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ANHA Series Preface

The Applied and Numerical Harmonic Analysis (ANHA) book series aims to
provide 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
implementation depend fundamentally on the structure and depth of theoretical
underpinnings. 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 flour-
ished, developed, and deepened over time within many disciplines and by means
of creative cross-fertilization with diverse areas. The intricate and fundamental
relationship 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
analysis, 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 information
from the broader, but still focused, area of harmonic analysis. This will be a key role
of ANHA. We intend to publish the scope and interaction that such a host of issues
demands.
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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:

Antenna theory Prediction theory

Biomedical signal processing Radar applications
Digital signal processing Sampling theory

Fast algorithms Spectral estimation

Gabor theory and applications Speech processing
Image processing Time—frequency and
Numerical partial differential equations  time-scale analysis

Wavelet theory

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
scientific 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
developed because of such uniqueness questions.

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 harmonics,
as done, e.g., by the mechanical synthesizers in tidal analysis.

Fourier analysis is also the natural setting for many other problems in engineer-
ing, mathematics, and the sciences. For example, Wiener’s Tauberian theorem in
Fourier analysis not only characterizes the behavior of the prime numbers, but 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, and these problems, in turn, deal naturally with
Hardy spaces in the theory of complex variables.

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
processing, whether with the fast Fourier transform (FFT), or filter design, or
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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 conjunctionwith the uncertainty principle,
for dealing with signal reconstruction in communications theory. We are back to the
raison d’étre of the ANHA series!

University of Maryland John J. Benedetto
College Park Series Editor
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Preface

Recent years have seen an explosion of research activities in a fascinating area called
compressed sensing, compressive sensing, or compressive sampling. A Google
Scholar search for articles containing one of these three terms in their title returned
about 4,400 hits at the time this preface was written. The area of compressive sens-
ing, at the intersection of mathematics, electrical engineering, computer science, and
physics, takes its name from the premise that data acquisition and compression can
be performed simultaneously. This is possible because many real-world signals are
sparse, and even though they are acquired with seemingly too few measurements,
exploiting sparsity enables one to solve the resulting underdetermined systems
of linear equations. The reconstruction of sparse signals is not only feasible in
theory, but efficient algorithms also exist to perform the reconstruction in practice.
Moreover, involving randomness in the acquisition step enables one to utilize the
minimal number of measurements. These realizations, together with their potential
applications, have triggered the interest of the scientific community since around
2004. Some of the ingredients are of course much older than the advent of
compressive sensing itself, and the underlying theory builds on various branches of
mathematics. These branches include linear algebra, approximation theory, convex
analysis, optimization, probability theory (in particular, random matrices), Banach
space geometry, harmonic analysis, and graph theory. This book is a detailed
and self-contained introduction to the rich and elegant mathematical theory of
compressive sensing. It presents all the necessary background material without
assuming any special prior knowledge—just basic analysis, linear algebra, and
probability theory.

The perspective adopted here is definitely a mathematical one, only comple-
mented at the beginning with a teaser on the strong potential for applications. Our
taste partly dictated the choice of topics, which was limited by the need to keep this
volume an introduction rather than an exhaustive treatise. However, the exposition is
complete in the sense that we wanted every result to be fully proved for the material
to become accessible to graduate students in mathematics as well as to engineers,
computer scientists, and physicists. We have also made efforts to produce short and
natural proofs that are often simplified versions of the ones found in the literature.

xi
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We both, independently, went through the process of rendering the foundations of
compressive sensing understandable to students when we prepared lecture notes for
courses given at Vanderbilt University, Drexel University, the University of Bonn,
and ETH Zurich. This monograph is a further attempt to clarify the theory even
more. Lecturers wishing to prepare a course based on it will find some hints at the
end of Chap. 1.

The overall organization follows a path from simple to more complicated (so
does the organization within chapters). This results in the structure of the book
outlined below. The first chapter gives a brief introduction to the essentials of
compressive sensing, describes some motivations and applications, and provides a
detailed overview of the whole book. Chapters 2—6 treat the deterministic theory
of compressive sensing. There, we cover the notion of sparsity, introduce basic
algorithms, and analyze their performance based on various properties. Since
the major breakthroughs rely on random matrices, we present the required tools
from probability theory in Chaps.7 and 8. Then Chaps.9—12 deal with sparse
recovery based on random matrices and with related topics. Chapter 13 looks
into the use of lossless expanders and Chap. 14 covers recovery of random sparse
signals with deterministic matrices. Finally, Chap. 15 examines some algorithms for
¢1-minimization. The book concludes with three appendices which cover basic
material from matrix analysis, convex analysis, and other miscellaneous topics.

Each chapter ends with a “Notes” section. This is the place where we provide
useful tangential comments which would otherwise disrupt the flow of the text, such
as relevant references, historical remarks, additional facts, or open questions. We
have compiled a selection of exercises for each chapter. They give the reader an
opportunity to work on the material and to establish further interesting results. For
instance, snapshots on the related theory of low-rank matrix recovery appear as
exercises throughout the book.

A variety of sparse recovery algorithms appear in this book, together with their
theoretical analysis. A practitioner may wonder which algorithm to choose for a
precise purpose. In general, all the algorithms should be relatively efficient, but
determining which one performs best and/or fastest in the specific setup is a matter
of numerical experiments. To avoid creating a bias towards any algorithm, we
decided not to present numerical comparisons for the simple reason that running
experiments in all possible setups is unfeasible. Nevertheless, some crude hints are
given in the Notes section of Chap. 3.

It was a challenge to produce a monograph on a rapidly evolving field such as
compressive sensing. Some developments in the area occurred during the writing
process and forced us to make a number of revisions and additions. We believe
that the current material represents a solid foundation for the mathematical theory
of compressive sensing and that further developments will build on it rather than
replace it. Of course, we cannot be totally confident in a prediction about a field
moving so quickly, and maybe the material will require some update in some years.

Many researchers have influenced the picture of compressive sensing we paint
in this book. We have tried to carefully cite their contributions. However, we are
bound to have forgotten some important works, and we apologize to their authors for
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that. Our vision benefited from various collaborations and discussions, in particular
with (in alphabetical order) Nir Ailon, Akram Aldroubi, Ulag Ayaz, Soren Bartels,
Helmut Boelcskei, Petros Boufounos, Emmanuel Candés, Volkan Cevher, Albert
Cohen, Ingrid Daubechies, Ron DeVore, Sjoerd Dirksen, Yonina Eldar, Jalal Fadili,
Maryam Fazel, Hans Feichtinger, Massimo Fornasier, Rémi Gribonval, Karlheinz
Grochenig, Jarvis Haupt, Pawel Hitczenko, Franz Hlawatsch, Max Hiigel, Mark
Iwen, Maryia Kabanava, Felix Krahmer, Stefan Kunis, Gitta Kutyniok, Ming-
Jun Lai, Ignace Loris, Shahar Mendelson, Alain Pajor, Gtz Pfander, Alexander
Powell, Justin Romberg, Karin Schnass, Christoph Schwab, Zeljka Stojanac, Jared
Tanner, Georg Taubock, Vladimir Temlyakov, Joel Tropp, Tino Ullrich, Pierre
Vandergheynst, Roman Vershynin, Jan Vybiral, Rachel Ward, Hugo Woerdeman,
Przemystaw Wojtaszczyk, and Stefan Worm. We greatly acknowledge the help
of several colleagues for proofreading and commenting parts of the manuscript.
They are (in alphabetical order) David Aschenbriicker, Ulag Ayaz, Bubacarr Bah,
Soren Bartels, Jean-Luc Bouchot, Volkan Cevher, Christine DeMol, Sjoerd Dirksen,
Massimo Fornasier, Rémi Gribonval, Karlheinz Grochenig, Anders Hansen, Aicke
Hinrichs, Pawel Hitczenko, Max Hiigel, Mark Iwen, Maryia Kabanava, Emily King,
Felix Krahmer, Guillaume Lecué, Ignace Loris, Arian Maleki, Michael Minner,
Deanna Needell, Yaniv Plan, Alexander Powell, Omar Rivasplata, Rayan Saab,
Zeljka Stojanac, Thomas Strohmer, Joel Tropp, Tino Ullrich, Jan Vybiral, Rachel
Ward, and Hugo Woerdeman. We are grateful to Richard Baraniuk, Michael Lustig,
Jared Tanner, and Shreyas Vasanawala for generously supplying us with figures
for our book. We thank our host institutions for their support and the excellent
working environment they provided during the preparation of our project: Vanderbilt
University, Université Pierre et Marie Curie, and Drexel University for Simon
Foucart; the Hausdorff Center for Mathematics and the Institute for Numerical
Simulation at the University of Bonn for Holger Rauhut. Parts of the book were
written during research visits of Holger Rauhut at Université Pierre et Marie
Curie, at ETH Zurich, and at the Institute for Mathematics and Its Applications
at the University of Minnesota. Simon Foucart acknowledges the hospitality of
the Hausdorff Center for Mathematics during his many visits to Bonn. We are
grateful to the Numerical Harmonic Analysis Group (NuHAG) at the University
of Vienna for allowing us to use their online BibTeX database for managing
the references. Simon Foucart acknowledges the financial support from the NSF
(National Science Foundation) under the grant DMS-1120622 and Holger Rauhut
acknowledges the financial support from the WWTF (Wiener Wissenschafts-,
Forschungs- und Technologie-Fonds) through the project SPORTS (MAQ7-004) as
well as the European Research Council through the Starting Grant StG 258926.

Finally, we hope that the readers enjoy their time studying this book and that the
efforts they invest in learning compressive sensing will be worthwhile.

Philadelphia, PA, USA Simon Foucart
Bonn, Germany Holger Rauhut
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Chapter 1
An Invitation to Compressive Sensing

This first chapter introduces the standard compressive sensing problem and gives
an overview of the content of this book. Since the mathematical theory is highly
motivated by real-life problems, we also briefly describe some of the potential
applications.

1.1 What is Compressive Sensing?

In many practical problems of science and technology, one encounters the task of
inferring quantities of interest from measured information. For instance, in signal
and image processing, one would like to reconstruct a signal from measured data.
When the information acquisition process is linear, the problem reduces to solving
a linear system of equations. In mathematical terms, the observed datay € C™ is
connected to the signal x € C¥ of interest via

Ax =y. (L.1)

The matrix A € C™*N models the linear measurement (information) pro-
cess. Then one tries to recover the vector x € CV by solving the above linear
system. Traditional wisdom suggests that the number m of measurements, i.e.,
the amount of measured data, must be at least as large as the signal length N
(the number of components of x). This principle is the basis for most devices
used in current technology, such as analog-to-digital conversion, medical imaging,
radar, and mobile communication. Indeed, if m < N, then classical linear algebra
indicates that the linear system (1.1) is underdetermined and that there are infinitely
many solutions (provided, of course, that there exists at least one). In other words,
without additional information, it is impossible to recover x from y in the case
m < N. This fact also relates to the Shannon sampling theorem, which states that
the sampling rate of a continuous-time signal must be twice its highest frequency in
order to ensure reconstruction.

S. Foucart and H. Rauhut, A Mathematical Introduction to Compressive Sensing, 1
Applied and Numerical Harmonic Analysis, DOI 10.1007/978-0-8176-4948-7_1,
© Springer Science+Business Media New York 2013
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Fig. 1.1 Antonella, Niels, and Paulina. Top: Original Image. Bottom: Reconstruction using 1% of
the largest absolute wavelet coefficients, i.e., 99 % of the coefficients are set to zero

Thus, it came as a surprise that under certain assumptions it is actually possible to
reconstruct signals when the number m of available measurements is smaller than
the signal length V. Even more surprisingly, efficient algorithms do exist for the
reconstruction. The underlying assumption which makes all this possible is sparsity.
The research area associated to this phenomenon has become known as compressive
sensing, compressed sensing, compressive sampling, or sparse recovery. This whole
book is devoted to the mathematics underlying this field.

Sparsity. A signal is called sparse if most of its components are zero. As empiri-
cally observed, many real-world signals are compressible in the sense that they are
well approximated by sparse signals—often after an appropriate change of basis.
This explains why compression techniques such as JPEG, MPEG, or MP3 work so
well in practice. For instance, JPEG relies on the sparsity of images in the discrete
cosine basis or wavelet basis and achieves compression by only storing the largest
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discrete cosine or wavelet coefficients. The other coefficients are simply set to zero.
We refer to Fig. 1.1 for an illustration of the fact that natural images are sparse in
the wavelet domain.

Let us consider again the acquisition of a signal and the resulting measured
data. With the additional knowledge that the signal is sparse or compressible, the
traditional approach of taking at least as many measurements as the signal length
seems to waste resources: At first, substantial efforts are devoted to measuring all
entries of the signal and then most coefficients are discarded in the compressed
version. Instead, one would want to acquire the compressed version of a signal
“directly” via significantly fewer measured data than the signal length—exploiting
the sparsity or compressibility of the signal. In other words, we would like to
compressively sense a compressible signal! This constitutes the basic goal of
compressive sensing.

We emphasize that the main difficulty here lies in the locations of the nonzero
entries of the vector x not being known beforehand. If they were, one would simply
reduce the matrix A to the columns indexed by this location set. The resulting
system of linear equations then becomes overdetermined and one can solve for the
nonzero entries of the signal. Not knowing the nonzero locations of the vector to
be reconstructed introduces some nonlinearity since s-sparse vectors (those having
at most s nonzero coefficients) form a nonlinear set. Indeed, adding two s-sparse
vectors gives a 2s-sparse vector in general. Thus, any successful reconstruction
method will necessarily be nonlinear.

Intuitively, the complexity or “intrinsic” information content of a compressible
signal is much smaller than its signal length (otherwise compression would not
be possible). So one may argue that the required amount of data (number of
measurements) should be proportional to this intrinsic information content rather
than the signal length. Nevertheless, it is not immediately clear how to achieve the
reconstruction in this scenario.

Looking closer at the standard compressive sensing problem consisting in the
reconstruction of a sparse vector x € CY from underdetermined measurements
y = Ax € C™, m < N, one essentially identifies two questions:

* How should one design the linear measurement process? In other words, what
matrices A € C"™*¥ are suitable?

¢ How can one reconstruct x from y = Ax? In other words, what are efficient
reconstruction algorithms?

These two questions are not entirely independent, as the reconstruction algorithm
needs to take A into account, but we will see that one can often separate the analysis
of the matrix A from the analysis of the algorithm.

Let us notice that the first question is by far not trivial. In fact, compressive
sensing is not fitted for arbitrary matrices A € C™* ¥ For instance, if A is made
of rows of the identity matrix, then y = Ax simply picks some entries of x, and
hence, it contains mostly zero entries. In particular, no information is obtained about
the nonzero entries of x not caught in y, and the reconstruction appears impossible
for such a matrix A. Therefore, compressive sensing is not only concerned with the
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Fig. 1.2 Top: 5-sparse vector of Fourier coefficients of length 64. Bottom: real part of time-domain
signal with 16 samples

recovery algorithm—the first question on the design of the measurement matrix is
equally important and delicate. We also emphasize that the matrix A should ideally
be designed for all signals x simultaneously, with a measurement process which is
nonadaptive in the sense that the type of measurements for the datum y; (i.e., the
jth row of A) does not depend on the previously observed data y1,...,y;—1. As it
turns out, adaptive measurements do not provide better theoretical performance in
general (at least in a sense to be made precise in Chap. 10).

Algorithms. For practical purposes, the availability of reasonably fast reconstruc-
tion algorithms is essential. This feature is arguably the one which brought so
much attention to compressive sensing. The first algorithmic approach coming to
mind is probably £y-minimization. Introducing the notation ||x||o for the number of
nonzero entries of a vector X, it is natural to try to reconstruct x as a solution of the
combinatorial optimization problem
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Fig. 1.3 Top: poor reconstruction via ¢2-minimization. Bottom: exact reconstruction via
£1-minimization

minimize ||z]lo subjectto Az =1y.

In words, we search for the sparsest vector consistent with the measured data
y = Ax. Unfortunately, ¢yp-minimization is NP-hard in general. Thus, it may
seem quite surprising that fast and provably effective reconstruction algorithms
do exist. A very popular and by now well-understood method is basis pursuit or
£1-minimization, which consists in finding the minimizer of the problem

minimize ||z||; subjectto Az =y. (1.2)

Since the ¢;-norm || - ||; is a convex function, this optimization problem can
be solved with efficient methods from convex optimization. Basis pursuit can be
interpreted as the convex relaxation of {y-minimization. Alternative reconstruction
methods include greedy-type methods such as orthogonal matching pursuit, as well
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as thresholding-based methods including iterative hard thresholding. We will see
that under suitable assumptions all these methods indeed do recover sparse vectors.

Before continuing, we invite the reader to look at Figs. 1.2 and 1.3, which
illustrate the power of compressive sensing. They show an example of a signal
of length 64, which is 5-sparse in the Fourier domain. It is recovered exactly by
the method of basis pursuit (¢/;-minimization) from only 16 samples in the time
domain. For reference, a traditional linear method based on /2-minimization is also
displayed. It clearly fails in reconstructing the original sparse spectrum.

Random Matrices. Producing adequate measurement matrices A is a remarkably
intriguing endeavor. To date, it is an open problem to construct explicit matrices
which are provably optimal in a compressive sensing setting. Certain constructions
from sparse approximation and coding theory (e.g., equiangular tight frames) yield
fair reconstruction guarantees, but these fall considerably short of the optimal
achievable bounds. A breakthrough is achieved by resorting to random matrices—
this discovery can be viewed as the birth of compressive sensing. Simple examples
are Gaussian matrices whose entries consist of independent random variables
following a standard normal distribution and Bernoulli matrices whose entries are
independent random variables taking the values +1 and —1 with equal probability.
A key result in compressive sensing states that, with high probability on the random
draw of an m x N Gaussian or Bernoulli matrix A, all s-sparse vectors x can be
reconstructed from y = Ax using a variety of algorithms provided

m > Csln(N/s), (1.3)

where C' > 0 is a universal constant (independent of s, m, and N). This bound is in
fact optimal.

According to (1.3), the amount m of data needed to recover s-sparse vectors
scales linearly in s, while the signal length /N only has a mild logarithmic influence.
In particular, if the sparsity s is small compared to N, then the number m
of measurements can also be chosen small in comparison to N, so that exact
solutions of an underdetermined system of linear equations become plausible! This
fascinating discovery impacts many potential applications.

We now invite the reader to examine Fig. 1.4. It compares the performance of two
algorithms, namely, basis pursuit and hard thresholding pursuit, for the recovery of
sparse vectors x € CV from the measurement vectors y = Ax € C™ based on
simulations involving Gaussian random matrices A and randomly chosen s-sparse
vectors x. With a fixed sparsity s, the top plot shows the percentage of vectors x
that were successfully recovered as a function of the number m of measurements.
In particular, it indicates how large m has to be in comparison with s for the recovery
to be guaranteed. With a fixed number m of measurements, the bottom plot shows
the percentage of vectors x that were successfully recovered as a function of their
sparsity s. In particular, it indicates how small s has to be in comparison with m
for the recovery to be guaranteed. We note that the algorithm performing best is
different for these two plots. This is due to the probability distribution chosen for the
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Fig. 1.4 Top: percentage of successful recoveries for Rademacher sparse vectors. Bottom: per-
centage of successful recoveries for Gaussian sparse vectors

nonzero entries of the sparse vectors: The top plot used a Rademacher distribution
while the bottom plot used a Gaussian distribution.

The outlined recovery result extends from Gaussian random matrices to the more
practical situation encountered in sampling theory. Here, assuming that a function
of interest has a sparse expansion in a suitable orthogonal system (in trigonometric
monomials, say), it can be recovered from a small number of randomly chosen
samples (point evaluations) via ¢;-minimization or several other methods. This
connection to sampling theory explains the alternative name compressive sampling.

Stability. Compressive sensing features another crucial aspect, namely, its recon-
struction algorithms are stable. This means that the reconstruction error stays under
control when the vectors are not exactly sparse and when the measurements y are
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slightly inaccurate. In this situation, one may, for instance, solve the quadratically
constrained ¢; -minimization problem

minimize ||z||; subjectto |[Az — yl|l2 <. (1.4

Without the stability requirement, the compressive sensing problem would be
swiftly resolved and would not present much interest since most practical appli-
cations involve noise and compressibility rather than sparsity.

1.2 Applications, Motivations, and Extensions

In this section, we highlight a selection of problems that reduce to or can be modeled
as the standard compressive sensing problem. We hope to thereby convince the
reader of its ubiquity. The variations presented here take different flavors: tech-
nological applications (single-pixel camera, magnetic resonance imaging, radar),
scientific motivations (sampling theory, sparse approximation, error correction,
statistics and machine learning), and theoretical extensions (low-rank recovery,
matrix completion). We do not delve into the technical details that would be
necessary for a total comprehension. Instead, we adopt an informal style and we
focus on the description of an idealized mathematical model. Pointers to references
treating the details in much more depth are given in the Notes section concluding
the chapter.

Single-Pixel Camera

Compressive sensing techniques are implemented in a device called the single-pixel
camera. The idea is to correlate in hardware a real-world image with independent
realizations of Bernoulli random vectors and to measure these correlations (inner
products) on a single pixel. It suffices to measure only a small number of such
random inner products in order to reconstruct images via sparse recovery methods.

For the purpose of this exposition, images are represented via gray values of
pixels collected in the vector z € RY, where N = N;N, and Ny, N, denote
the width and height of the image in pixels. Images are not usually sparse in the
canonical (pixel) basis, but they are often sparse after a suitable transformation, for
instance, a wavelet transform or discrete cosine transform. This means that one can
write z = Wx, where x € RY is a sparse or compressible vector and W € RYV*#
is a unitary matrix representing the transform.

The crucial ingredient of the single-pixel camera is a microarray consisting of a
large number of small mirrors that can be turned on or off individually. The light
from the image is reflected on this microarray and a lens combines all the reflected
beams in one sensor, the single pixel of the camera; see Fig. 1.5. Depending on
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Fig. 1.5 Schematic representation of a single-pixel camera (Image courtesy of Rice University)
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a small mirror being switched on or off, it contributes or not to the light intensity
measured at the sensor. In this way, one realizes in hardware the inner product (z, b)
of the image z with a vector b containing ones at the locations corresponding to
switched-on mirrors and zeros elsewhere. In turn, one can also realize inner products
with vectors a containing only +1 and —1 with equal probability by defining two
auxiliary vectors b!, b% € {0, 1} via

J 0 ifaj:—l, J 0 ifajzl,
so that (z,a) = (z,b') — (z,b?). Choosing vectors ai,...,a,, independently
at random with entries taking the values =1 with equal probability, the measured
intensities yo = (z,ay) are inner products with independent Bernoulli vectors.

Therefore, we have y = Az for a (random) Bernoulli matrix A € R™*Y whose
action on the image z has been realized in hardware. Recalling that z = Wx and
writing A’ = AW yield the system

y = A'x,

where the vector x is sparse or compressible. In this situation, the measurements
are taken sequentially, and since this process may be time-consuming, it is desirable
to use only few measurements. Thus, we have arrived at the standard compressive
sensing problem. The latter allows for the reconstruction of x from y and finally
the image is deduced as z = Wx. We will justify in Chap. 9 the validity of the
accurate reconstruction from m > Csln(N/s) measurements for images that are
(approximately) s-sparse in some transform domain.

Although the single-pixel camera is more a proof of concept than a new trend in
camera design, it is quite conceivable that similar devices will be used for different
imaging tasks. In particular, for certain wavelengths outside the visible spectrum, it
is impossible or at least very expensive to build chips with millions of sensor pixels
on an area of only several square millimeters. In such a context, the potential of a
technology based on compressive sensing is expected to really pay off.
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Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a common technology in medical imaging
used for various tasks such as brain imaging, angiography (examination of blood
vessels), and dynamic heart imaging. In traditional approaches (essentially based on
the Shannon sampling theorem), the measurement time to produce high-resolution
images can be excessive (several minutes or hours depending on the task) in clinical
situations. For instance, heart patients cannot be expected to hold their breath for
too long a time, and children are too impatient to sit still for more than about
two minutes. In such situations, the use of compressive sensing to achieve high-
resolution images based on few samples appears promising.

MRI relies on the interaction of a strong magnetic field with the hydrogen
nuclei (protons) contained in the body’s water molecules. A static magnetic field
polarizes the spin of the protons resulting in a magnetic moment. Applying an
additional radio frequency excitation field produces a precessing magnetization
transverse to the static field. The precession frequency depends linearly on the
strength of the magnetic field. The generated electromagnetic field can be detected
by sensors. Imposing further magnetic fields with a spatially dependent strength,
the precession frequency depends on the spatial position as well. Exploiting the fact
that the transverse magnetization depends on the physical properties of the tissue
(for instance, proton density) allows one to reconstruct an image of the body from
the measured signal.

In mathematical terms, we denote the transverse magnetization at position z € R3
by X (z) = | X (z)|e~**®) where | X (z)| is the magnitude and ¢(z) is the phase. The
additional possibly time-dependent magnetic field is designed to depend linearly on
the position and is therefore called gradient field. Denoting by G € R? the gradient
of this magnetic field, the precession frequency (being a function of the position
in R3) can be written as

w(z) = k(B + (G,2z)), zcR>
where B is the strength of the static field and « is a physical constant. With a time-

dependent gradient G : [0, 7] — R?, the magnetization phase ¢(z) = ¢(z, ) is the
integral

¢(z,t) = 271'/1/0 (G(7),z)dT,

where ¢ = 0 corresponds to the time of the radio frequency excitation. We introduce
the function k : [0, T'] — R? defined by

k(t) = /-@/0 G(7)dr.
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The receiver coil integrates over the whole spatial volume and measures the signal
ft) = / X (2)|e 2702 dg = F(|1X]) (k(1)),
R3

where F (| X|)(&)denotes the three-dimensional Fourier transform of the magnitude
| X| of the magnetization. It is also possible to measure slices of a body, in which
case the three-dimensional Fourier transform is replaced by a two-dimensional
Fourier transform.

In conclusion, the signal measured by the MRI system is the Fourier transform
of the spatially dependent magnitude of the magnetization | X | (the image), subsam-
pled on the curve {k(t) : t € [0,T]} C R3. By repeating several radio frequency
excitations with modified parameters, one obtains samples of the Fourier transform
of | X| along several curves ki, ...,k in R3. The required measurement time is
proportional to the number L of such curves, and we would like to minimize this
number L.

A natural discretization represents each volume element (or area element in case
of two-dimensional imaging of slices) by a single voxel (or pixel), so that the
magnitude of the magnetization | X | becomes a finite-dimensional vector x € RV
indexed by Q := [Ni] x [Na] x [N3] with N = card(Q) = N1N2N3 and
[N;] := {1,..., N;}. After discretizing the curves kg, ..., ky, too, the measured
data become samples of the three-dimensional discrete Fourier transform of x, i.e.,

(FX)k = Z zpe T kil /Ny ke Q.
LeQ

Let K C @ with card(K) = m denote a subset of the discretized frequency space
@, which is covered by the trajectories ki, ..., k. Then the measured data vector
y corresponds to

y = RgFx = Ax,

where R g is the linear map that restricts a vector indexed by @ to its indices in K.
The measurement matrix A = R F € C™*N isa partial Fourier matrix. In words,
the vector y collects the samples of the three-dimensional Fourier transform of the
discretized image x on the set K. Since we would like to use a small number m of
samples, we end up with an underdetermined system of equations.

In certain medical imaging applications such as angiography, it is realistic
to assume that the image x is sparse with respect to the canonical basis, so
that we immediately arrive at the standard compressive sensing problem. In the
general scenario, the discretized image x will be sparse or compressible only after
transforming into a suitable domain, using wavelets, for instance—in mathematical
terms, we have x = Wx’ for some unitary matrix W € CV*¥ and some sparse
vector x’ € CV. This leads to the model

y =AY,
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Fig. 1.6 Comparison of a traditional MRI reconstruction (/eft) and a compressive sensing recon-
struction (right). The pictures show a coronal slice through an abdomen of a 3-year-old pediatric
patient following an injection of a contrast agent. The image size was set to 320 x 256 x 160
voxels. The data were acquired using a 32-channel pediatric coil. The acquisition was accelerated
by a factor of 7.2 by random subsampling of the frequency domain. The left image is a traditional
linear reconstruction showing severe artifacts. The right image, a (wavelet-based) compressive
sensing reconstruction, exhibits diagnostic quality and significantly reduced artifacts. The subtle
features indicated with arrows show well on the compressive sensing reconstruction, while almost
disappearing in the traditional one (Image courtesy of Michael Lustig, Stanford University, and
Shreyas Vasanawala, Lucile Packard Children’s Hospital, Stanford University)

with the transformed measurement matrix A’ = AW =Rz FW € C™*N and a
sparse or compressible vector x’ € CV. Again, we arrived at the standard compres-
sive sensing problem.

The challenge is to determine good sampling sets K with small size that still
ensure recovery of sparse images. The theory currently available predicts that
sampling sets K chosen uniformly at random among all possible sets of cardinality
m work well (at least when W is the identity matrix). Indeed, the results of Chap. 12
guarantee that an s-sparse x’ € C¥ can be reconstructed by £;-minimization if
m > CslnN.

Unfortunately, such random sets K are difficult to realize in practice due to
the continuity constraints of the trajectories curves ki, ..., k. Therefore, good
realizable sets K are investigated empirically. One option that seems to work well
takes the trajectories as parallel lines in R? whose intersections with a coordinate
plane are chosen uniformly at random. This gives some sort of approximation to the
case where K is “completely” random. Other choices such as perturbed spirals are
also possible.

Figure 1.6 shows a comparison of a traditional MRI reconstruction technique
with reconstruction via compressive sensing. The compressive sensing reconstruc-
tion has much better visual quality and resolves some clinically important details,
which are not visible in the traditional reconstruction at all.
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Fig. 1.7 Schematic illustration of a radar device measuring distances and velocities of objects

Radar

Compressive sensing can be applied to several radar frameworks. In the one
presented here, an antenna sends out a properly designed electromagnetic wave—
the radar pulse—which is scattered at objects in the surrounding environment, for
instance, airplanes in the sky. A receive antenna then measures an electromagnetic
signal resulting from the scattered waves. Based on the delay of the received signal,
one can determine the distance of an object, and the Doppler effect allows one to
deduce its speed with respect to the direction of view; see Fig. 1.7 for an illustration.

Let us describe a simple finite-dimensional model for this scenario. We de-
note by (Txz); = Zj—k modm the cyclic translation operator on C™ and by
(Myz); = €2™**/™ 2, the modulation operator on C™. The map transforming the
sent signal to the received signal—also called channel—can be expressed as

B= Z 2k, TrMy,
(k,0)€[m]?

where the translations correspond to delay and the modulations to Doppler effect.
The vector x = (x,¢) characterizes the channel. A nonzero entry ¢ occurs if
there is a scattering object present in the surroundings with distance and speed
corresponding to the shift T; and modulation M,. Only a limited number of
scattering objects are usually present, which translates into the sparsity of the
coefficient vector x. The task is now to determine x and thereby to obtain
information about scatterers in the surroundings by probing the channel with a
suitable known radio pulse, modeled in this finite-dimensional setup by a vector
g € C™. The received signal y is given by
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Fig. 1.8 Top left: original 7-sparse coefficient vector (m = 59) in the translation—modulation
(delay-Doppler) plane. Top right: reconstruction by ¢;-minimization using the Alltop window.
Bottom: for comparison, the reconstruction by traditional ¢2-minimization

y=Bg= Z 2, TrMyg = AgX,

(k,£)€[m]?

where the m? columns of the measurement matrix Ag € Cm*m* are equal
to TpMyg, (k,¢) € [m]? Recovering x € C™" from the measured signal y
amounts to solving an underdetermined linear system. Taking the sparsity of x
into consideration, we arrive at the standard compressive sensing problem. The
associated reconstruction algorithms, including ¢;-minimization, apply.

It remains to find suitable radio pulse sequences g € C™ ensuring that x can be
recovered from y = Bg. A popular choice of g is the so-called Allfop vector, which
is defined for prime m > 5 as

g = 627”[3/’”, L€ [m].

We refer to Chap. 5 for more details and to Fig. 1.8 for a numerical example.
Although the Alltop window works well in practice, the theoretical guarantees

currently available are somewhat limited due to the fact that g is deterministic. As an

alternative consistent with the general philosophy of compressive sensing, one can
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choose g € C™ at random, for instance, as a Bernoulli vector with independent +1
entries. In this case, it is known that an s-sparse vector x € C™ can be recovered
from y = Bx € C™ provided s < C'm/ Inm. More information can be found in
the Notes section of Chap. 12.

Sampling Theory

Reconstructing a continuous-time signal from a discrete set of samples is an
important task in many technological and scientific applications. Examples include
image processing, sensor technology in general, and analog-to-digital conversion
appearing, for instance, in audio entertainment systems or mobile communication
devices. Currently, most sampling techniques rely on the Shannon sampling theo-
rem, which states that a function of bandwidth B has to be sampled at the rate 2B
in order to ensure reconstruction.

In mathematical terms, the Fourier transform of a continuous-time signal

f € LY(R) (meaning that/ |f(t)|dt < o) is defined by
R

f(é“):/Rf(t)e‘Wﬁdt, £eR.

We say that f is bandlimited with bandwidth B if f is supported in [—B, B]. The
Shannon sampling theorem states that such f can be reconstructed from its discrete
set of samples { f(k/(2B)), k € Z} via the formula

feOy=>"f (%) sinc(2r Bt — 7k), (1.5)

kEZ

where the sinc function is given by

sint .
sinc(t) = t it #0,
1 ift=0.

To facilitate a comparison with compressive sensing, we also formulate the Shan-
non sampling theorem in a finite-dimensional setting. We consider trigonometric
polynomials of maximal degree M, i.e., functions of the type

M
fey= > xpe™ teo,1]. (1.6)
k=—M
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The degree M serves as a substitute for the bandwidth B. Since the space of
trigonometric polynomials of maximal degree M has dimension N = 2M + 1,
it is expected that f can be reconstructed from N = 2M + 1 samples. Indeed,
Theorem C.1 in the appendix states that

1 2M k k

where the Dirichlet kernel D, is given by

M sin(m(2M + 1)t) .
. —_— it #£0
Dy (t) = E emikt — sin(rt) if¢ #0,
k=—M 2M +1 ift =0.

For dimensionality reasons, it is not possible to reconstruct trigonometric polyno-
mials of maximal degree M from fewer than N = 2M + 1 samples. In practice,
however, the required degree M may be large; hence, the number of samples must
be large, too—sometimes significantly larger than realistic. So the question arises
whether the required number of samples can be reduced by exploiting additional
assumptions. Compressibility in the Fourier domain, for instance, is a reasonable
assumption in many practical scenarios. In fact, if the vector x € C¥ of Fourier
coefficients of f in (1.6) is sparse (or compressible), then few samples do suffice for
exact (or approximate) reconstruction.

Precisely, given a set {t1,...,t,n} C [0, 1] of m sampling points, we can write
the vectory = (f(t¢))72, as

y = Ax (1.7)
where A € C™*¥ is a Fourier-type matrix with entries

Ag_’k :82mkt"7, {= 1,...,
The problem of recovering f from its vector y of m samples reduces to finding
the coefficient vector x. This amounts to solving the linear system (1.7), which
is underdetermined when m < NN. With the sparsity assumption, we arrive at the
standard compressive sensing problem. A number of recovery algorithms, including
¢1-minimization, can then be applied. A crucial question now concerns the choice
of sampling points. As indicated before, randomness helps. In fact, we will see in
Chap. 12 that choosing the sampling points ¢1, . . . , t,,, independently and uniformly
at random in [0, 1] allows one to reconstruct f with high probability from its m
samples f(t1),..., f(tm) provided that m > Csln(N). Thus, few samples suffice
if s is small. An illustrating example was already displayed in Figs. 1.2 and 1.3.
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Sparse Approximation

Compressive sensing builds on the empirical observation that many types of signals
can be approximated by sparse ones. In this sense, compressive sensing can be
seen as a subfield of sparse approximation. There is a specific problem in sparse
approximation similar to the standard compressive sensing problem of recovering
a sparse vector x € C from the incomplete information y = Ax € C™ with
m < N.

Suppose that a vector y € C" (usually a signal or an image in applications) is
to be represented as a linear combination of prescribed elements a;,...,ay € C™
such that span{a;,...,ay} = C™. The system (aj,...,ay) is often called a
dictionary. Note that this system may be linearly dependent (redundant) since we
allow N > m. Redundancy may be desired when linearly independence is too
restrictive. For instance, in time—frequency analysis, bases of time—frequency shifts
elements are only possible if the generator has poor time—frequency concentration—
this is the Balian—-Low theorem. Unions of several bases are also of interest. In
such situations, a representation y = Z;Vﬂ x;a; is not unique. Traditionally, one
removes this drawback by considering a representation with the smallest number of
terms, i.e., a sparsest representation.

Let us now form the matrix A € C™*" with columns ay, ..., ay. Finding the
sparsest representation of y amounts to solving

minimize ||z]|p subjectto Az =1y. (Po)

If we tolerate a representation error 7, then one considers the slightly modified
optimization problem

minimize ||z]|o  subjectto ||Az —y|| < 7. (Po,n)

The problem (Pj) is the same as the one encountered in the previous section.
Both optimization problems (Pg) and (Pg,) are NP-hard in general, but all the
algorithmic approaches presented in this book for the standard compressive sensing
problem, including ¢;-minimization, may be applied in this context to overcome
the computational bottleneck. The conditions on A ensuring exact or approximate
recovery of the sparsest vector x, which will be derived in Chaps. 4, 5, and 6, remain
valid.

There are, however, some differences in philosophy compared to the compressive
sensing problem. In the latter, one is often free to design the matrix A with appropri-
ate properties, while A is usually prescribed in the context of sparse approximation.
In particular, it is not realistic to rely on randomness as in compressive sensing.
Since it is hard to verify the conditions ensuring sparse recovery in the optimal
parameter regime (m linear in s up to logarithmic factors), the theoretical guarantees
fall short of the ones encountered for random matrices. An exception to this rule
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of thumb will be covered in Chap. 14 where recovery guarantees are obtained for
randomly chosen signals.

The second difference between sparse approximation and compressive sensing
appears in the targeted error estimates. In compressive sensing, one is interested
in the error |[x — x*|| at the coefficient level, where x and x* are the original and
reconstructed coefficient vectors, respectively, while in sparse approximation, the
goal is to approximate a given y with a sparse expansion y* = > j ,Tg—aj, SO one is
rather interested in ||y — y*||. An estimate for ||x — x*|| often yields an estimate for
lly — y%|| = [|A(x — x*)||, but the converse is not generally true.

Finally, we briefly describe some signal and image processing applications of
sparse approximation.

e Compression. Suppose that we have found a sparse approximation ¥ = AX of
a signal y with a sparse vector x. Then storing ¥ amounts to storing only the
nonzero coefficients of X. Since X is sparse, significantly less memory is required
than for storing the entries of the original signal y.

* Denoising. Suppose that we observe a noisy version y = y + e of a signal y,
where e represents a noise vector with ||e|| < 7. The task is then to remove the
noise and to recover a good approximation of the original signal y. In general, if
nothing is known about y, this problem becomes ill-posed. However, assuming
that y can be well represented by a sparse expansion, a reasonable approach
consists in taking a sparse approximation of y. More precisely, we ideally choose
the solution X of the fy-minimization problem (P ,) with y replaced by the
known signal y. Then we form y = Ax as the denoised version of y. For a
computationally tractable approach, one replaces the NP-hard problem (P ;) by
one of the compressive sensing (sparse approximation) algorithms, for instance,
the /1 -minimization variant (1.4) which takes noise into account, or the so-called
basis pursuit denoising problem

minimize \||z|; + ||Az — y||3.

* Data Separation. Suppose that a vector y € C™ is the composition of two (or
more) components, say y = y; + yz. Given y, we wish to extract the unknown
vectors y1,y2 € C™. This problem appears in several signal processing tasks.
For instance, astronomers would like to separate point structures (stars, galaxy
clusters) from filaments in their images. Similarly, an audio processing task
consists in separating harmonic components (pure sinusoids) from short peaks.
Without additional assumption, this separation problem is ill-posed. However,
if both components y; and ys have sparse representations in dictionaries
(a1,...,an,) and (by,...,by,) of different nature (for instance, sinusoids and
spikes), then the situation changes. We can then write

N1 Ny
y = @+ Y ;b = Ax,
j=1 i=1
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where the matrix A € C"™*(M+N2) hag columns ay, ..., an,, b, ..., by, and

the vector X = [z11,...,T1,N,,T2,1,---,T2.N,] is sparse. The compressive

sensing methodology then allows one—under certain conditions—to determine
. . _ Ny

the coefficient vector x, hence to derive the two components y1 =} J;, 21 ja;

N2
andy2 =) ;2 22 ;b;.

Error Correction

In every realistic data transmission device, pieces of data are occasionally corrupted.
To overcome this unavoidable issue, one designs schemes for the correction of such
errors provided they do not occur too often.

Suppose that we have to transmit a vector z € R". A standard strategy is to
encode it into a vector v = Bz € R" of length N = n + m, where B € RVx",
Intuitively, the redundancy in B (due to N > n) should help in identifying
transmission errors. The number m reflects the amount of redundancy.

Assume that the receiver measures w = v + x € R, where x represents
transmission error. The assumption that transmission errors do not occur too often
translates into the sparsity of x, say ||x|[o < s. For decoding, we construct a
matrix A € R™*N_called generalized checksum matrix—such that AB = 0,
i.e., all rows of A are orthogonal to all columns of B. We then form the generalized
checksum

y=Aw=A(v+x)=ABz+ Ax = Ax.

We arrived at the standard compressive sensing problem with the matrix A and the
sparse error vector x. Under suitable conditions, the methodology described in this
book allows one to recover x and in turn the original transmit vector v = w — X.
Then one solves the overdetermined system v = Bz to derive the data vector z.
For concreteness of the scheme, we may choose a matrix A € R™*V as a
suitable compressive sensing matrix, for instance, a Gaussian random matrix. Then
we select the matrix B € RV *™ with n+m = N in such a way that its columns span
the orthogonal complement of the row space of A, thus guaranteeing that AB = 0.

With these choices, we are able to correct a number s of transmission errors as large
as Cm/In(N/m).

Statistics and Machine Learning

The goal of statistical regression is to predict an outcome based on certain input
data. It is common to choose the linear model

y = Ax + e,
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where A € R™*N_often called design or predictor matrix in this context—
collects the input data and y the output data and e is a random noise vector. The
vector x is a parameter that has to be estimated from the data. In a statistical
framework, the notation (n, p) is generally used instead of (m, V'), but we keep the
latter for consistency. In a clinical study, e.g., the entries A; j in the row associated to
the jth patient may refer to blood pressure, weight, height, gene data, concentration
of certain markers, etc. The corresponding output y; would be another quantity of
interest, for instance, the probability that jth patient suffers a certain disease. Having
data for m patients, the regression task is to fit the model, i.e., to determine the
parameter vector X.

In practice, the number N of parameters is often much larger than the number m
of observations, so even without noise, the problem of fitting the parameter x is ill-
posed without further assumption. In many cases, however, only a small number of
parameters contribute towards the effect to be predicted, but it is a priori unknown
which of these parameters are influential. This leads to sparsity in the vector X,
and again we arrive at the standard compressive sensing problem. In statistical
terms, determining a sparse parameter vector x corresponds to selecting the relevant
explanatory variables, i.e., the support of x. One also speaks of model selection.

The methods described in this book can be applied in this context, too. Still, there
is a slight deviation from our usual setup due to the randomness of the noise vector e.
In particular, instead of the quadratically constrained ¢;-minimization problem
(1.4), one commonly considers the so-called LASSO (least absolute shrinkage and
selection operator)

minimize |[Az —y|3 subjectto ||z]j; <7 (1.8)

for an appropriate regularization parameter 7 depending on the variance of the noise.
Further variants are the Dantzig selector

minimize ||z||; subjectto |A*(Az —y)|oo < A, (1.9)

or the ¢;-regularized problem (sometimes also called LASSO or basis pursuit de-
noising in the literature)

minimize \||z|; + ||Az — y||3,

again for appropriate choices of . We will not deal with the statistical context any
further, but we simply mention that near-optimal statistical estimation properties can
be shown for both the LASSO and the Dantzig selector under conditions on A that
are similar to the ones of the following chapters.

A closely related regression problem arises in machine learning. Given random
pairs of samples (t;, yj);-”:l, where ¢; is some input parameter vector and y; is a
scalar output, one would like to predict the output y for a future input data ¢. The
model relating the output y to the input ¢ is
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y=f(@)+e,

where e is random noise. The task is to learn the function f based on training
samples (¢;,y;). Without further hypotheses on f, this is an impossible task.
Therefore, we assume that f has a sparse expansion in a given dictionary of
functions ¢, ..., ¥y, i.e., that f is written as

F8) =" wethe(t),
=1

where x is a sparse vector. Introducing the matrix A € R™*" with entries
Aji = i(t;),

we arrive at the model
y = Ax + e,

and the task is to estimate the sparse coefficient vector x. This has the same form
as the problem described above, and the same estimation procedures including the
LASSO and the Dantzig selector apply.

Low-Rank Matrix Recovery and Matrix Completion

Let us finally describe an extension of compressive sensing together with some of
its applications. Rather than recovering a sparse vector x € C, we now aim at
recovering a matrix X € C™ *™2 from incomplete information. Sparsity is replaced
by the assumption that X has low rank. Indeed, the small complexity of the set
of matrices with a given low rank compared to the set of all matrices makes the
recovery of such matrices plausible.

For a linear map A : C"**"2 — C™ with m < njng, suppose that we are given
the measurement vector

y=AX)eC™.
The task is to reconstruct X from y. To stand a chance of success, we assume that X
has rank at most r < min{ny,ns}. The naive approach of solving the optimization

problem

minimize rank(Z) subjectto A(Z) =y
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is NP-hard, but an analogy with the compressive sensing problem will help. To
illustrate this analogy, we consider the singular value decomposition of X, i.e.,

n
X = E O’ZUZV?.
=1

Here, n = min{nj,ns}, o1 > 09 > -0, > 0 are the singular values of X, and
uy € C*, vy, € C™ are the left and right singular vectors, respectively. We refer
to Appendix A.2 for details. The matrix X is of rank r if and only if the vector
o = o(X) of singular values is r-sparse, i.e., rank(X) = |o(X)||o. Having the
¢1-minimization approach for compressive sensing in mind, it is natural to introduce
the so-called nuclear norm as the ¢1-norm of the singular values, i.e.,

n

X[ = o X) [ =D oe(X).

{=1

Then we consider the nuclear norm minimization problem
minimize ||Z||. subjectto A(Z) =y. (1.10)

This is a convex optimization problem which can be solved efficiently, for instance,
after reformulation as a semidefinite program.

A theory very similar to the recovery of sparse vectors can be developed, and
appropriate conditions on .4 ensure exact or approximate recovery via nuclear norm
minimization (and other algorithms). Again, random maps .4 turn out to be optimal,
and matrices X of rank at most r can be recovered from m measurements with high
probability provided

m > Crmax{ni,na}.

This bound is optimal since the right-hand side corresponds to the number of degrees
of freedom required to describe an n; X ng matrix of rank r. In contrast to the vector
case, there is remarkably no logarithmic factor involved.

As a popular special case, the matrix completion problem seeks to fill in missing
entries of a low-rank matrix. Thus, the measurement map .4 samples the entries
A(X), = X for some indices j, k depending on ¢. This setup appears, for
example, in consumer taste prediction. Assume that an (online) store sells products
indexed by the rows of the matrix and consumers—indexed by the columns—are
able to rate these products. Not every consumer will rate every product, so only a
limited number of entries of this matrix are available. For purposes of individualized
advertisement, the store is interested in predicting the whole matrix of consumer
ratings. Often, if two customers both like some subset of products, then they will
also both like or dislike other subsets of products (the “types” of customers are
essentially limited). For this reason, it can be assumed that the matrix of ratings
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has (at least approximately) low rank, which is confirmed empirically. Therefore,
methods from low-rank matrix recovery, including the nuclear norm minimization
approach, apply in this setup.

Although certainly interesting, we will not treat low-rank recovery extensively
in this book. Nevertheless, due to the close analogy with sparse recovery, the main
results are covered in exercises, and the reader is invited to work through them.

1.3 Overview of the Book

Before studying the standard compressive sensing problem on a technical level, it is
beneficial to draw a road map of the basic results and solving strategies presented in
this book.

As previously revealed, the notions of sparsity and compressibility are at the
core of compressive sensing. A vector x € C¥ is called s-sparse if it has at most
s nonzero entries, in other words, if ||x||o := card({j : ; # 0}) is smaller than
or equal to s. The notation ||x||o has become customary, even though it does not
represent a norm. In practice, one encounters vectors that are not exactly s-sparse
but compressible in the sense that they are well approximated by sparse ones. This
is quantified by the error of best s-term approximation to x given by

0s(X)p = IIZiHIisz l[x — 2]

Chapter 2 introduces these notions formally, establishes relations to weak
£p-quasinorms, and shows elementary estimates for the error of best s-term
approximation, including

1
05(x)2 < Sl/p—,l/QHX”pv p<2 (1.11)

This suggests that unit balls in the £,-quasinorm for small p < 1 are good models
for compressible vectors. We further study the problem of determining the minimal
number m of measurements—namely, m = 2s—required (at least in principle)
to recover all s-sparse vectors x from y = Ax with a matrix A € C™*V,
It is remarkable that the actual length N of the vectors x does not play any role.
The basic recovery procedure associated to this first recovery guarantee is the
fp-minimization, i.e.,

minimize ||z|lo subjectto Az =y.
We will show in Sect. 2.3 that the {y-minimization is NP-hard by relating it to

the exact cover by 3-sets problem, which is known to be NP-complete. Thus,
{yp-minimization is intractable in general, hence useless for practical purposes.
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In order to circumvent the computational bottleneck of ¢y-minimization, we
introduce several tractable alternatives in Chap. 3. Here, rather than a detailed
analysis, we only present some intuitive justification and elementary results for
these recovery algorithms. They can be subsumed under roughly three categories:
optimization methods, greedy methods, and thresholding-based methods. The op-
timization approaches include the ¢;-minimization (1.2) (also called basis pursuit)
and the quadratically constrained ¢; -minimization (1.4) (sometimes also called basis
pursuit denoising in the literature), which takes potential measurement error into
account. These minimization problems can be solved with various methods from
convex optimization such as interior-point methods. We will also present specialized
numerical methods for /1-minimization later in Chap. 15.

Orthogonal matching pursuit is a greedy method that builds up the support set of
the reconstructed sparse vector iteratively by adding one index to the current support
set at each iteration. The selection process is greedy because the index is chosen
to minimize the residual at each iteration. Another greedy method is compressive
sampling matching pursuit (CoSaMP). At each iteration, it selects several elements
of the support set and then refines this selection.

The simple recovery procedure known as basic thresholding determines the
support set in one step by choosing the s indices maximizing the correlations
|(x,a;)| of the vector x with the columns of A. The reconstructed vector is obtained
after an orthogonal projection on the span of the corresponding columns. Although
this method is very fast, its performance is limited. A more powerful method is
iterative hard thresholding. Starting with x° = 0, say, it iteratively computes

Xn+1 _ Hs (xn +A*(y _ AXn)),

where H, denotes the hard thresholding operator that keeps the s largest absolute
entries of a vector and sets the other entries to zero. In the absence of the operator
H;, this is well known in the area of inverse problems as Landweber iterations.
Applying H ensures sparsity of x™ at each iteration. We will finally present the
hard thresholding pursuit algorithm which combines iterative hard thresholding
with an orthogonal projection step.

Chapter 4 is devoted to the analysis of basis pursuit (¢;-minimization). First, we
derive conditions for the exact recovery of sparse vectors. The null space property
of order s is a necessary and sufficient condition (on the matrix A) for the success
of exact recovery of all s-sparse vectors x from y = Ax via ¢;-minimization. It
basically requires that every vector in the null space of A is far from being sparse.
This is natural, since a nonzero vector x € ker A cannot be distinguished from
the zero vector using y = Ax = 0. Next, we refine the null space property—
introducing the stable null space property and the robust null space property—to
ensure that /;-recovery is stable under sparsity defect and robust under measurement
error. We also derive conditions that ensure the ¢;-recovery of an individual sparse
vector. These conditions (on the vector x and the matrix A) are useful in later
chapters to establish so-called nonuniform recovery results for randomly chosen
measurement matrices. The chapter is brought to an end with two small detours.
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The first one is a geometric interpretation of conditions for exact recovery. The
second one considers low-rank recovery and the nuclear norm minimization (1.10).
The success of the latter is shown to be equivalent to a suitable adaptation of the null
space property. Further results concerning low-rank recovery are treated in exercises
spread throughout the book.

The null space property is not easily verifiable by a direct computation. The
coherence, introduced in Chap. 5, is a much simpler concept to assess the quality of
a measurement matrix. For A € C™*¥ with f5-normalized columns ay, . .., ay, it
is defined as

pi= rygg|<aj,ak>l-

We also introduce the ¢;-coherence function p; as a slight refinement of the
coherence. Ideally, the coherence ;1 of a measurement matrix should be small. A
fundamental lower bound on x (a related bound on w1 holds, too) is

ps N=m
m(N —1)

For large N, the right-hand side scales like 1/1/m. The matrices achieving this
lower bound are equiangular tight frames. We investigate conditions on m and N
for the existence of equiangular tight frames and provide an explicit example of an
m x m? matrix (m being prime) with near-minimal coherence. Finally, based on the
coherence, we analyze several recovery algorithms, in particular ¢;-minimization
and orthogonal matching pursuit. For both of them, we obtain a verifiable sufficient
condition for the recovery of all s-sparse vectors x from y = Ax, namely,

(2s —Du < 1.

Consequently, for a small enough sparsity, the algorithms are able to recover sparse
vectors from incomplete information. Choosing a matrix A € C™*" with near-
minimal coherence of order ¢/+/m (which imposes some mild conditions on N),
s-sparse recovery is achievable with m of order s2. In particular, s-sparse recovery
is achievable from incomplete information (m < IN) when s is small (s < VN).
As already outlined, this can be significantly improved. In fact, we will see in later
chapters that the optimal order for m is sln(N/s). But for now the lower bound
p > ¢/+/m implies that the coherence-based approach relying on (2s — 1)u < 1
necessitates

m > Cs®. (1.12)
This yields a number of measurements that scale quadratically in the sparsity rather

than linearly (up to logarithmic factors). However, the coherence-based approach
has the advantage of simplicity (the analysis of various recovery algorithms is
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relatively short) and of availability of explicit (deterministic) constructions of
measurement matrices.

The concept of restricted isometric property (RIP) proves very powerful to
overcome the quadratic bottleneck (1.12). The restricted isometry constant d5 of
amatrix A € C™*V is defined as the smallest § > 0 such that

(1—9)|x||3 < [|Ax[]3 < (14 6)|)x[|3 for all s-sparse x.

Informally, the matrix A is said to possess the RIP if d4 is small for sufficiently
large s. The RIP requires all submatrices formed by s columns of A to be well
conditioned, since Ax = A gxg whenever x € C¥ is supported on a set S of size
s. Here, Ag € C™** denotes the submatrix formed with columns of A indexed by
S and xg € C® denotes the restriction of x to S.

Chapter 6 starts with basic results on the restricted isometry constants. For
instance, there is the relation do = p with the coherence when the columns
of A are /y-normalized. In this sense, restricted isometry constants generalize
the coherence by considering all s-tuples rather than all pairs of columns. Other
relations include the simple (and quite pessimistic) bound §; < (s — 1)u, which can
be derived directly from Gershgorin’s disk theorem.

We then turn to the analysis of the various recovery algorithms based on the
restricted isometry property of A. Typically, under conditions of the type

Ors < O (1.13)

for some integer x and some threshold 0. <1 (both depending only on the
algorithm), every s-sparse vector x is recoverable from y = Ax. The table below
summarizes the sufficient conditions for basis pursuit, iterative hard thresholding,
hard thresholding pursuit, orthogonal matching pursuit, and compressive sampling
matching pursuit.

BP IHT HTP OMP CoSaMP
025 < 0.6248 03s < 0.5773 035 < 0.5773 0135 < 0.1666 045 < 0.4782

Moreover, the reconstructions are stable when sparsity is replaced by compressibil-
ity and robust when measurement error occurs. More precisely, denoting by x* the
output of the above algorithms run with y = Ax + e and ||e|2 < n, the error
estimates

— <t < Js(x)l
Ix = x|l < C /s + Dn, (1.14)
Ix — x*||1 < Coy(x)1 + Dv/sn, (1.15)

hold for all x € CV with absolute constants C, D > 0.
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At the time of writing, finding explicit (deterministic) constructions of matrices
satisfying (1.13) in the regime where m scales linearly in s up to logarithmic factors
is an open problem. The reason lies in the fact that usual tools (such as Gersh-
gorin’s theorem) to estimate condition numbers essentially involve the coherence
(or £;-coherence function), as in d,,s < (ks — 1)u. Bounding the latter by a fixed 0.
still faces the quadratic bottleneck (1.12).

We resolve this issue by passing to random matrices. Then a whole new set of
tools from probability theory becomes available. When the matrix A is drawn at
random, these tools enable to show that the restricted isometry property or other
conditions ensuring recovery hold with high probability provided m > C'sIn(N/s).
Chapters 7 and 8 introduce all the necessary background on probability theory.

We start in Chap. 7 by recalling basic concepts such as expectation, moments,
Gaussian random variables and vectors, and Jensen’s inequality. Next, we treat the
relation between the moments of a random variable and its tails. Bounds on the
tails of sums of independent random variables will be essential later, and Cramér’s
theorem provides general estimates involving the moment generating functions of
the random variables. Hoeffding’s inequality specializes to the sum of indepen-
dent bounded mean-zero random variables. Gaussian and Rademacher/Bernoulli
variables (the latter taking the values +1 or —1 with equal probability) fall into
the larger class of subgaussian random variables, for which we also present basic
results. Finally, Bernstein inequalities refine Hoeffding’s inequality by taking into
account the variance of the random variables. Furthermore, they extend to possibly
unbounded subexponential random variables.

For many compressive sensing results with Gaussian or Bernoulli random
matrices—that is, for large parts of Chaps. 9 and 11, including bounds for the
restricted isometry constants—the relatively simple tools of Chap. 7 are already
sufficient. Several topics in compressive sensing, however, notably the analysis of
random partial Fourier matrices, build on more advanced tools from probability
theory. Chapter 8 presents the required material. For instance, we cover Rademacher
sums of the form . €ja; where the ¢; = =1 are independent Rademacher
variables and the symmetrization technique leading to such sums. Khintchine in-
equalities bound the moments of Rademacher sums. The noncommutative Bernstein
inequality provides a tail bound for the operator norm of independent mean-
zero random matrices. Dudley’s inequality bounds the expected supremum over a
family of random variables by a geometric quantity of the set indexing the family.
Concentration of measure describes the high-dimensional phenomenon which sees
functions of random vectors concentrating around their means. Such a result is
presented for Lipschitz functions of Gaussian random vectors.

With the probabilistic tools at hand, we are prepared to study Gaussian,
Bernoulli, and more generally subgaussian random matrices in Chap. 9. A crucial
ingredient for the proof of the restricted isometry property is the concentration
inequality

P([[lAxI5 — [Ix]I3] > t|x]3) < 2exp(—cmt?), (1.16)



28 1 An Invitation to Compressive Sensing

valid for any fixed x € RY and ¢t € (0, 1) with a random draw of a properly scaled
m x N subgaussian random matrix A. Using covering arguments—in particular,
exploiting bounds on covering numbers from Appendix C.2—we deduce that the
restricted isometry constants satisfy d; < § with high probability provided

m > C6 ?sIn(eN/s). (1.17)

The invariance of the concentration inequality under orthogonal transformations
implies that subgaussian random matrices are universal in the sense that they allow
for the recovery of vectors that are sparse not only in the canonical basis but also in
an arbitrary (but fixed) orthonormal basis.

In the special case of Gaussian random matrices, one can exploit refined methods
not available in the subgaussian case, such as Gordon’s lemma and concentration of
measure. We will deduce good explicit constants in the nonuniform setting where
we only target recovery of a fixed s-sparse vector using a random draw of an m x N
Gaussian matrix. For large dimensions, we roughly obtain that

m > 2s1n(N/s)

is sufficient to recover an s-sparse vector using ¢;-minimization; see Chap. 9 for
precise statements. This is the general rule of thumb reflecting the outcome of
empirical tests, even for nongaussian random matrices—although the proof applies
only to the Gaussian case.

We close Chap. 9 with a detour to the Johnson-Lindenstrauss lemma which
states that a finite set of points in a large dimensional space can be mapped to a
significantly lower-dimensional space while almost preserving all mutual distances
(no sparsity assumption is involved here). This is somewhat equivalent to the
concentration inequality (1.16). In this sense, the Johnson—-Lindenstrauss lemma
implies the RIP. We will conversely show that if a matrix satisfies the RIP, then
randomizing the signs of its column yields a Johnson—Lindenstrauss embedding
with high probability.

In Chap. 10, we show that the number of measurements (1.3) for sparse recovery
using subgaussian random matrices is optimal. This is done by relating the standard
compressive sensing problem to Gelfand widths of ¢;-balls. More precisely, for a
subset K of a normed space X = (R”,| - ||) and for m < N, we introduce the
quantity

E"™(K,X):= inf{sup [x — A(Ax)|, A e R™*N A R™ — RN}.
xeK

It quantifies the worst-case reconstruction error over K of optimal measure-
ment/reconstruction schemes in compressive sensing. The Gelfand width of K is
defined as

d™(K,X) := inf{ sup x|l AGRmXN}.
x€KnNker A
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If K = —K and K + K C aK for some constant a, as it is the case with ¢ = 2 for
the unit ball of some norm, then

d™(K,X) < E™(K,X) < ad™ (K, X).

Since by (1.11) unit balls K = BZ])V in the N-dimensional £,-space, p < 1, are good
models for compressible vectors, we are led to study their Gelfand widths. For ease
of exposition, we only cover the case p = 1. An upper bound for E™ (B (YY),
and thereby for d™ (B, 1Y), can be easily derived from the error estimate (1.14)
combined with the number of measurements that ensure the RIP for subgaussian
random matrices. This gives

1/2
(B ) somm{l,M} ,
m

We derive the matching lower bound

1/2
dm(B{V,féV)Zcmin{l,M} )

m
and we deduce that the bound (1.17) is necessary to guarantee the existence of a
stable scheme for s-sparse recovery. An intermediate step in the proof of this lower
bound is of independent interest. It states that a necessary condition on the number
of measurements to guarantee that every s-sparse vector x is recoverable from
y = Ax via £;-minimization (stability is not required) is

m > Csln(eN/s). (1.18)

The error bound (1.14) includes the term o5 (x)1/+/S, although the error is measured
in £2-norm. This raises the question of the possibility of an error bound with the term
0s(x)2 on the right-hand side. Chapter 11 investigates this question and the more
general question of the existence of pairs of measurement matrix A € R™*¥ and
reconstruction map A : R™ — R satisfying

C
HX—A(AX)Hq S Sl/p—_l/qUS(X)p fOI'aHXERN.

This bound is referred to as mixed ({y,{,)-instance optimality and simply as
£p-instance optimality when g = p. The ¢;-instance optimality implies the familiar
bound m > Csln(eN/s). However, >-instance optimality necessarily leads to

m > ¢cN.

This regime of parameters is not interesting in compressive sensing. However, we
may ask for less, namely, that the error bound in /3 holds in a nonuniform setting,
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i.e., for fixed x with high probability on a draw of a subgaussian random matrix A.
As it turns out, with A; denoting the ¢;-minimization map, the error bound

[x — A1(Ax)[2 < Cos(x)2

does hold with high probability under the condition m > C's In(eN /s). The analysis
necessitates the notion of ¢;-quotient property. It is proved for Gaussian random
matrices, and a slight variation is proved for subgaussian random matrices.

In addition, Chap. 11 investigates a question about measurement error. When it
is present, one may use the quadratically constrained ¢;-minimization

minimize ||z||; subjectto ||Az —y|2 < 7,

yet this requires an estimation of the noise level 7 (other algorithms do not require an
estimation of 7, but they require an estimation of the sparsity level s instead). Only
then are the error bounds (1.14) and (1.15) valid under RIP. We will establish that,
somewhat unexpectedly, the equality-constrained ¢;-minimization (1.2) can also
be performed in the presence of measurement error using Gaussian measurement
matrices. Indeed, the ¢;-quotient property implies the same reconstruction bounds
(1.14) and (1.15) even without knowledge of the noise level 7.

Subgaussian random matrices are of limited practical use, because specific
applications may impose a structure on the measurement matrix that totally random
matrices lack. As mentioned earlier, deterministic measurement matrices providing
provable recovery guarantees are missing from the current theory. This motivates the
study of structured random matrices. In Chap. 12, we investigate a particular class
of structured random matrices arising in sampling problems. This includes random
partial Fourier matrices.

Let (¢1,....1n) be a system of complex-valued functions which are orthonor-
mal with respect to some probability measure v on a set D, i.e.,

/ G (O BR@ A (E) = 65
D

We call this system a bounded orthonormal system if there exists a constant i > 1
(ideally independent of V) such that

sup_sup [ (1)] < K.
1<j<N teD

A particular example is the trigonometric system where v;(t) = e?™" for

j € I' C Z with card(I') = N, in which case K = 1. We consider functions
in the span of a bounded orthonormal system, i.e.,

N
HOEDIERIOL
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and we assume that the coefficient vector x € CY is sparse. The task is to reconstruct
f (or equivalently x) from sample values at locations ¢4, . . ., t,,,, namely,

N
yr = f(tr) = Z$j¢j(tk)-

(meN

Introducing the sampling matrix A € with entries

Ajr = P;(te), (1.19)

the vector of samples is given by y = Ax. We are back to the standard compressive
sensing problem with a matrix A taking this particular form. Randomness enters the
picture by way of the sampling locations ¢y, . . . , t,,, which are chosen independently
at random according to the probability measure v. This makes A a structured
random matrix. Before studying its performance, we relate this sampling setup with
discrete uncertainty principles and establish performance limitations. In the context
of the Hadamard transform, in slight contrast to (1.18), we show that now at least
m > C'sIn N measurements are necessary.

Deriving recovery guarantees for the random sampling matrix A in (1.19) is
more involved than for subgaussian random matrices where all the entries are
independent. In fact, the matrix A has m/N entries, but it is generated only by
m independent random variables. We proceed by increasing level of difficulty and
start by showing nonuniform sparse recovery guarantees for £;-minimization. The
number of samples allowing one to recover a fixed s-sparse coefficient vector x with
high probability is then m > CK?sIn N.

The bound for the restricted isometry constants of the random sampling matrix
A in (1.19) is a highlight of the theory of compressive sensing. It states that 65 <
with high probability provided

m > CK?* 2sIn*(N).

We close Chap. 12 by illustrating some connections to the A;-problem from
harmonic analysis.

A further type of measurement matrix used in compressive sensing is considered
in Chap. 13. It arises as the adjacency matrix of certain bipartite graphs called
lossless expanders. Hence, its entries take only the values 0 and 1. The existence
of lossless expanders with optimal parameters is shown via probabilistic (combi-
natorial) arguments. We then show that the m x N adjacency matrix of a lossless
expander allows for uniform recovery of all s-sparse vectors via ¢;-minimization
provided that

m > Csln(N/s).

Moreover, we present two iterative reconstruction algorithms. One of them has
the remarkable feature that its runtime is sublinear in the signal length N; more
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precisely, its execution requires O(s? In® N ) operations. Since only the locations
and the values of s nonzero entries need to be identified, such superfast algorithms
are not implausible. In fact, sublinear algorithms are possible in other contexts, too,
but they are always designed together with the measurement matrix A.

In Chap. 14, we follow a different approach to sparse recovery guarantees by
considering a fixed (deterministic) matrix A and choosing the s-sparse vector x at
random. More precisely, we select its support set .S uniformly at random among
all subsets of [N] = {1,2,..., N} with cardinality s. The signs of the nonzero
coefficients of x are chosen at random as well, but their magnitudes are kept
arbitrary. Under a very mild condition on the coherence p of A € C™*¥ namely,

c
< 1.20
R e (1.20)
and under the condition
A
SMAlene e (1.21)

N “InN’

the vector x is recoverable from y = Ax via /1-minimization with high probability.
The (deterministic or random) matrices A usually used in compressive sensing and
signal processing, for instance, tight frames, obey (1.21) provided

m > Csln N. (1.22)

Since (1.20) is also satisfied for these matrices, we again obtain sparse recovery in
the familiar parameter regime (1.22). The analysis relies on the crucial fact that a
random column submatrix of A is well conditioned under (1.20) and (1.21). We note
that this random signal model may not always reflect the type of signals encountered
in practice, so the theory for random matrices remains important. Nevertheless, the
result for random signals explains the outcome of numerical experiments where the
signals are often constructed at random.

The ¢;-minimization principle (basis pursuit) is one of the most powerful sparse
recovery methods—as should have become clear by now. Chapter 15 presents a
selection of efficient algorithms to perform this optimization task in practice (the
selection is nonexhaustive, and the algorithms have been chosen not only for their
efficiency but also for their simplicity and diversity). First, the homotopy method
applies to the real-valued case A € R™*" y € R™. For a parameter A > 0, we
consider the functional

1
Fa(x) = 5l A% = yl3 + Al

Its minimizer x) converges to the minimizer x* of the equality-constrained
{1-minimization problem (1.2). The map A — x turns out to be piecewise linear.
The homotopy method starts with a sufficiently large A, for which x), = 0, and
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traces the endpoints of the linear pieces until A\ = 0%, for which x, = x*. At each
step of the algorithm, an element is added or removed from the support set of the
current minimizer. Since one mostly adds elements to the support, this algorithm is
usually very efficient for small sparsity.

As a second method, we treat Chambolle and Pock’s primal—dual algorithm. This
algorithm applies to a large class of optimization problems including
{1-minimization. It consists of a simple iterative procedure which updates a primal,
a dual, and an auxiliary variable at each step. All of the computations are easy to
perform. We show convergence of the sequence of primal variables generated by
the algorithm to the minimizer of the given functional and outline its specific form
for three types of ¢1-minimization problems. In contrast to the homotopy method, it
applies also in the complex-valued case.

Finally, we discuss a method that iteratively solves weighted ¢2-minimization
problems. The weights are suitably updated in each iteration based on the solution of
the previous iteration. Since weighted ¢5-minimization can be performed efficiently
(in fact, this is a linear problem), each step of the algorithm can be computed
quickly. Although this algorithm is strongly motivated by ¢;-minimization, its con-
vergence to the ¢;-minimizer is not guaranteed. Nevertheless, under the null space
property of the matrix A (equivalent to sparse recovery via ¢1-minimization), we
show that the iteratively reweighted least squares algorithm recovers every s-sparse
vector from y = Ax. Recovery is stable when passing to compressible vectors.
Moreover, we give an estimate of the convergence rate in the exactly sparse case.

The book is concluded with three appendices. Appendix A covers background
material from linear algebra and matrix analysis, including vector and matrix norms,
eigenvalues and singular values, and matrix functions. Basic concepts and results
from convex analysis and convex optimization are presented in Appendix B. We also
treat matrix convexity and present a proof of Lieb’s theorem on the concavity of the
matrix function X — tr exp(H + InX) on the set of positive definite matrices.
Appendix C presents miscellaneous material including covering numbers, Fourier
transforms, elementary estimates on binomial coefficients, the Gamma function and
Stirling’s formula, smoothing of Lipschitz functions via convolution, distributional
derivatives, and differential inequalities.

Notation is usually introduced when it first appears. Additionally, a collection of
symbols used in the text can be found on pp. 589. All the constants in this book are
universal unless stated otherwise. This means that they do not depend on any other
quantity. Often, the value of a constant is given explicitly or it can be deduced from
the proof.

Notes

The field of compressive sensing was initiated with the papers [94] by Candes,
Romberg, and Tao and [152] by Donoho who coined the term compressed sensing.
Even though there have been predecessors on various aspects of the field, these
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papers seem to be the first ones to combine the ideas of ¢;-minimization with a
random choice of measurement matrix and to realize the effectiveness of this com-
bination for solving underdetermined systems of equations. Also, they emphasized
the potential of compressive sensing for many signal processing tasks.

We now list some of the highlights from preceding works and earlier develop-
ments connected to compressive sensing. Details and references on the advances of
compressive sensing itself will be given in the Notes sections at the end of each
subsequent chapter. References [29, 84, 100, 182,204, 411, 427] provide overview
articles on compressive sensing.

Arguably, the first contribution connected to sparse recovery was made by de
Prony [402] as far back as 1795. He developed a method for identifying the
frequencies w; € R and the amplitudes z; € C in a nonharmonic trigonometric
sum of the form f(t) = °_, x;e*™“s". His method takes equidistant samples
and solves an eigenvalue problem to compute the w;. This method is related to
Reed-Solomon decoding covered in the next chapter; see Theorem 2.15. For more
information on the Prony method, we refer to [344,401].

The use of ¢;-minimization appeared in the 1965 Ph.D. thesis [332] of Logan
in the context of sparse frequency estimation, and an early theoretical work on
L;-minimization is the paper [161] by Donoho and Logan. Geophysicists observed
in the late 1970s that ¢ -minimization can be successfully used to compute a sparse
reflection function indicating changes between subsurface layers [441, 469]. The
use of total-variation minimization, which is closely connected to ¢;-minimization,
appeared in the 1990s in the work on image processing by Rudin, Osher, and Fatemi
[436]. The use of ¢;-minimization and related greedy methods in statistics was
greatly popularized by the work of Tibshirani [473] on the LASSO (Least Absolute
Shrinkage and Selection Operator).

The theory of sparse approximation and associated algorithms began in the 1990s
with the papers [114,342,359]. The theoretical understanding of conditions allowing
greedy methods and ¢; -minimization to recover the sparsest solution developed with
the work in [155, 158, 181,215,224,239,476,479].

Compressive sensing has connections with the area of information-based com-
plexity which considers the general question of how well functions f from a class F
can be approximated from m sample values or more generally from the evaluation
of m linear or nonlinear functionals applied to f; see [474]. The optimal recovery
error defined as the maximal reconstruction error for the best sampling and recovery
methods over all functions in the class F is closely related to the so-called Gelfand
width of F [370]; see also Chap. 10. Of particular interest in compressive sensing is
the /1-ball B{V in RY. Famous results due to Kashin [299] and Gluskin and Garnaev
[219,227] sharply bound the Gelfand widths of B{V from above and below; see also
Chap. 10. Although the original interest of Kashin was to estimate m-widths of
Sobolev classes, these results give precise performance bounds on how well any
method may recover (approximately) sparse vectors from linear measurements. It
is remarkable that [219, 299] already employed Bernoulli and Gaussian random
matrices in ways similar to their use in compressive sensing (see Chap. 9).
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In computer science, too, sparsity appeared before the advent of compressive
sensing through the area of sketching. Here, one is not only interested in recovering
huge data sets (such as data streams on the Internet) from vastly undersampled data,
but one requires in addition that the associated algorithms have sublinear runtime
in the signal length. There is no a priori contradiction in this desideratum because
one only needs to report locations and values of nonzero entries. Such algorithms
often use ideas from group testing [173], which dates back to World War II, when
Dorfman [171] devised an efficient method for detecting draftees with syphilis. One
usually designs the matrix and the fast algorithm simultaneously [131,225] in this
setup. Lossless expanders as studied in Chap. 13 play a key role in some of the
constructions [41]. Quite remarkably, sublinear algorithms are also available for
sparse Fourier transforms [223,261,262,287,288,519].

Applications of Compressive Sensing. We next provide comments and references
on the applications and motivations described in Sect. 1.2.

Single-pixel camera. The single-pixel camera was developed by Baraniuk and
coworkers [174] as an elegant proof of concept that the ideas of compressive sensing
can be implemented in hardware.

Magnetic resonance imaging. The initial paper [94] on compressive sensing was
motivated by medical imaging—although Candes et al. have in fact treated the
very similar problem of computerized tomography. The application of compressive
sensing techniques to magnetic resonance imaging (MRI) was investigated in
[255, 338, 358, 497]. Background on the theoretical foundations of MRI can be
found, for instance, in [252, 267, 512]. Applications of compressive sensing to
the related problem of nuclear magnetic resonance spectroscopy are contained in
[278,447]. Background on the methods related to Fig. 1.6 is described in the work
of Lustig, Vasanawala and coworkers [358,497].

Radar. The particular radar application outlined in Sect. 1.2 is described in more
detail in [268]. The same mathematical model appears also in sonar and in
the channel estimation problem of wireless communications [384, 385, 412]. The
application of compressive sensing to other radar scenarios can be found, for
instance, in [185, 189, 283,397,455].

Sampling theory. The classical sampling theorem (1.5) can be associated with the
names of Shannon, Nyquist, Whittaker, and Kotelnikov. Sampling theory is a broad
and well-developed area. We refer to [39,195,271,272,294] for further information
on the classical aspects. The use of sparse recovery techniques in sampling problems
appeared early in the development of the compressive sensing theory [94, 97, 408,
409,411, 416]. In fact, the alternative name compressive sampling indicates that
compressive sensing can be viewed as a part of sampling theory—although it draws
from quite different mathematical tools than classical sampling theory itself.

Sparse approximation. The theory of compressive sensing can also be viewed as
a part of sparse approximation with roots in signal processing, harmonic analysis
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[170], and numerical analysis [122]. A general source for background on sparse
approximation and its applications are the books [179,451,472] as well as the survey
paper [73].

The principle of representing a signal by a small number of terms in a suitable
basis in order to achieve compression is realized, for instance, in the ubiquitous
compression standards JPEG, MPEG, and MP3. Wavelets [137] are known to
provide a good basis for images, and the analysis of the best (nonlinear) approxi-
mation reaches into the area of function spaces, more precisely Besov spaces [508].
Similarly, Gabor expansions [244] may compress audio signals. Since good Gabor
systems are always redundant systems (frames) and never bases, computational
tools to compute the sparsest representation of a signal are essential. It was realized
in [342, 359] that this problem is in general NP-hard. The greedy approach via
orthogonal matching pursuit was then introduced in [342] (although it had appeared
earlier in different contexts), while basis pursuit (¢/1-minimization) was introduced
in [114].

The use of the uncertainty principle for deducing a positive statement on the
data separation problem with respect to the Fourier and canonical bases appeared in
[163,164]. For further information on the separation problem, we refer the reader to
[92,158,160,181,238,331,482]. Background on denoising via sparse representations
can be found in [105, 150, 159, 180,407,450].

The analysis of conditions allowing algorithms such as ¢;-minimization or
orthogonal matching pursuit to recover the sparsest representation has started with
the contributions [155-158,224,476,479], and these early results are the basis for
the advances in compressive sensing.

Error correction. The idealized setup of error correction and the compressive
sensing approach described in Sect. 1.2 appeared in [96, 167, 431]. For more
background on error correction, we refer to [282].

Statistics and machine learning. Sparsity has a long history in statistics and
in linear regression models in particular. The corresponding area is sometimes
referred to as high-dimensional statistics or model selection because the support
set of the coefficient vector x determines the relevant explanatory variables and
thereby selects a model. Stepwise forward regression methods are closely related
to greedy algorithms such as (orthogonal) matching pursuit. The LASSO, i.e., the
minimization problem (1.8), was introduced by Tibshirani in [473]. Candes and
Tao have introduced the Dantzig selector (1.9) in [98] and realized that methods of
compressive sensing (the restricted isometry property) are useful for the analysis of
sparse regression methods. We refer to [48] and the monograph [76] for details. For
more information on machine learning, we direct the reader to [18, 133, 134,444].
Connections between sparsity and machine learning can be found, for instance, in
[23,147,513].

Low-rank matrix recovery. The extension of compressive sensing to the recovery
of low-rank matrices from incomplete information emerged with the papers [90, 99,
418]. The idea of replacing the rank minimization problem by the nuclear norm
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minimization appeared in the Ph.D. thesis of Fazel [190]. The matrix completion
problem is treated in [90, 99,417] and the more general problem of quantum state
tomography in [245,246,330].

Let us briefly mention further applications and relations to other fields.

In inverse problems, sparsity has also become an important concept for regu-
larization methods. Instead of Tikhonov regularization with a Hilbert space norm
[186], one uses an ¢;-norm regularization approach [138,406]. In many practical
applications, this improves the recovered solutions. Ill-posed inverse problems
appear, for instance, in geophysics where ¢;-norm regularization was already used
in [441,469] but without rigorous mathematical theory at that time. We refer to the
survey papers [269,270] dealing with compressive sensing in seismic exploration.

Total-variation minimization is a classical and successful approach for image
denoising and other tasks in image processing [104, 106, 436]. Since the total
variation is the ¢;-norm of the gradient, the minimization problem is closely related
to basis pursuit. In fact, the motivating example for the first contribution [94]
of Candes, Romberg, and Tao to compressive sensing came from total-variation
minimization in computer tomography. The restricted isometry property can be
used to analyze image recovery via total-variation minimization [364]. The primal—
dual algorithm of Chambolle and Pock to be presented in Chap. 15 was originally
motivated by total-variation minimization as well [107].

Further applications of compressive sensing and sparsity in general include imag-
ing (tomography, ultrasound, photoacoustic imaging, hyperspectral imaging, etc.),
analog-to-digital conversion [353, 488], DNA microarray processing, astronomy
[507], and wireless communications [27,468].

Topics not Covered in this Book. It is impossible to give a detailed account of
all the directions that have so far cropped up around compressive sensing. This
book certainly makes a selection, but we believe that we cover the most important
aspects and mathematical techniques. With this basis, the reader should be well
equipped to read the original references on further directions, generalizations, and
applications. Let us only give a brief account of additional topics together with the
relevant references. Again, no claim about completeness of the list is made.

Structured sparsity models. One often has additional a priori knowledge than just
pure sparsity in the sense that the support set of the sparse vector to be recovered
possesses a certain structure, i.e., only specific support sets are allowed. Let us
briefly describe the joint-sparsity and block-sparsity model.

Suppose that we take measurements not only of a single signal but of a collection
of signals that are somewhat coupled. Rather than assuming that each signal is
sparse (or compressible) on its own, we assume that the unknown support set is
the same for all signals in the collection. In this case, we speak of joint sparsity.
A motivating example is color images where each signal corresponds to a color
channel of the image, say red, green, and blue. Since edges usually appear at the
same location for all channels, the gradient features some joint sparsity. Instead of
the usual ¢;-minimization problem, one considers mixed ¢; /¢2-norm minimization
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or greedy algorithms exploiting the joint-sparsity structure. A similar setup is
described by the block-sparsity (or group-sparsity) model, where certain indices
of the sparse vector are grouped together. Then a signal is block sparse if most
groups (blocks) of coefficients are zero. In other words, nonzero coefficients appear
in groups. Recovery algorithms may exploit this prior knowledge to improve the
recovery performance. A theory can be developed along similar lines as usual
sparsity [143,183,184,203,241,478,487]. The so-called model-based compressive
sensing [30] provides a further, very general structured sparsity setup.

Sublinear algorithms. This type of algorithms have been developed in computer
science for a longer time. The fact that only the locations and values of nonzero
entries of a sparse vector have to be reported enables one to design recovery
algorithms whose runtime is sublinear in the vector length. Recovery methods are
also called streaming algorithms or heavy hitters. We will only cover a toy sublinear
algorithm in Chap. 13, and we refer to [41,131,222,223,225,261,285,289] for more
information.

Connection with the geometry of random polytopes. Donoho and Tanner [154,165—
167] approached the analysis of sparse recovery via ¢;-minimization through
polytope geometry. In fact, the recovery of s-sparse vectors via ¢1-minimization
is equivalent to a geometric property—called neighborliness—of the projected
{1-ball under the action of the measurement matrix; see also Corollary 4.39. When
the measurement matrix is a Gaussian random matrix, Donoho and Tanner give
a precise analysis of so-called phase transitions that predict in which ranges of
(s,m, N) sparse recovery is successful and unsuccessful with high probability. In
particular, their analysis provides the value of the optimal constant C' such that
m ~ Csln(N/s) allows for s-sparse recovery via {;-minimization. We only give a
brief account of their work in the Notes of Chap. 9.

Compressive sensing and quantization. If compressive sensing is used for signal
acquisition, then a realistic sensor must quantize the measured data. This means that
only a finite number of values for the measurements y, are possible. For instance,
8 bits provide 28 = 256 values for an approximation of 7, to be stored. If the
quantization is coarse, then this additional source of error cannot be ignored and
a revised theoretical analysis becomes necessary. We refer to [249, 316, 520] for
background information. We also mention the extreme case of 1-bit compressed
sensing where only the signs of the measurements are available via y = sgn(Ax)
[290,393,394].

Dictionary learning. Sparsity usually occurs in a specific basis or redundant
dictionary. In certain applications, it may not be immediately clear which dictionary
is suitable to sparsify the signals of interest. Dictionary learning tries to identify
a good dictionary using training signals. Algorithmic approaches include the
K-SVD algorithm [5, 429] and optimization methods [242]. Optimizing over both
the dictionary and the coefficients in the expansions results in a nonconvex program,
even when using ¢;-minimization. Therefore, it is notoriously hard to establish
a rigorous mathematical theory of dictionary learning despite the fact that the
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algorithms perform well in practice. Nevertheless, there are a few interesting
mathematical results available in the spirit of compressive sensing [221, 242].

Recovery of functions of many variables. Techniques from compressive sensing can
be exploited for the reconstruction of functions on a high-dimensional space from
point samples. Traditional approaches suffer the curse of dimensionality, which
predicts that the number of samples required to achieve a certain reconstruction
accuracy scales exponentially with the spatial dimension even for classes of
infinitely differentiable functions [371, 474]. It is often a reasonable assumption
in practice that the function to be reconstructed depends only on a small number
of (a priori unknown) variables. This model is investigated in [125, 149], and ideas
of compressive sensing allow one to dramatically reduce the number of required
samples. A more general model considers functions of the form f(x) = g(Ax),
where x belongs to a subset D C RYM with N being large, A € R™*V with
m < N, and ¢ is a smooth function on an m-dimensional domain. Both g and
A are unknown a priori and are to be reconstructed from suitable samples of f.
Again, under suitable assumptions on g and on A, one can build on methods from
compressive sensing to recover f from a relatively small number of samples. We
refer to [124,2006,266] for details.

Hints for Preparing a Course. This book can be used for a course on compressive
sensing at the graduate level. Although the whole material exceeds what can be
reasonably covered in a one-semester class, properly selected topics do convert into
self-contained components. We suggest the following possibilities:

* For a comprehensive treatment of the deterministic issues, Chaps. 2—6 comple-
mented by Chap. 10 are appropriate. If a proof of the restricted isometry property
for random matrices is desired, one can add the simple arguments of Sect. 9.1,
which only rely on a few tools from Chap. 7. In a class lasting only one quarter
rather than one semester, one can remove Sect. 4.5 and mention only briefly the
stability and robustness results of Chaps. 4 and 6. One can also concentrate only
on ¢;-minimization and discard Chap. 3 as well as Sects. 5.3, 5.5, 6.3, and 6.4 if
the variety of algorithms is not a priority.

* On the other hand, for a course focusing on algorithmic aspects, Chaps. 2—6
as well as (parts of) Chap. 15 are appropriate, possibly replacing Chap. 5 by
Chap. 13 and including (parts of) Appendix B.

* For a course focusing on probabilistic issues, we recommend Chaps. 7-9 and
Chaps. 11, 12, and 14. This can represent a second one-semester class. However,
if this material has to be delivered as a first course, Chap. 4 (especially Sects. 4.1
and 4.4) and Chap. 6 (especially Sects. 6.1 and 6.2) need to be included.

Of course, parts of particular chapters may also be dropped depending on the desired
emphasis.

We will be happy to receive feedback on these suggestions from instructors using
this book in their class. They may also contact us to obtain typed-out solutions for
some of the exercises.



Chapter 2
Sparse Solutions of Underdetermined Systems

In this chapter, we define the notions of vector sparsity and compressibility, and
we establish some related inequalities used throughout the book. We will use basic
results on vector and matrix norms, which can be found in Appendix A. We then
investigate, in two different settings, the minimal number of linear measurements
required to recover sparse vectors. We finally prove that £3-minimization, the ideal
recovery scheme, is NP-hard in general.

2.1 Sparsity and Compressibility

We start by defining the ideal notion of sparsiry. We first introduce the notations [N
for the set {1,2,...,N} and card(S) for the cardinality of a set S. Furthermore,
we write S for the complement [N] \ S of a set S in [NV].

Definition 2.1. The support of a vector x € CV is the index set of its nonzero
entries, i.e.,

supp(x) = {j € [N] : z; # 0}.
The vector x € CV is called s-sparse if at most s of its entries are nonzero, i.e., if
|x]lo := card(supp(x)) < s.

The customary notation ||x|lo—the notation |x||S would in fact be more
appropriate—comes from the observation that

N N
Il o= Dl > " Lya; 0 = card({j € [N]  ; # 0}).
i=1 =
S. Foucart and H. Rauhut, A Mathematical Introduction to Compressive Sensing, 41

Applied and Numerical Harmonic Analysis, DOI 10.1007/978-0-8176-4948-7_2,
© Springer Science+Business Media New York 2013



42 2 Sparse Solutions of Underdetermined Systems

Here, we used the notations 15, .01 = lif x; #0and 15, 4,» =0ifz; = 0.In
R { 7 } o J { 7 } J

other words the quantity ||x||o is the limit as p decreases to zero of the pth power of
the £,-quasinorm of x. It is abusively called the {y-norm of x, although it is neither
a norm nor a quasinorm—see Appendix A for precise definitions of these notions.
In practice, sparsity can be a strong constraint to impose, and we may prefer the
weaker concept of compressibility. For instance, we may consider vectors that are
nearly s-sparse, as measured by the error of best s-term approximation.

Definition 2.2. For p > 0, the £,-error of best s-term approximation to a vector
x € C¥ is defined by

0s(x)p == inf {||x — 2[|,, z € CV is s-sparse}.

In the definition of o'5(x),, the infimum is achieved by an s-sparse vectorz € CV
whose nonzero entries equal the s largest absolute entries of x. Hence, although
such a vector z € CY may not be unique, it achieves the infimum independently of
p > 0.

Informally, we may call x € CV a compressible vector if the error of its best
s-term approximation decays quickly in s. According to the following proposition,
this happens in particular if x belongs to the unit £,-ball for some small p > 0,
where the unit £,-ball is defined by

BZ])V ={zecCV |z, <1}.

Consequently, the nonconvex balls BIJ)V for p < 1 serve as good models for
compressible vectors.

Proposition 2.3. For any q > p > 0 and any x € CV,

1
05(%)g < 3717 [%llp-

Before proving this proposition, it is useful to introduce the notion of nonincreasing
rearrangement.

Definition 2.4. The nonincreasing rearrangement of the vector x € CY is the
vector x* € R¥ for which

x}>as> ... >ay >0

and there is a permutation 7 : [N] — [N] with 2% = |z, ;)| forall j € [N].

Proof (of Proposition 2.3). If x* € Rf is the nonincreasing rearrangement of
x € CV, we have
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N N 1S a—p N
n(0i= 3 @< @ Y @< (D) (X @)
j=s+1 Jj=s+1 j=1 j=s+1

1 5 1
— p Yo q
< (5 Ixlg) 7l = 7l

The result follows by taking the power 1/¢ in both sides of this inequality. a

We strengthen the previous proposition by finding the smallest possible constant
Cpq in the inequality o4(x), < cp 45~ /P+1/9|x|,. This can be skipped on
first reading, but it is nonetheless informative because the proof technique, which
consists in solving a convex optimization problem by hand, will reappear in
Theorem 5.8 and Lemma 6.14.

Theorem 2.5. For any q > p > 0 and any x € C¥, the inequality

Us(x)q — 81/57(11/(1” ||

holds with

/ 1-p/aq1/
war= ()7 (0=3) T
q q

Let us point out that the frequent choice p = 1 and ¢ = 2 gives

()2 < = x|
Os < — .
2 NG 1

Proof. Letx* € Rf be the nonincreasing rearrangement of x € C. Setting aj =
(z})P, we will prove the equivalent statement

a1 > o> > an >0 cl
12 Qg = Z QN 2 :>agipl+agiz¢2+ +aa/p < p,ql'
aFay+-+ay <1 s1/p=

Thus, with r := ¢/p > 1, we aim at maximizing the convex function
f(alona"'vaN) = ag+1 +a7s‘+2+"'+a7]‘\/
over the convex polygon
C:= {(al,...,aN)ERN:al >--->any>0andag +---+any < 1}

According to Theorem B.16, the maximum of f is attained at a vertex of C. The
vertices of C are obtained as intersections of /N hyperplanes arising by turning N
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of the (IV + 1) inequality constraints into equalities. Thus, we have the following
possibilities:

. Ifa1=---:aN=0,thenf(a1,a2,...,aN)=0.

e fay+---+ay=1landa; = --- = ar > agy1 = --- = ay = 0 for some
1 <k <s,then f(a1,as,...,an) =0.

e Ifay+---4+ay =landag = -+ = ap > gy = - = ay =0
for some s +1 < k < N, then gy = --- = ai = 1/k, and consequently

flag,ae,...;an) = (k—s)/k".
It follows that

k—s
max  f(ai,ag,...,ay) = max
(a1,...,an)eC s+1<k<N k"

Considering k as a continuous variable, we now observe that the function g(k) :=
(k — s)/k" is increasing until the critical point k* = (r/(r — 1))s and decreasing
thereafter. We obtain

1 1 r—1 1 1
ma. A1, Q9,...,Q < g(k* :_(1__) —
(a17-~~7a)1(\r)€Cf( 1, &2 ~) < g(k*) r g1 ,

This is the desired result. O
Another possibility to define compressibility is to call a vector x € CV
compressible if the number
card({j € [N]: |z;] > t})
of its significant—rather than nonzero—components is small. This naturally leads
to the introduction of weak £,-spaces.

Definition 2.6. For p > 0, the weak /,, space wﬂfov denotes the space C equipped
with the quasinorm

MP
1%]|p.co == inf{M >0 card({j € [N : 2] > 1}) < = forall t > o}.

To verify that the previous quantity indeed defines a quasinorm, we check, for any
x,y € CV and any A € C, that ||x|| = 0 = x = 0, |Xx]| = |)\|||x||, and
[% + ¥llpoo < 205ALYPH (x| 00 + |[¥]|p,oc ) - The first two properties are easy,
while the third property is a consequence of the more general statement below.

Proposition 2.7. Letx',...,x" € CN. Then, forp > 0,

”Xl +o xk”p,oo < fpmaxtl.1/p} (”Xal,oo + ||Xk|

poo) -
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Proof. Lett > 0.1f |2} 4 - - - 4+ 2| > ¢ for some j € [N], then we have || > t/k
for some ¢ € [k]. This means that

(N |zf +--+ab| >ty c | {5 [N]:|ah| > t/k} .
i€ k]

We derive

. i " %113 00
i€ [k]
_ RPN o+ A 1XE 1B o)
tp '

According to the definition of the weak ¢,-quasinorm of x' + - - - + x*, we obtain

It 4 X oo < F(IXYE o + -+ X ) P

Now, if p < 1, comparing the £,, and ¢; norms in RF gives

1/ _
(M 1B o + -+ 1% 1B 00) 7 < BT (1 oo + -+ 4 1% [lpy00)s

and if p > 1, comparing the ¢, and /; norms in R” gives

1/p
(x5 o + -+ 1x511B o) 7 < 1% oo + -+ 4 1%F oo -

The result immediately follows. a
Remark 2.8. The constant k™<{1,1/P} in Proposition 2.7 is sharp; see Exercise 2.2.

It is sometimes preferable to invoke the following alternative expression for the
weak £,,-quasinorm of a vector x € CcN.

Proposition 2.9. For p > 0, the weak {,-quasinorm of a vector x € CN can be

expressed as

pioo = max kYPgl
ke[N]

x|

where x* € Rf denotes the nonincreasing rearrangement of x € C.

Proof. Given x € CV, in view of ||x[[p.c0 = [|x*||p,c0» We need to establish that
x| == maxgen kY/Pa} equals ||x*||00. For t > 0, we first note that either
{j € [N] : 2} >t} = [k] for some k € [N]or {j € [N] : x} >t} = (. In the
former case, t < z} < ||x||/k/?, and hence, card({j € [N] ray >t}) =k <
[|x[|? /7. This inequality holds trivially in the case that {j € [N]: z} >t} = (.
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According to the definition of the weak ¢,,-quasinorm, we obtain ||x* ||, . < [|x].
Let us now suppose that ||x|| > [|x*||p,c0, S0 that ||x|| > (1 + €)||x*||p,c0 for some
e > 0. This means that k*/Pz} > (1 + €)||x*||p,c0 for some k € [N]. Therefore,
the set

{7 € N] 22 > (L+ QlIx" p.oo/kH7}
contains the set [k]. The definition of the weak ¢,-quasinorm yields

B _ ok
T (T Qoo /RMP) (AP

which is a contradiction. We conclude that ||x|| = ||x*||,c0- O

This alternative expression of the weak £,,-quasinorm provides a slightly easier
way to compare it to the £,-(quasi)norm, as follows.

Proposition 2.10. For any p > 0 and any x € CV,

[Xllp,00 < [1lp -

Proof. For k € [N], we write

N k
Il = 2 (e5)" 2 3 ()" = Mok
Jj=1 j=1
Raising to the power 1/p and taking the maximum over k gives the result. a

The alternative expression of the weak £,-quasinorm also enables us to easily
establish a variation of Proposition 2.3 where weak /,, replaces £,,.

Proposition 2.11. For any ¢ > p > 0 and x € C¥, the inequality

dp,
0s(X)a < 7 17 IXlp.oc

holds with

P 1/q
o= (2)
P \g—p

Proof. We may assume without loss of generality that ||x||, - < 1, so that z} <
1/kY/? for all k € [N]. We then have
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= Y @< Y mr < | amit= -
Payet M) ka/p s ta/p q/p—1 ta/p s
P 1
T qg—p 3‘1/20*1 ’
Taking the power 1/q yields the desired result. O

Proposition 2.11 shows that vectors x € CV which are compressible in the sense
that ||x||p,co < 1 for small p > 0 are also compressible in the sense that their errors

of best s-term approximation decay quickly with s.
We close this section with a technical result on the nonincreasing rearrangement.

Lemma 2.12. The nonincreasing rearrangement satisfies, for x,z € CV,

[x* = 2" < [Ix — 2[|oo - 2.1
Moreover, for s € [N],
|05 (x)1 = o5 (21| < [Ix =21, 2.2)
and for k > s,
(k—s)zy < ||lx— 2|1+ 0s(2z)1 - (2.3)

Proof. For j € [N], the index set of j largest absolute entries of x intersects the
index set of N — j + 1 smallest absolute entries of z. Picking an index ¢ in this
intersection, we obtain

o < wel < 2o + 1% = 2lloo < 25 + (1% = 2] oo

Reversing the roles of x and z shows (2.1).
Next, let v € C¥ be a best s-term approximation to z. Then

os(x)1 <lx—v[i < |llx—zli + [z -V =[x —z[1 + 0s(2)1,

and again by symmetry this establishes (2.2). The inequality (2.3) follows from (2.2)
by noting that

k
ZSZ Z 7y =05 (X1 -

This completes the proof. O
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2.2 Minimal Number of Measurements

The compressive sensing problem consists in reconstructing an s-sparse vector
x € CV from

y = Ax

where A € C™* ¥ is the so-called measurement matrix. With m < N, this system
of linear equations is underdetermined, but the sparsity assumption hopefully helps
in identifying the original vector x.

In this section, we examine the question of the minimal number of linear
measurements needed to reconstruct s-sparse vectors from these measurements,
regardless of the practicality of the reconstruction scheme. This question can in fact
take two meanings, depending on whether we require that the measurement scheme
allows for the reconstruction of all s-sparse vectors x € C~ simultaneously or
whether we require that, given an s-sparse vector x € C”, the measurement scheme
allows for the reconstruction of this specific vector. While the second scenario seems
to be unnatural at first sight because the vector x is unknown a priori, it will become
important later when aiming at recovery guarantees when the matrix A is chosen at
random and the sparse vector x is fixed (so-called nonuniform recovery guarantees).

The minimal number m of measurements depends on the setting considered,
namely, it equals 2s in the first case and s + 1 in the second case. However, we
will see in Chap. 11 that if we also require the reconstruction scheme to be stable
(the meaning will be made precise later), then the minimal number of required
measurements additionally involves a factor of In(N/s), so that recovery will never
be stable with only 2s measurements.

Before separating the two settings discussed above, it is worth pointing out the
equivalence of the following properties for given sparsity s, matrix A € C™*V,
and s-sparse x € CVV:

(a) The vector x is the unique s-sparse solution of Az = y with y = Ax, that is,
{zeCVN: Az = Ax,|z|o < s} = {x}.
(b) The vector x can be reconstructed as the unique solution of

minimize ||z]|;  subjectto Az =y. (Po)
zeCN

Indeed, if an s-sparse x € C¥ is the unique s-sparse solution of Az = y with
y = Ax, then a solution x* of (Py) is s-sparse and satisfies Axf = y, so that
x¥ = x. This shows (a) = (b). The implication (b) = (a) is clear.

Recovery of All Sparse Vectors

Before stating the main result for this case, we observe that the uniqueness of sparse
solutions of underdetermined linear systems can be reformulated in several ways.
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For a matrix A € C™*" and a subset S C [N], we use the notation A 5 to indicate
the column submatrix of A consisting of the columns indexed by S. Similarly, for
x € CV we denote by xg either the subvector in C consisting of the entries
indexed by S, that is, (xg)¢ = x¢ for £ € S, or the vector in C" which coincides
with x on the entries in S and is zero on the entries outside S, that is,

R if{es,
(xs)e = { 0 iflds. 2.4)

It should always be clear from the context which of the two options applies.
Theorem 2.13. Given A € C™*¥, the following properties are equivalent:

(a) Every s-sparse vector x € CV is the unique s-sparse solution of Az = Ax,
that is, if Ax = Az and both x and z are s-sparse, then X = z.

(b) The null space ker A does not contain any 2s-sparse vector other than the zero
vector, that is, ker AN {z € CV : ||z||op < 2s} = {0}.

(c) Forevery S C [N] with card(S) < 2s, the submatrix A g is injective as a map
from C° to C™.

(d) Every set of 2s columns of A is linearly independent.

Proof. (b)=(a) Let x and z be s-sparse with Ax = Az. Then x — z is 2s-sparse
and A(x — z) = 0. If the kernel does not contain any 2s-sparse vector different
from the zero vector, then x = z.

(a)=>(b) Conversely, assume that for every s-sparse vector x € C¥, we have
{z € CN : Az = Ax,|z|lo < s} = {x}. Let v € ker A be 2s-sparse. We can
write v = x—z for s-sparse vectors X, z with supp xNsupp z = (). Then Ax = Az
and by assumption x = z. Since the supports of x and z are disjoint, it follows that
x=z=0andv =0.

For the equivalence of (b), (c), and (d), we observe that for a 2s-sparse vector v
with S = suppv, we have Av = Agvg. Noting that S = supp v ranges through
all possible subsets of [N] of cardinality card(S) < 2s when v ranges through all
possible 2s-sparse vectors completes the proof by basic linear algebra. O

We observe, in particular, that if it is possible to reconstruct every s-sparse vector
x € CV from the knowledge of its measurement vector y = Ax € C™, then (a)
holds and consequently so does (d). This implies rank(A) > 2s. We also have
rank(A) < m, because the rank is at most equal to the number of rows. Therefore,
the number of measurements needed to reconstruct every s-sparse vector always
satisfies

m > 2s.

We are now going to see that m = 2s measurements suffice to reconstruct every
s-sparse vector—at least in theory.
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Theorem 2.14. For any integer N > 2s, there exists a measurement matrix A €
C™ N with m = 2s rows such that every s-sparse vector x € CN can be recovered
from its measurement vectory = Ax € C™ as a solution of (Py).

Proof Letusfixty > --- > to > t; > 0 and consider the matrix A € C™*¥
with m = 2s defined by

A= T T 2.5)

2s—1 42s5—1 2s—1
tl t2 tN

Let S = {j1 < -+ < Jas} be an index set of cardinality 2s. The square matrix
Ag € C?%25 ig (the transpose of) a Vandermonde matrix. Theorem A.24 yields

tj, tjy -t
det(Ag) = . . . = H(tje —t5,) > 0.
2 : 1,2 : 1 o 2 : 1 Rt
S— S— S—
tjl tjz o tjz

This shows that A g is invertible, in particular injective. Since the condition (¢) of
Theorem 2.13 is fulfilled, every s-sparse vector x € C¥ is the unique s-sparse
vector satisfying Az = Ax, so it can be recovered as the unique solution of (Py).

O

Many other matrices meet the condition (¢) of Theorem 2.13. As an example, the
integer powers of ¢, ..., ¢ in the matrix of (2.5) do not need to be the consecutive
integers 0,1,...,2s — 1. Instead of the NV x N Vandermonde matrix associated

with ty > --- > t; > 0, we can start with any matrix M € RN*¥ that is totally
positive, i.e., that satisfies det M ; > 0 for any sets I,J C [N] of the same
cardinality, where M ; represents the submatrix of M with rows indexed by I and
columns indexed by J. We then select any m = 2s rows of M, indexed by a set I,
say, to form the matrix A. For an index S C [IV] of cardinality 2s, the matrix Ag
reduces to My g; hence, it is invertible. As another example, the numbers ¢y, ..., 1
do not need to be positive nor real, as long as det(A.g) # 0 instead of det(Ag) > 0.
In particular, with t, = e>™*(*~1)/N for ¢ € [N], Theorem A.24 guarantees that the
(rescaled) partial Fourier matrix

1 1 1 e 1
1 e2mi/N e2mi2/N . g2mi(N—=1)/N

A =

i 62m(25:71)/N e2m‘(zs;1)2/N 827”'(2571.)(N71)/N
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allows for the reconstruction of every s-sparse vector x € CV fromy = Ax € C?°.
In fact, an argument similar to the one we will use for Theorem 2.16 below shows
that the set of (2s) x N matrices such that det(Ag) = 0 for some S C [N] with
card(S) < 2s has Lebesgue measure zero; hence, most (2s) X N matrices allow the
reconstruction of every s-sparse vector x € CV from y = Ax € C?*. In general,
the reconstruction procedure consisting of solving (Pp) is not feasible in practice, as
will be shown in Sect. 2.3. However, in the case of Fourier measurements, a better
reconstruction scheme based on the Prony method can be used.

Theorem 2.15. For any N > 2s, there exists a practical procedure for the
reconstruction of every 2s-sparse vector from its first m = 2s discrete Fourier
measurements.

Proof. Let x € C¥ be an s-sparse vector, which we interpret as a function  from
{0,1,..., N —1} into C supported on an index set S C {0,1,..., N — 1} of size s.
We suppose that this vector is observed via its first 2s discrete Fourier coefficients
#(0),...,&(2s — 1), where

N—-1
()= > alk)e N 0<j<N-1.
k=0

We consider the trigonometric polynomial of degree s defined by

1 —27i T
p(t) ::NH(I—e 2mik/N o2 t/N).
kesS

This polynomial vanishes exactly for ¢ € S, so we aim at finding the unknown
set S by determining p or equivalently its Fourier transform p. We note that, since x
vanishes on the complementary set S of S'in {0, 1,..., N —1}, we have p(t)z(t) =
Oforall 0 <t < N — 1. By discrete convolution, we obtain p * £ = p - & = 0, that
is to say,

N—-1
(p*@)(j) =Y p(k)-@(j—k mod N)=0 forall0<j<N-—1. (26)
k=0

We also note that, since +p(k) is the coefficient of p(¢) on the monomial 2™/

and since p has degree s, we have p(0) = 1 and p(k) = 0 for all k& > s. It remains
to determine the s discrete Fourier coefficients (1), ..., p(s). For this purpose, we
write the s equations (2.6) in the range s < 7 < 2s — 1 in the form

p()i(s — 1)
p(1)(s)

#(s+1) +o
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This translates into the system

#(s—=1) 2(s—=2) --- %(0) p(1) Z(s)
2(s)  #(s—1) --- (1) p(2) Z(s+1)
2(2s—2) (25 —3) --- (s —1)] LB(s) (25 —1)
Because 2(0),...,&(2s — 1) are known, we solve for p(1),...,p(s). Since the
Toeplitz matrix above is not always invertible—take, e.g., z = [1,0,...,0]T, so
that & = [1,1,...,1]T—we obtain a solution §(1),...,§(s) not guaranteed to be

p(1),...,D(s). Appending the values §(0) = 1 and §(k) = O for all k& > s, the
linear system reads

(G%x2)(j) =0 forall s < j <2s—1.

Therefore, the s-sparse vector g -z has a Fourier transform ¢ - = §* 2 vanishing on
a set of s consecutive indices. Writing this in matrix form and using Theorem A.24,
we derive that ¢ -2 = 0, so that the trigonometric polynomial ¢ vanishes on S. Since
the degree of ¢ is at most s, the set of zeros of ¢ coincide with the set .S, which
can thus be found by solving a polynomial equation—or simply by identifying the
s smallest values of |g(j)], 0 < j < N — 1. Finally, the values of z(j), j € S, are
obtained by solving the overdetermined system of 2s linear equations imposed by
the knowledge of #(0), ..., %(2s — 1). O

Despite its appeal, the reconstruction procedure just described hides some
important drawbacks. Namely, it is not stable with respect to sparsity defects nor
is it robust with respect to measurement errors. The reader is invited to verify this
statement numerically in Exercise 2.8. In fact, we will prove in Chap. 11 that any
stable scheme for s-sparse reconstruction requires at least m = ¢ sIln(eN/s) linear
measurements, where ¢ > 0 is a constant depending on the stability requirement.

Recovery of Individual Sparse Vectors

In the next setting, the s-sparse vector x € C¥ is fixed before the measurement
matrix A € C™* is chosen. The conditions for the vector x to be the unique
s-sparse vector consistent with the measurements depend on A as well as on x
itself. While this seems unnatural at first sight because x is unknown a priori, the
philosophy is that the conditions will be met for most (s + 1) x N matrices. This
setting is relevant since the measurement matrices are often chosen at random.

Theorem 2.16. For any N > s+ 1, given an s-sparse vector x € CN, there exists
a measurement matrix A € C"™*N with m = s+ 1 rows such that the vector x can
be reconstructed from its measurement vectory = Ax € C™ as a solution of (Py).
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Proof. Let A € C5tD*N be a matrix for which the s-sparse vector x cannot be
recovered from y = Ax (via £y-minimization). This means that there exists a vector
z € CY distinct from x, supported on a set S = supp(z) = {j1,...,s} of size
at most s (if ||z]jo < s, we fill up S with arbitrary elements j, € [N]), such that
Az = Ax. If supp(x) C S, then the equality (A(z — x))[s] = 0 shows that the
square matrix Ay g is noninvertible; hence,

f(al,l, ey al,N, ey am)l, ey am)N) = det(A[S]ys) =0.

If supp(x) ¢ S, then the space V := {u € CV : supp(u) C S} + Cx has
dimension s + 1, and the linear map G : V' — C**1,v — Av is noninvertible,
since G(z — x) = 0. The matrix of the linear map G in the basis (e;,, ..., €;,,X)
of V takes the form

aijy LG D iesupp(x) Tidl
Bysi=| 1 o : :
As+1,51 " As+1,5, Zjesupp(x) Ljls+1,5
and we have
gS(al,l, ce s QI Ny O 1y e ey am)N) = det(Bx,S) =0.

This shows that the entries of the matrix A satisfy

(a171,...,al,N,...,am,l,...,am)N) Ef_l({O})U U g;l({O})

card(S)=s

But since f and all gg, card(S) = s, are nonzero polynomial functions of the
variables (a1,1,...,a1,Ny-,@m1,---,am,N), the sets f~1({0}) and g5'({0}),
card(S) = s, have Lebesgue measure zero and so does their union. It remains to
choose the entries of the matrix A outside of this union of measure zero to ensure
that the vector x can be recovered fromy = Ax. a

2.3 NP-Hardness of £5-Minimization

As mentioned in Sect. 2.2, reconstructing an s-sparse vector x € CV from its
measurement vector y € C” amounts to solving the {y-minimization problem

minimize ||z]|, subjectto Az =y. (Po)
zeCN
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Since a minimizer has sparsity at most s, the straightforward approach for finding
it consists in solving every rectangular system Agu = Yy, or rather every square
system AfAgu = Ay, for u € C° where S runs through all the possible
subsets of [N] with size s. However, since the number (];[ ) of these subsets is
prohibitively large, such a straightforward approach is completely unpractical. By
way of illustration, for small problem sizes N = 1000 and s = 10, we would have
to solve (1(1)80) > (%)10 = 10%° linear systems of size 10 x 10. Even if each
such system could be solved in 10719 seconds, the time required to solve (Py) with
this approach would still be 10° seconds, i.e., more than 300 years. We are going
to show that solving (Py) in fact is intractable for any possible approach. Precisely,
for any fixed n > 0, we are going to show that the more general problem

minimize ||z||o subjectto |Az — yl|l2 <7 (Po,)
zeCN i

is NP-hard.

We start by introducing the necessary terminology from computational com-
plexity. First, a polynomial-time algorithm is an algorithm performing its task in
a number of steps bounded by a polynomial expression in the size of the input.
Next, let us describe in a rather informal way a few classes of decision problems:

e The class P8 of P-problems consists of all decision problems for which there
exists a polynomial-time algorithm finding a solution.

* The class 9B of NP-problems consists of all decision problems for which there
exists a polynomial-time algorithm certifying a solution. Note that the class 3 is
clearly contained in the class 9.

e The class 9t3-hard of NP-hard problems consist of all problems (not necessarily
decision problems) for which a solving algorithm could be transformed in
polynomial time into a solving algorithm for any NP-problem. Roughly speaking,
this is the class of problems at least as hard as any NP-problem. Note that the
class 9t3-hard is not contained in the class 9T.

e The class 9¥B-complete of NP-complete problems consist of all problems that
are both NP and NP-hard; in other words, it consists of all the NP-problems at
least as hard as any other NP-problem.

The situation can be summarized visually as in Fig. 2.1. It is a common belief that ‘3
is strictly contained in 3, that is to say, that there are problems for which potential
solutions can be certified, but for which a solution cannot be found in polynomial
time. However, this remains a major open question to this day. There is a vast catalog
of NP-complete problems, the most famous of which being perhaps the traveling
salesman problem. The one we are going to use is exact cover by 3-sets.

Exact cover by 3-sets problem

Given a collection {C;,7 € [N]} of 3-element subsets of [m], does there exist an
exact cover (a partition) of [m], i.e., a set J C [N] such that Ujc;C; = [m] and
C;NCj = Pforall j,j" € J with j # j'?
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NP

JPB-complete IB-hard

Fig. 2.1 Schematic representation of P, NP, NP-complete, and NP-hard problems

Taking for granted that this problem is NP-complete, we can now prove the main
result of this section.

Theorem 2.17. For any n > 0, the {y-minimization problem (Py ) for general
A € C™*N andy € C™ is NP-hard.

Proof. By rescaling, we may and do assume that < 1. According to the
previous considerations, it is enough to show that the exact cover by 3-sets problem
can be reduced in polynomial time to the fp-minimization problem. Let then
{Ci,i € [N]} be a collection of 3-element subsets of [m]. We define vectors
aj,as,...,ay € C™ by

(1ifjec,
(ai); = {0 ifj & C;.

We then define a matrix A € C™*¥ and a vectory € C™ by

Since N < (’g), this construction can be done in polynomial time. If a vector
z € CV obeys |Az — y||2 < 7, then all the m components of the vector Az are
distant to 1 by at most 7, so they are nonzero and || Az||o = m. But since each vector
a; has exactly 3 nonzero components, the vector Az = Zjvzl
3|z||o nonzero components, ||Az||o < 3]|z||o. Therefore, a vector z € CV obeying
lAz — y|l2 < n must satisfy ||z||o > m/3. Let us now run the {y-minimization

problem, and let x € C” denote the output. We separate two cases:

z;a; has at most



56 2 Sparse Solutions of Underdetermined Systems

1. If ||x]lo = m/3, then the collection {C;,j € supp(x)} forms an exact cover
of [m], for otherwise the m components of Ax = Zjvzl xja; would not all be
nonzero.

2. If |x]lo > m/3, then no exact cover {C;,j € J} can exist, for otherwise the
vector z € CV defined by z; = 1if j € Jand 2; = 0if j & J would satisfy
Az =y and ||z]|o = m/3, contradicting the £o-minimality of x.

This shows that solving the £y-minimization problem enables one to solve the exact
cover by 3-sets problem. a

Theorem 2.17 seems rather pessimistic at first sight. However, it concerns the
intractability of the problem (P() for general matrices A and vectors y. In other
words, any algorithm that is able to solve (Py) for any choice of A and any choice
of y must necessarily be intractable (unless P = N P). In compressive sensing,
we will rather consider special choices of A and choose y = Ax for some sparse
x. We will see that a variety of tractable algorithms will then provably recover x
from y and thereby solve (P) for such specifically designed matrices A. However,
to emphasize this point once more, such algorithms will not successfully solve the
{o-minimization problem for all possible choices of A and y due to NP-hardness.
A selection of tractable algorithms is introduced in the coming chapter.

Notes

Proposition 2.3 is an observation due to Stechkin. In the case p = 1 and ¢ = 2, the
optimal constant ¢1 o = 1/2 was obtained by Gilbert, Strauss, Tropp, and Vershynin
in [225]. Theorem 2.5 with optimal constants ¢, 4 for all ¢ > p > 0 is a particular
instance of a more general result, which also contains the shifting inequality of
Exercise 6.15; see [209].

The weak ¢,,-spaces are weak L,,-spaces for purely atomic measures. The weak
L,-spaces are also denoted L,, , and generalize to Lorentz spaces L, , [284]. Thus,
weak /,,-spaces are a particular instance of more general spaces equipped with the
quasinorm

1/q
_ (qu/pl ) )

The result of Theorem 2.16 is due to Wakin in [503]. Theorem 2.13 can be found
in the article by Cohen, Dahmen, and DeVore [123]. One can also add an equivalent
proposition expressed in terms of spark or in terms of Kruskal rank. The spark
sp(A) of a matrix A was defined by Donoho and Elad in [155] as the minimal size
of a linearly dependent set of columns of A. It is related to the Kruskal rank kr(A)
of A, defined in [313] as the maximal integer k such that any k& columns of A are

x|
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linearly independent, via sp(A) = kr(A) + 1. Thus, according to Theorem 2.13,
every s-sparse vector x € CV is the unique s-sparse solution of Az = Ax if and
only if kr(A) > 2s orif sp(A) > 2s.

Totally positive matrices were extensively studied by Karlin in [298]. One can
also consult the more recent book [389] by Pinkus.

The reconstruction procedure of Theorem 2.15 based on a discrete version of the
Prony method was known long before the development of compressive sensing. It is
also related to Reed—Solomon decoding [52,232]. The general Prony method [402]
is designed for recovering a nonharmonic Fourier series of the form

S
f(t) — Z xke%riwkt
k=1

from equidistant samples f(0), f(k/«), f(2k/a), ..., f(2s/a). Here both the wy, €
R and the xj, are unknown. First the wy, are found by solving an eigenvalue problem
for a Hankel matrix associated to the samples of f. In the second step, the z are
found by solving a linear system of equations. The difference to the method of
Theorem 2.15 is due to the fact that the wy, are not assumed to lie on a grid anymore.
We refer to [344,357] for more details. The Prony method has the disadvantage of
being unstable. Several approaches have been proposed to stabilize it [14, 15,45,46,
401], although there seems to be a limit of how stable it can get when the number
s of terms gets larger. The recovery methods in the so-called theory of finite rate of
innovation are also related to the Prony method [55].

For an introduction to computational complexity, one can consult [19]. The
NP-hardness of the fp-minimization problem was proved by Natarajan in [359].
It was later proved by Ge, Jiang, and Ye in [220] that the ¢,-minimization problem
is NP-hard also for any p < 1; see Exercise 2.10.

Exercises

2.1. For 0 < p < 1, prove that the pth power of the /,-quasinorm satisfies the
triangle inequality

I+ vl < [Ixllp + yllp,  xyeCY
For 0 < p < o0, deduce the inequality
%1+ +xip < kmax{o’l/p_l}(ﬂxlﬂp 4+t ||xk||p), X1,...,x, € CV.

2.2. Show that the constant k™#*{1:1/P} in Proposition 2.7 is sharp.
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2.3. Ifu,v € C¥ are disjointly supported, prove that

max(||ull1,00 [[V]|1,00) < [0+ V100 < [Jull1,00 + [[V][1,00

and show that these inequalities are sharp.

2.4. As a converse to Proposition 2.10, prove that for any p > 0 and any x € C¥,
%[l < n(eN)?|[x][p,c0-

2.5. Given g > p > 0 and x € CV, modify the proof of Proposition 2.3 to obtain

1

05(X)g < 81/,,—_1MIIXII§);£?/QHXH£/“-

2.6. Let (B, BY,. .., Bl) be the Bernstein polynomials of degree n defined by

Bl (z) := <”> 2i(1 — z)" "

7

For 0 < z9 < 1 < -+ < x, < 1, prove that the matrix [B'(z;)];_ is totally
positive.

2.7. Prove that the product of two totally positive matrices is totally positive.

2.8. Implement the reconstruction procedure based on 2s discrete Fourier mea-
surements as described in Sect. 2.2. Test it on a few random examples. Then pass
from sparse to compressible vectors x having small o4(x); and test on perturbed
measurements y = Ax + e with small ||e|».

2.9. Let us assume that the vectors x € R are no longer observed via linear
measurements y = Ax € R™, but rather via measurements y = f(x), where f :
RY — R™ is a continuous map satisfying f(—x) = — f(x) for all x € RY. Prove
that the minimal number of measurements needed to reconstruct every s-sparse
vector equals 2s. You may use the Borsuk—Ulam theorem:

If a continuous map F from the sphere S™—relative to an arbitrary norm—of R™"+1
into R™ is antipodal, i.e.,

F(—x)=-F(x) forallx € S™,
then it vanishes at least once, i.e.,
F(x)=0 for somex € S™.
2.10. NP-Hardness of {,-minimization for 0 < p < 1

Given A € C™N and y € C™, the {,-minimization problem consists in
computing a vector x € C¥ with minimal /,-quasinorm subject to Ax = y.
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The partition problem consists, given integers a1, . . . , an, in deciding whether there
exist two sets I,.J C [n] such that INJ = 0, TUJ = [n],and >, a; =
> je aj- Assuming the NP-completeness of the partition problem, prove that the
£,-minimization problem is NP-hard. It will be helpful to introduce the matrix A
and the vector y defined by

ap g - Gp —G1 =Gz - —ap
10---0 1 0

A=(01--0 0 1 and y=1[0,1,1,...,1]".

. S

1

= o O O

0---0 0 --- 0

2.11. NP-Hardness of rank minimization
Show that the rank-minimization problem

minimize rank(Z) subjectto A(Z) =y .
ZecCni1Xng

is NP-hard on the set of linear measurement maps .4 : C"**"2 — C™ and vectors
y e Cm.



Chapter 3
Basic Algorithms

In this chapter, a selection of popular algorithms used in compressive sensing is
presented. The algorithms are divided into three categories: optimization methods,
greedy methods, and thresholding-based methods. Their rigorous analyses are
postponed until later, when appropriate tools such as coherence and restricted
isometry constants become available. Only intuitive justification is given for now.

3.1 Optimization Methods

An optimization problem is a problem of the type

minimize Fy(x) subject to Fj(x) < b;, i € [n],
xERN

where the function Fy : RY — R is called an objective function and the functions
Fi,...,F, : RV — R are called constraint functions. This general framework
also encompasses equality constraints of the type G;(x) = ¢;, since the equality
G;(x) = ¢; is equivalent to the inequalities G;(x) < ¢; and —G;(x) < —¢;.
If Fy, Fy,..., F, are all convex functions, then the problem is called a convex
optimization problem—see Appendix B.5 for more information. If Fy, Fy, ..., F,
are all linear functions, then the problem is called a linear program. Our sparse
recovery problem is in fact an optimization problem, since it translates into

minimize ||z]|p subjectto Az =1y. (Po)

This is a nonconvex problem, and we even have seen in Theorem 2.17 that it is
NP-hard in general. However, keeping in mind that ||z||{ approaches ||z([o as ¢ > 0
tends to zero, we can approximate (Py) by the problem

minimize ||z||, subjectto Az =y. (Py)

S. Foucart and H. Rauhut, A Mathematical Introduction to Compressive Sensing, 61
Applied and Numerical Harmonic Analysis, DOI 10.1007/978-0-8176-4948-7_3,
© Springer Science+Business Media New York 2013
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For ¢ > 1, even 1-sparse vectors are not solutions of (P,)—see Exercise 3.1. For
0 < ¢ <1, (P,) is again a nonconvex problem, which is also NP-hard in general—
see Exercise 2.10. But for the critical value ¢ = 1, it becomes the following convex
problem (interpreted as the convex relaxation of (Py); see Sect. B.3 for the definition
of convex relaxation):

minimize ||z||; subjectto Az =1y. (Py)

This principle is usually called ¢1-minimization or basis pursuit. There are several
specific algorithms to solve the optimization problem, and some of them are
presented in Chap. 15.

Basis pursuit

Input: measurement matrix A, measurement vector y.
Instruction:

x* = argmin ||z||; subject to Az =y. (BP)

Output: the vector x!.

Let us complement the previous intuitive justification by the observation that
{1-minimizers are sparse, at least in the real setting. In the complex setting, this is
not necessarily true; see Exercise 3.2.

Theorem 3.1. Let A € R™*YN be a measurement matrix with columns ay, . . . ,ay.
Assuming the uniqueness of a minimizer x* of

minimize ||z||y  subjectto Az =y,
zERN
the system {a;, j € supp (x*)} is linearly independent, and in particular

[x¥]lo = card(supp (x%)) < m.

Proof. By way of contradiction, let us assume that the system {a;, j € S} is linearly
dependent, where S = supp (x*). This means that there exists a nonzero vector
v € R¥ supported on S such that Av = 0. Then, for any ¢ # 0,

Il < 1+ el =) laf + to| = sgn(ah + tv;) (af + tv;).
Jjes JeS

If |¢] is small enough, namely, |¢| < min ecg |:v§|/|\v||oo, we have
sgn(xg- +tv;) = sgn(xg) forallj € S.

It follows that, for ¢ # 0 with [¢] < minjes |2%]/]|V/ s,
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x| < ngn(xg)(:cgi +tv;) = ngn(azg)xgi + tngn(x‘g)vj

JjES JjES JES

= |x*lL+t > sgn(zh)u;.
jeS

This is a contradiction, because we can always choose a small ¢ # 0 such that
td jes sgn(xg-)vj <0. O

In the real setting, it is also worth pointing out that (P;) can be recast as a linear
program by introducing slack variables z+,z~ € R"™. Given z € R, these are
defined, for j € [N], by

+ )% iij>O, T — 0 iij>O,
710 ifz <0, I =2 if 2 <0.

The problem (P;) is thus equivalent to a linear program with optimization variables
zt,z~ € RY, namely, to

e ol + — . Z+ Z+ /
minimize (2] +2;) subjectto [A|-A] =y || Z0 @D

j=1

Given the solution (xT)# (x™)* of this program, the solution of (P;) is recovered
by xf = (xT)f — (x7)

These considerations do not carry over to the complex setting. In this case,
we present alternative considerations that directly extend to a more general
{1-minimization taking measurement error into account, namely,

minimize ||z||;  subjectto ||Az — y|l2 < 7. (P1,n)

This variation is natural because in general the measurement vector y € C™ is
not exactly equal to Ax € C™, but rather to Ax + e for some measurement error
e € C™ that can be estimated in ¢3-norm, say, by ||e|2 < 7 for some > 0.
Then, given a vector z € CY, we introduce its real and imaginary parts u,v €
RY and a vector ¢ € RY such that ¢; > |z;| = /u3 +v7 forall j € [N].
The problem (P ;) is then equivalent to the following problem with optimization
variables c,u, v € RV:
N
minimize ¢j subject to

c,u,veRN <
Jj=1

<n, (P;,)
2

2 et ) L)

Im(y)
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This is an instance of a second-order cone problem; see Appendix B.5 for more
details. Given its solution (c*, u*, v¥), the solution to (Py ;) is given by x* = uf +
ivt. Note that the choice 1 = 0 yields the second-order cone formulation of (P;) in
the complex case.

The principle of solving (P ;) is called quadratically constrained basis pursuit
(or sometimes noise-aware ¢1-minimization). Again, there is a choice of algorithms
to perform this task.

Quadratically constrained basis pursuit

Input: measurement matrix A, measurement vector y, noise level 1.
Instruction:

x* = argmin ||z, subject to ||Az — y||2 < 7. (BP,)

Output: the vector x!.

The solution x of

minimize ||z||; subject to [[Az —yl|[2 <7 (3.1
zeCN

is strongly linked to the output of the basis pursuit denoising, which consists in
solving, for some parameter A > 0,

minimize \||z||; + |Az —y|3 . (3.2)
zeCN

The solution of (3.1) is also related to the output of the LASSO, which consists in
solving, for some parameter 7 > 0,

minimize [|Az — y/||2 subject to ||z]|; < 7. (3.3)
zeCN

Precisely, some links between the three approaches are given below.

Proposition 3.2. (a) If x is a minimizer of the basis pursuit denoising (3.2) with
A >0, then there exists 1 = nx > 0 such that x is a minimizer of the
quadratically constrained basis pursuit (3.1).

(b) If x is a unique minimizer of the quadratically constrained basis pursuit (3.1)
with 1) > 0, then there exists T = T« > 0 such that X is a unique minimizer of
the LASSO (3.3).

(c) Ifx is a minimizer of the LASSO (3.3) with 7 > 0, then there exists A = A\x > 0
such that x is a minimizer of the basis pursuit denoising (3.2).

Proof. (a) Wesetn := ||Ax—y||2 and consider z € C" such that ||[Az—y]|2 < 7.
Together with the fact that x is a minimizer of (3.2), this yields



3.2 Greedy Methods 65

Mxlls + [[Ax = y[I3 < Azl + Az — y|5 < Nzl + | Ax - y]3.

After simplification, we obtain ||x||; < ||z||1; hence, x is a minimizer of (3.1).
(b) We set 7 := ||x||; and consider z € C¥, z # x, such that ||z|; < 7. Since x
is a unique minimizer of (3.1), this implies that z cannot satisfy the constraint
of (3.1); hence, ||Az — y||2 > n > ||Ax — y]||2. This shows that x is a unique
minimizer of (3.3).
(c) This part uses tools from convex analysis, and we refer to Theorem B.28 for a
proof. a

Another type of /;-minimization problem is the Dantzig selector,

miniglz\ilze ||z]]1 subject to |A*(Az — ¥)|loo < 7. 3.4
4SS

This is again a convex optimization problem. The intuition for the constraint is that
the residual r = Az — y should have small correlation with all columns a; of
the matrix A—indeed, ||[A*(Az — y)||cc = max;cny[(r,a;)|. A similar theory
developed for the ¢;-minimization problems (BP) and (BP,)) later in the book is
valid for the Dantzig selector as well. Some aspects are covered in Exercises 4.11,
6.18,9.11, and 15.6.

3.2 Greedy Methods

In this section, we introduce two iterative greedy algorithms commonly used in
compressive sensing. The first algorithm, called orthogonal matching pursuit, adds
one index to a target support S™ at each iteration and updates a target vector x" as
the vector supported on the target support S™ that best fits the measurements. The
algorithm is formally described as follows.

Orthogonal matching pursuit (OMP)

Input: measurement matrix A, measurement vector y.
Initialization: S° = (), x° = 0.
Iteration: repeat until a stopping criterion is met at n = n:

S = 8" U {jut1}s  ntr = argr[n‘c]lX{I(A*(y — Ax"));l},  (OMPy)
JE[N

x" = argmin {Hy — Azl|, supp(z) C S"Jrl}. (OMP»)
zeCN

Output: the fi-sparse vector x* = x™.
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The projection step (OMP5) is the most costly part of the orthogonal matching
pursuit algorithm. It can be accelerated by using the () R-decomposition of Ag,, .
In fact, efficient methods exist for updating the () R-decomposition when a column
is added to the matrix. If available one may alternatively exploit fast matrix—vector
multiplications for A (like the fast Fourier transform; see Sect. C.1). We refer to
the discussion at the end of Sect. A.3 for details. In the case that fast matrix—vector
multiplication routines are available for A and A*, they should also be used for
speed up of the computation of A*(y — Ax™).

The choice of the index j, 4 is dictated by a greedy strategy where one aims to
reduce the ¢5-norm of the residual y — Ax™ as much as possible at each iteration.
The following lemma (refined in Exercise 3.10) applied with S = S™ and v = x"
gives some insight as to why an index j maximizing |(A*(y — Ax™)),| is a good
candidate for a large decrease of the £5-norm of the residual.

Lemma 3.3. Let A € C™*¥N be a matrix with {5-normalized columns. Given
S C [N), v supported on S, and j € [N, if

W i= argmin {lly — Az|\2,supp(z) C SU{j}},
zcC

then

ly — Awli3 < lly — Av][3 — [(A*(y — Av));[*.

Proof. Since any vector of the form v + te; with ¢ € C is supported on S U {j},
we have

ly — Awl|3 < min [ly — A(v + te;)|3-

Writing ¢ = pe®® with p > 0 and 6 € [0, 27), we compute
ly — A(v +te;)|5 = [ly — Av — tAe,lf3
= [ly — Avl5 + [t|*[|Ae;|l3 — 2Re(i(y — Av, Ae;))
= |ly — Av|3 + p* — 2Re(pe (A" (y — Av));)
> ly — Av|[i3 + p* — 2p|(A*(y — Av)),],

with equality for a properly chosen 6. As a quadratic polynomial in p, the latter
expression is minimized when p = |(A*(y — Au));|. This shows that

min [[y — A(v + te;)|3 = lly — Av3 — [(A"(y — Au));[*,

which concludes the proof. O
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We point out that the step (OMP>) also reads as

n+1 _ At
Xgnt1 — Asn+1y7

n+1

where XGnt1 denotes the restriction of x™t!

to its support set S"T1 and where

ATSn+1 is the pseudo-inverse of A gn+1; see Sect. A.2 for details. This simply says
that z = xgﬂl is a solution of Agn+1ASn+1Z = Agnﬂy. This fact is justified
by the following lemma, which will also be useful for other algorithms containing a

step similar to (OMPy).

Lemma 3.4. Given an index set S C [N], if

v := argmin { ||y — Az||z,supp(z) C S},
zeCN

then

(A*(y — Av))s = 0. (3.5)

Proof. According the definition of v, the vector Av is the orthogonal projection of
y onto the space { Az, supp(z) C S};hence, it is characterized by the orthogonality
condition

(y —Av,Az) =0 for all z € C" with supp(z) C S.

This means that (A*(y — Av),z) = 0 for all z € CV with supp(z) C S, which
holds if and only if (3.5) is satisfied. a

A natural stopping criterion for the orthogonal matching pursuit algorithm is
Ax™ = y. However, to account for measurement and computation errors, we use
instead ||y — Ax"||2 < e or ||[A*(y — Ax")|l < & for some chosen tolerance
€ > 0. If there is an estimate for the sparsity s of the vector x € C™ to be recovered,
another possible stopping criterion can simply be n = s, since then the target vector
x™ is s-sparse. For instance, if A is a square orthogonal matrix, then the algorithm
with this stopping criterion successfully recovers an s-sparse vector x € CV from
y = Ax, since it can be seen that the vector x™ produced at the nth iteration equals
the n-sparse vector consisting of n largest entries of x. More generally, the success
of recovery of s-sparse vectors via s iterations of the orthogonal matching pursuit
algorithm is determined by the following result.

Proposition 3.5. Given a matrix A € C™*N, every nonzero vector x € CV
supported on a set S of size s is recovered from'y = Ax after at most s iterations
of orthogonal matching pursuit if and only if the matrix A g is injective and

max|(A*r),| > max |(Ar)| (3.6)
JES ’ Les

for all nonzeror € {Az, supp(z) C S}.
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Proof. Let us assume that the orthogonal matching pursuit algorithm recovers all
vectors supported on a set S in at most s = card(.S) iterations. Then, since two
vectors supported on S which have the same measurement vector must be equal, the
matrix A g is injective. Moreover, since the index chosen at the first iteration always
stays in the target support, if y = Ax for some x € C¥ exactly supported on S,
then an index £ € S cannot be chosen at the first iteration, i.e., max;cs |(A*y);| >
|(A*y)e|. Therefore, we have maxjes |[(A*y);| > max,.g|(A*y).| for all
nonzeroy € {Az, supp(z) C S } This shows the necessity of the two conditions
given in the proposition.

To prove their sufficiency, assuming that Ax! # y, ..., Ax*~! # y (otherwise
there is nothing to do), we are going to prove that S™ is a subset of S of size n for
any 0 < n < s. This will imply S° = S; hence, Ax® = y by (OMPs), and finally
x° = x by the injectivity of Ag. To establish our claim, given 0 < n < s — 1,
we first notice that S™ C S yields r"* := y — Ax" € {Az,supp(z) C S}, o)
that the index j, . lies in S by (3.6) and S"*! = S" U {j,.1} C S by (OMP).
This inductively proves that S™ is a subset of S for any 0 < n < s. Next, given
1 <n < s—1,Lemma 3.4 implies that (A*r™)g» = 0. Therefore, according to its
definition in (OMP,), the index j,1 does not lie in S™, since this would mean that
A*r™ = 0 and in turn that r = 0 by (3.6). This inductively proves that S™ is a set
of size n. The proof is now complete. a

Remark 3.6. A more concise way to formulate the necessary and sufficient condi-
tions of Proposition 3.5 is the exact recovery condition, which reads

IALAg1o1 < 1; 3.7)

see Sect. A.l for the definition of matrix norms. Implicitly, the existence of the
pseudo-inverse ATS = (A%LAg) 'A% is equivalent to the injectivity of Ag.
Moreover, (3.6) is then equivalent to

[ASAsulo > [[AFAsul|o  forallu e C*\ {0}.
Making the change v = AG A gu, this can be written as
IVlise > [ AZAS (A5AS) Vil = [A5(AL) V]| forallv € C*\ {0}
The latter reads HA%(AE)* lloosoo < 1, that is to say, ||ATSA§||1H1 < 1; see also

Remark A.6(a).

A weakness of the orthogonal matching pursuit algorithm is that, once an incor-
rect index has been selected in a target support S™, it remains in all the subsequent
target supports 57" for n' > n—see Sect. 6.4 where this issue is illustrated on
a detailed example. Hence, if an incorrect index has been selected, s iterations of
the orthogonal matching pursuit are not enough to recover a vector with sparsity s.
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A possible solution is to increase the number of iterations. The following algorithm,
called compressive sampling matching pursuit algorithm, proposes another strategy
when an estimation of the sparsity s is available. To describe it, it is convenient to
introduce the notations Hy(z) for the best s-term approximation to z € CV and
L(z) for the support of the latter, i.e.,

L4(z) := index set of s largest absolute entries of z € ch, (3.8)
Hy(z) ==z, (z)- (3.9)

The nonlinear operator Hy is called hard thresholding operator of order s. Given
the vector z € CV, the operator H, keeps its s largest absolute entries and sets the
other ones to zero. Note that it may not be uniquely defined. To resolve this issue, we
choose the index set L¢(z) out of all possible candidates according to a predefined
rule, for instance, the lexicographic order.

Compressive sampling matching pursuit (CoSaMP)

Input: measurement matrix A, measurement vector y, sparsity level s.
Initialization: s-sparse vector x’, typically x* = 0.
Iteration: repeat until a stopping criterion is met at n = n:

U = supp(x™) U Los (A* (y — AX™)) , (CoSaMP,)

u"! = argmin {|ly — Az||2,supp(z) C U""'} , (CoSaMPy)
zeCN

x"T = H (u"). (CoSaMPs)

Output: the s-sparse vector x* = x™.

3.3 Thresholding-Based Methods

In this section, we describe further algorithms involving the hard thresholding
operator H,. The intuition for these algorithms, which justifies categorizing them
in a different family, relies on the approximate inversion of the action on sparse
vectors of the measurement matrix A by the action of its adjoint A*. Thus, the basic
thresholding algorithm consists in determining the support of the s-sparse vector
x € CN to be recovered from the measurement vector y = Ax € C™ as the
indices of s largest absolute entries of A*y and then in finding the vector with this
support that best fits the measurement. Formally, the algorithm reads as follows.
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Basic thresholding

Input: measurement matrix A, measurement vector y, sparsity level s.
Instruction:

S% = L,(A%y), (BTy)
x* = argmin {||y — Az||2,supp(z) C Sﬁ}. (BT2)
zeCN

Output: the s-sparse vector x*.

A necessary and sufficient condition resembling (3.6) can be given for the success
of s-sparse recovery using this simple algorithm.

Proposition 3.7. A vectorx € CV supported on a set S is recovered fromy = Ax
via basic thresholding if and only if

min [(A"y);[ > max[(A"y)e|. (3.10)
Jjes €S

Proof. Ttis clear that the vector x is recovered if and only if the index set S* defined
in (BT1) coincides with the set .S, that is to say, if and only if any entry of A"y on
S is greater than any entry of A*y on S. This is property (3.10). O

The more elaborate iterative hard thresholding algorithm is an iterative algorithm
to solve the rectangular system Az = y, knowing that the solution is s-sparse. We
shall solve the square system A* Az = A*y instead, which can be interpreted as the
fixed-point equation z = (Id — A*A)z 4+ A*y. Classical iterative methods suggest
the fixed-point iteration x" ™ = (Id — A*A)x™ + A*y. Since we target s-sparse
vectors, we only keep the s largest absolute entries of (Id — A*A)x"™ + A*y =
x"™ + A*(y — Ax") at each iteration. The resulting algorithm reads as follows.

Iterative hard thresholding (IHT)

Input: measurement matrix A, measurement vector y, sparsity level s.
Initialization: s-sparse vector x’, typically x° = 0.
Iteration: repeat until a stopping criterion is met at n = n:

X" = H, (x" + A*(y — Ax")). (IHT)

Output: the s-sparse vector x* = x™.

The iterative hard thresholding algorithm does not require the computation of
any orthogonal projection. If we are willing to pay the price of the orthogonal
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projections, like in the greedy methods, it makes sense to look at the vector with
the same support as x" T that best fits the measurements. This leads to the hard
thresholding pursuit algorithm defined below.

Hard thresholding pursuit (HTP)

Input: measurement matrix A, measurement vector y, sparsity level s.
Initialization: s-sparse vector x°, typically x° = 0.
Iteration: repeat until a stopping criterion is met at n = n:

Sn+1 — Ls(Xn _|_1A*(},_IAX"))7 (HTPl)
xntl — argmNiD {lly — Az||2, supp(z) C S™*'}. (HTP3)
zcC

Output: the s-sparse vector x* = x™.

Notes

More background on convex optimization can be found in Appendix B and in
the books [70, 369] by Boyd and Vandenberghe and by Nocedal and Wright,
respectively.

Basis pursuit was introduced by Chen, Donoho, and Saunders in [114].
The LASSO (Least Absolute Shrinkage and Selection Operator) algorithm is more
popular in the statistics literature than the quadratically constrained basis pursuit
or basis pursuit denoising algorithms. It was introduced by Tibshirani in [473].
The Dantzig selector (3.4) was introduced by Candes and Tao in [98]. Like the
LASSO, it is more popular in statistics than in signal processing.

A greedy strategy that does not involve any orthogonal projection consists in
updating x" as x"T! = x" + te;, where t € C and j € [N] are chosen to
minimize ||y — Ax""!||. The argument of Lemma 3.3 imposes the choice of j as a
maximizer of |(A*(y — Ax™));| and then t = (A*(y — Ax™)),. This corresponds
to the matching pursuit algorithm, introduced in signal processing by Mallat and
Zhang in [342] and by Qian and Chen in [404] and in statistics as the projection
pursuit regression by Friedman and Stuetzle in [214]. In approximation theory, it is
known as pure greedy algorithm; see, for instance, the surveys [470,471] and the
monograph [472] by Temlyakov. There, the orthogonal matching pursuit algorithm
is also known as orthogonal greedy algorithm. Just like matching pursuit, it was
introduced independently by several researchers in different fields, e.g., by Davis,
Mallat, and Zhang in [145], by Pati, Rezaiifar, and Krishnaprasad in [378], by Chen,
Billings, and Luo in [113], or in [277] by Hogborn, where it was called CLEAN
in the context of astronomical data processing. The orthogonal matching pursuit
algorithm was analyzed in terms of sparse recovery by Tropp in [476].
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The compressive sampling matching pursuit algorithm was devised by Needell
and Tropp in [361]. It was inspired by the earlier regularized orthogonal matching
pursuit developed and analyzed by Needell and Vershynin in [362,363].

The subspace pursuit algorithm, introduced by Dai and Milenkovic in [135], is
another algorithm in the greedy family, but it will not be examined in this book
(see [135] or [472] for its analysis). It bears some resemblance with compressive
sampling matching pursuit, except that, instead of 2s, only s indices of largest
absolute entries of the residual vector are selected and that an additional orthogonal
projection step is performed at each iteration. Its description is given below.

Subspace pursuit

Input: measurement matrix A, measurement vector y, sparsity level s.
Initialization: s-sparse vector x°, typically x° = 0, S° = supp(x°).
Iteration: repeat until a stopping criterion is met at n = n:

Un+1 = S" LS(A*(y _ AXn)), (SPl)

u"! = argmin {|ly — Az|2,supp(z) C U"'}, (SP2)
zeCN

Sn+1 — Ls(un-l-l), (SP3)

x"* = argmin {|ly — Az||2,supp(z) C S"*'}. (SPy)
zeCN

Output: the s-sparse vector x* = x™.

The thresholding-based family also contains algorithms that do not require an
estimation of the sparsity s. In such algorithms, the hard thresholding operator
gives way to a soft thresholding operator with threshold 7 > 0. This operator,
also encountered in (15.22) and (B.18), acts componentwise on a vector z € cN by
sending the entry z; to

_ Jsen(z)(|z] = 7) if [z =7
Sr(z5) =
(1) { 0 otherwise.

Another important method for sparse recovery is the message-passing algorithm
studied by Donoho, Maleki, and Montanari in [162]. The soft thresholding algo-
rithms will not be analyzed in this book (but see the Notes section of Chap. 15).

Which Algorithm Should One Choose? In principle, all the algorithms
introduced in this chapter work reasonably well in practice (with the possible excep-
tion of basic thresholding). Given a set of requirements, which algorithm should be
favored depends on the precise situation, e.g., via the specific measurement matrix
A and via the values of the parameters s, m, N.
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As a first criterion, the minimal number m of measurements for a sparsity s and
a signal length N may vary with each algorithm. Comparing the recovery rates and
identifying the best algorithm is then a matter of numerical tests. For this criterion,
the recovery performance of basic thresholding is significantly worse than the one of
other algorithms, although it is the fastest algorithms since it identifies the support
in only one step.

The speed of the algorithm is a second criterion, and it is also a matter of
numerical tests. However, we can give at least the following rough guidelines.
If the sparsity s is quite small, then orthogonal matching pursuit is extremely fast
because the speed essentially depends on the number of iterations, which typically
equals s when the algorithm succeeds. Compressive sampling matching pursuit and
hard thresholding pursuit are fast for small s, too, because each step involves the
computation of an orthogonal projection relative to A g with small S C [N]. But if
the sparsity s is not that small compared to NV, then orthogonal matching pursuit may
nonetheless require a significant time. The same applies to the homotopy method
(see Chap. 15) which builds the support of an /1-minimizer iteratively. The runtime
of iterative hard thresholding is almost not influenced by the sparsity s at all.

Basis pursuit, per se, is not an algorithm, so the runtime depends on the actual
algorithm that is used for the minimization. For Chambolle and Pock’s primal
dual algorithm (see Chap. 15), which constructs a sequence converging to an
{1-minimizer, the sparsity s has no serious influence on the speed. Hence, for
mildly large s, it can be significantly faster than orthogonal matching pursuit.
We emphasize this point to dispute the common misconception that greedy algo-
rithms are always faster than ¢;-minimization—this is only true for small sparsity.
The iteratively reweighted least squares method (see Chap. 15) may also be a good
alternative for mildly large sparsity.

Additionally, another important feature of an algorithm is the possibility to
exploit fast matrix—vector multiplication routines that are available for A and A*.
In principle, any of the proposed methods can be sped up in this case, but the task
is complicated if orthogonal projection steps are involved. Fast matrix—vector mul-
tiplications are easily integrated in the iterative hard thresholding algorithm and in
Chambolle and Pock’s primal dual algorithm for /;-minimization. The acceleration
achieved in this context depends on the algorithm, and the fastest algorithm should
again be determined by numerical tests in the precise situation.

Exercises

3.1. Letq > 1 and let A be an m x N matrix with m < N. Prove that there exists
a 1-sparse vector which is not a minimizer of (P,).

10-1

01-1
unique minimizer of ||z||; subject to Az = Ax. This shows that, in the complex

3.2. Given A = [ }, prove that the vector x = [1,e’2™/3 ¢™7/3]T is the
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setting, a unique ¢;-minimizer is not necessarily m-sparse, m being the number of
rows of the measurement matrix.

3.3. Let A € R™*N andy € R™. Assuming the uniqueness of the minimizer x* of

minimize ||z||;  subjectto [|[Az — y|| < 7,
zERN

where 7 > 0 and || - || is an arbitrary norm on R™, prove that x* is necessarily
m-sparse.

3.4. Given A € R™*N suppose that every m x m submatrix of A is invertible.
For x € RY, let x* be the unique minimizer of ||z||; subject to Az = Ax. Prove
that either x* = x or supp(x) ¢ supp(x*).

3.5. For A ¢ R™*¥ and x € RY, prove that there is no ambiguity between z € RY

and z € C when one says that the vector x is the unique minimizer of ||z||; subject
to Az = Ax.

3.6. Carefully check the equivalences of (P1) with (P}) and (P1,,)) with (Pll.,n)'

3.7. Given A € C™*¥ and 7 > 0, show that the solution of

minimize | Az — y|5 + 7| zl3
zeCN

is given by

7' = (A*A 4+ 71d) "t A%y,

3.8. Given A € C™*V suppose that there is a unique minimizer f(y) € CV of
|lz||x subject to ||Az — y||2 < n whenever y belongs to some set S. Prove that the
map f is continuous on S.

3.9. Prove that any 1-sparse vector x € C? is recovered with one iteration of the
orthogonal matching pursuit algorithm for the measurement matrix

A= [(1) \_/%g —_\}?{/22} '

We now add a measurement by appending the row [1 3 3] to A, thus forming the
matrix

1-1/2 —1/2
A=10v3/2-V3/2
1 3 3

Prove that the 1-sparse vector x = [1 0 0] " cannot be recovered via the orthogonal
matching pursuit algorithm with the measurement matrix A.
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3.10. Given a matrix A € C™*¥ with ¢y-normalized columns ai,...,ay and
given a vectory € C™, we consider an iterative algorithm where the index set 5™
is updated via S"*1 = S™ U {j"*+1} for an unspecified index j”*! and where the
output vector is updated via x" ™! = argmin{|ly — Az||2, supp(z) C S"*'}. Prove
that the ¢5-norm of the residual decreases according to

ly — Ax" 13 = [ly — Ax"[3 — An,
where the quantity A,, satisfies
Ap = A = x5 = 2 EL (A (y — Ax™)) o

ATy - Ax))n
dist(ajn+1,span{a;, j € S"})?

> (A (y — Ax"™))jnia [

3.11. Implement the algorithms of this chapter. Choose A € R™*¥ with indepen-
dent random entries equal to 1/y/m or —1/4/m, each with probability 1/2. Test
the algorithms on randomly generated s-sparse signals, where first the support is
chosen at random and then the nonzero coefficients. By varying N, m, s, evaluate
the empirical success probability of recovery.



Chapter 4
Basis Pursuit

Let us recall that the intuitive approach to the compressive sensing problem of
recovering a sparse vector x € CV from its measurement vector y = Ax € C™,
where m < N, consists in the £p-minimization problem

minimize ||z]|; subjectto Az =y. (Po)
zeCN

We have seen in Chap.2 that this problem is unfortunately NP-hard in general.
Chapter 3 has therefore outlined several tractable strategies to solve the standard
compressive sensing problem. In the current chapter, we focus on the basis pursuit
(¢1-minimization) strategy, which consists in solving the convex optimization
problem

minimize ||z||; subjectto Az =1y. (Py)
zeCN

We investigate conditions on the matrix A which ensure exact or approximate
reconstruction of the original sparse or compressible vector x. In Sect. 4.1, we start
with a necessary and sufficient condition for the exact reconstruction of every sparse
vector x € CV as a solution of (P;) with the vector y € C™ obtained as y = Ax.
This condition is called the null space property. In Sects. 4.2 and 4.3, we strengthen
this null space property to make the reconstruction via basis pursuit stable with
respect to sparsity defect and robust with respect to measurement error. In Sect. 4.4,
we discuss other types of necessary and sufficient conditions for the success of basis
pursuit to reconstruct an individual sparse vector x. Although such conditions do
not seem useful at first sight because they involve the a priori unknown vector x,
they will nevertheless be essential to establish the so-called nonuniform recovery
guarantees when the measurement matrix is random. In Sect.4.5, we interpret
the recovery of sparse vectors via basis pursuit in terms of polytope geometry.
Section 4.6 closes the chapter with a short digression to the low-rank recovery

S. Foucart and H. Rauhut, A Mathematical Introduction to Compressive Sensing, 77
Applied and Numerical Harmonic Analysis, DOI 10.1007/978-0-8176-4948-7_4,
© Springer Science+Business Media New York 2013
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problem and its approach via nuclear norm minimization. Again, a version of the
null space property is equivalent to the successful recovery of every low-rank matrix.

4.1 Null Space Property

In this section, we introduce the null space property, and we prove that it is a
necessary and sufficient condition for exact recovery of sparse vectors via basis
pursuit. The arguments are valid in the real and complex settings alike, so we first
state the results for a field K that can either be R or C. Then we establish the
equivalence of the real and complex null space properties. We recall that for a vector
v € CV and aset S C [N], we denote by v either the vector in C°, which is the
restriction of v to the indices in 9, or the vector in C*V which coincides with v on
the indices in S and is extended to zero outside S; see also (2.4). It should always
become clear from the context which variant of vg is meant (and sometimes both
variants lead to the same quantity, such as in expressions like || vg||1).

Definition 4.1. A matrix A € K™*V is said to satisfy the null space property
relative to a set S C [N] if

[vslli < ||vg|li forall v € ker A\ {0}. “4.1)
It is said to satisfy the null space property of order s if it satisfies the null space
property relative to any set S C [N] with card(S) < s.

Remark 4.2. Tt is important to observe that, for a given v € ker A \ {0}, the
condition |[vs|[y < |[vg]/1 holds for any set S C [N] with card(S) < s as soon as
it holds for an index set of s largest (in modulus) entries of v.

Remark 4.3. There are two convenient reformulations of the null space property.
The first one is obtained by adding ||vs||1 to both sides of the inequality ||vs|[1 <
|[vgll1. Thus, the null space property relative to .S reads

2|vs|li < ||v|li forall v € ker A\ {0}. 4.2)

The second one is obtained by choosing S as an index set of s largest (in modulus)
entries of v and this time by adding ||vg]|; to both sides of the inequality. Thus, the
null space property of order s reads

[vlli <205(v): forallv € ker A\ {0}, (4.3)

where we recall from Definition 2.2 that, for p > 0, the £,-error of best s-term
approximation to x € K is defined by

0s(x)p = ||ziHIif§s [[x = z|[p-
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We now indicate the link between the null space property and exact recovery of
sparse vectors via basis pursuit.

Theorem 4.4. Given a matrix A € K™*N, every vector x € K supported on a
set S is the unique solution of (P1) with'y = AX if and only if A satisfies the null
space property relative to S.

Proof. Given a fixed index set S, let us first assume that every vector x € KN
supported on S is the unique minimizer of ||z||; subject to Az = Ax. Thus, for
any v € ker A \ {0}, the vector vg is the unique minimizer of ||z||; subject to
Az = Avgs.Butwehave A(—vg) = Avgand —vg # vg, because A(vg+vs) =
Av = 0 and v # 0. We conclude that || vs|[1 < ||[vg]|1. This establishes the null
space property relative to .S.

Conversely, let us assume that the null space property relative to S holds. Then,
given a vector x € K supported on S and a vector z € K", z # x, satisfying
Az = Ax, we consider the vector v := x — z € ker A \ {0}. In view of the null
space property, we obtain

Ix[[r < lIx = zslly + l[zsll1 = [[vsl + llzs ]l

<Ilvsli +llzslly = | = 25l + llzslls = =]

This establishes the required minimality of ||x||1. O

Letting the set S vary, we immediately obtain the following result as a conse-
quence of Theorem 4.4.

Theorem 4.5. Given a matrix A € K™*N, every s-sparse vector x € KV is
the unique solution of (P1) with' y = Ax if and only if A satisfies the null space
property of order s.

Remark 4.6. (a) This theorem shows that for every y = Ax with s-sparse x
the ¢;-minimization strategy (P;) actually solves the £yp-minimization problem
(Po) when the null space property of order s holds. Indeed, assume that every
s-sparse vector x is recovered via ¢;-minimization from y = Ax. Let z
be the minimizer of the ¢y-minimization problem (Py) with y = Ax then
llzllo < |Ix||o so that also z is s-sparse. But since every s-sparse vector is the
unique /1 -minimizer, it follows that x = z.

(b) Itis desirable for any reconstruction scheme to preserve sparse recovery if some
measurements are rescaled, reshuffled, or added. Basis pursuit actually features
such properties. Indeed, mathematically speaking, these operations consist in
replacing the original measurement matrix A by new measurement matrices A
and A defined by

A = GA, where G is some invertible m x m matrix,

A

A= H ,  where B is some m’ x N matrix.
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We observe that ker A = ker A and ker A C ker A, hence the null space
property for the matrices A and A remains fulfilled if it is satisfied for the
matrix A. It is not true that the null space property remains valid if we multiply
on the right by an invertible matrix—see Exercise 4.2.

We close this section by inspecting the influence of the underlying field. Unifying
the arguments by using K for either R or C had the advantage of brevity, but it results
in a potential ambiguity about null space properties. Indeed, we often encounter real-
valued measurement matrices, and they can also be regarded as complex-valued
matrices. Thus, for such A € R™*¥ | the distinction between the real null space
kerg A and the complex null space kerc A = kerg A + i kerg A leads, on the one
hand, to the real null space property relative to a set S, namely,

D vl <> fve| forall v € kerg A, v # 0, (4.4)
JjeSs es

and, on the other hand, to the complex null space property relative to S, namely,

St w? <Y o+ w? forallv,w € kerz A, (v, w) # (0,0). (4.5)

Jjes Les

We are going to show below that the real and complex versions are in fact equivalent.
Therefore, there is no ambiguity when we say that a real measurement matrix allows
the exact recovery of all sparse vectors via basis pursuit: These vectors can be
interpreted as real or as complex vectors. This explains why we usually work in
the complex setting.

Theorem 4.7. Given a matrix A € R™*N | the real null space property (4.4)
relative to a set S is equivalent to the complex null space property (4.5) relative
to this set S.

In particular, the real null space property of order s is equivalent to the complex
null space property of order s.

Proof. We notice first that (4.4) immediately follows from (4.5) by setting w = 0.
So let us assume that (4.4) holds. We consider v,w € kerg A with (v,w) #

(0,0). If v and w are linearly dependent, then the inequality ), /07 + w3 <

doesV v7 + wj is clear, so we may suppose that they are linearly independent.
Then u := cosf v + sinfw € kerg A is nonzero, and (4.4) yields, for any 6 € R,

Z|cos€vj+sin9wj|<Z|cos€vg+sin9wg|. (4.6)
JjES tes

For each k € [N], we define ), € [—n, 7] by the equalities

vk = /U7 + wi cosby, wp = \/vi+w? sinby,
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so that (4.6) reads
S\ JvE A w? [cos(0 —0;)] < Dy fv7 +w? [ cos(® — 7).
jes Les

We now integrate over § € [—m, 7| to obtain

Z,/v —l—w/ |cos(0 —0;)|d < Zw/vé—l—wg/ | cos(6 — B¢)|do.

Jjes les

For the inequality )_ ¢ /v + w3 < 3,5 /07 + wy, it remains to observe that

/ | cos( — 0|0

is a positive constant independent of §' € [—m, 7]—namely, 4. The proof is now
complete. O

Remark 4.8. The equivalence of Theorem 4.7 extends to the stable and robust null
space properties introduced later in this chapter; see Exercise 4.5.

Nonconvex Minimization

Recall that the number of nonzero entries of a vector z € C" is approximated by
the gth power of its ¢,-quasinorm,

N N
Z |2 qjg) Zl{zj;éo} = [|z]lo.
j=1 j=1

This observation suggests to replace the ¢p-minimization problem (Py) by the
optimization problem

minimize ||z||; subjectto Az =y. Py
zeCN

This optimization problem fails to recover even 1-sparse vectors for ¢ > 1; see
Exercise 3.1. For 0 < ¢ < 1, on the other hand, the optimization problem becomes
nonconvex and is even NP-hard; see Exercise 2.10. Thus, the case ¢ = 1 might
appear as the only important one. Nonetheless, the properties of the £,-minimization
for 0 < g < 1 can prove useful on theoretical questions. Our goal here is merely
to justify the intuitive prediction that the problem (P,) does not provide a worse
approximation of the original problem (Py) when g gets smaller. For this purpose,
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we need an analog of the null space property for 0 < ¢ < 1. The proof of our
next result, left as Exercise 4.12, duplicates the proof of Theorem 4.4. It relies on
the fact that the gth power of the /,-quasinorm satisfies the triangle inequality; see
Exercise 2.1.

Theorem 4.9. Given a matrix A € C™*N and 0 < q < 1, every s-sparse vector
x € CN is the unique solution of (P,) with'y = Ax if and only if, for any set
S C [N] with card(S) < s,

Ivslly < llvgllq forallv € ker A\ {0}.

We can now prove that sparse recovery via {,-minimization implies sparse
recovery via £,-minimization whenever 0 < p < ¢ < 1.

Theorem 4.10. Given a matrix A € C™*N and 0 < p < q < 1, if every s-sparse
vector x € CN is the unique solution of (Py) with'y = Ax, then every s-sparse
vectorx € C¥ is also the unique solution of (P,) with y = Ax.

Proof. According to Theorem 4.9, it is enough to prove that, if v € ker A\ {0} and
if S is an index set of s largest absolute entries of v, then

D P <> el 4.7

Jjes es

as soon as (4.7) holds with ¢ in place of p. Indeed, if (4.7) holds for ¢, then
necessarily vg # 0 since S is an index of largest absolute entries and v # 0.
The desired inequality (4.7) can therefore be rewritten as

2 S allon? 3 (u/lol? Ivel/Ivg) <t @9

JES

Now observe that |vg|/|v;| < 1for ¢ € S and j € S. This makes the left-hand side
of (4.8) a nondecreasing function of 0 < p < 1. Hence, its value at p < g does not
exceed its value at ¢, which is less than one by hypothesis. This shows the validity
of (4.7) and concludes the proof. a

4.2 Stability

The vectors we aim to recover via basis pursuit—or other schemes, for that matter—
are sparse only in idealized situations. In more realistic scenarios, we can only claim
that they are close to sparse vectors. In such cases, we would like to recover a
vector x € CV with an error controlled by its distance to s-sparse vectors. This
property is usually referred to as the stability of the reconstruction scheme with
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respect to sparsity defect. We shall prove that the basis pursuit is stable under a
slightly strengthened version of the null space property.

Definition 4.11. A matrix A € C™*¥ is said to satisfy the stable null space
property with constant 0 < p < 1 relative to a set S C [N] if

[vslli < pllvglly forall v € ker A.

It is said to satisfy the stable null space property of order s with constant 0 < p < 1
if it satisfies the stable null space property with constant 0 < p < 1 relative to any
set S C [N] with card(S) < s.

The main stability result of this section reads as follows.

Theorem 4.12. Suppose that a matrix A € C™*N satisfies the stable null space
property of order s with constant 0 < p < 1. Then, for any x € CV, a solution x*
of (P1) with'y = Ax approximates the vector X with {1-error

2(1+p)
I — x|, < T

Remark 4.13. In contrast to Theorem 4.4 we cannot guarantee uniqueness of the ¢; -
minimizer anymore—although nonuniqueness is rather pathological. In any case,
even when the /;-minimizer is not unique, the theorem above states that every
solution x¥ of (P1) with y = Ax satisfies (4.9).

US(X)l. (49)

We are actually going to prove a stronger “if and only if” theorem below. The
result is a statement valid for any index set S in which the vector x* € CV is
replaced by any vector z € C¥ satisfying Az = Ax. Apart from improving
Theorem 4.12, the result also says that, under the stable null space property relative
to S, the distance between a vector x € CV supported on S and a vector z € CV
satisfying Az = Ax is controlled by the difference between their norms.

Theorem 4.14. The matrix A € C"™*N satisfies the stable null space property with
constant 0 < p < 1 relative to S' if and only if

1+p
1z — x|l < T, (llzlly = Il + 2 [lxzll) (4.10)

for all vectors x,z € CN with Az = Ax.

The error bound (4.9) follows from Theorem 4.14 as follows: Take S to be a set
of s largest absolute coefficients of x, so that ||xg||1 = o5(x)1. If x* is a minimizer
of (P1), then ||x%||; < ||x|1 and Ax* = Ax. The right-hand side of inequality
(4.10) with z = x* can therefore be estimated by the right hand of (4.9).

Before turning to the proof of Theorem 4.14, we isolate the following observa-
tion, as it will also be needed later.
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Lemma 4.15. Given a set S C [N] and vectors x,z € CV,
I(x = 2)glls <zl =[xl + (< = 2)s ]l + 2[lxg])-
Proof. The result simply follows from

Ix[lr = [lxglls + lIxsll < [lxgll + [[(x = 2)s ]l + [[zs]]1,

I(x = 2)5ll < lIxglh + llzgll-
These two inequalities sum up to give
%[l + 11(x = 2)glls < 2lxgll + [|(x = 2)s ]l + [[z]1-

This is the desired inequality. a

Proof (of Theorem 4.14). Let us first assume that the matrix A satisfies (4.10) for
all vectors x,z € CN with Az = Ax. Given a vector v € ker A, since Avg =
A(—vg), we can apply (4.10) with x = —vg and z = vg. It yields

1+p
IVl < 7—(llvslls = lIvslh).

This can be written as

(L =p)(Ivslz +lIvslli) < @+ p)(Ivsll — lIvslh).
After rearranging the terms, we obtain
[vslly < pllvgll,
and we recognize the stable null space property with constant 0 < p < 1 relative
to S.
Conversely, let us now assume that the matrix A satisfies the stable null space

property with constant 0 < p < 1 relative to S. For x,z € C with Az = Ax,
since v := z — X € ker A, the stable null space property yields

[vslli < pllvsl- 4.11)
Moreover, Lemma 4.15 gives
Ivsll < llzlls = lIx[lx + [vslz + 2([xg]1- (4.12)
Substituting (4.11) into (4.12), we obtain

vzl <zl — [1x[l1 + pllvglls + 2[|xg]1-
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Since p < 1, this can be rewritten as

1
[vsll < m(”zﬂl — |Ix/l1 + 2|Ixz]l1)-

Using (4.11) once again, we derive

1+p
Ivlle = [lvsll + Vsl < (1 + p)llvslh < 1Tp(I\ZHl = [Illx + 2lxzl1).

which is the desired inequality. a

Remark 4.16. Given the matrix A € C™*¥_ let us consider, for each index set
S C [N] with card(S) < s, the operator Rg defined on ker A by Rg(v) = vg.
The formulation (4.2) of the null space property says that

w = max{||Rg|151: S C [N],card(S) < s} < 1/2.

It then follows that A satisfies the stable null space property with constant
p = p/(1 — ) < 1. Thus, the stability of the basis pursuit comes for free if sparse
vectors are exactly recovered. However, the constant 2(1 + p)/(1 — p) in (4.9) may
be very large if p is close to one.

4.3 Robustness

In realistic situations, it is also inconceivable to measure a signal x € C with
infinite precision. This means that the measurement vector y € C™ is only an
approximation of the vector Ax € C™, with

[Ax -yl <7

for some > 0 and for some norm || - || on C™—usually the ¢y-norm, but the
¢1-norm will also be considered in Chap. 13. In this case, the reconstruction scheme
should be required to output a vector x* € C¥ whose distance to the original
vector x € CV is controlled by the measurement error > 0. This property is
usually referred to as the robustness of the reconstruction scheme with respect to
measurement error. We are going to show that if the problem (P,) is replaced by the
convex optimization problem

minimize ||z||; subjectto [|[Az — y|| < 7, (P1,n)
zeCN

then the robustness of the basis pursuit algorithm is guaranteed by the following
additional strengthening of the null space property.
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Definition 4.17. The matrix A € C™*¥ is said to satisfy the robust null space

property (with respect to || - ||) with constants 0 < p < 1 and 7 > 0 relative to a set
S C [N]if

[vslh < pllvelli + T[|[Av|| forallv e CN. (4.13)

It is said to satisfy the robust null space property of order s with constants 0 < p < 1
and 7 > 0 if it satisfies the robust null space property with constants p, 7 relative to
any set S C [N] with card(S) < s.

Remark 4.18. Observe that the above definition does not require that v is contained
in ker A. In fact, if v € ker A, then the term ||Av|| in (4.13) vanishes, and we
see that the robust null space property implies the stable null space property in
Definition 4.11.

The following theorem constitutes the first main result of this section. It
incorporates the conclusion of Theorem 4.12 as the special case 7 = 0. The special
case of an s-sparse vector x € C¥ is also worth a separate look.

Theorem 4.19. Suppose that a matrix A € C™*N satisfies the robust null space
property of order s with constants 0 < p < 1 and T > 0. Then, for any x € CV,
a solution x* of (P1 ) withy = Ax + e and ||e| < 1 approximates the vector x
with ¢1-error

2(1+p) 4t

Hx_xri”l < (1_p) US(X)1+

l—pn'

In the spirit of Theorem 4.14, we are going to prove a stronger “if and only if”
statement valid for any index set .S.

Theorem 4.20. The matrix A € C™ N satisfies the robust null space property
with constants 0 < p < 1 and 7 > 0 relative to S if and only if

1+p 27
[z —x|[1 < i, (2l =[xl + 2 [Ixgll1) + 1TpHA(Z -x)| @14

for all vectors x,z € CV.

Proof. We basically follow the same steps as in the proof of Theorem 4.14. First,
we assume that the matrix A satisfies (4.14) for all vectors x,z € C". Thus, for

v € CV, taking x = —vg and z = vz yields
1+p 2T
vl < E(||V§||1 = Ivslh) + 1= p||AVH-

Rearranging the terms gives

A =p)(Ivsl +[Ivsli) < (L +p)(Ivslh = lIvslh) +27[Av]],
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that is to say
[vslly < pllvslly + 7l Av].
This is the robust null space property with constants 0 < p < 1 and 7 > 0 relative
to S.
Conversely, we assume that the matrix A satisfies the robust null space property
with constant 0 < p < 1and 7 > O relative to S. For x,z € CV, setting v := z—x,

the robust null space property and Lemma 4.15 yield

Ivslh < pllvgll + 7l Av],

Vgl < llzlly = [Ix[lr + [[vslls + 2[xg]l-

Combining these two inequalities gives
1
Vsl < = (IIZII1 = lIxlls +2[x5ll1 + 7 Av]]).

Using the robust null space property once again, we derive

vl = llvsli+llvsl < (1 +p)llvglls + 7l|Av]]
1 +p 27
<7- (||Z||1 — Il + 2[Ixgll1) + TPHAVHa
which is the desired inequality. O

We now turn to the second main result of this section. It enhances the previous
robustness result by replacing the ¢;-error estimate by an ¢,-error estimate for
p > 1. A final strengthening of the null space property is required. The corre-
sponding property could be defined relative to any fixed set S C [N], but it is
not introduced as such because this will not be needed later.

Definition 4.21. Given ¢ > 1, the matrix A € C™*¥ is said to satisfy the £,-robust
null space property of order s (with respect to || - ||) with constants 0 < p < 1 and
7 > 0if, for any set S C [N] with card(S) < s,

p
lvsllg < 17 |vglli + 7 ||Av]| forallv e CN.

In view of the inequality ||vs]||, < s'/P~/4||vg]|, for 1 < p < g, we observe
that the £4-robust null space property with constants 0 < p < 1 and 7 > 0 implies
that, for any set S C [N] with card(S) < s,

[vsllp < Sl_Ll/p vl + 7s'/P714||Av| forallv e CN.
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Thus, for 1 < p < ¢, the {,robust null space property implies the
£,,-robust null space property with identical constants, modulo the change of norms
|-|| = s'/P=%/4||-||. This justifies in particular that the £,-robust null space property
is a strengthening of the previous robust null space property. In Sect. 6.2, we will
establish the ¢s-robust null space property for measurement matrices with small
restricted isometry constants. The robustness of the quadratically constrained basis
pursuit algorithm is then deduced according to the following theorem.

Theorem 4.22. Suppose that the matrix A € C™*V satisfies the {5-robust null
space property of order s with constants 0 < p < 1 and T > 0. Then, for any
x € CN, a solution x* of (P1 ) with || - || = |- |l2 y = Ax + e, and |le|2 < n
approximates the vector x with {,-error

[x — x|, < 0s(x)1 + D s'/P71/2y, 1<p<2 (4.15)

Slfl/P

for some constants C, D > 0 depending only on p and .

The estimates for the extremal values p = 1 and p = 2 are the most familiar.
They read

I = x|l < Cos(x)1 + D Vs,

C
x — x|l < 7 os(x)1 + D. (4.16)

One should remember that the coefficient of o4(x); is a constant for p = 1 and
scales like 1/4/s for p = 2, while the coefficient of 7 scales like /s for p = 1
and is a constant for p = 2. We then retrieve the correct powers of s appearing
in Theorem 4.22 for any 1 < p < 2 via interpolating the powers of s with linear
functions in 1/p.

Remark 4.23. Let us comment on the fact that, regardless of the £,-space in which
the error is estimated, the best s-term approximation error o4(x); with respect to
the /1-norm always appears on the right-hand side. One may wonder why the error
estimate in £2 does not involve o4 (x)2 instead of os(x)1/+/s. In fact, we will see in
Theorem 11.5 that such an estimate is impossible in parameter regimes of (m, N)
that are interesting for compressive sensing. Besides, we have seen that unit £,-balls
with ¢ < 1 provide good models for compressible vectors by virtue of Theorem 2.3
and its refinement Theorem 2.5. Indeed, if ||x||; < 1 for ¢ < 1, then, for p > 1,

0s(x)p < st/p=1/a,

Assuming perfect measurements (that is, n = 0), the error bound (4.15) yields

C
1, 0s(¥)1 < Cst/pmla 1 <p<a
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Therefore, the reconstruction error in £, obeys the same decay rate in s as the error
of best s-term approximation in ¢, for all p € [1,2]. From this point of view, the
term o, (x);1/s'~1/P is not significantly worse than g (x),,.

Remark 4.24. The {,-robust null space property may seem mysterious at first sight,
but it is necessary—save for the condition p < 1—to obtain estimates of the type

C

(B P 1177 %

(x)1 + D, 4.17)
where x* is a minimizer of (P;,) withy = Ax + e and |e|| < 7. Indeed, given
v € CN and S C [N] with card(S) < s, we apply (4.17) with x = v, e = —Av,
and 1) = |[|Av|, so that x¥ = 0, to obtain

C
Vlle < =57 Ivsll + Dl Avl,
and in particular
C
[vslly < v [vglli + D [[Av].

For the proof of Theorem 4.22, we establish the stronger result of Theorem 4.25
below. The result of Theorem 4.22 follows by choosing ¢ = 2 and specifying z to
be x*.

Theorem 4.25. Given 1 < p < q, suppose that the matrix A € C™*N satisfies the
£4-robust null space property of order s with constants 0 < p < 1 and T > 0. Then,
foranyx,z € CV,

1z = x|, < (lzlly = 1x[lx +205(x)1) + D s/*~H1 | A(z — %),

sl—1/p

where C := (1 + p)?/(1 — p) and D := (3 + p)7/(1 — p).

Proof. Let us first remark that the £,-robust null space properties imply the £ -robust
and /,,-robust null space property (p < ¢) in the forms

[vsll < pllvgl +7s 72| Av], (4.18)

[lvs]l, < \V§H1+T81/p71/q lAv], (4.19)

S
51_1/17
forallv € CV andall S C [N] with card(S) < s. Thus, in view of (4.18), applying
Theorem 4.20 with S chosen as an index set of s largest (in modulus) entries of x
leads to

1+p 2T

lz=xlly < 7= (2l = Ixl +20:(01) + 7 s'/* [ Az =x)]|. 4.20)
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Then, choosing S as an index set of s largest (in modulus) entries of z — x, we use
Theorem 2.5 to notice that

1
1z = x[lp < (2 = x)5llp + lI(z = X)sllp < =71z = x[l1 + (2 = x)s]lp.
In view of (4.19), we derive

1 P _
lz = xllp < =75 llz = xlh + =575 1z = %)slh +7s PV Az~ %)

1
< 2EP x|y sV Az — )| @21)
St /p
It remains to substitute (4.20) into the latter to obtain the desired result. 0

4.4 Recovery of Individual Vectors

In some cases, we deal with specific sparse vectors rather than with all vectors
supported on a given set or all vectors with a given sparsity. We then require some
recovery conditions that are finer than the null space property. This section provides
such conditions, with a subtle difference between the real and the complex settings,
due to the fact that the sign of a number z, defined as

Zif 2 £ 0,
) 1A
sgn(z) 1=

0 ifz=0,

is a discrete quantity when z is real, but it is not when z is complex. For a vector
x € CV, we denote by sgn(x) € CV the vector with components sgn(z;), j € [N].
Let us start with the complex version of a recovery condition valid for individual
sparse vectors.

Theorem 4.26. Given a matrix A € C™*VN, a vector x € CN with support S is
the unique minimizer of ||z||1 subject to Az = Ax if one of the following equivalent
conditions holds:

(a) } Z sgn(z;)v;
jeSs
(b) Ag is injective, and there exists a vector h € C™ such that

< |lvglli forall v € ker A\ {0},

(A*h); =sgn(z;), j€S, |(A*h),| <1, ¢(€8S.

Proof. Let us start by proving that (a) implies that x is the unique minimizer of
||z||x subject to Az = Ax. For a vector z # x such that Az = Ax, we just have to
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write, with v := x — z € ker A \ {0},
Izl = llzslls + llzglly =[x = v)slli + [[vsl
> |(x = v,sgn(x)s)| + [(v, sgn(x)s)| = [{x,sgn(x)s)| = [[x]]1.

The implication (b) = (a) is also simple. Indeed, observing that Avg = —Avg
forv € ker A \ {0}, we write

’ > " sgn(z;)v;

JjES

= |(vs, A"h)| = [(Avs, h)| = [(Avg, h)|

= [(vg, A"h)| < I?gKA*h)el Ivslls < llvgll-

The strict inequality holds since ||vg||1 > 0; otherwise, the nonzero vector v €
ker A would be supported on S, contradicting the injectivity of Ag.

The remaining implication (a) = (b) requires more work. We start by noticing
that (a) implies ||vg|[y > O for all v € ker A \ {0}. It follows that the matrix A g
is injective. Indeed, assume Agvg = 0 for some vg # 0 and complete vg to a
vector v € CV by setting vz = 0. Then v is contained in ker A \ {0}, which is in
contradiction with ||vg|[;1 > 0 for all v € ker A \ {0}. Next, since the continuous
function v — |(v,sgn(x)s)|/||vgll1 takes values less than one on the unit sphere
of ker A, which is compact, its maximum g satisfies ;1 < 1. By homogeneity, we
deduce

|(v,sgn(x)s)| < pl|vglly forall v € ker A.

We then define, for y < v < 1, the convex set C and the affine set D by
Ci={zeCN: |las|s +vlzglh < IIx},
D .= {ZECN:AZZAX}.

The intersection C N D reduces to {x}. Indeed, we observe that x € C N D, and if
z # x belongs to CND, setting v := x—z € ker A\ {0}, we obtain a contradiction
from

Ix[lr = llzslly + vlizglls = [[(x = v)slls + v[lvgll
> [[(x = v)slli + pllvgll =[x = v, sgn(x)s)| + (v, sgn(x)s)|
> [{x, sgn(x)s)| = [Ix[1-

Thus, by the separation of convex sets via hyperplanes (see Theorem B.4 and
Remark B.5) there exists a vector w € CV such that

Cc{zeC" :Re(z,w) < |x[1}, (4.22)
D C {z€C" :Re(z,w) = |x|1}. (4.23)
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In view of (4.22), we have

Ix|lx > max Re (z, w)

lzs+vaslli<x|:

= (szw,—i—z:l/z wj/u>

IIZS+VZSH1<HXH1
jES

= max Re (zs + vzg, ws + (1/v)wg)

llzs+vaslli<x|:

=[xl flws + (1/v)wglloo = [Ix[[1 max {[|wslloc, (1/¥)]|Wglloo} -

Setting aside the case x # 0 (where the choice h = 0 would do), we obtain
[Wsllo < 1and ||[Wg|o < v < 1. From (4.23), we derive Re (x,w) = ||x]|1,
ie., w; = sgn(z;) forall j € S, and also Re (v,w) = 0 forall v € ker A, i.e.,
w € (ker A)*L. Since (ker A)L = ran A*, we write w = A*h for some h € C™.
This establishes (b). O

Remark 4.27. (a) If a vector x € CV with support S satisfies condition (a) of
the previous theorem, then all vectors x’ € C¥ with support S’ C S and
sgn(x’)ss = sgn(x)g are also exactly recovered via basis pursuit. Indeed, for
v € ker A\ {0},

‘ Z sgn(z})v;| = ‘ngn (xj)v ngn (x)v;

jes 365\5’

< }ngnm)vj +3" Il < Ivslh + Ivasrlls = Ivglls.
JjES jeES\S’

(b) Theorem 4.26 can be made stable under noise on the measurements and under
passing to compressible vectors; see Exercise 4.17 and also compare with
Theorem 4.33 below. However, the resulting error bounds are slightly weaker
than the ones of Theorem 4.25 under the ¢2-robust null space property.

The equalities (A*h); = sgn(z;), j € S, considered in (4¢) translate into
Aih = sgn(xs). This is satisfied for the choice h = (AL)"sgn(xs), where the
expression AL, := (A%4Ag) 'A% of the Moore—Penrose pseudo-inverse of A is
justified by its injectivity; see (A.28). Since the conditions |(A*h),| < 1, ¢ € S,
then read |(as,h)| < 1, ¢ € S, where ay,...,ay are the columns of A, we can
state the following result.

Corollary 4.28. Letay, ..., ay be the columns of A € C™*N. For x € CN with
support S, if the matrix A g is injective and if

(ALay,sgn(xs))| <1 forallt €S, (4.24)

then the vector X is the unique solution of (P1) withy = Ax.
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Remark 4.29. In general, there is no converse to Theorem 4.26. Let us consider, for
instance,

e—ﬂ'i/3
A = 10-1 , x= | emi/3
01-1 0

We can verify that x is the unique minimizer of ||z||; subject to Az = Ax; see
Exercise 4.14. However, (a) fails. Indeed, for a vector v = [(, (, (] € ker A \ {0},
we have [sgn(z1)vy +sgn(za)vs] = |(7/3-+¢/3)C| = [C], while v sy 1 = IC].
In contrast, a converse to Theorem 4.26 holds in the real setting.

Theorem 4.30. Given a matrix A € R™*VN, a vector x € RY with support S is
the unique minimizer of ||z||1 subject to Az = Ax if and only if one of the following
equivalent conditions holds:

(a) } ngn(:z:j)vj
JES
(b) Ag is injective, and there exists a vector h € R™ such that

< ||vgll1forallv € ker A\ {0}.

(ATh); =sgn(z;), j€S, (ATh)| <1, ¢€8S.
Proof. The arguments given in the proof of Theorem 4.26 still hold in the real
setting; hence, it is enough to show that (a) holds as soon as x is the unique

minimizer of ||z||; subject to Az = Ax. In this situation, for v € ker A \ {0},
the vector z := x — v satisfies z # x and Az = Ax, so that

%[l < llzlly = [lzs]lx + llzglls = (z,sgn(2)s) + l|lzg]:-

Taking [|x||; > (x,sgn(z)s) into account, we derive (x — z,sgn(z)s) < ||zgl1.
Hence, we have

(v,sgn(x —v)g) < ||vg|l1 forallv € ker A\ {0}.

Writing the latter with v € ker A \ {0} replaced by tv, t > 0, and simplifying by
t, we obtain

(v,sgn(x —tv)g) < ||[vgll1 forallv € ker A\ {0} and all £ > 0.

Taking ¢ > 0 small enough so that sgn(z; —tv;) = sgn(x;)—note that it is essential
for x to be exactly supported on S—we conclude

(v,sgn(x)s) < ||vgly forallv € ker A\ {0},

which implies (a) by replacing v by —v if necessary. O
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Remark 4.31. Theorem 4.30 shows that in the real setting the recovery of a given
vector via basis pursuit depends only on its sign pattern, but not on the magnitude
of its entries. Moreover, by Remark 4.27(a), if a vector x € RY with support S is
exactly recovered via basis pursuit, then all vectors 2/ € R with support S’ C S
and sgn(x’')s = sgn(x)g are also exactly recovered via basis pursuit.

The construction of the “dual vector” h described in property (b) of Theo-
rems 4.26 and 4.30 is not always straightforward. The following condition involving
an “inexact dual vector” is sometimes easier to verify.

Theorem 4.32. Let a1, ...,ay be the columns of A € C™*N and let x € CN
with support S. For a, 3,7,60 > 0, assume that

[(AsAs) a2 < o, max [A5a2 < B, (4.25)

and that there exists a vectoru = A*h € CY withh € C™ such that
lus —sgn(xs)llo <v and |luglle < 6. (4.26)

If0 + afy < 1, then x is the unique minimizer of ||z||1 subject to Az = Ax.

Proof. According to Theorem 4.26, it is enough to prove that
(v, sgn(xs))| < [lvslh

forall v € ker A\ {0}. Forsuchav € ker A\ {0}, since u € ran A* = (ker A)+,

(v, sgn(xs))| = [(v;sgn(xs) — )| < [(vg, ug)| + [{vs,sgn(xs) — us)|

< Ollvgllr +7llvsll2,
where the last step uses both inequalities of (4.26). From (4.25), we derive
[vslla = [[(A5As) ' A5Asvslle < a| A5Asvs|2 = al|A5Agvglla

=ao| > viAzal, <o) vil|Asarlz < apvgll.

teS teS
This implies that
(v, sgn(xs))| < (0 + apfv)|vgl-
The conclusion follows from 6 + a8y < 1. O

The next statement makes the result stable and robust with respect to sparsity
defect and measurement error. However, due to the appearance of an extra factor
\/E, the error bound is not as sharp as (4.16), which was obtained under the /5-
robust null space property. Nevertheless, since it applies under weaker conditions
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on A, it proves useful in certain situations, especially when the null space property
(or the restricted isometry property to be studied in Chap. 6) is not known to hold or
harder to establish; see, for instance, Chap. 12.

Theorem 4.33. Let ay,...,ay be the columns of A € C™*N  let x € CN with s
largest absolute entries supported on S, and let y = Ax + e with ||e|2 < 0. For
6,8,7v,0,7 > 0withé < 1, assume that

|ASAs —Id[[2—2 <6, max [ASacllz < 5, (4.27)
S

and that there exists a vectoru = A*h € CV with h € C™ such that

lus —sgn(xs)ll2 <7, fuglle <0, and |[hz <7Vs. (4.28)

Ifp:=0+By/(1—06) <1, then a minimizer x* of ||z, subjectto |Az —y|2 <n
satisfies

HX — Xﬁ”Q < Clo'S(X)l + (CQ + Cg\/g)’q

for some constants C1,Cy,C3 > 0 depending only on §, 3,~,0, .

Remark 4.34. The proof reveals explicit values of the constants, namely,

o =2 (1+ p ) 02_2””#( il <1+ b >+1>,
1—p 1—-p

1-46 1-46 1-6
27 B
03_1—/)(1—’—1—5)'

For instance, the specific choice 6 = 8 =~ =1/2,0 = 1/4, and 7 = 2, for which
p =3/4,results in C7 =~ 16, Cy = 10v/6 ~ 24.49, and Cs ~ 32.

Proof. Observe that x is feasible for the quadratically constrained ¢;-minimization
problem due to the assumed />-bound of the perturbation e. Setting v := x* — x,
the minimality of ||x*||; implies

Ixlle > [l =[x + vl = [[(x+ v)sll + [l (x +v)slh
> Re((x +v)s,sgn(xs)) + [[vglh — [[xglh

= [[xsll1 + Re(vs,sgn(xs)) + [[vgll — [Ixgl1-
Rearranging and using the fact that ||x||; = ||xs||1 + [|xg||1 yields

vzl < 2[xgll1 + [{vs,sgn(xs))|- (4.29)
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In view of (4.28), we have
[(vs,sgn(xs))| < [(vs,sgn(xs) —us)| + [{vs, us)|
<Avsllz + [(v, w)| + [{vg, ug)|- (4.30)
The first inequality of (4.27) guarantees (see, for instance, Lemma A.12 and

Proposition A.15) that ||(A5As) ! am2 < 1/(1—d) and [|A%|l2—e < V146
Hence,

[vsll2 < 1T5||ASASVS||2 < 1T5||ASA§V§H2 + 1__5||ASAVH2

V1+46
= Z|V€|HAsaé”2+ 5 1AVl
éeS
2v1+4
< ——||ve —_—. .
< t5lvslh+ S50 (4:31)

The last step involved the inequality ||Av|ls < 2n, which follows from the
optimization constraint as

IAV2 = [|AGF — %)z < [|AXF —yll2 + [ly — Ax]]2 < 21.
The latter inequality combined with ||h||s < 74/5 also gives
[(v,w)| = [{v, A"h)| = [(Av, h)| < [[Av]2[h2 <27/,

while ||ug||o < @ implies [(vg, ug)| < 0||vgl|l1. Substituting these estimates in
(4.30) and in turn in (4.29) yields

Vi+s

By
vl < 2l + (64 125 ) Ivsh + (205

+27/s >
Since p = 0 + B/(1 — §) < 1, this can be rearranged as

2(py + 7v/5) 432)

2
Ivslh < T el + =G,

where p := /1 + /(1 — 6). Using (4.31) once again, we derive

[vsll2 < %Hxsﬂl + (%—m + 2u> 7. (4.33)

Finally, combining (4.32) and (4.33), we obtain
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AN

[vlla < llvsllz + vslla < llvall + Vsl

2 2(uy +
1_—p(1+%) |xs|1+< (ml_;\/é) (1+1€6)+2u>n.

Taking ||xg||1 = o4(x)1 into account, we arrive at the desired result. O

The next characterization of exact recovery via £1-minimization involves tangent
cones to the ¢1-ball. For a vector x € RN, we introduce the convex cone

T(x) = cone{z — x : z € RV, [|z[|1 < []x[|1}, (4.34)

where the notation cone represents the conic hull; see (B.4).

Theorem 4.35. For A € R™*N avectorx € RY is the unique minimizer of ||z||1
subject to Az = Ax if and only ifker ANT(x) = {0}.

Proof. Assume that ker A N T'(x) = {0}. Let x* be an ¢;-minimizer. We have
[x*l1 < |lx|l1 and Ax*F = Ax, so that v := x* — x € T(x) Nker A = {0};
hence, x! = x. This means that x is the unique ¢;-minimizer. Conversely, assume
that x is the unique ¢;-minimizer. A vector v € T'(x) \ {0} can be written as
v = Y t;(z; — x) with t; > 0 and ||z;]1 < ||x||1. Note that v # O implies
> t; > 0, and we can consider ¢’ := t;/(3 t;). If v € ker A, we would have
A(> thz;) = Ax, while || Y2 thz;1 < Y t)||z;[l1 < [|x[|1. By uniqueness of an
£1-minimizer, this would imply ) tfj z; = X, so that v = 0, which is a contradiction.
We conclude that (7'(x) \ {0}) NkerA = 0, i.e., T(x) N ker A = {0}, as
desired. O

The above theorem extends to robust recovery as follows.

Theorem 4.36. For A € R™ N Jetx € RN andy = Ax +e € R™ with
lellz < n. If

inf [Av|2 > T
VET(x),[lv[2=1

for some T > 0, then a minimizer x* of ||z||1 subject to | Az — y||2 < n satisfies

2
x — xt]» < 777 (4.35)

Proof. The inequality ||x*||; < ||x]||1 yields v := (x* — x)/|x* — x||2 € T(x)—
note that x* — x # 0 can be safely assumed. Since ||v|2 = 1, the assumption
implies ||Av]js > 7, i.e., |A(x! —x)|2 > 7|x* — x]|2. It remains to remark that

IAGE =)z < |AxF —yll2 + [|Ax — yll2 < 27

in order to obtain the desired result. O



98 4 Basis Pursuit

Remark 4.37. Theorems 4.35 and 4.36 both remain valid in the complex case by
considering the complex cone 7'(x) = cone{z — x : z € CV, ||z||1 < ||x[]1}.

4.5 The Projected Cross-Polytope

In this section, we build on Theorem 4.30 to characterize geometrically the success
of basis pursuit in recovering an individual sparse vector or all sparse vectors
simultaneously. We first recall that a convex polytope P in R™ can be viewed either
as the convex hull of a finite set of points or as a bounded intersection of finitely
many half-spaces. For instance, with (e, ..., ex) denoting the canonical basis of
RY, the unit ball of ¢ described as

N
B{V := conv{e;,—ey,...,en,—€enN} = ﬂ {ZERN:Zaizigl}
ee{-1,1}¥ i=1

is a convex polytope which is sometimes called cross-polytope. Its image under
a matrix A € R™*% is also a convex polytope, since it is the convex hull of
{Ae;,—Aei,...,Aey,—Aen}. A face of a convex polytope P in R" is a set
of the form

F={zeP:(zh) =c}

for some h € R” and ¢ € R, given that (z,h) < c holds for all z € P. Note
that ¢ > 0 if F' is a proper face of a symmetric convex polytope P, so we may
always assume ¢ = 1 in this case. A face F of P is called a k-face if its affine hull
has dimension k. The 0-, 1-, (n — 2)-, and (n — 1)-faces are called vertices, edges,
ridges, and facets, respectively. For 0 < k < N — 1, it can be verified that the

k-faces of BYY are the 281 (7)) sets

{z € BY: Zsjzj = 1} = conv{e e;,j € J},
jeJ

where J C [N] has size k + 1 and e € {—1,1}”. Thus, if a vector x € RY with
x|l1 = 1is exactly s-sparse, it is contained in exactly one (s — 1)-face of BY",
namely,

Fy := conv{sgn(z;)e;,j € supp(x)}.

We are now in a position to state the necessary and sufficient condition for the
recovery of individual vectors via basis pursuit.
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Theorem 4.38. For a matrix A € R™*YN, a vector x € RY with support S of
size s > 1 is the unique minimizer of ||z||1 subject to Az = Ax if and only if the
(s — 1)-face Fy x|, of BYY maps to an (s — 1)-face of AB{" not containing any
cAej,c==+10€5.

Proof. We assume without loss of generality that ||x||; = 1. Before proving both

implications, we notice that if A Fy is a face of ABYN then it is an (s — 1)-face if
and only if its affine hull Ax + V,

V= {Zt‘jsgn(a@j)Aej, t € R® with th = 0},
Jjes jes

has dimension s — 1. This is equivalent to saying that the range of the linear map
[t = Y cotjsen(z;)Ae; definedon T := {t € RS : Y7 ot; = 0} has
dimension s — 1. Since dim(7T') = s — 1, this is also equivalent to saying that f
is injective (in other words, that ), s t;sgn(z;)Ae; = 0and >, gt; = 0 can
both occur only when t = 0 or that the system {sgn(z,)Ae;,j € S} is affinely
independent).

Let us assume on the one hand that A Fy is an (s—1)-face of A Bi¥ not containing
any eAep, e = £1,0 € S. Since it is a face of AB¥, there exists h € R™ such that
if z € BYY, then

(Az,h) <1 and [(Az,h) =1 & Az € AF].
For j € S, since sgn(z;)Ae; € AF, we have
(ATh); = (e;, ATh) = (Ae;, h) = sgn(z;)(sgn(z;) Ae;, h) = sgn(z;).
For ¢ € S, since Ae; ¢ AFy and —Aey ¢ AF, we have, for some ¢ = +1,
I(ATh),| =e(ATh), = c(e;, ATh) = (¢Aey, h) < 1.

Let us now consider z € R satisfying Az = Ax and ||z||; < ||x||1 = 1. From

1=(Ax,h) = (Az,h) = (z, ATh) = zsgn(z;) + Y z(ATh),
Jjes es

<Y el 4+ lzl =zl <1, (4.36)

Jjes tes

we derive that all inequalities above are equalities, i.e., zjsgn(z;) = |z;| forall j €
S, zg = 0 forall £ € S (otherwise there is at least one strict inequality z,(A Th), <
|z¢|), and ||z = 1. With ¢; := |z;| — |25, j € S, we then obtain ., gt; =
2]y = [Ix[[x = 0 and
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thsgn(a:j)Aej = szAej — ijAej = Az - Ax=0.
jES jES jES

The injectivity of f (due to the fact that ABY is an (s — 1)-face) implies |z;| = |z;]
forall j € S and in turn z = x. This proves that x is the unique minimizer of ||z||;
subject to Az = Ax.

On the other hand, let us assume that x is the unique minimizer of ||z||; subject to
Az = Ax. By Theorem 4.30, the matrix A is injective, and there exists h € R™
such that (ATh); = sgn(z;) forall j € S and |(ATh),| < 1forall ¢ € S. We
observe that, forz € BYY,

(Az,h) = (z,A"h) < ||z||;]|A h|[ < 1. (4.37)

Moreover, if Az € AFy, then (Az, h) = 1. Conversely, if (Az, h) = 1, equality
throughout (4.37) yields (as with (4.36)) z; = |z;|sgu(x;) for j € S, zp = 0 for
¢ € S,and ||z||; = 1,i.e.,z € Fy and in turn Az € AF,. This shows that AF} is
a face of ABY. Next, the injectivity of A g immediately implies the injectivity of
f, so that AFy is an (s — 1)-face. Finally, if cAe;, € AFy for some ¢ = +1 and
¢ € S, then e(ATh), = (¢Aes, h) = 1, which is impossible. We have therefore
established that A F is an (s — 1)-face of AB{V not containing any cAey, € = +1,
les. O

We finally use Theorem 4.38 to characterize the success of sparse recovery via
basis pursuit as a geometric property about the projected cross-polytope A B{". The
characterization basically says that all low-dimensional faces of Bi¥ remain faces
after decreasing the dimension through the action of A. This phenomenon goes
against the geometric intuition in small dimension, as some edges of the three-
dimensional cross-polytope are necessarily swallowed up when it is projected to be
drawn in two dimensions. The precise statement below involves the number fj(P)
of k-faces of a convex polytope P.

Theorem 4.39. For a matrix A € R™ Y and an integer s > 1, the following
properties are equivalent.

(a) Every s-sparse vector x € RY is the unique minimizer of ||z||1 subject to
Az = Ax.

(b) fr(ABN) = fi.(BYN) whenever 0 < k < s — 1.

(c) fu(ABY) = fo(BN)fork=0andk = s — 1.

(d) ABY has 2N vertices, and every (s — 1)-face of BY¥ maps to an (s — 1)-face
of ABY.

Proof. Before proving the chain of implications (a) = (b) = (¢) = (d) = (a),

we point out that every k-face of ABJ can be written as AF, where F is a k-face

of BY. In other words, if Fj(P) denotes the set of k-faces of a convex polytope P,
then

Fr(ABN) c AF.(BY). (4.38)
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To see this, considering a k-face G of ABYX, there exists h € R™ such that if
z € BYY, then

(Az,h) <1 and [(Az,h) =1 & Az € G].
Setting F := {z € B : Az € G}, we see that AF = G and thatif z € By, then
(z,ATh) <1 and [(z,ATh)=1&2z¢ F|,

so that F' is a face of B{¥. Thus, we can write F' = conv{e,e;, j € J} for some J C
[N] and € € {—1,1}7. As derived in the beginning of the proof of Theorem 4.38,
the fact that G = AF is a k-face is equivalent to the bijectivity of the map f :
t = o tiejAej from T = {t € R7 : 37, ;t; = 0} onto the k-dimensional
vector space directing the affine hull of G. Hence, it follows that dim(7T") = &, i.e.,
card(J) = k + 1, so that F' is indeed a k-face.

Let us now turn to the implication (a) = (b). For 0 < k < s — 1, since every k-
face of Bi¥ can be written as some F} for an exactly (k + 1)-sparse vector x € RY
with ||x||; = 1, Theorem 4.38 implies that every k-face of BY¥ maps to a k-face of
ABY . Thus, F — AF is a well-defined mapping from F (B?") to Fx(ABY), and
(4.38) says that it is surjective. Let us now assume that AF = A F” for two distinct
k-faces F and F’ of BYY. We write F' = Fy and F' = Fy for some x,x’ € RV
with ||x|l; = ||x’|l1 = 1 and with supports S, S’ of size k + 1. If S = S’, then
sgn(x;) # sgn(x’;) for some j € S, and both sgn(z;)Ae; and sgn(z’;) Ae; would
belong to the k-face AF = AF’, which is absurd since otherwise this face would
contain the zero vector as their midpoint. If S # S’, then we pick £ € S’\ Sande =
+1 with ee; € F'; hence, eéAe, € AF’, while ¢ € S yields cAe; ¢ AF = AL,
which is also absurd. This shows that the mapping F' — AF is injective, hence
bijective from Fy (B ) to Fj(ABY ). We conclude that the cardinality of these two
sets are identical, i.e., that fr,(ABY) = fi.(BY), as desired.

The implication (b) = (c) is straightforward, so we focus on (c) = (d). Since
vertices are just O-faces, fo(ABY) = fo(BY) directly implies that A B has 2N
vertices. Next, according to (4.38), for each (s — 1)-face G of AB{V , we can find
an (s — 1)-face F of BY such that G = AF. Thus, G — F defines an injective
mapping from Fs_1(ABY) into F,_1(BY). Since these two sets have the same
cardinality, we deduce that the mapping is surjective, too. This means that, for every
(s — 1)-face F of BYY, there is an (s — 1)-face G of ABY with G = AF; hence,
AF isindeed an (s — 1)-face of AB{. This proves (d).

Finally, let us show the implication (d) = (a). In view of Remark 4.31, we only
need to prove that every exactly s-sparse vector x € RY is the unique minimizer of
|lz||1 subject to Az = Ax. Using Theorem 4.38, we need to prove that if x € RY
has support S of size s, then AFy is an (s — 1)-face of ABY¥ and A Fy does not
contain any e Aey withe = £1and ¢ € S. Since Fy is an (s—1)-face of Bi", the first
part of this statement follows directly from (d). For the second part of the statement,
givene = £1and ¢ € S, if we had cAe, € AFy = conv{sgn(z;)Ae;,j € S},



102 4 Basis Pursuit

then either cAe; = sgn(z;)Ae; for some j € S or eAey is not a vertex of AB1".
In any case, this yields card(AFo(BYY)) < 2N and then card(Fo(ABY)) < 2N
by (4.38), which contradicts the fact that AB{¥ has 2N vertices. We have now
proved (a). O

4.6 Low-Rank Matrix Recovery

In this section, we shortly digress on the problem of recovering matrices of low rank
from incomplete linear measurements, which was already mentioned in Sect. 1.2 (p.
21). In this context, the number of nonzero singular values—the rank of a matrix—
replaces the number of nonzero entries: the sparsity of a vector.

We suppose that a matrix X € C™*"2 of rank at most r is observed via the
measurement vector y = A(X) € C™ where A is a linear map from C™*"2 to
C™. As in the vector case the first approach to this problem that probably comes to
mind is to solve the rank-minimization problem

minimize rank(Z) subjectto A(X) =y.
ZEeCr1Xn2

Unfortunately, like £yp-minimization this problem is NP-hard; see Exercise 2.11.
In fact, the rank of Z equals the £y-norm of the vector [0y (Z),...,0,(Z)]T of
singular values of Z. Motivated by the vector case where ¢;-minimization is a good
strategy, we relax the minimization of the rank to the nuclear norm minimization
problem

minimize ||Z||. subjectto A(Z) =y. (4.39)
ZeCr1xnz

Here, the nuclear norm, defined by
IZI|. == 0;(Z),  n:=min{n,ny},
j=1

is the /1-norm of the vector of singular values of Z. We refer to (A.25) and
Appendix A.2 in general for the fact that || - || . is indeed a norm. The problem (4.39)
is a convex optimization problem, and it is actually equivalent to a semidefinite
program; see Exercise 4.18.

The analysis of the nuclear norm minimization strategy (4.39) is analogous to
the vector case. In particular, the success of the strategy is equivalent to a null space

property.

Theorem 4.40. Given a linear map A from C"*™2 to C™, every matrix X €
C™*"2 of rank at most v is the unique solution of (4.39) with'y = A(X) if and
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only if, for all M € ker A\ {0} with singular values o1 (M) > - - -
n = min{ny, na},

n

XT:O’J'(M) < Y oi(M). (4.40)
i=1

j=r+1

Proof. Let us first assume that every matrix X € C™'*"2 of rank at most 7 is
the unique solution of (4.39) with y = A(X). We consider the singular value
decomposition of a matrix M € ker A\ {0} and write M = Udiag(o1,...,0,)V*
foro; > -+ >0, >0and U € C"*" 'V € C™"*"2 ynitary. Setting M; =
Udiag(o1,...,04,0,...,0)V* and My = Udiag(0,...,0,—0,41,...,—0,) V¥,
we have M = M; — M. Thus, A(M) = 0 translates into A(M;) = A(Mj).
Since the rank of M is at most r, its nuclear norm must be smaller than the
nuclear norm of My. This means that 0y + --- + 0, < 0py1 + -+ + 0Oy, as
desired.

Conversely, let us now assume that Y7, o;(M) < 327 ., 0;(M) for every
M € ker A \ {0} with singular values o1 (M) > --- > ¢,(M) > 0. Consider a
matrix X € C™ *"2 of rank at most r and a matrix Z € C™"*"2 Z # X, satisfying
A(Z) = A(X). We aim at proving that || Z||. > || X]||.. Letusset M := X —Z €
ker A\ {0}. Lemma A.18 ensures that the singular values o;(M), 0,(Z), c;(M)
satisfy

1ZI]. =) oy(X=M) > > |oj(X) — o (M)].
j=1

j=1

For j € [r], we have |0;(X) — 0;(M)| > 0(X) — 0;(M),and forr +1 < j < n,
it holds |0 (X) — 0;(M)| = 0;(M). In view of our hypothesis, we derive

T

j=r+1

120 = Y0, (X) = 3o (M) + D (M) > D y(X) = XL

This establishes the desired inequality. a

Like in the vector case, one can introduce stable and robust versions of the rank
null space property (4.40) and show corresponding error estimates for reconstruction
via nuclear norm minimization; see Exercises 4.19 and 4.20. Also, recovery
conditions for individual low-rank matrices can be shown, analogously to the results
for the vector case in Sect. 4.4; see Exercise 4.21.

In the remainder of the book, the low-rank recovery problem will only be treated
via exercises; see, e.g., Exercises 6.25 and 9.12. The reader is, of course, very
welcome to work through them.
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Notes

Throughout the chapter, we have insisted on sparse vectors to be unique solutions
of (Py). If we dropped the uniqueness requirement, then a necessary and sufficient
condition for every s-sparse vector to be a solution of (P;) would be a weak null
space property where the strict inequality is replaced by a weak inequality sign.

The null space property is somewhat folklore in the compressive sensing
literature. It appeared implicitly in works of Donoho and Elad [155], of Donoho
and Huo [158], and of Elad and Bruckstein [181]. Gribonval and Nielsen also
isolated the notion in [239]. The name was first used by Cohen et al. in [123],
albeit for a property slightly more general than (4.3), namely, ||v]; < Co4(v)1
for all v € ker A, where C' > 1 is an unspecified constant. We have coined the
terms stable and robust null space properties for some notions that are implicit in
the literature.

The equivalence between the real and complex null space properties was
established in [211] using a different argument than the one of Theorem 4.7. The
result was generalized by Lai and Liu in [315]. The proof of Theorem 4.7 follows
their argument.

Given a measurement matrix A € K™*® and a vector x € K, one can rephrase
the optimization problem (P;) with y = Ax as the problem of best approximation
to x € KV from the subspace ker A of K" in the /;-norm. Some of the results of
this chapter can be derived using known characterizations of best /1 -approximation.
The book [388] by Pinkus is a good source on the subject, although it does not touch
the complex setting.

The term instance optimality is sometimes also used for what we called stability
in this chapter. Chapter 11 gives more details on this topic.

The stability and robustness of sparse reconstruction via basis pursuit, as stated
after Theorem 4.22, were established by Candes et al. in [95] under a restricted
isometry property—see Chap. 6—condition on the measurement matrix.

The fact that sparse recovery via £,-minimization implies sparse recovery via £,-
minimization whenever 0<p<g<1 was proved by Gribonval and Nielsen in [240].

The sufficient condition (b) of Theorems 4.26 and 4.30, as well as Corol-
lary 4.28, can be found in works of Fuchs [215] and of Tropp [477]. In [94], Candes
et al. stated that condition (b) is also necessary for partial Fourier matrices. The
argument is slightly imprecise, since it would generalize to other measurement
matrices and contradict Remark 4.29, but it is correct for real matrices; see
Theorem 4.30. The discrepancy between real and complex settings disappears if
uniqueness of minimizers and strict inequalities are not required; see Exercise 4.15.

The recovery conditions of Theorems 4.35 and 4.36 appeared in more general
form in [108].

The success of sparse recovery via basis pursuit was characterized in terms of
faces of polytopes by Donoho in [151], where the condition of Corollary 4.39 was
also interpreted in terms of neighborliness of the polytope ABY —see
Exercise 4.16.
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Exercises

4.1. Suppose that A € C™*¥ gatisfies the null space property of order s.
Theorems 4.5 and 2.13 guarantee that ker A does not contain any 2s-sparse vectors
other than the zero vector. Give a direct proof of this fact.

4.2. Find a 2 x 3 matrix A and a nonsingular 3 x 3 diagonal matrix D such that A
has the null space property of order 1 but AD does not.

4.3. Prove that there exist a matrix A and an individual vector x such that x can be
recovered from Ax via basis pursuit with a number of measurements m < 2s.

4.4. Suppose that the null space of a real matrix A is a two-dimensional space with
basis (v, w). Prove that A has the null space property of order s if and only if

Sl <Y ol D wil <Y fwel, Y Joiwi—vjwil <Y [viwg—vpwi,
JeS tes Jjes Les Jes esS
forall i € [N]and all S C [N] with card(S) < s.

4.5. Prove the equivalence between the real and complex stable null space prop-
erties with constant 0 < p < 1 relative to a set S. More generally, prove the
equivalence between the real and complex robust null space properties, in the
following sense: Given A € R™*N 4 constant p > 0,aset .S, and a norm on
C™ invariant by complex conjugation (i.e., ||¥|| = ||y|| for ally € C™), there exists
a constant 7 > 0 such that

lvslli < pllvglli + 7[|Av| forall v e RY
if and only if there exists a constant 7/ > 0 such that
vsllh < pllvgll + 7'||Av]| forall v e CV.

4.6. Given A € C™*¥ and 0 < ¢ < 1, prove the equivalence of the properties:

() |lvs|li < |lvglli — ¢||v][1 forall v € ker A and S C [N] with card(S) < s.
(i) [|x|l1 < ||z|l1—c]||x—z||1 forall s-sparsex € CN andz € C" with Az = Ax.

4.7. Given S C [N], prove that a minimizer x* of ||z||; subject to a constraint met
by x € C¥ satisfies

16 =) 5ll, < (16 =) I, +2 lxcsl -

4.8. Given A € R™*¥ prove that every nonnegative s-sparse vector x € R¥ is
the unique solution of

minimize ||z||; subjectto Az = Axandz >0
zeRN
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if and only if

N
V§ZO:>ZUj >0
j=1

forall v € ker A \ {0} and all S C [N] with card(S) < s.

4.9. Let A € R™*" be a matrix for which Zjvzl v; = 0 whenever v € ker A, and
let S C [N] be a fixed index set. Suppose that every nonnegative vector supported on
S is uniquely recovered by ¢;-minimization. Prove that every nonnegative vector x
supported on S is in fact the unique vector in the set {z € R : z > 0, Az = Ax}.

4.10. Given matrices A € C™*¥ and M € C™*"™, suppose that ML A satisfies the
{5-robust null space property of order s with constants 0 < p < 1 and 7 > 0. Prove
that there exist constants C, D > 0 depending only on p, 7, and || M||2—,2 such that,
forany x € CV,

I — x|, < oi(x)1+Ds /P2y 1<p<2,

Slfl/P

where x* € CV is a solution of (Py ,,) with ||-|| = ||-||l2, y = Ax+e, and |le||2 < 7.

4.11. Let A € C™*¥ be such that, for some constants 0 < p<landt >0,

[[vs|l2 < %HV§H1 + 7||A*Av|o forall S C [N]andall v € CV.

7

For x € CV,lety = Ax + e for some e € C™ with ||[A*e|l < 7. Let x* be a
minimizer of the Dantzig selector

minimize ||z||;  subjectto |[A*(Az —¥)|lcc <.
zeCN

Show that

Cos(x)

Ix — x|z < L+ Dy,

S

for constants C, D > 0 depending only on p and 7.

4.12. Prove Theorem 4.9 and generalize other results from Sects. 4.1 to 4.3 when
the £;-norm is replaced by the ¢,-quasinorm for 0 < ¢ < 1.

4.13. Given an integer s > 1 and an exponent ¢ € (0,1), find a measurement
matrix that allows reconstruction of s-sparse vectors via £,-minimization for p < ¢
but not for p > gq.
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4.14. Verify the statement of Remark 4.29 that x = [e~™/3 ¢™/3 0] is the
10 —1:|

unique minimizer of ||z||; subject to Az = Ax, where A = [ 01 -1

4.15. Given a matrix A € C™*" and a vector x € C" with support S, prove that
x is a minimizer of ||z||; subject to Az = Ax if one of the following equivalent
conditions holds:

() | sen(a)v
JjES
(ii) There exists a vector h € C™ such that

< [|vgll1 forall v € ker A.

(A*h); =sgn(x;), je€S, [(A*h),| <1, ¢€S8S.

4.16. A symmetric convex polytope P is called centrally k-neighborly if any set of
k of its vertices, not containing a pair {v, —v}, spans a (k — 1)-face of P. Given a
matrix A € R™*Y prove that every s-sparse vector x € RY is the unique solution
of (P) with y = Ax if and only if the convex polytope A BY has 2NN vertices and
is s-neighborly.

4.17. Stable and robust recovery via dual certificate
Let A € C™*N be a matrix with £3-normalized columns. Let x € CY and let
S C [N] be an index set of s largest absolute entries of x. Assume that

||AEAS — Ing_)g S «

for some o € (0,1) and that there exists a dual certificate u = A*h € CV with
h € C™ such that

us =sgn(xg), |lugl, <8, I|hl, <yVs,

for some constants 0 < 8 < 1 and 7 > 0. Suppose that we are given corrupted
measurements y = Ax + e with ||e||2 < 1. Show that a solution x* € C¥ of the
{1-minimization problem

minimize ||z||; subjectto ||Az—y|2<n
zeCN

satisfies
Hx - xﬁH2 < Coy(x)1 + Dy/sn

for appropriate constants C', D > 0 depending only on «, (3, and ~.

4.18. Nuclear norm minimization via semidefinite programming
Let || - ||« denote the nuclear norm. Given a linear map A : C"*"2 — C™ and
y € C™, show that the nuclear norm minimization problem
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minimize ||X]||. subjectto A(X) =y

is equivalent to the semidefinite program

minimize tr'Y +trZ subjectto AX) =y
XeCni1xXn2 YeCniXni ZeCrn2xn2
Y X
and = 0.
-2

4.19. Stable rank null space property

Let A : C™*"2 — C™ be a linear measurement map and let n = min{n,na}.
Assume that A satisfies the stable rank null space property of order r with constant
0 < p < 1,ie., that for all M € ker A \ {0}, the singular values of M satisfy

T

Y ou(M)<p Y ou(M).

=1 l=r+1

Show that, for all X, Z € C"*"2 with A(X) = A(Z),

1+ "
IX - 2. < 1 ”<|Z|*—||xn*+z 3 UZ(X)>- (4.41)

-p l=r+1
For X € C™*"2_let X! be a solution of the nuclear norm minimization problem

minimize ||Z||. subject to A(Z) = A(X).
ZcCrixn2

Deduce the error estimate
214+ p) <
X - X, < 22 X).
- < S 3 o)

Conversely, show that if (4.41) holds for all X, Z such that A(X) = A(Z), then A
satisfies the stable rank null space property of order r with constant 0 < p < 1.

4.20. Robust rank null space property
Let A : C"*"2 — C™ be a linear measurement map, let n = min{ny,ns}, and let
Il - || be some norm on C™.

(a) We say that A satisfies the robust rank null space property of order r (with
respect to || - ||) with constants 0 < p < 1 and 7 > 0 if, for all M € C"*"2,
the singular values of M satisfy

S oM <p S ooM) + 7 AM)].
=1 l=r+1
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Show that

1+p - 27
IX -2z < 1= (uzu*— X +2 Y Ue(X)> + 1Az -X)]
l=r+1

holds for all X, Z € C™**"2 if and only if 4 satisfies the robust rank null space
property of order r with constants p and 7.

(b) Assume that A satisfies the Frobenius robust rank null space property of order
r (with respect to || - ||) with constants 0 < p < 1 and 7 > 0, i.e., that for all
M € ker A\ {0},

n

. 1/2
<Zw(M)?> < % Y oe(M) + 7| AM)].
=1

l=r+1

For X € C™*"2 assume that y = A(X) + e with ||e||2 < 5 for some > 0.
Let X be a solution of the quadratically constrained nuclear norm minimization
problem

minimize ||Z||. subjectto ||A(Z) — y|l2 < 7.
ZeCr1xna

Show that

n

C
XXt p < 73 0iX)+ Dy
l=r+1

for constants C, D > 0 only depending on p and 7.

4.21. Low-rank matrix recovery via dual certificate
Let ||X||« denote the nuclear norm of a matrix X € C™*"2 and (X,Y)p =
tr (X'Y™*) the Frobenius inner product of two matrices X,Y € C"1*"2,

(a) Show that the nuclear norm is the dual norm of the operator norm, i.e.,

X1l = sup (X, Y)r|, XeCmrm.
YeCrixn2 ||Y]2-2<1

(b) Let X,Y € C™*"2 be such that XY* = 0 and X*Y = 0. Show that
X[ + 1Y = X+ Y.
(c) Let X € C™*"2 be a matrix of rank r with singular value decomposition
X =>7,_, ogugvy, where both {uy, £ € [r]} and {v¢, ¢ € [r]} are orthonormal

systems. Let 7' C C™ *"2 be the linear space spanned by

{ufxzaxl € (Cn27€ € [T]} U {YZVZJ’E € (Cnlvé € [T]}v
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and let T be its orthogonal complement relative to the Frobenius inner product.
Denote by Py = > ,_, upu,* € C™*™ the matrix of the orthogonal
projection onto the span of {uy, ¢ € [r]} and by Py € C™2*"2 the matrix of the
orthogonal projection onto the span of {vy, ¢ € [r]}. Show that the orthogonal
projections Pr : C*"2 — T and Ppr : C1*"2 — T are given, for
Z € C" "2 by

Pr(Z) = PyZ + ZPy — PyZPy,
Pro(Z) = (Id — Py)Z(Id — Py).

Given a linear map A : C"*™2 — C™, show that X is the unique solution of
the nuclear norm minimization problem

minimize ||Z||. subjectto A(Z) = A(X)
ZeCrixn2

if A restricted to 7' is injective and if there exists a dual certificate M = A*h €
C™*™2 with h € C™ satisfying

Pr(M)=> uv; and  [|Pro(M)|ame < 1.
=1



Chapter 5
Coherence

In compressive sensing, the analysis of recovery algorithms usually involves a
quantity that measures the suitability of the measurement matrix. The coherence
is a very simple such measure of quality. In general, the smaller the coherence,
the better the recovery algorithms perform. In Sect. 5.1, we introduce the notion of
coherence of a matrix and some of its generalizations. In Sect. 5.2, we examine how
small the coherence can be and we point out some matrices with small coherence. In
Sects. 5.3, 5.4, and 5.5, we give some sufficient conditions expressed in terms of the
coherence that guarantee the success of orthogonal matching pursuit, basis pursuit,
and thresholding algorithms.

5.1 Definitions and Basic Properties

We start with the definition of the coherence of a matrix. We stress that the columns
of the matrix are always implicitly understood to be ¢2-normalized.

Definition 5.1. Let A € C™*Y be a matrix with ¢y-normalized columns

aj,...,an,ie., ||a;||s = 1 forall i € [N]. The coherence p = p(A) of the matrix
A is defined as
o= max = |(ai,ag)]. (5.1)

Next we introduce the more general concept of ¢1-coherence function, which
incorporates the usual coherence as the particular value s = 1 of its argument.

Definition 5.2. Let A € C™*Y be a matrix with ¢y-normalized columns

ay,...,an. The {1-coherence function pi; of the matrix A is defined for s € [N —1]
by
pi(s) == max max{z [(a;,a;)|, S C [N], card(S) = s, 7 & S}.
1€[N] ics
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It is straightforward to observe that, for1 < s < N — 1,

p<pa(s) < sp, (5.2)

and more generally that, for 1 < s,t < N —1withs+¢t < N —1,

max{p1(s), p1 ()} < pa(s +1) < pa(s) + pa(t). (5.3)

We remark that the coherence, and more generally the /;-coherence function,
is invariant under multiplication on the left by a unitary matrix U, for the
columns of UA are the {s-normalized vectors Uay,...,Uay and they satisfy
(Ua;,Ua;) = (a;,a;). Moreover, because of the Cauchy—Schwarz inequality
[(a;,a;)| < ||laill2]la;]|2. it is clear that the coherence of a matrix is bounded above
by one, i.e.,

p< .

Let us consider for a moment a matrix A € C™*N with m > N. We observe that
1 = 0 if and only if the columns of A form an orthonormal system. In particular,
in the case of a square matrix, we have ;x = 0 if and only if A is a unitary matrix.
From now on, we concentrate on the situation occurring in compressive sensing,
i.e., we only consider matrices A & C™*N with m < N. In this case, there
are limitations on how small the coherence can be. These limitations are given in
Sect. 5.2. For the moment, we simply point out that a small coherence implies that
column submatrices of moderate size are well conditioned. Let us recall that the
notation A g denotes the matrix formed by the columns of A € C™*¥ indexed by
a subset S of [N].

Theorem 5.3. Let A € C™ Y be a matrix with {2-normalized columns and let
s € [N]. For all s-sparse vectors x € C¥,

(1= pa(s = D) Ix[I3 < |AX]5 < (1+ pa (s — 1)) [Ix]]3,

or equivalently, for each set S C [N] with card(S) < s, the eigenvalues of the
matrix A5 Ag lie in the interval [1 — py(s — 1), 14 pa(s — 1) ]. In particular; if
pi(s —1) < 1, then A5 Ag is invertible.

Proof. For aset S C [N] with card(S) < s, since the matrix A§Ag is positive
semidefinite, it has an orthonormal basis of eigenvectors associated with real,
positive eigenvalues. We denote the minimal eigenvalue by A, and the maximal
eigenvalue by A\p,.x. Then, since Ax = Agxg forany x € (ol supported on .S, it
is easy to see that the maximum of

|Ax[|3 = (Asxs, Asxs) = (A5Asxs, Xs)

over the set {x € CV suppx C S, |x|l2 = 1} is Amax and that its minimum
iS Amin. This explains the equivalence mentioned in the theorem. Now, due to the
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normalizations ||a;||2 = 1 for all j € [N], the diagonal entries of A5A g all equal
one. By Gershgorin’s disk theorem (see Theorem A.11), the eigenvalues of AGA g
are contained in the union of the disks centered at 1 with radii

rii= > |(AFAs)l= Y [ana)|<m(s—1), jeS
0€S, 0] 0€S 1]

Since these eigenvalues are real, they must lie in [1 — p1(s — 1), 1+ p1(s — 1) ],
as announced. O

Corollary 5.4. Given a matrix A € C™ N with (y-normalized columns and an
integer s > 1, if

pa(s) +pa(s —1) <1,

then, for each set S C [N] with card(S) < 2s, the matrix A5 Ag is invertible and
the matrix A g injective. In particular, the conclusion holds if

1
2s —1°

w<

Proof. In view of (5.3), the condition p;(s) + pi(s — 1) < 1 implies that
p1(2s — 1) < 1. Foraset S C [IN] with card(S) < 2s, according to Theorem 5.3,
the smallest eigenvalue of the matrix A§ A g satisfies Amin > 1 — 111 (25 — 1) >0,
which shows that A A g is invertible. To see that A g is injective, we simply observe
that Agz = 0 yields A5 Agz = 0, so that z = 0. This proves the first statement.
The second one simply follows from p1(s) + pi(s — 1) < (2s — L)p < 1if

pw<1l/(2s—1). O

5.2 Matrices with Small Coherence

In this section, we give lower bounds for the coherence and for the ¢;-coherence
function of a matrix A € C™*Y with m < N. We also study the feasibility of
achieving these lower bounds. We then give an example of a matrix with an almost
minimal coherence. The analysis is carried out for matrices A € K™*¥, where
the field K can either be R or C, because the matrices achieving the lower bounds
have different features in the real and complex settings. In both cases, however, their
columns are equiangular tight frames, which are defined below.

Definition 5.5. A system of ¢y-normalized vectors (aj,...,ay) in K™ is called
equiangular if there is a constant ¢ > 0 such that

|<aiaaj>|=C forallé,j € [N], i £ 7.



114 5 Coherence

Tight frames can be defined by several conditions, whose equivalence is left as
Exercise 5.2.

Definition 5.6. A system of vectors (ai,...,ay) in K™ is called a tight frame if
there exists a constant A > 0 such that one of the following equivalent conditions
holds:

N
(@) x5 =X "|(x,a;)]* forallx € K™,

J=1

N
(b) x=X) (x,a;)a; forallx € K™,

Jj=1

1
(c) AA* = XIdm’ where A is the matrix with columns ay,...,ay.

Unsurprisingly, a system of ¢3-normalized vectors is called an equiangular tight
frame if it is both an equiangular system and a tight frame. Such systems are the
ones achieving the lower bound given below and known as the Welch bound.

Theorem 5.7. The coherence of a matrix A € K"™*N with {5-normalized columns
satisfies

N —m
m(N —1)°

Equality holds if and only if the columns ai,...,an of the matrix A form an
equiangular tight frame.

= (5.4)

Proof. Let us introduce the Gram matrix G := A*A € KV*N of the system
(a1,...,an), which has entries

Gij = (a;,a;) = (aj,a;), 0,5 €[N],
and the matrix H := AA* € K"*™. On the one hand, since the system
(ai,...,an) is 3-normalized, we have
N
tr(G) =) [lall5 = N. (5.5)
i=1

On the other hand, since the inner product

(U,V)p :=tr (UV") = Z Ui,jVi

ij=1

induces the so-called Froebenius norm || - ||p on K™*™ (see (A.16)), the Cauchy—
Schwarz inequality yields
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tr (H) = (H,Id,)p < |H|#|Idm|r = Vm /tr (HH*). (5.6)

Let us now observe that

N
tr (HH") = tr (AA"AA") = tr (A"AA*A) =tr (GG) = > |(a;, a;)°
i,j=1
N N N
2 2
=Y llaillz+ > [awap =N+ Y [a,a)* (G7)
i=1 i,j=1,i#j i,j=1,i#j

In view of tr (G) = tr (H), combining (5.5), (5.6), and (5.7) yields

N
N2§m<N+ > |<ai,aj>|2>. (5.8)

i,j=1,i#j
Taking into account that
(ag,a;)| < foralli,j € [N], i # j, (5.9)
we obtain
N? <m(N + (N? = N)p?),

which is a simple rearrangement of (5.4). Moreover, equality holds in (5.4) exactly
when equalities hold in (5.6) and in (5.9). Equality in (5.6) says that H = A\Id,, for
some—necessarily nonnegative—constant \, i.e., that the system (a,...,ay) isa
tight frame. Equality in (5.9) says that this system is equiangular. a

The Welch bound can be extended to the ¢;-coherence function for small values
of its argument.

Theorem 5.8. The (1-coherence function of a matrix A € K™N with fo-
normalized columns satisfies

N —
ui(s) > s m(N——ml) whenever s < VN — 1. (5.10)

Equality holds if and only if the columns ai,...,an of the matrix A form an
equiangular tight frame.

The proof is based on the following lemma.
Lemma 5.9. For k < \/n, if the finite sequence (a1, aa, . . ., ) satisfies

n

ar>ay> >0, >0 and a%—l—a%—i—-u—i-aizkw
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then
o FtaytFag > 1,

with equality if and only if o1 = ag = -+ = o, = 1/k.

Proof. We are going to show the equivalent statement

ap > > >y 20

—a?tai4-+a? <£,
ay+ag+--tap <1 TR
with equality if and only if a; = a9 = -+ = «,, = 1/k. This is the problem of
maximizing the convex function

flaa,ag,...,an) ::a§+a§+...+ai

over the convex polygon
C={(a1,...,an) ER":y > - >, >0and g + -+ o < 1}.

Because any point in C is a convex combination of its vertices (so that the extreme
points of C are vertices) and because the function f is convex, the maximum
is attained at a vertex of C by Theorem B.16. The vertices of C are obtained
as intersections of n hyperplanes arising by turning n of the (n + 1) inequality
constraints into equalities. Thus, we have the following possibilities:

e Ifay =g =-+-=a, =0,then f(aq,as,...,a,) =0.

e Ifau+-+ap=landay =---=ay>ap1=-=a, =0forl1 <l <k,
then oy = --- = ay = 1/¢, and consequently f(ay, ag,...,a,) =1/L.

e Ifay+-+ap=landay =---=ay>ap1=-=a, =0fork </l <n,
then a; = -+ = ay = 1/k, and consequently f (a1, az, ..., a,) = £/k>.

Taking k < +/n into account, it follows that

- 1 A ny _ n
o2 0 00) = max{ a7 max 5} = ma {1 5} = g5
with equality only in the case £ = n where s = as = - = «a,, = 1/k. O

Proof (of Theorem 5.8). Let us recall from (5.8) that we have

N

N2 N(N —
> fanapf s o -y = M),
m m
1,j=1,i#j
which yields
N N
1 N-—m
2 > . V2 >
mac 30 ez D ey >
Jj=1,j#i 1,j=1,i#j
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For an index i* € [N] achieving the latter maximum, we reorder the sequence
N
(K@i, a;)]);2y jz a8 P12 B2 = -+ = By—1 2 0, so that

N—m
BE+ B3+ + PR 1> -

Lemma5.9withn = N—1,k = s,and g := (y/m(N — 1)/(N —m)/s) B gives
o + ag + -+ - + ag > 1. It follows that

N1(5)251+[32+"'+[35251/%,

as announced. Let us now assume that equality holds in (5.10), so that all the
previous inequalities are in fact equalities. As in the proof of Theorem 5.7, equality
in (5.8) implies that the system (ay, ..., ay) is a tight frame. The case of equality
in Lemma 5.9 implies that |(a;«,a;)|=y/(N —m)/(m(N — 1)) forall j € [N],
J # 1" Since the index i* can be arbitrarily chosen in [IV], the system (ay, ..., an)
is also equiangular. Conversely, the proof that equiangular tight frames yield
equality in (5.10) follows easily from Theorem 5.7 and (5.2). O

In compressive sensing, we are interested not only in small coherence but also in
m X N matrices where N is much larger than m. This restriction makes it impossible
to meet the Welch bound. Indeed, the next theorem shows that the number of vectors
in an equiangular tight frame—or in an equiangular system, for that matter—cannot
be arbitrarily large.

Theorem 5.10. The cardinality N of an equiangular system (ai,...,ay) of
lo-normalized vectors in K™ satisfies

1
< % when K =R,
N <m? when K = C .
If equality is achieved, then the system (ay, ... ,ay) is also a tight frame.

We will use the following simple lemma twice in the proof of this theorem.

Lemma 5.11. For any z € C, the n X n matrix

N
=N
N W

IS RN
ISI
— N
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admits 1 + (n — 1)z as a single eigenvalue and 1 — z as a multiple eigenvalue of
multiplicity n — 1.

Proof. Summing the columns of the matrix, we see that the vector [1,...,1]T is an
eigenvector for the eigenvalue 1+ (n — 1)z. Then, subtracting from the first column
each subsequent column, we also see that the (n — 1) linearly independent vectors
[1,-1,0,...,0]7, [1,0,—~1,0,...,0] T, ..., [1,0...,0,—1] " are eigenvectors for
the eigenvalue 1 — z. The proof is now complete. O

Proof (of Theorem 5.10). The key point is to lift our considerations from the space
K™ to a subspace S,, of operators on K™. In the case K = R, S,, is the space
of symmetric operators on R, and in the case K = C, S, is simply the space of
operators on C™. (It is tempting to consider Hermitian operators, but they do not
form a linear space.) These spaces are endowed with the Frobenius inner product

P.Qr=tr(PQ"), P,QeS,

Let us introduce the orthogonal projectors Py, ..., Py € &, onto the lines spanned
by ay, ..., ay. These operators are defined, for i € [N], by
P;(v)=(v,a;)a; , veK™.

Let us denote by ¢ the common magnitude of the inner products (a;, a;), ¢ # 7, and

by (e1,...,e) the canonical basis of K™. Using the fact that P? = P; = P}, we
calculate, for i ,J € [N],i# 4,

m m
(Pi,Pi)p = tr (PP]) = tr (P;)) = ) (P; = (erai)(ai, ex)
k=1 k=1

2 2
[{ai,ep)|” = llaillz2 = 1,

P'qs

>
Il
—

(Pi,Pj)p = tr (P;P]) = tr (PiP;) = > (PiPj(er),ex) = Y (P;(ex), Pi(ex))
k=1

k=1

m
(e, aj){ey,a;)(a;,a;) = (a;,a;) <Z (a;,er) ek7a]>
k=1

P”qg

E
Il
—

2 2
= (a;,a;)(a;,a;) = [{a;,a;)|" =c".
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Thus, the Gram matrix of the system (Py,...,Py) is the N x N matrix

12 2 ... ¢2

c
212
2?1

R R |

In view of 0 < ¢? < 1, Lemma 5.11 implies that this Gram matrix is invertible,

which means that the system (P, ..., Py) is linearly independent. But this system
lies in the space S;,, which has dimension m(m + 1)/2 when K = R and dimension
m?2 when K = C. Therefore, we obtain

N < m(mz—i—l)

when K = R,
N < m? when K = C.

Let us now assume that equality holds. Then the system (Idm,P1,...,Py) is
linearly dependent; hence, the determinant of its Gram matrix vanishes. This
translates into

1 02 2 ..
2

—_
o

[ V)

m
1 c c
121 32 --¢

1.2 12
12...2 21

Subtracting the first row divided by m from all the other rows and expanding with
respect to the first column, we derive the N x N identity

b---b 10
b---b b1

Since 1 — b = m(1 — ¢?)/(m — 1) # 0, Lemma 5.11 implies that 1 + (N — 1)b = 0,
which reads after simplification

2= N-—-m
T m(N-1)
This shows that the ¢s-normalized system (ay,...,ay) meets the Welch bound.

Thus, according to Theorem 5.7, it is an equiangular tight frame. O
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The upper bounds on the number of vectors in an equiangular system are sharp.
For instance, equiangular systems of 6 vectors in R? and of 28 vectors in R”
are given in Exercise 5.5, while equiangular systems of 4 vectors in C? and of 9
vectors in C? are given in Exercise 5.6. In contrast with C™, where systems of
m? equiangular vectors in C™ seem to exist for all m, systems of m(m + 1)/2
equiangular vectors in R™ do not exist for all m, as shown below. They are known
to exist when m is equal to 2, 3, 7, and 23, but the cases of other allowed values are
not settled.

Theorem 5.12. Form > 3, if there is an equiangular system of m(m+1) /2 vectors
in R™, then m + 2 is necessarily the square of an odd integer.

Proof. Let (ai,...,an) be a system of N = m(m + 1)/2 equiangular
{y-normalized vectors. According to Theorem 5.10, this system is a tight frame;
hence, the matrix A with columns ay,...,ay satisfies AA* = )\Id,, for some
A > 0. Since the matrix G := A*A has the same nonzero eigenvalues as AA*,
i.e., A with multiplicity m, it also has zero as an eigenvalue of multiplicity N — m.
Moreover, since G is the Gram matrix of the system (aj,...,ay), its diagonal
entries all equal one, while its off-diagonal entries all have the same absolute value
c. Consequently, the matrix B := (G — Idy)/c has the form

0 b1 - bin
B |21 0 - : , where b; ; = +1,
s ’ by_1,~
bni - bnnN-1 O

and has —1/c as an eigenvalue of multiplicity N — m. Thus, its characteristic
polynomial Pg(z) := Eg:o Br(—z), By = 1, has integer coefficients (3}, and
vanishes at x = —1/c. Given that

N-m (m+1)/2-1 m—1 1
CcC = —_— = = =
m(N —1) m(m+1)/2 -1 m24+m—2 Vm+2
we have Pg(—v/m +2) =0, i.e,

( Z bzk(m+2)k> + vm+2 ( Z b2k+1(m+2)k> =0.

0<k<N/2 0<k<(N-1)/2

Noticing that the two sums above, denoted by X and Y5, are both integers, we
obtain the equality X7 = (m + 2)X3, which shows that m + 2 is a square, since
any prime factor of m + 2 must appear an even number of times in its prime factor
decomposition. We now need to show thatn := /m 4+ 2is odd. Let us introduce the
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N x N matrix J whose entries are all equal to one. Its null space has dimension
N — 1, so it intersects the (N — m)-dimensional eigenspace of B corresponding
to the eigenvalue —1/¢ = —n, since N — 1+ N —m > N form > 3, ie,
N =m(m +1)/2 > m + 1. Consequently, the matrix C := (B — Idy + Jx)/2
admits —(n + 1)/2 as an eigenvalue. Its diagonal entries are all equal to zero,
while its off-diagonal entries are all equal to zero or one. Thus, its characteristic
polynomial Pc(z) := Ziv:o ve(—x)*, vy = 1, has integer coefficients 4 and
vanishes at z = —(n+ 1)/2. The equality Pc(—(n+1)/2) = 0 can be rewritten as

N—
(n+1)N 2N P (n 4+ 1)k
k=0

)_.

This shows that (n + 1)% is an even integer, hence so is n + 1. This completes the
proof that n = y/m + 2 is an odd integer. a

In the complex setting, it seems plausible that equiangular systems of N = m?

vectors exist for all values of m. This would yield m x m? matrices with coherence
equal to 1/4/m + 1, but no construction of such systems is known at the moment.
We present below an explicit m x m? matrix with coherence equal to 1/+/m instead.
Let us incidentally notice that 1/+/m is the limit of the Welch bound when N goes
to infinity.

Proposition 5.13. For each prime number m > 5, there is an explicit m x m?
complex matrix with coherence . = 1/y/m.

Proof. Throughout the proof, we identify the set [m] with Z/mZ =: Z,,. For
k,0 € Z,, we introduce the translation and modulation operators T}, and M,
defined, for z € C%» and j € Z,,, by

(Trz); = 2j—k, (Myz); = e2mitilm

These operators are isometries of ¢2(Z,,). We also introduce the so-called Alltop
vector, which is the /5-normalized vector x € CZm defined by

1 .3
e /m JE L.

Jm

The explicit m x m? matrix of the proposition is the one with columns M, Tyx,
k,l € Zy,, i.e., the matrix

(MU |+ MU MyTix |- | oo [ M T | M T

The inner product of two different columns indexed by (k, £) and (k’, ¢') is
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<MngX, M[/Tk/x> = Z (M[Tkx)j(M[/Tk/X)j
JELm

27ilj —2mil’j —_—
— E e2mi j/m Tj_pe il j/m —
J€Lm
_ 1 S eRmilt=t)s/m 2mili—k) ==K ") m,
m .
JE€Lm

Setting a := £ — ¢’ and b := k — K/, so that (a, ) # (0, 0), we make the change of
summation index h = j — k' to obtain

1 S . . 3_13
‘<M@T/€X, MZ’T/C’X>‘ _ eQﬂ'zak /m Z eQﬂ'zah/mGQﬂ'z((hfb) —h )/m‘
m =
_ 1 Z e27riah/me27ri(—3bh2+3b2h—b3)/m‘
m hEZLm
1 Z 27i(—3bh? 2
_ —3bh2+(a+3b )h)/m’
= — e .
m hE€ZLm
We now set ¢ := —3b and d := a + 3b%, and we look at the previous modulus
squared. We have
2 _ 1 2mi(ch?+dh)/m —27i(ch/?+dh’)/m
’<MngX,Mg/Tk/X>’ = W Z e Z (&
h€Zm h €Zm
1 2mi(h—h")(c(h-+h'
_ - +h')+d)/m
T m2 Z €
hyh! €ZLm
1 1 " ’
=— Z e2mih (e(h""4+2h")+d)/m
B B €L,
1 27Tih//(ch// . ZENG
- +d)/m 4dmich” h' /m
el DG (X« )
R €Ly, h! €ZLm

For each b € Z,,,, we observe that

Z e47rich”h'/m _ {m if 2ch” =0 mod m,

. "
e 0 if2ch” #£0 mod m.

Let us separate two cases:

1. ¢c=0 mod m:
Since ¢ = —3band 3 # 0 mod m, we have b = 0; hence, d = a + 3b%> # 0
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mod m, so that

1 R N
M;Tyx, My Ty x R e2midh™/m — (.

2. ¢#0 mod m:
Since 2 # 0 mod m, the equality 2ch” = 0 only occurs when A’/ =0 mod m,
so that

’<M@T/€X, MZ'TI@/X>‘2 _ i
m

This allows to conclude that the coherence of the matrix is equal to 1/+/m. a

5.3 Analysis of Orthogonal Matching Pursuit

We claimed at the beginning of this chapter that the performance of sparse recovery
algorithms is enhanced by a small coherence. We justify this claim in the remaining
sections. For instance, in view of (5.3), Theorems 5.14 and 5.15 guarantee the exact
recovery of every s-sparse vector via orthogonal matching pursuit and via basis
pursuit when the measurement matrix has a coherence < 1/(2s — 1). We focus
on the orthogonal matching pursuit algorithm in this section.

Theorem 5.14. Let A € C"™*Y be a matrix with lo-normalized columns. If
pa(s) +pa(s —1) <1, (5.11)
then every s-sparse vector x € CV is exactly recovered from the measurement

vector y = Ax after at most s iterations of orthogonal matching pursuit.

Proof. Let aj,...,ay denote the fs-normalized columns of A. According to
Proposition 3.5, we need to prove that, for any S C [N] with card(S) = s, the
matrix Ag is injective and that

max |(r,a;)| > max |(r, ay)]| (5.12)
Jjes Les

for all nonzeror € {Az,supp(z) C S}. Letthenr := ). ¢ r;a; be such a vector,

and let k € S be chosen so that |ry,| = max;ecg ;| > 0. On the one hand, for ¢ € S,
we have

(a0 = | Y ritaian| < 3 nillfai, an)] < [relpa(s):

i€S €S
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On the other hand, we have

(e = | 3 rias,an)| = el i) = Il v, )

i€S i€S, itk

> |r| = |repa(s = 1).

Thus, (5.12) is fulfilled because 1 — u1 (s — 1) > u1(s) according to (5.11). Finally,
the injectivity of A g follows from Corollary 5.4. O

5.4 Analysis of Basis Pursuit

In this section, we show that a small coherence also guarantees the success of basis
pursuit. As a matter of fact, any condition guaranteeing the success of the recovery
of all vectors supported on a set S via card(S) iterations of orthogonal matching
pursuit also guarantees the success of the recovery of all vectors supported on S
via basis pursuit. This follows from the fact that the exact recovery condition (3.7)
implies the null space property (4.1). Indeed, given v € ker A \ {0}, we have
ASVS = —A§V§, and

Ivsl = |ALAsvs| = [|ALAgvslh < AL Agllislvslh < vl
Thus, the following result is immediate. We nonetheless give an alternative self-

contained proof.
Theorem 5.15. Let A € C™*Y be a matrix with lo-normalized columns. If

pa(s) + (s —1) <1, (5.13)
then every s-sparse vector x € CN is exactly recovered from the measurement
vector'y = AXx via basis pursuit.
Proof. According to Theorem 4.5, it is necessary and sufficient to prove that the
matrix A satisfies the null space property of order s, i.e., that

[vsl < llvgllx (5.14)

for any nonzero vector v € ker A and any index set S C [N] with card(S) = s. If
aj,...,ay denote the columns of A, then the condition v € ker A translates into
ijzl vja; = 0. Thus, taking the inner product with a particular a;, ¢ € S, and
isolating the term in v;, we obtain
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N
V; = U; al,al = g vj a],aZ = g Uy ag,al E vj<aj,ai>.
J=1,j#i cs JES,j#i

It follows that

oil < ol [ag, @)+ Y v [(ay, @),

es JES,j#i

Summing over all ¢ € S and interchanging the summations, we derive

Ivsllo =Dl <D Juel Y- [acan+ > lojl Y Hay,ai)]

ics 0eS ies JjeS  ieS,i#j
< ol pa(s) + Y il pa(s = 1) = pa(s) vl + pa(s — 1) vs]s -
es Jjes

After rearrangement, this reads (1 — p1(s — 1)) [[vs|1 < pi(s) ||vglli, and (5.14)
is fulfilled because 1 — p11(s — 1) > p1(s), which is a rewriting of (5.13). O

Choosing a matrix A € C™*" with small coherence ;1 < ¢/+/m (for instance,

the one of Theorem 5.13), we see that the condition (2s— 1) < 1 ensuring recovery
of s-sparse vectors via orthogonal matching pursuit as well as via ¢;-minimization
is satisfied once

m > Cs?. (5.15)

This gives a first estimate in terms of sparsity for the required number of measure-
ments using practical recovery algorithms and specific matrices A. This result can
sometimes be satisfying, but an estimate where the sparsity s enters quadratically
is often too pessimistic, especially for mildly large s. We will later see that a linear
scaling of m in s is possible up to logarithmic factors.

Let us point out that it is not possible to overcome the quadratic bottleneck in
(5.15) using Theorems 5.14 and 5.15. Indeed, let us assume on the contrary that
the sufficient condition 41 (s) + p1(s — 1) < 1 holds with m < (2s — 1)?/2 and
s < /N —1, say. Provided N is large, say N > 2m, we apply Theorem 5.8 to
derive a contradiction from

1>N1(S)+N1(s—1)2(2s—1)m2\/Z(x:;n)2\/N]\il'

In the following chapters, we will reduce the number of required measurements
below the order s? by introducing new tools for the analysis of sparse recovery
algorithms.
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5.5 Analysis of Thresholding Algorithms

In this final section, we show that thresholding algorithms can also be analyzed
using the coherence. For instance, under the same condition as before, even the
basic thresholding algorithm will successfully recover sparse vectors with nonzero
entries of constant magnitude.

Theorem 5.16. Let A € C™*YN be a matrix with ls-normalized columns and let
x € CV be a vector supported on a set S of size s. If

min;es ||

i (s)+u(s—1)< (5.16)

max;es ||

then the vector x € C¥ is exactly recovered from the measurement vector y = Ax
via basic thresholding.

Proof. Let ay,...,ay denote the ¢s-normalized columns of é According to
Proposition 3.7, we need to prove that, forany j € S andany ¢ € S,

(Ax, ;)| > [(Ax, a)] . (5.17)
We observe that

[(Ax,ar)| = | ) wifai,an| < Y lzill(as, ag)] < pa(s) max [z,

€S €S
(Ax, )| = Y wilai,a)] > g — Y |oill(a, a5)|
ies i€ 5,04

> mi il — -1 il
2 min [z;| — p (s — 1) max|fa;]
Thus, taking (5.16) into account, we obtain
|{Ax, a5)] — [(Ax, a0)| > minfa;| — (u(s) + pa(s — 1)) max |z > 0.

This shows (5.17) and concludes the proof. a

It is possible to prove the success of sparse recovery via the iterative hard
thresholding algorithm under some coherence conditions—see Exercise 5.10. We
now turn directly to the more involved hard thresholding pursuit algorithm. Just
as for orthogonal matching pursuit, we show that s iterations are enough for the
recovery of s-sparse vectors under a condition quite similar to (5.11). In view of
(5.2), we observe that the condition in question is met when the coherence of the
measurement matrix satisfies p < 1/(3s — 1).

Theorem 5.17. Let A € C™*Y be a matrix with lo-normalized columns. If

2p1(s) + (s — 1) < 1,
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then every s-sparse vector x € CN is exactly recovered from the measurement
vectory = AX after at most s iterations of hard thresholding pursuit.

Proof. Let us consider indices j1, jo, . . . , jn such that
g, | = |wjo| = o0 2 g | > || = = |2y [ = 0.

We are going to prove that, for0 < n < s — 1, the set {j1, ..., jnt+1} is included in
S+ defined by (HTP;) with y = Ax as the set of largest absolute entries of

2" = X" ATA(x —x") . (5.18)

This will imply that S® = S = supp(x) and consequently that x* = x by (HTPx).
Note that it is sufficient to prove that

min |z "+1| > max |z | . (5.19)
1<k<n+1 €3

We notice that, for every j € [N],

n+1 n
—x]—f—g i —xp){(ay, a,) —:vj—i-g )(as,a;) .
i#£]

Therefore, we have

i —al < Y fw—ap (as e+ D fwll(ai,ag)] . (5.20)

1€EST iF£] i€S\S™,i#£]
We derive, for1 <k <n+1and ¢ € S, that

|25 2 | = i (8)11 (¢ = x50 [loe = () 5787 [l (5.21)

|2 < ()11 = x") s lloo + pa(8) [ xs\ 50 floc - (5.22)

In particular, for n = 0, substituting ||(x — x™)g» ||oc = 0 into (5.21) and (5.22)
gives

25,1 = (1= 1 ()%l > p1(8) X[l > |2¢| foralll €S,

by virtue of 2441 (s) < 1. Therefore, the base case of the inductive hypothesis (5.19)
holds for n = 0. Let us now assume that this hypothesis holds for n — 1 withn > 1.
This implies that {ji,...,j,} C S™. We notice that (HTPs) with n replaced by
n — 1 gives, in view of Lemma 3.4,
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(A*A(X - Xn))Sn - 0 .

Hence, for any j € S™, the definition (5.18) of z"*! implies that z;”l =z, and
then (5.20) yields

2§ =i < pas = DI (x = x")sm oo + pa(s = Dxg\sm oo -
Taking the maximum over j € S™ and rearranging gives

n pa(s —1)
— n < n .
6= x")sn oo < 28— [0 e

Substituting the latter into (5.21) and (5.22), we obtain, for 1 < k < n + 1 and
e,

n4+1 MI(S) .
512 (1= Tl ) el
n+l| ,LLl(S) ]
|Z£ |— 1_/141(8_1) |'r]n+1|'

Since p1(s)/(1 — pa(s — 1)) < 1/2, this shows that (5.19) holds for n, too. The
proof by induction is now complete. O

Notes

The analysis of sparse recovery algorithms could be carried out using merely
the coherence. For instance, the conclusion of Theorem 5.17 can be achieved
under the sufficient condition 4 < 1/(3s — 1), as obtained by Maleki in
[340]. Similarly, the conclusion of Theorem 5.15 can be achieved under the
sufficient condition 1<1/(2s—1), as obtained earlier by Gribonval and Nielsen in
[239] and also by Donoho and Elad in [155]. This followed previous work [158] on
{1-minimization by Donoho and Huo. They considered matrices formed by the
union of two orthonormal bases and introduced the concept of mutual (in)coherence;
see Exercise 5.1.

Theorems 5.14 and 5.15 in their present form were established by Tropp in [476].
What we call ¢1-coherence function here is called cumulative coherence function
there. This concept also appears under the name Babel function. A straightforward
extension to any p > 0 would be the £,-coherence function of a matrix A with
{o-normalized columns ay, . . ., ay defined by

pp(s) == max maX{(Z |<ai,aj>|p)l/p, S C [N], card(S) = s, i ¢ S} .
JES

1€[N]



Exercises 129

Theorem 5.8 on the Welch-type lower bound for the ¢;-coherence function
appeared in [443]. The m x m? matrix with coherence equal to 1//m of
Proposition 5.13 is taken from [12,456]. One can observe that its columns are the
union of m orthonormal bases. In [250], Gurevich, Hadani, and Sochen uncovered
a matrix with p rows (p being a prime number), roughly p® columns, and coherence
bounded above by 4/, /p. Another number theoretic construction of p x p" matrices
(p > k being a prime number) with coherence bounded above by (k — 1)/,/p can
be found, for instance, in [472, Chap. 5.7.4].

There is a vast literature dedicated to frames. The notion is not restricted to
the finite-dimensional setting, although this is the only one we considered. Good
starting places to learn about the subject are Christensen’s books [119] and [120].
As mentioned in the text, not everything is known about equiangular tight frames.
In particular, whether equiangular systems of m? vectors in C™ exist for all values
of m is not known—the numerical experiments performed for m < 45 by Renes,
Blume-Kohout, Scott, and Caves in [420] seem to indicate that they do. More details
on the subject of equiangular tight frames, and more generally tight frames in finite
dimension, can be found in Waldron’s book [504].

Exercises

5.1. The mutual coherence between two orthonormal bases U = (uy, ..., u,,) and
V = (vy,...,Vy) of C™ is defined as

w(U, V) := max [(u;,v;)].

1<i,j<m

Establish the inequalities
L uvy<1
\/E = /'L 9 =
and prove that they are sharp.

5.2. Prove the equivalence of the three conditions of Definition 5.6 and find the
value of the constant A when the vectors ay, ..., ay are £o-normalized.

5.3. Establish the alternative expressions for the ¢;-coherence function

= ma ALAg —1d = ma ALAg — Id||co— 0o
,LLl(S) Card(S)}S(erl || 55 ”1*}1 card(S)}S(erlH 545 || -

5.4. Prove that the m + 1 vertices of a regular simplex in R™ centered at the origin
form an equiangular tight frame.
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5.5. With ¢ := (/5 — 1)/2, prove that the columns of the matrix

form an equiangular system of 6 vectors in R?. Prove also that the vectors obtained
by unit cyclic shifts on four vectors [1,+1,0,+1,0,0, O]T form an equiangular
system of 28 vectors in R”.

5.6. With ¢ := ¢™/41/2 — /3, prove that the columns of the matrix
1l c 1 —c
cl—c 1

form an equiangular system of 4 vectors in C2. With w := e?>™/3, prove also that
the columns of the matrix

21 1 -2 w? w -2 w w?

1 21 w -2 w? w? -2 w

1 1 -2 w? w -2 w w? =2
form an equiangular system of 9 vectors in C3.

5.7. Prove that the columns of the matrix considered in Proposition 5.13 form a
tight frame.

5.8. Suppose that a known vector is an s-sparse linear combination of vectors from

the canonical and Fourier bases E = (eq,...,e,)and F = (f1,...,f,,), defined as
1 . _
e,=100,...,0, 1_,0,...,0]", fi= \/—E[Le?’”k/m, .., eZmikm=1)/m]T,
index k

Prove that the unknown coefficients can be found by orthogonal matching pursuit
or basis pursuit if s < (y/m + 1)/2.

5.9. Given v < 1/2, suppose that a matrix A € C™*¥ satisfies

pi(s) < wv.

Prove that, for any x € CV and y = Ax + e with ||e||s < 7, a minimizer x* of
|lz]|1 subject to ||[Az — y||2 < n approximates the vector x with ¢ -error
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Hx—xﬁ||1 < Cos(x)1 +Dsn,

for some positive constants C' and D depending only on v.

5.10. Let A € C™*N be a matrix with ¢5-normalized columns. Prove that, if
p1(2s) < 1/2 (in particular if 4 < 1/(4s)), then every s-sparse vector x € CV
is recovered from y = Ax via iterative hard thresholding.



Chapter 6
Restricted Isometry Property

The coherence is a simple and useful measure of the quality of a measurement
matrix. However, the lower bound on the coherence in Theorem 5.7 limits the
performance analysis of recovery algorithms to rather small sparsity levels. A
finer measure of the quality of a measurement matrix is needed to overcome this
limitation. This is provided by the concept of restricted isometry property, also
known as uniform uncertainty principle. It ensures the success of the sparse recovery
algorithms presented in this book. Restricted isometry constants are introduced in
Sect. 6.1. The success of sparse recovery is then established under some conditions
on these constants for basis pursuit in Sect. 6.2, for thresholding-based algorithms
in Sect. 6.3, and for greedy algorithms in Sect. 6.4.

6.1 Definitions and Basic Properties

Unlike the coherence, which only takes pairs of columns of a matrix into account,
the restricted isometry constant of order s involves all s-tuples of columns and is
therefore more suited to assess the quality of the matrix. As with the coherence,
small restricted isometry constants are desired. Here is their formal definition.

Definition 6.1. The sth restricted isometry constant 65 = d5(A) of a matrix A €
C™*N s the smallest § > 0 such that

(1= 0)lIx[I3 < [[Ax]3 < (1 +0)[x]3 (6.1)
for all s-sparse vectors x € CV. Equivalently, it is given by

55 = max HAZ'AS — Id||2*>2 (62)
SC[N],card(S)<s

We say that A satisfies the restricted isometry property if 05 is small for
reasonably large s—the meaning of small §, and large s will be made precise later.

S. Foucart and H. Rauhut, A Mathematical Introduction to Compressive Sensing, 133
Applied and Numerical Harmonic Analysis, DOI 10.1007/978-0-8176-4948-7_6,
© Springer Science+Business Media New York 2013
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We make a few remarks before establishing the equivalence of these two
definitions. The first one is that the sequence of restricted isometry constants is
nondecreasing, i.e.,

01 <oy < <6 < g1 <o < 0.

The second one is that, although 65 > 1 is not forbidden, the relevant situation
occurs for §; < 1. Indeed, (6.2) says that each column submatrix Ag, S C [N]
with card(S) < s, has all its singular values in the interval [1 — d,,1 + ;] and
is therefore injective when §; < 1. In fact, Jo5 < 1 is more relevant, since the
inequality (6.1) yields ||A(x — x/)||3 > 0 for all distinct s-sparse vectors x,x’ €
CN; hence, distinct s-sparse vectors have distinct measurement vectors. The third
and final remark is that, if the entries of the measurement matrix A are real, then d,
could also be defined as the smallest & > 0 such that (6.1) holds for all real s-sparse
vectors x € RY. This is because the operator norms of the real symmetric matrix
A%Ag — Id relative £2(R) and to £5(C) are equal—both to its largest eigenvalues
in modulus—and because the two definitions of restricted isometry constants would
be equivalent in the real setting, too.

For the equivalence of (6.1) and (6.2) in the complex setting, we start by noticing
that (6.1) is equivalent to

[lAsx||5 — [|x/|3] < d|x||3 forall S C [N], card(S) < s, and all x € Cs.
We then observe that, for x € C%,
[Asx|3 — %[5 = (Asx, Asx) — (x,%) = {(A5As — Id)x,x).
Since the matrix A5A g — Id is Hermitian, we have

(A5As — Id)x,x)
m p)
xeC5\{0} x5

= [|ASAs — Id[[2-2,

so that (6.1) is equivalent to

ASAs—1d <6
SC[N]Ti}é(S)SS|‘ SHxS 22 <

This proves the identity (6.2), as 5 is the smallest such 9.
It is now possible to compare the restricted isometry constants of a matrix with
its coherence . and coherence function i1 ; see Definitions 5.1 and 5.2.

Proposition 6.2. If the matrix A has {s-normalized columns ai,... ap, i.e.,
|a,||2 = 1forall j € [N], then

5 =0, 0o = p, 0s <pi(s—1)<(s—1pu, s>2.
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Proof. The {s-normalization of the columns means that ||Ae;||3 = ||e;||3 for all
j € [N], that is to say 61 = 0. Next, with ay, ..., ay denoting the columns of the
matrix A, we have

_ * * _ 1 <ajvai>
89 = 13?;&%§N AL 4 Ay — Id][252, AL Ay = [(ai,aj> 1 ] )

The eigenvalues of the matrix A7, 4 Ay, ;3 — Id are [(a;, a;)| and —|(a;, a;)], so
its operator norm is |(a;, a;)|. Taking the maximum over 1 < ¢ # j < N yields
the equality o = p. The inequality 65 < pi(s — 1) < (s — 1)u follows from
Theorem 5.3. a

In view of the existence of m x m? matrices with coherence p equal to 1/y/m
(see Chap. 5), this already shows the existence of m x m? matrices with restricted
isometry constant 65 < 1 for s < /m. We will establish that, given § < 1,
there exist m X N matrices with restricted isometry constant 5 < § for s <
cm/In(eN/m), where c is a constant depending only on ¢; see Chap. 9. This is
essentially the largest range possible; see Chap. 10. Matrices with a small restricted
isometry constant of this optimal order are informally said to satisfy the restricted
isometry property or uniform uncertainty principle.

We now make a simple but essential observation, which motivates the related
notion of restricted orthogonality constant.

Proposition 6.3. Let u,v € CV be vectors with |[ullo < s and ||v|o < t. If
supp(u) Nsupp(v) = 0, then

(A, AV)| < Gy [ua]1 V2. 6.3)
Proof. Let S := supp(u) U supp(v), and let ug,vs € C° be the restrictions of

u,v € CV to S. Since u and v have disjoint supports, we have (ug,vs) = 0. We
derive

|(Au, Av)| = [(Asus, Asvs) — (us, vs)| = [((AsAs — Id)us, vs)|

< [(AsAs —Id)usllz]vslle < [|AsAs —Td[la—zllus|l2[[vs]2;

and the conclusion follows from (6.2), |us||2 = ||ul|2, and || vz = ||v]]2- O

Definition 6.4. The (s,t)-restricted orthogonality constant 05, = 0, ,(A) of a
matrix A € C™*N is the smallest # > 0 such that

[(Au, Av)| < 0 lull2]|v]l2 (6.4)

for all disjointly supported s-sparse and ¢-sparse vectors u, v € C. Equivalently,
it is given by

051 = max{HA*TA5||2_)2, SNT =0, card(S) < s, card(T) < t}.  (6.5)
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The justification of the equivalence between the two definitions is left as
Exercise 6.4. We now give a comparison result between restricted isometry constants
and restricted orthogonality constants.

Proposition 6.5. Restricted isometry constants and restricted orthogonality const-
ants are related by

Os1 < 0ops < (505 + 0 +2Vst0s4).

s+t
The special case t = s gives the inequalities
95,5 S 525 and 525 S 55 + 95,5-

Proof. The first inequality is Proposition 6.3. For the second inequality, given an
(s + t)-sparse vector x € C" with ||x||2 = 1, we need to show that

1
[IAX]E = x5 < — (s + 16+ 2V500..).

Let u, v € C¥ be two disjointly supported vectors such that u + v = x, where u is
s-sparse and v is t-sparse, respectively. We have

IA%]3 = (A(u+v),Au+v)) = |Aul + [|Av]3 + 2 Re(Au, Av).
Taking ||x||3 = ||u||% + ||v]|3 into account, we derive

[ Ax]3 = lIxl3] < [llAu]3 = [[ul5| + [JAVIE = V]3] + 2[(Au, Av)|
< dal[ull3 + a:l[vI3 + 2605 ellullafvll2 = £ ([[ul3),

where we have set, for a € [0, 1],

fla) =dsa+6,(1 —a)+ 20, v/l — ). (6.6)

It can be shown that there is an o* € [0, 1] such that this function is nondecreasing
on [0, @*] and then nonincreasing on [a*, 1]—see Exercise 6.5. Depending on the
location of this * with respect to s/(s + t), the function f is either nondecreasing
on [0, s/(s+t)] or nonincreasing on [s/(s +t), 1]. By properly choosing the vector
u, we can always assume that ||u|3 is in one of these intervals. Indeed, if u is made
of s smallest absolute entries of x while v is made of ¢ largest absolute entries of x,
then we have

lul (V05 _ 1= Jull3

< = so that ||u|? <
s t t

s
s+t’
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and if u was made of s largest absolute entries of x, then we would likewise have
|lul|3 > s/(s + t). This implies

t Vst
A= %3] < £ ) = b2y 46 20,2
H| x||3 ||X||2|_f " s+t+ ts+t+ e
The proof is complete. O

We continue by proving that restricted isometry constants and restricted orthog-
onality constants of high order can be controlled by those of lower order.

Proposition 6.6. For integers r,s,t > 1 witht > s,

t
et,r S \/ies,ru
S

t—d
s

d
0 < b5 + — s where d := ged(s, t).
s

The special case t = c s gives
565 S 0525-

Remark 6.7. There are other relations enabling to control constants of higher order
by constants of lower order; see Exercise 6.10.

Proof. Given a t-sparse vector u € C» and an r-sparse vector v € C¥ that are
disjointly supported, we need to show that

t
(An, Av) < /Ll vl 67

t—d
s

d
A3 — Jlulj3| < ( b5 + gas) [u 2. (6.8)

Let d be a common divisor of s and ¢. We introduce integers k, n such that
s = kd, t = nd.

Let T = {j1,Jo,...,j¢} denote the support of u. We consider the n subsets
S1,59,...,8, CT of size s defined by

Si = {J(i—1)d+15 J(i—1)d+2> - -+ J(i—1)d+s )

where indices are meant modulo ¢. In this way, each 5 € T belongs to exactly
s/d = k sets S;, so that

2
2-

| =

u=

n 1 n
Zusﬂ Hu”g = EZHusl
=1 1=1
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We now derive (6.7) from

[(Au, Av)| <

wl

i AuSi,AV>| S %ies,r|
i=1 i=1
vn

n 1/2 ny 1/2
= ( 3) Ivlle = 00 (%) Il
=1

Inequality (6.8) follows from

<O,

A3 — [[u]j3] = [((A*A — Id)u, u)|
1
< —222| (A*A —Id)ug,, ug,)|

1 *
- ﬁ( Z |<(ASiUSjASiUSj — Id)usi,u5j>|
1<iZj<n

3 (A5 As, — Id)us,. us,) )
=1

1
S

1<i#j<n i=1 >

_ 02 J9s — 05 —
s (ZHHS ll2 )2 2 - > s, |13
=1
d2s J2s — 05\ —
< (B -2 ); s, 3 = (o - %(625 ~5.)) Il

ot 1 9
= (;525 - E(é% - 55)) Hu||2

To make the latter as small as possible, we take k as small as possible, i.e., we
choose d as the greatest common divisor of s and ¢. This completes the proof. O

Just like for the coherence, it is important to know how small the sth restricted
isometry constant of a matrix A € C™*N can be. In the case N > Cm of
relevance in compressive sensing, Theorem 6.8 below states that the restricted
isometry constant must satisfy s > ¢+/s/m. For s = 2, this reads y > ¢'/v/m,
which is reminiscent of the Welch bound of Theorem 5.7. In fact, the proof is an
adaptation of the proof of this theorem.
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Theorem 6.8. For A € C™*Y and 2 < s < N, one has

m > c6i2, (6.9)

provided N > C'm and 65 < 0., where the constants ¢, C, and 6. depend only on
each other. For instance, the choices ¢ = 1/162, C' = 30, and 6, = 2/3 are valid.

Proof. We first notice that the statement cannot hold for s = 1, as §; = 0 if all
the columns of A have ¢3-norm equal to 1. Let us set ¢ := [s/2] > 1, and let us
decompose the matrix A in blocks of size m x t—except possibly the last one which
may have less columns—as

A=A |A |- |A,], N < nt.
From (6.2) and (6.5), we recall that, for all ¢, j € [n],i # j,
|A7A; —Id|2—2 < 6 < 4, |A7A ]l2m2 < 0 < 02y < 0,
so that the eigenvalues of A A; and the singular values of A} A ; satisty
1—0s <A (ATA;) <1+ s, or(ATA;) <.
Let us introduce the matrices

H:=AA* e C™m, G:=A"A = [AA)] € CNxN,

1<4,5<n
On the one hand, we have the lower bound

n

tr(H) = tr(G) = zn:tr(A;‘Ai) =D > M(ATA) = nt(1-5). (6.10)
i=1

i=1 k=1

On the other hand, writing (M, Ms)r = tr(M5M;) for the Frobenius inner
product of two matrices M; and My (see (A.15)), we have

tr(H)? = (Id,,, H)% < |[Id,, || Z][H[ 7 = m te(H"H).
Then, by cyclicity of the trace,

tr(H'H) = tr(A A*AA") = tr(A"AA*A) = tr(GG")

-y tr(zm:A;‘AjA;Ai)
i=1 j=1
t n t
= > Do on(ATAP D D M(ATAY)
1<i#j<n k=1 i=1 k=1
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We derive the upper bound
tr(H)? <mnt ((n—1)62 + (1 +6,)?). (6.11)
Combining the bounds (6.10) and (6.11) yields

nt(l—6s)?
“(n—1)62+ (1 +0,)2%

m

If (n — 1) 62 < (1 + d5)%/5, we would obtain, using §5 < 2/3,

nt(1—5,)2 _ 5(1—05,)>2
> -
BT 025 S 62 S

which contradicts our assumption. We therefore have (n — 1) 62 > (1 + §5)?/5,
which yields, using s < 2/3 again and s < 3t,

This is the desired result. O

Let us compare the previous lower bound on restricted isometry constants,
namely,

ds > \/cs/m, (6.12)

with upper bounds available so far. Precisely, choosing a matrix A € C™*" with a
coherence of optimal order p < ¢/+/m, Proposition 6.2 implies that

8s < (s = D)p < es/y/m. (6.13)

There is a significant gap between (6.12) and (6.13). In particular, (6.13) with the
quadratic scaling

m > c's? (6.14)

allows 05 to be small, while this requires under (6.12) that m > ¢’s. However,
whether such a condition can be sufficient is unknown at this point. We will see
later in Chap. 9 that certain random matrices A € R™*¥ satisfy §, < & with high
probability for some § > 0 provided

m > C5 2sIn(eN/s). (6.15)
We will also see in Corollary 10.8 that 65 < § requires m > Cssln(eN/s).

Therefore, the lower bound m > ¢’s is optimal up to logarithmic factors, and (6.9)
is optimal regarding the scaling Cs = C6 2.
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Difficulty of Deterministic Constructions of Matrices with RIP. As just men-
tioned, random matrices will be used to obtain the restricted isometry property
ds < 0 (abbreviated RIP) in the optimal regime (6.15) for the number m of
measurements in terms of the sparsity s and the vector length N. To date, finding
deterministic (i.e., explicit or at least constructible in polynomial time) matrices
satisfying 5, < ¢ in this regime is a major open problem. Essentially all available
estimations of d, for deterministic matrices combine a coherence estimation and
Proposition 6.2 in one form or another (with one exception commented on in the
Notes section). This leads to bounds of the type (6.13) and in turn to the quadratic
bottleneck (6.14). Thus, the lower bound of Theorem 5.7 in principle prevents
such a proof technique to generate improved results. The intrinsic difficulty in
bounding the restricted isometry constants of explicit matrices A lies in the basic
tool for estimating the eigenvalues of A5Ags — Id, namely, Gershgorin’s disk
theorem (Theorem A.11). Indeed, assuming ¢5-normalization of the columns of A
and taking the supremum over all S C [N] with card(S) = s leads then to the
£1-coherence function 1 (s — 1)—this is how we showed the bound 65 < p11(s—1)
of Proposition 6.2; see also Theorem 5.3. Then the lower bound for the ¢;-coherence
function from Theorem 5.8 tells us that the quadratic bottleneck is unavoidable when
using Gershgorin’s theorem to estimate restricted isometry constants. It seems that
not only the magnitude of the entries of the Gramian A * A but also their signs should
be taken into account in order to improve estimates for deterministic matrices, but
which tools to be used for this purpose remains unclear (a slight improvement over
the quadratic bottleneck is discussed in the Notes section). One may conjecture
that some of the matrices with coherence of optimal order, for instance, the one of
Theorem 5.13, also satisfy the restricted isometry property when m scales linearly
in s up to logarithmic factors. All the same, when passing to random matrices, a
powerful set of tools becomes available for the estimation of the restricted isometry
constants in the optimal regime.

6.2 Analysis of Basis Pursuit

In this section, we establish the success of sparse recovery via basis pursuit for
measurement matrices with small restricted isometry constants. We give two proofs
of this fact. The first proof is simple and quite natural. It shows that the condition
025 < 1/3 is sufficient to guarantee exact recovery of all s-sparse vectors via ¢1-
minimization. The second proof is more involved. It shows that the weaker condition
025 < 0.6246 is actually sufficient to guarantee stable and robust recovery of all
s-sparse vectors via £1-minimization. We start by presenting the simple argument
which ignores stability and robustness issues (although such issues can be treated
with only a slight extension of the argument).

Theorem 6.9. Suppose that the 2sth restricted isometry constant of the matrix
A € C™*N satisfies
1

b0 < 3. (6.16)
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Then every s-sparse vector x € C¥ is the unique solution of
minimize ||z]1 subject to Az = Ax.
zeCN

The following observation is recurring in our argument, so we isolate it from the
proof.

Lemma 6.10. Given ¢ > p > 0, ifu € C® and v € C! satisfy

max |u;| < min |v/, 6.17
i | < i o (6.17)
then
1/q

S
lalle < 375 vl

The special casep = 1, q = 2, andt =s gives
u Vi1
2= \/E !

Proof. For the first statement, we only need to notice that

- 1/
Iy _ [, "< maxtul
sl/d |5 = ’ = es
r 1/p
m: 1i|v,|p > min |v;]
tl/p t = J = e 7"
and to use (6.17). The second statement is an immediate consequence. O

Proof (of Theorem 6.9). According to Corollary 4.5, it is enough to establish the
null space property of order s in the form

1
[lvs]l1 < §||VH1 forall v € ker A\ {0} and all S C [N] with card(S) = s.
This will follow from the stronger statement

[vsllz < QL\%Hle forall v € ker A and all S C [N] with card(S) = s,

where

L 2525
P 1- 525
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satisfies p < 1 whenever da, < 1/3. Given v € ker A, we notice that it is enough
to consider an index set S =: Sy of s largest absolute entries of the vector v. We
partition the complement Sy of Sy in [N] as Sp = S; U S2 U ..., where

S1 :index set of s largest absolute entries of v in So,

So @ index set of s largest absolute entries of v in Sy U Sy,

etc. In view of v € ker A, we have A(vg,) = A(—vg, — Vs, — -+ ), so that
2 1 2 1
Vsull < 5 IAWs)IE = 15 (Alvs,). A(-vs,) + Al-vs) +-)
1
= E A A(— . 6.18
1 — g, k>1< (V50)7 ( VSk)> ( )

According to Proposition 6.3, we also have

<A(VS0)7 A(_Vsk)> < 025 ||VS() HQHVSk H2 (6.19)

Substituting (6.19) into (6.18) and dividing by ||vs, |2 > 0, we obtain

2 P
[vsollz < === lIva,lla= 5> llvs, 2.
1 = 0a5 k>1 2

k>1

For £ > 1, the s absolute entries of vg, do not exceed the s absolute entries of
Vs, _,»so that Lemma 6.10 yields

1
||VSkH2 < %Hvsk—lHl'
We then derive

P P
[Vsoll2 < ENG Z Vs, ol < 2—\/§||VH1-

k>1

This is the desired inequality. O

Remark 6.11. In (6.18), the vector vg, was interpreted as being 2s-sparse, although
it is in fact s-sparse. The better bound ||vs,[|3 < [|A(vs,)||3/(1 — d5) could
therefore be invoked. In (6.19), the restricted orthogonality constant 6, , could also
have been used instead of d25. This would yield the sufficient condition §5 + 26, s <
1 instead of (6.16).

It is instructive to refine the above proof by establishing stability and robustness.
The reader is invited to do so in Exercise 6.12. Here, stability and robustness are
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incorporated in Theorem 6.12 below, which also improves on Theorem 6.9 by
relaxing the sufficient condition (6.16).

Theorem 6.12. Suppose that the 2sth restricted isometry constant of the matrix
A € C"™*N satisfies

4
025 < —= = 0.6246. 6.20

Then, for any x € CN and y € C™ with | Ax — y||2 < 1, a solution x* of

minimize ||z||; subject to |Az —yl|l2 <n
zeCN

approximates the vector X with errors
Ix = x*|l1 < Coy(x) + D s,

C
I =il < = s + Doy

where the constants C, D > 0 depend only on 2.

These error estimates—in fact, £,-error estimates for any 1 < p < 2—are
immediately deduced from Theorem 4.22 and the following result.

Theorem 6.13. If the 2sth restricted isometry constant of A € C™*N obeys
(6.20), then the matrix A satisfies the {s-robust null space property of order s with
constants 0 < p < 1 and 7 > 0 depending only on 6.

The argument makes use of the following lemma, called square root lifting
inequality. It can be viewed as a counterpart of the inequality ||all; < +/s||all2
fora € C°.

Lemma 6.14. Fora; > az > --- > as > 0,

a1+...+a5 \/g
a%+---+a§§T

Proof. We prove the equivalent statement
ay > az > -+ >as >0 NG
ay+ag+---+as /s = /a?+ - +a2+ a5 < 1.
+——a1 <1 4
NG 4

Thus, we aim at maximizing the convex function

S
f(aha?v"'aas) = \/a%'i‘""i‘ag‘f'%as
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over the convex polytope

C::{(al,...,as)eRs:a12~-~2a520anda1+“.+a5—I—ﬁalgl}.

N 1

Because any point in C is a convex combination of its vertices and because the
function f is convex, the maximum is attained at a vertex of C; see Theorem B.16.
The vertices of C are obtained as intersections of s hyperplanes arising by turning
s of the (s + 1) inequality constraints into equalities. We have the following
possibilities:

o Ifa; =--- =as =0,then f(ay,as,...,as) =0.

o If(a1+--+as)/v/s+v/sa/d=1landay = -=ap >ap1=--=as; =0
forsome 1 < k < s — 1, then one has a; = --- = a;, = 4/s/(4k + s), and
consequently f(ay,...,as) = 4Vks/(4k + s) < 1.

e If (a1 + - +as)/v/s++sai/4=1anday = --- = as; > 0, then one has
a; =---=as = 4/(5/s), and consequently f(a1,...,as) =4/5+1/5=1.

We have obtained

which is the desired result. O

We are now ready to establish the robust null space property stated in Theo-
rem 6.13. To simplify the initial reading of the proof, the reader may consider only
the stable null space property by specifying v € ker A in the following argument.

Proof (of Theorem 6.13). We need to find constants 0 < p < 1 and 7 > 0 such that,
forany v € CV and any S C [N] with card(S) = s,

Lllvslls + Tl Av].. (6.21)

NG

Given v € C¥, it is enough to consider an index set S =: Sy of s largest absolute
entries of v. As before, we partition the complement of Sy as Sp = S;1 U S U ...,
where

[vslla <

S1 :index set of s largest absolute entries of v in S0,

So @ index set of s largest absolute entries of v in Sy U Sy,
etc. Since the vector vg, is s-sparse, we can write
IAVS, I3 = (L+D)llvsll3  with |t <.

We are going to establish that, for any & > 1,
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|<AV507AVSk>| < 5%5 — 2 HVS0||2HVSk||2' (6.22)
To do so, we normalize the vectors vg, and vg, by setting u := vg,/||vs,|l2 and

w = e¥vg, /||vs, |2, 0 being chosen so that [(Au, Aw)| = Re(Au, Aw). Then,
for real numbers «, 8 > 0 to be chosen later, we write

2/(Au, Aw)| = —— [ A(ou + w)[2 — [A(Bu - w)|2 - (o®— 5%)|| Aul2]
a+p

< 5[0 alau -+ wi = (1-82)[Bu — wlE ~ (0= 51+ )] ul]
- a-lua [(1+820)(0® +1) = (1=024) (8% + 1) = (a” = 5%) (1 +1)]

1 2 2
= 55070 = 1)+ B (G2 1) + 2020).

Making the choice o = (Jas + t)/+/05, — t2 and B = (da5 — t)/1/ 03, — 12, we
derive

2 —t2
2[(Au, Aw)| < 5;;—[625 b4 Oos — t+ 2055] = 24/03, — 12,
2s

which is a reformulation of the desired inequality (6.22). Next, we observe that

HAVSOHg = <AV50,A(V - szk)> = (Avg,, Av) — Z<AVSO,AVSk>
E>1 E>1

< Avs, l2lAv]2 + Y 1/ 83, — 2[lvs, 2l vs, |2
k>1

= vl (VIFEIAV]2 + /83, =23 v, 2. (6.23)

k>1

For each k > 1, we denote by v, and v,j the smallest and largest absolute entries
of v on Sy, and we use Lemma 6.14 to obtain

S sl < 3 (== lvalh + Lo - op)
7

k>1 k>1
\/' of <

1
||1+ \/—HVSo||1+Z||VSOH2'

1
< EHVSO

Substituting the latter in the right-hand side of (6.23), while replacing ||Avg, ||3 by
(1 +t)||vs, ||3 in the left-hand side and dividing through by ||vs, |2, yields
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L+ B)lvsolle < VI+E[AV]2 + —=— 25 H Vg lh + ——

HVson

02
<(l1+1t)|——|A L
< (0 Elavi s — 1_&” s+ 1_&” vals).

where we used the easily verified inequality /035, — t2/(1 4+ t) < d25/+/1 — as.
Dividing through by 1 + ¢, using 1/4/1 + ¢t < 1/+/1 — 025, and rearranging gives

T 183, — 6as/4 Vs 1— 63, — 095 /4

[Av]l2.

This takes the form of the desired inequality (6.21) as soon as

d2s
pi= 2 <1,
1— 62, — 0as/4

i.e., 5das/4 < /1 — 83, or 4163, < 16, which reduces to Condition (6.20). |

We close this section by highlighting some limitations of the restricted isometry
property in the context of basis pursuit. We recall from Remark 4.6 that s-sparse re-
covery via basis pursuit is preserved if some measurements are rescaled, reshuffled,
or added. However, these operations may deteriorate the restricted isometry con-
stants. Reshuffling measurements corresponds to replacing the measurement matrix
A € C™ N by PA, where P € C™*™ is a permutation matrix. This operation
leaves the restricted isometry constants unchanged, since in fact ,(UA) = d5(A)
for any unitary matrix U € C™*™. Adding a measurement, however, which
corresponds to appending a row to the measurement matrix, may increase the
restricted isometry constant. Consider, for instance, a matrix A € C™*N with sth
order restricted isometry constant d5(A) < 1, and let § > 65(A). We construct
a matrix A by appending the row [O ...0v/1+44]. With x := [O ...0 1}T, it is
easy to see that ||Ax||2 > 1 + 4. This implies that §,(A) > § and consequently
that 0,(A) > &,(A). Likewise, rescaling the measurements, which corresponds to
replacing the measurement matrix A € C™*¥ by DA, where D € C™*™ is a
diagonal matrix, may also increase the restricted isometry constant. This is even
the case for scalar rescaling, i.e., replacing A by dA for d € C. For instance, if
A € C™*N has an sth order restricted isometry constant 6s(A) < 3/5, then the sth
order restricted isometry constant of 2A satisfies 65(2A) > 3 — 49,(A) > d5(A).
In order to circumvent the issue of scalar rescaling, one can work instead with the
sth restricted isometry ratio s = vs(A), defined as
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where «; and [ are the largest and smallest constants «, 5 > 0 such that
2 2 2
allx|z < [[Ax[lz < B x|
for all s-sparse vectors x € C. Note that this does not settle the issue of general

rescaling. Consider indeed the (2s) x (2s+1) matrix A and the (2s) x (2s) diagonal
matrix D, defined by

10 ---0 =1

A_ 01 .0-=1 , D, =diag[e,1/e,1,...,1].
D0
0---01-1

Since ker D.A = ker A is spanned by [1,1,...,1] " the matrices D.A and A
both satisfy the sth order null space property, hence allow s-sparse recovery via
basis pursuit. However, the sth order restricted isometry ratio of D, A can be made
arbitrarily large, since v;(D:A) > 1/ et. Incidentally, this shows that there are
matrices allowing s-sparse recovery via basis pursuit but whose sth order restricted
isometry constant is arbitrarily close to 1—even after scalar renormalization; see
Exercise 6.2.

6.3 Analysis of Thresholding Algorithms

In this section, we establish the success of sparse recovery via iterative hard
thresholding and via hard thresholding pursuit for measurement matrices with
small restricted isometry constants. Again, we start with a simple and quite natural
proof of the success of s-sparse recovery via iterative hard thresholding under the
condition d3,< 0.5. This is done in the ideal situation of exactly sparse vectors
acquired with perfect accuracy. We then cover the more realistic situation of
approximately sparse vectors measured with some errors. The improved result
only requires the weaker condition d3,< 0.5773. It applies to both iterative hard
thresholding and hard thresholding pursuit, but its proof is more involved. Before
all this, we recall from Sect. 3 that the iterative hard thresholding algorithm starts
with an initial s-sparse vector x’ € C¥, typically x° = 0, and produces a sequence
(x™) defined inductively by

x"T = H (x" + A*(y — AX")). (IHT)
The hard thresholding operator H keeps the s largest absolute entries of a vector,

so that H,(z) is a (not necessarily unique) best s-term approximation to z € C%.
For small restricted isometry constants, the success of iterative hard thresholding is
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intuitively justified by the fact that A* A behaves like the identity when its domain
and range are restricted to small support sets. Thus, if y = Ax for some sparse
x € CV, the contribution to x"*! of A*(y — Ax") = A*A(x — x") is roughly
x — x", which sums with x" to the desired x. Here is a formal statement of the
success of iterative hard thresholding.

Theorem 6.15. Suppose that the 3sth restricted isometry constant of the matrix
A € C"™*N satisfies

Sas < % (6.24)

Then, for every s-sparse vector x € CN, the sequence (x™) defined by (IHT) with
y = Ax converges to x.

The following observation is recurring in our arguments, so we isolate it from
the proof.

Lemma 6.16. Given vectors u,v € CY and an index set S C [N],

[(u, (Id — AA)v)| < di[ullzflv]l2 i card(supp(u) Usupp(v)) <t,
1((Id — A"A)v)s|l2 < ;]| v]l2 if card(S Usupp(v)) < t.
Proof. For the first inequality, let T := supp(u) U supp(v), and let ur and vr
denote the subvectors of u and v obtained by only keeping the entries indexed by

T. We write

[(u, (Id — A*A)v)| = [{(u,v) — (Au, Av)| = [{ur,vr) — (Arur, Arvr)|
= |(ur, (Id — AT Ar)vr)| < [lurl]2 [[(Id — A7 Ar)vr|2

< [lurfle [1d — A7 AT|252]vrlle < cflull2f[v]2-
The second inequality follows from the first one by observing that
|(1d — A" A)v)gll5 = ((Id = A*A)v)5 (Id — A" A)v) <5 (Td — A" A)v) g2 [[V]2.
We divide through by ||(Id — A*A)v)g||2 to complete the proof. O
Proof (of Theorem 6.15). It is enough to find a constant 0 < p < 1 such that
[x" T —x[l2 < p||x™ = x||2, n >0, (6.25)
since this implies by induction that

Ix" —x[[2 < p"|Ix" — x[la — 0.
n—r oo
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By definition, the s-sparse vector x"*1 is a better (or at least equally good)
approximation to

u"=x"+ A%y — Ax") =x" + ATA(x — x")
than the s-sparse vector x. This implies
Ju — %3 < flu” — x|
Expanding ||u” — x" |2 = ||(u" — x) — (x" ™! — x)||% and rearranging yields

[x" ! — x[|3 < 2Re(u™ — x,x" ! —x). (6.26)

3

We now use Lemma 6.16 to obtain

Re(u” — x,x" ™ — x) = Re((Id — A*A)(x" — x),x" ™! —x)

< B3| x" = x[2[|x" T = x]|2. (6.27)

If |x"*1 — x||o > 0, we derive from (6.26) and (6.27) that

%" = x|z < 283, ]x" — x|z,

which is obviously true if ||x"™ — x||3 = 0. Thus, the desired inequality (6.25)
holds with p = 2035 < 1. O

Remark 6.17. Sufficient conditions for the success of s-sparse recovery via basis
pursuit were previously given in terms of do5. Such sufficient conditions can also be
given for iterative hard thresholding. For instance, since d3s < 2025 + 05 < 3025 by
Proposition 6.6, it is enough to assume d25 < 1/6 to guarantee d35 < 1/2, hence the
success of s-sparse recovery via iterative hard thresholding. This condition may be
weakened to do5 < 1/4 by refining the argument in the proof of Theorem 6.15—see
Exercise 6.20. It can be further weakened to d25 < 1/3 with a slight modification of
the algorithm—see Exercise 6.21.

It is again instructive to refine the proof above for approximately sparse vectors
measured with some errors, and the reader is invited to do so in Exercise 6.19.
Theorem 6.18 below covers this case while improving on Theorem 6.15 by relaxing
the sufficient condition (6.24). As a consequence, we will obtain in Theorem 6.21
error estimates similar to the ones for basis pursuit. We underline that the arguments
are valid for both iterative hard thresholding and hard thresholding pursuit. As
a reminder, this latter algorithm starts with an initial s-sparse vector x* € C,
typically x° = 0, and produces a sequence (x™) defined inductively by

STl = L (x" + A*(y — Ax™)), (HTP;)
x"t = argmin {||ly — Az||2,supp(z) C S"*'}. (HTP2)
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We recall that L4(z) denotes an index set of s largest absolute entries of a vector
z € CV;see (3.8).

Theorem 6.18. Suppose that the 3sth restricted isometry constant of the matrix
A € C"™*N satisfies

1
035 < — ~ 0.5773. 6.28
3 7 (6.28)

Then, for x € CN, e € C™, and S C [N] with card(S) = s, the sequence (x")
defined by (IHT) or by (HTP,), (HTP>) with y = Ax + e satisfies, for any n > 0,

[x" —xs]l2 < p"[|x" — xs5]|2 + 7| Axg + €2, (6.29)

where p = /3835 < 1, 7 < 2.18/(1 — p) for (IHT), p = \/282,/(1 - 63,) < 1,
7 < 5.15/(1 — p) for (HTPy), (HTPy).

Remark 6.19. The intuitive superiority of the hard thresholding pursuit algorithm
over the iterative hard thresholding algorithm is not reflected in a weaker sufficient
condition in terms of restricted isometry constants but rather in a faster rate of
convergence justified by 1/202, /(1 — 63,) < /335 when d35 < 1/+/3.

We isolate the following observation from the proof of the theorem.

Lemma 6.20. Given e € C™ and S € [N] with card(S) < s,

[(A%e)sl2 < V1 +ds|lef2.

Proof. We only need to write
I(A%e)sl3 = (A%e, (A%e)s) = (e, A((A%e)s)) < [lell2 | A((A%e)s)]2
< lella V1 + 05 [[(A%e)s 2,

and to divide through by ||(A*e)g||2- O

Proof (of Theorem 6.18). Givenx € C¥, e € C™, S C [N] with card(S) = s, our
aim is to prove that, for any n > 0,

X" = xsll2 < pllx" = x5l + (1 = p)7]Axg + ell2. (6.30)
The estimate (6.29) then follows by induction. For both iterative hard thresholding

and hard thresholding pursuit, the index set S"*1 := supp(x"*!) consists of s
largest absolute entries of x™* + A*(y — Ax™), so we have

1" + A% (y — Ax"))s 13 < [[(x" + A" (y — AX")) s [3.
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Eliminating the contribution on S N S™*1, we derive
[(x" + A" (y — Ax"))g\sn1[l2 < [|(x" + A% (y — AX"))gn1\s]]2-

The right-hand side may be written as

[(x" + A%(y — Ax"))gnin\sll2 = [[(x" — x5 + A (y — AX"))gnt1\5]l2-
The left-hand side satisfies

J(x"+A"(y — AX"))srne1

= [[(xs = x"T +x" — x5 + A*(y — AX"))s\ 501 |2

n+1)

> (s =x")g\snfl2 = [[(x" = x5 + Ay = Ax")) s\ gnt1 -

With SAS™ L = (§\ §7F1) U (S"1\ S) denoting the symmetric difference of
the sets S and S™ 1!, we conclude that

"svsnlla < (" = x5+ AT(y — AX"))g gm0 |2

l[(xs —x
(X" —xs + A (y — AX"))gninsl2
<V2|(x" — x5 + A*(y — AX"))gagnt1]l2. (6.31)
Let us first concentrate on iterative hard thresholding. In this case,
xnt = (x"+A*(y — Ax"))snﬂ.
It then follows that
Ix" = xsl3 = | (x" ! = x5)gnia 13+ | (" = x5)gr 3
= [(x" = x5 + A" (y = AX"))gna [ + [(x"F = x5)5\8n41[[3-
Together with (6.31), we obtain
%" = xs3 < |(x" — x5 + A*(y — Ax"))gn 13
+2[|(x" — x5 + A*(y — AX"))sas0+1 13
<3[(x" = xs + A*(y — AX"))susn[[3.

We now write y = Ax + e = Axg + € with € := Axg + e, and we call
upon Lemma 6.16 (noticing that card(S U S™*! Usupp(x™ — x5)) < 3s) and
Lemma 6.20 to deduce
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X" — xgll2 < VB]|(X" — x5 + A*A(xs — X") + A€ ) susnt1 ]2
< V3 [[[((Id — A*A) (X" —x3)) g, gnirll2 + [[(A"€) sugni|2]
< V3 [Ballx" = xslla + T+ 02 le/]o]

This is the desired inequality (6.30) for iterative hard thresholding. We notice that
p = /383, is indeed smaller than one as soon as d5, < 1/\/§ and that (1 — p)7 =

V3VIF 62, < V3 + V3 <218

Let us now concentrate on hard thresholding pursuit. In this case,
x"T! = argmin {|ly — Azl|2,supp(z) C S"*'}.

As the best ¢>-approximation to y from the space {Az,supp(z) C S"*1}, the
vector Ax" T is characterized by

(y —Ax"T! Az) =0 whenever supp(z) C S™ 1!,
that is to say, by (A*(y — Ax" "), z) = 0 whenever supp(z) C S"™! or
(A*(y — A" 1))gums = 0.
Taking this and (6.31) into consideration, we write

I+ = xs 13 = (|7 = xs) e[ + 1"~ xs)s\50+1 3
< (" x5+ A% (y — A" ot |13
+2]|(x" — x5+ A*(y — Ax"))s 250+ |3
< [I(Ad — A*A) X = x5)) o 12+ (AT ) gni1|2])
+2[|((1d - A*A) (X" — x5)) g g ll2 + [1(A*€)ga5m51 2]

Applying Lemma 6.16 and Lemma 6.20 yields

2
Hxn+l _ XS“% S [525||Xn+1 - XSHQ + vV 1+ 55 He/”Q]

2
+2 [635||x” —xg|l2 + V14 das ||e’|\2} .
After rearrangement, this reads

2
2 [03s]x" — xgll2 + /1 + 02 [|€'||2]
1+6s, n+1 V140s,
le'llz ) (X" —xsll2 = ——lle'll2).

1+ dos 1 — 095

> (1= 83) (I = xsl +
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Since we may assume ||x" ! — xg|ls > 1+ 05 ||€/]|2/(1 — d25) to make the latter
expression in parentheses nonnegative—otherwise (6.30) already holds for the value
of (1 — p)r given below—we obtain

2 V1+96 2
2 [63s[1x" —xsll2+ /1 + 625 [|€]]2]” > (1—535)(HX"+1—XSH2——1_525|le'|l2) :
S

From here, taking the square root and rearranging gives

\/5535 n \/5 V1465 ’
——=Ix" = xslz + ( ==+ 75" )l
\/1—525 1_625 1 2s

[x" ! — xgll2 <

This is the desired inequality (6.30) for hard thresholding pursuit. We notice that

p = V2035/\/1— 035, < V2035/1/1 — 03, is smaller than one as soon as d35 <
1/+/3 and that (1 — p)7 = v/2/v/T — 325 + VI + 0s/(1 — 25) < 5.15. o

Taking the limit as n — oo in (6.29) yields || x* — xgs2 < 7||Axg + €]z if
x* € C¥ is the limit of the sequence (x™) or at least one of its cluster points. Note
that the existence of this limit is not at all guaranteed by our argument, but at least the
existence of cluster points is guaranteed by the boundedness of ||x™ || which follows
from (6.29). In any case, we have ||x —x* || < ||xg||2 + [|xs —x*||2 by the triangle
inequality, so choosing S as an index set of s largest absolute entries of x gives

% = x||2 < 04(x)2 + 7| Axg + €]|2. (6.32)

This estimate does not resemble the basis pursuit estimates of Theorem 6.12.
However, such estimates are available for thresholding algorithms, too, provided
we replace the parameter s in (IHT) and (HTP;), (HTP>) by 2s, say. The precise
statement is as follows.

Theorem 6.21. Suppose that the 6sth order restricted isometry constant of the
matrix A € C™*N satisfies 565 < 1/+/3. Then, for allx € CN and e € C™, the
sequence (x™) defined by (IHT) or by (HTPy), (HTPy) withy = Ax + e, x° = 0,
and s replaced by 2s satisfies, for any n > 0,

Ix = X"l € Cos(x) + D5 llella + 2 p"v/5 x|z,

C
[x =x"[l2 < —=0s(x)1 + D lefla + 2 p" [[x|2,

N

where the constants C, D > 0 and 0 < p < 1 depend only on 6ss. In particular, if
the sequence (x™) clusters around some x* € CV, then

x —x*||1 < Cos(x)1 4+ D+/s]e|o, (6.33)

C
x —xF|lo < 7 os(x)1 + D |le]|2. (6.34)
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Remark 6.22. (a) Error estimates of the type (6.33) and (6.34) are not only valid
for cluster points x* but also for x" with n large enough when Co,(x); +
D+/s||e||2 > 0. Indeed, in this case, if n > ng where nq is large enough, then

2p"V/s||x||2 < Cos(x)1 + D/slle|2 -
Therefore, the general error estimates above imply that, for all n > ng,
[x —x"|[1 <2C05(x)1 +2D Vs |le|2,

2C
[x —x"[l2 < —= 0s(x)1 + 2D |le]|z.

5

(b) A major drawback when running hard thresholding algorithms is that an esti-
mation of the targeted sparsity s is needed. This estimation is not needed for the
inequality-constrained £;-minimization, but an estimation of the measurement
error 7 is (a priori) needed instead. We will see in Chap. 11 that running the
equality-constrained ¢;-minimization (P;) on corrupted measurements may in
some cases still have the benefit of stable and robust estimates (6.33) and (6.34).

The auxiliary result below plays a central role when proving statements such as
Theorem 6.21.

Lemma 6.23. Suppose A € C™*N has restricted isometry constant 5, < 1. Given
Kk, T >0, €& >0, and e € C™, assume that two vectors x,x' € CN satisfy ||x'||o <
ks and

%z — x|z < 7[[Axg +ef2 + &,

where T' denotes an index set of 2s largest absolute entries of x. Then, for any
l<p=<2

1+ce7

—— 051+ de TP lefly + dusVPTVEE(635)
S

lx — x|, <

where the constants ¢, d,, > 0 depend only on k.

Proof. We first use the fact that the vector x7 — x’ is (2 4 x)s-sparse to write

I = %"l < lIxzlly + lIxr = xllp < Ixzlp + (24 £)8) /P72 |xg — x||2

<||xzllp, + V2 + IiSl/p_l/Q(THAXT-F ella +&). (6.36)

Let now S C T denote an index set of s largest absolute entries of x. We observe
that, according to Proposition 2.3,

1 1
7l = os(x3)p < =7 x5l = 750501 (6.37)
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Let us partition the complement of T as T = S, U S3 U .. ., where

So :index set of s largest absolute entries of x in T,

Ss : index set of s largest absolute entries of x in 7" U Sa,

etc. In this way, we have

lAxz +ella <D [Axs, 2 + lellz < D v/1+0lxs, [l2 + [le]l2

k>2 k>2

< V2 Ixs.llz + llellz-

k>2

Using Lemma 6.10, it has become usual to derive

1 1
Z l[xsll2 < mHX?Hl = mUS(X)u
E>2

hence, we obtain

V2
[Ax7 +ellz < mUS(X)l + [lell2- (6.38)

Substituting (6.37) and (6.38) into (6.36), we obtain the estimate (6.35) with ¢,, =
V4 +2kand d, = V2 + k. O

Proof (of Theorem 6.21). Given x € CV and e € C™, under the present
hypotheses, Theorem 6.18 implies that there exist 0 < p < 1 and 7 > 0 depending
only on dgs such that, for any n > 0,

[xr —x"|l2 < 7[|Axz + ell2 + p"[|x7 |2,

where T denotes an index set of 2s largest absolute entries of x. Then Lemma 6.23
with x’ = x™ and £ = p"||xr|]2 < p"||x||2 implies that, forany 1 < p < 2,

=175 0s(X)1 + D s Jlefly + 2" VP72 ||x] 2,

where C', D > 0 depend only on 7, hence only on dg,. The desired estimates are the
particular cases p = 1 and p = 2. a

6.4 Analysis of Greedy Algorithms

In this final section, we establish the success of sparse recovery via the greedy algo-
rithms presented in Sect. 3.2, namely, orthogonal matching pursuit and compressive
sampling matching pursuit. For the orthogonal matching pursuit algorithm, we first
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remark that standard restricted isometry conditions are not enough to guarantee
the recovery of all s-sparse vectors in at most s iterations. Indeed, for a fixed
1 < 1 < /s, consider the (s + 1) X (s + 1) matrix with ¢5-normalized columns
defined by

(6.39)

We calculate

A*A —-1Id =

This matrix has eigenvalues —7/+/s, /+/s and 0 with multiplicity s — 1. Thus,

Sei1 = |A*A —Id||oyn = %
However, the s-sparse vector x = [1,...,1, 0]T is not recovered from y = Ax

after s iterations, since the wrong index s + 1 is picked at the first iteration. Indeed,

1 1
A*(y — Ax") = A*Ax = =

1

ol In.

There are two possibilities to bypass this issue: either perform more than s iterations
or find a way to reject the wrong indices by modifying the orthogonal matching
pursuit, which is the rationale behind compressive sampling matching pursuit. In
both cases, sparse recovery will be established under restricted isometry conditions.
In what follows, we do not separate the ideal situation of exactly sparse vectors
measured with perfect accuracy, and we directly give the more cumbersome proofs
for stable and robust s-sparse recovery under the condition d135s < 0.1666 for
12s iterations of orthogonal matching pursuit and d4s < 0.4782 for compressive
sampling matching pursuit. Although the argument for the compressive sampling
matching pursuit algorithm is closer to the argument used in the previous section,
we start with the orthogonal matching pursuit algorithm.
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Orthogonal Matching Pursuit

For the purpose of proving the main result, we consider the slightly more general
algorithm starting with an index set S° and with

x? := argmin{||y — Az||,supp(z) C S°}, (6.40)

and iterating the scheme

Sn+1 — 9"y Ll(A*(y _ -Axn))7 (OMP’l)
x"t! = argmin {|ly — Az||2,supp(z) C $"'}. (OMP’5)

The usual orthogonal matching pursuit algorithm corresponds to the default choice
of S° = () and x° = 0. The following proposition is the key.

Proposition 6.24. Given A € C™*N, let y = Ax + e for some s-sparse x €
CN with S = supp(x) and some e € C™. Let (x™) denote the sequence defined
by (OMP’1), (OMP’y) started at an index set S°. With s° = card(S°) and s' =
card(S \ S9), if 654 50105 < 1/6, then there is a constant C > 0 depending only
on §41 404124 such that

ly = Ax[la < Cllella, 7= 12"

Note that if e = 0 and S° = (), this proposition implies exact s-sparse recovery
via (OMP’1), (OMP’5) in 12s iterations. Indeed, we have A (x — x12¢) = 0, which
implies x — x!2* = 0 since ||x — x!?%||y < 13s and 6135 < 1. Proposition 6.24 also
implies some stability and robustness results stated in a familiar form.

Theorem 6.25. Suppose that A € C™*N has restricted isometry constant

1
0135 < 6
Then there is a constant C > 0 depending only on 6,3, such that, for all x € CV
and e € C™, the sequence (x™) defined by (OMP’1), (OMP’) withy = Ax + e
satisfies

ly — Ax'*'||2 < C||Axz + e]2

for any S C [N] with card(S) = s. Furthermore, if 6265 < 1/6, then there are
constants C, D > 0 depending only on §a6 such that, for all x € CN and e € C™,
the sequence (x™) defined by (OMP’1), (OMP’2) withy = Ax + e satisfies, for any
l<p=<2

c

lx — X245Hp < Sl_—l/pgs(x)l + Dsl/P71/2HeH2.
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Proof. Given S C [N] with card(S) = s, we can write y = Axg + €' where
e’ := Axg + e. Applying Proposition 6.24 with S = () then gives the desired
inequality

ly — Ax™l2 < C|le'||2 = C|| Axg +e]»

for some constant C' > 0 depending only on 4125 < 1/6. For the second inequality,
we choose 7' to be an index set of 2s largest absolute entries of x, so the previous
argument yields

ly — Ax**ly < C"| Axz + ]2
for some constant C’ > 0 depending only on d265 < 1/6. Now, in view of

ly — Ax** |y = [|A(xp — x***) + Axr + €|z
> [|[A(xr — x**)||l2 — | Axz + €2

> V1= dags X = x7(l2 — [|Ax7 + €)1,

we derive
C'+1
24s
X — X < —||Ax= + e||2.
H T H2 = m H T H2
An application of Lemma 6.23 with ¢ = 0 gives the desired result. O

It remains to establish the crucial Proposition 6.24. It is proved with the help of
the following lemma.

Lemma 6.26. Let (x™) be the sequence defined by (OMP’1), (OMP’3) with'y =
Ax + e for some s-sparse x € CN and for some e € C™. Then, for n > 0,
T C [N] not included in S™, and z € CV supported on T,

ly — Ax" 3

2 JA(Z—x")|I3 n
<y = A3 = 2 a0, iy — Ax” [ - ly — Asil)
< _AHQ_;(S 0. Ilv — Ax™12 — ||y — Azl?
< Ly~ A1~ gy a0 Iy — A3~ Ly — Azl3),

where § = Ocard(TUS™)-
Proof. The second inequality follows from the first one by noticing that
IAGX" = 2)[3 > (1= 8)|x" — 2[5 > (1 = )(x" — z)r\s0 3,
lz\sn|IF < card(T'\ §")llzr\sn I3 = card(T'\ S")[|(x" — 2)7\sn 13-
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We now recall from Lemma 3.3 that the decrease in the squared ¢5-norm of the
residual is at least |(A* (y — Ax™)) n+1|%, where j7 ! denotes the index of a largest
absolute entry of A*(y — Ax™). Thus, the first inequality follows from

|A(z —x")]3

A*y—Ax" 'n+122
(A" (y = Ax)yen P 2 B

(ly — Ax™|2 — |ly — Az|3) (6.41)

when |ly — Ax"||3 > |ly — Az|3. Let us also recall from Lemma 3.4 that
(A*(y — Ax™))sn» = 0 to observe on the one hand that

Re(A(z — x"),y — Ax")
=Re(z —x",A%(y — AX")) = Re(z — x", (A" (y — AX"))gw)
= Re((z — x")7\gn, (A" (y — AX"))7\5n)
< [z = x")r\sn 1 [[A*(y — Ax") ]|
= |lzr\sn [[1[(A"(y — AX"))jnsr]. (6.42)
On the other hand, we have
2Re(A(z — x"),y — Ax")
= Az —x")3 + [y — Ax"||3 ~ Az~ x") ~ (v — Ax")[3

=A@z - x")3 + (Ily - Ax"[3 — |y — Azl3)

> 2 AG — x")l2y/ly — Ax?ll3 — [ly — Azl3, (6.43)

where the inequality between the arithmetic and the geometric mean was used in the
last step. Combining the squared versions of (6.42) and (6.43), we arrive at

1Az —x")[I3 (ly — Ax"[3 = ly — Azlf3) < [lzz\s0[[F (A" (y — Ax™))jnsa]*.

The desired inequality (6.41) follows from here. O
We are now ready for the proof of the main proposition.

Proof (of Proposition 6.24). The proof proceeds by induction on card(S \ S°). If it
is zero, i.e., if § C S, then the definition of x° implies

ly = Ax|l2 < [ly — Ax|2 = [le]2,

and the result holds with C' = 1. Let us now assume that the result holds for all .S
and S° such that card(S \ SY) < s’ — 1, s’ > 1, and let us show that it holds when
card(S \ S9) = s’. We consider subsets of S \ S° defined by T° = () and

T* = {indices of 2~ largest absolute entries of Xgo y forl > 1,
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to which we associate the vectors

7t .—
X = Xw, 12 > 0.

Note that the last 7, namely, 7'[°82(s") 141 ig taken to be the whole set S\ S° (and
may have less than 2°~! elements), so that X* = 0. For a constant ;z > 0 to be
chosen later, since ||%°~1||3 > u||%¢||2 = O for this last index, we can consider the
smallest integer 1 < L < [log,(s)] + 1 such that

I%E7HIE > pllx 3.
This definition implies the (possibly empty) list of inequalities

L—2)2
[

X715 < pllIH3, - 1% < plI%EH3

For each ¢ € [L], we apply Lemma 6.26 to the vector z = x—x*, which is supported
on SO U T*. Taking into account that (S°UT*)US™ C SUS™ and that (S°UT*)\
SmC (SOUT?)\ S° = T*, we obtain, after subtracting ||y — Az||3 = | A%’ + e||3
from both sides,

max{0,]ly — Ax" 1|3 — [|AX" +e[3}

1—6s54n n -
< (1= Lo ) max(o, Iy - Ax"[3 - A% + el3)

1—0s4n n -
<onp (= T ) max(0, |y - Ax"[ - [AX' + el2),

For any K > 0 and any n, k > 0 satisfying n + k£ < K, we derive by induction that
max{0,[ly — Ax" "3 — [[AX" + |3}

k(1—55 K) n N
<exp (= o) Y a0, ly - Ax13 - AR+ efB)

By separating cases in the rightmost maximum, we easily deduce

k(l - 55+K)

— A n+k |2 < _ M\ st
Iy = Ax (5 < exp (=t

)|y _AX|3+ AR + el

For some positive integer « to be chosen later, applying this successively with
ky = kcard(TY),..., kr == kcard(TF), and K := ki +--- + kg,

yields, with v := exp(k(1 — d54K)),
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1 .
ly — Ax™ 5 < —lly — Ax"|5 + [|AX" + el |3,

1 .
ly — Ax® RS < —ly — AxM 5+ [ A% +e]3,

1 -
ly — Atttk 2 <y = At 2 ARE 4 el

By combining these inequalities, we obtain

ly—Ax"||3 < +]Ax" el

ly — AxC|l3 A% +el3 |AX " + ef3
L -1 T
v v v

Takmg into account that x — % is supported on S°UT? = S°, the definition (6.40)
of x” implies that [y — Ax°||3 < [ly — A(x — x%)||3 = ||AX” + e]|3; hence

L
2(|AX)3 + llell3)

Lt

Hy AX ”2 Z ||AX +e|§
£=0

“M

Let us remark that, for ¢ < L — 1 and also for ¢ = L,
IAX(|3 < (1+6)[IX)15 < (1+ 85 Ix 713,

As a result, we have

201+ 6) %3 = 1\ |
ly — Ax™ 3 < 23 > +2||e||32m
=0

K £=0

2(1+09) XM 23
u(l = p/v) l-v

We choose ;1 = v/2 so that (1 — 11/v) takes its maximal value v/4. It follows that,

with o := /8(1 + d5)/v and B := \/2/(1 — v),
ly — Ax¥[l2 < |72 + Blle]2. (6.44)
On the other hand, with v := /1 — §54 01 i, Wwe have

ly — Ax" 2 = A(x = x") +ell2 > [ A(x = x")[l2 = [le]l»

> llx = x"[l2 = [lell2 > 7 l|Ixgzll2 — llell2.
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We deduce that

B+1

(0%

Ixgrllz < =% 72 + llell2: (6.45)

=2

Let us now choose x = 3, which guarantees that

« 8(1 + 55)
— = <092 <1,
~y \/(1 — Osrs04 k) exp(k(l — st k) —

since 0s < dsy i < Jgr 5045 < 0g1 401125 < 1/6. Hereby, we have used the fact
that L < [log,(s')] + 1 to derive

K=r(1+ 4272y card(Th)) < k(2571 + ') < 3ks’ =95,

Thus, in the case (3 + 1)/7)llell2 < (1 — a/7)||xE~||2, we derive from (6.45)
that

[xgrllz < 1K 7H2, ie. [(xgo)s\sxll2 < [[(xg5)(s\s007L-1]|2-

But since 77~ lists the 272 largest absolute entries of Xga this yields
card(S \ S*) < card((S\ S°) \ TE71) = 5" — 2872,
Note that continuing the algorithm from iteration K amounts to starting it again

with S replaced by SX. In view of K < k(1 + -+ + 2572 4 251y < 3. 2L we
have

s+ card(ST) + 12card(S \ S) < s+ 5"+ K +12(s' —2572) < s+ 5" 4125’

and consequently card(S \ S¥) < s'. Therefore, the induction hypothesis applies
to give

|y — Ax5X+7||y < Cllells, forn = 12 card(S \ S¥).

Thus, the number of required iterations satisfies K + n < 12s’, as desired. In the
alternative case where ((8+1)/7)|lell2 > (1—a/)||%X% ™| 2, the situation is easier,
since (6.44) yields

(B+1)

«
ly — Ax"|l2 < lell2 + Bllells =: Cllel2,

¥«

where the constant C' > 1 depends only on d4 s0 19 . This shows that the induction
hypothesis holds when card(S \ S°) = s'. O
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Compressive Sampling Matching Pursuit

As a reminder, we recall that the compressive sampling matching pursuit algorithm
(CoSaMP) starts with an initial s-sparse vector x" € CV, typically x° = 0, and
produces a sequence (x") defined inductively by

U™ = supp(x™) U Los (A* (y — AX™)), (CoSaMP,)
u"™! = argmin {|ly — Az|2,supp(z) C U"'}, (CoSaMPy)
x"t = H (u"). (CoSaMP3)

Here are the main results for this algorithm.

Theorem 6.27. Suppose that the 4sth restricted isometry constant of the matrix
A € C™*N satisfies

11/3-1
Bas < g A 0478, (6.46)

Then, for x € CN, e € C™, and S C [N] with card(S) = s, the sequence (x")
defined by (CoSaMP,), (CoSaMP5), (CoSaMPs) with y = Ax + e satisfies

%" = xsll2 < p"[x° = xsll2 + 7| Axz + €|z, (6.47)

where the constant 0 < p < 1 and T > 0 depend only on 4.

Note that, if x is s-sparse and if e = 0, then x is recovered as the limit of the
sequence (x™). In a more general situation, there is no guarantee that the sequence
(x™) converges. But (6.47) implies at least boundedness of the sequence (||x"||2)
so that existence of cluster points is guaranteed. Stability and robustness results can
then be stated as follows.

Theorem 6.28. Suppose that the 8sth restricted isometry constant of the matrix
A € C"™*N satisfies 6gs < 0.4782. Then, for x € CN and e € C™, the sequence
(x™) defined by (CoSaMP;), (CoSaMP5), (CoSaMP3) withy = Ax + e, x° = 0,
and s replaced by 2s satisfies, for any n > 0,

Ix = X"l € Cos(x)1 + D5 llella + 2 p"v/5 x|z,

n C '3
[x =x"[l2 < —= 0s(x)1 + D lefla + 2 p" [[x[|2,

N

where the constants C, D > 0 and 0 < p < 1 depend only on égs. In particular, if
x# € CN denotes a cluster point of the sequence (x™), then
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[x —x*|l1 < Cos(x)1 +Ds|lels,

C
[[x — x*||2 < 7 o5(x)1 + D|lef2.

Remark 6.29. Similarly to Remark 6.22(a), the error estimates are also valid if x*
is replaced by x” for n large enough, provided the right-hand side is nonzero.

Theorem 6.28 follows from Theorem 6.27 via Lemma 6.23 in the same way as
Theorem 6.21 follows from Theorem 6.18 for thresholding algorithms. We therefore
only concentrate on establishing Theorem 6.27.

Proof (of Theorem 6.27). As in the proof of Theorem 6.18, we establish that for any
n >0,

||Xn+1 _ XSH2 < p”Xn _ XSH2 + (1 — p)T||AX§+ eH2 (6.48)

with 0 < p < 1and 7 > 0 to be determined below. This implies the estimate (6.47)
by induction. The strategy for proving (6.48) consists in inferring a consequence of
each (CoSaMP) step: discarding Axz + e here for simplicity, (CoSaMP ) yields an
estimate for || (xs — u"“)Un+1 |l2 in terms of ||x™ — xg/|2, (CoSaMP3) yields an
estimate for || (xg —u™*") yn+1 || in terms of || (x5 —u" )z 2, and (CoSaMPs)
yields an estimate for ||[x"*! — xg||2 in terms of || (x5 — u" 1)yt ||2 and ||(xs —
u" )|l so overall an estimate for [|x"*! — xg||2 in terms of [|x" — xg||2 is
deduced.

We start with (CoSaMP3). Specifically, we observe that x"*! is a better (or at
least equally good) s-term approximation to u”*! than xgn+1. Denoting S7+1 =
supp(x"*1) and observing that S"*1 C U"*1, we conclude that

+1 n-‘:—lH2

[(xs =x"")ynirllz = [[Xsnuner =%

< =l + u T = xgnpna 2

< 2/[u"™ = xgnpai |2 = 2/ (xs — " g f2.
Then, using (x" ') = 0 and (0" H!) 555 = 0, it follows that
s — x5 =l (xs =" )gmrll3 + (s — X" a3
< l(xs = u" gmlls 4l (xs — w3 (6.49)

Now, as a consequence of (CoSaMP5), the vector Au"t! is characterized by

(y —Au""' Az) =0  wheneversupp(z) C U™
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This is equivalent to (A*(y — Au™*1),z) = 0 whenever supp(z) C U™ or to
(A*(y —Au""1))ynsr = 0. Since y = Axg+ €’ with e’ := Axg+ e, this means

(A*A(XS — u"+1))Un+1 = —(A*e’)Un+1.
We make use of this fact to obtain
I(xs — 0" )gmsafla < [[((Id — A*A)(xs —u"™)) 2 + ([ (A€ )y l2
< dasllxs —u"Hl2 + (AT ) gnsa 2,
where the last inequality follows from Lemma 6.16. Note that we may assume
(x5 — u"™Hpynialla > [|(A*€)yn+1]2/(1 — d4s), otherwise (6.50) below is

immediate. In this case, the previous inequality is equivalent, by virtue of ||(xs —
un+1)Un+1 ||2 > H (A*e/)Un+l ||2, tO

2
[l(xs = 0" )grmsa [l = [[(A%€)gnsal2]

< 01l (xs — w3 + 63l (xs — 0" g3

Using the identity a® — b* = (a + b)(a — b), we derive

54%5”(}(5 - un+1)Un+l ”2 (1 - 555)
1
% (lloxs =0 )i -

* /
o [CACOESSI B

< (Il es =

1
—5 (A HQ) .
Bounding the middle term from below by the bottom term, we obtain

2

1—525

n+1)

2
2 +1 1
s = w" el > (ks — 0" g o = 5| (A" sz
S

Taking the square root and rearranging gives

645

IGes = u" )gna |2 < = (xs — u" )l
V1—=19d3,
1 .
+ (A*e) i1 . (6.50)
1- 545

Next, as a consequence of (CoSaMP), if S™ denotes the support of x™ and if 7" **
denotes a set of 2s largest absolute entries of A*(y — Ax™), we have
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(A" (y — Ax"™)) g6 13 < H(A"(y — AX™)) s 13-

Eliminating the contribution on (S U S™) N T"*!, we derive

H (A*(y - Axn))(gusn)\Tn+1 ”2 < ” (A*(y - Axn))Tn+1\(5U5n) ”2
The right-hand side may be written as
[ (A*(y - Axn))Tn+1\(5U5n)||2 = (Xn - x5+ A*(y - AX"))TnH\(Susn)HQ,
The left-hand side satisfies
| (A*(y - Axn))(suS")\T"+1 lla > | (XS - Xn)m”z

= (x” —xs+A*(y — Axn))(susn)\:rnﬂ II2-

These observations imply that

I(xs = x")grllz < I(x" — x5 + A™(y = AX")) g gnppnsall2

+ | (xn —xg+A"(y — Axn))TnJrl\(SUS")HQ

S \/5 || (Xn —Xgs + A*(y - Axn)) (SUS")AT"+1H2
S \/5 || ((Id - A*A)(Xn - XS)) (SUS")AT"+1 ||2

+ \/5 H (A*e/) (SUS")AT”+1 H25

where (S U S™)AT"™*! denotes the symmetric difference of the sets S U S™ and
T"*! and where y = Axg+ e’ has been used. Since T"+! ¢ U™t by (CoSaMP;)
and S™ C U™*! by (CoSaMP3), the left-hand side can be bounded from below as

n+1)

||(XS—X")WH2 > ||(XS—X")W||2 = ||(XS)WH2 = H(XS—U Un+1||2'

Since the right-hand side can be bounded from above using Lemma 6.16, we derive
accordingly

(s = 0" ) gl < V264, X" = xs])2

+ ﬂ"(A*el)(SuS")AT"HH?' 6.51)

It remains to put (6.49)—(6.51) together. First combining (6.49) and (6.50), and using
the inequality a® + (b + ¢)? < (Va2 + b2 + ¢)?, gives
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n+1)

12 2
s = x" T3 < fl(xs — ") g3

) 1 2
4 s — gy + T (AT )y l2)
S

v 1 —6428

( 1+ 362,
1-63,

<

1 2 2
(ks = ") gella + 75— (A" )y 2)
1 — 045
Next, taking (6.51) into account we obtain

263,(1 + 302,)

s = < o 2L

%" = xs]2
S

2(1 + 36%,)

i

P
* _/ * 7
(A e)(SUS”)ATn+1||2+mH(A e )yn+i2.

In view of Lemma 6.20, we conclude that the desired inequality (6.48) holds with

262,(1+ 36%,) (1 p)r = 2(1+307,)  2v/1+ dus
1-02, PIT=\ "1 5, 16

The constant p is less than 1 if and only if 607, + 367, — 1 < 0. This occurs
as soon as 635 is smaller than the largest root of 6t2 + 3t — 1, i.e., as soon as
83, < (y/11/3 — 1) /4, which is Condition (6.46). 0

Notes

Candes and Tao introduced the concept of uniform uncertainty principle in [97],
which they refined by defining the restricted isometry constants and the restricted
orthogonality constants in [96]. In the latter, they proved the inequality ds1; <
max(ds, d;) + 05, which we slightly improved in Proposition 6.5. Some authors
define the restricted isometry constants “without squares.” For instance, Cohen et al.
considered in [123] the smallest § > 0 such that the inequality

(1 =0)lIxll2 < [|Ax([2 < (1 + )]l

holds for all s-sparse vectors x € CV. Up to transformation of the constants, this is
essentially equivalent to our definition.

Candes and Tao showed in [96] that the condition dos + 035 < 1 guarantees exact
s-sparse recovery via ¢;-minimization. Candes et al. further showed in [95] that the
condition d35 + 3d4s < 2 guarantees stable and robust s-sparse recovery via £1-
minimization. Later, a sufficient condition for stable and robust s-sparse recovery
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involving only do5 was obtained by Candes in [85], namely, dos < V2 —1=0.414.
This sufficient condition was improved several times; see [16,81,82,207,212,354].
Exercises 6.13-6.16 retrace some of these improvements. A crucial tool is the
shifting inequality (see Exercise 6.15) put forward by Cai et al. in [82]. These
authors also introduced the square root lifting inequality of Lemma 6.14 in [81]. We
obtained the condition d25 < 0.6246 of Theorem 6.12 by invoking this inequality in
the approach of [16]. On the other hand, Davies and Gribonval constructed in [144]
matrices with restricted isometry constant do, arbitrarily close to 1/ V2 ~ 0.7071
for which some s-sparse vectors are not recovered via ¢;-minimization. Cai and
Zhang proved in [83] that §; < 1/3 is another sufficient condition for s-sparse
recovery via ¢1-minimization and uncovered matrices with §; = 1/3 such that
some s-sparse vectors are not recovered via £;-minimization. We point out that other
sufficient conditions involving J; with k£ # s and k£ # 2s can also be found; see,
for instance, Exercises 6.14 and 6.16. As a matter of fact, Blanchard and Thompson
argue that the parameters s and 2s are not the best choices for Gaussian random
matrices; see [54]. Theorem 6.8, which appeared in [208], has to be kept in mind
when assessing such conditions.

The use of the iterative hard thresholding algorithm in the context of compressive
sensing was initiated by Blumensath and Davies in [56]. In [57], they established
stable and robust estimates under the sufficient condition d35 < 1/ /8. The weaker
condition d35 < 1/2 of Theorem 6.15 appeared in [209]. The improved condition
035 < 1/ /3 of Theorem 6.18 was established in the paper [208] dedicated to the
analysis of the hard thresholding pursuit algorithm. There, Theorem 6.18 was in
fact established for a family of thresholding algorithms indexed by an integer k,
with iterative hard thresholding and hard thresholding pursuit corresponding to the
cases k = 0 and k = oo, respectively. Exercise 6.21, which considers a variation of
the iterative hard thresholding algorithm where a factor i # 1 is introduced in front
of A*(y — Ax™), is inspired by the paper [218] by Garg and Khandekar. This factor
w is allowed to depend on n in some algorithms, notably in the normalized iterative
hard thresholding algorithm of Blumensath and Davies [58].

The impossibility of s-sparse recovery via s iterations of orthogonal matching
pursuit under a standard restricted isometry condition was first observed in [153,
Sect. 7]; see also [409]. The example given at the beginning of Sect. 6.4 is taken from
the article [355] by Mo and Shen, who also established the result of Exercise 6.23.
The possibility of s-sparse recovery via a number of iterations of orthogonal
matching pursuit that is proportional to s was shown in [515] by Zhang, who also
proved the stability and robustness of the recovery by establishing Proposition 6.24
with 7 = 30card(supp(x) \ SY) under the condition d3;s < 1/3. Our proof
follows his argument, which is also valid in more general settings.

In the original article [361] of Needell and Tropp introducing the compressive
sampling matching pursuit algorithm, stability and robustness were stated under
the condition d4s < 0.1, although the arguments actually yield the condition
045 < 0.17157. Theorem 6.27, which gives the condition ds5 < 0.4782, appears
here for the first time. The first analysis of a greedy algorithm under the restricted
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isometry property appeared in [362,363] for the regularized orthogonal matching
pursuit algorithm where, however, an additional logarithmic factor appeared in the
condition on the restricted isometry constant. The subspace pursuit algorithm of
Dai and Milenkovic was also proved to be stable and robust under some restricted
isometry conditions. We refer to the original paper [135] for details.

We mentioned at the end of Sect. 6.1 that most explicit (deterministic) construc-
tions of matrices with the restricted isometry property are based on the coherence,
hence the number m of measurement scales quadratically in the sparsity s as in
(6.14). The sophisticated construction by Bourgain et al. in [64] (see also [65]) is
a notable exception. The authors showed that their matrix A € C™*" has small
restricted isometry constant 6, once m > Cs?7¢ and when s27¢ < N < s2*¢
for some ¢ > 0. While this slightly overcomes the quadratic bottleneck, which is
certainly an important contribution to the theory, the limited range of s, m, and N
is less relevant for practical purposes.

It was shown in [386] that for a given matrix A € C™*¥ and a sparsity level
s, computing &5 is an NP-hard problem; see also [28] for an earlier result in this
direction.

Exercises

6.1. Suppose that A € C™ ¥ has an sth order restricted isometry constant
satisfying d; < 1. Prove that, for any S C [N] with card(S) < s,

1
and

- 1 1
) 1“2%2 < 1—-0s VItos < HAT5H2~>2 < Voo,

1
110, < ||(A§'AS

6.2. Given A € C™*¥ let o, and f3, be the largest and smallest positive constants
« and 3 such that

o|x3 < [[Ax]3 < B x|3
for all s-sparse vectors x € CV. Find the scaling factor ¢ > 0 for which J,(tA)
takes its minimal value, and prove that this value equals (5 — a)/(8 + «).

6.3. Find a matrix A € R?*? with minimal 2nd order restricted isometry constant.

6.4. Prove the equivalence of the two definitions (6.4) and (6.5) of restricted
orthogonality constants.

6.5. Verify in details that the function f defined on [0,1] as in (6.6) is first
nondecreasing and then nonincreasing.

6.6. Givenx € C" and A € C™*¥ with sth restricted isometry constant d,, prove
that
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BB
[Axe < VIF3,(Jxl + 7).

6.7. Let Dy vy = {x € CV : ||x]|2 < 1,]|x]lo < s} be the Euclidean unit ball
restricted to the s-sparse vectors. Show that

D, n C conv(Ds n) C /sBY N BY c 2conv(D, v) ,

where B)' = {x € CV : ||x||, < 1} is the unit ball in £, and conv denotes the
convex hull; see Definition B.2.

6.8. Prove Proposition 6.3 directly from (6.1), without using (6.2) but rather with
the help of the polarization formula

1
Re(x,y) = 5 (Ix+ I8 — Ix = yIB).

6.9. In the case ¢ = ns where ¢ is a multiple of s, improve the second inequality of
Proposition 6.6 by showing that

Gns < (n— 1)y + 6.

6.10. Let A € C™*N be a matrix with ¢y-normalized columns. Given a vector
x € CV supported on T with card(T) =t > s > 1, prove that

> (lAxsl3 - lxsl3)

t—2)
s—2/ SCT,card(S)=s

[Ax]3 — lIx]3 =

~—~
—_

1
= 5 Z <AX5,AXT\S>.
(5*1) SCT,card(S)=s
Deduce that
t—1 t(t—1
0y < ——0s, oy < gﬁs +—s, and in particular do5 < 26 ;.
s—1 2s(t—s) ’

Extend these inequalities by incorporating é; when the columns of A are not
necessarily ¢o-normalized.

6.11. Suppose that the columns of the matrix A € C™*¥ are /,-normalized. Under
the assumption N > 5241, derive the result of Theorem 6.8 with constants ¢ = 1 /2,
C = 2, and without restriction on d,. Use Theorem 5.8, Exercise 5.3, and compare
the matrix norms induced by the ¢5 and the ¢; norms.

6.12. Let A € C™*N with 555 < 1/3. Forx € CV, lety = Ax + e for some
e € C™ satisfying |le||2 < 7. Refine the proof of Theorem 6.9 in order to establish
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the stability and robustness of s-sparse recovery via quadratically constrained basis
pursuit in the form

C
I = x*|2 < —=0s(x)1 + D1,

N

where x* is a minimizer of ||z||; subject to ||Az — y|[2 < 7.
6.13. Let A € C™*V, andlet Sy, S1, Sa, . .. denote index sets of size s ordered by

decreasing magnitude of entries of a vector v € ker A. Prove that

2625
1— 02

Do lvsillz (vsollz + l1vs, [12).

5 k>2

1Vsoll3 + llvs,II3 <

By interpreting this as the equation of a disk or by completing squares, deduce that

1+V2 b
21— 09

[Vsoll2 < %HV§|I1, where p :=

Conclude that s-sparse recovery via basis pursuit is guaranteed if d25 < 0.453.

6.14. For an integer k& > 1, suppose that A € C™*¥ has restricted isometry
constant §(gpy1ys < 1 — 1/\/% Prove that every s-sparse vector x € CV can
be recovered fromy = Ax € C™ via ¢;-minimization. [Hint: to establish the null
space property, partition [N] as SUT; UT, U. . ., where S has size s and Ty, 75, . . .
have size ks.]

6.15. Givenaj > as > -+ > agy¢ > 0, prove the shifting inequality

IN

1 1
crelar +---+ag), where ¢, ¢ := max ( )

az .+ -+ a2 —_—, —
\/EJrl {4k \/E \/4—€

6.16. Suppose that s =: 47 is a multiple of 4. For a matrix A € C™*¥ | establish
the success of s-sparse recovery via basis pursuit if d5, + 05, < 1. Show in
particular that this holds if dg,/4 < 0.5, d2s < 1/(1 + /5/4) =~ 0.472, or

856/a < 1/(1+ /10/3) ~ 0.353.

6.17. Using the square root lifting inequality of Lemma 6.14, find a condition on
05 that guarantees the exact recovery of every s-sparse vector via basis pursuit.

6.18. Let A € C™*N with 555 < 1/3. Forx € CV, lety = Ax + e for some
e € C™ satisfying || A*e|l« < 7. Let x* be a minimizer of the Dantzig selector

minimize ||z||;  subjectto |[A*(Az —¥)|le0 <.
zeCN
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Show that

—CU\S/(_Xh + D+/sn

(B P
S

for constants C, D > 0 depending only on da;.

6.19. Refine the proof of Theorem 6.15 in order to establish the stability and
robustness of s-sparse recovery via iterative hard thresholding when d55 < 1/3.

6.20. Given A € C™ N, prove that every s-sparse vector x € C¥ is exactly
recovered from y = Ax € C™ via iterative hard thresholding if d25 < 1/4. To
do so, return to the proof of Theorem 6.15, precisely to (6.27), and separate the
contributions to the inner product from the index sets of size 2s given by

(SUSHN(SUS™™), (SuS™\ (Sus™), (SusS™ )\ (Susm),

where S := supp(x), S™ := supp(x"), and S"*! := supp(x"*1).

6.21. Given A € C™*¥ andy = Ax € C™ for some s-sparse x € CV, we define
a sequence (x") inductively, starting with an initial s-sparse vector x’ € C¥, by

X" = H (x" + p A*(y — Ax™)), n >0,
where the constant g is to be determined later. Establish the identity
IAG" T = )5 — [|AG" —x)[I3
= A"t —x")||5 4+ 2(x" — x"TH A*A(x — x")).
Prove also the inequality
2u(x™ — x" T ATA(x — x™))
< X" = x[3 - 2u] A" = x)|5 — [Ix"T - x"[|5.

With 95 denoting the 2sth order restricted isometry constant of A, derive the
inequality

1

n+1l _ 2 -
IAG =)l < (1= 2

JIAG = x|

+(mT%gg—1NA@”—”@'

Deduce that the sequence (x™) converges to x when 1 + d2s < 1/p < 2(1 — Ja5).
Conclude by justifying the choice p« = 3/4 under the condition do, < 1/3.
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6.22. Verify the claims made at the start of Sect. 6.4 about the matrix A defined
in (6.39).

6.23. Prove thatevery s-sparse vectorx € C¥ can be recovered fromy = Ax € C™
via s iterations of orthogonal matching pursuit provided the restricted isometry
constant of A satisfies

1

Jsp1 < —.
S ST

6.24. Improve Proposition 6.24 in the case e = 0 by reducing the number of
required iterations and by weakening the restricted isometry condition.

6.25. Rank restricted isometry property

For a linear map A : C"**"2 — C™ and for r < n := min{ny,ns}, the rank
restricted isometry constant §, = 6,(.A) is the defined as the smallest 6 > 0 such
that

(1= IX[E < JAX)I3 < (1 +0)IX[%

for all matrices X € C"**"2 of rank at most 7.

(a) Let X,Z € C™*™ with (X, Z)r = tr (XZ*) = 0 and rank(X) + rank(Z)
< r. Show that

(AX), A(Z))| < 0: X FIIZ]F -

(b) Assume that d2, < 1/3. Show that A possesses the rank null space property of
order r defined by (4.40). In particular, every X € C™*"2 of rank at most r is
the unique solution to the nuclear norm minimization problem (see Sect. 4.6)

minimize ||Z|.  subjectto A(Z) = A(X) .
ZeCnl X’Vlz

(c) Assume that dy, < 0.6246. Let X € C™*"2 and y = A(X) + e with
le|l2 < n. Let X¥ be the solution to the quadratically constrained nuclear norm
minimization problem

minimize ||Z||.  subjectto || A(Z) —y|2<7.
ZcCrixn2

Show that

n

C
X — XF||p < N > ouX)+ Dy
l=r+1

for appropriate constants C, D > 0 depending only on da,.



Chapter 7
Basic Tools from Probability Theory

The major breakthrough in proving recovery results in compressive sensing is
obtained using random matrices. Most parts of the remainder of this book indeed
require tools from probability theory. This and the next chapter are therefore
somewhat exceptional in the sense that they do not deal directly with compressive
sensing. Instead, we collect the necessary background material from probability
theory. In this chapter, we introduce a first set of tools that will be sufficient to
understand a large part of the theory in connection with sparse recovery and random
matrices, in particular, the material covered in Sect. 9.1 and the first part of Sect. 9.2,
Chap. 11, and Chap. 13. More advanced tools that will be used only in parts of the
remainder of the book (remaining parts of Chap. 9 as well as Chaps. 12 and 14) are
postponed to Chap. 8.

We only assume that the reader has basic knowledge of probability theory as can
be found in most introductory textbooks on the subject. We recall the most basic
facts of probability in Sect. 7.1. The relation of moments of random variables to their
tails is presented in Sect. 7.2. Then in Sect. 7.3 we study deviation inequalities for
sums of independent random variables by means of moment-generating functions.
Cramér’s theorem gives a very general estimate from which we deduce Hoeffding’s
inequality and later in Sect. 7.5 Bernstein inequality for bounded and subgaussian
random variables. We introduce the latter in Sect. 7.4.

7.1 Essentials from Probability

In this section, we recall some important facts from basic probability theory and
prove simple statements that might not be found in all basic textbooks.

Let (£2, X, P) be a probability space, where X' denotes a o-algebra on the sample
space {2 and P a probability measure on ({2, X). The probability of an event B € X
is denoted by

S. Foucart and H. Rauhut, A Mathematical Introduction to Compressive Sensing, 175
Applied and Numerical Harmonic Analysis, DOI 10.1007/978-0-8176-4948-7_17,
© Springer Science+Business Media New York 2013
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Mmzémwzﬂbwww,

where the characteristic function 5 (w) takes the value 1 if w € B and 0 otherwise.
We say that an event B occurs almost surely if P(B) = 1.

The union bound (or Bonferroni’s inequality or Boole’s inequality) states that for
a collection of events By € X, ¢ € [n], we have

P <O Bg> < ZH:P(BZ). (7.1)
/(=1

=1

A random variable X is areal-valued measurable function on ({2, ). Recall that
X is called measurable if the preimage X ~1(A) = {w € 2 : X(w) € A} belongs
to X for all Borel-measurable subsets A C R. Usually, every reasonable function
X will be measurable, in particular, all functions appearing in this book. In what
follows, we will usually not mention the underlying probability space ({2, X, P)
when speaking about random variables. The distribution function I' = Fx of X is
defined as

Fit)=P(X <t), teR.

A random variable X possesses a probability density function ¢ : R — R if

b
Pla< X <b) = / o(t)dt foralla <beR. (7.2)
. d . . .
In this case, ¢(t) = %F(t) The expectation or mean of a random variable will be
denoted by
EX = | X(w)dP(w)

£2

whenever the integral exists. If X has probability density function ¢, then for a
functiong : R — R,

By(x) = [ o 73)

The quantities EX? for integer p are called moments of X, while E|X|?, for
real-valued p > 0, are called absolute moments. (Sometimes we may omit
“absolute.”) The quantity E(X — EX)? = EX? — (EX)? is called variance. For
1< p<oo, (E|X|p)1/p defines a norm on the L, ({2, P)-space of all p-integrable
random variables; in particular, the triangle inequality
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(BIX +Y[")!P < (BIX[")'/7 + (B|Y[)"/? (7.4)

holds for all p-integrable random variables X,Y on (2, X P).
Holder’s inequality states that, for random variables X, Y on a common proba-
bility space and p,q > 1 with 1/p+ 1/q = 1, we have

IEXY]| < (E|X|P)V(E|Y|")".

In the case p = 1, ¢ = oo, the last term is replaced by esssup,, [Y (w)|, i.e., the
smallest constant K such that |Y| < K almost surely.
The special case p = q = 2 is the Cauchy—Schwarz inequality

EXY| < EX]PE[Y]2.

Since the constant (deterministic) random variable 1 has expectation E1 = 1,
Holder’s inequality shows that E|X|? = E[1 - |X|P] < (E|X|pr)1/r for all
p > 0,7 > 1, and therefore, forall 0 < p < ¢ < oo,

(EIX )P < (B|1X|9)"/1. (1.5)

Let X,,, n € N, be a sequence of random variables such that X,, converges to X
as n — oo in the sense that lim,, ,, X,,(w) = X (w) for almost all w. Lebesgue’s
dominated convergence theorem states that if there exists a random variable Y with
E|Y| < oo such that |X,,| < |Y| almost surely, then lim, ,-, EX,, = EX.
Lebesgue’s dominated convergence theorem has an obvious counterpart for integrals
of sequences of functions.

Fubini’s theorem on the integration of functions of two variables can be
formulated as follows. Let f : A x B — C be measurable, where (A, v) and (B, y)
are measurable spaces. If [, . |f(z,y)|d(v ® p)(x,y) < oo, then

/(/fxydu ) /(/f:vydu ) u(y).

A formulation for expectations of functions of independent random vectors is
provided below in (7.14).
Absolute moments can be computed by means of the following formula.

Proposition 7.1. The absolute moments of a random variable X can be
expressed as

E|X|p:p/ P(X| > )" Ydt, p> 0.
0

Proof. Recall that It x|»>) is the random variable that takes the value 1 on the
event | X|P > z and 0 otherwise. Using Fubini’s theorem, we derive
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X1 o0
E|X|p=/ |X|Pd1P>=// 1d:vdIP’:// I{|x |5y dudP
2 2J0 2J0

[ ] tixpendras = [TR(XP 2 0
0 Q - 0

:p/ ]P’(|X|”2t”)tp_1dt:p/ P(|X| > t)t7dt,
0 0

where we also applied a change of variables. a

Corollary 7.2. For a random variable X, the expectation satisfies

EX:/ ]P’(th)dt—/ P(X < —t)dt.
0 0

Proof. We can write X = X I xc0,00)} T XI{xc(—00,0)}> 80 that
EX =EXTixe(0,00)) — E(=XT{_xe(0,00)})-

Both X It xc[0,00)} @and —X I{_ x¢(0,00)} are nonnegative random variables, so that
an application of Proposition 7.1 shows the statement.

The function ¢ — P(|X| > t) is called the fail of X. A simple but often effective
tool to estimate the tail by expectations and moments is Markov’s inequality.

Theorem 7.3. Let X be a random variable. Then
E|X
P(|X|>1t) < % forallt > 0.

Proof. Note that P(|X| > t) = Elj x> and that tI x>, < |X|. Hence,
tP(|X| > t) = Etl{ x|>1 < E|X] and the proof is complete. O

Remark 7.4. As an important consequence we note that for, p > 0,
P(|X|>t) = P(|X [P > t?) <t PE|X|P forallt > 0,

The special case p = 2 with X replaced by X —EX is referred to as the Chebyshev
inequality. Similarly, for > 0, we obtain

P(X > t) = P(exp(6X) > exp(t)) < exp(—0t)Eexp(X) forallt € R.

The function § — Eexp(#X) is usually called the Laplace transform or the
moment-generating function of X.

A median of a random variable X is a number M such that

P(X >M)>1/2 and P(X <M)>1/2.



7.1 Essentials from Probability 179

The binomial distribution is the discrete probability distribution counting the
number of successes in a sequence of N independent experiments where the
probability of each individual success is p. If X has the binomial distribution, then

B(X = k) = (]Z) pH(1 - g,

The expectation of X is given by EX = pN. If pN is an integer, then the median
M = M (X) coincides with the expectation:

M(X) = pN. (7.6)

A normally distributed random variable or Gaussian random variable X has
probability density function

N2
b(t) = ﬁ exp (—%) . 71.7)

It has mean EX = y and variance E(X — u)? = 2. A Gaussian random variable g

with Eg = 0 and Eg? = 1 is called a standard Gaussian random variable, a standard
normal variable, or simply a standard Gaussian. Its tail satisfies the following simple
estimates.

Proposition 7.5. Let g be a standard Gaussian random variable. Then, for all
u >0,

2
P(lg| = u) < exp (—“7) , (7.8)

2
P(lg| > u) < \/% exp <—“7) , (7.9)
21 1 2
P(lg| > u) > \/;E (1 - E) exp <—%) ;

P(lgl = w)

Y
/N
=
|

=
I
-~
o
]
ko)
/|\
l\3|§,\7
~_

Proof. By (7.7), we have

2 > 2
P(lg| > u) = — e /24, (7.10)
U9l >w=— |
Therefore, the stated estimates follow from Lemmas C.7 and C.8. O

Let us compute the moment-generating function of a standard Gaussian.
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Lemma 7.6. Let g be a standard Gaussian random variable. Then, for 6 € R,
Eexp(g) = exp (6°/2), (7.11)
and more generally, for € Rand a < 1/2,
Eexp(ag® + 0g) = 1 exp (9—2> .
V1-2a 2(1 — 2a)

Proof. For 0,a € R, we have

E (exp(ag® + 0g)) = \/% /jo exp(az® + 0z) exp (—2°/2) dz

Noting the identity

1—2a 0 \° 62
2,2 - _ -~ _
az” —a"/2+ bz 2 (w 1—2a) o024

and applying a change of variable, we obtain

62 1 e 1—2a
2 _ _ 2
E exp(ag” + 0g) = exp (—2(1 — 2a)) e /700 exp ( 5% ) dx

P (2(16—22@) \/ﬁ

Hereby, we have used the fact that the probability density function (7.7) with © =1
and 0 = 1/4/1 — 2a integrates to 1. O

The proof of the next result should explain the terminology moment-generating
function.

Corollary 7.7. The even moments of a standard Gaussian random variable g are
given by

2n)!
Eg2n _ ( n) , neN.
27!

Proof. On the one hand, by Taylor expansion, we can write the moment-generating
function as

0 ejE[gj] > 92nE92n
Eexp(fg) = 5 — = E o\
= 7! — (2n)!
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where we have used the fact that Eg7 = 0 for all odd j. On the other hand,
Lemma 7.6 gives

e g2n
Eexp(fg) = exp(0?/2) = .
exp(by) = expl#*/2) = 3 7o
Comparing coefficients gives
EQQn B
(2n)!  2np!’
which is equivalent to the claim. O
A random vector X = [Xi,...,X,]" € R" is a collection of n random

variables on a common probability space ({2, X, P). Its expectation is the vector
EX = [EXy,...,EX,]" € R", while its joint distribution function is defined as

F(tl,...,tn):P(XlStl,...,XnStn), tl,...,tHER.

Similarly to the univariate case, the random vector X has a joint probability density
if there exists a function ¢ : R™ — R, such that, for any measurable domain
D C R%,

P(X S D) :/ ¢(t1,. .. ,tn)dtl - dty,.
D

A complex random vector Z = X +1iY € C" is a special case of a 2n-dimensional
real random vector (X,Y) € R?".

A collection of random variables X1, ..., X, is (stochastically) independent if
forall t1,...,t, € R,

P(Xy <ty X <) = [[P(Xe < t0).
=1

For independent random variables, we have
[Tx -
=1

If they have a joint probability density function ¢, then the latter factorizes as

n

E

E [X/]. (7.12)
1

¢(t1,. ..,tn) = (bl(tl) X e X (bn(tn)

where the ¢1, . . ., ¢, are the probability density functions of X1, ..., X,,.
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In generalization, a collection X; € R™ ..., X,, € R" of random vectors are
independent if for any collection of measurable sets A, C R™, £ € [m),

s

P(X;€A4,.... X €A,) = P(X, € Ay).

(=1

If furthermore f, : R™ — RN ¢ € [m], are measurable functions, then also the
random vectors f1(X1),..., fm(X) are independent. A collection Xy, ..., X,,
€ R" of independent random vectors that all have the same distribution is called
independent identically distributed (i.i.d.).

A random vector X’ will be called an independent copy of X if X and X' are
independent and have the same distribution.

The sum X + Y of two independent random variables X, Y having probability
density functions ¢x, ¢y has probability density function ¢xy given by the
convolution

bxar(0) = x o)) = [ T ox Wyt —wdu.  (1.13)

Fubini’s theorem for expectations takes the following form. Let X, Y € R"™ be
two independent random vectors (or simply random variables) and f : R® x R"—R
be a measurable function such that E| f(X,Y)| < co. Then the functions

leRn%Ru fl(x):Ef(XvY)u f2:Rn_>R7 fQ(Y):Ef(va)
are measurable (E|f1(X)| < oo and E|f2(Y)| < oo) and
Efi(X) =Ef2(Y) =Ef(X,Y). (7.14)

The random variable f;(X) is also called conditional expectation or expectation
conditional on X and will sometimes be denoted by Ey f(X,Y).

A random vector g € R" is called a standard Gaussian vector if its components
are independent standard normally distributed random variables. More generally, a
random vector X € R" is said to be a Gaussian vector or multivariate normally
distributed if there exists a matrix A € R™** such that X = Ag + p, where
g € R* is a standard Gaussian vector and g € R™ is the mean of X. The matrix
3 = AA* is then the covariance matrix of X, i.e., X =E(X — p)(X — p)*. If X
is nondegenerate, i.e., 35 is positive definite, then X has a joint probability density
function of the form

= L ex —lx— x - xeR"
009 = e (g B ) ) xe R

In the degenerate case when X is not invertible, X does not have a density. It is
easily deduced from the density that a rotated standard Gaussian Ug, where U is
an orthogonal matrix, has the same distribution as g itself.
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If Xy,...,X, are independent and normally distributed random variables with
means fi,..., i, and variances o%,...,02, then X = [Xi,...,X,]" has a
multivariate normal distribution and the sum Z = Y} | X, has the univariate
normal distribution with mean p = >, ¢ and variance 0 = Y_;_| 07, as can
be calculated from (7.13).

The central limit theorem recalled below highlights the importance of the normal

distribution.

Theorem 7.8. Let (X;)jen be a sequence of independent and identically dis-
tributed random variables with mean EX; = p and variance E(X; — p)? = o2
Then the sequence of random variables
o Tl -
" ovn
converges in distribution to a standard Gaussian random variable g, i.e.,
lim,, oo Ef (Y;,) = Ef(g) for all bounded continuous functions f : R — R.

The next statement is concerned with another important distribution derived from
the normal distribution.

Lemma7.9. Let ¢ = [g1,...,9,]" be a standard Gaussian vector. Then the
random variable

Z=> 4
=1

has the x*(n)-distribution whose probability density function ¢y, is given by

1

Pn(u) = 22T (n)2)

w2 exp(—u/2)I(0,00) (u), forallu €R, (7.15)

where I’ is the Gamma function (see Appendix C.3).

Proof. We proceed by induction on n. The distribution function of a scalar squared
standard Gaussian g is given by P(¢?> < u) = 0 for u < 0 and P(¢* < u) =
P(—u < g < Vu) = F(y/u) — F(—+/u) for u > 0, where F is the distribution
function of g. If ¢ denotes the corresponding probability density function, it follows
that the probability density ¢; of the random variable g? is given for u < 0 by
¢1 = 0 and for u > 0 by

61(0) = (P(y/a) ~ F(~v/a)) = g 20(/a) + 2o 2p(~)
_ L e
. |

Hence, for n = 1, (7.15) is established since I'(1/2) = /7.
Now assume that the formula (7.15) has already been established for n > 1.
For v < 0, we have ¢, 1(u) = 0, and for u > 0, since by (7.13), the probability
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density function of the sum of independent random variables is the convolution of
their probability density functions, we have

o0

G (1) = (dn * 61)(u) = [ on (1)1 (u — )dt

= 2n/2+1/2F(1n/2)F(1/2) /0 {1 =2, t)fl/zef(u,t)/QI(Oyoo)(u _ oyt
N 2("+1>/2F(11/2)F(n/2) o /ou D - ) e
- 2(n+1)/2p(11/2)F(n/2)e—U/2u(”/2)—1/2/01t(n/z)—l(l 12
= 2("+1)/2F(11/2)F(n/2)e_u/%(nﬂ)/?_lB(n/z 1/2)
! u(nHD/2=1 /2.

T 2 D2((n 1 1)/2)

where we used that the Beta function B satisfies
, z,y >0, (7.16)

see Exercise 7.1. Thus, we proved the formula (7.15) for n + 1. This completes the
proof by induction. a

Jensen’s inequality reads as follows.

Theorem 7.10. Let f : R™ — R be a convex function and let X € R"™ be a random
vector. Then

J(EX) <Ef(X).

Proof. Let v be an element of the subdifferential 0 f(EX); see Definition B.20.
(Note that the subdifferential of a convex function is always nonempty at every
point.) By definition of 9 f, we have, for any realization of X,

FEX) < f(X) + (v,EX — X).

Taking expectations on both sides of this inequality gives the statement by noting
that E[EX — X] = 0. O

Note that — f is convex if f is concave, so that for concave functions f, Jensen’s
inequality reads

Ef(X) < f(EX). (7.17)

This concludes our outline of basic facts of probability theory.
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7.2 Moments and Tails

Moment and tail estimates of random variables are intimately related. We start with
a simple statement in this direction.

Proposition 7.11. Suppose that 7 is a random variable satisfying
(E|Z|P)!/P < ap'Pp!!7 forall p € [po, p1] (7.18)
for some constants o, 3,7, p1 > po > 0. Then

P(1Z] > e/ Vau) < BT forallu € [py/ ", py].

Proof. By Markov’s inequality (Theorem 7.3), we obtain for an arbitrary x > 0

E|Z|P 1/v\P
P(Z] 2 o) < oo < (20

(e®au)P — erau

Choosing p = u” yields P(|Z| > e®au) < Be~"*" and further setting k = 1/
yields the claim. a

Remark 7.12. Important special cases of Proposition 7.11 are v = 1, 2. Indeed, if
(E|Z|P)Y/? < apY/P /p forall p > 2, then

P(|Z| > e/2au) < Be* /2 forallu > v/2 ; (7.19)
while if (E|Z|P)'/? < af'/Pp forall p > 2, then
P(|Z] > eau) < Be™™ forall u > 2. (7.20)

If one replaces 3 by 8/ = max{f3, e*/7}, v = 1,2, on the right-hand sides of (7.19)
and (7.20), then the inequalities hold for all © > 0, since for u < 21/ 7, they become
trivial, i.e., the right-hand sides become larger than 1.

A converse to Proposition 7.11 involving the Gamma function I' (see Ap-
pendix C.3) also holds.

Proposition 7.13. Suppose that a random variable Z satisfies, for some vy > 0,
P(|Z| > et Vau) < e/ forallu > 0.

Then, for p > 0,

E|Z|P < BaP(ey)?/"T (g + 1) . (7.21)
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Asa consequence,forp >1,
! P < 10 ip orall'p > 1, /.
E|Z / C C2,’YB / / f lIp>1 ( 22)

where C; = e'/(¢) ~ 1.2019 and Copy = «/2#/767/12. In particular, one has
0271 ~ 27245, 0272 ~ 2.0939.

Proof. Using Proposition 7.1 and two changes of variables, we obtain

E|ZP :p/ P(|Z] > t)tP~dt :papep/'v/ P(|Z| > e/ Vau)uPtdu
0 0

Spapep/"*/ Be‘“v/vup_ldu:pﬂapeph/ e_”(fyv)p/"y_ldv
0 0

_ ﬁap(eﬂy)p/’ygp (3) . (7.23)
Y 0

This shows (7.21) taking into account the functional equation for the Gamma
function. Applying Stirling’s formula (C.12) yields

P p/v+1/2
E|Z]P < BaP(en)P/ 7\ 2r (_) e~ P/ 7/ (12p)
v

= V2rBale?/ (12 pp/rH+1/2,=1/2,

Using the assumption p > 1, we obtain

1/p
orev/12
(E|Z[P)/P < ( e 5) apt/1pt/(2p)

val

Finally, p'/(?P) takes its maximum value for p = e, i.e., p'/(??) < '/(2¢)_ This
yields the statement of the proposition. a

Next we consider the expectation E|Z| of a random variable Z satisfying a
subgaussian tail estimate (see (7.31) below) and improve on the general estimate
(7.22) for p = 1.

Proposition 7.14. Let Z be a random variable satisfying
P(|Z] > au) < Be /% forallu> V2In(3),
for some constants o« > 0,3 > 2. Then
E|Z| < Cpay/m(2B)

with Cg = v/2 +1/(4v21n(48)) < V2 +1/(4v21In(8)) ~ 1.499 < 3/2.
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Proof. Let k > 1/21In(3) be some number to be chosen later. By Proposition 7.11,
the expectation can be expressed as

E|Z| :/ P(|Z| > u)du = a/ P(|Z] > au)du
0 0

<« (/ 1du+6/ e_“2/2du> <« (m—i— Ee_”“2/2) .
0 K K

In the second line, we used the fact that any probability is bounded by 1, and in
the last step, we applied Lemma C.7. Choosing k = +/21In(43) completes the
proof. a

Let us also provide a slight variation on Proposition 7.11.

Proposition 7.15. Suppose Z is a random variable satisfying
(E|Z|P)YP < BYP(cup + aoy/p +as)  forall p > po.
Then, for u > po,

P(|1Z| > e(ar1u + azvu + a3)) < Be ™.

Proof. The proof is basically the same as the one of Proposition 7.11 and left as
Exercise 7.15. O

Tail probabilities can also be bounded from below using moments. We start with
the classical Paley—Zygmund inequality.

Lemma 7.16. If a nonnegative random variable Z has finite second moment, then

(EZ —t)?

P(Z >1t) >
(Z>1t) 2 —p—,

0<t<EZ

Proof. Fort > 0, the Cauchy—Schwarz inequality yields

EZ = E[ZI{z-n] + E[Z1{z<4]
< (EZH)V2E(Iz50) 2+t = (EZH)'V2P(Z > t)'/? + 1.

With ¢ < EZ, this is a rearrangement of the claim. O
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Lemma 7.17. If X1,...,X,, are independent mean-zero random variables with
variance o* and fourth moment bounded from above by u*, then, for all a € R",

n (02 — 12)2
]P’(‘Zang‘ >tHaHg) >2 L o<t<a
1
=1

Proof. Setting Z := ( Yorq wX 4)2, independence and the mean-zero assumption
yield
n 2 n
EZ = E(Zang) =Y GEX? = ||al3 0%,
(=

j=1 1

n 4
B2 =E(D aX,) = 3 aiojaraB(XX;X0X0)
/=1 i,J,k,L€[n]

- Z ala’B(X7X7), (7.24)

i,5€[n]
because if a random variable X; is not repeated in the product X; X ; X}, X, then the

independence of X;, X, Xy, X, yields E(X,; X; X, X,) = E(X;,)E(X; X X,) = 0.
Moreover, using the Cauchy—Schwarz inequality, we have, for i, j € [n],

E(X?X2) < E(X})'/2E(X})/2 < i,
We deduce that

EZ? < Z ajaipt = |all3 p. (7.25)
i.j€[n]

Substituting (7.24) and (7.25) into Lemma 7.16, we obtain, for 0 < ¢ < o,

(02— )

4 )

P(| DS acxe)| > tlalls) = B(Z > £lalf) >
=1

which is the desired result. O

7.3 Cramér’s Theorem and Hoeffding’s Inequality

We often encounter sums of independent mean-zero random variables. Deviation
inequalities bound the tail of such sums.
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We recall that the moment-generating function of a (real-valued) random variable
X is defined by

6 — Eexp(6X),

for all § € R whenever the expectation on the right-hand side is well defined. Its
logarithm is the cumulant-generating function

Cx(0) = InEexp(6X).

With the help of these definitions, we can formulate Cramér’s theorem.

Theorem 7.18. Let X1,..., X be a sequence of independent (real-valued) ran-
dom variables with cumulant-generating functions Cx,, £ € [M]. Then, fort > 0,

P(ng >t) < exp (012%{_9t+§0)(2(9)}>.
=1

{=1

Proof. For 6 > 0, Markov’s inequality (Theorem 7.3) and independence yield

P( Z Xy >t) =P(exp(d Z X,) > exp(6t)) < e *"Elexp(d Z X))
=1 =1 =1

M M
= ¢ B[] ] exp(0X)] = e~ [] Elexp(0.X,)]

=1 =1
M M
— 0 H exp(C‘X,Z (6‘)) = exp <—9t + Z Cx, (9)) .
=1 =1
Taking the infimum over # > 0 concludes the proof. O

Remark 7.19. The function

M
t gg{){—9t+;Cxe(9)}

appearing in the exponential is closely connected to a convex conjugate function
appearing in convex analysis; see Sect. B.3.

We will use this theorem several times later on. Let us state Hoeffding’s
inequality for the sum of almost surely bounded random variables as a first
consequence.
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Theorem 7.20. Let X1, ..., Xy be a sequence of independent random variables
such that EX, = 0 and | X,| < By almost surely, ¢ € [M]. Then, for all t > 0,

M t2
P> X 2t> < exp (—T> :
<€—1 22@:1 Btg

and consequently,

M
t2
P> Xe| > t) < 2exp (—T> . (7.26)
( =1 2 ZE:l Blg

Proof. In view of Cramér’s theorem, we estimate the moment-generating function
of X,. Since (except possibly for an event of measure zero) X, € [—By, By], we
can write

X, = t(—B[) + (1 — t)Bg,

where t = Bg%f" € [0,1]. Since f(z) = exp(fx) is convex, we have

exp(0X¢) = f(Xe) = f(H(=Be)) + (1 = )Be) < tf(=Be) + (1 — 1) f(Be)
_Bi=Xi_op, | Bt Xe g,

7.27
2By 2By (7.:27)
Taking expectation and using the fact that EX, = 0, we arrive at
1 1 > (—oBg)k > (oBg)k
Eexp(0X¢) < §(GXP(—9BZ) + exp(0By)) = B <Z T Z A
k=0 k=0
0 0 B,)2k 0 0 B,)2k
=Y (08)7 _ 5~ 2;:2. = exp(02B2/2). (7.28)

Therefore, the cumulant-generating function of X satisfies
Cx,(0) < B76?)2.
It follows from Cramér’s theorem (Theorem 7.18) that

M g2 M
~ 2
P(ZX@ > t)<exp (él;% {—9t+ ?;Bg}) .

(=1
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The optimal choice § = ¢/ (Zé]\il B?) in the above infimum yields

M /2
P() "X, >t) <exp <——> :

M
(=1 231 B
Replacing X, by — X, gives the same bound, and an application of the union bound
(7.1) then shows (7.26). O

A Rademacher variable (sometimes also called symmetric Bernoulli variable) is
a random variable e that takes the values +1 and —1 with equal probability. A
Rademacher sequence € is a vector of independent Rademacher variables (also
called a Rademacher vector). We obtain the following version of Hoeffding’s
inequality for Rademacher sums.

Corollary 7.21. Leta € R™ and € = (e, ..., en) be a Rademacher sequence.
Then, for u > 0,

M
P <| and > |a|2u> < 26Xp(—u2/2). (7.29)
=1

Proof. The random variable ayse; has mean zero and is bounded in absolute value
by |ag|. Therefore, the stated inequality follows immediately from Hoeffding’s
inequality 7.20. O

Remark 7.22. Note that specializing (7.28) to a Rademacher variable € shows that
its moment-generating function satisfies

Eexp(fe) < exp(6?/2). (7.30)

7.4 Subgaussian Random Variables

A random variable X is called subgaussian if there exist constants 3, x > 0 such
that

P(|X| >t) < Be " forallt > 0. (7.31)
It is called subexponential if there exist constants 3, x > 0 such that

P(|X|>1t) < Be™ "™ forallt > 0.

According to Proposition 7.5, a standard Gaussian random variable is subgaussian
with 8 = 1 and k = 1/2. Furthermore, Rademacher and bounded random variables
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are subgaussian. According to Theorem 7.20, Rademacher sums are subgaussian
random variables as well.

Clearly, a random variable X is subgaussian if and only if X ? is subexponential.
Setting o« = (2ex) /2 and v = 2 in Proposition 7.13 shows that the moments of a
subgaussian variable X satisfy

(E|X|P)Y/P < Ck=Y25Y/Ppl/2 forallp > 1 (7.32)

with C' = €'/ 20y 5 /1/2e = €1/ (2)+1/6 /1 ](2¢) ~ 1.0282, while the moments
of a subexponential variable X satisfy (setting o = (ex)™! and v = 1 in
Proposition 7.13)

(E|X|P)YP < Ckx~1pYPp  forallp > 1

with C' = e!/(2) 0y 1e~1 = ¢/ (29)+1/12, /271 ~ 3.1193. Proposition 7.11 provides
a statement in the converse direction. Let us give an equivalent characterization of
subgaussian random variables.

Proposition 7.23. Let X be a random variable.

(a) If X is subgaussian, then there exist constants ¢ > 0,C' > 1 such that
Elexp(cX?)] < C.

(b) IfE[exp(cX?)] < C for some constants c,C > 0, then X is subgaussian. More
precisely, we have P(|X| > t) < Ce<t’.

Proof. (a) The moment estimate (7.21) with k = 1/(2ea?) yields
EX? < Br™"nl.

Expanding the exponential function into its Taylor series and using Fubini’s
theorem show that

X2n —npl —1
Elexp(cX?)] *l—i-z <1+ﬂZCK :1—1-%.

provided ¢ < k.
(b) This statement follows from Markov’s inequality (Theorem 7.3), since

P(X| 2 #) = P(exp(cX?) 2 exp(ct?)) < Efexp(cX?)]et" < Ce=e"’.

This completes the proof. a

Exercise 7.6 refines the statement of Proposition 7.23(a).
Let us study the Laplace transform (or moment-generating function) of a mean-
zero subgaussian random variable.
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Proposition 7.24. Let X be a random variable.
(a) If X is subgaussian with EX = 0, then there exists a constant c (depending
only on (8 and k) such that
Elexp(0X)] < exp(ch?) forall @ € R. (7.33)
(b) Conversely, if (7.33) holds, then EX = 0 and X is subgaussian with
parameters $ = 2 and k = 1/(4c).

Remark 7.25. Any valid constant c in (7.33) is called a subgaussian parameter of
X. Of course, one preferably chooses the minimal possible c.

Proof. For the easier part (b), we take #,¢ > 0 and apply Markov’s inequality
(Theorem 7.3) to get

P(X > t) = P(exp(6X) > exp(6t)) < Elexp(6X)]e ? < "0t
The optimal choice § = t/(2¢) yields
P(X >t) < e t/0o),
Repeating the above computation with — X instead of X shows that
P(—X >t) < et/
and the union bound yields the desired estimate P(|X| > t) < 2e~*"/(49) In
order to deduce that X has mean zero, we take the expectation in the inequality
1+ 60X < exp(6X) to deduce, for |0] < 1,
1+ 0E(X) < E[exp(6X)] < exp(ch?) < 1+ (c/2)6% + O(6*).
Letting & — 0 shows that EX = 0.
Let us now turn to the converse implication (a). We note that it is enough to
consider § > 0, as the statement for § < 0 follows from exchanging X with

—X. Expanding the exponential function into its Taylor series yields (together with
Fubini’s theorem)

> PEX™ =, O"E|X|"
E[exp(@X)]zl—i—@IE(X)—i—Z o =1-l-2#7

n!
n=2 n=2

where we used the mean-zero assumption. First suppose that 0 < 6 < 6, for some
0y to be determined below. Then the moment estimate (7.32) and the consequence
n! > v2mn"e~" of Strirling’s formula (C.13) yield
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o enénlifn/2nn/2 Cnen -n/2yn/2
Blexp(o2)] < 1453 PO gy 2y
n=2 n! n=2 nen

-y o
<1+ 92—ﬁ(06) Z(C’e@onfl/z)”

2tk T2
V2rk 1= Cebor—1/2
=1+4c¢10*>< eXp(clﬁz),

provided Cefok~1/? < 1. The latter is satisfied by setting
6‘0 = (206)_1\/E,
which gives ¢; = v28x1((Ce)?/ /7).

Let us now assume that § > 6y. We aim at proving E[exp(§X — c26%)] < 1.
Observe that
X 2 X X?
=)t <
2\/6 402 402
Leté > 0,C > 1 be the constants from Proposition 7.23(a) and choose ¢ = 1 /(4¢).
Then

0X — 26% = —(/cab —

Elexp(6X — 20%)] < E[exp(éX?)] < C.
Defining p = In(C)f;, ? yields
Efexp(6X)] < Cexp(c26?) = C exp(—pb°) exp((c2 + p)6?)
< C~'exp(—p@%)e(Qer)e2 = ele2tp)0”

Setting ¢ = max{¢cy, ¢z + p} completes the proof. O

Remark 7.26. For Rademacher and standard Gaussian random variables, the con-
stant in (7.33) satisfies ¢ = 1/2 by (7.11) and (7.30). Furthermore, for mean-zero
random variables X with | X| < K almost surely, ¢ = K?2/2 is a valid choice of the
subgaussian parameter by (7.28).

The sum of independent mean-zero subgaussian variables is again subgaussian
by the next statement.

Theorem 7.27. Let X1,..., Xy be a sequence of independent mean-zero sub-
gaussian random variables with subgaussian parameter c in (7.33). For a € RM,
the random variable 7 = Zéj\il ag Xy is subgaussian, i.e.,

Eexp(0Z) < exp(c||al[36?), (7.34)
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and
M t2
P Zagxl >t | <2exp <——2) forallt > 0. (7.35)
= Aclla|3
Proof. By independence, we have
M M M M
Eexp(d Z aX¢) =E H exp(fa,X,) = H Eexp(farXy) < H exp(ch?a?)
=1 =1 =1 =1

= exp(c|lal36%).
This proves (7.34). The second inequality (7.35) follows then from Proposition
7.24(b). O
Remark 7.28. In particular, if € = (e1,...,€epn) is a Rademacher sequence and

Z = Zé]\il ag€y, then

Eexp(0Z) < exp(6*]|all3/2).

The expected maximum of a finite number of subgaussian random variables can
be estimated as follows.

Proposition 7.29. Let X1, ..., X be a sequence of (not necessarily independent)
mean-zero subgaussian random variables satisfying Elexp(0X,)] < exp(c/6?),
¢ € [M]. Then, with ¢ = maxc|pr) Cr

E max X, < \/4c In(M), (7.36)

Le[M]
Eém[a]éa |Xo| < /4e In(2M). (7.37)
€

Proof. Since (7.36) is obvious for M = 1, we assume M > 2. Let 8 > 0 be
a number to be chosen later. Using concavity of the logarithm in connection with
Jensen’s inequality, we obtain

M
BE max X, = Eln maX] exp(8Xy) < Eln <Z exp(ﬁXg)>

Le[M] Le[M =
M
<In() Eexp(8X)) < In(M exp(cf?)) = ¢8* + In(M).
=1

Choosing 8 = /¢~ 1In(M) yields
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Ve Hn(M)E max Xy < In(M) + In(M)

£€[M]
so that E maxyeps) < v/4cln(M).
For (7.37) we write Emaxc(as [ X¢| = Emax{ Xy, ..., Xpr, —X1,..., —Xn}
and apply (7.36). a

The example of a sequence of standard Gaussian random variables shows that the
estimates in the previous proposition are optimal up to possibly the constants; see
Proposition 8.1(c) below.

7.5 Bernstein Inequalities

Bernstein inequality provides a useful generalization of Hoeffding’s inequality
(7.29) to sums of bounded or even unbounded independent random variables, which
also takes into account the variance or higher moments. We start with the version
below and then derive variations as consequences.

Theorem 7.30. Let X1, ..., X be independent mean-zero random variables such
that, for all integers n > 2,

E|X,|" < n!R" 207 /2 forallt € [M] (7.38)

for some constants R > 0 and o4 > 0, £ € [M]. Then, for allt > 0,

M 2
]P’<ZXE Zt>§2exp<— t/2 ) (7.39)

2
o+ Rt
=1 +
M
where 02 1= =1 o

Before providing the proof, we give two consequences. The first is the Bernstein
inequality for bounded random variables.

Corollary 7.31. Let X1, ..., X be independent random variables with zero mean
such that | X,| < K almost surely for { € [M] and some constant K > 0.
Furthermore assume E|X,|?> < o2 for constants oy > 0, { € [M]. Then, for all

t>0,
P(

M
where 0% :=Y",_, 0.

M
>

=1

t?/2
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Proof. For n = 2, condition (7.38) is clearly satisfied. For n > 3, we have
n! > 3-2"2 and we obtain

!Kn72 !Kn72
BIX[" = BIX," X7 < K207 < WE o2 < Mo

(7.41)
In other words, condition (7.38) holds for all n > 2 with constant R = K/3. Hence,
the statement follows from Theorem 7.30. O

As a second consequence, we present the Bernstein inequality for subexponential
random variables.

Corollary 7.32. Let X1,..., X be independent mean-zero subexponential ran-
dom variables, i.e., P(|X,| > t) < Be~"t for some constants 3,k > 0 forallt > 0,
¢ € [M]. Then

M
(1) /2

Proof. Similarly to the proof of Proposition 7.13, we estimate, forn € N,n > 2,

E|X,|" = n/ P(|X,| > t)t"tdt < ﬁn/ e " Lat
0 0

00 2 —2
= 571%_”/ e " Ydu = fnlk ™" = n!ﬁ_("_2)6%.

0
Hereby, we have used that the integral in the second line equals I'(n) = (n — 1)\
Hence, condition (7.38) holds with R = k! and 07 = 2k ~2. The claim follows
therefore from Theorem 7.30. a

Let us now turn to the proof of the Bernstein inequality in Theorem 7.30.

Proof (of Theorem 7.30). Motivated by Cramér’s theorem, we estimate the moment-
generating function of the X,. Expanding the exponential function into its Taylor
series and using Fubini’s theorem in order to interchange expectation and summa-
tion yield

0"E[X 0207 <= 0" 2E[X 7]
Elexp(0X,)] = 1 + 0E[X/] + Z [ f] =14 — Z n'02/2é ,
n=2

where we additionally used that E[X,] = 0. Defining

o~ 0" E[X]]
Ff(e) = ; TL'O'?/2 )
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we obtain
Elexp(0X,)] = 1+ 60207 F,(0)/2 < exp(620; F,(0)/2).
Introducing F(#) = maxye(ps F(6) and recalling that o2 = 37,7 02, we obtain

from Cramér’s theorem (Theorem 7.18)
M
>t) <i 252 —_0t) < i 2 2 — o0,
P(;Xg >t) < ér;foexp(ﬁ g“F(0)/2 —6t) < 0<11519f<1exp(9 o“F(0)/2 — 0t)

Since E[X'] < E[|X/|"], the assumption (7.38) yields

Fo) < 3 PEI fj ROy =

nlo?/
e 7/

provided Rf < 1. Therefore, F'(f) < (1 — Rf)~! and

M 6202
> < i —_— — .
P(ZZZI Xezt) < nf exp (2(1 —RO) et)

Now we choose 6 = t/(c? + Rt), which clearly satisfies Rf < 1. This yields

t20? 1 t?
P E Xe>t) < —
( 02 ) = exp 2(02 + Rt)2 1 Rt o2 + Rt

/=1 o2¥Rt
t2/2
= eX —_—— .
P\" 2R

Exchanging X, with — X/ yields the same estimate, and applying the union bound
completes the proof. O

Notes

Good sources for background on basic probability theory are, for instance, the
monographs [243, 428]. The relation of tails and moments is well known (see,
e.g., [322]), although the refinement with the parameter 5 in (7.18) seems to have
appeared only recently [411]. Cramér proved the theorem named after him in [132].
We refer to [495] for more information on large deviation results in this spirit.
Hoeffding’s inequality (7.29) was derived in [276]. In the special case of random
variables that take only values in {0, 1} with probabilities p and 1 — p, the so-called
Chernoff bounds refine the Hoeffding inequalities; see, for instance, [116, 254].
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Bernstein inequality was first proved in [43] and refined later by Bennett [40]. For
further reading on scalar deviation inequalities, the reader is referred to [349,495].

The notion of subgaussian random variables was introduced in [297]. It may be
refined to strictly subgaussian random variables, for which the constant in (7.33)
satisfies ¢ = E| X'|?/2. Gaussian and Bernoulli random variables, as well as random
variables that are uniformly distributed on [—1, 1], are strictly subgaussian; see
Exercise 7.5. More information on subgaussian random variables can be found, for
instance, in [78,501].

Exercises

7.1. Show the relation (7.16) of the Beta function B to the Gamma function.
7.2. Prove Proposition 7.15.
7.3. Letp > 1. Generalize Lemma 7.16 by showing that any nonnegative random

variable Z with finite pth moment satisfies

(EZ — t)p/(p=1)

Bz 0<t<EZ

P(Z >1t)>

Prove also that if X7, ..., X/ are independent mean-zero random variables with
variance o and 2pth absolute moment bounded above by 1?7, then, for alla € RM

M (02 . t2)2

]P’(‘Zang‘ >t||a||2) Zcpw, OStSO’,
=1

for some constant ¢, to be determined.

7.4. Let X be a subgaussian random variable with Eexp(0X) < exp(c6?) for
some constant ¢ > 0. Show that its variance satisfies EX? < 2c. (A subgaussian
variable for which equality holds is called strictly subgaussian).

7.5. Let X be a random variable that is uniformly distributed on [—1, 1]. Show that
E|X|?* = 1/3 and that
Eexp(6X) < exp(62/6) = exp(6°E| X [*/2),

so that X is strictly subgaussian.
7.6. Let X be a subgaussian random variable with parameter ¢ > 0, that is,
Eexp(0X) < exp(ch?) for all § € R. Show that, for t € [0,1/2],

1

E X2/ < —— .
exp( /C)—m



Chapter 8
Advanced Tools from Probability Theory

This chapter introduces further probabilistic tools that will be required for some of
the more advanced results in the remainder of the book.

In Sect. 8.1, we compute the expectation of the £,-norm of a standard Gaussian
vector for p = 1,2, 0o (required in Sect. 9.3). Section 8.2 presents simple results
for Rademacher sums as well as the symmetrization method. This simple technique
turns out to be powerful in various setups and will be needed in Sect. 12.5 and
Chap. 14. Khintchine inequalities, treated in Sect. 8.3, estimate the moments of a
Rademacher sum and allow to deduce Hoeffding-type inequalities for Rademacher
sums in a different way than via moment-generating functions (required for
Sect. 12.5 and in Chap. 14). Decoupling inequalities introduced in Sect. 8.6 replace
one sequence of random variables in a double sum by an independent copy
(required for Sect. 9.5 and Chap. 14). The scalar Bernstein inequality for bounded
random variables (Corollary 7.31) will be extended in Sect. 8.5 to a powerful
deviation inequality for the operator norm of sums of random matrices (required
for Sects. 12.3,12.4, and 14.1). Section 8.6 deals with Dudley’s inequality, which is
a crucial tool to estimate the expectation of a supremum of a subgaussian process by
an integral over covering numbers of the index set of the process (required for the
estimate of the restricted isometry constants in Sect. 12.5). Slepian’s and Gordon’s
lemmas compare expectations of functions of two Gaussian random vectors in terms
of the covariances of the two vectors. In particular, maxima as well as minima of
maxima are important choices of such functions. These are treated in Sect. 8.7 and
will be used in Sects. 9.2 and 9.4. Section 8.8 treats the concentration of measure
phenomenon which states that a Lipschitz function of a Gaussian random vector
highly concentrates around its mean (required in Sects. 9.2 and 9.4). The final
section of this chapter deals with a deviation inequality for the supremum of an
empirical process, which is sometimes called Talagrand’s concentration inequality
or Bousquet’s inequality. It will be required in Chap. 12.

S. Foucart and H. Rauhut, A Mathematical Introduction to Compressive Sensing, 201
Applied and Numerical Harmonic Analysis, DOI 10.1007/978-0-8176-4948-7_8,
© Springer Science+Business Media New York 2013
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8.1 Expectation of Norms of Gaussian Vectors

We estimate the expectation of the norms of standard Gaussian random vectors in
fl, 82, and éoo

Proposition 8.1. Let g = (g1, ..., gn) be a vector of (not necessarily independent)
standard Gaussian random variables. Then

2
(a) Elglly =/ —n.
s

2
(b) Eligl3 =nand [ ~v/n <Ellg]2 < v/n.
If the entries of g are independent, then

s <Elgl = ﬁ%&m < Vm, 8.1)

and consequently E||g||2 ~ /n asn — oo.
(c) It holds that

Emaxg, < +/2In(n) and E|gle < +/2In(2n). (8.2)

Len]

If the entries of g are independent, then, for n > 2,

Ellgllec = C/In(n) (8.3)

with C > 0.265.

Proof. (a) By the formula for the density of a standard Gaussian random variable,
we have

E|ge| = L |u| exp(—u?/2)du = 2 Oouexp(—u2/2)du: 2
\/g/—oo \/; 0 ™

By linearity of the expectation, E||g|[1 = >_,_, E|g¢| = \/2/7n.

(b) Clearly, E||g||3 = >,_, Eg7 = n for standard Gaussian random variables g;.
The Cauchy—Schwarz inequality for expectations (or Jensen’s inequality) yields
Ellgll2 < v/Ellg|/3 = v/n, while the Cauchy—Schwarz inequality for the inner

product on R" gives E|/g||2 > E\%Hg”l = /2/m/n.
If the entries of g are independent, then ||g||3 has the x?(n) distribution with
probability density function ¢, (u) given by (7.15). Therefore,
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n 1/2 -
Elglls =E (Z 9?) = /O u? gy, (u)du
=1

_ 1 /Oo W2 (/D1 /2,
0

27721 (n)2)
_ gn/2+1/2  n/1/2 —t s I'((n+1)/2)
= 2"/2F(n/2)/0 t/27 2 dt = V2 Tnj2)

where we used the definition of the Gamma function in (C.9). The estimate
E, = E|g|l2 < v/n for Gaussian vector g of length n was already shown
above. Furthermore,

_ /241
En+1En = 2T/2) =n,

by the functional equation (C.11) for the Gamma function so that E, =
n/En+1 > n/v/n+ 1 (compare also with Lemma C.4).

(c) The inequalities in (8.2) follow from Proposition 7.29 by noting that due
to Lemma 7.6, we have Eexp(B3g) = exp(3?/2) so that the subgaussian

parameter ¢ = 1/2 for Gaussian random variables.
If the g, are independent, then by Corollary 7.2

Ellglleo = / P (max|gg| > u> du = / <1 — P(max|g¢| < u)> du
0 e n] 0 L€(n]

0o n é
:/O <1—EP(|geISU)> dUZ/O (1— Q1 =P(lg|>u)")du
= 6(1—(1—=P(g|>0)").

Further,

2 > 7t2/2 2 20 7t2/2 2 _952
P(lg| > 0) =4/ = e dt > /= e dt > ] Zée '
iy Fy e 5 T

Now, we choose § = y/Inn/2. Then, forn > 2,

Bl > |/ 2" (1—(1— 1“—”1> )z\/ln—”<1—exp<— 1“—”))
™ n 2 T

1 —exp(—+/(In2)/7)
N Vinn,

which establishes the claim with C' = (1 — exp(—+/(In2)/7))/v/2 > 0.265. O

\%
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Next we extend part (c) of the previous proposition to the maximum squared
{5-norm of a sequence of standard Gaussian random vectors.

Proposition 8.2. Letgi,...,gn € R™ be a sequence of (not necessarily indepen-
dent) standard Gaussian random vectors. Then, for any k > 0,

Elm[alv)[(] lgells < (2+2K) In(M) +n(l+ k) In(1 +x~1).
€

Consequently,

E max g/l < (v2I(M) + Vi)

e
Proof. By concavity of the logarithm and Jensen’s inequality, we have, for § > 0,
E max 2= 07'Eln max exp (6 2) <67 'InE max exp (0 2
ma e ma exp (6]gel) < max exp (0] )
<6~ In (MEexp(0]ig3)),
where g denotes a standard Gaussian random vector in R™. In the last step we have

used that maxe(ps) exp (|ge/|3) < S exp (6]/gell3). By the independence of
the components of g and Lemma 7.6,

Eexp(0]gl3) =Eexp(0 Y _g7) =E [ exp(0g?) = [ Eexp(6g})

Jj=1 Jj=1 Jj=1

= (1-20)""/%
provided that # < 1/2. Therefore,

E 2 & inf 9*1(1M 3} 1—29*1).
w3 < inf 07t (104 S (1 20))

Substituting § = (2 + 2x) ! yields the first claim. Using that In(1 + x71) < k™1,
we further get

Egm[sf;] llgell? < 2(1 4 &) In(M) +n(1l + 1. (8.4)
S

Making the optimal choice k = y/n/(21n(M)) gives
E max lgell2 < 2In(M) + 2¢/2nIn(M) + n = (/2In(M) + v/n)>.
€

This concludes the proof. a
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8.2 Rademacher Sums and Symmetrization

Recall that a Rademacher variable takes the values +1 or —1, each with probability
1/2, and that a Rademacher sequence € is a vector of independent Rademacher
variables ¢;, £ € [M]. In the sequel we will often consider Rademacher sums of
the form

M

E €eXy,

(=1

where x, are scalars, vectors, or matrices and €, are independent Rademacher
variables.

Below we present the contraction principle for Rademacher sums and the
symmetrization principle, which allows to replace a sum of independent random
vectors by a corresponding Rademacher sum in moment estimates. Although rather
simple, this tool will prove very effective later.

Let us first present the contraction principle.

Theorem 8.3. Let x1,...,Xur be vectors in a (finite-dimensional) vector space
endowed with a norm || - || and let an, . .., ap be scalars satisfying |op| < 1. If
€ € RM is a Rademacher sequence, then for any 1 < p < oo,

M M
B aexe]|? <E|D el (8.5)

=1 =1
Proof. The function (ay, ..., ans) — E|| 200, agepx,||P is convex. Therefore, on

[—1, 1]™ it attains its maximum at an extreme point, i.e., a point & = (ay)}L, such
that oy = +1; see Theorem B.16. For such values of oy, both apey and €, have the
same distribution, so both terms in (8.5) are equal. O

Symmetrization is a simple yet powerful technique to pass from a sum of arbi-
trary independent random variables to a Rademacher sum. A random vector X on
C™ is called symmetric, if X and —X have the same distribution. Clearly, EX = 0
for a symmetric random vector X. The crucial observation for symmetrization is that
a symmetric random vector X and the random vector eX, where € is a Rademacher
random variable independent of X, have the same distribution.

Lemma 8.4. Assume that ¢ = (&,)), is a sequence of independent random
vectors in a finite-dimensional vector space V with norm || - ||. Let F : V. — R
be a convex function. Then

M

M
EF(Y (& —EE]) <EF(2) eé,), (8.6)

=1 =1
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where € = (eg)Y_, is a Rademacher sequence independent of £. In particular, for
1<p<oo

M M
1/ 1/
(B >_(& —E&DI") ™ < 2(B) 3 et l”) ™ ®.7)
(=1 =1
Proof. Let & = (&),...,¢&),) denote an independent copy of the sequence of
random vectors (£, ...,&,,), also independent of the Rademacher sequence € to

be used below. An application of Jensen’s inequality yields

M

(& —E[&) <EF() (& - &)

=1

B

E:=EF(

~
Il
—

Now observe that (£, — &})¢ is a sequence of independent symmetric random
variables; hence, it has the same distribution as (e¢(&, — &}))¢. Convexity of F'
gives

M 1 M M
E<EF() (& —€)) <E <§F( > ety) + F 23 (—e)€) )
é:l

(=1

because € is symmetric and & has the same distribution as £. Inequality (8.7) follows
from choosing the convex function F'(x) = ||x||P for p € [1, c0). O

The lemma will be very useful because there are powerful techniques for estimating
moments of Rademacher sums as we will see in the next section.

8.3 Khintchine Inequalities

The Khintchine inequalities provide estimates of the moments of Rademacher and
related sums.

Theorem 8.5. Let a € CM and € = (e1,...,enm) be a Rademacher sequence.
Then, for alln € N,

E| Zemﬁn 2n)! a3 (8.8)
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Proof. First assume that the a, are real valued. Expanding the expectation on the
left-hand side of (8.8) with the multinomial theorem (see Appendix C.4) yields

M
FE = E| Z Egag|2n
{=1

2n)! ) ) ) )
- X e e md
j1+;i-§j(§1 =n L M)

2n)! . )
= Y el

PR i
Jittim=n (2j1)' (2‘]M)
Ji=0

Hereby we used the independence of the ¢, and the fact that Eef = 0 if k is an odd
integer. For integers satisfying j; + - - - + jar = n we have

27y e x ! = 270 e X 29 L < (250 X x (2ar))

This implies
2n)! n! . )
b= (2n )l Yo gl Jaa P
ne o = J1iIne
Jit-tim=n
Ji=0
M
(2n)! n (2n)! n
= o (Y laiP)" = S a3
e !

The complex case is derived by splitting into real and imaginary parts and applying
the triangle inequality as follows:

S

(E| Z es(Re(ar) + ilm(ag))|2")1/2"
M
erRe(ag)]? + | Z € Im(amz]n)l/%

M
/=1 =1
M

M
ceRe(ar)*)"" + (B Y ecIm(a)|*) /™) "?

=1 =1
n 1/n n)! 1/2n
< ((f;,') (I Re(a) 3 + ||Im<a>||§>> —(22) " e

This concludes the proof. O

1/2
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Remark 8.6. (a) The constant in the Khintchine inequality can be expressed as a
double factorial

2n)!
(2n) —(2n—D:=1x3x5xTx-x (2n—1).
27n/!
(b) If g = (91,...,9nm) is a standard Gaussian random vector, then the sum

Eé\il agge with real a is a Gaussian random variable with mean zero and
variance ||a||3. By Corollary 7.7 its moments are given by

- (2n)!
By aege" = o llall3
/=1 !

In other words, if the Rademacher sequence is replaced by independent standard
normal variables, then (8.8) holds with equality. Therefore, the central limit
theorem shows that the constants in (8.8) are optimal. Moreover, it also follows
that E| 327 | egar?™ < E| 200, grae|?™; compare also Exercise 8.2.

Based on Theorem 8.5, we can also estimate the general absolute pth moment of
a Rademacher sum.

Corollary 8.7. Leta € CM and e = (€1,...,€rr) be a Rademacher sequence.
Then, for all p > 0,

M
(]E| ZGEQAP) 1/p S 23/(420)6*1/2\/5”3-”2' (89)
=1

Proof. We first assume that p > 2. Stirling’s formula (C.13) for the factorial gives

(2n)!  V/2m2n(2n/e)?melizn
= <V2
27! 217/ 21n(n/e)nelin

(2/e)"n". (8.10)

where 1/(12n +1) < R,, < 1/(12n). An application of Holder’s inequality yields,
for § € [0, 1], and an arbitrary random variable Z,

B|ZP20 = E[| 217020 700 < (8|2 0 (BIZP ). @)

Without loss of generality we may assume ||al|o = 1. Combining the two estimates
above yields

M M M
E| Z 56a6|2n+29 < (E| Zelal|2n>179(E| Z€£a£|2n+2)9
=1 =1 =1

< (V2(2/e)"n") 0 (V2(2/e)" (n + 1))
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— \/5(2/6)n+9n(170)n(n + 1)0(n+1)

_ n+0/ 1-6 oynto (N +1 10
=V o 1y ()
0(1-6)
< V2(2/e)" (n + 6)" (” ‘nF 1>
< 28/%4(2/e)"b (n 4 )" +0. (8.12)

In the second line from below the inequality between the geometric and arithmetic
mean was applied. The last step used that (n + 1)/n < 2 and (1 — 0) < 1/4.
Replacing n + 6 by p/2 completes the proof of (8.9) for p > 2.

For the case 0 < p < 2 we observe that Holder’s inequality gives

M M
(E| Zﬁeadp)l/p < (E| Zega4|2)1/2 = 1.

/=1 (=1

It is an elementary exercise to show that the function f(p) = 23/(“4P)e=1/2 /p takes
its minimum at the point py = 3(In2)/2 and f(po) ~ 1.0197 > 1. Therefore, we
have (8.9) also for p < 2. a

We obtain the following version of Hoeffding’s inequality for complex
Rademacher sums.

Corollary 8.8. Leta € CM and e = (€1,...,€rr) be a Rademacher sequence.
Then, for u > 0,

M

P(1 " earl > |laflau) < 2exp(—u?/2). (8.13)
=1

Proof. We combine (8.9) with Proposition 7.11 to obtain
M
P(| Zemd > |lallau) < 2%/* exp(—u?/2), wu >0,
=1

which is even slightly better (but less appealing) than the claimed estimate. a

A complex random variable which is uniformly distributed on the torus T =
{#z € C,|z| = 1} is called a Steinhaus variable. A sequence € = (€1,...,€n)
of independent Steinhaus variables is called a Steinhaus sequence. There is also a
version of the Khintchine inequality for Steinhaus sequences.
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Theorem 8.9. Let a € CM and € = (e1, ..., enm) be a Steinhaus sequence. Then,
foralln € N,

M
Bl ear®™ < nlfal3™.
=1

Proof. We expand the moments of the Steinhaus sum using the multinomial
theorem

M M M
B eccard™ =B | (3 eear)” (D _@ae)”
=1

(=1 (=1

o
— E —ajl_._ajz\/fejl._.ejz\/f
- . 1 M *1 M
Jittim=n gitee !
Je=0
Z n! k Ea Kk k
x —alln-.aﬁlell-.-eﬁ[
ki+--ky=n hate- k!
ke>0
n! n! J1 k1 Jm ks g1 k1 Jim  ka
= Z j1'-~-jM'/€1""/€M'a1a1 coeaffaiyElel et - ey enr].
Jiteotiu=n 7 Y '
ki+-+ky=n
Je,ke>0

Since the ¢; are independent and uniformly distributed on the torus we have

E[eglellgl ~-~€g\%elf\}f] = E[eglellgl] Koo X E[Gg\%ellg\/]\[/{] = Ojy,ky X == X 5J'M,kM'

This yields
M 2
2 n! 2k 2k
E[D ear™ = D |y el
=1 kitoka=n N M
ke >0
n!
| e 2k1 | 2k
<nl Tl gl

kit+-+ky=n
ke>0

M
= (Y lae?)™,
=1

where the multinomial theorem was applied in the last step. a
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The above moment estimate leads to a Hoeffding-type inequality for Steinhaus
sums.

Corollary 8.10. Leta € CM and e = (€1,...,€rr) be a Steinhaus sequence. For
any 0 < \ < 1,
M 1 .
P(| ;qad > ullall2) < T )\e_’\“ Sforallu > 0. (8.14)

2

5

In particular, using the optimal choice A\ =1 — u~

M
P(| Zezad > ulla2) < exp(—u®+In(u®) +1) forallu>1.  (8.15)
=1

Proof. Without loss of generality we assume that ||al| = 1. Markov’s inequality

gives

M M
P(| Zezad > u) = P(exp() Zeza4|2) > exp(Au?))
=1

(=1

M ) )\nE| Z]W €oay 2n
< Elexp(\| Y erar®)] exp(—2u?) = exp(—du?) )y ==
= n=0 ’

- 1 >
< ) 2 A = —Au i
<exp(—Au )ngo T3¢
In the second line Fubini’s theorem and in the third line Theorem 8.9 were applied.
O

8.4 Decoupling

Decoupling is a technique that reduces stochastic dependencies in certain sums
of random variables, called chaos variables. A typical example is a sum of the
form 3, ejerx; . where x; ), are some vectors and € = (¢;) is a Rademacher
sequence. Such a sum is called a homogeneous Rademacher chaos of order 2. The
term homogeneous refers to the fact that the diagonal terms in this double sum are
missing so that its expectation is zero. The following statement provides a way of
“decoupling” the sum.

Theorem 8.11. Ler € = (&1,...,&0m) be a sequence of independent random
variables with E; = 0 for all j € [M]. Let x; 1, j, k € [M], be a double sequence
of elements in a finite-dimensional vector space V. If F : 'V — R is a convex
function, then
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M M
EF [ Y G&xin | <EF (4 &G&4x54 | (8.16)
J k=1 j,k=1
J#k

where &' denotes an independent copy of €.

Proof. Introduce a sequence § = (53')]‘]\11 of independent random variables §;
taking the values 0 and 1 with probability 1/2. Then, for j # k,

Eb(1 — 6;) = 1/4. (8.17)
This gives
M M
E:=EF [ > &&xjn | = EeF [ 4> Es6;(1 — 60)1&;6k%
i#k J#k
M
< E¢EsF 4Z5j(1 = 0k)&i&kXjk |
J#k

where Jensen’s inequality was applied in the last step. Now let
0(0) :={je[M]:é;=1}.
Then, by Fubini’s theorem,
E<EsEeF [4 ) > &&xp
j€o(8) k¢o(9)

For fixed § the sequences (&) jeq(5) and (& )r¢o(s) are independent; hence, we can
replace &, k ¢ o(J), by an independent copy &}, and obtain

E<EsBeEeF |4 Y > &&ixyn
j€a(8) k¢o(9)
This implies the existence of a §* € {0,1}*, and hence, a 0 = o(§") such that

E<EReF (4 > 6%k

JEo kdo

Since E¢; = E{; = 0, an application of Jensen’s inequality yields
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M
psr (1Y (z - Z@E[s;]Xj,k) FISEE]S G
k=1

j€o \kdo k€o jéo

M M
<EF [4) ) Gaxn

j=1k=1

and the proof is complete. O

The sum ), ;€. %,k on the right-hand side of (8.16) is called a decoupled chaos.
It is important that the double sum on the left-hand side of (8.16) runs only over
indices j # k. Moreover, since the left-hand side of (8.16) is independent of
the diagonal entries x; ;, they can be chosen arbitrarily on the right-hand side.
Sometimes it is convenient to choose them as x;; = 0, but other choices may
simplify computations.

An important special case of the above theorem is F'(x) = ||x||P with p > 1 and
some (semi-)norm || - ||. Then (8.16) implies

B &&xklP)V? < 41D &xsxlP)?.

j#k j.k

The mean-zero assumption above for the random variables {; can be removed
after possibly adjusting constants. We will exemplify this for the following special
case involving the operator norm where, additionally, the constant can be improved.

Theorem 8.12. Let H € CM*M pe self-adjoint and let H be the matrix H with
the diagonal entries put to zero. Let &;, j € [M], be a sequence of independent
random variables. Introduce the random diagonal matrix D¢ = diag[éi,. .., Em].
If ' : Ry — Ris a convex nondecreasing function, then

EF(|D¢HDgl|2—2) < EF(2]|D¢HDg ||2-2), (8.18)

where &' denotes an independent copy of .

Proof. Let Hj, € CM*M be the matrix with entry H & in position (7, k) and zero
elsewhere. Let 0;, j € [M], be independent Bernoulli random variables taking the
values 0 and 1 both with probability 1/2. The function x — F'(||x||2—2) is convex
by Proposition B.9(b) so that Jensen’s inequality and (8.17) yield

EF (|D¢HDgl252) = EF (| Y &6k (Hy + Hy)ll2-2)
i<k
= E¢F (2I[Es Y _[6;(1 — k) + 0k (1 — 6;)1€k (Fje + Hiy)[l22)
j<k

< EeBsF (2] > [0;(1 = 6k) + k(1 — 6,)16&k (Fy + Hyy)22).  (8.19)
i<k
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Therefore, there exists a vector §* with entries in {0, 1} such that

EF (|D¢HDgl252) <EF (2] > (07 (1=65)+07(1—67)1&; &k (FLx+Hy;) |2 2).
j<k

Leto = 0(8") = {j € [M], 6} = 1}. Then

EF(|DeHDg|l22) <EF (2] Y &6 (Hy +Hyy)l22).

jE€o,keT

By rearranging the index set, we may assume that 0 = {1,...,card(c)} and & =
{card(o) 4+ 1,..., M}. Then we can write

0B
_ Zifjfk(ij +Hy;) = (B* 0>
jeo,kET

with B € Ceard(e)xcard(@) being the restriction of 3 .= &€ Hjy to the indices
in o x 0. Using

0B

B* 0

EF(|D¢HDgll252) <EF (2] > &&Hl2m2)

jE€o,keT

=EF(2] > &&Hl202),

j€o,keT

= [ Bfl2—2

22

we arrive at

where ¢’ is an independent copy of &. Since the operator norm of a submatrix is
bounded by the operator norm of the full matrix (see Lemma A.9), we reinsert the
missing entries to obtain

EF (|[D¢HDgll22) <EF (2] Y& Hykll22) = EF (2| DgHDg[[22),
.k
where we used that F' is nondecreasing. This completes the argument. a

We finish this section with an application to tail bounds for scalar Rademacher
chaos. Let € = (e1,...,€p) be a Rademacher vector. For a self-adjoint matrix
A € CM*M with zero diagonal we consider the homogeneous Rademacher chaos

Xi=€eAe=) eerd. (8.20)
i#k



8.4 Decoupling 215

Note that by self-adjointness, X is real valued even if A is complex valued. This fact
allows to reduce our considerations to real-valued symmetric matrices A € RM*M
since X = Re(X) = €*Re(A)e. The next result states that a homogeneous
Rademacher chaos obeys a mixture of subgaussian and subexponential tail behavior,
similar to Bernstein inequalities. The subgaussian part is determined by the
Frobenius norm ||A[|% = tr (A*A) (see (A.16)), while the operator norm || A |22
controls the subexponential part.

Proposition 8.13. Let A € RM*M pe g symmetric matrix with zero diagonal and
let € a Rademacher vector. Then the homogeneous Rademacher chaos X defined in
(8.20) satisfies, fort > 0,

3t2 t })
P(|X|>t) <2exp | —min ,
(X121 < p< {128||A||% 52A o

g . 1AL
_ ) 2exp —fusuAnp) O <t < 3paT,%5>

; et AL
Zexp ‘32HAHM) 1> ram,55

Proof. The proof is based on an estimate of the moment-generating function of X.
For § > 0, convexity of z — exp(fx) combined with the decoupling inequality
(8.16) yields

Eexp(0X) = Eexp(f Z ejenAjp) < Eexp(46 Z ejeAi)
J#k Jsk
= EcEe exp (46 Z € Z €;Ajr) < Eexp (86 Z(Z 6 Ax)?). (821

k J ko J

In the last step we have applied Theorem 7.27 conditionally on €, using that c = 1/2
for Rademacher variables; see Remark 7.26. Observe that by symmetry of A,

Z(ZE AJ/C Z ZE AJ/C ZE@AM = Z €€ Z AjkAkg = 6*A2€.
k

kEJ 3,¢

Set B = A2, The moment-generating function of the positive semidefinite chaos
€*Be can be estimated by

Eexp(ke*Be) = Eexp(k Z B+ & Z €jexBik)
J J#k

< exp(ktr (B))Eexp (4r Z €€, Bi)
j.k

< exp(rtr (B))E exp (8x? Z Ze Bjk)?),
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where we have again applied the decoupling inequality (8.16) together with
Theorem 7.27 conditionally on €. Now, positive semidefiniteness of B = A*A
allows to take the square root of B so that

> O €Bjx)? = €B’e = (B/?¢)"B(B"/%¢) < ||B|22¢"Be.
E o J

If 8%||BJ|2—2 < 1, then Holder’s (or Jensen’s) inequality yields
Eexp(ke*Be) < exp(str (B))E exp(8x?||B||o_2€*Be)
< exp(rtr (B)) (E exp(re*Be)) ¥ 1IBl2~2
After rearranging we deduce that

ktr (B)

EeXp(KJG*BE) S exp (m

) , 0< k< (8|Bllassa) ' (8.22)

Setting = 862 and plugging into (8.21) yield, for 0 < 8 < (8]|Al]22)" 1,

802tr (A2) 80°|| A7
Eexp(0X) < = T '
p(6X) < exp (1 = 64e2||A2|2ﬁ2> op <1 - 6492IAI%%>

Next we use Markov’s inequality to deduce, for 0 < 6 < (16]|Al[2—2)71,
P(X > t) = Pexp(0X) > exp(6t)) < exp(—0t)Eexp(6X)

862/ A 2 862/ A 2
< —0t < —0t + —
: eXp( TToearAlg,) = PP\ T T

= exp (—0t + 320°||A||%./3) .

The optimal choice § = 3t/(64||A||%) satisfies & < (16]|A||2—2)~" provided that
t < 4||A]|%/(3]|Al|2—2). In this regime, we therefore obtain

3t2
]P)(X 2 t) S exp —W .
F

In the other regime where ¢ > 4[| A||%./(3[|All2—2) we set § = (16[|A|l2—2)"" so
that 0 < 3t/(64//A||%). Then

P(X >t) < exp (—0t + 320%||A||3./3) < exp (—0t + 0t/2) = exp(—0t/2)
= exp(—t/(32]|All22))-

Since X has the same distribution as — X, we get the same bounds for P(X < —t),
and the union bound completes the proof. O
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8.5 Noncommutative Bernstein Inequality

The scalar Bernstein inequalities from the previous chapter have a powerful
extension to sums of random matrices. We present one version below. Another
version is treated in Exercise 8.8. We denote by Apax(X) the maximal eigenvalue
of a self-adjoint square matrix X. Furthermore, we introduce the function

hz) =14+2)n(l+z)—z, z>0. (8.23)

Theorem 8.14. Let X,..., Xy € C¥*? be independent mean-zero self-adjoint
random matrices. Assume that the largest eigenvalue of X, satisfies

Amax(Xe) < K almost surely for all £ € [M] (8.24)
and set
M
o? = ZE(X?)
=1 22

Then, fort > 0,

M 2
oo ($0) ) ()
=1

t2/2

The inequality (8.25) is also referred to as the matrix Bennett inequality. Although
it is slightly stronger than the matrix Bernstein inequality (8.26), the latter is usually
more convenient to use. Clearly, the difference with respect to the scalar Bernstein
inequalities of the previous chapter is only the appearance of the dimensional factor
d in front of the exponential. In general, this factor cannot be avoided; see also
Exercise 8.6(e).

Since for a self-adjoint matrix ||Alj22 = max{Amax(A), Amax(—A)}, we
obtain the next statement as a simple consequence.

Corollary 8.15. Let X;,..., Xy € C¥ be independent mean-zero self-adjoint
random matrices. Assume that

IX¢ll22 < K almost surely for all € € [M], (8.27)
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and set
M
0% = (> E(X?) (8.28)
=1 22
Then, fort > 0,
M 2
o Kt
P ( ng > t) < 2dexp (—Fh (F)) (8.29)
=1 252
t2/2
<2d S a— .
= eXp( a2+Kt/3> (8.30)

An extension to rectangular (and not necessarily self-adjoint) matrices is developed
in Exercise 8.7.

The essential steps of the proof proceed in the same way as the ones of the scalar
Bernstein inequality, but since we are dealing with matrices, we encounter some
additional complications. We will use an extension of the Laplace transform method
(or moment-generating function method) to matrices. A crucial ingredient is Lieb’s
concavity theorem (Theorem B.31).

We start with a simple consequence of Markov’s inequality. It uses the matrix
exponential A — exp(A) defined in (A.45). We refer to Appendix A.5 for basic
facts on matrix functions.

Proposition 8.16. Let Y € C%*? be a self-adjoint random matrix. Then, fort € R,
. > 1) < i —ot , )
P(Amax(Y) > t) < inf {e " "Etr exp(0Y)} (8.31)
Proof. For any 6 > 0, Markov’s inequality (Theorem 7.3) yields
Pmex(Y) 2 £) = P (X0 > 1) < e~ [ V)] - (832)

By the spectral mapping theorem (A.42) (or by the definition of a matrix function),
and positivity of the exponential function, we have

d
rmax(0¥) = /\max(eGY) < Z Aj (eOY) =tr 60Y7
J=1

where \;(e?Y) > 0, j € [d], are the eigenvalues of /Y (possibly with repetitions).
Combined with the previous estimate we reach

]P)(/\max(Y) Z t) S e_etEtI' SGY.

Taking the infimum over all positive 6 concludes the proof. O
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The previous proposition suggests to study the expectation of the trace exponen-
tial # — Etre®Y. The next result provides a useful tool for analyzing it and is a
consequence of Lieb’s Theorem B.31. We will use the matrix logarithm introduced
in Appendix A.5; see (A.50).

Proposition 8.17. Let H € C%*? be a fixed self-adjoint matrix and let Y € C?*¢
be a self-adjoint random matrix. Then

Etr exp(H+Y) < tr exp (H +1n (EeY)) . (8.33)

Proof. With the positive definite matrix X = e¢¥ we have Y = In(X) by (A.50).
By Lieb’s Theorem B.31, the function X — tr exp(H + In(X)) is concave on the
set of positive semidefinite matrices. Jensen’s inequality (7.17) therefore gives

Etrexp(H+7Y) =Etr exp(H + In(X)) < tr exp(H + In(EX))
= tr exp (H +In (EeY)) .

This concludes the proof. a

The next tool extends the previous inequality to a sequence of independent
random matrices.

Proposition 8.18. Let X;,..., X, € C¥*? be independent, self-adjoint random
matrices. Then, for 0 € R,

M M
Etr exp <9 Z X[) < tr exp <Z 1nEexp(9Xg)> . (8.34)
=1 =1

Proof. Without loss of generality we may assume that § = 1. We denote
Zy := InEexp(Xy).

Since X, are independent, we are in the position to write Ex, for the expec-
tation with respect to X, (or in other words, the expectation conditional on
X1y, X1, X041, ., Xar). Using Fubini’s theorem and Proposition 8.17, we
arrive at

Etr exp (

=

M-1
Xg) = Exl ~-~ExMtr exp <Z Xy +XM>

=1

M—1
<Ex, ---Ex,,_,tr exp <Z X+ lnIEeXp(XM)>
=1
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M2
=Ex, ---Ex,,_,tr exp <Z Xe+Zpy + XM_1>
=1

M=—2
< Ex, - Exy, ,trexp <Z Xe+Zy + ZM—1>
=1

M
g---gtrexp<ZZ4>.

(=1

The application of Proposition 8.17 at step k € [M] with the matrices

k—1 M
m-Y Xt ) 7
=1 f=k+1
is permitted since Hj, does not depend on Xj. a

Before giving the next intermediate result, we recall from Appendix A.5 that we
write A < B for two self-adjoint matrices A, B € C*¢ if B — A is positive
semidefinite.

Let us provide a matrix version of Cramér’s theorem (Theorem 7.18).

Proposition 8.19. Let X;,..., Xy, € C¥*? be independent, self-adjoint random
matrices. Assume that there exist a function g : (0,00) — [0, 00) and fixed self-
adjoint matrices A1, ..., Ay such that

Eexp(0Xy) < exp(g(0)Ay), forall® > 0andall k € [M]. (8.35)

Then, with p := Amax (Zé\il Az),

M
P Amax | Y X | >t ] <dinfe 900 e
0>0

(=1

Proof. Substituting (8.34) into (8.31) yields

M M
> >t] <i —ot > ,
P <)\max <£1 Xg) > t) < 51;% {e tr exp <£1 lnEexp(@Xﬂ) }

By Proposition A.34, the matrix logarithm is matrix monotone, so that (8.35) implies

InEexp(6X,) < g(0)A, foralld > 0andall k € [M].
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Since the trace exponential is monotone (see (A.48)), a combination of the above
facts yields, for each 6 > 0,

M M
P <)\max <Z Xg) > t) < e tr exp (g(@) Z Ag)
=1

=1
M M
< e Anax <exp (9(9) ZAe>> =de " exp (9(9))‘max <Z Af))'
e =1

The second inequality is valid because, for a positive definite d x d matrix B,
we have trB = Z;l:l Aj(B) < dAmax(B), where \;(B), j € [d], denote the
eigenvalues of B (with possible repetitions). Taking the infimum over all positive 6
and using the definition of p, we arrive at the statement of the proposition. O

Before we pass to the proof of the noncommutative Bernstein inequality, we
note the following deviation inequality for matrix-valued Rademacher sums, i.e.,
the matrix-valued analog of Hoeffding’s inequality for scalar Rademacher sums in
Corollaries 7.21 and 8.8.

Proposition 8.20. Let € = (e1,...,€n) be a Rademacher sequence and By, . . .
B € C™? be self-adjoint matrices. Set

M
0% =Y Billaso.
=1

Then, fort > 0,

M

P(|IY " eBella > t) < 2dexp (—2/(207)) . (8.36)
(=1

Proof. Proposition 8.19 requires to estimate E exp(feB) for a Rademacher variable
€ and a self-adjoint matrix B. Similarly to the scalar case in (7.28), we obtain

> 2k
Eexp(6eB) = %(exp(t?B) +exp(—0B)) = Z (ffk))'
k=0 :
> 2k
<> P — )

E
Il

0

because B? is positive semidefinite. Therefore, (8.35) holds with g(6) = 62 /2 and
A, = BZ. The parameter p in Proposition 8.19 is given by
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M
p=1> Bz =0
=1

M . . . .
because ), B? is positive semidefinite. Therefore,

M M M
P(I1Y " eBellasa > t) < PAmax(D_ €Be) > 1) + P(Amax(— Y _ eBy) > t)

< 2d inf e~0t+0°0°/2 — 9q ¢t7/(20%)
- 0>0

Here, the optimal choice of 6 was § = t/o?. O

The case d = 1 reduces to the Hoeffding-type inequality of Corollary 8.8. The same
deviation inequality also holds for matrix-valued Gaussian sums; see Exercise 8.6.
Now we are prepared to prove the noncommutative Bernstein inequality.

Proof (of Theorem 8.14). Proposition 8.19 requires to establish (8.35) for an
appropriate function g and appropriate matrices A ;. We may assume that the bound
K on the maximal eigenvalue of Xy, £ € [M], satisfies K = 1. The general case
then follows from applying the result to the rescaled matrices X=X, /K.

We fix § > 0 and define the smooth function f : R — R by

flz)=272(e’ —fz —1)forz #0 and f(0) = 6%/2.

(917)1672

Clearly, f(z) = 62> ,2, T

. The derivative is given by

X pk—=2(}. _ 9) k=3 z — 9)efT T
) -3 =) (0 — 2)e%" + (0z + 2)

k! 3

k=3

We claim that f/(z) > 0 for all € R, i.e., f is nondecreasing. Indeed, for z > 0
this follows from the power series expansion of f” as all coefficients are positive. For
x € (—2/6,0) one verifies that the absolute values %2 (k —2)|x[*=3 /k!, k > 3, of
the terms in the power series of f’ are monotonically decreasing in % and the term
for k = 3 is positive. Since the signs of the power series are alternating, f/(z) > 0
holds also in this case. For x < —2/6 the nonnegativity of f’ follows from the
explicit formula above, where both the numerator and denominator are easily seen
to be negative.

In particular, we have proven that f(z) < f(1) whenever z < 1. All the
eigenvalues of X, are bounded by 1, so by the definition of the extension of f
to matrices (A.42) and by the rule (A.43), it follows that

f(Xe) < f(DId.



8.5 Noncommutative Bernstein Inequality 223

The identity exp(6z) = 1 + 0z + 22 f () and the fact that f(X) commutes with X
yield together with (A.43) that

exp(0X,) = Id + 60X, + X, f (X)X, < Id + 60X, + f(1)X7.

Here we used additionally the elementary fact that A < B implies HAH* <
HBH?* for any matrix H of matching dimension (Lemma A.31), together with the
self-adjointness of X,.

Taking expectations in the above semidefinite bound, and using EX;, = 0, we
obtain

Eexp(6X,) < Id + f(1)EX7 < exp(f(1)EX7) = exp ((¢? — 0 — 1)EX]).

The second semidefinite bound follows from the general bound (A.46) for the matrix
exponential. Setting g(f) = e — § — 1, it follows from Proposition 8.19 that, for
teR,

M
. —0t+g(0)o>
P (A (; Xz) > t) <dnf {e } (8.37)

where we have used that A\ .y (Zé\il EX?) = o2 by positive semidefiniteness

of Zé\il EXZ. Then both the Bennett-type inequality (8.25) and the Bernstein-type
inequality (8.26) follow from Lemma 8.21 below. a

Lemma 8.21. Let h(z) = (1 4+ z)In(1 + x) — z and g(0) = € — 0 — 1. Then, for
a >0,

gn%{—b’:v +g(0)a} = —ah(z/a), = >0,
>
and

x2/2
W) 2 1+x/3

forall x > 0.

Proof. The function r(6) := g(f)a — Oz attains its minimal value for § = In(1 4+
x/a), and

r(In(l4+x/a)) = (x/a — In(l1 + z/a))a — zIn(l 4+ z/a) = —ah(x/a).
For the second statement, we first note that

=0k 92 N 2002

kT2 k!
k=2 k=2

g@)=e’ —0-1=
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By induction, it follows that 2/k! < (1/3)*2 for all k > 2. Therefore, for § < 3,

o) < 2303 = L2

— 1-6/3
Making the specific choice § = 1_:6—17/3 < 3 shows that
6%/2
—h(z) = inf(g(f) — 0z) < inf -0
(z) égo(g( )~ ba) < 9612).,3) <1 -0/3 :c)
2 2 2 2 2
= = 3N 1 : 3:_1x/ 3 (8.38)
(L+a/32 (1- ) 1+a/ +a/
This completes the proof. a

8.6 Dudley’s Inequality

A stochastic process is a collection Xy, ¢t € T, of random variables indexed by some
set T'. We are interested in bounding the expectation of the supremum of a real-
valued stochastic process. In order to avoid measurability issues (the supremum of
an uncountable number of random variables may not be measurable), we define the
so-called lattice supremum

Esup X; := sup{Esup X, F' C T, F finite}. (8.39)
teT teF

Note that for a countable index set 7', where no measurability problems can arise,
E(sup,cr X¢) equals the right-hand side above (see Exercise 8.9), so that this
definition is consistent. Also, if ¢ — X, is almost surely continuous on 7" (as it
will always be the case in the situations we encounter), and 7 is separable, then
sup,cr X; coincides with the supremum over a dense countable subset of 1", so that
in this case the lattice supremum coincides with E(sup,c X) as well.

We will always assume that the process is centered, i.e.,

EX; =0 forallteT. (8.40)
Associated to the process X;, t € T', we define the pseudometric
1/2

d(s,t) = (E|X, — X,?) "7, s,teT. (8.41)

We refer to Definition A.2 for the notion of a pseudometric.
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Definition 8.22. A centered stochastic process X;, t € T, is called subgaussian if
Eexp((Xs — Xt)) < exp(02d(s,t)*/2), s,t€T,0 >0, (8.42)

with d being the pseudometric defined in (8.41).

Clearly, one may replace the constant 1/2 in (8.42) by a general constant ¢, but for
our purposes it is enough to consider ¢ = 1/2.

Examples of subgaussian processes include Gaussian and Rademacher pro-
cesses. A process X, is called a centered Gaussian process if for each finite
collection t¢1,...,t, € T, the random vector (Xy,,...,X; ) is a mean-zero
Gaussian random vector. This implies, in particular, that X; — X is a univariate
Gaussian with E(X; — X) = 0 (by (8.40)) and variance E| X — X;|2. It follows
from (7.11) (or Remark 7.26 and Theorem 7.27) that a Gaussian process is a
subgaussian process in the sense of Definition 8.22. A typical example of a Gaussian
process takes the form

M
X =Y gjz;(t),
j=1

where g = (g1,...,9nm) is a standard Gaussian random vector and z; : T — R,
J € [M], are arbitrary functions.
A Rademacher process has the form

M
Xy =Y eu;(t), (8.43)

j=1
where € = (€1, ..., €pr) is a Rademacher sequence. Clearly, such a process satisfies

(8.40). By Remark 7.26 and Theorem 7.27, it is also a subgaussian process. Observe
that

M M
E|X;—X,[* = E| ij(%(lﬁ)—%‘(S))l2 = Z(%‘ (t)=;())* = [[x(t) —x(s)I3,

where x(t) denotes the vector with components x;(t),j € [M]. Therefore, the
pseudometric associated to X; is given by

1/2

d(s,t) = (E|X: — Xs[*) "7 = ||x(t) — x(5) ]2 (8.44)

It follows from Theorem 7.27 that the increments of a subgaussian process X;
satisfy the tail estimate

P(|Xs — Xi| > ud(s, 1)) < 2exp(—u?/2). (8.45)
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By Proposition 7.24(b) this inequality could as well be taken for the definition of
subgaussian processes.

Dudley’s inequality below relates the stochastic quantity of the lattice supremum
(8.39) to the geometric concept of covering numbers. We recall from Sect. C.2 that
the covering number N (T, d, €) is defined as the smallest integer N such that there
exists a subset F' of T with card(F') = N and minser d(t,s) < eforallt € T. We
denote the radius of T" by

A(T) = sup /E| X[ (8.46)
teT

Dudley’s inequality for subgaussian processes reads as follows.

Theorem 8.23. Let X, t € T, be a centered subgaussian process with associated
pseudometric d. Then, for any to € T,

A(T)/2
Esup X, < 42 / In(N (T, d, v))du, (8.47)
0

teT
A(T)/2
Esup | X¢| < 4\/5/ VIn@N (T, d, u))du. (8.48)
teT 0

Remark 8.24. Inequality (8.48) with constant 84/2 (but without the factor 2 inside
the logarithm) follows also directly from (8.47) in the case of symmetric processes;
see Exercise 8.10. It is known that these inequalities are sharp up to logarithmic
factors if (X} ):er is a Gaussian process, T is a subset of a finite-dimensional space,
and d is induced by a norm; see also the Notes section.

Proof. We write A = A(T) for convenience. Without loss of generality we may
assume that A < oo because otherwise it is straightforward to check that the right-
hand sides in (8.47) and (8.48) are infinite so that there is nothing to prove.

We set g, := 27"A and N,, := N(T,d,¢e,). By definition of the covering
numbers, we can find subsets T, C T of cardinality at most N,, such that for all
t € T there exists s € T}, such that d(t,s) < e,. We write s = ¢, (t) for this
particular s.

Let us first bound E max;c7, X;. To this end we observe that

max X = max(Xe = Xoos) + Xouoan) < max(Xe = Xo,_y0) + max Xe.

Note that \/E(Xt —X4,_.))? < epq forallt € T, by definition of the
pseudometric d and ¢,,. Therefore, Proposition 7.29 yields

< 1.
E?el%th < EténT:ffl X: +vV2InN,e,_1
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Moreover, Emaxiecr, Xy < +/2In N7 A. By induction and since N (T, d,e,) <
N(T,d,u) forall u € [g,,11,,] we obtain

Emax X, < v/2InNiA + > V2InNjej
n =

=2 21nN1€1+Z4 21DNJ‘(<€]‘—6J‘+1)
j=2

<4\/_Z/ \/1n./\/Tdudu<4\/_/ In N(T, d, u)du.
€j+1

By using (7.37) we similarly obtain

A/2
Emax | X;| < 4\/5/ VIn 2N (T, d, u))du.
S n 0

It remains to pass from 7T, to the full set T". If T' is finite, then T;, = T for some large
enough n and we are done. If 7" is infinite, then by definition of the lattice supremum
(8.39), we consider an arbitrary finite subset F' of T'. Then, for any n € N, by
Proposition 7.29

Esup X; < E sup X; + Esup(X; — Xy, (1))
teF teTy teF

A/2
<42 / VIn (N(T, d, u))du + \/21In(card(F))e,,
0

Since this bound is valid for any n € N and since €,, — 0 as n tends to co, we obtain
the claimed bound for any finite subset F' of T'. Taking the supremum over all finite
F establishes the claim for E sup, .7 X¢. The one for Esup,c | X¢| is deduced in
the same way. O

The technique in the previous proof is usually referred to as chaining.

8.7 Slepian’s and Gordon’s Lemmas

Slepian’s lemma and its generalization due to Gordon compare extrema of two
families of Gaussian random variables. The basic idea is that the distribution of
a mean-zero Gaussian vector is completely determined by its covariance structure.
This suggests to compare expectations of functions of the two families by means of
comparing the covariances.

Slepian’s lemma reads as follows.
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Lemma 8.25. Let X,Y be mean-zero Gaussian random vectors on R™. If
E|X; — X;|? <E|Y; - Y;* foralli,j € [m], (8.49)
then

E max X; < [E maxY;.
J€[m] J€[m]

Remark 8.26. The Lo distances above can be written in terms of the covariances
ElX; — X;|* =EX? - 2EX; X; + EX.

Under the additional assumption that IEXJ2 = EYJ—Q, condition (8.49) reads therefore
EX; X}, > EY};Y). In particular, comparison of the covariance structures of X and
Y allows to compare the expected maxima of the two Gaussian vectors as claimed
above.

Gordon’s lemma stated next compares expected minima of maxima of Gaussian
vectors. Slepian’s lemma is the special case that n = 1.

Lemma 8.27. Let X; ;, Y, ;, i € [n],j € [m], be two finite families of mean-zero
Gaussian random variables. If

B|X:,; — Xpo|? <E|Y;,; — Yiel® foralli#kandj,?, (8.50)
E|X;;— Xio> 2 BlY; ; = Yiel*  fori,j,¢, (8.51)

then

E min max X; ; > Emin max Y; ;.
i€[n] j€[m] " i€[n] j€[m]

Remark 8.28. Both Slepian’s and Gordon’s lemmas extend to Gaussian processes
indexed by possibly infinite sets. In particular, if X = (Xi)ier, Y = (Yi)ter
are Gaussian processes (recall that by definition this means that any restriction
X1, = (Xt)ter, to a finite subset Ty C T yields a Gaussian random vector) and if
E|X, — X¢|? <E|Y, — Y;|? for all s,t € T, then Slepian’s lemma states that

Esup X; < EsupY;,
teT teT

where the suprema are understood in the sense of a lattice supremum (8.39).
Indeed, by the finite-dimensional version in Lemma 8.25, this relation holds for
the restriction to any finite subset 7 so that the above inequality holds.

In a similar sense, Gordon’s lemma extends to doubly indexed Gaussian
processes.
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The proof of Gordon’s lemma requires some preparation. We say that a function
F : R™ — R is of moderate growth if for each 5 > 0,

lim  F(x)exp(—p|x|3) = 0. (8.52)

lIx[l2—o00

Our first technical tool is the Gaussian integration by parts formula—-also known
as Stein’s lemma—and its generalization to higher dimensions.

Proposition 8.29. Let F' : R™ — R be a differentiable function such that F' and
all its first-order partial derivatives are of moderate growth.

(a) Let g be a mean-zero Gaussian random variable and m = 1. Then
E[gF(9)] = Eg’EF’(g). (8.53)

(b) Let g = (g1,...,9m) and § (not necessarily independent of g) be such that
(g, &) is a Gaussian random vector. Then

m

EjF(g) = > E(jg,)E [%g)} : (8.54)

j=1

Proof. (a) Setting 72 = Eg? and using integration by parts yield

EgF(g) = 2171'7' /_OO texp(—t%/(21%))F(t)dt

_ T /Oo exp(—2/(272)) F' (1) dt = Eg*EF'(q).

27T J oo

The moderate growth condition ensures that all integrals are well defined and
that exp(—t2/(272))F(t)‘iooo =0.

(b) Consider the random variables ¢ = g; — g%qggf. They satisfy Egig = 0,
and therefore, the Gaussian random vector g’ = (g4,...,9,,) is indepen-
dent of g. Using Fubini’s theorem and applying (8.53) to ¢t — F(g] +
tE[gg1]/Eg?, ..., g, + tE[Ggm]/Eg?) conditionally on g’ yield

. _ _Egg _Eggm
EjF(g) = EGF (¢, + j—==,.... 4.
gF(g) = Eg (91+9E§2, Im + 9 g
o= Egg; . OF _Egg1 _Eggm
=E?Y —LE— (g Y
7 Z Sl G R

This completes the proof. a
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We will also require the following standard result in integration theory.

Proposition 8.30. Let ¢ : J x 2 — R be a function, with J C R being on open
interval. Let X be a random variable with values in (2 such that t — ¥(t, X)
is almost surely continuously differentiable in J. Assume that for each compact
subinterval I C J,

Esup ¢/ (t, X)| < cc. (8.55)
tel

Then the function t — ¢(t) = Eu(t, X) is continuously differentiable and
¢'(t) = B’ (t, X). (8.56)

Proof. Let t be in the interior of J and consider a compact subinterval I C J
containing ¢ in its interior. For h € R\ {0} such that t + h € I we consider the
difference quotients

ontt) ;= LN Z00 1) =

Yt +h, X) =Yt X)
h

By the mean value theorem there exists £ € [t,t + h] (or £ € [t + h,t] if h < 0)
such that ¥’(§, X) = ¢ (¢, X ). Therefore, |ty (¢, X)| < sup,e; [¢(t, X)|, and by
(8.55), 11 (t, X) has an integrable majorant. By Lebesgue’s dominated convergence
theorem, we have

so that ¢ is continuously differentiable and (8.56) holds. a
The crucial tool in the proof of Slepian’s and Gordon’s lemmas is stated next.

Proposition 8.31. Ler F' : R™ — R be a differentiable function such that F' and all
its partial derivatives of first order are of moderate growth. Let X = (X1, ..., X;n)
andY = (Yh,...,Y,) be two independent mean-zero Gaussian vectors. For t €
[0, 1], we define a new random vector U(t) = (U1 (), ..., Un(t)) with components

Ui(t) = VX, + V1 —1tY;, i€ [m] (8.57)
Then the function
¢(t) = EF(U(1))

has derivative
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ZIE { axz (t))} . (8.58)

If, in addition, F' is twice differentiable with all partial derivatives of second order
of moderate growth, then

S B O*F
¢t) =5 ijZZI(EXin - EY;Y;)E [m(U(t))} : (8.59)

Proof. We note that

where clearly

d 1 1

Ulit) = —U;(t) = —X; — ———Y.
i(®) dt ®) 2Vt 2v/1—t

By Proposition 8.30 it therefore suffices to verify (8.55). For a compact subinterval
I =[a,b] C (0,1), we have

- (U()] < Esup U0 sup £ (U (1)

< [Esup|U/(t Esu )2,
te?' \/ te?|3$z ))l

where the last inequality follows from the Cauchy—Schwarz inequality. We treat
both expectations above separately. The triangle inequality gives

1 1
/E Ult)? <A|E—XZ2 4 [E——Y? .

‘gF is of moderate growth, there

Esup [Uj(t)
tel

For the second expectation choose 3 > 0. Since
exists A > 0 such that

< Aexp(B||z||3) forallz € R™.

‘ oF ()

6:51-

Furthermore,

U@z < VHIX|l2 + VI =] Y]z < 2max{||X]|2, | Y2},
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and hence,

oF
8171'

sup
tel

<U<t>>' < Amax{exp(48]X]2), exp(48] Y[2)}.

Since X and Y are mean-zero Gaussian vectors, there exist matrices I', I such that
X =Tgand Y = I'g’ where g, g’ are independent standard Gaussian vectors.
Therefore,

oF
Bsup | 51 (U(0)| < AB [oxp (4911 algl + 451713 1)
—AHE exp(48||T|3-,297) H exp (4|’ HQ%Q(g‘]) )]
i=1 J=1

=A(1 - 8ﬁ||I‘|\§H2)_m/2(1 - 86|‘I‘/H2»2)_m/2 < o0.

The last equality follows from Lemma 7.6 with § = 0 and a choice of 8 > 0 such
that 88 max{||T|3_,5, |T'|3_2} < 1. (Recall that 3 > 0 can be chosen arbitrarily
and influences only the constant A). This completes the proof of (8.58).

For (8.59) we observe that EU/(t)U;(t) = 1(EX;X; — EY;Y;). The Gaussian
integration by parts formula (8.54) yields

OF 1 & 9*F
E |Ul(t )| == (EX;X; —EY;Y;) E——— t)).
vig | = 3 > B g (U()
This completes the proof. a

The next result is a generalized version of Gordon’s lemma. Since we will
require it also for not necessarily differentiable functions F', we work with the
distributional derivative; see Sect. C.9. In particular, we say that a function F' has

positive distributional derivatives and write % > 0 if, for all nonnegative twice
1O
differentiable functions g with compact support,

0%g
/R | F) (x> 0

Integration by parts shows that this definition is consistent with positivity of Bz ax
when F' is twice differentiable.

Lemma 8.32. Let F' : R™ — R be a Lipschitz function, i.e., |[F(x) — F(y)| <
L||x — yl||2 for all x,y € R™ and some constant L > 0. Let X = (X1,...,Xpm)
and Y = (Y1,...,Y,,) be two mean-zero Gaussian vectors. Assume that (in the
distributional sense)
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(BIX: - X, — BJYi - m% S0 forallijefm],  (8.60
and
F(x+te)=F(x)+ct forallx e R™ (8.61)
where e = (1,1,...,1) € R™ and c is some constant. Then

EF(X) <EF(Y).
Proof. Observe that the Lipschitz assumption implies
[F(x)| < [F(0)] + Llx|2, x€R™, (8.62)
so that ' is of moderate growth.

We first assume that F' is twice continuously differentiable such that its deriva-
tives up to second order are of moderate growth. We note that (8.61) implies

Z axz axj =0 forallie [m],x € R™. (8.63)

82
(In fact, (8.63) and (8.61) are equivalent.) This observation implies that — =

Ox
O°F d btai
— > iy iz 7—=—and we obtain
=157 0x;0z;

%

EX; X, — EY}Y;
Z ( )6:1018%

ij=1

m ) ) m 82F 82
=Y (EX?-EY?) > +) (EX:X; —EY;Y))5——
i=1

Py ¥ ;02 oy O0x;0x;
1 2 2 2 2 82F
= -2 (EX? - EY? + EX] - EY} - 2(EX,X; - EY}Y})) =——
2 oy O0x;0x;
1 & 0’F
=-= E|X; — X;|*> - EY; — Y;|? <0
22( | il | gl)axiaxj_

ij=1

by (8.60). Therefore, the function ¢ of Proposition 8.31 has nonpositive derivative
and EF(X) < EF(Y) (noting that we can assume without loss of generality that
the random vectors X and Y are independent).
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In the general case where F' is not necessarily twice continuously differentiable,
we approximate F' by twice continuously differentiable functions. To this end, we
choose a nonnegative twice continuously differentiable function ¢ with support
in B(0, 1), where we denote B(y,h) = {x € R™ : ||x — y|l2 < h}, such
that me x)dx = 1. Let ¢, = h™™(x/h), h > 0, which also satisfies
me Yp(x = 1. We introduce smoothed versions F} of the function F' via
convolution

Fiu(x) = Fxn(x) = - F(y)¢n(x —y)dy. (8.64)

Since [p,. ¥n(x)dx = 1 and suppyyp, C B(0,h) = {x € R™ : [|x[|2 < h}, we

have

Fu(x) — F()| = | / (%))on(x — y)dy]

< / F(y) — F()n(x — y)dy < / Llly = xllavn(x — y)dy
B(x,h) B(x,h)
< Lh,

where we have also used the Lipschitz assumption. In particular, F}, converges
uniformly to F' when h — 0. Moreover, Lebesgue’s dominated convergence
theorem allows to interchange the integral and derivatives, so that F} is twice
continuously differentiable, and

oFy, On O*F, 9%y,
= ( 6:51- ) ’ and 6:101-6%» = 6:101-6%» '

By (8.62) and since 15, has compact support and is twice continuously differen-
tiable, it is straightforward to verify from the definition of the convolution (8.64)
that the partial derivatives of Fj, up to second order are of moderate growth.
Furthermore, for any nonnegative twice continuously differentiable function g on
R"™ with compact support, it follows from Fubini’s theorem that

d%g
/mF( )6:1016967 /m /m _X)dy(’“)xiaxj ()

_ &g
= [ F) [ oty =205 Gy

62
= | ) W ) )y (865
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The last identity, i.e., the interchange of taking derivatives and convolution, is
justified again by Lebesgue’s dominated convergence theorem. Since both ¢, and g
are nonnegative, the function 1, * g is nonnegative as well. It follows from (8.65)
and from the assumption (8.60) on the distributional derivatives of F' that (8.60)
is valid also for F}, in place of F. Also the property (8.61) extends to F}, by the
following calculation:

Fy(x + te) = / Flx + te — y)in(y)dy = / (F(x - y) + ctypn(y)dy

m m

= Fp(x) + ct Yp(x)dx = Fp(x) + ct.
]Rm

From the already proven statement for twice continuously differentiable functions
it follows that EF},(X) < EF},(Y) for all 4 > 0. By uniform convergence of Fj, to
F we have

EF(X) = lim EF,(X) < lim EF,(Y) = EF(Y).
h—0 h—0

This completes the proof. a

Remark 8.33. The Lipschitz assumption in the previous lemma is not essential but
simplifies the proof. The result can also be shown under other conditions on F'—in
particular, as used in the proof, for twice differentiable F' such that F’' together with
all its derivatives up to second order is of moderate growth.

Now we are prepared for the proof of Gordon’s lemma, which in turn implies
Slepian’s lemma as a special case.

Proof (of Lemma 8.27). Let

F(x) = min max x;;,
i€[n] j€[m]

where X = (4j)ic[n],je[m] is a doubly indexed vector. Then F' is a Lipschitz
function (with Lipschitz constant 1). We first aim at verifying (8.60). Since this
condition involves only derivatives in two variables at a time, we can fix the other
variables for the moment, which simplifies the notational burden. Setting ¢ = x;;
and s = x¢ and fixing all other variables, we realize that F' takes the form

F(x) = A(t, s) := max{a(t), 8(s)} ifi=k,
or

F(x) = B(t,s) := min{a(t), B(s)} ifi#k,
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where both « and 3 are functions of the form

a ift <a,
gt) =<t ifa<t<hb, (8.66)
b ift > b.
Here a < b are some numbers that may possibly take the values ¢ = —oo and

b = 400. We claim that the distributional derivatives of A and B are nonnegative.
To prove this, for A we note that

A(t,s) = 5 (a(t) + B(s) + |a(t) — B(s))).

DO =

Therefore, a partial weak derivative of A is given by (see Sect. C.9 for the notion of
weak derivative, which coincides with the distributional derivative once it exists)

D A(t3) = 3 a'(1) + o (tsen(olt) — 5(5))
B 0 it ¢ ¢ [a, 0],
- { Ly Logn(t — B(s)) ift € [a,d] (8.67)

where o’ is a weak derivative of o (see Exercise 8.12) and a, b are the numbers
defining « (see (8.66)). The function s — sgn(t — ((s)) is nonincreasing in s,
and therefore, the distributional derivative 82—;14 is nonpositive as claimed; see also
Exercise 8.12(c). 52

Nonnegativity of 57 B follows similarly by writing

B(s, t) = min{a(t), B(s)} = (a(t) + (s) — |a(t) = 5(s)])/2.

Therefore, we showed that (in the sense of distributional derivatives)

0*F
—— <0 ifi=k
8$ij817kg - e ’
O*F
— >0 ifi#k.
8$ij817kg - e 75

It follows from assumptions (8.50), (8.51) that

O*F
E|X; i — Xpol? —E|Y;; —Yiy|))————— <0 foralli,j kL. 8.68
( | 5] k-,l| | »J k-,£| )8:617(’“):5;@@ = ora 7’5.]7 ) ( )

Moreover, the function F satisfies F'(x 4+ te) = F(x) + t. The conditions of
Lemma 8.32 are therefore satisfied for —F, and we conclude that EF(X)
EF(Y).

o
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8.8 Concentration of Measure

Concentration of measure describes the phenomenon that Lipschitz functions on
high-dimensional probability spaces concentrate well around their expectation. We
present a precise statement for Gaussian measures. The proof of our first theorem
uses the auxiliary tools developed in the previous section and is rather short, but only
gives the nonoptimal constant 4 in the probability decay; see (8.70). With a more
sophisticated technique based on the entropy of a random variable, we provide the
optimal constant 2 in Theorem 8.40 below.

Theorem 8.34. Let f : R™ — R be a Lipschitz function, i.e.,

Ifx) = fWI < Llix—yl2 forallx,y € R", (8.69)

for a constant L > 0. Let g be a standard Gaussian random vector. Then for all
t>0

2
P(f(e) ~ Elf@)] 2 0 < e (75 ) (5.70)
and consequently
2
P(1S(e) ~ ELA )] 2 ) < 20w (-2 5.71)

Proof. We first assume that f is differentiable. Let X,Y be independent copies of
g. We use the Laplace transform method which, for a parameter 6 > 0, requires to
bound

¥(0) == Eexp(0(f(X) — E[f(Y)])).
The convexity of ¢ — exp(—6t) and Jensen’s inequality yield
¥(0) < Eexp(6(f(X) - f(Y))) = EGos(X,Y),

where we have set Gy(x,y) = exp(6(f(x) — f(y))). The concatenated vector
Z = (X,Y) is a standard Gaussian vector of length 2n. Let X’ denote an
independent copy of X and let W = (X', X'). For 0 < ¢ < 1, define U(t) =
VIZ + VT—1tW and ¢(t) = EGy(U(t)). Clearly, $(0) = EG(X',X') =
Eexp(8(f(X') — f(X'))) = 1. As the next step, we use Proposition 8.31 to
compute the derivative of ¢. To this end, we note that EX; X; = EX/X J’ = 0y
and EX;Y; = 0 for all 7, j. Furthermore, it follows from the Lipschitz assumption
(8.69) that GGy is of moderate growth; see (8.52). Therefore, (8.59) yields
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¢’(t):% 3 (EZiZj—IEWin)E[

i,J€[2n]
£y o
axzayz
The partial derivatives of Gy are given by

0°Gy _ 2 Of, Of n
6$iayi(x’Y)__6 6 ( )6yz( )GG(X7Y)7 vaER .

8%Gy
W(U(t))}

Since we assumed f to be differentiable it follows from the Lipschitz assumption
(8.69) that

2

"o
! <IL? for all x € R™,

IVF&)II3 = Z oz, X

so that the Cauchy—Schwarz inequality yields

1

<OE[VIX)[2lIVF(Y)I12Go(UE) < 0*L*EGo(U(t)) = 0*L7(2).
Since ¢(t) > 0, we may divide by it, and setting 7(¢) := In ¢(¢) shows that

7'(t) < 62 L2
Together with ¢(0) = 1, this differential inequality implies by integration that
1
1) < / 0L%dt = 6*L?,
0
and consequently,
¥(0) < ¢(1) = exp(r(1)) < exp(6*L?).
For t,6 > 0, Markov’s inequality yields
P(f(X) — Ef(X) = t) < ¥(6)e"" < exp(62L — ).

Choosing § = t/(2L?) (thus minimizing the last term) yields the claimed inequality
(8.70).
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In the general case where f is not necessarily differentiable, for each ¢ > 0, we
can find a differentiable Lipschitz function g with the same Lipschitz constant L
such that | f(x) — g(x)| < € for all x € R"; see Theorem C.12. It then follows that

P(f(X) —Ef(X) > t) <P(g(X) - Eg(X) >t — 2¢)
< exp(—(t — 2¢)%/(4L?)).

Since € > 0 is arbitrary, (8.70) follows also for general, not necessarily differen-
tiable Lipschitz functions.

By replacing f with —f we obtain P(Ef(X) — f(X) > t) < exp(—t2/(4L?)).
Then the union bound gives (8.71). O

In order to improve on the constant 4 in (8.70) we will use an alternative approach
based on the concept of entropy of a random variable. We introduce the convex
function

¢(x) := xln(z), x>0,

which is continuously extended to z = 0 by ¢(0) = 0. For a nonnegative random
variable X on some probability space ({2, X, P), we then define the entropy as

&(X) = E[¢p(X)] — ¢(EX) = E[X In X] — EX In(EX). (8.72)

If the first term is infinite, then we set &(X) = oo. By convexity of ¢, it follows
from Jensen’s inequality that £(X) > 0. The entropy is homogeneous, i.e., for a
scalart > 0,

&(tX) = EftX In(tX)] — E[tX] In(tEX)
— tE[X In X] + tE[X In#] — tE[X]Int — tE[X] In(E[X]) = t&(X).

The basic idea of the entropy method for deducing a concentration inequality for
a real-valued random variable X is to derive a bound on the entropy of ¢/X, for
6 > 0, of the form

&) < g(OE[™] (8.73)

for some appropriate function g. Setting F'(f) := E[e?¥]

equivalent to

such an inequality is

&) = 0F'(0) — F(0)In F(0) < g(6)F(0). (8.74)
Setting further G(6) = 6~ In F(0) yields

G'(8) < 6729(6).
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Noting that G(0) = limg_,0 0~ In F(8) = F’'(0)/F(0) = E[X], this shows by
integration that G(6) — E[X] < foe t=2g(t)dt or

0
E[e! X —EXD] < exp (9/ t_zg(t)dt> , 60>0. (8.75)
0

Then one uses Markov’s inequality to derive a tail bound for X — E[X]. This way
of reasoning is usually called the Herbst argument.

Before applying this idea in our specific situation, we provide some first results
for the entropy. We start with a dual characterization.

Lemma 8.35. Let X be a nonnegative random variable satisfying E[X] < oc.
Then
E(X) =sup{E[XY]: Elexp(Y)] < 1}. (8.76)

Proof. We first deal with the case that X is strictly positive. By homogeneity of the
entropy we may and do assume EX = 1. The Fenchel inequality (B.10) yields, for
Y satisfying Elexp(Y)] < 1,

E[XY] < E[exp(Y)] + E[X In X] — E[X] < E[X In X] = &(X).

This shows that the right-hand side in (8.76) is smaller than or equal to the left-
hand side. For the converse direction, we choose Y = In X — In(EX), so that
&(X) = E[XY]. This choice satisfies

Eexp(Y) = E[X]exp (— In(EX)) = 1.

Therefore, the right-hand side in (8.76) majorizes &(X).
The case of a general nonnegative random variable X follows from continuity of
¢ in 0 and from a simple approximation argument. O

Remark 8.36. (a) Substituting Y = In(Z/EZ) for a positive random variable Z in
(8.76) shows that
&(X) =sup{E[X In(Z)] — E[X]|In(E[Z]) : Z > 0}, (8.77)

where the supremum is taken over all positive integrable random variables Z.

(b) A simple consequence of the previous lemma is the subadditivity of the entropy,
i.e., for two nonnegative random variables X and Z, we have &(X + Z) <
E(X)+E(2).

For a sequence X = (X1, ..., X,,) we introduce, for any ¢ € [n], the notation

X(Z) = (X17'- '7Xi—luXi+17' 7X71)
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For a function f of X, we write
Ex,/(X) =Ex, [f(X1,... Xip. ., Xo)] =E[fOIXO]  8.78)

for the conditional expectation, which is still a function of the random vari-
ables X1,...,X;—1, Xit1,...,Xn. In other words, Ex, f(X) “integrates out” the
dependence on X; and is constant with respect to X;. Then we define the conditional
entropy of f(X) as

Ex,(f(X) = & (FOXD) = Ex, (6(f(X)) ~ 6 (Ex, (F(X))
= B, [f(X) In f(X)] ~ Ex, [f(X)]In (Ex, [f(X)])

Clearly, &x, (f(X)) is still a random variable that depends on X(9), i.e., the entropy
is taken only with respect to X;. The tensorization inequality for the entropy reads
as follows.

Proposition 8.37. Let X = (X1,...,X,) be a vector of independent random
variables and let | be a nonnegative function satisfying E[f (X)] < oc. Then

E(f(X) < E

S ay, <f<X>>]. 8.79)
=1

Proof. We may assume that f is strictly positive. The general case follows from
an approximation argument exploiting the continuity of ¢ at 0. We introduce the
conditional expectation operator E* defined by

E'f(X)] = Ex,...x. [f(X)] = Ef (X)X, ..., Xa],
which “integrates out” the dependence on the first ¢ — 1 random variables X1, ...,
X;_1. We have E![f(X)] = f(X) and E""1[f(X)] = E[f(X)]. A decomposition
by a telescoping sum gives
In(f(X)) = mE[f(X)]) = > WEF(X)]) - mE[F(X)]). (880
i=1

The duality formula (8.77) with Z = E*[f(X)] > 0 yields

Ex, [f(X) (In(E'[f(X)]) - In(Ex, [E'[f(X)])] < &x, (f(X)).
Observe that by independence and Fubini’s theorem

Ex, [E'[f(X)]] = Ex.Ex, ..x,, [f(X)] = ET [f(X)].
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Multiplying by f(X) and taking expectations on both sides of (8.80) yield

&(f(X)) = E[f(X)(In(f (X)) — m(E[f(X)]))]
=Z [Ex, [f(X)(n(Ef(X)]) - n(Ex, [E[f(X))]]
=2 ml
This completes the proof. a

The key to establishing Gaussian concentration of measure is the logarithmic
Sobolev inequality. We start with the one for Rademacher vectors.

Theorem 8.38. Ler f : {—1,1}" — R be a real-valued function and € be an n-
dimensional Rademacher vector. Then

=5 lzn: (16 ))Q] : (8.81)

i=1

& (f*(e)) <

DO =

where € = (€1, -y €im1y, —€iy €it1, - - -, En) Is Obtained from € by flipping the ith
entry.

Proof. By the tensorization inequality (Proposition 8.37) we have

& (f*(e)) <E

S, (f?(e))] .

i=1

Therefore, it suffices to show that, for each i € [n],
2y < 1 SONS
£.7(7) = 5. | (10 - 1)’ 552

Given any realization of (ey,...,€-1,€i+1,...,€n), f(€) (as well as f(€ l))) can
take only two possible values denoted by a,b € R. Then, by definition of the
entropy, the desired inequality (8.82) takes the form

(a®In(a®) + b*In(b?)) —

DO =

a2—|—b21n a? + b2 1
2 2 =

In order to establish this scalar inequality, we define, for fixed b, the function
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H(a): (a21n(a2)+b21n(b2))_ a +b In (a +b ) —l(a—b)Q,

2 2 2

N —

The first and second derivatives of H are given by

2a? 2a?
HN(G) = ln (aQ——I—bQ) + 1 — m

We see that H(b) = 0 and H'(b) = 0. Using Inz < x — 1, we further obtain
H"(a) < 0forall a € R so that H is concave. It follows that H(a) < 0 for all
a € R, which finally establishes (8.82), and thereby the claim. a

The right-hand side of the logarithmic Sobolev inequality (8.81) for Rademacher
vectors involves a discrete version of a gradient. The Gaussian logarithmic Sobolev
inequality stated next features a true gradient.

Theorem 8.39. Let f : R™ — R be a continuously differentiable function
satisfying E [¢(f2(g))] < oo for a standard Gaussian vector g on R". Then

& (f*(g)) <2E[IVf(2)ll3]- (8.83)

Proof. We first prove the theorem for n = 1 and g being a standard normal random
variable. We start by dealing with a compactly supported f. Since f’ is uniformly
continuous in this case, its modulus of continuity w(f’,0) := supj,_, <5 |f'(t) —
f'(uw)] satisfies w(f’,d) = 0asd — 0.

Let € = (e1,...,€y,) be a Rademacher vector and set

1 m
S = ﬁ;q.

The idea is to use Theorem 8.38 and the fact that, by the central limit theorem, S,
converges in distribution to a standard normal random variable. An application of
(8.81)to f(€) := f(Sp,) yields

& (F2(Sm)) < %E > (fte) - f(e“)))ﬂ
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For each ¢ € [m], we notice that

sa-r (o2

2ei Sm / ’
S TUCOR R OBV ERT

< 1P+ o (112 ).

It follows that

m

S (1 (oo 2)

3

<4 (f’(Sm)2 2 (S (f', %) tw (f', %)) |

By the boundedness of f and f’, the central limit theorem (Theorem 7.8) implies
that E[f'(Sm)?] — E[f'(9)’] and &(f*(Sm)) — &(f*(g9)) as m — oo
Altogether, we obtain the desired inequality

E(f*(9) < 2E[f'(9)*] -

Let us now turn to the general case where f does not necessarily have compact
support. Given a small € > 0, the assumption that E [¢( f 2(9))} < oo ensures the
existence of T' > 0 such that for any subset [ of R \ [T, T,

\/%/W(f(t)z)ﬂeﬁmdtﬁa and \/%_/etz/thSa.
m™JI mJr

Let us consider a continuously differentiable function h satisfying 0 < h(t) < 1
for all ¢ € R, as well as h(t) = 1 for all ¢t € [-T,T] and h(t) = O for
allt ¢ [-T —1,T +1]. We set f := fh, which is a continuously differentiable
function with compact support. The previous result applies to give

&(f*(9)) < 2E[f'(9)7).
By subadditivity of the entropy (see Remark 8.36(b)), we have
E(12(9) = (F2(9) + 2 (9)(1 = 1P(9)) < E(f2(9) + E(f*(9)(1 = h*(9)))-

Let us now introduce the sets I; = {t € R : |t| > T,f(t)> < e} and
L:={teR:|t|>T,f(t)* > e} Then
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B[P0 -] = o= [ PO ree

F2(t)e gt (et dt

- 27T I V2r Ji,
< g4 — [ p(F2(t)e tdt < (e + 1)e. (8.84)
Vor Jr, V2r Ji,

Therefore, |¢ (E [f2(g)(1 — h2(9)])| < |¢((1 + e)e)| if ¢ is sufficiently small.
Introducing the sets I, == {t e R: |t| > T, f(t)2(1 — h3(t)) < e} and
L:={teR:|t| >T,f(t)*(1 — h?(t)) > e} and denoting k = max;co ¢ |p(t)| =

e~ 1, we have

E [6(f2(9)(1 = 1*(9)))]|

Kk o t/2 L 2 12 o t/2
S%ﬁﬂl ﬁ+J_IfU(K RA(t))e " 2t
< ke + \/—_ A (b(fz(t))e*t P2dt < (K +1)e.

By the definition of the entropy, this gives

E(f2(9) (1= h*9) <|o (B [f2(9)(1 = h*(9)])] + |E [o(f*(9)(1 — h*(9)))]|
<|p((e+1)e)| + (k + 1)e.

At this point, we have obtained
E(f2(9) < 2E[f'(9)%] + (1 + K)e + [o((1 + e)e)].
Now, using the triangle inequality, we have
E[f'(9)°]"/% = E[(f'h + 1)) (9)*]"/? < EI(f'h)(9)°]"/* + E[(f1)(9)*]"/>.

We remark that E[(f'h)(g)?] = E[f'(9)*h(9)?] < E[f(g9)?] and that

E[(fh')(g)* / FO2 ()2t 2ar < 1 17112 F(6)2e2at
v 2m V2r Jnun
< (e+ D)|[1'[|%e, (8.85)

where we have used (8.84). We conclude that E[(fh')(g)?] < ||h'[|%, (e + 1)e. As a
result, we obtain E[f(¢)2]1/2 < E[f"(9)2]Y/2 + |1/ ||s ((e + 1))*?. Overall, we
have shown that
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E(f2(9)) < 2 (ELF (92172 + 17 oo (e + 1)6)”2)2 +1o((1+e)e)| + (5 + e,

Since this result is valid for all sufficiently small £ > 0 and since lim;_,¢ ¢(t) =
¢(0) = 0, we conclude that

E(f*(9) <ELf'(9)°].

This is the desired claim for n = 1.
For arbitrary n, we apply the tensorization inequality (8.79) to obtain

S(7(®) <E|D6,(7)| <2 lz (@) | -2 (Vs @I
This completes the proof. O

With the Gaussian logarithmic Sobolev inequality at hand, we are prepared to
show the improved version of the concentration of measure inequality for Lipschitz
functions.

Theorem 8.40. Let f : R™ — R be a Lipschitz function with constant L in
(8.69). Let g = (g1, . - ., gn) be a vector of independent standard Gaussian random
variables. Then, for all t > 0,

2
P(f(e) ~ Elf@)] 2 0 < e (575 ) (5.56)
and consequently
2
P(1f(e) - B @] 2 0) < 200 (- 555 ). 5.57)

Remark 8.41. The constant 2 in (8.86) is optimal in general. This follows from the
case n = 1, f(x) = x, and the lower tail bound for a standard Gaussian random
variable in Proposition 7.5.

Proof. We may assume that f is differentiable, so that the Lipschitz condition
implies |V f(x)|l2 < L for all x € R™. The general case follows similarly to
the end of the proof of Theorem 8.34.

For 6§ > 0, applying the Gaussian logarithmic Sobolev inequality (8.83) to the
function e?//2 yields

6.2

) e or 1 02L2
E(®) < 28 || Ve 23] = ZE [V @ |V (g)l3] < —-

E [eeﬂg) 7
(8.88)
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where the Lipschitz assumption was applied in the last step. (Note that the
hypothesis E [¢(e?*/(®))] < oo required for Theorem 8.39 holds because, again
by the Lipschitz assumption, we have e20/() < ¢201f(0)[oLOlIXIl> for a]l x € R™.)
The inequality (8.88) is of the form (8.73) with g(#) = L?6?/2. Therefore, the
Herbst argument leads to (8.75) in the form

0
E[ee(f(g)—JE[f(g)])] S exp <9/ t_zg(t)dt> — GXP(92L2/2)-
0

By Markov’s inequality, we obtain
P(f(g) — EL/(g)] > 1) < inf exp(—0E[!/®) =L &)
>

< énfoexp(—é‘t +60%L?/2) = exp(—t?/(2L?)),
>

where the infimum is realized for § = ¢/L2. Replacing f by —f yields the same
bound for P(E[f(g)] — f(g) > t), and the union bound finally implies (8.87). O

We close this section with the useful special case of the Lipschitz function || - |2,
which has constant L = 1. If g € R"™ is a standard Gaussian vector, then it follows
from Theorem 8.40 and Proposition 8.1 that

P(|lgl2 > v +t) <P(|gl2 > Ellglla +t) < e=*/2. (8.89)

8.9 Bernstein Inequality for Suprema of Empirical Processes

In this section, we present a deviation inequality for suprema of empirical processes
above their mean, which will become very useful in Chap. 12. Let Yi,..., Yy
be independent random vectors in C" and let F be a countable collection of
measurable functions from C” into R. We are interested in the random variable
Z = SUPpcr Zé]\il F(Yz), i.e., the supremum of an empirical process. In particular,
we study its deviation from its mean EZ.

Theorem 8.42. Let F be a countable set of functions F : C* — R. Let Y1,..., Yy
be independent random vectors in C" such that EF(Yy) = 0 and F(Y:) < K almost
surely for all ¢ € [M) and for all F € F for some constant K > 0. Introduce

Z =sup > F(Yy). (8.90)
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Let 0} > 0 such that E [F(Yy)?] < o} for all F € F and { € [M]. Then, for all
t>0,

t2/2
P(Z >EZ +1) < - 91
(ZzEZ+ )—eXp< 02+2KIEZ+L‘K/3)’ 8:51)

M
where 0? = ,_ | o7.

Remark 8.43. (a) If F consists only of a single function, then inequality (8.91)
reduces to the standard Bernstein inequality in Corollary 7.31. It is remarkable
that Theorem 8.42 reproduces the same constants in this more general setting.

(b) The deviation inequality (8.91) can be extended to a concentration inequality,
which is sometimes referred to as Talagrand’s inequality; see the Notes section.

(c) Theorem 8.42 holds without change if Z is replaced by

M
> F(vo)|-
=1

Before turning to the proof of the theorem, we present the following Bernstein-
type inequality for the norm of the sum of independent mean-zero random vectors.
Its formulation uses the dual norm; see Definition A.3 and in particular (A.5).

Z = sup
FeFr

Corollary 8.44. Let Y1,...,Y r be independent copies of a random vector Y on
C™ satisfying EY = 0. Assume |Y || < K for some K > 0 and some norm || - || on
C". Let

M
Z=> Y,
{=1
and
o? = sup E|(x,Y)|?, (8.92)
x€B*
where B* = {x € C",||x||« < 1} denotes the unit ball in the dual norm || - ||..
Then, fort > 0,
P(Z>EZ+1t) <exp - t/2 (8.93)
= =P\ " Mo2 +2KEZ + tK/3)" '

Proof. Introduce the random functions Fy(Y) := Re((x,Y)), x € B*. By the
characterization (A.5) of a norm by its dual norm we have
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Z = sup Re<x ZY@> = sup ZRe ((x,Yy)) = sup ZF (Yo).

xeB* = xeB* xGB*

Let B* be a dense countable subset of B*. Then Z = Sup, . 5= Zé\il Fx(Y¢) and

sup IEFx(Yg)2 = sup E[(x, Y>|2 = g2
xEB* xeB*

The random variables F(Y) := Re({x,Y)), x € B, satisfy EFy (Y) = 0and
are almost surely bounded, |Fx(Y)| < ||x|| Y]] < K. The conclusion follows
therefore from Theorem 8.42. O

We specialize to the case of the £2-norm in the next statement.

Corollary 8.45. Let Y1,...,Y p be independent copies of a random vector Y on
C™ satisfying EY = 0. Assume ||Y ||2 < K for some K > 0. Let

, EZ? = ME| Y3, (8.94)

and

Then, fort > 0,

t2/2
P(Z > VEZ2+t) <exp| — . 8.95
(Z2 )< p( M02+2K\/IEZ2+1€K/3> (899

Proof. The formula for EZ? in (8.94) follows from independence, and since
EY, =0

M M
EZ? = > E(Yr, Yy) = Y EI|Ye|3 = ME[Y]3.
£,k=1 £=1

By Holder’s inequality, we have EZ < +/EZ2. Therefore, the claim is a conse-
quence of Corollary 8.44. a

The so-called weak variance o in (8.92) can be estimated by

o? = sup E|(x,Y)|? <E sup |(x,Y)]* = E|Y|> (8.96)
xeB* xeB*
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Hence, the variance term o2 can be replaced by E[Y|? in Theorem 8.42 and
Corollaries 8.44 and 8.45. Usually, however, o2 provides better estimates than
E[Y||%. In any case, noting that || Y || < K almost surely implies 02 < E|Y|? <
K? yields the next consequence of Corollary 8.44.

Corollary 8.46. Let Y1,..., Y be independent copies of a random vector Y on
C™ satisfying EY = 0. Assume ||Y|| < K for some constant K > 0 and some

norm || - || on C™. Let Z = |32, YzH. Then, for t > 0,
P(Z >EZ+1) <e /2 (8.97)
xp [ — : :
= =P\ MK?12KEZ + Kt/3

We will derive the Bernstein-type inequality for suprema of empirical processes
as a consequence of a more general deviation inequality for functions in independent
random variables. Its formulation needs some notation.

For a sequence X = (X3, ..., X,) of independent random variables, we recall
the notation X(9 = (X1,...,Xi—1,X41,...,X,). (Note that below the X; are
allowed to be also random vectors. Since we take functions of those, it will, however,
not be important in which set the X; take their values, so that we will simply refer
to them as random variables.) Also, we recall the notation (8.78) of the conditional
expectation Ex, f(X) and the function h defined in (8.23), i.e.,

hiz) == (1+2z)In(1+2) — .
Then the Bernstein-type inequality for functions of independent random variables

reads as follows.

Theorem 8.47. Let X = (X1,...,X,) be a sequence of independent random
variables. Let f, g;, i € [n], be measurable functions of X and f;, i € [n], be
measurable functions of XV). Assume that

9:/(X) < f(X) - i(XD) <1, i€ln) (8.98)
and Ex, [g:(X)] >0, i€ n], (8.99)

as well as
D (FX) = fi(XD)) < f(X). (8.100)

=1

Suppose further that there exist B, o > 0 such that

1 n
gi(X)<B, i€ln], and E;]EXI. [6:(X)?] < o, (8.101)
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Setv = (1+ B)E[f(X)] + no?. Then, for all X\ > 0,
InE {er'(X)*E[f(X)D} < v —A—1). (8.102)

As a consequence, fort > 0,

PO 2 BIOO]+) < exp (b (1)) < exp <—#2t/3) |

(8.103)

Before we prove this theorem, we show how it implies the Bernstein-type inequality
(8.91) for suprema of empirical processes.

Proof (of Theorem 8.42). We assume that K = 1. The general case is deduced via
replacing F by F/ K.
Suppose first that F is a finite set. Let Y = (Y7,...,Yas). We define

and, for i € [M], we set

Let F; be the function in F for which the supremum is attained in the definition of
fi (recall that F is assumed to be finite). Note that F; may depend on Y@, but not
on Y;. Then we define

(ZF Y) YD) = Fu(¥)).

Further, Fy denotes the function in F for which the supremum is attained in the
definition of f. We obtain

M

gi(Y) < F(Y) = fi( YD) <D Fo(¥e) = Y Fo(Yo) = Fo(¥3) < 1

(=1 (i

This verifies condition (8.98) and the first condition in (8.101) with B = 1.
Moreover, since F; is independent of Y; and E[F;(Y;)] = 0,

M
Ey,9:(Y) = Ey, lz Fi(Ye) — ] ZF (Y,) — (YD) =0,
—1

0#£1
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which shows (8.99). Moreover,

M M
(M -1)f(Y) = ZZ Fo(Ye) < Zfi(Y(i))a
=1 (i i=1

so that also (8.100) is satisfied. Finally,

M M M
> By [g:(Y)] = By [Fi(¥)’] <D o7,
=1 =1 =1

which shows that we can choose ¢ as desired. An application of Theorem 8.47 yields
(8.91) for finite F.

To conclude the proof for countably infinite F, we let G,, C F,n € N, be a
sequence of finite subsets, such that G,, C G, 41 and U, yG,, = F. Introduce the
random variables

M

Zyn = sup F(Y,
FeGn; (¥2)

and, for ¢ > 0, the indicator random variables x,, := Iz, gz, >¢}. By monotone
convergence, lim,,_,, [EZ,, = EZ (note that the statement of the theorem implicitly
assumes that 7 is integrable), and we have the pointwise limit

lim x, =X,

n—oo
where x is the indicator random variable of the event {Z — EZ > t}. Clearly,
xn < 1, so that the sequence X, has the integrable majorant 1. It follows from
Lebesgue’s dominated convergence theorem that

n—roo

P(Z > EZ +t) = P(sup(Zn — EZ,) > t) = E [ lim xn} — lim Ex,
n n— o0

M M
= lim P [ sup F(Yy) > E | sup F(Ye)| +t
i sy 30 > | 30

<e t2/2
ol /2
=P\ T2y Ez+t/3)"

where we have used the just established estimate for finite sets of functions in the
last inequality. a

The proof of Theorem 8.47 uses again the concept of entropy of a random
variable as in the proof of the concentration of measure inequality for Lipschitz
functions in Sect. 8.8. We will use a variation of the Herbst argument outlined
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in (8.73) and the discussion afterwards. Setting F'(§) = Elexp(8f(X))], we will
develop a bound for the entropy & (e?/(X)) = 9F’(9) — F(6)In F(6) in terms of
F(0) = E[e?/(X)]. This will lead to a differential inequality of the form

OF'(0) — F(0)In F(0) < ~v(0)F(0)In F(0) + p(0)F ()

for some functions 7y and p; see (8.112) below. We will find a bound for any solution
of this differential inequality using Lemma C.13. This arguments lead then to the
statement of Theorem 8.47.

For our purposes we need some further properties of the entropy in addition to
the ones discussed in the previous section. We start with another characterization.

Lemma 8.48. Let X be a strictly positive and integrable random variable. Then

&(X) = inf E[p(X) — p(u) — (X —u)¢'(u)],

u>0

where ¢' () = In(x) + 1.

Proof. Convexity of ¢ implies that, for u > 0,

H(EX) > ¢(u) + ¢ (u)(EX — u).
By the definition of the entropy this yields

&(X) = E[¢(X)] - ¢(EX) < E[¢(X)] - d(u) — ¢ (u)(EX — u)
=E[p(X) — ¢(u) — ¢'(u)(X —u)]. (8.104)

Choosing © = EX yields an equality above, which proves the claim. a

We also require the following consequence of the tensorization inequality of
Proposition 8.37.

Corollary 8.49. Let X = (X4,...,X,,) be a sequence of independent random
vectors. Let [ be a measurable function of X and f;, i € [n], be measurable
functions of X9 (i.e., constant in X;). Set F(0) = Elexp(6f(X))] and let 6 be
such that F(6y) < co. Then, for any 6 < 0,

OF(0) = FOIn(F(0) < 3B [0 07 X) ~ £XO)]

where (x) :=e® —z — 1.

Proof. Suppose g is a positive measurable function of X and g; are positive
measurable functions of X, € [n]. Taking the entropy conditionally with respect
to X; in Lemma 8.48 (i.e., choosing u = g; (X(i)) in (8.104), so that u does not
depend on X;) yields
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Ex.(9(X)) < Ex, [sb(g(X)) — (g:(X")) = (9(X) = gi(X))¢' (9:(X1))
=Ex, [g(X)(ln(g(X)) —In(g:(X"))) = (9(X) — gz-(X(“))} : (8.105)
We apply the above inequality to g(X) = /) and ¢;(X) = e?(X™) (0 obtain
&x.(9(X)) = OEy, [ f(X)e"f<X>] “Ey, [e"ﬂxj InEx, [eef(x)}
Ey, [891"(7()(9 F(X) = 0f;,(XD)) — (25X eefxx“)))]
= Ex, | O(=0(£(X) = (X))

IN

Observe that F'(0) = E[f(X)e??X)] for § < 6. Therefore, an application of the
tensorization inequality (8.79) shows that

OF'(0) — F(0) In(F(9)) < IE [ f(X)e"f(X)} ) {eef(x)} InE [e"f<x>]

> éx, (g(X))]

=1

=&(9(X)) <E

<E|Y Ex, [Ou(-0(f(X) - fi(X(i))))”

i=1

=3 E |6 (X) = £i(XD)))] .

This completes the proof. a
As another auxiliary tool we need the following decoupling inequality.

Lemma 8.50. Let Y, Z be random variables on a probability space (12, X, P) and
6 > 0 be such that ¢Y and €% are P integrable. Then

O0E [YeP?] < 0E [ZeP?] — E [e??] InE [¢??] + E [¢??] InE [?Y] .

Proof. Let QQ be the probability measure defined via dQ = %ZZ—] dP with associated
expectation given by

E[X 7]

E@[X] = Wa

where E is the expectation with respect to P. Jensen’s inequality yields
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9EQ[Y — Z] = Eq {m(e"(Y*Z))} <InEg [eW*Z)} .
By definition of Eq this translates into

OE[(Y — Z)e%?]

0% 07
E[e?Z] <IE[e™] - InE[e™],

which is equivalent to the claim. O
The next statement is a consequence of Lemma 8.50 and Corollary 8.49.

Lemma 8.51. Let X = (X1,...,X,,) be a sequence of independent random
variables. Let f be a measurable function of X and f;, i € [n], be measurable
functions of X Let further g be a measurable function of X such that

n

> (FX) = (X)) < g(X). (8.106)

i=1
Then, for all 6 > 0,
S B[00 - XD < [ mE [0].
i=1
Proof. Denote F'(§) = E [eef(x)] and G(#) = E [eeg(x)]. We apply Corol-
lary 8.49 to f(X) and f;(X®) = f;(X®) + L InG(6), i € [n], to obtain

OF' () — F(0)In F(6)

E [e"ﬂx’ﬂf (_9(f(X) - [i(X®) - @N

<

-

=1

|

N
Il
-

B [G(0)! /e X — 109 1 95X g ()~ /,(X19)]

) [eef(x)] In G(6)

n

< GO)Yn <Z]E [eef'i<x<“>]> — nF(0) + 0K
=1

— F(0) InG(9)

1093 (F(X) - fi<x<i>>>]

i=1

n

< GO)Yn <Z E [eefﬂx(“)}) — nF(6) + 0E [ef)f@‘) g(X)} — F(0)InG(9)
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n

<G@O)Y" <Z E [e"fi(X“”D — nF(0) + 0E [ f(X)e" )]

i=1
—-E [eef(x)} InE [eef(x)} +E [eef(x)} InE [eeg(x)} — F(0)InG(9)
= GOV <zn: E [eefi(x(i))}> — nF(0) + 0F (6) — F(6) In F(6).
i=1

Hereby, we used the assumption (8.106) in the fourth step and Lemma 8.50 with
Y = ¢(X) and Z = f(X) in the fifth step. We rewrite this as

nF(9) < G(O)/" Zn: E [e/HX],

i=1

which in turn is equivalent to

Y E [e"f x) _ e"f“xm)} < nF(0)(1 - GO)~ /™).
1=1

The inequality e” > 1 + x implies then that

n(l—GO)™Y™) =n1 - e w G0y < InG(6),

so that
ZE {eef(X) _ eefi(x(i)):| < F(0)InG(6).
i=1
This completes the proof. O

Based on this preparation, we can now prove Theorem 8.47.

Proof (of Theorem 8.47). We define a(z) :=1— (1 + x)e™*, f(z) := ¢(—x) =
e~ % — 1+ z,and for 7 > 0 to be specified later,

a(-0)
0) = ———-—.
LS T e
Step 1:  We prove that, forz < 1,60,7 > 0,

B(0x) < 4(0) (a(0z) + O7a?e™07). (8.107)

To this end we introduce the function
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b(z) = B(0x) — () (a(0x) + o722~ 7).

Note that «(0) = B(0) = &/(0) = p/(0) = 0 so that b(0) = ¥'(0) = 0.
Furthermore,

B(—0)+0r=e’(1—e ¥ =0 +0re7%) = e (a(h) + m0e7),
which implies that (1) = 0. Furthermore,

b (z) =0(1—e % —5(0)(fze™ " + 2rwe™ " — 702°e"")) .

Therefore, lim, 10, 0'(z) = 0 and lim,_,_ b (x) = +oo. Next, observe
that we can write b”(z) = e~%%p(z) with a second-degree polynomial p with
leading coefficient —63v(0)7. If follows that b”(xz) = 0 has at most two

solutions. If there is no solution, then &’ is decreasing, which is a contradiction
to lim, oo b’ () = 400, ¥'(0) = 0 and lim,— 1o, b'(z) = 6. So let x1, 29
with ;1 < x5 be the (possibly equal) solutions. Then b’ is decreasing in
(=00, 1) U (z2,00) and increasing in (x1, z2). Since lim,_, 4 oo b/'(z) =0 > 0,
the equation b’'(z) = 0 can have at most two solutions, one in (—oo, x1) and
one in [r1,x2). Recall that ¥'(0) = 0, so denote by x5 the other solution to
b (xz) = 0.If z3 < 0, then b is increasing in (0, co), which is a contradiction to
b(0) = b(1) = 0. Therefore, z3 > 0, and b is increasing in (—oo, 0), decreasing
in (0,z3), and increasing in (x3,00). Since b(0) = b(1) = 0 this shows that
b(x) < 0 for z < 1, which implies the claimed inequality (8.107).

Step 2:  Next we use (8.107) with z = f(X) — £;(X?) and that a(x)e® = B(—x)
to obtain

BO(f(X) — f(XD))ef X
<1(8) (B-6(F(X) = Fi(XD)) +Br(F(X) — F(XD))2) <)
= ~(6) (891"(X) _ ﬁ(xm))
+07(0)e" X (T(f(X) — AKX Z (F(X) = fi(X(i)))) . (8.108)
Now we choose 7 = 1/(1 + B). Note thatif y < = < 1 and y < B, then
ot —e <1y —y. (8.109)

Indeed, under these conditions,

T(@* —y") =7l +y)@—y) <L+ B)w —y) =z —y.
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Using the assumption ¢;(X) < f(X) — f;(X(®) < 1 and ¢;(X) < B in (8.108)
and exploiting (8.109), we obtain

B (B(F(X) = F(X)) ) < 5(f) (1X) — PR
+07(0)e" X (rg2(X) - gi(X)) . (8.110)
Since fi(X(i)) does not depend on X, the assumption Ex, g;(X) > 0 yields
E [eefi(x(i))gi(x)} =E [Exieefi(x(i))gi(x)} =E [eefi(x(i))Exigi(X)
>E [e"fﬂx(”)} > 0. @8.111)
Further note that (8.98) and (8.99) imply that
Ex,[f(X)] > Ex,[fi(X") + g:(X)] > fi(X),
and by Jensen’s inequality this yields

HIiXD) < P SX) < By [eef<x>] ,

By taking expectations in (8.110) we therefore reach, using (8.111) in the first
step together with 6+(0) > 0 for all § > 0,

E[8 (0(/(X) — fi(X)) /]

< (O)E [0 — r(XD) 4 —97(9];1@ g2 (x)]

= A(0)E [0 — 05X ] 4 DO g [oorexg 2]
L i 1+B |
)

<O [er700 o500 4 11O g [or00g, [200)]]

Hereby, we used twice that E[-] = EE, [-]. Now denote F(#) = E[e?/(X)]. Then
Corollary 8.49 together with (8.101) implies that

OF'(0) — F(6)In F(6 zn: [ ( f(X(i))) e9;‘(){)}

= ”Y(@ZE [eef(x) - e%(x“))] + 1913

DNEE)]



8.9 Bernstein Inequality for Suprema of Empirical Processes 259

< HO)E [T mE [/] 4 01(0)no® o s

1+B
0v(0)no?

=~y(0)F(0)In F(0) + 1+—B

F(0), (8.112)

where we used in the last inequality that "7, (f(X) — fi(X®)) < f(X) in
combination with Lemma 8.51.

Step 3 (Modified Herbst argument): Set G(0)=E [eg(f(x)’]E[f(x)])} =F(0)
e OEf (X, Then

G'(0) = e PURN(E () — E[f(X)]F(9))

(
InG(0) = F(0) — OE[f (X)),

G'(0) _ F'(0)
G(0)  F(0)

and

—E[f(X)].

Therefore, (8.112) can be rewritten as

G'(6)

G'(0) no6~(0)
G(9)

0
1+B

—InG(9) < v(0) (InG(6) + OE[£(X)]) +

Introducing L(6) = In G(6), the above inequality is in turn equivalent to

no? + (1 + B)E[f(X)]

OL'(9) — (1 +~(0))L(0) < 1+ B

0~(0) = (6)-

1+B

Recall that we have set 7 = 1/(1 + B) in the definition of the function , so that

a(—0)
p(=0)+0/(1+ B)

7(8) =

We claim that Lo(6) := v3(—0) = v(e? — 1 — ) is a solution to the associated
differential equation

OL'(0) — (1 +v(0))L(0) = (6),

1+B

with the initial conditions Ly(0) = L{(0) = 0. Indeed,

“H(OL(0) — (1 + () Lo(0))

a(=0)5(-0)

:9(60—1)—69+9+1—ﬁ(_6)+9/(1+3)
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— a(-0) — a(=0)(B(=0)+6/(1+B)) | a(=0)§/(1+ B)
B(=0) +0/(1+ B) B(—6) +6/(1+ B)

T 1+B
It follows from Lemma C.13 that L(0) < Lo(0), i.e.,
InE[e?O-ESXD] < y(ef — 1 - 6).

This completes the proof of (8.102).
Step 4:  To deduce the tail inequalities in (8.103) we use Markov’s inequality
(Theorem 7.3) to obtain, for 8 > 0,

P(F(X) 2 BIF(X)] +1) = P (//00-E00D > 1)
< e RV X-E XN < o Oteu(e’—1-6)
= eu(e"~1-0)-01 (8.113)
It follows from Lemma 8.21 that

gr;%(v(ee —0—1)—6t) = —vh(z/t),

where we recall that h(t) = (1 4 ¢)In(1 + ¢) — ¢. Together with (8.113) this
shows the first estimate in (8.103). The second part of Lemma 8.21 implies that

vh(t/v) > ﬁ, which yields the second inequality in (8.103). O

Notes

Many results of this chapter also hold in infinite dimensional Banach spaces.
Introducing random vectors in general Banach spaces, however, requires additional
technicalities that we preferred to avoid here. For such details and many more results
on probability in Banach spaces we refer to the monograph [322] by Ledoux and
Talagrand and to the collection of articles in [296]. In particular, the relation between
moments and tails and an introduction to Rademacher sums and to symmetrization
are contained in [322].

The Khintchine inequalities are named after the Russian mathematician Khint-
chine (also spelled Khinchin) who was the first to show Theorem 8.5 in [301]. Our
proof essentially follows his ideas. We have only provided estimates from above
for the absolute moments of a Rademacher sum. Estimates from below have also
been investigated, and the optimal constants for both lower and upper estimates
for all p > 0 have been derived in [253]; see also [360] for simplified proofs. We
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have already noted that, for p = 2n, n € N, the constant Cy,, = (2n)!/(2"n!)
for the upper estimate provided in Theorem 8.5 is optimal. In case of general
p > 2 (which is much harder than the even integer case), the best constant is
Cp = 2PT71F(p/2)/F(3/2). This value is very close to the estimate in (8.9).

The proof of the Khintchine inequality for Steinhaus sums in Theorem 8.9
is slightly shorter than the one given in [380]. The technique for the proof of
Corollary 8.10 for Steinhaus sums was taken from [380, 481]. An overview on
(scalar) Khintchine and related inequalities can be found in [381]. An extension
of the Khintchine inequalities to sums of independent random vectors that are
uniformly distributed on spheres is provided in [305]. Using a similar technique as
in Corollary 8.10 the following Hoeffding-type inequality has been deduced in [184]
for X, ..., X € R” being independent random vectors, uniformly distributed on
the unit sphere S"~! = {x € R", ||x||2 = 1},

M
P <| ZangHg > ||a||2u> < exp (—g(uQ — log(u?) — 1)) forall u > 1.

(=1

The noncommutative version of Bernstein inequality was proven by Tropp
in [486] by refining an approach to the Laplace transform method for matrices
due to Ahlswede and Winter [6]; see also [373, 374]. Based on the method of
exchangeable pairs, a different approach to its proof, which does not require Lieb’s
concavity theorem (nor a similar result on matrix convexity), is presented in [339].
The more traditional approach for studying tail bounds for random matrices uses the
noncommutative Khintchine inequality, which first appeared in the work of Lust-
Piquard [336]; see also [337]. These inequalities work with the Schatten 2n-norms
|Als,, = llo(A)|l2n = (tr (A*A)™)Y/ ™) n € N, where o(A) is the vector of
singular values of A, and provide bounds for matrix-valued Rademacher sums

M
Bl B3,
j=1
1/2 2n 1/2 2n

M M
max q || [ > B;B; Do B;B; . (8.114)
j=1 j=1

Sgn S2n

< (2n)!
- 2nn!

The optimal constants for these inequalities for p = 2n match the scalar case in
Theorem 8.5 and were derived by Buchholz in [74, 75]; see also [411]. Rudelson
showed a lemma now named after him in [430] (see also [374,411]), which allows
to derive tail bounds and moment bounds for sums of random rank-one matrices.
While Rudelson’s original proof used chaining methods, it was pointed out to him
by Pisier that a simpler proof (contained in the published paper) can be obtained
via noncommutative Khintchine inequalities. The approach to random matrices
via the noncommutative Khintchine inequality has the drawback that one needs
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significant practice in order to apply them; see, for instance, [411,500]. In contrast,
the noncommutative Bernstein inequality of Theorem 8.14 is easy to apply and
provides very good constants.

The decoupling inequality of Theorem 8.11, including its proof, is essentially
taken from [66]. The variant of Theorem 8.12 for the operator norm was shown by
Tropp in [480,481]. Decoupling techniques can be extended to higher-order chaos
and also to sums of the form ., h;x(X;, Xy), where X}, are independent ran-
dom vectors and h; . are vector-valued functions. Moreover, decoupling inequalities
do not only apply for expectations and moments. Also, a probability estimate of
the form

P Y hy (X5, Xa) | = 8) < CP([| Y hy( X5, X[ > £/C),
i#k i#k

can be shown, where (X},) is an independent copy of (Xj) and C' > 1 is an
appropriate constant. We refer the interested reader to [146] for further information.

The tail bounds for Rademacher chaos (Theorem 8.13) and quadratic forms in
more general subgaussian random vectors have first been obtained by Hanson and
Wright in [260]. The proof given here follows arguments from an unpublished work
of Rauhut and Tropp. For Gaussian chaos better constants are available in [35], and
yet another proof of the tail inequality appears in [466, Sect. 2.5].

The inequality of Theorem 8.23 is named after Dudley who proved his inequality
in [175]. The proof in Sect. 8.6 follows the argument in [326]; see also [392].
Further proofs can be found in [22, 193, 194, 411, 466]. The nice exposition in
Talagrand’s book [466] leads to more powerful generic chaining inequalities, also
called majorizing measure inequalities. These use the so-called ~,, functional of a
metric space (T, d), which is defined as

o0

Yo (T, d) = infsupz 274t T,), «a >0,
teT T4

where the infimum is taken over all sequences 7,, » € Ny, of subsets of
T with cardinalities card(Ty) = 1, card(T,) < 2%, r > 1, and where
d(t,T;) = infser, d(t,s). Given a Gaussian processes X, ¢t € T, with associ-
ated pseudometric d defined by (8.41), Talagrand’s majorizing measures theorem
[459,462,465,4606] states that

Ol’}/g(T, d) S Esup Xt S OQ’YQ(T, d),
teT

for universal constants C, Co > 0. In particular, the lower bound is remarkable. The
upper bound also holds for more general subgaussian processes. Since v2(T', d) is
bounded by a constant times the Dudley-type integral in (8.47) (see [466]), the above
inequality implies also Dudley’s inequality (with possibly a different constant). In
general, 2 (7', d) may provide sharper bounds than Dudley’s integral. However, if
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T is a subset of RY and d is induced by a norm, then one loses at most a factor
of In(N') when passing from the v2 (7', d) functional to Dudley’s integral. The latter
has the advantage that it is usually easier to estimate. Another type of lower bound
for Gaussian processes is Sudakov’s minoration; see, e.g., [322, 348].

Dudley’s inequality extends to moments; see, for instance, [411]. Indeed, one
also has the following inequality (using the same notation as Theorem 8.23):

1/p A(T) /2
(Esup |Xt|p) < C\/ﬁ/ VIn(N(T, d, u))du.
teT 0

A generalization of Dudley’s inequality [306,322,391] holds in the framework of
Orlicz spaces. A Young function is a positive convex function 1) that satisfies ¢(0) =
0 and lim,_, 9(x) = co. The Orlicz space L, consists of all random variables X
for which Ev(|X|/¢) < oo for some ¢ > 0. The norm

[ Xl = inf{c > 0,E¢(]X|/c) <1}

turns L., into a Banach space [312]. Suppose that X;, ¢t € T, is a stochastic process
indexed by a (pseudo)metric d of diameter A such that

1 Xs = Xilly < d(s, ).

Then the generalization of Dudley’s inequality [322, Theorem 11.1] states that
A
Esup|Xs — X¢| < 8/ VY N(T, d, w))du,
s,t 0

where 1~! is the inverse function of 1. Taking v (z) = exp(z?) — 1 yields
Theorem 8.23 (up to the constant). Further important special cases are 1(x) =
exp(x) — 1 (exponential tail of the increments) and ¢ (z) = 2P (resulting in
LP-spaces of random variables).

A chaos process is of the form

XB = ZﬁjékBj,k, B e B,
J#k

where B C R™*"™ is a set of square matrices and & = (£1,...,&,) is a vector of
independent mean-zero subgaussian random variables of unit variance. We refer to
[307,413] and the Notes section of Chap. 12 for their appearance in compressive
sensing. Talagrand [466] showed the bound

Egu% |XB| < C17%2(B, || - |F) + Com1 (B, || - [[2-2)-
S
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The basis for the proof of this inequality is the tail inequality for a single chaos
Xp of Theorem 8.13 and its extension to subgaussian random vectors. Due to the
appearance of the ; functional in the right-hand side, this bound is not sharp in
many cases; see, e.g., [466] for a discussion. In fact, for a special case of relevance
for compressive sensing, [307] provides an alternative bound, which we describe
next. For a set of matrices A C C™*™ and a vector £ of independent mean-zero
subgaussian random variables of unit variance, we consider the random variable

Y = sup ||A€]3 — E|Ag]3].
AcA

If £ = € is a Rademacher vector, then Y = supa ¢ 4 ’Z#k Ejﬁk(A*A)j)k’ so that

we recover a chaos process indexed by B = {A*A : A € A}. In [307] it is shown
that (under the additional assumption A = —.A)

EEHE\HAH@ — E[|A&|5] < Crya(A, || - l22) 4 Cadr(A)v2(A, | - l2-2),
S
(8.115)

where dp(A) = supac 4 ||All 7 is the diameter of A in the Frobenius norm. Also a
tail bound is provided in [307].

In slightly different form, Slepian’s lemma appeared for the first time in [448];
see also Fernique’s notes [193]. Other references on Slepian’s lemma include [322,
Corollary 3.14], [348, Theorem 3.14], and [343]. Gordon’s Lemma 8.27 appeared
in [233,234]. Stein’s lemma (Proposition 8.29), which was used in the proof of
Slepian’s and Gordon’s lemma, has important applications in statistics. For instance,
it is at the basis of Stein’s unbiased risk estimator (SURE). We refer, e.g., to [490],
for more details.

Many more details and references on the general theory of concentration of
measure such as connections to isoperimetric inequalities are provided in the
expositions by Barvinok [33], Ledoux [321], and Boucheron et al. [61]. The proof of
Theorem 8.40 based on entropy is a variant of the one found in [61, 348], while the
proof of Theorem 8.34 follows [467, Theorem 1.3.4]. The Gaussian logarithmic
Sobolev inequality is originally due to Gross [247]. The argument attributed to
Herbst (unpublished) to derive concentration inequalities from logarithmic Sobolev
inequalities appeared in [142, Theorem A.8]. A different proof of concentration of
measure for Lipschitz functions (Theorem 8.40) based on the so-called Ornstein—
Uhlenbeck semigroup can be found in [321]. By using the rotation invariance of the
Gaussian distribution, concentration of measure for the uniform distribution on the
sphere (or on the ball) can be deduced from the Gaussian case (and vice versa); see,
for instance, [33,321,322].

Concentration of measure inequalities are valid also for independent random
variables X7i,..., X, with values in [—1,1]. However, one has to impose the
assumption that the function F' : [—1,1]" — R is convex, in addition to being
L-Lipschitz. If M is a median of F'(X1,...,X,), then [321,461]

P(|F(X1,...,X,) — M| >1t) < 4dexp(—t*/(4L)?).
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The median can be replaced by the mean via general principles outlined in [321].

Deviation inequalities for suprema of empirical processes were already in-
vestigated in the 1980s by Massart and others; see, e.g., [11, 346]. Talagrand
achieved major breakthroughs in [460,463]. In particular, he showed a concentration
inequality similar to (8.91) in [463]; see also [321, Theorem 7.6]. Ledoux noticed
in [320] that deviation and concentration inequalities may be deduced using entropy.
The constants in the deviation and concentration inequalities were subsequently
improved in [68, 69, 304,347,421, 422]. The proof of Theorem 8.42 follows [68];
see also [69]. Concentration below the expected supremum of an empirical process
can be shown as well [69, 320, 463]. A version for not necessarily identically
distributed random vectors is presented in [304], and collections F of unbounded
functions are treated in [2,319].

Versions of Corollary 8.46 can already be found in the monograph by Ledoux
and Talagrand [322, Theorems 6.17 and 6.19], however, with nonoptimal constants.
More general deviation and concentration inequalities for suprema of empirical
processes and other functions of independent variables are derived, for instance,
in [59, 60, 321], in particular, a version for Rademacher chaos processes is stated
in [60].

Exercises

8.1. Let X = (X1,...,X,) be a vector of mean-zero Gaussian random variables
with variances 07 = EgZ, ¢ € [n]. Show that

Emax X, < 4/21n(n) maxoy.
t€[n) te[n]

8.2. Comparison principle.

Let € = (e1,...,€p) be a Rademacher sequence and g = (g1,...,9n) be a
standard Gaussian vector. Let X1, ..., X be vectors in a normed space.
(a) Let& = (&, ..., &) be a sequence of independent and symmetric real-valued

random variables with E|,| < oo for all £ € [M]. Show that, for p € [1, c0),

M 1/p M 1/p
in E E p <|E p .
(amin |@|>< |Zemn> _< %w«a)

=1
Conclude that

N

N
™
E| Y el <4 5 El ;QZXEH-

=1
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(b) Show that

M M
El| Y gexell < v/210g2M)E[ > erx]|.
=1 =1

Find an example which shows that the logarithmic factor above cannot be
removed in general.

8.3. Leta € C" and € = (€1, ...,en) be a Steinhaus sequence. Show a moment
estimate of the form

N 1/p
<E| Zeeadp) <ap'?/pllall, p>2,
/=1

in two ways: (a) by using the method of Corollary 8.7 and (b) by using Proposi-
tion 7.13. Provide small values of o and S.

8.4. Hoeffdings’s inequality for complex random variables.

Let X = (Xi,...,Xn) be a vector of complex-valued mean-zero symmetric
random variables, i.e., X, has the same distribution as — X,. Assume that | X,| < 1
almost surely for all ¢ € [M]. Show that, for a € C* and u > 0,

M
P(|> " a;X;| > ufal2) < 2exp(—u?/2).

Jj=1
Provide a version of this inequality when the symmetry assumption is removed.

8.5. Let A € C™*N be a fixed matrix.

(a) Let g be a standard Gaussian random vector. Show that, for ¢ > 0,
P(|Agll2 > [|Allp + t]All2) < ™72,
(b) Let € be a Rademacher vector. Show that, for ¢t > 0,
P(|Aellz = e[| Allr + cat]Allos) < e/2.

Provide appropriate values of the constants ¢y, ca > 0.
8.6. Deviation for matrix-valued Gaussian sums.

(a) Let g be a standard Gaussian variable and let B € C?*9 be a self-adjoint matrix.
Show that Eexp(gfB) = exp(62B?/2).

(b) Let g = (g1,...,90m) be a vector of independent standard Gaussian vari-
ables and By,...,By; € C%*¢ be self-adjoint matrices. Introduce 0% =

|| Z]]\il B?HQ—)Q Show that
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M
E exp(d|| ZngjH?_’?) < 2dexp(*c?/2) for6 >0,

j=1
and
M 2
B(]| ;ngjHHQ > t) < 2dexp <@) , t>0.

(c) For arandom variable X, show that EX < infg~o 60~ InE[exp(6X)].
(d) Show that

M M
E| > g;Bjlasse < v2In(2d)| S B2|3/2,, (8.116)
j=1 j=1

and, for a Rademacher sequence € = (ey, ..., € ),
M M
E| Y €Bjlae < v2In(d)| Y B2 (8.117)
j=1 j=1

(e) Give an example that shows that the factor y/In(2d) cannot be removed from
(8.116) in general.

8.7. Deviation inequalities for sums of rectangular random matrices.

(a) The self-adjoint dilation of a matrix A € C% %% is defined as

S(A)z(:* ‘g‘).

Prove that S(A) € C(ditdz)x(ditdz) js gelf-adjoint and ||S(A)|z2 =

[A 22
(b) Let Xy,..., X, be asequence of d; x ds random matrices with
IX¢lloe < K forall £ € [M],
and set
M M
o? = max {[| Y E(X,X})ll22, | Y E(X;Xe)[l22} (8.118)

/=1 (=1

Show that, for ¢ > 0,
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M 9
t°/2
P X >t)<2(dy+d —— . 8.119
(H; tllam2 > t) < 2(di + 2)6XP( 02+Kt/3> (8.119)
8.8. Noncommutative Bernstein inequality, subexponential version.

Let Xi,..., X3 € C?*9 be independent mean-zero self-adjoint random matrices.
Assume that

E[X}] < n!R"207B3/2, (€ [M],

for some self-adjoint matrices B, and set

22

Show that, for ¢ > 0,

M £2/2
P max X Zt Sd T 5 . ]
A ; ¢ eXp< U2+Rt>

8.9. Let T be a countable index set. Show the consistency of the definition (8.39)
of the lattice supremum in this case, i.e., show that

E(sup X;) = sup{E(sup X,), F C T, F finite}.
teT teF

8.10. Let X;, t € T, be a symmetric random process, i.e., X; has the same
distribution as — X for all £ € T". Show that, for an arbitrary ty € T,

Esup X; < Esup |X; — X, | < 2Esup X; = E sup | X, — X4|.
teT teT teT S,teT

8.11. Derive the following generalization of Dudley’s inequality: Let Xy, ¢ € T', be
a subgaussian process with associated pseudometric d, i.e.,

2

P(|Xs — X¢| > ud(s,t)) < 2e .

Then, for some arbitrary o € T and p > 1,

1/1’ e’}
(Bswpix— o) <0vp [ ViodWTd
0

teT

for some appropriate constant C' > 0 depending only on c.



Exercises 269

8.12. Weak and distributional derivatives.
Recall the notion of weak and distributional derivatives from Sect. C.9.

(a) Show that the function f(t) = |¢| has weak derivative

—1ift <0,
f'(t)=sgn(t) =40 ift=0,
1 ift>0.

(b) Let g be a function of the form (8.66). Show that a weak derivative is given by

1 ift € [a,b)
/ t — t — ) )
g() X[a,b]() {O 1ft¢[a,b]
(c) Let f be nondecreasing and differentiable except possibly at finitely many
points. Show that f has a nonnegative distributional derivative.
(d) Assume that f has a nonnegative weak derivative. Show that f is nondecreasing.



Chapter 9
Sparse Recovery with Random Matrices

It was shown in Chap. 6 that recovery of s-sparse vectors via various algorithms
including /;-minimization is guaranteed if the restricted isometry constants of the
measurement matrix satisfy d,s < J. for an appropriate small integer x and
some 0, € (0,1). The derived condition for ¢;-minimization is, for instance,
d2s < 0.6246. In Chap. 5, we have seen explicit m x m? matrices that satisfy such a
condition once m > C's2. This bound relies on the estimate §, < (s — 1)p in terms
of the coherence (; see also the discussion at the end of Sect. 6.1. But at this point
of the theoretical development, m x N matrices with small d5 are not known to exist
when m is significantly smaller than C's?. The purpose of this chapter is to show
their existence when m > Cjss1In(N/s) using probabilistic arguments. We consider
subgaussian random matrices whose entries are drawn independently according to
a subgaussian distribution. This includes Gaussian and Rademacher variables. For
such matrices, the restricted isometry property holds with high probability in the
stated parameter regime. We refer to Theorem 9.12 for an exact statement.

We also discuss a nonuniform setting where we analyze the probability that a
fixed s-sparse vector x is recovered from y = Ax via {;-minimization using a
random draw of a subgaussian matrix A. In this setting, the proof has the advantage
of being simple and providing good constants in the estimate for the required
number m of measurements (although the term In(/N/s) is replaced by In N in
the first instance). Then we restrict our considerations to Gaussian matrices. Using
the Slepian and Gordon lemmas as well as concentration of measure, we derive
in the nonuniform setting “roughly” (that is, for large dimensions) the sufficient
condition

m > 2sIn(N/s).

Returning to the uniform setting, we further obtain bounds for the conditioning of
Gaussian random matrices and, as a consequence, explicit bounds for the restricted
isometry constants. In the Gaussian case, we can also show the null space property
directly without invoking the restricted isometry property.

S. Foucart and H. Rauhut, A Mathematical Introduction to Compressive Sensing, 271
Applied and Numerical Harmonic Analysis, DOI 10.1007/978-0-8176-4948-7_9,
© Springer Science+Business Media New York 2013
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Finally, we make a small detour to the Johnson-Lindenstrauss lemma, which
states that a finite set of points in a high-dimensional Euclidean space can be mapped
to a lower-dimensional space via a linear map without significantly perturbing their
mutual distances. This linear map can be chosen as the realization of a subgaussian
random matrix. This fact follows immediately from a concentration inequality
that is crucial in the proof of the restricted isometry property for subgaussian
matrices; see (9.6). For this reason, a matrix satisfying the concentration inequality
is sometimes even referred to as a Johnson—Lindenstrauss mapping, and in this
sense, the Johnson—Lindenstrauss lemma implies the restricted isometry property.
We will also show the converse statement that a matrix satisfying the restricted
isometry property provides a Johnson—Lindenstrauss mapping when the column
signs are randomized.

9.1 Restricted Isometry Property for Subgaussian Matrices

We consider a matrix A € R™*" having random variables as their entries. Such
A is called a random matrix or random matrix ensemble.

Definition 9.1. Let A be an m x N random matrix.

(a) If the entries of A are independent Rademacher variables (i.e., taking values +1
with equal probability), then A is called a Bernoulli random matrix.

(b) If the entries of A are independent standard Gaussian random variables, then
A is called a Gaussian random matrix.

(c) If the entries of A are independent mean-zero subgaussian random variables
with variance 1 and same subgaussian parameters (3,  in (7.31), i.e.,

P(|A; x| > t) < Be " forallt >0, je[m]kel[N] 9.1

then A is called a subgaussian random matrix.

Clearly, Gaussian and Bernoulli random matrices are subgaussian. Also note that the
entries of a subgaussian matrix do not necessarily have to be identically distributed.
Equivalently to (9.1), we may require that

Elexp(0A;1)] < exp(cf?) forall@ € R, j € [m],ke€[N], (9.2)

for some constant c that is independent of j, k and IV; see Proposition 7.24. Note
that the smallest possible value of the constant is ¢ = 1/2 due to the normalization
EA?, =1 and Exercise 7.4.

We start by stating the main result on the restricted isometry property for
subgaussian random matrices.
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Theorem 9.2. Let A be an m X N subgaussian random matrix. Then there exists a
constant C' > 0 (depending only on the subgaussian parameters (3, k) such that the
restricted isometry constant of \/LEA satisfies 6 < & with probability at least 1 — ¢
provided

m > C6?(sIn(eN/s) + In(2e™1)). 9.3)
Setting € = 2 exp(—d2m/(2C)) yields the condition
m > 206 %sIn(eN/s),

which guarantees that ; < § with probability at least 1 — 2exp ( — §2m/(20)).
This is the statement often found in the literature.
PR 1 : 1 2 _ 2

The normalization —— A is natural because IEH\/—%AXH2 = ||x||5 for a fixed
vector x and a subgaussian random matrix A (where by convention all entries have
variance 1). Expressed differently, the squared /2-norm of the columns of A is one
in expectation. Therefore, the restricted isometry constant 6, measures the deviation
of || \/l—mAxﬂg from its mean, uniformly over all s-sparse vectors x.

The following is an important special case of Theorem 9.2.

Corollary 9.3. Let A be an m x N Gaussian or Bernoulli random matrix. Then
there exists a universal constant C > 0 such that the restricted isometry constant of
\/%A satisfies s < § with probability at least 1 — € provided

m > C6?(sIn(eN/s) + In(2e™1)). 9.4

For Gaussian random matrices, we will provide a slightly improved estimate with
explicit constants in Sect. 9.3.

Subgaussian matrices belong to a larger class of random matrices introduced
below. Theorem 9.2 will follow from its generalization to this larger class. We start
with some definitions.

Definition 9.4. Let Y be a random vector on RY.

(@) FE|(Y,x)|? = ||x||3 forall x € RY, then Y is called isotropic.
(b) If, for all x € RY with ||x||2 = 1, the random variable (Y, x) is subgaussian
with subgaussian parameter ¢ being independent of x, that is,

Elexp(0(Y,x))] < exp(ch?), forallf € R, |[x|.=1, 9.5)

then Y is called a subgaussian random vector.

Remark 9.5. Isotropic subgaussian random vectors do not necessarily have in-
dependent entries. The constant ¢ in (9.5) should ideally be independent of N.
Lemma 9.7 provides an example where this is the case. Note that if Y is a
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randomly selected row or column of an orthogonal matrix, then Y is isotropic and
subgaussian, but ¢ depends on N.

We consider random matrices A € R™* of the form

Y/
A= :
YT
with independent subgaussian and isotropic rows Y71, ...,Y,, € RY. The follow-

ing result establishes the restricted isometry property for such matrices.

Theorem 9.6. Let A be an m x N random matrix with independent, isotropic, and
subgaussian rows with the same subgaussian parameter c in (9.5). If

m>C6 2 (s In(eN/s) + 111(2571))7

then the restricted isometry constant of \/LEA satisfies §s < § with probability at
least1 — ¢.
The proof of this theorem is given below. Theorem 9.2 follows then from a

combination with the following lemma.

Lemma 9.7. Let Y € RY be a random vector with independent, mean-zero, and
subgaussian entries with variance 1 and the same subgaussian parameter c in
(7.33). Then'Y is an isotropic and subgaussian random vector with the subgaussian
parameter in (9.5) equal to c.

Proof. Let x € RY with ||x||2 = 1. Since the Y; are independent, mean-zero, and
of variance 1, we have

N N
E(Y,x)* = Y wweBYYy = a7 = ||x[l5.
00=1 =1

Therefore, Y is isotropic. Furthermore, according to Theorem 7.27, the random
variable Z = (Y, x) = Zévzl x¢Yy is subgaussian with parameter c. Hence, Y is a
subgaussian random vector with parameters independent of N. O

Concentration Inequality

The proof of Theorem 9.6 heavily relies on the following concentration inequality
for random matrices. The latter in turn is a consequence of Bernstein inequality
for subexponential random variables, which arise when forming the /2-norm by
summing up squares of subgaussian random variables.
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Lemma 9.8. Let A be an m x N random matrix with independent, isotropic, and
subgaussian rows with the same subgaussian parameter c in (9.5). Then, for all
x € RN and every t € (0,1),

P(|m~ A%l — [Ix3] > t]Ix]13) < 2exp(—ét*m), (9.6)

where ¢ depends only on c.

Proof. Let x € RY. Without loss of generality we may assume that ||x||s = 1.
Denote the rows of A by Y1,...,Y,, € RY and consider the random variables

Zy= (Yo, x)? = I3, €€ [m].

Since Y is isotropic we have EZ, = 0. Further, Z, is subexponential because
(Y, x) is subgaussian, that is, P(|Z;| > r) < Sexp(—&r) for all » > 0 and some
parameters (3, x depending only on c. Observe now that

m m

_ 1 1
m A3 — [l = 3 (Yo%) — [x]3) = — > 2.

/=1 =1

By independence of the Y, also the Z, are independent. Therefore, it follows from
Bernstein inequality for subexponential random variables (Corollary 7.32) that

= “ k2m?t? /2
(=1

{=1

K> 2
<2 ————0mt
< exp( 4[3+2/€m ),

where we used that ¢ € (0,1) in the last step. Hence, the claim follows with
¢ =k?/(4B + 2kK). O

We note that the normalized random matrix A = \/—%A, with A satisfying the
assumptions of the previous lemma, obeys, for x € RN andallt € (0,1),

P (|IAxI3 — IxI13] = tIx3) < 2exp(~ct2m). 9.7)

This is the starting point of the proof of the restricted isometry property.

Proof of the RIP

Now we show that a random matrix satisfying the concentration inequality (9.7) also
satisfies the sth order restricted isometry property, provided that its number of rows
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scales at least like s times a logarithmic factor. We first show that a single column
submatrix of a random matrix is well conditioned under an appropriate condition on
its size.

Theorem 9.9. Suppose that an m x N random matrix A is drawn according to a
probability distribution for which the concentration inequality (9.7) holds, that is,
fort €(0,1),
P (‘ |Ax]||3 — ||x||§’ > t|x[3) < 2exp (—cét®m)  forallx € RY.  (9.8)
For S C [N] with card(S) = s and §,¢ € (0,1), if
m > C62(7s + 2In(2e 1)), 9.9)
where C = 2/(3¢), then with probability at least 1 —

||A§AS — Id||2_>2 < 6.

Proof. According to Proposition C.3, for p € (0, 1/2), there exists a finite subset U
of the unit ball Bg = {x € RY suppx C S, ||x||2 < 1} which satisfies

2 S
card(U) < <1 + —> and mig |lz—ul2 <p forallz € Bg.
P uc

The concentration inequality (9.8) gives, for t € (0, 1) depending on ¢ and p to be
determined later,

P (| Aul3 = [[uf3| = t|lul|3 forsomeu € U)

<SP (|I1Aul3 — [[ul3] = ¢ul3) < 2card(U) exp (~é> m)
uelU

2 S
<2 (1 + —) exp (—ct*m).
P
Let us assume now that the realization of the random matrix A yields
[1Au|3 — [lull3] < tllul3 forallu e U. (9.10)

By the above, this occurs with probability exceeding
2\° 9
1—2(14+=) exp(—ct®m). (9.11)
p

For a proper choice of p and ¢, we are going to prove that (9.10) implies
[|Ax3 — [x[|3| < & for all x € Bg, ie., |[A5As — Id|22 < 4. With
B = A5Ag — Id, (9.10) means that [(Bu,u)| < ¢ for all u € U. Now consider
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a vector x € Bg and choose a vector u € U satisfying ||x — ulj2 < p < 1/2.
We obtain

|(Bx,x)| = [(Bu,u) + (B(x + u),x — u)| < [(Bu, w)| + [(B(x + u),x — u)
<t +[Bllysg X+ ullzflx —ulls <+ 2(Bll,5 p.
Taking the maximum over all x € Bg, we deduce that

. t
IBlloye < t+2[Blly 0 p, ie., B35 < T2

We therefore choose ¢ := (1 — 2p)d, so that ||B|l2—2 < d. By (9.11), we conclude
that

P(|A5As — Id|22 > 6) <2 (1 + %) exp (—&(1 —2p)%6*m).  (9.12)

It follows that | A5 A g — Id|[2—2 < § with probability at least 1 — € provided

1 _ _

We now choose p = 2/(e”/?2 — 1) ~ 0.0623 so that 1/(1 — 2p)? < 4/3 and
In(1+2/p)/(1—2p)? < 14/3. Thus, (9.13) is fulfilled when

m > ;5—2 (7s+2In(2e7 1)) . (9.14)
c

This concludes the proof. O

Remark 9.10. (a) The attentive reader may have noticed that the above proof
remains valid if one passes from coordinate subspaces indexed by S to
restrictions of A to arbitrary s-dimensional subspaces of RV,

(b) The statement (and proof) does not depend on the columns of A outside S.
Therefore, it follows that for an m X s subgaussian random matrix B, we have

-
H—B B - Id||2_>2 <4é
m

with probability at least 1 — ¢ provided that (9.9) holds, or equivalently,

3¢ 7
P(|m 'B*B — Id||s_2 > 6) < 2exp (—fﬁm + §s> . 9.15)

Let us now pass to the restricted isometry property.
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Theorem 9.11. Suppose that an m x N random matrix A is drawn according to
a probability distribution for which the concentration inequality (9.7) holds, that is,
fort €(0,1),

P (|llAx[3 — [x[I3] = tx]|3) < 2exp (=ét*m)  forallx € RY.
If, for 6, € (0, 1),
m>C67? [s(9+2In(N/s)) +2In(2e7 )],
where C' = 2/(3¢), then with probability at least 1 — ¢, the restricted isometry

constant §5 of A satisfies 65 < 0.

Proof. We recall from (6.2) that 65 = SUpg (] card(s)=s |A§As — Id|[2—2. With
the same notation as in the proof of Theorem 9.9, using (9.12) and taking the union
bound over all (];’ ) subsets S C [N] of cardinality s yields

P, >0)< Y P(|A5As —Id|s52 > 9)
SC[N],card(S)=s

< 2<];]> (1 + %) ) exp (—é6%(1 — 2p)*m)

eN

<2 <?> (1 + %) exp (—&6*(1 — 2p)*m),

where we have additionally applied Lemma C.5 in the last step. Making the choice
p =2/(e"/? — 1) as before yields that §, < § with probability at least 1 — ¢ if

m > % (gsln(eN/s) + %43 + %1n(2£_1)> )

which is a reformulation of the desired condition. O

By possibly adjusting constants, the above theorem combined with Lemma 9.8
implies Theorem 9.6, and together with Lemma 9.7, this proves Theorem 9.2 and
Corollary 9.3.

‘We now gather the results of this section to conclude with the main theorem about
sparse reconstruction via #1-minimization from random measurements.

Theorem 9.12. Let A be an m x N subgaussian random matrix. There exist
constants C1,Co > 0 only depending on the subgaussian parameters [,k such

that if, fore € (0, 1),

m > Cysln(eN/s) + Oy In(2e71),
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then with probability at least 1 —e every s-sparse vector X is recovered fromy = Ax
via ¢1-minimization.

Proof. The statement follows from a combination of Theorems 9.2 and 6.9 (or
alternatively, Theorem 6.12) by additionally noting that exact sparse recovery is
independent of the normalization of the matrix. O

This result extends to stable and robust recovery.

Theorem 9.13. Let A be an m x N subgaussian random matrix. There exist
constants C1,Cy > 0 depending only on the subgaussian parameters [3,k and
universal constants D1, Dy > 0 such that if, for e € (0,1),

m > Cysln(eN/s) + Coln(2e™ 1),
then the following statement holds with probability at least 1 — € uniformly for every
s-sparse vector x € CN: giveny = Ax + e with ||e||2 < /m for somen > 0, a

solution x* of

minimize ||z||y  subject to Az —yl|> < Vmn (9.16)
zcC

satisfies

US(X)l

|x — x*||1 < Dyos(x)1 + D2 /5.

Ix = x*||s < Dy

+D2777

Proof. The optimization problem (9.16) is equivalent to

minimize ||z||y  subject to
zeCN

HIA L ll2 <
LRV
Jm Jmonz =1

involving the rescaled matrix A /y/m. A combination of Theorems 9.2 and 6.12
yields the result. a

Remark 9.14. Setting ¢ = 2exp(—m/(2C2)) shows stable and robust recov-
ery of all s-sparse vectors via f;-minimization with probability at least 1 — 2
exp(—m/(2C5)) using an m x N subgaussian random matrix for which

m > 2C1sln(eN/s).

We will see in Chap. 10 that this condition on the required number of measurement
cannot be improved.

The condition |le||2 < y/mn in Theorem 9.13 is natural for a vector e € C™.
For instance, it is implied by the entrywise bound |e;| < 7 for all j € [m].
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We obtain the same type of uniform recovery results for other algorithms
guaranteed to succeed under restricted isometry conditions; see Chap.6. This
includes iterative hard thresholding, hard thresholding pursuit, orthogonal matching
pursuit, and compressive sampling matching pursuit. Moreover, such recovery
guarantees hold as well for general random matrices satisfying the concentration
inequality (9.8), such as random matrices with independent isotropic subgaussian
TOWS.

Universality

Often sparsity does not occur with respect to the canonical basis but rather with
respect to some other orthonormal basis. This means that the vector of interest can
be written as z = Ux with an N x NN orthogonal matrix U and an s-sparse vector
x € CV. Taking measurements of z with a random matrix A can be written as

y = Az = AUx.

In order to recover z, it suffices to first recover the sparse vector x and then to form
z = Ux. Therefore, this more general problem reduces to the standard compressive
sensing problem with measurement matrix A’ = AU. Hence, we consider this
model with a random m x N matrix A and a fixed (deterministic) orthogonal matrix
U € RY*N a5 a new measurement matrix of interest in this context. It turns out
that the previous analysis can easily be adapted to this more general situation.

Theorem 9.15. Let U € RY*Y be a (fixed) orthogonal matrix. Suppose that an
m x N random matrix A is drawn according to a probability distribution for which
the concentration inequality

P (’||Ax||§ — HXH%’ > t||x||§) < 2exp (—Et2 m) (9.17)

holds forallt € (0,1) andx € RY. Then, given é,¢ € (0, 1), the restricted isometry
constant §s of AU satisfies 05 < d with probability at least 1 — € provided

m>C6 2 [s(9+2In(N/s)) +2In(2e )]

with C' = 2/(3¢).

Proof. The crucial point of the proof is that the concentration inequality (9.17) holds
also with A replaced by AU. Indeed, let x € RY and set x’ = Ux. The fact that
U is orthogonal yields

P (||AUx|l - [[x[5] > t]x]13) = P ([|AX'[|5 — [Ix'[13] > ¢l|xII3)
< 2exp (—Et2 m) .

Therefore, the statement follows from Theorem 9.11. O
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In particular, since the orthogonal matrix U is arbitrary in the above theorem, sparse
recovery with subgaussian matrices is universal with respect to the orthonormal
basis in which signals are sparse. It even means that at the encoding stage when
measurements y = AUx are taken, the orthogonal matrix U does not need to be
known. It is only used at the decoding stage when a recovery algorithm is applied.

We emphasize, however, that universality does not mean that a single (fixed)
measurement matrix A is able to deal with sparsity in any orthonormal basis. It is
actually straightforward to see that this is impossible because once A is fixed, one
can construct an orthogonal U for which sparse recovery fails. The theorem only
states that for a fixed orthogonal U, a random choice of A will work well with high
probability.

9.2 Nonuniform Recovery

In this section, we consider the probability that a fixed sparse vector x is recovered
via /1-minimization from y = Ax using a random draw of a subgaussian matrix
A We first discuss differences between uniform and nonuniform recovery. Then we
give a first simple estimate for subgaussian matrices with good constants followed
by an improved version for the special case of Gaussian matrices.

Uniform Versus Nonuniform Recovery

One may pursue different strategies in order to obtain rigorous recovery results.
We distinguish between uniform and nonuniform recovery guarantees. A uniform
recovery guarantee means that, with high probability on the choice of a random
matrix, all sparse signals can be recovered using the same matrix. The bounds for the
restricted isometry property that we have just derived indeed imply uniform recovery
for subgaussian random matrices. A nonuniform recovery result only states that a
fixed sparse signal can be recovered with high probability using a random draw
of the matrix. In particular, such weaker nonuniform results allow in principle the
small exceptional set of matrices for which recovery is not necessarily guaranteed to
depend on the signal, in contrast to a uniform statement. Clearly, uniform recovery
implies nonuniform recovery, but the converse is not true. In mathematical terms, a
uniform recovery guarantee provides a lower probability estimate of the form

P(Vs-sparse x, recovery of x is successful using A) > 1 — ¢,
while nonuniform recovery gives a statement of the form

Vs-sparse x : P(recovery of x is successful using A) > 1 — ¢,
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where in both cases the probability is over the random draw of A. Due to the
appearance of the quantifier Vx at different places, the two types of statements are
clearly different.

For subgaussian random matrices, a nonuniform analysis enables to provide
explicit and good constants in estimates for the required number of measurements—
although the asymptotic analysis is essentially the same in both types of recovery
guarantees. The advantage of the nonuniform approach will become more apparent
later in Chap. 12, where we will see that such type of results will be easier to prove
for structured random matrices and will provide better estimates both in terms of
constants and asymptotic behavior.

Subgaussian Random Matrices

Our first nonuniform recovery results for ¢;-minimization concerns subgaussian
random matrices.

Theorem 9.16. Let x € CV be an s-sparse vector. Let A € R™*N be a randomly
drawn subgaussian matrix with subgaussian parameter c in (9.2). If, for some
e €(0,1),

m >

4c . e 7 2
1 55111(2]\]/6), with § = \/@ (W + ;) (9.18)

(assuming N and s are large enough so that 6 < 1), then with probability at least
1 — € the vector X is the unique minimizer of ||z||1 subject to Az = Ax.

The constant C' = 2/(3¢) depends only on the subgaussian parameter ¢ through
cin (9.6).

Remark 9.17. The parameter § in (9.18) tends to zero as N and s get large so that,
roughly speaking, sparse recovery is successful provided m > 4csln(2N/¢). In
the Gaussian and Bernoulli case where ¢ = 1/2, we roughly obtain the sufficient
condition

m > 2sIn(2N/e). 9.19)

Later we will replace the factor In(2N/<) by In(NN/s) in the Gaussian case.

Proof (of Theorem 9.16). Set S := supp x and note that card(S) < s. By Corol-
lary 4.28, it is sufficient to show that A g is injective and that

[((As)Tay, sgn(xs))| = |(ap, (Ag)*sgn(xS)H <1 forall £€S.

Therefore, the probability of failure of recovery is bounded, for any o > 0, by
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Pi=P (3 €T+ |(ar, (AL) sen(xs))| > 1)
<P (3e €5 (ag, (AL)*sgn(xs))| > 1 \H Y sen(xs)|s < a) (9.20)
P([|(AL)*sgn(xs)|2 > ). 9.21)
The term in (9.20) above is estimated using Corollary 8.8. (In the real case, we may
alternatively use Theorem 7.27.) Hereby, we additionally use the independence of

all the entries of A so that, in particular, a, and A g are independent for ¢ ¢ S.
Conditioning on the event that || (AL)*sgn(xs) l2 < a, we obtain

P (I(ae, (AL) sen(xs))| 2 1) =P | |3 (ar);[(AL)"sgn(xs));| = 1

1
S 2€Xp <_W> .

The term in (9.20) can be estimated by 2(N — s)exp(—1/(4ca?)) due to the union
bound, which in turn is no larger than (N — s)e/N < (N — 1)e/N when

2 = 4cIn(2N/e).
For the term in (9.21), we observe that
I(AL)"sgn(xs)[3 < o, (As)llsgn(xs)|3 < 050, (As) s,
where o, denotes the smallest singular value; see (A.26). Therefore,
P([[(AL) sgnlxs)ll2 > @) < P (o, (As/vim) < ——)
< P(opin(As/Vim) <1-19),

where we have used that € (0, 1) is such that

S

a?(1—4)’

— 6sln(2N/£) =

>
=7

By Theorem 9.9 and Remark 9.10(b), the matrix B = A g/+/m satisfies

9 . Pm 7
P(0nin(B) <1-0) <P(|B'B ~1d22 2 6) <2 exp | —5= + 35 )
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The constant C' = 2/(3¢) depends only on the subgaussian parameter ¢ through ¢
in (9.6). The term in (9.21) is now bounded by /N provided

m > C5 % (7s +2In(2N/e)). (9.22)

We see that (9.22) is implied by (9.18) with the given choice of § and the desired
probability of failure satisfies P < (N — 1)e/N +¢/N = e. O

Gaussian Random Matrices

Now we improve on the logarithmic factor in (9.18) and make recovery also robust
under measurement error. For ease of presentation, we restrict to recovery of real
vectors but note that extensions to the complex case are possible.

Theorem 9.18. Let x € RY be an s-sparse vector. Let A € R™*N be a randomly

drawn Gaussian matrix. If, for some € € (0, 1),

2

2
o 22s< In (eN/s) + @) (9.23)

m+1

then with probability at least 1 — ¢ the vector x is the unique minimizer of ||z||1
subject to Az = Ax.

Remark 9.19. The proof enables one to even deduce a slightly more precise (but
more complicated) condition; see Remark 9.25. Roughly speaking, for large N and
mildly large s, condition (9.23) requires

m > 2sln(eN/s). (9.24)

Theorem 9.18 extends to robust recovery.

Theorem 9.20. Let x € RY be an s-sparse vector. Let A € R™*N be a randomly
drawn Gaussian matrix. Assume that noisy measurements y = Ax + e are taken
with |le||s < n. If, fore € (0,1) and T > 0,

2

2
mn 225( In(eN/s)+ @—FL),

m+1 /s

then with probability at least 1 — ¢, every minimizer x* of ||z|1 subject to
|Az — yll2 < 7 satisfies

2
I — x, < =L,
:
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We develop the proof of these theorems in several steps. The basic ingredients
are the recovery conditions of Theorems 4.35 and 4.36 based on the tangent cone
T'(x) of the ¢1-norm defined in (4.34).

We start our analysis with a general concentration of measure result for Gaussian
random matrices. We recall from Proposition 8.1(b) that a standard Gaussian
random vector g € R™ satisfies

I'((m+1)/2)
E,, =E =V2—= 9.25
sl = V2= 7 (9.25)
and m/vm +1 < E,, < y/m. For asetT C R", we introduce its Gaussian
width by

LT) := Esup(g,x), (9.26)
xeT

where g € R” is a standard Gaussian random vector. The following result is known

as Gordon’s escape through the mesh theorem.

Theorem 9.21. Let A € R™*YN pe a Gaussian random matrix and T be a subset
of the unit sphere SN =1 = {x € RY ||x||2 = 1}. Then, fort > 0,

P (HelfT |Ax|2 < E,, — (T) — t) <e /2

Proof. We first aim to estimate the expectation Einfyxcr ||Ax||2 via Gordon’s
lemma (Lemma 8.27). Forx € T andy € S™~!, we define the Gaussian process

Xy = (AX,y) ZZAEJ“’JW (9.27)

=1 j=1

Then infxer ||Ax||2 = infyxer maxycgm-1 Xx y. The key idea is to compare Xy y
to another Gaussian process Yy y, namely, to

Yx,y = <g7X> + <h7 Y>7

where g € RY and h € R™ are independent standard Gaussian random vectors. Let
x,x' € S¥"Landy,y’ € S™ . One the one hand, since the A; are independent
and of variance 1, we have

2
N

m N m
E|Xxy — Xx y|* =E ZZAEJ Tiye — T5Yp) Z (zjye — yl

=1 j=1 =1 j=1

m N
ZZ whyi + (@) (y0)? — 2525 yey))

=1 j=1
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= x5y 115 + 11311y [13 — 26, %) (v, y")
=2-2(x,x')(y,¥').

On the other hand, using independence and the isotropicity of the standard
multivariate Gaussian distribution (see Lemma 9.7), we have

EYxy — Yoy ? =Elg,x —x) + (h,y —y')|°
= El(g.x —x)[> + E[(h,y — y)|?
= |lx - %3+ lly - ¥'l}
= [Ix[I3 + %13 — 26, %) + Iy13 + Iy - 2(v.¥")
=4-2(x,x') = 2(y,y’).

We obtain

ElYxy = Yoy |? = ElXxy = Xo [ = 201 = (x,%) = (y,¥") + (x,x')y,¥")
=2(1 - (x,x))1 - (y,¥) 20,
where the last inequality follows from the Cauchy—Schwarz inequality and the

fact that all vectors are unit norm. Equality holds if and only if (x,x’) = 1 or
(y,y’) = 1. Therefore, we have shown that

Bl Xxy — Xx y/ > < E|Yiy — Yar y|% (9.28)
E|Xxy — Xxy|? = B|Yay — Yay % (9.29)
It follows from Gordon’s lemma (Lemma 8.27) and Remark 8.28 that
E mf |Ax[]2 =E inf max Xy, >Einf max Yy,
x€T yesSm—1 x€T yesSm—1
=E inf h = E inf h
Jnf, Diax {{g,x) + (h,y)} =E inf {{g,x) + [[h|}

x€E

where we have once applied the symmetry of a standard Gaussian vector.

We notice that F'(A) := infxer || Ax||2 defines a Lipschitz function with respect
to the Frobenius norm (which corresponds to the /5-norm by identifying R™* ¥
with R™™). Indeed, for two matrices A, B € R™*,

| _ ) _ )
inf [ Ax]l2 < inf (IBx]lz + | (A~ B)xl2) < inf (|Bx[l2 + A - Bll2-,2)

< inf [Bxs+ |A - B
xeT
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Hereby, we have used that 7 C SN~ and that the operator norm is bounded by
the Frobenius norm; see (A.17). Interchanging the role of A and B, we conclude
that |F(A) — F(B)| < ||JA — B||p. It follows from concentration of measure
(Theorem 8.40) that

: <R _H < —t2/2'
P(inf [|Ax]> < E inf [Ax]z —1) <e
Substituting the estimation on the expectation Einfycr ||Ax]||2 derived above

concludes the proof. O

According to Theorem 4.35, to prove that a random vector x € R¥ is recovered
from Ax via ¢;-minimization, we need to establish that ker A N T'(x) = {0},
where

T(x) =cone{z —x:z € RY ||z|, < |Ix|:1}.
Equivalently, we need to establish that

inf |Az]]2 > 0.
2ET(x)NSN -1

To this end, Theorem 9.21 is useful if we find an upper bound for the Gaussian width
of T := T'(x)NSN~1. The next result gives such a bound involving the normal cone
of the ¢1-norm at x, i.e., the polar cone V' (x) = T'(x)° of T'(x) (see (B.3)), namely,

N(x) ={z € R" : (z,w — x) < 0 for all w such that |w]||; < [x[l:}. (9.30)
Proposition 9.22. Let g € RY be a standard Gaussian random vector. Then

(T(x)NSY"1 <E min |g— 2. 9.31)
zeN (x)

Proof. Tt follows from (B.40) that

(T(x)NSNH =E (g,z)

(g,2) <E

max max
z€T(x),[|z[2=1 zeT'(x),[zl[2<1

<E min g~z
z€T(x)°

By definition of the normal cone, this establishes the claim. O

The previous result leads us to computing the normal cone of the ¢;-norm at a
sparse vector.

Lemma 9.23. Let x € RY with supp(x) = S C [N]. Then

N(x) = U {z e RN, 2y =tsgn(z) for L € S, || <tforleS}. (9.32)

t>0
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Proof. If z is contained in the right-hand side of (9.32), then, for w such that
Wil < [[xll1,

(2, w —x) = (z,w) — (2,%) < |[zlc[[W][1 = [|z]lool[x[l1 = [[z]loc (IWl[1 — [Ix]l1)

<o,

hence, z € N (x).
Conversely, assume that z € N (x), i.e., that (z,w) < (z,x) for all w with

lwlli < ||x|l1. Consider a vector w with ||w||; = ||x||1 such that sgn(w;) =
sgn(z;) whenever |z;| = ||z||oc and w; = 0 otherwise. Then

2llocll Wl = (2 w) < (2,5%) < [l2lloolxl}1 = [12]lo 1]l
In particular, (z,x) = [|z[[ool/X[|1, which means that z;, = sgn(z()||z||c for all
£ € S. Since obviously also |z¢| < ||z|| for all £ € S, we choose t = ||z||~ to see
that z is contained in right-hand side of (9.32). O

Now we are in a position to estimate the desired Gaussian width.

Proposition 9.24. Ifx € RY is an s-sparse vector, then
(6T (x) N SV1))* < 25In(eN/s). (9.33)

Proof. Tt follows from Proposition 9.22 and Holder’s inequality that
2
or mSN12<<E i - > <E mi —zl3. (9.34
(TGN S* )7 < (E min g —zl2) <E min flg—2]3  ©34

Let S = supp(x) so that card(.S) < s. According to (9.32), we have

g}\}{l ) g —zl3 = min D (e —tsgn(x0))* + > (90— 20)>. (9.35)
|ze| <t,0c5 t€S ees

A straightforward computation shows that (see also Exercise 15.2)

. 2 2
— =9
lg}llgt(gz 2q) 1(90)*,

where S is the soft thresholding operator (B.18) given by
u—t ifu>t,
Se(u) =40 if jul <t,
u+t ifu < —t.

Hence, for a fixed ¢ > 0 independent of g,
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- <E
min 3

> (g — tsgn(x))?

Les

+E Z St(ge)?

Les

< sE(g+6)* + Y ESi(g0)” = s(1+ %) + (N — $)ES,(9)°,
es

where ¢ is a (univariate) standard Gaussian random variable. It remains to estimate
ES;(g)?. Applying symmetry of g and S; as well as a change of variables, we get

ES:(g Se(u)?e™"2du = \/7 (u— )%™ 2du
A
_ \/j/ ’U —(v+t)? /2d’U 7t /2\/5/00 e~ 2/2 7vtd’U (9 36)
™ Jo ™ Jo
< e—ﬁ/z\/?/oo vze_v2/2dv _ e—t2/2E[g2] _ e—t2/2'
™ Jo

Combining the above arguments gives

(AT (x) N SN2 < min {s(1+12) + (N = 5)e 12}

< min{s(l + ) + N67t2/2} .
>0

The choice t = y/21n(N/s) shows that
(UT(x) N SN1)2 < 5(1 +2In(N/s)) + s = 2sIn(eN /s).
This completes the proof. O

Let us finally complete the proofs of the nonuniform recovery results for
Gaussian random matrices.

Proof (of Theorem 9.18). Letus sett = /21n(e~1). By Proposition 9.24 and since
E,, > m/+v/m + 1 (see Proposition 8.1(b)), Condition (9.23) ensures that

B, —T(x)NnSN"1 —t>0.

It follows from Theorem 9.21 that

P ( min |Az]|2 > O)

zeT(x)NSN -1

2P ( min Azl > B, - (TG00 8% 1)

ZET(x)NSN -1

>1—et/2=1_¢ (9.37)
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This implies that T'(x) Nker A = {0} with probability at least 1 —e. An application
of Theorem 4.35 concludes the proof. O

Proof (of Theorem 9.20). With the same notation as in the previous proof, the
assumptions of Theorem 9.20 imply

Epm—(T(x)NSN"YH -7 —t>0.

As in (9.37), we conclude that

P ( min |Az|2 > 7') >1—c.
2€T(x)NSN -1

The claim follows then from Theorem 4.36. O

Remark 9.25. We can also achieve a slightly better (but more complicated) bognd
for the Gaussian width in Proposition 9.24. Instead of the bound ES;(g)? < e~* /2

derivg:d in the proof of Proposition 9.24, we use the elementary inequality
ve U /2 < e~/2in (9.36) to obtain

ESt(g)Q = et2/2\/§/ '02671)2/267”(111 < \/261/28152/2/ ve Yt du
™ Jo T 0
— —ite 9.38)
e

Following the arguments in the proof of Proposition 9.24, the choice ¢t =
V2In(N/s) — 1= /2In(N/(y/es)), which is valid if N > \/es, yields

1\ 2 1 S

Therefore, if N > \/es, then the recovery condition (9.23) can be refined to

m2

1 mE )
o > 2s <\/IH(N/S)+ N IIN) +\/ . ) . (9.39)

Roughly speaking, for large N, mildly large s, and large ratio N /s, we obtain the
“asymptotic” recovery condition

m > 2sIn(N/s). (9.40)

This is the general rule of thumb for compressive sensing and reflects well empirical
tests for sparse recovery using Gaussian matrices but also different random matrices.
However, our proof of this result is restricted to the Gaussian case.
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9.3 Restricted Isometry Property for Gaussian Matrices

We return to the uniform setting specialized to Gaussian matrices, for which we can
provide explicit constants in the estimate for the required number of measurements.
We first treat the restricted isometry property. In the next section, we provide a direct
proof for the null space property of Gaussian matrices resulting in very reasonable
constants.

The approach for the restricted isometry property of Gaussian random matrices
in this section (as well as the one for the null space property in the next section)
is based on concentration of measure (Theorem 8.40) and on the Slepian—Gordon
lemmas, therefore it does not generalize to subgaussian matrices.

We start with estimates for the extremal singular values of a Gaussian random
matrix.

Theorem 9.26. Let A be an m x s Gaussian matrix with m > s and let o min and
Omax be the smallest and largest singular value of the renormalized matrix \/LHA.
Then, fort > 0,

P(0max > 1+ /s/m +1t) < e ™ /2, (9.41)
P(omin < 1—/s/m—1t) < e ™ /2, (9.42)

Proof. By Proposition A.16, the extremal singular values are 1-Lipschitz func-
tions with respect to the Frobenius norm (which corresponds to the ¢2-norm by
identifying R"*® with R™*). Therefore, it follows from concentration of measure
(Theorem 8.40) that in particular the largest singular value of the non-normalized
matrix A satisfies

P(Umax(A) > E[Umax(A)] + T) < e—r2/2' (9.43)

Let us estimate the expectation above using Slepian’s lemma (Lemma 8.25).
Observe that

Omax(A) = sup sup (Ax,y). (9.44)

x€Ss—lyesm—1
As in the proof of Theorem 9.21, we introduce two Gaussian processes by
Xxyy = <AX7 Y>7
Yy :=(g,%) + (h,y), (9.45)

where g € R? h € R™ are two independent standard Gaussian random vectors. By
(9.28), forx,x’ € S* landy,y’ € S™ !, we have

Bl Xxy — Xx y|? < E|Yiy — Yar yr | (9.46)
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Slepian’s lemma (Lemma 8.25) together with Remark 8.28 implies that

Eamax(A) =E sup 'Xx)y <E sup Yx’y

x€Ss—lyeSm—1 x€Ss— 1 yesm—1
=E sup (g,x)+E sup (h,y)=Elgls+E[hl> < Vs+Vm.
xeszl yeswnfl

The last inequality follows from Proposition 8.1(b). Plugging this estimate into
(9.43) shows that

P(0max(A) > Vm + s +1) < e /2

Rescaling by \/% shows the estimate for the largest singular value of LmA.

The smallest singular value oyin(A) = inf,cgs—1 ||Ax]|2 can be estimated with
the help of Theorem 9.21 (which relies on concentration of measure for Lipschitz
functions as well). The required Gaussian width of T' = S~ is given, for a standard
Gaussian vector g in R®, by

(S =E sup (g,x)=E|g|2= E,.
xeS8s—1

By Proposition 8.1(b) and Lemma C.4, we further obtain

o sT(mE /) ST(s+1)/2)
e N T Ry - A

Applying Theorem 9.21 and rescaling concludes the proof. O

With this tool at hand, we can easily show the restricted isometry property for
Gaussian matrices.

Theorem 9.27. Let A be an m x N Gaussian matrix with m < N. For
n,e € (0,1), assume that

m > 252 (sln(eN/s) + In(2c71)) . (9.47)

Then with probability at least 1 — ¢ the restricted isometry constant 65 of \/%A
satisfies

2
1 1
s X214+ —/—m——— 1+ ———= 2, 4
b < ( * 21n(eN/s)>n+< * 2ln(eN/s)> 7 ©.48)

Remark 9.28. Note that (9.48) implies the simpler inequality 6, < Cn with
C=2(1++1/2) + (1 + 1/1/2)* ~ 6.3284. In other words, the condition

m = G672 (sIn(eN /5) + In(27 1))
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with ¢ = 2C? =~ 80.098 implies ds < 4. In most situations, i.e., when
s < N, the statement of the theorem provides better constants. For instance, if
2In(eN/(2s)) > 8, that is, N/s > 2e* =~ 40.171 and n = 1/5, then
das < 0.6147 < 0.6248 (compare with Theorem 6.12 concerning ¢;-minimization)
provided

m > 50 (2sIn(eN/(2s)) + In(2e 7)) .

Further, in the limit N/s — oo, we obtain 65 < 2n + 772. Then the choice n = 0.27
yields 82, < 0.6129 under the conditionm > 27.434 (2sIn(eN/(2s)) + In(2e 7))
in this asymptotic regime.

Proof (of Theorem 9.27). We proceed similarly to the proof of Theorem 9.11. Let
S C [N] be of cardinality s. The submatrix Ag is an m x s Gaussian matrix, and
the eigenvalues of = A% A g —Id are contained in [02; — 1,02 1] where opin

min s “max

and o ax are the extremal singular values of A s = \/%A 5. Theorem 9.26 implies
that with probability at least 1 — 2 exp(—mn?/2)

|A5As —Tdlla-z < max {(1+ /s/m+m)? = 1,1 = (1= (\/s/m +n)*}
=2(\/s/m+n)+ (\/s/m+n)>.

Taking the union bound over all (];[ ) subsets of [N] of cardinality s, and in view of
0s = Maxsc[N],card(S)=s HAZ'AS - Id||2_>2, we obtain

P (6, > 2v/s/m +n) + (Vs/m +1)?) < 2<N >emn2/z

<9 <ﬂ> e*mnz/Q'
- S

In the second inequality, we have applied Lemma C.5. The last term is dominated by
¢ due to condition (9.47), which also implies y/s/m < —77—2 IOk The conclusion

of the theorem follows. O

9.4 Null Space Property for Gaussian Matrices

Our next theorem states stable uniform recovery with Gaussian random matrices
via ¢1-minimization and provides good constants. It is established by showing the
stable null space property of Definition 4.11 directly rather than by relying on the
restricted isometry property.
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Theorem 9.29. Let A € R™*N be a random draw of a Gaussian matrix. Assume
that

2
2

m - > 2sIn(eN /s) <1+p1+D(s/N)+ M) . (9.49)

m sln(eN/s)

where D is a function that satisfies D(a) < 0.92 for all « € (0,1] and
lim, 0 D(ct) = 0. Then, with probability at least 1 — ¢, every vector x € RN
is approximated by a minimizer x* of ||z||, subject to Az = AX in the sense that

x — xt||; < MO’S(X)L
I-p

Remark 9.30. (a) The function D in the above theorem is given by

Do) = ——L ! . (9.50)

V2In(ea=1)  (8me?)t/4In(ea)

Note that the theorem is only interesting for N > 2s because otherwise it is
impossible to fulfill the null space property. In this range, D satisfies the slightly
better upper bound

D(a) < D(1/2) = 2111(26) 7 8W€3)1}4 o 0008

(b) Roughly speaking, for large N, mildly large s and small ratio s/N (which is the
situation of most interest in compressive sensing), Condition (9.49) turns into

m > 2(1+p~H)2sIn(eN/s).
(c) The proof proceeds by establishing the null space property of order s with

constant p. Letting p = 1 yields exact recovery of all s-sparse vectors roughly
under the condition

m > 8sln(eN/s). (9.51)

The proof strategy is similar to Sect.9.2. In particular, we use Gordon’s escape
through the mesh theorem (Theorem 9.21). For p € (0, 1], we introduce the set

T, :={we RY : |lws|1 > p|lwg]|1 for some S C [N], card(S) = s}.
If we show that

min{||Aw|s:w e T, NSV} >0, (9.52)
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then we can conclude that
lvslli < pllvglly forallv € ker A\ {0} and all S C [N] with card(S) = s,

so that the stable null space property holds. If p = 1, this implies exact recovery
of all s-sparse vectors by Theorem 4.4. If p < 1, we even have stability of the
reconstruction by Theorem 4.12. Following Theorem 9.21, we are led to study the
Gaussian widths of the set T, ; N S N=1_As a first step, we relate this problem to
the following convex cone

s N
K, = {u eRN :uy>0foralll € [N],Zue >p Z uz}. (9.53)
/=1 {=s+1

Our next result is similar to Proposition 9.22. We recall that the nonincreasing
rearrangement g* of a vector g has entries g; = |g¢,;| with a permutation j — ¢;
of [N] such that g7 > g5 > --- > g& > 0; see Definition 2.4. Also, recall the
definition (B.2) of the dual cone

K . ={zeR":(z,u) > 0forallue K, ,}.

Proposition 9.31. Let g € RYN be a standard Gaussian vector and g* its
nonincreasing rearrangement. Then

UT,sN S’Nﬁl) <E min |g*+ 2.
ZEK;YS

Proof. Consider the maximization problem maxyer, ,nsn¥-1 (g, w) appearing in
the definition of the Gaussian widths (9.26) (since T, s N S N-1 s compact the
maximum is attained). By invariance of T}, ; under permutation of the indices and
under entrywise sign changes, we have

max w) = max W) = max *u
weT,J,SﬁSN*1<g7 > weTp,smSN*1<g ’ > uer,smSN*1<g ’ >
< min ||g* +z
<, min g+l
where the inequality uses (B.39). The claim follows by taking expectations. O

The previous results motivate us to investigate the dual cone K ..

Lemma 9.32. The dual cone of K, s defined in (9.53) satisfies

K, DQps ::U{ZGRN:2g:t,€€[S],zeZ—pt,ﬁzs—l—l,...,N}.
>0
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Proof. Take a vector z € (), ;. Then, forany u € K, ,,

(z,u) = Zzwg—l- Z 2gu£>t2uz—tp Z ug > 0. (9.54)

/=1 {=s+1 {=s+1
Therefore, z € K;)S. O
We are now in a position to estimate the Gaussian widths of 7}, s N SV ~1.
Proposition 9.33. The Gaussian width of T, s N SN =1 satisfies
UT,sN SN < \/2sIn(eN/s) (1 +p~' + D(s/N)),

where D is the function in (9.50).

Proof. By Proposition 9.31, it suffices to estimate £ := Emingex- llg* + z||2.
Replacing K by its subset @, s from Lemma 9.32 yields

E <E min [|g*+ z||2
z2€Q,, s

s N
< i * 2 * 2
<E min S+t | S (g5 + =02
2¢>—pth=s+1,...,.N \ =1 l=s+1
Consider a fixed ¢ > 0. Then
s 1/2 N 1/2
E<E 4+ 1)? * 2
SE D (g +0°|  +E| min > (g7 + )
=1 =s+1
s N 1/2
SED (02 +tvE+E| D] Spt(ng)ﬂ , (9.55)
/=1 l=s+1

where S, is the soft thresholding operator (B.18). It follows from Holder’s
inequality, from the fact that the sum below is over the N — s smallest elements
of the sequence (S,¢(ge))e, and from (9.38) that the third term in (9.55) can be

estimated by
N 1/2
2 ¢—(pt)?/2
E 2 < — 8 ———.
E Spt(gf)] _\/(N s) e (pt)?

l=s+1

N 1/2
E [ > Spt<gz>2] <

l=s+1

It remains to estimate the first summand in (9.55). By Holder’s inequality, Proposi-
tion 8.2, and Lemma C.5,
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E *)2 E < ]E 2
D0 =B max el < \/ N

< yf2m () + v < VESTEN T + v

1
:W<H¢W>'

Altogether we have derived that

e—(pt)?/2
(nt)?

1 2
E <+/2sIn(eN/s) <1+ W) +ty/5 + \/(N—S)\/;e

We choose t = p~1/21In(eN /s) to obtain

E <+/2sln(eN/s) <1 +p 4 ;>

2In(eN/s)

2 s
+ \/(N B S)\/;%N In(eN/s)

<4/2sln(eN/s) (1 +p = + ( ! ) .

2In(eN/s) (8me?)/4In(eN/s)

This completes the proof by the definition (9.50) of the function D. O

In view of Theorem 4.12, the uniform recovery result of Theorem 9.29 is now an
immediate consequence of the following statement.

Corollary 9.34. Let A € R™*YN be a random draw of a Gaussian matrix. Let
s < N,pe€ (0,1, € (0,1) such that

2
2

o . In(e—1)
m+122sln(eN/S)<1+P +D(s/N) + W) '

Then with probability at least 1 — ¢ the matrix A satisfies the stable null space
property of order s with constant p.

Proof. Taking into account the preceding results, the proof is a variation of the one
of Theorem 9.18; see also Exercise 9.7. O
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9.5 Relation to Johnson-Lindenstrauss Embeddings

The Johnson—Lindenstrauss lemma is not a statement connected with sparsity per se,
but it is closely related to the concentration inequality (9.6) for subgaussian matrices
leading to the restricted isometry property. Assume that we are given a finite set
{x1,...,xap} C RY of points. If N is large, then it is usually computationally
expensive to process these points. Therefore, it is of interest to project them into
a lower-dimensional space while preserving essential geometrical properties such
as mutual distances. The Johnson-Lindenstrauss lemma states that such lower-
dimensional embeddings exist. For simplicity, we state our results for the real case,
but note that it has immediate extensions to C"V (for instance, simply by identifying
CVN with R?YV),

Lemma 9.35. Let x1,...,x) € RY be an arbitrary set of points and n > 0. If
m > Cn~21In(M), then there exists a matrix B € R™*N such that

(L= m)llx; —xel3 < IB(x; — x)[3 < (1+ )% — %13

forall j, ¢ € [M]. The constant C > 0 is universal.
Proof. Considering the set

E={xj—-x:1<j<(t{<M}

of cardinality card(F) < M (M — 1)/2, it is enough to show the existence of B
such that

(1 =mlx]z < IBx|3 < (1 +n)|x[3 forallx € E. (9.56)

We take B = LmA € R™*N where A is a random draw of a subgaussian matrix.
Then (9.6) implies that, for any fixed x € E and an appropriate constant ¢,

P(|IBx|[3 — [Ix[I3] = nllx[3) < 2exp(=cmn?).

By the union bound, (9.56) holds simultaneously for all x € E with probability at
least

_ = 2
1— M2e=cmn”,

We take m > ¢~ 'n=2In(M?/¢) so that M? exp(—¢mn?) < e. Then inequality
(9.56) holds with probability at least 1 — ¢, and existence of a map with the desired
property is established when ¢ < 1. Considering the limit ¢ — 1, this gives the
claim with C' = 2¢71. 0
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This proof shows that the concentration inequality (9.6) is closely related to the
Johnson-Lindenstrauss lemma. As (9.6) implies the restricted isometry property
by Theorem 9.11, one may even say that in this sense the Johnson-Lindenstrauss
lemma implies the restricted isometry property. We show next that in some sense
also the converse holds: Given a matrix A satisfying the restricted isometry
property, randomization of the column signs of A provides a Johnson-Lindenstrauss
embedding via (9.56). In what follows, for a vector u, the symbol D,, = diag(u)
stands for the diagonal matrix with u on the diagonal.

Theorem 9.36. Let E C RY be a finite point set of cardinality card(E) = M. For
n,e € (0,1), let A € R™*N with restricted isometry constant satisfying 525 < 1/4
for some s > 161n(4M/e) and let € = (€1, ..., €en) be a Rademacher sequence.
Then, with probability exceeding 1 — ¢,

(L =mx]3 < [ADex|3 < (L +n)lx[3  forallx € E.

Remark 9.37. (a) Without randomization of the column signs, the theorem is false.
Indeed, there is no assumption on the point set E. Therefore, if we choose the
points of £ from the kernel of the matrix A (which is not assumed random
here), there is no chance for the lower bound to hold. Randomization of the
column signs ensures that the probability of F intersecting the kernel of AD,
is very small.

(b) There is no direct condition on the embedding dimension m in the previ-
ous theorem, but the requirement do, < 7/4 for A € R™ Y imposes
an indirect condition. For “good” matrices, one expects that this requires
m > Cn~2sIn“(N), say, so that the condition on s in the previous result
turns into m > Cn~21In*(N) In(M/¢). In comparison to the original Johnson—
Lindenstrauss lemma (Lemma 9.35), we only observe an additional factor of
In“(N).

(c) The theorem allows one to derive Johnson—Lindenstrauss embeddings for other
types of random matrices not being subgaussian. In Chap. 12, we will indeed
deal with different types of matrices A satisfying the restricted isometry
property, for instance, random partial Fourier matrices, so that AD, will
provide a Johnson-Lindenstrauss embedding. It is currently not known how
to show the Johnson-Lindenstrauss embedding directly for such type of
matrices.

Proof. Without loss of generality, we may assume that all x € E are normalized
as ||x||]2 = 1. Consider a fixed x € E. Similarly to the proof of Theorem 6.9, we
partition [N] into blocks of size s according to the nonincreasing rearrangement
of x. More precisely, S; C [N] is an index set of s largest absolute entries of the
vector x, So C [N]\ S; is an index set of s largest absolute entries of x in [N]\ Si,
and so on. As usual, the expression xg (and similar ones below) can mean both the
restriction of the vector x to the indices in .S and the vector whose entries are set to
zero outside of .S. We write
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|ADx||3 = [|[AD ) xs;, 13
j=1
= ||ADcxs, |13 + 2(ADexs,, ADexg) + > (ADexs,, ADcxs,). (9.57)
Jj=1 3 €22
J#l

Since A possesses the restricted isometry property with 5 < 7/4 and since
[Dexs; |2 = ||xs, |2, the first term in (9.57) satisfies

(L =n/Dlxll3 = (L =n/4) Y lIxs,]15 < Y |ADexs; |15 < (1+n/4)|x]3.

j>1 7j>1

To estimate the second term in (9.57), we consider the random variable

X := (ADexs,, ADexgy) = (v, €57) = Z €0y,
¢S

where v € RS" is given by
VvV = DxﬁAf;TAsl stl €35, .

Hereby, we have exploited the fact that D¢x = Dxe. Observing that v and
€5, are stochastically independent, we aim at applying Hoeffding’s inequality
(Corollary 7.21). To this end we estimate the 2-norm of the vector v as

”VHQ: sup <Z7V>: sup Z<Z5j7stjA§jA51D€slxsl>
2221 lall2<1 553

< sup 3|z, 2| Dxs, A%, As, Deg, laosallxs, 2
lzll2<1 553

< sup Y [IAG As, 2oz, l2]xs, llsolxs, |12,

lIzll2<1 55
where we have used that |Dyllay2 = |ullo and |l€]|lcc = 1. In view of
the construction of S1,S5s,..., it follows from Lemma 6.10 that [|xg;|/co

s™Y2||xg,_,||2. Moreover, |[xg,[2 < [[x[2 < 1 and [AS, As, 22 < das for
j > 2 by Proposition 6.3. We continue our estimation with

02
[vllz < 7 ” sHungHZS ll2llxs; ., [I2
Zll2 >2

(=]

2s
S sup IIZS 13+ lIxs;_.[13) < ==
\/_

[|z]]2<1 >2
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where we have used the inequality 2ab < a” +b* and the fact that ) -, [|xs; [|5 <
|x||3 = 1. Applying Hoeffding’s inequality (7.29) conditionally on €g, yields, for
anyt > 0,

t?s 8 st2
P(|X]|>t) <2exp (—252 ) < 2exp (— 5 > (9.58)
2s n

Next we consider the third term in (9.57), which can be written as

N
Y = Z (ADexs;, ADexs,) = Z €;eeBj e = €"Be,
§£>2 Gib=s+1
J#L
where B € RY*¥ is a symmetric matrix with zero diagonal given entrywise by

B, — xja;faga:g if ,0 € S and 7, £ belong to different blocks S,
3= 0 otherwise.

Here, the a;, j € [N], denote the columns of A as usual. We are thus led to estimate
the tail of a Rademacher chaos, which by Proposition 8.13 requires a bound on the
spectral and on the Frobenius norm of B. By symmetry of B, the spectral norm can
be estimated by

HBHQ*>2 = Sup <BZ7Z> = sup Z<ZSJ‘5DXS]~A§]-AS@DXS@ZS@>
llzll2<1 llzll2<1

§,0>2
J#e
< sup 3 las, allzs. lalxs, oI5, oo | AT, A 22
”zHQSlj,éZQ
J#e
< s sup Y |z, ll2llzs, o5 2 Ik, llas ™ 2k, 2
|‘Z||2§1j7g22
J#e
< 625 2 2 2 2 < 625
=~ — Sup Z (HXSj71||2 + ||sz||2) (HX5271||2 + ”zStZ”Q) = -
%zl <1 0= s
J#e
The Frobenius norm obeys the bound
Bl = Y 3 3 atam) = 3 #iDw, Abal:
§,k>2i€S; LSy, §,k>24€8;
J#k j#k
0,

< D0 Y adlxs Rl ALl <65 Y lIxs, 135 Ixs, ]2 <

j,k>24€S; J,k>2
J#k Jj#k
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Hereby, we have made use of HAgkang = ||A§kai|\2_>2 < dsp1 < bog; see

Proposition 6.5. It follows from Proposition 8.13 that the tail of the third term in
(9.57) can be estimated, for any r > 0, by

P(|Y]| >r) <2e ( min{ 317 ! })
X - )
= E e 128 [BI% 32[B[2—2
90 i 3512 sr
xp [ —ming ——,—— % |.
P 12862, 32 65,
3 2
< 2exp (—s min {#, 8%7}) . (9.59)

Now, with the choice ¢ = 7/8 in (9.58) and » = 7/2 in (9.59) and taking into
account (9.57), we arrive at

IN

(L= n)Ixll3 < [[ADex]3 < (1+n)llx|3 (9.60)
for our fixed x € E with probability at least
1 —2exp(—s/8) — 2exp(—smin{3/32,1/16}) > 1 — 4exp(—s/16).

Taking the union bound over all x € E shows that (9.60) holds for all x € F
simultaneously with probability at least

1 —4Mexp(—s/16) > 1 —¢

under the condition s > 16 In(4M /). This concludes the proof. O

Notes

Even though the papers [299] by Kashin and [219] by Garnaev and Gluskin did not
prove the RIP, they already contained in substance the arguments needed to derive
it for Gaussian and Bernoulli matrices. Section 9.1 follows the general idea of the
paper [351] by Mendelson et al., and independently developed in [31] by Baraniuk
et al. There, however, the restricted isometry property is considered without squares
on the fy-norms. As a result, the proof given here is slightly different. Similar
techniques were also used in extensions [414], including the D-RIP [86] covered
in Exercise 9.10 and the corresponding notion of the restricted isometry property
in low-rank matrix recovery [89,418]; see Exercise 9.12. Candes and Tao were the
first to show the restricted isometry property for Gaussian matrices in [97]. They
essentially followed the approach given in Sect. 9.3. They relied on the condition
number estimate for Gaussian random matrices of Theorem 9.26. The proof method
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of the latter, based on Slepian’s and Gordon’s lemmas as well as on concentration
of measure, follows [141].

The nonuniform recovery result of Theorem 9.16 has been shown in [21]; see
also [91] for a very similar approach. The accurate estimate of the required number
of samples in the Gaussian case (Theorem 9.18) appeared in a slightly different form
in [108], where far-reaching extensions to other situations such as low-rank matrix
recovery are also treated. The estimate of the null space property for Gaussian
random matrices (Theorem 9.29) has not appeared elsewhere in this form. Similar
ideas, however, were used in [433,454].

The escape through the mesh theorem (Theorem 9.21) is essentially due to
Gordon [235], where it appeared with slightly worse constants. It was used first
in compressed sensing by Rudelson and Vershynin in [433]; see also [108,454].

The Johnson-Lindenstrauss lemma appeared for the first time in [295]. A
different proof was given in [136]. Theorem 9.36 on the relation of the restricted
isometry property to the Johnson-Lindenstrauss lemma was shown by Krahmer and
Ward in [309].

Random matrices were initially introduced in the context of statistics by Wishart
and in mathematical physics by Wigner. There is a large body of literature on
the asymptotic analysis of the spectrum of random matrices when the matrix
dimension tends to infinity. A well-known result in this context states that the
empirical distribution of Wigner random matrices (Hermitian random matrices with
independent entries up to symmetries) converges to the famous semicircle law. We
refer to the monographs [13, 25] for further information on asymptotic random
matrix theory.

The methods employed in this chapter belong to the area of nonasymptotic
random matrix theory [435, 501], which considers spectral properties of random
matrices in fixed (but usually large) dimension. Rudelson and Vershynin [434]
exploited methods developed in compressive sensing (among other techniques)
and established a result on the smallest singular value of square Bernoulli random
matrices, which was an open conjecture for a long time. By distinguishing the action
of the matrix on compressible and on incompressible vectors, they were able to
achieve their breakthrough. The compressible vectors are handled in the same way
as in the proof of the restricted isometry property for rectangular random matrices
in Sect. 9.1.

Sparse recovery with Gaussian matrices via polytope geometry. Donoho and
Tanner [154,165-167] approach the analysis of sparse recovery via ¢1-minimization
using Gaussian random matrices through the geometric characterization of Corol-
lary 4.39. They consider an asymptotic scenario where the dimension N tends to
infinity and where m = my and s = sy satisfy

my s SN

lim N = d lim N =
NgnooN an NgnoomN p

for some 4, p € [0, 1]. They show that there exist thresholds that separate regions
in the plane [0,1]? of parameters (6, p), where recovery succeeds and recovery
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s/m 0.5

Fig. 9.1 Strong threshold ps = pg(8) (dashed curve), weak threshold py = pw (8) (solid
curve), § = m/N, p=s/m

fails with probability tending to 1 as N — oo. In other words, a phase transition
phenomenon occurs for high dimensions N. They distinguish a strong threshold
ps = ps(9) and a weak threshold py = pw (9).

In our terminology, the strong threshold corresponds to uniform recovery via
£1-minimization. In the limit as N — oo, if s < pm with p < pg(d) and 6 = m/N,
then recovery of all s-sparse vectors is successful with high probability. Moreover,
if s > pm with p > pg(d), then recovery of all s-sparse vectors fails with high
probability.

The weak threshold corresponds to nonuniform recovery. (The formulation
in [154, 165-167] is slightly different than our notion of nonuniform recovery,
but for Gaussian random matrices, both notions are equivalent.) In the limit as
N — oo, if s < pm with p < pw (0) and § = m/N, then a fixed s-sparse vector
is recovered from y = Ax via ¢;-minimization with high probability using a draw
of an m x N Gaussian random matrix A. Conversely, if s > pm with p > pw (9),
then ¢;-minimization fails to recover a given s-sparse vector from y = Ax with
high probability.

Unfortunately, no closed forms for the functions py and pg are available.
Nevertheless, Donoho and Tanner [154, 167] provide complicated implicit expres-
sions and compute these functions numerically; see Fig. 9.1. Moreover, they derive
the asymptotic behavior of pyy (d) and pg(d) when § — 0, that is, in the relevant
scenario when m is significantly smaller than V. These are
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1 1
Y w5

As a consequence, we roughly obtain the following statements for large N:

ps(é) 6 — 0.

e Uniform recovery. If
m > 2esIn(N/(v/7m)),

then with high probability on the draw of a Gaussian random matrix, every
s-sparse vector x is recovered from y = Ax via ¢;-minimization. Conversely,
if m < 2esIn(N/(y/Tm)), then recovery of all s-sparse vectors fails with high
probability.

* Nonuniform recovery. If

m > 2sIn(N/m),

then a fixed s-sparse vector x is recovered from y = Ax via ¢;-minimization
with high probability on the draw of a Gaussian random matrix A. Conversely,
if m < 2sIn(N/m), then with high probability, ¢;-minimization fails to recover
a fixed s-sparse vector using a random draw of a Gaussian matrix.

The involved analysis of Donoho and Tanner builds on the characterization of
sparse recovery in Corollary 4.39. Stated in slightly different notation, s-sparse
recovery is equivalent to s-neighborliness of the projected polytope AB?: Every
set of s vertices of ABY (not containing antipodal points) spans an (s — 1)-face
of AB}; see also Exercise 4.16. This property is investigated directly using works
by Affentranger and Schneider [3] and by Vershik and Sporyshev [498] on random
polytopes. Additionally, Donoho and Tanner provide thresholds for the case where it
is known a priori that the sparse vector has only nonnegative entries [165,167]. This
information can be used as an additional constraint in the ¢;-minimization problem
and in this case one has to analyze the projected simplex AS”, where S¥ is the
standard simplex, that is, the convex hull of the canonical unit vectors and the zero
vector.

It is currently not clear whether this approach can be extended to further random
matrices such as Bernoulli matrices, although the same weak threshold is observed
empirically for a variety of random matrices [168]. For illustration, an empirical
phase diagram is shown in Fig.9.2. It is not clear either whether the polytope
approach can cover stability and robustness of reconstruction.

The fact that this analysis provides precise statements about the failure of
recovery via {;-minimization allows one to deduce that the constant 2 in our
nonuniform recovery analysis for Gaussian random matrices in Sect. 9.2 is optimal;
see (9.23). Moreover, the constant 8 appearing in our analysis of the null space
property in Theorem 9.29 (see also (9.51)) is not optimal, but at least it is not
too far from the optimal value 2e. In contrast to the polytope approach, however,
Theorem 9.29 also covers the stability of reconstruction.
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09

s/m

0.2 0.3 0.4 0.5 0.6 07 0.8 0.9

m/N

Fig. 9.2 Empirically observed weak threshold. Black corresponds to 100 % empirical success
probability, white to 0 % empirical success probability (Image Courtesy by Jared Tanner, University
of Oxford)

A precise phase transition analysis of the restricted isometry constants of
Gaussian random matrices has been performed in [24, 53].

Message passing algorithms [162] in connection with Gaussian random matrices
also allow for a precise asymptotic analysis.

Exercises

9.1. Coherence of a Bernoulli random matrix.

Let A = [a;]as| - - - |ay] be an m x N Bernoulli matrix. Let x be the coherence of
m~Y2A, ie., p=m" " max;z |(a;,ar)|. Show that
<2 In(N/e)
m

with probability at least 1 — £2.

9.2. Concentration inequality for Gaussian matrices.
Let A be an m x N Gaussian random matrix. Show that, forx € RY andt € (0,1),

P(|m~ | Ax(3 — [x|2] > Hx]2) < 2exp (—m(2/4— £/6)).  (9.61)

Show that this concentration inequality holds as well for a Bernoulli random matrix.
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9.3. Smallest singular value of a subgaussian matrix.
Let B be an m x s subgaussian random matrix, and let o,,,;,, be the smallest singular
value of LmB. Show that, for ¢t € (0, 1),

T
P <Umin < 1- C1 i - t> < 26Xp(—62mt2).
\/ m

Provide values for the constants ¢y, ca > 0, possibly in terms of ¢ in (9.6).

9.4. Largest singular value via Dudley’s inequality.
Let A be an m x s (unnormalized) subgaussian random matrix. Use Dudley’s
inequality (Theorem 8.23) to show that

E|A 252 < C(Vm + /5).

9.5. Extremal singular values of complex Gaussian matrices.

For s < m, let A be an m X s random matrix with entries A, = g + thy
where the (g;1) and (h ;) are independent mean-zero Gaussian random variables of
variance 1. Show that the largest singular value oy, and the smallest singular value
Omin Of the renormalized matrix \/%fmA satisfy

Plomax > 1+ s/m+1t) < efmtz,
Plomin <1—+/s/m—1t) < et

9.6. Let A be an m x N Gaussian random matrix. For § € (0, 1), prove that with
high probability the modified restricted isometry property stating that

(1 —0) vm|x|l2 < [[Ax|l1 < (1 +6) vm|x]2 for all s-sparse x € RY
is fulfilled provided that
m > c(d) s In(eN/s).

9.7. Verity Corollary 9.34 in detail.

9.8. Let A € R™*V be a random matrix satisfying the concentration inequality
(9.7). Given § € (0, 1), prove that with probability at least 1 — N ¢, the matrix A
satisfies the homogeneous restricted isometry property

(1 /20) I3 < i3 < (17

for all r-sparse x € C" and all » < s provided

m > a6 2sIn(N).
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9.9. Let A € R™ Y be a random matrix whose columns are independent and
uniformly distributed on the sphere S™~!. Show that its restricted isometry constant
satisfies 65 < & with probability at least 1 — ¢ provided

m>Co 2 (sln(eN/s) + 111(25_1)) )

where C' > 0 is an appropriate universal constant.

9.10. D-RIP

Let D € RY*M (the dictionary) with A/ > N and let A € R™*" (the measure-
ment matrix). The restricted isometry constants J5 adapted to D are defined as the
smallest constants such that

(1= 0)2ll3 < [[Azll3 < (1+d,)]2]l3

for all z € RY of the form z = Dx for some s-sparse x € RM.

If A is an m x N subgaussian random matrix, show that the restricted isometry
constants adapted to D of m™'/2A satisfy §, < & with probability at least 1 — ¢
provided that

m > C6 * (sln(eM /s) +In(2e7 1)) .
9.11. Recovery with random Gaussian noise on the measurements.

(a) Let e € R™ be a random vector with independent mean-zero Gaussian entries
of variance o2. Show that ||e||> < 20/m with probability at least 1 — e~™/2,

(b) Let A € R™*¥ be a subgaussian random matrix and e be a random vector with
independent mean-zero Gaussian entries of variance o2, For an s-sparse vector
x € RV, sety = Ax + e and assume that

m > Csln(eN/s).
Let x! € RY be a solution of

minimize ||z||;  subject to [|Az — y|]2 < 20/m.
zERN

Show that
[x — x|l < C'o (9.62)

with probability at least 1 —exp(—cm). Here, C, C’, ¢ > 0 are suitable absolute
constants.

(c) Let A € R™ " be a matrix with £2-normalized columns, i.e., ||a; |2 = 1 for all
j € [N].Lete € R™ be a random vector with independent mean-zero Gaussian
entries of variance o2. Show that
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[A*e||oo < 204/In(2N)

with probability at least 1 — 1/(2N).

(d) Let A € R™*N bea subgaussian random matrix and e be a random vector with
independent mean-zero Gaussian entries of variance o2, For an s-sparse vector
x € RY, sety = Ax + e and assume that

m > CsIn(eN/s).
Let x* € RY be a minimizer of the Dantzig selector
miﬁﬂg{ize |z||; subjectto ||A*(Az — y)|loe < 20/ mIn(2N).
Show that

sln(2N)
m

|x —x*|]s < C'o (9.63)

with probability at least 1 — N 1. Here, C, C’ > 0 are suitable absolute const-
ants. Hint: Exercise 6.18.

(e) Extend (d) to subgaussian random matrices A € R™*N and mean-zero
subgaussian random vectors with independent entries of variance 2.

The subtle difference between the estimates (9.62) and (9.63) consists in the fact that
once m > CsIn(2N), then the right-hand side of (9.63) decreases with growing m,
while (9.62) remains constant. For this reason, the Dantzig selector is often preferred
over quadratically constrained ¢;-minimization in a statistical context.

9.12. Rank-RIP for subgaussian measurement maps.
For a measurement map A : R"**"2 — R™, the rank restricted isometry constant
0, is defined as the smallest number such that

(1—6)IX|% < AX)|2 < (14 6,)||X||% forall X of rank at most s;

see also Exercise 6.25. A measurement map .A is called subgaussian if all the entries
A in the representation

AX); = ZAJMXM

k¢

are independent mean-zero subgaussian random variables with variance 1 and
the same subgaussian parameter c. Show that the restricted isometry constants of
1/4/mA satisfy §, < & with probability at least 1 — & provided that

m > Cs (s(ny +nz2) +In(2e71)),
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and explain why this bound is optimal. As a first step show that the covering
numbers of the set Dy = {X € R™*"2 : || X||p < 1,rank(X) < s} satisfy

N(Ds, || - lp,p) < (1+6/p)rrtnztis,

Hint: Use the (reduced) singular value decomposition X = UDV™, where
U € R™*%and V € R"2*° have orthonormal columns and D € R*** is diagonal.
Cover the sets of the three components U, V, D separately with respect to suitable
norms.



Chapter 10
Gelfand Widths of ¢,-Balls

In this chapter, we make a detour to the geometry of /I in order to underline the
optimality of random sensing in terms of the number of measurements. In particular,
we show that the minimal number of measurements required for stable recovery
via any method is m > Csln(eN/s), which matches the bound for random
measurements and /;-minimization stated in Theorem 9.12. In Sect.10.1, we
introduce several notions of widths and show that Gelfand widths are closely related
to the worst-case reconstruction error of compressive sensing methods over classes
of vectors. In Sect. 10.2, we establish upper and lower bounds for the Gelfand widths
of ¢1-balls. In fact, the methods developed so far turn out to be appropriate tools to
tackle this venerable problem originating from pure mathematics. We give further
instances of methods from compressive sensing being used successfully in Banach
space geometry in Sect. 10.3, where we establish lower and upper bounds of certain
Kolmogorov widths as well as Kashin’s decomposition theorem. For convenience,
we only consider real vector spaces in this chapter, but straightforward extensions
to the complex case are possible.

10.1 Definitions and Relation to Compressive Sensing

We introduce in this section several notions of widths. We start with the classical
notion of Gelfand widths.

Definition 10.1. The Gelfand m-width of a subset K of a normed space X is
defined as

d™(K,X) :=inf { sup ||x||, L™ subspace of X with codim(L™) < m} .
xeKNL™

Since a subspace L™ of X is of codimension at most m if and only if there exists
linear functionals A\j, ..., A, : X — R in the dual space X * such that

S. Foucart and H. Rauhut, A Mathematical Introduction to Compressive Sensing, 311
Applied and Numerical Harmonic Analysis, DOI 10.1007/978-0-8176-4948-7_10,
© Springer Science+Business Media New York 2013
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L™ ={xe€ X :\(x)=0foralli € [m]} =ker A,

where A : X — R™, x + [A1(X),...,A\m(x)] T, we also have the representation

dm(K,X)_inf{ sup x|, A: X —-R™ linear}.
x€KnNker A

We readily observe that the sequence (d" (K, X)), - is nonincreasing. Its first
term is d°(K, X) = supycg ||x[|. If N := dim(X) is finite, then d™ (K, X) =
inf A cgmx N SUPye rrer a ||X]| and if K contains the zero vector, then we have
d™(K,X) = 0 for all m > N. If otherwise dim(X) is infinite, then we have
lim,,, oo d™
(K, X) = 0 as soon as the set K is compact—see Exercise 10.2.

We now highlight the pivotal role of Gelfand widths in compressive sensing. To
do so, we show that they are comparable to quantities that measure the worst-case
reconstruction errors of optimal measurement/reconstruction schemes. We call the
first of these quantities the (nonadaptive) compressive widths.

Definition 10.2. The compressive m-width of a subset K of a normed space X is
defined as

E™(K,X):= inf{sup lx — A(AX)|l, A: X — R™ linear, A : R™ — X} .
xeK

We emphasize that the reconstruction map A : R™ — X used in this definition is
kept arbitrary. No assumptions are made on tractability and even NP-hard algorithms
including ¢p-minimization are allowed. The measurement scheme associated to the
linear map A is nonadaptive, in the sense that the m linear functionals A1, ..., A\, €
X* given by Ax = [A(X),...,A\n(x)]T are chosen once and for all (which
is the situation usually encountered in compressive sensing). In contrast, we may
also consider the adaptive setting, where the choice of a measurement depends on
the result of previous measurements according to a specific rule. In this way, the
measurement scheme is represented by the adaptive map F' : X — R™ defined by

A1 (x)
A2:x () (X
F(x) = o /&) , (10.1)
AmiAs (), A1 (%) (X)
where the functionals A1, Ao, (x)s -« s Amsar(x),eAm_1 (x) are all linear and

Ay (x),... A1 (x) 18 allowed to depend on the previous evaluations A;(x), ...,
AC—1;21(x),..,0e_2(x)- Lhis leads to the introduction of the adaptive compressive
widths.
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Definition 10.3. The adaptive compressive m-width of a subset K of a normed
space X is defined as

ada (I, X)

ada

= inf { sup ||x — A(F(x))]], F : X — R™ adaptive, A : R™ — X} . (10.2)
xeK

The intuitive expectation that adaptivity improves the performance of the
measurement/reconstruction scheme is false, at least when considering worst cases
over K. The following theorem indeed shows that, under some mild conditions, the
nonadaptive and the adaptive compressive sensing widths are equivalent and that
they are both comparable to the Gelfand widths.

Theorem 10.4. If K is a subset of a normed space X, then

e X) < EM(K,X).

ada

If the subset K satisfies — K = K, then

d™(K,X) < ET, (K, X).

ada

If the set K further satisfies K + K C a K for some positive constant a, then
E™(K,X)<ad™(K,X).

Proof. The first inequality is straightforward, because any linear measurement map
A : X — R™ can be considered adaptive.

Let us now assume that the set K satisfies —K = K. We consider an
adaptive map ' : X — R™ of the form (10.1) and a reconstruction map
A R™ — X. We define the linear map A : X — R™ by A(x) =
[A1(%), A2.0(X); -+ s Ameo,.0(x)]T and we set L™ := ker A. Since this is a
subspace of X satisfying codim(L™) < m, the definition of the Gelfand widths
implies

K, X) < sup vl (10.3)
veKnNker A

We notice that, for v € ker A, we have A1 (v) = 0. Then Ay, () (V) = A2,0(V),
and so on until Ay, (v, a1 (v) (V) = Amso,...0(v) = 0, so that F(v) = 0.
Thus, for any v € K Nker A, we observe that

v —=A0) = lv-AFEE)I < sup Ix = AF(x))]],

and likewise, since —v € K N ker A, that
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[=v—=A0))=[-v-AFE-V)| < Sup % = AF))]-

We derive that, for any v € K Nker A,

vl = ||5(v = 40)) = 5 (v — A©)]| < 5lv ~ A©)] + 5| v — A(0)]
< sup [~ AFCO)]. (10.4)

According to (10.3) and (10.4), we have

d™ (K, X) < sup [x — A(F(x))].-
xeK

The inequality d™ (K, X) < E™_ (K, X) follows by taking the infimum over all
possible F' and A.

Let us finally also assume that K + K C a K for some positive constant a. We
consider a subspace L™ of the space X with codim(L™) < m. We choose a linear
map A : X — R" such that ker A = L™, and we define a map A : R — X in
such a way that

Aly) e KNA Yy)  forally € A(K).

With this choice, we have

E"(K,X) < sup [lx— AAX)| < swp | swp |x—a]].
xeK xeK ~ze KNA~1(Ax)

Forx € K and z € K N A7!(Ax), we observe that the vector x — z belongs to
K + (—K) C a K and to ker A = L™ as well. Therefore, we obtain

E"(K.X)< swp ful=a suwp |v].
ucaKNL™ veKNL™

Taking the infimum over L™, we conclude that E™ (K, X) < ad™ (K, X). O

In the context of compressive sensing, it is natural to consider sets K of
compressible vectors. As indicated by Proposition 2.3, the unit balls B (JZV in éév with
small ¢ are good models of compressible vectors. However, in the case ¢ < 1, the
£4-quasinorm only satisfies a quasi-triangle, which poses additional difficulties in
estimating the corresponding Gelfand widths. In order to avoid such complications,
we only treat the case ¢ = 1 here, which nevertheless allows us to draw the
same conclusions concerning the minimal number of required measurements for
sparse recovery. Moreover, the proof methods can be extended to the quasinorm
case ¢ < 1; see Exercise 10.10.
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In the next section, we give matching upper and lower bounds for the Gelfand
width "™ (B{Y, £Y) of £,-balls in £)f when 1 < p < 2; see Theorems 10.9 and 10.10.
They provide the following result.

Theorem 10.5. For 1 < p < 2 and m < N, there exist constants c1,co > 0

depending only on p such that

In(eN /m) }/ < qm(BY o

In(eN 1=1/p
N p)SCQmm{LM} '
m

c1 min {1,
m
(10.5)

We immediately obtain corresponding estimates for the compressive widths,
where we recall that A =< B means that there exist absolute constants cq, ¢y such
that ;A < B < ¢ A.

Corollary 10.6. For 1 < p < 2 and m < N, the adaptive and nonadaptive
compressive widths satisfy

ada

In(eN /m) }/

m (BN, /) < E™(BN /YY) < min{ 1
(15p) (17p) min ’ m

Proof. Since —BY = B} and BY¥ + B} C 2B, Theorem 10.4 implies

d™(BY,6)) < Exi(BY . ) < E™(BY, 4;)) < 2d™ (B, 4))).

ada

Theorem 10.5 therefore concludes the proof. O

The lower estimate is of particular significance for compressive sensing. Indeed,
under the condition

N
m>csln <e—), (10.6)

S

we have seen that there are matrices A € R™*Y with small restricted isometry
constants and reconstruction maps providing the stability estimate

C
||X — A(AX)HP S mas(x)l forall x € RN

Such reconstruction maps include, for instance, basis pursuit, iterative hard thresh-
olding, or orthogonal matching pursuit; see Chap. 6. Conversely, we can now show
that the existence of A and A—or A and an adaptive F'—providing such a stability
estimate forces the number of measurements to be bounded from below as in (10.6).

Proposition 10.7. Let 1 < p < 2. Suppose that there exist a matrix A € R™*N
andamap A : R™ — RN such that, forallx € RN,
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c

Then, for some constant c1, co > 0 depending only on C,

eN
m > c;sln <—>,
s
provided s > c.

The same statement holds true for an adaptive map F : RY — R™ in place of a
linear map A.

Proof. Tt is enough to prove the statement for an adaptive map F : RY — R™. We
notice that (10.7) implies

C

m N yN
(Bl agp)g —31_1/17.

C
ada Si-1/p SUpP os(x)1 <

xEB{V

But, in view of Corollary 10.6, there is a constant ¢ > 0 such that

m ada 1%p

In(eN 1=1/p
cmin{l,M} < E™ (BN ).
Thus, for some constant ¢’ > 0,

c mm{lvw} < l
m S

We derive either s < 1/¢’ or m > ¢’sln(eN/m). The hypothesis s > co := 1/c
allows us to discard the first alternative. Calling upon Lemma C.6, the second
alternative gives m > c1sln(eN/s) with ¢; = c’e/(1 + e). This is the desired
result. a

The restrictions s > ¢ and p > 1 will be removed in the nonadaptive setting by
Theorem 11.7 in the next chapter. Accepting that this theorem is true for now, we
can state the following result on the minimal number of measurements needed to
enforce the restricted isometry property.

Corollary 10.8. If the 2sth restricted isometry constant of A € R™ N satisfies
025 < 0.6246, say, then necessarily

eN
m > csln (—)
s

for some constant ¢ > 0 depending only on dos.
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Proof. If 995 < 0.6246 and if A is the ¢;-minimization reconstruction map, we
know from Theorem 6.12 that (10.7) with p = 2 holds for some constant C'
depending only on d25. The conclusion follows from Proposition 10.7 if s > cs.
The case s < ¢z (of minor importance) is handled with Theorem 11.7. O

10.2 Estimate for the Gelfand Widths of ¢, -Balls

In this section, we establish the two-sided estimate of Theorem 10.5 for the Gelfand
widths of the unit ¢;-balls in éév when 1 < p < 2. We separate the lower and upper
estimates.

Upper Bound

With the results that we have established in previous chapters, it is quite simple
to bound the Gelfand widths from above. For instance, recovery theorems such as
Theorems 6.12, 6.21, and 6.28, applied to (subgaussian random) matrices with the
restricted isometry property, imply that

C
m sup O'S(X)l S m

E™(BY, ) < .
xe€ By

when m is of the order of sIn(eN/s) (see Theorem 9.2) or, equivalently (see
Lemma C.6), if s is of the order of m/ In(eN /m). Then, using Theorem 10.4, we get

dm(BN [N) SEm(BN ZN) SC/{

1°%p 1%p

In(eN /m) }/

m

A more rigorous and self-contained argument (not relying on any recovery theorems)
is given below. It is strongly inspired by the proof techniques developed in Chap. 6.
Theorem 10.9. There is a constant C' > 0 such that, for 1 < p < 2andm < N,

In(eN /m) }/

m

d™(BYN, My <C min{l,

1%p

Proof. Using the inequality ||x||, < [|x/|1, x € RY, in the definition of the Gelfand
width immediately gives

d™(BN Yy <d®(BY, ) =1.

1°%p

As aresult, if m < c¢ln(eN/m) then
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(10.8)

cln(ezv/m)}“/f”_

d™(ByY, )y < min{l,
On the other hand, if m > cln(eN /m) with ¢ := 144(1 + e~ '), we define s > 1 to

be the largest integer smaller than m/(c1ln(eN /m)), so that

m cse m
2cln(eN/m) — cln(eN/m)

Note that m > csln(eN/m) yields m > sln(eN/s) with ¢/ = 144; see
Lemma C.6. Then Theorem 9.27 concerning the restricted isometry property of
Gaussian random matrices with 7 = 1/6 and ¢ = 2 exp(—m/144) guarantees the
existence of a measurement matrix A € R™* with restricted isometry constant

5s(A) < 6 :=dn+4n* =7)9,

since m > T2(sln(eN/s) — m/144), i.e., m > 144sln(eN/s). (Instead of
Theorem 9.27, we could alternatively use the easier Theorem 9.2 or 9.11 on the
restricted isometry property of subgaussian random matrices, which however does
not specify the constants.)

Partitioning the index set [IV] as the disjoint union Sy U S; U S U ... of index
sets of size s in such a way that |z;| > |z,;| whenever i € Si_1,j € Sk, and k > 1,
we recall from Lemma 6.10 that ||xg, |2 < ||xs,_, ||1/+/s for all & > 1. Therefore,
forx € L™ := ker A, we have

Il < 3 Ixsill, < D872 s, < - — \/T IIA(Xsk)Hz

k>0 k>0 k>0
gl/p—1/2 [
= IAC Yoxs )l + Y A G, |2]
k>1 k>1
RYSTE 55 L,
< [ S [IA(xs,) ||2} <210 1 3 e ),
k>1 k>1
/1+5 /1+
<2 st/P™ 1/2Z|\Xsk /s =2 = WZHXsk ik
k>1
1+6 /2cln(eN/m 1=1/p
<9 (eN/m) 1|1 (10.9)
1—-46 m

Using 6 = 7/9 and 2'~ /7 < 2, it follows that, for all x € BN N L™,

Ixll, < sﬁ{w}/
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This shows that, if m > cln(eN /m), then

1-1/p
dm(BN'%V)§8v61mn{1,55i%¥ﬁml} . (10.10)

1°%p

Combining (10.8) and (10.10), we conclude

1-1/p
dm(B{V,gIJ)V) <C mm{lvw}
m

with C' = 8v2¢ = 1152\/5(1 + e’l), which is the desired upper bound. O

Lower Bound

We now establish the lower bound for the Gelfand widths of /;-balls in éév for
1 < p < oc. This bound matches the previous upper bound up to a multiplicative
constant. We point out that a lower bound where the minimum in (10.5) does not

appear would be invalid, since the width d™ (B}, Efov ) is bounded above by one;

hence, it cannot exceed ¢In(eN /m)/m for small m and large N.

Theorem 10.10. There is a constant ¢ > 0 such that, for 1 < p < ocoand m < N,

m

1-1/p
dm(B{V,éév)Zcmin{l,M} .

Somewhat unexpectedly, the proof of this proposition relies on the following
estimate of the necessary number of measurements required for the exact recovery
of s-sparse vectors via f;-minimization. Of course, this important result is of
independent interest.

Theorem 10.11. Given a matrix A € R™*¥ | if every 2s-sparse vector x € RY is
a minimizer of ||z||1 subject to Az = Ax, then

()
m>cisln| — |,
C2S8

where ¢ = 1/1n9 and co = 4.
This is based on the key combinatorial lemma that follows.
Lemma 10.12. Given integers s < N, there exist

s/2
nz(g> (10.11)
S
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subsets S1,. .., Sy of [N] such that each S; has cardinality s and

card(S; NS;) < whenever i # j. (10.12)

[NJ VA

Proof. We may assume that s < N/4, for otherwise it suffices to take n = 1 subset
of [IV]. Let B denote the family of subsets of [N] having cardinality s. We draw
an element S; € B, and we collect in a family 4; all the sets S € B such that
card(S; N S) > s/2. We have

= 5 ()0 () ()

k=[s/2]

where the last equality holds because |s/2] < (N — s)/2 when s < N/2. We
observe that any set S € B\ A; satisfies card(S1 NS) < s/2. Next, we draw an
element Sy € B\ A;, provided that the latter is nonempty. As before, we collect in
a family A; all the sets S € B\ A; such that card(S2 N .S) > s/2, we remark that

ity 5515

and we observe that any set S € B\ (A; U A) satisfies card(S1 N S) < s/2
and card(S> NS) < s/2. We repeat the procedure of selecting sets S, ..., S,
until B\ (A; U--- U .A,) is empty. In this way, (10.12) is automatically fulfilled.
Moreover,

card(B) (%)
n Z Z N-—s
maxi<;<n card(A;) ~ 2s (LS/2J)
1 N(N-1)---(N-s+1) 1
25 (N=8)(N—s—1)---(N—s—[s/2] +1) s(s—1)---(|s/2] +1)
— — s/2 s/2
Zi]\](]\] 1)---(N (s/ﬂ—l—l)zi(ﬁ)T/TZ(ﬁ)/'
25 s(s—1)---(s—[s/2]+1) 25 \s 4s
This shows that (10.11) is fulfilled, too, and concludes the proof. O

With this lemma at hand, we can turn to the proof of the theorem.

Proof (of Theorem 10.11). Let us consider the quotient space
X =) /ker A = {[x]:==x+kerA,x e RN},
which is normed with

o _ N
Il=_inf Jx—vli, xeRY.
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Given a 2s-sparse vector x € R, we notice that every vector z = x — v with

v € ker A satisfies Az = Ax. Thus, our assumption gives ||[x]|| = ||x|;. Let
S1, ...,y bethe sets introduced in Lemma 10.12, and let us define s-sparse vectors
x!,...,x" € RY with unit /;-norms by
. [1/sifke S
t = v 10.13
Tk {0 ifk S (10.13)
For1 < i # j < n, we have ||[x'] — [x/]|| = ||[x" — x7]|| = [|x* — x7||1, since

the vector x* — x7 is 2s-sparse. We also have ||x’ — x7||; > 1, since |z}, — z7|
equals 1/sif k € S;AS; = (S; US;) \ (S; N'S;) and vanishes otherwise and since
card(S; AS;) > s. We conclude that

[x] — [x7]]| > 1 forall 1 <i#j <n.
This shows that {[x!],...,[x"]} is a 1-separating subset of the unit sphere of X,
which has dimension r := rank(A) < m. According to Proposition C.3, this

implies that n < 3" < 3. In view of (10.11), we obtain

s/2
N
— <3m.

Taking the logarithm on both sides gives the desired result. a
We are now ready to prove the main result of this section.
Proof (of Theorem 10.10). With ¢’ := 2/(1 4+ 41n9), we are going to show that

1-1/p Al N
dm(B{V,ééV)z g2——1/p’ where p := min{l,%}.

The result will then follow with ¢ = min{1,¢/}*~1/?/22=1/» > min{1,¢'}/4.
By way of contradiction, we assume that d™(B{Y, (') < p'=1/p/22=1/P This

implies the existence of a subspace L™ of RV with codim(L™) < m such that, for
allv e L™\ {0},

1-1/p
n
Ivllp < WHVHL

Let us consider a matrix A € R™*¥ such that ker A = L™. Let us also define an
integer s > 1 by s := |1/u], so that

1 s <
— <5
21 -

=~
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In the way, we have, for all v € ker A \ {0},

1-1/p
1/1
My <3(5) IV

The inequality ||v||; < N'~'/?||v||, ensures that 1 < (N/2s)'~'/?/2, hence that
2s < N.Then, for S C [N] with card(S) < 2s and for v € ker A \ {0}, we have

_ _ 1
vsll < (28) 7 llvslly < (29)' 77 |IvIp < lIvih-
This is the null space property (4.2) of order 2s. Thus, according to Theorem 4.5,

every 2s-sparse vector x € R is uniquely recovered from y = Ax by
{1-minimization. Theorem 10.11 now implies that

N
chlsln(—), cp=——, =4
C2S

Theorem 2.13 also implies that m > 2(2s) = cas. It follows that

N eN c1 eN c1
m > c18ln (—) =c18ln (—) —c18> —1In (—) ——m
m m 20 m 4
After rearrangement, we deduce
. 2¢1 In(eN/m) < 2¢1 In(eN/m) .

> =
4+cimin{1,¢' In(eN/m)/m} ~ 44 c1 ¢ In(eN/m)/m

This is the desired contradiction. O

10.3 Applications to the Geometry of Banach Spaces

Let us now highlight two applications of the previous results and their proofs in
the geometry of Banach spaces. By relating the Gelfand widths to their duals, the
Kolmogorov widths, we first obtain lower and upper bounds for the latter. Next, we
show that R?™ can be split into two orthogonal subspaces on which the ¢1-norm
and the /5-norm are essentially equivalent. This is called a Kashin splitting.

Kolmogorov Widths

Let us start with the definition.
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Definition 10.13. The Kolmogorov m-width of a subset K of a normed space X is
defined as

K2zEXm

dm (K, X) ;= inf { sup inf ||x—zl||, X, subspace of X with dim(X,,) < m} .
€K

The Kolmogorov widths of £,-balls in £, are closely related to certain Gelfand
widths as shown by the following duality result.

Theorem 10.14. For 1 < p,q < oo, let p*, q* be such that 1/p* + 1/p = 1 and
1/q*+1/q=1. Then

dm(BY  0N) = a™ (BN, eN).

prq q*r "p*

The proof uses a classical observation about best approximation. Below || - ||
denotes the dual of some norm || - ||; see Definition A.3.

Lemma 10.15. LetY be a finite-dimensional subspace of a normed space X. Given
x € X\ Y andy* €Y, the following properties are equivalent:

(a) y* is a best approximation to X from 'Y .
(b) ||lx —y*|| = Mx) for some linear functional \ vanishing on'Y and satisfying
[All« < 1.

Proof. Let us first assume that (b) holds. To derive (a), we observe that A(y) = 0
forally € Y, so that

[x =y = Ax) = Ax—y) <[Al[x =yl < [[x =yl forally €Y.

Conversely, let us assume that (a) holds. We define a linear functional X on the space
[V & span(x)] by

My +tx) =t||x—y*|| forally €Y andt e R.

Setting ¢t = 0, it is seen that \ vanishes on Y. Besides, fory € Y and t # 0, we
have

Ay + )] = [t [x = y*I| < [¢] Ix = (=y/O)]l = ly + tx].

This inequality—which remains valid for ¢+ = 0—implies |A|| < 1. The linear
functional A required in (b) is the Hahn—Banach extension of the linear functional A
to the whole space X (see also Appendix C.7). O

Proof (of Theorem 10.14). Given a subspace X, of éév with dim(X,,,) < m and a
vector X € BZ])V, Lemma 10.15 shows that
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inf ||lx—1zl|, < su u,x).
B sl s ()
NnXa

Moreover, for all u € Bé\i N X.- and any z € X,,,, we have
(u,x) = (u,x — z) < [[uflg-[|x — 2| 4
We deduce the equality

inf ||lx—1zl;= sup (u,x).
z€Xm ! ueBN.NX7 ,

It follows that

sup inf ||x—zl;= sup sup (u,x)=  sup sup (u,x)
x€BY z2€Xm xeBY ueBNNXZ ueBN.NX;L x€BY
= sup |ulp-

ueBN.NXL

Taking the infimum over all subspaces X,,, with dim(X,,) < m and noticing the
one-to-one correspondence between the subspaces X ;- and the subspaces L™ with
codim(L™) < m, we conclude

d(B),0)) = d™ (B, 6)).
This is the desired identity. a

Our estimate on the Gelfand widths in Theorem 10.5 immediately implies now
the following estimate of the Kolmogorov widths of Efov -balls in £ for p € [2, 00).

Theorem 10.16. For 2 < p < oo and m < N, there exist constants ci1,co > 0
depending only on p such that the Kolmogorov widths d.,, satisfy

1/p 1/p
clmin{l,w} gdm(BN EN)§02min{1,M} .

b
m L m

Kashin’s Decomposition Theorem

Specifying the upper estimate of the Gelfand width of the unit ¢;-ball in £} to the
case N = 2m, we obtain d™(B?™, (3™) < C/+/m, which says that there is a
subspace E of R?™ of dimension m such that

C
Ix||2 < \/—meHl forallx € E.
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Together with ||x||; < v/2m ||x]|2, which is valid for any x € R?™, this means that
the norms || - |1 /4/m and || - ||2 are comparable on E. In other words, as a subspace
of £3™, the m-dimensional space E is almost Euclidean. Kashin’s decomposition
theorem states even more, namely, that one can find an m-dimensional space E such
that both E and its orthogonal complement E-, as subspaces of ¢?™, are almost
Euclidean.

Theorem 10.17. There exist universal constants o, B > 0 such that, for any m > 1,
the space R®>™ can be split into an orthogonal sum of two m-dimensional subspaces
E and E* such that

avm x|z < [Ix]ly < B vm x| (10.14)
forallx € E and for all x € E*.

Proof. The second inequality in (10.14) holds with 3 := /2 regardless of the
subspace E of R?™ considered, so we focus on the first inequality. Let G be a scaled
m X m Gaussian random matrix whose entries are independent Gaussian random
variables with mean zero and variance 1/m. We define two full-rank m x (2m)
matrices by

A=[Id|G], B:=[G*

—-1d],

and we consider the m-dimensional space £ := ker A. In view of BA* = 0, we
have B+ = ran A* C kerB, and E+ = ker B follows from consideration of
dimensions. We are going to show that, given any ¢ € (0, 1) and any x € R?™, the
matrices M = A and M = B satisfy the concentration inequality

P(|IMx|3 — [[x[I3| > t]x]3) < 2exp (—&t*m) (10.15)

for some constant ¢ > 0. Fixing 0 < § < 1, say § := 1/2/3, Theorem 9.11 with
e = 2 exp(—¢ém/4) implies that §;(A) < 6 and 65(B) < ¢ with probability at least
1 — 4 exp(—ém/4) provided

m > 362?[5(9—%21n(2m/8))+6m/2], ie., ém > 2s(94+21In(2m/s)).  (10.16)

The above probability is positive if also m > 81In(2)/¢ and we further require
m > 1/(27) for a constant v small enough to have 4v(9 + 21In(2/7)) < é In
this way, the integer s := [2ym| > 1 satisfies ym < s < 2ym, and (10.16) is
therefore fulfilled. Let now x € EU E-+,ie.,x € ker M for M = A or M = B.
Reproducing the argument in the proof of Proposition 10.9 (see (10.9)) starting with
the partition [N] = So U .S; U Se U - - -, we arrive at

L+0|xh _ 2(v2+v3)
1-6 s = Am

[Ix[lo <2

[1x][1-
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This is the desired inequality with \/7/(2(v/2++/3)) taking the role of o when m >
my = max{81In(2)/¢,1/(2y)}. When m < m,, the desired inequality simply
follows from ||x1 ]| > ||x||2 > +/m||x||2/+/mx. The result is therefore acquired with

o = min{,/7/(2(v2 + v/3)), 1//m }. It remains to establish the concentration
inequality (10.15). In the case M = A—the case M = B being similar—we notice
that, with x = [u,v] T,

2 2 2 2 2 2 2
[lAx|z — lIx[l2| = [[lu+ Gv]2 = [Jull2 = [[v]2| = [2(u, Gv) + [|GV]z — |Iv]|2|

< 2[(u, Gv)| + [IIGV3 — [Iv]3]-

Thus, if |[[Ax||3 — [[x[|3| > ¢]|x]|3. at least one of the following two alternatives
holds:
t t
2w, Gv)| = S(llullz +[Iv]3), or [IGVIE = [IvI3| = 5(I[ullz + [Iv]3)-

The first inequality implies |(u, Gv)| > £|lu]|2||v||> and the second one || Gv||3 —
V]3] > L||v||3. In terms of probability, we have

P([[lAx]3 — lIx]3] > t|x]3)
< P(|(u, Gv)| > tllull2lIv]2/2) + P([IGVIE — IVIZ| > tIv3/2).
For the first probability, we observe that (u,Gv) = >3 u; 37" Gijv; has

the same distribution as a mean zero Gaussian random variable of variance
lul|3]|v||3/m so that the standard tail estimate of Proposition 7.5 gives

P(|(u, Gv)| > tllull2||v]l2/2) = P(|g| = tv/m/2) < exp(— t*m/8).

For the second probability, we recall from Exercise 9.2 (see also Lemma 9.8, where
the constant is not specified) that

PG5 = I[vI3] = tllv]3/2) < 2exp (— (t*/16 — t°/48)m)
< 2exp ( — tzm/24).

As a consequence of the previous estimates, we obtain
P(||lAx[|3 — [|x[3] = t]x[]3) < exp (—t*m/8) + min {1,2exp (— t*m/24)}.

To complete the proof, it remains to notice that the latter is smaller than 2 exp
(—ct?m) for the properly chosen constant ¢ = In(4/3)/In(2'?) ~ 0.0346. O
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Notes

The definition of Gelfand widths sometimes appears with codim(L™) = m instead
of codim(L™) < m; see, for instance, Pinkus’ book [387]. This is of course
equivalent to the definition we have used.

We have coined here the terms nonadaptive and adaptive compressive widths
for the quantities E™(C, X) and E™_(C, X), but note that this is not a standard
terminology in the literature. In the compressive sensing literature, the nonadaptive
compressive width appeared (without name), along with the corresponding part of
Theorem 10.4 in [123]; see also [152,213,370]. The other part of Theorem 10.4
is an instance of general results from information-based complexity showing that
“adaptivity does not help”; see [371].

As outlined before Theorem 10.9, the upper bound for the Gelfand width of the
1-ball in )Y, 1 < p < 2, can be deduced from the existence of a matrix A €
R™*N with the property that ||x — Ay (Ax)||, < C||x||;/s'~'/? for all x € RY
where s is of the order of m/In(eN /m). This property is implied by the property
that [|[x — A;(Ax)||, < Cos(x)1/s'~1/P for all x € RN, The two properties are
in fact equivalent (up to a change of the constant C), as observed in [300]; see also
Exercise 11.5.

The lower estimate for Gelfand widths of ¢;-balls given in Proposition 10.10
was obtained by Garnaev and Gluskin in [219]. Their original proof, which is
reproduced in Exercise 10.9, dealt with the dual Kolmogorov width. The proof
relying only on compressive sensing techniques presented here was proposed in
[213], where the more general case of £),-balls, 0 < p < 1, was treated in a similar
way. Exercise 10.10 asks to work out this extension. The key combinatorial lemma,
namely, Lemma 10.12, follows [213,350], but it had also been used in other areas
before; see, e.g., [77,237,368].

For 1 < g < p < oo, the order of the Gelfand widths of ¢,-balls in %v is
known; see [333, pp. 481-482] and the references therein for the dual statement
about Kolmogorov widths. Precisely, for 1 < m < N, we have

e Ifl<g<p<?2,
1/q—1/p

lel/q } T/q—1/2

q°7p

dm(BN ZN) = min{l,w

e Ifl<g<2<p< o0,

1 m 1/2 lel/q
m N )N\ _ .
d (Bq ,Kp)/\max{m, (1—N> min (1,W)}

c f2<g<p<oo,
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1/q—1/p
1 m\ 1-2/»
m N )N\ _
d (Bq ,Ep)f\max{—Nl/q_l/p, (1_N) }

Theorem 10.17 was first established by Kashin in [299]. Szarek then gave a
shorter proof in [457]. The argument presented here is close to a proof given
by Schechtman in [442], which implicitly contains a few ideas now familiar in
compressive sensing.

Exercises

10.1. Determine the Gelfand widths d™ (B, ¢)¥), 1 < m < N, of the unit £;-ball
in the Buclidean space ¢5’ when N =2 and N = 3.

10.2. For a compact subset K of an infinite-dimensional normed space K, prove
that lim,,,—, . d™(C, X) = 0.

10.3. Let Lo(T) denote the space of square-integrable 2m-periodic functions on
R and let C'(T) be the space of continuously differentiable 27-periodic functions
on R. Consider the subset K of Lo(T) defined by

K:={geCT):|g'll <1}.
Prove that
1
do(K, LQ(T)) = 0Q, dgnfl(K, LQ(T)) = dgn(K, LQ(T)) =— forn Z 1.
n
Evaluate first the quantity

sup inf ||f —gl2,
f€L2(T)g€Tn71 H ”

where
Tn—1 = span{l,sin(z), cos(x),...,sin((n — 1)z), cos((n — 1)z)}

is the space of trigonometric polynomials of degree at most n — 1.

10.4. Prove that
d™(Bx,,X)=1, X, ann-dimensional subspace of X, m <n. (10.17)
Prove also that

dm(Bx,,X)=1, X, ann-dimensional subspace of X, m <n. (10.18)
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For (10.18), use the so-called theorem of deviation of subspaces (which you should
derive from the Borsuk—Ulam theorem; see Exercise 2.9):

If U and V are two finite-dimensional subspaces of a normed space X with
dim (V') > dim(U), then there exists a nonzero vector v.€ V to which 0 is a best
approximation from U, i.e.,

([v]] < ||v —ul forall ueUl.
10.5. Let K be a subset of a normed space X with O € K. Prove that
d™(K,X)<2E7.(K,X).

10.6. Let B{Y - be the subset of the unit ball BY consisting of all nonnegative
vectors, i.e.,

By, ={x € B} :z; > 0forall j € [N]}.
Prove that
d™ (B 43) < 2B™ (B, £3),

and deduce that

1/2
E™(BY, 03) = min{l, M} .

m
10.7. For1 < p < ¢ < oo and m < N, prove that

1

m N yN
B ) 2 T

prq

10.8. For A € R™*Y and s > 2, show that if every s-sparse vector x € R is a
minimizer of ||z||; subject to Az = Ax, then m > c¢sln(eN /s) for some constant
¢ > 0, but that this does not hold for s = 1.

10.9. Original proof of the lower bound
This problem aims at establishing the lower bound of Proposition 10.10 by way of
the Kolmogorov width dm(BéV, ), 1<p<cc.
(a) Given a subset C' of the normed space X, for e > 2d,,(C, X) and t > 0,
prove that the maximal number of points in C' N tBx with mutual distance in
X exceeding ¢ satisfies
t+dn(C, X) \™
CNitBx,X,e) < |1 42——FM——
Pl X ’5)—< T 24,0 X)
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(b) For1 <k < Nand0 < e < k~/?, prove that
N
PBY nk=/PBY Y ) > 2k(k).
(c) Conclude that, for1 <m < N,

1/p
A (BY 0Ny > %min{l,w} .

p oo 6m

10.10. Gelfand widths of /,-balls for p < 1
This problem aims at extending the upper and lower bounds in Theorem 10.5 to the

Gelfand widths "™ (B}, £}) with0 < p <landp < ¢ < 2.

(a) Let A € R™*¥ and 0 < p < 1. Show that if every 2s-sparse vector x € R is
the unique minimizer of ||z||, subject to Az = Ax, then m > c1psIn(caN/s)
for appropriate constants ¢y, ca > 0.

(b) Let 0 < p < 1andp < g < 2. Show that there exists constants ¢, , and C), 4
only depending on p and g such that

E T

Cpomin< 1
P,q {v m p g

In(eN /m) }l/p_l/q

m

< Cp o min {1,

10.11. Observe that Kashin’s decomposition theorem also applies to égm with 1 <
p < 2instead of é%m, i.e., observe that there are orthogonal subspaces E and E+L of
dimension m such that

am P xlz < [lx], < Bmt/PH2x),

forall x € E and all x € E, where o, § > 0 are absolute constants.



Chapter 11
Instance Optimality and Quotient Property

This chapter examines further fundamental limits of sparse recovery and properties
of £1-minimization. In Sect. 11.1, we introduce the concept of £,-instance optimality
for a pair of measurement matrix and reconstruction map, which requires that the
reconstruction error in £, can be compared with the best s-term approximation error
in £,. The minimal number of measurements to achieve ¢;-instance optimality is
determined, complementing some results from Chap. 10. It is also revealed that
{5-instance optimality is not a valid concept for the range of parameters typical
to compressive sensing. In retrospect, this explains why the term o(x)1/+/s
instead of os(x)2 appears in (uniform) ¢s-estimates for the reconstruction error
(see, for instance, (4.16) or Theorem 6.12). Nonetheless, ¢1-minimization allows
for a weaker form of ¢s-instance optimality when the measurement matrix is a
subgaussian random matrix, as established in Sect. 11.4. The tools needed for
the analysis of this nonuniform instance optimality are developed in Sects. 11.2
and 11.3, which at the same time explore another important topic. In fact, when
the measurements are corrupted, a quadratically constrained ¢;-minimization may
be used (see, for instance, Theorem 6.12). However, this requires a good estimate
of the /3-norm of the measurement error. Under certain assumptions, we prove
somewhat unexpectedly that equality-constrained /1 -minimization also leads to very
similar reconstruction estimates, even though knowledge of the measurement error
is not required for this approach. The key to such results is the concept of quotient
property introduced in Sect. 11.2. Stability and robustness estimates for equality-
constrained ¢;-minimization are provided under the quotient property. It is then
shown in Sect. 11.3 that different versions of the quotient property hold with high
probability for Gaussian matrices and for subgaussian matrices.

S. Foucart and H. Rauhut, A Mathematical Introduction to Compressive Sensing, 331
Applied and Numerical Harmonic Analysis, DOI 10.1007/978-0-8176-4948-7_11,
© Springer Science+Business Media New York 2013
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11.1 Uniform Instance Optimality

When a measurement—reconstruction scheme is assessed for s-sparse recovery, it is
natural to compare the reconstruction error for a vector x € C¥ to the error of best
s-term approximation

0s(x)p = inf {||x — 2|, z € C" is s-sparse}.

This motivates the introduction of the instance optimality concept.

Definition 11.1. Given p > 1, a pair of measurement matrix A € C™*N and
reconstruction map A : C™ — CV is called ¢,-instance optimal of order s with
constant C' > 0 if

Ix — A(AX)|p, < Cos(x), for all x € CV.

In Theorems 6.12, 6.21, and 6.25, we have seen examples of /; -instance optimal
pairs, i.e., a matrix A with small restricted isometry constants do5, dgs, OF dogs,
together with a reconstruction map A corresponding to basis pursuit, iterative hard
thresholding, or orthogonal matching pursuit, respectively. In fact, more general
statements have been established where the reconstruction error was measured in
g for ¢ > 1. With the following terminology, the previous pairs (A, A) are mixed
(¢4, €1)-instance optimal.

Definition 11.2. Given ¢ > p > 1, a pair of measurement matrix A € C"™*" and
reconstruction map A : C™ — C¥ is called mixed (¢, ¢,)-instance optimal of
order s with constant C' > 0 if

c
||X — A(AX)Hq S m O'S(X)p forall x € CN

Remark 11.3. The term s*/7=1/4 in this definition is not only motivated by the re-
sults mentioned above. Indeed, since we are mainly interested in the reconstruction
of compressible vectors, we want to compare the reconstruction error ||x—A(Ax)||,
to the error of best approximation o,(x), for vectors x € C" belonging to balls
BY or BYN__ with r < 1. By considering the nonincreasing rearrangements of such
vectors, we observe that

1 1
sup  05(x)g X - < sup os(x)p. (11.1)
xeBN__ S /r=1/q Sl/p—l/q x€BN__

This justifies that we should compare ||x — A(Ax)||, to o4(x),/s'/P~1/4.

Our goal is to determine conditions on the number of measurements under
which instance optimality can be achieved for some pair of measurement matrix
and reconstruction map. We start with a useful characterization for the existence of
instance optimal pairs.
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Theorem 11.4. Let g > p > 1 and a measurement matrix A € C™*N be given. If
there exists a reconstruction map A making the pair (A, A) mixed ({4, ¢,)-instance
optimal of order s with constant C, then

C
Ivig < Sl/p—_l/qags(v)p forall v € ker A. (11.2)

Conversely, if (11.2) holds, then there exists a reconstruction map A making the
pair (A, A) mixed (L4, 0,)-instance optimal of order s with constant 2C.

Proof. Let us first assume that (A, A) is a mixed (¢4, {,)-instance optimal pair
of order s with constant C. Given v € ker A, let .S be an index set of s largest
absolute entries of v. The instance optimality implies —vg = A(A(—vg)). Since
A(—vs) = A(vg), we have —vs = A(A(vg)). We now derive (11.2) from

Ivllg = [lvs +vsllq = Ivs = A(A(vg))llq
c C

— sl/p=1/q os(Vs)p = s1/p—1/q 025(V)p-

Conversely, let us assume that (11.2) holds for some measurement matrix A.
We define a reconstruction map by

A(y) := argmin{o;(z), subjectto Az = y}.

For x € CV, applying (11.2) to v := x — A(AX) € ker A yields
C
e — A(Ax)lg < 77702

% 20
< s1/p—1/q (Us(x)p + US(A(AX))Z)) < Sl/p——l/qos(x)lﬂ’

(x — A(Ax)),

where we have used the triangle inequality 025 (u+v), < o4(u), + 0s(v), and the
definition of A(Ax). This proves that (A, A) is a mixed (¢4, ¢,)-instance optimal
pair of order s with constant 2C'. O

We stress that in the case ¢ = p = 1 the condition (11.2) reduces to
[[vl1 < Coas(v)1 forall v € ker A.

This is reminiscent of the null space property of order 2s for recovery via
{1-minimization as formulated in (4.3), namely,

([v]1 < 2025(V)1 forall v € ker A.

The link between arbitrary instance optimal pairs (A, A) and the pair (A, 4;),
where A; denotes the ¢;-minimization reconstruction map, will be further investi-
gated in Exercise 11.5.
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Theorem 11.4 enables us to prove that {s-instance optimality is not a proper
concept in compressive sensing, since f-instance optimal pairs—even of order
s = 1—can only exist if the number m of measurements is comparable to the
dimension N. Note that this assertion will be moderated in Theorems 11.23
and 11.25, where we switch from a uniform setting to a nonuniform setting.

Theorem 11.5. If a pair of measurement matrix and reconstruction map is
Lo-instance optimal of order s > 1 with constant C, then

m>cN (11.3)

for some constant ¢ depending only on C.

Proof. According to Theorem 11.4, the measurement matrix A in the instance
optimal pair satisfies

[Ivll2 < Cos(v)2 forall v € ker A.

In particular, specifying this condition to s = 1 yields ||v||3 < C?(||v||3 — |v;|?) for
all v € ker A and all j € [N], ie, C?v;|? < (C? — 1)||v|3. If (eq,...,en)
denotes the canonical basis of CV, this means that |(v,e;)| < C’||v]|2 for all
v € ker A and all j € [N], where C' := /(C? — 1)/C?. Thus, if P represents the
orthogonal projector onto ker A, we have

N N
N —m < dim(ker A) = tr (P) = ) (Pej,e;) <> C'|[Pej[s < NC'.
j=1

Jj=1

This immediately implies the desired result withc =1 — /(C? — 1)/C2. O

We now turn our attention to ¢;-instance optimality and (¢, ¢1)-instance opti-
mality for ¢ > 1. As already recalled, we have established in Chap. 6 that several
reconstruction algorithms give rise to mixed (¢4, £1)-instance optimal pairs (A, A),
provided the measurement matrix A has small restricted isometry constants.
Moreover, Theorem 9.6 guarantees that this occurs with high probability for sub-
gaussian random matrices A provided m > ¢ sIn(eN/s) for some constant ¢ > 0.
Theorems 11.6 and 11.7 below show that a smaller number m of measurements is
impossible. Thereby, we remove the earlier restrictions of Theorem 10.7 that ¢ > 1
and that s is larger than some constant. In the case ¢ = 1, Gelfand width estimates
can no longer be used for the proof, but the tools developed in Chap. 10 are still
appropriate to deal with this more delicate case.

Theorem 11.6. If a pair of measurement matrix A € C™*N and reconstruction

map A : C™ — CN is £1-instance optimal of order s with constant C, then
m > cs In(eN/s) (11.4)

for some constant ¢ depending only on C.
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Proof. By Lemma 10.12, there exist n > (N/4s)%/? index sets Sy, ..., S, of size
s satisfying card(S; N.S;) < s/2forall 1 < i # j < n. We consider the s-sparse
vectors x!, ..., x" already defined in (10.13) by

i 1/s ifkeS;
FTlo ifkgs,.

We notice that ||x‘||; = 1 and that ||x’ — x’||; > 1foralll < i # j < n.
Setting p := 1/(2(C + 1)), we claim that {A(x* + pB¥),i € [n]} is a disjoint
collection of subsets of A((CN ), which has dimension d < m. Indeed, if there
existed indices i # j and vectors z,z’ € pBY such that A(x* +z) = A(x/ + 7'),
then a contradiction would follow from
Ix" — x|y = || (x* +2— AA(x" +2))) — (x) +2' — A(A(X +2)) —z+2|s
<%’ 42— AAK +2))h + %7 + 2" = AAGS +2) | + [zl + 12
<Cos(x'+2)1+Cos(x) +2)1 +||z]1 + |12
<Clzli+ClZ' |+ llzlh + 12 <2(C+1)p=1.

Next, we observe that the collection {A(x! + pB¥),i € [n]} is contained in

(1 + p)A(BY). Therefore, considering the volume of this collection (in the space
A(CY)), we deduce

> vol (A(x + pBlY)) < vol (1 + p)A(BY)) .

1€[n]

Using homogeneity and translation invariance of the volume and noting the
d-dimensional complex case is equivalent to the 2d-dimensional real case, we derive

np** vol (A(BY)) < (1+ p)*® vol (A(BY)).

This yields

N s/2 1 2d
(4—) <n< (1 + —) = (20 +3)* < (2C + 3)*™. (11.5)
s P

Taking the logarithms in (11.5) on the one hand and on the other hand remarking
that the pair (A, A) ensures exact recovery of s-sparse vectors, we obtain

m > In(N/4s) m

> 2.
s — 4In(2C +3)’ s
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Combining these two inequalities leads to
(4 In(2C + 3) + 2) ™ > In(N/4s) + In(e*) = In(e*N/4s) > In(eN/s).
s

This is the desired result where ¢ = 1/(4(In(2C + 3) + 2)). O

With the help of Theorem 11.6, we can prove that the requirement (11.4) on
the number of measurements is also imposed by mixed (¢4, ¢1)-instance optimality
when ¢ > 1. This is formally stated in the following theorem.

Theorem 11.7. Given q > 1, if a pair of measurement matrix and reconstruction
map is mixed ({g, {1)-instance optimal of order s with constant C, then

m > cs In(eN/s)

for some constant c depending only on C.

The proof is a simple consequence of Theorem 11.6 and of the following
lemma, which roughly says that mixed (¢4, 1)-instance optimality is preserved
when decreasing q.

Lemma 11.8. Given ¢ > ¢' > p > 1, if a pair (A, A) is mixed ({g,{,)-instance
optimal of order s with constant C, then there is a reconstruction map A’ making the
pair (A, A") mixed ({g , Lp)-instance optimal of order s with constant C' depending
only on C.

Proof. Let us consider a vector v € ker A. Since the pair (A, A) is mixed
(¢4, €,)-instance optimal of order s with constant C, Theorem 11.4 yields

c

IVlle < Si75=i7272s(V)p-
Let S denote an index set of 3s largest entries of v in modulus. We have

Vsl < (35)Y7 9 vslly < (35) vl

C 3l/d'=1/a ¢
Sl/p—l/q 092 (V)p = WU2S(V)Z)

IN

(35)/4'—1/a

3C
< Stz 02 (Vo

Moreover, we derive from Proposition 2.3 that

1
Vslle < =7 o2 (V)p-
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Thus, we obtain

3C+1
IVl < llvslle +lIvslle < 77702 (V).

In view of the converse part of Theorem 11.4, the desired result holds with
C'=23C+1). O

In parallel with Lemma 11.8, it can be proved that mixed (¢,,¢,)-instance
optimality is also preserved when decreasing p instead of ¢; see Exercise 11.2.
This exercise also complements Theorem 11.7 by determining a lower bound on the
number of measurements to achieve mixed (¢4, ¢,,)-instance optimality with p > 1,
hence showing that it is not achievable in the regime m < sln(eN/m).

11.2 Robustness and Quotient Property

In addition to stability—or instance optimality in the terminology of the previous
section—the robustness of recovery algorithms under measurement error is very
important. We have seen in Chaps.4 and 6 that quadratically constrained basis
pursuit, that is, the reconstruction map given by

A= Ay, A(y) := argmin{||z||; subjectto ||[Az — y|l» < n} (11.6)

applied to the inaccurate measurements y = Ax + e with ||e||s < 7 provides a
stability estimate of the form

c
lx — A(Ax + e)|l2 < —=0s(x)1 + D7 (11.7)

N

under suitable hypotheses on A—for instance, if its restricted isometry constants
satisfy do5 < 0.62; see Theorem 6.12. The drawback of this result is that running
quadratically constrained basis pursuit requires a proper guess of the level 1 of
measurement error, but such an estimate may not a priori be available.

In contrast, Theorems 6.21, 6.25, and 6.28 showed that other algorithms such as
iterative hard thresholding, orthogonal matching pursuit, and compressive sampling
matching pursuit do provide robustness estimates of the type

C
Ix — A(Ax +e)||2 < %os(x)l + DJle||2, (11.8)

without the need to estimate ||e||2. However, these algorithms require as part of their
input an estimate of the sparsity level s, which is a priori not available either.
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Ideally, we would like to have a tractable reconstruction map A (together with a
measurement matrix A) that provides reconstruction estimates of the form (11.7)
without the need to specify neither the level 1 of measurement error nor the
sparsity s. In this context, we will investigate the use of equality-constrained ¢;-
minimization

A1(y) = Ay a(y) := argmin{]|z||; subjectto Az =y}, (11.9)

with subgaussian random matrices A when flawed measurements y = Ax + e
are given. Obviously, A; neither requires an estimate of |e||2 (or some other
characteristics of e) nor of the sparsity level s.

In order to put our results into context, we first recall the error estimates obtained
for quadratically constrained basis pursuit A;,. Let A be the realization of a
renormalized m x N subgaussian matrix with m > ¢ sln(eN/m)andlet1 < p < 2.
Then, with high probability, the robustness estimate takes the form

[x — Ay a(Ax+e)|l, < (x)1 + Ds*/P=/2y, (11.10)

sl—1/p Ts
valid for all x € C and e € C™ with ||e||2 < 7. Thus, setting

Sx i= Sx(m, N) := m

~ In(eN/m)’

we derive that, for any 1 < p < 2,if s < s, /¢, then
c /) 1/p—1/2
[x — A1 pa(Ax+e)f, < 51,—1/1,05(7()1 + D’s, n

holds for all x € CV and e € C™ with |le[| < .

The purpose of this section and the next one is to show that such robust-
ness results can also be achieved for the equality-constrained ¢;-minimization
Ay = A; a. (Note that we will omit to write the subscript A since it is always
clear from the context, for instance, when writing the pair (A, A;) for the pair
(A, A1 a).) The measurement process involves Gaussian and subgaussian matrices.
These matrices, introduced in Definition 9.1, are required to have entries with
variance 1. Here, we use renormalized measurement matrices A with entries of
variance 1/m, so that A =m Y 2A, where A is an unnormalized subgaussian
matrix. The first main result pertains to the Gaussian case.

Theorem 11.9. Let1 < p < 2 and let A= \/%A where A is an m X N Gaussian
random matrix. If

c3m

N > d < =,
> com an s < c3s Tn(eN/m)
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then with probability at least 1 — 3 exp(—c1m) the {y-error estimates

|x — Ay (Ax +e)|, < oo(x)1 + Dst/P7 2 |le|| (11.11)

51*1/17

are valid for all x € CN and e € C™. The constants ci,co,c3,C,D > 0 are
universal.

The above assumption that N > com is not a severe restriction in compressive
sensing, where the number of measurements is typically much smaller than the
ambient dimension.

The second main result concerns the more general subgaussian matrices. In this
case, the 2-norm on the measurement error has to be slightly adjusted to

e (VIENT™) — max {|le]l2, vIn(eN/m) el }.

In fact, for Bernoulli matrices, the statement of the previous theorem does not hold
without this modification of the ¢2-norm as argued in the next section; see p. 350.

We note that in practice the modified norm ||e] (Vin(enym) does not usually differ
much from the £5-norm. In fact, the two norms are only different for approximately
sparse vectors e. For instance, if e is a random noise vector, then this occurs with
very small probability.

Theorem 11.10. Let 1 < p < 2 and let A = \/LRA where A is an m x N

subgaussian matrix with symmetric entries and with subgaussian parameter c in
(9.2). There exist constants c1, ¢z, c3, C, D > 0 depending only on c such that if

c3m
N > d < g8y = —o

> com an s < c3s In(eN/m)
then with probability at least 1 — 5 exp(—c1m) the {p,-error estimates

- c _
P — A1 (Ax + e)llp < =7 0()1 + Dst/P712 ) (VIENTm) (11 12)

are valid for all x € CN and e € C™.

The symmetry assumption on the entries of A is not a severe restriction and is
satisfied in particular for Bernoulli matrices.

The fundamental tool for establishing Theorems 11.9 and 11.10 is a new property
of the measurement matrix called the quotient property. In this section, we show
that the estimates (11.11) and (11.12) are implied by the quotient property, and in
the next section we establish the quotient property for random matrices.

Definition 11.11. Given ¢ > 1, a measurement matrix A € C™*V is said to
possess the {4-quotient property with constant d relative to a norm || - || on C™
if, for all e € C™, there exists u € C" with
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Au=e and |uf, <ds/" el

where s, = m/In(eN/m).

We point out that the quotient property is a natural assumption to make, since it
is implied by the robustness estimate

c _
[x — Av(Ax +e)lly € 7)1 + Dsy/ 72 e]. (11.13)

Indeed, setting x = 0 in (11.13) gives || A1 (e)]|, < Dsi/q71/2||e||. This implies—
if ¢ = 1, then it is equivalent to—the ¢,-quotient property by taking u = A;(e).
The ¢1-quotient property asserts that the image under A of the ¢;-ball of radius
d\/sx covers the unit ball relative to || - ||. The terminology quotient property is
explained by a reformulation involving the quotient norm of the set [e] = u+ker A
of preimages of a vector e = Au € C™, namely,

lle]lle,/kera :=inf {[[u+ V|, v € ker A} = inf {||z],, Az = e}.
Thus, the £4-quotient property is equivalent to

lellle,/era < dsi/*"?|le|| foralle e C™,

Another reformulation, used in Sect. 11.3 to establish the quotient property for
random matrices, involves the dual norm of the norm || - ||, but is not needed at
this point. The rest of this section is of deterministic nature, and Theorems 11.9
and 11.10 will become simple consequences of Theorem 11.12 below as soon as
we verify that its two hypotheses hold with high probability for random matrices.
Note that the first hypothesis—the robust null space property—is already acquired.
Incidentally, we point out that the robust null space property is also a natural
assumption to make, since it is necessary for the desired estimate (11.13), as we
can see by setting x = v € CV and e = —Av € C™—see also Remark 4.24.

Theorem 11.12. If a matrix A € C™*V satisfies

o The {s-robust null space property of order ¢ s, with s, = m/In(eN/m) and
constants 0 < p < 1 and T > 0 relative to a norm || - |,
 The {1-quotient property with constant d relative to the norm || -

s

then, for any s < c s, and for all x € CV ande € C™,

Ix — A (Ax + )|, < oo(x)1 + Dst/ T P le||,  1<g<2.

51*1/4

The constants C and D depend only on p, T, ¢, and d.
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Remark 11.13. The specific value of s, = m/In(eN/m) is not very important for
the statement of this theorem. If s, is kept as a free parameter in the definition of
the quotient property, then the theorem remains true for an arbitrary value of s,.
Treating s, as a parameter, we realize that the first requirement—the ¢-robust null
space property of order cs.—becomes easier to satisfy for smaller values of s,,
while the second requirement—the ¢;-quotient property—becomes easier to satisfy
for larger values of s.. Therefore, it is a priori not clear whether there exists a value
of s, for which both requirements are satisfied simultaneously. We will see that this
is indeed the case for subgaussian random matrices, for certain norms || - ||, and for
our choice s, = m/In(eN/m).

The next two lemmas account for Theorem 11.12. The first lemma asserts that
the mixed instance optimality and the simultaneous quotient property—to be defined
below—together yield the desired robustness estimates. The second lemma asserts
that the robust null space property and the ¢;-quotient property together yield the
simultaneous quotient property.

Definition 11.14. Given ¢ > 1, a matrix A € C™*¥ is said to have the
simultaneous (£, {1)-quotient property with constants d and d’ relative to a norm
| - || on C™ if, for all e € C™, there exists u € CV with

1/g—1/2
lully < ds/ " |e]l,

Au=e and
{IluhS d 5. |e].

The two lemmas mentioned above read as follows.

Lemma 11.15. Given q > 1, if a measurement matrix A € C™ " and a recon-
struction map A are such that

* (A, A) is mixed (L4, (1)-instance optimal of order cs,. with constant C,
* A has the simultaneous ({4, 01)-quotient property with constants d and d'
relative to a norm || -

’

then, forallx € CN, e € C™ and s < cs,,

_ &
os(x)1 + Ds/"?|le||, D= Ld_ g

[x — A(Ax +e)llq < l-1/q

sl_l/q

Proof. For x € CV and e € C™, the simultaneous (¢, ¢1)-quotient property
ensures the existence of u € C¥ satisfying

1/g—1/2
lully < dst/* " |e],

1/2
luli < d's%|e|.

Au=e and (11.14)
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Using the instance optimality, we then derive

[x - A(Ax+e)lly = [lx - A(A(x+u))llg < [[x+u—A(Ax+ )l +[[ullg
C

< ﬁas(x+U)1 + [[ull
C
s S1,—1/q(0s(x)1 + lafl) + [[allg-

Substituting the inequalities of (11.14) into the latter yields the result for s = cs,.
The result for s < cs, follows by monotonicity of o (x); /s* /4. O

Lemma 11.16. Given ¢ > 1 and a norm || - || on C™, if a measurement matrix
A € C™*N satisfies

» The {4-robust null space property of order c s, with constants p > 0 and 7 > 0
/q—1/2H .

relative to s.
o The {1-quotient property with constant d relative to || -

’

’

then the matrix A also satisfies the simultaneous ({4, {1)-quotient property relative
to || - || with constants D := (1 + p)d/c' =9 + 7 and D' := d.
Proof. Let us consider a vector e € C™. By the ¢;-quotient property, there exists

u € CV such that Au = e and ||ul|; < dsi/QHeH. Next, we establish the estimate

lull, < Dsi/q71/2||e|| for some constant D. For an index set S of c¢s, largest
absolute entries of u, we first use Proposition 2.3 to derive

lusle = 5= vl

The £,-robust null space property of order c s, yields

Y N T 1/q—1/2 N 1/q—1/2
”uS”q S (CS*)lil/q HuS||1+TS* HAu” S (C S*)lil/q ||U.H1+TS* ||e||
It follows that
1+p 1/g—1/2
[ully = llug + uslly < [Juglly + [luslly < ml\ﬂlll + 757 le].
The estimate ||ul|; < dst/? |le]| yields the desired result. O

Now that Lemmas 11.15 and 11.16 have been established, Theorem 11.12 can be
derived with the help of results from Chap. 4.

Proof (of Theorem 11.12). We assume that A € C™*¥ satisfies the /5-robust null
space property of order ¢ s, with constant 0 < p < 1 and 7 > 0 relative to || - ||,
as well as the ¢1-quotient property with constant d relative to || - ||. Then, for any
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1 < ¢ < 2, Definition 4.21 and the considerations afterwards ensure that A satisfies
the ¢,-robust null space property of order cs, with constant 0 < p < 1 and
7c/971/2 5 0 relative to s+’ /?|| - ||. Lemma 11.16 now implies that A satisfies
the simultaneous (¢, £1)-quotient property with constants D = (1 + p)d/c!~1/4 +
7 /97Y2 < (1 + p)d/ min{1, ¢}*/? + 7 max{1,c}'/? and D’ = d. Next, for any
1 < ¢ < 2, Theorem 4.25 ensures that the pair (A, A1) is mixed ({4, ¢1)-instance
optimal of any order s < ¢ s, with constant C' = (1 + p)?/(1 + p). Lemma 11.15
finally yields the desired estimate with constants depending on p, 7, ¢, and d. a

11.3 Quotient Property for Random Matrices

In this section, we prove the ¢1-quotient property for certain random matrices. First,
we focus on Gaussian matrices, where the /;-quotient property holds relative to
the {o-norm. Second, we analyze general subgaussian random matrices, where the
{1-quotient property holds relative to a slight alteration of the ¢>-norm. The basis
of both arguments is a convenient reformulation of the quotient property involving
the dual norm of a norm || - [|, i.e., [le[l. = supy = [(y,e)| fore € C™; see
Definition A.3.

Lemma 11.17. For g > 1, a matrix A € C™*N has the {,-quotient property with
constant d relative to a norm || - || if and only if

lefl. < dsi/*?|A%e

o~  foralle e C™, (11.15)

where s, = and where q* =

m
In(eN/m) g—1
Proof. Let us assume that A has the ¢,-quotient property. For e € C™, we have
llell = (y,e) for some y € C™ with ||y|| = 1. The vector y can be written as

y = Au for some u € CV with ||uf|, < dst/T? We deduce (11.15) from

is the conjugate exponent of q.

* * 1/g—1/2 *
lefl« = (Au.e) = (u,A%e) < |l %], < dsi/* /|| A%

Conversely, let us assume that (11.15) holds. We consider the case ¢ > 1 first.
If e = 0, then the statement is trivial. Thus, we choose e € C™ \ {0} and let
u € CV\ {0} be a minimizer of |||, subject to Az = e. Our goal is to show that
ully < dst/?7*?|le||. Let us fix a vector v € ker A. Given 7 = te? with t > 0
small enough to have u + 7v # 0, we consider the vector w” € C" whose entries
are given by

) . ) la—1
w; — sgn(u; + Tv;) |u47qj'17'”]| 7 j € [N].
[u+7v|g
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We notice that (w™,u + 7v) = |u + 7v||, with |w"||;~ = 1. The vector
w = lim,_,o w7 is well defined and independent of v, thanks to the assumption
g > 1. It satisfies (w,u) = ||u||, with |w||;« = 1. The definition of u yields

Re(w”,u) < |lully < [Jlu+7v]|; = Re(w™,u+ 7v),

so that Re(w™,e?v) >0. Taking the limit as t tends to zero, we obtain
Re(w, e?v) > 0 independently of 6; hence, (w,v) = 0. Since this is true for
all v. € ker A, we have w € (ker A)X = ran A*. Therefore, we can write
w = A*y for some y € C™. According to (11.15) and ||w||;~ = 1, we have

lyll« < st/ 972 Tt follows that

% 1/g—1/2
[ully = (w,u) = (A*y,u) = (y, Au) = (y,e) < ||yl ]le]| < ds2/"""?|le].

This establishes the £,-quotient property in the case ¢ > 1. We use an approximation
argument for the case ¢ = 1. To this end, let us consider a sequence of numbers
@n > 1 converging to 1. For each n, in view of [|A*e||o < ||A*e||,:, the property
(11.15) for ¢ = 1 implies a corresponding property for ¢ = ¢, when d is changed
to dsi/ " Given e € C™, the preceding argument yields a sequence of vectors
u” € CV with Au™ = e and |[u”|,, < dsi/q:si/q”_l/QHeH = d51/2||e||. Since
the sequence (u™) is bounded in the ¢,,-norm, it has a convergent subsequence.
Denoting by u € C¥ its limit, we obtain Au = e and |[ul|; = lim;, . [[u”|4, <

dsi/2||e||. This settles the case ¢ = 1. O

Remark 11.18. 1In the case of a real matrix A, we can also consider a real version
of the quotient property, i.e., for all e € R™, there exists u € RY with

Au=e and |ul, <ds/7?|e.

The real and complex versions are in fact equivalent, up to a possible change of
the constant d. A real version of Lemma 11.17 also holds. Exercise 11.6 asks
for a detailed verification of these statements. When we establish the quotient
property for random matrices, we actually prove the real analog of (11.15), that is,
el < ds/?"'/?||A*e|| - forall e € R™.

Gaussian Random Matrices

We are now in the position to prove the ¢;-quotient property for Gaussian random
matrices and then to deduce Theorem 11.9 concerning robustness of equality-
constrained ¢;-minimization. We point out that the numerical constants in the
following theorems have not been optimized, they have simply been chosen for
convenience. Moreover, these constants rely on estimates for random matrices from
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Chap. 9 such as Theorem 9.26 that are particular to the Gaussian case. In the proofs
below, one may as well use the easier theorems for subgaussian matrices from
Sect. 9.1, which, however, do not specify constants.

Theorem 11.19. For N > 2m, if A is a draw of an m x N Gaussian random
matrix, then the matrix A = \/LEA possesses the {1-quotient property with constant

D = 34 relative to the {2-norm with probability at least 1 — exp(—m/100).

Proof. According to Lemma 11.17 and Remark 11.18, we need to prove that
P(flefl2 < D\/5.||A%e|| forall e € R™) > 1 — exp(—m/100). (11.16)

To this end, we separate two cases: 2m < N < Cm and N > Cm, where

C = 165° for reasons that will become apparent later. In the first case, by

considering the renormalized matrix B := /m/NA* = A*/V/N € RV*™ we
notice that the existence of € € R such that ||e||2 > D/5.||A*e||o implies

el > Dy X Bell > D [ Be, > N v /)omm<B>||e||2.

In view of N < Cm, we derive
V/In(eC) m
min (B Y =]l — =t
Imin(B) < =— Vv

If D > 64/In(eC) (which holds for D = 34 and C' = 165°), then the number ¢
satisfies

\/hl eC) 1 1
t=1-— >1- - > —
Calling upon Theorem 9.26, we obtain

P(|le]l2 > 341/5:[|A*e|s for some e € R™) < P(amin(B) <1- 1/% - t)

2N N
sexp| =5 ) sexp |~ og | Sexp | = 3hg

This establishes (11.16) in the case 2m < N < Cm.
The case N > C'm is more delicate. Here, with D = 8, we will prove the
stronger statement

E

P(|lell2 > D./5.||A*e|| for some e € R™) <exp (—m/3). (11.17)
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The norm ||-|| appearing in this statement is defined by

1
Il == 55 > lem oo, 2 €RY, (11.18)
=1

for some natural number & < N/2 to be chosen below and some fixed partition
Ti,...,Top of [N] with card(Ty) € {[N/h],|N/h] + 1}. The straightforward
inequality

Izl < 1|zl

explains why (11.17) implies (11.16). Another key property of the norm defined in
(11.18) is that, for any z € RY, there exists a subset L of [2h] of size h such that

lzT, |loo < 2||z|| foralll e L.

Indeed, the inequality

1 1
Izl = o Yo lznle = 7, card({¢: |lzr,[lo > 2]iz]1}) ||

Lz, [l oo >2]12]l

implies card({¢ : ||z1, |lco > 2|Z||}) < h, ie., card({¢: |z1, |0 < 2|Z|}) > A
Therefore, for a fixed e € R™ and d := D/2, we have

P(llefl2 > dy/s.|Ael])

T 2|le 2
SP(I(A o)y oo < 2lel

N

for all £ in some L C [2h],card(L) = h)

2[le[|2 >
§ (max < forall / € L
[2h],card(L) h Jete dy/5x
2le|l2

_ 3 p(‘(A*e)j

LC[2h],card(L)=h

_ 3 II P(’(A*e)j

LC[2h],card(L)=h j€Urecr T

d\/s_* forall j € UgeLTg)

2l
NG

In the last step, we have used the independence of the (A*e)j, which follows
from the independence of the columns of A. For each j € UpcrTy, we notice
that (A*e); = S, A;jei/y/m is a mean-zero Gaussian random variable with
variance ||e||3/m. Therefore, denoting by g a standard normal random variable, we
obtain
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P(lel > dysllA%el) < 11 P(|g|<2w§/s*)

LC[2h],card(L)=h j€UrerTe

) . card(Uger Te)
- Y (-r(lz 2)
N d

LC[2h],card(L)=

N/2
< (?) (1 —P(|g| > %)) . (11.19)

At this point, we bound the tail of a standard normal variable from below as

(ls z%) =e / jm/dexm—#/mdt

4y/m/s./d 9 22y/m/s, 8m /s,
exp(—t“/2)dt > 4/ =——"—exp| — —
2¢/m/s./d Q0 d d

> \/fl/_ﬂ-exp(—ﬁl (f)) - ‘/2/_”(%)8”2. (11.20)

In the third step, we have used the inequality f: f@®dt > (b — a)f(b) for a
decreasing function f. Substituting (11.20) into (11.19) and using the inequalities

n en\k .
<k> < (?) (see Lemma C.5) as well as 1 — 2 < exp(—x), we derive

B(llellz > dv/sil|A%el) < (2¢)" exp (‘ @ <%>W>m

— exp (ln(2e)h — dV 2/m mg/dleg/fﬁ). (11.21)

o8/ &2

We now use covering arguments to deduce a probability estimate valid for all
e € R™ simultaneously. According to Proposition C.3, with 0 < 6 < 1 to
be chosen later, we can find a d-covering {fy,...,f,} of the unit sphere of ¢35
with cardinality n < (1 + 2/d)™. Let us suppose that there exists e € R™ with
e[|z > D./5:]|A*e||. Without loss of generality, we may assume that ||e[|z = 1;
hence, ||e — f;||2 < ¢ for some i € [n]. It follows that

D5 |Ai]| < Dy/s|Ae| + Dy/s: || A% (e - £;)]]
le (A*(e — )7, || oo
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2h
Sk X %
<1+DY > " [I(A*(e — £))z |I2
=1

§1+D,/;—;|\A*(e—fi)|\2. (11.22)

Applying Theorem 9.26 to the renormalized matrix B = A*/v/N € RN*™, we

obtain
P<Umax(B) > 1+21/%) §exp<—%). (11.23)

Thus, in the likely case oyax(B) < 1+21/m/N, whence oyax (B) < /2 provided
N > Cm with C > 12 + 82 (which is satisfied for C' = 165%), we have

- - IN [2N
*(a _ f. < g * il =4y £, <1/l
[A"(e —fi)ll2 < omax(A")[le — fill2 m Omax(B)[le — fif]2 < m 4

In turn, we deduce

avslATE] = L (DyaIATED) < 5 (14 Dy 32 5).

hm

The choice § := D~!/h/N together with the fact that s, < m yields

dy/s I AL < |-
Summarizing the previous considerations yields

P(|le]ls > D+/s.||A*e]| for some e € R™)

= ]P’(||e||2 > Dy/5.||A*e| for some e € R™ and oypax(B) > 1+ 24/ %)
+]P’(||e||2 > D\/5,||A*e| for some e € R™ and oyax (B) < 1+ 2,/%)

< ]P’(amax(B) > 1424/ %) +P(|IE]]2 > dy/5. || A*£;]| for some i € [n]).

By (11.23), the first term on the right-hand side is bounded by exp(—m/2).
Moreover, a union bound over the n elements of the covering, the inequality
n < (1+2/6)™ < exp(2m/d), and the probability estimate (11.21) applied to
a fixed f; € R™ show that the second term is bounded by
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N V2
exp <2D1/Em+1n(2e)h— /m ms/d2N1_8/d2). (11.24)

de8/
Now we choose d = 4 (corresponding to D = 8) and
h = |'m2/3N1/3‘|

(sothat h < N/2 when N > Cm with C = 165%) to bound the second term by

exp<16 m2/3N3 4 21n(2e) m?/3NY3 — —m1/2N1/2>

8me

oo [ o)

1 2n(2¢”)] 191170 mt/2N1/?
Sexp(—{\/%— /6 m/*N < exp ~ 30 /)

The choice C' = 165° accounts for the last inequality. Putting the two bounds
together, we obtain

P(|le]2 >8+/5+]|A*e| for some e € R™)

m m1/2N1/2 m
SeXp(_E) +eXp(_ 300 ) SeXp(_E)'

This establishes (11.17) for the case N > C'm and concludes the proof. O

Remark 11.20. The introduction of the auxiliary norm in (11.18) may seem strange
at first sight, as one would be inclined to work with the /,.-norm directly. In fact,
this would correspond (up to constants) to choosing i = 1 in the proof. The reader is
invited to verify that setting &~ = 1 in (11.24) does not lead to the desired conclusion.

We now prove the main robustness estimate for Gaussian random matrices.

Proof (of Theorem 11.9). Under the assumption N > com with ¢ = 2,
Theorem 11.19 guarantees that the matrix A has the {1-quotient property relative to
the £3-norm with probability at least 1 — exp(—m,/100). Moreover, the assumption
s < ¢38, with ¢35 := 1/1400 reads m > 1400sIn(eN/m). Lemma C.6, in view
of 1400/ In(1400e) > 160 and In(eN/s) > In(eN/(2s)), implies the inequality
m > 80(2s) In(eN/(2s)). This is equivalent to

eN m . 2 eN 2 2
— >80(2s)In (%) + T ie, m> F@S) In (2_5) + p In (—),
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where 77 := 1/4/32 and € := 2exp(—m/320). Theorem 9.27 implies that, with
probability at least 1 — 2exp(—m/320), the restricted isometry constant of the
matrix A satisfies

b5 < 2<1+m)n+ (1+m>2n2
< 2(1 + 21n(114008)> \/2_2 + <1 + m> 3—12 ~ (.489.

Then Theorem 6.13 ensures that the matrix A has the ¢5-robust null space property
of order s. Thus, with probability at least

1 — exp(—m/100) — 2 exp(m/320) > 1 — 3exp(—c1m), ¢ = 1/320,

the matrix A satisfies both the ¢ 1-quotient property relative to the ¢5-norm and the
{5-robust null space property of order s < c¢3s.. The conclusion now follows from
Theorem 11.12. O

Subgaussian Random Matrices

Let us now consider more general subgaussian random matrices. For the special case
of renormalized Bernoulli matrices, the /1 -quotient property relative to the £2-norm,
namely,

forall e € C™, there exists u € CV with Au = e and ||[u|; < d /5|2,
cannot be true. Indeed, such a matrix A has entries A; ; = +1/+/m, so that the

/1-quotient property applied to a unit vector e; = [0,...,0,1,0,...,0]T € C™
would give rise to a vector u € C¥ for which

PV ST RGN )

a contradiction for large enough N.

In order to nevertheless obtain robustness estimates, the strategy consists in
eliminating the troublesome vectors e; by clipping the ¢5-ball around them. This
motivates the introduction of the following norm defined, for o > 1, by

N
N - d\/5% d
1= (Au); = g Agju; < s A lell2 _
Jj=1

Iyl := max{llyl2,allyl<}, — yeC™ (11.25)



11.3  Quotient Property for Random Matrices 351

Then the ¢;-quotient property relative to this norm applied to the vectors e; =
[0,...,0,1,0,...,0]T € C™ yields

(o)
| dVElel® _ da

Vm In(eN/m)

This dictates the choice « = /In(eN/m) > 1 for Bernoulli matrices.
Here is the precise statement about the ¢;-quotient property for certain random
matrices including Bernoulli matrices as a special case.

Theorem 11.21. Let A be an m x N matrix whose entries are independent
symmetric random variables with variance 1 and fourth moment bounded by some
ut > 1, for which the concentration inequality

P(INTHAY]E — [lyll2] > tllyl3) < 2exp(—ét*N) (11.26)

holds forally € R™ andt € (0, 1). Then there exist constants C, D > 0 depending
only on jiand ¢ such that, if N > C m, then with probability at least 1 —3 exp(—m)
the matrix A := \/%A has the €1-quotient property with constant D relative to the

norm || - ||, o := y/In(eN/m).

The arguments follow the same lines as the Gaussian case. In particular, estimates
from below for tail probabilities involving the dual norm of || - |(*) are needed. We
start by comparing this dual norm to a more tractable norm.

Lemma 11.22. Foran integer k > 1, the dual norm of || - | V¥ is comparable with
the norm | - |, defined by

k
|y |x := max {Z lys, 25 Bi,-.., By form a partition of[m]} ,  (11.27)
=1

in the sense that

1 2 -
\/; Iyl < Iyl < \/; lyls, yeC™ (11.28)

Proof. We define a norm on C™ x C™ by
1w, )] := max {[ull2, V][ vl }-

This makes the linear map 7' : (C™, || - [(VP) — (C™ x C™, ||(,-)[|), z > (2, 2)
an isometry from C™ onto X := T'(C™). Let us now fix a vectory € C™. We have

(Vk) B . -
= Y = max T uu)),y) = A .
IRISRES ) ||(u,u)||:1|< (( )y = [l x
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where we have defined the linear functional A on X by \(x) := (T~}(x),y).
The Hahn—Banach extension theorem (see Appendix C.7) ensures the existence
of a linear functional A defined on C™ x C™ such that \(x) = A(x) for all
x € X and ||\« = ||Al|x+, where || - ||. denotes the dual norm of ||(-,-)|.
There exists (y’,y”) € C™ x C™ such that this functional can be written as
AMu,v) = ((u,v), (y,y") = (u,y') + (v,y”) for all (u,v) € C™ x C™. The
identity \(T'(2z)) = \(T'(z)), i.e., (z,y' +y") = (z,y), valid forall z € C™, yields
y' +y” = y. Moreover, the dual norm is given by || X[, = [|yll2 + ly”|l1/VF.
which yields Hy||>(k\/g) = |I¥'ll2 + lly"ll1/vk. Now, choosing optimal partitions
Bi,...,B}, and BY,..., By} of [m] for the vectors y’ and y” (see (11.27)), we
observe that

k k
¥k =D 1l < Vi D 11513 = VEIY [,
=1 /=1

k k
¥l = Syl < S Iy hell = Iy Ih
=1 =1

It follows that
yhe =15+ 3"k < b+ 15"l < VE (1512 + Iy 1 /VE) = V&P,

This proves the leftmost inequality in (11.28).

For the rightmost inequality, given a fixed vector y € C™, we consider a vector

u € C™ with ||uH(‘/E) = 1 such that Hy||>(k\/g) = (u,y). The definition of ||uH(‘/E)

implies that ||ul|z < 1 and that ||Jul|s < 1/v/k. Let mg := 0 and iteratively define

mg > my—1 + 1 withmy < mforf =1,2,...to be the smallest integer such that

mye
> |wl>1/k
i=my_1+1
as long as this is possible. Then

my—1 my

1 2
Z lug | < o and Z lug | < T

i=my_1+1 i=my_1+1

We notice that the last m;, defined in this way has index h < k. Indeed, if m;, was
defined, we would obtain a contradiction from

k me
[EUER= S W

{=1i=my_1+1 =1

V
™)~
E
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We also notice that, because my, 1 is undefined, we have

Wenow set By = {my_1+1,...,my }forl <L < h,Bpy1:={mp+1,...,m},
and By = @ forh +2 < ¢ < k.Inview of |Jug,|l2 < v/2/kforall1 < ¢ <k, we
derive

k k k
VE 2
VIS = (wy) = Y (up.ys) < Y sl lysl < J; > yslls
(=1 =1

This proves the rightmost inequality in (11.28). a
We are now ready to carry on with the proof of Theorem 11.21.

Proof (of Theorem 11.21). Let us suppose that N > C'm, where the constant C' > 1
has to meet three requirements specified below. We set

__ [In(eN/m)

Since 3 < a, hence ||e|(®) < |le||(™), the ¢;-quotient property relative to || - || ()
implies the one relative to || - |(*), so we concentrate on the ¢;-quotient property
relative to the norm || - ||(®). According to Lemma 11.17 and Remark 11.18, we
need to prove that

P(|le]l”) < Dy/5.||A%e|| foralle € R™) > 1 — 3exp (—m).
As in the proof of the Gaussian case, we show the stronger statement
P(|le]”) < Dy, ||A%e] foralle € R™) > 1 —3exp (—m) (11.29)
with D := 164/In(eC). The norm ||-| < || - || is the norm defined in (11.18) with
some natural number 2 < N/2 to be determined below. To this end, we assume that

there exists e € R™ such that

e > Dy | A%e].
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Introducing the integer k := | 32| > 1, for which
k< p% < 2k,

we have ||yH(‘/E) < |ly||® for all y € R™, and in turn the dual norms satisfy
||y|\i\/E) > Hy||5f3 ) for all y € R™. Assuming without loss of generality that

||e||>(k\/E) = 1, we obtain D,/5.[|A*e|| < 1. Moreover, for 0 < § < 1 to be chosen
later, Lemma C.3 ensures the existence of a 0-covering {fi, ..., f,, } with respect to

Il - HSYE) of the unit sphere of (R™, || - |\SQ/E>) with cardinality n < (1 + 2/4)™.
Selecting an integer i € [n] such that ||e — f; ||i\/E) < 9, it follows as in (11.22) that

~ C
DYEIAE] <1+ DYE2 A% e — £,

V2h
S« N
<14 Dy 2 oaB)lle = filla, 11.30
D\ B)le i, (1130)
where B € RV*™ is the renormalized matrix B := \/m/N A* = A*/y/N. We
observe that if By, ..., By is an optimal partition for |e — f;|x, then

k
le —£ill2 <> lle — £)g,ll2 = le — file < Vi]e - £1V < Vs, (11.31)
=1

where we have used Lemma 11.22. Thus, under the assumption that oy,,x (B) < V2,
(11.30) and (11.31) yield

~ ks N D N
D /s ||A*f;|| <1+ D A= 0 <1+ ————1/ =0
VEIA] V2 ==\

Now we choose

5= —thj(ec)\/% (11.32)

and exploit the fact that 1 = ||f;]| S/E) < 2|f;|/V/k to obtain
DA ] < 2 < 4l /VE.
Summarizing the previous considerations and setting d := D /4 gives

P(||e||iﬁ) > D./5+||A%el|s for some e € R™)
< P(0max(B) > v2) + P(|fi|x > dv/ks.||A*f;| for somei € [n]). (11.33)
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For the first term in (11.33), we call upon Theorem 9.9 to obtain

P(0max(B) > V2) = P(02,«(B) > 2) <P(|B*B — Id|[2 > 1)

§2exp(—%>

provided

N > 32~ (7m + cN) i.e., N > 1—4m
¢

The first requirement imposed on C'is therefore C' > 14/¢. In this case, we have
the bound

P(0max(B) > v2) < 2exp (— Tm). (11.34)

For the second term in (11.33), we begin by bounding the probability P (e, >

dv/ks. |||A*e|||) for a fixed vector e € R™. As in the proof of Theorem 11.19, using
the existence of a subset L of [2h] of size h such that ||zr, || < 2|z| for any
z € RY and any ¢ € L, we observe that

P(lels > dy/ks. |A%e])

< P(H(A*e)nnm < ek oratt £in some L [2h], card(L) = h)

dv ks
2lefx
< > ]P’(max|(A* )il < forall £ € L
Le2h)cmd(ny=h  NIET dVks.

> I r(iden< )

LC[2h],card(L)=h j€Urer Ty

> II <1—2]P’<(A* )g_dib%», (11.35)

LC[2h],card(L)=h j€UsrerTe

where the independence of the random variables A; ; was used in the third step and
their symmetry in the last step. Let now By, . .., By, denote a partition of [m] such

that |e|, = Zif:l llem, ||z For each j € Upe Ty, we have
2lelx 2|le, |2
A*e).: — e; ¢
(e 2 2e) b3 3 Sue >y Aenle

(ZAJQ_ d’/ HeB,ZHQforallfe[ ])
i€By
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[T P( X e = 2 len: )
te[k] “i€B,

3P| dused 2 5\ [ lenle).
ee[k i€ B,

where we have again used the independence and symmetry of the random variables
A; ; in the last two steps. For each ¢ € [k], we use Lemma 7.17 to obtain

]P"ZA~->2 s 1, Am 2>11 sm \?
L TS =g s, 1R ) = Bks, ) it 42525,
1€ By

where we have chosen the value d = D/4 = 4,/In(eC') and have used the
definitions of s, and . Under a second requirement on C, namely, C' > 648 /e, it
follows that

P<(A* e); > di'%“*) <i)k > <8—/1L4)5 = exp (- % In(8u"))

- exp( In < )111((8;))> > (%)1/2. (11.36)

Substituting (11.36) into (11.35) and using 1 — z < exp(—=z), we obtain

B m 1/2 Card(UgeLTg)
P(le|r > dVks. |A%e]]) < Z exp ( - 2(—) )
(L)=h

eN
LC[2h],card

2h m \ YA\ N2 1
o M b 1281)2
< (h)exp( 2(6 ) ) gexp(ln(2e)h el/2m N ),

where we have also used the fact that (2:) < (2¢)" by Lemma C.5. Thus, in view
of n < (14 2/8)™ < exp(2m/é), we derive

(|t > dv/ks.|A"E;| for some i € [n]) < n P(lel > dv/ks. |A%e])

2 1
< exp (gm + In(2e)h — ﬁm1/2N1/2).
&
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We now choose h := [m?/3N?/3] (so that h < N/2 when N > Cm with
C > 644°/e). We then have h < 2m?/3N?/3 and the choice (11.32) of & together
with D = 164/In(eC) implies 2/6 = 32(N/h)'/? < 32(N/m)'/3. 1t follows that

P(|f;| > dv/ks. || A*£;]| for some i € [n])

< exp (32m2/3N1/3 + 21n(2e)m?3N/3 — Lm1/2]\]1/2>

el/2
1 2111(2617) 1/2 1/2
SGXP(‘ {W‘W}m N

1 2In(2e'™)] /90170

A third requirement on C, namely C'/¢ > 4¢'/2In(2¢'7), implies that

P(|f;|x > dv/ks.||A*f;|| for some i € [n])

m1/2N1/2 4

In the last step, we have used that N > C'm together with the second requirement
C > 64[&8/6. Finally, substituting (11.37) and (11.34) into (11.33), we conclude
that

P(|le]|!”) > Dy/5.]|A%e|| o for some e € R™)
< 2exp(—7m) +exp(—4m/e) < 3exp(—m).

We have proved the desired estimate (11.29). O
We now prove the main robustness estimate for subgaussian random matrices.

Proof (of Theorem 11.10). According to the definition of subgaussian random ma-
trices and to the bound of moments in terms of tail probabilities, i.e., Definition 9.1
and Proposition 7.13, the symmetric entries of the subgaussian matrix A have
fourth moments bounded by some p* > 1. Moreover, according to Lemma 9.8,
the concentration inequality (11.26) is satisfied. Thus, by choosing cy properly,
Theorem 11.21 guarantees that, with probability at least 1 — 3exp(—m), the
matrix A = \/LEA has the /;-quotient property relative to the norm || - ||(®),

a := y/In(eN/m). Furthermore, according to Theorem 9.11, there is a constant

¢ > O such that 25 (A) < 1/3 with probability at least 1 —2 exp(—¢ém/15) provided

m > %[3(18+4ln (%)) + f—gm}, ie., m> %s(9+21n (%))
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Since 9 + 21In(N/2s) < 91In(eN/s), this is implied by m > (540/¢)sIn(eN/s).
Using Lemma C.6, we observe that this condition is in turn implied by the condition
s < c3s,—which is equivalent to m > (1/¢3)sIn(eN/m)—provided c3 is chosen
small enough to have c3ln(e/c3) < ¢&/540. Theorem 6.13 now ensures that the
matrix A satisfies the f5-robust null space property of order s relative to Il l2-
Since || - [|lo < || - ||, it also satisfies the £o-robust null space property of order s
relative to || - |(*). Thus, with probability at least

1 —3exp(—m) — 2exp(—ém/15) > 1 — 5exp(—cym), c¢1 :=min{1,é/15},

the matrix A satisfies both the {1-quotient property and the f5-robust null space
property of order s < s,/c3 relative to the norm || - [|(*). The conclusion now
follows from Theorem 11.12. a

11.4 Nonuniform Instance Optimality

In Theorem 11.5, we have established that the uniform ¢5-instance optimality—
the property that ||x — A(Ax)|2 < Cog(x)2 for all x € CV—is only possible
in the case m > cN, which is essentially irrelevant for compressive sensing. In
this section, we change the point of view by fixing x € C at the start. We
are going to prove for the ¢;-minimization map that the nonuniform (o-instance
optimality —the property that || x — A1 (Ax)||2 < Cog(x)2 for this fixed x € CVN—
occurs with high probability on the draw of an m x N random matrix A, provided
m > csln(eN/s).

We notice that such estimates hold for other algorithms as well such as iterative
hard thresholding, hard thresholding pursuit, orthogonal matching pursuit, and com-
pressive sampling matching pursuit. In fact, the proof for these algorithms is rather
simple: under suitable restricted isometry conditions specified in Theorems 6.21,
6.25, and 6.28, we have ||x — A(Ax)|2 < C||Axgl|2, where S denotes an index
set of s largest absolute entries of x. Then the desired estimate follows from the
concentration inequality (9.7) for subgaussian random matrices, which implies that
[Axgl2 < 2[|xg|l2 = 204(x)2 with high probability. However, these algorithms
(except perhaps orthogonal matching pursuit) require s as an input. Advantageously,
the /1 -minimization does not.

For /;-minimization, the key to proving the nonuniform ¢s-instance optimality
lies in the stable and robust estimates of Theorems 11.9 and 11.10. We begin with the
easier case of Gaussian matrices. Again, the result also incorporates measurement
error even though equality-constrained ¢;-minimization 4A; is used rather than the
seemingly more natural quadratically constrained ¢;-minimization Ay ,,.
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Theorem 11.23. Let x € CV be a fixed vector and let A = \/%A where A is a

random draw of an m X N Gaussian matrix. If

c3m

N > <38y = — o
= CoM, S S C3S8 1n(eN/m)

then with probability at least 1 — 5 exp(—ci1m) the {s-error estimates
|x — A1 (Ax + )|z < Co(x)2 + Dle|2 (11.38)

are valid for all e € C™. The constants c1, ca, cs, C, D > 0 are universal.

Proof. Let S denote a set of s largest absolute entries of x. We have

[x — A (Ax +e)2 < |[xg]l2 + [|Ixs — A1 (Ax + )|
= 05(x)2 + x5 — Ar1(Axs +€)|2, (11.39)

where e’ := Ax§ + e. Taking the conditions N > com and s < ¢35, into account,
Theorem 11.9 applied to xg € C and e’ € C™ yields

Ixs — Ay(Axs + )2 < Dlje/|ls < Dl|Axglls + Dljefls  (11.40)

with probability at least 1 — 3exp(—cym) for some constant ¢; > 0. Next,
the concentration inequality for Gaussian random matrices (see Exercise 9.2 or
Lemma 9.8, which, however, does not specify constants) ensures that

|[Axga < 2|lxg]le = 204(x)2 (11.41)

with probability at least 1 — 2 exp(—m,/12). We finally derive (11.38) by combining
the inequalities (11.39), (11.40), and (11.41). The desired probability is at least
1—3exp(—cim)—2exp(—m/12) > 1—5exp(—cim), ¢; :== min{c},1/12}. O

In the same spirit, a nonuniform mixed ({4, ¢,)-instance optimality result for
Gaussian matrices can be proved for any 1 < p < ¢ < 2. It is worth recalling that,
in the regime m < sln(eN/m), a matching result cannot be obtained in the uniform
setting; see Exercise 11.2.

'I:heorem 1124, Let 1 < p < q < 2, let x € CN be a fixed vector, and let
A= \/LEA where A is a random draw of an m x N Gaussian matrix. If

c3m

N > <gsy = —
= C21m, 5= In(eN/m)

then with probability at least 1 — 5 exp(—cy1m) the error estimates

C

1/q—1/2
lo < 773 @)y + D" el

[x — AL (Ax +e)

are valid for all e € C™. The constants c1, c2, c3, C, D > 0 are universal.
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Proof. If ¢}, ch,c5,C’, D" > 0 are the constants of Theorem 11.9, we define
c3 = cg /3. Then, for s < c3s., we consider an index set S of s largest absolute
entries of x, and an index set T of ¢ := [c3s.] > s next largest absolute entries of
x. We have

[x—A1(Ax + e)lg < [Ixgozllq + [ xsur — AL (Ax +e)ll,

1 .
< w717 Xslle + lIxsur — Ar(Axsur + €, (11.42)

where we have used Proposition 2.3 and have set €' := Axm + e in the last
inequality. Taking co = ¢4 and noticing that s + ¢ < ¢s,, Theorem 11.9 applied to
xsur € CN and e € C™ yields

Ixsur — A1 (Axsur + €)|lg < Dst/ 72|/ |2

< Ds)/ "2 | Axgorla + DsY e

/a—1/2
<D 1/:171/2H
C3

Axgorlls + Dst/ 7 e]l (11.43)
with probability at least 1 — 3 exp(—c}m). The concentration inequality for Gaus-
sian matrices (see Exercise 9.2 or Lemma 9.8), in conjunction with Proposition 2.3,
gives

- 2
[Axzozle < 2lxgozle < tl/p—_l/gﬂxéﬂp (11.44)

with probability at least 1 —2 exp(—m /12). Combining (11.42)—(11.44), we deduce

14 2Dcy/?71/1

1/q—1/2
e Ixsls + Ds/ "7 le]l2

Ix—Ai(Ax +e)q <
1+ 21)6_1/2 1/g—1/2
< (), + Dt/ el
The desired probability is 1 — 3 exp(—cjm) — 2exp(—m/12) > 1 — 5 exp(—c1m)
with ¢; := min{¢c}, 1/12}. O
The previous results extend to subgaussian matrices. We do not isolate the

{5-instance optimality here, as we state the nonuniform mixed instance optimality
directly. As in Sect. 11.3, the ¢2-norm on the measurement error is replaced by

||e||(V1“(8N/m)) = max {||e|2, /In(eN/m)|le||o }. The condition on N in

(11.45) below will be satisfied in reasonable practical scenarios.
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'I:heorem 1125, Let 1 < p < q < 2, letx € CN be a fixed vector, and let
A = \/%A where A is a random draw of an m x N subgaussian matrix with
symmetric entries and with subgaussian parameter c in (9.2). There exist constants

c1,C2,c3,c4,C, D > 0 depending only on c such that if

c4m

BN/’ (11.45)

com < N < m exp(c3v/m), s < €Sy =
e

then with probability at least 1 — 9 exp(—c1+/m) the error estimates

- C ~
[x — A1 (Ax +e)|, < mgs(x)p + Dsl/ 1/2HeH(\/ln(eN/m))

are valid for all e € C™.

Proof. The argument is similar to the one used in the proof of Theorem 11.24, with
the addition of step (11.48) below. Let ¢}, ch, ¢4, C’, D' > 0 be the constants of
Theorem 11.10, and define ¢4 := ¢4 /3. Then, for s < c45., we consider an index
set S of s largest absolute entries of x, and an index set T of ¢ := [c48.] > s next
largest absolute entries of x. We have

Ix—Ai(Ax + ), < Ixgorll + [xsur — A(Ax+e)]l,

1 -
< s7e=iyq Ixslle + lIxsur — Ai(Axsur + e)llg; (11.46)

where we have applied Proposition 2.3 and have set €' := Axﬁ + e. Taking
c2 = ¢ and noticing that s + ¢ < c4s., Theorem 11.10 applied to xsur € CV and
e’ € C™ yields with D = D’

xsur — Ar(Axsur + e)ly < DSi/q_l/QHe’H( m(eN/m))

< Dsi/q_l/zHAxsuiT”( In(eN/m) ) +Dsi/q—l/QHeH(./ln(eN/m))

tl/q71/2 A n(e m — n(e m
SDWIIAXWTH(V”N/ ) 4+ sV V2o (VIRERTM) - (11.47)
Cy

with probability at least 1 — 5exp(—cim). By the concentration inequality of
Lemma 9.8, we have

[Axguzll2 < 2lxgo7l2

with probability at least 1 — 2 exp(—¢ém) for a constant ¢ depending only on the
subgaussian parameter c¢. Moreover, for each i € [m], Theorem 7.27 guarantees that
the inequality

. 2
|(Axzgr)il < )HxsTle

In(eN/m
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holds with probability at least 1 —2 exp (—c~'m/ In(eN/m)). By the union bound,
it follows that

. 2
Axe oo < ———|Ixcs (11.48)
| Axzo7l 1n(eN/m)H 5072

with probability at least 1 — 2mexp ( — ¢~ 'm/In(eN/m)). We note that this
probability is at least 1 — 2exp(—+/m) when N < mexp(cgy/m)/e with
c3 :=1/(2¢), since

mexp(i)) Smexp( -m ) = exp (ln(m)—2\/ﬁ) < exp (—\/E)

cln(eN/m cezy/m

We have obtained

HAXWH (V ln(eN/m)) = max{HAmeQ, \/ln(eN/m)HAmeOO}

2
S 2HXSUTH2 S tl/P*1/2 ||X§||P7

with probability at least 1 — 2 exp(—cm) — 2exp(—y/m) > 1 — dexp(—c'y/m),
¢’ ;= min{¢, 1}. Combining this with (11.46) and (11.47), we deduce

- 14 9D/2" e -
Ix=A1(Ax + @)l < Al + Dt/ 2 (VIEET)

1 2D —1/2 B
e 0.(0)p + Ds¥/ 12 o] (VIRRT)
S

The desired probability is at least
1 —5exp(—cym) — dexp(—c’v/m) > 1 — 9exp(—c1v/m)

with ¢; := min{d, ¢'}. O

Notes

The notions of instance optimality and mixed instance optimality were introduced
by Cohen et al. in [123]. Theorems 11.4 and 11.5 are taken from this article. The
other major theorem of Sect. 11.1, namely, Theorem 11.6 on the minimal number of
measurements for /1 -instance optimality, is taken from [213].

The ¢1-quotient property was introduced in the context of compressive sensing by
Wojtaszczyk in [509]. The content of Sect. 11.2 essentially follows the ideas of this
article, except that the restricted isometry property is replaced by the weaker notion
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of robust null space property and that error estimates in ¢;,-norm forall 1 < ¢ < 2
are given. The ¢;-quotient property for Gaussian random matrices was proved in
[509], too, save for the extra requirement that N > cm In¢ (m) for some & > 0. This
issue was resolved here with the use of the norm defined in (11.18). As a matter of
fact, the ¢1-quotient property for Gaussian matrices had been established earlier in
a different context by Gluskin in [228], where a certain optimality of the probability
estimate was also proved.

Gaussian matrices are not the only random matrices to possess the /1-quotient
property relative to the £3-norm and in turn to provide the reconstruction estimates
of Theorem 11.9. It was established in [210] that Weibull random matrices also do.
These are (rescaled versions) of matrices whose entries are independent symmetric
random variables that satisfy, for some r» > 1 and some ¢ > 0,

P(|A4; ;| > t) = exp(—ct"), t>0.

For matrices satisfying the restricted isometry property, Wojtaszczyk also showed
in [510] that the estimates of Theorem 11.9 for Gaussian random matrices can be
obtained with a modified version of ¢;-minimization in which one artificially adds
columns to the matrix A.

The ¢; -quotient property relative to the norm max{||-||2, |||/ } Was introduced
in the context of compressive sensing by DeVore, Petrova, and Wojtaszczyk in
[148], where it was established for Bernoulli random matrices. The ¢;-quotient
property had in fact been shown earlier in a different context by Litvak et al. in
[329]. We followed the proof of [329], because of a slight flaw in the proof in [148],
namely, that the vectors in the d-covering depend on the random matrix; hence, the
concentration inequality cannot be applied directly to them. The key Lemma 11.22
was proved by Montgomery-Smith in [356].

The results given in Sect. 11.4 on the nonuniform ¢»2-instance optimality appeared
(under the terminology of instance optimality in probability) in [148,509].

Exercises

11.1. Verify in details the observation made in (11.1).

11.2. For ¢ > p > p’ > 1, prove that if a pair (A, A) is mixed ({4, £,)-instance
optimal of order s with constant C, then it is also mixed (¢4, £,)-instance optimal
of order [s/2] with constant C’ depending only on C.

Combine this observation with Theorem 11.7 to derive that mixed ({g,¢,)-
instance optimal pairs (A, A) of order s, where A € C™*¥ and A : C™ — CV,
can only exist if m > csln(eN/s). For ¢ > p > 1, improve this bound using the

estimate for the Gelfand width d™ (BZ])V , Eév ) given on page 327.

11.3. Prove that if the coherence of a matrix A € C™*¥ with ¢s-normalized
columns satisfies 1(A) < 1/4, then the operator norm ||A||2—,2 cannot be bounded
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by an absolute constant C' > 0 unless m > ¢ N for some constant ¢ > 0 depending
only on C'.

11.4. Let a measurement matrix A € C™*Y be given and let 0 < p < 1. Prove
that if there is a reconstruction map A such that ||x — A(Ax)||, < Cogs(x), for
all x € CV, then ||v|, < Coas(v), for all v € ker A. Prove conversely that if

V|, < Coas(v), forall v € ker A, then there is a reconstruction map A such that
[x — A(AX)||, < 21/PCoas(x), forall x € CV.

11.5. Let a measurement matrix A € C™*Y be given. Suppose that, for some
integer s > 1 and some constant C' > 1, there exists a reconstruction map
A C™ — C¥ such that

C
lx — A(Ax)||]2 < —SHXH1 for all x € CV.

7

Prove that the pair (A, A;) is mixed ({2, ¢;)-instance optimal of order ¢ with
constant (24 p)/(1—p) provided p := 2C/t/s < 1. Deduce that the existence of a
pair (A, A) which is mixed (¢, £1 )-instance optimal of order [9C?¢] with constant
C' implies that the pair (A, Ay) is mixed ({2, ¢1)-instance optimal of order ¢ with
constant 8.

11.6. Let A € R™*¥ and let || - || be a norm on C™ invariant under complex
conjugation, i.e., satisfying ||y|| = ||y|| for all y € C™. For ¢ > 1, prove that the
real and complex versions of the £,-quotient property, namely,

Ve cR™ JuecRY : Au=e, ||ul, < ds/7?|e|, (11.49)

Vec C™,3uecC": Au=e, |jul, < dsi/q*l/2||e||7 (11.50)

are equivalent, in the sense that (11.50) implies (11.49) with the same constant d
and that (11.49) implies (11.50) with the constant d replaced by 2d.

11.7. Prove Lemma 11.17 for the case ¢ = 1 without using limiting arguments.

11.8. Prove that the dual norm of the norm || - ||(*) introduced in (11.25) can be
expressed as

Il = it LIy’ + Sly"ly' +¥" =y}, yecm
8]

11.9. Let ¢ > 1 and let | - || be a norm on C™. Given a matrix A € C™*V,
suppose that there exist D > 0 and 0 < p < 1 such that, for each e € C™, one can

findu € CN with [|[Au — e|| < plle| and |[ul, < Ds/?"*/?||e||. Prove that the

matrix A satisfies the £,-quotient property with constant D/(1 — p) relative to the
norm || - ||.
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11.10. Let ¢ > 1 and let || - || be a norm on C™. Suppose that a pair of
measurement matrix A € C™*¥ and reconstruction map A : C™ — C¥ is mixed
(¢4, ¢1)-instance optimal of order s < ¢s.. and that A has the simultaneous (¢, ¢1)-
quotient property relative to || - ||; see Definition 11.14. Prove that there is a constant
D > 0 such that

1/g—1/2
Ix — A(AX)|| < [xgllq + Dt/ || Axg]

for any x € CV and any index set S C [N] of size s.



Chapter 12
Random Sampling in Bounded Orthonormal
Systems

We have seen in the previous chapters that subgaussian random matrices provide
optimal measurement matrices for compressive sensing. While this is a very impor-
tant insight for the theory, the use of such “completely random” matrices, where
all entries are independent, is limited for practical purposes. Indeed, subgaussian
random matrices do not possess any structure. However, structure is important for
several reasons:

* Applications may impose certain structure on the measurement matrix due to
physical or other constraints. We refer the reader to Section 1.2 for some
examples.

e Structure of the measurement matrix often allows to have fast matrix—vector
multiplication algorithms for both the matrix itself and its adjoint by exploiting,
for instance, the fast Fourier transform (FFT). This is crucial for speedups in
recovery algorithms (including ¢;-minimization), and only in this situation can
large-scale problems be treated with compressive sensing techniques.

* For large unstructured matrices, difficulties in storing all the matrix entries arise,
while a structured matrix is usually generated by a number of parameters much
smaller than the number of matrix entries, so that it is much easier to store.

From this point of view, it is important to investigate whether certain structured ran-
dom matrices may provide recovery guarantees similar to the ones for subgaussian
random matrices. By a structured random matrix, we mean a structured matrix that
is generated by a random choice of parameters.

The important setup at the core and the origin of the field that we will study
exclusively below occurs when randomly sampling functions whose expansion
in a bounded orthonormal system (see the precise definition below) is sparse or
compressible. Special cases consist in randomly sampling sparse trigonometric
polynomials and in taking random samples from the Fourier transform of a sparse
vector. In the latter case, the associated measurement matrix is a random partial
Fourier matrix, and it has a fast matrix—vector multiplication routine using the
FFT. The analysis of the resulting random measurement matrices becomes more
involved than the analysis for subgaussian random matrices because the entries are

S. Foucart and H. Rauhut, A Mathematical Introduction to Compressive Sensing, 367
Applied and Numerical Harmonic Analysis, DOI 10.1007/978-0-8176-4948-7_12,
© Springer Science+Business Media New York 2013
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not independent anymore. In this context, nonuniform recovery results are simpler
to derive than uniform recovery results based on the restricted isometry property.
We will proceed by increasing difficulty of the proofs.

Other types of structured random matrices, including partial random circulant
matrices, are discussed briefly in the Notes section.

12.1 Bounded Orthonormal Systems

An important class of structured random matrices is connected with random
sampling in certain finite-dimensional function spaces. We require an orthonormal
basis whose elements are uniformly bounded in the L..-norm. The most prominent
example consists of the trigonometric system. In a discrete setup, the resulting
matrix is a random partial Fourier matrix, which was the first structured random
matrix investigated in compressive sensing.

Let D C R? be endowed with a probability measure v. Further, let & =

{¢1,...,¢Nn} be an orthonormal system of complex-valued functions on D, that
is, for j, k € [N],
— 0ifj#k
i(t t)dv(t) =901 = ’ 12.1

Definition 12.1. We call ® = {¢1, ..., ¢} a bounded orthonormal system (BOS)
with constant K if it satisfies (12.1) and if

[¢5lloc :=sup|¢;(t)| < K forall j € [N]. (12.2)
teD
The smallest value that the constant K can take is X = 1. Indeed,
1= [ 1,00 < suplo, o) [ avle) < K>
D teD D

In the extreme case K = 1, we necessarily have |¢;(t)| = 1 for v-almost all t € D
as revealed by the same chain of inequalities.

Note that some bound K can be found for most reasonable sets of functions
{¢;,7 € [N]}. The crucial point of the boundedness condition (12.2) is that K
should ideally be independent of N. Intuitively, such a condition excludes, for
instance, that the functions ¢; are very localized in small regions of D.

We consider functions of the form

N
F&) =" zegn(t), teD. (12.3)
k=1
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Let tq,...,t,, € D be some sampling points and suppose we are given the
sample values

N
ye=f(te) = wrdr(te), L€ [m].
k=1

Introducing the sampling matrix A € C™* N with entries

A = dr(te), £ € [m], k € [N], (12.4)
the vector y = [y1,...,¥m]  of sample values (measurements) can be written in
the form

y = Ax, (12.5)
where x = [x1,...,zy] " is the vector of coefficients in (12.3).

Our task is to reconstruct the function f, or equivalently its vector x of
coefficients, from the vector of samples y. We wish to perform this task with as
few samples as possible. Without further assumptions, this is impossible if m < N.
As common in this book, we therefore introduce sparsity. A function f of the form
(12.3) is called s-sparse with respect to (¢1,...,¢n) if its coefficient vector x
is s-sparse. Sparse functions appear in a variety of applications; see Sect. 1.2 for
some motivating examples. The problem of recovering an s-sparse function from m
sample values reduces to the compressive sensing problem with the measurement
matrix given by the sampling matrix A in (12.4).

Since the deterministic construction of suitable matrices for compressive sensing
is to date an open problem, we now introduce randomness. We assume that the
sampling points ti,...,t,, are selected independently at random according to
the probability measure v. This means that P(t, € B) = v(B), { € [m],
for a measurable subset B C D. We then call the associated matrix (12.4) the
random sampling matrix associated to a BOS with constant /' > 1. Note that this
matrix has stochastically independent rows, but the entries within each row are not
independent. Indeed, for fixed /, the entries A, 1, k € [N], all depend on the single
random sampling point t,.

Before continuing with the general theory, we present some important examples
of BOS:s.

1. Trigonometric polynomials. Let D = [0, 1] and set, for k € Z,
(bk(t) _ eerikt'

The probability measure v is the Lebesgue measure on [0, 1]. Then, for all
I, k€,

1
/ ()¢5 () dt = 6 1. (12.6)
0
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The constant in (12.2) is K = 1. For a subset I' C Z of size N, we then consider
the trigonometric polynomials of the form

ft)= Z Tk (t) = Z xR,

kel kel

The common choice I' = {—q¢,—q¢ + 1,...,q — 1, ¢} results in trigonometric
polynomials of degree at most g (then N = 2¢g + 1). We emphasize, however,
that an arbitrary choice of I" C Z of size card(I") = N is possible. Introducing
sparsity on the coefficient vector x € C then leads to the notion of s-sparse
trigonometric polynomials.

The sampling points t¢1,...,t,, are chosen independently and uniformly at
random from [0, 1]. The entries of the associated structured random matrix A are
given by

A =¥ pcm], kel (12.7)

The matrix A is a Fourier type matrix, sometimes also called nonequispaced
Fourier matrix.

This example extends to multivariate trigonometric polynomials on [0, 1],
d € N. Indeed, the monomials ¢y (t) = 2™t k € Z2, t € [0,1]¢, form
an orthonormal system on [0, 1]%. For readers familiar with abstract harmonic
analysis we mention that this example can be further generalized to characters of
a compact commutative group. The corresponding measure is the Haar measure
of the group.

We recall that Figs. 1.2 and 1.3 in Chap. 1 show an example of exact recovery
of a 5-sparse trigonometric polynomial in dimension 64 from 16 Fourier samples
using ¢1-minimization.

2. Real trigonometric polynomials. Instead of the complex exponentials above, we
may also take the real functions

dor(t) = V2cos(2mkt), keEN, ¢o(t) =1,

dor_1(t) = V2sin(27kt), ke N. (12.8)
They also form an orthonormal system on D = [0,1] with respect to the
Lebesgue measure and the constant in (12.2) is K = /2. The sampling points
t1,...,tn, are chosen again according to the uniform distribution on [0, 1].

Figure 12.1 presents a phase transition plot for recovery of sparse cosine
expansions (i.e., only the functions ¢ are considered) from random samples
via iteratively reweighted least squares, an algorithm to be studied in Sect. 15.3.
Black means 100 % empirical success probability, while white means 0%
empirical success probability. Here, the vector length is chosen as N = 300.
(For more information on phase transition plots in general we refer to the Notes
section of Chap.9.)
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig. 12.1 Emmpirical recovery rates for random sampling associated to the cosine system and
reconstruction via the iteratively reweighted least squares algorithm; horizontal axis m /N, vertical
axis s/m

3. Discrete orthonormal systems. Let U € CV*¥ be a unitary matrix. The nor-
malized columns /N u, € CV, k € [N], form an orthonormal system with
respect to the discrete uniform measure on [N] given by v(B) = card(B)/N for
B C [N].ie.,

N
%Z\/ﬁuk(t)\/ﬁug(t) = <uk,ug> = (Sk,g, k.l e [N]

Here, uy(t) := Uy i, denotes the tth entry of the kth column of U. The bounded-
ness condition (12.2) requires that the normalized entries of U are bounded, i.e.,

VN max |Upx| = max |[VNu(t)| < K. (12.9)
k,te[N] ' k,t€[N]
Choosing the points ¢y, ...,t,, independently and uniformly at random from

[N] generates the random matrix A by selecting its rows independently and
uniformly at random from the rows of VN U, that is,

A =VNR;U,

where T = {t,...,t,,} and Ry : CV — C™ denote the random subsampling
operator
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(Rrz)e = z,, L€[m)]. (12.10)

In this context, the compressive sensing problem corresponds to the recovery
of an s-sparse x € CV in the situation where only the entries of § = v/ NUx €
C" on T are observed.

Note that it may happen with nonzero probability that a row of v NU is
selected more than once because the probability measure is discrete in this
example. Hence, A is allowed to have repeated rows. One can avoid this effect
by passing to a different probability model where the subset {t1, ..., t,} C [V]
is selected uniformly at random among all subsets of [V] of cardinality m. This
probability model requires a different analysis than the model described above.
However, the difference between the two models is very slight, and the final
recovery results are essentially the same. We refer to Sect. 12.6 for details.

4. Partial discrete Fourier transform. An important example of the setup just
described is the discrete Fourier matrix F € CV*¥ with entries

1 .
Frp = \/—Nem(f—l)(k—l)/fv, (,k € [N]. (12.11)

The Fourier matrix F is unitary; see Exercise 12.1. The constant in the bound-
edness condition (12.9) is clearly K = 1. The vector X = Fx is called the
discrete Fourier transform of x. The considerations of the previous example
applied to this situation lead to the problem of reconstructing a sparse vector
x from m independent and uniformly distributed random entries of its discrete
Fourier transform X. The resulting matrix A is called random partial Fourier
matrix. This matrix can also be viewed as a special case of the nonequispaced
Fourier matrix in (12.7) with the points ¢, being chosen from the grid Zy /N =
{0,1/N,2/N,..., (N —1)/N} instead of the whole interval [0, 1]. Note that the
discrete Fourier matrix in (12.11) can also be extended to higher dimensions, i.e.,
to grids (Zn /N)? ford € N.

A crucial point for applications is that computations can be performed
quickly using the FFT. It evaluates the Fourier transform of a vector x € CV
in complexity O(N In N); see Appendix C.1. Then a partial Fourier matrix
A =R7F also has a fast matrix—vector multiplication: Simply compute Fx
via the FFT and then omit all entries outside 7". Similarly, multiplication by the
adjoint to form A*y can be performed fast: extend the vector y with zeros outside
T and apply F*, which can also be done via the FFT.

5. Hadamard transform. The Hadamard transform H = H,, € R?"*2" can be
viewed as a Fourier transform on Z} = {0, 1}™. Writing out indices j, { € [2"]
into a binary expansion,

F=3 @2 41 and =) 4241
k=1 k=1
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with ji, £, € {0,1}, an entry H ¢ of the Hadamard matrix H,, is given by

1

e m(_l)zgzl Jelr .

Hj,

The Hadamard matrix is self-adjoint and orthogonal, that is, H,, = H} = H L
The constant in (12.2) or (12.9) is once more K = 1. The Hadamard transform
also comes with a fast matrix—vector multiplication algorithm, which operates
in complexity O(N In N), where N = 2™. The algorithm recursively uses the
identity

1 Hn—l Hn—l )
H,=— , Ho=1,
\/5 (Hn—l _Hn—l 0

which can be taken as an alternative definition for the Hadamard matrix. A
slightly different description of the Hadamard transform will be discussed in
Sect. 12.2.

6. Incoherent bases. Let V = [v1|...|vy], W = [wy|...|wn] € CV*¥ be two
unitary matrices. Their columns form two orthonormal bases of CV. Assume
that a vector z € C¥ is sparse with respect to V rather than with respect to the
canonical basis, that is, z = Vx for a sparse vector x. Further, assume that z is
sampled with respect to W, i.e., we obtain measurements

Ye = (2, W), k€ [m],
with T := {¢1,...,tm} C [N]. In matrix vector form, this can be written as
y = RrW*z = RTW*Vx,

where R is again the sampling operator (12.10). Defining the unitary matrix
U := W*V € CN*¥ | we return to the situation of Example 3. Condition (12.9)
now reads

VN max |(ve, wp)| < K. (12.12)
£,kE[N]

The bases (v¢) and (wy) are called incoherent if K can be chosen small.
Examples 4 and 5 fall into this setting by choosing one of the bases as the
canonical basis, say W = Id € CV*¥. The Fourier basis and the canonical
basis are actually maximally incoherent, since K = 1 in this case.

Further examples, namely, Haar wavelets coupled with noiselets and Legendre
polynomials, will be mentioned in the Notes section.

In the remainder of this chapter, we develop rigorous recovery results for the
described setup, that is, for the sampling matrix in (12.4) formed with randomly
chosen sampling points. We will proceed by increasing difficulty of the proofs. Let
us already summarize the main findings at this point.
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* Nonuniform recovery. A fixed s-sparse vector x can be reconstructed via
¢1-minimization with high probability using a random draw of the sampling
matrix A € C™*¥ in (12.4) associated to a BOS with constant K > 1 in (12.2)
provided that

m > CK?sIn(N).

We first show two easier versions of this results (Theorems 12.11 and 12.18) in
which the nonzero coefficients of x are additionally assumed to have random
signs. We remove this randomness assumption in Theorem 12.20. We further
provide a weak stability and robustness estimate for the reconstruction in
Theorem 12.22.

* Uniform recovery. Theorem 12.31 states that the restricted isometry constants of
the rescaled random sampling matrix \/—%A satisfy d; < § with high probability
provided

m > CK?5~2sIn*(N).

This implies uniform, stable, and robust s-sparse recovery via £;-minimization
and the other recovery algorithms discussed in Chap.6 with high probability
when m > C"K2sIn*(N).

Before turning to the proofs of these results in Sects. 12.3-12.5, we investigate
lower bounds on the required number of samples and discuss connections with
uncertainty principle in the next section.

12.2 Uncertainty Principles and Lower Bounds

In this section, we concentrate essentially on the Fourier system of Example 4 and
on the Hadamard matrix of Example 5 in order to illustrate some basic facts and
bounds that arise in random sampling of BOSs. In particular, we provide lower
bounds on the minimal number of measurements (see (12.29)) which are slightly
stronger than the general bounds obtained in Chap. 10 using Gelfand widths.

We recall that F € CV*¥ is the Fourier transform matrix with entries

1 .
Ff,k — \/_Ne%m(é—l)(k—l)/N’ [7 ke [N]

With the stated normalization, the matrix F is unitary. For a vector x € CNV, its
discrete Fourier transform is denoted

x =Fx.
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Uncertainty principles state that a vector cannot be simultaneously localized both
in time and frequency. In other words, it is impossible that both x and % are
concentrated in a small portion of [IV]. Various versions of the uncertainty principle
make the notion of localization precise. We present a general discrete version

for incoherent bases (see Example 6 above). Let V. = [vy|---|vy] and W =
[wi]--|wn] € CV*N be two unitary matrices that are mutually incoherent, that
is,
\/Nzx]?a[x [(ve,wi)| < K (12.13)
€N

for some K > 1. Taking the Fourier/identity matrix pair (V = F, W = Id), we
obtain the optimal constant K = 1.

Theorem 12.2. Let V and W € CN*N be two mutually incoherent unitary
matrices with parameter K in (12.13). Let y € CN \ {0} and x,z € C be the
representation coefficients iny = Vx = Waz. Then

2\/_
Ixllo + llzllo > —— (12.14)

Proof. Since V is unitary, left multiplication of the identity Vx = Wz by V*
yields x = V*Wz. An entry of x satisfies

|:ck|_|(V WZ —|vakg22|<Z|Wg,Vk ||Zg|
<
< max [(we, vi)| [lz]l1 < \/—HZHl
Summation over k € supp(x) yields
K
[l < IIXIIOWI\ZI\l-
Multiplying the identity Vx = Wz from the left by W* similarly gives
K
12]1 < IIZIIO\/—NHXHL

Multiplication of both inequalities and division by ||x||1]/z||1 imply the inequality
1 < ||z|jo]|x||oK?/N or expressed differently

VN
Vizlolxllo = ==
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Using the fact that the arithmetic mean dominates the geometric mean, we obtain

1[0 + o <
———— = Vlzlollxllo =

This completes the proof. a

Specializing to the Fourier/identity matrix pair, for which K = 1, we arrive at
the following result.

Corollary 12.3. Let x € CV \ {0}. Then
Ix]lo + [I%]lo > 2V/N, (12.15)

where X = Fx is the discrete Fourier transform of X.

This uncertainty principle has consequences for signal separation (Exercise 12.3),
and it implies a weak result concerning recovery from undersampled measurements
(Exercise 12.4). However, our interest in the above statements is rather due to the
fact that they have companion results suggesting the use of random sets of samples.
Indeed, the bound (12.15) cannot be improved in general, as the next proposition
shows that it is sharp for so-called delta trains.

Proposition 12.4. Let N = n? be a square. Set x € CV to be the vector with
entries

1 if¢ =1modn
= ’ 12.1
e { 0 otherwise. (12.16)

Then %X = x and ||%||o = ||x/]lo = V/'N.

Proof. By definition of the Fourier transform, we have, for j € [n?],

2
AL RS 2mi(0—1)(j—1)/n® _ 2mi(k—1)(j—1)/n _ Lifj= I modn,
T ;xée B Ze "1 0 otherwise.

This shows that X = x and that ||%[|o = ||x|o = n = V/N. O

Delta trains illustrate why arbitrary sampling sets 77 C [N] are not suitable
for sparse recovery from Fourier measurements. Suppose that N = n? is a
square, and let x be defined as in (12.16). We consider the set of sampling points
T:=[n*\{l,n+1,2n+1,...,(n—1)n+ 1}. Then by the previous proposi-
tion, the restriction of x to 71 is the zero vector, that is,

y = RrFx =0.
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Any reasonable algorithm will output x* = 0 from y = 0. In other words,
this sampling scheme cannot distinguish x from the zero vector. Observe that
s = ||x||o = n, but the number of samples satisfies

m = card(T) = n? — n.

In conclusion, for this choice of sampling set not even m = s? — s samples are
sufficient. This example somewhat suggests to consider random choices of sampling
sets T'. Indeed, the described sampling set is very structured, and this is essentially
the reason why it allows for counterexamples. Good sampling sets instead possess
only very little additive structure, and the simplest way to construct an unstructured
set of numbers is to choose the set at random.

Next, we investigate a general lower bound on the number m of samples for
s-sparse recovery in dimension N. We have seen in Chap. 10 that for a general
stable sparse recovery problem, we have the lower bound

m > Csln(eN/s).

We will construct an example that shows that the term In(eN/s) has to be replaced
by In IV in the context of random sampling in BOSs. To this end, we use the
Hadamard transform H introduced in Example 5.

The Hadamard transform is related to Fourier analysis on the additive group
Zy = ({0,1}", 4), where addition is understood modulo 2. We give here a slightly
different description of the Hadamard matrix than in the previous section. The
constant function x((¢) = 1 on Zs and the function

1 ift=0
t) = ’
xa() {—1 it =1,
are the characters on Zy, meaning that x; (¢+7) = x,(¢)x; (r) forall 5, ¢,r € {0,1}.
We also observe that x4+ (t) = x;(t)xx(t) forall j, k € {0,1}. One easily checks
that the characters are orthonormal with respect to the normalized counting measure
on Zs, that is,
1
O xw) = 5 > X Oxk(t) = 65k

te{0,1}

For j, t € Z3, we define a character on Z as the tensor product

Xi(t) = T e (to)-
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Using the corresponding properties on Zy, we see that

Xi(t+1) =x5(t)xj(r) and  xj4i(t) = x5(t)xx(t). (12.17)

It follows from the orthonormality of x( and x that the functions x; are orthonor-
mal with respect to the counting measure on Z%, that is,

(O xa) =27 ) X (E)xac() = G (12.18)
tezn
The constant in the uniform bound (12.2) of these functions is K = 1. The

(unnormalized) Hadamard transform (Fourier transform on ZZ) of a vector x
indexed by Z7 is then defined entrywise as

z; = (Hx); = Z xex;(t).

tezy

Key to our lower estimate is the fact that an arbitrary subset of Z7 contains (the
translate of) a large subgroup of Z5.

Lemma 12.5. For any subset A of 7, if N := card(Z}) = 2" and if k =
card(A)/N satisfies logy (k™) > 10 N=3/%, then there exist an element b € 73
and a subgroup I of Z3 such that

b+I'CA and card(T) (12.19)

> .
~ 8logy (k1)
Proof. We iteratively construct elements ¥, Y1, - --,7Y, € Zjy and subsets Ao, A,
..., Ap of Z% as follows: we set 7, = 0 and Ag := A, and, for j > 1, with
G(vgs--- ,'yj_l) denoting the group generated by v, ..., 7y;_;, we define

;= argmax{card((y + Aj—1) N Aj_1) : v € G(vgs---57j-1)},  (12.20)
Aj = (’YJ + Ajfl) N Ajfl. (1221)

The condition v ¢ G(vg,...,7,_1) guarantees that G(v,...,7;) is twice
as large as G(vg,...,7;_1), so that card(G(vy,...,7;)) = 27 follows by
induction. Therefore, the construction of 74, ..., -y, via (12.20) is possible as long
as 271 < N and in particular for p chosen as in (12.23) below. Let us now show
that property (12.21) implies, for 7 > 1,

Aj+G(yg, 7)) CAjm1 +G(ygs Y1) (12.22)

Indeed, for g € A; + G(vq,...,7;), we write g = A;j + Z‘Z:o 0¢7y, for some
Aj € Aj and some dg, ..., d; € {0,1}. Inview of Aj = (v, + A1) N A1, we
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can always write A; = Aj_1 + d;7y; for some Aj_1 € A; 1—if §; = 0, we use
Aj € Aj_qandif §; =1, weuse Aj € v, + A;_1. It follows that

J j—1
E=XN1+07 D 0ve=X1+ Y 0¥ € A1+ G(vg,- 1Y, 1)-
£=0 £=0

This establishes (12.22). We derive that A, + G (v, ...,7,) C Ao + G(7y,) = 4
by induction. Thus, choosing I" = G(vy,...,,) and picking any b € A, we
have b 4+ I" C A. It remains to prove that the size of I is large and that an element
b € A, does exist. By considering p > 0 such that

gl —op 12.23
< 8logy (k1) — 77 ( )

we immediately obtain the second part of (12.19). To show that card(A,) > 0, we
use property (12.21). For j > 1, the observation that the maximum is larger than the
average leads to

1
card(/lj) Z W Z card((’y + Ajfl) N Ajfl)
'YGZS\G('Yow-x'ijl)
1

= W |: Z card((’y + Ajfl) n Ajfl)
~eZy

— Z card(('y—l—/lj,l) ﬂ/ljl):|.
'YEG(’YOV“)’YJ'—I)

On the one hand, we have

Z card(('y + Ajfl) N Ajfl) < Z Card(/lj,l) = 2j_1 card(/lj,l).
YEG(YoyYj—-1) YEG (Vo5 Yj—1)

On the other hand, with 1 4 denoting the characteristic function of a set A, we have

anrd Y+ 4-1)N A1) Z Z Lyya,

YELY YEZL heA; 1
Z Z Inn, ,(v) = Z card(A;_;) = card(4;_1)*.
hGAj,1 ‘)‘GZ;L hGAj—l

As a result, we obtain

card(A;-1)

card(A4;) > N i1

{Card(/ljl) - 21'1} .
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By induction, this implies the estimate

) j—1J 1
card(4;) > H2]N<1 - 2N Zm_ﬂ). (12.24)

Indeed, this holds for j = 0, and if it holds for 7 — 1, then
card(4;)

j—2 oi—1 - Jj—2 i1
21*1 2J 2 N 23
- ( N ZK ) TN & Ty

{= £=0

p 9i—1 722 1)( 2]’—1(” 1 1
> kYN <1 — (1= § — + ——
- 20 2¢ 2i—1

N &2 N \ &2 K

27 .

_op—1

This finishes the inductive justification of (12.24). Since >0, k=2 < pr
we derive in particular

card(4,) > k¥ N P2 ) 2 (2 gt
p) = N Pk =K K pJ.

Using the leftmost inequality in (12.23), as well as p < n and the assumption
log, (k1) > 10 N~3/4, we obtain

2
d(AY) > 277 [ g/ Bloga(x™)gn _ T
card(4,) > & K SToz, (n1)
B 2 93n/4 . n2
S 2P on(1-1/8) _ n _ 2 lg3n/agn/s TV 0.
= ( 80 : 80)
The proof is now complete. a

Remark 12.6. The condition log,(x ™) > 10 N~3/4 in the previous lemma can be
replaced by any condition of the type log, (k') > ¢sN 7,0 < 3 < 1. This only
requires an adjustment of the constants.

The next result is analogous to Proposition 12.4.
Proposition 12.7. Given a subgroup G of Z3, the set

={AeZy:) xalg) #0} (12.25)

gead
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Sforms another subgroup of 7. Furthermore, the unnormalized Hadamard trans-
form of the vector z € C%2 with entries

o 1 ifjeaq,
J 0 otherwise,

is given by

P card(G) ifk € G,
“7 o otherwise.
In particular, ||z||o - |z]lo = card(G) - card(G*) = 2". Finally, (G+)* = G.

Proof. First, we observe that 0 € G because xo = 1 is the constant function and
that G is trivially closed under inversion because any element of ZJ is its own
inverse. Then, using the fact that G is a group, we obtain, forh € G and A € G+,

Y xalg) =D xath+g) =xa(h) Y xalg)

geG geqG geq

In view of 3, xa(8) # 0, we deduce

xa(h)=1  forallh € Gand A € G*. (12.26)

In particular, given A, p € G, we derive

Z Xa+p(8) = Z XA(8)Xp(8) = Z 1 = card(G) # 0,

gelG gelG geG

which shows that A + p € G-. We have now established that G is a group. The
special case p = 0 of the previous identity reads

> xalg) =card(G)  forall X € G (12.27)
geG

The definition of the unnormalized Hadamard transform then yields

o= xk(g) =

{card(G) ifk € G+,
geG

0 otherwise.

Summing (12.27) over all A € G and using the orthogonality relation (12.18), we
obtain
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card(G) - card(G1) = Z Z xa(g) = Z Z xx(g)

AeGL gel AELY g€G
=D D W) =2" (xe x0) = 2"
g€G AELY geG

For the final statement, observe that xx(h) = yn(A) for all A, h. The relation
(12.26) yields "y cgt Xn(A) = card(G*) # 0 forh € G so that G C (G+)*.
Moreover, card(G) - card(G*) = 2" = card(G*) - card((G+)*) as just shown. It
follows that (G+)* = G. This completes the proof. 0

Now we are in the position to provide a lower bound on the number m of
measurements for recovery of s-sparse vectors in CV, N = 2", from samples of the
Hadamard transform. The bound applies to an arbitrary (not necessarily random) set
of m samples.

Theorem 12.8. Let T be an arbitrary subset of Z of size m. If m satisfies cN 174 <
m < N/2with N = 2™ and ¢ = 101n(2) ~ 6.93, then there exists a nonzero vector
x € CN whose Hadamard transform vanishes on T and whose sparsity obeys

16m

< —. 12.2
Ixllo < 1o (12.28)

Proof. We consider the set A := Zy \ T. With x := card(A)/N = 1 — %, the
concavity of the logarithm together with the assumption on m yields

m
>
_ m ~ In(2) N
log, (k1) = —log, (1_N) 3 2nr(n)
i N .

> 10 N—3/4,

Thus, Lemma 12.5 guarantees the existence of an element b € Z% and a subgroup
I of Z3 such thatb+I" C Aand card(I") > n/(81logy(x~1)). The vector z € C%2
introduced in Proposition 12.7 with G := 't satisfies

N 8logy(k~ )N _ 16m
= card(I') = < 2 <
Izllo = card(I") card(I") — n - n

and consequently so does the vector x € C%2 defined by . = X (k) 2. It remains
to verify that the Hadamard transform of x vanishes on 7'. For this purpose, we
notice that, for any j € Z7,

B5= Y wexi(t) = Y z2xX5en(t) = Zjjb.

tezy tezy
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Hence, according to Proposition 12.7, we have 2; = 0if j+b & G+, ie,jé¢ b+I
because (G) = G again by Proposition 12.7. Since this occurs when j € T, the
proof is now complete. O

The result below shows that, for random sampling in general BOSs, a factor
In(/N) must appear in the number of required measurements because it would
otherwise contradict the special case of the Hadamard system. This is in contrast
to other measurement matrices, where the logarithmic factor can be lowered to
In(N/s); see Chaps. 9 and 10.

Corollary 12.9. Let T be an arbitrary subset of Zy of size m € [cN'/*, N/2] with
¢ = 101n(2). The existence of a method to recover every s-sparse vector from the
samples indexed by T of its Hadamard transform requires

m > Csln(N), C= ~ (0.1803. (12.29)

81n(2)
If only m < N/2, that is, without assuming a lower bound on m, the existence of a

stable method to recover every s-sparse vector from the samples indexed by T' of its
Hadamard transform requires

m > Csln(N)

for some constant C' depending on the stability requirement.

Remark 12.10. Recall that a stable recovery method (associated to the sampling
matrix A € C™*N)isamap A : C™ — CV such that, forall x € CV,

|x — A(AX)||; < Coy(x);  for some constant C' > 0.

Proof. Suppose that cNV/4 < m < N /2 and that there exists a method to recover
every s-sparse vector from the samples indexed by 7" of its Hadamard transform. Let
us decompose the nonzero vector x € C% of Theorem 12.8 as x = u — v for two
distinct vectors u, v € C%2 of sparsity at most (||x||o 4 1)/2. Since the Hadamard
transforms of u and v are identical on T, we must have (||x||o + 1)/2 > s, hence

X e ——
- 0= logy (N)”

and (12.29) follows. In the case m < ¢N'/4, we know from Theorem 11.6 that
if there exists a stable method to recover every s-sparse vector from the samples
indexed by T of its Hadamard transform, then there is a constant ¢’ such that
m > ¢’sIn(eN/s). Moreover, Theorem 2.13 implies that m > 2s so that

m > ¢ sIn(2eN/m) > ¢ sIn(2eN>/*/¢) > C's In(N)

for some appropriate constant C' > 0. This concludes the proof. a
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12.3 Nonuniform Recovery: Random Sign Patterns

We start with nonuniform recovery guarantees for random sampling in bounded
orthonormal systems. In order to simplify the argument, we assume in this section
that the signs of the nonzero coefficients of the vector to be recovered are random.
Recall that the recovery condition in Theorem 4.26 depends only on the signs of x
on its support, so that the magnitudes of the entries of x do not play any role. This is
why we impose randomness only on the signs of the entries. In this way, the vector
x certainly becomes random as well. But in contrast to Chap. 14, where we focus on
recovery of random signals using deterministic matrices A, the support of x is kept
arbitrary here. With a deterministic support, the randomness in x can be considered
mild. In any case, we will remove the assumption on the randomness of the signs in
the next section at the cost of a more complicated approach.

Recall that we consider the random sampling matrix A in (12.4) associated to a
BOS with constant K > 1 introduced in (12.2). The sampling points ty, . .., t,, are
chosen independently at random according to the probability measure v.

Theorem 12.11. Let x € CV be a vector supported on a set S of size s such
that sgn(xg) forms a Rademacher or Steinhaus sequence. Let A € C™ N be the
random sampling matrix associated to a BOS with constant K > 1. If

m > CK?sIn*(6N/e), (12.30)

then with probability at least 1 — ¢, the vector X is the unique minimizer of ||z||1
subject to Az = Ax. The constant C is no larger than 35.

We remark that the probability in this result is both with respect to A and with
respect to x. Theorem 12.12 and Corollary 12.14 below analyze the random matrix
A, while Proposition 12.15 exploits the randomness of sgn(xg).

The above result will be slightly improved in Theorem 12.18 below by replacing
the exponent 2 by 1 at the logarithmic factor in (12.30).

The proof of Theorem 12.11 requires some preparatory results provided next. As
a crucial tool we use the recovery condition for individual vectors of Corollary 4.28.
This leads us to investigating the conditioning of the submatrix A g associated to
the support S of the vector to be recovered. The proof of the result below is based
on the noncommutative Bernstein inequality of Theorem 8.14.

Theorem 12.12. Let A € C™*N be the random sampling matrix associated to a
BOS with constant K > 1. Let S C [N] be of size s. Then, for § € (0,1), the
normalized matrix A = \/LEA satisfies

[A5As —Id[2-2 <6
with probability at least

2
1— 2sexp <—%) . (12.31)
S
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Remark 12.13. Expressed differently, ||[A5Ag — Id|[2—2 < J with probability at
least 1 — ¢ provided m > (8/3) K26 2s1n(2s/¢).

Proof. Denote by Y, = (¢;(t¢))jes € C* a column of A§. By independence of
the ty, these are independent random vectors. Their /5-norm is bounded by

IYellz= [ 16(te)]> < K/s. (12.32)
jeSs

Furthermore, for j, k € .S,

B(YiYD), =B [G0n(t)] = [ 000 = b

or, in other words, EY,Y; = Id. Observe that

m

o 1
AGAs —Td=—> (Y/,Y; —-EY,Y;).
mi3
The matrices Xy = Y, Y; — EY,Y; € C** have mean zero. Moreover,

1Xello—2 = ax [(YeYyx,x) = |[x[3] = [[IYel3 - 1] < K?s,
-

and since (Y/Y})2 =Y (Y;Y0)Y; = ||[Y||3Y /Y], we have
EX? =E(Y/Y;Y,Y; —2Y,Y; +1d) =E ((| Y/|3 - 2)Y,Y;) + Id
< (K?s —2)E[Y,Y;] +1d < K*s1d. (12.33)

The variance parameter in (8.28) can therefore be estimated by

Y EX7)
{=1

< mK2s|Id||o_2 = K2sm.
2—2

o? =

The noncommutative Bernstein inequality (8.30) yields, for § € (0, 1),

P (|ashs -1a], > 6) =2 (135 Xclan > om
£=1

< 250 5?m?/2 < 950 38%m
sexp | — sexp|—=-——].
- P K2sm+ K2s6m/3 ) — P\ 78K

The proof is completed. a



386 12 Random Sampling in Bounded Orthonormal Systems

A bound for the coherence of A can be deduced from Theorem 12.12, as shown
below. Coherence estimates can alternatively be shown using simpler techniques
which do not require bounds on condition numbers; see Exercise 12.6. Note that
below we do not require normalization of the columns (in contrast to Chap. 5).

Corollary 12.14. Let A € C™*N be the random sampling matrix associated to a

BOS with constant K > 1. Then the coherence . of A= \/%A satisfies

- \/ 16K21n(2N2/¢)
- 3m

with probability at least 1 — ¢.

Proof. We denote the columns of A by a;, j € [N]. Let S = {4, k} with j # k be
a two element set. Then the matrix AgAS — Id contains (a;, a5) as a matrix entry.
Since the absolute value of any entry of a matrix is bounded by the operator norm
(Lemma A.9), we have

|<ajvé/€>| < HA?‘;AS - IdH2—>2'

By Theorem 12.12, applied with s = 2, the probability that the operator norm on
the right is not bounded by J is at most

Taking the union bound over all N(N — 1)/2 < N?2/2 two element sets S C [N]
shows that

2
P(p > 6) < 2N?exp (- i’g};) .

Requiring that the right-hand side is at most € yields the conclusion. O

Proposition 12.15. Letx € C¥ be a vector supported on a set S such that sgn(xs)
forms a Rademacher or Steinhaus sequence. If A € C™* N s such that Ag is
injective and
||ATSag||2 <a foralll € S and some o > 0, (12.34)
then, with probability at least
1 —2Nexp(—a~2/2),
the vector X is the unique minimizer of ||z||1 subject to Az = Ax.

Note that the statement is nontrivial only if & < (2In(2N)) —i/2,
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Proof. In the Rademacher case, the union bound and Hoeffding’s inequality (see
Corollary 7.21 for the real case and Corollary 8.8 for the general complex case)
yield

P(max | (Afar, san(xs))| > 1) < 3P (|(Aar, san(xs))] > [ Abacllo0™")
S —
Les

< 2N exp(—a~2/2).
In the Steinhaus case we even obtain a better estimate from Corollary 8.10. An

application of Corollary 4.28 finishes the proof. a

Remark 12.16. In Chap. 14 we will choose the matrix A deterministically and the
support set .S at random. Proposition 12.15 remains applicable in this situation.

Next, we provide a condition ensuring that ||ATSag ||2 is small. The first condition
requires that A g is well conditioned and that the coherence of A is small. We note
again that in contrast with the definition (5.1) of the coherence, we do not require
the columns of A to be normalized here, even though this will be the case in many
examples.

Proposition 12.17. Let A € C™*N with coherence y and let S C [N] be of size
s. If ||ASAs —Id||2—2 < 0 for some § € (0,1), then

||ATSag||2 < ILSIS forallt € S.

Proof. Since ||[A{Ags — Id|2-2 < 6 < 1, the matrix Ag is injective, and by
Lemma A.12,

1
ALAg)! < —
I(A5AS) a2 < 7

By definition of the operator norm
laLacllz = [[(A5As) " Azar]z < [[(A5As) " |22 Asac]

< (1-0) 7| Asarl2.

For ¢ € S, we can further estimate

|Asarlle = 3 lar )2 < vsu.
JjeES

Combining the two estimates completes the proof. a
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In Exercise 12.5, an alternative way of bounding the term HATSagHg is provided.
Both bounds require that only one column submatrix of A, or at least only a small
number of them, is well conditioned in contrast with the restricted isometry property
which requires that all column submatrices of a certain size to be well conditioned
simultaneously. It is significantly simpler to prove well conditionedness for a single
column submatrix of a structured random matrix.

Now we are in the position to prove the nonuniform recovery result stated in
Theorem 12.11.

Proof (of Theorem 12.11). Set o = +/su/(1—6) for some ,u € (0, 1) to be chosen

later. Let u be the coherence of A = \/%A. By Propositions 12.15 and 12.17, the

probability that recovery by basis pursuit fails is bounded by
P=2Ne @ 24P (HAE&@HQ >« forsome ¢ € [N]\ S)
<2Ne @ /2 4 P(|ALAs — Id|asn > 6) + P(u > u). (12.35)

Remark 12.13 yields P(||A5Ag — Id||2_.2 > &) < £/3 under the condition

2

SK
m > WSln(GS/E). (12.36)

Corollary 12.14 asserts that P(u > u) < /3 provided

2

16K
m >

WE In(6N?/e),

which (since In(6N?2/e) < 2In(6N/¢)) is implied by

32K?

m >
u2

In(6N/e). (12.37)

Set u = 28/+/s. Then (12.37) implies (12.36), and o = 25/(1 — §). Next we set
572 = 131In(6/N/¢). Then the first term in (12.35) is bounded by

_ 52
2N exp(—a~2/2) = 2N exp (— (18525) )

— 2N exp (—(1 — (131n(6N/2))"V/2)2. 131n(6N/a)/8)
< 2N exp(—CIn(6N/c)) < ¢/3,
where C' = 13(1 — (131n(6))~1/2)? /8 ~ 1.02 > 1. Plugging the value of § into the

definition of u, that is, u = (csIn(6N/e))~'/2 with ¢ = 13/4, and then into (12.37),
we find that recovery by basis pursuit fails with probability at most € provided
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m > CK%sIn*(6N/e)

with C' =32 -13/(3 - 4) < 35. This completes the proof. O

The next statement improves on the exponent 2 at the logarithmic term in (12.30).
Unlike the previous result, its proof dogs not use the coherence, but rather a
sophisticated way of bounding the term || A£4;||> using Corollary 8.45.

Theorem 12.18. Let x € C¥ be an s-sparse vector with support S such that
its sign sequence sgn(xg) forms a Rademacher or Steinhaus sequence. Let A €
C™ N be the random sampling matrix (12.4) associated to a BOS with constant
K > 1. Assume that m > cK?In*(6N/e) for an appropriate constant ¢ > 0 and
that

m > 18K?sIn(6N/¢). (12.38)
Then with probability at least 1 — € the vector X is the unique minimizer of ||z||1
subject to Az = Ax.

We start with a technical lemma.

Lemma 12.19. With the notation of Theorem 12.18, let A = \/—%A. Then, for
t>0,

. K2 12 1
P [ max||A%a;]ls > \/ —— +t | < Nexp [ ——2
jes m K \/5%+4 K

25 2t
m T3

Proof. Fix j € S. We introduce the vectors Y, = (¢x(t¢))res € C° and Zy =
((bj (tg)(bk (té))kGS = ¢j (tg)Yg € C5. Then

m

Sz

(=1

~ 1
[Asal2 = —

2

Our aim is to apply the vector-valued Bernstein inequality of Corollary 8.45.
The Z; are independent copies of a random vector Z that satisfies EZ = 0 by
orthonormality of the ¢y and by the fact that j ¢ S. The norm of the vector Z can
be bounded by

1Z]l2 = lo; (6 Yll2 < v/sK*
due to the boundedness condition (12.2) and since card(S) < s. Furthermore,

E|Z|3 = Ell¢; (¢)PIY1]3) < KZEIY1[5 = K2 ) Elow(t:)]* < K°s.
keS
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To estimate the weak variance, we observe that for z € C* with ||z||2 < 1,
El(z,Z)|* = E[|¢; (t1)|* (2, Y1)[’] < K*E[2"Y1Y]2] = K*||2]|3 < K*
again by the orthonormality condition (12.1). Hence,

o? = sup E|(z,Z)]* < K>
llzl2<1

The Bernstein inequality (8.95) yields, for ¢t > 0,

“ t2/2
P Z¢ll2 > VmsK2+t) <exp | — .
( ; el )< e < mEK? + 2/5K2VmsK2 + t\/§K2/3>

Rescaling by 1/m and taking the union bound over all j € S yield the claimed
probability estimate. a

Proof (of Theorem 12.18). For reasons that will become apparent below, if s <
361n(6N/¢), then we enlarge S by some arbitrary elements from [N] \ S to obtain
St such that S C S; and card(S;) = [361n(6/N/e)]. Moreover, we extend
sgn(xg) such that sgn(xg, ) forms a random Rademacher or Steinhaus sequence.
If s > 36 In(6N/e¢), then if ||x||o = s, we simply take S = S and if ||x]|o < s, we
again enlarge S to a set S D S with card(S) = s and sgn(xg) to a Rademacher
or Steinhaus sequence sgn(xs, ), so that altogether

card(S4) = sy = max{s, [36In(6/N/e)]}.

By Remark 4.27(a), once we verify the condition (a) of Theorem 4.26 for S
and sgn(xg +) (for instance, via Proposition 12.15), x is recovered exactly via ¢;-
minimization.

Proposition 12.15 requires us to bound the term

IAL a2 < [[(A%, As,)  2sallA%, &l2, 5 ¢Sy,

where A = \/—%A and aj,...,ay denote its columns. Note that the injectivity of
Ag , (as required by Proposition 12.15) will be ensured once A§+ Ag , 1s merely
inyertilzle. The operator norm satisfies [|(Ag, A s.) Hlame < (1 —0)~! provided
|A%, As, — Id|[22 < 4, the latter being treated by Theorem 12.12. For the
remaining term, we set t = SK y/s;/m in Lemma 12.19 to obtain
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Ak S+
P <I_112X||As+aj||2 > (1+ 8K E)

JES+

2
< Nexp|— BV . (12.39)
2/ /57 +(4+2B/3)K\/s1/m

Setting v = (1+ B)K /35, if A5, As, —Id||22 < § and max; g | A%, &l

< v, then max, g~ ||ATS+5J-||2 < v/(1 — ¢). Therefore, by Proposition 12.15 and
Theorem 12.12, the probability that basis pursuit fails to recover x is bounded by

P(max |(Af a;,sgn(xs,))| > 1)
JESH

<P (mw<|<AL+éj,sgn<xS+>> > 1| A%, As, —Id[l22 <6

JESY

and max [|A%, a2 < U)
JESH

+P(|AG, As, —1d||lz2 > 6) + P(m%xllfiaéjlla > )
JES+

— 52 2
< 2N exp <— (121)5) > + 254 exp <—%) (12.40)
2
+ Nexp | — FV/5e . (12.41)
2/ /51 + (4+28/3)K+/s4+/m

Let us choose § = 8 = 1/2. Then the second term in (12.40) is bounded by /3
provided

m > 3—32K2s+ In(6s/¢). (12.42)
The first term in (12.40) does not exceed /3 provided
v™2>2(1—6)"%In(6N/e),
which, by definition of v, is equivalent to

. 2(1 + B)?

> WK2S+ In(6N/e) = 18 K25, In(6N/e). (12.43)
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Suppose that this condition holds. Since s; > 36 In(6/N/¢), the term in (12.41) is
bounded by

Vor/4 VE+/4
N exp <— 2/ " EK\/W < Nexp | - 5 n 3
VS+ T3 + 6y/In(6N/e) = 34/181n(6N/e)

~ Nexp [ V/5+m(6N/e) o [ 27 I(6N/¢)
=N p< 4(1/3+13/(3\/ﬁ))>§N p< 6+13\/§>

< ¢/6,
because 27/ (6 + 13v/2) ~ 1.1072 > 1.

Since (12.42) is implied by (12.43), we have shown that the probability of
recovery failure is at most /3 4+ /3 + /6 < ¢ provided that

m > 18K?s, In(6N/¢).

This gives the desired result with ¢ = 18 - 37 = 666. O

12.4 Nonuniform Recovery: Deterministic Sign Patterns

As already announced, we remove in this section the assumption that the sign pattern
of the nonzero coefficients is random. This means that the coefficient vector is
completely arbitrary (but fixed). Only the sampling matrix is randomly chosen. The
main result of this section reads as follows.

Theorem 12.20. Let x € CV be s-sparse and let A € C™*N be the random
sampling matrix associated to a BOS with constant K > 1. If

m > CK?sIn(N)In(e™1), (12.44)
where C > 0 is a universal constant, then X is the unique minimizer of ||z||1 subject
to Az = Ax with probability at least 1 — ¢.

Remark 12.21. The proof reveals the more precise condition
m > CK?s [In(4N)In(8c™") + In(4) In(16e®se )] .

with C' = 163.48.

The previous result can be made stable under sparsity defect and robust under
noise. Note that the error bound implied by the restricted isometry property shown
in the next section is stronger, but requires slightly more samples.
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Theorem 12.22. Let x € C¥ and let A € C™*N to be the random sampling
matrix associated to a BOS with constant K > 1. For y = Ax + e with ||e||2 <
n/m for some 1 > 0, let x* be a solution to

minimize llz||x  subjectto ||Az —yl|l2 < nvm. (12.45)
zcC

If
m > CK?sIn(N)In(e™1), (12.46)
then with probability at least 1 — ¢, the reconstruction error satisfies
x —x*[l2 < Cro4(x)1 + Cav/sn.

The constants C, C1,Co > 0 are universal.

Remark 12.23. The assumption |le||s < 7ny/m on the noise is natural. Indeed, if
f(t) = > cv) %95 (t) is the function associated with x, then it is satisfied under
the pointwise error estimate | f(t;) — y¢| < nforall £ € [m].

In contrast to the approach of the previous section, the proof of these results relies
on the recovery condition via an inexact dual of Theorem 4.32 and its extension
to stable recovery (Theorem 4.33). As before, we introduce the rescaled matrix

A= \/LEA, where A is the sampling matrix in (12.4). The term || (A5Ag) |22

in (4.25) will be treated with Theorem 12.12 by noticing that || A5 Ag — Id (o2 <
6 implies |[(A5Ag) 22 < (1 — 6)~' (Lemma A.12). The other terms in
Theorem 4.32 will be bounded based on the following lemmas together with some
estimates from the previous section. All the following results refer to the rescaled
sampling matrix A as just introduced.

Lemma 12.24. Let v € CV with supp(v) = S, card(S) = s. Then, fort > 0,

P(||ALAV| > t]|v <4Nexp | —
(1AFAV]loo 2 t][v]l2) p( AK? 1+ \/5/18¢

) . (12.47)
Proof. Note that

HA%AVHOO = ma§|<ek,A*Av>|,
keS

where e, denotes the kth canonical vector. Without loss of generality, we may
assume that ||v||2 = 1. Denote

Yo = (¢;(t0))jein € CV. (12.48)
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We fix k € S and write

(ek,A AV ii (er, Y, Y v) = %i

m

with Zy, = (e, Y,/Y [ v). We aim to apply the Bernstein inequality of Corollary7.31.
To this end, we note that the Z, are independent and satisfy EZ, = (e, E[Y,Y}]v)
= (eg,Vv) = 0 since the orthonormality relation (12.1) yields E[Y,Y;] = Id and
since k ¢ S = supp v. Next it follows from the Cauchy—Schwarz inequality that

1Ze] = e, YeYiv)l = lew, Yol (Ye, v = (er, Yol (Y )s, V)|
< [gn)ll (YOs IVl < K2V5.

Hereby, we used the facts that |¢y (t¢)] < K by the boundedness condition (12.2)
and that ||(Y¢)s||2 < K+/s as in (12.32). The variance of Z; can be estimated as

E|Z|* = E [(er, Y Y;v)(Y/Y;v,e1)] = E [[(er, Yo) |’ V'Y, Y} V]
< KVE[Y, Y} ]v = K?|v|? = K?

Clearly, Re(Z;) and Im(Z;) satisfy the same bounds as Z; itself. The union bound,
the fact that |2|? = Re(z)? + Im(z)? for any complex number z, and Bernstein’s
inequality (7.40) yield, for ¢ > 0,

P(|(er, A*Av)| > 1)

P (‘% > Re(Z)
(=1

> t/x@) +P (‘% ilm(Zg)
=1

> t/\/§>

(mt)?/4 >—4exp ~m t2
mK?2 + K2\/stm/(3v/2) 4K?1 4 \/s/18t )

< 4exp <—

Taking the union bound over all k € S completes the proof. a

Note that in the real-valued case (that is, the functions ¢; as well as the vector
v are real valued), the constant 4 in the probability estimate (12.47) above can be
replaced by 2 in both instances.

Lemma 12.25. Let S C [N] with card(S) = s and v € C* with ||v||2 = 1. Then,
fort >0,

. K2 t2 1
P <||(A§AS ~Td)v]; > \/—S+t> <o |~
m s K 4 1/3

1+2
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Remark 12.26. Note that Theorem 12.12 concerning the spectral norm of
A% Ag —1d implies a similar statement. We require the above results because the
probability estimate does not involve a factor s in front of the exponential term in
contrast to (12.31).

Proof. Similar to the previous proof we introduce vectors Y, = (¢;(t,))jes € C5.
Note that

1 & 1m
ALAs —Id)v = — (Y, Y; —Id)v Z

with the vectors Z; = (Y,Y; — Id)v € C¥. Our aim is to apply the vector-
valued Bernstein inequality of Corollary 8.45. Observe to this end that the Z, are
independent copies of a single random vector Z because the Y, are independent
copies of a random vector Y = (¢;(t))jes, and they satisfy EZ, = EZ =
E(YY* —Id)v = 0. Furthermore,

E|Z||3 = E[l(YY*" —Id)v[; =E [(Y,v)][ Y] - 2E[(Y, v)|* + 1.

Recall from (12.32) that the boundedness condition (12.2) implies that || Y]z <
\/sK. The Cauchy—Schwarz inequality gives therefore

(Y, V)] < V5K,
Furthermore,

EY, V) = Y viViE[g(t)o;(6)] = [Iv]3 =1

j.kes
by the orthogonality condition (12.1). Hence,
E||Z]3 = E [[{Y,v)PIY ]3] = 2E{Y, v)[* +1 < (sK* = 2)E(Y,v)[* + 1
=sK?-1<sK?>.
For the uniform bound, observe that
1ZII3 = I(YY* = Id)v]3 = (Y, V)P Y5 - 2(Y, v)[* + 1
= (Y. V)P(IY]3 - 2) +1 < sK?*(sK? - 2) +1 < s?K*,

so that ||Z]|2 < sK? for all realizations of Z. Furthermore, we simply bound the
weak variance by the strong variance,

o* = sup E|(zZ)]” <E||Z|3 < sK>.
llz[l2<1
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Then the ¢5-valued Bernstein inequality (8.95) yields

- t2/2
P Zolla > VmsK2 +t) <exp | — ,
(”; el ) p( msK2+2sK2\/msK2+tsK2/3>

so that, with ¢ replaced by mt, we obtain

~ % [K2s mt? 1
P <||(ASA5 —Id)v|2 > — + t) < exp EYer

1+2y/522 4 1/3

This completes the proof. a
Next we provide a variant of Lemma 12.19, which is more convenient here.
Lemma 12.27. For S C [N] with card(S) = s and 0 < t < 2,/s, we have

< 3 mt?
P Atai|l, >t) <2 1N —— . 12.49
(max|&sale > t) <26+ Ve (g5 ). a249)

Proof. Fix j € S. As in the proof of Lemma 12.19, we introduce the vectors

Y. = (¢r(te))res € C° and Zy = (¢j(tz)¢k(tz)) s ¢;(te)Y, € C5. Then

m

Sz

=1

~ 1
Ataills = —
H S J||2 m

2

Our goal is to apply the noncommutative Bernstein inequality of Theorem 8.14
and its extension in Exercise 8.7 by treating the Z, as matrices and noting that
the operator norm of Z; equals its ¢o-norm. The Z, are independent and satisfy
EZ;, = 0 by orthonormality of the ¢ and by the fact that j ¢ S. They can be
bounded by

1Zell2—2 = 1 Zell2 = [ Yell2l6;(te)] < V5K,
by the boundedness condition (12.2) and since card(S) = s. Furthermore,

E(Z;Z] = E|Ze|)3 = Ell¢; (6) P el3) < KPEIY |5 = K2 ) Elgn(te) |
kes

= KZ2s.
Moreover,

E[Z:Z}] = E[|¢; (to)*Y/Y}] < K*E[Y,Y}] = K*Id.
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Therefore, the variance parameter o2 in (8.118) satisfies
0% = max {|| Y "E[ZZ]||l22, | Y E[Z;Zdll|l22} < K’ms.
=1 =1

The version of the noncommutative Bernstein inequality for rectangular random
matrices (8.119) yields

m u2
P <|| ZZEHQ > u) <2(s+1)exp <_K2ms +1i\2/§K2/3) .

(=1

Setting u = mt, taking the union bound over j € S, and using that 0 < t < 2./s
yields

P | max|A%Lalls >t ) <2N(s+1)e mt?/2
X j s Xp | —————F—=57=
jes o= = P K2s+t\/sK2?/3
3 mt?
This completes the proof. a

Before turning to the proof of Theorem 12.20, we provide a slightly weaker result
which we strengthen afterwards.

Proposition 12.28. Let x € CV be s-sparse and let A € C™*N be the random
sampling matrix associated to a BOS with constant K > 1. If

m > cK?s [2In(4N) In(12e™") + In(s) In(12ec~ ' In(s))]

with ¢ = 8e2(1+(1/v/8+41/6)/e) ~ 70.43, then X is the unique minimizer of ||z||1
subject to Az = Ax.

Remark 12.29. If In(s) In(Ins) < cIn(N), then the above result already implies
Theorem 12.20.

Proof. The proof relies on the so-called golfing scheme and an application of the
recovery result in Theorem 4.32 based on an inexact dual vector. We partition the
m-independent samples into L disjoint blocks of sizes mq, ..., m to be specified

later; in particular, m = Zle m,;. These blocks correspond to row submatrices

of A, which we denote by AV e C™*N AL ¢ CmexN_ Tt will be
crucial below that these submatrices are stochastically independent. As usual, we
also introduce the rescaled matrix A = \/LEA and the support S of x.
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We set ul® = 0 € CV and define recursively

a = L (AM)*AD (sgn(xs) — ul) £ utD, (12.50)

Mp

for n € [L]. The vector u := u'*) will serve as a candidate for the inexact dual of
Theorem 4.32. By construction of~u, Ehere exists ~indeed a vector h € C™ such that
u = A*h and by rescaling u = A*h for some h € C™. For ease of notation, we

introduce w(™) = sgn(xg) — ugn). Observe that

Wi = (1a- Ay AL ) win (12.51)
Mpy
and
S| A
L (n—1)
Z . AN w , (12.52)

We now verify the conditions of Theorem 4.32. To this end, we use the lemmas
proven above. First, we require the inequalities

K?
Iw™lla < /=2 4 v | WOy ne (L], (12.53)
My

1 n n —
—(AF) A WY

<t |w V2, ne L], (12.54)

o0

where the parameters r,,, t, will be specified below. The probability p;(n) that
(12.53) fails to hold can be bounded using Lemma 12.25 as

mpr2 1

2625 ) 1o, [0 403

p1(n) < exp

Due to Lemma 12.24, the probability ps(n) that (12.54) fails is bounded by

(n) < 4Ne me b (12.55)
n X — . .
P2ttty = P\Tar21 ¢ s/18t,

Let 7/, := \/K?2s/m,, + r,. Then the definition of w(™ yields

~

L
Isen(xs) — us|l2 = [w|l2 < [[sgn(xs) |2 H val ks
n=1
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Furthermore, (12.52) yields

L L
1 )\ * n n— n—
||u§||oo < E ||m—(A(§)) Ag )w( 1)”00 < E tn”W( 1)”2
n=1 n n—1

n—1

L —
<VsY ta [ 7
n=1 7j=1

with the understanding that H;:ll r; = 1lif n = 1. Next we need to set the
parameters L, my,...,mp,r1,...,70,t1,...,tr such that ||sgn(xs) — ugll2 < ¥
and |lug|loc < 6 for some appropriate values of 6 and -y in Theorem 4.32. We
assume now that the parameters satisfy

L = [In(s)/2] + 2,
my =mg > cK2%sIn(4N)In(2e71), my, > cK?sln(2Le™ 1), n=3,...,L,

1 1
M =Ty = ———— Tn = —, n:?),...,L,
2e+/In(4N) 2e
1 In(4N)
t =ty = —= by, = , n=3,...,L,
P e evs

where ¢ = 8¢2(1 4 (1/v/8 4 1/6)/e) ~ 70.43 and € € (0,1/6). Then v} = 1}, <
1/(ey/In(4N)) and 7!, < e~',n =3,..., L. Thus,

L
[sgn(xs) — usllz < /s H < fsem (/272 — =2

n=1

and

L—-1
1 e~ ! 1
Ugllow Se M [ 14+ ———+ ) e | < — _
R T S

n=2

The probabilities p; (n) can be estimated as

mar? 1
p1(1), p1(2) < exp (‘ 2[(215 1+2/K2s/my + 7“1/3>
< _cln(4N) In(2e71) 1
= xp 8¢2In(4N) 14 2(cIn(4N)In(2e=1))~1/2 + 1/(6e+/In(4N))

<e/2, (12.56)
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where the definition of ¢ was used in the last step. A similar estimation gives
pi(n) <e/(2L), n=3,...,L.

This yields 25:1 p1(n) < 2e. Next, the probabilities p2(n) can be estimated as

_ cK’sIn(4N)In(2:71)
4K (e2s(1 + \/8/18/(6\/3)))

In(4N) 111(25_1))

p2(1),p2(2) < 4N exp

4¢2(1 4 1/(e\/18))
<4Nexp (—In(4N) —In(2e7 1)) = ¢/2,

= 4N exp <—

where we have used that 2ab > a + b for a, b > 1. A similar estimate gives
p2(n) <e/(2L) forn > 3,

so that again Zfl:l p2(n) < 2e.

If the overall number m is larger than the sum of the right-hand sides of the
assumed lower bounds on the m,,’s plus L (the latter accounting for the fact that the
m,, are integers), then our choice of the m,,’s is possible. The latter is the case if

m > 2cK%sIn(4N)In(2e 1) 4+ cK?[In(s)/2]sIn(2[In(s)/2]e ™) + L,
which is implied by
m > cK?s [2In(4N) In(2e™") + In(s) In(2ee ™" In(s))] . (12.57)

By Theorem 12.12, we have |[A5As — Id|j2» < 1/2 with probability at least
1 — 2sexp (— 322 ) . Hence, the first part of condition (4.25) of Theorem 4.32,

(A5As) '[la—2 < a =2, holds with probability at least 1 — ¢ provided

32
m > §K2sln(255_1). (12.58)

In the notation of Theorem 4.32, we have so far chosen parameters o = 2, v = e?,
and § = (e — 1)7L. The condition # + a3y < 1 together with the second part of

(4.25) translates into

max [|A%a 2 < B
¢c3

with 3 <y a7 1(1-0) = e?(e—2)/(2(e — 1)) &~ 1.544. Let us choose 8 = 3/2,
say. Lemma 12.27 together with (s + 1) < N implies that
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~ 3 m/3?
. 2
P (I?eagi |Agal2 > ﬁ) < 2N7exp <_EK_2$) :
This term is bounded by € provided m > (10/3)372K?sIn(2N?/¢), which is
implied by

m > CK?sIn(2N/e) (12.59)

with C' = 20872/3 ~ 2.96.

Altogether we have shown that the conditions of Theorem 4.32 hold with
probability at least 1 — 6¢ provided (12.57), (12.58), (12.59) are fulfilled. Replacing
¢ by €/6, and noting that (12.57) is stronger than (12.58) and (12.59), concludes the
proof. a

Remark 12.30. The proof method is called golfing scheme because the vector u("™)
attains the desired inexact dual vector after a finite number of iterations, just like in
golf where the ball (ideally) approaches the hole with every stroke.

Now we modify the previous proof by a clever trick to obtain the main result of
this section.

Proof (of Theorem 12.20). We use the basic structure of the previous proof. The
strengthening is based on the idea that we can sample slightly more row blocks
A of the matrix A than in the previous proof. Then we use only those for
which (12.53) and (12.54) are satisfied. The probability that these inequalities hold
only for a fraction of the samples is much higher than the probability that they
hold simultaneously for all sampled blocks. The fact that we choose slightly more
blocks will not deteriorate the overall number m of samples—in contrast, it actually
decreases m because the size m,, of each block can be made smaller.

To be more precise, we choose a number L' > L of row submatrices to be
determined below. As in the previous proof, we set u(?) = 0 and define recursively
u® and u® (for n = 1,2 we do not allow replacements) via (12.50). Next
we continue with the recursive definition of u(™, but always check whether the
associated vector w(™ = sgn(xg) — ug") satisfies (12.53) and (12.54). If these
conditions are not satisfied, we discard this particular n in the sense that we replace
A™ by A1) (and also all A by AU+ for ¢ > n). Then we redefine u(™
and w(™ using the modified A("). We continue in this way by always discarding
an n when (12.53) and (12.54) are not satisfied, until we arrive at n = L (below we
estimate the probability that this actually happens). Since the A(") are independent,
the events that (12.53) and (12.54) hold for a given n € [L'] are independent.

In comparison with the previous proof, we use a different definition of m,, for
n > 3, namely, we require

my > cK?sIn(2p™1),
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for some p € (0, 1) to be defined below. The remaining quantities L, m1, ma, 7y,
t, are defined in the same way as before. Again the probabilities p1(1), p1(2),
p2(1), p2(2) are bounded by £/2. We need to determine the probability that (12.53)
and (12.54) hold for at least L — 2 choices of n € {3,4,..., L’}. The modified
definition of m,, and similar estimates as in the previous proof give p1(n) < p/2
and p2(n) < p/2,n > 3, so that the event B,, that both (12.53) and (12.54) hold for
a given n > 3 occurs with probability at least 1 — p. The event that B,, occurs for at
least L — 2 choices of n has probability larger than the event that

v
Y Xn=L-2,
n=3

where the X,, are independent random variables that take the value 1 with
probability 1 — p and the value 0 with probability p. Clearly, EX,, = 1 — p
and | X, — EX,| < 1 for all n. Setting J := L' — 2, Hoeffding’s inequality
(Theorem 7.20) shows that

L n
P> Xu<Q=p)J—Vit] =P |3 (Xp —EX,) < —VJt| <e /2
ot n=3

With t = ((1 — p)J + 2 — L)//J, this gives

L/
(1-p)J +2 - L)
P Xpn<L-2|< — .
7;3 < < exp ( 57
The choice
J= { 2 (L—2)+ 2 ln(é_l)-‘ (12.60)
I~ (1-p)? '

implies that the event B,, occurs at least L — 2 times with probability at least 1 — €.
As in the previous proof, our choice for the m,,’s is possible if

m > 2cK?sIn(4N)In(2e ™) + JeK?sIn(2p~ ) + L.
Choosing p = 1/2, this condition is implied by
m > 2cK?sIn(4N)In(2e 1) + In(4)cK?s(21n(s) + 8In(71) +8).  (12.61)
Note that with € = ¢ this condition is stronger than (12.58) and (12.59). Altogether

we showed that /;-minimization recovers the vector x with probability at least 1 —
4e. Replacing € by /4 and observing that (12.61) is implied by
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m > CK?sIn(N)In(e™1)

with an appropriate constant C' concludes the proof. a
Let us finally establish stable recovery.

Proof (of Theorem 12.22). The proof is based on the inexact dual condition of
Theorem 4.33. We use the golfing scheme of the previous proof, and in particular,
we make the same choices of the parameters L, L', J, m.,, y, 71, t, and p as there.
We impose the additional constraint that

m WAV’ ’

m—ngO(rn) In(4N), n=1,...,L, (12.62)
for an appropriate constant C’ > 0. This is possible by the condition on m and
by definition of the r,,. Moreover, we again choose € = ¢ in the definition of J in
(12.60).

Let S C [N] with card(S) = s be an index set of s largest coefficients of
x. Condition (4.27) and the first two conditions of (4.28) of Theorem 4.33 with
A = TA in place of A hold with probability at least 1 — & with appropriate
values of the constants 6, 3, v, 6. This follows from the arguments of the previous
proofs.

It remains to verify the condition ||h|ly < 7+/5 in (4.28) for the vector h € C™
used to construct u = A*h in the previous proof. For notational simplicity, we
assume that the first L values of n are taken for the construction of the inexact dual,
that is, u is given by (12.50). Using the rescaled matrices A = \/LEA(") gives

L L
1 m = ~
(n) A(") (n—1) _ A(n) *A(n) (n—1)
E: _m E —( )AL W )

Hence, u = A*h with h = [(h(M)* ... (h(F)* 0,...,0]* and
h™ — ﬂAgﬂwmfl) eCc™, n=1,...,L.
Mp

This yields

L L 2
h|2 = (2 = N~ ST A () (1)
g = 3l = 32 | [ A |

L
Z =
m
n=1 n

2
(n)w(n—l)
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In view of the relation (12.51) for the vectors w™, we obtain, forn > 1,

1 ) (ne
A (n—1)
[V

1 )N\ * n n— n— n—
(AL AL —1a) WO w0 )

Mn

2
- <L( ALY Agsn>w<n—1>,w<n—1>>
2

e

= (=W, WD) w2 < W |y w D] + w3

Recall from (12.53) that ||w(™||o < 7/, [|[w(™= D]y < [|[w(=D]|, for all n (except
for an event of probability at most €). This gives

2 n—1
1 n _ _
H‘/_A(S Jwr || < 2w 2 < 2w @2 T ()
iz 2 .
j=1
n—1 n—1
= 2|lsgn(xs)[3 [[))? = 2s [[ )
j=1 j=1

The definition of the constants r,, and the additional constraint (12.62) therefore
yield

L n—1 L n—1
B3 < 25" 2 T (19)* < Csla(am) 32 (0)* T (09)°
n=1 G n=1 j=1
L n-1
< Cle=2s Z H(T;)2 < C”S,
n=1j5=2

J

H;:Q(T‘;P = 1. Therefore, all conditions of Theorem 4.33 are satisfied for x and

A with probability at least 1 — . Noting that the optimization problem

where we used that [}, (r})* < e=2("=1) for n, > 2 and the convention that

~ 1
minimize subjectto ||Az — — <
inimize ||z, ] il
is equivalent to (12.45) completes the proof. a

12.5 Restricted Isometry Property

In this section we derive an estimate for the restricted isometry constants of the
(renormalized) random sampling matrix A in (12.4) associated to a BOS. This leads
to stable and uniform sparse recovery via ¢1-minimization and other algorithms. The
main result reads as follows.
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Theorem 12.31. Let A € C™*N be the random sampling matrix associated to a
BOS with constant K > 1. If, for § € (0,1),

m > CK? 2sIn*(N), (12.63)

then with probability at least 1 — N~ *(N) the restricted isometry constant §s of

\/%A satisfies §s < 6. The constant C' > 0 is universal.

The ab(gve theorem follows from the more precise result stated next by choosing
e=N-"W"V),

Theorem 12.32. Let A € C™*N be the random sampling matrix associated to a
BOS with constant K > 1. Fore,ny,m2 € (0, 1), if

m —27-2 1.2
> K*sIn“(4s)In(8N 12.64
oy = O K% 0% (4) In(8N), (12.64)

m > Cyny 2K?sn(e™ 1), (12.65)

then with probability at least 1 — ¢ the restricted isometry constant 05 of \/%A

satisfies 65 < 11 + n? + n2. The constants may be chosen as Co = 32/3 ~ 10.66
and C1 = ¢oC? ~ 5576 where co = 174.24 and C = 4+/2 is the constant from
Dudley’s inequality in Theorem 8.23.

Remark 12.33. (a) The constant C1 in the previous result is large and certainly not
optimal. However, an improvement will probably be cumbersome and will not
provide more insight.

(b) Instead of (12.64), one usually prefers a condition that features only m on the
left-hand side. The conditions in (12.64) and (12.65) are in fact implied by

m > CK25 %smax{In®(s) In(K26~2sIn(N)) In(N),In(e 1)}  (12.66)

for some appropriate constant C' > 0, which is slightly better than (12.63).
Indeed, the monotonicity of 2 — z/In(x) on [0, 00) shows that (12.66) gives

m 99 sIn(s) In(K26~2sIn(N)) In(N)
In(9m) 2 Ok In(9C) + In(K26—2sIn(N)) + 21In(In(s)) + In(In(N))

> C'K?%25In’(s) In(N).

If s > K2021In(N) so that s is not tiny, then In(K25~2s1In(N)) < 2In(s).
Therefore, in this case the simpler condition

m > C"K?5 2sIn®(s) In(N)

for some appropriate constant C”" > 0 implies d; < § with probability at least
- N,
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Using the theory of Chap. 6, we obtain the following result concerning recovery
of sparse expansions with respect to a BOS from random samples.

Corollary 12.34. Suppose that
m > CK?sIn*(N)

for a universal constant C' > 0. Then

(a) With probability at least 1 — N~ In(N), every s-sparse vector x € CV is exactly
m
recovered from the samples y = Ax = (Zjvzl ;P4 (tg))g by basis pursuit.
=1

(b) More generally, with probability at least 1 — N’lna(N), every x € CN s
approximately recovered from the inaccurate samples y = Ax + e, |lella <
ny/m, as a solution x* of

minimize lzll1  subjectto ||[Az — y|l2 < nyv/m (12.67)
zcC

in the sense that

Ix — x*||, < (x)1 + Cos'/P 12y, 1<p<2.

! o
gl-1/p %

The constants C,C,Cy > 0 are universal.

Proof. Tt suffices to combine Theorem 12.32 with Theorem 6.12 for the normalized

matrix A = \/LEA. O

Remark 12.35. (a) The assumption ||e|l2 < n+/m on the measurement error is
satisfied if each sample is taken with accuracy 7, that is, |y, — f(te)] < 7; see
Remark 12.23.

(b) Of course, the above result applies verbatim to the other algorithms for which
recovery under restricted isometry conditions has been shown in Chap.6.
This includes iterative hard thresholding, hard thresholding pursuit, orthogonal
matching pursuit, and compressive sampling matching pursuit (CoSaMP).

Compared to the nonuniform recovery conditions of Theorems 12.18, 12.20,
and 12.22, we pay some extra logarithmic factors, but we gain uniform recovery and
we improve on the stability estimate. Compared to the condition of Theorem 9.11
concerning the restricted isometry property of subgaussian random matrices which
involves only the factor In(e N/s), we also introduce additional logarithmic factors.

In the remainder of this section, we develop the proof of Theorem 12.32. We
first note that—unlike in the case of Gaussian (or subgaussian) random matrices—
the strategy of taking the probabilistic bound (12.31) for the condition number of a
single column submatrix and then applying the union bound over all collections of s-
element subsets of the /N columns of A only leads to a poor estimate of the number
of samples m ensuring sparse recovery; see Exercise 12.7. Indeed, the bound (12.95)
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for m scales quadratically in s, while the desired estimate (12.63) obeys a linear
scaling up to logarithmic factors. Below we pursue a different strategy that uses
Dudley’s inequality (Theorem 8.23) as a main tool.

Proof (of Theorem 12.32, first part). We use the characterization of the restricted
isometry constants in (6.2), namely,

T AjAg —Id|so,
SC[N]IEi}é(S):s|‘ §4%8 22

where again A= %A. Let us introduce the set
m

Don:={ze€C": |z|s <1,|z]o < s} = U Bs,  (12.68)
SC[N],card(S)=s

where Bg denotes the unit sphere in C° with respect to the /5-norm. The quantity

IBll, := sup |(Bz,z)|

z€Ds, N
defines a seminorm on CN*" and §; = [[A*A — Id],.
.\ N
Let X, = ((bj (tg)) € CV be a random column vector associated to
j=1

the sampling point t;, £ € [m]. Note that X} is a row of A, so that A*A =
> e, X¢X;. The orthogonality relation (12.1) implies EX,X; = Id. We can
express the restricted isometry constant of A as

1 - * 1 - * *
bs ==Y XeXj M|, = — |} (X,X; —EX,X))[,.  (12.69)
{=1 =1

Let us first consider the expectation of d5. Using symmetrization (Lemma 8.4), we
estimate

I (XeX; — EX X)), < 2B)Y erXeX; . (12.70)
=1 =1
where € = (e1,...,€y) is a Rademacher sequence independent from the random

sampling points t¢, £ € [m]. The following lemma, which heavily relies on Dudley’s
inequality, is key to the estimate of the expectation above.

Lemma 12.36. Letx1, ..., X, be vectors in CN with ||x¢||c < K forall £ € [m)].
Then, for s < m,
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B> exexill, < C1K/sIn(4s)y/In(8N) In(9m)
/=1

1> xex;ll,, (1271

where C1 = /2C,C = 8Cy ~ 26.4. Here, C' = 4+/2 is the constant in Dudley’s
inequality and Cy = 3.3.

Proof. Observe that

E = E|||Z erxex;||, =E sup

=1 ucD;, N

Z 6@|<Xg, u>|2‘ .

(=1

This is the supremum of the Rademacher process Xy = Y, €| (x¢, u)|?, which
has associated pseudometric

d(u,v) = (IE|Xu — Xv|2)1/2 = Z ( x¢, w)|” — [(x, >|2>27

{=1

see also (8.44). Then, for u,v € D, y, the triangle inequality gives

m 1/2
d(u,v) = (Z (1o, )] = [0, v))? (|, )| + |<X47V>I)2>

=1
< max [[(x¢, w)| — [(x¢,v)[|  sup D (e, ) + [{xe, v1)])
Le[m] u,v'eDg N =1
< 2Rmax|<xe, - V),
Le[m)]
where
R= sup [{(x¢,0)|? = |||Zng’lf|||S. (12.72)
uweD, N —1
We further introduce the auxiliary seminorm
lullx = max [(xe,w)], ue c. (12.73)
em

We derived that the rescaled process X,,/(2R) satisfies

1/2

(E[Xu/(2R) - Xy/2R)") 7 < u—v]|x.
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It follows from Dudley’s inequality (8.48) that

A(Ds,nslI-1x)/2
E< QCR/ V@A (D, |- 1, 1)), (12.74)
0

with C' = 4v/2 and where A(D; v, || - ||x) = sup,uep, » [lullx. By the Cauchy—
Schwarz inequality, for u € D; p,

Jullx = max | (xe, W[ < [ul|y max xelloo < Kv/sllulla < K. (1275)

Therefore, the radius satisfies
A(Ds vy |- 1x) < K/s.

Our next task is to estimate the covering numbers N'(D; n, || - || x, t). We do this
in two different ways. One estimate is good for small values of ¢ and the other one
for large values of . For small values of ¢ we use a volumetric argument, that is,
Proposition C.3. Note that ||x||x < K+/s||x||2 for x € Dy by (12.75). Using
subadditivity (C.4) of the covering numbers, we obtain

N(Ds,an'Hth)S Z N(357K\/§””27t)

SC[N],card(S)=s

— > N<BS,| : HQ’KL\/E) < <];]> <1+%\/§)25

SC[N],card(S)=s
s 2s
(2 (14 28)"
s t
Hereby, we have also used the covering number estimate of Lemma C.3 (noting that

we treat the s-dimensional complex unit ball as real 2s-dimensional unit ball by
isometry) and the bound of the binomial coefficient in Lemma C.5. We arrive at

VI@N Doy, |- [x.8)) < Vasy/In(2eN/s) +In(1 + 2K /5/1)

< \/%( In(2eN/s) + 1/In(1 + 2K\/§/t)> > 0. (12.76)

For large values of ¢, we introduce the norm

N
lzllf ==Y (IRe(zy)| + |Im(z)]),  zeCV,

j=1
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which is the usual /;-norm after identification of CV with R?Y. Then by the
Cauchy—Schwarz inequality, we have the embedding

Dy n C \/ZSBMI ={xeCV,|x|} < V2s}.

Lemma 12.37 below implies that, for 0 < ¢t < 2K/,

VIEN (Do x| - [[x,1)) < 6K V2s/In(9m) In(8N )t L. (12.77)

Next we combine inequalities (12.76) and (12.77) to estimate the Dudley integral
in (12.74). Recalling that A(Ds n, || - [[x) < K+/s, we obtain, for an arbitrary
k€ (0, A(Ds,n, || - 1x)/2),

A(Ds,ns| 1 x)/2
[ / VIn@N (Do |- |x. 1)t
0

< \/%/OK ( In(2eN/s) + y/In (1 + 2K\/§/t)) dt

K\/s/2
+ 6K 1/251n(9m) In(8N) / ttdt

K

<V2s (/{ In(2eN/s) + A\/In(e(l +2K+/s/k))
6K \/In(9m) In(8N) ln(K\/E/(Qn))) .
Hereby, we have applied Lemma C.9. The choice x = K/3 yields

I <V2sK (% In(2eN/s) + % In(e(1 + 61/5))

+6+/In(9m) ln(8N)% ln(95/4))
< V25K Cy/In(9m) In(8N) In(4s),

where (tacitly assuming N > 4, m > 3—otherwise the statement is not interesting)

-t 1 In(7e/2) 1
Coi= 3 3m “mEmmE T

Combining the above estimates with (12.74) and the definition (12.72) of R
completes the proof of Lemma 12.36 with C; = v/2C,C = 8Cj < 26.4. O
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The above proof relied on the following covering number bound.

Lemma 12.37. Let U be a subset ofBﬁ\_]”,{ and || - || x be the seminorm in (12.73)
defined for vectors x; with || x¢||co < K, £ € [m]. Then, for 0 < t < /2K,

VInRN (U, || - ||lx,t) < 6K+/In(9m) In(8N )t~

Proof. The idea is to approximate a fixed x € U by a finite set of very sparse
vectors. In order to find a vector z from this finite set that is close to x, we use the so-
called empirical method of Maurey. To this end, we observe that B)|.||: is the convex
hull of V' := {+e;, tie; : j € [N]}, where e; denotes the jth canonical unit vector

. . o 4N .
in CV. Hence, we can write x as the convex combination x = > j=1AjVv; with

A; > 0and Z?]:Vl A; = 1 and where the v; list the 4V elements of V. We define a
random vector Z that takes the value v; € V with probability A;. Since 37, A; = 1,
this is a valid probability distribution. Note that

4N
EZ = Z AjVj = X.
Jj=1

LetZ,,...,Z)s be independent copies of Z, where M is a number to be determined
later. We attempt to approximate x with the M -sparse vector

1M
k=1
We estimate the expected distance of z to x in || - || x by first using symmetrization
(Lemma 8.4) to obtain
1 & 2
Ellz —xlx = Bl 7 > (Zk — EZ)llx < —EI > euZulx
k=1 k=1
M
=—E ) Z )
i glg[&})i(] Z erx(xe, Z)
k=1
where € is a Rademacher sequence independent of (Z1,...,Zys). Now we fix
a realization of (Zi,...,Zy) and consider for the moment only expectation
and probability with respect to €, that is, conditional on (Z1,...,Zys). Since

Ix¢]lco < K and Zj has exactly one nonzero component of magnitude 1, we have
[(x¢, Zi)| < ||x¢]|oo||Zi |1 < K. It follows that

1((xes ZENAL, |2 < VMK, €€ [m].
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It follows from Theorem 8.8 that the random variable Y, := Ei\il ex{Xe, Zi)
satisfies (conditional on the Zj),

Pe(|Ye| > VMKt) < 2e 772 t>0.
Therefore, by the union bound

]P’e(;nfax] Ye| > VMKt) < 2me /2,
€lm

Proposition 7.14 yields then

M
E. rnax Zek X0, )| < CVMKAL/In
k=1
with C' = 3/2. (In the case of a real BOS one can reduce our considerations

to the real space RY. Then we may use Proposition 7.29 to obtain the slightly

better estimate Ee maxye,, ’Zk 1 €k (x4, Zy) ‘ v/2M K?1n(2m).) By Fubini’s
theorem, we finally obtain

2 al 3K
Elz — < —EzE. Z)| < —+/In(8m).
||Z X”X M zZ ;Iel[ax] ;€k<xlv k> = \/M Il( m)
This implies that there exists a vector of the form
M
7= M};zk, (12.78)

where each zy, is one of the vectors in {+e;, £ie; : j € [IN]}, such that

|z —x[|x < j—% In(8m). (12.79)
In particular,
Iz — x[lx <t/2 (12.80)
provided
3K In(8m) < t/2. (12.81)

VM
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For each x € U, we can therefore find a vector z of the form (12.78) such that
|x—z||x < t/2.Each z can take 4N values, so that z can take at most (4 N)M val-
ues. The definition of the covering numbers requires that each point of the covering
belongs to U as well, but we only know that the points z are contained in Bﬁ\_] I We
can correct for this by replacing each point z by a pointz’ € U with ||z—2/||x < /2
provided such a point exists. If such a point z’ does not exist, then we simply discard
z as it will not be needed for the covering of U. Then for every x € U we can find a
point z’ € U from the new covering such that ||x — z'||x < ||[x —z||x + ||z — 2| x
< t. Again the number of points z’ of the covering is bounded by (4N).
The choice

M= {365 i ln(9m)J

satisfies (12.81). Indeed, then

36K 36K 3642 1n(9/8)
M > =2 In(9m) — 1 > = In(8m) + ——— "~ —1
36 K2 36 K2
> 2 In(8m) +181n(9/8) — 1 > e In(8m)

since t < v/2K and 181n(9/8) = 2.12 > 1. We deduce that the covering numbers
can be estimated by

VIENTT T, 0 < /m2(a8)) < \/ B
< 6K+/In(9m) In(8N)t .

This completes the proof of Lemma 12.37. a

ln(9m)J In(8N)

Proof (of Theorem 12.32, Second Part). We proceed in two steps.
Estimate of Expectation. Recall from (12.69) that

E:=Ed, =m 'E|) (X, X; - Id)[,
=1

Set G(K,s,m,N) = K/sln(4s)y/In(8N)In(9m). Then Fubini’s theorem,
(12.70) and Lemma 12.36 imply that

2 - 2C,G(K,s,m, N) -
E < ZExE ) eXXj|, < Ex|llm=1) XX,
m =1 \/ﬁ =1
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Inserting the identity Id, applying the triangle inequality, and using the Cauchy—
Schwarz inequality for expectations we obtain

G(K,s,m,N) =
E <20 =R, |m~ Y (X(X; —Id)|, + 1
vm =
G(K N
< zcl% GESY

Setting D := 2C1G(K, s,m, N)/y/m, this reads £ < D+/E + 1. Squaring this
inequality and completing the squares yields (F — D?/2)? < D? 4 D*/4, which
gives

E < /D2 + D4/4+ D?/2< D + D> (12.82)
If

_ 201 K\/251n(4s)1/In(9m) In(8N)

D <
ﬁ =7

(12.83)

for some 77; € (0, 1), then
E =Es, <n +ni.
Probability Estimate. It remains to show that d5 does not deviate much from its

expectation with high probability. To this end, we use the deviation inequality of
Theorem 8.42. By definition of the norm ||-||,, we can write

més =) (XeXj ~Id)|, = sup D (Xe)s(Xe)s —1Ids) |22
—1 SC[N],card(S)=s
= sup Re <Z(X¢X’£ —1d)z, W>
(z,w)€Qs, N =1

m

= sup > Re((X/Xj—1Id)z,w),
(sz)eQ:’N /=1

where (X¢)s denotes the vector X, restricted to the entries in S, and Qs y =
USC[N],card(S)gs Qs, N with

Qs.n = {(z,w) : z,we C", |z||2 = |w|]2 = 1, suppz,suppw C S}.
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Further, Q] denotes a dense countable subset of Qs x. Introducing f, w(X) =
Re((XX* — Id)z, w), we therefore have

mds = sup Zfzw XZ
(z,W)€Q7 v 1—1

To check the boundedness of f, w for (z, w) € Qg n with card(S) = s, we notice
that

[fow (X < (XX = 1d)z, w)| < [|z[l2[wl|2[[XsXs — Tds]|2-2

< XX — Tds 101 = r;leag]; [65(8)x(8) = 3.k

< sK?

by the boundedness condition (12.2). Hereby, we used that the operator norm on /o
is bounded by the one on ¢; for self-adjoint matrices (Lemma A.8) as well as the
explicit expression (A.10) for || - ||1— 1. For the variance term o7, we estimate

E|fzw(Xo)[? < E[(XX* —Id)z, w)|”
=Ew"(XsXs — Id)z((XsXs — Id)z)*w
< [IWlBE[(XsX — Id)z((XsX5 — Id)2)* |22
= E[(XsX§ - Id)z|3 = E|Xs[3/(X, 2)|* - 2E[(X, z)|* + 1,

exploiting that |[uu*||2—2 = ||ul|3; see (A.14). Observe that

IXsll3 =D 16;(t)]* < sK?

Jjes

by the boundedness condition (12.2). Furthermore,

E|(X,2)* = Y zZE bk (t)g;(t)] = |z]3 = 1

J:keS
by the orthogonality condition (12.1). Hence,

E|fzw(X0)]? < E|Xs|5/(X, 2)|* — 2E[(X, 2)[* +1 < (sK* — 2)E[(X, 2)|* + 1
=sK?—-1<sK?2
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Now we are prepared to apply Theorem 8.42. Under Condition (12.83), this gives
P(0s > m +11; +12) < P(0s > Edy +1p)

= P(I>_ (XX} — 1), > B> (XX} —Id)|, + namn)
(=1 (=1

<exp| — (772771)2
- 2msK? + 4(m + n?)msK?2 + 2nomsK?/3

= exp _ s ! < exp —C(nl)m—ng
K252+ 4(n +n2) +2m12/3) — K?s)’

with e(m) = (2+4(n +n3) +2/3)71 < (248 +2/3)~! = 3/32. The left-hand
term is less than € provided

m > Cny 2 K2sIn(e™!)

with C' = 32/3 ~ 10.66.
Taking also (12.83) into account, we proved that 65 < 71 + 17 + 72 with
probability at least 1 — € provided that m satisfies the two conditions

m

In(9m)
m > Cny 2 K?sIn(e™!)

> Ony 2K?s1n”(4s) In(8N),

with C = 8C? = 16C2C? = 16 - 32C% ~ 5576. Here, C = 44/2 is the
constant from Dudley’s inequality (Theorem 8.23). This finally completes the proof
of Theorem 12.32. a

12.6 Discrete Bounded Orthonormal Systems

The three previous sections developed bounds for sparse recovery of randomly
sampled functions that have a sparse expansion in terms of a general BOS. Several
important examples mentioned in Sect. 12.1 are discrete, i.e., the functions ¢y, are
the columns (or rows) of a unitary matrix U € CV>*¥, U*U = UU* = Id, with
bounded entries,

VN max |Upx| <K, (12.84)
k,te[N]

see (12.9). Among the mentioned examples are the Fourier matrix F' and the matrix
U = W*V resulting from two incoherent orthonormal bases V, W.
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Random sampling of entries corresponds to selecting the rows of the measure-
ment matrix A uniformly at random from the rows of U. As already mentioned,
the probability model of taking the samples independently and uniformly at random
has the slight disadvantage that some rows may be selected more than once with
nonzero probability. In order to avoid this drawback, we discuss another probability
model. Letu; € CV, j € [N], be the columns of U*, i.e., u; are the rows of U.

Selecting subsets uniformly at random. We choose the set 2 C [N] indexing the
rows uniformly at random among all subsets of [V] of size m. This means that each

subset is selected with equal probability. Since the number (N) of such subsets is
m

finite, this is a valid probability model. The matrix A consists then of the rows u
J € £2. It has exactly m rows in this probability model.

The matrix A is called a random partial unitary matrix. If U = F € CV is the
Fourier matrix, then we call A a random partial Fourier matrix.

The difficulty in analyzing the above probability model stems from the fact that
the selections of u;*-, j € [N], as rows of A, are not independent. We resolve
this problem by simply relating results for this probability model to the previously
derived results for the probability model where the selections of rows (as sampling
points) are done independently at random. We only state the analog of the uniform
recovery result in Corollary 12.34(a). Analogs of other statements in the previous
sections can be derived as well.

*
j’

Corollary 12.38. Let U € CN*N be a unitary matrix with entries bounded by
K/V/N as in (12.84). Let A € C™*N be the submatrix of U obtained by selecting
a subset of rows uniformly at random. If

m > CK?%sln*(N), (12.85)

. D p— 3 .
then with probability at least 1 — N~ "™ (N) eyery s-sparse vector x € CN is the
unique minimizer of ||z||1 subject to Az = Ax.

Proof. Let T" = {t},...,t,,}, where the t;, € [N] are selected independently and
uniformly at random from [N]. The size of T” is also random, since some of the t;
may coincide. Furthermore, for & < m, let T, be a subset of [ V] chosen uniformly at
random among all subsets of cardinality k. For any subset T' C [N], let F/(T") denote
the event that ¢;-minimization fails to recover every s-sparse x from the samples of
Ux on T, that is, from y = Ry Ux. It follows from Theorem 4.5 together with
Remark 4.6 that F(T) C F(T) whenever T C T'. In other words, adding samples
decreases the probability of failure. In particular, P(F(T;,)) < P(F(T})) for all
k < m. Moreover, conditional on the event that card(T’) = k for k < m, T’ has
the same distribution as 7T}. We obtain
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P(F(T")) = 3 P(F(T")] card(T") = k)P(card(T") = k)
k=1
= i P(F(Ty))P(card(T") = k) i P(card(T") = k)
k=1 k=1
=P(F(Tn))

So the failure probability in the model of selecting row subsets uniformly at random
is bounded by the failure probability for the model of selecting rows uniformly and
independently at random. An application of Corollary 12.34 yields the claim. O

Another discrete probability model of interest uses Bernoulli selectors; see Exer-
cise 12.10.

12.7 Relation to the A;-Problem

In this section, we consider a discrete BOS as described in Example 3. Let
V € CV*¥ be a unitary matrix and set K as in (12.9), namely,

K = VN max |Vl
k,te[N]

We compare the ¢1-norm and ¢s-norm of expansions in terms of subsets of this
discrete BOS. To be more concrete, one may think of the Fourier matrix V. = F
with entries F} j, = ¢*>™%*/N /\/N and constant K = 1.

Let A C [N] and let vi, k € [N], denote the columns of V*, i.e., the v are
the rows of V. In the Fourier case (v;); = ¢?™7*/N /\/N. The Cauchy-Schwarz
inequality implies that for all coefficient sequences (by)rea € C4,

|| D obeviln < 1Y bevielle.

keA keA

A converse of the above inequality is given by the estimate || - ||2 < || - ||1. The
A;-problem consists of finding a large subset A C [N] such that the much better
estimate

1> beviell2 < Z bivie||L (12.86)

keA keA

holds for all (by,)kea € C* with a small constant D(N), say, D(N) = C'log™(N).
Such a set A will be called a A;-set. In this case, the #o-norm and the ¢;-norm
(scaled by the factor N ~1/2) of orthogonal expansions on A are almost equivalent.
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Any singleton A = {{}, ¢ € [N], is a A;-set because by orthonormality and
uniform boundedness

o K < K
L=lvell3 =D 1ve)iI* < =D (o)l = —=IIvells,
that is, ||v¢||s > K~1v/N, so that, for any b, € C,

K
bevell2 = |be| < —N||sz1zH1

T~

and (12.86) holds with D(N) = K for A = {{}. However, singleton sets are of
limited interest, and we would like to find large sets A with card(A) > ¢N, say.

As it turns out, the A;-problem is strongly related to the ¢5-robust null space
property (Definition 4.21) and thus to the restricted isometry property.

Proposition 12.39. Let V € CN*V be a unitary matrix with rows v, € CV, and
let £2 C [N]. Assume that the matrix A = RV, that is, the restriction of V to
the rows indexed by (2, satisfies the {-robust null space property of order s with
constants p and T > 0. Then the complement 2 = [N]\ {2 is a A1-set in the sense
that

1+p
[ Zbeveﬂz < 7” Zbevdh
e )
forall (b),cq € ce.
Proof. Inequality (4.21) specializedtop =g =2andz =u € kerAandx =0

implies

1
[ulls < %Hunl for all u € ker A. (12.87)

7

Since A is the row submatrix of a unitary matrix, its kernel is spanned by the rows
left out in A, that is, by the ones indexed by (2. Therefore, any u € ker A takes the
form

u = Z bng.
len
Combining these facts concludes the proof. a

Since the restricted isometry property implies the f5-robust null space property
(Theorem 6.13), we can combine the above proposition with the estimate of the
restricted isometry constants of random sampling matrices associated to BOSs to
arrive at the following theorem on the A -problem.
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Theorem 12.40. Let {v1,... vy} be an orthonormal basis of C with uniformly
bounded entries, i.e., |(v;)x| < K/VN. For ¢ € (0,1), there exists a set A C [N]
with card(A) > ¢N such that

Z CK 1n
H bszHQ \/_ || E bngHl (1288)
leA leA

holds for all (bg)eca € CA. The constant C depends only on ¢, more precisely
C = C'(1 — ¢)~Y2 for some universal constant C".

A slightly better estimate in terms of the logarithmic factors is available; see the
Notes section below. However, as a consequence of Lemma 12.5, the term In? (N)
cannot be improved to something better than v/In N in general; see Exercise 12.11.

Proof. Let m = [(1 — ¢)N|. Then Theorem 12.31 implies the existence of a set
£2 C [N] such that the restricted isometry constant of the matrix A = \/LER_QV
satisfies 9o, < &* := 0.5 for the choice

5= fcomw,

where Cy is a universal constant. It follows now from Theorem 6.13 that A satisfies
the ¢5-robust null space property with constants p, 7 depending only on 6*. The
kernel of A does not depend on the scaling of A, so that (12.87) holds for R,V
and the result of Proposition 12.39 is valid for A = {2 which has cardinality
card(A) > ¢N. We conclude that

1D bevells < || > bevelhr.

LeA LeA

Taking into account our choices of s and m, we arrive at

1+p Kln*(
> bevell2 < || beve[r-
éez/l \/ Co(l - C) \/_ ZGZA
This completes the proof. a

Notes

Background on Fourier analysis (Examples 1, 4, 5) can be found, for instance, in
[198,236,390,452,505]. The complex exponentials of Examples 1 can be general-
ized to characters of commutative groups; see, for instance, [199,437]. The sampling
matrix (12.7) arising from continuously sampling trigonometric expansions has
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an (approximate) fast matrix—vector multiplication called the nonequispaced FFT
[400]. Like the FFT (see Appendix C.1), it has complexity O(N log N).

The uncertainty principle for the discrete Fourier transform in Corollary 12.3
was shown by Donoho and Stark in [164], where they also realized that the
uncertainty principle is not always a negative statement, but it can also be used
to derive positive conclusions about signal separation and recovery; see also [158].
Later in [181], Elad and Bruckstein derived the discrete uncertainty principle for
general pairs of bases (Theorem 12.2). Kuppinger et al. extended this further to an
uncertainty principle for pairs of possibly redundant systems in [314]. An overview
on uncertainty principles in general, including the classical uncertainty principles of
Heisenberg and the one of Hardy, is provided in [200].

Lemma 12.5 concerning the existence of translates of large subgroups in arbitrary
subsets of Z7, then leading to the lower bound (12.29) for the number of samples
in undersampled Hadamard transforms featuring the factor In(N'), goes back to the
work of Bourgain and Talagrand on the /A -problem [464], but was published much
later in [248].

The nonuniform recovery result Theorem 12.11 with random sign pattern seems
to have first appeared in [411], while the improvement of Theorem 12.18 was
shown by Candeés and Romberg in [93]. The idea of using random signs in order to
derive recovery bounds for ¢;-minimization appeared first in [481]. The nonuniform
recovery result of Theorem 12.20, in which the randomness in the signs of the
coefficient vectors is removed, was shown by Candeés and Plan in [88]. The key
technique in their proof, that is, the golfing scheme, was developed by Gross in [245]
in the context of matrix completion and more general low-rank matrix recovery
problems; see also [417]. Instead of the deviation result for sums of random vectors
in 5 (Corollary 8.45) and the noncommutative Bernstein inequality (8.26), which
were used in Sect. 12.4 to derive Lemmas 12.24, 12.25, 12.27, Candés and Plan
used a slightly different version of the vector Bernstein inequality due to Gross [245,
Theorem 11], which also allows to remove the factor (s+ 1) in (12.49). (This factor,
however, is not important as it only enters in the term In(2N (s + 1)) < In(2N?) <
21n(2N).) Moreover, Candes and Plan showed stronger robustness estimates than
the one of Theorem 12.22, in which the factor /s can essentially be replaced by
In(s)?/? while still keeping the bound (12.46) on the number of required samples
(in contrast to the bound on the restricted isometry constants which involves more
logarithmic factors). To do so, they introduced weak restricted isometry constants
and estimated these. This requires additional steps compared to the proof of the
restricted isometry property in Sect. 12.5; see [88] for details.

The special case of partial random Fourier matrices (Example 4 in Sect. 12.1)
was treated already in the first contribution of Candes et al. to compressive sensing
[94]. They provided a nonuniform recovery result for deterministic sign patterns (in
the noiseless case), where the number m of samples scales as

m > Csln(N/e) (12.89)
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in order to achieve recovery via 1 -minimization with probability at least 1 — . This
estimate was extended to random sampling of sparse trigonometric polynomials (as
described in Example 1 in Sect. 12.1) in [408]. It is remarkable that this bound is
still slightly better with regard to the dependence in € than the result for general
BOS, Theorem 12.20, where one encounters the term In(N) In(¢ 1) in contrast to
In(N/e) = In(N) + In(e~1) above. (For instance, with ¢ = N~ the first term
results in v In*( V'), while the second only yields (y 4 1) In(N).) It is presently not
clear how to arrive at a bound of the form (12.89) for general systems. The rather
long proof of the sufficient condition (12.89) in [94,408] heavily uses the algebraic
structure of the Fourier system and proceeds via involved combinatorial estimates.
It does not seem possible to extend this approach to general BOSs. We refer to
[283,412] for further nonuniform recovery results whose proofs also proceed via
similar combinatorial arguments.

The restricted isometry property for partial random Fourier matrices (Example 4)
was first analyzed by Candeés and Tao in [97], where they obtained the bound
m > CssIn®(N)In(e~") for the number of required samples to achieve the
restricted isometry property of order s with probability at least 1 — . This
estimate was then improved by Rudelson and Vershynin in [433] to the condition
m > Cssln®(s)In(sIn(N))In(N)In(e~!). A further slight improvement to
m > Cs s ln3(s) In(N) appeared in [115]. (The proofs in the papers [97,115,433]
actually apply to more general discrete orthonormal systems as described in
Example 3.) In [409,411] the analysis was generalized to possibly continuous BOSs,
and the probability estimate was improved to the one stated in Theorem 12.31 by
using Bernstein’s inequality for suprema of empirical processes (Theorem 8.42). We
followed Rudelson and Vershynin’s approach in Sect. 12.5 to estimate the expected
restricted isometry constants. With similar techniques it is also possible to directly
establish the null space property for random sampling matrices arising from BOSs.
We refer to [103] for details on this and for many other facts relating compressive
sensing, random matrices, and Banach space geometry.

The A;-problem was investigated in [464] by Bourgain and Talagrand, who
treated the case of general (not necessarily discrete) BOSs {¢;,j € [N]}, where
orthonormality is with respect to a probability measure v. The main result in [464]
states the existence of a subset A C [N] with card(A) > ¢N such that

1D el poy < CKVI(N)In(n N[ D bedrell 1, -

LeA LeA

(Note that the factor 1/ \/N has to be introduced in the discrete setting of
Sect. 12.7 because the usual ¢; and /5-norms are not taken with respect to a
probability measure, in contrast to the spaces L?(v) and L' (v) above.) It follows
from Lemma 12.5 that a factor of In NV has to be present in this estimate; see
Exercise 12.11. It is conjectured, however, that the term In In [V can be removed, but
this conjecture remains open until today. Taking this fact into account together with
the relation of the restricted isometry property with the A;-problem (see the proof
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of Theorem 12.40), it seems a very hard problem to remove all but one logarithmic
factors in the estimate (12.63) for the restricted isometry property, as this would
imply a positive solution to this conjecture (at least in the discrete case). Further
results on the A;-problem are contained in the paper [248], which also deals with
Kashin-type decompositions for BOSs. The A,-problem, for p > 2, was solved by
Bourgain in [62]; see also [63] for more information on this topic.

Signal Separation

Similar mathematical techniques as the ones developed in this chapter have been
used in the problem of separating a signal decomposed in two components (see
p. 18 for a general description of signal separation problems). One component is
supposed to be sparse and the other one sparse in the Fourier domain [92,164,481].
Assuming that the support set is random in at least one of the components, then one
can show that separation is possible via £;-minimization provided that the sparsity
s in both components does not exceed N/+/In N, where N is the signal length [92].
The proof methods are similar to the ones used for nonuniform recovery guarantees.

Fast Johnson-Lindenstrauss Mappings

Theorem 9.36 combined with Theorem 12.32, which establishes the restricted
isometry property for sampling matrices such as the random partial Fourier matrix,
provides a Johnson-Lindenstrauss embedding for the mapping AD,, where € is a
Rademacher vector; see Exercise 12.12. In contrast to a subgaussian random matrix,
AD, comes with a fast matrix multiplication routine when A is, for instance, the
partial random Fourier matrix [7,9,309]. Hinrichs and Vybiral investigated a similar
scenario when A is a partial random circulant matrix [274,502]; see also [309,413].

Sublinear Fourier Algorithms

Even before the area of compressive sensing began to develop, algorithms that
compute sparse Fourier transforms in sublinear runtime in the signal length N
were known [223, 519]. Such algorithms are based on random sampling in the
time domain. In contrast to the setup of this chapter, however, the samples
are not independent, which allows for enough algebraic structure to enable fast
computation. Although these algorithms were initially designed for speed, one
can separate the sampling and the reconstruction process so that they apply also
in compressive sensing setups. A very appealing construction making use of the
Chinese remainder theorem was presented by Iwen in [287, 288]. He provides
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a deterministic version of the algorithm, which uses m > Cs? 1n4(N ) samples
and has runtime O(s®In*(N)), and a randomized variant, which requires m >
Csln* N samples and runs in time O(sln*(N)). A numerical evaluation of
sublinear Fourier algorithms is reported in [289, 445]. Another sublinear Fourier
algorithm is developed in [261]. In Chap. 13, we will present a sublinear sparse
recovery algorithm in the different context of lossless expanders.

Further Examples of Bounded Orthonormal Systems

We discuss three other examples for which the theory of this chapter is applicable.
Since complete proofs go beyond the scope of this book, we only mention the basic
facts and refer to further literature for the details.

Haar wavelets and noiselets. This example is a special case of Example 6, which is
potentially useful for image processing applications. It is convenient to start with
a continuous description of Haar wavelets and noiselets [126] and then pass to
the discrete setup via sampling. The Haar scaling function on R is defined as the
characteristic function of the interval [0, 1),

1ifz €0,1),

12.90
0 otherwise. ( )

o) = xpo) (@) = {

The Haar wavelet is then defined as

1 ifze(0,1/2),
P(z) =¢(2z) —p(2z — 1) =< —1 ifx € [1/2,1), (12.91)
0 otherwise.
Furthermore, denote
Vip() =222 —k), ¢n(x)=d(xz—k), zeRjeZkelZ (1292)
It is straightforward to verify [508] that, for n € N, the Haar-wavelet system
W, = {bp, k € Z}U{pjp, k=0,...,27 —1,7=0,...,n—1}  (12.93)
forms an orthonormal basis of
V., = {f € L?[0,1] : fis constanton [k2™ ", (k+ 1)27"),k =0,...,2" — 1}.
Haar (and more advanced) wavelets are suitable to represent piecewise smooth
functions. In particular, natural images are usually sparse (or compressible) with

respect to their two-dimensional wavelet representation. Therefore, Haar wavelets
are very useful for image processing tasks.
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Now let N = 2" for some n € N. Since the functions 1); ; are constant on
intervals of the form [2~"k, 27" (k + 1)), we conclude that the vectors ¢, 9)\9"F) €
CN,j=0,....,n—1,k=0,...,27 — 1, with entries

¢y =27"2¢(t/N), t=0,...,N—1
GO = 972y L (t/N), t=0,...,N -1
form an orthonormal basis of CY. We collect these vectors as the columns of a
unitary matrix ¥ € CV*¥,
Next, we introduce the noiselet system on [0, 1]. Let g1 = ¢ = X[o,1) be the Haar
scaling function and define recursively, for » > 1, the complex-valued functions
gar(z) = (1 —i)gr(22) + (1 +i)gr (22 — 1),
gar1(x) = (1 +1)gr(22) + (1 = i)gr (22 — 1).
It is shown in [126] that the functions {2~"/%g,,r = 2", ... 2" — 1} form an
orthonormal basis of V,,. The key property for us consists in the fact that they are

maximally incoherent with respect to the Haar basis. Indeed, Lemma 10 in [126]
states that

1
/ gr(z)j p(x)dr| =1 providedr >27 —1, 0<k<2 —1. (12.94)
0

For the discrete noiselet basis on C, N = 2", we take the vectors
i =2""gn (t/N), r=0,...,N—1, t=0,...,N—1.

Again, since the functions gy,,7 = 0,..., N — 1, are constant on intervals of
the form [27"k, 2 ™(k + 1)), it follows that the vectors 5", » = 0,..., N — 1
form an orthonormal basis of CV. We collect these as columns into a unitary matrix
G € CN*N_ Due to (12.94), the unitary matrix U = G*¥ ¢ CN*V satisfies
(12.9) with K = 1. In other words, the incoherence condition (12.12) for the Haar
basis and the noiselet basis holds with the optimal constant K = 1.

Due to the their recursive definition, both the Haar-wavelet transform and the
noiselet transform, that is, the application of ¥ and G and their adjoints, come with
a fast algorithm that computes a matrix—vector multiplication in O(N log(V)) time.

As a simple signal model, images or other types of signals are sparse in the Haar-
wavelet basis. The setup of this chapter corresponds to randomly sampling such
functions with respect to noiselets. For more information on wavelets, we refer to
[122,137,341,508].

Legendre polynomials and other orthogonal polynomial systems. The Legendre
polynomials L;, j = 0,1,2,... form a system of orthonormal polynomials, where
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L; is a polynomial of precise degree j and orthonormality is with respect to the
normalized Lebesgue measure dx/2 on [—1, 1], that is,

1

1
5/ Li(x)Li(x)dr = 0 1.
-1

We refer to [17,117,458] for details on orthogonal polynomials and in particular on
Legendre polynomials. The supremum norm of Legendre polynomials is given by

[Ljllc = sup [L;(t)| = /2] +1,

te[—1,1]

so considering the polynomials L;,j = 0,...,N — 1 yields the constant K =
V2N — 11in (12.2). Unfortunately, such a K grows with N. Plugging this value of
K, for instance, in the estimate (12.63) for the sufficient number of samples ensuring
0s < 4, yields

m > C6 2Nsln®(s) In(N).

This estimate is useless for compressive sensing because the number of measure-
ments is required to be larger than the signal length N.

Of course, the possibility of better estimates is not refuted, and in fact the
problem can be circumvented by a simple observation; see [416]. The crucial point
is that Lo-normalized Legendre polynomials L ; only grow with j near the endpoints
+1 of the interval [—1, 1]. Define the function

o(t) = (w/2)2(1 = %)Y,
Then Theorem 7.3.3 in [458] implies that, for all 5 > 0,

sup ()| L;()] < V3.
te[—1,1]

We define the auxiliary orthonormal function system (); = wvL;, where ortho-
normality is now with respect to the Chebyshev probability measure (arcsine
distribution)

dv(t) = 7711 —t3) "L,

Indeed,
| @i =5 [ Lon@uwa -2
~5 [ LIt =5,
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Therefore, the system {Q); };.\/:—01 forms a BOS with constant K = /3 with respect
to the Chebyshev measure. The results derived in this chapter are hence valid for the
random sampling matrix B € R™*" having entries

By j = Qj(te),

where the t; are sampled independently according to the Chebyshev measure v.
(This causes more sample points to lie near the endpoints [—1, 1] compared to
sampling from the uniform measure.) For instance, the restricted isometry constant
0s of \/I—EB satisfies d, < & with high probability provided m > C§~2sIn*(N).
Multiplying with the function v can be interpreted as preconditioning of the
Legendre sampling matrix. Defining A € R™€Y and D € R™*™ via

Ap;=1Lji(ty), D =diaglv(t1),...,v(tm)],

we realize that B = DA. Since D is invertible with probability 1, the matrices A
and B have the same null space almost surely. Now if \/%B satisfies the restricted
isometry property, say das < 0.62, then by Theorem 6.13, it satisfies the ¢5-robust
null space property and, in particular, the stable null space property. The latter
depends only on the null space of B, which coincides with the one of A, so that
also A satisfies the stable null space property. By Theorem 4.12, this in turn ensures
stable sparse recovery via £;-minimization using the matrix A. Altogether, choosing
m independent random sampling points according to the Chebyshev measure v
with m > C’sIn*(NV), the sampling matrix A satisfies the stable null space
property of order s with high probability, and we have stable s-sparse recovery via
£1-minimization.

Alternatively, given Legendre-type measurements y = Ax, we may multiply by
the scaled diagonal matrix to obtain transformed measurements y’ = \/LEDy =
\/%Bx and work directly with the preconditioned matrix \/LEB = \/LEDA and the
modified y’ in any recovery algorithm. In this way, iterative hard thresholding, hard
thresholding pursuit, orthogonal matching pursuit, and CoSaMP can be used in the
setup of random sampling of sparse Legendre polynomial expansions.

It is important to note that the Legendre transform matrix A has fast matrix—
vector multiplication algorithms (see [265,292,398,399,491]) which may speed up
recovery algorithms.

Extensions to other orthogonal polynomial expansions on [—1, 1] are possible,
where orthogonality is with respect to a weight function that satisfies a mild
continuity condition. This includes, for instance, all Jacobi polynomials P,ga'ﬂ ) with
a, B > —1/2[458]. It is quite interesting that for this whole family of orthogonal
polynomials, random sampling is with respect to the Chebyshev measure v. We
refer to [416] for details.

The idea of preconditioning can be applied also in a context where sparsity is with
respect to wavelets and random Fourier coefficients are measured. This situation
occurs in MRI applications. We refer to [310] for details.
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Spherical harmonics. Extensions of the previous example to the system of spherical
harmonics (an orthonormal system for L2(S?), where S? is the 2-sphere in R3;
see [17]) are given in [80]. So far, the preconditioning trick above only yields
the restricted isometry property provided m > CsN/6 1n4(N ), after an earlier
bound in [415] where N'/4 appeared instead of N'/6. The result of [80] was
established in a more general context by developing involved weighted L, bounds
for eigenfunctions of the Laplace operator on certain manifolds including the 2-
sphere and thereby improving on estimates for associated Legendre polynomials in
[311]. The key ingredient consists of identifying the right sampling measure. We
refer to [80] for details.

An application of sparse spherical harmonic expansions for the inpainting
problem of the cosmic microwave background is contained in [1]. Fast matrix—
vector multiplication algorithms involving spherical harmonics are provided, for
instance, in [265].

Further Types of Structured Random Matrices

As mentioned in the beginning of this chapter, it is important for practical purposes
that measurement matrices possess some structure. While this chapter covered only
random sampling matrices, there are further important types of structured random
matrices. Their detailed analysis is beyond the scope of this book, but we summarize
some basic facts below.

Partial random circulant matrices. For a vector b = [by,by,...,bx_1]T € CV,
the associated circulant matrix ® = ®(b) € CV*¥ is defined entrywise by

Drj =bj—kmoan, Kk,j€I[N]

The application of ® to a vector is the discrete circular convolution,

N

(‘I’X)j = (X * E))J = ini)jffmodN,
=1

where Bj = bn_;.Let © C [N] be an arbitrary (deterministic) subset of cardinality
m. We define the partial circulant matrix ®° = ®°(b) = Re®(b) € C™*N
as the submatrix of ® consisting of the rows indexed by ©. The application of a
partial circulant matrix corresponds to convolution with b followed by subsampling
on O. It is important from a computational viewpoint that circulant matrices can
be diagonalized using the discrete Fourier transform; see, e.g., [231]. Therefore,
there is a fast matrix—vector multiplication algorithm for partial circulant matrices
of complexity O(N log(NV)) that uses the FFT.
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Choosing the generator b = € to be a Rademacher sequence makes the matrix
$° = <I>@(e) a structured random matrix, which is called partial random circulant
matrix. It is interesting to study recovery guarantees for ¢;-minimization and the
restricted isometry property of the resulting matrix.

Of particular relevance is the case N = mL with L € N and © =
{L,2L,...,mL}. Then the application of ®° (b) corresponds to convolution with
the sequence b followed by a downsampling by a factor of L. This setting was
studied numerically in [489] by Tropp et al. (using orthogonal matching pursuit).
Also of interest is the case © = [m] which was studied in [26,263].

Nonuniform recovery guarantees in the spirit of Theorem 12.11 for partial
random circulant matrices in connection with ¢;-minimization were derived in
[410,411]. A sufficient condition on the number of samples is m > C'slog®(N/¢)
for recovery with probability at least 1 — . After initial nonoptimal bounds in
[26,263,413], the so far best estimate on the restricted isometry constants of ®° (e)
obtained in [307] states that §; < § with high probability provided

m > C6 2sIn’(s) In?(N).

The proof uses the estimate (8.115), and the analysis of the corresponding covering
numbers is based on some of the results developed in Sect. 12.5.

Time—frequency structured random matrices. Recall that the translation and modu-
lation (frequency shift) operators on C™ are defined by

(T*g); = hjer and (M'g); = e /mg;,

where © is subtraction modulo m. The operators 7w(\) = M‘T*, X\ = (k,{), are
called time—frequency shifts, and the system {mw(\) : A € [m]x[m]} of all time—
frequency shifts forms a basis of the matrix space C™*™ [308,317]. Given a vector
g € C", the system of all possible time—frequency shifts of g, that is,

{mr(Mg, A € [m] x [m]}

is called a full Gabor system with window g; see [244]. The matrix A = Ay €
C™*™” whose columns list the vectors 7(\)g, A € [m]x[m)], of the Gabor system
is referred to as a Gabor synthesis matrix [119,317,412]. Note that A, allows for
fast matrix—vector multiplication algorithms based on the FFT; see, for instance,
[191, 192]. Note that the matrix with coherence = 1/4/m (in case m > 5 is
prime) constructed in the proof of Proposition 5.13 is a Gabor synthesis matrix with
window g; = \/Lae%ijs/ m,
Let us now choose the vector g at random, that is,
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where € € C™ is a Steinhaus sequence. Then the matrix A = A, becomes a
structured random matrix, and we are interested in its performance for compressive
sensing. A nonuniform recovery result for a fixed s-sparse vector (with deterministic
sign pattern) was shown in [412]. Exact recovery via ¢;-minimization occurs with
high probability provided

m > csln(m).

(Note that in this setup N = m?2, so that In(N) = 2In(m).) After an initial
nonoptimal estimate in [385], it was proved in [307] that the restricted isometry
constants of A satisfy 6; < ¢ with high probability provided

m > cd2s1In?(s) In?(m).

Sparse recovery with time—frequency structured random matrices has potential ap-
plications for the channel identification problem [384] in wireless communications
and sonar [352,453] as well as in radar [268]. Note that the results in [384] and
[268] were derived based on coherence estimates and an analysis for random signals
[481], similar to the one outlined in Chap. 14.

More background on time—frequency analysis can be found in Grochenig’s
excellent book [244].

Random demodulator. In some engineering applications, hardware limitations do
not allow random sampling in time, especially when the sampling rate is very high.
In order to overcome this technological problem, one may instead multiply with
random sign flips at a very high rate, integrate the signal over some time period, and
then sample equidistantly at a relatively low sampling rate [488]. The advantage is
that all these components can be realized in hardware relatively easily. In particular,
performing a sign flip at a very high rate is much simpler to realize than sampling
at this high rate with high accuracy. In mathematical terms, the sampling matrix
modeling this sensing scenario can be described as follows. Let F € CV*¥ be the
N-dimensional discrete Fourier matrix, which arises here because sparsity in the
Fourier domain is assumed. Furthermore, let D, € RV *¥ be a random diagonal
matrix having a Rademacher sequence € on its diagonal, and let finally H € R™* ¥
model the integration process, where we assume for simplicity that m divides V.
The jth row of H has N/m ones starting in column (j — 1)N/m + 1 and is zero
elsewhere. An example form =3 and N = 121is

111100000000
H=1000011110000
000000001111

The measurement matrix A € C™*¥ is then the structured random matrix

A = HD.F,
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where the randomness comes from the Rademacher vector € on the diagonal of
D.. It has been shown in [488] that the restricted isometry constants of a suitably
rescaled version of A satisfy 5 < § with high probability provided

m > CssIn®(N).

Therefore, the sampling mechanism described above can efficiently reconstruct
signals that are s-sparse in the Fourier domain from m measurements using various
algorithms including ¢; -minimization. The proof of the restricted isometry property
uses parts of the analysis developed in Sect. 12.5. We refer to [488] for details.

A construction of a structured m X N random matrix with restricted isometry
constants satisfying 6 < § in the optimal parameter regime m > C§ 2sIn(N)
under the additional condition s < /N was provided in [10]. This matrix is
the repeated product of discrete Fourier transforms and random diagonal matrices
with &1 entries on the diagonal, followed by deterministic subsampling on m
coordinates. We refer to [10] for details and to [8] for a similar earlier construction
in the context of Johnson—Lindenstrauss embeddings.

Exercises

12.1. Show that the Fourier matrix defined in (12.11) is unitary.

12.2. Let N be an even integer and let F € CV*" be the Fourier matrix (12.11).
Let A € CN/2%N be the matrix F where every second row has been removed, that

is, Ay = Fyy . Provide an example of a nonzero 2-sparse vector x € CN such
that Ax = 0.

12.3. Let F be the Fourier matrix (12.11). Let x,z € CN with ||x||o+]z|lo < V/N.
Setting y = x + Fz € C¥, show that (x, z) is the unique solution to y = x’ + Fz’
among all x', z' € CN with [[x'[[o + ||2'||o < v/N. In particular, the signal y can be
separated uniquely into the components x and Fz under such sparsity assumption.

12.4. LetT C [N] be an arbitrary subset of cardinality m. Show that every s-sparse
x € CN with s < \/N /2 can be recovered from the samples of its Fourier transform
onT,ie., fromy = RprFx providedm > N — VN.

12.5. Let A € C™*¥ and S C [N]. Assume that, for £ € [N]\ S,

[ASurAsupy — Id|[2—2 < 6.

Show that HATSagHQ < %

12.6. Let I' C Z with card(I") = N. Consider the nonequispaced random Fourier
matrix A € C™*¥ from Example 1 in Sect. 12.1. Improve Corollary 12.14 for this
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case using Corollary 8.10 (with A = 4/5) by showing that the coherence p of the
normalized matrix A = \/%A satisfies

51n(5N2/(2¢))
4m

with probability at least 1 — ¢.

12.7. Let A € C™*¥ be the random sampling matrix in (12.4) associated to a
BOS with constant K > 1. Use the probabilistic estimate (12.31) and the union
bound to show that the restricted isometry constant §5 of \/%A satisfies §;, < ¢
with probability at least 1 — ¢ provided

SK?
m > 3575 (In(eN/s) +1n(2s/e)/s). (12.95)

(In other words, the union bound is not enough to provide good estimates of d,
since it does not provide linear scaling of m in s.)

12.8. Let A = \/%A € C™*N_where A is the random sampling matrix in (12.4)

associated to a BOS with constant K > 1. Let x € C" be an s-sparse vector. Show
that, for ¢ > 0,

- m t2/2
P AIE — 8] 2 tlxlB) < 2exp (~ 75 1 ).

12.9. Maurey method.

Let V C RY be a finite set of cardinality () and || - || be a norm on RY. Assume
that for every integer M > 1 and for every (vi,...,vy) € VM we have
E|| Z?il ¢;v;| < AVL for a Rademacher vector € = (ey,...,€p) and some

A > 0. Show that the covering numbers of the convex hull of V satisfy, for ¢t > 0,

\/1n./\/(conv(V), |- I,t) < CAt~'/In(Q),

where C' > 0 is an appropriate universal constant.

12.10. Bernoulli selectors.

Let U € CV*¥ be a unitary matrix with constant K in (12.84). Let §;, j € [N], be
independent Bernoulli selectors, that is, random variables that take the value 1 with
probability m/N and 0 with probability 1 — m/N. Define the random sampling
set T = {j € [N],0; = 1}, and let A be the random submatrix of U defined by
A =RrU.

(a) In this context, the cardinality of 7" is random. Show that E card(T") = m and
derive an upper bound for P(|m — card(T)| > t) when ¢ > 0.
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(b) Let S C [N] with card(S) = s. Setting A = /N/mA = /N/mRrU,
verify that A*A = X Zjvzl 8;X; X%, where (X;), = Uy,;. Use the matrix
Bernstein inequality to derive an upper bound for P(||A5As — Id|s—o > t)
when t > 0.

12.11. Lower bound for the /A;-problem.
Let H € CN*N_ N = 27 be the normalized Hadamard matrix described in
Example 5 and Sect. 12.2. Denote by vi,...,vy € C¥ the columns of H. Let
A C [N] be an arbitrary subset with card(A) = ¢N for some ¢ € (0, 1). Show that
there exists a vector a € C* \ {0} such that

In(N)
1Y agvilla > ¢y — | > avil,

jea jeA

where ¢’ is a constant that only depends on c.
Consequently, the factor In(N)? in (12.88) cannot be improved to a term better than
In(NV) in general.

12.12. Fast Johnson-Lindenstrauss mappings.

Let x1,...,x3 € CV be an arbitrary set of points. Let A be the m x N random
sampling matrix (12.4) associated to a BOS with constant K > 1 and D, € RV*V
a diagonal matrix with a Rademacher vector € on the diagonal where € and A are
independent. Show that if 7. > C~2 In(M) In* (V) then with high probability the
matrix @ = = AD, € C"™*¥ provides a Johnson-Lindenstrauss embedding in

vm
the sense that

(1= n)llxj —xxll3 < [@x; — Sxil|3 < (1+m)|x; —xx[3  forall j,k € [M].



Chapter 13
Lossless Expanders in Compressive Sensing

In this chapter, we introduce another type of matrices that can be used when
reconstructing sparse vectors from a limited number of measurements. They are
adjacency matrices of certain bipartite graphs called lossless expanders. These ob-
jects are defined in Sect. 13.1, where some of their useful properties are established.
In Sect. 13.2, we resort to probabilistic arguments to show that lossless expanders
do indeed exist. Then, in Sect. 13.3, we prove that using their adjacency matrices as
measurement matrices allows for a stable and robust reconstruction of sparse vectors
via £1-minimization. One of the nice features of this approach is that the robust null
space property can be proved directly in the /1 -setting without resorting to auxiliary
tools such as restricted isometry properties. Section 13.4 shows the stability and
robustness of a thresholding-based algorithm. Finally, Sect. 13.5 presents a simple
sublinear-time algorithm.

13.1 Definitions and Basic Properties

Throughout this chapter, we consider bipartite graphs, i.e., graphs G = (L, R, E)
where each edge e := ji € E connects a left vertex j € L with a right vertex
i € R. Removing vertices if necessary, we assume that every vertex is attached
to an edge. The sets L and R are identified with [N] and [m], respectively, where
N := card(L) and m := card(R). The degree of a left vertex is the number of right
vertices it connects with. A bipartite graph is called left regular with degree d if all
left vertices have the same degree d (see Fig. 13.1). For such left d-regular bipartite
graphs, given a set J C [N] of left vertices, the cardinality of the set

E(J):={ji€ Ewithj € J}
of all edges emanating from J is exactly
card(E(J)) = d card(J).

S. Foucart and H. Rauhut, A Mathematical Introduction to Compressive Sensing, 435
Applied and Numerical Harmonic Analysis, DOI 10.1007/978-0-8176-4948-7_13,
© Springer Science+Business Media New York 2013
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2
3 1

4 2 J=1{2,4,8}
5 3 R(J) = {1,3,4}
6 4

7 /

8

Fig. 13.1 A left regular bipartite graph with left degree two

The set
R(J)={i € R: thereisaj € J with ji € E}
of right vertices connected to J satisfies
card(R(J)) < d card(J).

Equality occurs if and only if no two edges emanating from J share a common
right vertex. In the typical situation where the number IV of left vertices is much
larger than the number m of right vertices, such an equality cannot be met for large
sets J. However, we shall see that an almost-equality can be met for small sets J.
This almost-equality constitutes the expansion property, and left regular bipartite
graphs with this property are called lossless expanders. The precise definition is
given below. We stress the difference between this concept and the better-known
concept of expanders which involves classical (nonbipartite) graphs—see Notes
section.

Definition 13.1. A left regular bipartite graph with left degree d is called an
(s,d,0)-lossless expander if it satisfies the expansion property

card(R(J)) > (1 — ) d card(J) (13.1)

for all sets J of left vertices such that card(J) < s. The smallest # > 0 for which
the expansion property holds is called the sth restricted expansion constant and is
denoted by 6;.
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It is readily seen that the restricted expansion constants satisfy
0=0 <0< <0 <0Osp1 < <On.

It is also possible to compare the constants #; of higher order in terms of the
constants 6, of lower order, similarly to Proposition 6.6 for restricted isometry
constants.

Proposition 13.2. Given a left d-regular bipartite graph, for integers k,s > 1,
Ors < (k— 1)bas + 0.

Proof. Let T be a set of left vertices satisfying ¢ := card(T") < ks. We partition T
asT = Sy U---USy, where each Sy satisfies s, := card(Sy) < s. We have

card(R(T))_card< U R(Sz))

1<¢<k

> Z card(R(Se)) — Z card(R(Se,) N R(Se,))-

1<¢<k 1< <5<k

In view of card(R(S¢)) > (1 — 65)ds, and of

card(R(Sg, )NR(S¢,)) = card(R(Sy, )) + card(R(Sy,)) — cardR(Sg, U Sy,)

< ngl —+ ngQ — (1 — 925)d(341 + 852) = 925d(8g1 —+ 852),
we then obtain

card(R(T)) > Y (1—0)dsg— > Oaud(se, +50,)

1<t<k 1<0 <2<k
O2sd
=(1-0,)dt— 5 Z (8¢, + 50,) — Z (56, + 8¢,)
1<41,02<k 1<l <k

=(1—6,)dt — 922sd( Z (kse, +1t) — 2t)

1<6,<k

— (1 —0)dt — 2222kt —2t) = (1 — 0, — (k — 1)0y,)dt.
0.)d 9225dk 0, — (k — 1)09)d

This shows that 05 < 05 + (k — 1)65, as announced. O

We now formulate two lemmas and a corollary to be used in Sects. 13.3 and 13.4.
They all formalize the intuition that collisions at right vertices are rare in a lossless
expander.
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Lemma 13.3. Given a left d-regular bipartite graph, if disjoint sets J and K of left
vertices satisfy card(J) + card(K) < s, then the set

E(K;J):= {j_z € E(K)withi € R(J)}
is small in the sense that
card(E(K; J)) < 6sds.

Proof. We partition the set Ey of edges emanating from J U K into three distinct
subsets:

e The set E; of edges emanating from J

e The set Ey of edges emanating from K and whose right vertices are not
connected to any left vertex in J

e The set F5 of edges emanating from K and whose right vertices are also
connected to left vertices in .J

We need to bound the cardinality of the set F(K;J) = FEs. In view of
card(Ey) = dcard(J U K) = d(card(J) + card(K)) and card(E;) = d card(J),
we have

card(FE3) = card(FEy) — card(F;) — card(Fs) = dcard(K ) — card(Fz). (13.2)

We now observe that each right vertex i € R(K) \ R(J) gives rise to at least one
edge emanating from K whose right vertex is not connected to any left vertex in J,
so that

card(E3) > card(R(K) \ R(J)) = card(R(J U K)) — card(R(J)).

We now take

card(R(J)) < dcard(J)
card(R(JUK)) > (1 = 0)dcard(JUK) = (1 — 0)d (card(J) + card(K))

into account to derive the inequality
card(Fz) > (1 — 0)d card(K) — 0d card(J). (13.3)
Substituting (13.3) into (13.2), we conclude that
card(FEs) < 0d (card(K) + card(J)),

which is the desired result. O
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Lemma 13.4. Let S be a set of s left vertices in a left d-regular bipartite graph.
Foreachi € R(S), if (i) € S denotes a fixed left vertex connected to i, then

E'(S):={jie E(S):j#3)}
is small in the sense that
card(E'(S)) < 05 ds.
Proof. The set E(S) of edges emanating from S is partitioned as E(S) = E'(S) U
E"(S), where E"(S) = {{(i)i,i € R(S)}. Since card(E(S)) = ds and

card(E"(S)) = card(R(S)) > (1 — 6;)d s, we conclude that card(E’(S)) =
card(E(S)) — card(E"(S)) < 0, d s. O

Corollary 13.5. Given a left d-regular bipartite graph, if S is a set of s left vertices,
then the set

R1(S) :={i € R(S) : there is a unique j € S with ji € E}
of right vertices connected to exactly one left vertex in S is large in the sense that
card(R1(S5)) > (1 — 26,)d s.

Proof. Fixing a left vertex £(i) € S for each i € R(S) as in Lemma 13.4, any
i € R>2(S) := R(S) \ R1(S) gives rise to at least one edge in E’(S). Thus,
card(R>2(95)) < card(E’(S)) < 6, ds, and we consequently have card (R, (5)) =

<
card(R(S)) — card(R>2(S5)) > (1 — 26;) d s. O

13.2 Existence of Lossless Expanders

In this section, we prove that lossless expanders with parameters relevant to
compressive sensing do exist. As a matter of fact, we prove that most left regular
bipartite graphs are lossless expanders, i.e., that random left regular bipartite graphs
are, with high probability, lossless expanders.

Theorem 13.6. For 0 < & < 1/2, the proportion of (s,d, 0)-lossless expanders
among all left d-regular bipartite graphs with N left vertices and m right vertices
exceeds 1 — ¢ provided that

d= [% 1n(%)—‘ and mzc(;sln(g),

where cg is a constant depending only on 0.
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Proof. Since each of the left vertices j € [/N] connects to a set R(j) C [m] of d
right vertices, the total number of left d-regular bipartite graphs is

N
m
(2)
Among these graphs, a graph fails to be an (s, d, §)-lossless expander if there is a
set J C [N] with 2 < j := card(J) < s such that card(R(J)) < (1 — 0)dj, i.e.,

R(J) C I forsomeset C [m]with card(]) =r; := [(1 —6)dj] — 1.

For fixed sets I and J, the number of left d-regular bipartite graphs satisfying the

latter is
r; J m N—j
d d '

Taking the union over all possible sets I and J, we see that the number of left
d-regular bipartite graphs that are not (s, d, 8)-lossless expanders is at most

S

Therefore, the proportion of graphs that are not (s, d, #)-lossless expanders among
the left d-regular bipartite graphs is at most
) J

® N\ [m
p = Pi, where p,; = < >< )

Using the simple inequalities of Lemma C.5, namely,

() <()=(3)

we obtain, foreach 2 < j < s,

With the choice ¢y = 2¢2/9 /6, we now observe that

()
(%)

2 eN ) .
mZeQ/Galn(g)SZeweds and 1, <(1-0)dj<dj.
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Taking 7 < s into account, we derive

j N j N
pi< (Y ceow (4 T NV eng( T )T
T\ e2/9d s N\ J e2/9s
.\ 0d\ 7 AN -\ 0d—1\ 7
:<ﬂe—ed(z> ) S(ﬂﬁ(z) ) :<g(z> ) <o
J s 7 eN \s s

It follows that

S S oo 52
_ . J J —
p—ZpJSH ES_ 5—1_8<a,
Jj=2 Jj=2 Jj=2
which is the desired result. O

To obtain a result where the targeted probability does not enter the number of
measurements, one can simply make a specific choice for ¢, e.g.,e = s/(eN).

Corollary 13.7. A bipartite graph with N left vertices and m right vertices drawn
at random among all left d-regular graphs where d := [21n(eN/s)/0] satisfies
0s < 0 with probability at least

s
1-— 2
elN

provided that, for some constant cj, depending only on 6,

N
ch’esln(e—).
s

The constants in Theorem 13.6 and Corollary 13.7 are ¢y = 2¢%*/¢/6 and
cy = 4€%/? /0. They become extremely large when 6 is small. We are now going
to improve this dependence on 6. To this end, we change the probability model for
the selection of right vertices connected to a left vertex j € [N]. Precisely, for each
J € [N], we choose d random elements of [m] independently, allowing repetition.
The resulting graph may not be left d-regular, i.e., we may have card(R(j)) < d
for some j € [N]. However, once the expansion property (13.1) is established, it
suffices to artificially add edges to ensure that card(R(j)) = d for all j € [N],
hence to create an (s, d, §)-lossless expander.

Theorem 13.8. There exist (s, d, 0)-lossless expanders with N left vertices and m
right vertices provided that

2

d= {; 1n(%)—‘ and mz%sln(%).
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Proof. Under the probability model just described, we want to prove that
p =P (card(R(J)) < (1 — #)d card(J) for some J C [N] with card(J) < s)

is smaller than 1. For a fixed J C [N] with j = card(R(J)) < s, we define
pj :=P(card(R(J)) < (1 — 6)dj), so that the union bound yields

<5 (=5 ()

We think of the right vertices connected to J as a sequence (i1,%2,...,%q4) of
independent random elements of [m] produced one at a time. In view of possible
repetitions within (i1, 42, . . ., 4;), a count of the cardinality of R(J) gives dj minus
the cardinality of the set I of i, that have appeared earlier. Since the probability that
a fixed ¢, has appeared earlier is

dj

—
m

‘-1
P(i¢ € {i1,...,ie-1}) < — <
we obtain, setting ¢; := [0dj | + 1,
pj = P(card(I) > 6dj) = P(card(I) > t;)
(@) =) () =G () -G
The conditions on d and m imply that

o< 3n () < dn ()

It now follows that

N .\ 0dj .\ 0d~ j 2 N\ 0dN
J J —od(J S J
<[ = <= = < < <

where the last step used d > 21In(eN/s)/6. Finally, we deduce that

=2 (Fawm() ) 2G0T ) =20 -

J=1

It remains to remark that 1/(e — 1) < 1 to conclude the proof. O

The dependence on 6 being set aside, Theorem 13.8 is optimal in the sense that
the existence of a lossless expander forces the number m of right vertices to satisfy
m > csln(eN/s) for some ¢ > 0, as we shall see in Corollary 13.14.
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13.3 Analysis of Basis Pursuit

In this section, we prove that lossless expanders provide suitable measurement
matrices for basis pursuit. These matrices are the adjacency matrices of the bipartite
graph, defined as follows.

Definition 13.9. The adjacency matrix of a bipartite graph G = ([N], [m], E) is
the m x N matrix A with entries

1if ji€E,
Aij =
0if jigE.

It is completely equivalent, and sometimes more appropriate, to think of an
(s,d,0)-lossless expander as a matrix A populated with zeros and ones, with d
ones per column, and such that there are at least (1 — 6)dk nonzero rows in any
submatrix of A composed of k < s columns. Because of their zero—one structure,
such matrices present some advantages over subgaussian random matrices; notably
they require less storage space and they allow for faster computations. They also
allow for stable and robust sparse recovery, as established below. As usual, perfect
recovery is obtained in the particular case where the vector x is exactly s-sparse and
the measurement error 7 equals zero.

Theorem 13.10. Suppose that A € {0,1}™*¥ is the adjacency matrix of a left
d-regular bipartite graph satisfying
1

9% < 6.

Forx € CN and e € C™ with ||le||y < n, if y = Ax + e, then a solution x* of

minimize ||z|1  subjectto ||[Az —y|1 <n
zeCN

approximates the vector x with {1-error

2(1 — 26) 4
[x — x| < mas(x)l + mn'

According to Theorem 4.19, this is a corollary of the following result.

Theorem 13.11. The adjacency matrix A € {0,1}™*N of a left d-regular
bipartite graph satisfies the {1-robust null space property of order s provided
025 < 1/6, precisely

209 1

< -
Vsl < 7= 10, vzl +

=054 AVl (13.4)
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forallv € CN and all S C [N] with card(S) = s.
We isolate the following two lemmas for the proof of Theorem 13.11.

Lemma 13.12. Let A € {0,1}™*N be the adjacency matrix of a left d-regular
bipartite graph. If S and T are two disjoint subsets of [N] and if x € CV, then

[(Axs)r(ryllt < Osted (s +1) x50,

where s = card(S) and t = card(T).

Proof. We estimate the term || (AXs)r(1)[1 as

I(Axs)remy i = 3 1(Axs)il = Y Lieriy | i
=1

i€ R(T) j€s
<D Vicray Y igien o]
i=1 j€Ss
= Z Z 1iicr(r) and ﬁeE}|$j| = Z |51
JES i=1 JIEE(S;T)
< card(E(S;T)) [[Xs | oc-
The conclusion follows from the bound on card(E(S; T')) of Lemma 13.3. O

Lemma 13.13. Let A € {0,1}™*N be the adjacency matrix of a left d-regular
bipartite graph. Given an s-sparse vector w € CV, let w' € C™ be defined by
w; = Wy, 1€ [m], where

(i) := argmax{|w;|,ji € E}.
JE[N]

Then
[Aw — w'[[1 < 05 d|w].
Proof. We may and do assume that the left vertices are ordered such that

jwi] > Jwa| 2 -+ 2 |ws| = Jwega| = -+ = lwny| = 0.
In this way, the edge £(¢) i can be thought of as the first edge arriving at the right
vertex i. Since the vector w € C¥ is supported on S := [s], and since £(i) € S
whenever i € R(S), we have
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(Aw — w') ZAuwa wis) = D L7ier and je(i)y i
jeSs

Thus, we obtain

m

1AW = w1 =D 1> e and je)y Wi | < Z Y Liien and jrei Wil
i=1"jes i=1jeS
- Z (Zl {jicE and . ¢é(z)}>|w7| = ch|w7|
JjeSs

m
where ¢; ==,

—1 177 p and jzeyy- Forall k € [s], we observe that

k k m
e =33 1 and jruey = card ({77 € E([K)). # €(i)})

j=1 j=1i=1
<6Osdk, (13.5)
where the last inequality was derived from Lemma 13.4. Setting Cy = 0 and

performing a summation by parts, we have

ch |wj|:Z(O Cij—1 |U’J|—ZO|U’J| ZCJ 1|w;]
j=1 j=1

S s—1 s—1
=3 Cilwil = > Cilwja] =D Ci(lwj] = [wjsa]) + Cslws.
=1 =0 =1

Since |wj| — |w;+1| > 0, the bound (13.5) yields

s s—1
ch |w; | <Z€ dj(lwj] — Jwjsi1]) + 65 ds|w5|—29 d|w;|, (13.6)
j=1 7=0 Jj=1

where the last equality was derived by reversing the summation by parts process
after replacing c; by 6,d. The result is proved. O

We are now ready to prove the key result of this section.

Proof (of Theorem 13.11). Let v € CV be a fixed vector, and let S be an index set
of s largest absolute entries of v, S7 an index set of next s largest absolute entries,
etc. It is enough to establish (13.4) for S = Sy. We start by writing
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dllvelli =d > fosl= Y Jul= > > Iyl

J€So Fi€EE(So) i€R(So) JE€S0
JicE
= Y bl XX wh aw
i€R(So) 1€R(S0) j€So\{€(4) }
ji€eE

where the notation of Lemma 13.13 has been used. We now observe that, for
1€ R(So),

(Av)i= D Aigoj= D v=) D wi=vmt D vt ) v
FEIN] JE[N] k>0 jESk FE€So\{£(i)} k>1j€8k
Ji€E Jji€E Jji€E Ji€E

It follows that

oy < D Tl Y0 Y Tl + [(Av)l.

JESo\{£(i)} k>1 j€Sk
ji€eE ji€E

Summing over all i € R(Sy) and substituting into (13.7), we obtain

dlvs i< 2 > > Jul+d] D0 D vl +Av]. (13.8)

i€R(S0) j€So\{€(%)} k>1i€R(So) JESK
Ji€E jJi€EE

For the first term in the right-hand side of (13.8), we apply Lemma 13.13 to
w = |vg,| (e, w; = |v;|if j € Sp and w; = 0 otherwise) to obtain

Yo Y yl=lAw Wi <bd|wli=06:d|vs . (13.9)

i€R(So) jE€So\{€(i)}
ji€E

For the second term in the right-hand side of (13.8), we apply Lemmas 13.12
and 6.10 to obtain

Yoo > il =) IAsDasylh <D asd2s [vs,lle

k>14i€R(So) JE€Sk k>1 k>1
ji€eE

< 2025d Y |[ve, Il < 202 d||V]|1. (13.10)
k>1

Finally, substituting (13.9) and (13.10) into (13.8), we deduce
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dl[vs,lly < 20sd|[vs,llr + 202 d|[v]ly + [[Av]:
< 4025d v, [l + 262 d vl + [[AV]1.

Rearranging the latter leads to the desired inequality (13.4). a

To close this section, we highlight that the exact s-sparse recovery by basis
pursuit using lossless expanders provides, in retrospect, a lower bound for the
number of right vertices in a lossless expander.

Corollary 13.14. For s > 2 and 0 < 1/25, an (s, d, 0)-lossless expander with N
left vertices must have a number m of right vertices bounded from below by

m > %s In (CQGN)

s
for some absolute constants cq,co > 0.

Proof. Let us consider k := |1/(250)] > 1 and s’ := |s/2| > 1. According to
Proposition 13.2, we have

4 1
Osrsr <4kbay <4kO < — < —.
thet S A0 S ARUS 95 <5
Therefore, Theorem 13.10 implies that every 2ks’ sparse vector x € RY is
recovered fromy = Ax € R"™ via ¢;-minimization. Theorem 10.11 then implies
that, withc = 1/1n9,

N
m>cks In (41{5’)'

In view of 1/(500) < k < 1/(250) and of 2s/3 < s’ < s/2, we conclude that

N (259N)
=756 T )
which is the desired result with ¢; = ¢/75 and co = 25/2. O

13.4 Analysis of an Iterative Thresholding Algorithm

In this section, we prove that lossless expanders provide suitable measurement
matrices for other algorithms besides basis pursuit. First, in the real setting, we
consider a variation of the iterative hard thresholding algorithm. Precisely, starting
with an initial s-sparse vector x” € R¥, typically x° = 0, we iterate the scheme

x" = H (x" + M(y — Ax™)). (13.11)
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The nonlinear operator M = M is the median operator, which is defined
componentwise by

(M(z)); := median|z;,i € R(j)] forz € C™and j € [N].

Here, R(j) = R({j}) denotes the set of right vertices connected to j, and the
median of the d numbers z;, i € R(j), is defined to be the [d/2]th largest of these
numbers. The properties of the algorithm (13.11) are very similar to the properties
established in Sect. 6.3 for the iterative hard thresholding algorithm.

Theorem 13.15. Suppose that A € {0,1}™*¥ is the adjacency matrix of a left
d-regular bipartite graph satisfying

1
Oz, < —.
T

Then, for x € RN, e € R™, and S C [N] with card(S) = s, the sequence (x")
defined by (13.11) with y = Ax + e satisfies, for any n > 0,

T

where p < 1 and T depend only on 0ss. In particular, if the sequence (x™) clusters
around some x! € RN then

D
Il = x| < Cos(x)1 + — el

for some constants C, D > 0 depending only on 0s..

The proof relies on the fact that the median operator approximately inverts the
action of A on sparse vectors. We state this as a lemma involving the slightly
more general quantile operators Q. in place of M = Qrg/o7. It is defined
componentwise by

(Qk(2)); = qi[zi,i € R(j)] forz e C™andj € [N],
where the quantile g, denotes the kth largest element, i.e.,

Qlar, .-, ad] = aram

if  : [d] — [d] is a permutation for which ar(1) > ar(2) > --+ > ar(q). We will
use the following observations, to be established in Exercise 13.10:

lgk[ar, ..., ad)] < arllarl,- .., laall; if 2k <d+1, (13.13)

bty

qlbr, ..., ba] < - if b; > 0 for all j. (13.14)
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Lemma 13.16. Let A € {0,1}™*N be the adjacency matrix of a left d-regular
bipartite graph and let k be an integer satisfying 20,d < k < (d+1)/2. If Sisa
subset of [N with size s, then

20d

< — .
gl < 20 (13.15)

1
sl + =5 295d”eR(S)”1

[(Qk(Axs +e€) —x)

forallx € RN and all e € R™.

Proof. According to the definition of Qj, and to (13.13), we have

H(Qk(Axs +e)— x)S||1 = Z ’qk[(Axs +e),i€ R(j)] — :Cj}

jeSs

= |ar[(Axs)i + e; — 2,1 € R(j)]|
jeSs

<Y gk [[(Axs)i — xj + eil,i € R()]
JES

=S af Y wtel|icr()
j€s T tes\(5)
CicE
We now proceed by induction on s = card(S) to show that the latter is bounded
above by the right-hand side of (13.15). If s = 1, i.e., if S = {j} for some j € S so
that there is no £ € S'\ {j}, we have the stronger estimate

QkH Z Tote;

€S\ {5}
LiceE

. . . : 1
i € RG)| = aulled i € RG] < Zlleng) .

where we have used (13.14). Let us now assume that the induction hypothesis holds
up to s — 1 for some s > 2, and let us show that it holds for s, too. For S C [N]
with card(S) = s and for j € S, we introduce the set

Ri(j,8)=RG)\ |J R
LeS\{j}

of right vertices connected only to j in S. We recall from Corollary 13.5 that
> card(R1 (4, 5)) = card(Ri(S)) > (1 — 26,)ds. (13.16)
j€S

Thus, there exists j* € S such that r := card(R1 (5%, S)) > (1—26,)d. This means
that there are at most d —r < 26d right vertices in R(j5*)\ R1(j*,.S). By definition
of gy, there exist k distinct i1, . .., 4, € R(j*) such that, for all h € [k],
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0 H S oa+ e‘z e R(j*)} < ‘ Yo +eih‘. (13.17)
LeS\{5*} LeS\{i™}
TicE TincE

Atleast k' := k — (d —r) > k — 205d elements among i1, . . ., i) are in Ry (j*, S).
Averaging (13.17) over these elements ij, keeping in mind that there are no
e S\ {j*} with £4, € E in this case, we obtain

QkH Z Te+e;

eS\{5*}
LieFE

. . 1
i€ R(j )} < m”em(ﬁ,sﬂh- (13.18)

On the other hand, if 7" := S\ {j*} andif j € T', we have

> mal=| 3wt lgepe el
LeS\ {5} teT\{j}
ticE ticE

Applying the induction hypothesis with S replaced by T and e; replaced by e} =
1{E€E}x]‘* + e; gives, in view of ;1 < 6,

o 20,d 1 ,
Z%H Z xo+ei|,i € R(J)} < k——29sd”XT”1 + m”eR(T)”l'
jeT eS\{j}

i€l
(13.19)
In order to bound [|€% ) [|1, we observe that
Z lGier = Z l{ﬁeE and jscE for some jeT}
i€R(T) i=1
= Z 1i5ieE for some jery = card(R(G") \ R1(j%, 5)) < 20.d,
iER(5*)
which allows us to derive
ekl < D 1gmemlzi-l + lermll < 20sd|z50 | + ller) |-

i€R(T)

Taking this bound into account in (13.19) and summing with (13.18) give

quH Z xg—l—ei,ieR(j)}
JES LeS\{j}
li€E

:quH > ;Cg—l—ei,iER(j)}'f‘QkH > iw-f—@i‘,iER(j*)}

JET £eS\ {5} LeS\{j"}
licE LieE
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1

20.d
+ llerenylli) + m”eRl(j*,S)Hl

k — 20,d
< 2 sl + ——llens)|
s _

=k —20,d" T 20,4 SN

1
HXT|\1+,€_—M(

where the fact that R, (5%, S) and R(T") are disjoint subsets of R(.S) was used in the
last inequality. This concludes the inductive proof. a

Proof (of Theorem 13.15). We are going to prove that, for any n > 0,
1—p)7
It sl < gl —xslh + L Axg vel 320

We use the triangle inequality and the fact that x" 1 is a better s-term approximation
than xg to u" ! := (x" + M(y — Ax"))pnt1, where T := S U supp(x™) U
supp(x"*1), to derive that

[x" = xg [ < X" —u" |+ lxg — a1 < 2flxs —u o
Sincey = Ax + e = Axg + € with € := Axg + e, Lemma 13.16 implies that

%" = x5l < 2[[(xs — x" = M(A(xs —x") +€))pnia |1
403.d I "+ 2
404 s
[d/2] — 203,d" " " Td/2] = 205.d
< 8935
— 1 — 465,

el

l[xs —x"l1 + e[lx.

ol
(1 - 465,)d
This is the desired inequality (13.20) with p := 863,/(1 — 4655) < 1 and
7 :=4/(1 — 1203). The estimate (13.12) follows immediately by induction. Next,
if x* is a cluster point of the sequence (x™),,>0, we deduce

T T T
Ix* = xg1 < FlIlAXg el < Jl|Axg]: + Slle]l,

where we choose S as an index set of s largest absolute entries of x. In view of the
inequality

m N

lAv]: ="

m N
i=11j= '

N
< Zzai,j|vj| = dlvj| = d||v}1
1

j=1i=1 j=

@i,jV;
1

applied to v = xg, it follows that
r
I = xll < fIxglh + 1%F = xs]l1 < (1+ 7)o () + el

This is the desired estimate with C' = 1+ 7and D = 7. O
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13.5 Analysis of a Simple Sublinear-Time Algorithm

The relative simplicity of the algorithm of Sect. 13.4 is counterbalanced by the
nonoptimality of its runtime. Indeed, the dimension N enters at least linearly when
forming x™ + M(y — Ax™). One aims, however, at exploiting some features of
the measurement matrix in order to devise algorithms with a smaller runtime than
linear in N, for instance, polylogarithmic in NV and polynomial in s. Such algorithms
are called sublinear-time algorithms. This section illustrates that sublinear-time
algorithms are indeed possible, although the most sophisticated ones are not
presented. As a first indication of this possibility, we consider the special case of
1-sparse vectors. We introduce the bit-tester matrix B € {0, 1}V, f:=[log,(N)],
defined by

where b;(j) € {0, 1} denotes the ith digit in the binary expansion of j — 1, i.e.,

G=1=0be()27 " +be1 ()27 + - + b2(4)2 + b1(j)- (13.21)
If x = e; is a canonical unit vector, then the value of j is deduced from the
measurement Be; = [b1(j),...,be(j)]" via (13.21). Moreover, if the support of

x € CV is a singleton {5} and if we append a row of ones after the last row of B to
form the augmented bit-tester matrix

bi(1) -+ b1 (NV)

B — . :
be(1) -+ be(N)
1 .- 1
then the measurement vector B'x = x;[b1(4),...,be(5),1]" allows one to

determine both j and z; using only a number of algebraic operations roughly
proportional to log,(NN). This simple strategy can be extended from 1-sparse
vectors to s-sparse vectors with s > 1 using lossless expanders. Precisely, given
a matrix A € {0,1}™*Y with d ones per columns, we first construct a matrix
A’ € {0,1}"*N whose m’ = m( + 1) rows are all the pointwise products of
rows of A with rows of B’, precisely

Aliy@es1y+hy = BrjAig, i€ [m], ket+1], je[N].  (13.22)
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Next, given y € C™, we construct a sequence of vectors (x™) starting with x° = 0
and iterating the instructions:

s Forall i € [m] satisfying v; := (y — A'X");(¢41) # 0, compute the integer

¢
. 1 n _
Ji=1+ ” E (v — A'X™) i1y ey +6 2871

! k=1
o If there exist » > d/2 distinct right vertices i1,---,i, € [m] such that
(Jirsviy) =+ = (Ji,» vi,) =2 (J, v), set

x;”l =z +v.
The procedure stops when v; = 0 for all ¢ € [m], i.e., when A’x"™ = y. If A is
the adjacency matrix of a lossless expander and (neglecting stability and robustness
issues) if y = A’x for some exactly s-sparse x € C", then the algorithm recovers
the vector x in a finite number of iterations, as shown below. The number of
measurements approaches the optimal value ¢ slog,(N/s) up to the logarithmic
factor log, (V).

Theorem 13.17. If m' > cslogy(N/s)logy(N), then there is a measurement
matrix A’ € {0, 1}m/XN such that the procedure described above reconstructs
every s-sparse vectorx € CV fromy = A’'x with a number of algebraic operations
at most proportional to s? logy(N) log, (N/s) log,(s).

Proof. Let A € {0,1}™*¥ be the adjacency matrix of a left regular bipartite
graph satisfying 6, < 1/16, and let d denotes its left degree. According to
Theorem 13.6, such a matrix exists provided m =< slogy(N/s). Let A’ €
{0,1}™*N be the matrix constructed in (13.22). Its number of rows satisfies
m' =m(+ 1) < slogy(N/s)logy(N). We claim that if (x™) is the sequence pro-
duced by the algorithm described above and if S™ := supp(x — x™), then we have
card(S™*1) < card(S™)/2, so that x™ = x when i1 = [log,(s)].

To justify this claim, we observe that elements ¢ ¢ R(S™) do not produce any
change from x™ to x" 1 since

vi = (A (= xX"))iepr) = D Algpn,(x—x"); = D Aij(x—x"); =0.
jesn jesn

Next, we prove that elements i € R;1(S™) = UjesnR1(j, S™) create many
zero entries in x — x" 1. Indeed, let i € Ry(j*,5™) for some j* € S™, ie.,
the right vertex ¢ is connected only to the left vertex j* in S™. We have, for any
kelt+1],
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(v = A'X")iny ek = (A (x = x")) i1y ey ok

= Z A(z 1)(Z+1)+k,7 -x"); = Z By ;A j(x —x");

jeSn jesn

= By jr (x = x");-
In particular, since By ;= = 1, setting k = £ + 1 yields

(y = AX")jee1) = (x = x")j= #0.
Furthermore, since By, j« = by(j*) for k € [£], we obtain

y4

D= A ek 2" Zbk )25 (x = x™);-

k=0
= (* — D(x— X"

This means that v; = (x — x");+ and that j; = j*. Therefore, it follows that
(x = x"T1)je = @je — (2} + v;) = 0 provided card(Ry(j*,S™)) > d/2.1f ¢
denotes the number of such j*, Corollary 13.5 implies that

(1 —26;)dcard(S™) < card(Ry(S™)) = Z card(Ry(4,S™))
jesn

<td+ (card(S™) —t)d/2,

which yields ¢ > (1 — 46,) card(S™). Therefore, at least (1 — 46;) card(S™) zeros
entries of x — x™ ! are created by elements i € R;(S™).

Finally, we take into account that elements ¢ € R(S™) \ R1(S™) may potentially
corrupt zero entries of X — x™ to nonzero entries of x — x™*!. For a corruption to
occur, we need a group of at least d/2 elements in R(S™) \ R;(S™), which has size
at most 260,d card(S™); hence, the number of corruptions is at most 46 card(S™).
Putting everything together, we deduce the desired claim from

card(S™ 1) < card(S™) — (1 — 46,) card(S™) + 46, card(S™) = 86, card(S™)

d(sm™
<car2( )

It now remains to count the number of algebraic operations the procedure
requires. At each iteration, we notice that the first step requires O(m(s + £s)) =
O(sml) operations, since the sparsity of x™ ensures that each component of
A’x™ can be computed in O(s) operations, and that the second step requires
O(s) operations, since the previous argument ensures that at most O(s) entries
change from x” to x" 1. Overall, the total number of algebraic operations is then
O(nsml) = O(logy(s)s? logy(N/s) logs(N)). 0
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Notes

Some authors use the terms unbalanced expander or left regular bipartite expander
instead of lossless expander. We opted for the terminology of [279]. As already
pointed out, a lossless expander is different from an expander. We present here
two equivalent definitions of the latter. They both concern an undirected graph
G = (V,E), with set of vertices V' and set of edges E, which is d-regular in
the sense that the number d of edges attached to a vertex is the same for all
vertices. For 0 < p < 1, the combinatorial property defining a u-edge expander
is card(FE(S, S)) > pdcard(S) forall S C V with card(S) < card(V)/2, where
E(S, S) denotes the set of edges between S and its complement S. For 0 < \ < 1,
the algebraic property defining a A-expander uses its adjacency matrix A defined
by A; ; = 1 if there is an edge connecting ¢ and j and A; ; = 0 if there is none.
Note the usual identification of V' to [n] with n := card(V). Since the matrix A /d is
symmetric and sfochastic, i.e., it has nonnegative entries summing to one along each
row and along each column, it has n real eigenvalues A\; = 1, Ao, ..., A, ordered
as |A1]| > |A2] > -+ > |An|. The graph G is then called a A-expander if |A3| < A
or equivalently if its spectral gap 1 — |X2| is at least 1 — A. The combinatorial
and algebraic definitions are equivalent, since a A-expander is a (1 — \)/2-edge
expander and a pi-edge expander is a (1 — p?/2)-expander. We refer the reader to
[19, Chap. 21] for more details on the subject.

The use of probabilistic methods to prove that lossless expanders exist is
part of the folklore in theoretical computer science. For instance, the result of
Theorem 13.8 is stated in [101]. To date, there are no explicit constructions
of lossless expanders with optimal parameters, but there are deterministic (i.e.,
computable in polynomial time) constructions of (s, d, 6)-lossless expanders with
d = (log(N)log(s)/6)'+1/* and m =< d?s' T for any a > 0; see [251].

The stable null space property for adjacency matrices of lossless expanders was
established by Berinde et al. in [41]. We mainly followed their arguments to prove
the robust null space property in Theorem 13.11, except that we did not call upon
the /1 -restricted isometry property that they established first—see Exercise 13.5.

The algorithm (13.11) is a modification of the sparse matching pursuit algorithm
proposed by Berinde et al. in [42]. The analysis of the latter is also based on
Lemma 13.16; see Exercise 13.11. The way we proved Lemma 13.16 differs from
the original proof of [42]. There are other iterative algorithms yielding stable
and robust reconstruction using adjacency matrices of lossless expanders; see the
survey [285] by Indyk and Gilbert. For instance, the expander matching pursuit
algorithm of [286] precedes the sparse matching pursuit algorithm and runs in
linear time, while the HHS (heavy hitters on steroids) pursuit of [225] runs in
sublinear time. The sublinear-time algorithm of Theorem 13.17 is taken from [41]
and the one of Exercise 13.12 from [291], but they were not designed with stability
in mind. There are also sublinear-time algorithms for matrices other than adjacency
matrices of lossless expanders; for instance, [261,262,287] deals with partial Fourier
matrices.
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Exercises

13.1. Show that the expansion property (13.1) for card(S) = s does not necessarily
imply the expansion property for card(S) < s.

13.2. Let A € {0,1}™*" be a matrix with exactly d ones per column. With
aj,...,ay denoting these columns, suppose that (a;,a;) < ud for all distinct
i,j € [N]. Prove that A is the adjacency matrix of a left d-regular bipartite graph
satisfying 05 < (s — 1)p/2.

13.3. Prove that a left d-regular bipartite graph is an (s,d, (d — 1)/d)-lossless
expander if and only if, for any set S of left vertices with card(S) < s, one can
find for each j € J an edge ji; in such a way that the right vertices i, j € S,
are all distinct. You may use Hall’s theorem: For finite subsets X, Xo,..., X, of
aset X, one can find distinct points z; € X, zs € Xa,...,z, € X, if and only if
card(Ugex X) > card(K) forall K C [n].

13.4. Let R>;(S) be the set of right vertices connected to at least & left vertices
of a set S in a left d-regular bipartite graph. Prove that the graph is an (s, d, 6)-
lossless expander if and only if » -, card(R>x(S)) < 0dcard(S) for any set S
of at most s left vertices. Deduce that card(R>2(5)) < 6d card(S) for any set S of
at most s left vertices if the graph is an (s, d, 8)-lossless expander.

13.5. Prove that the m x N adjacency matrix A of an (s, d, #)-lossless expander
satisfies the property that

d(1 —20)|z||; < ||Az|: < d||z||; forall s-sparse z € CV,

which can be interpreted as a scaled restricted isometry property in ;.

13.6. For a fixed § > 0, suppose that a measurement matrix A € {0, 1}™*¥
satisfies 05(yA) < § for some v > 0. Let ¢ and r denote the minimal number of
ones per columns of A and the maximal number of ones per row of A. Show that
L rm
c< —.
- N

Observe also that ¢ > (1 — §)/~? by considering a suitable 1-sparse vector. Then,
by considering any vector in {0, 1} with exactly s ones, deduce that

c<—1+5ﬂ.
—1-6s

Next, by considering a suitable vector in {0, 1} with exactly ¢ := min{r, s} ones,
observe that

>

1+6<1+
2 T 1

t < [

[« 9}
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Separating the cases r > s and r < s, conclude that

m > min{%g N, (%2)232},

so that matrices populated with zeros and ones do not satisfy the classical restricted
isometry property in the parameter range relevant to compressive sensing.

13.7. Let A € {0,1}™*" be the adjacency matrix of a left regular bipartite
graph and let S C [N] be a fixed index set. Suppose that every nonnegative
vector supported on S is uniquely recovered via ¢;-minimization using A as a
measurement matrix. Prove that every nonnegative vector x supported on S is in
fact the unique vector in the set {z € RY : z > 0, Az = Ax}.

13.8. Extend Theorem 13.10 to the case of a measurement error considered in
£,-norms, p > 1. Precisely, given the adjacency matrix A of a left d-regular bipartite
graph such that 655 < 1/6, forx € C and y = Ax + e with ||e|, < 7, prove that
a solution x¥ of

minimize ||z||;  subjectto ||Az —y|, <7
zeCN

satisfies

2(1 — 26) (1 + 4 siUp
1-60) VN T W —66)d a/r

||X_Xﬁ||l < 7.

13.9. For the adjacency matrix A € {0,1}™*¥ of a left regular bipartite graph,
let A’ € {—1,1}*" be the matrix obtained from A by replacing the zeros by
negative ones. Given x € C", prove that the solutions of the two problems

minimize ||z||; subjectto Az = Ax,

minimize ||z|[; subjectto A’z = A'x,

are identical.

13.10. For the quantiles gy, prove the inequalities (13.13), (13.14), as well as

qrlat, ..., aq) < qr[b1, ..., bd) ifa; < b, forall j,
q2k[a1 +b1,...,ad+bd] < qk[al,...,ad] +qk[b1,...,bd] ifaj,bj > 0 for all j.

13.11. Establish an analog of Theorem 13.15 when 64, < 1/20 for the sparse
matching pursuit algorithm consisting in the scheme

u" = Hyo(M(y — Ax™)), x" "= H (x" +u™™h).
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13.12. Let A € {0,1}™*% be the adjacency matrix of an (s,d,6)-lossless
expander. If 6 is small enough, prove that every s-sparse vector is recovered from
y = Ax in a finite number of iterations of the algorithm:

* Foreach i € [m], compute
v = (y — Ax");.
o Ifthere are iy, ...,i, € R(j) withr > d/2and v;, = - - =v;, =:v #0, set

n+l _ _n
z; —:vj—i—v.



Chapter 14
Recovery of Random Signals using Deterministic
Matrices

In this chapter, we change the point of view and work with a deterministic
measurement matrix but treat the sparse signal to be recovered as random. In
particular, the support set of the sparse vector (and additionally the signs of the
nonzero coefficients) is chosen at random. In this scenario, the coherence of the
measurement matrix only needs to obey mild conditions, much weaker than the ones
outlined in Chap. 5 for the recovery of all s-sparse vectors. We recall that these
conditions together with the lower bound of Theorem 5.7 lead to the quadratic
bottleneck: arguments based on the coherence necessarily require a number of
measurements m > Cs2. In contrast, we will see that, with high probabil-
ity, recovering a random s-sparse vector using /;-minimization is possible with
m > CslIn(N) measurements, provided the coherence satisfies 11 < c¢(In N)~L.
The latter condition is satisfied for many deterministic constructions of measure-
ments and is indeed much milder than the optimal achievable bound p < em~/2,
Moreover, the coherence has the advantage of being easily evaluated for an
explicitly given matrix.

The results in this chapter are weaker than the ones of Chap. 5 in the sense
that they apply only to most signals instead of to all signals, but they show that
the deterministic bounds using coherence may be somewhat pessimistic even if no
bounds on the restricted isometry constants are available. Moreover, our analysis
reveals that conclusions from numerical experiments for the performance evaluation
of measurement matrices have to be handled with care, as testing with randomly
chosen sparse signals does not necessarily give much information about recovery
of all signals or about the restricted isometry constants of the matrix. Indeed,
our results apply also to examples of measurement matrices from Chap. 12, for
which there exist s-sparse signals that cannot be recovered from fewer than cs?
measurements; see, €.g., the discussion after Proposition 12.4. Nevertheless, most
s-sparse signals can be recovered from far fewer samples.

Recovery results for random signals are especially important in the context of
sparse approximation, where the matrix A takes the role of a redundant dictionary
and y € C™ is a signal that has a sparse representation in terms of the columns of

S. Foucart and H. Rauhut, A Mathematical Introduction to Compressive Sensing, 459
Applied and Numerical Harmonic Analysis, DOI 10.1007/978-0-8176-4948-7_14,
© Springer Science+Business Media New York 2013
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A, ie., y = Ax. In such context, one cannot design A. Since it is hard to verify
the restricted isometry property for deterministic matrices in the optimal range of
parameters, recovery conditions for random signals that overcome the limits of
their deterministic counterparts are essential. Nevertheless, such types of bounds
are also relevant in the context of compressive sensing when A takes the role of
a measurement matrix that can be designed—especially in situations where good
bounds for the restricted isometry property are not (yet) available.

In Sect. 14.1, we derive bounds on the conditioning of a random column
submatrix of a given matrix. The methods build on moment bounds, decoupling,
and matrix deviation inequalities developed in Chap. 8. In Sect. 14.2, we then
develop guarantees for ¢;-minimization based on Corollary 4.28 for the recovery
of individual sparse vectors.

14.1 Conditioning of Random Submatrices

Throughout this chapter, we assume that A = [ai]...|]ay] € C™N is a
measurement matrix with ¢o-normalized columns (i.e., ||a;||2 = 1) and coherence

M:Iil§z<|<akaae>|-

We will use two probability models for selecting a random support set S C [N]:

¢ Uniform Model. The set S is selected uniformly at random among all subsets of
[N] of cardinality s < N.

* Bernoulli Model. Choose § = s/N, and introduce independent Bernoulli
selectors ¢, j € [N], that take the value 1 with probability § and the value 0
with probability 1 — §. Then define the random set

In this model, the cardinality of S is random but its expectation satisfies
E card(S) = s due to the choice 6 = s/N. By Bernstein’s inequality (Corollary
7.31), the size of S concentrates around s as

a st?/2
B(|card($) - s| 2 tv/5) = B(| (65 — 8)| 2 tv5) < 2exp (‘W)

< 2exp(—3t?/8), for0 <t </s.

To verify that Bernstein inequality applies, note that E(6; —d) = 0, [0; — | < 1,
and E(d; —6)> =5 — 62 <d=s/N.

The first probability model may be more intuitive because the cardinality of S is
always s, but the second probability model is easier to analyze because of the
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independence of the Bernoulli selectors §;. In any case, both probability models
are closely related as we will see below.
We are interested in the conditioning of A g, i.e., in the operator norm

[AsAs —Ids|l2-2.

We have the following probabilistic bound on this norm.

Theorem 14.1. Let A € C™*YN, m < N, be a matrix with {s-normalized columns
and coherence p. Let S be a subset of [N] selected at random according to the
uniform model with card(S) = s or to the Bernoulli model with E card(S) = s.
Assume that, forn, e € (0, 1),

n
< .
B=vzey (14.)
2
s n
ZJAE ., <e—— 14.2
NH HQ—)Z — CIH(N/E), ( )

for an appropriate constant ¢ > 0. Then, with probability at least 1 — ¢,
[AsAs —Ids|l2—2 < 7.

Remark 14.2. The proof reveals the more precise estimate

. s s
P([ASAs —Tds]laws > crput oy [ = [ AlF 5 + 20| All50)

< e3N*exp(—u)

with ¢; =~ 4.8078, c2 ~ 11.21 and ¢3 =~ 70.15.
In order for Theorem 14.1 to be valuable, the quantity %[|A[3_,, should be
small. Let us briefly comment on this condition. We note that tr (A*A) =
> ¥ llaj[3 = N and that

tr (AA*) < MAmax(AA*) = m||AA* o0 = m||A]|5,,, (14.3)

so that taking tr (A*A) = tr (A A*) into account gives

A3 >

3=

. (14.4)

Equality holds if and only if equality holds in (14.3), i.e., if and only if all the
eigenvalues of AA* are equal to N/m. This means AA* = (N/m)Id,,; in other
words, the columns of A form a unit norm tight frame.
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Unit norm tight frames appear frequently in the context of sparse approximation,
for instance, as union of several orthonormal bases. In the important case of unit
norm tight frames, we therefore have

S S
VAl = —. (14.5)

There are also relevant examples where A does not form a tight frame but where
at least ||A||3_,, is close to its lower bound N/m, so that (14.2) still represents a
reasonable condition on m.

Choosing the probability ¢ = N1, say, Condition (14.2) then becomes the
familiar one

m > en ?sln(N),
while (14.1) is only a very mild condition on the coherence of A, namely, p <
enln™H(N).
We now return to Theorem 14.1 and its proof, which we develop in several steps.
Let us start with some notation. We introduce the hollow Gram matrix

H=AA-1Id,

which has zero diagonal because A has ¢s-normalized columns by assumption. Let
P = Pg be the projection operator onto 5, i.e., for x € CNV,

xp ifl €S,

(Px)e = {o if0¢ 8.

With this notation we observe that
[AsAs —Ids|[22 = [|[PHP||22.

We analyze the Bernoulli model and later reduce the uniform model to the Bernoulli
model. Note that P is the random diagonal matrix

P = dlag[617 -;61\/];

where the §; are independent Bernoulli selectors with Ej; = 6 = s/N. We will
bound the moments of | PHP||5_,2. We use decoupling to overcome difficulties in
the analysis which arise from the double appearance of P. Theorem 8.12 implies
that, forp > 1,

(E|[PHPI|5_,,)"? < 2(E|PHP|3_,)"/”,

where P’ is an independent copy of P. Then the matrix B = P’H is independent
of P. We first derive a moment estimate for | BP||2_,2 with general fixed B.
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Lemma 14.3. Let B € CN*¥ and let P be a random diagonal matrix of
independent Bernoulli variables with mean 6 € [0, 1]. Then, forp > 2,

(EIBP5_,)"/? < C(CaN)*Py/B(E|BPIF_)" " + V5| B 2.

The constants satisfy C < 1.0310 and Cy < 4.1878.

Proof. With by, ..., by denoting the columns of B, we observe that
N
IBPI3_,, = |BPB"[|22 = || > 6;b,b} 22,
j=1
since P = P2. Taking expectation followed by the triangle inequality and

symmetrization (Lemma 8.4) yields, for r» > 1,

N N
(EIBP|57,2)"" < (B[ Y _(8; — 6)bsbj[l5-2)"" + 6> b;jbj|la
Jj=1 Jj=1
N
<2(E[ Y €;0,b;b3[15,0)" " + 6 BB* |2,
j=1

where € is a Rademacher sequence. The tail inequality for matrix Rademacher sums
(Proposition 8.20) states that, conditionally on 6,

N
Pe(| Y €j0;b;b}||2m > to) < 2Ne /2, >0,

j=1
where
al 1/2 al 1/2
o = 1225725, = 1 a7 IbslIEbby 0,
=1 j=1
al 1/2
< max {5j1bsll2} [ > 60511, = IBP 152l BP 2.
j=1
Hereby, we have applied the explicit expression (A.11) of the norm || - |[1—2. It

follows from Proposition 7.13 that, for r > 1,

1/r
N
Ee|l Zejisjbjb}fﬂgw < C1(CoN)Y"\/7||BP|| 12| BP|22

j=1
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with C; = e'/(?9e1/2 ~ 0.729 and Cy = 2Cy 5 = 2/me'/® ~ 4.1878. Taking
expectation also with respect to d and applying the Cauchy—Schwarz inequality
yield

N
E|l Y ;8ibib}ll5,, < CoN - Cir"/(BIBPi,,) "/ (B BP|57,,)"/>.
j=1
By combining the above estimates and choosing r = p/2 we arrive at

N
(EIBP5_,2)*" < 2(E|| D _ ¢;0;b;b5[152)"" +6B5 5

j=1
< 2(CoN)T OV (EBP|T,,) Y BT (B BP50,,) 47 + 6(IBJ13_, .
= 2(C2N)*?C1\/p/2(E||BP|7_,,) /P (E|BP|5_,5)"/" + 5| B35

Setting E := (E|BP||5_,)"/?, this inequality takes the form E? < oF + f.
Completing squares gives (E — a/2)? < a?/4 + f3, so that

E<a/24+a?/4+ B <a+/B. (14.6)
We conclude that
(E|BP][5_,5)"/" < (C2N)*PV2C1 /p(E|BP|}_ )" + 62| Bl22.

This finishes the proof. O

The above lemma requires a moment bound for || BP||; 2. Noting that we will
later use B = P'H, we actually need to estimate ||P’'HP||;_,2 = |P'B||;2 with

B = HP. The next lemma requires the norm
| B max := max |Bj k|,
7,k

i.e., the /,,-norm over all matrix entries.

Lemma 14.4. Let B € CN*¥ and let P be a random diagonal matrix of
independent Bernoulli variables with mean 6 € [0, 1]. Then, forp > 2,

(EIPBI}_,»)"" < C32N)*/?/p(EIPB|50) ' ” + VO Bllise  (147)
with C3 = 2(2¢)~1/? = 0.8578. Moreover; for u > 0,

P(|PB|12 > V25||B|12 + 2||B|lmaxu) < 4N2e74". (14.8)
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Proof. Similarly to the previous proof, we set E = (E|PB|}_,)"/? and r = p/2.

Symmetrization (Lemma 8.4), the explicit expression for || - |12, and the triangle
inequality yield
1/r
E? 0;|B
152?13‘] Z | Bji|?)
N 1/r

<2 | EsE. max 1> ediBal|" | +6IBIT .. (14.9)

Jj=1

Estimating the maximum by a sum and using the Khintchine inequality (8.9), we
arrive at

1/r N N 1/r
E. max ‘Zejé | Bjx|? ‘ < ZEE |Z€j5j|Bjk|2|T
k=1 j=1

1/r

N N
<2Vrem 2y |y (Z5j|Bj-,k|4)r/2

k=1 j=1

< 21/r€—1/2\/;]\]1/r max (max5 |Bj, k|2) 25 | By |?

kE[N
€[N] JE[N =

< (2N)1/T€71/2\/FHPB”maXHPB”1—>2'

By the Cauchy—Schwarz inequality,

EsE. mmﬂ§:q5ﬁm41<2Né””T”UNPBMMJUQ@WPBMHQUQ

Altogether, we have obtained

E? < 2¢7'2(2N)Y"V/r(E|PB|,) Y 7 (EIPBL,) Y + 6B,

max)
2¢2(2N)*/P\/p/2(E|PB|[%,0) P E + 8| B[3 -

As above, since solutions to E? < oF + 3 satisfy (14.6), we reach

E < 2(2)/?(2N)*/? /B(E|PB,,,) "7 + /2B 1so.

de)

Although the probability bound (14.8) with slightly worse constants can be deduced
from (14.7), it is instructive to derive it via moment-generating functions. For 6 > 0,
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we obtain, by applying symmetrization (Lemma 8.4) with the convex function
F(u) = exp(f maxy, |ug|),

N
Eexp(0(|PB|i_; — 6|B7.,,)) <Eexp | 20 max | > €i0i|Binl?|
=1

PB”%~>2)7

ax|

N N
<D Eexp (20D 60| Bl| | < 2NEs exp(26°||BJ7,
k=1

Jj=1

where in the last step we have used the fact that Z;VZI €j|Bj k|? is subgaussian by

Theorem 7.27. Assuming that 20||B||2,,. < 1/2, Holder’s (or Jensen’s) inequality
gives

exp(—00||B||_,5)Elexp(6] PB|2_,,)] < 2NE[exp(6]|PBI|%,,/2)]
1/2
< 2N (Elexp(0]PB|2_,,)]) ">

Rearranging this inequality results in

1
E[QXP(H(”PBH%HQ - 25HBH%»2))} <4N? forall 0 < < 4|BJ]2

max

Markov’s inequality together with the choice § = 1/(4||B||2,...) yields

max

B([PB?.,, — 26|B[?,, > t) < 4NZe~ = 4NZe~ /(B

Taking square roots inside the probability above and substituting u=+/7/(2||B||max)
imply

B([PB|15 > V26|Bl12 + 20|B axts) < 4N,

This completes the proof. O

Proof (of Theorem 14.1). We first derive a moment estimate for || PHP||2_,5. Using
the decoupling inequality (8.18) (noticing that H has zero diagonal) and applying
Lemma 14.3 twice, we obtain, for p > 2,

(E[PHP|;_,)"/" < 2(E|PHP'||_,,)"/?

1/p
< 2 (Ep (C(CoN)¥* /pEp/ [PHP'[1_,, + V3| PH]2-.2)")

< 20(C2N)*/P\/p(E[PHP'|[]_,)"" + 2Vo(E[HP|5_,,)"/?

< 2C(CaeN)*7 /B(E|PHP'|[F_,,)"/? +2V6 - C(CeN)>7\/p(EI[HP[}_,,)"/?
+ 20| H|[3 .
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Hereby, we have also used that ||HP||2—,2 = ||(HP)*||2—2 = ||PH]||2—2 since H
and P are self-adjoint. Next we exploit the properties of H. Since p = ||H||max, We
have ||PHP’||uax < p for any realization of P and P’. Moreover,

[Hl[152 = [A*A = Id[[152 < [A*Al|152 = max [A*ag2 < [[All2-2

because the columns a;, are {5-normalized. It follows that
[HP |12 < |H|[152 < [|A]l252 (14.10)
for any realization of P. Furthermore,
[H2-2 = [|A*A —Td|[2-2 = max{1, |A]5, — 1} < [|A[5,

because ||A]|3_,5 > N/m by (14.4). An application of Lemma 14.4 conditionally
on P’ leads to

(E|PHP'|[}_,)"/? = (Ep Ep|PHP'|]_,,)"/”
< (Er (Co@N /7 B(Ep [PHP[£,,0/% + VBIHP|10)")
< C3(2N)*P /Dl Hllmax + VO Hl1 5.
Combining the previous estimates, we arrive at
(E|PHP|5_,,)"/?
< 20(CoN)/p (Co(2N)7 /| HL s + V3 L] 152
+20(CaN)*/P/poE|[H]|1 52 + 26 H] 22
< (2CoN*/7 (Cuppe+ Co/p3l| Al + 20 Al3)
with Cy = 2003 = 2%/, /2/e - 2(2e)"1/? = 4e'/(29)~1 ~ 1.7687 and
Cs = 4C = 4e'/(9)/2]/e ~ 4.1239. It follows from Proposition 7.15 that, for
u > 2,
B(IPHP||> . > eCapiui -+ eCs VB Alls o/ + 28| Al13,) < CoN* exp(—u)
with Cg = (2C5)? ~ 70.15. This implies that

|PHP||22 <7

with probability at least 1 — ¢ provided

eCapln(CgN*/e) < /6, eCsV3||Al2a—2y/In(CsN*/e) < 4n/5,
2¢6]|A|3_,2 < 1/30.
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The first two relations are equivalent to

B
07 111(06]\]4/6)

772

Cs In(CoN/e)’ (14.11)

S|l AlG, <

with C7 = 6eCy =~ 28.85, Cg = 2562052/16 ~ 196.35. Then (14.11) also implies
2¢8||Al|3_,5 < 1/30. Noting that § = s/N finishes the proof for the Bernoulli
model.

For the uniform model, we proceed similarly to the proof of Corollary 12.38
to bound the probability by the one for the Bernoulli model. Let Pp denote the
probability in the Bernoulli model and Py ,- the one in the uniform model, where S
is selected uniformly at random among all subsets of cardinality . Then, for ¢ > 0,

Pp(|[PHP|2—2 > 1)

N
= ZPB(HPSHPS|\2_>2 > t|card(S) = r) Pg(card(S) =r)
r=0

N
>3 Ps(|PsHPs|2s2 > t card(S) = r) Pp(card(S) = r)

r=Ss

N
= Py, ([PsHPs22 > t) Pp(card(S) = r). (14.12)

T=Ss

Since the norm of a submatrix does not exceed the norm of the full matrix (see
Lemma A.9), we have | PsHPg||2—2 < |Ps:HPg/||2—2 whenever S C S’ C [N].
This implies that

Pyri1(|PsHPs|22 > t) > Py (|PsHPg||2—2 > t).

Moreover, since s is an integer, it is the median of the binomial distribution (see
(7.6)), so that

N
> Pp(card(S) =r) = Pp(card(S) > s) > 1/2.

It follows that
1
Pp(||PHP|[2—2 > t) > §PU.,S(HPSHP5||H2 > ).

This implies the claim for the uniform model. O
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14.2 Sparse Recovery via £;-Minimization

Based on the previous result on the conditioning of random submatrices, we derive
recovery guarantees for random sparse vectors via ¢;-minimization. Here, we
choose both the support of the vector and the signs of its nonzero coefficients at
random.

Theorem 14.5. Let A € C™*N, m < N, be a matrix with {s-normalized columns
and coherence 1. Let S be a subset of [N| selected at random according to the
uniform model with card(S) = s or to the Bernoulli model with E card(S) = s.
Let x € CN be a vector supported on S for which sgn(xg) is a Steinhaus or
Rademacher vector independent of S. Assume that, for n,e € (0,1),

c

#< W, (14.13)
ZIAIZ,, < —< (14.14)
N 272 = In(N/e)’ ‘

for an appropriate constant c > 0. Then, with probability at least 1 — ¢, the vector
X is the unique minimizer of ||z||1 subject to Az = Ax.

Explicit constants can be found in the proof. We recall from (14.5) that for a unit
norm tight frame, relation (14.14) is satisfied under the familiar condition

m > Csln(N/e).

Only the mild condition (14.13) is imposed on the coherence.

Proof. The proof relies on the recovery result for vectors with random signs in
Proposition 12.15, which in turn builds on the recovery conditions for individual
vectors in Corollary 4.28. We are hence led to bound the term

max |ALar]; = max | (A5As) " Agal
Les Les

for a random choice of S. If || A5Ag — Idg|l2—2 < 7, as analyzed in the proof of
Theorem 14.1, then [[(A%As) ™! 2—2 < (1 — 1), and we obtain the bound

i -1 "
max ||[ALa <(1- max ||[Acayl|o.
ax [Alala < (1= 1) max | Aga

Using H = A*A — Id and the projection P = Pg as in the previous section, we
realize that

max [Asaell2 = [PH(Id — P)[l1-2 < [[PH[1-2.
€
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Assuming the Bernoulli model with § = s/N for now, Lemma 14.4 implies that

P([PH||12 > V20| Hll1o + 2| H]maxu) < 4NZe™

Since |H||max = p and ||H|[12 < ||A]|2—2 (see (14.10)), we therefore obtain
P(|PH|| 12 > V20| Allan + 2uu) < 4NZe . (14.15)

It follows from Proposition 12.15 that, for any o > 0, the probability of failure of
reconstruction via £;-minimization can be bounded by

P(max || Afal| > a) + 2Ne™ "/
les
<2Ne 2 L P(|A5As — Ids|ase > 3/4) + P([PH| 112 > a/4),
(14.16)

where we have set 7 = 3/4 in the inequalities in the beginning of this proof.
Let Cs ~ 70.15, C7 ~ 28.85, C's ~ 196.35 be the constants from the proof of
Theorem 14.1; see (14.11). With « = 1/,/21In(2CsN*/¢), the first term in (14.16)
is bounded by €/Cs. Assume further that

3/4 3/4
<27 and VO|Allsss < :
H= Crm(2C5N/e) [Allz—2 < Cs In(2CsN*/z2)

(14.17)
Then, by Theorem 14.1,

P([[A5As — Idsll2—2 > 3/4) < /2.
The second inequality in (14.17) also implies

V26| Al|am2 < 1o

with ¢; = 3/(2C§/2) ~ 0.107. Furthermore, with ¢ = 0.14 and v = Cy
VIn(2Cs N4 /¢) for Co = v/2¢5C7 /3 ~ 1.904, we have 2uu < caa, so that

V28] Al|a—s + 2uu < (¢1 4 c2)a < /4.
Therefore, by (14.15), we deduce

P(|PH||1-2 > a/4) < P(|[PH|l1-52 > V26[|A 122 + 2uu) < AN? exp(—u?)

= 4N? exp(—C21In(20sN*/e)) < 4N?

€
206]\74 = 25/06-
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Altogether the failure probability is bounded by €/Cs + £/2 + 2¢/Cs < e. This
completes the proof for the Bernoulli model.

For the uniform model, we proceed similarly to the end of the proof of
Theorem 14.1 and show that

Pys([PH|152 > t) < 2Pp([[PH|152 > t), (14.18)

where again Py, denotes the probability under the uniform model, for which
subsets .S are selected uniformly at random among all subsets of cardinality s, while
Pp denotes the probability under the Bernoulli model. With this observation, the
proof'is concluded in the same way as above. a

Theorem 14.5 explains why one can expect recovery of s-sparse signals from
m > Cslog(N) measurements under coherence conditions much milder than
the ones of Chap. 5, even in situations when estimates on the restricted isometry
constants are unavailable or known to fail.

Usual numerical performance tests take the support set of the signal and the
nonzero coefficients at random, so that the results of this chapter explain the
high success rate of these experiments. However, conclusions for the recovery
of “real-world” signals from such numerical experiments should be handled with
care. Certainly, Theorem 14.5 still indicates that recovery is possible under mild
conditions, but it is often hard to argue rigorously that the support set of a “natural”
signal is random. For instance, the wavelet coefficients of a natural image follow
the edges of an image, so that the nonzero (large) coefficients are rather organized
in trees. Such tree structure is definitely not random—at least the support set does
not follow a uniform distribution. Therefore, the results of the preceding chapters
holding for all sparse signals remain very important. Moreover, currently available
stability results for random signals are weaker than the ones based on the restricted
isometry property.

Notes

Conditioning of random submatrices (subdictionaries) based on coherence was first
studied by Tropp in [481], where he derived slightly weaker estimates. Indeed, the
bounds in [481] require in addition to (14.2) that uzs In(s) < ¢, which is harder to
satisfy than (14.1) (unless s is tiny, in which case the “quadratic” bounds of Chap. 5
would also be fine). Tropp refined his estimates later in [480] to the ones presented
in this chapter. Using more sophisticated decoupling techniques together with the
matrix Chernoff inequality [486], Chrétien and Darses [118] obtained slightly better
constants than the ones stated in Theorem 14.1 on the conditioning of random
submatrices. Candes and Plan applied Tropp’s result in the context of statistical
sparse estimation using the Dantzig selector, where they also allowed random noise
on the measurements [87]. Tropp’s paper [481] also contains refined results for the
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case where the matrix A is the concatenation of two orthonormal bases. Candés and
Romberg [92] treated the special case of the concatenation of the canonical and the
Fourier basis; see also [482].

Tropp’s original methods in [480, 481] use the noncommutative Khintchine
inequalities (8.114) instead of the tail inequality (8.36) for matrix-valued
Rademacher sums. The “random compression bound” of Lemma 14.3 goes back
to Rudelson and Vershynin [432]; see also [483, Proposition 12].

Analyses of sparse recovery algorithms for random choices of signals have been
carried out as well in the context of multichannel sparse recovery or multiple
measurement vectors [184,241], where the measurement matrix A is applied to
a collection of sparse signals x(1), ..., x(¥) € CN with common support, i.e.,

[y(l)l ...|y(L)] — A[X(1)| ...|X(L)]

and supp(x(¥)) = S for all £ € [L]. In this context a nonzero coefficient is actually
a vector x;, = (:v,(cl), . ,:c,(f)) € C¥ chosen at random (for instance, according to
a multivariate Gaussian distribution or the uniform distribution on the sphere). The
results in [184,241] apply to multichannel variants of ¢;-minimization and greedy
algorithms and predict that the probability of failure decreases exponentially in L
provided that a very mild condition on the number of samples hold. The estimates
outlined in this chapter are partly used in these contributions.

The bound on the conditioning of random matrices of Theorem 14.1 is somewhat
related to the Bourgain—Tzafriri restricted invertibility theorem [66,67]. We state a
strengthened version due to Spielman and Srivastava [449].

Theorem 14.6. Let A € C™*N with {5-normalized columns and o € (0,1) be a
prescribed parameter. There exists a subset S C [N] with

o’N

card(S) > ———
)= A,

such that
(1—a)?[Ix[3 < |Asx|l5

forall x € C5.

The assumptions in this theorem are weaker than the one of Theorem 14.1; in
particular, no reference to the coherence or a similar quantity is made. But the
statement is only about existence of a submatrix with controlled smallest singular
value and not about properties of most (i.e., random) submatrices. Indeed, one
cannot expect Theorem 14.1 to hold without any assumption on the coherence
because a random submatrix of a matrix which consists of a duplicated orthonormal
basis (hence, ¢ = 1) will contain a duplicated column with high probability, so that
the singular value will be zero. Nevertheless, well-conditioned submatrices certainly
exist in this case, such as the submatrix consisting of one copy of the orthonormal
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basis. Further information on the restricted invertibility theorem can be found, for
instance, in [102,484,499].

There is also a relation between Theorem 14.1 and another theorem of Bourgain
and Tzafriri [67] stated next.

Theorem 14.7. Let H € CN*N with |H|2—2 < 1 whose entries satisfy

1
H; | < ——.
| ’k|_1n2N

Let ¢ € (0,1) and let S C [N] of size ¢N be selected uniformly at random. Then
IPsHP |22 < 1/2 with probability at least 1 — N .

In contrast to Theorem 14.1, this result does not only apply to matrices of the form
H = A*A — Id (i.e., with zero diagonal), but it requires a condition on the size of
the matrix entries slightly stronger than (14.1).

Exercises

14.1. Let B € CV*¥ and P be a random diagonal matrix of independent Bernoulli
variables with mean § € [0, 1]. Show that

E|BP||2-2 < v8In(2N)(E|BP|3_)"/? + V3||B|2e.

Hint: Use (8.117).

14.2. Let B € CV*¥ and P be a random diagonal matrix of independent Bernoulli
variables with mean § € [0, 1]. Show that

E|PB|1-2 < v/8In(2N)(E[[PB|2,,)"* + V5| B|[1-2.

14.3. Let A € C™*N, m < N, be a matrix with ¢s-normalized columns and
coherence p. Let S be a subset of [ V] selected at random according to the Bernoulli
model with E card(S) = s. Show that

N s s
E|ASAs —Idgl|l2—2 < 16In(2N)u + \/128 ln(2N)NHAH§H2 +2NHAH§»2-

14.4. Verify (14.18) in detail.



Chapter 15
Algorithms for £;-Minimization

Throughout this book, ¢;-minimization plays a central role as a recovery method for
compressive sensing. So far, however, no algorithm for this minimization problem
was introduced. In Chap. 3, we mentioned that /;-minimization can be recast as a
linear program in the real case (see (P})) and as a second-order cone program in
the complex case (see (P/Ln))' In these situations, standard software is available,
which is based on interior point methods or the older simplex method for linear
programs. Despite the ease of use and the reliability of such standard software, it is
developed for general linear and second-order cone problems. Algorithms designed
specifically for /;-minimization may be faster than general purpose methods. This
chapter introduces and analyzes several of these algorithms. However, we do not
make an attempt to give a complete picture of all available algorithms. The present
choice was made for the sake of simplicity of exposition and in order to give
different flavors of possible approaches. Nevertheless, we give a brief overview on
further optimization methods in the Notes section.

The homotopy method introduced in Sect. 15.1, which is restricted to the real
case, has similarities with the orthogonal matching pursuit, but is guaranteed to
always provide an /;-minimizer. In Sect.15.2, we present an algorithm due to
Chambolle and Pock. It applies to a whole class of optimization problems including
{1-minimization. Our third algorithm, iteratively reweighted least squares, is only a
proxy for ¢;-minimization, and its output may be different from the ¢;-minimizer.
But its formulation is motivated by ¢;-minimization, and in certain cases, it indeed
provides the ¢;-minimizer. Under the stable null space property (equivalent to
exact and approximate sparse recovery via ¢;-minimization), we will show error
guarantees similar to /1 -minimization.

S. Foucart and H. Rauhut, A Mathematical Introduction to Compressive Sensing, 475
Applied and Numerical Harmonic Analysis, DOI 10.1007/978-0-8176-4948-7_15,
© Springer Science+Business Media New York 2013
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15.1 The Homotopy Method

The homotopy method computes a minimizer of the ¢;-minimization problem

min ||x||; subjectto Ax =y (15.1)
x€RN

in the real case, that is, for A € R™*N and y € R™. Moreover, a slight variant
solves the quadratically constrained ¢;-minimization problem

min ||x||; subjectto |[Ax —y|l2 < 7. (15.2)
x€RN
For A > 0, we consider the ¢;-regularized least squares functional
1
R(x) = 5 Ax = y5 + Alxl, x e RY, (15.3)

and denote by x, a minimizer of F\. We will see below that if A\ = A is large
enough, then x5 = 0. Furthermore, we essentially have limy_,0X) = x!, where x!
is a minimizer of (15.1). A precise statement is contained in the next result.

Proposition 15.1. Assume that Ax = y has a solution. If the minimizer x*
of (15.1) is unique, then

lim x), = xt.

A—0t

More generally, the x are bounded and any cluster point of (xy, ), where (\y,) is
a positive sequence such that lim,, .o A, = 07, is a minimizer of (15.1).

Proof. For A\ > 0, let x, be a minimizer of F) and x* be a minimizer of |z||;
subject to Az = y. Then

1
§HAX>\ —yl5 4+ Alxalli = Fa(xa) < F)\(Xﬁ) = )\qu||1. (15.4)

This implies that
Ixalle < [1xHs, (15.5)

so that (x) is bounded and (x,, ) possesses a cluster point x’. Inequality (15.4)
also implies that

1
5[l = ylI3 < Al
Letting A — 0 shows that [|[Ax’ — y|[2 = 0, that is, Ax" = y. Exploiting (15.5)

yields ||x'||; < ||x*||; and, by definition of x*, this means that ||x||; = [|x*||;.
Therefore, also x” minimizes ||z||; subject to Az = y. If the £;-minimizer is unique,
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then x’ = x*, and this argument shows that any subsequence of (x, ) converges to
x¥; hence, the whole sequence (x, ) converges to x*. 0

The basic idea of the homotopy method is to follow the solution x from x5 = 0
to x*. As we will show below, the solution path A — x, is piecewise linear, and it
is enough to trace the endpoints of the linear pieces.

By Theorem B.21, the minimizer of (15.3) can be characterized using the
subdifferential defined in (B.11). The subdifferential of F) is given by

OF\(x) = A" (Ax —y) + Ad||x||1,
where the subdifferential of the ¢;-norm is given by
ox|ly = {v e RN : v, € 9|xy|, £ € [N]}.
Hereby, the subdifferential of the absolute value is given by
if z#£0
ol [ fsm(2)} itz £0,
12 { [~1,1] ifz=0.

A vector x is a minimizer of F) if and only if 0 € OF)(x); see Theorem B.21. By
the above considerations, this is equivalent to

(A" (Ax —y))e = —Asgn(z) ifxy #0, (15.6)
|((A"(Ax —y))e| <A ifzy =0, (15.7)

forall £ € [N].

The homotopy method starts with x() = x, = 0. By condition (15.7), the
corresponding X is chosen as A = \(9) = || A*y|| .

In the further steps 7 = 1,2, . . ., the algorithm varies A, computes corresponding
minimizers x("), x(?), .. ., and maintains an active (support) set S;. Denote by

cl) — A*(Ax(jfl) -y)

the current residual vector and, as usual, by V1, ..., V the columns of A.

Step 3 = 1: Let

(W .= argmax |(A*y),| = argmax |c§1)|. (15.8)
£€[N] £e[N]

One assumes here and also in the further steps that the maximum is attained at
only one index ¢. This is the generic situation—at least if A and y are not integer
valued, say. We will comment later on the case where the maximum is simulta-
neously attained at two or more indices ¢ in (15.8) or in (15.9), (15.11), (15.12)
below.
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Now set S; = {¢/(V}. We introduce the vector V) € R describing the
direction of the solution (homotopy) path with entries

d)) = [lag |3 2sen((A"y)en) and  dV =0, £ D).
The first linear piece of the solution path then takes the form
x=x(7) =xV +7dM = 4a®, ye0,4),

with some (1) to be determined below. One verifies with the definition of d(*)
that (15.6) is always satisfied for x = x(7) and A = A(y) = A9 — ~,~ € [0, \O)].
The next breakpoint is found by determining the maximal v = ~() > 0 for
which (15.7) is still satisfied, that is,

+ A(0) (1) A0 _ (D
AW = min ta G , (15.9)
e | 1— (A*AdD)," 1+ (A*AdD),

where the symbol n;gn indicates that the minimum is taken only over posi-
tive arguments. (There will always be at least one positive argument due to
the assumption that the maximum in (15.8) is taken at only one index.) Then
x(M) = x(yM) = (MDA is the next minimizer of Fy for A = \(1) := \(0) —~ (1),
This AV satisfies A = ||c(?]|... Let £(?) be the index where the minimum
in (15.9) is attained (where we again assume that the minimum is attained only
at one index), and set Sp = {¢(1), 02},

Step j > 2: The new direction d) of the homotopy path is determined by
A5 As, dg; - —sgn(cgjj) ). (15.10)

This amounts to solving a linear system of equations of size |S;| x |S;|, where

|S;| < j. Outside the components in S, we set dy) =0, ¢ ¢ S;. The next linear
piece of the path is given by

x(7) =xU7 4 4ad"), 4y e0,49).

To verify this, we note that (15.6) for x = xU~1) implies that sgn(c(sj;)il) =

—sgn(xgjj)) and that (15.7) for x = xU~1) implies that || = AG~D for
an index ¢ that has possibly been added to S;_; to obtain S;; see below. Hence,
(A*(AxU=D —y)), = )\(jfl)sgn(cy)) for all £ € S; (which clearly also holds if
an index has been removed from S;_; to obtain S;; see again below). By continuity
together with (15.7) and (15.6), this implies that necessary and sufficient conditions
for x() to be on the solution path are |A*(A(x(y) — y))¢| < AU=D — ~ for all
¢ ¢ S;and

(A*(Ax(7) —y))e = AU —)sgn(cl)  forall £ € S;.
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One easily verifies these equations with the definition of x() and d). The
maximal v such that x(v) satisfies (15.7) is

+ AG=D () AG-D (4)
7 = min to @t (15.11)
0¢S; | 1— (A*AdW)," 14+ (A*AdW),

The maximal + such that x() obeys (15.6), that is, sgn(c(sjj)) = —sgn(x(7)gi), is
given by

. + ) .
49 = min {—xy‘”/dﬁ,ﬂ} . (15.12)
£€5;,d¥#0

If all arguments in the minimum are nonpositive, this means that

sgn(x (Sml)) = sgn(x (SO) ) 4 'yd(J()J)) for all positive v and we set 'y(j) = oo.

The next breakpoint is given by xU) = x(y0)) with ) = min{wf),vgj)}. If

'yf) determines the minimum, then the index égf) ¢ S; providing the minimum

in (15.11) is added to the active set, that is, S; 11 = 5; U {£{}. 1) = 49 then
the index £ W ¢ S; at which the minimum in (15.12) is attained is removed from the
active set (because X(W(J))em = 0 by definition of ~9), thatis, Sit1 =55\ {éi }.

We update \0) = A=) — ~0) 50 that \O) = ||clH+D) ||
We note that, by construction of the algorlthm the 11near system (15.10) always

has a (generically unique) solution d( ) . It may in principle happen that d(sj) is not

unique (if the minimizer of F\ for the corresponding A is not unique), but then any
()

choice of d S, satisfying (15.10) is suitable.

The algorithm stops when AU) = ||cU*V | = 0, i.e., when the residual
vanishes, and it outputs x* = x(7).

We say that the minimizer £U) € [N] is unique at step j if it is the unique
minimizer of

@ = mingy{, 49

+ )\(jfl) + CEj) )\(jfl) _ ng) + G-1) .
= min { mi _ _ = a1t
o {?é“sl} { 1_(A*AdD), 1+ (A*AdD), eesmj?%#o{ v

The following result about the homotopy method holds.

Theorem 15.2. Assume that the {1-minimizer x* of (15.1) is unique. If the mini-
mizer 09) is unique at each step, then the homotopy algorithm outputs x*.

Proof. Following the description of the algorithm above, it only remains to show
that the algorithm eventually stops. To this end, we note that the sign patterns
sgn(xyo ), j = 1,2,..., are pairwise different. Indeed, if sgn(xy,) = sgn(xx,)
for some A1 > A9 > 0, then it is a straightforward consequence of (15.6) and (15.7)
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that every point on the line segment connecting x, and x, is a minimizer xy
for some A € [A1, \2]. By construction, the points x,;, are endpoints of such line
segments, and since the algorithm adds or removes an element of the support in each
step, the vectors sgn(xy, ) and sgn(x,, ) have to be different. There are only a finite
number of possible sign patterns, and hence, the algorithm eventually stops and the
final parameter is A\("™) = 0. Since x) — x* as A\ — 0 by Proposition 15.1, the final
point X,y = X equals x*. This completes the proof. O

Remark 15.3. (a) The theorem still holds if Ax = y has a solution but the /;-
minimizer is not unique: The homotopy algorithm then outputs one of these
{1-minimizers.

(b) If the minimum in (15.11) or (15.12) is attained in more than one index, then
additional effort is required to compute the next index set S;;;. Denote by
T C [N]\ S; the set of indices ¢ for which the minimum ) is attained
in (15.11) and (15.12) (we only have to consider both (15.11) and (15.12) if
ﬁ’) = 'y(f)). We go through all possible subsets L C 7' and check whether
Sj+1 = S; U L is valid as next support set. This amounts to solving (15.10)
for the corresponding next direction d©) of the solution path and checking
whether (15.6) and (15.7) are satisfied for the potential solution x = x(v) =
xU=1 4 4d0) and A = \U—1) — ~ for some suitable v > 0. When such a valid
S+1 is found, we continue as before.

If the algorithm is stopped before the residual vanishes, say at some iteration j,
then it yields the minimizer of F\ = F)\ (. In particular, obvious stopping rules
may also be used to solve the problems

min ||x||; subjectto ||[Ax —yl|l2 <7, (15.13)

min ||[Ax —y|l2 subjectto [x|; < 7. (15.14)

The first of these appears in (15.2), and the second is called the LASSO (least
absolute shrinkage and selection operator); see Chap. 3.

The LARS (least angle regression) algorithm is a simple modification of the
homotopy method, which only adds elements to the active set at each step. Thus,
'y(f) in (15.12) is not considered. (Sometimes the homotopy method is therefore
also called modified LARS.) LARS is not guaranteed to yield the solution of (15.1)
anymore. However, it is observed empirically in sparse recovery problems that the
homotopy method merely removes elements from the active set, so that in this case
LARS and homotopy perform the same steps. If the solution of (15.1) is s-sparse and
the homotopy method never removes elements, then the solution is obtained after
precisely s steps. Furthermore, the most demanding computational part at step j is
then the solution of the 7 X j linear system of equations (15.10).

In conclusion, the homotopy and LARS methods are very efficient when the
solution is very sparse. For only moderately sparse solutions, the methods in the
next sections may be better suited.
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15.2 Chambolle and Pock’s Primal-Dual Algorithm

This section presents an iterative primal—dual algorithm for the numerical solution
of general optimization problems including the various ¢;-minimization problems
appearing in this book. We require some background on convex analysis and
optimization as covered in Appendix B.

Remark 15.4. We formulate everything below in the complex setting of CV,
although the material in Appendix B is treated only for the real case. As noted there,
everything carries over to the complex case by identifying CY with R?Y. The only
formal difference when making this identification concrete is that complex inner
products have to be replaced by real inner products Re(-, -). Reversely, everything
below holds also if C¥ is replaced by R, of course.

We consider a general optimization problem of the form

min F(Ax) + G(x), (15.15)

xeCN

where A € C™ N and where ' : C™ — (—00,0], G : CN — (—00, ] are
extended real-valued lower semicontinuous convex functions; see Definition B.13
for the notion of lower semicontinuity. (Note that the functions are allowed to take
the value oo so that the requirement of continuity would be too strong.) We will
explain in detail below how ¢;-minimization fits into this framework.

The dual problem of (15.15) is given by

nax F*(&) — G*(—A*¢); (15.16)
see (B.49). Here F'* and G* are the convex conjugate functions of F' and G
(Definition B.17).

Theorem B.30 states that strong duality holds for the pair (15.15) and (15.16)
under mild assumptions on F’ and G, which are always met in the special cases of
our interest. Furthermore, by Theorem B.30, the joint primal-dual optimization of
(15.15) and (15.16) is equivalent to solving the saddle-point problem

xnel(icrllV nax Re(Ax, &) + G(x) — F*(&). (15.17)

The algorithm we describe below uses the proximal mappings (B.13) of F™* and G.
It will be convenient to introduce another parameter 7 > 0 into these mappings by
setting, for z € CV,

Pg(7;2) := Prg(z) = argmin {TG(X) + %Hx - z||§} , (15.18)

xeCN

and P~ (7;2z) is defined in the same way.
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The algorithm below is efficient if the proximal mappings Pp-(7;z) and
Pg(7;2) are easy to evaluate. Note that by Moreau’s identity (B.16), the proximal
mapping associated with F'* is easy to compute once the one associated with F' is.

Primal-Dual Algorithm

Input: A € C™*N convex functions F, G.

Parameters: 0 € [0,1], 7,0 > 0 such that 7o||A[|3_,, < 1.
Initialization: x° € CN,¢° e ¢, %0 = xO.

Iteration: repeat until a stopping criterion is met at n = n:

" = Pp.(0;€" + 0 AX"), (PDy)
X" = Py x™ — TAFEMT, (PDy)
= x" T g(x T — x™). (PD3)

Output: Approximation £* = £" to a solution of the dual problem (15.16),
Approximation x* = x™ to a solution of the primal problem (15.15).

We will analyze this algorithm for the parameter choice § = 1. In the case where
F* or G are uniformly convex, an acceleration can be achieved by varying the
parameters 6, T, o during the iterations; see Notes section.

A possible stopping criterion is based on the primal-dual gap (B.30), which in
our case reads

E(x,€) = F(Ax) + G(x) + F*(£) + G*(—A*€) > 0.

For the primal-dual optimum (x*,£*), we have F(x*,£€") = 0. The condition
E(x™, &) < n for some prescribed tolerance > 0 can be taken as a criterion
to stop the iterations at n.

Remark 15.5. In Examples 15.7(a) and (b) below, F' can take the value oo, so that
E may also be infinite during the iterations and gives only limited information
about the quality of the approximation of the iterates to the optimal solution. In
this case, one may modify the primal-dual gap so that the value co does not occur.
Empirically, a modified primal—dual gap still provides a good stopping criterion.

Note that fast matrix multiplication routines for A and A* can easily be exploited
to speed up the primal—dual algorithm.

A variant of the algorithm is obtained by interchanging the updates for £"** and
x"*1 and carrying along an auxiliary variable £", that is,

X" = Pg(r;x™ — TA*EH),
£"+1 = Pp.(0;&" + 0AX"+1),
_ £n+1 + 9(£n+1 _ Sn)

—n—+1

3
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The algorithm can be interpreted as a fixed-point iteration.

Proposition 15.6. A point (x*, Eﬁ) is a fixed point of the iterations (PD1)-(PD3)
(for any choice of 0) if and only if (x*, Eﬁ) is a saddle point of (15.17), that is, a
primal-dual optimal point for the problems (15.15) and (15.16).

Proof. Tt follows from the characterization of the proximal mapping in Proposi-
tion B.23 that a fixed point (x¥, £*) satisfies

&+ oAx! € & + 0OF* (&),
xf — 7A*¢ e xP + 7OG(xY),

where OF* and OG are the subdifferentials of F'* and G; see Definition B.20.
Equivalently,

0c —Axf +9F* (&%) and 0e A" +0G(xY).

By Theorem B.21, these relations are equivalent to Sﬁ being a maximizer of the
function § — Re(Ax*, £)+G(x*)—F*(¢&) and x* being a minimizer of the function
x — Re(x, A*¢") + G(x) — F*(¢%). This is equivalent to (x*, &) being a saddle
point of (15.17).

These arguments show as well the converse that a saddle point of (15.17) is a
fixed point of the primal—dual algorithm. O

Before continuing with the analysis of this algorithm, let us illustrate the setup
for various £;-minimization problems.

Example 15.7. (a) The ¢1-minimization problem

min ||x|l;1 subjectto Ax =y (15.19)
xeCN

is equivalent to (15.15) where G(x) = ||x||; and where

0 ifz=y,
oo ifz#y,

F@) = xi9y(2) = {

is the characteristic function of the singleton {y}. Note that F is trivially lower
semicontinuous. By Example B.19, the convex conjugates are given by

F*(§) = Re(y, §),

G*(¢) = xppy, (€)= {O ifllclle < 1, (15.20)

oo otherwise.

Since points where the objective function takes the value —oo can be discarded
when maximizing, we can make such a constraint explicit so that the dual
program (15.16) becomes
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(b)
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nax —Re(y,&) subjectto ||A"E|e < 1.
e m

(Note that in Appendix B.5 the dual of the ¢;-minimization problem is derived
in a slightly different way; see (B.32) and (B.33).) The saddle-point problem
(15.17) reads

: Re(Ax — . 1521
Jnin max e(Ax —y, &) + [|x|1 ( )

The proximal mapping of F is the projection onto {y}, that is, the constant map
Pp(o;€) =y forall& e C™.

By Moreau’s identity (B.16) (or by direct computation), the proximal mapping
of F'* is therefore

Pp-(0;€§) =€ —oy.

For the proximal mapping of G(x) = |x||1, we first observe by a direct
computation that the proximal mapping of the modulus function satisfies, for
zeC,

. 1 sgn(z)(|z| —7) if 2| > 7
P.(r;2) = =z — z|? = vise
(75 2) arwgéncln {2|‘T 2"+ T|x|} {0 otherwise,

=: 5,(2), (15.22)
where the sign function is given by sgn(z) = z/|z| for z # 0, as usual. The
function S, (z) is called (complex) soft thresholding operator. (In the real case
itis computed in (B.18).) Since the optimization problem defining the proximal
mapping of || - |1 decouples, Ps(7;z) =: S;(z) is given componentwise by

Po(152)0 = Sr(20), £ €[N]. (15.23)
The primal—dual algorithm for the /;-minimization problem (15.19) reads

& =¢" +o(AX" —y),

XnJrl _ ST(Xn _ 7,1A*€n+1)7

XnJrl — XnJrl 4 9(X"+1 _ Xn).

The quadratically constrained ¢; -minimization problem

m(%:rllV Ix|[1 subjectto ||[Ax —y|l2 <7 (15.24)
x€E
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takes the form (15.15) with G(x) = ||x||; and

0 ifflz—yl2<n,
F(z) = XB(y,m) (z) = {oo otherwise.

The function F' is lower semicontinuous because the set B(y,n) is closed.
Example B.19(d) shows that its convex conjugate is given by

F'(§) = sup  Re(z,§) = Re(y, &) +nll]l2-

zi||z—y|l2<n

The convex conjugate of GG is given by (15.20). The dual problem to (15.24) is
therefore

max —Re(y, §) —n[[¢]l> subject to [[A"¢]|c <1,

while the associated saddle-point problem is given by

i Ax — - . 15.2
Jnin max Re(Ax —y, £) — nll¢]l2 + [|x] (15.25)

The proximal mapping of F' is the orthogonal projection onto the ball
B(y,n).ie.,

Pr(0;§) = argmin [ —£|2
¢eC™:I¢=yll2<n
3 . if [ —yll2 <m,
“VYy+ ——(&—y) otherwise.
1€ =yl

By Moreau’s identity (B.16), the proximal mapping of F'* is given by

0 if |§ — oyll2 < no,

Pr(0;6) = (1 _ |£_77—Zy”2) (€ — oy) otherwise.

After these computations, our primal—dual algorithm for (15.24) reads

é’""'l = Pp- (o’;é’n + UAX”)
0 iffo'€" + AX" —yl2 <,

N 770 n el .
(1 €M+ o(Ax —y) |2) (" +0(AX" —y)) otherwise,

Xn+1 _ ST(Xn _ TA*£n+1),

}—(nJrl _ Xn+1 4 9(Xn+1 _ Xn)'
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(c) Consider the ¢;-regularized least squares problem
min [1x/1 + [l Ax - . (15.26)
xeCN 2

with some regularization parameter v > 0. This problem is equivalent to (15.3)
after the parameter change A = v~ 1. It can be written in the form (15.15) with
G(x) = ||x]||1 and

g
Fz) =2z -yl

The function F' is continuous in this case. It follows either from a direct
computation or from Proposition B.18(d) and (e) together with Example B.19(a)
that

. 1
F*(§) = Rely, ) + - €3
g
The dual to (15.26) is the optimization problem

1 . N
max — Re(y. &) — - [€]3 subject 0 A% < 1,

and the associated saddle-point problem reads

1
i Re(Ax — - —l¢ll3 :
Juin, max e(Ax —y,§) 27||€||2+HXH1

A direct calculation gives

oy n 1
av—i—ly oy+1

Pr(0;§) = 3
By Moreau’s identity (B.16),

Pr-(0;€) =

7+U(€—0y)-

With these relations, our primal—dual algorithm for the numerical solution
of (15.26) is given by

n+1 v n n

= — AX" —

3 7JFU(E +o(AX" —y)),
X" = S (x" — TATE"TY),

inJrl — XnJrl 4 9(X"+1 _ Xn).
In the above examples, x° = % = A*y and €Y = 0 are reasonable starting

points, and if A is normalized, i.e., |A|l2—2 = 1, then suitable parameters are
o = 7 = 1/2. (Note that we can always renormalize the functional so that
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|All2s2 = 1: For instance, with 7 = 7[|Al2,,, A = |A];.5A, and
y = ||All31,y. we have 7||Ax — y||3 = 7||[Ax — y||2.) Determining the best
parameters in a specific situation is a matter of experiment.

The convergence of the primal-dual algorithm is settled by the following
theorem.

Theorem 15.8. Assume that the problem (15.17) has a saddle point. Choose 6 = 1
and o, > 0 such that o||A||3_5 < 1. Let (x", X", £") be the sequence generated
by (PDy)~(PD3). Then the sequence (x",&") converges to a saddle-point (x*, Eﬁ)
of (15.17). In particular, (X™) converges to a minimizer of (15.15).

We develop the proof in several steps. We will require the Lagrangian

L(x,€) = Re(Ax, &) + G(x) — F*(§).

In order to simplify notation, we introduce, for a sequence (u™),,>o (of scalars or
vectors), the divided difference

A= ——— neN,

This term can be interpreted as a discrete derivative with step size 7. We also use
A, for related expressions such as

[ 3 — [lu”|13

T

Ar [ =

We have the following identities which closely resemble corresponding relations for
the usual (continuous) derivative.

Lemma 15.9. Let u,u” € CV, n > 0. Then
2Re(A,u",u" —u) = A, Ju—u"|3 + 7| A u"||3. (15.27)

Moreover, if (v'*),>0 is another sequence of vectors, then a discrete integration by
parts formula holds, namely, for M € N,

M
Z ((Aru™,v™) + (w1 Av™Y)) = (W vM) — (@O, v0).  (15.28)

Proof. Set™ = u™ — u. Then A;u"” = A,u" and
27(Au", 0" —u) = 27(AA", A" = 2(@" —a" A"

— <1~1n _ ﬁn_l ﬁn + ﬁn_1> + <ﬁn _ ﬁn—l ﬁn _ ﬁn—1>

)
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Noting that
Re(@” — a1 a" +a" ) = ") - a3 = 74, "3

completes the proof of the first statement. Next observe that

n on\ _ n—1 ,n—1
Afur vy = WD OEDVED v 4 e A,
T

Summing this identity over all n € [M] and using the telescoping identity
M A (un v = (M vM) — (10, v0) gives the second statement. O

Lemma 15.10. Let (x™,X",£"),>0 be the sequence generated by (PD1)-(PDs3),
and letx € CV, & € C™ be arbitrary. Then, for any n > 1,

1 n 1 n g n T n
S A ll€ = €115 + 5 Arlx = x5 + 5 A" [ + 5 | A-x" I3
< L(x,€") — L(x", &) + Re(A(x" — "), £ - £"). (15.29)

Proof. It follows from the characterization of the proximal mapping in Proposi-
tion B.23 that the iterates satisfy the relations (replacing n + 1 by n)

€ L AR € €7 + 0OF*(E7),
X" TARE" € X" 4 TOG(xX™),

where 0F™* and OG are the subdifferentials of F'* and G. By the definition (B.11) of
the subdifferential (and recalling that inner products have to be replaced by Re(, -)
when passing from the real to the complex case), this implies, for all £ € C™ and
z € CN,

Re(—¢" +€" '+ 0AX" 1 £ —€") < oF* (&) — o F*(£"),
Re(—x" 4+ x""1 — 7A*¢" x — x") < 7G(x) — TG(x"),
or, with our definition of the divided difference,

Re(A,€",€" — &) + Re(AX" ™1, € — £") < F*(§) — F"(£"),
Re(A x",x" —x) — Re(A(x —x"),£") < G(x) — G(x").

Summing both inequalities and exploiting (15.27) yields
1 np2 1 ny2 , 9 np2 T ny2
§Ao||5 =&z + 5A7||x -x"[3+ 5”405 12 + §||ATX 12

< FH(E) - FH(EY) + G(x) — G(x")
+ Re(A(x — x"),£") — Re(AX"1, € — &™)



15.2 Chambolle and Pock’s Primal-Dual Algorithm 489

= (Re(Ax,£") + G(x) — F"(£")) — (Re(AX", &) + G(x") — F'*(£))
+Re(A(x" —x"71), & —¢&").

This finishes the proof. O

Remark 15.11. Inequality (15.29) suggests to ideally set X*~! = x™. However,
this leads to an implicit scheme, where the accordingly modified equations (PD;)
and (PD3) defining the iterations become as hard to solve as the original
problem.

Lemma 15.12. Let (x™,X",&" ), >0 be the sequence generated by (PD1)—(PDs3)
with the parameter choice § = 1, and let x € CN, &€ € C™ be arbitrary. Then,
for M > 1,

M
n 1 1—o7||Al3
S (L")~ Lok €) + o - x| 4 LT Az e e

n=1

M—-1

M
L= UT||A||2 2 non— 1 —or|[All2—2 n
VTN S ey A

I3
1

< —IIX—XOH§+—II€—€OH§- (15.30)
2T 20

Proof. Note that x® — X"~ 1 = x" —x"1 — (x"7! —x""2) = 724, A, x"
72A2x™ for n > 2 and that the formula extends to n = 1 when setting x 1 =

0
x
because by definition X = x°. Summing inequality (15.29) fromn = 1ton = M
gives

1
25 (1€ — M5 — (1€ - €°13) + —(llX xM[3 — [lx - x°|3)
1 & 1
n n—1/2 n n—12
+5;H€ ~¢ H2+Z;HX = X"

M M
<D (L(x,£") = L(x™,€)) +7° > Re(AA2x" € — £"). (15.31)
n=1

Next we exploit the discrete integration by parts formula (15.28) and A, x" = 0 to
reach
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M
73 Re(AAZX", € —£")
n=1
M
=72 Re(AAX"' A£") + TRe(AAxM ¢ — M)

n=1

M
=07 Y Re(AA X" A €") + 7 Re(AxM A*(£ - €M)).

n=1
Since 2ab < aa? + o~ 'b? for positive a, b, a, we have

oTRe(AA X" A ") < 07| Allamsal| Arx" |2 ]| Ac€™ |2

oT||A _ _
< TRl (ot 0t 4,7 )

oallAlla—2 -1 —a2 , TlIAll2—2 —1y2
< n _un THAA2=22 hen  gn )
S5 [[x x"F3+ Yo 1€" —&" Iz

We choose o = /7 /o to obtain
oTRe(AA, x"1 A €M)

< VOT||All22
- 2T

VoT||Al2-s2

n n—12
] | S FANNCE X

[lx" 7 = x" 723 +
Furthermore, we have
N T
TRe(Ax, A" (€~ ") < T (I14,xM 3+ Al 1€ — €13)

1 - or||A|3 M
_EHXM—XM 1||§+TH||E—E 3.

Substituting these estimates into the second sum in (15.31) and using the fact that

x~ ! = x0 yields

M
7> Re(AAZX", € — £")
n=1
M-—1 M
VoT|All2—2 noon— VoT|All2—2 0 en—
< YOI 37 focn — e 13 4 YTTAE22 §7 e — g3
n=1 n=1

or|All3

M |12
Loz e M.

1 M M—1)2
ol XM R

Together with inequality (15.31), we arrive at the claim. a
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Corollary 15.13. Ler (x', &%) be a primal-dual optimum, that is, a saddle point
of (15.17). Then the iterates of the primal-dual algorithm with 6 = 1 and
oT||All2—2 < 1 satisfy

1 1 1 1
|t My 2 _ g oM 2< el 02 _ g 02
68 = €18 + 5l = xVI < € (16 - €0+ ol - 1)

where C' = (1 — o7||Al|3_,5) " . In particular, the iterates (x™,£") are bounded.

Proof. For a saddle-point (x*, £*), the summands L(x™, &%) — L(x*,£&") are all
nonnegative, so that every term on the left-hand side of (15.30) is nonnegative. We
obtain in particular

1 1—o7||Al3 M 1 1
;qu —XMH§+THH§ —&Y3 < ;Hxn —x"3+ %Hiﬁ - &3
This yields the claim. O

We are now in a position to complete the convergence proof for the primal—dual
algorithm.

Proof (of Theorem 15.8). We first note that the boundedness of the sequence
(x™, €™) established in Corollary 15.13 implies the existence of a convergent subse-
quence, say (x™*, &) — (x°,£°) as k — oo. Choosing (x, &) to be a saddle-point
(xF, 5”) in (15.30) makes all terms nonnegative, and we derive in particular that

1—\/UTHAH2 2 n
= ZH -x

_ 1 1
U3 < ook - x0l3 + 5ol - €3

Since the right-hand side is independent of M, and since /o7||Alj2—2 < 1, we
deduce that ||x" — x""!|; — 0 as n — oc. Similarly, [|€" — £" | — 0.
In particular, the subsequence (x"* 1, €+~ 1) converges to (x°, £°), too. It follows
that (x°,£°) is a fixed point of the primal-dual algorithm, so that by Proposi-
tion 15.6, it is a primal—dual optimal point (or saddle point).

We choose (x,£) = (x°,£°) in (15.29), so that L(x", £°) — L(x°,£") > 0. We
now proceed similarly to the proof of Lemma 15.12. Summing (15.29) from n = ny,
ton = M > ny results in

1 1
5 (€7 = €Y15 = 11€° = €7 113) + - (Ix* = x5 — x* = x"*3)

M
1 n n—12 1 n n—1)2
+%ZH€ -£ H2+§Z||X -x"7l3

n=ng n=ng

M
<r? ) Re(AAZx" £° —£"). (15.33)

n=ng
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Discrete integration by parts (15.28) yields

M
7 ) Re(AAx",£° - ¢")
n=nrg
M
=07 Y Re(AAx""', A£") + T Re(AAxM £° — &)

n=ng

— TRe(AA X" 1 €7 — £™).

Inequality (15.32) therefore implies

M
1 o 1- UTHJX”2 2 n n—
L st LT IA L 5 e e

Sl — e IB+ 5

n=ng

1—y/oT||A
+ UT” ”2ﬁ2 2{: H n _ yn—

I
n=ng

1 _ _ _
+ o (M =M = VoT | Allanafx™ = x™3)

—Re(AM —xM71), €% — ¢M) + Re(A(x™ 1 —x™2),£° — £7F)

1 o n o n
s 5o l€ ¢ k|\§+;||x —x" 3.
In view of lim, o [|[X" — X" o = lim, 00 ||€" — € |2 = 0 and of
limg o0 [|[X° — x™]|2 = limg_eo [|[€E° — €] = 0, it finally follows that
lim s oo [|[X° — xM|lo = limpsoo [|[€° — €M]]2 = 0. We have established the
claim. O

15.3 Iteratively Reweighted Least Squares

We now turn to an iterative algorithm that serves as a proxy for ¢;-minimization.
It does not always compute an ¢;-minimizer, but provides similar error estimates
under the null space property.

The starting point is the trivial observation that [t| = |¢|?/|t| for ¢ # 0. Therefore,
an ¢;-minimization can be recast as a weighted {5-minimization in the following
sense: For A € C™*V with m < N, if x! is a minimizer of

min ||x||; subjectto Ax =y (15.34)
xeCN
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and if :Cg # 0 forall j € [N], then x* is also a minimizer of the weighted ¢>-problem
N
xrgé:r}v z; |$j|2|$§-|_1 subjectto Ax =y.
j=

This reformulation is advantageous because minimizing the smooth quadratic
function |¢|? is an easier task than minimizing the nonsmooth function |¢|. However,
as obvious drawbacks, we neither know x" a priori (this is the vector we would like
to compute!) nor can we expect that :zrg # 0 for all j € [N], since one targets sparse
solutions. In fact, by Theorem 3.1, the ¢;-minimizer is always m-sparse in the real
case provided it is unique.

Nevertheless, the above observation motivates us to iteratively solve weighted
{1-minimization problems, where the weight in the current iterate is computed from
the solution of the weighted least squares problem of the previous iterate.

Key to the formulation and analysis of the algorithm is the functional

N N
1
T(x,w.e) = 5 [Z Py + > (%w; + wjl)} : (15.35)
j=1 j=1

where x € CV, e > 0, and w € RY is a positive weight vector, i.e., w; > 0
for all j € [N]. The formulation of the algorithm below uses the nonincreasing
rearrangement (x")* € RY of the iterate x" € C; see Definition 2.4.

Iteratively reweighted least squares (IRLS)

Input: A € C™*N y € C™,

Parameter: v > 0, s € [N].

Initialization: w° = [1,1,...,1]T € RN, g5 = 1.

Iteration: repeat until €,, = 0 or a stopping criterion is met at n = n:

x"T! .= argmin J(z,w",c,) subjectto Az =y, (IRLS;)
zcCN

Ent1 = min{e,, v (x" 1) ] (IRLS2)

w" T = argmin J(x" T, w, g, 11). (IRLS3)
w>0

Output: A solution x* = x™ of Ax =y, approximating the sparsest one.

Since w™ and ¢,, are fixed in the minimization problem (IRLS;), the second
sum in the definition (15.35) of J is constant, so that x™*! is the minimizer of the
weighted least squares problem

min ||z[l2,wr  subjectto Az =y,
zeCN
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1/2
where ||z]|2,wr = (Zjvzl |zj|2w;’) . By (A.35), the minimizer x"*? is given

explicitly by the formula x" 1 = Dv_v}l/ 2(ADV_V}/ *)ty, where (ADV_V}/ %)t denotes
the Moore—Penrose pseudo-inverse of AD;H 2 (see Definition A.19) and where
Dy, = diag [w],. .., w}] is the diagonal matrix determined by the weight w™. If

A has full rank (which is usually the case in the setting of compressive sensing),
then (A.36) yields

x"T =D L A*(AD LAYy,

where D = diag [1/w}, ..., 1/w%]. In particular, we can write
x"TP =D LA*v  where ADJLA*v =y, (15.36)

so that computing x"*! involves solving the above linear system for the vector v.

We refer to Appendix A.3 for more information on least squares and weighted least
squares problems.

Remark 15.14. 1f A provides a fast matrix multiplication algorithm as in situations
described in Chap. 12, then it is not advisable to solve the linear system of
equations in (15.36) by a direct method such as Gaussian elimination because it
does not exploit fast forward transforms. Instead, one preferably works with iterative
methods such as conjugate gradients, which use only forward applications of A and
A* in order to approximately solve for x"*!. However, determining the accuracy
required in each step to ensure overall convergence is a subtle problem; see also the
Notes section.

The minimization in (IRLS3) can be performed explicitly, namely,

1
wit = j € [N]. (15.37)

7 )
VIET R+ en

This formula also illustrates the role of ¢,. While for the naive approach above,
the suggested weight w‘;-”l = |a:}’+1|’1 may grow unboundedly when :c;-”l
approaches zero, the introduction of &,, 1 regularizes w"+!—in particular, we have
[w" | < ;1. Nevertheless, during the iterations we aim at approaching the
¢1-minimizer, which requires ¢,, to decrease with n. The choice (IRLSs) indeed
ensures that ¢,, does not grow. When x" tends to an s-sparse vector, then &,
tends to zero. In particular, the parameter s of the algorithm controls the desired
sparsity.

We point out that other update rules for &, ;1 or for the weight w1 are possible;
see also the Notes section.

The formulation of the main convergence result for the algorithm requires to
introduce, for € > 0, the auxiliary functional
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N
Fo(x) = \/l;? +¢2 (15.38)

and the optimization problem

min F.(z) subjectto Az =y. (15.39)
zeCN

We denote by x(©) its minimizer, which is unique by strict convexity of Fy.

The recovery theorem for iteratively reweighted least squares below is based
on the stable null space property (Definition 4.11) and closely resembles the
corresponding statements for ¢;-minimization. Recall that it was shown in Sect. 9.4
that Gaussian random matrices satisfy the null space property with high probability
under appropriate conditions. Moreover, the stable null space property is a con-
sequence of the restricted isometry property (Theorem 6.13), so that the various
random matrices considered in this book also satisfy the stable null space property
under appropriate conditions.

Theorem 15.15. Assume that A € C™*N satisfies the stable null space property
of order s with constant p < 1. Forx € CY andy = Ax € C™, the sequence (x™)
generated by the IRLS algorithm with parameters v and s has a limit x* € CV.
Moreover:

(a) Iflim, o €, =0, then x! is an s-sparse {1-minimizer of (15.34) and

Ix — xt|; < M

< S rosbon, (15.40)

so that exact recovery occurs if X is s-sparse.
(b) Ife :=lim,_,o0 £, > 0, then x* is a minimizer of (15.39) and

3+p
(I-p)—(Q+p)Ny/(s+1-3

[x —x*||; < )Ug(x)l (15.41)

whenever § < s + 1 — (1 + p)Nv/(1 — p). For instance, if p < 1/3 and
v =1/(2N), then

2(3+
e — i < 285205 (..
1-3p
(c) Withp < 1/3and~ = 1/(2N), if x is s-sparse, then necessarily x* = x and
lim,, yoo €, = 0.

Remark 15.16. Other versions of part (c) with different values of v and p are valid
when making the stronger assumption that x is $-sparse with § < s +1 — (14 p)

Nv/(1=p).
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We develop the proof of this theorem in several steps. We start with some
properties of the iterates.

Lemma 15.17. Let X™ and w" be the iterates of the IRLS algorithm. Then, for

n>1,
N
J(x",w"en) = Z |2} > + €2 = F., (x") (15.42)
j=1
and
T(x" W e,) < J(x" W' e,) < T W e, 1) (15.43)
<ITELwW T e ). (15.44)

Moreover; the sequence (X™) is bounded, namely,
Ix" < T(x',w’ ) =B, n>1, (15.45)
and the weights W™ are bounded from below, namely,

wi>B7', je[N],n>1. (15.46)

Proof. The relation (15.42) is derived from (15.35) and (15.37) by an easy
calculation.

The first inequality in (15.43) follows from the minimization property defining
w", the second from ¢,, < €,,_1, and the inequality (15.44) is a consequence of the
minimization property defining x".

It now follows from (15.42) that

N
e < D0y Jlap 2+ 62 = T (" W en) < T (xH, w,e0) = B,
j=1

where the last inequality uses (15.43). This establishes (15.45). Finally,

(w;?)_l = /22 +el < J(x",w",e,) < B, je€[N],

yields (15.46). O

Note that (15.44) says that each iteration decreases the value of the functional 7.
As the next step, we establish that the difference of successive iterates converges to
zZero.

Lemma 15.18. The iterates of the IRLS algorithm satisfy

[eS)
Dol = xtfs < 287,
n=1

where B is the constant in (15.45). Consequently, lim,,_, o (x"+1 —x") =0.
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Proof. The monotonicity property in (15.43) implies

2 (T ("W £0) — T W 1)

> 2 (j(xnvwnaan) - j(anrlaWnaEn))

N
— Z(|In|2 _ |I}l+1|2)w§1 _ Re<xn +Xn+17xn _ Xn+1>wn7

where we have used the weighted inner product (x, z)y, = Z§V:1 x;Zjw;. By their
definitions in (IRLS;), both x™ and x"*! satisfy Ax"” = y = Ax"*!, so that
x" — x"*t1 € ker A. The characterization (A.37) of the minimizer of a weighted
least squares problem implies that Re(x" ™1, x™ — x"*1) ;» = 0. Therefore, from
the above inequality,

2 (j(xn7wn7€n) - j(xn+lvwn+17€n+l))

> Re(x™ — x" T x" —x" ) n = ||x" — Xn“”%,w"
N

= Zwﬂx? - x?+1|2 > B7Hx" — x" T3,
j=1

where we have used (15.46) in the last step. Summing these inequalities over n
shows that

S oo
S - xR < 2B S (T W en) - T W ei))
n=1 n=1

<2BJ(x',w' &) < 2B,

by Lemma 15.17. a

We now characterize the minimizer x(¢) of F.;see (15.38) and (15.39). We recall
that x(¢) is unique by strict convexity of Fr.

Lemma 15.19. Given ¢ > 0, the minimizer x'®) of F is characterized by
Re(x(a),v>wz,€ =0 forallv € kerA,

where (W c); = (|Zj|2 + 52)71/2.

Proof. First assume that z = x(¢) is the minimizer of (15.39). For an arbitrary
v € ker A, consider the differentiable function

G(t)=F.(z+1tv) — F.(z), teR.
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By the minimizing property and the fact that A(z + tv) = y forall ¢t € R, we have
G(t) > G(0) =0 forall t € R, so that G'(0) = 0. By a direct calculation,

N
Z Re(ZJUJ)
= Nz + €2

and consequently Re(z, v)w, . = 0 forall v € ker A.

Conversely, assume that z satisfies Az = y and Re(z,v)w,. = 0 for all
v € ker A. By convexity of the function f(u) := /|u|?+¢%2,u € C, and
Proposition B.11(a), we have for any u, ug € C,

= Re(z, V)w, .,

Re(up(u — uo))'

/|u0|2 + 2

VIuP +e2 > Vug|? + 2 +

Therefore, for any v € ker A, we have

N

Re(z;T5)
F.(z+v)>F.(z) + ——2 2 = F.(z) + Re(z, V)w,. = F:(2).
Since v € ker A is arbitrary, it follows that z is a minimizer of (15.39). a

Now we are in a position to prove Theorem 15.15 on the convergence of the
iteratively reweighted least squares algorithm.

Proof (of Theorem 15.15). We first note that the sequence (e,,) always converges
since it is nonincreasing and bounded from below. We denote by ¢ its limit.

(a) Case ¢ = 0: First assume that £,, = 0 for some ny > 1. Then the algorithm
stops and we can set X" = x"° for n > ng, so thatlim,_, ., x” = x"° = xt. By
definition of ¢,,,, the nonincreasing rearrangement of the current iterate satisfies
(x™)%.1 = 0, so that x# = x™0 is s-sparse. The null space property of order
s guarantees that x* is the unique ¢;-minimizer of (15.34). In addition, if x is
s-sparse, then x is also the unique ¢;-minimizer, so that x = x*. For a general
x € CN, not necessarily s-sparse, it follows from Theorem 4.12 that

I — x|y <

Mas(x)l.

P
Now assume that £,, > 0 for all n > 1. Since lim,, ., €,, = 0, there exists
an increasing sequence of indices (n;) such thate,,; < €,,_; forall j > 1. By

definition (IRLS>) of ¢,,, this implies that the nonincreasing rearrangement of
x"7 satisfies

(an)erl <7 1577«]‘*15 .] > 1
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(b)

Since (15.45) shows that the sequence (x™) is bounded, there exists a subse-
quence (n;, ) of (n;) such that (x"7¢ ) converges to some x* satisfying Ax* = y.
It follows from the Lipschitz property (2.1) of the nonincreasing rearrangement
that also (x™¢ )* converges to (x*)*, so that

T - . —1 _
(x")i = ZIL{EO(X"”):H < 415207 En;, = 0.

This shows that x* is s-sparse. As above the null space property of order s
guarantees that x* is the unique ¢;-minimizer. We still need to prove that the
whole sequence (x") converges to x*. Since x"¢ — x* and €n;, — 0 as
{ — oo, the identity (15.42) implies that

Jlim 70w g, ) = .

It follows from the monotonicity properties in (15.43) and (15.44) that
lim, 0o J (X", W", ) = ||x*||1. From (15.42), we deduce that

j(xnvwnaan) - NEn S ||XnH1 S j(xnvwnvgn)a

so that lim, .o ||x"||1 = |[/x*||1. By the stable null space property and
Theorem 4.14, we finally obtain

1+p
Ix™ —XﬁH1 < lTp (”XnHl - qu”l)'

Since the right-hand side converges to zero, this shows that x™ — x*. The error
estimate (15.40) follows from Theorem 4.12 as above.

Case ¢ > 0: We first show that x* — x(), where x(¢) is the minimizer
of (15.39). By Lemma 15.17 the sequence (x™) is bounded, so that it has
cluster points. Let (x™) be a convergent subsequence with limit x*. We claim
that x! = x(®), which by uniqueness of x(¢) implies that every convergent
subsequence converges to x*, therefore the whole sequence (x™) converges to
x¥ as n — oo.

From w? = (|27|% +£2)71/2 < e~!, we obtain

Jim i = (o2 + %) 7V = (e )y = wk, G E[N],

where we have used the same notation as in Lemma 15.19. Lemma 15.18
ensures that also x™*! converges to x!. By the characterization (A.37) of
x™*1 ag the minimizer of (IRLS;), we have, for every v € ker A,

ne+1

Re(x*, v)y: = lim Re(x

V>W”E = 0'
£— o0
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The characterization in Lemma 15.19 implies that x# = x(¢).
Now we show the error estimate (15.41). For our x € C with Ax =y, the
minimizing property of x(¢) yields

N N
”X(E)Hl < FE(X(E)) < FE(X) 221 / |:17j|2 + &2 < Ne +Z|$j| =Ne+ ”X”l
Jj=1 Jj=1

It follows from the stable null space property of order 5§ < s and Theorem 4.14
that

—_

14 +
%) —x]|; < TZ (||X(E)H1 — |Ix[[1 + 205(x)1) < —p(Na—i— 205(x)1).

-p
(15.47)

—_

We have, by (IRLS.),
e< V(X(E)):Jrl
and, according to (2.3),
(s +1-8)(x)y < IIx® = x| +05(x)1.

Hence, we deduce that

e < ﬁ (HX(E) —x1 + 0§(X)1> .

We substitute this inequality into (15.47) to obtain

14+p( N~y Ny
©) _ x|, < (&) _ _NY o) .
I —xlh < 12 (BT <l S5y + 2) s

Rearranging and using the assumption that (1 + p)Nv/(s+1—-5) < 1—p
yields

(-9 - S22 e < xy < (4 ) (1 + 2) st

s+1—35 +1-35
< (1= p)+2(1+ p) 0591 = (3+ p)os (1.

This is the desired result. The conclusion for p < 1/3 and v = 1/(2N) is then
immediate.

For p < 1/3 and v = 1/(2N), we observe that x* = x by (15.41), so
that also x* is s-sparse. But this implies that (x*)?,; = 0 and therefore
€ = limy, 00 €, = 0 by definition (IRLS5) of &,,. O
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We conclude this section with an estimate on the rate of convergence of
the iteratively reweighted least squares algorithm. The estimated rate starts only
when the iterates are close enough to the limit. Nothing is said about the initial
phase, although experience reveals that the initial phase does not take overly long.
The estimate for the exactly sparse case below shows linear convergence in the
{1-norm.

Theorem 15.20. Assume that A € C™*V satisfies the stable null space property
of order s with constant p < 1/3. Let k € (0, 1) be such that

3p(1
_3(+p)
2(1-k)
For an s-sparse x € CN and fory = Ax € C™, the sequence (x") produced by
the IRLS algorithm with parameters v = 1/(2N) and s converges to x.
Ifng > 1is such that

Ix —x"|; <R:=x min |zl
jesupp(x)

then, for all n > ng, we have

||x—x"+1|\1 < ullx —x"||1, (15.48)

hence, ||x™ — x||; < p"m"0||x™ — x||; forall n > ny.

Proof. First notice that x” — x as m — oo by Theorem 15.15(c). Let us

denote v = x" — x € ker A. By the minimizing property (IRLS;) of x"*! and
the characterization of the minimizer in (A.37), we have
0 = Re(x" ™ v" ™) 0 = Re(x + v v .
Denoting S = supp(x) and rearranging terms gives
al —3 T x —3 T
n+1 n n+l, n j n+1
Dl P = —Re | 3w | = —Re | 57—l
=1 jes jes /1272 +ep
(15.49)

Now let n > ng, so that E,, := ||x — x"||; < R. Then, for j € S,
i < V"l = En < kgl

so that
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lz;| |yl 1

272 +e2 |27 | N lzj + v} ~ 1=k

(15.50)

By combining (15.49) and (15.50) with the stable null space property, we reach

N

1
DIy < v < T lvE

The Cauchy—Schwarz inequality yields

IV < S0 o Py

jeSs jeSs

IN

N
Do P | (vl + New)

IN

p
1—x KHV%HHl(HV"Hl + Ney).

This implies that

Vel < 2= (vl + New).
Furthermore, by definition of ¢,, and due to (2.1), we have

1

DRVAC R

(15.51)

en <A1 = 50 (41 = (9241) < 5 lX" = Xlloo < SV

Thus,

3p
n+1 < n
¥ < o IVl

(1-

and finally, using the stable null space property, we arrive at

3p(1 +p)

V"l < A+ p)llvgTh < Sr—
2(1 = k)

as announced.

V™[I,

a

Remark 15.21. The precise update rule (IRLS;) for €, is not essential for the
analysis. When ||x — x™||; < R, the inequality ||x — x""1||; < po(||x — x"||1 +
Ney,) with up = p(1 4 p)/(1 — k) is still valid. The rule (IRLS,) only guarantees

that || x — x™||; < R is indeed satisfied for some ng by Theorem 15.15.
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Notes

As outlined in Chap. 3, the basic ¢;-minimization problem (BP) is equivalent to
the linear optimization problem (P}) in the real case and to the second-order cone
problem (P’Ln) (with n = 0) in the complex case. For such problems, general
purpose optimization algorithms apply, including the well-known simplex method
[369] and the more recent interior point methods [70,369].

The homotopy method—or modified LARS—was introduced and analyzed in
[169, 177,376, 377]. Theorem 15.2 was shown in [177]. A Mathematica imple-
mentation is described in [335]. It is also able to deal with the weighted case
miny gy Y, |[z¢|w, subject to Ax = y with nonnegative weights wy > 0 (the
case wy = 0 needs special treatment).

The adaptive inverse scale space method [79] is another fast ¢;-minimization al-
gorithm, which resembles the homotopy method. It builds up the support iteratively.
At each step, however, one solves a least squares problem with a nonnegativity
constraint instead of a system of linear equations. Like the homotopy method, the
inverse scale space method seems to apply only for the real-valued case.

The primal—dual algorithm of Sect. 15.2 was first introduced for a special case in
[396]. In full generality, it was presented and analyzed by Chambolle and Pock
in [107]. They showed that the algorithm converges with the rate O(1/n); see
Exercise 15.7 for details. For the case where either F'* or G is strongly convex
with known strong convexity constant y in (B.6), a modification of the algorithm
where 6, 7,0 are varying throughout the iterations is introduced in [107]. This
variant has an improved convergence rate O(1/n?). On the other hand, it was
proved by Nesterov [367] that the convergence rate O(1/n) cannot be improved
for general convex functions F, G, so that in this sense the rate of Theorem 15.8
is optimal. Also note that for the basis pursuit problems in Examples 15.7(a) and
(b), the strong convexity assumptions fail and only the described basic primal-dual
algorithm applies. But for Example (15.7)(c) the modified algorithm does apply. A
preconditioned version of the primal—dual algorithm is described in [395]. It may be
faster than the original method for certain problems and has the additional advantage
that the parameters o and 7 are set automatically.

The proof technique involving the discrete derivative (see Lemma 15.9) was
introduced by Bartels in [32]. The main motivations of Chambolle and Pock for
their algorithm were total variation and related minimization problems appearing
in imaging applications [107]. The parameter choice § = 0 in (PDj3) yields the
Arrow—Hurwicz method [20, 518]. Chambolle and Pock’s algorithm is also related
to Douglas—Rachford splitting methods [328]; see below and [107] for more details
on this relation. In [264], it is shown that the primal—dual algorithm, modified with
a correction step, converges also for values of 6 in [—1, 1] for suitable choices of o
and 7. Further primal—dual algorithms for £;-minimization based on the so-called
Bregman iterations, including the inexact Uzawa algorithm, are discussed in [517,
Sect. 5]; see also [516].
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The iteratively reweighted least squares algorithm of Sect. 15.3 was introduced
and analyzed in [139]. The result on the convergence rate of Theorem 15.20 can
be extended to approximately sparse vectors; see [139, Theorem 6.4]. Moreover,
it is shown in [139] that a variant of the algorithm where the update rule for
the weight is motivated by £,-minimization with p < 1 converges superlinearly
in a neighborhood of the limit (provided it converges at all). Approximating
£,-minimizers via iteratively reweighted least squares has also been proposed earlier
by Chartrand and coauthors; see the empirical analyses in [109-111].

In order to speed up the intermediate least squares steps—in particular, when a
fast matrix—vector multiplication is available—one may use the conjugate gradient
method in [303] for computing an approximate least squares solution. Denoting
Tn = ||X™ — %"||2,. with x" being the computed iterate and X" the true weighted
{5-minimizer, it is shown in [511] that a sufficient condition on the accuracy 7, to
ensure overall convergence is

2.2
Anén

Tn <
" e (1 oo + €nm1)?

for a positive sequence (a,,) satisfying >~ | a,, < co.

A variant of iteratively reweighted least squares for low-rank matrix recovery is
contained in [205]. Translating the corresponding algorithm back to the vector case,
this paper considers a slightly different update rule for the weight, namely,

wr_z-i-l

J n+&|717871

= min{|2] o
Convergence results can also be shown for this variant; see [205] for precise

statements. Versions of iteratively reweighted least squares methods appeared also
earlier in [121,318,375].

Further Algorithms for ¢;-Minimization. In order to broaden the picture on
algorithms for ¢;-minimization (and more general optimization problems), let us
briefly describe several other approaches. More information can be found, for
instance, in [70, 128,369], [451, Chap. 7].

Probing the Pareto curve. The so-called SPGL1 method [493] solves the
{1-minimization problem

min ||x||; subjectto [[Ax —yl|l2 <o (15.52)

for a given value of o > 0 (so that ¢ = 0 also covers the equality-constrained
/1-minimization problem). Both the real case x € R and the complex case
x € CN can be treated by this method. It proceeds by solving a sequence of
instances of the LASSO problem

min [[Ax —y|l2  subjectto |[x||; < 7T (15.53)
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for varying values of the parameter 7 (recall Proposition 3.2 on the relation of the
problems (15.52) and (15.53)). Denoting by x, the optimal solution of (15.53) and
by r, =y — Ax, the corresponding residual, the function

O(7) = |lr- |2

gives the optimal value of (15.53) for 7 > 0. It provides a parametrization of the
so-called Pareto curve, which defines the optimal tradeoff between the residual term
|Ax — y/||2 and ||x||1. We now search for a solution 7, of

o(r) =0

via Newton’s method. The corresponding minimizer x,._  of (15.53) for 7 = 7,
yields a minimizer of (15.52). It is shown in [493] that the function ¢ is differentiable
on (0, 79), where 7y is the minimal value of 7 such that ¢(7) = 0 (assuming that A
has full rank). Its derivative satisfies ¢'(7) = —A\,, where A, is the solution of the
dual problem of (15.53). With this information, Newton’s method 7511 = 7% + A7y
with A7y, := (0 — ¢(7%))/ ¢’ (1) can be invoked.

The intermediate LASSO problem (15.53) for 7 = 7, is solved via the spectral
projected gradient (SPG) method [49]. This iterative method starts with an initial
point X and in each step updates the current iterate X" by selecting an appropriate
point x"! on the projected gradient path o — P, (x" — aV f(x")), where
Vf(x) = A*(Ax — y) is the gradient of f(x) = 3|Ax — y||3 (which is a
multiple of the squared objective function) and where P, (x) is the orthogonal
projection onto the scaled ¢;-unit ball, i.e.,

P, (x) = argmin{||z — x||2 : ||z|1 < 7}

This orthogonal projection can be computed efficiently; see [493] or [140] for de-
tails. Note also the relation to the proximal mapping of the ¢.-norm (Exercise 15.4).
The rule for selecting the update x"** on the projected gradient path described in
[49,493] ensures that x™ converges to a minimizer of (15.53). A similar method for
computing the solution of (15.53) is contained in [140].

For more details on the SPGL1 method, the reader should consult [493].

Forward-backward splitting methods. Consider a general optimization problem
of the form

min F(x) + G(x) (15.54)
for a differentiable convex function FF : C¥ — R and a lower semicontinuous
convex function G : CN — (—oo0, 0o] satisfying F(x) + G(x) — oo as ||x[[2 —

o0. Then a minimizer of (15.54) exists. We assume that the gradient VF' of F is
L-Lipschitz, i.e.,

IVE(x) = VE(y)l2 < Llx —yls  forallx,y € CV.
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By Theorem B.21, a vector x is a minimizer of (15.54) if and only if 0 € VF(x) +
OG(x). For any 7 > 0, this is equivalent to

x — 7VF(x) € x + 70G(x).

By Proposition B.23, a minimizer of (15.54) therefore satisfies the fixed-point
equation

x = Pg(m;x — TVF(x)),
where Pg(7;+) = Pr¢ denotes the proximal mapping associated with G. Motivated

by this relation, the basic forward—backward splitting method starts with some point
x¥ and performs the iteration

x"M = Pg(r;x™ — 7VE(x")). (15.55)
The computation of z" = x — TV F(x") is called a gradient or forward step. By
Proposition B.23, the iterate x"+! = Pg(7;2") satisfies
n+l _ n
X 2 caG(x"),
-

so that this step can be viewed as an implicit subgradient step, also called backward
step. (The iteration scheme (15.55) is referred to as splitting method because the
objective function H(x) = F(x) + G(x) is split into its components F' and G
in order to define the algorithm.) We remark that, on the one hand, if G = 0,
then (15.55) reduces to the gradient method x" ! = x" —7 F(x™) [44]. On the other
hand, the choice F' = 0 yields the proximal point algorithm x"*1 = Pg(r,x") for
minimizing a nondifferentiable function [128,324,345,423]. The forward—backward
algorithm (15.55) can be interpreted as a combination of these two schemes.

It is shown in [129] that the sequence (x™) generated by (15.55) converges to
a minimizer of (15.54) if 7 < 2/L. A modified version of (15.55) uses varying
parameters 7,, and introduces additional relaxation parameters )\, resulting in the
scheme

X"t =x" 4+ An (P (1 X" — 1, VF(x™)) — x").

If \, € [g,1] and 7,, € [¢/2,2/L — €] for some ¢ € (0, min{1,1/L}), then again
(x™) converges to a minimizer of (15.54); see [129]. For another variant of the
forward—backward splitting, we refer to [128, Algorithm 10.5] and [34].

In general, the forward—backward method (15.55) may be slow, although linear
convergence rates can be shown under additional assumptions; see [71, 112] and
references in [128]. Following ideas of Nesterov [366], Beck and Teboulle [36,37]
introduced the following accelerated proximal gradient method which starts with
some x° = z° and a parameter t; = 1 and performs the iterations
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x"T = Po(L7 2" — L™'VF(z")), (15.56)
1+ +/42 +1 th — 1

thyl = M, A =14+2—, (15.57)
2 tn-l—l

2"t = x" 4\, (xE —x™). (15.58)

This algorithm achieves convergence rate O(1/n?), which is optimal in gen-
eral [365].
The ¢;-regularized least squares problem (basis pursuit denoising)

o1
min | Ax = y|3 + Allx|h (15.59)

is of the form (15.54) with the particular functions F(x) = 1||Ax — y||3 and
G(x) = A||x]|1. The gradient of F' is given by VF(x) = A*(Ax —y) and satisfies
IVF(x) — VF@)l> = [A*A(x — 2)ll> < [A3olx — 2z, s0 that VF is
Lipschitz continuous with constant L < ||A||3_,,. The proximal mapping for G
is the soft thresholding operator Sy in (15.23). Therefore, the forward—backward
algorithm (15.55) for (15.59) reads

X" = S (X" + TAY (y — Ax"™)). (15.60)

This scheme is also called iterative shrinkage-thresholding algorithm (ISTA) or sim-
ply iterative soft thresholding. It was introduced and analyzed in [138, 196]; see also
[202, 203]. Convergence is guaranteed if T < 2/||A|3_,, [129, 138]. Without the
soft thresholding operator Sy, (15.60) reduces to the so-called Landweber iteration
(see e.g. [186]) and therefore (15.60) is sometimes also called thresholded Landwe-
ber iteration. The specialization of the accelerated scheme (15.56)—(15.58) to the
{1-minimization problem (15.59) is called fast iterative shrinkage-thresholding
algorithm (FISTA) [36].

The fixed-point continuation (FPC) algorithm introduced in [257] (see also [229]
for a version adapted to low-rank matrix recovery) solves (15.59) by the forward—
backward iteration (15.55), where the parameter 7 is changed in a suitable way
throughout the iterations.

Generalizations of the backward—forward algorithm to the minimization of
functions H(x) = F(x) + >_7_, G;(x), where F" is convex and differentiable and
the G; are convex but not necessarily differentiable, are contained in [405]. Taking
F' = 0, these algorithms include the Douglas—Rachford splitting method discussed
below.

We remark that (PD;) of Chambolle and Pock’s primal dual algorithm may be
viewed as a forward-backward step on the dual variable and (PD2) as a forward—
backward step on the primal variable.

Douglas—Rachford splitting. The forward—backward splitting method requires
F to be differentiable, therefore it is not applicable to constrained
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{1-minimization problems. Douglas—Rachford splitting methods provide an alter-
native for solving the minimization problem (15.54), where both convex functions
F,G : CN — (—o0,c] are not necessarily differentiable. If x is a minimizer of
(15.54), then x = Pr(7;z) for some z satisfying

Pr(1;2) = Po(7;2Pp(T;2) — 2);

see Exercise 15.8. This motivates the Douglas—Rachford algorithm which starts with
some z° and, for n > 0, performs the iterations

x" = Pp(r;2"),

2" = Po(r;2x" —2") + 2" — x".

The convergence of the sequence (x™) to a minimizer of (15.54) has been estab-
lished in [127]. The method was originally introduced by Douglas and Rachford in
[172] for the solution of linear operator equations; see also [328].

The equality-constrained ¢;-minimization problem

min ||x||;  subjectto Ax =y (15.61)
takes the form (15.54) with G(x) = |x||; and F = xz, . the character-
istic function of the affine set Faoy, = {x : Ax = y}. We have already

seen that the proximal mapping of G is given by the soft thresholding operator
Pg(7;%) = S-(x). The proximal mapping of F' is given by

Pp(1;x) = argmin {||z — x|» : Az =y} = x4+ Af(y — Ax),

where AT is the Moore—Penrose pseudo-inverse of A. With this information,
the Douglas—Rachford algorithm for (15.61) can be implemented. In general,
the application of AT involves the solution of a linear system, which may be
computationally expensive (the conjugate gradient method can be applied for
speed up). However, in the important special case where AA* = AId, we have
AT = A*(AA*)"! = X !A* so that the computation of Pr(7;x) greatly
simplifies and the iterations of the Douglas—Rachford algorithm become efficient.
The case AA* = A\Id occurs, for instance, for random partial Fourier matrices; see
Example 4 in Sect. 12.1 and more generally the situation of Example 6 in Sect. 12.1.

In [446], it is shown that the alternating split Bregman algorithm introduced in
[230] is equivalent to a Douglas—Rachford algorithm. We refer to [127,128,451] for
more information on Douglas—Rachford splittings.

Alternating Direction Method of Multipliers (ADMM). For convex lower semi-
continuous functions F' : CV — (—o0,00], G : C¥ — (—00, 0], and a matrix
B € C**¥, we consider the optimization problem
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min F(x) + G(Bx), (15.62)
which is equivalent to

min F(x) + G(y) subjecttoy = Bx.
xy

Its so-called augmented Lagrangian of index 7 > 0 is given by

Lo(x,.€) = F(x) + Gly) + = Re(€, Bx — ) + - [Bx — y[}3

A step of the ADMM minimizes L, over x, then over y, and finally applies a
proximal (backward) step over the dual variable (Lagrange multiplier) £&. We assume
that B*B is invertible and introduce the modified proximal mapping

1
PP(riy) — argmin {TF<z> ; —|Bz—y|%}.
zeCN 2

Formally, for a fixed parameter 7 > 0, the ADMM algorithm starts with vectors

u’, z° € C* and, for n > 0, performs the iterations

X" = PR(riu — 27,
v = Bx",
u"tl = Pg(m;v" +2"),

n+1

A =z" +v" —u"tl.

For the convergence of the sequence (x™) to a minimizer of (15.62), we refer to
[217,226]. A connection to Douglas—Rachford splittings was observed in [216].
Let us consider the special case of basis pursuit denoising

1 )
Jmin 5llAx —yllz + Allxll,

which is (15.62) for F(x) = ||[Ax — y||3/2, G(x) = \||x||1, and B = Id, that is,
k = N. Then the ADMM algorithm reads

x" = (A*A + 7 11d) " YAy + 7" - 2")),
u"t =S (x" +2"),

2 g gL (15.63)

For further information about ADMM, we refer to [4, 128, 188].
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Interior point methods. Consider a constrained convex optimization problem of
the form

min F(x) subjectto Ax =Yy, (15.64)
x€ERN
and Fj(x) <0, je€[M], (15.65)
where F,Fy,...,Fay : RY — R are convex functions, A € R™*¥ and

y € R™. As discussed in Chap. 3, the basis pursuit problem is equivalent to a
problem of this form in the real setting. (The principle discussed below can be
adapted to conic optimization problems, so that the complex case, quadratically
constrained ¢;-minimization, and nuclear norm minimization are also covered.)
Denoting by x(r,<o} the characteristic function of the set {x : F};(x) < 0}, the
optimization problem (15.65) is equivalent to

in . bjectto Ax =y.
i (X)+;X{FJ§0}(X) subjectto Ax =y

The idea of a basic interior point method, called the log-barrier method, is to replace,
for a parameter ¢ > 0, the characteristic function X{ Fjgo}(x), by the convex
function —t~1 In(—Fj(x)), which is twice differentiable on {x : Fj(x) < 0}
provided F} is. This yields the equality-constrained optimization problem

in F(x)—t~'» In(—F; bject to Ax =y.
min (x) ;n( i(x)) subjectto Ax =y

The log-barrier method consists in solving a sequence of these equality-constrained
minimization problems for increasing values of ¢ via Newton’s method. In the limit
t — oo, the corresponding iterates converge to a solution of (15.65) under suitable
hypotheses. We refer to [70, Chap. 11] for details.

Primal—dual versions of interior point methods have also been developed; see
e.g. [70,369]. In [302], an interior point method specialized to ¢;-minimization is
described.

Further information on numerical methods for sparse recovery can be found in
[201]. Other optimization methods specialized to ¢;-minimization are described in
[38, 197,256, 323]. Many implementations and toolboxes are available freely on
the Internet. Numerical comparisons of several algorithms/implementations can be
found, for instance, in [334,405].
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Exercises

15.1. Apply the homotopy method by hand to the ¢;-minimization problem
min,cpn ||X||1 subject to Ax = y with A and y given by

(a)
A=1d, y=/[12,-3,6,8,3]",
(b)
—34 4 24
A=|-5141|, y=|17
5 1-4 -7

15.2. Verify formula (B.18) for the soft thresholding operator. Show that

15.3. Show that the minimizer x¥ of F} in (15.3) satisfies
xf = S\(xF + A*(y — AxY)).

15.4. Let || - || be some norm and let || - || denote its dual norm. Show that the
proximal mapping satisfies

By(rix) =x— Prp (%),

where Prp | (x) := argmin [[x — z||2 is the orthogonal projection onto the scaled
ZETBH s

dual unit ball 7B, = {z : ||z[|« < 7}; see (B.14).
15.5. Let || - ||« be the nuclear norm (A.25).

(a) For a matrix X € C"**"2 whose singular value decomposition has the form
X = Udiagloy,...,0,]V*, n = min{ny, na}, show that the proximal
mapping for the nuclear norm satisfies

Py, (1;X) = Udiag [S-(01), ..., S-(0n)] VT,
where S is the soft thresholding operator.
(b) For a linear map A : C"*"2 — C™ and y € C™, formulate Chambolle and

Pock’s primal—dual algorithm for the nuclear norm minimization problems

min ||Z]|. subjectto A(Z) =y
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and, forn > 0,

min ||Z]. subjectto |A(Z) — y||F < n.

15.6. Formulate Chambolle and Pock’s primal-dual algorithm for the solution of
the Dantzig selector

min ||x[[;  subjectto ||A*(Ax —y)|oo < T,
xeCN

where A € C™*N y € C™, and 7 > 0.

15.7. Consider the optimization problem (15.15), where A € C™*" and where
F:C" - (—o0,00], G : CN — (—o00,00] are extended real-valued lower
semicontinuous convex functions.

(a) For subsets B; C C and B, C C™, let

gBl7B2 (X,{) ‘= sup L(Xug/) — inf L(Xlug) (1566)
El €B> x'€By
be the so-called partial primal-dual gap. Show that if By x B contains
a primal-dual optimal point (%, &), that is, a saddle point of (15.17), then
GB,.B,(x,€) > 0 forall (x,&) € CN x C™ and G(x,£&) = 0 if and only
if (x, &) is a saddle point of Gp, , B,. (Therefore, G, p,(x, &) can be taken as a
measure of the distance of the pair (x, &) to the primal-dual optimizer.)

(b) For the sequence (x™, X", £"),>0 generated by Chambolle and Pock’s primal—
dual algorithm (PD;)—~(PDj3), define x;; := M~! 271\1/[:1 x" and &, :=
M1 Ziil &".1f By ¢ CV and B, C C™ are bounded sets, show that

D(By, By)
M )

where D(B1, Bz) := (27) " subyep, [[x—%"[3+(20) " supgcp, 1€ —€°|13.

(Therefore, we say that Chambolle and Pock’s algorithm converges at the rate
O(M~1).)

GB,.,B, (X0, &) < (15.67)

15.8. Let F,G : CNV — (—o0, ] be convex lower semicontinuous functions.
Suppose that the optimization problem

min F(x) + G(x)
xeCN

possesses a minimizer x*. For an arbitrary parameter 7 > 0, show that
x¥ = Pp(7;2) for some vector z satisfying

Pr(7;2) = Pg(1;2Pr(7;2) — 2),

where Pr and Py are the proximal mappings associated to F' and G.
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15.9. Implement some of the algorithms of this chapter. Choose A € R™*¥ as
a Gaussian random matrix or A € C™*¥ as a partial random Fourier matrix. In
the latter case, exploit the fast Fourier transform. Test the algorithm on randomly
generated s-sparse signals, where first the support is chosen at random and then the
nonzero coefficients. By varying m, s, N, evaluate the empirical success probability
of recovery. Compare the runtime of the algorithms for small and medium sparsity s.



Appendix A
Matrix Analysis

This appendix collects useful background from linear algebra and matrix analysis,
such as vector and matrix norms, singular value decompositions, Gershgorin’s disk
theorem, and matrix functions. Much more material can be found in various books
on the subject including [47,51,231,273,280,281,475].

A.1 Vector and Matrix Norms

We work with real or complex vector spaces X, usually X = R™ or X = C™. We
usually write the vectors in C™ in boldface, x, while their entries are denoted x;,

J € [n], where [n] := {1,...,n}. The canonical unit vectors in R™ are denoted by
e, ..., ey,. They have entries
o (1ifj=¢,
(ee)y = 0e = {0 otherwise.

Definition A.1. A nonnegative function || - || : X — [0, c0) is called a norm if

(a) ||x|| = 0if and only if x = O (definiteness).
(b) ||Ax|| = |Al||x|| for all scalars A and all vectors x € X (homogeneity).
©) |Ix+yll <%l + ||ly|l for all vectors x,y € X (triangle inequality).

If only (b) and (c) hold, so that ||x|| = 0 does not necessarily imply x = 0, then || - ||
is called a seminorm.
If (a) and (b) hold, but (c) is replaced by the weaker quasitriangle inequality

Ix+yll < Cxl+lIyl)

for some constant C' > 1, then || - || is called a quasinorm. The smallest constant C'
is called its quasinorm constant.

S. Foucart and H. Rauhut, A Mathematical Introduction to Compressive Sensing, 515
Applied and Numerical Harmonic Analysis, DOI 10.1007/978-0-8176-4948-7,
© Springer Science+Business Media New York 2013
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A space X endowed with a norm || - || is called a normed space.

Definition A.2. Let X be a set. A function d : X x X — [0,00) is called a
metric if

(a) d(z,y) =0ifandonly if x = y.
(b) d(xz,y) =d(y,z) forall x,y € X.
(©) d(z,z) < d(z,y) +d(y,z) forall z,y, z € X.

If only (b) and (c) hold, then d is called a pseudometric.

The set X endowed with a metric d is called a metric space. A norm || - || on X
induces a metric on X by

d(x,y) =[x -yl

A seminorm induces a pseudometric in the same way.
The £,,-norm (or simply p-norm) on R™ or C" is defined for 1 < p < oo as

n 1/p
x| := (Z I:cjlp> : (A1)
j=1

and for p = oo as

X = 1max |Tj|.
[l = mae |

For 0 < p < 1, the expression (A.1) only defines a quasinorm with quasinorm
constant C' = 2'/P=1_ This is derived from the p-triangle inequality

Ix +yllp < x5+ lyll5-

Therefore, the £,-quasinorm induces a metric via d(x,y) = |[x—y|[} for0 < p < 1.
We define a ball of radius ¢ > 0 around a point x in a metric space (X, d) by

B(x,t) = Bg(x,t) ={z € X : d(x,2) < t}.
If the metric is induced by a norm || - || on a vector space, then we also write
B”.”(X,t) ={ze X :|x—12z| <t} (A2)

Ifx=0andt =1, then B = B).| = B;(0,1) is called unit ball.
The canonical inner product on C™ is defined by

n
(x,y) = Zx‘jy_‘j, x,y € C".
j=1
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On R™, it is given by (x,y) = Z?:l Zjyj, X,y € R™. The f>-norm is related to
the canonical inner product by

[Ix[l2 = V/{x, ).
The Cauchy—Schwarz inequality states that
|6y < [xlallylla forallx,y € C".

More generally, for p, ¢ € [1, o0] such that 1/p + 1/q = 1 (with the convention that
1/00 = 0 and 1/0 = c0), Holder’s inequality states that

[y < [Ix[lpllylly  forallx,y € C".

Given 0 < p < g < oo, applying the latter with x, y, p, and g replaced by
(2P, lzalP] T [1,. . 1] T, @/ and ¢/ (q—p) gives [|x]|} < [|x||[5n =P/, ie.,

”X”p < nl/p_l/q”X”q' (A.3)

We point out the important special cases

Il < Valxlla  and [lx(l2 < vilx]le.

If x has at most s nonzero entries, that is, ||x||o = card({¢ : z; # 0}) < s, then the
above inequalities become ||x||, < s'/?~1/4||x||,, and in particular,

Ixll1 < Vslxl2 < 5[] oo
For 0 < p < ¢ < o0, we also have the reverse inequalities
1xllg < lIxllp, (A4

and in particular, ||x]cc < [|x|l2 < [x]|1. Indeed, the bound ||x||oc < ||x]|p i8

obvious, and for p < ¢ < oo,

n n n
g =D J 9 =D fag [0 Pl [P < A= %P Y L [P < (1Pl = (112
j=1 j=1 j=1

Both bounds (A.3) and (A.4) are sharp in general. Indeed, equality holds in (A.3)
for vectors with constant absolute entries, while equality holds in (A.4) for scalar
multiples of a canonical unit vector.

Definition A.3. Let || - || be a norm on R™ or C". Its dual norm || - || is defined by
[x[l« == sup [(y,x)|
llyll<1
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In the real case, the dual norm may equivalently be defined via

||X||* = sup <an>7
yeR™, [lylI<1
while in the complex case
x|l = sup  Re(y,x).
yeC,llyll<i
The dual of the dual norm || - || is the norm || - || itself. In particular, we have
%[l = sup |(x,y)[ = sup Re(xy). (A5)
Iyll.<1 lyll.<1

The dualof || - ||, is || - || with 1/p + 1/¢q = 1. In particular, || - ||2 is self-dual, i.e.,

[x]l2 = sup |(y,x)|, (A.6)
llyll2<1
while || - || oo is the dual norm of || - ||; and vice versa.

Given a subspace W of a vector space X, the quotient space X /W consists of
the residue classes

[x] =x4+W={x+w,we W}, xe X.

The quotient map is the surjective linear map x — [x] = x + W € X/W. The
quotient norm on X /W is defined by

Ix]llx/w = nf{[[v]l,ve x| =x+ W}, [x] e X/W.

Let us now turn to norms of matrices (or more generally, linear mappings be-
tween normed spaces). The entries of A € C™*™ are denoted A; 1, j € [m], k € [n].
The columns of A are denoted aj, so that A = [a;|---|a,]. The transpose of
A € C™" is the matrix AT € C™*™ with entries (A7) ; = A ). A matrix
B € C™*" is called symmetric if BT = B. The adjoint (or Hermitian transpose)
of A € C™*™ is the matrix A* € C"*™ with entries (A*) ; = A ;. Forx € C"
and y € C™, we have (Ax,y) = (x,A*y). A matrix B € C"*" is called self-
adjoint (or Hermitian) if B* = B. The identity matrix on C" is denoted Id or Id,,.
A matrix U € C"*" is called unitary if U*U = UU* = Id. A self-adjoint matrix
B € C™*™ possesses an eigenvalue decomposition of the form B = U*DU, where
U is a unitary matrix U € C"*" and D = diag[\1,...,\,] is a diagonal matrix
containing the real eigenvalues Ay, ..., A, of B.

Definition A4. Let A : X — Y be a linear map between two normed spaces
(X, |l - |I) and (Y ||-]|)- The operator norm of A is defined as
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A= SUtp1|||AX||| = sup [|Ax]. (A7)

lIxll< lIx[l=1

In particular, for a matrix A € C™*™ and 1 < p, ¢ < oo, we define the matrix norm
(or operator norm) between /£, and £, as

[Allp—sq := sup [|Ax]lg = sup [[Ax]l. (A8)

lIx[lp<1 lIx[lp=1

For A : X — Y and x € X, the definition implies that ||Ax|| < ||AJl||x]. It is
an easy consequence of the definition that the norm of the product of two matrices
A € C™*" and B € C"** satisfies

HABHP—>T < ”A”q—WHBHp—sz 1<p,qr < oo (A9)

We summarize formulas for the matrix norms || A||,—, for some special choices
of p and ¢. The lemma below also refers to the singular values of a matrix, which
will be covered in the next section.

Lemma A.5. Let A € C™*™,
(a) We have

HAH2—>2 =V /\max(A*A) = Umax(A)u

where Amax(A*A) is the largest eigenvalue of A* A and opax(A) the largest
singular value of A.
In particular, if B € C"*" is self-adjoint, then ||B||2 2 = max;cp, [A;(B)],
where the \;(B) denote the eigenvalues of B.
(b) For1 < p < oo, we have |Al|1, = maxyey,) ||ak||p- In particular,

[Allim1 = kmea[ﬁz |Aj k], (A.10)
n =
|Al1=2 = max ||lak||2. (A.11)
ke[n]

(c) We have

1A loomsoo = max » 7 |A; k.
jelml ;=

Proof. (a) Since A*A € C™*™ is self-adjoint, it can be diagonalized as
A*A = U*DU with a unitary U and a diagonal D containing the eigenvalues
Ar of A*A on the diagonal. For x € C™ with ||x||2 = 1,

|Ax|)3 = (Ax, Ax) = (A*Ax,x) = (U*DUx, x) = (DUx, Ux).
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(b)

©
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Since U is unitary, we have ||Ux||3 = (Ux, Ux) = (x, U*Ux) = ||x||3 = 1.
Moreover, for an arbitrary vector z € C",

(Dz,z) Z/\ |22 < max)\ Z|27|2 Amax (A*A)||z]|3.

Combining these facts establishes the inequality [|All2—2 < v/ Amax(A*A).

Now choose x to be an eigenvector corresponding to the largest eigenvalue of
A*A, thatis, A*Ax = A\pax(A*A)x. Then

HAXH§:<AXa Ax)=(A"Ax,X)=Anax(A"A)(X,X) = Amax(A"A) ”X”g

This proves the reverse inequality ||A |22 > v/Amax(A*A). It is shown in
Sect. A.2 that opnax(A) = /Amax(A*A), see (A.18). If B is self-adjoint, then
its singular values satisfy {c;(B),j € [n]} = {|A;(B)|,7 € [n]}, so that
[B|l2—2 = maxcp,) [A;(B)| as claimed.

For x € C™ with ||x[|; = 1, the triangle inequality gives

[AX]|, = | Z%akllp < Z |zl [larlly, < [x[1 max larllp-  (A12)
j=1 k=1

This shows that ||A |1, < maxyep, ||akl/,. For the reverse inequality, we
choose the canonical unit vector x = ey, with ko being the index that realizes
the previous maximum. Then [[Ax|[, = |lag,|, = maxep,) [|ax|[p. This
establishes the statement (b).

For x € C” with ||x||cc = 1, we have

n n n
Ax| . = max A px| < max A pllze! < 1x|loo max ALl
Al = s 5 Ayl < e 32 [Ajalle] < ol e 32 4,

To see that this inequality is sharp in general, we choose an index j € [m] that
realizes the maximum in the previous expression and set z, = sgn(A4; ) = A,
J|Aj k| if Ajk #0and z, = 0if A;, = 0. Then ||x||oc = 1 (unless A = 0, in
which case the statement is trivial), and

Ax); = Z Ajpry = Z |4 k| = Ilg[ax] Z |A; k]
k=1 k=1 Ty

Together with the inequality established above, this shows the claim. a
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Remark A.6. (a) The general identity
[Allp—q = [|A"]lg—pr
where 1/p+ 1/p = 1 = 1/q + 1/¢’ shows that (c) (and more general

statements) can be deduced from (b).
(b) Computing the operator norms ||Allcc—1, ||Afl2—1, and [|A|cc—2 is an

NP-hard problem; see [426]. (Although the case ||A||cw—s2 = ||All2—1 is
not treated explicitly in [426], it follows from similar considerations as for
[A[[oo—12)

Lemma A.7. For A ¢ C™*",

lAll2s2 = sup sup |[(Ax,y)|= sup sup Re(Ax,y). (A.13)
lyll2<1[x[2<1 lyll2<1 lIx[2<1

If B € C"*" is self-adjoint, then

IBll22 = sup [(Bx,x)|.
]l <1

Proof. The first statement follows from (A.8) with p = ¢ = 2 and (A.6). For the
second statement, let B = U*DU be the eigenvalue decomposition of B with a
unitary matrix U and a diagonal matrix D with the eigenvalues )\; of B on the
diagonal. Then

sup |(Bx,x)| = sup [{(U'DUx,x)| = sup [(DUx,Ux)]

lIx[l2<1 lIx[l2<1 lIx[l2<1

n
= sup [(Dx,x)|= sup | Y Ajlz;|?| = max )]
lIxl2<1 Ixlla<1 =7 j€ln]

= |IBll2—2,

where the last step used the second part of Lemma A.5(a). For the identity
SUp|x,<1 | Z?Zl Ajlzj|?] = max;ep,) |A;| above, we observe on the one hand

n n
Ailz: )% < max |\, z;]? < max |\;|.
12 bl < g 2l < |

j=1

One the other hand, if x = e, is the canonical unit vector corresponding to the
index jo where |);| is maximal, we have | 37, Njlai 2] = |Njo| = maxep |Ajl-
This point completes the proof. O

Specializing the above identity to the rank-one matrix B = uu* yields, for any
vectoru € C",
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[uu*|j22 = sup [(uu'x,x)| = sup [(ux,u"x)]
[Ix[l2<1 [Ix[l2<1
= sup [(x,u)|* = ul3, (A.14)
[Ix[l2<1

where we also applied (A.6).
The next statement is known as Schur test.

Lemma A.8. For A ¢ C™*",

[All2—2 < VIAT51[A oo

In particular, for a self-adjoint matrix B € C"*™,

B[22 < [ Bll1-1-

Proof. The statement follows immediately from the Riesz—Thorin interpolation
theorem. For readers not familiar with interpolation theory, we give a more
elementary proof. By the Cauchy—Schwarz inequality, the jth entry of Ax satisfies

(Ax);1 < S lerllAzul < (3 e Al) 2 (3 1450) 2.
k=1

k=1 =1

Squaring and summing this inequality yields

JAx]5 =D 1(A%); 17 <> (D |40 (D 145l
j=1 j=1 k=1 (=1
<max Al DO [l Ak
i€l i =1 k=1
< ; , 2
< ;rel%; [Aje| max ; |Ajor| ; ||

= [ Alloomsooll All1 115
This establishes the first claim. If B is self-adjoint, then [|B|l1—1 = ||B]loo—oc bY
Lemma A.5(b)—(c) or Remark A.6(a). This implies the second claim. O

We note that the above inequality may be crude for some important matrices
encountered in this book. For a general matrix, however, it cannot be improved.

Lemma A.9. The operator norm || - ||2—2 of a submatrix is bounded by one of the
whole matrix. More precisely, if A € C™*" has the form
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AL AQ@
= {Aw) A<4>]

for matrices A, then ||A©)||y_o < ||Alla_s2 for £ = 1,2,3, 4. In particular, any
entry of A satisfies |Aj k| < ||Alla=2.

Proof. We give the proof for A1), The other cases are analogous. Let A1) be of
size my x ny. Then for x(!) € C™, we have

6

0 0

1
The set T7 of vectors (XO ) € C" with |xM||y < 1 is contained in the set

(D)o (1) )12 (1)w (1) (12 (3) (1) ]2 A(l) (1) 2
AW < [JAWXT 3+ [[AYX5 = A )%

2

T := {x € C",||x||z < 1}. Therefore, the supremum over x(!) € T} above is
bounded by sup, 7 || Ax]||3 = ||A]|3_,,. This concludes the proof. O

Remark A.10. The same result and proof hold for the operator norms || - ||,—4 With
L<p,q<oo.

Gershgorin’s disk theorem stated next provides information about the locations
of the eigenvalues of a square matrix.

Theorem A.11. Let )\ be an eigenvalue of a square matrix A € C™"*™. There exists
an index j € [n] such that

A=A 1< >0 Al
Le[n\{s}

Proof. Let u € C™ \ {0} be an eigenvector associated with A, and let j € [n]
such that |u;| is maximal, i.e., [u;| = [[u|cc. Then } ¢, Ajeue = Auy, and a
rearrangement gives > .11\ 1;3 Ajeue = Au; — Aj ju;. The triangle inequality
yields

A=Al < Y 1Al < ulle Y TAjel = luil Y |45l
Le[n]\{5} Le[n\{7} Le[n\{7}

Dividing by |u;| > 0 yields the desired statement. a

More information on Gershgorin’s theorem and its variations can be found, for
instance, in the monograph [496].
The trace of a square matrix B € C™*" is the sum of its diagonal elements, i.e.,
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The trace is cyclic, i.e., tr (AB) = tr (BA) forall A € C"™*"™ and B € C"*"™. It
induces an inner product defined on C™*™ by

(A,B)p := tr (AB"). (A.15)

The Frobenius norm of a matrix A € C™*" is then

1/2

Al == v/tr (AA) = Vir (AFA) = [ >

jE[m],k€[n]

|A;x|? . (A.16)

After identifying matrices on C™*"™ with vectors in C™", the Frobenius norm can
be interpreted as an £5-norm on C™".

The operator norm on /5 is bounded by the Frobenius norm, i.e.,

[Al2-2 < |A[lp (A.17)

Indeed, for x € C™, the Cauchy—Schwarz inequality yields

m

IAXE =3 (3 Apea)? < 30 (3 o P

j=1 k=1

YO AP = Al Ix]3-

j=1 k=1 £=1

Next we state a bound for the operator norm of the inverse of a square matrix.

Lemma A.12. Suppose that B € C"*" satisfies

B —Id|[2—2 <7

for some n € [0,1). Then B is invertible and || B™||a2 < (1 —n)~!
Proof. We first note that, with H

Id — B, the Neumann series > -, H*

converges. Indeed, by the triangle inequality and the fact that || H*|so < |H|% .,
derived from (A.9), we have

k=0

o0 fe's) 00 1
|‘§E:IJk”2*2 SQZE:HII”§+2 Szj{:nk:: TTTZ'
k=0 k=0

Now we observe that

(Id—H)in:in—inzld
k=0 k=1

k=0
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by convergence of the Neumann series, and similarly >~ H*(Id - H) = Id.
Therefore, the matrix Id — H = B is invertible and

B'=(Id—H)" ZH’“.

This establishes the claim. O

A.2 The Singular Value Decomposition

While the concept of eigenvalues and eigenvectors applies only to square matrices,
every (possibly rectangular) matrix possesses a singular value decomposition.

Proposition A.13. For A € C™*", there exist unitary matrices U € C™*™,
V € C"*", and uniquely defined nonnegative numbers o1 > o9 > --- >
Omin{m,n} = 0, called singular values of A, such that

A=USV*  S=diag[o1,...,0minfmn] € R™".

Remark A.14. Writing U = [uy|---|u,,] and V = [vq]| - - - |v,], the vectors uy are
called left singular vectors, while the v, are called right singular vectors.

Proof. Let vi € C" be a vector with [[vi||2 = 1 that realizes the maximum in the
definition (A.8) of the operator norm || A[|2—2, and set

o1 = [|[Avi]l2 = [[Avi]2.

By compactness of the sphere S"~! = {x € C",||x||2 = 1}, such a vector v;
always exists. If 01 = 0, then A = 0, and we set o, = 0 for all £ € [min{m,n}],
and U,V are arbitrary unitary matrices. Therefore, we assume o7 > 0 and set

u; = 0'1_1AV1.

We can extepd u;, vy to ortklonormal ba§es in order to. form unitary matrices
U, = [U.1|U1], VvV, = [V1|V1]. Since UTAVl = alU*{ul = 0, the matrix
A, = Uj AV, takes the form
01 b*
A =
N

where b* = uf AV, and B = U;AV,; € C"~Dx(»=1) Tt follows from

et

> oi + b3
2

|Atllasay/o? + [BIE > HA ( )
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that || A1 |22 > /0?7 + ||b]|3. But since Uy, V are unitary, we have ||A1||2—2 =
lA|l2—2 = o1, and therefore, b = 0. In conclusion,

0
A, =UAV, = (71 7).
! 1AL (03)

With the same arguments, we can further decompose B € C(m=1*(n=1) "and by
induction we arrive at the stated singular value decomposition. O

The previous proposition reveals that the largest and smallest singular values satisfy

Omax(A) = 01(A) = [[A22 = max [[Ax]s,

lIx[l2=1

Umin(A) = Omin{m,n} (A) = HDICIHliIil HAXHQ

If A has rank r, then its r largest singular values o7 > --- > ¢, are positive,
while 0,41 = 0,42 = --- = 0. Sometimes it is more convenient to work with
the reduced singular value decomposition. For A of rank r with (full) singular
value decomposition A = UXV*, we consider > = diag[oy,...,0,] € R™"
and the submatrices U = [uy|---|u,] € C™*", V = [vy|---|v,] € C"" of
U=[w]| - |uy], V=][vi]| |vs]. We have

A= fJf]V* = Z ajujv;-‘.
j=1
Given A € C™*" with reduced singular value decomposition A = UZV*, we
observe that
A*A = VEU'UEV* = VEV,
AA = USV'VED* = US 0",

Thus, we obtain the (reduced) eigenvalue decompositions of A*A and AA*. In
particular, the singular values o; = o;(A) satisfy

0i(A) = \/N(ATA) = \ /N (AAS), € [min{m,n}], (A.18)

where A\ (A*A) > Ay(A*A) > --- are the eigenvalues of A*A arranged in
nonincreasing order. Moreover, the left and right singular vectors listed in U, V
can be obtained from the eigenvalue decomposition of the positive semidefinite
matrices A*A and AA*. (One can also prove the existence of the singular value
decomposition via the eigenvalue decompositions of A*A and AA*.)

For the purpose of this book, the following observation is very useful.
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Proposition A.15. Let A € C™*", m > n. If
[A*A —Id|[]22 <0 (A.19)
for some § € [0, 1], then the largest and smallest singular values of A satisfy
Omax(A) <VI+0,  omn(A) >V1-4. (A.20)

Conversely, if both inequalities in (A.20) hold, then (A.19) follows.

Proof. By (A.18) the eigenvalues \; (A*A) of A* A are the squared singular values
07(A) of A, j € [n]. Thus, the eigenvalues of A*A — Id are given by 0% (A) — 1,
J € [n], and Lemma A.5(a) yields

max{o?, (A) — 1,1 — 0%, (A)} = |A*A —Id|]>».

max min

This establishes the claim. O

The largest and smallest singular values are 1-Lipschitz functions with respect to
the operator norm and the Frobenius norm.

Proposition A.16. The smallest and largest singular values oy,in and oy ax satisfy,
for all matrices A, B of equal dimensions,
|omax(A) = Omax(B)| < [[A = B|l22 < |A = Bl|F, (A.21)
|Umin(A) - Unlin(B)| < ||A - BH2~>2 < ||A - BHF (A.22)

Proof. By the identification of the largest singular value with the operator norm, we
have

|omax(A) = Omax(B)| = [[|A[[22 — [ Bl22| < [|A — Bll22.
The inequality for the smallest singular is deduced as follows:

omin(A) = inf [JAx[s < i (IBx]l2 + [[(A = B)x|}2)

lIx]l2=1 x[l2=1

< | inf ([|[Bx[[2+ [|A = Bll22) = omin(B) + |A — Blj2-2.

x||2:1

Therefore, we have oyin(A) — omin(B) < ||A — Blla—2, and (A.22) follows by
symmetry. The estimates by the Frobenius norm in (A.21) and (A.22) follow from
the domination (A.17) of the operator norm by the Frobenius norm. O

The singular values o1 (A) > -+ > Opinfm,n} (A) > 0 of a matrix A € C"*"
obey the useful variational characterization
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ox(A) = max min |Ax]s.
McC"  xeM
dim M=k |[|x|2=1

This follows from a characterization of the eigenvalues A;(A) > -+ > A, (A)
of a self-adjoint matrix A € C"*" often referred to as Courant—Fischer minimax
theorem or simply minimax principle, namely

Ae(A) = Jmax  min (Ax,x). (A.23)

dim M=k |[|x||2=1
With (uy,...,u,) denoting an orthonormal basis of eigenvectors for the eigen-
values A\ (A) > --- > X, (A), the fact that \;(A) is not larger than the

right-hand side of (A.23) follows by taking M = span(uy,...,ux), so that, if
X = Z?:l ¢;ju; € M has unit norm, then

k
(Ax,%) = 3 A (A)S = M(A)

j=1

-

& = M(A)[|x]3 = Ai(A).

<
Il
-

For the fact that A;(A) is not smaller than the right-hand side of (A.23), given a
k-dimensional subspace M of C", we choose a unit-normed vector

x € MNspan(uy, ..., u,), so that, with x = %

j=1CiWj»

(Ax, %) ZAJ )e3 < Me(A)D el = Me(A)|x3 = Ar(A).

<.
Il
Ea

<
Il
Ea

The characterization (A.23) generalizes to Wielandt’s minimax principle for sums
of eigenvalues. The latter states that, forany 1 <1i; < --- < i < n,

k k

E Ai; (A) = max min E (Ax;,X;).
- M1C--CMCC™ (%x1,...,x}) orthonormal # :
j=1 dim M j=i; x; EM; J=

We refer to [47] for a proof. Next we state Lidskii’s inequality (which reduces to
the so-called Weyl’s inequality in the case k = 1). It can be proved using Wielandt’s
minimax principle, but we prefer to give a direct proof below.

Proposition A.17. Let A,B € C"*" be two self-adjoint matrices, and let
(Aj(A))jemp (Ni(B))jemp (Aj(A + B))jcn) denote the eigenvalues of A, B,
and A + B arranged in nonincreasing order. Forany 1 < iy < --- <1 < n,

k

k
DA (A+B) <Y N (A)+ ) N(B). (A.24)
= = :
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Proof. Since the prospective inequality (A.24) is invariant under the change
B < B — cId, we may and do assume that A1 (B) = 0. Then, from the unitarily
diagonalized form of B, namely,

B = Udiag[Ai(B), ..., Ak(B), Aer1(B), ..., A (B)] U™,
we define the positive semidefinite matrix BT € C™**" as

B* := Udiag[\(B), ..., \(B),0,...,0] U*.

We notice that A + B < A + Bt and A < A + BT. Hence, the minimax
characterization (A.23) implies that, for all ¢ € [n],

It follows that

k k
> (N (A+B) - <> (A (A+BT) =) (A))
j=1 j=1
n k
<) (MA+BT) - N(A) =tr (A+BY) —tr(A) = tr (BY)= > \i(B).
=1 1=1
This is the desired inequality. O

As a consequence of Proposition A.17, we establish the following lemma.

Lemma A.18. If the matrices X € C™*™ and Y € C"™*" have the singular
values 01(X) > -+ > 0¢(X) > 0and 01(Y) > -+ > o4(Y) > 0, where
£ := min{m,n}, then, for any k € [{,

k k
1o (X) =0 (V) £ 3oy (X —

Proof. The self-adjoint dilations S(X), S(Y) € C(m+m)x(m+n) defined by

S(X) = [)2 ﬂ and  S(Y) = L? ﬂ

have eigenvalues
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Therefore, given k € [¢], there exists a subset Ij;, of [m + n] with size & such that

k
Z |0 (X) = 03 (Y)| = Y (Ai(S(X)) = 4 (S(Y))).-

NS

Using (A.24) with A = S(Y),B=S(X —-7Y), and A + B = 5(X) yields

k k
D10 (X) = (V) <D NSX-Y)) =) 0;(X-Y).
Jj=1 Jj=1 j=1
The proof is complete. O

Lemma A.18 implies in particular the triangle inequality

14 L L
ZQj(A+B)§ZUj(A)+Zq7(B)7 ABeC™m,
=1 j=1

Jj=1

where £ = min{m, n}. Moreover, it is easy to verify that Zﬁ:l 0;j(A) = 0if and
only if A = 0 and that Z§:1 gj(AA) = |A] Z§:1 0;(A). These three properties
show that the expression

min{m,n}
Al == > o;(A), AeCm™m (A.25)

j=1

defines a norm on C™*™, called the nuclear norm. It is also referred to as the
Schatten 1-norm, in view of the fact that, for all 1 < p < oo, the expression

min{m,n}

1/p
||A||sp:—[ 3 aj<A>P] . Aecmn,

j=1

defines a norm on C"*™, called the Schatten p-norm. We note that it reduces to the
Frobenius norm for p = 2 and to the operator norm for p = oc.

Next we introduce the Moore—Penrose pseudo-inverse, which generalizes the
usual inverse of a square matrix, but exists for any (possibly rectangular) matrix.

Definition A.19. Let A € C™*"™ of rank r with reduced singular value decompo-
sition

A=TUIV'=> 0;(A)u;v;.
j=1
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Then its Moore—Penrose pseudo-inverse AT € C**™ is defined as

i

AT=VETT =Y o (A
j=1

Note that the singular values satisfy o,;(A) > 0 for all j € [r], r = rank(A), so
that AT is well defined. If A is an invertible square matrix, then one easily verifies
that AT = A~ It follows immediately from the definition that At has the same
rank 7 as A and that

Tmax(AT) = ATz = 0,71 (A).
In particular, if A has full rank, then
1A 252 = 07 (A)- (A26)
If A*A € C"*" is invertible (implying m > n), then

AT = (A*A)TA" (A.27)

Indeed,

(A*A)"IA* = (VE’ V) IVEU* = VE V'VEU* = VEU* = A,
Similarly, if AA* € C™*™ is invertible (implying n > m), then
AT = A*(AA) L (A.28)

The Moore—Penrose pseudo-inverse is closely connected to least squares problems
considered next.

A.3 Least Squares Problems

Let us first connect least squares problems with the Moore—Penrose pseudo-inverse
introduced above.

Proposition A.20. Let A € C"™*" andy € C™. Define M C C" to be the set of
minimizers of x — || Ax — y||2. The optimization problem

inimi A29
minimize Ix||2 ( )

has the unique solution x* = Aly.
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Proof. The (full) singular value decomposition of A can be written A = UXV*
with

>0
Y= e R™*™,
o9

where 3 € R™*", r = rank(A), is the diagonal matrix containing the nonzero
singular values o1 (A), ..., 0.(A) on its diagonal. We introduce the vectors

z = (Z1> =V*x, z €C",

Z2

b= (bl) _U'y, b eC.
b,

Since the ¢2-norm is invariant under orthogonal transformations, we have

. . Sz, — b
A% -yl = U (Ax - y)ll = [2V-x - bl = | (1 P1)

2

. . e 1 . .. .
This ¢2-norm is minimized for z; = 3 b; and arbitrary z». Fixing z;, we notice
that [|x]|3 = ||[V*x]|3 = ||lz|3 = |z1]|3 + ||z2]|3 is minimized for zo = 0.
Altogether, the minimizer x* of (A.29) is given by

< —1
Al 2 0 * T
x=V =V U'y=A
( 0 ) 0o Y Y
by definition of the Moore—Penrose pseudo-inverse. O

Let us highlight two special cases.

Corollary A.21. Let A € C™*™, m > n, be of full rank n, and let y € C™. Then
the least squares problem

minirgize [Ax —y/l2 (A.30)
xeCn

has the unique solution x* = Aly.

This follows from Proposition A.20 because a minimizer x* of |[Ax — y||z is
unique: Indeed, Ax*® is the orthogonal projection of y onto the range of A, and
this completely determines x* because A has full rank. Notice then that AAT is
the orthogonal projection onto the range of A. Since A is assumed to have full rank
and m > n, the matrix A* A is invertible, so that (A.27) yields AT = (A*A)~tA*,
Therefore, x* = Aty is equivalent to the normal equation

A*AxF = A*y. (A31)
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Corollary A.22. Let A € C™*", n > m, be of full rank m, and lety € C™. Then
the least squares problem

mini%lize |[x[|2  subjectto Ax =y (A.32)
xeCn

has the unique solution x* = Aly.

Since A is of full rank m < n, (A.28) yields AT = A*(AA*)~!. Therefore, the
minimizer x of (A.32) satisfies the normal equation of the second kind

x* = A*b, where AA*b =y. (A.33)

We can also treat the weighted {2-minimization problem

n 1/2
.. . 2 .
w = i|Fw; bjectto Az =y, A34
minimize llz||2, (;—1 EA wj) subjectto Az =y ( )

where w is a sequence of weights w; > 0. Introducing the diagonal matrix
1/2

D,, = diagwy,...,w,] € R™*" and making the substitution x = Dy “z, the
minimizer z of (A.34) is deduced from the minimizer x* of
mini%lize |x[|2 subjectto AD_?x =y

xeCn
via

7' = DGY%x! = D2 (ADLY?)ty. (A.35)
In particular, if n > m and A has full rank, then

f_ —1 A * —1 A x\—1
z" =D, A*(AD_, A*) 'y. (A.36)

Instead of (A.35), the following characterization in terms of the inner product
(x,%')w = 27, wja’ jw; can be useful.

Proposition A.23. A vector z* € C" is a minimizer of (A.34) if and only if
Az =y and

Re (z*,v)w =0 forall v € ker A. (A37)

Proof. Given z* with Az* =y, a vector z € C" is feasible for (A.34) if and only if
it can be written as z = x + tv with t € R and v € ker A. Observe that

It vl = KB + P IVIBa + 2R (VI (A3)



534 A Matrix Analysis

Therefore, if Re (x,v)w = 0, then ¢ = 0 is the minimizer of ¢ — ||x + tV]|2,w.,
and in turn z* is a minimizer of (A.34). Conversely, if z is a minimizer of (A.34),
then ¢ = 0 is a minimizer of ¢ — ||x + ¢v||2,w for all v € ker A. However, if
Re (x,V)w # 0, then (A.38) with a nonzero ¢ sufficiently small and of opposite
sign to Re (x, V) reads ||x + ¢tv||2,w < ||x||2, which is a contradiction. O

Although (A.31) and (A.33) suggest to solve the normal equations via a method
such as Gauss elimination in order to obtain the solution of least squares problems,
the use of specialized methods presents some numerical advantages. An overview of
various approaches can be found in [51]. We briefly mention the prominent method
of solving least squares problems via the ) R decomposition.

For any matrix A € C™*" with m > n, there exists a unitary matrix
Q € C™*™ and an upper triangular matrix R € C™*™ with nonnegative diagonal

entries such that
R
A= .

We refer to [51] for the existence (see [S51, Theorem 1.3.1]) and for methods to
compute this QR decomposition. Now consider the least squares problem (A.30).
Since Q is unitary, we have

* * R *
Iax -yl = |QAx - @yl = | () x- @y

2

Partitioning b = (El) = Q*y with by € C", this is minimized by solving
2

the triangular system Rx = b; with a simple backward elimination. (If R has
some zeros on the diagonal, a slight variation of this procedure can be applied via
partitioning of R.)

The orthogonal matching pursuit algorithm involves successive optimization
problems of the type (A.30) where a new column is added to A at each step. In
such a situation, it is beneficial to work with the @R decomposition of A, as it is
numerically cheap to update the Q R decomposition when a new column is added;
see [51, Sect. 3.2.4] for details.

The least squares problem (A.32) may also be solved using the ) R decomposi-
tion of A*; see [51, Theorem 1.3.3] for details.

If fast matrix—vector multiplication algorithms are available for A and A* (for
instance, via the fast Fourier transform or if A is sparse), then iterative algorithms
for least squares problems are fast alternatives to QR decompositions. Conjugate
gradients [51, 231] and especially the variant in [303] belong to this class of
algorithms.
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A4 Vandermonde Matrices

The Vandermonde matrix associated with zq, 1, ..., z, € Cis defined as

lxox%-uxg

Lay 23 - af
V:=V(xo,x1,...,2n):=|. . . . (A.39)
Lz, 22 - a?

Theorem A.24. The determinant of the Vandermonde matrix (A.39) equals

det V=T (xe—an).
0<k<t<n

Proof. The proof can be done by induction on n > 1. For n = 1, the result is clear.
For n > 2, we remark that det V(zg, 21, ..., 2, ) is a polynomial in x,,, has degree
at most n, and vanishes at xg, . . ., x,,_1. Therefore,

det V(zg,21,...,2,) = ¢ H (Tp — ) (A.40)

0<k<n

for some constant ¢ depending on x4, . . ., x,—1. We notice that the constant c is the
coefficientof 27 in det V(zg, 1, . . ., ). By expanding the determinant of the ma-
trix  V(xzo,z1,...,2,) along its last row, we observe that
¢ =det V(zg,21,...,Tn_1). Using the induction hypothesis to substitute the value
of c in (A.40) concludes the proof. a

We now establish a more involved result on the total positivity of Vandermonde
matrices.

Theorem A.25. Ifx, > ---x1 > x9 > 0, then the Vandermonde matrix (A.39) is
totally positive, i.e., for any sets 1, J C [n + 1] of equal size,

det Vi ;> 0,

where V1 j is the submatrix of V with rows and columns indexed by I and J.
We start with the following lemma, known as Descartes’ rule of signs.

Lemma A.26. For a polynomial p(x) = anz™ + - -+ + a1x + ag # 0, the number
Z(p) of positive zeros of p and the number S(a) := card({i € [n] : a;_1a; < 0})
of sign changes of a = (ag,ax, . .., an) satisfy

Z(p) < S(a).
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Proof. We proceed by induction on n > 1. For n = 1, the desired result is clear.
Let us now assume that the result holds up to an integer n — 1, n > 2. We want to
establish that, given p(z) = an2™ +- - -+ a1z +ap # 0, we have Z(p) < S(a). We
suppose that ag # 0; otherwise, the result is clear from the induction hypothesis.
Changing p in —p if necessary, we may assume ag > 0, and we consider the smallest
positive integer k£ such that ar # O—the result is clear of no such k exists. We
separate two cases.

1. ap > 0and a; < 0.
The result follows from Rolle’s theorem and the induction hypothesis via

Z(p) SZ(p/)+1SS(ala"'aan)+1:S(a07a17"'aan)'

2. ag > 0and ax > 0.
Let ¢ denote the smallest positive zero of p—again the result is clear if no such ¢
exists. Let us assume that p’ does not vanish on (0, t). Since p’(0) = kay, > 0,
we derive that p’(x) > 0 for all z € (0, t). If follows that ag = p(0) < p(t) =0,
which is absurd. Therefore, there must be a zero of p’ in (0,¢). Taking into
account the zeros of p’ guaranteed by Rolle’s theorem, the result follows from
the induction hypothesis via

Z(p) < Z(p") < S(a1,...,a,) = S(ag,a1,...,an).

This concludes the inductive proof. O

Proof (of Theorem A.25). We will prove by induction on k € [n] that

J1 ..J2 Jk

Tiy Tiy i,
J1 .02 Jk
A el (ot
2 2 2

det | = 7 1 >0

J1 ..J2 Jk

CCZ-k I’ik I’ik

forall 0 < 29 < 21 < -+ < zxpandforall 0 < 77 < 19 < -+ < 7 < n and
0 <j1 <Jj2<---<jr <n.Fork = 1, this is nothing else than the positivity of
the x;’s. Let us now suppose that the result holds up to aninteger k — 1,2 < k < n,
and assume that

J1 J2 ... dk
Tiy Ty Ty
1,92 k
bl

det | = . . i <0 (A41)
J1 .02 Jk
Lip Ty, = T,

forsome 0 < 29 < 21 < -+ < x, and for some 0 < i1 < o < --+ < 1 < n and
0 <71 <J2 <--- < Jjg < n.Weintroduce the polynomial p defined by
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J1 .02 Jk
xill xill - xill
Ji1 .J2 Jk
i xiz - xiz
p(z) := det
It iz ... gk

Expanding with respect to the last row and invoking Descartes’ rule of signs, we
observe that Z(p) < k — 1. Since the polynomial p vanishes at the positive points
Zip,--.,Ti, ,,it cannot vanish elsewhere. The assumption (A.41) then implies that
p(z) < 0 forall z > z;,_,.But this contradicts the induction hypothesis, because

J1 J2 Jk—1
i1 xi‘l T xi,l
J1 J2 Jk—1
. p\x Qo Qo i
lim (—) = det . . ) > 0.
r—+oo Ik . . .
J1 J2 .. Jk—1
i1 Lig_a L1

Thus, we have shown that the desired result holds for the integer k, and this
concludes the inductive proof. O

A.5 Matrix Functions

In this section, we consider functions of self-adjoint matrices and some of their basic
properties. We recall that a matrix A € C"*" is called self-adjoint if A = A*.Itis
called positive semidefinite if additionally (Ax,x) > 0 for all x € C™ and positive
definite if (Ax,x) > 0 for all x # 0. For two self-adjoint matrices A, B € C"*",
we write A < Bor B = A if B— A is positive semidefiniteand A < BorB >~ A
if B — A is positive definite.

A self-adjoint matrix A possesses an eigenvalue decomposition of the form

A = UDU",

where U € C™*" is a unitary matrix and D = diag[A1,...,\,] is a diagonal
matrix with the eigenvalues of A (repeated according to their multiplicities) on the
diagonal. For a function f : I — R with I C R containing the eigenvalues of A,
we define the self-adjoint matrix f(A) € C™*" via the spectral mapping

f(A)=UfD)U",  f(D)=diag[f(A1),..-, f(An)]. (A.42)

This definition does not depend on the particular eigenvalue decomposition. It is
easy to verify that for polynomials f, the definition coincides with the natural one.
For instance, if f(t) = t2, then, because U is unitary,
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f(A) = UD*U* = UDU*UDU"* = A%
Note that, if f(z) < g(x), respectively f(z) < g(z), for all z € [a, ], then
f(A) < g(A), respectively f(A) < g(A), (A43)
for all A with eigenvalues contained in [a,b]. It is a simple consequence of the

definition that for a block-diagonal matrix with self-adjoint blocks A1,..., A on
the diagonal,

A, 0 -~ 0 f(A)) 0 -~ 0

pl{O A o 0 SA T (A44)
Lo o
0 ---0 Ay 0 .0 f(AL)

Moreover, if A commutes with B, i.e., AB = BA, then also f(A) commutes with
B,ie., f(A)B=Bf(A).

The matrix exponential function of a self-adjoint matrix A may be defined by
applying (A.42) with the function f(z) = e®, or equivalently via the power series

et =exp(A):=Id+ ) %A’“. (A.45)
k=1 "

(The power series definition actually applies to any square, not necessarily self-
adjoint, matrix.) The matrix exponential of a self-adjoint matrix is always positive
definite by (A.43). Moreover, it follows from 1 + x < e for all z € R and from
(A.43) again that, for any self-adjoint matrix A,

Id + A < exp(A). (A.46)
Lemma A.27. If A and B commute, i.e., AB = BA, then
exp(A + B) = exp(A) exp(B).

Proof. If A and B commute, then

k k : :
1 1 kN . , AJ Bk-i
—(A+B)F == <,>AJB’H_ = =
k! k! j;o j jgo gt (k= 4)!

Therefore,
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[eS) k k— oo oo Jo— [eS) %)
AJ B J AJ B J ] 1
=0;j=0 J j=0 k=j J j=0 J: (=0 "
= exp(A) exp(B).
This yields the claim. O

This lemma fails in the general case where A and B do not commute.

Corollary A.28. For any square matrix A, the matrix exponential exp(A) is
invertible and

exp(A)~! = exp(—A).
Proof. Since A and —A commute, the previous lemma yields
exp(A)exp(—A) = exp(A — A) = exp(0) = Id,
and similarly exp(—A)exp(A) = Id. O
Of special interest is the trace exponential
tr exp : A — tr exp(A). (A47)

The trace exponential is monotone with respect to the semidefinite order. Indeed,
for self-adjoint matrices A, B, we have

tr expA <tr expB whenever A < B. (A.48)

This fact follows from the more general statement below.

Proposition A.29. Let f : R — R be a nondecreasing function, and let A, B be
self-adjoint matrices. Then A < B implies

tr f(A) < tr f(B).

Proof. The minimax principle in (A.23) and the assumption A < B imply that the
eigenvalues A1 (A) > A2(A) > --- and \;(B) > A2(B) > - - - of A and B satisfy

Ak(A) = max, mi/\I}l (Ax,x) < max, mij\r}l (Bx,x) = A\ (B).
b R a2 b R Teipesst

Since f is nondecreasing, it follows that
=) FOw(A) £ FO(B)) = tr f(B).
k=1 k=1

This completes the proof. a
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Next we show that certain inequalities for scalar functions extend to traces of
matrix-valued functions; see [382] for more details.

Theorem A.30. Given f;,g; : [a,b] = Rand ¢y € R for ¢ € [M], if

M

Zcéff(x)gf(y) >0 forall T,y € [aab]a

{=1

then, for all self-adjoint matrices A, B with eigenvalues in [a, b],

M
fr <Z Cefe(A)ge(B)> > 0.

(=1

Proof: Let A = 37" Njujui and B = 7, vy v be the eigenvalue
decompositions of A and B. Then

M
r <ZC¢f@(A)gz( ) =tr Zce Z fe(Ag)ge(m)ujafvivy
=1

=1 j,k=1

—chefz )ge (i) tr (wujviv) chzfe )ge(me) | (uj, vi)[* = 0.

J,k=1=1 J,k=1U=1

Hereby, we have used the cyclicity of the trace in the second-to-last step. a

A function f is called matrix monotone (or operator monotone) if A < B implies
f(A) < f(B). (A.49)

Somewhat surprisingly, not every nondecreasing function f : R — R extends to a
matrix monotone function via (A.42). A simple example is provided by f(t) = t2.

In order to study matrix monotonicity for some specific functions below, we first
make an easy observation.

Lemma A.31. IfA < B, then Y*AY < Y*BY forall matrices Y with appropri-
ate dimensions. In addition, if Y is invertible and A < B, then Y*AY < Y*BY.

Proof. For every vector x, we have
(Y*AYx,x) = (AYx,Yx) < (BYx, Yx) = (Y*"BYx, x),

which shows the first part. The second part follows with minor changes. a

Next, we establish the matrix monotonicity of the negative inverse map.
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Proposition A.32. The matrix function f(A) = — A~ is matrix monotone on the
set of positive definite matrices.

Proof. Given0 < A < B, the matrix B~'/2 exists (and may be defined via (A.42)).
According to Lemma A.31,
B Y/2AB Y2 < B7/?2BB Y2 =Id.

The matrix C = B~'/2AB~!/2 has an eigenvalue decomposition C = UDU*
with a unitary matrix U and a diagonal matrix D. By Lemma A.31, the above
relation implies 0 < D < Id. It follows that Id < D~ !. Then Lemma A.31
yields

1d < UD—IU* _ C—l _ (B_1/2AB_1/2)_1 _ B1/2A_1B1/2.

Applying Lemma A.31 again shows that B~! = B~1/2IdB~1/2 g A~ 1. O

The matrix logarithm can be defined for positive definite matrices via the spectral
mapping formula (A.42) with f(z) = In(z). It is the inverse of the matrix
exponential, i.e.,

exp(ln(A)) = A. (A.50)

Remark A.33. The definition of the matrix logarithm can be extended to invertible,
not necessarily self-adjoint, matrices, just like the matrix exponential extends to all
square matrices via the power series expansion (A.45). Similarly to the extension
of the logarithm to the complex numbers, one encounters the nonuniqueness of
the logarithm defined via (A.50). One usually chooses the principal branch, thus
restricting the domain to matrices with eigenvalues outside of the negative real line.

Unlike the matrix exponential, the matrix logarithm is matrix monotone.

Proposition A.34. Let A, B be positive definite matrices. Then
In(A) < In(B) whenever A < B.
Proof. We first observe that the (scalar) logarithm satisfies

o 1 1

Indeed, a simple integral transformation shows that, for R > 0,

R R
1 1 t+1 1 1
/ —_— = dt=ln + =In R+ —In{—=] — In(z).
o \U+1 t+=x t+x /|, R+x T ) R—co
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It now follows from Proposition A.32 that, for ¢ > 0, the matrix function

1
A):=—Id- (tId+ A)~!
9:(A) == < 1d — (11d + A)
is matrix monotone on the set of positive definite matrices. By (A.51) and by the
definition of the matrix logarithm via (A.42), we derive that, for a positive definite
matrix A,

In(A) = /000 g:(A)dt.

Therefore, the matrix logarithm is matrix monotone, since integrals preserve the
semidefinite ordering. O

The square-root function A — A'/2 and all the power functions A — AP” with
0 < p < 1 are also matrix monotone on the set of positive semidefinite matrices;
see [47] or [379] for a simple proof.

We continue the discussion on matrix function in Sect. B.6, where we treat
convexity issues.



Appendix B
Convex Analysis

This appendix provides an overview of convex analysis and convex optimization.
Much more information can be found in various books on the subject such as [70,
178,275,293,424,425].

For the purpose of this exposition on convexity, we work with real vector spaces
RY and treat sets in and functions on CV by identifying CV with R?"_ In order to
reverse this identification in some of the statements and definitions below, one needs
to replace the inner product (x, z) by Re(x, z) for x,z € CV.

B.1 Convex Sets

Let us start with some basic definitions.
Definition B.1. A subset X C RY is called convex, if for all x,z € K, the line
segment connecting x and z is entirely contained in K, that is,

tx+(1—t)ze K forallt € [0,1].

It is straightforward to verify that a set K € R” is convex if and only if, for all
X1,...,X, € Kandtq,...,t, > 0suchthat Z?:l t; = 1, the convex combination
> _j—1t;jX; is also contained in K.

Definition B.2. The convex hull conv(T') of a set ' C R¥ is the smallest convex
set containing 7.

It is well known [424, Theorem 2.3] that the convex hull of T" consists of the finite
convex combinations of T, i.e.,

n n
conv(T) = {thxj n> 1t ot 20,0t =1,X1,...,%, € T}
j=1 j=1
S. Foucart and H. Rauhut, A Mathematical Introduction to Compressive Sensing, 543
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Simple examples of convex sets include subspaces, affine spaces, half spaces,
polygons, or norm balls B(x,t); see (A.2). The intersection of convex sets is again
a convex set.

Definition B.3. A set X C RY is called a cone if, forall x € K and all t > 0, tx
also belongs to K. In addition, if K is convex, then K is called a convex cone.

Obviously, the zero vector is contained in every cone. A set K is a convex cone if,
forall x,z € K and ¢, s > 0, sx + tz also belongs to K.

Simple examples of convex cones include subspaces, half spaces, the positive
orthant RY = {x € RY : z; > 0 forall i € [N]}, or the set of positive semidefinite

matrices in RY*¥_ Another important example of a convex cone is the second-
order cone

(B.1)

For a cone K C RY, its dual cone K* is defined via
K*:={zeR":(x,z) > 0forallx € K}. (B.2)

As the intersection of half spaces, K* is closed and convex, and it is straightforward
to verify that K* is again a cone. If K is a closed nonempty cone, then K** = K.
Moreover, if H, K C RY are cones such that H C K, then K* C H*. As an
example, the dual cone of the positive orthant RY is RY itself—in other words, RY
is self-dual. Note that the dual cone is closely related to the polar cone, which is
defined by

K°:={zeR":(x,z) <Oforallx € K} = —K". (B.3)

The conic hull cone(T) of a set T C RY is the smallest convex cone
containing 7. It can be described as

cone(T) = {thxj in > 1ty .ty >0,%X1,...,%X, € T}. (B.4)
j=1

Convex sets can be separated by hyperplanes as stated next.
Theorem B.4. Let K, Ko C RY be convex sets whose interiors have empty

intersection. Then there exist a vector w € RN and a scalar )\ such that

Ky c{xeRY:(x,w) <)},

Ky C {xeRY: (x,w) > A}
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Remark B.5. The theorem applies in particular when K1 N K5 = () or when K1, Ko
intersect in only one point, i.e., K1 N K2 = {x}. In the latter case, one chooses A =
(x0,w). If K5 is a subset of a hyperplane, then one can choose w and A such that
Ky C {x e RN : (x,w) = A}

Next we consider the notion of extreme points.

Definition B.6. Let K C R” be a convex set. A point x € K is called an extreme
pointof K if x =ty + (1 —t)zfory,z € K andt € (0,1) impliesx =y = z.

Compact convex sets can be described via their extreme points as stated next
(see, for instance, [424, Corollary 18.5.1] or [275, Theorem 2.3.4]).

Theorem B.7. A compact convex set is the convex hull of its extreme points.

If K is a polygon, then its extreme points are the zero-dimensional faces of K,
and the above statement is rather intuitive.

B.2 Convex Functions

We work with extended-valued functions F' : RY — (—o00,00] = R U {oc}.
Sometimes we also consider an additional extension of the values to —oo. Addition,
multiplication, and inequalities in (— oo, oo] are understood in the “natural” sense—
for instance, x + oo = oo forallz € R, A - 00 = oo for A > 0, x < oo for all
x € R. The domain of an extended-valued function F' is defined as

dom(F) = {x € RN F(x) # o0}.
A function with dom(F') # () is called proper. A function F' : K — R on a subset

K C RY can be converted to an extended-valued function by setting F'(x) = oo
for x ¢ K. Then dom(F') = K, and we call this extension the canonical one.

Definition B.8. An extended-valued function ' : RY — (—o0, ] is called
convex if, for all x,z € RN and ¢ € [0, 1],

Flx+ (1-t)z) <tF(x)+ (1 —t)F(z). (B.5)
F is called strictly convex if, for all x # z and all t € (0, 1),

F(tx+ (1-t)z) <tF(x)+ (1 —t)F(z).
F is called strongly convex with parameter y > 0 if, forall x,z € R and t € [0, 1],

Fltx+ (1 —t)z) < tF(x) + (1 — t)F(z) — %t(l ~Hx—z|2  (B6)
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A function F' : RN — [—00,00) is called (strictly, strongly) concave if —F is
(strictly, strongly) convex.

Obviously, a strongly convex function is strictly convex.

The domain of a convex function is convex, and a function F : X — RY on a
convex subset K C R¥ is called convex if its canonical extension to RY is convex
(or alternatively if x, z in the definition (B.5) are assumed to be in K). A function
F' is convex if and only if its epigraph

epi(F) = {(x,7) : x e RN 7 > F(x)} c RV xR

is a convex set.

Convexity can also be characterized using general convex combinations: A
function I : RY — (—o0, 00] is convex if and only if for all xy,...,x, € RV
and t1,...,t, > 0 such that Z;;l t; =1,

F(ijxj) < Z%‘F(X‘j)-

Let us summarize some results on the composition of convex functions.

Proposition B.9. (a) Let F,G be convex functions on RY. For a, 3 > 0, the
function oF + BG is convex.

(b) Let F : R = R be convex and nondecreasing and G : RN — R be convex.
Then the function H(x) = F(G(x)) is convex.

Proof. Verifying (a) is straightforward. For (b), given x,y € RY and t € [0, 1], we
have
H(tx + (1= t)y) = F(G(tx + (1 = t)y)) < F(tG(x) + (1 = $)G(y))
SHR(GX) + (1 =) F(G(y)) = tH(x) + (1 - t)H(y),
where we have used convexity of G and monotonicity of F' in the first inequality
and convexity of F'in the second inequality. a
Let us give some classical examples of convex functions.

Example B.10. (a) Forp > 1, the function F'(x) = |z|P, z € R, is convex.

(b) Every norm || - || on R¥ is a convex function. This follows from the triangle
inequality and homogeneity.
(¢) The £,-norms || - ||,, are strictly convex for 1 < p < oo, but they are not strictly

convex for p =1 or p = oo.

(d) For a nondecreasing convex function F' : R — (—o00,00] and a norm || - ||
on RY, the function H(x) = F(||x||) is convex. This follows from (a) and
Proposition B.9(b). In particular, the function x +— ||x||” is convex provided
that p > 1.
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(e) For a positive semidefinite matrix A € RV*¥ | the function F(x) = x*Ax is
convex. If A is positive definite, then F is strongly convex.
(f) For a convex set K, the characteristic function

0 ifxe K,

oo ifx ¢ K (B.7)

) = {

is convex.
For differentiable functions, the following characterizations of convexity holds.
Proposition B.11. Let F : RN — R be a differentiable function.
(a) F is convex if and only if, for all x,y € RY,

F(x) > F(y) +(VF(y),x —y),

where VF(y) := [g—;(y), ce %—i(y)} " is the gradient of F at y.

(b) F is strongly convex with parameter v > 0 if and only if, for all x,y € RV,
F(x) > F(y) + (VF(y).x — ) + 2]x = y[3.

(c) If F is twice differentiable, then it is convex if and only if, for all x € RY,
V2F(x) = 0,
where V2F(x) = [%(x)} Z\fj:l is the Hessian of F at x.
We continue with a discussion about continuity properties.
Proposition B.12. A convex function F : R™Y — R is continuous on RY.

The treatment of extended-valued functions requires the notion of lower semi-
continuity (which is a particularly useful notion in infinite-dimensional Hilbert
spaces, where, for instance, the norm ||-|| is not continuous but lower semicontinuous
with respect to the weak topology; see, for instance, [178]).

Definition B.13. A function ' : RN — (—o0, 0] is called lower semicontinuous
if, for every x € R” and every sequence (x5);>1 C R converging to x,

lim inf F(x;) > F(x).

J—o0

A continuous function F' : RN — R is lower semicontinuous. A nontrivial example
of lower semicontinuity is provided by the characteristic function x i of a proper
subset K C RY defined in (B.7). Indeed, XKk 18 not continuous, but it is lower
semicontinuous if and only if K is closed.
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A function is lower semicontinuous if and only if its epigraph is closed.

Convex functions have nice properties related to minimization. A (global)
minimizer of a function F' : RY — (—00,00] is a point x € R satisfying
F(x) < F(y) forall y € RY. A local minimizer of F is a point x € RY such
that there exists ¢ > 0 with F(x) < F(y) forally € R¥ satisfying ||x — y||2 < ¢.
(The Euclidean norm || - ||2 can be replaced by any norm || - || in this definition.)

Proposition B.14. Let F : RY — (—o0, 00] be a convex function.

(a) A local minimizer of F is a global minimizer:
(b) The set of minimizers of F is convex.
(c) If F is strictly convex, then the minimizer of F' is unique.

Proof. (a) Letx be alocal minimizer and z € R” be arbitrary. Let ¢ > 0 be the pa-
rameter appearing in the definition of a local minimizer. There exists ¢t € (0,1)
such thaty := tx+ (1 —t)z satisfies ||x — y||2 < e. Then F'(x) < F(y) and by
convexity F(y) = F(tx+ (1 —t)z) < tF(x) + (1 — t)F(z). It follows that
(1 -t)F(x) < (1—t)F(z); hence, F(x) < F(z) because 1 — ¢ > 0. Since z
was arbitrary, this shows that x is a global minimizer.

(b) Letx,y € RY be two minimizers, i.e., F(x) = F(y) = inf, F(z). Then, for
t € 0,1],

Fiix+(1-t)y) <tFx)+(1—-t)F(y) = iI;f F(z),

so that tx + (1 — ¢)y is a minimizer as well.
(c) Suppose that x # y are both minimizers of F'. Then, for ¢t € (0, 1),

Ftx+(1-t)y) <tF(x)+ (1—-¢)F(y) = iI;f F(z),

which is a contradiction. O

The fact that local minimizers of convex functions are automatically global minimiz-
ers essentially explains the availability of efficient methods for convex optimization
problems.

We say that a function f(x,y) of two arguments x € R",y € R™ is jointly
convex if it is convex as a function of the variable z = (x, y). Partial minimization
of a jointly convex function in one variable gives rise to a new convex function as
stated next.

Theorem B.15. Let f : R™ x R™ — (—o00, 00| be a jointly convex function. Then
g(x) == gﬁ{ f(x,y), if well defined, is a convex function of x € R".
yEeRm

Proof. For simplicity, we assume that the infimum is always attained. The general
case has to be treated with an e-argument.
Given x1, X2 € R", there exist y1,y2 € R” such that
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g(x1) = f(x1,y1) = min f(x1,y),  g(x2) = f(x2,y2) = min f(xz,y).
yER™ yEeR™

For t € [0, 1], the joint convexity implies that

g(tx1 + (1 —t)x2) < f(tx1 + (1 — t)x2,ty1 + (1 — t)y2)
<tf(xi,y1) + (1= 8)f(x2,y2) = tg(x1) + (1 — t)g(x2).

This point finishes the argument. a

The previous theorem shows as well that partial maximization of a jointly concave
function gives rise to a concave function.
Next we consider the maximum of a convex function over a convex set.

Theorem B.16. Let K C RY be a compact convex set and let F : K — R be a
convex function. Then F' attains its maximum at an extreme point of K.

Proof. Letx € K such that F'(x) > F'(z) for all z € K. By Theorem B.7, the set
K is the convex hull of its extreme points, so we can write X = Z;nzl t;x; for some
integer m > 1, t1,...,t, > 0 with Z;n:l t; = 1, and extreme points X1, ..., Xy,
of K. By convexity,

m

F(x) = F(thxj) <Y HF(x;) < thF(x) = F(x)

j=1

because F'(x;) < F(x) by definition of x. Thus, all inequalities hold with equality,
which is only possible if Fi(x;) = F(x) for all j € [m]. Therefore, the maximum
of F'is attained at an extreme point of K. O

B.3 The Convex Conjugate

The convex conjugate is a very useful concept in convex analysis and optimization.

Definition B.17. Given a function F' : RY — (—o00, oc], the convex conjugate (or
Fenchel dual) function of F' is the function F* : RN — (—o0, o] defined by

F*(y) == sup {(x,y) — F(x)}.

xERN

The convex conjugate F'™* is always a convex function, no matter whether the
function F' is convex or not. The definition of F™* immediately gives the Fenchel
(or Young, or Fenchel-Young) inequality

(x,y) < F(x) + F*(y) forallx,y € R, (B.8)
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Let us summarize some properties of convex conjugate functions.
Proposition B.18. Let F : RY — (—o0, cc].

(a) The convex conjugate F'* is lower semicontinuous.

(b) The biconjugate F** is the largest lower semicontinuous convex function
satisfying F**(x) < F(x) for all x € RY. In particular, if F is convex and
lower semicontinuous, then F** = I,

(c) Fort # 0, if F.(x) := F(1x), then (F;)*(y) = F*(y/7).

(d) Fort >0, (t1F)*(y) = 17F*(y/7).

(e) Forz € RN, if %) .= F(x — z), then (F®)*(y) = (z,y) + F*(y).

Proof. For (a) and (b), we refer to [424, Corollary 12.1.1 and Theorem 12.2].
For (d), a substitution gives

(TF)"(y) = sup {(x,y) —7F(X)} =7 sup {(x,y/7) = F(x)} = 7F"(y/7).

x€ERN xERN

The statements (c) and (e) are obtained from simple calculations. a

The biconjugate F'** is sometimes called the convex relaxation of F' because of (b).
Let us compute the convex conjugate for some examples.

Example B.19. (a) Let F(x) = 1||x||3, x € RY. Then F*(y) = 1|yl3 = F(y).
y € RY . Indeed, since

1 1
(. y) < SlIxllz + 5yl (B.9)
we have

F(y) = sup {(e.y) = FGO) < 5yl

For the converse inequality, we just set x = y in the definition of the convex
conjugate to obtain

. 1 1
Fr(y) 2 Iyls = 5lv11z = 5 lIyllz-

T2
This is the only example of a function F on R” satisfying F'* = F.
(b) Let F(z) = exp(z), z € R. The function z — zy — exp(x) takes its maximum
atz =Inyify > 0, so that

ylny —y ify > 0,
F*(y) =sup{zy — e} =< 0 ify =0,
weR 00 ify < 0.
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The Fenchel inequality for this particular pair reads
zy<e®+yln(y) —y forallz € R,y > 0. (B.10)

(c) Let F(x) = ||x|| for some norm on R™ and let || - || be its dual norm; see
Definition A.3. Then the convex conjugate of I is the characteristic function of
the dual norm ball, that is,

0 iflyll. <1,
oo otherwise.

F*(y) = x5, ) :{

Indeed, by the definition of the dual norm, we have (x,y) < |[|x|/||y]« It
follows that

F*(y) = sup {{x,y) — [x[I} < sup {(lly[l« = D)=},
x€RN xERN

so that F*(y) < 0if ||y||. < 1. The choice x = 0 shows that F*(y) = 0 in
this case. If ||y]||« > 1, then there exists x such that (x,y) > ||x]|. Replacing x
by Ax and letting A — oo show that F™*(y) = oo in this case.

(d) Let I' = xx be the characteristic function of a convex set K; see (B.7). Its
convex conjugate is given by

F*(y) = sup (x,y).
xeK

B.4 The Subdifferential

The subdifferential generalizes the gradient to nondifferentiable functions.

Definition B.20. The subdifferential of a convex function F : RY — (—o0, 00] at
a point x € R¥ is defined by

OF(x) = {veRY : F(z) > F(x) + (v,z —x) forallz € RV}.  (B.11)

The elements of OF'(x) are called subgradients of F' at x.

The subdifferential F (x) of a convex function F' : RN — R is always nonempty.
If F is differentiable at x, then OF (x) contains only the gradient, i.e.,

OF (x) ={VF(x)},

see Proposition B.11(a) for one direction. A simple example of a function with a
nontrivial subdifferential is the absolute value function F'(x) = |x|, for which
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[ {sen(@)} it £0,
8F(x)_{ [~1,1] ifz =0,

where sgn(z) = +1 for z > 0 and sgn(x) = —1 for x < 0 as usual.
The subdifferential allows a simple characterization of minimizers of convex
functions.

Theorem B.21. A vector x is a minimum of a convex function F' if and only if
0 € OF (x).

Proof. This is obvious from the definition of the subdifferential. a
Convex conjugates and subdifferentials are related in the following way.

Theorem B.22. Let F : RY — (—o00, 0] be a convex function and let x,y € RY.
The following conditions are equivalent:

(a) y € OF (x).
(b) F(x)+ F*(y) = (x,y).

Additionally, if F is lower semicontinuous, then (a) and (b) are equivalent to
(c) x € OF*(y).

Proof. By definition of the subgradient, condition (a) reads
(x,y) — F(x) > (z,y) — F(z) forallz ¢ RV, (B.12)

Therefore, the function z — (z,y) — F(z) attains its maximum at x. By
definition of the convex conjugate, this implies that F*(y) = (x,y) — F(x), i.e.,
F*(y) + F(x) = (x,y). This shows that (a) implies (b). Conversely, condition (b)
implies by the Fenchel inequality and the definition of the convex conjugate that the
function z — (z,y) — F(z) attains its maximum in x, which is nothing else than
(B.12). It follows from the definition of the subdifferential that y € 0F(x).

Now if F' is lower semicontinuous, then F'** = F' by Proposition B.18(b) so that
(b) is equivalent to F**(x) + F*(y) = (x,y). Using the equivalence of (a) and (b)
with F replaced by F'™* concludes the proof. O

As a consequence, if I is a convex lower semicontinuous function, then OF is the
inverse of OF™* in the sense that x € F*(y) if and only if y € 0F(x).

Next we consider the so-called proximal mapping (also known as proximation,
resolvent operator, or proximity operator). Let F' : RN — (—o00, 0] be a convex
function. Then, for z € RY, the function

1
X F(x) + 5 [x — 7}
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is strictly convex due to the strict convexity of x — [|x||2. By Proposition B.14(c),
its minimizer is unique. The mapping

1
Pp(z) := argmin F(x) + = ||x — z||3 (B.13)
x€RN 2

is called the proximal mapping associated with F'. In the special case where F' = x i
is the characteristic function of a convex set K defined in (B.7), then Px := P, . is
the orthogonal projection onto K, that is,

Pg(z) = argmin ||x — z]|2. (B.14)
xeK

If K is a subspace of R, then this is the usual orthogonal projection onto K, which
in particular is a linear map.

The proximal mapping can be expressed via subdifferentials as shown in the next
statement.

Proposition B.23. Let ' : RY — (—oc0,00] be a convex function. Then
x = Pr(z) ifand only if z € x + OF (x).

Proof. By Theorem B.21, we have x = Pp(z) if and only if

0 a3l sl + F)(x).

The function x — %||x — zl| is differentiable with gradient V(1| - —z/|3)(x) =
x — 2, so that the above condition reads 0 € x — z + OF'(x), which is equivalent to
z € x+ 0F(x). O

The previous proposition justifies the writing
Pr=(Id+0F)""

Moreau’s identity stated next relates the proximal mappings of F' and F™*.

Theorem B.24. Let F : RY — (—o00,00] be a lower semicontinuous convex
function. Then, for all z € RN,

Pp(z) + Pp+(z) = z.

Proof. Let x := Pp(z), and set y := z — x. By Proposition B.23, we have
z€x+0F(x), ie,y = z —x € OF(x). Since F is lower semicontinuous,
it follows from Theorem B.22 that x € OF*(y), ie., z € y + OF*(y). By
Proposition B.23 again, we have y = Pp«(z). In particular, we have shown that
Pr(z) + Pp+(z) = x +y = z by definition of y. O
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If Pr is easy to compute, then the previous result shows that Pr«(z) = z — Pp(z)
is also easy to compute. It is useful to note that applying Moreau’s identity to the
function 7F for some 7 > 0 shows that

Prp(z) + 7P -1+ (2/7) = 2. (B.15)

Indeed, we have P, r(z) + P+ r)-(2) = 2, so it remains to show that P, py-(z) =
TP,—1p(z/7). This follows from Proposition B.18(d), since

! *
Peery-(z) = angmin {5 e — 2l + (7F) ()}

= argmm{—”x - z||2 + 7F* (X/T)}
xERN

= arge%nn {r* (—||x/7' z/7))5+ 7 F*(x/7))} = 7P p-(2/7).

Since F'is a lower semicontinuous convex function, we have F'** = F', so applying
(B.15) to F* in place of F’ gives

Prp(z) + 7P-1p(2/7) = 2. (B.16)

Theorem B.25. Fora convex function F : RN — (—o0, o], the proximal mapping
Pr is nonexpansive, i.e.,

|Pr(z) — Pr(z)||2 < ||z—2'||s  forallz,z € RY.
Proof. Set x = Pp(z) and X’ = Pr(z’). By Proposition B.23, we have
z€x+0F(x), sothaty := z —x € JIF(x ) Theorem B.22 shows that
F(x) + F*(y) = (x, ) Similarly, we can find y’ such that 2’ = x’ + y’ and
F(x') 4+ F*(y') = (x/,y’). It follows that
Iz — 2[5 = l]x = X'II3 + ly = ¥'lI? + 2(x = x",y = ¥). (B.17)
Note that, by the Fenchel inequality (B.8), we have
(xy) SF(x)+F*(y) and (x¥') < F(x)+F(y).

Therefore,

x-xy—y)=({xy +&y) - y) - xy)
=F(x)+F'(y) + F(xX) + F*(y') = (x',y) = (x,¥") > 0.

Together with (B.17), this shows that ||x — x'||3 < ||z — Z/||3. 0
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Let us conclude with an important example of a proximal mapping.
Let F(z) = |z|, # € R, be the absolute value function. A straightforward
computation shows that, for 7 > 0,

1 y—T lfyZT7
Prr(y) :argmin{g(x—y)“rflxl} =¢0 iflyl <,
veR y+71 ify < -,

=: 5. (y). (B.18)

The function S; is called soft thresholding or shrinkage operator. More generally,
if F(x) = ||x]|1 is the £;-norm on R¥, then the minimization problem defining the
proximal operator decouples and P, x(y) is given entrywise for y € RY by

PTF(Y)@ = ST(yf)v le [N] (B19)

B.S Convex Optimization Problems

An optimization problem takes the form

min Fy(x) subjectto Ax =y, (B.20)
x€RN

and Fj(x) < bj, j € [M], (B.21)

where the function Fy : RY — (—o0,00] is called objective function, the
functions Fy,...,Fy @ RY — (—o0, 00| are called constraint functions, and
A € R™*N 'y ¢ R™ provide the equality constraint. A point x € R satisfying
the constraints is called feasible and (B.20) is called feasible if there exists a
feasible point. A feasible point x! for which the minimum is attained, that is,
Fy(x*) < Fy(x) forall feasible x is called a minimizer or optimal point, and Fy(x*)
is the optimal value.

We note that the equality constraint may be removed and represented by inequal-
ity constraints of the form Fj(x) < y; and —F}(x) < —y; with F;(x) := (A;, %)
where A; € RY is the jth row of A.

The set of feasible points described by the constraints is given by

K={xeRY: Ax =y, Fj(x) <bj,j € [M]}. (B.22)

Two optimization problems are said to be equivalent if, given the solution of one
problem, the solution of the other problem can be “easily” computed. For the
purpose of this exposition, we settle for this vague definition of equivalence which
will hopefully be clear in concrete situations.
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The optimization problem (B.20) is equivalent to the problem of minimizing Fy
over K, ie.,

I)PEIIII( Fy(x). (B.23)

Recalling that the characteristic function of K is

= [0 ifxER
X = o ifx ¢ K,

the optimization problem becomes as well equivalent to the unconstrained optimiza-
tion problem

in F, :
min Fo(x) + xx (%)

A convex optimization problem (or convex program) is a problem of the form (B.20),
in which the objective function F{y and the constraint functions F; are convex. In
this case, the set of feasible points K defined in (B.22) is convex. The convex
optimization problem is equivalent to the unconstrained optimization problem of
minimizing the convex function

F(x) = Fo(x) + xx (%)

Due to this equivalence, we may freely switch between constrained and un-
constrained optimization problems. Clearly, the statements of Proposition B.14
carry over to constrained optimization problems. We only note that, for con-
strained optimization problems, the function Fj is usually taken to be finite, i.e.,

dom(Fp) = RV,
In a linear optimization problem (or linear program), the objective function Fj
and all the constraint functions Fi, ..., Fis are linear. This is a special case of a

convex optimization problem.
The Lagrange function of an optimization problem of the form (B.20) is defined
forx € RN, ¢ € R™ v € RM with v, > 0 for all £ € [M], by

M

L(x,&,v) = Fy(x) + (£, Ax —y) + > _ve(Fo(x) = by). (B.24)
(=1

For an optimization problem without inequality constraints, we just set
L(x,€) := Fo(x) + (§, Ax —y). (B.25)

The variables £ and v are called Lagrange multipliers. For ease of notation, we write
v = 0if v, > 0 forall £ € [M]. The Lagrange dual function is defined by
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H(v) = 11% L(x,&v), £¢cR™"veRM vi=o.
xXE

If x — L(x, &, v) is unbounded from below, then we set H (€, v) = —oo. Again, if
there are no inequality constraints, then

H(¢) = xlelg L(x,¢) = 1nf {FO <§,Ax—y>}, £ eR™.

The dual function is always concave (even if the original problem (B.20) is not
convex) because it is the pointwise infimum of a family of affine functions. The
dual function provides a bound on the optimal value of Fy(x*) for the minimization
problem (B.20), namely,

H(¢,v) < Fy(x*) forallé e R™ v eRM vi=0. (B.26)

Indeed, if x is a feasible point for (B.20), then Ax —y = 0 and Fy(x) — by < 0 for
all ¢ € [M], so that, for all £ € R™ and v 3= 0,

M
<€,AX— +ZV¢ —bz) 0.
=1
Therefore,
M
L(X7£7I/):F0(X) < AX— +ZV@ _bé)<F0( )
=1

Using H(€,v) < L(x,&,v) and taking the infimum over all feasible x € RY in
the right-hand side yields (B.26). We would like this lower bound to be as tight as
possible. This motivates us to consider the optimization problem

max H(&,v) subjecttor = 0. (B.27)
EeR™ veRM

This optimization problem is called the dual problem to (B.20), which in this
context is sometimes called the primal problem. Since [ is concave, this problem
is equivalent to the convex optimization problem of minimizing the convex function
—H subject to the positivity constraint v 3= 0. A pair (£,v) with € € R™ and
v € RM such that v 3= 0 is called dual feasible. A (feasible) maximizer (éu, vh)
of (B.27) is referred to as dual optimal or optimal Lagrange multipliers. If x! is
optimal for the primal problem (B.20), then the triple (x*, & u, vt) is called primal—
dual optimal. Inequality (B.26) shows that we always have

H(¢ V%) < F(xh). (B.28)
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This inequality is called weak duality. For most (but not all) convex optimization
problems, strong duality holds, meaning that

H(& vh) = F(xb). (B.29)

Slater’s constraint qualification, stated in a simplified form below, provides a
condition ensuring strong duality.

Theorem B.26. Assume that Fy, Fy,...,Fy are convex functions with
dom (Fp) = RN. If there exists x € RY such that Ax = y and Fy(x) < by
forall ¢ € [M], then strong duality holds for the optimization problem (B.20).

In the absence of inequality constraints, strong duality holds if there exists x €
RY with Ax = y, i.e., if (B.20) is feasible.

Proof. See, for instance, [70, Sect. 5.3.2] or [293, Satz 8.1.7]. O
Given a primal—dual feasible point (x,&,v), that is, x € R¥ is feasible for

(B.20) and £ € R™, v € RM with v 3= 0, the primal-dual gap
E(x,§,v) = F(x) - H(§,v) (B.30)

can be used to quantify how close X is to the minimizer x* of the primal prob-
lem (B.20) and how close (&, V) is to the maximizer of the dual problem (B.27). If
(x!, &%, vt) is primal—dual optimal and strong duality holds, then E(x!, £*, 1#) = 0.
The primal dual gap is often taken as a stopping criterion in iterative optimization
methods.

For illustration, let us compute the dual problem of the ¢;-minimization problem

min ||x||; subjectto Ax =y. (B.31)
xERN

The Lagrange function for this problem takes the form

L(x,§) = [Ix[l+ + (&, Ax — ).

The Lagrange dual function is
H(&) = inf {[[x[ls + (A"€,x) — (&, ¥)}-
x€RN

If |A*¢| 0 > 1, then there exists x € RY such that (A*¢,x) < —||x||1. Replacing
x by Ax and letting A\ — oo show that H(£) = —oo in this case. If [|A*E||oo < 1,
then ||x|; + (A*€,x) > 0. The choice x = O therefore yields the infimum, and
H(&) = —(¢&,y). In conclusion,

H(E) = {—<£,y> if [A"]loe < 1,

—00 otherwise.
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Clearly, it is enough to maximize over the points & for which H (€¢) > —oo. Making
this constraint explicit, the dual program to (B.31) is given by

gniRn —(&,y) subjectto ||A*E|l < 1. (B.32)
cRm

By Theorem B.26, strong duality holds for this pair of primal and dual optimization
problems provided the primal problem (B.31) is feasible.

Remark B.27. In the complex case where A € C™*N and y € C™, the inner
product has to be replaced by the real inner product Re(x,y) as noted in the
beginning of this chapter. Following the derivation above, we see that the dual
program of (B.31), where the minimum now ranges over x € C, is given by

max — Re(€,y) subjectto ||[A"E]|oo < 1. (B.33)
eCm

A conic optimization problem is of the form

min Fy(x) subjecttox € K, (B.34)
x€RN

and Fy(x) < by, (€ [M],

where K is a convex cone and the Fy are convex functions. If K is a second-order
cone, see (B.1) (possibly in a subset of variables, or the intersection of second-
order cones in different variables), then the above problem is called a second-order
cone problem. If K is the cone of positive semidefinite matrices, then the above
optimization problem is called a semidefinite program.

Conic programs have their duality theory, too. The Lagrange function of a conic
program of the form (B.34) is defined, for x € RV, ¢ € K*, and v € RM with
ve > 0 forall £ € [M], by

M

L(x,&v) = Fy(x) — (x,€) + > _ ve(Fu(x) — by),

{=1

where K™ is the dual cone of K defined in (B.2). (If there are no inequality
constraints, then the last term above is omitted, of course.) The Lagrange dual
function is then defined as

H,v) = miI}VL(x,é,u), teK*veRM vi=o.
x€eR

Similarly to (B.26), the minimizer x! of (B.26) satisfies the lower bound

H(¢,v) < Fy(x%), forallé € K*,v e RM v = 0. (B.35)
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Indeed, if x € K and Fy(x) < b, for all ¢ € [M], then (x,&) > 0 forall £ € K*
by definition (B.2) of the dual cone, and with v = O,

M
—(x,€) + > vi(Fu(x) —by) <0.

(=1

Therefore,

M
L(ngvy)::I%(X)__<X7£>4_§E:lQ(IQ(X)__bH < Fb(x)
(=1

This point establishes (B.35). The dual program of (B.34) is then defined as

max H(&v) subjectto€& e K" andv = 0. (B.36)
¢ER™,vERM

Denoting by (& ﬁ, v*) a dual optimum, that is, a maximizer of the program (B.36),
and by x* a minimizer of the primal program (B.34), the triple (x, £ ﬁ, vt) is called
a primal—dual optimum. The above arguments establish the weak duality

H(& V%) < Fy(x). (B.37)

If this is an equality, then we say that strong duality holds. Similar conditions to
Slater’s constraint qualification (Theorem B.26) ensure strong duality for conic
programs—for instance, if there exists a point in the interior of K such that all
inequality constraints hold strictly; see, e.g., [70, Sect. 5.9].

Let us illustrate duality for conic programs with an example relevant to Sect. 9.2.
For a convex cone K and a vector g € R”, we consider the optimization problem

min (x,g) subjecttox € K and |x||5 < 1.
xERN

Its Lagrange function is given by
L(x,&v) = (x,g8) — (&x) +v(x]3-1), &€ K*v>0.

The minimum with respect to x of the Lagrange function is attained at
x = (2v)71(¢ — g). By substituting this value into L, the Lagrange dual function
turns out to be

1
H(Ev) =~ s — €3 - v

This leads to the dual program

WV

1
max (—1/— 4—|g—£||§) subjectto £ € K* and v > 0.
1%
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. . . . . . . 1
Solving this optimization program with respect to v gives v = 5||g — &||2, so we
arrive at the dual program

max — lg — &|l2  subjectto & € K*. (B.38)

Note that the maximizer is the orthogonal projection of g onto the dual cone K*,
which always exists since K * is convex and closed. Weak duality for this case reads
max —[lg — €[l < min (g, x),or

EeK* K<
—_ ’ < ' ) B.3
XEKvHXH2<1< & > ge}?* ”g €H2 ( 9)

In fact, strong duality—that is, equality above—often holds, for instance, if K
has nonempty interior. Note that the inequality (B.39) for —g instead of g can be

rewritten in terms of the polar cone K° = —K* introduced in (B.3) as
ma ,X) < min ||g — &||2- B.40
xeK,||x}|T2§1<g ) < o, g —&ll2 (B.40)

Lagrange duality has a saddle-point interpretation. For ease of exposition, we
consider (B.20) without inequality constraints, but extensions that include inequality
constraints or conic programs are derived in the same way.

Let (xﬁ,éﬁ) be a primal-dual optimal point. Recalling the definition of the
Lagrange function L, we have

Sup L(ng) = Sup FO(X) + <£,AX - y>

Eean Eean
_ {Fg(x) 1fAX.:y, (BAD
00 otherwise.

In other words, the above supremum is infinite if x is not feasible. A (feasible)
minimizer x* of the primal problem (B.20) therefore satisfies

Fo(x") = inf L(x,€).
o(x) = inf_ sup Lix,¢)

On the other hand, a dual optimal vector & ¥ satisfies

H(&) = inf L
(€°) Sup it (x,€)

by definition of the Lagrange dual function. Thus, weak duality implies

sup inf L(x,€) < inf sup L(x,
EGRE" x€ERN ( 6) T x€ERN EGRIT)YL ( 6)
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(which can be derived directly), while strong inequality reads

sup inf L(x,€)= inf sup L(x,§).
5eg;xeRN ( 5) xERNgegl ( 5)

In other words, the order of minimization and maximization can be interchanged
in the case of strong duality. This property is called the strong max—min property
or saddle-point property. Indeed, in this case, a primal-dual optimal (x¥, Sﬁ) is a
saddle point of the Lagrange function, that is,

L(x*, ¢) < L(x*, &%) < L(x,&*)  forallx e RN, & € R™. (B.42)

Jointly optimizing the primal and dual problem is therefore equivalent to finding a
saddle point of the Lagrange function provided that strong duality holds.

Based on these findings, we establish below a theorem relating some convex
optimization problems relevant to this book. The theorem also holds in the complex
setting by interpreting CV as R?V.

Theorem B.28. Let || - || be a norm on R™ and || be a norm on RY. For
A € R™*N y € R™, and 7 > 0, consider the optimization problem

min |[Ax —y||  subject to |x|| < 7. (B.43)
x€RN

If x' is a minimizer of (B.43), then there exists a parameter X > 0 such that x* is
also a minimizer of the optimization problem

min \|x| + [|Ax — y]2. (B.44)
xERN

Conversely, for X > 0, if x* is a minimizer of (B.44), then there exists T > 0 such
that X! is a minimizer of (B.43).

Proof. The optimization problem (B.43) is equivalent to

min |Ax —y||2  subject to [|x]| < 7.
xeRN

The Lagrange function of this minimization problem is given by
L(x,€) = [|Ax - y|* + &(Ix]| - 7).

Since for 7 > 0, there exist vectors x with ||x|| < 7, so that Theorem B.26 implies
strong duality for (B.43). Therefore, there exists a dual optimal £* > 0. The saddle-
point property (B.42) implies that L(x*, £*) < L(x, &%) for all x € RN, Therefore,
x¥ is also a minimizer of x ~— L(x,&*). Since the constant term —&*7 does not
affect the minimizer, the conclusion follows with A = & 1
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For the converse statement, one can proceed directly as in the proof of Proposi-
tion 3.2(a). a

Remark B.29. (a) The same type of statement and proof is valid for the pair of
optimization problems (B.44) and

min [|x|| subjectto |[Ax —y| <7 (B.45)
xERN

under a strict feasibility assumption for (B.45).

(b) The parameter transformations between 7, A, n depend on the minimizers
and can only be performed after solving the optimization problems. Thus,
the theoretical equivalence of the problems (B.43)—(B.45) is too implicit for
practical purposes.

For the remainder of this section, we consider a convex optimization problem of
the form

min F(Ax) + G(x), (B.46)

xERN

where A € R™*¥N and where F' : R™ — (—o00,00], G : RN — (—o0,00] are
convex functions. All the relevant optimization problems appearing in this book
belong to this class; see Sect. 15.2. For instance, the choice G(x) = ||x||; and
F = Xy}, the characteristic function (B.7) of the singleton {y}, leads to the
{1-minimization problem (B.31).

The substitution z = Ax yields the equivalent problem

min  F(z) + G(x) subjectto Ax —z =0. (B.47)

xERN zeR™

The Lagrange dual function to this problem is given by
H(g) = inf {F(2) + G(x) + (A€, %) — (€, )}

= — sup {(§,2) — F(z)} — sup {{x,—A"§) - G(x)}

zER™ xERN

=—F*(§) - G*(-A"¢), (B.48)

where I'* and G* are the convex conjugate functions of F' and G, respectively.
Therefore, the dual problem of (B.46) is

max (— F"(§) - G"(-A"¢)). (B.49)

Since the minimal values of (B.46) and (B.47) coincide, we refer to (B.49) also
as the dual problem of (B.46)—although strictly speaking (B.49) is not the dual
to (B.46) in the sense described above. (Indeed, an unconstrained optimization
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problem does not introduce dual variables in the Lagrange function. In general,
equivalent problems may have nonequivalent duals.)
The following theorem states strong duality of the problems (B.46) and (B.49).

Theorem B.30. Let A € R™*N and F : R™ — (—o00,00], G : RY — (—00, 00
be proper convex functions with either dom(F) = R™ or dom(G) = R and such
that there exists x € RY such that Ax € dom(F). Assume that the optima in (B.46)
and (B.49) are attained. Then strong duality holds in the form

juin (F(Ax) +G(x)) = max (- F(§) - G"(-A"¢)).

Furthermore, a primal-dual optimum (Xﬁ,éﬁ) is a solution to the saddle-point
problem

min max(Ax, £} + G(x) - F*(§), (B.50)

where F™* is the convex conjugate of F.

Proof. The first statement follows from the Fenchel duality theorem; see, e.g.,
[424, Theorem 31.1]. Strong duality implies the saddle-point property (B.42) of the
Lagrange function. By (B.48), the value of the Lagrange function at the primal—dual
optimal point is the optimal value of the min—max problem, i.e.,

X?Q]EN max F(z) + G(x) + (A*¢,x) — (£, 2)

= min max —(min (§,2) - F(2)) +(A"¢%) + G(x)

= i, o (Ax.€) + G(x) — F(6)

by definition of the convex conjugate function. The interchange of the minimum
and maximum above is justified by the fact that if ((x!, z*), &) is a saddle point of
L((x,2),£), then (x!, £%) is a saddle point of H (x, &) = min, L((x, z), £). 0

The condition dom(F) = R™ or dom(G) = RY above may be relaxed; see, e.g.,
[424, Theorem 31.1].

B.6 Matrix Convexity

This section uses the notion of matrix functions introduced in Sect. A.5, in particular
the matrix exponential and the matrix logarithm. The main goal is to show the
following concavity theorem due to Lieb [325], which is a key ingredient in the
proof of the noncommutative Bernstein inequality in Sect. 8.5.
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Theorem B.31. For H is a self-adjoint matrix, the function
X — tr exp(H + In(X))

is concave on the set of positive definite matrices.

While the original proof [325] and its variants [187,439, 440] rely on complex
analysis, we proceed as in [485]; see also [50]. This requires us to introduce some
background from matrix convexity and some concepts from quantum information
theory.

Given a function f : I — R defined on an interval I C R, we recall that f
is extended to self-adjoint matrices A with eigenvalues contained in I by (A.42).
Similarly to the definition (A.49) of operator monotonicity, we say that f is matrix
convex (or operator convex) if, for all integers n > 1, all self-adjoint matrices
A,B € C™"*" with eigenvalues in I, and all ¢ € [0, 1],

FUA+ (1 —)B) < tf(A) + (1 —t)f(B). (B.51)

Equivalently, f is matrix convex if, for all n > 1 and all x € C", the scalar-
valued function A — (f(A)x,x) is convex on the set of self-adjoint matrices in
C™*"™ with eigenvalues in I. Like matrix monotonicity, matrix convexity is a much
stronger property than the usual scalar convexity.

We start with a simple characterization in terms of orthogonal projections, i.e.,
of self-adjoint matrices P that satisfy P2 = P. Here and in the following, when
matrix dimensions are not specified, they are arbitrary, but the matrices are assumed
to have matching dimensions so that matrix multiplication is well defined.

Theorem B.32. Let I C R be aninterval containing 0 andlet f : I — R. Then f is
matrix convex and f(0) < 0 if and only if f(PAP) < P f(A)P for all orthogonal
projections P and all self-adjoint matrices A with eigenvalues in I.

Proof. We prove matrix convexity based on the given condition, since only this di-
rection is needed later. A proof of the converse direction and of further equivalences
can be found in [47, Theorem V.2.3] or [258, Theorem 2.1].

Let A, B be self-adjoint matrices with eigenvalues in I and let ¢ € [0, 1]. Define
T, P, V; to be the block matrices

B PR P il

The matrix V, is unitary and the matrix P is an orthogonal projection. We observe
that

PVITV,P — [tA +(1-t)B 0} .

0 0
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Therefore, by (A.44) and by the hypothesis, we have

fEA+(1-1tB) 0

0 o)) = FPVITV,P) < Pf(VITV,)P

0 0
The first equality in the second line is valid since V is unitary. This shows that f is
matrix convex and that f(0) < 0. O

Theorem B.33. Let f be a continuous function on [0, 00). Then f is matrix convex
and f(0) < 0 if and only if the function g(t) = f(t)/t is matrix monotone on
(0, 00).

Proof. We prove that f is matrix convex with f(0) < 0 if ¢ is matrix monotone,
since only this direction is needed later. For the converse direction, we refer to [47,
Theorem V.2.9] or [258, Theorem 2.4].

First, we note that the (scalar) monotonicity of f(¢)/t on (0, 00) implies that
f@)/t < f(1)/1,ie., f(t) < tf(1),forall 0 < ¢t < 1. Letting t — 0 shows that
f(0) <0.

Let now A be an arbitrary self-adjoint matrix with eigenvalues in (0, c0) and
P be an arbitrary orthogonal projection (of the same dimension as A). According
to Theorem B.32, to prove that f is matrix convex, we need to show that
f(PAP) < Pf(A)P. For ¢ > 0, the fact that P + ¢Id < (1 + ¢)Id implies
that AY/2(P + eId)A'/2 < (1 + ¢)A by Lemma A.31. The matrix monotonicity
of g then yields

FAY2(P 4+ cId)AYHA V2 (P +eId) A2 5 f(1+e)A)(14¢)tATL

Multiplying on the left by (P + eId)A'/2 and on the right by A'/?(P 4 ¢Id) and
using Lemma A.31, we arrive at

(P +eId)AY2f(AY2(P + cId)AY/2)A~Y/2
< (P+eId)AY2f(1+e)A)(1 +e) 'ATY2(P +cId).
By continuity of f, letting ¢ — 0 gives
PAY2f(AY2PAY A2 5 PAY2f(A)A™Y2P. (B.52)

The right-hand side of (B.52) equals P f(A)P because A'/? and f(A) commute.
Thus, it remains to show that the left-hand side of (B.52) equals f(PAP). Such an
identity holds for monomials h(t) = t™, since
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PAl/Qh(Al/ZPAl/Q)A71/2
_ PA1/2(Al/QPAI/Q)(Al/QPAl/Q) . (Al/QPAl/Q)Afl/Q
— PAPA---PAP = (PAP)(PAP) --- (PAP) = h(PAP).

By linearity, the identity PA'/2h(A'/?PAY/2)A~1/2 = h(PAP) holds for
all polynomials h. We now consider an interpolating polynomial h satisfying
h(\) = f()) for all \ in the set of eigenvalues of A'/2PA'/2—which equals
the set of eigenvalues of PAP since AY/2PA'/? = (A'/?P)(PA'/?) and
PAP = (PA'/?)(A'Y/2P). This yields h(AY2PA'/?) = f(AY?PA'/?) and
h(PAP) = f(PAP) by the definition (A.42) of matrix functions. It follows
that PAY2f(AY2PAY/2)A~1/2 = f(PAP), as desired. By continuity of f,
the relation f(PAP) < Pf(A)P extends to all self-adjoint matrices A with
eigenvalues in [0, 00). The claim follows therefore from Theorem B.32. O

We are particularly interested in the following special case.

Corollary B.34. The continuous function defined by ¢(x) = x ln(z) for x > 0 and
by ¢(0) = 0 is matrix convex on [0, 00).

Proof. Combine Proposition A.34 with Theorem B.33.
Next we state the affine version of the Hansen—Pedersen—Jensen inequality.

Theorem B.35. Let f be a matrix convex function on some interval I C R and let
X1,..., X, € C pe square matrices such that 2?21 XX = Id. Then, for all

self-adjoint matrices A1, ..., A,, € C¥™4 with eigenvalues in I,
FIXAX | <Y XGf(A)X. (B.53)
=1 =1

There is a converse to this theorem, in the sense that if (B.53) holds for arbitrary
choices of A; and X, then f is matrix convex; see [259, Theorem 2.1]. The proof
requires the following auxiliary lemma.

Lemma B.36. Let B;, € C™*™, j £ € [n], be a double sequence of square
matrices, and let B be the block matrix B = (B ;) € C™™*™", With w = €2/",
let E € C™™*™" pe the unitary block-diagonal matrix E = diagwld, . .., w"Id].
Then

1 n
- § E"*BE* = diag[B,.1,B22,...,Bn.].
n

k=1

Proof. A direct computation shows that

(E_kBEk)jyg = wk(é_j)Bjyg.
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The formula for geometric sums implies, for j, £ € [n],

3 k(e—j3) — - 2mi(t—j)k/n _ J T if £ = j,
kz::l N kz::l ‘ { 0 otherwise.

The claim follows directly. a
Proof (of Theorem B.35). Define the block matrices

X1

X = X2 crrixd g U [ XXX pinax
: -X* 0
X

We observe that X*X = Id and in turn that

. [ad = xx)2 4+ XX* —(1d - XX*)X
UU* = =1Id.
—X*(Id — XX*) X*X

Similarly, we compute U*U = Id. Therefore, U is a unitary matrix (called the
unitary dilation of X). We partition U into d x d blocks (Uj ¢); se[n+1]- Note that
U nt1 = Xj for k € [n] and that Uy4q,n41 = 0. Furthermore, let A be the
block-diagonal matrix A = diag[A;, As, ..., A,,0]. Using Lemma B.36 with n
replaced by n + 1 together with the matrix convexity of f, we obtain

FIDYX5AX; | = F(UPAU)ng1041)
j=1

n+1
1
_ Efk *A Ek
(S eroave)
k=1 n+1,n+1

1 - —kyT* k
= <f <n+1ZE U*AUE
k=1 n+1,n+1

1 n+1
< < f (E"“U*AUE’“))

n+1

k=1 n+1,n+1



B.6 Matrix Convexity 569

The third equality is due to the fact that the matrix in the argument of f in the second
line is block-diagonal by Lemma B.36. Since E and U are unitary, the definition of
f on self-adjoint matrices implies that the last term equals

n—i—lkz1

n+1
( 1 ZEkU*f(A)UEk> = (U f(A)U),11 011
n+1,n+1

=3 XIf(A)X;.

j=1
This completes the proof. a

Our next tool is the perspective. In the scalar case, for a convex function f defined
on some convex set X C R", it is given by g(z,t) = tf(x/t) whenever ¢t > 0 and
x/t € K. It is straightforward to verify that g is jointly convex in (z,t), i.e., that
g is a convex function in the variable y = (x,t). As an important example, the
perspective of the convex function f(z) = zlnz, x > 0, is the jointly convex
function

g(z,t) =xInz — xInt, (B.54)
which is known as relative entropy.
Now for a matrix convex function f : (0,00) — R, we define its perspective on
positive definite matrices A, B via

g(A,B) = BY2f(B~Y/2AB~/%)B/2, (B.55)

By the next theorem of Effros [176], it is jointly matrix convex in (A, B).

Theorem B.37. For a matrix convex function f : (0,00) — R, the perspective g
defined by (B.55) is jointly matrix convex in the sense that, for all positive definite
A1, A, B4, B of matching dimension and all t € [0,1],

g(fAl + (1 - t)AQ, tBl + (1 - t)Bg) < tg(Al, Bl) + (1 - t)g(Ag, Bg)

Proof. Let A := tA; + (1 — t)Ay and B := {B; + (1 — ¢)B,. The matrices
X := (tB1)?B~1/2 and X, := ((1 — t)By)'/?B~1/2 satisfy

XX, 4+ XX, = tB~/?B;B~ Y2 + (1 - )B~/?B,B~ /2 = 1d.
1 2

Theorem B.35 together with Lemma A.31 then implies that
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g(A,B) _ Bl/2f (B71/2AB71/2) B1/2

— B2y (X;*B;1/2A13;1/2x1 + X;B;UQAQBQ_I/ZXQ) B!/2

A

B/ (X;f(B;l/QAlB;”Q)Xl + X;f(B;l/QAgB;W)Xz) Bl/2

=B, f(B;/*AB*)BY? + (1-1)By* f(B; /?A,B, /*)BY?
tg(Ala Bl) + (1 - t)g(AQa BQ)

This concludes the proof. a
Next we introduce a concept from quantum information theory [372,383].

Definition B.38. For two positive definite matrices A and B, the quantum relative
entropy is defined as

7(A,B) :=tr (AlnA — AlnB — (A — B)).

If A and B are scalars, then the above definition reduces to the scalar relative
entropy (B.54) (up to the term A — B).

The quantum relative entropy is nonnegative, a fact that is also known as Klein’s
inequality.

Theorem B.39. If A and B are positive definite matrices, then
2(A,B) > 0.

Proof. The scalar function ¢(z) = zlnx, 2 > 0, is convex (and even matrix convex
by Corollary B.34). It follows from Proposition B.11 that

rlnz = ¢(x) > ¢(y)+¢'(y)(z—y) = ylny+(1+ny)(z—y) = zlny+(z—y),

sothatzlnz —zIny — (z — y) > 0. Theorem A.30 shows that Z(A,B) > 0. O
As a consequence, we obtain a variational formula for the trace.

Corollary B.40. If B is a positive definite matrix, then

trB=maxtr(AlnB— AlnA + A).
A>0

Proof. By definition of the quantum relative entropy and Theorem B.39,
trB>tr(AlnB—-AlnA + A).

Choosing A = B yields equality above and establishes the claim. O
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Generalizing the matrix convexity of the standard relative entropy (B.54) (or
Kullback-Leibler divergence), the quantum relative entropy is also jointly matrix
convex. This fact goes back to Lindblad [327]; see also [403,492]. Our proof based
on the perspective was proposed by Effros in [176].

Theorem B.41. The quantum relative entropy 2 is jointly convex on pairs of
positive definite matrices.

Proof. Let A;B € C™*™ be positive definite matrices. To these matrices, we
associate operators acting on the space C"*" endowed with the Frobenius inner
product (A, B)r = tr (AB*); see (A.15). Precisely, we set

LaX:=AX and RpX:=XB, XeCmn

By associativity of matrix multiplication, the operators Lao and Rp commute, and
by positivity of A and B, they are positive operators. Indeed, (La (X),X)p =
tr (AXX*) = ||AY2X||2 > 0 for all nonzero X € C™*". The function
¢(x) = zlnx, x > 0, is operator convex by Corollary B.34, and its perspective
g is given by
9(La,Rp) = Reo(Rg'La) = Re(Rg'La) In(Rg'La)
= LA(IDLA — lnRB),

where these steps hold because L o and Rg commute. By joint matrix convexity of
the perspective (Theorem B.37), the scalar-valued function

hA,B) := (9(La,Rp)(1d),Id)r
is jointly convex in (A, B). Furthermore, f(La)(Id) = f(A) and f(Rg)(Id) =
f(B) for any function f. Indeed, these relations are easily verified for monomials

f(t) = t™, then for polynomials, and finally for any f by interpolation. Therefore,
the function h takes the form

h(A,B) = (9(La,Rg)(Id),Id) r = tr (9(La, Rp)(Id))
=tr(La(lInLa —InRp)(Id)) = tr (A(In A — InB)).

We conclude that
2(A,B) =h(A,B) —tr (A —B)

is jointly convex in (A, B). O

We are finally in the position to prove Lieb’s concavity theorem.
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Proof (of Theorem B.31). Setting B = exp(H + In X) in Corollary B.40 yields
tr exp(H+InX) = Ij{l&)octr (AH+InX)-AlnA+A)

= max [tr (AH) +tr X — 2(A, X)].

For each self-adjoint matrix H, Theorem B.41 guarantees that the term in square
brackets is a jointly concave function of the self-adjoint matrices X and A.
According to Theorem B.15, partial maximization of a jointly concave function
gives rise to a concave function; hence, X — tr exp(H + In X) is concave on the
set of positive definite matrices. O



Appendix C
Miscellanea

C.1 Fourier Analysis

This section recalls some simple facts from Fourier analysis. We cover the finite-
dimensional analog of the Shannon sampling theorem mentioned in Sect. 1.2 as well
as basic facts on the Fourier matrix and the fast Fourier transform (FFT). More
background on Fourier and harmonic analysis can be found in various books on the
subject including [39, 198,236,271,272,390, 400,452, 505].

Finite-Dimensional Sampling Theorem

We consider trigonometric polynomials of degree at most M, that is, functions of
the form

M
fy= Y e teo,1]. (C.1)
k=—M
The numbers ¢y, are called Fourier coefficients. They are given in terms of f by

1
ck:/ f(t)e 2kt gy,
0

The Dirichlet kernel is defined as

M sin(m(2M + 1)t) .
, ————= ift#0
DM(t) — Z 827rzkt _ Sin(ﬂ't) 7& )
k=—M 2M +1 ift =0.
S. Foucart and H. Rauhut, A Mathematical Introduction to Compressive Sensing, 573
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The expression for ¢t # 0 is derived from the geometric sum identity followed by
a simplification. The finite-dimensional version of the Shannon sampling theorem
reads as follows.

Theorem C.1. Let f be a trigonometric polynomial of degree at most M. Then, for
allt € [0,1],

e j j
f(t):2M+1;f(2M+1>DM<t_2M+1>' €2)

Proof. Let f(t) = Z,Ig\/[:_ o Ck€2™*t We evaluate the expression on the right-hand
side of (C.2) multiplied by 2M + 1 as

2M . .
J J
jz_:of<2M+1>DM (t_2M+1>

2M M
_Z Z cke27mk_]/(2]\4+l) Z e?ﬂzft i/ (2M+1))
j=0k=—M
Z Cr Z Z 27i(k— @)]/(2]\4-1-1) 27rz€t
—-M —M j=0

The identity S 2M ¢2mi(k=0)3/(2M+1) — (2)] + 1)8  completes the proof. O
y ¢ comp p

The Fast Fourier Transform

The Fourier matrix F € CN*V has entries

1 -
Fyso= eI e ], €3

The application of F to a vector x € CV is called the Fourier transform of x and
denoted by

x = Fx.

Intuitively, the coefficient Z; reflects the frequency content of x corresponding to the
monomials j — 27— (+=1/N The Fourier transform arises, for instance, when
evaluating a trigonometric polynomial of the form (C.1) at the points j/(2M + 1),
j=—M,..., M.
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The Fourier matrix is unitary, i.e., F*F = Id, so that F~! = F*; see (12.1).
This reflects the fact that its columns form an orthonormal basis of CV.

A naive implementation of the Fourier transform requires O(/N?) operations. The
fast Fourier transform (FFT) is an algorithm that evaluates the Fourier transform
much quicker, namely, in O(N In N) operations. This is what makes the FFT one
of the most widely used algorithms. Many devices of modern technology would not
work without it.

Let us give the main idea of the FFT algorithm. Assume that [V is even. Then the
Fourier transform of x € C¥ has entries

N
Z 271'1(_] 1)(k—1)/N
k:

ﬂ\

N/ N/2
\/_— Z Tope2™Hi—1)(20- wN"‘ZIM Le2mi=1)(26=2)/N
=t =1
— L e27ri(.7'—1)/N NZ/Qx eQWi(-j—l)(é—l)/(N/Q)
VN 2 20
N/2
+ZIQ[—1627”.(3.*1)(2*1)/(]\7/2)
=1

We have basically reduced the evaluation of X € C¥ to the evaluation of two Fourier
transforms in dimension N/2, namely, to the ones of (xgg)évz/f and of (xgg_l)évz/f .
If N = 27, then in this way we can recursively reduce the evaluation of the Fourier
transform to the ones of half dimension until we reach the dimension 2. This requires
n recursion steps and altogether O(n2") = O(N log N) algebraic operations. The
resulting algorithm, named after Cooley and Tukey [130], is often simply called the
fast Fourier transform. For other composite numbers N = pq similar reduction steps
can be made. We refer to [494, 506] for details.

C.2 Covering Numbers

Let T be a subset of a metric space (X,d). For ¢ > 0, the covering number
N(T,d,t) is defined as the smallest integer A such that 7" can be covered with
balls B(xy,t) = {x € X,d(x,x¢) <t},x, €T, L € [N],ie,

N
T | B(xe,t).
=1
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The set of points {x1,...,xxr} is called a t-covering. (Note that some authors only
require x, € X, so the points are not necessarily elements of 7".)

The packing number P(T, d, t) is defined, for ¢ > 0, as the maximal integer P
such that there are points x, € T, ¢ € [P], which are t-separated, i.e., d(x¢, x) > t
forall k,¢ € [P], k # ¢.

If X = R" is a normed vector space and the metric d is induced by the norm via
d(u,v) = |Ju—v|, we also write N (T, || - ||,t) and P(T, || - ||, ?)-

Let us first state some elementary properties of the covering numbers. The
packing numbers satisty precisely the same properties. For arbitrary sets S, 7 C X,

NS UT,d,t) <N(S,d,t) + N(T,d,t). (C.4)
For any a > 0,
N(T,ad,t) = N(T,d,t/a). (C.5)
If X = R" and d is induced by a norm || - ||, then furthermore
N(aT,d,t) = N(T,d, t/a). (C.6)

Moreover, if d’ is another metric on X that satisfies d'(x,y) < d(x,y) for all
x,y € T, then

N(T,d',t) < N(T,d,t). (C.7)

The following simple relations between covering and packing numbers hold.

Lemma C.2. Let T be a subset of a metric space (X, d) and let t > 0. Then
P(T,d,2t) < N(T,d,t) < P(T,d,t).

Proof. Let {x1,...,xp} be a 2t-separated set and {x/,...,x/\/} be a t-covering.
Then we can assign to each point x; a point X, with d(x}, x;) < t. This assignment
is unique since the points x; are 2¢-separated. Indeed, the assumption that two points
Xj, Xk, j # k, can be assigned the same point x; would lead to a contradiction by
the triangle inequality d(x;,xx) < d(x;,%}) + d(x},x;) < 2t. It follows that
P<N.

Now let {x1,...,Xn} be a maximal ¢-packing. Then it is also a ¢-covering.
Indeed, if there were a point x not covered by a ball B(xy,t), £ € [N], then
d(x,x;) > t for all £ € [N]. This means that we could add x to the ¢-packing.
But this would be a contradiction to the maximality. O

The following proposition estimates in particular the packing number of a ball or
a sphere in a finite-dimensional normed space.
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Proposition C.3. Let || - || be some norm on R™ and let U be a subset of the unit
ball B = {x € R",||x|| < 1}. Then the packing and covering numbers satisfy, for
t>0,

2 n
N0 < PO o < (142) )

Proof. Lemma C.2 shows the first inequality. Let now {x1,...,xp} C U be
a maximal ¢-packing of U. Then the balls B(x¢,t/2) do not intersect and they
are contained in the ball (1 + ¢/2)B. By comparing volumes (that is, Lebesgue
measures) of the involved balls, we obtain

P
vol (U B(xq, t/2)> = Pvol((t/2)B) < vol((1+1t/2)B).

=1

On R" the volume satisfies the homogeneity relation vol (¢B) = t™ vol (B); hence,
P(t/2)"vol(B) < (1+t/2)"vol(B),i.e., P < (1+2/t)". O
C.3 The Gamma Function and Stirling’s Formula
The Gamma function is defined for x > 0 via
I'(z) = /OO t*tetat . (C.9)
0
It interpolates the factorial function in the sense that, for positive integers n,

I'(n)=(m-1)!. (C.10)

In fact, it follows from integration by parts that the Gamma function satisfies the
functional equation

I'z+1)=al'(z), =>0. (C.11)
Its value at the point 1/2 is given by I'(1/2) = /7.

Stirling’s formula states that, for z > 0,

I(z) = V2ra® 1/ 2e % exp (%) (C.12)
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with 0 < 6(z) < 1. Using (C.10) and applying the formula (C.12) show that the
factorial n! = nl'(n) satisfies

n! = V2rnn"e "elftn | (C.13)

with 0 < R,, < 1/(12n).

r 1)/2
We also need a technical result about the quantity ﬁ%
m

, which
asymptotically behaves like \/m as m — co.

Lemma C.4. Forintegersm > s > 1,

I'(lm+1)/2) I'((s+1)/2)
Sy i e Yoy e (I

Proof. Tt is sufficient to show that, for any m > 1,

Qi1 — Q> Vm+1—/m, where  a, := \/5%

It follows from I'((m +2)/2) = (m/2)I" (m/2) that ayt10u, = m. Thus,
multiplying the prospective inequality ct;, 11 — @ > vVm + 1 — /m by «;,, and
rearranging the terms, we need to prove that

ar + (Vm+ —v/m) am —m <0,

In other words, we need to prove that o, does not exceed the positive root of the
quadratic polynomial z2 + (\/m +1-— \/m) z —m, i.e., that

Qo Sﬂm =

(VmF 1= vm) +\/(Vm + 1 - ym)® +4m
. .

The first step consists in bounding «,,, from above. To this end, we use Gauss’
hypergeometric theorem; see, e.g., [17]. It states that if Re(c — a — b) > 0, then

I'(e)I'(c—a—0)

T'lc—a)l(c—b) 2Fi(a, by 1).

Here, o F; denotes Gauss’ hypergeometric function

2F1(a’7b;c;z) = Z N

n=0
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where (d),, is the Pochhammer symbol defined by (d)o = 1 and (d),, := d(d +
1)---(d 4+ n — 1) for n > 1. Therefore, choosing a = —1/2,b = —1/2, and
¢ = (m —1)/2, we derive

2 _ T ((m+1)/2)* L((m+1)/2)I'((m = 1)/2)

S TR N ST
e Y2/ (24D 1
B 1),;((m—1)/2)((m+1)/2)---((m+2n—3)/2)n!

1 1 1 = 27=2((1/2) --- (n — 3/2)]?
Ll S [(1/2) - (n=3/2)2
— nl(m +1)(m+3)-(m+2n—3)
We observe that the quantity 7, := (m + 1)(a2, — m + 1/2 — 1/(8(m + 1)))
decreases with m. Thus, for an integer m to be chosen later,

1 1 1 ~
2 ooy 4 me > mo. C.14
mSMmo st T I T M0 (€14

The next step consists in bounding 3,,, from below. We start by writing

(Vi FT = Vi) + Vim 3y — VT _
2

5 2 0m-

B > —

Then we look for an expansion of §2, = (10m + 1 — 6y/m(m + 1)) /4. We have

m(m+1) = (m+1) 1__mil
_ 1 1 1 1 (1/2)(71-3/2) 1 n—1
_m+§_§m—+1_§n:3 n! (m+1) '

It now follows that

1 1 > (1/2)---(n—3/92 1 n—1
izafn:m—-+i—+gz(/> Tf'n 3/)( )
n=3

2 16m+1 m+1

>m—- 4 ——. (C.15)
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Subtracting (C.14) from (C.15), we obtain

1 1 Y,
2 2 > - _ mo
A am_16 m+1’

2 mo.

m

We choose my to be the smallest integer such that v,,, < 1/16, i.e., mg = 3, so
that 32, > a2, for all m > 3. The numerical verification that 32, > a2, form = 1
and m = 2 is straightforward. This concludes the proof. O

C.4 The Multinomial Theorem

The multinomial theorem is concerned with the expansion of a power of a sum. It
states that, for an integern > 1,

(X)) = ¥ il
/=1 ki+kot...+km=
The sum is taken over all possible m-tuples of nonnegative integers ki, . . ., k,, that

sum up to n. This formula can be proved with the binomial theorem and induction
on n.

C.5 Some Elementary Estimates

Lemma C.5. For integersn > k > 0,

(1) <() = (3"

Proof. For the upper bound, we use

|?v
?vlw

Z 0
£=0
to derive the inequality

—1)--- _ k k ok k
n :n(n 1)--(n k+1)§n_:k_n_<ekn_
k k! k

kKl kb — 7 kR
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As for the lower bound, we write

_ n— b n
(k;): ( k(llz_l() k+1) 1;[ k—i—@ (E)k7

having used that (n — k + ¢) /¢ = (n — k) /¢ + 1 decreases with £ > 1. O

Lemma C.6. Let N,m,s > 1 with N > s be given integers and let c,d > 0 be
prescribed constants.

(a) If m > csln(dN/s) and m > s, then m > csIn(dN/m).

(b) If m > 'sln(¢' N/m) with ¢’ = ¢(1 + d/e), then m > csln(dN/s).

(¢) If m > csIn(dN/m), then m > ¢"sIn(dN/s) with ¢’ = ec/(e + ¢) or better
¢’ = ¢/ 1n(c) provided ¢, d > e.

Proof. The statement (a) simply follows from m > s. For (b) and (c), let us assume

that m > ~ysIn(6N/m) for some 7, d > 0. For any ¢’ > 0, we then have

/

) s () = () + Fmg ().

We notice that the function f(z) := x In(x) is decreasing on (0, 1/¢) and increasing
on (1/e,+00), with a minimum value of —1/e, to derive

mZ'ysln(

/! ! !/ !
m > vsln (5 N) — ﬁm, ie., (1 + ﬁ)m >~sln (5 N).
S ed ed S
The statement (b) is obtained by taking (among other possible choices) v = § =
¢(1 + d/e) and &' = d, while the first part of (c) is obtained by taking v =
and 6 = ¢’ = d. The second part of (c), where ¢,d > e, follows from s/m g
1/(cIn(dN/s)) < 1/¢; hence, f(s/m) > f(1/¢) = —In(c)/c. The same choice of
v, 9,8 yields

m > csln (g) —In(e)m, ie., (1+In(c))m > ecsln (g),

which is a rewriting of the desired conclusion. O

C.6 Estimates of Some Integrals

Next we provide some useful estimates of certain integrals. The first two lemmas
are related to the estimation of the tail of a Gaussian random variable from above
and below.
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Lemma C.7. Foru > 0,

o 1
/ et /2dt < min{«/g,—}exp(—u2/2).
w U

Proof. A change of variables yields
/ et /2qt :/ e~ (W24 — e_“2/2/ e~tue=t /244, (C.16)
u 0 0

On the one hand, using the fact that e~ < 1fort,u > 0, we have

/00 et /2qt < e~ /2 /00 e 2t = \/geuz/z.
u 0

On the other hand, the fact that e /2 < 1yields

oo oo 1
/ e t2qt < e—“2/2/ ettt = —e~u/2, (C.17)
u 0 Uu

This shows the desired estimate. O

Lemma C.8. Foru > 0,

e 1 1
‘/u‘ e—t2/2dt2max{a—ﬁ,\/g—u}exp(_zﬁ/ﬂ.

Proof. We use (C.16) together with e~t/2 > 1 —t%/2to obtain

o) [ee} 2
/ et 24t > e*“z/z/ <1 - t—)et“dt = /2 (1 - i).
w 0 2 u  ud

Using instead e =% > 1 — tu in (C.16) yields

/OO e 24t > e /2 /OO e_t2/2(1 — ut)dt = e /2 <\/§ — u)
u 0

This completes the proof. O

Lemma C.9. For o > 0,

/a\/ln(l—i—t—l)dtg ay/In(e(1+a~1)). (C.18)
0
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Proof. First apply the Cauchy—Schwarz inequality to obtain

/Oa VIn(1 +¢t-1)dt < \//Oa 1dt/0a1n(1+t—1)dt.

A change of variables and integration by parts yield

/ In(1 4t 1dt = / w2 In(1 + u)du
0 a

—1

oo < 1 > ]
= —u 'ln(1+ u)‘oé,1 + /Orl u! T udu <aln(l+a™')+ /OF1 Edu
=aln(l+a ) +a.
Combining the above estimates concludes the proof. a

C.7 Hahn-Banach Theorems

The Hahn—Banach theorems are fundamental results about vector spaces. Although
they are only used in a finite-dimensional setting in this book, they remain true
in infinite dimensions. Their proof can be found in most textbooks on functional
analysis, e.g., [72, 419, 438, 514]. The Hahn—Banach extension theorem, stated
below, is often used when || - || is a norm.

Theorem C.10. Let X be a vector space equipped with a seminorm || - || and
let Y be a subspace of X. If X\ is a linear functional defined on Y such that
INy)| < |lyll for all y € Y, then there exists a linear functional X defined on X
such that \(y) = \(y) forally € Y and |\(x)| < ||x|| forallx € X.

As for the Hahn—Banach separation theorem, it reads as follows.

Theorem C.11. If C and D are two disjoint nonempty convex subsets of a normed
space X and if C' is open, then there exist a continuous linear functional )\ defined
on X and a real number t such that

Re(A(x)) <t forallxe C  and Re(A(x)) >t forallx € D.

C.8 Smoothing Lipschitz Functions

The proof of the concentration of measure results (Theorems 8.34 and 8.40) requires
to approximate a Lipschitz function by a smooth Lipschitz function. The following
result establishes this rigorously.
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Theorem C.12. Let f : R™ — R be a Lipschitz function with constant L = 1 in
(8.69). Fore > 0 and x € R", denote by B:(x) = {y € R" : ||y — x||2 < &} the
ball of radius € around x and by | B.(x)| its volume. Define g : R™ — R by

1
909 = gy /B Ly

Then the function g is differentiable and |V g(x)||2 < 1 for all x € R™ (so that g is
Lipschitz with constant L = 1). Furthermore,

en
n+1

[f(x) —g(x)| <

<e  forallx e R".

Proof. We start with the case n = 1. Then g is defined via

Therefore,

g/(x) — f(il?+€)2—€f($—€),

and since f is 1-Lipschitz, it follows that |¢'(x)| < 1. Moreover,

z+e z+e
@) sl = |32 [ 0@ = s < - [ 1@ = rwlay
1 z+e 1 £ &_2 c
< Vemvidy=C [ ==

Assume now 1 > 1. We choose a unit vector u € R™ and some x € R™ and show
that the function ¢(t) = g(x + tu) is differentiable with |¢’(¢)| < 1, which is
equivalent to [(Vg(x),v)| < 1. As u and x are arbitrary, this will establish that ¢
is differentiable with || Vg(x)||2 < 1 for all x € R™. Without loss of generality, we
assume that x = 0 and that u = (0,...,0,1). Then the orthogonal complement
u' can be identified with R"~1. Let D. = {(2,0) : z € R""1, ||z|]2 < ¢}. For
any (z,0) € D, the intersection of the line through (z,0) in the direction of u
with B, (0) is an interval with endpoints of the form (z, —a(z)) and (z, a(z)) with
a(z) > 0. It follows that

|B:(0)| = 2/D a(z)dz. (C.19)

€
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Now we estimate the derivative of ¢. For 7 € R, we have

1 z)+T
w(T) = g(Tu) = m B (ru) f(y) | /E ‘/_a ()47 Z t dtdz
hence,
¥'(0 |/ (z,a(z)) — f(z, —a(z)))dz.

Since f is 1-Lipschitz, we have | f(z,a(z)) — f(z, —a(z))| < 2a(z), so by (C.19)

['(0)] = [(Vg(x),v)| < 1.

The approximation property follows similarly to the case n = 1, namely,

1 1
£ =9l = 5y |f(x)—f(Z)|dZ§ m/ % — z|2dz
_ ; z | Sn— 1| - <€|S" 1|
~1B-00)] /5.0 |z]|2dz |/ = T DB (C.20)

where |S™ 1| is the surface area of the sphere S"~1 = {x € R", x|z = 1}.
Hereby, we used the fact that the volume in R"™ satisfies |B.(0)| = "|B1(0)|.
Denoting by s, (r) the surface area of the sphere of radius  in R™ and by v, (r) the
volume of the corresponding ball, we have the relation

0n(r) = [ salo)dp. (€21
0

Since v, (r) = | B1(0)|r", differentiating (C.21) shows that s,,(r) = n|B1(0)|r"~!
so that [S" 71| = s5,(1) = n|B1(0)|. Substituting this into (C.20) completes the
proof. O

C.9 Weak and Distributional Derivatives

The concept of weak derivative generalizes the classical derivative. Given a
measurable function f : R — R, we say that v : R — R is a weak derivative
of f if, for all infinitely differentiable functions ¢ : R — R with compact support,

/_OO f(x)¢' (z)dx = — /OO v(z)é(x)dx. (C.22)

— 00
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In this case, we write v = [/ = % f. If f is continuously differentiable according
to the classical definition, then it follows from integration by parts that the classical
derivative f’ is a weak derivative. If v and w are weak derivatives of f, then they are
equal almost everywhere, and in this sense the weak derivative is unique. If a weak
derivative exists, then we say that f is weakly differentiable.

If the function f is defined only on a compact subinterval [a,b] C R, then the
integrals in (C.22) are only defined on [a,b] and the functions ¢ are assumed to
vanish on the boundary, i.e., ¢(a) = ¢(b) = 0.

This concept extends to the multivariate case and to higher derivatives in an

obvious way. For a function f : R” — R, and a multi index a = (aq,...,ap),
_ o™ )
a; € No, we set || = >, aj and D f = 9T o anf Then v : R” —>Rlsa

weak derivative of order «v if
FOOD*o(x)dx = (1)1 [ o(xo(x)ax
Rd Rd

for all infinitely differentiable functions ¢ : R — R with compact support. We
write v = D f in this case.

The concept of weak derivative can be further generalized to distributional
derivatives. We denote by D the space of all infinitely differentiable functions
with compact support. A distribution is a functional on D, i.e., a linear map-
ping from D into the scalars. A function f on R™ which is bounded on every
compact subset of R" (or at least locally integrable) induces a distribution via

= fan f( x)dx for ¢ € D. The distributional derivative of a distribution
f is deﬁned via

0 0
e <¢>——f(3—% ) ¢eD.

The distributional derivative always exists. If f can be identified with a function,
then it is the functional

0 0
5o (0 == [ 1005 -0fx)ax

If f possesses a weak derivative, then the distributional derivative can be identified
with it by (C.22). If f is even differentiable, then both distributional and weak
derivative can be identified with the classical derivative.

We say that a distribution f is nonnegative if f(¢) > 0 for all nonnegative
functions ¢ € D. In this sense, also nonnegativity of distributional derivatives is
understood. For instance, we write —f > 0 for a function f if, for all nonnegative

¢ € D,

fx)5— ¢( )dx > 0.
R

Ox;
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C.10 Differential Inequalities

The following lemma bounds the solution of a differential inequality by the solution
of a corresponding differential equation.

Lemma C.13. Let f,g,h : [0,00) — R be continuous functions with g(x) > 0 and
f(z) > 0 forall z € [0,00). Assume that Ly : [0,00) — R is such that

f(x)Li(x) — g(z)Lo(z) = h(z), = €]0,0), (C.23)
while L satisfies the differential inequality
f@)L'(z) = g(z)L(z) < h(z), x € [0,00). (C24)

If L(0) < Lo(0), then L(x) < Lo(x) for all x € [0, 00).

Proof. We need to prove that £(x) := L(z)—Lo(z) < 0forall z € [0, c0), knowing
that the function ¢ satisfies £(0) < 0 and

f(@)l (x) — g(x)l(x) <0, (C.25)

which follows by subtracting (C.23) from (C.24). Let us introduce

k(x) := l(x)exp (— /Oz %dt).

We calculate, for z € [0, c0),

K (z) = (e'(x) - %z@)) exp ( - /O ’ %dt) <.

This shows that & is nonincreasing on [0, 00). As a result, for all z € [0, 00), we
have k(z) < k(0) < 0; hence, £(z) < 0. O






List of Symbols

Usually the number of nonzero entries of a vector to be recovered
Usually the number of linear measurements

Usually the number of entries of a vector to be recovered

The set of the natural numbers not exceeding N, i.e., {1,2,..., N}
Usually a subset of [N]

The cardinality of a set S

The complement of a set S, usually S = [N]\ S

The set of natural numbers, i.e., {1,2,...}

Ng The set of natural numbers including 0, i.e., {0,1,2,...}

The set of integers, i.e., {...,—2,—1,0,1,2,...}

EEER

Zwlg w
=
2
2!

Q The set of rational numbers

R The set of real numbers

Ry The subset of R consisting of the nonnegative real numbers

C The set of complex numbers

K The field R or C

RN The N-dimensional real vector space

cN The N-dimensional complex vector space

c® The space of vectors indexed by the set S, isomorphic to C¢#rd(5)

ey The space CV equipped with the £,,-(quasi)norm

BY The unit ball of the (quasi)normed space £}

(e1,...,e,) The canonical basis of KV

X Usually the vector in CV to be reconstructed

x* Usually the vector outputted by a reconstruction algorithm

x* The nonincreasing rearrangement of a vector x

supp(x) The support of a vector x _

Xg Either the vector in CV equal to x on S and to zero on S or the
vector in C* which is the restriction of x to the entries
indexed by S

Ly(x) An index set of s largest absolute entries of a vector x
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Al,n

||X||p
”X”p,oo
I[xllo
(u,v)

| Allp—q
| Al2—2
Al F

H1

List of Symbols

The hard thresholding operator applied to a vector x, i.e.,

H; (X) = XL, (x)

The error of best s-term approximation to a vector x

The real and imaginary parts of a complex number z

The real and imaginary part of a vector x defined componentwise
The sign of a complex number 2

The sign of a vector x defined componentwise

Usually the vector of measurement errors

Usually the measurement vector,i.e.,y = Ax + e

The identity matrix

The Fourier matrix

The Hadamard matrix

The matrix with all entries equal to one

A matrix, usually the measurement matrix

The transpose of a matrix A, i.e., (A7) ;5 = Ajx

The adjoint of a matrix A, i.e., (A*);x = Ajx

The Moore—Penrose pseudo-inverse of the matrix A

The submatrix of a matrix A with rows indexed by I and columns
indexed by J

The submatrix of a matrix A with columns indexed by S

The jth column of a matrix A

The null space of the matrix A, i.e., {x : Ax = 0}

Usually a reconstruction map from C™ to CV

The reconstruction map associated with equality-constrained
{1-minimization

The reconstruction map associated with quadratically constrained
{1-minimization

The £,-(quasi)norm of a vector x

The weak £,,-quasinorm of a vector x

The number of nonzero entries of a vector x

The inner product between two vectors u and v

The operator norm of a matrix A from ¢, to ¢,

The operator norm (largest singular value) of a matrix A on ¢
The Frobenius norm of a matrix A

The coherence of a matrix

The ¢1-coherence function of a matrix

The sth restricted isometry constant of a matrix

The sth restricted expansion constant of a left regular bipartite graph
Usually an upper bound on the measurement error, i.e., |le]j2 < 7
Usually a small probability

The expectation of a random variable X

The probability of an event B

A standard Gaussian random variable

A standard Gaussian random vector



List of Symbols

oT)

E™(K,X)
d™(K,X)
dm (K, X)
N(T,d,t)

conv(T)
cone(T)
K*

KO

F*

OF (x)
Pr(1;%)

591

The Gaussian width of a subset T’ of RV

The compressive m-width of a subset K of a normed space X
The Gelfand m-width of a subset K of a normed space X
The Kolmogorov m-width of a subset K of a normed space X
The covering number of a set T" by balls of radius ¢ relative to the
metric d

The convex hull of a set T’

The conic hull of a set T’

The dual cone of a cone K € RY

The polar cone of a cone K C RY

The convex conjugate of a function F’

The subdifferential of a function F' at a point x

The proximal mapping associated to a convex function F'
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Landweber iteration, 507

Laplace transform, 178

LARS, 480

LASSO, 20, 64,71

least angle regression, 480

Lebesgue’s dominated convergence theorem,
177

left regular bipartite graph, 435

Legendre polynomials, 425

Lidskii’s inequality, 528
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Lieb’s concavity theorem, 564

linear optimization problem, 556

linear program, 61, 556

Lipschitz function, 237, 583

local minimizer, 548

log-barrier method, 510

logarithmic Sobolev inequality, 242, 243
lossless expander, 436

lower semicontinuous, 547

M

magnetic resonance imaging, 10
Markov’s inequality, 178, 185
matching pursuit, 71

matrix completion, 22

matrix convex, 565

matrix exponential, 538

matrix logarithm, 541

matrix monotone, 540

matrix norm, 519

Maurey’s method, 411
measurable function, 176
median, 178

median operator, 448

metric, 516

metric space, 516

minimax principle, 528

model selection, 20

moderate growth, 229

modifed LARS, 480
modulation operator, 121
moment, 176, 185

moment generating function, 178, 189
Moore—Penrose pseudo-inverse, 92, 531
Moreau’s identity, 553

MRI, 10

mutual coherence, 129

N
neighborly, 104

centrally, 107
Neumann series, 524
noiselets, 424
nonadaptive, 312
noncommutative Bernstein inequality, 217
nonequispaced Fourier matrix, 370
nonincreasing rearrangement, 42
nonuniform instance optimality, 358
nonuniform recovery, 281
norm, 515
normal distribution, 179, 182
normed space, 516
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nuclear norm, 22, 102, 530
nuclear norm minimization, 107, 174, 511
null space property, 78

£4-robust, 87

robust, 86

stable, 83

(0]

objective function, 61, 555

operator convex, 565

operator monotone, 540

operator norm, 518,519

optimization problem, 61, 555

Orlicz space, 263

orthogonal matching pursuit, 65, 123, 158
orthogonal polynomials, 425

P

packing number, 576
Paley—Zygmund inequality, 187
Pareto curve, 504

partial Fourier matrix, 50, 372
partial primal-dual gap, 512
partial random circulant matrices, 428
partial random Toeplitz matrices, 428
partition problem, 59
perspective, 569

phase transition, 304
Pochhammer symbol, 579

polar cone, 544

polarization formula, 171
positive definite, 537

positive semidefinite, 537
primal dual gap, 558

primal problem, 557

probability density function, 176
Prony method, 51

proper function, 545

proximal gradient method, 506
proximal mapping, 552, 553
proximal point algorithm, 506
proximation, 552

proximity operator, 552, 553
pseudometric, 516

Q

quadratically constrained basis pursuit, 64

quadratically constrained nuclear norm
minimization, 109

quantile operator, 448

quantization, 38

Index

quasinorm, 515

quasinorm constant, 515

quasitriangle inequality, 515

quotient map, 518

quotient norm, 340, 518

quotient property, 339, 362
simultaneous, 341

quotient space, 518

R
radar, 13
Rademacher chaos, 211,214
Rademacher process, 225
Rademacher random variable, 205
Rademacher sequence, 191, 205
Rademacher sum, 205
Rademacher variable, 191
Rademacher vector, 191
random Gabor systems, 429
random matrix, 272
random partial Fourier matrix, 372
random partial unitary matrix, 417
random polytope, 38
random sampling, 368
random signals, 459
random submatrix, 460, 461
random support set, 459
random variable, 176
random vector, 181

complex, 181
rank restricted isometry constant, 174
rank restricted isometry property, 174, 309
reduced singular value decomposition, 526
regularized orthogonal matching pursuit, 72
resolvent operator, 552, 553
restricted expansion constant, 436
restricted isometry constant, 133, 168
restricted isometry property, 133, 135
restricted isometry ratio, 147
restricted orthogonality constant, 135, 168
robust null space property, 86
robust rank null space property, 108
robustness, 85

S

saddle point, 562

saddle-point property, 562
sampling, 15

sampling matrix, 369

Schatten norm, 530

second-order cone problem, 64, 559
self-adjoint dilation, 267, 529
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self-adjoint matrix, 518, 537
semidefinite program, 108, 559
seminorm, 515
Shannon sampling theorem, 1, 15
shifting inequality, 56, 169, 172
shrinkage operator, 555
sign, 90
simultaneous quotient property, 341
single-pixel camera, 8
singular value, 525
singular vector, 525
Slater’s constraint qualification, 558
Slepian lemma, 227
soft thresholding, 555
soft thresholding operator, 72
spark, 56
sparse, 41
sparse approximation, 17
sparse function, 369
sparse matching pursuit, 457
sparse trigonometric polynomials, 370
sparsity, 2,41
spectral gap, 455
SPGL1 method, 504
spherical harmonics, 428
square root lifting, 144
stability, 82
stable null space property, 83
stable rank null space property, 108
standard Gaussian, 179
standard Gaussian vector, 182
standard normal, 179
Stein’s lemma, 229
Steinhaus

random variable, 209

sequence, 209
Stirling’s formula, 577
stochastic independence, 181
stochastic matrix, 455
stochastic process, 224
strictly concave, 546
strictly convex, 545
strictly subgaussian random variable, 199
strong duality, 558
strongly convex, 545
structured sparsity model, 37
subdifferential, 551
subexponential random variable, 191
subgaussian parameter, 193
subgaussian random matrix, 272
subgaussian random variable, 191
subgaussian random vector, 273
subgradient, 551
sublinear algorithm, 38, 423

sublinear-time algorithm, 452
subspace pursuit, 72

summation by parts, 445
support, 41

symmetric matrix, 518
symmetric random variable, 205
symmetric random vector, 205
symmetrization, 205

T

tail, 178, 185

tensorization inequality, 241

theorem of deviation of subspaces, 329

thresholded Landweber iteration, 507

tight frame, 114

time-frequency structured random matrices
429

totally positive, 50, 535

trace, 523

trace exponential, 539

translation operator, 121

trigonometric polynomials, 369

U
uniform model, 460
uniform recovery, 281
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uniform uncertainty principle, 133, 135, 168

union bound, 176

unit ball, 516

unitary dilation, 568
unitary matrix, 371, 518
Uzawa algorithm, 503

\"
Vandermonde matrix, 50, 535
variance, 176

vector-valued Bernstein inequality, 248, 249

w
weak derivative, 269, 585
weak duality, 558
weak variance, 249
Weibull random matrices, 363
‘Welch bound, 114
Weyl’s inequality, 528
width

Gelfand, 311

Kolmogorov, 323
Wielandt’s minimax principle, 528

Y
Young inequality, 549
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