Polar Deconvolution of Mixed Signals

Zhenan Fan[l] , Halyun Jeong[2] , Babhru Joshi[3] , Michael P. Friedlander[1, 3]

Abstract—The signal demixing problem seeks to sep-
arate a superposition of multiple signals into its con-
stituent components. This paper studies a two-stage
approach that first decompresses and subsequently de-
convolves the noisy and undersampled observations of
the superposition using two convex programs. Proba-
bilistic error bounds are given on the accuracy with
which this process approximates the individual signals.
The theory of polar convolution of convex sets and
gauge functions plays a central role in the analysis and
solution process. If the measurements are random and
the noise is bounded, this approach stably recovers low-
complexity and mutually incoherent signals, with high
probability and with near optimal sample complexity.
We develop an efficient algorithm, based on level-
set and conditional-gradient methods, that solves the
convex optimization problems with sublinear iteration
complexity and linear space requirements. Numerical
experiments on both real and synthetic data confirm
the theory and the efficiency of the approach.

Index Terms—signal demixing, polar convolution,
atomic sparsity, convex optimization

I. INTRODUCTION

The signal demixing problem seeks to separate a super-
position of signals into its constituent components. In the
measurement model we consider, a set of signals {xf}le
in R™ are observed through noisy measurements b € R™,
with m < n, of the form

k
b= Mz% +n with 2% ::Zx?. (1)
i=1

The known linear operator M : R™ — R™ models the
acquisition process of the superposition vector achs The
vector n € R™ represents noise uncorrelated with the data.
This measurement model and its variations are useful for
a range of data-science applications, including mixture
models [1], [2], blind deconvolution [3], blind source sepa-
ration [4], and morphological component analysis [5].

A central concern of the demixing problem (1) is to de-
lineate efficient procedures and accompanying conditions
that make it possible to recover the constituent signals to
within a prescribed accuracy—using the fewest number of
measurements m. The recovery of these constituent signals
cannot be accomplished without additional information,
such as the latent structure in each signal xE We build
on the general atomic-sparsity framework formalized by
Chandrasekaran et al. [6], and assume that each signal
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xE is itself well represented as a superposition of a few

atomic signals from a collection .4; C R™. In other words,
the vectors {z?}*_| are paired with atomic sets {A;}%_,
that allow the decompositions
xf = Z Cal, Cq >0 VaeA;, (2)
acA;

where most of the coefficients ¢, are zero. This model of
atomic sparsity includes a range of important notions of
sparsity, such as sparse vectors, which are sparse in the
set of canonical vectors, and low-rank matrices, which are
sparse in the set of rank-1 matrices with unit spectral
norm. Other important generalizations include higher-
order tensor decompositions, useful in computer vision [7]
and handwritten digit classification [8], and polynomial
atomic decomposition [9)].

A common approach to recover an atomic signal is to
use the gauge function

Yal(x) ::igf{an |z = ana, cq >0 VaEA},
acA acA
where A is the atomic set for z. This gauge function is

central to the formulation of convex optimization pro-
cess that provably leads to solutions that have sparse
decompositions in the sense of (2). The properties of
gauges and their relationship with atomic sparsity have
been well-studied in the literature and are outlined in
Chandrasekaran et al. [6] and Fan et al. [10]. The typical
approach to the demixing problem is to combine k separate
gauge functions, each corresponding to one of the atomic
sets {A;}F_,, as a weighted sum or similar formulations.
We instead combine the k separate gauge functions us-
ing a special-purpose convolution operation called polar
convolution, that can reflect the additive structure of the
superposition, as defined in (1).

A. Polar convolution

For any two atomic sets A; and Ay, the polar convolu-
tion of the corresponding gauge functions is

(s 074)(@) = _inf masx {4, (21), 7y (@2) | 7= 21 22}

The resulting function is the gauge to the vector sum A; +

AQ, i.e.,

Ya; CVay = Vag+455 (3)
see [11, Proposition 6.2]. This convolution operation was
first described by Rockafellar [12, Theorem 5.8] as a
convexity-preserving operation for general convex func-
tions. Friedlander et al. [11] specialized this operation
to the family of gauge functions and describe significant
properties that accrue when the convolution is used in that
context.



Fig. 1. The sum of two atomic sets. The sum A; + A2 is the
unit level set for the polar convolution ya, ¢va,, i.e., A1 + Az =
{alva;0745(a) <1}

The subdifferential properties of polar convolution fa-
cilitate our analysis and allow us to build an efficient
algorithm that is practical for a range of problems. In
particular, the polar convolution decouples under a duality
correspondence built around the polarity of convex sets.
The polar to a convex set C C R”,

C°={yeR"|(z,y)<lforallzeC},

contains a dual description of C in terms of all of its
supporting hyperplanes. Under this dual representation,

Var+a2)° = Vag + a3,

which implies that the subdifferential decouples as
OVay +az° = 0Yas + 07ag. Thus, a subgradient computa-
tion, which is central to all first-order methods for convex
optimization, can be implemented using only subdifferen-
tial oracles for each of the polar functions 7y .. We show in
Section V how to use this property to implerﬁent a version
of the conditional gradient method [13], [14] to obtain the
polar decomposition using space complexity that scales
linearly with the size of the data.

B. Decompression and deconvolution

The principle innovation of our approach to the demix-
ing problem (1) is to decouple the recovery procedure into
two stages: an initial decompression stage meant to recover
the superposition xlfg from the vector of observations b,
followed by a deconvolution stage that separates the re-
covered superposition xi into its constituent components
{}%_ . We couple the convex theory of polar convolu-
tion [11] to the theory of statistical dimension and signal
incoherence to derive a recovery procedure and analysis
for demixing a compressively sampled mixture to within a
prescribed accuracy.

a) Stage 1: Decompression: The initial decompres-
sion stage is based on the observation that because each
signal xf is A; sparse, the superposition zhs must be sparse
with respect to the weighted vector sum

Ag=3F NA = { S Nai |6 € A, U{0}, i€ l:k} (4)
of the individual atomic sets A;. The positive weights A;
carry information about the relative powers of the indi-
vidual signals, and serve to equilibrate the gauge values of

each signal. Thus, the weights \; are defined so that for
each i € 1:k,

o (#) = 4, (). (5)
The initial decompression stage solves the convex opti-
mization problem

(P1)

where the parameter @ > 0 bounds the acceptable level of
misfit between the linear model Mz and the observations
b, and correspondingly reflects the anticipated magnitude
of the noise 7. It follows from (3) that the objective of (P1)
is in fact the polar convolution of the individual weighted
gauges:

minigﬁze Ya,(z) subject to | Mz —b|2 < a,
TER™

Yas(T) = Vaya; ©Vr0as @ ©Vapa, (7).
Proposition 2 establishes conditions under which the so-
luhtion x¥ to (P1) stably approximates the superposition
Ts.

b) Stage 2: Deconvolution: The solution z% of
the decompression problem (P1) defines the subsequent

convex deconvolution problem

o . k
minimize max 7,4, (z;) subject to > . | x; = x% (P2)
Ty, Tk 1€1:k -

to obtain approximations z} to each constituent signal xf

In both stages, a variant of the conditional-gradient
method provides a computationally and memory efficient
algorithm that can be implemented with storage propor-
tional to the number of measurements m [10]. We describe
in Section V the details of the method.

C. Prior work

The history of signal demixing can be traced to early
work in seismic imaging [15] and morphological component
analysis [5], [16], which used 1l-norm regularization to
separate incoherent signals. More recently, McCoy and
Tropp [17], [18] and Oymak and Tropp [19] proposed a
unified theoretical framework for signal demixing using
modern tools from high-dimensional geometry.

McCoy and Tropp [17] analyzed the recovery guarantees
of a convex program that can reconstruct k& = 2 randomly-
rotated signals from a full set of noiseless observations,
ie., m = n and ||| = 0. McCoy and Tropp [18] sub-
sequently extended this framework to demixing £ > 2
randomly-rotated signals from noisy measurements, as
modeled by (1). Oymak and Tropp [19] considered a
demixing problem similar to (P2) that also incorporates
the measurement operator M, and provided guarantees for
demixing two unknown vectors from random and noiseless
measurements. We build on this line of work by providing
explicit recovery error bounds in terms of the complexity
of the signal sets and the number of measurements. Our
analysis allows for any number of individual signals k& > 2.
We postpone to section IV-A a detailed comparison be-
tween our results and earlier work.

Early work on demixing sparse signals implicitly as-
sumed some notion of incoherence between representations
of the signals. This concept was made concrete by Donoho
and Huo [20], and subsequently Donoho and Elad [21],



who measured the mutual incoherence of finite bases
via the maximal inner-products between elements of the
sets. Related incoherence definitions appear in compressed
sensing [22], [23] and robust PCA [24], [25]. In this paper
we adopt McCoy and Tropp’s [18] notion of incoherence
as the minimal angle between conic representation of the
individual signals.

D. Contributions and roadmap

Section II shows that the decompression problem (P1)
can stably recover xi Proposition 1 characterizes the
recovery error in terms of the overall complexity of the
signal, provided the measurements are random. This result
follows directly from Tropp [26] and a conic decomposition
property particular to polar convolution.

Section IIT shows that the deconvolution problem (P2)
can stably approximate each xE The bound in the recovery
error is given in terms of the error in the initial decom-
pression process and the incoherence between signals as
measured by the minimum angle between conic representa-
tions of each signal; see Proposition 2. This result requires
a general notion of incoherence based on the angle between
descent cones, first analyzed by McCoy and Tropp [18].

Section IV shows how a random-rotation model yields
a particular level of incoherence with high probability; see
Proposition 5. We develop the recovery guarantee under
the random-rotation model; see Theorem 1. These results
are verified numerically in section VI-A.

Section V outlines an algorithm based on conditional-
gradient and level-set methods for computing the decom-
pression and deconvolution process. The worst-case com-
putational complexity of this process is sublinear in the
required accuracy. Numerical experiments in Section VI on
real and synthetic structured signals verify the efficiency
of the approach.

The following blanket assumption holds throughout the

paper.

Assumption 1 (Measurement model). The linear
model (1) satisfies the following conditions: the linear map
M : R™ — R™ has i.i.d. standard Gaussian entries; the
noise vector n satisfies ||n|l2 < « for some scalar a; and
the relative signal powers {\;}_, satisfy (5).

Proofs of all theoretical results are given in Section A.

II. DECOMPRESSING THE SUPERPOSITION

As shown in Section I-B, under the assumption that the
individual signals xf are A; sparse, the aggregate signal
xhs is sparse with respect to the aggregate atomic set Ag.
Thus, the decompression of the observations b in (1) is
accomplished by minimizing the gauge to Ag to within
the bound on the noise level ||n|| < «, as modeled by the
recovery problem (P1). Without noise (i.e, & = 0), the
aggregate signal xg is the unique solution to (P1) when
the null space of the measurement operator M has only a
trivial intersection with the descent cone

2" + null(M)

Fig. 2. A non-trivial intersection of D(A, ) and null(M) is required
for successful decompression. The blue shaded region represents the
shifted descent cone 't +D(A, Ib), and red line represents the shifted
null space null(M) + . If D(A,z%) N null(M) # {0} (as depicted
here) then there exists a vector & such that v4(2) < va(z%) and
Mi = Mazb.
where coneC = R, C is the conic extension of a set C. In
other words, % is the unique solution of (P1) if and only
if

Ds Nnull(M) = {0}. (6)
Figure 2 illustrates the geometry of this optimality condi-
tion, and depicts a case in which it doesn’t hold.

If the linear operator M is derived from Gaussian
measurements, Gordon [27] characterized the probability
of the event (6) as a function of the Gaussian width of
the descent cone Dy and the number of measurements m.
This result is the basis for recovery guarantees developed
by Chandrasekaran et al. [6] and Tropp [26] for a convex
formulation similar to (P1).

Intuitively, the number of measurements required for
stable recovery of the aggregate xhs depends on the total
complexity of the k constituent A;-sparse vectors scE
The complexity is measured in terms of the statistical
dimension of each of the descent cones D;: for any convex
cone D C R™, its statistical dimension is given by

8(D) =E [ projp(9)Il3 ]

where ¢ is standard normal random vector and projp, is the
orthogonal projection onto the cone D. Tropp [26, Corol-
lary 3.5] established a bound on the recovery error between
the solutions of the decompression problem (P1) and the
superposition a:hs that depends on the statistical dimension
d(Ds) of its descent cone. The following proposition is a
restatement of Tropp [26, Corollary 3.5] applied to the
decompression problem (P1).

Proposition 1 (Stable decompression of the aggregate).
For any t > 0, any solution x* of (P1) satisfies

" ~ a2 < 20 [V =1 - /(D) ~ ]

with probability at least 1 — exp(—t?/2), where [{]+ =
max{0,&}.

The statistical dimension of Dy is in general challenging
to compute. However, we show in section III-A that when
all the signals {:z:f}le are incoherent, a reasonable upper

Dy i=D(Ag,2%) = cone{d € R" |y, (2% +d) < v4.(2%) }, bound on §(Ds) can be guaranteed; see Corollary 1.



III. DECONVOLVING THE COMPONENTS

The second stage of our approach is the deconvolution
stage which separates the recovered aggregate signal into
its constituent components. In order to succesbfully sepa-
rate the aggregate x3 into its components {xh 1 using
the deconvolution problem (P2), additional assumptlon on
dissimilarity between the atomic representations of the
individual signals is generally required. For example, it
can be challenging to separate the superposition of two
sparse signals or two low-rank signals without additional
assumptions. We follow McCoy and Tropp [18], and mea-
sure the dissimilarity between signal structures—and thus
their incoherence—using the angles between correspond-
ing descent cones.

To motivate the incoherence definition, consider the case
where there are only k£ = 2 signals xli and ch If the descent
cones —D; and Dy have a nontrivial intersection, then
there exists a nonzero direction d € —D1 N Dy such that
'yAl(achl —d) < a4, (z ) and 7A2(ac2 +d) < fyAQ(acQ) which
contradicts the optimality condition required for xﬁ and
2% to be unique minimizers of (P2). Thus, deconvolution
only succeeds if the descent cones have a trivial intersec-
tion, which can be characterized using angle between the
descent cones. Figure 3 illustrates this geometry.

Obert [28] defined the angle between two cones K1 and
Ko in R™ as the minimal angle between vectors in these
two cones. It follows that the cosine of the angle between
two cones can be expressed as
cos Z(K1,KC2) = sup {{z,y) |z € K1 NS, y e KanSPL .
For the general case where the number of signals k& > 2,
a natural choice for a measure of incoherence between
these structured signals is the minimum angle between
the descent cone of a signal with respect to the remaining
descent cones.

Definition 1. The pairs {(335,
with B € (0,1] if for all i € 1:k,

-D;, Y _D;

J#i

A)YE_, are B-incoherent

cos <1-p

We use the incoherence between descent cones to bound
the error between the true constituent signals {xh} . and
the solution set of the deconvolution problem (P2). This
bound depends on the accuracy of the approximation =%
to the true superposition P < and is shown in Proposition 2

Pr0p031t10n 2 (Stable deconvolution). If the pairs
{(2%, A)Yr_ | are - mcoherent for some B € (0,1], then
any set of solutzons {zr}i, of (P2) satisfies for alli € 1:k

% —a:5||2 < et — 242/ /B,

where ©% is any solution of (P1).

In summary, a large angle between negation of a descent
cone —D; and all the other descent cones—as reflected by
a large incoherence constant S—corresponds a small error
between each x} and the ground truth a:E

A. Bound on 6(Ds) under incoherence

Proposition 1 gives a stable recovery result for the de-
compression stage. However, the recovery bound depends
on the the statistical dimension of Dg, which is challenging
to compute even when the statistical dimension of the
individual descent cone D; is known. In this section, we
show that the incoherence between the structured signals
{2"}¥_ is sufficient to establish an upper bound for §(Dy).
We start with the & = 2 case. Proposition 3 shows that
if the angle between two cones is bounded, then the
statistical dimension of the sum of these two cones is also
bounded.

Proposition 3 (Bound on statistical dimension of sum).
Let K1 and Ko be two closed conver cones in R™. If
cos Z(—K1,K2) <1-p for some f € (0, 1] then

\/m ( (K1) + )

This result generalizes to an arbitrary number of cones.

Corollary 1 (Bound on statistical dimension of sum under
incoherence). If the pairs {(x?,Ai)}le are [-incoherent
for some 8 € (0,1], then

k
5(Ds) < 8 Z

Corollary 1 shows that when the pairs {(xi, Ai)}E are
B-incoherent, §(Ds) can be upper bounded in terms of the
statistical dimension of individual descent cones.

IV. INDUCING INCOHERENCE THROUGH RANDOM
ROTATION

Proposition 2 establishes the stability of the deconvolu-
tion problem in the case that the unknown signals are -
incoherent, as formalized in Definition 1. However, except
in very special cases like randomly rotated signals, it is
not feasible to determine the incoherence constant 5. We
build on McCoy and Tropp’s random rotation model [18]
to quantify, with high probability, the [S-incoherence of
k randomly-rotated atomic sparse signals, and present a
recovery result for a randomly rotated case.

We first consider a simpler case of two general cones, one
of which is randomly rotated. Let SO(n) denote the special
orthogonal group, which consists of all n-by-n orthogonal
matrices with unit determinant. The following proposition
provides a probabilistic bound on the angle between the
two cones in terms of their statistical dimension. This geo-
metric result maybe of intrinsic interest in other contexts.

Proposition 4 (Probabilistic bound under random rota-
tion). Let Q is drawn uniformly at random from SO(n).
Let K1 and Ko be two closed convex cones in R™. For any
t > 0, we have

cos 20K, Qx) = Z (VBT + /5TKaT) +1
< exp(_mz2e)
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Fig. 3. The top row depicts two scaled atomic sets v, (CEE) - A; and the corresponding descent cones z? +D; (shifted to lie at wh) fori=1,2.

i

(c) The descent cones shifted to zf = za + xg, with D1 negated; the vector d lies in their intersection. (d) The vector d descends on both
scaled atomic sets, so that v, (acg —d) < va,(z1) and 'yAz(xg +d) < va, (acg)

We now assume that the k structured signals xf are
defined via a random rotations of k£ underlying structured
signals x7.

Assumption 2 (Random rotations). Fiz z§ and A for
1 € 1:k such that x; is sparse with respect to atomic set
A3. For each i € 1:k, assume

xf = Qix; and A; = Q;A;,
where the matrices Q; are drawn uniformly and i.i.d. from

SO(n).

Our next proposition shows that, under mild conditions,
randomly rotated structured signals are incoherent with
high probability.

Proposition 5. Supposelthat Assumption 2 holds. If
Zle Vo(D;) < (1 — 47T 7t> Vn/6 for some t > 0,
then the rotated pairs {(I?,Ai)}le are 4~ -incoherent
with probability at least 1 — k(k — 1) exp(—"52t?).

Proposition 5 requires Zle V0(D;) to scale as /n
and thus controls the total complexity of the & unknown
signals. We now state the main theorem and show that
randomly rotated vectors can be recovered using the two-
stage approach (P1) and (P2).

Theorem 1. Suppose that Assumptions 1 clmd 2 hold. For
any tl,tQ > 0, Zf Zle \/(S(Di) S (1 —47FT — tg) ﬁ/6,
then any set of minimizers {z}}F_, of (P2) satisfies

o — aflle < 4o [V =T - X, Vo) —ta] - (7)
for all i € 1:k with probability at least 1 — exp (—t%/2) -
k(k — 1) exp(—"52t3) and ¢ < 2.

The proof follows directly from Proposition 1, Propo-
sition 2, Corollary 1, Proposition 5, and the probability
union bound. We verify empirically in section VI-A the
tightness of the bound in (7).

A. Comparison of error bound

Here we compare our results to the one provided in
[18], which also developed a novel procedure to solve the

demixing problem (1). In [18], the authors introduced the
constrained optimization problem
minimize ‘MT (M Zle xT; — b) H
T1y.-,Tk 2

subject to  y(z;) < a4, (JcE), Vi € 1:k,
where MT is the Moore-Penrose pseudo-inverse of M and
showed that if n > m > Zf:l §(D;)+O(Vkn) and {xf}le
are randomly rotated as per Assumption 2, then any set
of minimizers {z}}¥_, of (8) satisfies with high probability
the bound

(8)

25 — afll2 < ClIM ]2 (9)
for all ¢ € 1:k [18, Theorem A]. To our knowledge, this
result is the first to show that stable recovery of the con-
stituent signals {zf}le is possible with high probability
provided the number of measurement grow linearly in k.
However, the constant C' in the error bound (9) could
depend on all of the problem parameters except 7. As a
comparison to Theorem 1, the error bound in (7) makes
explicit the effect of all problem parameters.

V. DECONVOLUTION ALGORITHM

We describe a procedure for obtaining solutions for the
decompression (P1) and deconvolution (P2) problems. The
procedure first solves the decompression problem (P1)
using an algorithm that doesn’t store or track an approx-
imation to a:hs, which in many contexts may be too large
to store or manipulate directly. Instead, the algorithm
produces a sequence of iterates () := b — Mz® that ap-
proximate the residual vector corresponding to an implicit
approximation z®) of :Ehs The procedure requires only the
storage of several vectors of length m, which represents
the size of the data b. As we show in section V-C, the
solution to the deconvolution problem (P2) is subsequently
obtained via an unconstrained linear least-squares problem
that uses information implicit in this residual vector.
Algorithm 1 summarizes the overall procedure.

A. Level-set method
The loop beginning at Line 2 of Algorithm 1 approxi-
mately solves a sequence of problems

v(r) = min { 3| Mz = b||* | 74, (2) <7}, (10)
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Algorithm 1 Decompression and deconvolution algo-
rithm

Input: noise level o > 0; accuracy € > 0
700
for t <+ 0,1,2,... do
(r®, p® () — DOG(r®)
if ||[r®| > v/a% + ¢ then break
7D 7O (0 — 2/2) /((p®), r®)Y)
end
(z1,...,21) ¢ solve (13) using 7 = r(®)
return (z1,...,2x)

[level-set iterations]
[solve (10) approximately]
[test e-infeasibility]

[Newton update]

[solve (P2)]

parameterized by the scalar 7 that defines the level-
set constraint. This loop implements the level-set ap-
proach [29]-[31], which constructs a monotonically-
increasing sequence {T(t)} that converges to the leftmost
root 7, of the equation v(7) = %o& which represents
the fidelity constraint of problem (P1). Under modest
assumptions satisfied by this problem, the sequence 7*) —
T« = opt, the optimal value of (P1). The tail of the
resulting sequence of computed solutions to (10) is super-
optimal and e-infeasible for (P1), i.e., a solution x satisfies

Ya,(x) < opt [Mz —b|| < vVa?+e  (11)
where € is a specified optimality tolerance. The level-set
algorithm requires O(log(1/¢)) approximate evaluations
of the optimization problem (10) (see Line 3) to achieve
this optimality condition. Each approximate evaluation
provides a global lower-minorant of v that is used by a
Newton-like update to the level-set parameter 7(9): see
line 5.

and

B. Dual conditional gradient method

Algorithm 2 dual-conditional-gradient(r). This al-

gorithm solves (P1) without reference to the primal iterate

z® | and instead returns the implied residual r® = b —

Ma®,

Input: 7

70« b; ¢ 0

fort < 0,1,2,... do

p® € T F(MAg; r®)

Ar(t) <_ p(t) — q(t)

p(f) <_ <fr(t), Ar(t)>

if p® < ¢ then break

0 < min {1, p® /| Ar® |2} [exact tinesearch on least-squares
objective]

p+D) () gt Ap(®)

q(t"l‘l) < q(f) + G(t) Ar(t)

end

) %HT’(t)HQ —p®

return () p(®) ¢(®)

[p(t) = Ma(®) with a() € 7F(MAg; 2(D)))]
[ar® = Mm@ — 2(t))]
[optimality gap ]

[ break if optimal ]

[r(tHD) = b — pma(t+1))

[q(t+D) = Ma(t+1))

[lower bound on optimal value ]

The level-set subproblems are solved approximately us-
ing the dual conditional-gradient method described by
Algorithm 2. An implementation of this algorithm requires
storage for three m-vectors

p® = Ma®, g = Ma®, O = pra®),

(A fourth vector Ar(") can be computed at each iteration.)
Implicit in these vectors are the iterate z(*) and current
atom a® € A, which in some situations are prohibitively
large to store or manipulate The main computational cost
is in Line 3, which uses the residual r® to expose an atom
in the face

F(MAs; r)=conv{p e MA | (p,r) = SUDye A, (u,r) } (12)
of the mapped atomic set MAs; C R™. Because the
exposed faces decompose under set addition, it fol-
lows from the expression (4) of Ag that F(MAg; r) =
Zle F(ANiMA;; r). Thus, the facial exposure operation
on Line 3 can be computed by separately exposing faces
on each of the individual mapped atomic sets, which can
be implemented in parallel, i.e.,

k
p) = TZ)\ipEt) where pz(»t) e F(MA; 1) Vi e 1:k.
i=1

The conditional-gradient method converges to the re-
quired optimality within O(1/¢) iterations [14]. Combined
with the complexity of the level-set method, we thus
expect a total worst-case complexity of O(log(1/e€)/e)
iterations to satisfy the optimality condition (11).

C. Exposing the signals

Once Algorithm 1 reaches Line 7, the residual vector
) contains information about the atoms that are in the
support of each of the approximations z; to the signals
2. Tt follows from Fan et al. [10, Theorem 7.1] that for all
i€ 1k,

k
x; € cone F(MA; r*), r*:= beZ:cf.
i=1

Thus, a solution of the deconvolution problem (P2) can be
recovered by solving

minimize || M Zle z;—(b—7)? (13)
L1 Tk
subject to z; € cone F(MA;; 7),

which can be implemented as a standard linear least-
squares problem over the coefficients of the atoms exposed
in each of the atomic sets.

VI. EXPERIMENTS AND NOVEL APPLICATIONS

In section VI-A we empirically verify Theorem 1 through
a set of synthetic experiments on recovering multiple
randomly-rotated sparse signals from noiseless and noisy
measurements. Note that the random rotation guarantees
incoherence among the unknown signals {xf k . We also
empirically show that random rotation is not required
for successful recovery of a class of unknown signals
with different underlying structures. In section VI-B we
separate a sparse signal and sparse-in-frequency signal.
In section VI-C we separate the superposition of three
signals: a sparse signal, a low-rank matrix, and noise.
In section VI-D we separate a multiscale low-rank syn-
thetic image.

We implement the algorithm described in Section V in
the Julia language [32] using version 1.6 to recover the
unknown signals. All the experiments are conducted on a
Linux server with 8 CPUs and 64Gb memory.



A. Stability of Demizing

We provide three experiments that numerically ver-
ify the bounds established by Theorem 1 to solve the
demixing problem (1). The experiment draws multiple
realizations of a random problem specified over a range of
parameters k (number of signals), m (number of measure-
ments), n (signal dimension) and s (the sparsity level for
each signal). Each signal xE in (1) is generated according
to Assumption 2, where each vector z7 is s-sparse with
respect to the standard basis. By construction, the atomic
sets @ € 1:k are defined to be
.Ai ZQi{iel,..
Amelunxen et al. [33, Proposition 4.5] give an upper
bound on the statistical dimension of the descent cone
for (x?,Ai), and thus for the descent cone at (z7,.4%),
for s-sparse vectors. We use this bound to approximate
the statistical dimension §(D;) of the descent cone D;
corresponding to the pair (9:5, A;). We define the maximum
absolute error

.,te, }  where

(14)

maxerr = max ||z} — 935“2
iel:k

1) Relation between m and n: We first show a phase
portrait for the noiseless case that verifies the relationship
between number of measurement m and signal dimension
n, as stated in Theorem 1. The number of signals is fixed
at k = 3 and the sparsity level is fixed at s = 5. The
phase plot is shown in Figure 4, where the horizontal axis
represents the signal dimension n € {50, 65, ...,500} and
the vertical axis represents the number of measurements
m € {50,65,...,500}. The colormap indicates the em-
pirical probability of successful demixing over 50 trials,
where we say the demixing is successful if maxerr < 1072,
The red solid curve and the blue dashed line, respectively,
approximate the graphs of the functions

k k
\/R:Z\ﬂs(pz‘) and \F:Zv(s(pi)-
i=1 i=1

The statistical dimensions of D; are approximated using
[33, Proposition 4.5], as stated above. The area above the
red curve and to the right of the dashed line corresponds
to problem parameters with successful recovery and cor-
roborates the bounds stated in Theorem 1.

2) Relation between m and k: We also show a phase
portrait for the noiseless case that verifies the relationship
between number of measurement m and number of signals
k stated in Theorem 1. The signal dimension is fixed at
n = 1000 and the sparsity level is fixed at s = 3. The
phase plot is shown in Figure 5, where the horizontal axis
represents the number of signals k& € {2,3,...,10} and
the vertical axis represents the number of measurements
m € {100,200,...,1000}. All the other settings are the
same as stated in section VI-A1. The red line corresponds
to/m = Zle \/4(D;) and shows that recovery is possible
provided the number of measurements scale as k2, when
the complexity of all of unknown signals are the same.

3) Relation between maximal absolute error and noise
level: Lastly, we show a plot for the noisy case that verifies
the relationship between maximum absolute error maxerr

Q; ~ uniform(SO(n)).

n

Fig. 4. Phase-transition plots for demixing the sum of randomly-
rotated sparse signals {xf le from noiseless measurements b. The
horizontal and vertical axes, respectively, represent the signal di-
mension n and measurement dimension m. The colormap indi-
cates the empirical probability of successful demixing over 50 trials.
The red solid curve approximately represents the mapping /m =

Zle \/6(D;) and the blue dashed line approximately represents

the position /n = Zf:l \/6(D;).
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Fig. 5. Phase-transition plots for demixing the sum of randomly-
rotated sparse signals {:cE le from noiseless measurements b. The
horizontal and vertical axes, respectively, represent the number of
signals k and measurement dimension m. The colormap indicates
the empirical probability of successful demixing over 50 trials.
The red solid curve approximately represents the mapping /m =

S VD).

and noise level « stated in Theorem 1. The number of
measurement is fixed at m = 125, the signal dimension is
fixed at n = 200, the number of signals is fixed at k =
3, and the sparsity level is fixed at s = 5. The result is
shown in Figure 6, where the horizontal axis represents
the noise level @ € {0.01,0.02,...,2} and the vertical axis
represents the maximum absolute error maxerr. The blue
curve corresponds to the mean of maxerr over 50 trials
and the yellow shaded area corresponds to the standard
deviation. The figure verifies the linear dependence of the
recovery error with the noise level, as stated in Theorem 1.

B. Separation of sparse and sparse-in-frequency signals

We make a direct comparison to the approach described
by McCoy et al. [34] and reproduce their experiment on
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Fig. 6. Error-noise plot for demixing the sum of randomly-rotated
sparse signals {xE le from noisy measurements b. The horizontal
and vertical axes, respectively, represent the noise level o and the
maximum absolute error maxerr. The blue curve indicates the re-
lationship between the empirical average of maxerr over 50 trials
and «, and the yellow shaded area indicated the empirical standard
deviation.

observation sparse sparse-in-frequency

Fig. 7. The star-galaxy separation experiment features two distinct
signal components. The image size is 601 x 601 pixels.

separating an astronomical image into a sparse and a
sparse-in-frequency signals. An n-vector = is sparse-in-
frequency if its discrete cosine transform (DCT) Dz is
sparse, where the orthogonal linear map D : R™ — R" en-
codes the DCT. Define the observations and corresponding
atomic sets
b::ri+xlhi, As ={=xe1,...,xe,}, Ag=D"A;.

The star-galaxy image shown in Figure 7 exemplifies this
superposition: the stars are well-represented by sparse ma-
trices in A, and the galaxy component is well-represented
by sinusoidal elements in Ay4. The image size is 601 x 601.
The results of the separation are shown in the second two
panels of Figure 7.

C. Sparse and low rank matrixz decomposition with struc-
tured noise

In this next example we decompose an image that
contains a sparse foreground, a low-rank background, and
structured noise. This is an example of sparse principle
component analysis [35]—[38]. Typically, the entry-wise 1-
norm and the nuclear norm are used to extract from
the matrix each of these qualitatively different structures.
Here, we treat the noise as its own signal that also needs
to be separated. We consider the observations

B=Xi+ X} + X5,
where X € R™*" is sparse, X lh € R™*"™ is low-rank ma-
trix, and X2 € R™*" represents structured noise so that

Fig. 8. Noisy chess board in-painting experiment. The image size is
596 x 596. Northwest: noisy observations; Northeast: recovered sparse
component; Southwest: recovered low rank component; Southeast:
denoising result.

Fig. 9. Multiscale low rank matrix decomposition experiment. The
matrix size is 64 X 64. From left to right: observations; recovered P;-
block-wise low rank component for ¢ = 1,...,4. All the blocks in P;
have the same size 4°=1 x 4*=! fori=1,...,4.
PX!Q is sparse, where P and () are random orthogonal m-
by-m matrices. Based on the atomic framework, we choose
the atomic sets for X1, th, and X!, respective, as

As={xE;|1<i<m,1<j<n},

A ={ww |ueR™, veR", |ulls=|v|l2=1},

An = PTAQT,
where E; ; is a m x n matrix with a single nonzero entry
(i,4) with value 1.

For the numerical experiment, we consider the noisy
chess board in-painting problem. The chess foreground is
sparse and the chess board background is low rank. The
image size is 596 x 596. The experiment result is shown
in Figure 8.

D. Multiscale low rank matriz decomposition

The multiscale low-rank matrix decomposition problem
proposed by Ong and Lustig [39] generalizes the sparse
and low-rank matrix decomposition through a block-wise
low-rank structure. Let X be an m x n matrix and P be a
partition of X into multiple blocks. Then X is considered
to be block-wise low-rank with respect to P if all the blocks
are low rank. For each block p € P with size m, x n,, let
X, denote the corresponding part of the matrix X and
let Ry, : R™*™ — R™»*"» denote the linear operator that
can extract X, from X, namely R,(X) = X,,. The adjoint
operator R : R™#»*"» — R™*" embeds an m,, x n,, matrix
into a m X n zero matrix. With this operator,

X =Y Ry(X,).
peEP

Each block-wise low-rank signal is represented by a
corresponding atomic set. By definition, each block X, €



R™»*"> is low rank, and thus X, is A,-sparse, where

Ap ={uwvT |u e R™, v € R" |ju|| = |jv|| =1}.
One and Lustig [39] propose a block-wise nuclear norm and
its associated dual norm, respectively, by the functions

- llPa=2pep 1Bl 1+ llp.00 = maxpep [[Rp()loc,
where || - ||1 and || - || are the Schatten 1- and co-norms
of their matrix arguments. It follows that the block-wise
norm || - ||p1 and dual norm || - ||p oo are the gauge and
support functions, respectively, for the atomic set Ap =
Uper BpAp.

We reproduce the synthetic model described by Ong and
Lustig, who construct the superposition B = Zle Xf,
where XZ-h € R™*" is block-wise low rank with respect to
the multiscale partitions { P; }~_,. In our experiment, we
set m =n =64, k =4, and for each ¢ € 1:k,

my,=mn, =4"1 VpeP,.
At the lowest scale i = 1, a block-wise low-rank matrix
is a scalar, and so 1-sparse matrices are included with
the atomic set Ap,. The solutions of the deconvolution
procedure Equation (P2) are shown in Figure 9.

VII. LOOKING AHEAD

The random rotation model is a useful mechanism
for introducing incoherence among the individual signals.
However, even in contexts where it’s possible to rotate
the signals, it may prove too costly to do so in practice
because the rotations need to be applied at each itera-
tion of the algorithm in Line 3. We might then consider
other mechanisms for introducing incoherence that are
computationally cheaper, and rely instead, for example, on
some fast random transform. The literature on demixing
abounds with various incoherence notions. We wish to ex-
plore what is the relationship between these and definition
of B-incoherence that we adopt. Alternative incoherence
definitions may prove useful in deriving other mechanisms
for inducing incoherence in the signals.

A significant assumption of our analysis is that the
parameters \; exactly equilibrate the gauge values for each
signal; cf. (5). In practice, however, we can only estimate
these. It may be possible to analyze how the stability in
the recovery of the signals depends on errors that might
exist in the ideal parameter choices.

APPENDIX A
PRrROOFS

This section contains proofs for the mathematical state-
ments in Section IIT and Section IV. We begin with several
technical results needed for analysis, which describe useful
properties of descent cones. Some of these results contain
their own intrinsic interest.

A. Lemmas

Lemma 1 (Properties of descent cones). Let A, A, As
be compact sets in R™ that contain the origin in their

interiors. Fizx the vectors x,x1,x2. The following properties
hold.

a) A vector d is contained in D(A,z) if and only if
there is some & > 0 such that v4(x + ad) < y.(x)
for all a € [0, a];
b) D(tA,x) =D(A,x) V7 > 0;
¢) D(QA,Qz) = QD(A, z) if Q € SO(n);
d) D(A1 + A, x1 + l‘g) - D(Al,xl) + ’D(A27£L'2) if
Yaq (r1) = YA, (w2).
Proof.
a) See [17, Proposition 2.5];
b) Tt follows from the fact that a gauge function is
positive homogenous.
¢) Because yg4 = 74(Q"),

D(QA, Qz) = cone{d | 1ga(Qz + d) < yqa(Qx) }
=cone{d|ya(z+Q"d) < vyalx)}
=QD(A,z).

d) For every d € D(A; + Az, 21 + x2), by Lemma 1(a),
there exists a > 0 such that
Yai+4, (331 + 2 + ad) < YAq+A, (371 + 372)~
Then there exists dq, ds such that d; + ds = ad and

max { V4, (21 + d1), Y, (€2 + d2) } < Yy, (1+22).
By the fact that 4 a,(x1 + z2) <
max { Y4, (1),74,(z2)} and the assumption
Ya, (1) = Y, (z2), it follows that d; € D(A;, z;),
which implies ad = dy +ds € D( Ay, 21)+D(Asz, z32).
Thus d € D(A1, 1) + D( Az, x2).

O

The Gaussian width of a set T' C R™ is defined as

w(T) =Egsup{(g,y) [y €T},
where the expectation is taken with respect to the stan-
dard Gaussian normal(0, I,,). The following lemma sum-
marizes the main properties that we use regarding the
relationship between the conic summaries 6 and w.

Lemma 2 (Properties of conic statistical summaries). Let
KC be a closed and convex cones in R™ and let Q € SO(n).
Then the following properties hold.

a) 0(QK) =4(K);

b) 6(K) =Eq [sup{(g,y) |y € CNB" }?|;

¢) w(KNB")? <4§(K).

Proof. See [33, Proposition 3.1(6) and Proposition 3.1(5)],
respectively, for (a) and (b).
¢) Indeed, we know that,
w(KNB")* = [Egsup{(g,9) |y € LNB"}]°

<E, [sup{ (9.} | y € KNE" }*]
=0(K),
where the first equality follows from the definition of
gaussian with, the first inequality follows from the
fact that E(X)? < E(X)? for any random variable

X, and the last equality follows from Lemma 2(b).
O

Our next lemma shows that if the angle between two
cones is bounded, then the norms of individual vectors
are bounded by the norm of their sum.



Lemma 3. Let K1 and Ko be two closed convex cones in
R™. If cos Z(—K1,K2) < 1= 8 for some g € (0,1], then
for any u € K1 andv € Ko,

max { [[ull, [[o] } <

[[u+ vl
f

Proof. By expanding the norm square of u+ v we can get

that
lu+ol* = [full® + [|v]]* — 2(~u,v)

= [lull® + [lol* ~ 2008(4(—u,v))IIUH||vH

> [lul® + [[of* = 2(1 = B)[full o]

= B(llull® + loll*) + (1 = B)(Jlull ~

> fmax { [[ul®, v]* },

where the first inequality follows from the definition of the

cosine of the angle between two cones. O

lvll)®

Our next lemma is a technical lemma for the expecta-
tion.

Lemma 4. Let X andY be nonnegative random variables,

then we have
E[(X +Y)?2] (\/E [X?] + VE| Y2)
Proof. By expanding the right hand side, we can get
(VEXT + \/]E[Y2])2 = E[X?] + E[Y?] + 2EX2 E[Y?]
> E[X?] + E[Y?] + 2E[XY]
=E[(X +Y)?],

where the inequality follows from the Cauchy—Schwarz
inequality. O

B. Proof for Proposition 2
For each i € 1:k, let €; = x —x and €_; 1= Y ., €.

By the deﬁnltlon of descent cone, €; € D(A;, xl) Because
{(«%, A)YE_| are B-incoherent for some 8 € (0, 1], by Def-
1n1t10n 1,

cos Z (—e€;,6—;) <1— 0.
By Lemma 3, it follows that

lei + e—ill > v/Bllell-

The desired result follows.

C. Proof for Proposition 3
In this proof, we define KC; g = K;N LBIB%" and f; g(g) =

sup{(g,u) |u € K; 3} for i = 1,2. By Lemma 2(b), we
know that the statistical dimension can be expressed as

81 +K2) = By [sup{ (9,3) | y € (K1 +Kz) NB" 1]
=B, [sup { {g,u+v) | ue Ky, v €K, lut o] <1)?]
<E, {sup{ (g,u+v) |uekKigveKyp }2}

= E, [(sup{ {g,u) | u €Ki} +sup{(g,0) [v € Koy )]

(Ve Ursto? + /Es asto?])

= 3 (VoK) + V/3(KR))

IA
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where the first inequality follows from Lemma 3 and the
fact that the supremum is always nonnegative, and the
second inequality follows from Lemma 4.

D. Proof for Corollary 1

Throught thls proof, for all i € 1 : k, we define
D; = D(Ai, z), 6; = 6(D;) and 6, = 6(>25-1 Di). By As-
sumption 1 and Lemma 1(d), we know that Ds C Zle D;,
and it follows that 6(Ds) < 01.5. So we only need to give

an upper bound for §y.;. Since cos £ ( Dy, Zk 'D; ) <
1 — 3, by Proposition 3, it follows that

1
Vore < B2 (\/51:(k—1) + v/ 5k) . (15)
Since YD, C > jz(k—1) Dj, it follows that
cosé( Dy_1, Zk 2’D)
1
2

have
\/01:(k—1) (\/51(1@ 2)+\/K>

<
Combining (15) and (16), we know that
2

Voik <872 (\/51:(1%2)‘*‘\/51«7—14' \/ﬁ)

Repeating this process, we can conclude that

ok <pT Z\F

< 1 — B. By Proposition 3, we

B (16)
(1

E. Proof for Proposition 4

Throught this proof, we define the following notations:

N Ig =K;NS" ! fori=1,2;

o ;i =K;NB" fori=1,2;

o f(WeR™™) =sup{(z,Wy)|z¢€ Ki,yeksl;

o f(WeR™™) =sup{(x,Wy) |z €K,y € Ka};

¢ O ={QeR™™:QTQ=1,}

. SOn’+ = {Q e 0, : det(Q) = 1},

e SO, ={Q €0, :det(Q) =—-1}.

Our proof consists of three steps.

First step: show that both f and fare convex and
1-Lipschitz functions. First, we show that both f and
f are convex. For any Wi, W € R™*" and any ¢ € [0,1],

FEWL 4+ (1 —t)Ws)

=sup{ (z, tW1 + (1 —t)Wa)y) |z € K1,y € K2 }
= sup { (2, tWhy) + (z, (1 - )Way) |z € K1,y € Ko }
<tf(Wh) + (1 —1) f(Wa).

So f is convex. The same reason holds for f , and thus f
is also convex. Ne>ft, by [40, Lemma 2.6], in order to show
that both f and f are 1-Lipschitz, we only need to show
that the norm of any subgradient of f or f is bounded by
1. By [41, Theorem D.4.4.2], we know that for any W €
RTLXTL’

af(W) = COHV{CEyT ‘ T e Khy € K?a <Z,Wy> = f(W)}a
Of (W) = conv {ay” |z € K1,y € Ka, (x, Wy) = f(W)}.
Since [|z|| < 1 and |y|| < 1, it is easy to verify that for
any W € R and for any Z € 9f (W)U of (W),

1Z]lFr <1,



where || - || is the Frobenius norm. Therefore, we can
conclude that both f and f are 1-Lipschitz functions.

ns) f(Q)]. First,
we give the bound on Eg uniforn(0,,) [f(Q)]L From the first

step, we know that f is convex. Then by the comparison
principle developed by Tropp; see [42, Theorem 5 and
Lemma 8], we can conclude that

EQ~unitorn(0,) [f(Q)] < IT%EGNN(O,I,L) [f(G)] , (17)

. By
expanding the uniform distribution over O,,, we can get

EQ~uniforn(0,) {f(@)]

Second step: bound Eg. uitorn(so

Next, we give the bound on Equnitorn(s0, ) [f(Q)}

= 1 Egruitorn(SO, 1) {f(Q)} + 3 EQuunitorn(50,, ) [f(Q)] 5

> %]EQNuniform(SOn,Jr) [f(Q)] ’

where the inequality follows from the fact that f is non-
negative. Combine this result with (17), we can conclude
that

]EQNuniform(SOn,_;_) |:f(Q):| < %EGNN(O,IH) [f(G):| . (18)
Then, by the Gaussian Chevet’s inequality; see [43, Exer-
cise 8.7.4], we know that

Ec-no [F(G)] S w(Rn) +w(Re) < VoK) + /3(Ka), (19)

where the second inequality follows from Lemma 2(c).
Combine (18) and (19), we can get

EQrunitorn(s0,.4) [f } <= ( 6(K1) + v/6(Ks ) (20)

Finally, by the fact that f < f and (20), we can conclude
that
( 5(K1) + /cz). (21)
Third step: concentration bound for f(Q). From
step 1, we know that f is 1-Lipschitz. For clearness, we
denote Pgunitorn(50, ;) a0d EQouisorn(so, ) as Pg and
Eq. By the concentration bounds of Lipschitz functions
over the special orthogonal group develop by Meckes; see
[44, Theorem 5.5 and Theorem 5.16], we can get that for
every t > 0,

Pq [£(Q) > Eq[f(Q)] +t] < exp(—"52¢?).

Note that a similar result can be obtained from [43,
Theorem 5.2.7]. Combining with (21), we can conclude
that for every t>0,

Pa 1@ > g5 (Vi +

EQwuniform(Son,+) [

) -I—t] < exp(—2521%).

F. Lemmas needed for the proof of Proposition 5

In this section, we present two lemmas that are needed
for the proof of Proposition 5. These two lemmas provide
probabilistic bound on the statistical dimension of sum of
randomly rotated cones.

The next lemma provides a probabilistic bound on the
statistical dimension of the sum of two cones.

Lemma 5 (Probabilistic bound on statistical dimension
under random rotation). Let K1 and Ko be two closed
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convex cones in R™. Then
P [VB + Qa) < A (VA + Vo)) |
> 1 — exp(—"g2t?)
with (1) = 1~ 2 (V0K +V/3(Ka) ) —t,

where Q is drawn uniformly at random from SO(n).

Proof. By Proposition 3 and Proposition 4. O

Our next lemma extends Lemma 5 to arbitrary number
of cones.

Lemma 6. Let Ky,...,K, be closed convex cones in R"
and let Qq, ..., Qp be i.i.d. matrices uniformly drawn from

O(n). If Y°7_, \/o(K;) < (1 4 —t) \V/n/6 for some

t >0, then
P [\/ 6( f:l QZ’CL) S 22%;:1 \/5(K¢)] Z 1-— (p— 1) exp(—"T’%Q).

Proof. Throughout this proof, we define the following
notations:
e 0; =0(K;), for all i € 1: p;

e 01:i =0 (ijl Q; j), for alli € 1: p;
e For each i € 2 : p, define the event

0= {Viui < o (Voo + V&) }
with Bi(t) =1 - & (\/oren + Vo) —t.

Our proof consists of three steps.

Step 1: bound the probability of Ey(t) A---AE,(t).
Denote the indicator random variable for E;(t) by 1g, @),
which evaluates to 1 if F;(t) occurs and otherwise evalu-
ates to 0. Then for each i € 2 : p, we have

P(Ei(t)) = E(1g, )
i—1
=Egyimr [B(Le [ {Q152)]
n—242

> E{Qj};;} [1— exp(—252t%)]
i),
where the inequality follows from Lemma 5 and the
assumption that @Q; are all independent. Extending the

bound on P(E;(¢)) to all ¢ € 2:p via the union bound, we
have

B(Ea(t) A+ A Ep(t)) > 1 — (p— 1) exp(~252£2).
Step 2: show that Es(t ) -A E,(t) implies bound

on /01y < = \F Indeed, we have
= i (i + )
< = (s (Vo + Vama) + VB
< T (Voo + Vo + V)

=1—exp(—

<l d;.
- \lﬁg(t)...ﬁi(t) ]; \/7
Step 3: show that Es(t)A- - -AE,(t) and the assump-

tion >>7 | \/6(K;) < (1 4T - t) \/n/6 implies that



Bi(t) > 47T forie2: p. We prove this by induction on
1
i. First we show that fa(t) > 47 % 1. Indeed, we have

Balt) =1 - L (Vo + Vo) —t

(et
>1- ot >4 L

Next for any i € 3 : k, we assume that 3;(¢) > 47FT for
all 2 < j < (i—1), then we have

510115 (i V) -

Finally, combining all three steps, we can conclude that

P [v (O Qi) <2377 5(’@')] >1—(p—1)exp(—252t%).
O

G. Proof for Proposition 5

Throughout this proof, we define the following notations
foralliel:k:

« D; = D(A; )

« D= D(A )
. 5 —5( i)
* Jsﬁz
By Lemma 1(c), for all 1€1l:k, we have

Di = D(QiA;, Qi}) = Q;D
Then it follows from Lemma 2(a) that
5(Di) = 6(Q{ Di) = 4.
For all i € 1:k, define
o D; == D(A;,2Y);
5 =0(X,.D)

First, fix t > 0, for each i € 1:k, define the event

D,y D | <3 (\f+ NZE ) +t
JF#i

Denote the indicator random variable for E;(t) by 1g,),

which evaluates to 1 if E;(t) occurs and otherwise evalu-

ates to 0. Then, the following chain of inequalities gives

the upper bound for the probability of the event F;(t):

P(E;(t)) = E(1g, )
=B}, E []lEi(t) | Q; Vj # Z}
> EgQy,. 1 - eXp(—%tQ)]
=1 —exp(—252t%),
where the inequality follows from Proposition 4.
Next, by Lemma 6, we know that

Vo <2y Vo 21— (k

J#i

E;(t) = cosZ

(22)

—2)exp(—22t7). (23)

12

Thirdly, for each ¢ € 1:k, define the event,

k

Dy D | < =D Voi+t

j#i i=1
By combining Equation (22) and Equation (23) together,
we can conclude that

P(Ei(t) > 1 (k— 1) exp(—252¢2).

Extend the bound on P(E;(t)) to all i € 1:k via the union
bound:

P(Ey A+ A By) > 1—k(k — 1) exp(—252t%).

Finally, by our assumption that Zle Vo(D;)

(1 . t) /1 /6, it follows that

k
SN Vet <147

we can conclude that the

Ei(t) =< cosZ

Therefore, rotated pairs

{(x )}]c | are 47 FT-incoherent with probability at
least 1 — k(k — 1) exp(—252t?).

ACKNOWLEDGMENT
The authors would like to thank...

REFERENCES

[1] S. Araki, T. Nakatani, H. Sawada, and S. Makino, “Blind
sparse source separation for unknown number of sources using
gaussian mixture model fitting with dirichlet prior,” in 2009
IEEE International Conference on Acoustics, Speech and Signal
Processing, 2009, pp. 33-36.

[2] A. Quirés and S. P. Wilson, “Dependent gaussian mixture
models for source separation,” EURASIP Journal on Advances
in Signal Processing, vol. 2012, no. 1, p. 239, 2012.

[3] A. Ahmed, B. Recht, and J. Romberg, “Blind deconvolution us-
ing convex programming,” IEEE Trans. Inform. Theory, vol. 60,
no. 3, pp. 1711-1732, 2013.

[4] T.-H. Chan, W.-K. Ma, C.-Y. Chi, and Y. Wang, “A con-
vex analysis framework for blind separation of non-negative
sources,” IEEE Transactions on Signal Processing, vol. 56,
no. 10, pp. 5120-5134, 2008.

(5] J. Bobin, J.-L. Starck, J. M. Fadili, Y. Moudden, and D. L.
Donoho, “Morphological component analysis: An adaptive
thresholding strategy,” IEEE transactions on image processing,
vol. 16, no. 11, pp. 2675-2681, 2007.

[6] V. Chandrasekaran, B. Recht, P. Parrilo, and A. S. Willsky,
“The convex geometry of linear inverse problems,” Found. Com-
put. Math., vol. 12, no. 6, pp. 805-849, 2012.

[7] M. A. O. Vasilescu and D. Terzopoulos, “Multilinear analysis
of image ensembles: Tensorfaces,” in Proceedings of the 7th
FEuropean Conference on Computer Vision-Part I, ser. ECCV
’02. Berlin, Heidelberg: Springer-Verlag, 2002, p. 447—-460.

[8] B. Savas and L. Eldén, “Handwritten digit classification using
higher order singular value decomposition,” Pattern Recogni-
tion, vol. 40, p. 993-1003, 2007.

[9] D. Carando and S. Lassalle, “Atomic decompositions for ten-
sor products and polynomial spaces,” Journal of mathematical
analysis and applications, vol. 347, no. 1, pp. 243-254, 2008.

[10] Z. Fan, H. Jeong, Y. Sun, and M. P. Friedlander, “Atomic
decomposition via polar alignment: The geometry of structured
optimization,” Foundations and Trends in Optimization,
vol. 3, no. 4, pp. 280-366, 2020. [Online]. Available: http:
//dx.doi.org/10.1561/2400000028

[11] M. P. Friedlander, I. Macédo, and T. K. Pong, “Polar convolu-
tion,” SIAM J. Optim., vol. 29, no. 4, pp. 1366-1391, 2019.

[12] R. T. Rockafellar, Convex Analysis. =~ Princeton: Princeton
University Press, 1970.

[13] M. Frank and P. Wolfe, “An algorithm for quadratic program-
ming,” Naval Research Logistics (NRL), vol. 3, no. 1-2, pp. 95—
110, 1956.


http://dx.doi.org/10.1561/2400000028
http://dx.doi.org/10.1561/2400000028

[14]
(15]

(16]

(17]

(18]

(19]

20]

21]

[22]

23]

[24]

[25]

(26]

27]

(28]

29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37)

(38]

M. Jaggi, “Revisiting frank-wolfe: Projection-free sparse convex
optimization.” in ICML (1), 2013, pp. 427-435.

J. F. Claerbout and F. Muir, “Robust modeling with erratic
data,” Geophysics, vol. 38, no. 5, pp. 826-844, 1973.

J.-L. Starck, Y. Moudden, J. Bobin, M. Elad, and D. Donoho,
“Morphological component analysis,” in Wavelets XI, vol. 5914.
International Society for Optics and Photonics, 2005, p. 59140Q.
M. B. McCoy and J. A. Tropp, “Sharp recovery bounds for
convex demixing, with applications,” Found. Comput. Math.,
vol. 14, no. 3, pp. 503-567, 2014.

——, “The achievable performance of convex demixing,’
preprint arXiv:1309.7478, 2013.

S. Oymak and J. A. Tropp, “Universality laws for randomized
dimension reduction, with applications,” IMA Inform. Infer-
ence, vol. 7, no. 3, pp. 337-446, 2017.

D. L. Donoho and X. Huo, “Uncertainty principles and ideal
atomic decomposition,” IEEE Trans. Inform. Theory, vol. 47,
no. 7, pp. 2845-2862, November 2001. [Online]. Available:
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=959265
D. L. Donoho and M. Elad, “Optimally sparse representation
in general (nonorthogonal) dictionaries via ¢; minimization,”
Proc. Natl. Acad. Sci. USA, vol. 100, no. 5, pp. 2197-2202,
2003. [Online]. Available: http://www.pnas.org/cgi/content/
abstract/100/5/2197

J. A. Tropp, “Greed is good: Algorithmic results for sparse
approximation,” IEEE Trans. Inform. Theory, vol. 50, no. 10,
pp- 2231-2242; October 2004.

A. Maleki, “Coherence analysis of iterative thresholding algo-
rithms,” in 2009 47th Annual Allerton Conference on Commu-
nication, Control, and Computing (Allerton). IEEE, 2009, pp.
236-243.

E. J. Candes, X. Li, Y. Ma, and J. Wright, “Robust principal
component analysis?” J. Assoc. Comput. Mach., vol. 58, no. 3,
p- 11, 2011.

J. Wright, A. Ganesh, K. Min, and Y. Ma, “Compressive prin-
cipal component pursuit,” IMA Inform. Inference, vol. 2, no. 1,
pp. 32-68, 2013.

J. A. Tropp, “Convex recovery of a structured signal from inde-
pendent random linear measurements,” in Sampling Theory, a
Renaissance. Springer, 2015, pp. 67-101.

Y. Gordon, “On Milman’s inequality and random subspaces
which escape through a mesh in R™,” in Geometric Aspects of
Functional Analysis. Springer, 1988, pp. 84-106.

D. G. Obert, “The angle between two cones,” Linear Algebra
and its Applications, vol. 144, pp. 63-70, 1991.

E. van den Berg and M. P. Friedlander, “Probing the
pareto frontier for basis pursuit solutions,” SIAM J. Sci.
Comput., vol. 31, no. 2, pp. 890-912, 2008. [Online|. Available:
http://link.aip.org/link /?SCE/31/890

“Sparse optimization with least-squares constraints,”
SIAM J. Optim., vol. 21, no. 4, pp. 1201-1229, 2011.

A.Y. Aravkin, J. V. Burke, D. Drusvyatskiy, M. P. Friedlander,
and S. Roy, “Level-set methods for convex optimization,” Math.
Program., Ser. B, vol. 174, no. 1-2, pp. 359-390, December 2018.
J. Bezanson, A. Edelman, S. Karpinski, and V. B. Shah, “Julia:
A fresh approach to numerical computing,” November 2014.

D. Amelunxen, M. Lotz, M. B. McCoy, and J. A. Tropp, “Living
on the edge: Phase transitions in convex programs with random
data,” Information and Inference: A Journal of the IMA, vol. 3,
no. 3, pp. 224-294, 2014.

M. B. McCoy, V. Cevher, Q. T. Dinh, A. Asaei, and L. Baldas-
sarre, “Convexity in source separation: Models, geometry, and
algorithms,” IEEE Signal Processing Magazine, vol. 31, no. 3,
pp. 87-95, 2014.

M. Fazel and J. Goodman, “Approximations for partially coher-
ent optical imaging systems,” Technical Report, 1998.

M. Fazel, H. Hindi, and S. P. Boyd, “A rank minimization
heuristic with application to minimum order system approxi-
mation,” in American Control Conference, Arlington, 2001.

Y. Pati and T. Kailath, “Phase-shifting masks for microlithog-
raphy: automated design and mask requirements,” JOSA A,
vol. 11, no. 9, pp. 2438-2452, 1994.

L. G. Valiant, “Graph-theoretic arguments in low-level complex-
ity,” in International Symposium on Mathematical Foundations
of Computer Science. Springer, 1977, pp. 162-176.

? arXiv

(39]

[40]

[41]

42]

(43]

[44]

13

F. Ong and M. Lustig, “Beyond low rank+ sparse: Multiscale
low rank matrix decomposition,” IEEFE journal of selected topics
in signal processing, vol. 10, no. 4, pp. 672—-687, 2016.

S. Shalev-Shwartz et al., “Online learning and online convex
optimization,” Foundations and trends in Machine Learning,
vol. 4, no. 2, pp. 107-194, 2011.

J.-B. Hiriart-Urruty and C. Lemaréchal, Fundamentals of Con-
vex Analysis. New York, NY: Springer, 2001.

J. A. Tropp, “A comparison principle for functions of a
uniformly random subspace,” Probability Theory and Related
Fields, vol. 153, no. 3, pp. 759-769, 2012.

R. Vershynin, High-dimensional probability: An introduction
with applications in data science. Cambridge University Press,
2018, vol. 47.

E. S. Meckes, The random matrix theory of the classical compact
groups. Cambridge University Press, 2019, vol. 218.


http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=959265
http://www.pnas.org/cgi/content/abstract/100/5/2197
http://www.pnas.org/cgi/content/abstract/100/5/2197
http://link.aip.org/link/?SCE/31/890

	Introduction
	Polar convolution
	Decompression and deconvolution
	Prior work
	Contributions and roadmap

	Decompressing the superposition
	Deconvolving the components
	Bound on Ds under incoherence

	Inducing incoherence through random rotation
	Comparison of error bound

	Deconvolution algorithm
	Level-set method
	Dual conditional gradient method
	Exposing the signals

	Experiments and novel applications
	Stability of Demixing
	Relation between m and n
	Relation between m and k
	Relation between maximal absolute error and noise level

	Separation of sparse and sparse-in-frequency signals
	Sparse and low rank matrix decomposition with structured noise
	Multiscale low rank matrix decomposition

	Looking ahead
	Appendix A: Proofs
	Lemmas
	Proof for 
	Proof for 
	Proof for 
	Proof for 
	Lemmas needed for the proof of 
	Proof for 

	References

