+b) conv( U BI),

Iejd

B, :={(ui:iel):2|ui|2§1}.

i€l

where

Indeed, it is enough to consider u € K, and to use statement (i) with s = d. Then,
we have u® € B, u'V € By, and

Zu(k) eb conv( U Bl).

k>2 IEJ,]

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 RY, denote
by C; + C; their Minkowski sum

Ci+C={xi+x:x €Cx e
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It follows that
1 1 1 1
BcCcM+ 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;C22+b) conv( U M,) =:2(2 4 b) conv(Ay).
Iejd

By an easy combinatorial argument,

N
card(. ;) < 5¢ (S d)’

so, the proof is complete. O

7.2.2 Restricted Isometry Constants and Related Characteristics

Given a probability measure /7 on S, denote

N
ﬁ<b>(J;n);=inf{ﬁ>o;Z|x,-|gﬁ > Ajh; ,AeC;,J}
jed j=1 Lidn
and
N 2
B (J: ) ;=inf{ﬁ>o:2|xj|2§ﬂ2 > Ajh; ,AeC;,J}.
jed j=1 L2(T)

Let
B, 1) := BV, 1), Bo(J, 1T) := B3 (J, IT).

As soon as the distribution 7 is fixed, we will often suppress IT in our notations and
write B(J). B2(J), etc. In the case when J = @, we set B®(J) = (/) = o.
Note that if J # @ and hy, ..., hy are linearly independentin L;(/T) orin L,(IT),
then, for all b € (0, +00), B (J) < 400 or, respectively, B (J) < +o0. In the

case of orthonormal dictionary, g)) J)=1.

(b)
2

We will use several properties of %) (J) and B, (J) and their relationships with

other common characteristics of the dictionary.
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Let k(J)) denote the minimal eigenvalue of the Gram matrix ((hi Jhi) o 17))
Also denote L the linear span of {#; : j € J} and let

ijer

o(J) = sup (/. &)Ly
reryger e reol I I llgl yam |

Thus, p(J) is the largest “correlation coefficient” (or the largest cosine of the
angle) between functions in the linear span of a subset {#; : j € J} of the
dictionary and the linear span of its complement (compare p(J) with the notion
of canonical correlation in multivariate statistical analysis). In fact, we will rather
need a somewhat different quantity defined in terms of the cone Cj ;:

KZ;eM‘th;y /\jh/‘>

L (n))

p®@(J) = sup

reC .
s |Ljer A HL 1) H 2 g A Lo(IT)
Clearly, p® (J) < p(J).
Proposition 7.1. The following bound holds:
1
B < (7.5)

= VD= (O

Proof. Indeed, let A € Cp ;. The next inequality is obvious

I ‘”HD 4 iy

since for f =3, Ajhjandg =34, A;h;, wehave

2 2 2 2
Lf + gl = (1= cos* @) £ 13,y + (IIfIILz(n) cos(a) + IIglle(n))
> (1= OIS -

where « is the angle between f and g. This yields

) 12 1
(;'“') < WH;MM .
HZ g ’HL(n)

which implies (7.5). O

\/K<J)(1 -~ (p<b><J)>2>
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Lemma 7.1 can be used to provide upper bounds on ﬂéb) (J). To formulate such
bounds, we first introduce so called restricted isometry constants.

Ford = 1,..., N, let §;(IT) be the smallest § > 0 such that, for all A € RY
with d(A) < d,

(1 =8lAlle, = = (1 + ) Alle,-

Lo (IT)

N
> Ak
j=1

If 64 (1T) < 1, then d-dimensional subspaces spanned on subsets of the dictionary
and equipped with (a) the L,(/T)-norm and (b) the £,-norm on vectors of coef-
ficients are “almost” isometric. For a given dictionary {hy,...,hy}, the quantity
84 (IT) will be called the restricted isometry constant of dimension d with respect
to the measure /1. The dictionary satisfies a restricted isometry condition in L,(IT)
if 64 (I1) 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},I NJ =0, denote

(1)) = sup (/&) Loam)
f€L;.gELy,f.g70 ||f||Lz(17)||g||Lz(17)

Note that p(J) = r(J, J°). Let
pdzzmax{r(l, J):LJCl, ... N}, INJ =@, card(I) = 2d, card(J) = d}.

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

mq = inf{]| full oy u € RN, Jlulle, = 1.d(w) < d}

and
My = sup{|| full oy e € RY, Jlulle, = 1,d(w) < d}.

Iftmg <1 < M, <2, the restricted isometry constant can be written as
8q = (My — 1) \4 (1 - md).

Lemma 7.2. Suppose J C{l,...,N},d(J) =d and p; < bﬂﬂ%' Then

(b)
J) < ——————.
) = maa — bpa My

Proof. Denote P; the orthogonal projection on L; C L,(IT). Under the notations
of Lemma 7.1 withs = d, forallu € Cy,
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z

v

v

v

%

%

N

> ujh,

=1

Lo (IT)

> ujhy

Jj€JoUJy

> ujhy

Jj€JoUJy

> ujhy

Jj€JUJ;

> ujhy

Jj€JUJ;

> ujhy

Jj€JUJ;

> ujhy

Jj€JoUJ;
M,

(1 — bpg—+
maq

On the other hand,

implying that

Therefore,

1/2 1/2
(Z|u,~|2) 5( ) |u,»|2) < m3)

> ujhy

N
Prus Y ujh;
j=1 Lo (M)
- H Pypun Y ujh;
Lo(IT) J€aUa L (IT)
- Z P Z ujh;
Lo(IT)  p>2 jedi L>(IT)
S b
Ly () k>2jer La(I)
k
— paMy Z 1 ®le,
Lo(IT) k>2
_deMd( > |“j|2)
Lo(IT) jeJug
M,
—b,Od— Z Mjhj
Lo (IT) m2d jelUJ; Lo (IT)
) Z Mjhj .
jedoUly Lo (IT)

L>(IT)

3

Lo (IT)

1 — 634

je€J j€JUJy j€JUL;
1/2
2 —1
Ui <m 1-b d_)
(ur) =t (1=t
Bo)) < ——
2 ag — bpaMy
It is easy to check that

1438 148\ 1 1-38

+ 03g4 + + 034 _9 \/ 2o 3d
1—824 1—84 2 1+82d

=

)

14 84

129

)]
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Together with Lemma 7.2 this implies that 8,(J) < +oo for any set J such that
card(J) < d, provided that 835 < % (a sharper condition is also possible).
We will give a simple modification of Lemma 7.2 in spirit of [22].

Lemma 7.3. Recall the notations of Lemma 7.1. Suppose J C {1,...,N},d(J) =

d and, for some s > 1,
M, - 1 \/?
mq +s b\Vd

J5
(J) : \/Emd-l—s - b\/ng '

Then

b
By

Proof. Forallu € Cy y,

(Z |“/‘|2)1/2 <

> ujhy

Jer Ma+s ;2504 La(IT)
1< 1
< Z I/ljhj + Z Mjhj .
mg +s = L1y — Md+s i4I0n L (IT)
To bound the last norm in the right hand side, note that
2 why| =) 1) uh
JEIU LoD g2l jeyy Lo ()
d 1/2
<MY 1O = Mo S (S k)
k=2 jeJ
This yields the bound
1/2 1 N M d 1/2
(Zwr) = | S, 5 (S f)
e Mg +s = Lo (IT) Ma4s ¥V S ies
which implies the result. O

7.2.3 Alignment Coefficients

In what follows, we will use several quantities that describe a way in which vectors
in RY, 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(A)
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the closure of the set
(veRY :3r >0+ e D).

The set Tp(A) will be called the tangent cone of convex set D at point A. Let

H = ((hi,hj)mn))

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 R".

For a vector w € RV and b > 0, we will denote Cpw = Cpsupp(w), Which is a
cone of vectors whose “dominant” coordinates are in supp(w). Now define

al) (DX, w) = sup{(w, e, 1€ —Tp()NCou || full oy = 1}, b e [0, +o00].

The quantities ag’) (D, A,w) for b € [0, oc] 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)r, > 0
(that is, the vector —w belongs to the normal cone of D at point A; see Aubin and
Ekeland [9], Chap. 4, Sect. 2, Corollary 6). This implies that a\?’ (D, A, w) < 0. If
D =RV then Tp(1) = RV, 1 € RV In this case, we will write

b b
alf ) = aff RY 4, w) = sup{w.u)e, 2 € Cop | full o = 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 ag) (D, A, w) by its upper bound ag) (w).

Note that
”fu“iz(n) = (Hu,u), = (HI/ZM’ Hl/z“)fz'

We will frequently use the following form of alignment coefficient

A\ (D, A, w) = sup{(w,u)g2 cue ~TpO). || full Lamy = 1},

or rather a simpler upper bound

af? ) = ali” ®Y, 2,w) = sup{(w. ) : | full ) = 1.
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The last quantity is a seminorm in RY and, for all b, we have

alw)y<a§¥mw) = sup  (wu)e, = [wln-
15 1/2ullg, =1

If H is nonsingular, we can further write

wle = sup  (H™2w, H'2u)e, = | H™ P,
1 2y =1

Even when H is singular, we still have |w|xz < |H~'?w|,, where, for w €
Im(H'/?) = H'?R¥ , one defines

|H 2w, = inf{[|v]e, : H'?v = w}

(which means factorization of the space with respect to Ker(H'/?)) and, for w ¢
Im(H '/?), the norm || H~'/?w||,, becomes infinite.
Note also that, for b = 0,

alf o) = aff R4, w) = sup{(w.u)e, + | full Loy = 1. supp(a) = supp(w)}.

This also defines seminorms on subspaces of vectors w with a fixed support, say,

supp(w) = J.If H; := ((hi, hj )Lz(n)) is the corresponding submatrix of the
ijeJ
Gram matrix H and H; is nonsingular, then

0 —1/2
al wy = [|1H; e,

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 < +00, 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 J/ = supp(w),

then
Wil < wlle - Il VIO)
T V(DA =p2(])) T V(D) = pA(J))

where «(J) is the minimal eigenvalue of the matrix H; = ((h,-, hj )Lz(ﬂ))

ijes and
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); IT).
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Namely, the following bound is straightforward:

a\(w) < |wlleyBap(w; ).

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, x(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~'/?w]|;, (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
L,(IT), so it strongly depends on the unknown distribution I7 of the design variable.

7.3 Sparse Recovery in Noiseless Problems

Let I1, denote the empirical measure based on the points Xi,..., 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,) < +00,
then A = A*.

Proof. Since A€ LandA* € L, we have
fi(Xj)=fA*(Xj), ] = 1,...,)1

implying that || f; — fi*llz,(m,) = 0. On the other hand, since A is a solution of
(7.3), we have ||A]ls, < || A*|l¢,. This yields

Sl Y- s > 1A - Ak

e jed jedx

Therefore,i —A* € Cy,, and
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R R R 1/2
JA—2%, <2 3 Ji; - sNd(x*)( S, —x;f|2)

JEI JEJyx
< 2B (La: I) VA f5 = fixllLaam,) = O,

implying the result. O

In particular, it means that as soon as the restricted isometry condition holds for
the empirical distribution 7, for a sufficiently large d with a sufficiently small 84,
the method (7.3) provides a solution of the sparse recovery problem for any target
vector A* such that f, = fy* and d(A*) < d. To be more precise, it follows from
the bounds of the previous section that the condition 63, (I7,) < 1/8 would suffice.
Candes [38] gives sharper bounds. The restricted isometry condition for I7, (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 X, ..., X,
are i.i.d. with common distribution 7. 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 v,-norms (see Appendix A.1) and, for C > 0,4 > 1,
define

Alog N

Ag =11 eRN :CB(Jy; M) max 12k (X) [l < 1/4}.

We will interpret Ag as a set of “sparse” vectors. Note that in the case when the
dictionary is L, (IT)-orthonormal, (J; 1) < /card(J), so, indeed, Ag consists
of vectors with a sufficiently small d(4) (that is, sparse).

In what follows we assume that Alog N < n.

Recall that

L= {xeRN CAX) = LX) = 1n}

Theorem 7.2. Suppose fi = fix, \¥ € RN . Let A > 1. There exists a constant C
in the definition of the set As such that with probability at least 1 — N =4,

either LN As =@, or LN Ag = {i}

In particular, if \* € Ag, then with the same probability A= A%

Proof. The following lemma is used in the proof.
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Lemma 7.4. There exists a constant C > 0 such that for all A > 1 with probability
atleast 1 — N~

Alog N Alog N
I, =1 f.)| = C hi (X .
Wb [T = IDAD] = € ma, Ve )wl(\/ — V= )

Proof. Let R,( f) be the Rademacher process. We will use symmetrization inequal-
ity and then contraction inequality for exponential moments (see Sects. 2.1, 2.2). For
t >0, we get

(11, ~mf|} < Bewpfar sup

lulle, <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

Eexp%t sup Rn(|fu|)‘}

lulle, <1

5Eexp{4t sup |R,(f.)

lulle, <1

Eexp%t sup ‘(17,1 - H)(|fu|)‘} < Eexp%4t lrSI}CanN‘Rn(hk)‘}

lulle, <1

= N max E[exp{mRn(hk)} \/exp{—4tRn(hk)”

1<k<N

t n
< 2N max Eexp{4tRn(hk)} < 2N max (Eexp{4—shk(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 L N Ag # @ and let A € L N Ag. Arguing as in the proof of
Proposition 7.2, we get that, forall A € L, A — A € Cy, and | f5 — fall,m1,) = 0.
Therefore,

1A =Ale < D11+ D0 1A — 4]
2 JEJ,
<23 A=Al = 280D = fllaa (7.6)

JE

We will now upper bound || 5 — fall, () in terms of ||i — All¢,, which will imply
the result. First, note that
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I.f5 = flleyany = I1Lfs — falleyan,y + (T = I\ f5 — fil)
< sup |(IT, — (| £D[IIA = Alle,. (1.7)

lulle, <1

By Lemma 7.4, with probability at least 1 — N4 (under the assumption that

Alog N <n)
Alog N
< C max gl | 2
1<k<N n

This yields the following bound that holds with probability at least 1 — N ~4:

sup |(IT, — IT)(| ful)

luelley <1

Alog N

175 = Pl = € max 1y, paml Ul 08 (7.8)
Together with (7.6), this implies
A AlogN -
I3 = Ale, = 2CA) max Wil | === 12— Al

It follows that, for A € L N Ag, with probability at least 1 — N —4,
~ 1 A
I3 = Al = 1A = Al
and, hence, =2 O

It is of interest to study the problem under the following condition on the
dictionary and on the distribution I7: forall A € C;

N
> Ak

J=1

N
> Ak

J=1

=
Ly(IT)

< B(J)
Lo(IT)

(7.9)

N
D Ashy
j=1

Li(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) — 00).

Example. * Gaussian dictionary. It will be said that h,...,hy is a Gaussian
dictionary with respect to I iff (4(X), ..., hy (X)) has a normal distribution in
RY, X having distribution 7. In this case, condition (7.9) holds for all A € RY
with B(J) = B that does not depend on the dimension d(J). Moreover, all the
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L, norms for p > 1 and even V- and v¥»-norms of Z;V=1 Ajhj are equivalent
up to numerical constants.

* Gaussian orthonormal dictionary. In this special case of Gaussian dictionaries,
hi(X),...,hy(X) are i.i.d. standard normal random variables.

* Rademacher (Bernoulli) dictionary. In this example 7, (X), ..., hxy(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 v, are equivalent on the linear span of
the dictionary up to numerical constants. This fact follows from the classical
Khinchin inequality (see Bobkov and Houdré [27] for a discussion of Khinchin
type inequalities and their connections with isoperimetric constants).

e Yy-dictionary. Let @ > 1. It will be said that Ay, ..., hy is a ¥,-dictionary with
respect to [T iff

I fillye < Bl fullzycmys A € RY

with an absolute constant B. Condition (7.9) obviously holds for v, -dictionaries.
In particular, »-dictionaries will be also called subgaussian dictionaries.
Clearly, this includes the examples of Gaussian and Rademacher dictionaries.

 Log-concave dictionary. Recall that a probability measure 1 in RY is called log-
concave iff

p(tA+ (1—1)B) > (u(A) (u(B)'™"

for all Borel sets 4, B C R"Y and all ¢ € [0, 1]. A log-concave measure i is
always supported in an affine subspace of R" (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 R” is a bounded
convex set, then uniform distribution in K is log-concave. It will be said that a
dictionary {h1,...,hy} is log-concave with respect to [T iff the random vector
(h(X),...,hn(X)) has a log-concave distribution, X having distribution 7.
A well known result of Borell [28] (see also Ledoux [100], Proposition 2.14)
implies that log-concave dictionaries 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

1 flly < Bl filleyamy, » € RY

with an absolute constant B. Thus, logconcave dictionaries are examples of
Y -dictionary.

Under the condition (7.9),

B(J) = B(J)B2(J)Vd(J). (7.10)

If B2(J) is bounded (as in the case of orthonormal dictionaries), then S(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 f3,.
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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 | - || 2,7y and || - [|¢,-

Denote

Ba(d) = Bo(d: IT) = max{ﬁz(J) cJ il N}, d(J) < 2d}.

Let

B(d) :=max{ B(J): J C{l,....N}, d(J) §d§.

Finally, denote d the largest d satisfying the conditions d < % -1, w <1,

and
Ad log(N/d)
CB(d),Bg(d) sup ”fM”Wl \/I < 1/4.
lulle, <1.d(w)<d n

We will now use the following definition of the set of “sparse” vectors:

Asy:={reRY :d(}) <d}.

() =0)

Suppose fix = fix, 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,

Recall the notation

Theorem 7.3. Suppose that fx = fix, 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
-4
f N
b3 (5 d) ’

either LN Agr, =0, or LN Ag = {i}
In particular, if \* € As,, then with the same probability A =%

Proof. We will use the following lemma.

Lemma 7.5. ForJ C{l,...,N}withd(J) <d,let K; := C;NUy,. There exists
a constant C > 0 such that, for all A > 1 with probability at least

—A
N
—dA
()
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the following bound holds:

sup
uekKy

Ad log(N/d) \ ; Ad log(N/d)
<C sup I follun (\/gi\/ g '
lulle,<1.d(wy<d n n

Proof. 1t follows from statement (ii) of Lemma 7.1 with b = 1 that

(I, _H)(|fu|)‘

K; C 6 conv(.y),

where ., is a set of vectors u from the unit ball {u € RY : |u|l,, < 1} such that
d(u) <d and

card(. ;) < 5¢ <§N d).

Now, it is enough to repeat the proof of Lemma 7.4. In particular, we use
symmetrization and contraction inequalities to reduce bounding the exponential
moment of

sup
ueKy

I, —H)(Iful)‘

to bounding the exponential moment of sup,¢_,, | R.(f.)|, card(.#y) playing now
the role of N. The bound on card(.#,;) implies that with some ¢ > 0

N
log(card(.#,)) < cd log T

and it is easy to complete the proof. O

We now follow the proof of Theorem 7.2 with straightforward modifications.
Assume that L N As, # @ andlet A € L N Ag,. Instead of (7.7), we use

I.f5 = falleyany = I1Lfs — falleyan,y + (T = I\ f5 — fil)
< sup (T — (I LD]IA = Al (7.11)

llulle, <1.ueCy,

To bound ||i —All¢, note that, as in the proof of Theorem 7.2, A-recC 7, and apply
Lemma7.ltou=A—A,J = Jy:

. A 12
||/\—/\||42§2( ) M,»—W) <28,dONI f; — filliam (12)

j€JUL;
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Use Lemma 7.5 to bound

(1T, — M) )

sup
llulle, <1.ueCy,

Ad log(N/d
SC sl AR, .13
lulle, <1.d(u)<d

which holds with probability at least 1544 ( <N J) _A. 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 — fillz,m). It follows that the last norm is equal to 0. In view of
(7.12), this implies that A = A. O

Remark. Note that, in the case of L,(IT)-orthonormal logconcave dictionary,
Theorem 7.3 easily implies that A = A* with a high probability provided that

Ad(A7) log(N/d (A7) _
p <

for a sufficiently small c¢. Recently, Adamczak et al. [2] obtained sharp bounds
on empirical restricted isometry constants 8, (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 §,(11,)).

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, = X)) +§&, j=1,....n,

where X, X1, ..., X, are i.i.d. random variables in a measurable space (S, /) with
distribution I7 and €, &1, .. ., &, 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
<of

n” Y X)) = Y)hi (X))

Ag::%AERN: max
1<k=<N =1
=

k
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and define the Dantzig selector as

A

X =A% € Argmin, _; Al

It is easy to reduce the computation of ¢ to a linear program. The Dantzig selector
is closely related to the £;-penalization method (called “LASSO” in statistical
literature, see Tibshirani [141]) and defined as a solution of the following penalized
empirical risk minimization problem:

nT Y (X)) = Y + 26 Ale, =t Ly (A) + 2e]|Ally, —> min.  (7.14)
j=1

The set of constraints of the Dantzig selector can be written as
Ae={r: VL] =ef

and the condition A € Ag is necessary for A to be a solution of (7.14).
In [44], Candes and Tao studied the performance of the Dantzig selector in
the case of fixed design regression (nonrandom points Xj,...,X,) under the

assumption that the design matrix A = (h J10.¢ i))i_1 p— satisfies the uniform
uncertainty principle (UUP). They stated that UUP holds 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 et al. [36], van de Geer [63], Koltchinskii [84]
in the case of £;- or {,-penalized empirical risk minimization. We follow the
paper of Koltchinskii [85] 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 Sect.7.3 and to recent papers by Rudelson and Vershynin [129]
and Mendelson et al. [117]. As in Sect. 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 Ly ([T)-orthonormal is replaced by the assumption that it satisfies the restricted
isometry condition with respect to 7.

In what follows, the values of ¢ > 0, A > 0 and C > 0 will be fixed and it will
be assumed that @ < 1. Consider the following set
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. . N .
A= A(A) = {)L €RY :|(fi = fus )|

Alog N
+C (I = AR |y + [8h(X) 4 ) | T < ek =1 N

consisting of vectors A (“oracles”) such that f, provides a good approximation
of fi.Infact, A € A.(A) implies that

max ({f1— f«, hk)Lz(I'[)‘ <e. (7.15)
I<k<N

This means that fj — fx is “almost orthogonal” to the linear span of the dictionary.
Thus, f) is close to the projection of fi on the linear span. Condition (7.15) is
necessary for A to be a minimal point of

A L= Sl + 2elMe

and minimizing the last function is a “population version” of LASSO problem (7.14)
(A € A is a necessary condition for (7.14)). Of course, the condition

Alog N
> hi (X
ez max [Eh (X))l

is necessary for A.(A) # @. 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 /L 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
[-lle; II-lle, - At the same time, the function f; belongs to a small ball around f; with
respect to such norms as || - ||, 7y or || - || ,¢7)- 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 8 or B, (see Sect.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, (I7).

Recall the definition of the set of “sparse” vectors Ag from the previous section.
Let

A = A (A) = A (A) N As.

Theorem 7.4. There exists a constant C in the definitions of A.(A), As such that,
for A > 1 with probability at least | — N~4, the following bounds hold for all
A€ /ia NAg:

/5 = falleyamy = 16B(J)e

and .
A= Alle, < 32B%(Jn)e.
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This implies that

I = fllm = ot )[nﬁ Sl + mﬁwe]

&

If, in addition fx = fix, A* € RV, then also

1A= 2%l < i )[Il?L = Al + 32,32(JA)8:|-

&

Proof. We use the following lemma based on Bernstein’s inequality for i;-random
variables (see Sect. A.2).

Lemma 7.6. Let n®), r)(lk), o .0 be iid. random variables with En® = 0 and
||7](k)||¢l < 400,k =1,..., N. There exists a numerical constant C > 0 such that,
for A > 1 with probability at least 1 — N4 forallk =1,...,N,

n
Alog N Alog N
_ k g g
ny gl ECIIn‘k’IIwI(\/ —\/ = )
j=1

For A € A, N Ag, we will upper bound the norms ||i = Mleys 15 = falleyam
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 l-recC 7, and

1A = Alle, < 2B = fillaam- (7.16)

It remains to upper bound || f; — fillz,(7) in terms of ||;\ — Allg, - To this end, note
that

/5 = Al = 1 f5 = falleyam,y + (T = ) f; — fa])

<y = fillemy + sup |y — I LD|IA = Alle,. (7.17)

llulle, <1
The first term in the right hand side can be bounded as follows

If5 = fllZ, iy < s = filllym,y = (fi = fus fi = J2) Lo

IA

N
ZM—M) fi = i) amy < 1A= Al [max (S = S i am|-

BothA € Aand 1 € 4, implying that
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lgast (f3 = Jas i) Ly,
< llsl}cast n~! ;(fk(xj) = Y)he(X;)
+ 1ISI}{anN n! X;(fi(Xj) —Y))hi(X;)| < 2e.
i=

Therefore,

15 = filleamy < y2eld = Ale,.

Now we bound the second term in the right hand side of (7.17). Under the
assumption A log N < n, Lemma 7.4 implies that with probability at least 1 — N =4

Alog N
< C max |hylly, )
1<k<N n

sup |(1T, = M)(| ul)

luelley <1

Hence, we conclude from (7.17) that

IS AlogN -
1/ = Salleiamy = Y 2€lld = Aoy + € max Ay, A =Alle,. (7.18)

n

Combining this with (7.16) yields

Ifs = fulliam = \/48,3(Jx)||f1 — Sullzyam

Alog N
+2C max 7k Ml , BUDI S — fillyan-
By the definition of Ag,
Alog N
2C max_ [[hilly, | o B(J2) < 1/2.
1<k<N n

so, we end up with

13 = fillewm < 2\/4eBUDIE = Al

which implies the first bound of the theorem. The second bound holds because
of (7.16).
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Observe that forall A € A,

Y A = YD (X)) = [y = Fes i) )
j=1

D[R G) = fe X (X)) = B (X0 f*(X))hk(X)]‘

J=1

+

n=' Y g (X))

J=1

Lemma 7.6 can be used to bound the second and the third terms: with probability at
least 1 —2N 4

max
1<k<N

Alog N

This proves that for all A € A, with probability at least 1 — 2N ~4, we also have
A€ A. B

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 A,
A€ /L N As. Hence, it is enough to use the first two bounds of the theorem and the
triangle inequality to finish the proof. O

i A — Yk (X))
j=1

- _
< lg}{afoD(fA S hk>L2(n)‘

We will give another result about the Dantzig selector in which the properties of
the dictionary are characterized by the quantity §, instead of 8. 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% = A2(A) := A(A) N Aga.

Theorem 7.5. Suppose condition (7.9) holds. There exists a constant C in the
definitions of A¢(A), As, such that, for A > 1 with probability at least

N —4
—dA

the following bounds hold for all A € /L NAso:

If5 = fillLoamy < 16B*(d(A))Ba(d (L) Vd(M)e
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and
1A = Alle, < 32B*(d(W))B3(d (M) v d(R)e.
Also, with probability at least | — N™4,

I/ = fellLaamy = Aei,?zf(m[”f* = fellLaom + 1632(61’(/1)),32(61’(/1))\/d(K)S]
If f« = fix,A* € RV, then

1A =A%, < inf [IM — A*ley +32B*(d(M)B3(d (M) Vd (A 8}-

A€A2(A)

Proof. We follow the proof of Theorem 7.4. For A € A.NA 5.2, we use the following
bound instead of (7.17):

If5 = falleoany = 1fs = Aullyam,y + UT = T1)(Lf; = fiD)

<If=filway+  sup (T = (LD = Ale- (719

llulle, <1.ueCy,

Again, we have = Cy,, and, using Lemma 7.1, we get for u = ) — A and
J = JAI

. A 12
||A—A||zzsz( 3 M,»—W) < 28,dON I f; — fillisemy. (720)

j€JUJ;

Lemma 7.5 now yields

(T, = (| ful)

sup
llulle, <1.ueCy,

Ad log(N/d
<C s [ fulyy 2D 721)
lulley <l.d(wy<d n

which holds with probability at least

-4
ial N
—dA
1-5 (S a_l) .

As in the proof of Theorem 7.4, we bound the first term in the right hand side of

(7.19):
15 = filleamy < y2eld = Ale,. (7.22)
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In addition,

R R R 1/2
1= A, <214 — Ay swdm( > _Mz)

jel jeJUn
<2B(dM) VA f5 = fill Lo (7.23)

Substitute bounds (7.20)—(7.22) and (7.23) into (7.19), use (7.9) and solve the
resulting inequality with respect to || f; — fillL,(7)- This gives the first bound of
the theorem.

The second bound follows from (7.20) and the remaining two bounds are proved
exactly as in Theorem 7.4. O

In the fixed design case, the following result holds. Its proof is a simplified
version of the proofs of Theorems 7.4, 7.5.

Theorem 7.6. Suppose X1, ..., X, are nonrandom design points in S and let I,
be the empirical measure based on X\, ..., X,. Suppose also f = fix, A* € RV,
There exists a constant C > 0 such that for all A > 1 and for all

Alog N
e 2 Cllgllgr max lelliaimyy| ——.

with probability at least 1 — N~ the following bounds hold:

(7.24)
15 = firlliaemy < 4Ba(Jax, II,) /d(A*)e,
IA = A* (e, < 8B2(Jax, [T,)d (A%)e

and
1A = A" lle, < 8B3(d(A™), M) v d(W¥)e.
Proof. As in the proof of Theorem 7.4,

1f = farllzamy < y2elld — A%, (7.25)

A =A% le, < 2B2(Jax, )V A f5 = fax Lo, (7.26)
These bounds hold provided that A* € /is, or

and

max
1<k<N

<e.

nt Y g (X))

J=1
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If €]y, < +00 and

Alog N
e = Cllgl max Ihelzam,y o,

then usual bounds for random variables in Orlicz spaces imply that A* € A, with
probability at least 1 — N 4.
Combining (7.25) and (7.26) shows that with probability at least 1 — N —A

/5 = fax Lo,y < 4B2(Jox, Iy) v d(X*)e
and R
1A =A% le, < 8B5(Jax, ) d (A" )e.

Using Lemma 7.1 and arguing as in the proof of Theorem 7.5, we also get

1A — A%y < 8B2A(AY), [T,) /d(A*)e.

O

Bounding S>(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 {hi,...,hy} is Lp(I1)-orthonormal and, for some numerical
constant B > 0,

N

1

=l < \\lejhj |, = BIAL
=

and

N
]
—a <H§:A»h»H < B|Alln. A €RV.
B” ||lz— o Jj sz(n)_ || ||€z

This is the case, for instance, for Gaussian and Rademacher dictionaries.
* The noise {£;} is a sequence of i.i.d. normal random variables with mean 0 and
variance o2.

 Finally, fi = fix, A* € RV,

The following corollary can be derived from the last bound of Theorem 7.5.
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Corollary 7.1. There exist constants C, D with the following property. Let A > 1

and suppose that
Ad(A*)log N
p, A0 loeN _
n

Then, for all ¢ satisfying the condition

the following bound holds with probability at least 1 — N ~4:

N
IA=A*I;, < C Y (AP Aae) =C

j=1
In particular, this implies that
1A= A%[7, < Cdm)e’.

The proof of (7.27) is based on applying the last bound of Theorem 7.5 to the
oracle A = A* defined as follows:

2= 2312k = e/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 [52-55] who understood the connections of
these problems with convex geometry in high dimensional spaces (other impor-
tant references include [42, 43, 56]). Rudelson and Vershynin [129] followed by
Mendelson et al. [117] used ideas and methods of high dimensional probability
and asymptotic geometric analysis (concentration of measure, generic chaining) in
further development of the theory of sparse recovery.

Geometric properties of the dictionaries discussed in Sect. 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
sparsity oracle inequalities for this estimator. In the same paper, they also introduced
the restricted isometry constants that have been frequently used to quantify the
properties 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 [85].



Chapter 8
Convex Penalization in Sparse Recovery

We will discuss the role of penalized empirical risk minimization with convex
penalties 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
function can be well approximated by a “sparse” linear combination of functions
from a given dictionary, then solutions of penalized empirical risk minimization
problems 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
dependence 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
A¢ 1= argmin, ) [P,,(e. ) +821/f(,xj)]. (8.1)
j=1
We use the notations of Chap. 1, in particular, we denote

N
fii=> Ajhj. AR,

=1
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where 57 := {h,,...,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 k’gl% in several
inequalities).

We will also assume that ¥ is a convex even function and ¢ > 0 is a regularization
parameter, and that D C R¥ is a closed convex set.

The excess risk of f is defined as

E(f)=Pef)— inf P(Leg)=Plef)=P(ls L)

where the infimum is taken over all measurable functions and it is assumed, for
simplicity, that it is attained at fi € L,({T). 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 +— Ry 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
in7T x R and

sup £(y;0) < 400, sup [£,(y;0)| < +o0.
yeT yeT

(iii) Moreover, denote

1
T(R) := — inf inf Zf{(y,u). (8.2)
2 y€T |u|<R

Then it is assumed that 7(R) > 0, R > 0. Without loss of generality, it will be also
assumed that t(R) < 1, R > 0 (otherwise, it can be replaced by a lower bound).

For losses of quadratic type, the following property is obvious:
t(1f oo v MOISf = fillyimy = () = CILf = fillZyimy:

where C := % SUP, 7 ueR 0 (y, u).
There are many important examples of loss functions of quadratic type, most
notably, 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
£(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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¢”(u) > 0, u € R. The loss function ¢ (1) = log,(1 4+ 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 7" 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 v 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 l.s.(77) of the dictionary, and ¥ () = |u|, which means penalization with
£1-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 = ((hi’hj)Lz(n))

They take form of various conditions on the entries of this matrix (“coherence
coefficients”), or on its submatrices (in spirit of “uniform uncertainty principle” or
“restricted isometry” conditions, see Sect. 7.2). The essence of these assumptions is
to try to keep the dictionary not too far from being orthonormal in L, (/1) which,
in some sense, is an ideal case for sparse recovery (see, e.g., Donoho [52-55],
Candes and Tao [44], Rudelson and Vershynin [129], Mendelson et al. [117], Bunea
et al. [36], van de Geer [63], Koltchinskii [82,84,85], Bickel et al. [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 = R but it can be used in some other cases, too,
for instance, when D = Uy, (the unit ball of £,). This leads to a problem of sparse
recovery in the symmetric convex hull

ij=1.N

convy(H) := {fk tA € Uzl},

which can be viewed as a version of convex aggregation problem. Note that
empirical 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
[99] for a counterexample). More generally, one can consider the case of D = ng,
the unit ball in the space £,,, with p > 1 and with ¥ (1) = |u|” (that is, the penalty
becomes ||)L||K‘”p); the same penalty can be also used when D = R¥. It was shown
by Koltchinskii [84] that sparse recovery is still possible if p is close enough to 1
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(say, of the order 1 + 1/log N). Another interesting example is

N
D=AI={A€RNZAJ'20,ZAJ-=1},
j=1

that is, D is the simplex of all probability distributions in {I,..., N}. This
corresponds to the sparse recovery problem in the convex hull of the dictionary

conv(H) := %fx S A}.

A possible choice of penalty in this case is
N
—HA) =) Xjlogh;.
j=1

where H(A) is the entropy of probability distribution A; this corresponds to the
choice ¥ (#) = ulogu. Such a problem was studied in Koltchinskii [86] and it
will be also discussed below. We will also show in Sect. 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 [84, 86]. 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
0e aL,,,g(is), where

N
Lye(A):=Py(Le i) +e) v(d))
j=1

and d denotes the subdifferential of convex functions. If ¥ is smooth, this leads to
the equations

Py(l' e fi)h; +ey'(A%) =0, j =1.....N. (8.3)
Define
N
L) :=P(te fi)+e) ¥(A))
j=1
and

VL.(A) := (P(Z’ o fh; + 81ﬁ/()kj))

j=lN
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The vector VL, (A) is the gradient and the subgradient of the convex function L. (1)
at point A. It follows from (8.3) that

N
Pl o £ (fr— f) +6 3 W GRS =2 =0
j=1

and we also have

N
P(E o £) (o= f) + e 3w GGy = 2)) = (VLA = 2)
j=1 ’

Subtracting the second equation from the first one yields the relationship

N
P e fi. = o f)(fr — )+ Y (W' A5 =0 A)AS = 4))

j=1
= (VL. = 1)+ (P =P o i)y = o).
If £ is a loss of quadratic type and, in addition, t(400) > 0, then

P e f. =t e f)(f5. — f1) = cll fie — fillL,m)

with some constant ¢ > 0 depending only on £ and the following inequality holds
N
clfie = filllyam + &YW A5 =¥ AR5 —4))
j=1

<(VLA=T) 4 (PP 0~ ). 84

Inequality (8.4) provides some information about “sparsity” of A in terms of
“sparsity” of the oracle A and it also provides tight bounds on || f5. — fillL,m).-
Indeed, if J = J, = supp(4) and ¥’ (0) = O (which is the case, for instance, when
¥ (u) = u? for some p > 1), then

N
Y WO = WG5S =) = D W OHA =D [ 514
Jj=1 JEJ JEJ

(note that all the terms in the sum in the left hand side are nonnegative since V is
convex and v’ is nondecreasing). Thus, the following bound holds
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clfse = il +& D 1w QEIIA

i¢)
<(VL)A-X) 4 (P =PI )= f) B

in which the left hand side measures the L,-distance of fié. from the oracle fj 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 (VLE(A), A —is>[ is either

2
negative, or, if positive, then small enough. This is the case, for instance, when the
subgradient VL.(A) is small in certain sense. In such cases, the left hand side is
controlled by the empirical process

(P = P)(l" 8 fi)(f3. — 1)

It happens that its size, in turn, depends on the L,-distance || f5. — fallz,(7) and
on the measure of “sparsity” of e, Z”{J |1//’(ij)||ij| which are precisely the
quantities 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 explicit bounds. In the case of strictly convex smooth penalty function v (such
as Y(u) = |ul?, 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
A® := argmin, ¢ |:P(€ o fi)+e Z W(Aj)i|, (3.6)

Jj=1

for which in the smooth case <VL€(/XE),JK8 — )AP)K < 0 (if D = RV, we even
2
have VL.(A*) = 0). For this oracle, the bounds on || f3. — fillz,(7) and on the

degree of sparsity of A¢ do not depend on the properties of the dictionary, but only
on “approximate sparsity” of A°. As a consequence, it is also possible to bound
the “random error” |&'( f3.) — &'(f3¢)| in terms of “approximate sparsity” of A°. It
happens that bounding the “approximation error” & ( fj<) is a different problem with
not entirely the same geometric parameters responsible for the size of the error. The
approximation 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 /7.

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
I /52 = faellL,m) in terms of approximate sparsity of the oracle (note that in this
case Y¥'(A) = sign(A)). A possible way to tackle the problem is to study a set
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of oracles A for which (VLg(A), A— /A\E>{ is negative, or, if positive, then small
2

enough. This can be expressed in terms of certain quantities that describe a way in
which the subgradient VL. () is aligned with the dictionary. Such quantities also
emerge rather naturally in attempts to control the approximation error & ( fj<) in the
case of smooth strictly convex penalties.

In this chapter, we concentrate on the case when the domain D is bounded. In
[84], for the £ ,-penalization with p close to 1, upper and lower bounds on ||5L£ lle,
in terms of ||A°®||¢, for proper values of ¢ have been proved (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 Chap. 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.

8.2 {;-Penalization and Oracle Inequalities

The following penalized empirical risk minimization problem will be studied:
A= alrgminleué1 [Pn(ﬁ e 1)+ £||A||41:|, 8.7)

where ¢ > 0 is a regularization parameter. As always, we denote A° a solution of
the “true” version of the problem:

A® = argmin, g, |:P(€ ° /1) + €||l||£1]

Let
L.(A):=Ple fi)+elAle,.

For A € RV let VL,(1) € dL.(1) be the vector with components
Pl e fi)hj+es;j(A), j=1,....N

where s; = s;(A) = sign(A;) (assume that sign(0) = 0). The vector VL (1) is
a subgradient of the function L. at point A. Note that d|u| = {+1} for u > 0,
d|lu| = {—1} foru < 0 and d|u| = [—1, 1] foru = 0.

In the case of £;-penalization, we are going to compare the empirical solution Ae
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.(1) with the dictionary.

We will use the following versions of the alignment coefficient for vectors
VL.(A) and s(4):
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ai(e)) = aﬁ,’o)(U(l,A, VLS(A)) v 0
and
a(h) = ag)<Ugl,/\,s(/\)) VO, ar(l) = a;;’o)(Ugl,/\,s(/\)) v 0.
Clearly, ®(A) < a4 (A) and it is easy to check that

ar (e, 1) < [[P2(l’ o f)llLyp) + caq (),

where . denotes the linear span of the dictionary {1, ..., hy} in the space L,(P)
(with a minor abuse of notation, we view functions /; defined on S as functions on
S x T) and P 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:

[Pz o fi)llLopy = [Pz o fri =L o f)llLyp) < Cllfi = fellaam.

where C depends only on £. Thus, the quantity || P (£’ e f3)||1,(p) is upper bounded
by the Lj-error of approximation of the target function fy in the linear span of the
dictionary. The second term a4 (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, for all A € Uy, for J = supp(A) and d := d(J) = card(J), forall A > 1

and for all
ld + Alog N
e>D +—0g’ (8.8)
n

the following bound holds with probability at least 1 — N4

Ifie = filllym + 8D A5 <C

[d + Alog N \/
i#l .

ocﬁ_ (e, )_L)i| .
Moreover, with the same probability

| o= Filaam e Y451 =€ [M# V H Pz(l's f;) H;(m V “2(1)‘92]

J¢T

Note that, if we formally pass to the limit as » — oo in the bounds of the theorem,
we get the following bounds for the true solution A* that hold for all & > 0:
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1fie = filldym +& D IA5] < Cad (e, 4)
JEJ

and
1 e = il m + > 125] < C[H Py(l' o fi)H;(P) \/az(i)ﬂ.
i#

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 f: is close
in the space L,(IT) to “sparse” oracles f; such that the vector s(4) is well aligned
with the dictionary and f; is close to the target function fix in L,(/T). Moreover, A°
is “approximately sparse” in the sense that it is supported in supp(/i) up to a small
£y-error. The same properties hold for the empirical solution A¢ with an additional
error term M# that depends only on the degree of sparsity of X, but not on
the geometry of the dictionary. In some sense, the meaning of this result is that
the empirical solution e 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.

No condition on the dictionary is needed for the bounds of the theorem to be true
(except uniform boundedness of functions /;). On the other hand, the assumption

ong & > D ‘H'A#, essentially, relates the regularization parameter to the

unknown 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,/ @, 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 approximation 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(L) := sup I flloo + 1.
SEL | fllL,m=1

If Iy @ (L) - llzocmy) = (L. || - lloo) 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, ..., ¢4 of L,

U(L) < max [ lleov/d + 1,
1<j=d
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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.

* Functions {/; : j € J} in the “relevant” part of the dictionary can be approxi-
mated well by the functions from L so that the quantity max ey | P, 1h; L,
is small.

Theorem 8.2. Suppose that

=D /Al(;gN (8.9)

with a large enough constant D > 0 depending only on L. For all A€ Uy, , for
J = supp(R), for all subspaces L of L,(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 L:

I fie = £l + 8D 1A (8.10)
J¢J
d+ Alog N
< C[—g \/ max 1yl

/AlogN \/ U(L)logN \/ e (e A)}

Moreover, with the same probability

1Lfse = fillh pmy + 8D 1251 8.11)

JéJ
d + Alog N Alog N \ , U(L)log N
< C[T\/I]nea} ”PLJ-hj ||L2(H)\/T\/ n \/

[ree s, Vorire]

The next two corollaries provide bounds on ||)AL€ —Ale , in terms of the quantity
B2 (A, IT) (see Sect. 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 — N4
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I fse = fill Loy + €llA° = Aley

<[y re .

\/ B3, H)d82:|.

L>(P)

Corollary 8.2. Under the assumptions and notations of Theorem 8.2, the following
bound holds with probability at least 1 — N4

1 f3e = £il3 ) + €A = Rlle, (8.12)

d + Alog N Alog N \ , U(L)log N
< C[T\/I]nea} | Proh; ||L2(H)\/T\/ n \/

2

P e sl VBLGmawe |

Ly(P)

We now turn to the proof of Theorem 8.2.

Proof. Note that subgradients of convex function

A Pyl fi) +elAle, = Lue(d)
are the vectors in R with components

P,("e fi)hj +¢e0;, j=1,....N

where 0; € [-1,1], 0; = sign(4;) if 1; # 0. It follows from necessary conditions
of extremum in problem (8.7) that there exist numbers §; € [—1, 1] such that §; =
sign(A%) when A% # 0 and, for all u € Ty, (A7),

> (Pt o fi)hjus + e3juy) = 0. (8.13)
j=1

Indeed, since A% is a minimal point of L, . in Uy, , there exists w € 0L, . (/A\’E) such
that —w belongs to the normal cone Ny, (i’“‘") of the convex set Uy, at point e (see
Aubin and Ekeland [9], Chap.4, Sect. 2, Corollary 6). This immediately implies
(8.13). Since A € Uy, , we have A=A e Ty, (i"?), and the next inequality follows
from (8.13).

N
Pl e fi)(fr — f)+e Y 8;(h; = X)) 0. (8.14)

Jj=1

Recalling the definition s; = s; (1) = sign(4,) and
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VL.(X) = (P(E’of;)hj +ss,) ,

we also have

N
P o fi)(fye— f) + e 5,0 —A)) = (VLg()_L),ig—)_L>[ . ®8.15)
j=1 ’

Subtracting (8.15) from (8.14) yields by a simple algebra

N
Pyl fi. = e f)(fr — ) +e ) (5 —s)(A; — X))

j=1
< (VL) A=X) 4 (P =PI e )y~ fo) (8.16)

and

N
P(U e fi.— € o f)(fi — f) +e ) Gy =5y — X))

j=1
< (VLD A=T) (P = PO o i)y = fo). 8.17)

We use inequalities (8.16) and (8.17) to control the “approximate sparsity” of
empirical solution A¢ in terms of “sparsity” of the “oracle” X and to obtain bounds
on | f5. — fillL,am). As always, we use notations J := Jj := supp(A). By the
conditions on the loss (namely, the boundedness of its second derivative away
from 0), we have

P(l'e fi. = o [)(f3. = 13) = cll foe = Filll,am)s

where ¢ = 7(1) (note that || fillec < 1 and || f5.lcc < 1). Observe also that, for
all j,
$j—s))(A;—4;)=0

(by monotonicity of subdifferential of convex function u + [ul). For j & J, we
have A; = 0 and s; = 0. Therefore, (8.17) implies that

cll e = Fillfym +€ ) 1451

jgJ

(VLD A=K} + (P =PI e i)~ f). B18)
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Consider first the case when

(VLD.A =) = (P = PO o i) = fr): (8.19)
In this case, (8.18) implies that

N fye = Filliym + o 1 < 2(VL(D)A-0) L 820
i#)

which, in view of the definition of a4 (e, )_L), yields

cll fe = filllyam + € Z A1 < 204 (e DIl fie — fillLoam- (8.21)
2
Therefore,

2 _
I /3 = filleaamy < ;a+(e, 1),

and, as a consequence, with some constant C > 0 depending only on ¢

1fe = fildam + D 141 < Co(e. D). (8.22)
i¢s
If o
(VL. A=) < (P = PO o )0 = fr). (8.23)

then (8.18) implies that

el fie = illm +e S A1 2P =PI o fi)(fi— f). (824)

J€J
Denote

A A) = {h e Uy /o= fillam = 6. 3151 < 4,
JEJ
0, (8: 4) := sup{|(P, = PY((€ & f)(fi = f))] : A € AG: M)}
To bound «, (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<§<land n?<A<1 (8.25)
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the following bound holds:

(5 4) = Bu(: 8) = C[g\/MvA\/AlogN
n

n
Alog N U(L)logN Alog N
V max || Pkl ===\ ===\ = 2= | 8.26)
Take R
§=1f3 = farllLamy and A =25 (8.27)
J¢T

If§ > n=Y2, A > n='/2, then Lemma 8.1 and (8.24) imply the following bound:
c8? + A <2B,(8, A). (8.28)
If§ <n 2 0or A < n7'/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 § > n~Y2, A > n~'2_ 1In 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
Alog N d + Alog N
ed < CA, 208 +C[8,/i\/
n n

AlogN \ , U(L)log N \ , Alog N
?gfllPLthllmm\/T\/ n V noJ

As soon as D in condition (8.9) is such that D > 2C, we can write

d+ AlogN
A<C|§ —m——
o= sy TERER Y

AlogN \ ,U(L)logN \ , Alog N
I}lea;(”PLlhj”Lz(ﬂ)\/T\/ n \/ n

(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

A< A@) = CP /M\/
& n

U(L)log N Alog N
max || P i o V= Vy— |
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Note that 8, (8, A) is nondecreasing in A and replace A in (8.28) by A(8) to get the
following bound:

82<C[8\/4+A10g1v\/ \/d—i—AlogN\/AlogN
U(L)logN /AlogN\/

Alog N U(L)log N Alog N
max 1PLshjllLom | — \V , \V panll b
We skip the second term in the maximum and modify the third term because

é,/@ < 1. As aresult, we get
d+ AlogN Alog N
8 < C[(S‘/T\/I}lg}i 1Prshjllaamy —

U(L)log N Alog N
\ SRR e

n

Solving the last inequality with respect to § yields the following bound on §:

d + Alog N AlogN \ , U(L)log N
2 .
8 < C[—n V max 1Pkl — =V =, :

(8.29)

We substitute the last bound back into the expression for A(§) to get:
d + Alog N Alog N\ '/* d+A10gN
A< C[n— \/max (T i ( \/
U(L)log N \/ d+ Alog N U(L)log N
\/ ne ne \/r]nea;; 1PLchyllaam \/  ne
\/ Alog N
" .

Using the inequality ab < (a®> + b?)/2 and the condition %,/ @ < 1, we can
simplify the resulting bound as follows
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d + Alog N U(L)log N Alog N
< P = . e e
A< C|: o \/I]neaj( |ProhjllL,m \/ P \/ \/ p

(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 f,(§, A). By a simple computation and in
view of Lemma 8.1, we get the following bound on «,(§, A) that holds for §, A
defined by (8.27) with probability at least 1 — N ~4:

d + Alog N [AlogN  U(L)log N
an(&A)SC[Tg +1}1§1} IPLohjlliyom ng + (L) log }

n

Combining this with (8.24) yields

el fie = fillpim + &) 145]

J¢T

d+ AlogN AlogN  U(L)logN
< [ TR Py sy R+ SRR s
J

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

(VLg(/_\), i— i£>
somewhat differently. First note that

<VL£(}\),)1 — i€>e2 - (15’ o fi fi— fi€>L2(P) Fe(s(R), A — A%,

This implies that

(VL A-1) < |Pe@o )], 1= fillam + 6305y = 45)

jeJ

1 ’ - 2 C . 2 7 e
<o Pe@e ), + 515~ Sl + ]ZJs () =35,
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Combining this with bound (8.18) yields the following inequality

C 2 2
5= el +e 31451

2
- A 1 2
<ed sy =15+ 5| P ]+ (P = PO fi)(fy ~ fo).
jeJ
If

- A 1 2
oY sy =k = [ Pe@e )] L+ (P = PO f)(fs ~ f).
jeJ

then
c A - N
E”fj - fis”%z(n) + EZ |/\i| =< 282Sj(/\j — Aj),
JEJ Jj€J
which implies
DA =2 1A = A5l
2 jeJ

orAf— e C, ;. The definition of a(X) then implies the bound

Cc 2e -
S5 = Ll + & D 1A51 < 2e@@) fi = fiellac.
igl

Solving this inequality with respect to || 5 — f5. || z,¢7) proves (8.11) in this case.
If

_ - 1 2
IO E R LR R GRSy AICRY RIT A
jeJ

and
1 / 2 /
ol Pe@ s B = (P = P s fi)(fy = o).
we get
c ~ 2 , 2
SWfi= fielbm +e 51 < 2| Pe@o )], .
I c Ly(P)

which also implies (8.11) with a proper choice of constant C in the bound.
Thus, it remains to consider the case when

_ - 1 2
e sy =k = [ Pe@e |+ (P PO e £~ )
jeJ
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and
1 / o 2 / " o o
selPr@e B S (P =P e fi)(fy = ).
which implies
C 1 /
S5 = Felliam + €D 1A51 < 4P = P o fi)(f3 = ).
JEJ

In this case, we repeat the argument based on Lemma 8.1 to show that with
probability at least 1 — N =4

C 2 N
i = Silliaam +e 31451

J¢7

d+ Alog N AlogN  U(L)logN
SC[—g+max||PLm,»||Lz<m\/ g, UL log ]
n je€J n n

which again implies (8.11). This completes the proof. O

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™

a0 (8: A) < Z[Ean(& A) + c(s\/g + %} (8.32)

Next, symmetrization inequality followed by contraction inequality for Rademacher
sums yield:

Ea,(8: 4) = 2Esup{|Ru (€' o £)(fi = )] 2 € A 4)}
= CEsup{|Ru(fy = f7)] : & € A(5: 4)] (8.33)

with a constant C depending only on £. In contraction inequality part, we write

CHOAO = L) =C[06 + ”)“)F FO—F0)

and use the fact that the function
L1]2u+— 6’(f1(-) + u)u

satisfies the Lipschitz condition with a constant depending only on £.
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The following representation is straightforward:

fi— o= Pulfi— )+ Y A —A)Pah; + > A Pihy. (834)

j€J jéJ
Forall A € A(S, A),
I1PL(fo — f)lleaamy < N fa — filleaan <6

and P.(fy, — f;) € L. Since L is a d-dimensional subspace,

Esup{|Ra (PL(fi = ) 2 € AG; )} = caf

n
(see Proposition 3.2). On the other hand, A A€ Uy,, so, we have Zjej [A; —

/_Xj| < 2. Hence,

Esup{ R, (Z(/\, - }\,)PLth)) LA e A5 A)} < 2Emax |Ry(PLihj).

jeJ
Note also that
[Prrhjlloo < I1PLhjlloc + 1hjlloe < (U(L) = DI PLhjllL,m) + 1

= (UL) = Dlhjllyum + 1 = UL),
and Theorem 3.5 yields

log N
el £

log N
Emax |R, (P, 1h))| < C[max 1Pyl am |~ + U(L)
jeJ jeJ n

Similarly, for all A € A(8, A), ngu [Aj] < Aand

Esupl[Ry(3 4, Pioh)| 3 € A 4)) = ABmax | Ry (P,
jgd ¢l
Another application of Theorem 3.5, together with the fact that
I Prihjlieyamy < Whjlleaam <1,

results in the bound

log N

+U(L)

log N
Emalen(PLlhj)|§C|: o8 }
JEJ n

n
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Now we use representation (8.34) and bound (8.33). It easily follows that

d log N
Eoty (8. A) < C[S\/;\/A,/T\/

log N U(L)logN
max | Phy ey ==\ == =—|. (8.35)

Substituting this bound into (8.32) shows that with probability 1 — e~

<A . i log N
an((S,A)_,B,,(S,A,Z).—C[(S\/:\/A,/_n \/

log N U(L)log N t t
r;aea;cllPLlh,-||L2<m\/ —\/ ——— V-V | 530

with a constant C > 0 depending only on £.

It remains to prove that, with a high probability, the above bounds hold uniformly
in 8, A satisfying (8.25). Let §; := 27/ and A; := 27/. We will replace ¢ by
t + 2log(j + 1) + 2log(k + 1). By the union bound, with probability at least

1— > exp{—t —2log(j + 1) — 2log(k + 1)}
J:k=0

=1- (Z(j + 1)_2)2exp{—t} >1—de™,

Jj=0
the following bound holds
@ (8; A) < B (é}, Aot +2logj + 210gk),
for all § and A satisfying (8.25) and for all j, k such that
§e(j41.6;]and A € (Ag41, Akl

Using the fact that

2log j < 2loglog, (gi) = 2loglog, (%)

J

and 5
2logk < 2loglog, (Z),
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we get
En(Sj, A, t +2logj + 210gk)
~ 2 2 -
< B (28,2A,t + 2loglog, (E) + 2loglog, (Z)) =: B.(8; Ajt).
As a result, with probability at least 1 — 4e™, for all § and A satisfying (8.25),
@, (8; A) < Bu(8; A1)

Take now t = Alog N + log4, so that 4e™" = N~4. With some constant C that
depends only on £,

- d Alog N
(8 A1) < C 8\/j §y) —— )
Bu(8: Art) < [ -V ——V
2 log log2 log N log N
5 \/ \/ max 1Pkl \

U(L)log N \/ 2loglog, (%) 2loglog, (%) \/ A logN}

n n n n

For all § and A satisfying (8.25),

2loglog (2) 2loglog <l>
2\3 SCloglogn and 2\ 2 Scloglogn.

n n n n

Assumptions on N, n, imply that Alog N > yloglogn. Thus, for all § and A
satisfying (8.25),

- d Alog N log N
(8, A) < B.(5; At Cls+—\/6 A
ol 4) = (5 200y = €[5/ /5[ FEL\ ) [RER
log N U(L)log N Alog N
max | Phyllamy ==\ ==V ——| (8.37)

The last bound holds with probability at least I — N =4 proving the lemma. O

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 =4, for all

nV2<8§<1and 7?2 < A<,
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the following bound holds:

@, (8;A) < Bu(8; 4) :=

d+ AlogN d+ AlogN Alog N
Cloy/ —mm\/ A . 8.38
o R Y ay TR AR L e

In Theorems 8.1 and 8.2, we used a special version of subgradient V_Lg(/_\). More
generally, one can consider an arbitrary couple (A, VL(4)) where A € U, and
VL:(A) € dL.(A). This couple can be viewed as “an oracle” in our problem. As
before,

VL) = (P o f))h; +es; )

j=1..N

but now s; = s; (1) are arbitrary numbers from [—1, 1] satisfying the condition
s; =sign(;), A; #0.

The next results provide modifications of Theorems 8.1 and 8.2 for such more
general “oracles”.
Denote
a® () = al (Uzl,k,s(k)) V0
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.() = ((P(Z’Of;))hj +es,~) L),

j=low

Let J C {1,....N}, J D supp(A) with d := d(J) = card(J). Suppose that, for
some y € (0, 1),

Then, for all A > 1 and for all

|d + Alog N
SED _+ nog ’ (839)

the following bound holds with probability at least 1 — N4

N d + AlogN -
| fie = fillZym +ev D 1251 < C[Tg \/ai(s,)&)}.
i
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Moreover, with the same probability,

If3e = fill Ly + v D 1A%

ié¢J
<[ T o o, Vi) 7]

Theorem 8.4. Suppose that

=D [Alog N (8.40)
n

with a large enough constant D > 0 depending only on {. Let Ae Uy, and

VL) = ((P( o f))h; +es; )

J=loes
Let J C {1,...,N}, J D supp(A). Suppose that, for some y € (0, 1),

Then, for all subspaces L of L,(IT) with d := dim(L) and for all A > 1, the
following bound holds with probability at least | — N ~* and with a constant C > 0
depending only on £:

1fse = fill ymy + 87 D 1A (8.41)
J¢J
d+ AlogN Alog N
sc[T\/r}lg||PLm,||L2<m\/ YV
U(L)log N N
_— A |
—— \/ i)

Moreover, with the same probability

1fie = filldpm +ev Y 1A% (8.42)
JEJ

<C [M# \/I]nea;( ||PLihj ||L2(17) \/@\/ U(L)nlogN
VIrees sl , Viera)'2]

L>(P)



174 8 Convex Penalization in Sparse Recovery

For some choices of vector A and of subgradient VLc(A), the alignment
coefficient 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,s = argminAeUél I:P(Z [ f/\) + €||A,||Klj|,
since in this case it is possible to take VL. (A?) € dL.(A?) such that

al(Ug, A° VLX) <0

(this follows from the necessary conditions of extremum). Therefore, with this
choice, we have a4 (g, 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 L,-error || f5. — fie || , 1) and

the degree of “approximate sparsity” of the empirical solution ¢ are controlled by
the “sparsity” of the “oracle” without any geometric assumptions on the dictionary.

Corollary 8.3. There exist constants D > 0 and C > 0 depending only on £ with
the following property. Let

VL.(XF) = ((P(e’ o filh; + esj) | €L

be such that, for all u € Ty, (A%),
(VLE(A’s)s u)[z Z 0

LetJ C {l1,...,N},J D supp()_k) with d := d(J) = card(J). Suppose that, for
some y € (0,1),

Then, for all A > 1 and for all

dtAl
e= p, I Al N (8.43)
n

the following bound holds with probability at least 1 — N4

d + Alog N

| fie = Sl +ev A5 < € ——

J¢T

Corollary 8.4. Suppose that

> D,/M (8.44)
n



8.3 Entropy Penalization and Sparse Recovery in Convex Hulls: Random Error Bounds

with a large enough constant D > 0 depending only on {. Let

VL.(AF) = ((P(E/ o filh; + esj) | €L0Y)

j=l...

be such that, for all u € Ty, (A%,
(VLE(A’s)s u)[z Z 0
LetJ C{1,...,N},J D supp(/_\). Suppose that, for some y € (0, 1),

175

Then, for all subspaces L of Lo(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 {:

15 = foel oy + 7 D 1A%

jgJ

(8.45)

d + Alog N AlogN \ , U(L)log N
< C[T\/Iygf ”PLlhj”Lz(n)\/T\/ n '

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

Definition 8.1). Denote

N
A:={(A’1""’AN): /’\'] 20’ j=13--'aN’ ijzl}

J=1

The following penalized empirical risk minimization problem will be studied:

A

A® := argmin, ¢ 4 |:Pn Lo fr)— 8H()k)i|

N
= argminkeA[P,,(Z o i)+ 8ZAJ~ log/\jj|,
j=1

(8.46)
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where ¢ > 0 is a regularization parameter and
N
H(\) =-) Ajlogh;
—

is the entropy of A. Since, for all y, £(y, -) is convex, the empirical risk P,({ e f)
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

A® = argmin, ¢ 4 |:P(€ ° fi)— eH(/\)j|

N
= argminAeA[P(ﬁ o f)+e) A 1ong] (8.47)

j=1

Note that the minimum of the penalty —H(A) is attained at the uniform
distribution A; = N~'.j =1,..., N. Because of this, at the first glance, —H (1)
penalizes for “sparsity” rather than for “non-sparsity”’. However, we will show that if
Af is “approximately sparse”, then ¢ has a similar property with a high probability.
Moreover, the approximate sparsity of A° will allow us to control || f3. — faell L, ()
and K(ig, A?), where

KA, v) = K(Alv) + K(v|A)
is the symmetrized Kullback—Leibler distance between A and v,
K(|v) = 3 2, log(
=3 ox( %)

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
V. n

JgJ
with a high probability,

o d +log N
”fis - fAe|Iiz(n) + eK(A%;A%) < CTg'
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This easily implies upper bounds on “the random error” |£'( f3.) — &( fa¢)| in terms
of “approximate sparsity” of A°.

Some further geometric parameters (such as “the alignment coefficient” intro-
duced in Sect. 7.2.3) provide a way to control “the approximation error” & ( fis). 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 approximately
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 estimation 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 Lj-error of approximation of fj: by f;. and the Kullback-Leibler

error of approximation of A° by Ae,

Theorem 8.5. There exist constants D > 0 and C > 0 depending only on £ such
that, forall J C {1,...,N}withd := d(J) = card(J), for all A > 1 and for all

d+ Alog N
ez Dy TS (8.48)

the following bounds hold with probability at least 1 — N4

. . [d+ AlogN
A< C[ij + \/Tog},

JEJ g
e N d + Alog N
DA s C[ZAJ Ty T}
¢ i
and
Te 1€ d+A10N e d+A10N
1 fsr = fiell2om + eK G925 < C[Tg\/z/\ﬂ/Tg}

J¢7

Similarly to what was done in Sect. 8.2, we will also establish another version
of these bounds that hold for smaller values of ¢ (the quantity U(L) introduced in
Sect. 8.2 will be involved in these bounds).

Theorem 8.6. Suppose that

Alog N
n

(8.49)
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with a large enough constant D > O depending only on L. Forall J C {1,..., N},
for all subspaces L of Lo(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 {:

. . d+AlogN U(L)log N
3 < C[Zz\j—i——g—i—max ||PLlh,»||L2(m+()—g] (8.50)
j¢J j¢J ne je€J ne

2, d+ AlogN U(L)log N
24 = C[Z At tmax [P+ —— = | (8.51)
€] 2
and

Ne g6 d + Alog N . [AlogN
e = il + oK G530 = €| SRR/ S JARER

JgJ

Alog N U(L)log N
r;lea;cllPLth||L2(n)\/ —\— : (8.52)

If, for some J,

Z A < Alog N
I, "
and, for some L with U(L) < d,h; € L, j € J, then bound (8.52) simplifies and

becomes Adlos N
A Og
I f3: — fks”iz(n) +eK(A%,AF) < C—n .

In particular, it means that the sizes of the random errors || 5. — fie ||i2( ) and
K (ig, 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)
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 Sec.8.1. In the current case, necessary
conditions of minima in minimization problems defining A¢ and A® can be written
as follows:

N
P(t' e fi)(fy — fa) + &) _(log A% + 1)(A% —A%) = 0 (8.53)

j=1
and N
Pyt o fi)(fy — fir) + &Y _(loghs + (A5 —25) < 0. (8.54)

J=1
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The inequality (8.53) follows from the fact that the directional derivative of the
penalized risk function (smooth and convex)

N
Aak»—>P(€ofU+sZAjlogkj

J=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 Ae . 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
P((W e fi)= (W e fi)(fi = fir) +e Y (loghy —logh3 ) (45 = 29)

j=1
= (P =P e fi)(f5e = fae). (8.55)

It is easy to see that

~

N ) A N fen )
> (tog A5 —1og 5 ) (A5 — 49) = Z(log )T]) (A5 —2%) = K(O5 1)

j=1 j=1 J

and rewrite bound (8.55) as

P(W e fi) = (€ 0 ) (e = fre) + eK(A5: 2%
= (P =P e fi)(fi — fro)- (8.56)
We use the following simple inequality

. N AN .
IANSEDY (log A—f) (A5 —1%)
J

=1

log2 ~, log2 .
> — Z AE 4 5 Z 25, (8.57)

j:)kj- zzkj j:)kj- zzkj

which implies that forall J C {1,..., N}

AE & 2 AE &
ij 5zzxj+@1<(x LX) (8.58)
igl ey
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and

& AE 2 AS &
ij§ZZAj+@K(A,)L). (8.59)
igl JgJ

IftK (;18, A?) 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 ,
ezkj < Zszxj T ioga &~ PN ¢ i) (fye = fio): (8.60)
2 i¢s
As in the previous section, for the loss functions of quadratic type, we have
P( e ;)= (o ) (i = 1) = el fi = Dl iy,

where ¢ = 7(1). Note that || f3¢[[cc < 1 and || fj.[loc < 1. Then, bound (8.56) yields

cllfye = frl? + KA %) < (P — P o fi)(fye — fro). (8.61)

Following the methodology of Sect. 8.1, we have now to control the empirical
process (P — P,)({" o f3.)(f;. — fie). To this end, let

AG:8) = (A€ AL NS~ fillam <8, Y4 = A}
J¢r

and

0, (8: 4) = sup{| (P = PY((E' » £)(fy = fr))| : & € AG: ).

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~ for all

n_1/2§8§1 and n_l/ZSAfl

the following bound holds:

0 (51 4) < (52 4) = C[S\/@\/A\/@
n n
€ d+A10gN AlOgN
\/ZMﬁ\/ . } (8.62)

J¢T
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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

n?<§<land n?<A<l1 (8.63)

the following bound holds:

d + Alog N Alog N
o 4) = .05 2) = €y T EER N/ [ AOEN
n n

. |AlogN Alog N
\/Z’\j\/ ;. \/1}12}‘||PLM;||L2(H>V . \/

J¢7
U(L)log N Alog N
. 8.64
—\— (8.64)

We now proceed exactly as in the proof of Theorem 8.2. Let

8= |f3c = faclLyam and A = Zig (8.65)
j€J
and suppose § > n~/2 A > n~1/? (the case § < n~"/2 or A < n71/? is even

simpler). Then, by Lemma 8.4 and bounds (8.61), (8.60), the following inequalities
hold with probability at least 1 — N ~4:

¢8® < Bu(8.A) (8.66)
and )
gA < 2e}§)&j + @,Bn(& A), (8.67)

where B, (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
Alog N . d+ Alog N
ed = CA\— +c[erj\/3,/T\/
Jgr
. [AlogN Alog N U(L)log N Alog N
PBLIRY. \/ max | Pk oy \V \V :
7 n jeJ n n n

If the constant D in condition (8.49) satisfies D > 2C V 1, then the term

Alog N
25—,
J¢T
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in the maximum can be dropped since it is smaller than the first term & ) i A
and the bound can be easily rewritten as follows:

A< AB) = C[ZAE \/ 8\/ d AlogN \/maX | Proh; ||L2(17)\/

JéJ
U(L)log N [Alog N
ne \/ n ’

Using the fact that 8, (8, A) is nondecreasing in A, substituting A(§) instead of A
in (8.66) and dropping the smallest terms, we get

52 < C|: /d+A10gN \/ZAS /AlogN \/

JEJ
AlogN \ ; U(L)logN \ ; Alog N
max IPrihjllLam \/T\/ n \/ no ]

Solving the inequality yields the following bound on §:

d+ Al Alog N
82<C[ + OgN /Y s EEE N/ (8.68)

JEJ

AlogN \ ,U(L)logN
max || Prahj e \/T\/ n ’

We substitute this into the expression for A(§) which results in the following bound
on A:

aze[mg ey () (ke

JEJ J€J

d + Alog N \/U(L)logN\/d+AlogN
(R !
Aloe N\Y* [d ¥ Alog N
1/2 g S
max | Py hill i ( ) \/7\/
U(L)log N Alog N
e ”PLth”Lz(”)\/ ne \/\/T ’

The inequality ab < (a*> + b?)/2 and the condition %,/ @ < 1, allows us to
simplify the last bound and to get
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a= e X\ RN x|y i

JET

U(L)log N Alog N
— \/,/ . } (8.69)

with a constant C depending only on £. Substitute bounds (8.68) and (8.69) in the
expression for B, (8, A). With a little further work and using Lemma 8.4, we get the
following bound on ¢, (8, A) that holds for 6, A defined by (8.65) with probability
atleast 1 — N ~4:

d + Alog N /Al N
O[n(S,A)f [ + 0og st Og \/

JEJ

Alog N \ ,U(L)log N
max Prihjlle,am \/T\/ n ’

This bound and (8.61) imply that

e 1e d+A10gN . /AlogN
C”fp fM”Lz(n)"'SK(/X l)<C|: ZA \/

J¢J

Alog N U(L)log N
max || P llaam | =, V= : (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). O

From Theorems 8.5, 8.6 and the properties of the loss function, we will easily
deduce the next result.

As in Sect. 8.2, let £ be the linear span of the dictionary {hy,...,hy} in the
space L,(P) and let P& be the orthogonal projector on .£ C L,(P). Define

ge = Pyl 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):
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d + Alog N . |d+ AlogN
S 2 X el Y
J¢7
d + Alog N . [d+ AlogNT'"?
€ Pl | TEAREN 3 AN ] $71)

J¢T

Pe fi) = Pite fi)

Similarly, under the conditions of Theorem 8.6, with probability at least 1 — N 4
and with d = dim(L)

‘P(ﬁ * f3:) — P(te fi)

d + Alog N e
< C[T \/(Z A \/1}12}( ”PLJ-hj”Lz(H))

J¢7

/Alc;gN \/ U(L)nlogN} \/Cl/zllgallm(n)[m# \/
e AlogN \ , U(L)log N 7"?
(Z A \/I}lg} P vh; ||L2(17)) V), \/ p . (8.72)

JgJ

Proof. For the losses of quadratic type,

(Lo fr)(x,y) = (Lo fr)(x,y) = ('8 fi)(x. ¥)(fi: — fr)(x) + R(x.y),

where
IR(x,y)| < C(f5 — fre)(x).

Integrate with respect to P and get

P(Co f) = P(Lo fie) = PU e fi)(fs = fio)| = ClLfse = frel iy

Since
Pe/. € 2. — £ =)€/. ey Jhe — e ‘
P o fi) (= fio)| = (€ fie S = ),
=|(Pe@ e i), i = i) | < lgelliaml fie = fiellaan)
La(P)
Theorems 8.5 and 8.6 imply the result. O

Recall that fi is a function that minimizes the risk P({ e f) and that fi
is uniformly bounded by a constant M. It follows from necessary conditions of
minimum that
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P('e fi)hj =0, j=1,....N,

orl'e f, € & L. For any function f uniformly bounded by M and such that
0o f e £+ (for instance, for f), the following bounds hold

IgellLoimy = P2 @ fi)llLapy = IP2 (o fre —€ ® f)]Lyp)
<€ o for =€ @ Plioey < Cllfie = fllaam

since ¢’ is Lipschitz with respect to the second variable.
Since £ is the loss of quadratic type, we have, forall A € A,

1
<ﬂﬁ)2EfwﬁWxVDWﬁ—fMLm)Zﬂﬂﬁ—fﬂimy (8.73)

Note that
|&(f3) = E(fre)l = |P(Le fr) — P(Le fre)]

Thus, Theorem 8.7 implies the following bound on the random error |£(f3.) —
& (fe)|: under the conditions of Theorem 8.5, with probability at least 1 — N ~4

C|:d+/ilogN \/Z’\j /d—i—/}tlogN}\/

‘ﬂﬁ&—ﬂﬁdf

J¢
E(fie)[d + Alog N d + Alog N 1'/?

1/2 € o

Cl2y = [ . VS . : (8.74)

JgJ

where d = d(J), and under the conditions of Theorem 8.6, with probability at least
1-N—4

GUSERES

[ AN\ (5 a7

J¢J

Alog N U(L)logN 12 g(fks)[d+AlogN
[V R venE Ry

Lu N\ ,U(L)logN1'?
(Z)L \/max||PLJ_h ||L2(17)) o8 \/ ()og i| . (8.75)

€]

where d = dim(L).
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8.4 Approximation Error Bounds, Alignment and Oracle
Inequalities

To consider the approximation error, we will use the definitions of alignment
coefficients from Sect.7.2.3. For A € RV let s¥ (1) := log(eN*2;), j € supp(})

and sjy (A) :== 0, j & supp(4). Note that logA; + 1 is the derivative of the
function AlogA involved in the definition of the penalty and, for j € supp(}),
sj.v (A) =logA; 4+ 1+ 2log N. Introduce the following vector

sY ) = M), .. sy ).

We will show that both the approximation error &( fye) and the “approximate
sparsity” of A¢ can be controlled in terms of the alignment coefficient of the vector
s (1) for an arbitrary “oracle” vector A € A. We will use the following version of
the alignment coefficient:

an () :=aP (A, 1,5V () vo,

where
b:=bA) :=2[s" (V) ltn-

Theorem 8.8. There exists a constant C > 0 that depends only on £ and on the
constant M such that || f«|leco < M with the following property. For all ¢ > 0 and
allA € A,

E(fre) + & Z A <286(f)+C (afv(x)ez + %) (8.76)
J &supp(})
Proof. The definition of A® implies that, forall A € A,
N N
E(fre) + &Y A510g(N?A%) < E(fi) +& Y Ajlog(N?A;)

J=1 J=1

By convexity of the function u +> ulog(N?u) and the fact that its derivative is
log(eN%u),

E(fir) +& Y A5 log(N?A5)

JED
<) +e Y (A log(N2a)) — A5 log(N?25))
JEJ
=& +e Z log(eNX;)(A; — A5). (8.77)

JEJ
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Note that
€ Z Ay =e¢ Z Y log(Nz)k?)
J &N, J&n
+e > a(1-toeVE)+e 3 As(1-log(V2AY)).
JEI G <eN? JEILAE>eNT2
We have

e > xj;(l—log(zvzxj.))go.

j¢]},)»§- >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 N 2. Therefore, we have

e Y A?(l—log(NZ/\j))fe Y O NT=eNT

JRIXG <eN 2 JRDXG SeN=2

It follows that
ey A <e Y ASlog(N?25) + &N~
JET JEIn

Recalling (8.77), we get

E(fir)+e Y A5 <Ef) +e Y logleNA;)(A; —A5) + &N~

J€ JEJ
If
E(fi) +eNT" =& log(eN?A;)(A; =A%),
JEJ
then

E(fre)+e Y A <28(f1) +2eN7",
€

and the bound of the theorem follows. Otherwise, we have

E(frr)+e Dy A5 <2 ) log(eN?A;)(A; — A5).

J&N JE€Jx
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which, in particular, implies that

3028 <20y Mo Y 1A — A5

J&n JE€J;

This means that A — A* € Cj ;. The definition of o (1) implies in this case that

E(frr)+e Yy A5 <28y log(eN?A;)(hj — A5) < 2ean (V)| fr — fie Lo

J&n JE€Jx

Since £ is a loss of quadratic type, we have

& E(fre
/3 = feellLaamy = 1 = Sallaan + 1L foe = Sfill oamy = \/ (fo) + \/ (? :

(see (8.73)). This yields

Efir) +e Y A gzgaN(k)(\/é"(fo) +\/£({As)).

JEx

Using the fact that

2eay (L)

E(fre) <2 oc (k)s
D) <My oo

and

2eay (M)

T AL IOV,
T T 2

we get
—é"(fxs) +e ) af < é"(f ) + 4"N(’\)8

JE€I
which completes the proof. O

Theorem 8.8 and random error bounds (8.74), (8.75) imply oracle inequalities
for the excess risk &'( f3.). 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 € Awith J = supp(A) and for all subspaces L of Lo(IT) with d := dim(L),
the following bound holds with probability at least 1 — N =4 and with a constant C
depending on £ and on M :
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d+ Alog N Alog N
80 =460 + ¢ (BN max 1Py T

U(L)log N
n

2 2, &

A — .
+ay(A)e” + N)
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 + 8,8 > 0 at a price of C being dependent
on §.

8.5 Further Comments

£y-penalization in linear regression problems is often called LASSO, the term
introduced by Tibshirani [141].

Sparsity oracle inequalities for this method have been studied by many authors, in
particular, Bickel et al. [22], Bunea et al. [36], van de Geer [63], Koltchinskii [84]. In
these papers, some form of restricted isometry property or its generalizations have
been used (which means strong geometric assumptions on the dictionary viewed
either as a subset of L,([1,) 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 [84]. Candes and Plan [39] study the problem
of sparse recovery under weaker geometric assumptions in the case when the target
vector is random.

Other type of risk bounds for LASSO (under very mild assumptions on the
dictionary, but with “slow” error rates) were obtained by Bartlett et al. [18], Rigollet
and Tsybakov [126], and Massart and Meynet [109].

Extensions of LASSO and related methods of complexity penalization to sparse
recovery problems in high-dimensional additive modeling and multiple kernel
learning can be found in Koltchinskii and Yuan [96,97], Meier et al. [111].

There has been a considerable amount of work on entropy penalization in
information theory and statistics, for instance, in problems of aggregation of
statistical estimators using exponential weighting and in PAC-Bayesian methods
of learning theory (see, e.g., McAllester [110], Catoni [46], Audibert [10], Zhang
[154, 156, 157] and references therein). Dalalyan and Tsybakov [48] 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 [86] and it was followed in this chapter. In [86], this
method was also used in density estimation problems (see [37] for another approach
to sparse density estimation). Earlier, Koltchinskii [84] suggested to use || - ||K‘”p
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 [91]
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 matter 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, 70, 124],
matrix regression [40, 90, 127] and the problem of density matrix estimation in
quantum state tomography [70, 71, 88]. We will study some of these problems
using general empirical processes techniques developed in the first several chapters.
Noncommutative Bernstein type inequalities established in Sect.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 Sect.2.4) can be then used to tackle
the case of rectangular matrices. Throughout the chapter, we use the notations
introduced in Sect. 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 Sect. 7.2.

Given a subspace L C C™, Py denotes the orthogonal projection onto L. We will
need the following linear mappings &7;, : Hl,,(C) — H,,(C) and 92‘ : Hp(C) >
H,,(C) :

P.(B) = B— P, LBP, ., Z}(B) = P,.BP,..

V. Koltchinskii, Oracle Inequalities in Empirical Risk Minimization and Sparse Recovery 191
Problems, Lecture Notes in Mathematics 2033, DOI 10.1007/978-3-642-22147-7_9,
© Springer-Verlag Berlin Heidelberg 2011
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Note that, for all Hermitian matrices B, rank(Z?1 (B)) < 2dim(L).
Given b € [0,+00], 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 € 1s.0) : | 2F(B)y = bl 2L(B)1}.
Roughly, in the case when dim(L) is small, the cone % (ID; L;b) consists of
matrices B for which “the low rank part” &2, (B) is dominant and “the high rank
part” f@f(B ) is “small”. Note that, forb = 0, # (ID; L; 0) is a subspace of matrices
of low rank and, for b = +o0, JZ(D; L; +00) coincides with the whole linear span
of D.
Given a probability distribution /7 in H,, (C), define

Y D: L 1T = inf{B > 0: |ZL(B)2 = BIBla), B € # (D: Lib)).

Clearly, D; C I, implies that 8 (D L: IT) < B (D,: L: IT). We will write
BY (L:IT) := By (H,(C): L: IT).

As in Sect.7.2, we will also introduce a matrix version of restricted isometry
constants. Namely, given r < m, define

8y :=6,(I1) :=

inf{8 >0:(1=8)|Bll2 = I1BllL,an) = (1 +8)|Bll2. B € Hyy (C), rank(B) < r}.

The quantity 6, (/1) will be called the matrix restricted isometry constant of rank
r with respect to the distribution I1. A matrix restricted isometry condition holds
for IT if §,(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,
I B1ll Loycmy | B2l Ly my

: Bls BZ S Hm((c)v

pr = pr(I1) := sup%
rank(B;) < 3r,rank(B) < r,(B1, B,) = 0}-

Finally, define

m, i= m, (IT) := inf{||B||L2(n) : B € H,y(C), ||B|l2 = 1, rank(B) < r}
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and
M, = M,(IT) i= sup{||B||L2(m : B € H,(C). || B2 = 1.rank(B) < r}.
Ifm, <1< M, <2, the matrix restricted isometry constant can be written as
8 =M, -1 v (1 —m,).
Also, a simple geometric argument shows that
Pl () Vil (55) - (59
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—%%. Then, for all B € ¢ (H,,(C); L; b),

2, (B <——  ||B ,
2L( )||2_m3,—bﬁp,M, I Bl Ly

and, as a consequence,

1

(b)
L[]y ———.
ﬂz ( ) ms;, _b\/iper

Also, for all B € ¢ (H,,(C); L; b),

(b + 1)1/?

Bl < ————=———1Bll,am)-
msy _bﬁper ’

It follows from Lemma 9.1 that as soon as 84, < ¢ for a sufficiently small ¢ > 0,

ﬂ;b) (L; IT) is bounded from above by a constant C (depending on c) provided that
dim(L) <.

To control the quantities m, and M,, it is convenient to discretize the infimum
and the supremum in their definitions, that is, to consider

mt = mi(I) = intl | Bl < B € 77

and
M} = M) = sup] | Bl : B € 5},

where .7 is a minimal proper e-net for the set
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Sy = {B € Hu(C): | Bl = 1 rank(B) < r}

(that is, a set of points of ., of the smallest possible cardinality such that any
S € % is within distance ¢ from the set).

Lemma 9.2. For all ¢ < 27'/2, the following bounds hold:

M, (IT) < % 9.1
and
m,(IT) > m¢(IT) — “/fil—jgg)g 9.2)
Proof. Note that, for all By, B, € .,
1By = Ball oy < V2M, (1) || By — By 2. 9.3)

Indeed, since rank(B; — B;) < 2r, this matrix can be represented as B} — B, =
A1 + A,, where Ay, A; € H,,,(C), rank(A;) < r,rank(A4;) < r and 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 By — B, and to split it into two
orthogonal parts of rank at most r). Therefore,

| Bi — Ball,cmy < Al Loamy + A2l Loy < M-I (| A1 ]2 + (| A2]12)
< M, (IDV2(| A3 + [ 4213)"? = M, (IT)V2|| A, + Az||, = V2M, (1) || B, — B

It immediately follows from (9.3) that

M,(IT) < Mf(IT)+ sup IB—B'||1,my < ME(IT)+~2M,(I)e,
Be, B'eSF ||B—B'|,<¢

which implies

M; (1)
M, (IT) < —/—.
(1) = P
Similarly,
m,(IT) = mE (1) — N2M,(IT)e = mé(IT) — Jliff_f_;) .

Clearly, as soon as

2
sup || BIlL,m — 1| = A,
Be.sf

we have M < /1 + A and m{ > +/1 — A, and it follows from Lemma 9.2 that
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M, (IT) < I—V_lj/;g 9.4)

and
_yaa A
m, (1) = V1 — V2L A (9.5)
1—2¢
When both A and ¢ are small enough, this guarantees that M, (I1) and m,(IT) are
close to 1 and §, (IT) is small.
Lemma 9.2 is usually combined with the following bound on the covering

numbers 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(.7) < (—) .
&

Proof. Given two Hermitian matrices B, B € .#, with spectral representations
r r
B=Y) Ai(e;®e)), B=) 1, ®¢)),
j=1 j=1

we have B _
IB — Blla < A~ Alle, +2 max |e; — 1. 9.6)
I=j=r

where A, A € R’ are the vectors of the eigenvalues of B, E, respectively. Indeed,
we have

ZA (e ®ej)— Z)L (e; ®e])

j=1

<2 =X ®e))
2

j=1

Z)L (e; ® (e

j=1

ZA ((e; —&)) ® e,)

j=1

and it is easy to see that the first term in the right hand side is equal to || — A ||le, and
the two remaining terms are both bounded by max;<;<, |e; — é;|. For instance, we
have

Z/\ ((e; —¢)) ®e,)

j=1

=Y Xlle; —é) ®e;l3
j=1

= /\le —e||e|2< Azmaxe—e 2 < max |e; —é;|%

Jejlle; j—¢ . J €
1 l=j=r l<j=r

j=
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where we used the facts that the matrices (¢; — €;) ® e; are orthogonal and, for
B e, Z;‘=l’i§ =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= {(ul,...,ur) Cup e O Ju;| = 1}

with respect to the metric

d((ur,...,uy), (Vi,...,v)) = max |u; —vj|
1<j=r

that has cardinality at most (1?8)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 e-covering of ., of the desired
cardinality. O

9.2 Matrix Regression with Fixed Design

In this section, we study the following regression problem

Y, = (A, X))+ &, j=1,...,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 052 = E£ < 400

(i.i.d. random noise) and A4 is an unknown Hermitian target matrix to be estimated
based on the observations (X, 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:

A o= aIgminSeD[”_l D (S, X)) + ellSM, 9.8)
j=1

where ¢ > 0 is a regularization parameter. Our goal is to develop upper bounds on
the prediction error ||A° — A|? , where IT, is the empirical distribution based
LZ(HH)
on (Xi,...,X,).
We will use the quantity B (ID; L; IT,) with b = 5 and with L := supp(S),
where S € H,,,(C). For simplicity, denote

Ba(S) := B (D; supp(S): IT,).
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We will also use the following characteristics of the noise §;, j = 1,...,n and
of the design matrices X;,j = 1,...,n:

of =&, U = |l¢lly, v 20¢). a > 1

and

Oy =0y, =

n_lzn:Xz

J=1

, Uy := Uy, = max ||X;|.
I<j=n

The next theorem is the main result of this section.

Theorem 9.1. Let o > 1,1t > 0 and suppose that

()
t + log(2 UUx \ ¢ + log(2
e > D|ogoy M\/U(Q)U;{ 10g1/a § + log(2m) '
n § 0:0y n

There exists a constant D > 0 in the above condition on ¢ such that with probability
t

atleast 1 —e™
14° = Al 1 = jnf 15 = A1z + 201 ©9)

and
14° = Al < ;gg[us = Al + ezﬂn@)rank(ﬁ] ©-10

It immediately follows from the bounds of the theorem that
I14° = A7 () < €Bu(A)rank(4) A 2el| Al

If, for r = rank(A), é,([1,) is sufficiently small (that is, [T, satisfies a “matrix
restricted isometry” condition), then 8, (A) is bounded by a constant and the bound

becomes .
|A° — All7, 1, < C&’rank(A) A 2&| Al|;.

Proof. The definition of the estimator A* implies that, for all S € H,,(C),

R 2 R R
14N im0~ <; > Yij,A£> + el Al
j=1

2 n
< IS imy — (> 2 1%5.5) + IS
i=1
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Also, note that E(Y; X ;) = (4, X;) X ;. This implies that
1 1 _
;Z(Y,»Xj ~E(Y; X)) =~ D EX; =5
j=1 J=l1

Therefore, we have

1AW,y — 2047 A oy < IS, i,y — 2S5 A) Lo,

+(28, A* — S) + (IS — 1 4°1),

which implies

|A° = Al < 1S = AllLym,) + 24147 = ST+ eS| = 471, ©.11)
where A := ||&||. Under the assumption ¢ > 2A, this yields

1A* = A3,y < IS = Al ) + eU1A° = ST+ IS T = 14°])
< IS — Al + 2¢lS 1. (9.12)

It follows from Theorem 2.7 that, for some constant C > 0, with probability at least
1—e™

(@)
[ + log(2 . ULUx\ 1 + log(
A < C|ogox M\/U( Uy log'/e [ =% X\ +log(2m) '
n § 0g0x n

(9.13)

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, forall S € D,

A 2 < . A
2(A€,AE—S)Lz(n”)—<;ZY]»XJ-,AE—S>+8(V,AE—S)50. (9.14)

J=1

To see this, note that since A* is a minimizer of the functional

Ly(S):=n""> (Y, = (S. X;))* + [ S|

J=1

there exists B € dL, (/fs) such that —B belongs to the normal cone of convex set
D at the point A¢ (see, e.g., Aubin and Ekeland [9], Chap. 4, Sect.2, Corollary 6).
A simple computation of subdifferential of L, shows that such a B has the following
representation:



9.2 Matrix Regression with Fixed Design 199
2 n
B = 2/ (A" HYHIT,(dH)— =) Y, X; + &V
Hyn (C) o

for some V € 8||/f€ |l1. Since — B belongs to the normal cone of D at A®,

~

(B,A*—S) <0,
and (9.14) holds. Consider an arbitrary S € ID of rank r with spectral representation

S =3"_1Aj(e; ®e;) and with support L. Then, (9.14) easily implies that, for an
arbitrary V € 9||S |1,

A=A, A*=S) 1y, +e(V =V, A°=S) < —&(V, A°=S)+ (28, A°—S). (9.15)
It follows from monotonicity of subdifferential of convex function || - ||; that

(V—V,A*—S)>0.

On the other hand, a well known computation of subdifferential of the nuclear norm
(see Sect. A.4) implies that

.
V= "sign(d;)(e; ® e;) + PLo WP =sign(S) + PLLWP, L,
j=1

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) = (P, WP, A% = (W, P, AP, ) = | P, L AP, ||\.
For such a choice of W, (9.15) implies that

2({A" — A, A° — S) 1, + el PLLATP L
< —e(sign(S), A° — §) + (25, A° — §). (9.16)

We will also use the following simple identity:
24" = A A" = S)iamy = A" = Al + 14 = Sy, = 1S = ALy,
9.1

Note that if (A° — A, A° = §) 1,1,y < 0. then (9.17) implies that || A° — 4|3 <
IIS—A ||i2( 11, and (9.10) trivially holds. On the other hand, if

(14\E - Av A\E - S)Lz(ﬂ,,) Z Os
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then it easily follows from (9.16) that
el PL(A" =)y < e PLlA" = )|y +24(| PLIA" = )| + | 2F (A = $)]h).
As a result, under the condition ¢ > 3 A, we get that
|28 (45 = $)h < 51 2L A = S, (9.18)
orA*—S e (D, L, 5). Therefore, recalling the definition of 8, (S), we also have
| ZLA =)z < Bu(SHIA = S Lair,)- (9.19)
Now, using the fact that
|(sign(S). 47 = $)| = |(sign($), ZL(4° ~ 9))|
< lsign($) 12| ZL(A* = $)l2 = Vrank($)| ZL (4 = S)]|2.
we can deduce from (9.16), (9.17) and (9.19) that
14* - A”Z(m) + || Af - S”Z(n,,) +ellPLL AP L) (9.20)
<1IS = Allf i,y + ev/rank($)Bu ()| A° = Sy, + (25, 4° = S).
Finally, we have

(B A° = S) = (PL(B). A" = S) + (P[(8). A" = S) = (92])
< A|PL(A° = 8)|2 + T 2 A° = )],

where
A= 2@, T = | 2EE)].
Note that I" < ||Z]| = 2A and
A2 =||PLEI3+IPLFEP.|]
< rank(S) || PLZ||* 4 rank(S)|| P;- & P ||*> < 2rank(S) A2,

where we used the facts that rank(Py &) < rank(S),rank(P; 1L 5 Pr) < rank(S)
and | PLE| < ||, [P, EPL|| < ||E]. As a consequence,

A < /2rank(S)A.
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Now, we can deduce from (9.20) and (9.21) that
1A® = A3 ) + IA° = S13 ) + el PLo AP Ly
< IS = All},, + &Vrank(S)Bu(S)IA° = S| Lyr1,)
+2A[ Py APy L |1 4 2/2rank(S) AB () A® = Sy, (9:22)

If ¢ > 3A (which, in view of (9.13), holds provided that D > 3C), then (9.22)
implies that

14® - AL,y < IS = AllZ 1, + €27 (S)rank(S),

and (9.10) follows. |

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 ID. In this case, for
all S € D, rank(S) is equal to the number of nonzero diagonal entries. Also, if
el....,en denotes the canonical basis, L = L, is the subspace spanned on {e; :

Jj € J} and [T is a probability distribution in D, then the quantity ﬂ;b) (D; L; IT)
coincides with ﬁ;b)(J; IT) defined in Sect.7.2. Note also that, for S € D, ||S|;

coincides with the £;-norm of the vector of diagonal entries of S and the operator
norm || S| coincides with the {oo-norm of the same vector. The quantities o3 and

Uyx become
n
-1 2
n E Xj
j=1

(with an obvious interpretation of diagonal matrices X ; as vectors of their diagonal
entries).

Under the notations of Chaps.7-8, it is easy to deduce from Theorem 9.1 a
corollary for the LASSO-estimator

0)2( = , Uy '= max [|Xjles

I<j=n

loo

Af = argming ¢cpm |:n_1 Z(Yj — (X)) + 8||)L||1:| (9.23)

j=1
of parameter A, € R™ in the following regression model with fixed design:

Yi = fi.(X)+§&, j=1,...,n
Here

fii= ijhj, A=A An) €RY,

=1
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hi,...,h, : S — Ris a dictionary and Xy,..., X, € S are nonrandom design
points.
In this case, denote

, Uy = max max |hi(X;)].

0')2( = max
<ml<j<n

1<k<m

n- th

j=1

and
Bu(2) = B (Jx: IT,),
where J; := supp(}).

Corollary 9.1. Let« > 1,t > 0 and suppose that

(@)
¢ +log(2 « Us"Ux \ t + log(2
e>D 00y M\/U( )UX logl/a ¢ + log(2m) .
n § 0:0x n

There exists a constant D > 0 in the above condition on € such that with probability
at least 1 —e™

1 fe = foliyim, < inf [Ilfx — fuliym,) + ZSIIKIIZI} 9.24)

and
1 /3 = frllLaim,y = jinf, [IIA = Aelliymy + &P (x)card(m}. (9.25)

The case of matrix regression with rectangular m| xm, matrices from M, , ,, (R)
can be easily reduced to the Hermitian case using so called Paulsen dilation already
discussed in Sect. 2.4. In this case, we still deal with the regression model (9.7) with
fixed design matrices X, ..., X, € M, »,(R) and we are interested in the nuclear
norm penalized least squares estimator

A® :=argminS€Mml_m2(R)|: Z(Y (S, X;) )2+£||S||1:| (9.26)
j=1

Recall that J : M, m,(R) +— H,y 4m,(C) is defined as follows (see also

Sect.2.4)
oS
JS =
(5+5)

and let J := %[J . Also observe that
2

(jSl, J_Sz) = (Sl, Sz), Sla SZ € Mml,mz(R)
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and, for a random matrix X in M, ,,, (R) with distribution 7,

1Ay = E(A. X)? = E(JATX)? = [ TAIZ 1o,
Moreover, [ S|l1 = V2[[S|li. S € My, i, (R).

Consider a linear subspace D = JM,,;, n,(R) C Hy,4m,(C). Then, it is
straightforward to see that

. _ i - &
JA€=argm1nS€D|:n IZ(Y]'—(S,JX]'))2+E”S”1:|,

j=1

and, applying the bounds of Theorem 9.1 to J A?, 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
Y; = fi(Xj)+ &, 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 fy : H,,(C) — RR. We are especially interested in the case when
f+(-) can be well approximated by a linear oracle (S, -), where S € H,,(C) is a
Hermitian matrix of a small rank. We consider the following estimator based on
penalized empirical risk minimization with quadratic loss and with nuclear norm
penalty:

n

Af = argminSED[n_l D= (8. X))+ sllSlll}, (9.28)

J=1

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
regularization parameter.

To be more specific, let X be a Hermitian random matrix with distribution 7
such that, for some constant ¢ > 0 and for all Hermitian matrices A € H,,(C),
(A, X) is a subgaussian random variable with parameter 72| 4 ||iz( - This property
implies that EX = 0 and, for some constant 7; > 0,

[ax)| = alAlm. 4 €M, 9.29)
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We will also assume that, for some constant 7, > 0 and for all u,v € C" with
lul = v =1, , ,
E|(Xu, ) = v & ul}, iz, < o (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))

1413, m) = EI{A. X)]? = [ A]3. A € M, (C), (9.31)

then X will be called an isotropic subgaussian matrix. As it was pointed out in
Sect. 1.7, this includes the following important examples:

* Gaussian matrices: X is a symmetric random matrix with real entries such that
{Xi; 1 <i < j < m} are independent centered normal random variables with
EX} =1,i=1,....mand EX} = 3, i < J;

* Rademacher matrices: X;; = ¢&;, i = 1,...,m and X;; = \/Lfij, i < J,

{eij : 1 <i < j < mj beingi.i.d. Rademacher random variables.

Simple properties of Orlicz norms (see Sect. A.1) imply that for subgaussian
matrices

14ll,m =B/ [(4.%)|" < cpnzallAlm

‘P
and
4y, == [(4. %)) < enmalAlim. 4€Ma©.p 2 1.
1

with some numerical constants ¢, > 0 and ¢ > 0.
The following fact is well known (see, e.g., [130], Proposition 2.4).

Proposition 9.1. Let X be a subgaussian m x m matrix. There exists a constant
B > 0 such that

H”X”sz < BJm.

Proof. Consider an e-net M C S™' := {u € C" : |u| = 1} of the smallest
cardinality. Then, card(M) < (1 + 2/¢)*" and it is easy to check that

IX||= sup [{(Xu,v)|<( —28)_2 maj)fl [(Xu,v)|.
u,ve

u,yesSm—1

Let ¢ = 1/4. We will use standard bounds for Orlicz norms of a maximum (see
Sect. A.1) to get that, for some constants C;, C,, B > 0,

max (Xu,v)
uveM

lxi <4
V2

< Cy5 eard (M) max | (Xun)|

¥

< Cy+/logcard(M) max v & ull oy < B/m. O
u,ve

2
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Given S € H,,(C), denote fs the linear functional fs(-) := (S, -). Our goal is to
obtain oracle inequalities on the L (IT) prediction error || f ;. — f« ||i2 () in terms of

the L, (IT)-approximation error || fs — fx ”iz(ﬂ) of fx by low rank oracles S € D.

One possible approach to this problem is to show that, in the case of i.i.d.
subgaussian design, the matrix restricted isometry property holds for the empirical
distribution I7,, with a high probability and then to use the oracle inequalities for
fixed design matrix regression proved in Sect. 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 fy is a linear functional, fix(-) = (A4,-), 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
||/f£ —A ||% 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 Sect. 9.2, denote 052 = E£2, U;“) = €y, v (20¢), 0 > 1. We will also
use the following notations:

n
2 -1 2 .
Oxn, = |7 E X:|, Uxp = max | X/
; I<j=n
Jj=1
Theorem 9.2. Suppose that X is an isotropic subgaussian matrix and Xy, ..., X,

are its i.i.d. copies. Let a > 1, t > 0 and suppose that

[t + log(2
&> D[ogox,n —+ 0g(2m) \/
n

U Uy ) t+ 10g(2m):|
n

U Uy log"® ( (9.32)

Og0Xx

There exists a constant D > 0 in the above condition on & and constants
C>0,v>0,8 > 0,80 > 0 with the following property. For all § € (0,6y) and
forall

n > v8 % log(1/8)m rank(A),

with probability at least 1 —e™" — e~hns,
| 4° = 4113 = € min(e]| Al & rank(4)). (9.33)

Moreover, there exists a constant D > 0 such that, for all t € (0,n), the condition
(9.32) on ¢ holds with probability at least 1 — 2e™" provided that
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e> D, |:o§ [m(t + 1::g(2m)) \/

(@)
Us(a) logl/"‘(Ufa ) Jm(t +logn)(t + 10g(2m))}
Gz;- n

(9.34)

Proof. We will use the bounds of Theorem 9.1 applying them to S = A. Denote
r := rank(A). To bound B,(A), we apply Lemma 9.1 for the empirical measure
I1,. The quantities M, (I1,), ms,(I1,) and p,(I1,) will be bounded in terms of the
restricted isometry constants 84,(I7T,). It is enough to show that 84, ([7T,) is small
enough (smaller than some §, € (0, 1)) to guarantee that §,(A) is bounded by
a constant. Moreover, it follows from the proof of Theorem 9.1 (see (9.18)) that
As—A e (D, L,5) with L = supp(A), and, in this case, the last bound of
Lemma 9.1 implies that ||14fE —Al3 <G ||/f— A ”12(17,,) for some constant C;. Thus,
to prove (9.33), it is enough to control 84, (I1,,).

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,y > O such that forall 1 <r <mandall § € (0,1/2)

]P’{S,(Hn) > 8} < expl{—pnés?),

provided that n > v8§~*log(1/8)mr.

Proof. Since X is isotropic subgaussian, for all B € H,,(C) with |B|, = 1,
(B, X)*|ly, < c, for some constant c. Let ¢ € (0,1/2) and A € (0, 1). Using
a version of Bernstein’s inequality for random variables with bounded /;-norms,
the union bound and Lemma 9.3, we get that with some constant ¢; > 0

P{ sup [IBIZ, ) — 1| 2 2}
Be.s

n~' > (B.X;)* —E(B.X)’

< card(.#}) sup ]P’{
j=1

BesE

g

Qm+1)r
< 2card(.) exp{—cl(kz A )L)n} < 2(—) exp{—cl(/\2 A A)n}.
e

Therefore, if
6log(18/¢)
n > Tﬂ’l r,
then, with probability at least 1 — e~(€1/24%n

2
sup [IIBllz,(m,) — 1l = A.
BesE
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We can choose A, ¢ in such a way that

VJ14+A V2(1+ A
—+§1+8 and vl—k—gzl—S
1—ﬁ8 1—\/58

(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+ 8, m,(II,) > 1 —§ and §,(I1,) < §, which
holds with probability at least 1 — e~#"%" for some constant 8 > 0. O

It remains to prove the last statement of the Theorem. To this end, note that

n
: SEIXIP+n7" > (X017 = EIX ).

n
j=1 j=1
For a subgaussian isotropic matrix X, we have
2 2
EIXIP <em. [IXI] < ecom.
1

for some constants ¢y,c; > 0. It easily follows from a version of Bernstein’s
inequality for random variables with bounded ;-norms (see Sect. A.2) that, for

some constant ¢3 > 0 and with probability at least | — e,

t t
=cml g/ - — | <czm

provided that ¢ < n. Therefore, we also have that, for some ¢4 > 0, 0)2( 2 < cam.On
the other hand, it easily follows from the properties of Orlicz norms and the union
bound that for some c5 > 0

n
Y AXG IR -EIXP)
j=1

P{Ux,n > csﬂ(t+logn)} < nIP’{||X|| > c5\/%(t+logn)} < peUHlogn) — o=t

Thus, with probability at least 1 — e,

Uy, < cs/m(t + logn).

Since in the bound (9.32) ox,,, 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

~ o2m rank(A
with the Hilbert-Schmidt error || A* — A||3 of the order C ggm rank(4)

choice of regularization parameter ¢).

o (with a proper
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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
inequality for a subgaussian (not necessarily isotropic) design.

Assume that § € Ly, (P) and denote

2
U = ||glly, 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 /7 and let . C

L, (IT) be a subspace of subgaussian random variables such that f,, € &, for all
A e H,,(C), (A,-) € £, and, for some constant 7; > 0,

I flly, < @il flleoamy, f €2 (9.35)

(compare with (9.29)). We assume also that condition (9.30) holds.
Recall the notation 8 (ID; L; IT) of Sect.9.1 and define

B(S) := BO(D; supp(S); IT).

Finally, denote
4(e) == q@:e) = inf [l fs = fulldyim + €IS |

Observe that
q(e) < |l £l

(take S = 0 in the expression after the infimum defining ¢ (¢)). Note also that if, for
some S € D,

Lq(e)
ISy = 5=
e
then
q(e) <2\l fs = fell - (9.36)
Indeed,
— 2 _ 2
q(é‘) < /s f*||L2(17) i ||S||1 < Il fs f*||L2(17) I lq(S)’
€ € € 2 ¢

implying (9.36).

Givent > 0 and ¢ > 0, denote

K= log(logn Vilogm V |loge| Vlog| fellL,am) V 2),
thm = (t + k) logn + log(2m).
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Theorem 9.3. There exist constants ¢,C,D > 0 with the following property.
Suppose thatt > 1,

O\ i
. D[% /"W%Og(zm»\/@” log( ;E )m @ +n1°g(2m))] (9.37)

and t, , < cn. Then, the following bound holds with probability at least 1 — e™" :

”f/‘fs _ f*“%ﬂn) < _51‘1515[2”]% - f*||iz(n)

+C (/32(S)ramk(s)e2 + (IISII% % qi(f))% + n—‘)] (9.38)

Proof. Throughout the proof, C,c,cy,... denote constants (typically, numerical
or dependent only on irrelevant parameters) whose values might be different in
different 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">"gX; A=]|Z|

j=1

Step 1. Bounding the norm ||14fE |l1. We start with the following lemma:

Lemma 9.5. There exists a constant C > 0 such that, for all ¢ > 4A, with
probability at least 1 —e™"
q(e)

&

| 42|l < €

Proof. We argue exactly as in the proof of Theorem 9.1 to get the following version
of bound (9.11): forall § € D,

15— felld iy + ll AL < U1 fs — Sl + 241145 = Sl + €]l ST, (9.39)
which implies

15 = felld o, + €l Al (9.40)
<\ fs = i, + UL — ID(fs — fi)> + 24| A° = S|l + &[S |1

Since (fs — f«)* € Ly, (IT) and, moreover,

ICfs = £l < el fs = fell Ly
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for some constant ¢ > 0, we can use a version of Bernstein’s inequality for L.,

random variables (see Sect. A.2) to get that, with some constant ¢; > 0 and with

probability at least 1 — e™,

(T, = I(fs = f0)| = elll fs = fell i (\ﬁ \ 5) (9.41)

As a consequence, for ¢ < n, we get from (9.40) that

~ t ~
el A < II.fs = f*lli2(n)(1 +a \/;) + 2A([A% [+ (1S 1) + el S

As soon as € > 4 A, this implies

A 2 t 3
SIA < 1fs - f*uLZ(m(l + c\ﬁ) + ZelSlh.

Fort = n, we get

~ 2(1+¢1)
141 < =——=Ifs = fellzoam + 30l (942)

—n

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 ¢(¢) is attained. O

Since ¢(¢) < || f« ||i2( 17y» under the assumptions of Lemma 9.5, we have

A C
A% < z||f*||iz(n) (9.43)

(again with probability at least 1 —e™").
Next, observe that

15 = Fellsimy = 2013y + 1o i) (9.44)

< (I IENX I + 1 Sl yim) < ea (mIA°I + 1441 m)

ml flld
2
< cl(TZ v ||f*||L2<m),

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
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ml fill
2 L,(IT) 2
I fs = felliymy = 61(8—22 v ||f*||L2(17))

(otherwise bound (9.38) of the theorem trivially holds). This implies that, for
some c,
1/2 2
m ||f*||L2(17)
e

Vi = Sl < ( v ||f*||L2<m). ©.45)

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):

2S5 = foor fao = S5V taamy + el PLoASP |
< —e(sign(S), A° — S) + (28, 4° — ). (9.46)

If (f4 — fer f5e — fS)1oam,) = 0and & > 3A, then (9.46) implies that Af— S €
K (D, L,5), where L = supp(S) (see the proof of Theorem 9.1). Because of this,

| 2L(A° = $)ll2 < BOAT = S (9.47)
Replacing in the left hand side of (9.46) I, by IT and using the identity
2(f5e = Jos Sae — Ss) Lo
= I fae = Felliaany + 1 oo = Sslamy = I fs = Slliyms O48)
we get
”f/fe - f*”iz(n) + ||f/fe - fS”%z(n) + 8||PLLA€PLL Il (9.49)
< s = Sulllym — elsign($). 4° = §) + (25, A° - §)
20T = ) (fs — f)(f4e = f5) + 20T = I)(f4 — fs)™.
This inequality will be used when (f; — fi, f4 — fs)ioam,) = 0 (case A).

Alternatively, when ( ;. — fx. f4 — fs)1,(1,) < 0 (case B), a simpler bound holds
instead of (9.49):

I = Sl Zoemy + W 4o = S5l Ty (9.50)
< | fs = fullZom) + 20T = ) (fs = f)(Fz — fs) + 20T = I1)(f 1. — fs)*.

It remains to bound the empirical processes in the right hand sides of (9.49) and
(9.50) in each of these two cases:
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(25, A° — < }:gx Af — >

2 = M) (f4 — f5)7 and 2(1T — 1) (fs — f)(f4. = fs)-

Step 3. Bounding (=, Af — S). We use slightly modified bounds from the proof
of Theorem 9.1 to control (=, A* — S), which is needed only in case A:

(B.A° = 8) = (PL(8). A — S) + (P[(B), A = §) <

< A|PLA" = )2 + TI|2F (A5 =),

where

A= P&, T i= | 2EE)].

Using the fact that, in case A, Af—S e (D, L,5) and (9.47) holds, and arguing
as in the proof of Theorem 9.1, we get

(B,A° —S) < A|P L AP, ||i + /2rank(S)AB(S) || A° — S|l 1oam)

N 1
< A||PLLA®Ppi||y + 2rank(S)B%(S) A% + i = fsllZ - 9.51)

Since X is a subgaussian random matrix, we can use Proposition 9.1 to get that with
some constant ¢

= |E(X —EX)*|"? < |[EX?|'2 <EV?|X|? < c/m

< c/m. It easily follows that

2

mM¥V=MXHW

Jixgl], <efixn] il <evmlily..

Therefore, the second bound of Theorem 2.7 with « = 1 implies that, with

probability at least 1 —e™,

A<A:= (9.52)

CNIRT
C|:O'g Im(t + l;)g(Zm)) \/ U;z) log( jg )m (t +n10g(2m)):|7

which will be used in combination with bound (9.51).

Step 4. Bounding (IT — IT,)(fs — f«)(f;. — fs). Note that
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(IT = I,)(fs — f)(f3 — f5)| = (T, 4° = S)|
<[ITI1A4° = Sl < ITNAAS N + 1S ], (9.53)

where
Ti=n! i[(fs (X)) = feX DX =E(fs(X)) = L)X ] 054)
=
Observe that with some constant ¢ > 0
[B1f500) = £.OPX| < BIf5 00 - £0OPIXIP
< E2If5(X) = rCOPEVIXI® < emllfs = full iy,

by the properties of subgaussian matrix X and “subgaussian subspace” .Z. Also,
with some ¢ > 0,

|50 = LK = ev/mlfs = fulaom.

Therefore, we can use again exponential inequalities of Theorem 2.7 to bound 7" as
follows: with probability at least 1 — e™ and with some ¢ > 0,

1/2
171 = el fs = fllaam | | 22 Cm\ 2EREE o5

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™,

(1= 11)(fs = fof5 = f5)]

1
< (LN 18I0 )1fs =l D,

This leads to the bound

(07— 1) (fs = 1) Fze = 19)] = 315 = elliam)

2 1
+c (usn% ve S(j))’”(l + os@m)

(9.56)

which holds with some constant C > 0 and with the same probability.
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Step 5. Bounding (IT — IT,)(f ;. — fs)?. Here we will use the following lemma.
Given § > 0 and R > 0, denote

n

n”! Z(Sl — 852, X = 181 = SallLm

j=1

A,(8,R) := sup%

S1. S5 € Ho(C). |81 = Sall amy < 8. S < R, ISs]ls < R}.

Lemma 9.6. Suppose Xi,...,X, are iid. copies of a subgaussian matrix X
satisfying conditions (9.29), (9.30). Let § > 0 and R > 0. There exists a constant
C > 0 such that, for all t > 0, with probability at least 1 — e™"

m\ ; R’m t\ , R’mtlogn
AW(S,R)SC[(SR\/;\/ p \/52\/;\/7}. (9.57)

Moreover, if 0 < §_ < &4, then, with some constant C > 0 and with probability at
least 1 —e™, forall § € [6—,8+],

my ; R*m , [t+Kky\ ; RPm(t 4+ «)logn
AW(S,R)SC[(SR\/;\/ =\ & —V . } (9.58)

where
26+
k := 2loglog, 5 )

Proof. Clearly, the following representation of the quantity A, (8, R) holds:

Y (X)) = P

Jj=1

An(§,R) ;= sup
fE€Fsr

)

where
Fs. R = 1{S1=82,7) : §1, 82 € Hu (C), [ S1=S2ll 2,1y <6, IS11l1 < R, [|S2]l1 < R}.

To bound this empirical process, we use a powerful inequality of Mendelson (see
Theorem 3.15). It implies that

ar . 2( o .
EA, (5, R) < c[ sup | f]ly, 2L V) \ yz(JiR’wZ)} 9.59)

fE€Fs R \/ﬁ

where ¢ > 0 is a constant. By assumption (9.29), the ¥ and ,-norms of functions
from the class %5z can be bounded by the L,(P)-norm (up to a constant).
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Therefore,

sup || flly, <. (9.60)
[€Fs R

The next aim is to bound Talagrand’s generic chaining complexities. First note that

Y2(Fs.r:V2) < va(Fsricll - | Lam) 9.61)

for some ¢ > 0 (again, by the bound on the v,-norm). Let Wz (f), f € L,(I1)
denote the isonormal Gaussian process, that is, a centered Gaussian process with
covariance

EWn(f)Wi(g) = / fearl

m

We can also write

Wi (f) = / FOWi @)

m

where Wy (B) := Wy (Ip) for Borel subsets B C H,,(C). Clearly, by linearity of
W Wi ((S,-) = (S, G), where G is a random matrix with the entries

g,'j = / )CijWn(dx).
Hyn (C)

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)|* = EIWn (v ® u. DI = v ® ull} 1) < 2.

It follows from Talagrand’s generic chaining bound (see Theorem 3.3) that, for some
constant C > 0,
vo(Fs.ricl - llm) < Co(G: 6, R), (9.62)

where

o(G;8,R) :=E sup (Wi ({(S1 = S2, )|
IS1=S2llL,(my =8 lIS1 I =R |IS2[1 <R

Bounds (9.59), (9.60), (9.61) and (9.62) imply that

(G:8.R) \ ; ®*(G:8. R)
8 7 \/ p

Observe that, under the assumption || S;||; < R, || S2]l1 < R,

EA,(8, R) < c[ } (9.63)

(51 52.0)| < 151 = 111Gl < 2RIG].
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It follows from Proposition 9.1 that
o(G:8,R) <2RE|G|| < cRVm.

The last bound can be substituted in (9.63) to give that, for some constant C > 0,

2
EA,(5,R) < C [SR\/g\/ Rn—m} (9.64)

To complete the proof, we use Adamczak’s version of Talagrand’s concentration
inequality for unbounded function classes (see Sect.2.3). To apply this inequality,
one has to bound the uniform variance and the envelope of the function class .7 52 R
The uniform variance is bounded as follows: with some constant ¢ > 0,

sup (PfH!V? = sup E'2(S) — 85, X)* =
SEFs R I1S1=S2ll,(my<8.IS11h<R.[S2[h <R

2 2
sup I fs = fs:llLycmy < €67,
I fs1 = fsr lyam <8 lISiIi=R.[IS2i <R

where we used the equivalence properties of the norms in Orlicz spaces. For the
envelope, we have the following bound:

sup f3(X) = sup (S1— 52, X)? <4R*|X|?
SEFs R IS1=S2ll, (<8 IS1lli<R.IIS2[1 <R

and

max sup fz(Xi)Hw

ISISn fe gy

2
< c1R2H ||X||2Hw logn < czR2H||X|| ’ logn < c3R’mlogn,
1 2

for some constants ¢y, ¢z, c3 > 0. Here we used well known inequalities for maxima

of random variables in Orlicz spaces (see Sect. A.1). Adamczak’s inequality now

yields that, with some constant C > 0 and with probability at least 1 — e,

t R’mt1
A8, R) < 2EA, (8. R) + €8/~ + c — 81 (9.65)
n n

It remains to combine (9.64) with (9.65) to get that with probability at least | — e ™

m R’m t R*mtlogn
A,,(S,R)fC[SR\/;\/ - \/52\/;\/7} (9.66)
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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). O

We will use the second bound of Lemma 9.6 to control (IT — IT,)(f. — fs)%.
By a simple algebra (in particular, using the inequality ab < a®/8 + 2b?* and using
the fact that 7, ,, < cn for a sufficiently small constant ¢), this bound implies that
with some sufficiently large constant C > 0

R*m(t + k) logn
’ .

1
A8, R) < 182 +C (9.67)

Clearly, we also have

(T = )(fge = £90°] = 8u (IS0 v AN 1 f 5 = fslliaam). (9.68)

Due to Lemma 9.5 and (9.45), we now use bound (9.67) for

R:=C(@\/||S||I),

§_ =n""?and

V2 full?
m
5y 1= c(# v ||f*||Lz<m) v,

We get from bounds (9.67) and (9.68) that with some constant C > 0 and with
probability at least | —e™’

1
‘(n — ) (f3 — fs)2‘ = Wi = sl

2
+C(||S||f v 4 (;))m(l + k) logn7
& n

(9.69)

where
K = log(logn Viogm V |loge| Vlog | fell L,y V 2).

Bound (9.69) holds provided that §— < || f; — fsllz,a1) < 6+. Note that we do
have || f4 — fs|lL,(7) < 0+ because of (9.45). In the case when || fz. — fs|l2,a1) <
d_, the proof of (9.38) even simplifies, so, we consider only the main case when
I/ = fsllLam = 8-

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)
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and (9.69)). By a simple algebra, we get the following bound

2 2
I f5e = fellcmy = 2I1fs = fellz,am

+C (,BZ(S)rank(S)sz + (||S||2 (8))’"2”” +n—1) (9.70)

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 ¢g(¢) in this bound.

Corollary 9.2. Under the assumptions of Theorem 9.3, for all S € D with ||S||1 >
%, the following bound holds with probability at least 1 — e™" :

”f,@s - f*”%z(n) =2l fs - f*”iz(n)

IS112mty m + 1
— )

+C (ﬁZ(S)rank(S)ez + 9.71)

On the other hand, for all S € D with || S|, < %, with the same probability,
| f3: = Fell o)
g) mt
(2 +C—== q( ) M, ’”) I fs = fullZ,m + € (,BZ(S)rank(S)sz + n_l). 9.72)

If
1
cq(f) Mhm ., 9.73)
& n

this implies that

15 = fellsim) = 30 fs = feldumy + C (B (Srank($)e? + 7). 9.74)

Proof. For all S € D with ||S]; > %, (9.38) immediately implies (9.71).

Alternatively, if ||S]; < %, we have g(e) < 2| fs — f*||12(m (see (9.36)) and

(9.38) implies (9.72). O

Remarks. « Note that the leading constants 2 in oracle inequalities (9.38), (9.71)
or 31in (9.74) can be replaced by 1+ § (with constant C becoming of the order %).

¢ Note also that, when ||S|; < % and, as a consequence, ¢(¢) < 2| fs —
T ||12( - condition (9.73) is satisfied provided that
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mt
&= Dillfs = fellaamy/ = 9.75)

for a sufficiently large constant D > 0. This yields the following corollary.

Corollary 9.3. Suppose the assumptions of Theorem 9.3 hold. For all S € D
satisfying condition (9.75) with sufficiently large constant Dy > 0, the following
bound holds with probability at least 1 —e™" :

2 2
I f5e = fellyamy = 2I1fs = fellz,am

IS13mtym + 1
),

+C (ﬂZ(S)rank(S)ez + (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

Ry := sup ||S]:.
Seb

There exist constants ¢, C, D > 0 with the following property. Suppose thatt > 1
and

/ UPN\ mi/2
. D|:a§ m(t + I’Z)g(Zm)) \/ U;z) log( ;E )m (¢ +n10g(2m))i|. 9.77)

Denote

k :=loglog,(mRp) and t,,, = (t + «)logn + log(2m)

and suppose that t, , < cn. Then, the following bound holds with probability at

least1 —e™ " :

1f e = fellosm < Sigﬂf])|:2||fs — fellZaam

+C (/32(5)rank(3)s2 + Rﬁ% + n_l)}. (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 X, ..., X,. In particular, our goal is to cover
an important case of sampling from an orthonormal basis, that is, the case when
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Xi,..., X, are i.i.d. random variables sampled from a distribution /7 (most often,
uniform) in an orthonormal basis E1, ..., E,2 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 X1, ..., 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 [128] and, in high-dimensional
learning problems, by Mendelson and Neeman [116] (see also [18,98]). It is based
on Theorem 3.16.

Assume that, for some constant Uy > 0, || X || < Uy (the case when || X || has a
bounded ¥;-norm can be handled similarly). In this section, we also use the notation

0% = [EX?|.
We will need below the quantity
Vo = Thoo(F) = E)/zz(j;Loo(Pn))v

based on generic chaining complexities with respect to L (I1,)-distance, intro-
duced and used earlier in Theorem 3.16. It will be used for the class

F:={(S,"): S els.(D), |S|; < 1}.

It will be shown below (see Proposition 9.2) that in typical situations y, grows as a
power of log . In particular, we will see that, for D = H,,(C),

yp < KE max ||Xj||%10g2n.
I<j=n
Fort > 1 and ¢ > 0, denote

K= log<logn VlogUy Vloge Vlog| fell Lo () V 2),
tam = Yn + Up(t + ik + log(2m)). (9.79)

We will also use a modified version of function ¢(g) from the previous section.
Given ¢t > 1, it is defined as follows:

. t
a6 = i) =t 15 = folamy + ST + 15 = £ i |
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Clearly,
t
4(e) = sl Lo + 1l oy (9.80)
Moreover, if for some S € D,
1 g(e)
IS < P
£
then ;
q(e) <2\l fs — fulT,am) + 20 fs — f*||ioo(nn);- (9.81)

As in the previous section,
B(S) := B (D: supp(S); IT).
Assume that, for some o > 1, £ € Ly, (P) and denote
of == EE, U = |y, v 20¢).

The following theorem is the main result of this section.

Theorem 9.5. There exist constants ¢,C, D > 0 with the following property.
Suppose thatt > 1, t,, ,, < cn and also that

()
t + log(2 ” U:"7 Uy \ t +log(2
&> D 0:0x M\/U( )UX logl/a § YXx + Og( m) )
n § 0g Oy n

(9.82)

Then the following bound holds with probability at least 1 — e™" :
130 = fellE sy < ;gﬂg[znfs ~ fullymy + € (ﬁz(S)rank(S)gz 983

2
q-(&) \ tum t +log(2m)  _
#1518V L) s Sl i R ) |

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 ||/f£ |l1. 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™",

61(8)‘

I1A2])) < = (9.84)
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Proof. We repeat the proof of Lemma 9.5 using instead of (9.41) the bound
(1, = m(fs = £2)?

! t
<c (Ilfs — fellaam Il fs — f*IILoom)\/;\/ I fs — f*lliw(n);) (9.85)

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, 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 ™. O

Note that, bounds (9.84) and (9.80) yield

& n

~ C t
1A < —(||f*||iz<n>+ T ) 9.56)

that holds with probability at least 1 — e~ and with some C > 0. Using this bound
fort < n and arguing as in the proof of Theorem 9.3, we get that with some constant
c1 > 0

15 = felld i < 20075 iy + 15 987)
< 2(IA RENX I+ Al ) < 2(URIA° IR + 1L A i)

U £l
oo (IT) 2
=c (T Vv ||f*||L2(17))-

Hence, it is enough to consider only the oracles S € ID for which

AT
82

2 2
Ifs = fellLym) =< Cl( v ||f*||L2(n))’

otherwise, the bound of the theorem trivially holds. This implies that, for some c,

N TAT
I

1 f4e = fslloam) < ¢ v ”f*”Lz(U))' (9.88)

The last bound holds with probability at least I — 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.
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Step 3. Bounding (&, 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)

()
t + log(2 Us" Uy \ 1t + log(2
c[agox,/—+ oz m)\/U;“’leogl/“( ; —X)  los( m)]
n 0 Oy n

This bound will be used in combination with (9.51).

Step 4. Bounding (IT — I1,)(fs — f«)(f; — fs). The changes in this step are
also minor: the bound on || 7| becomes

log(2 log(2
7l = CUX|:”fS - f*”Lz(H)\/Honﬂ\/ I fs — f*“Loo(n)—t - Ong( m)]

(9.90)

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 = £ 3 = £5)|

< U (151 v Z2) (15 = febsaeny | HEER

I fs — f*uLm(mM)

As a result, we easily get the bound

[T AT fs)}<—||fs Felltaan) ©91)

q%(e) t+10g(2m) t 4+ log(2m)
L (e B R A

which holds with some constant C > 0 and with the same probability.

Step 5. Bounding (IT —1IT, ) ( f ;. — fs)?. We have to control (IT — IT) (f — fs)?
which would allow us to complete the proof of the theorem. Recall the notation

n

w7 Y (S = 82 X)) = 181 = SallF )| ¢

J=1

A, (8, R) := sup%

S1. S5 € Ho(C). |81 = Sall oy < 8. Sl < R, ISs]ls < R}.
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We are now in a position to prove a version of Lemma 9.6.

Lemma 9.8. Ler Xi,..., X, be i.id. copies of a random Hermitian m X m
matrix X. Let § > 0 and R > 0. There exists a constant C > 0 such that, for
all t > 0, with probability at least 1 — e™"

Vn RZ)/n t RZU)%I
A,(8, R SR, — —— \/ 6R — . 92
6.0 = [ar [\ EL ko [ 092

Moreover, if 0 < §_ < &4, then, with some constant C > 0 and with probability at
least 1 —e™, forall § € [6—,8+],

Yo R%y, {4k, RUZ +k)
A,,((S,R)SC[(SR\/:\/—H V6RUx\|—=\/ . . (9.93)

where

28
k := 2loglog, (8_+)

Proof. Applying bound (3.37) to the class

F={8.-): S €Ls.(D). [ISl = LIISILo0my = 83

we get
2 Vn Vn
B sy - misep|scls /2]
ISTh=1LAS Ly (my<é h n
This bound easily implies that

§ 1
EA, (8, R) = 4R’EA, | —: =) < 9.94
6.R) (353) = ©0.94

4R’E sup ‘(nn —n)(s,-)z‘ <4C [SR,/ﬁ\/
n
The rest of the proof is based on repeating the concentration argument of Lemma 9.6

IST=1AS N Lym)<8/(2R)
with minor modifications. O

Rz)/n
n

We are now ready to provide an upper bound on (1T — IT,)( f ;. — £5)%. In view

of Lemma 9.7 and (9.88), we will use Lemma 9.8 with §_ := n~"/2,

Uxlfel}
oo () -
b im e S o ) v
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R:= C(||S|| v (8))

It follows from (9.88) that || f;. — fs|lz,q7) < 8+ and the second statement of

Lemma 9.8 implies that with probability at least 1 — e ™",

and

(1= 1)(f5 = 150 = a3 = fsllacmys R)

< C[llf/;s — fs||L2(H)R\/§\/

Ryn t+k\ , RUIt + k)
\/Rlelf fs||L2<17>\/ " \/ Xn }

provided that

I f3e = fsllam = 8- =n""2

(we are not going to consider the case when || /3. — fs||2,(7) is smaller than n
but it only simplifies the proof). Therefore, we can easily conclude that, with some
C’' >0,

~1/2

Uit + k) + Yu

1
(IT—IT,)(f4 — fs)* < §||fAs - fs||i2(n) +C'R? .

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. O

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,
including (9.82), hold. Then, for all S € D, such that

t thm
£ > D[Hfs ~ fullaamy \/ 11 fs — f*”Lw(m\/ﬂ n’

with probability at least 1 — e™",

15— el < 205 — fulleym + C (,BZ(S)rank(S)sz (9.95)

”S” n.m t + log(2m) _
s = el 7).
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Note that in the case of sampling from an orthonormal basis E, ..., E,» (that
is, when [T is a probability distribution supported in the basis), the Lo (IT)-norm
involved in the bounds of Theorem 9.5 coincides with the £,-norm:

I/ | Lootm) = lmalef(Ej)l, S i Hu(C) = R.
<j<m

We now turn to the problem of bounding the quantity y, := I}, 00 (%), where
F={(S8,:): S € Hn(O), S = 1}.
Proposition 9.2. With some numerical constant K > 0, the following bound holds:

I o0(F) < Klogzn E max [|X; ||%
I<j=n

Proof. In fact, we will even prove that

Fh00(¥) < Klog>n E max | X;|]3,
1<j<n

where 4 := {(S,-) : ||S]2 < 1} D #. Note that

max (S, X;)| = sup (S, 4) = [[S] ..
Aex

I<j=n
where = conV{Xj,—Xj,j = 1,...,n}. Since B, = {S : ||S|2 < 1} is the

unit ball in a Hilbert space, we can use bound (3.3) to control y2(¥; Loo(Pyr)) as
follows:

[e'¢) 1/2
n(%;Lm(Pn))=y2(Bz;||-||f>5c(/0 81‘1(32§||'||9£/:8)d8) . (9.96)

where C > 0 is a constant. Note that | /(X ;)| < || X |l», f € ¥, which implies

{(F@XD). . f X)) s f €9 C VT

where V,, := maxi<j<, || X;|.. Bounding the £/ -covering numbers of the cube
[V, Va]", we get

V., "
NBo: |- [ :8) = N@: Loo(Py):6) < (; + 1) e<Ve  (997)

This bound will be used for small values of &, but, for larger values, we need a
bound with logarithmic dependence on 7 that can be derived from dual Sudakov’s
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bound (3.2). Take an orthonormal basis E, ..., Ey, N = m(m + 1)/2 of the space
H,,(C) and use the isometry

H,,(C) > S > ((S,El),...,(S,EN)) ey

to identify the unit ball B, in H,,(C) with the unit ball BJ' in £)'. It follows from
dual Sudakov’s bound (3.2) that, conditionally on X1, ..., X,

eH'2(By: || - | wie) = eH'*(BY: || - |l )
< C'Egz sup (Z, 1)y = C'E; max (Z, X}y = C1Vy/logn,

tet l<j=n
where Z is a standard normal vector in R (= EQ’ ) and Cy, C’ > 0 are numerical

constants (with a minor abuse of notation, we identify matrices in H,,(C) with
vectors in £ in the above relationships). As a result, the following bound holds:

CZ
H(B: ||+ |se) < V2 1ogn. (9.98)
&

Let 8, := n~"/2. We will use (9.97) for ¢ < §,V,, and (9.98) for ¢ € (§,V,, V,]. In
view of (9.96), we get the following bound:

[00(9) = Ey3 (9 Loo(Py))

Sn Vi V. Vi 1
< C(nE/ log(—n + l)sde + Cilogn EVnZ/ —ds)
0 € BV €

§
" 1 1
C(nIEVnz/ log(— + l)sds + Cllogn EV?log 8_)
0 & n

1 1
< K’ n821log — + lognlog — |EV? < K log> n E max | X; 13
On On I<j=n

with some constant K > 0. O

In the case when the set D is bounded with Rp := supgep [|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 vlogUx Vv log Rp Vv log || full 1) V 2),
tim = Yo + U (t + K + log(2m)). (9.99)

Theorem 9.6. There exist constants ¢,C,D > 0 with the following property.
Suppose that t,, ,, < cn and also that (9.82) holds. Then the following bound holds
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with probability at least 1 — e™" :

”f/fe - f*”iz(n) S éreluf))[z”f‘g — f*”iz(n) + C (132(S)I‘Ell'lk(S)g2 (9100)

R2t,. t +log2m)  _
+% + I fs — f*”ioo(n)T +n 1)i|

Suppose now that fi(-) := (A, -) for some matrix A € H,,(C), that D is a closed
convex subset of Hl,,(C) and that A € . 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™" :

(9.101)

~ Al 1
147~ ARy = (2 Cmanke? 4 121D,
n

Next we turn to a couple of examples in which X, Xy, ..., X, are i.i.d. random
matrices 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 Sect.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 {Ey; :
k,j =1,...,m} of the space H,,(C), where

Eu=erQer, k=1,....m,

1
Eyj = —2(ek®ej +e;®e), 1 <k<j<mand

%

Ejpi=—(ex®e;—e; ®ex). | <k <j <m.

V2

Note that, for all A € H,,(C) and for all k, (A, Exx) = Ak, and for k < J,
(A, Exj) = ﬁRe(Ajk), (A, Ejx) = ﬂlm(Ajk). Let IT denote the uniform
distribution in the basis {Ex; : k,j = 1,...,m}. Then, for all matrices B,
||B||%2(H) = m™?||B||3, which implies that S(B) < m. Sampling from the
distribution I7 is equivalent to sampling the real parts and the imaginary parts of
the entries of matrix 4 at random with replacement.

Note that

oy = |EX?| = sup E(X?*v,v)= sup E|Xv|*

veC” |v|=1 veC” |v|=1
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For X = Eyk, we have | Xv|? = |(v,e)|% and, for X = Ey;, k < J,

1 2 1 1
|Xv]* = 3 (ex,v)e; + (e, v)ex| = El(ekv‘))lz + §|(€j7v)|2-

This easily implies that 0)2( < % We also have || X || < 1, so, we can take Uy = 1.
In the case of i.i.d. Gaussian noise with mean 0 and variance og, condition (9.82)
with @ = 2 can be written as

> Do [ [t + log(2m) \/1 12, t+ log(2m)}

with a large enough constant D > 0. Assuming for simplicity that

m(t + log(2m)) logm
n

<1, (9.102)

one can take

[+ log(2
e = Doy, | F10e2m), (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™" :

,m rank(A)(t + 10g(2m)) A2 80 m
n n

14* — A3, ) < C( + n_l). (9.104)

Sampling from the Pauli basis. Another example is sampling from the Pauli basis
already discussed in Sect. 1.7. Recall that the Pauli basis in the space of 2 x 2
matrices M, (C) was defined as W; := ﬁo,, i =1,2,3,4, where

g (01 (0 oo (VO i (1O
" \1o) o) P o4 o1

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, 43k Assume
that I7 is the uniform distribution in this basis and X, X, ..., X}, are i.i.d. random
matrices sampled from I7. Then, we have ||B||L2(17) = m~2||B|)3, implying that
B(B) < m. Itis also easy to see that | X || < 27%/2 = m~!/2. Therefore, one can
take Uy = m~—"/2 and we have

oy <E[X|* <m™".
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In condition (9.82), ox can be replaced by an upper bound, say, Uy = m~"/?. In
the case of centered Gaussian noise, condition (9.82) can be rewritten as

> Do |: [t + log(Zm) \/ t+ 10g(2m)j|‘

Under the assumption ¢ + log(2m) < n, one can use the value of regularization
parameter

[+ log(2
e = Doy, 108G (9.105)
nm

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™" :

,m rank(A4)(t + log(Zm)) A2 10 m
n n

1A® — A2,y < C( + n—l). (9.106)

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, Y1), ..., (X,, Y,) is very basic in quantum state
tomography, see [70,71,120]. In this case, for all ¢ > 0, the estimator A® coincides
with the unpenalized least squares estimator A,

n

A = argmingepn ™! Z(Yj — (S, Xj))z.

j=1

Indeed, for all S € D, || S|, = tr(S) = 1, so, the penalty term in the definition
of A is a constant on the set ID. 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

15— feldm <201 fs = £l
tim 1
+C (B ank($)e? + 1fs = £ )™+ 2 )

n 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
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that D can be viewed as a convex subset of R”. As we have already pointed out
in Sect. 9.2, this special case of low rank recovery is equivalent to the usual sparse
recovery discussed in Chaps. 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 Sect. 9.2, so, we will only
formulate here a corollary of Theorem 9.5. We will use the notations of Chaps. 7-8
and of Sect.9.2. In particular, denote S(A) := ﬂés)(h; IT), where J, := supp(A).
We will also assume that the functions in the dictionary {4, ..., h,} are uniformly
bounded and denote

oy = max [Thi, Uy := max |||z
I<k<m I<k=<m

We will use the quantity #, ,, defined by (9.79) with y,, = I, 5 (%), where

F = {fA L2 e Ls.(D), |Ally, < 1}

(which, in the case under consideration, is equivalent to the general definition used
in Theorem 9.5). We also use the notation

. t
q(e) == q.(D:¢) := Allel{»[llfx = fell Ly + elAle, +11fa = f*llioom);}-

Corollary 9.8. There exist constants ¢,C,D > 0 with the following property.
Suppose that t, ,, < cn and that

(@)
t + log(2 - U:" Uy \ t + log(2
6= D|ogox M\/Uulijgl/a e Ux\t+log@m)]
n § 0 Ox n

9.107)

Then the following bound holds with probability at least 1 — e™" :

1 f3e = Felliaam = Aireluf)[ﬂlfx = felliym + € (ﬂ%card(mez (9.108)

2
q-(8) \ tu.m t + log(2m) _
+(||A||§lv . ) ——= ).
& n n

+ I fr — f*||ioo(n)

In the case when

D::{(xl,...,xm);x,- zo,ZAj:l},

=1

the estimators is, & > 0 coincide with the least squares estimator over the convex
hull of the dictionary
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A= argmin)tem)n_1 Z(Yj - fk(Xj))z’

=1

so, the oracle inequality of Corollary 9.8 applies to the least squares estimator A
The following proposition can be used to bound the quantity y,, involved in the
definition of ¢, ,,, and in oracle inequality (9.108).

Proposition 9.3. There exists a constant K > 0 such that
Vo < KU)% 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 [148]). We will start with bounding the Lo (IT,)-
covering numbers of the convex hull of the dictionary

& .= conv({hy,....hn}) = %fA:/\j >0.Y A= 1}.

J=1

Any vector A with A; > 0 and Z'};l A; = 1 can be viewed as a probability
distribution on the dictionary {h;,...,h,}. Let £, &,...,Ey be an i.i.d. sample
from this distribution (that is, §; takes value s with probability A;) defined on
a probability space (£2’, X', ). Clearly, E'é = f;. We will apply symmetrization
inequality followed by Theorem 3.5 to an empirical process based on (§,...,&y)

to get
N
logn
-1 P — <CU )
;51 fAHLm(m) = YN

It follows that there exists @’ € £2’ such that

ks IZs,(m—fAH < cu 2",

Loo(ITy) N

Note that the number of possible choices of (£i,...,&Ey), where &; € {hy, ..., hp},

is at most m”". Let N be the smallest number for which CUy k’% < ¢, which
implies
logn

N < QU3 (9.110)
Then N(¥; Loo(IT,); €) < m" . Note also that
={fr:|Alle, <1} = conv({0, Ay, —hy, ... "hy, —hp}).

Hence, we have
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N(ZF; Loo(IT,): 6) < 2m + V. 9.111)

On the other hand, we have an obvious bound (see also the proof of Proposition 9.2)
Ux "
N(F;Loo(Pn);e) <|—+1]),e=<Ux (9.112)
€

and we will use (9.111) for ¢ > Uyxyn~"? and (9.112) for ¢ < Uxn~'/2. We
can bound the generic chaining complexity y2(.-#; Loo([1,)) 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

Uxn—
y2(F; L (17))<C2/ ‘/nlog —+1

Ux
—i—/ \/log(2m + I)UX\/logn—:|
U

xn—
n—1/2 1
= Cz[ﬁUX/ ‘llog(g + l)ds + Uy y/log(2m + 1)10gn10g(n1/2)]
0
< C3Uy /logmlog*? . (9.113)

It immediately follows that

Yo = [oo(F) = Eyzz(ﬁz; Loo(ITy)) < KU}( 10g3n10gm. O

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 noiseless matrix completion started with the papers by Recht et al. [125] 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
reasonable 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 to mr (up to a logarithmic
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factor), 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. Sharp
bounds for precise matrix completion were also obtained by Keshavan et al. [75].
Gross et al. [71] and Gross [70] developed a different approach to the analysis of low
rank matrix recovery problems based on a noncommutative version of Bernstein’s
inequality developed 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 [142] provided
a review of exponential inequalities for sums of independent random matrices and
matrix valued martingales extending the initial result of Ahlswede and Winter [4]
(see also [88] for a ¥, -version of such exponential bounds).

Candes and Plan [40], Rohde and Tsybakov [127], Koltchinskii [88], Negahban
and Wainwright [118], Koltchinskii et al. [90], Lecué and Gaiffas [98] 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 Sect. 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
Sect. 9.2 resembles the proof of the main result in [90]. In addition to the approach
based on nuclear norm penalization, Rohde and Tsybakov [127] 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 [88] 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 [98] studied a number of complexity penalties including a matrix
version of “elastic nets” for which they proved oracle inequalities with “slow rates”.
Koltchinskii et al. [90] 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). They also obtained minimax lower
bounds for low rank matrix recovery problems.

Propositions 9.2 and 9.3 are similar to what has been already used in sparse and
low rank recovery (see Bartlett et al. [18] and Lecué and Gaiffas [98]).

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
nondecreasing function ¥ : Ry + Ry with ¢(0) = 0 and a random variable n
on a probability space (§2, X, IP), define

Inlly = inf{C >0: EI//(%) < 1}
(see Ledoux and Talagrand [101], van der Vaart and Wellner [148], de la Pena and
Giné [50]). If we want to emphasize the dependence of the Orlicz norms on the
probability measure, we write || - ||, ) (similarly, || - ||, p), | - |z, 1) €te).
If Y (u) = u? for some p > 1, then the -norm coincides with the usual L ,-
norm. Some other useful choices of function ¥ correspond to Orlicz norms in spaces
of random variables with subgaussian or subexponential tails. For « > 0, define

Vo(u) = e —1, u>0.

Most often, ¥,- and ¥-norms are used (the first one being the “subgaussian norm”
and the second one being the “subexponential norm”). Note that, for ¢ < 1, the
function v, is not convex and, as a result, ||-||, is not a norm. However, to overcome
this difficulty, it is enough to modify v, 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 v,-norms for « > 1. The following bounds
are well known (see [148], p. 95):

e, < Qog2)*Inlly,,, 1 <1 <

and, forall p € (m —1,m],m =2,3,... |InllL, <m!{nly,.
It easily follows from the definition of v, -norms that

V. Koltchinskii, Oracle Inequalities in Empirical Risk Minimization and Sparse Recovery 235
Problems, Lecture Notes in Mathematics 2033, DOI 10.1007/978-3-642-22147-7,
© Springer-Verlag Berlin Heidelberg 2011
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Pl Z’}fze"p{_(nnﬂw ) }

Another well known fact is that, for many convex nondecreasing functions 1,
including ¥ () = u? with p > 1 and ¥, with @ > 1, for all N > 1 and for all
random variables 1y, ...,y

<K LN,
| max e < K max el V)

where K is a constant depending on ¥ (see, e.g., [148], Lemma 2.2.2).

A.2 Classical Exponential Inequalities

Let Xy, ..., X, be independent random variables withEX; =0, j =1,...,n. We
state below several classical exponential bounds for the sum

Sui= X1+ + X,

Denote B? := EX? +--- + EX2.
* Bernstein’s inequality. Suppose | X ;| < U, j = 1,...,n. Then,

12 }
23,3(1 + ;Tf/z)

* Bennett’s inequality. Suppose |X ;| < U,j =1,...,n. Then,

B (tU
P{S, EI}SGXP%—U—"Z (ﬁ)},

P{S, >t} < exp{—

where h(u) ;= (1 + u)log(1 4+ u) — u.
* Hoeffding’s inequality. Suppose a; <b;,j=1,....,n, X; €la;,b;],
EX; =0,j =1,...,n. Then,

2¢2

P{Sn > z} < exp%——z,}ZI(bj —a,-)z}’ ‘> 0.

* Bernstein’s type inequality for yri-random variables. Suppose || X |y, < V.

Then,
P{S, > 1} < e A\ !
L >t <exp!——c| — /\ =
Pyl I\ y
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with some universal constant ¢ > 0.

Bernstein’s inequality easily implies that, for all # > 0, with probability at least
l—e™
|Su| < C(B,v1 v Un),

where C is a numerical constant. We frequently use this form of Bernstein’s
inequality and other inequalities of similar type.

A.3 Properties of f- and b-Transforms

Here we provide some properties of f{- and b-transforms introduced in Sect. 4.1 and
used in the construction of excess risk bounds. The proofs of these properties are
rather elementary. We are mainly interested in f{-transform.

1. If ¥ (u) = o(u) as u — oo, then the function ¥ is defined on (0, +00) and is
a nonincreasing function on this interval.

2. If Yy < . then ! < vk Moreover, if v, (§) < ¥,(8) either for all § > v/ (e),

or for all § > wf (¢) — T with an arbitrary t > 0, then also wf (e) < wg (e).
3. Foralla > 0,

@)'(e) = y'(e/a).
4. Ife=¢e1 +---+ &, then

i@\ -V Vh© < @+ + v)he) < vl \/ -\ vhien).

5. If y(u) = ¢, then
Yh(e) = c/e.
6. If ¥ (u) := u* with o < 1, then

Yhe) 1= e/ U7,

7. For ¢ > 0, denote . (8) := Y (cd). Then
1
Vi) = -vie/o).

If ¢ is nondecreasing and ¢ > 1, then

eyt ) < yhu/c).

8. For ¢ > 0, denote ¥ (§) := ¥ (8 + ¢). Then forallu > 0, ¢ € (0, 1]

Yhw) < (Wh(eu/2) —c) v ce.
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Recall the definitions of functions of concave type and strictly concave type
from Sect. 4.1.
9. If ¥ is of concave type, then " is the inverse of the function

5!—)@.

In this case,

Y (eu) = yF ) /e
forc <1 and

Y (eu) < yF)/e

forc > 1.
10. If v is of strictly concave type with exponent y, then for ¢ < 1

Yi(cu) < Yhuye ™,

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,

Ls.(B) := {ijxj n>1,1; eRx; € B};

J=1

conv(B) for its convex hull,

conv(B) := {ijxj in>1,14; EO,ZAj =1,x; EB};

=1 Jj=1

and conv, (B) for its symmetric convex hull,

convg(B) := {ijxj n>1,4; ER,ZMH <l,x;€ B}.

Jj=1 =1

For vectors u,v € C" or u,v € R™, (u,v) denotes the standard Euclidean inner
product of u and v; |u| denotes the corresponding norm of u. Notations ||u||¢, or
[[u]l¢p are also used for the same purpose.

For vectors u, vin C" (or other real and complex Euclidean spaces), u®v denotes
their tensor product, that is, the linear transformation defined by
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u®@v)x = (v, x)u.

Given a subspace L C C™ (more generally, a subspace of any Euclidean
space), P, denotes the orthogonal projection onto L and L+ denotes the orthogonal
complement of L.

We use the notations M, , (R) and M, ,»,(C) for the spaces of all m; x m;
matrices with real or complex entries, respectively. In the case whenm| = 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 — A4 is
nonnegatively definite.

We denote by rank(A) the rank of a matrix A and by tr(A4) 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:

1/p
jaly = (Sota)
k

where {0y (A)} denote the singular values of the matrix A (usually, arranged in a
nonincreasing order). In particular, || - ||, is the Hilbert—Schmidt or Frobenius norm
and || - ||; is the nuclear norm. The notation || - || is reserved for the operator norm.
Given a probability distribution /7 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:

nm@m:/'<ammun
H”l (C)

We use the corresponding inner product (-, -) 1,7y in the space of matrices.
For a matrix S € H,,(C) of rank r with spectral decomposition

S = Z/\j(ej ®e;),
i=1

where ey, ..., e, are the eigenvectors corresponding to the non-zero eigenvalues
Als..., Ay, define the support of S as supp(S) := Ls.({ej,..., e }). Also, define

S| := VST =" [A;l(e; ®e))

Jj=1

and
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sign(§) = Zsign()kj)(ej ®ej).

j=1
It is well known that the subdifferential of the convex function H,,(C) 3 S + ||S||
has the following representation (see, e.g., [151]):

OISl = {sign(S) + PLaWPL: W <1},

where L := supp(S).
Some other facts of linear algebra used in Chap. 9 can be found in [21].
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