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Chapter 1

Introduction

Many practical problems of science and technology boil down to determining quantities of
interest from measured information. Be it in Physics, Engineering, Chemistry or Biology,
sensors are everywhere and measure signals (like sound waves or images), structure of
materials, and concentration of substances. Since measurements cost time and money,
one is in general interested in reducing the amount necessary to identify the quantity of
interest.

In principle, a measurement process can be regarded as a set of questions whose answers
are used to guess the unknown quantity. The number of questions one has to ask may
be considerably decreased by a smart design which uses preliminary knowledge on the
unknown quantity. Have a look at the old family picture in Figure 1.1 showing five
children, two boys and three girls. I select one of them and ask you to guess my choice by
posing yes/no questions. A possible question of yours might be

Have you selected the boy who sits left? (Q1)

But (Q1) is not an optimal choice in general. If by chance you picked the correct child,
you would win. But in the more probable case of making the wrong choice (I selected the
other boy), you gained almost no information. The number of possible correct answers
has just been reduced by one. A better question to ask would be

Have you selected a child who is sitting? (Q2)

In this case you eliminate at least two wrong possibilities independent of my concrete
choice. Let us assume now that you are given some preliminary information before asking
any questions, namely, that I selected a boy. The situation drastically changes as both
questions, (Q1) and (Q2), consequently yield the same amount of information; they de-
termine the correct solution.

This simple example illustrates two important aspects. First, if one wishes to use, inde-
pendent of the unknown quantity, as few questions as possible, it is crucial to design the
questions such that the gain of information does not depend on the answer. Second, any
preliminary information on the unknown quantity influences effectiveness of questions and
may allow to obtain a solution from considerably less inquiries.
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Figure 1.1: Family picture

Measurement processes are usually modeled by a function f mapping the unknown
quantity x to observed measurements y. If f is linear, x € RY a real-valued vector, and
there are m measurements, we can write y = Ax, for some matrix A € R™Y. One
may think of posing m questions of the form (a;,x), ¢ = 1,...,m, and guessing x from
the answers y;. On the one hand, it is in general not possible to recover x from A and y
if m < N. On the other hand, in applications N might be exceedingly large while m is
often restricted due to budget or technical feasibility. To solve the dilemma one must use
preliminary knowledge on x meaning that x belongs to some relatively small subset K of
RN and m measurements suffice to distinguish points in K. A popular choice for K is the
set of sparse vectors, i.e., vectors which have only few non-zero entries. Indeed, in many
applications this is a realistic assumption.

A demonstrative example from everyday life are digital cameras. Let us consider a ten
megapixel camera which nowadays can be found in every smartphone. ”Ten megapixel”
means that in order to capture the picture (here the unknown quantity is an image), the
camera takes ten million measurements corresponding to one color value per image point.
In raw format the digital picture uses around 30MB. However, widespread compression
techniques like JPEG allow to reduce the size to less than 4MB keeping the relevant in-
formation (the picture in Figure 1.1, which has been compressed to JPEG, substantiates
the point). Image compression like JPEG is based on the following idea. A ten megapixel
picture can be stored as a ten million-dimensional vector X. Each entry of X corresponds
to the color value of one pixel. In general, X is dense, i.e., almost all entries are non-zero.
Yet, vectors corresponding to pictures are not spread in the whole space. They mainly
concentrate around a union of low-dimensional subspaces. Rotating the coordinate sys-
tem by applying a suitable Wavelet transformation leads to a sparsified representation of
x such that most of the entries are close to zero and thus negligible. Setting those entries
to zero one obtains a good approximation x of x which is sparse. Instead of storing X,
JPEG stores the non-zero entries of x and their locations. Quality of the JPEG image
depends on the required compression rate which regulates the number of thresholded en-
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tries. Since 80 — 90% of the measurements are cast away in the end, one wonders if the
measurement process could be optimized such that a camera with one megapixel outputs
the same picture. While maybe of moderate interest for hobby photographers, in mag-
netic resonance imaging (MRI) a measurement reduction of 90% massively decreases the
duration of examinations reducing costs and supporting the well-being of patients.

And not only images but also sound waves and electromagnetic waves become sparse un-
der suitable orthogonal transformations like Wavelet or Fourier transform. Early works
on sparse frequency estimation [122], signal recovery [51], and image processing [146] con-
sidered sparsity promoting regularization to de-noise signals and to recover sparse signals
from underdetermined measurements. In statistics, the Least Absolute Shrinkage and
Selection Operator (LASSO) became popular for obtaining sparse and thus interpretable
solutions to regression problems [160]. While already in the 1990s sparse approximation
algorithms have been analyzed [33, 124] and conditions for successful recovery of sparse
signals have followed in the early 2000s [50, 70], only the seminal works [30] and [48] carved
out effectiveness of sparse regularization in combination with random measurement matri-
ces to solve underdetermined systems of equations. By stressing the importance for signal
processing applications they have founded the field of compressed sensing resulting in the
improved design of measurement devices in, e.g., MRI [82, 129] and radar [85].

Though the above described linear measurement model, on which classical compressed
sensing theory relies, has proven useful in various applications, it omits a peculiarity all
digital measurement processes have in common. Single measurements y; are not real num-
bers but only elements of a finite alphabet. A computer could not even store one single
real number with infinite precision and thus quantizes, i.e., it projects real numbers to
a finite subset of R and just stores the approximation. (Quantization theory dates back
to Shannon’s fundamental work [150, 151, 134] on information theory in 1948 and exam-
ines the influence of quantizers on signal distortion.) Even if the underlying measurement
model behaves linear, additional quantization leads to non-linearity and discontinuity. As
long as the quantization has a high resolution, it may be modeled in compressed sensing
as additive noise on the perfect measurements y, a situation which is handled anyway
by classical results. However, in the case of rough quantization — a popular example are
user recommendation systems like in the Netflix Prize [19] where each measurement corre-
sponds to a natural number between one and five — it is crucial to exploit knowledge on the
quantization process for obtaining optimal performance when recovering from compressed
measurements. Especially one-bit quantization rouse a lot of interest in the past few years.
In this extreme setting, each linear measurement is quantized to one bit, namely, its sign.
One-bit compressed sensing is attractive as sensors measuring only one bit of information
are cheap to produce and quite robust to pre-quantization noise. However, compressed
sensing algorithms need to be adapted/extended to exploit knowledge on the quantization
process and to work properly in this highly non-linear setting.

Contribution In this self-contained thesis we present novel algorithmic approaches to
quantized compressed sensing and matrix recovery, their theoretical analysis, and em-
pirical experiments demonstrating their performance as well as the validity of theoretical
results. The essential theoretical contribution is the generalization and non-trivial adaption
of restricted isometry properties to treat nonlinear extensions of compressed sensing (dis-
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tributed quantization and manifold quantization) and non-convex programs (A-T-LASs 7).
Starting from a detailed introduction into compressed sensing and quantization, the thesis
embeds [63, 64, 108, 91, 125], extracts from the Master’s thesis [169], and some yet un-
published insights into recent research. While Chapter 2 and 3 are a review of established
results, Chapter 4-7 and the Appendix consist of original work.

In Chapter 2, we provide a brief overview over the fundamental concepts of com-
pressed sensing. We explain how the problem of sparse reconstruction provoked definition
of null space properties and restricted isometry properties, how those properties are con-
nected to stable and robust recovery, and present different popular recovery strategies of
compressed sensing.

In Chapter 3, we introduce the concept of quantization and discuss the challenges
it imposes on classical compressed sensing theory. We present generalized notions of di-
mensionality to capture intrinsic complexity of signal sets and report on recent progress
in recovery from one-bit and multi-bit quantized compressed sensing measurements.

In Chapter 4, we propose a suitable signal class for distributed compressed sensing
and provide the first theoretical justification for numerically observed performance of joint
signal recovery from one-bit measurements. The results of this chapter have been pub-
lished in [125].

In Chapter 5, we propose the first tractable algorithm for recovering signals living
on low-dimensional manifolds from one-bit measurements. We proof approximation guar-
antees which resemble recent theoretical but algorithmicly intractable results and apply
them to manifolds learned from samples. The results of this chapter have been published
in [108, 91].

In Chapters 6 & 7, we explain how multi-bit compressed sensing relates to classifica-
tion problems in machine learning and how this relation led to the problem of recovering
matrices having multiple structures. We propose a novel algorithm for matrix sensing
which profits from sparsity and low-rankness simultaneously and introduce signal sets of
matrices which have effectively sparse and non-orthogonal low-rank decompositions to an-
alyze its performance. The results of Chapter 7 have been published in [63, 64].

In the Appendix, we discuss a parameter choice strategy for the Least Absolute
Shrinkage and Selection Operator (LASSO) by using an elementary sparse recovery algo-
rithm, work that has been published in [169], and provide some technical and straight-
forward proofs from Chapter 7.

Notation Let us fix some notational conventions for the rest of the thesis. We abbreviate
[n] = {1,...,n}. We use lowercase and uppercase bold letters for vectors and matrices,
respectively. Hence, a matrix A € R™*"2 can be clearly distinguished from its rows a;
and its entries a; j, for i € [n1],j € [n2]. We denote rank and kernel of A by rank(A) and
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ker(A).

By singular value decomposition (SVD), any matrix A € R™*"2 can be decomposed
into the product UXVT where U € RM*™ V € R™*™ are orthogonal matrices and
3 € R™m*™2 ig diagonal. The diagonal entries o; > 0, for ¢ € [min{ni,ns}|, are called
singular values and the columns of U and V are called singular vectors. If rank(A) = R,
we can use the rank-reduced SVD UX VT where U € RM*E 'V € R"2*E have orthonormal
columns and ¥ € RF*® with o; > 0, for all i € [R)].

We use a variety of norms in this work: let |-, for p > 0, denote the £,-(quasi)-norm
of a vector. For p = co we get the supremum norm and by abuse of notation, for p = 0,
the fy-norm which is not a norm but counts the number of non-zero entries of a vector (it
can be interpreted as the limit p — 0). All /,-(quasi)-norms are transferred to matrices
by applying them to the vector of singular values. In this case, they are called Schatten-
£y-(quasi)-norms. Moreover, the {-norm becomes the operator norm and is denoted by
I|-||5_,» While the ¢;-norm becomes the nuclear norm and is denoted by ||-||,. The Schatten-
lo-norm is also called Frobenius norm and written as ||-|| . In addition to those, we will
use the mixed matrix norms |[|-||,; and ||-||; , which are defined as the sum of the ¢;-norms
of the columns resp. rows. 7 7

We write B, (z,7) to denote the £,-ball of radius r > 0 at z € RY and SV~! to denote the
(N — 1)-dimensional Euclidean unit sphere.

An (e, ||-||)-net K of aset K € RN is a subset K C K such that for any z € K there exists
z € K with ||z — z|| <e. The covering number N(K, ||-|| &) denotes the cardinality of a
minimal (g, ||-||)-net of K. If the underlying metric is clear, we write e-net and N (K, ¢).
We denote the support of a vector z € R by supp(z) = {i € [N]: z; # 0} and define the
set of s-sparse vectors ¥ = {z € R": |supp(z)| < s}. For any set S C [N], z5 € RV
is the restriction of z to S, i.e., all entries not in S are set to zero. The best s-term
approzimation of x in ¢, is defined as 05(x), = inf{|[x — 2|, : z € DR}

The probability of an event A and the expectation of a random variable W are written as
Pr[A] and E[W]. For K C RY, let U(K) be the uniform distribution on K and denote
the normal distribution with expectation g € R and covariance matrix ¥ € RV*N by
N(p, ).

We use a 2 b and a < b to express a 2 Cb and a < Cb, for some absolute constant C' > 0.
If a 2 b and a < b, we write a >~ b.

We write dist(K, K') = inf,ex e ||z — 2'||2 for the distance of two sets K, K C RY
and by abuse of notation dist(0, K) = inf,ck ||z]|2. We denote the diameter of a set by
diam(K) = sup,exf [

We use [r]| and |r]| to denote the smallest z € Z with r < z and the largest z € Z with
z<r.

Let Voly(K) be the d-dimensional volume of a set K C RY and write Vol(K) if d = N.
For K C RN, Pg denotes the projection onto K whenever it is uniquely defined. If
K = SN~ we simply write Pg.

We work with various distance measures: for z,z’ € RV, the Hamming distance is defined
as dp(z,2') = |[{i € [N]: z; # 2}|. The normalized geodesic distance is denoted by
di(z,2') = Larccos((z,2')), for any z,z' € SV~1, and fulfills de(z, —z) = 1. It can be
extended to RY \ {0} by defining dg(z,2') := dg(Ps(z), Ps(z')). The distance d4 is more
involved and can be found in Definition 3.3.4.

11
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We denote the vectorization of a matrix Z € R™*"2 by vec(Z) € R™"2.
The indicator function 1x(z) of a set K C RY is one if z € K and zero if z ¢ K.
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Chapter 2

Compressed Sensing

In this chapter we introduce in detail the basic concepts of compressed sensing and provide
a collection of well-known definitions and results. Starting with theoretical lower bounds on
the minimal number of measurements necessary to identify sparse signals from their linear
measurements, the chapter leads the way to efficient algorithms which are guaranteed to
approximate sparse signals from noisy measurements.

2.1 Sparsity and Under-determined Linear Systems

As already mentioned in Chapter 1, we are interested in recovering high-dimensional sig-
nals x € RY from few linear measurements of the form

y = Ax, (2.1)

where A € R™*N models the measurement process and y € R™ is a vector containing the
measurements. In general, the problem is ill-posed as soon as m < N. To allow reconstruc-
tion one needs additional assumptions. Though living in a high-dimensional space, many
signals in real-world applications are concentrated on lower dimensional manifolds, i.e.,
their intrinsic dimension is small in comparison to the ambient dimension N, cf. Section
1. (We will discuss more general measures of dimensionality than the linear dimension in
Section 3.2.) In the simplest case we may assume x to be s-sparse which means that the
support supp(x) = |{i € [N]: z; # 0}| of x is of size s at most. Under knowledge of the
support this corresponds to an intrinsic signal dimension s which is independent of N. We
will see later that even without any knowledge of the support the ambient dimension N
has just a mild influence on this. From now on we denote the set of s-sparse vectors in
RN by £V

The first interesting question is, how many measurements are necessary to uniquely
identify each s-sparse signal. To be more precise, what is the minimal m, such that
Az # Az implies z # 7z/, for all z,z' € ¥? The following observation, which relies on
basic linear algebra, provides an answer.

Lemma 2.1.1 ([34, Lemma 3.1]). Given A € R™*¥ | the following properties are equiva-
lent:

13
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(i) Every s-sparse vector x € RY is the unique s-sparse solution of Az = Ax, that is,
if Ax = Az and both x and z are s-sparse, then X = z.

(i) The nullspace ker(A) does not contain any 2s-sparse vector other than the zero
vector, i.e., ker(A) N Y, = {0}

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

Proof: (i) = (ii): Assume (i) holds and z € ker(A) N X5, Then z can be written
as z = z1 — zy where z1,2y € ¥ and supp(z1) Nsupp(z2) = 0. As Az, — Azy =
Az = 0, (a) implies z; = z;. But as z; and z2 have disjoint supports we get
z1 =29 =2z =0.

(i4) = (iii): Assume (#i) and that z € RY encodes a linear combination of 2s
columns of A which yields zero, i.e., z € X4 with Az = 0. Property (ii) implies

z = 0.

(iii) = (i): Assume (4ii) and that x,z € ¥ yield the same measurements Ax =
Az. Asx —z € XY, and A(x — z) = 0, property (iii) implies x = z. |

The third property of Lemma 2.1.1 shows that at least m > 2s linear measurements
are necessary to uniquely recover s-sparse signals from their measurements. In fact, one
can construct matrices A € R™ N for m = 2s and arbitrary N > 2s such that (iii) is
fulfilled (see [66, Theorem 2.14]). It is even possible to provide a program which recovers
any s-sparse signal x from its measurements y in that case. One just asks for the sparsest
signal fulfilling the measurements, that is

min ||z|,, subject to Az =y, (2.2)
zeRN

where the {p-norm is defined as ||z||, = | supp(z)| (by abuse of notation we write and call
|I-[l; @ norm). It is straight-forward to check that if we assume (i) in Lemma 2.1.1 for the
measurement operator A, the signal x is the unique solution to (2.2).

This could be the end of the story as we obtained a procedure for recovering s-sparse
signals in arbitrarily high dimensions from m = 2s linear measurements. However, the
program (2.2) has several drawbacks. First, it is in general NP-hard to solve (cf. [130]).
To find a solution one has to solve a linear system for all possible support combina-
tions, the number of which grows like (]Z ) ~ (N/s)%. Second, the program is neither
stable nor robust. Being stable means that under small sparsity defects the approxi-
mation still works, i.e., if for any x € RY the best s-term approzimation is denoted by
0s(x)1 = inf{|x —z||; : z € X} then the error in recovery of x is at most O(os(x)1).
Vectors x for which o4(x); is small are often called compressible. Being robust means
that under unknown noise 7 € R™ on the measurements, i.e., y = Ax + 7, the error
in recovery of x is at most O(||n||;). In case of Fourier measurements (if A computes a
subset of coefficients of the discrete Fourier transform) the first issue can be avoided by
using Prony’s method which identifies supp(x) by identifying the zeros of a well-chosen
polynomial (see [66, Theorem 2.15] and references therein). Nonetheless, Prony’s method
suffers by construction the same lack of stability and robustness as (2.2) provoking the
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2.2. NSP AND RIP - STABILITY AND ROBUSTNESS

\ Az = Ax

W

Figure 2.1: Interplay between ¢;-ball and ker(A).

question if one can recover all s-sparse signals in polynomial time in a stable and robust
way from m = 2s measurements or, if this is not possible, how many measurements will
suffice.

Remark 2.1.2. We restrict ourselves in this chapter to uniform recovery of signals, that is
we are interested in measurement operators A which work for all s-sparse signals at once.
There has also been research on non-uniform recovery where one specific but unknown
s-sparse signal x is fired and A may be designed in a way to perform especially well for
the recovery of x. In this setting it is possible to guarantee unique recovery by (2.2) for
m = s+ 1 as shown in [168, Theorem 2.1].

2.2 NSP and RIP - Stability and Robustness

The last section showed that recovery of sparse signals from few measurements is in theory
possible but also that it is not obvious how to recover in practice. A possible approach is
to relax (2.2) to a tractable program by noting that |z[[; — ||z[|, for p — 0 with p > 0.
However, using ||-| p» for 0 < p < 1, yields a non-convex optimization problem which is
hard to solve. Choosing p = 1 leads to

min ||z||;, subject to Az =y, (2.3)
zeRN

which is often called basis pursuit and can be viewed as convex relaxation of (2.2). One
might wonder if solutions to (2.2) and (2.3) agree. The sketch in Figure 2.1 suggests that
the solutions to both problems are identical if ker(A) is not aligned with high dimensional
faces (here the one-dimensional faces) of the ¢;-ball. In this case the inflated ¢;-ball hits
the affine space Az =y in exactly one point which corresponds to a sparse solution.

The observation that the kernel geometry plays a key role (recall (i) in Lemma 2.1.1)
motivates the following definition of null space property. In a more general form it was
introduced under this name in [34] but we state the commonly known version in [66]. For
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any z € RY and S C [N] we denote by zg € RY the vector which has set to zero all entries
not contained in S.

Definition 2.2.1 (NSP, [66, Definition 4.1]). A matriz A € R™*N is said to satisfy the
null space property relative to a set S C [N] if

llzs|l; < |zsell; for all z € ker(A) \ {0}.

It is said to satisfy the null space property of order s if it satisfies the null space property
relative to any set S C [N] with |S| < s.

Remark 2.2.2. The NSP of order s implies property (it) in Lemma 2.1.1.

It turns out that A satisfies the NSP if and only if (2.2) and (2.3) are equivalent, i.e.,
the NSP fully characterizes when (2.2) can be solved by convex relaxation.

Theorem 2.2.3 ([66, Theorem 4.5)). Given a matriz A € R™N | every s-sparse vector
x € RV is the unique solution of ¢1-minimization subject to y = Az if and only if A
satisfies the null space property of order s.

Proof: Consider first one fixed support set S C [IN] with |S| < s. Assume that every
x € RY with supp(x) C S is the unique minimizer of (2.3). Hence, for any v €
ker(A)\ {0}, the vector vg is the unique minimizer of ||z||; subject to Az = Avg.
This implies ||vg|l; < ||[vse|; as —vge # vg and by A(vg + vge) = Av = 0 one
has A(—vge) = Avg.

Conversely, let us assume that the NSP relative to S holds. Given x € RV with
supp(x) C S and z € RY such that x # z and Ax = Az, define v = x—z € ker(A).
We get

Ix[l; < lIx = zslly + llzsll, = [[vsll, + [[zslly
< |lvselly + llzslly = [zl ,

which shows that x is the unique minimizer of (2.3). The claim follows by varying
over all possible support sets. |

Theorem 2.2.3 implies the equivalence of (2.2) and (2.3) as, for x € ¥ minimizing
(2.3), any minimizer x’' of (2.2) fulfills ||x||, < |x[|, and hence x’ = x. (The proof
illustrates why linearity of A is a crucial assumption for classical compressed sensing and
indicates that considering non-linear measurement processes poses a non-trivial challenge.)
Let us defer the question of how many measurements m are necessary to guarantee the NSP
for A and first concentrate on the second issue of (2.2), namely stability and robustness of
reconstruction. The NSP as defined in Definition 2.2.1 does not suffice to ensure stability
of (2.3) and the linear constraints of (2.3) are too strict to allow noisy measurements of

type
y=Ax+n, (2.4)
where 17 € R™ is the unknown noise. We hence introduce for 7 > 0 the convex program

min ||z||,, subject to ||Az — yl, < 7. (2.5)
zERN
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2.2. NSP AND RIP - STABILITY AND ROBUSTNESS

The minimization in (2.5) is a relaxation of (2.3) and commonly known as basis pursuit de-
noising. In combination with the following stronger NSP it guarantees stable and robust
recovery in polynomial time if 7 is suitably chosen in dependence on the noise level ||n||,.

Definition 2.2.4 (Stable and robust NSP, [66, Definition 4.17]). A matriz A € R™*N
1s said to satisfy the stable and robust null space property with constants 0 < p < 1 and
7 > 0 relative to a set S C [N] if

lzsll; < pllzsell, + 7 ||Az|l, for allz € RY.

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

Theorem 2.2.5 ([66, Theorem 4.19]). Suppose that A € R™*N satisfies the stable and
robust NSP of order s with constants 0 < p < 1 and 7 > 0. Then, for any x € RN with
measurements (2.4), a solution x of (2.5) with n > |||y fulfills

2(1+p) At

x|, <
I =l < oG+

7. (2.6)

Theorem 2.2.5 is the consequence of the stronger statement [66, Theorem 4.20] which
provides an equivalence relation, not only an implication of the stable and robust NSP.
The parameters p and 7 in Definition 2.2.4 control stability and robustness as can be seen
from Theorem 2.2.5. For p =1 and z € ker(A) \ {0} one recovers the NSP.

Though null space properties yield valuable insights into the solvability of (2.2) it is
in many situations convenient to work with a stronger condition, the so-called restricted
isometry property. This property of a matrix A € R™*¥ has been introduced in [31] under
the name ”uniform uncertainty principle” and implies the stable and robust NSP.

Definition 2.2.6 (RIP, [66, Definition 6.1]). A matriz A € R™*N satisfies the restricted
isometry property of order s (s-RIP) with RIP constant 0 < § < 1 if, for allz € XY,

(1= 0)l2ll3 < [|Az]3 < (1 +6)]z]3. (2.7)

Remark 2.2.7. There exists an alternative definition of s-RIP without squares in which
(2.7) is replaced by

(1= 9)llzll2 < |Az[l2 < (1 + 5)[lz]2- (2.8)

Both definitions are equivalent up to a slight modification of the RIP constant as, for
0<6d <1, (2.7) implies (2.8) and (2.8) with RIP constant §/3 implies (2.7).

Theorem 2.2.8. If A € R™*N satisfies the 2s-RIP with § < 4/+/41 ~ 0.6, A also satisfies
the stable and robust NSP with constants p = c¢; and T = \/sc; where 0 < ¢; < 1 and
¢ > 0 only depend on é.

Theorem 2.2.8 is a consequence of [66, Theorem 6.13]. The idea behind Definition 2.2.6
is that A cannot preserve the whole geometry (distances and angles) of RY if m <« N.
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Distinct points will fall together. If A satisfies an RIP, however, it acts almost like an
isometry when restricted to sparse vectors. In other words, A preserves the geometry of
YN Tt is straight-forward to verify that two different s-sparse vectors can be distinguished
by their measurements if A has the 2s-RIP.

In Theorem 2.2.8 a 2s-RIP is used. There exist various other stability and robustness
guarantees under assumption of ts-RIPs, for ¢ > 4/3. Cai and Zhang showed in [26] that
0 < 4/(t—1)/t is a sharp upper bound on the ¢s-RIP constant of A to guarantee exact
recovery of all s-sparse signals in the noiseless case.

We have characterized matrices which will allow stable and robust recovery of signals
in RY in polynomial time. So far we ignored how many measurements are necessary to
construct such matrices. Is it sufficient to have m = 2s as in Lemma 2.1.17 Unfortunately,
the answer is no. By relating the problem of stable recovery to Gelfand widths of £,-balls
it has been shown that (cf. [34] and references therein), for some absolute constant C' > 0,

> cotor () .

S

linear measurements are necessary to guarantee stable estimates as (2.6). In contrast to
Lemma 2.1.1 the ambient dimension N has now a mild influence. However, up to the
log-factor the necessary number of measurements still scales linear in s. The condition
in (2.9) is not only necessary but also sufficient for the existence of s-RIP matrices. The
following result has been first derived in [31]. We report the proof presented in [13] as it
is elementary and illustrates the main tools for deriving RIPs of random matrices.

Theorem 2.2.9. Let A € R™N have standard Gaussian iid entries a;; ~ N(0,1) and
assume that (2.9) holds for C = C'672 with 0 < § < 1 and an absolute constant C'. Then
with probability at least 1 — exp(—cd>m), for some absolute constant ¢ > 0, the matriz
\/—%A satisfies the s-RIP with RIP constant §.
Proof: We show the alternative RIP in Remark 2.2.7. The claim follows by equivalence

of both definitions. As (2.8) is invariant under /o-norm scaling we restrict the proof

to ||x||, = 1. Note that, for all z € RY, the matrix ﬁA fulfills

2

Pr([laxil3 - 1z13] > ¢ Jlz113] < 267, (2.10)

for some absolute constant ¢ > 0 (see, e.g., [164, Proposition 5.16]). Let us fix a
support set S C [N] with |S| = s and define the set X5 := {x € S¥~!: supp(x) =
S}. Choose a minimal §/4-cover Qg C Xg, i.e., for all x € ¥g there exists q € Qg
with [|q|l, = 1 and ||x —q||, < 6/4. One can find such a cover of cardinality
|Qs| < (12/6)® (see [28, Section 3]). By setting ¢ = /2 and applying a union
bound to (2.10) we get with probability at least 1 — 2(12/8) exp(—cmd?/4) that

5 ) 1 2 § )
— = < ||—=— < el
<1 2) [all3 < H —Adq = <1+ 2) lalls,
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2.2. NSP AND RIP - STABILITY AND ROBUSTNESS

for all q € Qg which implies

) 0
(1-5) all < | =l < (1+3) al..
2

Define now A > 0 to be the smallest number such that

HAx < (14 4) xll,,

for all x € ¥g. For any x € ¥g, we can choose a q € (Qg of minimal distance. As
—q € Xg, we get

0

)
R < — —
H Ax _1+2+(1+A)4

< mad

e

2

By minimality of A this implies A < /2 4 (1 + A)d/4 and, hence, A < §. The
lower bound can be obtained in a similar way.

We have now proven the RIP on a fixed support set S C [N] with probability at
least 1 — 2(12/6)% exp(—cmé?/4). To conclude it suffices to bound the number of

possible supports by (];[) < (eN/s)®, apply a union bound, and use the assumption
(2.9). |

Theorem 2.2.8 shows that there exist RIP matrices for m = O(slog(eN/s)) and that
they can be obtained with exceedingly high probability by drawing the matrix entries at
random. Similar results have been derived as well for other distributions which follow
concentration laws like (2.10), e.g., all sub-gaussian distributions (cf. [13]). As the 2s-RIP
implies stable and robust recovery of s-sparse signals in polynomial time, we have resolved
all aforementioned issues of the fp-minimization in (2.2).

The proof of Theorem 2.2.8 reveals the main ingredients of proving an RIP for random
matrices. One starts with a concentration inequality which is extended to all points in
the signal set. In the above proof this happened by combining a elementary calculation
with union bounds. The reader will rediscover this basic strategy in the proofs of the
generalized RIPs of Chapter 4 and 7 as both rely on a covering of the signal set. Only the
extension to the whole set is done by more sophisticated methods.

It is still an open problem to prove RIPs for deterministic matrices in the optimal mea-
surement regime m = O(slog(eN/s)). The best obtained results need m > Cs? which is
in terms of s substantially worse than (2.9).

As we initially were interested in practical signal recovery from compressed sensing
measurements, Theorem 2.2.8 is still unsatisfactory. Matrices with subgaussian entries
are almost surely dense. Consequently, they are expensive to store and matrix-vector cal-
culations become time-consuming in high dimensions. Moreover, it is hard to construct
measurement devices which correspond to such random matrices. Because of these short-
comings other types of measurement operators have been examined. Under slightly worse
log-factors the RIP has been proven for randomly subsampled Fourier matrices in [31, 145]
and partial random circulant matrices in [107]. These matrices can be efficiently stored
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and allow fast matrix-vector multiplications. Moreover, Fourier measurements naturally
appear in many imaging applications.

All above results remain valid if stated for complex-valued signal vectors. As we restrict
ourselves in the following to the real-valued case, we refrain from presenting them in full
generality.

2.3 Recovery Methods

Basis pursuit de-noising is not the sole polynomial time method to solve (2.2) in a stable
and robust way. Over the years, a vast amount of algorithms has been proposed to effi-
ciently find sparse solutions to (2.1) and (2.4). They can be split into three main groups:
greedy methods, e.g., the orthogonal matching pursuit (OMP) [44, 163], iterative thresh-
olding algorithms, e.g., the iterative soft thresholding algorithm [39] and convex optimiza-
tion approaches as basis pursuit. All groups exhibit different advantages and drawbacks.
Roughly spoken, greedy methods, which search for global solutions by successively making
locally optimal choices, are in general simple to implement and extremely fast but need
a good stopping criterion to prevent them from overshooting. Iterative thresholding al-
gorithms, which alternate between gradient descent and projection steps, are also simple
to implement but their convergence rate might depend heavily on a suitable parameter
choice. Optimization approaches, which combine data fidelity with regularization terms,
are convenient to analyze but can become hard to solve efficiently for high-dimensional
problems. In the rest of this chapter we present three popular methods which belong to
the first two groups and will reappear in later chapters.

2.3.1 Orthogonal Matching Pursuit

As already mentioned, orthogonal matching pursuit (OMP) belongs to the group of greedy
algorithms. It is popular for its speed, performance and simplicity and aims at approxi-
mating x in (2.4) by some s-sparse Xomp € RY where the desired support size s has to
be known in advance as it defines the stopping criterion of OMP (cf. Algorithm 1).

The algorithm starts with the residuum e := y, the solution vector X%MP = 0, and the
support set AY := () which will be greedily built in s steps. In each iteration step [ one index
is added to A'~1, namely, the index maximizing the scalar product between the columns of

A and the current residuum. After having enlarged the support, the target vector xl(;\}lp
is updated by a least squares fit and the new residuum is given by e'*! =y — Axl(;q\}lp.

After s steps OMP terminates.

If A satisfies the RIP, the following statements hold for OMP. Note that Theorem 2.3.1
requires more iterations for recovery than Theorem 2.3.2 but is based on less restrictive
assumptions.

Theorem 2.3.1 ([66, Proposition 6.24]). Let A € R™N fulfill the RIP of order 13s and

y = Ax + n, for some s-sparse x € RN with A = supp(x) and n € R™. Let (xlOMp)l
denote the sequence defined by Algorithm 1 started at the index set A° = (). If the 13s-RIP
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Algorithm 1 : OMP(y, A, s)
Require: A ¢ RN y e R™, seN

Lel=y, x0p=0eRN A0=0 1=0 > initialize
2: while [ < s do

3 h! = AT¢! > match
4 A = AMU {arg max; | h'(j) [} > identify
5 XlOJrl\}[P = arg Ininz:supp(z)CA“f1 ||y - AZHQa eltl = y — AXZOJFI\}[P > update
6 l=1+1

7: end while

8: return Xonp = Xhyp = arg MiN,.gupp(z)cat Y — Azl

constant satisfies 6 < 1/6, there is a constant C' > 0 depending only on 0, such that

12
ly — Axgirellz < Clinll2.
Note that, if n = 0, this implies exact s-sparse recovery via OMP in 12s iterations.

If the signal fulfills an additional decay condition and there is no noise on the mea-
surements, one can guarantee recovery in s iterations.

Theorem 2.3.2 ([41, Theorem 4.1]). Suppose that the matriv A € R™N satisfies the
RIP of order s + 1 with RIP constant § < % Suppose x € RN is s-sparse and for all
je{1,2,...,s — 1} it holds that

rj(x)

>«
7j+1(X)

)

where r;(x) denotes the j-th largest entry of x in absolute value. If

1+2:5 k-1
>

[
1-2

)

[
-6
then OMP recovers x exactly fromy = Ax in s steps.

In both cases it is important to stop OMP after a specific number of iterations which
depends on the exact and, in general, unknown support size of x. Moreover, without
special structure of the signal, OMP is not able to provide guaranteed recovery in s steps
(cf. [49, Theorem 7.3]).

2.3.2 Iterative Hard-Thresholding

By its name it is obvious that iterative hard-thresholding (IHT) belongs to the group of
iterative thresholding algorithms. Similar to OMP it is a simple and efficient method
which requires knowledge on the sparsity s of the signal to be recovered (cf. Algorithm
2).
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Algorithm 2 : THT(y, A, s)
Require: A € R™*N y € R™, s € N, number of iterations L

Lx"=0eRN, 1=0 > initialize
2: while [ < L do

3: xt = Hy(x! + AT (AX! —y)) > gradient and hard thresholding step
4: l=1+1

5: end while

6: return xygT = xL

Algorithm 3 : ISTA(y,A,«, L)

Require: A € R™*N y € R™, a > 0, number of iterations L

Lx"=0eRN, 1=0 > initialize
2: while !l < L do

3: xtt =8, /g(xl +AT(AX! —y)) > gradient and soft thresholding step
4: I=1+1

5: end while

6: return xjsTA = xL

The algorithm alternates between gradient descent steps of the least squared error function
z — |ly — Az|3 and back-projections to the set ¥N. The name IHT comes from the
projection operator Hg which is called hard-thresholding operator. It only keeps the s in
magnitude largest entries of a vector and sets the rest to zero.

As before the RIP of A can be used to deduce stable and robust recovery.

Theorem 2.3.3 ([66, Theorem 6.21]). Suppose that A € R™*N satisfies the RIP of order
6s with RIP constant § < 1/\/§ ~ 0.6. Then, for x € RN and n € R™, the sequence x!
defined by Algorithm 2 with y = Ax +n, x° = 0, and s replaced by 2s satisfies, for any
>0,

HX B XlHl < Cog(x)1 + DVs|nlly + 20 Vs |Ix|l,

where the constants C, D > 0 and 0 < p < 1 depend only on 9.

The error bound in Theorem 2.3.3 is similar to (2.6) if one replaces the NSP as-
sumption by an RIP assumption and uses Theorem 2.2.8. The difference lies within the
additional error term 2p!/s ||x||, which linearly converges to 0. Moreover, the result does
not guarantee convergence of the sequence x!.

2.3.3 Iterative Soft-Thresholding and LASSO

With the iterative soft-thresholding algorithm (ISTA) we have another representative of
the thresholding algorithms. We will see, however, that ISTA is also closely related to a
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convex relaxation approach which provides additional tools for analysis. In contrast to
IHT, ISTA does not require the signal’s sparsity as input. Instead there is a free parameter
a > 0 to choose, which controls sparsity of the approximation (cf. Algorithm 3).

ISTA is a proximal gradient descent algorithm, i.e., it approximates the minimizer of
a convex but partially non-smooth functional by alternating between gradient descent
steps of the smooth component and proximal mappings of the non-smooth component
(for further details on proximal mappings and proximal gradient descent refer to [136]).
Similar to THT the gradient descent step is computed for z — ||y — Az|3. Proximal
mapping of ISTA is the soft-thresholding operator

2 —a Zp >
(Sa(@)i={0 |l <a (2.11)

Zit+a z; < —a,

which acts component-wise on vectors and motivates the algorithm’s name. The soft-
thresholding operator iteratively shrinks all components to zero. One might view it as a
smoothened version of the hard-thresholding operator. As S,/ is the proximal mapping
of z — a|z||;, the underlying optimization problem of ISTA is given by

min — Azl +a|z , 2.12
min [ly - Azl +a (212)

which is commonly known as least absolute shrinkage and selection operator (LASSO) in
statistics and is, for suitable choice of o > 0, equivalent to the basis pursuit denoising in
(2.5), see [66, Proposition 3.2]. This can be used to transfer theoretical results obtained
for (2.5) to ISTA. (As proximal mappings are generalized projections, IHT may also be
interpreted as proximal gradient descent algorithm but for a non-convex problem.)

The analysis of ISTA can be splitted in two independent parts. First, convergence of the
iterates is established under mild assumptions on A. Second, by equivalence of (2.12) and
(2.5) we can use Theorem 2.2.5 to bound the worst case distance between minimizers of
(2.12) and the original signal x depending on sparsity defect and noise level.

Theorem 2.3.4. Let A € R™N andy € R™. If |All,_,, < V2, the sequence of iterates
x! in Algorithm 8 converges to a minimizer of (2.12).

The convergence of Algorithm 3 has been established in [39] for ||A|,_,, < 1. In [36]
the authors could relax the condition ||A[, ., < 1 to [|All,, < V2. In the end, the
assumption on ||A||,_,, is always fulfilled by a proper rescaling of (2.12). If one replaces
A, y,and a by A/|Ally_,, ¥/ |All5_9, and «/ HA||§_>27 the minimizers of (2.12) do not
change but Theorem 2.3.4 applies.

Theorem 2.3.5. Suppose that the 2s-th RIP constant of A € R™*N satisfies § < 4/v/41 ~
0.6. Then, for any x € RY andy € R™ with |Ax — y||2 < n the following holds. Denote
by Xo a minimizer of (2.12). If a > 0 such that 1 == ||y — AXq|l2 > 1, one has

1% = Xall < Cog(x)1 + DV/s1a,

for constants C' and D depending on the RIP constant § of A.
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Proof: Theorem 2.3.5 is a re-statement of Theorem 2.2.5 where we use Theorem 2.2.8
and that by [66, Proposition 3.2] the minimizer x, is a solution to (2.5) with 7
replaced by 7. |

Under suitable choice of « (such that 1, = n), Theorem 2.3.5 provides stable and
robust approximation guarantees which are similar to the ones in Theorem 2.2.5. In com-
bination with Theorem 2.3.4 they apply to ISTA.

A notable property of ISTA is that it does not require an RIP of A to converge. Even if
the measurements do not allow unique identification of sparse signals, ISTA still produces
solutions which have a small error in measurements and small ¢;-norm (we further elabo-
rate on the connection of small /;-norm and sparsity in Section 3.2).

We conclude by illustrating how « regulates the trade-off between data fidelity and ¢;-
norm /sparsity. Let x € R with noisy measurements y = Ax + 1 be the signal and let
Xqo be the minimizer of (2.12). Then,

ly — Axal3 < lly — Axallz + o |xall;
2 2
< [ly = Ax[lz + a x|, = lnllz + a|x]

and

2
Ixally < = (ly = Axal} +alixal,)

1
o}

<

1 2 lyl2
- —A-0 0 ) =
~(ly—A-03+allo],) = =
by using x and 0 as competitors in (2.12). Hence, a small « promotes data fidelity and
a large o small ¢1-norm/sparsity. We discuss parameter choice strategies for ISTA in

Appendix A.
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Chapter 3

Quantized Compressed Sensing

In this chapter we explore limitations of the classical compressed sensing model which has
been presented in the last chapter. We start with a short introduction on quantization
and modify the measurement model to better reflect reality. By generalizing the notion
of sparsity we build a bridge to more general signal sets and probabilistic definitions of
dimension and complexity. The last two sections detail one-bit and multi-bit quantization
in compressed sensing and discuss several important recent results.

3.1 A Measurement Model Meets the Real World

The last chapter showed that s-sparse signals can be recovered in a stable and robust
way from few linear measurements. As already indicated in Chapter 1, the measurement
model in (2.1) does not directly apply to real-world applications. The assumption of hav-
ing real (or complex) valued measurements does not incorporate the limitation of finite
data storage. To illustrate this point consider a single real number r € R which shall be
saved to a computer. The computer does not memorize r but rounds to a fixed number of
digits, i.e., it quantizes r to a finite subset of Q. By dictionary definition, quantization is
the division of a quantity into small but measurable increments (Merriam-Webster). We
define a quantizer : Z — F to be a function mapping a continuous and infinite set Z to
a discrete and finite alphabet F = {z;: ¢ € [n|} C Z, where n € N and the z; are called
quantization values. We call R = logy(n) the rate of @ such that an R-bit quantizer has
2R quantization values.

If Z C R the quantizer @) is normally defined by a set of intervals S; = (a;_1,a;] C R such
that Q(r) = z; if and only if » € S;. The interval limits a9 < ... < a, are often called
quantization thresholds. A quantizer is called uniform if all finite S; have the same length
and z; = (a; — a;—1)/2. The thresholds a; and a,_; define the quantizer’s range. We say
that @ saturates outside its range, i.e., if Q(r) € {z1, z,} and Z is unbounded we have no
information on the quantization error |Q(r) — r|. A uniform quantizer is fully determined
by its range and A :=|S;|. Figure 3.1 shows two examples of one-dimensional quantizers.
It is straight-forward to generalize those concepts to the higher dimensional case Z Cc RP
by replacing the intervals S; by connected subsets of R”.
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(a) Non-uniform

(b) Uniform

Figure 3.1: One-dimensional quantizers with ag = —oco and a4 = oo

A key quantity of a quantizer @) is the worst-case distortion

e == suplz — Q(z)]l, (3.1)
zEZ

which measures the worst-case error caused by applying (). For given rate R a quantizer

is optimal if the choice of F C Z and the mapping @) are minimizing € in (3.1). Obviously,

€ = oo for all finite quantizer if Z is unbounded. If Z C RP, a simple volume argument

(cf. [22]) shows that

o

€>27D. (3.2)

>}

The best one can hope for is hence an exponential decay of quantization error in the rate.
For a detailed survey on the history of quantization, which dates back to Shannon’s fun-
damental work [150, 151, 134] on information theory in 1948 and the following years, and
a collection of important results on quantizer design and quantization methods refer to [77].

We will concentrate in this work on uniform scalar quantizers. Scalar quantization is
a straight-forward approach to design quantizers in RP. Instead of quantizing the whole
vector z € RP, one defines a one-dimensional quantizer Q and applies it independently
to each component of z. We call () an B-bit quantizer if its rate per entry is B which
corresponds to an overall rate R = DB. If Q is uniform, we speak of uniform scalar
quantization. It has been shown that uniform scalar quantizers approach optimality when
the bit-rate increases (see [77]).

Let us modify (2.1) by introducing a uniform scalar quantizer @: R™ — R™. The
quantized compressed sensing model hence reads

y = Q(Ax). (3.3)

As @) neither has to be linear nor even continuous, we loose several favorable properties
of the measurement process. Moreover, in addition to the number of measurements m
we have the bit-rate per entry B of () as a free parameter which influences reconstruc-
tion quality. At first sight, the role of both parameters seems clear. Increasing m leads
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Rm

Az = Ax

W

~ pa

Figure 3.2: Only a small fraction of the quantization cells is used by the
measurements.

to stronger compressed sensing guarantees while increasing B reduces measurement per-
turbations. But the interplay of both quantities has to be considered as well (cf. [24]).
Assume for simplicity that x, instead of being s-sparse, lies on an s-dimensional subspace
U of RN . In this case AU is an s-dimensional subspace of R™. As m is typically a multiple
of s due to oversampling of the intrinsic dimension of x, the measurements of signals in U
only use a small fraction of the quantization cells provided by @ (see Figure 3.2). When
transferring this fact to the set ¥ which consists of (Z) different s-dimensional subspaces,
one can show (see [22]) that for an B-bit quantizer @) the number I, ,,, p of quantization
cells which are intersected by AXY is bounded by

2Bmn\°
Is,m,B S < 2 >
S

Consequently, a volume argument similar to the one used for obtaining (3.2) shows (see
[22]) that the worst-case distortion of Z = AXY can be lower bounded by

R

27 m
ex 2 S22 18 (3.4)

m m

Enhancing stability and robustness of reconstruction by increasing the number of measure-
ments hence degrades the exponential error decay in the overall bit-rate R of (). Moreover,
the lower bound in (3.4) shows that for a fixed one-dimensional bit-rate B the quantiza-
tion resolution on AXY (and with it the worst-case reconstruction error) decay at most
linearly in m.

When it comes to reconstructing signals from their quantized measurements in (3.3),
one could treat the quantization distortion as additive bounded noise. In this case (3.3)
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is replaced by (2.4) with n = Q(Ax) — Ax. If we assume for simplicity that @ is uniform
with quantization intervalls of length A and that the range of @) is sufficiently large, the
noise is bounded by ||n]l, < vm|Q(Ax) — Ax|| < \/m% To recover one applies (2.5)
and uses the stability and robustness results presented in Chapter 2, cf. [22, 26]. This ap-
proach, however, suffers certain drawbacks as mentioned in [97]. Most important it does
not guarantee measurement consistency, i.e., the fo-constraint of (2.5) does not guarantee
that ||Q(Az) — Az| < %, which means a loss of information in the recovery process.
Already the seminal work on compressed sensing [31] suggested to enforce measurement
consistency when dealing with quantized measurements. Since then, it has been shown
that measurement consistency helps in reaching the lower bound in (3.4), cf. [141, 73]. We
will discuss in this chapter several recovery algorithms which are tailored to the measure-
ment model (3.3).

There are two ways to deal with saturation in compressed sensing: one either assumes
that the quantizer’s range is sufficiently large to cover the measurements of all signals
of interest or one mistrusts and dismisses any measurements which are quantized to the
boundary of the range. In the first case, the quantizer can be assumed to be infinite and
is, if working with uniform quantizers, only characterized by A, e.g., [94]. In the second
case, one uses democracy of the measurement matrix A to rely only on parts of the mea-
surements. Democracy is a property which guarantees RIP even for submatrices of A (cf.
[111, 27, 79]) and is with high probability fulfilled by Gaussian random matrices, see [42].
Note that in the one-bit setting we mainly focus on in later chapters, saturation is not an
issue by coarseness of the quantization (there are only two quantization intervalls in each
measurement which are both of infinite length).

A more sophisticated approach to quantization in compressed sensing, we only like
to mention here, are so-called feedback quantizers which recursively compute the bit se-
quence encoding the measurements. This line of work originated from Sigma-Delta modu-
lation of bandlimited signals [76, 133] and frame expansions [18, 17| in the sparse recovery
framework. In [80], they introduced and analyzed such an approach for Gaussian measure-
ments and subsequent works generalized the results to subgaussian random measurements
[106, 61]. Recovery guarantees for subgaussian measurements based on convex optimiza-
tion were proven in [147] and extended to partial random circulant matrices in [62]. As
can be seen in [15], feedback quantizers are able to exceed the linear decay in m of (3.4).
For further details we refer the reader to the overview chapter [22].

3.2 (General Signal Sets

Before discussing one-bit and multi-bit compressed sensing in detail we take a closer look
at our signal model. So far we only considered the signal set ¥ c R" and used its in-
trinsic low-dimensionality to justify (almost) loss-less compression into lower dimensional
spaces R™. We already saw how restrictive it is to assume sparsity of signals and ex-
tended recovery results to compressible vectors. Moreover, as mentioned in Chapter 1,
one normally needs a suitable transform to sparsify the representation of signals. This
transformation or sparsifying dictionary is in general hard to find; if existent at all. It
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might even be possible that the signals of interest lie on low-dimensional sub-manifolds of
the ambient space and do not fit the linear subspace framework of sparse vectors.
Several works [138, 21, 65] replaced ¥V by the set of effectively sparse vectors containing
vectors which are not necessarily sparse but lie close to sparse vectors [138, Lemma 3.2].

Definition 3.2.1 (Effectively Sparse Vectors). Let
Ky ={z € BY: |lzll, < 1|2, < v/5} = Ba(0,1) N By (0, V5),
We call all z € RN with ||z||1/|z]l2 € Kn.s effectively s-sparse.

Note that =Y NBy(0,1) C Kn 5 as ||z]; < v/s]|z||, for all z € X2 and that all s-sparse
vectors are effectively s-sparse as well. By [138, Lemma 3.1] one has

conv(EY N By(0,1)) € Kn s C 2 conv(EY N By(0,1)), (3.5)

that is the set K s can be interpreted as the convex hull of ¥ N By(0,1). Plan and Ver-
shynin showed in [138] that the covering numbers of X NB5(0,1) and K s are equivalent
in dependence on s and N.

Lemma 3.2.2 ([138, Lemma 3.3 & 3.4]). Fore € (0,1) and s < N we have

and

They used this equivalence to extend their results to effectively sparse signals while
keeping the sufficient number of measurements linear in s up to log-factors. It is a crucial
observation that the logarithm of the covering number directly relates to the number of
linear measurements needed for compressing the sets £ and Ky s (and hence to their
intrinsic dimension resp. complexity). To elaborate on this relation we have to understand
the geometry of convex sets in high dimensions.

3.2.1 Convex Sets in High Dimensions and the Gaussian Mean Width

Phenomena which seem counter-intuitive at first sight are common in infinite-dimensional
vector spaces. For instance, the existence of non-continuous linear functions. There are,
however, similar counter-intuitive effects in high- but finite-dimensional spaces. A beau-
tiful example is the geometry of convex sets which we illustrate by means of the ¢;-ball
B1(0,1) ¢ RN, Accustomed to three dimensions at most, our idea of B1(0,1) is two-
dimensional as depicted in Figure 3.3 (a).

When moving to higher dimensions the spread of volume in space changes. This can
be seen by comparing (a) and (b) in Figure 3.3. While the outer ¢2-ball depending on
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(a) R? (b) RN

Figure 3.3: Geometry of B1(0, 1) in different dimensions

the maximum width of B;(0,1) remains unchanged, the inner ¢o-ball carrying most of
the volume mass of B;(0,1) shrinks to zero (as noted in [165], one can easily check that
Vol(B, (0, 1))% ~ Vol(B2(0, l/ﬁ))% ~ ). This observation can be transferred to gen-
eral convex sets and heuristically stated as follows: in high-dimensional spaces, convex sets
consist of bulks, which are small in diameter but contain most of the volume, and outliers,
which have almost no volume but reach out far into space, cf. [127, 165]. Note that the non-
convex looking shape of Figure 3.3 (b) is not contradicting convexity of B1(0,1). It just
emphasizes the special topological structure of high-dimensional spaces which approaches
as a limit the structure of sequence spaces. (In the space RN of real-valued sequences,
any scaled unit vector ee;, for € € (0,1) and ¢ € N, lies within the unit f2-ball while any
scaled vector pointing into space (g,¢, ...), for € > 0, lies outside of any ¢»-ball.)

Those rather informal considerations are supported by rigourous mathematical results. In
[78] the authors show that the volume of isotropic convex bodies concentrates around the
sphere of an /5-ball. As all convex sets are isotropic up to an invertible linear transforma-
tion, this implies for general convex sets that the volume is mainly concentrated around the
boundary of an ellipsoid. Dvoretzky’s theorem [53, 52| characterizes the shape of random
cuts of low-dimensional subspaces through certain convex bodies like the ¢;-ball with high
probability as £2-balls. The intuition behind Dvoretzky’s theorem is that low-dimensional
random subspaces miss with high-probability the outliers of convex sets and only detect
the bulk which carries the mass.

In order to capture the complexity of a general set K C RY it, hence, might be
interesting to look at intersections of K with randomly oriented low-dimensional subspaces.
We define for u ~ U(SV~1) the spherical mean width of a set K C RV

U= K) = €| o, o).

As illustrated in Figure 3.4, the inner term sup,cjp_j(U,2) = SUp,, ,,ex (0,21 — 22)

SNfl

measures the maximum width of K in direction u. By picking u € uniformly at
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Z)

Z

Figure 3.4: The width of a set K in direction u.

random and averaging over all choices, the spherical mean width measures an averaged
one-dimensional cut length through K. This definition has a drawback. The entries of u
are not independent. It is convenient to replace u by a Gaussian vector g ~ N (0,Idy).

Definition 3.2.3 (Gaussian mean width, [165]). Let g ~ N (0,Idy) be a standard Gaus-
sian vector with iid entries. The Gaussian mean width of a set K C RY is defined as

wK - K):= E[ sup <g,z>] .
zeK—-K
Remark 3.2.4. Ifg ~ N(0,Idy), the vector g/ ||g|ly is uniformly distributed on the unit
sphere. As ||g|l, and g/ ||g|l, are independent and E[||glly] ~ VN, we obtain
w(K — K) = E[|gl,] #(K - K) ~ VN (K - K),
that is w and W are equivalent up to VN, cf. [165].

In the following, we examine if w(K — K) is a suitable measure of complexity for K €
RY, collect several properties of w(K — K) including alternative but basically equivalent
definitions, and analyze the relation between w(K — K) and N (K, ¢). For a more detailed
introduction on the geometry of convex sets and further discussion of the above mentioned
results refer to [10, 69].

3.2.2 Properties of the Gaussian Mean Width

It is clear from Definition 3.2.3 that the Gaussian mean width w(K — K) is invariant under
translations and orthogonal transformations of K. In these points it behaves similar to
the linear dimension of subspaces. In contrast to the linear dimension, the Gaussian mean
width scales with the diameter of K, i.e., for & > 0 one has w(a(K — K)) = aw(K — K).
When comparing the width of different sets we thus have to take their scaling into account.
Let’s have a look at some concrete examples, cf. [139].

Lemma 3.2.5. The following bounds hold:
(i) If K = B(0,1) C RN, we have that w(K — K) < 2/N

(ii) If L ¢ RN is a subspace with dim(L) = d and K = L N By(0,1), we have that
w(K — K) <2Vd

(iii) If K C RY is a finite set, we have that w(K — K) < diam(K)/log(|K]).
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Proof: The first statement follows from w(B2(0,1) — B2(0,1)) = 2 E[||g|,] < 2V/N.
To show the second statement first note that without loss of generality we can set
L to be the subspace spanned by the first d canonical basis vectors which restricts
the inner product (g,z) to the first d entries of g. Now use the argumentation of
(i) where N is replaced by d. The third statement is by

w(K — K) < diam(K) E Lg[l(aXK<g, szlﬂ < diam(K)\/log(|K])

the direct consequence of a standard bound [66, Proposition 8.1] on the expected

maximum of |K|(]K| — 1) standard Gaussians. [ |

Lemma 3.2.5 confirms that w(K — K)? is up to constants a valid generalization of
the linear dimension to arbitrary sets. Point (ii7) is especially interesting in view of the
Johnson-Lindenstrauss lemma and its extensions [100, 1] which state that n points in RY
can be embedded linearly and almost isometrically into R™ if m 2 log(n). Hence, up to
a constant w(K — K)? exactly describes the number of linear measurements which are
sufficient to guarantee compression of finite sets into low dimensions.

In the literature several variations of Gaussian width appeared which are basically equiv-
alent. As the results we are going to use depend on different definitions, we present and
relate them to each other in the following lemma.

Lemma 3.2.6 ([91, Definition 4.1]). Let g ~ N(0,Idy). For a subset K C RN define
(1) the Gaussian width: w(K) = E[supycx(g,x)]
(it) the Gaussian complexity: v(K) = E[supycx |(8,%)|].

By combining Properties 5. and 6. of Proposition 2.1 in [139] on has

w(K — K) < 2w(K) < 2y(K) < 2 <w(K —K)+ \/zdist(O,K)> , (3.6)

where dist(0, K) = inf,c i ||z]|2.

If restricted to a bounded region of RV, Gaussian width and Gaussian complexity are
up to multiplicative and additive constants equivalent to the Gaussian mean width by
(3.6). The Gaussian width has several useful properties in addition to ones named above.

Lemma 3.2.7 ([166, Proposition 7.5.2]). Let K C RN. Then,

(i) the Gaussian width is finite if and only if K is bounded and, for o > 0,

w(aK) = aw(K),

(ii) the Gaussian width is invariant under affine orthogonal transformations, i.e., for
any orthogonal matriz U € RN*N and b € RY,

w(UK +b) = w(K),
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(iii) the Gaussian width is invariant under taking the convex hull, i.e.,

w(conv(K)) = w(K),
(iv) the Gaussian width fulfills

.
0< Edlam(K) <w(K) <

In the beginning of Section 3.2, we observed a connection between the sufficient number
of linear measurements for almost lossless compression of the sets XV and Ky s to lower
dimensions and the covering numbers of Zév and Ky . Moreover, Lemma 3.2.5 showed
a connection between the sufficient number of linear measurements for almost lossless
compression of finite sets K C RY to lower dimensions and the Gaussian mean width.
There is a close relation between the covering number N (K, ¢) of a set K and its Gaussian
width w(K).

diam(K).

e

Theorem 3.2.8 (Sudakov’s minoration and Dudley’s inequality). Let K C RY be bounded.
Then,

supey/log (N (K, ¢)) S w(K) §/ V1og (N(K,¢)) de. (3.7)
e>0 0

The lower bound is called Sudakov minoration [114, Theorem 3.18], the upper bound is
called Dudley’s inequality [114, Theorem 11.17].

Remark 3.2.9. As N(K,e) = 1 for ¢ > diam(K), integral’s upper boundary may be
replaced by diam(K).

Sudakov minoration and Dudley’s inequality are in their original form more general
bounds on the expected suprema of Gaussian processes. Theorem 3.2.8 states them for the
special case of w(K), a quite simple Gaussian process. The proofs are based on the theory
of stochastic processes and are well-presented in [166]. For Sudakov’s minoration inequality
one compares w(K) to an even simpler Gaussian process whose expected supremum can
be controlled by the left hand side of (3.7). For Dudley’s inequality one uses a chaining
argument which controlls the supremum on K by a chain of coverings which refine in a
dyadic way.

The bounds in (3.7) are not tight. Sophisticated methods like generic chaining [157, 158]
produce tight but more complicated bounds. Comparison theorems [114, Section 3.3] like
the one used to prove Sudakov’s minoration inequality can be applied to get different
estimates. As (3.7) suffices for our purpose, we do not detail the just mentioned tools any
further.

The quantity log(N(K,¢)), which appears in Theorem 3.2.8, is also called metric entropy
of K. It characterizes the necessary number of bits to encode K in a way that any z € K
can be decoded with error at most ¢ in the Euclidean metric, see [166, Proposition 4.3.1].
Consequently, the expected diameter of random one-dimensional cuts through a set K
given by w(K) is equivalent to the intrinsic complexity of K in terms of coding.

There is even more evidence that one-dimensional random cuts provide a good measure
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of intrinsic complexity for signal sets in compressed sensing. The so-called M*-bound
[137, 114], an important result in asymptotic convex geometry, states that, for a set
K C RV, the expected diameter of a random cut through K, by a hyperplane E of
codimension m, is bounded from above by w(K)/y/m (up to a constant). If x € K is an
unknown signal in a signal set K C RY, the entries of A € R™*V are iid Gaussian, and
y € R™ is obtained from (2.1), the M*-bound implies that the expected worst-case error
Efsupser % — x3] of

x € K, subject to Ax =Yy,

can be upper bounded by w(K)/v/m (choose E = ker(A), cf. [126]). Consequently,
m 2 w(K )2 measurements suffice to obtain reasonable uniform approximation guarantees.

Let us come back to our initial observation, namely that the signal sets ¥ and K N,s
need in terms of s and N similar amounts of linear measurements for almost loss-less
compression and that their covering numbers are of similar order. Combining Lemma
3.2.2 and Theorem 3.2.8, one obtains

w(EN A By(0,1)) < 4 [slog (31]\7)

By (3.5) and Lemma 3.2.7 (iii) the same bound holds for w(Kys). As LY and Ky s
share the same intrinsic complexity, they need a similar amount of linear measurements
to be compressed. Having the Gaussian width as a complexity measure at hand, we can
consider general sets K C RY as signal sets from now on.

3.3 One-bit Quantization

In the thesis, we mainly concentrate on the one-bit compressed sensing model
y = sign(Ax), (3.8)

where x € RY, A €¢ R™V and y € {~1,1}™. This extreme case of uniform scalar
quantization (3.3) was introduced to the compressed sensing framework in [25]. Each
measurement is quantized to one single bit. Note that (3.8) looses any scaling information
of x and Ax, i.e., one can only hope to recover x up to its norm. Though the loss of infor-
mation in (3.8) seems overwhelming, one-bit measurement devices are simple and cheap
to produce and make (3.8) appealing in hardware implementations, cf. [25]. Moreover,
numerical studies [25, 23, 92] showed successful approximation of sparse, unit norm sig-
nals from one-bit measurements via modified greedy compressed sensing algorithms and
¢1-minimization with non-convex constraints (restriction to S¥~!). In [92] the authors
provided near-optimal — with respect to (3.4) — approximation guarantees for sparse, unit
norm vectors by consistent reconstruction

x e 2N nsVT subject to sign(A%) =y, (3.9)
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Figure 3.5: Tessellation of the sphere by random hyperplanes.

where the approximation of x is picked from all signals yielding the correct measurements,
a non-tractable procedure in general. To get a intuition for those results one should see
(3.8) from a geometric point of view. Each row a; € RY of A can be interpreted as normal
vector of a hyperplane Hj; splitting RY into two half-spaces. The one bit measurements
y; = sign((a;,x)) specify on which side of Hj,, the signal x is located. All hyperplanes
together yield a tessellation of SV~! as depicted in Figure 3.5, which is taken from [108],
and y encodes in which of the tessellation cells x lies.

A dither T € RY with uniformly distributed iid entries 7; can be introduced to (3.8)
to obtain the slightly modified model

y = sign(Ax + 7). (3.10)

Dithering is a common tool to improve the statistical properties of the quantization process
by randomizing the unquantized input [77]. In the one-bit compressed sensing model it
adds affine shifts to the hyperplanes H,, and thus enables reconstruction of the signal
norm [104, 15].

3.3.1 Recovery via Linear Programming and Single Backprojection

To provide a tractable alternative to (3.9), Plan and Vershynin suggested in [138] to recover
signals from their one-bit measurements (3.8) by the convex program

min |z||;, subject to sign(Az) =1y and |[|Az|, =m. (3.11)
zER

The optimization in (3.11) is a modification of basis pursuit. The additional constraint on
||Az||; = m enforces a minimal distance to zero on the minimizer and replaces the non-
convex constraint z € SV~ in [25] (the right-hand side of the equation can be chosen as
an arbitrary constant greater than zero). Plan and Vershynin proved the following result.

Theorem 3.3.1 ([138, Theorem 1.1]). Let 6 > 0 and A € R™N be a random matriz with
id Gaussian entries a; j ~ N (0,1) where

2N 2N 2
m > e slog <s> log <m + ;) . (3.12)
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Then with probability at least 1 — Cexp(—cdm) (c,C > 0 denote absolute constants) the
following holds uniformly for all x € RN with ||x||, /||x|ly < /5. If y is defined as in
(3.8), the approximation x computed by (3.11) fulfills

’ 1Xlly 21l

Theorem 3.3.1 not only holds for s-sparse vectors but all vectors which are effectively
sparse (cf. Section 3.2) and thus guarantees uniform and stable approximation of sparse
vectors from one-bit measurements.
In comparison to [92] the error decay is not near-optimal anymore. As up to log-factors
e =0 (3/Z), the error decays much slower than predicted by (3.4). In contrast to [92],
Theorem 3.3.1 comes with a tractable approach.
The optimization in (3.11) is especially attractive because it can be stated as the linear
program [138]

b'e X

N —u; < 2 <y, Vi € [N],

min Zui, subject to ¢ y;(a;,z) >0, Vi € [N],
z,ucR¥ =1 1 N

B m Zi:l yi<ai7z> > 1,

which is efficient to solve. Here a;, for i € [N], again denote the rows of A and u is a
vector of dummy variables replacing the ¢1-norm.

Foucart provided in [65] a slightly improved version of Theorem 3.3.1. He could drasti-
cally shorten the proof by assuming an ¢; /¢o-RIP for A. Instead of being a near-isometry
between (RY, ||-||,) and (R™, ||-||,), the matrix A is in this case a near-isometry between
(RN, [|-||5) and (R™, ||||;) when restricted to sparse signals, that is

(1=0)lzlly < [|Azll, < (1+0) |z, (3.13)

for § >0 and z € . By combining (3.13) with a simple relation between y = sign(Ax)
and ||Ax||;, Foucart was able reduce the number of sufficient measurements from (3.12)
to

m > e 4slog(eN/s). (3.14)
In the same work, he showed with a similar strategy the following result for the single
backprojection algorithm
% = H,(ATy), (3.15)
leading to (3.14) as well.

Theorem 3.3.2 ([65, Theorem 8]). If A satisfies (3.13) for all z € XY, with constant
e >0, then every x € XN NSV~ with one-bit measurementsy as in (3.8) is approzimated
by (3.15) with error

Ix — %[, < 2v/5e.

Both results, Theorem 3.3.1 and Theorem 3.3.2, show the possibility of compressed
sensing even under heavy quantization by very simple means. However, they do not
consider robustness against measurement defects. The optimization (3.11) might even
become infeasible if just a single one-bit measurement is flipped.
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3.3.2 Uniform Tessellation by Random Hyperplanes

Apart from guaranteeing near-optimal recovery in the noiseless case by consistent re-
construction (as discussed in the beginning of Section 3.3), a core result of [92] was
to show that under suitable assumptions, the map z — sign(Az) behaves almost like
an isometry between (SV~1,dg) and ({—1,1}",dg) where dg(z,2z') = L arccos((z,z'))
denotes the normalized geodesic distance, i.e., poles have distance dg(z, —z) = 1, and
du(y,y’) = {i € [m]: yi # y}}| the Hamming distance. To be more precise, they intro-
duced the following concept.

Definition 3.3.3 ([92, Definition 1]). Let e € (0,1). A mapping F: RY — {~1,1}" is a
binary e-stable embedding of order s if

do(2.7) — & < “dy(F(2), F(Z)) < de(2,7) + ¢, (3.16)

m
for all z,2’ € SN~ with | supp(z) U supp(z')| < s.

Definition 3.3.3 is closely related to the concept of RIPs. In contrast to a multiplicative
influence of § in the definition of the s-RIP, the influence of ¢ is additive. Consequently,
F(z) = F(Z') does not imply z = z’, but only dg(z,2z') < e. For F(z) = sign(Az) and
A € R™N having iid Gaussian entries [92, Theorem 3] shows that

m > e %slog(N) (3.17)

measurement suffice to guarantee (3.16) with high probability.

The geometrical meaning of Definition 3.3.3 and [92, Theorem 3] is twofold. First, if m
satisfies (3.17), then m randomly oriented hyperplanes provide with high probability a
tessellation of ¥ NSNV=1 such that the diameter of tessellation cells is uniformly bounded
by €. This could be deduced for approximately sparse vectors in [138] from Theorem 3.3.1
as well (the result was improved and generalized in [21]). Second and more important,
the distance of two points in z,z’ € ¥ NSV¥~! is encoded in the number of hyperplanes
which separate z and z’. This allows robust recovery of signals x € XY NSV~ from their
one-bit measurements y by the non-tractable program

min dp(y,sign(Az)), subject toz € XY NsNL, (3.18)
zeR

In [140] Definition 3.3.3 was generalized to arbitrary subsets of S¥~1 and formulated from
the geometric point of view.

Definition 3.3.4 ([140, Definition 1.1]). Let K C SV~ and an arrangement of m hy-
perplanes in RN be given via a matriz A (i.e., the i-th row of A is the normal to the i-th
hyperplane). Let da(z,z') = Ldy(sign(Az),sign(Az’)) denote the fraction of hyperplanes
separating z and z' in K. Given € > 0, the hyperplanes provide an e-uniform tessellation
of K if

|da(z,2") — da(z,2')| < e
holds for all z,z' € K.
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The authors could show that Gaussian matrices have with high probability this more
general property (if the normal vector a of a hyperplane has iid entries a; ;, the hyperplane
is drawn from a uniform distribution according to the Haar measure). For later usage, we
state it as in [91].

Theorem 3.3.5 ([140, Theorem 1.2]). Consider a subset K C SV~ and let ¢ > 0. Let
m > Ce S max{w(K)? 2/n} (3.19)

and consider an arrangement of m independent random hyperplanes in RN uniformly
distributed according to the Haar measure. Then with probability at least 1 —2 exp(—cd?m),
these hyperplanes provide an e-uniform tessellation of K. Here, C > 0 denotes an absolute
constant.

Having the considerations on the Gaussian mean width and its equivalent variants in
mind, Theorem 3.3.5 states that if the number of one-bit measurements (3.8) scale at least
linearly in intrinsic dimension of a set K C SV ~! then with high probability the percent-
age of different measurements of two points z,z € K is closely related to their distance
on the sphere. Note the exceedingly worse dependence on ¢ in (3.19).

In its original form Theorem 3.3.5 uses y(K) instead of w(K'). However, note that by (3.6)
we know that 7(K) < w(K — K) + /2/7 < 3w(K), for K € SV ! and w(K) > /2/7
which is reasonable to assume. Changing C by a factor of 9, Theorem 3.3.5 can be stated
as above.

As (3.8) is blind to scaling, Definition 3.3.3 and Definition 3.3.4 are restricted to S™V—1.
By considering the dithered measurement model (3.10) in [47], Dirksen and Mendelson re-
cently removed this restriction, improved (3.19) and generalized the statement of Theorem
3.3.5 to subgaussian and heavy-tailed measurement matrices A, i.e., the entries of A are
iid subgaussian /heavy-tailed random variables. After providing a definition of subgaussian
random variables we state the result in the subgaussian case.

Definition 3.3.6 (Subgaussian Random Variable). A random variable & € R is called
KC-subgaussian if the tail bound Pr[|¢| >t] < Cexp(—ct?/K?) holds where ¢,C > 0 are
absolute constants. The smallest possible number for IC > 0 is called subgaussian norm of
& and denoted by [|€||y, -

Remark 3.3.7. The class of subgaussian random variables covers many special cases as
Gaussian, Bernoulli, and more generally all bounded random variables (see [164]).

Theorem 3.3.8 ([47, Theorem 1.1]). Let A € R™*N be a matriz with iid K-subgaussian
entries. There exist constants cy, ...,cq4 depending only on KC such that the following holds.
Fiz R >0 and e € (0,R). If K C B2(0,R), T € R™ with iid entries 7; ~ U([—X, \]), for
A=coR, and

Rlog (<&
53( oy

then with probability at least 1 — 8exp(—came/R), for any z,z' € conv(K) such that
|z —2'||, > ¢, one has

m > c

1z — 2"l

/ 1
037H2 < EdH(SigD(AZ +7),sign(Az' + 7)) < cyy [log (est) R

(3.20)
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Apart from treating more general signal sets and measurement matrices, Theorem
3.3.8 reduces the sufficient number of measurements from m > O(e7°) to O(e 3 log(e71)).
Note that by assuming ||z — 2’|, > ¢ the isometric relation in (3.20) is just like (3.16) of
additive nature and that there is a mild dependence on ¢ in the upper bound of (3.20).

3.3.3 Recovery from Noisy Measurements

While Section 3.3.2 shows the possibility of faithfully approximating signals from noisy
one-bit measurements, it provides no efficient recovery strategy. As mentioned above,
the convex one-bit basis pursuit in (3.11) cannot handle bit-flips. If y is obtained from a
signal x € K C R¥ via (3.8) where some measurements are corrupted, Plan and Vershynin
proposed in [139] to approximate x by a solution of

m
max i(a;,z), subject tozé€ K, 3.21
zeRN;yz< i Z) J ( )

where a; is the i-th row of A. If K is convex, the program (3.21) is convex, too. Its main
idea is to maximize the correlation between quantized measurements of the signal and
unquantized measurements of the approximation. In [47] the authors elaborately describe
how (3.21) can be interpreted as a convex relaxation of (3.18). A geometric interpretation
is the following, cf. [91]. The optimization in (3.21) may be re-stated equivalently as

min > a2

i: y;#sign({a;,z))

- Y laile|z-Puz, |
o2

i: y;=sign({a;,z))

Z — IPH&L.Z )

(3.22)

where Pp,  denotes the orthogonal projection onto the N — 1 dimensional subspace Ha,
perpendicular to a;. To see this note that (a;,z)/||a;[|2 = sign((a;, z))[|z — Pp,_[|2. Hence,
(3.21) punishes incorrect measurements of a feasible point z € K by its distance to
the ‘measurements border’ Hy, while rewarding correct ones. Plan and Vershynin also
provided robust approximation guarantees for Gaussian matrices A, K C B2(0,1), and
x C KnsSV-L

Theorem 3.3.9 ([139, Theorem 1.3]). Let A € R™¥ have iid Gaussian entries a; ~
N(0,1) and let K be a subset of the Buclidean unit ball in RYN. Let ¢ > 0 and suppose that

m > C'e Sw(K)?2.

Then with probability at least 1 — 8exp(—ce?m), the following event occurs. Consider a
signal x € K satisfying ||x|l2 = 1 and its (unknown) uncorrupted one-bit measurements
y as defined in (3.8). Let y = (§1,...,Um) € {—1,1}"™ be any (corrupted) measurements
satisfying dg (y,y) < tm. Then

m
X = arg mangi(ai, z), subject toz € K,
ZERN i=1
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with input y satisfies

1% — %3 < &4/log (E) + 1174 /log (E)
€ T

Similar to Theorem 3.3.5 the result shows an optimal dependence on the intrinsic
dimension of K but a suboptimal dependence on €. Note that in order to reach ||%x — x|, =
O(¢) in the noiseless case, the measurements have to be O(e 12w (K)?).

Considering the dithered model (3.10) and adding a regularization term to (3.21), Dirksen
and Mendelson were able to improve and generalize Theorem 3.3.9 in [47] as well. To be
precise, they examined

m
Lo
max i(a;,z) — — ||z subject to z € K, 3.23
ma 3 ui(oe) = 5y el sud (323
for A > 0, and extended Theorem 3.3.9 to subgaussian and heavy-tailed measurement
matrices. We again restrict ourselves to the subgaussian case. Moreover, we do not treat
pre-quantization noise which is covered by their result.

Theorem 3.3.10 ([47, Theorem 1.1])). Let A € R™N be a matriz with iid K-subgaussian
entries. There exist constants cy, ...,cq4 depending only on KC such that the following holds.
Fix R >0 and ¢ € (0,R). Let K C RB2(0,1), 7 € R™ with iid entries 7; ~ U([—\, A]),
for A > coR + ¢, and put r = c1e/+/log(eA/e). Assume that

K-K 1))?  log(N(K
> o <w<< )(rB(0.1))" | log(N( ,r>>>
€ €
and that the fraction of corrupted bits 5 in'y is bounded by f < cze/A.
Then with probability at least 1 — 10 exp(—came/N), for any x € K, any solution X of
(3.23) satisfies

% — x|, <e.

Remark 3.3.11. As r = O(¢/log(e™Y)), the quantity w((K — K) N B(0,r)) can be in-
terpreted as a local Gaussian mean width (cf. [165]) which characterizes the intrinsic
complexity of K on small balls. It is naturally upper-bounded by w(K — K). By applying
Sudakov’s minoration in Theorem 3.2.8 to the metric entropy, we get

w(kK)? _ log (2)

r2 — 2

log(N (K 7)) L

forc > 0 only depending on KC. One can thus replace the sufficient number of measurements
in Theorem 3.3.10 by

log (g) w(K)2.

m > cco 3
€
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Remark 3.3.11 shows that Theorem 3.3.10 massively improves on Theorem 3.3.9. It
reduces the lower bound on m from O(e~12w(K)?) to less than O(e~*w(K)?).

The results presented so far assume A to be a dense random matrix. As already men-
tioned in Chapter 2, this assumption is not practical in view of storage and computation.
There are only few results on structured measurement matrices in the uniform scalar one-
bit setting we are interested in. Gaussian circulant matrices have been considered in [46]
and the announced follow-up work of [47] shall extend Theorem 3.3.8 and Theorem 3.3.10
to this regime.

3.4 Multi-bit Quantization

As the last section showed it is expensive to obtain with one-bit measurements high preci-
sion in signal estimation. Letting € to zero blows up the required number of measurements.
The lower bound (3.4), however, suggests that a slight increase in the number of bits per
measurement should cause a notable decrease of €. We thus consider the multi-bit com-
pressed sensing model

y =U(Az), (3.24)

where U: R — R is a uniform scalar B-bit quantizer which is applied to Az componen-
twise, for B € N. Together with B the range of U determines the entrywise worst-case
distortion A of U. The results we present in this section assume the range of U to be
sufficiently large, i.e., they work with an infinite range and only depend on A. This as-
sumption is reasonable as signals of interest and, hence, their measurements usually lie in
a ball of finite radius (see also Section 3.1). As in the one-bit case, one may introduce a
dither 7 € R™ to obtain

y =U(Az+ 7). (3.25)

Let us extend the geometric intuition of one-bit compressed sensing (3.8) illustrated in
Figure 3.5 to our new setting. By replacing sign with U, each hyperplane H,,, represent-
ing one single measurement, gets replaced by a bundle of parallel hyperplanes. Figure
3.6 depicts this situation for a 2-bit quantizer U which is centered at 0. Note that the
distances between hyperplanes in different bundles vary depending on the norm of the
corresponding measurement vector a;.

A first important step towards understanding the influence of the number of bits

per measurement on the approximation quality in uniformly scalar quantized compressed
sensing was done in [93]. The author transferred the Johnson-Lindenstrauss lemma into
the uniformly quantized setting and characterized the relation between A and how close
the Johnson-Lindenstrauss embedding is to an isometry.
Building upon this work, the author could show in [95] a multi-bit tessellation result in
flavor of Theorem 3.3.5 for Gaussian measurement matrices and the signal set of sparse
vectors (subgaussian measurements and general signal sets are also treated but require
rather involved assumptions). We state it here in simplified form.
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Figure 3.6: Tessellation of the sphere by parallel bundles of hyperplanes.

Theorem 3.4.1 ([95, Proposition 1]). Fiz § € (0,1), A > 0, and K = XY N B(0,1).
Assume that A € R™N has iid Gaussian entries a; j ~ N(0,1) and that 7 € R™ has iid
entries T; ~ U([0, Al]). If

1
m 2, ﬁw(K)2 log (1 +

A\l/ﬁ)

one has with probability at least 1 — exp(—c'dm) for all pairs z,z' € K that
1
(1—cd) ||z —2'||, — cdA < m\/?HU(AZ +7)—U(AZ +7)||, < (1 +cb) ||z — 2|, + cdA,

or absolute constants c,c > 0.
[ ,

It is striking that Theorem 3.4.1 bridges between uniform one-bit tessellations and

01/05-RIPs. For A =1 the result looks similar to (3.16) while for A < 1 we recover the
RIP in (3.13) (the scaling /7/2 is necessary for Gaussian matrices A to have an ¢ /lo-
RIP).
In addition, [95] deduced an approximation guarantee for consistent reconstruction from
Theorem 3.4.1. We again refrain from presenting the result in full generality but restrict
ourselves to the special case of Gaussian measurements and sparse vectors, a case for which
the result already appeared in [94].

Theorem 3.4.2 ([94, Theorem 2]). Fiz § € (0,1), A >0, 8 € (0,1), and K = ¥ n
B(0,1). Assume that A € R™ N has iid Gaussian entries a; j ~ N(0,1) and that 7 € R™
has iid entries T; ~ U([0, A]). If

4A + 26 56N 1
> _ —
> 5 <2$log<\/§5>+log (20))’
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one has with probability at least 1 — 0 for all x € K that any X € K with U(Ax + 1) =
U(Ax + T) satisfies

% - x|l, < 4.

Consequently, one can recover up to quantizer refinement A with m > slog(N/ VK A)

measurements which is for small A way better than the one-bit recovery guarantees pre-
sented in Section 3.3.
The above results led the way to recovery guarantees for multi-bit basis pursuit [128] and
single backprojection [171] which are straight-forward adaptions of the algorithms in Sec-
tion 3.3.1. We will discuss multi-bit basis pursuit and its connections to support vector
machines more detailed in Chapter 6.
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Chapter 4

Joint Recovery with One-bit
Measurements

As seen in Chapter 3, one-bit compressed sensing is relevant from a practical point of
view but requires many measurements when aiming for precise approximation. In this
chapter, we examine one-bit quantization in the framework of distributed compressed
sensing, i.e., joint recovery of signals. After introducing the concept of joint recovery and
providing a brief review of recent developments, we define our problem setting and present
the main results. We conclude the chapter with numerical experiments which support the
theoretical considerations. All results and all numerical experiments stated in this chapter
are joint work with Lars Palzer and have been published in [125].

4.1 Distributed Compressed Sensing

We discussed in Chapter 2 that in order to reconstruct s-sparse signals x € R in a stable
and robust way from linear measurements of type (2.1), we need at least m 2 slog(eN/s)
measurements. This lower bound consists of two parts. It requires s measurements to
identify the entries under knowledge of supp(x) and an additional factor of log(eN/s)
to find the support. Having knowledge of supp(x) hence would reduce the number of
necessary measurements. However, this assumption is not practical. A more practical
assumption, which appears naturally, is we do not only recover one signal x but several
signals x1,...,x7, € RY that share a common support. For example, in MRI [170] a sig-
nal that is sparse in Fourier basis may be measured at different locations, which leads
to different attenuations and phase shifts at every node. Another application is MIMO
communications [143]. By exploiting the joint support structure one would hope to reduce
the number of measurements per signal from O(slog(N/s)) to O(s).

Two main measurement models for joint recovery from compressed measurements have
been established. The first one is commonly known as Multiple Measurement Vectors
(MMV). All signals are measured by the same measurement matrix A € R™*Y (resp. the
same sensor) and the model in (2.1) becomes

Y = AX, (4.1)
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where X € RV*L and Y € R™*L are matrices containing the signals and their correspond-
ing measurement vectors as columns. For this model one can only improve the average
performance when compared to single vector compressed sensing, while the worst-case
analysis shows no improvement, see [58].

In the second model, one considers distinct measurement matrices A, ... AL) ¢
R™*N (resp. distinct sensors) for each signal x; € RY, [ € [L]. Hence, there are seperate
measurement processes of type (2.1) for each [ € [L] yielding L different measurement
vectors y; € R™. We may write

vec(Y) = A - vec(X), (4.2)

where A € R™I*NL is block diagonal and built from the blocks AY), and vec(-) denotes
the vectorization of a matrix. Jointly sparse signal ensembles X can be recovered from
measurements of type (4.2) via {5 j-minimization if A satisfies a certain block RIP [57].
Moreover, the authors of [56] relate the number of measurements to guarantee block RIPs
for random matrices to properties of the signal ensembles X. They show that one can
profit from joint structure if the information in X is spread among multiple signals x;.
For instance, if all x; but one are zero one will need m = O(slog(eN/s)) measurements
per signal and joint recovery becomes useless. To obtain meaningful recovery guarantees
for distributed compressed sensing one thus needs assumptions beyond a joint support set.

The idea to jointly recover several signals has been introduced to compressed sensing
in [16] under the name distributed compressed sensing. We refer the reader to [16, 43] for
a more detailed introduction to distributed compressed sensing. Joint recovery is closely
related to model-based compressed sensing [14, 57] where one assumes certain structures
of the signal support in addition to sparsity. Joint sparsity of several signals appears in
this framework also under the name block sparsity of one signal.

4.2 A Distributed One-Bit Model

The papers [159, 103, 81] numerically exemplify increased performance of jointly sparse
signal recovery from one-bit measurements as in the unquantized setting, but they do not
provide theoretical justification for the improvements. To close this gap let us consider
the following model which corresponds to (4.2) above. Suppose we are given one-bit
measurements Y € R™*L obtained from L signals x; € RY, | € [L], that form the
columns of a matrix X € RV*E. For simplicity we write x = vec(X) = (x7,...,x7)T and
y = vec(Y) = (y7, ..., yf)T. The linear measurement process can then be described by

y = sign(Ax), (4.3)
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where A € R™MIXNL i 4 block diagonal measurement matrlx built from the submatrices
AD € R™*N | ¢ [L], which have iid Gaussian entries A -~ N(0,1), such that

A
' ' (4.4)

We denote the i-th column of ( T by a , l.e., a is the transposed i-th row of A,
Let 6 > 0 be an appropriate scahng to be determlned later. We aim to approximate x by
a single back-projected hard-thresholding step (cf. Section 3.3.1)

x =M, ((0A)"y), (4.5)

where the modified matrix hard-thresholding operator Hy(z) = Hy(vec(Z)) = vec(H,(Z))
keeps only the s rows of largest ¢3-norm, for all z = vec(Z) € RV with Z € RVXL, We
denote the support of a signal ensemble Z € RV*L ie., the set of non-zero rows of Z, by
supp(Z) C [N] and define the set S; 1, of admissible signal ensembles

| |
Ss,1 = {z =vec(Z): Z= |21 -+ zp| € RV*V |supp(Z)| < s, |lzill2 = ||z, /\@}
| |
(4.6)

which contains all ensembles sharing a common support of size at most s and a common
ly-norm. As the non-dithered sign-bit measurements (4.3) are invariant under scaling,
we only ask for approximation of the directions of the individual signals. Consequently,
whenever we use the terms ”approximation of signals” or "recovery of signals” we implicitly
mean ”approximation/recovery of each signal up to the scaling” and restrict the results
to signals of fixed norm.

4.3 An Appropriate RIP

In preparation, we show that Gaussian measurements of the form (4.4) fulfill under suitable
scaling with high probability an ¢y /¢s 1-restricted isometry property (¢1/l21-RIP) on

Ksz = {z =vec(Z): Z € RVN*L |supp(Z)| < s} (4.7)

if mL 2 s(log(eN/s) + L). Note that K 1, is a relaxation of S, 1. Let us first define what
we mean by (1/021-RIP. Recall that, for z = vec(Z), [z[y; = 1=zl

Definition 4.3.1 (¢1/¢51-RIP). A matriz B € RMEXNL satisfies the 01/la1-RIP on K 1,
with RIP-constant ¢ € (0,1) if

1|2,1

VL

12]]2,1

VL

=4z, < [|Bz|) < + 0|z, (4.8)
forallz € Ky 1.
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As [|zfly; < V'L ||z|\,, the upper bound in (4.8) can be replaced by (1 + 4) ||z||,. More-

over, we know that [|x|[|y; = V'L ||x]|,, for x € Ss 1. Consequently, the ¢1/¢21-RIP in (4.8)
becomes a full ¢;/lo-RIP if restricted to Ssr, i.e.,

(1 =0) lIxlly < Bx[l; < (146) [l -

The signal model S, 1, appears to be well-chosen as the ensembles in Sg ;, when multiplied
to block-diagonal Gaussian measurement matrices behave like single vectors multiplied
to dense Gaussian measurement matrices. The following lemma characterizes a sufficient
number of measurements for #A, with A defined as in (4.4), to fulfill the above introduced
01 /l21-RIP. Its proof is inspired by [140, Cor. 2.3].

Lemma 4.3.2 ({1/21-RIP). For 6 = \/7/(2Lm?2) and mL > 6 2s(log(eN/s) + L) the
operator A, with A defined as in (4.4), has the {1/€s1-RIP on Ky 1, with RIP-constant 0
with probability at least 1 — 2exp (—0°mL/(4r)).

For L = 1 the above result resembles known bounds on the sufficient number of
measurements to have ¢;/¢5-RIPs for random Gaussian matrices with high probabil-
ity as in this case m 2 slog(eN/s) is required. If L > log(eN/s), we may estimate
(log(eN/s) + L)/L < 2 and Lemma 4.3.2 instead requires m > 6~ 2s, i.e., only O(s) mea-
surements per signal.

In [56] the authors examined classical f-RIPs for random Gaussian block matrices A and
showed that the sufficient number of measurements depends on how the information of
sparse signals is distributed on the different blocks of A. Lemma 4.3.2 extends their result

to £1/l2,1-RIPs in the special case that all signals have the same support.

To prove Lemma 4.3.2, we have to control the Gaussian width of s ;, when intersected
with the unit ball B2(0,1) C RVE.

Lemma 4.3.3 (Metric entropy of ICs 1, N B2(0,1)). Fore € (0,1) we have

N
log (N (Ks,z, N B2(0,1),¢)) < slog <€S> + sLlog <3> .

€
Proof: As K, NB2(0,1) is the union of (%) unit £>-balls in R** embedded into RVE

and each unit ball can be covered by an e-net of cardinality at most (3/¢)%" (see
[28, Section 3]), we know that

vearsonas () (2 Q)

Lemma 4.3.3 leads to a direct bound for w(Ks r, N B2(0,1)).

Lemma 4.3.4 (Gaussian width of g, N B2(0,1)). We have

ol 180.) £ s (1 () 4 1),

48




4.3. AN APPROPRIATE RIP

Proof: We obtain

W(Kor 0 Ba(0,1)) 24/ V108 (N (Ko z, 0 B2(0, 1), €)) de

¢ 24\// 12 e - \// log (NS, A Bo(0, 1), ¢)) d=
@ 24\/5 <10g (?) + L(1 +log 3)),

where (i) follows from Theorem 3.2.8, (ii) from Hélder’s inequality and (iii) from
Lemma 3.2.2. [ ]

The main part of the proof of Lemma 4.3.2 is accomplished in the following technical
result. It states a concentration inequality for bounded subsets of RVL and is a slightly
adapted version of [140, Lemma 2.1]. Recall that v(K) denotes the Gaussian complexity
of K.

Lemma 4.3.5. Consider a bounded subset K C RNL and let a(il) ~ N(0,Idy), i € [m],
1 € [L] be independent Gaussian vectors in RN . Define

i s (1) 1
Z = sup a,’,x;)| — —=|x . (4.9)
o 2235 e [ 3] = Il
Then we have
K)
El2) < var L
NN
and
V81 (K) mLu?
Pr|Z > —~ <2 —_ 4.10
|77 TR =2en (e o)

where d(K) == maxxek ||x]]5-

Proof: Let g ~ N(0,1) and note that E[|g|] = \/2/7. Then, we have

m L - m L p
[;;,/W ] 33 ot il = 2

Define now for i € [m],l € [L] the random variables 19 = /m/(2Lm?) ‘<al ,xl>

identically distributed independent copies 195 ), and independent Rademacher vari-

49



CHAPTER 4. JOINT RECOVERY WITH ONE-BIT MEASUREMENTS

ables ¢;, i.e., Prle;; =1] = Pr[g;; = —1] = 1/2. We obtain

B m L
(7] = Eg|sup 359 ~ Eo[0 ”})“
[* i=1 1=1
B m L
_ 0 0 A a0
oo [S3 (0 mafol]) - ot - g, ”u
B m L
= Eg|sup E; 1951)—12}?) ]
ﬂ_xlellC ;; 19|: }
(i) [ [ m L O K0 ]
< Eg| Eg|sup | D D> 0 -,
L x€K |77 1=1

=1 =1
(i) I 4.11
< 2Eyc|sup Zzgi,lﬂi (4.11)
x€k |21 1=
Sy 0
=2 E [ sup € <al,x>)

where (i) follows from Jensen’s inequality, (ii) from the triangle inequality, (iii) is
a consequence of [114, Thm. 4.12], and in (iv) we let g ~ N(0,Idyy).To prove the
deviation inequality (4.10) we will first show that Z, as defined in (4.9), is Lipschitz
continuous in A. Consider two block diagonal matrices A, B as in (4.4) and define
the operator

2 x|
>3 g [ ) [ =2
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Then, we have

m

L
ML

)

1Z(A) -

B)| = sup
xek

— sup
xeS

< sup
xek

< sup
xeK

T
< —||A—B
< sup A \p(
5T Q\FHA Bz d(K)
v
\/—L\/;HA—BHF-

<a
m L p (l)
;; \ 2Lm? <bi’
m L p
;lz;\/ 2Lm? ’7 l

i
ZZ;\/ 2Lm? <b2’ X
m L

| 7 ()
Zz; 2Lm?2 < B

m L

v

< 0p /5 2o 28

Hence, Z(-) is Lipschitz continuous with constant

7

X
l \/E

|XH2 1

VL

|X||2,1

VL

}

xllga

VI

>xz>»l

ii \le@)é

i=1 [=1

f Using the measure

concentration of Lipschitz functions evaluated on Gaussmn random vectors [114,
Eq. (1.6)], we see that

Pr(|Z — E[Z]] > u] < 2exp <_

Using (4.11), we have

pr| 7 — var M)

vmL

mLu
< 2exp (—

which yields the claim.

2u?mL
27d(K)?

>u] < Pr[Z — E[Z] > u] < Pr]|Z — E[Z]| > 4]

)

md(K)?

Proof of Lemma 4.3.2: As (4.8) is invariant under scaling of the ¢3-norm, it suffices
to show (4.8) for all z € K, , NSNL~L. By origin symmetry, we have that v(Ks 1 N

SNLfl)

= w(Ksp NSVE-L),
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Lemma 4.3.2 is a direct consequence of Lemmas 4.3.4 and 4.3.5. Just choose u =
§/2 and mL > 8m(6/2) 2w(Ks,z N Ba(0,1))? and note that w(Ks N B2(0,1)) >
w(Ks,, NSNETY). Then, with probability at least 1 —2exp (—mL4§?/(4)), we have
forallz € s N SVL-1

w Koy NSNEY)

vmL

The statement follows for z € K1 by applying the above statement to - €

KPS

ICs,L N SNL-TL, [ |

B |z 2,1

s
—— [|A < V8

o
— <.
+2_6

4.4 Approximation of Signal Ensembles

We are ready to state the main result of this chapter. It guarantees uniform recovery of
all signal ensembles x € S, 1, by a simple hard-thresholding step and can be regarded as a
generalization of Theorem 3.3.2 to joint recovery of signals sharing a common support.

Theorem 4.4.1. Let A be a random mL x NL matriz as defined in (4.4). Set
mL > 6~ 2s(log(eN/s) + L) (4.12)

and 6 = \/m/(2Lm?). Then with probability at least 1 — 2exp (—6°mL/(4x)) (over the
entries of A), we have for all x € S5 1, with ||x[|, =1 that

Ix — %[5 S V6, (4.13)
where X is defined in (4.5) and 6 is the {1 /ly1-RIP constant of GA.

If L > log(N/s), the required number of measurements per signal does not depend on
slog(N/s) but only on s (cf. discussion in Section 4.3). Consequently, when recovering sev-
eral signals that share a common support from sign-measurements collected independently
for each single signal, one can significantly reduce the necessary number of measurements
by using the support structure.

For unit norm signals ||x;|| = 1 the error per single signal x; is on average bounded by v/§
as (4.13) becomes

[x — f‘”z S VLS.

In the worst case the error is concentrated on one signal. However, if the signals all are
dense on shared support set 7 C [n], the support will be recovered even in this case as
a worse error on one signal implies less error on the remaining signals. Obviously, one
needs a dense support of all signals to profit from joint recovery. If just one signal is
dense on its support while the rest contains mostly zeros on 7, most of the signals do
not carry valuable support information and joint recovery cannot be expected to improve
performance (see also the discussion of distributed compressed sensing in Section 4.1).
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The proof of Theorem 4.4.1 follows the argument of Theorem 3.3.2 (developed in [65])
but relies on the assumption that all signals x; share a common f>-norm. By assumption,
we have that supp(X) = supp(x) C 7 for some 7 C [N] with |T| < s. For z = vec(Z) €
RN let zr = vec(Z7) with Z7 being the matrix in which all rows not in 7 are set to
Zero.

Lemma 4.4.2. If the operator OA satisfies the 1/l 1-RIP on K 1, then all x € S 1, with
x|, =1 satisfy

|((6A)" sign(Ax)) = x][, < 56.

Proof: Define b = AT sign(Ax) € RV to be the backprojected quantized mea-
surements. We then have

1((6A)T sign(Ax)) — x|[5 = [|(9b)7]2 — 2((6b) 7. x) + |Ix||2
and

I(8b)7 15 = (8b)7. (8b)7) = (6A)” sign(Ax), (4D)17)
= (sign(Ax), (6A)(0D)7) < [[(BA)(OD)7]]
_ I@D)7l,
R

Hence, we have [|(6b)7|l, <1+ and

+0[[(0b)7ly < (1 +0) [[(Ob) 7|, -

Hx||2,1

VL

where we used that |x||,; = V'L |x||, = V'L by assumption. We can conclude that

((Bb)T,x) = (sign(Ax), (0A)x) = [|(0A)x]|, > = dxlly = (1 =9),

| ((6A)T sign(Ax)) . — x|[5 < (1+6)% —2(1 - ) + 1 < 54.

[
Proof of Theorem 4.4.1: Choose mL > §22s(log(en/(2s))+ L) such that by Lemma
4.3.2, OA satisfies the £1/f2 1-RIP on Ko, 1, with high probability. Let 7 = supp(x)
and 7 = supp(X) where x = H,((0A)"y). Note that % is also the best s-row
approximation of ((GA)Ty)TwA—. Hence,
[x — %], < H((GA)TY)TW’ - X }2 + H((HA)TwTUi' - XH2
< 2[[((0A)"y) 5 — x|, < 2V56.
where we applied Lemma 4.4.2 for Ko, 1, in the last inequality (note that |7 U Tl <
2s). |
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One might argue that the proof of Theorem 4.4.1 hardly differs from the one of Theorem
3.3.2. First, an £ /¢5-RIP for AA is proven and then a simple computation shows the claim.
However, the model selection S; 7, is crucial and one has to treat the matrix A as a whole
to reach the sample complexity in (4.12). Comparison with the following naive approach
clarifies this point: If we have m > §~2slog(eN/s) for some § > 0, we know that for each
I € [L] and Gaussian A®) € R™*N with probability exceeding 1 — C exp(—cd%m)

V2
_ < Y2 [|AWg]| <
(=)l < 22 |A%] < 1+ )zl (4.14)

for all s-sparse z € RY (see [148]). Applying a union bound and summing over (4.14) for
I € [L] one has with probability at least 1 — C exp(—cé?m + log(L)) that

(1= 0) [[x[ly < [I(0A)x]l, < (1 +6) [l

for all x € S5 1 and 0 = v/2/ (mv/wL). The specific choice &' = v/Lé leads to comparable
probabilities of success and shows that this straight-forward approach causes a worse
sample complexity than (4.12).

When proving Theorem 4.4.1 we rely on the assumption that x € Sy, which corresponds
to the equivalence of ¢; /¢ 1-RIP and ¢;/¢>-RIP on Ss 1, (see Section 4.3). One may relax
the restriction a little by defining, for ¢ € (0,1), the set

Y7

of signal ensembles which differ in norm by a bounded perturbation. Let B be a matrix
which satisfies the £1/¢5 1-RIP on K 1 with RIP-constant § > 0. As [[x[[; € [1 —¢,1+

e]VL||x|y if x € S., this implies

1—¢ 1+e¢
5= {2 = vee(@): 2 € RV, supn(@) < . il € [l L el

(L=0)(1—e)llx[ly < [Bx[[; < (1+8)(1+e)|x,- (4.15)
If we wish to express (4.15) as an £1/¢5-RIP on S for some &' € (0,1), i.e.,
(1= &) [[xlly < [Bx[l; < (1+6")[xll,, (4.16)
for all x € S., it would suffice to choose ¢’ such that
1-6)<(1-6)(1—¢)

which can be reformulated as

Since the right-hand side is positive only for § < ¢ and a decreasing function in § for
0 <6 < ¢ it can be upper bounded by ¢’. The more general ¢/l 1-RIP thus becomes
an {1 /02-RIP on S. for e < ¢’ meaning that perturbations ¢ are only tolerated if they are
sufficiently small as compared to the aspired approximation error in (4.13). Anyway, the
assumption of all signals x; sharing the same norm is a mild condition in our setting as
the one-bit model (3.8) is blind to scaling and norm variations in signal ensembles.
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Algorithm 4 : sHT(y, A, s)
Require: Y € {—1,1}"*L A ¢ RIXNL

I X ¢ H,(ATvec(Y)) > Hy is defined in (4.5)
2: X < reshape(x,n, L) > reshape(-) reverses vec(+)

3: return X

4.5 Numerical Simulation

Let us conclude the chapter by numerically illustrating the theoretical results of Section
4.4. We recover an unknown signal ensemble X € RVM*L from its one-bit measurements
Y € R™*L by a single hard-thresholding step which needs the measurements Y, the
block diagonal measurement matrix A and the sparsity level s = |supp(X)|. Algorithm
4 presents this simple approximation procedure. We show two experiments which sub-
stantiate the asymptotically linear dependence of m = O(s) measurements per signal.
As required in Lemma 4.3.2, the block diagonal measurement matrix A has iid Gaussian
entries and is scaled by § = /7/(2Lm?2). To create signal ensembles X € RV*L with
| supp(X)| = s, we draw a support set 7 C [N] uniformly at random, determine the single
entries as iid Gaussians of mean 0 and variance 1, and finally normalize all single signals

x, 1 € [L]

F

average HX — X‘

10—1 L L
1072 10°* 10°

measurement rate m/N

Figure 4.1: Simulated error || X — X||» averaged over 500 experiments
for s =5 and N = 100.

In the first experiment we recover signal ensembles X € RV*L of signal dimension
N = 100, ensemble size L = 1,2,5,20, and support size s = 5 from their one-bit mea-
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surements Y € R™*L. Figure 4.1 depicts the obtained approximation error ||X — XH F
in Frobenius norm over the measurement rate r = m/N (averaged over 500 random real-
izations of X). One clearly observes an improvement for larger ensembles and a sharper
transition from no recovery to practical approximation.

L =1 signal L = 2 signals
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g g
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Figure 4.2: Simulated error ||X — X||p averaged over 500 experiments
with N = 100. The red contour lines correspond to || X — X||r = 2/3.

The second experiment (see Figure 4.2) illustrates the dependence of m and s. We
again approximate signal ensembles X € RV <! of signal dimension N = 100 and ensemble
size L = 1,2,5,20 from their one-bit measurements Y € R™*%. The support size of X is
varied from s = 1 to s = 50 while the measurement rate r = m/N ranges from r = 0.01
up to r = 3. For any parameter pair (s,r) we recovered 500 random realizations of X.
The average approximation error || X — X|| is plotted in color while a selected error level
is highlighted. Comparing the different choices of L, the linear dependence of m on s for
L = 20 and fixed error levels is clearly visible and different from the sln(eN/s) behavior
for L =1.

Note that the measurement rate does not behave linearly in the plots L = 2 and
L =5 for s/N > !~ which corresponds to the case L > log(eN/s). Though we claimed
an O(s) behaviour in Section 4.3 in this case, the observation is no contradiction as in
the theoretical argument it suffices to bound (log(eN/s) + L)/L < 2. The numerical
experiments with fixed L, however, show the transition from (log(eN/s) + L)/L = 2 for
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small values of s/N (corresponding to large values of log(eN/s)) to (log(eN/s)+L)/L ~ 1
for large values of s/N (corresponding to small values of log(eN/s)) causing a non-linear
shape as long as L is not clearly dominating (cf. L = 20).

4.6 Discussion

After having examined in this chapter how the two concepts of heavily quantized measure-
ments and distributed compressed sensing can be combined to obtain performance bounds
for one-bit measurements which match corresponding unquantized distributed compressed
sensing results, we see several possible directions for further research.

First, sophisticated alternatives to a single hard-thresholding step have been proposed (see
[103]) which numerically outperform Algorithm 4. Explaining their improved performance
in theory seems promising.

Second, the proof of Theorem 4.4.1 relies on noiseless measurements to use the equivalence
of (sign(Ax), Ax) and |[|Ax|,. We suppose that it is not possible to easily modify the
above proof to tolerate noise on y. However, the noisy one-bit algorithm (3.23) could
be applied in the distributed setting as well. Adapting Theorem 3.3.10 to block-diagonal
measurement matrices would then lead to corresponding theoretical approximation guar-
antees. Moreover, the dithered one-bit model (3.10) might allow to generalize the results
to subgaussian measurements.

Finally, relaxing the quantization level to multi-bit quantizers is desirable as it should
decrease the approximation error (cf. [96, 94]) and thus bridges the wide performance gap
between unquantized measurements and one-bit measurements.
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Chapter 5

One-bit Recovery on (eneral
Manifolds

In this chapter we propose an algorithm to recover signals lying on a low-dimensional
manifold M C SV~ from their one-bit measurements. The recovery strategies presented
in Section 3.3.3 work for general signal sets K C RY. However, they become intractable if
K is non-convex. One could relax K to its convex hull but there are two drawbacks. First,
it is not clear if conv(K') can be computed in a simple way and, second, one might throw
away a lot of structural information. Our approach combines geometric multi-resolution
analysis, a locally linear manifold approximation, with the noisy one-bit results in Section
3.3.3 to guarantee tractable recovery even for non-convex signal sets K. After introducing
geometric multi-resolution analysis, we present our algorithm and analyze its performance.
Finally, we support the theoretical results by numerical simulations. The content of this
chapter is joint work with Mark Iwen, Felix Krahmer, and Sara Krause-Solberg and has
been published in [91] and [108].

5.1 The Geometric Multi-Resolution Analysis

Learning manifolds from samples and representing them in an efficient way is an im-
portant problem in many fields, ranging from image processing [86, 35|, to analysis of
electroencephalography signals [142] and computer vision [156]. It has strong connec-
tions to estimation of intrinsic dimensionality of point clouds [121, 37] and constructing
dictionaries adapted to data [2]. In [5] the authors approached this problem by intro-
ducing the geometric multi-resolution analysis (GMRA), a locally linear approximation
of manifolds. The GMRA of a d-dimensional manifold M has a number of refinement
levels which approximate M on different scales by anchor points and corresponding affine
d-dimensional spaces. Figure 5.1 illustrates two different refinement levels for a simple
1-dimensional manifold. To make this precise, we first present an axiomatic definition of
GMRA as given in [89]. This definition proves useful in deducing theoretical results but
lacks connection to concrete applications where the structure of M is not known a priori.
Hence, in the following we describe the original definition of a probabilistic GMRA which
is well approximated by empirical data (see [5, 32, 123]) and connected to the axiomatic
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M M

Figure 5.1: Two possible refinement levels of GMRA.

definition by applying results from [123].

5.1.1 Axiomatic GMRA
Let us begin with the axiomatic definition of GMRA as given in [89]. We denote the
tube of radius r around a given subset M C RY by

tube, (M) = {x eRY: inf |x—yl|2 < r} (5.1)
yeM

and let M c RY from now on be a d-dimensional manifold.

Definition 5.1.1 (GMRA Approximation to M, [89]). Let J € N and Ky, K1, ..., K;j € N.
Then a geometric multi resolution analysis (GMRA) of M is a collection {(Cj,P;)},

J € [J], of sets Cj = {chg},I:il C RY of centers and
P;={Pjr :RY >R | k € [K;]}
of affine projectors which approximate M at scale j, such that the following assumptions
(1)-(3) hold.
(1) Affine Projections: Every IP;; € P; has both an associated center c;j € Cj and
an orthogonal matrix ®; ), € RN " such that
Pj.(z) = ©,Pju(z — ¢jk) + Cj,
i.e., Pj 1 is the projector onto some affine d-dimensional linear subspace Pj), con-
taining c; k.

(2) Dyadic Structure: The number of centers at each level is bounded by |Cj| = K; <
Cp2% for an absolute constant C¢ > 1. There exist C1 > 0 and Cy € (0,1], such
that following conditions are satisfied:

(a) K; < Kji1, forall j € [J —1].
(b) licj ik — Cjpollz > C1-277, for all j € [J] and ky # ks € [Kj].
(¢) For each j € [J]\{0} there exists a parent function p; : [K;] — [K;_1] with

Cjik —Cj_1p, 5 < (Cy- min Cjk— Cj—1k|2-
e =10, (k) | k/e[Kj,ﬂ\{pj(k)}H j -1k
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3) Multiscale Approximation: The projectors in P; approrimate M at scale j, i.e.,
J
when M is sufficiently smooth the affine spaces P, locally approximate M pointwise
with error O (2_2j). More precisely:

(a) There exists jo € [J — 1], such that c; € tubeg,.o-i—2(M), for all j > jo > 1
and k € [Kj].
(b) For each j € [J] and z € RY let Cjk;(z) be one of the centers closest to z, i.e.,

kj(z) € argmin ||z — c;xl[2. (5.2)
kE[Kj]

Then, for each z € M there exists a constant Cy, > 0 such that
12 = Pj k() (2|2 < Co - 277,
for all j € [J]. Moreover, for each z € M there exists Cy > 0 such that
12 — P (2)]|2 < Gy - 277,
for all j € [J] and k' € [K;] satisfying

2= csulla < 16 - max { |12 = ¢4, (2, C1 - 27771}

By property (1), GMRA is a combination of several anchor points (the centers c; ;) and
corresponding low dimensional affine spaces P; ;. The levels j control the accuracy of the
approximation. All centers are organized in a tree-like structure, cf. property (2). Property
(3) then characterizes approximation criteria to be fulfilled on different refinement levels.
Note that centers do not have to lie on M (compare Figure 5.1) but their distance to M
is controlled by property (3a).

As the above axioms do not provide means of constructing a GMRA we now define it
using probability measures on M.

5.1.2 Probabilistic GMRA

A probabilistic GMRA of M with respect to a Borel probability measure II, as introduced
in [123], is a family of (piecewise linear) operators {P;: RY — R™}; of the form

K;
Pi(x) =Y Lo, (X)Pjk(x).
k=1

Here, 1, denotes the indicator function of a set M and, for each refinement level j > 0,
the collection of pairs of measurable subsets and affine projections {(Cj7k,IP>j7k)}kKi | has
the following structure.

The subsets Cj j, C RN fork=1,... , K form a partition of R i.e., they are pairwise
disjoint and their union is RV. The affine projectors are defined by

Pj(z) = € + Py, (2 — 1),
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where, for zi ~ 11, ¢ = Elzn|zn € Cjy] =t Ejylzn] € RP and

Vjk = argmin Ej,k[”zn — (c;k + Projy (zim — CQ;;))II%] ,
dim(V)=d

where the minimum is taken over all linear spaces V of dimension d. From now on we
assume uniqueness of the subspaces Vj . If one thinks of II being supported on the tube
of a d-dimensional manifold, parallels to the axiomatic GMRA definition become clear.
The axiomatic centers c;j are in this case considered to be approximately equal to the
conditional means c}k of some cells C;, partitioning the space, and the corresponding
affine projection spaces Pj; are spanned by eigenvectors of the d leading eigenvalues of
the conditional covariance matrix

Xk = Ejk [(ZH - C;',k)(ZH - C},k)T] .

Defined in this way, the IP; correspond to projectors onto the GMRA approximations M
introduced above if c¢;; = c;k From [123] we adopt the following assumptions on the
entities defined above, and hence, on the distribution II. When working with the prob-
abilistic GMRA, we assume for all integers jmin < j < Jmaz that (A1)-(A4) (see Table
5.1) hold true.

Assumption (A1) ensures that each partition element contains a reasonable amount
of II-mass. Assumption (A2) guarantees that all samples from II; ;, will lie close to its ex-
pection/center. As a result, each c;,k must be geometrically central within C} ;. Together,
(A1) and (A2) have the combined effect of ensuring that the probability mass of II is
equally distributed onto the different sets Cj, i.e., the number of points in each set Cj
is approximately the same, at each scale j. The third and fourth assumptions (A3) and
(A4) constrain the geometry of the support of II to being effectively d-dimensional and
regular (e.g., close to a smooth d-dimensional submanifold of RY). We refer the reader to
[123] for more detailed information regarding these assumptions.

An important class of probability measures II fulfilling (A1)-(A4) is presented in
[123]. For illustration of applicability we repeat it here and also discuss a method of
constructing the partitions {C]k}fi 1 from such probabilities measures. Let M be a smooth
d-dimensional submanifold of RY for the rest of this section.

Definition 5.1.2 ([123, Definition 3]). Assume that 0 < o < 7. The distribution II is
said to satisfy the (1,0)-model assumption if (i) there exists a smooth, compact subman-
ifold M < RN with reach T such that supp(Il) = tube,(M), (ii) the distributions II

and Uype, (M) are absolutely continuous with respect to each other so the Radon-Nikodym
dIl

exists and satisfies
ubeg (M)

derivative a;

dIl
0< 1 < —— <2< Usube, (M) — almost surely.
dutubea(./\/l)

The constants ¢1 and ¢ are implicitly assumed to only depend on a slowly growing function
of N, compare [123, Remark 4].
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(A1) There exists an integer 1 < d < N and a positive constant §; = 61 (II) such
that for all k =1,..., Kj,

I1(C; ) > 62794,

(A2) Define the restricted measure IL; , by II; . (S) := II(SNCj ) /II(C} 1) for mea-
surable S € R™. There is a positive constant f = o(II) such that for all
k=1,...,Kj,if z; is drawn from II;; then, II; ;-almost surely,

HZH — C;’,kH? < 922_j.

(A3) Denote the eigenvalues of the covariance matrix Xk by Ajl"k > > )\g\’,k > 0.
Then there exists o = o(II) > 0, 03 = 03(11), 64 = 04(IT) > 0, and some a > 0
such that for all k =1,..., K},

. 2—2j N . ) 1 .
it 2 07— and Y7 N < Ou(0® +27200) < NG
l=d+1
(A4) There exists 5 = 65(II) such that
Id = Pjlloot < O5(0 +270F),

where [|T[|oo,1 = SUPgesupp(n) I7'(2) |2, for T': RN — RV,

Table 5.1: The assumption set on II.
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Obviously, the uniform distribution on a smooth compact submanifold of RY or its o-
tube satisfies the (7, 0)-model assumption. Let us now discuss the construction of suitable
partitions {C}} by making use of cover trees. A cover tree T on a finite set of samples
S C M is a hierarchy of levels with the starting level containing the root point and the
last level containing every point in S. To every level a set of nodes is assigned which is
associated with a subset of points in .S. To be precise, given a set S of n distinct points in
some metric space (X, dx), a cover tree T on S is a sequence of subsets T; C S,i =0,1,...
that satisfies the following, see [20]:

(i) Nesting: T; C Tj41, i.e., once a point appears in T; it is in every T} for j > 1.

(ii) Covering: For every x € T;; there exists exactly one y € T; such that dx(x,y) <
27", Here y is called the parent of x.

(iii) Separation: For all distinct points x,y € T}, dx(x,y) > 27%

The set T; denotes the set of points in S associated with nodes at level i. Note that there
exists n € N such that T; = S for all ¢ > n. We assume that S is sufficiently large to
contain an e-cover of M for € > 0 sufficiently small.

Note that the axioms characterizing cover trees are strongly connected to the dyadic
structure of GMRA. For a given cover tree with respect to the Euclidean distance (for
construction see [20]) on a set X, = {X1,...X,} of i.i.d. samples from the distribution
II, let a;; for £ = 1,..., K; be the elements of the jth level of the cover tree, i.e. T =
{aj,k}kKil and define

kj(x) = argmin ||x — a; ;2.
1<k<K;

With this a partition of RY into Voronoi regions
Cir = {x e RY: kj(x) = k} (5.3)

can be defined. Maggioni et. al. showed in [123, Theorem 7] that by this construction all
assumptions (A1)-(A4) can be fulfilled.

The question arises if the properties of the axiomatic definition of GMRA in Definition
5.1.1 are equally met. As only parts of the axioms are relevant for our analysis, we refrain
from giving rigorous justification for all properties.

1. GMRA property (1) holds by construction if the matrices ®;; are defined, s.t.
@%kéjJﬂ =Py, , along with any reasonable choice of centers c; .

2. The dyadic structure axioms (2a) — (2c) also hold as a trivial consequence of the
cover tree properties (i) — (4i7) above if the axiomatic centers c;j are chosen to
be the elements of the cover tree set 7} (i.e., the a;j; elements). By the (p,o)-
model assumption samples drawn from II will have a quite uniform distribution all
over supp(Il). Hence, the probabilistic centers c;-,k of each Cj-set will also tend
to be close to the axiomatic centers c;j = a;j proposed here for small o (see, e.g.,
assumption (A2) above).
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3. One can deduce GMRA property (3a) from the fact that our chosen centers a;y
belong to M if supp(Il) = M (or to a small tube around M if o is small).

4. The first part of (3b) is implied by (A4) with the uniform constant 05 for all x € M
if a;, is sufficiently close to c;k To show the second part of (3b) note that

I = Pise (Olla < [x = eellz + llejur = Piwr()ll2 = 1x = il + [Py, (x = el
< 2”X — Cj,k/HQ < 32 max{”x — Cj,k?j(x)”27 C12*j71}
< 32max{C.277,C1277 1}y < ¢ 277,

where in the second last step we used our cover tree properties (recall that c;j =
a; ). Again, the constants C,Cc > 0 do not depend on the chosen x € M as long
as S is well chosen (e.g., contains a sufficiently fine cover of M).

Considering the GMRA axioms above we can now see that only the first part of (3b)
may not hold in a satisfactory manner if we choose to set @zk@j,k = IP’VM and cjp = a;.
And, even when it doesn’t hold with C, being independent of j it will still at least still
hold with a worse j dependence due to assumption (A2).

5.1.3 Empirical GMRA

The axiomatic properties only hold as argued above if the probabilistic GMRA is con-
structed under knowledge of the true Py, ,-subspaces. In reality this won’t be the case
and we are rather given training data consisting of n samples from M, &, = { X1, ..., X;,},
which we assume to be iid with distribution II. These samples are used to approximate
the real GMRA subspaces based on II such that the operators IP; can be replaced by their
estimators

K.

J
]P)] (Z) = Z :H‘{ZGijk}]P)j,k(Z)7
k=1

where {C]k}kKi , is a suitable partition of RY obtained from the data,
Pik(2) =Cjp + Py (2 —Cjp),

~ 1
=g
| X ;] o

~ . 1
Vik = argmin ——

Y Iz =Sk —Pu(z -3,
dim(V)=d |Xj.k|

ZEXj,k

and X;;, = Cj; N &,. In other words, working with above model we have one perfect
GMRA that cannot be computed (unless II is known) but fulfills all important axiomatic
properties, and an estimated GMRA that is at hand but that is only an approximation to
the perfect one. Thankfully, the main results of [123] give error bounds on the difference
between perfect and estimated GMRA with ¢, =<¢;, ~ c;.,k ~ a,} that only depend on
the number of samples from II one can acquire.
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(a) Tessellation of the sphere by (b) Submanifold M of S¥~1 and one
random hyperplanes. level of GMRA.

Figure 5.2: One-bit measurements and GMRA.

Theorem 5.1.3 ([123, Theorem 2]). Suppose that assumptions (A1)-(A3) are satisfied
— 4
(see Table 5.1). Let X, X1,...X, be an i.i.d. sample from 11 and set d = 4d2z—§. Then,
_ ) 3
for any t > 1 such that t 4+ log(max{d, 8}) < %01n2*9d,

t + log(max{d, 8}))d?
n2-Jd

E [HX o @J(X)H%} < 294 (0-2 + 2—2j(1+a)) T 612_2j(

and, if in addition (A4) is satisfied,

(t + log(max{d,8}))d?
n2-7id

[1a=B| < on (s otmon) o[ Do

: ” gidtt [y Pipg—id _ 03 0 \?
with probability > 1 — =5 (e +e 16 ), where ¢ = 2 (12\/593\;a + 4ﬁd\/2§) .

5.2 The One-Bit Manifold Sensing Algorithm

The problem we address is the following. We consider, for d < N, a given union of d-
dimensional manifolds M that is a subset of the unit sphere SV ~! of a higher dimensional
space RY (by scaling blindness of (3.8) this restriction is reasonable). Furthermore, we
imagine that we do not know M perfectly, and so instead we only have approximate
information about M represented in terms of a GMRA of the manifold. Our goal is to
recover an unknown signal x € M from m one-bit measurements

y = sign(Ax), (5.4)

where A € R™*Y has Gaussian iid entries of variance 1//m, using as few measurements,
m, as possible. In order to succeed using only m < N such one-bit measurements we
will use the fact that the GMRA provides structural constraints for the signal x to be
recovered. Thus the setup connects to recent generalizations of the quantized compressed
sensing problem [139] which we will exploit in our proof. Figure 5.2 illustrates the setting.

As one might expect, the complexity and structure of the GMRA for M will depend on
the complexity of M itself. We work with two different measures of complexity. First, the

Gaussian width and, second, the reach of M [60]. The Gaussian width and its geometrical
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understanding have comprehensively been discussed in Section 3.2. The notion of reach
is, in contrast, more obviously linked to the geometry of M. First, recall the definition
of tube in (5.1). The domain of the nearest neighbor projection onto the closure of M is
denoted by

D(M) = {x e RY : 3y € M such that ||x — yl|j» = inja |z — yHg}
ze

and allows to define the reach of M C RY as
reach(M) :=sup{r >0 : tube,(M) C D(M)}.

The reach is thus the largest distance r around M for which the nearest neighbor projec-
tion onto the closure of M is well defined. Given this definition one sees, e.g., that the
reach of any d < N dimensional sphere of radius r in RY is r, and that the reach of any
d < N dimensional convex subset of RY is co. Note that the concept of reach is connected
to the concept of manifold condition numbers in [12] where it was used to characterize
embeddings of smooth manifolds by random linear projections.

To simplify notation we denote the scale-j GMRA approzimation to M by
M; = {Pj’kj(z)(z): z € B5(0,2)} N By(0,2).

Note that we restrict the GMRA, for each fixed j, to the portions of the affine sub-
spaces introduced in Definition 5.1.1 which are potentially relevant as approximations
to some portion of M C S¥~1. To prevent the M, above from being empty we will
further assume in our results that we only use scales j > jo large enough to guarantee
that tubeg,y-j-2(M) C Ba(0,2). Hence we will have c;; € B(0,2) for all & € Kj, and
so C; C M;. This further guarantees that no sets P;; N B2(0,2) are empty, and that
P; ;N By(0,2) C M;j for all k € K;. The choice of B(0,2) is motivated by simplifying
later calculations. One may instead take By(0,r), for any r» > 1. This only changes the
required quality of the GMRA in Theorem 5.3.1 along with the constants E and E’.

Considering GMRA-based compressed sensing results in [89] and the noisy one-bit re-
sult Theorem 3.3.9, we suggest the following strategy for recovering an unknown x € M
from the measurements given in (5.4): First, choose a center c¢;; whose one-bit measure-
ments agree with as many one-bit measurements of x as possible. As illustrated in Figure
5.3, this is not an optimal choice in general. Nevertheless, one can hope P; ;s to be a good
approximation to M near x. Thus, apply in the second step the noisy one-bit recovery
method (3.21) on Pj ;s to obtain an approximation of P;;/(x) which is close to x. Note
that in this second step the given measurements y of x are interpreted as noisy measure-
ments of IP; 1/(x). The algorithm One-bit-Manifold-Sensing-Simple is stated explicitly in
Algorithm 5.
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Figure 5.3: The closest center ¢; ;. (x) is not identified by measurements.
Dotted lines represent one-bit hyperplanes.

Algorithm 5 : OMS-Simple

I. Identify a center c;j close to x via

¢ € argmin dy(sign(Ac;),y), (5.5)
ijkGCj
where dy is the Hamming distance, i.e., du(z,2') = [{l : 2z # z}|. If

dp(sign(Ac; ), y) = 0, directly choose x* = ¢; s and omit II.
II. If there is no center in the same cell as x (as in Figure 5.3), solve the noisy one-bit
recovery problem (3.21), i.e.,
m
x* = arg min Z(—yl)<al,z), subject to z = P, 1r(z) and [|z|s < R,  (5.6)

z€RY

where R is a suitably chosen parameter.

Remark 5.2.1. The minimization in (5.5) can be efficiently calculated by exploiting tree
structures in Cj. Numerical experiments (see Section 5.5) suggest this strategy to yield
adequate approximation for the center Cjk;i(x) N (5.2), while being considerably faster (we
observed differences in runtime up to a factor of 10).

Though simple to understand, the constraints in (5.6) cause an issue we have to address:
any optimal choice of R in (5.6) depends on x such that OMS-Simple requires parameter
tuning, making it less practical than one might wish for.

We hence modify the constraints in (5.6) and instead minimize over the convex hull of the
projection of Pjy N B2(0,2) onto S¥~1 (recall the shorthand notation Ps = Pgv-1),

conv (]P)S(Pj,k’ N BQ(O, 2))) .
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If 0 € Pji one has conv (Ps(Pjp NB2(0,2))) = Pjw N B2(0,1). If 0 ¢ Pji the set
conv (Ps(Pj i N B2(0,2))) is described by the following set of convex constramts which
are straightforward to implement in practice. Denote by P, the projection onto the linear
space spanned by ¢ = P; ;/(0). Then,

[zllz <1,
z € conv (Ps(Pj N B2(0,2))) & @1, 82 + Pe(2) = 2, (5.7)

<Z,C> > 3ell3.

L (Piw N B(0,2))

Figure 5.4: Two views of an admissible set conv(Ps(P;» NB(0,2))) from
(5.7) for a case with ||c||2 = [|Pj(0)[]2 < 1.

The first two conditions above restrict z to B2(0, 1) and span(P; /), respectively. The
third condition then removes all points that are too close to the origin (see Figure 5.4).
This is made explicit in the following lemma.

Lemma 5.2.2. Let Pj;s be the affine subspace chosen in step 1. of OMS-Simple. Define
c=P;(0). If 0 ¢ Pjs, the equivalence in (5.7) holds.

Proof: First, assume z € conv (Ps(Pjr N B2(0,2))). Obviously, ||z|2 < 1. As project-
ing onto the Sphere is a simple rescaling, conv (Ps(P;, N B2(0,2))) C span(P; )
implying that &7 i1 ®jwz + Pe(z) = z. For showing the third constraint note that
any z’ € P;js can be written as z’ = ¢ + (2’ — ¢) where 2’ — ¢ is perpendicular to
c. Ifin addltlon 2'||]2 < 2, we get

(Pele).0) = { pore) = (Sl = SlelB

|2'][2

As z is a convex combination of different Pg(z’) the constraint also holds for z.

Let z fulfill the three constraints. Then z’ = (||c[|3/(z,c)) - z satisfies 2’ € Pj
because of the second constraint and (z’,c) = ||c[|3. Furthermore, by the first and
third constraint ||Z’||2 < (||c[|3/(z,c)) < 2 and hence z’ € Pj . N B2(0, ||c||3/(z, c))-
C Pjp N B(0,2). As Pj N Bx(0,]c||3/(z,c)) is the convex hull of Pjj N
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(llcl|3/(z,c)) - SV~ | there are z1,...,2, € Pjjr and A1, ..., A, > 0 with ||zg]]2 =
|c||l3/(z,c) and Y A = 1 such that (||c||3/(z,c)) -2z = > M\pzp. Hence, z =
S Ne((z,c)/lel3) - 2. As ((z,¢)/cl3) - 2 € Ps(Pjw N B2(0,2)) we get z €
conv (Ps(Pj i N B2(0,2))). [ |

Our analysis uses that the noisy one-bit recovery results of Plan and Vershynin apply to
arbitrary subsets of the unit ball B2(0,1) € RY which will allow us to adapt our recovery
approach. Replacing the constraints in (5.6) with those in (5.7) we obtain the following
modified recovery approach, One-bit-Manifold-Sensing (see Algorithm 6).

Algorithm 6 : OMS

I. Identify a center c; ;s close to x via

cjp € argmin dy(sign(Ac;i),y). (5.8)
Cj’kECj
where dy is the Hamming distance, i.e., dp(z,2') = [{l : 2z # z}|. If

dp(sign(Ac; ), y) = 0, directly choose x* = ¢; s and omit II.

II. If there is no center lying in the same cell as x (see Figure 5.3), recover the
projection of x onto Pj, i.e., P 1/(x). To do so solve the convex optimization

m
x* = argmin Z(—yl)<al, z), subject to z € conv (Ps(Pjr N B2(0,2))). (5.9)
ZERN =1

5.3 Recovery Guarantees for OMS

We are ready to state the core result of this chapter which provides for OMS recovery
guarantees similar to the ones in Theorem 3.3.9 if one has access to a GMRA of M fulfilling
the axioms in Definition 5.1.1. This section is devoted to the proof of Theorem 5.3.1 and
concludes with a short discussion on the Gaussian width of Riemannian manifolds.

Theorem 5.3.1. There exist absolute constants E,E',c > 0 such that the following
holds. Let € € (0,1) and assume a GMRA of M according to Definition 5.1.1 is given
up to mazimum refinement level J > j = [log(1/e)]. Further suppose that one has
dist(0, M) > 1/2, 0 < Cy < 27, and supyep Cx < 2071, If

m > ECT %% max {w(M), \/dlog(e/e)}2, (5.10)

then with probability at least 1 — 12 exp(—cC?e?m) for all x € M C SN~! the approzima-
tions x* obtained by OMS satisfy

- 2
|x — x*||3 < E' (1 +Cx + O max{l,log(Cl_l)}> elog (%) . (5.11)
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Remark 5.3.2. The restrictions on Cy and Cx are easily satisfied, e.g., if the centers form
a mazximal 277 packing of M at each scale j or if the GMRA is constructed from manifold
samples as discussed in Section 5.1. In both these cases C1 and Cx are in fact bounded by
absolute constants. We discuss Theorem 5.53.1 for empirical GMRAs in Section 5./.
Note that Theorem 5.3.1 is up to the additional e-log-factors in (5.10) and (5.11) similar
to Theorem 3.3.9. We thus extended Theorem 3.5.9 by a tractable approach for non-convex
signal sets under mildly worse conditions.

Numerical simulations (see Section 5.5) suggest that a slightly modified version of OMS
performs better in some scenarios even though we cannot provide a rigorous theoretical
justification for the modification’s improved performance at present.

For proving Theorem 5.3.1 we need two technical lemmas. The first controls the
Gaussian width of the union of manifold and its scale-j GMRA approximation M U M.

Lemma 5.3.3. For M, the subspace approzimation in the GMRA of level j > jo for M
of dimension d > 1, the Gaussian width of M UM, can be bounded from above and below

by
max{w(M),w(M;)} < w(MUM;) < 20(M) + 2w(M;) + 3 < 2w(M) + C\/dj.

Remark 5.3.4. Note that the first inequality holds for general sets, not only M and M;.
Moreover, one only uses M; C B2(0,2) to prove the second inequality. It thus holds for
M replaced with arbitrary subsets of B2(0,2). We might use both variations referring to
Lemma 5.3.5.

Proof: The first inequality follows by noting that

max{w(M),w(M;)} = max{ E [sup (z,g)] , E [ sup (z, g>] }

zeM zEM;

< E[ sup <z,g>] = w(MUM,;).
ze MUM,;

To obtain the second inequality observe that

w(MUM;) < y(MUM;) < E[SQEKZ’QH Sgﬂ\(z,gﬂ =v(M) +v(M;)

2 2
<2w(M) 4 2w(Mj) + \/;dist(O,M) + \/;dist(O,Mj)

<2 (w(M) + w(M;) + 15\/2) ,

where we used (3.6), the fact that M C SN~1 and that M; C B2(0,2).

(5.12)
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For the last inequality we bound w(M;). First, note that

w(M;)= E| sup (z,g)| = E sup (z,8)
_ZGMj ZE{Pj,kj (z/>(z’): z'€B2(0,2) }NB2(0,2)
<E sup (z',g)
ZIEUkE[Kj] Pj’k;mBQ (0,2)

For all k € [Kj] there exist d-dimensional Euclidean balls L;; C P; of radius
2 such that Pj; N B2(0,2) C Lji. Hence, Uke[Kﬂ(Pj,k N B(0,2)) C L; :=
U kelK;) L; ;. By definition the e-covering number of L; (a union of K; d-dimensional
balls) can be bounded by N(Lj,e) < K;(6/)¢ which implies log N(Lj,e) <
djlog(12C¢/e) by GMRA property (2). By Dudley’s inequality in Theorem 3.2.8
and Jensen’s inequality we conclude that

2
w(M;) <w(Lj) < CDudley/O \/m de

2
< CDudley\/jj/ Vlog(12Cc) — log(e) de
0

2
< CDudleyJEj\/2 lOg(12CC) _/ 10g(€) de
0
< C'Vdj,

where C’ is a constant depending on Cpydiey and C¢. Choosing C' = 2C" + 3 yields

the claim as 31/2/7 < 3/dj. [ |

The second lemma quantifies the equivalence of fo-norm and normalized geodesic dis-
tance on the unit sphere.

Lemma 5.3.5. Forz,z' € SV! one has
dg(z,7') < ||z — 2|2 < ndg(z, 7).

Proof: First observe that (z,z') = cos £(z,27') = cos(mwdg(z,2')). This yields

|z —2/||s — da(z,2) = \/2 — 2cos(ndg(z,2)) — da(z,2') > 0
as the function f(x) = /2 — 2 cos(mx) — x is non-negative on [0, 1].

For the upper bound note the relation between the geodesic distance de and the
normalized geodesic distance dg

dg(z,2') = ndg(z,2)

which yields 3
|z — 2|2 < dg(z,2') = ndg(z,2)). -
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We can now turn to the proof of Theorem 5.3.1. We show the following more detailed
result which directly implies Theorem 5.3.1.

Theorem 5.3.6 (Uniform Recovery - Axiomatic Case). Let M C SNV~ be given by its
GMRA for some levels jo < j < J, such that C; < 270 where C is the constant from
GMRA properties (2b) and (3a). Fiz j and assume that dist(0, M;) > 1/2. Further, let
d>1 and

m > 16 max{C’, C}C5250+1) (w(M) + C\/dj)?, (5.13)

where C' is the constant from Theorem 3.8.9, C' from Theorem 3.3.5, and C > 3 from
Lemma 5.8.8. Then, with probability at least 1 — 12exp(—c(C127771)2m) the following
holds for all x € M with one-bit measurements y = sign(Ax) and GMRA constants Cy
from property (3b) satisfying Cyx < 2971 The approzimations x* obtained by OMS fulfill

[[x = x|z <

(20 275 + \F\/ mln{Cl,l} + /1107, i‘/log m{ )) Vi2h.

Here C}, := 205 + C}.

Proof of Theorem 5.3.1: As j = [log(1/¢)], we know that 277 < ¢ < 277+ This

implies
2
1
m > ECy° max{w(/\/l),\/d (log (€> +1)}
> 16 max{C’, CYC70200+D) (w(M) + C\/dj)?,
for suitably chosen E > 0. The result follows by applying Theorem 5.3.6. |

To prove Theorem 5.3.6 we show that the center c;;/ identified in step I. of OMS
satisfies [[x — ¢jupl2 < 16max{|x — ¢;x,(xll2, C12777'}. Therefore, the GMRA prop-
erty (3b) provides an upper bound on |x — P;/(x)|l2. What remains is to then bound
the gap between P;;/(x) and the approximation x*. This happens in two steps. First,
Theorem 3.3.9 is applied to (5.9) bounding the distance between P; 1/ (x)/ || P} (x) H2 and
x* (the true measurements y are interpreted as noisy version of the non-accessible one-
bit measurements of Pj i (x)/ ||Pjw (X)Hz) Second, the distance between P;;/(x) and

P;, k(x)/ HIP’] & )H2 is bounded and a union bound concludes the proof.

Lemma 5.3.7. If m > CCy %260+Y) max{w(MUPs(C;))?,2/7} the center ¢z chosen in
step L. of OMS fulfills

[x —cjull2 < 16max{|x —c; x)||2,012 i- 1}
for all x € M C SN=1 with probability at least 1 — 2exp(—c(C127771)%m).
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Proof: Recall that da(z,z') = Ldpy(sign(Az),sign(Az’)). By definition of c; in
(5.8) we have that

dr (sign(Acjw),y) < du(sign(Ac i, (x)),¥)-

As, forallz,z' € RN, dy(sign(Az),sign(Az')) = m-da(z,z') = m-da(Ps(z), Ps(z')),
this is equivalent to

da(Ps(cjp), x) < da(Ps(cjr;(x) %)

Noting that Gaussian random vectors and Haar random vectors yield identically
distributed hyperplanes, Theorem 3.3.5 transfers this bound to the normalized
geodesic distance, namely

da(Ps(cjr), x) < da(Ps(cjr;(x))s ) + 26

with probability at least 1 — 2exp(—cd?m) where 6 = C127771. Recall that, by
Lemma 5.3.5, dg(z,2') < ||z — 2|2 < 7dg(z,2), for all 2,2’ € SV~ which leads
to

HPS(Cj,k/) — X||2 < WdG(PS(Cj,kj(x))aX) + 276
< W"PS(Cj,kj(x)) — X”2 + 279.
As by property (3a) the centers are close to the manifold, they are also close to

the sphere and we have ||Ps(c;x) — ¢jkll2 < C127772, for all ¢;; € C;. Hence, we
conclude

llejw —xll2 < leje — Ps(ejrr)llz + IPs(cjr) — z[2

< C127772 f w(llej ) — X2 + C12777%) + 276

2
<16 maX{Hijkj(x) — XHQ, 0127]'71}.

T 1 ;
< <7r + -+ 27+ 2) max{|[c;, (x) — x|z, C127971}

Proof of Theorem 5.3.6: Recall that k" is the index chosen by OMS in (5.8). The
proof consists of three steps. First, we apply Lemma 5.3.7 in (I). By the GMRA
axioms this supplies an estimate for ||x —P; ;/(x)||2 with high probability. In (II)
we use Theorem 3.3.9 to bound the distance between P; 1/ (x)/||P; 4 (x)||2 and the
minimizer x* given by

m
x* = arg min Z(—yl)<al,z), subject to z € K := conv(Ps(P; N B2(0,2))),
2 =1
(5.14)

with high probability. By a union bound over all events, part (IIT) concludes with
an estimate of the distance ||x — x*||2 combining (I) and (II).
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(I) Set 6 := 127771, Observing that C127772 < 1/2 by assumption, GMRA
property (3a) yields that all centers in C; are closer to S¥~1 than 1/2, i.e., 1/2 <
llcjkll2 < 3/2. Hence, by (3.6)
0 <w(Ps(Cy)) < v(Ps(Cy)) < 29(Cy)
2 (5.15)
< 4w(Cj) -+ 2\/;dist(0,Cj) < 4w(Cj) + 4.

As C; € M; we know by Lemma 5.3.3, (5.15), and Remark 5.3.4 that

m > 4C5~8(2w(M) + 2C/dj)? > 4C5 5 (2w (M) + 4w (C;) + 6)2
>4 6(2w(/\4) +w(Ps(Cy)) +2)* = C6~°(4w(M) + 2w(Ps(C))) +4)°
> O S (w(MUPs(C))) + 1)2 > O3 max{w(M UPs(C;))?, 2/7}.

(5.16)
Hence, Lemma 5.3.7 implies that
Ix — sl < 16 masx{x — e, o)l 127971},

with probability at least 1 — 2exp(—cd?m). By GMRA property (3b) we now get
that

X — P (x)]|l2 < Cx277, (5.17)

for some constant Cy.

(IT) Define a := ||P; (x)[|2 and note that one has 1/2 < a < 3/2 as x € Sh-1
and ||x — P, (x)]]2 < Cx277 < 1/2 by (5.17) and assumption. We now create
the setting of Theorem 3.3.9. Define x := P (x)/a € SN!, y := sign(Ax) =
sign(AP; 1/(x)), K = conv(Ps(Pj i N B2(0,2))), and 7 := (2Cx + C1)277. If suc-
cessfully applied with these quantities Theorem 3.3.9 will bound ||x — x*||2 by

1% — x*[)» < \/(smﬂhm
: <\/§</10g mm{40611}> (5.18)
\/20——1—01\/log mm{ o e+ — )) (1/32_%‘

All that remains is to verify that the conditions of Theorem 3.3.9 are met so
that (5.18) is guaranteed with high probability. (Note that in our case the true
measurements y are interpreted as corrupted version of y and x is interpreted as
the signal which shall be approximated by (5.14).)
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We first have to check dy(y,y) < 7m. Recall that é < 2 and for o > 0 one has
aw(K) = w(akK). Applying Lemma 5.3.3 and (3.6) we have, in analogy to (5.16),
that

m > C5 % (dw(M) + dw(M;) + 12)* > C5° <2w(/\/l) + 2w <MJ> + 12>2

(%

> (650 <w (Mu?) +7>2 > (60 <w <<Mu/\;lj) mBg(0,1)> +7>2.

Note that in the third inequality a slight modification of the second inequality in
Lemma 5.3.3 is used. As M;/a C Bz(0,4) one has w(M U M;/a) < 2w(M) +
2w(M;/a) + 5 by adapting (5.12). We can now use Theorem 3.3.5, Lemma 5.3.5,
and the fact that |1 — of = [[[|x||2 = [|Pj (x)][2] < [|x — P;w(x)[|]2 to obtain

Y0 — 44(%,%) < (%) + 8 < & —xll2 + 6

<% =P (x)[l2 + [P e (x) — x[[2 + 6
=1 —a| +[|Pjp(x) = x[l2 + 0 < 2||Pjpr(x) — x[[2 + 0
< (QOX + Cl)Q_j =T

with probability at least 1 — 2 exp(—cé?m). Furthermore, by a similar argumenta-
tion as in (5.15) one gets

w(K) = w(IP’S(PjW N BQ(O, 2))) < 4w(./\/lj) + 4, (5.19)

where one uses invariance of the Gaussian width under taking the convex hull (see
Theorem 3.2.7), the fact that Pj, N B2(0,2) C Mj, and the assumption that
1/2 < dist(M;,0) < 2. In combination with Lemma 5.3.3 we have, in analogy to
(5.16), that

m > 4C'578(2w(M) + 4w (M;) + 6)* > 4C"6 O (w(K) + 2)? > C'6 Sw(K)?.

Hence, we can apply Theorem 3.3.9 to obtain with probability at least 1—8 exp(—cd?m)

that
Ix — %3 < 64 /log (g) + 1174 /log (E)

The estimate (5.18) now follows.

(III) To conclude the proof we apply a union bound and obtain with probability
at least 1 — 12 exp(—cd?m) that

I = x"[la < f1x = By (0)ll2 + [ By () = Klla + % = x°]l2
— lx = By (x)ll2 + 1 - af + % - x[1
< 2fx = By ()2 + % — x|

GMRA property (3b) combined with (5.18) yields the final desired error bound. B
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Theorem 5.3.1 depends on the Gaussian width of M. For general sets this quan-
tity provides a useful measure of the set’s complexity. If M is a compact Riemannian
submanifold of RV it might be more convenient to have a dependence on the geometric
properties of M instead (e.g., its volume and reach). It is straight-forward then to deduce
from [55] that w(M) can be upper bounded in terms of the manifold’s intrinsic dimension
d, its d-dimensional volume Voly(M), and the inverse of its reach. These dependencies
are intuitively to be expected as a manifold with fixed intrinsic dimension d can become
more complex as either its volume or curvature (which can be bounded by the inverse
of its reach) grows. The following theorem is a combination of different results in [55]
and formalizes the intuition by bounding the Gaussian width of a manifold in terms of its
geometric properties.

Theorem 5.3.8. Assume M C RY is a compact d-dimensional Riemannian manifold with
d-dimensional volume Volg(M) where d > 1. Then one can replace w(M) in Theorem
5.5.1 by

Vd

min{1, reach

w(M) < C-diam(M)-, | d - max {log (c (M)}) ,1} + log(max{1, Voly(M)}).

where C,c > 0 are absolute constants.

Proof: Denote by 7 the reach and by p the diameter of M. From [55, Lemma 14] we
know that the covering number N (M, ¢) of a d-dimensional Riemannian manifold
M can be bounded by

d
2 Volg(M)

c /1 . (%)2 VOld(Bd)'

d
2

N(M,e) <

for ¢ < Z. After noting that Voly(Bg) > B~ (2F)2 for all d > 1 for an absolute

constant 8 > 1, this expression may be simplified to

d d

V2d Vid
- Volg(M) < B ——
Vrey1- () 1= ()

We can combine these facts with Dudley’s inequality in Theorem 3.2.8 to obtain

w(M) gc’/op log(N(M,2)) de

N(M,e) <p

VOld(M) .

< (p/plog(N(M,e)) 015)é

0

N =

—C'p (/O;log(N(M,s)) de+[plog(N(M,a)) da) ,

2
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using Cauchy-Schwarz for the second inequality. We now bound the first integral
by

/0 log(N (M, £)) d5</0 —dlog f’/ iT 2 + log(Volg(M)) de

l T
2 6<

T

§/02 —dlog( Bf) de + = log(Vold(./\/l))

=—d [slog (2;\/&> - 5]0 + glog(Vold(M))

= dg (log (45;_/62) + 1) + %log(\/old(/\/l)).

As the covering number is decreasing with increasing ¢, the second integral can be
bounded as follows.

/Tplog(N(M,s)) de < /Tplog (N (M,%)) de

= (0= 3) [Faroe () + ostvonin)

=d (p — %) log <4ﬁ:—/&> + (p - %) log(Voly(M)).

(SR

=

) , 1} + 2plog(Vold(M))) 2

) ,1} + 2plog(Vold(M))>

2

=C\/p <2dp - max {log <4ﬁ

< CpJ 2d - max {log (46{?) , 1} + 2log(Volg(M)).
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5.4 OMS and the Empirical GMRA

We have noted in the beginning of this chapter that GMRAs are normally computed from
samples of M and do not necessarily fulfill all axioms of Definition 5.1.1 perfectly, an
assumption we make in Theorem 5.3.1. In this section we provide an alternative version
of Theorem 5.3.6 which holds for empirical GMRAs and extends Theorem 5.3.1 as long
as the sampling distribution on M behaves well and a sufficient number of samples is taken.

Recall from Section 5.1.2 and Section 5.1.3 the assumptions of the empirical setting.
There is a probability distribution II supported on M which behaves well in the sense
that the assumptions (A1)-(A4) are fulfilled. Moreover, we are given a set of n points
X = {Xi1,...,X,,} which are sampled iid from II. The difference between probabilistic
GMRA fulfilling the axioms in Definition 5.1.1 and empirical GMRA can thus be controlled
by Theorem 5.1.3. OMS has to be slightly modified to conform with the empirical GMRA
notation of Section 5.1.3. To this end, replace (5.8) and (5.9) by

Cj i € argmin dy(sign(Ac;r),y)- (5.20)

€;.1€C;

{X* = arg min,cpny ;% (—y1){ay, 2),

. - (5.21)
subject to z € conv <P§(Pjyk/ N B(0, 2))) .

To stay consistent with the axiomatic notation we denote the sets containing the centers
c;- , and ©; i by C;- and C; respectively. We denote the empirical GMRA approximation at

level j, i.e., the set @j projects onto, by
M; = {Pj(z): z € B2(0,2)} N B(0,2)

and the affine subspaces by ]3j7k = {]@]k(z) : z € RV}, We again restrict the approximation
to B2(0,2). The single affine spaces will be non-empty as all c;;, lie by definition close to
B2(0,1) if supp(II) is close to M, which we assume.

For the proof of our adapted theorem we do not need Theorem 5.1.3 in its full extent
but only the following two bounds which can be deduced from (20) and (21) in [123] by
setting t = 27¢. As both appear in the proof of Theorem 5.1.3, we state them as a corollary.
The interested reader may note that n; appearing in the original statements can be lower
bounded by #;n277¢.

Corollary 5.4.1. Under the assumptions of Theorem 5.1.8 the following holds for any
C1 >0 as long as j and « are sufficiently large and o is sufficiently small:

ojd o 320342 }

=12 )

Pr|max
k’EKj

Py,, — P

Vik

; 320242
N Cy . 2 . 721dmin{1, 5 }
Pr | max Hc;k — cij > 9772 < Zoide o1
kek; "' iz 12 )

. _ . . 2
if 1> Nin = (27 + log(max{d, 8})) min {14401%1%32(“1)#3, 96%2@“} .
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By Corollary 5.4.1 with probability at least 1 — O(27¢ exp(—27?)) the empirical centers
c; i of one level j have a worst case distance to the perfect centers c; . of at most O(27772)

ifn > O(2%4). As aresult, the empirical centers ¢; ; will also be at most O(277~2) distance
from their associated cover tree centers a; . if n > O(2%%) by assumption (A2). The same
holds true for the projectors Py, , and Py 2 in operator norm. In addition to Corollary
5.4.1 we need a modified version of Lemma 5.3.3.

Lemma 5.4.2. The Gaussian width of MU M, U M\j can be bounded from above by

max{w(M), w(M;), w(M;)} < wMUM;UM,) < 2w(M) + 2w(M;) + 2w(M;) + 5

< 2w(M) + C/dj.

Proof: The proof follows directly the lines of the proof of Lemma 5.3.3. The additional
term w(M;) can be bounded in the same way as w(M;). [ |

Remark 5.4.3. By structure of the proof one can easily obtain several subversions of the
inequalities, e.g., w(M U ./\/l]) < 2w(M) + 2w(./\/l )+ 5. We will use them while only
referring to Lemma 5.4.2. Moreover, similar generalizations as in Lemma 5.5.3 apply (cf.

Remark 5.3.4).

We are ready to state an empirical version of Theorem 5.3.6 which automatically
extends Theorem 5.3.1.

Theorem 5.4.4. Let M C SN™1 be given by its empirical GMRA for some levels jo <
Jj < J from samples X1, ..., Xy, for n > npy (defined in Corollary 5.4.1), such that 0 <
Cy < 200t where Cy is the constant from GMRA properties (2b) and (3a) for a GMRA
structure constructed with centers c}k and projectors <I>jT7k<I>j7k =Py, ,. Fiz j and assume

that dist(O,M\j) > 1/2. Further let
m > 64max{C’,C}Cy 626G+ (w(M) + Cv/dj)?.

where C' is the constant from Theorem 3.3.9, C' from Theorem 3.3.5 and C from Lemma
5.4.2. Then, with probability at least 1 — O (2jd exp(—274) +exp(2_2jm)) the following
holds for all x € M with one-bit measurements y = sign(Ax) and GMRA constants Cy
from property (3b) satisfying Cyx < 2771: The approzimations x* obtained by OMS with
(5.20) and (5.21) fulfill

% = x|z

Yjo k.,

~ Cl) _J 4 <4€> ~ 55 4
<21 Cx+—)2724++/Ciy/log| = ) +1/22Cx + —Cq | log | ———F——
< ( 3 1 g c; 7 o1 g (ZC’X—F%CH)

The proof of Theorem 5.4.4 follows the same steps as before. First, we give an em-
pirical version of Lemma 5.3.7. Then we link x and x* as in the proof of Theorem 5.3.6
while controlling the difference between empirical and axiomatic but unknown GMRA by
Corollary 5.4.1.
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Lemma 5.4.5. Fiz j sufficiently large. Under the assumptions of Theorem 5.1.3 and
n > Nopin (defined in Corollary 5.4.1) if m > CCy%260+D) max{w(M UPs(C;))?,2/r} the
index k' of the center € chosen in step I of the algorithm fulfills

[ — ¢ jll2 < 16 max{|[x — C;‘,kj(x)H?ﬂ C127771,

for all x € M with probability at least 1 — O (de exp(—27%) 4 exp(&zm)).
Proof: The proof will be similar to the one of Lemma 5.3.7. By definition we have
dp (sign(AC; i), y) < dp(sign(AC;k,(x)), ¥)-
As, for all z,z’ € SN71, dy(sign(Az),sign(Az')) = m - da(z,2'), this is equivalent

to
da(Ps(€jp),x) < da(Ps(€;k,x))> X)-
Theorem 3.3.5 transfers the bound to normalized geodesic distance, namely
da(Ps(Cjx),x) < da(Ps(Cj;(x)), %) + 26

with probability at least 1 — 2 exp(—cd?m) where § = C;27771. By Lemma 5.3.5,
da(z,2') < ||z — 2|2 < 7dg(z,2), for all z,2 € S¥~1, which leads to
IPs(Cjpr) — x[l2 < mda(Ps(Cp;(x)), X) 4 270
< mlPs(C)k;x)) — %2 + 276.

We will now use the fact that by Corollary 5.4.1

~ Cl —j—2
€50 = il < 527772,

for all k € K; with probability at least 1 — O(27% exp(—279)). From this we first
deduce by GMRA property (3a) that [[c;5 — Ps(cjx)ll2 < [[€jx — Ps(c)y)ll2 <

||6j,k - C;‘,kH? + Hc}yk — PS(C;',k)||2 < (Cl + 01/2)2_j_2 for all Eij S é\J Combining
above estimates and using triangle inequality we obtain
1€} —%ll2 < € = Cinlle + €50 — Ps(Cin)ll2 + [[Ps(Cjar) — x|z
< 20127772 + 71|[Ps (€ k, (a)) — |2 + 270
< O 2777 7 (|[€5 1, (x) — Ps (€, 012 + 1€, ) — < s 0|12
+ 1€} 1) — XlI2) + 278
<0279 4 w27 4 Tlcjk; (x) — X2 + 276
< (4r+1) max{||c;-7kj(x) — x|2, 127771}

<16 maX{HC;‘,kj(x) — x|, C12797 1

A union bound over both probabilities yields the result. |
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Proof of Theorem 5.4.4: The proof consists of the same three steps as the one of
Theorem 5.3.6. First, we apply Lemma 5.4.5 in (I). By the GMRA axioms this
supplies an estimate for ||x — IP; 1/ (x)||2 with high probability (recall that P; ;/(x)
will be Py, (x —c;/) + ¢}, in this case). In (II) we use (I) to deduce a bound

on [[x — Pj(x)|l2, and then use Theorem 3.3.9 to bound the distance between
Pj i (x)/||Pj i (x)]|2 and the minimizer x* of

m
x* = argmin > (—y) (8, 2),
2 = (5.22)

subject to z € K := conv (IP’S(]%,;C/ N By(0, 2))) ,

with high probability. Taking the union bound over all events, part (III) then
concludes with an estimate of the distance ||x — x*||2 by combining (I) and (II).

(I) Set 6 = C1277! and recall that C127772 < 1/2 by assumption which implies
by GMRA property (3a) that all centers in C; are closer to SN=1 than 1/2, i.e.
1/2 < [[e) 4]l < 3/2. Moreover, Corollary 5.4.1 holds with probability at least
1 — O(27%exp(—277)) and implies [[¢;x — ¢} ;[l2 < (C1/12)27772 < 1/4. Hence, by
triangle inequality 1/4 < |[c; |2 < 7/4. From this and (3.6) we deduce

w(Ps(C)) < 1(Ps(Cy) < 4v(C)) < 8w(Cy) + 4\/3 dist(0,C;)

< 8w(C;) + 8.

(5.23)

As CAJ C M\j we know by Lemma 5.4.2 and (5.23) that

m > 16C6~%(2w(M) + 2C\/dj)? > 16C5 % (2w(M) + 4w(C;) + 10)?
> 4065 (4w(M) 4 8w(C;) 4 20)2 > 4C6 0 (4w (M) + w(Ps(C;)) + 12)?
> 05 0(8w(M) + 2w (Ps(C))) + 24)2 > G5 S(wM UPs(C))) + 192 (5:24)

> 065 max {w(M UPs(C)))?, } .

Hence, Lemma 5.4.5 implies

_i1
[x — ¢ poll2 < 16max{”x—c;7kj(x)‘ 2,012 J }

with probability at least 1 — O (de exp(—279) + exp(de)). By GMRA property
(3b) we get

[ — P (%) < Cx277, (5.25)
for some constant Cl.
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(IT) Define & := H]:/P\)]]CI(X)HQ Note that [[x — ¢/ /[l2 <4 asx € SV=1 and all c

are close to the sphere by assumption. Hence,
1P h (%) = Pipr (¥)ll2 = l|€Gpr + Py, (x =€) = Cjr = P (x = Cp)l2

< llcju = Cipllz + 1Py, 0 =Py Nlx = Gl + llej = Cinl

IN

2 ; 1 ) 1 )
127772 0127 x — e < 2Ch270 R
1271 T2 k=l = 50

by application of Corollary 5.4.1. This implies 1/4 < & < 7/4 as x € S¥~! and

1% = Py (x)]2 < [Ix = Py (x)]|2 + [P0 (%) = Pjpr (x)]|2
-1, 3 (5.26)
< C’x2 J + 5012 J < 1

by (5.25) and the assumption that max{Cy, C1/4}-277 < 1/2. As before we create
the setting of Theorem 3.3.9.

Define % := P, s (x)/a € SV~1, § := sign(AR) = sign(AP, 1+ (x)), K = conv(Pg(P;j N
B5(0,2))) and 7 := (2Cy + 2C1)27J. If applied to this, Theorem 3.3.9 would give
the desired bound on ||x —x*||2. We first have to check di(y,y) < 7m. Recall that
1 <4 and as @ > 0 one has Aw(K) = w(akK). By applying Lemma 5.4.2 again we
have that

m > 6405 0 (w(M) + C\/dj)* > 16065 (2w(M) + 2w(M,) + 5)?

— 2
= C68(8w(M) + 8w(M;) + 20)> > 56 <8w(/\/l) + 2w </\;J> + 20>

_ 2
C6 % max w((MUMj>ﬁB(O,1)> >%

AV

a
We may now use Theorem 3.3.5, Lemma 5.3.5 and ||x — @jvk/(x)ﬂg =]1-a| <
|x — P; i (x)||2 to obtain

=da(X,x) < dg(x,x) +20 < ||x—x|2+ 20
m

< 1% = Biw (x)ll2 + [Py (x) = x[l2 + 20
< 2Py (%) — x|2 + 26 < 2C, 277 + 127972 26
- 5 .
< (2Cx + 101)2_3 =T
with probability at least 1 — 2 exp(—cd?m). Assuming the above events hold true

we can apply Theorem 3.3.9 as by Lemma 5.4.2, in analogy to (5.24) and (5.19),
that

m > 4C"6 75 (2w(M) + 4w(M,) + dw(M;) + 10)°
> C'6 5w (Ps( Py N Ba(0,2)))
> C'6 Sw(K)?
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and obtain with probability at least 1 — 8 exp(—cd?m)

% — x*[|2 < 5,/1og(§) +11¢,/1og<§). (5.27)

(III) We conclude as in Theorem 5.3.6. Recall that [|x — @j,lc’ (X))o =11 —«a| <
[x = Pjw(x)|l2 < (Cx + %)Z_j. By union bound we obtain with probability at
least 1 — O (2% exp(—2/%) + exp(62m))

% = x"l2 < llx = Pjpr(%)l2 + [[Pj e (x) = %l2 + [|x = x"[|2

<2HX ij/ Hg—l—\/ 1/10g —|—11T“10g
1\ o
(C’ + 8> 277 4+ \/C127 T \/log (Cﬂ]l)
+1/226 + B cyo t1og [ ——© ,
4 (2Cx + 2C1)277
Cr\ - 4 de
— |2 1
<(C’+8> Cq Og<01>
~ 55 2e j
+4/22Cx + —C1 ¢ log | —=—+— Vi272
V 1! g((zox+icl>> Vi

5.5 Numerical Simulation

In this section we present various numerical experiments to benchmark OMS. The GM-
RAs we work with are constructed using code provided by Maggioni'. We compared the
performance of OMS for two exemplary choices of M, namely, a simple 2-dim sphere em-
bedded in R?° (20000 data points sampled from the 2-dimensional sphere M embedded in
S20=1) and the MNIST data set [113] of handwritten digits 717 (3000 data points in R754)
where the restriction to the single digit 1 was done to keep the underlying manifold as
simple as possible. In each of the experiments in Sections 5.5.1-5.5.4 we first computed a
GMRA up to refinement level jnax = 10 and then recovered 100 randomly chosen x € M
from their one-bit measurements by applying OMS. Depicted is the averaged relative error
between x and its approximation x*, i.e., ||x — x*||2/||x||]2 which is equal to the absolute
error ||x — x*||2 for M C SN~!. Note the different approximation error ranges of the
sphere and the MNIST experiments when comparing both settings.

!The code is available at http://www.math. jhu.edu/~mauro/#tab_code.
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5.5. NUMERICAL SIMULATION

5.5.1 OMS-simple vs. OMS

The first test illustrates recovery performance of the two algorithms presented above,
namely OMS-Simple for R € {0.5,1,1.5} and OMS. The results are depicted in Figure
5.5. Note that only R = 1.5 and, in the case of the 2-sphere, R = 1 are depicted as in the
respective other cases for each number of measurements most of the trials did not yield
a feasible solution in (5.6) so the average was not well-defined. One can observe that for
both data sets OMS outperforms OMS-Simple which is not surprising as OMS does not
rely on a suitable parameter choice. This observation is also the reason for us to restrict
the theoretical analysis to OMS. The more detailed approximation of the toy example
(2-dimensional sphere) is due to its simpler structure and lower dimensional setting. This
difference in approximation quality can also be observed in Sections 5.5.2-5.5.4.

— —
S o
= =
= sa}
[ )
) o0
< 5
— —
: :
< <

]0730‘”6””‘QH“QHH‘QH“QHHQ <

N < \Q (QQ QQ %QQ QQQ QQQ

. N
Number of Measurements Number of Measurements
(a) 2-Sphere (b) MNIST

Figure 5.5: Comparison of OMS-Simple for R = 1 (dotted-dashed, yel-
low), R = 1.5 (dashed, blue) and OMS (solid, red).

5.5.2 Modifying OMS

In the second experiment we compared OMS to a slightly different version in which
(5.9) is replaced by

m
x* = argmin » _[(—y)(a,2)], . subject to z € conv (Pg(Pjp N Ba(0,2)))
ZGRN =1

where [t]; = max{0,t} denotes the positive part of ¢ € R. This is motivated by the
observation that (3.21) can be re-stated equivalently as (3.22). Hence, (3.21) punishes
incorrect measurements of a feasible point z € K by its distance to the ‘measurements
border’ H,, while rewarding correct ones. The second part which rewards might cause
problems as it pushes minimizers away from the hyperplanes Hj, of correct measurements.
If the true x, however, lies close to one of them, this may be suboptimal. Hence, we dropped
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the rewarding term in (3.22) leading to
arg minz [(—yi)(as,2)],, subject toz € K, (5.28)

which is still convex but performs better numerically in some cases. As depicted in Figure
5.6, the version with []; clearly outperforms the one without if M is the 2-dimensional
sphere. In contrast, if M is more complex (MNIST data), the [-]; formulation clearly
fails. We have no satisfactory explanation for this difference in behavior so far.

— —_
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1074@”‘6‘HHQHHQHH‘QHHQHHQ Q\\\\Q\\\\\Q\\\\Q\\\\\Q\T\‘g\—\\A-Q

N < \Q "JQ QQ QQ QQ N ) \Q <:)Q QQ QQ QQ

S RN S N
Number of Measurements Number of Measurements
(a) 2-Sphere (b) MNIST

Figure 5.6: Comparison of OMS (dashed, blue) and a modified version
(solid, red) as described in (5.28).

5.5.3 Are Two Steps Necessary?

One might wonder if the two steps in OMS-Simple and OMS are necessary at all.
Wouldn'’t it be sufficient to use the center c; s determined in step I. as an approximation
of x? If the GMRA is fine enough, this indeed is the case. If one only has access to
a rather rough GMRA, the simulations in Figure 5.7 show that the second step makes a
notable difference in approximation quality. This behavior suits Lemma 5.3.7. The lemma
guarantees a good approximation of x by c; ;s as long as x is well approximated by an
optimal center. In the MNIST case, one can observe that the second step only improves
performance if the number of one-bit measurements is sufficiently high. For a small set
of measurements the centers might yield better approximation as they lie close to M by
GMRA property (3a). On the other hand, only parts of the affine spaces (the ones inside
B2(0,2)) are practical for approximation and a certain number of measurements is neces-
sary to restrict II. to the relevant parts.
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Figure 5.7: Comparison of the following: Approximation by step I. of
OMS when using tree structure (dashed, blue) and when comparing all
centers (solid, red); approximation by step I.+I1. of OMS when using tree
structure (dashed with points, yellow) and when comparing all centers
(solid with points, purple).

5.5.4 Tree vs. No Tree

In the fourth test we checked if approximation still works when not all possible centers
are compared in step I. of OMS but their tree structure is used. This means to find an
optimal center one compares on the first refinement level all centers, and then continues
in each subsequent level solely with the children of the k best centers (in the presented
experiments we chose k = 10). Of course, the chosen center will not be optimal as not all
centers are compared (see Figure 5.7). In the simple 2-dimensional sphere setting, step II.
can compensate the worse approximation quality of I. with tree search. Figure 5.7 hardly
shows a difference in final approximation quality in both cases. In the MNIST setting one
can observe a considerable difference even when performing two steps.

5.5.5 A Change of Refinement Level

The last experiment (see Figure 5.8) examines the influence of the refinement level
j on the approximation error. For small j (corresponding to a rough GMRA) a high
number of measurements can hardly improve the approximation quality while for large
j (corresponding to a fine GMRA) the approximation error decreases with increasing
measurement rates. This behavior is as expected. A rough GMRA cannot profit much
from many measurements as the GMRA approximation itself yields a lower bound on
obtainable approximation error. For fine GMRAs the behavior along the measurement
axis is similar to above experiments. Note that further increase of j for the same range of
measurements does not improve accuracy.
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Figure 5.8: Approximation error of OMS for different refinement levels
j and numbers of measurements.

5.6 Alternative Width Bounds

For obtaining the lower bounds on m in (5.13) and (5.10) we made use of Lemma 5.3.3
leading to the influence of j which is suboptimal for fine scales (i.e., j large). To improve
on this for large j one can exploit two alternative versions of the lemma which apply to a
more restrictive definition of M, namely,

M;el = {[F’j’kj(z)(z): VAS M} N 82(07 2)

In order to derive the bounds three technical tools are needed. Recall the definition of C,
in GMRA property (3b).

Lemma 5.6.1. Set Cpq := sup,cpq Cz. Then, M;el C tubec 02 (M).

Proof: If x € M;el there exists zx € M such that x = P (4,)(2x). The Euclidean
distance d(x, M) therefore satisfies

d(x, M) = inf [[x = zl2 < [P 1, (2 () — 7xll2 < Cpe2™

j
by property (3b). [ |
Given a subset S C RY, we let P(S,¢) denote the maximal packing number of S

(i.e., the maximum cardinality of a subset of S whose elements are all separated from one
another with Euclidean distance € > 0).

Lemma 5.6.2. Set Cpq = sup,cpCz. Then N(./\/lgd,s) < N(M,eg/2) for all ¢ >
20027,

Proof: First note that for all n > p := Cy(27% Lemma 5.6.1 implies that

M;d C tube,(M) C U Ba(z,2n),

z€M,
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where M,, is an n-cover of M. Thus, for all ¢ > 2n > 2p

9
NMe) <N | Bofm2m)e | < N(Mem) = N (M, 5). n
ZEMn

Lemma 5.6.3. N(./\/lgel,a) < (6/e)IN(M,e) for alle < ;C1277 as long as j > jo (see
properties (3a) and (2b)).
Proof: By properties (3a) and (2b) every center c¢;x has an associated p;j, € M
such that both By (pjk,C'12 i- 2) C Bs (c]k,C’12 i- 1) and By (pjk,C’12 i- 2)
By (cjp,C127971) = (0 for all k # k'. Let P; := {pjx | k € [K;]}. Consequently,
we have that K; = |P;j| and ||pjx — Pjwll2 > C12777! for all k # k. Since P} is a
C1277~-packing of M we can further see that
Kj <P (M,C27771) < N (M,C127772) < N(M,e),

for all ¢ < 127772, Now, M;el C Lj, where L; is defined as in the proof of
Lemma 5.3.3 (this proof also discusses its covering numbers). As a result we have
that

N(M],e) < N(Lj,e) < Kj(6/2)" < N(M,e) - (6/2)"
holds for all £ < C;27772. [ |

We can now show the first alternative version of Lemma 5.3.3 which is independent of
the refinement level j.

Lemma 5.6.4 (A Bound of the Gaussian Width for Fine Scales). If j > logy(N) and
max{1l,sup,cr Cz} =: Cpq < 00, we obtain
max{w(M), w(M®)} < w(M UM < 20(M) + 2w(M}) + 3
< C(w(M) +1)log(N).

Proof: We aim to bound w(/\/l;el) in terms of w(M). By the two-sided Sudakov
inequality [166] and Lemma 5.6.1 we get that

(Mml) < C'log(N sups\/logN Mml )

e>0

0<e<20 223

< C'log(N sup ey/log N(tubeg, o-2 (M), ¢€)
M

+ sup e4/log N(M;el, 5))

e>20 220

< Clog(N) ( sup £y/log N(B(0,1+ Cry), ¢))

0<e<20 227

+ sup ¢ logN(M,€/2)> ,

e>20 220
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where the last inequality follows from tubec, o2 (M) C B2(0,1+Cxq) and Lemma 5.6.2.
Appealing to the Sudakov inequality once more to bound the second term above
we learn that

w(./\/lgel) < C'log(N) < sup ev/log N(Bs(0,1 + Cry),€))

0<e<2C A 22

+2sup %\/log N(M,€/2)>

e>0

< C'log(N) < sup ev/1og N(B2(0,1+ Cp),¢)) + 2¢ w(M)) .

0<e<2C 22

To bound the first term above we note that the covering number of B2(0,1 + Cpy)
can be bounded as

24+ 20\ 40 + 4\ N
N (B2(0,1+ Cp),e) = N <BQ(0,1), 1+€CM) < (1++EM> < (f‘f;r) .

4Cp+4
&g

assuming that logy (V) < j

As e — e4/log( ) is non decreasing for ¢ € (0,204(27%), we obtain by

sup ev/1og N(B2(0,1+ Cp),€)) < sup 5\/Nlog (W)

0<e<2C 22 0<e<2C 22

< 2CM2_2j\/N log <<4 + 4) . 22j—1>
Cm

cer(E) (4) e

where C” is an absolute constant. The computation in (5.12) finishes the proof. N

It is no surprise that for general M € SN~! the width bound for w(M;) (resp.

w(/\/l;el)) depends on either j or log(/N). The proximity of M;el to M in Lemma 5.6.4
only implies ./\/l;el C tubec, o-2; and a large ambient dimension N will lead to a higher
complexity of the tube. In Lemma 5.3.3 the proximity argument is omitted using the
maximal number of affine d-dimensional spaces in M. This argument does consequently
not depend on N but on the refinement level j.

The next lemma requires more geometric structure by assuming that M is a Riemannian
Manifold. It improves on both Lemma 5.3.3 and 5.6.4 for such M by yielding a width
bound which is independent of both 5 and NN for all j sufficiently large.

Lemma 5.6.5 (A Bound of the Gaussian Width for Approximations to Riemannian
Manifolds). Let M C S¥=! be a compact d-dimensional Riemannian manifold with d-
dimensional volume Voly(M) where d > 1. Suppose that j > max{jo,logs(8Cr/C1)} for
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Cm = max{l,sup,cr( Cz}. Then, there exist absolute constants C,c > 0 such that

max{w(M), w(M5)} < w(M UMD

<C,|d (1 + log (c%)) + log(max{1, Volg(M)}).

Here the constants C, and Cy come from GMRA properties (3b) and (3a).

Proof: Let 2C27% <& < iC12_j. We aim to bound w(./\/(;el) in terms of covering
numbers for M. To do this we will use Dudley’s inequality in combination with the
knowledge that ./\/l;el C B2(0,2) (by definition). By Dudley’s inequality (Theorem
3.2.8)

w(M <C’/ \/log N(Mie e)) de

(/ \/Iog /\/lml g)) d5+/ \/log M’“el g)) ds)7

where C’ is an absolute constant. Appealing to Lemmas 5.6.3 and 5.6.2 for the
first and second terms above, we can see that

w(./\/l;el) < (/O€~ \/log((ﬁ/a)dN(./\/l,&)) de + /: V1og(N(M,e/2)) da)

4
c’ /0 V108 ((6/2)IN (M,e/2)) de

2
P /0 VAlog(3/n) + log(N (M) dn

2 2
§2C’\//0 dlog(3/n) dn+/0 log(N(M,n)) dn,

where the last step follows from the Cauchy-Schwarz inequality. We may bound
the second term as in the proof of Theorem 5.3.8. Doing so we obtain

w(Mj) <" /Zdlog(3/n) dn +d <1 + log <c’\/a>> + log(Volg(M))
0 T

<C"”,|d <1 + log <c’\j_8>> + log(Volg(M)),

where 7 is the reach of M, and C"”, ¢’ are an absolute constants. The computation
in (5.12) together with Theorem 5.3.8 concludes the proof.

As the above lemmas only apply to M;el, using these alternatives makes some modi-

fications in the proof of Theorem 5.3.6 necessary:
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CHAPTER 5. ONE-BIT RECOVERY ON GENERAL MANIFOLDS

In (I), e.g., one has to guarantee that C; C ./\/lgd, i.e., that each center c; is a best

approximation for some part of the manifold. This assumption is reasonable if the centers
are constructed as means of small manifold patches, a common approach in empirical
applications (cf. Section 5.1.3).
When working with /\/l;el one has to guarantee in (II) that k&’ obtained in (I) fulfills
k' ~ kj(x) as M;ez does not include many near-optimal centers for each point on M.
In addition, the optimization which has to be performed in this case in step II. of OMS
becomes more involved. We will leave such variants to future work.

5.7 Discussion

In this chapter we proposed a tractable algorithm to approximate data lying on low-
dimensional manifolds from compressive one-bit measurements to complement the theo-
retical results of Plan and Vershynin on one-bit sensing for general sets in [139]. We linked
the theoretical understanding of one-bit measurements as tessellations of the sphere [140]
to the GMRA techniques introduced in [5] and analyzed the interplay between a given
manifold and its GMRA approximation’s complexity measured in terms of the Gaussian
mean width. To illustrate applicability of our results we showed that they even hold for
manifolds learned from samples. Several interesting questions remain for future research:

First, it is straight-forward to generalize and improve the theory by replacing Theorem
3.3.5 and Theorem 3.3.9 with the quite recent results Theorem 3.3.8 and Theorem 3.3.10.
In Theorem 5.3.1 this would allow M to be not on the sphere and reduce the sufficient
number of measurements to obtain a squared error of ¢ > 0 from O(e7%) to O(¢72).
As the dithered one-bit model (which has to be used then) causes additional notational
complexity, we defer those considerations to the near future.

Second, the experiments in Section 5.5.4 suggest the use of tree structure within C;
to reduce computational complexity. Indeed OMS does still yield comparable results if
I. is replaced by a tree based search which has the advantage of being computable much
faster than the minimization over all possible centers. Obtaining theoretical error bounds
in this case would be desirable, as well as considering the use of other related fast nearest
neighbor methods from computer science [87].

Third, the reader might have noticed in the empirical setting of GMRA and in Section
5.4, that (A2) in combination with Lemma 5.4.5 seemingly renders II. of OMS useless. As
Section 5.5.3 though shows, the second step of OMS yields a notable improvement even
with an empirically constructed GMRA. Seemingly, even with (A2) not strictly fulfilled
the empirical GMRA techniques remain valid, and II. of OMS of value. Understanding
this phenomenon should lead to more relaxed assumptions than (A1)-(A4).

Fourth, one might consider versions of OMS for additional empirical GMRA variants
including those which rely on adaptive constructions [117], GMRA constructions in which
subspaces that minimize different criteria are used to approximate the data in each par-
tition element (see, e.g., [88]), and distributed GMRA constructions which are built up
across networks using distributed clustering [11] and SVD [90] algorithms. Such variants
could reduce the overall computational storage and/or runtime requirements of OMS in
different practical situations.

Finally, as already pointed out in Section 5.5.2 we do not yet understand the influence
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of an inserted positive part [-]; in II.. There seem to be cases in which a massive improve-
ment can be observed and others in which the performance completely deteriorates. The
explanation is probably decoupled from this work and OMS.
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Chapter 6

Interlude: From Multi-Bit
Recovery to Matrix Sensing

In this short chapter we discuss numerical experiments motivating our study of multi-
bit recovery. We then point out that quantized compressed sensing and classification in
machine learning are two sides of the same coin. Building upon this relation we describe
how our work on matrix sensing (presented in Chapter 7) originated from the multi-bit
recovery problem described in Section 3.4. This chapter contains unpublished joint work
with Lars Palzer.

6.1 The Influence of Bit-Depth

Figure 6.1 and Figure 6.2 show the outcomes of different numerical experiments which
consist in recovering randomly drawn s-sparse unit-norm signals x € RY, for N = 100,
from uniformly quantized Gaussian measurements. We use for recovery multi-bit basis
pursuit (cf. Section 3.4), which we describe in detail in the next section.

Comparing approximation quality in mean-squared and worst case error shows an expo-
nential decrease of both errors in bit-depth, i.e. number of bits per measurement. This
observation matches the theoretical performance of multi-bit compressed sensing predicted
in Theorem 3.4.2. Figure 6.1 depicts for different quantization levels the mean squared er-
ror ||% — x||5 in dB when recovering x from m measurements (n dB = 1070, i.e., 0 dB = 1,
—10dB = 0.1, —20 dB = 0.01, etc.). The sparsity s of x varies from 1 to 100 and m from
0 to 400. Note that the measurement rate is defined as m/N. The experiment illustrates
two important facts. First, one-bit quantization only works well under very strong spar-
sity assumptions. Second, the different multi-bit quantizer improve approximation quality
step-by-step and lead to an almost smooth connection between one-bit compressed sensing
and classical un-quantized compressed sensing.

In the second experiment, we are interested in the trade-off between number of measure-
ments and bit-depth per measurement. We let the sparsity s vary from 0 to 100 and the
number of available bits R (measured in Bits/N) from 0 to 400. The eight diagrams in
Figure 6.2 depict empirical probabilities of obtaining a mean squared error ||%x — X||g <0.1
for different choices of B bits per measurement (note that m = R/B). The results suggest
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Figure 6.1: Median MSE over 500 experiments.

to choose a certain number of bits per measurement to maximize the region of successful
recovery if some given approximation error shall be attained. Both experiments showed
the qualitatively same behavior in worst case error.

In [112] the authors examine the trade-off between number of measurements and bit-
depth per measurement when considering a fixed bit budget and draw the conclusion that
an optimal choice depends on the concrete application. If high noise is expected, one
should reduce the number of bits per measurement to have more measurements and hence
more robust recovery. If the expected noise level is small it pays off to increase the number
of bits per measurement to improve approximation quality. They observe as well that for
obtaining a certain approximation error one should neither choose too few nor too many
bits per measurement, the former only yielding rough approximation while the latter re-
ducing the number of measurement below the lower bound necessary to apply compressed
sensing techniques (cf. Figure 6.2).

In order to profit from bit-depth in the low-noise regime, it is crucial to have reliable recon-
struction methods which exploit the improved accuracy best possible. When compared to
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Figure 6.2: Empirical probability of MSE< —10 dB over 500 experi-
ments.
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Figure 6.3: Comparison of AMP and Multi-Bit BP

approximate message passing algorithms (a class of more sophisticated algorithms we do
not explain in detail here), the multi-bit basis pursuit performs poorly, see Figure 6.3. Is
it possible to explain this performance gap or to find a simple alternative to basis pursuit
coming with better worst-case approximation guarantees?

6.2 The Relation Between Quantized Compressed Sensing
and Machine Learning

Recall from Sections 3.3 and 3.4 how we imagined one-bit and multi-bit quantization. Each
quantized measurement characterizes one or several hyperplanes such that the collection
of all measurements provides a tessellation of the space into quantization cells. Let us
change our perspective. For simplicity, we concentrate on the one-bit setting first. Instead
of identifying the measurement vectors a; (rows of A) with hyperplanes, we might see
them as points in space which are labeled by y; = sign({a;,x)) € {—1,+1} as depicted in
Figure 6.4 (a).

We are now in the setting of binary classification problems where the unknown classifier
is the hyperplane Hy = {z € RY: (z,x) = 0} defined by x. It is well-known that linear
binary classification problems can be solved by support vector machines (SVM) [154] which
search for a hyperplane separating the points according to their labels and maximize the
margin between hyperplane and point clouds by computing

w = argmin |W|3%, subject to y; ((W,a;) —7) > 1, for all i € [m)]. (6.1)
weRN reR

Note that 7 controls offset of the hyperplane Hy, while the right-hand side of the constraints
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Figure 6.4: Quantized compressed sensing as classification problem.

Figure 6.5: Separation of two point clouds with maximal margin.

causes the margin (cf. Figure 6.5). If in addition sparsity of the wanted support vector is
assumed, one can replace the squared fo-norm in (6.1) by ||-||;, a setting which has been
studied in [105]. Comparing Figure 6.4 (a) to Figure 6.5 it is clear that 7 and the right-
hand side of the constraints in (6.1) are zero when one considers quantized compressed
sensing as classification problem. This leads from (6.1) to

w = argmin |W|;, subject to y;(W,a;) > 0, for all i € [m] (6.2)
weRN

which is equivalent to (3.11) (up to the additional constraint ||Az||, = m).

Let us consider the multi-bit quantization depicted in Figure 6.4 (b). Instead of having
two classes of points, we get depending on the number of bits per measurement B € N,
2B classes we can distinguish. Moreover, we know that there exists a bundle of parallel
hyperplanes which separate the points and share x as normal vector. If we write I, for
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SENSING

the set of a; which belong to class b € [28] and introduce the auxiliary variables

. {—1 if a; € I, for b < b,

1 else,
(6.2) can be generalized to

zl') (<W, ai> - T(A7 b? HXH2)) > 07

7

for all i € [m],b € [25] (6:3)

w = argmin |W|;, subject to {
weRN

where the shifts 7(A, b, ||x||,) depend on the quantizers refinement level A and the norm

of x (if those parameters are unknown, one may also optimize over 7 as in (6.1)). To put

it simply, (6.3) minimizes the ¢;-norm with respect to the quantized measurements and is

thus equivalent to multi-bit basis pursuit [128].

Remark 6.2.1. The just observed relation can be used to transfer results on quantized
compressed sensing in Section 3.3 and 3.4 to the framework of classification problems in
machine learning. Theorem 8.3.1, for example, characterizes how many Gaussian samples
are necessary to solve a binary classification problem up-to expected misclassification error
O(¢) in RN when the classifier is linear and orthogonal to some sparse vector while Theo-
rem 3.3.9 additionally respects misclassifications on the training data. These are valuable
results if one assumes that affiliation with a class only depends on few relevant parameters
(corresponding to sparsity of the classifier’s normal vector).

Interpreting the dithered results Theorem 3.3.10 and 3.4.2 is more involved. Here the
dither adds a specific random perturbation to each of the a; which might be hard to justify
if the a; resemble empirical data.

Interpreting quantized compressed sensing as classification problem clearly shows that
only a small fraction of the measurements is used in obtaining the estimate of x. As
support vector machines mainly rely on the points closest to the classifying hyperplane
(called support vectors), only those a; which lie close to Hyx determine the approximation
quality of (6.2) and (6.3).

But Figure 6.4 (b) illustrates an interesting geometric property of x. If one centers the
point clouds I around the origin and writes the resulting points into a matrix, one of the
singular vectors will be close to x, a sparse vector. Consequently, it might be possible
to improve on the support vector machine ansatz by efficiently calculating singular value
decompositions of matrices which have sparse singular vectors.

Unfortunately, numerical simulations show that this strategy does not yield practical re-
sults. The problem is that sparsity of x implies only sparsity on one singular vector and
that this specific singular vector belongs to the smallest singular value which is most sen-
sitive to noise. However, the algorithm we have examined performs well in recovery of
low-rank matrices with sparse singular vectors from unquantized compressed sensing mea-
surements. Therefore, let us leave in the following chapter the framework of quantized
compressed sensing and turn to matrix sensing.
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Chapter 7

ATLAS: Matrix Sensing with
Combined Structures

In the last chapter we discuss recovery of matrices with multiple structures, in particu-
lar low-rankness and sparsity, from unquantized compressed sensing measurements. We
present recent work on this topic including sparse power factorization, the so far stand-
alone algorithm for recovery of matrices which are low-rank and sparse. After proposing
a new algorithm, A-T-LAS, ;, we analyze its behavior, compare it numerically to sparse
power factorization, and discuss its potential generalizations. The content of the chapter
is joint work with Massimo Fornasier and Valeriya Naumova, and has been published in
[63] and [64].

7.1 DMatrix Sensing and Multiple Structures

Starting with [29, 144] the theory of compressed sensing has been generalized to matrix
signals. Motivated by applications as low-dimensional embedding of data into Euclidean
space [120] and low-order realizations of linear systems [59], one is interested in finding a
matrix X € R™"*"2 of minimal rank fulfilling

where the linear measurement operator A: R™*"2 — R™ and the measurements y € R™
are given. Just like fp-minimization (2.2), solving

min rank(Z), subject to A(Z) =Yy, (7.2)
ZERn1 X2
is NP-hard in general. In order to solve (7.1), one has to replace (7.2) with a tractable pro-
gram. By singular value decomposition we can write Z = USXVT where U € R"X™ V ¢
R"2%"2 are orthogonal matrices and 3 € R™*™ is diagonal. Let us denote by o €
Rmin{n1.n2} the vector of singular values o1 > ... > Omin{ni,nz} = 0. Based on the observa-
tion that rank(Z) = ||o||,, the idea of [144] is to relax (7.2) to

min ||Z||,, subjectto A(Z) =1y, (7.3)
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where [|Z||, = ||o||; denotes the so-called nuclear norm. When transferring the concepts
presented in Chapter 2 to this setting, one can show that certain random operators A
satisfy with high probability a restricted isometry property on the set of ny x ny rank-R
matrices for

m 2 Rmax{ni,na}. (7.4)

Consequently, any low-rank matrix X can be uniquely recovered from (7.1) by the convex
program (7.3). Moreover, the bound in (7.4) corresponds up-to a constant to the number
of parameters which are necessary to describe an nq X ng rank-R matrix and thus scales
optimally in the intrinsic dimension of the set of low-rank matrices. As in Chapter 2, the
RIP allows to obtain robust and stable recovery results.

Things become interesting as soon as sparsity is considered in addition. By viewing
X € R™*"2 a5 vector in R™"™2, the classical compressed sensing machinery can be applied
as well. If X, for example, has only s; < n1 non-zero rows and sy < ng non-zero columns,
the results in Chapter 2 guarantee that X can be recovered from

mz(a@n%<dm"”> (7.5)

(s182)

measurements of type (7.1) in a stable and robust way. But is it possible to profit of both
structures, low-rankness and sparsity, at once if X is (s1, s2)-column/row-sparse and has
rank R < min{si, s2}? To describe a matrix of this type, less than R(s; + s2) parameters
are sufficient which can be considerably less than (7.4) and (7.5).

One might wonder if the assumption of combined structures is useful. A practical
motivation is given by blind deconvolution [84]. In blind deconvolution one is interested
in recovering two unknown vectors w and p solely from their convolutional product

y=w*xp= (Z WiP(k—i) modm> (76>

=1 k=1

In imaging applications p represents the picture and w an unknown blurring kernel
[155]. In signal transmission p is a coded message and w models the properties of the
transmission channel [71]. Independent of the concrete application (7.6) is highly under-
determined and contains ambiguities which might be reduced and handled by sparsity and
low-rankness assumptions.

Let us focus here on the transmission of signals to elaborate on the last statement. In
[3] the authors used that, by bilinearity of the convolution, (7.6) can be represented as
a linear map acting on the outer product wp”, a technique commonly known as lifting.
They assumed in addition that the channel properties w and the message p lie in lower
dimensional subspaces and are of the form w = Bh and p = Cx with h € C™ and
x € C" being coefficient vectors encoding channel and message (B and C are suitable
transformation matrices). They could hence re-write (7.6) as

y = A(hx")
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Algorithm 7 : SPF(y, A, Vo, s1,s2, R, L)
Require: A: R"1*" 4 R™ y € R™, Vg€ R™2*E s 55, R € N, number of iterations L

1:1=0 > initialize
2: while l < L do

3 V; < orth([Vi, Vo)) > orthonormalize
4 if s;1 < nq then

5 U =HTP(Ay,,y,s1) > fix V; and apply HTP
6: else

7 U = arg mingepn <z |y — Av, (U) |13 > fix V; and solve least squares
8 end if

9 Let Uy be the best rank-R approximation of U
10: U1 < orth([Uj4q, Ug)) > orthonormalize
11: if s9 < ny then
12: V= HTP(Au,,,,y,s2) > fix U,y and apply HTP
13: else
14: V = argminy cgn,xr ||y — Au,,, (V)H; > fix Ujy; and solve least squares
15: end if

16: Let V41 be the best rank-R approximation of \Y%

17: l=1+1
18: end while

19: return Xgpp = UlVlT

where a rank-1 matrix hx* € C™*"2 has to be recovered from m linear measurements.
As explained above, this can be solved by nuclear norm minimization under suitable
assumptions on A.

In blind demizing [118, 119, 102] or MIMO channel identification [45] a receiver gets
the overlay of R different convolutions which translates in the lifted formulation into the
recovery of rank-R matrices from linear measurements of type

R
y=A (Z hrx;'f> .
r=1

As already mentioned in [102], one can typically impose extra structure like sparsity on
the channel impulse responses h to further reduce the number of measurements m. In this
case one hopes to profit from low-rankness and sparsity at the same time.

A first throwback is an observation of Oymak et. al. in [135]: the mere convex combina-
tion of regularizers for different sparsity structures does not allow in general outperforming
the recovery guarantees of the “best” one of them alone. Consequently, in order to im-
prove recovery further, one has to go beyond linear combinations of already known convex
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Algorithm 8 : HTP(y, ®,s, L)

Require: ®: R"*®  R™ y € R™, s € N, number of iterations L
1:1=0,Z9=0¢cR™E > initialize

2: while [ < L do

3: Z =17+ (y — (%)) > gradient step
4: Let J C [n] be the index set of the s rows of Z

5: with largest fo-norm and II; the projection onto the row set.

6: Z; 1 = argming, ,z_z ||y — <I>(Z)H§ > least square fit
7 l=1+1

8:

end while

9: return Zytp = 7

regularizers.

In [9] the authors overcome the aforementioned limitations of purely convex approaches by
assuming a nested structure of the measurement operator A and applying basic solvers for
low-rank resp. row-sparse recovery in two consecutive steps which is an elegant approach
but clearly restricts possible choices for A.

Lee et. al. in contrast proposed and analyzed in [116] the so-called sparse power factor-
ization (SPF) to recover X from noisy measurements

(A1, X)F
y =AX)+n= : +n

<Am7 X>F
where (-, ) denotes the Frobenius scalar product, n € R™ models additive noise, and the
matrices A; € R™*"2 for i € [m], characterize the operator A. SPF is a modified version
of Power Factorization (see [99]) which recovers low-rank matrices by representing them
as product of two matrices X = UV” and then applying alternating minimization over
the (de)composing matrix U, V. In addition to power factorization, SPF introduces hard-
thresholding pursuit (HTP) to each of the alternating steps to enforce additional sparsity
of the columns of U and/or V. HTP is closely related to iterative hard-thresholding and

presented in Algorithm 8. Be aware in Algorithm 7 that orth(Z) computes an orthonormal
basis of span(Z) and that

(A1V,U)p
Av(U) = : and Ay(V) = :
(AnV,U)p (AT U, V)p
fulfill A(UVT) = Ay (U) = Ay(V). To analyze SPF, Lee et. al. introduce the following
RIP.

Definition 7.1.1 (Rank-R and (s1, s2)-jointly-sparse RIP). A linear operator A: R™*"2 —
R™ satisfies the rank-R and (s1, $2)-jointly-sparse RIP with isometry constant 6 € (0,1) if

(1= DNZIE < IA@)I5 < 1+ 0)IZF, (7.7)

(AfU,V)p
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for all Z € R™*"2 such that rank(Z) < R, ||Z]jo2 < s1, and ||ZT o2 < so where || - |02
denotes, by abuse of notation, the number of nonzero rows of a matriz.

They show that Gaussian measurement operators fulfill above RIP with high proba-
bility if the number of measurements satisfies

eny €eng

m 2 Rsy + s2)log (max { 14,2} (78)

51 82

and that up to the log-factor this is at the information theoretical limit. Based on the
RIP they give a recovery guarantee for SPF.

Theorem 7.1.2 ([116, Theorem 7]). Suppose the following:

(i) X = UXVT denotes the singular value decomposition of a rank-R matriv X €
R™M*12 - yhere U € RMXE and V € R™* gre row-s,-sparse and row-ss-sparse,
respectively.

(ii) The condition number of X (restricted to the non-zero singular values) is not greater
than 7.

(7i1) A satisfies the rank-2R and (3s1, 3s2)-jointly-sparse RIP with isometry constant § =
0.04/7.

(v) y = A(X) +n where n and A(X) satisfy

Xlle _lmll
X[ A2

with v = 0.04/7.

(v) The initialization (Ug, Vo) satisfies

max { [Py Paug |, [Provy-Provoyll | < 0.95
where P denotes the orthogonal projection and R(U) the range of the columns of U.

Then the output (X;)ien of SPE satisfies

< (5572 + 37 + 3)7”’7”2

lim sup 7”Xl —Xllr
AX) |2

oo IX|lF
Moreover, the convergence is linear, i.e. for any e > 0, there exists lo = O(log(1/¢)) that
satisfies
X4, = X|F
X/

[7ll2
< (5572 + 37 4+ 3)— e + €.
IAX)]2
Remark 7.1.3. Sparse power factorization has been introduced and analyzed in the more
general complex setting. To conform with the rest of the thesis, we restrict it here to real

valued matrices.
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Theorem 7.1.2 states that using suitable initialization and assuming the noise level to
be sufficiently small, SPF approximates low-rank and row- and/or column-sparse matrices
X from a nearly optimal number of measurements. If X is rank-R, has sj-sparse columns
and sg-sparse rows, m 2 R(s1 + s2) log(max{en;/s1, ens/s2}) measurements suffice which
is up to the log-factor at the information theoretical bound. Note that all columns (resp.
rows) need to share a common support in this setting. As it has been shown in [116]
that SPF outperforms methods based on convex relaxation, we will use it as a benchmark
for recovery. However, SPF and its analysis are heavily based on the assumption that
the operator A possesses a suitable restricted isometry property and cannot be applied
to arbitrary inverse problems of type (7.1). As we will see in the next sections, this
shortcoming can be dealt with by considering soft-thresholding instead.

7.2 Alternating Tikhonov Regularization and LASSO

Let us first clarify our problem setting. We recall that the reduced singular value decom-
position of a matrix Z € R™*"2 is given by

rank(Z)
Z=Uxv'= Y ou(v), (7.9)

r=1

where 3 is a diagonal matrix containing the singular values o1 > ... > 0pani(z) > 0 while
U e Rmxrank(Z) gnd V e R™%2*rank(Z) hayve orthonormal columns which are called left and
right singular vectors. Hence, each non-zero singular value o, has one left singular vector
u” and one right singular vector v".

In contrast to [116] where the singular vectors of the signal have to be sparse and share
a common support, we just assume the unknown signal X of rank R > 0 to possess a
decomposition of the form

R
X=> wE), (7.10)

r=1

where the vectors 0" and V" are effectively si/so-sparse (recall Definition 3.2.1). Note
that we require " and v" neither to be exactly sparse nor to share a common support.
We call the vectors @ (resp. v") the left (resp. right) component vectors of X. From the
context it will be clear to which decomposition they are referred. As we do not require
orthogonality of the components, (7.10) does not need to be the SVD of X, although this
case is also covered by our analysis. If X of rank R > 0 possesses an SVD as in (7.10) for
V7|2 = or, 7 € [R], then for any 0 < p < o0

R

X115 = (|29 ]l2)P. (7.11)

r=1

If the decomposition (7.10) does not coincide with the SVD of X, then al,...,af are

anyhow linearly independent by rank(X) = R and assuming that the eigenvalues of the
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Gramian of the vectors a!/|[a!||z, ..., a% /|02 are in some positive bounded interval,
one has
ne n1 | R 2 n2 R N 2
XIE =333 arw | =323 1l
F ] 2
7j=114i=1 |r=1 7j=1llr=1 2

=~ ZZ 131951 = Z(Hﬁ”lleWHz)Q-

j=1lr=1 r=1

From this equivalence and the equivalence of £,-quasi-norms and Schatten-p-quasi-norms
for 0 < p <2, one further obtains as a relaxation of (7.11)

R R
-1 _ N ~ —_ N ~
o RPPTUN (T[0T 12)P < X < CgRYPEY (AT 2f97]12)7, (7.12)
r=1 r=1
for positive constants cg;, Cyy > 0, which depend on the largest and smallest eigenvalues
of the Gramian of the vectors a!/|[a!||z, ..., af*/|[af||2. We use (7.12) mainly for p = 2/3
below.

Remark 7.2.1. For simplicity, we focus in the following on decompositions (7.10) with
effectively sparse right component vectors and arbitrary left component vectors. Concep-
tually straight-forward, but perhaps tedious modifications of the arguments lead to similar
results in the left-sided and both-sided sparse case. We will comment on this whenever
appropriate.

As in the last section, we are given some linear measurement operator A: R™ *"2 — R™
and the vector of measurements y € R™, which is obtained from X by

<A17 X)F

y=AX)+n=— : + 7. (7.13)
Vvm X
(A, X) p

The operator A is completely characterized by the m matrices A; € R™*"2 and individual
measurements correspond to Frobenius products (A;, X) ¢ = trace(A;X7). Additive noise
is modeled by 7 € R™ of which only the fo-norm is assumed to be known.

We propose to recover and decompose X by a variational approach and to minimize
the following multi-penalty functional J 55: R™ x ... x R™ x R™ x ... x R" — R which
is defined, for o, 5 > 0, by

Jf’ (ul,.. . ,uft, vt . vE) =

2 R R
+ad a3+ 8> IV,
2 r=1 r=1

(7.14)

R
y—A (Z u*(vf)T>

r=1

where «, 3 are regularization parameters. The functional in (7.14) is motivated by the
success of multi-penalty regularization in recent works [131, 75, 40]. We denote a global
minimizer of (7.14) by

1 R 1 R
(uaﬂ, R I 7 IRRE 7vaﬁ).
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Note that J R 5 also applies to matrices by viewing each 2R-tuple (ul,...,uft, vl ... v
as the matrix X = Zr:l u”(v")T. Let us denote by

R
Xa,8 = Zug,ﬁ(vg,ﬁ)T
r=1

the matrix corresponding to (u VIREE aﬁ’ aﬁ’ . aﬁ) The functional JRB has a
restricted domain (the decomp081t10n can only con51st of R vector pairs) to enforce low-
rankness of X, g and uses a non-smooth term || - [|; to promote sparsity in right singular
vectors of X, 3. Despite the convex multi-penalty regularization term aZle lur||3 +
B Zle Iv"||1, the functional (7.14) is highly non-convex, hence, it is not affected by the
above mentioned negative results of Oymak et. al. [135].

We approach its minimization by using the following alternating algorithm based on sim-
ple iterative soft-thresholding, to which we refer as Alternating Tikhonov regularization
and Lasso (A-T-LAS ;). However, for simplicity and ease of notation we write ATLAS
throughout the chapter.

(0}, = argmin, ||(y - 4 (zr yuivi”)) — At
+allull + 2,\}16 u— ukH%,

Vi1 = argmin, H (y - A (Zf 9 u2v2T>> - A(u,lﬁrlvT)H2
BV + ey — Vi3

(A-T-LAS2,)
. T2
u§+1 = arginin,, H (y A (Zr 1 uk+1vk+1T>) - A(uv}f )H

+aullz + ,\R”u ugl(f3,
Vi, = argmin, H (y A (Zr 1 uk+lvk+1T>> - A(ukR+1VT)H
IV + gk v — vEIB,

2

2

\

In each iteration above, the terms ||u — uf |3 and ||[v — v}||3 are added to provide theo-

retical convergence guarantees for the sequence (ullﬁ, ...,ka) under suitable choice of the
2R positive sequences of parameters (Af)kens - - - , (/\,Ij)keN, (MkR)kGNv . (,uf)keN > 0. In

practice, ATLAS converges without those terms.

As most of the non-convex minimization algorithms, empirical performances of ATLAS
likely depends on a proper initialization (uj,...,uf,v{,...,v{). Initialization by the
leading right singular vectors of A*(y), where A4* denotes the adjoint of A, ensures empir-
ically stable recovery in the experiments (Section 7.7). However, we do not provide any
theoretical guarantees for this observation.

One of the virtues of the algorithm is the explicit formulas for computation of the succes-
sive iterations, resulting in low computational complexity. Although relying on alternating
minimization as SPF, at first glance, ATLAS may seem to be quite similar to SPF, it ex-
hibits important positive differences: by using convex relaxation (¢1-norm minimization)
at each iteration, instead of solving a non-convex problem (¢p-minimization) as in SPF,
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we can extend the approximation guarantees to the case of a high level of noise and ef-
fective sparsity of decomposition vectors, which are cases not covered by the theoretical
guarantees of SPF. By virtue of the Lipschitz-continuity of soft-thresholding, we obtain
approximation guarantees, also for the situation where neither restricted isometry prop-
erty of the measurement operator A nor conditions on the support distribution of X are
assumed. In particular, while SPF can be considered as an alternating minimization over
matrices, ATLAS alternates on R pairs of vectors. This enable us to drop the assumption
of a common support for all columns (resp. rows) as in SPF.

7.3 Properties of Minimizers

Let us begin with some basic properties which minimizers of .J_ R have under very general
assumptions. The first result bounds the error which is caused 1n measurements by X, g
in comparison to X.

Proposition 7.3.1. Assume (uiﬁ, ey Viﬂ) is a global minimizer of Jﬁﬁ and X is fulfilling
the noisy measurements y = A(X) + n. Then,

2

ly = AXas)ll5 < ||17H2+021\/a522 [ fl2fl¥" )2 (7.15)

where Cy 1 is the constant from Lemma 7.5.2.
To prove Proposition 7.3.1, we need the following technical lemma.

Lemma 7.3.2. Let o, 3,a,b,p,q > 0. Then
1
f:RY =R, f(\) = MNaa+ EBb,

q Bb

p+q ..
paa> P and has the minimal value

attains its minimum at \ = (

min f = f(A) = Cpq(aa)7a (50) 7,
where Cp g = (%)ﬁ + (%)ﬁq-

Proof: The result is obtained by differentiation of f and by searching for its deriva-
tive’s zeros. |

Proof of Proposition 7.3.1: By applying Lemma 7.3.2 R times usingp = 2,q = 1,a =
[a7(13,b = ||¥7|l1 we get A1, ..., Ar, such that

~ o - 1 . 1
JZ‘E,B(MIII,-~-,/\RuR,/~\*V1,-~,A v =y - AKX ||2+Z(321v a2y ar(3]v 7
1 R
. N 2
= [l + C2,1 ¥/ 04522 (" fl2flv" 1) -
r=1

(7.16)
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Note that, although not explicitly labeled, each A depends on the choice of o and
[ as well as on a, b, p, and ¢q. The minimality of (u}x P vg’ﬁ) implies

. v .p 1. 1,
||y - A(Xa’ﬁ)H% < Jﬁﬁ(ua7ﬁ7 7V§76) < Jézﬂ()\lul, ...,)\RuR, TVI, N TVR)

R
2
= nl3 + Con V/aB? D~ (J[47]|2[¥7]]1)3
r=1
which is the claim. [ |

By similar proof techniques, one can also control the norms of the components ul, 3
and vy, 5, for r € [R].

Lemma 7.3.3. Assume (uaﬁ, ...,vgﬁ) is a global minimizer of Jgﬂ and X is fulfilling
the noisy measurements y = A(X) + n. If |y — AXap)ll2 > |02, we have

R . 52 R 5
>l sl3 < Conyf o2 Z (a2l {l2)® ,
r=1

R (7.17)
. 2
> lviglh < Cz,lf/ Z [a|2][v" (1)
r=1
and
R ) R ,
> (g gllalivh gll) * <> (@ 2)¥7 ()3
r=1 r=1
where Cy 1 is the constant from Lemma 7.3.2.
Proof: From (7.16) in the proof of Proposition 7.3.1 we obtain
R
ly — AXap)l3 + > (allul 513 + Blvi sll1)
r=1
R (.1 r 1. 1 g
:Ja (uaﬁ,..., B) J (/\111 )\R , =V ,.., =V )
9 b 7 Al AR

R

N N 2

= |Inl3 + Caa VB> ([07[|2[197]11)®
r=1

The first part of the claim follows by subtracting |ly — A(Xa.5)||3 on both sides,
leaving out half of the terms on the left-hand side, and dividing by « (resp. ). To
show the second part, note that by minimality of (uiY g1 vg 5) and Lemma 7.3.2

=y]

R 2
> (allwgglls + Blvhslh) = Coa VB2 Y (Iuh gllzlIvaglh)
r=1

r=1
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and hence
R 2
ly — AXap)l13 + Con /B2y~ (Iuh sll2lvhsli)®
r=1
- ~ 1 1
= JRs(u} g, vE 5) < THs(', L Aptf, =t L —F)
K b b i Al AR

R
2
= Inll5 + Coa Va2 (0" [|2ll97]1)5 .
r=1

Subtracting ||y — A(Xag)||3 on both sides and dividing by Ca1+/a3? concludes
the proof. [}

The two estimates in (7.17) point out an interesting property of J fﬁ. If one chooses
the parameters a and § of different magnitude, either the left or the right components of
a minimizer (ui’ 8 ...,vf’ 5) can be forced to become smaller in norm, while the grip on
the others is lost. If o and 8 are chosen to be equal the norm bounds are balanced and
one obtains

R R
~ ~ 2
> (g sll5 + v sll) < Con > (7[[2)9711)5

r=1 r=1

The assumption ||y — A(Xqy,5)|l2 > [|n]2 is not restrictive. As soon as ||y — A(Xq5)|l2 =
In]l2 one doesn’t have to diminish « and 8 any further. There is no hope in obtaining
an accuracy below noise level and any smaller parameter choice will lead to overfitting
phenomena.

The ¢;-regularization in Jfﬁ provides means to bound [|v{, 5|1, for r € [R]. By this,
one can control effective sparsity of the minimizer’s right components.

Lemma 7.3.4. Assume A: R™*"2 — R™ js g linear operator andy € R™. Let (u}x g1

Viﬁ) be a minimizer of Jfﬁ. For all v € [R] we have that if |[v], ll2 > lyll3/y for some
v > 0, then

Vsl
Vil = B

Proof: By comparing Jgﬁ(ué’ﬁ, ...,Vg’ﬁ) to JOIEB(O, ..,0), we get

R
> (allug gl + BlIva sllh) < Jaa(ug g va 5) < J2(0, ..., 0) = [lyl13.

r=1

This implies ||vy, 5([1 < |ly|l3/8. As by assumption v sll2 > |y||3/, we conclude

Ivasll Iyl » _ v
Vigll = B llyl3 ~ B "
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Lemma 7.3.4 states that those vectors vg’ s which lie not too close to zero are effec-

tively sparse. Numerical experiments suggest that if X has s-sparse right components v",
ATLAS leads to solutions with sparse right components Vo 5. The theoretical necessity
of considering not only sparsity but effective sparsity in this case is caused by a missing
bound on the support size of the vectors V; I

Considering (7.10) and (7.13), Proposition 7.3.1 and Lemma 7.3.4 state that X, 3 is
even without any requirements on A a reasonable approximation of X, i.e., it is of rank R,
yields similar measurements, and has effectively sparse right components. However, the
parameters « and 3 have to be chosen with care, neither too small nor too large. Moreover,
Lemma 7.3.3 shows that o and 5 have to be chosen of similar magnitude. Otherwise either
left or right components of X, g cannot be controlled.

7.4 Signal Sets and Stable Embeddings

Though applicable in general, the results of Section 7.3 do not provide approximation
guarantees comparable to Theorem 7.1.2. To obtain a statement of similar flavor, we have
to make the definition of our signal set more precise and to find operators which embed
the signal sets in a stable way like the RIP in Definition 7.1.1. Let us first characterize
a set of matrices allowing decompositions of the form (7.10) with sparse left and right
components. We define, for I' > 1,

SEL — 47 c R M2 Jul | ufteR™, v v e R™,

51,82
and o = (01,...,05)" € RE, s.t.
R
7 — T\

where [supp(u”)[ < s1, [supp(v")| < s2,
[u"||2 = ||v"|l2 = 1, for all r € [R],
and |||l <T}.

It contains all matrices Z which can be decomposed into three matrices UXV7T such that
U € R"*E and V € R"™*" have sj-sparse (resp. so-sparse) unit norm columns and
3 € REXE is the diagonal matrix defined by o. The set is restricted to decompositions
with |||z <T. The important difference w.r.t. [116] is that the columns do not need to
share a common support. Moreover, we do not require U and V to be orthogonal matrices.
In particular, all matrices X with rank less or equal R, sj-sparse (resp. sg-sparse) left
and right singular vectors, and ||X|p < T are in S2%,. In this case |||p = [|X||z. We
call such an admissible decomposition UXV7 in (7.18) a Sparse Decomposition (SD) of
Z. Note that the SD is not unique and that the SVD of Z is not necessarily a SD of Z.

The second set is a further generalization of Sﬁ’};z. We drop the sparsity assumption and
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replace it by effective sparsity. Define, for I' > 1,

KBL —{Z e Rm*™: 3ul  ulle K, o, v, .. v € Ky,

51,82
and o = (01, ... ,UR)T e RE, sit.
R
Z=> o (v, (7.19)
r=1

where [[u” ||y = ||v"||2 = 1, for all » € [R],
and |lolle <T}

which is a relaxed version of Sﬁ’gz as Sf;;Ez C Kﬁ’EQ. The class of matrices K ﬁ’,EQ is to a
certain extent closed under summation: in fact if Z € Kﬁ’EQ and Z € K él’EQ then
~ 24 12
Z-—7¢c KAV (7.20)

max{s1,81 },max{s2,52}"

We call such an admissible decomposition Z = UXVT in (7.19) an effectively Sparse
Decomposition of Z and use the same shorthand notation, i.e., SD. The context makes
clear which decomposition is meant. Any X decomposed as in (7.10) belongs to Kfll;
if Ele [a7[3]|97]3 < T?. Having the sets Sf{g and Kﬁ’}; at hand we now define
corresponding RIPs.

Definition 7.4.1 (Additive Rank-R and (effectively) (s1, s2)-sparse RIPt). A linear oper-
ator A : R™*"2 — R™ gatisfies the additive rank-R and (s1, s2)-sparse RIPp with isometry
constant 6 > 0 if

A@)]13 ~ 11Z]1%] <o, (7.21)

for allZ € Sﬁ’gz. If (7.21) holds for allZ € Kﬁ’};w we say A has the additive rank-R and
effectively (s1, s2)-sparse RIPr. Note that the rank-R and effectively (s1, s2)-sparse RIPp
implies the rank-R and (s1, s2)-sparse RIPr as Sﬁ’};Q - Kﬁ’};Q.

We comment on the additive form of (7.21) in Remark 7.4.3 below.
A linear operator A of the form (7.13) which is drawn from a subgaussian distribution
fulfills the above introduced RIPs with high probability. This is stated in the following
Lemma. Recall the definition of subgaussian random variables in Definition 3.3.6.

Lemma 7.4.2 (RIP for Subgaussian Operators). Let I' > 1 and let A: R™*" — R™ be
the linear measurement operator of form (7.13). Assume, all A;, for 1 <i <m, have iid
K-subgaussian entries a; j . with mean 0 and variance 1. If

5 _2
m 2 <I“2R> R(s1 + s2) log (max{ni,na}) (7.22)
then A has the additive rank-R and (si1,s2)-sparse RIPp with isometry constant § €

(0,T2R) with probability at least 1 — 2exp(—C(5/T?R)?*m) where C > 0 is a constant
depending on IC. If

-2
m 2, (I“§R> R(s1 + s2)log® (max{ni,ns}) (7.23)
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then A has the additive rank-R and effectively (s1, s2)-sparse RIPr with isometry constant
§ € (0,T2R) with probability at least 1 —2exp(—C’(§/T?R)?*m) where C' > 0 is a constant
depending on K.

Lemma 7.4.2 states, for § = d(I'2R), d € (0,1), that m ~ O (d_QR(sl + 82)) subgaus-

sian measurements are sufficient to have J-stable embeddings of Sﬁ’EQ and K '57752 (cf. [140,
Def. 1.1 & Thm. 1.5]). Note that I'?R is the squared Frobenius diameter of Sﬁ’};Q and
K ff’,l;Q. As we restrict ourselves below to s-effective sparse right component vectors of X,
we only use the rank-R and (effectively) (nq, s)-sparse RIPp. For the presented results
to have some meaning, a typical dimensional setting is R < s ~ n; < ng. In fact, if
n1 were close to ng in magnitude, the sparsity s of the right component vectors would
not be useful to reduce the order of the measurements, as they would already be of order
ni ~ ng. Moreover, if R were close to ni, the matrix would not be low-rank as n; would
be the maximal possible rank.
Definition 7.4.1 and Lemma 7.4.2 allow more general settings. In [116] the authors give
information theoretical lower bounds on the necessary number of measurements for re-
constructing low-rank matrices with sparse singular vectors (sharing a common supportg,
namely m > R(s1 + s2). As we do not require orthogonality of SDs in 551152 resp. K ﬁ’&
(excluding a scaling invariant RIP which is independent of the set diameter, see Remark
7.4.3), the bounds in (7.22) and (7.23) are close to information theoretic limits. We are
not aware of any information theoretical lower bounds for our more general setting.

Remark 7.4.3. The additive RIP in (7.21) differs from the commonly used multiplicative
RIPs of the form

(1= OIZIE < [A@IE < (1+0)|Z]F (7.24)

as it is not scaling invariant and A(Z) = A(Z') does not imply Z = Z' but only ||Z—2Z'||3 <
0. In fact it is not possible to derive a classical scaling invariant RIP like (7.24) on Kﬁ’,EQ
under similar conditions as (7.23). The main problem is non-orthogonality of the SD. A
simple example illustrates this point: Assume m =~ (ny + s)log® (max{ni,ns}) and the
linear operator A fulfills (7.24) for all Z € Kfl’l{s. Choose some u € R™ vy € R™ of unit
norm and |[vi|1 < v/s/2. Define vo := —vi + ew for any w € R" and choose € > 0
sufficiently small to ensure | va|1 < /s and | v2|2 = 1. Then Z = (1/2)uvi +(1/2)uvi €
K,%’ll,s and (7.24) holds. But this implies by definition of Z and scaling invariance of (7.24)
that

(1= O)luw” |7 < [|A(uw")[3 < (1+8)[luw" ||

which means the RIP directly extends to all rank-1 matrices (not only those with sparse
right component). If ny,s < no, this is a clear contradiction to information theoretical
lower bounds, as corresponding RIPs would require at least m ~ max{ni,na} (see [28,
Section 2.1]).

For proving Lemma 7.4.2 we need bounds on the covering numbers of Sﬁ;ﬁz and K, ﬁ’};.
The bound for N (S5, || - ||, €) below is an adaption of [28, Lemma 3.1].
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Lemma 7.4.4. Let Sﬁ’,EQ be the set defined in (7.18). Then, for all 0 < e < 1, one has

log(N (S35, |l - |7 €))
18T 7.25
SR(sl—f—SQ—i—l)log(?)—i—Rsﬂog( o >+R3210g( nQ). (7.25)
S1 S2

Proof: Recall, each Z € Sﬁ’};Q can be represented as Z = USVT with U = (u!, ..., uf?),
V = (vl,...,v) where all unit norm columns u” € R™ are sj-sparse, all unit
norm columns v" € R"™ are sg-sparse, and ||X||p < I'. Let us first consider the
larger set S = {Z = UXVT: U ¢ in 522 € Dr, and V € Qm s, Where Dr
is the set of R x R diagonal matrices with Frobenius norm less or equal I' and
QE, = {W e R™E: |[W||p < VR and all columns w" are s-sparse}. Then, we
know that SIL, € S. We construct an (¢/2)-net S of S by covering the sets of
permissible U, 3, and V and conclude the proof by applying the well-known rela-
tion N(K, || - H,e) < N(K',||- |l,e/2) which holds whenever K C K.

Recall that if B is a unit ball in D dimensions (with respect to some norm |||/ 5)
there exists an e-net B (i.e., for all b € B there is some b € B with b — bllp <€)
with B C B and |B| < (3/€)D . See for example [28, Section 3]. Moreover, note
that N (I, || - ||l,e) = N(cK, || - ||, ce) for any set K and ¢ > 0. Hence, for any scaled
unit ball ¢B there exists an e-net B C ¢B and |B| < (3¢/¢)P.

Let Dr be an (¢/(6R))-net of Dr which is of size |Dr| < (18T'R/e)f. For
W € R™F% denote by supp(W) = {supp(w'), ..., supp(w’)} and by supp(W) e
supp(W’) that supp(w”) C supp((w')"), for all » € [R]. Define the set of all
possible supports of maximal size

Tfs = {supp(W): W € R"*® and all columns w" have exactly s non-zero entries}.

For any fixed 0 € T}, the set {W € Qf: supp(W) € 0} is an R*F Frobenius ball
of radius VR embedded into R™R and QR =Uperr {W € QF ,: supp(W) € 6}.

Hence, there is an (¢/(6T'V/R))-net Q,}zs of Qﬁs with
en\Rs (18TR\ '™
< (2=
B ( S ) < € )

Rs R Rs
gt <) (10) " < (7)1
’ ’ (3 S (3

We define now S = {Z = UXLVT: U e in 51,2 € Dr, and V € Qn2 st It is
clear that
~ ~ - ~ 18T R Fs1ts2tD) /op \ B51 /o 52
R R 1 2
IS| < [@ny s, D1 |Qny 50| < <e) <5,1> (512) .

Let us conclude by showing S is indeed an (¢/2)-net for S. Given any Z = UxvT ¢
S, there exists Z = UXVT € S with |[U—-U||p < ¢/(6T'VR), |2 -3 r <&/(6R),
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and |V — V|| < ¢/(6I'vVR). We can estimate
1Z = Z||r < (U -U)EVT|p + [OE - Z)VT|p + [[US(V - V)T

€ € €
<——IVR+VR—VR+ VRl ——=
6I'VR 6R 6I'VR
< £
2
where we used triangle inequality in the first line and ||[AB||r < ||A|/#||B|/F in the

second. m

To derive a similar bound on N (K% sios2s || || Fy €) recall Lemma 3.2.2 which characterizes
the covering number of K, ; C R".

Lemma 7.4.5. Let Kﬁ’}; be the set defined in (7.19). Assume w.l.o.g. that s1/n1 < s2/ns.
Then, for all 0 < e < 6T'V/R, one has

log(N (K, || - lIF.€))

$1,527

R(n1 + ng + 1) log (3¢5£) 0<e<12ry/fe (7.26)
144F R 9 36T'R R R
< 1 log <6F\E/%Sl) + R(ng + 1) log (2%) 12r Th<e <12/ T2,
144F2R2( +s2) 9 18T'R R
Clote) 1og (61“\8/%51) + Rlog (£2£) 12T n—sjge < 6I'VR.

Proof: Let IN(n,s be a minimal ¢/(6T'v/R)-net for K, s in Euclidean norm. Let Dr
be the set of R x R diagonal matrices with Frobenius-norm less or equal I'. As
discussed in the proof of Lemma 7.4.4, one has that N(Dr, || - ||r,e) < (3T/e)%.
Denote by Dr a minimal (¢/(6R))-net of Dr and define the sets

K ={Z cRmw"2. 7 =UXVT

with u" € K, 5,, V' € Ky, s, for all 7 € [R], and || X||r <T}
K ={ZeRm*™. 7 =UxV"

with " € K, s, V" € Kp,.s, for all 7 € [R], and ¥ € Dr}.

We first show that K is an (¢/2)-net of K. Let Z = UXVT € K be given.
There exists Z = ULV’ € K with |u" — @[ < ¢/(6TVR), |v" — |2 <
5/(6F\/§), for all r € [R], and |2 — 2|p < ¢/(6R). Therefore, |[U — U|% =
I [ — W3 < (¢/(60)° and [V = VI < (£/(6T))%. Morcover, U =
Zr L3 < R (the same holds for V,U,V) and |[UZ|r < ||Z||F (the same
holds for VT, UX ZVT). We now obtain by triangle inequality and the fact

that |AB||r < ||A|Fr|B|F
I1Z - Z)|r < [(U-0)ZV7 |z + ||

U(S - S) VT |p +[OS(V = V) ||p
< T+ VR VR+T = <

w\m

Since KXY c K one has N(KSL@, |- |F,e) < N(K,| - ||r,e/2). Hence,
N | lIFoe) < K| < 1Ky s |1 Dp || Ky s,

81,827

116



7.4. SIGNAL SETS AND STABLE EMBEDDINGS

which yields the claim by applying Lemma 3.2.2. |

Lemma 7.4.2 can now be proven by applying the following bound on suprema of chaos
processes [107, Theorems 1.4 & 3.1] in combination with the bounds on the covering
numbers N (S5, || - |7, ) and N(KEL, || - ||r,€) in Lemma 7.4.4 and 7.4.5. We recall
below the relevant result in the form presented in [102]. The appearing ~yo-functional is
defined in [107] and can be bounded by

d22(H)
Yo (K, |l - ll2=2) S / VIog N (H, | - [l22,€) de, (7.27)
0

in the case of a set of matrices H equipped with the operator norm. Here and below
do(H) = suppey ||H| o, where [J is a generic norm.

Theorem 7.4.6. Let H be a symmetric set of matrices, i.e., H = —H, and let & be
a random vector whose entries & are independent KC-subgaussian random variables with
mean 0 and variance 1. Set

E =5 M, ll2=2) (e (H, || - la=2) + dr(H))
V =dyso (H) (v2 (H, || - [l22) + dr(H))
U= d%—>2 (H)

Then, fort >0,

2t
Pr Psllé%‘HHgHi — E[|HE|3] | > aE+ t] < 2exp <—02 min <V27 U>> .

The constants c¢1 and co are universal and only depend on IC.

We refer the reader to [107] and [102] for further details.

Proof of Lemma 7.4.2: The proof consists of three main parts. We start in (I) by
fitting our setting into the one of Theorem 7.4.6. In (IIa) resp. (IIb) the ~o-
functional gets bounded for Sﬁ’};Q and K, ﬁ’};z, and in (IIT) we conclude by applying
Theorem 7.4.6. Note that the computations of (ITa) and (IIb) can be found in
the Appendix.

(I) We first switch the roles of our random measurement operator A applied to
the fixed matrices Z to have fixed operators Hyz applied to a random vector &.
Observe, for all Z € R™*"2_ that

(vec(Ay),vec(Z))

—_

AZ) = ——

3

(vec(An), vee(Z))
vec(Z)T 0 e vec(Aj)
: =Hz &,

0. vec(Z)T Vec(Am)
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where Hy € R"™*™™"2 ig 5 matrix depending on Z and £ € R™"1"2 hag i.i.d. K-
subgaussian entries £ of mean 0 and variance 1. We define Hg = {Hz: Z € Sﬁ’EQ}.
Note that the mapping Z +— Hg is an isometric linear bijection. In particular,
we have |[Hz|r = ||Z||r and |[Hgzllaso = ||Z|p//m. For Z € SEL it holds
that ||Z||r < |U|r|EZVT|r < TVR. Hence, dp(Hs) < T'VR and dy_so(Hs) <

TVR//m.

(ITa) Since |Hzll2—2 = ||Z]|r/+v/m and Z — Hg is a linear bijection, it follows
that N(Hs, || ||l2=2,€) = N(S, || ||F, v/me). We can estimate by (7.27) and Lemma
B.1.1

VR

Jm
o (Hs, | - llams2) < / Viog N (Hs, || ooz, €)dae

0
ryE
= [ \Jrog (SEL 1 vie)
0

CsT2R2(s1 + s2) log (max {ny,na})
< = ES»
m
for some constant Cg > 0.
(IIb) In the same manner we obtain a bound on vo(Hg, | - [[2—2) where Hx =

{Hz: Z € K&.}. Recall that |[Hz||r = |Z|r, |Hzll2m2 = |Z||r/v/m and Z —
Hy is an linear bijection. This implies N (Hrc, || - |22, €) = N(K2o% |- |7, v/me).
Note that dp(Hx) < TVR and dys9(Hg) < TVR/y/m. We obtain by (7.27) and
Lemma B.1.1

IVE

m
(M || - 2s2) < / Viog N(Hr |- oo, ) de
0

%
- / \/logN(Kﬁ:I;Q, |- |, v/me) dze
0

\/CKF2R2(81 + s9) log? (max{ny,na})

<

m

for some constant Cx > 0.

(IIT) The final part of the proof is now equal for both sets Sﬁ’};Q and Kﬁ’gz. We
write £ for Lg resp. L and assume m > Csd 2 R(s1 + s2) log (max {n1,na}) resp.
m > Crd 2R(s1 + s9)log®(max{ny,ns}), for some 0 < d < 1. Then, £ < I'VRd
and

L2 +TVRL <T?R(d?® + d) < 2I'’Rd. (7.28)
We obtain the following bounds on the quantities (cf. Theorem 7.4.6):
r IR IR
E<?irvRL, v WYBERTPR - TR (7.29)

m

Jm
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Observing now that E[||Hz£||3] = |[Hz|% = || Z||3 and recalling I’ > 1 we finally
get, for § > 3¢;I'2Rd (which implies by (7.28) that § > ¢1 E + ¢;I?Rd),

pr sup 1415 - 1217 =
VASHS

< Pr[ sup [ IFz€]3 — E[IHz€]3)| 2 e1F + TR
HzcH

<2e ( Co min { 2F4R2d2 mch2Rd })
<p [ —

= e e I2R(L +TVR)? — I2R

< 2exp (—Cd2m) ,

where C' > 0 is a positive constant which depends on K. In the last step we used

that L+TVR € [F\/ﬁ, ZF\/R] (because 0 < L < F\/E) [ |

7.5 Approximation Under RIP Assumptions

We are ready state an approximation result which we introduce as follows: If one assumes
RIP, any appropriate global minimizer of J% o.p brovides a good approximation to X depend-
ing on the magnitude of a and 3, the sparsity s, the RIP constant § and the magnitude
of X measured in an appropriate Schatten quasi-norm. The approximation is worsened in
an additive way by noise level. For a given minimizer (uiﬁ, ceey ufﬁ, Vévﬁ, ceey vfﬁ) of Joliﬁ
we denote

R u” 5 v’ 5 T
Xap=VUapZasVas =D (0ap)y - : (7.30)
p [[ug, sllz \ [IvG gll2
where (04,)r = [[uy, gll2[V5, gll2, for all r € [R], and ¥, 5 is the diagonal matrix defined

by the vector o, g.

Theorem 7.5.1. Fix the positive constants a, 58 > 0, I' > 1, and the effective sparsity in-
dicator level 1 < s < ngy. Let A have the additive rank-2R effectively (n1, max{s, (v/B)*})-
sparse RIP(. yyr with RIP-constant 0 < § <1, for a fized choice of v >0 and ¢ > 1.

IfX e Kﬁg of rank R and y = A(X) +n € R™, then

N A 1
IX — Xagllr < /55 R3Conep V/aB2| X3 + 2|n2 + V3, (7.31)
3

for any global minimizer (uélﬁ, ...,viﬁ) of JRﬂ that fulfills ||vy, gll2 > (X7 + [Inll2 +
V&)?2/y for all v € [R] and ||oasllr < e in (7.30). In this case, in particular, X, p €

K" 5 with the SD in (7.30).

Proof: As [|lyll2 < [AX)[|2 + Imllz < (IX]F + V6) + [|Inll2, Lemma 7.3.4 applies
and yields that X, g is in KR 7('7 /92" Combined with X € Kfl’,l;, we know from

119



CHAPTER 7. ATLAS: MATRIX SENSING WITH COMBINED STRUCTURES

(7.20) that the difference X — Xap € Ki?é;:giv 16)2)" Hence, we apply the rank-

2R and effectively (n1, max{s, (v/8)?})-sparse RIP .1y of A to obtain (note that
la? — b?| < § implies |a — b| < V4, for a,b > 0)

K= Xl < JAGK) ~ Ao+ V5 < (I — Ao+ [nll) + V5
A2
< |5 R0 YaBIXIL + Il + Il + V5

. A 1
< \/57R3Cy1cq ¥/ aB?| X3 + 2|n|l2 + V6.
3

In the third inequality we used Proposition 7.3.1 in combination with ||[v"||; <

Vs[[¥"]|2 and

R R
2 L N 2 2 1,42
D (l2l¥7)3 < 83 (17 2]197]12)% < egR3s3X]3,
r=1 r=1 3
where we used again (7.12) for p = 2/3. |

There are some aspects of this result we would like to stress:

If we could take the limits @« — 0 and 8 — 0, the error in (7.31) would vanish up to noise-
level and RIP-constant. However, this limit cannot be performed as there are important
restrictions dictated by the need of fulfilling simultaneously the RIP and the assumptions
on X, g. If B is getting small the conditions for having RIP degenerate, i.e., reconstruction
for a fixed number of measurements only works up to a minimal 3. Letting « to zero while
keeping f3 fixed leads to minimizers which violate the lower bound on ||v, 4[|2 or the upper
bound on ||, gl|2. To see this, note that by Lemma 7.3.3 small « leads to strict bounds
on vy, 4ll2 and weak bounds on [[ug, 4|2

If X € KTIL%II; and the SD of X coincides with its SVD, then in view of the identity (7.11)
the factor cﬂRZ/?’ in the error estimates (7.31) and (7.32) can be substituted by 1, hence
there would be no dependence on the rank R.

In order to clarify how (v/3)? and s are related in the RIP in Theorem 7.5.1 and Corollary
7.5.2, let us assume for simplicity that the SD of X coincides with its SVD and a = §.
Consequently, to get a meaningful approximation result, in (7.31) a and g have to be cho-
sen of order O(s_%), i.e., (v/B)? is of order O(s%) which means that an (nj,7?s)-sparse
RIP (.1 1r is sufficient for recovery.

The result only applies to minimizers whose scaling matrix 3, g is bounded in Frobenius
norm and whose right components v’ &, are not too close to zero. The first requirement
is necessary as the RIP is restricted to SDs with scaling matrices within a ball around
zero. The second one is needed to show some level of effective sparsity of the minimizers
Xa,3- While effective sparsity of (right) component vectors of X, g is naturally wished
and expected if X € Kf}’g, we were not able in all cases to show exact sparsity of (right)
component vectors of X, g if X € Sfl’l;, but again only their effective sparsity. Hence, we
are bound to using as an artifact of the proof the stronger effectively (s1, s2)- -sparse RIPp
for theoretical analysis also in this case. In numerical experiments, however, for X € Sﬁl,F
the obtained minimizers X, g are empirically ezactly sparse (not just effectively sparse)
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and, hence, the weaker rank-2R (s1, s2)-sparse RIPr might suffice in practice. The latter
can already be guaranteed for a smaller number of measurements.

As the reader may notice, all technical results of Section 7.3 can be adapted to effective
sparsity on the left components (ué B uﬁ B)' This can be done by replacing fs-norms
by corresponding ¢;-norms in J 55. The proof of Lemma 7.3.4, which guarantees effective
sparsity of the right components, is independent of the minimization of the left compo-
nents. Therefore, Lemma 7.3.4 applies also to the left components if £o-norms are replaced
by ¢1-norms in J 576' Theorem 7.5.1 then can be adapted to this setting in a straightfor-
ward way.

It is important to require rank(f() = R as otherwise the equivalence of Schatten-norm
and normed SD cannot be guaranteed as (7.12). If the SD of X coincides with its SVD
though, the rank condition may be dropped.

L2
By choosing o and 3 in relation to the noise-to-signal ratio ||n||3/||X||3 we obtain the

following version of Theorem 7.5.1, which has the form of a typical com?i)ressed sensing
recovery bound. Assuming the RIP, the approximation error is linear in noise level while
the slope of the linear function depends on sparsity level and possibly the rank. However,
for fixed number of measurements the RIP fails for exceedingly small noise. Hence, the
result is valid only for sufficiently small signal-to-noise ratio. As we will show in Section
7.7, this apparently counter-intuitive result is factual and not an artifact of the proof
technique. A possible intuitive explanation is that J(ﬁﬁ becomes a mere least-squares
without sparsifying effect for a and 8 close to zero, which is caused by vanishing noise.

Corollary 7.5.2. Let X € Kf‘ll; with rank(f() = R fulfill the noisy measurements y =

L2
AX) +n and let o = B = ||n||3/|X]|3 < 1. Assume A has for some v >0 and ¢ > 1 the
3

L2
additive rank-2R effectively <n1,max{s,72(\XH%/MH%V}) -sparse RIP(. )r with RIP-
3

constant 0 < 6 < 1. Then, for Xo g with [|Xqg|lp < b and |[vg, 4ll2 > (I1X|[ 7 + [|n]]2 +
V6)2 /v, r € [R], we have

IX = Xopllr < (2‘ /e R2/3s1/3 + 2) Iml2 + V0. (7.32)

Remark 7.5.3. One could object that the simple zero solution X = 0 is already a com-
petitor in case of large noise ||nll2 > Z(m)||X| F, i.e.,

IX = X|[p < E(m) " n]2- (7.33)

However, for a larger number m of measurements we can consider lower level of noise,
i.e., Z(m) — 0 and the bound (7.33) would explode, while (7.32) would remain effective.

7.6 Local Convergence of ATLAS

So far an important question has not been posed. The above results only apply to global
minimizers of J O}} 5 which is a highly non-convex functional. One wonders if the alternating
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minimization defined in (A-T-LASy ;) is able to provide minimizers. We give a partial
answer to this issue. By adapting results of Attouch et. al. in [7] we show convergence of
ATLAS and that there is a neighborhood u(u;ﬁ,mwfﬁ) of a global minimizer (uiﬁ, ey vfﬁ)
such that the sequence (u},...,vE) defined by (A-T-LASs ;) converges to (u}%ﬁ7 ...,vfﬁ)
of Jolfﬁ if the initialization lies within Uy RN However, we do not give proof for
any initialization to fulfill the requirement. "This is an open issue for future research, but
recent promising results [68, 67] may shed light on how to attack the problem also for
ATLAS. The techniques in [7] provide tools to analyze the rate of convergence of ATLAS
as well. However, additional work is necessary to estimate the appearing parameters for
JEs.

We begin by a generalization of the basic conditions of [7]. Let L be a functional of the
following form:

R R
Lut,...uft vl o vE)y =31 f () + QM. vE) + 30 g (vT),
fr :R™M — RU{oo}, g, : R"™ — R U {00} are proper lower semicontinuous, for 1 <r < R,

H
(H) Q:R™M x. - xR xR™ x ... x R" - R is a C' function,
V(@ is Lipschitz continuous on bounded subsets of R™ x ... x R™ x R™2 x ... x R"2,
For given (uj,...,v{) € (R™)% x (R™)% and fixed sequences (AL)gen, .-, (A)ken,
(MkR)keNy e (ME)keN assume that

inf L > —o0,
(Hy) § L(-,u3,...,v{) is proper,
for some positive r_ < ry the sequences A}Q, e ,,ukR belong to (r—_,r).

The adapted main result of [7] guarantees convergence of the so-called Proximal Alternat-
ing Minimization

'u11c+1 = arg mingepn L(u,ug,. .., ul,vi, ..., vl + ﬁ”u —u} |3,
Vi = argmilyegny L(wj 0, uff, v, v vif) + ﬁ”v — Vi3,
(PAM) {
ukR+1 = arg min,pn, L(u,lﬁl, .. ,ukR;l, u, VI%:—i—l’ . ,v]f;l’ v}j-) + ﬁ”u — ukRﬂg,
vE = aremi L(ul R 1 R-1 0y 1y yR|2
(Vi1 = argming cgny L(Wp g, Wl g, Vg, -5 Vi V) in v =vila2,

to a stationary point of L if L fulfills (H), (H1), and the so called Kurdyka-Lojasiewicz
property, which requires L to behave well around stationary points. If the initialization
(ud, ..., v{) of (PAM) lies, in addition, sufficiently close to a global minimizer (ul, ..., vE)
of L, (PAM) converges to a global minimizer of L.

Definition 7.6.1 (Kurdyka-Lojasiewicz Property). A proper lower semicontinuous func-
tion f:R™ — R U{oo} is said to have the Kurdyka-Lojasiewicz property (KL-property) at
x € dom Of (here Of denotes the subdifferential of f and dom Of the domain on which
Of takes finite values) if there exist n € (0,00], a neighborhood U of X and a continuous
concave function ¢ : [0,00) — Ry such that
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- ¢ is C' on (0,n),

- @(t) >0, for allt € (0,n),

- and, for dllx e UN{x € R": f(X) < f(x) < f(X) +n}, the KL-inequality holds:
& (f(x) — £(%)) dist(0,0f(x)) > 1

Theorem 7.6.2. Assume that L satisfies (H) and (Hy). If L has the Kurdyka-Lojasiewicz
property at its global minimizer (ul, V*R), then there exist e, > 0, such that the initial

conditions

1

By —(ul,...,v)|a <e, minL < L(u},...,v) <minL + 7,

H(u(1)7 -+ ¥V
imply that the iterations (ug, ..., vl) generated by (PAM) converge to a point in arg min L.
If L has the Kurdyka-Lojasiewicz property at each point of its domain, then, independent
of initialization, either ||(u,...,vE)|a — oo or (u},...,vE) converges to a stationary

point of L.

By applying Theorem 7.6.2 to L = JR,B and ATLAS we obtain convergence to sta-
tionary points and local convergence to global minimizers as the sequence (u]€7 . ,V,Ij)
is bounded by coercivity of Jffﬁ. One can check that conditions (H), (H;) are ful-
filled by Jolzﬁ and ATLAS for a suitable choice of the sequences (Aglg)keN, R ()\kR)keN,
( ukR) EEN, - - - s (/ikR) ken- It remains to validate the KL-property. As mentioned in [7, Section
4.3], all semialgebraic functions satisfy the KL-property at each point with ¢(t) = ct'=? for
some # € [0,1)NQ and ¢ > 0. Hence, by showing that J R gls semialgebraic, we get the KL-
property for free. But we pay the price of having no better knowledge on the parameters
¢ and 7 in Theorem 7.6.2, which characterize the convergence radius. Let us conclude by
showing that J 5} 5 18 semialgebraic, i.e., graph(J fﬁ) C REm+En2 « R is a semialgebraic set.

A set in R™ is called semialgebraic if it can be written as a finite union of sets of the
form

{xeR" : pi(x) =0, ¢;(x) >0,i=1,...,k},

where p;, g; are real polynomials and k € N. First, the absolute value of one component
of a vector h(x) := |z;| is a semialgebraic function as

graph(h) = {(x,r) e R" xR:z;+r =0, 2; <0} U{(x,7r) e R" xR :2; =0, r =0}
U{(x,7) e R" xR :2z; —r =0, —z; < 0}.
Second, it is clear that polynomials p are semialgebraic as graph(p) = {(x,7) €e R" x R :

p(x) —r = 0} and, third, composition, finite sums and finite products of semialgebraic
functions are semialgebraic. The semialgebraicity of J. fﬁ follows as

m R R n R no
TRs', v =Dy =D ALV T e+ a ) Y TP 48>0 [y
=1 r=1 r=1[=1 r=1[=1
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is just a finite composition of semialgebraic basic units.

If one can estimate the Kurdyka-Lojasiewicz parameters, the above considerations
characterize convergence rates of ATLAS as the following theorem states.

Theorem 7.6.3. Assume that L satisfies (H) and (Hy). Assume further that (ui,...,vE)
converges to (ul,,...,vE) and L has the Kurdyka-Lojasiewicz property at (ul,,...,vE)

with p(t) = ct'=?, for 6 € [0,1) and ¢ > 0. Then the following hold:
(i) If 0 = 0, the sequence (u},...,vI) converges in a finite number of steps.
(ii) If 6 € (0, 3], there exist ¢ >0 and T € [0,1) such that

H(ui,,...,vf) — (ul ...,VS;HQ < d7*.

00
(iii) If 0 € (,1), there exists ¢ > 0 such that

1—-6
H(u,lc,...,v,?) — (u}m,...,vo}iH2 < k7201,

We refrain from presenting the proofs of Theorem 7.6.2 and 7.6.3 here as they are
straight-forward modifications of the arguments in [7]. The interested reader finds them
in the Appendix.

7.7 Numerical Simulation

After having obtained some theoretical insight on the proposed optimization problem,
we provide an implementation of ATLAS and discuss its predicted behavior in numerical
experiments. Therefore, we begin by presenting the implementation that has been used
in all experiments. As in practice ATLAS converges even without the auxiliary terms
introduced in (A-T-LAS; ;), for sake of simplicity we drop those terms. By the alternating
form of ATLAS one must solve several Tikhonov regularization resp. £1-LASSO problems.
Note that for the Tikhonov regularization

u = argmin [ly — Az|3 + of|z[|3,
z€ER"™

with A € R™*" y € R™, and a > 0, the solution is explicitly given by u = (ald +
ATA)~'ATy. Solutions to ¢;-LASSO

v = argmin ||y — Az|3 + 8|z,
AN

for some A € R™" y € R™ and 8 > 0 can be well approximated by Iterative Soft-
Thresholding Algorithm (ISTA) as seen in Section 2.3.3. Hence, a suitable implementa-
tion of ATLAS is given in Algorithm 9. Necessary modifications in case of sparse left
component vectors of X are straightforward.
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Let us turn toward numerical simulations. First, we check if the approximation results
stated in Theorem 7.5.1 and Corollary 7.5.2 describe the qualitative and quantitative
behavior of the approximation error well. Then, we compare ATLAS to Sparse Power
Factorization (SPF), see Section 7.1. We used the leading singular vectors of A*(y) to
initialize both algorithms, which is likely not an optimal choice and certainly may cause
loss of performance for both algorithms, but it is nevertheless sufficient to illustrate certain
comparisons numerically.

Algorithm 9 : ATLAS(y, A, R,v},...,vE, a,8,L)

Require: y € R™, A: R"X"2 — R™ rank R, v{,..., vl € R™, o, 8 > 0, and number of
iterations L

1: 1 =0 > initialize
2: while ! < L do

3: forr=1,....,R do o ~ ~ o

4 y=y—-A i, af(v)T + >, ul (v )T) > Fix u”, v/ with 7 # r
5 uf = (odd + Ay (v )TAV(V ) AT s AvT) = Ay(v) - u
6: v =ISTA(y, Au(u)),v]_1,0) > A(uvl) = Ay(u) - v
7 end for

8: end while

return (Ul ag, - Viprag) = (uk, .., vE)

7.7.1 Validation of Corollary 7.5.2

Figure 7.1 shows the average approximation error of 100 randomly drawn X e R16x100,
|X||r = 10, with rank(X) = 1 (resp. rank(X) = 5) and 10-sparse right singular vector(s)
from m = 90 (resp. m = 400) noisy measurements y = A(X) + . The parameters have
been chosen exemplarily for purpose of illustration. The operator A is drawn once at
random. The error bound from Corollary 7.5.2 is plotted as dashed red line, whereas the
average approximation errors are in blue. Though not tight, the theoretical bound seems
to describe the linear dependence of the approximation error on noise level appropriately.
In addition, Figure 7.1 (b) shows a breakdown of approximation for noise to signal ratios
below = 0.25. This occurrence is not surprising as the assumptions of Corollary 7.5.2
include a lower-bound on the noise-to-signal ratio for a fixed number of measurements.
Below a certain value the RIP requirements will be too strong for A to fulfill it, the RIP
breaks down, and the recovery guarantees fail.

7.7.2 Validation of Theorem 7.5.1

In the second experiment, we study the influence of parameters o and 8 on the reconstruc-
tion accuracy. In particular, we vary the parameters o and § when reconstructing one
randomly drawn X € R'6%190 || X||z = 10, with rank(X) = 1 and 10-sparse right singular
vector from 90 measurements without noise. Again parameter choice is exemplary. We
compare the three settings: (a) o = 3, (b) @ = 0.0138 and (c) o = 1003 in Figure 7.2.
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Figure 7.1: Approximation quality depending on noise level. The z-
axis shows noise to signal ratio ||n||2/||X||r while the y-axis presents
approximation error relative to | X|z. One can see the comparison of
approximation results (solid blue) and theoretical bound (dashed red)

One can observe a decrease of approximation error for o, 5 — 0 up to a certain threshold,
under which the approximation seemingly fails. While this threshold lies at 8 ~ 0.15 in
(a) and (b) it is hardly recognizable in (c). At the same time (a) and (b) show a much
smaller approximation error. These observations suggest that the choice of « strongly
influences the approximation quality of ATLAS. This is consistent with Theorem 7.5.1, as
a smaller a leads to a smaller theoretical approximation error bound.

Even though (a) and (b) show a linear decrease in approximation error which is in contrast
to the square-root behavior of the theoretical bound, (c) suggests that the error, indeed,
behaves similar to the theoretical bound.

Figure 7.2 shows that the sparsity level remains stable for sufficiently large 8 and breaks
down precisely at the same threshold as the approximation error, coinciding with the vi-
olation of the RIP conditions.

For a better understanding of ATLAS we made a third experiment reconstructing
one randomly drawn X € R16X100 with rank(X) = 1 and 10-sparse right singular vector
for different values of || X||r from 90 measurements. The noise level was set to 0 and the
parameters to « = 5 = 0.5. The outcome is depicted in Figure 7.3. One can see the relative
approximation error decreasing with the magnitude of X as expected from the bound of
Theorem 7.5.1. This seemingly confirms the theoretical dependence of reconstruction error

L oL
on [|X[[3.
3

7.7.3 ATLAS vs SPF

After confirming the theoretical results numerically, we now turn to the comparison of
ATLAS with its state-of-the-art counterpart SPF. To our knowledge, SPF is the only
algorithm available so far in matrix sensing, which exploits low-rankness and sparsity
constraints together and comes with near-optimal recovery guarantees (not relying on a
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Figure 7.2: Approximation quality and sparsity depending on parameter
size. The approximation error (solid blue) and the theoretical bound
(dashed red) are measured relative to || X||z while sparsity of the right
singular vector (dotted yellow) is relative to ns.
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Figure 7.3: Approximation error depending on the magnitude of X in
Frobenius norm. Approximation error (solid blue) and theoretical bound

(dashed red) are relative to | X||z.
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special structure of A as in [9]). As [116] contains exhaustive numerical comparisons of
SPF and low-rank (resp. sparse) recovery strategies based on convex relaxation, SPF
suffices for numerical benchmark tests. From the structure of the algorithms and their re-
spective theoretical analysis one would expect SPF to yield more accurate reconstruction
in the noiseless-to-low-noise setting, while ATLAS should prove to be more reliable if noise
becomes large. This theoretical expectation is confirmed by the following experiments.

In Figure 7.4 we compare for s/ny € [0,1] and m/(ning) the number of successful
recoveries of 30 randomly drawn X € R¥*128 |IX || = 10, with rank(X) = 1 and s-sparse
right singular vectors from m measurements. The dimensions of X are chosen accordingly
to similar experiments in [116]. We set the noise level to 0 (resp. 0.3]|X|r) and count
the recovery successful if | X — Xappe||l#/[| X[ < 0.2 (resp. 0.4). In order to compare the
noisy and noiseless cases, we fix « = § = 0.5 for both, which is a reasonable choice for
high noise level, but perhaps sub-optimal if the noise level is low. Selected quantiles are
directly compared in Figure 7.5 for convenience.

As expected, SPF outperforms ATLAS if there is no noise. In case of strong noise on the
measurements, the situation changes. In particular, we observe the improved performance
of ATLAS, whereas the SPF performance remarkably deteriorates.

To further quantify this effect, we perform the experiments reflected in Figure 7.6. For
varying number of measurements we compare average approximation error and recovery
probability of SPF and ATLAS for 30 randomly chosen X € R'6*190 || X||z = 10, with
rank(X) = 5 and 10-sparse right singular vectors which either share a common support
or may have various support sets. The parameters are chosen as o = g = 0.5. One can
clearly see that SPF outperforms ATLAS even in the noisy case for common support sets
of the singular vectors. This is not surprising as ATLAS makes no use of the additional
information provided by shared support sets. If the singular vectors, however, do not share
a common support set, ATLAS shows its strength in the noisy setting. SPF which needs
pre-information on the row-/column-sparsity § of X has to be initialized with § = Rs as
in the general case all support sets may differ.

7.7.4 Initialization

We close the section by a simple test on the influence of initialization. The plots in Figure
7.7 compared for s/ny € [0,0.5] and m/(nina) € [0,1] the number of successful recoveries
of 20 randomly drawn X € R®*128 ||X |z = 10, with rank(X) € {1,3} and s-sparse right
singular vectors from m measurements. The noise level was set to 0.3|X||z and recovery
was counted successful if |X — Xappr||7/[|X||F < 0.4. We compare initialization by the
leading singular vectors of A*(y) and by the leading singular vectors of X + Z where Z
is drawn at random, and scaled to ||Z||r = 100 (strong perturbation) resp. ||Z||r = 0.2
(mild perturbation).

For rank(X) = 1 we note remarkably that the convergence radius of ATLAS is seemingly
very large (yet not global), as the phase transition diagrams in Figure 7.7 do not show
significant variations from choosing as initialization the leading singular vectors of A*(y)

and those of small random perturbation. Instead for rank(X) = 3, initialization plays a
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Figure 7.4: Phase transition diagrams comparing SPF and ATLAS with
and without noise on the measurements. Empirical recovery probability
is depicted by color from zero (blue) to one (yellow)

0.9+ 0.9
0.8} 0.8
0.7 0.7

(a) No noise (b) Noise

Figure 7.5: Recovery probability comparison of SPF (dashed) and AT-
LAS (solid). Plotted are the thresholds for 90% (red), 70% (blue) and
3q% (yellow) successful recoveries. A recovery was counted successful if
I1X — Xapprll /| X||F < 0.2 (resp. 0.4)
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Figure 7.6: Comparison of SPF and ATLAS with and without common
support for R = 5. Depicted are average approximation error relative to
||X|| 7 and empirical recovery probabilities of SPF (dashed) and ATLAS
(solid). Common Support: SPF (red) vs ATLAS (blue). Arbitrary
Support: SPF (green) vs ATLAS (cyan).

more important role in performance and the initialization by leading singular vectors of
A*(y) does not yield optimal performance.

7.8 Discussion

In this chapter we deduced general bounds on the performance of the proposed algorithm,
ATLAS, and a necessary number of measurements for subgaussian measurements to ap-
proximate effectively sparse and low-rank matrices. The theoretical results were confirmed
in numerical experiments. ATLAS is especially effective in the most realistic setting of
ineliminable noise and, hence, it complements the state-of-the-art algorithm SPF of Lee
et. al. in [116], which works well for low level of noise or exact measurements. Moreover,
ATLAS tackles the recovery of a significantly larger class of matrices than SPF, matrices
with non-orthogonal rank-1 decompositions and effectively sparse components.

We wish to conclude by emphasizing the last point. In Section 7.1 we motivated the
recovery of sparse and low-rank matrices by blind demixing, a specific signal processing
application. The more general setting we consider for ATLAS, however, notably enlarges
the scope of possible applications.

Principal Component Analysis (PCA) [101] is a classical tool for processing large
amounts of data and performing data analysis such as dimensionality reduction and factor
extraction. It has been widely used in various areas ranging from engineering and technol-
ogy to social sciences and biology. We illustrate PCA by considering a simple example of
a grocery store, which has ny regular customers and ng products. Let X € R"™*"2 he such
that X; ; is the probability of customer i buying product j. It is reasonable to assume that
there are only R < min{ni,ny} underlying basic factors like age, income, family size, etc.
which govern the customer’s purchase behavior. For each basic factor r € [R] := {1, ..., R}
one defines two vectors: a vector u” € R™ of components u] encoding for each user i € [n]
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Figure 7.7: Comparison of different initializations for ATLAS for (7.13)
with noise n # 0 on the measurements, namely, initialization with a
strongly perturbed approximation X, ~ X (left), initialization by the
leading singular vectors of A*(y) (middle), and initialization with a
mildly perturbed approximation X, ~ X (right). Empirical recovery
probability is depicted by color from zero (blue) to one (yellow).
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how much they are affected by the factor r, and a vector v"" € R™2 encoding the probability
of buying product j if having factor . Then, one can decompose

R
X~UVI=> u(v)" (7.35)
r=1

as the product of two matrices U € R™*F and V € R™*® with columns u” and v”. Even
if the product UV is only approximately X, the decomposition into orthogonal principal
components U and loadings V is appealing for more interpretability and having less data
to store (O(n1R + nayR) instead of O(nin2)). Both, U and V can be simply obtained by
calculating a rank-reduced SVD of X.

However, if we want to understand which factors mostly affect customer’s behavior, PCA
might not be the best option, since principal components are usually a linear combination
of all original variables. To further improve interpretability and reduce the number of
explicitly used variables, sparse PCA [173, 38], which promotes sparsity of the loadings
v" in (7.35), has been proposed. Sparse PCA trades orthogonality of the principal com-
ponents for sparse solutions. In the aforementioned example of the grocery store, it is
quite reasonable to assume sparsity of the probability distributions v”, as certain factors
normally are more correlated with the probability of purchase of few specific items.

For some applications one may not have access to the complete matrix X but only to a
partial indirect information, i.e., one has only m < ning pieces of information describing
X. In the example of the grocery store this may model the situation where customers do
not possess all a fidelity card, which allows to identify them individually. Each day d € [D]
the store caches in a certain amount of money yld corresponding to purchases of a random
subset Ty C [n1] of its customers (I € N is a fixed index, whose role will soon become
clear). If p' € R™ is a vector encoding the prices pé- of each product j and P; 4 C [no] is
the set of products purchased by customer ¢ on a day d, we can express the takings as

vi=> >
iGdeG’Pi,d

If we assume that each customer i visits the grocery store with probability ¢;, we can
compute the expected takings as

ni no
Er,p. 4 Z Z Pé' :ZQiZXi,jpé'-

i€Ty jEP; g i=1  j=1
Choosing D sufficiently large, the law of large numbers guarantees that
lim —~ i d— E > 0
Doeo D 47 g P €T, jePi,dpj ’

in probability and almost surely. Moreover, by Central Limit Theorem, we may model the
average takings of D days as

1 D ni n2
S =D a Y X+l
d=1

i=1  j=1
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for a suitable Gaussian noise "71D . By defining y; = % 25:1 yld, we can rewrite the above
equation as
ni ng

=3 (@) Xij+n = (A, X)p +nf”

i=1 j=1

where the matrix A; € R"*" has entries (qipé-)i’j, and (-,-)p is the Frobenius scalar
product.

Tracking the daily sales over a time period of m - D days and perturbing the prizes in each
subperiod [ € [m] randomly would result in m inaccurate linear measurements, where
each single measurement is a random average over the entries of X with an ineliminable
additive noise 771D . (The random fluctuation of prizes is applied by groceries also for
rotating promotions on products. Periodic price reductions, or sales, constitute a widely
observed phenomenon in retailing. Sales occur on a regular basis, which suggests that
they are not entirely due to random variations such as shocks to inventory holdings or
demand.) The whole measurement process can be written as

y=AX)+n
where A: R™M*"2 — R™ jis a linear operator defined by the matrices Aq,...,A,, and
n=nP,...,n2)T € R™ models the noise.

Since the probability distributions v" cannot be expected to share a common support,
the sparse principal components are not necessarily orthogonal, and there is a consid-
erable amount of noise induced by the model, ATLAS should proof more useful than
SPF in performing sparse PCA from inaccurate and incomplete measurements. Moreover,
we have several promising extensions of ATLAS in mind which can be tackled by our tools.

First, replacing the ¢- and ¢;-norms by ¢,- and {4-(quasi)-norms, for p > 2 and
0 < g < 2, yields the functional

Rp,qc 1 R 1 Ry ._
Jaﬁ (u'y...,ut v, v =

2 R R
+a) a4+ B> v,
2 r=1 r=1

R
y—A (Z ur(vr)T>

r=1

and, in turn, the algorithm

by =i, (v~ A (S i) - )|

alfullp + gy o - ugll3,

2
Viyp = argmin, H (y A (Er 9 ukVZT)> — .A(u,lgHvT)H
HBIVIG + grllv = vill3,

(A-T-LAS,,)
uf, | = argmin, H (y A (Z =1 uk+1vk+1T>) - A(ung)Hz

+aful; +

2

2)\R||u uk||27

v,}j+1 = arg min,, H (y A (ZT 1 ukHkaT)) - A(ufHVT)H

+BIIvIE + 5irllv — V3,
M

2
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As for ¢ < 1 even the single component minimizations become non-convex, this setting
needs special care. One would need non-standard iterative thresholding methods, which
have been developed and studied, e.g., in [131]. As g-quasi-norms, for ¢ < 1, have proved
particularly effective in enforcing sparsity, this additional technical difficulties are worth
to overcome.

Second, in recommendation systems, one usually imposes additionally non negativity
constraints on the obtained matrices. We could easily implement them in ATLAS by
asymmetric ¢1-regularization. Define for z € R™ and 6 > 0

n
T x>0
Izl =12l MJZ{
i=1

O|lx| else.

For 6 becoming large, the regularization by || - Hf@ enforces sparsity and non-negativity.

Replacing the ¢;-norm in ATLAS by || - ||, would result in the simple modification of
ISTA (Algorithm 3) where the soft-thresholding operator Sg is substituted with

Sp.o(z1) -5 z5>8
Sp.e(2) = : , where Sgg(z) =40 —05 <z <5
S5.0(2ny) zi + 9% zi < —9%

Note that in the limit case § — oo the operator Sg g is a shifted ReLU function. Choosing
0 sufficiently large or considering the limit # — oo would lead to non-negative sparse PCA
[172] from incomplete and inaccurate measurements with further applications in economics
[98], biology [8], and computer vision [115].

Third, as a byproduct of our generalization of sparse PCA, we introduce, in our view,
the right class of matrices and corresponding RIPs which might allow to study SPF in the
more general setting of matrices having non-orthogonal, effectively sparse decompositions.

Apart from those extensions of algorithm and theory, there are two issues one has to
deal with in future work.
The current results demand a careful choice of parameters at noise level. This draw-
back of multi-penalty regularization is well-known and could be attacked by implementing
LASSO-path. LASSO-path has been recently extended to the multi-penalty setting in
case of superposition of the signals [74], where the authors provided an efficient procedure
for the construction of regions containing structurally similar solutions. In addition, J fﬂ
depends by construction heavenly on pre-knowledge of the rank R. One might ask how to
get good estimates for R in case the rank is unknown.
As mentioned above, initialization is crucial for good performances of the algorithm. It
is currently unclear how a good initialization can be obtained to guarantee convergence
of the whole procedure to global minimizers. This question is closely connected to the
fundamental problem in non-convex optimization how to initialize gradient-descent meth-
ods. In fact, alternating minimization is somewhat related to gradient-descent. While in
gradient-descent one determines an optimal descent direction and then approximates the
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optimal step size, alternating minimization strongly restricts the directions in space in
order to calculate optimal step sizes. Lee et. al. proposed an initialization, which worked
in their setting if one assumes a strong decay of the singular values. Possibly one could
prove this initialization to be sufficiently good in our setting as well, also in the light of
recently improved analysis [67].
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Appendix A

Parameter Choice for LASSO via
OMP

In this chapter we examine a parameter choice strategy for LASSO, introduced in (2.12),
based on a first approximation by OMP, see Algorithm 1. The idea is to find a parameter
for LASSO minimizing the least squared distance between the LASSO solution and the
OMP approximation. We provide theoretical guarantees that the additional application
of LASSO with automatically tuned parameter cannot worsen the first approximation of
OMP. Moreover, numerical experiments suggest LASSO to improve approximation results
as soon as signals are not perfectly sparse and there is noise on the measurements. The
results of this section are joint work with Judith Wewerka and were presented in similar
form in her Master’s thesis [169].

A.1 Problem Setup

Recall from Section 2.3.3 that LASSO is closely related to Basis Pursuit and provides
sparse solutions to (2.4) by minimizing the weighted sum of a squared data fidelity and
an fi-regularization term. Moreover, its minimizers can be approximated by ISTA, see
Algorithm 3. Let us denote minimizers of LASSO by

Xo = argmin [y — Az|3 + allz], (A.1)

zERN
where a > 0 is a regularization parameter that trades off between accuracy in fitting y
and sparsity of the solution. A proper choice of « is crucial in order to neither overfitting
the noise nor producing too sparse solutions [109]. If one chooses a large «, the solution

x will be shrinking to zero; conversely, a small « leads to an ordinary least squares fit (cf.
Section 2.3.3).

There are various approaches to select the regularization parameter of LASSO: cross-
validation [54] and generalized cross-validation [72], Stein’s unbiased estimate of risk [160],
L-curve [83] and U-curve [109] criteria, Akaike Information Criterion [4] and Bayesian In-
formation Criterion [149]. The correct parameter choice is still a current problem. A fixed
choice of « is effective as long as the dimension N is small. However, with large dimension
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we get a large selection bias [152].

Inspired by parameter choice strategies for Tikhonov regularization in [167], we exam-
ine how to choose « from the given noisy data y without relying on any knowledge of the
noise level. To do so, we start with the observation that under mild conditions on A the
regularized solution x, is unique [161, Lemma 4] for all @ > 0 and the optimal choice of
a to recover x can be described by

o = argmin ||x, — X||2. (A.2)
a>0

Of course, the original signal x is unknown. Hence, we compute a first approximation
xomp by using the greedy Orthogonal Matching Pursuit (OMP) and approximate a* by

& = argmin ||x, — Xomp||2- (A.3)
a>0

By this approach we aim at exploiting the advantages of OMP, overcome its downsides and
additionally profit from the positive aspects of LASSO. OMP is known for its speed [132],
its ease of implementation, and its efficiency when the signal is highly sparse [162]. The
major advantage of LASSO is that it is quite robust to noise and not restricted to exactly
sparse solutions (in contrast to OMP) but may be computationally intensive [153].

A.2 Theoretical Considerations

We provide now a simple theoretical justification for sequentially applying OMP and
LASSO using the basic result Theorem 2.3.5. To be precise, we show that given an
RIP of A and a first approximation xonp computed by OMP with approximation error
llxomp —x||2 < ¢, for some € > 0, the LASSO solution x4 with & defined in (A.3) satisfies
|xa — x|l2 < 26 + Cog(x)2 + Dn where C' and D are the constants from Theorem 2.3.5.
This means choosing the LASSO parameter by OMP will produce a solution at least as
good as the first OMP guess (keeping in mind that one in general cannot hope for a smaller
error than best k-term approximation oy (x) and noise level 7). Moreover, when having
strong noise and/or recovering effectively sparse x one might expect LASSO to improve
on OMP as LASSO is known to be robust and does not enforce sparsity as strictly as
OMP (the numerical experiments in Section A.3 fortify this intuition).

First recall the definitions of x,, o, and & in (A.1), (A.2) and (A.3). We additionally
define, for a > 0,

Na = ||y — AXall2,

as in Theorem 2.3.5. Note that, under the reasonable assumption n < ||y||2, Theorem
2.3.5 applies to all sufficiently large a as 7o, — ||y||2 for @ — 0o (x4 — 0 for a — o0) and
Na — 0 for @ — 0. One plain observation is that a lower bounds 7.

Lemma A.2.1. Under the assumptions of Theorem 2.3.5, we have that

1
> J—

for all a > 0 with x, # 0.
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Proof: Using the Karush-Kuhn-Tucker conditions on (A.1) we get
AT(Ax, —y) = —asign(xa). (A.4)
As x,, # 0 there exists i € {1,..., N} s.t. (z4); # 0. Hence, (A.4) yields
(ai, Axq —y) = —asign((za)i)

where a; € R™ denotes the i-th column of A. Taking absolute value on both sides
and applying Cauchy-Schwarz, we obtain

a = [(a;, Axq —y)| < [|aill2l| Axa = yll2
< (14 0)7a-

In the last line, we used that by the RIP of A and a; = Ae;

(1-90) <lasll2 < (14 9) -

Lemma A.2.1 implies that Theorem 2.3.5 applies to all « > (1 + 61)n for which x, #
0. This, however, does not lead to the desired approximation, as the magnitude of 7,
(appearing in the error bound of Theorem 2.3.5) might be considerably larger than 7.

A second, and more helpful, observation is that under mild assumptions there exists some
@ > 0 for which ng = 7.

Lemma A.2.2. Ifn < |ly||2, there exists & > 0 with ng = .

Proof: Observe that for any convergent parameter sequence «, — «, the LASSO
functionals

Ja,(2) = |ly — Az|3 + allz[h

I-converge to J,. Hence, the mapping « — 1, is continuous (this still holds true if
minimizers of the LASSO problem are not unique as by [161, Lemma 1] the value
of 14 is invariant under the choice of minimizer). By the considerations above and
the intermediate value theorem, the claim follows. |

We are ready to state and prove the main result of this section as already outlined above.

Theorem A.2.3. Suppose that the 2s-th restricted isometry constant of A € R™*N satis-
fies 6 < 4/\/41 =~ 0.6246. Then, for any x € RN andy € R™ with |[Ax —yll2 <7 < |yl
the following holds.

If the first OMP approximation xonp satisfies |[xomp — X|l2 < €, for some € > 0, the
solution x4 of problem (A.1) with & defined in (A.3) approzimates x with the error

HX@ — X”Q < 2e + Cak(x)g + D?’]

where C' and D are the constants from Theorem 2.3.5.
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Proof: By definition x,+ satisfies

%o = x[l2 < [Ixa = x[l2 < Cor(x)2 + Dn

where we applied Theorem 2.3.5 to & from Lemma A.2.2 in the second inequality.
By triangle inequality we obtain

|xa — x|l2 < ||xa — xomp||2 + |xomp — X||2 < ||Xox —xomPll2 + €
< ||+ — x]]2 + [|x — xoMmP||2 + €
< 2e + Coy(x)2 + Dn.

A.3 Numerical Simulation

The last section showed that LASSO whose parameter is adapted to a first OMP ap-
proximation does approximate the true signal at least as good as OMP. In this section
we want to provide numerical evidence that the additional application of LASSO can im-
prove approximation quality. To this end, we both ran a toy example with signals drawn
randomly from an f4-ball and tested recovery of MRI images from subsampled Fourier
measurements. For solving LASSO we always use ISTA and for determining & a simple
grid search over different a € (0, 1).

A.3.1 Sampling on {,-balls

In an artificial setting, we test how reliable OMP is in finding a good parameter « for
LASSO and if LASSO can improve on the OMP approximation when the original signal
is not exactly sparse but only effectively sparse. To this end, we draw signals x € RV at
random from /g-balls, for 0 < ¢ < 1 (cf. Section 3.2 and refer to [110] for further details
on sampling uniform distributions on ¢4-balls).

In the first experiment we compare the optimal LASSO parameter a* to & obtained
from (A.3) for 100 random realizations of x € B,4(0,1), N = 200, ¢ = 0.7, and m = 50
Gaussian measurements, see Figure A.1. The noise level 7 is here set to zero. One can see
that & approximates o quite well in all realizations.
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Figure A.1: Optimal parameter o* (dashed blue) and corresponding
approximation & (solid red) for 100 £,-samples.
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Figure A.2: Effective sparsity of x versus relative error of reconstruction
by OMP (red circles) and LASSO (blue dots) for all samples (left) and
in average (right).

In a second experiment we compared how well OMP and LASSO with & reconstruct
the signals x from their Gaussian measurements. Here, N = 200, m = 80, ¢ = 1, and
n = 0. We grouped signals of similar effective sparsity. As the ¢1-ball signals were mainly of
effective sparsity 80—120, we artificially added sparse random signals with sparsity 1—>50 to
cover regimes for which the measurements satisfy the RIP. Figure A.2 depicts the outcome.
Observe that LASSO with & always performs at least as good as OMP. Moreover, as soon
as OMP fails (sparsity > 20) LASSO notably improves the approximation.
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A.3.2 Compressed Sensing of MRI

After promising results in the toy scenario, we move to more realistic data. We now aim
at recovering MRI images from randomly subsampled Fourier measurements by OMP and
LASSO. To reduce the computational effort, a small 32 x 32 batch from an MRI brain
image is picked as x (see Figure A.3), i.e. the ambient dimension is N = 1024. The
measurement vector y consists of m Fourier coefficients of the discrete Fourier transform
of our batch which are drawn uniformly at random from the IV possible ones.

Figure A.3: Original MRI. The sample we reconstruct is inside the or-
ange square (left) and the enlarged sample in the right image.

When transforming x to W(x) in a suitable Wavelet domain, we may assume it to
become close to sparse. We used Haar-wavelets in our experiments and computed the
signals effective sparsity s by (|W(x)|1/|[W(x)||2)? yielding s = 145. On the one hand,
this rather high value shows that Haar-wavelets are a suboptimal choice for representing
the images. On the other hand, in real applications one normally has not a perfect repre-
sentation domain at hand. So let us check how OMP and LASSO with & perform here.

Figure A.4 depicts the reconstruction of the patch from m = N/2 = 512 measurements

where 10% noise is added. OMP has been stopped after s = 145 iterations. LASSO with
& clearly improves on the OMP reconstruction. In Figure A.5 similar results are shown
for m = N/3 ~ 340 measurements with 5% noise added.
Knowing s in advance is, in general, not possible. One might only have a very rough
estimate of the expected sparsity. The last experiment (see Figure A.6) suggests LASSO
with & to be quite robust with respect to different stopping criteria k of OMP. This confirms
the observations of the previous section and makes the automatically tuned LASSO a
valuable postprocessing step for OMP. Here, m = N/3 ~ 340 measurements have been
distorted by 10% noise.
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Figure A.4: Reconstruction of the original image via OMP with s iter-
ations (left) and additional application of LASSO (right).

Figure A.5: Reconstruction of the original image via OMP with s iter-
ations (left) and additional application of LASSO (right).
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PARAMETER CHOICE FOR LASSO VIA OMP

k=10

k=100

k=200

k=400

k=1000

Figure A.6: Comparison of OMP (left) and LASSO (right) reconstruc-
tion for different stopping points of OMP.
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Appendix B

Auxiliary Results

In this chapter we present the proofs of two results used in Chapter 7. They are joint
work with Massimo Fornasier and Valeriya Naumova and have been published in [64].

B.1 Bounds for Gamma Functional

We calculate here the two integral estimates which are needed in the proof of Lemma
7.4.2.

Lemma B.1.1. If ' > 1, we have for the sets Sﬁ’};Q and Kﬁ’};z defined in (7.18) and
(7.19) that

I'vR

CsT2R? 1
[\t (SEE -, vine) de <y CT R o1t ) o e . )
0 m
I'vVR
v CwT2R2 log3
/Or Viog N(EEL, |- [l vime) de < \/ KPR (s +Sz>mog (max{n1,ns})

where C'g, C' > 0 are constants.

Proof: For the first estimate apply Lemma 7.4.4 to obtain

LyR
/ logN sﬁv};, |- Il \/me) de

\// 1 de logN (Sﬁ};m - HF,\/TTLE) de

T2R2(s1 + 55 +1) (14 log (18VER) ) + T2R2s1 log (<) + T2R2sz log (22)

m

<

<

i

\/CSF2R2(31 + s2) log (max {ny,ns})
m

where we used Cauchy-Schwarz inequality in the first step and the fact that vR <
max{ni,ns} in the last inequality. C's > 0 is an appropriate constant.
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To obtain the second estimate let us first assume s1/n1 < so/ny. We apply Lemma
7.4.5 and find

VR
Vm
/0 V1og N(KEL, |- I, vime) de
12F,/7’::—j111 \/

36I'R de
Vme

12F\/mn2 144F2R251 (9\F 6n1> &
6F\/>Sl

12Fv 5322 36I'R
R(ng + 1) log de

R(m + ng + 1) log <

2r \/> me
14412 R2 9
+ \ﬁ (zl + 52) log < \/%57””) de
121/ Rz me 6I'v Rsq
Fxf

18T'R
Rlo < )
12r Vme

—Il+[2+]3+[4+[5.

We now estimate the five integrals. We use the short notation a; = 12I % for

i=1,2and b= % The first integral can be bounded by

NI

T
L < / 1d€/ Rn1+n2+llog<36 R) da)
T
CLlR n1+n2+1)[ <1+10g<36 R)>:| >
e=0

(
<(
(1441“2}2251 ni+ng +1) (1+10g <3 S:q)))
o

1

o ()
1

st s (o))

IN

where we used in the last step the assumption s;/n; < s3/ns. As can be seen
later, the case distinction is irrelevant in the final estimate. Let us now turn to the
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second integral.

/14472 R? a ]
_[2 = 7R 51 / — log (9\/%8”4) de
m ai € 6F\/E51
_[144T2R%s, {2 oot (9\/msn1>r2
m 3% 6TV Rs1 /) | o—q,
1
2 p2 3
_ <64F R $1>2 <10gg <18\/§n1> 710g% (18,/n1>>
m V/ne2st Vs1
1

6412 R? 2
<31 log3(18n1)>
m

<

The third integral is similar to the first. Again the case distinction does not play
a major role in the end.

s o (o ()], )
om0/ ) o )
((a2 —a1)*R(nz + 1) <1 +log <3 T)))

< ((a% +ai)R(ny + 1) (1 + log (3@)))
[
|

(a2 —aj)R(n2 + 1)

N

1
14472 R? 1 1 2
R <82<n2+ ), sinz+ >> <1+10g (3 Rm)))
m no nq S1

43212 R?(s1+52) R
(% <1+10g 34/ ”1») n1 > ny,

o=

S1

IN

(s (o (35))) e

In the third and the last line we again used s1/n; < s2/ny. The fourth integral is
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similar to the second.

14412 R2 b1
I — \/ R2(s1 + s2) / L Nog 9\/77L€m) de
m a2 6F\/§Sl

\/144F2Ri531 ¥ s2) {2 log? (2}/\;%2”

1
2 P2
<64F R=(s1 +82)>2 <logg <3n1) flog% (181/52711))
m 251 Vn2s1
1
642 R? 2

<

The last integral is similar to the third.

o v o ()]
< (0w (2)) )
)

[

o=

< ((bQ—i—a%)R <1+log<

1

2R2  144T2R2 2

:(< Ll R82 <1+log 18,/ 112 >>>
m mnso

(5 (v ()

Let us put all estimates together. If s;/n; > sa2/na, the involved entities would
just switch their roles. Hence, we obtain

'vR

m FZ 2 1 3
|7 Vs NG e, ime) de < \/ CKT2R2(s: + ) log® (max{n1, na})
0

m

for some constant Cx > 0. ]

B.2 ATLAS: Proof of Convergence

In this section we show the convergence of ATLAS to global minimizers as presented in
Theorem 7.6.2 and 7.6.3 by adapting results from [7]. In particular, we first present two
technical lemmas (Lemma B.2.1 & Lemma B.2.2), which are essentially generalizations
of results in [7]. These lemmas are used to prove the central theorem (here Theorem
B.2.3) of Attouch et. al. in our slightly more general setting. Finally, the theorem on local
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convergence, Theorem 7.6.2, and the theorem on convergence rates, Theorem 7.6.3, can
be derived from Theorem B.2.3. We refer the interested reader to [7] for further details
and provide references to the original work in brackets. Recall the assumption sets (H)
and (H;) from Section 7.6.

Lemma B.2.1 ([7, Lemma 5]). Under assumptions (H) and (Hy) the sequences u},, ..., vE

are well-posed in the sense that all minimizations in (7.34) have unique and finite solutions.
Moreover,

(2)
S mo

L(uy,...,vi) + Z WHUZ — w5+ Z QTHVZ — Vil < L(w_y, -, viy),
r=1 k-1 r=1 Pr—1

for all k > 1, hence L(u,lg, . ,ka) S mon-increasing.

(i)

e}
R_ R
> (g = w3+ + viF =i [13) < oo,
k=1

hence limy,_ oo (Hul,lc — u,lg_ng 4+ 4 va — V]?_IHQ) =0.

(7i1) For k > 1, define

VaQMl,....vE) = VuQui,ui_,,...,vl )
1 R VaQl,....vE) = V,uQui,ui_|,...,vi,vi ..., vl )
(ukz7 ’Vk) = :
0
1 (1 1
)‘Ilcfl(uk u_y)
T (ol _ ol
B Mi_1(vk Vi—1)
1 (R _ R
u,f:l(v’f V1)
~1 ~R 1 R 1 R
Then (ay,...,v;") € OL(ug,...,v;') and for all bounded subsequences (uy,...,v}:) we
have (U, . .. ,ffﬁ) — 0, hence dist(0,0L(u},, . .. ,Vg)) — 0, for k' — oco.

Proof: From inf L > —oo and (H) it follows that the functions to be minimized in
(7.34) are bounded below, coercive and lower semicontinuous and, therefore, the
sequence (u/,l€7 . ,vf) is well-posed.
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(i) Using the minimizing properties of ut, ..., v from (7.34), we obtain
1
L(ull;—lv A 7vl§—1) Z L(ullc’ ui—lv te 7Vl};—1v te 7vl§—1) + 2)\1 Hull; - ul%;—l”%
k—1
1
1,2 R 12 R 1 12
> L(up, wg_q, - Wy, Vi Vi Vi) + 51— [V — Vi |l
21
b flul —ul_ 2
ok~ uta

> L(ug, ..., Vil +22)\r [uy, — wj_ 1H2+Z ||Vk Vi1ll3-

(49) From (i) and (Hp) one has, for every K € N,

K K
1 R_ R R R
2ry Z (g = w3+ + v = vty 3) < Z (L(aj_y,. ., vity) = L(ug, ..., vi))
k=1

k=1
:L(u(l)w 7V0) L(u}ﬂ VI]?)
< L(u},...,vl) —inf L < oo
By letting K — oo we get the claim.
(m) By definition of u}, 0 must lie in the subdifferential of € — L(&,ul_,,...,vE )+

2)\1 ||$ u;_,|I3 at uj. As a similar fact holds true for the other sequences, one

gets for alll <r <R

1
1 +1 R 1 —1 R
0e G (up —uy_q) + O L(uy, ..., up,u ", W, Vi,V Ve gy Vi),
k—1
1
1 +1 R 1 +1 R
0e o (Vi = V1) +OvrL(ug, ... up,up Ty, W, Vi, e Vi, Vi e Vi ).
k—1
The structure of L implies aurL(lu,}J, R U uzﬂl u,ﬁf_l,vt, eV ! Vi1 ,V]]j_l) =
1 r+ R r— R :
Ofy(up)+VwrQuy, ... ,uf,ui .. ul v, v Vi L, v ) and asim-
ilar equation for the v-components. Hence, one may rewrite the inclusions above:
1
1 1 1.2 R 1 R
)\ (up, —ugp_q) = (Ve Qug, ug_y, ..., Vi) = V Q(uy, ..., Vi)
k—1
1 1 R
€ 8f1(uk) + vulQ(uka <oy Vi )7
L R R Jan(vE) 4 U 1 R
:uR (vk - Vk—l) € gR(Vk ) + VRQ(uk7 < Vi )
k—1
Together with [7, Proposition 3] this yields the claim. |
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Lemma B.2.2 ([7, Proposition 6]). Assume (H) and (Hy) hold. Let (u},...,vI) be a
sequence defined by (7.34) and w(u}, ..., vE) be a (possibly empty) set of limit points.
Then,

(i) if (u},...,vE) is bounded, then w(u},...,vE) is nonempty, compact and connected
and dlst((uk, v w(ug, . Vi) = 0 as kB — oo,

(ii) w(ud,...,vE) C crit L, where crit L denotes a set of critical points of L,
(i4i) L is finite and constant on w(ud,...,v{), and equal to infrey L(u,lc,...,v,?) =

limy—y00 L(uy, . .. ,vf).

Proof: (i) If (u},...,vl) is bounded, there exists a convergent subsequence, which

implies w(uy, .. 7V{)L?) is nonempty. It also follows w(u}, ..., v{?) is bounded.
R

Let now (ﬁl,..., ) ¢ w(u,...,v{) be given. There must exist some ¢ > 0
with (ug,...,vF) ¢ B((4!,...,¥f),e), for all k € N. But then w(u},...,v{) N
B((@,...,v%),e) = 0. This proves w(u}, ..., v{) is closed and, hence, compact.
Let us assume w(uy, . . ., v{¥) is not connected and let we(ud, . .., v¥) Cw(u}, ..., vi)
be a connected component. Then, w(u},...,vE) \ we(u},...,v¥) # 0 and there

exists some € > 0 such that

wi(ud, ..., vl nwd, ..., v \we(ud, ..., vl =0,
where w:(u},...,v¥) is an emneighborhood of w.(uf,...,v{). We know from

Lemma B.2.1 (i7) that

Jim ([l = wf gl o v =i fl2) =0,
—00

Combined with w.(ud, ..., v) and w(u}, ..., vi)\we(u}, . .., vE) being sets of limit
points of (u},...,vi?), it implies the existence of a subsequence (uj/,.. Vﬁ) C
wi(ud, ..., vE) \wi(u},...,vE). As this subsequence is bounded, it must have a
limit point and w(ug, ..., v Nwi(ug, ..., v} )\wc (ud,...,vE) # 0. Contradiction.
The last part of (i) can be proven in a similar way. If dist((us, ..., vE),w(u},...,v{))
-+ 0, there must exist a subsequence that keeps distance to w(u(l]7 e 7vé%). But this
subsequence again must have a limit point which obviously lies in w(u}, ..., v{).
Contradiction.

(i) We have, for all £ > 1, £ € R™, (" € R"2, that

1
R R
L(u11c7 ui_p ey Vieq) INL Hullc - ullc—ﬂ@ < L(517 ui_p cey Vi) + 2/\1 ||£1 1%:—1”%
k—1 k—1
1
R R R R-1 ~R R R
L(ullm"'avk)Jr R Hvk *Vk:—lH%SL(ul{:v"ka 1aC )+ R HC *Vk:—l”%
244 2
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Using the bounds on A}, and y;. and the special form of L one gets

R
fulup) + Qug,ui_y, - vity) + o —llwg — wy I3
T+
1
< fi(€) +QUEN iy, Vi) + 5 (€ = w3
1
R R R R
gr(vi) + Qug, ..., vi) + Vit = viiall2

2T+

_ 1
< gR(CR) + Q(ulzﬂ s 7v]]§ 17 CR) + 2,'07_||CR - Vk:R—IH%

Let (u',...,v®) € w(u},...,vE). There exists a subsequence (ul,,...,vi) of
(ui,...,vl) with (u},...,vE) — (@,...,v#). Together with Lemma B.2.1.(ii)

this gives
1

liminf f.(uj,) + Q@ ..., v < f.(6") +Q@,..., &, ..., v + —|&" —u"||3,
k'—o0 2r_
for all 1 <r < R. We can now set £ =u’ to obtain

lim inf fr(uz/) < fr(ﬁT)'

k'—o0
This and f,. being lower semicontinuous yields

Jimfo(uf,) = (@),

Repeating the argument for g,, 1 < r < R, and recalling the continuity of @ we
obtain L(u},,...,vE) — L(u',...,v®). Combined with Lemma B.2.1 (#ii) and

the closedness properties of dL(see Remark 1(b) in [7]) proves 0 € dL(u', ..., vH).
(iii) As we just seen, for any point (@',...,v®) € w(u},...,v{), there exists
a subsequence (uk,,...,v%) of (u},...,vE) with L(u},...,vE) —» L(,...,v5).
Then L(u,...,v) =inf L(u},...,vE) as L(ul,...,vE) is non-increasing. This
holds for every limit point. Hence, L is finite and constant on the set of limit
points. |
Following the notation in [7] we write
zi, == (up,...,vh), Iy := L(zy),

z:=(u,...,vh), 1:=L(@).

The next theorem essentially asserts that a sequence zj, starting in the neighborhood of a
point z, as described in (B.2), and not improving L(z), as given in (B.1), converges to a
critical point near z.
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Theorem B.2.3 ([7, Theorem 8]). Let L satisfy (H), (H1) and have the KL-property at
some z. Denote by U, n and ¢ : [0,n7) — R the objects connected to the KL-property of L
at z. Let p > 0 be chosen such that B(z,p) C U. Let zj be generated by (7.34) with zy as
initial point. Let us assume that

I <lp<l+n, (B.1)

for all k >0, and

Mo(lp — 1) +2y/2r:A/lo — 1 + ||z0 — Z|]2 < p (B.2)

where M = 2r, (Cv2R+-2) and C is a Lipschitz-constant for VQ on B(z,v2Rp). Then,
the sequence zj, converges to a critical point of L and the following holds, for all k > 0:

(i) z € B(z, p)

(11) Yorepsr lzivs — zilla < Mo(ly, = 1) + 2ri Vi — L.

Proof: We may without loss of generality assume L(z) = 0 (replace L by L — L(z) ).
With Lemma B.2.1.(7) we have

1
li = liv1 2 5 —llZiv1 — 2|3, (B.3)
r+

for all i > 0. Moreover, ¢'(l;) makes sense in view of (B.1) and ¢'(l;) > 0. Hence,

¢ (li
00— 1) > E D oy il
T4
Owing to ¢ being concave, we obtain
¢’ (L
o1~ ollit) 2 £ oy — 3 (B.4)
T+

for all # > 0. Let us first check (i) for £ = 0 and k£ = 1. We know from (B.2) that
zo lies in B(z, p). Furthermore, (B.3) yields

1 2
i - <lg—11 <1
27n+||Z1 zoll3 <lo— 11 <lo

which gives

|21 — Z||2 < |21 — Zoll2 + |20 — Zll2 < v/2r+\/Io + ||zo — Z[|2 < p.

Let us now prove by induction that z; € B(z,p), for all £ > 0. We assume
this holds true up to some k& > 0. Hence, for 0 < i < k, using z; € B(z,p) and
0 < l; < n we can write the KL-inequality

©'(1;) dist(0,0L(z;)) > 1.
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Lemma B.2.1.(i7i) states that

1 1_ .1
VaQu}, ..., vE) - vauQul,v? ..., vE)) ,\Zl_l(ui u;_y)
* .
Z;, = : - :
0 z}c (Vﬁ_vﬁl)
Hizq

is an element of OL(z;). So, we have
o' (1i)l|Z7]l2 = 1, (B.5)

for all 1 < ¢ < k. Let us now examine ||z}||2, for 1 <7 < k. On the one hand,

1 1 1 1 R R
—/(a; —u; yeey 5\ V; — V
||<>\Z1 1(1 zl) ﬁl(z zl)

On the other hand, for arbitrary s, € {i — 1,4}, t € {1,...,2R},

1
< —||zi — zi—1]|2.
T_

2

R — <R = R <R
(ug,s oo ve,) = @ VOIE = g, =3+ v, = 93

< lzs, — 213+ + |25 — 2[5 < 2Rp%.

Hence, (ul ,...,vE ) and z; lie in B(Z,V2Rp). We can use Lipschitz-continuity

s17 ? T S2R

of V@ to obtain

IVeQ(uy,, ..., vi,) = VeQ(ui,... . v)ll2 < Cllzi — zi-1l2,

’ T S2R
for any € € {u!,..., v}, which implies
Vu1Q(uZ-1, e ,VZR) — Vu1Q(u}, u?_l, e 7V£1)

< Cv 2R||Zi—ZZ',1||2.

0 2
We get

1
23]z < (CV2R + ——)l|zi — zi-1]2, (B.6)

for all 1 <1i < k. Now (B.5) yields

o' (1) > lzi —zi1ll3', 1<i<k,

1
CV2R+ -
and combined with (B.4)

1 [|zit1 — 2|3
o(l) — plligr) > e — il

1< <k.
S Mz -zl

This is equivalent to
1 1
2 — zi—1ll3 (M (p(li) — 0(lis1)))2 = ||Ziy1 — zill2
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and, using ab < (a® + b%)/2, gives

zi — zi1ll2 + M(o(ls) — ©(liv1)) > 2||zip1 — zill2, 1<i< k. (B.7)
Summation over 7 leads to
k
11 — zoll2 + M (p(l1) = e(lk11)) = > llzit1 — 2zill2 + 2641 — 2i2-
=1

Therefore, by using the monotonicity properties of ¢ and [

k

121 — zoll2 + Mp(lo) 2 Y 2is1 — zill2-
1=1

Finally,

k
|zi 1 —Zll2 <D lziv1 — zill2 + |21 — 2|2 < Mo(lo) +2¢/2r /o + |20 — Zl|2 < p
=1

which closes the induction and proves (i). Moreover, (B.7) holds for all ¢+ > 1. We
can sum from k to K and get

K
1z — zr1ll2 + M (k) — ¢(lx11)) = D |ziv1 — zilla + 1241 — 22
i=k
For K — oo, this becomes

o0
S g1 — zill2 < Il — zeall2 + Mep(ln): (B3)
i=k

We conclude with (B.3) proving (i)

Z 1Zit1 — zille < Mo(lp) + /2r/lk—1 < Mo(lk—1) + /274 v/ I—1.
i—k

This implies zj, is convergent and, therefore, its limit is a critical point as guaranteed
by Lemma B.2.2. |

We can now prove Theorem 7.6.2 and Theorem 7.6.3 which are straight-forward adap-
tions of the original results Theorem 10 and Theorem 11 in [7]. We state them for the
sake of completeness.

Proof of Theorem 7.6.2: To show the first part of the statement, note that by The-
orem B.2.3 we get convergence of (u},...,v{) to some (@l,...,vf) € crit L with
L(a',...,v®) € [min L,min L + n). If L(ul,...,vE) # L(a',...,vf), we get by ap-
plying the KL-inequality that

¢ (L(ul,...,vE) — L@, ..., vf)) dist(0,0(ul, ..., vi¥)) > 1

which contradicts 0 € d(ul, ..., vF). The second part follows directly from Theorem
B.2.3. |
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Proof of Theorem 7.6.3: We use the notations of Theorem B.2.3 and assume for sim-
plicity that Iz — 0. Hence, by Lemma B.2.2 we have L(ul,,...,vZ) =0.
Assume first that § = 0. If (I) is stationary, then the same holds for (ui,...,v1)
by Lemma B.2.1 (7). If (Ix) is not stationary, then the KL-inequality yields for any
sufficiently large k that

cdist(0,0L(u}, ..., vi)) > 1

which contradicts Lemma B.2.1 (#41).

Assume 6 > 0. For any k € N, set Ay = > 2, ||Ziy1 — zi||, which is finite by
Theorem B.2.3. Since ||z, — 2|y < Ay, it suffices to bound Ay. By (B.8) we know
that

Ap < Mp(l) + (Ag—1 — Ag). (B.9)
The KL inequality yields
¢ (Iy) dist(0, 0L (g, ..., vE)) = c(1 — 0)1; % dist(0, OL(ug, ..., vi)) > 1
and thus
19 < (1 —0)dist(L(up, ..., vE)).

Using (B.6) and the definition of z}, we get

dist(0, L (ul, ..., vF)) < (c + Tl) (Ap_1 — Ap).

By combining the above estimates we obtain for some K > 0
o(ly) =l < K(Agoy — Ag) 7
which shows with (B.9) that
Ay < MK(Ap—1— Ak)% + (Ap—1 — Ap).

The statements (i7) and (¢i7) now follow from [6, Theorem 2]. [ |
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