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Abstract

This dissertation studies the performance of convex and non-convex algorithms for
randomized bilinear inverse problems. In particular, we examine algorithmic approaches
based on convex relaxation for certain models of the blind deconvolution problem.
These models are especially relevant for wireless communications. Moreover, this thesis
analyses whether the required number of measurements can be reduced when additional
information about the signals is available such as sparsity.

Zusammenfassung

Diese Dissertation untersucht die Leistungsfidhigkeit von konvexen und nicht-konvexen
Algorithmen fiir randomisierte bilineare inverse Probleme. Insbesondere werden algo-
rithmische Anséatze flir bestimmte Modelle des Problems der blinden Entfaltung be-
trachtet, welche auf konvexer Relaxation basieren. Diese Modelle sind insbesondere
fiir die Nachrichtentechnik von Bedeutung. Des Weiteren wird in dieser Arbeit unter-
sucht, ob die Anzahl der ben6tigten Messungen reduziert werden kann, falls zusétzliche
Informationen iiber die Signale vorhanden sind wie etwa deren Diinnbesetztheit.
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1. Introduction

There are many problems in signal processing, which can be formulated as the task of
reconstructing an unknown signal g € C" from measurements of the form

yi = (ag,z9) fori € [m]:={1;...;m},

where a; € C" represents a known measurement vector. In many of these tasks one
would like to keep the number of measurements m as small as possible, as obtaining
these measurements is either expensive or time-consuming. One way to reduce the
number of measurements is to make use of some a-priori knownledge of the signal such
as sparsity, i.e., only few entries are non-zero. For example, already in [83] the author
leveraged the sparsity of the signal by ¢;-minimization. The foundational papers [16]
and [32] could then prove that zy can be recovered via practical optimization algorithms
using only a small amount of measurements, if the sparsity assumption on the signal zq
is combined with the assumption that the measurements {a;};~, are random. Arguably,
these two papers initiated a whole new research field, which is now often referred as
compressed sensing. Compressed sensing has, for example, been applied to medical
magnetic resonance imaging, where the scanning time could be significantly reduced
[84) [1T4]. As pointed out in [I13] most work in the field of compressed sensing is built
on the assumptions that the following three requirements are fulfilled simultaneously.

e Sparsity: the signal zg is sparse in a known basis, i.e., only very few coefficient
in this basis representation are non-zero

e Linear measurements: the measurements y; depend linearly on the unknown
signal xg

e Randomness: the measurement vectors a; are not completely deterministic, but
possess at least some degree of randomness

However, there are many scenarios in which not all of these three assumptions are
fulfilled at once. Consider, for example, the problem of phase retrieval, which is ubiqui-
tuous in many areas of science and engineering such as X-ray crystallography [50] ©90],
astronomical imaging [36], ptychography [102], and quantum tomography [70]. In this
signal processing problem one is only able to measure the modulus and not the phase,
i.e., the measurements are given by

= |<ai,m0>|2 for i € [m].

11



1. Introduction

Note that the measurements are no longer linear, which makes the problem much more
difficult, even if one makes no structural assumptions such as sparsity and one wants to
recover the ground truth vector xzg with approximately as many measurements as the
degrees of freedom of xg. In [I7] it was shown that if one assumes that the measurement
vectors a; are random, then one can prove recovery guarantees for a convex relaxation
of this problem. As in compressed sensing, this has triggered a large number of follow-
up works, which study more efficient algorithms (see, e.g., [12} 116, 95| 115, [7]), more
realistic measurement scenarios (see, e.g., [I1, 47, 48]), or which try to incorporate
structural assumptions about zg, (see, e.g., [7, [104]).

The problem of blind deconvolution, which arises in many different areas of science and
engineering such as astronomy [54], neuroscience [34], medical imaging [89], and wireless
communications [45], is another signal processing problem, where the measurements are
nonlinear. In blind deconvolution, one observes the convolution

Y =W T,

and one wants to reconstruct w and x. As blind deconvolution is important for so
many different subject, several algorithms for this problem have been proposed in the
last decades (see, e.g., [72], 62, 20]), often with no provable performance guarantees.
However, due to the success of randomization in compressed sensing and phase re-
trieval, a new viewpoint has been introduced in [I]. Namely, one assumes that w and x
are contained in known, but random subspaces. Such a scenario is especially relevant
for wireless communications. As for phase retrieval this caused a lot of follow-up work
on blind deconvolution (see, e.g., [80} [75], 81 58]) and related bilinar inverse problems
such as self-calibration and passive imaging (see, e.g., [79} 82, [76, [74]). Due to the bilin-
ear structure of these problems Friedlander and Strohmer came up with the expression
"bilinear compressed sensing" [41].

As we have seen there has been a lot of work on bilinear inverse problems with ran-
domness in the last few years. However, many questions remain open. In this thesis we
will provide near-optimal recovery guarantees for a generalization of the blind deconvo-
lution problem. Moreover, we will study the noise robustness of convex relaxations for
blind deconvolution problem. We will see that are many similarities with the matrix
completion problem [I5], a seemingly rather different problem. Moreover, we will dis-
cuss, how and to which extent structural assumptions such as sparsity can be exploited
in these bilinear inverse problems.

Outline of this dissertation

This dissertation is structured as follows. In Chapter [2| we will introduce the random-
ized blind deconvolution model with known subspaces as in [I]. We will show how it can
be modeled as a low-rank matrix recovery problem and how it can be solved via nuclear
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norm minimization. We will review theoretical results and relevant literature. More-
over, we will discuss the matrix completion problem. Although this is not a bilinear
inverse problem we will see that it shares some similarity with the blind deconvolution
problem, most prominently the necessity of coherence terms in recovery guarantees and
the appearance of seemingly suboptimal noise factors in the error bounds, when con-
vex relaxation is used. Furthermore, we will discuss some related literature on matrix
completion.

In Chapter [3| we will review basic techniques in establishing recovery guarantees for
low-rank matrix recovery problems via nuclear norm minimization. In particular, we
will discuss the notion of an approximate dual certificate. We will try to elucidate what
gives rise to the suboptimal noise factors in the noise bounds for blind deconvolution
and matrix completion in Chapter

In Chapter [4] we will discuss the extension of blind deconvolution to the blind demixing
model. That is one tries to recover signals w; and z; from the superposition of their
convolutions Y i_; w; * x;. We will show for the first time that this signal processing
problem can be solved by a tractable algorithm at a near-optimal rate in terms of the
number of observations, thus improving upon results by Ling and Strohmer [80].

In Chapter [f] we will be concerned with the noise robustness of the nuclear norm min-
imization approach for blind deconvolution and matrix completion problem. We will
show that these problems are intrinsically badly conditioned. Despite this fact we will
be able to show that near-optimal error bounds can be achieved for blind deconvolution,
if the noise level is not too small.

In Chapter |§| we will consider the general bilinear inverse problem y = B (u,v) under
the assumption that additional prior information about v and v such as sparsity as
available. We will give an overview about the literature. Furthermore, we will discuss
an extension of the results of [75], see our results in Appendix

Notation

Throughout this thesis we will use the following notation. For n € N we denote by
[n] the set {1;...;n}. For a complex number z € C we will denote its real part by
Re (z). By log (-) we will denote the logarithm to the base e. By EX we will denote the
expectation of a random variable X and by P (A) we denote the probability of an event
A. For a vector v € C" its fo-norm will be denoted by ||v||. For vectors u,v € C" the
Euclidean inner product will be denoted by (u,v) := u*v. Furthermore, for a matrix
Z € C™*"2 we denote its spectral norm by ||Z| and by || Z||« we denote its nuclear
norm, i.e., the sum of the singular values of Z. Moreover, the Frobenius norm of Z is
defined by ||Z||F. The corresponding inner product is given by (Z, W) := Tr (Z*W),
where W € C™*"2, In those parts of the thesis which deal with matrix completion,
real-valued matrices Z € R™*"2 will be considered and the previous quantities will be
defined analogously.

13






2. Important measurement models for
low-rank matrix recovery

2.1. Blind deconvolution

As already discussed in Chapter [I] blind deconvolution refers to the problem of recov-
ering a signal z from the convolution w * x 4+ e, where w is an unknown kernel and e
refers to additive noise. In this thesis we will consider for technical reasons the circular
convolution, which for w € C* and = € C* is defined by

I L
w*xT = ijmk_j

j=1 k=1

Here the difference k — j is considered modulo L. Of course, this is a highly under-
determined inverse problem. For this reason, additional assumptions on w and = are
needed. In this dissertation we will follow the model proposed by Ahmed, Recht, and
Romberg [1], which is especially relevant for wireless communication as we will explain
below. We will assume that w as well as x are contained in some known subspaces.
More precisely, we will assume that w = Bhg, where B € CI*K such that B*B = Id.
Furthermore, we assume that x = Cmg, where C' is a random matrix with i.i.d entries
with distribution CA (0, ﬁ)

The choice of the random matrix C' is motivated by the success of randomization in
compressed sensing as well as by applications in wireless communications. Here m is
a message to be transmitted and C' is a coding matrix. The signal x = C7g gets
transmitted through a channel w, which can be modeled as a convolution. In many
applications it is reasonable to assume that only the first few entries of w are non-zero
as the path delays are often much shorten than the length of the signals x. In this case
B would be the matrix which extends hg € C¥ by zeros. Hence, the receiver observes
w*x + e, where e represents additive noise, and the goal is be to reconstruct the original
message my.

Now let F' € CL*L be the unitary discrete Fourier transformation matrix. It is
well-known that F' diagonalizes the convolution, i.e.,

w2z = F (w z) = VLdiag (F Bho) FCy.

Let by denote the ¢th row of FB and let ¢, denote the ¢th row of VLFC. Note that
this implies that all the entries of {CZ}le are jointly independent and have distribution
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2. Important measurement models for low-rank matrix recovery

CN (0,1). Moreover, we obtain that
(w*z), = bfhomfee = (becy, hom§) p.
We observe that w *  is linear in homg. This motivates the definition of the linear
operator A : CEXN — CF by
(A(X)) (£) := (bec;, X)r where £ € [L]. (2.1)
Hence, we obtain the model
y:=wxz+e=A(Xp)+e,

where Xo = hom{; and e € C represents noise with ||e|| < 7. Note that X is a rank-one
matrix. Hence, in order to estimate Xy one might choose the solution of the following
minimization problem.

minimize rank (X)
subject to  ||A(X) —y| <7
Unfortunately, problems of this type are NP-hard in general, as vector cardinality min-
imization can be considered as a special case [93]. For this reason, in [35] it was
proposed to use the nuclear norm || - ||« as a proxy for the rank. This leads to the
following semidefinite program (SDP), as proposed in [1].
minimize  ||.X]||«

2.2
subject to || A(X) —y|| < T. (22)

Of course, it is crucial to understand under which conditions the solution X to the
SDP is close to the ground truth X¢ = hom(. In particular, one is interested in
knowing how large one has to choose L in comparison to K and N such that recovery
is possible. Ahmed, Recht, and Romberg established the following result.

Theorem 2.1 ([1]). Consider measurements of the form y = A (homg)+e for hg € CK,
mo € CN, e € CL, and A as defined in . Assume that |le|| < T and
L/log® L 2 K i + N max { i : i, }

Then with probability at least 1 —O (L™1) every minimizer X of the SDP satisfies

2

IX = homgllp < Fmex\ /min {K; N}7. (2.3)
W

min

The coherence parameters pi2,,., fi2,,, and ,u%o are defined by

L
2 2
= —m b
:umax K@E?ﬁ || ZH

L
[ = 7 1be]|?
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2.2. Matrix completion

and

L

2 2
= ——Inax b h .
Hho HhoH2ZE[L} ’< e OH

The parameter /1,210 is a rather technical term and stems from the proof technique, which
is the Golfing Scheme (see [80, Remark 2.1] and [56, Remark 2.4] for a discussion of this
parameter). It is an open problem, whether this this additional coherence parameter is
truly necessary or not.

Note that since the number degrees of this problem is K + N — 1 the requirement
on the number of measurements L is optimal up to logarithmic factors. Moreover, note
that this results ensures exact recovery in the important special case 7 = 0. However,
note that the appearance of the factor /min {K; N}. Such a dimension factor does not
appear in other low-rank matrix recovery problems like matrix sensing [91] or phase
retrieval [I0]. This raises the question, whether nuclear norm minimization is less stable
with respect to noise for blind deconvolution than for these other problems. We will
provide an answer to this question in Section

It is clear that for many applications solving the SDP will be impractical due to
its high computational complexity. For this reason several works [78, [51} BI] proposed
gradient-based algorithms which operate in the natural parameter domain (instead of
the lifted one) and have a much lower computational complexity than the SDP for
this reason. Similar performance guarantees have been established for these algorithms
in terms of the number of required measurements. In terms of noise these articles
considered a random noise model and they could derive guarantees for the estimation
error without the additional dimension factor which appears in . However, since
we focus here on deterministic noise instead of random noise those two results are not
comparable.

2.2. Matrix completion

Suppose we observe only a few entries of a low-rank matrix X, € R™*"2. Can one
recover the complete matrix from only knowing these few entries? This problem is
commonly referred to as matrix completion. Since it arises in many different applica-
tions such as multiclass learning [4] and collaborative filtering [100] it has become very
popular in the last decade and has been studied intensively in the statistics, machine
learning, and signal processing literature.

Let us specify the model, which we will study in this dissertation. In the following we
will assume with no loss of generality that n; > ny. We assume that we observe [m]
entries of the matrix Xy, which are sampled with replacement. This means that the
linear measurement operator A : R™*"2 — R™2 ig given by

nin2

A(X) (i) =

2 (X, eaiei, ) (2.4)

17



2. Important measurement models for low-rank matrix recovery

where (a;, b;) are i.i.d. random variables with uniform distribution in [n;] X [ns] and

e; denotes the vector, which is equal to 1 in the ith component and equal to zero else-
where[l

We are interested in the setting, where the number of observations is much smaller
than the number of total entries of the matrix Xy, i.e., the setting m < nino. However,
note that if Xo = eje] we will with high probability obtain that A (Xy) = 0 and
it is impossible to reconstruct the ground truth matrix Xg from these observations.
For this reason, in [15] the following two coherence parameter were introduced, where
Xo=UXV* with U € R"*" and V € R™*" denotes the singular value decomposition.

niy *
p(U) =/ — max |[U"|
T i€[n1]
ng "
p (V) o=/~ max |[V7e
T i€[na]

Indeed, it was shown in [I8] that m > njlogni max {u? (U);p? (V)} observations are
necessary for an rank-r matrix Xy to be uniquely determined from the revealed entries.

Now assume that we are given noisy observations y = A (Xo)+e with |le]| < 7. As X
has low-rank one could try estimate X by solving the following minimization problem
minimize rank (Xp)
subject to || A(X) —y| < 7.
However, as already discussed for blind deconvolution, such problems are in general
NP-hard. For this reason, on [I5] the following approach was proposed for matrix
completion.
minimize || X]||«

2.5
subject to || A(X) —y| < 7. (25)

In a series of papers the nuclear norm minimization approach has been studied [I5)], 18]
40, 98], [22] in the noiseless scenario, which led to the following result

Theorem 2.2 ([22]). Consider measurements of the form y = A(Xp), where Xo €
R™*"2 4s q rank-r matriz and A is given by . Assume that

m > C'max {,uz (U); p? (V)}rnl log? ny.

Then with probability at least 1 — O (nl_l) the matriz Xo is the unique minimizer of
the SDP with 7 = 0.

!The normalization of A with the factor 4/ ™22 s different to most other works in the literature. We
have decided to use this normalization factor in this thesis, because it implies E [A*A] = Id, which
makes the results from blind deconvolution and matrix completion more comparable.

18



2.2. Matrix completion

In [30] the result was refined even a bit further. Namely the second log-factor can be
removed at the cost of an r3-dependence in the rank.

All these papers mentioned above, which establish exact recovery. Now assume that
we are in the noisy scenario with deterministic noise. Then, in [I3] it was shown that
with high probability the minimizer X of (2.5) satisfies

IX = Xollr S 7/, (2.6)

whenever m 2 mnjipolylog ni. Similarly, as for the randomized blind deconvolution
framework we observe the appearance of an additional dimension factor |/ns. In Chap-
ter Bl we will see that these dimension factors reflect in a certain sense the true behavior

of the problem.

Let us comment on some related literature. In [63] [61] similar nuclear-norm based
estimators as presented in this chapter have been studied under the assumption that
the noise is random. It was shown that if the noise follows a subexponential distribution
and the noise level is not too small, then near-optimal recovery guarantees are possible.
In [27] the authors derived near-optimal rates for an estimator based on nuclear-norm
minimization for subgaussian noise, if the rank of the ground truth matrix Xy is assumed
to be constant. For adversarial noise, the strongest result we are aware of, has been
shown in [60] for a non-convex algorithm based on Riemannian optimization. However,
in contrast to nuclear-norm minimization, their algorithm requires precise knowledge
of the rank of the ground truth matrix Xy. Let us also mention that many faster, non-
convex algorithms have been proposed and studied for matrix completion (see, e.g.,
[38, 71}, 59, B3, 110, [85] 42]).
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3. Sufficient conditions for recovery via
nuclear norm minimization

3.1. Outline of this chapter

In the last chapter, we have seen that both randomized blind deconvolution and matrix
completion can be formulated as a low-rank matrix recovery problem. Let A : C"1*"2 —
C™ be a linear map and assume that y = A (Xg) + e, where Xy € C"*"? is a low-rank
matrix and let X be the minimizer of

minimize || X ||«

3.1
subject to [ly — A(X) | <. (3:-1)

In this chapter, we will study sufficient conditions for recovery in this very general
framework, i.e., when ||[X — Xz is small compared to the noise level 7. We will
assume throughout this chapter that the noise vector e fulfills |le|| < 7. Moreover, we
assume that e may be adversarial noise. By this we mean that (depending on A) e is
chosen as the vector, for which the reconstruction error || X — Xo||# is maximal.

This chapter has two goals. The first one is to provide mathematical foundations for
the following chapters by introducing fundamental notions and reviewing previous proof
techniques such as the notion of an approximate dual certificate and the tangent space
of a low-rank matrix. The second goal is to understand what gives rise to dimension
factors such as /min{K, N} or \/n, in the error bounds for blind deconvolution and
matrix completion (see Chapter [2]).

Throughout this chapter we will analyse this general framework and, consequently,
it is applicable to other low-rank matrix recovery problems such as robust spectral
compressed sensing [25].

The methods, which are presented in this chapter, have been developed in several
articles [15], [13], 46]. Meanwhile, they have been adapted by many researchers and they
are already included in textbooks [92]. What distinguishes our presentation in this
chapter to most other literature, is that we aim to understand the noisy scenario and
the sharpness of these estimates.

3.2. Exact and approximate dual certificates

In order to formulate sufficient conditions, we first need a characterization of the subd-
ifferential for which we need to introduce some additional notation. Let X € C"*"2 he
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3. Sufficient conditions for recovery via nuclear norm minimization

a rank-r matrix. Its singular value decomposition will be denoted by X = UXV™*, where
3 € R™" is a diagonal matrix with nonnegative entries and U € C™*" and V € C"2*"
are unitary matrices, i.e., U*U = V*V = Id,. We define for the matrix X € C"1*"2
the tangent space of rank-r manifolds at the point X by

Tx := {UA*+ BV*: AcC™*" BecCM"*}, (3.2)

We will denote the orthogonal projection onto T'x by Pr, and the orthogonal projection
onto T)%, the orthogonal complement of Tx, by PT)%.

The subdifferential of the nuclear norm at point X will be denoted by 9| - ||« (X). In
[118] the subdifferential of the nuclear norm has been characterized by

Ol - Il (X) = {W e Cm . PrW = UV, [Pp W <1} (3.3)

Now that we have introduced the necessary background we can formulate the following
lemma, which gives a sufficient condition for Xy being the minimizer of (3.1)).

Lemma 3.1 ([I5]). Assume that we are in the noiseless scenario, i.e., T = 0. Let
Xo € C"*"2 gych that y = A(Xo). Suppose that the following two conditions hold:

1. There exists z € C™ such that Y = A* (z) satisfies

Pry,Y =UV" and HPT)%OYH <1

2. the linear operator A is injective when restricted to the subspace Tx,.
Then X is the unique minimizer of (3.1)).

Lemma was first formulated in [I5] in the context of low-rank matrix completion,
where it was also shown that such a dual certificate exists with high probability given
that the amount of measurements is high enough. In [I8] it was even shown that for
the matrix completion problem such a dual matrix Y can be constructed if the amount
of measurements is up to logarithmic factors at the order of the information-theoretic
limit. However, a difficulty in constructing such an exact dual certificate is that the
dual matrix Y has to fulfill the condition Pr, Y = UV™. In [46] David Gross observed
that this condition can be relaxed, if the operator A fulfills some additional properties,
which allowed him to simplify the proofs in [15] [I8] and to strengthen the results. One
of these additional conditions required by Gross is that A is an approximate isometry
when restricted to the subspace Tx.

Definition 3.2. Let X € C™*"2. We say that A fulfills the d-restricted isometry
property (0-RIP) on Tx, if for all matrices Z € Tx it holds that

1= ZIE <A < 1 +8)|I1Z][3
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3.2. Exact and approximate dual certificates

This allows us to state the following proposition,

Proposition 3.3. [f0, [15] Let Xy € C"'*"2 with corresponding singular value decom-
position Xo = UEXV™ and suppose that y = A (Xo) + e with |le|]| < 7. Suppose that the
following two conditions hold.

1. There ezists a vector z € C™*"2 with ||z|| < 2 such that the matrizr Y = A* (2)
satisfies
1

o= IOV =P Viie < g

1
and "PT§OY|| <3 (3.4)

2. the measurement operator A satisfies the §-restricted isometry property on Tx,
with constant § = %.

Then every minimizer X of (13.1) satisfies
1 X0 = Xlr S [l Al

As already mentioned, in the noiseless scenario, i.e., 7 = 0, a first version this result
has been stated in [46]. In [13] dual certificates have first been used to obtain error
bounds in the noisy case
Note that in the important special case 7 = 0 Proposition [3.3] states that the existence
of a dual matrix Y guarantees exact recovery. Such a matrix Y is typically called
approximate dual matrix Y. The numerical constants in Proposition such as %,
0= %, or ||z|]| < 2 are rather arbitrary and can be replaced by different numbers.

Remark 3.4. For blind deconvolution it can be shown that (see [50, Lemma 5.3])

L

max

Hence, if a dual certificate in the form of Proposition exists, we obtain that

5 L
| Xo— X||F S \/Wlog(L+KN)T.

max

Note that this bound is slightly sharper than the one presented in [1, see also Theorem
2.1l This is because the authors used slightly different proof techniques to establish the
noise bounds than those presented here.

1[13] used an exact rather than an approximate dual certicate to establish error bounds. However,
it is straightforward to adopt the proof to the situation where an approximate dual certificate is
available.
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3. Sufficient conditions for recovery via nuclear norm minimization

Proof of Proposition 3.3

This section aims to present a proof of Proposition [3.3] A focus of our presentation will
be to explore what gives rise to the factor ||.4|| in the noise bound. We will start by
proving the following auxiliary lemma.

Lemma 3.5. Assume that y = A(Xo) + e with |le| < 7. Let X be a minimizer of
13.1). Set Z := X — Xg. Assume that there exists a vector z € C"*™2 with ||z|| < 2
such that the matriz Y = A* (z) satisfies (3.4). Then it holds that

|Pry 2| <87+ 20|Pry 2]k,
X0 * 0
where o := ||[UV* — Py Y| p.
X0
Proof. We start by noticing that

A | < A (X) =yl + lly — AXo) |
S 2Ta

(3.5)

where in the first line we used the triangle inequality and in the second line we used
that X is feasible, i.e., |4 (X') —y|| < 7, and that ||y — A(Xo) || = |le]| < 7. Next,

choose W € T, such that HPT)% W|| = % and Re ((W,Z)) = %H,PTj{- Z||« holds. This
0 0

is possible by the duality of the spectral norm and the nuclear norm. Moreover, by
the characterization of the subdifferential (3.3) it follows that UV* + Pro Y + W €
0

|| - ||« (Xo). Hence, we obtain that

%ol 2 1% + 21l
(ﬁ) [ Xoll« + Re <<UV* +Pre Y+ W, Z)F)
D | X)l + Re ({UV* ~ Py, Y. 2)r) + Re (Y 2)p) + 5 Pry. 2.
9D ) Xoll, + Re (<UV* —Pry, Y, Z>F> +Re((A*(2),2)p) + %HPT)%OZH*
= 10l + Re (V" = Pry, Y Pry, 2)r) + Re (2. A(2)) + LPr 2.
D 1Xoll — [0V = Pr, VlellPry, Zle — 1A ) | + 1P 2.

¢ 1
2 [1Xoll« = allPry, Zllr = 2l A(2) | + 511Pre 2]

~

In (a) we used that Xo + Z is a minimizer of (3.1) and in (b) we used that UV* +
Pri Y +W < || - |« (Xo) by construction. Equality (c¢) follows from our choice of W
0
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3.2. Exact and approximate dual certificates

and in (d) we used that Y = A*(z) by assumption. In (e) we applied the Cauchy-
Schwarz inequality several times. Inequality (f) follows from the definition of « and
from our assumption on ||z||. Rearranging terms combined with inequality yields
the result. O

Note that if « is sufficiently small, then Lemma says that HPT§ Z HF is (up to a
0

constant) bounded by the noise level. Recall that in order to prove Proposition one

needs to find an upper bound for ||Z||r = || X — Xo||r. Hence, if we can show that for

Z the quantity HPT)% Z||  is always sufficiently large compared to HPTXOZ I 7 We would
0

obtain a bound for | X — Xy||r . This is achieved by the following lemma.

Lemma 3.6. Let A: C™*"2 — C™ be q linear operator, which satisfies the d-restricted
isometry property on Tx, for some § > 0 for some Xo € C™"*"2. Assume that y =
A(Xo)+e, where ||e|| < 7. Let X be a feasible point for the SDP, i.e. ||.A (X') -yl < 7.
Then for Z = X — Xy it holds that

|Pry, 2], < JfT_é + \/HlA_H(SHPT;OZHF.

Proof. Note that
1

V1—=94§
1

i@+ =P, 2) |
2, Al

< + Pro Z|| ..
In the first line we used the d-restricted isometry property and in the second line we
used the triangle inequality. In the third line we used that || A (Z) || < 27, where one
can argument in exactly the same way as for (3.5). This completes the proof. O

[Prxa 2], < =514 (P 2) |

<

Having gathered all the necessary ingredients we can prove Proposition [3.3

Proof of Proposition[3.3 Let X be the minimizer of (3.1) and set Z = X — Xo. We
note that

(a)
1Prg Zle < [Pry 2.
()
< 87+ 2a|Pry, Z|lF

()
< 87 + 2 (4r + 2|\ Al[Pry Z”F)
0

= 8(1+a) 7+ dallA|[[Pry 7|,

(d) 1
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3. Sufficient conditions for recovery via nuclear norm minimization

In (a) we used that the Frobenius norm is always upper bounded by the nuclear norm.
In (b) we used Lemma (3.5 E 5 and in ( ) we applied Lemma as well as the assumption
§ = 3. In (d) we used that o < < 1 dueto || Al >3 Which follows from the local
isometry property on T, .

Rearranging terms it follows that

8IIAII

Xo

Moreover, from Lemma [3.6] combined with the last estimate it follows that

27 IIA]
Pr. Z||lr < Pr. Z
1Pry, HF_\/1_5+\/1_5H s Zllp
S A7

The triangle inequality combined with the last two estimates yields that

| Z]|F < ”PTXOZHF + H,PT)%OZHF
S IA[lT

This completes the proof. O

Remark 3.7. Let us comment on what determines the estimation error. Lemma [3.3
states that the dual certificate yields for Z = X — X the upper bound HPT)% 2|« <, if
0

one neglects the second term (and, indeed, o is often chosen to be rather small). Then
the strength of the noise bound depends on what one can say about the relationship
between HPTL Z||« and ||Z||p. Note that the bound becomes stronger, if one can knows

that not {00 much | - || p-mass of Z is concentrated on Tx,. Lemma 3.6 gwes a bound
for how much mass can be concentrated at most on Tx, compared to TX0 However,
recall that by Remark [3.4] the norm || A| may be rather large. This is the reason why
the additional dimension factors enter.

3.3. The golfing scheme

In order to be able to use Proposition one needs to show that such an approximate
dual certificate exists with high probability. In this section we will describe the con-
struction of David Gross [46], often referred to as the golfing scheme. Recall that we
have to find z € C™ and Y = A* () which satisfy the following three properties.

(a)

Izl <2,

(b) 1
a=|UV*=Pr, Y|r < =, and
o 8||All
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3.3. The golfing scheme

(c) .
[Py, (a0 | < 3

In randomized blind deconvolution (and also in some other low-rank matrix recovery
problems as matrix completion) it can be shown that E [A* A] = Id. This motivates the
choice 21 = A(UV*) and Y1 = A*(2) = A*A(UV*) for z and Y. Indeed, this would
imply that E [A*(Z1)] = UV™. Consequently, one could then hope to show properties (a),
(b), and (c) by applying appropriate concentration inequalities. However, as already
mentioned before, for some problems the operator norm ||.A] can be quite large (as

mentioned before, for blind deconvolution ||A]| it is at the order of \/£X). In particular,

this means that the quantity HUV* —Pry, A" (2) HF needs often to be smaller than what

can be guaranteed by concentration inequalities. The idea behind the golfing scheme
is to iteratively refine this initial guess until condition (b) is satisfied. It is set up as
follows.

e Step 1: Choose a partition of [m] into P sets {I'y} 5:1 of roughly the same size,

ie., [Ip| =~ 5 for all p € [P], such that PE[(A?)*AP] ~ Id, where AP := Pr A.
(Here, Pr, : C™ — C™ denotes the coordinate projection onto I'y.)

e Step 2: Set

Yo=0 and
Y, =Y, 1+ P(AP)" AP (UV* = Pry Y, 1)  where p € [P].

The corresponding z € C™ is then given by
P
2= PY AP (UV* = Pry Yy)
p=1

Note that a consequence of the sample splitting in Step 1 is that the golfing scheme is
set up in a such a way that AP is stochastically independent of Y},_1, which simplifies
the analysis or makes it even possible.
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4. Blind demixing at near-optimal rate

4.1. Problem framework and main result

Assume that we are given observations of the form

T
y:Zwi*xi+e€(CL, (4.1)
i=1
where e € C! is additive noise and our goal is to reconstruct all individual signals w;
and x; from only knowing y. This problem is often referred to as blind demixing and
deconvolution and it can be seen as a generalization of the blind deconvolution problem.
As in blind deconvolution one needs to make further assumptions on w; and x; to enable
recovery. As for randomized blind deconvolution we will assume that the w; and x; are
contained in some known subspaces. More precisely, we will assume that w; = B;m;
and z; = Cym; for all i € [r], where B; € C*Ki and C; € CM*Yi, In analogy to the
randomized blind deconvolution setting, we will assume that B B; = Id and that the
entries of the matrix C; are independent and identically distributed with distribution
CN (0,1). This framework has been proposed in [80]. It is particularly relevant for
applications in wireless communications [117].

As for blind deconvolution we observe that there is unique linear operator A; :
CHKixNi 5 CF such that for all u € CKi and v € C it holds that
A; (uww™) = Bu x C7.
With this definition at hand equation reads as
T
y=>_ Ai(him]) +e.
i=1
Hence, we have noticed that (4.1) can be recasted as a low-rank matrix recovery prob-
lem, where the low-rank matrix to recover is given as
Xo = (hym], ham3, ... h,m}).
This observation motivated Ling and Strohmer to propose the following SDP in [80].

T
minimize Z 1| X 1|«

= (4.2)

T
subject to ||y — Z-Ai (X))l <,

=1
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4. Blind demixing at near-optimal rate

They could show that if
L2 (K + Npj ) log® L (4.3)

holds, where K := mz[n]( K;and N := mz[n]( N;, then in the noiseless scenario, i.e., 7 = 0,
S S

exact recovery is possible. Here, p2. . and N%L are coherence parameters, which are sim-
ilar to the ones defined in Section In the case of noise they could derive estimation
errors with additional dimension factors as in . However, note that the number
of degrees of freedom in this problem is >i_; (K; + N;) — r, which raises the question,
whether the second r-factor in is necessary. Indeed, numerical experiments in [80]
indicate that this additional r-factor seems to be an artifact of the proof.

Our main result in [56] states that nuclear norm minimization indeed is able to recover
X at near-optimal sampling rate and, hence, this additional r-factor is not necessary.

In order to state it we set N := mé[p]( N; and p; max and by pp ., we denote coherence
e|r

parameters which are similar to the coherence parameters introduced in Section [2.1
(For the precise definition of these quantities we refer to [56].)

Theorem 4.1. [56] Let w > 1 and let y € CF be given by with |le|| < 7. Assume
that

L>Clr <max (K122 s 108 (Kt imax ) ) + NM%W> log® L, (4.4)
i€lr] ’ ’ ’

where C,, is a universal constant only depending on w. Then, with probability at least

A

1 —0O(L™Y) every minimizer X = (Xl, e ,X}) of the SDP (4.2) satisfies

2 rKp? N
< T\J 7 max {1; maxl'ul’max} log L. (4.5)
F i€]r] L

T
> || = ham
i=1
Note that in the important, noiseless scenario with 7 = 0 our result states that exact
recovery is possible at a near-optimal sampling rate.

To summarize our findings, we have established that there is a tractable, i.e., polynomial-

time algorithm, which is able to recover the ground truth Xo = (hym7, hams, ... hym})
at a near-optimal sampling rate.

However, as lifting increases the number of variables it is clear that the SDP (4.2]) will
be too slow for many practical purposes. For this reason, in [81] Ling and Strohmer
proposed a (non-convex) gradient-based algorithm for this problem, which operates in
the original parameter space and, hence, is considerably faster. They were able to es-
tablish that their algorithm is able to recover the ground truth if L scales as in (4.3]).
This means that again their recovery guarantees depend quadratically on r. As in the
convex case numerical experiments seem to indicate that the true scaling seems to be
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4.2. Outline of the proof

rather linear in r. We believe that our theoretical analysis in [56], which we will out-
line in the following, might also provide tools to overcome the r2-dependence for the
non-convex approach.

4.2. Outline of the proof

The overall proof strategy of Theorem resembles the one provided in Chapter
In the first step one shows that stable recovery is guaranteed, if sufficient conditions
are fulfilled, among them the existence of an appropriate dual certificate. (Note that
Proposition [3.3] is not directly applicable here since we have the sum of operators A;
rather than a single operator \A.) In the second step we construct the dual certificate
via an appropriately modified golfing scheme.

This proof strategy of constructing an approximate dual certificate was used by Ling
and Strohmer as well as by us. In the following we want to describe the main differences
and, in particular, how we were able to remove the second r-factor. Recall that one
assumption in Proposition 3.3} which gave sufficient conditions for recovery, was that the
operator A fulfills an approximate isometry property on the tangent space T. Similar
properties are needed in [80] as well as by us in [56]. In order to state the assumption
used by us, we define for ¢ € [r] the tangent space of rank-1-matrices at h;m by

T; = {hlu;k +um}: ou; € CKi oy € CNi}
Moreover, we set
T:={(X1,....,X,): X; €T, forallic[r]}.

This allows us to give the following definition of a §-local isometry, which is analogous
to Definition

Definition 4.2 (Local isometry property). The operators {A;},_, fulfill the d-local
isometry property on T for some d > 0, if

2
C<ato X3 (4.6)

(1= |IxIF < || > A (x)
=1

forall X = (Xq,...,X,) eT.

The main difference between [80] and our work [56] is that in [80] the restricted isome-
try property is not established on T directly, but individually on each T; and it is shown
that the images of the subspaces T; under the operator A; are near-orthogonal to each
other. This is responsible for the appearance of the 72 in their analysis. In contrast,
our more global analysis allows us to establish that the local isometry property holds
on T, if L scales linearly with r.
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4. Blind demixing at near-optimal rate

Setting
-
T .= Tﬂ {(Xl,...,XT) e CKixXNL o cBrx N Z 1Xil|7 = 1}

we observe that by its definition the d-local isometry property is equivalent to the
inequality

r 2 r
5> sup ZAi (Xi) —ZHXzH%‘
i—1 i=1

(le-"er)eT

= sup iAi (Xi) = ZT:E |:H~A’L (X;
i=1 i=1

L

(X1,..,.X)eT
' 2 T 2
= sup ZAi(Xi) _E["ZAi(X ] ’
(X1,..,.Xr)eT =1 i=1

The second line is due to the assumption that B} B; = Id for all ¢ € [r] and the third
line follows from the fact that the random operators A; are independent with zero mean
(see [56l, Proof of Proposition 5.8] for a more detailed calculation).

Now let vec([CY,...,C}]) denote the vectorization of the random matrices C1,...,C,,
i.e., the vector which contains all the entries of the matrices (C1,...,C,). We observe
that the expression > ;_; A; (X;) is linear in vec([C1, . .., C;]), which means that we can
find for each X = (X4,...,X,) € T a matrix Vy such that the equation

zr:f\i (Xi) = Vx vec([Cy,...,Cy))

always holds. Hence, in order to show the d-local isometry property it is sufficient to
prove that

5> sup‘HVXvec([Cl,...,Cr])H ~E vavec (SN } \ (4.7)
XeT

To obtain upper bounds suprema of this type recently developed results can be used

[65]. In order to state them we will first need to introduce the notion of Talagrand’s

~o-functional (see, e.g., [I11]). In a certain sense Talagrand’s 7s-functional measures

the complexity of a set with respect to a given metric.

Definition 4.3. Let (X, |||-|||) be a Banach space and suppose that S C X. We say that
a sequence (Sy,),~q of subsets of S is admissible, if |So| = 1 and |S,| < 22" for all
n > 1. Then we set

72 (S [IMl) = ginf sup Z 2"/? Jnf fls — sall,

n)p>0 SE

where the infimum is taken over all admissible sequences (Sp),-
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4.2. Outline of the proof

Moreover, for a set X' of matrices we define

dp(X) :=sup{||X||r: X € X},
da—o (X) :==sup{||X]: X € X}.

This allows us to state the following theorem by Krahmer, Mendelson, and Rauhut,
which will allow us to show (4.7)).

Theorem 4.4. [60, Theorem 1.4] Let X be a symmetric set of matrices, i.e., X = —X
and let & be a random vector whose entries & are independent circular-symmetric stan-
dard normal random variables with mean 0 and variance 1. Set

E =y (X, - (v2 (X, - ) + dr(X))
V = dysa (X) (v2 (X, [| - []) + dp (X))
U= d%—>2 (X)

Then, fort > 0,

2t
P ( sup|[|A¢|? —E|AE|?| > aiE+t) <2exp | —comin | —5,— | | .
AeX v2'U

The constants c1 and co are universal.

Our goal is to apply this theorem to X := {VX XeT }, which is possible as the
entries of vec([C1,...,C;]) have independent circular-symmetric standard distribution
with mean 0 and variance 1. Note that in order to make the bounds in Theorem [4.4]
effective we need to get appropriate upper bounds for vo (X'). However, in many cases
it is rather difficult to deal with the ~o-functional directly. The following inequality by
Dudley states the yo-functional can be bounded from above by an integral involving
covering numbers.

Lemma 4.5. Let (V,||-||) be a normed vector space and let X C V. It holds that

-1 (5)
@IS [ o N (S, 11l )ee

where N (S, |||, €) denotes the covering number of S with respect to the metric induced
by Illl, i-e., the minimum number of open ||-||-balls with radius e, whose midpoint is in
S, which are necessary in order to cover S.

Hence, we can apply Dudley’s inequality to X’ (with respect to the operator norm)
and are left with estimating the arising covering numbers. This is rather involved and
requires different tools as Maurey’s lemma [I9] and a theorem by Artstein, Milman,
and Szarek [5], which solved a special case of a conjecture by Pietsch [97] concerning
the duality of covering numbers. For details we refer the interested reader to [56].
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5. Noise robustness of blind deconvolution
and matrix completion

5.1. Descent cone analysis

We have seen that in problems like blind deconvolution (see inequality (2.3)), blind
demixing (see inequality (4.5))), and matrix completion (see inequality ([2.6))) noise

bounds of the form
IX — Xo|lp < y/min {K; N},

appear, when they are solved via nuclear norm minimization. Here X, denotes the
ground truth and X denotes the minimizer of the SDP to be solved. The appearance
of additional dimension factors such as y/min { K; N} is rather suprising as it does not
appear in other problems as matrix sensing [99], phase retrieval [I1],[10], and compressed
sensing (see, e.g., [14,/40]). The goal of this chapter is to examine this phenomenon more
closely and to examine whether the dimension factors are truly necessary or whether
they are a mere proof artifact of the golfing scheme. Our analysis will be based on
the understanding of the minimum conic singular value of the descent cone. This ap-
proach has been first studied for ¢;-minimization by Rudelson and Vershynin in [103]
and for more general atomic norms in [21]. In recent years many new results and in-
sights for sparse and low-rank matrix recovery have been obtained in this way (see, e.g.,
12, 170, 57, 173, 1311, 8S]).

Let us shortly describe the main ideas of this geometric analysis. The descent cone of
the nuclear norm is the set of all directions where the nuclear norm does not increase.

Definition 5.1. For any matriz Xo € CEXN define its descent cone K. (Xo) by
K. (Xo) := {Z € CEN . || Xg + eZ||« < || Xo||« for some e > 0} .

In order to understand why the descent cone is relevant assume first that y = A (Xj)
and 7 = 0, i.e., we are in the noiseless scenario. Then we observe that X is the unique
solution of the SDP ((3.1))), if and only if the descent cone K, (Xo) intersects with the
null space of the linear map A only at 0.

To understand the noisy scenario assume that y = A (Xq)+e, where |le|| < 7. Let X be
a minimizer of (3.1)). As Xj is a feasible point of the SDP (8.1)), i.e., [ly—A (Xo) || < 7, it
follows that || X ||, < || Xol|s. Moreover, note that the constraint ||.A (X)—y|| < 7 defines
a region around the point Xy. Hence, the minimizer X must lie in the intersection of
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5. Noise robustness of blind deconvolution and matrix completion

this region with the set X + Ky (Xo), i.e., the shifted descent cone. The size of this
region can be quantified using by the minimum conic singular value, which is defined
as follows. A2 |
Amin (A, Ky (X0)) := inf —_
min { Xo)= e By 127

The size of this intersection should become smaller if the minimum conic singular value
increases and, consequently, better noise estimates should be available. The following
result by Chandrasekaran et al. confirms this intuition.

Theorem 5.2. [2], Proposition 2.2] Let A : C"*"2 — C™ be a linear operator and
assume that y = A(Xo) + e with ||e|]| < 7. Then any minimizer X of the SDP
satisfies

A 27
X—-X < )
H OHF o >\min (A7 ’C* (XO))

5.2. Bad conditioning of blind deconvolution

In problems like matrix sensing (if suitably normalized) it can be shown that with high
probability it holds that Amin (A, Iy (X)) 2 1 [21], which leads to (order-wise) optimal
noise bounds via Theorem For this reason one might expect that such a result can
also be shown for blind deconvolution. This is not the case for all matrices B € CK*V
as shown by the following proposition.

Proposition 5.3. [68] Let K, N € N\ {1}. Assume that L is an integer multiple of K
and that

KN

Then there exists B € CI*K satisfying B*B = Idy and p2,,, = 1, whose corresponding

measurement operator A satisfies the following.
max |(bg,ho)|?

Let hg € CK\ {0}, mo € CN\ {0} and set u? = pp, = LZE[L]‘W. Then with
probability at least 1 — O (exp (—CoK/u?)) it holds that

Nanin (A, Ko (o)) < 03,/%. (5.2)

Here C1, Cy, and Cs are absolute constants.

As we are interested in the scenario that L < KN this proposition says that the
minimum conic singular value is indeed very small and, consequently, Theorem will
not be able to yield strong noise bounds.

One might ask whether whether the result holds true for any matrix B € CK*V such
that B*B = Id and 2, is small. We think that such a result does not hold true in
general. Indeed, one might choose B as a random embedding. Using a similar analysis
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5.2. Bad conditioning of blind deconvolution

as in [70] we think that one should be able to show that Apin (A, Ki (Xo)) = 1 in this
scenario.
Note that inequality (5.2)) is equivalent to the statement that there is Z € K, (X() such

that
4@ [ L
Zle ~\ &N (5:3)

holds. In order to find such a Z we make use of the observation that with high probabil-
ity there is a rank-one matrix W € CE*¥ which is an element in the null-space of A,
but whose distance, measured in || - || p-norm, to the descent cone K, (Xp) is relatively
small. Setting Z := W — Bhom(, and choosing /3 appropriately, one can show that Z pos-
sesses is an element of the descent cone of the nuclear norm at Xy. In order to show the
latter, we have established the following lemma in [68], which gives a characterization
of the descent cone of the nuclear norm.

Lemma 5.4. [68] Let X € CE*N\ {0} be a matriz of rank r with corresponding singular
value decomposition X = UXV*. Then

Ko (X) = {7 € CN: —Re(UV", 2)p) 2 |IPry (D)1

where K, (X) denotes the topological closure of K. (X).

A consequence of Proposition [5.3]is the following statement, which shows that blind
deconvolution is unstable in the following sense.

Theorem 5.5. [68] Let K,N € N\ {1}. Assume that L is an integer multiple of K
and that

o sn< XY
Then there exists a matriz B € CE*E satisfying B*B = Idg and with FB having rows
of equal norm, i.e., pu2,.. = 1, such that for all hg € CX\ {0} and mo € CN \ {0} the
following holds:

. g _ K 2 _ .2 _ L 2
With probability at least 1 — O (exp( CWQ)), where p* = pp, = Tholl? gel?ﬁ |{be, ho)|?,

there is o > 0 such that for all T < 1o there exists an adversarial noise vector e € CF
with |le|| < 7 that admits an alternative solution X with the following properties.

o X is feasible, i.e., || A (X) —yl| =7 fory = A(hom{) + € the noisy measurement
vector

o X is preferred to Xo = homy by the SDP , ie, | X« < | Xolls, but

e X is far from the true solution in Frobenius norm, i.e.,

- T |KN
X — Xollr > ?3“ - (5.4)
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5. Noise robustness of blind deconvolution and matrix completion

The constants Cy, Cs, and Cs are universal.

Note that the inequality dimension factor in inequality matches with the one
in (4.5) (up to a log-factor), when applied with » = 1. Hence, the additional dimension
factors in are no proof artifacts in the sense that there is an alternative solution,
which is preferred to the ground truth, but is far from the ground truth in ||-|| p-distance.

However, note that the matrix X in Theorem might, in general, not be the
minimizer of the SDP (12.2). Indeed, if the matrix X as constructed as in [68], it will
never by the minimizer of this SDP (see the discussion in [68, Remark 3,4]).

Remark 5.6. It might be interesting to go back to the approach using dual certificates
with these insights. Note that the stabzlzty proof using approzimate dual certificates in
Chapter@ does not distinguish between X and X. However, from Proposition . we
know that any proof, which does not make this distinction, cannot yield error estimates
below the barriers set by inequality .

A closer look into the proof of Propositz'on [5-3 reveals that for the matriz Z, which
we constructed in order to show (5.3), ||'PT¢ Z||« is rather small compared to ||Z| .

X

This makes Lemma ineffective for such Z. Hence, a potential strategy to improve
previous noise bounds would be to show that for Z = X - Xy, where X s the actual
minimizer, the concentration of the mass with respect to || - ||[r on Tx, cannot occur.

5.3. Noise robustness of blind deconvolution

In the last section we have seen that blind deconvolution is intrinsically badly con-
ditioned. Nevertheless, in the situation, where the noise-level is not too small, near-
optimal recovery guarantees are possible as our next result shows.

Theorem 5.7. [68] Let a > 0 and B € CY*K such that B*B = Id. Assume that

2
L>C5 (K4 N) log? L.
o

Then with probability at least 1 — O (exp (—W)) the following statement
2

holds for all ho € H, \ {0}, all mg € CN\ {0}, all 7 > 0, and all e € CL with |le| < T :
Any minimizer X of satisfies

Csp?/3log?? L

| X — homg|[F < 33

max {7; al|homg||r} -

Here C1, Cs, and Cs are absolute constants.

The crucial insight for the proof of Theorem [5.7] is that the bad conditioning, i.e.,

HHAZ(f;H is small, arises only for descent directions Z, which are near-orthogonal to the
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5.4. Bad conditioning of matrix completion

ground truth. Due to this we partition the descent cone Iy (hgmyg) into two cones K1
and Ko, where Ky contains all the directions, which are almost orthogonal to the ground
truth hgmg. On the one hand one can show that due to the curvature of the nuclear
norm ball, only a small error can occur from these near-orthogonal directions Z € Kj.
On the other hand one can show that Apin (A, K2) is with high probability at the order
of a constant (up to log-factors and ignoring the p-dependence), which allows on to
controll the error which can arise from the directions contained in K. In order to show
the latter we have used Mendelson’s small ball method [64] [87], a tool which allows one
to bound nonnegative empirical processes from below.

5.4. Bad conditioning of matrix completion

In this section we want to discuss briefly the noise robustness of matrix completion.
It turns out that similarly as randomized blind deconvolution the matrix completion
problem is badly conditioned in the sense of the following proposition.

Proposition 5.8. [68] Let Xo € R™*"2\ {0} be a rank-r matriz with corresponding
singular value decomposition Xg = UXV™*. Moreover, assume that

Crrnip? (V) log(2r) < m < n?l);m (5.5)
Then with probability at least 1 — O (exp (—W)) 1t holds that

m
Amin (A, Ky (Xo0)) < C, /nlw. (5.6)

The constants Cq, Co, and Cs are universal.

The proof of Proposition follows the same strategy as the correspoding proposi-

tion for blind deconvolution. One tries to construct a matrix Z € K, (Xo) such that
IA2)]l
1Z]r
which is close to the tangent space T, in || - || ;-distance. By an appropriate perturba-

tion one can then construct a matrix Z € K, (Xo) with the required properties.

is small enough. For that one finds a rank-one matrix W in the null space of A,

Proposition also leads to the following theorem, which is analogous to Theorem
in the randomized blind deconvolution framework.

Theorem 5.9. [68] Let n1 > ny and let A : RMX"2 — R™ be defined as in ([2.4).
Assume that Xo € R™*"2\ {0} is a rank r matriz with singular value decomposition
Xo=UXV*. Moreover, assume that

Crrnip? (V) log(2r) < m < n;;m

Then with probability at least 1 — O (exp (—W)) there is 79 > 0 such that

for all T < 1y there exists an adversarial noise vector e € R™ with |le|| < 7 that admits
an alternative solution X € R™*™2 with the following properties.
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5. Noise robustness of blind deconvolution and matrix completion

o X is feasible, i.e.,

A (X’) _ yH =71 fory = A(Xo) + e the noisy measurement
vector

o X is preferred to Xo by the SDP , ie, | X« <11 Xoll« » but
o X is far from the true solution in Frobenius norm, i.e.,

~ T rning
X — X > —
IX = Xollr > &/ =

Here the constants C1, Co, and C3 are universal.
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6. Bilinear inverse problems with sparsity
constraints

6.1. Overview

In the previous chapters we have discussed blind deconvolution, which is a bilinear
inverse problem. In such problems one tries to recover vectors u € C™ and v € C™2
simultanously from measurements of the form

y = B (u,?v),

where B : C™ x C" — C™ is a bilinear map. We note that not only randomized blind
deconvolution falls under this framework but also other signal processing problems like
self-calibration [79]. In the previous chapters we have seen that blind deconvolution,
can be solved via a convex relaxation in an average-case sense, if the number of measure-
ments m is up to log-factors at the order of the number of degrees of freedom ny + ns.
However, in many applications additional information about the structure of u and v is
available. For example, in blind deconvolution the channel w might be sparse. Another
example would be blind sensor calibration (see, e.g., [9,[79]). Here u is an unknown tun-
ing parameters of the sensor and v represents the signal to be measured, which might
be sparse. In order to keep the amount of needed measurements as small as possible it
would be desirable to develop algorithms, which take this additional information about
the structure into account. Throughout this chapter we will assume that u € C™ is
si-sparse and v € C™ is sy-sparse. (We say that a vector x is s-sparse, if it contains
at most s nonzero entries.) Ideally, we would like to be able to recover v and v from v,
when the number of measurements m is up to log-factors at the order of s; + s9, i.e.,
the number of degrees of freedom.

As in the previous chapters we denote by A : C"*"2 — C™ the unique linear
operator, which fulfills
A (uv*) = B (u, )
for all w € C™ and v € C™2. In the following we will assume that the linear operator
A can be represented as

1

Jm
where {A4;};", C C™*"2 are random matrices, whose entries are i.i.d. with distribution
CN (0,1). While such a model is rather unrealistic in most practical scenarios, we will

(A (X)) (0) : (A, X)p forall £ € [m], (6.1)
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6. Bilinear inverse problems with sparsity constraints

focus on this model in the following because it often allows for an easier analysis and
as we will discuss in the following even for this simplified scenario basic questions are
not yet understood.

In [96, Theorem 3] it was shown that uv* is the minimizer of a certain non-convex
program with high probability whenever m 2> (s; + s2) max {Z—;, ’;—22} However, it is
not clear whether this minimizer can be found in polynomial time. While such a result
says that in principle enough information is contained in the measurements to uniquely
specify the signal uv* it is also clear that for practical purposes one needs algorithms,
which determine uv* in a reasonable amount of time. For this reason our focus here
will be on tractable, i.e., polynomial-time algorithms.

Note that uv* is a rank-one matrix, whose factors u and v are si- and ss-sparse. In
particular, this means that wv* has at most s;so non-zero entries. As the f1-norm
has been successful in recovering sparse vectors and the nuclear norm || - ||, has been
successful in recovering low-rank matrices one might try to combine these two norms,

which leads to the following tractable minimization problem

minimize || X ||« + M| X|le,
subject to y = A (uv™).

However, in [96] it was shown that this approach will not perform better than just one

of the two relaxations. More precisely, this means that in order to achieve recovery
ni.n
a much tighter, norm-based convex relaxation was presented. While it was shown that,
whenever m 2 (s1 + s2) log (max (n1,n2)), the matrix uv* will be the unique minimizer
of this convex relaxation, it is not clear whether the minimizer can be computed in

polynomial time.

still m 2 min {nl + ng; s189 log (max ( ))} measurements are necessary. In [101]

In [52, [6] it was shown that recovery at near-optimal sampling rate can be achieved
with tractable algorithms, if the measurement model is replaced by a cleverly
constructed nested measurement model. However, as such a measurement model is
unrealistic for most practical purposes it is clear that one still would like to understand
the more generic measurement model .

6.2. Non-convex approaches

We have seen that it is an open question whether there exists a convex method, which
achieves recovery at near-optimal sample complexity and enjoys polynomial computa-
tional complexity at the same time. For this reason one might resort to non-convex
algorithms based on variants of gradient descent. Indeed, in the last few years there
have been huge advances in the study of such non-convex gradient based algorithms.
In particular, it has been shown that for low-rank matrix recovery problems like ma-
trix completion, blind deconvolution, or phase retrieval (without sparsity assumptions)
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6.3. Sparse Power Factorization

these algorithms often perform equally well in terms of sample complexity as convex
programs but enjoy significantly reduced computational complexity (see the overview
article [28]).

However, it is often difficult to analyse gradient descent based algorithms if one starts
from an arbitrary initialization as saddle-points or local minima may exist. For this
reason these algorithms often follow a two-stage approach: One uses a starting point
obtained via spectral initialization, which is then subsequently refined by a gradient-
descent based approach. Such a two-stage approach has been pioneered by Keshavan
et al. in [59] for the matrix completion problem and since then it became very popular
in the literature. It has then been adopted to study efficient non-convex algorithms
for phase retrieval [94] 12 23], matrix completion [53], 49, 110, 42, B8, [71, 85], blind
deconvolution [78| 81, 5I] and other problems [24][]

Following this line of work Lee et al. [(7] proposed such a two-stage algorithm for
bilinear inverse problem with sparsity constraints, which they dubbed Sparse Power
Factorization. In the case of full Gaussian measurements as in they could show
that a certain, rather restricted restricted class of sparse vectors can be recovery with
a sample complexity at the order of (s; + s2) log (max {Z—ll, Z—j})

We will describe the precise formulation of the algorithm and their result below. Before
that let us comment on some related work. One algorithm, which is closely related to
the one by Lee et. al, has been proposed by Fornasier et al. [37]. However, comparable
global performance guarantees seem not to be available at this point.

Furthermore, some papers tried to replace full Gaussian measurement matrices by a
more realistic measurement matrices. In [75] Lee et al. studied performance guarantees
of a variation of the Sparse Power Factorization for blind deconvolution with two ran-
dom subspaces. The analysis of this problem becomes significantly more challenging
than the one of full Gaussian measurements as one has to deal with coherence issues.
In order to establish theoretical results, the authors of [75] had to add a projection step
to the algorithm, which cannot be guaranteed to be computed in polynomial time.

In [I04, [7] two different tractable approaches were proposed for the related problem
of sparse phase retrieval. In both cases it was shown that if a good initialization is
available, then at the order of s; + so measurements (up to log-factors) are enough to
recover the ground truth. As we will see finding a good initialization will also be the
bottleneck in the Sparse Power Factorization algorithm below.

6.3. Sparse Power Factorization

Let us describe the main idea behind the spectral initialization step, which aims to give
a good first guess for the ground truth. In the case of full Gaussian measurements (as in
(6.1))) it can be shown that E [A*A] = Id. In particular, this implies that E [A*(y)] = uv*

In the last few years it has been more and more understood that one can expect convergence to
the ground truth for such problems in many cases even from a random initialization as the loss
landscape often enjoys favorable properties [42, [109] 26].
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6. Bilinear inverse problems with sparsity constraints

due to y = A(uv*). Hence, if the number of measurement is high enough one could
hope that A* A (uv*) ~ uv* holds and one might choose the leading singular vectors of
A* (y) as a first guess for u and v. However, this approach requires m 2 nj+no samples
and recall that we assume that we are in the underdetermined case where m < ni + no.
This motivates the following approach which takes the structure of the problem into
account.

max Re (2" A" (y) v)
subject to ||aljo < s1, ||| =1 (6.2)
1llo < s2, [[0]] =1,

This problem is often referred to as sparse principal component analysis (SparsePCA).
However, solving is in general NP-hard [I12]. Sparse PCA has been studied rather
intensly the last decade. Several computationally tractable algorithms have been pro-
posed [33], 55, B6], where the theoretical analysis was in particular focused on the single-
spike model [69} 3] 29].

In [8,[117] it was shown that, under a certain model, a tractable algorithm, which solves
the sparse PCA problem, would lead to an algorithm, which solves the k-clique problem
in polynomial time. The existence of such an algorithm is an open problem in theoret-
ical computer science and it is widely believed that such an algorithm does not exist.
This indicates that an approach based on a spectral initialization might not be able
yield an algorithm, which recovers sparse vectors in a bilinear model at near-optimal
sampling rate.

In [77] the following algorithm was proposed as a tractable substitute for (6.2)).
Algorithm 1 (Algorithm 3 in [77]).

Input: Operator A, Measurement b, Sparsity Constraints s1, Sa,
Output: |Initial guess vy for v € C"2,
1: For alli € [ny] let & be the 2-norm of the best sy-sparse approximation of the ith row of the
matrix A* (b) € C>n2,
2: Let 3; C [n1] be the set of the so largest elements in {&1;&2;...;&n, }
3: Choose jg to contain the indices of the sy columns of HJA1 A* (b) largest in {5 norm, i.e.,

Joi= arg max [T [A*(O)]TL, . (6.3)
JC[n2], |J|=s2

4: return vy, the leading right singular vector of I1 3~ [A*(b)]IT X

Having obtained such an initial guess vg, the Sparse Power Factorization algorithm
iteratively proceeds by keeping vy fixed. Note that this results in an underdetermined
linear system for w. In order to solve this system one uses the Hard Thresholding
Pursuit algorithm [39]. Having obtained a guess uy for the ground truth u one keeps @
fixed and solves the resulting underdetermined system for v by the Hard Thresholding
Pursuit. In this way one alternates several times between @ and ¥ until a stopping
criterion is met.
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6.3. Sparse Power Factorization

Theoretical results

Lee et al. established the following result in [77] for the Sparse Power Factorization
algorithm.

Theorem 6.1 ([77, see Theorem 1 and 4]). Assume that A: C"*"2 — C™ is a
Gaussian linear operator as described above. Let b = A (uv*) + z, where u is s1-sparse
and v is sg-sparse. Suppose that ||ulls > 0.78]|u||, ||v||cc = 0.78||v]|, and that the noise
level satisfies v (z) < 0.04. Then, with probability exceeding 1 — exp (—cym), the output
of the Sparse Power Factorization algorithm (with initialization given by Algom'thm

converges linearly to uv* provided that

ny n2

m > ca(s1 + s2) log (max {, }) ,

51 82
where c1,co > 0 are absolute constants.

Note that the requirement ||u||o > 0.78||u|| and ||v||s > 0.78||v|| means that most of
the mass in £s-norm of the vectors u and v is concentrated on one singly entry each.
Hence, this result covers only a rather restricted class of signals. The main reason why
this restriction appears in [77] is that only with this restriction the initialization can
be guaranteed to be in the basin of attraction, i.e. a region to ground truth, where
convergence of the Sparse Power Factorization algorithm can be established. Our main
result in [44], Theorem 2, states that this class of possible vectors can be enlargened, if
one is willing to increase the number of measurements slightly. Our results allows for
replacing the number 0.78 by a smaller number. Furthermore, instead of having one
peaky entry it allows for having several entries, on which most of the fo-mass of w is
concentrated.
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A. Core article: Blind Demixing and
Deconvolution at Near-Optimal Rate

Summary

Suppose one is given the vector

T
y:Zwi*xi—i—eeCL.
i=1
How can one reconstruct {w;}; and {z;};? This ill-posed inverse problem is commonly
referred to as blind demixing and deconvolution. In order to make this problem more
well-posed one typically imposes further structural constraints on w; and x;. In this
paper we assume that w; = Bh; and z; = C'm; for all i € [r], where {B;};_, C CLxK
are deterministic matrices and {C;}I_; C CF*¥ are random matrices.

This model was first studied by Ling and Strohmer in [80]. They proposed to solve
the following convex relaxation to estimate {h;};_, and {m;};_,.

.
min Z HXZ
i=1

(See also [56, Section I.B] where this optimization problem is stated.) In [80] it was
shown that this algorithm recovers the ground truth with high probability, whenever

<T (A.1)

st HXT:AZ-(XZ»)—y
=1

Lo

L2 (Kpda+ Nut)

where we have set K = mz[n]i K; and N = mz[n]( N;. and p2,, and p? are coherence pa-
1e|r e

rameters. Note that the number of degrees of freedom is > ;_; K; + > i_; N; —r, which
means that the result above is suboptimal by a factor of r. Indeed, numerical experi-
ments in [80] suggested that this additional factor of r might be an artifact of their proof.

Our main result in [56] confirms this observation: If
L2 (K + Nitj)

the SDP (A.1]) recovers the ground truth with high probability. (For a precise statement
of our main result we refer to [56, Theorem 1]). The proof of this result relies on recently
developed tools for bounding the suprema of chaos processes [65].
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A. Core article: Blind Demixing and Deconvolution at Near-Optimal Rate

Statement of individual contribution

Felix Krahmer assigned me with the task of applying the results in [65] to the blind
deconvolution framework as in [I] to proof a recovery result based on the restricted
isometry property rather than on the Golfing Scheme. While we were not successful,
I observed that this approach can be used to overcome some of the difficulties, which
Ling and Strohmer encountered in their work.

I was responsible for working out the technical details, where I was stimulated from
discussions with Peter Jung and Felix Krahmer. I was fully responsible for writing and
preparing this manuscript except for the numerical simulations in Section III, which
were performed by Peter Jung. Peter Jung, Felix Krahmer, and I proofread and polished
the article together.

Conference proceedings

The results of this paper have been presented in part at the 2016 International Workshop
on CoSeRa 2016 [106], in part at the 2017 21st International ITG Workshop on Smart
Antenna [108], and in part at the Conference Wavelets and Sparsity XVII [107].
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Blind Demixing and Deconvolution
at Near-Optimal Rate

Peter Jung™, Member, IEEE, Felix Krahmer™, and Dominik Stoger

Abstract—We consider simultaneous blind deconvolution
of r source signals from their noisy superposition, a problem
also referred to blind demixing and deconvolution. This signal
processing problem occurs in the context of the Internet of Things
where a massive number of sensors sporadically communicate
only short messages over unknown channels. We show that robust
recovery of message and channel vectors can be achieved via
convex optimization when random linear encoding using i.i.d.
complex Gaussian matrices is used at the devices and the number
of required measurements at the receiver scales with the degrees
of freedom of the overall estimation problem. Since the scaling
is linear in r our result significantly improves over recent works.

Index Terms—Blind deconvolution, channel estimation,
demixing, compressed sensing, semidefinite programming.

I. INTRODUCTION

ECENT progress regarding recovery problems for low-

complexity structures in high-dimensional data have
shown that a substantial reduction in sampling and storage
complexity can be achieved in many relevant non—adaptive
linear signal separation and estimation problems, in partic-
ular in the case of randomized strategies. This includes the
recovery of sparse and compressible vectors (often referred
to as compressed sensing) [4], [5], low-rank matrices [6],
and higher—order tensors from subsampled linear measure-
ments [7], as well as compressive demixing of multiple
source signals [8]. An important step in many of such vector
and matrix recovery problems is to establish computational
tractability in the sense of complexity theory; a common
strategy to achieve this is to show that, under appropriate
assumptions on the measurement map, the reconstruction
problem can be recast as a tractable convex program.
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In practice, however, one faces additional difficulties.
Namely, the data acquisition process has to cope with uncali-
brated measurement devices depending on further unknown
parameters. In many such scenarios one can only sample
the output of an unknown or partially known linear system.
In such cases the object/signal s to recover is coupled with the
unknown or partially known environment w in a multiplicative
way giving rise to a bilinear inverse problem, i.e., solve
for s and w given a bilinear combination B(w, s). Relevant
examples are when the effective sensing matrix might be
subject to uncertainties [9]-[12], or signals might have been
transmitted through individual channels whose properties are
not completely known [13]. Our current understanding of these
blind information retrieval tasks is at the very beginning and
usually it forces one therefore to operate at sub-optimal sens-
ing rates, or else incur significant reconstruction errors due to
model mismatch. The situation is all the more unsatisfactory,
as such blind sampling problems are often much closer to
practical applications than the original linear models.

A. Blind Deconvolution

The prototypical bilinear mapping, practically relevant in
many applications, is the convolution

L
w*s = (Z wisk—E_ .
j=1

For technical reasons we will consider the circular convolution,
where the index difference k — j is considered modulo L. The
classical convolution can be reduced to this setup by appropri-
ate zero padding or cyclic extensions. Then the corresponding
inverse problem, that is, the problem of recovering s and w
from their convolution up to inherent ambiguities, is known as
blind deconvolution [14]. The precise role of s and w depends
on the underlying application. In imaging, for example, the
signal vector s typically represents the image and w is an
unknown blurring kernel [15]. In communication engineering,
w represents the channel parameters and the task is to demod-
ulate and decode the signal information s only having access
to the channel output w * s, and the important question is
how much overhead is required for coping with the unknown
impulse response w of the communication channel [16].

Obviously, without further constraining s and w the convo-
lution (s, w) — w * s has many more degrees of freedom
than measurements and is hence far from being injective,
exhibiting various kinds of ambiguities. The goal must then

0018-9448 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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be to eliminate these ambiguities as much as possible by
imposing structural constraints on the signal and the channel
paramters. It should be noted that a scaling ambiguity will
always remain, as any bilinear mapping B satisfies B(s, w) =
B(As,w/2) for any 0 % A € C and can hence be injective
only up to a multiplicative factor. Specific scenarios can give
rise to additional ambiguities, as it has been investigated
in [17]. For more detailed discussions of ambiguities in the
one-dimensional case such as shifts or reflections, see [18]
and [19]. In any case, additional constraints like sparsity and
subspace priors, depending on the specific application, are
necessary to make blind deconvolution feasible. It has been
shown that sparsity in the canonical basis alone is not sufficient
for these purposes [20], and for generic bases, the subspace
dimensions and sparsity levels that yield injectivity have been
exactly classified [21]-[23].

Even when injectivity can be established, this does not
directly yield a tractable reconstruction scheme. While a
number of works have studied algorithms for recovery (see,
e.g., [24]-[26]), the focus has mostly been on algorithmic per-
formance rather than on recoverability guarantees. The search
for algorithms allowing for guaranteed recovery has recently
shown significant progress by taking a compressed sensing
viewpoint, namely aiming to choose remaining degrees of
freedom to reduce the degree of ill-posedness. The first near-
optimal rigourous recovery guarantees in a randomized setting
have been established in [27] with high probability under the
assumption that both the signal and the channel parameters lie
in subspaces of small dimension, and one of them is chosen
at random. The main idea was to exploit that any bilinear map
B(w, s) can be represented as a linear map in the outer product
wsT of the two input vectors (this approach is often referred to
as lifting) and hence analyzed using methods from the theory
of low rank matrix recovery. More precisely, exploiting the fact
that the (normalized, unitary) L x L discrete Fourier matrix
F diagonalizes the circular convolution one can establish the
representation

w % s := ~/L - F*diag(Fw)Fs, (L1)

with diag(v) denoting the diagonal matrix with the entries of
v on its diagonal.

Under the subspace model, where both the signal s and the
vector of channel parameters are assumed to lie in a known
low-dimensional subspace and hence can be represented as
w = F*Bh and s = F*Cx/+/L, for given B € CL*K and
C € CL*N | this translates to

y = F(w * s) = diag(Bh)Cx =: A(hx™), (1.2)

where A is a linear map and M* denotes the adjoint of a
matrix M, that is, its conjugate transpose. This formulation
yields a low rank recovery problem, as of all potential matrices
giving rise to measurements y, the rank one matrix hx* is the
one of the lowest rank. Even though recovering a low rank
matrix from linear measurements is known to be, in general,
NP-hard [28], it has been shown that under appropriate random
measurement models, one can establish recovery guarantees
for tractable algorithms with high probability [29], [30]. While
the results in these works require more randomness than what

is available in the convolution setup due to the structure
imposed by (I.2) and hence do not apply directly, Ahmed
et al. [27] derived recovery guarantees for blind decon-
volution. Their result assumes that (i) C has independent
standard Gaussian entries and that (ii) B*B = 1 and B is
incoherent in two ways, namely that ,ulzmIx = % maxg ||bg||§2
and ,ui = L-maxj</<L |b2§h|2 are sufficiently small (b are the
columns of B*). Under these assumptions, they showed that
an unknown real K x N-matrix hx™ can be recovered with
overwhelming probability by nuclear norm minimization, that
is, via the semidefinite program

min|| X[ s.t. AX) =y. (1.3)

Here, || X||+ denotes the nuclear norm of the matrix X, which
is defined to be the sum of its singular values.

Although nuclear norm minimization is computational
tractable, the lifted representation drastically increases the size
of the signal to be recovered. Consequently, the resulting
algorithm will be too slow for most practical applications.
The theoretical analysis of nuclear norm minimization has,
however, paved the way for more efficient algorithms with
similar guarantees. Namely, the recent work [31] demon-
strates that a gradient-based algorithm with a suitable ini-
tialization can be used without lifting and in the regime
,u% max(K, N) < L/log?(L) which comes with considerably
reduced complexity.

Finally, typical channel impulse responses & exhibit further
structural properties such as sparsity, which should be used
as well. However, the challenging extension of these works
to sparsity models seems to be much more involved. The
difficulty with such models is that the lifted representation is
both sparse and of low rank, and no straightforward tractable
convex relaxation is known. In particular, minimizing con-
vex combinations of nuclear and {i-norm regularizers has
been shown to yield provably suboptimal recovery perfor-
mance [32]. Research regarding alternative convex surrogates
as for example in [33] is only in its beginnings. For this reason,
some recent approaches ignore the rank constraint, just aiming
for sparsity, as investigated for the ¢j—approach in [34] and
for the mixed €1 /{>-case in [35] and [36].

On the other hand, the search for non-convex alternatives
to overcome this obstacle is an active area of research.
In particular, local convergence guarantees as well as global
convergence guarantees for peaky signals have been derived
in [37] for the sparse power factorization method, an alter-
nating minimization approach originally introduced in [38],
for the context of deconvolution. The near-optimal recovery
guarantees build on some property similar to the restricted
isometry property, which has been derived in [39] (for both
inputs lying in random subspaces). The search for global
recovery guarantees in the sparsity model without peakiness
assumptions, however, remains open.

B. Simultaneous Demixing and Blind Deconvolution

The extension of the model we shall consider here is
blind deconvolution and simultaneously demixing of multiple
source signals. This setting is motivated by recent challenges
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in future wireless multi—terminal communication scenarios
for uncoordinated sporadic communication [40], [41]. We
consider the prototypical case of R transmitters each having an
individual information message encoded into the vector x; €
CNifori=1,...,R using, for example, classical modulation
alphabets and error—correcting codes. In fact, such data could
be independent user data payloads or even correlated sensor
readings on a common source. For reasons of simplicity, we
focus on the case of independent data sources. Each transmitter
generates its transmit signal s; = F*C;X;/+/L € CL by mul-
tiplying (linearly encoding) its complex—valued (conjugated)
message vector X; by an L x N; matrix F*C;/+/L which
is then transmitted into the shared channel. Note that, from
the perspective of communication engineering, this procedure
has been simplified to facilitate the analysis. In a more
advanced setting one could consider a directly randomized
mapping from bits to sequences in C%. Now consider a single
receiver, for example a base station. Each transmitter i has
its individual impulse response w; describing the channel
propagation conditions to this base station. For simplicity we
consider a low—mobility scenario where, for appropriate block
length L, the channel is time—invariant and can be modeled
by a convolution of the transmit signal with a channel impulse
response w;. Furthermore, with cyclic extensions and/or zero-
padding at the transmitter such a signal propagation can then
be modeled as a circular convolution. To incorporate further
structure for the channel impulse response we write it as
w; = F*Bjh; where B; € CL*Ki_ A reasonable assumption
for our application is that the unknown coefficients h; are
located on the first samples since the path delays in the channel
are usually much shorter than the frame length L. In this case
F*B; is a truncated identity, i.e., BfB; = Id.

In practice, since the desired deployment scenario is unco-
ordinated and sporadic, only a small fraction of size r of R
devices are online and transmitting data. We assume for this
work that the receiver is able to detect the activity pattern
correctly (which can be achieved through a separate control
channel, see for example [42] for a certain approach). One can
even detect activity simultaneously with data. However, algo-
rithms for blind deconvolution and demixing are usually quite
complex from practical and computational aspects and it is
desired to reduce the problem size as much as possible already
from the beginning. This means, restricted and resorting to the
active set, the receiver observes the noisy superposition

y =D F(wixs)+e= Y diag(Bihi)Cix; +e
i=1 i=1

= Z Ai (hix}) + e (L4)
i=1

of r signal contributions where the vector e € CF denotes
additive noise.

The conventional approach is (i) to design the matrices C;
in such a way that resources are used exclusively by O(R)
devices which requires considerable processing, resource plan-
ning and allocation algorithms and (ii) estimate the channel
from pilot signals during a calibration phase prior to data

transmission. However, in an increasing number of new appli-
cations the typical data traffic consists only of short messages
(status updates or sensor data) yielding a sporadic traffic type
and then the overall communication in a network is then
considerable dominated by control data.

In [43] it has therefore been proposed to consider the
scenario of simultaneous blind deconvolution and demixing of
multiple signals from its superposition y, which we will also
study in this paper. Demixing by convex programming meth-
ods has been intensively investigated in the fields of “sine and
spikes” (and pairs of bases) decompositions, see [44] and [45],
and in the field of sparse and low-rank decomposition, see,
e.g., the work [46]. More generally, as for example outlined
in [47] and [48], a convex approach consists of minimizing the
sum of the individual regularizers over all signal formations
which are conform with the model and consistent with the
observations. To this end, assuming a priori that |e|,, < 7,
we consider the convex optimization problem

r r
min D I1Xi st 1D AXD) = yle, <7

i=1 i=1

1.5)

According to [47], reliable convex demixing is possible when-
ever (i) the signal contributions are incoherent to each other
and (ii) the number of observations is sufficiently above the
sum of effective dimensions of the descent cones of the
individual regularizers at the unknown ground truth. Since the
rank-one matrix X; = h;x has effective dimension K; 4 N;
this amounts to O(r(K + N)) observations, where K =
max;(K;) and N = max;(N;). First results and guarantees,
based on the incoherence between the mappings .4; which
explicitly occur in blind deconvolution (I.4) with random C;’s
are worked out in [43]. The result in this paper states that if
L is in the order of 7> max(K, N) (up to logarithmic factors)
the minimizer ()A( Lyovrs X ) of the program (I.5) satisfies with
high probability that
r
DX = XQU3 < r? - max(K: N o2 (L6)

i=1

Hence, for ¢ = 0 the ground truth ()A(O, e, )A(?) iS recov-
ered exactly. However, the embedding dimension does not
quite match the effective dimension, which would suggest a
linear dependence on r. Ling and Strohmer suggested that
this mismatch is a proof artifact, observing numerically that
linear dependence on r. In this paper, we will analytically
justify these observations. In the special case of partial (low-
frequency) Fourier matrices B; mentioned above, our main
result, Theorem 6, reads as follows.

Theorem 1: Let o > 1 and set ,uﬁ = Lmax;, |b;’i[h,~|2.
Assume |le|¢, < t and that

L> Cor (K log K + N,u;%) log® L, (L7)

where C,, is a universal constant only depending on o. Then
with probability at least 1 — O (L™®) the minimizer X of the
recovery program (1.5) satisfies

r
) KN
STI% - X3 < r - max [1; rT] log(L) 2. (L8)

i=1
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The coherence parameter /4% ranges between 1 and K, [43].
For a detailed discussion we refer to [43, Sec II.D]. At this
point we only want to comment that in applications in Wireless
Communications this parameter is typically small.

Shortly before the completion of this manuscript Ling
and Strohmer presented recovery guarantees for (consider-
ably more efficient) nonconvex gradient (Wirtinger) based
methods [49], again with quadratic scaling in r. Again they
conjecture linear dependence, as observed in their numerical
experiments. We also include some numerical experiments in
Section III that illustrate the linear dependence. We expect that
our paper at hand will pave the way to an optimized parameter
dependence also for more efficient algorithms.

II. GENERAL FRAMEWORK AND MAIN RESULT

A. Notation

Before we describe the mathematical model we introduce
some basic notation. For complex numbers z € C we denote its
conjugate by z and write Re z and Im z for the real and imag-

inary part. Similarly, for a vector w = (w[l1], ..., w[n]) € C"
we use the notation Re w = (Re w[l],...,Re w[n]) and
Im w = (Im w[1],...,Im w[n]). For a matrix A € CH1*%

we will denote its adjoint by A* and (for d| = d) its trace
by Tr (A). For matrices A, B € C4*% we will define the
inner product by (A, B)r = Tr (AB*). The Frobenius norm
of A is |A||% = (A, A)r and ||A|2—> denotes its operator
norm. If B is a linear operator mapping matrices to vectors
or matrices, we will denote its operator norm by | - ||[F—2
or || - ||F—F, respectively. The nuclear norm of the matrix A,
which is defined as the sum of its singular values, will be
denoted by ||A||«. Note that the notation for || - ||«, ||-||F and
(-, -)r will be used later in a more generalized setting, as will
be pointed out in the next section. The matrix Id; will denote
the identity matrix in C?*<_ If no confusion can arise, we will
suppress d and write Id instead of Id,. For a vector v € C?
diag (v) denotes the matrix whose diagonal entries are given
by ». Furthermore, |v]|¢, denotes the {>-norm of this vector,
i.e. ||u||§2 = (0,0) = Tr (v0™*).

By P (E) we will denote the probability of an event E. For
any N € N we will denote the set {1, ..., N} by [N]. For a set
S we will denote its cardinality by |S|. The notation log (-) will
refer to the logarithm of base 2. Furthermore, during the whole
manuscript C will denote positive numerical constants, which
are independent of all other variables which appear in the text
and whose value may change from line to line. Similarly, C,,
will denote universal numerical constants, which only depend
on w. We will write a < b,ifa < Cbanda <, b,ifa < C,b.
We will write a ~ b, if we have a < b as well as b < a.

B. The General Model

In this paper we will work with a more general model,
as also studied in [43], which includes the demixing-
deconvolution scenario given above as special case. Assume
that the vector y € CL of L noisy measurements correspond-
ing to inputs {h;}/_,, h; € CKi and {xi}i_, xi € CMi, is given

by
y =Y diag(Bih;) Ci¥i +e. (1L.1)
i=1

where e is additive noise, the matrices B; € CL*Ki satisfy
B;‘B,- = Idg, for all i € [r], and all the entries of the
random matrices C; € CE*Ni are independent and follow
a standard circular-symmetric complex normal distribution
CN (0, 1) (see Appendix B for more details). The vectors h;
are assumed to be normalized, ||4;]l,, = 1, whereas the norms
of x; are arbitrary. (This is not restrictive as there is an inherent
scaling ambiguity.) Furthermore, we set

K = max K;
ielr]

and N = max N;.

ielr]
Let us denote by b; ¢ the £th column of B} and by c; , the (th
column of C;. Then, the {th entry of y is given by

r
VIl = D b hixicie + ell].
i=1
We observe that the overall vector y only depends on the outer
products £;x;. Thus, we may proceed by considering a lifted
representation (see, e.g., [S0]). Defining for each i € [r] the
operator A; : CKixNi — CF via

A (Z) = (b Zeie)

we obtain that
.
y = ZA, (h,'x;k) +e.
i=1

In the following we will use the decomposition x; = o;m;
where ¢; > 0 and some m; € CVi such that lm;ille, = 1. df
x; = 0 we set g; = 0 and choose m; arbitrarily.) Thus, the
signal to be recovered may be written as

x0: = (hixt, ... hex)) = (o1him], ..., 0phm})
=(X1,...,X).
Define
M= {(zl,...,zr) . Z; e CKNi for all i e [r]}

and note that M is naturally equipped with the algebraic
structure of a vector space, as it may be regarded as the
product space of the vector spaces CXi*Ni | The linear operator
A: M — CL is defined by

,
A(2) =" Ai (Z)
i=1
for Z = (Z1,...,Z,) € M. The linear space M will be
endowed with a norm and an inner product defined by

r

(W, Z)F = D (Wi, Zi)F
i=1

and

)
W5 = W wyr =S 1wl
i=1
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for all W, Z € M. The operator norms ||-|| r—2 and ||| — r of
linear maps on M are defined analogously to the matrix case.
For the adjoint A* of A with respect to the inner product on
M it follows A* (y) = (A} (v), ..., A’ (y)) for all y € CE.
Note that the adjoint operations A7 (y) itself are given by

L

Af (v) = D ylllbigcl, forall y e CE.
(=1

We will also use the norm defined by |W||, = Z?:l IWillx.
For reasons which will become clear in Section VI-A we set

(IL.2)

*
himi og; > 0

0 else

sgn(X?) = [
for i € [r] (recall that o; > 0). This allows us to define

sgn(X0) := (sgn(X(l)), cees sgn(X?)) .

C. Fartition of Measurements and Incoherence Assumptions

As those of [27], [43], our results are based on two notions
of coherence. The first is captured by the coherence parameter

L
i = max—|\bic|l7, fori e [r]. (IL.3)

te[L1K;
Note that BfB; = Id € CKi*Ki for all i € [r] implies
that 1 < ,uiz < KL, In the (important) case that all matrices
B; are partial (low-frequency) DFT matrices, which refers to
the special situation described in the introduction, we have
minimal coherence 1“1'2 = 1. In order to simplify notation we
introduce the quantities

Kiy = Kip?, K,:=max K; . (IL4)

ie[r]
We observe that K; < K;, < L. Again, in the special case
that the matrices B; are partial (low-frequency) DFT matrices
we obtain that K; , = Kj.

For the proof of our results we will use the Golfing
Scheme [30], see Section VI-C.1. This requires a partition
{l“,,};j:1 of the set of the measurements [L] with associated
measurement operators A”. The second coherence parameter
will also depend on this partition. In order to guarantee that
the Golfing Scheme is successful with high probability we will
need that T; , := ézferp bi,gbzf ~ Idg;, as it will become
clear in Remark 29. Thus, we have to assure that the partition
{Fp};):l is chosen such that for Q = % and v > 0 small
enough one has

max

(IL5)
ielrl, pelP]

Jax, = 7|, =v.
2—2

Furthermore, we require that |I',| is large enough for all
p € [P], i.e., each operator A” contains enough measure-
ments, and also the partition consists of the right number
of sets, that is, P is bounded from above and below. More
precisely, we require that the partition is w-admissible in the
sense of the following definition.

Definition 2: Let v > 1 and let {F,,};):l be a partition of

[L]. The set {FP}:::I is called w-admissible if the following
three conditions are satisfied:

1) 10 <ITpl <30 forall p €[P], where Q = £.
2) (IL5) is fulfilled with v = 35.
3) It holds that log (87 \/r) = P > %log (87 V/r), where

- rK,N
y =2 [omax {1; 7 log (L +rKN).

Here the parameter o is the same that appears in Theorem
1 and in Theorem 6.

This definition gives rise to the question whether such a
partition exists in general and how one can construct them.
This has already been discussed in [43, Sec. 2.3] for several
important special cases of matrices B; € CXi*Ni_ In particular,
it is proven that in the special case that the B;’s are partial
(low-frequency) Fourier matrices of the same size and if
L = PQ one may find a partition such that v = 0. In [27],
the authors discussed the construction of such a partition for
r = 1 and for a general matrix B € CX*V which satisfies
B*B = Idg. However, such a partition can be constructed
for all matrices B; € CKi*Ni simultanously via the following
lemma.

Lemma 3: Let P € [L] andv € (0, 1) be fixed. Set Q = %.
There is a universal constant C > 0 such that if

Ky
0> Cv_2 log (max {r; P; K}) (IL.6)

then there is a partition {FP};):I of [L] such that (I.5) is
satisfied and %Q <yl = %Q holds for all p € [P].

A proof of this result is included in Appendix A. As P = 5,
this lemma implies the existence of an w-admissible partitions
provided that

K
L 2 /rlog (87 /r) — log (max{r; P; K}),

with 7 as in Definition 2, which is a somewhat milder
assumption than what is required in our main theorem.

The second incoherence parameter will depend on the
choice of such an w-admissible partition, measuring how
aligned the input h; is with the basis vectors b; , distorted
by a family of linear maps corresponding to the different sets
in the partition.

More precisely, for a fixed w-admissible partition {F ,,};):1
we define

2 * 2
::Lmax{ max |b:, hil”,
Hi fe[L],ie[r]l i.chil
max  |bY,Si h-z}, 117
petptetb e bS] aLn
where we have set §; , = Tl_p1 The proof in Section VI

will yield the strongest result when ,uﬁ is small. Thus, we
will choose for our proof a partition, which minimizes the
quantity defined in (II.7). This motivates the introduction of
the following quantity.

,u2 =L min max max
h,o P
{I'p},—  w-admissible

b hil?,
€e[L],ie[r]| i.chil

max

b¥,S: h_Z}. 1.8
I’elPJ,fe[L],ie[rJ| ieSiphil (IL.8)
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Lemma 4: Let {F,,}:::l be a w-admissible partition of [L].
Then 1 < ,u,zl < (%)2 K.
Proof: The lower bound follows immediately from the
observation

L L
Db chillz, = D hibiebohi = [hill7, = 1.
=1 =1

For the upper bound it is enough to observe that
LIb hil> < Lllbicllz, IIhill;, < K, and similarly
LIbY Siphil® < LISipll5 o bicli7, Ihill7,. The result fol-
lows from the observation ||S; ,ll252 < g—% which is due
o 11d = T pll2—2 < 35 O

Remark 5: As already pointed out in [43, Remark 2.1] the
appearance of the second term in the definition of u, is due to
the modified Golfing Scheme (cf. Remark 29). Note, however,
that our definition of ,u% is slightly different to the definition
of ,uﬁ in [43]. In our definition, the second term the maximum
is over all ¢ € [L], whereas in [43] the maximum is only
over all { € T'),. The reason is that of a simpler presentation
and a less technical argument; it is possible to obtain our
result with ,u% as defined in [43] by a slightly more involved
argument: One needs to replace the norm || - || g, which will
be introduced in Section 22, by norms which depend on the
individual partitions T .

One may ask whether the second term in the definition
of ,ui can be removed. By a closer look at the proof
of Lemma 3 one infers that for fixed P, which satisfies
the third condition in Definition 2, a constant fraction of
all partitions are u-admissible. Thus, one might conjecture
that there is at least one partitition such that the quan-

tity max b, Si, philz is small such that it can be
PElP)Ce[L]iglr] >
neglected. We leave this problem for future work.

D. Main Result

Our main result establishes a recovery guarantee for the
general measurement model (II.1). Reconstruction proceeds
via nuclear norm minimization, the semidefinite program
formulated in (L.5).

Theorem 6: Let @ > 1 and let y € CF be given by (IL.1)
with |lell¢, < 7. Assume that

L > Cyr (max

i€lr]

(Ki#,-z log (Ki#?)) + Nﬂﬁ,w) log’ L,
(IL9)

where C,, is a universal constant only depending on . Then,
with probability at least 1 — O (L"") the minimizer X of the
recovery program (1.5) satisfies

. rK;u?N
1X - X% <t rmax[l;maxli'u’
ielr]

} logL. (IL.10)

In the important special case of noiseless measurements, i.e.,
7 = 0, Theorem 6 yields exact recovery with high probability,
if L satisfies condition (II.9), i.e., X 0 is the unique minimizer
of the semidefinite program (I.5). As already mentioned in
the introduction our result significantly improves upon the
result of [43] and exhibits optimal scaling in the degrees

of freedom up to logarithmic factors. In the noisy case, the
estimation error (I1.10) is improved at least by a factor of /7
(cf. [43, Th. 3.3]). The authors believe that this is still not
optimal as it might be possible to remove the dependence on
K, N, and r in the estimation error. However, it seems to
be likely that it is not possible to resolve this issue using
our current proof technique, which relies on the construction
of an approximate dual certificate. Also for the interesting
problem of extending our result to matrices that are only
approximately low-rank, similar to the study of compressible
signals in compressed sensing, we expect that near-optimal
guarantees need different techniques.

III. OUTLOOK

Although the convex formulation in (I.5) is important for
theoretical investigations it is also obvious that for many real-
word applications nuclear minimization is not feasible due to
its computional complexity as lifting considerably increases
the number of optimization variables. For the case r = 1 a
nonconvex approach has been proposed by [31] which has
been demonstrated not only to be considerably more efficient
but also to achieve a better empirical performance. Shortly
before the completion of our work this line of research has
been extended to » > 1 with explicit guarantees [49], but again
for a number of measurements depending quadratically on r.
As in [43], the dependence observed in numerical experiments
is linear. We expect that the mathematical analysis conducted
in this paper will also be important for establishing near-
optimal performance guarantees for more efficient algorithms.
For this reason we include such a nonconvex approach similar
to the one analysed in [49] in our numerical experiments,
comparing it to nuclear norm minimization as analyzed in this
paper.

More precisely, we consider a gradient-based (Wirtinger
flow) recovery algorithm minimizing the residual

F(h,x) = |A(hix}, ... hex)) = ylI7, (IIL.1)

where h := (hy,...,h;) and x := (x1, ..., x,). Observe that
in the noiseless case one has F (4, x) = 0 for the ground truth.
Note that, while minimizing F' has been shown empirically
in [49] to have good recovery properties, where guarantees
only apply to a regularized variant. As F' is highly non-convex
in (h, x) and may possess many local minima, it is essential
to find a good initial guess to start the minimization process
(cf. [31], [49]). Eq. (VL.5) motivates the initialization given in
the following algorithm.

To minimize F a gradient descent approach is used. Here
the gradient of a functioil f:C" — Cat zo € C" is given
by V. f(z0) = (‘;—’;(ZQ)) € C" where for z = u +iv € C

the Wirtinger derivatives are % = 1(£-i%) and (% =
1/0 .0 . . o
5 (£ +i%). Since hfor real-valued complex functions f :
C" — R one has % = %, we do not need to consider 2L

L
here. Consequently, we obtain )
Vi, F(h, x) = (diag (CiX7) B)* (A(hx™) — y);

Vi, F(h,x) = (diag(Bihi)Ci)" (A(hx*) = y)

To estimate a suitable stepsize z
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Algorithm 1 Initialization
Input: Observation y.
(Zy,...,Zy) < A*y.
fork=1,...,r do
di < largest smgular value of Zj.
Let 1),50) and uk be the corresponding left and right
singular vectors, respectively.
(0) <—\/_00) anduk)<—\/—u0)
end for
Output: Initial guesses 0@, 1@,

Algorithm 2 Wirtingers Gradient Descent With Backtracking

Input: Initial values 0@, 4@,
fori=1,...do
§ < LINE-SEARCH (p( =D, 3(=D
0D =D _ py, F (D(i—l), =D
u® — g =D _ yv F (=D, 6-D)
it [VF (0@, u®) s, <& then
return v(i), u®
end if
end for
Output: Approximate solutions v®, @,

Numerical Results: We have investigated both nuclear
norm minimization (I.5) and Algorithms 1 and 2 in the
noiseless case for different values of r and L with equal
channel dimensions K = K; = ... = K, = 8 and signal
dimensions N = N; = ... = N, = 8. The success rates per
device are estimated numerically and plotted as a function of
p =L/ (r (K + N)). The convex program (I.5) is solved using
the Matlab CVX toolbox. For each experiment the matrices
C; € CLXN the signal vectors x? e CV, and the channel
coefficients h? € CK are generated with i.i.d. complex normal
distributed entries. Recovery is considered successful for a
device if the corresponding signal pair (h;, x;) for i € [r]
fullfils [|h;x} — h9x%*||p /|h9x%*||F < 1%. Furthermore, the
stopping criterion for the Wirtinger approach is chosen to be
€ = 107* and the maximal number of iterations is limited
to 1000.

Our experiments confirm the findings of [43] and [49]
that for both the convex and the non-convex approach the
scaling is linear. The results in Figure 1 show that — almost
independently of r — the phase transition for (I.5) occurs
at p &~ 2.75 while the Wirtinger flow approach performs
considerably better with a phase transition (for larger r)
at p ~ 1.17.

IV. PRELIMINARIES FOR THE PROOF
A. Concentration Inequalities

In our proof we will have to estimate the spectral norm of a
random matrix several times. Amongst others one tool we will
apply is a generalized version of the matrix Bernstein inequal-
ity, which may be seen as a corollorary from [51, Th. 4]. It is
based on so-called Orlicz norms ||- ||, , which may be regarded
as a measure for the tail decay of random variables.

Definition 7: Let X be a complex-valued random variable.

For a > 1 we define the Orlicz norm || - ||y, b

y
X(l
X1y, =inf[t > O:IE|:exp(|t0c| ):| 52].

It is straightforward to check that || - ||, is a norm (on the
vector space of all complex-valued random variables X such
that || X, < -+o0). Furthermore, as shown in [52], any two
random variables X, Y satisfy the Hoelder inequality

XMy 1Y [y -

If [ Xy, < oo we will call a random variable sub-exponential.
For sub-exponential random variables we state the Bernstein
inequality in the version of [53, Proposition 5.16].

Theorem 8: Let X1,...,X, be independent, mean zero
sub-exponential random variables, i.e., | Xil|ly, < oo for all
i € [r]. Then with probability at least 1 — 2 exp (—t)

n n
. N2 . .
]Z}x, tzllnxln l,t(g% ||xz||m)
1= 1=

There are powerful generalizations of the Bernstein inequal-
ity for the matrix-valued case. Those generalizations were
discovered first in [54] and were refined in [55]. We will state a
variant of this theorem for unbounded random matrices, which
is a reformulation of a version of Koltchinskii [51, Th. 4].

Theorem 9 (Matrix Bernstein Inequality): Let  « S
[1,+00) and let X1, X2,...,X, € Cdixdx pe independent
random matrices that satisfy E[X;] = 0 for all i € [n]. Set

1Xi 22 H

XYy, < (IV.1)

< max

R = max
lE n

n
> = max ||
i=1

Set Z =Y, X;. Then with probability at least 1 — exp (—t)

12],-., S max{o Vi +log (@ +d;

2N\ &
R(log (1+%)) (t +log (d; +d2))}.
o

Indeed, when d; = dp and the matrices X, X»,..., X,, are
self-adjoint, Theorem 9 can be deduced from [51, Th. 4] (by
choosing w, (1) = exp (%) — 1 and, for example, 6 = 1).
In order to pass from self-adjoint matrices to general matrices
X; € Ch*% one may use self-adjoint dilations and argue as
in [56, Sec. 4.6.5].

The matrix Bernstein inequality is a powerful tool, which
works in many different situations. However, for some more
specific examples of random matrices there are other tools,
which yield better estimates and which are easier to apply.
The following theorem is useful, when the matrix Z is the sum
of matrices of the type y; X; where X; is a fixed matrix and
y; 1s a circular-symmetric complex normal distributed random
variable. It is an immediate corollary of [56, Th. 4.1.1], where
matrices of this type are called Matrix Gaussian Series. For
completeness, we include a proof in the Appendix.

and
(1

| Zeen ],

IV.2)
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Phase Transition (K = 8, N = 8) - nuclear norm min.
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Fig. 1. Phase transition of the success rates per device for (a) the convex approach (I.5) and (b) the Wirtinger approach for K =N =8 where p = L/ (r (K + N)).

Corollary 10 (Matrix Gaussian Series): Let X1,...,X, €
Ch > pe (fixed) matrices, and let y1, . .., y, be independent,
identically distributed random variables, where y; has circular
symmetric normal distribution CN (0, 1). Set Z =Y!_, yi X;
and

b}

o2 = max {HE [ZZ*]

b Bz, )

n n
—ma{ [, | S,
= 1=

Then, for all t > 0, with probability at least 1 — 2 exp (—t)

1Z],, < 0+/2(t +1og (di + da)).

B. Suprema of Chaos Processes

In addition to sums of random matrices, random variables
of the form sup ||A¢||, where ¢ is a random vector and X is

a class of mgteri\ées, will play an important role in this paper.
To state a tail bound for such random variables, we need the
y2-functional, a geometric quantity introduced by Talagrand
(see [57)).

Definition 11: Let (X, |||-l) be a Banach space and suppose
that § C X. We say that a sequence (S,),>o of subsets of S
is admissible, if |So| = 1 and |S,| < 2%" for all n > 1. Then
we set

o0

. _ . n/2- _
72(S, 1) = dnf sup > 2" inf [ls = sull,

n)n=0 seS n=0

where the infimum is taken over all admissible sequences
(Sn)nzO-

The y;,-functional fulfills the following inequality.

Lemma 12 [39, Lemma 2.1]: Let (X, |||-|l) be an arbitrary
Banach space. Suppose that A, B C X. Then

72 (A4 B, 1D < 72 (AL 1D + 72 (B, D -

Let X be any set of matrices and define dr (S) = sup ||A|lFr
AeX
and dr—> (S) = sup ||A]l2—2. We can now state the following

theorem, which \?Vfl)l( be crucial in Section VI-B.

Theorem 13 [58, Th. 1.4]: Let X be a symmetric set of
matrices, i.e., X = —X and let & be a random vector whose
entries & ~ CN (0, 1) are independent. Set

E =y (X, |- ll2s2) (2 (X, || - I252) + dr (X))
V =dr2 (X) (72 (X, || - ll22) + dr (X))
U =dj,,(X)

Then, for t > 0,

P (sup [IAZI7, — BIAZIZ,| = 1 E + t)
AeX

(1%t
< 2exp | —c2 min VU .

The constants ¢, and ¢ are universal.

Dudley’s inequality yields a relation of the y;-functional
to covering numbers. Recall that the covering number
N (S, |IIll, &) is the minimum number of open [|-|||-balls with
radius &, whose midpoint is contained in S, which are needed
to cover S. More precisely, Dudley’s inequality (see [57,
Proposition 2.2.10], [59]) states that

dy(S)
2 (S - S A V9og N (S, [IIlll, e)de,  (IV.3)

where dj. (S) = sup |llx]|l. For this reason, we will need

xeSs
some bounds for covering numbers, which are summarized in
the following section.

C. Covering Numbers

The following lemma is a slight modification of the Mau-
rey lemma by Carl [60]. (See also [58, Lemma 4.2] for a
formulation of this lemma using notation which is closer to
the notation in this paper.)
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Lemma 14: Let (X, ||-ll) be a normed space, consider a
finite set U C X, and assume that for every L € N and

L
(ur,...,ur) eur, E(;H S eju; H < AVL, where (¢});_,
denotes a Rademacher vector. Then, for every u > 0,
A2
log N (conv U) , IIlll, ) < 7 108 A1,

where |U| denotes the cardinality of U.
Let V C R” be a compact, convex, and symmetric set which
is absorbing, i.e. R" = [J#V. We will denote by | - ||y the

t>0
norm associated with V, i.e., the unique norm whose unit ball
is given by V. Furthermore, denote by V° the polar body of
V,ie.,

V°:{ueR":(u,v)§1forallveV}.

An elementary consequence of the definition is that the dual
norm of || - |y is given by || - [[ye. The following result about
covering numbers of polar bodies solved a special instance of
a conjecture by Pietsch [61].

Theorem 15 [62]: As above, assume V C R" to be a
compact, convex, symmetric, and absorbing set. Then, for all
e>0

log N (B(0,1), [l lv,e) SlogN (Vo - lley ce)

where ¢ > 0 is a universal constant and B (0,1) =
{x eR" : ix|le, < 1}

V. OUTLINE OF THE PROOF

In this section we give a rough outline of our
proof and highlight the main differences to previous work
([27] and [43]). In particular, we want to point out those parts,
which enabled us to overcome the suboptimal scaling in r.
The overall strategy of our proof remains similar to the one
in [43] and [27]: First, we will prove sufficient conditions for
recovery. These conditions will rely on the existence of a so-
called inexact dual certificate. In the second step this certificate
will be constructed via the Golfing Scheme, a method which
has been introduced by Gross and others (see [30]).

As already mentioned, the first part of the proof consists of
showing that the existence of the inexact dual certificate is a
sufficient condition for recovery. This will be proven in Section
VI-A. The underlying observation is that in certain cases, it
suffices that standard conditions defining minimizers are only
approximately satisfied. In [43], these perturbed conditions are
given by [43, eq. 28]. In order for them to imply that X°
is a minimizer, one needs that A; acts approximately as an
isometry on each

Ti = {hiu;k+v,~m;" s u; e CKip; e (CN"}

and that the images of these operators are almost orthogonal
to each other. The latter condition is responsible for the
appearance of the quadratic scaling in » in [43]. Our approach
will be different: We will show that the operator A acts as an
approximate isometry on the full subspace

T ={X1,....X,): X; €T foralliel[r]}.

in the sense of the following definition.

Definition 16 (Local Isometry Property): A  fulfills  the
o-local isometry property on T for some 6 > 0, if
(1= IXIF < 1A 17, < A+ IXIF (VD)

forall X € T.

The main novelty in our proof is that our global viewpoint
allows us to establish the local isometry property on 7 with
high probability if L scales linearly with r. This will be
achieved via Theorem 13, which involves a y;-functional.
Thus a large part of Section VI-B is concerned with estimating
those y2-functionals.

The local isometry property is not only needed in the first
part but also in the second part of the proof, where the dual
certificate is constructed via the Golfing Scheme. For that
we will assume that {l"p}P=l is fixed w-admissible partition
(see Definition 2) which minimizes (II.8). For this partition
we can introduce the operators A” defined by A” (X) =
Pr, (A (X)), where Pr,: CL — CL denotes the (coordinate)
projection of C* onto the coordinates contained in the set T -
Similarly, we will define A” by Al (X) = Pr, (Ai (X)).

We will need that each operator A” satisfies the J-local
isometry property on a subspace 77, which is slightly larger
than 7. In order to define the space 77 we need to introduce
the operators S” : M — M. For that, recall §; , = Ti;l as
defined in Section II-C.

Definition 17: Let p € [P]. Then the operator S : M —
M is defined by

SP (W) = (S1,pWi, ..., S pWr) (V.2)
for W=Wy,...,W,) e M.
Then 77 is defined by
TP =T+8°(T). (V.3)

Observe that we may write 7 = 7, + T, and TP = Tj +
Tsen + Tm, when the subspaces 7, Tn, and Tsp;, are given
by

T =
Tn

Teon = { (Suph)ufs .o, (Sphe) )
u; € CNifor all i € [r]}. (V.4)

(vlmT,...,v,mf) c v, e CKiforalli e [r]} ,

{(hluT,...,hruf) cu; e CViforalli e [r]},

As already mentioned, the local isometry property on 7T,
respectively 77, will be shown in Section VI-B. In Section
VI-C the approximate dual certificate will be constructed via
the Golfing Scheme. Finally, in Section VI-D we will prove
the main result, Theorem 6.

VI. PROOF OF THE MAIN THEOREM
A. Sufficient Conditions for Recovery

As already mentioned in the outline of the proof, in this
section we will show that the existence of an inexact dual
certificate implies that the signal is approximately recovered.
Therefore, we will denote in the following by Py the orthog-
onal projection onto 7. Similarly, we will denote by for all
i € [r] the orthogonal projection onto 7;.
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Lemma 18: Suppose that A satisfies the o-local isometry
property on T (V.1) and set y = || AllfF—2, i.e, v is the
operator norm of A. Furthermore, suppose that there is Y =

Y1, ..., Y, = A*z for some z € CL such that
|PTY — sgn (XO) IF <a (VL1)
IPriYillzw2 < B foralli € [r], (V12)
where a, f > 0 are constants sucAh that 1 — f — \/% > %,
a <1, and /1 —6 > % Then if X is a minimizer of
minimize || X ||«
subject to |A(X) = Yle, <7
we have that
IX = X% S+7) (1+lzlle,) - (VL3)

Proof: SetV = (Vi,...,V,) = X — X° and note that we
seek to estimate |V |F < P (V) llF + P71 (V) |lr from
above. We observe that

AW ey = BAGR) = Flle, + 15 = A (X°) I, = 2x.
(V1.4)

Together with the J-local isometry property (V.1), the defini-
tion of y, and the triangle inequality we obtain

1

IPr (V) llF < m”A(PT(V)) lles
1
< = (A (Pre (V) lle, + 1A (V) lle,)
1
Sm(V“PTL(V)HF—i—Zr).

Thus it remains to find an upper bound for |Py1 (V) || r. For
that purpose, choose Z = (Z1, ..., Z;) such that for all i € [r]
we have that Z; € T, |1 Zilo—2 < 1 — B, and (Z;, Vi)p =
a-p ||’P7;LV'[||*. This is possible by duality of the norms
Il - 22 and || - ||lx (see [63, Sec. 4.2]). Observe that and
[lsgn (Xlo) +,P77L Yi+Zi|la—> < 1 as both the row and column
spaces of sgn (X ?) and P Y;+Z; are orthogonal. Thus, again
using the duality between' Il - ll2—2 and || - ||+, we obtain

X0+ Vil = sup

WeCKi>Ni | |Wan<1

Re ((sgn (X,Q) + P Y+ Zi, X) + Vi)F)

(W, X + Vi)F|

v

> X7« + Re ((sgn (X?) +PrLYi, Vi)F)
+ (1= IPTVill«

Here, in the second inequality we used that Pr.Y; + Z; €
71 and (sgn (X?), X% F = [X?|ls. Thus, by definition of

1

X%+ V|« we obtain
1X° + VIl

r r
= > IX + > Re ((sen (X7) + Privi, Vidr)
i=1 i=1

+ (1= B D IP7 Vil

i=1
= 1X°l1« +Re ((sgn (X°) = PrY. V)e+ (. Vi)
+ (1= DIPF Ve

Now observe that by Cauchy-Schwarz, (VI.1) and our upper
bound for |[P7 (V) ll¢,

Re ((sgn (XO) - PrY), V)F)

= ~lsen (X°) = Pr ) IFIPT (V) I
—a

> PrLV 27).

> == (1 IPrVir +21)

Furthermore, we note that by Cauchy-Schwarz and (VI1.4)
Re (Y, V)F) = Re ((A*z, V)r) = ((z, A(V))e,)
> =2|zlle, 7.
Combining the last three calculations and using that the

nuclear norm is greater or equal than the Frobenius norm we

obtain
A ay
X0 = 1X00 + (1 - ﬁ) 1PV |

o
— 27| lIzlle, + —)
As X is the nuclear norm minimizer and we have that 1X0 >
X ||« this yields

ay a
1=p - Pri (V) lls <2z llzlle, + ——=) -
( p m) IP7s (V) s (n e, m)
By our assumptions on a, £, and ¢ this implies
IPre (V) IF St (llzlley +1)

Thus, using again the upper bound for ||P7 (V) || r, which was
calculated above, and again our assumptions on «, S, and ¢
we obtain

IVIE = IPT (V) IlF + 1P (V) lIF
S A+ IPre (W)l +1
St+y)(1+lzlle),

which finishes the proof. ]

As already mentioned in the introduction, the noiseless case
is also of interest for us. Note that in this situation we may
set 7 = 0 and Lemma 18 shows that the existence of a dual
certificate implies that the convex program (I.5) recovers the
signal X0 exactly.

Remark 19: Note that we still have the freedom to choose
the parameters o and [ in Lemma 18. In Section VI-C we
will construct a dual certificate Y for the following choice of
parameters: We set f = % and assume that 6 < %. In order
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to fulfill the condition 1 — B — (’;}15
1

choose . = g
Note that in the noisy case the error estimate in Lemma 18
depends linearly on the operator norm of A as (VIL.3) states.
Thus, we need an upper bound for the operator norm of .4
which holds with high probability.
Lemma 20: Let w > 1. Then with probability at least 1 —
2L~ we have that

> % it is then enough to

) rK,N
—>z = ’ M
lAllF=2 <2 /omax {1 7 log(L +rKN)

Proof: The result will be proven by using Corollary
10. Indeed, we can represent each operator A; as A; =
> el Zf’:l Be,j such that each operator By ; depends linearly
on the (¢, k)th entry of C;, i.e., (Ci)gx ~ CN (0, 1). Thus, we
need to estimate the operator norms of E [A*A] and E [AA*].
Observe that

A*Az(AT(éAi),...,Af(gAi)).

Note that the operators {.A;}/_, are independent with expec-
tation E[A;] = O for all i € [r]. Thus E[A*A] =
(E[ATAL]L ..., E[AFA]). Let Z = (Z1,....Z,) € M.
Using (I1.2) we compute

L
E[(AFA) (Z)] = D E[(Ai (Zi) (©) bicct]
(=1
L
= Z]E [b,',gbzgzici’gcz[]
(=1

L
= zbi,[b;fgzi =Zi (VL5)
=1

Thus, E[A*A(Z)] = Z for any Z € M, which implies
E [A*A] = Id. To compute E [AA*] let y € CF be arbitrary.
We compute with similar arguments as before

S E[(AAT) (O]

i=1

B
D E[by (Ay) cid]
i=1
(12) < e
= Z Z y (5/) E [bszi,f/CZg/Ci,f]

i=1{'=1

E[(AA*y) ()] (VL.6)

y () D E[b] biccficic]

i=1

-
Y (@) D lIbicll7,N:.

i=1

(VL7)

This shows that AA* can be represented as a diagonal matrix
with entries ZLI ||b,-,g||%2N,-. Thus, by definition of Kj;,

(IL4), |E [AA] 2n < YZi=tKin which implies, together

with (VL5)

o = max {|[E[A* A llr—F; |E[AA*] 22}

N> Kiy ]

< max ’1;
L

Consequently, Corollary 10 with t = wlog L yields that with
probability exceeding 1 — 2L~

NYT . K;
lAllF—2 < max { 1; ‘/72”21 Ll

V2 (wlog L +1og (L +rKN)),

which implies the result. (]

Remark 21: Note that in (V1.7) and other places below,
only a weighted sum of the ||b; ¢ ||%2 appears. If the summands
vastly differ, this may be too crude, and one may consider
attempting an averaging argument similar to the one in [64].
This would, however, require that the proof is completely
reworked in some parts. To achieve condition (V1.2), for
example, we currently rely very much on bounding each K;
individually.

B. Local Isometry Property
In this subsection, we establish an isometry of A, respec-
tively of AP, on T, respectively 7P. More precisely, we
establish the following theorem.
Theorem 22: Fix @ > 1. Suppose that
0> C,o 2r (Kﬂ log (L) log® (K,.) + Nﬂi) . (VL8)

Then with probability 1 — O (L_“’) the following is true: All
X e T fulfill

a-oixiz < |4 <a+oixi o

and for all p € [P] every Y € TP =T + SPT satisfies

: 1/2
(1=0) D IT Vil
i=1

IA

gl ol

IA

,
1/2
(1+0) D IT*Yil3.  (VL10)

i=1

where Tlll/]2 denotes the unique positive, self-adjoint matrix
whose square is equal to T; p.

The proof of this theorem is divided into several steps. For
the proof we need some additional notation. Recall that the
incoherence parameter ,u% measures the alignment between
the vectors h; € CXi and bi¢ € CXi. As the operators A and
A; are defined on matrices, it will to be useful to generalize
the notion of incoherence from vectors to matrices. This is
achieved by the following definition.

Definition 23: Foralli € [r], vectors 7 € CKXi and matrices
Z; € CKixNi define

Izllp, = v/L max|z*b; |
{e[L]
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and

IZillg, = L max [ Z}biclle,.
le[L]

For Z =(Zy, ...,

;
2
1Zls = |L ?‘f‘i‘](; | Z;bi e sz)

All these three operations are norms as 2521 bi,gbi’f ;= ldg;
for all i € [r]. The following lemma provides us with some
useful estimates.

Lemma 24: Let Z = (Zy, ...,

Z,) € M we define

Z)yeM,ielr]land z €

CKi. Then
lzlls, < VKin Izlle, (VL11)
1Zills; < VKillZila—a (VL12)
r
1Zls < | D N1Zil} < VEZIF.  (VLI3)
i=1

Proof: In order to prove (VI.12) note that for Z; € CKi
and ¢ € [L] due to the definition of K; ,

(I14) K;
1Zbielz, < NZillbicll?, < == 1Zill30.
Taking the maximum over all £ € [L] shows (VI.12). Inequal-
ity (VL.11) can be proven analogously. (VI.13) follows from

,
2
=>"1Zill3,
i=1

combined with (VI.12) and the definition of ||Z]|f. O

The notion of ||- || g-norms together with Theorem 13 allows
us to state the following abstract isometry result, where we will
use the notation dp (X) = sup || X|s.

,

2 2

Izl <L, max |1Z7bi.cI7,
i=1

XeX
Proposition 25: Let X = —X C M be a symmetric set
and consider

~ &1 ls) (Vz(X, Il -1I5) )
E = dp (X
Jo Jo @
~ dp(&X) (Vz(X, l-18) )
V= dp(X
) o + dr(X)
U= édé (X).

Then, for t > 0 and all p € [P],

L d 12
P( sup| =147 (O 1, = D IT Xl = @+
(iXe(Y 0 f ;z; F

2

1t 1
< 2exp (—cz min ( =5 U)) (VL.14)
(sup 4GOI, - 1X1}| = &E +r)
XeX
<2 Col VI.15
= z€Xp _C4m1n ‘72a 17 > ( . )

. P . .. ..
provided {FP}pzl is a w-admissible partition of [L]. The
constants ¢, C2, €3, and C4 are universal.

Proof: 'We will start by proving (VI.14). Fix p € [P].
For X = (X1,...,X,) € X let Hy € CLxQZioNi
be the block diagonal matrix, whose diagonal elements,
indexed by £ € I') are given by row vectors of the form
\/g (bf,(xl, e, bz(Xr). Furthermore, set Hx = {Hx : X €
X'}. Observe that

,
= Z ZHX* iz, = D Tr (XiX[Tip)

eerp i=1 i=1

2
1 Hx I

1/2
= Z 1T, 2 X3, (VL16)
i=1
L * *
|Hxll2—2 = 5 ?éia;x I (bl,[Xl’ ceey br,[Xr) ||€2
P
1
= J—Q"XllB' (VL17)

Let ¢(P) be the concatenation of all the random base vectors
cie, where i € [r],£ € I'. Then

L L
rILiaes IZ, ) DIAT(X) (O )

el

= 2 \Zb,gx e = 1HXEPIE,

[el"p i=1

and
,
1/2
SITXil% = I Hxl} = B Hx 2,1,
Consequently

L > N2y 2
sup | 147 (O3, = D IT 2 X 13
XeX Q? ’ ;E; S
= sup ||HxE DI, — E[1Hx P12, |
XeX

and inequality (VI.14) follows from Theorem 13,
equation (VI.16), (VI.17) combined with the fact that
(11.5)

ST PX 3 TS 201X)1%. Inequality (VLLS) follows
in an analogous way by letting Hx be the block diagonal
matrix, whose diagonal elements, indexed by ¢ € [L],
are given by (bT €X1,...,b;[Xr). Furthermore, one uses
> i1 biebf, =d instead of § 3 bichf, =Tip. O

Our strategy to prove Theorem 22 will now be to apply

Proposition 25 with appropriately chosen sets X. For 7,, Th,
and Tspj, as in (V.4), define

= {XeTm:IXIr <1)
={Xe 72 IX[F <1)
BS”' {X € Tson : 1XIlF < 1)

and observe that in order to prove the d-local isometry property
on 7 it is enough to apply Proposition 25 to the set W defined

by

W = B" + B™. (VL.18)
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Similarly, in order to prove the J-local isometry property on
TP for p € [P] it is enough to apply Proposition 25 to the
set WP defined by

WrP = " + BS"" 4+ . (VL.19)

That is, it remains to estimate the y,-functionals of VW and
WP with respect to || - || p. By Dudley’s inequality (I'V.3) one
can bound the y;-functional by an integral involving covering
numbers. To estimate those, we need the following technical
lemmas.

Lemma 26: Let B™ be the above defined set. Then

N (B", |- llg.¢) < N(B O, HCcR,-

&
”fzaﬁ)
,
. Ki . ¢
EN(B(o,l)cc A lss5)-

(By B (0, 1) we always denote the closed unit ball with respect
to the | - ||¢,-norm.)

This lemma is actually a slight modification of [29, Lemma
3.1]. For the convenience of the reader we have included a
proof in Appendix C.

Lemma 27: For all i € [r]

K4
tog N (B0, 1) CX1 1 g, 5) § —5-log (L),

&
(VI.20)

Proof: Our goal is to apply Theorem 15 to
log N (B (0,1) C CKi || - ||, §). However, as |- |, is a
norm defined on a complex vector space we first need to
transfer this setting into an appropriate real vector space
framework. For that goal we will use the isometric embed-
ding P : CKi — R2Ki given by x = (xl,...,xK[) €
CK — (Rex);,(Imx),...,(Rex)g, ,(Imx)g,). Fur-
thermore, note that for all x € CKi

x|z = vL max x, b;
Il = VL max|(x, bie)|

= VI maxy/(Re (x.b.0))" + (Im (5, bi)’

Im (x, b; ) ]}
(VL.21)

< V2L max max {|Re (x, bi¢)|;
le[L]
Setting
ur = ((Re b[,(’)l s (Im biaf)l > (Re bi’[)Z 2t
_ (Im bif)K,-—l R (Re bi’f)Ki , — (Im bi,[)Ki )

yields Re ((x, bir)e,) = (Px,u¢)e, for all x € CKi and all
¢ € [L]. Similarly, setting

v = ((Im b,"c)l R (RC b"f)l s (Im bi’[)z e
(Re i),y (Im i), . (Re bic), )

yields Im ((x, b;,¢)) = (Px,v¢) for all x € CKi and all ¢ €
[L]. We define

U= |J tue ol

le[L]

and observe

max lulle, = max [1biclle, < 2L
ueld te[L] ’ L

By (VI.21) and the definition of &/ we obtain

(V1.22)

llx|lp, < v2L max (Px,u)
ueld

= +/2L max (Px,u) =V2L||Px||(conv Uuy°-
ueconv U
(VL.23)

(For the definition of ||| (cony 24)° see Section IV-C.) Inequality
(VI.23) together with Theorem 15 yields

_ &
logN(B ©, ) cCck s, 5)
€
<logN (B, 1) cR¥ i || —)
g ( 0,1 conv @) -
ce

< lo N(COHV(U e —)

g ) 2 JL
for some numerical constant ¢ > 0, due to conv (U/)°° =
conv ({). In order to estimate this covering number from above

we will use Lemma 14. For that purpose let M € N and
assume (u1,...,uy) € UM. By Jensen’s inequality

M M
EH Z EmUm EH z EmUm
%)
m=1

m=1

2
t

IA

2

M
= | D lunll?, < VM max|ull,.
ueld

m=1

Thus, by Lemma 14 applied with A = InaL){<||u||[2 we obtain
UuE

ce L 2
log N {conv U), || - llezs —= ) S g—zrun:};(ﬂullgz log |U]

VL

K,

S 3 logl,

where in the second inequality we have used (VI.22). This

completes the proof. (]
The previous two lemmas allow us to find an upper bound

for the y,-functional, which is needed to prove Theorem 22.
Lemma 28: Suppose that X = W or X = WP for some

p € [P). (For the definition of YW and WP see (VI.18) and

(VI.19).) Then

dp (X) < 3,
dp (X) < 3/K,,
72 (X1 118) S Jr (Kylog (L) log? (K,.) + Nii2).

Proof: The first inequality follows from the triangle
inequality. For the second one note that for X € X by (VIL.13)
one obtains the inequality

Xz = vKulIXNIF <3V K.

The last line is more involved. We will present the proof only
in the case of X = WP. If X = W the inequality can be
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proven analogously. By Lemma 12 we obtain
72 (W1 18) S 92 (BM 11+ )
+72 (B 1+ llg) + 72 (B, 11 I5) -
(V1.24)

We will estimate the three y;-functionals separately.

Step 1: To bound y2(B",|-|5), let U =
(hlu’f, e, hruf) ,V = (hlu’l“, e hrv;") € B". Observe that
by definition

U= Vlp = max

LZ” hit — hiv?) b,g

te[L]
\
;
=max |L ui — ;|17 |1hibic|?
max ;n A

IA

M —vi||?2=ﬂh||U—V||F,

-
> lui
i=1

where the last equality is due to ||h;ll¢, = 1 for all i € [r].
This implies

72 (B" 1+ 18) < sav2 (B 1+ 11r)
1
S [ \JlogN (8.1 Ir. )
0

< unVrN, (V1.25)

where the second inequality follows from the Dudley inequal-
ity (IV.3). The third inequality follows from the fact that
(B", |l IIF) is isometric to (B 0,1) c R2ZZim Ni || . ||gz)
and from a standard volumetric estimate.

Step 2: To bound 7, (BSPh, |-1lg) let U =
(St1,ph1ut, ..., Sephyu}) and
V = (81,,hv}, ..., S.phrv}) € By. Then
" 2
*
IU = Vi = max |L D H (Siphit} = Siphiv?) bic,

N =l :

r
LY llu
i=1

= max

—0: 12 1h*S: b /|2
tetty Ui ”[2 |hi Si,pbicl

IA

2
- l)i”g2

-
| Dl
i=1

= un

p
>l = vill3, IRi 113,
i=1

-
2 2
= un | D lui = vill? 1 TipSiphilZ,

\ i=1

r

< +v)yun | D lui
i=1

S mllU = Vir.

— o210 phi 12,

In the third line we used that ||h;]¢, = 1 and in the last line
we used that |7} |22 < 1+4+vandv = % An analogous
reasoning as in (VI.25) then yields

72 (B, 11 18) S unv/rN.

Step 3: To bound y> (B™, || - || p) note that inequality (IV.3)
and the fact that dg (B™) < /K, imply

K,
2 (B™ 1 lg) < V1Iog N (B, || - |5, &)de.
Thus, by Lemma 26

2 (B™, I - )

</ Y e (BO CEL 5 a
~ 0og 5 - P8 | IR | P23 &
0 2 2,/K,

/Kﬂ il‘)g( (B(Osl)CCKf,H-||Bl.,§))dg.
/m

=

logN(B O, 1) CcR, -
0

&
, ——— |de¢
”fz zm)

+f/ Kﬂfrelarx\/log( N (BO, 1) cCK - ||B,,2))dg
(V1.26)

The first integral can be bounded by

(0] . C r’ . 5 &

4./K
< [/ log( T")dgg rK,, (V127)

where we have used a volumetric estimate and a change of
variables. In order to deal with the second term we will
split the integrals into two parts: For small ¢ we will use a
volumetric estimate and for large ¢ we will apply Lemma 27.
First we consider the case that ¢ € (0, ). Therefore, note that

B(0,1) C KiuBjs (0, 1)
= {x e CKi: x|l < Ki,,u}

0

by inequality (VI.11). This fact combined with a volumetric
estimate yields

max N (B (0,1) < C¥ | - g, ¢)
ielr]
< max N(BHB. O, 1), 11 - lIB;»
i€lr] t

- (1 + E)

&

&
vV Ki,,u)
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By a change of variables and an elementary integral inequality
(see [65, Lemma C.9]) this implies

/0 max \/logN B, 1),] - ”Bn_)
o ()
0 €

= [2K10 (e (1 +20E)).

Next, we are going to deal with the case that ¢ € (1, VEKyu).
Using Lemma 27 we get

[ s frl i
/EW
<Wlog( ) -

Summing up the two integral inequalities yields
N (BO.1) € CF |- 15, 5) )de

fmax/ \/log
i€(r]
S VK, log(L)log (K/,) .

This inequality together with (VI.26) and (VI.27) shows that

B, |l I5) S \JrK, log (L) log? (K,.).

The result then follows from inequality (V1.24). (]
Combining the upper bounds for the y,-functionals in the
last lemma with the abstract isometry result Proposition 25 we
are able to prove the main result in this section.
Proof of Theorem 22: Fix p € [P]. Using Lemma 28 and
choosing the constant C, in (VI.8) large enough we get for
the quantities arising in Proposition 25 that E<2, V<

261 ) —
%, and U < where we have set X' = W?
crwlog L

(see (VI.19)) and ¢; are the constants appearing in Proposition
25. Thus inequality (VI.14) of Proposition 25 for t = g shows
that (VI.10) holds with probability 1 — O (L"") for fixed p.

In order to prove (VI.9) we may argue analogously (with
X = W and r = g) and apply inequality (VI.15) of
Proposition 25. Thus, (VI.10) holds with probability at least
1 — O (L™®). Replacing @ by w + 1 in the argument above
and using a union bound argument one observes that (VI.10)
and (VI.9) are satisfied for all p € [P] with probability at
least 1 — (P + 1O (L=®7!) =1 — O (L), which finishes
the proof. |

Vz(

9
— GowlogL?

C. Constructing the Dual Certificate

1) The Golfing Scheme: The goal of this section is
to construct ¥ € Range(A*) such that the conditions
(VIL.1) and (V1.2) in Lemma 18 are fulfilled with high prob-
ability. The construction itself will make use of the Golfing
Scheme, an iterative method which has been introduced in [30]

for the first time. We set

Yo=0

Y=Y, 1+ — 0 (Ap) APSP (sgn (XO) - Pr (Yp_l))
for p € [P]. We will make use of the notation

Wy =sen (X°) = Pr(v,) for0<p=P. (VI28)
The individual components of W, will be denoted by W; , for
ielr],ie, W, = (Wl,p, R Wr,p). Then the dual certificate
will be given by

g

PY*APS? (W,_1).

!Q|“

Our Golfing Scheme is set up in the same way as in [43].
In particular, they also use the operator S” as a corrector
function as explained in the following remark.
Remark 29: The reason for the appearance of the operator
SP is the following: Observe that
E[(A?)" A7 (X)] =

L
) (TipXt,.., TrpXr).

Recall that T; ), may only be approximately equal to the
identity matrix (see (I1.5)). Thus, (AP )* AP is not necessarily
an unbiased estimator. However,

E [g (AP)" APSP (X)]

L
=2 (T1,pS1,pX15 s T pSrp Xr)

=X,...,. X)) =X

Thus, we get that E[é (AP)* A”S”] = Id. Note that
S? (Wp_l) is, in general, not an element of the subspace T.
However, due to definition of TP we observe that SP (Wp_l) S
TP. This is the reason why we require the operator AP to
satisfy the J-local isometry property not only on T, but also
on TP.

Let us check that ¥ € Range(A*): Recall that the
APSP (Wp,_1) is obtained by setting the vector AS? (W,_)
zero in those components, which do not belong to
'), (see Section II-C). In particular, this implies that

(APY* APSP (Wpfl) = A*APSP (Wp,l). Thus, setting
P
2= > APSP (Wyo1). (V1.29)
p=1

we get that ¥ = A*z. The vector z will also be important
when we prove an upper bound for the estimation error in the
presence of noise. In the remaining part of the proof we will
verify that Y satisfies the conditions in Lemma 18 with the

constants a = %, b= %, and 0 = % (cf. Remark 19).
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2) Exponential Decay: In this section we will verify con-
dition (VIL.1) in Lemma 18. In other words, we have to show
that the quantity

IWellr = lisen (X°) =Pr (1) llr

is small enough. An important observation, which we will need
in the proof, is that Wy = sgn (X 0) and one has the recurrence
relation

Wy = Wyt = 5 (Pr (A7) A7S7) (W)

for all p € [P], (VIL30)

which is a direct of consequence of the definition of W, (see
equation (VI.28)). In Lemma 31, we will prove that W), decays
exponentially fast. We will need the following rather technical
inequalities.

Lemma 30: Letv = L For all i € [r] and for all p € [P]

32
we have the inequalities

1
”Id— WH < — (VL31)
252 32
1
“ (1d — SP) XH < —IXIF (V1.32)
F 31
32
HSPXH < ZIXIF. (VI.33)
F 31

Proof: Inequality (V1.31) follows directly from (IL.5) and
the observation that the square-root shifts the eigenvalues of
T; , closer to one. The inequalities (VI.32) and (V1.33) follow
from the observation that for all i € [r], p € [P]

(IId = S; pll2—2
— Omin (Si,p) 5> Omax ( i p) 1}

= max {1 = ob (7)) somn (7i5) =1} = 3L
0

This allows us to prove the main lemma in this section.

Lemma 31: Suppose that Ap satisfies the J-local isometry
property on TP with § = 32 for all p € [P]. Then, for all
pelP]

= max{l

Wyl <47P/r (VL34)
and, in particular, if P > %log (8y /7).
1
0 —_
Isgn (X°) = ¥llr < o (V135)

Proof:  First notice that by (VL.31) and the triangle
inequality

(1= IXillF < |T2X:] o < A +v) 1 Xl

for all X; € CKixNi,
(VI.10)

Thus, by the local isometry property

(1 =) (1 = 3) IXII3

IA

ol

IA

(1+9) (1 +v)2 X%

for all X € TP. Together with 0 =v = 3 this implies

1

EIIA” () I3, — IXI3| < S1X1

for all X € 7P, which in turn is equivalent to

1
< —

—= >

L *
H Prr — 57’7/) (APY" APPrp i

(VL36)

where P7p denotes the orthogonal projection onto 7”. Now
note that |W,_1 — P (X) |lr < IWp—1 —Prr (X) |IF for all
X € M dueto W,_y € T and 7 C TP. This fact together
with (VI.30) implies that

0
S P o Y

IWpllr < | Wp-1 - (EPTP (AP)*APSP) W) |,

where in the second line we use that SPW,_; € 77 by the
definition of 77 (see (V.3)) and because of W,_; € 7. Using
this computation and (VI1.32), (V1.33), (VI.36) we obtain

L
Wyllr < H (Id— EPTP (Ap)*ApPTp) (Spr—l) HF
],
< isPw, e+ L iw, e < Siw,
=3 p—1LIF 16 p—1 F_4 p—LIF-

Thus, the previous estimate yields

LATE (%)p IWollr = (%)pﬁ.

This shows (V1.34) and, in particular, we obtain |Wp|r <
4=P/r. The assumption P > 5 log (8y /) and the definition
of Wp imply (VI.35), which finishes the proof. O

3) Bounding the Operator Norm on T+: To apply Lemma
18 we need in addition to controlling the share of Y in T also
a bound on 7? for all i € [r]. For that, recall from [43] that

)W),

53 |5 (A0 arsm) (w,0) = Wi |

2—2

P
=D IWiplas2,

where one uses the fact that Wl p—1 € 7;. Thus to establish
the bound HPTJ_ YP H

5 ()

< Z it remains to show that

1

APSP)( p-1) - Wl”p_1H2—>2S

4p+1
To proceed, set for p € {0;1;...; P — 1}
VI pSkpiibi| VI.37
fp = L”ET;IJ}?)/((E[ pSkptibee| . ( )

This allows us to state the following lemma.
Lemma 32: Fix i € [r] and let w > 1. Assume that

p <47Puy and [Wyllp <4777 (VI38)
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If
0>0r (1(,, 4 Nﬂi) (log L)?, (V1.39)
then with probability 1 — O (L_‘”) the inequality
p
H ALY AW = Wy 1H2ﬁ2 <o (VI4O)

is true for all p € [P] and for all i € [r].
Remark 33: The validity of assumption (VI.38) is assured
by Lemma 31 and Lemma 34 below.

Proof: The proof follows the same strategy as
[43, Lemma 5.12]. Fix p € [P] and i € [r]. First, we will
decompose W; , as a sum of independent random matrices
such that the matrix Bernstein inequality can be applied. For
that purpose, observe that for all y € CL and for all £ € T p
by definition of S? (Definition 17) and A?

(APSPW,_1) (£) = Zbk,;skpwk,, 1Ck,C-

k=1

(For ¢ € [L]\I', the left-hand side is equal to zero as
A? (X) = Pr, (A(X)).) Using (IL.2) one obtains

((Alp) A‘DSP) p—1= ZZb [kaSkPWkp 1Ckgcl£
(el ) k=1
With §; _T4

this implies

sz 1= TtpSlp i,p—1 = Q Z bi,szgsi,pwi,p—l-
tel)

I and the definition of T;,p (see equation (IL.5))

In order to simplify notation we introduce the vectors wy ¢
defined by

Wi,¢ = W/ip_lsk,pbk)[. (VI41)
Using this definition we may write (as Sg,, is self-adjoint)

L

Wip =5 ((Af)* A”S”) Wyt — Wi pi (VL.42)
L r
=0 DD bicwi gerect, - Z bicw},
(el k=1 QT
(V1.43)
L
= 5 Z b,-pw’-k[ (Cigc’.kg — Id)
el
+ — Z Zblfwkt’cklczé’
QT iz
= > 7, (VL44)
tel)

where we have set

L
L
Ze=5 (Z bicwy ¢ (cxecip —E [Ck,fczt’]))'

k=1
Note that until the last step of the proof i is assumed to be fixed
which is why we refrain from indicating the i-dependence in
every step for reasons of notational simplicity. Observe that

each summand of Z; and hence the the cross terms in ZgZ}k

and ZjZ, have expectation zero. Thus using basic properties

of circular symmetric normal random variables, Lemma 37

and Lemma 38 we compute

L? o

&> Wil bkt
k=1

E[ZcZ*] = (V1.45)

r

L2
g beld, 2 e |71d.  (VL46)
k=1

E[Z;Z] =

We have to find an upper bound for the spectral norms of these
quantities. First, observe that

H Z E [Z[Z?] HZ—)Z
L2N
= 0?2 (ke [rl. ferp”wHHZ) H Z > b fb"’”z 2

k=1 ¢tel’)

rN (VL38) 16~ P+lpr N y2
< Eui_nm,pnz% < =

Q
By a similar computation we obtain
| > elziz],,
tel)
= X||bi,elly Wt p2
=5 (ma Ibicl Z)Z > lweel;
k=1(eT,
LK;
k=1(el,
12 < K
= ”‘ Zn P Wep-1l3 < 5 W1l

< 16*P+I—FK”*‘ .

Thus, we have obtained

2.
7 = ma H Z B[zi2] Hz»z’ 22
tell

;z: E[

&lp

< 16_pémax [KW, N,u%} . (V1.47)

Observe that a lower bound for 2

oz | > E[zz] HM o Z D 1bi e 7, w17,

el k=1 ¢el,

is given by

(V1.48)

Next we have to estimate R = max
tel’y

39 and inequality (IV.1) we have that

L
[1Zeloa| = 2 (3 bl
(I 2wy

||Z£||2—>2H . By Lemma
72

lw ecr.ellicielle,
1

b cles | (eiect = 10) wicle | )
1
L r
VQ ielle, Z s clles (V1.49)
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- r Ki,uNiptp-1 <4_Pr\/Ki,ﬂNi#h

- 0 - 0
Kiy + Nigj,
< 4P M (V1.50)
0
_ r(K,',“—O-N,-,u%)

and, consequently, R < 477 . Moreover, combin-

ing (V1.48) and (V1.49) we obtain

T b 2
|rp|R2 ?’elia_i (Zk_l || il ”52 ”wk,f ”52)
5 < 5 5 < ONr.
o r )
ax (S 10l o, 1,)
(VL51)
As Q 5 L by definition (VI.39) implies that

) < log L. Thus, setting t = (@ + 2)log L we

obtain from Theorem 9 applied with @ = 1 and combined
with (V1.47) that with probability 1 — O (L~*72)

r(Kiy+ Nu2
|5 2, om0
22 (0]
tel’y

r (Kiw + Nuj)
o
Thus, by choosing the constant in (VI.39) large enough it
holds that H Ser, Zef, , = 4777 with probability 1 -
O (L=*72) for fixed p € [P] and for fixed i € [r]. By taking
the union bound over all i € [r] and over all p € [P] we
obtain that with probability 1 —r PO (L7*72) = 1-0 (L™°)
equation (VI.40) is true for all p € [P] and for all i € [r].
This finishes the proof. |
4) Proof That u, < ZLu,_;: Lemma 32 additionaly
required that u, < %,up_l for all p € [P — 1]. In this section
we will verify that this property holds with high probability.
Lemma 34: Let w > 1. If

0 Zwr(Kﬂ —|—N,u}21)10g2L s

(log L)? }

(VL52)

then with probability at least 1 — O (L""
}hup,] forall pe[P —1].

A similar lemma was established in [43]. However, it was
required that L scales quadratically with r. Thus, we need to
refine the argument in order to achieve a linear scaling in r.

Proof of Lemma 34: First, we will show the claim for fixed

) it holds that u, <

€ {0; 1;...; P — 1}. Observe that it is enough to show that
forall € I'pyy and all i € [r]

VL|wiclle, < 4up | (VL53)

with w;¢ = W;,Sip+1bi¢ as in (VI41). Furthermore,

observe that from the recurrence relation (VI.30) we obtain
L
Wip=Wip-1— E (P’ﬁ (AIP)* APSP) (Wp—l) :

Due to the definition of 7; and ||h;||¢, =
write for all Z € CKixNi

lmille, = 1 we may

PrZ = /’l,’/’l:-kZ + (Id — /’ll/’l:k) Zm,'m;".

Together with (V1.42, V1.44) this implies

L
6 z I:hih;'kbi,jw,‘*,j (Id— Ci,jc;‘ij)

Jj€lp

Wip =

+ (Id—h»h-)bl]w (Id cijc;kj) m,m;*]
——Z Z [h hi b,jwk]ckjc”
k;él Jjelp

+ (Id — /’l,‘/’li )bi,jwz,jck,jczjmim?].

We define for all j € '),

L
=5 (1d = cijet;) wisb il Sipbic,
L

rold (10 = cijei;) wiibi; (1d = hih?) Sipeibic

and for all k # i and for all j € I},

) =

Zk,j = —CijCk jWk,jb; jhih} S p1bic,

0

L
Th,j = Em;'kci,jclt,j wi, ;b7 ;(Ad = hihi)Si py1bie.

Hence, to establish (VI.53) by the triangle inequality it is
sufficient to prove that with high probability

1

H > % Hc = TN e (VL54)
jelp
> Zi,j‘ = TeJT 61/3/@_1, (VL55)
Jelp

1
“ ;J;ﬂ Zk,j” = vl Pt (VL56)
> 2 Zk,j‘ = ﬁﬂpq. (VL57)

Step 1 (Proof of (V1.54)): In order to apply Theorem 9 we
compute using Lemma 38

E Zz- iz ”
H ALV [ )

ier
= Q2|h Sipribicl® D IbF il llwi 17,
Jjery
1/2 2
< h;
= QLﬂhﬂp WIT; ||[2N QLﬂhﬂp 1

Analogously, using Lemma 37

* o .
2. Zi,jZij

jer

2
1h”

Ib hil? |b*[Sl o+

Jelp

Z/\

N;
QLtup lluh
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Next, we estimate R = I_nEll_X H llz;,ll¢,|| - For that purpose we
JELp 741

apply Lemma 39 to observe that

R = max ‘ I2i.; e, (VL58)
Jjelp v
L
== jn;ax (167 i 187 e bl (18 =cizef ;) wiilln )
[’
LN
S x (1BFS,pirbiclI6] hilllwi ) (V159)
/EFP
< N “h

Furthermore, (VI.59) yields, analogously to the derivation of
(VL51), that

max |h*S; ,1bi¢|2|bF i |2 |lwi i |12
|FP|R2 . jel",,| i QLp+1Yi, | | i,j l| || z,j”gz
— <

< ITy|
a? > jer, lwi 12,167 i P1bE 7 oy hil?

i,0"i,p+1
SQO<L. (VL60)

Applying Theorem 9 with t = (w+2)logL and a = 1 we
obtain that with probability 1 — O (L™72)

Hp—1
| 2w, = 7
Jelp & ﬁ

N u?
max{ ol logL;
0

VN uj,
VB (0g 1)?
0
which implies (VI.54), if the numerical constant in (VI.52) is

chosen large enough.
Step 2 (Proof of (VL.55)): By Lemma 39 we obtain that

o
i
L
S albf,/ (Id — hih}) Si p1bielllwijlle,
L *
< ) 1Di,j e, 11d — hihy 22 \1Si, pa1 l2—211bi el ey lwi, j 1l e,
Ki,,u
S Enbi,j||€2||bi,€||€2||wi,j||(’2 S Qﬁﬂp—l
and
> ],
Jerp
L? X 2
< o max ||w,j||[2 Z b7 ; (Id — hih}) Si,p+1bicl
Jjerp
L 2 7 * 2
=0 (;2?3; ”wi,j”gz) 7, (Id — hih}) Sip+1bicli,
K.
22 ipno2
S allbl,fllgzllw:,/ ”[‘2 S oL Hp—1-

Consequently, Theorem 8 applied with t =
yields that

3

Jerp

(w+2)logL

Ki,/l IOgL_ Ki,ﬂ logL
V Q0 Q

with probability 1 — O (L~~2), which shows (VL55).

Step 3 (Proof of (VI.56)): As for k1 # i,ko # i the
vectors zg, ; and g, ; are not independent, we will condition

on the random variables {c;, ]} er,» use that the random

variables {zk J}k are condmonally independent, and then
apply Corollary 10. For that, we bound

> > Eld | e, ]| (VL61)
ki jer,,
= Q2 Z D w17, i 17, b j 1P 1AF Si pi b
k#i jEF
<y le (max ||c,]||€2)z > nfbigl?
k#i jel'p
2
1 2
< w0y —Q (max ||cz,||[2) ST iz,
k#£i
2
Syt QL (max llci, /”[2) (VL62)

Analogously, using the triangle inequality,

DIDILICNCHIICHIEN | N

klep

= o HZ Z c,,clJ]E[lckjwk,| ]

k#i jel')

'|h'bij| |h'Sip+1bi€|2H

< Qz Z > llei 17wk 17, r5bi j PR} Sips bl

k#i jel')
(maX Ilci, j ||[2)

(V1.62) r 2

< i

Conditionally on {ci, j}j or» We can now apply Corollary 10
P

with + = (w4 2)log L. Together with the last two estimates

this yields that with probability 1 — O (L~*72)

rug, (max||c, j ||[ )logL

oL

|5 S, o

k#i jel'p

Then, we can truncate the random variables {c, ]} by
Lemma 40 and obtain that inequality (VI.56) holds "with
probability 1 —O (L~?72), if the constant in (V1.52) is chosen
large enough.

Step 4 (Proof of (VI1.57)): Note that conditionally on
{ci, /}jér 2 ki 2jer, Zk.j is a circular symmetric random
variable with variance

2
Z Z |2k, /1 ‘{Ci,j}jerp
k;éi jer,

QZZZw,(&pH (1d = hih}) bij *llwi 17, 1cf jmil*

k#i jel'p

1
2 * 2
< u — | max|c; .m;
- p_lQ (jerpl " | )
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2
DT (1d = hihf) Sipiabicll,

ki
, rK; rKiu
N:up 1 QL .

Consequently, one obtains that with probability at least 1 —
O ( L—w—Z)

(maxlc m; |2) rKi ,log L

JeTp
oL

‘z Z Zk,j’ Sw Hp—1

ki jel,

Thus, by Lemma 40 inequality (VI.57) holds with probability
at least 1 — O (L_”_Z), if the constant in (VI.52) is chosen
large enough.

Union bound: By the previous four steps we see that for
fixed p € [P], £ € I'p41, and i € [r] the inequalities (VI.54),
(VL55), (VL.56), (VI.57) hold with probability 1 —O (L_’”_Z).
Thus, by (VI.53) and a union bound we have ), | < %ﬂp
with probability 1 —rQ O (L=*72) for fixed p € [P — 1].
Thus, with probability at most 1 —rPQ O (L_“’_z) we obtain
Up—1 < %,u,, for all p € [P —1]. We obtain the desired result
aswe findr S Q <Land PQ = L. O

5) An Upper Bound for ||z||¢,: In the case of noise, the error
bound given by Lemma 18 is proportional to ||z||¢,, where z is
the dual certificate as constructed in (VI.29). Thus, one needs
an upper bound for ||z|¢,. This will be accomplished by the
following lemma.

Lemma 35: Let z € CL be given by (VI.29) and assume that
Wyl <4 P/r. Furthermore, suppose that AP satisfies the
o-local isometry property (VI.10) with 6 < % on TP for all
p € [P). Then

lzlle, S /r.

Proof: Observe that

lzlle, < ZIIA”S” Wp-1)lley S
p=1

P-1
S DA S
p=0

anp 1l

where the first equality follows from the definition of z (V1.29)
and the triangle inequality. The second inequality is due to
the local isometry property (VI.10) and (VI.33). We derive by
(VI.34) the desired bound. ([l

D. Proof of Theorem 6

First of all, recall that by Lemma 20 with probability at
least 1 — 2 exp (—¢) it holds that

K,N
7 = lAllF-2 52/wmax[ . ]log(L—i-rKN).
(V1.63)

In the following, let {F,,} | be an w-admissible partition
f [L] (see Definition 2), Wthh is a minimizer of (IL.8).

From Definition 2 combined with the assumptions on L
(see (II.9)) we infer that

L

Q:F r(K log (K )—f—N,u%)(logL)2
P

og (87v/r) .

Note that due to Theorem 22 and our assumptions on L and Q
(and also log K, < log L) we may assume that the inequalities
(VL9) and (VIL.10) hold with probability 1 — O (L~®) and

constant 0= 312 Thus, by Lemma 18 applied with a = %,

(VI1.64)

(VL.65)

l\)\'—‘

L= 4, and 0 = 5 it is enough to construct ¥ € Range (A*)
which satisfies (VI.l) and (VL.2). This is achieved by the
Golfing Scheme as explained in Section VI-C.1: Note that
the assumption of Lemma 31 is given by (VI.65) and (VI.10).
Thus, it holds that [W,||p < 477/r for all p < P and,
by (VI.28), Y = Yp satisfies Condition (VI.1). Furthermore,
observe that Lemma 34 implies that with probability 1 —
O (L) one has u, < }Tﬂp_l for all p € [P — 1]. Using
this fact and |Wp|lF < 4=P./r it follows from Lemma 32
that Condition (V1.2) is fulfilled. Using a union bound we
conclude that with probability 1 — O (L_“’) the approximate
dual certificate Y = Yp satisfies the assumptions in Lemma
18. Thus, if X is a minimizer of (L.5) it satisfies the estimation
error (VL.3).

It remains to prove the upper bound for the estimation error
in order to obtain inequality (II.10). Note that by Lemma 35
we have that |z|l¢, < +/r. Thus, in combination with (V1.63)
we derive

IX = X°r S A+9) (1+1zlle) 7
<o r\/rmax [1; erN] log L.
This finishes the proof. O
APPENDIX A

CONSTRUCTION OF THE PARTITION {T',,}
A. Proof of Lemma 3

The goal of this section is to prove Lemma 3. Our proof
will rely on the following lemma.

Lemma 36: Fix i € [r] and let Q € (0,L), 6 > 0 and
v € (0, 1). Assume that

pelP]

Kz ,u Ki
0>C log 5 (A1)
where C > 0 is an absolute constant and let 31,...,3L

be independent, identically distributed random variables such
that

1[»(3,:1):% and P(Slzo)zl—%.

Then with probability exceeding 1 — 6 we have that

L L
H@ > debicbi
(=1

A proof of this lemma can be obtained using arguments
contained in the proof of [66, Th. 1.2]. For the sake of

—IdH <.
2—2
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completeness we will give a proof below (relying on different
techniques). Our proof of Lemma 3 will use essentially the
same ideas as in [27], but has been slightly refined.

Proof of Lemma 3: Let 31, - Sk be independent, uni-
formly distributed random variables which take values in [P].
For p € [P] we define

ry={telL: &=np}.

Thus, {F,,}pE Pl is a partition of [L]. To finish the proof it
is enough to show that with positive probability the partition
{Fp}pe[P] has the required properties, i.e., for all p € [P],
(IL5) holds and $Q < |T'y| < 3Q. For i € [r] and p € [P]
we define the event

. L
Aip = {(I1.5) fails) = HE > biebf, - Ide_)z >
tel’y
Set 0 = ﬁ and note that log(g) = log(3rPK) <

log (max {r; P; K}). Thus, by Lemma 36 we get that
P(Aip) < #, if the constant in inequality (I.6) is chosen
large enough. By a union bound over all choices of i and p,
(I1.5) follows with probability at least % It remains to control
the size of the sets {I',},e[p). By the Bernstein inequality
for bounded random variables (e.g., [65, Corollary 7.31]) we
obtain that for fixed p € [P] one has % < |I'pl = % with
probability at least 1 — 2 exp %) >1- #, where the last

inequality follows from (II.6), if the constant C is chosen large
enough. Thus, by another union bound we observe

3 1
P(% <, < TQ for all p e [P]) > 5
Thus with positive probability the partition {I ,,}p <(p) has the
required properties. In particular, this implies the existence of
a partition { r P}pe[ Pl with the properties stated in Lemma 3.[]

B. Proof of Lemma 36

As already mentioned before this lemma can be proven
using arguments from the proof [66, Th. 1.2]. The arguments
in this article are based on Talagrand’s inequality [67] and
Rudelson’s Lemma [68]. Recent technical advances (see [56])
allow us to give a simplified proof.

Proof: The goal is to use the matrix Bernstein inequality
to estimate the spectral norm of

I L
Y =— Zégbi’[b;tg —Id.
Q (=1

We will decompose Y into a sum of independent random
matrices with mean zero. Thus, by setting

N L
Y = (55 — %) abi’fb?:f

we obtain ¥ = Z€L=1 Yy and EY, = O for all £ € [L] due to
Id = zéé: 1 bi,eb¥ . To apply the matrix Bernstein inequality

we need first to obtain an upper bound for |EY?|,_,. For
that purpose note that

2

L L oL
EY?=)"EY}= > E [(55 - f) } @Hbi,(ﬂébi,gb;[.
=1 (=1
R 2
Observe that E |:(5g — %) :| = %, which implies

L 2
L—0 Llbicll;
EY? = > —2bi (b}
L & 0 BeoLe

Thus, by ZeL’=1 bi b}, = 1d and the definition of K; , we get

L-0Q -
2 - 2
IEY? 2 < == (ggﬁx] L||b,»,e||gz) H DI
< K,
o
Furthermore, for all ¢ € [L] we have
Q L-Q)|L
max { —; —
L L
L K;
< —llbiellz, < —2£
0 0
Thus, we can apply the matrix Bernstein inequality in the
version of [56, Th. 6.6.1] to obtain

A

22

IA

2
1Yell2—2 1biell7,

Q

A

almost surely.

—v2/2
3/ BLHK

(A<'1)Kex —Clog (K /9)
ST ey )

As we have 0 < v < 1 this yields the claim if the constant
C > 0 in (A.1) is chosen large enough.
O

APPENDIX B
CIRCULAR-SYMMETRIC COMPLEX NORMAL
RANDOM VARIABLES

In this section we will recall some useful facts concerning
random variables which have a circular-symmetric complex
normal distribution CA/(0, ¢2) with zero mean and variance
2. This means that their real and imaginary parts are uncor-
related jointly Gaussian with zero mean and variance o2/2
(and are therefore independent). For more details concerning
this probability distribution we refer to [69, Sec. A.1.3]. The
following two well-known lemmas are concerned with two
useful identities. A proof of them can be found for example
in [27, Lemma 11 and 12].

Lemma 37: Assume that ¢ € C" is a random vector with
independent entries ¢; ~ CN (0, 1). Then we have

E [([d — cc*)z] = nld.

Lemma 38: Let q € C" be any deterministic vector. Fur-
thermore, assume that ¢ € C" is a random vector with
independent entries ¢; ~ CN(0, 1). Then we have

E[(cc* —1d) qq* (cc* — 1d) ] = IIqII?zld.
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The following lemma summarizes well-known facts regard-
ing the tail decay of certain quantities which involve circular-
symmetric normal random variables. For the sake of complete-
ness we include a proof.

Lemma 39: Suppose that ¢ € CN is a random vector
with independent entries ¢; ~ CN'(0,1). Let p,q € CN be
arbitrary. Then we have the following inequalities:

Hllclle2 H S VN (B.1)
Y2

[ical] < nalle (B.2)
w2

1 ~ta)ate|, < Miale, (B.3)
1

|77 (e ~td)a] | Splatale B
1

Proof: In order to prove (B.1) note that

N
2
< E H|Ci| ‘
41 X
i=1

The first inequality follows from [53, Lemma 5.14] and for
the second one we used the triangle inequality. In order to

prove (B.2) it is enough to note that c*g ~ CN (O, ||q||?2).
(B.3) follows from the inequality chain

1 (e™ = 19) gl

? < 2 <N
2 ~ 4 ~ Ve
lielle lellz,
7% vi

< [ielcle™al + ligle,
w1 14!

+ gl
w2 w2 41
< VNlglie, + ligle, S VNlglie,.

In the second inequality we have used the Hoelder inequal-
ity (IV.1) and the second line follows directly from (B.1)
and (B.2). In a similar way one proves (B.4). U

We will also need the following standard fact, which follows
from a union bound.

Lemma 40: Let w, L > 1 and T a finite set. For all i € [r]
let mj € CNi such that lm;ille, = 1. Furthermore, assume
that ¢ j € CNi, i € [r], j € T, are independent random
vectors with i.i.d. entries distributed according to CN (0, 1).
Then with probability at least 1 — O (L"") one has

max F”Ci’j lle, Sep max {\/N log (r|T'|); \/N log L}

iglr],je
et jmil S max {/log (177 viog L}

We conclude this section with a proof of Corollary 10.
Proof of Corollary 10: Observe that

n n
quzﬁz <| ZRe (7i) Xi ”2»2 +| Zlm (ri) Xi ”2~>2’

i=1 i=1
By Theorem [70, Th. 4.1.1] we obtain that with probability at
least 1 — exp (—1)

‘ 1
[ ;Re 0 Xil,,, < an/t +log (di + da)

and with probability at least 1 — exp (—1)
n
1
I ;Im o) Xi],_, < ﬁa,/r +log (di + o).
Combining these facts yields the result. (|

lc*q|

= [ele

max
ielr],jel’

APPENDIX C
PROOF OF LEMMA 26

For i € [r] let N; be an §-cover of B(0,1) C CKi

with respect to the || - || g,-norm. Furthermore, let O be an
2\/éK_ﬂ-cover of B(0,1) C R" with respect to the || - [|¢,-

norm. We will show that any Z = (uim}, ..., u,m}) € B™
can be approximated by Y = (o1yim?, ..., o,y,m}), where
6 = (01,...,0;) € O and y; € N;. This proves the claim,
as the number of such Y’s is bounded by the right-hand side.

For that choose ¢ = (o1, ..., 0,) € O such that

r

2 &
(luille, —0i)” < (C.1)
1; 2V K
and y; € N; such that
m |, =3 €2
u; — Vi —. .
luille, Yillg, =2

Then one has for Y = ([uille,yim¥, ..., llurlle,yrmy)

~ 12 d % % 2
HZ -Y < Z ‘ uim; — |luille, yim; ”
B~ “ Bi
i=1
r 2
= Z ‘ ui = luilleyyi o
i=1 ’

IA
[38)

2 r 2
e e g
2 2
— Uj =—|Z||r < —.
) .El luillz, ) 1ZIF < 1
=

The first inequality follows from (VI.13) and the next equality
follows from

* *
Imi (ui — Nuille,yi) biclle, = | (ui — luille,yi)” biel

which is due to ||m;|l,, = 1. The subsequent inequality is a
consequence of (C.2). The second equality again follows from
lm;lle, =1 for all i € [r]. Similarly,

1Y =Yg <

\éﬁwmm—mwwrz

i

r

= | D (luilley — a1) 1yill3,

i=1

r

< Ky D (luille, —01)* <
\ i=1

Here the second inequality follows from

N ™

lyillg;, = V'L max lyibiel < YLy le,max ||bi¢lle, < /Ky
telL) te[L]

and the last inequality is a consequence of (C.1). Combining
the two inequalities gives ||Z — Y||p < ¢ which finishes the
proof. (|
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Summary

Suppose one is given a signal

y = B(u,v),

where B : C™ x C"2 — C™ is a sesquilinear map and u € C™ is si-sparse and v € C™2
is sg-sparse. Our manuscript [43] deals with the question under which circumstances
one can recover u and v using a tractable (i.e., polynomial-time) algorithm.

Note that there is a unique linear map A : C"*"2 — C™ such that A (uv*) = B (u,v)
forallu € C™ and v € C"2. In this paper we assume as in [77] that A can be represented
as

(A(X)) () = Tr (47, X),

where {A/},-, are i.i.d. random Gaussian matrices.

Lee, Wu, and Bresler proposed the follow two-step approach to recover u and wv.
First one uses a modified spectral initialization to obtain an initial guess v’ for v.
Having obtained this initial guess one uses an alternating minimization algorithm to
iterativey refine the initial guess. They could show the following result for a fixed
constant 0 < p < 1. If |Julloo > pllu|l, ||v]lco = ullv]|, and

m 2 (s1 + s2) log <max{nl;m}) )

S1 82

then their proposed algorithm is able to recover u and v with high probability. The
condition on u and v means that a large fraction of the £5-mass of then vector is con-
centrated on one entry, which is arguably a rather restrictive condition. The question
we examined in the article [43] was, whether we one can relaxe these conditions at the
price of a slightly increased amount of measurements.

In our main result we have shown that this is indeed the case. Namely we could
derive recovery guantees under the assumption that the parameter p varies and under
the assumption is concentrated on a few, but possibly more than one entry. A precise
statement of our result can be found in [43, Theorem 2]
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Statement of individual contribution

This paper builds upon a Master’s thesis by Jakob Geppert that made initial steps in
the direction of an appropriate initialization procedure but encountered some technical
difficulties. Under my lead, we could overcome these difficulties subsequently, which
resulted in the publication [43]. Felix Krahmer and Jakob Geppert provided technical
input in joint discussions. The ingredients and understanding that had to be added
account for the core of the paper. I was fully responsible for writing and preparing this
manuscript. Felix Krahmer and I proofread and polished the article together.

Conference proceedings

The results of this paper have been presented in part at the 12th International Confer-
ence on Sampling Theory and Applications, July 3-7, 2017, Tallinn, Estonia [44] and
in the IEEE Statistical Signal Processing Workshop 2018, June 10-13, Freiburg [105].

Remark B.1. The DOI listed in the attached article will change (see the correspon-
dence with Mr. Mercullo).
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J. Geppertetal.

1 Introduction

Many measurement operations in signal and image processing as well as in commu-
nication follow a bilinear model. Namely, in addition to the measurements depending
linearly on the unknown signal, also certain parameters of the measurement proce-
dure enter in a linear fashion. Hence, one cannot employ a linear model (for example,
in connection compressed sensing techniques [7]) unless one has an accurate estimate
of these parameters.

When such estimates are not available or too expensive to obtain, there are certain
asymmetric scenarios when one of the inputs can be recovered even though the other
one is out of reach (e.g., [21, 37], this scenario is sometimes referred to as passive
imaging). In most cases, however, the natural aim will be to recover both the signal
and the parameters, that is, to solve the associated bilinear inverse problem. Even
when some estimates of the parameters are available, such a unified approach will be
preferred in many situations, especially when information is limited. Consequently,
the study of bilinear inverse problems, including but not limited to the important prob-
lem of blind deconvolution, has been an active area of research for many years [13].

Observing that bilinear maps admit a representation as a linear map in the rank-one
outer product of the unknown signal and the parameter vector, one can approach such
problems using tools from the theory of low-rank recovery (see, e.g., [1, 17, 26]).
Under sparsity assumptions, that is, when the signals and/or parameter vectors admit
an approximate representation using just a small (but unknown) subset of an appro-
priate basis (for more details regarding when such assumptions appear in bilinear
inverse problems, see [25]), however, the direct applicability of these approaches is
limited, as two competing objectives arise: one aims to simultaneously minimize rank
and sparsity. As a consequence, the problem becomes considerably more difficult;
Oymak et al., for example, have demonstrated that minimizing linear combinations
of the nuclear norm (a standard convex proxy for the rank) and the £; norm (the
corresponding quantity for sparsity) exhibits suboptimal scaling [31]. In fact, it is
not even clear if without additional assumptions efficient recovery is at all possible
for a near-linear number of measurements (as it would be predicted identifiability
considerations [18]).

Recently, a number of non-convex algorithms for bilinear inverse problems have
been proposed. For example, for such problems without sparsity constraints, several
such algorithms have been analyzed for blind deconvolution and related problems
[24, 27] with near-optimal recovery guarantees. In contrast, our understanding of
bilinear inverse problems with sparsity constraints is only in its beginning. Recently,
several algorithms have been analyzed for sparse phase retrieval [4, 33] or blind
deconvolution with sparsity constraints [32]. The recovery guarantees for these algo-
rithms, however, are either suboptimal in the number of necessary measurements or
only local convergence guarantees are available, i.e., one relies on the existence of a
good initialization. (A noteworthy exception is the two related papers [3, 14], where a
two-stage approach for (sparsity) constrained bilinear inverse problems is proposed,
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which achieves recovery at near-optimal rate. However, the algorithm relies on a spe-
cial nested structure of the measurements, which is not feasible for many practical
applications.)

In [23], Lee, Wu, and Bresler introduced the sparse power factorization (SPF)
method together with a tractable initialization procedure based on alternating min-
imization. They also provide a first performance analysis of their method for
random bilinear measurements in the sense that their lifted representation is a
matrix with independent Gaussian entries. That is, they work with linear operators
A: C>"2 — C™ that admit a representation as

(A (X)) (¢) = trace (A} X)

for i.1. d. Gaussian matrices Ay, € C"1*"2,

For such measurements, they show that with high probability, SPF converges
locally to the right solution, i.e., one has convergence for initializations not too far
from the signal to be recovered.

For signals that have a very large entry, they also devise a tractable initializa-
tion procedure—they call it thresholding initialization—such that one has global
convergence to the right solution. Local convergence has also been shown for the
multi-penalty approach A-T-LAS| > [10], but to our knowledge, comparable global
recovery guarantees are not available to date. This is why we focus on SPF in this
paper, using the results of [23] as our starting point.

The precise condition for their guarantee to hold is that both (normalized) input
signals need to be larger than some ¢ > % in supremum norm—more than one quarter
of its mass needs to be located in just one entry, that is, the signals must have a very
high peak-to-average power ratio.

In this paper, we considerably weaken this rather strong restriction in two ways.
Firstly, we show that similar results hold for smaller lower bounds ¢ at the expense
of a moderately increased number of measurements. Secondly, we show that similar
results can be obtained when the mass of one of the signals is concentrated in more
than one, but still a small number of entries.

The SPF algorithm, the thresholding initialization, and the resulting recovery guar-
antees are reviewed in Section 2 before we discuss and prove our results in Sections 4
and 5.

1.1 Notation

Throughout the paper, we will use the following notation. By [n], we will denote
the set {1;...; n}. For any set J, we will denote its cardinality by |J|. For a vector
v € C™, we will denote by ||v]| its £2-norm and by ||v]~ the modulus of its largest
entry. If J C [n], we will by v; denote the restriction of v to elements indexed by J.
For matrices A € C"1*""2 we will denote by ||A|| r its Frobenius norm and by || A||
its spectral norm, i.e., the largest singular value of A.
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2 Sparse power factorization: algorithm and initialization
2.1 Problem formulation

Let b € C™ be given by
b:=B(u,v)+z,

where B: C"! xC"? — (C™ is abilinear map and z € C™ is noise. Recall that one can
represent the bilinear map B: C"! x C"2 — C™ by alinear map A: C"1*"2 — C™,
which satisfies

B(u,v) = A(uv™).

for all vectors u € C"! and all v € C"2. Note that such a linear map .A is characterized
by a (unique) set of matrices {A};_; C C"*"2 such that the £th entry of A (X) is
given by

(A (X)) (£) = trace (A} X). (1)

In this notation, our goal will be to reconstruct # and v from linear measurements
given by

by = trace (Ajuv™)
At the core of the Sparse Power Factorization Algorithm, as introduced in [23], are
the linear operators F': C"2 — C"*" and G: C"' — C™*"2 defined by

y* A7 x*Aq

F(y) = : , Gx) = :
y*AY X*Am

A direct consequence of this definition is that

Axy™) = [F1x = [Gx)]y

for all x € C"! and all y € C"2,
2.2 Sparse power factorization

The idea of sparse power factorization is to iteratively update estimates u; and v, for
u and v in an alternating fashion. That is, in each iteration, one keeps one of v; and
u; fixed and updates the respective other one by solving a (underdetermined) linear
system. Solving each of these linear systems then amounts to solving a linear inverse
problem with sparsity constraints. Hence, many pursuit algorithms proposed in the
context of compressed sensing can be applied such as CoSaMP [30], Hard Thresh-
olding Pursuit [11], or Basis Pursuit. In [23], the authors used Hard Thresholding
Pursuit (HTP) for their analysis and in this paper, we will also restrict ourselves to
HTP. With this, the Sparse Power Factorization Algorithm reads as follows.
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Algorithm 1 Algorithm 1 in [23].

Input: Operator A, Measurement b, Sparsity Constraints s, 52, Initialisation vy.
Output: Estimate X.

1: t <0

2: while stop condition not satisfied do

3: t<—t+1

Vr—1

4: _
T Al
5: if s; < n; then
6: u; < HTP(F(v;—1), b, 51)
7 else 5
8: Uy < argmin Hb — [F(v,—1)]x H
X
9: end if
10: «— T
T ]
11: if s, < n, then )
12: v; < HTP(G(u;), b, 57)
13: else ) 5
14: vy <— arg min Hb — [G(u,)]bH
b
15: end if

16: end while
17: return X < u, v/

The Hard Thresholding Pursuit Algorithm is defined as follows:

Algorithm 2 HTP(A, b, s).

Input: Measurement matrix A € C"™*", measurement b € C™, sparsity constraint s € N.
Output: x € C".
1. t <0
2: while stop condition not satisfied do
3 t<—t+1
4: w=x_14+A"(b— Ax;_1)
5 J < argmax |wyl|
JC[n], |J|=s
Xy < argmin |[[Ax — D||
x:supp(x)CJ
end while

8: return x < x

o

N

2.3 Initialization

As for many other non-convex algorithms (e.g., [6, 15]), the convergence proper-
ties of sparse power factorization depend crucially on the choice of the starting
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point. In [6, 15], the starting point is chosen via a spectral initialization. That is,
one chooses the leading left- and right-singular vectors of A* (b) as the starting
point, where A* denotes the adjoint of .A. The general idea behind this approach
is that, if the map A is random, under appropriate assumptions, the leading eigen-
vectors of E[.A* (y)] are given by u and v. Indeed, under the assumptions in
this manuscript (see Section 3), we have that ]E[.A*A] = Id. If z = 0, this
implies that E [A* (y)] = E [A*A (uv*)] = uv*. However, spectral initializa-
tion requires that the number of measurements is at the order of max{ny, na},
as otherwise the matrix A* (y) will in general not concentrate around its expec-
tation. Hence, spectral initialization will in general not be optimal as it does not
take into account the sparsity of the vectors u and v. One way to incorporate
the sparsity assumption would be to solve the sparse principal component analysis
(SparsePCA) problem.

max Re (u* A* (b) v)
subject to |it]lo < s1, |li] =1 )
[vllo < s2, IVl =1,

where || - ||o denotes the number of non-zero entries. As it was shown in [23, Proposi-
tion 2], Algorithm 1, if initialized by a solution of (2) is able to recover the solution u

and v from a number of measurements at the order of (s; + s2) max {;—11, % } How-
ever, the SparsePCA problem has been shown to be NP-hard [35]. Nevertheless, in
the last 15 years, there has been a lot of research on the SparsePCA problem and, in
particular, on tractable (i.e., polynomial time) algorithms, which yield good approxi-
mations to the true solution. Several computationally tractable algorithms have been
proposed for solving (2), e.g., thresholdings algorithms [28], a general version of the
power method [16] and semidefinite programs [8]. From the statistical perspective,
a particular emphasis has been put for computationally efficient or at least tractable
algorithms on the analysis of the single spike model [2, 9, 19]. These approaches,
however, require that the number of samples scales with the square of the number
of non-zero entries of the signal to estimate (up to log-factors). This raised the ques-
tion whether there are fundamental barriers preventing the SparsePCA problem to be
solved in polynomial time at a sampling rate close to the information theoretic limit.
Indeed, it has been shown that an algorithm that achieves this would also allow for an
algorithm which solves the k-clique problem in polynomial time [5, 36]. However,
a widely believed conjecture in theoretical computer science states that this is not
the case, which indicates that this approach will not be suited for initializing bilinear
recovery problems either.

In this manuscript, we will analyze the following initialization algorithm, which is
the one proposed in [23]. For a set J; C [n], respectively J> C [n2] in the following,
we will denote by IT,,, respectively I1,, the matrix, which projects a vector onto the
components which belong to Ji, respectively J>.
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Algorithm 3 Algorithm 3 in [23].

Input: Operator A, Measurement b, Sparsity Constraints s, 52,
Output: Initial guess vg for v € C"2.
1: Foralli € [n1] let & be the £;-norm of the best s;-sparse approximation of the ith row of
the matrix A* (b) € C"1*"2,
2. Let J; C [n1] be the set of the s largest elements in 61: 8255 &}
3: Choose fz to contain the indices of the s> columns of HJAIA* (b) largest in £, norm, i.e.,

Jr:i= argmax [Tz [A*(B)Iy g 3)
JCln2l, |J1=s2

4: return vy, the leading right singular vector of IT7 [A*(b)]IT;.

3 Previous results

In the following, we will work with model (1), i.e., we observe
trace (Ajuv™) + z

where u € C"! is sy-sparse, v € C"2 is sp-sparse, and z € C™ is noise. As in [23],
v (z) will quantify the noise-to-signal ratio by

lIz]]

V&= @ I

4)

In our results, we will make no assumptions on the noise z except that v (z) needs to
be smaller than a certain threshold. (Our results will hold for adversarial noise, i.e.,
the recovery guarantees will hold uniformly for all z € C™, such that v (z) satisfies
this threshold.) For our analysis, .A will be a Gaussian linear operator, that is, all

the entries of the matrices Ay, ..., A,, are independent with distribution CA/ (0, %)

(Here, a complex-valued random variable X has distribution CN (O, n%) if its real

and complex part are independent Gaussians with expectation 0 and variance \/g 2
In [23], the authors derived that Algorithm 1, if initialized by Algorithm 3, is able

to recover both u and v (up to scale ambiguity), if both # and v belong to a certain

restricted class of signals. More precisely, they proved the following result.

Theorem 1 ([23, see Theorem 1 and 4]) Assume that A: C""*"2 — C™ js a
Gaussian linear operator as described above. Let b = A (uv*) + z, where u is
si-sparse and v is sy-sparse. Suppose that ||u|loc > 0.78||ull, |[vllcoc = 0.78]|v]|,

and that the noise level satisfies v (z) < 0.04. Then, with probability exceeding
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1 — exp (—c1m), the output of the Algorithm 1, initialized by Algorithm 3, converges
linearly to uv* provided that

ny no
m > c3 (51 + s2) log (max {—’ _D .

ST 82

where ¢y, co > 0 are absolute constants.

Note that in order to apply Theorem 1 to signals u and v, one needs to require that
more than half of the mass of # and v are located in one single entry, which is a severe
restriction, which can be prohibitive for many applications. Our goal in the following
will be to considerably relax this assumption by slightly increasing the amount of
required measurements. We will relax this assumption in two different ways: On the
one hand, we will show that one can replace 0.78 by an arbitrary small constant that
will then show up in the number of measurements. On the other hand, we generalize
the result to the case that a significant portion of mass of u is concentrated on a small
number of entries k, rather than just one of them.

4 Main result

In this section, we will state the main result of this article, Theorem 2. For that, we
need to define the quantity

1/2

1/2 k
2 %\ 2
X = max X; = X ,
Il =, m ”':k(} | l|> <i§_lﬁ( ,))

iel

n . .
for any x € C™, where (xl?")i;l denotes the non-increasing rearrangement of

(]x; |)?;1. (This is in fact a norm, cf. [29].) Our main requirement on the vector u will

be that a significant amount of its mass is located in the largest k entries, i.e., that
[zl ()
[Jull

is large enough.

Theorem 2 Let k € [n1]and 0 < & < 1,0 < u < 1. Then, there are absolute
constants C1, Ca, C3 > 0 such that if

1 k ny np
m > C1 max W"’E—z (s1 + s2) log | max ;,g ) (5)

then with probability at least 1 — exp (—Caom), the following holds.

For all si-sparse u € C" with ||lu|lxy = &llull, all s2-sparse v € C"? with
Voo = wmllvll, and all z € C™ with v(z) < C3zmin {52 2, %}, the iterates
{X:}ien generated by applying Algorithm 1, initialized by Algorithm 3, satisfy

. X — uv™ ||k
lim sup ~—————— < 8.3v.
t—oo  [luv*|F
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Furthermore, the convergence is linear, i.e., for all t 2 log <%), we have that

IX: — uv*|

<83v+e. (6)
|uv*||g

In the following, we will discuss some important special cases of Theorem 2.

— Peaky signals: In [23], the authors discuss recovery guarantees for signals u and

v with ”ﬁ‘lﬂﬁ" and ”ﬁﬂﬁ", both bounded below by an absolute constant 1 ~ 0.78.
The case k = 1 of our theorem yields a direct improvement of this result in the
sense that u can be chosen arbitrarily small with the number of required measure-
ments only increasing by a factor of order 1 ~3. Hence, even when this constant
decays logarithmically in the dimension, the required number of measurements
will only increase by logarithmic factors.

— Signals with multiple large entries: When one of the input signals has multiple
large entries, using the || - [|[x) norm improves upon the resulting guarantee as
compared to the scenario just discussed. As an example, assume thats; = sp = s,
that u and v are normalized with ||v]|sc > c15~ /8, and that k = cps!/? of the
entries of u are of absolute value at least ¢35~ /4. Then, ||u]| (k] = J/c2c3. Using
Theorem 2, we obtain that the vectors # and v can be recovered if the number
of measurements is on the order of s/ 2, thus below the order of s that has
been established for arbitrary sparse signals in [25] (cf. next item). In contrast,
applying Theorem 2 with £ = 1 would yield that the number of measurements
would have to be on the order of 5%/ 2, which is worse than the state-of-the-art.

— Arbitrary sparse signals: Applying Theorem 2 to non-peaky signals yields sub-
optimal results. Indeed, let u € C"! sy-sparse and v € C"*2 sp-sparse be generic
vectors. Observe that ||[v|| =< \/l—s_2 lv]|. Consequently, Theorem 2 applied with

E=1,k=s,and u = ﬁ yields that with high probability a generic s1-sparse
u and a generic sy-sparse v can be recovered from y = A (uv*)+z, if the number
of measurements satisfies

2 ny nj
m > C max lsl; s2} (s1 + s2) log (max {— —}) )
s1 $

and if the noise level v is on the order of O (max {é, ﬁ }) Previous results

(see, e.g., [25]), in contrast, require m > Cmax {s7; s3}log (max {’;‘—11 ';—;})

samples.

Remark I The peakiness assumptions in Theorem 2 may seem arbitrary at first sight
but in certain applications they are reasonable. Namely, when u is the signal trans-
mitted via a wireless channel and v is the unknown vector of channel parameters, it
is natural to assume that v has a large entry, as the direct path will always carry most
of the energy. The signal u can be modified by the sender, so some large entries can
be artificially introduced. In this regard, being able to consider multiple entries of
comparable size is of advantage as adding a single very large entry will result in a
dramatic increase of the peak-to-average power ratio.
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5 Proofs
5.1 Technical tools

The goal of this section is to prove Theorem 2. We will start by recalling the following
variant of the well-known restricted isometry property.

Definition 1 (see [23]) A linear operator A has the (s, 52, r)-restricted isometry
property with constant § > 0 if

(1=8) X% < IAX) > < (148 X% (7)

for all matrices X € C"1*"2 of rank at most r with at most s; non-zero rows and at
most s> non-zero columns.

The following lemma tells us that this property holds with high probability for a
number of measurements close to the information-theoretic limit.

Lemma 1 (See, e.g., Theorem 2 in [23]) There are absolute constants c1,cy > 0,
such that if

m > g—;r (s1 + s2) log <max {’2, Q}) , (8)

ST 82

for some § > 0, then with probability at least 1 — exp (—com) A has the (s1, s2,1)-
restricted isometry property with restricted isometry constant 8.

As in [23, Lemma 6], we will need the following quantity, which depends on §
and v.

wsup = sup {w € [0, %) : sin (w) > Cs[§ tan(w) + (1 + S)vsec(w)]}  (9)

Here, the constant Cs is given by the expression

as it can be seen by an inspection of the proof of Lemma 3 in [23]. The precise value
of Cs will not be important in the following, we will only use that 2 < Cs < 5 for
5 <0.04.

A simple estimate for wgyp is given by the following lemma.

Lemma 2 Assume that 0 < § < 0.04 and v < 0.04. Then, it holds that

1 .
5 = sin(wsyp) < 1.

@ Springer



Sparse power factorization: balancing peakiness and sample complexity

Proof We observe that in order to show the claim, it is enough to verify that v =

arcsin% fulfills the inequality in (9). Indeed, using cos®w = \/g and Cs < 5, we
obtain that

C [m ( i 1>+(1+5) ( i 1)} <C [004 12 - 1'04'0'04]
an | arcsin — V S€C | arcsin — .
’ 2 2)]=7° J3A 34

[A

1
5
Ll

The quantity wgyp controls the maximal angle between the initialization vy and the
ground truth v such that the sparse power factorization is guaranteed to converge as
captured by the following theorem.

Theorem 3 (Theorem 3 in [23]) Assume that:

1) A has the (3sy1, 352, 2)-RIP with isometry constant § < 0.08.
2) v <0.08.
3) The initialization v satisfies sin(£(vg, v)) < sin (wsup).

Then, the iterates {X;};en generated by Algorithm 1, initialized via Algorithm 3,
satisfy

. X; — uv*||g
lim sup u < 8.3v.
t—00 lluv*||F

Furthermore, the convergence is linear in the sense of (6).

Thus, it remains to verify that the initialization satisfies sin(Z(vg, v)) <
sin (wsup). The following lemma gives an upper bound on sin(Z(vo, v)).

Lemma 3 (Lemma 8 in [23]) Assume that the (3s1, 3s3, 2)-restricted isometry prop-
erty holds for some constant § > 0. Furthermore, assume that ||lu|| = |[v|]| = 1. Let
J1 C [n1] and J> C [n;] denote the output resulting from Algorithm 3. Denote by v
the leading right-singular vector of 5 [A* (b)]l'[f2 . Then, it holds that

||H71u|}||n§2vH + (8 +v+8v)
”Hﬂ”H —(64+v4dv)

sin(Z£(vo, v)) = (10)

Furthermore, we will need the following two lemmas for our proof.

Lemma 4 (Lemma 10 in [23]) Let u and v be as in Lemma 5 and assume that
the measurement operator A _satisfies the (3s1, 3s2, 2)-restricted isometry property
with constant 8. Recall that Ji C [n1] is the support estimate for vy given by the
initialization algorithm 3. Define

Ji={jelnl: lujl =206 +v+8v)}. (11)

Then, we have that f] C f]
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Lemma 5 Assume that A has the (3s1, 352, 2)-restricted isometry property with
isometry constant 8 > 0 and assume that u, respectively v, are s\-sparse, respectively
sy-sparse, and satisfy ||u|| = ||v|| = 1. Let J1 be defined as in (11). Then, it holds that

|0z ul[0z0] = |07 ufllvie =26 +v+8v).

Lemma 5 is actually a slight generalization of what has been shown in [23, p.
1685]. For completeness, we have included a proof in the Appendix, which closely
follows the proof in [23].

5.2 Proof of our main result

We will now piece together these ingredients to obtain a sufficient condition; in the
remainder of the section, we will then show that the condition holds in our mea-
surement setup. First note that in order to apply Theorem 3, we need to check that
sin(Z(vo, v)) < sin (wgyp) is satisfied. By Lemma 3, it is sufficient to show that the
right-hand side of inequality (10) is strictly smaller than sin (wsyp). Combining this

2 ) .. "
, we obtain the sufficient condition

with the equality Hl’[iv“ =,/1- ||Hf2v

”Hﬂ””\” — HI‘IJAQUHZ < sin (wsup) (Hl'lflun — (S +v +8v)> — (5 + v+ )

Further manipulations yield that this is equivalent to

“Hflu”z < (Sin (wsup) HH"fluH — (1 + sin (wsuP)) 6 +v+ 81))>2

(12)
2 2
+ [T7 7 mzvf

Hence, in the following, our goal will be to verify (12). We already noticed that
the angle wgyp measures how much the vector vy given by the initializiation has to
be aligned with the ground truth v in order for the sparse power factorization to
converge. Consequently, it is natural to expect that the smaller the constant § and the
noise-to-signal ratio v, the less the initializiation vector has to be aligned with the
ground truth, i.e., the larger wgyp can be. This fact is captured by the following lemma.

Lemma6 Let 0 < 6 <0.04 and v < 0.04. Then, it holds that

sin(wsyp) > 1 — C3 (8 4 28v + 2v)%.

Proof We will first show that it holds that
sin (wsup) = Cs [8 tan (wsup) + (1 + 8) v sec (wup) ] - (13)
For that, we define the set

Q:={w € [0,7/2): sin(w) > Cs[§tan(w) + (1 4+ 5)v sec(w)]}

@ Springer



Sparse power factorization: balancing peakiness and sample complexity

and note that wg,p, = sup 2. (Note that from Lemma 2 and its proof, it follows that €2
is nonempty.) We observe that

lTirr}zC(s [6tan (w) + (1 4+ §) vsec (w)] = +o0. (14)

Hence, €2 is a compact set. In particular, wgyp is contained in this set. Now assume by
contradiction that

sin (wsup) > Cs[8 tan(wsup) + (1 4 8)v sec(wsup)].

Because of (14) and as the sine is bounded in [0, 7 /2), this implies by continuity that
there must be an w € [0, /2) such that @ > wgyp and sin (w) = Cs[§ tan(w) + (1 +
d)v sec(w). Hence, w € 2, which is a contradiction to the definition of wg,p. Hence,
we have proven equation (13). Using trigonometric identities, we obtain from (13)
that

sin (wsup) + (148

\/ 1 — sin a)qup \/ 1 — sin (wsup)2

sin (a)gup

Lemma 2 implies that

sin (a)sup)

\/ 1 —sin a)sup

sin a)sup

C5(8+2(1—|-8)v).

Rearranging terms yields that

sin (wgup) > \/1 — C2 (8 +26v +2v)2,

The claim follows then using the fact that \/x > x for all x € [0, 1]. U

With these preliminary lemmas, we can now prove the following proposition,
which is a slightly more general form of Theorem 2.

Proposition 1 There are absolute constants cy, c2, c3 > 0 such that if

) np np
m > c16 ~(s1 + s2) log (max {— —}) , (15)

s1 85

for some 0 < § < 0.01, then with probability at least 1 — exp (—cym), the following
statement holds uniformly for all sy-sparse u € C"1, sy-sparse v € C"*2, and 7 € C"
such that ||u|| = ||v|| = 1 and v (z) < 0.01:
Let the measurements be given by b = A (uv*) + z for A Gaussian as above and let
J1 be defined by

Ji:={j elnml: lujl = Ms,}, (16)
where

Ms, =20 4+v+dv).

Then, whenever

|15 ul|llvllco > c3y/Ms,0, (17)

@ Springer



J. Geppertetal.

the iterates {X;};eN generated by Algorithm 1 initialized via Algorithm 3 satisfy

limsup || X; — uv*®||p < 8.3v.
—o0

Furthermore, the convergence is linear in the sense of (6).

Proof of Proposition 1 Assumption (15) and Lemma 1 yield that with probability at
least 1 — exp (—cm), the (3s1, 352, 2)-restricted isometry property holds with con-
stant 8. For the remainder of the proof, we will consider the event that the restricted
isometry property holds for such §. We obtain

|15 ufllvlico = <~/C§ 14 1) JMs

from 2 < Cs < 5 and by choosing the constant c3 in assumption (17) large enough.
Combining this with Lemma 5, we obtain that

| 7ul|0g0] = 15 u] vl — Ms.o.
> /(G2 +1) My .

(18)

where we used that \/x > x for all x € [0, 1]. This yields a lower bound for the
second summand of the right-hand side of (12). To bound the first summand, we
estimate

sin(wsup) || 17, ul| — (sin(wsup) + 1) (8 + v + 8v)

> (1—C5 (8 42v+260)%) M7 ull -2+ v+ 6v)

> M7 ull — C§ (8 42v+28v)> —2(5 4 v + 6v) (19)
> Oz ul — (C5+1) M5,

> 0.

In the first line, we used Lemma 6 and the fact that sin(wgup) < 1. The second line is
due to || 7 u | < 1 and the third inequality is due to 6 > 0, v > 0. In order to verify
the last inequality, it is enough to observe that due to Lemma 4 and due to assumption
(17) with c¢3 large enough

T 7 ull = [TT5 ull > T ull]|llv]lo > (c§+ 1) Ms .,

where the last inequality uses that Cs < 5 and 0 < §, v < 0.01. Hence, by squaring
(19), we obtain that

2
(sin(a)sup)Hl'[ Gl = (sin(@sp) + 1) 6 +v + 6v)>

2
(1m0l = 3 (C3 +1) M5,0) (20)
ITT7ull? = (C2 4 1) My, I TT7
M7 ull* = (C§ + 1) Ms,.,

vV IV IV

where in the last line, we again used that || T1 su | < 1. Together with (18), this yields
(12), as desired. ]

Finally, we will deduce Theorem 2 from Proposition 1.
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Proof of Theorem 2 We will prove this result by applying Proposition 1 with

. £ g2’
§ = 2 .2 B 21
mm{wzk’ 8c3 } @D

Let u € C" sy-sparse, v € C"2 sp-sparse, and z € C™” such that the assumptions
of Theorem 2 are satisfied. Without loss of generality, we may assume in the follow-
ing that ||u|| = ||v|| = 1. First, we note that invoking §, v < 0.01 and potentially
decreasing the size of C3, we have that

3
20+v(2)+6v () <26 +2v(2) < —.

( (2) (2)) ( (2)) NeT:
Hence, we obtain that

J = {je[m]: |uj|z\/%}cf1, 22)

where fl is the set defined in (16). Note that

2 2
Z (u;")2< Z i—kf%»

iclkI\J; ielkI\J;

where in the first inequality, we have used that u} < \/% forall i € [k]\J;. By the

2
assumption ||u| k] > &, this yields that ) ielkInJ, (u;“)2 > % which in turn implies
5 £ . . . ~ K
thé.lt | TT jlull > ek By the inclusion (22.), we obtain that ||l'.I Jlull > R Hence,
using the assumption ||v||oc > u, our choice of §, the assumption on the noise level
V (z) and potentially again decreasing the value of the constant C3, we obtain that

&
ITT7ullllvliee = 7 > ¢3¢/ Ms .

This shows that (17) is satisfied. Hence, we can apply Proposition 1 and by inserting
our choice of § into (15), so choosing the constant C; large enough, we obtain the
main result. U

6 Outlook

We see many interesting directions for follow-up work. Most importantly, it remains
to explore whether additional constraints on the signals to be recovered are truly
necessary (cf. our discussion on to SparsePCA in Section 2.3). Even if this is the case,
there is substantial room for improvement with respect to the noise-dependence of the
recovery results. A direction to proceed could be to consider stochastic noise models
instead of adversarial noise. Also in this work, we exclusively considered operators A
constructed using Gaussian matrices. However, in many applications of interest, the
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measurement matrices possess a significantly reduced amount of randomness. For
example, in blind deconvolution, one typically encounters rank-one measurements.
That is, the restricted isometry property as used in this paper does not hold. Thus,
one needs additional insight to study whether there exists a computationally tractable
initialization procedure at a near-optimal sampling rate. First steps in this direction
were taken in [20, 22], but a lot of questions remain open.

Acknowledgements The authors want to thank Yoram Bresler and Kiryung Lee for helpful discussions.
Furthermore, we would like to thank the referees for the ir careful reading and their helpful suggestions,
which improved the manuscript.

Appendix: Proof of Lemma 5
For the proof of Lemma 5, we will use the following result.

Lemma 7 (Lemma 17 and Lemma 18 in [23]) Assume that the (3s1,3s2,2)-
restricted isometry property is fulfilled for some restricted isometry constant § > 0.
Assume that the cardinality of J1 C [n1], respectively Jo» C [n2] is at most 2sj,
respectively 2sy. Then, whenever u € C"! is at most 2sy-sparse and v € C"? is at
most 2sy-sparse, we have that

IT 5 [(A*A — D (v || < 8lluv”|p.

Furthermore for all z € C" and for all 71 C [n1], respectively fz C [n2], with
cardinality at most s1, respectively s>, we have that

1T 7 [A* @15 | < VT Slizlles-

Proof of Lemma 5 Recall that b = A (X) + z and define k| and k; by

ki := arg max |v|
kelna]
23
ky = arg max || TT7 [A*(0)1T ) | - =
kelna]

The starting point of our proof is the observation that
|77 LA™ 01y [ = 07 LA™ Iy [ = 07 LA O e e 24)

where the first inequality is due to the definition of k» and the second one follows
from J; C Ji, which is due to Lemma 4. The right-hand side of the inequality chain
can be estimated from below by

| 705 LA* )1 e |

| 11500 Mgy [ = 1157 [CA*A = D) @] gy [ = |17 A" @) Ty |
|15 uv* Mgy | — (lluv*llF + VT +321)

|05 ul|llvlleo — (8 + v +8v).

IV IV 1V

(25)
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In the first inequality, we used b = A (uv*) + z and the triangle inequality. The
second inequality follows from Lemma 7. The last line follows from ||uv*||p = 1
and ||z|| = v. Next, we will estimate the left-hand side of (24) by

anl[A*(b)]n{kz}HF

| 15 0v* Mgy | + (Slluv* 7 + T+ 8)zll)
11530 ] | Mgy + 3+ v+ 6v)

|0z ul|0z0] + @ +v+6v).

(26)

A IA TA

The first two lines are obtained by an analogous reasoning as for (25). The last line is
due to {kp} C J2, which is a consequence of the definition of Jz (3) and the definition
of {k} (23). We finish the proof by combining the inequality chains (24), (25), and
(26). U
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C. Article: On the convex geometry of
blind deconvolution and matrix
completion

Summary

We have seen in previous sections that both blind deconvolution and matrix completion
can be formulated as problems of the form

y=A(Xo)+eecCm,

where X is a low-rank matrix, A : C"*"2 — C™ is a linear operator, and ||e|| < 7 is
additive, deterministic noise. A widely-studied approach is to solve this problem is the
semidefinite program

minimize || X ||«

C.1
subject to |ly — A(X) | <. (€1

While previous results show that exact recovery is possible for this approach for a near-
optimal amount of measurements, the corresponding noise bounds are rather of the
type

IX = Xollr < v/nor,

where X denotes a minimizer of . This noise bound seems to be suboptimal as
such an additional dimension factor as \/ns does not appear in other problems like
matrix sensing [99] or phase retrieval [I7, [10]. The goal of the following article is to
obtain a better understanding of this phenomenon. Its two main results are as follows.

(a) Matrix completion and blind deconvolution are unstable in the following sense.
Let the ground truth matrix Xy be given. Then with high probability there is
a noise level 79 > 0 such that for all 7 < 7y there exists a noise vector e with
el < 7 such that there is an alternative solution X to with the following
properties.

e X is feasible, i.e., ||A(X) —y| <e
e X is preferred to X by the SDP (C.1), i.e., | X+ < [ Xoll,

e but X is far from X in Frobenius norm, i.e., | X — Xyl is large.
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For a precise statement of these results we refer to [68, Theorem 3.1] and [68],
Theorem 3.5].

(b) If the noise level 7 is sufficiently large near-optimal noise bounds are possible in
the blind deconvolution framework. For a precise statement of this result we refer
to [68, Theorem 3.7].

Statement of individual contribution

The project started with my observation that in blind deconvolution Mendelson’s small
method can be applied successfully to a certain subset of matrices in the descent cone
of the nuclear norm. This observation allowed me to find a proof of [68, Theorem 3.7],
where Felix Krahmer and I had several research discussions about this topic.

While we were still trying to prove that Amin (A, ICs (homg)) 2 1, which was our first
conjecture, my advisor Felix Krahmer suggested me to look at certain special matrices
B and to also take into account the possibility that such a result might just not be true
in general. From this discussions the proof idea for a first version of [68, Proposition
3.3] arose, which showed a special case. After I worked out the proof details, Felix
Krahmer and I found in joint discussions a way to simplify the proof. I could use this
insight to show [68, Proposition 3.3] in full generality.

I was mainly responsible for tranferring our results from the randomized blind decon-
volution setting to the matrix completion framework, where Felix Krahmer provided
technical input. Furthermore, I was fully responsible for writing and preparing this
manuscript. After that Felix Krahmer and I both proofread and polished the article
together.

Conference proceedings

The results on blind deconvolution have been presented in part at the 52nd Annual
Asilomar Conference on Signals, Systems, and Computers [67].
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On the convex geometry of blind
deconvolution and matrix completion”

Felix Krahmer! Dominik Stoger!
March 13, 2019

Low-rank matrix recovery from structured measurements has been a topic
of intense study in the last decade and many important problems like matrix
completion and blind deconvolution have been formulated in this framework.
An important benchmark method to solve these problems is to minimize the
nuclear norm, a convex proxy for the rank. A common approach to establish
recovery guarantees for this convex program relies on the construction of
a so-called approximate dual certificate. However, this approach provides
only limited insight in various respects. Most prominently, the noise bounds
exhibit seemingly suboptimal dimension factors. In this paper we take a
novel, more geometric viewpoint to analyze both the matrix completion and
the blind deconvolution scenario. We find that for both these applications
the dimension factors in the noise bounds are not an artifact of the proof,
but the problems are intrinsically badly conditioned. We show, however,
that bad conditioning only arises for very small noise levels: Under mild
assumptions that include many realistic noise levels we derive near-optimal
error estimates for blind deconvolution under adversarial noise.

Keywords: Convex relaxation, matrix completion, blind deconvolution, noise robust-
ness, nuclear norm minimization

1. Introduction

A number of recent works have explored the observation that various ill-posed inverse
problems in signal processing, imaging, and machine learning can be naturally formulated
as the task of recovering a low-rank matrix Xy € C™*" from an underdetermined
system of structured linear measurements

y=A(Xp)+eecCm,

*The results of this paper have been presented in part at the 52nd Annual Asilomar Conference on
Signals, Systems, and Computers, October 28-31, 2018, Pacific Grove, USA [37]
TDepartment of Mathematics, Technische Universitit Miinchen, 85748 Garching/Munich, Germany



where A : C"*"2 — C™ is a linear map and e € C™, ||e|]| < 7, represents additive noise.
Such problems include, for example, matrix completion [8], phase retrieval [9], blind
deconvolution [1], robust PCA [6], and demixing [47]. In this paper, we aim to analyze
the worst case scenario, that is, we do not make any assumptions on the noise except for
the bound on its Euclidean norm (this scenario is sometimes referred to as adversarial
noise, as it allows for noise specifically designed to be most harmful in a given situation).
A natural first approach to recover X, that remains an important benchmark is to solve
the semidefinite program

minimize || X«
subject to |y — A(X) || <,

where || - ||« denotes the nuclear norm, i.e., the sum of the singular values. Recov-
ery guarantees have been shown under the assumption that the measurement operator
A possesses a certain degree of randomness. To establish such guarantees various proof
strategies have been proposed, including approaches via the restricted isometry property
[52, 45], descent cone analysis [11], and so-called approximate dual certificates [24, 23].
While the latter approach remains state of the art for many structured problems includ-
ing the highly relevant problems of randomized blind deconvolution and matrix com-
pletion, it seemingly has some disadvantages. Most prominently, the resulting recovery
guarantees take the form

IX = Xollr S varT, (1)
where X denotes a minimizer of the semidefinite program above and || - ||z denotes

the Frobenius norm, whereas under comparable normalization, the first two approaches,
when applicable, give rise to superior recovery guarantees of the form

IX = Xollp S 7.

Before this paper it was open whether the additional dimension scaling factor in (1)
is a proof artifact. Similarly, for randomized blind deconvolution one of the coherence
terms appearing in the result was believed to arise only from the proof technique (cf. [44,
Remark 2]).

Another drawback of proceeding via an approximate dual certificate is that it gives
only limited insight into geometric properties of the problems such as the null-space
property [15], which is also an important ingredient for the study of some more efficient
non-convex algorithms [19, 40].

Approaches via descent cone analysis [11], in contrast, provide much more geometrical
insight. The underlying idea of such approaches is to study the minimum conic singular

value defined by
e MA@
Amin (A, K) :=  inf ———
( ) zek\{0} ||Z||F
for IC the descent cone of the underlying atomic norm — the nuclear norm in case of low-

rank matrix recovery. For a more detailed review of this approach including a precise



definition of the descent cone we refer to Section 2.3 below. Through the study of the
minimum conic singular value many superior results were obtained for low-rank recovery
problems, most importantly in the context of phase retrieval [39, 38]. Furthermore, min-
imum conic singular values can also help to understand certain nonlinear measurement
models [50].

For all these reasons, it would be desirable to apply this approach also for matrix
completion and blind deconvolution. A challenge that one faces, however, is that for
both problems one cannot hope to recover all low-rank matrices; rather, only matrices
that satisfy certain coherence constraints are admissible (cf. the discussion in [57, Section
5.4]). In this article we address this challenge, providing the first geometric analysis of
these problems. We find that the dimensional factors appearing in the error bounds are
the true scaling of the minimum conic singular value and hence intrinsically relate to
the underlying geometry. Nevertheless for blind deconvolution, near-optimal recovery is
possible, if the noise level is not too small.

1.1. Organization of the paper and our contribution

In Section 2 we will review blind deconvolution, matrix completion, as well as some
techniques related to descent cone analysis. In Section 3 we will present the main
results of this paper. Theorems 3.1 and 3.5 establish that for both blind deconvolution
and matrix completion, nuclear norm minimization is intrinsically ill-conditioned. In
contrast, Theorem 3.7 provides a near-optimal error bound for blind deconvolution when
the noise level is not too small, implying that the conditioning problems only take effect
for very small noise levels. The upper bounds for the minimum conic singular value
which are the main ingredients of Theorems 3.1 and 3.5 are derived in Section 4. In
Section 5 we prove the stability results for blind deconvolution.

We believe that not only our results, but also the proof techniques and geometric insights
in this manuscript will be of general interest and help to obtain further understanding of
low-rank matrix recovery models, in particular under coherence constraints. We discuss
interesting directions for future research in Section 6.

2. Background and related work

2.1. Blind deconvolution

Blind deconvolution problems arise in a number of different areas in science and engi-
neering such as astronomy, imaging, and communications. The goal is to recover both
an unknown signal and an unknown kernel from their convolution. In this paper we
work with the circular convolution, which is defined by

L

L
w*xT = E WiTh—j 5
J=1

k=1



where the index difference k — j is considered modulo L. Without further assumptions
on w and x this bilinear map is far from injective. Consequently, it is crucial to impose
structural constraints on both w and x. Arguably, the simplest such model is given by
linear constraints, that is, both w and x are constrained to known subspaces. Such a
model is reasonable in many applications. In wireless communication, for example, it
makes sense to assume that the channel behaviour is dominated by the most direct paths
and for the signal x a subspace model can be enforced by embedding the message via a
suitable coding map into a higher-dimensional space before transmission.

The first rigorous recovery guarantees for such a model were derived by Ahmed, Recht,
and Romberg [1]. More precisely, they assume that w = Bh, where B € CE*K is a fixed,
deterministic matrix such that B*B = Idx (i.e., B is an isometry) and they model
x = CTy, where Ty denotes the complex-conjugate of mg. Here, the matrix C' € CEXK

is a random matrix, whose entries are independent and identically distributed with
circular symmetric normal distribution CN (O, ﬁ) In this paper we also adopt this
model.

Using the well-known fact that the Fourier transform diagonalizes the circular convo-
lution one can rewrite

w * z = VLF*diag (Fw) Fz,
where F' € CY*L denotes the normalized, unitary discrete Fourier matrix, and
w* % = F (w*x) = VLdiag (F Bhg) FC.

Denoting by b, the ¢th row of the matrix FB, and by ¢, the fth row of the matrix
VLFC, one observes that

(wx), = bihompee = Tr (homgeeby) = (beci, homg) p.

Furthermore, because of the rotation invariance of the circular symmetric normal dis-
tribution all the entries of the vectors {c@}é;:l are (jointly) independent and identically
distributed with distribution CA (0, 1). Noting that the expression (homg,bec))r is lin-
ear in hogmg, Ahmed, Recht, and Romberg [1] defined the operator A : CE*N — CE by

(A (X)) (£) = (becg, X)F (2)
obtaining the measurement model
y=w*z+e=A(Xo) +e,

where e € CL is additive noise and Xy = homg. The goal is then to determine hg and mg
from y € CL up to the inherent scaling ambiguity, or, equivalently, to find the rank-one
matrix Xo = homg.

For e = 0, among all solutions of the equation y = A (Xp), the matrix X is the one
with the smallest rank. For this reason, Ahmed, Recht, and Romberg [1] suggested to



minimize a natural proxy for the rank, the nuclear norm || - ||, defined as the sum of the
singular values of a matrix.

minimize || X]||« 3)

subject to | A(X) —y| <.
Here 7 > 0 is an a priori bound for the noise level, that is, we assume that ||e|| < 7. For
this semidefinite program, they establish the following recovery guarantee.

Theorem 2.1 ([1]). Consider measurements of the form y = A (hgm{) +e for hy € CK|
mo € CN, e € CL, and A as defined in (2). Assume that ||| < 7 and

L/108° L 2 Ky + N max {ji3: i3, }
Then with probability exceeding 1 — O (L_l) every minimizer X of the SDP (8) satisfies
| X — homillr < VK + N (4)

Here p2,,, and u%u are coherence parameters, which are defined via

L
Mlznax ‘= omax Hbé”Q

K relr)

and
pa = ———max |(bg, ho)|?.
© [lholl*eelL]
The third coherence factor fip, is a technical term corresponding to a partition that is
constructed as a part of the proof of Theorem 2.1, which is based on the Golfing Scheme
[23].

To put the impact of the coherence factors into perspective, observe that if all vectors
by have the same fo-norm, one obtains that pmax = 1; this will be the case, for example,
when B is a low-frequency Fourier matrix, as it appears for applications in wireless com-
munication. The second coherence factor always satisfies 1 < uio < Kpl o IF pp, is
smaller, this indicates that the mass |ho||?> = Zle |(be, ho)|? is distributed fairly evenly
among |(bg, ho)|. For example, if pp, = 1, then [(by, ho)| = ﬁ”hoﬂ for all £ € [L]. Nu-
merical simulations in [1] confirm that many hg corresponding to large yp, show worse
performance, indicating that this factor may be necessary.

The last coherence factor fip,, in contrast, will no longer appear in our result below,
which is why we refrain from detailed discussion. We refer the interested reader to [44,
Remark 2.1] and [28, Section 2.3] for details.

For generic hg the parameters pp, and fip, are reasonably small. For example, if hg is
chosen from the uniform distribution on the sphere, one can show that with high prob-
ability pip, = O (ViogL).

For the noiseless case, i.e., 7 = 0, Theorem 2.1 yields exact recovery, and the required



sample complexity L/ log® L > K + N is optimal up to logarithmic factors, as the num-
ber of degrees of freedom is K+ N —1 (see [30] for an exact identifiability analysis based
on algebraic geometry.) However, if there is noise, the bound for the reconstruction
error scales with v/ K 4+ N, in contrast to other measurement scenarios such as low-rank
matrix recovery from Gaussian measurements (see, e.g., [11]).

Let us comment on some related work. The foundational paper [1] has triggered a
number of follow-up works on the problem of randomized blind deconvolution. A first line
of works extended the result to recovering signals from their superposition Y, w; * z;,
a problem often referred to as blind demixing [44, 28]. Another line of works investigated
non-convex (gradient-descent based) algorithms [43, 46, 26], which have the advantage
that they are computationally less expensive, as they operate in the natural parameter
space. It has been shown that they require a near-optimal number of measurements for
recovery. For such an algorithm, [43] derived near-optimal noise-bounds for a Gaussian
noise model. However, as in this paper, we focus on the scenario of adversarial noise
(instead of random noise) the resulting guarantees are not comparable to ours below.

2.2. Matrix completion

The matrix completion problem of reconstructing a low-rank matrix Xy € R™*"2 (we
assume that w.l.o.g. n; > ny) from only a part of its entries arises in many different
applications such as in collaborative filtering [53] and multiclass learning [3]. For this
reason one could observe a flurry of work on this problem in the last decade, and we will
only be able to give a very selective overview of this topic. The precise sampling model
that we consider is that m entries of Xy are sampled uniformly at random with replace-
ment. Denoting by e; the standard coordinate vectors in R™ and R™2, respectively, the
corresponding measurement operator A : R™*"2 — R™ can be written as

A(X) () 1= 1|22 (X, eqei, ) (5)

where (a;,b;) € [n1] X [n2] is chosen uniformly at random for each ¢ € [m] (and indepen-
dently from all other measurements). The scaling factor /™22 in the definition of the
measurement operator A is chosen to ensure that E [[A(X)[|?] = || X||%. (Some other
papers on matrix completion choose a different scaling. We have chosen this normaliza-
tion because in this way the results for the matrix completion problem can be better
compared to those for the blind deconvolution scenario.) Alternative sampling models
analyzed in other works include sampling a subset € uniformly from [n1] x [ng] (ie.,

without replacement, see, e.g., [10]), or sampling using random selectors.

Again we aim to recover Xy from noisy observations y = A (Xy) + e, with a noise
vector e € R™ that satisfies |le|]| < 7 via the SDP

minimize || X«

6
subject to [ A(X) —y| <. (©)



For matrix completion, this approach has first been studied in [8].

It is well known that similarly to the blind deconvolution problem, some incoherence
assumptions are necessary to allow for successful recovery. Indeed, suppose that Xy =
eref. Then, if m < nyng with high probability it holds that A (Xy) = 0 and one cannot
hope to recover Xy. To avoid such special cases, one needs to ensure that the mass of
the Frobenius norm of X is spread out over all entries rather evenly. This property is
captured by the following coherence parameters [23]

For these coherence parameters, a series of works [8, 10, 23, 51, 12] lead to the following
recovery guarantee for the noiseless scenario.

Theorem 2.2 ([12] 1). Consider measurements of the form y = A(Xp), where Xy €
R™>"2 45 q rank-r matriz and A is given by (5). Assume that

m > C'max {,u2 (U); (V)}rm log® ny

Then with probability at least 1 — O (nfl) the matriz Xo is the unique minimizer of the
SDP (6) with 7 = 0.

As for blind deconvolution, this result has been shown using an approximate dual
certificate. In [7] this result has been generalized to the case of adversarial noise, showing
that with high probability the minimizer X of (6) satisfies

IX = Xollp < 7v/n2, (7)

whenever m 2 nipolylog ni. As in the blind deconvolution framework, this error bound
differs from the case of full Gaussian measurements as discussed, for example, in [11],
and also from oracle estimates [6, Section IIL.B] by a dimensional scaling factor, which
will be addressed in this paper.

Also random noise models for matrix completion have been studied in a number of
works. In particular, we would like to mention [34, 49], which derive near-optimal rates
(both in sample size and estimation error) for matrix completion under subexponential
noise with a slightly different nuclear-norm penalized estimator than the one we consider
as long as the noise-level is not too small. Similar bounds have also been obtained in
[33] using an estimator, which is closer to the one in this work.

Apart from convex methods also many nonconvex algorithms have been proposed and
analysed, for example a number of variants of gradient descent (see, e.g., [31, 27, 25, 56,

'For the case of very small ranks this result can be refined further [17]. Namely one can remove one of
the two log-factors at the cost of an r*-dependence on the rank.



21, 19, 40, 46]). Arguably the strongest result for matrix completion under adversarial
noise has been shown in [31, 32]. These works propose a non-convex algorithm based on
Riemannian optimization and show that if the number of measurements is larger than
r2n,polylog (n1) the true matrix can be reconstructed up to an estimation error superior
to the one in [7]. Namely for £ denoting the condition number of the matrix Xy they
show that the output X of their algorithm satisfies (in our notation)

IX — Xo|l S w*vrmlelloc, (8)

provided the noise level is below a certain, small threshold that scales with the smallest
singular value of Xj. For error vectors e that are spread out evenly and matrices that
are well conditioned, one has that v/mle]ls = ||€]|2, so this bound is superior to (7) in
the sense that the scaling factors that appear only scale with the rank r and not the
dimension. It should be noted though that in contrast to nuclear norm minimization
the underlying algorithm requires precise knowledge of the true rank of the matrix to be
recovered.

Just before completion of this manuscript, Chen et al. [14] bridged convex and noncon-
vex approaches, using nonconvex methods to analyze a convex recovery scheme. Their
results provide near optimal recovery guarantees for the matrix completion problem via
nuclear norm minimization under a subgaussian random noise model for a much larger
range of admissible noise levels than the aforementioned works. More precisely, the proof
is based on the observation that in their scenario the minimizer of the convex problem
is very close to an approximate critical point of a non-convex gradient based method.
This allows them to transfer existing stability results [46] for non-convex optimization
to the convex problem. However, the required sample complexity scales suboptimally in
the rank 7 of the matrix and similarly to (8), the error bound depends on the condition
number «.

2.3. Descent cone analysis

In recent years a number of works have studied low-rank matrix recovery and compressed
sensing via a descent cone analysis. This approach has been pioneered for ¢;-norm
minimization in [55] and for more general (atomic) norms in [11]. Here the descent cone
of a norm at a point Xy € CE*¥ is the set of all possible directions Z € CE*N such that
the norm does not increase. For the nuclear norm, this leads to the following definition.

Definition 2.3. For any matriz Xo € CEX*N define its descent cone K, (Xo) by

Ki(Xo) :={Z e C*"*N: || X +eZ||s < | Xoll« for some e >0} .

To understand its relevance for recovery guarantees assume for a moment that we are
in the noiseless scenario, i.e., 7 = 0 and e = 0. Then the matrix Xq € CK¥*V is the
unique minimizer the semidefinite program (3), if and only if the null space of .A does not
intersect the descent cone K, (Xp). In the case of noise, the constraint ||y —A (Xo) || < 7



in the SDPs (3) and (6) defines a region around Xy + kerA, i.e., the affine subspace
consistent with the observed measurements in the noiseless scenario. The intersection of
this region with the set of all signals that have a smaller nuclear norm than the ground
truth X is the set of feasible solutions that are preferred to Xy. The following quantity
for a matrix Xg, which is often referred to as minimum conic singular value, quantifies
the size of this intersection

IA(Z) ||

)\min Av’C* X = inf NZNe
(A (X)) =, B o 12T

If Amin (A, i (X)) becomes larger, this intersection becomes smaller, which translates
into stronger recovery guarantees. The following theorem confirms this intuition.

Theorem 2.4. [11, Proposition 2.2] Let A : C"*"2 — C™ be a linear operator and
assume that y = A(Xo) + e with |le|| < 7. Then any minimizer X of the SDP (3)

satisfies
2T

min (A7 ’C* (XO)) '

X — Xollp <
[ oflF < 3

When measurement matrices of the operator A are full Gaussian matrices (in contrast
to rank-1 measurements as in this paper) and A is normalized such that E [A*A] = Id, for
an arbitrary low-rank matrix X, one has with high probability that Amin (A, i (Xo)) =<
1. Consequently, Theorem 2.4 yields an optimal estimation error even for adversarial
noise. As we will show this is no longer the case for blind deconvolution and matrix
completion.

The geometric analysis of linear inverse problems via the descent cone and the min-
imum conic singular value has lead to many new results and insights in compressed
sensing and low-rank matrix recovery. For convex programs the phase transition of the
success rate could be precisely predicted [2]. As the proofs are specific to full Gaussian
measuements, they do not apply for a number of important structured and heavy-tailed
measurement scenarios. Stronger results [41, 18, 38, 29, 39] were subsequently obtained
using Mendelson’s small ball method [35, 48], a powerful tool for bounding a nonnegative
empirical process from below, now often refereed to as Mendelson’s small ball method.

2.4. Notation

For n € N we will write [n] to denote the set {1;...;n}. For any set A we will denote
its cardinality by |A|. For a complex number z we will denote its real part by Re (2)
and its imaginary part by Im (z). By log () we will denote the logarithm to the base
e. By EX we will denote the expectation of a random variable X and by P (A) we
denote the probability of an event A. If v € C" we will denote its f-norm by |v| and
its Hermitian transpose by v*. For u,v € C" the (Euclidean) inner product is defined
by (u,v) := u*v. Furthermore, for Z € C™*"2 its spectral norm is given by ||Z]], i.e.,
the dual norm of the nuclear norm || Z||.. Moreover, the Frobenius norm of Z is defined
by || Z]|F with corresponding inner product (Z, W)p := Tr (Z*W), where W € C"*"2,



When we study matrix completion, we will work with matrices Z € R™*"2 and the
previous quantities will be defined analogously. Moreover, in that scenario we will use

the notation ||Z = max Z; i|, where {Z; ;31172
1Zles (i7j)6[n1]><[n2]| Z’j|’ { Z’]}%J:l

3. Our results

3.1. Instability of low-rank matrix recovery
3.1.1. Blind deconvolution

Our first main result states that randomized blind deconvolution can be unstable under
adversarial noise.

Theorem 3.1. Let K, N € N\ {1}. Assume that L is an integer multiple of K and that
KN
CiK <LK 5

Then there exists a matriz B € CI*K satisfying B*B = Idg and with FB having rows
of equal norm, i.e., %, =1, such that for all hg € CK\ {0} and mg € CN \ {0} the
following holds:

With probability at least 1 — O (exp (—%ﬂ?)), where p? = /L%LO = W%?ﬁ |(be, ho) |,
there is 1o > 0 such that for all T < 71y there exists an adversarial noise vector e € Ccr
with ||e|| < 7 that admits an alternative solution X with the following properties.

o X is feasible, i.e., || A (f() — vyl =7 for y = A(hom{) + e the noisy measurement
vector

o X is preferred to Xy = hom{ by the SDP (3), i.e., 1 X ||s < | Xolls, but

o X is far from the true solution in Frobenius norm, i.e.,

~ T |KN
X -X > 4y —.
I1X = Xollr = &/

The constants Cy, Co, and Cs are universal.

Remark 3.2. The matriz B in the above result exactly fits into the framework of The-
orem 2.1, and also one can check that for our choice of B (see the proof of Proposition
3.3 for its definition) one has that po n, = pi1,ne- That is, the assumptions of Theorem
2.1 cannot be enough to deduce stability.

We do not expect, however, that this kind of instability is observed for arbitrary iso-
metric embeddings B € CY*K . In particular, if B is a random embedding we expect that
a stmilar result as in [38] applies.

10



To put our results in perspective note that for L < (K + N) polylog (K + N), which
is the minimal number of measurements required for noiseless recovery, it holds that

1/% = «/%' Up to logarithmic factors, this coincides with the rate pre-

dicted by (4), whenever K =< N.

Theorem 3.1 is a direct consequence of the following proposition, which we think is
interesting in its own right.

Proposition 3.3. Let K, N € N\ {1}. Assume that L is an integer multiple of K and
that KN

C1K<L< 5 (9)
Then there exists B € CL*E satisfying B*B = Idy and p2,
measurement operator A satisfies the following.

ax = 1, whose corresponding

max |(bg,ho)|*

Let hg € CE\ {0}, mg € CN\ {0} and set p? = pp, = L%. Then with
probability at least 1 — O (exp (ngK/MQ)) it holds that

| L
)\min (Aa ’C* (hOmS)) S C’3 m (10)

Here Cy, Cy, and C3 are absolute constants.

The proof of Proposition 3.3 will be provided in Section 4. Note that by definition of
the minimum conic singular value Amin (A, ICi (homg)) Proposition 3.3 is equivalent to
the statement that with high probability there is Z € K\ (homg) \ {0} such that

L
IA2) 1 S 7121

Our construction of such Z € K, (hgm{) relies on the observation that with high prob-
ability there is a rank-one matrix W € C¥*¥ in the null-space of A which is relatively
close to the descent cone (with respect to the || || p-distance). Perturbing W by —Bhomy
for a suitable § one can then obtain a matrix Z € K, (homg), which fulfills (3.1.1).
The existence of such a matrix W € ker A also reveals a fact about the geometry of the
problem, which we find somewhat surprising: while the null space of .4 does not intersect
the descent cone (otherwise exact recovery would not be possible), the angle between
those objects is very small. This is very different from the behavior for measurement
matrices A with i.i.d. Gaussian entries (instead of becj).

Remark 3.4. While X is preferred to the true solution by the SDP (3) X s typically
not a minimizer of (3). To see this, assume that without noise exact recovery is possible,
which is the case with high probability by Theorem 2.1. Then consider X = Xo + tZ
for Z € K. (homg) of the form Z = W — Bhom{, with W € kerA and § > 0 such that

11



”fz(fp)u < ﬁ, as in the proof of Proposition 3.3. As W & K, (hom{) (otherwise ezxact

recovery would not be possible) it follows that for t > 0

X1« = 1 Xo + 2]
= [ (1 =18) Xo +tW].
> [[(1=1B) Xoll«

where the last line is due to IC\ (Xo) = Ky« ((1 — t8) Xo).
On the other hand, we also have that A (X) = A((1—-1t8)Xo) due to A(W) =0

and, hence, (1 —tB) Xo is admissible whenever X is admissible. Consequently, the SDP
(3) will always prefer (1 — Bt) homi to X and X will never be a minimizer. It remains
an open problem what one can say about the minimizer X of (3), see also Section 6.
Even if the minimizer of (3) X is closer to the ground truth (in || - || p-distance) than
X, however, the nuclear norms of X and X will be very close, which can easily lead to
numerical instabilities.

3.1.2. Matrix completion

Our second main result states that for arbitrary incoherent low-rank matrices, matrix
completion is unstable with high probability. Note that in contrast to Theorem 3.1 which
is based on a specific choice of parameters the following result holds for an arbitrary
incoherent matrix Xj.

Theorem 3.5. Let ny > ng and let A : R™*"2 — R™ be defined as in (5). Assume that
Xo € R™*™ 1\ {0} is a rank r matriz with singular value decomposition Xo = USV*.
Moreover, assume that

Clrnl,u2 (V)log(2r) <m < TL;ZQ
Then with probability at least 1 — O (exp (—W)) there is 79 > 0 such that for

all T < 1y there exists an adversarial noise vector e € R™ with |le|]| < 7 that admits an
alternative solution X € R™*"2 with the following properties.

e X is feasible, i.e.,

A (j() — yH =7 fory = A(Xo) + e the noisy measurement
vector

e X is preferred to Xo by the SDP (6), i.e., | X ||+ < | Xoll« , but

o X is far from the true solution in Frobenius norm, i.e.,

= T rning
X = Xollp > =/ —2.
| o

Here the constants Cv, Cy, and C3 are universal.

12



Again, to put our results in perspective note that for m =< njpolylog(ni), which
is the minimal number of measurements required for noiseless recovery, it holds that

VR = /polyﬁfg(m). Up to logarithmic factors, this coincides with the rate predicted
by (7).

Theorem 3.5 is a direct consequence of the following proposition, which in our opinion
is of independent interest, as it provides a negative answer to a question by Tropp [57,
Section 5.4].

Proposition 3.6. Let Xy € R"*"2\ {0} be a rank-r matriz with corresponding singular
value decomposition Xo = UXV*. Moreover, assume that

Crrnyp® (V) log(2r) <m < % (11)
Then with probability at least 1 — O (exp (7W)> it holds that

Anin (A, K. (X)) < Cyy [ (12)

The constants Cy, Co, and Cs are universal.

Proposition 3.6 corresponds to Proposition 3.3 for blind deconvolution and will be
proved analogously. We will again show that with high probability there is W € R™1*"2
such that A (W) = 0 and W is relatively close to the descent cone of Xy in ||-|| p-distance.
Setting Z := W — BUV™* for a suitable 8 > 0 yields an element of K, (Xp) with

IA(Z) | m
— 2 C .
1Zlr = 7V mnar

A geometric interpretation of Theorems 3.1 and 3.5 is that the nuclear norm ball is near-

3.2. Stable recovery

tangential to both the kernels of matrix completion and randomized blind deconvolution.
Given that tangent spaces only provide local approximation, these results leave open,
what happens in some distance, i.e., for larger noise levels — this will depend on the
curvature of the nuclear norm ball.

Our third main result concerns exactly this problem for the randomized blind deconvo-
lution setup. As it turns out, the descent directions Z € K, (hom{) with || A (Z) ||/ Z]lF
very small correspond to directions of significant curvature. That is, only a very short
segment in this direction will have smaller nuclear norm than homyg, and the correspond-
ing alternative solutions all correspond to very small e. For noise levels 7 large enough, in
contrast, these directions can be excluded and one can obtain near-optimal error bounds.
In order to precisely formulate this observation, we denote the set of u-incoherent vectors
h € CK with respect to B € CF*K for > 1 by

Hy 1= {ho € CX + VI|(be, ho)| < pllho| for all ¢ € L]}

With this notation, our result reads as follows.

13



Theorem 3.7. Let a > 0 and B € CLXK guch that B*B = Id. Assume that

2
L>C (K +N) log? L.
Qv

Then with probability at least 1 — O (exp (7%)) the following statement
2

holds for all ho € H,, \ {0}, all mg € CN\ {0}, all 7 >0, and all e € CE with |le| < T :
Any minimizer X of (3) satisfies

Cgu2/3 log2/3 L

||X - hOmSHF < 02/3

max {7; a||homg||r} -

Here Cy, Cy, and C3 are absolute constants.

In words, this theorem establishes linear scaling in the noise level 7 with only a log-
arithmic dimensional factor for 7 > a|lhgmf||F, in contrast to the polynomial factor
required for small noise levels as a consequence of Theorem 3.1. Here the value of «
can be chosen arbitrarily small, at the expense of an increased number of measurements.
For example when one is interested in noise levels 7 = e =2 log =2 L for some € > €y (this
is the largest order to expect meaningful error bounds despite the additional logarith-
mic factors) one should choose o < eou 2 log~2 L, and near-linear error bounds will be
guaranteed for a sample complexity of

6

L>C 5 (K+N) 10g° L.
€

Remark 3.8. A similar approach to the proof of Theorem 3.7 also yields a corresponding

result for rank-one matriz completion. Arguably, however, matriz completion is mainly

of interest for ground truth matrices of rank higher than one, so we decided to omit the

proof details.

4. Upper bounds for the minimum conic singular values

4.1. Characterization of the descent cone of the nuclear norm

The goal of this section is to prove Proposition 3.3 and Proposition 3.6, from which we
will then be able to deduce Theorem 3.1 and Theorem 3.5. For that we first discuss
a characterization of the descent cone K, (X). In order to state this characterization,
Lemma 4.1, we need to introduce some additional notation. Let X € C™*"2 be a matrix
of rank r. We will denote its corresponding singular value decomposition by X = UXV™*,
where ¥ € R™" is a diagonal matrix with nonnegative entries and U € C™*" and
V € C™*" are unitary matrices, i.e., U*U = V*V = Id,. This allows us to define the
tangent space of the manifold of rank-r matrices at the point X by

Ty := {UA*+ BV*: AeC™*" BeCM}. (13)

By Pr, we will denote the orthogonal projection onto Tx, by ’PT)% = Id — Pr, the
projection onto its orthogonal complement.

14



Lemma 4.1. Let X € C"*"2\ {0} be a matriz of rank r with corresponding singular
value decomposition X = UXV*. Then

K.(X) = {Z e cm s —Re(UV*, 2)5) 2 [Pry (D) 1.},

where K, (X) denotes the topological closure of K, (X).

Remark 4.2. Lemma 4.1 is similar to well-known results in convex optimization and
may be known to the community. As we could not find it in the literature in this form,
we decided to include a proof for completeness.

The proof of Lemma 4.1 relies on the duality between the descent cone and the sub-
differential of a convex function. In the following we will denote by 9| - ||« (X) the
subdifferential of the nuclear norm at the point X € C™*"2, We will use that a charac-
terization of J|| - ||« is well-known [61]. Namely, for all X € C™*"2 with corresponding
singular value decomposition X = UXV™* it holds that

Ol - Nl (X) = {W € Cxm2 s ProW = UV, [Py W <1} (14)
Proof. Recall that for a set of matrices V C C™*"2 its polar cone V° is defined by
Ve :={Z e C" " :Re((W,Z)p) <0 for all W € V}.

For all X € C™*™2\ {0} we have the following polarity relation between the descent
cone and the subdifferential

K (X)° =W : x>0 W e . (X))

For sets and functions defined in R™ with the usual Euclidean inner product, this is [54,
Theorem 23.7]. The complex case directly follows, as C"*"2 with the inner product
Re ((,-)r) can be identified with an 2nj;ns-dimensional real-valued vector space with
standard Euclidean inner product.

It follows from the bipolar theorem (see, e.g., [5, p. 53]) that
K (X) = (9] - I+ (X))°.

Hence, in order to complete the proof it is sufficient to show that

{Z e Cm ™ —Re ((UV™, Z)r) 2 ||[Pry (2) II»«} = (Il - [l+ (X)) = cone (] - [l (X))-
(15)
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First, suppose that Z € C™*"2 satisfies —Re ((UV*,Z)p) > ||73T)% (Z) ||« We have to
show that Re (W, Z)r) <0 for all W € 9| - ||+« (X). Indeed,

Re (W, Z)) = Re ((Pr, W, Z)F) + Re ((Pry W, Z)r )

UV*,2)) + [Pry W[ Pry 2.

(
— Re ((UV*, Z)F) + Re (<7>T§ W, Py Z)r)
(
(UV*,2)8) + [Pr. 2.

In the first inequality we have used that the spectral norm is the dual norm of the
nuclear norm. The second inequality follows from ||PT)%W|| < 1. Hence, we have shown

that Z € (|| - ||« (X))°. Next, let Z € (|| - |« (X))° be arbitrary. Choose W € T
such that Re ((W,Z>F) = IPys (Z) |l and W] < 1. Then by (14) it follows that
UV*+W €| |« (X) and as Z € (]| - ||« (X))° we obtain that

0> Re <(UV* + W, Z}F)
=Re((UV*, 2)r) + [Pry (2) ||+

This shows that —Re ((UV*, Z)p) > ||PT)% (Z) ||«. Hence, we have verified (15), which
completes the proof. O

4.2. Upper bound for blind deconvolution

The goal of this section is to prove Proposition 3.3. For that we need the following lemma,
which is a consequence of the concentration of measure theorem for Lipschitz functions.
(For a proof of the real-valued case see, e.g., [60, Lemma 5.3.2]. The complex-case can
be shown analogously.)

Lemma 4.3. Let P : C" — C" be a random projection onto a k-dimensional subspace,
which is uniformly distributed in the Grassmannian Gr (k,C"). Fix z € C*. Then for
all € > 0 with probability at least 1 — 2e=** we have that

(1-¢) *IIZHQ < |1Pz)|* < 1+€)*II 1%,

where ¢ > 0 is absolute some constant.

Proof of Proposition 3.3. By assumption we may write L = nK for some n € N. Let
{ei}fi | an arbitrary orthonormal basis of CK. Choose B € CL*K such that the matrix
FB consists of rows {bk,i}ﬁ” defined by by; = %ek for all k € [K] and all ¢ € [n].
We observe that (FB)* (FB) = Idg, which implies B*B = Idk. Furthermore, we have
1brill = \/% for all k € [K] and ¢ € [n], which implies that also all rows of F'B have

16



equal norm.

Without loss of generality we assume that ||ho|| = ||mo|| = 1 as rescaling does not
change the descent cone K, (hgmg). For the proof we will condition on two events. The
first event states that

A (homo) [| < 2[[homg|[r, (16)

which by the Bernstein inequality (see, e.g., [60]) is fulfilled with probability at least
1 —exp (—cL/ /ﬂ)7 where ¢ > 0 is some numerical constant. To formulate the second
event, we define for all 7 € [K] the subspaces

D; := span {Q‘,l; cees Ci,n} ccX

and denote by my the orthogonal projection of my onto D; and by mil the projection
onto Dl-L, the orthogonal complement of D;. Note that D; € CV is a random subspace
of dimension %, distributed uniformly over the Grassmannian Gr (%, cN ) due to the
rotation invariance of CA (0,1). Hence, as ||mo| = 1 Lemma 4.3 yields that for fixed

i € [K] with probability at least 1 — 2exp (—%) one has

L ml|? < 3L
ok N — Ml = 5N

As the matrix C is Gaussian, the different subspaces D;’s and hence also the random

(17)

K
vectors {my}‘ . are independent, so with probability at least
i=

cL\\* cL
1—(2exp(—:—K>) :1—exp(Klog2—CI>

there exists at least one k € [K] such that (17) holds (with k£ =4). Also note that

¢L
1 —exp (KlogZ— CZ) >1—exp (—%L) ,

which for C = 81ng2 follows from assumption (9).
To summarize, we have shown that the two events & := {||A (hom}) || < 2||hom{||r}

and I .

happen with probability at least 1 — O (exp (ngL/;ﬂ)), where Cy > 0 is an appropri-
ately chosen constant.

Conditional on & and &, we will construct Z € CK*N (depending on the vectors
(cik); ) such that Z € ICi (homg) \ {0} and such that the inequality

IA@2) ] <8/ 1Zlr (18)
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is satisfied. Note that this will complete the proof. Indeed, by definition of the closure
and the continuity of A this implies that there exists Z € K, (Xp) such that

@) _

1Z|lr — VKN

which by the definition of Amin (A, KCs (Romg)) implies that (10) holds with constant
C3 =8.

To construct Z satisfying (18), define

W — (ho, €;) A ( L)*7

I llIes, ho)l N

where i € [K] is chosen to satisfy (17). It follows directly from the definition of W that
[WlF = 1. We observe that A (W) = 0 as for each k € [K] and i € [n] we either
have (eg,by;) = 0 or (mé-,i,ckﬂ) = 0. Denote by T' = T, the tangent space of the
manifold of rank-one matrices at Xo = hom as defined in (13) and by Pr and Pp. the
corresponding orthogonal projections. It follows that

IPr Wl = |[Prs <e (IImHI) ) .
i
g (i) |
1~ |(ho, e)| \/1‘ mo, L” ‘

(19)
S\/1 [mo, o] H\”
1 [mt

= ||

(17)

< —.
- 2KN

Thus we have shown that W, an element of the null space of A, is close to the tangent

space 1. We will now show that for § = 2 K ~

Z = —Bhomg + W,

18



lies in the closure of the descent cone K, (homf). For that, we observe that

—Re ((Z, homg)) = B — Re ((W, homg) )

_ (ho, €;) ' * .
=F+Re <|mf||<ho,ei>| e () ”‘°m0>F>

<h0,€i> L)
— B4 Re— 08 . .
e (e e i
=B+ [{ho, i)l
> p

(19
> |[PraWl
= [[Pre 2|

and hence Lemma 4.1 entails that Z € KC, (hom{)). Moreover, note that by the triangle

inequality and by the assumption L < 1—16K N it holds that

1Zllr =[WlF =5

L
=1 -2/ —
KN

>1
5"

These observations together with A (W) = 0 yield that

L. 16 L 2) [T
lA(Z) | = A Bhom) | < 26 = 4] = < 8/ = Z]lr.

This shows (18), as desired.

4.3. Upper bound for matrix completion

(20)

In this section, we prove Proposition 3.6. For that we introduce sets N, a € [n1], via

No :={b € [ng] : a = a; and b = b; for some i € [m]}.

That is, N, contains all the indices of the ath row of the matrix Xy, which are observed
by the measurements. Furthermore, define by Py, € R"2*"2 the projection onto the co-
ordinates, which are contained in Ny, i.e. Py, = > yen, ev€;- By Pyi = Zbe[m]\Na eve;

we denote the coordinate projection onto [m] \ NV,.

We need the following technical lemma.

Lemma 4.4. Let V € R™*" be an isometry, i.e. V*V = Id. Assume that

m > Crrnyp® (V) log(2r).

19
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Then with probability at least 1 — O (exp (7#’2(\/))) there exists a € [n1] such that

2
1PV < o .
ning

C and Cy are universal constants.

Proof. For each a € [n1] we set Z, := {i € [m] : a; = a} and define the event

2
£y = {HPNQVH < 2m }

nin2

We will first derive a lower bound for P (€,|Z,). For that we note that [Py, V| =
[V*Pp, V. Let vq,va,...,v0,, denote the rows of the matrix V. By definition of AV, and
7, it follows that for X; := vbiv;‘i

VPNV = > vy 2 ) wvp, = > X (22)
beN, 1€Zq €7,

Here we write A < B for two symmetric matrices A and B, if and only if B — A is
positive semidefinite. By (22) it is sufficient to bound the probability of the event

{H i€T, - nln?} - >

conditionally on Z,. To bound || }_;c7, Xi| we will use the matrix Bernstein inequality
(see, e.g., [58, Theorem 6.1.1]) conditionally on Z,, which requires as ingredients

I al * |Ia| * |Ia‘
X |Z, =—V'V="—Id
B[S | = i = v =

an upper bound for o2 (Z,) := H]E[ ez, (Xi —E[X X)) ‘I} and a constant K > 0
such that || X; —E[X;]| < K almost surely. To bound o2 (Z,) we note that

> (X —E[Xi])?|Z, > X},

€7, 1€,
= (max||vb| ) ZX |Za
be 1€ZLa

il (max|vb|2)
Id

no
To|p? (V

2
n3

E <E
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where the fourth line is due to the definition of 2 (V). This implies that

0_2 (Za) < |Ia|:u2 (V) r

> 2
ny

To find an appropriate K > 0 note that almost surely

|

ning

\ A

ngax”vl .

IdH

IN

+ maXHvZH
ning  i€ns]

1
( + 1> o ]
nir i€[na)
2y (w)

IN

I A

K

)

where in the fourth line we used that fél[%);]"%”? > L= L > icfna] |lvi||>. Finally to

apply Bernstein inequality we need that the X;’s are independent conditionally on Z,,
which follows from the fact that the a;’s and b;’s are drawn independently. With these
ingredients the matrix Bernstein inequality yields that

| Za| , 2t
P(HZGZI Xl—n—QIdH ~ ICL Z 1—27’6Xp —cmin m,g

>1—2re cmin n%tz nat
p— X —_ . .
= P Zalru? (V) 202 (V)

Setting t = 57— this implies that for fixed a € [n;] it holds that

(\ ) 22 (| 3 - B < 5 )

n2
cm m
>1—-2rexp| — min i1 .
(e )
(24)
To complete the proof we restrict our attention to A := {a € [n]: |Zo| < 34—;? as it
follows from (23) that

4 7

|Ia|§—m N H ; <L+M C &, (25)
3 ieT, n2
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) o

(25),(24),
> 1-2 —
- T exp < 4rnqp?
( 3em )

and, consequently, for a € A we obtain that

P (a|Za)
Sy o
= ST Ao 16rniu? (V)

As the &,’s only depend on {bi}ieza and are hence independent conditionally on Z, this

implies that
P (ﬂeg {Ia}Z;1> =TI 7 (& [{zym)
acA acA
=[I®(& |z
acA ( )
(26) 3em
1T (2r e <7>>
algq < 16rnyp2 (V)
=(2rex o dem .
B P 16rnyp2 (V)
3cm >>|A|
V)

= log (2r) —
<exp < og (2r) T6rm 2

< (o0 (~gmmey))

where in the last line we have used assumption (21) with C; large enough. Furthermore,

note that
1 4dm 4dm
m=Y 1Tz Y Tl 2 5| ]\ A] = 5 (- 4]
a=1 ieln\A 1 "

7t almost surely. Hence, it follows that
)

implies that |A|
7.1 < -
{“}a—1> <o (~gnam

P(ﬂsg

acA
This shows that conditional on {Z,}/}, we have that almost surely
m
. >1- — -
¢ a}“1> - eXp( Corp? (V))

Ty, | = e (U q
a€A

Pl U &

a€ni)

Taking expectations yields the claim.
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Now we are prepared to give a proof of Proposition 3.6.

Proof of Proposition 3.6. For the proof we will condition on two events £ and &3, which
we will define in the following. The event &1 is defined by

& = {|AUV)|? <2UV*(F = 2r}. (27)

Observe that

m m
" ninz *
[A@VIP =2 UV, P = Y X,
i=1

i=1

where we have set X; := M2 (UV*)_, |*. Note that one has almost surely that

, 2
Xi = mm (Z Uai,k%i,k)
m k=1
nan T T
e (S et ) (3wt
k=1 k=1

RO AV

- m

IN

where we have applied Cauchy-Schwarz and the definition of w (U) and (V). Hence,
one has

* (|2
Ex, = W0VIE _ 7
m m
2 2 2 3,2 2
Ex2 < ¥ W V)rip s, Tk (U)zu V)
m m

where we used [|[UV*||% = r and the previous estimate. Hence, by the Bernstein inequal-
ity (see, e.g., [60, Theorem 2.8.4]) we obtain that

2

P (‘ iXi - ||UV*H%’ < t) < 2exp <—cmin {7”3#2 (t;r)nuz (V); 2 ((t;)nuz ) }) )

By setting t = |[UV*||% = r we observe that & holds with probability at least 1 —

2exp | sy )
The second event & is defined by

2
Ey = {Ela € [n1] such that ||Py, V] < ”_m}.
ning

For Cy in assumption (11) chosen large enough Lemma 4.4 then entails that P (&) >

1-0 (exp (—T S

2y ) Consequently, we can find a € [n;] (depending on the random
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sampling pattern) such that the condition defining & is satisfied.

Note that in order to prove Proposition 3.6 it is enough to find Z € K, (Xo) \ {0} such
that

lA(Z)] <8

m
Z 28
n2|| 128 (28)

because by definition of the closure and the continuity of A this implies that there is a
matrix Z € K, (Xg) \ {0} such that

B

which implies (12) with constant C3 = 8. In the following we will construct such a
matrix Z. Let z € R” be a vector such that ||z|| = 1. Then for a € [n1] as above we
define the vector w, € R™2 by
Wq 1= PNQL Va
and set (eat UV (et UV
EqW,, F €aWq, F
Wi=———2 = cows = —————¢,2"V*Py1.
[(eatl, UV Teawy, UV R 7 7 7

It follows directly from the definition of A, that A (W) = 0. In the following let
T be the tangent space of the manifold of rank-r matrices at Xy as defined in (13).
Furthermore, denote by Py = UU™* the orthogonal projection onto the column space of
U and, analogously, by P,y = VV* the orthogonal projection onto the column space of
V. Then we obtain that

[Pra Wl = [IPrs (eswg) [«
= [|Pyre;waPyo |«
= ||Pyreqwa Pyi|lp
= [Py ealll| Pyrwal
< [Py rwal,

where in the second equality we have used that Ppi M = Py M Py for all M € R™ "2
and in the last line we used that || Py ve;| < 1. Plugging in w, = Py Vm it follows that

[ProWlls < [[Pyo Py V|
= [[Pys Py, Vel
where the last line is due to Py,1 Vo = 0. The fact that |P,1|| < 1 then yields that
[ProWl < [[Px, Vel
< Pa VIl

2m

nin2

(29)

24



where for the last line we used that a € [n1] was chosen such that the condition in &
holds. This shows that W is relatively close to T. Based on W we now aim to find
Z € K, (X) of the form

Z =W — BUV*,

where 8 > 0 will be chosen in the following such that Z € K, (Xp), which by Lemma
4.1 is equivalent to —(UV*,Z)p > ||Pp.Z|« . First, we note that

2m

[PreZlls = IPro Wil < (30)

nin2
due to Ppr (UV*) = 0 and the inequality chain (29). Furthermore, we have that

—UV* Z)p =rB—(UV*W)p
(equi, UV*Yp .
’ |(eawj;,UV*>F|€awa>F (31)
=7rB+ [{equw}, UV*)p|
>rp.

=rB+(UV*

Hence, setting 8 = 2, /5" and combining (30) and (31) it follows that Z € K, K. (Xo).
This Z also satisfies (28). To see that we observe that

1Z|lp > lleawillr — BIIUV*||p
= [Jwa| — BV
= ||Py Vel - Bvr
= V|[Vz|2 = [Py, V|2 - Bvr

> 1o By
ning rning
1

> 5
2

where in the last line we used the assumption that m < % Furthermore, from

A (W) =0 it follows that

IA(2) ]| = BIAUVT) || B\/_r—%/

Combining the last two inequality chains implies (28), which completes the proof. O

o 1l

4.4. Proof of Theorem 3.1 and Theorem 3.5

As already mentioned Theorem 3.1 can be deduced from Proposition 3.3 and Theorem
3.5 can be deduced from Proposition 3.6. We only show how to prove Theorem 3.1, as
the proof of Theorem 3.5 is analogous.
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Proof of Theorem 3.1. By Proposition 3.6 and the definition of the minimum conic sin-
gular value Amin (A, K, (homg)) with probability at least 1 — O (exp (_%;ﬂ)) there is
a matrix Z € K, (hom{) \ {0} such that

A2 < Cs\[ 7 ”Z”F (32)

and such that X; := hom{ +tZ obeys || X¢|l« < |[homf|« for all 0 < ¢ < 1. Next, set

e, = LA(Z). Then for y, = A(hom{) + €; we have that
> ~ t
14 (%) = 3l = I4.(2) — el = SIA2) .

Hence, by setting 7y := ”’4%2—2)" we observe that [|.4 (X't) — y¢|| = t7p. Furthermore, note

that
- (32) ¢ 2try [KN
Xt = Xollp =ItZ|lr == = IIA(Z) | = —
Cs Cs L
Now let 0 < 7 < 79. Then by setting ¢t = %, X = X;, y := ys, and e := ¢; the desired
claim follows. O

5. Stability of blind deconvolution

5.1. Outline of the proof and main ideas

The goal of this section is to prove Theorem 3.7. We first give a proof sketch and present
the key ideas. We have seen in Proposition 3.3 that for certain isometries B € CL*¥ with
high probability one has that Amin (A, ICx (homy)) < KL—N Hence, applying Theorem
2.4 cannot lead to very strong error estimates. However, if we closely inspect the proof
of Proposition 3.3 we observe the following. Again, denote by T the tangent space
of the manifold of rank-1 matrices at point hom as defined in (13) and assume that
llhol| = [lmol|l = 1. By construction we have that Z = W — Bhomg, where W =
h € 1\ * .. .
mei (mi")". This implies that

(ho, €:) \* 2
—— L e, (m; ) ,homy ‘—0— hom
7) ||777J'H|<h0,€z>|e (m ) omo)F| + Bllhomg ||

= |(ei, ho)llmi"|| + Bllhomg ||
< M L
~ f

where we have used the triangle inequality in the first line and the definition of mJ- in the

[(Z, homg) F|

_—+6

second line. In the third line we used that ||m;|| < 1, |{e;, ho)| < \/_, and B8 = /.
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> PO . (Z,ho’m6>p
As || Z||F 2 1 this implies that TZTeThomale

are almost orthogonal to each other. All the descent directions Z with this property,
however, have in common that the admissible descent step size

is quite small, meaning that Z and homg

to :=max {t > 0 : ||homg + tZ||« < ||homg||«}

is necessarily very small. Geometrically this corresponds to the fact that the nuclear
norm ball is curved near Xy, which is why its near-tangential behaviour only holds
locally. This will be made precise in Lemma 5.7 below. For this reason the idea of the
proof of Theorem 3.7 is to split the descent cone into two parts. One part will consist
of all the matrices aligned with homg. The second part will consist of all remaining
matrices, which are almost orthogonal to hom{. As mentioned above, these matrices
must necessarily be close to T'. The first part is captured by the set £, 5 with

~Re ((Z, hom) )
Ihomi i

Euns = U {Z € Ky (homg) : 6 <

ho€H,moeCN

and ||Z]|F = 1},

where § > 0. In Section 5.2 we will show that with high probability it holds that
62
inf |A(2)|| 2 ——- 33
1 A2 i (33)
Hence, if we have for the minimizer X of (3) that X — homy is an element of the conic
hull of £, 5 we can proceed similarly as in [11] to obtain near-optimal error bounds. Let

us briefly explain which property of £, 5 allows us to show (33). We define for any matrix
W e CE*N its || - || g,-norm by

L
Wi, = > [W*b].
=1

In other words ||W||p, is the ¢;-norm of the vector (HW*bgH)f:l. We show in Lemma 5.5
below that all Z € &, s have rather large ||- || p,-norm, which entails that the mass of the
vector (||W*by||)f_, cannot be concentrated on only very few entries. This in turn will
allow us to employ a non-i.i.d. version of Mendelson’s smalll bal method [35], allowing us
to show a lower bound for (33), see Lemma 5.6 below. To understand the behaviour on
the second part recall from Proposition 3.3 that for matrices Z/||Z||r € Ky (hom§) \ Eus
the quantity ||.A (Z) || may be quite small, so a uniform bound is not feasible. However,
as Z is almost orthogonal to homg, also |Ppr. Z||s« must be rather small because of the
characterization of the descent cone, Lemma 4.1. Hence, Z is close to the tangent space
and is almost orthogonal to hgmg. For that reason, whenever ||hom{ + tZ||. < [[homg]|«
holds, the cylindrical shape of the nuclear norm ball implies that ¢ > 0 is small. This
fact is captured by Lemma 5.7 below. Theorem 3.3 can then be proven by combining
inequality (33) and Lemma 5.7, see Section 5.3.
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5.2. A lower bound for the minimum conic singular value

First we recall the notion of Gaussian width (see, e.g., [60]).

Definition 5.1. For a set £ C CK*N jts Gaussian width is defined by

w (&) :==E |sup Re((X,G)r)|,
Xe&
where G € CK*VN is q matriz, whose entries are independent and identically distributed
random variables with distribution CN (0,1).

This definition allows us to state the following lemma, which is important for our
analysis of the conic singular value. It relies on a uniform lower bound on the number
of measurements whose magnitude is larger than a certain constant and is a variant of
Theorem 2.1 in [35].

Lemma 5.2. Let £ C CEXN be a symmetric set, i.e., € = —E. For all £ >0 and t > 0
it holds with probability at least 1 — exp (721‘2) that

, , L dw (€)
inf | {¢ e [L]: \<bgc;,X>F|zg}‘z inf | Y P (|(beci, X)p| > 26) | — —tVL.
=1

Xe€ Xe€ ¢
(34)

Hereeq,...,er are independent Rademacher variables, i.e., random variables which take
the two values +1 each with probability %

The proof of the Lemma 5.2 is based on a variant of Mendelson’s small-ball method and
proceeds in analogy to [35]. We have deferred a detailed proof to Appendix A. In order
to apply Lemma 5.2 we need to estimate the first term of the right-hand side of Lemma
5.2. Such an estimate can be derived using the Paley-Zygmund inequality as in [35]. For
the sake of completeness we have included a proof in Appendix B.

Lemma 5.3. Let X € CKXN be an arbitrary matriz. Then for all € > 0
- 9
D P (Ibeci, X)p| 2 2€) > o [{L € [L] [ X70 > 48},
(=1

In order to use Lemma 5.3 we need a lower bound for | {¢ € [L] : [|X*by|| > &} |. This
will be achieved by the next lemma. For the statement of this lemma and its proof we
will need to introduce the following notion. We define for any matrix W € CKXV its
| - |l B, .,~quasinorm by

Wl = sup §{Ce[L]: W bl = £} |.

That is, [|W|B,,, is the weak £;-norm of the vector (||W*bgH)ZL=1. (For a more detailed
discussion of the weak £1-norm see, e.g., [22].) A direct consequence of this interpretation
is the inequality (see, e.g., [20, Proposition 2.10 and Exercise 2.4])

W5y, < W5, <log(el) [W]p,,,- (35)
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Lemma 5.4. Let Z € CE*N such that | Z||r = 1. Then it holds that

121, |, 12l
Llog(eL) J | = log? (eL)’

{eew 1z >

Proof of Lemma 5.4. Choose £* such that
121181 = & 1{€ € [L]: [ Z270]| = €7} . (36)

As [{€ € [L]: ||Z*b| > €*}| < L it follows that

SR P 7
~ L T Llog(elL)’

where we also used inequality (35). We observe that

1= 2%

L
=Y lz7bl?
=1

> {Lell]: |27 > €|

(36) 1Z11%, .,
[{eelL]: [[Z27be| = €} ]
(3>5) 1211,

log? (eL) [{¢ € [L] = [|Z7bel| > €} |

where for the second equality we used the identity ZZL:1 beb; = Id. Using inequality (37)
and rearranging terms it follows that

){156 (L] [|1Z70e]| = ﬁ}h [{ee[L]: 2% > €} | > 1211,
' = Llog(eL) | | — ' el = = logZ (eL)’

which completes the proof.

The next lemma gives a bound on Zir;:f 1Z] B -
€&u,6

Lemma 5.5. It holds that
oL
—’u .

inf [|Z >
zé%#,é” B, >

Proof. Let Z € £, be arbitrary. By definition of £, 5 there is hg € H,, and mg € cN
such that Z € K, (homg) and such that the inequality

—Re ({(Z, hom{) F)

0 <
lhomg||
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holds. It follows that
—Re((Zmo, h0>)
[homl»
_ = ia Re ((Zmo, be) (be, ho))
[hom||

(max|<h0»be>|> SE L [Zmo, b

Le[L]

0 <

)

N lhomg |l
where for the second equality we have used that S5, byb} = Id. Note that for all £ € [L]

it holds that
[(Zmo, be)|

[[mol|

Hence, by the previous inequality chain it follows that

< || Z7b]-

hg, b
?GI?L)](K 0,b0)| L

I

0 < ——p——— ) 2%l < —=[Zl|B,,

ol 2= NAL
where in the last inequality we used the definition of p and ||Z||z,. Rearranging terms
and taking the infimum over all Z € &, 5 yields the desired inequality. d

Having gathered all the necessary ingredients we can state and prove the main lemma
of this section.

Lemma 5.6. Let § > 0. Assume that

6
L>C (%) (K + N) log® (eL), (38)
Then with probability at least 1 — exp (7%) it holds that
62
inf ||A(Z)] 2 ———. 39
ZIG%MH )1z o (1) 12 (39)

C1 and Cy are absolute constants.

Proof. Our goal is to apply Lemma 5.2. In order to apply it we first derive a lower
bound for the first term on the right-hand side of inequality (34). For that recall that
by Lemma 5.5 it holds that

5VL

inf ||Z||g, > ——. 40
Zlegml\ B, > . (40)
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Thus, for any Z € £, 5 we obtain that

]{ZG[L]: 127be]| > ,Muig(cm)}‘z‘{(em: 1Z7bel| > L'fg”&)}’

1213,
~ log? (eL)
6L
~ plog? (eL)’

where the first inequality follows from (40), the second one is due to Lemma 5.4, and

the third one follows again from (40). Hence, by Lemma 5.3 applied with £ = m
we finally obtain that
L 5
inf P [{bec), Z)p| > —————
Z€EE, (1}:21 (< e, Z)r| 2 2v/L1n (eL)ﬂ))
9 19
> nf |dee(r]: 2% > ——2—— ‘ (41)
> [{ee i 1zn > o)
952L

~32u2log? (eL)’

Next, we need an upper bound for the Gaussian width. For that, we first observe that

Eus C U Keomg) | n{ZeC®N: |Z|p=1} =€

hoeCK moeCN

The Gaussian width of £ has been bounded in [29, Lemma 4.1], combined with the
monotonicity of the Gaussian width their results yields that

w(€,5) Sw(&) <2v/(K + N). (42)
Thus for ¢ = ﬁg(d)u we obtain from Lemma 5.2 together with (41), (42) that with
probability at least 1 — exp (—2t2) it holds that

9Ls? 2log (eL) py/L (K + N
inf | {0€ (L]0 (e, Z)r] = €} 2y 2oV EKAN) 7
Z€€,5 32log” (eL) p? d
Ls?
2792 —tVIL,
64log” (eL) p?
where the second inequality follows from assumption (38), if the constant C; > 0
. . o 952/L .
is chosen large enough. Consequently, setting ¢ = T8 log? (eL)2 and recalling that
. o 4
(A(Z)) (€) = (bec;, Z)p we have that with probability at least 1 — exp (—W‘W)
with C5 chosen appropriately
) 9Ls>
inf |{0e[L]: |A(Z) ()] > ‘2 .
Zem{ L] 1A 2)( )|4\/Zlog(eL)/j,} 1281log? (L) p2
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Summing up we obtain that with probability at least 1 — exp <7Wiﬂ)#4)

)
inf [|[A(Z)|| > inf EE 2)(0)| 2 —=——
ZIE%MH @D Zgé 4\/—10g el) \/‘ A@2) O] = 4\/Zlog(eL)u} ‘

52
> %
~ log? (L) p?

This shows the claim. O

5.3. Proof of Theorem 3.7

As already mentioned in Section 4, in order to control all matrices Z € K, (homy), which
are almost orthogonal to homg, we need the following key lemma.

Lemma 5.7. Let hom{y € C™"*"2 be a rank-1 matriz. Assume that Z € K, (hom{)\{0}.
Then, whenever |[homg + Z||« < |[hom]|«, it holds that

1
IZ]lF < —2Re <<h0m3, —Z)F) .
121
Proof. We observe that

lhomg |17 = l[homg|l
> [lhomg + Z |3
> [lhomg + Z|%
= llhomg|l% + |1 Z |17 + 2Re ((hom(, Z) ) -

Rearranging terms yields the result. |
Now we have gathered all tools which are needed to prove Theorem 3.7.

Proof of Theorem 3.7. Having introduced all necessary tools in the last two sections we
can now give a proof of Theorem 3.7. We set § := (log eL)Q/3 p2/3a1/3. Throughout
the proof we will assume that inequality (39) holds, which by Lemma 5.6 holds with
probability at least

) ( L§* ) ) La*/3
—exp|——=——F—"—|=1—-exp| — .
P\ Cotog" (eL) it P\ Colog"® (eL) 3

Let hg € H, and my € CV. Furthermore, let X be a minimizer of (3) and set Z :=
X - homy. Note that from the minimality of X it follows that || X||, < [lhom§]|«. This

implies that Z € K, (hom{). To prove the lemma it remains to derive an appropriate
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A

upper bound on ||Z]|p. For that we will distinguish two cases, namely TZF

”ZZHF ¢Eus It % € &5, it follows from inequality (39) that

€ &, and

2 o)

log? (L) p° A
< 2 (14 (X) -l +
log? (L) p*
27
2/3 2/3
_ g™ (L) .
02/3

1ZllF <

e

)

(43)
<2

where in the second inequality we used the triangle inequality as well as Z = X - homg
and y = A (hom{) +e. In the third inequality we used that X is feasible and |le|| < 7. If

ﬁ ¢ &5, it follows directly from the definition of £, 5 that —Re ((%, ﬁ)p) <
6. By Lemma 5.7 we obtain that

1
1Z]F < —2Re (<homa, —Z>F>
e

< 28 homil (44)
< 2(log L)*3 1233 || hgmi | .
Combining the estimates (43) and (44) we obtain that
1% = hamilr = 121 < L e sl
which completes the proof. (I

6. Outlook

In this paper we have analyzed two important cases of structured low-rank matrix recov-
ery problems, blind deconvolution and matrix completion, through an inspection of the
descent cone of the nuclear norm and its interaction with the measurement operator .A.
We have shown that the conic singular value is typically quite small and, consequently,
previous analysis approaches cannot give strong recovery guarantees. For the example
of blind deconvolution we have presented a new approach based on a refined analysis of
the descent cone, showing that the nuclear norm minimization approach is stable against
adversarial noise in certain important parameter regimes and allows for uniform recovery
guarantees in the presence of noise. In our opinion our results give rise to a number of
interesting follow-up questions.

e Stability for small noise-levels: Until now, our stability result only covers
the situation that the noise level 7 is of constant order (up to logarithmic fac-
tors). For small 7, Theorem 3.1, respectively Theorem 3.5, put some barriers on
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what performance can be expected. Nevertheless, it will be interesting to exam-
ine the transitional case, that 7 is rather small, even further. For example, while
the bad conditioning for small noise levels has been established, it remains open
whether one can construct a noise vector e such that the true minimizer behaves
like the alternative (but non-minimal) solutions constructed in Theorems 3.1 and
3.5. Also the transitional behavior of the minimum conic singular values between
very small noise levels (where we established bad conditioning) and larger noise
levels (where at least for randomized blind deconvolution, we proved stability) will
be an interesting question to study.

e Extension to the rank r case: Understanding nuclear norm recovery for matrix
completion under adversarial noise remains an important open problem in the
field. While our result established that recovery guarantees for arbitrary noise
levels are not feasible, our considerations for the rank one scenario give hope that
for sufficiently large noise levels, near optimal guarantees are within reach also for
matrices of arbitrary rank.

Similarly, a natural generalization of blind deconvolution is the problem of blind
demixing [44, 28], where one observes a noisy superposition of several convolutions,
that is, y = >\, w; * x; + e. The corresponding low-rank matrix formulation can
be interpreted as a rank r version of the randomized blind deconvolution problem.

We expect that a rank r version of Theorem 3.7 will apply to both these scenarios,
which is why we consider this a very promising direction for future research.

e Extension to other low-rank matrix recovery models: Various other low-
rank matrix models also involve incoherence in some way, for example, robust PCA
([6]) and spectral compressed sensing via matrix completion [13]. Also for these
problems, recovery results are typically proven via the Golfing Scheme and lead to
a seemingly suboptimal noise bound (see, e.g., [62, Section VI]). Can these prob-
lems be analyzed with the methods developed in this paper?

Moreover, [36] provided an incoherence based analysis of the phase retrieval prob-
lem under random Bernoulli measurements. It will be interesting to analyze this
setup with similar methods as in this manuscript.
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A. Proof of Lemma 5.2

The proof of Lemma 5.2 will rely on the following two lemmas. The first lemma is
a version of Mendelson’s small-ball method for non-i.i.d. measurements. In order to
state it let Xi,..., X be independent, matrix-valued random variables defined on a
probability space (€2, ). For every measurable, real-valued function f and for every
& > 0 we define the quantity

L
Qe (N =) P(f(X)2¢).
=1
Lemma A.l. Let X1,...,X; € CE*N be independent random variables and F be a

set of real-valued functions, which are measurable with respect to (2, ). Let t > 0 and
&> 0. Then with probability at least 1 — exp (—2t2) it holds that

. M 2
}1612 {{e[l]: f(Xy) =&} ‘ > ;2;_@25 (f) - EE

L
sup » _eof (Xn} — VI,

=

where €1,...,er, are independent Rademacher variables, i.e., random wvariables which
take the two values +1 each with probability %

The proof of Lemma A.1 is exactly analogous as the proof of the original small-ball
method [35], see Section A.1. The second auxiliary lemma, proved in Section A.2,

relates the quantity E | sup 2521 eof (X[):| in the blind deconvolution framework to the
fer
Gaussian width (cf. Definition 5.1).

Lemma A.2. Let £ C CEXN | Then it holds that

L
sup Re (Z bZXCg>:| =w(f).

E

Xee& -1

With these lemmas we can now prove Lemma 5.2.

Proof of Lemma 5.2. Set X := byc for all £ € [L] and define

F={|(M,)p|: M €&}
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Then, by a direct application of Lemma A.1 we obtain that with probability at least
1 —exp (—2t2) it holds that

Ai{nefg' {te[L]: M, bec;)F| > f}‘

L (45)
2
> inf P (|{bec;, M)p| > 2§) | — =E | sup eo|(bect, M) p|| — tVL.
g, (35 a0 2 20)) - 22 s 3 0
To bound the second summand, we observe that
sup eel(beci, M) |
e ; f
L L
sup ZedRe (bec;, M)p)|| +E sup ngﬂm( becy, M) ) |
Me€ ;= Meg =
L (46)
=2 E | sup Zeg\Re (becy, M) F) |
Me& ', =]
L
=2 E | sup eeRe ({bec;, M) p
Mesz o M)r)
=2w (€)

where in the third line we used that Re ((b,c;, X)r) and Im ((bec;, X)) have the same
distribution. The fourth line follows from the symmetry of the set £ and the last line is
due to Lemma A.2. Combining (45) and (46) finishes the proof. O

A.1. Proof of Lemma A.1

We directly trace the steps of the proof of Theorem 1.5 in [35]. In the following 14
denotes the indicator function, which takes the value 1, if the event A occurs and the
value 0 otherwise. Note that

L
13 ‘ {eelLl]: (X)) >¢} ‘ =&Y Lipxozey-
/=1

Taking the infimum we observe that by the definition of Qg

et [ {ee(L]: 1 (X)) 26|

L (47)
2¢Inf Qog () =€ sup ; (P(f (Xe) > 26) = Lsex2e)) -
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The bounded difference inequality (see, for example, [4]) implies that with probability
at least 1 —exp (—2t2) it holds that

sup £(Xe) > 26) — Lijxys

feF; (F(X0)>€})
supz Xg > 26) — ]]'{f XZ >§}) +t\/f (48)
fGJ:Z 1

=E |sup Z [Lirxozee] — Lipxoze) | + VI
fefé 1

To deal with the expectation we will use the function W¢ : [0,4-00) — R defined by

0 0<u<g
Te(u)=qgu—§ €E<u<2e.
1 u > 2

We observe that W¢ is Lipschitz continuous with Lipschitz constant 1/£. Furthermore,
for all u € [0,+00) it holds that Ly,>9¢) < We(u) < Lygy>¢). Combining this mono-
tonicity relation with Gine-Zinn symmetrization (see, e.g., [59, Lemma 2.3.1]) and the
Rademacher comparison principle for Lipschitz continuous functions (see, e.g., [42, Equa-
tion (4.20)]), we obtain that

sup Z [Lpxpzae] — 1{f<xf>>£})]
fe}'é 1

supz Xp))] - W (f(Xe)))]

feF i 4

sup Z er¥e ( (Xé))]

feF 4

Sup Z eof Xz)]

Together with the inequality chains (47) and (48), this completes the proof. O

<2E

J"\Il\.’)

A.2. Proof of Lemma A.2

First, we observe that

sup Re (Z bZXc[)

Xe&

~

L
=E |sup Re ((X, szcz>F>:|
/=1

Xe&
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Note that due to the definition of w (£) in order to finish the proof it is enough to show
that the entries of the matrix X = ZeLzl bec; are independent and identically distributed
with distribution CA (0,1). For that, let (z,j) € [K] x [N] and compute that

L L
lex (Z bgc;) ej|2} Z efbebjeE | |c£ej| Ze bebje; = 1.
=1

=1

This implies that e} (25:1 bgczf) e; € CN(0,1). It remains to show that the individual

entries of the matrix >, byc} are independent. For that, we set

m L
X = <Z bgC}f) =e (Z bgC}?) €;
=1 ij =1

Now let (i,7), (¢, 7 [K] [N] such that (¢,7) # (¢/,5'). Our goal is to show that
E[X;; Xy /] =0. If j # j this follows immediately from the observation that cje; and
cje; are independent for all £ € [L]. Now assume that j = j'. Then we can compute
that

L L
E [Xi,jyi’7j/] = Z e;-kbgbzfe,-/|czej|2 = Z efbebjes = 0.

Hence, we have shown that all entries of the matrix X are uncorrelated. As the entries
of X are jointly Gaussian this implies that they are independent, which completes the
proof.

|

B. Proof of Lemma 5.3

Proof of Lemma 5.8. Let £ € [L] such that || X*b,|| > 4¢. Using the Paley-Zygmund
inequality (see, e.g., [16]) we obtain that

* * 1 *
P (00t X021 2 26) > F (1007, X0l > 170

(E [|(becy, X)r|2] — 311 X*b)|2)”
- E [[(becs, X) p|*]
(Xl = HIXRR)® 9

2[Xbel[" )

(We used that E|(becj, X)p|* = || X*be||* and E|(bec}, X) p|* = 2||X*be||*, which is due to
(becy, X)p ~ CN (0, || X*be|]).) Summing over all £ € [L] such that [ X*b| > 4¢ yields
the claim. d
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