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ANHA Series Preface

The Applied and Numerical Harmonic Analysis (ANHA) book series aims to pro-
vide the engineering, mathematical, and scientific communities with significant
developments in harmonic analysis, ranging from abstract harmonic analysis to
basic applications. The title of the series reflects the importance of applications and
numerical implementation, but richness and relevance of applications and imple-
mentation depend fundamentally on the structure and depth of theoretical under-
pinnings. Thus, from our point of view, the interleaving of theory and applications
and their creative symbiotic evolution is axiomatic.

Harmonic analysis is a wellspring of ideas and applicability that has flourished,
developed, and deepened over time within many disciplines and by means of
creative cross-fertilization with diverse areas. The intricate and fundamental rela-
tionship between harmonic analysis and fields such as signal processing, partial
differential equations (PDEs), and image processing is reflected in our
state-of-the-art ANHA series.

Our vision of modern harmonic analysis includes mathematical areas such as
wavelet theory, Banach algebras, classical Fourier analysis, time—frequency anal-
ysis, and fractal geometry, as well as the diverse topics that impinge on them.

For example, wavelet theory can be considered an appropriate tool to deal with
some basic problems in digital signal processing, speech and image processing,
geophysics, pattern recognition, biomedical engineering, and turbulence. These
areas implement the latest technology from sampling methods on surfaces to fast
algorithms and computer vision methods. The underlying mathematics of wavelet
theory depends not only on classical Fourier analysis but also on ideas from abstract
harmonic analysis, including von Neumann algebras and the affine group. This
leads to a study of the Heisenberg group and its relationship to Gabor systems, and
of the metaplectic group for a meaningful interaction of signal decomposition
methods.

The unifying influence of wavelet theory in the aforementioned topics illustrates
the justification for providing a means for centralizing and disseminating infor-
mation from the broader, but still focused, area of harmonic analysis. This will be a
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key role of ANHA. We intend to publish with the scope and interaction that such a

host of issues demands.

Along with our commitment to publish mathematically significant works at the
frontiers of harmonic analysis, we have a comparably strong commitment to publish
major advances in the following applicable topics in which harmonic analysis plays

a substantial role:

Analytic Number theory
Antenna Theory
Artificial Intelligence
Biomedical Signal Processing
Classical Fourier Analysis
Coding Theory
Communications Theory
Compressed Sensing
Crystallography and Quasi-Crystals
Data Mining
Data Science
Deep Learning
Digital Signal Processing

Dimension Reduction and

Classification

Fast Algorithms
Frame Theory and Applications
Gabor Theory and Applications
Geophysics

Image Processing
Machine Learning
Manifold Learning

Numerical Partial Differential
Equations
Neural Networks
Phaseless Reconstruction
Prediction Theory
Quantum Information Theory
Radar Applications
Sampling Theory (Uniform and
Non-uniform) and Applications
Spectral Estimation
Speech Processing
Statistical Signal Processing
Super-resolution
Time Series
Time-Frequency and Time-Scale
Analysis
Tomography
Turbulence
Uncertainty Principles *Waveform
design
Wavelet Theory and Applications

The above point of view for the ANHA book series is inspired by the history of
Fourier analysis itself, whose tentacles reach into so many fields.

In the last two centuries, Fourier analysis has had a major impact on the
development of mathematics, on the understanding of many engineering and sci-
entific phenomena, and on the solution of some of the most important problems in
mathematics and the sciences. Historically, Fourier series were developed in the
analysis of some of the classical PDEs of mathematical physics; these series were
used to solve such equations. In order to understand Fourier series and the kinds of
solutions they could represent, some of the most basic notions of analysis were
defined, e.g., the concept of “function.” Since the coefficients of Fourier series are
integrals, it is no surprise that Riemann integrals were conceived to deal with
uniqueness properties of trigonometric series. Cantor’s set theory was also devel-
oped because of such uniqueness questions.
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A basic problem in Fourier analysis is to show how complicated phenomena,
such as sound waves, can be described in terms of elementary harmonics. There are
two aspects of this problem: first, to find, or even define properly, the harmonics or
spectrum of a given phenomenon, e.g., the spectroscopy problem in optics; second,
to determine which phenomena can be constructed from given classes of har-
monics, as done, for example, by the mechanical synthesizers in tidal analysis.

Fourier analysis is also the natural setting for many other problems in engi-
neering, mathematics, and the sciences. For example, Wiener’s Tauberian theorem
in Fourier analysis not only characterizes the behavior of the prime numbers, but is
a fundamental tool for analyzing the ideal structures of Banach algebras. It also
provides the proper notion of spectrum for phenomena such as white light. This
latter process leads to the Fourier analysis associated with correlation functions in
filtering and prediction problems. These problems, in turn, deal naturally with
Hardy spaces in complex analysis, as well as inspiring Wiener to consider com-
munications engineering in terms of feed-back and stability, his cybernetics. This
latter theory develops concepts to understand complex systems such as learning and
cognition and neural networks; and it is arguably a precursor of deep learning and
its spectacular interactions with data science and Al

Nowadays, some of the theory of PDEs has given way to the study of Fourier
integral operators. Problems in antenna theory are studied in terms of unimodular
trigonometric polynomials. Applications of Fourier analysis abound in signal pro-
cessing, whether with the fast Fourier transform (FFT), or filter design, or the
adaptive modeling inherent in time—frequency-scale methods such as wavelet
theory.

The coherent states of mathematical physics are translated and modulated
Fourier transforms, and these are used, in conjunction with the uncertainty prin-
ciple, for dealing with signal reconstruction in communications theory. We are back
to the raison d’étre of the ANHA series!

College Park, MD, USA John J. Benedetto
College Park, MD, USA Wojciec Czaja
Boston, MA Kasso Okoudjou



Preface

As first stated by Galileo Galilei, Mathematics is the language of the Nature and,
conversely, our understanding of the Nature gives a fresh impulse to develop new
appealing mathematical theories. For example, the first two decades of the last
century were characterized by two revolutions in Physics: Relativity and Quantum
Mechanics. These new ideas are strongly related to the fast-growing of differential
geometry and functional analysis.

A century later a new revolution is on the way: Big Data and Machine Learning
are central both in scientific research and in everyday life applications.

Once again Mathematics provides the natural language for a solid understanding
of these topics and, conversely, they ask for new sophisticated mathematical tools.

Machine Learning tries to provide a positive answer to the problem of Artificial
Intellingence: “Can machines be able to infer new knowledge from their past
experience as a human being does ?”’[6]. For example, a child is able to recognize a
cat provided that his parents have shown him some example of cats. A learning
machine would be an algorithm that, starting from a training set of examples of
input—output pairs, is able to assign the correct output to a new unlabelled input.
Statistical learning theory is the theoretical framework for Machine Learning.
However, this kind of problems has a long history outside Machine Learning. For
example, in the framework of estimation problems, the first example of learning
algorithm goes back to Boscovich and Laplace, who introduced the least absolute
regression to fit astronomic data at the end of *700, whereas the most well-known
algorithm is the least square regression independently introduced by Legendre and
Gauss at the beginning of ’800, see [4, 10] for a historical account.

Classical estimation theory is based on some strong a priori assumption, as for
example that the data follow a normal distribution or that the functional relation
between input and output is linear, whereas Machine Learning usually deals with
problems where the generating model of the data in largely unknown. In this
framework, one of the first examples of learning algorithms is the perceptron
introduced by Rosenblatt in the late *50 which is at the root of modern Neural
Networks [1].

ix
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From a mathematical point of view, Statistical Learning can be seen as a branch
of non-parametric estimation theory and of empirical processes, see for example [5]
and [11]. As a discipline in its own right its theoretical foundation can be traced
back to the work of Vapnik started at the beginning of *70, see [12] and references
therein. Around 90 Poggio and Girosi first showed that statistical learning theory
can be reformulated as a classical approximation problem [13]. This point of view
was further developed by Smale [2] allowing to recast learning theory by using
tools of Functional Analisys [3]. This approach makes the connection with the
theory of inverse problems very clear. Following this point of view, the chapter
Regularization: from inverse problems to large-scale Machine Learning provides a
brief introduction to Statistical Learning theory, whereas Ill-posed problems: From
linear to non-linear and beyond is devoted to a review on ill posed inverse
problems.

Alhough Statistical Learning can be recast in the framework of Functional
Analysis, it naturally asks for advanced concentration inequalities that generalize
the classic weak law of large numbers, which, in the present form, is due to
Chebychev and Bienaimé in the late 800, see [9] for a historical account. Starting
from the seminal work of Talagrand in the *90, see [8] and references therein, in the
last decades there is a growing interest on concentration inequalities. A recent
method to derive concentration inequalities is the entropy method, which takes
inspiration from classical tools in statistical mechanics and quantum field theory,
and whose power was first recognized by Ledoux, see [7] and references therein.
The chapter Entropy and Concentration gives a self-contained introduction to the
entropy method close to its original statistics formulation and applies it to derive
concentration inequalities that are standard tools to analyze the statistical properties
of learning algorithms.

Another feature characterizing Machine Learning is that the data are not uni-
formly distributed on a bounded subset of some nice Euclidean space, but they live
near some unknown submanifold or, even worse, on some discrete graph. Almost
by its very definition, a framework in which signals on manifolds and graphs can be
treated and analyzed is that of Harmonic Analysis, where several notions of
transforms are at the very heart. We focus here on the special role played by the
Radon transform, in view of its many applications. More specifically, the
pioneering work of Helgason on integral transforms on Riemannian symmetric
spaces, which is reviewed in the chapter Unitarization of the Horocyclic Radon
Transform on Symmetric Spaces, laid the foundations of a large body of problems
that span from mathematical issues concerning very general Radon-type transforms
to the challenges of up-to-date applied tomographic techniques.

As already pointed out, we are in the Big Data epoch and Machine Learning has
to provide efficient algorithms dealing with large databases, as Imagenet (10°
images, organized according to the WordNet hierarchy), Million Song (10° audio
features for music tracks), and HIGGS (10’ Monte Carlo simulations to distinguish
between a signal process which produces Higgs bosons and a background process
which does not), to name a few. It is crucial to have efficient optimization
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techniques to make the learning algorithms computationally efficient, a large class
of which are defined as minimization problems of a convex functional on some
suitable function space. The chapter Proximal gradient methods for machine
learning and imaging provides an updated introduction to convex optimization
tuned to learning theory.

This volume collects some of the contributions that have been presented during
the second and third editions of the Summer Schools that have been held in Genova
in 2017 and 2019. In this sense, the book should be thought of as the second
volume of what might hopefully become a series, whose first volume is “Harmonic
and Applied Analysis”, ANHA, 2015 (Dahlke, De Mari, Grohs, Labate Eds.). Most
of the chapters appearing here are sets of notes, or adaptations thereof, of the
courses that have actually been taught during the summer schools, but a certain
degree of expansion has been encouraged. After all, people who attended the
schools have developed interests and skills that demand a reasonable continuation
in the directions that have been pointed at during the courses. Two of the contri-
butions (Bartolucci—-De Mari—-Monti and Salzo—Villa) are not directly linked to the
actual summer schools, but are indeed topics on which several local students do part
of their training.

Genova, Italy Filippo De Mari
Ernesto De Vito
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Unitarization of the Horocyclic Radon m
Transform on Symmetric Spaces L

Francesca Bartolucci, Filippo De Mari, and Matteo Monti

1 Introduction

The Radon transform has its origin in the problem of recovering a function defined
on R? from its integrals over hyperplanes. In 1917 Radon proved the reconstruction
formula for two- and three-dimensional signals. In R? it reads

f(x):—LA/ RfO,x-6)do, (1
8mr2 s2

where A is the Laplacian acting on the variable x, S? is the sphere in R* and for
every @ € S? and ¢ € R we denote by Rf (0, t) the integral of f over the hyperplane
x -6 = t. Formula (1) suggests to define two dual transforms f — Rf, g — R¥g,
known as Radon transform and dual Radon transform, or back-projection, respec-
tively. The Radon transform R maps a function on R into the set of integrals over
all hyperplanes, while the dual Radon transform R¥ maps a function defined on the
set of hyperplanes of R¢ into its integrals over the sheaves of hyperplanes through a
point. Formula (1) can be rewritten

1
f=-3 AR R f

and solves the inverse problem of recovering f from the measured datum R f.

F. Bartolucci
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This classical inverse problem is a particular case of the more general issue of
recovering an unknown function on a manifold by means of its integrals over a
family of submanifolds, already investigated by Gelfand in the 1950s [12]. A natural
framework for such general inverse problems was considered by Helgason [17] and
is motivated by the group structure hidden in the polar Radon transform setting [19],
whereby the signals to be analyzed are in R?.

In the planar case, R2 and [0, 277) x R, which parametrizes the set of lines in the
plane by polar coordinates, are both transitive spaces of the rigid motions’ group.
Thisis G = R? x K, with K = {Rg : ¢ € [0, 2m)}, where

__|cos¢p —sing

¢ = |:sin¢ cos ¢ ] ’
We write (b, ¢) € R? x [0, 27) for the elements in G and define the group law by
(b, p)(B', @) = (b+ Ryb', ¢ + ¢’ mod 27r).
The group G acts transitively on R? by means of
(b, ®)[x] = Rpx + b
and the isotropy at the origin xo = (0, 0) is the Abelian subgroup
K ~{©0,¢):¢ <[0,2n)}.

Therefore R> ~ G /K under the canonical isomorphism gK > g[xo]. Clearly, G is
a group of affine transformations of the plane and maps lines into lines. A line in the
plane is parametrized by the direction n(9) = (cos(9), sin()), where 6 € [0, 27),
of its normal and by the coordinate ¢ on the oriented normal line' which describes
its intersection with the given line. The transitive action of G is then given by

(b $).(0.1) = (0 + ¢ mod 21, + n(6) - R;'b)
with isotropy at the y-axis § = (0, 0) € [0, 27) x R given by
H ={((0,b2),¢) : by e R, ¢ € {0, w}}.

Thus, [0, 2r) x R >~ G/H under the canonical isomorphism g H +— g.&. From this
group-theoretic point of view, the fact that a point x € R? belongs to the line (6, t) €
[0, 27r) x R is equivalent to requiring that the left cosets x = g, K and (6, ¢) = g2 H
intersect. Indeed, g;[xo] belongs to the line g;,.&, if and only if there exists # € H such
that g [xo] = g2h[xo], so that g;(g2h)~! € K and g, K N g, H # @. This structure
illustrates the following general framework introduced by Helgason.

I'The orientation is such that the coordinate 7 is 1 exactly at (cos 6, sin9).
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Consider two G-spaces X and E, where the actionsonx € X and &£ € E are

(g,x)— glx], (g,§)— g.§.

Both X and E are assumed to be transitive spaces, so that there exist quasi-invariant
measures dx and d&. In Helgason’s approach, it is assumed that dx and d¢ are
invariant measures. Fix xo € X and &, € E and denote by K and H the corresponding
stability subgroups, sothat X >~ G/K and E ~ G/ H under the isomorphisms gK +>
glxo] and gH +— g.&, respectively. The space X is meant to describe the ambient
in which the functions to be analyzed live, for example, the Euclidean plane, or
the sphere S2 or the hyperbolic plane H?2. The second space E parametrizes the
set of submanifolds of X over which one wants to integrate functions, for instance,
lines in the Euclidean plane, great circles in S, geodesics or horocycles in H>.
Motivated by the group structure behind the polar Radon transform, the elements in
E can be realized as submanifolds of X introducing the concept of incidence. Two
elements x = g, K and & = g, H are said to be incident if they intersect as cosets
in G. The concept of incidence translates the fact that a point x € X belongs to the
submanifold parametrized by £ € E. Any point £ € E is realized as a submanifold
/é‘\ C X by taking all the points x € X that are incident to . Precisely,

E = {x € X : x and € are incident} C X. 2)

Conversely, one builds the “sheaf” of manifolds x through the point x € X by taking
all the points § € E that are incident to x

X ={£ € B: & and x are incident} C E. 3)
By (2) and (3) we have that
g =Hx]CX, X =KE&CE.

Both Xy and Eo are transitive spaces and hence carry quasi-invariant measures. By
definition, forany x = gK and & = y H

¥=gXCE E=ylElcCX,

which are closed subsets by Lemma 1.1 in [19]. If the maps & — Eand x — X are
both injective, then the pair of homogeneous spaces (X, E) is called a dual pair.
This assumption is called transversality, see Lemma 1.3 in [19] for an equivalent
characterization. The transversality condition avoids a redundant parametrization
of the submanifolds of X. The reader may consult [19] for numerous examples
of dual pairs. It is worth observing that the leading example of the polar Radon
transform does not satisfy the transversality condition. Indeed, the points (6, ¢) and
(60 + 7 mod 2m, —t) in [0, 27r) x R both parametrise the line given by the set of
points
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©,0) =@ +7mmod2m, —1) = {x e R2: x - n(0) = 1.

For a deeper study on the injectivity issue, the reader may consider [2].
In Helgason’s approach the transitive spaces Xy and & are supposed to carry
K -invariant and H -invariant measures, respectively, that is

[ gk~ .&)dpo(§) =[ g®duo®), g e L'(o,duo), k € K,

| f(7 [xDdmo(x) = | f(x)dmo(x), g € L'(E.dmo), h € H.
o o

In order to define the Radon transform and its dual, one needs to introduce measures
on E and X. This may be done taking the pushforward of the measure d . to S = (gH)
by the map Eo >x > glx] e 5 and of the measure dmg to X = (gK) by the map
Xo 2 & > g.£ € X, respectively. We denote by du, the measure on X and by dm;
the measure on E Since the measures on ’50 and X, are invariant, the measures dm
and du, do not depend on the choice of the representatives of £ and x and the
transversality condition guarantees that they are unique.

Definition 1 The Radon transform of f is the map Rf : E — C given by
RfE) = /Af(X)dmg(X),
&
and the dual Radon transform of g is the map R*g : X — C given by

Rig(x) = / g(&)du, (8),

for any f and g for which the integrals converge.

Observe that, even if the transversality condition is not satisfied for the polar
Radon transform, both (9/7) and (6 + 7 E(EZ]T, —t) are endowed with the same
measure since the arc-length measure is invariant under translations and rotations.
For this reason the polar Radon transform satisfies

RO F(6, 1) = R £(0 + 7 mod 27, —1).

In this context, the most relevant issue is to recover f from the values of R f. Another
central issue is to prove that the Radon transform, up to a composition with a suitable
pseudo-differential operator, can be extended to a unitary map Q from L?(X, dx) to
L%(E, d¢) intertwining the quasi-regular representations 7 and 7 of G acting on
L?*(X,dx) and L*(E, d£), respectively.
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In [4], the authors obtain both an intertwining and a unitarization result for the
affine Radon transform. The techniques used in [4] mimic the approach followed by
Helgason to unitarize the polar Radon transform [19].

Later, inspired by the results in [4] a new approach based on representation the-
ory has been taken in order to treat in a general and unified way the problem of
unitarizing and inverting the Radon transform [1] under the assumption that 7 and
7 are irreducible. The approach taken in [1, 4] differs from Helgason’s since the
assumptions on the measures carried by X and E and by the submanifolds é‘ cX
are weaker, namely, their relative invariance instead of (proper) invariance. This
allows to consider a wider variety of cases of interest in applications, such as the
similitude group studied by Murenzi [3], and the generalized shearlet dilation groups
introduced by Fiihr in [9, 10] for the purpose of generalizing the standard shearlet
group introduced in [6, 23]. It is assumed that there exists a non-trivial -invariant
subspace A of L2(X, dx) such that R is well defined for all f € A and the adjoint of
the operator R: A — L*(E, d£) has non-trivial domain. Then, it is proved that the
Radon transform R is a closable operator from A into L?(E, d£) and that its closure
R is independent of the choice of A and is the unique closed extension of R. The
main result states that if the quasi-regular representations 7 of G on L?(X, dx) and 7
of G on L*(E, d¢) are irreducible, then the Radon transform R, up to a composition
with a suitable pseudo-differential operator, can be extended to a unitary operator
Q: L*(X,dx) — L*(E, d&) which intertwines them, namely,

7(Qr(e) '=Q geG.

The proof is based on the extension of Schur’s lemma due to Duflo and Moore [7].

A direct consequence of the result above is studied in [1]. Adding the hypothesis
of square-integrability of m, the authors derive a new general inversion formula for
the Radon transform of the form

f=/Gx(g)(Rf,ﬁ(g)‘lfW(g)lﬂdg,

where x is a character of G and ¥ € L?(X, dx) and ¥ e L*(E, d&) are suitable
mother wavelets and where the Haar integral is weakly convergent. Such formula is
obtained by the usual reconstruction formula for square-integrable representations
and then by applying the unitary operator Q to both entries of the scalar product
(f, m(g)¥). We stress that the above formula allows to reconstruct an unknown
signal by computing the family of coefficients {(R f, 7 (g)¥)},eq-

The results achieved in [1, 4] have posed many interesting mathematical chal-
lenges. A natural question is to investigate how to generalize these findings to other
groups and related representations without the hypothesis of irreducibility, because
the techniques used in [1] cannot be transferred directly.

In this direction, we have considered in [5] the case of homogeneous trees. Pre-
cisely, we construct the unitarization of the horocyclic Radon transform on a homo-
geneous tree X and we prove that it intertwines the quasi-regular representations of
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the group of isometries of X acting on the space of square-integrable functions on
the tree itself and on the space of horocycles, respectively. Since the quasi-regular
representation is not irreducible, we adopt a combination of the approach followed
by Helgason in the context of symmetric spaces [17] and the techniques that have
been developed in [4]. The main observation motivating [5] is that homogeneous
trees are the natural discrete counterpart of rank-one symmetric spaces.

This article is devoted to investigate the unitarization problem in the case when
X is a symmetric space and E is the set of horocycles of X, which has at large been
addressed by Helgason. A remarkable difference from the cases treated in [1] is that
the quasi-regular representations 7 of the group of isometries of the symmetric space
X acting on L2(X) is not irreducible, nor is it the representation 7 on L>(E). We
are well aware that the unitarization problem was already considered and essentially
solved by Helgason in [17]. Precisely, he constructs a pseudo-differential operator A
and he proves that the pre-composition with the horocyclic Radon transform yields
an isometric operator, see Theorem 3.9 in Chap. II in [17]. Here, we prove that the
composition AR can actually be extended to a unitary operator Q : L*(X, dx) —
Lg( Z, d&), where dx and d¢ are the G-invariant measures and where Lﬁ( E,dé)isa
closed subspace of L?(E, d&) which accounts for the Weyl symmetries. Furthermore,
we are able to show that Q intertwines the quasi-regular representations 7 and 7.

This work is focused on the horocyclic Radon transform, but another interesting
setting could be obtained by considering geodesics. The latter is commonly called X-
ray transform and has been introduced and inverted by Helgason on the hyperbolic
space H", see Theorem 3.12 in Chap.I in [17], and on symmetric spaces of the
noncompact type by Rouviere [24]. Although it is not in general true that a horocycle
has codimension one in the symmetric space, the horocyclic Radon transform can
be seen as the analogue of the Euclidean Radon transform on hyperplanes in R”,
whereas the X-ray transform is the analogue of the Radon on lines in R”.

The primary reason of the present contribution was to settle the unitarization issue
in the setup of noncompact symmetric spaces in all details, in a self-contained and
accessible way to the readers that have little experience with the heavy machinery
of semisimple groups. We do make use of the basic Lie theoretic notions but avoid
as much as possible to make extensive use of the full body of the theory. Rather, we
collect all the most relevant results of the theory that may serve as a map.

We are not aware of a general statement such as our Theorem 39 in the literature,
though it is quite clear to us that the result comes as no surprise if not for the flexibility
of our proof (see once again [4, 5]). We also believe that the material presented here is
areadable introduction to a subject that may attract the attention of a wide community
of young researchers.

The chapter is organized as it follows. In Sect.2 we recall the basic facts of the
analysis on semisimple Lie groups and we introduce the notation used throughout
in the geometric analysis on noncompact Riemannian symmetric spaces. In Sect. 3
we present a brief overview of the general theory of symmetric spaces, illustrating
it with the examples of the Euclidean space, the sphere, the upper half plane, the
unit disk, and the positive definite symmetric matrices. Of particular interest for our
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purposes are Sects. 3.3, 3.4, and 3.5. In Sect. 3.3 we present the notion of boundary
of a symmetric space and in Sect.3.4 we show the infinitely many ways to repre-
sent it by changing the reference point in the symmetric space. Finally, in Sect.3.5
we define the family of horocycles and we prove some technical results needed in
Sects.4 and 5. In Sect.4 we collect the analytic ingredients that come into play, we
endow the symmetric space, its boundary and the family of horocycles with invari-
ant measures and we introduce the Helgason—Fourier transform discussing its main
features. Then, we study the horocyclic Radon transform and we discuss its relation
with the Helgason—Fourier transform. Finally, in Sect.5 we prove the unitarization
result for the horocyclic Radon transform.

2 Preliminaries

The purpose of this introductory section is to recall the basic facts of the analysis on
semisimple Lie groups and to establish the notation used throughout in the geometric
analysis on noncompact Riemannian symmetric spaces. For a concise and effective
exposition, see [16]. Classical references with a wider scope are [15, 17, 22]. For a
detailed introduction to differential geometry and Lie groups, we refer to [27].

A Lie algebra g is simple if it is not Abelian and contains no proper Abelian
ideals. A semisimple Lie algebra is then the Lie algebra direct sum of (all) its sim-
ple ideals. Cartan proved that on every semisimple Lie algebra g there exists a
Cartan involution 6, namely, an involution such that the symmetric bilinear form
By(X,Y) =—B(X,0Y) is positive definite, where B is the usual Killing form
defined by B(X,Y) = tr(adX o adY). Such an involution gives rise to a Cartan
decomposition of the Lie algebra, namely, a vector space direct sum g =€+ p,
where € and p are the +1 and —1 eigenspaces of g relative to 0, respectively.

Fix a maximal Abelian subspace a of p. The set {adH : H € a} is a commuting
family of self-adjoint linear maps. Therefore, g is the By-orthogonal direct sum of
their joint eigenspaces, all of the eigenvalues of which are real and depend linearly
on H. For any fixed o € a*, the linear dual of a, we write

g ={Xeg:(adH)X =a(H)X forall H € a}

and we say that o # 0 is a restricted root, or simply a root of the pair (g, a), whenever
9o 7% {0}. The set of restricted roots is X and the spaces g, with @ € ¥ are called
(restricted) root spaces.

An element H € a is called regular if «(H) # 0 for all « € X, otherwise it is
singular. The set a’ of regular elements is the complement in a of finitely many
hyperplanes and its connected components are called the Weyl chambers.

We fix a Weyl chamber at C a and we declare a root « to be positive if it has
positive values on at. A root is simple if it cannot be written as the sum of positive



8 F. Bartolucci et al.

roots. The set A of simple roots turns out to be a basis of a*. Thus, there are exactly
£ = dim a simple roots. This number is an important invariant and is called the real
rank of g. We order the elements in a*, hence the roots in X, lexicographically with
respect to an ordering 81, . .., 8, of the simple roots. This means that A = ) a;§; is
positive (written A > 0) if the first non-zero coefficient gy is positive. Together with g,
0, and a we assume that an ordering “>" has been fixed on a* by choosing a labeling
of the simple roots relative to a fixed Weyl chamber a™. We consequently denote by
¥+ and ¥~ the positive and negative roots, respectively. Clearly, T = Xt U X", a
disjoint union.

If G is aLie group, then it is said to be semisimple if such is its Lie algebra. Further-
more, for any Cartan involution € on its Lie algebra g there exists an automorphism
® of G such that d® = 6 and ®* = Id.

Theorem 2 (The Iwasawa decomposition) Let G be a connected semisimple Lie
group, g =t + p be a Cartan decomposition of its Lie algebra and fix a maximal
Abelian subspace a of p and an ordering on a*. The vector space direct sum

n= Y g )

aext

is a nilpotent Lie algebra and g decomposes as the vector space direct sum
g=¢t+a+n

Furthermore, let K, A and N be the connected subgroups of G whose Lie algebras
are €, a and n, respectively. The multiplication map K x A x N — G given by
(k,a,n) — kan is a diffeomorphism. The groups A and N are simply connected
and AN is solvable.

Observe that AN is in fact a semidirect product. Indeed, A acts on N by conjuga-
tion, as is most rapidly seen by observing that Ada(X) € g, if X € g, for any root
o € ¥ and for all a € A. Indeed, for any H € a, since a is Abelian, one has

[H, Ada(X)] = Ada ([Ada”' (H), X]) = Ada ([H, X]) = a(H)Ada(X).

Therefore Ada preserves root spaces and in particular it preserves n. Thus A acts on
n via the adjoint action and, passing to exponentials, it acts on N by conjugation.
This is tantamount to saying that A normalizes N inside G. Hence NA = AN is the
semidirect product N x A.

Let M and M’ denote the centralizer and normalizer of a in K, respectively. This
means that

M:{meK:Adm(H):HforallHea}

M = {w € K : Adw(H) € aforall H ¢ a}.
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Passing to exponentials, it follows thatif m € M, then mam~' = aforalla € A and
ifw e M’, thenwaw™' € Aforalla € A. The quotient group W = M'/M is called
the Weyl group of (G, K). The compact Lie groups M and M’ have the same Lie
algebra, namely, m, so that W is in fact a finite group. The Weyl group W acts on X
by

w-a)(H) =a(Adw™'H), H €a. (5)

The very same formula defines an action on the whole dual space a*. It is worth
observing that the action of W on a* maps Weyl chambers in Weyl chambers in a
free and transitive way, so that the cardinality of the Weyl chambers is |W|. For any
o € X, the vector space dimension of g, is called the multiplicity of « and is usually
denoted by m,. The following element of a* plays a crucial role in the theory:

o= % Z M. (6)

aeXt

This linear functional on a naturally appears in relation with the semidirect product
structure of the Iwasawa group AN, see (29).

Example: the decomposition of SL(d, R). We consider the Lie algebra g =
s5l(d, R) of G = SL(d, R), namely,

sld,R) ={X € gl(d,R) : r X = 0}.
The Cartan decomposition associated to the standard involution 6(X) = —'X reads
sl(d,R) = so(d, R) + Sym(d),

where p = Sym,(d) is the space of d x d symmetric and traceless real matrices. The
Cartan involution ® for SL(d, R) is then

®g — tgfl

as for all matrix groups with real entries. Hence K = SO(d), a maximal compact sub-
group of SL(d, R). The diffeomorphism (k, X) — kexp X of SO(d) x Sym,(d) —
G is just the classical polar decomposition. The center of SL(d, R) is the identity
matrix if d is odd and {£Id} if d is even. The natural maximal Abelian subspace of
Symy(d) is the (d — 1)-dimensional vector space consisting of the diagonal matrices
diag(ay, ..., aq) with a; + - - - + a4 = 0. Thus, the real rank of sl(d, R) is d — 1.
Let E;; denote the matrix whose only non-zero entry is 1 at position (i, j). Then, for
H = diag(ay,...,aqg) andi # j

[H, Eij] = (a; — aj)E;j
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and in fact E;; spans a root space provided thati # j. Itis customary to introduce the
linear functionals e (-) on a, with 1 < k < d, via e;(diag(ay, ..., az)) = ai. Thus,
fori # j the (restricted) root o;; = ¢; — e; acts on H = diag(ay, ..., aq) by

Ol,'j(H) =da; — aj.
and we write in the simplified form g;; in place of g,,; for the root space
gij =splEij}, i#].

For i < j the matrix E;; is upper triangular, and for i > j it is lower triangular. A
natural choice of Weyl chamber is

at = {diag(ul,...,ad):al >a; > - >ad}.

It is immediate to check that for j =1,...,d — 1 the roots §; = e; — e;4 are the
simple ones and that the set of positive roots is

St =y i < jh

It follows that the nilpotent Iwasawa Lie algebra n defined in (4) is just the Lie
algebra of strictly upper triangular matrices. Notice that go = a, thatis, m = {0} and
that dim g, = 1 for every restricted root « € X. Hence the functional p has the form

1 1 d+1
p(H) = 5 Yy (H) = 3 Y@ —ap = Y (2=~ jay.
j=1

i<j i<j

Let A be the group of diagonal matrices with positive entries and determinant 1,
namely,
diag(eal""vead)5 al+"'+ad:0’

and let N be the group of unipotent upper triangular matrices, namely, those of the
form

_1a12... ... alga
01

1 ag_14
0...... 0o 1. |

Then a and n are the Lie algebra of A and N, respectively. Hence SL(d, R) = KAN
by the Iwasawa decomposition.
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3 Symmetric Spaces

Symmetric spaces are very special kinds of homogeneous spaces. The reader is
assumed to be familiar with basic Differential Geometry and in particular with the
main results on group actions and homogeneous spaces. The natural reference for
the material in this section is the celebrated monography [15] by Helgason, of which
this is a synthesis with examples. Other sources are, for example, [21, 28].

We very briefly recall the basic facts that we shall use throughout. A homogeneous
space X is a transitive G-space. Saying that X is a G-space means that we are given
a continuous map G x X — X, written (g, x) — gx and called an action of G on
X, which satisfies

(1) x — gx is a homeomorphism of X for each g € G,
(ii) g(hx) = (gh)x forallg,h € Gandx € X.

The G-space X is called transitive if for every x, y € X there exists g € G such that
gx = y. In this case X is identified with G/H through the action of G, where H is
the isotropy subgroup at some point xo € X, namely,

H:{geG:gxozxo}.

This identification depends on the choice of the reference point xy € X and is given
by the bijection
G/H — X, gH — gxp.

If we choose a different reference point x; = goxo for some gy € G, it is sufficient
to replace H with H' = goHg, ! The map g — 80880 ! induces a G-equivariant
homeomorphism between G/H and G/H'. If the topology on G/H is the quotient
topology then the identification map is actually a homeomorphism.

In the present contribution, we often consider different G-spaces of the same
group. For clarity, we shall thus adopt notational variations to distinguish among
different actions, such as g[x] or g.x or g - x or g(x), and so forth.

3.1 Riemannian Globally Symmetric Spaces

Let M be a Riemannian manifold and let 7 (M) denote the group of isometries
of M. We shall endow I (M) with the compact-open topology, the smallest topology
in which all the sets

W(C,U)={gelIM):g(C)CU}

are open, where C varies in the compacta of M and U in the open sets.

Theorem 3 (Theorem 2.5, Chap. IV, [15]) Let M be a Riemannian manifold.
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(i) The group of isometries 1(M) with the compact-open topology is a locally
compact topological group acting on M.
(ii) The isotropy subgroup of I (M) at any point of M is compact.

Definition 4 The Riemannian manifold M is a Riemannian globally symmetric
space if each p € M is an isolated fixed point of an isometry o, of M that is
involutive (o, = 1d).

It may be shown that each o, is in this case unique and that there exists a neigh-
borhood N, of p in which o, is the geodesic symmetry. This means thatif g € N,
and y (¢) is the geodesic such that y (0) = p and y (1) = g, then 0,(g) = y(—1).

Euclidean space. Let M = R" and fix p € R”". The globally definedmap o, (x) =
2p — x is clearly involutive and isometric with respect to the Euclidean distance
because [|o,(x) — 0,(¥)|| = Ily — x||. Further, 0,(x) = x ifand only if x = p,so p
is an isolated fixed point.

The sphere. Let M = §"~! and consider the map defined on R” by x — Qx

where
1
o= ]

Evidently, it leaves the unit sphere invariant and is an isometry with respect to the
natural Riemannian structure on it. It fixes the north pole ¢y = (1,0, ..., 0). Next
choose p € M and take R € SO(n) such that p = Rey. Then o, = RQR™ is the
required involutive isometry, as the reader is invited to check.

The upper half plane. Let M denote the upper half plane, which we think of as
one of the natural models of the 2-dimensional hyperbolic space. We realize it as the
complex numbers with positive imaginary part. The Riemannian structure on M is
given by the inner product

(u,v)

(u, v). 4y

whereu, v € T,(M) are tangent vectorsatz = x + iy € M.Itisimportant to observe
that G = SL(2, R) acts transitively on M by means of the Mobius action, namely,

ab az+b
glzl = [C d] [z] = e+ d @)

The imaginary part of g[z] is positive if such is that of z, so that (7) is indeed an
action. To show transitivity, we fix p = b + ia € M with a > 0 and consider

_[1b][sa 0 ] [Vab/Va
&=lot1|| o 1/va|l= |0 17/al’
an element of the Iwasawa subgroup N A of SL(2, R). It is immediate to check that
gplil = p and that the isotropy group at i is K = SO(2), so that M ~ G/K.



Unitarization of the Horocyclic Radon Transform on Symmetric Spaces 13

As for the isometric involutions, consider first the Mobius action induced by

01
= [5]
which is the map z — —1/z, namely, x + iy — (—x 4 iy)/(x? 4+ y?), and may also
be described in polar coordinates by

1
p(cosf +isinf) — —(—cosf +i sinf).
0

This fixes only i (for p = 1 and & = 7/2) and is thus a global involution of which i
is an isolated fixed point. A global involution fixing only the point p is given by the
Mobius action of the SL(2, R) element g, J g;l.

Of course, it needs to be to seen that these maps are indeed isometries relative to the
hyperbolic distance. To this end, observe that any differentiable path y : [a, b] — M,
with y (t) = x(¢) + iy(¢) has length

b D :
L(]/) :/ < (l) )/(t) ]/zdt / \/x2(t)+y2(t) dr

RO

It is then very easy to check that L(g[y]) = L(y) if g is either J or any of the

following
e’ 0 1t
[0 e_s]eA, [O 1:|eN.

We now show that these are enough. Indeed, any lower triangular unipotent matrix in
G is of the form JnJ ! for some n € N. Next, any rotation in SO(2) with cos 8 # 0
can be written

cos® sinf| [ltanf|[1/cosf O 1 0
—sinfcosf | |0 1 0 cosf||—tan6 1|°

The rotations with cos & = 0 are of the form £/, and we conclude that any element
in K is a finite product of elements’ chosen in {£J} U A U N. By the Iwasawa
decomposition we conclude that in fact L(g[y]) = L(y) for any g € G. This entails
that SL(2, R) acts by isometries on M. It is worth mentioning that the isometry group
of the upper half plane is generated by SL(2, R) and by the map z — 1/Z.

The unit disk. A second natural model of the 2-dimensional hyperbolic space
is the unit disk M = {z € C: |z| < 1}, later denoted ID. This is the Riemannian
manifold with inner product

2 This argument is nothing else but the Bruhat decomposition of SL(2, R).
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(u, v)

WV = Ty

where u, v € T,(M) are tangent vectors at z € M. The group

G =Su(l, 1) := {[Z ﬂ a,beC, |a]*— b = 1}

acts on M by the very same Mdobius action as given by (7). Following similar rea-
soning as above, we can prove that the action is transitive using the N A action on

the point 0 € M, where the Iwasawa components of G are obtained from that of
SL(2, R) by conjugating within SL(2, C) first with a 7 /4-rotation and then with

A~ where
I 1
=)

The Iwasawa subgroups are explicitly given by

K = {'ej eol.g} 16 € [0, 271)},

A= { [cosh ¢ sinht:|

| sinh ¢ cosht re R}’

is 1—is

Nz{-]—.i_is —is.i| :SGR}.

Of course the isotropy at 0 € Mis K and M >~ G/K. The reader is invited to write
the isometric involutions that prove M to be a symmetric space. We content ourselves
with remarking that the Cayley transform c: M — C

z+1i
i

clz) =1

is an isometry of the unit disc onto the upper half plane which commutes with the
MGobius actions.

The positive definite symmetric matrices. The example of the upper half plane
can be generalized in higher dimensions. We have already seen that there exists a
diffeomorphism between the upper half plane and G/K where G = SL(2, R) and
K = SO(2). We are going to investigate the case where G = SL(d, R), d > 2. We
denote by (-, -) the usual scalar product in R¢ and we put

P(d,R) := {p € Sym(d) : (v, pv) > 0 for every v € R},

the set of d x d positive definite symmetric matrices. Observe that P(d, R) is an
open subset of Sym(d) and so it is naturally a smooth manifold. Its dimension is
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Fig. 1 The foliation of the cone P(2, R) consists of the connected components of the hyperboloids
of two sheets each of which is the preimage under the determinant mapping of a positive number

dd+1)

m = dim(P(d, R)) = >

We show that P(d, R) € R™ is the interior of a convex cone. Let p, g € P(d, R) and
t > 0,thentp € P(d,R), (1 — t)g € P(d, R) and also

tp+ (1 —1)g € P, R),
provided that 0 < ¢t < 1. The boundary of P(d, R) is the set of all singular positive
semidefinite matrices. It is easy to see that P(d, R) is a foliated manifold in which
each leaf is the preimage of a positive number through the determinant mapping.
The preimage of 1 under the determinant mapping is denoted by
SP(d, R) := P(d, R) N SL(d, R).
The group GL(d, R) acts on P(d, R) by the action
(g, p) — gp'g = glpl. (8)
We next show that the action is transitive. By the spectral theorem, for every p €
P(d, R) there exist O € SO(d, R) and a diagonal matrix D with positive entries on

the diagonal such that p = O~'D 0. Since D has positive entries on the diagonal,
. 1 1
we can take its square root Dz. Let g = O~ !'D2 0, then g = g and

p=g'g=2¢glll,
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which proves that the action is transitive. The stabilizer at I; € P(d, R) is
OWd,R) :={g e GLA,R): g'g =1,}.
Hence we have the diffeomorphism
P(d,R) ~ GL({, R)/0(d, R).

The submanifold SP(d, R) is stable under the restriction of the previous action to
SL(d, R), whose action on SP(d, R) is transitive. The stabilizer of I; is SO(d, R),
SO

SP(d,R) ~ SL(d, R)/SO(, R).

Now we analyze the Riemannian structure on P(d, R), using [25] as main ref-
erence. First of all, we observe that if p € P(d, R), then T,P(d, R) >~ Sym(d). We
define

(X.Y), :=tr(p”' Xp~'Y), 9)

where X, Y € T,(P(d, R)). It is easy to see that (-, -), is an inner product. We
check that the GL(d, R)-action preserves this form. Let g € GL(d, R). Then by (8)
and (9)

(dg(X),dg(YV))e., = (8X'g. gX'8)ep
=u(’g”'p~'Xp~'Y')
=t(p ' Xp~'Y) = (X,Y),,

because the trace is invariant under conjugation. Hence the Riemannian structure on
P(d, R) defined in (9) is GL(d, R)-invariant. Now, take p € P(d, R) and define the
mapping o, : P(d, R) — P(d, R) by

op(q) =pq ' p=pq'p.

Clearly, 0,(p) = p and U]f (g) = q for every q € P(d, R). It remains to show that p
is an isolated fixed point for o,,. Let ¢ € P(d, R) be another nearby fixed point, that
is pqg~'p = q. Thus, there exist ¥ € g and a small ¢ > 0 such that ¢ = p exp(tY).
Hence

p(pexp(tY))™'p = pexp(tY),

that is exp(—tY) = exp(¢tY). If ¢ is smaller than the radius of the ball in which
the exponential mapping is injective, this implies ¥ = 0 and so ¢ = p. We have
proved that P(d, R) is a symmetric space. Observe that if p € SP(d, R), then
0,(SP(d,R)) = SP(d, R) and so SP(d, R) with the Riemannian metric restricted
from P(d, R) is a symmetric space, too.



Unitarization of the Horocyclic Radon Transform on Symmetric Spaces 17

In the special case d = 2, the symmetric space SP(2, R) is isomorphic to the
unit disk, in fact it is one of the possible realizations of the hyperbolic space H!'.
It is important to observe that for a general d > 2 there are no isometries between
H¢ = SO(d, 1)/SO(d) and SP(d, R), because the former has constant curvature
while the latter has not.

The next results establish that there the Riemannian globally symmetric spaces
are completely described by Lie algebraic data.

Proposition 5 (Lemma 3.2, Chap. IV, [15]) Let M be a Riemannian globally sym-
metric space. Then I (M) has a smooth structure compatible with the compact-open
topology which makes it a Lie group.

Theorem 6 (Theorem 3.3, Chap. IV, [15]) Let M be a Riemannian globally symmet-
ric space, pg € M, G = Iy(M), the connected component of the identity of 1 (M).

(i) The isotropy subgroup K of G at py is compact, and M ~ G /K under the map
gK +— glpol
(ii) The map o : g > §p,858p, is an involutive automorphism of G such that K lies
between the closed group K, of the fixed points of o and its identity component.
The subgroup K contains no normal subgroups other than {e}.
(iii) Let g be the Lie algebra of G and ¢ be the Lie algebra of K. Then

E:{Xeg:(dae)X:X}

and if
b= {X €g:(do)X = —X}

then g = €+ p as vector space direct sum. Let w denote the natural projection
G — G/K. Then dm, maps & into {0} and p isomorphically onto T, M. If
X € p, then the geodesic emanating from po with tangent vector dm,(X) is
given by

Yar.(x)(t) = exptX - po.

Moreover, if Y € TpyM, then (dexptX),,Y is the parallel translate of Y along
the geodesic.

Definition 7 Let G be a connected Lie group and H a closed subgroup. The pair
(G, H) is called a symmetric pair if there exists an involutive analytic automorphism
o of G, briefly called an involution, such that

(Fix(c))o C H C Fix(c).

If in addition the group Adg(H) is compact, then (G, H) is called a Riemannian
symmetric pair.
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Proposition 8 (Propositions 3.4 and 3.5, Chap. 1V, [15]) Let (G, K) be a Rieman-
nian symmetric pair, v : G — G /K the projection, o = m(e). Let o be any involution
of G such that (Fix(0))o C K C Fix(o). In each G-invariant Riemannian structure
Q on G/K, and such Q do exist, the manifold G/K is a Riemannian globally sym-
metric space. The geodesic symmetry o, satisfies

0,0M =T o0, t(0(g)) = 0,7(g)0,,

where t(g): G/K — G/K is the natural action of g, namely, T(g)xK = gxK. In
particular o, is independent of the choice of Q. Finally, if 3 is the Lie algebra of the
center of G and € N 3 = {0}, then there exists exactly one involution o of G such that
(Fix(0))o C K C Fix(o).

The previous two results may be condensed in the statement that there is a bijective
correspondence between Riemannian globally symmetric spaces and Riemannian
symmetric pairs.

3.2 Types of Symmetric Spaces

The next step in the general theory of symmetric spaces is to look at the Lie algebra
level. This is suggested by Theorem 7, which shows that a Riemannian globally
symmetric space gives rise to a pair (g, s), where s = do,, that satisfies

(i) gis areal Lie algebra;
(i1) s is an involutive automorphism of g;
(iii) the fixed points € of s form a Lie algebra compactly contained in g,

where (iii) holds because K is compact (see Chap. II in [15] for the definition of
compactly embedded Lie subalgebra).

A pair (g, s) satisfying (i), (ii), and (iii) above is called an orthogonal symmetric
Lie algebra. If in addition

(iv) €Nz = {0},

then (g, s) is called effective. Fix such a pair and consider the decomposition
g = u + einto the +1 and —1 eigenspaces with respect to s. Motivated by the impor-
tant decomposition result stated below in Theorem 9, one introduces the following
terminology:

(a) if g is compact and semisimple, then (g, s) is said to be of the compact type;

(b) if g is noncompact and semisimple and if g = u + ¢ is a Cartan decomposition,
then (g, s) is said to be of the noncompact type;

(c) if e is an Abelian ideal in g, then (g, s) is said to be of the Euclidean type.

Theorem 9 (Theorem 1.1, Chap. V, [15]) Suppose that (g, s) is an effective orthog-
onal symmetric Lie algebra. Then there exist ideals gy, g— and g such that
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(i) 9 =90+ 9— + g+, a Lie algebra direct sum;
(ii) go, 9— and g4 are invariant under s and orthogonal with respect to the Killing
form;
(iii) the pairs (go, So), (g4, s1) and (g_, s_) are effective orthogonal symmetric Lie
algebras of the Euclidean, compact and noncompact type, respectively.

The involutions sy, s_, and s, are those that arise by restricting s to the correspond-
ing ideals. The above result is of course of central importance because it allows to
study separately the various cases. Clearly, the decomposition yields a corresponding
decomposition of a symmetric space and thus induces the notions of symmetric space
of Euclidean, compact and noncompact types. The Euclidean space, the sphere, and
the unit disk, introduced in Sect. 3.1, are the prototypical examples of such spaces.
There is a remarkable duality between compact and noncompact types in which we
are not interested. We content ourselves with mentioning that the compact types
have positive sectional curvature and the noncompact ones have negative sectional
curvature.

Since we are only interested in noncompact globally symmetric spaces, we focus
on the corresponding structural assumptions. To this end, we need yet another piece
of terminology and we also slightly change the current notation to tune into the non-
compact case. Any pair (G, K) where G is a connected Lie group with Lie algebra
g and where K is a Lie subgroup of G with Lie algebra ¢ is said to be associated
to the (effective) orthogonal symmetric Lie algebra (g, 6), and will be called of the
noncompact type if such is (g, 6). Thus, from now on we fix an effective orthogonal
symmetric Lie algebra (g, 8) of the noncompact type, so that the eigenspace decom-
position relative to 6, namely, g = £ + p, is a Cartan decomposition. The next result
is a cornerstone in the theory.

Theorem 10 (Theorem 1.1, Chap. VI, [15]) With the notation above, suppose that
(G, K) is any pair associated with the effective orthogonal symmetric Lie algebra
of the noncompact type (g, 0). Then:

(i) K is connected, closed and contains the center Z of G. Moreover, K is compact
if and only if Z is finite. In this case, K is a maximal compact subgroup of G;
(ii) there exists an involutive analytic automorphism © of G whose fixed point set
is K and whose differential at the identity e € G is 0; the pair (G, K) is a
Riemannian symmetric pair;
(iii) the mapping ¢: (X, k) — (exp X)k is a diffeomorphism of p x K onto G and
the mapping Exp is a diffeomorphism of p onto the globally symmetric space
G/K.

The exponential mapping Exp in item (iii) above, quoted for completeness, is just
the Riemannian exponential mapping (see for instance [15]) and will play no explicit
role in what follows.

Assumption. From now on, let G be a connected semisimple Lie group with
finite center and X = G/K the associated symmetric space of the noncompact type,
where K is amaximal compact subgroup of G. We also fix an Iwasawa decomposition
G = KAN and we denote by M the centralizer of A in K.
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3.3 Boundary of a Symmetric Space

Our basic example of noncompact symmetric space will be the unit disk I, which
has a rather obvious (topological) boundary, namely, the unit circle S' = {z € C :
|z| = 1}. The notion of boundary of a symmetric space is highly non-trivial. For a
deep study on the matter, the reader is referred to the classical paper of Furstenberg
[11] in which a detailed motivation of Definition 11 below may be found. For our
purposes, some heuristics and some basic observations will suffice.

Notice first that the Mobius action of G = SU(1, 1) on C has precisely three
orbits, namely, D, S! and the complement {w € C : |w| > 1}. We already know that
D is an orbit. Further, AN fixes 1 (easy to check) and K moves it along the unit
circle, so that the G-orbit of 1 is S!. Finally, for p > 1 the formula

e 0 .
kep - p = 0 e-if/2 -p=pcosf +ipsinb (10)

shows that K maps the point p along the circle of radius p and any such real point
may be reached, say, from 2 by means of A because for ¢ > 0 the real numbers
[2] = cosht sinht 2+ tanht
@1 =1 sinht cosht "~ 2tanht + 1

span the half-line (1, +00). Thus the set {w € C : |w| > 1} is an orbit.

Let’s go back to the unit circle. As already noticed, AN fixes 1 and K moves
it along the circle, as can also be deduced from (10) when p = 1. The very same
formula shows also that the elements kg, when 6 is any multiple of 27 fix 1. These are
417, namely, the elements of M, the centralizer of A in K. Therefore, the stabilizer of
1 is the group P = M AN and S' ~ G/P. By means of the Iwasawa decomposition
we may write

S'~ KAN/MAN

and the natural question arises whether this is the same as K /M or not. In the case
at hand this is quite clearly so because K acts transitively with isotropy M. This
actually holds more generally in the sense that

G/P = KAN/MAN ~ K/M.

Indeed, K acts on the coset space G/ P in the natural fashion k - g P = (kg) P and by
the Iwasawa decompositionk € P = M AN if and only if k € M. Hence the isotropy
at the coset { P} is M. Further, again by the Iwasawa decomposition, the action is
transitive, and we conclude that G/ P ~ K /M. The reverse point of view (that of G
acting on K /M with isotropy P) will be illustrated below in (15), where the explicit
action of G on K /M is given.

Definition 11 The boundary of X is the coset space B := K /M.
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We remark here en passant that M, which will play an important role below,
normalizes N, that is
mNm™' =N, meM. (11)

To see this, look at the Lie algebra level. If « is a positive root and X € g,, then for
every H € aitis

[H, AdmX] = Adm[Adm " H, X] = Adm[H, X] = «(H)AdmX,

so that Adm(gy) C go. An other normalization property that involves N is that for
any @ € A and any v € N it holds

avaN = aNav. (12)
This, in turn, follows from choosing v' € N such that v'a = v, which gives

avaN = aaa”"vaN = ecaNa 'a = aaNe 'a = aNa = aNv'a = aNav.

3.4 Changing the Reference Point

In what follows, it will be useful to change the reference point of both the symmetric
space X and its boundary. Although conceptually very well known and somehow
trivial, the actual explicit determination of what happens when doing so is not to be
found in the literature, to the best of our knowledge. In order to see how the various
decompositions are affected by changing the origin of our spaces, it is convenient to
introduce Borel sections and occasionally adopt a slightly different notation for the
(various) G-actions.
The action of G on X = G/K will be written g[x], namely,

glx] = glhK] = ghK.

For any fixed xo € X = G/K, a Borel section relative to xy is a measurable map
Sy, @ X — G satisfying s,,(x)[xo] = x and s,,(x9) = e, with e the neutral element
of G. Borel sections always exist since G is second countable, see Theorem 5.11
in [26].

‘We next show how, in the present context, a Borel section associatedto o = e¢K €
G/K can be determined quite explicitly. Since K is the isotropy subgroup of G
at o, the map B: gK +— g[o] is a diffeomorphism of G/K onto X. Furthermore,
by the Iwasawa decomposition of G (Theorem 2), each element of g € G can be
written as the product g = nak for exactly one triple (n,a,k) € N x A x K, and
the correspondence (n, a, k) <> nak is a diffeomorphism with G. Hence each class
in G/K has a representative of the form naK with unique @ € A andn € N, so that
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the mapping ¥ : G/K — N A given by naK > na is a diffeomorphism. It follows
that the measurable, actually smooth, map

Yopl: X — NA

is a Borel section. Indeed, ¥/ o 8~'(0) = ¥ (K) = e and, by construction, for every
x € X, it holds ¥ o B~'(x)[0] = x . From now on, we will denote by s, the Borel
section ¥ o B! with image NA C G.

Fix now x € X and let K, be the isotropy of G at x € X. Evidently,

K, = SO(X)KSO(X)_I .
It is then possible to write an Iwasawa decomposition w.r.t. the subgroup K. In fact,
G = 5,(x)Gs,(x) "' = 5,(x) KANs,(x)"" = 5,(x)Ks,(x)"'AN = K, AN,

because, as observed earlier, s,(x) € AN. By using the same approach, one obtains
the various versions of the Iwasawa decomposition where the factors appear in a
different order. It is worth observing that the subgroups A and N are independent
of the maximal compact subgroup K,, but the individual factors appearing in the
decomposition of a fixed element g € G are not. Given g € G, we denote with
H,(g), Ax(g) the elements of a uniquely determined by

g€ K,expH,(g)N, geNexpA,(g)K, (13)
and by «, (g) the unique element in K, such that g € «,(g)AN. Clearly,
Ar(g7") =—H(g). (14)

Once the point x € X has been fixed, a Borel section s,: X — G can also be
fixed, so that for every y € X, s,(y)[x] = y and s,(x) = e. As before, it may be
arranged that s, (y) € NA = AN. Also, we denote by M, the centralizer of A in K,
so that M, = s,(x)Ms,(x)~". The following technical observation will be useful
below.

Lemma 12 Forany x € X it is

(i) ko0 ky|,=idg, in particular, if k, = Kk, (k) for some k € K, then k = k,(ky);

|«

(ii) Ky o K(,|Kx= idk.,.

Proof We start by proving (i). Let k € K. Then according to the Iwasawa decompo-
sition K, AN itis k = «, (k)an, that is k, (k) = k(an)~' € KAN. So that «, (k. (k))
is precisely k, as desired. The proof of (ii) is analogous. (]

The action of G on the boundary B = K /M is induced by the decomposition
G/P = KAN/MAN in the sense that if g € G and kM € B then
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8{kM) := ko(gk)M. 5)

Consider now the action of K. By the definition (15) and by item (i) in Lemma 12,
forany k € K itis
tex (K) (M) = Ko (kx (k)M = kM.

Thus the action of K, on the boundary is transitive. Next, observe thatan element k, =
5o(x)ks,(x)~! stabilizes M € K/M if and only if «,(s,(x)ks,(x)~!) € M, which
means s,(x)k € M AN. This, together with the fact that M normalizes AN, implies
that k € M, hence k, € M,. Therefore the isotropy group of K, at M is M,. This
shows that the map induced by «, on K, /M,, which we denote «, ,, namely,

Kx,o - K, /M, — K/M, kxM, — Kx,o(kxMx) =Kok )M, (16)

is a diffeomorphism. Furthermore, kM and «, (k) M, determine the same boundary
point, because by (16) «,(k,(k))M = kM. By Lemma 12 the inverse of «, , is the
map

Kox: K/M — K,/M,, kM — K, (kM) := ky(k)M,.

3.5 Horocycles

A hyperplane in R” is orthogonal to a family of parallel lines. What is a reasonable
analogue of this in, say, Riemannian geometry? Since geodesics are very natural
generalizations of lines, a possible answer is given by a manifold that is orthogonal
to families of parallel geodesics. In the context of symmetric spaces, such manifolds
will be called horocycles, sometimes also horospheres.

Let us see what this idea leads to in the context of the unit disk, our basic example
of noncompact symmetric space. The origin in D will be denoted 0. If y : [a, b] — D
is a smooth curve with y (a) = o and y (b) = x € (—1, 1) is a point on the real axis,
then the simple inequality

0 0+
(1—=x®2)? = (1 —x@)?—y(@)?)?

shows that straight real lines through the origin are geodesics. We observe en passant
that since yy(¢) = (tx, 0) with ¢ € [0, 1] is such a straight line, then

|x| 1 14 |x|

1
d(o,x) =L = ———dr = =1 .
(0. ) = L(x) /01—r2|x| 2 log T

As we know, G = SU(1, 1) acts by isometries via the Mobius action on D. Such
maps are conformal and map circles and lines into circles and lines. Hence the
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geodesics in D are circular arcs perpendicular to the boundary |z| = 1. All circular
arcs perpendicular to the same point at the boundary may be seen as parallel lines
and thus a natural notion of horocycle in this context is that of circle tangent to the
boundary (except the point on S') because such a circle is of course perpendicular
to all the above parallel geodesics.

The circle through the origin and tangent to the boundary at 1 € C is therefore
the prototype of horocycle. Observe that

1+is —is —is s 5? s
. . [0]: - = - = —1
is 1—is 1—is s+i 241 s2+41

nslo] = [
and an easy calculation shows that these are precisely the points on the circle of radius
1/4 centered at 1/2 € C that are contained in D. Furthermore, as s — £00 one gets
the boundary point by = 1 € C. We have obtained the basic horocycle, which will
be denoted &,, as the N-orbit N[o].
Other horocycles tangent to by are the orbits Na,[0o] = a,N[o] where of course

a; =

cosht sinht
sinh ¢t cosht

is any member of A (recall that A normalizes N). This is because
a;[o] =tanht € (—1, 1)

parametrizes any other point on the geodesic line (—1, 1) C C and an easy calculation
shows thatits N-orbit is just the circle through that point and tangent to by (see Fig. 2).
It is clear that by acting with the rotation group one gets all other horocycles, that
is, all the circles in D tangent to the boundary. Thus, any other horocycle & can be
written in the form ka - &y with k € K and a € A. But this means

€ = (ka)N (ka)~ ' (kalo)),

which exhibits & as an orbit of a group conjugate to N, namely, (ka)N (ka)~'. This
motivates the Definition 13 below.

Definition 13 ([17]) A horocycle in X is any orbit of any subgroup of G conjugate
to N, that is an orbit N8[x] where x € X, g € G and N¢ = gNg~'. We shall denote
by & the set of all horocycles in X.

By Theorem 1.1 in Chap.II in [17], horocycles are closed submanifolds of X, the
G-action on X maps horocycles to horocycles and in fact the group G acts transitively
on E by

(8. N"[x]) > g.(N"[x]) := gN"[x].

We fix x € X and we consider the horocycle & = N[x]. By Theorem 1.1 in Chap.II
in [17], the isotropy at & is M, N and therefore
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Fig. 2 The basic horocycle
&, in the unit disc and the
horocycle £ tangent to the
boundary at 1 and with
distance —¢ from the origin
0. In gray, the sheaf of
parallel geodetics
perpendicular to &, and &

g ~ G/MN

under the diffeomorphism gM,N +— gN|[x]. Furthermore, by Proposition 1.4 in
Chap.Il'in [17], (K, /M,) x A is diffeomorphic to G/M, N under the mapping

(kyM,,a) — k;aM,N. 17
Therefore, for each horocycle £ € E there exist unique k, M, € K,/M, anda € A
such that

£ = k.aN[x]. (18)

Finally, since K/M is diffeomorphic to K,/M, under the mapping «, (kM) =
Ky (k)M,, we define the diffeomorphism

V,.: K/MxA— B, (kM,a)+ k,(k)aN[x]. (19)

Observe that the boundary point kM € K /M which identifies the horocycle & =

ky(k)aN[x] through (19) is independent of the choice of the reference point x € X.
Namely, for every x, y € X

W, (kM,a) = W, (kM. a')

for some a’ € A. Indeed, if & = k.aN[x] and if we pick y € X, hence k,M, €
Ky/M,anda’ € Asuchthaté = k,a'N[y], thenk,M, = «,(k,) M, and this identi-
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fies the boundary point «, (k) M. Indeed, by the K,AN and K AN Iwasawa decom-
positions of k,, we have that

iy (ky) € ky AN = i, (ki) AN,

so that
Ky,o(K_v(kx)My) = K()(K_v(kx))M = Ko(ky)M.

We shall say that W, (kM, a) represents the horocycle with normal kM and com-
posite distance log a from x (see below, Definition 15). We stress that the normal of
ahorocycle is independent of the choice of x € X. The composite distance, however,
is different for different reference points.

This parametrization generalizes the geometric picture in D, where a horocycle
& = ka,;NJo] is identified by the boundary point kM € K /M to which it is tangent
and the “signed distance” ¢ from the reference point, see Fig.2.

Proposition 14 Fix a reference point x € X. The horocycle through y € X with
normal kM is N*®[y].

Proof An equivalent statement is that, writing k = «, (k) with k, € K, the horo-
cycle through y with normal «, (k)M is ky Nk [y] because k, = k. (k) by item (ii)
in Lemma 12.

Since k = «,(k,), then kM and k, M, identify the same boundary point and a
horocycle with normal kM has the form & = k,aM, N as in (18). If this represents
a horocycle through y, then there exists g € G such that

£ =gNg '[y] = k. (8) N (2) ' [y].

Now observe that there exist « € A and v € N such that «, (g)_l[y] = va[x], then
& = Kk (g)aN[x]. Thus, since & = k,aN[x], we have that

ke(g)aN[x] = keaN[x],

which by (18) implies «,(g)M, = k,M,. Hence «,(g) = k,m, for some m, € M,.
However, (11) implies at once that m, Nm_! = N, and hence N8 = Nk« O

Definition 15 Fix a reference pointx € X and choose y € X and b € K /M, so that
by Proposition 14 the horocycle § = &(y, b) passing through y with normal b = kM
is uniquely determined, and hence there exists a unique a € A such that

E(y, kM) = k. (k)aN[x].
We denote by A, (y, b) € a the composite distance of the horocycle £(y, b) from

x € X, namely,
Ax(y,b) =loga.
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The reader is warned not to confuse the composite distance A, (y, b), which depends
on (y, b) € X x B, with the Abelian component A, (g) of g in the Iwaswawa decom-
position N AK,, which is a function on G (see (13)). A relation between the two does
exist, as pointed out in the next lemma, where we collect several properties of the
composite distance which will play a crucial role in our work.

Lemma 16 Fix a reference point x € X. Then:

(i) foranyk, € Ky and g € G we have
Ax(8lx], ko (k) M) = Ak 'g), (20)

where the right-hand side is defined by (13);
(ii) foranyy € X, kM € K/M and g € G we have

Ax(y, kM) = A (gly]. g(kM)); 21
(iii) foranyy,z € X and kM € K /M we have
Ac(y, kM) = Az, kM) + A (y, kM). (22)

Proof (i) Let k, € K, and g € G. By Proposition 14 and (ii) of Lemma 12,
the horocycle passing through g[x] with normal «,(k,)M is ky Nk le[x]. By
Definition 15, we have that

ke Nk ' g1x] = ky exp(Ax (glx], &, (ki) M) N1x],
and so kg € N exp(A,(glx], k,(ky)M)) K. This proves (i).

(ii) For simplicity, we first prove the statement in the case x = o.Lety € X, kM €
K /M and g € G. By Proposition 14, and the fact that A normalizes N, the
horocycle passing through g[y] with normal g(kM) = k,(gk)M (see (15)) is

N g[y] = ko (gk)Nico (k) ™' g[y] = gkN(gk) ™' g[].
By the diffeomorphism given in (18), there exist & € K, and a € A such that
gkNk™'[y] = haNglo], (23)
and thus, by definition

a = exp(Ag(gly], g(kM))).

We need to show that a = exp(A,(y, kM)). Since K, = gKg™!, we have
h = gk,g™' for some k; € K and we claim that

kik,(g"HM = kM. (24)
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By (23) we have that
kig 'aNs,(gloDlo] = kig 'aNglo] = kNk™'[y] = kNs,(k~'[yDlo].

Since s, takes values in AN and writing the N AK decomposition of g~', there
exista’, a” € A such that

kik,(g~")a'Nlo] = ka"N/ol.

Hence, by (18) we have that kix,(g~')M = kM, that is the claim (24). There-
fore, for some m € M the right-hand side of (23) is

haNglo] = gkmi,(g~") "' g 'aNglo]
= gkmaN (k,(g™")"'¢7") glo]
= gkmaNi,(g~")"'[0]
= gkmaN|[o] = gkaN|o],

where in the second line we have used that x,(g~")~'g~! € AN and then (12).
Summarizing, we have shown that

gka_ls(,(y)[o] = gkaN]Jo].

By taking e € N on the left, there must be n € N such that s,(y)[0] = kan[o],
so that (kan)~'s,(y) € K, whence k~'s,(y) € Kan. This shows that

a = CXP(Ao(k_ISa(y))) = eXP(Aa(y, kM))7

where the second equality follows by item (i). This concludes (ii) in the case
x = o. The general case follows from the latter. Indeed, by applying it with
s,(x) and gs,(x), respectively, in the first and the second equalities, we obtain

Ar(y, kM) = Ay (so(x) ], 50(x) THEM)) = A (glyl, g(kM))

For simplicity we start by proving the statement for x = o, the general case
follows. Fix y,z € X and kM € K /M. By the definition of s,, we have that
5:(0)7' = 5,(z) and K = s5.(0)K.5.(0)~"'. Observe that, by the K. AN Iwasawa
decomposition of k

5:(0)k € s.(0)ic. () AN = 5. (0)ic, (k)5 (0) ' AN,

and then
Ko (s, (0)k) = 5. (0)k.(k)s,(0) "

Furthermore, s, (0)k € K exp(H,(s,(0)k))N, so that
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5:(0)kk™"'5,(0) ™" € 5:(0)ic; (k)52 (0) ™' N exp(H, (s:(0)k) — Hy(sy(0)k))K .
(25)
Now, observe that by (14) and (i) it is possible to rewrite

H,(s.(0)k) — H,(s,(0)k) = A,(k™'sy(0)™") — Ap(k s, (0)7h)
= Ay(sy(0) " '[0], kM) — A,(s.(0) " '[0], kM)
=A,(y, kM) — A,(z, kM).

Hence, (25) becomes
5:(0)5y(0) ™" € 5:(0)ic; (k)5 (0) ' N exp(Ao(y, kM) — A, (z, kM)K
and by conjugating by s.(0)~! € AN

5y(0)7"s2(0) €k (k)s.(0) "' N exp(A,(y, kM) — A,(z, kM))Ks.(0)
=i, (k)N exp(A,(y, kM) — A,(z, kM))s.(0) ' K s,(0)
=i, (k)N exp(A,(y, kM) — A, (z, kM)) K,

where in the first equality we use (12). Finally, we observe that s, (0)*15z (0) =
So(y)s;(0) = s.(y) and then

(k)" (y) € N exp(Ao(y, kM) — Ao(z, kM) K.
Therefore, by item (i) of Lemma 12 and item (i) above
Ay, kM) — Ay (z, kM) = A (e (k) 's.(y) = Az (y, kM).
This proves the case x = o. The general case trivially follows:

Ax(z, kM) + Az (y, kM) = Ao(z, kM) — Ap(x, kM) + Ao (y, kM) — Ao(z, kM)
= Ax(y, kM).

This finishes the proof of the lemma.

Let x € X. By Definition 15, for every (kM,a) € K/M x Aandz € X
zeV, (kM,a) <= A.(z,kM) =loga. (26)

Then, by (26) together with (21) it follows that
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1eg VW, (kM,a) < g '[z]€ V¥, (kM,a)
— loga=A.(g [z, kM)
— loga = Agx(z, g(kM))
= 7€V, (gkM),a).

Therefore
gV (kM, a) = Wy (g(kM), a). 27

Furthermore, if y € X, then by (26) and (22) we have that

€V, (kM,a) <= loga= A.(z,kM)
& loga=A,(y, kM) + Ay(z, kM)
— loglaexp(—A,(y, kM))) = A,(z, kM)
= ze VW, (kM,aexp(A,(x,kM))),

where in the last equivalence we use the equality A, (x, kM) = —A,(y, kM), which
follows immediately from (22). Hence, we have

(W o W) (kM. a) = (kM, aexp(A,(x, kM))). (28)

Positive definite symmetric matrices. We return to positive definite symmet-
ric matrices to describe the horocycles explicitly. Recall that the semisimple group
associated to the symmetric space is in this case G = SL(d, R). As we have already
seen, the Iwasawa decomposition of G is formed by K = SO(d), the subgroup A of
diagonal matrices with positive entries on the diagonal and the subgroup N of the
unit upper triangular matrix. Hence the principal horocycle is

& =Nz ={nn:neN}.

Leta = diag(e”, ..., e%) € A, then the horocycle obtained as the N-orbitof aK €
SP(d, R) is the subset of SP(d, R) of matrices of the form

d

{6”’”” ) nt,knj.,k].»

i
k=max(i, j) J

for every choice of d(d — 1)/2 values n; ; € R with j > i, where n;; = 1. The sub-
group N = ©(N) coincides with the lower unit triangular matrices. The N-orbit of
a positive definite diagonal matrix a K is the set of all the symmetric positive definite
matrices having a” as diagonal matrix in the usual LD 'L decomposition. Further-
more, for every a € A, we have N[a] = (N[a~'])~". It follows that the horocycle
Nla]is the subset of SP(d, R) of matrices having a® as diagonal matrix in the U DU
decomposition (Fig. 3).
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Fig. 3 In the special case d = 2, the N-orbit and the N-orbit are tangent circles. More in general,
for any w € W the intersection between the N-orbit and the (WN w~1)-orbit of a point coincides
with the point itself, see Proposition 1.7 in Chap. I in [17]

Let p € SP(d,R) and let p = O D'O be the spectral decomposition of p, with
O € SO(d) and D diagonal, and let k € K. Then we have

k[p] = kp'’k = kOD'O',

andsince kO € SO(d) then k[ p] has the same eigenvalues as p. In fact, the K -orbit of
p € SP(d, R) is the subset of all the matrices in SP(d, R) with the same eigenvalues
of p and if a € A, then the columns of k are the eigenvectors of k[a]. Furthermore
in each K-orbit there exists a diagonal matrix with entries ordered decreasingly on
the diagonal, that is, a matrix that lies on A [I,].

Finally, by (18), any horocycle § € E can be written as & = kaN[l;] for some
k € K and a € A. This is thus the subset of SP(d, R) of matrices having a® as
diagonal matrix in the U DU decomposition w.r.t. the R?-basis {ke;};= 4, where
{ei}i=1...q is the canonical basis of RY.

.....

4 Analysis on Symmetric Spaces

We collect in this section the analytic ingredients that come into play. Apart from the
basic measures and function spaces, we introduce the Helgason—Fourier transform
and the Radon transform and recall the results that we use throughout. The main
references are [16, 17].
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4.1 Measures

This section is devoted to the measures that will be involved in what follows. We first
present the Haar measure and then introduce the measures on the spaces X, B, and
E. These are necessary in order to define the function spaces that we are interested in,
among which the L?-spaces that carry the regular representations. General references
are [8] for the first part, and [16, 17] for the second.

4.1.1 Haar Measures and Modular Functions

We recall some basic definitions and results of Analysis on locally compact groups.
We shall use them in the more specific context of Lie groups. A standard reference
is Chap.2 in [8].

A topological group is a group G endowed with a topology relative to which the
group operations

(g.h)rgh, gr>g'

are continuous asmaps G x G — G and G — G, respectively. G is locally compact
if every point has a compact neighborhood. We shall also assume our groups to be
Hausdorff. In particular, all Lie groups are locally compact topological groups.

A Borel measure p on the topological space X, that is, a measure on the o -algebra
B(X) of the Borel sets of X, is called a Radon measure if:

(i) itis finite on compact sets;
(ii) it is outer regular on the Borel sets, that is for every Borel set E
w(E) =inf{u(U) : U D E, U open}
(iii) it is an inner regular on the open sets, that is for every open set U

wU) =sup{u(K) : K € E, K compact}.

Definition 17 A left Haar measure on the topological group G is a non-zero Radon
measure p such that u(xE) = u(E) for every Borel set E C G and every x € G.
Similarly for right Haar measures.

Of course, the prototype of Haar measure is the Lebesgue measure on the additive
group R, which is invariant under left (and right) translations. Compactly supported
continuous functions on a topological space Y are denoted C.(Y). An equivalent
definition for the left Haar measure u is to require that for every f € C.(G) and
heaG,

f Flhg)du(g) = / F(@)dn(g) -
G G

A fundamental result on Haar measures is the following theorem due to A. Weil.
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Theorem 18 (Theorem 2.10, [8]) Every locally compact group G has a left Haar
measure X, which is essentially unique in the sense that if | is any other left Haar
measure, then there exists a positive constant C such that u = CA.

If we fix a left Haar measure (1 on G, then for any g € G the measure 11, defined
by
ng(E) = u(Eg)

is again a left Haar measure. Therefore there must exist a positive real number,
denoted A(g) such that

ne = A(Z1.

The function A : G — R, is called the modular function. From now on, the choice
of a left Haar measure u is considered as implicitly made, and hence we write

dg :==du(g).

Proposition 19 (Proposition 2.24, [8]) Let G be a locally compact group. The mod-
ular function A : G — Ry is a continuous homomorphism into the multiplicative
group R.. Furthermore, for every f € L' (G, i) we have

/iﬂﬂﬁg=AMY4/f@m&
G G

A group for which every left Haar measure is also a right Haar measure, hence for
which A = 1, is called unimodular. Large classes of groups are unimodular, such as
the Abelian, compact, nilpotent, semisimple, and reductive groups. Many solvable
groups, however, are not. Prototypical examples of non-unimodular groups are the
Iwasawa N A groups, such as the affine “ax + b” group. A practical recipe for the
computation of modular functions is given by the following proposition.

Proposition 20 (Proposition 2.30, [8]) If G is a connected Lie group and Ad denotes
the adjoint action of G on its Lie algebra, then A(g) = det(Ad(g™")).

The basic spaces X and E in which we are interested are homogeneous spaces
of the same group G. From the point of view of Analysis, the natural question
arises whether the homogeneous space G/H admits a G-invariant Radon measure
or not. The answer to this question is contained in Theorem 21 below, which relates
integration on G to an iterated integral, first on H and then on G/H. These formulae
are achieved by means of the natural projection operator P : C.(G) — C.(G/H),
also known as Weil’s mean operator, defined by

M@m=LﬂMWL
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which is well defined by the left invariance of di, the Haar measure on H. Fur-
thermore, it is possible to see that P is continuous and surjective. We are now in a
position to state this classical result, also known as Weil’s decomposition theorem.
Here A and Ay are the modular functions of G and H, respectively.

Theorem 21 (Theorem 2.51, [8]) Let G be a locally compact group and H a closed
subgroup. There is a G-invariant Radon measure u on G/H if and only if Aglg =
Apg. In this case, | is unique up to a constant factor, and if the factor is suitably
chosen then

ff(g)dg=/ Pf(gH)du(gH)zf /f(gh)dhdu(gH),
G G/H G/HJH

forevery f € C.(G).

Hence, there always exists a G-invariant Radon measure on G/H whenever H
is compact, since Ag|y = Ay = 1. Indeed, the image of H under both modular
functions is a compact subgroup of the multiplicative group of positive reals, namely,
{1}.

Although many homogeneous spaces do not admit invariant measures (for
example, R as a homogeneous space of the “ax + b” group), all of them admit
strongly quasi-invariant measures. If p is a measure on X = G/H and we write
us(E) = u(gkE) for E € B(X), we say that u is a quasi-invariant measure if all the
ué are equivalent, that is, mutually absolutely continuous. We say that u is strongly
quasi-invariant if there exists a continuous function A : G x G/H — (0, +00) such
that

duf(x) = A(g, x)du(x), xe X, geG.

In other words, the requirement is that the Radon—Nikodym derivative (du®/du)(x)
is jointly continuous in g and x. As mentioned, all homogeneous spaces admit
strongly quasi-invariant measures (see Proposition 2.56 and Theorem 2.58 in [8]).

4.1.2 Measures on Semisimple Lie Groups of the Noncompact Type

Let G be a semisimple Lie group. By Theorem 18, there exists a (left) Haar measure
on G, unique up to multiplication by a positive constant. We recall that by Theorem 2
there exist subgroups K, A, and N of G suchthat G = KAN = NAK. Since each
subgroup carries a Haar measure, the natural question arises whether it is possible
to write the Haar measure of G using the Haar measures of the three subgroups
involved, which are all, individually, unimodular.

Since K is compact, we normalize its Haar measure in such a way that the total
measure is 1. The Haar measure on A is obtained by starting from the (positive)
measure that any Riemannian manifold inherits from its metric, see, e.g., Chap. I
in [16]. The invariant metric is obtained by taking the restriction to a x a of the
Killing form, which is positive definite on p x p D a x a, whereby a is identified
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with the tangent space to A at the identity. The standard normalization is to multiply
the Riemannian measure by (27)~%?, where £ = dim A. As for N, we normalize its
Haar measure dn so that

e 2PHM) 77 — 1,

N

where N = ©(N) and d7 is the pushforward of dn under ®. The convergence of the
above integral is no trivial matter and is discussed in detail in [16].

Proposition 22 (Proposition 5.1, Chap. I, [16]) Let dk, da, and dn be left-invariant
Haar measures on K, A, and N, respectively. Then the left Haar measure dg on G
can be normalized so that

/ f(g)dg = / f (kan)e**°24dkdadn
G KxAxN
= / f (nak)e=**1eDdndadk
NxAxK
=/ f(ank)dadndk
AxXNxK

forevery f € C.(G).

The case of the group AN deserves a separate comment. We recall by Sect. 2 that
AN is in fact a semidirect product since A acts on N by conjugation. Furthermore,
for any H € a and any root vector X, € g, it holds

o0

k
Ad(exp H)(X,) = 7 (x,) = Y 2D
0

k!

X, = e x,.

It follows that, upon choosing a basis of m,, root vectors for each positive root «, it
is
det Ad(exp H) |y = [ [ "«

a>0

or, using (6),
det Ada|, = e>2®)

Proposition 20 now entails that the modular function of the AN Iwasawa group is
A(na) = e 2rlo2d), (29)

Indeed, in the computation of det Ad(rna) on n + a, all that is relevant is the action of
Ada on n because the action of Ada is unimodular on a since A is Abelian, the action
of Adn is unimodular on n because N is nilpotent, and that of Adn on a is again
unimodular because its projection on a is the identity (see also Cor. 5.2 in Chap. I
in [16]).
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4.1.3 Measures on X

In order to do an analysis on the symmetric space X it is important to introduce some
basic functions spaces and differential operators. The reader is referred to Chap. II
in [16].

A quick way to introduce differential operators on X is to say that D is such an
operator if it is a linear mapping of C2°(X) that decreases supports. Such operators
have local nature, in the sense that it is possible to find for any coordinate patch
(U, ¢) in X and any open set ‘W with compact closure in U a finite number of
smooth functions a, on ‘W such that

Df =) a,(D*(fo¢ ")) oo

for any f € C*(‘W), where

||
« d
- ajp a0 aq
0x,'0xy” ... 0xy,

is the standard partial derivative operator in R? associated with the multi-index
o€ Zi. Because of this local nature, it is then possible to extend any differential
operator D to C*°(X).

On any differentiable manifold, hence on a symmetric space X, two are the most
relevant spaces to consider if distribution theory is among the desirable targets. These
are the space of smooth complex valued functions &(X) on X and the space D(X) of
smooth complex valued functions with compact support on X. When this notation,
due to Schwartz, is adopted, it is meant that these vector spaces are endowed with
suitable topologies, see Chap. II in [16] for the details. We stress that in our analysis
the topologies on &(X) and D(X) do not enter into play.

Now, our purpose is to determine an explicit G-invariant measure on the symmetric
space X = G /K, whose existence is guaranteed by the fact that K is compact (see
the comment after Theorem 21). Recall that, by Proposition 22, if g = nak, then the
Haar measure of G can be normalized so that

dg = e 212D dndadk,

where dk, da, and dn are the Haar measures on K, A and N that have been fixed in
the previous paragraph.

We endow X with the G-invariant measure dx obtained as the pushforward of
dg under the canonical projection G — G/K. Thus, for any smooth compactly
supported function f € D(X)

/ fodx = / f(glohdg = / f(nalo])e "€V dnda.
X G NA
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We henceforth denote by L?(X) the Lebesgue space of square-integrable (equiva-
lence classes of) functions with respect to this measure. The quasi-regular represen-
tation w of G on L?(X) is then defined in the usual way, namely,

n(@)f(x) = fg ' [x]), fel*X), geq.

It is a unitary non-irreducible representation. Actually, it is possible to construct a
family of Hilbert spaces in which L*(X) can be decomposed as a direct integral,
whereby the restriction of 7 to each of them is irreducible. These are the spherical
principal series representations, discussed in Chap. VI in [17]. It is also well known
that 7 is not square-integrable.

4.1.4 Measures on the Boundary

We shall now define positive measures on the boundary B using its various possible
parametrizations. Since K and M are compact subgroups of G, there exists a proba-
bility K-invariant measure ©° on B = K /M, see the comment below Theorem 21.
The choice of this measure is such that the Weil’s decomposition holds, assuming
that we normalize the Haar measure of M in such a way that the total measure is 1.
For every other choice of the reference point x € X the analogous objects K., M,,
and p* can be introduced. The relation between ©° and u* can be determined explic-
itly. We consider the diffeomorphism T, : K — K, defined by k — s,(x)ks,(x)~".
Its restriction to M is a diffeomorphism between M and M,. Hence, T induces the
diffeomorphism f}: K/M — K./M, defined by

T (kM) = T (k)M = 5,(0)kso(x) ™ My = s,(x)kMisy(x) ™" .
Let (fx)*(,u”) be the pushfoward of the measure ©° under fx. Clearly, (fx)*(u")
is a K,-invariant probability measure on K,/M, and therefore pu* = (T3).(1?).
As we saw in (16), K,/M, is diffeomorphic to the boundary K /M through the

map ky ,: K./M, — K /M. Therefore, we can consider the following K -invariant
probability measure on the boundary B = K/M

V= (Kx,o)*(ﬂx)~
It is worth observing that v’ = ©? and the following relation follows
V= (ko 0 T (0°)

Lemma 23 The measure v° is G-quasi-invariant. Forany F € C(K/M)and g € G

/ F(g " (kM))dve (kM) = / F(kM)e= 2P oD qy0 (kM. (30)
K/M K/M
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Proof By Lemma 5.19 in Chap.Iin [17], forevery H € C(K) and g € G,

/ H(k, (g~ 'k))dk = / H (k)e ™20 Ho k) q (31)
K K

A function F € C(K /M) will now be regarded as an M-right invariant continuous
function on K. By our choice of v’, Theorem 21 holds and hence

/ F(k)dk = / F (kM m)dmdv® (kM)
K K/MJIM

:/ F(kM)[ dmdv® (kM)
K/M M

- / F(kM)dv° (kM),
K/M

where we have used the normalization of the Haar measure of M. The function
k+ F(g~'(k)) = F(k,(g"'k)) is M-invariant by (g ~'km) = «,(g~'k)m. Since
m € M commutes with A and N,

gkm € K, (gk)m exp(H,(gk)) N
and so k — H,(gk) is M-invariant. It follows that k > F (k)e~2°Ho(&5) is also M-
invariant. The assertion follows by applying (31) to F in place of H and then rewriting

the integrals over K of the M-invariant functions as integrals over K /M w.r.t. v’ as
before. ([

Now we investigate the relation between the different boundary measures intro-
duced above. If F € C(K/M) and x € X, then

/ F(kM)dv' (kM) = / F (ki (T (kM)))dv® (kM)
K/M K/M
= [ PG, koanae o)
K/M
= / F(kM)e™ 20 Heo ) q 0 (1 pp
K/M
= / F(kM)e* 4 M dve (kM)
K/M
by Lemma 23 and then applying item (i) of Lemma 16 together with (14), since

—Hy(50(x)7'k) = Ay(k'5,(x) = Ay(so(x)[0], kM) = A, (x, kM).

By expressing the integral of a function on K /M with respect to either v* or v as
above and then using (22) in the form
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Ao(x, kM) = Ao (y, kM) + Ay(x, kM),
the Radon—-Nikodym derivative between the measures v* and v” is then

dv*
dvY

(kM) = (A (kM) (32)
Letx € X,g € Gand F € C(K/M). Using first (32) with y = o and then (30)

/ F(g~ " (kM))dv* (kM) = / F(g™ (kM))e* Aok qye (k M)
K/M K/M

— / F(kM)€2p(A"(x’g(kM)))e_ZP(H"(gk))dUO(kM).
K/M

Now observe that, by (20) and (21),

Ap(x, g(kM)) — Hy(gk) = Ag-1o) (g7 X1, kM) + A, (k'g™")
= Ag110) (g7 X1, kM) + A, (g '[0], kM)
= A (g7 [x], kM),

the latter equality being just (22) from Lemma 16. Hence, we obtain a sort of dual
relation between the G-action on the boundary and that on the reference points of
the boundary measures, namely,

/ F(g Y (kM))dv: (kM) = / F(kM)dvs ™ kM), (33)
K/M K/M

4.1.5 Measures on =

Finally, in order to develop the theory in which we are interested, we need to introduce
a G-invariant measure on E. We denote by o the measure on A with density ¢>?(°¢®
with respect to the Haar measure da. For every x € X, we can endow E with the
measure d£ obtained as the pushforward of the measure v* ® o on K/M x A by
means of the map W, : K/M x A — E defined in (19), i.e.,

dé =V, (v Qo).
It turns out that d¢ is independent of the choice of x € X. We denote by L'(Z) and

L?(E) the spaces of absolutely integrable functions and square-integrable functions
with respect to the measure d&, respectively. By definition, for every F € L!(8)
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ﬁF(S)dé = /K/M A(Fo\IJX)(kM, a)yd(v* ® 0)(kM, a)

= f (F o W) (kM, a)e** 1t Ddy* (kM)da .
K/MxA

It is easy to verify that d€ is G-invariant. We point out that Helgason introduced this
measure w.r.t. 0 € X, see Lemma 3.1 in Chap. Il in [17]. Since in our treatment it is
important to change the reference point the expression above is useful.

The group G acts on L?(E) by the quasi-regular representation 7: G — U
(L*(E)) defined by

7(QF ) =F(g'§), Fel’®, geG.
Equivalently, given x € X, by (27)
(#(Q)F) 0 Wi (kM,a) = F o Ve (g~ kM), a), (34)

forevery (kM,a) e K/M x Aand g € G.
1
We denote by A~z the map on K/M x A defined by

A2 (kM, a) = e”0e®)
The reason for such notation resides in the fact that this function has the same
expression of the inverse of the square root of the modular function of the AN
Iwasawa group, see (29).

Finally, for every x € X, we introduce the space L2(K/M x A) of square-
integrable functions on K /M x A w.r.t. the measure v* ® da.Forevery F € L?*(E),
we denote by W} F the (L3(B), L)zc (K/M x A))-pull-back of F by W,, that is, we
introduce the unitary operator W*: L?>(E) — L2(K/M x A) given by

W*F(kM,a) = (A" - (F o W) (kM. a)

for almost every (kM,a) € K/M x A. In order to see that W} is unitary, observe
that for every F € L?(E) we have that

/ |V F (kM. a)|>dv* (kM)da

K/MxA

= f I(A™2 - (F 0 W) (kM, a)2dv* (kM) da
K/MxA

- / [(F o W) (KM, a)|?e* 1920 4% (k M) da
K/MxA

= [1F©Rd =171 g,

so that W* is an isometry from L?(E) into L2(K /M x A). Surjectivity is also clear.
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4.2 The Helgason—Fourier Transform

The Helgason—Fourier transform was defined by Helgason in analogy with the
Fourier transform on Euclidean spaces in polar coordinates. We briefly recall its
definition and its main features.

Definition 24 (Sect. 1, Chap. III, [17]) The Helgason—Fourier transform of f €
D(X) is the function H f : K/M x a* —> C defined by

Hf kM, 1) = / £ (x)e TP A M) 4
X

As the Euclidean Fourier transform, the Helgason—Fourier transform extends to
a unitary operator on L?(X). The Plancherel measure involves the Harish-Chandra
¢ function, a cornerstone in the analysis on symmetric spaces [13, 14]. It is a mero-
morphic function ¢: af — C defined on the complexified dual space a} for which
various formulae are available (see, e.g., [18]). It may thus be restricted to the real
space a*. As an example, in the case of the unit disk, if 9%t(iA) > 0, then

I(3i))
FGGr+1)

TA TA
M2 = —tanh ( — ).
le(A)] 5 tan (2>

c(h) =n"12

so that

We denote by L(z,,c(K /M x a*) the space of the functions on K/M x a* that

are square-integrable w.r.t. the measure w=! |c()) I*2 dv?dA, where w stands for the
cardinality of the Weyl group W.

Proposition 25 (Sect. 1, Chap. IIL, [17]) For every fi, f> € D(X)

[ nwE@a = [t o HRE DG 39
x a*x K /M wle()]

The rest of the paragraph is devoted to state the Plancherel theorem for the Helgason—
Fourier transform.

Property . We say that a function F € L%}C(K /M x a*) satisfies Property f if
for every x € X the function

a3 A — e PHMAKM) B pr 2 )dv? (kM) (36)
K/M

is W-invariant almost everywhere (see the comments after (5) for the W-action
on a*).
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We denote by L2 (K /M x a*)" the space of functions F in L2 (K /M x a*)
satisfying Property f. We observe that the integral in (36) is absolutely convergent
for almost every A € a*. By Fubini theorem, forevery F € Lg’c(K /M x a*) we have
that

da
||F|| / / |F(kM, k)|2dv kM)—— < 40
Lie®/Mxary = | Jk/m wle() 2

Thus, the function F (-, A) isin L>(K /M, v°) € L'(K /M, v°) for almost every A €
a* and, since p(A,(x, -)) is bounded on K /M, the integrability properties of F (-, A)
continue to hold for the function e Mo F (. ).

Every function F € L%,C(K /M x a*)* is uniquely determined by its restriction
on K/M x a7 . Here a’ denotes the positive Weyl chamber

={rea*: A, eat}

where A; represents A via the Killing form, in the sense that A(H) = B(A,, H). If
we suppose that F, G € L(z,’c(K/M x a*)* are such that F1|K/qu*+ = F2|K/ani,
then

/ ePHSVAIM) (p By (kM sA)dv® (kM)
K/M

= / PR AKM) (B By kM, AV (kM) = 0
K/M

for a. e. A € a7 and for every s € W. Therefore, by Lemma 5.3 in Chap. Il in [17],
we can conclude that F; — F, = 0in L2 (K/M x a¥).

By the Paley—Wiener theorem for the Helgason—Fourier transform (Theorem 5.1
in Chap. Il in [17]), H f € L2 (K /M x a*)* for every f € D(X), so that H f is
uniquely determined by its restnctlon on K/M x a. We denote by Lo ¢
(K /M x a +) the space of the functions on K /M x a7 that are square-integrable
w.r.t. the measure Ic(k)lf2 dv’dA and the Plancherel theorem for the Helgason—
Fourier transform reads:

Theorem 26 (Theorem 1.5, Chap. II1, [17]) The restricted Helgason—Fourier trans-
form f i Hflk/mxa: extends to a unitary operator F from L%*(X) onto L%’c
(K/M x a%).

By the Plancherel formula (35), H is an isometry from D(X) into Lg'c
(K/M x a*). Next we show that, by Theorem 26, H(D(X)) embeds densely in
L2 (K/M x a*)*. Let F € L2, (K/M x a*)* be such that (F, H f)12 (k/mxar) =
0 for every f € D(X). By Fubini theorem it follows that '
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0= L f / FOM., 3) / F el =it Aok d ey (kM) —
K/M
=— / f / F(kM, 3)e P Aok qy0 (kM) f (x)dx
w X JK/M

= / / f F (kM ))eAFPAkM) g0 (e Ay F (x)dx
K/M

e (A)I2

dx
le()I?

da
le()?
dx

, 37
le(M)|? e7

/ / F&M, \)H f kM, 2)dv® (kM) ———
K/M

where we use that F satisfies Property # and |¢|? is W-invariant. Hence, (37) yields

(Flr/mxars Hflkmxar )iz (k mxay) = (Flimxass 7€ )12 (kpxary = 0,

for every f € D(X), and Theorem 26 implies that F/ = Oa.e.on K/M x a . Hence,
=0in L(% ¢ (K/M x a*) and H(D(X)) embeds densely in Lg,c(K/M x a*)¥, as
clalmed.
The following formulation of Theorem 26 suits our needs.

Theorem 27 The Helgason—Fourier transform H extends to a unitary operator 7
from L*(X) onto L% . (K/M x a*)%.
(K/M x a*).

In what follows, we always consider 5 as taking values in Lo ¢

4.3 The Horocyclic Radon Transform

We next introduce the horocyclic Radon transform, study its range, and we investigate
its intertwining properties with the quasi-regular representations 7 and 7 of G.

Because horocycles admit several explicit parametrizations, we define the horo-
cyclic Radon transform appealing directly to the basic parametrization W, as clarified
in the definition that follows.

Definition 28 (Sect.3, Chap. II, [17]) The horocyclic Radon transform Rf of a
function f € D(X) is the map Rf : E — C defined by

(RfoW,)(kM,a) = / f(kan[o])dn,
N

for every (kM,a) € K/M x A.

If we change reference point and pick x € X, we may use equality (28) and obtain
the equivalent definition
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(Rf oW,)(kM,a) = (Rf o W,)(kM, aexp(A,(x, kM)))
=/ fkaexp(A,(x, kM))n[o])dn. (38)
N

Definition 29 Let f € D(X). We denote by A f the map Af : K/ M x A — C
defined by

Af*kM,a) := VI (Rf)EM,a) = (Af% (Rf o W,))(kM, a).

It is worth observing that if the function f is K-bi-invariant, then A f coincides
with the Abel transform of f introduced by Helgason in Chap. Il in [17].
We need to introduce the Fourier transform on the Abelian group A.

Definition 30 (Sect.4.2, Chap.4, [8]) Let s € L'(A). The Fourier transform Fs of
s is defined on a* by

Fs(A) = / s(a)e g gy
A

We now state a fundamental theorem in the L? theory of the Fourier transform.

Theorem 31 (Theorem 4.26, Chap.4, [8]) The Fourier transform ¥ : L' N L*(A)
— C(a*) extends uniquely to a unitary operator from L?*(A) onto L?(a*). In partic-
ular,

1F sz = lIsllz2ca)-

We denote by R the regular representation of A on L>(A), which is defined for
every s € L?(A) and for every o € A by

Rys(a) = s(a_la), acA.

Furthermore, we denote by M the representation of A on L?(a*) defined for every
r € L*(a*) and for every o € A by

Mor(h) = e 080, A e a”.

Proposition 32 (Sect.7.2, Chap.5, [20]) The Fourier transform ¥ : L>(A) —
L%(a*) intertwines the regular representation R with the representation M, i.e.,

7:Ra = Mot?a

for every o € A.

We are now ready to recall the result which relates the Helgason—Fourier transform
with the horocyclic Radon transform. We refer to Proposition 33 as the Fourier
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Slice Theorem for the horocyclic Radon transform in analogy with the polar Radon

transform, see [19] as a classical reference. For the reader’s convenience, we include
the proof.

Proposition 33 (Sect.5, Chap. I, [17]) For every f € D(X) and kM € K /M, the
function a — Af kM, a) is in L'(A) and

TQF)AfkM, L) =HfkM,r), (39)

for almost every A € a*.

Proof If f € D(X) and kM € K /M, then by Proposition 22 and (20)

/ |Af (M, a)|da =/ P2 D|R f o W, (kM , a)|da
A A

< [ / e?108 D) £ (kan[o])|dnda
AJN

= / / / e? 108D £ (kank,[o])|dk,dnda
AJNJK

=/ ePAo®)| £ (kglo])|dg

G

=/ P Ak £(o0])|dg
G

:/ eP Ao kM) £ () |dx < +o00.
supp(f)

Thus, Af(kM, -) is in L' (A) and by similar steps it is easy to prove that
U QF)Af*hM,A) =HfkM, 1),

for almost every A € a*.
O

Let f € D(X). By the Paley—Wiener theorem for the Helgason—Fourier transform
(Theorem 5.1 in Chap. Il in [17]), H f is rapidly decreasing in the variable A € a*
uniformly over K /M, that is for every n € N

NHfN, = sup A+ AN Hf KM, 1)| < +o0.

kMeK /M, rea*

By Theorem 31 and Proposition 33, we have that
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/ R (&) Pde = / W2 (RF) (kM. a) Pdv” (kM)da
o) K/MxA
= / (I ® F)(WHRF)) kM, 1) [*dv (kM)dA
K/Mxa*
= / \H f(kM, 1) |>dv° (kM)dA
K/M xa*

dve (kM)da

:/ (1+ D> |H f kM, 1) |
K/Mxa* (1 + |)\'|)2n

< [IHFI A < 400,

—d
o (14 [A)?
for every n > dim A /2. Therefore, Rf € L*(E) for every f € D(X).

The horocyclic Radon transform intertwines the regular representations 7 and 7
of G.

Proposition 34 For every g € G and f € D(X)

R(r(g) /) =7 (QRS) .

Proof Let g € G and f € D(X). It is sufficient to show that R(w(g)f) o ¥, =
7(g)(Rf)oW,on K/M x A.Let (kM,a) € K/M x A. Then

R (8) f) o Wo(kM, a) =/ 7(g) f (kan[o])dn

N

= / f (g 'kan[o])dn
N

_ / k(g™ 6) exp(Hoy (g~ K))anfol)dn,
N

where we used the decomposition g~'k € «,(g~'k) exp(H,(g~'k))N and the fact
that A normalizes N. Now, by (14), (20) and (22), we have

Hy(g7'k) = —A,(k7'g) = —A,(glo], kM) = Agpy(0, kM) .

Finally, by g~' (kM) = k,(g~'k)M and (38) we have that

R () f) o Wo(kM, a) :/ [ (o (87"k) exp(Agpo) (0, kM))an[o])dn
N

= / f k(g7 "k) exp(A, (g~ '[0], g~ (kM)))an[o])dn
N

=Rf oWy (g~ (kM), a)
= (R (Rf) 0 W,(kM, a),
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where we used the action of G on E given in (34). U

We now introduce a closed subspace of L?(Z) which will play a crucial role
because it is the range of the unitarization of the horocyclic Radon transform. By
definition, for every x € X and every F € L?(E)

IF 72z :/ /|\11;F(kM,a)|2dadVX(kM) < 400.
K/MJA

So that, the function W} F(kM, -) is in L?(A) for almost every kM € K /M. Then,
by Plancherel formula and Fubini theorem

IF 2 = / Wi F (kM. a)*dv* (kM)da
K/MxA
=/ (I @ FYW!F(kM, 1) > dv* (kM)dx
K/Mxa*
:/ / |(I @ F)WF(kM, 1) |*dv* (kM)dA < +oo.
at JK/M

So that, for almostevery A € a* the function (I ® )W F (-, A)isin L*(K/M,v¥) C
L'(K/M,v*) and

| (I ® FY)WIF(kM, 1)dv* (kM)
K/M

< / [(I @ FYVIF(kM, A)|dv* (kM) < +oo.
K/M

Property b. We say that a function F € L?(E) satisfies Property b if for every
x € X the function

a3 A — (I ® F)W*F(kM, )dv* (kM)
K/M

is W-invariant almost everywhere.

We denote by L2(E) the space of functions F € L?(E) satisfying Property b.
Notice that by the considerations above, the integral appearing in Property b is finite
for almost every A € a*. Our main results in Sect. 5 are based on the characterization
of L2(E) given in Proposition 35 below. We denote by L2(K /M x a*) the space of
square-integrable functions on K /M x a* w.r.t. the measure v’ ® dA.

Proposition 35 The operator ®, defined on F € L*(E) by

®,F(kM, 1) = (I @F)WF(kM,)), ae (kM1)€ K/M x a*
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is an isometry from L*(E) into Lg (K/M x a*). Furthermore, a function F belongs
to L2(E) if and only if ®,F satisfies Property t.

Proof By Parseval identity, for every F € L?(E) we have that
/ |, F (KM, 1)|* dv’ (kM)da
K/Mxa*

=/ (1 @ F)W:F kM, )| drdv® (kM)
K/M Ja

= / | W F(kM, a)|2dv"(kM)da = IFl7x )
K/MxA

so that @, is an isometry from L?(E) into L{z, (K/M x a*).Now, let F € L*>(E). By
equation (28) and by the definition of the regular representation R of A, for almost
every kM € K/M and A € a* we have that

S, F(kM,)) = ®77)\IJ:F(kM, MN=0U® T)(A’% (FoW,))(kM, ))
= "W CEM) (1 @ FY(I & Rexpin, okityy 1) (A7 - (F o W) (kM, 1).

Therefore, by Proposition 32 we obtain

By F (M, 2) = e YD (1 @ Megpia, 0.y )T @ FIAT? - (F 0 W) (KM, 2)
= PRI ([ @ FY(A™Z - (F 0 W,))(kM, 1)
= PN A (1 @ FYWEF (KM, 1). (40)

Now, for every x € X and for almost every A € a*, (40) yields
/ PN ACKM @ F (kM 1)dv (kM)
K/M

= / e(p+ik)(A,,(x,kM))e(p—i)n)(A,,(xﬁkM))(1 ® FIW*F(kM, \)dv° (kM)
K/M !

= / (I @ FYWSF (kM, 3)e* A M dve (M)
K/M

:/ (I QF)VIF kM, ))dv* (kM). 41)
K/M

Equality (41) allows us to conclude that F' satisfies Property b if and only if &, F
satisfies Property ff and this concludes our proof.
O

Corollary 36 For every f € D(X),

qDo(Rf) = '7'{f
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in L2(K/M x a*) and Rf € L2(E).

Proof The proof follows immediately by Proposition 33 and the fact that the
Helgason—Fourier transform satisfies Property . (I

Some comments are in order. Proposition 35 with Corollary 36 shows the link
between the range of the Radon transform with the range of the Helgason—Fourier
transform, which is fundamental in our main result. The range R(D(X)) has already
been completely characterized in Chap. IV in [17]. As it will be made clear in the
next section, Property b allows us to formulate our findings synthetically.

S Unitarization and Intertwining

In order to obtain the unitarization for the horocyclic Radon transform that we are
after, we need some technicalities. Figure 4 below might help the reader to keep track
of all the spaces and operators involved in our construction.

We put

Dy={peL2(K/M x A): (I @F)p e L2 (K/M x a*)}

and we define the operator J,: D, C L2(K/M x A) — L2(K/M x A) as the
Fourier multiplier

I @F)Top) kM, 1) = (IQF)pkM, 1), ae.(kM,)) e K/M x a*.

1
Vel

We define the set of functions
E={F eL*(E): ®,F € L} (K/M x a*)}

and we consider the operator A: & C L*(E) — L*(E) given by

A A

L2(E) «—————— &ENLI(E) < & L*(E)
Q| AoR R L5 ¥
A Je
L2(X) «—— D(X) ° D, C SLX(K/MxA)| @,

time I®F IQF
~frequency o~ | -
1/ywle(d)] .
L} (K /M xa")——L2(K /M xa*)

Fig. 4 Spaces and operators that come into play in our construction
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—1
AF =W J,W F.

As a direct consequence of the definition of A and 7, for every F € & and for
almost every (kM, 1) € K/M x a* we have (see the rightmost block in Fig.4)

O, (AF) kM, 2) = (I @ F)(T,V, F)(kM, 1)

1
=———UQF)V,F)(kM, 1
ﬁlc(k)l( (W5 F)( )

=——®,F(kM, ). 42
Vwle()] ( ) (2

The operator A intertwines the regular representation 7 next.

Proposition 37 The subspace & is 7 -invariant and for all F € Eand g € G
T(QAF = An(g)F. 43)
Proof We consider F € &, g € G and we prove that 7 (g)F € &. By (34)
A(Q)F oW, (kM,a) = F o Wyo11)(g~ ' (kM), a)
for almost every (kM,a) € K/M x A. Therefore, we have

iR (QF) (M, a) = W, F(g~ (kM), a)

*
g7 '[o]

and consequently by Eq. (40)

(7 () F) KM, 2) = (I ® F) (W, F)(g~ (kM), )
— e(ﬂ—i)»)(Ag—l[”](O-g’l(kM>))q>0(F)(g*1 (kM), 1) (44)

for almost every (kM, L) € K/M x a*. By Egs. (44), (33) and (32)

N dve(kM)dA
/ D, (7 (§) F) (kM , )P ————
K/Mxa* wle()]
2/ / (@ (F) (g~ (kM), 1) uatos tany AV (KM
o JK/M wle(h)[?
sy ¢ Nk M)dA

= |Dy F (KM, 1)|2e* At
/K/an* ’ W|COL)|2

dve (kM)da

= |D, F(kM, 1)[*
/K/MW ’ wle(h)|?
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and we conclude that 77 (g) F € &. We finally prove the intertwining property (43).
We have already observed that, by Proposition 35, it is enough to prove that

Do(T(Q)AF) = Po(ATT(9)F)

for every g € G and F € &. By Eqgs.(44) and (42), for almost every (kM, L) €
K /M x a*, we have the chain of equalities

®,(R(QAF)KM, 1) = P~ P At EMN @ (AF) (g~ (kM), 1)
1

. (p=ir)(A =11, (0,87 (kM) -1
=———¢ ¢l D, (F)(g™ (kM), 1)
Vwle@)l

1 A A
= mq)a(ﬂ(g)F)(kM, 1) = Qo (AT () F)(kM, 1),

which proves the intertwining relation. ([
The next result follows directly by Proposition 35 and Eq. (42).
Corollary 38 Forevery F € & AF € L2(E) ifand only if F € L2(E).

Proof By Proposition 35, AF € L%(E) if and only if ®,(A F) satisfies Property f.
By (42) and since A — |¢(A)|is W-invariant, ®,(A F) satisfies Property f if and only
if ®,(F) satisfies Property #, which is equivalent to F € Lg(E). This concludes the
proof. (]

We are now in a position to prove our main result.
Theorem 39 The composite operator AR extends to a unitary operator
Q: L*(X) — LX(8)
which intertwines the representations 7w and 7, i.e.,
7(g)Q = Qn(g), g €G. (45)

Theorem 39 implies that v and the restriction 7 | 12z of # to L2(E) are unitarily
equivalent representations. Moreover, 7 | 2(z) (and then 77) is not irreducible, too.

Proof We first show that AR extends to a unitary operator Q from L?(X)onto L%(E).
It might be useful to keep in mind the leftmost block in Fig.4. Let f € D(X), by the
Fourier Slice Theorem (39), the Plancherel formula and the definition of J, and A,
we have that
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2 2
“f”LZ(X) = ”(l{fnle,»c(K/an*)t
2
= ”(1 ® 7:)(“IIS((RJC))||Lgyc(1(/11/[><u*)u

=/ (I ® F)(ToVERKM, 1) |>dv® (kM)d

K/Mxa*

=/ (I Q@ F)WI(ARS)) (KM, MPdv® (kM)da
K/Mxa*

= / WX (ARS) (KM, a)|*dv° (kM)da
K/MxA

Hence, AR is an isometric operator from D(X) into L?(E). Since D(X) is dense in
L%(X), ARextendsto a unique isometry from L2(X) onto the closure of Ran(AR) in
L?*(E). We must show that AR has dense image in Lg (8). The inclusion Ran(AR) C
LE(E) follows immediately from Corollary 36 and Corollary 38. Let F' € Lg(E) be
such that (F, ARf)2z) = 0 for every D(X). By the Plancherel formula and the
Fourier Slice Theorem (39) we have that

0= (F. ARf) )

= / (F o W,)(kM, a)(ARS o W,)(kM, a)e* ¢ dv° (kM)da
K/MxA

:/ (VXFYKM, a)(ToVER) (KM, a)dv’ (kM)da
K/MxA

= / O, (F) kM, 2)(I @ F)T,Wi(R)KM, M)dv’ (kM)dxr
K/Mxa*

dve (kM)d
Vwle)|

= Vwle() @0 (F) (kM ,\)WM
K/Mxa* wle|

:/ O, (F)(kM, 1)1 @ F)(Vs(Rf)) (KM, i)
K/Mxa*

For simplicity, we denote by ® F the function on K /M x a* defined as
OF (kM, L) = V/wle(W) |, (F)(kM, 1), ae. (kM,)) € K/M x a*.

Hence we have proved that (OF, H f) = 0 for every f € D(X). The next two
facts follow immediately by Proposition 35. Since ®, is an isometry from L2?(E)
into L} (K /M x a*), the function ® F belongs to L2 .(K/M x a*). Further, since
F e LE(E) and since A — |c¢())| is W-invariant, then OF € Lic(K/M x a*)?,
By Theorem 26, H(D(X)) is dense in Lac(K/M x a*)¥. Hence, OF =0 in
L2 (K/M x a*)* and then ®,(F) =0 in L2 (K /M x a*). Since ®, is an isome-
try from L?(E) into L(2, (K/M x a*),then F = 0in L?(Z). Therefore, Ran(AR) =
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L&(E) and AR extends uniquely to a surjective isometry

Q: L*(X) — L(B).

Observe that Qf = AR for every f € D(X). The intertwining property (45) fol-

lows immediately from Propositions 34 and 37. ]
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Entropy and Concentration )

Check for
updates

Andreas Maurer

1 Introduction

Concentration inequalities bound the probabilities that random quantities deviate
from their average, median, or otherwise typical values. If this deviation is small
with high probability, then a repeated experiment or observation will likely produce
asimilar result. In this way concentration inequalities can give quantitative guarantees
of reproducibility, a concept at the heart of empirical science [25].

In this chapter we limit ourselves to study quantities whose randomness arises
through the dependence on many independent random variables. Suppose that
(R2;, ;) are measurable spaces fori € {1, ..., n} and that f is real valued function
defined on the product space Q2 = []/_, i,

fix=x,..,x) €L f(x) eR.

Now let X = (X1, ..., X,,) be a vector of independent random variables, where X; is
distributed as u; in ;. For# > 0 and X’ iid to X we then want to give bounds on the
upwards deviation probability

el 00— £ [/ (%)] = 1)

in terms of the deviation ¢, the measures p; and properties of the function f. Down-
ward deviation bounds are then obtained by replacing f with — f. Usually we will
just write Pr { f — Ef > t} for the deviation probability above.

The first bounds of this type were given by Chebychev and Bienaimé [11] in the
late 19th century for additive functions of the form
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F® =) fix). (1)
i=1

The subject has since been developed by Bernstein, Chernoff, Bennett, Hoeffding,
and many others [4, 16], and results were extended from sums to more general and
complicated nonlinear functions. During the past decades research activity has been
stimulated by the contributions of Michel Talagrand [27, 28] and by the relevance
of concentration phenomena to the rapidly growing field of computer science. Some
concentration inequalities, like the well known bounded difference inequality, have
become standard tools in the analysis of algorithms [23].

One of the more recent methods to derive concentration inequalities, the so-called
entropy method, is rooted in the early investigations of Boltzmann [5] and Gibbs
[12] into the foundations of statistical mechanics. While the modern entropy method
evolved along a complicated historical path via quantum field theory and the logarith-
mic Sobolev-inequality of Leonard Gross [14], its hidden simplicity was understood
and emphasized by Michel Ledoux, who also recognized the key role which the
subadditivity of entropy can play in the derivation of concentration inequalities [18].
The method has been refined by Bobkov, Massart [20], Bousquet [9], and Boucheron
etal. [7]. Recently Boucheron et al. [8] showed that the entropy method is sufficiently
strong to derive a form of Talagrand’s convex distance inequality.

In this chapter we present a variation of the entropy method in a compact and
simplified form, closely tied to its origins in statistical mechanics. We give an expo-
sition of the method in Sect. 2 and compress it into a toolbox to derive concentration
inequalities.

In Sect.3 we will then use this method to prove two classical concentration
inequalities, the bounded difference inequality and a generalization of Bennett’s
inequality. As example applications we treat vector-valued concentration and gen-
eralization in empirical risk minimization, a standard problem in machine learning
theory.

In Sect. 4 we address more difficult problems. The bounded difference inequality
is used to prove the famous Gaussian concentration inequality. We also give some
more recent inequalities which we apply to analyze the concentration of convex
Lipschitz functions on [0, 1]", or of the spectral norm of a random matrix.

In Sect.5 we describe some of the more advanced techniques, self-boundedness,
and decoupling. As examples we give sub-Gaussian lower tail bounds for convex
Lipschitz functions and a version of the Hanson-Wright inequality for bounded ran-
dom variables and we derive an exponential inequality for the suprema of empirical
processes. We conclude with another version of Bernstein’s inequality and its appli-
cation to U-statistics.

We limit ourselves to exponential deviation bounds from the mean. For moment
bounds and other advanced methods to establish concentration inequalities, such as
the transportation method or an in-depth treatment of logarithmic Sobolev inequal-
ities, we recommend the monographs by Ledoux [18] and Boucheron, Lugosi, and
Massart [6], and the overview article by McDiarmid [23]. Another important recent
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development not covered is the method of exchangeable pairs proposed by Chatterjee
[10].

We fix some conventions and notation:

If (2, ) is any measurable space A (2) will denote the algebra of bounded,
measurable real valued functions on 2. When there is no ambiguity we often just write
Afor A (2). Although we give some results for unbounded functions, most functions
for which we will prove concentration inequalities are assumed to be measurable
and bounded, thatis f € A. This assumption simplifies the statement of our results,
because it guarantees the existence of algebraic and exponential moments and makes
our arguments more transparent.

If (2, X, n) isaprobability space we write Pr F = p (F)for F € X, and E [ f] =
Jo fdufor feLi[uland o [f1=E[(f — E [f])z] for f € L, [t]. Wherever
we use Pr, E or o2, we assume that there is an underlying probability space (2, X, ).
If we refer to other measures than u, then we identify them with corresponding
subscripts.

If Xisanysetandn € N,thenfory € Xandk € {1, ..., n} the substitution operator
S X" — X" is defined as

k
SYX = (X1, ooy Xk1s Vs Xkl ons Xn) for x = (xy, ..., x,) € X".

This and other notation which we introduce along the way is also summarized in a
final section in tabular form.

2 The Entropy Method

In this section we develop the entropy method and package it into a toolbox to prove
concentration inequalities.

2.1 Markov’s Inequality and Exponential Moment Method

The most important tool in the proof of deviation bounds is Markov’s inequality,
which we now introduce along with two corollaries, Chebychev’s inequality and the
exponential moment method.

Theorem 1 (Markov inequality) Let f € L[], f = 0andt > 0. Then

Pr{f>t}§E£f]

Proof Since f > Oandt > 0 we have 17., < f/t and therefore
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E[f]
Pe(f > 1= E[1] = Elp = 2L

Corollary 2 (Chebychev inequality) Let f € L, [u] andt > 0. Then

E[(f - E[f)? 2
Pr{lf —E[fll >} =Pr{(f - E[f)’ >’} < L/ > [f])]=at§f)-

To use Chebychev’s inequality we need to bound the variance o2 (f). If f is a
sum of independent variables, the variance of f is just the sum of the variances of the
individual variables, but this doesn’t work for general functions. In Sect. 3.1, however,
we give the Efron—Stein inequality, which asserts that for functions of independent
variables the variance is bounded by the expected sum of conditional variances.

The idea of Chebychev’s inequality obviously extends to other even centered
moments E [(f — E [ f1)*”]. Bounding higher moments of functions of independent
variables is an important technique discussed, for example, in [6].

Here the most important corollary of Markov’s inequality is the exponential
moment method, an idea apparently due to Bernstein [4].

Corollary 3 (exponential moment method) Let f € A, B > 0andt > 0. Then
Pr{f >t} = Pr{eﬁf > e’s’} < eiﬂ’E[eﬁf].

To use this we need to bound the quantity £ [eﬂf ] and to optimize the right-hand
side above over B. We call E [ef] the partition function, denoted Zg; = E [¢P/].
Bounding the partition function (or its logarithm) is the principal problem in the
derivation of exponential tail bounds.

If f is a sum of independent components (as in (1)), then the partition function
is the product of the partition functions corresponding to these components, and its
logarithm (called the moment generating function) is additive. This is a convenient
basis to obtain deviation bounds for sums, but it does not immediately extend to
general non-additive functions. The approach is taken here, the entropy method,
balances simplicity, and generality.

2.2 Entropy and Concentration

For the remainder of this section we take the function f € A as fixed. We could
interpret the points x € 2 as possible states of a physical system and f as the negative
energy (or Hamiltonian) function, so that — f* (x) is the system’s energy in the state x.
The measure p then models an a priori probability distribution of states in the absence
of any constraining information. We will define another probability measure on €2,
with specified expected energy, but with otherwise minimal assumptions.
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If p is a function on €2, p > 0 and E [p] = 1, the Kullback-Leibler divergence
KL (pdp,dp) of pdu todpu is

KL (pdp,duw) = E[plnp].

KL (pdu,dw) can be interpreted as the information we gain, if we are told that the
probability measure is pd u instead of the a priori measure du.

Theorem 4 Forall f € A B R

sup BE [pf]1— E[pInp]l =InE [¢/],
P

where the supremum is over all nonnegative measurable functions p on Q2 satisfying
The supremum is attained for the density

por = e JE[e"].

Proof We can assume § = 1 by absorbing it in f. Let p > 0 satisfy E [p] =1,
so that pdu is a probability measure and g € A+ E,[g] := E [pg] an expecta-
tion functional. Let ¢ (x) = 1/p (x) if p (x) > 0 and ¢ (x) = 0 if p (x) = 0. Then
Elplnp]l=—E[pln¢] = —E, [In¢] and with Jensen’s inequality

Elpfl—Elplnpl = E,[f +In¢] =Inexp (E, [f + In¢])
<hE, [exp(f +ln¢)] =InE, [qbef]
=InE [,oq&ef] =InE [lp>oef]
< lnE[ef].

On the other hand

E[fe'] _E [¢/In(e//E[e'])]
E [ef] E [ef]

Elpsfl=Elpsnps] = =nE[e].

O

In statistical physics the maximizing probability measure dugy = pgrdpu =
ePrd w/E [eﬁf ] is called the thermal measure, sometimes also the canonical ensem-
ble. 1t is used to describe a system in thermal equilibrium with a heat reservoir at
temperature 7 =~ 1/f. The corresponding expectation functional

E [geﬂf]

— 71 Bf
E[eﬂf] _ZﬂfE[ge ],forgeﬂ

Eprlgl =
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is called the thermal expectation. The normalizing quantity Zs, = E [¢#/] is the
partition function already introduced above. Notice that for any constant ¢ we have
Egr+o (8] = Epr 8]

The value of the function p > E [p In p] at the thermal density pg; = ngl ePr s
called the canonical entropy or simply entropy,

El’ltf (,3) =F [,Oﬂf ln pﬂf] = ﬂEﬁf [f] —_ 1[1 Zﬁf. (2)

Note that Ent_; (8) = Ent; (—f), a simple but very useful fact.
Suppose that p is any probability density on €2, which gives the same expected
value for the energy as pgy, so that E [pf] = Egy [ f]. Then

0<KL (,Odu, Z};fleﬁfdu)
=E[plnp]l —BE[pfl+InZg
=E[plnp]l —BEg [f1+1nZgs
= KL (pdp,dp) — KL (pgrdp, dp) .

The thermal measure dugs = pgrdp therefore minimizes the information gain rel-
ative to the a priori measure du, given the expected value —Egy [ f] of the internal
energy.

For g € Aand p = Z/eP! Theorem 4 gives

Egs[g] < Enty (B) + InE [¢f],

which allows to decouple g from f. This plays an important role later on in this
chapter.
For B # 0 define a function

1 1
Ar(B) = 3 InZg; = 3 InE [/]. 3)

By I’Hospital’s rule we have limg_.g A s (8) = E [ f], s0 A extends continuously to
R by setting A s (0) = E [ f]. In statistical physics the quantity A ; () so defined is
called the free energy corresponding to the Hamiltonian (energy function) H = — f
and temperature T ~ ~'. Theorem 4 exhibits the free energy and the canonical
entropy as a pair of convex conjugates. Dividing (2) by B and writing U = Eg¢ [ f1,
we recover the classical thermodynamic relation

A=U —T Ent,
which describes the macroscopically available energy A as the difference between

the internal energy U and an energy portion 7" Ent, which is inaccessible due to
ignorance of the microscopic state.
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The following theorem establishes the connection of entropy, the exponential
moment method and concentration inequalities.

Theorem S For f € Aand any > 0 we have

B Ent
InE[fV~ED] =8 niy (V)dy
0 y?

and, fort > 0,
. P Enty (y)
Pr{f — Ef >t} < inf exp ﬂ/ —zdy—,Bt .
B=0 0 14

Proof Differentiating the free energy with respect to 8 we find

1 1
Al (B) = EEﬁf [f1- 7 InZg; = B~*Enty (B).

By the fundamental theorem of calculus
InE [0 =1nZsr — BE[f1= B (A; (B) = Af (0)
P B Ents (y)
=5 [ Ay onar=p [ L,
0 0 14

which is the first inequality. Then by Markov’s inequality

Pr{f —Ef >t} <e P"E[efVF]
B :

< exp (ﬂ/ Emf—z(y)dy — ﬂt) .
0 4

O

Our strategy to establish concentration results will therefore be the search for
appropriate bounds on the entropy.
2.3 Entropy and Energy Fluctuations

The thermal variance of a function g € A is just the variance of g relative to the
thermal expectation. It is denoted oéf (g) and defined by

o4y (8) = Egs [(8 — Epy [81)2] = Epy [€°] — (Epr 2)"-

For constant ¢ we have oé(f“) [g]l = oéf [g].
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The proof of the following lemma consists of straightforward calculations, an
easy exercise to familiarize oneself with thermal measure, expectation and variance.

Lemma 6 The following formulas hold for f € A

1. 5 (In Zg) = Egr [f1.
2.Ifh : B+ h(B) € Ais differentiable and (d/dB) h (B) € A then

d d
—Egr[h(B)] = Egs [ (B) f1— Egr[h (B Egr [f]1+ Epy |:—h (,3)1| .

dp apg
3. 45 Epr [f*] = Epp [f**'] = Eps [*] Egr LS.
445 (InZps) = L Epr [f1 =03, [

Proof 1.is immediate and 2. a straightforward computation. 3. and 4. are immediate
consequences of 1. and 2. O

Since the members of A are bounded it follows from 2. that for f, g € A the
functions B +— Egy[g] and B +— aéf [g] are Co.

The thermal variance of f itself corresponds to energy fluctuations. The next
theorem represents entropy as a double integral of such fluctuations. The utility of this
representation to derive concentration results has been noted by David McAllester
[22].

Theorem 7 We have for 8 > 0

B rB
Entf(ﬁ):/o / o [f1ds dt.

Proof Using the previous lemma and the fundamental theorem of calculus we obtain
the formulas

g B/ B
BEgy [f]=/ Egy [f]dt=/ (/ o [f]ds+E[f]> dt
0 0 0

g B ot
anﬂf:/ Eif [f]dt=/ (/ o5 [f]ds+E[f]> dt,
0 0 0

which we subtract to obtain

and

B B t
Ent; (B) = BEgs [f]—lnzﬂf:/ <f o [f]ds—/ o [f]ds) dt
0 0 0

:/Oﬁ (/tﬁaszf[f]ds)dt.
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Since bounding agf [ f]1is central to our method, it is worth mentioning an inter-
pretation in terms of heat capacity, or specific heat. Recall that —Eg; [ f] is the
expected internal energy. The rate of change of this quantity with temperature 7 is
the heat capacity. By conclusion 4 of Lemma 6 we have

d

1
a7 (=EprLf]) = ﬁaéf [f1,

which exhibits the proportionality of heat capacity and energy fluctuations.

2.4 Product Spaces and Conditional Operations

We now set Q = [;_; @ and dp = [];_, duk, where each p is the probability
measure representing the distribution of some variable X in the space €2, so that
the X are assumed to be independent.

With A; we denote the subalgebra of those functions f € A, which are indepen-
dent of the k-th argument. To efficiently deal with operations performed on individual
arguments of functions in A we need some special notation.

Now letk € {1, ...,n} and y € Q. If E is any set and F is any function F : Q —
&, we extend the definition of the substitution operator Sf, to F by S;‘, (F)=FoS ’v‘ .
This means

va (F) ('xlv cre xn) = F (xlv ceey Xk—1, yv xk+l’ (RS xn) )

so the k-th argument is simply replaced by y. Since for f € A the function S;‘, fis
independent of x; (which had been replaced by y) we see that Sf, is a homomorphic
(linear and multiplication-preserving) projection of A onto Aj.
Fork € {1, ...,n} and y, y' € € we define the difference operator D_];,y/ A~
A by
Dy f =Sif =Sy f for f € A.

Clearly D;‘,Yy, annihilates A;. The operator ry : A — Ay, defined by rf =
Sup, yeq, D’;’y, f is called the k-th conditional range. We also use the abbrevia-
tions infy f = infycq, va‘f and sup, f = sup,cq, S;‘,f for the conditional infimum
and supremum.

Given the measures y; and k € {1, ..., n} we the operator E; : A — Aj; by

Eif =Ey [SEf]= /Q SEf i () .
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The operator Ey [.] = E [.|X1, ..., Xk—1, Xk41, .., X, ] is the expectation conditional
to all variables with indices different to k. E} is a linear projection onto Ay. Also the
E commute among each other, and for 4 € A and g € A; we have

E[[Exh) gl = E[E[hg]] = E [hg]. “4)

Replacing the operator E by E; leads to the definition of conditional thermody-
namic quantities, all of which are now members of the algebra Ay:

The conditional partition function Z; gy = Ej [eﬂf ],
The conditional thermal expectation Ey gr [g] = Z; ;f Ey [geP!] for g € A,
The conditional entropy Enty ¢ (8) = BE gr [ 1 — InZy gf,

The conditional thermal variance akzﬁf [g] = Expr [(g — Eypy [g])z] forg € A.

As  — 0 this becomes
e The conditional variance akz [g] = Ex [(g — Ex [g])2] for g € A.

The previously established relations hold also for the corresponding conditional
quantities. Of particular importance for our method is the conditional version of
Theorem 7

B rB
Ente ¢ (B) = f / ogy Lf1ds dt.
0 t

The following lemma, which states that the conditional thermal expectation just
behaves like a conditional expectation, will also be used frequently.

Lemma8 Forany f,ge A ke{l,..,n}, B eR

Egs [Exprlg]] = Eprlel-

Proof Using E [E[h]g] = E [hE; [g]]

) b
Egy [Expy l8]] = Z5/ E [E" [ge™] m}
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2.5 The Subadditivity of Entropy

In the non-interacting case, when the energy function f is a sum, f =Y f, itis
easily verified that Ent; ; (8) (x) = Enty ¢ (B) is independent of x and that

Ent; (B) =Y Entf (B).

k=1

In statistical physics it is said that entropy is an extensive quantity: the entropy of
non-interacting systems is equal to the sum of the individual entropies.
Equality no longer holds in the interacting, nonlinear case, but there is a subad-
ditivity property which is sufficient for the purpose of concentration inequalities:
The total entropy is no greater than the thermal average of the sum of the condi-
tional entropies.

Theorem 9 For f € Aand B > 0

Enty (B) < Egy [Z Ent.y (ﬁ)} 5)

k=1

In 1975 Elliott Lieb [19] gave a proof of this result, which was probably known
some time before, at least in the classical setting relevant to our arguments. Together
with Theorem 5 and Theorem 7 it completes our basic toolbox to prove concentration
inequalities. For the proof we need two auxiliary results.

Lemma 10 Let h, g > 0 be bounded measurable functions on 2. Then for any

expectation E

E [h] |: h]
E[h]ln —— < E|hln—|.
E[g] g

Proof Define an expectation functional E, by E, [h] = E [gh] /E [g]. The function
® (t) = tInt is convex for positive ¢, since ®” = 1/t > 0. Then

q,(Eg [hD _E, Elh
8 Elg]l Elg]

Thus, by Jensen’s inequality,

E [h] h
ElhIn 70t = E (8] E [—} InE, [




66 A. Maurer

Next we prove (5) for general positive functions.

Lemma 11 Letp € A, p > 0. Then

p p
E In —— E 1 .
[an[pJSZ [”Ek[p]]

k

Proof Write E¥[.] = E|E,...E;[.] with E° being the identity map on A. The
innocuous looking identity E [E k [.]] = E[.] is an obvious consequence of the fact
that we work with product probabilities. Without independence it would not hold,
and the following simple argument would break down. Note that E" = E. We expand

p_E°LPIE"[p] E"'[p] _yq  E“'Ip]
E[p]l E'[pl E2lp]l™ E"[p] 1 E*'[Ec[pll’

We get from Lemma 10, using E [E*'[]] = E[.],
o (-1 EF[p] }
Elpln—— | = E|E In ——
['D "E [p]} ; [ A VAT

EE"I[I pﬂ: E[l p].
5;[ I3

Finally we specialize to the canonical entropy.

Proof of Theorem 9 9 Set p = ¢/ in Lemma 11 to get

- oy e

B b
=) Egr[Bf —mE[M]]
k

= Egf |:Z Ent ¢ (/3):| ,
p

where we used Lemma 8 in the last identity. (I
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2.6 Summary of Results

The exponential moment method, Corollary 3, and Theorems 5, 7, and 9 provide us
with the tools to prove several useful concentration inequalities. Here is a summary:

Theorem 12 For f € A and B > 0 we have

Pr{f —Ef >t} < E[e!V ED]e ¥ (6)
B
InE [!V7ED] =B / Ents ) z(y)d)/ )
0 14
Enty (B) < Egy [Z Enty g (ﬂ)] (®)
k=1
B B
Ent; (B) :/ / o [flds di 9)
0 t
B B
Enty s (B) = /O / oo Lf1ds dt (10)

Concatenating the exponential moment bound (6), the entropy representation of
the moment generating function (7), the subadditivity of entropy (8) and the fluctua-
tion representation of the conditional entropy (10), we obtain the following generic
concentration inequality.

B n Y v
Pr{f—Ef>t}§fi£%eXp(ﬁ/0 ),ZEny;/O [ a,ij,_f[f]dsdt:|dy—ﬂt>.

This is the template for the results given in the next section.

3 First Applications of the Entropy Method

We now develop some first consequences of the method, beginning with the Efron—
Stein inequality, a general bound on the variance. Then we continue with the deriva-
tion of the bounded difference inequality, a simple and perhaps the most useful
concentration inequality, for which we give two illustrating applications. Then we
give a Bennett-Bernstein type inequality which we apply to the concentration of
vector-valued random variables.
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3.1 The Efron-Stein Inequality

Combining the fluctuation representations (9) and (10) with the subadditivity (8) of
entropy and dividing by 8% we obtain

1 B B n 1 B 8
F/o /t mzf[f]dsdtiEﬂfLX:l:E/o /t Uk%sf[f]dsdt.:|

Using the continuity properties of 8+ Egs[g] and B — oéf [f], which follow
from Lemma 6 we can take the limit as 8 — 0 and multiply by 2 to obtain

o’ If1<E [Za,f [f]] =E[Z*(N]. (11)
k

where we introduced the notation X2 (f) = " okz [f] for the sum of conditional
variances.

Equation (11) is the famous Efron—Stein—Steele inequality [26]. It is an easy
exercise to provide the details of the above limit process and to extend the inequality
to general functions f € L, [p] by approximation with a sequence of truncations.

3.2 The Bounded Difference Inequality

The variance of a bounded real random variable is never greater than a quarter of the
square of its range.

Lemma 13 If f € A satisfiesa < f < b then o> [f] < (b — a)* /4.

Proof

o> ()=ENf—ELfDFI=Ef —ELfD(f—a)
SEG-E[fDf-a]l=0-E[fDE[f]—-a)
(b—a)’
< —-
- 4
To see the last inequality use calculus to find the maximal value of the function
t—> b—1)@—a). .

The bounded difference inequality bounds the deviation of a function from its
mean in terms of the sum of squared conditional ranges, which is the operator
R? : A — A defined by



Entropy and Concentration 69

R(N=Yrn(P=Y sup (D!, 1)

k=1 k=1 Y- €%

Theorem 14 (Bounded difference inequality) For f € Aandt > 0

—2¢2
=1 =0 =0 (G )
xeQ

Proof Applied to the conditional thermal variance Lemma 13 gives

1 1
op s Lf1 < i, sup (D]y(,y’f)2 ="k f)?,

v,y €

so combining the subadditivity of entropy (8) and the fluctuation representation (10)
gives

Ent; (y)

I /\

n Y rv
Ey,f |:ZEntkf(y)i| E,s [Zfo / a,isf[f]dsdti|
k=1 !

_Eyf [/ /Vki:rk (f)21| ds dt

= % E,; [R*(N)]. (12)

I A

Bounding the thermal expectation E, s by the supremum over x € 2 we obtain from
Theorem 12 (7)

B ) 2
nE [f/F)] =8 / B W gy <2 swpr (@),
0 4 8 xeQ

and the tail bound (6) gives for all 8 > 0
B’ >
Pr{f —Ef >t} <exp gsupR (fHx)—pt).
xeQ

Substitution of the minimizing value 8 = 4t/ (supxGQ R%(f) (x)) completes the
proof. (]

Notice that the conditional range ry (f) is a function in A; and may depend on
all x; except x;. The sum R* (f) = Y 1_, rx (f)?* may thus depend on all the x;. It is
therefore a very pleasant feature that the supremum over X is taken outside the sum.
In the sequel this will allow us to derive the Gaussian concentration inequality from
Theorem 14. The bound (12) will be re-used in Sect.5.4 to prove a version of the
Hanson-Wright inequality for quadratic forms.
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In the literature one often sees the following weaker version of Theorem 14.

Corollary 15 For f € Aandt > 0

—212
Pr {f - Ef = t} = exp (ZZZI SUPyeq Tk (f)2 (X)) .

If fisasum f =), Xy, then r{ is independent of x and the two results are
equivalent. In this case we obtain the well known Hoeffding inequality [16].

Corollary 16 (Hoeffding’s inequality) Let Xy, be real random variables a, < X; <
by. Then

Pr Z(Xk —E[Xi]D) >t <exp (iz) .
& ZZ:[ (b — ay)

In returning to the general case of non-additive functions, it is remarkable that for
many applications the following “little bounded difference inequality”, which is yet
weaker than Corollary 15, seems to be sufficient.

Corollary 17 For f € Aandt >0

nc?

42
Pr{f—Ef>t}§exp( 2 )

where

c=max sup D’y‘ v X).
xeQ,y,y ey ’

3.3 Vector-Valued Concentration

Suppose the X; are independent random variables with values in a normed space
B such that EX; =0 and || X;|| < c¢;. Let Q; ={y € B: |ly|l <¢;} and define f :
H?:l Ql‘ —> R by

fx =

2
i

Then by the triangle inequality, for y, y’ with |y, |y'|| < c
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Dlyc,y/f x) = Z S§ ()| — Z Sf,/ (X);
= |2 s @i =S ) =yl
< 2¢,

so R2(f) (x) <4 > cl.z. It follows from Corollary 15 that

2
Pr{f—E[f]>r}sexp<chg),

or that for § > 0 with probability at least 1 — § in (X1, ..., X))

ZX,- Zx,- + /2Zc31n(1/5). (13)

If B is a Hilbert space we can bound E |}, X;|| < /3" E[lIX;]*] by Jensen’s
inequality and if all the X; are iid we get with probability at least 1 — §

2
- /E[||X1II]+Cl [21In(1/8) (14)
n n

3.4 Rademacher Complexities and Generalization

<E

1

Now let X be any measurable space and ¥ a countable class of functions f :
X —[0,1] and X = (X4, ..., X,,) be a vector of iid random variables with values
in X.

Empirical risk minimization really wants to find f € # with minimal risk
E[f (X)], but, as the true distribution of X is unknown, it has to be content with
minimizing the empirical surrogate

1
;lZf(Xi%

One way to justify this method is by giving a bound on the uniform estimation error

1
sup ~ | f (X)) — ELf (X)]|.

feF |5
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The vector space
B::g:TeR:supLg(fﬂ <oo}
feF

becomes a normed space with norm ||g|| = sup .+ |g (f)|. For each X; define X ;
€ Bby )2[ (f) = f (X)) — E[f (X)]. Then the X[ are zero mean random variables
in B satisfying HX i H < 1, and (13) of the preceding section gives with probability

atleast 1 — &
2In(1/8
sup Zf(X)—E[f(X)] < Esup Zf(x)_ [f(Xi)]-l-\/T/).
fer |1t fer "

The expectation term on the right-hand side can be bounded in terms of Rademacher
complexity [3]. This is the function R : ¥ x X" — R defined as

Ze,f (xi)

where the € = (€1, ..., €,) are vectors of independent Rademacher variables which
are uniformly distributed on {—1, 1}. We have, with X iid to X;

’

2
R(F,x) =—E.sup
n feF

IA

1 1
~E sup Zf(X)— f(Xi)]‘ ~Exy sup

n. frer

Y- £(x)

_EXX sup

3

P> e (f (X0 = f (X))

for any € € {—1, 1}", because the expectation is invariant under the interchange of
X; and X| on an arbitrary subset of indices. Passing to the expectation in € and using
the triangle inequality gives

1 1
s Zf(X)—E[f(X)]‘ =< ~Exx Ec esup | Ze, (fxn—f(X ))‘
< 2 ExE. sup s
feF
= ExR((F,X).

Now we use the bounded difference inequality again to bound the deviation of
R (F, .) from its expectation. We have, again using the triangle inequality,
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|

2
Dlv‘yy,R (F,x) = —E, |:sup
il n feF

DSy f ()

— sup
feF

YoaShf ()

IA

S|

2
~E. |:sup & (fO)—f (y’))|:| =
fef

and thus obtain
Pr{E[R(F, )] >R(F,)+1} <e™/

or, for every § > 0 with probability at least 1 — §

E[R(F.X)] <R(F, X)+,/w. (15)

By a union bound we conclude that with probability at least 1 — §

5R(?’,X)+2,/—21n’(12/8).

3.5 The Bennett and Bernstein Inequalities

1
sup |~ > f (Xi) = ELf (X))

fer

i

The proof of the bounded difference inequality relied on bounding the thermal vari-
ance a,i pr (f) uniformly in B, using the constraints on the conditional ranges of
f. We now consider the case, where we only use one constraint on the ranges, say
f — Ex[f] < 1, but we use information on the conditional variances. This leads to
a Bennett type inequality as in [23]. Recall the notation for the sum of conditional
variances 2 (f) := Y_ o (f). Again we start with a bound on the thermal variance.

Lemma 18 Assume f — Ef < 1. Then for B > 0
o5 (f) < efo’ (f)

Proof
oh () =iy (F = EF) = Epiyip [(F = EN*] = (Eps—ep Lf — Ef1)°
E [(f — Ef)? eﬂ(f—Ef)]

E [eP(F=ED]
E[(f — Ef)*e’Y=ED] (by Jensen’s inequality)
e’E[(f — Ef)*] (now using f — Ef < 1).

< Egi-ep [(f —EP?] =

IA

IA
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Next we bound the entropy Ent/ (8).
Lemma 19 Assume that f — Eyf < 1forallk € {1, ...,n}. Then for § > 0

Enty (B) < (B’ — e’ +1) Egr [Z*()].

Proof From Theorem 12 and the previous lemma we get

n B rB B rB
Enty (B) < Egf [Zfo / ol [f1ds dt:| 5/0 / ¢’ds dt Egs [22 ()]
k=1 t t

The conclusion follows from the formula
B rB B
/ / esdsdtzf (ef —e')dt = Bef —ef +1.
0o Jr 0

‘We need one more technical Lemma.

Lemma 20 Forx >0
(1+x)In(1+x)—x >3x*/(6+2x).
Proof We have to show that
fi (@) == (6+8x +2x*)In (1 +x) — 6x — 5x* > 0.
Since fi (0) = 0 and f{ (x) =4 f; (x) with f, (x) := 2+ x)In(l +x) — 2x, it is

enough to show that f5 (x) > 0.But f> (0) = Oand f; (x) = (1 + O '+ Ind +x)
— 1,50 f; (0) =0,but £ (x) =x(1 +x)72>0,s0 f> (x) > 0. O

Now we can prove our version of Bennett’s inequality.

Theorem 21 Assume f — Eyf <1,Vk. Let t > 0 and denote V = sup,.q 32
(f) X). Then

Pr{f —E[f] >t} <exp (—V ((1 + tV’l) In (1 + tV’l) - tVﬁl))
=P (m) -
Proof Fix § > 0. We define the real function
Yy =e —1—1, (16)

which arises from deleting the first two terms in the power series expansion of the
exponential function and observe that
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B eV — oV
ye e’ +1 _ B
/ 2 d‘}/:ﬂl(e'ﬁ—ﬂ—l):ﬂ llﬁ(ﬂ),

0 14
because (d/dy) (y ™' (&7 = 1)) =y 2 (ye” —e” + 1) andlimy_oy ' (¥ — 1) =
1. Theorem 12 and Lemma 19 combined with a uniform bound then give

In EePU—EN — g /ﬂ Ent; (y)dy
0 y?
B yer —e¥ +1
<B (/ %dy) sup 2% (f) () = ¥ (B) V.
0 14 xeQ
It now follows from Theorem 12 that Pr{f — E[f] > t} < exp (¥ (B) V — Bt) for

any § > 0. Substitution of 8 = In (1 + tV‘l) gives the first inequality, the second
follows from Lemma 20. O

Observe that f is assumed bounded above by the assumptions of the theorem.
The existence of exponential moments E [¢#/] is needed only for B > 0, so the
assumption f € A can be dropped in this case.

If f is additive the theorem reduces to the familiar Bennett and Bernstein inequal-
ities [16].

Corollary 22 Let X; be real random variables X, < E[Xy]+ 1 and let V =
>, 0% (Xk). Then

Pr {Z(xk — E[X,]) > t} <exp(-V((L4+tV " )In(1+:v7") —tv)
k

—¢2
< _— .
= &P <2v + 2t/3>

Theorem 21 and its corollary can be applied to functions satisfying f — E; [ f] <
b by a simple rescaling argument. Then Bernstein’s inequality becomes

_tz
Pr{f — E[f] >t} <exp <25queQ 22 (f) (%) +2bt/3> )

Inequalities of this kind exhibit two types of tails, depending in which of the two terms
in the denominator A + B of the exponent is dominant. In the sub-Gaussian regime
A >> Bt thetail decays as e~""/A_This is the way the bounded difference inequality
behaves globally, but with a very crude approximation for A, while Bernstein’s
inequality uses variance information. But for larger deviations, when A << Bt, the
tail only decays as e~/4. This subexponential behavior is absent in the bounded
difference inequality and the price paid for the fine-tuning in Bernstein’s inequality.
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3.6 Vector-Valued Concentration Revisited

We look again at the situation of Sect. 3.3. Suppose again that the X; are independent
zero mean random variables with values in normed space, which we now assume
to be a Hilbert space H, but that now we have a uniform bound || X;| < c. Again
we define f:{ye H:|y|<c}" > Rby f(x) = || DX H and observe that for
v,y € H, D’y"},/f (x) < ||y — y’||. This implies that f — E} [ f] < 2c and also

1
Gk )= E(} Y~ ud (D” f(x)) = 2E<M)~uk ”y M ” = E|IXc]*.

Thus X2 (f) < YL EIX; I?> and by Bernstein’s inequality, Theorem 21,

Pr{f —E[f]>1} EeXp<QZ,E||X'I|2+4Ct/3>’

or that for § > 0 with probability at least 1 — § in (X, ..., X},)

‘Zx \/ZE 1X:1%] / ZEHX 1%1n (1/8) + 4cIn (1/8) /3,

where we again used Jensen’s inequality to bound E || > X || If all the X; are iid
we get with probability at least 1 — §

[1X117] 4cIn (1/5)
,/T (1 n 21n(1/<3)) +—

If the variance E [||X 1 ||2] is small and 7 is large, this is much better than the bound
(14), which we got from the bounded difference inequality.

ZX

4 Inequalities for Lipschitz Functions and Dimension Free
Bounds

We now prove some more advanced concentration inequalities. First we will use the
bounded difference inequality to prove a famous sub-gaussian bound for Lipschitz
functions of independent standard normal variables. We then derive an exponential
Efron—Stein inequality which allows to prove a similar result for convex Lipschitz
functions on [0, 1]". We also obtain a concentration inequality for the operator norm
of a random matrix, with deviations independent of the size of the matrix.
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4.1 Gaussian Concentration

The advantage of the bounded difference inequality, Theorem 14, over its simplified
Corollary 15 is the supremum over x outside the sum over k. This allows us to prove
the following powerful Gaussian concentration inequality (Tsirelson-Ibragimov—
Sudakov inequality, Theorem 5.6 in [6]). We assume ; = R and pu; to be the
distribution of a standard normal variable, and we require f to be an L-Lipschitz
function, which means that for all x, x’ € R”

f(x)—f(x') §L”X—x’|

’

where ||.|| is the Euclidean norm on R”.

Theorem 23 Let f : R" — R be L-Lipschitz and let X = (X1, ..., X,,) be a vector
of independent standard normal variables. Then for any s > 0

Pri{f(X)>Ef(X)+s}<e /2,

Note that the function f is not assumed to be bounded on R”.

Proof The idea of the proof is to use the central limit theorem to approximate the
X; by appropriately scaled Rademacher sums hg (¢;) and to apply the bounded
difference inequality to f (kg (€1), ..., hg (€,)).

By an approximation argument using convolution with Gaussian kernels of
decreasing width it suffices to prove the result if f is C? with |(82 /xiz) f (X)| <B
for all x € R” and i € {1, ..., n}, where B is a finite, but arbitrarily large con-
stant. For K € N define a function hg : {—1, 1}* — R, a vector-valued function
hg : {—1, 1}*" — R” and a function G : {—1, 1}X" — R by

K

1

hi (€) = ﬁZek, fore € {—1, 1}X
k=1

hg (€) = (hg (€1), ..., hk (€)) fore = (€1, ..., €,) € {—1, 1}K"
Gk = f (hg (¢)) fore e {—1, 1}K".

We will use Theorem 14 on the function G applied to independent Rademacher
variables €.

Fix an arbitrary configuration € € {—1, 1}X" and let x = (xy, ..., x,) = hg (€).
For each i € {1, ..., n} we introduce the real function f; (1) = S! f (x), so that we
replace the i-th argument x; by 7, leaving all the other x; fixed. Since f is C* we
have for any r € R

2
Fatn) —f ) =1fl (x) + %f ()
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for some s € R, and by the Lipschitz condition and the bound on ‘ fi”]

t

4
Fie+0—fi ) =02 (f @) +2F @) [ () + L )’
4
< (f/ @) + P LB+ B

Now fix a pair of indices (i, k) withi € {1, ...,n}and k € {1, ..., K} and arbitrary
. 2
values y, y' € {—1, 1} with y £ y’. We want to bound (D;”’yk,)Gk (6)) . Now either

one of y or y is equal to €z, so either S G (€) or S)(,';’MGK (¢)isequal to G (€).
Without loss of generality we assume the second. Furthermore § f hi (€;)and hg (€;)
differ by at most 2/+/K, so

. 2
<D§,’,’)’,‘,)GK (e)) = (f (%1 s S5 (€0) s s X0) = F 1y oo B (&) oo 5))

) 2
= (fi (hK () £ ﬁ) — fi (hk (Q)))

_ 4fi (g (&)  SLB 4B’
= K K32 T K2

Now f/ (hx (€;)) is just equal to (8/9x;) f (X), so

D (hi (€))* < sup [V f 0)|* < L.

xeR"
Since € was arbitrary we have

8nLB 4nB?
K172 + K

. 2
sup Y sup (DG (€)= 4L +
€ ki MY

From Theorem 14 we conclude from f (hg (¢)) = G (¢) that

l —s°
Prif the @) =Ef (e () = s} < exp (2L2 +4nLB/K'2 + 2n32/1<) ‘

The conclusion now follows from the central limit theorem since g (¢) — X weakly
as K — oo. O
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4.2 Exponential Efron Stein Inequalities

We will now use the entropy method to derive some other “dimension free” bounds
of this type. We need the following very useful result.

Lemma 24 (Chebychev’s association inequality) Let g and h be real functions, X
a real random variable.
If g and h are either both nondecreasing or both nonincreasing then

Elg(X)h(X)] = Elg (X)]E[h(X)].
If either one of g or h is nondecreasing and the other nonincreasing then
Elg(X)h(X)] = Elg(X]E[h(X)].

Proof Let X’ be a random variable iid to X. Then

1
Elg(X)h(X)1=Elg O1Eh (X1 = JE[(g (X0 =g (X)) (h () —h (X))].
Now if g and # are either both nondecreasing or both nonincreasing then
(g 0 =g (X)) (h(X) = 1 (X))

is always nonnegative, because both factors always have the same sign, in the other
case it is always nonpositive. (I

We use this inequality to prove a bound on the thermal variance. First recall that
for two iid random variables X and X’ we have

o2 (X) = %EXX/ [(x = x)’]

1 1
= EEXX’ [(X - X/)2 1)(>x'] + EEXX’ [(X - X/)Z 1)<<x']

N2
=EXX/[(X—X)+].
Lemma 25 Let 0 <s < B. Then
2
62 (f) < Exmpy, [Ex,w [( fe)—f (x/))+]] .
Proof Let ¢ be any real function. Lemma 6 (2) gives

d
EEﬂf [ (D= Egr [ () f1—Egr [V (] Epr Lf]. (17
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By Chebychev’s association inequality Egy [y (f)] is nonincreasing (nondecreas-
ing) in B if v is nonincreasing (nondecreasing). Now define g : R> — R by

g (s, 1) = Exvy,, [ X~y [(f x)—f (X/))2 lf(x)zf(x’)]] ,
so that

03 () = 5 Evey [Evmn [(F 00 = 1 ()] = 815,90

Now for fixed x the function (f (x) — f (x’))2 1 /()= f(x) is nonincreasing in f (x'),

s0 g (s, 1) is nonincreasing in 7. On the other hand, for fixed x', (f (x) — f (x’))2
1 #(x)= r(y 18 nondecreasing in f (x), so g (s, t) is nondecreasing in s (this involves
exchanging the two expectations in the definition of g (s, t)). So, since pos = u, we
get from 0 < s < § that

0% ()= 8(5.8) = 8 (B.0) = Expy, [ Evmy [(f 0 = £ (¥))1]].

O

Here is another way to write the conclusion: let & € A be defined by 4 (x) =
Ev [ (£ @) = £ (¥))} ] Then o () < Egy 141,
Define two operators D? : A — A and V? : A — Aby

2
D'f = Z( — inf Sf )
and Vi f = ZEyNW |:((f — Sﬁf)+)2:| )
k

Clearly V2 f < D?f as D*f is obtained by bounding the expectations in the
definition of VZ by their suprema.

Lemma 26 For > 0and f € A
B’ n
Enty (B) < — Egy [Vfn].

Proof Fork € {1,...,n}writehy = Ey, [(f Skf) ] sothat V* (f) = Y, hy.
The conditional version of Lemma 25 then reads for0 < s < Band k € {1, ..., n}

Ukz,sf (f) < Expr[hil.

Theorem 12 gives
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B B )
Enty (8) < / / Z Egs [ak’sf (f)]dsdt
0 t &
B rB
< / / > Epy [Evpr (i) dsdt
0 t &
B rB
= / [ ZE/gf [hk]dsdt
rok

2
= %Eﬂf [V:(hl.

where we used the identity Egs [ Ey y [h]] = Epgy [h] for h € A. O

The usual arguments involving Theorem 12 and an optimization in 8 now imme-
diately lead to

Theorem 27 Witht > 0

—[2 —l2
HU—EUbwhﬂw<§E;;€ﬁ5>5“«Z@Qﬁfﬂ5)

We get a corresponding lower tail bound only for D? and we have to use an
estimate similar to what was used in the proof of Bennett’s inequality.

Lemma 28 If f —inf, f < 1, Vk then for 8 > 0

Ent_; (B) < ¥ (B) E_ps [D*f],

withyr (t) = ¢' —t — 1 defined as in (16).
Proof Letk € {1, ..., n}. Wewrite h; := f — inf; f.Thenh; € [0, 1]andfors < 8
we have 1 < B9 < oB=s g9

E[hlePhe®=om] B [he ]

27 —
E-one [1i] = Ey[ePrie®—om] ~  E[ePn]

=" E g, [7] -

We therefore have

/ / Ex —sf hk dsdt / / Ek—shk dsdt

( ﬂ%ﬂmﬁd]w@mm[]

where we used the formula

B rB
/ / edsdt=1—e¢P — Be
o Ji
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Thus, using Theorem 12 and the identity E_gsEy _gr = E_gy,

B b B b
Ent_; (B) < E_py [Z/O / o, [f1ds d;} < E_p [Z/O / Exys [1})] ds dz}
k ! k !

= VB E-gy [Z Ex—sf [h,%]} = v (B E—gs | DS ].
k

|
Lemmas 26 and 28 together with (7) imply the inequalities
E B[’ 2
In E [/V7FUD] < 5/0 Eyp [VIf]dy. (18)
and, if f —inf; f <1 for all k, then
B
nE [eﬂ<E[f]—f)] < %/{) E_,; [sz] dy, (19)

where in the last inequality we also used the fact that y + ¥ (y) /y? is nondecreas-
ing. Bounding the thermal expectation with the uniform norm and substitution of

B =In (1 +1||D*f|| ;01> gives the following lower tail bound as in the proof of the
Bennett-Bernstein inequalities.

Theorem 29 If f —infy f <1 for all k, then for t > 0 and with A := sup,.q
D*f (x)

Pr{Ef — f >t} <exp (—A ((1 +é>ln <1 +é> —i))

2
< .
=P (2 SUpyeq D2f (%) + 2r/3)

4.3 Convex Lipschitz Functions

In Sect.4.1 we gave a sub-gaussian bound for Lipschitz functions of independent
standard normal variables. Now we prove the same upper tail bound under different
hypotheses. Instead of assuming p; to be standard normal we require 2; = [0, 1]
and let pu; be perfectly arbitrary. On the other hand, in addition to being an L-
Lipschitz function, we require f to be convex (actually only separately convex in
each argument).

Theorem 30 Let Q = I, an interval of unit diameter, and let f € A be C!, L-
Lipschitz and such that y € [0, 1] — Sff (x) is convex for all k and all X. Then
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Pr{f—Ef >t} <e' /2
Proof By an approximation argument we can assume f to be differentiable. Letx €

[0,1]", k € {1, ...,n} and y € [0, 1] such that S’y‘f (x) < f (x). Then, using separate
convexity,

d
) =S5 (x) < (x = 8%, 0f (%), = (% — y) PO

d
a_xkf (x)

We therefore have f (x) — inf, S;‘ f(x) <1(3/dxx) f (x)] and

n

2
D’f(x)=)_ (f (x) — inf S| f (x)) <IVf ®llg. < L%

k=1
Theorem 27 then gives the conclusion. (]

For future reference we record the following fact: if €2; is an interval of unit
diameter and A anm x n-matrix then x — || Ax|| is a convex function with Lipschitz
constant || A|| and thus

D* (| Ax|)) < IIAI. (20)

4.4 The Operator Norm of a Random Matrix

For x € [—1, 1]"2 let M (x) be the n x n matrix whose entries are given by the
components of x. We are interested in the concentration properties of the operator
norm of M (X), when X is a vector with independent, but possibly not identically
distributed components chosen from [—1, 1]. The function in question is then f :
[—1, 17" — R defined by

fE=IMX|= sup (MEv,w),

Iwll.lvii=1

where (., .) and ||.|| refer to inner product and norm in R".

To bound D? f (x) first letx € [—1, 1]”2 be arbitrary but fixed, and let v and w be
unit vectors witnessing the supremum in the definition of f (x).

Now let (k, /) be any index to a matrix entry and choose any y € [—1, 1] such
that SV f (x) < f (x). Then

f® =S =M v,w)— sup (SEOM )V, W)
Iw i vi=1 "~

(M (x) = SO M (x0)) v, w) = (xr — y) view;

<
< 2|vlIwl.
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Note that f — inf; f < 2. Also

2
sz<x>=2<f(x) nf S”‘”f(X))

1,11 7
k.l !

2 2
<4> Wl wmf =4
k,l

The results of the previous section (rescaling for the lower tail to get f — inf; f < 1)
then lead to a concentration inequality independent of the size of the random matrix.

Theorem 31 Let X = (X i j) I<i.j<n be a vector of n* independent random variables
with values in [—1, 1], and X' iid to X. Then for t > 0.

2

Pr{IM X - E[[M (X)[] =1} <exp <_T)

and

P (1 ()] - 101 001 = 1} < exp (52 ).

Observe that the argument depends on the fact that the unit vectors v and w could
be fixed independent of k and /. This would not have been possible with the bounded
difference inequality. Also note that square matrices were chosen for notational
convenience only. The same proof would work for rectangular matrices.

5 Beyond Uniform Bounds

All of the above applications of the entropy method to derive upper tail bounds
involved an inequality of the form

Enty (y) <§ () Eyr [G ()],

where & is some nonnegative real function and G is some operator G : A — A,
which is positively homogeneous of order two. For the bounded difference inequality
£ (y) = y?/8 and G = R?, for the Bennett inequality & (y) = ye” —e” 4+ 1 and
G = X2, for Theorem 27 we had £ (y) = y?/2 and G = Vf. Theorem 12 is then
used to conclude that

)d)/

In EPU Ef><f3/ A2y f[G(f)]dV<ﬂSUPG(f)()/ §0dy

21
An analogous strategy was employed for the various lower tail bounds.
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The uniform estimate E,; [G (f)] < sup, G (f) (x) in (21), while being very
simple, is somewhat loose and can sometimes be avoided by exploiting special prop-
erties of the thermal expectation and the function in question.

5.1 Self-boundedness

The first possibility we consider is that the function G (f) can be bounded in terms
of the function f itself, a property referred to as self-boundedness [8]. For exam-
ple, if simply G (f) < f,then E, ¢ [G (/)] < E, ¢ [f]l=(d/dy)InZ,;, and if the
function £ has some reasonable behavior, then the first integral in (21) above can be
bounded by partial integration or even more easily. As an example we apply this idea
in the setting of Theorems 27 and 29.

Lemma 32 Suppose that for f € A there are nonnegative numbers a, b such that
(i) fo <af+b.Thenfor0 < B <2/a
2
InE [FU-E0] < P @Ef +5)
- 2 —ap

(ii) D*f < af + b. If in addition f —inf; f <1 for all k, then for B < 0 and
a>1
2
In £ [#EU10] < P @E[f1+b)
- 2

Proof (i) We use (18) and get

. b 2
In E [/ ~FUD] < ﬁ/ vl sz]dy<—ﬂ i Eyf[f]dy+%
ap bp?
= —InZg + —
> nZgr+ 5

where the last identity follows from the fact that £, ¢ [ f] = (d/dy)In Z, ;. Thus

2
In E [P -FUD] < flnEgﬂ(f ey . 9B? Ef_,_%

and rearranging this inequality for 8 € (0, 2/a) establishes the claim.
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(i1) We use (19)

ME[JwUkﬂ] ‘KgQ[fE—ﬂ[D%ddV

B _
<@ (ﬂ)/ E_yr[f1dy + by 8) = 2P
B 0 B

- w InE [eﬁ(E[f]_f)] + 9 B)@ELf1+Db).

InZ_gr + by (B)

Rearranging gives

_ ¥ (B) B* (aE [f1+b)
B(ELfI-1) r - 77
InE[e ]Sl+a’871w(ﬁ)(aE[f]+b)§ > ,

where one verifies that for 8 > 0 and @ > 1 we have ¥ (B) (1 +ap~'y (,3))_1 <
B/2. O

The bound in part (i) requires an upper bound on S. To proceed we need the
following optimization lemma, which will be used several times in the sequel and
leads to tail bounds with both sub-Gaussian and subexponential regimes, similar to
Bernstein’s inequality.

Lemma 33 Let C and b denote two positive real numbers, t > 0. Then

) Cﬂz —l2
inf —pBt + =< . (22)
Bel0.1/b) 1—b8) ~ 202C +br)

Proof Leth (t) =141t — /1 +2¢t. Then use
b1+ =204+0>=20+0)V1+2t
=(0+0>=204+D)VT+2t+ (1 +28) + 12
2
= (1+t—«/1+2t> +1?

> 12

so that

2

1 AN
ﬂ=Z<1_(1+E> )

in the left side of (22) we obtain

(23)

Substituting
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2 2 bt —1?
inf (—pr+ cp 5——Ch — )<=
Bel0,1/b) 1—-b8 b? 2C 2 (2C + br)

where we have used (23). ([l

Theorem 34 Suppose for f € A there are nonnegative numbers a, b such that
(i) fo <af + b. Then fort > 0 we have

_ 42
Pr{f — E[f] >f}feXp(z(aE[f]ibJraf/z)).

(ii) sz <af +b. If in addition, a > 1 and f —inf; f < 1,Vk € {1, ..., n},
then

2
Pr{E[f]—f>t}§eXP<2(aT}]+b)>-

Proof Part (i) follows from Lemmas 32 (i) and Lemma 33). Part (ii) is immediate
from Lemma 32 (ii). (]

Boucheron et al. [8] have given a refined version for the lower tail, where the
condition a > 1 is relaxed to a > 1/3 for the lower tail. There they also show that
Theorems 34 and 27 together suffice to derive a version of the convex distance
inequality which differs from Talagrand’s original result only in that it has an inferior
constant in the exponent.

5.2 Convex Lipschitz Functions Revisited

In Sect.4.3 we gave a sub-Gaussian bound for the upper tail of separately convex
Lipschitz functions on [0, 1]". Now we use self-boundedness to complement this with
a sub-Gaussian lower bound, using an elegant trick of Boucheron et al. [6] where
the lower bound in Theorem 34 is applied to the square of the Lipschitz function f.
The essence of the trick is the following simple lemma.

Lemma 35 If f > 0 then D2 (f2) < 4D (f) f2.
Proof Since f > O wehaveinf (f2) = (infy f)?,s0,using (a + b)* < 2a® + 21,

D*(f?) = Z(fz—irszz)z:Z(f—irlsz>2<f+i1]}ff>

k

2

2
<477 (f —inf f) =4D*(f) f*.
k
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For the sub-Gaussian lower bound we need the additional assumption that f2
takes values in an interval of length at most one.

Theorem 36 Let 2, = [0, 1] and let f € A be L-Lipschitz, nonnegative and such

thaty € [0, 1] — S(‘f (x) is convex for all k and all X, and suppose in addition, that

f? takes values in an interval of length at most one. Then for all t € [0, E [ f]]
Pr{E[f]—f >t} <e /P,

Proof The trick is to study the function f? instead of f. Let x € [0, 1]". Using

separate convexity as in the proof of Theorem 30 we have D?f < L2, so by the

previous lemma D? (f)* <4L?f2. For any k we have f2(x) — inf sz x) <1,s0
by the lower tail bound of Theorem 34 we get a lower tail bound for f2

Pe{E (%] - /> 1) < exp (ﬁm)
Thus
PHELf1— f > 1) =P\ JE[F2]ELf1- /) > mf}
| (J71) 1) 7
el ()= 72 B[]
< exp (8‘_;>

Here weused E[f] <,/ E [ f 2] and the assumption that f is nonnegative in the first
inequality. |

5.3 Decoupling

A second method to avoid the uniform bound on the thermal expectation uses decou-
pling. By the duality formula of Theorem 4 we have forany f, g € Aand B € R

Egs[g] < Enty (B) + InE [ef]. (24)

Recall the discussion at the beginning of Sect. 5, where we had a general bound of
the form Ent, (8) < & (B) Egs [G (f)]. Using (24) we can now obtain for any A > 0



Entropy and Concentration 89

Ent; (B) < & (B) A~ Egr MG (/)] =& (B)A~" (Enty (B) +InE [exp (AG (f))]) .
and for values of 8 and A where A > & () we obtain

£ (B)

Enty (B) < £ B InE [exp (AG ( f))] 25)
_ §(B) MG(N—EIGNHD
—‘f InE + AE[G .
»—£B) (n [e ] [ (f)])

Hence, if we can control the moment generating function of G ( f) (or some suitable
bound thereof), we obtain concentration inequalities for f, effectively passing from
the thermal measure gy to the thermal measure ;G (s). The second line shows
that in this way the supremum of G (f) can possibly be replaced by an expectation.
The X — & (B) in the denominator makes some constraint on 8 necessary, so the
improvement comes at the price of an extra or enlarged subexponential term in the
resulting concentration inequality. We conclude this chapter with three applications
of this trick, which has been proposed in [7].

5.4 Quadratic Forms

As a first illustration we give a version of the Hanson-Wright inequality (Theorem
6.2.1in[29]) for bounded variables. Let A be asymmetricn X n-matrix, whichis zero
on the diagonal, thatis A;; = 0 for all 7, and suppose that X1, ..., X,, are independent
random variables with values in an interval 7 of unit diameter. We study the random
variable f (X), where

fx) = inAinj-
ij

As operator G we use R?, the sum of squared conditional ranges which appears in
the bounded difference inequality. For the function in question we have

DY f 0 =2(y—y) D Auxi =2(y =) (Ax),

l

and, since 7 has unit diameter

R(Hx) =Y sup (D, f(x) <4 (A%} =4]Ax|’.

k y.y'el k

We can therefore conclude from (12) in the proof of the bounded difference inequality
(Theorem 14), that Enty (y) < (y?/8) Eys [R* ()] < (¥*/2) E, s [IIAX|*]. But
instead of bounding the last thermal expectation by a supremum, as we did before,
we now look for concentration properties of the function x — | Ax||>.
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By (20) and Lemma 35 we have the self-bounding inequality D (]| Ax|*) <
4]|A|1* || Ax||* and Lemma 32 gives for 0 < 1 < 1/ (2[|A]]?)

2
nE [eAHAXIIZ] < M'
T1=2]A* 2

NowLetO <y < 1/||AllandsetA :=y/ 2 ||Al) < 1/ (2 ||A||2). Using the above
bound on Ent (y) and the decoupling inequality (24) we get

2 2
AEnt; () = 2By [0 1AxIP] < 22 (Bnty o) 4+ E [eH14])

2 2 2

y y= AE [||Ax||]
< _Et +_—‘
-2 nty (v) 2 1-2]A|*xr

Collect terms in Ent; (y), divide by A — y2/2 (which is positive by the constraint
on y and the choice of 1) and substitute the value of A to get

y? E [I|Ax]1*]

Ents (y) <
' (1 —lAly)? 2
From Theorem 12 we conclude that for 8 < 1/ || A||

B X
Pr(f — Ef) < exp (ﬁ | =5y - ﬂt>

2 2
oot L))

1Al 2

and using Lemma 33 to minimize the last expression in 8 € (0, 1/ ||A]|) gives our
version of the Hanson-Wright inequality for bounded variables.

Theorem 37 Let A be a symmetric n X n-matrix, zero on the diagonal, and X =
(X1, ..., Xn) a vector of independent random variables with values in an interval T
of unit diameter. Let f : X" — R be defined by f (x) = Zij x;Aijxj. Thenfort > 0

2
Pr{f — Ef > 1} <exp (25 [1AXIP] + 2 j14] t> |

5.5 The Supremum of an Empirical Process

We will now apply the decoupling trick to the upwards tail of the supremum of an
empirical process, sharpening the bound obtained in Sect. 3.4.
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Theorem 38 Let Xy, ..., X, be independent with values in some space X with X;
distributed as p;, and let ¥ be an at most countable class of functions f : X —
[—1, 11with E[f (X;)] = 0. Define F : X* — Rand W : X" — R by

F (X) = sup Z f(x:) and

feF

W (x) = supZ Pa)+ E[f2 (X))

Then fort > 0

_2
Pr{F—E[F]>t}§exp(Wt]+t>.

This inequality improves over Theorem 12.2 in [6], since by the triangle inequality

E[W] < 22 + o2 and the constants in the denominator of the exponent are better
by a factor of two, and optimal for the variance term.

Proof Let0 < y < B < 2. Using Theorem 26 and (24) we get
Entr (7) < 2Eyr [y V2 (F)] = 5 (Entr () +In EeH0).

Rearranging gives

Entr (7) < 5 Y ~n EerViP), (26)

Fix some x € X" and let f € F witness the maximum in the definition of F' (x). For
y € X we have (F — S§F)+ < (f (x;) — f (y)) and by the zero mean assumption
+

VZF) () = Y Eye [(F (x) — SF (x))i]
k
N ~ 2
< ; Eyes (F 00 = F )
=Y B (f0-f (y))2
k

=Y (FPwo+E[ow])
< VI]; (x).

So Vf (F) < W. It follows from (26) that

InEe?V <

Entr () < 5 Y nE[er"]. 27)

2—y
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_ Next we establish self-boundedness of W. Let f € F (different from the previous
f, which we don’t need any more) witness the maximum in the definition of W (x).
Then

VIOW) (X)) =Y Eyepy (W (x) — SEW (x))z+
k

=D Evu [(.P () — f? (y))j
k

< Zfz(xk)
k
< W.

It therefore follows from the self-bounding lemma, Lemma 32, that

2E[W E[W
lnE[eyW] < V—[]_i_yE[W]:V—[].
2—y 1—y/2
Combining this with (27) gives
E[W : E[W
Enty () < (V []>= Y i (W]
2—y \1=vy/2)] A-y/2* 2
From (6) in Theorem 12 we conclude that
F Ent b 1 E[W
In EePF-EP) — ﬂ/ n FZ(V)dy < ,3/ _dy (W]
o Y o (I1-y/2) 2
B EW]
1-82 2
Using Lemma 33 it follows that
. B> E[W]
Pr{F — E[F < f — _—
r{ [ ]>t}_ﬁé2)’2)exp< ,3t~|—1_13/2 >

_,2
= P (W) '

5.6 Another Version of Bernstein’s Inequality

A potential weakness of Theorem 21 is the occurrence of the supremum in the defi-
nition of the variance parameter V = sup,_q %% (f) (x). If the supremum could be
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replaced by an expectation, the variance parameter would become the Efron—Stein
upper bound E [22 (f )] on the variance o> ( f), making the inequality considerably
stronger. Such a modification is possible at the expense of enlarging the subexpo-
nential term in Bernstein’s inequality. Define the interaction functional

172

J(Hy =2 swp Y o (f-5f)x

XZEQ 1k

The following theorem is given in [21]

Theorem 39 Suppose f € A (Q) satisfies f — Ex f < bforallk. Thenforallt > 0

12
Pr{f — Ef >t} SGXP<2E[22(f)]+(2b/3+J(f))t) '

Here we will use the tools introduced above to prove a slight strengthening of this
result, removing the boundedness conditions above.
Let f: Q =[], 2 — Rand consider the three conditions

(A) = ((f — Exf) < bforall k)
(B) = <Ek [(f —Ec)"] < %m!okz (f) b2 for m > 2 and all k)

n 2
(©) = (Z B[ - By = 2D

m'b" 2 form > 2) .
k=1

Then (A) = (B) = (C).Thelastcondition (sometimes called “Bernstein con-
dition” in the literature) is sufficient for the following version of Bernstein’s inequal-
ity, which extends Theorem 2.10 in [6] from sums to general functions and replaces
the one-sided boundedness requirement of Theorem 39 by the Bernstein condition.

Theorem 40 Let f:Q =[[/_, Q — R be measurable and suppose that (C)
holds. Then fort > 0

l2
2E[zz(f)]+(2b+1(f))t)'

Pr{f—Ef>t}§exp(

The first step is to bound the entropy of f under the condition (C), thus replacing
Lemma 19 in the proof of Theorem 21.

Lemma 41 Suppose (C) holds with b = 1. Then for all 8 € [0, 1)

B*Egr [22 ()]

Entf B < 20— ,3)2
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Proof First we get from the variational property of variance, that

E[(f — Ex (/) PUED]

oipr (f) < Ewpr [(f — Ec ()] = Ey [ePUED]

< B [(f — Ec ()2 ePIED],

where we used Jensen’s inequality to get Ey, [exp B —Exf ))] > 1 for the second
inequality. From monotone convergence and (C) we then get

n

S0k () = S E[(f - BB =3 ) B B[ - B
k=1 k=1 — !

m
= = m=0 k=1

22 (f)
2

=

Z(er 1) (m+2)B".
m=0

Thus from Theorem 12

B rB "
Egf U / > oty () dsdt]
0 =1

_ Ewr [22(N)] i

Ent; (B)

IA

B rB
(m-+1)(m+ 2)/ / s"dsdt
0 t

- 2
m=0

B[22 D] e m_ BYEps [Z2 ()]

= ﬁn;(mﬂ)ﬁ =S a—p

O

At this point we could bound the thermal expectation Egy [ £% ()] by a supremum
and proceed along the usual path to obtain a version of Theorem 21 under condition
(C), which, for sums of independent variables, would reduce to Theorem 2.10 in [6].
Instead we wish to exploit the decoupling idea and look for concentration properties
of 22 (f).

The crucial property of the interaction functional J is, that J? is a self-bound for
%2 (f). The following Lemma is also the key to the proof of Theorem 39.

Lemma 42 We have D* (2% (f)) < J (f)* Z2(f) forany f € A(Q).

Proof Fix x € Q. Below all members of A are understood as evaluated on x. For
L e{l, .., n}letz € 2 be aminimizer in z of SéE2 (f). Then

2

D> (22(N) =D | D (62 (F) = SLot ()

I \kik#l
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The sum over k # [, since ‘27k2 (f) € Ay, so S ol (f) =0 (f). Then, using
2013 (f) = E(y,y’)wy,g <D§’y/f> , We get

2
2 2
4D? (22 (f)) = Z Z Eqy oy (D,]v(,_v’f> - Séz Eqyynui (D.l:uy’f> )

1 \kiksl

2
= ; Z Eqyyyi |:<D/y(,y’f)2 - (D/y(,y’sézf>2])

kAl

2
= Z Z E(,v-,y’)Nltf [(D?y’f - D];’),/Sé[ -f> (D?)”f + D?.V’Sézfﬂ)
I

kAl

<3N Epa [Phy (1= 5L0)]

| kek#l

> E Dt f+ Dk sl f ?
Oy~ | Py v,y Oz
k£l

by an application of Cauchy—Schwarz. Now, using (a 4 b)? < 24> 4 2b*, we can
bound the last sum independent of / by

2 2
D" By [2(Dh, 1) +2(D) 8L 1)

kik£l

=43 P (N +48L D aF ()

kik£l kik£l

4PN+ 8,3 () =4 (22 (f)+ inf 573 (f)) <837 (/).

so that
D> (22(N) 230 Y Eqyri [Dhy (F = SLNOT 2 ()
1 kiksl
<d4sup Y o (F=Sf)®(NH =T (HZ ).
X2EQ k1A

Now we can use decoupling to put these pieces together.

Proof of Theorem 40 By rescaling it suffices to prove the result for » = 1. We can
also assume J:=J(f)>0. Let O<y <B<1/(1+J/2) and set O =
v/ (J (1 —y)). Then y?/ (2 (1- y)z) <6 < 2/J% By the Lemma 41
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2 2

Eyy [922 (f)] < 2”72 (Entf () +IE [eﬁz(f)]),

OEnts (y) <
=5 (1)

oy
(1-y)?

where the second inequality follows from the decoupling inequality (24). Subtract
¥?/ (2(1 = y)*)Ents (¥) to get

v? v? 05%(f)
Ent, 0 — 1 )
ntf()’)( 2(1—)/)2)52(1—)/)2 nE [ 0]

Since ¥%/ (2 (1 — y)*) < 6 this simplifies, using the value of 6, to

vJ 032(f)
Bty () < 5= T lnE[e ] (28)

On the otherhand 8 < 2/J 250 by the self-boundedness of =2 f) (Lemma42) and
part (i) of Lemma 32 give

v/J

2
1—(1+J/2);/E[E (D] @

2 0
0%=(f) 2 —
n £ ["0] < Tt D] =

Combining (28) and (29) to get a bound on S (y) gives

)/2

20—+ J/2)y)?

Ent; () < E[2*(f)]

and from Theorem 12 and Lemma 33

2 2
Prif— Ef >1) < EXD] # ﬂt>

inf exp -
B€0.1/(1+7/2)) 2 1-(1+J/2)8

P
= exp (2 (E[Z> O]+ 1 +7/2) t)) '

O

To use Theorem 40 one has to bound b and J. For the latter it is often sufficient
to use the simple bound

J (f) < nmaxsup sup Dé Z,Dl; v x). (30)
k£l xeQzzyye@ ’

which can be obtained from Lemma 13.

We conclude with an application to U-statistics. Let m < n be integers, ; = X
and « : X — R a symmetric kernel. For a subset of indices with cardinality m,
S ={ji, e jm} S {1, ...,n} define 5 : X" — R by kg (X) =k (x},, ..., x,). The
U-statistic of order m induced by « is then the function U : X" — R given by
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-1
n
U (x) = <m> SC“ZMMKS (x).

U-statistics were introduced by Hoeffding [15]. Their importance stems from the fact
that for iid X = (X4, ..., X,,) the random variable U (X) is an unbiased estimator for
E [k (X1, ..., X;y)]. Starting with the work of Hoeffding there has been a lot of work
on concentration inequalities for U-statistics. To simplify the presentation we will
not use the advantage of Theorem 40 over Theorem 39 and assume the kernel « to
be bounded, x : X — [0, 1] for simplicity.

Notice that,if k ¢ S, then kg € Ay, so ks (X) — Ey [ks (x)] = 0 and thus

n -1
U ) — Ex[U(®)] = (m) Z (ks (X) — Ex [k5 (X)])
Sc{l,...,n}

IA

-1
<”> HS C (1, ...n):keS)
m

(:,:11)_1 _ m!(n—1)! _m

"y  nlm-1! n

m

b

so we can set the quantity b in Theorem 40 to m /n. To bound J use (30) to get

JWU) < nMaxsup - sup Dé,Z,D’y"y,U (x)

! xeQ z,7,y,y e
-1
n
< n< ) Z Di,z,Dly(’y,KS (x)
M7 sl n
KleSkAl
-1
= 2n<”) HUS C {1, .. n}:k,leS kI
m

L

() n

Substitution in Theorem 40 gives for ¢ > 0

t2
2E [22(U)] 42 (m + m?) t/n) '

Pr{U—EU>t}§exp(

It can be shown (see, e.g., [21], Houdré [17]) that in general E [22 (f)] <o? fH+
J? (f) /4, so that for U-statistics the Efron—Stein inequality is tight in the sense that
E [22 (U)] < 02 (U) + m*/n?. Tt follows that for deviations t > 1/n

_p
PriU — EU > 1} < exp (202 U) +2 (m +2m?) t/">'



98 A. Maurer

This inequality can be compared to the classical work of Hoeffding [15] and more
recent results of Arcones [2], which both consider undecoupled, nondegenerate U-
statistics of arbitrary order. Hoeffding [15] does not have the correct variance term,
while [2] gives the correct variance term but severely overestimates the subexpo-
nential coefficient in Bernstein’s inequality to be exponential in the degree m of the
U-statistic (above it is only of order m?). This exponential dependence on m results
from the use of the decoupling inequalities in [24] and seems to beset most works on
U-statistics of higher order (e.g., [1, 13]), which in many other ways improve over
our simple inequality above.

6 Appendix 1. Table of Notation

General notation

Q=Tlro; % underlying (product-) probability space
A bounded measurable functions on 2
n= ®Z:1 Uk (product-) probability measure on €2

Xk random variable distributed as py in
feA fixed function under investigation
gedA generic function

Elgl= [ogdun expectation of g in 1

o’lgl=E [(g —-E [g])z] variance of g in

Notation for the entropy method

B=1/T inverse temperature
Egrlgl=E [geﬂf ] /E [eﬂf ] thermal expectation of g
Zgr=FE [eﬁf ] partition function
dugr =272 Blf eBrd nw thermal measure (canonical ensemble)
Enty (B) = BEgy [f1—1InZgy. (canonical) entropy
Ay (B) = % InZgy free energy
2 .
Ugf () = Egy [(g — Egy [g]) ] thermal variance of g
V()= —t—1
S]y‘F (X) = F (X1, e Xk—1, ¥» Xk 1, .-, Xp)  substitution operator
Ep[81(®) = [, S;fg dpg () conditional expectation
A CA functions independent of k-th variable
Zrpf = Ex [6’5 f ] conditional partition function
Erprlgl=2, ;3 rEk [geﬂf ] conditional thermal expectation
Enty ¢ (B) = BEr gr (gl —InZy gf conditional entropy
sz,ﬂf (8] = Ex pf [(g — Ey g [g])z] conditional thermal variance

sz [g] = Ek [(g — Eg [g])z] conditional variance
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Operators on A

D§ y8 = S¥g — S];,g difference operator

Tk (8) = SUpy yreq, Dgf v conditional range operator

RZ(9) =Yy r,g (€3] sum of conditional square ranges

22(9) =% Ukz [g] sum of conditional variances

(infy g) (x) = inf e, S;‘, g (x) conditional infimum operator

2

V%g =1 Ey~uy ((g - Sly‘)+> i| Efron-Stein variance proxy

D%g = >k (g —infy 9?2, WOTSt case variance proxy
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Ill-Posed Problems: From Linear )
to Nonlinear and Beyond L

Rima Alaifari

1 Introduction

In many applications in science and engineering, one seeks to recover an object from
some acquired measurements. Such reconstruction problems are often vulnerable to
small changes in the measured data, in the sense that slight perturbations in the data
can lead to large deviations in the reconstructed objects. Such a property is of course
highly unpleasant, as it makes the reconstruction unreliable. This observation has
led to studying so-called inverse problems and to developing the theory of regular-
ization that aims at introducing reconstruction algorithms that are sensitive to these
instabilities and that aim at extracting information as stably as possible from such
unstable systems.

For problems that can be modeled with a linear forward operator, the theory of
linear inverse problems is quite developed. The unboundedness of the inverse (or
generalized inverse) can be nicely characterized by the closedness of the range of the
forward operator. When the forward operator has a singular value decomposition, the
instabilities can often be quantified, as we show in the example of the truncated Hilbert
transform (arising in limited data computerized tomography) in Sect.3. Moreover,
regularization theory is in many cases very effective for linear problems. It can give
guarantees for convergence (and convergence rates) of algorithms, when they are
suitably chosen so that regularization can be guaranteed. Regularization is, in princi-
ple, tied to assuming prior knowledge on the solution and, therefore, to searching for
solutions only in a restricted set. This way, we also demonstrate how regularization
can be guaranteed for the truncated Hilbert transform in Sect. 4.2.

When the underlying problem is nonlinear, one can still (to some extent) describe
unboundedness of the inverse problem and suggest regularization methods. However,
as the example of phase retrieval demonstrates (see Sect.6), even if the inverse is
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bounded, the nonlinear case is very different: if the inverse is not uniformly bounded,
one will in practice still witness instabilities in the reconstruction. The problem of
phase retrieval is very particular in that regularization is not effective for stable
recovery from phaseless measurements. However, one can give up on the strong
notion of unique reconstruction to achieve some sort of stable recovery that we call
atoll function reconstruction.

The last problem we visit in Sect.7 is the one of image classification with deep
neural networks (DNNs). The network is obtained by training it on a set of test
images for which the correct labels are provided. The DNN should then perform the
task of correctly classifying objects in images it has not seen during training. For this
problem, we do not even have a rigorous mathematical formulation of the forward
operator at hand, at least not one that allows for a useful analysis. However, we
witness instabilities in the form of so-called adversarial examples. One can construct
algorithms that find, for most correctly classified images, a slightly perturbed version
that the neural network will no longer classify correctly. While some remedies have
been suggested in the form of altering the training process in form of adversarial
training, these methods still do not give rise to robust classifiers, as one can think of
other ways to “fool” the network, such as slightly deforming the images.

This chapter is organized as follows: in Sect.2 we provide an introduction to
linear inverse problems. In Sect.3 we introduce the problem of limited data com-
puterized tomography and describe the truncated Hilbert transform as the resulting
linear forward operator. This includes the derivation of the SVD of the truncated
Hilbert transform as well as the asymptotic behavior of its singular values. The the-
ory of regularization of linear problems is the subject of Sect.5, in which results
on the regularization of the truncated Hilbert transform are given as well. Nonlinear
problems are then discussed in Sect. 6, with Gabor phase retrieval as an example.
Finally, we present the problem of image classification in Sect. 7.

2 Linear Inverse Problems

A study of ill-posed problems naturally begins with linear operators as the theory for
the linear case is rather complete. We will therefore follow this path and refer to the
classical book of Engl et al. [21] for further details. In Sect. 3, we will then analyze
a specific linear problem using the theory of ill-posed problems combined with
Sturm-Liouville theory and Wentzel-Kramers—Brillouin approximations. When the
underlying operator is nonlinear, the theory is by far less straightforward. However,
the main results for nonlinear inverse problems are inspired by the linear case.

In what follows, T : X — Y will always denote a bounded linear operator from
X to Y, where X and Y are separable Hilbert spaces. The range and nullspace of
an operator will be denoted by R and N, respectively. We take T to be the forward
operator of the inverse problem in question and follow the classical definition by
Hadamard: a problem is well-posed if it satisfies the following criteria.
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Definition 1 (Hadamard’s well-posedness) The inversion of T : X — Y is said to
be well-posed if the following properties hold:

e Existence: For all g € Y, there exists f € X suchthat Tf = g, i.e.,
R(T) =Y. (1)
e Uniqueness: For all g € Y, the solution is unique, i.e.,
N(T) = {0}. (@)
e Stability: The solution depends continuously on the data, i.e.,
T-'e LY, X). 3)

Here, L(Y, X) denotes the set of all bounded linear transforms mapping from Y
to X.

If at least one of the three conditions is violated, the problem is said to be ill-posed.

Non-uniqueness can be undesirable, for instance, in reconstruction problems
where one is interested in recovering a signal, an image, an electron density, etc.
from some acquired measurements. If the same set of measurements can be created
by two different objects, then this is problematic for the reconstruction problem. We
will address the question of uniqueness in the reconstruction problems that will be
discussed in Sects.3 and 6. However, if the inverse problem in question is the iden-
tification of system parameters in a PDE so that a given state is reached, then having
more than one candidate parameter set is of course less of an obstruction (though
some notion of uniqueness might still be desirable for the numerical solution that
involves an optimization problem).

The lack of stability creates serious numerical issues. Acquired measurements are
never exact and can only be given up to a certain accuracy. No stable dependence of
the solution on the data means that straightforward calculations of the reconstruction
will, in principle, be unreliable, as they might be arbitrarily far from the ground
truth. The theory of regularization aims at tackling this issue: the idea is to extract
information as stably as possible, meaning that the guarantees that one will be able
to give, will depend on the noise level, i.e., on the accuracy of the measurements.

In case the first property (existence) is violated, i.e., if Tf = g is not solvable
for a given right-hand side g ¢ R(T), one can relax the notion of a solution. Instead
of a classical solution, one can search for a generalized solution. To introduce this
concept, we first start with ensuring existence by simply searching for the “best fit”.

Definition 2 (Least-squares solution) An element f € X is called a least-squares
solution for Tf = g if

ITf —glly =IITh —glly, YhelX.
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To further characterize least-squares solutions, we let Q be the orthogonal pro-
jection of Y on R(T), i.e.,

(Qg. u)y = (g, u)y, Vge¥, YueRT).
The following facts can then be stated.
Qs —glly < llu—glly, YueR(T),  (minimality property)

and
Qg —g e R(T)" . 4

In addition, we also recall a standard result.

Theorem 3 Let T : X — Y be a bounded linear operator between Hilbert spaces
X and Y. Then,

N(T) = R(T*)", 5)
R(T) = N(T")*. (6)

The above properties enable us to make the following link between least-squares
solutions, orthogonal projections, and solutions to the normal equation.

Theoremd4 Letge Y, f € Xand T € L(X,Y). The following are equivalent:

Tf = Qg, @)
ITf—glly <ITh—glly, YheX, (3
T*Tf =T*g. &)

Proof We show that (7) = (8) = (9) = (7). The first implication is established by
employing (4):

ITh —gl} = ITh — Qgl} + 10g — gli}. (10)
= Th— Qglly + ITf — gll3, (11)
> |Tf —glly- (12)

The second implication can be established as follows: first, we note that since Qg €
R(T), there exists a sequence (f,)ueny C X s.t. Tf, — Qg as n — oo. Hence, by
assumption, Eq. (8) yields

10g —glly = lim |Tf, —glly > ITf — gll}-
n—oo

Together with (4), this then implies
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ITf —gly = ITf — Oglly + 1108 — gll},
> |ITf — Qglly +ITf — gll3-

Thus, Tf = Qg. Moreover,
Tf—g=0g—geRT)" =NT.

We can thus conclude that
T*(Tf —g)=0.

Part (9) = (7) can be seen as follows: The assumption that Tf — g € N(T*) =
R(T)* implies
O(Tf —g) =0.

Consequently,

0=0(Tf-8)=0Tf—-Q¢g=Tf— Qs
and, hence, Tf = Qg. ([

The above theorem is extremely useful, as it states that least-squares solutions
are nothing else than solutions to the normal equation 7*T f = T*g. Also, they are
equivalent to solutions of Tf = Qg, i.e., the original equation with right-hand side
projected on R(7'). With this at hand, one can make a statement about the existence
of least-squares solutions:

Corollary 5 Let L(g) denote the set of least-squares solutions to right-hand side g,
iLe.,
L) ={feX:TTf =T"g}.

Then, the following hold:

(i) L(g) is nonempty if and only if g € R(T) ® R(T)*.
(ii) If g € R(T) ® R(T)*, then L(g) is a nonempty, closed, and convex subset of
X.

Proof Part (i): First, if f € L(g), then T*T f = T*g, and hence
Tf—geN(T* =R(T)" .

Decomposing g as g = Tf + (g — Tf), it then follows that g € R(T) & R(T)*. To
show the other direction, we remark that for g € R(T) ® R(T)*, a splitting g =
g1+ g with g, € R(T), g» € R(T)* is unique with the only option for g, to be
g1 = Qg. The property that g; € R(T) means the existence of an element f € X
such that gy = Tf, and hence

Qg=Tf.
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By Theorem 4, we can thus conclude that this element f is a least-squares solution,

ie., f € L(g).
Part (ii): Nonemptiness is already established in Part (i). To show convexity, we
proceed in the standard way of considering f, ' € L(g) and

h=tf'+1—-0)f
for arbitrary ¢ € [0, 1]. By Theorem 4, we have

T*Tf = T*g,
T*Tf = T*g.

Linearity of T then yields
T*Th=tT*Tf'+ A —T*Tf =tT*g+ (1 —0T*g=T*g,

ie., h € L(g).
To show that L(g) is closed, we consider a sequence ( f;,),eny C L(g) with f, — f
as n — oo. Closure of X implies f € X. Moreover, since each f, isin L(g),

ITf —gly = lim ITfy —glly =ITh —gly. VheX.

Thus, f € L(g). (I

By its definition, the least-squares solution is not necessarily unique. For if
N(T) # {0} and f is a least-squares solution, then also any f + fy with fo € N(T)
is a least-squares solution as well. This implies that if N (T) # {0}, then there are
infinitely many least-squares solutions. We will later characterize the set of least-
squares solutions. For now, we are interested in a notion of solution that enjoys
uniqueness. One popular choice is to pick the least-squares solution with minimal
norm and this is sometimes referred to as best approximate solution.

Definition 6 (Best approximate solution) An element f € X is called best approxi-
mate solution if it is a least-squares solution, i.e., f € L(g), and it has minimal norm,
ie.,

I fllx = mf{|[Allx : h € L(g)}.

Corollary 7 If g € R(T) ® R(T)*, then the best approximate solution to Tf = g
is unique.

This is a direct consequence of the convexity of L(g) stated in Corollary 5. Note
also that g € R(T) @ R(T)* is the only interesting case, since otherwise L(g) is
empty.
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2.1 The Moore—Penrose Generalized Inverse

So far, the previous discussion has been centered around restoring the notions of
existence and uniqueness and the best approximate solution, or minimum-norm least-
squares solution, is a candidate that fulfills these requirements. We intend to continue
this discussion in an operator-theoretic way. To do so requires the introduction of the
Moore—Penrose generalized inverse, which is the map from g € R(T) ® R(T)* to
the unique best approximate solution, i.e., to the element in L (g) with minimal norm.
One way to define the Moore—Penrose generalized inverse T of T is to introduce
the invertible restriction T := T|neryr of T.

Definition 8 (Moore—Penrose generalized inverse) For T € L(X,7Y), 1ts Moore—
Penrose generalized inverse is defined as the unique linear extension of T-'to

DT :=R(T) & R(T)*

with
N((TT) = R(T)* .

Thus, the Moore—Penrose generalized inverse maps each g € DT to f e L(g)
with minimal norm, f := T'Tg. We record a few basic properties of 7.

Corollary 9 Let T' be the Moore—Penrose generalized inverse of T € L(X,Y).
Then,

(i) the domain D(T") is dense in Y. Moreover, R(T) is closed if and only if
D(TH =Y.
(ii) If R(T) is closed and T exists, it follows that

T ey =T

(iii) R(T") = N+ (= R(TH).
(iv) TT is linear.
(v) Forg e D(TY), T'g is the unique element in L(g) N N(T)* .

Proof Except for item (iii), the statements are straightforward consequences of the
definition of 77 and the results we have collected so far about least-squares solutions.
To show item (iii), let 1 € R(TT) so that there exists an element g € D(TT) with
T'g = h. By definition, g can be decomposed as g = g + g» with g; € R(T) and
g2 € R(T)* = N(TT). Thus, by linearity of T7,

h=T'g=T'gi+T'gr=TTgy =T 'g..

Hence, h € R(T~') = N(T)* so that overall, R(T") € N(T)*. On the other hand,
suppose that i1 € N(T)*. Then, by definition of T, Th = Th. This implies
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h=T"'"Th=T'Th,
so that 1 € R(T") and hence N (T)* € R(TT). O

The first item in the above corollary states that D(TT) is dense in Y. Note also,
that by item (i) in Corollary 5, L(g) is empty when g ¢ D(T"), so that in this case
no least-squares solution exists.

We emphasize that in the discussion about generalized solutions and inverses we
have not addressed the question of stability at all. In fact, while the Moore—Penrose
generalized inverse restores uniqueness, it does not restore stability of the inversion
problem. Boundedness (and hence continuity) of T can, however, be characterized
as follows:

Theorem 10 Let T' be the Moore—Penrose generalized inverse of T € L(X,Y).
Then, T" is bounded if and only if R(T) is closed.

Proof The proof is based on establishing that the graph of T is closed. See, e.g.,
Proposition 2.4 and its proof in [21] for the full argument. (]

Remark 11 Since the closedness of R(T) is equivalent to D(T7) =Y (cf.
Corollary 9, item (i)), one further has

D(T") = Y < T is bounded.

In terms of Hadamard’s well-posedness criteria, this amounts to equivalence of exis-
tence and stability in the least-squares solution sense.

2.2 Compact Operators

In inverse problems, an important class of bounded linear transforms 7 € L(X,Y)
is compact operators. On one hand, they appear frequently, e.g., integral operators
are typically compact under some suitable assumptions on the kernel. On the other
hand, they are inherently ill-posed, as we will see in this section.

Definition 12 (Compact operator) Let K : X — Y be a linear operator. Then, K is
said to be compact if for any bounded set B C X, the closure of its image K (B) is
compact.

Alternatively, compact operators can be characterized as follows.

Theorem 13 A linearoperator K : X — Y is compact if and only if for any bounded
sequence (f)nen C X, the sequence (K f,)nen has a convergent subsequence.

We remark that it is easily shown that compact operators are always bounded, i.e.,
K € L(X,Y). Some useful properties of compact operators are the following.
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Lemma 14 Let K| € L(X,Y)and K, € L(Y, Z). Ifatleast one of the two operators
is compact, then K| K> is also compact.

Lemma 15 (Identity operator) The identity operator id:X — X is compact if and
only if X is finite dimensional.

The range of a compact operator has the following special property.

Theorem 16 (Range of compact operators) Let K € L(X, Y) be a compact oper-
ator. Then, its range R(K) is closed if and only if it is finite dimensional.

The proof can be found in Proposition 2.7 of [21] but we still provide it for the
sake of completeness and illustration:

Proof Clearly, if R(K) is finite dimensional, then it is closed. For the other direction,
note that the operator

K = K|y : N(K)* = R(K)

is bijective, linear, and compact. If R(K) is closed, then the inverse mapping theorem
implies that K ~! is bounded. Hence, by Lemma 14, also K K ~! = Id|gk) is compact.
Thus, by Lemma 15, R(K) is finite dimensional. O

In view of Theorem 10, the above result implies that for compact operators, the
Moore—Penrose generalized inverse K ™ is unbounded when the range of K is infinite
dimensional:

Corollary 17 Let K € L(X,Y) be compact and let K be its generalized inverse.
Then, K" is bounded if and only if R(K) is finite dimensional.

This property of inherent instability for the inversion of compact operators can
be seen more explicitly when the singular value decomposition (SVD) is utilized.
Since it will be useful in Sect. 3, we will start with a reminder on the spectrum of an
operator T € L(X) (cf. Sect. V1.3 in [42]).

Definition 18 (Resolvent set and spectrum) For T € L(X), the resolvent set p(T)
is defined as

p(T) :={x € C: Ald — T is bijective, R, (T) := (AId — 7)~! is bounded}.

The operator R, (T) is called the resolvent of T at A. The spectrum o (T) of T is
defined as o (T') := C\p(T).

In fact, the boundedness of the inverse does not have to be asked for explicitly:
if AId — T is bijective, then by the inverse mapping theorem its inverse is bounded
(note that AId — T is linear). For compact operators K : X — X, the spectrum can
be rather elegantly described as the following properties hold (cf. Theorems VI.15,
VI.16, and VI.17 in [42]):
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Theorem 19 (Riesz—Schauder theorem) The spectrum o (K) of a compact operator
K € L(X) is at most countable with 0 as the only possible accumulation point. Every
A € o(K)\{0} is an eigenvalue of K.

Remark 20 If X is infinite dimensional, then O € o (K). For if X is infinite dimen-
sional, then K being bijective implies R(K) = X and hence R(K) is closed. From
this, however, and Theorem 16 we can deduce that R(K) and, hence X, is finite
dimensional, which is a contradiction. Therefore, K cannot be a bijection, and thus
0 e€o(K).

Theorem 21 (Hilbert—Schmidttheorem) Let K : X — X be a compact, self-adjoint
operator. Then, there exist a sequence of nonzero eigenvalues (A,)_, C R and a
sequence (u,,),llvzl C X such that

Ku, = )uy,

where (un),]:’=l is an orthonormal basis of R(K) and N = rank(K). If N = oo, then
A — OQasn — oo.

Theorem 22 Let K : X — Y be a compact operator. Then, there exist sequences
(cr,,)flv:1 C Ry, (un)flv:1 C X and (v,z),llvz1 Cc Y,with N € NU oo, such that

K’/ln = OnVn,

K*v, = o,u,.
The system (un)fl\’:1 is an orthonormal basis of R(K*) = N (K)*, and (v,,)n]\’:1 is an
orthonormal basis of R(K). If N = 0o, then o,, — 0 as n — o0o. The operator K
takes on the representation

N
K = Zgn<'» Up)XVp.

n=1

The numbers o, > 0 are called singular values of K and the system (o, u,, v,) is
said to form the singular value decomposition (SVD) of K.

As we have seen before, the generalized solution may not always exist. More
precisely, it only exists when g € D(K ) (cf. Corollary 5). For compact operators, the
existence of the generalized solution can be characterized with the Picard criterion
(we will always assume N = oo in what follows, as this is the interesting case in
which the generalized inverse is unbounded (cf. Corollary 17)).

Theorem 23 (Picard criterion). Let K € L(X, Y) be a compact operator. Then,

o 2
gDkt e 3 TP

n=1 n

13)
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Proof e “==": Since g € D(KT), we can decompose it into g = g; + g» with
g1=Kfi eR(K), g € R(K)*, for some f1 € X. Then, noting that v, € R(K),
one can deduce

(gvvn>Y = <g1 + 82, vn)Y = (glv Vn)Y = <flv K*Vn)X :Gn<flv un)X

Thus,

gsvn>Y|
e

o0
2 2
Z 1(fr,un)x 2 < LAl < oo,

where we have used that (u,),ey is an orthonormal basis of N (K)*, a closed
subspace of X.

e “<=": By assumption, the sequence (o, '(g, va)y)
Riesz—Fischer theorem yields that f defined as

. . 2
ey 18 1N £-(N). Thus, the

o0
fi= 0, (g, vadyun
n=1

is an element in X.
The orthogonal projection Q onto R(K) can be expressed with the orthonormal

basis (v,),en of R(K):
Q = Z(’ Vn)YVn'
n=1

With this, one can deduce

oo

Kf = ZJ (& Vn) K”n:Z<g’Vn)YVn:Qg~

n=1

Thus, Qg € R(K), and hence g € R(K) ® R(K)*t = D(KT).
|

With the singular value decomposition of K at hand, one can even give an explicit
representation for the Moore—Penrose generalized inverse K.

Theorem 24 Let K € L(X,Y) be compact with SVD (o, Uy, Vy)nen. Then, the
operator KT : D(K") — N(K)* can be represented as

Proof Let g € D(KT). Then, the Picard criterion holds and
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oo

f = Zan_l(g, Va)vly, € X,

n=1

with Kf = Qg as derived in the previous proof. Thus, by Theorem 4, f € L(g).
In view of item 5 of Corollary 9, it remains to show that f € N'(K)*. This follows
immediately from the above definition of f and (u,),cn spanning N'(K)*. O

Remark 25 (i) For compact operators, the fact that a generalized solution does
not always exist is characterized by Picard’s criterion: it only exists if
({g, vn)y/0u)nen decays fast enough. Note that here 0,, — 0 asn — oco. Thus,
Theorem 23 links the existence of the generalized solution to the decay of the
coefficients (g, v, )y with respect to the singular values o,,. The faster the sin-
gular values decay, the more rapid the decay of the coefficients of g has to be
in order for a solution to exist.

(i) The Picard criterion also reveals that while error components corresponding
to large singular values o, are harmless, error components corresponding to
small o, get amplified and cause severe numerical issues.

(iii) Typically, the ill-posedness of compact operator equations is characterized by
the decay rate of (0,,),en. A problem is said to be mildly ill-posed if (0;,)nen
decays algebraically.

When the singular values decay exponentially, the problem is said to be severely
ill-posed.

Example 26 We conclude the treatment of compact operators by featuring a con-
crete example that we borrow from Sect. 1.5 in [21]. The backward heat equation
can be described as assuming a final temperature at time 7 = 1:

h(x) :==u(x,1), xel0,m], h(0) =h(r) =0,

where the temperature u(x, ¢) at position x € [0, 7] and time ¢ > 0 is governed by

Bu( 0 8214( 5
— X, = —W, 1),
ot x2

with homogenous Dirichlet boundary conditions
u©,t) =u(m,t) =0, t>0.
For the backward heat equation, we then aim at determining the initial tempera-

ture u(x, 0), x € [0, w]. One can find that the corresponding forward operator is an
integral operator of the first kind:

h(x) = ; Z /077 u(t, 0) sin(nt)dre™ sin(nx).
n=1
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With the kernel of the integral operator thus given explicitly, one can derive the SVD
of the operator which is (e ™", /2/7 sin(nx), »/2/7 sin(nx))nen. Thus, the inverse
problem is severely ill-posed (since o, = ).

We further note that the singular functions (,/2/7 sin(nx)),ey form an orthonor-
mal basis of L%([0, ]) so that R(K) is dense in L?([0, 7]) and D(KT) = R(K).
Applying the Picard criterion then yields that the backward heat equation is (uniquely)

solvable if and only if
oo

2
> e || < oo,

n=1

where h, := /2/7 [ f () sin(nt)dz. In other words, a solution exists if and only

if the Fourier coefficients of the final temperature 4 decay rapidly (much faster than
2

e ™).

2.3 General Bounded Linear Transforms

To conclude this section, we complete the discussion by noting that more generally
than for compact operators, the spectrum of 7*T reveals the stability properties of
the inverse problem with forward operator T € L(X, Y). A self-adjoint bounded
linear operator A : X — X is completely characterized by the spectral theorem (see
Chap. VIl in [42] for a detailed treatment). It can be derived by drawing on the func-
tional calculus for continuous functions f which allows to meaningfully define the
operator f(A) € L(X) (see Theorem VII.1 in [42]). With the continuous functional
calculus introduced, one can deduce that for ¥ € X, (¥, f(A)y)x is a continuous
linear functional on C (o (A)), the set of continuous functions on the spectrum o (A).
The Riesz—Markov theorem further implies that there is a unique measure (., on the
compact set o (A) such that

<WfMWM=/memW. (14)

The measure (., is said to be the spectral measure associated with . Introducing
spectral measures leads to a natural extension of the functional calculus to general
bounded Borel functions: defining f(A) for f a bounded Borel function on R such
that (14) holds, the polarization identity allows for recovery of (Y, f(A)¢), ¢ € X,
and hence for f(A) by utilizing the Riesz lemma.

By generalizing to bounded Borel functions, one can take characteristic functions
xg of Borel sets 2 and define spectral projections of A as operators

Pqo = xo(A).
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Lemma 27 Let A € L(X) be self-adjoint and let (Pg) be its family of spectral
projections. Then, the following hold:

(i) each spectral projection Pgq is an orthogonal projection;
(ii) Py=0;
(iii) there exists a > 0 s.t. P_,4 ) =1d; and
(iv) for any sequence of pairwise disjoint bounded Borel sets (£2,),en and Q :=

U Q.
N
Po = 1i P .
= (e
n=

Here, as before, Id denotes the identity operator on X. A family of projections
fulfilling conditions (i) to (iv) is called a projection-valued measure. With this concept
at hand, we can state the spectral theorem for bounded self-adjoint operators in its
projection-valued measure form (cf. Theorem VIL.8 in [42]).

Theorem 28 (Spectral theorem). There is a one-to-one correspondence between
bounded linear self-adjoint operators and bounded projection-valued measures:

A — (Po) = (xa(A)),

o(A)

In the next section, we introduce and study an inverse problem with non-compact
forward operator and derive its spectral properties to understand the sources of ill-
posedness.

3 Limited Data Computerized Tomography

In the remainder of this chapter, we will treat three different ill-posed problems.
In this section, we start with the first, which is also the most classical of them: it
can be modeled by a linear forward operator and we will show how the spectral
properties can be derived and used to prove that certain reconstruction algorithms
are regularization methods, a concept we introduce in Sect. 4.

The linear inverse problem we aim to discuss stems from medical imaging, more
precisely from computerized tomography (CT). In the classical two-dimensional
(2D) setup, full data is acquired, which means that there is a moving X-ray source
that rotates 180° (“short scan”) or 360° (“long scan”) around the 2D region (i.e.,
a cross-section of a three-dimensional object). In such a scan, the rotating source
shoots X-rays from different directions in a sufficiently dense scanning scheme at
the object of interest. The attenuation of the X-ray beams is then recorded on the
other side of the object by an array of detectors. The region which is covered by a
full angular range (i.e., at least 180°) is called the field-of-view (FOV), see Fig. 1.
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Fig. 1 Classical 2D CT: the
field-of-view fully covers the
object support D
FOV = Field-of-View

i

-
rotating X-ray source

Fig. 2 Line integrals of the source

2D cross-section
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D = 2D cross section
of human body

-

detector

The attenuation of the X-ray beams, i.e., their intensity loss as they travel through
the object, can reveal the structure of the object density. To make this more precise, we
introduce the object support D C R?, the object density fp € L*(D) and parametrize
aline L on which an X-ray beam travels by its distance s > 0 from the origin and its
orientation 6 € S!, see Fig. 2. The attenuation can be modeled with the Beer—Lambert
law of optics so that the CT scan essentially yields line integrals of f:

f fo(s0 +t01)dt = —1n
R
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where 1y(0, s) and I} (0, s) denote the intensity of the traveling beam as it exits the
source and as it arrives at the detector, respectively. The mapping from functions to
their line integrals is well known as the Radon transform. Thus, the measurements
collected in 2D CT can be modeled as the Radon transform of fp:

(Rfp) 0, s) = / fo(s6 +101)dt, seR,0 €S
R

Reconstruction of fp from 2D CT data hence amounts to inversion of the Radon
transform. In light of the preceding discussion in Sect. 1, a natural question that arises
in order to understand this linear inverse problem is whether we can determine the
spectral properties of R*R. This has been done in [39] and we briefly summarize the
findings therein. First of all, one can assume w.l.o.g. that D C B,, where B, denotes
the unit disk in R? and consider the Radon transform as a mapping from functions
in L?(B,) into a certain weighted L2-space. Then, this operator is continuous (cf.
Chap.2 in [39]).

Theorem 29 (Continuity of the Radon transform) Let R be defined as the Radon
transform with the following mapping:

R:L*(By) — L*(S' x [—1,1], (1 — s5)71/?),

where L*(S' x [—1, 11, (1 — s2)~'2) is the weighted L*-space with weight (1 —
s2)7Y2 on [—1, 1]. Then, R is continuous.

This operator admits a singular value decomposition (cf. Chap.4 in [39]) with
singular values decaying atarate o,, ~ 1/4/n.Inlight of the discussion in the previous
section, we can conclude that the reconstruction problem from full Radon transform
data is only mildly ill-posed. This also implies that CT reconstruction can be rather
easily regularized using standard methods such as filtered back-projection (FBP),
see, e.g., Sect. V.1 in [39]. Radon inversion becomes much more delicate when no
longer full Radon transform data are available, in which case one speaks of a limited
data problem. We present one such instance in the following.

3.1 Truncated Projections

In this limited data CT problem, one has full angular coverage of the X-ray beams
in only a subregion of the support D of the 2D object, see Fig. 3 for an illustration.
In this case, one can only hope at recovering the object on the intersection of D with
the field-of-view. We will refer to this intersection as the region-of-interest (ROI).

In such a setup, the FBP leads to only very poor reconstructions. Instead of per-
forming Radon inversion in two steps (filtering and back-projection), an equivalent
formulation can be given involving three steps:
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Fig. 3 Limited data 2D CT:
the field-of-view does not
cover the object support D

4o, |
O
y

rotating X-ray source

Differentiated back-projection (DBP):

(i) Differentiation:

d
rp(@,s) = &(RfD)(G,S), 6+ = (cos ¢, sin ¢).

(i) Back-projection:

1 (92
by () = — / Fo (. )omrs d.
T Jg
It can be calculated that

by, .4, (x) = (Hpy fp)(x) — (Hy fp)(x),

where Hy fp denotes the Hilbert transform of fp along the line through x with
direction 6.
(iii) Hilbert transform inversion: The choice ¢ = ¢; + 7 yields 6;- = —6;* and
hence
by ¢+7 (x) = 2(Hygy ) (x).

Thus, the inversion of HQ; recovers fp on a line, so that the reconstruction of
fp can be obtained by solving a family of one-dimensional (1D) problems.

The first two steps of DBP pose no problem in the case of truncated projections:
differentiation is a local process and back-projection is angular averaging, which
can be done in the region-of-interest because one has full angular coverage therein.
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supp f ‘ supp f ‘
a as az a,
Hf measured Hf measured

EN as ED as

() (b)

Fig. 4 The truncated Hilbert transform with a gap (a) and the interior problem (b)

Fig. 5 The truncated Hilbert ‘ supp f ‘
transform with overlap a, a,

Hf measured
a as

The question of inverting the Hilbert transform is more delicate and requires careful
analysis.

For the remainder of this section, let a;, a», as, a4 be positive real numbers such
that a; < a3 and a» < a4. We will denote a 1D slice of the object density fp by f
and assume that f € L*([az, a4)), ie., supp f C [a2, a4]. Furthermore, the Hilbert
transform H : L>(R) — L?(R) is defined by the principal value integral

(Hf)(x) = lp.v. mdy.
T R

y—Xx

For any f € L*(R), the inversion of Hilbert transform data is simple, if Hf is
measured on all of R: The inverse of the Hilbert transform is just H~' = —H, so
that f can be recovered via f = —HHf.

In the case of truncated projections, each Hilbert transform of a slice f is only
known on a finite interval, which we denote by [a;, a3] C R.Foraninterval I C R, let
P : L>(R) — L*(R) denote the projection operator on I, i.e., (P; f)(x) = f(x) for
x € I and (P; f)(x) = 0 otherwise. With this, one can define the truncated Hilbert
transform as the operator

Hr = Play.as1 HPlas a)-

Note that its adjoint is given by H} = —P4, 4,1 HPa, 4;1» Which follows from a basic
property of the Hilbert transform that its adjoint is simply H* = —H. To understand
the stability properties of solving

HTf =8,

for given right-hand side g, it is essential to study the spectrum o (H; Hr).

This has been done in [29, 30] for the truncated Hilbert transform with a gap, i.e.,
for the case [a;, az] N [a;, a4] = @, and the interior problem, i.e., when [a, a3] C
[a», a4], respectively, see Fig. 4. Here, we present a different limited data scenario than
in [29, 30]: the truncated Hilbert transform with overlap, i.e., a; < a; < a3 < ag,
see Fig.5.



I1l-Posed Problems: From Linear to Nonlinear and Beyond 119

The common theme of the spectral analysis in these problems is to relate the
operators in question with differential operators through an intertwining property
and to exploit the spectrum of the differential operators. This idea goes back to older
problems, such as the spectral analysis of the interior Radon transform [34]. The
most prominent example is the problem of Landau, Pollak, and Slepian [31, 32,
44] in communication theory. It can be described as follows: a signal (for example,
in telecommunication) is naturally time-limited, say, to an interval [T, T]. At the
same time, when signals are transmitted through devices, this can only happen up to a
certain frequency. Let [—W, W] be the corresponding bandwidth. Then, the process
of transmitting a time-limited signal can be described as applying the operator

TTW = P[_W,W]TP[—T,TL

where 7 denotes the Fourier transform on L?(R). From the uncertainty principle,
it is apparent that for any signal f, taking ¥7w means some loss of information, in
either time or frequency (or both). Engineers have thus been interested in quantifying
this loss which can be measured by the ratio

2
1Frw @ (FfwFrwf flrem
1f 1122, 11172 )

This value is maximized when f is an eigenvector to the largest eigenvalue of
F 1w rw. The fact that the eigenvalues and eigenvectors of 77, F7w can be deter-
mined relies on the nice property that this operator commutes with the second-order
differential operator

;W2
(Df)x) = (T? = xD) f'(x0) = ;xZﬂx)

and Sturm—Liouville theory can be employed to obtain its eigensystem. The eigen-
functions (u,),en of D are known as the prolate spheroidal wave functions and,
due to the commutation property, they are also the eigenfunctions of 7, Frw. The
eigenvalues of 77, Frw can then be determined as

o = N FrwFrwitnll 2/ uall 2®)-

The commutation of D with 7, Frw appears to be a lucky accident and while it is
not the sole instance of a limited data integral operator commuting with a differential
operator, there still exists no coherent theory for this phenomenon. However, the
results of Landau, Pollak, and Slepian have to some extent been generalized in [26].

We now return to our problem of finding the spectrum o (H} Hy) for Hy the
truncated Hilbert transform with overlap. Motivated by the analysis of the Landau—
Pollak—Slepian operator, as well as the interior Radon transform and the two truncated
Hilbert transforms in [29, 30], we, too, embark on the journey of finding commuting
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differential operators of which the spectral properties can be understood. We can
formulate our goal more precisely as finding second-order differential operators L
and E; such that _

HrLs = LgHry.

In view of the desired aim to analyze the spectral properties of these operators, we
require Lg and LS to be self-adjoint. If it turns out that Ly, Ly s have simple discrete
spectra, then one can work toward obtaining the SVD of H7. Note that beforehand,
there is no guarantee that Hr has an SVD, i.e., that o (Hy Hr) is purely discrete.

Since we seek to find differential, and hence unbounded, operators Lg, Ly that
are also self-adjoint, it is worth reviewing a fundamental theorem.

Theorem 30 (Hellinger-Toeplitz theorem) Let A be a linear everywhere-defined
operator on a Hilbert space X with

(1, Af)x = (Af1, f2)x, Y, LeX.
Then, A is bounded.

In other words, an unbounded self-adjoint operator A cannot have its domain
agreeing with all of X, i.e., D(A) C X. To make this more precise, we give the
following definition:

Definition 31 (Symmetric operator) A densely defined operator A on X is symmet-
ric if and only if

(flvAf2>X=(Aflt fZ)Xt Vfla fZED(A)

We remark that for a symmetric operator A, D(A) € D(A*). Furthermore, A
is self-adjoint if and only if it is symmetric and D(A) = D(A*). Starting from a
symmetric operator, we will thus search for self-adjoint extensions by specifying
suitable domains. Note that the spectrum of an unbounded operator is very sensitive
to the choice of the domain. As in [29, 30], we choose to start with the differential
form L(x, d,) defined as

L(x, d)y (x) := (PG)Y (1) + Q)Y (x), 5)

2
where P(x) 1= []i_,(x —a;) and Q(x) :=2 (x -1y, ai) . The aim is to find

self-adjoint operators L, L with D(Ls) C L*([a2, as]) and D(Ls) C L*([a, a3]),
respecnvely Formally, they are self-adjoint extensions of symmetric operators Ly,
Lin with D(Lg) D D(Lyin) and Z)(LS) ) Z)(me) and we refer to [9] for a defi-
nition of these operators.
For the spectral analysis, the interest lies in solutions i to the Sturm—Liouville
problem (SLP)
L(x,d)y(x) = A (x), (16)
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for A € C. A point xy € C is said to be ordinary if the functions

5 P'(x)
P(x) = ,
P(x)
~ o) -
Q) := PO
are analytic at xo. The pointsa;, i = 1, ..., 41in (15) are not ordinary. More precisely,

they are regular singular, meaning that at a;, P(x) has a pole of up to order 1 and
Q(x) has a pole of up to order 2. A standard result known as Fuchs’ theorem roughly
states that at regular singular points, solutions to (16) are either bounded or have a
logarithmic singularity.

In the analysis of the interior problem and the truncated Hilbert transform with a
gap, the same differential form L (x, d,) as in (15) appears. However, in these cases,
one seeks self-adjoint operators on intervals I and J for which a; are endpoints, but no
point a; appears inside the intervals I and J. This makes the corresponding eigenvalue
problems standard singular Sturm-Liouville problems with the only singular points
being the endpoints of the interval. In such a case, the spectral properties of a self-
adjoint extension are well known (cf. [47]).

The case of the truncated Hilbert transform with overlap is fundamentally dif-
ferent: here, we need to consider self-adjoint extensions on intervals [a;, a4] and
[a1, a3] with a3 and ay, respectively, in the interior of the interval. With this, one
exits standard Sturm-Liouville theory and is required to work with a singular Sturm—
Liouville problem on two intervals (meaning that, e.g., when considering Lg with
D(Ls) C L*([az, as]), there are two involved subintervals [as, a3] and [as, a4] as
the interval [a;, a4] is interrupted by an interior singular point, namely ajz). For
such two interval problems, there is some theory on self-adjoint extensions (cf. [47])
that we will employ. However, the results on the spectral properties are no longer
straightforward. For a self-adjoint extension L with D(Ls) C L*([ay, a4]), where
as € (az, as), the introduction of two boundary conditions (BCs) and two transmis-
sion conditions (TCs) is necessary to obtain a self-adjoint realization. The rationale
for having four conditions is that now one works with fwo intervals and hence needs
double the number of conditions (for a second-order ODE on one interval we need
two conditions). The two BCs will act on the endpoints a, and a4, while the two TCs
will be there to connect the two subintervals (a,, a3) and (a3, as).

Ultimately, we seek solutions to (16) that take on a special form: the (potential)
eigenfunctions (u,),en and (v,),en Of Lg and L, respectively, should satisfy

HTun = OnVn,

*
HTVn = OplUy,

for some real numbers o,,. We can use this goal, together with some intuition on
the Hilbert transform, to find suitable BCs and TCs. For example, when we take the
Hilbert transform of a function ¢ with a jump discontinuity at xg, then Hvyr will



122 R. Alaifari

bdd bdd
T bdd bdd —
— ~
In In
v e N
a, as g a a, as
(a) (b)

Fig. 6 Sketch of the (potential) singular functions u, and v, of Hr. They are bounded at the
endpoints and have a logarithmic singularity at the interior singular point

have a logarithmic singularity at xy. On the other hand, suppose that at a point xg, a
function v has a logarithmic singularity, i.e., in a region around x,

Y (x) = d11(x) + dr2(x) In|x — xo[,  x < xo, a7)

and
Y (x) = ¢o1(x) + ¢da(x) In|x — x0l, x > xo, (18)

for some analytic functions ¢;;. Then, in order for H to be bounded at x,, one
necessarily has

lim ¢ (x) = lim ¢z (x), (19)
lim ¢1p(x) = lim ¢ (x). (20)

These observations lead to a specific picture of the singular functions of Hr, should
they exist. They are bounded at the endpoints and have a logarithmic singularity of
type (17)—(20) at the interior singular point. See [9] for full details and Fig. 6 for an
illustration.

To present a suitable candidate for Lg, we need a few more preparations. First,
for an open interval I C R, define the function space

ACjoc(I) :={¢y : I — C : ¢ is absolutely continuous on all [«, 8] C I}.
Next, let the maximal domain D, C L*([az, a4]) be given by

Dmax = {1/, : (a27 a4) - (C : 1/f|(a,,ai+1)’ (PI///)|(I);,0,’+1) S ACZOC((ai5 ai-‘y—l))’i = 27 35
V. Ly € L*([ay, as]),
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and recall the notion of the Lagrange sesquilinear form [-, -] of two functions r, s €
D, .. which is defined as
[r,s] :=rPs —sPr'.

One can deduce from Green’s formula that for all r, s € D,,,, the limits limoﬁa;
[r, s](c), limﬁ_)us— [r, s1(8B), lima_)@ [r, s](a), and limﬁ_)a; [r, s](B) exist and are
finite. »
Theorem 32 LetLg : D(Lg) — L*([az, as]) be the extension of L, to the domain
D(Lg) := {lﬂ € Dy - [1//, r] (a;r) = [l/f, r] (a;) =0,
V. rl@3) = [V, r](a7),
[V, s](a3) = [V, s](a7)},

withr,s € D,,.x chosen as

r(y) =1,

4
s =y T] N p—
i=1

ai—aj

Then, Lg is a self-adjoint operator.

Proof See Chap. 13 in [47], in which all self-adjoint extensions for two interval
problems are given. (]

Note that for A € C, the above two BCs at a, and a4, as well as the two TCs at
as simplify for solutions of Ly = L. More precisely, if ¢ solves Lgyr = A/, then
the above BCs mean that ¢ is bounded at the endpoints a, and a4. Furthermore,
the two TCs translate to (17)—(20). This gives hope that indeed, for this choice of
Lyg, there is a (much anticipated) relation between Hy and Lg. In main contrast to
Sturm—Liouville problems on one interval with no interior singular point, we have
no straightforward guarantee that the spectrum of L is purely discrete. One of the
main findings in [9] is that this is, however, indeed the case. We summarize the result
as follows.

Theorem 33 (Spectrum of Lg) Let L be the self-adjoint extension of L, with
domain D(Lg) C L*([az, as)) as defined in Theorem 32. Then, its spectrum o (L)
has the following properties:

(i) o(Lyg) is purely discrete.

(ii) The set of eigenfunctions (u,)nen of Ls are complete in L*([az, a4]).
(iii) o (Lg) is simple, i.e., each eigenvalue has multiplicity 1.
(iv) For all eigenfunctions u, of Ls:

(HTL()’, dy)”n) (x) = L(x, d,) (Hruy,) (x).
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One can define a second self-adjoint operator Z:g with D(Z;) c L*([ay, a3))
equivalently to the definition of Lg (by simply replacing the points a,, a3 and a4
by ay, ay, and a3, respectively. This allows to write property (iv) in the above more
compactly as

HrLs = LgHy.

With that, one finally arrives at the following.
Theorem 34 (SVD of Hr) The eigenfunctions u,, of Lg, together with

Vp = HTun/”HTMn”Lz([al,ag])a

Oy = ”HTun”LZ([al,m]),
form the SVD of Hr:

Hru, = o,v,,

*
Hpv, = o,up.

The functions (v, ), are the eigenfunctions of I?; and form a complete orthonor-
mal system of L?([ay, a3]). In light of Hadamard’s well-posedness criteria one can
further show that

N(Hr) = {0},

i.e., the inversion problem enjoys uniqueness, and
R(Hr) # L* (a2, as]),

while R(Hr) is dense in L?([a, as]). Thus, inverting from truncated Hilbert trans-
form data is ill-posed in the sense that the solution does not depend continuously on
the data. Another interesting fact is the following.

Theorem 35 The values 0 and 1 are (the only) accumulation points of the singular
values of Hr.

This property implies that Hy is not a compact operator. The accumulation of the
singular values at 0 causes the instability of inverting the truncated Hilbert transform.
As discussed in Remark 25, the decay rate of the singular values reveals the nature of
the ill-posedness. To find how severe the ill-posedness of inverting Hr is, we again
make use of the differential operators Lg, Lg. We aim at finding the asymptotics of
the eigenfunctions v, of Lg as A,, — £ooin

LSwn = Anwn-

Note that the two accumulation points +o0o and —oo of A, correspond to the accumu-
lation points 0 and 1 of o,,, respectively. The asymptotic analysis of ¥,, forn — oo
is based on three ingredients:
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(i) Global asymptotics: away from the regular singular points a;, the solution ¥, is
analytic and its asymptotics can be described with WKB (Wentzel-Kramers—
Brillouin) approximations.

(i) Local asymptotics: close to the regular singular points a;, the solution ,, can
be characterized by linear combinations of the Bessel functions Jy and Yj.

(iii)) Asymptotic matching: global and local asymptotics need to be matched in
specified regions in which both are valid.

The above is just a sketch of the recipe and we refer to [5] for the full argument. Since
the eigenfunctions of Lg and Ly correspond to the two sets of singular functions of
Hr, one has thus found the asymptotics of the singular functions of Hr. This can be
used to further derive the asymptotic behavior of 6, - 1 ando_, — 0 asn — oc.
The result can be stated as follows.

Theorem 36 Let (0,,),en and (0—,)nen denote the sequences of singular values of
Hy accumulating at 1 and 0, respectively. Then, there exist constants ci,cy > 0
depending on only P and the points a;,i = 1, ..., 4 such that

o, = ze—oln . (1 4 O(n—l/2+5)) ,

o, =1-—2e". (1 +0 (n71/2+8)) , asn — 0o,

for some small fixed § > 0.

Thus, the decay to 0 is exponential, which leads us to classify this inversion
problem as severely ill-posed. We remark that this is typical for limited data problems
in CT.

4 Regularization

So far, we have discussed detecting the instability of an inverse problem and, if an
SVD exists, characterizing the severity of the ill-posedness through the decay rate of
the singular values. This, of course, is only of theoretical interest, if it does not lead to
new reconstruction methods dealing with these instabilities. In this section, we will
see how one can aim at extracting information as stably as possible from an unstable
system. This is the goal of regularization. With the example of the truncated Hilbert
transform, we will further demonstrate in Sect.4.2, how the derived knowledge of
the SVD of the underlying operator and its asymptotic properties can enable us to
prove rigorous results on the proposed regularization methods.

Clearly, solving for T f = g can be done by applying the Moore—Penrose gener-
alized inverse to the right-hand side, resulting in a best-approximate solution:

f1=Ts.
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However, in practice, g is not known exactly, but only some measurement g° is
acquired up to some noise level §, i.e., one only has a guarantee of the form

g —&°lly <8.

The main issue is the lack of continuous dependence of the data on the right-hand
side: recall that if Hadamard’s third property is violated, then T is not a continuous
operator. Thus, in general, 77 g? is not a good approximation of Tg. Also note that
T g° might not even exist, since D(T7) C Y when T is not continuous.

In regularization theory, one seeks to find an approximation f® of f7 such that

e f% depends continuously on g°,
o = flass — 0.

This is achieved by constructing a family of continuous operators (Ry)ee(0.a)
@ € Ry U oo, that approximate the unbounded operator T'. More precisely, for
o = o, ga), define f(f = Ro,gé. The goal is to choose « (4, g‘s) and R, such that
fo‘f — fTas 8 — 0. In other words, the lower the noise level, the more accurate the
approximation f? is required to be. For high noise levels §, the reconstruction f2
does not need to be close to f. This matches the intuition that if the right-hand
side is only known up to 4, it is not feasible to aim at an approximation of the true
solution f7 that is closer than §.. A precise definition of a regularization can be given
as follows.

Definition 37 Let T € L(X,Y), @ € R, U{oo} and let R, : Y — X be a contin-
uous operator for every a € (0, &). Suppose that for all g € D(T") there exists a
parameter choice rule @ = (8, g°) : Ry x ¥ — (0, @) such that the following hold:

limsup {e(8,8°) : g° € ¥, g — &°lly <8} =0, Q1)
8§—0
and
: b + ) b _
lim sup { | Rus,608" — T gllx 1 8" €Y. g — &°lly <8} =0. (22)
§—0

Then, the family (Ry)we(0.3) is called a regularization for T™. For every g € D(T7),
a pair (R,, ) is called a convergent regularization method for solving Tf = g, if
Egs. (21) and (22) hold.

A regularization method is thus defined by two components:

e the operators R, and
e the parameter choice rule a(8, g°).

A fundamental result by Bakushinsky states that & cannot be chosen independently
of §.

Theorem 38 (A. B. Bakushinsky) If o = a(g®) yields a convergent regularization
method, then TV is bounded.
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There are two possible choices of dependencies left and they are divided into
a priori parameter choice rules, i.e., « = «(8), and a posteriori parameter choice
rules, i.e., @ = (4, g‘s).

Existence of a priori parameter choice rules can be guaranteed when (Ry)qec(0,@)
is a family of continuous operators converging to 7" point-wise.

Theorem 39 [fforall « > 0, R, is a continuous operator and
R, — Tt point-wise on Z)(TT), aso — 0,

then (Ry)qer, is a regularization of T andforall g € D(T") there exists an a priori
parameter choice rule a(8) for which (R, ) is a convergent regularization method

forTf =g.

A regularization consisting of linear operators R, is called a linear regularization
method. Note that one can also consider a family of nonlinear operators R, for
approximating a linear operator 77, A well-known example is the conjugate gradient
method equipped with an early stopping criterion to ensure regularization.

In order to construct regularization methods, the following viewpoint is helpful:
Suppose that the operator 7*T was continuously invertible with spectral projections
Ps, so that its inverse could be expressed as

(T*1)"" =/ Lap,.
o(T*T) A

Then, in view of (9), the following holds for the best-approximate solution f:
. 1
f =/ —dP,T*g. (23)
o(T*T)

If, however, R(T) is not closed, the above integral does not exist because zero belongs
to the spectrum of 7*T', and hence the integrand 1/ has a pole at zero. The concept
of regularization is to replace 1/A by a family of functions (s (1))qer, that approx-
imates 1/A and satisfies some continuity conditions. Instead of computing f' one
then constructs

fo = / sqe(AMd P, T*g, (24)
o(T*T)
and the corresponding regularization operators are given by

Ry = / se (WA P, T, 25)
o(T*T)

More precisely, one has the following.

Theorem 40 For all o > 0, let s, : [0, | T||*] = R be piecewise continuous and
suppose that there is a constant C > 0 such that for all » € (0, ||T||*]
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IAsa ()] < C, (26)
and
lin}) sq(A) = —. (27)
Then, for all g € D(TT),
lim f, = f7
a*)O
with ¥ =TTy and
fa 1=/ sa (M)A P, T"g.
AEa(T*T)

Note that in view of the discussion in Sect. 2.3, the continuous functional calculus
(28)

enables us to write
fOl = sa(T*T)T*g
Similarly, for reconstruction from noisy data g°, the approximation via s, is expressed
as
[ =5, (T*T)T*g’. (29)

Further note that, due to the ill-posedness, « has to be chosen carefully because when

g ¢ DT,
lim | £ llx = oo.

One way to ensure convergence of £ istochoose «(8, g°) viaMorozov’s discrepancy
principle, which is an a posteriori rule.

Theorem 41 Let s, be as in Theorem 40, fulfilling (26) and (27) and assume that
foreach ). > 0, o +— s54(X) is continuous from the left. Also, define

re(A) :== 1 — Asg(X).

Furthermore, let
So = sup {s,(A) : A € [0, |T|1}

be such that

for some constant ¢ > 0 and
t>sup{lre(M)|: @ >0, €0, ||T||2]}~

Then, the discrepancy principle defined by
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3y . 8 8
(8. g") =supfa >0: |Tf, —glly <8} (30)

and R, defined as in (25) form a convergent regularization method (R, &) for all
g € R(T).

Remark 42 e The requirement that g € R(T) is not restrictive: if g € D(T"), but
g ¢ R(T), then we can simply solve for

T*Tf = T*g

instead of T f = g. This is then solvable for g € D(T ") and the same result applies
for this normal equation.

e The philosophy of the discrepancy principle is very intuitive: one compares the
residual with the error bound § and does not aim at an approximation that achieves
aresidual below § as this is not meaningful: for noisy data g%, with ||g — g°|ly < 6,
the best one should ask foris a residual of the order of §. On the other hand, from the
viewpoint of regularization, one should aim at a regularization parameter as large
as possible to ensure stability. This is a trade-off between accuracy and stability
and the discrepancy principle roughly aims at achieving the optimal balance.

Next, we give two simple and well-known examples of regularization methods.

Example 43 One way to regularize the inversion of T*T is via a simple threshold:

%, for A > «,
0, fori < a.

Se(A) 1= {

For an operator with an SVD (o, u,, v,,)sen, this amounts to a truncated SVD:

o0

1
fo(lS = Z _<g8, Vp)yUy.

0,
n=t N

2

o za

Example 44 The most prominent example for regularization is Tikhonov regular-
ization which amounts to defining

1

SO[()") = )\’+a1

for « > 0. Since {A +« : X € o(T*T)} is the spectrum of T*T + «ld, Tikhonov
regularization can be interpreted as

fo‘f = / sqM)d P, T*g® = (T*T ~|—ocld)_1 T*g’.
o (T*T)

In other words, one solves the regularized normal equation
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(T*T + o1d) f2 = T*g’. 31

For an operator with an SVD (o, u,,, v,y )uen, this can be written as

o0
On
=) (&%, va)yitn, (32)
n=1

2
oyt

i.e., the unbounded term 1/, is replaced by the bounded term o,/ (%2 + ). One
can show that fa‘f in (32) is the unique minimizer of the Tikhonov functional

FeITf =85 +alflx (33)

Formulated this way, Tikhonov regularization exhibits the typical form that instead
of simply minimizing the residual, one introduces an additional penalty term, in this
case the norm of f. As the noise level § decreases, one can choose smaller «, so that
the penalty term becomes less emphasized.

Theorem 45 If «(8, g°) is chosen according to the discrepancy principle (30),
Tikhonov regularization converges for all g € R(T).

4.1 Miller’s Theory

As suggested in (33), one can alternatively study regularization from an optimization
perspective. This has been suggested by Miller [37] and further discussed by Bertero,
De Mol, and Viano in [15]. Suppose for simplicity that 7~! exists and that a right-
hand side g° is given with noise level ||g — g°||ly < 8. In case of ill-posedness, 7!
is unbounded and hence the set

HG.8") = {feX ITf —gly <8}
is unbounded. Thus, finding an element in H (8, g’) does not give any guarantee
on how close it is to the exact solution. To achieve regularization, one introduces

a restricted set of admissible solutions S(8, g®) C H (8, g°), i.e., one assumes prior
knowledge on the solution and hence only searches in a restricted set S(8, g°). If

diam S5, g°) - 0, as 8 — 0, (34)
then the problem is said to be regularized and any method (R, ) that guarantees
Rots,598" € S(3.8")

is a convergent regularization method. A typical choice for S(8, g%) is {f € X :
ITf —g%lly <8, IILfllx < c}, for some constant ¢ > 0 and L a densely defined
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operator with bounded inverse. The choice L = Id corresponds to Tikhonov regu-
larization. Other popular choices for L are differential operators, in which case the
constraint amounts to a smoothness condition on f.

4.2 Regularization for the Truncated Hilbert Transform

We conclude this section by presenting results on the regularized reconstruction
from truncated Hilbert transform data. As outlined in Sect. 3, the spectral properties
of the operator Hy have been derived in [5, 9]. The main tool for determining the
asymptotics of the singular values is to find the global asymptotic behavior of the
singular functions. This knowledge has been further used in [6, 10] to derive results
on the regularization in the sense of Miller’s approach.

More precisely, when studying the asymptotics of the singular functions, one finds
two characteristics:

e Oscillating behavior. The singular functions u, corresponding to accumulation
in the spectrum at 1 oscillate inside the overlapping region, i.e., on [a3, a3], and
decay monotonically on [az, a4]. On the other hand, the u,’s corresponding to
accumulation in the spectrum at 0 oscillate outside of the overlapping region, i.e.,
on [as, a4] and decay monotonically on [ay, a3] (see Fig. 7). This suggests that the
part of the spectrum causing instabilities corresponds to signals that are highly
oscillating outside of the region-of-interest. Thus, to restore stability, one needs to
suppress high oscillations outside of the overlapping region.

e Logarithmic singularity at the interior singular point. As we have already
seen in Sect. 3, all singular functions have logarithmic singularities at the interior
singular point, i.e., at as (for u,) and at a, (for v,), see Fig.7. Thus, methods that
are SVD based (cf. Examples 43 and 44) might not be ideal: since they use a
superposition of the singular functions in the reconstruction, they will most likely
create reconstruction artifacts in the form of logarithmic singularities at as.

The derivation of stability estimates from the asymptotic expansions of u,, and v,, is
very involved and technical and outside of the scope of this chapter. We merely present
the results here. The first statement is that if one is only concerned with stability in a
slightly restricted region-of-interest of the form [a;, a3 — ], for some small u > 0,
then the method of Tikhonov already yields a regularization for reconstruction from
Hy.

Theorem 46 Let g € R(Hy) and g° € L*([ay, as]) be noisy data such that ||g —
&% lly < 8 forsome noiselevel § > 0. For E > 0, define the set of admissible solutions
as

86, 8% ==1{f € L*(ar, as)) : |Hr f — gllizqar.ash < & N fli2(anasny < E}-

Let ;1 > 0 be constant and consider the reconstruction on (ay, az — ). Then, for
sufficiently small 8, any fi, > € S(8, g°) satisfy a bound of the form
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Fig.7 Examples of singular functions u, and v, in red and blue, respectively. Here,a; = 0,ay = 3,
a3 = 6, as = 12. Singular functions for o,, close to 0 in (a); singular functions for o, close to 1 in
(b). All of the singular functions exhibit singularities at the interior singular points

Fig. 8 Example of a limited data problem: the black circle indicates the field-of-view (FOV)

Ifi = folli2qagas—upy < C18 + C2E'V 87,

where Cyi, Ca, y > 0 are constants depending on only u and the relative positions
of the points a,, a, a3, as.

Remark 47 As already stated, the drawback of using Tikhonov regularization here
is that it will create artifacts at the boundary of the region-of-interest due to the
logarithmic singularities of the singular functions. See Figs. 8 and 9 for an example:
Tikhonov regularization clearly exhibits these artifacts on the boundary of the ROI.

As one can see in Fig.9, the reconstruction using fotal variation (TV) regular-
ization does not show the artifacts on the boundary of the ROI. This is because the
method is not SVD based and penalizes singularities. To be more precise, in TV
regularization, the set of admissible solutions S(§, g6 ) is chosen by restricting the
total variation of the admissible functions. For weakly differentiable functions f
with derivative f, the TV semi-norm is given by
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(a) (b)

Fig. 9 Regularized reconstruction for the limited data problem in Fig. 8 using Tikhonov regular-
ization in (a) and total variation (TV) regularization in (b). The artifacts at the boundaries of the
ROI are apparent in the Tikhonov reconstruction but not in the TV reconstruction

[flry == 1 felloiw)-

The reason we are interested in TV regularization is that a TV penalty is the natural
quantity to penalize both the artifacts on the boundary of the ROI, as well as highly
oscillating behavior, causing ill-posedness. Again, exploiting the fine properties of
the global asymptotic behavior of the singular functions (and now combined with an
argument using Helly’s selection theorem), one can formulate a stability estimate for
TV regularization. In fact, it suffices to penalize the total variation on a subinterval
[az — w, a4], for some u > 0.

Theorem 48 Let g € R(Hy) and g° € L*([ay, as]) be noisy data such that ||g —
&%\ly < 8 for some noise level § > 0. For |,k > 0, define the set of admissible
solutions as

86,8 =1{f e W' (az,aa]) : 1Hr f — glizqarash < 8 1 felliias—pas)y < K

fmfuwx=CL

for some constant C. Then, as § — 0, one has that
diam S(8, g°) = O(|log 8|~'/%)

and the constants in the decay rate depend on only u and the relative positions of
the points ay, ay, as, as.

Remark 49 Note that this decay rate is only logarithmic, while for Tikhonov reg-
ularization one has a decay of order 7. However, the imposed prior knowledge in
the case of TV regularization is mainly on the region outside of the ROI. Also, the
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guarantee that one obtains for the reconstruction is on || fi — f2ll72((a,.a,7) iNStead of
merely on || f1 — f2ll2(ay,a3-p))-

5 Nonlinear Inverse Problems

While the theory of regularization is well understood in the linear case, it is much
less straightforward in the case of nonlinear problems. Since for nonlinear operators
there is hardly any spectral theory at hand, the analysis of the regularization becomes
much more challenging. In this section, we intend to make brief mention of the
particularities of treating nonlinear problems and refer to [21, 28] for a detailed
discussion of the subject. In what follows, a nonlinear operator is denoted by

F(f)=g F:DF)CX—>Y

and ill-posedness always refers to the lack of continuous dependence of the solution
on the data. An important class of nonlinear (typically ill-posed) problems is that of
parameter estimation in PDEs.

Example 50 Suppose that for some material with support in 2 C R3, u(x), x € Q
denotes the temperature distribution after sufficiently long time, 4 denotes internal
heat sources and ¢ the heat conductivity of the material. Assuming that u is kept zero
at the boundary, the dependencies can be modeled as follows:

-V - (@x)Vu) = h(x), x e,
u(x) =0, xe€of.

Further assuming that 4 is known, the following problem is a typical parameter
estimation problem: Given internal measurements of # or boundary measurements
of the heat flux qg—z, determine the heat conductivity g. Note that the underlying
operator F : g > u, is not given explicitly but is described through the PDE.

General assumptions typically made when considering nonlinear inverse problems
(and also assumed in the remainder of this section) are the following:

e F' is continuous,

e F is weakly sequentially closed, i.e.,

Jo — finX

F(f,) —\giny}:>f€.D(F)andF(f)=g.

e For simplicity, one assumes g € R(F).

For linear problems, the notion of minimum-norm solution has been introduced. For
nonlinear problems, one rather considers the f*-minimum-norm solution f* which
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minimizes || f — f*| x. This is because the element O no longer plays a special role
for nonlinear problems. Typically, one aims at choosing f* such that it includes some
a priori information on the solution. The above assumptions guarantee existence of
the f*-minimum-norm solution. However, since F' is nonlinear, it is not necessarily
unique.

When analyzing the ill-posedness of linear operators, the closedness of the range
is a simple criterion that characterizes the stability of the problem. Therefore, it would
be convenient if for nonlinear problems it was possible to consider the linearization
of the nonlinear operator. However, in general, there is no guaranteed connection
between the ill-posedness of a nonlinear problem and its linearization.

Recall that for linear operators 7 : X — Y, one has that compactness and injec-
tivity of T implies unboundedness of 7~! when X is infinite dimensional. There
is a “nonlinear counterpart” to this statement: roughly, when F is compact and
locally injective, then D(F) being “infinite dimensional around f” implies the
non-continuity of the inverse F~!. A precise formulation is the following.

Theorem 51 Let F be a nonlinear compact and continuous operator with D(F)
weakly closed. Let F(f") = g and suppose there exists € > 0 such that F(f) = g is
uniquely solvable for all g € R(F) N Bc(g), where B.(g) denotes the ball of radius
€ around g.

If there exists a sequence (fy)nen C D(F) with

fo = f7, while fo 7> f7, (35)
then F~' (defined on R(F) N B.(g)) is not continuous in g.

Note that assumption (35) can roughly be interpreted as infinite dimensionality of
D(F) around f1:If B.(f7) C D(F), one cantake f, = f' + € - e,, where ¢, form
a basis of X (recall that X is assumed to be separable). Then, since ¢, — 0, one has
Jo = fTbUt Il fa _er”X = €.

We conclude this section by mentioning two standard approaches for solving
nonlinear inverse problems: Tikhonov regularization and iterative methods.

In the nonlinear setting, Tikhonov regularization amounts to solving the following
optimization problem:

arg min || F(f) — g°13 +allf — f*1%, (36)
feD(F)

where, as before, g € Y denotes the noisy data and « the regularization parameter.
As already noted, (36) has a solution but it is not necessarily unique due to the
nonlinearity of F. Thus, one just searches for a solution of (36), which we will
denote by f2. In general, this optimization problem is non-convex and it is possible
to get stuck in local minima. The following is a result on Tikhonov regularization
for appropriately chosen regularization parameter «.
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Theorem 52 Let g € R(F) and g° € Y with ||g° — g|ly < & for § > 0. Let a(8) be
chosen such that

() > 0, asé— 0,
82
— >0, asd— 0.

a(s)

Furthermore, suppose that (8,)nen and (o,),eN are sequences such that §,, — 0 as
n — oo and o, := a(8,). Then, the sequence (fa‘f:)neN of solutions fo‘f: to (36) for
8 =68, and o = o, has a convergent subsequence. The limit of every convergent
subsequence is an f*-minimum-norm solution. If the f*-minimum-norm solution
1 is unique, then

lim f) = /7.

We remark that for nonlinear problems, using Morozov’s discrepancy principle
straightforwardly for Tikhonov regularization is a bit problematic because in general,

IF(f)) —glly =8

is only solvable under restrictive assumptions, and even if it is, this requires solving
an additional nonlinear problem simultaneously. On the other hand, the discrepancy
principle can be easily implemented for iterative methods. One can take a conven-
tional iterative solver and often restore regularization by early stopping, where the
stopping index k, has to depend on the noise level §. This is also true (and used)
for linear problems. A stopping criterion in accordance to the discrepancy principle
takes the form: stop the iteration at k,, where

I8 = F(fO)lly <t8 <118 = F(fDlly, k < ks,

for some 7 > 1.

6 Phase Retrieval

In this section, we discuss a nonlinear inversion problem that does not very much
fit into the theory outlined in the previous section and therefore also highlights the
delicacy of studying nonlinear problems. The general setup is as follows.

Let X be a separable Hilbert space and (¢;),ca C X some measurement system
with index set A C C. Typically, the requirement on (¢; )< is that any f € X can
be stably and uniquely recovered from ({ f, ¢»)x),ca- For A a discrete index set, this
can be conveniently summarized as (¢;),ca being a discrete frame, meaning that
there exist uniform constants A, B > 0 such that
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AlFIR <D W edxl> < BlIfIR. VfeX

reA

The question of phase retrieval can then be formulated as follows: When is it possible
to uniquely (and stably) recover a function f € X from magnitude measurements

((fs @) xDaen?

Note that uniqueness of phase retrieval always has to be understood up to a global
constant phase factor, i.e., unique recovery of f amounts to finding tf, for any
7 € S'. Thus, the distance between two elements f1, f>» € X is defined as

disty (f1, f2) == igsfl Ifi = tfallx.

A lot of work has been done on phase retrieval for general frames, see, e.g., [13, 14,
16], as well as for more structured measurement systems, cf. [2, 3, 11, 17-20, 23,
24,27, 33, 36, 40, 41, 43, 46] for example. However, many questions on uniqueness
and stability of phase retrieval remain open. In what follows, we want to highlight
a specific phase retrieval problem with a structured measurement system, showing
that even if one can (partially) answer the question of uniqueness, the problem is in
some sense highly unstable and difficult to regularize.

Gabor Phase Retrieval

Let X = L?(R) and let the inner product on L?(R) (or L?(R?)) simply be denoted by
(-, -). We consider Gabor frames, i.e., frames that are built from a window function
that we will choose to be the Gaussian

o(t) ="

and its time-frequency shifts: for each A = x 4+ iy € C, which we also identify with
the vector (x, y) € R?, we define

(p;\(t) = (p(x,y)(t) = MyTx(p(t),

where T denotes the translation (or time shift) by x € R:

I f@) == ft —x),
and modulation (or frequency shift) by y € R is denoted as
M, f(t) == e f(1).
While there is a rich theory on Gabor frames in which stable and unique recovery

of a signal f is guaranteed from measurements ({ f, ¢;))ca, A a discrete subset of
C, see, e.g., [22], we consider the best case scenario here: we assume that A = C,
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i.e., the measurements are highly redundant and the measurements are given by the
continuous transform

Vof(x,y) = /Rf(t)cp(t —x)e At = (f, 9uy), Y,y ER,

known as the Gabor transform of f.In phase retrieval, the task is to reconstruct f
from

(| V‘P('x’ y)f|)()c,y)E]R2 :
More precisely, define the forward operator

A, LA(R)/S" — LARALRY),
f— ‘V(pf

’

then phase retrieval amounts to the inversion of A,,.
Injectivity of Gabor Phase Retrieval

The question of uniqueness can be rather easily settled with the following funda-
mental formula:

T (|Vef[?) e ) = Vi (=3, Vig(=y, ), (37)

where  denotes the two-dimensional Fourier transform on L2(R?). Formula (37)
holds, for example, when g is a Schwartz function and f is a tempered distribution
[25]. Note that for g = ¢, V,¢ is (up to some modulation factor) simply a two-
dimensional Gaussian and therefore has no zeroes on all of C. Thus, (37) implies
that given ’Vw f |, one can recover V f uniquely. More precisely, suppose that

T (Ve il*) (e, ) = Vi fi(=y,0) - Vo=, 20,
F (Vo o) v, 9) = Vi o=y, 0) - V=3, ),

and
|V<ﬂf1‘ = |V<pf2|'

Then, (37) implies L
(Vflfl - szfZ) . Vlﬂ(p =0,

and hence Vy, fi = V, f>. One can further show (by taking one-dimensional Fourier
transforms) that

Vifi=Vyfo= fi=1f, forsomet e S,
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0.5

Fig. 10 The functions f,} (blue) and f,” (orange) fora = 5

which guarantees uniqueness of phase retrieval from measurements ‘Vw f ‘ (x.y)cR2?
cf. [25]. Note, however, that for practical purposes formula (37) is not very useful as
the exponential decay in V,,¢ leads to serious instabilities in the reconstruction.

Stability of Gabor Phase Retrieval

In the strict regularization-theoretic sense, phase retrieval is not an ill-posed problem
because of a result in [7], which states that

A, injective = A, ! continuous on R(A,) and R(A,,) closed.

However, in practice, instabilities do occur. As shown in [7], the operator ﬂ;l is
never uniformly continuous when X is infinite dimensional. More precisely, there is
no uniform constant ¢; > 0 for which

cdistx (f1, f2) < I AL(f) — A () ll2wey, Y fi, f» € X.

For Gabor phase retrieval, this lack of stability has been quantified to some extent
in [8]. A rather simple example captures the inherent nature of instability. For this,
let (f.f, f,7) be a parameter-dependent pair of functions defined as

fF =T+ T_qp, (38)
fa_ S 2 Tfaﬁﬂ, (39)

see Fig. 10 for a plot of ( f5+, f5 ). As one would expect, the Gabor transforms of
such functions are almost the sum of two Gaussian bumps in the complex plane (see
Fig. 11). For not too small a, the difference in magnitude of these Gabor transforms
V, f.5and V,, f,” is very small (see Fig. 12).

This causes the typical instability: while the measurements are very close, this
is not true for f;7 and f, . More precisely, for this pair of parameter-dependent
functions one can show (see [8]):
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Fig. 11 Magnitudes of the Gabor transforms of f2+ in (a) and of f; in (b)

Fig 12 ||V, /i | = Vo i ||
fora =2
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Theorem 53 Let the functions f.;f and f, be defined as in (38) and (39). Then there
exists a uniform constant C > 0 such that for all a > 0 and for all k € (0, 7/2):

disty2e) (£ 1) = CE |V £ = Vo £ | e, (40)

So already in this explicit example, one has an exponential degradation of stability
in the phase retrieval problem, which makes it “severely ill-posed”, though not in
the classical sense.

Regularization for Gabor Phase Retrieval

We conclude this section by remarking that the above example also reveals that
classical regularization will be ineffective in restoring stability of the phase retrieval
problem. In essence, one would aim at finding a suitable penalty || f|| such that the
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problem is regularized by minimizing

2
1AL (F) = 8oy + (|11
where g denotes the measured data and « a suitably chosen regularization parameter.
However, one can verify (see [8] for details) that all classical penalties, such as L2,
Besov space, modulation space norm, etc., do not resolve the occurring instability
as they result in

20~ DA

for the above example.

The construction of ;" and f,~, however, also reveals the source of instability: for
these functions, the gap between the two Gaussian bumps centered at £a, cannot be
bridged by the Gabor transform magnitude data in a stable way. The Gabor transform
is to some extent well concentrated in both time and frequency and thus the mea-
surements are disconnected, which is emphasized more strongly for larger a. This is
also reflected in the bound (40) which degrades exponentially in a. More generally,
whenever the Gabor transform of a signal is mainly concentrated on more than one
region and the measurements are small outside of these regions, then phase retrieval
will be unstable. We could have, for example, created similar instances to f;r and
f, of functions that present a gap in frequency instead of time. One could also think
of functions that neither have a gap in frequency nor in time, but a time-frequency
gap in their respective Gabor transforms. This observation has led to proposing a
novel notion of solution such that stability is restored. In [4], it has been suggested
to give up on global phase reconstruction when the Gabor transform is concentrated
on more than one atoll and is small outside of these regions: then, one would only
aim at global phase reconstruction on each individual atoll since this is the best one
can do stably for Gabor phase retrieval. Figure 13 illustrates the concept. This atoll
function reconstruction indeed results in a stability estimate [4]. However, it relies
heavily on ¢ being a Gaussian: in this case, V,, f isrelated to the Bargmann transform,
which is a holomorphic function on C. One can then argue via Cauchy—Riemann
equations to obtain stability in regions where the measurements are not small. This
has been further formalized in [25], with the concept of the Cheeger constant of the
measurements describing their connectedness.

We remark that the use of such a “semi-global” phase reconstruction is justified
in audio processing applications. There, constant phase factors on almost isolated
regions do not audibly change the signal. See Fig. 14 for an example.

7 Instabilities in Image Classification

In the previous sections, we have taken the route of discussing linear inverse problems
and the analysis and regularization that can be done for such problems, highlighting
limited data reconstruction as an example. For nonlinear problems, the analysis is
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Fig. 13 The Gabor freq uency
transform of f being 1
concentrated on three regions
(highlighted in color).
Outside of these regions,

Vi f is very small. We aim at
reconstructing V,, f up to
global phase on each of the
three atolls individually.
Inside each atoll, one can
allow for small lagoons
(highlighted in white) on
which the measurements are
small. The number and size
of these lagoons both enter
the stability estimate

5

time

Vo f ~ eV, f + €2V, f + €3V, f

Fig. 14 Gabor transform
magnitude of an audio signal
containing sounds of a bird
and a bison. The region
highlighted in light-blue is an
example of an atoll: taking
the original audio signal, and
an audio signal for which the
highlighted region has an
additional constant phase
factor, audibly results in the
same signal

Frequency [kHz]

0.0 0.5 1.0 1.5 2.0 2.5 3.0 35
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already more cumbersome and less straightforward and we showed phase retrieval
as an example that does not fit the classical regularization theory but still exhibits
instabilities. To conclude this discussion, we provide one more instance of a problem
that suffers from instabilities but for which no rigorous theory has been developed
so far. Thus, there is no meaningful analysis that can be provided to date but one can
still point out the lack of robustness with explicit constructions.

The problem we have in mind is, in a broad sense, using deep neural networks
(DNN?s) as function approximations. In what follows, we will discuss the problem of
object classification in images, but instabilities have, for example, also been reported
in using DNNs for medical imaging applications [12].
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In its simplest form, image classification aims at recognizing a single object in
a given image. Typically, there is a set of labels to choose from and the task is to
assign to each image the correct label. A function that maps images to labels is called
a classifier. Suppose that the inputs are all RGB images of fixed square size, with
P = w? pixels, so that they can be described as vectors in X := R3*”. Let L > 2 be
the number of labels or categories. Then, a classifier is a map

K:X—{1,...,L}.
Typically, one chooses K to pick the most likely label from a feature vector; i.e.,

K(x) := arg max Fi.(x)

.....

for some mapping F : X — RE. State-of-the-art results are currently achieved by
taking F to be a deep neural network. A simplified description of a neural network
is the following.

Definition 54 A feedforward neural network of depth D is a mapping
F=FD0FD_10...0F1,

where
R 5 R x s ,o(de +bd),

for some W9 € R"*"i-1 pd ¢ R" and a nonlinear activation function p : R — R
applied element-wise to W?x + b¢.

In practice, state-of-the-art networks are more sophisticated than in the above
definition, but it still gives a good description of their structure: in essence, they are
a repeated concatenation of affine transforms and element-wise nonlinearities.

The weight matrices W¢ as well as the bias vectors b? are free parameters learned
during training: in supervised learning a training set of size m, i.e., a set of pairs of
images and their correct labels (x;,/;) € X x {1,..., L}, j € {1,...,m}, is given.
One then aims at finding F : X — R’ such that it captures the dataset distribution
well enough. This is usually done by empirical risk minimization, where the objective
is to minimize

1 m
R(F. (x;. 1)) —E;J F,x;,15),

for some loss function J. In classification, the “default” is the cross-entropy loss
function defined as

where we assume that F outputs a vector of probabilities. Otherwise, an intermediate
step called softmax layer needs to be introduced to output probabilities from F.
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While the results obtained with supervised learning and deep neural network
architectures are really astonishing for large training sets, it has also been pointed
out over the last decade that DNNs are vulnerable to so-called adversarial examples.

In their seminal work [45], Szegedy et al. demonstrate that DNNs can be rather
easily “fooled” by creating small perturbations such that the perturbed image looks
(almost) the same upon visual inspection, but the network will no longer be able
to correctly classify the object in the image. Since then, adversarial examples have
evolved to an entire field of research in machine learning, with a number of contri-
butions that have exploded by now, making it impossible to give a fair account of the
existing literature.

To illustrate the phenomenon of adversarial examples, however, we do give an
example of an algorithm that searches for small perturbations such that the perturbed
image is incorrectly classified. The DeepFool algorithm introduced in [38] can be
summarized as follows.

Let K = arg max;_; _; F be a trained classifier and let x € X be an image
with correct label I = K'(x). The DeepFool algorithm searches for y = x + r with
K (y) # 1 as follows:

e Choose a target label k # [.
e Set f := F; — F;, where the goal is to achieve f(y) > 0.
e Using f(x +7r) ~ f(x) + Vf(x) - r, define the perturbation

fx)
=V Vi)
IV £
andsetx = x +r.
o If K(x) = k, then we are successful. Otherwise, start at the top with x replaced
by X.

The target label k may be selected at each iteration to minimize || ||, for some chosen
norm || - ||

In Fig. 15, we give an example of a correctly classified image and a slightly
perturbed image, which is classified incorrectly.

We note that adversarial examples can be very effectively constructed: for state-
of-the-art networks such as Inception-v3 or ResNet-101, a very high percentage of
correctly classified images indeed has an adversarial example in its vicinity. It is
therefore very crucial to address this problem of instability. Many defenses against
adversarial attacks have been suggested but they mainly follow, in one way or the
other, the theme of adversarial training: adversarial examples are incorporated in
the training procedure so that the network learns these instances. While this is a quite
effective method, it also has its issues. Typically, networks are adversarially trained
with respect to small perturbations. However, as demonstrated in, e.g., [1], small
additive perturbations are not the only type of possible attack in image classification.
For example, if an image is slightly deformed, the classification output should not be
changed either. However, creating adversarial deformations is rather straightforward.
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Fig. 15 Left: The object is correctly classified as a ptarmigan. Right: A small perturbation is added,
of size ||r|lg~ = 0.027. The object is now incorrectly classified as a partridge. This example has
been produced using the DeepFool algorithm on the ImageNet dataset with the Inception-v3 model

The ADef algorithm proposed in [1] can be described as follows: First of all, to
facilitate the discussion on deformations, we model images as continuous objects,
i.e., as elements of the space

ﬁqau%R%:{g:me—wW:/ @deu<+m}.
[0,1]%

Given a vector field 7 : [0, 1]> — R?, we define the image after deformation by 7 as
E ) :=Ew+tw), Yuelo 17,

where £ is extended by zero outside of [0, 112. In this context, the distance between
& and &; is not well quantified by a norm of & — &,. Instead, we measure it with a
norm on T which we define to be

Izllr == ltll=qo iy = sup [T ller2).
uel0,1]?

Suppose that a discrete image x € X is a discretization of £ on a regular grid
{W#H, e, WLH}Z. In return, one can build such a function & from x by interpola-
tion. This way, one can make sense of a deformed image x, by defining it to be

1)+ (s, 1 2
anzé(g%ﬁ%£2>’V“”E{w+r“”wi1}'

To construct adversarial deformations for a classifier K = arg max F and a correctly
classified image x € X with label / = K(x), we aim at finding a small vector field
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(b) T ©

Fig. 16 An image correctly classified as a redfox in (a) and a deformed version in (b) incorrectly
classified as a shopping cart. The deformation is depicted in (c¢) and has size ||7||7 = 1.178. This
example has been created using the ADef algorithm on the ImageNet dataset with the Inception-v3
model

7 such that [ # K (x;). In the spirit of the DeepFool algorithm, one can again take
gradient descent steps to achieve this:

e Choose a target label k # [ and set f := F; — F}.
e Define the mapping g : t +— f(x;) and search for t such that g(r) > 0.
e By linear approximation

g(t) ~ g(0) + (Dog)t,

with (Fréchet) derivative

(Dog)t = i A(s,t) - T(s, 1), with A(s, 1) = L
' o T w41

s, t=1

(V£ () (s, VE (fjﬁ) .

e (Dog)t = —g(0) does not have a unique solution. We can solve it in the least-
squares sense:
8(0)

Y ORI |
> o |AG, N2 (s, 1)

(s, t) = —

e Set x(s,1) = x((s,1) + (s, 1)). If K(x) = k, the iteration has been successful.
Otherwise repeat with x replaced by x.

Figure 16 shows an example of a correctly classified image and its adversarially
deformed counterpart.

First experiments suggest that networks trained against small perturbations using
the celebrated projected gradient descent (PGD) algorithm [35] are less vulnerable
to adversarial deformations than standard networks that have not been adversarially
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trained. However, the rate of incorrectly classified images when attacked with adver-
sarial deformations is still considerably high, thus suggesting that these adversarially
trained networks are far from being robust.

Creating DNNG that are truly robust with respect to all types of invariances that
we expect (such as rotations, translations, small perturbations, small deformations,
etc.) is important, but still an open problem.
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Proximal Gradient Methods for Machine )
Learning and Imaging

updates

Saverio Salzo and Silvia Villa

1 Introduction

Convex optimization plays a key role in data science and image processing. Indeed,
from one hand it provides theoretical frameworks, such as duality theory and the
theory of nonexpansive operators, which are indispensable to formally analyze many
problems arising in those fields. On the other hand, convex optimization supplies a
plethora of algorithmic solutions covering a broad range of applications. In particular,
the last decades witnessed an unprecedented development of optimization methods
which are now capable of addressing structured and large-scale problems effectively.
An important class of such methods, which are at the core of modern nonlinear convex
optimization, is that of proximal gradient splitting algorithms. They are first-order
methods which are tailored to optimization problems having a composite structure
given by the sum of smooth and nonsmooth terms. These methods are splitting
algorithms, in the sense that along the iterations they process each term separately by
exploiting gradient information when available and the so-called proximity operator
for nonsmooth terms.

Even though there is a rich literature on proximal gradient algorithms, in this
contribution, we paid particular attention to presenting a self-contained and unifying
analysis for the various algorithms, unveiling common theoretical basis. We give
state-of-the-art results treating both convergence of the iterates and of objective
functions values in infinite-dimensional setting. This work is based on the lecture
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notes written for the PhD course “Introduction to Convex Optimization™ that was
given by the authors at the University of Genoa during the last 5 years.

This chapter is divided into six sections. Section 2 provides an account on convex
analysis, recalling the fundamental concepts of subdifferentials, Legendre—Fenchel
transform, and duality theory. In Sect.3, we study the proximal gradient algorithm
under different assumptions, addressing also acceleration techniques. Section4 is
about stochastic optimization methods. We study the projected stochastic subgradi-
ent method, the proximal stochastic gradient algorithm and the randomized block-
coordinate proximal gradient algorithm. Section5 exploits duality to derive new
algorithms. Finally, in Sect. 6, we describe several important applications in which
proximal gradient algorithms has been successfully used.

2 Preliminaries on Convex Analysis

2.1 Basic Notations

WesetR, ={o € R|e > 0}and R, = {o¢ € R|«a > 0}. Throughout the chapter,
X is a real Hilbert space and its associated scalar product and norm is denoted by

(w): XxX—>R and |-||: X = R.

An affine set of X is a set M C X such that every straight line joining two distinct
points of M is contained in M. In formula this means that, for every x,y € M,
and every A € R, we have (1 — A)x + Ay € M. If M is affine then V:=M — M
is a vector subspace of X, which is called the direction of M. Moreover, we have
M =V + x, forevery x € M. The intersection of a family of affine sets of X is still
affine, soif C C X one can define the affine hull of C, denoted by aff (C), which is the
intersection of all the affine sets of X containing C. It can be represented as the set of
the finite affine combinations of elements of C, meaning that x € aff(C) if and only
if there exists finite number of points x1, ..., x, € C and numbers A, ..., A, € R
(n > 1)suchthat ) ;_; A; = landx = Y__, A;x;. The affine dimension of a set C is
the dimension of the affine hull of C. A mapping 7': X — Y between Hilbert spaces
is said to be affine if T((1 — A)x +Ay) = (1 —X)Tx + ATy, for every x,y € X
and A € R. An affine mapping 7 can be uniquely represented as 7x = Ax + b with
A: X — Y be a linear operator and b € Y. The image and the counter image of
affine sets through affine mappings are affine sets. An (affine) hyperplane of X is a
set of the form {x € X | ¢(x) = «}, where ¢ : X — R is a nonzero linear form on X
and o € R.

For every x € X and every § > 0 we denote by Bs(x) the (closed) ball of center
x and radius §, that is Bs(x) = {y € X | |[ly — x|| < §}. Given a subset C C X, we
denote by int(C), cl(C), and bdry(C) its interior, closure and boundary, respectively.
An hyperplane H = {x € X |¢(x) = «} is closed if and only if ¢ is a continuous
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linear form on X so that it can be represented as H = {x € X | (x, u) = o} with
u € X \ {0}. A sequence (xg)ren in X converges to x € X, and we write x; — x, if
lxx — x|| — 0, whereas it weakly converges to x, and we write x; — x, if for every
ue X, (xx—x,u) - 0. Asubset C C X is weakly sequentially closed if the weak
limit of every weakly convergent sequence in C belongs to C.

Classically, in optimization, functions and constraints are treated separately. By
introducing extended real-valued functions, they can be treated in a unified way. Here
with extended real-valued functions, we mean functions

f: X —> ]—o00,4+00],

so that the value —oo will never be allowed. In the rest of the chapter, if not otherwise
specified, functions are supposed to be extended real-valued. The (effective) domain
of fisthesetdomf = {x € X | f(x) < +oo} and the epigraph of f is the set

epi(f) ={(x,1) € X xR| f(x) =1}. (D
Note that epi(f) is a subset of X x R. We also define the sublevel sets of f as
[f<tl={xeX|f(x)<t}, teR, 2

and similarly, we define the sets [ f > ¢]. An extended real-valued function is called
proper if dom f # &, meaning that the function admits at least a finite value. The
set of minimizers of f is denoted by argmin f.

In optimization problems, extended real-valued functions allow to treat constraints
as functions. Indeed let C C X and define the indicator function of C as

0 ifxeC
lc: X —> ]—00,+00] : x > 3
¢ ] ] :+oo ifx ¢ C. ©)

Then the constrained minimization problem

min A (x), h: X —->R

xeC

can be equivalently written as
min f(x),  f: X — ]—00,+00], f(x)=h(x)+ic(x).
xXe

Note that indicator functions and epigraphs allow to establish a one to one corre-
spondence between extended real-valued functions and sets.



152 S. Salzo and S. Villa

2.2 Convex Sets and Functions

A subset C C X is said to be convex if
Vx,ye C)(VAae[0,1) (I -2x+AryeC, “4)

meaning that for every x, y € C, the segment [x, y] = {x + Ay —x)| A €0, 1]},
joining x and y, is contained in C. A cone of X is a subset C C X such that

(YxeCO)(YreR,,) ixeC, (5)

meaning that, for every x € C the ray Ry ;x = {Ax | A € R} is contained in C.
The intersection of a family of convex sets of X is still convex, so if A C X, then
one defines the convex hull of A, denoted by co(A), as the intersection of the family
of all convex subsets of X containing A. In fact it is the smallest convex subset of X
containing A and it can be represented as the set of the finite convex combinations of
elements of A, meaning that x € aff(A) if and only if there exists finite number of
points xy, ..., x, € Aand numbers A, ..., A, € Ry (n > 1)suchthat) |, 1; =1
and x = Z?:] )\,,'.xi.

Let C be anonempty closed convex subsetof X andletx € X.Thenthe orthogonal
projection of x onto C is defined as the unique point p € C suchthat, foreveryy € C,
lp — x|l < |ly — x|l and is denoted by P¢ (x). Itis also characterized by the following
variational inequality

(Vyel) (y—p,x—p)=0.

If C is an affine set with direction V, then the above characterization becomes the
classical x — p € V+. We recall that for convex sets the property of being closed
is equivalent to that of being weakly sequentially closed. We finally recall that the
projection operator Pc: X — X is firmly nonexpansive, that is, it satisfies

(VxeX)VyeX) [Pc(x) = PcOI® < (Pe(x) = Pe(y),x —y).  (6)

An extended real-valued function f: X — ] — 0o, +00 | is convex if
Vx,ye H(VAe[0,1D) f(A—Mx+ary) <A —-21)f(x)+Arf(y) (7N

and is strictly convex if in (7) the strict inequality holds when x, y € dom f, x # y
and A € 10, 1[. Finally, g: X — [ — 00, +00[ is concave (risp. strictly concave)
if —g is convex (risp. strictly convex). If f is convex, by induction, definition (7)
yields Jensen’s inequality, that is, for every finite sequence (x;)1<i<» in X and every
(Ai)1<i=m € R’ suchthat )" | A; = 1, we have
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m m

f(Zm) <D hif). 8)
i=1 i=1

The property of convexity for a function f: X — ] — oo, +0oc] is equivalent to the
fact that its epigraph epi(f) is a convex set in X x R. The function f is strongly
convex if there exists i > 0 such that, for every x, y € X and every A € [0, 1],

FA =23 +29) A= F@ +Af0) = SA=DAx =3P ©)

Insuch case, w is called the modulus of strong convexity of f and the function f is also
said to be u-strongly convex. It is easy to see that a function f: X — ] — 00, +00]
is u-strongly convex if and only if f — (1/2)]-||? is convex. Moreover, strongly
convex functions admitting a minimizer, say x,, satisfies the following quadratic
growth condition

VxeX) f)—flx) > %nx — x| (10)

The function f: X — ] — 00, 400] is lower semicontinuous if for every
sequence (xg)rey in X and every x € X, xy — x = f(x) < liminf; f(x;). This
property is equivalent to the closeness of epi(f) in X x R. We denote by ['o(X)
the class of functions f: X — ] — 0o, +o00 ] which are proper convex and lower
semicontinuous. Such functions are continuous on the interior of their domain. When
existence of minimizers is in order, the following definition is needed. The proper
function f: X — ] — 0o, +00] is said coercive if

lim f(x) = 400,

[lx][—>+o0

which is equivalent to say that, for every o € R, [ f < «] is bounded. A proper,
convex lower semicontinuous and coercive function admits a global minimizer and
if the function is strictly convex the minimizer is unique.

2.3 Differentiability and Convexity

We recall the definition of differentiable functions. Let f: X — ] — 0o, +0o0] be a
proper extended real-valued function and let x € int(dom f). Then f is Gdteaux
differentiable at x if there exists a vector V f(xo) € X such that

(YveX) lim fxo +“’t) SEACT Y (11)

In such case V f(xg) is called the gradient of f at xo and f admits directional
derivatives at x( in every direction v and the directional derivatives depend linearly
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and continuously on v. When f is Giteaux differentiable at every point of a subset
A C int(dom f) we say that f is Gdteaux differentiable on A.

When dom f is open and f is differentiable on dom f, convexity is characterized
by the monotonicity of the gradient operator, i.e., that (x — y, Vf(x) — V f(y)) > 0,
for every x, y € X. Similarly, the strong convexity of f is equivalent to the strong
monotonicity of the gradient operator, that is,

(Vx €edomf)(Vy edomf) (x—y,Vf(x)=Vf(y) =pulx—yl* (12

A function f: X — Ris Lipschitz smooth if it is Gateaux differentiable on X and
its gradient is Lipschitz continuous. The following result provides several character-
izations of Lipschitz smoothness that will be useful in analyzing proximal gradient
methods. The implication (i) = (ii) is called the descent lemma, whereas the impli-
cation (i) = (iv) is called the Baillon—Haddad theorem.

Fact1 Let f: X — R be a convex differentiable function and let L € R,. The
following statements are equivalent.

) VxeX)(VyeX) [[Vfx) =V =Llx—yl.
(i) VxeX)(VyeX) f()—f()—y—x Vi) =<szlx—yl

(i) (VxeX)VyeX) FIVSx) =V I
SfM—fx) =y —x, Vi)

(iv) VxeX)(VyeX) fIVS)=VIDMI*<x—y, Vi) -Vf)
(V) VxeX)(VyeX) (Vf(x)=Vf(y),x—y) <Llx—yl

(vi) £|-II> — f is convex.
In case f is twice differentiable on X, the previous statements are equivalent to
(vi) Vx e X)(Vve X) (VZf(x)v,v) < L|v|>*
(vii) VxeX) [VPf()l <L

Fact2 Let f: X — R be a differentiable function. Then the following are equiva-
lent

(i) f is p-strongly convex and V f is Lipschitz continuous with constant L.
(i) Vx,y € X, 7 IIVF(x) = VIO + 251 — ylI?

=@ =y, Vi) =VfQ)).

2.4 Calculus for Nonsmooth Convex Functions

In this section, we recall the concept of subdifferentials and calculus for non-
smooth convex functions. Let f: X — ] — 00, +00] be a proper convex func-
tion and x € dom f. The directional derivative of f at x along the vector v is
f'(x,v) = tlir(1)1+ (f(x +tv) — f(x)) /t. The subdifferential of f at x is defined as
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f)={ueX|(VyeX) fO)=f)+(y—xu} (13)

Each element of df (x) is called a subgradient of f at x.If x ¢ dom f, by definition,
df (x) = @. Finally, the domain of df, denoted by domadf, is defined as the set of
points at which the subdifferential is nonempty. It is easy to see that the subdifferential
df is a monotone operator, that is, for every x,y € X and u € 9f(x), v € 9f (y)
(x —y,u—v)>0.If fis Gateaux differentiable at x € int(dom f), then df (x) =
{Vf(x)}. Let C C X be a nonempty convex set and let x € C. The set d¢c(x) is
called the normal cone to C at x and it is denoted by N¢(x), that is,

Ne(x)={ueX|(VyeC) (y—x,u) <0}. (14)

We have the following important facts

Fact 3 (Fermat’srule) Let f: X — ] — 0o, +00] be a proper convex function and
x € dom f. Then the following are equivalent

(i) x is a minimizer of f;

(i) 0€af(x);
@) VyeX) fl(x,y —x)>0;
(iv) (Vy edomf) f'(x,y —x) >0,

Fact4 Let f € I'o(X) be u-strongly convex and x, u € X. Then
7
u€f(x) = Vy X f() = f) +(y—x,u) + Tl = yII”

Fact 5 (Moreau—Rockafellar) Let f € I'o(X), g € I'o(Y), and A: X — Y be a
continuous linear operator and suppose that 0 € int(domg — A(dom f)). Then,

VxeX) d(f+goAx)=af(x)+ A*dg(Ax). (15)

In particular, if g is Gateaux differentiable at x € int(domg), then o(f + g)(x) =
af (x) + {Vg(x)}.

Fact 6 Let (X;);<i<» be m Hilbert spaces and let X = @:"zl X; be their direct
product, endowed with the scalar product (x, y) = Z;"zl (xi, yi). Let (fi)1<i<m be a
family of proper convex functions, f;: X; — ] — 0o, +00] and define

frX— 1—o00,+00], f(x)=filx)+ falx2) +--- 4 fu(xm).
So the function f is separable. Then, for all x € dom f = []/L, dom f;, we have
Af (x) = 3f1(x1) x 9f2(x2) X =+ X 3 fu(Xm).

Example 7 Let us consider the case of the £!-norm on R, that s, ||x||; = Z;jzl [x;].
Since ||-||; is clearly separable with components |-|, it follows from Fact 6 that
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-l (x) = a]-[(x1) x -+ x I (xq)-

Fact 8 Let (f;);c; be a finite family of continuous affine functions on X, say f; =
(-, u;) + «;, for some u; € X and o; € R. Let f = max,¢; f;, let x € X and set
Ix)={iel]| fi(x) = f(x)}. Then

Af (x) = colu; |i € 1(x)}. (16)

2.5 The Legendre-Fenchel Transform

Let f: X — ] — 00, +0o0] be proper. The function

ff1X = ]—o00,400], f*(u)=sup(x,u)— f(x)

xeX

is called the Fenchel conjugate of f, which is always convex and lower semicon-
tinuous. The Fenchel-Moreau theorem ensures that if f € I'o(X) then f* € I'y(X)
and f** = f. Thus, the transformation -*: T'g(X) — T'¢(X) is an involution, which
is called the Legendre—Fenchel transform. Let C C X. The support function of C is
the function (., which is denoted by o, that is, o¢c (u) = sup,.¢ (x, u).

Fact 9 (Properties of the conjugate operation) Let f: X — ] — 0o, +00] be a
proper function. Then the following hold.
(i) Letg: X — ]— 0o, 400] be a proper function. Then f < g = f* > g*.
(ii)) Lety > 0. Then, foreveryu € X, (yf)* () =y f*u/y).
(iii) (The conjugate of a separable function is separable). Under the same assump-
tions of Fact 6, we have

Yu=@,...,un) € X  f W)= f'(ur)+ f5u2) + -+ for ().

iv) [fC=x)]" = f*+ (xo.-) and [/ + (-, uo)]* = f*(- — uo), for xo, ug € X.
(v) Letxy € X. Then L?XO} = (x0, ).

Example 10 Let f: X — ] — 0o, 400] be proper function. Then the following
hold.

() If f = (1/2)|-]*, then f* = (1/2)||-]*.
(ii)) Letg: R — ] — oo, +00] be an even function. Then [¢ o ||-||]* = ¢* o ||-].
(iii) Suppose that f is positively homogeneous. Then, f* = (57(0). Recall that 3 f (0)
is a closed convex cone.

Fact 11 Let f: X — ] — oo, +00] be proper and convex and let x, u € X. Then,
the following holds.

) (x,u) < f(x)+ f*(u) (Young—Fenchel inequality).
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() (x,u) = fx)+ f*u) & uedfx).
(iii) If f € To(X), thenu € If (x) & x € f*(u).

Fact 12 Let f € I'o(X) be strongly convex. Then f is supercoercive, i.e.,
J@)/lxll = +ooas [lx|| — o0.

Fact 13 Let f € I'g(X) and i > 0. Then, if f is p-strongly convex, we have
(a) domf* = X, f*is differentiable on X and V f* is (1/u)-Lipschitz continuous.

Vice versa if (a) holds, then f is u-strongly convex on the convex subsets of domdf .

2.6 The Fenchel-Rockafellar Duality

Duality plays a key role in convex optimization. Here we recall the Fenchel—
Rockafellar duality. We let A: X — Y be a continuous linear operator between
Hilbert spaces, f € I'g(X) and g € I'y(Y). Consider the problem

1)’(112)1(1 f(x)+ g(Ax) =: O(x). ()

Its dual problem (in the sense of Fenchel-Rockafellar) is

Ifei? [H(=A ) + g () = V(u). (2)
One can prove that
VxeX)VueY) o) > —-V(u), 17
hence
inf ®(x) > sup—V¥(u) = —inf W(u). (18)
xeX ueY ueY

This means that the function @ is (uniformly) above the function —W (which is
concave). The difference between the infimum of ® and the supremum of —W, that
isinf @ + inf W, is called the duality gap and we say that strong duality holds if the
duality gap is zero.!

Let S = argmin ® and S* = argmin W. Then the following are equivalent.

(i) x € S,u € S* and infy ® + infy ¥ =0 (duality gap is zero);
(ii) £ € 3f*(—A*Q) and A% € 9g*(d)
(iii) —A*i € 3f (%) and i € dg(AR).

' Note that if inf ® = —oo, it follows from (18) that inf & = sup(—V) = —inf ¥ = —oo0. In this
case, ¥ = +o0 and inf ® 4 inf ¥ = —oo 4 oo does not make sense. Anyway, since there is no
gap between ® and —W, by convention, we set inf ® + inf W = 0. The same situation occurs if
inf ¥ = —o0.
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The conditions (ii) and (iii) above are called KKT (Karush—Kuhn—Tucker) conditions.
Once one ensures that strong duality holds (that is, inf ® 4 inf & = 0) they provide
fully characterizations for a couple (X, &) to be a primal and dual solution.

Fact 14 Suppose that one of the following conditions is satisfied.

(A SEZJand d(f +goA) =af + A*0gA
(b) 0 € int(domg — A(dom f)).

Then @ is proper and
iI)l(be = —myin v, (19)

meaning that §* # & and infy ® + infy ¥ = 0.

Example 15 (Equality constraints) We consider the problem
i 2
min f(x), (20)

where f € I'y(X) and A: X — Y is a continuous linear operator with closed range
and b € Y. We assume that a solution exists and that f is continuous at some x such
that Ax = b. This problem can be equivalently formulated as

mi)r(l fx) + 1 (Ax), 2D
xXe
which is in the form (£?). Then, in view of Fact 9(v), the dual problem of (20) is

min f*(—A*u) + (b, u) .

ueY
Recalling Fact 14(a), to ensure the existence of dual solutions and a zero duality gap,
we need to find conditions ensuring the validity of the calculus rule (15). We first
prove that if x € X is such that Ax = b, then

(py 0 A)(x) = R(A™) = A%y (Ax). (22)

Indeed, we note that ¢, 0 A = 141 and A~Y(b) = x + N(A). Then,

ued(p oA)(x) & (¥yeA (b)) (y—x,u)<0
< (MveN)) (v,u)<0
<= ue N(A)*' = R(A*).

Therefore, 9(i5) 0 A)(x) = R(A*). Moreover, A*0t(,)(Ax) = A*9t (D) and the
subdifferential of ¢, is

al{h}l Y—>Y: y = (23)
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hence A*9i5(Ax) = R(A*) and (22) holds. Finally, recalling the calculus rule
for subdifferentials in Fact 5 and that we assumed that f is continuous at some
x € dom(ypy 0 A), then, we have 9(f + tpy 0 A)(x) = 9f (x) + (tppy 0 A)(x) =
af (x) + A*9¢(p (Ax) and hence (15) holds. We note in passing that Fermat’s rule
for (21) is

0€d(f+ipoA)R) & 0e€df(R)+ A%y (AR)
& 0e€df(®) + R(AY)
& JueY A*nedf(x).

In the differentiable case, this condition reduces to the classical Lagrange multiplier
rule, that is, X is a solution of (20) if and only if there exists a multiplier & such that
A*i =V f(X).

2.7 Bibliographical Notes

Though convexity is a very old concept, the first systematic study of convex sets in
finite dimension is due to Minkowski [73]; while concerning convex functions, it was
Jensen [58] to introduce the concept now known as midpoint convexity. The lecture
notes by Fenchel [48] constitute the first modern exposition on convex analysis in the
finite-dimensional case. Indeed, the notions of support function, Legendre—Fenchel
conjugate as well as the duality theory presented in Sects. 2.5 and 2.6, for the special
case that A is the identity operator, were fully studied there. At the beginning of
the 1960s, convex analysis became a mathematical field in his own, thanks to the
works by Moreau [74-76] and Rockafellar [99], who established the theory in infinite
dimension and developed the concepts of subgradients and subdifferential, among
others. Starting from those works, the field flourished, and it is nowadays still a very
active research area.

In the following, we list the main references. Concerning the finite-dimensional
setting, we refer to the fundamental monography [98] and the book [57]. For Hilbert
spaces, a comprehensive treatment is given in [11] (where most of the facts presented
can be found). A lot of research has been also devoted to the Banach spaces and
general topological vector spaces. For the former case, we refer to [10, 19, 88, 89],
and to [46, 99, 115] for the latter.

3 The Proximal Gradient Method

In this section, we focus on the main object of this chapter, which is the proximal
gradient algorithm (also called the forward—backward algorithm). In the following,
we describe the basic assumptions and the algorithm, whereas in the next sections, we
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study the convergence properties under several additional assumptions. Moreover,
we will also address techniques for accelerating the convergence.

Let f: X — R be a convex differentiable function, let g € I'y(X) and set F =
f + g. We aim at the following composite optimization problem:

minir;(lize f(x)+gx) =: F(x). 24)

The algorithm is detailed below.

Algorithm 1 (The proximal gradient method) Let xo € X and y > 0. Then,

fork=0,1,...

| Xk41 = prox,,, (xx — ¥ V.f (x0)). 25)

In the above algorithm, prox,,: X — X is the so-called proximity operator of
y g which will be defined in the next section. Also, y > 0 is the stepsize which has
to be determined according to the smoothness property of f. More precisely, we will
assume that the gradient V f is L-Lipschitz continuous, for some L > 0, and that

the stepsize is set as

2 (26)
< —.
=1

Remark 16 We stress that some restriction on the stepsize y should be required.
Indeed if we take g = 0 and f(x) = (L/2)|x||>, we have

X1 = (1 =y L)x;.

Thus, if we take y = 2/L, we have x;; = —x; and the sequence does not converge,
unless xo = 0.

Example 17 (Iterative Soft-Thresholding Algorithm (ISTA) [41]) We consider the
so called Lasso problem

1
minimize —||Ax — y||> + Allx||;. (27)
xeR4 2

Then, Algorithm 1 reduces to the following. Let y € ]0,2/||A*A||[ and xo € X, then

fork=0,1,...

9 9 28
[ Xkt = softys (v — ¥ A*(Axe — y)). 28)
In the above equation, soft,, : R — R is the so-called soft-thresholding operator,
that is, the proximity operator of XA|-|, which is supposed to be applied component-
wise (see (43)).
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3.1 Nonexpansive and Averaged Operators

In this section, we present the convergence theory for the method of the fixed point
iteration. We recall the classical theory for contractive operators and then we address
the case of averaged operators which is motivated by the Krasnosel’skii-Mann iter-
ation.

Let X be a real Hilbert space and let 7: X — X. Then

(i) T is nonexpansive ifforall x,y € X, |[Tx — Ty| < ||lx — y||
(ii) T is a contraction ifforallx,y € X, |[Tx — Ty| < qllx — y|l, for some g €
10, 11.

A fixed point of T is a point x € X such that 7x = x and the set of such points
is denoted by Fix T'. In order to compute fixed points of 7', we will consider the
following fixed point iteration. Let xo € X and define, for every k € N,

X1 = Txg. (29)

An iterative method of type (29) is also called Picard iteration or the method of
successive approximations.

Remark 18

(i) Nonexpansive operators may have no fixed points. For instance, a translation
T =1d + a, with a # 0, does not have any fixed point.

(i) For nonexpansive operators, even admitting fixed points, the fixed point iter-
ation may fail to converge. Indeed, this occurs if we take T = —Id and start
with xo # 0. More generally, rotations are nonexpansive operators admitting
a fixed point, for which the fixed point iteration does not converge.

The first important result concerning existence of fixed points and the convergence
of the fixed point iteration is the following.

Theorem 19 (Banach-Caccioppoli) Let T: X — X be a g-contractive mapping for
some O < q < 1. Then there exists a unique fixed point of T, that is, Fix T = {x.}.
Moreover, for the fixed point iteration (29), we have

(VkeN) xx — xill < g"llxo — x| and lxi — x| < T—q llxo —xill. (30)
Proof We first note that

Vx,yeX) lx-yll=7
-9

(Ix = Txl +lly = Tyl). €2y

Indeed, [|x =yl < llx = Tx|| + ITx =Tyl + Ty = yll < llx = Tx[ +¢qllx — yll +
ly — Tyl|l,hence (1 — g)|lx — y|| < |lx — Tx|| 4+ [Ty — y|l and (31) follows. Inequal-
ity (31) shows that there may exist at most one fixed point of 7. Moreover, for every
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k,heN,
lxx — xnll < 1 (ke = X1 Il + llxn — xnga 1)
< 1—(||Tkx0 — T x| + 1T x0 — T"x4]))
< 1= ( llxo — x1ll + ¢" llx0 — x11l)
< 6] +6]

< llxo — xull, (32)
l—gq

where we used that T is g*-contractive. Since 0 < ¢ < 1, ¢g¥ and ¢” converge to

zero as k and h go to +o00. Therefore, (x;)ien is a Cauchy sequence and hence it

converges, say to x,. Then Tx;y — Tx, and Tx; = xg41 — X4, S0 Tx, = x,, thatis,

X, is a fixed point of 7. The second inequality in (30) follows from (32) by letting

h — +o0. The first equality in (30) follows from the following chain of inequalities

k
e = 2l = 1T X1 = Tl < gl — x4l < -+ < g7 1x0 — Xl

The statement follows. O

As we noted in Remark 18 for general non expansive operators, the fixed point
iteration (29) may not converge. To overcome this situation, it is enough to slightly
modify the iteration. This leads to the following definition.

LetT: X — X beanonexpansive operatorandlet A € ]0, 1[. The Krasnosel skii—
Mann iteration is defined as follows:

xXo € X, Xpr1 = X + A(Txx — xi). (33)

If we look at the example given in Remark 18(ii) , now we see that the iteration (33)
becomes x;+; = (I — 2A)x;. Since |1 — 21| < 1, we have that x;, = (1 — 20k xg —
0. Iteration (33) can be equivalently written as a fixed point iteration of the operator
T, = (1 — A)Id + AT. This motivates the study of operators that are convex combi-
nation of the identity operator and nonexpansive operators and justify the definition
below.

Definition 20 Let @ € 10, 1[. Then T: X — X is an a-averaged operator if T =
(1 — a)Id + aR for some nonexpansive operator R. An operator which is 1/2-
averaged is also called firmly nonexpansive.

Remark 21 Since averaged operators are convex combinations of nonexpansive
operators, they are indeed nonexpansive operators. This follows by the following
chain of inequalities:
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ITx =Tyl =11 —a)(x —y) + a(Rx — Ry)|| = (1 —@)llx — y[| + «|[Rx — Ry]|
= -o)llx =yl +allx =yl =lx =yl

In the following, we give several characterizations of the property of being an
averaged operators.

Lemma 22 Letx,y € X and A € R. Then
(1= M)x + Apl1* = A = VlIx] + Allyl> = (1= DAllx —y[2 (34
Proof Indeed

I = x + Ay[IF = (1= D [lx ]I + A2y lI* +2(1 — DA (x, y)
= (1= Mlx]> = A1 = 1) [x]?
+ AP = (1= DAY +2(1 = DA x, y)
= (1= Vx*+ Ayl = @ = DAl + 1yI* =2 (x, y))

and the statement follows. |

Proposition 23 Let T: X — X and o € 10, 1[. Then the following statements are
equivalent

(i) Tis a-averaged

1 1
(i1) (1 — —)Id + —T is nonexpansive
o o

(ili) For every (x,y) € X2,
1
ITx — Tyll* < llx — yl* - (5 - 1>||<Id —T)x — (1d - T)y|*

(iv) Forevery (x,y) € X?
ITx — TylI* + (1 = 2a)llx — y|I* < 2(1 —a)(x —y, Tx — Ty).

Proof (i) < (ii): It follows from the following equivalence

1 1
T=(-a)ld+aR & R:(l——)ld+—T.
o o

(i) « (i) : Set R=(1 —a HId+ a7 'T and let x, y € X. It follows from
Lemma 22 that
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IRx = Ryl> = (1 =& Hx — y) + o~ (Tx = Ty)|?
=(—aHx =y +a " Tx = Ty|?
—a”' (1 —a™)d = T)x — (1d = Ty’

and hence

Rx — Ry|* = [lx — y]?

1 2 2 1 2

=5 ITx =Tyl —llx —ylI” + o L)IIdd = T)x — dd — T)ylI” ).

So inequality || Rx — Ry||> — |lx — y||*> < 0 is equivalent to that in (iii).
(iii) < (iv): It follows from the inequality
1(0d = T)x — (Ad = T)ylI* = llx = y|I> + ITx = Ty > = 2(x — y, Tx = Ty).
O

Remark 24 The inequality in Proposition 23(iii) shows that if 7' is «-averaged,
then it is also o’-averaged for every o’ > «. So it makes sense to consider the best
(smallest) constant of averagedness.

Remark 25 Contractions are averaged operators. More precisely, if T is a contrac-
tion with constant g, then itis (¢ 4+ 1)/2-averaged. By Proposition 23(i) it is enough
to show that (1 —2/(q 4+ 1))Id +2/(g + 1)T is nonexpansive. Indeed

(Vx,y € X) Hq_l PRV 2 TH<
X, X x — — <
Y g+ Tgt1 g+ g+1”
l—gq 2q
< lx — vl + lx —yll < llx =yl

T q+1 q+1

Remark 26 In view of Definition 20 and Proposition 23(iii), an operator 7' is firmly
nonexpansive if and only if

(Vx,yeX) IITx =Ty|* < (x—y, Tx = Ty). (35)

The properties of being averaged is preserved by compositions, as the following
result shows.

Proposition 27 Let T): X — X and T,: X — X be two averaged operators, with
constants o and o, respectively. Then T o T, is averaged with constant

o)+ ar — 2a100

l—Ol10lQ
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Averaged operators are important since, provided that they have fixed points, the
Picard iteration always weakly converges to some fixed point. In the rest of the
section, we will prove this result.

Lemma 28 (demiclosedness principle) Let T : X — X be a nonexpansive operator.
Then I — T is demiclosed, that is, for all sequence (x;)ren in X and x,z € X, we
have

xp—=x and x;y —Txy >z = x—Tx =2z (36)

Proof Let k € N. Then using the nonexpansivity of 7', we have

Ix = Tx —z? = llxg — Tx — zl|* = llxg — x> = 2(xx —x,x = Tx — 2)
= |lxxg — Txg — ZH2 + 1 Txp — T)cll2 + 2(xx — Txg —z, Txx — Tx)
— g = x1* = 20 —x,x — Tx = 2)

< |lxg — Txx —ZH2 4+ 2(xx — Txg —z, Txg — Tx) —2{(xx —x,x — Tx — z).

Since x; — Tx; —z — 0, xp —x — 0, and Tx; is bounded, the right-hand side of
the above inequality goes to zero and hence ||x — Tx — z|> =0. [l

Lemma 29 (Opial) Let F C X be nonempty. Let (xi)ren be a sequence in X and
suppose that the weak cluster points of (xi)ren belongs to F and that forany y € F,
(Ixk — yIDken is convergent. Then (xi)ren Weakly converges to a point in F.

Proof The assumptions ensure that (x; )iy is bounded. Therefore, the set of weak
cluster points of (xy)ren is nonempty. Let y;, y, € X and let (x,i )ken and (x,f)keN be
subsequences of (x;)xey such that x; — y; and x} — y,. Then, for every k € N,

lbee = yull? = Iyl = x> = 260, y)

i = y2ll> = 1y2l® = llxll® = 24xi. ya2)
and hence (subtracting)
20, v2 = y1) = ke = nill* = e = y207 = Il + lly2 11 (37)

Since y; and y, are weak cluster points of (x;)ren, by assumptions, y;, y» € F and
(Jlxx — y11Dren and (Jlxx — ¥2|Dken are convergent. Therefore, by (37), we obtain
that there exists 8 € R such that (x;, y» — y;) — B. Now, since x,’; —~vy,i=1,2,
we have (xi, y> — y1) = (yi, y2 — y1), which implies

YLy2—=y1) =B8= {2 —n)

and hence ||y, — y;||> = 0. This proves that the set of weal cluster points of the
sequence (xx)xen is a singleton. So, the sequence (x;)xen is weakly convergent. [
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Theorem 30 Let @ € 10, 1[ and let T: X — X be an a-averaged operator such
that the set of fixed points is nonempty, that is Fix T # &. Let (x;)ren be generated
by the fixed point iteration (29). Then the following hold.

(1) Foreveryk € Nand every x, € Fix T, |[xp11 — Xl < llxx — Xxll

+00
o
(ii) ZHTxk —x? < dist(xo, Fix T)?
pare l—«

(ii1) (xx)ren Weakly converges to some point x, € Fix T.

Proof (i): Since T is nonexpansive and x, is a fixed point of T, ||xx+; — x| =
I1Tx — Txell < [lxx — xall.
(@ii): Let x, € S. Then, by Proposition 23(iii) (with x = x; and y = x,), we have

1
(Vk € N) [lxpr1 — xall* < llxe — xll* — (& - l)nxk —Txel®  (38)

Therefore,
1 o +0o0 +0o0
B 2 2 2 2
— D e = Tl = 3 (e = 5l = I = l) < o — xa.
k=0 k=0

(iii): It follows from (ii) that ||Tx; — x¢|| — 0. Let x, be a weak cluster point
of (xx)ren and let (x;)kew be a subsequence of (xx)ken such that x; — x,. Then
Tx; — x;, — 0. Hence, in virtue of Lemma 28, Tx, — x, = 0, that is x, € Fix T.
Moreover, by item (i), for every x, € Fix T, |lx;x — x| is decreasing and hence
convergent. The statement follows from Lemma 29 with ' = Fix T. ]

Applying the previous theorem to the operator 7, = (1 — A)Id + AT and noting
that Fix 75, = Fix T, we get the following result.

Corollary 31 Let T: X — X be a nonexpansive operator admitting fixed points
and let (xp)ren be generated by the Krasnosel’skiti-Mann iteration (33). Then (xi)ren
converges to some fixed point of T.

3.2 The Proximity Operator

Motivated by the use of nonsmooth regularization techniques in inverse problems,
we introduce the proximity operator of a convex function.

Definition 32 Let g € I'g(X). Then, the proximity operator of g is

. 1
prox,: X — X,  prox,(x) = argmin, y {g(y) + zlly — x||2].
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Note that the definition is well-posed since the function y — g(y) 4+ (1/2)|ly — x||?
is lower semicontinuous and strongly convex, hence, it has a unique minimizer.
Moreover, let us check that prox, = (Id + 9 2)~". Using the sum rule for the subd-
ifferential, which holds since the square norm is differentiable, we derive

7= proxg(x) & 0eogz)+z—x
& xe(dd+99)(2)
& ze(d+dg) ' (x).
This shows that (Id + dg)~'(x) is actually a singleton and its unique element is

prox,,, (x). Note that for every x € X, prox, (x) € domg, since the minimizer of
g + (1/2)]|-]1? is clearly in the domain of g.

Example 33 Let C be a closed and convex set. The proximity operator of (¢ is the
projection on C. The projection is nonexpansive (and, indeed, firmly nonexpansive),
but in general not a contraction, unless C is a singleton.

Proposition 34 Let g € T'g(X). Then

(Vx,y € X) [Iprox, (x) — prox,(MI> < (x — y, prox, (x) — prox,(»)).  (39)
In other words, recalling (35), the operator prox, is firmly nonexpansive.

Proof Let x, y € X and set py = prox,(x) and py = prox,(y). Then, by Fermat’s
rule, we have
x — px €0g(py) and y — p, € 9g(py).

Therefore,

g(py) = g(px) + ()C — PxPy — px)
g(px) = g(py) +{y— PyDPx — py)

and summing g(py) +g(px) = g(px) +g(py) +(y — Py — X + px, Px — Py).
Then the statement follows. (]

g (ll) inf g(’() ||,f ”” ’ ( O)
* xeX 2 }\

is called the Moreau envelope of g with parameter A. We have that g, is differentiable
and the gradient of g; is given as

U — Prox;, (u)

Vgi(u) = 5

€ 9g(prox; . (x)). 41
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In the following, we provide important properties of proximity operators.

Proposition 36 (Separable sum) Let (X;)1<i<m be Hilbert spaces and let X =
B, X; be their direct product. Let, for everyi =1, ...,m, g; € T'o(X;) and define
g: X = ]—o00,400] by g(x) = Z:"zl gi(x;), for every x = (x1,...,xy) € X.
Then

(Vx = (x1, ..., xm) € X)  prox,(x) = (prox, (xi1), ..., prox, (x,)). (42)

Example 37

(i) (Proximity operator of the £; norm) Let X = R?. The £, normon X is separable,
thus the proximity operator can be computed componentwise, so it is enough
to compute the proximity operator of the absolute value in R. Let y > 0. By
definition, for every ¢ € R, proxyH(t) = (Id 4+ y9|-|)~'(#). Thus, if we make
the plot of the graph of Id 4 y d|-| and invert it, we discover that

t—y ift>y
soft, (7) := proxVH(t) =10 if [t <y 43)
t+y ift <—y.

Thus, it follows from Proposition 36 that, for every x € R? and every i =

L,....d, (prox,, (x)); = prox,, (x;).
(ii) (Proximity operator of the £; + £, norm)

A 2
gx) = |lxlh + E||X||2
Prox, . (x) = proxX, /i1y, ¢/ (A + 1))

xi —=y)/(ya+1) ifx; >y
(prox,,,(x))i = 10 if |x;| <y
i +y)/(yA+1) ifx; < —y

Proposition 38 (Properties of the proximity operator) Leth € I'o(X) andlety > O.
Then the following holds

(1) (linear perturbation) Let g = h + (-, u) + a, withu € X and a € R. Then
Prox, . (x) = prox,, (x — yu).
(ii) Let g(x) = h(ax 4+ b), witha e R,a #0and b € X. Then

prox, . (x) = (prox ., ,(ax +b) — b)/a.
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(iii) (composition with an orthogonal matrix)Letg = h o L,withL: X — X abijec-
tive linear map such that L* = L™". Then

(Vx € X) prox,(x) = L*prox,,, (Lx).
Proof In the following, we let x € X and set p = prox,,, (x).
(1): Since p = argmin,y{yh(y) +y(u,y)+a+ %Hy — x|}, Fermat’s rule
yields

0Oeydh(p)+yu+p—x & x—yuecdd+yah)(p)
& p = prox,,(x — yu).

(ii): We have:

. 1
p =Pprox, (x) < p=argmingy {yh(ay +b) + Sy = XIIZ}

1
< p=argmin,cx (yh(ay +b) + 5 llay +b — (ax + b)||2}

1
& p=argmin, .y {ya’h(ay +b) + 5||ay +b— (ax + b)||2}
< ap +b =prox,,,(ax +b)

& p= (proxuzyh(ax +b) —b)/a.

(iii): We have

. 1
P = Prox, (x) < p = argmin, .y {Vh(L}’) + Elly - x||2}

< 0eyL*dh(Lp)+p—x
& x—pe L7 '9n(Lp)

& Lx € yoh(Lp)+ Lp

& p = L'prox,,(Lx)

The statement follows. (]

Remark 39 Regarding Proposition 38(iii), in general, if L is not orthogonal, we can
apply a gradient descent on the dual of the minimization problem defining the prox
to compute it approximately. See Sect. 5.

We now introduce an important identity, that is, the Moreau’s decomposition
formula. Let V be a closed linear subspace of X. Then we know that x can be
uniquely decomposed in two orthogonal components, Pyx and Py.x such that:

X =xy +xyL = Pyx + Pyr(x). (44)
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Ifweset f =y, wefirstnote that (ty)* (1) = sup,cx (x, u) — ty(x) = ty1(u). Thus,
we can rewrite (44) as

X = prox,, (x) + prox, - (x).
This last formula can be generalized to every convex function.

Theorem 40 (Moreau’s decomposition) Let g € ['g(X) and let x € X. Then
x = proxg(x) + proxg*(x).

More generally, for all y > 0, x = prox,,,(x) + yproX,.,, (x/y).

Proof 1t follows from the list of equivalences below.

P =Prox,(x) < x —p € 9g(p)
& pedgix—p)
& x—(x—p)edg(x—p)
& X — p = prox,.(x). O

Example 41 (The proximity operator of the Euclidean norm) We want to compute
the prox of the norm of X (which is a Hilbert space). First note that

lx]l = sup (x,u) = op,@)x).
[lull<1

Hence,
Il = oB,0) = (ts,©)"

Therefore, it follows from Theorem 40 that
prox; (x) = x — prox,, (x) = x — Pg,0)(x).

More explicitly:

X i > 1
prox; x) = llx ]|
0 if x| < 1.

Note that this operation corresponds to a vector soft thresholding, which reduces to
(43) fordimX =1land y = 1.

Example 42 (The proximity operator of the group lassonorm) LetJ = {Ji, ..., J;}
be a partition of {1, ..., d}. We define a norm on R4 by considering

1/2
. /

el =D Dl

i=1 \jeJ;
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For every x € R?, let us call x5, = (xj)jey, € R’ and denote by |-||; the Euclidean
norm on R’ . Then 1
Ixlly =D Ny lls-
i=1

We next compute the proximity operator of || - || 4. First note that || - || 4 is the
sum of functions depending on groups of variables x,. Therefore the prox can be
computed group-wise thanks to the decomposability property (42). Thus

(prox ., (), = ProXy . (x7),

and recalling Example 41, we have

= if lxglly, > 1
(prox”_Hj(x))J[ = [BA
otherwise

The resulting prox operator is called block soft-thresholding operator.

3.3 Worst Case Convergence Analysis

Algorithm 1 can be seen as a fixed-point iteration of the following operator
T :proxygo(ld—ny), (45)

which is the composition of the proximity operator of y g and the operator Id — yV f..
We also note that the fixed points of 7' are the minimizers of f + g. Indeed

x=Tx & x :proxyg(x—ny(x)) S x—yVfkx)—xedygx) < 0e€d(f+g)(x).

So we need to study the operator 7. We already know that prox,,, is firmly non-
expansive and hence (1/2)-averaged. The following result concerns the operator
Id—yVf.

Proposition 43 Let f: X — R be differentiable and let L > 0. Let y > 0 and set
T, =1d — yV f. Then, the L-Lipschitz continuity of V f is equivalent to the property

2
(Vx,y € X) I Tyx — Tyyl? < llx — yII* — (TL - 1>||<Id —Ty)x — (1d — Tyl
(46)
In particular, if y < 2/L, T, is a a-averaged operator, witha = yL/2 < 1.

Proof Multiplying by y?L the inequality in Fact 1(iv) and replacing y V f with
Id — T,,, we obtain
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Idd = T,)x — (Ad = T)yl* < yL(x — y, (Id = T,)x — (Id — T)y).
Then, using the identity

2(x —y,(Id = T))x — (Id — T)y)
=||(Id — T,))x — (d — T)ylI* + lx — yI* — ITyx — T, y|%,

the statement follows. O

Proposition 44 Let f: X — R a differentiable convex function with a Lipschitz
continuous gradient with constant L, let g € I'o(X) and set T as in (45). Suppose
thaty < 2/L. Then T is a-averaged withoa = 2/(4 — y L).

Proof 1t follows from Proposition 43 that / — yV f is ap-averaged witho, = y L /2.
Moreover, Proposition 34 yields that prox,,, is firmly nonexpansive, that is, a;-
averaged with oy = 1/2. Therefore, by Proposition 27, T = prox,, o (I — yV f) is
a-averaged with

_12+4yL/2—yL)2 2
- 1-1/2(yL/2)  4—yL’

Lemma 45 Forany x,z € X, y € domg and for any u € dg(x). We have
L 2
F(@) = F(x) +(z—x,Vf(y)+u)— Ellx—yll :
Proof Let x,z € X and let y € domg. Then, it follows from Fact 1 that
L 2
fFM=f)—x—-y, Vi) - Ellx -yl
Hence, since f is convex,

L
f@OzZfM+ =y VM) =2 f&) + =2 Vi) = Sllx = Y2 @7

Now, since u € dg(x), g(z) > g(x) + (z — x, u), which summed with inequality
(47) give the statement. U

Lemma 46 Let (a;)ien be a decreasing sequence in R If 21-:8 a; < 400, then

|- 1
Vk e N) aksm;ak, andakzo(k+l).

Proof Letk € N. Since a; < a;,fori =0,1,...,k, we have Zf:o a; > (k+ Dayg,
hence the first part of the statement. As regard the second part, we note that, for every
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integer k > 2, we have Y15 o ai = Yy @i = (k41— [k/2Day = .
Therefore, (k + a; <2 Z?:oﬁk/ﬂ ai — O0ask — 4o0. O

The following theorem provides full convergence results concerning the proximal
gradient algorithm.

Theorem 47 Let f: X — R a differentiable convex function with a Lipschitz con-
tinuous gradient with constant L and g € T'o(X). Let S, be the set of minimizers of
F := f + g and suppose that S, # . Let y < 2/L and (x;)ren be generated by
Algorithm 1. Then the following statements hold

2
) X1 — x|l <
k%% + 2—yL

(ii) For every k € N and for every x € X,

dist(xg, Sy)>.

lxee1 — x> < lloe — x> + 2y (F(x) = F(xe1)) + (L — Dllxesr — xill*

(iii)) Forallk € N,

1L )
(; - §>||Xk+| —xkl© < F(xp) — F(xe41),

so that the algorithm is descending.
(iv) Let F, = infyex(f + g)(x). Then F(xyy+1) — Fx = o(1/(k + 1)) and, for all

k eN,
— ify <1/L
dist(xo, $0° | 2y fr=V
F(xpy1) — F STX L (48)
— if1/L 2/L.
23y U<y <2

(v) The sequence (xi)iren Weakly converges to some x, € S,.

Proof (i): 1t follows from (25), Theorem 44, and Theorem 30(ii).
(ii): Let x € X and k € N. It follows from (25) that u := (x; — x3+1)/yY —
V f(x;) € 0g(xr+1), hence

Xk — Xk+1
S = V) fu, u € 9g(xr).
Thus, by Lemma 45, we have that

L
Fx) = F Qo) + (8 = g1, V(00 + ) = 2 12 = xel?

1 L
= F(x11) + n (X — X1, Xk — Xgg1) — E”xkﬂ — xel%
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and identity |lxx — x[1? = llxx — Xt 2 + I — X% + 2 (g — Xy X — Xes1),
yields

F(x)— F L 2 o2 e 2] L 2
() = Floee1) 2 |k = 3t | s =51 = llve =1 | = Z i =
1
= g[a — yD)llxk = xist 112 + vt — x 1 = e — x[1?]-
Therefore,

et — xlI* < llxe — x> 4+ 2y (F(x) — F(xs1)) — (1 — y L) lxx — x|

and the statement follows.
(iv): Let x, € S,. Then, it follows from (ii) that, for every k € N,

0 < 2y (F(xr1) — F(x0)) < vk — xll* = k1 — xell> + (VL = Dop llxx — xp1 1%

Thus, summing and using (i), we have

Rliad 2(yL — 1)
2y Y (Fas) = F(x) < lxo — x” + — 5 - nl?
k=0
1 ify <1/L
=lxo — x> x 1 yL

L ifl/L <y <?2/L.

Then, since (F (xx+1) — F(xy))
from Lemma 46.
(v): It follows from (25), Theorems 44, 30(iii), and the fact that S, = Fix(T). [

Remark 48 It follows from (48) that the best bound is achieved when y = 1/L.

ren 18 decreasing and positive, the statement follows
eN

Remark 49 Suppose that in problem (24) f is the Moreau envelope of a function
h € I'g(X) with parameter 1, thatis f = hy. Then V f(x) = x — prox, (x), which is
1-Lipschitz continuous, and the proximal gradient Algorithm 1 with stepsize y = 1,
becomes

fork=0,1,...

ka+1 = prox,,, (proxh (xk)) , “49)

which is called the backward-backward algorithm. If one takes g = (¢, and h = ((,,
for two closed convex sets Cy, C; C X, we have the alternating projection algorithm

fork=0,1,...

ka+1 = PCI (PCz (xk))~ (50)

Note that Theorem 47 ensures that the sequence (x;)ren Weakly converges to a point
in argmin, ¢, déz (x).
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3.4 Convergence Analysis Under Strong Convexity
Assumptions

In this section, following the same notation of the previous section, we set
I, =1d—yVf and T =prox,,oT,. ShH

We will consider the situation where f and/or g are strongly convex. This will make
the corresponding operators 7), and/or prox,,, contractions.

Proposition 50 Let f: X — R be a differentiable convex function. Suppose that
for some y > 0, the operator T, = 1d — yV f is a contraction. Then f is strongly
convex and its gradient is Lipschitz continuous.

Proof Letx,y € X. Then

IT,x — Ty yII* < ¢*llx — yII?

& x—y—y(V @) = VLODI* < ¢*llx =yl

& lx = yIP+ Y2V @) = VEDI? =2y (V) = V). x — ) < q*llx — yl*

& (1=g)lx = yI*+ ¥ V@) = VEDI? <27 (VFE) = V(). x — )

1-— q2
2y

ZIVFG) = VLGP = (V) = VFO)x =)

lx = yII2 < (VFx) = V), x —y)

So in virtue of Fact 1(iv) and (12), f is strongly convex and V f is Lipschitz contin-
uous. ([l

Now we assume that f is strongly convex and with Lipschitz continuous gradient.
Then we will prove that there exists an interval of values of y for which T, is a
contraction.

Theorem 51 f: X — Ris Lipschitz smooth with constant L > 0 and strongly con-
vex with modulus (v > 0. Then, for every y € 10,2/(L+w)], T, =Id —yV fisa
contraction with constant

2 L 1/2
Y ) . (52)

=(1-
q1(y) < Lt

Proof 1t follows from Fact 2(ii) (multiplied by 2y ) that

2yul
L

Ix —ylI> <2(y V) —yV ). x —y)
+ 1

ly V@) —yVImI?+

y(L+p)

Moreover,
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Ir =) =y (V@ = VIO = llx = yI> + Iy V) =y VDI
—2{yVf@®) —yVf().x—y).

Hence

2y L
1 —y) =y (VL&) = VO < (1 - L”‘ )nx — P
+u

2
| —-1 \% —-yV 2,
(y(L+u) )IIJ/ J@) =yVIWI

Now since 7, = Id — y V f, the inequality above becomes

2yl
uw+L

2
1Ty = Tyl = (1= 55 e =yl = (o= = 1)1 = T = (1 = TP

Note that if y (L + ©)/2 < 1, then the above inequality yields

AN
ITyx =Tyl = (1 - M+L> e =yl (53)

where
0<

2y L 4L L — u\2
yul _ _4nL 21_< M) 1
L+upn = (L+ wp? L+p

Therefore, for every y € 10, 2/(L + )], T, is a contraction with the constant given
in (53). ]

If we additionally assume that the function f is twice differentiable the results
can be further improved.

Theorem 52 Let f: X — R be twice differentiable and suppose that f is -
strongly convex and that V f is L-Lipschitz continuous. Then, for every y > 0,
T, =1d — y'V f is Lipschitz continuous with constant

2
l—yu ify < ——
i yi iy =
gi(y) =max{|1 —yul, |1 —yL|} = > (54)
L—1 ify> .
v vz

So, ify € 10,2/L[, then T, is a contraction.

Proof The mapping T, is differentiable and T,ﬁ (x) = Id — y V2 f(x). By the mean
value theorem, for every g > 1,

Vi, yeX |T,x —Tyll =qlx—yll & VxeX [T, <gq.



Proximal Gradient Methods for Machine Learning and Imaging 177

Fig. 1 Explanation of the A
fact that:
G1(y) <1 &< y <2/L

1—u

Moreoyer, ||.Ty’ (x) ||.= SUP e (v2 f(xy |1 — YAl Since f is u strongly convex and V f
is L-Lipschitz continuous,

(VxeX)(Vu e X) ulull® < (V2f(x)u,u) < Lull.

So o(V2f(x)) C [u, L] and hence ||T1ﬁ ()| < maxyepy, 111 — yAl = g1 (y). This
last equality follows by noting that A — |1 — yA| is a piecewise convex function
and hence it achieves its maximum at the end points of the interval [, L]. It follows
from (54) that g(y) <1 < y €10,2/L[ (see Fig. 1). O

Remark 53 The constant g; (y) given in Theorem 52 is always better than the con-
stant g (y) given in Theorem 51. However, on the minimum value they agree.

Theorem 54 Let g € T'y(X) and suppose that g is o-strongly convex. Then, for
every y > 1 the operator prox,,, is a contraction with constant 1/(1 + yo).

Proof Letx, y € X andset p, = prox,,(x) and p, = prox,,,(y). Then, by Fermat’s
rule, we have (x — p,)/y € dg(pyx) and (y — p,)/y € 9g(py). Therefore, recalling
Fact 4, we have

g(py) — g(py) =y Hpy — pex — p) + (0/Dlpy — pxll?
g(px) — &(py) = v "px — pyy — py) + (@/2) I px — pylI*.
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and summing, we have 0>y~ (p, — pyy —x + px — py) +ollpx — py||2 and
hence
(px — pyx —y) = (L +y0)lpx — pylI*. (55)

Then, Cauchy-Schwarz inequality yields [[px — pylI> < (1 +yo)  lp: — pyl
|lx — y|l and the statement follows. (Il

Now we are ready to provide the theorem of convergence for the proximal gradient
algorithm.

Theorem 55 Let f: X — R be Lipschitz smooth with constant L > 0 and with
modulus of strong convexity u > 0 and g € I'g(X) with modulus of strong convexity
o > 0. Supposethaty < 2/L. Let x, be the minimizer of F := f + g and let (xi)reN
be generated by Algorithm 1. Then

1 AN
VkeN) |lxe —xill <¢"lxo —xill, g := T yo <1 - LV+M) (56)

Moreover, if f is twice differentiable, then

1—
1+WL#VSL+
- o
(ke fn—xl g -xl Gi=1 7 MRNEE
ify = :
1+ yo L+ u
Proof The statement follows from Theorems 51, 52, to 54 and the Banach-
Caccioppoli theorem. (]
Remark 56

(i) The best value of y in (57) is achieved for y =2/(u + L).

(ii)) When g = 0 one can derive an explicit linear rate also in the function values.
Indeed, in this case, since V f(x,) = 0, it follows from Fact 1(ii) that f(x) —
[ < (L/2)x = x>

3.5 Convergence Analysis Under Geometric Assumptions
It is possible to show that strongly convex functions satisfy the following condition

1
f(x) —inf f < 2—||8f(x)||2_, (58)
"

where [[9f (x)[|- = inf{|lull|lu € 3f (x)}.
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This condition is called Lojasiewicz inequality and can hold even for non-strongly
convex functions and very recently has been the objective of intense research which
has unveiled its connection with the quadratic growth condition

VMxeX) f(x)— igl(ff > %dist(x, argmin )? (59)

and ultimately its critical role in achieving linear convergence in optimization algo-
rithms. In this section, we study the convergence of the proximal gradient algorithm
under Lojasiewicz-type inequalities.

We start with a major (although simple) example showing a function which is
not strongly convex but satisfies the Lojasiewicz inequality and the quadratic growth
condition above.

Example 57 LetA: X — Y beabounded linear operator with closed range between
two Hilbert spaces, b € Y, and set

f:X—>R f(x)=%||Ax—b||2. (60)

Note that here we do not assume A* A to be positive definite. Let b, be the projection
of b onto the range R(A) of A. Then Pytagoras’ theorem yields

1
VxeX) f(x)= z(nAx — b.|I* + by — b|1?).

Thus, f, :=infy f = (1/2)||bs — b||>. Now, let x, € S := argmin f = {x e X|
Ax = b*}, let x € X and set x, = Psx. We have b, = Ax, = Ax,, and hence

(——1A—b2—1A— s LA - (61)
fO) = fu =S 1A% = bilI” = SIAGK —x)I” = SIAK = xp)II"

Moreover, since S is an affine set with direction N(A), we have x — x, € N (A)*L.
Now we introduce the pseudo inverse of A, which is a the bounded linear operator
A": Y — X satisfying, forevery u € N(A)*, the equality A" Au = u, hence, ||u|| <
| A%||||Au||. Therefore, using (61) we have

1 . 1 .

f) = foz SIA 72 l1x — xplI* = 1% | ~*dist(x, argmin £),  (62)
so that (59) holds with ;o = ||AT||=2. Moreover, V f (x) = A*(Ax — b,) = A*A(x —
Xx4), and hence

IVFOI? = |A*A(x — x|

Thus, inequality (58) in this case reduces to

VxeX) pllAx —x)|* < [|[A*A(x — x|,
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which is equivalent to
Yy € R(A) pullyl* < [|A*y]. (63)

Again, since (as before) for every y € R(A) = N(A")™, Iyl < [[(A*)T|||A*y| and
(A*)" = (A")*, we have that (63) and hence (58) holds with u = ||[(AT)*||7? =
IAT)=2.

In the following we generalize condition (58).

Definition 58 Let p € [1, +o00l, let F € T'y(X) with argmin F # (. We say that F
is p-Lojasiewicz on sublevel sets if for every ¢ > inf F there exists a constant ¢, > 0
such that:

Vxelinf F < F <t], (F(x)—infF)'"7 <¢|dF )|,

where for a given set D, ||D|_ = inf,cp [|u]. We will refer to this notion as global
if sup,. i p €1 < +00.

Example 59 (Convex piecewise polynomials) A function f : R — R is a convex
piecewise polynomial if it is convex, continuous, and R? can be partitioned in a
finite number of polyhedra P, ..., Py such that for all i € {1, ..., s}, the restriction
of f to P; is a convex polynomial of degree d; € N. The degree of f is defined
asdeg(f) :=max{d; | i € {1, ..., s}}. Assume deg(f) > 0. Convex piecewise poly-
nomial functions are p-Lojasiewicz on sublevel sets with p = 1 + (deg(f) — 1)¢.
This result implies that piecewise linear functions (deg(f) = 1) are 1-Lojasiewicz
on sublevel sets and that convex piecewise quadratic functions (deg(f) = 2) are
2-L.ojasiewicz.

Example 60 (LI regularized least squares) Let f(x) = a|lx| + (1/2)|Ax — y||?,
for some linear operator A : R — R”, y € R” and @ > 0. Then f is convex piece-
wise polynomial of degree 2, thus it is 2-Lojasiewicz on sublevel sets.

Lemma 61 Let (ri)ren be a real sequence being strictly positive and satisfying,
for some k >0, a > 1 and all k € N: rp — iy > kry . Define k := min{(a —

D, (@ — Dic“a, 7y, kM/2r} ™). Then, for all k € N, r, < (kk)~"/@=D,
The proof can be found in [50, Theorem 3.4].

Theorem 62 Let f: X — R be convex and differentiable with L-Lipschitz continu-
ous gradient and let g € T'o(X). Set F = f + g and suppose that F has a minimizer
and that is p-Lojasiewicz on sublevel sets, for some p > 1. Lety < 2/L and (xi)reN
be generated by Algorithm I with xo € domF. Then the sequence (xi)ren has finite
length in X, meaning that ), . | Xk+1 — Xk |l < 400, and converges strongly to
some x, € argmin F. Moreover, there exists a constant b, with explicit expression
(see equation (71)), such that the following convergence rates hold, depending on
the value of p, and of k ==y (2 — )/L)[2c2F(xU)]’1:
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(1) If p =1, then x; = x, for every k > (F(xo) —inf F) /«k.
@) Ifpell,2], forallk € N,

F(xy) —inf F

5D . 12
- and || xg+1 — X4l < bp(F(xg) —inf F)'/=,

F(xgs1) — inf F < (

(iii) If p =2, forallk € N,

(F(xg) — inf F)1/2

. 1 .
Fogn) = inf F < = (F () = inf F) and oxgsr =5l < bo=— =

@iv) If p € 12,400, forallk € N,

. __r _ .
F(xp) —inf F < ¢,k 77 and ||xpp1 — x| < b,,c;/@ L) =4

Proof We first show that (x;)icn has finite length. Since inf F > —oo then ry 1=
F(x;) —inf F € [0, 400, and Theorem 47(iii) yields

|~

2 .
allxkrr — xkll” < re — k1, witha = (64)

1
14
By definition of Algorithm 1, we have x; — ¥V f(xg4+1) — xx41 € y9g(xx+1) and
hence

X = yVIu) = X + ¥V f(xg) € 0y F (i) (65)

This implies, together with the nonexpansiveness of Id — y'V f (see Proposition 43),
that

y inf o Jull < flx =¥V fa) = (g — ¥V Q) | <l — X1 1].(66)

uedF(xp41)

If there exists k € N such that r, = 0 then the algorithm would stop after a finite
number of iterations (see (64)), therefore it is not restrictive to assume that r;, > 0
for all k € N. Since (F (x))ren is decreasing by Theorem 47(iii), and xy € domF,
xp € [inf F < F < F(xp)] for every k > 1. We set ¢(¢) := ptl/” and Fy = F(xp),
so that the Lojasiewicz inequality at x;, € [inf F < F < Fj] can be rewritten as

(ke N) 1 <cr'rolldF (xo)ll_. (67)

Combining (64), (66), and (67), and using the concavity of ¢, we obtain for allk € N:
e — xell* < Cﬂw’(rk)(rk = it D)X — Xe—1ll = Cﬂ(w(rk) = @i+ 1)) llxk — xg—11l-
ya ya

By taking the square root on both sides, and using Young’s inequality, we obtain
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c
(Vk € N) 2flxp1 — x|l < y_i;((p(’"k) = ore+D) + llxe — xe—1 . (68)

Sum this inequality, and reorder the terms to finally obtain

K

C
Vk=1) Y s —xell < y—'Zw(n) + [lx1 = xoll.
k=1

We deduce that (x;)ren has finite length and therefore converges strongly to some
Xx. Moreover, from (66) and the strong closedness of df : X = X, we conclude that
0 € 9f (x4). We next show a preliminary inequality which will be useful to prove the
rates for (||xx — x|)ken. Let K € Nand 1 < k < K, recall that ¢(¢) = pt'/?, and
sum the inequality in (68) between k and K to obtain

K
PCF, 1
ek = xill < D ngt — all < a—y“rk“’ + e — x|

n=k

Passing to the limit for K — oo, using (64), and the fact that r; is decreasing, we
derive

1
(Vk > 1) ||x*—xk||s’:%)r,l/’i+ 12 (69)

_ ﬁrk_l.

Next we prove the convergence rates. We first derive rates for the sequence of values
rx, from which we will derive the rates for the iterates thanks to (69). Equations (64)
and (66) and the Lojasiewicz inequality at x;| € [inf F < F < Fy] yield

2 2 2 2 222
Tk = i1 = allxerr — xill” = ay 0 F () 1° = ay“ep rk+1/p’

which we write more compactly as

(Vk € N) rp — g > kry, with @ =2(p — Dp™!

and k := ayzc;oz. (70)
The rates for the values are derived from the analysis of the sequences satisfying the
inequality in (70), which is recalled in Lemma 61. Depending on the value of p, we
obtain different rates.

(i): Since p = 1, we deduce from (70) that for all k € N r < rpy — k. Since the
sequence (ry)xen 1S decreasing and positive, this implies k < rok L.

(ii): Since p € ]1, 2[we have a €]0, 1[. Thus, the positivity of ;| and (70) imply
thatforallk e N, r, > /cr,‘jjrl and hence ry, g < ke rkl/a, meaning that r; converges
Q-superlinearly to zero. In addition, we have r,li’f = r,li’;_l/zrklizl < r(;/p_l/zr,:izl and
(69) implies ||x; — x,|| < byr/%, with b, = perra’”"?/(ay) + (1/J/a).

(iii): If p = 2, then @ = 1 and (70) yields that forall k e N, rp ) < (1 + ) g,
so that r;, < (1 4 k) ~*ry. Moreover, from (69) we derive that,

Yk > 1) [xe — xil < barl2.
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where by = 2cp, /ay + 1/+/a.
@v): If p € 12, +oo[, then @ € ]1, 2[ and (70) and Lemma 61 imply that ry; <
cp(k+ 1)~P/P=2 where

P P
K(p=21 7 [p=217"" __o 2
cp = min { [&] , |:p_j| K_z,yliz L T0, K W) roq - 71

p p
1
Note that r,/5 < r0 “7rP and therefore, deﬁmng b, = pcr/y + (ro)'/?a”
ro 1/p , we derive from (69) that ||x; — x.|| < b rk P for every k > 1. ([l

Remark 63 Note that the rates range from the finite termination, for p = 1, to the
worst-case rates presented in Theorem 47, when p tends to 4+o00. The bigger is p,
the more the rates for the objective function values become closer to o(k~!), and the
rates of its iterates become arbitrarily slow.

3.6 Accelerations

Proximal gradient methods are very simple and have a very low cost per iteration, but
often they converge slowly, both in practice and in theory (see Theorem 47). In this
section, we consider the class of accelerated proximal gradient algorithms, which
are only slightly more complicated than the basic proximal gradient methods, but
have an improved convergence rate. While in the proximal gradient method, only the
information obtained in the previous step is used to build the next iterate, accelerated
methods are multistep methods, namely they take into account previous iterates to
improve the convergence. The most popular accelerated multistep method is due to
Nesterov and is also known as Fast Iterative Soft Thresholding Algorithm (FISTA).
We consider the same setting of the previous sections.

Algorithm 2 (Accelerated proximal gradient method) Letr O <y < 1/L and let
(t)ken € RN be such thatty = 1,4 > 1, and for every integer k > 1, tk2 —f < tkz_l.
Let xo = yo € X and define

fork=0,1,...
X1 = Prox,, (ye — vV f ()
t — 1 (72)
Brst = —
/S8

Vit = X1 + Brrt (X1 — Xp)-
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3.6.1 Dynamical Systems Interpretation

One of the crucial observations that lead to a whole stream of literature and allowed
to give a physical interpretation of this kind of algorithms is the link of accelerated
algorithms with the trajectories of a second-order continuous dynamical system.
Let us consider a heavy ball of mass m in the potential field V f + dg under the
force of friction, or “viscosity" controlled by a function p(¢) > 0. The motion x (¢)
of the heavy ball is described by the following second-order differential inclusion:

mx € =V f(x(1)) — 9g(x(1)) — p(1)x(1) (73)

Intuitively, ignoring existence issues, the heavy ball reaches the minimizer of f 4 g
fort — 400, due to the loss of energy caused by the friction. In addition, the friction
avoids the zig-zagging effect, which is one of the causes that slows down gradient
type methods. We consider a scenario where the viscosity coefficient is of the form
p(t) = o/t which turned out to be crucial in the achievement of accelerated rates:

0ei+ %x(r) + Vf(x(0) + 08(x (1)), (74)

We next show that Algorithm 2 can be seen as a discretization of (74). To this aim,
we discretize implicitly with respect to the nonsmooth function g and explicitly with
respect to the smooth one f. Let & > 0 be a fixed time step, and set #; = (79 + k)h,
x = x(t). The suggested implicit/explicit discretization strategy reads as

1

ﬁ(xkﬂ — 2xp + xp—1) + (xx — xx—1) +9gOx1) +V f(yr) 20,

o
(o + k)h?

where y; will be suitably chosen as a linear combination of x; and x;_;. Rearranging
the terms in 3.6.1 we derive

o
Xt +h*g(xXes1) > xi + (1 - —) (xx — x5-1) — B2V £ (o).
T+ k

A choice of yy classically made in the literature is

Yk = Xp + <1 - ) (xk — Xk—1)-

T+ k
Recalling the definition of proximal operator, and setting y = h?> we can rewrite
3.6.1 as
{yk =x+ (1= 257) o = %)
Xier1 = Prox,, (ye — ¥V f (¥e)),

which is an instance of Algorithm 2 for a specific choice of parameters #;’s (see next
section).
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3.6.2 Convergence Analysis

We start with few results concerning the sequence of the parameters #;’s.

Proposition 64 Suppose that t) = 1 and for every integer k > 1
>0 and t7 —t —t} |, = —b—ct (75)

for some c € [0,1 [ and b € [0, 1 — c]. Then condition (75) is equivalent to

l—¢ e
h=— +\/( > >+tk_,—b. (76)

Moreover, the following hold.

(i) Foreveryintegerk > 1,1 <t;_ | <tz <1 —c+tx_;.
(ii) Supposethat2/b < 1 — c. Then, foreveryintegerk > 1,(1 — ¢)/2 + ti_ < k.
Hence k(1 —¢)/2 <ty — 1 <k(1l —c).

Proof The discriminant of the quadratic equation in (75) (in the unknown f;) is Ay =
(1—-0)?+ 4(t,f_1 — b). Then it is clear that if #,_; > 1, then A; > 0, the positive
solution of (75)is (76) and #, > (1 —¢)/2 + \/(1 —0)?/4+1—b>1,since b <
1 — c. Vice versa, if t;_; > 1, then (76) = (75). Inthe end, if #,_; > 1, then (76) and
(75) are equivalent and in such case #;, > 1. So, the first part of the statement follows
by an induction argument since 7y = 1.

(i): We derive from (75) that 12 — 12 | =—b+ (1 -ty > =b+1—c >0,
hence #;,_; < t;. Moreover, it follows from (76) that

1—c\? 1—c\? 1—c¢ 2
(tk— 3 ) s( 3 )+t,3_15(7+tk_1>. (77)

Thus, # — (1 —¢)/2 < (1 —¢)/2+t;_; and hence ty <1 —c + t;_;. The state-
ment follows.

(ii): Suppose that 1 — ¢ > 2./b. Then (11— c)2/4 — b > 0 and hence, we have
th=>0-0c)/2+ \/(1 —0)?/4—b+ t,f_l > (1 —¢)/2 + tx—1 and the first part of
the statement follows. Next, summing the inequalities (1 —c¢)/2 <t;, —t,_1 < (1 —
c)fromi =1toi =k,wehavek(l —¢)/2 <t — 1 <k(l —¢). U

Remark 65 The following are two special cases of (75).

11 k
h=s4yg R, and n= 1 withya = 2, (78)
a

which are obtained from (75) with (b, ¢) = (0, 0) and (b, ¢) = (1/a?, (a — 2)/a)
respectively. Note that in both cases 1 — ¢ > 2+4/b (and in the first case, in virtue of
Proposition 64(ii), we have t;, > (k + 2)/2).
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Remark 66 Suppose that the #;’s satisfy (75) with 2+/b < 1 — ¢. Then, since tk2 -
(I—-0ot < tszl, we have, for k > 2,

ooy Moo _ylme o o)
., w(—(1—0) fr —(1—c) k-2

where in the second last inequality we used that 4 > (1 —¢)/2+ 1 > 1 —c+
tr—>. Note that, in view of Proposition 64(i), t; < 2 — c. Therefore, since 2 — ¢ > 1,
we have

VkeN k>=1) =<Q2—-0ot_. (80)
Lemma 67 Lety € X and set x = prox,,,(y — yV f(y)), with y < 1/L. Then

2 2
X —Z Z—

VzeX) P+ =20 _ ppy o li=oIm
2y 2y

Proof 1t follows from the definition of the proximity operator that
. 1 2
x = argmin,cy {1 + 51y = 2= yVf O]
) 1
= argmin_cy {860 + 5y =2l + (@ =y V) |

Therefore, since z > g(z) + ﬁlly —zP+(z =y, Vf(y))isy~!

and x is its minimizer, it follows from (10) that

-strongly convex

1 1
Vi xIP<g@+ —lly—zlP + (2= y. VL)
Y 2y
1
— (80 + 3o ly =21 + (r = 3. V(D))
14

hence

1 1
g + =y - x4 (x =y, VLSO +=—llz — x|
4 2y

(a)

1
<g@)+ glly —zZP+ =y, VL)) .

Now, since f is L-Lipschitz continuous and y < 1/L, it follows from Theorem 1
that

L 1
SO =fOM == VIO + S lx = YIP < (x =y, V) + gnx —yl*.

(@)
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Therefore,

1 1
FO)+800) + -z —xIP< fM)+8@+ =—ly—zl* +{z—y, VL)
4 2y
1
S f@+e@+ Ny - z|1%,
Y

where in the last inequality we used that f(y) + (z — y, V£ (¥)) < f(2), due to the
convexity of f. ([

We now present the first of the two results of the section, which concerns the
convergence in value for Algorithm 2. Next, we will address the convergence of the
iterates under slightly stronger assumptions on the sequence of parameters #;’s.

Theorem 68 Let f: X — R be convex and differentiable with L-Lipschitz continu-
ous gradient and let g € I'o(X). Set F = f + g and suppose that F has a minimizer.
Define (x)ren and (ty)ren according to Algorithm 2. Then

dist(xo, argmin F)?

(VkeN,k>1) F(x)—minF < =
2yt

Moreover, if the parameters ty’s are defined according to Proposition 64 with 1 — ¢ >

2Vb, then F(x;) —min F = O(1/k?).

Proof 1t follows from the definition of yj; in Algorithm 2 that, for every k € N,

1 1
Vi1 = (1 - _>xk+1 + — (o + 5o — xi))
Tit1 Tit1

Uk+1

Therefore, for every k € N,

1 1
Yk = (1 — —)xk + —v (Vo := Yo) (81)
Ik Ik

Moreover, it follows from the definition of vg4 that vi1; — xx = fr (X1 — xx) and

hence | | |
X1 = X + — (Vg1 — Xx) = (1 - _>xk + —Uksi1- (82)
17 173 Tk

Also, by Lemma 67, with y = y; and x = x;41, we have

—_ 12 _ 2
lxk+1 — 2l SF(Z)+”Z ykll_

v X) F
VzeX) F(xip1) + 2 2y

(83)



188 S. Salzo and S. Villa

Now, let x,, € argmin F and set
< 1 ) 1
z=|1— — Jxx + —xs.
Ix 1
Then, we derive from (81) and (151) that
1 1
Xep1 — 2= —(0g1 — X)) and y;p —z = — (v — Xy).
1y Ik

Therefore, it follows from (83) and the convexity of F (considering that z is a convex
combination of x; and x,) that

lvesr — x. 12 e — x.]1?
Fps) + L =5 o gy 4 22l
( k+1) zytk2 = ( ) 2)/l‘k2
1 1 lve — x: 12
<(1-=)Fe)+—Fx) + ——
Tk Iy 2ylk

Summing — F(x,) to both terms of the above inequality and setting r, = F(x;) —
F(x,), we get

_ 2 1 _ 2
o el (1),
2)/l‘k 1y 2)/tk

and hence, multiplying by t,f

Vi1 — X l? v — X2
e + Mot = %7 < t(te — Drc + o= %2 (84)
2y 2y

Now we set, forevery integerk > 1,&; = 12,7 + |lve — x.|1>/(2y). Then, by using
t,? — 1t — t/?q < —cty, we have

_ 2
VkeN, k> 1) @Hg@m—nm+mﬁfﬁhg—mm+&. (85)
y

Therefore, & is decreasing and hence, using (84) with k = 0, we have, forall k > 1

o) — X% |12

2y

< ”UO — Xy
- 2y 2y

o — xP

o <& <& =r+

Since x, is an arbitrary element of argmin F, the first part of the statement follows.
The second part of the statement follows from Proposition 64(ii) and the fact that, for
everyintegerk > 1,2t 1 >2+(k — D1 —-c)=k(l—c)+14+c>k(1—¢).O



Proximal Gradient Methods for Machine Learning and Imaging 189

Remark 69 The quantity & introduced in the proof of Theorem 68 can be seen as
a discretization of a Lyapunov function of the continuous dynamical system (74).

We now start the analysis of the convergence of the iterates.

Proposition 70 Under the assumptions of Theorem 68 suppose additionally that for
every integer k € N,

=1 and t7 —t —t} | < —ct (86)
for some ¢ € 10, 1[. Then the following hold.

i) Y0, 6 (Fx) — inf F) < +o0.
(i) D ey tellxesr — xll* < +oo.

Proof Let r; and &; be defined as in the proof of Theorem 68. It follows from (85)
that, for every integer k > 1,

ctiry < E — Exqr. (87)

Hence ¢ Z,fil tire < &1 < |lxo — x4]I?/(2y). Concerning the second statement, it
follows from (83) with z = x;, that

Xi1 — Xl xr — vill?
Flo) + X1 — x| < Flx) + e = ell™ (88)
2y 2y
Subtracting — inf F' and recalling the definition of y; in Algorithm 2, we get
2 b —1)? 2
Feat + llxXk+1 — x| <ret (fe—1 - )7 ek — Xl ’ (89)
2y 1 2y
which, multiplied by # yields
1
5(:,3”)%1 =0l = e = D2 = 2t 2) < 0% = reca).
Since (fr_; — 1)? = t,i] + 1 — 21, we have
1
3y (et =l = 2l = 0P + @iy = Dk = el
<t r — i + @ — 7 )y (90)

Summing the above inequality from k = 1 to k = K, and recalling that 7y = 1, we
have
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K
1
5= (e = xclP + Y@ = Dl = xe )
27/ k=2
K
<r —tprgs + 2:(11(2 — 12 n
k=1

K
<r+1 —C)Ztkl"k,

k=1

where we used the fact that, by 70, we have t,? — t,il < (1 — o)ty. Therefore, since
tr—1 <2t — 1 (being t_; > 1),

K K K
ka—l e — x> < Z(Zlk—l — Dllxg — x> <2y (Fl +0 -0 kark)
k=2 k=2 k=1

(29)
and the statement follows from (i). O

We need two additional results concerning the convergence of numerical
sequences.

Lemma 71 Let (ai)ren, (€x)ken be sequences in R, such that ZkeN & < +ooand
VkeN) ary1 < ap + & (92)

Then (ax)ren is convergent.

Proof Define u; = a; + Z;;o,f &;. Then it follows from (92) that u;, 1 = a1 +

Pliog & <ak+ > % & = ug, sothat (u)en is decreasing and hence convergent.
Then, by definition of uy, ay = u; — Z;‘f &; and hence (a;)ren 1S convergent too.
O

Lemma 72 Suppose that the sequence of parameters t;’s satisfy equation (75) in
Proposition 64 with 2Jb<1—c. Let (ar)k>1 and (by)r>1 be two positive sequences
such that

fioy — 1
VkeN, k>1) a < —

ax + by, 93)

If (txbi)kex1 is summable, then (ay)ke>1 is summable.

Proof Let k € N with k > 1. Multiplying equation (93) by z‘k2 and using the relation
tf — 4 < t,ff , and the fact that f,_; < #, we have

i < te(timr — Dag + b < ti(te — Dag + b < ti_jax + t7b. (99
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Hence
k—1 k—1

2 2 2 2
%4@—a1:§:maﬁl—qu)§§:gh.

i=1 i=1

Then, dividing by t,i] , we obtain

————-+ ———-j{:t2b
-1 k=1"j=1

and hence

j=1 j=1 Jj—1 i=1 Jj—1
k k
ag 1
3 33 L
j=1 J-1 i=1 j=i+1 J-1

191

95)

(96)

o7

Now we analyze the term Z =it 1/ 1- Let j € N with j > 2. Since, by assump-
tion, #;(t; — (1 —¢)) < tj_l and t; > (1 —c)/24+tji—1 = (1 —c)+1tj_», we have

1 1
P T
tiy it =1 —=c)

! 1 1
_I—C l‘j—(l—C) tj
1 <1 1 1 1)
< ———t— =)
1—c tj_o ti—1 ti—1 t;

Hence, fori > 1 and k > 2,

-
~
‘P_
A
—_
| —
(9
—
-
7N
B
‘_d
I
~
< "_
N—
-
N
|_d
|
\NlP—‘

j=i+1 i—1 j=itl N2 - =i+l N7
1 <l 1 1 l)
= ———+———
l—c\tici it 4 &
3—cl
l1—c¢g

]

where in the last inequality we used that #; < (2 — ¢)t;_; (see Remark 66). In the

end, it follows from (97) that
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The statement follows. O

We are finally ready for the second main result of this section which addresses
the convergence of the iterates of Algorithm 2.

Theorem 73 Under the assumptions of Theorem 68, suppose additionally that the
parameters t;.’s satisfy the equation (75) with ¢ > 0. Then x; — x, for some x, €
argmin F.

Proof We invoke Opial’s Lemma 29. We first prove that weak cluster points of
(xx)ken belong to argmin F'. We note that Theorem 68 yields that F(x;) — inf F.
Let (xx,)nen be a weakly convergent subsequence with x;, — x,. Since F is weakly
lower semicontinuous, we have F'(x,) < liminf, F(x;,) = lim; F(x;) = inf F and
hence x, € argmin F. We now prove that for every x, € argmin F, the sequence
(lxx — x«|Dren is convergent. Let x, € argmin F and set hy = ||x; — x,?>/2 and
8t = (1/2) [l — k41117 Then, since [xe — x> =[x — Xe41 1 + 11 — x> +
2 (X — Xpg1s X1 — X4) and yp — xp = Br(xx — xx—1), we have

hi — higgr = 8 + (X — Xi1, Xip1 — Xs) (98)

= 8k — Br (k= Xk—1, Xer1 — X)) + (Vb — Xe1, Xap1 — X . (99)
Now we note that, by definition of x;, and the fact that x, € argmin F, we have
Ve = Xk+1 — YV () € 0yg(xk41) and  —yV f(xy) € 9y g(x).
Hence, using the monotonicity of dg (see Sect.2.4), we have

(Xk1 — X, Yk — X1 — YV +yVSFx)) =0

which yields, in virtue of Fact 1(iv), that

(k1 = Xy Yk — Xp1) 2 ¥ (X1 — X, V) — V f(x0))
=y (k= X, VO = VD)) + ¥ et — Yk, VEOK) — V F(x4))
> %va()’k) — VI = ylxert — wlllVF ) = V(x|

yL
> = s = P,

where in the last inequality we minorized the functiono > (1/L)a® — ||x341 — ville
with — || x¢41 — yil|>L /4. Hence it follows from (99) that
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yL
e = hicst = 8 = B b = Xt X = %) = =l — el (100)

Now, (98), written for k — 1, yields hy_1 — hx = Sp—1 + (Xp—1 — Xk, X — x,) and
hence, we have
yL 2
hicq1 — hi — BieChie — hi—1) < =8k + Br (X — Xk—1, X1 — Xx) + T||xk+l — Ykl
+ Biedk—1 — Bre [Xk — Xk—1. Xk — x4)
yL
= =8+ 7 loeer = il
+ BrSk—1 + Br (xk — Xk—1, Xk1 — X))

Now, using the definition of y;, we have

1 , 1 2
§||xk+l —wll = §||xk+l — x; — B — x|l

2
2, B 2
= §||xk+1 —xil” + 7||xk — X117 = Br (X1 — Xks Xk — Xk—1)

= 8k + Bidk—1 — Pr Xkt — Xp, Xx — Xp—1) -

Therefore,

1 yL 2 2
higr — by — Belhy — b)) < —z | 1= %1 — yell” + (Br + B k1.

2 2
(101)
Since yL < 2 and B + ,B,f < 2 we finally have
hiwr — hie < Be(hg — hig—1) + 281, (102)
which yields
(hir — hi) 4+ < Be(hye — hg—1)+ + 28,1 (103)

Since #8k—1 < (2 — c)tx—16;—1 and f;_18;—; is summable in virtue of Proposi-
tion 70(ii), Lemma 72 yields that ((hg+1 — hx)+)ken is summable. Finally, since

hier < hg + (higr — b+ (104)

and Ay is positive, the statement follows from Lemma 71. O

Remark 74 In order to have convergence of the iterates in Algorithm 2, possible
choices of the parameters #;’s are (76) with ¢ > 0 and b = 0 (which looks as a
perturbed version of the classical choice given in the first of (78)) and, recalling
Remark 18, the second in (78) with a > 2.



194 S. Salzo and S. Villa

3.7 Bibliographical Notes

Section 3.1. Fixed-point iterations, also known as the method of successive approxi-
mations, was developed by Picard, starting from ideas by Cauchy and Liouville. For
the case of Banach spaces, Theorem 19 was first formulated and proved by Banach
in his famous dissertation from 1922. Later and independently it was rediscovered
by Caccioppoli in 1931. Since then, numerous generalizations or extensions have
been obtained which deal with more general classes of operators and iterations.
Krasnosel’skii-Mann iteration, as presented in (33), were first studied in [63] with
A = 1/2.For general A € ]0, 1[, these mappings have been studied by Schaefer [104],
Browder and Petryshyn [25, 26], and Opial [85]. Mann in [70] considered the more
general case of this iteration where A may vary. Later this case was also studied in
[43, 54]. The concept of averaged operator was introduced in [9]. Later, the proper-
ties of compositions and convex combinations of averaged nonexpansive operators
(Proposition 27) have been applied to the design of new fixed-point algorithms in
[38].

Section 3.2. The proximity operator was introduced by Moreau in 1962 [74] and
further investigated in [75, 76] as a generalization of the notion of a convex projection
operator. Later was considered within the proximal point algorithm in [97]. Since
then, it appears in most of the splitting algorithms used in practice [34].

Sections 3.3-3.4. The proximal gradient algorithm finds its roots in the projected
gradient method [53, 64] and was originally devised in [72] in the more general
context of monotone operators. Weak convergence of the iterates were proved in [51,
72]. An error tolerant version, with variable stepsize is presented in [39], whereas
worst-case rate of convergence in values was studied in [12, 24]. The proximal
gradient algorithm is also a generalization of the iterative soft thresholding algorithm,
first proposed in [41].

Section 3.5. The idea of imposing geometric conditions on the function to be
optimized to derive improved convergence rates of first-order methods is old, and
was already used in [27, 91, 97]. A systematic study of the class of functions sat-
isfying favorable geometric conditions is more recent and is the result of a series
of papers, among which we mention [14, 16, 17]. The fact that convex piecewise
polynomial functions are p-Lojasiewicz on sublevel sets is due to [66, Corollary
3.6], in agreement with [27, Corollary 3.6], for the special case of piecewise linear
convex functions and with [65, Theorem 2.7] for convex piecewise quadratic func-
tions. The fact that the lasso problem is 2-L.ojasiewicz has been observed in [17,
Sect. 3.2.1]. Kurdyka—t.ojiasiewicz inequality is a powerful tool to analyze conver-
gence of first-order splitting algorithms as shown in a whole line of work [3-5, 17,
18, 50, 69] ranging from the analysis of the proximal point algorithm to a whole
class of descent gradient based techniques. These results had an impressive impact
on the machine learning community, see e.g., [60]. Theorem 62 is a special case of
[52, Theorem 4.1].

Section 3.6. The idea of adding an inertial term in 74 to mitigate zig-zagging was
due to Polyak, and gave raise to the heavy ball method [93] (see also [1]), which
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is optimal in the sense of Nemirovski and Yudin [81] for the class of convex twice
continuously differentiable functions. A simple, but not very intuitive, modification
of Polyak’s method was due to Nesterov [83], and is the famous accelerated gradient
method for convex smooth objective functions [82, 83]. The acceleration technique
has been first extended to the proximal point algorithm by Giiler [55] and finally
extended to the composite optimization problems in [12]. Various modifications
of these accelerated algorithms are nowadays the methods of choice to optimize
objective functions in a large scale scenario, even in a nonconvex setting: despite
convergence issues, the ADAM algorithm is probably the most used in the deep
learning context [62]. The first papers studying accelerated algorithms were focused
on convergence of the objective function values. Convergence of the iterates has been
established much more recently, starting from the paper by Chambolle and Dossal
[29] and further devoloped later. Only many years later its introduction, Nesterov
accelerated method has been shown to be a specific discretization of the heavy ball
system introduced by Polyak with a vanishing inertial coefficient [111], and this key
observation started a very active research activity on the subject (see [7], [6] and
references therein).

4 Stochastic Minimization Algorithms

In this section, we analyze stochastic versions of the algorithms previously presented.
We will consider problems of type

minir}(lize fx) +gkx), (105)

where f: X — R is a convex function and g: X — ] — 00, +00] is a proper con-
vex and lower semicontinuous function, and depending on the hypotheses only a
stochastic subgradient/gradient of f will be available. One of the main examples for
such situation is when f is given in the form of an expectation, that is,

f(x) =Elekx, 01, (106)

which corresponds to the setting of stochastic optimization. In this case, a stochastic
subgradient/gradient of f is obtained through a subgradient/gradient of ¢(x, ¢).
Finally, in general we will assume that the proximity operator of g is given explicitly.
However, in the last section we will consider a situation in which the proximity
operator of g is actually given through a stochastic oracle.

We start by recalling few facts on conditional expectation.

Fact 75 The following hold.

(i) Let ¢ be a random variable with value in the measurable space Z. Then the
operator E[- | ¢]: L' — L' is linear and monotone increasing.
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(i) Let & be a real-valued summable random variable and ¢ be a random variable
with value in a measurable space Z. Then, E[E[&, | ¢]] = E[£].

(iii) Let ¢ be a random variable with value in the measurable space Z and let
¢: Z — R be a measurable real function such that E[|¢(¢)|] < +00. Then
Elp(©) 1£] = ¢(0).

(iv) Let X be a separable Hilbert space and let ¢; and ¢, be two X-valued random
vectors such that E[|(¢], &)|]] < 400 and E[||¢]]] < 4+00. Then
E[{¢1, &) 1411 = (€1, El&2 | &1]).

(v) Let ¢; and ¢, be two independent random variables with values in the mea-
surable spaces Z; and Z; respectively. Let ¢: Z; x Z, — R be measurable
and such that E[|¢(¢1, £&2)[] < +o0. Then E[¢(¢1, &) | &1] = ¥ (&1), where, for
every z1 € Z1, ¥ (z1) = Ele(z1, &)1

4.1 The Stochastic Subgradient Method

Here we take g in (105) as an indicator function of a closed convex set. Thus, we
assume that C C X is a nonempty closed and convex setand f: X — R isaconvex
function and we want to solve the following problem

minimize f(x), (107)
xeC

where the projection onto C can be computed explicitly but, only a stochastic sub-
gradient of f is available. The algorithm is detailed below.

Algorithm 3 (The stochastic subgradient projection method) Let xy € X and
(Vi)ken be a sequence in R . Then,

fork=0,1,...
iy, is a summable X -valued random vector s.t. E[iiy | x;] € 0f (x1), (108)
Xig1 = Pe(xp — yxily).

Moreover, define, for every k € N,

k

—1 k
fi = Orgiélk E[f(x)], X = <Z Vi) Z(; ViXi-

i=0

Remark 76 Inaddition to the sequence x;, Algorithm 3 requires keeping track of the
sequences ['; := Zf:o y; and x;, which can updated recursively, as 'y = 'y + »
and X1 = Ty (Dl + Viw1Xk41)-

The following theorem gives the main convergence results about the algorithm.
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Theorem 77 Let C C X be a nonempty closed convex set and let f: X — R be
convex. Let (xi)ren, (fi)ken, and (Xp)ren be the sequences generated by Algorithm
3. We make the following additional assumption

Al There exists B > 0, such that, for every k € N, E[||i¢||*] < B

Then, for every k € N, x; is square summable in norm and f(x;) is summable and
the following statements hold.

(i) Suppose that y, — 0 and ZkeN Vr = +00. Then liminf; E[f(x;)] =
limy f; = inf¢ f.
(ii) Letx € C andletm,k € Nwithm < k. Then

k 2 2 Tk 2
Z k)’/ ELf ()] — f(x) < Elllxn — xII] kl +B_ij=m Vi .
j=m Zi:m Vi 2 Zi:m Vi 2 Zi:m Vi
(109)
(iii) Suppose that ), vk = +00 and Zf:o v2/ Zf:o y; — 0. Then f; — infc f
and E[f (%] — infe f.

Moreover, if argming f # &, the right hand side of (109), with m =0 and
x € argmin,. f, yields a rate of convergence for both f, — minc¢ f and E[ f (x;)] —
min¢ f.

Proof Letk € Nand x € C and set u; = E[dy | x;]. First of all, note that assumption
Al actually implies that ||z || is square summable and hence summable. Then we
prove the following inequality

2yl — x, k) < Nl — x NP = llxerr — x 1 + v el (110)

Indeed setting y, = x; — yiix and using the relation 2(a, b) = |la|® + ||b|*> —
la — b||?, we have

2 (X — X, Ug) = 2{xx — X, Xx — Vi)

= [lxg — x> + llxe — yell® — llye — x| (111)

Now, since P¢ is nonexpansive, we have |xi+1 — x| = [|Pc() — Pc(x)|| <
Iy — x|l and hence (110) follows.

We prove by induction that |lx; — x| is square summable for every k € N. The
statement is true for k = 0. Suppose that ||x; — x|| is square summable for some
k € N. Then it follows from (110) that

2 2 ~ 205112
et = X117 <l — xI17 + 2yl — xlHllaell 4+ v lall”

The right-hand side is summable, and hence || x4+ — x|| is square summable. So, all
the terms in (110) are summable. Therefore, taking the conditional expectation given
x; of both terms of inequality (110) and using the fact that u;, = E[di; | x;] € 9f (xx)
and the properties in Fact 75, we have almost surely
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27k (f (xp) — f(x)) < 29 (xi — x, E[dg | x¢])
< llxx — x> = Elllxir — x 17 | x] + v2ELldx 1 | xe]. (112)

Now, being f subdifferentiable, there exists (a, 8) € H x R, a # 0, such that
(va)+ B < f, hence (xy,a)+ B < f(x). Therefore, we have (f(x;))_ < ||lxi|l
llall + 18], which together with (112) yields the summability of f(x;). Taking the
expectation in (112) and recalling that E[||7i;||?>] < B>, we get

2 (ELf (xi)] — f(x) < Elllxx — x[1*] — Elllxxsr — x 21+ 2B% (113)

(1): Since (fi)ren is decreasing, we have inf¢ f < limy f; = infy f; = infy
E[f(xx)] < liminfy E[ f(xx)]. Therefore it is sufficient to prove that
liminfy E[ f (x;)] < infc f. Suppose that x € C is such that f(x) < liminf,
E[f (xx)] = sup,, infy>, E[ f (xx)]. Then there exists n € N such that f(x) < infy>,
ELf(xp)]. Set p = infys, E[ f(xx)] — f(x) > 0. Then, (113) yields

(Vk>=n) wp < Elllxy — xI*1 = Elllxgs1 — x171 = v (0 — mB?).

Now, since y; — 0, there exists m € N such that for every integer k > m, we have
o — yk32 > 0 and hence, setting v := max{n, m}, we have

p Y v < Elllxy — x|I”] < 4oo.

k>v

This contradicts the assumption ), . ¥ = +00. Therefore, we showed that there
isnox € C suchthat f(x) < liminfy E[ f (x¢)], thatis, lim inf; E[ f (x;)] < inf¢ f.
(>ii): It follows from (113) that

1 B?
VieN) y(E[f(x)]— fx) < E(E[”xi — x|1*1 = Elllxi1 — x|%) + 7%-2-
(114)
So, summing from m to k, we have

k 1 L
> ViELf @] = (@) < SEllan — xlP1+ = ; v

i=m

Dividing the above inequality by Zf:m y; yields (109).
(iii): We first note that, since f is convex and X; is a convex combination of
the x;’s, with coefficients n; = y;/ Zl;zo vj, with 0 <i <k, we have E[f(x)] <

S miELf (x)]. Moreover, fi = S5 ni fi < 3°°_, niELf (x:)]. Therefore,

k Lk
(VkeN) ho=max(fi. EL/ GO < (Yo%) Y vELfGol  (115)

i=0 i=0
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Letx € C. Then it follows from (109) and (115) that lim sup, A < f(x). Since x is
arbitrary in C, we have lim sup, iy < inf¢ f. Moreover, clearly we have inf¢ f <
liminfy A;. Therefore, h; — infc f. Since inf¢c f < fy < h; and inf¢ f <

E[f (xx)] < hy, the statement follows.

O

Lemma 78 Letm, k € Nwith2 < m < k. Then, the following inequalities hold.

k

0 () 5, +1) <27 = ()

m
1/ 1 1 o
i) 2(vk — m+—<—+—>§ —.
(i) 2(Vk — /) + > WA >
+ool
(iii)Zi—zz—
i=0
Lemma79 Leta € R} anda, € Ry . Then

BlyIi2 [ ap

vert, 2aTy 24Ty | [a|?

and the minimum is achieved at y = (\/a/ﬂ|lal|2)a.
Proof Define ¢: R x R" — ] — 00, +00 ] such that
a+Blyl?

o, y) = 2t
400 otherwise.

ift>0and y e R}

Clearly ¢ is closed, convex, and differentiable in R, x R’ ,, and, for all (¢, y) €

Ryy xRy,
a+Blyl* B
Vot,y) = ————,—v |-
@, y) ( 2 7Y
Then,
2 2
inf — E”V” —inf inf S
yeRY, 2a'y 2 a >0 yeR", 2t (1,y) R xR
ay=t a'y=t

and the right hand side can be written as

inf t —1,a)" (@, ).
(r,V)lngRn o y)+ L{O}(( a) (. y))

(116)
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So, Fermat’s rule yields
0€ Vo, y) + A" (AL, y)),

where A: R"*! — R is the linear form A = (—1,a)"- and A* is the map s +—
s(—1, a). Therefore, we have

(-=1,a)"(t,y) =0 and — Vo(t,y) € R(—1,a),

which, in view of (116), implies that there exists s € R such that

at+ Byl
22
—7)/ = sa
a'y =t
Now, it follows from the last two equations above that —8 = —Ba 'y /t = s|a|?
and hence 5
o+ BlyI> _ B
212 llall?
t
14
llall?
a'y =

It follows from the second equation above that ||y ||> = #%/||a||> which, substituted
into the first equation, gives ¢t = /a/B||a||. Therefore, finally, we have

o off
= — d s = |——. O
Y (\/ ﬁ||a||2)“ nd 0T =\

Corollary 80 Under the same assumptions of Theorem 77, the following hold.
(i) Suppose that argmin,. f # & andlet D > dist(xo, argmin, f)andk € N. Then,
D> 1 B2 Yo v?

max{ fr, E[ f (Xx)]} —min f < — + .
‘ ‘ c 2% v 2 Yiow

Moreover, the right hand side of (117) is minimized when, for everyi =0, ..., k,
y; = D/(B+k 4+ 1) and in that case we have

(117)

BD

VEF+T

max { fi, ELf (%01} — min f <
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(ii) Let, for every k € N, vy =y /(k + 1). Then, fi — infc f and E[f(5)] —
infc f. Moreover, if argmin, f # &, we have, for every k € N,

dist(xp, argming ? n)782> 1 (118)

max { fi.. ELf (R} —rrgnf§< 27 7 ) iogk T D)

(iii) Let, for every k € N, yp = v /~/k + 1. Then, fi — infc f and E[f (k)] —
infc f. Moreover, if argmin, f # O, for every integer k > 2, we have
dist(xg, argming )2 1 o log(k + 1)

maX{fk,E[f(ik)]}fmcinfs - +7B

2 Nzl a0 49

(iv) Let, foreveryk € N, yx = v /~/k + 1 and suppose that C is bounded with diam-
eter D > 0 and that argmin, f # Q. Set, for every k € N, fi= min /2 <i<k

1
f(x;) and %, = (Zi:Lk/ZJ Vi) Zi:(kﬂj yix;. Then, for every integer k > 2,

3D?> 5yB? 1
Y ) (120)

max {ﬁcv E[f(-fk)]} - ménf = <_ ﬁ

2y + 2

Proof (i): Equation (117) follows from (115) and by minimizing the right hand
side of (109), with m = 0, w.r.t. x € argmin. f. Now, it follows from Lemma 79
that the minimum of the right-hand side of (117) is BD/+/k + 1 and is achieved at
(¥)o<i<t = D/(Bv/k + 1). Note that is this case & = (k + 1)~' 3% _o Xi-

(i1): We derive from Lemma 78(i), with m = 1, that Z, —0 y, =y Zk+l(1/z) >
y log(k 4+ 1). Moreover, we have Zi:O y: =72 Z ''1/i2 < 727/6. So, the first
part follows from Theorem 77 (iii), while the 1nequa11ty in (1 18) follows from (117)
with D = dist(xp, argmin, f).

(iii) Lemma 78(ii), with m = 1, yields Zle 1/Vi =2k = 1)+ (1/2)(1 +
1 /f ) > 2+/k — 3/2. Moreover, 2k —3/2 > f k for k > 3 and clearly for k < 2,
Zl | 1/\/? > k. Therefore, forevery k € N, Z o Vi=7 ZkH 1/Vi=pJk+1.
Moreover, by Lemma 78(i), we have Z, =1+ Z =2 1/i <1+logk <
2logk, for k > 3. Therefore, for every k € N, k > 2, we have Y+ V=7 2y
1/i < 2y2log(k + 1). Again, the first part follows from Theorem 77(iii), while (119)
follows from (117) with D = dist(xp, argmin. f).
@iv): Letk € N, k > 2. It follows from Lemma 78(i) that

k k+1
1 k+1 5
Yo vW=7 ), s =7log (%) <yp’logd < yp*=.
i=k/2] i=1k/2)+1 ! Lk/2] 3

Moreover, Lemma 78(ii) yields



202 S. Salzo and S. Villa

k+1
Z n=v ),
i=lk/2) i= Lk/2J+1

> 27 (Vhk+1— k2] +1) > 2);\/m<1 _\/@>

Now, since (|k/2] +1)/(k + 1) < 2/3, we have

Xk: 7/@277(1-@)@2

i=k/2]

W=

vk 41

The statement follows from Theorem 77(ii), with m = |k/2] and x € argmin f,
taking into account that, as in (115), max{ f¢, f (%)} < (ZLU«/M Vi) Zf:tkm Vi
f(xi). O

Example 81 A case in which the above stochastic algorithm arises is in the incre-
mental subgradient method. We aim at solving

. 1 &
min f(x) := — X:; fi ),

where every f;: X — Ris convex and Lipschitz continuous with constant L ;. The
projected incremental subgradient method is as follows. Let, for every j, V f i X —>
X be a selection of df;. Let xo € X. Then,

fork=0,1,...
chose an index j; € {1, ..., m} at random
Xkr1 = Po(xe — vie V £, (xk)).
—_———

iy

(121)

Since 0f = (1/m) Z;’Ll af;, wehave that (1/m) Z;”:] V fi(x) € af (x).Letk € N.

Then, x; is a random variable, depending on jo, ..., ji—. Hence, iy := \Y i (xx) is
a random variable, where x; and jj are independent random variables, and Fact 75
yields

. 1 &
u = E[V fj, (00 ] = — Z fiG) € 3f ()

and

. 1 m N 1 m
BUV £, ol 1xd = — 3 IV lP < — 3 L3,
j=1 j=1
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and hence E[||V £}, (x) 2] < (1/m) PRy L?. In the end assumptions of Theorem 77
are satisfied with B> = (1/m) 3 L?

Example 82 (Stochastic optimization) We generalize the previous example. We
consider the following optimization problem

minimize f(x),  f(x) = Ele(x, O], (122)

where f: X — R, ¢ is arandom variable with values in a measurable space Z with
distribution u and ¢: X x Z — R is such that

(SO1) Yz € Z,¢(, z)isconvex and L(z)-Lipschitz continuous and [, L(z)*dp <
+00.

(S0y) ¢(0,-) € L'(Z, ).

The above assumptions ensure that, for every x € X, ¢(x, -) € L'(Z, ). Indeed,
forevery z € Z, |o(x, 2)| = lo(x,2) —¢(0,2)| + |90, 2)| < L@)|Ix]l + 190, 2)|.
Hence ¢(x, z) € L'(Z, ), since L(z) and (0, z) are so. Welet dp: X x Z — 2%
be such that dp(x, z) = d¢(-, z)(x) and we make the following additional assump-
tions

(S03) there exists a meas~urable @go: X x Z — X, such that, for every x € X and
for pu-ae. z € Z, Vo(x, z) € dp(x, 2).
(8O4) (&x)ren 1s a sequence of independent copies of ¢.

Then we consider the following algorithm. Let xo € X. Then,

fork=0,1,...
kaﬂ = Pe(x — v Vo, &) ). (123)
N e’

Uk

We have, for every xj, x; € X,
[ f(x1) = fx2)| < lefp(xl, 2) — @(x2, D)du(z) < llx; — x2| /ZL(z)du(z).

Therefore, f is Lipschitz continuous with constant fZL(z)du(z) < ( sz(z)2
d u(z))l/ 2. Moreover, assumption (SO3) implies that

forall x, y € Xand for u-a.e.z € Z ¢(y,2) > ¢(x,2) + (y — x, Vo(x, 2)).
(124)
Note that all terms of the above inequality are p-summable, in particular, since
IVe(x, 2)|| < L(z) and L(z) is u-summable, Vg (x, -) is u-summable. Hence, inte-
grating (124) w.r.t. u we get

Vx,yeX) f)=f@)+{y —x,/ZW(x,z)du(z)).
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Therefore, for every x € X, E[@(p(x, £)] € df (x). Now, let k € N, k > 1. Then, it
follows from (123) that
Xk = x;(80s -+ -5 Sk—1)s

hence x; gnd i are independent~ random variables. Therefore, Fact 75(v) yields that
ug = E[Vo(x, &) | x] = [ Vo, 2)du(z) € af (x) and

E[I¥00. 01 1] = fz 1900, DIPdu() < /Z L(22du(z) < +oo,

and hence E[||@<p(xk, ol?] < fz L(2)?du(z). In the end Theorem 77 applies with

B? = f z L(z)*du(z), so that the stochastic algorithm (123) provides a solution to
problem (122).

4.2 Stochastic Proximal Gradient Method

We address again problem (105) where now f is Lipschitz smooth, and we consider
a stochastic version of Algorithm 1. In the following we set F = f + g.

Algorithm 4 (The stochastic proximal gradient method) Let xy € X and (i)reN
be a sequence in R .. Then,

fork=0,1,...
iy is a square summable X -valued random vector s.t. E[ty | x;] = V f (xi),
LC/(H = prox,, , (xx — yiiig)-
(125)
Moreover, define, for every k € N,

k

—1 k
Fi= min E[F (i), %= (Zm) Zojy,»x,-ﬂ.

i=0
The following theorem gives the main convergence results about the algorithm.

Theorem 83 Let f: X — R be convex and differentiable with a L-Lipschitz con-

tinuous gradient, let g € To(X), and define F = f + g. Let (xp)ien, (Fi)ren, and

(X1)ken be the sequences generated by Algorithm 4. We make the following additional

assumption

Al There exists o >0, such that, for every k € N, the random variable
lix — V f(xp)l is square summable and E[||it, — V f (x)||*|xx] < o

A2 Foreveryk e N, yp < 1/L.

Then, for every k € N, x; is square summable in norm and F (x;) is summable and
the conclusions (i), (ii), and (iii) of Theorem 77 and those of Corollary 80(i)(iii)(iv)
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remain valid in expectation, with the constant B? replaced by o2 and fo ELf ()],
and inf¢ f replaced by Fy, E[F(x;)], and inf F respectively. In particular, the fol-
lowing hold.

(i) Suppose that Y, _ v = +00 and that Zf:o v?/ Zf:o y; — 0. Then F, —
inf F, lim inf, E[F (x;)] = inf F and E[F (x;)] — inf F.

(i) Suppose that S, := argmin F # & and let, for every k € N, yp =y //k + 1,
with y < 1/L. Then, for every integer k > 2,

dist(xg, S.)* 1 _ ,logk+1)
= o .
2 i1 0 kAl

Proof Since y;, < 1/L for every k € N, it follows from Lemma 45, that, for every
(x,y) € X%,z € domdg, and every n € dg(z) we have

max{Fi, E[F(X41)]} —min F <

1
Fx)> F@)+(x —z,VF(y) +n) — 2—yk||z -yl (126)

Let x € X. Applying the previous inequality with z = x;41, n = yk_' Xk — Xpg1) —
iy, and y = x; we obtain

R Xy — X
F(x) = F () + (x = X, V(o) — i+ %
k

1 2
) — Xk — xill
27k
(127)
and thus, setting (Vk € N) X, = proxykg(xk — V),
—X 1
k k+1 )

N X
Fxpg1) — FOO) < (6 = xpq1, g — V() — + 5 Wt - xxll?

R 1
= (= mp s = VF00) (= 200 = et 3k = k) + e = el

o — 1 2 o2
= (X — X1, Uk F ) + (lxk = x1I7 = X1 — x117)

2%
= (X = Xpp 1, g — VL)) + (B — X1, ik — V f (xp)
1 2 2
+ — (e = xII” = xgg1 — x1II7). (128)
2yk( k k+1 )

We next want to take the conditional expectation of this inequality. To this aim we
first prove by induction that ||x;|| and |V f (x;)|| are square summable and F (xy) is
summable. The statement is clearly true for k = 0. Suppose that it holds for £ > 0.
Then it follows from (128) and the nonexpansivity of prox,, , that
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et = x 1% + 25 (F (1) — F(x))
< 2y (llx = T Il + g1 — 1 Dl — V£l + g — x|
< 2y (llx = proxy, (Ol + llx — x + ¥ V. Gl + il — V.f Gl
x llig =V f ol + Il — x11? (129)

and hence we derive that ||x;4]| is square summable and F(x;) is summable.
Moreover, since V f is Lipschitz continuous, we have ||V f(xp+1)|| < Lllxg+1 —
x|l + IV f(x)]|l, which implies that |V f (xx+1)|l is square summable too. given x;
in (128) and recalling that E[ii; | x;] = V f (xi), we get

Elllxks1 — x 12 xx] + 20 ELF (xpi1) — F(x)]xe]

< lxe = xII* + 20 ElFrt — Xerrs e — YV f (60} xi ] (130)
Since prox,,, is nonexpansive by Proposition 34, we derive
Elllxier — x171x] + 20 ELF (1) — F)Ixi] <l — x[17 + 2202, (131)
and this yields
2% (E[F (xi1)] — F(x)) < Elllxe — x[°1 = Elllxesr — x [P+ 2y70°. (132)

The above equation is the same as (113) except for the fact that F(x;) and B> are
replaced by F (x, ) and o2 respectively. The proof thus essentially continues as the
one of Theorem 77.

4.3 Randomized Block-Coordinate Descent

In this section, we address the following problem

m

mir}ig(ize F(x)=f(x)+gkx), glx) = ;gi (xi), (133)

where X is the direct sum of m separable real Hilbert spaces (X;)i1<i<m, i.€.,

m m

X=X and (Vx=, . xm)y =01y €X) (6 y) =) (xi,ni)

i=1 i=1

and the following assumptions hold

Al f: X — Ris convex and differentiable with Lipschitz continuous gradient.
A2 (Vie[m]:={1,...,m}), g € Io(X,).
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We study the following algorithm.

Algorithm 5 (The randomized block-coordinate proximal gradient method) Let
x0 = (x?, ...,x,‘;) € X and (yi)1<i<m € RY . Then,

fork=0,1,...
fori=0,1,...,m

e 134
N S PIOXy e, (xzkk - Vikvikf(xk)) ifi =iy (134)
’ xf ifi # ix
where (i;)ren are independent random variables taking values in {1, ..., m} with

p; := P(iy =i) >0 foralli € {1,...,m}.
In the following we denote by J;: X; — X the canonical embedding of X; into

X, thatis, J;(x;) = (0, ..., x;,...,0), where x; occurs in the i-th position. Thus, the
algorithm can be equivalently written as

= xk g (prox,, o (f =y, Vi f(x*) — xb). (135)

Moreover, we set

m 1 m 1
r'=@P—d, (x,y)p= Z;(xi,y» (136)
i=1 i=1 !
and
m 1 m 1
W = _Idh <x’ y) = _— <_Xl‘, yt> . (137)
@ ViPi v Z YiPi

Remark 84 Algorithm 5 can be interpreted as a stochastic optimization algorithm
which uses special stochastic gradients and proximity operators oracles. Indeed, let
& be a random variable with values in {1, ..., m} distributed as i; and let

. 1
8(x,8) = —ge(xe). (138)
P
Then, clearly E[g(x, &)] = Y i~ gi(x;) = g(x). Moreover,

. 1 1
proxz.f)(x) = argmin .y {p—gg;’.-(xg) + §||y — x”%v}
1
2¥e, Pe

(e =)+ ) ﬁ(y,- -’

) 1
= argmin _y {p—égg (xe) +
iz T

and hence
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. w R ifi #§
(Viell,...,m}) [proxz . (x)]; = !proxysgs()@) ifi—t. (139)
Also, if we set @g”f(x) = yeJ: (Ve f(x)), we have
ELVY £ = iPiVif D izizm = WV F(x) = VY £ (x). (140)

Therefore, it is clear that Algorithm 5 can be rewritten as a stochastic proximal
gradient algorithm in the metric W as follows

x = proxg,,ik)(xk - @,-vkvf(xk)l (141)

Proposition 85 Let f: X — R be a convex differentiable function. Then the fol-
lowing statements are equivalent.

(1) V[ is Lipschitz continuous.

(ii) There exists (Li)1<i<m € R such that foralli € {1,...,m}yandx = (x1, ...,
Xm) € X, the mapping V; f(x1, ..., Xi—1, ", Xix1, -, Xm): X; = X; is Lips-
chitz continuous with constant L;.

Proof (i) = (ii): Let L be a Lipschitz constant of V f. Then (ii) holds with
(Li)i<ism = L.

(i) = (i): Let, for every i € [m], g; = L;/ Z;f’zl Lj. Then (¢;)1=i=m € R and
Y, g =1.Letx,v e X.Then

ij Jiwp)

UONTE a7 iw))

qi fx +q;7 " i (v)

fx+v) =

IA
MS A A

4 (F) + (g7 v, Vif (o) + "||q,-—‘v,-||2)

Ms

1

m Li
FO) + W VEE)+ z—q,nviu2
j=1 ~1!

>ici Li
2

= f(x)+ (v, VLX) + 2.

Therefore, Fact 1(ii) yields that V f is Lipschitz continuous. ]
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Remark 86 Let f: X — R be a convex differentiable function with Lipschitz con-
tinuous gradient. The constants (L;);<;<, defined in Proposition 85 are called the
block-Lipschitz constants of the partial gradients V; f. Then the following block-
coordinate descent lemma holds

L;
Vv € Xi) fx+ Ji(v)) < f(x)+ (vi, VSi(x)) + ?||Ui||2- (142)

Lemma 87 Let X be a real Hilbert space. Let ¢: X — R be differentiable and
convex and f € T'g(X). Let x € X and set x* = prox,, (x — Ve (x)). Then, for all
z€X,

(z—x,x=x") < (@ + V@ — (@ +¥)(x) = llz = xI)
+ () =¥ + (x = x*, Vo)) — Ilx — x*1%.

Proof Let z € X. By definition of x* we have x — x™ — Vg (x) € 3y (x). There-
fore, ¥ (z) > ¥ (x*) +{z—xT,x —xT — Vg(x)), and hence

z—x"x—x") =y @ —v (") +(z—x", Vo). (143)
Now, we note that ||x* — z||> = ||xT — x> + ||x — z||> + 2(x* — x, x — z). Then,

(z—x,x —xT) +(x —xT,x —x™)
<Y@ —¥ () + (2 —x, Vo)) + (x —xF, Vo(x))

and hence

(z—x,x—x") Y@ —¥&) + (2 —x, Vo)) + ¥ (x) — ¥ (xh)
+ (x —x*, Vo) — x —x*|1%.
Since (z — x, Vo(x)) < ¢(2) — o(x) — (1y/2) Iz — x||?, the statement follows. O

Now we set el . .
¥ = (prOXVigi (i —viVif(x )))lgigm

AF = gk _ gkt (144)
Then, recalling (135), we have
B =prox, o (xf =y Vi fGN) =xfT AL =xf Xt (145)

Also note that

k

x* =xKGy, ..., ix_1) and ! = gkt

@0, .-y ig—1)-

We derive from (145) that
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k k+1
i "X k+1 4
—_ vlkf(x ) € aglk('x ) (1 6)
ik

Proposition 88 Let f and g satisfy Assumptions 4.3 and 4.3. Let (L;)1<j<m be the
block-Lipschitz constants of the partial gradients V; f as defined in Proposition 85.
Let (yi)lfigm € Rﬁ_,'_ be such that y; < Z/Ll Set § = maXi<j<m y;L; and Pmin =
min; <; <, P;. Let (x%)en be generated by Algorithm 5. Then, for all x € X,

(x —xf xt =2 <

E[F(*) — F( ™) Jig, ... k1]

5§—2
+ (F(x) — F(x") + Tllxk — xR 147)
Proof First note that ¥ = proxgl (x — VI £(x%)), where the prox and the gra-

dient are computed in the weighted norm ||-||r-1. Then we derive from Lemma 87
written in the norm ||-||p-1 that

(x —x* xf = < (Fx) — Fxh)

+ g(x") — gt + (x* — LV F(xb))

_ ||xk -k+1”F N (148)
Next, we have
g(xk) — g(&* ) + (x* — # v £ (xb))
=E [plk (glk(xlk) gik(iikkﬂ) + (x k+1 Vi £@)) o - _1i|

k+1 — )Zﬂk+1
Ik

Moreover, since x;, and x* and x**! differ only for the i;-th component

1
— (81, () — g, GETY + (xf — & v, £(xN)))

ik

i(g(xk) — g + (xf =XV Fh))

ik

1‘ (g(x") — g™ + (x — X" V£ (x")))

1 1
(5= 5 st — Gl + taf =1l Vi r )
min i

< — (e — g("*) 4+ (¢f — XMV F (b))
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1 1
—( ——)—IIA" 1%,
pmin pzk Yic

where in the last inequality we used that

1
— (8 (xf) = g D + (xf — XV F () < ;nAfnz (149)

which was obtained by the fact that v; = (xf — x{ ") /y;, — V;, f(x¥) € dg;, (x/ ).
So

g(x*) — g 4+ (xf — ¥ V£ (b))

<! Elg(x*) — (") + (x* —x** V(") g, ..., k1]

'min

i _
D SIARP 4k = R (150)

min i=1 Vi

Now, we derive from the block-coordinate descent lemma (142) and the fact that x*
and x**! differ only in the i;-th component, that

El(x* — x*, V£ Lig, ..., ig—1]

E[f (") — fx*th + =* Li ||A 1% lioy - -y ik—1]
1 m
ELf(x*) — £* Y Lig, oo igoi ]+ 3 ; piLi [ A¥ %

Therefore it follows from the above inequality and (150) that

g(x*) — g(@ ) + (x* — ¥ Vb))

E[F(xKy — F Y |io, ..., ik_i]

'min

pi _
- = (yiLi — 2 — op-1) [ AN + lxF = 25
2pmin izl Yi
E[F(x*) — F(*™ lig, ..., ix1]
min
§—2 _ _
- (B A S [ e [

where in the last inequality we used that y; L; — 2 < § — 2 < O and thatp; > Pmin-
The statement follows from (148). O
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Proposition 89 Under the assumptions of Proposition 88 suppose additionally that
x is an X-valued random variable which is measurable w.r.t. to the o-algebra gen-

erated by iy, ..., ix_1. Then

k+1 2 . . k 2 =k+1 2 k 2
ELIx" — x5y lio, ... ikt ] — I = x )15, = 18 —xllfe — 12 — xllf
(151)
. . —k+1
and E[||x** — x* |15, lio, ..., ixm1] = I1XF = x*)12...

Proof 1f follows from Fact 75(v) that

k+1 2 .
Ellx™ — x5y lio. ..., ik—1]
UL
= E[Z—uxf“ —x,~||2|io,...,ik_1]
iz Yibi
k 2 1 k 2 Lk 20, .
=E|lIx* —x|y — llxf = xill* + —— %" — x; 1% | io. - - . ik—1
i Pig ikpik

_ k 2 k 2 —k+1 2
= ek — )3y — ok — w2 T )2

The second equation follows from (151), by choosing x = x*. (]

Proposition 90 Under the assumptions of Proposition 88 set F = f + g. Then, the
following hold.

(i) (ELF@x*)Dien is decreasing.
(i) Suppose that infen E[F (x*)] > oc. Then,

“ktl k2 k k12 | .
ZHx X = ZE[Hx — x5 lio .. ike1] < 400 Poas.
keN keN

(iii) For every k € N and every x € domF

k+1 2 s .
Ellx"" — x5 lio, - .. ik—1]

< llxF = x| —2(Fx") — F(x)

i (% + 1)E[F(xk) — F(x* N Jig, ... ig1].

pmin 2—-6
(152)
Proof Letk € Nand x € domF'. Since
ok — xl = 8 = 2l = =k = F 20k — F xE —x)pe,

we derive from (147), multiplied by 2, that
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—k+1 2 k 2 —k+1 k2
1% — xlE < " —xllf + 6 = DIE — x5

2 E[F(xKy — Fe Y |ig, ..., k1]

min

—2(F(x*) — F(x)). (153)
Then for an X-valued random variable x’ measurable with respect to ig, ..., ix_1,
Proposition 89 yields
ELx“" — XI5 Lo, - - k1]
< " — X115 + 6 = DEL*" — x*|I5, Lo, - ., dk1]

2 E[F(x") — Fx*™Y [ig, ..., k1]

'min

—2(F(x" — F(x")). (154)

Taking x’ = x¥ in (154), we have

pmm

Q@ = OE[x*" —x I3 Lo, ..., ik—1] < E[F(*) — FG* ) Jig, ... ik ]
(155)

which plugged into (154), with x’ = x € domF, gives (iii). Moreover, taking the
expectation in (155), we obtain

pmln

2 = OE[[l**" — x*|I5,] < E[IF ()] — E[F(x*")], (156)

which gives (i). Finally, set for all k € N, & = E[F(x*) — F(x*")|ig, ..., ix-1] =
0. Then

400
E[ > sk] Z El&] = Z BLF ()] — BIF(HTD] < BIF )] — inf BIF ().
=0

This shows that if infcy E[F (x)] > —oo, then Z,jjg & is P-integrable and hence
itis P-a.s. finite. Then (ii) follows from (155) and Proposition 89. O

Proposition 91 Under the assumptions of Proposition 90, suppose in addition that
F is bounded from below. Then, there exist (Y )ren and (v¥)ien, sequences of X-
valued random variables, such that the following hold.

i) v* € dF (YY) P-a.s.
(i) y* —x* - 0and v* - 0 P-a.s.
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Proof Tt follows from (144) that, (xf(w)— X (@)/yi — Vif(x*(w)) €
ag; ()E{‘Jrl (w)), foralli € [m] and w € 2. Hence
k _ zk+l
(HO) Vi) € 056 ),

Set yk = x*t! and let v¥: © — X be such that, for every w € €2,

xf (@) = yf ()

v (@ = ( Vi

)i+ VOR ) = V)
€ 38y (@) + V(¥ (@) = dF " (w)).

Clearly v* is measurable and hence it is a random variable. Moreover, for every
w € Q,

[V (@) < — Ix* (@) — Y (@)l + IV £ K (@) = VFx* (@)

min

Now, since F is bounded from below, Proposition 90(ii) yields that (|| y* — x¥|| 1%,1 VkeN
is summable P-a.s. and hence y* — x¥ — 0 P-a.s. The statement follows from the
fact that V f is Lipschitz continuous (see Proposition 85). (|

Lemma 92 (Stochastic Opial) Let X be a Hilbert space, let S be a nonempty subset
of X be a subset and let (x*)ien be a random sequence on (2, A, P) with values in
X. Assume that

(a) S is separable;
(b) forevery z € S, there exists Q2, with P(2;) = 1 such that, for every w € Q,,

3im (@) - z;
(c) there exists Q2 with P(Q) = 1 such that, for every w € Q, every weak cluster

point of (x*(w)) belongs to S.

Then there exists a S-valued random variable % such that x* — x a.s.

Proof We first show that there exists €2 such that, for every w € Q and for every
z € §, there exists
lim || x* (@) — z[I.
n

Let W C S countable dense in S and let Q = Mwew Qw. Then P() = 1 and, for
every w €  and for every w € W, there exists

lim Ix*(w) — w].
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Fix w € Qand z € S. Since W is dense in S, there exists a sequence (w;) in W such
that w; — z. Since w; € Wfor every j > 0, we know that there exists

lgonkQu)—-ugﬂzz'Q(w). (157)
Note that
— w; =zl = I (@) — 2]l — " (@) — w;]| < [lw; —z]|. (158)
Then, (157) and (158) yield
—llw; — 2|l < Timinf [lx(@) = zIl = Ix" (@) — w;]]
= liminf ||x* (@) — || = 7(w) < lim sup Ix* (@) = z|l = 7j(@)

= lim sup [[|lx* (@) — z]| — Ix* (@) — w; 1] < llw; — z]I.
k

Taking the limit for K — +o00 and recalling that w; — z, we get that there exists
limy, [|x* (@) — zl|. So we proved that for every w € € the limit of limy || x*(w) — z||
exists. Now suppose that € := Q N €2. Then, for every € €2, we have both that:
for every z € Z, 3limy lx*(w) — z]I; every weak cluster point of x*(w) belongs to
Z. We conclude by Lemma 29 that, for every w € S_Z, there exists x (w) € Z such
that x*(w) — ¥ (). O

Now we give the main convergence results, which extends to the stochastic setting
the convergence rate of the (deterministic) proximal gradient algorithm given in
Theorem 47.

Theorem 93 Under the assumptions of Proposition 88 set F = f + g, F, = inf F,
and S, = argmin F C X. Then, the following hold.

(i) E[FxY)]— F.
(i) Suppose that S, # &. Then E[F(x"] = F. = o(1/k) and, for all integer
k>1,

dist?, (x0, Sy) N (max{l, 2-5~1}

Hnﬁn—as[ >

1
- 1)(F(x0) - F*)h.

Pmin

Moreover, there exists a random variable x, taking values in S, such that

xk ~x, P-as.

Proof Proposition 90(iii) gives, for all x € domF and k € N,

ELlx " — x5 Lo, - -+ ix—1]
< Ix* — x|}, +2E[F(x) — F*) g, ..o ix—1] + &, (159)
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where

=1
£ = bE[FY) — FG& ) Lion . ikt ], b1=2<maX{1’(2 %) }—1>.

pmin

Note that the random variables x*’s are discrete with finite range and (E[F xDrenis
decreasing. Moreover, Y, ey El&] < by (F (x%) — F,). Therefore, taking the expec-
tation in (159) we have

2E[F(x*)] — F(x) < E[llx* — x|I,]1 — E[lIx**' —x|3,1 + E[&]  (160)

Since (E[F (x*)])ken is decreasing, E[F (x*)] — infrey E[F (x*)] > F.,. Thus, the
statement (i) is true if inf ey E[F (x%)] = —o0. Suppose thatinf,cy E[F (x¥)] > —o00
and let x € domF'. Then, the right hand side of (160), being summable, converges to
zero. Therefore, F, < limg_, E[F (x**1)] < F(x). Since x is arbitrary in domF,
(1) follows. Let x € S,. Then, F(x) = F, and (160) yields

23 (BIF M) = Fo) < E[Ix® —x )]+ Y El&d < e — x> + b1 (F () = Fa).
keN keN

Therefore, we have Y, . (E[F (x**1)] — F,) < (|x° — x||> + b1 (F (x°) — F.))/2.
Since (E[F (x**1)] — F,)en is decreasing, the first part of statement (ii) follows
from Fact 46. Concerning the convergence of the iterates, we will use the stochastic
Opial’s Lemma 92. Let x € argmin F. Then it follows from (159) that

(VkeN) E[lx" —x|3 lig, ..., k1] < IX* — x[I3, + &.

Since E[) ;] = X e El6k] < +00, wehave ), & < +oo P-a.s. and hence
(Jlx* — x||%,[,)keN is an almost supermartingale in the sense of Robbins and Sieg-
mund [96]. Thus, there exists 2; C 2 such that P(£2;) = 1 and for every w € 2,
(lx* (@) — x||%,V)k€N is convergent. Now, it follows from Proposition 91 that there
exists €, C Q with P(£2;) = 1, such that, for every w € €2, v (w) € BF(y"(a))),
¥ (w) — x¥(w) — 0, and v*(w) — 0. Therefore, let w € 5 and let (x™ (w))xey be
a subsequence of (xy(w))ren such that x"* (w) — x. Then,

v (w) € IF (Y™ (w)) y™(w) —x™(w) > 0 v™*(w) — 0. (161)
Then, it follows from (161) that y* (w) — x and, since d F is weak-strong closed,

that 0 € d F(x). Therefore the two conditions in the stochastic Opial’s Lemma 92
are satisfied with S = argmin F and hence the statement follows.
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4.4 Bibliographical Notes

Stochastic methods in optimization were initiated by Robbins and Monro [95], Kiefer
and Wolfowitz [61], and Ermoliev [47]. These methods are nowadays very popular
due to applications in deep machine learning [22]. The projected stochastic subgra-
dient method was studied in [44, 80]. In the last years rate of convergence in the
last iterates were also derived [105]. The proximal stochastic gradient which explic-
itly assumes the Lipschitz continuity of the gradient was studied in [2, 100]. The
worst case convergence rate in expectation of proximal stochastic gradient method
is much worse with respect to the one of proximal gradient method. Recently, vari-
ance reduction techniques have been studied to improve the convergence behavior
of stochastic methods [59], at the cost of keeping previously computed gradients in
memory. These techniques are particularly useful for empirical risk minimization
problems, see [42, 56] and references therein. Randomized strategies in block coor-
dinate descent methods were popularized by Nesterov in [84]. Since then a number
of works appeared extending and improving the analysis under several aspects. We
cite among others [35, 79, 94, 103, 114].

5 Dual Algorithms

In this section, we show how proximal gradient algorithms can be used on the dual
problem, to derive new algorithmic solutions for the primal.

5.1 A Framework for Dual Algorithms

We consider the same setting of Sect.2.6. Here we additionally assume that f is
strongly convex with modulus of convexity p > 0. In this situation, it follows from
Fact 13 that f* is differentiable on X and V f* is 1/u-Lipschitz continuous. More-
over, since f is strongly convex, the primal problem (27) admits a (unique) solution,
say x. We also assume that the calculus rule for subdifferentials (15) holds. Thus, in
view of Fact 14, we have that a dual solution # also exists, the duality gap is zero,
and the following KKT conditions hold

£ = Vf*(—A*Q) and AR € dg* (). (162)

So, in this case, a dual solution uniquely determines the primal solution. Actually, the
map u — V f*(—A*u) provides a way to go from the dual space Y into the primal
space X. See Fig.2. The following proposition tells us even more.

Proposition 94 Under the notation of Sect. 2.6, letu € Y and set x = V f*(—A*u).
Then
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w A ~
Sl = %IP = @) — v@).

Proof 1t follows from the KKT conditions (162), Fact 11, and the definition of u
that

FR) + fH(=A*D) = (&, —A*d) and f(x) + f*(—A*u) = (x, —A*u).
Thus, since —A*u € df (x) and f is pu-strongly convex,
(=A%) — fH*(—=A%D) = f(£) — f(x) + (X, A*0) — (x, A*u)

> (% —x, —A%u)+ %Ilf —x|*+ (%, A*a) — (A*u, x)
= (A%, —u)+ %Hi — X2

Now, since Ax € dg*(u), we have
g () — ¢*() = (A%, u — ).

Summing the two inequalities above, we have

(f*(=A"w) + g* ) — (f*(=A") + g* () > %le - x)?
and the statement follows. |
We define the duality gap function

G:XxY— ]—o00,+400], G(x,u) = d(x) + V(u).

D(x)

/&f@rinfﬁlo

u

Vr(=AT)

Fig. 2 Duality in strongly convex problems
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Recall that if strong duality holds inf & = — inf W, and hence

(P(x) —inf @) + (¥ (u) —inf ¥) = G(x, u),
so the duality gap function bounds the primal and dual objectives. We have the

following theorem

Theorem 95 Under the notation of Sect.2.6, suppose that R(A) C domdg. Then
the following holds:

(1) Suppose that g* is a-strongly convex. Let u € domg* and set x = V f*(—A*u).

Then,
A%

ap

G(x,u) < (1 + )(\If(u) — inf W). (163)

(i) Suppose that g is L-Lipschitz continuous. Let u € domg* be such that WV (u) —
inf U < ||A||?L?/u and set x = V f*(—A*u). Then, we have

AlL

T (W) — inf w)l/2, (164)
"

G(x,u)<?2

Proof Let u € domg* and let x = V f*(—A*u). Since R(A) C domdg, we have
0g(Ax) # @.Let v € dg(Ax). Then we first prove that for every s € [0, 1],

W) —inf W > sG(x, u) + %(a(l 5 - i||A||2>||u — )% (165)
n

Indeed, let s € [0, 1]. Then

V() —inf¥ > W) — VY +s(v—un)
=g" () —g"(u+sw—u)
+ fH(—A%u) — f*( —Afu—sA*(v — u)). (166)

Now, since f* is (1/u)-Lipschitz smooth, we have
f*( — A*u —sA*(v — u)) — f*(—A*u)

1
< (A" =), VI =ATW) + s NAP I — ul

Moreover, since g* is a-strongly convex (o > 0),

1 _
¢+ 5(v— 1) — g° (W) < 5(8"(W) — g" (W) — & : ) i = w2,

Therefore, it follows from (166) that
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W) —inf¥ > W) —Wu+ s —u))
z S(g*(”) —g" () — (x, A"(u — v)))

+ i<a(1 —5) - i||A||2>||v —ul2. 167
2 M

Now, we note that

Gx,u)=dx)+ ¥(u)
= (f(x) + fH(—A%u) — (—A*u, x)) + (g(Ax) + g* () — (Ax, u)).

Moreover, since x = V f*(—A*u) and v € dg(Ax), Young equality yields
f)+ f*(—A"u) — (—A%u,x) =0 and g(Ax)+ g*(v) — (Ax,v) =0.

Therefore,
G(x,u) =g*(u) — g*(v) — (Ax, u — v). (168)

In conclusion, (165) follows from (167) and (168).
(i): If in (165) we chose s = o/ (¢ + || A]|*/) we have (1 — 5) — s||A[|>/pu =0

and hence
o

—————G(x,u) < W(u) —inf V.
a+ A/

Then (163) follows.
(ii): It follows from (165) with o« = O that, for every s € [0, 1],

2
sG(x,u) < W(u) — inf W + 2S—||A||2||u ENTES
m

Since g is L-Lipschitz continuous, we have domg* C By (0). Moreover, u € domg*
andv € dg(Ax) = Ax € 9g*(v) = v € domg*. Therefore, ||u — v||> < 2(||lu|*> +
lvl|?) < 2L2. Then,

|
G(x,u) < inf —(W(u) —inf W)+ —||A|> L2
m

sel0,1] §

Since, if 0 < a < b, mingepo,1j(a/s + bs) = 2+/ab, the statement follows. O

5.2 Dual Proximal Gradient Algorithms

It follows from Proposition 94 and Theorem 95 that if an algorithm, applied to the
dual problem (2), provides a minimizing sequence, that is, a sequence (uy)xen such
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that W (u;) — inf W, then, the sequence (xi)ren, defined as x; = V f*(—A%uy) is
converging (possibly also in function values) to the solution of the primal problem.
In particular, we have

2
lxe — %)% < ;(\Il(uk) —inf W) - 0,

and, depending on the assumptions in Theorem 95,

@ (x;) — inf & < O(W(ux) — inf W) — 0

or
@ (x;) — inf @ < O(y/W(ux) — inf W) — 0.

Since the gradient of the term f*(—A*.) in (2) is Lipschitz continuous with constant
| Al|?/u, the proximal gradient algorithm applied to (2) leads to the following

Algorithm 6 (Dual proximal gradient algorithm) Let u® € Y and 0 < y < ”iﬁ.
Then,
fork=0,1,...
{x/c = V[ (=Auy) (169)
U1 = ProX,, .. (ux + y Axy).

Then, since Theorem 47(iv) ensures that W (1) — W (1) = o(1/(k + 1)), we have
b = &1 < o(1/v/k + 1)
and, again, in the settings of Theorem 95,
®(xp) —inf ® < o(1/(k + 1)) or ®(xx) —inf ® < o(1/vk + 1).

Similarly, we can apply Algorithm 2 to the dual problem (2) and this yields the
following dual algorithm.

Algorithm 7 (Dual accelerated proximal gradient algorithm) Let0 < y < u/|Al?
and let (ty)ren € RY be defined as Proposition 64 with 1 — ¢ > 23/b. Letug = vy €
Y and define
fork=0,1,...
Ve = V(=A%)
U1 = ProX,, .. (V + ¥ Ayx)

170
1 (170)

Br+1 =
T+ 1

Vi1 = Upq1 + Brpr (Wigr — up).

Then, defining x; = V f*(—A*u;), Theorem 68 yield
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lxx — Xl < O(1/k) (171)
and, under the assumptions of Theorem 95, that
®(xz) —inf ® < O(1/k*) or ®(x;) —inf ® < O(1/k).

Finally, suppose that g is separable, meaning that

m

g: Y :=@Y; > 1-o0,+00 1, g ....ym) =Y &), (172)
i=1

i=1

and A: X — Y with Ax = (Ax, ..., A,x), where A;: X — Y; are bounded lin-
ear operators. Then g* is separable as well and A*: Y — X is such that A*u =
> | Afu;. Hence, one can apply Algorithm 5 to the dual problem (2), yielding the
following stochastic dual algorithm.

Algorithm 8 (stochastic dual block coordinate gradient ascent method) Let u® =
(u(l), R u%) € Y and let (y;)1<i<m € RL_ be such that 0 < y; < 2u/||A; |%. Then,

fork=0,1,...
xk = Vf*(_A*uk)
fori=0,1,...,m (173)
S = [P, (i +vi Aix*) ifi =iy
U ifi # i,
where (iy)ren are independent random variables taking values in {1, ..., m} with

p; := P(ix =i) > O0foralli € {1,...,m}.

Remark 1 Note that in the setting of Algorithm 8, the primal problem can be written
as

min ;gi (Aix) + f(x). (174)

Now, suppose that f* is quadratic, so that V f* = H is a linear operator. Then, since
u**! and u* differ on the i, component only, denoting by J;, the canonical injection
of ¥;, into Y, we have

xk+] — _HA*uk+1

=—HA*J, i — up) + x.

Thus, Algorithm 8 can be written as follows. Set u® =0, x% = 0. Then
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fork=0,1...
fori =0,1,...,m
k . . _ .
Y - proxykgfk (”ik + y,»kA,-kx") ifi =iy (175)
’ uf ifi # i,

K+l _ ok k+1 k
x=xt— HAY (up —up).
This shows that Algorithm 8 can be used as an incremental stochastic method for
the minimization of (174), in which at each iteration one selects at random a single
component in the sum (say i) and uses only the knowledge related to that component
(A, Al’-‘k, g;‘k , vi,) to make an update of the algorithm.

Example 96 (Linearly constrained problems) We consider the minimization prob-
lem

gg}; fx),

where f: X — ] — oo, +00] is closed and strongly convex with constant p > O.
Then the dual problem is

min f*(=A"u) + (u, b) ,

ue

which is an uncostrained and smooth optimization problem. Thus, since g* = (-, b)
and prox,,..(u) = u — yb, Algorithm 6 becomes

fork=0,1,...
X =V f*(—A%uy) (176)
Upr1 = Ux + y(Axy — b),

where y < 2u/||A|1%.

5.3 Bibliographical Notes

Proposition 94 is standard, while Theorem 95 was essentially given (in a less explicit
form) in [45]. Dual algorithms have been proposed several times in the literature. We
mention among others the works [28, 37] for deterministic algorithms, while [107]
for stochastic algorithms in the context of machine learning. The dual accelerated
proximal gradient Algorithm 7 was presented in [15] with the standard choice of
the parameters #;’s given by the first of (78). The gradient descent on the dual of
the linearly constrained optimization problem described in Example 96 coincides,
up to a change of variables, with the linearized Bregman method studied in a series
of papers, see [86, 116] and references therein.
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Fig. 3 Solution of problem

(Py) for A: R2? — R. Here . .
A satisfies the NSP relative Sparse solutlo\n‘
to S = {2}

{z : Az =y}

6 Applications

In this section, we present three main applications where convex optimization plays
a key role, providing fundamental tools and computational solutions.

6.1 Sparse Recovery

In many applications throughout science and engineering, one often needs to solve
ill-posed inverse problems, where the number of available measurements is smaller
than the dimension of the vector (signal) to be estimated. More formally, the setting
is the following: given an observation y € R”, and a linear measurement process
A: RY — R” the goal is to

findx, € RY such that Ax, =y, (177)

under the assumption that d >> n. In general, more than one solution of the above
problem exists, but reconstruction of x, is often possible since in many practical
situations of interest, the vectors of interest are sparse, namely they only have a few
nonzero entries or few degrees of freedom compared to their dimension. In compress
sensing it is shown that reconstruction of sparse vectors is not only feasible in theory,
but efficient algorithms also exist to perform the reconstruction in practice. One of
the most popular strategies is basis pursuit and consists in solving the following
convex optimization problem

I:E}L% llxls- (P1)

In realistic situations, the measurements y will be always affected by noise, i.e.:
lAx, —yll <6

thus it makes more sense to consider the problem
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min |x||;. (P1s)
[[Ax—yll <8

Then, the constrained problem ( P; 5) is usually transformed into a penalized problem,
i.e (Fig.3).
!
min — [ Ax — y[|I* + Allx]l;, (178)
xeRd 2

which is advantageous from the algorithmic point of view. It is possible to show that
the problems (P; s) and (178) are equivalent, for suitable choices of the regularization
parameter.

Proposition 97 Let A € R"*¢ and let y € R". Then the following hold:

(1) Ifx is a minimizer of (178) with . > 0, then there exists 5 = §(x) > 0 such that
X is a minimizer of (P ;).

(1) If x is a minimizer of (P} s) with § > 0, then there exists A = L(x) > 0 such that
x is a minimizer of (178).

Proof Fermat’s rule for problem (178) yields
0 e A"(Ax — y) + A0l (x),
that is,

Asign(x;) ifx; #£0

Viell,....,d}) (A"(y — Ax)); € A0|-|(x;) = {[—k,k] ifx, = 0.

This shows that 0 is a minimizer of (178) if and only if |[A*y|. < A. Moreover, if
|A*y|lco > A and x is a minimizer of (178), then x # 0 and A = ||A*(Ax — ¥)]leo
(so A is uniquely determined by any minimizer).

Now, problem (P s5) can be equivalently written as

gg(lllxlh + LBy (Ax),
where B;(y) is the ball of radius § centered at y. Moreover, 0 is a minimizer of
(P 5) if and only if ||y]| < §. We therefore suppose that ||y|| > &, so that O is not
a minimizer of (P;s). Then, the minimizers of (P, ;) are different from zero and
characterized by the following equation
0€d|lli(x) + A" gy (Ax).
which is equivalent to

Ju € dip,y)(Ax) suchthat — A*u € |- (x). (179)

Recall that
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{0} if |[Ax —y|| <&
g, (y) (AX) = Np,(y)(Ax) = . Y
Ry(Ax —y) if [Ax — y[l = 6.

If||Ax — y|| < d,thenu = Oand hence 0 € d||-]|;(x) which yields x = 0. Therefore
since 0 is not a minimizer of (P s), then necessarily ||Ax — y|| = § and equation
(179) is equivalent to

|[Ax —y|| =8 and Ja >0 suchthat aA*(y — Ax) € || (x),
which yields

1 ol sign(x;) ifx; #0
dJo >0s.t.Vie{l,..., d} (A*(y — Ax)); € —0|-|(x;) =
o [—a~ Y a1 ifx; =0.

Taking into account the above equations one can see that, if x is a minimizer of
(178), then x is a minimizer of (P; 5) with 6 = ||Ax — y|| and, vice versa, if x is a
minimizer of (P 5), then x is a minimizer of (178) with A = [|[A*(Ax — ¥)|lee- U

Remark 98 Analogous equivalence results relate (P; s) and (178) to another con-
strained problem:

min [|[Ax —yl2, T >0.
llxlh =t

6.1.1 Proximal Gradient Algorithms for Lasso

In this section, we specialized several proximal gradients algorithms we studied in
the previous sections to the case of the lasso problem (178). As already anticipated in
Example 17, (the proximal gradient) Algorithm 1 become the so called Iterative Soft-
Thresholding Algorithm (ISTA), which is described below. Let y € 10,2/||A*A|[
and xo = yg € X. Then,

fork=0,1,...
| Xig1 = softy; (x — Y A*(Ax — ¥)), (180)
where soft,;, : R — Ris the so called soft-thresholding operator, which is the prox-
imity operator of A|-| (see (43)) and which is supposed to be applied component-wise.
We stress that according to Example 60 and Theorem 62(iii), algorithm (180) pro-
vides a sequence that converges linearly to a solution of problem (178).

Now, according to Algorithm 2, its accelerated version is as follows. Let xo =
yo € Xandy € 10, 1/||A*A|| ]. Then,
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fork=0,1,...
g — 1

up = X + (X — xx-1) (181)

X1 = soft,, (ux — y A*(Auy — y)).

This algorithm is known as Fast Iterative Soft-Thresholding Algorithm (FISTA) and
when the parameters ;s are defined according to Proposition 64 with 1 — ¢ > 2+/b,
Theorem 68 yields that it converges in values with rate O (1/k?). Finally, we special-
ize the randomized proximal gradient Algorithm 5. We denote by a' and g, the i-th
column and k-th row of A respectively. Since V;[(1/2)||Ax — b||*] = (a, Ax — b),
condition (ii) in Proposition 85 is satisfied with L; = |la’||*>. Then, Algorithm 5
(assuming that each block is made of one coordinate only) writes as

M = x4 [softy,; (xf — yiaiT(Axk — b)) —xt]es,, (182)
where y; < 2/||ai||2. Then, Theorem 93 ensures that E[F(x¥)] — inf F = o(l/k)

and that (x)ken there exists a random vector x, taking values in the solution set of
problem (178) such that x; — x, almost surely.

6.2 Image Denoising

One of the most popular denoising models for imaging, is based on the fotal variation
regularizer, and is known under the name “ROF” (Rudin, Osher and Fatemi). We
consider a scalar-valued digital image x € R™*" of size m x n pixels. A standard
approach for defining the discrete total variation is to use a finite difference scheme
acting on the pixels. The discrete gradient operator D: R"*" — R™*" x R™*" =
(R?)™*" is defined by

(Dx)i.; = (D1x), j, (Dax); ;) € R,
where

i —x ifl<i<m—1
(DlX)i,j:{xl+l"] Yiij sizm

0 i=m

Xi j — X, lflffl’l—l
(D2x)i,j:{ I o /

0 j=n

The discrete ROF model is then defined by

min A Dxll2,1 + Ilx = yII3, (183)

xeRmx



228 S. Salzo and S. Villa

where y € R™*" is the given noisy image, and the discrete total variation is defined
by
1/2

IDxll21 =D 1(Dx)ijlla =Y ((D1x)F; + (D2x)F;) "~

ij iJ

that is, the £;-norm of the 2-norm of the pixelwise image gradients. We can interpret
the total variation regularization from a sparsity point of view, establishing analogies
with lasso approach in (178). Indeed, the £;-norm induces sparsity in the gradients of
the image. More precisely, this regularizer can be interpreted as a group lasso one (see
Example 42), where each group include the two directional derivatives at each pixel.
Hence, this norm favors vectors with sparse gradients, namely piecewise constant
images. This favorable property, a.k.a. staircaising effect has also some drawbacks
in the applications, and other regularizations have been proposed. In the next section
we describe an algorithm to solve (183).

6.2.1 Algorithms for Total Variation Denoising

Solving the discrete ROF (Rudin—Osher—Fatemi) model

) 1
min Al Dxll21 + Zllx = yli3, (184)

xeRmxn

is equivalent to compute the proximity operator of the total variation, which is not
available in closed form. Here we show how to solve the above problem by a dual algo-
rithm. Indeed the problem is of the form (&) considered by the Fenchel-Rockafellar
duality theory with f(x) = (1/2)|x — y||°,

2
g) = Allvlly,; = E Muvijlla, v = (v )i<i<m, vij € R,
Iy 1Zj=n

and A = D. We first compute || D|| since it will be useful later to set the steplength.
For every x € R"™*"

IDxIP = Y (igry —xi )+ Y (g — X))

I<i<m 1<i<m
1<j<n 1<j<n
<2 )2 -2y 42 )2 )2
= ((xH—l,]) + (xz,j) ) + ((xz,]-H) + (xr,]) )
1<i<m I<i<m
1<j<n I<j<n
2
=< 8|lx|I%,

therefore || D||?> < 8. We next prove that the dual problem is
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R R S 2
min  =(|ly — D*u|l* = [|ylI*) + 5,0y (W),  Bi(0) C R?, (185)

ue(Rz)mxn 2

where B, (0) is the ball of R? of radius A centered at zero. Indeed, it is easy to

check that D* = —div: (R?)™*" = (R"*")? — R™*" where, for every (u', u®) €
(Rmxn)Z
wi—ul,, ifl<i<m, (u},—u},_, ifl<j<n,
divu', u?); ;= {uj ifi =1, +ul, if j =1,
_urlnfl,j ifi =m, —uil’nf1 if j =n,
and

* 1 2 2
[ @)= E(IIZ +yllz = Iyl2).-

Moreover, g(v) = 3, ; Alvi jll2 = Y, ; 0,0 (vi,j), which shows that g is separa-
ble. Then it follows from Fact 9(iii) that g* is separable as well, so

g*(v) = ZLBA(O) (vi.j) = LB.A(O)mxn (v)

iJj

Finally, since V f*(z) = z + y, the way one goes from the dual variable u € (R?)"*"
to the primal variable x € R™*" is through the formula

x =V f*(—=D*u) =y — D*u.

The dual proximal gradient algorithm (176) writes down as follows

fork=0,1,...
x® =y — D*u® (186)
uk+D — Pg, 0y @™ + )/Dx(k)),

where y < 2/||D||*> = 1/4. Note also that the projection onto Bj (0)"*" is separable
too and can be computed as

u; if i jlla <A
Pg, yrn (W) = (Pp,0) Wi j))1<i<m: P, 0) (Wi ;) = ui;j .
I<j=n J if [|u; jllo > A.
llae; ;|2

Then it follows from the theory given in Sect. 5 that the sequence (x;)xen converges
to the minimizer of (184) as an O (1/vk).

We next specialize Algorithm 2 to problem (185). Let ug =vp€ X, z0=y —
D*u® and y € 10, 1/8[. Define
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fork=0,1,...
x® =y _ pru®
u® D = Py g (00 4y Dz ®), (187)

pktD — gt 4 ,3k+l(u(k+l) _ u(k))
Z(FD — Gkt 4 ,3k+l(x(k+l) _ x(k))

With the choice of parameters as in Theorem 68, from the results in Sect. 5, we derive
that the sequence (x;)xen converges to the minimizer of (184) as an O (1/k).
Finally, we specialize the randomized proximal gradient Algorithm 5. Note that,
condition (ii) in Proposition 85 is satisfied with L; ; = /17. Then, Algorithm 5
(assuming that each block is made of one R? block only and (i, ji) is uniformly

distributed on {1, ..., n} x {1, ..., m}) writes as
fork=0,1,...
{x(k) = x4+ D*w ! — u¥) (188)
k k
u®th =y ® 4 ‘](ik»jk)[PBk(O)(u;k,)jk + Vi (Dx®);, ) — ”EA,)jk]’

where y; ; < 2/+/17 and Jg, j,): R* — (R?)™*" is the canonical injection. Then,
denoting by x, the unique solution of (184), Theorem 93 and the results in Sect.5
ensure that E[|x* — x, 2] < o(1/vk).

6.3 Machine Learning

In statistical machine learning we are given two random variables & and 7, with
values in X and Y C R respectively, with joint distribution w. We let £: X x Y X
R — R be a convex loss function and the goal is to find a function h: X — Y
in a given hypothesis function space which minimizes the averaged risk R(h) =
E[£(&, n, h(n))] without knowing the distribution p but based on some sequence
(&k, ni)ken of independent copies of (€, n).

In this problem, concerning the hypothesis function space one option is that of
considering reproducing kernel Hilbert spaces (RKHS). They indeed are defined
through kernel functions and are flexible enough to model even infinite-dimensional
function spaces. They are defined as follows. We let A: X — H be a general map
from the input space X to a separable Hilbert space H, endowed with a scalar product
(-, -) and norm ||-||. Then the corresponding RKHS is defined as

H={heR|TweHst.h=(w, AC))} |h] =nf{|w||h= (w, AC))}.
(189)
In this context, the map A is called the feature map and the corresponding kernel
function is defined as

K:XxX—>R, K@, x)=(AK),AX)). (190)
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In this way, the above statistical learning problem becomes

min R(w) = E[¢E, 0, (w, AE)] = /x yﬁ(x, Y (w, AG))Ddp(x, y), (191)

which is supposed to be solved via some sequence (&, 7y ) ke Of independent copies

of (&, 1).

In order to approach problem (191) we consider two strategies. The first one con-
sists in considering the problem as an instance of a stochastic optimization problem
as described in Example 82. The second one is to consider a regularized empirical
version of (191) based on the available sample. In the following, we describe these
two approaches.

6.3.1 Statistical Learning as Stochastic Optimization

We make the following assumptions.

SL; Forevery (x,y) € X x Y, £(x, y,-): R — R is positive, convex and Lipschitz
continuous with constant @ > 0 and E[£(&, n, 0)] < +o0.
SL, The feature map A is measurable and E[|| A (£)*] < +o0.

We show that problem (191) is an instance of Example 82. Indeed, welet Z = X x Y
and, for every w € H and z = (x, y) € Z, p(w, z) = £(z, (w, A(x))). Then,

NVwp,w, e HY(Vz=(x,y) € X x YY)

lp(wr, 2) — (w2, 2)| < al{w; — wa, AX))| < af| A lwy — wal.
Hence, conditions (SO;) — (SO;) in Example 82 hold with L(z) = «||A(x)||. More-
over,

VzeDNMwe H) dp(w,z) =0€(z, (w, A(x))A(x), (192)

where dp(w, z) = dp(-, ) (w). Now, let, forevery (z,7) € Z x R, @(z, t) be a sub-
gradient of £(z, -) at ¢ and define

Vo: HxZ— H: (w,2) — £z, (w, AG))AX) € dgp(w, 2).

Therefore, assumptions (SO3) — (SO4) in Example 82 are satisfied and
ElVo(w, )] = / ¢ (x, y, (w, A@NAMdu(x, y) € IR(w).
Z

Then algorithm (175) becomes

Wit = wi — vl E, ks (Wi, AED)DAED. (193)
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If we define A (x) = (wi, A(x)) and the kernel K (x, x") = (A(x), A(x")), then it
follows from (193) that

Rt () = hie(x) — vl e, i, hic(E)) K (x, &). (194)
Moreover, set
k | k k 1 k
Wy = (Z%‘)_ ZViwi» hi(x) = (Wi, A(x)) = (ZV:’)_ Z)/igi(x)-
i=0 i=0 i=0 i=0

Then, the risk of 7y is R () and according to Theorem 77 we have that R(w;) —
infy R, and if S, := argming R # &, D > dist(xo, Sx), and y, = y/+/k+ 1, we

have 5
D 1 _leog(k +1)

- g
AN S NS

where  B? = «®E[||A(§)||?)]. Moreover, for all keN, if (y)o<i<k =
D/(BVk + 1), then

(Vk € N) E[R(w)] —minR <

BD
VEFT
Note that algorithm (194) is fully practicable, since it depends only on the kernel

function K and on the data (&, n;). In the following, we provide a list of 1-Lipschitz
continuous losses:

E[R(W)] —min R < (195)

e the hinge loss: Y = {—1, 1} and £(x, y, t) = max{0, 1 — yt};
the logistic loss for classification: Y = {—1, 1} and £(x, y, t) = log(1 4+ e™");
o Ll-loss: Y =Rand £(x, y,t) = |y —t[;

4er!

Bl e
e c-insensitive loss: Y = R and £(x, y, t) = max{0, |y — t| — &}.

logistic loss for regression: Y = Rand £(x, y, t) = — 1

6.3.2 Regularized Empirical Risk Minimization

Regularized empirical risk estimation solves the following optimization problem

min = 3 00, w, ACOD + 31wl =: S (W) (196)

i=1

where (x;, ¥;i)1<i<n are realizations of the random variables (§;, 1;)1<i<, and we
assume for simplicity that the loss functionis £: Y x R — R, (convex in the second
variable), and A > 0 is a regularization parameter. Essentially the goal here is to find
a function 7 = (w, A(-)) that best fits the data (x;, y;)1<;<, according the to given
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loss €. Depending on the choice of the loss function the techniques take different
names. If £ is the square loss, that is, ¥ = R and £(s, t) = (s — 1)2, one talks about
ridge regression. If £ is the Vapnik e-insensitive loss

L(s,t) = max{0, |s — t| — &},

then we have support vector regression. Finally, if £ is the hinge loss, that is
Y ={—1,1}and £(s, t) = (1 — st), then we get support vector machines. Another
important loss for classification is the logistic loss, which is defined as £(s, t) =
log(1 4 e™").

We are going to compute the dual problem of (196) in the sense of Fenchel—
Rockafellar (see Sect.2.6). Define the operator

(w, A(x1))
AX): H— R, AX)w= e R"
(wvA(xl‘l)>

and the functions

n A - 1 2
g R' >R, g@)==Y Li—z) and f:H >R, fw)==[w|
n— 2

(197)
Then problem (196) can be written as

min f(w) + g(=AX)w), (198)

which is in the form (£?) considered by the Fenchel-Rochafellar duality. We recall
that the dual problem is
m%Rn FHAXK) o) + g% () (199)
acR”

and the corresponding KKT optimality conditions are (see Sect.2.6)
w eI (AX)'a) and & €dg(—AX)w). (200)

So, since f* = (1/2)||-||> and

VaeR)  AX)a=) aA),

i=1

the first term in the dual objective function (199) is
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1
FrAX) ) = EIIA(X)*aIIZ
1 n
= 5[ X wac
i=1

1 n
=3 D e (A(x), Alx))
ij=1
= l(XT}<(X,
2

2

where K € R"*" is the Gram matrix, defined as K = (K (x;, xj))j.szl and K is the
kernel function associated to the feature map A as defined in (190). Now we compute
the form of g*. According to (197), the function g is separable, that is, it can be written
as g(z) = Y1, & (z:), where g; = (A/n)€(y;, —-). Therefore

g () =gl (@)
i=1

Moreover, recalling the properties of the Fenchel conjugation, we have

A
gl (s)=2¢* (yi, —sf).
n A

Therefore we are lead to the following theorem

Theorem 99 The dual problem of (196) is

14 A, n
min Ea Ka+;;£ (yi,—ot,-x> =: ¥(a). (201)

acR”

where K = (K (x;, xj))?,j:1 and K is the kernel function associated to the feature
map (see (190)), £*(y;, -) is the Fenchel conjugate of £(y;,-). Moreover, (i) the
primal problem (196) has a unique solution, the dual problem has solutions and
min ® = — min WV (strong duality holds); and (ii) the solutions (w, @) of the primal
and dual problems are characterized by the following KKT conditions

b= AX)E =) &AM,
i=1 (202)

Vie{l,...,n} — 5% € 0L (yi, (A(x;), w)),

where 3£(y;, -) is the subdifferential of £(y;, -). Finally for the estimated function it
holds
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(W, A()) = Za,K(xl,~.

Remark 100 The first equation in (202) says that the primal solution can be written
as a finite linear combination of feature map evaluations on the training points. This is
known as the representer theorem in the related literature. Moreover, the coefficients
of this representation can be obtained through the solution of the dual problem (201).

We now specialize Theorem 99 to distance-based and margin-based losses.

Corollary 101 Suppose that £ is a convex distance-based loss, that is, of the form
(s, t) = x(s —t) with Y =R, for some convex function x: R — R,. Then the
dual problem (201) becomes

min lOlTKOl —yla+ % ;le X*(a)%n) (203)

aeR" 2

Suppose that £ is a convex margin-based loss, that is, of the form £(s, t) = x (st) with
Y = {—1, 1}, for some convex function x: R — R,. Then the dual problem (201)
becomes

min 20{ TKa + = Zx (— iniYZ). (204)

The following example shows that all the losses commonly used in machine
learning admit explicit Fenchel conjugates.

Example 102 (i) The least squares loss is £(s, t) = x (s —t) with x = (1/2)]-]*
In that case (203) reduces to

I + n
in ~a' Ko —y'a+ —|laf.
min yo Ke=y a+ el

which is strongly convex with modulus 7/ and has the explicit solution & =
K+ (/1)) y.
(i1) The Vapnik-¢-insensitive loss for regressionis £(s, t) = y (s — t) with x = |-|,.
Then, x* = ¢|-| 4+ ;1,17 and the dual problem (203) turns out to be

[
min —« Kot—y a+ellall + tyn-1,1 ()
acR" 2

(iii) The Huber loss is the distance-based loss defined by

r2/2 iflr| <p
x(r) = ) .
plr| — p~/2 otherwise.

Then x* = tj—p, 0 + (1/2)]-]* and (203) becomes
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1T T n 2
min So Ka —y o+ ﬁHOle + ton/ni—1,137 (@)

(iv) The logistic loss for classification is the margin-based loss with x () = log(1 +
e~ ). Thus

(1+s)log(l +s) —slog(—s) ifs e]—1,0[
x () =10 ifs=—1lors=0
+00 otherwise.

Itis easy to see that x has Lipschitz continuous derivative with constant 1/4 and
hence x * is strongly convex with modulus 4. Thus, referring to (203) and (199),
we see that in this case domg* = []’_,(y:[0, 2/n]) and g* is differentiable
on int(domg*) with locally Lipschitz continuous gradient. Moreover, since
limg— 1 [(x ™)' (s)] = limy—0l(x*)"(s)| = +o00, we have that [[Vg*(a)|| = +o0
on the boundary of domg*. Finally, it follows from (202) that 0 < y;&; < A /n,
fori=1,...,n.

(v) The hinge loss is the margin-based loss with x (r) = (1 — r);.. Wehave x*(s) =
s + ¢—1,01(s). So the dual problem (204) is

1
min ~o ' Ka — y o + 4 /n0.110 (v © @).
acRr 2

where y © o = (¥;®;)1<i<, is the Hadamard product of y and «.

The connection between the primal and dual problem is clarified by the following
result, which follows from Proposition 94, Theorem 95 and (197).

Corollary 103 Let a € R” be a solution of the dual problem (201) and let w =
AX)Ta be the solution of the primal problem (196). Let o € R" and set w =
AX)Ta. Then the following hold.

(i) ¥(@)—min¥ > 1w —w|?.
@ii) If €(y;, -) Lipschitz smooth with constant ay, then

(¥ (a) — inf ).

2
O(w) — inf & < (HM)
n

(i) if €(y;, -) is Lipschitz continuous with constant ay, then

®(w) —inf & < 2||A(X)||@(xp(a) — inf W)1/2,
n

Remark 104 The above proposition ensures that if an algorithm generates a
sequence (o¥)ien that is minimizing for the dual problem (201), ie., ¥ (o) —
min W, then the sequence defined by wk = AX)*ak, k e N, converges to the solu-
tion of the primal problem. More precisely, for the function (wy, A(-)) we have
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{wie, Ax)) — (w, A))| < [[we — wl[AG)] — 0O (205)

and the function (wy, A(:)) can be expressed in terms of the kernel only, indeed
(e, A)) = 27 of (M), A)) = 27, of K (%, %).

Proximal gradient algorithms for SVM. For all the cases treated in Example 102,
the dual problem (201) has the following form

min g (@) + ; hi(;) = W(a), (206)

where g : R" — Ris convex and smooth with Lipschitz continuous gradient (locally
Lipschitz for the logistic loss) and includes the quadratic term (1/2)a " Ke, and
h;: R - RU {400} is proper, lower semicontinuous, convex, and admitting a
closed-form proximity operator. So, the form (201) is amenable to proximal gra-
dient type algorithms studied in the previous sections. We note that due to Corollary
103 if W(ak)en converges linearly (resp. sublinearly) to inf W, then (w*)iey as well
as ®(wk) — inf ® converges linearly (resp. sublinearly) too. In particular recalling
Example 59, we have that the dual proximal gradient Algorithm 6 converges linearly
on the dual problem (206) for all the losses presented in Example 102 (except for
the logistic one) and yields a linearly convergent sequence for the primal problem
too. Similarly to the lasso problem, additional algorithmic solutions are obtained by
applying on the dual problem the accelerated proximal gradient Algorithm 2 and the
randomized block-coordinate proximal gradient Algorithm 5. In the case of the logis-
tic loss considered in Example 102 (iv), proximal gradient algorithm with linesearch
should be considered. See [102].

6.3.3 Structured Sparsity in Machine Learning

Sparse estimation methods are very popular in machine learning. The most natural
one is the minimization of the empirical risk regularized with the £! norm, in the
very same way that we described in Sect.6.1. In several applications of interest,
it is beneficial to impose more structure in the regularization process and several
extensions of the £' regularization, such as group lasso or multitask learning, are
common. It turns out that proximal gradient algorithms play a key role in the solution
of the related variational problems, which we write using the notation introduced in
the previous subsection

n

A
min =" L(yi, (w, A(x) + Q(w), (207)

weRd n £
i=1

where the loss function is supposed to be differentiable with a Lipschitz continuous
gradient (e.g., the square loss) and Q: R? — R is a structured sparsity inducing
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penalty. In this section, we briefly summarize some examples and the related proximal
gradient algorithms.

When the input variables are supposed to be grouped together according to prede-
fined groups forming a partition of the variables, the group lasso penalty discussed in
Example 42 promotes solutions w, depending only on few groups. The algorithms
and the considerations made for the lasso problem in Sect.6.1.1 can be generalized
to the group LASSO, replacing the soft-thresholding operator with the proximal
operator of the group lasso computed in Example 42. If the support of the solution
is a union of potentially overlapping groups defined a priori then a different penalty
should be used.

Let 9 ={Ji1,...,Jn} be a family of subsets of {1,...,d} whose union is
{1,...,d} itself. Let us call v, = (vj)jey, € R’t. Denote by ||-||;, the Euclidean
norm on R’ and by J;,: R’ — R the canonical embedding. We define a penalty
on R? by considering

Q(w) = inf { S oall| 32 It = w}. (208)
=1 (=1

When the groups do not overlap, the above penalty coincides with the group lasso
norm. If some groups overlap, then this penalty induces the selection of w, sparsely
supported on a union of groups. The regularized empirical risk in this case can be
written in terms of the vectors vy, :

)\' n m m
min - 2\ i, v, JEA()) | + AR
W min (y > I <,>>> ;u al

i=1 =1

and the problem in these new variables coincide with a regularized group lasso
without overlap.

Learning multiple tasks simultaneously has been shown to improve performance
relative to learning each task independently, when the tasks are related in the sense
that they all share a small set of features. For example, given T tasks modeled as
x — (ws, A(x)),fort =1, ..., T, multi-task learning amounts to the minimization

of
T A n d T 12
. 2
min 3 E N e (w AN + Y0 (Dw?,)

(i, wr) EROT IO S =1 =1
where n, is the number of samples for each task. Note that the regularization is an
instance of a group lasso norm of the vector (wy, ..., wr) € R¥*T  and the multitask

problem can therefore be solved as described above.
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6.4 Bibliographical Notes

Section 6.1 The connections between the lasso minimization problem and the prob-
lem of determining the sparsest solutions of linear systems is the topic of interest
for the compressive sensing community. We refer to [49] for a mathematical intro-
duction on this subject. The solution of the lasso problem motivated a huge amount
of research at the interface between convex optimization, signal processing, inverse
problems, and machine learning. The Iterative Soft thresholding algorithm has been
proposed in [41] and around the same time the application of the proximal gradient
algorithm to the lasso problem, but also to other signal processing problems was
discussed in [39]. Strong convergence of the sequence of iterates generated by the
proximal gradient algorithm for the objective function in (178) was proved in [41] and
generalized in [36]. The FISTA algorithm was proposed by Beck and Teboulle in the
seminal paper [12]. Block coordinate versions of the ISTA algorithm are considered
e.g.,in [78, 103].

Section 6.2 The ROF model has been introduced by Rudin, Osher and Fatemi
in [101], and studied theoretically in [31]. The approach based on duality has been
considered in [28, 30, 33]. The application of FISTA and a monotone modification
to the dual problem has been considered in [13].

Section 6.3 Stochastic optimization approaches for machine learning are very
popular, and in particular stochastic gradient descent [21], see the related discussion
in Sect.4.4. One of the most well known stochastic methods to solve SVM in the
primal variables is PEGASOS [106].

Proximal methods have been immediately the methods of choice to deal with
structured sparsity in machine learning. The literature on the topic is vast, see the
surveys [8, 77] and references therein.

Support vector machines are due to Vapnik and have been introduced in [20, 40].
There, the case of the hinge loss for classification with a general kernel function
(so to cover nonlinear classifiers) was treated. The dual problem was derived via
the Lagrange theory. The analysis for general losses as well as the connection with
reproducing kernel Hilbert spaces and the formulation via general feature maps is
given, e.g., in [110].
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Regularization: From Inverse Problems )
to Large-Scale Machine Learning

updates

Ernesto De Vito, Lorenzo Rosasco, and Alessandro Rudi

1 Introduction

Inverse problem theory provides a general and elegant framework to understand
and model a variety of estimation/recovery problems. Machine learning is one such
problem. Indeed, connections between inverse problems and learning have been
known for a while and made mathematically precise. An inverse problem perspective
to learning brings to light the importance of the notion of stability both from a
statistical and a numerical point of view. This latter perspective turns out to be of
particular importance when dealing with large-scale problems.

This chapter provides a brief introduction to machine learning from an inverse
problem perspective with an emphasis on large-scale problems. After recalling an
inverse problem perspective on supervised learning in Hilbert spaces, we discuss
regularization methods for large-scale machine learning. In particular, we derive and
contrast different regularization schemes. Starting from classic Tikhonov regulariza-
tion, we then introduce iterative regularization, the idea of early stopping, and discuss
different variants including accelerated and stochastic versions. Finally, we discuss
projection with regularization and introduce stochastic extensions. Our discussion
shows how the different methods are grounded in common estimation principles,
but their computational properties are different. Iterative regularization allows to
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combine statistical and time complexities, while regularization with stochastic pro-
jections allows to simultaneously control statistical, time, and space complexity.
We refer to the appendix for the notation.

2 Learning as an Inverse Problem

In this section, we revisit supervised learning from an inverse problems perspective.
This allows to later draw results and algorithms from classical regularization theory
in inverse problems and to adapt them to supervised learning. Our presentation is
based on [19].

2.1 Inverse Problems

Here we provide a short review on linear inverse problems, see, for example, [22]
for a full exposition. We also refer to [29] for technical facts on functional analysis
and operator theory.

Consider a linear continuous operator A : H — G between two Hilbert spaces
H and G. Given a datum g € G, the problem of finding the solution f € H of the
equation

Af =¢ (D

is called the inverse problem associated with Eq. (1). The goal is to recover an
unknown f € H from the knowledge of A and g. The inverse problem is called
ill-posed if at least one of the following conditions occurs:

e the solution does not exist, i.e., g ¢ ran A;
e the solution, if it exists, is not unique, i.e., ker A # @;
o if the solution is unique, it does not depend continuously on the datum g.

Here ran A and ker A denote the range and the kernel of A. The last property is also
referred to as the stability property, see later.

The question is how to find well-posed approximate solutions to the above prob-
lem. The first step is to replace Problem (1) with the least-squares problem

. 2
inf |Af — ,
inf A7~ [}
which admits a solution provided that P g € ran A, where Pz denotes the
projection onto the closure in G of the subspace ran A. Under this condition there
exists a canonical solution defined by

T . ,
f = argmin £ 1154
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where 5
Ho = argmin|Af — g||g
feH

is a closed convex subset of H, so that T always exists and is unique.
The vector f7 is called Moore—Penrose solution (or pseudo-solution) solution.
The densely defined Moore—Penrose inverse operator from G to H is defined as

Alg=f1
whose dense domain is the set of g € G such that P;7zg €ran 4, i.e.,
dom(A") = ran A @ ker A%,

where A* denotes the adjoint.

Typically, the subspace ran A is not closed so that closed graph theorem implies
that A" is not continuous. In this case we say that f7 is not stable with respect to the
datum g. This question is particularly important since in practice the data might be
affected by noise. A common way to formalize this idea is to replace the true datum
g in Problem (1) with a noisy version gs such that

||g —gs||g <4,

where § > 0 is seen as a noise level. Note that, though it is very reasonable to
assumethatg € ran A € dom(A"), in general, gs ¢ dom(A") and, even if it happens,
|ATg — ATgs| can be very large since A" is unbounded.

Regularization theory provides a general framework to derive stable solutions.
Broadly speaking, regularization refers to a procedure to derive a sequence of solu-
tions that converge to fT and is stable to noise. A classic example is Tikhonov
regularization given by

13 = angmin (| Af g + 21 710)
feH

where A > 0 is a regularization parameter. Classical results in regularization theory
[22] show that if A = A; is chosen as function of the noise level § in such a way that

lim As =0, lim — =0,
§—0

then
=0.

%E%”fﬁh =M

Rates of convergence and error bounds can also be derived under suitable conditions.
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2.2 Statistical Learning Theory

In this section, we briefly introduce the basic concepts in statistical supervised learn-
ing with least squares. Among a variety of references we mention [15, 16, 20, 24,
45, 48]. We refer to [21] for technical facts on probability and measure theory.

Supervised learning is concerned with the problem of learning a function from
random samples of input-output pairs (x, y) € X x Y. We assume that the input
space X is a Polish space, for example, R?, and the output space is Y/ = R. The
product space Z = X x R is endowed with a probability measure p defined on the
Borel o-algebra of X x R.

The probability distribution p is known only through a training set

z, = (.X], )’1), ey (-xna yn) S Zn

of pairs, sampled independently and identically according to p. Given z,, the goal
of supervised learning is to find an estimate f, : X — R such that, given a new
unlabeled input x € X, the value f,(x) is a good approximation of the true label y.

To make this precise, the error of any measurable function f : X — Ris measured
introducing the expected (square) loss

L(f) = / (fx) = y)’dp(x. y), (2)
AxR

so that pairs (x, y) that are more likely to be sampled have more influence on the
error. We will see that other error measures are also possible.
The expected loss can be written in a different way under the assumption that

/ y2dp(x,y) < +oo. 3)
XxR

We recall the following integral decomposition. Given a measurable function 7 :
X xR — R, then

/ h(x, Vdp(x, y) = / ( / h(x,y)dpxoc)) dp(y1). 4
XxR X R

where py is called the marginal measure on X and p (- |x) is the conditional probability
measure on R given x € X.

Remark 1 As for the classical Fubini’s theorem, if /4 is a positive measurable func-
tion such that the right-hand side of (4) is finite, then # is integrable and (4) holds
true. Indeed, for absolutely continuous distributions, the above property follows from
Fubini’s theorem. For the general case, an ad hoc analysis is needed.

It is then easy to see that Eq. (4) implies
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L) = /X (S = [, dpx () + LU = | f = |+ L, )

where f, is the regression function, defined for px-almost all x € X as

fp(x) = fRydp(ylx),

and |- , is the norm of the Hilbert space

LX(X. px) = {f:X—>R| ||f||i=fx|f<x>|2dpx<x> <oo}.

Equation (5) makes clear that the function of interest is f,, and the goal is to find for
any training set z, an estimate f, such that its excess expected risk

| fa = £]2 = L) = £(F)

is small with high probability. Indeed, the above quantity is stochastic through its
dependence to the dataset z,,. More precisely, in statistical learning theory the focus
is on studying the convergence as well as explicit bounds on the probability

p ez |- 5l = €}

forall e > 0.

Remark 2 The quantities depending on the training set z, are called empirical quan-
tities and are denoted by the subscript ,,, instead of z, for the easy of notation.

Remark 3 We note that in statistical learning the regression function f, is viewed
as the solution of an optimization problem

min L(f),

feL*(X,px)
where the functional £ is well defined, convex, and continuous.

We next discuss how the above problem can be reformulated as a linear inverse
problem. We first discuss two basic examples of the above framework.

Example 4 (Regression)Foralli = 1,...,n,n € N, letx; be a sequence of random
points in X sampled according to a fixed probability distribution px, and €; a sequence
of random numbers with zero mean, bounded variance, and possibly dependent on
x;. Given a bounded function f, : X — R, assume

yi=filx)+e, i=1,...,n (6)
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In other words, data are samples of a function corrupted with noise and evaluated
at random locations, while the learning problem is to recover f, from the training
set. The above is the classical model for regression. It is a special case of the general
framework in this section where f, = f, and the conditional distribution is defined
by the noise distribution. We observe that a natural approach to the above regression
problem is to solve the interpolation problem of finding f such that

yvi=f(x) i=1,...,n. (7

Example 5 (Binary Classification) Consider the case where the conditional distri-
bution p(y|x) is supported on {—1, 1}, that is, it corresponds to the pair of point
masses p(1]x), p(—1|x) for almost all x € X. In this case, the natural error measure
is the misclassification risk

R(f)=pf{x,y) e Z| f(x)y <0},

that is, the expected number of misclassifications. It is a classic result that the mis-
classification risk is minimized by the so-called Bayes decision rule b, = sign( f})
and moreover

R(f) =R, < | f = £l -

This latter observation can be seen as justification for using least squares for classi-
fication problems.

2.3 Learning as an Inverse Problem

In this section, we show that if we restrict the search for learning solutions to a suitable
Hilbert space (see below), then supervised learning can be reformulated as a linear
inverse problem under a data model different from the classic ones. Connections
between different estimation/statistical problems and inverse problems are classical.
The idea that machine learning algorithms can often be seen as regularization and
learning interpreted as an ill-posed problem has been discussed in [37], but also in
[49]. A mathematical treatment close to the one presented in this chapter is in [5],
albeit restricted to function approximation from a fixed, finite set of input points.

The treatment of learning from an inverse problem described here is introduced
in [19] and further elaborated in [18]. These latter papers stem from a line of work
moving its steps from the analytical perspective on supervised learning pushed for-
ward in [15] and developed in [17]. It is relevant the study in [43], which considers
the connection between learning and classical Shannon sampling theorem. We refer
to [8, 31] for recent developments in this line of works.

We begin our discussion considering a preliminary step where only the training
set is considered.
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2.4 Linear Inverse Problem Associated to Finite Data

As a starter, we note that it is well known that the interpolation problem defined by
Eq. (7) can be formulated as a discrete linear inverse problem [5].

We first observe that, in order to make Problem (7) meaningful, we have to fix
a suitable space H of functions f : X — R where we are looking for the solution
of Eq. (7). The space H is usually called hypotheses space and can be seen as an
a priori assumption on the function f* generating the data. The key assumption we
make is the following.

Assumption 6 The hypotheses space H is a Hilbert space of functions f : X — R
and for all x € X, the evaluation functionals

H> f— f(x)eR,

are continuous.

The above requirement ensures that (7) is well defined and, as we show later, also
stable under small perturbation of f. More importantly, the above assumption allows
to view supervised learning as a linear inverse problem as we discuss next. Indeed,
a direct consequence of this assumption is that the Riesz representation theorem
ensures that for all x € X there exists a function K, € H such that the following
reproducing formula holds true:

J&) ={f Ky feEH, ®)

function evaluation is given by a linear functional. This is the key property that effec-
tively allows to formulate (7) as a linear inverse problem. As we discuss later, this
condition corresponds to considering hypothesis spaces that are so-called reproduc-
ing kernel Hilbert spaces. To make the exposition simple, in the rest of the section,
we also assume that for some constant « > 0,

e ”74 <k px — almost surely. 9)

Given the above observation we have that, any training set z, defines a sampling
operator _
Sp:H—R" Saf) =(frKe)yr i=1,....m,

and Problem (7) can be formulated as the linear inverse problem corresponding to
finding f € H such that

Suf =Y, (10)

wherey = (y1,..., y,) € R".
The above problem is a promising start, but essentially corresponds to a “noisy”
inverse problem, in the sense that we have only an empirical problem based on the
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data. While this is the basis for practical algorithms, it is not clear how it relates to
the problem of estimating the regression function f,, which is the target of learning.
The question is then, if the problem of estimating the regression function can itself
be formulated as an ideal “noiseless” linear inverse problem, of which Problem (10)
is a “noisy” empirical instantiation. Indeed, this is the case as we discuss next.
Linear Inverse Problem Associated to Infinite Data

Roughly speaking, the answer follows identifying the ideal/noiseless problem with
the infinite data limit of Problem (10), sometimes called population setting. Indeed,
this corresponds to considering the operator

S, H — L*(X, px), (S, f)(x) = (f, Kx)g¢, px — almost surely,

that by (9) is well defined and bounded, and considering the associated linear inverse
problem defined by

Sof = Jo- Y

The above inverse problem can be seen as the one corresponding to estimating the
regression function. We add three remarks to illustrate the above idea.

Remark 7 (Risk and Moore—Penrose Solution) The inverse problem associated
to (11) corresponds to looking for a function in H providing a good approxima-
tion of the regression function. This problem is typically ill-posed, in particular note
that generally the regression function does not belong to . The associated least
squares problem is

. 2
inf S,/ = £l (12)

which, in light of Remark 3, corresponds to considering,
inf .
}Iel‘H L(f)

The solutions of the above problem are the set Hy of generalized solutions of
Problem (11). If H is not empty, then we denote by f(;( the Moore—Penrose solution,
that is, the generalized solution with minimal norm in H. Such a solution might in
general not exist, but if it does it often replaces the regression function as the target
of learning. Note that f;, can be written as f;{ = SZ f»- Also, note that the empiri-
cal Problem (10) always has a Moore-Penrose solution given by f; = Sy, but in
general the latter does not play any special role.

Remark 8 (Empirical and population problems) Let p,, = % Y 8y, be the empir-
ical measure on the data. For sake of simplicity, assume that x; # x; if i # j, then
we can identify L2(X, p,) with R” endowed with the scalar product

(w, w’) =—w'w, (13)
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and S, reduces to S, if we replace p by p,. Developing this latter observation we
can view Problem (11) as the ideal inverse problem we would wish to solve, and to
Problem (10) as a corresponding empirical problem. It is important to note that unlike
classical inverse problems, here the operators defining the two problems have same
domains but different ranges. We will see next how the distance (noise) between the
two problems can be quantified. Note that, if x; = x; for some pairi # j, the space
L*(X, p,) can be identified with the subspace of vectors ¢ = (cy, ..., ¢,) € R such
that ¢; = c¢; and §,, takes values in this subspace.

Finally, the following remark proposes a data model that is tuned to regard learning
framework as an inverse problem. This model differs from the usual setting in inverse
problems.

Remark 9 (Noise and sampling) Following the above setting, Problem (10) can be
seen as a noisy randomly discretized version of Problem (11). Note, however, that it
is not immediately clear how this idea can be formalized since the operators defining
the two problems have different range (y is a vector and f,, a function!). One idea is
to consider the normal equations associated to the two problems that is

SiS.f =Sy, S,Spf =S, fo-
This suggests to consider the quantities
IS5 fo = Sivlles (1S5S0 = SiSul o

as a measure of the perturbation due to random noise and random sampling (here
|| . || ~ 1 the operator norm).

As seen in the following, they will play a role similar to the noise level in classical
inverse problems, but will also require probabilistic tools, such as concentration
inequalities.

The above discussion raises at least two lines of questions. The first concerns
the nature of the inverse problem describing supervised learning. We investigate
this formulation by discussing the nature of the space H considered and analyzing
the operators defining the problem. Further, we comment on the connection with
related problems. The second question regards the extension of algorithmic ideas
from regularization theory to learning. This will be the topic of all the rest of the
chapter. First, we provide a self-contained introduction on the theory of reproducing
kernel Hilbert spaces.

3 Reproducing Kernel Hilbert Spaces and Related
Operators

As seen above, the key condition to cast supervised learning as a linear inverse prob-
lem is assuming the solution space to be a Hilbert space with continuous evaluation
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functionals. This is a vast class of function spaces called Reproducing Kernel Hilbert
Spaces (RKHS) and next we recall a few important properties. Two observations are
important for our discussion. First, as we show below, different choices of RKHS are
possible, effectively introducing different parameterizations of the solution space.
Second, as we discuss, the operators defined in the previous section can be seen as
restriction/extension operators and are closely related to integral operators and corre-
sponding integral equations. A classic reference on RKHS is [1] and a self-contained
introduction can also be found in [45].

3.1 Reproducing Kernels

Each RKHS has an associated reproducing kernel
K: XxX—>R K@x,x)=(Kv,Ky)y, (14)

which is a symmetric positive definite function, that is, such that the matrix with

entries K (x;, x;) is symmetric and positive semi-definite for all xy, ..., xy € X and

n € N. In particular, the vector K, € H corresponds to the function K (x, -).
Examples of kernels and RKHS abound, here we provide three basic ones.

Example 10 (Linear kernel) Let X = R¢ and consider the kernel K (x, x') = x ' x/,
for all x, x" € X. The corresponding RKHS is the space of linear functions on R?

T

H={f,: R > R: f,(x) =w'x where w € R} wa ;:w w.

Example 11 (Finite dictionaries) Consider a finite family {¢; : X > R | i =

1, ..., p} of p functions and define the kernel
14
K(x,x) = Zgﬁj(x)qu(x/) = CD;(x)CDp(x) x,x ekX, (15)

J=1

where @, : X — R”, @ p(x)i = ¢; (x), is called the feature map. The corresponding
RKHS is

p
H={fuv: X=>R: fulx) = ijd)j(x) where w € R”},

j=1
with the norm
| £]|2, = inf{wTw : w € R” such that £, = f}.

It is easy to check that the operator
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U:RP>H Uw=f,

is a partial isometry from (ker U)* onto H.

Example 12 (Gaussian kernel) Let X = RY. Given y > 0, consider the kernel
K(x,x)=e =y » ¥ eX.

The corresponding RKHS H can be seen as the subspace of
~ w2
H={feLl’®R . dx) :|f]; = cy/ | f(w)e' dw < oo,
R4

where L?(R?, dx) is the Hilbert space of functions f : R? — R, which are square-
integrable with respect to the Lebesgue measure dx of R?, f denotes the Fourier
transform of f, and C,, is a suitable constant.

Note that Assumption (9) corresponds to assume that
K(x,x) <k> px—ae.xelX, (16)

where it is understood that K is measurable.

3.2 The Operators Defined by the Kernel

As mentioned before, it is also useful to analyze the operators defined by the kernel,
since they define the inverse problem associated to supervised learning.

We begin noting that functions in the reproducing kernel Hilbert space H are
defined over the whole space X, whereas functions in L?(X, px) are defined px-
almost everywhere. Roughly speaking, elements in L>(X, px) are uniquely defined'
only on the support X, of the marginal distribution px (we recall that X, is the
smallest closed subset of X having py-measure 1).

If X € R? and pyx has a strictly positive density with respect to the Lebesgue
measure, then X = X,, however in machine learning X, can be strictly contained in
X. Indeed, it is often interesting to think of X as a high-dimensional Euclidean space
and X, as smaller set, for example, a low-dimensional sub-manifold.

In this view, the operator S, can be seen as a restriction operator that given a func-
tion defined over the whole space X provides a restriction to X,. The corresponding
adjoint operator S7 : L*(X, px) — H can be shown to have the form

S8 = / g(x)K.dpx(x), Vge L*X, px),
X

"More precisely, two continuous functions that are equal almost everywhere, they coincide only on
X,.
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where the integral converges as a Bochner HH-valued integral since | K| 4 is
bounded. Note that S7g only depends on g which is itself defined only on X,.
Since S; g is an element of H, it is defined on the whole space X and S; can be seen
as an extension operator. Given a function g defined on X, §;¢ provides a harmonic
extension on the whole space X defined by the kernel K. The interpretation of kernel
operators as restriction/extension operators is discussed in [14] and connected to
manifold learning [4].

We stress that the composition of the restriction and extension operators is not
identity. Indeed, it is easy to check that the operator

L, =S,8: L*(X, px) = L*(X, px)

is the integral operator defined by the kernel K

L,g(x) = /X K(x.x)g()dox(x).  px—acx € X, geLXX, px). (I7)

and the operator 7, = S35, : H — H can be written as

T,o = / Kx & Kx d,Ox(.x),
X
where K, ® K, : H — H is the rank-one operator

(Kx ® Kx)(f) = <Kx’ f)(H Kx = f(x)KXs

and the integral converges in the Banach space S;(H) of trace class operators,
see Appendix. Furthermore, Eq. (8) shows that

(Tofs [y = /X fQ)f' @) dpx(x),  Vf, feH.

As discussed below T, can be seen as a suitable covariance operator.

Remark 13 (Properties of the kernel operators) The operators L, T, are trace class
positive operators and S, S; are Hilbert-Schmidt operators, see Appendix.

3.2.1 Empirical Kernel Operators

Following the above discussion, the sampling operator S,, can be seen as the restric-
tion operator associated to the input points xi, ..., x,. Given a function in H it
evaluates the function at the training set inputs. Note that, if we endow R”" with the
normalized scalar product (13), then
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1 n
2 2
|S.f =y, = ;2<f(xi>—yi>, (18)
i=

where the right-hand side is called the empirical error of f.
The adjoint operator S; : R” — 9 can be shown to have the following form:

I o ,
S*c=— K.c, Ve € R". 19
W C n; .c c (19)

As discussed above R”" can be identified with L2(X, p,), whereas the latter can
be seen as space of functions defined on the training set inputs. In this view, by
identifying ¢ with (f(x1), ..., f(x,)), the action of S can be seen as an extension
operator providing the value of the functions outside of the training set inputs. Such
an operator is called an out-of-sample extension.

The operator L, = S, S} : L*(X, p,) — L?*(X, p,) can be written as

R .
Ln f=— irXj /= n/ M,
(Lyo)' =~ ZK(X x;)e! = Ku/n (20)
j=1
where, in the last equality, we identify L%(X, pr) with R” and K, is the n X n matrix
(Kn),'j:K(X[,Xj) i,jzl,...,l’l.

The operator L, can be seen as discretization of the integral operator in (17) [27].
The matrix K, is called the kernel matrix. The operator 7, = S;'S, : H — H can
be written as

1 n
771=;Z;Kxi®1(x,,
j:

so that

1 n
(Taf Flye == 2 FGD '), Vf f e H.

j=1

As discussed below 7, can be seen as a suitable empirical covariance operator.

3.3 The Linear Kernel Case and Compressed Sensing

The above operators take a simple form if we consider the linear kernel in R?. In
this case, the RKHS can be identified with R¢ itself and the sampling operator S,
with the n x d data matrix X,, whose rows are the input points. The adjoint S is the
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transpose of X, (multiplied by 1/n) and S;'S,, is the empirical covariance matrix?
1+ e T
En = ;Xn Xn = ;X;X,‘)Ci .
1=

In the population case, the only operator that have a familiar form is 7.5, that can
be seen as the population covariance

1
Y =FE[-XX,]= /
n

xx " dpx(x).
Rd

Remark 14 (Connection to compressed sensing and linear regression) Note that the
sampling operator can be seen as a collection of measurements defined by random
linear functionals. This suggests a connection to classical linear regression but also to
compressed sensing [23]. Indeed, if we consider the linear kernel, then Problem (10)
can be written as

Xyw = Y,

where X, is the n by d data matrix, y; = xiTw* + €;, and w, is a parameter to be
estimated. Unlike in compressed sensing, the source of randomness in the sampling
operator lies in the nature of the data and it is not a design choice.

4 Tikhonov Regularization

In this section, we introduce Tikhonov regularization, discuss its numerical realiza-
tion, and finally develop a suitable learning error analysis. The idea of considering
Tikhonov regularization for statistical estimation problem dates back to the work on
ridge regression [25]. The idea of combining Tikhonov regularization with kernels
has been emphasized in [49]. The analysis of Tikhonov regularization as discussed
in this chapter was first proposed in [17], where it was shown how to avoid empir-
ical process and covering number estimates in the learning error analysis, bringing
in the idea of using covariance estimates to approximate integral operators. These
ideas were then developed in several papers. In particular, [44] where bounds are
sharpened, and [12] where they were further improved under refined assumptions.

Following, the connection discussed before, consider the family of variational
problems,

min (15, = [} +#1715). e

parametrized by A > 0, called the regularization parameter. By (19), the above prob-
lem can be written as

2 Or rather the second moment matrix.
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mm ( Z(f(x,) — y,)2 + X||f||(H>

The first term is the empirical error of f and promotes functions that fit well the data
(x1,y1)s - - -+ (xn, ¥»), whereas the second term encourages functions having small
norm in H, i.e., that are more regular.

‘We next comment on its numerical realization.

4.1 Numerical Aspects

A direct computation shows that the minimizer of Problem (21) is given by
fr=(8:8+2D7'Sty. (22)

Note that, while the sampling operator has finite rank, in general, the above expression
is not directly applicable since (S;S, + AI) is an operator from H to H.

If the space H is finite dimensional, it might be possible to identify f* with a
finite-dimensional vector and use (22) directly. For example, if we consider the linear
kernel, fn* can be identified with some w € R?, see Remark 14, and S, with X,,, the
n by d the data matrix. Similarly, if we consider the kernel defined by a dictionary
}1, ..., Pp. [ can be identified with some w € R” and S, with the n by p matrix
with rows (¢1(x;), ..., ¢,(x;)) fori =1,...,n

The following lemma provides a finite-dimensional representation formula, usu-
ally referred to as the representer theorem [49].

Lemma 15 Forall . > 0, let fnk be defined as in (22), then
[ = Z K, x)ci,  ¢=(K,+inD)7'y, (23)

wherec = (cy1, ..., c,) € R".

Proof Since S5(S,S* + Al) = (SS, + AI)S?, then
(SFS, + A1) 7'SF = 8*(S, S+ D)7,

so that
fr=58%S,S*+ D)7 y. (24)

Further, (20) gives

(SuSy +AD7'y = (Ly + D7y = n(K, + nD)~'y = nc,
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where ¢ = (K, + AnI)~'y. Equation (24) with (19) reads
fn)\ =nS,c= Z Kxici’
i=1

so that the reproducing Formulas (8) and (14) give

n

Fr@) = (Koo £y =Y (Koo Ki)yyci = Y K(x, xi)c.
i=1

i=1
(]

We add two remarks related to computational requirements, before discussing the
statistical properties of this method.

Remark 16 (Complexity of Tikhonov regularization) Note that, for finite-
dimensional spaces with dimension p, as in Example 11, the time and memory
complexity for Tikhonov regularization are, respectively, the minimum between
O (minnp? + p3, pn* + n’) and O (np), respectively. For infinite-dimensional spaces,
they are O(n?) and O(?), or more precisely O(cgn? + n*) and O(n), where cg
is the cost of computing K (x, x’) for x, x’ € X and usually cx = O(d), so that the
time complexity is O (dn® + n?).

Remark 17 (Model selection and regularization path) In practice, the regulariza-
tion parameter A needs to be chosen and this often requires computing the family
solutions corresponding to different regularization levels, often called regularization
path. In this case, the above time complexities need to be multiplied by the number
of regularization parameter values to be tried.

4.2 Error Analysis for Tikhonov Regularization

We next provide an error analysis for Tikhonov regularization. We make a few sim-
plifying assumptions. We assume there exists f, € H such that

yi = fulxi) + €,

where x; are random points and ¢; zero mean bounded random numbers. In partic-
ular, the couples (xi, €1), ..., (x,, €,) are i.i.d. Note that the above conditions are
equivalent to assuming that

Sofu=Io |y| < M almost surely. (25)

As discussed before, in general, the support X, of the marginal distribution py is not
the whole space X so that ker S, is not empty. For example, it is easy to show that if
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K is continuous, then
ker S, = (K, : x € X,}".

Ifker S, # {0}, fe is not uniquely defined. In order to restore uniqueness, according

to the discussion in Remark 7, we consider f;, = S; fo», which always exists and
satisfies

Spfar = for  f) €ker S, (26)

as well as
SES,fT =S5 £

The main result of this section is the following theorem, whose proof is provided in
Sect. 4.6. While the natural norm to consider is the L2(X, p) norm, here we consider
estimates in H since they are easier to prove. The proof of estimates in L*(X, p)
follows similar, albeit more complex, ideas.

Theorem 18 Fix v > In4, the following results hold true:
e for all .. > 0 with probability at least 1 — 4e™"

T

o~

where c is a suitable constant independent of n, A, and t;
e if A = A, is chosen as a function of the number of points so that

IfE = fillae < e——=+ 1F = £ s,

Jim i =0 Jim =0
then, with probability at least 1 — 4e7 7,
Tim |1 = flla = 0. 27)
Furthermore, assume that
fje €ran (S35,)", (28)

for some 0 <r <1, then

e forall . > 0, with probability at least 1 — 4e™ T,

A._ T q <C L )Lr
Ifa = folln < (Aﬁ+ :

where C is a suitable constant independent of n, A, and t;
1
e if A is chosen as a ), = n~ %0, then with probability at least 1 — 4e™ "

I £ — £ llge < Clon~ 2, (29)
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where C' is a suitable constant independent of n and t.

The assumption that 7 > In4 ensures that 1 —4e~* > 0. Equation (27) states that
Tikhonov estimator £ with A, going to zero slower than 1//n converges in prob-
ability to f;(, which agrees almost everywhere with the regression function f,,
see (26). Bound (29) provides a convergence rate under the a priori Assumption (28),
we now comment. Recall that 75, is a positive trace class operator such that

ran $%S, = ker S;Spl =ker S, ,

so that for any r € R the operator (S;S,)" is defined by functional calculus,
see Appendix. Moreover, Hilbert—-Schmidt theorem implies that there exists an
orthonormal base (v¢)eeca of ker SpL and a sequence of strictly positive numbers
(0¢)¢en such that

S;Spw =ow {£€A and Zag < 400,
e

so that (S; Sp)y = o, v forall £ € A. Hence, the source condition (28) is equivalent

to
2

fie
Z —< 7 ;Z>’H < +00. (3())
LeA 4

If A is finite, i.e., S, has finite rank, (30) holds true for any r > 0. If A is infinite,
without loss of generality we can assume that A = N. Since f}{ € H Condition (30)
is always satisfied with r = 0. However, since the sequence (oy)¢cp goes to zero

for £ going to infinity, if » > 0, (30) requires that the Fourier coefficients ( f;,, VE)H

of f}, on the base (v/), go to zero faster than an £,-sequence. Hence, the source
Condition (30) can be seen as a regularity requirement on f,;{ with respect to the
spectral properties of S7S,, where r plays the role of a smoothness parameter.

The bound in (29) states that the learning rate of the Tikhonov estimator f is
1/n77 where the exponent is an increasing function of 7. This means that if f,L is
more regular, we need less training points to achieve the same error. However, there
is a saturation effect stated by the assumption that 0 < r < 1. This means that even
if f(;{ satisfies (28) with r > 1, the best rate achieved by Tikhonov estimator f is
1/n'/4, corresponding to the choice r = 1.

The above result can be extended to cover the case when f, does not belong to
the hypotheses space H, as well as to derive estimates in L*(X, p,). To conclude a
matching lower bound can be derived, showing that the obtained bounds are optimal
in a precise sense. We refer the interested reader to [8, 12, 26, 31, 46] and references
therein.
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4.3 Error Decomposition

To derive the above bound, we first consider a suitable error decomposition and then
study the various error terms. The idea is to first study the difference || f* — f;{ ¢
for any A > 0, and then derive a suitable choice for A. To this aim, we decompose
such an error into several terms. We begin by considering

Ir= (858, + A 7S5 £, (31)

which is the unique solution of the problem
. 2 2
S,f — M S13) -
min (1505 = 112 + 217134
Then, we have the following equality:

fr= == =

In the above expression:

e The term f* — f; does not depend on the data, but only on the distribution and
is called approximation error or bias.

e The term f* — f* depends on the data; is stochastic; and is called variance, esti-
mation, or sample error.

We study these two terms next.

4.4 Approximation Error

A first question is whether the approximation error converges to zero and a second
question we can ask is if it is possible to derive the rate of convergence for (32)
under the source Condition (28). The theory of inverse problems provides a positive
answer to both questions [22], that we state in the following theorem.

Theorem 19 Under the assumption that f}, exists, see (26), then
lim || £ — £l = 0. (32)
Furthermore, if f;{ satisfies the source Condition (28) with 0 < r < 1, then
L = fillse < X NCSES) ™ £l (33)

Proof By construction f*, f;{ € ker S; SpL and (v¢)eea 1s abase ker S; SpL of eigen-
vectors of 75, with strictly positive eigenvalues o,. Using (31) we have
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= f = (S8, + ADTISES, — D fyy = —M(S3S, + 2D £,

so that 5
A . 2
s 2 < i >
— = e ve)
1> = el Z(UHQ Frove),,
leA
Fix ¢, ﬁ goes to zero if A goes to zero and 0 < # < 1. Moreover, the

2
series ) _, < ﬁ;{, v5>H converges, so that dominated convergence theorem implies that

limy ol f* — f(LH(ZH goes to zero, which is (32).
Assume (28) with 0 < r < 1. Then

2 2

+ ¥
Y <fT >2 rof \? <ﬁH’ w)’H 52 (027" \ <f'H’ vl>w
o+ A Ho Vg T o¢+ A (Tezr B (O‘g)»_l)-l—l O’gr

H
2
i
<f7—{7 VZ>(
< )uzr—zH,
o;"

where the last inequality holds true since the function x” is convex with tangent line
atx = 1 given by y = 1 + rx, so that

X <l+rx—-D<1l+x x>0.

Then
2

__ (5 ve) __
e e e el [OE AR T
LeA ¢

which is (33). O

4.5 Sample Error

We now consider the sample error. The idea is to further decompose the above
expression to isolate the perturbations due to noise and random sampling as shown
by the following result.

Lemma 20 Forall A > 0
1 = Felloe <37 (WS = SiSu gl + S8y =S58, | I ffll) - 34

Proof By the explicit form of f and f* we get
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Sl = o= (SiSu 4+ D)7 Sy — (S5S, + A7 Sk . (35)
We add and subtract (S S, + AI)’IS;S,, f,L in (35) so that
Jh = fo= (SESn + DTSy = SESufi) + [(S5Sn + ADTISESy — (858, + 2D 7L SES,) 11,1,
where we used the fact that S7 f, = S} S, f;{ by (25). Furthermore
(SiSn+ D)7 xSy — (S5Sp + AT Sy = (ShSu + AN T SESy — SES,(ShS, + Al T =

= (S5Sn + 2D (SiSu(SESp +AD = (S5Sy + ADSES, ) (S5Sp +AD 7! =

= A5 Su + D7 (S50 = S380) (53 + 207"
Hence

[(S;Sn 4+ AT SESy — (S2S, + 2D 7' SES)1f), =
= A(SESy +AD T (SS, — S58,) (S5S, + 4D £

Since S, S, and S7S, are positive operators,

* —1 1

1 * —1
L s a1

so that triangular inequality gives

1 = Fulloe <27 (IS3y = SiSu £ e + 5550 = S35 ] ol fle)

]

We isolated the analytic part of the error analysis, and now the above error is
expressed in terms of random quantities taking into account noise and random sam-
pling. We have the following concentration inequality.

Proposition 21 Fix v > In4, with probability at least 1 — 4e™ "
T

Jn

max{|[[(S5y — SiSu £ o,

SiSe =SS, Y <e (36)

where c is a suitable constant independent of n and t.

Proof We first estimate [|(S;y — S;'S, f;{) [l#¢. We introduce the family (§;); of i.i.d
random variables taking value in H defined as

Ei = Yin,'

Assumptions (9) and (25) give that
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€illy < Mk,

and a direct computation shows that
1 n
El&] = S*f, = S*S, f - .= S*y.
&1 = 58,0, = S8 fs ;g 2y
Hence, Hoeffding inequality (76) implies that, with probability at least 1 — 2e~7,

1CS;y = Sy Su ff)lle < 2MK\/;
In order to estimate H SySn — 8,8, HOO, we first note that
1780 = S35l = 1580 = 580 5,00

where H . || Sy ) is the Hilbert—Schmidt norm in the Hilbert space S, () of Hilbert—
Schmidt operators. Let (¢;); be the family of i.i.d. random variables taking value in
Sa(H)

&= Kx,- ® Kx,»-

Assumption (25) gives
”9' “sz('m =K,

and, as above,

1 n
ElG]=5;S, —> & =55
i=1

so that by (76), with probability at least 1 — 2e™*

T
I, — 538 1ys =20,/

An union bound and the fact that T > 1 provide the claim.

Remark 22 In the above proof, we bound the operator norm ”S;,“S,, Y HOO
with the Hilbert-Schmidt norm || S;;S, — S7S, H s, 1N order to use concentration
inequality in Hilbert spaces. However, this is a rough bound and it is possible to use
concentration inequalities in the operator norm to have tight constants [31, 32, 47].
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4.6 Proof of Theorem 18

Proof Since
It = Fillse < WA = Ml + 1 = Frllon,

combining (34) and (36), with high probability

T

o~

Up toredefining the constant ¢, we prove the first claim, whereas (27) is a consequence
of (32) and the choice of A = A,,.
Furthermore, if f;( satisfies (28), bound (33) gives

I£r = fillae < c—=Q + £ g + 1> = £l

T

o~

which is the third claim with a suitable constant C. By balancing the two terms

IfE = frllae < c—=A+ I llz) + 2 1CS5S) ™ Fgll

1 ,
o

1
it follows that A, = n~ 20+0 and, with this choice,

1 = Pl < 0™ (ex (4 1 £l + 1S5S ™ Fille)

which allows to derive (29). O

4.7 Optimization Enters the Game: Statistical and
Computational Trade-Offs

So far we analyzed the numerical realization and statistical properties of the estimator
induced by Tikhonov regularization. From a statistical point of view, we obtained
optimal statistical rates. From a numerical point of view, we derived a solution in
closed form that requires solving a linear system with roughly O(n?), O (n?) time
and space requirements, respectively (for general kernels). An observation is that,
so far, we considered numerical and statistical aspects in isolation. Questioning this
way to proceed is important, especially in large-scale regimes where computations
can be massive. Computational requirements depend only on the size of data. But,
by assumption, the data are noisy and scattered, and are only a proxy to approximate
an ideal problem. Shouldn’t the computational requirements depend on the quality
of the data? Further, shouldn’t they depend on how easy or hard is the underlying
problem (e.g., as expressed by the source condition)? This is the line of reasoning
we will pursue in the rest of the chapter. A first step is to consider an optimization
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perspective on Tikhonov regularization and then couple it with the estimation point

of view in the previous section. The idea is to begin by replacing the direct solver

with an iterative one. Note that the approach of exploiting self-regularizing properties

of optimization is classical in inverse problems [22]. We refer to [9] for the idea of

combining statistics and optimization, and to [10] for basic ideas in optimization.
The basic gradient descent iteration applied to Problem (21) gives

F=F =i =+ =1 -1

By induction, it is easy to show that the above iteration also admits the following
representation all # € N:

‘ 1
fi@) =) K(x.x)f, ¢=¢'= Y- (K™ —y) + 2,
i=1

where ¢ = (¢!, ..., c!)and ¢" = 0.

5 TIterative Regularization

In this section, we introduce a class of algorithms based on iterative regularization,
also called implicit regularization and closely related to the idea of early stopping. We
begin illustrating the general idea by discussing a basic example, namely, Landweber
iteration [28]. Iterative regularization for learning, corresponding to Landweber iter-
ation, was dubbed L2 boosting and first considered in [11] for a fixed design setting
and in [13] for the statistical learning setting. A number of variants have been recently
considered, an incomplete list including conjugate gradient [7], accelerated [34] and
stochastic gradient methods [2, 30, 39], as well as different averaging schemes [33].
Here, we provide an overview of these results highlighting the interplay between
statistics and optimization.

5.1 Landweber Iteration

Consider the algorithm defined by the following sequence:
fl=f7 =SS i -y, =11, (37)

where fnO =0,y > 0, and ¢ € N. The above iteration can be seen to be the gradient
descent iteration of the empirical error (18). It is called Landweber iteration in the
context of inverse problems.
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Following the discussion for Tikhonov regularization, one can see that, if the
space H is finite dimensional, it is possible to identify £ with a finite-dimensional
vector and use (37) directly. For example, if we consider the linear kernel or the
kernel defined by a dictionary ¢, ..., ¢,, in this latter case, £} can be identified
with a vector w € R” and S, with the n by p matrix with rows (¢ (x;), ..., ¢,(x;))
fori =1, ..., n. For more general kernels, the following representer theorem holds.

Lemma 23 Forallt € N, let f} be defined as in (37), then
£l =3 K@ xe, ¢ =c - LK. —y), (38)
i=1 n

where ¢’ = (c!,...,c")andc® =0

Remark 24 (Complexity of Landweber iteration) Note that for finite-dimensional
spaces with dimension p, the time and memory complexity for Landweber iteration
are, respectively, the minimum between O (npt) and O (pn® + n’t), and O (np). For
infinite-dimensional spaces, they are O (n’t) and O(n?). More precisely the latter
complexities included the cost of evaluating the kernel which is often proportional
to the data dimension. Also note that, when the latter is small, memory requirements
can be reduced, recomputing the kernel on the fly.

5.2 A Regularization View on Gradient Descent

The following result allows to draw a connection to Tikhonov regularization and
sheds light on the regularization properties of Landweber iteration.

Lemma 25 The iteration in (37) can be written as
-1
frf =V Z(I - VS;:Sn)jS:y'
j=0

The proof of the above follows from a basic induction argument. It shows that
Landweber iteration can be seen as the linear operator

t—1

G, =) (I-yS;S) .
j=0

applied to S;'y. Then, using spectral calculus and properties of the geometric series,
if y is chosen so that
|7 =vSis.) <1, (39)
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for example taking y < «2, then

o0
y Y (A —ySiS) = (S;s)7"
j=0

if (S7S,)~! is assumed to exist for the sake of simplicity. More generally, it can be
shown that

o0
y Yy (I —yS;S)/s;=5].
j=0

Then, if the step size is chosen to satisfy (39), the operator corresponding to Landwe-
ber iteration can be seen as truncated series expansion. The only free parameter is the
number of iterations which corresponds to the number of terms in such an expansion.
It is easy to see that the condition number of the operator G, is controlled by 7, and
the bigger ¢ the larger is the condition number. Indeed, the operators

oo
(SiSa+AD7 oy Y (=SS,
j=0

are similar and one can consider roughly a correspondence ¢ ~ 1/A. The number of
iteration ¢ acts as the regularization parameter for Landweber iteration. This latter
observation has crucial computational implications.

5.3 Landweber Iteration and Iterative Regularization

Landweber iteration is an instance of so-called iterative regularization, sometimes
called early stopping regularization. The remarkable property of this class of method
is that they couple computational and statistical properties. The number of iterations
controls at the same time the stability, and hence the learning properties, of the
solution as well the computational requirements. More computations are needed if
the data can be exploited, whereas fewer computations must be considered to ensure
stability when data are poor or scarce.
The above reasoning is made precise by the following result.

Theorem 26 Fix t > In4. Assume that for some r > 0
f € ran (S35,)’, (40)

then the following results hold:

e forallt € N > 0 with probability at least 1 — 4e™*
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t 1
L= fllw<e(—=+—).
N/

where c is a suitable constant independent of n, t, and t;
1
e ift is chosen as a t, = n*+0 with probability at least 1 — 4e¢™"

)\n —_r
I £ — fhllge < Cnm o,

where C is a suitable constant independent of n and .

The proof follows the same line of one of Theorem 18.

5.4 Proof Sketch

The starting point is to consider the population version of the algorithm
-1
fr=yY d-ySi8,) S f,.

j=0

and the error decomposition
o=ty = 0= 1= e

For bounding the sample error f! — f it is useful to rewrite the empirical and
population gradient iterations as

= —ySES) i+ vShy,

and
= —ySES)f +vSif,

respectively. Then subtracting the above equations, we obtain

SV = (L =y SES)fE = (U =y S*S) 1+ y(Spy = S5 fo)
= —ySpSa)fy — U= ySySu+ySpSn —yS*S)fi + v(Syy — S5 fp)
= I —ySESa)(fy — £+ vI(S*S — SiSu) fi + (Sgky — S5 ).

where, in the second equality, we added and subtracted y S*Sf;. Then, by induction

t—1

fi=f =y > U~ ySESOIS*S — S:S) 7 + (Siy — SEfl.
j=0
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The bound on the sample error follows taking the norm of the above expression
and using the triangle inequality, which reduces to the problem of controlling the
stochastic terms

|S5S, =SS,

n

IS5y =837

)

e
which can be shown to be bounded by || f,}{ |l¢ since using spectral calculus properties
of the geometric series,

already studied in the analysis of Tikhonov regularization but also the norm of || fi

fr=U =T =ySiS))fy

The bound on the approximation error also follows from this last equation since it
implies that
|7 =l = [ =vs) ],

This latter expression can be controlled with the same approach used for controlling
the approximation error of Tikhonov regularization.

5.5 A Regularization View on Optimization

The result in Theorem 26 shows that the statistical properties of Landweber iteration
are essentially the same as Tikhonov regularization. However, the computational
complexities are different:

e From statistical to time complexity. The number of iteration controls the time
complexity. For example, in the infinite-dimensional case, we have O(nznﬁ).
Note that unlike Tikhonov regularization, Landweber iteration does not suffer from
a saturation effect. For easy problems, i.e., large r, the computational difference
is dramatic.

e Regularization path and warm restart. In iterative regularization, the compu-
tation of the regularization path is embedded in the method—unlike Tikhonov
regularization.

Another interesting aspect of the above discussion is that it provides a different
perspective on optimization methods in the context of machine learning. The classi-
cal optimization viewpoint would be to consider the convergence properties of the
gradient iteration (37) to a minimizer of the empirical error (18). The above dis-
cussion provides an alternative point of view, by looking at gradient descent from a
regularization perspective. The iteration (37) is only an empirical iteration whereas
the real objective in machine learning is to solve (12). From this perspective, to obtain
a good approximation of f,;{, rather than just letting the iteration run to convergence,
it is also possible to stop early. This is what we mean here with early stopping. Fol-
lowing this discussion, it is natural to ask whether other optimization methods can
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also be analyzed within a regularization framework. This is indeed the case as we
discuss in the next.

5.6 Accelerated Iterative Regularization

A key problem in optimization is to find efficient methods to minimize an objective
function of interest. The literature on the topic is vast and here we discuss two ideas
in the context of machine learning. In particular, we revisit these ideas with respect
to the expected error rather than the training error.

Nesterov acceleration. The first idea is the so-called Nesterov acceleration of the
gradient method defining Landweber iteration. In our context, it defines the following
1teration:

D=y SShT =y W = T e .
for f0 = f1 =0, y satisfying (39) and

_J=1

ai=l"— p=>1.
T +B

The v-method. The second method is also known as Chebyshev method, it is related
to the heavy-ball method, and is given for v > 0 by

f= 67 = oS5 =y + e (7 + A7),

0 1 4v42
for f0 = ;' =0and ) = 0, 01 = 2o and

@it DGy
TG 2w =DRj 44— 1)

oy — (G—DQj=3)2j+2v—-1)
T 42— DQj+4 - DRj+2v—3)

The numerical realization of the above methods can be derived analogously to
Tikhonov regularization and Landweber iteration. The computational time/space
complexities per iteration are the same as Landweber iteration. The key difference
with Landweber iteration is seen considering the corresponding error bounds.
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5.7 Error Bounds and the Effect of Acceleration

Error bounds for the above accelerated methods can be proved following similar
arguments to Tikhonov regularization and Landweber iteration.

Theorem 27 Fix t > In4 and set r* = 1/2 for Nesterov acceleration, and r, =
v — 1/2 for the v-method. Assume that for some 0 <r <r,

fj €ran(S:S,), (41)

then the following results hold:

e forallt € N > 0 with probability at least 1 — 4e™"

I£E— fllae < ”2+1
_ (LY
n TSI = T

where c is a suitable constant independent of n, t, and t;
1
e ift is chosen as t, = n*+0 with probability at least 1 — 4e™*

17 = Fillae < Con™ 57,
where C is a suitable constant independent of n and t.

The above results quantify the effect of acceleration in a statistical learning setting.
From the above bound, one can see that the approximation error decreases faster
than for Landweber acceleration. Indeed, the approximation error term can also be
seen as an optimization error. This faster convergence is the direct effect of acceler-
ation. On the other hand, one can also observe that acceleration affects the sample
error negatively. This is a well-known instability property of acceleration methods.
When combining these two terms, the effect of acceleration cancels out in the final
bound. Indeed, the above methods yield again the same optimal bound obtained for
Tikhonov regularization and Landweber iteration.

The remarkable property of the accelerate methods above is that they allow for a
much more aggressive stopping rule. Indeed, now the regularization parameter is ¢2,
so that

_ L
t, =\ n2+n

iteration suffices. The effect of acceleration is to effectively reduce the time com-

plexity needed for optimal statistical bounds. In the infinite-dimensional setting, the
1

time complexity is given by O (n?>V n7), which greatly improves the time com-

plexity of Landweber iterations (note, however, that accelerated methods suffer from

saturation).
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5.8 Incremental and Stochastic Iterative Regularization

Stochastic gradient techniques are often advocated to deal with large-scale problems.
We review this techniques within our context. Consider the following iteration:

L= =K, (F7 o) — yp)). 7 =0,....4,

for £7 = 0. We add a few comments. First, the selection function p has values in
{1,...,n} and can be deterministic or stochastic. Three common choices are: (1)
cyclic, p is deterministic; (2) stochastic, p is a uniformly distributed; and (3) reshuf-
fling, p describes a random permutation chosen every n steps. Second, in machine
learning, the above iteration is often broadly referred to as stochastic gradient descent
although it does not define a descent method. In optimization, the name incremental
gradient method is also used. Third, compared to Landweber iteration only an input—
output pair is used to compute a point-wise gradient in each iteration. The term pass
or epoch refers to n iterations (note that for stochastic gradient, it corresponds to one
pass over the data only on average). Finally, the numerical realization of the above
methods can be derived analogously to Tikhonov regularization and Landweber iter-
ation. Keeping in mind the difference between iterations and epochs, it is useful to
compare the complexity of the above method to Landweber iteration.

Remark 28 (7ime and space complexity) The cost of each iteration is the minimum
between O(p) and O(n) in the finite-dimensional case, and O(n) in the infinite-
dimensional case, omitting the cost of computing the kernel. The memory cost is
also per iteration O(p) and O(n) in the finite-dimensional case and O(n) in the
finite-dimensional case. Note that, if we consider an epoch rather than an iteration,
then time/space complexity of each epoch is the same as Landweber iteration or
the accelerated variants, yet the final result is essentially the same as Landweber
iteration.

5.9 Error Bounds

The proof of the error bounds for the incremental gradient methods discussed above
is considerably more complex than the one for Landweber iteration. However, the
obtained bound is essentially the same as the one for Landweber. The following
bounds hold for the cyclic and stochastic incremental gradient for y; = ¢/n.

Theorem 29 Fix t > In4. Assume that for some r > 0
fy €ran (S35, (42)

choose y, = c/n, the following results hold:

e for all number of epochs t € N > O with probability at least 1 — 4e™"
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t 1
L= fllw<e(—=+—).
N/

where c is a suitable constant independent of n, t, and t;

T

1
e ift is chosen as a t, = n*+0, with probability at least | —4e™", T > 1

L2 = fillge < Con™ 7, 1 >0,

where C is a suitable constant independent of n and .

The above result shows that again the obtained bounds are optimal; however, in light
of Remark 28, the time space complexity of incremental methods is essentially the
same as standard gradient descent and worse than accelerated methods. This suggests
that there is no gain in considering incremental techniques. We add two final remarks.

Remark 30 (One pass SGD) We note that a different variant of the above result
shows that only one pass over the data is sufficient provided that

e averaging of the iterates is considered,
e and the step size is chosen as

v, = nr/2(r+1).
While theoretically interesting in practice this might require running multiple passes
to choose the step size adaptively.

Remark 31 (Mini-batches) Finally, we note that an hybrid between gradient descent
and incremental gradient methods is obtained considering mini-batches, that is,

b(j—1)

Z Ko (FI7 o) = ypa)» 7 =0.....49,
i=b(j—2)+1

t

i1 _ 1
fn fn b

for f,? = 0. Here, at each iteration, b points are used to compute the gradient (rather
thanr or 1). It can be shown that this approach allows to obtain optimal rates, but again
does not yield computational improvements. It shows, however, how the choices of
mini-batch cardinality and the step size can be done to preserve optimal rates. In
particular, larger mini-batches allow to consider larger step size, for example, with
b = /n we can consider y; = 1/4/n.

6 Regularization with Stochastic Projections

In this section, we discuss how the combination of Tikhonov regularization with
stochastic projections allows to retain good statistical bounds while controlling time
as well as memory requirements.
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We begin some preliminary consideration. We will be interested in the infinite-
dimensional setting. In this context, the solution given by Tikhonov regularization
is

n

£H0) =K@, x), ¢=(K,+inD)y. (43)

i=1

The above procedure has O (nd) and O (n*) complexity in time and space, respec-
tively. While the time complexity is improved for iterative regularization the space
complexity remains the same. We next discuss two basic ideas, namely, Nystrom
approximations and random features. Both methods introduce finite-dimensional
approximations of the space of functions to be considered, albeit in different ways.
We refer to [40, 41] for large-scale kernel methods using projection methods, and
to [38] for random features.

We start by observing that regularization with projections is well known in inverse
problems [22] as we are going to recall in this section. We next introduce Nystrom
approximations and we show that they can be seen as a form of regularization with
projections, where the latter are stochastic.

6.1 Projection Regularization

Projection regularization is classical in inverse problems [22] and is based on
considering a family of finite-dimensional subspaces and corresponding projec-
tion operators. In our context, given a RKHS H the classic least-squares projec-
tion method corresponds to considering a family of finite-dimensional nested sub-
spaces H; C H, C --- C ‘H, with corresponding projection operators Py, P, ...,
and define a family of approximate solutions,
fM=s"y MeN,

where S, : H — R”" is the sampling operator and S,, s = Py S,. The classical exam-
ple of projection regularization method is truncated singular values decomposition
(TSVD), aka principal component regression (PCR) in statistics. In our context, this
amounts to consider the spaces Hy, to be the span of the first M eigenfunctions
of the operator S;S,. This latter method is essentially known to be optimal among
projection regularization methods and indeed can also be analyzed in the context of
supervised learning, with an analysis following the one for Tikhonov regularization.
Without entering into details, crucial quantities in this analysis are

IS5yl and |- Py)S3S,|. (44)
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The first term appears in the analysis of the sample error and controls stability,
whereas the second term appears in the control of the approximation error. Choosing
the eigenfunctions of SS, to build the spaces H; C H, ... ensures the sharpest
control of the above quantities [6].

Furthermore, it is possible to combine projections with other regularization tech-
niques. In our context, this corresponds to considering the minimization problem

min (|5, P/ = ¥[; + 2115,) 2> 0. (45)
whose minimizer is given by
M = (PyStS, Py + A1)~ Py Sty.
The above scheme is common inverse problems where the interplay between M and
A is known to be crucial to obtain good error bounds [22].

We next introduce a different approximation often referred to as Ny strom approx-
imations.

6.2 Njstrom Approximations

We begin noting that in light of Lemma 23, Problem (21) can be written as

. 2 2

min [, f =y, +21f (46)
where

H, = span{K,,, ..., Ky,}.
The basic idea of Nystrom approximations is to consider a set of centers Xy, ..., Xy
sampled from xi, ..., x, according to some distribution, e.g., uniformly at random
and then to consider,

. 2 2
min (8,7 =3[} +2170,) 20, *7)

where

Hy = span{Ks,, ..., Kz, }.

An obvious, yet important observation, is that we are not subsampling the training
set, but only considering a smaller set of inputs to build a function space.
It is easy to check that the solution of Problem (47) is given by
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M
fIMe@) =) K&, x), o= (K, yKou+rnKn) K, yy,  (48)

i=1
where K, y and Ky, are n x M and M x M matrices, respectively, with entries
(Kna)ij =K, X)) (Kwij = K(%i, X;).

In this case, the complexity becomes O (nM) in space, and O (nMd + nM? + M?)
in time, which again can be much lower than standard Tikhonov regularization if
M < n.

As clear from the above derivation, Nystrom approximations hold for any kernel.
A common way to asses the accuracy of such an approximation is to consider

Ky =K, Ky Knum.

and analyzing y
|y~ R,

Indeed, considering K in place of K, is related to the Nystrom approximation
used to discretize integral equations and it is the reason for the name of these class
of approximations. While interesting the above reasoning does not yield any direct
insight on the effect of N¥strom approximation in terms of prediction accuracy.
Before analyzing this we discuss the connection between N¥strom approximations
and classical regularization techniques in inverse problems.

6.2.1 Regularization with Stochastic Projections

The interpretation of Tikhonov regularization with Nystrom approximation as a form
of regularization with stochastic projections rests on the following lemma.

Lemma 32 Problem (47) is equivalent to

. 2 2
SoPuf — A . 49
I}g}“ S =y, + 41 (49)
and the solution of both minimization problems is
FiM = (PuSySa Py + D)7 Py S)y, (50)

with Py the projection operator with range Hy,;.

Proof Note that Problem (47) and Problem (49) are strictly convex and coercive,
therefore they admit a unique solution that is denoted by f*™ and g™, respectively.
To show that £+ = g»M let g*M = q + bwitha € Hy andb € H;,. A necessary
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condition for g}l*M to be optimal is that » = 0, indeed, considering that Pyb = 0,
we have

82 Pua =y, +2]allz + 2615,
81 Pua =y, +2]al;

IS0 Pugi™ = y|l; + 22|15,

v

This means that g-™ € Hy;, but on Hy, the functionals defining Problem (47) and
Problem (49) are identical because Py f = f forany f € Hy andso fHM = ghM.
Therefore, by computing the gradient of the objective function in Problem (49), we
see that £+M is given by Eq. (50). O

The above result shows that indeed Tikhonov regularization with N¥strom approx-
imation is a special form of regularization with projection, where the projections are
stochastic.

6.3 Error Bounds

We next discuss error bounds for Nystrom approximations [40]. The analysis in this
section is a simplified version of the one in [40].

Theorem 33 Assume that for some 0 < r < 1/2
fj €1an (S35,)". (51)

Select M points X1,..., Xy uniformly without replacement. Let f*™ be defined as
in (48) and, fix t > 1, choose

1
2\ 26+D
T C
An = (—) , M, = —O(t + log 52).
n n n

With probability at least 1 — Ce™",
LM — fllae < ex®n” 50,

provided thatn > cy + c172, where the constants cy, c1, ¢, ¢, Cy, C are independent
ofn, .

The obtained bound is again statistically optimal. It is interesting to see the behav-
ior of M,. Note that M, is always smaller than /n and decreases for increasing r
from 4/n (if r goes to 0), to /n (if r = 1/2). This shows the problem is “easy” the
computational complexity can be dramatically reduced without incurring in any loss
in accuracy.



Regularization: From Inverse Problems to Large-Scale Machine Learning 281

We now prove the above result. First we provide an algebraic decomposition of
the error as follows.

Theorem 34 Let ). > 0. The following bound holds:

1
IfEM — fllle < ISy — SESu flla
1
+ (2 + ﬁnsnu - PM)noo) 1T = Pu) £
+ VANSES, + 2DV g

Proof To derive bounds for Nystrom method, we will consider the following decom-
position:

I — £ = (PuS;SuPy + AD T Py S5y — SiSuf5) (52)
+ (PySES, Py + 21" PySES, (I — Pa) £, (53)
+ (PuSySuPu + 1D~ PySiS, Py — DPufyy (54
— (I - P f}, (55)

that holds since PZ, = Py. Denote by 7, the operator T, sy = Py S} S, Py, and
by T, m, the operator T, y; = T, .m + A1, and note that ||T, 7] A||OO <A~ and

IT, /% lse < A~'/2. The first term (52) controls the variance of the estimator and is
bounded by

T, 315 Pra(Syy = S Sa fH)IIw < T, ool PatlloolI Sy — S50 Sl
IIS,TY— St S fllo-

The second term (53) depends on how well the projected regularization approximates
S, and f), To bound it, observe that

1T, v P SySu T = Pan) fflloe < WTy sf 5 ool Tyaf 5 Pt St oo 1 Su (T = Pag) Sl
Now by (68) we have
0T, st P S; I = 1T, s T Ty af oo < 1.
Moreover, since I — Py, is a projection operator, we have
1Sa(T = Pap) fe et = ISulT = Pa)* Fglloe < 1Sald — Pa)llooll(Z — Pan) £l
so that

1T, 0r5 P Sy Sud — Pag) fglln < WIS = Padllooll (T = Pag) £l
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The third term (54) controls the bias of the estimator. To bound it, by (72) we have

g x Tor = D Pt s = AT, 0y, P Sl

1/2 1/2 1/2
< AT ool Ty s Paa f e < 22T,

3 Put fygle.

Moreover, by (73)

VT, Pat £ = 2 Fes Pat (PSS Pa + 2D Pas £
< (fio PuCS;Su+ 2D P £
= 18£S, + 2D~ 2Py £ 12,
Hence, we get
T Tomt = D Py s < A2 NCSESy + 2D ™2 Py £l
Finally, by Py f,, = (f), — (I — Py) f,,) we have

I(SES, + A0 ™2 Pas flllge < I1CSESw + 2D 72 £ e
FCSESy + 2Dl (T = Par) £l

so that

— 3 1 % _ .
1Ty a 5 Tot — D Pyt figllge < A2NCSES, + 2D 2 £l llae + 11U — Pag) £l

The theorem is concluded by combining the bounds derived above for the four terms.
O

Analyzing the decomposition above, we see that the error associated to the Nys-
trom estimator decomposes in one variance term, one term that accounts for the effect
of the stochastic projection on S, and on fL, and a third term that resembles a bias
term. We need the following lemma.

Lemma 35 Take A > 0 and t > 0, with probability at least 1 — 4e7".
1CSESy + 2D flllee < V2ISES, + 2D ™2 £l

provided that
n>4ctt’ a2, (56)

where c is a suitable constant.

Proof Taking into account (56), bound (36) implies that, with probability at least
1 —4e 7,
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1S5Sy — SESpllee < 2/2 < A (57)

By (75) with A = S, + Al and B = S5, + A1, we get with the same probability

1

<2, (58)
1= 211858, — S:Spllo0

1S5S + A1) 2(S5S, + A1) Ploe < \/

where (74) is satisfied taking into account that

15350+ 202 (5550 = 35,) (555 + 20~ = 1535 + 2D Lo |55 = 5350 |
1

<A SESy = S58p | o = 3
since || 858, + Al ||;O1 < A~ " and (57). Hence,

0SS + 2D 72 £ g = 1(SESn +2D)TV2(85S, + D)2 (858, + D72 1] llgq
< CSESn + DTV + DY 100 (558, + 2D 72 £ 194

< V2U(S5Sp + 1DV £ gy

More advanced versions of the result above are in [40-42].
We need the following concentration inequality. Set

doo(A) = sup((S5S, + A1) 'K, K.).
xeX

Lemma 36 Taket > 0and0 < A < || S, ||io, with probability at least 1 — 2e™*

281 + doo (1 2Bdoo(n
I(SESp + A1) V2S5 Sy — S58,)(S5Sp + 1D V2| < P J;n""( ) + P :"( ) (59)

where B = T + In(81~ 'k ?).
Proof See Proposition 6 in [41]. ([l

Let Xy, ..., X be the selected Nystrom points and set
Zy H->RY  Zuf) =(fKy) i=1.., M.

The result above is crucial to control the effect of the randomized projection, as
shown in the next lemma.

Lemma 37 Let M € N, A > 0, T > 1. With probability at least 1| — 2e™*

I = Pa)Sleo < V2R,
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provided that

13/(2 M 2

Proof Equation (71) implies that

I = Pan)Sillco < 101 = Pap)(S5Sp + 2D 2loo

=1 = Pu)(ZiyZy + 21D 22y Zyg + 27V (858, + 2D o
<0 = Pu)(Zyy Zyg + 2D P ool (Ziy Zag + 2D 7 V2(S5Sp + 2Dl

Now note that, since ran Py, = ran Z3,, then (I — Py)Zy = 0, so

I — Pa)(Z3y Zyg +2ADY2 20 = 11U — Py (ZiyZag + 2D — Pap oo
< It = Pa)Z Zy (I = Pap)lloe + AT = Pap)*llos

< h
To conclude the proof we have to show that
1(Zy Zy + 2D 72838, + A1)l < V2.

Indeed, by (75) with A= (ZyZy + 17", B=(SiS,+1)'? and A =
(ZyyZy + 21"V (Zy Zi — S38,)(S5S, + AD)'2, we have

1
1(Z3yy Zo + 2D 7V2(S3S, + 4Dl < /W <2,
o0

provided that
* —1/2 * * * 1/2 1
[All, = 1S5S, + A1)~ (Zy Zi — S5S,)(S3S, +AD'?|| < 5
Since the Nystrom points are uniformly selected without replacement, X, ..., Xy

are independently and identically distributed according to pyx, so that we can apply
Lemma 36 by replacing S, with Z,,. Hence, with probability at least 1 — 2¢™7,

Ia]. < 2B(1 + doo(R)) n [2Bdso (1) < 1’
o0 3M M

with 8 = 7 + In(81'«?), where the last bound is a consequence of (60), taking into
account that by (9)

\S)]

do() <2270 |18, P < &2

Indeed, since kA~ > 1 and M > 138k?/A,
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26(1 +d() | [Bd() _ 4B | 22 1
3M M T 3MA Mx — 2

O
We need the following bound, which depends on the source condition.
Lemma 38 Assume that f,}; €ran (S;S,)" for somer € (0, 1/2], then
1T = Pa) frll < CIUT = Pa)SEINZ (61)
where C is a constant depending on p.
Proof By assumption, there exists g € H such that f,;{ = (5,5,)"g, then
1L = Pas) fygllae = 11T = Pa)(S58,) gl < CIIT = Paa)(S5Sp) oo
where C = ||g|l#. By Cordes inequality (69) with s =2r, A = (I — Py)* = —
Py) and B = (S;Sp)i
1T = Pu)(S38p) oo = 1T = Pua)* (S38,) oo < 11T = Pua)(S3S,) 2115,
= (I — Pa)SEIIZ.
O

Proof (Theorem 33) We bound the three terms in the analytic decomposition of
| an*M — f(Lll(H in Theorem 34. By (36), with probability at least 1 — 4e™*

__r
=n D

Lis: SESu il < !
)\’n ny nnﬂﬂN}\,n\/ﬁ

1
since A, = n~ %0, To bound the second term, we need the following two consider-
ations: first, by Lemma 37, selecting Cy = 13«2 and ¢, = 8«2, we have

(I = Pu)Sylloc < V20,
with probability 1 — 2e~". Second, we bound ||(I — Py)S} ||« as follows:

I = Pap) I3 = 11U = Pap)S;Su(l = Pap)liZe
< U = Py)(SySn = S5Sp)U = Pyplloo + 101 = Pap) S5 Sp (I = Pagp)lloo
<M = Pyl 185 Sn = ShSplloo + I — Pap)ShI%
CcT
< — +2A,
n

Jn

with probability 1 — 4e~7, where for the last step we used (36) and the fact that
Il — Pylloo < 1since I — Py, is a projection operator. Now, note that, by (61) and
the fact that A,/n > 1,
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1 + 1 -
<2+ ﬁllsn(l - PM)||oo> I = Pap) fyllr = C <2+ ﬁllsn(l - PM)Hoo) I — PM)S;HCZXJ

<CQR+V2+ct)A,

where the last bound holds true with probability at least 1 — 4e~". Finally, by
Lemma 35 with probability at least 1 — 4e~".

VAl SESy + 2DV 2 £l llge < V2l(S5S, + DTV £ llgq
= V20 l(S5Sp + 2D TV2(S5Sp) gllgs < V2Nl h.

where the last bound has the same proof of (33) and condition (56) is satisfied. [

6.4 Regularization by Subsampling

A useful observation is derived exchanging A and M, that is, considering

1

~ 1 ~
M, = O0m=@m), A, =0
(n2e50) (Mn

).

Clearly, in this case, the same bound holds. However, we now naturally think of M
as a regularization parameter rather than a parameter controlling the computational
budget. This shows that M can be used to control at the same time the statistical time
and space complexity of the obtain solution.

Remark 39 (Regularization path) An advantage of parameterizing the algorithm by
M is that an easy incremental implementation can be considered. Indeed, it can be
shown that the solution computed for some set of centers can be efficiently updated
if one center is added. This suggests to build a regularization path by computing
solutions corresponding to an increasing number of centers via incremental updates.

6.5 Random Features

The approach of random features is based on the following basic idea [26, 38, 41,
50].
Recall that for finite dictionaries of Example 11, the kernel can be written as

Ku(x,x") = @p(x) T Dy (x), (62)

where @) : X — R is the feature map. We can identify #; with R¥ since for
any f € H)y there exists a vector w € RM such that



Regularization: From Inverse Problems to Large-Scale Machine Learning 287
f(x)=dyx)'w xelX.
With this identification,
fro) =@W'wy  wy = (St ySum + 1D 7S}y,
where S, ) can be seen as the n by M matrix defined as

Dy (1)

Som = ..
Dy (x,)'

In this case, the complexity becomes O(nM) in space, and O (nMd + nM?* +
M?) in time, which can be much lower than standard Tikhonov regularization if
M <« n.Despite the simplicity of this approach, considering kernels of the form (62)
can be too much of a restriction. Indeed, classic examples of kernels such as the

2
Gaussian kernel e~ ”xfxl ” ¥ do not satisfy (62). It is then natural to ask if the above

reasoning can still be useful to reduce the computational burden for more complex
kernels such as the Gaussian kernel.

Random features provide one possible approach. The basic idea is to relax Eq. (62)
assuming it holds only approximately, that is,

K(x,x") =~ ®y(x) &y (x). (63)

Clearly, if one such approximation exists the approach described in the previous
section can still be used. The question is then for which kernels an approximation
of the form (63) can be derived. A simple manipulation of the Gaussian kernel of
Example 12 provides one basic example.

Example 40 (Random Fourier features) Using basic properties of the Fourier trans-
form, it is easy to see that

B
]

i I r
g— % iw'x —iw xd
(2 7Tj/> A(}e e e w,

and the above expression can be further simplified considering

e “X7x/

12 1 1
—x= (T T
e HX x” V:/O (/Rdcm(w x + b)cos(w ' x + b) W

el )
e 22 dw | db.

Then the idea is to view the above integral as an expectation and consider a Monte
Carlo approximation
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2

M

— || x—x" 1

e ” Vo~ MZcos(w;xjtbj)cos(a)jx—i-bj),
j=1

where (w;, b j)ﬁ’lz | are independent samples of the probability distribution which is
the product of a Gaussian distribution with variance 2y and the uniform distribution
over [0, 1]. Then we can define the feature map

1
@y (x) = ——(cos(w| x + by), ..., cos(wyx + by)).

VM

The above example can be abstracted to a general approximation strategy. Assume
that the kernel K has an integral representation

K(x,x/)z/ Y(x, o) (', wydr(w), VYx,x X, (64)
Q

where (€2, ) is probability space and ¢ : X x Q — R.Therandom feature approach
consists in approximating K via Monte Carlo sampling of its integral representation:
given wy, ..., wy independently and identically distributed according to the proba-
bility distribution 7, consider

1 M
Ku(e,x) = 223 0 oy, o)) = @) @u ), (65)
j=1

with @4 (x) := M2 (Y (x, w1), ..., ¥ (x, on)).
As discussed before, this leads to the following learning algorithm. Let A > 0 and
M e N, forany x € X, f+M is defined as

M) = @y ()W, with wiM = (S, S +ADT'S, Y, (66)
where S,y is the n by M matrix with rows (P (x1), ..., Par(xn)).

The above discussion shows that the random features approach, based on deriving
a representation (64) and then approximating it via (65), is applicable to a wide
range of kernels, e.g., all translation-invariant kernels, and can be used to reduce
the computational costs as soon as we choose M < n. However, since using random
features rely on an approximation (63), it is natural to ask whether the approach leads
to a loss of accuracy. A possible way to tackle this question is to characterize the
error incurred replacing a kernel K with an approximation K, and indeed results
in this direction abound. A more compelling question for supervised learning is
whether using random features leads to computational advantages at the expanses of
a decrease in prediction performances.

Note that the random feature algorithm £ defined by (66) is the solution of
the minimization problem
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min, (5,000 = y[ + 2w[l). 7

weRM

The following lemma shows that random features algorithm can be seen as a special
form of regularization with projection, where the projections are stochastic. To this
aim, we assume that there exists a Hilbert space # such that ®(-, w) € H for all
o € Q and, for any sample (wy, ..., wy) € QM, we set ¥, = ¥ (., w,-)/\/ﬂ for
i=1,...,M and

Hy = span{yri, ..., ¥u}.

Note that, random features might not belong to the RKHS defined by the kernel
being approximated. It suffices to think of Fourier random features and the Gaussian
kernel. Here, we make this assumption to illustrate a difference in the form of the
estimator considered while using random features and Nystrom approximations. In
the rest of the section, we restrict to the case of finite dictionary of Example 11.
In this case, H)y, is a subspace of H, and we denote Jy, : Hy, — H the inclusion,
moreover H, is the RKHS with reproducing kernel K, given by (65). We stress
that, in general, | Jy flls # | £, -

Lemma 41 Problem (67) is equivalent to
min (S, Py f =y | + 2|7 £|
FeH nt M Yy n M Hy )
where S, : H — R" is the sampling operator and Py is the projection onto Hy,

regarded as closed subspace of H.

Proof Let Uy, be the operator

M
Uy :RY = Hy, Uyw = Zw-/«p,-, vYw e RM,

J=1

then Uy, is a partial isometry with kernel ker Uy, = ker S,y andrangeran Uy, = Hyy
and S,y = S,y Uy . Hence, Problem (67) is equivalent to

min (| Spaw = y[ + 2] w[5)

weker Uy

min (I, =yl + e, )

min (S0 — y |2 + 2w

weRM

= min ([, —y[} +21s13,)

8€Hu

2
Hu
2

(I‘{M ’

. 2
= min (| Sudu 7y S = [+ 22501

. 2
= min (|15, Pusf =y + 243, f
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where the last two inequalities are consequence of the fact that ran J = Hy and
Iuldy = Pu. O

Note that Lemma 41 is not strictly convex, so that set of minimizer is not a singleton,
however its minimal norm solution is the minimizer of Problem (67).

The above result shows that Tikhonov regularization with random features is
indeed a form of projection regularization but where we consider a special regularizer
|| Iy H(HM depending on the random projection. An analysis random features in full
generality is in [41]. Essentially the same bounds hold for random features [41], but
obtained with different techniques.

7 Conclusions

In this chapter, we reviewed the connection of supervised learning with the square
loss and inverse problems. Then, we used the obtained formulation to provide a uni-
fying description of the computational and statistical properties of a different regular-
ization technique. In particular, we contrasted variational regularization (Tikhonov
regularization), with iterative regularization and regularization with stochastic regu-
larization.

The purpose of this discussion was to highlight how all these techniques share
common estimation principles, and indeed have very similar statistical properties,
but different computational properties.

e Variational regularization introduces a dichotomy between statistics and compu-
tations/optimization.

e Iterative regularization controls at once time and statistical complexities. Opti-
mization and statistics are seen as aspects of a common underlying problem.

e Finally, regularization with stochastic projections allows to deal simultaneously
with time, statistical, and space complexities.

We conclude with a few remarks.

o Extensions to other loss/regularizers. It is straightforward for variational regular-
ization. It is a subject of study for iterative regularization where several extensions
can be made. It is an open problem for regularization with projections.

e A regularization view on optimization. The material presented in this chapter
proposes regularization theory to study optimization and numerical algorithms to
solve statistical problems. This latter framework allows to consider at the same
time the computational and stability properties of the considered procedures.

e From supervised learning to inverse problems and beyond. Drawing a con-
nection between machine learning and inverse problems, allowed to exploit ideas,
algorithms, and results from inverse problems in the context of machine learning.
It would be interesting to investigate the opposite direction, and see if machine
learning ideas could be applied in classical inverse problems arising in signal
processing, PDE, and integral equations.
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Appendix

In this section, we collect the notation and some basic mathematical facts, adapted
to our setting.

H, G Hilbert spaces
Hf,H normof f € H
(f, 8)n scalar product between f, h € H
Kt={(feH: (f, f/>,H =0Vf e K} complement of a closed subspace K C H
Py projection onto a closed subspace K Cc H
kerA={feH:Af =0} kernelof A : H — G
ranA ={Af eG: f € H} rangeof A: H — G
A*:G—>H adjointof A : H — G
|A| = VA*A absolute valueof A : H — G
A ||oo = SUpP fey % operatornorm of A : H — G
wv=_{vVgw:H—>@G rank-one operatorv € H,w € G
(Q,7,P) probability space
E[£] expectation of the random variable & : Q@ — H

We recall the following results.

e Trace class operators: an operator A : H — H is trace class if there exists (any)
abase (v¢)een of H such that the series D, (|A|ve, ve)gy converges and
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TrA = Z (Ave, ve)gy
leA

is called the trace of A. An A : H — G is trace class if |A]| is trace class and
the space S;(H, G) of trace class operators from H to G is a Banach space with
respect the norm

[ 41506 = Tr1AD.

e Hilbert—Schmidt operators: A : H — G is a Hilbert-Schmidt operator if A*A is
a trace class operator. The space S, (H, G) of Hilbert-Schmidt operators from H
to G is a Hilbert space with respect to the scalar product

(A, B>Sz('7’[,§) = TI'(B*A),

and Sl((}‘{, G) C S2(H, G).

e Hilbert—Schmidt theorem: if A : H — H is a Hilbert-Schmidt self-adjoint oper-
ator, there exists a base (v¢)¢ep of H and a sequence (vg)¢ep of real numbers such
that

AV@ = OyVy.

e Functional calculus: if A : H — H is a Hilbert—-Schmidt self-adjoint operator

and ¢ : R — R is a bounded function, by the functional calculus the operator
@(A) : H — H is defined as

QA f = 0(00) (£, vy ve.

LeA

where the series converges in H.
e For any operator A : H — G

1A = 1AA" [l (68)
e Cordes inequality: for any pair of positive operator A, B : H — H and s € (0, 1]
[A°B oo < [IABII% (69)

e Take two operators B, C : H — G such that

BB* < CC*, (70)

then
|aB|, =[ac|. (71)

for any operator A : G — G'. Indeed, by (70)
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ABB*A* < ACC*A* =  |ABB*A*||_ < |ACC*A*|_.
Then,
[aB] = [aBBa’|, < [cBBrct|, = |AC|.
e IfA:H — Gand >0
(A*A+ADT'A"A— 1) = MA*A+ D) (72)

see [22].
e For any positive operator C : H — H and projection P : H — H

P(PCP +AD)"'P < P(C+AD7'P (73)
see, for example, Theorem V.2.3-(iv) of [3] for the proof of this property of operator
convex functions, and Cor. V.2.6 together with Exercise V.1.10-(ii) and Exercise

V.2.11, in the same book, for the proof of operator convexity of (- + A1),
e For any pair A, B : H — H of positive operators with bounded inverse such that

|B2(A - B)B~?

<1 (74)

[e¢]

then

Jam= Bz 5\/ ! —. (75)
> 1—||B~2(A—B)B™:

oo

Indeed, observe that

1 1 1 1 1

=BY(A—B+B)' B2

|
b

A

%<B%(B—%(A—B)B—%+1)B%>_IB%

C(p=boa _1 *1:+°O_g LA _1\¢
_(B 5(A—B)B z+1) ;( 1 <B (A—B)B z) ,

where the Neumann series converges by (74). Hence, triangular inequality gives

= 1 1 1 .
Y- |BrA-B)BTE

e Hoeffidng inequality in separable Hilbert spaces [35, 36, 51] : take a family

%‘1,...,%‘,,!9—)7"{
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of independent zero mean random variables such that ||§; ||y < «,thenforalle > 0

P ||1§nsn <2 <
— il > €| <2expl——= ),
n H P 4xc2

i=1

i.e., for all T > 0 with probability at least 1 — 2¢™*

1 2K4/T
1= Eill < T (76)

i=l1
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