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Zusammenfassung

Ein Kernaspekt von Compressed Sensing ist die Rekonstruktion von Signalen mit-
hilfe von moglichst wenigen Messungen. Dies wird unter Ausnutzung der Tatsache
ermdglicht, dass sich die Signale in vielen Anwendungen durch lediglich wenige Kom-
ponenten beschreiben lassen. Solch ein Signal kann mathematisch durch einen soge-
nannten diinnbesetzten Vektor modelliert werden. Die Messungen des Signals lassen
sich mit einer Messmatrix darstellen, wobei die Anzahl an Zeilen der Messmatrix
gerade der Anzahl an Messungen entspricht. Dies fiihrt auf ein lineares Gleichungs-
system, welches in der Regel unterbestimmt ist. Durch Rekonstruktionsbedingungen
an die Messmatrix, wie der sogenannten ,Null Space Property* (NSP), kann genau
charakterisiert werden, in welchen Féllen ein diinnbesetzter Vektor aus seinen Mes-
sungen erfolgreich rekonstruiert werden kann.

In der vorliegenden Arbeit untersuchen wir dieses mathematische Problem der Re-
konstruktion unter dem Aspekt, dass zusétzliche Informationen iiber die Struktur
des zu rekonstruierenden diinnbesetzten Vektors vorhanden ist. Solche Informatio-
nen koénnen in Form von Nebenbedingungen beschrieben werden. Als einen zentra-
len Punkt weisen wir anhand von verschiedenen Beispielen empirisch nach, dass
schwéchere Rekonstruktionsbedingungen in der Gegenwart von Nebenbedingungen
moglich sind und dass weniger Messungen zur Rekonstruktion benétigt werden.

Hierzu entwickeln wir zuerst ein allgemeines Framework, welches ein existierendes
Framework aus der Literatur um die Moglichkeit erweitert, vorhandene Nebenbe-
dingungen auszunutzen. Zur Charakterisierung der erfolgreichen Rekonstruktion in
diesem Framework formulieren wir eine neue allgemeine NSP. Weiterhin betrach-
ten wir auch den Fall, dass die Messungen durch Rauschen gestort sind oder die
zu rekonstruierenden Signale sich lediglich durch diinnbesetzte Vektoren approxi-
mieren lassen. Wir zeigen, dass eine Modifikation unserer allgemeinen NSP auch
diese Félle umfasst und formulieren Schranken an den moglichen Fehler, der bei der
Rekonstruktion gemacht wird.

Das vorgestellte Framework vereinigt und verallgemeinert diverse in der Litera-
tur behandelten Spezialfélle, wie zum Beispiel die Rekonstruktion von diinnbesetz-
ten, nichtnegativen oder ganzzahligen Vektoren, diinnbesetzten Vektoren mit Block-



Struktur oder positiv semidefiniten Matrizen mit niedrigem Rang. Wir demonstrie-
ren, dass sich die bekannten Resultate fiir diese Spezialfille aus unserem allgemeinen
Framework herleiten lassen. Des Weiteren betrachten wir auch noch weitere Spezi-
alfdlle, die in der Literatur bisher nicht oder nur wenig untersucht wurden. Zuerst
erweitern wir eine mogliche Block-Struktur in Vektoren auf Matrizen. Hier gehen
wir auch explizit auf den Effekt von Nichtnegativitdt oder positiver Semidefinitheit
ein und zeigen anhand von Beispielen, dass durch Ausnutzung dieser Eigenschaf-
ten eine schwéchere Rekonstruktionsbedingung nétig ist. Danach untersuchen wir
ganzzahlige Vektoren und schlieflich behandeln wir komplexe Vektoren, bei denen
jeder Eintrag einen konstanten Betrag hat. Fiir die letztgenannte Nebenbedingung
présentieren wir auch einen angepassten ,Spatial Branch-and-Bound* Algorithmus
zur Losung des entstehenden Rekonstruktionsproblems.

Um den Effekt von Nichtnegativitdt néher zu analysieren, betrachten wir die
NSP fiir zufiillige Messmatrizen. Wir leiten eine theoretische untere Schranke fiir die
Anzahl an nétigen Messungen her und vergleichen diese empirisch und numerisch mit
der bekannten Schranke im Falle von diinnbesetzten Vektoren ohne Nichtnegativitat.
Dies demonstriert, dass unter Ausnutzung der Nichtnegativitiat weniger Messungen
zur Rekonstruktion nétig sind. Ebenfalls leiten wir eine solche Schranke fiir Matrizen
mit Block-Struktur her.

Anschliefsend behandeln wir diinnbesetzte Vektoren mit und ohne Nichtnegativi-
tdt sowie mit und ohne Block-Struktur. Fiir diese Félle formulieren wir das Pro-
blem, die jeweilige NSP fiir eine gegebene Messmatrix zu iiberpriifen, als gemischt-
ganzzahliges Optimierungsproblem. Der Effekt der Nichtnegativitéat zeigt sich hier-
bei darin, dass das zugehorige Optimierungsproblem zum Nachweisen der NSP
schneller gelést werden kann. Empirisch weisen wir auch nach, dass in der Gegen-
wart von Nichtnegativitdt weniger Messungen, das heifit Zeilen in einer zufélligen
Messmatrix, notig sind, um die NSP zu erfiillen.

Fiir die ,Restricted Isometry Property”“ (RIP), welche eine weitere Rekonstruk-
tionsbedingung fiir diinnbesetzte Vektoren darstellt, betrachten wir die Formulie-
rung als gemischt-ganzzahliges semidefinites Optimierungsproblem (MISDP). Dies
fiihrt uns schlieflich zu allgemeinen MISDPs. Wir entwickeln neue Techniken zur
Modifikation von MISDPs vor und wihrend dem Lésen, um dadurch den Losungs-
prozess zu beschleunigen. Anhand von numerischen Ergebnissen auf verschiedenen
Klassen von MISDPs sehen wir, dass dadurch eine signifikante Beschleunigung mog-
lich ist. Hierbei legen wir ein besonderes Augenmerk auf die MISDP Formulierung
der RIP.
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Abstract

A key aspect of Compressed Sensing is the reconstruction of signals with as few
measurements as possible. This can be achieved by exploiting that in many applica-
tions, signals can be described using only few components, which results in so-called
sparse vectors. The measurements of a signal can be represented with a measure-
ment matrix whose number of rows is exactly the number of measurements taken.
This leads to a linear equation system, which typically is underdetermined. In order
to characterize when a sparse vector can successfully be reconstructed from its mea-
surements, so-called reconstruction guarantees such as the “Null Space Property”
(NSP) can be employed.

This thesis examines sparse recovery in the case that additional structure is known
in the sparse vector that is to be recovered. As one key point, it is empirically
demonstrated that in the presence of side constraints weaker recovery guarantees
are possible and that fewer measurements suffice for successful recovery. To do so,
a general framework for sparse recovery is developed, which allows to incorporate
additional knowledge in form of side constraints and a novel general NSP is proposed,
which characterizes successful recovery in this framework. This framework subsumes
many specific settings and NSPs already considered in the literature.

For the case of sparse vectors, the influence of nonnegativity is analyzed by con-
sidering whether random measurement matrices satisfy the corresponding NSPs.
A lower bound for the number of measurements needed for successful recovery is
derived and empirically as well as numerically compared to the known bound for
sparse vectors without nonnegativity. Afterwards, the problem of testing whether a
given measurement matrix satisfies an NSP is considered. For the explicit cases of
sparse (nonnegative) vectors and block-sparse (nonnegative) vectors, the problem of
testing the corresponding NSP is formulated as a mixed-integer problem. Empirical
results demonstrate that for a random measurement matrix, fewer measurements are
needed in order to satisfy the corresponding NSP in the presence of nonnegativity.

Lastly, new presolving and propagation techniques for general mixed-integer
semidefinite programs (MISDPs) are developed, which allow for a significant im-
provement in the solution times, as a numerical evaluation on several classes of
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MISDPs reveals. In this computational study, a focus lies on the MISDP formulation
of the “Restricted Isometry Property” (RIP), which is another recovery guarantee
for sparse vectors.
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CHAPTER

Introduction

Our modern world demands the use of digital data and information in almost every
aspect of our everyday life. Transferring, measuring and reconstructing this data
or information is therefore an omnipresent task. For instance, in digital communi-
cation, signals or images frequently need to be reconstructed from measured data.
Measuring, or acquiring data in its simplest form amounts to a system of linear
equations Ax = b. Here, x € R"™ is the original n-dimensional signal, A € R™*"
is the measurement matrix and b € R™ collects the m measurements taken of x
by A. Clearly, this system is underdetermined as long as m < n, so that if there
exists any solution, it is not unique. Consequently, recovering = cannot be expected.
Taking m > n measurements in order to hope for a unique solution is undesirable in
practice, simply because the dimension n of the original signal may be very large.
Hence, the measurement process can become costly and time-consuming, both of
which should typically be avoided. Thus, additional information on x is needed in
order to successfully recover z, that is, to have a unique solution of Ax = b, which
is equal to x even if m < n.

Almost two decades ago, the crucial observation was made that sparsity is ex-
actly such an additional information which makes reconstruction possible. Sparsity
means that the signal vector only has few nonzero components, that is, the vec-
tor  modeling the signal only has few nonzero entries. We call a vector s-sparse,
if it contains at most s nonzero components. In the following, we will speak of
signals and vectors interchangeably. The assumption that a signal is sparse or can
be approximated by a sparse signal, holds in many real world applications, possibly
after changing the representation of the signal, that is, after changing the basis.
Examples include the famous JPEG, MPEG and MP3 formats for image, video and
audio data, respectively. These formats compress the data by finding a sparse ap-
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proximation in a suitable basis. Consequently, some information within the data
is lost in the compression process. However, this loss does not significantly affect
the quality of the data, but massively shrinks the necessary storage space. Utiliz-
ing such sparse or compressed representations of signals leads to the problem that
first measuring a signal and then effectively throwing away most of the information
when compressing the signal is clearly not necessary. Rather, measuring and com-
pressing the signal should be done as one step, such that directly the compressed
version of the signal should be acquired. This paradigm to simultaneously acquire
and compress the data is now known under the name Compressed Sensing (CS)
(or Compressive Sensing, Compressive Sampling) which started with the seminal
articles from Candes et al. [39] as well as Donoho [69].

CS has numerous applications, probably the most well-known is magnetic reso-
nance imaging (MRI) in medicine, see, e.g., Lustig et al. [166, 167]. In fact, MRI is
the motivation used by Candeés et al. [39], considered as the initial paper on CS. In
MRI, the task is to produce high-quality images displaying the anatomy of parts of
the human body. Clearly, in order to diagnose diseases such as cancer, the pictures
should be as high-resolution as possible. Moreover, since the radiation used in an
MRI is harmful for the human body, the exposition to it should be as short as pos-
sible. Thus, CS techniques can be used to reduce the number of measurements that
need to be taken without influencing the quality of the resulting images, so that the
duration of the exposition to radiation can be shortened. Apart from this medical
application, CS has applications in radar frameworks, e.g., for detecting objects in
the surrounding environment and measuring their distance and speed, see Herman
and Strohmer [127], Potter et al. [204] and also Foucart and Rauhut [104] from which
the following high-level description is borrowed. In order to detect objects, a radar
pulse is sent out, which is scattered at these objects. The resulting scattered signal
is then measured at a receive antenna. Taking the delay of the received signal as
well as the Doppler effect into account, the distance and the speed of the objects can
be computed. In a finite-dimensional model, a known channel matrix can be used
to compute the received signal based on the sent signal, and a vector x can be used
to model the presence of objects with a certain speed and distance. This vector is
typically sparse, since only few objects are present in the surrounding environment.
Thus, the goal is to reconstruct a sparse vector based on linear measurements. More-
over, CS is frequently used to find sparse approzximations of vectors in a predefined
basis, also called dictionary. As outlined before, this is heavily used in compression,
but also in data separation [202] and denoising of data [85], see also [35, 84| for an
overview. Besides, CS can be applied in order to correct errors in the transmission
of data [38].



1.1. Sparse Recovery Under Linear Measurements

For further information and more general introductions as well as applications of
CS, we refer to the books [88, 104, 248] as well as the papers [14, 40, 46, 99|. The
PhD thesis of Andreas Tillmann [235] collects several computational aspects of CS.
We provide further literature reviews for the specific topics considered in Chapters 3
and 5 as well as in Sections 4.1 and 6.1 at the beginning of the respective chapters.

Deepening knowledge in the usage of CS is the primary goal of the priority pro-
gramme SPP 1798 “Compressed Sensing in Information Processing (CoSIP)”, funded
by the German Research Foundation (Deutsche Forschungsgemeinschaft, DFG) from
2015 to 2021. The subproject “Exploiting Structure in Compressed Sensing Using
Side Constraints (EXPRESS)” within the SPP 1798, which ran for the full period of
six years, deals with the question of how additional knowledge can be exploited in
the process of acquiring data. Such knowledge may be available for different aspects
of the recovery process. It can originate from specific structure within the measure-
ment matrix A, the original signal x or the measurements b. For instance, it may
be known that z > 0 or that = has integral components. Moreover, the nonzero
entries in x can appear in blocks or groups, which amounts to knowledge on the
sparsity structure. Depending on the measurement process, the measurements can
exhibit structure as well, such as being magnitude-only, quantized, or restricted to
a finite alphabet (K-bit measurements). Lastly, specific properties of the underly-
ing measurement process, such as configurations of the arrays used for sensing, can
yield additional structure in the measurement matrix A. This knowledge can be
incorporated into the recovery problem in form of a side constraint. In the project
“EXPRESS”, new recovery guarantees as well as efficient algorithms for recovery in
the presence of side constraints are developed, with a specific focus on the applica-
tion to multi-antenna systems. This thesis emerged from the research that has been
done within the project “EXPRESS”, and solely deals with additional structure in .
An overview over various results that have been obtained in this project is given in
the preprint by Ardah et al. [10].

1.1 Sparse Recovery Under Linear Measurements

In this thesis, we will focus on the sparse recovery problem, which consists of recon-
structing an unknown sparse vector x € R’ given only its measurements b = Ax,
where A € R™*™ is a known measurement matrix. This problem features two
important aspects: First, the choice of A, and second, the recovery process itself.

Concerning the choice of A, it is desirable to choose a measurement matrix which is
suitable to reconstruct different sparse vectors, not only a fixed one. This distinction
leads to the terms individual recovery (also called nonuniform recovery) and uniform
recovery. Individual recovery means the successful recovery of a single fixed s-sparse
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vector x € R™ from its measurements b = Az € R™, whereas for uniform recovery,
all s-sparse vectors need to be successfully recovered from their measurements b
using the same measurement matrix A.

Most importantly, the recovery process should be efficient. An immediate idea
would be to find a vector with a minimal amount of nonzero components which
is compatible with the measurements. Let |z||o denote the number of nonzero
components of the vector x, then this leads to the so-called £y-minimization problem

min {||z|lo : Az = b}, (Po)

where A € R™*™ is a measurement matrix and b € R™ are given measurements.
However, Natarajan [185] shows that this problem is in general N"P-hard, and even
producing approximate solutions is considered to be intractable, see Amaldi and
Kann [8]. Quite surprisingly it turns out that after replacing ||-||o by the ¢;-norm ||-||1
it is often still possible to successfully reconstruct sparse signals from their measure-
ments. Using ||-||; leads the ¢;-minimization problem

min {||z|; : Az = b}, (P1)

which is also known as basis pursuit. It probably appeared in the work by Chen
et al. [51] for the first time explicitly in sparse recovery, even if the general idea
of using ¢;-minimization seems to be much older, see Donoho and Logan [72] and
Logan [161]. In fact, basis pursuit can be written as a linear program (LP) and thus
is efficiently solvable in polynomial time. Figure 1.1 shows the intuition behind basis
pursuit. For an underdetermined system of linear equations Ax = b, a solution with
minimal ¢;- or ¢3-norm is given by inflating the unit ball of the respective norm
until it first has contact with the affine space X = {z : Az = b}. This contact
point displayed in Figures 1.1b and 1.1c, respectively, shows that the solution with
minimal ¢;-norm is indeed sparse, whereas the solution with minimal ¢5-norm does
not contain a nonzero entry. Moreover, Figure 1.1a also shows a sparse solution
with minimal /yp-norm.

Besides solving basis pursuit, there are also other algorithms and recovery schemes
that can be used for sparse recovery. Examples include greedy algorithms such
as orthogonal matching pursuit (OMP) or compressive sampling matching pur-
suit (CoSaMP) [186], or thresholding algorithms such as iterative hard thresholding
(IHT). Those will not be treated throughout this thesis, we will only consider basis
pursuit (P;). For more information on these algorithms, we refer to Foucart and
Rauhut [104, Section 3| as well as Tropp [239].

The most important question regarding ¢;-minimization is when it is possible to
reconstruct sufficiently sparse vectors from their measurements using (P;), either
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I

Nk ™ A 7-Nk

ETZ AU
{z: llzllo = 1} \J

{ : [lzlhh = ¢} {z : llzll2 = ¢}

(a) The £p-norm. (b) The ¢;-norm. (¢) The £3-norm.

Figure 1.1. Geometric intuition for Basis Pursuit: The intersection of an affine
space H = {x : Ax = b} with the unit norm ball of the fy-norm as well as
inflated unit norm balls of the ¢1- and fo-norm for some ¢ > 0.

only a fixed sparse vector (individual recover), or all sufficiently sparse vectors (uni-
form recovery). In order to answer this question, recovery conditions have been pro-
posed in the literature. These impose conditions on the measurement matrix which
guarantee successful recovery. The historically first condition is the restricted isom-
etry property (RIP), introduced by Candés and Tao [38, 45]. As shown by Candés
and Tao [38], the RIP is a sufficient condition for uniform recovery. Another by now
well-known condition is the null space property (NSP). After appearing implicitly
in works by Donoho and Elad [70], Donoho and Huo [71], Elad and Bruckstein [86],
and Gribonval and Nielsen [123], the term NSP was first used by Cohen et al. [55].
In contrast to the RIP, the NSP characterizes uniform recovery, i.e., it is a neces-
sary and sufficient condition. Further recovery conditions include conditions on the
coherence [70, 123] or the spark [55, 70] of the measurement matrix. The latter
leads to a condition for uniform recovery using (FPp) instead of (P;). For individual
recovery, there also exist specific conditions such as the exact recovery condition
(ERC) of Tropp [239] or conditions based on dual certificates of (P;). Since this
thesis is only concerned with the NSP and, to some extent, the RIP, we again refer
to Foucart and Rauhut [104] and the references therein for more details on other
recovery conditions.

Another important property is the stability and robustness of the recovery scheme.
In reality, most signals are not sparse, but only close (in some distance metric)
to sparse signals. Moreover, measurements are often corrupted by noise and thus
inaccurate. Hence, it is important to control the reconstruction error. This is
referred as stability and robustness of the recovery process. Basis pursuit can be
made stable and robust if the condition Az = b is weakened to ||Axz — blls < 7,
where n > 0 is a known bound for the measurement noise. This leads to the
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following version of basis pursuit, called basis pursuit denoising:
min {||z([y : [[Az —bl]2 < n}. (Py)

In fact, the recovery conditions such as the NSP and the RIP can be adapted
accordingly to also give guarantees on the recovery error of uniform stable or robust
recovery. Candés et al. [39] extended the RIP to stable and robust recovery. The
term stable and robust NSP was seemingly first used by Foucart and Rauhut [104],
for conditions which appeared throughout the literature.

In the past decade, the classical CS problem of recovering sparse vectors was
extended by using different types of sparsity. For instance, block-sparsity groups
entries of a vector into blocks and demands that only few blocks contain nonzero
entries. Moreover, the recovery problem can be generalized from vectors to matrices,
which leads to low-rank matrix recovery, see, e.g., Recht et al. [210]. In [128], a block-
structure on matrices was introduced which generalizes block-sparse vectors. This
block-structure will be treated in more detail in Section 3.1. The NSP and other
recovery conditions have been adapted to these types of sparsity in the literature as
well, see Stojnic et al. [230] for block-sparse vectors, Oymak and Hassibi [192] for
low-rank matrices and [128] for block-sparse matrices.

These recovery conditions have a very similar structure, and their proofs use com-
parable arguments. This led to different frameworks, which have been proposed in
the literature to subsume the existing theory. Examples include the concept of de-
composable norms used by Negahban et al. [188] and Candés and Recht [44] as well
as atomic norms in Chandrasekaran et al. [49]. A very general setting that subsumes
most of the existing NSPs has been introduced by Juditsky et al. [137]. These frame-
works provide a convenient generalization of the explicit recovery conditions which
have been derived in the literature for different settings. However, it turns out that
they do not allow exploiting additional types of structure. For example, depending
on the applications, it may be known in advance that a signal is represented with
only a few nonnegative entries, or a positive semidefinite low-rank matrix. Such
side constraints can easily be added to ¢;-minimization and its adaptions. If the
side constraint is convex, then the recovery problem stays tractable, at least in the-
ory. Clearly, not exploiting side constraints is always feasible, since, e.g., uniform
recovery of all sufficiently sparse vectors implies uniform recovery of all sufficiently
sparse nonnegative vectors. However, it is natural to believe that explicitly imposing
nonnegativity yields weaker recovery conditions and that fewer measurements are
needed for uniform or individual recovery as a result.

This thesis presents results on this topic by providing a general framework which
builds upon the framework by Juditsky et al. [137] and extends it to also incorporate
additional knowledge in the form of side constraints. As one main result, we present
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general null space properties for exact, stable and robust recovery. It will turn out
that the known recovery conditions in the presence of side constraints emerge as
special cases from the proposed generalization.

Apart from the clear focus on general null space properties, this thesis also shortly
deals with the RIP. It is known that the checking whether a given measurement
matrix satisfies the RIP can be formulated as a mixed-integer semidefinite program
(MISDP), see Gally and Pfetsch [111]. For solving the resulting MISDP, the software
SCIP-SDP [220] can be used. In the process of trying to find measurement matrices
satisfying the RIP, noticeable effort has been put into improving the performance of
SCIP-SDP by Marc E. Pfetsch and the author of this thesis. In particular, several
new presolving and propagation techniques have been implemented, and most of
the code has been touched and revised. This has led to version 4.0 of SCIP-SDP,
see also [25]. We refer to Section 6.1 for more information and an introduction to
SCIP-SDP.

1.2 Outline and Contribution

The main goal of this thesis is to analyze sparse recovery under additional side
constraints, as one of the main research topics in the project “EXPRESS” within the
SPP 1798. As described in the previous section, we solely consider ¢;-minimization
and its variants in different settings, and are interested in deriving adjusted recovery
guarantees for the resulting recovery problem in these settings. Our primary focus
is on null space properties.

In Chapter 2, we extend the general framework for sparse recovery using a gen-
eralized version of ¢;-minimization presented in [137] to also include additional side
constraints. We present a very general null space property, which characterizes uni-
form recovery of all sufficiently sparse elements, under some technical assumptions.
These assumptions encompass crucial properties which need to be satisfied in a spe-
cific setting in order to allow for successful sparse recovery, at least when using the
setup presented in this thesis. Moreover, we show that a minor strengthening of
the presented null space property allows for stable and robust recovery. Lastly, we
shortly mention the case of individual recovery. Throughout this chapter, we derive
four settings which are well-known in the literature from our proposed framework,
namely sparse vectors, sparse nonnegative vectors, low-rank matrices and low-rank
positive semidefinite matrices. We show that the results we obtain throughout that
chapter simplify to the known results from the literature. These settings serve as
running examples for illustration.

In order to show the generality of the framework, we treat three specific settings
in more detail in Chapter 3. First, we consider a block-structure on matrices, which
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generalizes block-structured vectors. Afterwards, we investigate integral vectors.
Lastly, we turn our attention towards so-called constant modulus constraints. This
constraint on a complex vector demands that the absolute value of each entry is
either 0 or 1. All these three settings are derived from the framework in Chapter 2,
and the resulting recovery conditions in form of null space properties are presented.
For block-structured matrices and vectors, we discuss the strength of the null space
properties with and without an additional positive semidefiniteness or nonnegativity
constraint. In particular, we construct an infinite family of instances which satisfies
the NSP for block-sparse nonnegative vectors, but violates both the NSP for block-
sparse vectors and for sparse nonnegative vectors. For constant modulus constraints
we further present and evaluate a specific algorithm for solving the resulting recovery
problem, which takes the specific problem structure into account.

In Chapter 4, we turn our attention towards random measurement matrices. An-
alyzing the number of measurements needed for uniform recovery with and without
exploiting the side constraints is one possibility to quantify the impact of side con-
straints on the recovery. In case of (Gaussian) random measurement matrices, such
an analysis has already been conducted for sparse vectors with and without an
additional nonnegativity constraint. While the results for sparse vectors are non-
asymptotic, those for sparse nonnegative vectors only hold asymptotically for large
dimension and fixed ratio of dimension and number of measurements as well as num-
ber of measurements and sparsity. We extend the explicit analysis for sparse vectors
to the case of sparse nonnegative vectors in Section 4.2. As main result, we obtain a
non-asymptotic bound for the minimal number of measurements needed for uniform
recovery of all sufficiently sparse nonnegative vectors. Furthermore, we provide nu-
merical and empirical evidence that exploiting the nonnegativity allows for recovery
with fewer measurements. Analogously, we derive a bound for the minimal number
of measurements for the case of block-structured matrices in Section 4.3, which has
not been analyzed under random measurements in the literature before.

As a last step in the analysis of side constraints, Chapter 5 treats the question
of how to check recovery conditions. Section 5.1 provides a mixed-integer program-
ming (MIP) formulation to verify whether a given measurement matrix satisfies
the NSP for uniform recovery of sparse and sparse nonnegative vectors as well as
block-structured and block-structured nonnegative vectors, respectively. A short
numerical evaluation of the performance of these formulations shows that the null
space property for sparse nonnegative vectors is easier to verify compared to the
null space property for sparse vectors. Additionally, using these formulations, we
again substantiate the result from Chapter 4 by empirically demonstrating that a
(Gaussian) random measurement matrix satisfies the NSP for sparse nonnegative
vectors for fewer number of measurements than needed for satisfying the NSP for
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sparse vectors. Afterwards, we shift our attention to the RIP and introduce its
known formulation as MISDP in Section 5.2. For this formulation, we discuss sev-
eral components which can be exploited in the solution process in Section 5.3. A
numerical evaluation follows in Section 6.6.4, in the subsequent chapter.

Having the MISDP formulation of the RIP in mind, we consider presolving meth-
ods for MISDPs in Chapter 6. Presolving in general means to transform an instance
of an optimization problem into an equivalent one by exploiting structure in the
instance. The goal is to obtain an instance which is easier to solve. In contrast to
MIPs, presolving for MISDPs has not yet been treated extensively in the literature.
After giving a brief introduction to the solution approaches for MISDPs and existing
presolving techniques in Section 6.1, we introduce several new methods for presolv-
ing and propagation in MISDPs in Sections 6.2 to 6.5. The main contribution of this
chapter is a numerical evaluation of the presented presolving techniques for several
classes of MISDPs in Section 6.6. After this general evaluation, we focus on the
RIP and compare the effect of the presolving methods and the specialized methods
introduced in Section 5.3 in more detail.

Chapter 7 concludes the obtained results and mentions several remaining open
questions as well as natural extensions and problems building on the results which
have not been treated throughout this thesis.

Some of the work presented in this thesis are based on results from different
preprints and publications. Sections 2.1 to 2.2 as well as Section 3.1 have appeared
in joint work with Janin Heuer, Thorsten Theobald and Marc E. Pfetsch [128].
Moreover, the application and the solution algorithm in Section 3.3 appeared in [97],
which is joint work with Tobias Fischer, Ganapati Hegde, Marius Pesavento and
Marc E. Pfetsch. Lastly, Chapter 6 appeared in similar form in the preprint [174],
which is submitted for publication and is again joint work with Marc E. Pfetsch.

Remark 1.1. Within “EXPRESS”, the author was also involved in work on direction
finding in linear arrays [175], which is not mentioned in this thesis. Direction finding
means to estimate the directions from which a set of signals impinge on sensors
which form a linear array. Given a signal which is transmitted by the sources, the
output at the sensors can be computed using a so-called steering matriz. The used
array geometry, i.e., the relative positions of the sensors within the array, implies
that it may not be possible to uniquely identify every possible set of directions,
which leads to so-called ambiguous directions, which cannot be differentiated by the
linear array. Knowing such ambiguities beforehand is therefore of importance when
designing the sensor array. In [175], a mixed-integer programming formulation is
presented to compute a subset of all ambiguities a linear array geometry suffers from.
This formulation emerges by making use of the underlying combinatorial structure
within the steering matrix and a relation to roots of unity which sum to zero.



Chapter 1. Introduction

1.3 Notation and Preliminaries

In the following, we introduce notation that will be used frequently throughout this
thesis. We assume that the reader has basic knowledge of linear algebra, probabil-
ity theory and optimization. A good source for background in linear algebra and
matrix analysis is Horn and Johnson [130], whereas for probability theory we refer
to Ross [213] and basics in (convex and integer) optimization can be obtained from
Boyd and Vandenberghe [31] and Schrijver [218].

For an integer n € NN, we define [n] := {1,...,n} C Z". The cardinality of
a set S C R is denoted by |S|, and S = R\ S denotes the complement of S.
For a vector * € R", we frequently use the £,-norms |z|, = (3, |=:]?)"/9,
with 1 < ¢ < 00, as well as the {oo-norm ||z||oc = max {|z;| : x; € [n]}. The {,-
quasinorms are also defined for 0 < ¢ < 1. Furthermore, the support of a vector
is denoted by supp(z), and we define ||z||o := |supp(z)|. Note that ||-||o satisfies
positive definiteness and the triangle inequality, but it is no norm, since it lacks
homogeneity. Nevertheless, it is commonly referred to as fp-norm in the literature,
and we will use this name as well.

Let S C [n] be a subset of indices and let € R™ be a vector. Then, g can
denote either the restriction of z to indices in S, so that z € R®, or zg € R™ as
well with (zg); = 0 for all ¢ ¢ S and (zg); = z; for all i € S. We will use the
notation zg for both cases, and depending on the context it should always be clear,
which definition applies. For two vectors z,y € R", the term (z,y) = 2"y denotes
the usual standard (Euclidean) inner product on R™, where 2" is the transpose of .

Let A € R™*™ be a real m x n matrix. Its null space is defined as the set
null(A) == {v € R" : Av=0}.

The transpose of A is denoted by AT. We frequently use the Frobenius norm ||A| r
and the nuclear norm || Al|«, which are defined as

m min{m,n}

JAlLg = (Zimim)é -( X ak<A>2)57

i=1 j=1 k=1

1A =) on(A),
k=1

respectively, where o1(A),...,0.(A) are the singular values of A. Consequently, the
nuclear norm is the ¢;-norm of the vector of singular values. For A, B € R"™*" we

10
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use the (Frobenius) inner product

<A7 B>F =tr (ATB) = i Aij Bij, (11)

i,5=1

where tr(X) := Y | X;; is the trace of the square matrix X € R"*".

We denote the space of n xn real symmetric matrices with S™. The matrix A € 8™
is called positive semidefinite (psd), denoted A = 0, if 7 Ax > 0 for all z € R", or,
equivalently, if all eigenvalues A(A) of A are nonnegative. The notation A < 0 is used
if A is negative semidefinite, i.e., —A is psd. The space of (symmetric) psd matrices
is denoted by S7. The notations 1, 1 and I are used for the all-ones vector, the
all-ones matriz and the identity matriz with dimension depending on the context,
whereas the all-zeros vector and matrix are simply denoted by 0. Finally, Diag(z)
denotes a diagonal matriz containing the vector x along its diagonal.

When comparing computational results, we make use of the arithmetic, geometric
and shifted geometric mean. For values vi,...,v,, the arithmetic mean is defined
as (3", v;), the geometric mean is computed according to ([}, v;)¥/™ and the
shifted geometric mean additionally applies a shift s to the values and computes
the geometric mean of the shifted values. Afterwards, the initial shift is subtracted

again from the result. Thus, the shifted geometric mean is defined as

n

(T +s))1/n — s (1.2)

=1

Compared to the arithmetic mean, the shifted geometric mean is more robust against
very large outliers, and compared to the geometric mean, the shifted geometric mean
is also more robust against very small outliers, see Achterberg [1]. We use a shift
of s = 1 second for solution times and a shift of s = 100 for the number of nodes
processed within a branch-and-bound approach, which is one prominent method to
solve MIPs. Branch-and-bound was first proposed by Land and Doig [153] in 1960
and extended to general nonlinear problems by Dakin [58]. It consists of dividing
the set of feasible solutions into smaller subsets by creating subproblems. This is
achieved by adding variable bounds or additional constraints. For each subproblem,
a continuous relaxation is solved in order to obtain lower bounds. If a feasible
solution to the original problem is found, this yields an upper bound. If the lower
bound of a subproblem is larger than the upper bound, i.e., the objective value of
the currently best feasible solution, this subproblem can be disregarded and the
corresponding node can be pruned. In order to improve the lower bounds, the
subproblems can be strengthened, e.g., by adding (linear) inequalities which are
valid for feasible integral solutions but cut off fractional solutions of the relaxation.

11






CHAPTER 2

A General Framework for
Recovery Using Null Space
Properties

The classical sparse recovery problem asks to recover a sparse vector (%) € R™ from
its measurements Az(?), where A € R™*" is a measurement matrix. Using the £o-
norm to search for the sparsest vector x € R™ with Az = Az(®) leads to (P), that
is, min {||z|lo : Az = Az(®)}, which is N"P-hard [185]. A convex approximation can
be obtained by replacing the fp-norm with the ¢;-norm, which leads to the convex
optimization problem (P;), that is, min {||z|; : Az = Az(®}. Uniform recovery is
characterized by the classical NSP

o]y < llvglly Vo €null(A)\ {0}, VS C [n], |S] <s, (NSP)

see, e.g., Foucart and Rauhut [104, Theorem 4.5 and Cohen et al. [55]. If (NSP)
is satisfied for the matrix A, then every sufficiently sparse z(°) € R" is the unique
optimal solution of (P;).

The sparse recovery problem for vectors can be extended to matrices as well, since
sparsity translates to low-rankness. Recall that the rank of a matrix X € C™*" is
the ¢p-norm of the vector o(X) of singular values of X. In order to recover a symmet-
ric low-rank matrix X € S" from its measurements A(X(?)), where A: S" +» R™
is a linear sensing operator, Fazel [94] suggested to solve the optimization problem

min {rank(X) : A(X)=AX), X € 8"} (2.1)

13
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Similar to ||-||o, the rank is a nonconvex function, so that (2.1) is hard to solve in
practice. The analog of the ¢;-norm as convex relaxation of ||-||o for vectors is the
nuclear norm || X, i.e., the £;-norm of the vector o(X) of singular values of X.
This leads to the convex optimization problem

min {[| X[, : A(X)=AX), X € 5"} (2.2)

For more information to low-rank matrix recovery, see, e.g., Recht et al. [210] and
the references therein.

Additional knowledge, e.g., if the original sparse vector z(9) is known to be non-
negative, or if the original low-rank matrix X (?) is known to be positive semidefinite,
can be included in the recovery problems as well. More precisely, in these cases, the
additional side constraints x > 0 or X > 0 can be added to the recovery prob-
lems (P;) and (2.2), respectively. For all these settings, adaptions of (NSP) and
other recovery conditions for individual and uniform recovery are known in the lit-
erature. In the classical case, the corresponding NSP can be found in Gribonval
and Nielsen [123] and in [104, Theorem 4.4]. If the vectors have to be nonnegative,
the respective NSP appears in Khajehnejad et al. [143] and in Zhang [256]. For
the case of arbitrary matrices or positive semidefinite (psd) matrices, correspond-
ing NSPs can be found in Kong et al. [146], Oymak and Hassibi [192], or in [104,
Theorem 4.40]. NSPs for block-sparse vectors have first been considered in Stojnic
et al. [230], and NSPs for block-sparse nonnegative vectors appear in Stojnic [229].
In [128], NSPs for block-sparse as well as block-sparse positive semidefinite matrices
were derived. The general framework presented by Juditsky et al. [137] subsumes
many existing NSPs, but additional side constraints such as nonnegativity or posi-
tive semidefiniteness cannot be included.

In this chapter, we extend the framework by Juditsky et al. [137] by also incor-
porating additional side constraints such as nonnegativity, positive semidefiniteness
or integrality. This yields a general framework for individual and uniform recovery
under side constraints using null space properties. The main result of this chapter
is a general null space condition which characterizes exact recovery of sufficiently
sparse vectors from their measurements, i.e., uniform recovery, using an appropriate
general recovery problem. Section 2.1 introduces the framework and formulates nec-
essary technical assumptions. In Section 2.2 a general NSP is presented and proved
to characterize uniform recovery in the framework. The subsequent Sections 2.3
and 2.4 extend this framework further to also cover stable and robust recovery, as
well as recovery of a fixed sufficiently sparse vector, i.e., individual recovery.

The general framework and the null space property presented in Sections 2.1
and 2.2 have been published in [128], which is joint work with Janin Heuer, Thorsten
Theobald and Marc E. Pfetsch. For this thesis, we added a short discussion about

14
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the connections to the concept of decomposable norms. Moreover, we extend the
framework to also cover stable and robust recovery in Section 2.3. In doing so,
it turned out that a minor adaption is needed in order to also cover stability and
robustness. This adaption implies that only one null space property is needed in
comparison to the pair of null space properties proposed in [128]. The details of this
adaption and its implications are discussed in Remarks 2.4, 2.9 and 2.18.

2.1 Components of the General Framework

As in the framework by Juditsky et al. [137], let X and £ be two Euclidean spaces.
The signal space X is the space in which the signals of interest lie, and the space £
models representations of the signals. We use a linear sensing map A: X — R™ to
acquire signals x € X and a linear representation map B: X — £ to map a signal to
an appropriate representation. In this chapter, unless otherwise stated, the image
of x under a linear operator F' is denoted by F'z.

Remark 2.1. Throughout this chapter, we consider real vector spaces X and &,
since this is the more natural setting when considering nonnegative vectors. How-
ever, at least for unrestricted (block-)vectors or (block-diagonal) matrices, the null
space properties and statements in the subsequent Sections 2.2 to 2.4 also carry over
without changes to the situation where the spaces X and £ are complex spaces.

The classical setting of sparse recovery, where z is sparse in its “natural” repre-
sentation, can be obtained by choosing X = £ and B to be the identity. How-
ever, the framework also covers the so-called “analysis” setting, where the sig-
nal x is only sparse in a suitable representation system, with B being an ap-
propriate transformation; see, e.g., for an overview [47, 87, 138, 184]. Examples
for transformations include the discrete Fourier transform, different wavelet trans-
forms [42, 124, 171, 212, 221] or a finite difference operator in total variation mini-
mization [36, 48, 187].

In order to model additional side constraints such as nonnegativity, we introduce
aset C C X with 0 € C and its image D = {Bz : x € C} C &£ under the
map B. Additionally, let ||-|| be a norm on €. The framework uses projections onto
appropriate subspaces to express sparsity of elements x € X. Therefore, consider a
set P of linear maps on £ and a map v: P — R;. Each map P € P is assigned a
nonnegative real weight v(P) and another linear map P: £ — £. A general concept
of sparsity can now be defined as follows.

Definition 2.2 (Sparsity). Let s € Ry. An element y € & is called s-sparse if
there exists a linear map P € P with v(P) < s and Py =y. Accordingly, x € X is
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called s-sparse, if its representation Bx € £ is s-sparse, i.e., if there exists P € P
with v(P) < s and PBx = Bx. Furthermore, let Ps .= {P € P : v(P) < s} be the
set of linear maps that can allow s-sparse elements.

We do not assume that v(P) is integer-valued in general, even if this is the case
in most examples of this general framework.

For a given right-hand side b € R™, the corresponding generalized recovery prob-
lem can be formulated as

min{||Bz|| : Az =b, z € C}, (2.3)

which is a convex optimization problem, if C is convex. We assume that C is closed,
such that the minimum in (2.3) is attained and finite, or co.

If C = X, then our framework reduces to the framework by Juditsky et al. [137],
and our statements become the statements concerning noise-free recovery in [137],
see Remark 2.11 below.

In order to get an intuition, the following examples derive many important cases
previously considered in the literature as special cases of the framework described
above. These cases are used as running examples throughout the chapter to demon-
strate the obtained results. For a (finite) set I, let &1 :={y € & : y; =0Vi ¢ I}
be its coordinate subspace and let R’ denote the space of elements with real entries
indexed by the elements of I.

Example 2.3.

(2.3.1) Recovery of sparse vectors by {1-minimization
For the recovery of sparse vectors z € R", let XY = £ = C = R", B be the identity
and ||| = [||l1, so that D = R™. Let P be the set of orthogonal projectors
onto all coordinate subspaces of R", and define P := I,, — P, where I,, denotes
the identity mapping on R™. If P projects onto Es for an index set S C [n],
then PBx = Px = 25 and PBx = xg, where S == [n]\ S is the complement of S.
Define the nonnegative weight v(P) := rank(P), i.e., v(P) = dim(Es) = |S]. In
this case, the notion of general sparsity coincides with the classical sparsity of
nonzero entries in a vector x € R™ (if Px = x, then |z|o < v(P)), and the
recovery problem (2.3) becomes classical ¢1-minimization.

(2.3.2) Recovery of sparse nonnegative vectors by £1-minimization
For the recovery of nonnegative vectors let X, £, B, P, v(P), P, ||-|| be defined
as in the previous example, and let C = R}, so that D = R}. As before, we
have PBx = x5 and PBx = x5 and the notion of general sparsity simplifies
to the classical sparsity of nonzero entries in a nonnegative vector x € RT}.
Consequently, the recovery problem (2.3) becomes nonnegative ¢1-minimization.
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(2.3.3) Recovery of low-rank matrices by nuclear norm minimization
Let X = & = C = R™*"2. Let the representation map B be the identity (so
that D = R™*"2)  and let the norm [|-|| be the nuclear norm ||-||.. For some
positive integer k and a set I C [k], define the matrix TF € R¥** to be a matrix
with ones on the diagonal at positions (i,i) for i € I and zeros elsewhere. Let OF
be the set of & x k orthogonal matrices. Then define the set P of projections
P: Rmxn2 — R™MXM"2 a5

P={XwUIPU ' XVI/*V' : U0, VeO™ IC nml},

where Ny, = min{n;,na}. For P € P defined by U € O™, V € O™ and an
index set I, define v(P) = |I|, and P to be the map

XU, ~TM)UT XV, -T7*) V',

where I,,, denotes the identity matrix of size n;, so that I, — T} = T[Zi-]\ 1.1
The intuition behind these projections is as follows. If U and V are chosen
such that X = UXVT is the singular value decomposition of X, then P first
projects X onto ¥ containing the singular values 01(X) > -+ > Owin{n, ns} (X);
then sets 0;(X) = 0 for all ¢ ¢ I via left- and right-multiplication of T} and 77,2,
respectively, and transforms the resulting diagonal matrix 3 back by USVT.

A matrix X € R™*"2 g rank-s-sparse, i.e., there exist at most s nonzero singular
values, if and only if there exists a projection P € P with corresponding index
set I with PX = X and |I| < s. This implies 0;(X) = 0 for all ¢ ¢ I, so
that rank(X) < s. Therefore, the recovery problem (2.3) becomes low-rank
matrix recovery, and sparsity translates to low-rankness.

(2.3.4) Recovery of low-rank positive semidefinite matrices by nuclear norm mini-
mization
For the recovery of positive semidefinite matrices, consider X = & = 8", C = S%,
and let B be the identity map (thus, D = S7). The definitions of P, P, v(P)
and ||-|| are as in the previous example. Again, the notion of sparsity simplifies to
low-rankness, and the recovery problem (2.3) becomes low-rank matrix recovery
for positive semidefinite matrices.

Nontrivial representation maps B: X — & appear for example in the case of
settings in which vectors or matrices obey a certain block-structure or block-diagonal
form, even with overlapping blocks. These settings will be discussed in more detail
in the next chapter.

Note that UTF*UT X VT2 VT and U (In, — TPY)UT XV (In, — T1?) VT denote matrix
products, since U, T/, T;2 X, and V are matrices, and not linear maps.
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The next section states some technical assumptions which are needed to charac-
terize recovery of sparse elements z(© from its measurements b = Az(®) using the
recovery problem (2.3).

Assumptions

We consider the following assumptions on the sets C, D, P and the norm ||-||.

(A1) For every P € P, it holds that

o P2 =P, ie., Pisa projector, and

o PyeDforall yeD.

Moreover, B: X — £ is injective, and for all ¢1, ¢co € C, ¢1 4+ ¢2 € C holds.
(A2) For every P € P, the corresponding linear map P: €& — & satisfies

o PP =0, and

o PyeDforall ycD.
(A3) For all y € € and all P € P, it holds that y = Py + Py.

(A4) Foralls >0, P € P, forall z, z € C and v := 2 — z and all oM, @) e ¢ with
v =91 — 53 5o that |Bo?| is minimal among all such decompositions it
holds that

1Bzl < | Bzl + [|PBYW| — | PBo®)|| — |[PBu| + 2|[PBz]. (2:4)

For v € C + (—C), a decomposition 51, 5} € € with || Bo®)| minimal as used in
Assumption (A4) is also called minimal decomposition of v. Moreover, the minimum

min {|Bo® | : v = o® — 0@, 50, 5@ € ¢}
is attained, since we assumed that C is closed.

Remark 2.4. Let us shortly compare the presented assumptions with those in [128].
Assumptions (A1) to (A3) remain the same, however, in [128], two different versions
of Assumption (A4) are used, namely (A4a) which demands that Inequality (2.4)
holds for all decompositions v = v(!) —v(?) and (A4b) which only states that there
exists a decomposition which satisfies the inequality. This leads to two different
versions of a null space property, depending on which assumption is satisfied. A
closer inspection reveals that under the stronger Assumption (A4a), both null space
properties are in fact equivalent, whereas under Assumption (A4b), this is wrong in
general. In order to extend the proposed framework to also cover stable and robust
recovery, it turns out that Assumption (A4b) needs to be modified to demand that
the inequality holds for all minimal decompositions. This implies that one of the two
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null space properties needs to be adapted as well. However, after this modification,
the two null space properties are equivalent, regardless whether (Ad4a) or (A4b)
holds. Thus, in order to have a simplified exposition, we only use the modified
version of Assumption (A4b) as Assumption (A4) and also only the modified null
space property, see also Remarks 2.9 and 2.18.

Remark 2.5. Note that Assumption (A4) is asymmetric. Indeed, if we re-
quire || Buv™|| to be minimal instead of ||[Bv(®||, then Assumption (A4) is violated
even for the classical case of recovery of sparse vectors using the ¢;-norm, as the
following simple example shows. Consider C = X = R™ with n > 7 and the vectors

Trs = (_47 57 _6)Ta zs = (17 27 _3)Ta Ugl) = (07 Oa 0)T7 ng) = (57 _3a 3)Ta

with zg = zg = vg) = v(;) = 0 for some index set S and v = z — 2z = v — (2,
Then,
1 2
Izl — Nzl + vl — 011 — loslh + 2lleslh = —20 < 0.

With vl = (=5, 3, =3)T, v&) = (0, 0, 0)7, i.e., [[v?|]; minimal, we obtain
1 2
Izl = Izl + [0 = [0 = sl + 2)les]l = 2 > 0.

This suggests that the asymmetry in Assumption (A4) is necessary and cannot be
replaced by a symmetric condition.

The different settings in Example 2.3 satisfy Assumptions (A1) to (A3), since P
consists of orthogonal projections. Only Assumption (A4) remains to be verified.
This will be discussed after the main result of uniform recovery in the next section.
But first we shortly compare the framework introduced above with the concept of
decomposable norms which has first been considered by Negahban et al. [188] and
is used by Candés and Recht [44] and Roulet et al. [214] to present unified bounds
for recovery.

Decomposable norms One simple, but important, common property of the ¢;-
norm, the nuclear norm and the mixed ¢2/¢;1-norm from Example 2.3 is the so-called
decomposability. The concept of decomposable norms has first been defined in [188]
using subspaces. An equivalent definition in terms of projectors is given in [214],
which we recall here.
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Definition 2.6 (Roulet et al. [214]). Let € be an Euclidean space and ||| be a norm
on E. For a set P of orthogonal projectors, the norm ||-|| is called decomposable
with respect to P, if the following properties are satisfied.

(i) Each P € P is assigned an orthogonal projector P with PP = PP =0 and a
nonnegative weight v(P).

(ii) ||Pz + Px|| = ||Pxz| + ||Px| holds for all z € € and all P € P.

Note that Part (i) of Definition 2.6 is contained in Assumptions (Al) and (A2).
The subsequent lemma compares Assumptions (A3) and (A4) and Part (ii) of Defi-
nition 2.6.

Lemma 2.7. Let Assumptions (A1) and (A2) hold. Then, Assumption (A4) implies
|Bz|| = |[PBz|| + || PBz|| (DP)

for all s > 0, P € Py and all z € C. In case that C = X, the converse also holds,
i.e., Assumption (A4) and (DP) are equivalent.

If additionally Assumption (AS3) holds, then (DP) can be written as
|PBz + PBz|| = |PBz|| + |PBz||.

Proof. Let Assumptions (Al), (A2) and (A4) hold. Let s > 0, P € P, as well
as z € C. Then, Bz € D and consequently, PBz € D as well (Assumption (Al)).
Thus, there exists € C with Bx = PBz. Define v :=  — z. Since P?> = P
(Assumption (Al)), we have PBx = PBz = Bz and thus PBv = PBx — PBz = 0.
By Assumption (A2) we have PBx = PPBz = 0. This implies PBv = —PBz.
Using Assumption (A4) for 91, 5 € € with v = () — $(2) and || B9®|| minimal
yields

0 < || Bzl - ||Bz| + | PBoW| — | PBo® | — [PBv| +2|[PBz]|
= [|Bz|| — | PB|| + ||[PBo™| - ||[PBy®)|| — ||-PBz|

< ||Bz|| = | PBz|| + | PBv|| — || PB=||
= ||Bz|| - (I1PBz] + [[PB=])).

Combined with the triangle inequality, this shows ||Bz|| = ||[PBz| + ||PBz||.

Now assume that additionally C = X. Then, for v € C + (—C), its minimal
decomposition v = 9 — (2 with o), 5(2) € C is unique and given by (1) = v,
and 9@ = 0. In order to show the reverse direction in this case, assume that
|Bz|| = ||PBz||+|/PBz| holds for all s > 0, P € P;and all z € C. Let s > 0, P € P,
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and z, z € C with v :=  — z. This implies

1Bz|| = ||Bz|l + |PBoW| — | PBo™) || — | PBu|| + 2| PBz]|
=|Bz|| — [|Bz|| + [|[PBv|| — | PBv| + 2|| PBz||
> ||B2|| = ||Bz|| + | PBx| — || PBz| — |[PBz|| — ||[PBz|| + 2| PBa|
=|Bz| = (IPB2|| + [ PB2|)) — |Bz| + (| PBz| + ||[PBx|)
=0,

where we used the decomposition property ||Bz|| = ||PBz|| + || PBz|| twice for the
last equality. This shows the desired equivalence if C = X and finishes the proof,
since Assumption (A3) implies Bz = PBz + PBz. O

Since for C = X, Assumption (A4) is equivalent to the decomposability property,
the general framework presented in this section extends the concept of decomposable
norms to the case where additional side constraints are present, i.e., C # X.

The next section presents the null space property building on the Assump-
tions (A1) to (A4), which leads to the main result for exact uniform recovery.

2.2 Uniform Recovery in the General Framework

In order to characterize uniform recovery, we define the following null space property.
Let null(4) == {v € X : Av = 0} denote the null space of the linear sensing map A,

Definition 2.8. The linear sensing map A satisfies the general null space property
of order s for the set C if and only if for all v € (null(4) N (C + (—C))) with Bv # 0
and all P € Py it holds that

—PBveD = Vo, ® eC withv=25" -3 and |Bo®| minimal:
|PBoY | — | PB?|| < |[PBul|. (NSP¢)

Remark 2.9. Note that this null space property corresponds to the first null space
property NSP-I® in [128]. As outlined in Remark 2.4, the extension to stable and
robust recovery required a modification of one of the assumptions and consequently
of NSP-I®, which becomes (NSPC). It turned out that the null space proper-
ties NSP-II¢ in [128] and (NSP®) are in fact equivalent, so that only (NSP€) is
used throughout this thesis.

The next result shows that uniform recovery of a sufficiently sparse z(?) € C from
its measurements b = Az(®) using (2.3) is exactly characterized by (NSP®).
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Theorem 2.10. Suppose that Assumptions (A1) to (A4) are satisfied. Let A be a
linear sensing map and s > 0. Then the following statements are equivalent:

(i) Every s-sparse x(°) € C is the unique solution of (2.3) with b= Az(?).
(ii) A satisfies the general null space property (NSPC) of order s for the set C.

Proof. In order to prove the equivalence, let s > 0 and suppose Assumptions (A1)
to (A4) are satisfied.

Assume that every s-sparse 2(?) € C is the unique optimal solution of the recovery
problem (2.3) with b = Az(®). Let P € P, and v € (null(A) N (C + (=C))) with
Bv # 0 and —PBv € D. Let (), (2 € C be a decomposition v = (1) — (2 so
that ||[Bo®)| is minimal among all such decompositions. Since v € C + (—C), such
a decomposition exists. Define

w§) = PBY, Wy = PBs?, wg:=—PBo.

There exist vg), vg) € C with ng) = w(Sl) and ngZ) = wg), since PBx € D for
all z € C by Assumption (A1). Moreover, —PBv € D by assumption, so that there
exists vg € C with Bvg = wg. Assumption (A3) implies
Bv = PBv + PBv = PByY) — PBi® + PBv = Bv’ — Bv'?) — Bug
1 2
= B(’U(S) — U(S) — vg),
which yields v = v(Sl) — U(S2) — v, since B is injective by Assumption (A1). Accord-
ingly,
0=Av = A(v(sl) - v(SQ) —vs) & A(v(sz) +ug) = Avg).

Assumption (A1) implies that vgl) is s-sparse, since

PBv) = Pu) = PPB®™ = PBo™W = w) = Bv{.

By construction, vg), v(SQ), vg € C, so that Assumption (Al) yields v(SQ) +vg€Cas

well. Thus, the uniqueness property of A for the s-sparse ’Ugl) implies
1 2 2
1BvS || < [|BvS) + Bus|l < | Bog || + || Bus])
1 2
& 1B — | BoP || — [|Busl| < 0
& |PByW| —||PBs®?)|| - |PBu| < 0,

which shows the desired general null space property (NSPC) of order s for the set C.
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For the reverse direction, assume A satisfies the general null space prop-
erty (NSP®) of order s for the set C. Let x, z € C with Bx # Bz, Az = Az
and x being s-sparse, i.e., there exists P € P, with PBx = Bx. In order to
show the uniqueness property for A, we need to prove that |Bz|| < ||Bz||. Define
vi=1x—z¢€null(Ad)N(C+ (-C)) with

—PBv=—PBx+ PBz=—-PPBx+ PBz=PBz €D,

since PP = 0 and Py € D for all y € D by Assumption (A2). The general null
space property (NSPC) implies that

|PBoO| - |PBo®) | — |PBo] < 0

for 51, 92 € ¢, where v = (1) — () is a decomposition such that ||Bo®)|| is
minimal. For this minimal decomposition, Assumption (A4) yields

1Bzl < ||B2|| + [|PBoW|| — |[PBo®)| — [PBo|| + 2| PBz| < || B=]l,

since by assumption, PBx = PPBx = 0. Thus, x must be the unique solution
of (2.3), which completes the proof. O

It is worth mentioning that many transformations B which are used in the anal-
ysis setting, e.g., the finite difference operator in total variation minimization, are
not injective. In this case, the null space property (NSPC) is still sufficient for uni-
form recovery, but no longer necessary, since the injectivity of B is only needed for
necessity in the proof of Theorem 2.10. This is in line with the known NSPs in the
analysis setting in the literature, see, e.g., Kabanava and Rauhut [138] or Krahmer
et al. [147, Corollary 2.1].

Remark 2.11. Let C = X and D = £. Then our setting simplifies to the framework

by Juditsky et al. [137], who define a sparsity structure on £ as a norm ||| on &

together with a family P of linear maps of £ into itself, satisfying the following

assumptions:

A1) P2 =P for all P € P, i.e., every P is a projection;

A.2) Every P € P is assigned a nonnegative weight v(P) and a linear map P on &
with PP = 0;

A3) Forall P € P and 2,y € &, one has |[P*z + Py, < max{||z||, ||yl.},
where |||« is the conjugate norm and P* is the conjugate mapping.

Clearly, A.1) and A.2) are exactly Assumptions (Al) and (A2). Moreover, A.3)

and Assumption (A4) are equivalent, since both are equivalent to the decompos-

ability property (DP), see [214, Lemma B.1] and Lemma 2.7. Furthermore, if As-
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sumption (A3) does not hold, (NSP®) is only a sufficient condition. For v € C4(—C),
the minimal decomposition is uniquely given by (1) = v and 4(?) = 0, since C = X.
Thus, (NSP) is equivalent to the sufficient condition in [137, Lemma 3.1], namely

|PBv| < ||PBv|| (2.5)

for all P € Ps and all v € null(A), Bv # 0. If additionally Assumption (A3) holds,
then (2.5) and (NSP®) are also necessary conditions.

Specific NSPs for all the settings in our running examples introduced in Exam-
ple 2.3 are already known in the literature. We will now derive these known NSPs
from the generalized null space property (NSP¢). Recall that Assumptions (A1)
to (A3) are satisfied in all four settings of Example 2.3, so that only Assump-
tion (A4) needs to be checked. It is worth mentioning that in these settings, the
null space characterization leads to tractable algorithms to recover z(°), by using
linear programming or semidefinite programming to minimize the ¢;-norm or the
nuclear norm ||-||., respectively. However, already in the case of recovering sparse
vectors it is A"P-hard to check the classical null space property for a given sensing
matrix A, as shown by Tillmann and Pfetsch [237].

Example 2.12.

(2.12.1) Recovery of sparse vectors by £1-minimization, Example (2.3.1) continued
Recall from Example (2.3.1) that in this case, P is the set of orthogonal pro-
jectors onto all coordinate subspaces g, with S C [n] and PBx = zg. The
decomposability property (DP) is satisfied, since

loslls + [lvglls = [[vllh

holds for all v € R™ and all S C [n]. Since C = X, (DP) is equivalent to As-
sumption (A4) by Lemma 2.7. Thus, (NSPC) characterizes uniform recovery by
Theorem 2.10. For v € R™, the decomposition v = ¢(1) =) with (1), $(2) ¢ R”
and ||[9(?||; minimal is unique and given by %) = v as well as () = 0. Con-
sequently, Condition (NSPC) simplifies to the regular null space property (NSP)
(see, e.g., Foucart and Rauhut [104]):

ol <lvglli Vo €null(A)\ {0}, VS C [n], |S] <s. (NSP)

Note that —vg € D holds trivially for all v € R", since D = R".

(2.12.2) Recovery of sparse nonnegative vectors by £1-minimization, Example (2.5.2)
continued
For the recovery of sparse nonnegative vectors, i.e., if the additional side con-
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straint « > 0 is present, Assumption (A4) is satisfied, since for all z € R}, we
have ||z[: = 1"2. Since the decomposition v = 9 — %2 with o), 5 € R
and minimal ||$(?)||; is unique and given by 5(!) = v* and #®) = v~, the general
null space property (NSPC) of order s for the set C is equivalent to the known
nonnegative null space property [143, 256]:

15<0 = Zvi <|lvgllh Vv enull(A)\{0}, VS C [n], |S] <s,
ies
(NSP>0)

since P is again the set of orthogonal projectors onto all coordinate subspaces Eg,
with S C [n] and PBz = zg.

(2.12.3) Recovery of low-rank matrices by nuclear norm minimization, FEzam-
ple (2.3.3) continued
The nuclear norm also satisfies

VIl =PV + [PV

for all V€ R™*™ and all P € P as defined in Example (2.3.3). Thus, (DP) is
satisfied, and since C = X, Assumption (A4) is satisfied as well by Lemma 2.7.
This implies that the general null space property (NSPC) characterizes uniform
recovery for low-rank matrices. As in the case of sparse vectors, the decomposi-
tion V = V1 -V with VU, V() ¢ R™*"2 and ||[V®)||, minimal is unique
and given by V() = V as well as V(@ =0, so that Condition (NSPC) simplifies
to the well-known NSP [192, 209], [104, Theorem 4.40]:

D oi(V) <Y o (V) YV enmll(A\{0}, VS C [, |S| <5, (NSP¥)
Jjes jES

where nyin = min {ny,na}, o(V) is the vector of singular values of V, and S is
the index set associated to a projection P € P. For symmetric matrices X € S§"
this simplifies to

AsMh < [Ag(V)]h YV € null(A)\{0}, VS C [n], |S| < s,

where A(V) is the vector of eigenvalues of V.

(2.12.4) Recovery of low-rank positive semidefinite matrices by nuclear norm mini-
mization, Example (2.3.4) continued
Again, under the additional side constraint X > 0, Assumption (A4) is satisfied
as well. For a matrix V' € 8™ with eigenvalue decomposition V = U Diag(A\) U T,
where A is the vector of eigenvalues and U € O™, define matrices V' € S

25



Chapter 2. A General Framework for Recovery Using Null Space Properties

and V~ € 8% as VY = U Diag(A")UT and V~ = U Diag(A\")U . Analogously
to the case of sparse nonnegative vectors, the decomposition V = v —y®
with V), V® € 87 and ||[V®)|, minimal is unique and given by V(1) = v+
and V® = V. Thus, the general null space property (NSPC) simplifies to the
following NSP [146, 192]:

(V) <0 = D N(V) < [As(V)h
jes (NSPL,)

VV e (null(4) nS™)\{0}, VS C [n], |S| < s,
where A(V) is the vector of eigenvalues of V.

Remark 2.13. The left hand side in the formulation of the nonnegative null space
property (NSP>q) in Example (2.12.2) satisfies ) ;. gvi < |lvs|l1. Additionally,
if vg > 0 for some v € null(A) \ {0}, then the inequality ), gvi < |lvg|l1 need
not hold for this particular v, see Example 3.11 for an explicit case. This already
indicates that (NSPx>¢) is weaker than (NSP).

The simple observation in Remark 2.13 already indicates that imposing side con-
straints leads to weaker NSPs, which implies that it is more likely for a sensing
map to satisfy the resulting NSP. This underlines the importance of incorporating
additional structure in form of side constraints into the recovery problem.

Remark 2.14. The condition in (NSP®) can be interpreted from the viewpoint of
an ordered vector space: Let (V, <) be a finite-dimensional ordered real vector space,
i.e., a finite-dimensional real vector space V with a partial order <. The positive
cone

Cy ={xeV x>0}

is a convex cone with Cy N (=Cy ) = {0}. If Cy is full-dimensional, we have Cy —
Cy =V due to the next lemma. Simple examples for a full-dimensional positive
cone Cy are R™ with the usual ordering on vectors, or the space of symmetric
real n X n-matrices with the usual Lowner partial order: A < B: <= B — A > 0.

Lemma 2.15. Let K C R™ be a convex cone. Then K — K = R"™ if and only if K
1s full-dimensional.

Proof. Clearly, if K is not full-dimensional, then K — K is not full-dimensional. A

proof of the converse direction appears in, e.g., Ahmadi and Hall [7, Lemma 1], which
we state here for completeness. Let z € R™. If z € K, then taking v(') = 2z € K
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and v®) =0 € K shows z = v) —v(? € K — K. Thus, assume that = ¢ K. Then
there exists v € int(K), where int(K) denotes the interior of K. This implies that
there exists o € (0,1) with w = (1 — @)z + av € K. Rewriting this equality yields

«
= ——w— K-K
x lfaw 1704116 s

since v, w € K and K is a cone. O

Thus, if C = Cy is a full-dimensional cone in R™, the null space property (NSPC)
simplifies a bit: the condition v € null(A)N(C+(—C)) can be replaced by v € null(A4).
Moreover, a decomposition v = v — v with v, v(2) € C always exists.

Remark 2.16. The presented framework also captures the recovery of sparse vectors
using the /p-“norm” instead of the ¢;-norm in the recovery problem, that is, solving

min {||z]jo : Az =b, z € R"}. (2.6)

It is known that every s-sparse z(?) is the unique optimal solution of (2.6) with
b = Az if and only if every set of 2s columns of A is linearly independent, see,
e.g., Foucart and Rauhut [104, Theorem 2.13]. In terms of spark(A), the spark
of A, which is the minimal number of linear dependent columns of A, this recov-
ery condition reads spark(4) > 2s. In the following, we demonstrate that this
setting also fits into our general framework and that the general NSP simplifies
to spark(A4) > 2s in this case. First note that [|-||o is not a norm. However, the
absolute homogeneity of the norm ||-|| is not needed in the proof of Theorem 2.10, so
that the NSP characterization in Theorem 2.10 also holds true for ||-|| = ||-||o. Con-
sider the situation of Example (2.3.1) with the £p-“norm”. Then, Assumptions (A1)
to (A3) are clearly satisfied as well. For all z € R™ and all S C [n], the ¢yp-norm
satisfies ||z]|o = ||zs|lo + ||zgllo, so that Assumption (A4) is satisfied by Lemma 2.7,
whose proof only exploits the (reverse) triangle inequality of ||-||, which is satisfied by
the £o-“norm”. By Theorem 2.10, uniform recovery of every sparse z € R" using (2.6)
is characterized by (NSPC). As in the case of sparse recovery using the ¢;-norm in
Example (2.12.1), the decomposition v = 5() =) with o), 5 € R™ and [|9?||,
minimal is unique and given by 4(Y) = v and %) = 0. Thus, (NSPC) becomes

lvsllo < llvgllo Vv €null(A)\ {0}, S C [n] with |S] < s. (2.7)
In order to see that (2.7) is equivalent to spark(A) > 2s, note that

spark(A) > 2s < null(A)N{z e R" : ||z]o < 2s} = {0}
< |lvllo >2s Vo enull(A4)\ {0} (2.8)
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Now assume that ||v]lg > 2s for all € null(A) \ {0} and let v € null(A4) \ {0} as well
as S C [n] with |S| < s. Then vg is s-sparse, so that ||vg|lo < s. If [Jvg]lo > ||vgllo,
then also |lvgllo < s, which implies

[vllo = llvsllo + llvsllo < 2s,

which contradicts the assumption ||v]o > 2s. Consequently, ||vs]lo < ||vg]lo-

For the reverse implication, assume that (2.7) holds and let v € null(A4) \ {0}.
If |supp(v)| < s, then choosing S = supp(v) yields |lvgllo = 0 < |lvs|lo, which
contradicts (2.7). Thus, |supp(v)| > s, and we can choose S C [n] with |S| = s.
This yields

[vllo = llvsllo + llvsllo > 2l[vsllo = 2s,

which shows (2.8). Altogether, we recover the well-known condition spark(A) > 2s
for uniform recovery of sparse vectors using (2.6).

Remark 2.17. In Example (2.12.1) and Remark 2.16, we have seen that sparse
recovery using £1- and fp-minimization fits into our framework and we recover the
well-known recovery conditions for these cases. We now show that using the /-
norm instead does not fit into our framework, since Assumption (A4) is violated. In
the situation of Example (2.12.1) with the ¢3-norm, Assumption (A4) is equivalent
to (DP) by Lemma 2.7 since C' = R"™. However, for the vector z = (1,1,1)" together
with S = {1}, we have

V3= zllz < llzsllz + lzslle = 1+ V2,

which violates (DP). This implies that we cannot use any of the theorems in this
section to find recovery guarantees for £o-minimization. This counterexample holds
for all £4-norms with ¢ > 1 and 0 < ¢ < 1 as well. As a consequence, a null space
property that characterizes successful recovery of sparse vectors in our proposed
framework can only be formulated for the ¢1-norm and the £y-norm, but not for any
other ¢,-norm with ¢ ¢ {0,1}.

In Chapter 3, we will consider further settings that emerge from the general frame-
work in more detail. These include recovery for sparse integral vectors, possibly with
additional upper and/or lower bounds and sparse vectors with so-called “constant
modulus” constraints. Moreover, we examine recovery for block-structures matrices.

In the remaining sections of this chapter, we extend the general framework for
uniform recovery presented above in Section 2.2 to stable and robust uniform re-
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covery as well as individual recovery, that is, recovery of a fixed z(©), instead of
all s-sparse z(9).

2.3 Stability and Robustness in the General
Framework

Exact recovery of a sparse vector can be seen as an idealized scenario. In reality,
vectors are rarely sparse, but it can be assumed that they are close to a sparse vector.
In this case, we need to allow for an error when recovering x. If the recovery error
can be controlled by the distance of x to sparse vectors, then the recovery process
is also called stable with respect to the sparsity defect in the literature. Apart from
stability, another important point for realistic recovery situations is the fact that
measurements are almost always corrupted by noise. Consequently, the measure-
ments b are only an approximation of the vector Az, with an error ||Az — b <7,
where 7 > 0 and ||| - || is some appropriate norm. In this case, we cannot hope
to recover the original vector z, but only a vector x* whose representation Bx* is
close to the representation Bz in the norm ||-||. If this distance is controlled by the
measurement error 7, the recovery process is called robust with respect to measure-
ment errors. In order to guarantee robustness, the recovery problem needs to be
adapted accordingly to incorporate the error 7, i.e., the constraint Az = b needs to
be replaced with ||Az — b|| < n. Consequently, stable recovery as described here is
a special case of robust recovery, where no measurement error is assumed.

In the classical case of (almost) sparse vectors, it is known that a slightly strength-
ened null space property assures that ¢;-minimization is stable, and a further
strengthened null space property also guarantees robustness of the recovery problem

min {|[z]| = [[Az —b]| < n},

where || - || is any norm on R™. This result has first been established by Candés
et al. [39], using the restricted isometry property instead of the null space property.
An explicit proof for stability and robustness under a suitable null space property
appears in Foucart and Rauhut [104]. Of course, stability and robustness of the re-
covery problem can also be formulated for additional side constraints as well as for
the problem of recovering low-rank matrices. Conditions for stable and robust re-
covery of sparse nonnegative vectors are derived in Juditsky et al. [136], and Kueng
and Jung [149] use the classical robust null space property to treat nonnegative
vectors. Stability and robustness for low-rank matrix recovery using nuclear norm
minimization has been established in Candés and Plan [43], Mohan and Fazel [180]
and Recht et al. [210] using the restricted isometry property. The extension of
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the classical stable and robust null space property to the matrix setting appears
in Oymak et al. [195] and Oymak and Hassibi [193]. A strengthened version of the
robust null space property for low-rank matrix recovery is established in Kabanava
et al. [139]. Conditions for stable and robust recovery of low-rank positive semidef-
inite matrices appear in Kong et al. [146] who directly transfer the results of [136]
for the recovery of sparse nonnegative vectors to matrices.

In the following, we demonstrate that the concept of stability and robustness of the
recovery problem can immediately be transferred to the general framework presented
in the previous sections. Since stability is a special case of robustness, we first present
the result for robust recovery in Section 2.3.1 and then derive stable recovery in
Section 2.3.2. Finally, in Section 2.3.3, we show that stability and robustness in the
case of (nonnegative) sparse recovery and recovery of low-rank (positive semidefinite)
matrices can be derived as special cases of the obtained results.

In order to include stable and robust recovery into the general framework for
uniform recovery in Section 2.2, we need the following additional assumption.

(A5) Foralls >0, P € Py, all v € C+(—C) and for all decompositions v = #(1) —5(2)
with 91, 92 € C and || Bo®|| minimal, there exists Q € P, and Q € P with

QBv =PBY, QB =0, and QBv= PBv— PBt?.

Assumption (A5) essentially demands that every (sparsified) minimal decomposition
can directly be obtained by sparsity-inducing projections. For instance, for a sparse
nonnegative vector v € R, its minimal decomposition is unique and given by
v = vt — v, see Example (2.12.2). Then, for every set S C [n], we can define
T := supp(v*) N S to obtain vy = v and vy = 0.

Remark 2.18. Assumption (A5) explains why we use a slightly modified Assump-
tion (A4) and null space property (NSP®) in comparison to [128], see also Re-
marks 2.4 and 2.9. Namely, in the situation of Example (2.3.2), i.e., the re-
covery of sparse nonnegative vectors with ¢;-minimization, the maps P € P are
given by orthogonal projections onto coordinate subspaces. Now, for the de-
composition vg = (1,—1)T = (2,0)T — (1,1)7 there is no projection Q € P
with Qus = (2,0) T. However, for the minimal decomposition vg = (1,0)T —(0,1) T,
the corresponding projection @ is given by the projection onto the coordinate sub-
space of the first coordinate of vg. Thus, the minimality of the decomposition in
Assumption (A5) ensures that this assumption is satisfied in all relevant special
cases considered in Example 2.3, as we will see in Section 2.3.3. But using Assump-
tion (A5) implies that Assumption (A4) and the null space property (NSP) need
to be adapted accordingly, that is, using a minimal decomposition instead of any
decomposition. As discussed in Remark 2.4, this implies that the split into two dif-
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ferent versions of Assumption (A4) and (NSPC) is not necessary any longer, which
simplifies the exposition in comparison to [128]. For exact recovery without noise,
the adaption and resulting simplification is not necessary as shown in [128], but in
order to have a unified presentation for exact, stable and robust recovery, we used
the adapted Assumption (A4) and the null space property (NSPC) also for exact
recovery.

2.3.1 Robust Recovery

Let us now assume that we cannot take exact measurements, and that the origi-
nal z € C may not be sparse. Furthermore, let || - || be an appropriate norm on R™.
If measurements b are corrupted by some sort of noise n with ||n|| < 7, i.e., b can
be obtained as b = Ax + n, or if there is a measurement error ||Az — b|| < 7, the
general recovery problem becomes

min {||Bz|| : [|Az = b|| <n, x € C} (2.9)

for some y € R™ and n > 0. Thus, exact recovery is not possible. Instead we
want to control the recovery error |[Bz(®) — Ba*||, that is, the distance between
the representations of the original z(°) € C and the recovered z* € C. Since for
a given (9 € C, a solution z* € C of the recovery problem (2.9) only needs to
satisfy ||Az* — Az©|| < 7, the resulting vector v = 2(®) — z* ¢ null(A) in general.
Thus, any NSP which ensures a bound on ||Bz(®) — Bx*|| needs to hold for all
v € C+ (—C). This in contrast to the exact recovery in Section 2.2, where the NSPs
only need to hold for elements v € null(4) N (C 4+ (—C)). This implies that the error
bound will depend on a term || Av|||, which consequently needs to be incorporated
into a robust NSP as well. An additional modification needs to be done in order to
also account for elements x € C, which are not exactly sparse, but only “close” to
sparse elements. Applying these modifications to (NSPC) yields the following robust
NSP.

Definition 2.19. The linear sensing map A satisfies the general robust null space
property of order s with constants p € (0,1) and T > 0 for the set C if and only if
for allv € C+ (—=C) and all P € P, it holds that

—PBveD = Vo, @ e C withv=15Y - and | Bo@ | minimal:
1PBoW| — |PB® || < p|[PBo| + 7| Av]|. ~ (xNSP{ )

Analogously to Theorem 2.10, the robust null space property (rNSPS’T) can be
used to bound the error of recovery using the general robust recovery problem (2.9).
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Theorem 2.20. Suppose that Assumptions (A1) to (A5) are satisfied and that
|Bv|| = ||PBv| + |PBv]|| holds for all v € C + (—=C) and all P € P. Let A be
a linear sensing map and s > 0. Consider the error bound

~PBveD — |Bx— Bz|| < 2(||Bz|| - | Bx| + 2 PBal )

(rEB)
+ 25 1Az = 2],

where x, z € C, v :=x — z and P € Ps. Then the linear sensing map A satisfies
the general robust null space property (rNSP,(iT) of order s with constants p € (0,1)
and 7 > 0 for the set C if and only if the error bound (rEB) holds for all x, z € C
and all P € P,.

Proof. Let A be a linear sensing map, and let s > 0. Let Assumptions (A1) to (A5)
be satisfied and assume that ||Bv| = ||PBv|| + ||PBv|| holds for all v € C + (—C)
and all P € P.

Suppose that the general robust null space property (rNSPg,T) holds. Let z, z € C
and P € P, with v :== 2 — 2z € C+ (—C) as well as —PBv € D. Furthermore,
let o1, 52 € ¢ with v = o) — 9 and ||B9®|| minimal. Assumption (A4)
implies

1PBo®| + [[PBu|| < ||B2|| — ||B|| + || PBoM|| + 2| PBa|. (2.10)

By Assumption (A5), there exist Q € Py, Q@ € P with QBv = PBy"), QB3 =0,
and QBv = PBv — PB9(). We have —PBuv € D by assumption and PB5(?) € D,
since (3 € C. This implies —QBv = PB9(?) — PBv € D, since ¢; + ¢5 € C for
all ¢1, co € C by Assumption (Al). Thus, the robust null space property (rNSPg,T)
for @ € Ps and v € C + (—C) implies

1QBIM| —|QB®| < pl|@Bv] + | Av]|.

By definition, QB9 = QBv = PBt(M, QB9® = 0 and QBv = PBv — PB®.
Thus,

1PBW| < p(|[PBv ~ PBP|) + 7 Av]|
< p(IPBo|| + [|PBY®) + 7] Av|
< p(IBz|l = ||Bz|| + | PBoW || + 2|[PBz]) + 7| Av]l,

where we used (2.10) for the last inequality. Thus,

) p 5 T
1PBIY| < fp(”BzH — || Bl| + 2I[PBx|) + T4l (2.11)
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since 1 — p € (0,1). Combining (2.10) and (2.11) yields

|Bz — Bz|| = |Bv|| = |PBv + PBu||
= |PBsY — PBi® + PBu|
< [|PBoW| + |[PB® | + | PBu|
IB=|| - || Bz +2||PBsW| +2|[PBa|

I+p
1-—

IN

| /\

— 2T
(182 = 1Bz + 2P Bal) + 4wl

where we used (2.10) for the second inequality and (2.11) for the third inequality.
This shows that the error bound (rEB) is satisfied.

In order to prove the reverse implication, suppose that the error bound (rEB) holds
for all z, 2 € C and all P € P,. Let P € Ps and v € C + (—C) with —PBv € D.
Let M, 92 € C be a decomposition v = 5() — () so that ||Bo(?)| is minimal.
Since v € C 4 (—C), there exists at least one such decomposition. Define

w) = PBOY, W = PBy®, wg:=—PBu,

with wg), w(SQ) € D since by Assumption (Al), PBx € D for all z € C. More-

over, wg = —PBv € D holds by assumption. Since D is the image of C under B,

there exist ’Ué}), 6&2), vg € C with

B =w() = PBi®, B =w?) = PBO®, Bug=wg = —PBu.
Due to Assumption (A3), we have

Bv = PBv+ PBv = PBiY — PBs® + PBv = B(3§) — 0% —vg),

which implies v = ’U(l) @(SZ) — vg, since B is injective by Assumption (Al).
Since vgl), vg?), € Cand ¢; + ¢y € C for all ¢1, co € C by Assumption (Al),
we have v( ) + vg € C. Define

x::ﬂél)ec, z::@g)—kvgec,

so that v = x — 2. Since by assumption, ¢(1), (2 ¢ C with v = o) — %) such
that ||[B9(®| is minimal, the error bound (rEB) implies that

1By’ - Bof — Bug|| < 122 (I1Bo§ + Bus|| — 1Bog || + 2 PBag )
+ 2l vl
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which yields

(1-p)|Bo§’ — Bog — Bug]

< (1+0) (185§ + Bosl - 1B + 21PBo{| ) + 27 4vl]. 21
This shows
(1= p)(I1PBIV - |IPB | + [PBu] )
<(1-p)(IPBIY - PBI@| + |PBo] )
=(1—p)||PBY — PB® + PBu||
=(1-p)l|Bi§’ — Bog’ — Bug|
<(1+p)(I1B2§” + Busl - B3|+ 2PBag ) + 27l Avl|
=1+ p)(IPBI® — PBu| — |PBO||) + 2r]] dv|
<1+ p)(IPBo@|| + [PBv| - | PBsV|[) + 27| Ao,
where we used the assumption ||Bv| = ||[PBv| + ||[PBuv]|| for the first equality,

Inequality (2.12) for the second inequality, and PP = 0 (Assumption (A2)) for the
third equality. This results in the inequality

(1= p)(IPBID| — |PB| + [PBu]))
- (2.13)
<+ p)(I1PBI? | + [PBu| — |PBO]) + 27| v
Rewriting Inequality (2.13), we obtain
2|PBoW | —2||[PBo® || — 20||PBu|| — 27| Av]| <0,
which shows the general robust null space property (rNSPgJ) of order s with con-
stants p and 7 for the set C. O
Remark 2.21. For the proof that the robust error bound (rEB) implies the robust
null space property (I‘NSPgJ% we need that

|Bv]| = [[PBv] + |[PBu]| (2.14)

holds for all v € C + (—C) and all P € P. However, Lemma 2.7 only shows that
Assumption (A4) implies (2.14) for all v € C and all P € P. Thus, we added
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the slightly stronger property as assumption to the statement in Theorem 2.20. It
turns out that in all settings considered throughout this thesis, (2.14) even holds
for all v € X and all P € P. In fact, we conjecture that Assumption (A4) already
implies (2.14) for all v € C 4+ (—C) and all P € P.

If the general robust null space property (2.10) is satisfied, the error bound (rEB)
holds for all 2, z € C. If = 2O € C and z = & € C is an optimal solution of
the recovery problem (2.9) with b = A2(®), then Theorem 2.20 yields an explicit
error bound in terms of the measurement error 1 and the distance of 2(9) to sparse
elements. To formalize this distance, we introduce the best s-term approximation
of z and its error in the following.

Definition 2.22. Let @ € X. The error os(x) of the best s-term approximation
of = is defined as

os(x) =min{||Bx — Bz|| : z € X, 3P € Ps with PBz = Bz}, (2.15)

and any z € X attaining this minimum is called a best s-term approximation of x.

Definition 2.22 generalizes the usual notion of the best s-term approximation for
sparse vectors os(z); = min{||lx — 2|1 : z € R™ is s-sparse}, see e.g., Foucart and
Rauhut [104, Definition 2.2]. We could also restrict to z € C in (2.15), but this
would lead to possibly larger values o4(x), which in turn would weaken any (upper)
bound involving os(x). Thus, we use z € X in (2.15).

Theorem 2.20 can now be used to formulate the desired error bound in the
norm ||-|| for an optimal solution of the general robust recovery problem (2.9), which
depends on the measurement error and the distance to sparse elements.

Theorem 2.23. Suppose that Assumptions (A1) to (A5) are satisfied. Let A be a
linear sensing map and s > 0. Let (%) € C, and let & be an optimal solution of the
recovery problem (2.9) with b = Az + e and |le|| < n. If A satisfies (rNSPgJ)
of order s with constants 0 < p < 1 and 7 > 1, and if there exists P € Py such
that the (unique) preimage of PBz() € D is a best s-term approzimation of ()
and —PB(z(©) — &) € D, then & approzimates x°) with error

1B+ — Bi|| < 2320, (z®) + £y,

Note that for all (9) € C, the preimage of PBz") € D exists by definition of D and
is unique since B is assumed to be injective by Assumption (A1).
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Proof. Suppose that Assumptions (A1) to (A5) are satisfied. Let (%) € C and
let # € C be a minimizer of min {||Bz|| : ||b — Az|| <7, z € C} with b= Az(® +e
and |le|| < n. Then, |Bz| < ||Bx®]|. Let P € P, so that the preimage z € C
of PBz(® is a best s-term approximation of z(®) and that —PB(z(®) — %) € D.
This implies o,(z(?) = ||Bz(® — Bz|| = ||Bz(®) — PBz©| = ||PBz©| due to
Assumption (A3). Define v := z(® — z and let %), 9®) € C with v = ¢V — 5
and || B9(?|| minimal. Since A satisfies (rNSngT) of order s with constants 0 < p < 1
and 7 > 1 and —PB(z(®) — %) € D, the error bound (rEB) in Theorem 2.20 yields

1B+ — Bz < 22 (B2 - | B2 + 2PB2] ) + 2|42 — AZ|

< 21%20.(2) + 150,
since [| Az — AZ|| < [[(Ax* + €) — AZ|| + [lelll < 2n. B

Remark 2.24. If (9 is s-sparse, i.e., there exists P € P, with PBz(®) = Bz(0),
then o,(2(?)) = 0 and the error bound in Theorem 2.23 becomes

|B2® - Bi| < £,

Moreover, if the measurement error (or the noise level, respectively) satisfies 7 = 0,
that is, the measurements are exact, then Theorem 2.23 asserts that z(9) is exactly
reconstructed. Thus, we obtain the statement from Theorem 2.10 about uniform
exact recovery.

Remark 2.25. The error bound in Theorem 2.23 is in terms of the norm ||-||, which
is used in the objective function of the general robust recovery problem (2.9). In
the classical cases this would be the ¢;-norm or the nuclear norm. However, it is
also interesting to have an estimate for the recovery error with respect to another
norm, e.g., the fo-norm or the Frobenius norm in the classical cases. This can
be modeled by using a third norm on £ and an adaption of the robust null space
property (rNSPgJ).

Unconstrained Case Next we consider the important case where there are no addi-
tional side constraints, that is, C = A and D = &£ holds. In this case, for any v € X,
the unique minimal decomposition v = 1) — @) with 41, 62 € X is given
by oY) = v and 9 = 0. Thus, we can fix the minimal decomposition v = v — 0 in
Assumption (A4), Assumption (A5), and (rEB) without loss of generality. Assump-
tion (A4) becomes

|Bz|| < | B2|| + [|[PBv|| — |[PBv| + 2|| PB|| (2.16)
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forall s >0, P € P, for all z, z € X and v := x — z. Assumption (A5) simplifies to
3QeP,, QP : QBv= PBv, QBv = PBv

for all P € Py, v € C+ (—C). Choosing @ = P and Q = P shows that Assump-
tion (A5) is always satisfied in the unconstrained case. The error bound (rEB)
becomes

|Bz = B2l| < E2(|1B2| - |Bz| + 2IPBz|) + 25l A@ - 2)l  (2.17)

for all z,z € X, v = x — z and P € Ps. The general robust null space prop-
erty (rNSPgJ) for the set X’ simplifies to the condition

IPBu|| < pl| PBu| + 7| Av]| (2.18)

for all v € X and all P € P,. Altogether, Theorem 2.20 yields the following
equivalence between the general robust null space property (2.18) and the error
bound (2.17).

Theorem 2.26. Let A be a linear sensing map and s > 0. Suppose that Assump-
tions (A1) to (A3) are satisfied and that (2.16) holds. In case that C = X holds,
the linear sensing map A satisfies the general robust null space property (2.18) of
order s with constants p € (0,1) and 7 > 0 for the set X if and only if the error
bound (2.17) holds for all x, z € X and all P € Ps.

Proof. Since C = X, Lemma 2.7 shows that (2.16) implies || Bv|| = |PBv| + || PBv||
for all v € X and all P € P. Thus, the statement is exactly Theorem 2.20 restricted
toC=4&and D =¢. O

2.3.2 Stable Recovery

In the previous section, we already showed that under a strengthened null space
property, a modified version of the recovery problem which also accounts for the
measurement error 7, guarantees robust recovery. The recovery error between the
original z(?) € C and the recovered z* € C in the norm ||-|| depends on the distance
of (%) to sparse elements and the measurement error 7. Let us now consider a special
case and assume that the measurement error n = 0, that is, the measurements are
exact and not corrupted by noise. Then, we again arrive at the (exact) general
recovery problem (2.3), that is,

min {||Bz| : Az = Az, z € C}.
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However, we still do not assume that (%) € C is sparse. As outlined in the be-
ginning of Section 2.3, the recovery problem (2.3) allows for stable recovery, if
the error between the original z(®) and the recovered z is controlled by the dis-
tance of (9 to sparse elements. Since (2.3) is used for stable recovery, only ele-
ments v € null(A) N (C 4+ (—C)) are of interest for a characterization of recovery.
This implies that a corresponding error bound only needs to hold for z, z € C
with Az = Az. Consequently, Av = 0, so that the terms 7||Av|| can be omitted in
the statements within the last section. This directly leads to the following stable
null space property.

Definition 2.27. The linear sensing map A satisfies the general stable null space
property of order s with constant p € (0,1) for the set C if and only if for all
v € (null(A) N (C + (=C))) and all P € Py it holds that

—PBveD = ViV i@ eC withv =0 — 5@ and | Bo®|| minimal:
1PBoW | —||[PB8?| < p|PBu|. (sNSP})

Since we use the (exact) recovery problem (2.3), an error bound which en-
sures stability only needs to hold for all xz, z € C with Ax = Az. Thus, the
term 27||A(z — z)|| vanishes from the robust error bound (rEB). This directly leads
to the following characterization of stable recovery as a corollary of the characteri-
zation of robust recovery in Theorem 2.20.

Corollary 2.28. Suppose that Assumptions (A1) to (A5) are satisfied and that
|Bv|| = ||PBv|| + ||PBv|| holds for all v € C + (—C) and all P € P. Let A be a

linear sensing map and s > 0. For x, z € C and P € P, consider the error bound
~PBveD = |Bx—Bz| < %Z(HBZH —||Bz|| + 2||?Bg;u), (sEB)

where v := x — z. Then the linear sensing map A satisfies the general stable null
space property (SNSPg) of order s with constant p € (0,1) for the set C if and only
if the error bound (SEB) holds for all z, z € C with Ax = Az and all P € P;.

Proof. The statements can be obtained from Theorem 2.20 by noting that the stable
null space property (SNSPg) only needs to hold for all v € null(4) N (C + (—C)) and
requiring that the stable error bound (sEB) only needs to hold for all z, z € C
with Ax = Az. O

Setting 7 = 0 in the error bound for robust recovery in Theorem 2.23 yields the
following error bound in terms of the norm ||-|| for the optimal solution of the general
recovery problem (2.9) when the original 2(°) € C is not s-sparse. The resulting error
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bound depends only on the distance of 2(9) to sparse elements by using the error of
the best s-term approximation.

Corollary 2.29. Suppose that Assumptions (A1) to (A5) are satisfied. Let A be a
linear sensing map and s > 0. Let (0 € C and let & be an optimal solution of

min {||Bz| : Az = Az©, z € C}.

If A satisfies (sNSPi) of order s with constant p € (0,1), and if there exists P € Py
such that PBxz(©) is the representation of a best s-term approzimation of (9 and
—fB(x(O) — &) € D, then T approzimates 2 with error

B2 — Bi|| < 2120, ().

Proof. Directly follows from Theorem 2.23 by letting n = 0. O

Remark 2.30. If (9 is s-sparse, i.e., there exists P € P, with PBxz = Bz, and
if Assumption (A2) (or, to be more precise, PP = 0) holds, then o,(z(®)) = 0 and
Corollary 2.29 asserts that z(9) is exactly recovered. Thus, we recover the statement
in Theorem 2.10 about exact uniform recovery.

Unconstrained Case Let us again consider the important special case without side
constraints, that is C = X and D = £. Setting 7 = 0 and restricting to v € null(A)
in the simplified robust null space property for the unconstrained case in (2.18)
yields the following simplified NSP for stable recovery:

|PBul| < p|| PBy|| (2.19)

for all v € null(A) N X and all P € P,, where p € (0,1). The corresponding error
bound in Corollary 2.28 becomes

1Bz — Bzl| < $2(|1B2| - | Bx| + 2| PBal)), (2.20)

p
—p
where x, z € X and P € P,. Analogously to Theorem 2.26, the linear sensing map A
satisfies the null space property (2.19) of order s with constant p € (0,1) if and only
if the error bound (2.20) holds for all z, z € X with Az = Az and all P € P,.
2.3.3 Stability and Robustness for Some Special Cases

We now show that for our running examples, the statements about stable and ro-
bust recovery from the previous sections simplify to the corresponding NSPs which
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are already known in the literature. In all these settings, the decomposability prop-
erty || Bv|| = ||PBv|| + ||PBv|| clearly holds for all v € X and all P € P.

Recovery of sparse vectors by £1-minimization, Example (2.12.1) continued Re-
call that Assumption (A4) holds and that for all v € R™, the minimal decomposi-
tion v = o) — 5@ with 51, () € R™ is uniquely given by 4() = v and %(?) = 0.
As already noted before, Assumption (A5) is trivially satisfied in the unconstrained
case by setting Q@ = P and Q = P. The stable null space property (SNSPg) of
order s with constant p € (0, 1) simplifies to the well known stable NSP (see, e.g.,
Foucart and Rauhut [104, Definition 4.11]):

lluslli < pllvgll

for all v € null(A4) and all S C [n] with |S| < s. Corollaries 2.28 and 2.29 become
the corresponding statements in [104, Theorem 4.14, Theorem 4.12|. Similarly, the
robust null space property (rNSPg)T) of order s with constants p € (0,1) and 7 > 0
simplifies to the well known robust NSP (see, e.g., [104, Definition 4.17]):

loslly < plloglls + 7l Av]

for all v € R™ and all S C [n] with |S| < s. Theorems 2.20 and 2.23 are exactly [104,
Theorem 4.20, Theorem 4.19].

Recovery of sparse nonnegative vectors by £;-minimization, Example (2.12.2)
continued Recall that for the recovery of sparse nonnegative vectors, i.e., C = R,
Assumption (A4) is satisfied and that for v € R™, the decomposition v = 91 — ()
with o), 9® ¢ € and ||[6(®||; minimal is unique and given by () = ot
and 9 = v~. Since the supports of v+ and v~ are disjoint, using the projec-
tion @ onto the support supp(vt) of v and the projection @ onto [n] \ supp(v+)
shows that Assumption (A5) is satisfied as well. Thus, stable and robust recov-
ery is characterized by (SNSPg) and (rNSPS,T), respectively, which simplify to the
following properties:

15<0 = Zvingngl Vo € null(A), V.S C [n], |S]| < s,
€S
vs<0 = v <pluglh +7llAv]l Vo e R, VS Clnl, |S] < 5.
€S
The robust nonnegative NSP and a variant of the corresponding characterization

of robust recovery in Theorem 2.20 appears in Juditsky et al. [136], who treat the
slightly more general setting of sign restrictions on a part of all entries of x € R™.
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Recovery of low-rank matrices by nuclear norm minimization, Example (2.12.3)
continued As in the case of recovery of sparse vectors, Assumption (A4) is satisfied.
Moreover, the unique minimal decomposition V = v @ g given by v =y
and V® = 0. Once again, setting Q = P and Q = P satisfies Assumption (A5).
The stable and robust null space properties (sNSPg) and (rNSPg,T) simplify to

> oi(V)<pd o (V) VYV €null(A), VS C [numinl, [S] < s,
JjES je€S
Yo (V)<Y oj(V)+7lAV]] YV € R™™2, VS C [nin), |S] < s,

Jjes jES

where npy;, = min{ng, no} and o(V) is the vector of singular values of V. These
NSPs and the corresponding statements for stable and robust recovery can be found
in [104, Exercises 4.19 and 4.20].

Recovery of low-rank positive semidefinite matrices by nuclear norm minimiza-
tion, Example (2.12.4) continued As in the case of recovery of sparse nonnegative
vectors, Assumptions (A4) and (A5) are satisfied, since for V' € S™ with eigen-
value decomposition V' = U Diag(A\)W T the unique decomposition V = v _y©
with V), V@ = 0 and ||[V®)], minimal is given by V(1) = U Diag(A\t)W T
and () = U Diag(A\~)W T, where X is the vector of eigenvalues of V. Consequently,
stable and robust recovery is characterized by (SNSPg) and (rNSPgJ), respectively,
which simplify to the following properties:

As(V) <0 = Y N(V) < plxs(V)lh YV € mull(4)NS™), VS C [nl, [S] < s,
jeSs

As(V) <0 = DY N(V) <plds(M)h +7l|AV]| VYV €8™, VS C [nl, [S] < s.
jeS

The latter robust null space property and a variant of the corresponding character-
ization of robust recovery in Theorem 2.20 appears in Kong et al. [146].

Recovery of sparse vectors by £o-minimization We first remark that the results
within this paragraph are based on joint work with Marc E. Pfetsch. In Remark 2.16,
we have seen that recovery of sparse recovery using {y-minimization also fits into
our framework, and that we recover the well-known condition spark(A4) > 2s needed
for exact uniform recovery. Using the results of Section 2.3, this condition can in
principle be extended to stable and robust recovery using fp-minimization. The
argument that Assumption (A5) is trivially satisfied in the unconstrained case by
setting Q@ = P and Q = P is also applicable to the £g-norm. Recall from Remark 2.16
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that Assumption (A4) holds. Furthermore, we choose || || = |||lo. Even if ||-||o
is not a norm, all statements in Section 2.3 still hold for this choice, since the
absolute homogeneity is not needed in the proofs. The general robust null space
property (rNSPgJ) with p € (0,1) and 7 > 0 simplifies to

lvsllo < pllvgllo + 7l Avllo (2.21)

for all v € R™, and all S C [n] with |S| < s. By Theorem 2.20, this condition is
satisfied if and only if

Iz =llo < 152 (I12llo = llzllo + 2llaslo) + 25 | Avllo

holds for all z, z € R™. If A satisfies the null space property (2.21) of order s with
constants p € (0,1) and 7 > 0, then Theorem 2.23 yields the error bound

o — &0 < 22 max {0, [lzflo — s} + 51 (2.22)

for a solution Z of min {||z]lo : Az = Az}, since the best s-term approximation of x
in ||-]|o is given by any z with at most s nonzero entries. Thus, the error o,(x) of
the best s-term approximation of x is either 0, if = is s-sparse, or ||z|o — s, if
has more than s nonzero entries. Clearly, if x is s-sparse and there is no recovery
or measurement, error, i.e., 7 = 0, then this error bound implies exact recovery.
The NSP condition (2.21) is implied by a statement in terms of the spark of the
matrix A, similar to Remark 2.16.

Lemma 2.31. Let A€ R™*", s> 0, and p € (0,1) and 7 > 0. Ifspark(A) > ipps
and T > s, then A satisfies the robust NSP (2.21) of order s with constants p and T.

Proof. The proof is analogous to the exact case in Remark 2.16. Let A € R"™*™,
$ >0, and p € (0,1). First note that

spark(A) > 1#3 < vllo > H'Tps Vv € null(A) \ {0}. (2.23)

Now suppose that 7 > s and that (2.23) holds. Let v € R™ and S C [n] with |S| < s.
W.l.o.g. we can assume v # 0, otherwise (2.21) holds trivially. By construction, vg
is s-sparse. If v ¢ null(A4), we have ||Av||o > 1 and consequently

losllo < s < pllugllo + sllAv]lo < pllvgllo + 7llAv]o,
i.e., (2.21) holds. Thus, we assume that v € null(A4). If (2.21) is violated, we have

lvsllo > pllvsllo + 7l Avllo = pllvsllo-
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This yields

1+p8,

[ollo = llosllo +llvsllo < s+ 5 = =,

which is a contradiction to ||v|j¢ > ipps. This shows that (2.21) is satisfied for
all v € R™ and all S C [n] with |S] < s. O

Even if we obtain a characterization of robust recovery when using || - || = |I|lo,
this choice implies that the error bound (2.22) is weak, especially if m is large,
since ||A(z — Z)||o < m in general. However, if ||| - || is any (absolute homogeneous)
norm, then the robust null space property (rNSP(F’;T) can never be satisfied, since
taking v € R™ with vg = 0 yields the condition

[vsllo < 7| Av]l.

By scaling, we have 7||Av|| — 0, but ||vs|lo stays constant, since the norm || - || is
homogeneous, whereas ||-||p is not. This implies the following important observation
for the satisfiability of the robust null space properties: The condition (rNSPgJ) can
only be satisfied if ||-|| and ||| - ||| are both compatible with respect to homogeneity.
This means, the norms need to satisfy

el <llyll = [zl < Mgl and llzfl <yl = [IAz]] < [[Ayll

for all z, y and all A € R. It remains an open question whether there exists an
error bound for the robust NSP (2.21) where the measurement error 7 is bounded
in terms of a (absolute homogeneous) norm ||| - ||, such as the fs-norm. For a related
discussion, see Foucart and Rauhut [104, Remark 4.34].

In the absence of noise or recovery errors, the term 7||Av||o can be omitted, and
the statements above simplify as follows. We obtain the stable null space property

lvsllo < pllvgllo (2.24)
for all v € null(A), where 0 < p < 1, which is satisfied if and only if
2= 2llo < 2 (l12llo — llzllo + 2l251l0)

holds for all z, z € R™ with Ax = Az (c.f. Corollary 2.28). The corresponding error
bound becomes

Il = 2llo < 2425 max {0, allo - s},
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where Z is a solution of min {||z|lo : Az = Az} (c.f. Corollary 2.29). Lastly, for
stable recovery, a characterization in terms of the spark of A is possible.

Corollary 2.32. Let A be a measurement matriz and s > 0. Then, the stable
NSP (2.24) is equivalent to

spark(A) > H'T"s. (2.25)

Proof. The proof that (2.25) implies (2.24) is completely analogous to Lemma 2.31
above by noting that the assumption 7 > s in Lemma 2.31 is only needed for the
case v ¢ null(A4), which cannot occur for the stable NSP (2.24).

For the reverse direction, assume that (2.24) holds for all v € null(4)\ {0} and all
S C [n] with |S] < s. Let v € null(4) \ {0}. If ||jv|lo < s, then choosing S = supp(v)
implies |lvgllo = s > 0 = p||lvgllo, which contradicts (2.24). Thus, |[v|lo > s, and we
can choose S C supp(v) with |S| = s. This yields
1+p

lollo = llosllo + llosllo > losllo + Lllvsllo = L,

which implies (2.25) by (2.23). O

Note that the condition (2.25) is necessary and sufficient for stable recovery,
whereas for robust recovery, the corresponding spark condition is only necessary.
It remains an open question to also find a characterization in terms of the spark in
this case.

2.4 Individual Recovery

Until now, we have derived conditions which guarantee that every sufficiently sparse
element z(°) € C is recovered using the general recovery problem (2.3). Thus, a single
measurement matrix satisfying the corresponding NSPs can be used for recovering
various different elements 2(?) € C, which are only required to be sparse, but need
not satisfy any other assumptions. However, in some scenarios, it is only desired to
recover a single sufficiently sparse fized element 2(*) € C, rather than all sufficiently
sparse vectors. We call this scenario individual recovery in order to distinguish it
from uniform recovery. Of course, any NSP is sufficient for individual recovery of a
fixed sparse z(®) € C, but these conditions are clearly too strong, as the following
simple example shows.
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Example 2.33. Consider the matrix A € R?>*3 defined as

0 1 -1
A=|(0 -2 2
1 2 3

The null space of A is null(4) = {(=5\,\,A\)T : A € R}. Let s = 1 and consider
the vector (®) = (0,1,0)". The minimization problem for recovering z(?) reads

min {||z|; : Az = (1, —272)T} = min {Hx”l txg=1-— %xl, T3 = %acl}

This problem has a unique global optimum at x; = 0 which yields the unique global
optimal solution Z = (0,1,0)" = 2. Thus, (9 has been successfully recovered.
However, for S = {1}, the classical null space property (NSP) is violated, since
choosing A = 1 implies [|vg|l1 =5 > 2 = ||lvg|:.

Thus, we need to formulate weaker conditions in order to obtain a characteriza-
tion of individual recovery. For the case of recovery of sparse vectors, corresponding
conditions appear in Fuchs [107] or Tropp [240]. Individual recovery for sparse
nonnegative vectors is treated by Stojnic [226] and by Lange et al. [154] under the
additional integrality constraint. Similar results for recovery of low-rank (positive
semidefinite) matrices have been obtained by Oymak and Hassibi [192] and Oymak
et al. [194]. Chandrasekaran et al. [49] and Amelunxen et al. [9] analyze individ-
ual recovery under random measurements and present a different but very simple
condition for individual recovery only based on optimality of the recovery problem.

In the previous sections on exact, stable and robust uniform recovery, we have seen
that for all settings considered in the literature, the corresponding NSPs guarantee-
ing successful recovery can be derived as special cases from the general framework
presented at the beginning of this chapter. In this section, we show that the same
also holds for the above-cited NSPs known in the literature for individual recovery.
In order to fit individual recovery into our general framework, let (%) € C be an s-
sparse element, and let P € P any linear map with PBz(®) = Bz(®). Contrary to
uniform recovery treated in Sections 2.2 and 2.3, we do not need all the assump-
tions stated in Section 2.1. Namely, we only assume that B is injective, all other
Assumptions (A1) to (A3) do not have to hold, unless explicitly stated. Indepen-
dently of Assumption (A4) and without exploiting any possible sparsity of (9, we
have the following characterization of individual recovery using the general recovery
problem (2.3).
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Lemma 2.34. Let B be injective and let (9 € C. Then, z(©) is the unique optimal
solution of (2.3) if and only if

~(Bv—Bz") €D = ||Bz'” — Bv|| > || Bz (2.26)
holds for all v € null(A) with Bv # 0.

Proof. First, let (%) € C be the unique optimal solution of (2.3). Let v € null(A)
with Bv # 0 and —(Bv — Bz(®)) € D. Since B is injective and D is the image
of C under B, we have (%) — v € C. Since Az(®) = A(z(®) —v), individual recovery
implies || Bz(®) — Bo|| > ||Bz©]].

For the reverse direction, let z € C with Bz # Bz(® and Az = Az(®). Then,
v =20 —2z €null(4)N(C+(~C)) and Bv # 0 as well as —(Bv— Bz(?)) = Bz € D,
since z € C. The NSP (2.26) implies || Bz|| = ||[Bx®) — Bv|| > ||Bz(?)||, which shows
individual recovery of z(©). O

Note that —(Bv — Bx(®) € D implies 2(°) — v € C, since B is injective and D is
the image of C under B. Thus, v = 2(®) — (z(®) —v) € C 4+ (~C). As a consequence,
we do not need to explicitly require v € C + (—C) in Lemma 2.34.

Remark 2.35. We do need to assume that z(?) is sparse in Lemma 2.34. In fact,
Lemma 2.34 can be seen as an analog of the well-known statement that for a proper
convex function f, x is the unique optimal solution of min {f(z) : Az = b}, if and
only if the descent cone of f at x intersects the null space of A only in {0}, see,
e.g., Amelunxen et al. [9, Fact 2.8], Chandrasekaran et al. [49, Proposition 2.1], or
Rudelson and Vershynin [215, Chapter 4].

We now discuss general robust individual recovery. Afterwards, we apply the
results on individual recovery for our running examples from Example 2.3, and
show that the NSPs known in the literature for these special case also emerge from
the NSP (2.26).

Robustness It is also possible to formulate a version of Lemma 2.34 for robust
individual recovery. Therefore, as in Section 2.3.1, we consider an appropriate norm
for measuring errors on R™. Additionally, we can use another norm, possibly dif-
ferent from ||-|| to measure errors on €. Therefore, let ||| - || be a norm on R™, and
let ¢ (-) be a norm on £. Note that in Section 2.3.1, we used ¢ (-) = ||-||. Recall the
general robust recovery problem (2.9), i.e.,

min {[| Be]| : [|Az bl <n, x € C},
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for some b € R™ and n > 0. The following lemma gives a bound for the recovery error
when using the general robust recovery problem to approximate a given z(®) € C
with b = Az +e, where ||e]| < 7. A very similar condition in the slightly different
setting of atomic norms appears in [49, Proposition 2.2].

Lemma 2.36. Let (9 € C be given and let & be the solution of the general robust
recovery problem (2.9) where b = Az(®) + e with ||e|| < n. If ||Av|| > 7¢ (Bv) for
all v € C+ (—C) with —(Bv — Bx®) € D and ||[B2®) — Bv|| < ||Bz")||, then

é (B:c@) - Baz) <=
T

Proof. Let (9 € C be given and let & be the solution of the general robust recovery
problem (2.9) where b = Az(®) + e with [|e]| < 1. Assume that ||Av|| > 7¢ (Bv)
holds for all v € C + (—C) with —(Bv — Bz(®)) € D and ||Bx® — Bu|| < [|B2)|.
Then, since 7 is an optimal solution, we have | BZ|| < ||Bz(?)|. If Bi # Bz, then
we obtain v = z(®) — % € C + (~C) and —(Bv — Bz®)) = BZ € D. Moreover, we
have |[Bz(®) — Bv|| = ||BZ|| < ||[Bz(¥||. This implies

b — Az —ell _ b — AZ|| +flell _ 2n

T T T

O

T

Individual Recovery for Some Special Cases

Let us apply the statements in this section to our running examples from Exam-
ple 2.3.

Recovery of sparse vectors by ¢;-minimization, Example (2.12.1) continued
Since v € null(A) if and only if —v € null(A), the NSP in Lemma 2.34 simplifies to

[ + ol > a0 Vv € null(4) \ {0},

which can be shown to be equivalent to the following well-known characterization
for individual recovery, see Foucart and Rauhut {104, Theorem 4.30]:

loglls > (v, sgn(z@)] Vv € null(4)\ {0}, (2.27)

where z(©) is the s-sparse vectors that is to be recovered, and S = supp(x(o)).
Moreover, sgn(zx) is the vector of the (componentwise) signs of x.

Recovery of sparse nonnegative vectors by £;-minimization, Example (2.12.2)
continued For the recovery of sparse nonnegative vectors, i.e., C = R}, the fol-
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lowing property characterizes individual recovery by Lemma 2.34:
@ 4p>0 = 17w >0 Voenll(Ad))\{0}. (2.28)

Note that the vector v has been replaced by —v in Lemma 2.34 to obtain the
NSP (2.28). This NSP appears in Lange et al. [154, Theorem 4.17] for the restric-
tion to sparse integral nonnegative vectors, but the same proof without integral-
ity restrictions also works for general sparse nonnegative vectors. Moreover, the
NSP (2.28) can be shown to be equivalent to the NSP

vg>0 = 1Tv>0 Vocnul(d))\{0},
where S = supp(z(?)), which appears in Stojnic [226, Corollary 3].
Recovery of low-rank matrices by nuclear norm minimization, Example (2.12.3)
continued Lemma 2.34 yields the following NSP:
X+ V][ > X vV enull(4)\ {0},
which is equivalent to the known condition [192, 194]
N[O TWVE |, > —tr (UD)TWVE) v W e null(A) \ {0},

where X0 = [UOU@ 2 [VOVE)]T is the full singular value decomposition
of X and X© = yWx (VI)T is the reduced singular value decomposition
of X with rank(X () = r.

Recovery of low-rank positive semidefinite matrices by nuclear norm minimiza-
tion, Example (2.12.4) continued Lemma 2.34 proves that the following property
characterizes individual recovery of low-rank positive semidefinite matrices:

XO4vie=0 = > N(V) >0, (2.29)
=1

where A(V) is the vector of eigenvalues of V' € §™. Consider the following sufficient
condition for individual recovery in Oymak and Hassibi [192, Lemma 20]:

W not psd, or
VW enull(A)\ {0} : tr(W) > 0, or (2.30)
n— (VTWV) > 0,
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where X(© = USUT is the reduced eigenvalue decomposition of X9 V is a matrix
so that [UV] is unitary, and n_(WW) denotes the number of negative eigenvalues
of W. Then, the sufficient condition (2.30) implies the necessary and sufficient
condition (2.29).

In the next chapter, we consider more interesting special cases, which did not
appear as often in the literature as the special cases from our running examples. We
will see that these cases also fit into our framework and that we can derive new null
space properties which were not known in the literature before.
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CHAPTER

Recovery Conditions for
Special Cases

In this chapter, we apply the general framework from Chapter 2 to three interesting
special cases which have not been treated in the literature as extensively as the cases
of sparse (nonnegative) vectors or low-rank (positive semidefinite) matrices.

First of all, in Section 3.1, we start with the recovery of (positive semidefinite)
block-diagonal matrices. This setting generalizes the block-sparsity structure of
vectors to matrices, so that by deriving the corresponding recovery conditions for
(positive semidefinite) block-diagonal matrices, we also derive well-known recovery
conditions for block-sparse (nonnegative) vectors. We also present connections and
differences between the “classical settings” without block-structure and the block-
structured settings. All statements and results within Section 3.1 are taken from
joint work with Janin Heuer, Thorsten Theobald and Marc E. Pfetsch [128].

The subsequent Section 3.2 considers the special case of recovery of integral vec-
tors, possibly with additional box constraints or a nonnegativity constraint, in more
detail. This setting appears in Keiper et al. [141], where mainly individual recovery
is treated, and in Lange et al. [154], which contains a thorough analysis of individual
and uniform recovery conditions for both fy- and ¢;-minimization. Since the exist-
ing conditions only deal with exact recovery, we use the general framework from
Chapter 2 to derive new conditions for the case of stable and robust recovery.

Finally, in Section 3.3 we consider the recovery of sparse complex vectors x € C"
with the side constraint that each nonzero entry x; has a constant modulus, i.e.,
there exists ¢ € R with |z;| € {0,c} for all j € [n]. This setting has applications in
signal processing, e.g., many communication signals have this property. We derive
an explicit recovery condition for sparse vectors with constant modulus constraints,
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which, to the best of our knowledge, is not yet known in the literature. Besides,
we present an algorithmic approach to solve the resulting recovery problems. This
algorithm exploits the special structure given by the constant modulus constraint.
Parts of Section 3.3 are based on joint work with Tobias Fischer, Ganapati Hegde,
Marius Pesavento, Marc E. Pfetsch and Andreas M. Tillmann [97] within the project
“EXPRESS” (SPP 1798).

Throughout this chapter, we mostly only state results for exact uniform recov-
ery. An easy modification according to Corollary 2.28 and Theorem 2.20 as well
as Lemma 2.34 leads to corresponding results for stable, robust or individual re-
covery, respectively. For sparse integral vectors and vectors with constant modulus
constraints we shortly mention the resulting conditions, but do not go into detail.

3.1 Block-Structured Vectors and Matrices

The general framework that we introduced and analyzed in Chapter 2 makes use of
a representation map B, which can be used to formulate that an element x is not
sparse by itself, but rather in another representation Bxz. However, in all explicit
examples considered in the previous chapter, the representation map was trivially
given by the identity map, see Example 2.3. This is due to the fact that we assumed
that a (nonnegative) vector is sparse in its natural representation, which means that
it consists of only a few nonzero entries, and that a (positive semidefinite) matrix
by itself has only a few nonzero singular values, i.e., is low-rank. In order to obtain
settings which fit into the general framework and do not use the identity map as
representation map, we now consider a block-structure on vectors and matrices. To
do so, we sort the entries of a vector x € R™ or a matrix X € R™*" into blocks,
and consider the blocks as “one element”. A block is considered to be zero, if all
entries within are zero, and nonzero otherwise. Sparsity in this setting translates
to block-sparsity, which means that only a few blocks contain nonzero elements.
This setting of so-called block-sparse vectors has frequently been considered in e.g.,
Eldar et al. [90], Elhamifar and Vidal [91], Lin and Li [159], Stojnic et al. [230],
and in, e.g., Stojnic [229] with an additional nonnegativity constraint. One impor-
tant application of block-sparsity is the multiple measurement problem, see Chen
and Huo [50], Cotter et al. [56], Lai and Liu [151], and van den Berg and Fried-
lander [242]. There, instead of a single measurement, multiple measurements of a
signal are taken, and the measurements are assumed to exhibit a common sparsity
structure. More generally, it can also be assumed that a vector lies in a union of
(low-dimensional) subspaces. This also leads to a block-sparsity structure which can
be exploited in recovery, see Blumensath and Davies [28] or Eldar and Mishali [89].
Further applications of block-structured signals include DNA multiarrays as treated

52



3.1. Block-Structured Vectors and Matrices

in Parvaresh et al. [197], multi-band signals considered by Mishali and Eldar [179],
recognition of faces in Wright et al. [253] and clustering of data in multiple subspaces,
see Elhamifar and Vidal [92].

In order to recover block-sparse vectors, one possibility is to use the mixed £, 4-
norm ||-||p,q with p, ¢ > 0, which takes the blocks into account and is defined as

b = (inxmng)é.

Here, the entries of the vector © € R™ are sorted in k blocks z[1],...,z[k]. In the
following, inner norm refers to the £,-norm applied to each block, and outer norm
denotes the £;-norm applied to the vector of inner norms. As an adaption of the
ordinary ¢1-norm, an outer £;-norm and an inner {s-norm can be used, which leads
to the problem

|

min {||z||21 : Az = b,z € R" block-structured}.

Note that neither the blocksizes need to be equal, nor the blocks need to be con-
secutive. Furthermore, the blocks do not need to be mutual exclusive with respect
to their elements. Instead of the inner /3-norm, any other norm can be used, since
we only need to decide whether or not a block contains nonzero elements. As we
will see later on, the NSP for uniform recovery of block-sparse vectors depends on
the choice of the inner norm. Moreover, if all entries of = are nonnegative, using an
inner £1-norm is essential to obtain an NSP for this case.

Since vectors can be seen as diagonal matrices, the block-structure can be ex-
tended to matrices as well. This leads to so-called block-diagonal matrices which
consist of blocks along their diagonals, that is

XpB,
X: )
XB

k

where Xp, are (square) matrices. Again, we call the matrix X (block-) sparse, if
only a few blocks Xp, contain nonzero elements. Thus, we can use the mixed £, ;-
norm, which applies an outer /;-norm to the vector of inner nuclear norms of the
blocks, that is

k
X e = Y1 X B, (3.1)
i=1
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Analogously to block-sparse nonnegative vectors, a positive semidefiniteness con-
straint on the matrices can be added. Systems with a block-diagonal form (as
formally defined in Definition 3.2) appear, e.g., in the recovery of unknown quan-
tum states, which is also called quantum state tomography, see Eisert et al. [83] and
the references therein. Frequently, quantum states are represented using low-rank
Hermitian matrices. If the measurements of a quantum state are taken with an only
partly-calibrated device, that is, not all calibration parameters are fully known, this
introduces a sparsity structure on the calibration parameters, which can be modeled
using sparse block-diagonal matrices. Apart from this application in CS, positive
semidefinite block-diagonal systems appear in various other areas, which are not
directly related to CS. Consider a standard semidefinite problem (SDP)

min {(Ag, X)r : (4p, X)r =0bp, p{1,...,m}, X = 0}, (3.2)

with Ag,...,Am € 8", b € R™ and (U, V) defined in (1.1). Even if SDPs are
(most of the time) theoretically solvable in polynomial time, scalability for SDPs
is still a problem which often prevents SDP-based formulations to be used in prac-
tice, see also the recent survey by Majumdar et al. [170]. One approach to improve
solving times for large SDPs, is to exploit sparsity in the matrices A,. This can
be done by introducing a block-diagonal form on X, corresponding to the positions
of the nonzero entries in A,. By reformulating the matrices in (3.2), we can ob-
tain a block-diagonal form. The optimal solution stays unchanged, since no term
related to sparsity is added to the objective function. For more information on
sparsity in SDPs, see, e.g., Fukuda et al. [109], Nakata et al. [183], Vandenberghe
and Andersen [244], as well as [170, Section 2].

Besides their usage for exploiting sparsity in SDPs, block-diagonal systems also
appear in the analysis of structured infeasibility in SDPs. The structure of infeasible
linear systems is well understood, see, e.g., Chinneck [52]. For the generalization
to SDPs, an irreducible infeasible subsystem (IIS) of a semidefinite system can be
defined, i.e., an infeasible subsystem such that every proper subsystem is feasible,
analogously to the linear case. This leads to block-diagonal systems, and an IIS
is then given by an inclusion-minimal set of infeasible block-diagonal subsystems.
A full characterization of 1ISs is available only in the linear case, see Gleeson and
Ryan [119]. For semidefinite systems, a full characterization is not available, and it
turns out that subsystems with minimal block-support, i.e., block-sparse subsystems
need to be computed in order to find an IIS, see Kellner et al. [142] for more details.

In this section, we introduce the concept of (positive semidefinite) systems in
block-diagonal form and derive the corresponding NSPs and recovery statements
from the general framework in Chapter 2. We also demonstrate that the well-known
recovery results for block-sparse vectors can be directly obtained as a special case.
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3.1.1 Block-Sparse (Positive Semidefinite) Matrices

In order to formally introduce the concept of block-sparsity for matrices, let X = S,
and consider the linear sensing operator A: 8™ — R™ given by

AX) = (AL, X)p, oo (A, X)) T

where Ap,..., A, € 8™, b € R™, and X € §". This results in the matrix equa-
tion A(X) =b.

Remark 3.1. In this section, we deviate from the notation used in the previous
chapter and denote the image of a linear map F as F(X) in order to avoid confusion
between matrix products and images of linear maps.

We can now define the following block-diagonal form for linear measurement op-
erators and the appearing matrices.

Definition 3.2. Let k > 1 and By,..., By # & be a partition of the set [n], that
is, U;_, Bi = [n] with pairwise disjoint blocks B;. A linear operator A(X) is said
to be in block-diagonal form with blocks B, ..., By if and only if (A;)s = 0 holds
for all (s,t) ¢ (By X By)U---U(Bg x By) and all i € [m).

For a matrix X € 8™ and an index set I C [n], the submatrix containing rows and
columns of X indexed by I is denoted by X;. Moreover, S! (and S_{) denotes the
space of symmetric (positive semidefinite) |I| x |I| matrices with rows and columns
indexed by the elements of I.

In order to formulate the setting of block-diagonal matrices in the general frame-
work from Chapter 2, let £ = SB1 x --. x SBx. We write X € £ as

Xp,
X = with Xp, € SPi for all i € [k].
XB

k

Therefore, the representation map B: X — &£ takes X € X = S™ and gener-
ates (Xp,,...,Xp,)" defined as Xp, == {(X,s)r, sep, } for i € [k]. Note that entries
outside of the blocks are ignored. The projections, which induce sparsity, are defined
as P ={P; : I C [k]}, where P;: £ — & is the orthogonal projection onto the sub-
space & = {X € £ : Xp, =0Vi ¢ I}. For P; € P define its nonnegative weight
as v(P) = |I| and P := Py ;. Lastly, let the norm |[|-[| be the mixed /£, ;-norm, as
defined in (3.1), where ||-||. is the nuclear norm on SPi. An element X € X is called
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s-block-sparse, if and only if there exists an index set
I C [k] with |I| < s and P;(B(X)) = B(X),

which implies that Xp, = 0 for all i ¢ I. This yields a block-sparsity setting for
matrices. Additionally, an important side constraint on the matrix X, which shall
be recovered is given by X = 0. This can be incorporated into the general framework
from Chapter 2 by letting C = 8%, which implies D = SP' x --- x SZ*, and the
general recovery problem (2.3) simplifies to the convex optimization problem

min {||X||..1 : A(X)=b, X = 0}. (3.3)

Using the {p-norm ||zl of a vector € R™, the number of nonzero blocks in a
block-diagonal matrix X € 8™ can be written as

1X 0 = I1UIX B s+ 1 X B 1) Tllo-
Thus, the following problem finds solutions of A(X) = b with minimal block support:
min {|| X |l.0 : A(X) =0, X = 0}. (3.4)

As in the case of sparse vectors, Problem (3.3) is a convex approximation of (3.4).
This directly leads to the question when it is possible to recover a block-sparse
positive semidefinite matrix X () with | X, o < s, from b = A(X () using the
convex relaxation (3.3). For the answer, we formulate a null space property in the
next definition. Theorem 3.4 shows that this NSP characterizes uniform recovery
using (3.3) by deriving the proposed NSP from the general framework in Chapter 2.

Definition 3.3. A linear operator A(X) in block-diagonal form satisfies the semidef-
inite block-matrix null space property of order s if and only if

Vg, 20VieS = > 1TAVs) <> Vsl (NSPZ ;1 +0)
ies i€S

holds for all V € (null(A) NS™) \ {0} and all S C [k], |S| < s, where A(Vp,) is the
vector of eigenvalues of Vp,.

Theorem 3.4. Let A(X) be a linear operator in block-diagonal form and s > 0.

The following statements are equivalent:

(i) Every X© € 8% with || X, < s is the unique optimal solution of (3.3)
with b= A(X(©).

(1i) A(X) satisfies the semidefinite block-matriz null space property of order s.
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3.1. Block-Structured Vectors and Matrices

Proof. In the situation described above, using C = 8%, D = Sfl X oo X Sf’“ and the
mixed ¢, ;-norm Assumptions (A1) to (A3) are clearly satisfied. In order to prove
that Assumption (A4) holds, let P := Pg € Py and Z, X € S} with V = X — Z.
Moreover, let V(l), Ve e St with V = V1) — V(2 be a minimal decomposition.
By definition of P and ||-||«,1, we have || B(X)|l«,1 = [|[P(B(X))|l«1 + [[P(B(X))]]x.1-

Furthermore,
D N(PBVD)) =3 M(PBVE)) = M(P(B(V)).

Thus, [|P(B(VO)lxa = [PBV))|la = [P(BX)) 1 = [P(B(Z))]«1, and

IB(Z)[|ex + I PBVO)wa = [PBEVE))[la = [PBV))ll + 2 P(BX)) |
= [P(B(Z))lla + [PBX))lls1 = IPBV))lls1 + 2/ P(B(X)) |1
2 [P(B(Z))|lxa + IP(B(X)) 1 = IP(BX))l«1 = [P(B(Z))ll+1
+2|[P(B(X)) [+

= [1BX) .1,

which shows that Assumption (A4) is satisfied.

It remains to show that (NSP) is equivalent to (NSP;; .(). As in the case
of low-rank positive semidefinite matrices in Example (2.12.41), the unique mini-
mal decomposition V' = VO — V@ with v, V@ e St is given by v =yt
and V2 = V= The matrices V*+ and V= are defined as in Example (2.12.4). Now,
let S C [k], |S] < s and P = Pg be fixed. Since

Z/\ = [X:(PBV )l = 1N (PBIV ),

Condition (NSPZ, ,) clearly implies (NSP).
For the reverse implication, let again S C [k], |S| < s and P = Ps be fixed and
let V € null(4) N S™ with B(V) # 0 and P(B(V)) < 0. Then (NSP®) implies

0> [[P(BV ) |ex = IP(BV ) lwa = IP(B(V)) |+
—ZA ZA (V7)) =D _IN(PBV
i=1
= Z]NA (Va,)

€S icS

which establishes (NSP7 ; () and finishes the proof by Theorem 2.10. O
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Chapter 3. Recovery Conditions for Special Cases

Block-structured Matrices Without Positive Semidefiniteness The situation
where the additional side constraint X > 0 is not present, can be modeled
with C = X = 8" and D = £ = SP' x ... x 8B, while A, B, P, P and the
norm ||-|| are defined as above. Consequently, the recovery problems (3.4) and (3.3)
become

min {[| X0 : A(X)=b, X €S"}, and
min {[|X]|+1 : AX) =0, X € 8"},

respectively. Although this setting was first introduced explicitly in [128], it implic-
itly appeared in the literature before. Namely, it can be obtained by combining the
block/group case and the matrix case in Juditsky et al. [137]. As before, the next
definition presents an NSP which characterizes uniform recovery of block-diagonal
matrices which are not necessarily positive semidefinite.

Definition 3.5. A linear operator A(X) in block-diagonal form satisfies the block-
matrix null space property of order s if and only if

Vel <Y Ve,

€S ic€S

: (NSP? )

holds for all V € (null(4) N S™)\{0} and all S C [k], |S| < s.

Theorem 3.6. Let A(X) be a linear operator in block-diagonal form and s > 0.

The following statements are equivalent:

(i) Bvery X(© € 8™ with | X ()|, o < s is the unique optimal solution of (3.6) with
b= A(XO).

(i) A(X) satisfies the block-matriz null space property of order s.

The proof of Theorem 3.6 is completely analogous to the proof of Theorem 3.4.
It can be shown that also without the additional side constraint X > 0, Assump-
tion (A4) is satisfied and that (NSP®) and (NSP; ;) are equivalent. Note that
for V € 8™, the unique minimal decomposition V = VOV with VD, V@ ¢ gn
is given by V() = V as well as V2 = 0, see also Example (2.12.3). Theorem 2.10
then yields the desired result. Alternatively, as already stated, this result can be
obtained by combining the block and the matrix case in Juditsky et al. [137].

Remark 3.7. The setting described in this section used X = S™ and a non-
overlapping block-structure, since the blocks Bj,..., B, were defined to form a
partition of [n], which allowed for an easier presentation. As a slight general-
ization, consider X = C = R™*™ and possibly overlapping blocks B; # &

58



3.1. Block-Structured Vectors and Matrices

with By U .-+ U Bg = [n1] X [ng]. Additionally, the inner nuclear norms can be
replaced by arbitrary norms on RP#*B:, This also fits in our general setting de-
scribed in Chapter 2, such that (NSP} ;) characterizes uniform recovery using

k
min {ZHXB»” : A(X) =b, X € Rnlxn2}.
i=1

3.1.2 Block-Sparse (Nonnegative) Vectors

Block-sparse vectors x can be seen as a special case of block-diagonal matrices.
Indeed, they can be interpreted as a block-diagonal matrix X which consists of
blocks that are diagonal matrices as well. Then, the entries of z coincide with the
eigenvalues of X, and positive semidefiniteness of X is equivalent to nonnegativity
of z. The mixed ¢, ;-norm becomes the mixed ¢; ;-norm, so that Theorem 3.4
yields a characterization for the uniform recovery of block-sparse nonnegative vectors
using £y ;-minimization. Moreover, (NSP] ;) simplifies to the well-known NSP for
block-sparse vectors. In this section, we shortly derive this well-known result as a
special case of block-diagonal matrices. Moreover, we present an NSP for block-
sparse nonnegative vectors, which has not appeared in the literature before. This
NSP can be obtained from (NSP ; ).

Block-structured vectors can be modeled in the general setup of Chapter 2 in a
similar way as block-structured matrices by setting X = R™. The block-structure
is given by a partition By,..., By of [n] with nonempty sets B;. For a (finite)
set I, let R! denote the space of elements with entries indexed by the elements
of I. Then let £ = RP1 x --- x RP* and write y € € as y = (y[1],...,y[k]) T,
where y[i] € RP: for alli € [k]. Nonnegativity of z can be modeled by C = R}, which
yields D = Rfl X oo X Rf’“. The representation map B: X — & maps = € C to its
block-structured representation y[i| = (x;)jep,. The sparsity-inducing projections
are given by P = {P; : I C [k]}, where P;: £ — & is the orthogonal projection
onto the subspace & == {y € £ : y[i] = 0Vi ¢ I}. For a projection P; € P we
define its nonnegative weight as v(P) = |I| and define P := P\ ;. The norm |-|| is
defined as the the mixed ¢; ;-norm ||z||1,1 = Zf:1||y[z]||1, where y = Bx € £ is the
block-structured representation of x € X'. Then, a vector x € X is s-block-sparse, if
there exists an index set I C [k] with |I| < s and P;Bx = Bz, which for y = Bz
implies that y[i] = 0 for ¢ ¢ I. With these definitions, we arrive at the setting of
recovery of block-sparse nonnegative vectors. The general recovery problem (2.3)
becomes the recovery problem

min {||z|1 : Az =0b, z € R} }, (3.7)
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Chapter 3. Recovery Conditions for Special Cases

which is a convex approximation of the exact recovery problem
min {||z|10 : Az =0b, z € R} }.

The NSP for nonnegative block-linear systems can now be obtained as a direct
corollary of Theorem 3.4 by a restriction to diagonal matrices. Note that if any
inner ¢,-norm other than the ¢;-norm is used, Assumption (A4) is no longer satisfied.
Thus, we explicitly need to use the mixed ¢; j-norm in order to formulate an NSP.

Corollary 3.8. Consider a block-linear system Ax = [A[l]--- A[k]]x = b, where

be R™ and A € R™*"™ consists of k blocks Afi] € R™*™i. The following statements

are equivalent:

(i) Every 20 € R™ with |2 |l10 < s is the unique optimal solution of (3.7)
with b = Az(©).

(i) A satisfies the nonnegative block-linear null space property of order s, i.e.,

v[S]<0 = D 1Twfi]l <> [olillh (NSP; 1 >0)
€S i€S

holds for all v € null(A)\{0} and all S C [k], |S| < s, where v[S] = (v[i]);c5-

Block-sparse vectors Without the nonnegativity constraint, let C = X = R"
and D = &, while B, P, P are defined as before. This time, the norm ||| is
defined as the mixed ¢, 1-norm ||y|41 = ZleHy[i]Hq, with ¢ > 1 on RPi. In the
absence of the additional constraint x > 0 it is not necessary to use an inner ¢;-norm
for recovery, since in this case, Assumption (A4) is satisfied for any inner £,-norm
with ¢ > 1. The exact recovery problem using a nonconvex {y-term is

min {||z]l40 : Az =0, z € R"},
and using the /1-norm as convex relaxation leads to the problem
min {||z]|q1 : Az =0, z € R"}. (3.8)

Similar to the previous section, define the block-linear null space property of order s
as

[0[STllg1 < 1v[STllq.1 (NSPg,1)

for all v € null(A)\{0} and all S C [k] with |S| < s, where again v[S] = (v[i])ics.
This null space property characterizes the recovery for block-sparse vectors, which
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3.1. Block-Structured Vectors and Matrices

can be obtained as an immediate corollary of Theorem 3.6 by restricting to diagonal
matrices. If the inner ¢,-norms are given by the fy-norm, this characterization is
due to Stojnic et al. [230], who state as a remark that
“it is reasonable to believe that the null-space characterization [...] can
easily be generalized to the £, optimization”?.
Corollary 3.9. Let A = [A[l]--- Alk]] € R™*™ be in block-linear form with k
blocks, * = (z[1],...,z[k])T € R™ and s > 0. Then, the following statements
are equivalent:
(i) Every ) € R™ with |29 ,0 < s is the unique optimal solution of (3.8)
with b = Az(®).
(i1) A satisfies the block-linear null space property of order s, i.e., (NSP, 1) holds
for all v € null(A)\{0} and all S C [n] with |S| < s.

As already stated, Corollary 3.9 directly follows as a special case from Theo-
rem 3.6.

Remark 3.10. Similar to Remark 3.7, it is also possible to consider X =C = R"”
and possibly overlapping blocks B; # @ with By U---U By = [n] instead of a parti-
tion By, ..., By of [n]. Additionally, the inner /,-norms could be replaced by arbi-
trary norms ||-|| on RZ:. This also fits in our general setting described in Chapter 2,
such that (NSP, 1) characterizes uniform recovery using min {Ele llz[d]]| : Az = b}.

3.1.3 Discussion of Block-Sparsity

In this section, we analyze and compare the null space properties derived for
the recovery of block-structured (nonnegative) vectors and block-diagonal (posi-
tive semidefinite) matrices. In order to connect them to the corresponding NSPs in
the respective non-block-structured settings, which served as running examples in
Chapter 2, Table 3.1 subsumes all these NSPs. The third column gives the reference,
if the NSP is already known in the literature, and states the corresponding theorem
(resp. corollary) within this thesis. In the following, we will point out important
connections between the NSPs for the eight settings considered in Table 3.1.

First of all, recall from Section 3.1.2 that the block-linear and the nonnegative
block-linear cases are special cases of the block-diagonal and the semidefinite block-
diagonal cases. Contrary to that, the matrix and the semidefinite matrix case are
not special cases of the (semidefinite) block-diagonal cases, since the blocks are not
assumed to have low rank. Nevertheless, all settings fall into the general framework
in Theorem 2.10.

2Stojnic et al. [230, p. 3077]
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Table 3.1. Null space properties for different settings and their references.

Setting NSP Reference

Linear case: lusll < |lvslh [55, 71],
min {||z|l; : Az =0b, x € R"} Vo € null(A)\{0}, SC [n], |S| <s. Ex. (2.12.1)

Nonnegative linear case: <0 = Z vi < |lvglla [143, 256],
min {||z|, : Az =0b, x € R}} Vv € null(4 )\{0} S C [, |S|<s. Ex. (2.12.2)

Block-linear case: 1[STllgr < 1v[STllq. [230],
min {||z|lg1 : Az =0b, z € R"} Vo € null(A)\{0}, S C [k], |S] < s. Cor. 3.9

Nonnegative block-linear case: v[S] <0 = Z 17 ofi] < [[0[S]]|1.1 Cor. 3.8
. n or. 3.
min{l|zi1: Ar=b 2 €RE}  yy e (AN {0}, S C K], IS] < 5.
Matrix case: AsWM)]l1 < [[Ag(M)l1 [192, 209],

min {|| X« : A(X)=0b, X €S"} VV enull(4)\{0}, SC[n], |S|<s. Ex. (2.12.3)

Semidefinite matrix case: As(V) <0 = Z Ai(V) < lAs(V)lh [146, 192],
min {|| X« : A(X)=0b, X € S}} YV € null(A )\{O} S Cn, |S| < s. Ex. (2.12.4)

Block-diagonal case: Z”VB [« < Z VB |« Thin. 3.6
1 P AX) = X €5} yy e mall(AN0}, S C K], 5] < 5.
Ve, X 0Vie S
Semidefinite block-diagonal case: = Z ]1T)\(V3i) < ZHVBi I|«
min {||X|[.,1 : A(X) =b, X € ST} Py ~ Thm. 3.4

VV € null(A)\{0}, S Qiﬁc}s, |S] <s

For the null space properties in Table 3.1, we now compare the conditions that
need to hold in the cases with and without the additional nonnegativity or positive
semidefiniteness constraints, when the inner norms used in the respective recovery
problems are identical. First note that since R} C R"™ and S} C &, the conditions
needed for characterizing uniform recovery in the presence of nonnegativity or pos-
itive semidefiniteness are not stronger than those needed without this prior knowl-
edge. The following example demonstrates that exploiting positive semidefiniteness
indeed yields a weaker condition for uniform recovery when using the nuclear norm
as inner norm in both cases.
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3.1. Block-Structured Vectors and Matrices

Example 3.11. Let A;,..., A4 be the block-diagonal matrices

0 1 0 0

—1 —1 —1 0
Ay = _10 , Ag = 1 0 , Az = 10 , Ay = o1 |-

02 0-1 00 10
with blocks By = {1}, By = {2} and Bs = {3,4}, and let b = (—1,0,0,0) .
Consider
min {|| X||+0 : A(X) =b, X = 0},
where A(X) = ((A1, X)p, (A, X), (A3, X)p, (A4, X)p) T, see (3.4). The null
space null(A) = {V : (A;,V)r = 0for i € [4]} consists of the matrices of the
form

3a

V= , with o € R.
a 0
0 «

Since only nonzero matrices in the null space of A are of interest for the NSP, «

cannot attain the value 0. The eigenvalues of V are given by A = (3a,a, o, ).

For the semidefinite block-matrix null space property (NSPJ ;) of order s = 1
to hold for A, the following implications need to be satisfied for the support sets

Se{o {1}, {2}, {3}}:

S=@: (Ba,a,0,0)! <0 = 0 <6|al,
S={1}: (a,0,0)7 <0 = 3a<3al,
S={2}: (Ba,a,0)" <0 = a <5l
S={3}: Ba,a)l <0 = 2a<4a|
These are all satisfied, since for every V' € null(A)\{0}, a # 0 holds. However, the

block-matrix null space property (NSP} ;) of order s is violated, since for S = {1}
and o # 0, we have

Y Vel = 3lal > 3lal = _|IVa,

i€S i€S

Ko

As already indicated in Remark 2.13 this example shows the important aspect that
explicitly exploiting nonnegativity or positive semidefiniteness can yield stronger
results for uniform recovery. In order to further strengthen this point, we explicitly
construct an infinite family of examples that satisfy the nonnegative block-linear
null space property (NSPj 1 >0) in the next subsection. Besides highlighting the
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favorable effect of additional side constraints, this construction also shows that the
proposed null space properties are meaningful in the sense that they are satisfied by
certain general (families of) matrices.

An infinite family satisfying the nonnegative block-linear NSP

The NSPs for the nonnegative block-linear case and for the semidefinite block-
diagonal case hold in many situations. The next theorem presents a specific infinite
family of instances for block sizes (nq,...,n;) = (2,1,...,1), so that the nonnega-
tive block-linear NSP holds, whereas both the (unrestricted) block-linear NSP and
the nonnegative linear NSP are violated. In order to construct such a family, we
employ the following characterization of the nonnegative linear NSP due to Donoho
and Tanner [73].

Proposition 3.12 (Donoho and Tanner [73]). Let A € R™*" be a matriz with
nonzero columns a™, ... a™ and m < n, and let s > 1. Then A satisfies the
nonnegative null space property (NSP>q) of order s if and only if the polytope P :=
conv{a(l), oo am, 0} has n+1 vertices and is outwardly s-neighborly, that is, every
subset of s vertices not including the origin span a face of P.

Remark 3.13. With the same preconditions, A satisfies the unrestricted linear NSP
of order s if and only if the polytope P’ := conv{#a),... £a(™} has 2n vertices
and is s-centrally neighborly, i.e., any s vertices not including an antipodal pair span
a face of P, see Donoho [67, Theorem 1] and also Foucart and Rauhut [104, Exer-
cise 4.16]. By results of McMullen and Shephard [177], P’ can never be s-centrally
neighborly for s > |(m + 1)/3] (see also Donoho and Tanner [74, Section 5.3]).

Theorem 3.14. Let k > m > 3 and let By, ..., By be blocks of sizes (ny,...,nx) =
(2,1,...,1). Define n := E?Zl n; = k + 1. Then there exists a matriz A € R™*"
with A = [A[l]--- A[k]] so that the nonnegative block-linear null space property
(NSP1,1,>0) is satisfied up to the order s* = |m/2 — 1]. Moreover, for m > 12
neither the unrestricted block-linear null space property (NSPy 1) of order s* is sat-
isfied nor the nonnegative null space property (NSP>q) of order s* is satisfied.

Proof. Let k > m > 3. Let w®, ... w®=1 ¢ R™2\ {0} be k — 1 distinct
points on the moment curve {(t,#2,...,t™ )T . t € R} in R™2 and define
the matrix A’ = [w® ... wkD] ¢ R"=2DxE=D " Tt is well-known that the
polytope P = conv{w®,... w1} is a cyclic polytope, which is |(m — 2)/2]-
neighborly, see, e.g., Ziegler [257, Corollary 0.8]. Hence, the nonnegative linear NSP
of order |(m —2)/2| = [m/2 — 1] holds for the matrix A’.
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Let p be an interior point of P and set w’ = (p,1,0)7, w” = (p,0,1)7, as well
as W) = (w®,0,0)7 for i € [k —1]. Let A = [0/, w”,w®,... wk-D] ¢ Rm*"
and consider the block sizes (2,1,...,1). We claim that A satisfies (NSP71,>0)
of order s*. Namely, assume that there exists v = (vy,...,v,)" € null(4) \ {0}
and S C [k] with [S] < s* and vg < 0 such that >, 1To[i] > [vglli1.
Since v € null(4) and since the penultimate and the last row of A only have a
single nonzero entry, we have v; = vy = 0. Hence, 0 := (v, vs, ... 71)n)—r is a nonzero
vector in the null space of A = [w/, ™), ... w*~Y] and violates the nonnegative
linear NSP of order s* for A®. However, since the polytope P and thus also the
polytope conv{w’, o™, ... w* =D} are [m/2—1]-neighborly (due to the pyramidal
construction with respect to the apex w’), this is a contradiction.

If m > 12, the nonnegative null space property (NSP>q) of order s* does not
hold for A, because the polytope P’ = conv{w’,w”, @M ... &*=D} is not s*
neighborly. To see this, observe that any choice of vertices which includes w’
and w” cannot span a face, hence P’ is not 2-neighborly, and this implies that P’ is
not |m/2 — 1]-neighborly because of m > 6.

It remains to show that (NSP, 1) of order s* is not satisfied for m > 12. As-
sume that it is satisfied. Then for any vector v = (vq,...,v,)" € null(4) \ {0}
and S C [k] with |S] < s*, we have [[v[S][lq1 < |v[S]llg1- Restricting
to v; = 0, the induced NSP-formula of order s* must also hold for any corre-
sponding (vg,...,v,)T € null(A), where A results from A by deleting the first

column, ie., A = [w”,w(l)...,w(k_l)]. But this is a contradiction to the re-
sults of McMullen and Shephard from Remark 3.13, because we have m > 12 and
thus s* = [m/2—1| > [(m+1)/3]. O

Remark 3.15. The construction in the proof can be generalized, for example to
block sizes (n1,...,nk) = (2,...,2,1,...,1) for fixed r and sufficiently large k.
—— ———

T n—r

This result has two interesting implications. First, it shows that there are de-
terministic matrices which satisfy the NSP for block-sparse nonnegative vectors.
Furthermore, its proof provides an explicit construction of such matrices. Second,
the result also demonstrates that exploiting the nonnegativity as side constraint
leads to successful recovery, whereas without the side constraint, successful recov-
ery is not guaranteed. Hence, if nonnegativity is exploited, a strictly weaker NSP
suffices for uniform recovery, which improves the chances of recovery.

The next section concentrates on another interesting side constraint which can be
exploited in the recovery process, namely integrality.
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3.2 Integrality Constraints on Sparse Vectors

The integrality of the vector z(°) which shall be recovered, is another interesting side
constraint which frequently appears in applications of compressed sensing. A promi-
nent example is discrete tomography, which is treated by Kuske et al. [150]. More-
over, integral vectors and especially binary vectors frequently appear in signal pro-
cessing applications of compressed sensing, such as digital or wireless communication
systems. Examples include wideband spectrum sensing in Axell et al. [11], and mas-
sive multiple-input/multiple-output (MIMO) with constellation signals, see Hegde
et al. [125, 126]. The latter application deals with signals whose components are
chosen from a small finite alphabet. These constellation signals appear as a result
of various modulation schemes, such as M-phase shift keying (M-PSK), where an
alphabet of size M is used. Binary variables can be used to assign the symbols from
the finite alphabet to the components of the resulting constellation signal.

An integrality condition, possibly together with additional box-constraints, can
be modeled by the side constraint

x € [lulg ={xeZ" : { <x<u}, (3.9

where < is applied componentwise and £ € (RU{—o00})" as well as u € (RU{o0})".
We assume that ¢ < 0 < u. If the integrality constraint is directly included in the
recovery program by using C = [{,u]z, then the resulting problem

min {||z|, : Az = Az©), z € [, u]z} (3.10)

is nonconvex. Thus, in the literature the constraint « € [¢, u]z is commonly replaced
by

x€lu={xeR" : <z <u} (3.11)

Recovery conditions for the important binary case with ¢; = 0 and uw; = 1 for
all i € [n] have first been derived by Stojnic [227], who presents a sufficient condition
for individual recovery, that is, recovery of a fixed sparse binary vector 2(*) € {0, 1}"
using min {||z||; : Az = Az(®, 2 € [0,1]}. This condition is also analyzed proba-
bilistically for (Gaussian) random matrices A € R™*™ to obtain thresholds for the
values of measurements m and the sparsity level s for which, in dependence of n,
individual recovery is possible with high probability.

For a given system of linear equations Az = b, Mangasarian and Recht [172]
present conditions for a vector (?) € {—1,1}" with Az(®) = b to be the unique
optimal solution of min {||z|/o : Az = b}. In this context, z(?) is not sparse in the
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classical sense, but lies on a vertex of the hypercube [—1,1]™, which is the unit ball
of the £y -norm ||-||oc- The corresponding recovery problem replaces the ¢;-norm
by |||l in the objective function.

Keiper et al. [141] analyze the recovery of integral (box-constrained) vectors using
a relaxed integrality constraint. The authors propose an NSP for individual recovery
of a fixed £(°) and analyze the transition between success and failure of individual
recovery for (Gaussian) random matrices A. These results show that exploiting
the box-constraints in the recovery problem has a positive effect on the success of
recovery. Results concerning individual recovery of sparse binary vectors using the
convex relaxation x € [0,1]" for further random measurement matrices appear in
Flinth and Keiper [98] and Keiper [140].

The mentioned references only treat individual recovery of a fixed vector, but
not uniform recovery, and they also relax the integrality constraint for the recov-
ery problem. Keiper et al. [141] show that if the integrality constraint in (3.9)
is relaxed to (3.11), the prior knowledge of x being integral does not help for re-
covery: uniform recovery of all sparse bounded integral z is equivalent to uniform
recovery of all sparse bounded x. This already shows that in order to exploit in-
tegrality, one has to take this into account in the recovery program. This is done
in Lange et al. [154], where null space properties for uniform recovery of sparse
integral (box-constrained) vectors using the ¢;-minimization problem (3.10) are de-
rived. Moreover, characterizations for uniform as well as individual recovery using
the fp-minimization problem min {||z[jo : Az = Az, x € [¢,u]z} are considered.

There also exist different solution approaches for recovery of sparse binary vectors.
Fosson [100] analyzes recovery conditions for a nonconvex functional, and Fosson
and Abuabiah [101] propose a polynomial optimization problem for the recovery as
a variant of /1-minimization. Another modification of ¢;-minimization is considered
in Aissa-El-Bey et al. [12].

In the following, we will derive the setting of recovery of sparse integral (box-
constrained) vectors from the general framework presented in Chapter 2 and show
that we obtain the recovery conditions presented in Lange et al. [154]. It turns out
that one of the results in [154] needs to be slightly modified in order to obtain a
valid characterization of uniform recovery.

The derivation of sparse integral vectors is analogous to the case of sparse vectors
in Example (2.3.1). Therefore, let X = & = R™ and C = [{,u]z with £ < 0 < w.
Let B be the identity map, so that D = C. Furthermore, let P be the set of
orthogonal projectors onto all coordinate subspaces £ = {y € R" : y; =0Vi ¢ S}
of R™, where S C [n]. For P € P, define its nonnegative weight as v(P) = rank(P),
and define P := I,, — P, where I,, denotes the identity mapping on R™. Thus, if P
projects onto &, then v(P) = |I|. Finally, let the norm ||-|| be the usual ¢;-norm.
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The general recovery problem (2.3) becomes

min {||z]; : Az =b, x € [¢,u]z}, (3.12)
which is a relaxation of

min{||z|lo : Az =0b, x € [(,u]z}. (3.13)

In contrast to the classical case, where the £;-minimization problem is the convex
relaxation of the nonconvex £yp-minimization problem, (3.12) is nonconvex but can
be formulated as a MIP. Furthermore, note that both (3.12) and (3.13) are N'P-hard
problems [154].

Since sparse integral (box-constrained) vectors are a special case of sparse vectors,
Assumptions (Al) to (A3) are satisfied in the integral case as well, except for the
condition ¢; + ¢o € C for all ¢1, ¢3 € C in Assumption (Al). This condition may be
violated due to the presence of box-constraints £ < x < u. However, the following
remark states that a simpler condition suffices for the statements in Chapter 2.

Remark 3.16. In the proofs of the recovery results in Chapter 2, i.e., Theorems 2.10
and 2.20 and Corollary 2.28, the assumption ¢; + co € C for all ¢q, co € C is used.
However, a closer inspection of these proofs reveals that a less restrictive assumption
suffices. Indeed, in the proofs we only need the condition

PBecy, PBe; €D =5 PBei+ PBey €D (3.14)

for all ¢, co € C+ (—C) and all P € P.

Clearly, Condition (3.14) is satisfied for box-constrained integral vectors, so that
the general framework from Chapter 2 is applicable. Next we prove that Assump-
tion (A4) holds. To do so, note that for v € [¢ — u,u — €]z, the decomposi-
tion v = o) — 9@ with (), 9@ € [(,u]z with [|[$(®|]; minimal is unique and

given by
vy, if 4y <y <y, 0, if ; <wv; <y,
oM =Ly, i > g, and 007 = Ly — v, if vy > g, (3.15)
fi, if v < Zi, éi — Uy, if v; < 61‘,

for all i € [n].

Lemma 3.17. Let £ € (RU{—00})" and u € (RU{oco})" with¢ <0 <wu. Let P € P
be the orthogonal projection onto Es with S C [n]. Let x, z € [, u]z with v = x — z.
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3.2. Integrality Constraints on Sparse Vectors

Furthermore, let 91, 92 € [0, u]z be the minimal decomposition in (3.15). Then,
izl < lzlls + llog” 1 = 19871 — loglh + 2lls]h-

Proof. For z, z € [l,u]z and v = x — 2, let o), 93 € [¢,u]z be the minimal
decomposition in (3.15). This implies

1 ~(2

Izl =zl + 119511 = 1811 — lloglh + 2llzslh
~(1 ~(2
=|lzslls + Izl — llzsll + lzgls + 105111 — 1195111 — llzg — 251

1 ~(2
Wl =180 -

>lzslls + 2zl = llzsll + [zl + [[og lzsll = llzsllx

= llzsll = sl + 16§11 = 188”1

=" (Jail — ] + [0 — [07)]).

€S
For i € S with £; < v; < u, it holds that ") = v; and 8\*) = 0, which yiclds

(1)| "U(2)| _

|2i] = |ai] + [@ 2] = |2i| + i — 2 = 0.

For i € S with v; > u;, it holds that ﬁgl) = u; and 172(2) =u; —v; <0. Thus,
1 2
il — [as] + [0 = 1087] = [2] + 25 — (|l + @) + |wi] + s,

with |z;| + 2; > 0 for z; > 0 and |z + z; = 0 for z; < 0. Since u; < v; = x; — 2;
and x; < u;, we have z; < 0. This yields

|z + 20 — (2] + 24) + ws| +w; > 2(u; — ;) >0

for all 4 € S with v; > u;. The last case v; < ¢; is completely analogous by noting
that v; < £; implies z; > 0, which yields
=18 = Jzil = 2 = (il —2:) + 1] — 4 = 0.

2| = || + ]2 @

This shows |z;| — |z:| + \v(1)| \v§2)| >0 for all 7 € S, which implies
1 (2
Il < Nzl + 18511 = 19871 = ol +2llas]s. =
Lemma 3.17 shows that Assumption (A4) is satisfied, so that by Theorem 2.10,
the null space property (NSPC) characterizes uniform recovery for sparse box-

constrained integral vectors. This NSP can be simplified as shown in the following
theorem. This simplification is based on the idea to split a vector x € R”™ into
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its positive and negative part 7 € R’} and = € R" with 2 = 27 — 2™, and to
write Az =b as (A, —A)(zT,27) =b.

Theorem 3.18. Let A € R™*™ and s > 0 and define

() <[], n-sven)

Then every s-sparse ©0) € [0, u]z is the unique solution of (3.12) if and only if

Wg

(B)ex = i(vi+wi)<0 (3.16)

holds for all (vT,w™)T € null(4, —A) N (K + (=K)) with (v ,w")T # (07,07)T
and all index sets S C [n], |S] < s.

Before we prove this result, note that a similar result already appears in Lange
et al. [154], but without the complementarity constraints in K. However, the fol-
lowing example shows that the complementarity constraints cannot be omitted.

Example 3.19. Let £ = (—=1,—1,-1)", = (1,1,1) " and consider the matrix

1 -1
A= 1 1 1] eR**3,
-1 1

which has a trivial null space null(4) = {(0,0,0)"}. Consequently, A has full rank,
so that the system of linear equations Az = b has a unique solution for all b € R3.
Thus, every sparse z(9) € Z3 with £ < 2(©) < u is the unique optimal solution of
the recovery problem min {||z||; : Az = Az(®) ¢ <z <wu, x € Z*}. The null space
of the matrix (A, —A) is given by null(4, —A) = {(a, 8,7, a,58,7) " : a, B, v € R}.
Thus, for all (v, w")" € null(A, —A) N (K + (—=K)) with (v, w")T # (07,07)T,
there exists no index i with v; - w; = 0, so that the NSP condition (3.16) trivially

holds. Define
~ 0 u
= o) ()],

i.e., K is the set K without the complementarity constraint. Then,

=(1,-1,0,1,-1,0)" € null(4, —A) N (K + (- K)),
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3.2. Integrality Constraints on Sparse Vectors

with f(vg,wg)—r € K for S = {1} and 31 (v; + w;) = 0 > 0, which is a con-
tradiction to (3.16) with K instead of K. This shows that the complementarity
constraint is required in order to obtain a condition which is not only sufficient but
also necessary for uniform recovery.

We now prove Theorem 3.18.

Proof of Theorem 3.18. Let A € R™*™ s > 0, and recall C = [(,u]z. We first
show that (3.16) is equivalent to (NSP®). Then, Theorem 2.10 yields the desired

equivalence between uniform recovery and (3.16).

Therefore, assume first that (NSP) holds and let S C [n], |S| < s.
Let (v, w")" € null(4,-4) N (K + (—=K)) with (v, w")"T # (07,077,
and —(vg,wg)T € K. Thus, v — w € null(4), and —vg € [0,u]lz as well
as wg € [(,0]z. This implies —(v — w)g € [{,u]z. Since (v, w")" € K + (—K),
there exist ((zM)T, (@), ()T, ()T € K with v = 2 — y(I) as well
as w = z® — y@ 5o that it is easy to see that v # w. Indeed, assume there ex-

ists j € [n] with v; = w; # 0. If 33;1) # 0, then x§-2) =0, yj(-z) # 0 and yj(-l) = 0 due to

the complementarity constraints in K and x;l)—yj(»l) = x§2)—y§2). Thus, mg»l) = —y§2)
and v; = :cg»l) > 0 as well as w; = fyj(»z) < 0. This is a contradiction to v; = w; # 0.
The case 2\ = 0 is completely analogous. Define f := v — w. Then,

J

v (20 2@ () _ @ I(A) N[ — uyu— 0

f=v—w= (2 22— (y y'? ) € null(A) N [€ — u,u—{z,
E[Z,u]z G[Z,u]z

since ()T, (2®)NT € K and ((y™")7,(y?)T)T € K. Moreover, we have

—fg = wg — vg € [{,u]z, since —(vg,wg)—r € K as well, so that we can ap-

ply (NSP€). Let fO, f@ e [¢,u]y with f = fO — f@ and ||f®||; minimal.
Then,

S = 1S 11 < 1 £slla- (3.17)

Additionally, we define

{0 if j €8, {—fj, if j €8,
T = and z:=

D _2® fjes, gy it es,

so that f =z —z and z, z € [(,u]z = C. Assumption (A4) for f, z, z and f), f2
yields

~(1 (2
0 < [zl = 2l + 170 = 1720 = 1 fslh + 2l2g]ls- (3.18)

71



Chapter 3. Recovery Conditions for Special Cases

Combining (3.17) and (3.18) shows

0 <zl = Nzl + 2llzslly = [lzsll = lzslly + 2l + [lzs]l

=3 (1" = 5P = 12 = 2]} + 3 — il

i€S icS
Since ((yM)T, (y@) )T, ()T, (@)1 € K, and —(vf,wl)T € K, we obtain

n

0« 2 (0" ol - o))+ 3w = 3 ().

€S icS 1=1

which shows that Y7, (v; + w;) < 0, as desired in (3.16).

For the reverse implication assume that (3.16) holds. Let S C [n], |S] < s
and let v € null(4) N (C + (—C)) with v # 0 as well as —vg € C. Furthermore,
let 91, 53 € € with v = 6 — 53 and [|6()||; minimal. Define

2= (0§ - 6E) — (o)t = (08)7 - 6~ (—ug)”

Then, (A4,—A)(z",y")" = Av = 0. Furthermore, we have (z",y")" # (07,07)7
sincev # 0 and (z7,y")T € K+ (~K) with —(xg,yg)T € K. Thus, (3.16) implies

0>]1T(”y”> => (zitw)+ Y (i t+u)

i€S icS
=195 = 195”1 = 3 ((=v) " + (=v0)7)
€S
= 1195”1 = 198”1 = l1wsla,
which shows that (NSP) is satisfied. This concludes the proof. O

The complementarity constraints z; - y; = 0 in K are due to the split into a
positive and a negative part. This already shows that the introduction of bounds
leads to different recovery conditions, in contrast to the situation of classical sparse
recovery over R™. For testing the NSP in Theorem 3.18, one needs to take care of
the complementarity constraints z;-y; = 0. This can be done by, e.g., using methods
by Fischer and Pfetsch [95, 96].

Remark 3.20. It is also possible to use the exact recovery problem (3.13) instead
of (3.12) for recovery of sparse integral vectors. If there are finite bounds, then
Problem (3.13) can also be formulated as a MIP by using binary variables to model
the nonconvex £p-term in the objective function. Recall that both (3.12) and (3.13)
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3.2. Integrality Constraints on Sparse Vectors

are N'P-hard problems, see [154|. Recovery conditions for integral sparse recovery
with and without bounds when solving (3.13) can be found in [154]. In the classical
case of sparse recovery, the recovery condition for £p-minimization is spark(A4) > 2s,
where spark(A4) denotes the smallest number of linear dependent columns in A, see
Remark 2.16.

Without Box-Constraints If there are no box-constraints, that is, C = Z", then
Condition (3.16) can be further simplified to

[vslli < [lvglli Vo€ (null(A)NnZ")\ {0}, S C[n], |S] <s, (3.19)

which is exactly the classical NSP for the recovery of sparse vectors restricted to
integral vectors in the null space of A, see Example (2.12.1). Indeed, for C = Z"
and v € Z", the decomposition v = oY) — 5 with oM, ) € Z" and ||0®|;
minimal is unique and given by (") = v and %) = 0. Consequently, (NSPC)
simplifies to (3.19). The NSP (3.19) already appears in [154]. This shows that the
split into positive and negative part together with the complementarity constraints
in K are not necessary if no box-constraints are present. Of course, the NSP (3.16)
with ¢; = —oo and u; = oo for all ¢ € [n] is also an equivalent characterization of
uniform recovery of sparse integral vectors. By removing the integrality condition,
we further obtain an NSP for sparse vectors, which is of course equivalent to the
classical condition (NSP).

Clearly, for rational matrices A € Q™*™, vectors in the null space of A can always
be scaled to be integral, so that there is no difference between the recovery of integral
and general z, see also [154]. In the presence of additional box-constraints on some
entries of x, this is no longer true. The condition

luslh < |lvglli Ywve (null(A) N[ —u,u —E]Z) \ {0}, S C[n], |S| <s,

is shown to be only sufficient but not necessary for uniform recovery of = € [¢, u]z
using (3.12) in [154]. This is in contrast to the general case without integrality.
There, additional bounds do not influence the recovery conditions since vectors in
the null space of A can always be scaled accordingly.

With Nonnegativity If the box-constraints are given by ¢; = 0 and u; = oo for
all i € [n], i.e., z > 0 componentwise and C = Z, then Example (2.12.2) shows that
Assumption (A4) is satisfied. Thus, uniform recovery is characterized by (NSP®),
which simplifies to

vs<0 = 1Tv<0 Vve (nll(A)NZ")\{0}, SCn], |S[<s  (3.20)
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analogously to Example (2.12.2). The NSP (3.20) also appears in [154]. As in the
case without bounds, this null space property shows that exploiting integrality for
rational matrices A € Q™*"™ does not lead to improved recovery conditions. If
additional upper bounds are introduced, i.e., C = [0, u]z, then the variable split
in Theorem 3.18 is not needed, and it can be shown that Condition (3.20) for
all v € (null(A) N [—u,u]z) \ {0} and all S C [n] with |S| < s characterizes uniform
recovery, see [154].

Individual Recovery In the case of individual recovery of a fixed sparse inte-
gral (%) e [¢, u]z with ¢ < 0 < u, the results which can be obtained from Section 2.4
become exactly the results in [154], so that we do not repeat them here. In [154],
it is shown that the direct adaption of the corresponding statements in the classical
(non-integral) case (see (2.27) and (2.28)) to integrality yields a characterization, if
an additional nonnegativity constraint is present. However, without the additional
nonnegativity, the resulting conditions are only sufficient for individual recovery of
integral vectors, in contrast to the classical case. It is possible to obtain a simple
characterization of individual integral recovery by using Lemma 2.34, which reads

@ + oy > 2@y Vo e (mull(4) NZ")\ {0}.

In the presence of bounds, a variable split as in Theorem 3.18 can be used to
obtain the following characterization of individual recovery of integral vectors in the
presence of bounds, which resembles the usual null space properties:

)+ (B encean = (0)o

for all (0", w")" € null(4, —A) N [(7*), (*)]z \ {0}, see [154, Theorem 4.22]. Note
that in contrast to uniform recovery in Theorem 3.18, this NSP for individual re-
covery does not need complementarity constraints.

Stability and Robustness Let us lastly consider stable and robust recovery of
sparse integral vectors. To do so, let || - || be a norm on R™ in which the recovery
error shall be measured, e.g., the ¢1- or the {5-norm. Without additional bounds
and with an additional nonnegativity constraint, the corresponding NSPs can be
directly obtained from the NSP for stable and robust (nonnegative) recovery in
Section 2.3.3 by demanding that the respective condition only needs to hold for
integral vectors in the null space of A. Using C = Z" in Theorem 2.20 yields a
characterization for robust integral recovery and Theorem 2.23 presents the corre-
sponding error bound. The results for stable integral recovery can be obtained from
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Corollary 2.28 and Corollary 2.29, respectively. Furthermore, replacing C = 72"
by C = 7 Yyields the corresponding results for integral nonnegative vectors. In
both cases, Assumption (A5) is satisfied analogously to the case of sparse (nonnega-
tive) vectors without integrality, c.f. Section 2.3.3. Moreover, |[v|; = |lvs|1 + ||vgll1
clearly holds for all v € R™ and all S C [n].

In the presence of box-constraints x € C = [{, u]z with ¢ <0 < u, £ € (RU{—oc0})"
and u € (RU {c0})™”, Assumption (A5) does not hold due to the structure of the
minimal decomposition of v € C + (=C) in (3.15). However, this problem can be
avoided by using a variable split. The robust recovery problem

min {[lz], : [|Az = bl <, = € [¢,u]z}

is equivalent to the recovery problem

min {H (i) H1 : H’(A, _4) (;) fbH’ <, (;) c K}, (3.21)

where the set K is defined as in Theorem 3.18, i.e.,

e {() < 0], et}

In order to formulate the setting after using the variable split in the general frame-
work from Chapter 2, we use X = & = R?” and C = K. Furthermore, B is the
identity map, so that D = C, and P is the set of orthogonal projectors onto all
coordinate subspaces &5 = {(z"T,y")T € R?" : o, = y; = 0 Vi ¢ S} of R?",
where S C [n]. For P € P, define its nonnegative weight as v(P) := rank(P)/2, and
define P := I, — P, where Iy, denotes the identity mapping on R?". Finally, let
the norm ||-|| be the ¢;-norm. Then, the general robust recovery problem (2.9) be-
comes the recovery problem (3.21). The general stable null space property (SNSPg)
for (A4, —A4) € R™*?" reads

—(fg) €K = ) (vi+w)< pH(Z)Hl (3.22)

i€S

forall (v",w™)" € null(4, —A)N(K+(—K)) and all S C [n] with |S| < s. Similarly,
the general robust null space property (rNSPgJ) for (A, —A) € R™*2" becomes

() ex = Serm < (o la-a ()l o

for all (v, w")T € K+ (~K) and all S C [n] with |S| < s.
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In this setting, Assumptions (A1) to (A5) are satisfied, analogously to the case of
sparse nonnegative vectors without integrality, see Example (2.12.2). Thus, Corol-
lary 2.28 and Theorem 2.20 provide the following characterizations of stable and
robust recovery using (3.22) and (3.23), respectively.

Lemma 3.21. Let A € R™*™ and s > 0. Then, the following statements hold,
where for x = (o', B7)T € R*™ and S C [n], we write x5 = (ad,B3)".

1. The matriz (A, —A) satisfies the integral stable NSP (3.22) of order s with
constant p € (0,1) if and only if

1
—vg€ K = |lz =2l < £ (ll2ll — llzllx + 2llwglh)

holds for all x, z € K with (A,—A)x = (A,—A)z, v:=2 — z and all S C [n]
with |S] < s.

2. The matriz (A, —A) satisfies the integral robust NSP (3.23) of order s with
constants p € (0,1) and 7 > 0 if and only if

—vg € K = |z — =2l < Z2(llzli— 2l + 2llez]h)
+ 25 1A, =A) (@ = 2|l

holds for all x, z € K, v:=x — z and all S C [n] with |S] < s.

Proof. Let C = K. The first part directly follows from Corollary 2.28 and the second
part is due to Theorem 2.20 by using the variable split as outlined above. O

The corresponding error bounds for stable and robust recovery of sparse box-
constrained integral vectors can be obtained from Corollary 2.29 and Theorem 2.23
with C = K, respectively. These error bounds hold for the recovery problems after
using the variable split. In this setting, the error o of the best s-term approximation
of = ((z™M) T, (z®®)T)T € R?*" in Definition 2.22 reads

1)

oo(x) = min {H(ﬁi) _ (j;)”l 35 C[n), |5 < s, with CE’Q)) = (8)}

and any z = ((2()) T, (23)T)T € R?" attaining this minimum is called a best s-term
approximation of x.

Lemma 3.22. Let A € R™*™ and s > 0. Then, the following statements hold,
where for x = (o, B7)T € R?™ and S C [n], we again write x5 = (ad,B)7".
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1. Let 9 € K and let & be a solution of
min {||z]|; : (4, —A)z = (A, Az, z e K}.

Furthermore, let S C [n] such that xgo) is a best s-term approzimation of (%),

If the matriz (A, —A) satisfies the integral stable NSP (3.22) of order s with
constant p € (0,1) and if —(x%)) — ig) € K, then @ approzimates ©(©) with

error
[© — ], < 2120, (29).
2. Let (9 € K and let & be a solution of
min {2}y : [I(A, —A)z = bl| < n, @ € K}

with b = (A, —A)x +e and ||e|| < 1. Purthermore, let S C [n] such that xg))
is a best s-term approzimation of x(©). If the matriz (A, —A) satisfies the
integral robust NSP (3.23) of order s with constants p € (0,1) and 7 > 0 and
if —(a:%)) —Zg) € K, then T approzimates 2O with error

@ — |, < 2520, (@®) + Ay,

Proof. Let C = K. The first part directly follows from Corollary 2.29, and the
second statement is due to Theorem 2.23. O

If (9 € R?" is s-sparse, that is, there exists S C [n] with |S| < s and x%n =0,
then o,(2(?)) = 0 and the error bound in the second part of Lemma 3.22 becomes

|29 — &) < $¥5n.

Moreover, if the measurement error (or the noise level, respectively) satisfies n = 0,
that is, the measurements are exact, then Lemma 3.22 asserts that z(?) is exactly
recovered. Thus, we recover the statement from Theorem 3.18 about exact uniform
recovery.

3.3 Constant Modulus Constraints on Vectors

Until now, all considered special cases of the general framework presented in Chap-
ter 2 were settings and side constraints over the real numbers. At least the cases
without additional side constraints such as nonnegativity or positive semidefinite-
ness can directly be extended to the complex setting. For instance, it is well known
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that the NSPs which emerge from the general framework in case of sparse complex
vectors and sparse real vectors are in fact equivalent for a real linear sensing map A,
see Foucart and Gribonval [102]. However, since for a complex number z € C,
nonnegativity is not well-defined, the results for recovery of sparse (real) nonnega-
tive vectors do not carry over to the complex setting. In this section, we explicitly
consider the setting of complex vectors together with a side constraint that is more
interesting for complex vectors than for real vectors. Namely, we demand that all
entries z; € C of the vector x € C" to be recovered have a constant modulus, that
is,

5] = /Rea;]2 + Tm[a? € {0, c}

holds for all j € [n] and for some ¢ € R, where Re[z] and Im[z] denote the real and
imaginary part of x € C, respectively. Clearly, if |z;| = 0, then also z; = 0, so that
sparsity counts the number of entries with |x;| = 1, that is, Re[z;] or Im[xz;] are
nonzero. Note that throughout this section, ¢ denotes the imaginary unit and j is
used for indices.

The assumption of constant modulus is frequently encountered in communica-
tion applications, see van der Veen and Paulraj [243] and the references therein.
Typically, in order to transmit communication signals, a modulation is used, which
varies properties of the signal such as amplitude, phase or frequency. Examples
for modulation schemes include frequency modulation (FM) and phase modulation
(PM) of analog signals, where either the frequency or the phase is varied, whereas
the other properties remain constant. Modulation schemes for digital signals include
frequency shift keying (FSK), phase shift keying (PSK), or minimum shift keying
(MSK), where a finite alphabet of frequencies or phases are used to represent the
signal. The resulting signals under such a modulation then have a constant modulus,
which can be exploited in the reconstruction. Furthermore, the constant modulus
property can also be exploited in the context of direction-of-arrival estimation or
parameter estimation [155].

In the “EXPRESS” project within the SPP 1798, constant modulus was considered
as one specific structure in the problem of joint antenna selection and phase-only
beamforming in transmission networks [97]. In directional signal transmission via
beamforming, radio frequency (RF) phase shifters are employed to vary the phase
of the signal at the transmitters. In large networks, such as massive multiple-
input/multiple-output (MIMO) systems, it is no longer affordable to connect each
antenna element to a dedicated RF phase shifter for it to be able to transmit sig-
nals. Rather, using switches, there only exists a reduced number of costly RF phase
shifters, which are connected to a subset of the inexpensive antenna elements. In
hybrid massive MIMO systems, the RF phase shifters are based on analog beam-
formers, which require a fixed magnitude of the signals to be transmitted, since only
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Figure 3.1. Schematic model of the system model for joint antenna selection and
phase-only beamforming, taken from [97].

the phase of the signals can be varied. More specifically, consider a sensor array
with N antenna elements, M phase shifters with M <« N and K (single-antenna)
users that need to be served. Let z € CV be the transmitted signal vector, and
let @ = (ay,...,an)" € CM be the set of M analog beamformers, where a,, is the
value of the m-th phase shifter with |a,,| = ¢ for a constant ¢ € R and all m € [M].
Throughout this section, we assume without loss of generality ¢ = 1. Further,
let A € CV*K be the channel matrix with columns ay,...,ax € CV. If the n-th
antenna is connected to the m-th phase shifter, then =, = «,,, and x,, = 0 other-
wise. The desired output at the K users is given by y € CX, and the actual output
at the users can be expressed as §j = A'x + e, where e represents complex i.i.d.
additive white Gaussian noise. The underlying model is depicted in Figure 3.1.

In order to minimize hardware costs, the approach in [97] minimizes the number
of required phase shifters by jointly assigning appropriate antenna elements to the
phase shifters and designing the optimal phase values, while keeping the root-mean-
square error between the desired and the actual output at the users below a given
threshold /8. This problem can be formulated as

min ||z
min o]l

s.t. |ly — ATzl < V6, (3.24)
lzj| € {0,1} Vj € [N].

The rest of this section is structured as follows. In Section 3.3.1, we first show that
the side constraint |z;| € {0,1} fits into our framework in Chapter 2. Then, Sec-
tion 3.3.2 describes an algorithmic approach to solve Problem (3.24), together with
a (primal) heuristic, which can be used in a solution process to obtain good feasi-
ble solutions. Lastly, Section 3.3.3 presents numerical experiments for the problem
of joint antenna selection and phase-only beamforming, which we described above.
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The contents of Sections 3.3.2 and 3.3.3 are taken from the publication [97], whereas
Section 3.3.1 has been developed independently.

3.3.1 Constant Modulus Constraints in the General Framework

In order to derive the setting of constant modulus constraints from the general
framework in Chapter 2, let X = C", C = {z € C" : |z;| € {0,1}, j € [n]} and
let B be the identity map, so that £ = X = C" and D = C. We use a complex
linear sensing map A: C" +— C™ and the ¢;-norm ||-||;. The set P consists of
projections Pg onto subspaces of the form {x € C" : Re[z;] = Im[z;] =0, j ¢ S}
with S C [n]. For a projection Ps € P and z € C", we define zg := Psz, i.e.,

Re[z;], ifjes,
0, ifjes,

Imfz;], ifjes,

Rel(ws);) = { 0 itj¢s.

Im([(xs),] = {

The nonnegative weight v(Ps) of a projector Ps € P is given by v(Pg) = |S| and
the associated map P = Pg. Note that we adopted the notation used in Chapter 2,
in order to derive the setting of constant modulus constraints independent of the
specific application explained above. Analogously to the case of box-constrained
integral vectors, the condition ¢; + ¢ € C for all ¢, ¢ € C from Assumption (A1)
does not hold, whereas the weaker condition

PBe,, PBc; € D = PBcy+ PBey; €D

for all ¢1, ca € C + (—C) holds. As stated in Remark 3.16, this condition suffices
for the proofs of the statements in Chapter 2. The other conditions from Assump-
tions (A1) to (A3) are clearly satisfied. In order to show that Assumption (A4)
holds as well, we need to find all decompositions of v € C + (—C) into t(1), 52 € C
with v = 6 =92 and ||6(?||; minimal. The following lemma states a key property
satisfied by all minimal decompositions, which allows to prove Assumption (A4).

Lemma 3.23. Let x, z € C and definev =z —2z € C+(=C). Then, if o, 2 € C
is a decomposition v =01 — 62 with 6P|y minimal, then the inequality

~(1 ~(2
2] — || + 1857 = 10%] > 0
holds for all j € [n].

Proof. Let x, z € C and define v := x — 2z € C+ (—C). Furthermore, let 9", 5(2) € C
be a decomposition v = 91 — ) with ||[$(?)||; minimal. Let j € [n]. We distinguish
between two cases.
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L. If v; = 0, then x; = z;. In this case, the minimality of ||9(®)||; clearly im-

1 2 . (1 (2
) — ]( ) =0, and since z, z € C, we have |zj\—|xj\—|—|v§ )|—\1}j(. )| = 0.

plies ¢ v;
2. If v; # 0, there are three subcases: Exactly one of x;, z; can be nonzero, or

both can be nonzero. For the first two cases, the minimality of ||#(?)||; implies

(1) _ {l‘j, lf l‘j }é O and Zj = O, and f)(2) _ O’

—z;, ifx;=0andz; #0, /
which yields |z;| — |z;| + |f)§l)\ - |f)§2)\ > 0 as well. For the remaining
case z; # 0 and z; # 0, the corresponding minimal decomposition cannot
be explicitly stated. However, since z, z, 91, (2} € C, we have |z;| — |z;| = 0
and |f)§l)\ - |f)§2)\ > 0. Indeed, |v(1)| |v(2)| < 0 1mp11es v(l) =0
and ’0;2) =% 0, since ﬁj(-l), AJ(Q € C. Thus, switching v()
as their signs) leads to a smaller ¢;-norm of 11(2) Wthh is a contradiction
to the minimality of ||[#(®||;. Consequently, also in this case, the inequal-
ity |2] — Jz;| + 6] — [8{”] > 0 holds. m

and 0; 2’ (as well

Using Lemma 3.23 we can now show that Assumption (A4) is satisfied. The
argument is similar to the proof of Lemma 3.17.

Lemma 3.24. Let z, z € C = {z € C" : |z;] € {0,1}, j € [n]}. Let S C [n].
Furthermore, define v = x — z and let ¥V, 93 € C with v = o) — (2 be a
minimal decomposition. Then,

Izl < N2l + 11951 = 199111 — lloglh + 2llez])s-

Proof. Let z,z € C = {x € C" : |z;] € {0,1}, j € [n]} and define v == z — z.
Let S C [n]. Furthermore let o), 9(?) € C be a decomposition v = o) — §(2)
with [|5(?{|; minimal. Then,

1 2
Izl =zl + 19501 = 19511 = lloglh + 2llzglh

~(1 ~(2
= 3 (1l = besl + 1881 = 18521) + 3 Izl = bl = los] + 2la51)

jes Jgs
(1
=3 (lzsl = st + 1601 = 161) + 37 (121 + lasl = I — %)
JjeS Jj¢s
>0,

since |x; — z;| < |z + |z;| and |z;] — |z;] + |@J(-1)| - |6J(-2)| >0 for all j € S by
Lemma 3.17. O

81



Chapter 3. Recovery Conditions for Special Cases

Even if all previous special cases used X = R", the general framework in Chapter 2
also covers the case X = C", see also Remark 2.1. Consequently, by Theorem 2.10
uniform recovery of sparse vectors z € C™ with constant modulus constraints using
the minimization problem

min {||z|; : Az = Az, |z;] € {0,1}, j € [n], z € C"} (3.25)

is characterized by (NSP) for the set C = {z € C" : |z;| € {0,1},j € [n]}.
Analogously to the previous sections, the NSP condition can be simplified as shown
in the following theorem.

Theorem 3.25. Let C = {z € C" : |z;]| € {0,1}, j € [n]}, s > 0 and A € C™*".
Then, every s-sparse x € C is the unique optimal solution of (3.25) if and only if

—vs€C = > X(in =1} < D Xl l=1} (3:26)

Jjes jeS
holds for all v € null(A) N (C + (=C)) with v # 0 and all S C [n], |S] < s.
Here, X{|o,|=1} denotes the indicator function of the event {|v;| = 1}, that is,

X{lv;|=1} = 1 if [vj| = 1 and x{jv;|=1y = O else. Note that Z?:l X{v;1=1} = llvl1,
since v € C.

Proof. We need to show that (NSP€) for C = {z € C" : |z;] € {0,1},j € [n]}
is equivalent to the NSP (3.26). The statement then directly follows from Theo-
rem 2.10. In order to prove the equivalence between the two NSP conditions, let
first v € null(4) N (C + (—C)) with v # 0 and S C [n] with |S| < s and —vg € C.
Let M, 63 € € with v = () — 92 and ||0®®||; minimal. Since v € C + (—C), at
least one such decomposition exists. Applying (NSPC) yields

(1 (2
12§l = 195”1 < llvglh. (3.27)
Additionally, we define
0, ifv; =0, 0, ifv; =0,
’LU§1) = Js if |vj‘ =1, wg(2) =140, if |Uj| =1,
f)§1)7 otherwise, A](?)? otherwise,

so that clearly w™, w® € C and v = w® — w®. By Assumption (A4)
for v, wM), w®? € C and the minimal decomposition o), 4(2) € C, we have

~ ~(2 1
0 < @l — [lw® |y + 651 — 611 — llvglh + 2wl 1. (3.28)
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Combining (3.27) and (3.28) shows

0 < w® |y = Jw Dy + 2wl |y

2 1 2 1
lw$ Ny = w§ s+ [ )y + w1

S
~(1 ~(2
D R 1 D DR (1 B U ) R S
JES :|ujl=1 JES :|v;|¢{0,1} jes
== ZX{|«U|=1} + ZX{\vﬂﬂ}v
JjeS jeS

since —vg € C implies |v;| € {0,1} for all j € S and since |v;| ¢ {0,1} for j € S
implies that fé”, @§2) # 0 and thus |f)§1)\ = |@§2)| = 1. This proves (3.26).

For the reverse implication, let v € null(4) N (C 4 (—C)) with v # 0 and S C [n]
with |S| < s and —vg € C. Furthermore, let V), 2 € C with v = (1) — ()
and ||9||; minimal. Then,

~(1 ~(2
19571 = 19871 = 3~ Cegagiony = Xgga1=1y)

JjES

= > 1- > 1

jes: a8V =1,9{ =0 jes: (M =007 |=1
<D X{lul=1)

j€eS
<D Xiwyl=y = lloslh,

jES

where we used the NSP (3.26) for the last inequality and the assumption —vg €
C for the last equality. The second equality follows from o), 52 e C, so
that |13J(-1)|, |ﬁ§-2)\ € {0,1} for all j € [n]. Thus, the two NSP conditions are equiva-
lent. U

A direct extension to stable and robust recovery as for all previous special cases
seems not to be possible, since Assumption (A5) is not satisfied, due to the com-
plicated structure of the minimal decomposition of v € C + (C). In contrast to
box-constrained integral vectors, even a variable splitting does not lead to a setting
where all assumptions are satisfied. Thus, the statements from Section 2.3 con-
cerning stable and robust recovery cannot be applied. Nevertheless, analogously to
Theorem 3.25 it can be shown that (rNSngT) is equivalent to the condition

—vg €C = Y X{jus=1} <P D X{Jus|=1} + Tl Av]] (3.29)
JjES jeS
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for all v € (C+ (—C)) \ {0} and all S C [n] with |S| < s, where p € (0,1) and 7 > 0.
The corresponding robust recovery problem becomes

min{||zlly : |4z =yll <n, |2/ € {0,1}, j € [n], z € C"} (3.30)

for y € C". However, it is not clear, if the NSP (3.29) yields an error bound for
recovery of an s-sparse x € C using (3.30) with y = Az + e and ||le|| < 7.

The side constraint z € C, i.e., |z;| € {0,1} for all j € [n], has a particularly
interesting implication. Namely, for = € C, the ordinary ¢;-norm and the fy-norm
coincide. Thus, the robust recovery program (3.30) can equivalently be formulated
as

min {|[zllo : [[Az = yll <, [ €{0,1}, j € [n], z € C"}. (3.31)

By choosing || - || = ||:|l2, 7 = Vv/8 and adapting the notation, we directly obtain the
joint antenna selection and phase-only beamforming problem (3.24). Here, /9 is
the given threshold which should be satisfied by the error between the desired and
actual output of the users. We now consider the important question of how to solve
the resulting recovery problem (3.24), which is equivalent to (3.30) and (3.31). First
of all, note that the constant modulus constraint implies that both (3.30) and (3.31)
are nonconvex and thus hard to solve in practice. This also shows that in this case,
using a convex objective function does not change the hardness of the problem.

3.3.2 Solving Problems with Constant Modulus Constraints

Let us come back to the problem of joint antenna selection and phase-only beam-
forming. Recall that in the network, there are K users to be served and N antenna
elements, so that A € CK*N ¢ € OV with |z;] € {0,1} and y € CX. In the
following, we describe an algorithmic approach to solve Problem (3.24) to global
optimality by exploiting the special structure of the additional constant modulus
constraint |z;| € {0,1}.

In order to model Problem (3.24), auxiliary binary variables b; can be used. This
leads to the formulation

N
min b;
zeCN £
Jj=1
st |ly— ATz|ly < V6, (3.32)
|25 = b; vj € [N,
b; €{0,1} Vj € [N].
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3.3. Constant Modulus Constraints on Vectors

In order to obtain a real-valued formulation of Problem (3.32), we introduce the

variables w; = Re[z;] and z; := Im[z;] for all j € [N]. Then, let w = (wy,...,wy)"
and z = (z1,...,2n) ", so that Problem (3.32) can equivalently be written as
N
zrgg}lv ij (3.33a)
K 2
s.t. Z (Re (Re [ag] Tw — Im[ak]TZ))
k=1
2
+ (Im (Relak] " 2 + Imlay) w)) <4, (3.33b)
Re[z;]* + Im[z;]* <b; Vje€[N], (3.33¢)
Re[z;)* + Im[z;]* > b; Vje€[N], (3.33d)
b€ {0,1}  Vje[N], (3.33¢)

where the constant modulus constraints |z;|? = Re[z;]? 4+ Im[z;]* = b;, j € [N]
are replaced by the two inequality constraints (3.33c) and (3.33d). Thus, Prob-
lem (3.33) is a (nonconvex) mixed-integer nonlinear program (MINLP) with binary
variables. The quadratic constraints (3.33b) and (3.33¢c) can be rewritten as second
order cone (SOC) constraints, and thus are convex constraints. The nonconvexity
of the problem is due to the quadratic constraints (3.33d). In general, MINLPs can
be solved by using spatial branch-and-bound, see, e.g., Vigerske and Gleixner [250].
In this approach, branching is performed on integral and continuous variables, and
in each node of the branch-and-bound tree, a continuous relaxation of the problem
is solved. This relaxation can be strengthened using gradient cuts for convex con-
straints and more general linear cuts for other types of constraints. Binary variables
with a fractional solution value in the current relaxation lead to the creation of the
two new branching nodes, in which the variables are fixed to 0 and 1, respectively.
Violated nonlinear constraints are handled by creating branches on continuous vari-
ables. In this case, the feasible region is subdivided into two (or possibly more) parts,
hence the name spatial branching. Reducing feasible regions then allows to induce
strengthened variable bounds, which is called domain propagation. Strengthened
bounds in turn lead to tighter relaxation solutions. This spatial branch-and-bound
approach is guaranteed to terminate in finite time and to converge to a global op-
timum under appropriate assumptions, if the concept of e-d-feasibility is used, see,
e.g., Horst and Tuy [132].

General Algorithmic Description In the following, we will exploit the particular
structure of Problem (3.33) to enhance the general spatial branch-and-bound proce-
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w;j + zj Sﬁbj Zj —w; + zj Sﬂbj
ij—bj}*\ijbj
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zj > —b;

wjfz]vgx/ibj 7wj‘fzj'§\/§bj

Figure 3.2. Left: Linear inequalities for strengthening the relaxation. Right: Mod-
ulus constraint subdivision into orthants.

dure. Namely, we describe a customized domain propagation and branching routine
on continuous variables using the constant modulus constraints. Additionally, a sim-
ple greedy heuristic to produce feasible solutions for Problem (3.33) is presented.
This heuristic can produce upper bounds, which in turn allows to prune nodes in
the branch-and-bound tree if the solution value of the relaxation is larger than the
current best upper bound.

In each node of the branch-and-bound tree, an LP relaxation of Problem (3.33)
is solved, where the binary constraints on b; are relaxed to 0 < b; <1, for j € [N],
and the quadratic constraints (3.33b) to (3.33d) are omitted. This LP relaxation is
strengthened by adding the following linear inequalities:

—bj § wy S bj7 —bj S Zj S bj,
wj+zj§\/§bj, ’LUj—ZjS\/ibj7
—wj+zj§\/§bj, —wj—sz\bej,

see Figure 3.2 for a visualization. These linear inequalities approximate the con-
straints (3.33c). The reason for using an LP relaxation instead of a more general
convex relaxation in the nodes of the branch-and-bound tree is that LPs allow for
warm-starting using the dual simplex algorithm, see, e.g., Schrijver [218]. Since the
quadratic constraints (3.33b) to (3.33d) and the binary constraints on b; are not
present in the LP relaxation, an optimal solution of the LP relaxation violates these
constraints in general. For each binary variable with a fractional solution value in
the current LP relaxation, this violation is handled by generating two child nodes,
as described above. This tightens the LP relaxation in both child nodes.

The error bounding constraint (3.33b) and the constraints (3.33c), which model
the upper bound part of the constant modulus constraints are convex SOC con-
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straints, as already mentioned above. Violations of these SOC constraints can
be handled by adding a (linear) gradient cut to the LP relaxation, which cuts off
the current LP relaxation solution, see Vigerske [249]. Thus it remains to enforce
the nonconvex lower bound part of the constant modulus constraints, that is, con-
straints (3.33d). Due to their nonconvexity, these constraints are harder to enforce
than the SOC constraints and the binary constraints. If the solution of the cur-
rent LP relaxation violates at least one of these constraints, we generate branching
nodes, add linear cuts or propagate domains of variables appearing in the violated
modulus constraint. This is described in the following in more detail.

Handling Modulus Constraints

Assume that (w, 2, b) is the solution of the current LP relaxation of Problem (3.33)
and suppose that this solution violates the constraint w]2 —+ z]2 > b; for some j € [N].
This violation can then be resolved by one (or more) of the following steps. Note
that we do not assume l;j to be integral.

1. If the binary variable b; is already fixed to zero, the inequality w3 + 25 < b;
implies that we can set w;, £; to zero as well.

2. If the bounds of the continuous variables w; and z; are not yet restricted to one
of the orthants w.r.t. w; X z;, four branching nodes are generated, one for each
orthant. That is, the additional constraints w; > 0, z; > 0 are added to the
first node, the constraints w; > 0, z; < 0 are added to the second node, the
constraints w; < 0, z; < 0 to the third node and the constraints w; <0, z; > 0
to the fourth node. Thus, the feasible solution set is subdivided into these four
orthants, see Figure 3.2. If either w; or z; is already bounded to be nonnegative
or nonpositive, then only two of the four orthants can contain feasible solutions.
Thus, only two branching nodes are generated in this case.

3. If the bounds of the continuous variables w; and z; are already restricted to one
of these four orthants, the following domain propagation, separation or branching
can be applied. We assume w.l.o.g. that (w;, Z;, EJ) is feasible for the first orthant,
ie., w; >0 and z; > 0.

(i) Propagation: Let I; < w; < wug, lo < z; < uy denote the cur-
rent lower and upper bounds of the variables w; and zj;, respectively.
Define the function f(z) = +/1—22. Then compute the four points
(I1, f(11)), (u1, f(u1)), (f(l2),l2) and (f(uz),usz) on the unit circle that cor-
respond to the respective lower and upper bounds of w; and z;. The lower
and upper bounds of w; and z; can now be strengthened by using these four
points. In order for an optimal solution (w*,z*,b*) to fulfill the modulus

constraint wj2 + zJQ > bj, the point (w;‘, z;) needs to lie on or above the arc

87



Chapter 3. Recovery Conditions for Special Cases

= f(uz) wj=w

Figure 3.3. Bound propagation for the continuous variables appearing in modulus
constraints.

between the two points (11, u3) and (u,13) if b5 = 1, where

I = mac (I, f(ua)}, ) = min {ur, £(2)},
l/2 :Hla,X{ZQ,f(Ul)}, u/2 :min{UQaf(ll)}'

Thus, the four values I}, ], I} and u} can now be used as new and possibly
strengthened lower and upper bounds of w; and z;, respectively. If the binary
variable b; is not yet fixed to one, only the upper bounds are propagated, as b;
could be set to zero in an optimal solution, which would imply w; = z; = 0
as well. Figure 3.3 visualizes this propagation step.

(ii) Separation: If w;+2; < l;j, the cut w;+z; > b; is added to the LP relaxation.
Note that it may be reasonable to only add this cut if the violation of the
solution of the current LP relaxation is sufficiently large, that is 11)?—&—2]2 <l—g,
for some small € > 0, e.g., ¢ = 107°. Otherwise, standard branching rules for
handling quadratic constraints can be applied. The cut w;+z; > b; is satisfied
by every solution on the unit circle in this orthant.

(ii) Branching: If w; + 2; > I;j, two branching nodes are created, defined by
inequalities f; w;4g; z; > b;. The values f; € R and g; € R can be computed
according to Figure 3.4. Note that w; + z; > ﬁbj is an outer approximation
of the unit circle which is always valid. The cut f; w; + g; z; > b; according
to Figure 3.4 is only valid in its corresponding branch.

Within a spatial branch-and-bound framework it makes sense to enforce the non-
convex modulus constraints only when all other constraints are feasible. A modulus
constraint w; + z; > b; with j € [N] is selected for enforcing by a “most infeasible”
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A
N NI

Figure 3.4. Inequalities that are added to the sub-nodes.

rule. Therefore, the following measure for the violation of a modulus constraint can
be used:

i.e., modulus constraint with index j € [N] so that p(j) is maximal is chosen to be
enforced. Algorithm 1 summarizes the whole solving procedure. This procedure is
complete in the following sense: The algorithm will terminate with a point (w, 2, l;)
such that w; = 2; =0 = Z;j orl—e< 12)? + 272 <1 and Bj = 1. The next subsection
presents a simple greedy heuristic to produce feasible solutions.

Algorithm 1: Node solving procedure within the branch-and-bound tree

Input: Node of the branch-and-bound tree with current LP relaxation of the
problem including all previously generated cuts, propagated domains
and previously computed bounds on the objective value

obtain solution (w, 2,b) of LP relaxation;

if b is not integral then
branch on a fractional binary variable and continue with another node;

BW N =

else if root-mean error constraint (3.33b) is violated or QZJJQ + 2? > l;j for
some j then
5 call quadratic constraint handler and possibly continue with another
node;
6 else if 11)]2 + 232 < l;j then
call modulus constraint handler to propagate bounds or branch according
to Section Handling Modulus Constraints and continue with another
node;
8 else
(w, 2, 3) is optimal for the current node;
10 end
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Heuristic Method for Constant Modulus Problems

In this subsection, we present a low-complexity suboptimal heuristic for Prob-
lem (3.33), which is inspired by Shechtman et al. [222] and Studer et al. [232].

The heuristic starts with M = 1 nonzero element in the vector z € C™ and
greedily increases the number of nonzeros in « by one in each iteration (in an outer
loop) until the root mean-square error bound constraint (3.33b) is met. It is also
possible to start with M = M#&"*% > 1 when a reasonable guess is possible or if
we have any a priori knowledge about the sparsity of x. For each value of M, a
large number (max_Iter) of suboptimal solutions +y; is computed, by repeatedly
initializing x at random. These solutions v; can be computed in parallel to speed
up the heuristic. The vector z is then updated in every iteration (in an inner loop)
such that the root-mean square error e between the desired vector y and the current
iterate Ax is decreasing. If the smallest error e;» among all obtained errors in the
max_ Iter iterations is smaller than V3, the corresponding solution v+ is reported
as the solution of the heuristic. The resulting algorithm is illustrated in Algorithm 2.

3.3.3 Numerical Experiments

In this section, we evaluate the performance of the proposed modulus handling based
optimal method and suboptimal heuristic method for the problem of joint antenna
selection and phase-only beamforming considered in [97], which we described in the
beginning of Section 3.3. Recall that the goal is to minimize the number of required
phase shifters, to find an assignment of antenna elements to the phase shifters and
to design the optimal phase values for the transmit signal vector. In doing so, a
given error bound for the output at the users needs to be fulfilled. This leads to
Problem (3.24). We refer to [97] for the exact setup of the computations, and only
list the used values N € {16,32,48,64} for the number of antennas, K € {2,3,4}
for the number of users and 62 € {0.1¢, 0.2¢} for the error bounds, where ¢ = 1.414.
For each combination of (N, K, §?), we create two instances. We implemented the
algorithmic approach described throughout Section 3.3.2 in C using SCIP 4.0.1 [169]
and CPLEX 12.7.1 [133] as LP solver. With this setup, we solved Problem (3.33) on
a Linux cluster with 3.5 GHz Intel Xeon E5-1620 Quad-Core CPUs, having 32 GB
main memory and 10 MB cache. All computations were performed single-threaded
with a time limit of one hour (3600s). The results are shown in Table 3.2.

The table shows the number of branch-and-bound nodes (#n) and the solving
time in seconds (t(s)) for four different algorithm variants. The first column block
lists the values used for the instance, where 1 and 2 denote the first and the sec-
ond instance, respectively, for the used combination of values. The second column
block displays the results of the default version of SCIP, which applies no special
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Algorithm 2: Suboptimal heuristic

Input: A, y, 6
1 Initialize M < 1 (or M8&Ye);
2 repeat
3 for i =1 to maz_Iter do
4 randomly initialize z € C" such that ||z|o = M and |z;| € {0,1},
j € [nl;
5 compute error e = |ly — AT x|2;
6 for count = 1 to mazx_Count do
7 assign z < x;
8 randomly select two integers u and v such that u, v € [n], |z,] =1
and z, = 0;
9 compute the residual r =y — ATz + z,(a*)";
10 2, 23] = argmin [|r — Z,(a*) " + Z,(a”) T[|23
Zubo
11 if |z7| > |2;| then
*
12 Zy — \TZ|;
13 else
z*
14 zy < 0 and z, + —=;
|25
15 end
16 compute é = [ly — A" z|;
17 if é < e then
18 update z < z and e < ¢;
19 end
20 end
21 v; < x and error E; < e;
22 end
23 compute i* = argmin, E;;

24 E* + E;« and T < 4+
25 M+~ M+1;

26 until E* < /5 or M > N;
27 return ¥

methods to handle modulus constraints, i.e., they are handled like general quadratic
constraints. In the third block, we present the results when the methods for han-
dling modulus constraints as described in Section 3.3.2 are included in SCIP as
a constraint handler. In the fourth and fifth block, the results of the same two
methods as before are shown, but an initial (not necessarily optimal) solution is
computed with the suboptimal greedy heuristic method presented in Section 3.3.2
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and passed to the exact solution method. For the number of iterations of the two
inner loops, we chose max_Iter = max Count = 1000. In all four runs, the reading
times of the problem files are included in the solving times, as are the runtimes of
the suboptimal heuristic in the third and fourth column block. The last column
block shows the sparsity M of the solution & computed by the suboptimal heuristic
compared to the optimal solution z* computed by SCIP, as well as the solving time
of the suboptimal heuristic.

The end of the table presents the geometric means (GM), shifted geometric means
(Shifted GM) and arithmetic means (AM) of the number of nodes and the solving
time, as defined in Section 1.3, see (1.2). It turns out that the default version
of SCIP already performs quite well. For K = 2 users, the running times are
very fast even for large values of N. For K € {3,4} users and a very small error
bound 62 = 0.1¢q, the instances are much harder to solve. From the shifted geometric
means presented in the bottom line, it can be seen that adding the modulus con-
straint handler to SCIP results in a significantly faster running time (about 26 %
faster). However, the number of processed nodes does not significantly change. The
shifted geometric mean of the number of nodes that were produced by the modulus
constraint handler is 787.25, which is about 24 % of the shifted geometric mean of
all nodes (3228).

Executing the suboptimal heuristic and passing its solution to SCIP improves
the performance on average, even in the default version of SCIP. Most importantly,
the number of nodes is reduced significantly, since many nodes of the branch-and-
bound tree can be pruned. Note, however, that for the easier problems the subop-
timal heuristic consumes almost all of the solving time. Again, adding the modulus
constraint handler to SCIP speeds up the solving process (about 15% and 39 %
speed-up compared to the default with and without initial solution, respectively),
but the number of nodes does not decrease. The shifted geometric mean of the
number of nodes produced by the modulus constraint handler is 255.43. Comparing
to the shifted geometric mean of the number of nodes (500) shows that about half
of the branching nodes are used to branch on binary variables.

It is worth mentioning that the suboptimal heuristic actually returns the optimal
sparsity level in all but four instances. We observe that only for large instances the
heuristic is indeed suboptimal, but these instances cannot be solved by SCIP within
the time limit, regardless of the handling of the modulus constraints. Interestingly,
one of the instances of Table 3.2 for which the heuristic computes a suboptimal
solution runs into the time limit with the default version of SCIP when this solution
is passed as starting solution. However, if the suboptimal solution is not computed
beforehand, SCIP solves this instance in roughly 700s.
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Table 3.2. Analysis and performance evaluation of different solution approaches
for solving problems with constant modulus constraints.

default SCIP mod handling

instance default SCIP  mod handling  subopt heur -+ subopt heur

subopt heur

N K 62 # #nodes time #nodes time #nodes time #nodes time z* Z time

16 2 01qg 1 469 1.6 501 1.6 7 3.5 9 3.5 2 2 329
16 2 0.1g 2 863 2.1 418 1.1 6 3.5 6 34 2 2 328
16 2 029 1 11 0.5 11 0.5 1 3.4 1 33 2 2 328
16 2 029 2 190 0.8 136 0.6 1 3.3 1 3.3 2 2 329
16 3 0.1g 1 3908 9.6 2044 4.8 998 14.0 1118 114 4 4 947
16 3 0.1g 2 1690 4.9 2337 4.6 996 14.0 928 121 4 4 942
16 3 029 1 1704 7.9 1529 3.5 47 8.8 71 87 3 3 7.08
16 3 029 2 2688 7.5 1720 3.3 87 8.4 95 83 3 3 17.10
16 4 0.1¢g 1 25507 121.8 22684 40.7 2374 27.7 2470 209 5 5 16.39
16 4 0.1g 2 2853 104 2603 6.5 95 14.9 133 149 4 4 13.04
16 4 029 1 2533 11.0 1481 3.9 289 15.6 393 156 4 4 13.06
16 4 02¢ 2 12676 57.2 11591 20.7 13095 73.6 9637 282 5 5 16.41
32 2 01g 1 170 7.5 204 9.6 4 4.2 4 42 2 2 4.04
32 2 01lg 2 1937 6.2 714 2.2 2 4.2 2 42 2 2 397
32 2 02 1 201 2.7 203 1.4 6 4.4 8 43 2 2 398
32 2 029 2 101 2.8 41 1.6 17 4.5 11 44 2 2 399
32 3 01¢g 1 12910 52.1 5582  16.5 7 13.5 134 129 3 3 8.53
32 3 01g 2 313 1.7 356 1.6 177 13.1 210 143 3 3 8.58
32 3 029 1 3387 120 2671 9.6 159 13.9 198 138 3 3 8.52
32 3 029 2 1380 7.2 2514 10.7 143 14.1 151 142 3 3 8.61
32 4 01g 1 96569 559.3 13703 51.0 154122 652.4 57158 156.6 4 5 19.59
32 4 0.1¢g 2 141531 816.5 97762 301.4 147573 648.7 66224 1728 5 5 18.29
32 4 029 1 8070 319 9874 37.2 43 15.6 42 15,0 3 3 11.75
32 4 029 2 4879 205 14224 529 97 16.5 123 16.7 3 3 11.73
48 2 0.1g 1 496 8.7 315 8.2 1 4.9 1 49 2 2 464
48 2 0.1g 2 190 2.0 734 5.0 9 5.1 9 51 2 2 4.59
48 2 029 1 15 1.6 447 3.1 7 5.0 7 50 2 2 458
48 2 029 2 201 2.9 487 4.5 7 4.9 7 49 2 2 458
48 3 0.1g 1 2256 18.9 8253  49.2 259 16.3 283 164 3 3 985
48 3 0.1g 2 39191 236.6 5542 314 285 19.7 332 200 3 3 9.90
48 3 0.2¢ 1 1810 21.8 2777 19.5 381 20.5 484 208 3 3 9.87
48 3 029 2 3648  27.2 2207 11.2 347 23.1 362 229 3 3 991
48 4 0.1g 1 104244 9929 56336 354.9 168481 2477.0 107320 4394 4 5 22.63
48 4 0.1g 2 70950 465.3 28474 177.2 4895 64.2 6357 628 4 4 17.99
48 4 029 1 9764 654 29631 170.3 83 24.2 91 246 3 3 13.53
48 4 0.2¢g 2 56580 373.8 67515 348.5 9933 86.9 11707 76.0 4 4 18.09
64 2 0.1qg 1 397 4.2 273 3.3 10 5.7 10 57 2 2 5.18
64 2 0.1g 2 360 4.0 360 3.9 11 5.7 11 57 2 2 517
64 2 02 1 505 4.5 931 7.0 8 5.7 8 57 2 2 5.19
64 2 029 2 476 4.8 481 4.8 11 6.0 11 6.0 2 2 5.19

continued on next page
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default SCIP mod handling

instance default SCIP mod handling 4 subopt heur -+ subopt heur

subopt heur

N K 62 # +#nodes time #nodes time #nodes time #nodes time x* T time
64 3 0.1¢g 1 11498 105.5 5982 36.5 529 33.0 568 32.6 3 3 11.17
64 3 0.1q¢ 2 6464 70.6 20879 105.7 279 21.9 333 21.9 3 3 11.17
64 3 0.2q¢ 1 830 12.2 884 11.9 519 34.2 512 34.5 3 3 11.24
64 3 0.2qg 2 6626 59.2 9821 57.0 815 34.8 966 34.2 3 3 11.22
64 4 0.1¢g 1 217176 3128.0 360779 2932.9 20299 172.6 24143 152.2 4 4 20.38
64 4 0.1g 2 75975 670.0 329245 2982.6 >157627 >3600.0 510570 3492.6 4 5 25.50
64 402¢ 1 51999 688.0 47384 396.5 10226 126.6 28560 185.1 3 4 20.58
64 4 0.2¢ 2 82051 748.6 26076 173.8 119 35.1 123 354 3 3 15.24
GM 2796 21.6 2816 16.0 164 19.6 178 17.3

Shifted GM 3308 36.5 3228 27.5 470 26.4 500 22.4

AM 22296 197.3 25014 176.8 14490 1756 17331 110.0

3.4 Concluding Remarks and Outlook

Throughout this chapter, we have seen various explicit settings with interesting side
constraints which all fit into the general framework from Chapter 2. This enabled
us to derive NSPs for exact uniform and individual recovery as well as NSPs and
corresponding error bounds for stable and robust recovery in a unified manner. For
constant modulus constraints, we also described a specialized algorithmic approach
to solve the resulting recovery problems to optimality. However, it remains open to
find an NSP and a corresponding error bound for stable and robust recovery in the
constant modulus setting. Of course, there are many more interesting settings and
side constraints or sparsity structures which have (or have not yet) been considered
in the literature.

For instance, it is possible to extend the block-sparsity structure from Section 3.1.2
by not only requiring that few blocks contain nonzero elements, but also that each
nonzero block itself has few nonzeros. This corresponds to a so-called two-level
“hierarchical”™-sparsity structure as considered by Simon et al. [224] and Sprechmann
et al. [225]. This structure can further be generalized by introducing a recursive
tree-like structure in which each block is hierarchical sparse itself. As discussed in
Section 3.1.1, this concept can also be transferred to block-diagonal matrices by
letting all blocks along the diagonal be low-rank matrices. A recursive application
of this structure generalizes hierarchical sparsity to block-diagonal matrices. For an
overview over hierarchical sparsity and applications in communication scenarios and
quantum state tomography, i.e., the recovery of unknown quantum states, see the
recent preprint by Eisert et al. [83] and the references therein. Moreover, this sparsity
structure also generalizes the concept of “level sparsity”, which has been considered
by, e.g., Adcock et al. [5], Bastounis and Hansen [17], and Li and Adcock [156].
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Note that Bastounis and Hansen [17] present an explicit NSP for level sparsity.
Apart from this hierarchical structure, it also possible to consider other simultaneous
structures, such as low-rank matrices which are also sparse. For an overview, see

Kliesch et al. [144] or Oymak et al. [196].

Moreover, there also exist different general sparsity structures which generalize
block-sparsity. For instance, Baraniuk et al. [16] introduce the concept of general
model sparsity, where a vector is presumed to lie in a union of predefined low-
dimensional subspaces. Clearly, every s-space vector € R'™ lies in the union
of all s-dimensional subspaces of R". By disregarding some of these subspaces,
additional structure within z can be encoded. This concept of model sparsity is
closely connected to the general union of subspaces concept, as treated by, e.g.,
Blumensath and Davies [28] Eldar and Mishali [89], or Lu and Do [163]. Both
the authors in [16] and [89] introduce an adjusted restricted isometry property as
a sufficient recovery condition and consider recovery from random (subgaussian)
matrices for the concept of model sparsity and union of subspaces, respectively.
In [16], the greedy algorithm CoSaMP and iterative hard thresholding are adapted
and used for recovery, whereas in [89], an ¢5 ;-minimization problem similar to (3.8)
is employed. Moreover, it is shown that the union of subspaces model is in fact
equivalent to block-sparsity under a small assumption, so that our results from
Section 3.1.2 apply as well.

It is reasonable to believe that these sparsity structures also fit into the general
framework presented in Chapter 2, possibly with (minor) modifications. In order to
express that a vector (or matrix) is sparse in more than one sense or in more than
one level, multiple projections need to be introduced.

Until now, we have considered various different settings and have presented null
space properties for each setting which guarantees successful (uniform or individual)
recovery. These results are very appealing from a theoretical point of view, since
they give a complete answer to the question of which properties a measurement
matrix needs to be satisfied in order to be “useful” in a sense that recovery is pos-
sible. However, from a practical point of view, there remain at least two questions,
which have not yet been considered. First, can there be (families of ) matrices which
actually satisfy any NSPs, or are the presented conditions only of theoretical na-
ture? This question is investigated in the next chapter. Besides, for a given fixed
measurement matrix an important aspect is to test whether the matrix satisfies an
NSP, which is treated in Section 5.1.
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CHAPTER

Recovery Under Random
Measurements

Throughout the last chapter, we have analyzed recovery conditions for various spe-
cial cases, which all emerged from our general framework presented in Chapter 2.
Along the way, different examples demonstrated that these conditions are not purely
theoretical, but that there exist combinations of matrices and sparsity levels which
satisfy different versions of the null space properties. This directly leads to the
question whether these examples were mere toy examples or if there are many more
matrices which satisfy the various conditions for exact, stable and robust uniform
as well as individual recovery. For the classical cases of sparse (nonnegative) vec-
tors and low-rank (positive semidefinite) matrices, which served as running example
in Chapter 2, this question has been thoroughly investigated in the literature. It
turns out that it is extremely difficult to find deterministic matrices that satisfy
the classical NSP or other recovery conditions for sparse vectors with number of
measurements and sparsity levels close to the theoretically best possible values. For
constructions of deterministic matrices satisfying the restricted isometry property,
see Bandeira et al. [13] and DeVore [62]. The book by Vidyasagar [248] gives an
overview over the deterministic construction of measurement matrices with favor-
able properties. Interestingly, it can be shown that various types of random matrices
allow for exact, stable and robust uniform as well as individual recovery with high
probability if the number of rows is large enough, in dependence on the number
of columns and the desired sparsity level. Additionally, it is known that for ran-
dom matrices, the values for the number of rows and the sparsity levels needed for
successful recovery are very close to the theoretically best possible values. This re-
sult is especially relevant in practical applications of Compressed Sensing, since the
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number of rows of the measurement matrix denotes the number of measurements
that are taken. Most of the time, taking many measurements is costly or simply im-
practical, so that it is desirable to take as few measurements as possible. Moreover,
random measurement matrices are relatively simple to operate in practice. Thus,
finding ways to further reduce the number of measurements needed for successful
recovery is highly relevant. If additional knowledge is available, this directly leads
to the question whether exploiting this knowledge in the recovery process leads to
favorable properties. In the last chapters, we have seen specific examples, in which a
recovery condition is satisfied when exploiting a present side constraint, and violated
otherwise. Moreover, for the case of block-sparse vectors, Theorem 3.14 presents a
family of matrices that satisfy the NSP if the nonnegativity is taken into account,
but violates the corresponding NSP if the nonnegativity is ignored. All these re-
sults indicate that exploiting the side constraints indeed lead to weaker recovery
conditions, which can be satisfied by more matrices.

In this chapter, we will discuss recovery of sparse nonnegative vectors under ran-
dom measurements. We derive a bound for the minimal number of measurements
needed for uniform recovery of sparse nonnegative vectors. In the literature, a bound
for sparse nonnegative vectors is already available, but it only guarantees uniform
recovery asymptotically, i.e., for the dimension n — oo. In this chapter, we adapt
the proof of a well-known bound for sparse vectors to the case of sparse nonnegative
vectors, in order to obtain a nonasymptotic bound which guarantees uniform recov-
ery for all dimensions n. Unfortunately, it will turn out that the bound is weak,
since it is larger than the bound for sparse vectors. This is most likely due to some
estimations in the process of obtaining the bounds being too weak. However, we
will show empirically and numerically in simulations that the minimal number of
measurements needed for uniform recovery for sparse nonnegative vectors is indeed
smaller than for sparse vectors. This indicates that our bound is far from being
optimal and most likely can significantly be improved. The simulations highlight
the effect of nonnegativity as side constraint on the recovery conditions, by show-
ing that more (random) measurement matrices allow for uniform recovery if the
nonnegativity is exploited.

Furthermore, we also consider the recovery of block-sparse matrices under ran-
dom measurements. For block-sparse matrices, we provide the first result that ran-
dom measurement operators satisfy the corresponding NSP with high probability if
the number of measurements is sufficiently large. By that, we show that uniform
recovery of block-sparse matrices is possible with high probability under random
measurements.

In Section 4.1 we will review the existing literature and introduce the concepts
needed for an analysis of recovery under random measurements. The subsequent
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Section 4.2 treats the recovery of sparse nonnegative vectors under random measure-
ments and derives a theoretical bound for the number of needed measurements, and
compares with empirical bounds obtained by sampling. Section 4.3 then treats the
recovery of block-diagonal matrices from Section 3.1 without the positive semidefi-
niteness constraint. Lastly, Section 4.4 provides an outlook. Throughout this chap-
ter, we again only consider exact uniform and individual recovery. As before, the
statements can easily be adapted to also cover stability and robustness.

4.1 Recovery Under Random Measurements — An
Overview

The first result that random matrices satisfy a recovery guarantee is due to Candés
and Tao [38, 45], where the authors show that Gaussian random matrices satisfy
the RIP. Shortly after, Mendelson et al. [178] and Baraniuk et al. [15] extended
this result to subgaussian random matrices, Bernoulli random matrices and other
matrices satisfying a certain concentration inequality. A crucial tool to show that
random matrices satisfy an NSP is Gordon’s “Escape Through a Mesh”, which first
appears in Gordon [121], and is used by Rudelson and Vershynin [215] for the first
time in Compressed Sensing in order to show that Gaussian random matrices sat-
isfy the NSP with high probability, given that the number of measurements, that
is, the number of rows of the measurement matrix is large enough in comparison
to the number of columns and the sparsity level. Stojnic [226] uses Gordon’s Es-
cape theorem together with duality to obtain tight estimations for when Gaussian
random matrices satisfy the NSPs for individual and uniform recovery of sparse
vectors as well as for individual recovery of sparse nonnegative vectors. A simpler
analysis which yields slightly less precise estimations for the NSP of Gaussian ran-
dom matrices is contained in Foucart and Rauhut [104], where Gordon’s Escape
theorem is combined with conic duality. Gordon’s Escape theorem has also been
successfully applied to individual and uniform recovery in various other settings,
e.g., block-sparse vectors [229, 230] and low-rank matrices [139, 193, 195], whereas
Kabanava et al. [139] uses the approach of Rudelson and Vershynin. Oymak and
Hassibi [193] and Oymak et al. [195] extend the approach of Stojnic. For an overview
over low-rank matrix recovery, see Davenport and Romberg [61]. Liaw et al. [158]
extend Gordon’s Escape theorem also to subgaussian matrices, since in its original
form, it can only be applied for Gaussian random matrices. Mendelson’s “Small Ball
Method” is another technique which can be used for various other types of random
matrices, see Dirksen et al. [66] for an overview over the applicability.

The publications [9, 44, 49] provide different frameworks to obtain estimations
for individual recovery in various settings, see also Tropp [241] for an overview and
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an extension of Mendelson’s Small Ball Method, the so-called “Bowling Scheme”. A
prominent application of the results of Chandrasekaran et al. [49] is gridless Com-
pressed Sensing [233], and the results of Amelunxen et al. [9] are applied for binary
and, more general, finite valued Compressed Sensing by Keiper et al. [141]. For
a general introduction to high-dimensional probability and its use in Compressed
Sensing and related areas see Vershynin [246] or Vershynin [247]. The book by
Vidyasagar [248] also collects some results on random matrices in Compressed Sens-
ing, and the book [104] contains most of the relevant probabilistic tools needed
for the analysis of recovery with Gaussian (and to some extent also subgaussian)
random matrices.

In a different direction of work, results on random matrices satisfying the classi-
cal and the nonnegative NSP (see (NSP) and (NSP>()) were obtained by Donoho
and Tanner in several publications. They reformulated the respective NSP in terms
of neighborliness of certain projected polytopes [67, 73, 74], see Proposition 3.12
for the result for the nonnegative NSP. Building on results of Affentranger and
Schneider [6], Boroczky and Henk [30] as well as Vershik and Sporyshev [245] about
random (projections of) polytopes, they derive bounds for the number of measure-
ments to guarantee uniform and individual recovery [68, 75, 77, 79]. These bounds
hold asymptotically for the number of columns tending to infinity and the ratio
between the number of rows and the number columns as well as the ratio between
the number of rows and the sparsity level remains constant. This asymptotic na-
ture of the results is due to the underlying theory of neighborliness of randomly
projected polytopes. Since this direction of work is not treated within this thesis,
we refer to Donoho and Tanner [76, 78] and the corresponding paragraph in the
notes of Section 9 in [104] for an overview over the obtained results and bounds. It
is worth mentioning that the bounds obtained from Donoho and Tanner show that
there is indeed a difference between the classical NSP and the nonnegative NSP. For
both uniform and individual recovery, the nonnegative NSP is satisfied for a smaller
number of random Gaussian measurements compared to the classical NSP.

Overall, for various settings without additional side constraints, such as (block-)
sparse vectors and low-rank matrices, precise estimation of the minimal number of
measurement needed for a random measurement matrix (or operator) to satisfy the
NSPs for individual and uniform corresponding to the respective setting are known
in the literature. These results hold for various types of random matrices, such as
Gaussian, subgaussian, and also 0/1 Bernoulli matrices. In the presence of additional
side constraints, much less is known. For sparse nonnegative vectors, there are
asymptotic bounds for individual and uniform recovery available from the polytope
analysis of Donoho and Tanner. Oymak and Hassibi [192] derive conditions for
individual and uniform recovery of low-rank positive semidefinite matrices based on
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Stojnic’s involved analysis. Stojnic [226, 229]| derives bounds for individual recovery
of sparse nonnegative and block-sparse nonnegative vectors, and states that the same
analysis can also be applied for uniform recovery of sparse nonnegative vectors, but
does not include it into the publication [226], since

“[...] the analysis of that cases becomes a bit more tedious and certainly

loses on elegance.”?

In the next chapter, we extend the analysis of [104] using conic duality from sparse
vectors to sparse nonnegative vectors. Since the nonnegative NSP has a different
structure than the classical NSP, namely, invariance under entrywise sign changes
cannot be used, the analysis becomes more difficult. Nevertheless, we can derive a
bound for the minimal number of measurements (i.e., rows) needed for a Gaussian
random matrix to satisfy the nonnegative NSP with high probability. This bound
is non-asymptotic in contrast to the estimations that can be obtained from random
polytope theory. Unfortunately, the derived bound is larger than the corresponding
bound for sparse vectors in [104, Theorem 9.29]. However, numerical experiments
explicitly show that recovery of sparse nonnegative vectors needs fewer measure-
ments than recovery of sparse vectors. Moreover, we also provide small simulations
which indicate that if the estimations in both bounds are replaced by empirically
obtained quantities, then indeed fewer measurements seem to be needed for sparse
nonnegative vectors compared to sparse vectors. Hence, the estimations used in
this thesis for sparse nonnegative vectors can most likely be improved. Such an
improvement remains an interesting open problem.

In order to state the result about random measurements for sparse nonnegative
vectors, we first need to introduce some concepts from probability in the following.
The definitions and statements are taken from [104]. Note that we assume the
reader to be familiar with basics in probability. A good source is the monograph by
Ross [213].

Let X be a random variable and let IP be a probability measure on a probability
space. The cumulative distribution function (cdf) F = Fx of the random variable X
is defined as F(t) := P(X <) for t € R. If there exists a function ¢: R — R with

IP(a<X<b):/b¢(t)dt

for all a < b € R, then ¢ is called the probability density function (pdf) of X. Tt
then holds

3Stojnic [226, p. 40]
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The exzpectation (or mean) of X is defined as

E[X] ::/QX(w)dIP(w),

where 2 is the sample space of the probability space. Throughout this chapter, we
use the Gaussian distribution. If the pdf v of a random variable X has the form

o) = e (- L0,

then X is called a normally distributed random variable or a Gaussian random
variable with mean p and variance o2, denoted by X ~ N(u,02). If 4 = 0 and
0% = 1, then X is called a standard Gaussian random variable. In the following,
we denote with ¢ and ® the pdf and cdf of the standard Gaussian distribution,
respectively, i.e.,

p(t) = \/lz—ﬁexp(—t;),

d(t) = \/12?/_tooexp ( - %2) dz.

Let X4, ..., X, be acollection of random variables on a common probability space. If
they are independent and all have the same distribution, they are called independent
identically distributed (ii.d.). The vector X = [X1,...,X,]T € R" is called a
random vector. Correspondingly, a random matrix X € R™*" is a collection of mn
random variables X;; on a common probability space. A standard Gaussian random
vector is a vector g € R™ whose components g; are i.i.d. standard normal random
variables, and a standard Gaussian random matrix G is defined analogously. In
the remaining parts of this chapter, unless noted otherwise, g and G will denote
a standard Gaussian random vector and random matrix of appropriate dimension,
respectively. The expectation of the /3-norm of a standard Gaussian random vector
will play an important role, so that we denote this quantity by F,. It satisfies the
bounds

n B L((n+1)/2)
e SR Chs vy

see, e.g., Foucart and Rauhut [104, Proposition 8.1]. Additionally, we need the

< ym, (4.1)

following classical result for concentration of measure. It bounds the probability
that a Lipschitz function evaluated at a Gaussian random vector deviates from its
expectation.
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Theorem 4.1 ([104, Theorem 8.34|, [121, Theorem 3.2|). Let f: R™ — R be a
Lipschitz function with Lipschitz constant L > 0, and let ¢ € R™ be a standard
Gaussian random vector. Then, for all t > 0
t2
P(f(9) - El/(9)] 2 1) < exp (= 575):
t2

P(1f(9) ~ Elf ()]l = ) < 2exp ( - @).

Next, we define the Gaussian width of a set S C R™ which plays a crucial role
in the derivation of bounds on the number of measurements needed for a random
measurement matrix to satisfy an NSP with high probability.

Definition 4.2. The Gaussian width w(S) of a set S CR"™ is defined as
w(S) =E[sup{g 2z : z € S},
where g is a standard Gaussian random vector.

Define the unit sphere $"7! = {z € R™ : |jz]ls = 1}. Let T C $"! be a
closed subset of the unit sphere and A € R"™*™ be a standard Gaussian random
matrix. Then, the function f: A — inf {||Az||s : = € T} is a Lipschitz function
with Lipschitz constant L = 1, as the proof of [104, Theorem 9.21] shows. For this
function, we obtain the following variant of Theorem 4.1 in terms of the expectation.

Theorem 4.3 (|49, Theorem 3.2|, [121, Corollary 1.2]). Let T C $"~ ! be a closed
subset of the unit sphere in R™, and let A: R™ — R™ be a random map with i.i.d.
zero-mean Gaussian entries having variance 1. Then,

i > — .
B[ inf | Az]2] 2 Ey — w(T)

If T is a cone, the quantity inf 7 ||Az||2 is also known in the literature as min-
imum conic singular value, see, e.g., Tropp [241]. Theorem 4.1 and the bound for
the expectation in Theorem 4.3 leads to the following bound on the probability on
a deviation of the function f.

Theorem 4.4 ([104, Theorem 9.21]). Let A € R™*™ be a standard Gaussian ran-
dom matriz, and let T C $"~! be a subset of the unit sphere in R™. Then, for
allt >0

1?(523 |Az||s < B — w(T) — t) < exp ( - gﬁ).
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The result in Theorem 4.4 is known in the literature under the name “Gordon’s Es-
cape Through a Mesh”. The original form of this statement appears in Gordon [121,
Corollary 3.4], and has been refined by Rudelson and Vershynin [215]. Another vari-
ant of this result also appears in Stojnic [226]. Gordon’s Escape Through a Mesh in
Theorem 4.4 is the main ingredient to prove that (Gaussian) random measurement
matrices satisfy the NSP with high probability. Recall the definition of the classi-
cal null space property (NSP) for characterizing uniform recovery of sparse vectors
by ¢;-minimization in Example (2.12.1):

loslli < llvslli Vo €null(A)\ {0}, V.S C [n], [S] <s. (NSP)

This condition is clearly invariant under scaling the vectors v. Thus, we can assume
that ||v|l2 = 1. Consequently, we define the set

Ts ={v eR" : |lvg|1 > ||vg|l1 for some S C [n], |S] <s, ||v]|2 =1}. (4.2)

A measurement matrix A € R™*" satisfies (NSP) of order s, if ||Az||2 > 0 for
all x € Ty, due to the scaling invariance of the NSP. Thus, if A is a standard
Gaussian random measurement matrix and if E,, —w(Ts) —t¢ > 0, then Theorem 4.4
directly states that the NSP is satisfied with probability at least 1 — exp(—%tZ). It
now remains to upper bound the Gaussian width w(7Ty) of the unit-norm vectors
violating the NSP condition. In the literature, there exist different approaches
to derive bounds for this Gaussian width. Rudelson and Vershynin [215] show
that Ty C 2conv{x € R"™ : ||z]o < s, ||z]]2 = 1}, and estimate the Gaussian width
of this set. Stojnic [226] uses duality arguments for the underlying linear program
in the definition of the Gaussian width to provide sharp bounds for the Gaussian
width w(Ty). Foucart and Rauhut [104] replace the set T by an appropriate cone
in order to use conic duality and an outer approximation of the corresponding dual
cone to derive a bound on the Gaussian width w(T}).

This general approach using Theorem 4.4 also works for different NSPs, e.g., NSPs
that characterize uniform recovery in the presence of different side constraints. In
this case, only the set Ts needs to be adapted accordingly, and its Gaussian width
needs to be estimated. Of course, this approach also covers robust and stable as
well as individual recovery, since in all these cases, again only the set T, changes.
The case of individual recovery can even be made more concrete by noting that the
corresponding NSP that characterizes (or sometimes implies) individual recovery is
equivalent to the condition that the descent cone (or tangent cone) of the objective
function of the corresponding recovery problem at z(9) does not intersect the null
space of the measurement matrix A, see also Remark 2.35. The probability of this
event for a standard Gaussian random measurement matrix A can be bounded by
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the distance of a standard Gaussian random vector from the dilated subdifferential
of the respective objective function at z(?), due to the duality relationship between
the tangent cone and the normal cone, which is the cone over the subdifferential.
This connection is exploited by Amelunxen et al. [9] and Chandrasekaran et al. [49]
in order to derive bounds for the minimal number of measurements needed for
guaranteeing individual recovery with high probability in various settings.

In the following, we briefly outline the key points of the analysis of Foucart and
Rauhut, since we will closely follow their analysis in our own analysis of sparse
nonnegative vectors in Section 4.2. For a vector v € R", we define v* to be the
nonnegative rearrangement of |v|, that is v > --- > v* > 0 and there exists a
permutation ¢ with v} ;) = [v;| for all 7 € [n]. Furthermore, we define the cones

K, = {UEIR" : i“i > i v;, v; > 0Vi e [n]},
i=1

1=s+1
Qs ={weR" :vy=-=vs=¢t v; >—t,i=s+1,...,n for somet > 0}.

Then, [104, Lemma 9.32] shows Qs C K, where K is the dual cone to K, which
is defined as K} := {z : (z,2) > 0Vz € K,}. For K, and its dual cone, we can use
the following result about weak conic duality. For a vector ¢ € R™ and a cone K,
we have

max {{(g,z) : ||z]2 <1, z € K} <min{|lg+ z||2 : z€ K*}, (4.3)

see, e.g., [104, Equation (B.40)]. Since the set T as defined in (4.2) is invariant under
permutation of the indices and entrywise sign changes, the Gaussian width w(7%)
can be written as

W(T,) = E[max {{g,2) : z € Ts}} - E[max {{g",v) : v e Ky, |v]2 < 1}]
Using weak conic duality in (4.3) implies
w(T,) < B[ min {|lg" + 2| : = € K7}
< E[min {lg" +z| : z € QS}}

<up {El(S 6 +07)
+E[ min (i: (gf—i—zi)?)l/Q}}.

i=1
Zs41y2n 22—t
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Chapter 4. Recovery Under Random Measurements

For a fixed t > 0, Foucart and Rauhut [104, Section 9.3] obtain the following esti-
mates:

S

B —B[(3 (o +0)7) ] < tvE+ i+ f2sm (), (45)

i=1

n

B :E{ min (Z (g:JrZi)Q)l/z] S\/<n—8)\/2m*;f/”v (4.6)

Zs41lyZn 2

where e := exp(1). Choosing ¢ = y/2In(en/s) in (4.5) and (4.6) and inserting the
resulting estimates into (4.4) yields the bound

on 1 1
o) < 2o () (4 s ) (0

For the details, we refer to [104, Section 9.3]. Gordon’s Escape Theorem 4.4 yields
the following bound for the minimal number of measurements.

Theorem 4.5 ([104, Corollary 9.34]). Let A € R™*™ be a standard Gaussian ran-
dom matriz and let s <n as well as € > 0. If

m2 2
p——— > <w+21n(%)> ,

where w is the estimation of w(Ts) in (4.7), then A satisfies (NSP) of order s with
probability at least €.

4.2 Analysis of Random Measurements for Sparse
Nonnegative Vectors

In this section, we will derive bounds for the minimal number of measurements m for
uniform recovery of sparse nonnegative vectors. The derivation is a direct adaption
of the analysis of Foucart and Rauhut [104] outlined above to the setting of sparse
nonnegative vectors. Since the nonnegative null space property (NSP>() contains a
nonnegativity constraint, the corresponding set T of vectors violating this NSP is
not invariant under sign changes. Hence, the derivation of bounds for the Gaussian
width of T is more involved than in the case of sparse vectors. Moreover, it seems
that a direct adaption of the appealing geometric approach of embedding the set of
vectors violating (NSP>¢) in an inflated sparse unit-norm ball as done by Rudelson
and Vershynin [215] is not straight-forward, since the corresponding ball remains
unknown.
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4.2. Analysis of Random Measurements for Sparse Nonnegative Vectors

Recall that the nonnegative null space property (NSPx>g) of order s reads

vg <0 = Y vi<llvgli Vvenull(A\{0}, VSC[n], S| <s.  (NSPx)
€S

Thus, for any s > 0, the set T of unit-norm vectors violating (NSP>) is given by
T, ={veR" : |v]a=1, vg <0, 17w >0 for some S C [n], |S| <s}. (4.8)

This set T is invariant under permutation of the indices, but not invariant under
sign changes. Hence, we can order the indices nonincreasingly, but we cannot order
the indices nonincreasingly according to their absolute value. For a vector z € R”,
we call T the nonincreasing rearrangement of x, if £, > &3 > --- > Z, and there
exists a permutation 7 of [n] with &; = x.(;) for all i € [n].

Note that for the null space property (NSP) for sparse vectors, the set of vectors
violating the NSP is invariant under sign changes, so that in this case, the nonin-
creasing rearrangement of (|z[1,...,|z|,) " can be used. Since the signs do not play
a role, the analysis of the Gaussian width becomes easier in this case.

By using the nonincreasing rearrangement, we can omit the choice of the set S in
the definition of the set T, and arrive at the convex cone K, defined as

Ky ={veR" : veyq,...,0, <0, 170 >0}.

The Gaussian width of T can now be computed using the convex cone K, and the
nonincreasing rearrangement ¢ of the standard Gaussian random vector g € R",
since we have that

w(Ty) = E[max{(g,2) : z € T,}]
E[max {(§,2) : © € K,NS$"'}]
SE[min{Hg—FZHQ : zEK:}],

where K} is the dual cone of K, and the expectation is taken with respect to g.
The last inequality follows from weak conic duality in (4.3). The next lemma shows
an explicit formulation of the dual cone K.

Lemma 4.6. Let s > 0 and Ky = {v € R" : vsy1,...,v, <0, 170 > 0}. Then,
the dual cone K} of the convex cone Ky is given by

K;={veR" :v,=tVie[s], v, <tVie{s+1,...,n} for somet > 0}.
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Proof. Let
Qs ={veR" v, =tVies], v <tVie{s+1,...,n} for some ¢t > 0}.

In order to prove the inclusion Qs C K, let z € Qs and u € K. Then,

S n
(z,u) :Ztui—i— Z ziwg >t-1Tu>0,
i=1 i=s+1

so that z € K} by definition of the dual cone.

For the reverse inclusion, let z € K}. Then, (z,u) > 0 has to hold for all u € K.
Assume that there exist i # j < s with z; # z;, and suppose z; > z; without loss
of generality. Then, w € R"™ with w; = —1, w; = 1 and wg, = 0 for all k ¢ {3, j} is
contained in K, but we have (z,w) = —z; + z; < 0. Thus, 2z, = z; for all ¢,j < s.
Moreover, z; > 0 for all i < s, since otherwise the vector w = (1,0,...,0)" € K,
yields (z,w) < 0. This shows z; = ¢ for all i < s and some ¢ > 0. For the
remaining indices, assume there exists j > s + 1 with z; > z; = ¢. In this case, the

vector w € R™ with wy; =1, w; = —1 and wy, = 0 for all k£ ¢ {1,;} is contained
in K, but again, (z, w) = 21 — z; < 0, a contradiction. Thus, z; <t for all i > s+1,
which shows z € Q. O

This representation of the dual cone K} implies that we can estimate the Gaussian
width w(Ts) as follows:

E[min {[}g + 2|2 : = € K:}]

S n 1/2
:E[min {(z:(gZ -|-t)2 + Z (9 +Zi)2) 1t >0, Ze41,...,2n < tH
i=1 i=s+1
i 1/2 n 1/2
§E{min {(Z(§i+t)2) i ( 3 (gi+zi)2> St >0, Zeply. .. s2n < tH
i=1 i=s+1
Consider a fixed ¢t > 0, and define
nn - ~ 1/2
B = B[( Y@ +0?) .
=1 . s (4.9)
E(nng) — E|: . ( G + 2 2) }
2 Zs+1r,1jl}gn§ Z (g 5 )

i=s+1
These terms resemble the terms Eihn) and Eéhn) in (4.5) and (4.6), respectively,
which appeared in the analysis for sparse vectors. Besides the slightly different dual
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4.2. Analysis of Random Measurements for Sparse Nonnegative Vectors

cone K¥, the nonincreasing rearrangement of g is needed for sparse nonnegative
vectors, whereas for sparse vectors, the nonincreasing rearrangement of |g| can be
used. This implies that the deriving good bounds for E§nng) and Eénng) becomes
more tedious, since the sign needs to be taken into consideration. In Appendix A,
we derive the bounds

B < foin { (24 26)[s10 () +sIn () +sIn (14+/1+ 1)] } + £s
e (4.10)
B < n(n—s) - (L4 2) (@(~1) — 32(—1)?) — to(~D)()
t

T

B(—1V/2) + ﬁgp(—tﬁ))] RANOREY

Hence, we obtain

. (nng) (nng)
) < .
w(Ts) < min {E™® + By}, (4.12)

which leads to the following lower bound on the minimal number of measurements
needed for uniform recovery of sparse nonnegative vectors.

Theorem 4.7. Let A € R™*"™ be a standard Gaussian random matriz, and let w be
the estimation of w(Ts) defined in (4.12) with the bounds (4.10) and (4.11). If

m””_‘il > (w+,/21n(g))2,

then every s-sparse nonnegative x € R is the unique optimal solution of the non-
negative £1-minimization problem min{||z||; : Az = Ax, z > 0} with probability at
least 1 — €.

The proof of Theorem 4.7 is provided in Appendix A as well.

Numerical Evaluation and Discussion Before comparing the result in Theorem 4.7
to the result in Theorem 4.5 for sparse vectors, let us mention that Theorem 4.7
shows that random measurement matrices satisfy the nonnegative null space prop-
erty (NSP>¢) with high probability, given that the number of measurements is suf-
ficiently large. Hence, there exist matrices allowing for uniform recovery of sparse
nonnegative vectors with high probability.

Let us now evaluate numerically the computed bound for the minimal number
of measurements needed for a Gaussian random matrix to satisfy the nonnegative
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NSP. Therefore, we define w™ to be the bound in (4.7) for the Gaussian width of
the set T, in (4.2) of unit-norm vectors violating the classical NSP, and w®"&) to
be the bound in (4.12) for the corresponding Gaussian width for sparse nonnegative
vectors. For the minimum over k and ¢ in (4.10) and (4.12), we use the values

F= \/n + In(m) + nln(3) (4.13)

and £ = /21In(en/s), respectively, since, empirically, & and # are close to the (nu-
merically evaluated) minimum. Moreover, the value £ is also chosen in the analysis
of sparse vectors, and the choice of % is justified by the following argument:

D=

< (2+2/{)[ln(m) +nln (

)+n(,/1+%)}

< (2+2K)[1n(m)+nln( )—l—n(l—l—%)}, (4.14)

[

and # is the minimum of (4.14). Recall from Theorems 4.5 and 4.7 that ()
and w(™8) are a lower bound for the minimal number of random Gaussian measure-
ments needed to satisfy (NSP) and (NSP>(), and thus allow for uniform recovery
of sparse and sparse nonnegative vectors, respectively.

Figure 4.1a plots w!™ (blue) and w™8) (red and yellow) as a function of the
sparsity level for n = 500. The latter bound is displayed in two variants: First, di-
rectly in the form (4.11) (red), and second, using the numerically exact value for the
integral appearing in the derivation of the bound, see (7.6) in Appendix A (yellow).
The second variant also uses the numerically evaluated minimal s appearing in the
estimation (4.10) of Eénng). It turns out that, unfortunately, the derived bound for
sparse nonnegative vectors depicted in red is worse than the corresponding bound
for general sparse vectors in blue. Using the numerically exact value of the integral
in Eénng) as well as the numerically evaluated minimal x, the derived bound depicted
in yellow becomes slightly better, but it is still worse than the blue bound for sparse
vectors.

For a comparison, Figure 4.1a also contains empirical values for the sums of
the expectations E"™ + E{™ (violet) as well as E"™® + E{"™®) (green). These
have been obtained by sampling 1000 Gaussian random vectors g, computing the
quantity within the expectation in (4.5), (4.6) as well as (4.9), respectively, and
taking the empirical mean of the results. First of all, these results show that both
the bound for the linear and the nonnegative case are not precise and rather far from
being optimal. Furthermore, empirically, there is a clear difference between the two
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n = 500
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(a) Comparison of the bounds and empirical values for the Gaussian width of the sets T
of unit-norm vectors violating (NSP) and (NSP>¢), for n = 500.
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(b) Comparison of bounds and empirical values for E\™ and E{™® for n = 500.
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Figure 4.1. Comparison of the bounds for the minimal number of measurements

needed for uniform recovery of sparse vectors and sparse nonnegative vectors,
for n = 500.
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bounds and this time, the green bound for sparse nonnegative vectors is smaller
than the violet bound for sparse vectors. Thus, empirically, under the additional
side constraint z > 0, fewer measurements are needed for guaranteeing uniform
recovery via the nonnegative NSP. Finally, Figure 4.1a displays results for directly
simulating the Gaussian widths of the sets T for sparse (light blue) and sparse
nonnegative vectors (dark red), respectively, see (4.2) and (4.8). These results have
been obtained by randomly generating 100 Gaussian random vectors, solving the
convex optimization problem max {{g,z) : |z|]l2 < 1, & € Ts} and taking the
empirical mean of the solutions. The results show again that the Gaussian width
for sparse nonnegative vectors depicted in light blue is smaller than the Gaussian
width for sparse vectors depicted in dark red, at least for small sparsity levels s.
Figures 4.1b and 4.1c contain a separate comparison of the bounds on E%lin)
(blue), and E%nng) (red, yellow) as well as Eéhn) (blue), and Eénng) (red, yellow),
see (4.5), (4.6), (4.10) and (4.11), respectively. We again add an empirical simula-
tion of the respective expectations (violet, green), which are obtained as described
above. For n = 500, the resulting bounds are plotted as a function of s. In case
of Efmg), the bound is plotted once using & as defined in (4.13) (red) and once
using the numerically evaluated minimum over & (yellow). The bound for Eénng) is
also displayed in two variants: First, directly in the form (4.11) (red), and second,
using the numerically exact value for the integral appearing in the derivation of the
bound, see (7.6) in Appendix A (yellow). As can be seen, the red bound on E%nng)
is indeed smaller than the blue bound on E%hn), even if £ is used. However, both
the red and the yellow bound on Eénng) are significantly larger than the blue bound
on E;lin). One particular estimation that may be responsible for this difference is
the inequality in (7.5), see Appendix A. The same inequality is also used in the esti-
mation of the bound on Eéhn) in (4.6) (see [104, p. 296]). The difference is, however,
that for sparse vectors, the n — s smallest entries of g in absolute value contribute
to Eéhn), whereas for Eénng), the smallest entries of g are used. This already shows
that one can expect Eénng) > Eé“n), which is also confirmed by the empirical values
for £ in green and E{™ in violet. Hence, the weak estimate (7.5) carries much
more weight in the case of sparse nonnegative vectors, which leads to w8 being
larger than w(™. Consequently, improving on this inequality would most likely
result in a major improvement of the overall bound for sparse nonnegative vectors.

Altogether, even if the theoretical bound in Theorem 4.7 for sparse nonnegative
vectors is larger than its counterpart in Theorem 4.5 for general sparse vectors,
our empirical simulations show that fewer measurements for uniform recovery of
sparse nonnegative vectors can be expected, in comparison to general sparse vec-
tors. In order to underline this observation a bit further, Figure 4.2 shows empirical
results for individual recovery of sparse and sparse nonnegative vectors in the di-
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Figure 4.2. Empirical success of individual recovery for sparse and sparse nonneg-
ative vectors and different types of random matrices for n = 100. The heatmap
shows the normalized recovery error (4.15).

mension n = 100 using four different types of random matrices. We present results
for individual recovery at this point, since this is more natural for conducting sim-
ulations. For each combination of the number of measurements m € [100] and the
sparsity level s € [100], we have drawn 25 random matrices, and an s-sparse Gaus-
sian random vector z € R0 for each matrix. Then, we solved the recovery problem
and computed

[l = z*|2

4.1
E (4.15)

where x* denotes the optimal solution of the recovery problem. This experiment has
been repeated for four different types of random matrices, namely Gaussian matrices
with A;; ~ N (0, 1), rectified Gaussian matrices with 4;; ~ N'%(0,1), Bernoulli ma-
trices with A;; ~ Unif({0,1}) and Rademacher matrices with A;; ~ Unif({—1,1}),
where Unif(C') denotes the uniform distribution on the set C. A rectified Gaussian
distribution is obtained from the standard Gaussian distribution by setting all neg-
ative elements to zero, i.e., if X ~ N(0,1), then Y = max{0, X} ~ NF(0,1) is
a rectified Gaussian random variable. The plots in Figure 4.2 show the resulting
values of (4.15) for each type of random matrix for sparse and sparse nonnegative
vectors. As can be seen, the normalized error (4.15) is zero with high probability in
the top left corner in all cases, and increases for larger sparsity levels s and smaller

113



Chapter 4. Recovery Under Random Measurements

100

90 -

80 -

70 -

50 -

——Gaussian
——Rectified Gaussian
Bernoulli
——Rademacher
------- Gaussian (Nonneg)
------- Rectified Gaussian (Nonneg)
Bernoulli (Nonneg) 1
------- Rademacher (Nonneg)

0 I I I 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

sparsity level s

40

30

number of measurements m

20

Figure 4.3. Comparison of the transition between failure and success for sparse and
sparse nonnegative vectors for n = 100 and different types of random matrices.

number of measurements m. Moreover, the plots show a clear phase transition from
failure to success of the recovery process with high probability. It turns out that this
transition does not depend on the type of the random matrices, but the phase tran-
sition in case of sparse nonnegative vectors occurs for smaller values of m, compared
to sparse vectors. To underline this point, Figure 4.3 shows the comparison of the
phase transitions for sparse and sparse nonnegative vectors. The empirical phase
transition for sparse vectors is depicted using solid lines in blue (Gaussian), red
(rectified Gaussian), green (Bernoulli) and black (Rademacher), whereas the dashed
lines depict the phase transition for sparse nonnegative vectors. These phase tran-
sitions are obtained by identifying for each s the minimal value of m such that
individual recovery was successful with high probability for all values m’ > m. This
comparison reveals that again, for sparse nonnegative vectors fewer measurements
are needed for successful individual recovery with high probability, in comparison
to sparse vectors.

Thus, both for individual and uniform recovery, explicitly exploiting the side con-
straint > 0 in the recovery process by using nonnegative ¢;-minimization has a
positive impact by reducing the number of measurements, i.e., rows of the mea-
surement matrix in order to guarantee successful recovery. In the next chapter, we
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will consider approaches to testing whether a given measurement matrix satisfies
the linear or nonnegative NSP, which guarantees uniform recovery. There, we will
also present empirical results for Gaussian random matrices to satisfy these NSPs.
These results are the counterpart of the results in Figures 4.2a and 4.2b, since
the NSPs characterize uniform recovery. However, computations to test the (non-
negative) NSP are considerably more expensive than solving the (nonnegative) ¢;-
minimization problem for a given measurement matrix and sparse (nonnegative)
vector. Thus, we can only use the small value n = 20. Nevertheless, the results in
Figure 5.1 will confirm the results obtained in this chapter, by showing again that
there is a difference between sparse and sparse nonnegative vectors in the number
of measurements needed to guarantee uniform recovery.

4.3 Analysis of Random Measurements for
Block-Sparse Matrices

In this section, we will analyze the recovery of block-diagonal matrices under random
measurements. We use the null space properties from Section 3.1 to derive bounds
for the minimal number of measurements needed to guarantee uniform recovery with
high probability. In order to simplify the analysis, we assume symmetric matrices
and that the block-structure in X consists of k blocks of equal size d; x dy. Again,
we will use Gordon’s Escape Theorem 4.4. Note that this formulation holds for the
vector space R, but it can be easily adapted to the matrix space R™*™ as well,
see, e.g., Kabanava et al. [139] and also the recent overview by Fuchs et al. [108,
Theorem 2.1].

Theorem 4.8 (Gordon’s Escape Through a Mesh for R™*", [108, Theorem 2.1]).
Let A € R™*"™ be a Gaussian random measurement operator as defined in Sec-
tion 3.1.1, and let T be a subset of the (Frobenius) unit sphere $(R™*™) in R™*"™.
Then, for allt >0

]P()i(réfTHA(X)Hg <Vm—1-w()— t) < exp ( - %R).

Using the Frobenius inner product defined in (1.1), the definition of the Gaussian
width in Definition 4.2 can be adapted accordingly to

w(S) =E[sup{(G,Z)r : Z € S}],

where S C R™*™ and the expectation is taken over standard Gaussian random
matrices G € R™*". By Theorem 3.6, the following null space property of order s
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characterizes uniform recovery of all s-block-sparse block-diagonal matrices:
D olVel <D IVal (NSPZ ;)
i€S ies

for all V' € (null(A) N 8™) \ {0} and all S C [k], |S| < s. For a block-structured
matrix X let X be the nonincreasing block-rearrangement of X, that is, let X be
the matrix with the blocks Xp, of X reordered such that | Xp, [, > --- > || X5, |«
and Xp, = XB[T(M for all i € [k] and a permutation 7 of [k] . Then, (NSP] ;) can
be reformulated as

s k
ZHVBZ.H* < Y Vel YV € (null(4) N S")\ {0} (4.16)

1=s+1

Due to the scaling invariance of this condition, we can scale V' to have a unit norm
of 1 with respect to the mixed nuclear-fo-norm, that is

k 1/2
Viez= (D IVal2) =1
=1

Thus, the set T of unit-nuclear-norm matrices violating the condition (4.16) is given
by

s k
T, = {V € 8" block-structured : Y [Va,ll« = Y [Va,[le, Vw2 =1} (4.17)
=1 1=s+1

Let K, be the convex hull of s-block-sparse matrices with unit norm with respect
to the mixed nuclear-¢5-norm, i.e.,

K, = conv{X € 8" block-structured : || X|.2 =1, | X]

w0 < s} (4.18)

In the following we show that T is contained in 2K and subsequently estimate
the Gaussian width of K. This is a direct adaption of the corresponding state-
ments for sparse vectors [215, Lemma 4.5], block-sparse vectors [228] and low-rank
matrices [139, Lemma 3.4].

Lemma 4.9. Let s > 1. For Ts and K, as in (4.17) and (4.18), respectively, we
have Ty C 2K.
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4.3. Analysis of Random Measurements for Block-Sparse Matrices

Proof. Let V € T, be a block-structured matrix and let V be the nonincreasing
rearrangement of V' with respect to the nuclear norms of the blocks. Then,

s k
S I, )" < VA (I,
=1 i=1

which implies

3)1/2 =5, (4.19)

< V(DI
i=1

k

i=s+1

S
=1

Now suppose that ||‘73j |l > 1/4/s for some index j > s. Due to the nonincreasing
ordering of the blocks, we have [|Vp,|| < ||Vp,|| for all i € [s]. This yields

i=1

which is a contradiction to (4.19). Thus, we have ||‘~/B]. ||« <1/y/sforall j > s. This
shows that

.2 s|[Vs, |1 > V5.

Ve BS, x (VoBE, N LBYL),
where S is the set of indices of the s blocks with largest nuclear norm ||V, ||, and

BY, = {VeRY : [[V|]., =1}, pe {1,200}

Here, R%*S denotes the space of matrices consisting of blocks indexed by the ele-
ments of S. By varying the set S over all possible index sets with s elements, we
obtain

w.

ve |J BEx (\/51]3*?1 N \/LEJBEOO)

EC[k], |E|<s

Clearly, the extreme points of W are those matrices V with V' = V' + V" such
that V/ € RE, |[V'||l.2 = 1 and V" € RF has exactly s nonzero blocks, each with
nuclear norm 1/4/s for some E C [k] with |E| = s. Since K is a symmetric and
convex set with 0 in its interior, there is a norm |-||x such that K, is the unit-
norm ball with respect to |||k, see, e.g., Rockafellar [211, Theorem 15.2]. Thus,
the maximum of ||-||x over W is attained at an extreme point of W, and for any
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extreme point V =V’ + V" of W, we have
V' + Ve < [Vl + V" ]lxk <1+1=2,

since clearly V', V" € K,. This shows max {||V||x : V € W} < 2, which in turn
implies T;, C W C 2K. O

This result can now be used to estimate the Gaussian width w(7Ts) of Ts. There-
fore, let G € R™*™ be a block-structured Gaussian random matrix with &k blocks of
equal size d; X dy. Then, the Frobenius inner product (G, X)r of G and X € "
satisfies the inequality

k k k
(G, X)e =) (Gp, X)r < Y G |rIXplr <Y IGaeI Xz,
=1 =1 =1
k

<3 mac (G, 1} 1 X[l = Gl e X1
i=1

This implies

w(Ty) <2 = 2E[ max {(G, X)p 00 <8, | X|h2 = 1}]
P o8 Lo (Gl Xl + Xl =1, 1Kl € 5
< 2B max {Gllpoev/5 X2 : Xl = 1, |X]le < s}]
= 2V5E[[|G] r.0]
= Z\fE[maX{Hvec(GBi)Hg = [k]}]

< 25(B[max {lvee(Gs)[3 : 1€ W}])"
< 2/s(v/2m(k) +\/dy - do),

where we used the Jensen inequality in Lemma 7.2 in the penultimate inequality,
and [104, Proposition 8.2] for the last inequality. This bound only scales with the
blocksize d; X ds and the number of blocks &, but not directly in the overall size of
the matrix X, i.e., in kd; and kds, respectively.

In order to show P(infxer, [[A(X)[z > 0) > 1 —¢, we use t = 1/2In(2) in

Theorem 4.8. It remains to estimate the minimal number of measurements m so
that

Vm —1—w(T,) —4/2In(2) > 0.
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4.3. Analysis of Random Measurements for Block-Sparse Matrices

This is true if

Vim =1 > 2/5(y/2In(k) + V/di - ds) + 1/21In(),

which yields the lower bound

2
m> (2\/5(\/21n(k') +\/dy - dg) + 21n(g)) +1.
Putting the derivation above together, we have proved the following.

Theorem 4.10. Let A: 8™ — R™ be a Gaussian random measurement operator. If

m > (2\/5(\/2 In(k) +\/di - do) + 21n(g))2 +1,

then, with probability at least 1 — e, every s-block-sparse matrix X is the unique
optimal solution of min{||Z||.1 : A(Z) = A(X), Z € S"}.

The lower bound on the number of measurements in Theorem 4.10 only scales
with the number of blocks k& and the dimension of the blocks d; - do separately,
but not in the overall dimension k - d; - do of the matrices. This is in contrast to
regular sparsity, where the corresponding lower bound scales in the dimension n
of the sparse vectors, see Theorem 4.5. Thus, the lower bound takes the specific
block-structure into account.

Of course, it also possible to use a similar approach as for sparse nonnegative
vectors in Section 4.2. This would require to transform the set T defined in (4.17)
into a convex cone and find (an inner approximation) of its dual cone. Similarly to
the case of nonnegative vectors, we can use the convex cone

s k
Ko={ves : Y IVel> > |IVa

i=1 i=s+1

Since only the nuclear norm of the blocks Vp, but not the entries of the blocks
themselves appear in the NSP condition, the computation can in principle be reduced
to the case of vectors, where the entries of the vector v are the nuclear norms of the
blocks in V. Similarly, the Gaussian random matrix reduces to a random vector,
whose entries are no longer standard Gaussian random variables. By using the
emerging distribution instead of the standard Gaussian distribution, the same proof
idea as in the case of vectors could in principle be applied, see [104, Theorem 9.29].

The recovery for positive semidefinite block-structured matrices under random
Gaussian measurements is unfortunately considerably harder to analyze. Recall
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that the corresponding null space property (N SPI,LEO) in Definition 3.3 reads

Vg, 20VieS = Y 1TAVg) <) Vsl (4.20)
€S i€S

for all V' € (null(A) N 8™)\{0} and all S C [k], |S| < s, where A\(Vp,) is the
vector of eigenvalues of Vp,. Clearly, this condition is also invariant under per-
mutation of the blocks. However, in contrast to the NSP for block-structured ma-
trices in (NSP} ), not only the nuclear norm of the blocks but also the signs of
the eigenvalues appear in the NSP condition in (4.20). Thus, it is not clear in
which way the blocks in V' need to be ordered so that the set S can be elimi-
nated from the condition, since this ordering necessarily has to take the signs of
the eigenvalues within the blocks into consideration. A natural ordering would be
lexicographically sorting the blocks with respect to the largest eigenvalue. How-
ever, this ordering cannot be used to maximize the inner product (G, V) over the
set of matrices V' violating the NSP (4.20), as the following toy example demon-
strates. Consider two block-structured matrices G and V € S* with eigenval-
ues A\(G) = ([2,—1],[6,—20))T and A(V) = ([10,10],[~1,—1])T. Sorting the matri-
ces blockwise with respect to the largest eigenvalue yields A(G) = ([6, —20], [2, —1])T
and A\(V) = ([10,10,],[-1,—1])T. However, (G,V)p = 24 > —124 = (G, V)p, so
that the sorting does not increase the inner product. Consequently, abstracting to
the eigenvalues of the blocks and then using an approach to analyze the NSP under
Gaussian random measurements similar to the case of nonnegative vectors in Sec-
tion 4.2 can only be applied if the correct ordering has been identified. This also
implies that even simulating the Gaussian width becomes a complicated optimiza-
tion problem.

Moreover, as already mentioned in the case of sparse nonnegative vectors, a simple
approach using an embedding of the set of matrices violating the NSP into a convex
set of sparse unit-norm matrices as in Lemma 4.9 is also not possible, since the
correct convex set K has not yet been identified.

4.4 Concluding Remarks and Outlook

The empirical evaluation of the Gaussian width of the set of vectors violating the
linear and the nonnegative NSP in Figure 4.1a and the results for individual recov-
ery of sparse and sparse nonnegative vectors in Figures 4.2, 4.2a and 4.2b indicates
that fewer measurements seem to be needed for the uniform recovery of sparse non-
negative vectors in comparison to uniform recovery of all sparse vectors. However,
the numerical evaluation in Figure 4.1a of the bound for the minimal number of
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measurements needed for uniform recovery of sparse nonnegative vectors derived
in Theorem 4.7 shows that this bound is worse than the corresponding bound for
sparse vectors. Thus, it remains an open question to improve on the bound in Theo-
rem 4.7. As outlined in the discussion in Section 4.2, especially one inequality seems
to leave much room for improvement. A more precise estimation most likely needs
more involved results on rectified Gaussian random variables and vectors.

Another major open question is the derivation of bounds for uniform recovery of
positive semidefinite block-structured matrices. Since the NSP for positive semidef-
inite block-structured matrices only depends on the eigenvalues of the blocks, it
makes sense to first consider uniform recovery for block-structured nonnegative vec-
tors and then generalize the result to matrices. However, as described above, the
correct ordering for the blocks has not yet been identified. Moreover, in the litera-
ture, to the best of the author’s knowledge, for block-sparse nonnegative vectors only
individual recovery has been analyzed under random measurements by Stojnic [229].

Apart from the results for uniform recovery, it would also be interesting to de-
rive results for individual recovery. To do so, the methods developed in [9, 49]
could be employed. Note that individual recovery of sparse nonnegative vectors
under Gaussian random measurements has been treated in [226], but the case of
(positive semidefinite) block-structured matrices has not yet been considered in the
literature. These two cases should be easy adaptions of the block-sparse and block-
sparse nonnegative case, which has been analyzed in [229, 230]. A generalization of
all these considerations would be to prove a statement of recovery under random
measurements in the general framework from Chapter 3. As a starting point, the
framework of atomic “norms” [49] or decomposable norms [44] could be used and
the corresponding statements for individual recovery in these frameworks extended
to uniform recovery.

In a different direction of research, it would be interesting to see if the polytope
approach from Donoho and Tanner for analyzing recovery under random measure-
ments also works for more settings than sparse (nonnegative) vectors. In the case of
matrices, a direct adaption would replace the unit-norm ball of the ¢;-norm by the
unit-norm ball of the nuclear norm. This set is known to be a spectrahedron, see
Saunderson et al. [216, Theorem 1.2]. However, the projection of a spectrahedron
is not necessarily a spectrahedron in general, see Ramana and Goldman [208, Sec-
tion 3.1], as opposed to polytopes. Moreover, it seems that a block-structure cannot
be easily represented using polytopes.

On top of that, analyzing random matrices for the two remaining special cases
treated in Chapter 3, namely integrality and constant modulus constraints is also left
open for future research. In case of constant modulus constraints, this would require
to generalize the probabilistic tools to the complex setting, or, to employ a explicit
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split into real and imaginary parts. Since these parts cannot be considered, e.g.,
sorted, independently but a coupling between these two parts need to be maintained,
it is not as straight-forward to apply the methodology used within this chapter. For
integrality constraints, the corresponding NSP is not even invariant under scaling of
the vectors, so that we cannot assume that the set T of integral vectors violating
the corresponding NSP is bounded and a subset of the unit sphere. Thus, again,
the methodology is not applicable, since we cannot operate on a subset of the unit
sphere. Instead, we would need to derive bounds for the ¢s-norm of the vectors x
in the null space of a (Gaussian) random measurement matrix A with z € Tg.
Moreover, even if it is possible to obtain such a bound, the set T is still not convex
and not even a cone. It would certainly be interesting to see if the general approach
using Gordon’s Escape Theorem 4.4 can be modified to work in this case as well, or
if it is even possible to introduce the integrality constraint into the analysis based
on polytope geometry from Donoho and Tanner.
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CHAPTER

Computing Recovery
Conditions

In the last chapter, we have considered the question whether there exist matrices
which can satisfy the NSP conditions for individual and uniform recovery for various
special cases presented in Chapter 3. Recall that a measurement matrix A allows for
individual recovery, if a single fixed s-sparse element is successfully recovered by the
corresponding recovery program using A. In contrast, uniform recovery means that
the corresponding recovery program using a fixed A successfully recovers all s-sparse
elements. We have seen that if the number of measurements, is large enough, then a
Gaussian random matrix satisfies the corresponding NSP with high probability. In
case of sparse vectors, the number of measurements is given by the number of rows
of the measurement matrix. Moreover, by exploiting additional side constraints such
as nonnegativity or positive semidefiniteness this number of minimal measurements
decreases. Thus, from a theoretical point of view, the presented NSP conditions for
different special cases, with and without additional side constraints, are meaningful
in the sense that they can be satisfied by matrices and that exploiting side constraints
has a positive effect. For a thorough analysis of NSP conditions it now remains to
consider the question of how to verify that a given matrix satisfies an NSP condition
in practice. This will be done in this chapter. First, we shortly present the case of
the classical NSP for sparse vectors, which has been treated by d’Aspremont and
El Ghaoui [59], where an SDP formulation for testing the NSP of a measurement
matrix was proposed. We complement this by deriving two slightly different MIP
formulations for testing the NSP. Afterwards, we extend this formulation to the
NSPs for recovering sparse nonnegative vectors and block-sparse vectors with and
without additional nonnegativity. For the NSP for sparse vectors and the NSP for
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sparse nonnegative vectors, we present computational results for varying sizes of the
measurement matrix and sparsity levels.

For a very small dimension n = 20, we consider Gaussian random measurement
matrices A € R™*™ that is, random matrices, where all entries are independent
standard normal random variables. We show empirically that these random ma-
trices satisfy the nonnegative NSP with high probability for more combinations of
sparsity level s and number of measurements m, in comparison to the NSP for recov-
ery of sparse vectors. This supplements the consideration in the previous chapter,
where a bound for the minimal number of measurements needed for a Gaussian
random matrix to satisfy the nonnegative NSP was derived. The numerical eval-
uations, and especially the empirical comparison of individual recovery for sparse
(nonnegative) vectors, show a difference in the number of measurements needed for
successful recovery between sparse vectors and sparse nonnegative vectors. Since
the (nonnegative) NSP characterizes uniform recovery of (nonnegative) sparse re-
covery, the results in this chapter add an empirical comparison of uniform recovery,
which confirms the results for individual recovery obtained in the previous chap-
ter. Afterwards, we shortly comment on the NSPs for recovery of low-rank (positive
semidefinite) matrices and block-diagonal (positive semidefinite) matrices, for which
it does not seem to be as easy to formulate them as a MIP or an MISDP. Currently,
only immediate nonlinear formulations are known.

In Section 5.2 we consider another condition which is sufficient for uniform recov-
ery of sparse vectors, the restricted isometry property. This condition can be for-
mulated as an MISDP, which was established by Gally and Pfetsch [111]. Chapter 6
shortly introduces general MISDPs and presents several presolving techniques for
general MISDPs, which is based on joint work with Marc E. Pfetsch [174]. Further
specialized components that can be exploited when solving the MISDP formulation
of the restricted isometry property are then derived in Section 5.3. A numerical
evaluation of these components follows at the end of Chapter 6.

5.1 A Mixed-Integer Programming Formulation for
the Null Space Property

Recall from Example (2.12.1) that the null space property (NSP) for characterizing
uniform recovery reads

loslli <llvslli Vo €null(A)\ {0}, V.S C [n], [S] <s. (NSP)
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5.1. A MIP Formulation for the NSP

By adding ||vs||1 to both sides of the inequality and scaling ||v||; = 1, (NSP) can be
written as

1
max {|lug|1 : Av =0, |jv]1 <1, |S] <s}< 3 (5.1)
which can equivalently be formulated as
T 1
max{y v : Av=0, ol <L fyllec < L, llyls < s} < 3, (52)

see, e.g., [59], which follows from homogeneity and the ¢..-norm being the dual
norm of the ¢1-norm. The quantity in (5.1) is also known as null space constant
(NSC). Recall that checking whether a given matrix satisfies the NSP is N'P-hard,
see Tillmann and Pfetsch [237]. Thus, not much attention has been paid to the
problem of computing the exact NSC for a given matrix. Cho et al. [53] propose
an approach to compute the exact NSC based on a branch-and-bound approach.
Moreover, lower and upper bounds for the NSC are derived using an SDP relaxation
in [59] as well as an LP relaxation in Juditsky and Nemirovski [135]. Bounds for
the corresponding NSC for sparse nonnegative vectors are obtained by Juditsky
et al. [136].

In the following, it is our goal to formulate the optimization problem (5.2) as a
MIP. This allows us to check in practice whether a given measurement matrix A
satisfies the NSP and thus admits uniform recovery of sparse vectors. We discuss two
slightly different formulations and compare them numerically. In a similar spirit,
Tillmann [236] derives a MIP formulation for computing the spark of a matrix.
Recall that the spark is a recovery condition for sparse recovery using the {p-norm.

To start, any optimal solution (y*, v*) of Problem (5.2) has yf € {£1} for exactly s
indices i € [n] and y; = 0 otherwise. Thus, y* selects entries of v*, which then
form the set S in (NSP). Consequently, the variables y; in the objective function
can assumed to satisfy y; € {0,£1} for all i € [n]. Moreover, in any optimal
solution (y*,v*), the signs of v} and y; coincide for all ¢ € [n] with y # 0. The ¢;-
norm constraint on v can be modeled as a linear constraint by using a variable split.
For v € R, define its positive part v and negative part v~ as

vt = max {07’()}, v~ = max {0, —’U}.

Clearly, when introducing variables v and v; instead of v;, we need to ensure
that v;" and v;” are not simultaneously nonzero. Such a constraint which models that
for a set of variables x1,...,z,, at most one variable z; # 0, ¢ € [n], whereas z; = 0
for all j # i, is called an sosI-constraint, which we denote with sosl(z1,...,z,).
It can be modeled by adding the set of constraints z; - x; = 0 for all i # j. In
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the presence of bounds, an sosl-constraint can be linearized by adding additional
binary variables. Assume that —oo < ¢; < z; < u; < 0o holds for all ¢ € [n], and
let d; € {0,1} for i € [n] be binary variables. Then, the constraint sosl(x1,...,zy)
can be modeled by adding the following constraints:

=1

Using a variable split into positive and negative part together with an sosl-
constraint, the constraint ||v||; < 1 can be equivalently formulated as

(vf +v;7) <1, sosl(vi,v;) Vi€ [n], v, v €0,1] Vi€ [n].

n
L) i
=1

(2

Due to the simple bounds v, v; € [0, 1], Inequalities (5.3) for modeling the con-

straint sosl(v;",v;") simplify to

vf <df, df +d7 <1, dfe€{0,1} Vie[n. (5.4)

As already mentioned, every optimal solution (y*,v*) of Problem (5.2) satisfies
yr € {0,£1}, and if yF # 0, then the signs of y; and v} coincide. Thus, when
using the variable split v; = vj -,
objective function as Z?:l (yi v;r +yiv; ) In order to linearize the bilinear terms
in the objective function, we use the standard McCormick relaxation [176]. To do
so, we introduce new variables wli € [0,1] which replace the bilinear terms ywii
for ¢ € [n] and add the inequalities

we can assume ¥; to be binary and write the

+ + +
w; <y, w; <0

7

wiE >y +of — 1

for all i € [n]. Since the sum Y., (w;” +w; ) is maximized in the objective function,
the last set of inequalities w > y; + v — 1 can be omitted, and the obtained
relaxation is in fact exact, that is, if y; = 1, then wZlL = vii and y; = 0 implies
wE = 0. Overall, this leads to the following MIP formulation of (5.2):

n

max Z(wj'—l—wl_)

i=1
st. At —v7) =0, Z (v +v;7) <1, Zyl <s, (5.5)
i=1 i=1
wiigyi, wiigv;t, v;tgdf df +d; <1 Vi € [n],
yi € {0,1}, df €{0,1}, wi, vFel0,1] Vi€ [n].
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In this formulation, the sosl-constraint on vf , v; (or, to be more precise, its lin-
earization using the binary variables dfc) cannot be omitted, since otherwise set-
ting vf[ = wf: = %, y1 = 1, and setting all remaining variables to zero yields a feasible
solution with an objective value of 1, independent of the choice of A. This is due to

the fact that the linearized objective function Y"1 (w; +w; ) = Y1 yi- (v +v;)
is equal to y " v only if the sosl-constraints on vii are satisfied.

However, it is possible to modify this formulation, so that the sosl-constraints
become superfluous. This can be achieved by splitting the variables y; also into a
positive and negative part yii, and using the objective function

(i o +yi v =y oy — i o).

n

i=1
By introducing auxiliary variables wgl) =y v, wZ@) =y, v, wgg) =y vy
and w£4) = y; v;", we obtain the following alternative formulation
n
max Y~ (wf +w® —w —w?) (5.6a)
i=1
st At —v) =0, Y (vf +07) <1, D (v +y) <, (5.6b)
i=1 i=1
w <y, w® <yr W <y, w® <yr Vieln], (5.6
— 1ty rul) <of <wl + 1yt Vien, (5.6d)
1ty ) <ol <wl? 1y Vieln), (5.6e)
14yt <of <wl® 41—yt vieln), (5.6f)
14y +ul <of <wl® +1-yr Vien], (5.6g)
yE e {01}, w, w? w®, W, vF €0,1] Vien], (5.6h)

which does not need the sos1-constraints sos1(v;", v; ) and sos1(y;", y;") for alli € [n],
as proven in the next lemma.

Lemma 5.1. There always exists an optimal solution of Problem (5.6) which satis-
fies the sos1-constraints

sosl(vi,v;), sosi(yf,y;) Vi€ [n]. (5.7)

L]

Proof. Let (4%, %™ @ w® ™ $%) be an optimal solution of Problem (5.6)

so that there exists an index i € [n] with 9,7, 9, > 0. Without loss of generality

(2
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we assume @;r > 9, . In order to show that there always exists another optimal
solution with the same objective value which satisfies the sosl-constraints (5.7), we
distinguish between different cases for the value of the binary variables :&Zi

If §;7 = §; = 0, then Constraint (5.6c) implies w( ) = w( ) = Agg) = 12)2(4) =0.
The constraint >, (9; + ;) < 1 in (5.6b) implies that setting 9, :== 6,7 — 9; > 0
and 9; := 0 is also feasible and does not change the objective value. Furthermore,

clearly satisfies the sosl-constraints (5.7).
If g = 1and §; =0, then &\") = & > 0 by Constraint (5.6d) and %\") = 87 >0
by Constraint (5.6f). Thus, the term uv§” - w§3) = 07 — 9; is contained in the

objective function. Again, fD+ = @j' —9; > 0 and 9; = 0 is also feasible and
does not change the objective value, since w(l) A(?’) =0 -9, = f;j' —9; in this

case. Again, the sosl-constraints (5.7) are satlsﬁed by vi. The same holds for the
case §; # 0 and g =0.

Lastly, if ;7 = ;7 = 1, then @) = & = 8+ > 0 and &{* = @!® = 6, > 0,
so that the contribution of index i to the objective function is 0. This implies that
defining o = 9] — 9, >0, ¥; =0, as well as ;" == 1, §; = 0 and setting w(])
accordingly yields a feasible solution which strictly increases the objective value,
which is a contradiction to the optimality of (§+, ™, w®,®) w®, %), so that
this case cannot occur.

Overall, there always exists an optimal solution of the MIP formulation (5.6) with
the same objective value which satisfies the sosl-constraints on vii foralli e [n]. O

As another approach to circumvent the bilinear term y " v in the objective function
of Problem (5.2), d’Aspremont and El Ghaoui [59] use a change of variables V = vv T,
Y =yy" and Z = yv' to lift the problem into a higher-dimensional space. Using
that X = zz " if and only if X > 0 and rank(X) = 1 for a matrix X and a vector ,
Problem (5.2) becomes the SDP

max tr(Z) (5.8a)

st. AVAT =0, V1 <1, [[Yleo<1, [[Y]1<s* [|Z]1<s, (5.8b)
T T

(V Z ) 0, rank (‘; Zy) =1, (5.8¢)

V,Y eS", ZeR"™ (5.8d)

The rank-constraint in (5.8¢) ensures that in an optimal solution of Problem (5.8),
wehave V =vv',Y =yy" and Z = yv'. The norms in (5.8b) are to be understood
entrywise, i.e., [[Y oo = max{|Yj;| : 1 <4,j <n} and ||[Y|i =3, ;|Yi;|. Dropping
the rank-constraint yields an SDP relaxation. Importantly, the constraint ||Z]|; < s
is redundant only in the rank-constrained SDP (5.8), but not in the SDP relaxation
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Table 5.1. Results for the MIP formulation of the linear NSP on a testset of 100
Gaussian random matrices.

formulation #opt #nodes time
MIP (5.5) (linearized sosl) 16 4190605.8 2686.74
MIP (5.10) (explicit sosl) 22 3291349.2 2278.98
MIP (5.6) (without sosl) 100 27355.8 36.43

without the rank-constraint. In [59], the tightness and performance of the SDP
relaxation is analyzed theoretically and numerically.

In order to evaluate the performance of the proposed MIP formulations (5.5)
and (5.6), we generate 100 standard Gaussian random matrices A € R™*™ with
A;j ~ N(0,1). Namely, there are five matrices per combination (n,m, s) with

n € {20,40,60,80,100}, m € {7,15}, se {2,3}. (5.9)

For each random matrix, we use three formulations for testing the NSP. First, we
i € [n] are linearized. Then, we
i € [n] are directly added as sosl-

solve (5.5), where the sosl-constraints on v,
solve (5.5) where the sosl-constraints on v
constraint without a linearization, i.e.,

7

n

max Z(w?‘—i—w:)

i=1
st. At —v7) =0, Z(v?—i—v[) <1, Zyiﬁs,
i=1 i=1
w? <y, wii < v?ﬂ sosl(viﬂv;) Vi € [n],
yi € {0, 1}, w;t, vii €[0,1] Vi € [n].

(5.10)
The sosl-constraints can be handled by, e.g., using methods by Fischer and
Pfetsch [96]. For a brief description of the handling of sosl-constraints in the solver
SCIP [219], see the corresponding section in the release report of SCIP 3.2 [113].

Lastly, we solve (5.6), which does not need any sosl-constraints. For our com-
putations, we use SCIP 7.0.4 [114] with SOPLEX 5.0.2 as LP solver. All tests
were performed on a Linux cluster with 3.5 GHz Intel Xeon E5-1620 Quad-Core
CPUs, having 32 GB main memory and 10 MB cache. All computations were run
single-threaded and with a time limit of one hour. Table 5.1 shows the number of
instances solved to optimality as well as the shifted geometric means of the num-
ber of processed nodes and the solution time in seconds, with a shift of 100 nodes
and 1 second. Using the formulation (5.5) with linearized sosl-constraints can only
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solve 16 out of the 100 instances within the time limit, namely only those instances
with (n,m,s) € {(20,7,2),(20,15,2),(20,15,3)} and one of the five instances of
type (n,m, s) = (20,7,3). For all other instances, at least a nontrivial primal bound
greater than 0 is found. Note that if this primal bound is already larger than %, this
suffices to show that the NSP is violated.

If the sosl-constraints are added as explicit constraints to SCIP, 22 instances can
be solved within the time limit, namely all 20 instances with n = 20 and two of
the five instances with (n,m,s) = (40,7,2). Again, for all other instances, at least
a nontrivial primal bound is found. Using the formulation (5.6) which does not
need sosl-constraint clearly outperforms both sosl-based formulations by almost
two orders of magnitude in terms of the solution time as well as the number of
used nodes. Moreover, all 100 instances are solved to optimality. This shows that
introducing additional (continuous) variables is very beneficial because it allows to
significantly reduce the number of needed integral variables, since no sosl-constraints
are needed.

Overall, seven matrices satisfy the NSP, namely all matrices with parameters
(n,m,s) = (20,15,2), one matrix with (n,m,s) = (20,15,3), and one matrix
with (n,m,s) = (40, 15,2). Additionally, we also tested the SDP formulation (5.8).
Since the exact formulation with the rankl-constraint cannot be solved for any of
the sizes in (5.9), we omit the rankl-constraint and compare the bound of the result-
ing relaxation with the optimal solution computed with the MIP formulation (5.6).
Since these results were run in MATLAB using CVX [122], and on a different computer
than the experiments with the MIP formulations, we do not report or compare the
solution times. Within a time limit of one hour, 99 of the 100 instances could be
solved to optimality. It turns out that for all instances, the SDP relaxation indeed
produces a larger optimal solution than the exact MIP formulation. However, for
five of the matrices which satisfy the NSP, the SDP-bound is smaller than %, which
also suffices to show that the NSP holds.

If the number of rows and the sparsity levels are increased, the MIPs become
much harder to solve. For each of the 20 combinations of (n,m,s) as depicted
in Table 5.2, we also create five Gaussian random matrices, and solve the three
different MIP formulations with the same setup as before. Table 5.3 shows the
number of solved instances and the shifted geometric means of the number of
used nodes and the solution times. It turns out that only increasing the num-
ber of rows and/or the sparsity level already leads to instances which cannot be
solved by the MIP formulation (5.6) anymore. Only the instances with n = 20,
those with (n,m) = (40,15), (n,m,s) = (80,20,3) and two of the instances
with (n,m,s) = (100,30, 3) could be solved to optimality within a time limit of
one hour. The other two formulations (5.5) and (5.10) even failed to solve all in-

130



5.1. A MIP Formulation for the NSP

Table 5.2. Sparsity levels and sizes of the random matrices used for evaluating the
MIP formulation of the linear and nonnegative NSP.

#cols n #rows m sparsity s
2 1 (o)
" . 6
o i s
2 60 5i0)
100 0 Gris)

Table 5.3. Results for the MIP formulation of the linear NSP on a testset of 100
larger Gaussian random matrices and larger sparsity levels.

formulation #opt #nodes time
MIP (5.5) (linearized sosl) 12 4032423.5 3084.67
MIP (5.10) (explicit sosl) 16 2290380.5 2597.86
MIP (5.6) (without sos1) 37 432792.1 705.02

stances with n = 20. The MIP formulations only verified the NSP for two matrices,
both with (n,m,s) = (20,15,3). The SDP relaxation shows for six more matrices
that the NSP holds by producing an optimal value < %, namely for all matrices
with (n,m,s) = (100,80, 5) and one matrix with (n,m,s) = (80,60, 5). However,
for most other matrices, the MIP formulations ended up with a primal bound larger
than % after the time limit, which certifies that the NSP does not hold for these
matrices. For seven matrices, we could not verify within the time limit whether or

not the NSP holds.

As a conclusion, the formulation (5.6), which does not need sosl-constraints
clearly outperforms both the formulations (5.5) and (5.10) with sosl-constraints
in terms of solved instances, used nodes and solution time. If the handling of the
sosl-constraints is left to SCIP, then this helps to solve more instances and speeds
up the solution process, in comparison to linearizing the sosl-constraints. Thus, for
testing whether a given measurement matrix satisfies the NSP for uniform recovery
of sparse vectors, the formulation (5.6) should be used. Moreover, since the exact
solution value of the optimization problem is not important, the computations can
be safely stopped once a primal solution with solution value larger than % is found,
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or if the dual bound gets smaller than % In the latter case, the optimal solution
value is guaranteed to be smaller than % as well, so that the NSP is satisfied, whereas
a feasible solution with solution value larger than % is a certificate that the NSP is
violated. By exploiting this fact, it is expected that the time needed for testing the
NSP can be reduced even further, and it remains an open question to analyze the

impact of this criterion for early termination.

Nonnegative NSP  Analogously to the classical NSP, also the nonnegative NSP
can be formulated as a MIP. Recall from Example (2.12.2) that the nonnegative null
space property (NSP>), which characterizes uniform recovery of sparse nonnegative
vectors x € R}, reads

15<0 = Zvi <J|lvgllh Vv enull(A)\{0}, VS C [n], |S] <s.

ics
(NSP>o)
This NSP is equivalent to the condition
max {|[vd[l1 1 vg <0, Av=0, v]i <1, v=0v" -0,
(5.11)

1
sosl(vi,v;), i € [n], |S| <s} < 5

The constraint vg < 0 ensures that v has at most s = |S| nonnegative entries, and
that |[vd|1 = [lvT]1 = Yj—; vi". Thus, the objective function in (5.11) is already
linear and does not need to be reformulated. Using the reformulation of sos1(v;", v;")
in (5.4) yields the following MIP formulation of (5.11):

n
max E U?_
i=1
n

st At —07) =0, Y (uf+o7) <1 ) df <,

=1 %

of <df, df +dy <1, dfe{0,1}, vFe[0,1] Vien]

(5.12)

We first use the same 100 small random matrices as in the last section to evaluate
the performance of the MIP formulation (5.12) for the nonnegative NSP, see (5.9)
for the combinations of (m,n,s). Again, we also test the MIP formulation (5.11),
where the sosl-constraints are not linearized, but explicitly added as sosl-constraint
in SCIP. Table 5.4 shows the number of optimally solved instances as well as the
shifted geometric means of the solution times and the number of processed nodes
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Table 5.4. Results for the MIP formulation of the nonnegative NSP on a testset of
100 Gaussian random matrices.

formulation # opt #nodes time
MIP (5.12) (linearized sosl) 100 2415.3 4.69
MIP (5.11) (explicit sosl) 92 18839.6 22.43
MIP (5.6) (linear NSP) 100 27355.8 36.43

Table 5.5. Results for the MIP formulation of the nonnegative NSP on a testset of
100 larger Gaussian random matrices and larger sparsity levels.

formulation # opt # nodes time
MIP (5.12) (linearized sosl) 61 113724.7 177.86
MIP (5.11) (explicit sosl) 41 415479.3 765.10
MIP (5.6) (linear NSP) 37 432792.1 705.02

for the two formulations. Moreover, for comparison, we add the numbers of the best
MIP formulation (5.6) of the linear NSP.

It turns out that this time, linearizing the sosl-constraints is clearly better than
adding them explicitly as sosl-constraints. The formulation (5.12) solves all 100
instances to optimality within the time limit, whereas using explicit sosl-constraints
fails to solve 8 instances within the time limit. In comparison to the linear NSP,
it turns out that testing the nonnegative NSP is clearly faster, and reduces the
number of used nodes and the solution time by almost one order of magnitude.
The nonnegative NSP is satisfied by 14 matrices, namely the seven matrices which
already satisfy the linear NSP and all matrices with (n, m,s) = (20,15, 3) as well as
four of the five matrices with (n,m, s) = (40, 15, 2).

When using the larger matrices with sizes depicted in Table 5.2, this again leads
to instances which are much harder to solve. The formulation (5.12) with linearized
sosl-constraints can only solve 61 instances within a time limit of one hour, and
using explicit sosl-constraints in SCIP results in 41 optimally solved instances.
The shifted geometric means of the number of nodes and the solution times are
displayed in Table 5.5. As before, linearizing the sosl-constraints leads to a better
performance, in contrast to the case of the linear NSP in the previous paragraph.
Moreover, also the larger matrices demonstrate that testing the nonnegative NSP
seems to be easier than testing the linear NSP. Overall, the nonnegative NSP could
be verified for 16 matrices: all matrices with (n,m,s) = (20,15, 3), two matrices
with (n,m, s) = (20,15, 5), four matrices with (n,m, s) = (40, 25,5) and all matrices
with (n,m,s) = (100,30,3). We could not make a statement about whether the
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Figure 5.1. Empirical probability that a Gaussian random matrix satisfies the
linear NSP and the nonnegative NSP for n = 20.

nonnegative NSP holds for all 30 matrices with
(n,m,s) € {(60,40,7), (60, 40, 8), (80, 60, 5), (80, 60, 10), (100, 80, 5), (100, 80, 15) }

from the best primal and dual bounds obtained within the time limit. Note that
among them there are 6 matrices which were shown to satisfy the linear NSP by
using the SDP relaxation (5.8) without the rankl-constraint. Since the linear NSP
implies the nonnegative NSP, at least these 6 matrices also satisfy the nonnegative
NSP.

The results obtained for the two testsets of Gaussian random matrices again
indicate that the nonnegative NSP may be satisfied for a larger combination of
values (n,m, s) than the linear NSP, as we have already seen in the numerical com-
parison in Chapter 4. In order to further support this finding, we test the linear and
the nonnegative NSP for a fixed value of n and all numbers of rows m and sparsity
levels s with 5 < m < n. Since the linear NSP cannot be satisfied for s > %, we
only consider values s < 7. In order to be able to solve most of the instances in a
reasonable amount of time, we choose n = 20. For each combination of (m, s), we
created five Gaussian random matrices with A;; ~ N(0,1) for all (z,7) € [m] x [n].
For each combination (m, s), we compute the empirical probability that an m x 20
matrix satisfies the linear NSP and the nonnegative NSP of order s by dividing the
number of instances for which the respective NSP holds by 5 (which is the number
of instances per type). The results are visualized in the heatmap in Figure 5.1. Note
that the number of rows m is the number of measurements that are taken. Even
if the sample size of 5 matrices per size m x 20 and the sparsity level s < 7 are
small, there is a clear difference between the empirical probabilities for the linear
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and nonnegative NSP being satisfied. The results indicate that for a fixed spar-
sity level s, fewer measurements are needed to satisfy the nonnegative NSP with
high probability than to satisfy the linear NSP. Consequently, uniform recovery of
every s-sparse nonnegative vector is guaranteed for a smaller number of measure-
ments m, compared to uniform recovery of every vector, which is in line with the
empirical observations in Chapter 4. Moreover, Figure 5.1 again shows a clear phase
between transition violating and satisfying the NSP with high probability, which we
also observed for individual recovery in Chapter 4.

In the next two sections, we consider the NSP for uniform recovery of block-sparse
and block-sparse nonnegative vectors. Since those NSPs resemble the corresponding
NSPs without block-structure that we discussed previously, the MIP formulations
are variants of the models presented above in (5.5) and (5.12). For this reason, we
drop the details and only shortly explain the derivation of the models.

Block-Linear NSP In the setting of Section 3.1.2, let the matrix A € R™*™ and
the vector z € R™ be block-structured, i.e.,

= (z[1],...,z[k]) € R", v[i e R", i€ [k], ni+---+np=n,

A=(AQ1),..., Ak)) € R™" Ali] € R™™ i € [k],

and let x[S] denote the vector where all blocks with index not in S have no nonzero
entries. We can assume that the null space of A also consists of block-structured
vectors v € R™. Recall that the null space property (NSPg 1), which characterizes
uniform recovery in the case of block-structured vectors, is given by

[0[Sllg.1 < [[0]S]

|q,1- (NSPq,l)

Similar to the classical case without additional block-structure, this condition can
be reformulated as follows:

[0[STllg1 < [[0[STllg1 Vv € N(A\{0}, VS C K], [S] <5,

1
& max {[[v[S][lg1 : Av =0, [jv]jg1 <1, [S] < s} < 3

(5.13)

N | =

k
& max { > gillefillly : Av =0, [[olloa <1, Iyl < Lllylh <5} <
=1

Analogously to the linear NSP, this follows from homogeneity and the definition of
the dual norm. For ¢ = 1, i.e., if an ¢;-norm is used on the blocks v[i], i € [k], a
variable split on v can be used to formulate the constraint ||v||,1 < 1. This leads to
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the bilinear objective function

k  ny
SO i il + olil;). (5.14)

i=1 j=1

In order to remove the bilinearity and to obtain a MIP, the objective function

in (5.14) can be reformulated in two different ways by introducing auxiliary variables

w[z];'E or wi]* for all 4, j as follows:

WliE =g vflE = wflE <y wilE <ollE il e, (5.5
wli]* =y, - Ev[z}f — wli]* < y;ing, wli]t < iv[z}f, wli] € [0,n;]. (5.16)

Inequalities (5.15) use variables for each 4, j, whereas in Inequalities (5.16), the vari-
ables are aggregated over j. Using the reformulation in (5.4) for the sosl-constraints
on v[z]j and v[i];", which are needed due to the variable split, we obtain the following
two MIP formulations:

k  n;
max Z Z (w[z]}|r + w[z]j_)

k n; k
st. AT —v7) =0, ZZ (vlilf +olil;) <1, Zyz <s, (5.17)
i=1 j=1 i=1
wlil <yi, wlil} <oy, ofi]y <dil; Vi € [k], j € [nil,
dlilt +dlil; <1, ofi]7 €[0,1), wliy €[0,1] Vi€ [k], j € [nd,
dli]; €{0,1}, w; €{0,1} Vi€ [k], 7 € [ni],
as well as
k
max Z (w[i]* + wli] )
- k n; k
st. A(wt —v7) =0, Z (v[z]j‘ —1—1}[2];) <1, Zyl <s, (5.18)
wli]* <wying, wli]t < Zlv[z]f, v[z]jE < al[z]i Vi € [k], j € [ni],
j=1
dlilf +dlil; <1, o[l €[0,1), wli]* €[0,n;] Vi€ k], j€ [ni,
dli];y €{0,1}, v €{0,1} Vi € [k], j € [
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Block-Linear Nonnegative NSP In the presence of an additional nonnegativity
constraint on the block-structured vector, the corresponding NSP reads

v[S] <0 = Z]ITUM < |w[S)lii VS CIk] S| < s, (NSP1,1,>0)
€S

see Corollary 3.8. As in the case of the nonnegative null space property (NSP>¢),

the constraint v[S] < 0 ensures that at most s = |\S| blocks can contain nonnegative
entries. Thus, we can again use a linear objective function and write (NSPy 1 >¢) as

k
max {Z]lTv[i]+ D A) =0, [v]ia <1, v[S] <0, v =0t —v",
=1

1
. + ] — . .
sos1(vli] [, v[i];), i € [k], j € [ni], [S] < s} <3
This can be modeled as the following MIP:
k ng
max sz[l]j—
i=1 j=1
k  ny k
st. AT —v7) =0, ZZ (vlilf +olil;) <1, Zyl <s, (5.19)
i=1 j=1 i=1

il +dlil; <1, ofi]y <dlil}, id[ilj <wyini  Vie[k],j € [ni,

dli]; €{0,1}, w[i]; €[0,1] Vi€ [k], 7 € [ni],

where we used (5.4) to model the sosl-constraints on v[z]jﬁ The constraints
Zle yi < s and Z;’Zl d[z]j+ < y;n; together ensure that at most s blocks con-
tain nonnegative elements, since for at most s blocks, some d[z];r is allowed to attain
the value 1, so that v[z}j can be nonzero.

We conducted experiments with the same matrix sizes and sparsity levels as for
the linear and nonnegative NSP. The number of blocks and blocksizes are depicted
in Table 5.6, where {3%,42} means that four blocks of size three and two blocks of
size four were used. Again, we generated five Gaussian random matrices A € R™*"
with A;; ~ N(0,1) for each combination (m,n,s) listed in Table 5.6. For each
random matrix, we test the MIPs (5.17) and (5.18) in two variants: Either the
linearized sosl-constraints or explicit sosl-constraints are used. The setup is exactly
the same as in the previous paragraphs for the linear and the nonnegative NSP.
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Table 5.6. Sparsity levels and sizes of the random instances used for evaluating the
MIP formulations of the block-linear and block-linear nonnegative NSP.

F#cols n #rows m sparsity s #blocks k blocksizes
20 7 {2,3} 5 4
15 {3,5} 6 {3% 4%}
40 15 {3,4} 8 5
25 {5,7} 10 4
60 15 {4,6} 10 6
40 {7,8} 20 3
20 {3,5} 18 {4058}
80
60 {5,10} 20 4
30 {3,6} 21 {458 6,6,8}
100 80 5 20 5
80 15 25 4

Table 5.7a lists the number of solved instances within the time limit of one hour
and the shifted geometric means of the number of nodes and the solution time in
seconds. As can be seen, using (5.16) to linearize the objective function solves
more instances within the time limit and reduces the solution time, as well as the
number of used nodes. Moreover, if the sosl-constraints are explicitly added to
SCIP, this improves the performance of both formulations. The number of nodes is
significantly reduced and the solving time is about 20 % faster. However, the same
number of instances can be solved. Interestingly, the fastest formulation (5.18) with
explicit sosl-constraints can solve one instance less than the formulation (5.16) with
linearized sosl-constraints.

Table 5.7b displays the results for the block-nonnegative NSP for the same 100
Gaussian random matrices. Listed are the number of solved instances within the
time limit of one hour as well as the shifted geometric means of the number of nodes
and the solution time in seconds. We solved (5.19) once with the linearized sosl-
constraints and once using explicit sosl-constraints. Clearly, the MIP formulation
of block-nonnegative NSP can be solved significantly faster than the MIP formula-
tion of the block-linear NSP. Moreover, for the block-nonnegative NSP, using the
linearized sosl-constraint is clearly faster. It also uses fewer nodes and solves more
instances than using explicit sosl-constraints. Unfortunately, we could not find a
single matrix satisfying either the block-linear or the block-linear nonnegative NSP.

The findings for the solution times are in line with the results in the previous
paragraph. For the nonnegative NSP and the block-nonnegative NSP, using the
linearized sosl-constraints is more effective, whereas for the linear NSP and the
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Table 5.7. Results for the MIP formulation of the block-linear and the block-
nonnegative NSP on a testset of 100 Gaussian random matrices.

(a) Block-linear NSP.

formulation #opt #nodes time
MIP (5.17) (linearized sosl) 50 81319.6 131.0
MIP (5.18) (linearized sosl) 55 68430.4 115.4
MIP (5.17) (explicit sosl) 50 29 757.2 102.0
MIP (5.18) (explicit sos1) 54 33537.5 91.0

(b) Block-linear nonnegative NSP.

formulation # opt # nodes time
MIP (5.19) (linearized sosl) 90 2384.0 10.3
MIP (5.19) (explicit sosl) 74 3671.4 18.7

block-linear NSP, explicit sosl-constraints should be used to improve the perfor-
mance. Furthermore, the MIP formulation of the (block-) nonnegative NSP can be
solved significantly faster than the MIP formulation of the (block-) linear NSP.

It would be interesting to investigate whether there also exists an SDP reformula-
tion of the MIP formulation for the nonnegative NSP and the block-linear (nonneg-
ative) NSP, similar to the case of the linear NSP. An exact SDP formulation most
likely would contain a rankl-constraint as well, but dropping this constraint would
give a relaxation which can be used to certify the respective NSP. However, due to
the explicit sign constraint vg < 0 in (NSP>() and the block-structure in the block-
linear (nonnegative) NSP, an SDP formulation seems not to be as straight-forward

as in the linear case, where a simple variable change X = zz | was sufficient.

Low-rank Matrix NSP In principle, the same ideas that we used above for the
linear, nonnegative and block-linear (nonnegative) NSP can also be applied to ob-
tain formulations for the null space properties characterizing uniform recovery of
low-rank (positive semidefinite) and block-diagonal (positive semidefinite) matrices.
However, it seems to be difficult to derive an MISDP formulation. This is due to the
fact that the mentioned null space properties for matrix recovery contain conditions
on the eigenvalues (or, in general, singular values) of a matrix in the null space of
the measurement operator. This means, any valid formulation needs to control the
eigenvalues of a matrix but must also ensure that the corresponding matrix is in
the null space. For simplicity of the following considerations, we assume that all
matrices are real symmetric n X n matrices.
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For the case of low-rank matrix recovery without any additional side constraint,
the corresponding null space property (NSP*) is given as

As(W)lls < sVl ¥V € (mull(A)nS")\ {0}, VS C [n], [S] <5, (NSP)

where A(V') denotes the vector of eigenvalues of V', see Example (2.12.3). Using [190,
Theorem A.4], this condition is equivalent to

1
Y. LAV = LS Y < LY. < -, 2
yaax { Ve AV) =0, [VIL <1, [IY]l2 < L|IY]l, < s} < 3 (5.20)

where ||Y|2 := max {|\;(Y)|} denotes the operator norm of Y, i.e., the largest
eigenvalue in absolute value. Using the Schur complement, the operator norm || X ||2
can be written as follows:

[X[2<s & SI-XXT=0 & (;]IT i)zo. (5.21)

Recht et al. [210, Proposition 2.1| prove that the nuclear and the operator norm are
dual to each other. The proof uses SDP duality and also shows that the nuclear
norm can be computed using one of the following SDPs:

I X« = max (X, Y)w =max (X,Y)p =min $(tr(W;) + tr(Ws))

I Y W, X
s.t. (YT ]I) =0 s.t. Y2 <1 s.t. (XT W2> = 0.

Thus, the constraint ||V||, < 1 is equivalent to the existence of Wy, Wp € S™
with tr(WW7) + tr(W2) < 2 and
1%
T o
XT W,

The constraint ||Y||. < s can be reformulated analogously. By (5.21), the remaining
constraint ||Y]|2 < 1 is equivalent to

]IX>O
Xt 1)—7"

This shows that (5.20) is a bilinear SDP formulation for the matrix null space
property (NSP*), which is analogous to the bilinear formulation (5.2) for the NSP
for sparse vectors above. There, we used sosl-constraints for the entries of a vector
to overcome the bilinearity. However, there is no direct analog for matrices, since
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there is no natural ordering for the eigenvalues of a matrix, as opposed to the entries
of a vector. Thus, there is no easy way to split a matrix V into two matrices V'
and V'~ with only positive and negative eigenvalues, respectively, and to ensure that
all eigenvalues of V™ and V~ are eigenvalues of the original matrix V as well. Of
course, a simple “brute-force” approach to deal with this problem is to explicitly use
the eigenvalue decomposition V = UDU T, where U is a orthogonal matrix and D
is a diagonal matrix containing the eigenvalues. This yields the following “trilinear”
problem to compute the null space property (NSP*):

n

max Z (yZ A+ )\i_)
=1
st. AUDUT) =0, Y yi<s Y (M +A7) <1,
i=1 =1
sosl(AF, A7), AFel0,1], ye{0,1} Vie][n],
U unitary, D = Diag(\1,...,A\n).

This is a mixed-integer nonlinear problem (MINLP), which has the matrix entries
of U as well as the eigenvalues of V' as variables. Since V' = UDU ", the entries of V/
appear implicitly as variables. For the recovery of low-rank positive semidefinite
matrices and for the recovery of block-diagonal (positive semidefinite) matrices, the
same problem emerges, so that it remains an open question to find an MISDP
formulation without bilinearities for these NSPs.

In the next section, we consider the restricted isometry property, which is an-
other well-known condition that guarantees uniform recovery of sparse vectors by /¢1-
minimization.

5.2 A Mixed-Integer Semidefinite Programming
Formulation for the Restricted Isometry
Property

As outlined in Chapter 1, null space properties are not the only conditions which
guarantee uniform recovery of sparse vectors using ¢;-minimization. Another well-
known example of such a condition is the restricted isometry property (RIP). Histor-
ically, the RIP was developed prior to the NSP as a condition for uniform recovery
of sparse vectors. In contrast to the NSP, it is only a sufficient condition for uniform
recovery. In this section, we turn our attention towards the RIP, and consider an
approach to test this condition for a given measurement matrix A. It is known that
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this problem can be formulated as an MISDP. In the following, we shortly intro-
duce the RIP and its implications for the recovery of sparse vectors. Afterwards, we
present an MISDP formulation of the RIP, and consider special components that
can be used in the solution process. Numerical experiments for the MISDP formu-
lation of the RIP and the special components are postponed to the next chapter.
There, we introduce several presolving techniques for general MISDPs and evaluate
their impact numerically on various classes of MISDPs with a special focus on the
MISDP formulation of the RIP.

The RIP has been introduced by Candés and Tao in [38, 45|, who showed in [38]
that it can be used to guarantee exact uniform recovery of sparse vectors by /-
minimization. The extension of this result to stable and robust uniform recovery is
due to Candés et al. [39]. An MISDP formulation for computing the RIP has been
obtained by Gally and Pfetsch [111], which builds upon an asymmetric version of
the RIP introduced by Foucart and Lai [103]. Computational results for the MISDP
formulation of the RIP can be found in [111], [145] and in Section 6.6, which is taken
from [174].

Definition 5.2. Let s > 0 be a nonnegative integer. A matrix A € R™*™ satisfies
the restricted isometry property (RIP) of order s with constant § > 0, if

(L= 9)ll=]l3 < lA2]3 < (1 + 8)l|[13 (5.22)

holds for all s-sparse x € R", i.e., for all x € £ = {xz € R : |z|o < s}. The
smallest constant § such that (5.22) holds for all x € Xy is called the s-th restricted
isometry constant (RIC) §s.

Candés [41] obtained the well-known sufficient condition das < /2 — 1 for stable
and robust uniform recovery of s-sparse vectors using ¢;-minimization. Since then,
this condition has been refined, improved and modified numerous times, see, e.g.,
the notes at the end of Chapter 6 in [104] for further references. Cai and Zhang [37]
obtained the sharp recovery guarantee do, < 1/+/2 for sparse vectors and also low-
rank matrices.

It is known that the problem of computing the RIC 6, is N'P-hard, see Tillmann
and Pfetsch [237]. In order to formulate an MISDP to compute the RIC §; for a
given matrix A € R"*™ and a given sparsity level s, it is useful to split the lower
and upper bound in (5.22) into two separate conditions. This leads to the following

lower and upper restricted isometry constants, which were proposed by Foucart and
Lai [103].
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Definition 5.3. Let A € R™*™ and s > 0 be a nonnegative integer. The lower and
upper restricted isometry constants s and 85 order s of A are defined as

as =max {a >0 : o?||z]|3 < ||Az|]2 V2 € ¥,}, (5.23)
Bs =min {8 >0 : B?|z|3 > ||Az|5 Yz € %,}, (5.24)

respectively. The quotient s == 32/a2 for as # 0 is called the restricted isometry
ratio (RIR).

The lower/upper RIC from Definition 5.3 is a generalization of the RIC from
Definition 5.2, since a RIC of d5 implies that the RIR is at most (14d5)/(1—4J5), and
a lower /upper RIC a, and s, respectively, implies a RIC 6, = max {1 —a?2, 32 —1}.
Foucart and Lai [103] show the corresponding sufficient condition o5 < 4v/2 — 3 for
uniform recovery.

By scaling the vector € ¥ to be of unit norm, the (squared) lower and upper
RIC in (5.23) and (5.24) can be equivalently written as
af = min {|Az[|3 : [l2]3 =1, llzllo < s}, (5.25)

B7 = max {[[Az|3 « [|=]3 =1, l|lz[lo < s}- (5.26)

Let z* be an optimal solution of either of the two problems and S = supp(z*)
be its support with k := ||z*||o. Consider the submatrix Ag € R™** indexed by
columns in S. Then A = Al Ag € R¥** is symmetric positive semidefinite. By the
Rayleigh-Ritz theorem (see, e.g., , Horn and Johnson [130, Thm. 4.2.2]) we have

max {||f~1y||§ : ||?JH§ =1} = )‘maX(A)2»
yeR

- - 5.27

min {1413 « Iyll3 = 1} = Amin(4)?, 20
i.e., computing the lower and upper RIC as defined in (5.23) and (5.24) are sparse
eigenvalue problems, which are of interest in their own regard. Moreover, the prob-
lem (5.26) is also known as sparse principal component analysis (SPCA), which
has been widely studied in the literature as well. Since this is not the topic of
this thesis, we only refer to Zou et al. [258], where SPCA was introduced, and to
Bertsimas et al. [24] for a problem-specific approach to solve SPCA at scale. Note
that [174, Appendix A.4] also shows that the lower and upper RICs as defined
in (5.25) and (5.26) are in fact sparse eigenvalue problems.

An MISDP Formulation for the RIP Recall that X > 0 denotes that the matrix X
is symmetric and positive semidefinite. Moreover, S denotes the set of symmet-
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ric n x n matrices. Consider the semidefinite lifting X = z2 T, which is equivalent
to X > 0 and rank(X) = 1. By using this lifting, the formulation of the lower and
upper RIC o2 and 2 in (5.25) and (5.26) can be written as the following rank-1
constrained SDP:

max /min (AT A, X)p
st tr(X) =1, |lvec(X)|o<s* X =0, rank(X)=1,

where vec(X) denotes the vectorization of the matrix X, that is, the vector obtained
by concatenating all columns of X into a vector. The rank-constraint implies that
every optimal solution X* satisfies X* = 2*(2*)" for a vector #* € R™. The £-
constraint ||vec(X)||o < s% can be modeled by introducing binary variables z;. Then,
we arrive at the following formulation, which is due to Gally and Pfetsch [111]:

max /min (AT A, X)p (5.28a)
sit. tr(X) =1, (5.28b)
—z; < Xij <z for i, j € [n], (5286)
>z <k, (5.28d)
i=1
X =0, (5.28¢)
rank(X) =1, (5.28f)
ze{0,1}". (5.28¢)

This is an MISDP formulation for computing the upper and lower RIC o2 and 32.
The additional rank-constraint on X can be dropped without losing exactness of
the formulation, since in [111] (and Li and Xie [157] as well as Bertsimas et al. [24])
it is proved that there exists an optimal rank-1 solution X*. Thus, X* = x*(z*)"
for some z* € R™ with [|z*||p < k. Let S = supp(z*). Then z% is an eigenvector
for a maximal or minimal eigenvalue of A—'S—AS, depending on the objective sense,
see (5.27). Moreover, in [111] it is also shown that the bounds in (5.28¢c) can be
strengthened to

for all i # j € [n]. However, the bounds on the diagonal entries X;; cannot be
tightened.

For a discussion of MISDPs, we refer to the subsequent Chapter 6. There, several
presolving routines for general MISDPs are introduced and solution approaches for
general MISDPs are reviewed. The presolving methods are numerically tested on
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five different classes of MISDPs, among them the MISDP (5.28) for testing the
RIP. In the next section, we instead present special methods that can applied or
exploited when solving the MISDP (5.28) for testing the RIP. A numerical evaluation
of the presented methods also follows in Chapter 6 together with the analysis of the
introduced presolving methods.

5.3 Special Components for the MISDP
Formulation of the RIP

Now we consider special components for solving the MISDP formulation (5.28) of the
lower and upper RIC o2 and 2. The content of this section is based on unpublished
joint work with Marc E. Pfetsch.

Complete Description of the Feasible Set One interesting question is whether
one can describe the convex hull of the feasible set. For this define

S = {(X,z) €S x [0,1]" : tr(X) =1, ;z <k 0<Xu<zVie [n]}7

which is the relaxation of (5.28). Note that since X;; = 0 implies X;; = 0 for
all j € [n], the constraints —z; < X;; < z; are implied by 0 < X;; < z;, so that they
can in principle be omitted. The integer hull of S is

Sy = conv{(X,z) eSTx {0, 1) tr(X) =1, Y 2 <k 0< Xy <zVie [n]}.
i=1

In general, we have S # Sy: If k = 1, then all off-diagonals have to be zero in S,
but not necessarily in S. In order to prove S # S; in the general case k > 2 the
valid inequality in the next lemma will be used. We define the set

C:= {(X7z) e S x{0,1}" : tr(X) =1, Z’Zl <k 0<X; <z Vie [n]}
i=1
(5.30)

Furthermore, we use the short notation ), +; to denote a sum which ranges over
all (4,7) € [n] x [n] with ¢ # j.
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Lemma 5.4. Let (X, z) € C, where C is defined as in (5.30). Then

—k+1§ZXij§k—1. (5.31)
i#j

Proof. For i, j € [n], let v =-e; —e; € R". Then, because X > 0, we get

Define I = {(¢,j) € [n] x [n] : @ # j, Xis # 0, X;; # 0}. Then, summing all
off-diagonal positions (i, 7) € [n] X [n] with i # j yields

ZXij: Z X’L]S Z Xu+ :%Z Z Xn+

i#£j (i,5)el (i,5)el =1 j5:(i,5)€l
Sl SR 1) SE AR
= 1] z])EI =1

where the first inequality is due to (5.32). The third equality follows, since (i,5) € T
implies (4,4) € I as well, and the last inequality uses that at most k diagonal entries
of X are nonzero. Finally, the last equality is due to tr(X) = 1. Using X > 0 and
v=¢; +e; € R" yields

OSUTXU:Xii+ij+2Xij = 2Xij Z—(Xii+ij).
Then, as above,

D Xij= D Xz D>, —3(Xui+ X)) Z=—k+1. O

i#£] (i,g)€el (i,5)€I
Using Lemma 5.4, we can show S # Sy for k > 2.

Lemma 5.5. Let 2 < k<n-—1 and

1
s [ k00T, K= [EEte Onoken)
Ok+1 0 k-1

where 1, and Oy are all-one resp. all-zero matrices of dimension k X k. Then
(X,2)e S, but (X,2) ¢ S;.

Proof. By definition, we have (X ,2) € S5, if there exists a convex combina-~
tion in terms of (X,z) € C. If X is written as convex combination of matri-
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ces X € C, then X also needs to satisfy the bounds in (5.31) by Lemma 5.4.
However, -, Xi; =k, so that X ¢ S. O

Note that after adding the inequality >, ; Xi; <k — 1 to (5.28), Corollary 2.32
in [110] shows that there still exists an optimal rank-1 solution X* of (5.28). How-
ever, if we add another valid inequality then we might lose this property. Conse-
quently, dropping the rank-constraint would no longer yield an exact RIP formula-
tion, but only a relaxation.

Nonnegativity by the Perron-Frobenius Theorem If the matrix A is component-
wise nonnegative, we can apply the Perron-Frobenius theorem.

Theorem 5.6 (Perron-Frobenius Theorem, see Gantmacher [115, Chapter 2,
Thm. 3]). A nonnegative matriz A has a nonnegative maximal eigenvalue A > 0.
The corresponding eigenvectors have nonnegative entries.

Recall that the problem of computing the lower and upper RIC o? and 32 are
sparse eigenvalue problems, see (5.25) and (5.26). Thus, Theorem 5.6 implies the
following.

Lemma 5.7. Let A > 0 componentwise. Then, there exists an optimal solution x*
of max {||Az||3 : ||z||3 = 1, ||z|lo < s} which has nonnegative entries.

Proof. Let z* be an optimal solution of max {||Az|% : ||=z]|3 = 1, |z]o < s}
with S = supp(z*). By (5.27), =% is an eigenvector for a maximal eigenvalue of
the symmetric positive semidefinite matrix AEAS. Either 2% > 0 componentwise,
or there exists another maximal eigenvalue with a corresponding nonnegative eigen-
vector g by Theorem 5.6. Setting Zg to zero outside of .S yields the vector &, which
is an optimal solution of max {||Az||% : ||z|3 =1, ||z]lo < s} as well. O

This implies that we can restrict X > 0 when computing the upper RIC 52 and
write
0<X;; <z fori, je[n]

instead of (5.28¢) if A > 0 componentwise. Since Lemma 5.7 only holds for the
maximization problem (5.26), but not the minimization problem (5.25), adding the
constraint X;; > 0 if A > 0 is not feasible for computing the lower RIC ai.

Sparsification of Eigenvector Cuts In general, MISDPs can be solved by branch-
and-bound algorithms, where in each node, either an SDP or an LP relaxation is
solved, see Section 6.1 for a brief description. If the LP relaxation is used, then the
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positive semidefiniteness constraint needs to be ensured by adding linear cuts. Such
cuts, which are called eigenvector cuts, can be generated by using eigenvectors to
negative eigenvalues of the current relaxation solution. If X™* is a relaxation solution
which is not positive semidefinite, let v* be an eigenvector to a negative eigenvalue
of X*. Then,

()" Xv* >0

is a valid linear inequality, which cuts X* off, see Section 6.1 for more details. These
inequalities are typically dense, i.e., they contain many nonzero coefficients. It is
known that adding dense cuts can lead to stronger relaxations, but also increases the
time needed to solve them, whereas sparse cuts can result in significant performance
increases, see, e.g., Dey and Molinaro [63]. Moreover, Blekherman et al. [27] show
that the cone of positive semidefinite matrices can be well-approximated by k x k
minors, which motivates to employ k-sparse eigenvector cuts. Such sparse eigen-
vector cuts for the MISDP (5.28) can be obtained by exploiting that the original
formulation (5.24) and (5.25) are sparse eigenvalue problems, as already done in
Lemma 5.7 in order to derive nonnegativity of X if A > 0 componentwise. Sparsi-
fying eigenvector cuts has been considered by Qualizza et al. [207], and computing
multiple sparse eigenvector cuts directly has been proposed by Dey et al. [64]. Both
papers mainly considered SDP relaxations of quadratic problems, but the technique
proposed in [64] can also be applied for the MISDP formulation (5.28) for the RIP
to generate sparse eigenvector cuts.

The main idea is to repeatedly compute a single sparse eigenvector cut with
support set I. This cut is not added, but used to obtain eigenvector cuts for the
submatrix restricted to the support set I. These cuts are automatically as sparse as
the original sparse cut. However, the authors in [64] empirically observe that using
only one support set has no significant effect on the performance. Thus, they propose
an iterative procedure that varies the considered support set. This is achieved by
subtracting the rank-1 matrix formed by the computed sparse eigenvector and the
corresponding unit norm eigenvalue from the current matrix. Afterwards, a sparse
eigenvector cut for the updated matrix is computed, which possibly leads to a new
support set J. This procedure is shown to terminate in a finite number of iterations,
see [64, Lemma 3]. In order to solve the sparse eigenvalue problem, the Truncated
Power Method (TPower) by Yuan and Zhang [255] can be used. This method is
an efficient heuristic with theoretical guarantees for computing the largest sparse
eigenvalue, that is, the largest eigenvalue so that the corresponding eigenvector is
sparse.

For the RIP problem, it is meaningful to use the sparsity level of the lower and
upper RIC as desired sparsity for the eigenvector cuts. In the numerical experiments
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in the next chapter, we will see that this significantly speeds up the solution time
for the LP-based branch-and-bound approach.

Minimization Variant In the following, we show that the problems of computing
the lower and upper RIC are equivalent in the sense that the minimization problem
in (5.25) for the lower RIC can be transformed into an instance of the maximization
problem (5.26) for the upper RIC.

Lemma 5.8. The problem (5.25) for computing the lower RIC can be transformed
to an instance of the problem (5.26) for computing the upper RIC.

Proof. Define \ := A\pax (AT A). Since AT A is positive semidefinite, we have A > 0.
Then we can rewrite (5.25) as

; TyT ) 2 _
min {z° A" Az : 2]z =1, [|lzllo < z}

=min {z" (ATA- XDz + X'z : ||z)3 =1, ||z]jo <k}

z€R"
= min {27 (ATA-ADa ¢ a3 =1, o < k) + A
= A= max {aT(\ = AT )z« [[2llf =1, [o]o <k}

The matrix A\ — AT A is positive semidefinite, since

’UT()\I — ATA)U =Xv—v'ATAv >0
~—

<xvTw

for all v € R". Thus, there exists A with ATA = AI — ATA. Then solving
Problem (5.26) with A instead of A yields the value of (5.25). O

As a consequence of this theorem, also the problem of computing the lower RIC
is equivalent to the sparse PCA problem. However, the matrix A\ — AT A is usually
not nonnegative, so that Theorem 5.6 cannot be applied.

A numerical evaluation of the presented methods will follow at the end of the next
chapter, which treats presolving techniques for general MISDPs. The impact of the
introduced presolving methods is tested on different MISDPs, among them the RIP-
formulation (5.28), so that it is meaningful to evaluate the special components for
the RIP introduced in this section also in combination with the general presolving
techniques. This evaluation is conducted in in Section 6.6.4.
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CHAPTER

Presolving for Mixed-Integer
Semidefinite Optimization

In the last chapter, we have introduced a mixed-integer semidefinite program to test
whether a given measurement matrix satisfies the RIP and thus allows for uniform
recovery of sufficiently sparse vectors x € R™. Moreover, we discussed several prop-
erties of this MISDP formulation. In general, different approaches to solve MISDPs
based on branch-and-bound methods are known, which are shortly introduced in
Section 6.1. However, few additional techniques that can be exploited throughout
the solution process have been investigated in the literature. This motivates to
search for presolving or propagation routines, similar to the MIP case, where such
techniques are widely applied with overwhelming success. Thus, we introduce sev-
eral methods that can be used for presolving for and propagation in general MISDPs
in this chapter. All proposed methods are implemented in the general MISDP solver
SCIP-SDP [220] and we will evaluate these methods numerically. The content of
this chapter is taken from the preprint [174], which is accepted for publication in an
international journal, and is joint work with Marc E. Pfetsch.

Presolving is one of the cornerstones of generic mathematical optimization solvers.
It changes an instance into an equivalent one that is hopefully easier to solve. This
can often be achieved by removing variables or constraints as well as tightening
coeflicients or bounds of variables. As in the literature, we use the terms presolving
and preprocessing interchangeably.

In SCIP [219], which employs a branch-and-bound approach, presolving is ap-
plied in rounds before the solution process starts. In each round of this so-called
root node presolving, various methods are tried. These methods include general
techniques and also techniques for specific types of constraints such as linear con-
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straints. Presolving ends if a limit of rounds is reached or if a round did not find
any further deductions such as tighter bounds or removed variables or constraints.
Using more than one round for presolving implies that the methods influence each
other. If a constraint is added, the next round may take this new constraint into
account and find further reductions. Consequently, using several presolving tech-
niques may lead to simplifications of the problem which could not have been deduced
by one of the techniques alone. Moreover, presolving not only happens before the
solution process starts, but also within the branch-and-bound tree. Whenever a
node is finished and the algorithm moves to a new node, so-called node presolving
is applied for the relaxation within this node. Since this relaxation typically differs
slightly from the relaxation of its parent nodes, it is meaningful to apply presolving.
For all constraints which can be handled by SCIP, such as linear constraints, the
same presolving as in SCIP is automatically applied by SCIP-SDP as well, since
SCIP-SDP builds upon SCIP. However, this does not include presolving for SDP
constraints. In this chapter, we introduce several new presolving techniques which
specifically take the SDP constraint into account.

If the underlying solution process can in principle result in an exponential runtime
behavior, such presolving can have an impressive impact. For instance, Bixby and
Rothberg [26] report a slowdown factor of 10.8 when solving MIPs with disabled
root node presolving for CPLEX 8.0; this factor was confirmed by Achterberg and
Wunderling [3] for CPLEX 12.5. For mixed-integer nonlinear programs (MINLPs),
Puranik and Sahinidis [205] demonstrate the importance of presolving and bound
tightening: using presolving significantly speeds up the solution process and in-
creases the number of solved instances within the time limit for the solvers BARON,
COUENNE, and SCIP. It turns out that bound tightening is essential for strength-
ening relaxations of nonconvex problems. Note that the instances in all of these
publications come from publically available benchmark libraries and are quite di-
verse and generic. Indeed, presolving is very useful for instances that have been
generated by modeling languages. The impact of presolving of course depends on
the particular instances and might be less effective for instances that come from a
less generic source or are tuned (“presolved”) by humans.

In this chapter, we consider general MISDPs of the form:

inf by

s.t. ZAk yr — A% =0,
— (6.1)
yi € Z Viel,
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with symmetric matrices A¥ € S™ for k € [m]o == {0,...,m}, b € R™, and
bounds ¢; € RU {—o0} as well as u; € RU {oo} for all i € [m] == {1,...,m}.
The set of indices of integer variables is given by I C [m]. Recall that for a symmet-
ric matrix M € 8™, the notation M > 0 indicates that M is positive semidefinite.
We use the notation A(y) == > ., AFy, — A° for y € R™ throughout this chapter.
Note that in some applications, e.g., reformulations of combinatorial optimization
problems, it is more natural to have a positive semidefinite matrix variable X > 0,
which leads to an equivalent “primal” version of (6.1). In the following remark we
outline the equivalence and also explain how to reformulate an MISDP in one form
into the other. Our presentation and implementation in the solver SCIP-SDP (see
below in Section 6.1), however, is based on the form in (6.1).

Remark 6.1. Apart from the so-called “dual” form (6.1) of an MISDP, one can also
consider the corresponding “primal” form:

sup <AO7X>F

st. (AN X)p =b; Vi€ [m],
Lij < X35 Uy Vi, j € [n], (6.2)
Xi; €Z Vi, j)elxl,
X >0

where (A, B)y is the Frobenius inner product defined in (1.1). The bounds are given
by Li; € RU{—o0}, U;; € RU{oo} for all ¢, j € [m].

We note that (6.1) and (6.2) are equivalent: Indeed, starting from (6.1), one can
define Z = Y1 | Ay, — A°. The “primal” variables are

Z 0
X = (n+m)x (n+m)
(0 pinsty) € |

where Diag(y) denotes a diagonal matrix containing y on the diagonal (possibly y has
to be split into two nonnegative variables). The n? equations Z =" | A"y, — A°
can then be written in the form (B% X)p = d; for appropriate matrices B® and
scalars d;, i € [n?].

Conversely, given (6.2), using the Gauss algorithm on the equations (A, X)g = b;,
one can express the n? variables in X by introducing r := n? — m variables y as
X =", B'y; — B° with appropriate matrices B, i € [r]o. In both directions, the
objective and variable bounds can be chosen appropriately. These transformations
often simplify for particular problems. Besides, the relaxations of (6.1) and (6.2)
are dual to each other, i.e., the relaxation of (6.1) provides an upper bound for the
relaxation of (6.2).
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While for specific types of MISDPs, several presolving methods are known, this
chapter focuses on presolving for generic MISDPs. We introduce several new tech-
niques and provide a computational evaluation of different variants. Often these
methods can be seen as a generalization of presolving for mixed-integer programs.
We note that several methods that we describe can be performed in node presolving
as well. In particular, this includes propagation of variable bounds, i.e., tightening
of some variable bounds based on the bounds of other variables.

This chapter is structured as follows. Section 6.1 starts with a description of so-
lution approaches for (6.1) and reviews the literature on presolving techniques for
MIPs. Furthermore, known and easy presolving methods for MISDPs are mentioned.
We then present several valid linear inequalities in Section 6.2. These can be added
during presolving and are then used for further presolving steps. In Section 6.3,
we turn our attention to presolving based on 2 x 2 minors of positive semidefi-
nite matrices A(y). This involves variable bounds derived separately from upper
bounds on diagonal and off-diagonal entries. As a next step, we present a method
to tighten variable bounds in Section 6.4. We prove that iteratively applying this
bound tightening converges to a best bound, which can also be computed by solving
a single SDP (Section 6.4.1). Such a best bound is the tightest bound which holds
for any solution of the MISDP. Instead of solving the possibly large SDP to compute
a best bound we furthermore show that each single bound tightening application
corresponds to an SDP with one variable, which can be solved using a semismooth
Newton method, see Section 6.4.2. With similar techniques, one can also compute
the tightest scaling of the constraint matrices A* that does not change the feasible
region; this generalizes coefficient tightening, see Section 6.5. Then, as one of the
main contributions of this chapter, our computational results in Section 6.6 compare
the different presolving methods and their combination. The results show that, for
the considered instances, presolving in the root node has limited effect, but node
presolving — and bound tightening in particular — can result in a significant speed-up
of up to 22% in comparison to no presolving. Moreover, on one hand, presolving
has a different impact on different types of instances. On the other hand, since the
methods only take a negligible amount of time, they can easily be applied without
much overhead. In conclusion, the techniques investigated in this chapter provide a
very good basis for future applications of generic MISDP.

6.1 Presolving and MISDPs — An Overview

We start with a brief review of the three main techniques for solving (6.1):

1. SDP-based branch-and-bound: One can adapt the general nonlinear branch-
and-bound process, as already proposed by Dakin [58] in 1965, by branching
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on fractional variables and solving SDPs in each node. Two of the first solvers
based on this idea are YALMIP [160] and SCIP-SDP [220], see the next
paragraph for details on SCIP-SDP, and Gally et al. [112] for an analysis of
subproblem properties in the tree.

2. LP-based branch-and-bound: The second technique was proposed by Sherali
and Fraticelli [223], see also Krishnan and Mitchell [148]. It applies a linear
programming based cutting-plane algorithm for solving the continuous sub-
problems in each node of the tree while branching on fractional variables, see
the subsequent paragraph for more details. This LP-based approach is also
implemented in SCIP-SDP (see Mars [173] and Gally [110] for computational
results) and YALMIP. A corresponding convergence analysis was performed
by Kobayashi and Takano [145].

3. Outer approximation: Outer approximation, proposed by Duran and Gross-
mann [80], was investigated for mixed-integer conic problems by Lubin
et al. [164] and is implemented in the solver Pajarito [54]. We will not in-
vestigate this approach in this chapter, but will present results for the first
two.

Notes on SCIP-SDP All the techniques that will be presented in this chapter, have
been implemented in version 4.0 of the solver SCIP-SDP, which is a framework for
solving mixed-integer semidefinite programs of the form (6.1). It is publically avail-
able at https://wwwopt .mathematik.tu-darmstadt.de/scipsdp/ and is based on
SCIP, available at https://scipopt.org/.

SCIP-SDP was initiated by Sonja Mars and Lars Schewe, see Mars [173], and
then continued by Gally et al. [112] and Gally [110]. It features interfaces to the SDP
solvers DSDP, MOSEK [181], and SDPA [254]. Major work has been put into the
improvement of SCIP-SDP by Marc E. Pfetsch and the author of this thesis dur-
ing the preparation of the material on presolving for MISDPs. In particular, all of
the presolving routines that are introduced in this chapter have been implemented.
On top of that, several further changes and additions, which are not connected to
presolving have been conducted, which led to version 4.0 of SCIP-SDP. SCIP-
SDP 4.0 contains about 50000 lines of C-code, most of which have been touched
since the last version 3.2. For a description of the many further changes and im-
provements for SCIP-SDP 4.0, see the corresponding section in the release report of
SCIP 8 [25]. We remark that we slightly relaxed the feasibility and optimality toler-
ances in SCIP-SDP 4.0. Table 6.1 shows a comparison between SCIP-SDP 3.2 and
4.0 on the same testset as used by Gally et al. [112] which consists of 194 instances.
Reported are the number of optimally solved instances, as well as the shifted geo-
metric means of the number of processed nodes and the CPU time in seconds. We
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Table 6.1. Performance comparison of SCIP-SDP 4.0 vs. SCIP-SDP 3.2 on a
testset of 194 instances.

#opt #nodes time
SCIP-SDP 3.2 185 617.3 42.9
SCIP-SDP 4.0 187 497.3 26.6

use MOSEK 9.2.40 [181] for solving the continuous SDP relaxations. The tests
were performed on a Linux cluster with 3.5 GHz Intel Xeon E5-1620 Quad-Core
CPUs, having 32 GB main memory and 10 MB cache. All computations were run
single-threaded and with a time limit of one hour. The conclusion from these re-
sults is that SCIP-SDP 4.0 has significantly improved since the last version. In the
remaining parts of this chapter, our implementation always refers to SCIP-SDP.

Notes on the LP-based Approach When solving general MISDPs of the form (6.1)
with a cutting-plane approach, the positive semidefiniteness of A(y) needs to be
enforced through linear cuts. To do so, it is possible to use the following character-
ization of positive semidefiniteness:

S Aty - A0 o UTA(y)U:UT(ZAkyk—AO)UZO Vo e R™
k=1 k=1

Thus, if a given relaxation solution y* violates the SDP constraint A(y*) = 0, there
exists v* € R™ with (v*) T A(y*) v* < 0. Consequently, the valid linear inequality

(v*)T(zm:Akyk _ Ao)v* >0

k=1

cuts the relaxation solution y* off. These cuts are sometimes called eigenvector cuts
or eigencuts, since a simple choice for v* is an eigenvector for the smallest eigenvalue
of A(y*), which is negative if the SDP constraint is violated. Of course, it is also
possible to directly add several eigenvector cuts, for example, one for each negative
eigenvalue of A(y*).

In SCIP-SDP, there are two possibilities to add eigenvector cuts. The first variant
separates eigenvector cuts during the solution of the LP relaxation, that is, eigen-
vector cuts are added whenever a feasible solution of the LP relaxation does not
satisfy the positive semidefiniteness constraint. This setting will be denoted by LPA
in our experiments. The second variant, denoted by LPE, only enforces eigenvector
cuts, that is, these cuts are only added, if an optimal solution of the LP relaxation
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satisfies the integrality constraints, but still violates the positive semidefiniteness
constraint (a “lazy-cut” approach).

Although it is not the focus of this chapter, let us comment on the computations
by Kobayashi and Takano [145] who compare the SDP-based approach in SCIP-
SDP with their own implementation of two algorithms using an LP-based approach.
The best performing method in [145] is to use LP relaxations in which eigenvalue
cuts are only generated if all integer variables attain integral values (the lazy-cut
approach). This method is quite similar to our method of only enforcing integral
solutions (LPE-MIX2), see Section 6.6. The results of our computations differ in
several aspects from [145]: For the LP-based approach, it is faster to also separate
eigenvector cuts for fractional solutions and not only for integer valued solutions.
Our implementation based on SDP relaxations is much faster on average than the
LP-based approach. Note that in [145] an older version of SCIP-SDP with DSDP
was used on the NEOS server. Here, we compare on the same machines, use an
improved implementation, and use MOSEK as an SDP solver. Moreover, we test
on similar but larger instances compared to [145], see Section 6.6.1.

Finally, let us remark that an approximation of SDPs by linear inequalities may
need to be very large in the worst case, as shown in the next corollary by com-
bining results from the literature. This is in contrast to second-order cone pro-
grams, for which e-approximate extended formulations of polynomial size in the
input and log(1/¢) exist, see Ben-Tal and Nemirovski [22].

Corollary 6.2. There are SDPs of dimension n X n for which any polyhedral ap-
prozimation is of size 220,

Proof sketch. Braun et al. [32] proved that one may need polyhedral extended for-
mulations with extension complexity 22(") to construct tight approximations of the
feasible regions of SDPs in R™*™. The proof is based on constructing instances
whose nonnegative rank is 2°"). Moreover, as shown by Braun et al. [33], the
nonnegative rank deviates from the minimal number of inequalities in a polyhedral
description in the original dimension n x n by at most 1. O

Literature Overview

We first note that SDP relaxations can be preprocessed to improve their numerical
stability, for example by facial reduction techniques, see, e.g., Permenter and Par-
rilo [198, 199], Permenter et al. [200]. However, such features so far have neither
been implemented into the SDP solver MOSEK, which we use in our computations,
nor in our code.
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In the following literature review, we concentrate on presolving techniques for
problems containing integer variables, since this is the main focus of this chapter.

For MIPs, many presolving methods are known, see for instance Brearley et al. [34]
and Crowder et al. [57]. We note that details are not needed for understanding the
contributions of this chapter. We will, however, add some pointers to MIP-presolving
techniques later and refer to the following literature for more information. An
overview and new techniques were presented by Savelsbergh [217] and for a more
recent overview, see Mahajan [168]. Achterberg [1] discusses the implementation
of presolving in detail. Further recent contributions are introduced in Achterberg
et al. [4] and Gemander et al. [117]. The last three publications describe the meth-
ods implemented in the framework SCIP. Presolving is even more important for
MINLPs, see, e.g., Vigerske [249], Belotti et al. [20], Vigerske and Gleixner [250],
and Puranik and Sahinidis [205].

Several presolving methods for MISDPs have been proposed by Mars [173], Gally
et al. [112], and Gally [110]; we explain the most relevant ones in the following. Be-
yond the mentioned references, we are not aware of any other presolving techniques
for MISDPs.

Standard Presolving

Several known presolving steps are (relatively) straightforward to perform. For in-
stance, possibly present linear inequalities in (6.1) can be presolved as for MIPs (see
above for references). The following basic MISDP-specific methods have been intro-
duced by Mars [173, Section 3.3.2] and partly extended by Gally [110]: Fixed vari-
ables can be removed by appropriately adjusting the constant matrix A°. Similarly,
(multi-)aggregated variables, i.e., variables that affinely depend on other variables,
can be substituted, possibly adjusting the affected matrices A*, k € [m]y. Further-
more, one can check whether all matrices A* for k € [m]y are diagonal. In this case,
the SDP constraint A(y) *= 0 can be replaced by corresponding linear inequalities.
All these steps are automatically performed in our implementation.

Further presolving steps treat rather rare cases and are therefore not implemented:
Zero matrices A* and their corresponding variables y; can be removed. Moreover,
duplicate constraints A(y) = 0 or duplicated blocks within A(y) = 0 can be detected
and removed. Redundant constraints A(y) > 0 can be detected in several special
cases, e.g., if all variables are binary, all A*, k € [m], are positive semidefinite and A°
is negative semidefinite. If m = 1 in the SDP constraint A(y) = 0, i.e., there is only
one variable, the feasible region is an interval (see Section 6.4.2); thus, the SDP con-
straint can be removed and the variable bounds can be adjusted. Furthermore, if all
matrices A* for k € [m]y, contain the same 0 rows and columns, the dimension can
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be reduced. This last step is automatically performed in our implementation, each
time an instance is passed to an SDP solver. Furthermore, Mars [173, Section 3.3.2]
discusses methods to detect block structures in the SDP constraint. Under certain
conditions, one can also apply dual presolving. For example, if for some k € [m] the
matrix A¥ is positive semidefinite and disjoint from the rest (i.e., A* has no com-
mon nonzero with the other matrices), one can fix yj to its upper or lower bound,
depending on the objective coefficient.

More expensive presolving includes so-called probing, see, e.g., Savelsbergh [217].
Probing tentatively fixes binary variables to 0 and 1 and then checks whether prop-
agation of variable bounds leads to infeasibilities. If this happens, one can fix the
binary variable to the opposite value. Moreover, implications between binary vari-
ables can be detected. Probing is automatically performed in our implementation,
but the propagation methods often do not seem to be strong enough to allow for
many probing reductions. One further method is optimality based bound tightening
(OBBT) in which one maximizes/minimizes variables over a relaxation of the prob-
lem to determine lower and upper variable bounds, see, e.g., Gleixner et al. [120] for
a recent variant. This method was adapted for MISDPs by Gally [110] and usually
reduces the number of nodes in the tree, but increases running times. It is therefore
not considered in the following. Dual fixing is a node presolving method, which is a
generalization of reduced cost fixing, and is always used in our implementation, see
Gally et al. [112].

We finally note that node presolving has secondary effects. For instance, it affects
conflict analysis, which in this context summarizes techniques that derive so-called
conflict constraints, i.e., linear, set covering or more general disjunctive constraints,
based on the information that a certain node in the branch-and-bound tree is in-
feasible. We refer to Achterberg [2], Witzig [251] and Witzig et al. [252] for more
information. If SDP relaxations are used, the generated conflicts only arise from
the so-called conflict graph analysis, which applies if the infeasibility of the node
has been determined by propagation of variable bounds. Preliminary computations
showed that this does not significantly change the performance. In the LP-based
approach, however, conflict analysis also uses LP infeasibility proofs and seems to
have a negative impact, see the results in Section 6.6.

6.2 Linear Inequalities Implied by the SDP
Relaxation

The following inequalities are known from the literature and can be added to (6.1) as
linear inequalities. All these inequalities are implied by the SDP relaxation of (6.1),
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but might be useful for standard presolving with respect to linear constraints or
when solving a linear relaxation.

e Mars [173, Section 3.3.2] observed that the constraint A(y) = 0 implies that
the diagonal entries of A(y) are nonnegative (Diagonal Greater equal Zero,
DGZ), i.e., for all i € [n]:

> (Aiiye = (A% > 0. (DGZ)
k=1

o If A, = AF, =0 for all k € [mn] and AY; AY; > 0 for some i # j € [n], then
the following inequality based on products of 2 x 2 minors (2-Minor Product,
2MP) is valid, see Gally [110, Prop. 5.11]:

Z Az] Yk > A?] Y A?@ AJOJ (QMP)

Furthermore, if exactly one Afj = 0, then this yields upper or lower bounds for
the corresponding variable yi, depending on the sign of Afj. Further similar
inequalities can be found in Gally [110, Prop. 5.13].

We also obtain the following slight generalization of the “diagonal-zero-implication
cuts (DZI)” introduced by Gally [110], based on an observation of Mars [173]. These
inequalities build on the presence of integral variables.

Lemma 6.3. Let i, j € [n] with i # j and A?j # 0 as well as A% > 0. If Afj =
for all k € [m], AE, = 0 for all continuous variables k € [m]\ I, and ¢; > 0 for all
integer variables k € I, the following inequality is valid:

> we>L (DZI)

kel:

Al>0
Proof. Any y feasible for (6.1) satisfies A(y) > 0 and therefore also A(y);; > 0 as
well as A(y);; > 0. The 2 x 2 minor w.r.t. 4, j yields A(y):; - A(y);5 — (A(y)i;)? > 0.
By assumption A(y)i; = AY; # 0. This implies that A(y)i;- A(y);; > 0 and therefore
A(y)i; > 0 (and A(y);; > 0). Since Ak =0 for all k € [m]\I and ¢, > 0 for all k € I,
we obtain:

0< A ” = E A“ Yk — AO E A” Yk — AO < E A” Yk — A;)Z
kel kel:
AF>0
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Since AY > 0, this implies that at least one variable y; with k € I and A, > 0 has
to be positive, i.e., at least 1. O

Another family of valid inequalities are the so-called 2-Minor Linear Constraints
(2ML ), which are a special case of eigenvector cuts (see Section 6.1). For a positive
semidefinite matrix Z > 0, these inequalities are given by

Zy+ Zj; —22;; >0, (6.3)
They are obtained by restricting to the 2 X 2 minor w.r.t. ¢ and 7 and multiplying

from left and right by (1,—1)T and (1,1) ", respectively. If Z = A(y), we obtain for
the first inequality

Ms‘

+ZAJJyk (ZAUyk )—0

(4l + A% — 245 ) gy > A, + A9, — 247,

779

>
Il
—

(2ML)

¥
NE

=
Il
—

and similarly for the second inequality. As above, these inequalities are implied by
the SDP constraint A(y) »= 0, but might be used for propagation. Of course, any
other eigenvector cut is also a valid inequality, but constraints (2ML) are relatively
easy and sparse, at least in primal form (6.3) and (6.4).

6.3 Presolving Techniques Based on 2 X 2 minors

In this section, we develop methods that are based on taking 2 x 2 minors of a
positive semidefinite matrix.

Using Bounds on the Diagonal

Lemma 6.4. Consider Z = 0 with 0 < Z;; < Uy; for all i € [n]. Then

VUi Uj; < Ziy < /Ui Uy (6.5)

holds for all i, j € [n].

Proof. Since Z is positive semidefinite, we have Z;;Z;; — ij > 0. Rewriting this
inequality yields ij < Z;;i Zj; < Uy Ujy;. Taking the square root gives the claim. [
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Remark 6.5.

e The bounds in Lemma 6.4 are tight, even for a rank-1 matrix Z: consider the
rank-1 all-ones matrix.

e Inequality (6.3) yields Z;; < £(Z;; + Zj;) < (Ui + Uj;). This derived bound
is dominated by (6.5), because

Zij < /Ui - Ujj < (Ui + Uy5),

using the inequality between the arithmetic and geometric mean.

Lemma 6.4 can partly be translated to the matrix pencil format A(y) by defining

Uij : S Au+ Y Abn - A (6.6)

ke[m]:A¥; >0 ke[m]:Ak; <0

Thus, for any ¢ <y < u, we have A(y);; < U” This directly yields the following
lemma.

Lemma 6.6. For any solution y € R™ of (6.1), we have

for all i, j € [n].

The downside of Inequalities (6.7) is that they can be quite weak if A(y);; depends
on many variables. We therefore concentrate on the case in which each entry A(y);;
depends on one variable only, that is, there exists k = k(4,j) € [m] such that
A(y)ij = AF yp — A?j with A¥. £ 0. In this case, Inequalities (6.7) are equivalent to

J J
_\/UiiU"'f'A?‘ \/UiiU"+A?‘
j] & YRy (PropUB)
A,
ij

k
A,

<y <

if Afj > 0 and similarly if Afj < 0. If k € I, i.e., variable y; is integral, the lower
bound can be rounded up and the upper bound down. In our implementation, these
inequalities are used in presolving and possibly for propagation of variable bounds
in every node, which is denoted by Propagate Upper Bounds (PropUB). Again, since
Inequalities (PropUB) are valid for the SDP relaxation, integral variables have to
be present or a linear relaxation has to be solved in order for Inequalities (PropUB)
to be computationally useful.
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By using trace constraints, one can also compute different bounds on the off-
diagonal elements as follows; this slightly strengthens [111, Lemma 1].

Lemma 6.7. Consider Z = 0 with tr(Z) < a. Then

<Zij<$g (6.8)

R

holds for all i, j € [n] with i # j.

Proof. Since Z > 0, again we have ij < Z;;Zj;. By the trace constraint and the
fact that the diagonal entries are nonnegative, Z;; + Z;; < a. Moreover, we obtain:

Zii Zjj < Zii(o — Zyi) = aZy — Z2.

Taking the derivative and equating 0 yields a maximal point Z;; = 5. Consequently,

2 2 2 2 2
ZijSZanjSOéZZ*(ZZ) =5-T=%

Taking the square root shows the claim. O

Inequalities (6.8) can again be transferred to A(y) = 0, but with the same dis-
advantages. Therefore, we only use these inequalities in the case that A(y);; only
depends on a single variable. As before, integrality of variables can be exploited for
rounding the bounds.

Using Bounds on the Off-Diagonal

We now derive affine inequalities that depend on 2 x 2 minors. The following result
is motivated by and generalizes the special case in Nohra et al. [189].

Lemma 6.8. Consider a positive semidefinite matriz Z € S? with L < Z < U,
where the inequalities are meant componentwise. Then for all i and j € [n]:

Ujj Z” Z 2 Lij Zij — L’L2] and Ujj Z” Z 2 Ui]‘ Zij — Uz2 (69)
Proof. We first obtain
(Zz — Li]‘)Q >0 = ZEJ > 2Lij Zij — LZ

The 2 x 2 minor for ¢ and j gives Z;; Z;; — ij > 0. Together with Z;; > 0, this
yields
2L Zij — L} < Z7; < Zj; Zii < Uy Zi.
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The second inequality arises similarly. O

Remark 6.9.

e Inequalities (6.9) are implied by the SDP constraint, so that they can only
be useful when solving LPs or for integral variables. Moreover, assume that
L;j < 0 and U;; > 0, which is typical for ¢ # j. Then these inequalities
are nontrivial, that is, the right-hand-side is nonnegative, if Z;; < L;;/2 and
Zi; > Uij;/2, respectively.

e Note that cuts like (6.3) or (6.4) do not take the lower and upper bounds into
account. Thus, Inequalities (6.9) might further strengthen an LP relaxation.

e However, if we use Z;; < Uy;, the last inequality in (6.9) yields (if U;; > 0):

7. < Ujj Uii+Ul'2j'

i 1

The right hand-side is stronger than Z;; < Uy; if U;; Uj; < UEJ If U is pos-
itive semidefinite, this never happens. Thus, Inequalities (6.9) are preferable
over (6.10).

We transfer Inequalities (6.9) to the form A(y) = 0 as in Lemma 6.6. For the
second inequality in (6.9), we obtain:

& 72

2Ui5 A(y)i; — Uj5 A(y)is < U

m B B m ~ QMV
& > 20 z;yk—ZUjjAZykSU%+Z2UUAO ZU A%y )
k=1 k=1 k=1

where Uij and Ujj are defined as in (6.6). These inequalities are referred to as
2-Minor Variable Bounds (2MV).

A particular case in which Inequalities (6.9) might be useful arises in SDP re-
laxations of quadratic programs, see Lovéasz and Schrijver [162] or Luo et al. [165],
or in truss topology optimization, see (TTD). A quadratic program in the vari-
able x can be transformed into an SDP by introducing a matrix variable X and

T. Thus, a quadratic term zQz ' with a matrix @ is equivalent

replacing X = zz
to (@, X)w, which is linear in X. In order to obtain an SDP, the exact nonconvex
equality X = z2 " is relaxed to X — xzz | > 0. By using the Schur complement, this

is equivalent to
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Corollary 6.10. Consider (X,z,t) € R™*"™ x R"™ x R satisfying

t al (t) (t)
=0, (<x<u, £V<t<u
X X

where t is a scalar variable. Then for all i € [n]:

A %

6.4 Bound Tightening Based on SDP Constraints

In this section, we investigate how SDP constraints A(y) = 0 can be used to tighten
variable bounds. For an index k € [m], define

Po={iem]\{k} : A" =0},  Np:={ie[m]\{k}: A" <0},
as well as

u; < oo, € Py,

inf {p: APt Y Alui+ Y AG-A" =0} it P e

Ky = i€ Py, JEN
—00 otherwise,
(6.11)
u; < 00, RS Pk,

Ay = = FENK
400 otherwise.
(6.12)

Both p, and pj, might be +00, even if all bounds are finite, for instance, if A* is
negative or positive definite, respectively. Moreover, both might be simultaneously
finite. The two SDPs in (6.11) and (6.12) only contain a single variable and can be
solved with the technique discussed in Section 6.4.2 below.

The following lemma shows that the lower or upper bounds of the variables can
be tightened, depending on the semidefiniteness of the coefficient matrices. This
procedure is denoted by TB in our experiments.

Lemma 6.11 (Tighten Bounds (TB)). Let all A*, k € [m], be positive or negative

semidefinite. Then, A(y) = 0 implies that p, < yi < Ty, for all k € [m]. Finite
bounds can be rounded for integral variables.
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Proof. Suppose that y, < My OF Y > Ty Then, by definition of My and iy, there
exists x € R™ with

0>:£T(Akyk+ Z Al + Z Aiﬁi—A())x

i€ Py, i€ Ny,

_ Tk T pin. o T i p. T 40
=x' A acyk—i—‘Zx Amul—i—_zgc Az b; —x' A’x
i€Py >0 i€N <0
>zl Ak yr + Z xT Az yi + Z xT Az Yi — xT A%

i€ Py, 1€ N

= xT(iAi Yi — A0>m,
i=1

which is a contradiction to A(y) > 0. Thus, By, < Yk < T O

Remark 6.12.
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The conditions of Lemma 6.11 are frequently fulfilled for instances that we
consider later in the numerical experiments in Section 6.6; namely for 75 out
of 185 instances in our testset, all matrices A* are positive semidefinite, see
Section 6.6.1. If some matrices are indefinite, a derivation of valid bounds is
currently unknown.

It is easy to include lower and upper bounds ¢, and wuy, respectively, into
bound tightening by adding the constraint ¢, < p < u to (6.11) and (6.12).
This makes the problems bounded if the bounds are finite, see Section 6.4.2.

If all A* k € [m]o, are diagonal matrices, A(y) = 0 specializes to a linear
inequality a'y — ag > 0 with @ € R™ and ag € R. If ax > 0, we obtain

ykZ,Ukalk<ao Z a; U — Z Cljfj),

i:a; >0 7:a;<0
i#k

which is linear bound tightening, i.e., Lemma 6.11 generalizes the linear case.

We note that Inequalities (6.5) are implied by Lemma 6.11. This can be
seen as follows: Assume that we have a matrix Z > 0 with some finite lower
bounds L € R"*"™ (the exact values are not important, but they make (6.12)
finite). Write Z = >0, E% Z;; = 0, where EY € R™ " is 0 except for
positions (4,5) and (j,4), where it is 1. Then the optimal value f of (6.12)
for variable Z;; yields that the 2 x 2 minor for 7 and j is nonnegative, i.e.,
U;i Uj; — i? > 0, which is (6.5). In comparison to the bounds of Lemma 6.11,
the ones in (6.5) (or (6.7)) can be computed more efficiently and depend on

fewer variable bounds.
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6.4.1 Convergence of Bound Tightening

Lemma 6.11 can be applied iteratively and we investigate the convergence of this
process. We assume that all coefficient matrices A*, k € [m], are positive or nega-
tive semidefinite and that the initial bounds ¢(*) and u(®) are finite for all variables.
Moreover, in each iteration, we incorporate the bounds ¢ and u obtained in the pre-
vious iteration (or the initial bounds for the first iteration) in (6.11) and (6.12) by
using max {/, (¢, u)} and min {u, (¢, u)}. Thus, (6.11) and (6.12) always yield fi-
nite bounds. The analysis in this section uses similar arguments as Belotti et al. [19].

Let p(¢,u) and 7i(f,u) € R™ be the lower and upper bounds derived from
Lemma 6.11 for each variable, where the constraint ¢, < pu < wuy is incorporated
into (6.11) and (6.12). Define the interval set Z := {(¢,u) € R" x R" : ¢ < u} with
the following ordering for (¢, u), (¢/,u') € T:

(lu) <z (W) & <tu<u.
Thus, if (¢,u) <z (¢',u’), then the bounds (¢,u) are at least as tight as (¢/,u’). Let
F:T—1Z, ({,u) — (max{¢,u(l,uv)}, min {u,1({,u)}),

where min/max is applied componentwise. Thus, F' represents one step of bound
tightening according to Lemma 6.11, making sure that the bounds do not get weaker.

monotone, i.e., ({,u) <z (¢',u') implies F({,u) <z F({' ).

Lemma 6.13. F is a contraction, i.e., F({,u) <z ({,u) for all ({,u) € I, and

Proof. By definition of the max and min operations, F' is a contraction. For mono-
tonicity, we concentrate on the upper bounds (the lower bounds are similar). Let
f,u) = min{u, (¢, u)} and similarly for f(¢,u'). Assume for a contradiction
that (¢,u) <z (¢,v') (and thus ¢ < £, u <), but g = f(l,u)r > f(,u)g = p'
for some k € [m]. Thus, the matrix A* u + > iep, Al + D ieN, ATl — AV is not
positive semidefinite by definition of x’. Therefore, there exists x € R™ with

0> a7 (A p+ > A+ 3 AT - A)a

1€ Py 1EN}

=z Az + Z a ! Al ul + Z ' Alg 0 — 2T A%
i€Py, >0 iEN, <0

> ;UTAka:,u + Z z Az + Z z Azt — 2" A%
i€ Py i€ Ny

:a:T(Ak,u—F S A+ Y A —A0>a:,
i€ Py iEN
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which is a contradiction to the last matrix in parentheses being positive semidefinite
by definition of p = min {ug, @(¢, u)}. O

Theorem 6.14. The operator F' has a unique greatest fixed point gfix(F), defined
as gfix(F) =sup{(¢,u) € T : ({,u) <z F({,u)}.

Proof. Note that Z forms a complete lattice. We always have F(¢,u) <z (¢, u),
since F' is a contraction. Thus, the interval set {(¢,u) € Z : ({,u) <z F(¢,u)} con-
tains all fixed points. The result then follows by the Knaster-Tarski Theorem [234],
see, e.g., Fritz [106, Theorem 20.4]. O

As in [19], we define the size |(¢,u)| of the interval (¢,u) € Z as Y ;v  u; — ;.
Then [19] shows that |gfix(F)| > |(¢,u)| for all fixed points (¢,u) of F. Thus,
gfix(F) is the solution of

max {|((,u)| : ((,u) <z F({,u), ((,u) <z (E(O),u(o))},

where (£(9,u(9) denote the initial bounds. This can be written as the following
SDP: .
max Z u; — ¥;
i=1

st AN+ > Alui+ Y AT — A =0 Yk e [m),

iePy JEN (6.13)
Af g + 3" A+ > AL — A% =0 Yk € [m],
1€ Py JEN

O </t u< u(o), ! <.

Let (£*,u*) be an optimal solution of (6.13). Then this solution is a fixed point:
By the constraints, we have £* > p and u* < . Thus, these bounds would not be
tightened by F. Moreover, let {(Zk,uk)} be the sequence of bounds produced by
iteratively applying F' as long as this changes some bounds. Since F' is monotone,
the interval size |(€, ug)| is decreasing. Thus, the sequence { (€, uy)} will converge
to the optimal solution (¢*,u*).

In our implementation, we iteratively apply Lemma 6.11 as long as this changes
bounds of variables, instead of solving the SDP (6.13), because (6.13) is quite ex-
pensive to solve. Moreover, we can round bounds of integer variables after each
iteration. Note that rounding for integer variables complicates the analysis of fixed
points. Indeed, Bordeaux et al. [29] show that deciding the existence of an integral
fixed point is NP-complete.

As we shall see, bound tightening is often successful deeper in the tree using
bounds tightened by other components of the solver.
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6.4.2 Computing Tightening Scalings

While in the linear case the values My and 71, can be computed easily, in the general
case, it amounts to solving an SDP with one variable. For this, let us rewrite (6.11)
and (6.12) in the presence of scalar lower and upper bounds ¢ and u, respectively,
objective direction v € {£1}, and appropriate A, B € R"*" as

pw=inf{yp: pA—B >0, £ <pu<u}. (6.14)

Problem (6.14) can be solved in different ways. In fact, there are several special
cases in which (6.14) — with infinite bounds — is easy to solve, for instance, if A = 0 or
B = 0. If Ais positive definite, there exists an invertible matrix V with VT AV =1,
where I, is the n x n identity matrix. It is then easy to see that u* = Apax(V T BV),
the maximal eigenvalue of VT BV. If there exists fi with A — B = 0, Pong and
Wolkowicz [203] as well as Jiang et al. [134] ([203] cites Lancaster and Rodman [152])
describe an algorithm based on Cholesky decomposition; these articles arise in the
context of generalized trust region problems. In one final special case, the matrices A
and B are simultaneously diagonizable. Then, there exists an invertible matrix V'
with VT(uA — B)V = pC — D, where C and D are diagonal matrices. After
computing this decomposition, Problem (6.14) is easy to solve.

Here, we are interested in the general case of Problem (6.14). Inspired by Stra-
bi¢ [231] and Higham et al. [129], we consider a semismooth Newton method. We
state and prove the following for completeness.

Lemma 6.15. Let A, B € 8. Then, the function f: R — R, g+ Apin(p A — B)
is concave and hence continuous.

Proof. For a symmetric matrix C € 8", the variational characterization of the
minimal eigenvalue reads A\yin(C) = min {x"Cz : ||z||s = 1}, see also (5.27). Thus,
for C, D € §",

Ain(C +D) = min z'(C+ D)z
lz|l2=1 (6.15)
> min z'Cz+ min z' Dz = Amin(C) + Amin (D).

T llzlle=1 lzll2=1

In order to show concavity of f, let a € [0,1] and 1, 2 > 0. Then, by using (6.15),

flap + (1= a)p2) = Amin (@ A = B) + (1 — @) (u2 A — B))
> Amin (@(pt1 A — B)) + Amin (1 — @) (2 A — B))
=af(p)+ (1 —a) f(ue) O
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Lemma 6.15 implies that Problem (6.14) is convex. Moreover, if the optimal value
of (6.14) is finite, it is attained: Otherwise, assume v = 1 and that there exists a
sequence (py) of feasible points with pp — p*, where p* is the value of (6.14). Since
f is continuous, we obtain f(ug) — f(u*) and hence f(u*) > 0, i.e., u* is feasible.
Moreover, the following lemma shows how to obtain supergradients for (6.14).

Lemma 6.16. Let i € R and ¢ be a unit eigenvector for Apin(ii A — B). Then
0T Av is a supergradient, i.e.,

Amin (0 A = B) < Amin(B A — B) + (n— ) 0" Ad
for all u € R. In particular, if o7 Ad = 0, then Amin(ft A — B) is mazimal.
Proof. Since ¥ is a unit eigenvector for Ay, (it A — B), we have
Amin(ft A — B) =9" (i A — B)b.

This implies

where ;1 € R. Using the variational characterization of the minimal eigenvalue yields
Amin(t A—B) <97 (u A— B)9, since 9 has unit norm. This concludes the proof. [

Algorithm 3 provides the details of the resulting semismooth Newton method for
solving Problem (6.14) for the case v = 1; the algorithm for v = —1 is very similar.
Furthermore, the following considerations explain the crucial steps of Algorithm 3.

e In the case of Step 3, we use Lemma 6.16 for i = u, o = w to get
Amin (A = B) < A+ (p—u) 3 Ay <0
<0 20 >0

for every p. Therefore, the problem is infeasible.
e In Step 7, if A > 0, then p = ¢ is feasible and clearly the optimal solution.

e In Step 10, we have A < 0 and v Av < 0. Again using Lemma 6.16 for ji = ¢
and v = v, we obtain

' _ T
Amin(pA—B) < A +(p—40)0v Av<0
<0 >0 <0

for all u, and the problem is infeasible.
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e Step 14 computes g1 such that Ay + (upe1 — pr)(@0F)TAvF = 0, ie., the
eigenvalue estimation via Lemma 6.16 becomes 0 (this is akin to the Newton
iteration).

e Note that because of the while conditions, the sequence (uj) is strictly
monotonously increasing.

Remark 6.17. We can apply general convergence theory, for instance, Theo-
rem 7.5.3 in [93] (see also Qi and Sun [206]), which proves that the semismooth
Newton method converges Q-superlinearly to a zero u* of f(u) = Amin(n A — B),
given that the derivative 0f(u*) = (v¥) T Av* is nonsingular and the starting point
lies near p*. Since f is concave, f is semismooth and the theorem can be applied.

Algorithm 3: Semismooth Newton method

Input: Matrices A and B, scalar lower and upper bounds £ < u
Output: Solution of min{u : A — B >0, £ < u < u} or “infeasible”
compute unit eigenvector w for minimal eigenvalue A of Au — B;
if A\ <0 andw’ Aw > 0 then

return “infeasible”;
end
compute unit eigenvector v for minimal eigenvalue A of A¢ — B;
if A > 0 then

return /;
end
if vT Av < 0 then

return “infeasible”;
end
o £, Ag < A, vg v, k< 0
while )\, < 0 and (v¥)T Avk > 0 do

Hi+1 = Mk — W;
15 if pg41 > u then

© 0 N O A W N

e el e
B W N = O

16 break;

17 end

18 compute unit eigenvector v**! for minimal eigenvalue ;1 of
A pgs1 — B

19 k+k+1;

20 end

21 if A\ < 0 then

22 return “infeasible”

23 end

24 return pg
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As noted above, since we start with pg = ¢, after Steps 7 and 10, the sequence
() is strictly monotonously increasing. Therefore, the process always globally
converges. However, if Of(ur) or 0f(u*) becomes singular, we cannot rely on Q-
superlinear convergence.

6.5 Coefficient Tightening Based on SDP
Constraints

Apart from tightening variable bounds, an SDP constraint A(y) = 0 can also be used
to scale individual matrices A*, which is demonstrated in this section. In the linear
case, tightening the coeflicients of a linear inequality involving integer variables is
used to reduce the number of fractional solutions to this constraint, whereas the
feasible integral solutions remain unchanged. Moreover, it may lead to a stronger
continuous relaxation. In order to tighten coefficients in an SDP constraint A(y) = 0,
define
f =min{p : AP p— A% =0, O < p <}

and fir, = min {fig, 1} for k& € [m]. The following lemma describes a way to “tighten”

matrices Ay, which we denote by TM in our experiments.

Lemma 6.18 (Tighten Matrices (TM)). Let A¥ = 0 for all k € [m], and let £, > 0
for all k € [m]. Furthermore, let y, € {0,1} for all k € I, i.e., assume all integer
variables are binary variables. Then, for all y € R™ with £ <y < u:

A) =0 & > i Afy— A" =0,
k=1
where we define iy, = 1 for k & I.

Proof. First assume that > ;- j AFy, — A% = 0. Since A* = 0 and ¢}, > 0 for
all k € [m] by assumption, we get 0 < ji < 1. Then for all z € R"

0<$T< Y i AFy —Ao)x: 3 iz APy, —2T A% < a7 Y ARy — A%z,
Z k k ;; BT ALYk (kz_l k )

k=1 = >0

which implies that A(y) > 0.

We now assume that A(y) = 0. By removing terms with y, = 0 for k € I, we
can assume that y, = 1 for all k € I. Thus, >, ; A" + Dokt AFyp — AY = 0.
Since A% = 0 and ¢, > 0 for all k¥ € [m] by assumption,we get 0 < j < 1. If
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fr =1 for all k € I then the statement is directly clear, since fir, = 1 for k ¢ I by
definition. Therefore assume that there exists k € I with i = i < 1. Without
loss of generality assume further that fi; = 1 for all j € I\ {k}. But then already
fur, AR — A% = 0. Since y; > ¢; > 0 and ji; = 1 for all j € [m] \ {k} by assumption,
we have fi;A7y; = 0 for all j € [m] \ {k}. Thus, adding these terms yields

i A=A+ N Ay =0,
JE[mI\{k}

which shows the claim. O

Remark 6.19. In the linear case with a linear inequality a'y — ag > 0, where
a € R%, ap € R, and the variables y are binary, coefficient tightening would
tighten coefficient a; to min {a;,ao}. If a; > ag > 0, then fi; = ap/a; < 1. Thus,
Lemma 6.18 would change coefficient a; to fi; - a; = ao, i.e., the same tightening.
In this sense, Lemma 6.18 generalizes coefficient tightening from the linear case, see
also Remark 6.12.

6.6 Computational Experiments

In this section, we empirically demonstrate the impact of the presented presolving
routines for the SDP-based branch-and-bound approach and the LP-based cutting-
plane approach.

We use SCIP-SDP 4.0 for solving the MISDPs, where all the routines men-
tioned in the previous sections are implemented. SCIP-SDP interfaces with
SCIP 7.0.4 [114], and we use MOSEK 9.2.40 [181] for solving the continuous
SDP relaxations in the SDP-based approach. The continuous LP relaxations in the
cutting-plane approach are solved using SOPLEX 5.0.2. All tests were performed
on a Linux cluster with 3.5 GHz Intel Xeon E5-1620 Quad-Core CPUs with 32 GB
main memory and 10 MB cache. The computations were run single-threaded and
with a time limit of one hour.

6.6.1 Instances

We use a testset consisting of 185 instances for different applications, which are
very briefly described in the subsequent paragraphs. Namely, 43 instances are Car-
dinality Least Squares (CLS) problems, 32 instances are Min-k-Partitioning (MkP)
problems, 38 instances are Truss Topology Design (TTD) problems, and 46 instances
are RIP problems. Moreover, there are 26 random MISDPs in the testset. These
applications (with the exception of random MISDPs) are described in more detail in
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Table 6.2. Overview over problem characteristics in the testset used for evaluating
the presolving techniques.

variables SDP LP
application # A¥ >0  continuous binary #blocks  blocksizes  #constraints
(CLS) 43 24 1 64 — 128 1 63 — 367 1
(MKP) 32 0 0 276 — 2415 1 24 - 170 24 - 70
(RIP) 46 0 465 — 2485 30 - 70 1 30 - 70 1802 — 9802
(RND) 26 13 60 — 120 60 — 120 1 60 — 120 0
(TTD) 38 38 0 27 — 384 1 16 — 44 0-127
total 185 75 0 — 2485 30 — 2415 1 16 — 367 0 — 9802

Gally [110]. Moreover, the RIP problem has already been treated in Definition 5.2.
For 24 CLS problems, all 38 TTD problems, and 13 random MISDPs, all matri-
ces A* are positive semidefinite. Thus, for these 75 instances, the two tightening
procedures from Section 6.4 can be applied. Note that the random MISDPs and the
RIP instances in our testset are larger than the random MISDPs and RIP instances
used by Kobayashi and Takano [145]. Table 6.2 provides a short overview over the
problem sizes of the instances within the testset, ordered by type. The first column
lists the application and the second column displays the number of instances for the
respective application. The third column presents the number of instances of the
respective application for which all coefficient matrices A* = 0. The subsequent
columns list the minimal and maximal number of continuous and binary variables,
SDP-blocks, blocksizes of the SDP-blocks, and the number of LP constraints among
all instances of the application, respectively. We remark that Table 6.2 lists the sizes
of the instances after standard presolving of SCIP has been performed, e.g., linear
constraints representing variable bounds have been eliminated and the bounds of
the variables have been adapted accordingly. Most importantly, this did not include
any of the MISDP presolving techniques introduced in this chapter.

Cardinality Constrained Least Squares Given is a data set with d features, a
matrix A € R™*? whose rows represent sample points for the features, and a
vector b € R™ which contains the corresponding measurements. The goal in classical
linear regression is to fit weights 2 € R so that Az approximates b best, i.e.,
|| Az—b]|2 is minimized. Since in many applications, only few of the features influence
the measurements, a sparsity constraint on x can be imposed. For a fixed sparsity
level k € IN, the (regularized) cardinality constrained least squares problem then
reads

inf {3l14w — bl + ol : Jlwlo < &},
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where 1pl|z[|3 is a regularization term for a given positive p € R. Pilanci et al. [201]
showed that this problem is equivalent to the following MISDP:

inf 7

1 i T
ot <]Im + 5 Ab]_)rlag(z)A b) 0,
.

(CLS)

d
sz <k, ze€{0,1}"%
j=1

We note that Bertsimas and Van Parys [23] present a very effective method to solve
an equivalent convex formulation. We nevertheless add CLS instances to our testset,
since they have distinctive features and complement the other problem types. We
used a subset of the instances in [110], namely, 19 of the 20 instances based on
real-world data and 24 of the 45 randomly generated instances. See [110, Chapter
3.5] for details on the generation of these instances, which are completely dense.

Minimum k-Partitioning Given is an undirected graph G = (V, E) with n nodes,
edge-weights ¢: F — R, and a positive integer £ > 2. The minimum k-partitioning
problem seeks to find a partitioning of V := {1,...,n} into k sets Vi,...,V} such
that

S

i=1 ce B[V;]

is minimized. We use an MISDP formulation that is based on Frieze and Jer-
rum [105], Eisenblédtter [81, 82] and Ghaddar et al. [118]. Define the costs as
Ci; = c({t,j}) for {i,j} € E and C;; = 0 otherwise. This leads to the formu-

lation
inf Z Cz’j K]
1<i<j<n
—1 k
}/ii = 17 Y i 07 Y e {Oa l}nxna

(MKP)

where 1,, is the n x n all-one matrix. Additionally, using node weights w € R"™, we
add the following constraint with lower and upper bounds ¢, u on the weights of the
parts:

KSijYijgu Vi € [n].
J=1
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This ensures that the sum of weights of the nodes for each nonempty part in the
partition lies in the interval [¢,u]. We use 32 of the 59 instances in [110, Chapter
3.5], which all contain very sparse SDP constraints, since every A* consists of a
single nonzero entry.

Restricted Isometry Property Recall from Section 5.2 that the (squared) lower
and upper restricted isometry constants a? and 32 are defined as

a2

'

= arggg)ax{allx\\% < ||Az|3 Ve € B} = min {|Az[3 : |23 =1, [lllo < s},
87

B = ar%;lgin {Bllz]lz > [Az]3 Vo € B} = max {[|Az|3 ||z =1, lzllo < s},

respectively, see (5.25) and (5.26). These problems can be formulated as

max /min (AT A, X)p
st tr(X) =1,
— Zj SXij < Zj for 1, j e [TLL

n
§ Zi S S,
i=1

X =0, ze{0,1}",

(RIP)

see (5.28). We use 46 instances which are created analogously to the instances in
[111, Section 6]. Namely, the following six types of random matrices A € R™*™ are

used:

0+1 IP(A” = \/S/m) = IP(AZJ = 7\/3/m) = % and IP(A” = 0) = %,
band band matrix, entries uniformly in {0, 1}, bandwidths 3, 5, 7, m = n,
Bernoulli A;; uniformly in {£+/1/m},

binary A;; uniformly in {0, 1},

normal A;j ~N(0,1),

scaled normal A;; ~ N(0, 1).

Here N(p,0?) denotes the normal distribution with parameters u and 0. The
sizes are given by (m, n, k) € {(15,30,5), (25, 35,4), (30, 40, 3), (40, 60,5)}. The band
matrix instances are larger with (m,n, k) € {(40, 40, 3), (60, 60, 5), (70,70,4)}. For
matrices of type 0 4 1, Bernoulli and scaled normal, Baraniuk et al. [15] showed
that for large n, sufficiently small s and given ¢, these matrices satisfy the RIP of
order s and constant § with high probability. As in Minimum k-Partitioning, the
coefficient matrices A* only consist of one single nonzero entry, if (RIP) is written
in form (6.1).
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Random MISDPs We also consider random instances of the form

m
sup{b'y : ZAk yr — A% =0, y € {0,1}™ x R™<}, (RND)
k=1

where m = my, + m, and A¥ € R"*" are symmetric matrices for k € [m]o. These
instances are produced in the same way as done by Kobayashi and Takano [145].
More precisely, let U(C) denote the uniform distribution on the set C. Then, we
choose a vector y* with y; ~ U({0,1}) for k& < my and y; ~ U([0,1]) for k > my.
Moreover, we choose the entries Afj of the coefficient matrices as Afj ~U([-1,1))
for k € [m] and 1 < i < j < n. In order to ensure that there exists a feasible solution
to (RND), we set A = S0 A¥yr — o, as well as by = (A* D) for k € [m],
and o > 0. For the definition of the inner product (A* I)g, see (1.1). Thus, the
instances are generated based on the feasible solution y*. For half of the instances,
all coefficient matrices A* are ensured to be positive semidefinite and to have rank 1
by randomly choosing a® ~ U([—1,1]") and setting A*¥ = a*(a*)T. The dimension
of A* as well as the numbers of binary variables m; and continuous variables m..
vary between {60,90, 120}. The nonnegativity factor « is chosen as « € {0.1,10}.

Truss Topology Optimization Truss topology optimization seeks truss structures
that are stable with minimal total volume. Given is a ground structure, which is
specified by a simple directed graph D = (V, E) with n nodes, ny of which are
free, while the remaining nodes are fixed. The goal is to choose cross-sectional areas
coming from a discrete set A for the bars on the edges. The model includes ellipsoidal
robustness with respect to uncertain loads on the free nodes in {Qf : || f]l2 < 1} for
some matrix @, following Ben-Tal and Nemirovski [21], and uses binary variables
for choosing bars, see Mars [173]. This yields the model:

inf Zée Z axy

e€E a€cA
271 T
o (g )
Z 2 <1 Vee FE,
acA
7 < Cmax,
z¢ € {0,1} Vee E, a€ A

(TTD)

The binary variables x¢ choose a bar on edge e with cross-sectional area a € A.
The stiffness matrix A(z) is given by A(x) = > . 5> ,ca Ae ax¢ with appropriate
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matrices A.. The length of the bar on edge e € F is ¢, and Cpax provides an upper
bound on the compliance, which is the potential energy in the system. We use 38
of the 60 instances in [110, Chapter 3.5].

6.6.2 Settings

We use the following names for the algorithmic variants in which each different
presolving routine described above is active and all other routines are deactivated.

e Basic linear inequalities:

DGZ add (DGZ) in presolving;
DZI add (DZI) in presolving;
e Tightening procedures only in presolving:
™ use Lemma 6.18 in presolving;
TB-Pre apply Lemma 6.11 only in presolving;
e Linear inequalities based on 2 x 2 minors:
2ML add (2ML) in presolving;
2MP add (2MP) in presolving;
oMV add (2MV) in presolving;
e Propagation of variable bounds and tightening procedures:
PropUB-Pre apply (PropUB) only in presolving;
PropUB apply (PropUB) every time propagation is called;
PropTB apply Lemma 6.11 every time propagation is called.
e Combinations of routines:
nopresol none;
MIX1 DZI, TB-Pre, 2MV, PropUB-Pre, PropUB, PropTB;
MIX2 DGZ, DZI, PropUB-Pre, PropUB;
allpresol DGZ, DZI, TM, TB-Pre, 2ML, 2MP, 2MV, PropUB-Pre;
allprop PropUB, PropUB-Pre, PropTB, TB-Pre;
allprop-DGZ DGZ, TB-Pre, PropUB, PropUB-Pre, PropTB;

allpresol-prop all routines activated in presolving and propagation.

As outlined in the introduction of this chapter, presolving in SCIP and SCIP-
SDP is applied in several rounds, so that different methods can influence each other.
Moreover, since SCIP-SDP is based on SCIP, all presolving which SCIP applies
by default, is also applied by SCIP-SDP. Thus every setting described above uses
at least the standard presolving from SCIP for, e.g., linear constraints, and the
listed additional presolving techniques, which are all based on the SDP constraints.
Note that MIX1 is the default setting for SCIP-SDP 4.0 when using the SDP-based
approach. If there is no additional prefix, then the SDP-based approach is used for
solving the MISDPs. The prefixes LPA and LPE denote that the LP-based cutting-
plane approach is used instead of the SDP-based approach, in the following two
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variants: In LPA, eigenvector cuts are separated, and in LPE, eigenvector cuts are
only enforced, see Section 6.1. For the settings MIX1-NoCA and LPA-MIX2-NoCA
we additionally deactivated conflict analysis. Finally, in the setting CONC: MIX1 +
LPA-MIX2 we used the concurrent mode of SCIP, where the instances are solved in
parallel with settings MIX1 and LPA-MIX2, and solving stops, once the first setting
reports an optimal solution. Note that our settings LPA-DGZ and LPE-DGZ roughly
correspond to the branch-and-cut algorithm and the cutting-plane algorithm by
Kobayashi and Takano [145], respectively.

6.6.3 Results for general MISDPs

Table 6.3 displays the results using the described testset for various settings listed
in Section 6.6.2. Shown are the number of instances that were solved to optimality
within the time limit of one hour out of all 185 instances (# opt) and the shifted
geometric means of the number of nodes (# nodes) as well as the CPU time in
seconds (time), see (1.2) for the definition of the shifted geometric mean. The
next columns list the shifted geometric mean of the CPU time in seconds used
for presolving (time), the arithmetic mean of the number of domain reductions
(# reds), i.e., changed bounds, and added constraints (# addcons) in presolving for
SDP constraints. The section “SDP constraints” in Table 6.3 shows the arithmetic
means of the number of propagation calls (# prop), domain reductions (# reds),
applied cuts (# cuts) and cutoffs (# cutoff) from SDP constraints. The last section
“SDP timings” shows the shifted geometric means of the total time (total) and
the propagation time (prop) spent for SDP constraints. For the shifted geometric
means, we used a shift of s = 100 for nodes and s = 1 seconds for time, respectively.
Tables 7.1 to 7.5, which can be found in Appendix B, present the results for each class
of instances. Note that when comparing the number of used nodes for two settings
in the following, we only take into account instances which have been solved to
optimality by both settings, whereas the numbers in Table 6.3 and Tables 7.1 to 7.5
also take into account instances which ran into the time limit.

First of all, it turns out that Constraints (2MP) and coefficient tightening in
Lemma 6.18 (TM), as well as bound tightening in Lemma 6.11 (TB-Pre) were never
active in presolving throughout our testset. All other routines added constraints
and/or changed bounds in presolving and produced domain reductions deeper within
the branch-and-bound tree. In comparison to the setting nopresol in which all
presolving routines are deactivated, adding the constraints (DGZ) or (2ML) has a
negative effect on the running time, whereas adding the constraints (DZI) results in
a speed-up of about 5 %. The latter is in line with the results reported by Mars [173]
and Gally [110]. Using Lemma 6.8, i.e., adding (2MV) in presolving yields a minor
improvement of the overall running time. Using Lemma 6.6 in propagation and/or
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Table 6.3. Comparison of presolving routines using the SDP- and LP-based approach for all 185 MISDP instances.

SDP presolving

SDP constraints

SDP timings

setting #opt #nodes time 7 time #reds #addcons 7 #prop #reds #cuts #-cutoff 7 total prop
nopresol 168 1405.3 180.23 0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.25 0.08
DGZ 168 1395.9 187.41 0.00 11.0 13.6 0.0 0.0 0.0 0.0 0.25 0.08
DZI 168 1313.7 171.47 0.00 0.0 0.7 0.0 0.0 0.0 0.0 0.23 0.07
™ 168 1404.6 180.63 0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.26 0.09
TB-Pre 167 1403.3 180.86 0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.26 0.09
2ML 168 1388.0 184.19 0.02 0.0 940.6 0.0 0.0 0.0 0.0 0.25 0.08
2MP 168 1404.6 180.23 0.01 0.0 0.0 0.0 0.0 0.0 0.0 0.25 0.08
2MV 167 1373.6 177.54 0.05 0.0 10083.2 0.0 0.0 0.0 0.0 0.25 0.08
PropUB-Pre 168 1246.2 168.73 0.01 494.4 0.0 0.0 0.0 0.0 0.0 0.25 0.08
PropUB 168 1246.2 169.08 0.01 494.4 0.0 649 386.8 0.1 0.0 0.0 0.75 0.54
PropTB 167 1297.6 152.43 0.00 0.0 0.0 24 418.5 3378.6 0.0 330.5 1.62 1.57
MIX1 167 1085.2 139.52 0.06 494.4 10083.9 443 191.6 2211.1 0.0 148.2 2.73 2.69
MIX1-NoCA 167 1083.7 139.31 0.06 494.4 10083.9 444 250.1 2224.3 0.0 149.3 2.68 2.64
MIX2 168 1152.2 166.72 0.01 505.4 14.4 526 541.0 1365.6 0.0 0.0 0.70 0.51
allpresol 168 1176.8 168.12 0.08 505.4 11038.2 0.0 0.0 0.0 0.0 0.22 0.07
allprop 166 1050.2 156.29 0.01 494.4 0.0 209 689.0 4135.1 0.0 2988.7 4.54 4.50
allprop-DGZ 166 1039.3 164.10 0.01 505.4 13.6 205861.1 5427.9 0.0 2969.1 4.72 4.67
allpresol-prop 168 984.1 156.01 0.08 505.4 11038.2 181104.9 5612.6 0.0 1865.4 4.39 4.35
LPA-nopresol 104 386.5 346.38 0.00 0.0 0.0 0.0 0.0 46014.9 108.7 4.24 0.01
LPA-DGZ 103 388.9 361.43 0.00 11.0 13.6 0.0 0.0 46 317.6 109.4 4.35 0.02
LPA-DZI 99 363.9 332.25 0.00 0.0 0.7 0.0 0.0 45 825.5 46.1 4.16 0.01
LPA-TM 104 387.0 347.25 0.00 0.0 0.0 0.0 0.0 45977.5 108.7 4.28 0.02
LPA-TB-Pre 101 389.8 350.96 0.00 0.0 0.0 0.0 0.0 47209.5 113.7 4.31 0.02
LPA-2ML 103 386.7 348.31 0.02 0.0 940.6 0.0 0.0 46126.8 108.7 4.31 0.01
LPA-2MP 103 387.1 348.52 0.01 0.0 0.0 0.0 0.0 46 023.2 108.7 4.29 0.01
LPA-2MV 101 369.1 355.30 0.05 0.0 10083.2 0.0 0.0 44719.7 45.3 4.27 0.01
LPA-PropUB-Pre 82 381.3 347.90 0.01 494.4 0.0 0.0 0.0 46073.0 108.7 4.26 0.01
LPA-PropUB 103 381.3 348.54 0.01 494.4 0.0 78845.4 0.0 46 190.6 108.9 4.49 0.10
LPA-PropTB 103 372.0 469.86 0.00 0.0 0.0 15194.2 4708.4 49122.7 416.8 9.48 2.55
LPA-MIX1 101 335.0 414.18 0.06 494.4 10083.9 67 464.5 3490.7 42739.7 152.6 8.18 2.13
LPA-MIX2 98 360.4 345.39 0.01 505.4 14.4 77337.6 0.0 46 421.8 47.2 4.52 0.10
LPA-MIX2-NoCA 102 352.7 329.60 0.01 505.4 14.4 64 138.4 0.0 41606.0 52.7 4.37 0.09
LPA-allpresol 99 367.0 353.88 0.08 505.4 11038.2 0.0 0.0 45664.9 48.3 4.32 0.01
LPA-allprop 105 357.0 564.16 0.01 494.4 0.0 65408.9 3194.6 39697.9 907.7 15.34 4.11
LPA-allpresol-prop 99 327.8 641.33 0.08 505.4 11038.2 57647.1 4215.2 42 549.8 885.8 17.54 5.20
LPE-MIX2 84 91093.1 622.82 0.01 505.4 14.4 1403 044.8 89 356.6 150 384.9 7665.8 22.71 2.36
CONC: MIX1+LPA-MIX2 160 702.0  133.20 | 0.01 505.4 14.4 | 89.7 0.0 0.0 0.0 | 0.00 0.00
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in presolving (PropUB, PropUB-Pre) also speeds up the solution process by 6 % and
reduces the number of used nodes by 11 %. The highest impact of all routines alone
is achieved by using bound tightening from Lemma 6.11 in propagation (PropTB),
resulting in a 15 % reduction of the solution time. Interestingly, it solves one instance
less than using no presolving at all. Using all presolving routines (allpresol) yields
only a minor further improvement over the best pure presolving routine (DZI). If all
propagation methods are activated as well (allpresol-prop), we obtain a major
improvement in terms of overall running time (13 % faster) and processed nodes
(28 % fewer nodes). Using only bound tightening and propagation (allprop) results
in a further speed-up, and using the combination MIX1 turns out to be the best
setting in terms of overall running times, which is about 22 % faster and processes
about 23 % fewer nodes than using no presolving.

We also conducted experiments where the optimal objective value was set as
objective limit and all primal heuristics are turned off in order to remove the impact
of primal solutions. In this case, propagation via PropUB and PropTB reduces the
number of nodes by 9% and 10 %, respectively, compared to using no presolving
or propagation (nopresol). Activating all propagation routines (allprop) results
in a decrease of the number of nodes of 19%. The propagation routines typically
cut off nodes deeper in the tree. Thus, the speed-up of the solution process when
using propagation routines can at least partly be explained by the fact that fewer
nodes are needed to close the gap between the dual bound and the optimal (primal)
objective value.

For all considered settings, the time spent for executing presolving or propagation
is neglectable, so that all routines presented in this chapter can safely be activated
without needing a significant amount of time by themselves. However, adding con-
straints or tightening bounds in presolving or deeper within the tree of course has
effects on the solution process. Especially, primal heuristics are affected and may
find primal solutions in a different order or not at all, which clearly influences the
overall solution time.

In case of the LP-based cutting-plane approach, it turns out that DZI is the only
setting which improves the running times (around 4 % faster), whereas 2MV and
propagating the bound tightening (PropTB) have a negative impact. Moreover, only
enforcing eigenvector cuts (LPE-MIX2) is clearly much worse than separating them
(LPA-MIX2).

Concerning conflict analysis, it turns out that it has almost no impact when using
the SDP-based approach, but it negatively influences the performance of the LP-
based cutting-plane approach, regardless of the instance class. For the setting MIX2,
deactivating conflict analysis results in a speed-up of almost 5% for the solution
time.
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Table 6.4. Summary of the results for different presolving settings for each instance
class separately.

(a) Results for the 43 Cardinality Constrained Least Squares (CLS) instances.

SDP presolving SDP constraints
setting #opt #nodes time ‘ F#reds #addcons ‘ #prop F#reds F#cuts
nopresol 41 382.5 201.05 0.0 0.0 0.0 0.0 0.0
PropUB 41 382.6 200.65 0.0 0.0 36176.0 0.0 0.0
PropTB 41 334.2 99.87 0.0 0.0 3813.9 6.9 0.0
LPA-nopresol 43 201.1 7.53 0.0 0.0 0.0 0.0 3197.3
LPA-MIX2-NoCA 43 198.6 8.89 1.0 0.0 6009.3 0.0 2815.1

(b) Results for the 32 Minimum k-Partitioning (MkP) instances.

SDP presolving SDP constraints
setting #opt #nodes time ‘ #reds #addcons ‘ #prop #reds #cuts
nopresol 32 181.5 63.23 0.0 0.0 0.0 0.0 0.0
PropUB 32 181.5 64.14 0.0 0.0 209 081.2 0.0 0.0
PropTB 32 181.5 63.18 0.0 0.0 499.4 0.0 0.0
LPA-nopresol 5 67.3 2737.16 0.0 0.0 0.0 0.0 24934.4
LPA-MIX2-NoCA 5 57.5 2408.40 0.0 0.0 24964.9 0.0 22153.9

(c) Results for the 46 Restricted Isometry Property (RIP) instances.

SDP presolving SDP constraints
setting #opt #nodes time ‘ #reds  #addcons ‘ #prop #reds #cuts
nopresol 36 4376.2 259.70 0.0 0.0 0.0 0.0 0.0
PropUB 36 2756.7 199.05| 1988.3 0.0| 184929.1 0.2 0.0
PropTB 36 4377.1 259.67 0.0 0.0 25049.6 0.0 0.0
LPA-nopresol 0 35.7  3600.32 0.0 0.0 0.0 0.0 12779.8
LPA-MIX2-NoCA 0 30.0 3600.70 2031.5 0.0 10652.8 0.0 13777.7
LPE-MIX2 33  41373.9 366.98| 2031.5 0.0| 532210.1 359368.7 131484.5

(d) Results for the 26 random MISDP (RND) instances.

SDP presolving SDP constraints
setting #opt #nodes time ‘ #reds #addcons ‘ 7#£prop F#reds Ffcuts
nopresol 25 98.4 268.58 0.0 0.0 0.0 0.0 0.0
PropUB 25 98.3 268.69 0.0 0.0 2903.5 0.0 0.0
PropTB 25 98.3 269.00 0.0 0.0 120.6 0.0 0.0
LPA-nopresol 26 99.8 413.63 0.0 0.0 0.0 0.0 41561.1
LPA-MIX2-NoCA 25 98.6 418.66 0.0 96.9 1828.1 0.0 44157.1

(e) Results for the 38 Truss Topology Design (TTD) instances.

SDP presolving SDP constraints
setting #opt #nodes time‘ F#reds #addcons‘ #prop F#reds F#cuts
nopresol 34 23840.6 187.36 0.0 0.0 0.0 0.0 0.0
DZI 34 17547.3  146.73 0.0 3.6 0.0 0.0 0.0
PropUB 34 23841.3 187.69 0.0 0.0 2718636.0 0.0 0.0
PropTB 33 18695.5  182.75 0.0 0.0 83737.6 16440.6 0.0
LPA-nopresol 30 17646.4  210.55 0.0 0.0 0.0 0.0 155497.6
LPA-MIX2-NoCA 29 13935.7 154.24 0.0 3.6 270283.5 0.0 133823.3
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Table 6.4 provides a short extract of the results for each separate instance class
and prominent settings. The full results are presented in Tables 7.1 to 7.5 in Ap-
pendix B. It turns out that for Min-k-Partitioning and random MISDPs, none of
the routines has any impact on the performance, even if some constraints are added
during presolving. No bounds are changed in presolving and no domain reductions
are found deeper in the tree. For Cardinality Least Squares, using bound tighten-
ing from Lemma 6.11 in presolving and propagation (PropTB) reduces the overall
running time by almost a factor of 2. Using bound tightening only in presolving
(TB-Pre) or using the propagation from Lemma 6.6 in propagation and/or presolving
(PropUB, PropUB-Pre) has almost no impact. For the RIP, the performance impact
is switched. Using bound tightening (PropTB, TB-Pre) has no impact, whereas the
propagation of Lemma 6.6 (PropUB, PropUB-Pre) significantly improves the per-
formance; the solution process is about 23 % faster. Finally, for Truss Topology
Design, Inequalities (DZI) turn out to be very effective and reduce the solution time
by about 22 %, whereas bound tightening and propagation have no impact.

Interestingly, the winner between SDP- and LP-based approach also heavily de-
pends on the instance class. Namely, for Cardinality Least Squares, the LP-based
approach is faster by almost a factor 20, whereas for Min-k-Partitioning, the SDP-
approach is almost a factor 35 times faster. For random MISDPs and Truss Topology
Design, there is not much difference, but the SDP-approach is slightly faster. Lastly,
for the RIP, the LP-based approach only solves a single instance within the time
limit for the best setting, whereas the SDP-approach solves 36 out of 46. Moreover,
the RIP instances are the only ones for which enforcing eigenvector cuts is signifi-
cantly faster than separating eigenvector cuts. Using a concurrent solving mode with
the best SDP-based setting MIX1 and the best LP-based setting LPA-MIX2 yields the
best performance overall on the testset, resulting in 41 % fewer processed nodes and
a solution process which is 26 % faster than using no presolving at all.

Overall, it turns out that several of the presented methods have a positive impact
on the performance of SCIP-SDP, at almost no additional time spent for executing
these methods. Most importantly, the inequalities (DZI) and (2MV) should be
added during presolving, and the propagation in (PropUB) as well as the bound
tightening from Lemma 6.11 (TB) should be executed both in presolving and in
propagation calls deeper in the tree. Depending on the instance, it is beneficial to
turn off one or more of these routines to gain improved performance, and to switch to
an LP-based approach. By using the concurrent mode with an SDP and LP solving
procedure run in parallel, one can exploit this performance difference between SDP-
and LP-approach automatically.
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6.6.4 Results for the RIP

In this section, we focus on the MISDP formulation of the RIP and evaluate the effect
of the presolving methods from Chapter 6 and the special components presented in
Section 5.3. In order to have a larger testset than the 46 RIP instances used for
the general computational experiments in the previous section, we generated 180
new RIP instances, with the same six types of random matrices as described in the
corresponding paragraph in Section 6.6.1. That is, we use 0 + 1, band, Bernoulli,
binary, normal and scaled normal matrices. There are three combinations for the
size m X n of A and the sparsity level s, namely

(m,n, k) € {(15,30,5), (25,35,4), (30,40, 3)},

and five instances for each type of randomness in the matrix A and combination
of (m,n, k). Since the band matrices are square matrices, we use

(m,n, k) € {(30,30,5), (35,35,4), (40,40, 3)}

for these instances instead. Moreover, we compute the lower and upper RIC for
each matrix, so that we obtain a testset of 180 instances overall. Compared to the
46 instances used in the last section, we omit the combination (m,n, k) = (40, 60, 5)
and also do not use larger band matrix instances.

As “default” formulation we use (5.28), i.e.,

min / max {(ATA,X>F s tr(X) =1, Zzz <s, =2 < X5 <z Vi j € [n]}
X>0, ze{0,1}™ i=1

We employ the same setup as in the previous section. Again, all computations
were run single-threaded and with a time limit of one hour. All tables report the
number of optimally solved instances within the time limit, and the shifted geometric
means of the number of nodes and the solution times. We use a shift of s = 1
seconds and s = 100 nodes, see (1.2). In comparison to the results in the previous
section, there is one notable difference. Since it turned out that conflict analysis
has almost no impact on the SDP-based approach, and negatively influences the
LP-based approach, we deactivated conflict analysis by default for all settings.

We use several of the settings introduced in Section 6.6.2. Furthermore, specific
settings for the MISDP formulation of the RIP (5.28) are employed. In order to
compare the influence of the bounds on the off-diagonal entries in X, we use the fol-
lowing three settings, which all include the basic bounds 0 < X;; < z; for all ¢ € [n]:
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diagonal bounds no bounds for X;; with i # j;
weak bounds —z; < X;; < zj for all i, j € [n] with 7 # j;
strong bounds —32; < X5 < %z for all 4, j € [n] with i # j, see (5.29).

Besides, we use the following two additional settings for the LP-based approach:

LPE-SDP solve an additional SDP in enforcing if all integer variables
are fixed;

sparsify add multiple sparse eigenvector cuts as described in Sec-
tion 5.3.

If LPE-SDP is used, then eigenvector cuts are enforced as in the setting LPE and
if all integer variables are already fixed, an additional SDP is solved. This ensures
that solving the current node is finished without needing further eigenvector cuts.
The setting sparsify enables the sparsification of the eigenvector cuts in separation
or enforcing. In each execution of the sparsification routine, we allow to add at most
100 sparse eigenvector cuts. The target size for sparsification is set to 5, since this
is the maximal sparsity level s appearing in the instances in our testset. Thus, the
produced eigenvector cuts are very sparse with only 5 nonzero entries. Finally, a +
between different settings denotes their combination.

In Table 6.5 we compare several presolving and propagation routines for the SDP-
based approach. The baseline setting is nopresol which does not activate any of the
presolving and propagation routines described in this chapter. We omit the settings
DZI, 2MP and TM, since the results in the last section showed that these methods do
not apply to the RIP instances. Furthermore, the settings 2MV and PropTB do not
have any impact on the RIP instances. It turns out that using DGZ and 2ML has a
negative impact on the solution time, but does not influence the number of nodes.
Thus, the SDP relaxations become harder to solve due to the additional inequalities.
This shows that adding the proposed linear inequalities, which are redundant in the

Table 6.5. Comparison of presolving and propagation routines for the SDP-based
approach on the 180 RIP instances.

setting #opt #nodes time
nopresol 180 3524.5 79.92
DGZ 180 3534.7 95.90
2ML 180 3463.4 93.78
2MV 180 3524.5 80.85
PropUB 180 2211.6 59.27
PropTB 180 3524.5 79.91
MIX1 180 2222.5 60.34
strong bounds 180 2211.6 58.83
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Table 6.6. Comparison of imposing different bounds on off-diagonal entries in the
180 RIP instances for the SDP-based approach.

setting #opt #nodes time
diagonal bounds 121 2974.9 666.96
weak bounds 180 3524.5 79.92
strong bounds 180 2211.6 58.83
diagonal bounds + PropUB 180 3573.2 61.20
weak bounds + PropUB 180 2211.6 59.27
strong bounds + PropUB 180 2211.6 59.25

SDP relaxation, does not seem to help to approximate the SDP cone. The best single
routine is PropUB, which significantly reduces both the number of nodes and the
solution time. The combination MIX1 of several presolving and propagation routines,
which is the default setting of SCIP-SDP 4.0, performs equally good. This is due to
the fact that PropUB strengthens the off-diagonal bounds to —3z; < X;; < 1z;, c.f.
(5.29). If these stronger bounds are directly used in the problem formulation with
the setting strong bounds, then no additional presolving or propagation is needed
in order to obtain the same performance as the default formulation with PropUB.
This also indicates that propagation mostly tightens only the off-diagonal bounds,
if not already present in the problem formulation. Furthermore, using additional
presolving routines on top of propagation does not have any impact.

Table 6.6 evaluates the effect of the bounds used in the problem formulation for
the off-diagonal entries X;;, i # j on the SDP-based approach. We test the three
bound versions diagonal bounds, weak bounds and strong bounds once without
any additional presolving or propagation routine, and also with activated propaga-
tion in PropUB. Note that weak bounds is the default formulation. First of all, using
no bounds on X;; with ¢ # j cannot solve all instances within the time limit and
the solution time is at least 9 times slower than using either the weak or the strong
bounds. Moreover, the smaller number of nodes in comparison to weak bounds in-
dicates that solving the SDP relaxation takes much more time so that fewer nodes
can be processed in the time limit. Using the stronger bounds is slightly better com-
pared to the weak bounds in terms of solution time and needs significantly fewer
nodes, which shows that a tighter SDP relaxation leads to an increased performance.
These findings underline the importance of (strong) variable bounds in a branch-
and-bound algorithm. Activating the propagation PropUB in the absence of bounds
massively improves the performance by reducing the solution time by a factor of 10.
By that, all instances could be solved within the time limit and the solution time
is equal to the best setting strong bounds without propagation. But note that the
number of nodes is significantly larger than using propagation with weak or strong
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Table 6.7. Comparison of separation and enforcing eigenvector cuts for the LP-
based approach on the 180 RIP instances.

setting #opt #nodes time
LPA-MIX2 + 2ML 14 59.5 3052.76
LPA-MIX2 + 2ML + sparsify 105 2451.2 1194.54
LPE-MIX2 + 2ML 163 19036.8 112.62
LPE-SDP-MIX2 + 2ML 165 19248.2 116.12
LPE-MIX2 + sparsify + 2ML 166 18 464.2 112.72

bounds. This may be due to the fact that the estimate in the root node is too weak
and much more nodes are needed in order to obtain an SDP relaxation which is
as tight as in the presence of bounds in the problem formulation. Altogether, the
results show that propagation has a significant impact if the problem formulation
is loose, and tight bounds are one key point to obtain a good performance in a
branch-and-bound scheme.

Let us now switch from the SDP-based approach to the LP-based approach. Re-
call that in SCIP-SDP, eigenvector cuts can either be enforced (LPE) or separated
(LPA), see Section 6.1. Moreover, it is possible to solve an additional SDP in en-
forcing, if all integer variables are fixed (LPE-SDP). Table 6.7 compares these three
possibilities, and the effect of sparsifying the eigenvector cuts in separation and en-
forcing. We always use the combination MIX2, which is the default setting of the
LP-based approach in SCIP-SDP. Additionally, we add the inequalities (2ML),
since they have a very positive effect for the RIP instances, as we will see when
comparing presolving and propagation for the LP-based approach.

First of all, it turns out that separation only solves very few instances within
the time limit. The very small number of processed nodes already indicates that
it takes very long to solve the LP relaxation in the nodes. Thus, it seems that
many eigenvector cuts are needed in order to obtain a feasible solution of the LP
relaxation which satisfies the SDP constraint. By that, the LP relaxation becomes
increasingly larger and harder to solve. Sparsifying the eigenvector cuts and adding
multiple sparse eigenvector cuts greatly improves the performance. More than half
of the instances can now be solved, and the solution time decreases by almost a
factor of 3. The increased number of nodes indicates that the LP relaxations are
now easier to solve, most likely due to the sparsity of the added cuts. Moreover,
since multiple cuts are added in one separation round, it seems that fewer rounds are
needed, which also decreases the solution time. Another reason for the performance
difference may be that the dense eigenvector cuts added in separation can lead to
numerical instabilities in the LP relaxation in comparison to the sparse eigenvector
cuts.
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Table 6.8. Comparison of presolving, propagation and the formulation of the
bounds for off-diagonal entries for the LP-based approach on the 180 RIP in-
stances.

setting #opt #nodes time
LPE-nopresol 150 37886.0 269.16
LPE-DGZ 156 35875.7 187.47
LPE-PropUB 162 27995.2 169.38
LPE-PropTB 150 37887.3 269.56
LPE-2ML 164 29702.3 170.13
LPE-2MV 151 37607.4 279.15
LPE-nopresol + strong bounds 162 27859.9 175.11
LPE-MIX2 + 2ML + diagonal bounds 148 19894.3 1473.55
LPE-MIX2 + 2ML + weak bounds 163 19036.8 112.62
LPE-MIX2 + 2ML + strong bounds 164 18928.5 112.49

If the eigenvector cuts are not separated but enforced, this massively improves the
performance. Most of the instances can be solved and the solution time is decreased
by one order of magnitude. Moreover, the number of nodes is increased by almost
one order of magnitude as well. This shows that it is much faster to first solve the
LP relaxation to optimality and then enforce the SDP constraint by eigenvector
cuts. Besides, the individual nodes seem to be solved significantly faster so that
much more nodes can be processed. Solving an additional SDP in enforcing seems
to have a very slight negative influence. Using multiple sparse eigenvector cuts in
enforcing slightly reduces the number of nodes. Most importantly, it solves three
additional instances.

The effect of presolving, propagation and the used bounds for X;;, i # j in the
problem formulation is investigated for the LP-based approach in Table 6.8. We
use the approach of enforcing eigenvector cuts (LPE), since Table 6.7 showed that
this is the fastest of the different variants. The baseline setting is LPE-nopresol,
which uses no other presolving or propagation routine presented in this chapter. As
in Table 6.5, we omit the settings DZI, 2MP and TM, since they do not apply to the
MISDP formulation of the RIP. First of all, it turns out that in contrast to the SDP-
based approach, the approximation of the SDP cone by using DGZ, 2ML improves the
performance. Both settings solve more instances, and lead to a faster solution time.
Using 2MV seems to slightly increase the solution time but solves one more instance
compared to LPE-nopresol. The approximation by DGZ decreases the solution time
significantly, and decreases the number of nodes slightly. In addition, six more
instances can be solved. The greatest impact of these inequalities is achieved by
2ML, which solves 14 more instances, uses only two thirds of the nodes and also
reduces the time by about 30 % compared to LPE-nopresol. This already shows
that in contrast to the SDP-based approach, solving LP relaxations greatly profits
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from adding additional linear inequalities which approximate the SDP cone. This
is due to the fact that these inequalities are not redundant in the LP relaxation.

Using the propagation in PropUB is slightly faster and uses slightly fewer nodes
than 2ML, but solves two instances less. Moreover, adding the stronger bounds
to the problem formulation but using no additional technique in LPE-nopresol +
strong bounds is slightly worse compared to PropUB. For both the formulation
with weak bounds and strong bounds, activating further presolving and propaga-
tion with the combination LPE-MIX2 + 2ML has a significant impact, in compar-
ison to LPE-nopresol and LPE-nopresol + strong bounds, respectively. Using
no bounds on the off-diagonal entries X;;, i # j significantly deteriorates the per-
formance, even if the propagation by Inequalities (PropUB) is used in the setting
LPE-MIX2 + 2ML + diagonal bounds. The solution time increases by one order
of magnitude, and 15 instances less can be solved. However, the number of nodes
does not increase significantly. This indicates again, that the LP relaxation becomes
much harder to solve, which results in an increased total solution time. Overall, the
best setting LPE-MIX2 + 2ML + strong bounds solves 14 instances more, uses only
half the number of nodes and decreases the solution time by about 59 % compared
to using no presolving or propagation and the weak bounds (LPE-nopresol). These
results indicate that for the LP-based approach, various presolving and propagation
routines need to be activated in order to achieve the best performance. Moreover, it
also shows that the routines influence each other and thus lead to further strength-
enings. However, in contrast to the SDP-based approach, bounds on the off-diagonal
entries are strictly necessary even if the propagation PropUB is used.

In Table 6.9 we compare the LP-based and the SDP-based approach. We use the
SDP setting PropUB and the LP setting LPE-MIX2 + 2ML + weak bounds, which
are one of the best settings for the respective approach. Since the results of the
comparison depend on the size of the instance and whether the lower RIC o2 or
the upper RIC 32 is computed, we divide the instances into large (n = 40, s = 3),
medium (n = 35, s = 4) and small (n = 30, s = 5) ones. Note that if n and thus the
blocksize of the SDP constraint decreases, the sparsity level s increases. Table 6.9
shows the results for each size, divided into lower and upper RIC (30 instances
each), and both RICs together (60 instances). Moreover, the table also presents
the results when all 180 instances are taken into consideration, and if all lower or
upper RICs are solved (90 instances each). As a first observation, the upper RIC
seems to be overall easier to solve than the lower RIC. For each size, both the LP-
and the SDP-based approach are faster and use fewer nodes when solving the upper
RIC compared to the lower RIC, even if the difference for the large instances and
the SDP-based approach is only very small. Taking all instances into consideration
confirms that the upper RIC is easier than the lower RIC, since even the slower
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Table 6.9. Comparison of the LP- and the SDP-based approach on the 180 RIP
instances, separately for the small, medium and large instances, as well as divided
into lower and upper RIC.

(a) Large instances with n =40 and s = 3.

lower RIC (30) upper RIC (30) both RICs (60)
setting #opt #nodes time ‘ #opt #nodes time ‘ #opt #nodes time
PropUB 30 1928.8 59.90 30 1292.0 58.98 60 1580.5 59.44
LPE-MIX2 + 2ML 30 10687.1 53.05 30 3751.3 37.31 60 6345.5 44.51

(b) Medium instances with n = 35 and s = 4.

lower RIC (30) upper RIC (30) both RICs (60)
setting #opt #nodes time ‘ #opt #nodes time ‘ #opt #nodes time
PropUB 30 3637.7 83.51 30 1728.9  58.93 60 2514.6 70.17
LPE-MIX2 + 2ML 30 50273.7 176.71 30 11537.5 64.72 60 24112.0 107.07

(c) Small instances with n = 30 and s = 5.

lower RIC (30) upper RIC (30) both RICs (60)
setting #opt #nodes time ‘ #opt #nodes time ‘ #opt #nodes time
PropUB 30 5676.5 76.58 30 1268.4  32.38 60 2711.5 49.89
LPE-MIX2 + 2ML 13 127537.4 1193.06 30 15 700.5 73.50 43 44 808.1 297.25

(d) All instances.

lower RIC (90) upper RIC (90) both RICs (180)
setting #opt #nodes time ‘ #opt #nodes time ‘ #opt #nodes time
PropUB 90 3425.1 72.64 90 1415.9 48.33 180 2211.6 59.27
LPE-MIX2 + 2ML 73 40986.2 224.52 90 8813.4 56.24 163 19036.8 112.62

LP-based approach for the upper RIC is better than the faster SDP-based approach
for the lower RIC. Moreover, it is interesting to see that the LP-based approach
struggles much more with the lower RIC than the SDP-based approach. For the
small instances, it cannot even solve all 30 instances within the time limit.

Let us consider the lower RIC o2 in more detail. If the size decreases and the spar-
sity level increases, the SDP-based approach needs increasingly more nodes. The
solution time, however, first increases when comparing large to medium instances,
but then decreases again when comparing medium to small instances. This indicates
that the blocksize of the SDP constraint seems to be more important than the spar-
sity level for the difficulty to solve the instance. In contrast, the LP-based approach
suffers from a dramatic increase in solution time and used nodes for decreasing size
and increasing sparsity level. Going from large to medium instances, the number
of nodes increases by almost a factor of 5, and solution time increases by roughly a
factor of 2.5. Comparing medium to small instances, the number of nodes increases
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again by a factor of 2.5 and the solution time increases by a factor of about 5.6.
Additionally, only about half of the small instances for the lower RIC can be solved
by the LP-based approach. This demonstrates that for the LP-based approach, the
sparsity level seems to be much more important for the ability to solve instances.
One reason is that the LP relaxation scales much better to higher dimensions, i.e.,
larger values of the blocksize n of the SDP constraint. In contrast, scalability is still
a problem when solving SDPs. For more information, we refer to the recent survey
by Majumdar et al. [170] and the references therein.

For the upper RIC /32 as well as increasing sparsity level s and decreasing size n,
the SDP-based approach becomes faster. Between large and medium instances,
there is almost no difference in the solution time, but the number of nodes increases
slightly. Going from medium to small instances, the solution time decreases by
almost a factor of 2, and also the number of nodes decreases again. This underlines
once more that the blocksize n is more important than the sparsity level s when
using the SDP-based approach. For the LP-based approach, we can draw the same
conclusion as for the lower RIC o?. However, the performance loss is nowhere as
dramatic as for the lower RIC.

For the large instances, it turns out that the LP-based approach is faster for each
RIC separately and also for both RICs combined. This changes for the medium and
small instances, where the SDP-based approach becomes clearly faster, again for
each RIC separately and the combination of both RICs.

Overall, the upper RIC is considerably easier to solve, regardless of whether the
SDP- or the LP-based approach is used. For large instances with a very small
sparsity level, the LP-based approach outperforms the SDP-based approach, but
whenever the sparsity level is increased, or the blocksize is decreased, the SDP-
based approach is better.

These results can be confirmed by considering instances with increased parame-
ters (m,n, s). Therefore, we created 180 RIP instances completely analogous to the
ones used above with sizes

(m,n,s) € {(40,60,5), (50,70,4), (60,80,3)},
and
(m,n,s) € {(60,60,5), (70,70,4), (80,80,3)}

for the band matrices. Table 6.10 shows the results for these larger instances when
using again the settings PropUB and LPE-MIX2 + 2ML. First of all, note that only
very few instances can be solved within the time limit. The increasing difficulty
to solve the instances depending on the blocksize n and the sparsity level s can
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Table 6.10. Comparison of the LP- and the SDP-based approach on the 180 larger
RIP instances, separately for the small, medium and large instances, as well as
divided into lower and upper RIC.

(a) Large instances with n = 80 and s = 3.

lower RIC (30) upper RIC (30) both RICs (60)
setting #opt #nodes time ‘ #opt #nodes time ‘ #opt #nodes time
PropUB 5 953.7 2255.78 5 1184.2  2886.18 10 1063.3  2551.59
LPE-MIX2 + 2ML 25 89511.0 2153.06 25 416319 1497.95 50 61052.6 1795.90

(b) Medium instances with n = 70 and s = 4.

lower RIC (30) upper RIC (30) both RICs (60)
setting #opt #nodes time ‘ #opt #nodes time ‘ #opt #nodes time
PropUB 5 1365.0 1817.11 5 1260.1 2145.58 10 1311.6 1974.53
LPE-MIX2 + 2ML 5 62228.4 2863.74 5 31396.9 1408.77 10 44207.5 2008.63

(c) Small instances with n = 60 and s = 5.

lower RIC (30) upper RIC (30) both RICs (60)
setting #opt #nodes time ‘ #opt #nodes time ‘ #opt #nodes time
PropUB 5 3166.5 1261.41 5 1927.5  1590.90 10 2473.5 1416.61
LPE-MIX2 + 2ML 2 58915.4 3344.34 5 252304 1299.88 7 38563.7 2085.11

(d) All instances.

lower RIC (90) upper RIC (90) both RICs (180)
setting #opt #nodes time ‘ #opt #nodes time ‘ #opt #nodes time
PropUB 15 1614.8 1729.23 15 1424.2  2143.76 30 1516.7 1925.37
LPE-MIX2 + 2ML 32  68977.7 2742.22 35 32070.6 1399.85 67 47041.0 1959.31

be observed even clearer for the instances with overall increased blocksizes. For
the lower RIC, the SDP-based approach becomes significantly faster if the blocksize
decreases, even if the sparsity level is increased. The behavior of the LP-based
approach is the direct opposite, its performance considerably deteriorates when the
blocksize decreases but the sparsity level increases: In the worst case only 2 out
of 30 instances can be solved. For the upper RIC, both the LP-based and SDP-
based approach become faster when the blocksize is decreased and the sparsity level
is increased. Moreover, the LP-based approach is always faster than the SDP-
based approach, by almost a factor of 2 for (n,s) = (80,3), by a factor of 1.5
for (n,s) = (70,4) and still about 18 % faster for (n,s) = (60,5). Overall, these
results show that the upper RIC is comparably easier to compute for both the LP-
and the SDP-based approach. Moreover, for the instances with overall increased
blocksize, it turns out that for the upper RIC, the LP-based approach is faster
by almost 35%, whereas for the lower RIC, it is outperformed by the SDP-based
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Table 6.11. Comparison of the effect of the nonnegativity constraint on the LP-
and the SDP-based approach on the 45 binary RIP instances.

setting #opt #nodes time
LPE-nopresol 32 73698.7 440.51
LPE-nopresol + X;; >0 45 77216.5 169.97
LPE-MIX2 + 2ML 45 38345.9 157.48
LPE-MIX2 + 2ML + X;; >0 45 40598.5 135.78
nopresol 45 34052.9 328.91
nopresol + X;; >0 45 34002.2 298.44
MIX1 45 26 765.7 282.34
MIX1 + X;; >0 45 26717.8 270.22

approach, which is almost 40 % faster. Additionally, even if only the blocksize was
slightly increased and the sparsity level remained the same, the instances become
considerably harder to solve. Only a fraction of the 180 instances (30 and 67) could
be solved within the time limit of one hour with one of the approaches.

Lastly, we consider the effect of exploiting the possible nonnegativity of A (com-
ponentwise) as in Lemma 5.7. Since Lemma 5.7 only applies to the maximization
problem, nonnegativity constraints on the variables can only be added for computing
the upper RIC 32, and only if A > 0. Moreover, only two types of random matrices
satisfy A > 0 componentwise, namely, band matrices and binary matrices. Since
the instances generated with the band matrices are very easy to solve for the given
parameters (m,n, s), we test the nonnegativity only on binary matrices. To have a
larger testset, we generate 45 new random binary matrices with the same parameters
as before, i.e., 15 of each combination (m,n, s) € {(15, 30, 5), (25,35,4), (30,40,3)}.
In order to demonstrate the impact of the nonnegativity constraint, we use no
further presolving or propagation technique. For a comparison, we also add the
nonnegativity constraint to the LP and SDP settings LPE-MIX2 + 2ML and MIX1,
respectively. The results are displayed in Table 6.11. It can be seen that regardless
of using additional presolving and propagation or not, the nonnegativity constraint
has a positive impact. Clearly, the effect is again most visible, when there is no
additional presolving. Then, the LP-based approach (LPE-nopresol) can only solve
32 of the 45 instances within the time limit. Adding X;; > 0 leads to a decrease of
the solution time by about 59 %, whereas the number of nodes increases slightly.
Most importantly, all 45 instances can now be solved. In the presence of additional
presolving (LPE-MIX2 + 2ML), adding X;; > 0 again results in slightly more pro-
cessed nodes, but the solution time decreases by about 14 %. For the SDP-based
approach, using the nonnegativity constraint decreases the solution time by about
9 % and 5 %, depending on whether additional presolving is used or not. Since the
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number of nodes remains almost the same in both cases, the SDP relaxation is again
seemingly easier to solve. The results again demonstrate the impact of additional
structure on the performance of the solution process.

We also conducted tests for the valid inequality >, £ X;j < s—1from Lemma 5.4.
However, it turned out that adding this inequality does not help in the solution
process. Depending on the other techniques used, it either has no impact on the
performance, or it even worsens the performance. Thus, it seems that this single
inequality is not strong enough to improve the performance over the other presolving
methods. Either more valid inequalities or a stronger inequality is needed in order
to have a positive effect on the solution process.

6.7 Concluding Remarks and Outlook

In this chapter, we extended several presolving methods from mixed-integer linear
programs to MISDPs and introduced new methods. On our testset, these methods
are effective on average with a decrease of about 22 % in running time compared
to using no presolving, when applied in the nodes, i.e., propagation is performed in
the whole tree, see the results in Section 6.6.3. The impact, however, depends on
the type of the instance. In the extreme, for partitioning instances presolving has
no impact at all. For others, (node) presolving implies a performance improvement
of about 25 % (RIP) or even 44 % (CLS), although in the latter case solving LPs is
even better with an improvement of at least one order of magnitude between SDP
and LP solving. These numbers illustrate again that the effectiveness of presolving
depends on the type of application. However, since executing these methods only
cause a negligible runtime increase, they can easily be used or tested on new instance
types to see their effect on the solution process. This is true, in particular, if more
instances are generated by modeling software in the future. Such instances can
be expected to not be tuned as well as instances generated by humans, i.e., they
may contain loose initial variable bounds or superfluous information in form of
constraints. Consequently, presolving can have a large impact on these instances
by providing tighter bounds and deriving effective valid inequalities, which overall
tightens the formulation of the instance. Thus, the results of this chapter lead to the
following conclusion: “The presolving methods are effective if they can be applied;
and if not, they only impose a very small overhead.”

An open question for future research is to derive effective presolving based on
larger minors of the positive semidefinite matrices A(y). For larger minors, in-
equalities similar to (2ML) may however be less sparse, at least if used for a con-
straint X > 0 in primal form, see (6.3) and (6.4). Furthermore, it would be inter-
esting to investigate whether it is possible to predict the performance of presolving
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methods and whether switching to LP solving is advisable based on the application.
The results specifically for the RIP showed that at least for the larger instances, the
LP-based approach is better suited for computing the upper RIC, in contrast to the
lower RIC.

Another interesting point is the application of presolving techniques developed
for general SDPs, such as facial reduction to reduce the dimension of the SDP, or
exploiting sparsity structure.

A detailed analysis of the presolving methods in this chapter and the special com-
ponents from Section 5.3 for the MISDP formulation of the RIP on a larger testset
of RIP instances reveals that the SDP-based approach highly benefits from strong
bounds on the off-diagonal elements. These can either be added to the problem
formulation, or be found by the propagation from Lemma 6.6 within the solution
process. If the propagation is not used and no bounds are imposed on the off-
diagonal elements in the problem formulation, then the performance deteriorates
significantly. The additional inequalities (DGZ) and (2ML) do not have any pos-
itive impact on the performance when using the SDP-based approach, most likely
since they are already implied by the SDP constraint and do not strengthen the
problem formulation further. In contrast, for the LP-based approach, these ad-
ditional inequalities improve the performance, and, again, the strongest possible
bounds should be used.

Furthermore, it turned out that the upper RIC is much easier to compute than the
lower RIC. Besides, the choice between the SDP-based and the LP-based approach
depends on whether the upper or the lower RIC shall be computed. For the lower
RIC, the SDP-based approach performs better, whereas the upper RIC seems to
favor the LP-based approach. An analysis of this behavior and an answer whether
this depends on the randomness in the matrix A is an interesting open question.
In Section 5.2 we have seen that the upper RIC is also known as sparse principal
component analysis (SPCA), see (5.26). For the SPCA problem, there is an extensive
amount of literature, where different authors have proposed various valid inequalities
and other components for solving different formulations of this problem, see, e.g.,
Bertsimas et al. [24], d’Aspremont et al. [60], Dey et al. [65], and Li and Xie [157].
Investigating their impact on solving the MISDP formulation of the upper RIC, and
using Lemma 5.8 to also exploit them for the MISDP formulation of the lower RIC
is another interesting research direction for future work. The transformation of an
instance of the minimization problem to an instance of the maximization problem
may be helpful in its own regard, since the computational experiments suggested
that the MISDP formulation of the upper RIC may be easier to solve.

Of course, more work needs to be done to experiment further with the sparsifi-
cation of the eigenvector cuts. The experiments conducted for this thesis already

195



Chapter 6. Presolving for Mixed-Integer Semidefinite Optimization

showed that exploiting sparsity can have a significant impact, but no exhaustive
studies with different sparsity levels and number of added cuts have been executed
so far.

Besides, branching is currently only applied on integer variables with a fractional
relaxation solution value, as described in Section 6.1. Thus, it may be promising to
think about different branching strategies. One idea is to apply (spatial) branching
on diagonal entries X;; of the matrix variable X € S8™. Since 0 < X; < 1, we
have X;; > % for at most one i € [n]. Moreover, since at most s diagonal entries Xj;
are nonzero, where s is typically much smaller than the dimension n, most of the
diagonal entries are zero. Thus, we can branch on the diagonal entries being greater
or less than % To do so, n + 1 branching nodes need to be created. In the i-th
node, set X;; > % and X;; < % for all j # i. The (n 4 1)-th node then has X;; < %

for all i € [n]. This branching step can also be applied recursively.
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CHAPTER

Conclusion and Outlook

In this thesis we have presented a general framework for sparse recovery in the pres-
ence of side constraints. The proposed framework builds upon an already existing
one by Juditsky et al. [137], and extends it by also incorporating additional side
constraints. This is achieved by introducing a set C and adding the constraint z € C
to the recovery program, which enables to model additional knowledge available on
the elements that are to be reconstructed. By that, it can be used to analyze the
effect of exploiting structure in the recovery problem, which was one of the main
research topics of the “EXPRESS” project within the SPP 1798. In Section 2.2, we
have derived the general null space property (NSPC), which under some assumptions
characterizes the ability to successfully reconstruct every sufficiently sparse element
from its measurements under a linear measurement operator. These assumptions
state conditions, which need to be satisfied in a specific setting in order to obtain
a characterization of uniform recovery using the presented null space property. We
have shown that several specific settings already treated in the literature, including
cases with additional side constraints such as nonnegativity or positive semidefinite-
ness fit into our framework. Moreover, we have demonstrated that for these settings,
the null space property (NSPC) simplifies to the respective null space properties al-
ready known in the literature (c.f. Section 1.1 and Example 2.12), which shows the
generality of the proposed general null space property. Furthermore, in Section 2.3,
the framework has been extended to cover robust recovery in the presence of noise.
This includes stable recovery if the original signal is not exactly sparse. For both
cases, we have proposed a slightly strengthened null space property which allows
to control the reconstruction error in uniform recovery. Lastly, we have considered
individual recovery, that is, the recovery of a fixed sparse element in Section 2.4.
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Again, we were able to obtain known results for stable and robust recovery as well
as individual recovery in specific settings as special cases.

In Chapter 3, we have considered three interesting side constraints in more detail.
First, we have introduced a block-structure on matrices in Section 3.1, which gen-
eralizes the case of block-structured vectors. We have derived this setting with and
without an additional positive semidefiniteness constraint from our general frame-
work and presented the corresponding null space properties for characterizing uni-
form recovery. Moreover, we have compared the resulting null space properties and,
for the special case of block-structured vectors, presented a family of measurement
matrices which satisfy the NSP for block-sparse nonnegative vectors, but violate
the NSP for general block-sparse vectors. This served as a first demonstration that
exploiting additional side constraints can yield weaker recovery conditions, which
are satisfied by more measurement matrices. Section 3.2 has treated the recovery
of sparse integral vectors and highlighted differences between general sparse vectors
and sparse integral vectors. Even if the corresponding side constraint € Z" is non-
convex, this setting also fits into our framework and we were again able to derive the
known null space properties for sparse integral vectors with and without additional
variable bounds. Finally, we have considered constant modulus constraints in Sec-
tion 3.3. Such constraints demand that the absolute value, or modulus, of each entry
of a vector be constant, e.g., 0 or 1. This side constraint is especially important for
complex vectors, and it frequently appears in signal processing applications, such
as the problem of joint antenna selection and phase-only beamforming, which was
considered as one example for additional structure in x. Analogously to the previ-
ous special cases, we have derived the constant modulus setting from our general
framework and have introduced a corresponding null space property, which was not
known in the literature before. Since the corresponding recovery problem is noncon-
vex, we also have presented a specialized solution algorithm to solve the recovery
problem. We have used a general spatial branch-and-bound algorithm and added
specific components to handle constant modulus constraints as well as a heuristic to
obtain good solutions. Numerical results for joint-antenna selection and phase-only
beamforming have shown the performance of the introduced components compared
to using a standard spatial branch-and-bound algorithm.

In Chapter 4, we have investigated the null space property for sparse nonneg-
ative vectors under Gaussian random measurement matrices. We have derived a
lower bound for the minimal number of measurements needed for uniform recov-
ery of sparse nonnegative vectors with high probability in Section 4.2. This was
achieved by showing that the corresponding null space property is satisfied with
high probability. The derived bound is non-asymptotic, whereas in the literature,
only asymptotic bounds were previously known. In order to compute the bound,
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we have extended the known approach used for sparse vectors to sparse nonnegative
vectors. Unfortunately, the obtained bound turned out to be weaker than the corre-
sponding known bound for sparse vectors. However, simulations for the quantities
involved in obtaining the bound have revealed that fewer measurements seem to be
needed for uniform recovery if an additional nonnegativity constraint is present and
exploited in the recovery process. This is underlined by a numerical comparison
of individual recovery with and without nonnegativity. Thus, in theory, it should
also be possible to derive a bound for sparse nonnegative vectors which is indeed
smaller than the bound for sparse vectors. Furthermore, Section 4.3 has treated the
case of block-structured matrices and also presented a lower bound on the minimal
number of measurements needed for uniform recovery. For this setting, we have
extended another proof technique for sparse vectors to block-structured matrices.
The obtained results show that a random measurement operator allows for uniform
recovery of block-sparse matrices if the number of measurements satisfies a lower
bound which depends on the sparsity level s, the number of blocks k£ and the block
sizes di - ds. Most importantly, this obtained lower bound scales logarithmically
in k£ and linearly in d; - ds, i.e., in the dimension of the single blocks, but it does
not directly scale in the overall dimension k - dy - do. Thus, the block-structure is
represented in the bound.

As a last part in our consideration of sparse recovery under side constraints, we
have considered possibilities to verify recovery conditions in Chapter 5. In Sec-
tion 5.1, we have presented several MIP formulations for checking whether a given
measurement matrix satisfies null space properties for some specific settings. More
precisely, testing the NSPs for sparse vectors, sparse nonnegative vectors and block-
sparse vectors as well as block-sparse nonnegative vectors has been formulated as a
MIP. A short numerical comparison has shown again that exploiting nonnegativity
yields a null space property which is easier to verify for a given measurement matrix.
Moreover, for a small dimension, we also have demonstrated numerically that the
NSP for sparse nonnegative vectors is satisfied with high probability for fewer mea-
surements than the NSP for sparse vectors. Afterwards, we have considered the RIP
as another recovery condition for uniform recovery of sparse vectors in Sections 5.2
and 5.3. We have presented the well-known MISDP formulation of the RIP and
shortly have discussed some properties of this formulation.

This has led us to consider presolving for general MISDPs in Chapter 6. Presolving
is one of the most important steps in solving general mathematical optimization
problems, and in contrast to MIPs, only few presolving techniques for MISDPs
were known in the literature. Thus, we have introduced several new presolving
methods for general MISDPs in Sections 6.2 to 6.5. Some of these methods are direct
extensions of the respective methods for MIPs, whereas others were completely new.
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An exhaustive numerical comparison in Section 6.6 has shown the effectiveness of
the proposed methods for several classes of MISDPs. As one class of MISDPs, we
have also paid special attention to the MISDP formulation of the RIP, and evaluated
several methods for this formulation in detail. The results have shown that using the
correct solution approach and activating some of the proposed presolving methods
has a major impact on the performance.

Outlook

Even if the thesis treated null space properties for sparse recovery under various
aspects, there are still several open questions left. First of all, it would be natu-
ral to ask whether it is also possible to formulate a general RIP in our proposed
general framework in Chapter 2. A general RIP in a slightly different general frame-
work is presented by Traonmilin and Gribonval [238], and it would be interesting
to compare the two frameworks in terms of possible additional side constraints and
obtained recovery conditions. Another framework for sparse recovery, which gen-
eralizes many special cases known in the literature is the atomic setting in Chan-
drasekaran et al. [49]. The atomic setting assumes that an element is built as a
linear combination of few elements taken from a so-called atomic set. Using the
atomic norm, which is the gauge function of the convex hull of the set of atoms,
recovery of sparse elements is possible. Here, sparse refers to elements whose linear
combination only contains few nonzero coefficients. Clearly, taking the usual basis
vectors of R™ as atomic set, we obtain the classical setting of sparse vectors with only
few nonzero entries and the atomic norm is exactly the £;-norm. For this setting, a
simple optimality condition for individual recovery is presented in [49], as well as a
lower bound on the minimal number of random Gaussian measurements needed for
individual recovery with high probability. It is not directly clear that this atomic
setting also fits into, or is comparable with our framework. Indeed, if the atomic set
allows for non-unique representations of elements, then expressing sparsity through
projections becomes nontrivial. Nevertheless, formulating a corresponding atomic
null space property which characterizes uniform recovery and extending the lower
bound also to uniform recovery would certainly be interesting.

Closely connected is the concept of decomposable norms considered by Negahban
et al. [188], Candés and Recht [44], and Roulet et al. [214]. Individual recovery is
treated in [44], where again an optimality condition is used to guarantee individual
recovery. This optimality condition is then analyzed under random Gaussian mea-
surements. Since we showed in Lemma 2.7 that our framework is connected with
the concept of decomposable norms, it is natural to ask which results directly carry
over to individual recovery in our framework as well, and especially if it is also pos-
sible to analyze individual recovery under random measurements. In [214], uniform
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recovery is treated and a null space property for the setting of decomposable norms
is presented. It is reasonable to believe that this NSP also emerges from our general
framework if we adopt the viewpoint of decomposable norms, see Lemma 2.7.

As outlined in more detail in Section 3.4, there are several settings with specific
structure which have been considered in the literature. For each of those settings,
adapted recovery conditions as well as explicit recovery algorithms are presented.
Since the proposed recovery conditions for these settings are mostly an adaption
of the RIP, it remains open to find an NSP for these cases. Such an NSP can be
obtained from our framework, given that the setting fits into the framework and
can be shown to satisfy the assumptions needed for our uniform recovery results.
Obtaining an NSP instead of an RIP as recovery condition is especially important,
since the NSP is a characterization, whereas the RIP is only a sufficient condition.
Moreover, recently it has been shown by Dirksen et al. [66] that the RIP fails to
capture cases in which successful recovery is possible and yields suboptimal bounds
for the number of random measurements needed for uniform recovery of sparse
vectors. This indicates that the NSP is better suited for obtaining precise statements
about successful recovery.

Concerning the analysis of sparse recovery under random measurements it remains
open to strengthen the bound on the minimal number of measurements needed for
uniform recovery of sparse nonnegative vectors derived in Section 4.2. It turns out
that this bound is worse than the bound for sparse vectors, but experiments and
also empirical results for the quantity which needs to be bounded — the Gaus-
sian width of the set of unit-norm vectors violating the NSP — show that there
should be a gap between the bounds. For the case of sparse vectors, the Gaussian
distribution could be used to derive the corresponding bounds. Since for sparse
nonnegative vectors, the sign plays an important role in the recovery conditions,
rectified Gaussian random vectors appear in the derivation of the bound in The-
orem 4.7, see Appendix 7. Thus, any improvement of this bound will most likely
involve more precise estimations for rectified Gaussian random vectors. Moreover, it
remains open to derive such a bound in the case of block-sparse nonnegative vectors
and block-sparse positive semidefinite matrices.

On top of that, for the recovery of low-rank matrices with and without additional
positive semidefiniteness as well as block-structured matrices, it is an open question
to formulate the problem to test whether a given measurement operator satisfies the
corresponding NSP as optimization problem. Due to the possible positive semidef-
initeness constraint, this will most likely not be a MIP formulation, but rather an
MISDP formulation. The integrality is expected to enter as well, since for the NSP,
we need to split the set of singular values, or eigenvalues of a matrix. Moreover,
it would be interesting to investigate the obtained MIP formulations for the NSPs
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in case of (block-) sparse (nonnegative) vectors in more detail. Most certainly it is
possible to speed-up the solution process by incorporating problem specific compo-
nents.

Besides these computational aspects, an important question not treated within
this thesis is the complexity of verifying an NSP condition. For the classical NSP,
it is known that checking whether a given matrix satisfies the NSP is A/P-hard,
see Tillmann and Pfetsch [237]. It would certainly be interesting to see whether
the same also holds in the presence of additional side constraints. For example, the
problem of recovering sparse and sparse nonnegative vectors are directly connected
by using a variable split. To be more precise, the problem

min {|z| : Az =10, z € R"} (7.1)

is equivalent to the problem

. 2D 2 X ,
min {H(gc(g)>Hl L (A, —A) <x(2)> RN RNCI 0}’ 72

since an optimal solution z* of (7.1) and an optimal solution (z(1))*, (z(?)* of (7.2)
are connected through (z(M)* = (z*)* as well as (z(?)* = (2*)~. Consequently,
we can either try to recover sparse vectors directly via (7.1) or try to recover their
positive and negative part via (7.2). For the latter problem, we can invoke the
NSP for the recovery of sparse nonnegative vectors. Accordingly, it may be possible
to reduce the decision problem whether a given measurement matrix satisfies the
classical NSP to the corresponding decision problem for the nonnegative NSP. This
would show that the A/P-hardness result of testing the classical NSP also holds for
the nonnegative NSP.

A further important aspect which was not covered throughout this thesis is a com-
parison of exploiting and disregarding the block-structure for block-sparse vectors.
Clearly, it is possible to use ordinary ¢;-minimization for recovering block-sparse vec-
tors. If there are k blocks, then every block-s-sparse vector x is also s-sparse in the
classical sense, where s is the sum of the s largest block sizes of the k blocks, since x
has at most s nonzero elements. The converse is however wrong in general, since
not every sparse vector is also block-sparse with respect to some block-structure.
Thus, the conditions for uniform recovery of non-block-sparse vectors may be too
strong for uniform recovery of all block-sparse vectors. For a short discussion in
terms of the restricted isometry constant and property, and an illustrative example,
see Eldar and Mishali [89]. In case of additional nonnegativity, Theorem 3.14 shows
that there exist matrices which satisfy the block-nonnegative NSP and violate the
nonnegative NSP. Hence, the nonnegative NSP is indeed too strong for uniform re-
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covery of block-sparse nonnegative vectors. Finding a similar example for the case
of (block-) sparse vectors remains an open question.

Furthermore, in the block-structured settings, a mixed norm was used in the re-
covery problems. This mixed norm consists of applying some norm to each block
and then using the ¢;-norm (or, simply the sum) of the resulting numbers. Typically,
the /5-norm or the Frobenius norm are used on the blocks due to their robustness.
The proposed null space properties derived in Section 3.1 for block-structured vectors
and matrices without nonnegativity or positive semidefiniteness hold for arbitrary
norms on the blocks, see Remark 3.7 and Corollary 3.9. In the presence of additional
nonnegativity or positive semidefiniteness constraints, the corresponding null space
properties explicitly use the ¢;-norm or the nuclear norm on the blocks, see Theo-
rem 3.4 and Corollary 3.8. Consequently, an interesting line of research would be to
analyze the usage of different norms on the blocks in the case of block-sparse nonneg-
ative vectors or block-sparse positive semidefinite matrices. It is important to notice
that for non-block settings, replacing the ¢; norm in ordinary ¢;-minimization (7.1)
has negative side effects. For example, it is well known that for ¢ > 1, recovery
using the £,-norm and the recovery problem

min {||z||, : Az = b} (7.3)

already fails for 1-sparse vectors, see Figure 1.1 for a simple example. If 0 < ¢ < 1,
then using the ¢,-norm has favorable recovery properties as shown by Mourad and
Reilly [182], but the resulting recovery problem (7.3) is known to be N'P-hard, see Ge
et al. [116]. However, note that replacing the ¢;-norm by the ¢;,-norm with 0 < ¢ < 1
in the classical NSP yields a condition which characterizes uniform recovery of sparse
vectors using (7.3), see Foucart and Rauhut [104], whereas ¢,-minimization does
not fit into our framework, since Assumption (A4) is violated as we have seen in
Remark 2.17.
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Appendix

A Bounds for Recovery of Sparse Nonnegative
Vectors Under Random Measurements

In this section, we prove Theorem 4.7, which presents a lower bound on the minimal
number of measurements needed for uniform recovery of sparse nonnegative vectors.
The proof includes a detailed derivation of the bounds in (4.10) and (4.11).

Recall that a bound for the minimal number of measurements needed for uniform
recovery can be obtained by Gordon’s Escape Theorem 4.4. Therefore, we need
to estimate the Gaussian width w(Ty) of the set Ts of unit-norm vectors violat-
ing (NSP>¢). By using the convex cone K defined as

K, ={veR" : vgy1,...,0, <0, 170 >0},

as well as conic duality, we can estimate the Gaussian width as

(3 @) )

=1 1=s+1

1/2

w(Ts) :]EL>0, zsriin ot {(i(gl + t)2>

.....

see Lemma 4.6. Consider a fixed ¢t > 0, and let

S n

£ 6l($a )], n (5 )"

¢ Zotlse2n < .
i=1 s+1, 1 n Z:S+l

In order to derive the bounds for Eymg) and Eénng) in (4.10) and (4.11), respectively,
we first need to prove some auxiliary results. Throughout this section, we denote
with ¢ and ® the pdf and cdf of the standard Gaussian distribution, respectively,
ie.,

2

2 t T
—J%exp(—%), @(t)z%[@exp(—;)dm.
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We will need a result about the expectation of applying the exponential function to
a scaled squared standard Gaussian random variable X, a function, which is also
known as moment generating function of X.

Lemma 7.1 (Foucart and Rauhut [104, Lemma 7.6]). Let X be a standard Gaussian
random variable and let 0 € R with 0 < % Then,

1
V1I=20

A useful inequality for the expectation of general random vectors under convex
functions is Jensen’s inequality in the next lemma.

Elexp(0X?)] =

Lemma 7.2 (Jensen’s inequality, see, e.g., Foucart and Rauhut [104, Theo-
rem 7.10]). Let X € R™ be a random vector and let f: R™ — R be a convex function.
Then we have f(E[X]) < E[f(X)].

We need the expectation of the maximal squared fo-norm of multiple standard
Gaussian random vectors in the next lemma.

Lemma 7.3 (Foucart and Rauhut [104, Proposition 8.2]). Let g(¥),... g(™ € R"
be a collection of (not necessarily independent) standard Gaussian random vectors.
For any k > 0, we have the bound

E[ max lg@12] < (2 + 26) In(m) + n(1 + x)In (1 + 1),
elm

and thus, for k = \/n/(2In(m)),

B max 93] < (v2Inm) + V)"

Another important distribution that will be used in this chapter is the rectified
standard Gaussian distribution. It is obtained from the standard Gaussian distri-
bution by setting negative elements to 0. Its pdf is given by

t2

exp (=5 )U(H),

1
t) =
4(0) T
where §(z) is the Dirac delta distribution with é(z) = 0 for all z € R\ {0}, and
4(0) = oo, and U(x) is the unit step function with U(z) =0 for x <0 and U(z) =1
for z > 0. We use the notation X ~ NF(0, 1) to denote that X is a rectified standard
Gaussian random variable. If X ~ A(0,1), then Y = max {X,0} ~ N?(0,1). In
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A. Bounds for Sparse Nonnegative Vectors Under Random Measurements

the following, unless noted otherwise, h will denote a rectified standard Gaussian
random vector of appropriate dimension.

The first two moments of a rectified standard Gaussian variable can now be com-
puted as follows, see also Beauchamp [18].

Fact 7.4. Let X ~ N(0,1) and let Y := max {0, X} be a rectified standard Gaussian
random variable. Then, by the law of total expectation,

since E[X|X > 0] and E[X?|X > 0] are the first two moments of a truncated
standard Gaussian random variable, which can be found, e.g., in Horrace [131].

Using these results, the moment generating function of a rectified standard Gaus-
sian random variable can be computed as follows.

Lemma 7.5. Let X ~ N(0,1), let Y := max {0, X} be a rectified standard Gaussian
random variable, and let € R with 6 < % Then,

E[exp(0Y?)] = %(1 + ﬁ)

Proof. By the law of total expectation and Lemma 7.1,

E[ exp(d Y2)} =

where we used Lemma 7.1 for the moment generating function E[exp(f X?)] of X.
This finishes the proof. O

Lemma 7.5 yields the following estimate for the expectation of the maximum
squared fo-norm of a set of rectified standard Gaussian random vectors.

Lemma 7.6. Let KV, ... h(™) € R" be rectified standard Gaussian random vectors.
Then, for any k > 0,

E[max ||h(1)||§] < (24 2k) [ln(m) +nln (%) +nln (1 + \/@)]

1€[m]
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Proof. Let 6 € R with 6 < % Since the logarithm is a concave function, we can use
Jensen’s inequality in Lemma 7.2 to obtain

. 1 i
E[ ma [4)]3] = 5[ n (max exp(8]113))]

IN

In (B 2 exp (01 3)])
(8] zexpeuh“ 13)])
(- Blexp@llnB)])
(m f[ [exp(0h2)] ),

IN
=

IN
Q:M—l D= IR DR D

=

—
=

where h is a rectified standard Gaussian random vector. The last equality is due to
the independence of the entries of h. Lemma 7.5 yields

E[max [1O13] < gn (m- 5 (14 —=5)")
1 1 1
é[ n(m) +n- ln(i(Hmm'

Since £ > 0 and 6 < § we set § = (2 + 2x) ™! < 3, which yields

E[ max ||h(’)H§] <(2+ 2&){ln(m) +nln(3) +nln (1 +4/14 l)}

1€[m] K

This finishes the proof. O

The minimum of the #s-norms of a set of rectified standard Gaussian random
vectors AV, ... h(™) € R™ is considerably easier to estimate. Since the h(?) as well
as their components are independent, we can estimate the expectation as

B[ min [A013] < BIAO[2] = nB[Y?] = n &
i€[m]

where Y is a rectified standard Gaussian random variable. The last equality is due
to Fact 7.4. We are now ready to derive the bounds for E(nng) and E(nng) (4.10)
and (4.10), respectively. Recall that for a fixed ¢ > 0,

S

plme) E[(Z@ +t)2)1/2}7 B = ]E{ min ( > @i+ Zi)Z)l/Q}.

z czn <t
i—1 s+1s2n > i=s+1
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A. Bounds for Sparse Nonnegative Vectors Under Random Measurements

Estimating Egnng) We define the vectors h™, h~ € R"™ by b} = max {0, g;} as well

as h; = max{0,—g;} for ¢ € [n]. Then, Efmg) can be estimated as

E§nng) _ E[(i(ﬁz +t)2)1/2}

coveeel(5a)"]

§t\/§+]E{ max [|hE[2+  min h 2]
|S|=s, SC[n] s 13 T =8, TCn] IRz 13

Since h; and h; are rectified standard Gaussian random vectors, we can use
Lemma 7.6 and (7.4) to estimate

gmas g < (24 20)[In (2) +nln (3) +nin (1+/1+ 1],
min_ gl < &

|T|=s, TCln

For the first inequality, we used that there are (77) subsets of cardinality s, so that

the maximum is taken over (f) random vectors. Thus, we obtain the following
estimate of E\"%):

E§nng) _ E[(i(g} +t)2)1/2}

i=1

<tﬁ+E[(i§?)m]
<t\/§+E[\/

g IngIE+ w3

» SC[n] |T|=s, TC[n

<ty/s+ E[ max hE|Z + min h—+ 2}
VBl g WS+ ik 2

St\/g+\/1’§1>18 {(2+2n)[1n(’;) +sIn(3) +sln(1+ 1+%)]}+%s

<ty/s+ \/1’11;1& {(2+21€){sln (2) +sln(3) +sln(1+4/1+ %)}}—F 35.

Here, we used Jensen’s inequality in Lemma 7.2 for the third inequality, since the
square root function is concave. The last inequality uses the estimate (Z) < (%),
where e = exp(1), see, e.g., Foucart and Rauhut [104, Lemma C.5].
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Estimating Egmg) The remaining term, Eénng)7 can be estimated as follows:

n

Eénﬂg) = E[Zs+1min ( Z (gz + Zi)Z)l/Q}

n

— (B[ Y (winfo.g+1)7)"

1=s+1
~ 9.\ 1/2
< ((n—s) - E[(min {0, g, +t}) ]) . (7.5)
The inequality in (7.5) is due to g1 > - -+ > gy, so that
(min{0,41+6})" < < (min{0,g, + 1),

since min {0, §; +t} < 0 for all ¢ € [n]. The probability that the smallest element g,
of n i.i.d. standard Gaussian random variables g1, ..., g, is greater or equal than —¢
can be computed as

P(gn > —t) = P(g1 > —t,...,gn > —t) = [[1 = P(g: < —1).
=1

Define the random variable X = (min {0, §n+t})2, and let g be a standard Gaussian
random variable. Since min {0, g, + t} < 0, the cdf Fx(z) of X for z > 0 is given
by

Fx(2) =P(X < 2) =P( -2z <min{0, g, +t} < V?z)
=P (min{0, g, +t} < vz) — P(min{0, g, + t} < —/2)
:1_]P(§n+t<—\/g):1_ (gn< \/E—t)

and F(z) =0 for z < 0. For z > 0, we can further compute

Fx(2) =1=P(gn < \/E—t)—l—[l— (9: > \/E—tVze[])}
=Pg>—vz—1t)"=(1-2(-vVz—-1))".

The pdf fx(z) of X is the derivative of the cdf Fx(z), so that, for z > 0, we obtain

d

fx(2) = —Fx(z) =

= (1-e(-vE-1)" T p(—vE 1),

n
2/z
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Thus, the expected value E[min {0, §,, + t}?] can be estimated as

i 0.9, + 7] = [ 2030 (1= BvE- ) pl—vE )
—n. /o:(x 2 (1 b)) dz (7.6)
<n. /_:(x 07 pl) - (1— () da (7.7)
_ n-/_:(a:+t)2 o(2) - B(—z) da. (7.8)

The first equality follows from the definition of the expected value; the second
equality is due to a variable change x = —/z — ¢ and the inequality in (7.7) holds
since 1 — ®(z) < 1. In order to evaluate the integral in (7.8), we use the integrals
in Owen [191]. This yields

1
2\/27r<p

/ () - B(—) de = —rp(r)®(—x) + B(z) — 10(x)? + (v2z),

[+ et@) o) do =~ 20(20) — o(a)(—),
/(p(x) - ®(—z)dx = (z) — 1&(z)*.

The desired expectation E[min {0, g, + t}?] can now be computed as

[ min {0, g, + t}2] < n[(1 F12) (B(—t) — L0(—1)?) — to(—t)D(t)

- % Q%w(—t\/ﬁ)y

O(—1V2) +

so that ES"™) can be estimated as

n

nn . ~ : ~ 1/2
B B[ min (2 @) ] < (@0 Blmin (0.6, +1%))

- %@(—t\/ﬁ)

< [nln—s) (14 ) (@(=t) - S0(=1)?) — (- 0(1) v

+ ﬁgp(—t\@))} v

Estimation of the Gaussian Width Putting the estimations of E\"® and E{""®
together yields the following estimate of the Gaussian width w(7Ts) which is valid for
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any (fixed) ¢t > 0:
w(Ts)
SE{min {(Z(ﬁi +t)2)1/2 + ( Z (i +Zi)2)1/2 S >0, Zeity. s 2n < tH

1=1 1=s5+1
E§nng) + Eénng)

<tys+ \/mln {(24—2!{){8111(?”) +nln (3) +nln(1+1/1+%)}} +1
+ (n(n—s)- [(1+) (<I>(ft) —10(=1)?) — tp(~1) D (1)

ot \[])1/2

2F

Let w(t) be the quantity in (7.9). Thus, the best bound on the Gaussian width is
given by min; w(t). Since we have derived a bound for the Gaussian width w(T5),
we can now use Gordon’s Escape Theorem 4.4 to prove Theorem 4.7.

Proof of Theorem 4.7. Let t = 21n(é). Then, Gordon’s Escape Theorem 4.4
yields

. < _ _ 1) <
P(inf 40l < B —(T) = o)) <6

where T is defined in (4.8). Recall that E,, is the expectation of the f¢3-norm of
a standard Gaussian random vector as defined in (4.1). Let w = min, w(¢) be the
best estimation of w(Ty) in (7.9). Since, by assumption,

m

vm+1

> w+4/2In(L),

and E,, > m/v/m+ 1 we have E,, —w(T) — y/2In(1) > 0. This implies
i <0) <P(i <B _ n—1y _ 1)) <
P(;Ielg Azl < 0) < IP(Inelg |Az|2 < Ep — w(Ts NS ) 2111(5)) <e,

so that P(inf,er [|Az|2 > 0) > 1 — ¢, which shows that the nonnegative null space
property (NSP>) of order s is satisfied with probability at least 1 —¢. Thus, every s-
sparse nonnegative z € R’} is the unique optimal solution of the nonnegative /;-
minimization problem min{||z|; : Az = Az, z > 0} with probability at least
1—e. O
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B Computational Results for MISDP Presolving

This section lists additional tables for the computational results on presolving for
general MISDPs discussed in Section 6.6.3. In Table 6.3, we presented results over
all 185 instances of the testset described in Section 6.6.1 for the settings listed in
Section 6.6.2. Tables 7.1 to 7.5 in this chapter present these results for instance class
separately. Shown are the number of instances that were solved to optimality within
the time limit of one hour out of all 185 instances (# opt), and the shifted geometric
means of the number of nodes (# nodes) as well as the CPU time in seconds (time),
see (1.2) for the definition of the shifted geometric mean. The next columns list
the shifted geometric mean of the CPU time in seconds used for presolving (time),
the arithmetic mean of the number of domain reductions (# reds), i.e., changed
bounds, and added constraints (# addcons) in presolving for SDP constraints. The
section “SDP Constraints” in Table 6.3 shows the arithmetic means of the number
of propagation calls (# prop), domain reductions (# reds), applied cuts (# cuts)
and cutoffs (# cutoff) from SDP constraints. The last section “SDP Timings” shows
the shifted geometric means of the the total time (total) and the propagation time
(prop) spent for SDP constraints. For the shifted geometric means, we used a shift
of s =100 for nodes and s = 1 seconds for time, respectively.
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Table 7.1. Comparison of presolving routines using the SDP- and LP-based approach for the 43 Cardinality Constrained
Least Squares (CLS) instances.

SDP presolving SDP constraints SDP timings
setting #opt #nodes time 7 time F#reds #addcons 7 #prop F#reds #cuts #cutoff 7 total prop
nopresol 41 382.5 201.05 0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.04 0.01
DGZ 41 362.4 206.48 0.00 1.0 0.0 0.0 0.0 0.0 0.0 0.03 0.01
DZI 41 382.3 200.63 0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.04 0.01
™ 41 382.5 201.18 0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.04 0.01
TB-Pre 41 382.4 200.02 0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.03 0.01
2ML 41 382.5 200.80 0.03 0.0 0.0 0.0 0.0 0.0 0.0 0.04 0.01
2MP 41 382.2 200.59 0.01 0.0 0.0 0.0 0.0 0.0 0.0 0.04 0.01
2MV 41 381.1 206.32 0.15 0.0 39672.1 0.0 0.0 0.0 0.0 0.03 0.01
PropUB-Pre 41 382.7 201.29 0.01 0.0 0.0 0.0 0.0 0.0 0.0 0.04 0.01
PropUB 41 382.6 200.65 0.01 0.0 0.0 36176.0 0.0 0.0 0.0 0.05 0.02
PropTB 41 334.2 99.87 0.00 0.0 0.0 3813.9 6.9 0.0 0.2 1.45 1.44
MIX1 41 334.1 111.51 0.16 0.0 39672.1 35818.3 7.3 0.0 0.3 2.21 2.21
MIX1-NoCA 41 334.1 111.45 0.16 0.0 39672.1 35830.5 7.3 0.0 0.3 2.21 2.19
MIX2 41 362.4 206.34 0.02 1.0 0.0 30259.4 0.0 0.0 0.0 0.04 0.02
allpresol 41 380.6 205.72 0.19 1.0 39672.1 0.0 0.0 0.0 0.0 0.03 0.01
allprop 41 334.0 110.15 0.01 0.0 0.0 35772.5 6.9 0.0 0.7 3.12 3.11
allprop-DGZ 41 317.2 118.62 0.01 1.0 0.0 30023.5 7.4 0.0 0.7 3.65 3.63
allpresol-prop 41 334.3 121.31 0.19 1.0 39672.1 35934.0 7.3 0.0 0.8 3.66 3.65
LPA-nopresol 43 201.1 7.53 0.00 0.0 0.0 0.0 0.0 3197.3 2.0 3.65 0.00
LPA-DGZ 43 207.2 9.08 0.01 1.0 0.0 0.0 0.0 2992.2 4.8 3.90 0.00
LPA-DZI 43 201.1 7.70 0.00 0.0 0.0 0.0 0.0 3197.3 2.0 3.70 0.00
LPA-TM 43 201.1 7.56 0.00 0.0 0.0 0.0 0.0 3197.3 2.0 3.71 0.00
LPA-TB-Pre 43 201.1 7.76 0.00 0.0 0.0 0.0 0.0 3197.3 2.0 3.72 0.00
LPA-2ML 43 201.1 7.69 0.03 0.0 0.0 0.0 0.0 3197.3 2.0 3.73 0.00
LPA-2MP 43 201.1 7.68 0.01 0.0 0.0 0.0 0.0 3197.3 2.0 3.74 0.00
LPA-2MV 43 214.5 10.53 0.15 0.0 39672.1 0.0 0.0 3246.3 4.7 4.05 0.00
LPA-PropUB-Pre 43 201.1 7.69 0.01 0.0 0.0 0.0 0.0 3197.3 2.0 3.71 0.00
LPA-PropUB 43 201.1 7.68 0.01 0.0 0.0 4036.7 0.0 3197.3 2.0 3.71 0.00
LPA-PropTB 43 211.3 28.09 0.00 0.0 0.0 901.7 10.3 3100.8 2.1 18.05 9.89
LPA-MIX1 43 197.8 21.75 0.16 0.0 39672.1 5643.1 25.7 3188.0 5.3 10.32 4.95
LPA-MIX2 43 207.2 9.08 0.02 1.0 0.0 6658.1 0.0 2992.2 4.8 3.94 0.01
LPA-MIX2-NoCA 43 198.6 8.89 0.02 1.0 0.0 6009.3 0.0 2815.1 3.7 3.93 0.00
LPA-allpresol 43 211.4 10.57 0.20 1.0 39672.1 0.0 0.0 3249.3 4.6 4.06 0.00
LPA-allprop 43 197.8 48.07 0.01 0.0 0.0 3974.3 13.6 3059.2 15.9 31.38 10.19
LPA-allpresol-prop 41 183.6 100.89 0.19 1.0 39672.1 5564.5 16.4 3107.2 10.9 64.23 29.34
LPE-MIX2 32 19781.8 106.76 0.02 1.0 0.0 1447705.2 0.0 103 867.4 19 388.7 31.46 0.51
CONC: MIX1+LPA-MIX2 43 181.3 46.04 | 0.02 1.0 0.0 | 100.0 0.0 0.0 0.0 | 0.00 0.00
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Table 7.3. Comparison of presolving routines using the SDP- and LP-based approach for the 46 Restricted Isometry
Property (RIP) instances.

SDP presolving

SDP constraints

SDP timings

setting #opt #nodes time 7 time #reds #addcons 7 #prop #reds F#cuts #cutoff 7 total prop
nopresol 36 4376.2 259.70 0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.08 0.04
DGZ 36 4443.0 296.45 0.00 43.3 0.0 0.0 0.0 0.0 0.0 0.08 0.05
DZI 36 4376.3 259.95 0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.08 0.05
™ 36 4369.4 260.17 0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.09 0.05
TB-Pre 36 4376.1 259.73 0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.08 0.05
2ML 36 4173.6 281.78 0.02 0.0 994.1 0.0 0.0 0.0 0.0 0.07 0.04
2MP 36 4371.5 259.52 0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.07 0.05
2MV 36 4376.2 261.18 0.04 0.0 1988.3 0.0 0.0 0.0 0.0 0.08 0.05
PropUB-Pre 36 2755.9 198.09 0.01 1988.3 0.0 0.0 0.0 0.0 0.0 0.07 0.04
PropUB 36 2756.7 199.05 0.01 1988.3 0.0 184 929.1 0.2 0.0 0.0 1.58 1.56
PropTB 36 4377.1 259.67 0.00 0.0 0.0 25049.6 0.0 0.0 0.0 0.07 0.05
MIX1 36 2759.5 194.11 0.04 1988.3 1988.3 186 004.4 0.2 0.0 0.0 1.62 1.60
MIX1-NoCA 36 2761.9 193.71 0.04 1988.3 1988.3 186 254.2 0.2 0.0 0.0 1.58 1.56
MIX2 36 2757.6 225.43 0.01 2031.5 0.0 183489.4 5492.2 0.0 0.0 1.58 1.56
allpresol 36 2768.3 227.89 0.06 2031.5 2982.4 0.0 0.0 0.0 0.0 0.06 0.03
allprop 36 2755.0 199.16 0.01 1988.3 0.0 184 592.3 0.2 0.0 0.0 1.59 1.57
allprop-DGZ 36 2755.7 225.17 0.01 2031.5 0.0 183 360.7 5492.2 0.0 0.0 1.59 1.57
allpresol-prop 36 2757.7 225.37 0.06 2031.5 2982.4 183484.5 5017.5 0.0 0.2 1.59 1.57
LPA-nopresol 0 35.7 3600.32 0.00 0.0 0.0 0.0 0.0 12779.8 0.0 0.61 0.00
LPA-DGZ 0 36.7 3600.51 0.00 43.3 0.0 0.0 0.0 13240.9 0.0 0.64 0.00
LPA-DZI 0 35.9 3600.40 0.00 0.0 0.0 0.0 0.0 12 829.6 0.0 0.60 0.00
LPA-TM 0 36.3 3600.42 0.00 0.0 0.0 0.0 0.0 12991.6 0.0 0.64 0.00
LPA-TB-Pre 0 35.9 3600.58 0.00 0.0 0.0 0.0 0.0 12895.0 0.0 0.61 0.00
LPA-2ML 0 37.4 3600.38 0.02 0.0 994.1 0.0 0.0 13218.0 0.0 0.65 0.00
LPA-2MP 0 36.2 3600.51 0.00 0.0 0.0 0.0 0.0 12924.5 0.0 0.63 0.00
LPA-2MV 0 36.3 3600.70 0.03 0.0 1988.3 0.0 0.0 12928.0 0.0 0.62 0.00
LPA-PropUB-Pre 0 30.1 3600.77 0.01 1988.3 0.0 0.0 0.0 13507.7 0.0 0.62 0.00
LPA-PropUB 0 29.9 3600.90 0.01 1988.3 0.0 10355.9 0.0 13433.2 0.0 0.74 0.10
LPA-PropTB 0 35.8 3600.48 0.00 0.0 0.0 122.1 0.0 12870.5 0.0 0.62 0.00
LPA-MIX1 0 29.5 3600.40 0.04 1988.3 1988.3 10927.8 0.0 13673.1 0.0 0.75 0.10
LPA-MIX2 0 29.9 3600.64 0.01 2031.5 0.0 10646.2 0.0 13778.3 0.0 0.77 0.10
LPA-MIX2-NoCA 0 30.0 3600.70 0.01 2031.5 0.0 10652.8 0.0 13777.7 0.0 0.76 0.10
LPA-allpresol 0 32.2 3600.56 0.06 2031.5 2982.4 0.0 0.0 14 095.3 0.0 0.69 0.00
LPA-allprop 0 29.8 3600.60 0.01 1988.3 0.0 10393.3 0.0 13402.5 0.0 0.74 0.09
LPA-allpresol-prop 0 32.3 3600.76 0.06 2031.5 2982.4 10920.9 0.0 14131.2 0.0 0.81 0.11
LPE-MIX2 33 41373.9 366.98 0.01 2031.5 0.0 532210.1 359 368.7 131484.5 64.8 7.02 4.27
CONC: MIX1+LPA-MIX2 30 1371.2 513.69 | 0.01  2031.5 0.0 | 79.6 0.0 0.0 0.0 | 0.00 0.00
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Table 7.5. Comparison of presolving routines using the SDP- and LP-based approach for the 38 Truss Topology De-
sign (TTD) instances.

SDP presolving SDP constraints SDP timings
setting #opt #nodes time 7 time F#reds #addcons 7 #prop #reds F#cuts #cutoff 7 total prop
nopresol 34 23 840.6 187.36 0.00 0.0 0.0 0.0 0.0 0.0 0.0 1.46 0.36
DGZ 34 23839.7 187.16 0.00 0.0 0.0 0.0 0.0 0.0 0.0 1.48 0.34
DZI 34 17547.3 146.73 0.00 0.0 3.6 0.0 0.0 0.0 0.0 1.23 0.26
™ 34 23840.5 188.81 0.00 0.0 0.0 0.0 0.0 0.0 0.0 1.50 0.36
TB-Pre 33 23700.8 191.85 0.00 0.0 0.0 0.0 0.0 0.0 0.0 1.52 0.38
2ML 34 23842.6 188.11 0.00 0.0 0.0 0.0 0.0 0.0 0.0 1.49 0.34
2MP 34 23839.8 188.01 0.00 0.0 0.0 0.0 0.0 0.0 0.0 1.45 0.34
2MV 33 21561.9 167.33 0.00 0.0 62.1 0.0 0.0 0.0 0.0 1.43 0.32
PropUB-Pre 34 23841.9 188.00 0.00 0.0 0.0 0.0 0.0 0.0 0.0 1.47 0.34
PropUB 34 23841.3 187.69 0.00 0.0 0.0 2718636.0 0.0 0.0 0.0 1.58 0.50
PropTB 33 18695.5 182.75 0.00 0.0 0.0 83737.6 16 440.6 0.0 1609.0 33.24 32.58
MIX1 33 14 397.8 147.75 0.00 0.0 65.7 1713894.0 10756.0 0.0 721.2 27.57 27.05
MIX1-NoCA 33 14 274.5 145.71 0.00 0.0 65.7 1718698.6 10820.2 0.0 726.7 26.68 26.15
MIX2 34 17547.1 146.42 0.00 0.0 3.6 2129008.7 0.0 0.0 0.0 1.31 0.40
allpresol 34 18 398.9 151.30 0.00 0.0 65.7 0.0 0.0 0.0 0.0 1.27 0.30
allprop 32 12454.4 252.35 0.00 0.0 0.0 578 865.9 20123.6 0.0 14 549.5 151.89 151.85
allprop-DGZ 32 12428.8 253.52 0.00 0.0 0.0 568 226.6 19768.7 0.0 14 453.9 152.92 152.88
allpresol-prop 34 9293.6 192.47 0.00 0.0 65.7 440 865.0 21242.3 0.0 9080.5 115.26 115.22
LPA-nopresol 30 17646.4 210.55 0.00 0.0 0.0 0.0 0.0 155497.6 527.1 5.20 0.07
LPA-DGZ 30 17635.4 210.67 0.00 0.0 0.0 0.0 0.0 155245.6 527.1 5.23 0.07
LPA-DZI 26 13931.7 169.27 0.00 0.0 3.6 0.0 0.0 154 463.6 222.1 4.73 0.05
LPA-TM 30 17628.5 212.69 0.00 0.0 0.0 0.0 0.0 155079.4 527.1 5.18 0.07
LPA-TB-Pre 28 18168.5 218.12 0.00 0.0 0.0 0.0 0.0 161128.7 551.1 5.44 0.07
LPA-2ML 30 17620.8 210.28 0.00 0.0 0.0 0.0 0.0 155065.0 527.1 5.20 0.06
LPA-2MP 29 17637.8 213.57 0.00 0.0 0.0 0.0 0.0 155304.2 527.1 5.21 0.06
LPA-2MV 27 13937.4 169.64 0.00 0.0 62.1 0.0 0.0 148 992.6 215.3 4.73 0.07
LPA-PropUB-Pre 30 17617.8 210.71 0.00 0.0 0.0 0.0 0.0 154 897.7 527.1 5.18 0.07
LPA-PropUB 30 17650.9 212.82 0.00 0.0 0.0 343292.3 0.0 155 555.5 527.7 5.20 0.11
LPA-PropTB 29 14 602.5 231.70 0.00 0.0 0.0 72529.8 22910.9 170 561.6 2026.9 35.27 30.97
LPA-MIX1 28 10918.4 165.25 0.00 0.0 65.7 285 380.5 16 965.0 138497.7 736.9 27.01 23.68
LPA-MIX2 26 13983.5 168.97 0.00 0.0 3.6 332744.0 0.0 155157.1 224.2 4.81 0.11
LPA-MIX2-NoCA 29 13935.7 154.24 0.00 0.0 3.6 270283.5 0.0 133823.3 252.4 4.36 0.10
LPA-allpresol 27 14 548.4 163.72 0.00 0.0 65.7 0.0 0.0 152 821.3 230.0 4.75 0.06
LPA-allprop 31 13857.6 311.69 0.00 0.0 0.0 277894.1 15537.3 124126.5 4400.9 139.89 131.06
LPA-allpresol-prop 28 10525.4 251.53 0.00 0.0 65.7 237691.5 20502.8 137776.4 4300.1 114.22 106.39
LPE-MIX2 11 421128.0 938.85 0.00 0.0 3.6 1920622.5 0.0 348 792.6 15301.8 13.80 0.70
CONC: MIX1+LPA-MIX2 33 9125.8 93.54 | 0.00 0.0 3.6 | 91.5 0.0 0.0 0.0 | 0.00 0.00
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