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CrossMark
Abstract
In compressed sensing a sparse vector is approximately retrieved from an under-
determined equation system Ax = b. Exactretrieval would mean solving a large
combinatorial problem which is well known to be NP-hard. For b of the form
Axo + €, where x is the ground truth and € is noise, the ‘oracle solution’ is the
one you get if you a priori know the support of x(, and is the best solution one
could hope for. We provide a non-convex functional whose global minimum is
the oracle solution, with the property that any other local minimizer necessarily
has high cardinality. We provide estimates of the type ||x — xo||2 < CJ|€||> with
constants C that are significantly lower than for competing methods or theo-
rems, and our theory relies on soft assumptions on the matrix A, in comparison
with standard results in the field. The framework also allows to incorporate a
priori information on the cardinality of the sought vector. In this case we show
that despite being non-convex, our cost functional has no spurious local minima
and the global minima is again the oracle solution, thereby providing the first
method which is guaranteed to find this point for reasonable levels of noise,
without resorting to combinatorial methods.
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smooth optimization
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1. Introduction

1.1. Background

We consider the classical compressed sensing problem of minimizing the cardinality card
(x) = ||x||o of an approximate solution to an underdetermined equation system Ax = b, i.e.

argmin card(x), (D)

x:||Ax—bllp<n
where 7 > 0 is some allowed tolerance of the error and x¢ lies in R” or C". Problem (1) is
NP-hard [36] and a popular approach is to replace card(x) with the convex function ||x||;, i.e.

argmin ||x|;. ()
x:[|[Ax=bll2<n

This method goes back (at least) to the 70s (see the introduction of [37] for a nice historical
overview) but received increasing attention in the late 90s due to the work by Chen et al [21]
on what they called basis pursuit, which amounts to solving

. 1
argmin { | + 1o~ i3 ®

for a suitable choice of parameter A, playing the role of 7 in (2). In fact, (3) is the dual problem
of (2) in the sense that for each 7 there is a A such that the solution of (2) and (3) coincides.
The method received massive attention after the works of Donoho, Candés and coworkers in
the early 2000, and the term compressed sensing was coined. In [14], Candés et al proved the
surprising result that, given a k-sparse vector x, and a measurement

b = Axg + ¢, 4)
where € is Gaussian noise, solving (2) yields (for a suitable choice of 7)) a vector x that satisfies
[ = xol[2 < Cil[e]]2, ©)

where Cy is a constant. Arguing that it is impossible to beat a linear dependence on the noise
(even knowing the true support of xq a priori), the estimate (5) led the authors to conclude that
‘no other method can significantly outperform this’. The result holds given certain assumptions
on the matrix A, related to the restricted isometry property (RIP) of A, which in a separate
publication (theorem 1.5, [15]) was shown to hold with ‘overwhelming probability’.

These results give the impression that the theory is more or less complete and that improve-
ments only can be marginal. However, what is not so well known is that the mentioned results
usually do not apply to regular applications of the framework. For example, that ‘statement
A(n)’ holds with ‘overwhelming probability’ only entails that the probability of A(n) being
false decays exponentially with the size n of the application, hence a statement can hold with
‘overwhelming probability’ and at the same time be false for most moderately sized appli-
cations (in some applications the dimension of the signals, in our case n, is modest. See for
instance [29]. For a more extensive survey on compressed sensing applications, see [42]). In
addition other assumptions need to be fulfilled for the ‘overwhelming probability’-results to
kick in, for example theorem 1.5 in [15] requires (according to the text below the theorem)
that k/n is of magnitude 10~%, which rules out most applications independent of whether n
is large or not. While the theory has been improved since 2005, the main problem that the
results often do not apply to standard applied settings, remains. For example the recent works
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[1, 2, 12] provide asymptotic theorems about when compressed sensing works in concrete
setups. Moreover, in [47] it was even shown that the method fails with probability tending to
1, as a function of n, if the ratio of k, n and m (the amount of measurements) is held fixed.

In addition to all this, whereas very strong recovery results were reported e.g. in [13, 20,
23] for the case of exact data b = Axy, in the presence of noise the method gives a well known
bias (see e.g. [26, 35]). The ¢ ! term not only has the (desired) effect of forcing many entries
in x to 0, but also the (undesired) effect of diminishing the size of the non-zero entries. This is
clearly visible even in the one-dimensional situation; the function R 3 x — Alx| + 1[x — xo|?
has its minimum shifted toward O from the sought point x(. This has led to a large amount of
non-convex suggestions to replace the ¢ 1-penalty, see e.g. [4, 7-10, 37, 20, 26-28, 33-35, 41,
48, 50, 53, 54]. However, among these there is no clear winner and still ¢ ' _methods seems to
be the standard choice among engineers, maybe also due to its simplicity. A fairly well-known
non-convex alternative is the minimax concave penalty (MCP) by Zhang, which was coined
nearly unbiased since the results in [52] imply that the method does find the oracle solution
with probability tending to one under the assumptions of that paper. The ‘oracle solution’ is
sort of the holy grail of compressed sensing, and aside from Zhang’s work and this publication,
there seems to be no reliable methods (with proofs) of how to find it.

1.2. Quadratic envelopes

In this paper we analyze two different methods to find the oracle solution, one which actually
coincides with Zhang’s MCP-penalty and a more intricate (and reliable) one that assumes a
priori knowledge of the sparsity level k. In fact, these two are the tip of an iceberg of possible
methods based on the ‘quadratic envelope’, which we now introduce. Consider the general
problem of minimizing

K(x) = f(x) + ||Ax — b|3 (6)

where f is some non-convex penalty and x is a vector in some linear space, not necessarily
R". The standard non-convex example mentioned in most introductions to papers on com-
pressed sensing is f(x) = p card(x) for some trade off parameter 1+ > 0. However, if the desired
cardinality k is known a priori, we can take f to be the indicator function ¢p_ of the set
Py = {x:card(x) < k} in which case (6) reduces to

argmin|[Ax — b||,. @)
card(x)<k

In [17] quadratic envelope Q,(f) was introduced, where Q; is the quadratic biconjugate
and f :V — RU {oo} can be any functional on a separable Hilbert space V; apart from the
name, this transform was introduced already in [16] and goes back to the work of Larsson,
Olsson [32]. It is defined as

()= sup {a—|x—y*: a—|-—y* <[} (8)

a€eR, yeV

see figure 1 (taken from [17]) for an illustration. An explicit form for Q, is not always possible,
but it is for the two functions that this paper examines, see (24) and (51). The quadratic envelope
has also the property that Qx(f)(x) + ||x||3 is the lower semi-continuous convex envelope of
£ (x) + ||x]|3 The relationship between

Kreg(x) = Qa(f)(x) + [|[Ax — b3 9)
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original functional f
quadratic minorants
quadratic envelope

Figure 1. Illustration of a non-convex function f (red) and its quadratic envelope Q,(f)
(black). The black graph lies slightly below for illustration only.

and the original functional in (6) was investigated in [17]. The inequality Ky < K is
immediate by (8) and will be used throughout.

Given that ||A]|p < 1 (which always can be achieved by rescaling), the main result of [17]
is that the set of local minimizers to (9) is a subset of the local minimizers of (6), and most
importantly that the global minimizers coincide?.

In the particular case of f(x) = pcard(x), which is the first instance considered in this paper,
the functional (9) has previously been introduced by Zhang [52] under the name MCP and inde-
pendently by Soubies et al [46] under the name CE/0. It also shows up in earlier publications,
for example (2.4) in [26], but it seems like [52] is the first comprehensive performance study
and [46] the first publication where the connection with convex envelopes appears. For this
choice of f, the value of the contributions of the present paper is mainly theoretical, which
goes much beyond what was previously known. In particular we show that the global min-
imizer with the MCP-penalty (i.e. Q,(card)) is the oracle solution (for an appropriate range
of the parameter p); hence it follows that the MCP is actually unbiased, not merely nearly
unbiased as claimed in [52].

To clarify what we mean by this, we note that it is easy to prove that the error in the oracle
solution depends linearly on the noise, and hence the expectation of the error will be zero as
long as the expectation of the noise is zero. In this sense any method finding the oracle solutions
will be unbiased, which justifies the title of the paper.

The second penalty under consideration in this paper, Q»(¢p,), is a new object that has only
appeared previously in earlier publications by the authors of the present article. It also has the
capacity of finding the oracle solution and the benefit that it does not rely on an appropriate
parameter choice p, as long as the model order is known. In contrast to the MCP-penalty (and
most other previously studied sparsity priors) it is not separable but assigns a penalty that

3 For the functionals considered in this paper the condition ||A||,, < 1 can be substantially relaxed, as we will explain
further below.
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depends on the number of non-zero elements. This leads to significant differences with respect
to the optimization landscape and the distribution of stationary points that we will study in
this paper. In this article we provide theoretical results of the type (5) for the two concrete
functionals Q»(card) and Q5(¢p,). A more extensive discussion of previous results concerning
MCP/CE(0 is found in section 2.1, as well as other related results on non-convex optimization.

1.3. Contributions

A clear drawback with non-convex optimization schemes is that algorithms are bound to get
stuck in local minima, and in concrete situations it is hard to determine whether this is the case
or not. In the present article we give simple conditions which imply that the global minima of
(9) for f(x) = pcard(x) is the oracle solution, and moreover that any local minima necessarily
has a high cardinality unless it is the global minima. Hence, if a sparse local minima is found
one can be sure that it is the oracle solution. In the case of f = ¢p, we take this one step further
and give conditions under which (9) has a unique local minimizer, which hence must be the
oracle solution and also the solution to the original problem (7).

To be more precise, when the ‘measurement’ b has the form b = Ax + € and x is a sparse
vector, we significantly improve the state of the art in compressed sensing in a number of ways.
Firstly, the conditions on A hold in greater generality, in the sense that our counterpart to con-
ditions such as ’small RIP-values’ or ‘small mutual coherence’ (see e.g. [30]) hold to a much
greater extent than existing theory for other approaches such as ¢'-minimization or iterative
hard thresholding (IHT). Secondly, since the global minimizer of our functionals is the oracle
solution, we obtain an estimate corresponding to (5) where the involved constants are signifi-
cantly smaller than Cy (or other constants with a similar role found in the references). Thirdly,
we show numerically that forward—backward splitting (FBS) finds this in scenarios when com-
petitors fail, thereby providing novel robust completely unbiased algorithms for compressed
sensing (at least in the setting when A has normalized Gaussian random columns).

In section 2 we present highlights from the theory, show some numerical results and com-
pare with the traditional ¢ !_method (3). In section 2.1 we give a brief review of the field. The
remainder of the paper, sections 3—5, are devoted to developing the theory.

2. Main results and innovations

Again, we will investigate minimizers of (9) for the two penalties Q»(u card) and Q;(¢p, ). We
present key findings in sections 2.2 and 2.3. First we give a brief review of the field.

2.1. Brief review of related results

Needless to say, we are not the first group to address the shortcomings of traditional ¢'-
minimization by use of non-convex penalties. In fact, even before the birth of compressed
sensing, the shortcomings of £' -techniques were debated and non-convex alternatives were sug-
gested, we refer to [26] for an overview of early publications on this issue. Moreover, shortly
after publishing the celebrated result (5), Candés, Wakin and Boyd suggested an improvement
called ‘reweighted ¢'-minimization’ [37] which also became a big success. They provide a
theoretical understanding of this algorithm as minimizing the non-convex functional

o)=Y logle+|x;])
J

where € is a parameter chosen by the user. Figure 2 shows the functions card(x), |x| and
log(0.1 + |x|) —log(0.1) as well as Q,(card). As is clear to see, log(0.1 + |x|) — log(0.1)
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Figure 2. Illustration of penalties.

is closer to card(x) than |x|, which may explain the better performance by reweighted o
minimization reported in [37, 23]. The functional Q,(card) is even closer to card(x), and while
this certainly is one reason behind the superior theoretical results reported in this paper, there is
still the issue of getting stuck in stationary points. In [46] the authors provide a macro algorithm
to avoid non-local minima. In the same vein, Zhang [52] proposes to iteratively update relevant
parameters to reach the desired global minima with higher probability.

Favorable results for Q,(u card)/MCP were reported in the recent paper [34], which com-
pares the use of MCP with /¢ Uand reweighted ¢ ! (called LSP in [34]) as well as SCAD (intro-
duced in [26] which has similar performance as MCP). The numerical results in this paper
seems also to reconfirm this, despite not employing any algorithm ensuring that we do not
converge to an undesired stationary point.

The first theoretical justification of using MCP/Q,(u card) is corollary 1 of [52], which
roughly speaking contains an algorithm which finds the global minimum of MCP with high
probability, and shows that the probability that this differs from the oracle solution is low. The
result is based on very technical assumptions involving constants c,, ¢*, d*, 4, v, 0, w?, B, and
P1, and so it seems hard to verify if this result applies in a concrete situation.

A more recent theoretical justification to support the use of MCP is given in [34] which,
under a number of assumptions, prove that (9) with Q,(u card) does have the oracle solution
as a unique stationary point with high probability, and provide an estimate of the type (5), see
corollary 1. However, as with the results of Zhang, this result relies on a number of constants
whose values are difficult to estimate, so it is hard to know when exactly the theorem applies.
In addition we note that in many practical cases the MCP formulation has local minima, see
our experimental evaluation, indicating that the assumptions made to ensure uniqueness are
very restrictive. We believe that the corresponding theory in the present paper is much more
transparent, with conditions that are more general and comparatively easy to verify, as well as
stronger conclusions. We postpone further discussion of this to section 2.5.

The papers [4, 7, 8, 38, 39] considers (6) for the cases f(x) = card(x) as well as
f(x) = tp,(x), and [4] show in particular that the FBS-algorithm applied to (6) converges to a
stationary point, but a further analysis of this point is not present. In fact, it seems to us that

6
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these papers fail to recognize that the oracle solution often is the global minimizer of both (10)
and (15), which follows from the results of this paper (see corollaries 2.1 and 2.3 respectively).

Many other non-convex penalties have been proposed over the years [9, 10, 37, 20, 26-28,
33-35, 41, 48, 50, 52—-54], and we make no attempt to review them here. The introduction of
[34] contains a recent overview. A common denominator seems to be that the penalty function
is separable, i.e. has the form p(x) = > iP (x;) where p; are functions on R (except the recent
contribution [48]). The penalty Q,(cp,) is not of this form. In fact, Q,(cp,) is the simplest of a
vast field of possible penalties introduced in [32] that can be more tailormade to the problem
at hand, neither of which is separable.

2.2. Sparse recovery via Qx(p. card)
We return to the first problem of minimizing (9) for f = pcard(x) i.e.
K, (x) == p card(x) + [|Ax — b]|3 (10)

where the parameter ;o controls the tradeoff between sparsity and data-fit. Motivated by
section 1.2 we propose to regularize K, with

K jire(x) = Qa( card)(x) + [|Ax — bl}3. (11)

The graph of Q;(card) is depicted in figure 2.

We will study uniqueness of sparse minimizers of both (10) and (11), in the sense that we
give concrete conditions such that if there exists one local minimizer x’ of (11) with the property
that card(x") < m (in a manner to be made precise), then

e 1’ is automatically a global minimizer and also a solution to (10)
e Any other stationary point x” of (11) satisfies card(x”) > card(x').

To state our results, we remind the reader that A satisfies a RIP for integer k, if any k£ columns
of A behaves approximately as an isometry, in the sense that

(1= d)llxl13 < lAx[3 < (1 + do)llx]13

for all k-sparse vectors x € R”, k € N, and some constant 0 < §; < 1. Classical results from
compressed sensing literature usually require that the numbers J; are small, something which
we have found is hard to fulfill in practice. For example, the famous estimate (5) holds under
the assumption that d3; + 394 < 2. This condition was later improved to the simpler estimate

b < V2 — 1204, (12)

(see [11]) which is the estimate currently reproduced in textbooks on the subject, such as [30].
Our numerical evaluation (see section 2.4) shows that this condition is usually not satisfied for
a Gaussian random matrix A (with normalized columns) of size 100 x 200 (a common size
for many applications), except for k = 1. The statement that RIP holds with overwhelming
probability [15] is therefore somewhat misleading.

We base the theory of this paper on the lower restricted isometry property (LRIP), basically
constituting the lower estimate of the RIP (introduced in [6]). More precisely, we define

lAx]3 .
113

1-6, = inf{ x # 0, card(x) < k} (13)

fork = 1...n. We say that A satisfies LRIP with respect to the property P, = {x : card(x) < k}
if 6, < 1. In other words A is LRIP with respect to this property if and only if any k chosen

7
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columns of A are linearly independent. Clearly 6, < d; and for Gaussian matrices inequality
typically holds, which is further discussed in section 2.4.

To give the reader an early insight into key findings, we state a simplified version of the
main result of section 4, theorem 4.9 (for the particular case N = 2k).

Corollary 2.1. Suppose that A has columns in the unit ball of R" or C", that b = Axq + €
and set card(xo) = k. Assume that the noise is small enough that the open interval

el (= dy)min jequpp 5 [ X0,
1 -6y’ 2

is non-empty. Then for any p with \/ji in the above interval, we have that

(a) Then there exists a unique global minimum x' to KC,, e, as well as IC,,, and it is the oracle
solution.
(b) We have that supp x' = supp x

(c)

lell2

(d) card(x") > k for any other stationary point x" of IC,, eq.

[[x" = xoll2 <

Moreover, if the above estimates hold for some N >> 2k we can state that x” has cardinality
higher than N — k. In other words, either the algorithm finds the oracle solution or one with
substantially higher cardinality. Although the theorem gives conditions on how to pick , the
involved quantities are generally not exactly known. For some matrix families good estimates
exist e.g. [6]. For other problems one has to proceed by trial and error (as with all to us known
CS-methods). However, in our experience, the method is very robust and finds the oracle solu-
tion for a range of y-values, as opposed to e.g. traditional ¢!-minimization (3) which gives a
different solution for each A.

Note that the conditions on ‘noise’ € and ‘ground truth’ x, are very natural; if the noise is
too large or if the non-zero entries of x, are too small, there is no hope of correctly retrieving
the support. Also note the absence of a condition forcing d,, to be ‘small’, in sharp contrast to
other results in the field such as (12) or d3, < 1/ V32 in [7] (conditions that are very hard to
satisty, see section 2.4). On the contrary, as long as d,, < 1, corollary 2.1 holds, and in order
for it to apply for some 1 one needs that the signal to noise ratio, measured as

SNR =
lell2

(14)

has to be sufficiently large, (more precisely larger than —2- 5, for then the interval in the

- 2/<)

corollary is non-void).

2.3. Sparse recovery via Qz(ip, )-

‘We now discuss the situation when the model order, i.e. the amount k of non-zero entries, is
known. This problem is also known as the k-sparse problem and studied e.g. in [7]. For sim-
plicity we restrict attention to R”, corresponding results for C" are similar but the assumptions
on A are slightly more technical (see section 5.1). As pointed out earlier the NP-hard problem
(7) can be written

Ki(x) = 1p,(x) + [|Ax — b3 (15)
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S - 05

e 1 - 05

Figure 3. Two dimensional illustrations of the functions Qy(card) (left) and Qx(¢p,)
(right).

(where the subindex k separates the notation from (10)) which we regularize with
Kiaeg(¥) = Qa(1p)(x) + || Ax — b|3. (16)

Figure 3 shows Q»(cp,) as a function of two variables (in the positive quadrant). The penalty
assigned is zero for all vectors with no more than one non-zero variable. For comparison we
also plot Q,(card). Note that Q,(card) is constant in the region where both variables are larger
than /. This shape makes it likely that iy has local minimizers of high rank. In contrast
Q> (tp,) has large gradients in this area which as we shall se makes it possible to exclude such
stationary points for Ky re,.

We first present a result where b is not necessarily given by Ax + €.

Corollary 2.2. Let A have columns in the unit ball such that no pair is orthogonal,
and assume that n > m + k + 2. Any local minimizer x' of Kr.reg then satisfies card(x’) < k.
Moreover; set 7 = (I — A*A)x' + A*D, let 7' contain the elements of 7' sorted by decreasing
magnitude, and assume that

Zeat | < (1 =285 (17)
Then x' is the unique global minimum of Ky and Ky ye,.

A similar result also holds in the situation of the previous section. The interesting point to
note is that there is a simple verifiable condition on whether a solution to (7) has been found,
given that some estimate of d,, is available (see e.g. theorem 9.26 of [30] or [6]).

Corollary 2.2 is a combination of theorems 5.1 and 5.4. We now consider the case when
b = Axp + € and we wish to retrieve xq, where card(xp) = k. By theorem 5.5, we have (for A
as in the previous corollary);

Corollary 2.3. Assume the SNR (as measured in (14)) is greater than \/3— Then the ora-
165,

cle solution is a unique global minimizer x' 10 Ky yoq with supp (x') = supp (xo) and moreover

it satisfies ||Ax' — b||, < ||€||, and

e

S i-s

/

[[x" = xoll2
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Finally, if the SNR is also greater than

1 1

— + :
1=20y " 14

Corollary 5.6 says that Ky, has no local minimizers (except for the oracle solution). An
interesting point to note is that minimizing /Cx can be seen as finding one among (Z) pos-
sible minimizers (see the proof of theorem 5.5). However, () is typically a large number,
for example if k = 10 and n = 1000 it is around 2 x 10%. The above corollary states that all
but one of these, the relevant one, disappears when regularizing with Q,(¢p,), which is rather
amazing, in the authors humble opinion. However, this clearly demands that 6,, < 0.5, to be
compared with the state of the art assumption 6y < /2 — 1 & 0.4 for when standard com-
pressed sensing results kick in [30]. In which situations is it likely to assume that either of
these hold? We try to shed some light on this in the next section.

2.4. On the size of RIP/LRIP-constants

RIP-values are notoriously difficult to estimate, which makes it hard to compare theorems in
compressed sensing. For example, the currently best known estimate for (5) was provenin [11],
and is reproduced in textbooks such as [30]. It says that C;, = 8.5 if §; = 0.2, but how likely
is that to happen? In [30] very intricate estimates in this direction are give in theorem 9.27,
which claims that the 2k-RIP constant 5 of a random Gaussian matrix A/+/m is*

I+

2
1 1
2|1+ |+ N ——
/2 In(e - n/2k) \/2 In(e - n/2k)
with probability 1 — € if
m > 21" %2k In(e - n/2k) + In(2e ™ 1)).

Now let us suppose we are interested in a very sparse signal, k = 10, and n = 1000. Then

1
1+ ~1.32
/2 In(e - 1000/20)
2
1 ~ . 2 — . ..
and (1 + W) 1.74. The equation 1.747n” + 2 x 1.32n = ¢ gives the positive
solution

n(c) = (v 1.74c + 1.322 — 1.32)/1.74.

For ¢ = 0.2, n = 0.072. Therefore we would need m > 37 878, independently on the proba-
bility degree e; this is absurd since we would like m < n = 1000.

Of course, there is the possibility that the estimates for ¢, are poor and that the reality is
different. To test this we computed values of ¢; and ;" for matrices of various size. The test
matrices where generated by first drawing elements from i.i.d Gaussian distributions and then

4 Constructing the matrix like this gives expected value of the column norms equal to 1, so is very similar to normalizing
the columns, as done in the examples of this paper.

10
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Table 1. m = 25,n = 50.

j 2 3 4 5 6
5 0.66 1.04 1.36 1.65 1.88
5; 0.66 0.79 0.87 0.92 0.95

Table 2. m = 100, n = 200.

j 2 3 4
5 0.39 0.61 0.80
55 0.39 0.52 0.62

Table 3. m = 250, n = 500.

j 2 3 4
3; 0.28 0.43 0.55
5; 0.28 0.38 0.44

normalizing the resulting columns. Note that this gives a matrix with columns drawn from a
uniform distribution on the sphere. The results presented below where averaged over 5 trials.

From table 1 we can note several interesting things. For example, d; is usually a bit smaller
than ;, and whereas the latter can become larger than 1 the former cannot, by definition. In fact,
by the definition itis easy to see that ;= 1 if and only if there are j linearly dependent columns
in the matrix. This means that with probability 1, we always have 6, < 1 for j < m whereas
0; =1 for all j > m. In particular, corollary 2.1 is applicable with probability 1 whenever
k<m/2.

The second thing to note is that we do not present very many values, which is related to
the computational time. If we were interested in computing d,o for a matrix with n = 1000, as
discussed initially, we would need to perform (') ~ 4 x 10*! SVD’s. In fact, even comput-
ing 67 for n = 50 requires around 10° SVD’s, (which is not impossible but we skipped it since
the numbers are very poor anyway). For this reason, the typical sizes of §;’s remain a mystery,
which likely is a reason behind the widespread belief that these numbers often are decent. To
shed some light for larger matrices, we now compute for j up to 4 and m = 100 as well as 250
(with n = 2m) (tables 2 and 3).

The most striking thing to note is that the numbers are still terribly poor, even for m = 250.
It certainly came as a surprise to the authors that none of the classical results on compressed
sensing applies in the 250 x 500 setting, unless kK = 1 and in this case the constant C; is approx-
imately 14 (based on our five trials average). Here a strength of the results of this paper becomes
apparent, because even for an extremely poor value like , = 0.95 we have that the constant
in the error estimate ||x" — x| < ﬁ || €|> equals 4.5, almost half the value you get for Cy

k

when 6, = 0.2 in [11], as reported initially.
In fact, despite the difficulty in estimating the constants, it is not impossible to compare the

quality of estimates. If we set fo(x) = 1:‘(7 % and fego(x) = \/% then the constant Cy in

(5), as defined in [11], is given by f-(02x) whereas the corresponding constant in corollaries 2.1
and 2.3 is given by fcgo(6, ). The functions f- and fgo are displayed in figure 4. Clearly the
latter constant is vastly better by just comparing these graphs, and this conclusion is further
strengthened by noting that §,, < d < dx.
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Figure 4. f-go inred and f- in blue.

A fourth thing to note from the tables is that the ;’s do decrease with m, as predicted
by the theory, and once we hit m = 250 all reported numbers are below 0.5, the requirement
for corollary 2.3 to kick in. However, note that once corollary 2.3 applies the error estimate
immediately gets a very favorable constant, since 1/4/1 — 0.5 = /2 ~ 1.4. On the other hand,
the ¢'-results by [11] still only applies for k = 1 and then the constant C; equals 13.96.

How much better does it then get in the asymptotic regime? The best estimates of this
we have found is in [6], which gives advanced probabilistic estimates as well as extensive
numerical evaluations using sophisticated methods to estimate RIP/LRIP-values. In particular
figure 2.3 and 2.4 are enlightening, where it is shown that for ’* = 0.5, one needs to have k
well below 1% of m to have any hope of achieving d; = 0.4, which is what is required in
(12). More precisely, following [6] we need £(0.5, 2) and ¢4(0.5, £)° to be below 0.4, which
happens around k/m = 1.5 x 1073, Itis also clear that RIP-values are consistently higher with
anotable difference. Based on this, it seems safe to conclude that for a large amount of settings
where ¢'-methods are used, there is very limited theoretical evidence for their applicability, at
best.

2.5. What’s in a theorem?

The so called ‘oracle solution’, i.e. the one you would get if an oracle told you the true support S
of xo and you were to solve the (overdetermined) equations system Agx = b where Ag denotes
the m X k matrix whose columns are those with indices in S (and then expand x to R" by
inserting zeroes off S). This is clearly the best possible solution one could hope for (as argued
also in [14]).

3£ and U are the asymptotic RIP bounds. Informally speaking, and here we quote [6] verbatim, ‘for large matrices
from the Gaussian ensemble, it is overwhelmingly unlikely that the RIP asymmetric constants L(k, m, n) and U(k, m, n)
will be greater than £(6, p) and U(, p)’. ¢ and p are such that n/N — 6 and k/n — p as n — oo. L(k, m, n) is what we
called 6, for an m x n matrix and U(k, m, n) is its natural upper-counterpart.

12
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Figure 5. ||x’ — xol2 (left) and [|x' — xs]|2 (right) versus ||¢||, for the 5 methods (3), (10),
(11) and (15), (16) minimized using with FBS. The methods based on Q,(card) and
Qs (ep,) work perfectly down to SNR = 4.

Corollaries 2.1 and 2.3 claim that the oracle solution is a unique global minimizer of the
respective functional, not necessarily that a given algorithm will find this global minimizer. In
our experience, working either with FBS or ADMM, the algorithms do find the oracle solution
in very difficult scenarios when one initializes at zero®, but we do not have a proof for this. We
can prove that FBS converges to a stationary point and that the stationary points in corollary
2.3 are not local minima, except for the oracle solution, see section 6.

Whatis the value of these observations and how do they compare with the existing literature?
For example, [8] studies the minimization of (15) itself (which, if we apply FBS, leads to
IHT for k-sparsity, denoted IHT}), and it actually guarantees that IHT; converges to within
5||e]| of the oracle solution. They do not prove that they have found the oracle solution, but
combined with corollary 2.3 it follows that this is indeed the case (for SNR’s such that the
corollary applies). On first sight this is a much stronger conclusion, since they actually prove
that their algorithm avoids unwanted stationary points. However, the method performs much
worse in practice, see figure 5. The difference lies in the fact that [8] assumes that 3, < \/% ~

0.18, whereas corollary 2.3 applies as long as d,, < 0.5, which is much more easy to fulfill in
practice.

The strength of a result not only in the conclusion, but in how much one needs to assume.
For example, there are many papers giving conditions under which minimization of (3) or non-
convex alternatives find the true support. If we have a method that would find a vector x’ with
the correct support S (with a bias or not), we can always get this unbiased solution by simply
discarding x’ and follow the above procedure to get the oracle solution. Therefore the issue of
finding the support is maybe more central than having a good estimate of ||x' — x||,. Conditions
under which LASSO finds the correct support are given e.g. in [47] and for a more general class
of non-convex penalties in [34]. In both cases however, the theorems involve constants whose
size is unknown, and their applicability cannot be verified in a concrete problem instance. To be
more concrete, the latter paper does have a result claiming that MCP finds the oracle solution
with given probability, but apart from involving conditions that are very difficult to verify, the
conclusion contains the statement that MCP has a unique stationary point. This is rarely true

6 Initializing Kreg at the least squares solution is not good. As evidenced by our numerical evaluation in section 6 there
seems to be many local minima nearby.

13
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Figure 6. Histogram of cardinality for 50 trials of (11) with ||¢||, = 2.5.

(see e.g. [46] or figure 6 below) and hence it follows that these conditions are substantially
more strict than ours. Concrete theorems proving that LASSO finds the true support, such as
those found in [24] are rather weak, see [23] which studies this topic in depth.

We therefore believe that our framework is more generally applicable even for the already
well-studied MCP penalty, and that the relative simplicity and verifiability of the assumptions
makes the theory attractive, in particular combined with superior performance numerically,
at least in the standard synthetic setting (see section 6). Moreover, the penalty Q>(cp,) is not
separable, and the underlying ideas of this work are based on the quadratic envelope as a regu-
larizer and extends to a whole class of more advanced sparsifying penalties, of which Q,(¢p,) is
merely one. We leave further extensions for future work, but remark that the whole machinery
developed here can also be lifted to low rank matrix problems, see [18].

3. Uniqueness of sparse stationary points

We now turn to the heart of the matter, namely uniqueness of sparse minimizers of K, as
defined in (9), where f can be any function with values in R U {co}. We say that x is a stationary
point of a given function g if

lim inf glx+y) — gx)
o [l
#0

Y

> 0. (18)

If g is a sum of a convex function g, and a differentiable function g, and we work in R", it is
not hard to see that x is a stationary point if and only if —Vg,(x) € 0g.(x) where dg, denotes
the usual subdifferential used in convex analysis, and Vg, the standard gradient. The same is
true in the complex case, i.e. when working over C", upon suitable modification of the concept
of subdifferential and gradient. For convenience we provide the details in appendix A.1.

Set

1 1
Gx) = 5 (N + 5|11l (19)

14
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i.e. 2§ the l.s.c. convex envelope of f(x) + ||x||5. We have

Kreg(¥) = 2G(x) — [|x[5 + [|Ax — b]3 (20)
which upon differentiation yields that x’ is a stationary point of Ky if and only if

(I —A"A)xX' + Ab € 0G(X). (21)

since V (||[Ax — b|)3 — ||x[|3) = 2A*(Ax — b) — 2x, see the appendix for details. Given any x,
we therefore associate with it a new point z via

7= (I —A*A)x + A"b. (22)

This point will play a key role in this paper, in fact, it has already appeared in corollary 2.2.
Suppose now that x’ and x” are two sparse stationary points in the sense that x” — x’ € Py for
some N less than m.

Proposition 3.1.  Let x" and x" be distinct stationary points of K., such that X" — x' € Py,
Then

Re (7' — 7, x" — x') < dy|jx" — |3 (23)

The above proposition will mainly be used backwards, i.e. we will show that (23) does not
hold and thereby conclude that x” — x’ ¢ Py.

Proof. We have

= =U-AAX +ADb— (I —AAx —Ab =1 —-AAX —X),
so taking the scalar product with x” — x’ gives

Re (&' —7.x" —x') = [l =[5 — JAG" = )|I5 < 8y [lx" — |

as desired. Note that it is not necessary to take the real part, but we leave it since scalar products
in general can be complex numbers. |

As we shall see, the point 7’ has a decisive influence on the coming sections. To begin with,
it has the following interesting property.

Proposition 3.2. A point x' is a stationary point of K., if and only if it solves the convex
problem

x' € argminQ,(f)(x) + || x — Z|3.

Note the absence of A in the above formula, which in particular implies that Q,(f)(x)
+ ||x — Z||3 is the convex envelope of f(x) + ||x — Z'||3.

Proof. As noted in (21), x’ is a stationary point of K., if and only if Z € 9G(x'). By the
same token, x’ is a stationary point of

()X + ||x — 2|3 = 26(x) — 2 Re (x,Z) + |73

if and only if 7 € 9G(x"), and since the functional is convex (and clearly has a well defined
minimum) the stationary points coincide with the set of minimizers. (]

15
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4. The sparsity problem

We return to the sparsity problem, and consider f(x) = pcard(x) where p is a parameter and
card(x) is the number of non-zero entries in the vector x. In this case we have,

Qa(u card)(x) = Y pu — (max{ /i — [x;],0})”. (24)
=1

To recapitulate, we want to minimize (10), i.e.
K, (x) = p card(x) + [|Ax — b|)3 (25)
which we replace by (11), i.e.

K jiree(x) = Qa( card)(x) + [|Ax — bl}3. (26)

4.1. Equality of minimizers for IC,, and KC,, reg

As noted by Aubert, Blanc-Feraud and Soubies (see theorems 4.5 and 4.8 in [46]), K, s, has
the same global minima and potentially fewer local minima than X, if

[14|oc.cor = supllaill2 < 1, 27

where a; denotes the columns of A. Below we (essentially) reproduce their statement in the
terminology of this paper. A proof is included in the appendix for completeness.

Theorem 4.1.  If ||Al|cccol < 1, then any local minimizer of IKC,, yeq is a local minimizer of IC,,,
and the (nonempty) set of global minimizers coincide. If merely ||Al|scol = 1, then any global
minimizer of IC;, re; which is not a global minimizer of IC,,, belongs to a connected component
of global minimizers which includes at least two global minima of K.

4.2. On the uniqueness of sparse stationary points

Next we take a closer look at the structure of the stationary points. Given N such that 6y, < 1, we
will show that under certain assumptions the difference between two stationary points always
has at least N elements. Hence if we find a stationary point with less than N/2 elements then
we can be sure that this is the sparsest one. The main theorem reads as follows:

Theorem 4.2. Let x' be a stationary point of K, re,, let 2’ be given by (22), and assume that

) ¢ |0 - sovin Y @8)

foralli e {1,...,n}. Ifx" is another stationary point of IC,, s, then

card(x" — x') > N.

Note that we allow d, < 0 in the above theorem, in which case the condition on 7’ is auto-
matically satisfied. The proof depends on a sequence of lemmas, and is given at the end of
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Figure 7. The function g(x) (left) and its sub-differential dg(x) (right), for . = 1. Note
that the sub-differential contains a unique element everywhere except at x = 0.

the section. Clearly, we will rely on proposition 3.1, which requires an investigation of the
functional G (19) and in particular its sub-differential. Introducing the function g as

p+ |xf?
o(x) = 2 =i (29)

Vx| 0< [ <V

we get
G(x) = glx). (30)
j=1

Its sub-differential is given by

{x} N Xl =i
9g(x) = {\/ﬁm} 0<lx[ <V 3D
Vie D x=0

where DD is the closed unit disc in C or, if working over R, D = [—1, 1]. In the remainder
we suppose for concreteness that we work over C (but show the real case in pictures). Note
that the sub-differential consists of a single point for each x # 0. Figure 7 illustrates g and its
sub-differential.

The following two results establish a bound on the sub-gradients of G. We begin with some
one-dimensional estimates of g.

Lemma 4.3. Assume that zo € 0g(xo) and 6y > 0. If

VI (32)

then for any x1,z; with z; € 0g(x) and x| # xo, we have

Re(z1 — 20)(x1 — xo) > Oy |x1 — xo*. (33)

17
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Proof. By rotational symmetry (i.e. dg(e'?x) = e'?Og(x)), it is no restriction to assume that
zo > 0. By —o > 1 and (32), we see that zo > /i, and hence the identity zo € 0g(xo) and

(31) together 1mply that zo = x¢ and in particular that xo € R and

> VB (34)
1 -6y
To prove the result we now minimize the quotient

Re(z; — z0)(x1 — xo)

35
X — xoP (35)

and show that it is larger than J, . There are three cases to consider; x; = 0,0 < |x;| < /z and
|x1| > /i The latter case is easy since then z; — zo = x1 — x¢ and since Oy < 1, the desired
conclusion is immediate.

For the two other cases we first show that z; and x; can be assumed to be real. If x; =0
the above quotient is equivalent to 1 — Re(z; /xo) over z; € /D, since xo = zp is real and
positive, which is clearly minimized for the real value z; = /p.

For the middle case, z; and x; have the same angle with R. We first hold the radii fixed and
only consider the angle as an argument. Recall zo = x¢ and set R = |z;|/|x1|. Then we have

Re(zi — z0)(x1 — x0) = R|x1> — (R + 1)Re x,%g + |xo|?

1
= 5 (R= D’ + R+ Dlxy — xo* + (1 = Rlxof).

So the quotient (35) only depends on |x; — x| (for fixed radii), which shows that the quotient
is minimized when x; is real (which then automatically applies to z; as well).

Summarizing the above we may thus assume that x; and z; are real and x1 € [—/p, /11,
which simplifies the quotient (35) to x" Z‘ . We now hold x, z; fixed and consider x; as the
variable. Recall that |z;| > |x;]|. If these are negative we immediately get that the quotient is
> 1> 6y and the proof is done. In the positive case, the quotient is minimized when xo is

as small as possible (since z; > x;). By (34) we hence conclude that the minimum of (35) is
ﬂ

-7

strictly greater than - ﬁ . The minimum of this is in its turn clearly attained at x; = 0 and
—X
1— 6’ :
= \/#- Summing up, we have that

ﬂ_zl ﬂ_\/ﬁ

Re(le_l Z_O))(Cziz_ o) > r/g o > 1_6_\£ =0y
1-3y 1-65
O
Lemma 4.4. Assume that zo € 0g(xo) and 65 > 0. If
|20l < (1 = 0x)V/1b (36)
then for any x1,z) with z; € 0g(x1), X1 # xo, we have
Re(z1 — 20)(x1 — x0) > dy|x1 — xo|*. (37)
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Proof. The proofis similar to the previous lemma. We first note that xo = 0, x; # 0 and that
Zo may be assumed to be in (0, (1 — dy),/;2) by rotational symmetry. For a fixed radius R = %
the quotient

Re(zi — z9)(xi — xo) _ Re(zi — z0)x1 Re x;

= =R — 0
e = xol? i [? i |?

is smallest when x; is real valued and positive (which then also applies to z; which by (31)
equals max(xi, /). The expression in question then becomes R — i’—‘:, which is minimized

by maximizing z,. For any choice of x;, (36) implies that our expression is strictly bigger than

2= (L= G)y/A _ maxr, /D) = (1= 53) /A

X1 X1

Basic calculus shows that the minimum of this quantity is attained at x; =,/ and equals
as desired. O

We are now ready to prove theorem 4.2.

Proof of theorem 4.2. By proposition 3.1 it suffices to verify
Re(?" —7,x" —x') > oyl = ¥|13, x" # . (38)

The claim will follow by contradiction. Suppose first that §,, > 0. Since G (x) = 27:1 0g(x)),
lemmas 4.3 and 4.4 imply that

Re(g} — )(x} — x)) > oy [x} — xif%,

for all i with x/ — x} # 0. Since x/ — x; = 0 gives (z/ — z})(x! — x!) = 0 summing over i gives
the result.

Suppose now that dy < 0. By (38) it suffices to prove that Re(z”” —7/, x”" —x') > 0 for all
x" # x'. Fix i in {1,...,n}. By rotational symmetry it is easy to see that we can assume that
x;,z: = 0. Moreover, for fixed values of |z/| and |x/| (but variable complex phase) it is easy
to see that Re(z) — z})(x! — x!) achieves min when these are also real, i.e. we can assume that
x/, 7! € R. Since the graph of dg is non-decreasing it follows that (2} — z})(x! — x}) > 0 for
all 7, as desired.

It remains to consider the case when d,, = 0, and as above we reach a contradiction if we
prove that Re(z”" — 7/, ¥/ — x’) > 0. Again we can assume that x/,z; > 0 and that x},z/ € R.
Then (28) implies that z; # /i for all 1 < i < n, which via z; € dg(x}) also implies that x| ¢
(0, \/;z]. If x” # x" we must have x] # x; for some i. Using that zj' € Jg(x}), examination of
(31) yields that also 7/ # z.. With this at hand we see that the left-hand side of (38) is strictly
positive, whereas the right equals 0, which again is a contradiction. (]

4.3. Conditions on global minimality

Theorem 4.5. Let A satisfy ||Al|cocol < 1, let X' be a stationary point of IC,, eq and let 7 be
given by (22). Assume that

/ _ 1 .
|zi] & | (1 — on)\/1ts ?\/ﬁ , 1<i<n (39)
N

If
2y card(x') + ||AX' — b3 < uN + u, (40)
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then x' is the unique global minimum of K,, and IC,, yeq.

Obviously, it is desirable to pick NV as large as possible, which is limited by (39) and the fact
that 6 increases with N. Also note that 6y > 0 since 1 — §; < min;{||ail3} = [|A[|% oo < 1
sod; = 0.

Proof. Set k = card(x’) and assume that x’ is not the unique global minimizer of K, ;c,. Let
x" be another. Either /C, res (x) = IC,,(x) for x = x” or x” is part of a connected component of
global minimizers to /C,, r, including two points that satisfy the equation, by theorem4.1. Since
one of these must be different from x’, we may assume that /C,, 1o, (x”) = /C,,(x”). Theorem 4.2
then shows that card(x”) > N — k + 1. Since KC,(x") = K\ ree(x") and I (x') = K e (X') it
follows from (40) that

’C/I,reg(x”) - ’C/I,reg(-x/) 2 IC/L(-X//) - K}L(x/)
> N — k+ 1) = (uk + [Ax' = b[)3) > 0.

This is a contradiction, and hence x’" must be the unique global minimizer of K, ;. By theorem
4.1 it then follows that x is also unique minimizer of C,,. O

4.4. Finding the oracle solution

In this final subsection we return to the compressed sensing problem of retrieving a sparse
vector x( given corrupted measurements b = Axg + €, where € is noise and x is sparse. More
precisely we set S = supp xop where we assume that #S = k is much smaller than m—the
amount of rows in A (i.e. number of measurements). Here #S denotes the amount of elements
in S and the noise can be of any type, our theory only relies on knowledge of ||¢||.

We let xg ; denote the elements of the vector x(. Let Ag denote the matrix obtained from A
by setting columns outside of S to 0, and let x,, denote the least squares solution to Agx,, = b.
Note that this is the so called ‘oracle solution’ discussed in the introduction, which can also be
written xor = (A§A S)TAgb where (ASA s)T denotes the Moore—Penrose inverse.

Our first result collects some general observations about the oracle solution.

Proposition 4.6. Let A satisfy ||Al|cocor < 1 and let ¢ > 0. If

Sor all j € S then the oracle solution x' = x, satisfies supp (x') = supp (xo). We also have
|xXi| > c.j€Ss, |Ax" — b||2 < ||€l|2, and

€
ol < el

T

Proof. Consider the equation Agx = Axg + € and note that Axg = Agxo. The least squares
solution is obtained by applying (A;AS)TA§ which gives the solution

53

X' = xo 4 (AAs) A%e = xo + 1,

where we set (A§A5)7A§e = 1. By construction of the Moore—Penrose inverse, suppn C S, and
hence

An = Agn = Pranag€,
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where Pranag denotes the orthogonal projection onto the range of As. In particular,

H H |A577H2 |PR€“1AS6H2 < ||€||2
\/ 5 \/1—5* J1-6

which establishes the final inequality in the proposition. Also ||7||« < ||77]|2 which implies

%) > o — > e+ e e e 1)

Vi-6 J1-¢

This also gives supp x’ = supp xp since by construction we clearly have
g pp pp

supp x’ C supp xo U suppn C S.
Finally, consider Ax" — b, which equals
Ax' — b = Agx' — b = Agxo + As(A}As) Ase — (Asxo + €)
= (Pranag — D)€ = —PRanag)L € (42)
and hence ||Ax" — b2 < ||¢]2 O

The below proposition shows that the oracle solution is under mild assumptions a local
minimizer of K, ;e,, which we denote by x’ for notational consistency.

Proposition 4.7. Let A satisfy ||A||lcocol < 1. If ||€]|2 < /1 and

|| 2
— 5_

X0l > Vit + ———
for all j € § then the oracle solution x' = xo is a strict local minimum to IC, e, with
supp (x') = supp (xo). We also have |x'}| > /i, j €S, |[Ax" — b||2 < [|e|2, and

lell:
1- 6,

5" = xoll> <

Proof. All inequalities follow by applying proposition 4.6 with ¢ = /i, so it remains to
prove that x’ is a local minimum of K, e, = Q>(ut card) + ||Ax — b||3. To this end, consider
Kirea(x' + v). Since \x’j| > /p for j €S, the term Q,(u card) (see (24)) is constant for the
corresponding indices of v, as long as v is small. For v in a neighborhood of 0 we get

Ky +v) =Y (2y/lvj| — [v)%) +2 Re (v, A"(Ax' — b))
jese

+ HAUH% + ]Cu,reg(x,)~

Since x’ solves the least squares problem posed initially, the vector A{(Ax’ — b) = Aj(Asx’ — b)
must be 0. With this in mind the above expression simplifies to

> Valvl +Re (vj (a; Ax' = b)) | = [vj* + |A0[I3 + Kpurea(x)- (43)

Jjese jese
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By the Cauchy—Schwartz inequality and (42) we have

[ (a;, Ax" = b) | < [lajll2llell2 < IA]loccorv/it < Vi

It follows that the term )~ _¢.\/i|v;| + Re (v; (aj, A’ — b)) in (43) can be estimated from
below by

D ol (Vi = [{ap A = b)) = @) |vf

Jjese Y jese
- (Yj
where v = min {c;} > 0 for all j. Hence
2 [ > vl +Re (v (apAX' = b)) | = Jol> >0 (44)
jese jese

for v in a neighborhood of 0, as long as Zjesf [vj|* # 0. To have K ree(X' 4+ ) < K ree(x),
(43) shows that we need the terms in (44) to be zero, or equivalently supp v C S. But then (43)
reduces to [[Av||3 + K,ree(x'), and since 6, < 1 it follows that ||Av||3 > 0 unless v = 0. In
other words, x’ is a strict local minimizer. O

In the above proposition, there is nothing said as to whether x’ is a global minimum or not.
To get further, let 7’ correspond to x’ via (22). We need conditions such that (39) holds for 7/,
i.e.

Al ¢ |0 VA 2 @s)

We remind the reader that N is a number which preferably is a bit larger than 2k, where & is
the cardinality of xo.

Proposition 4.8. Let A satisfy [|A|cccot < 1. If ||€]|2 < (1 — dy)/pt and

VB OZWVE e (46)

1 -6y /1_5;’

Proof. Using (42) we get

|x0,; >

then (45) holds.

=~ A + A =x — AAX — b) = X + A Py e (47)

Since A"Pgypaq)t is 0 on rows with index j € S (being a scalar product of a vector in RanAg
and another in its orthogonal complement), we see that z; = x’; for such j. Combining this with
the final estimate of proposition 4.6, we see that

1 :
|Z/j| > |x0,| — |x0, — xlj‘ > T s Vi es
N

holds as a consequence of (46). For the remaining z’j, (i.e. j € 89, we have x’j =0 so (47)
implies
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|Z,j| = |(A*P(RanA5)Lf)j‘ = ‘<P(RanA5)i€’ aj>‘
< [Alloccollell2 < lella < (1 = d5)v/1s (48)
which establishes (45). O
Putting all the results together and combining with simple estimates, we finally get

Theorem 4.9. Suppose that b = Axy + € where A is an m X n-matrix with ||A||sccol < 1
and set card(xo) = k. Let N > 2k and assume that ||e||y < (1 — 6y)/1 and

1 .
|x0ﬂj| > (1 _ 5— + 1) \/—’ ] € Suppx()'
N

Then the oracle solution x' = xor is a unique global minimum to K, ., as well as IC,,, with the
property that supp X' = supp xo, that

ll€ll2
1 =6

and that card(x") > N — k for any other stationary point X" of IC, res.

[[x" — xol|2 <

Proof. All the statements follow by theorems 4.2, 4.5 and proposition 4.7, so we just need

to check that these apply. Note that /1 — 0y < /1 — 0, < ||Al|occol < 1 which will be used

repeatedly.
We begin to verify that proposition 4.7 applies, which is easy by noting that ||e||, < (1

— y)\/ii < /i and

e VA, A=8)VF _ JA

\//7+ — X — +\//7<‘X()7“-
Ji—op oo 1o 10y !

Now, to verify that theorem 4.2 applies we need to check the condition (45), which follows
if we show that proposition 4.8 applies. This is almost immediate since the estimate on ||¢]|, is
1-65

1-67
condition of theorem 4.5 for free. We are done once we also verify (40). To this end, note that
|Ax" = b||> < [le]l < (1 — y)\/1t by proposition 4.7, so (40) holds if 2uk + (1 — 6y)*p <
N + p, which is clearly the case since N > 2k. (]

satisfied by assumption and (46) follows by noting that

< 1. By this we also get the first

As a final remark, a simpler statement is found by setting N = 2k, which gives the loosest
conditions to verify. We spelled this out in corollary 2.1, where we also simplified further by

replacing —— + 1 by #, for aesthetic reasons.

1—dy N

5. Known model order; the k-sparsity problem

Let Py = {x : card(x) < k} where x is a vector in C" or R". Set f(x) = tp,(x) and note that the
problem

argmin ||[Ax — b||2 (49)
card(x)<k

is equivalent to finding the minimum of
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Ki(x) = 1, (x) + [|Ax = b3, (50)

(where we put a subindex k to distinguish from K, in the previous section)’. Again, we will
approach this problem by using

Kireg(x) = Qa(ep)(x) + [|Ax — b][3.

This is in some ways much simpler than the situation in the previous sections, for example
all local minimizers of Ky are clearly in Py. On the other hand, Q>(:p,) turns out to be rather
complicated. We recapitulate the essentials, which follows by adapting the computations in [3]
(for matrices) to the vector setting. Define X to be the vector x resorted so that (|x j‘)?:l is a
decreasing sequence. Then

1 - N
Qp)@) = | D&l = D0 &P (51)
o\ jok—ky ok—ky
where k., is the largest value of [ € {1,...,k} for which the non-increasing sequence
s = | D 1E]) = Ufe] (52)
k-1

is non-negative (note that it clearly is non-negative for [ = 1). For any given vector x this is
clearly computable, although one has to go through a number of cases, but the good thing is
that there is an efficient way to implement the corresponding proximal operator (discussed in
section 6.2) so in practice this is of little importance. Although it is not very clear from the
above expression, Q>(¢p,) is known to be continuous (see e.g. proposition 3.2 in [17]), and this
will be used without comment below. We first show that the global minima of Ky, and i
coincide.

5.1. Equality of minimizers for ICx and K reg

As before A is a matrix of size m x n, which we need to impose some additional conditions
on. The theory in the entire section 5 assumes that

(a) n > m+ k + 2 (when working over the reals) whereas n > 2m + k + 2 when working in
Ccn.
(b) Either ||A|oocol < 10 [|A|lsocot < 1 and all possible scalar products (a;, a;) are non-zero.
The equivalent of theorem 4.1 now reads.

Theorem 5.1. Under assumption (a) and (b) all local minimzers of Ky e, lie in Py (and
hence are minimizers to Ky). In particular the global minimizers exist and coincide.

‘We note that the conclusion is the same as that of theorem 5.1 in [17], which holds for almost
any penalty f. However, that proof assumes that ||A|| < 1 which is unnecessarily strong in the
present setting. For example it would rule out all Gaussian random matrices with normalized
columns. The proof of theorem 5.1 is given in appendix A.3.

7 Admittedly, the notation is not perfect since if k and x equal the same integer, then the two symbols become the
same, but we hope the reader can live with this.
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5.2. On the uniqueness of sparse stationary points

We now give a condition, similar to (28) in section 4.2, to ensure that a sparse stationary point
is unique, in the sense that other stationary points must have higher cardinality.

Theorem 5.2. Let x’ be a stationary point of Ky e, with cardinality k, let 7' be given by (22),
and assume that

|Zest | < (1 =285 (53)

If x" is another stationary point of IC eq then card(x”) > k.

Again, we allow 6,, < 0 in the above theorem, in which case the condition on z is automat-
ically satisfied. We begin with a lemma. Recall G given by (19), i.e. %Qz(bpk )(x) + %Hx”% in
the present case. We need an expression for 0G(x) for x € P.

Lemma 5.3. If x € P, then z € 0G(x) if and only if zj = x; for j € suppx and z; € |%|D
for all other j.

Proof. Since Q,(ip,) + ||x|)3 is the Ls.c. convex envelope of tp, + ||x||3, we have that
G(x) = $Q2(tp,) + %|x[13 is the double Fenchel conjugate of 1ip, + 1[x[|3. The Fenchel
conjugate of the latter is easily computed to

* 1 : i
G’ = 5; 5

By the well-known identity z € 9G(x) < x € JG*(z) (see e.g. proposition 16.9 in [5]) we have
z € 0G(x) if and only if

G'(w) 2 G @+ (x,w—2),

for all w which means that

z

k
1
z = argmax Re (x,z) — EZ M (54)
. =

By standard results on reordering of sequences (see e.g. chapter 1 in [45]), the maximum is
attained for a z which is ordered in the same way as x. In other words we can choose a permu-
tation 7 such that |x(7(j))| = |X;| and |z(w(j))| = |z,| holds for all j. This in turn implies that
(x,z) = Z;’: | x(m())z(m(j)). Combined with x(m()) = 0 for j > k, we see that (54) turns into

1 k
2= 5 argmax — ; lx () — z;(m ()| (55)

The lemma now easily follows. (]

Proof of theorem 5.2. If card(x”) < k we clearly have x”" — x’ € Py, and both 7 and
7" have the structure stipulated in lemma 5.3. Let I’ = suppx’ and I” = suppx”. Then
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Re (7" — 7, x” — x") can be written

Re Z |x! — x> + Z (x; — Z))x; + Z (] —zZpx) | - (56)
iel iel igl
iel igl iel

As before we want to reach a contradiction to proposition 3.1, i.e. we want to prove
Re (7' — Z,x" — x') > &5 ||x” — x'||3. Note that

I == =X > P+ > NP (57)
iel iel igl
iel i¢gl iel

that the first term in (56) and (57) are the same, and that d,, < 1. Since the second and third
sums have the same number of terms it suffices to show that

Re(x] — z/)x} + (&} — x> 65 (|xi* + [, (58)
forany pairi € I',i ¢ I" and j ¢ I', j € I". This in turn will follow upon showing that

g+ 2} < Nl + 121 < (1= ] + 1x] ).

Sincei ¢ I" and j € I" we have |z < |Z/| by lemma 5.3, as well as that ] = x’/. Turning to 7/
we can say more due to assumption (53). More precisely, since i € I’ and j ¢ I we have || <
(1 —265)|z}| = (1 — 265,)|x!|, where again lemma 5.3 was used in the last identity. Summing
up we have

7 e+ 1517 < x4 (1= 20,0 x| = 21 = Syl [x7]
< (1= (x> + X1,

as desired. O

5.3. Conditions on global minimality

The statements in this section are actually quite a bit stronger than the corresponding ones in
section 4.3. On the other hand, the condition (53) entails that we must have §,, < 1/2, which
limits the applicability.

Theorem 5.4. Let A satisfy (a) and (b) and let x' € Py be a stationary point of Ky req. Let 7/
be given by (22) and assume that (53) applies. Then x' is a unique global minimizer of K and
K reg» and Ky req has no other local minimizers either.

Proof. By theorem 5.1 there exists x” € P, which is a global minimizer for both C; and
Kl reg- Clearly x” is then a stationary point, so if x" # x” this would contradict theorem 5.2, so
we must have x' = x”. The same argument works for the local minimizers. O

26



Inverse Problems 36 (2020) 115014 M Carlsson et al

5.4. Finding the oracle solution

We now assume that b is of the form Axy + € where € is noise and x is sparse. More precisely
we set S = supp xp where we assume that #S = k. As before let Ag denote the matrix obtained
from A by setting columns outside of S to 0.

In this case, theorem 5.1 is strong enough so that we do not need any longer argument to
establish that x,, is a global minimizer, since all local minimizers of Ky, are to be found in
Py.. We obtain the following result.

Theorem 5.5. Let A satisfy (a) and (b). If € # 0 and

el 2l )
Ji-6 J1-0

then the estimates of proposition 4.6 applies and the oracle solution is a global minimum of
’Ck and ’Ck’rgg.

min\xoyj\ >
jes

Proof. Proposition 4.6 immediately applies with ¢ = Al pet g {1,...,n} have
-6,

cardinality k and consider the problem

x; = argmin||A;x — b|)*.
X

Searching over J gives rise to (at most) (Z) points (since 6, < 1), among which the minimizers
of Ky are found (see lemma 8.1 for more details). By theorem 5.1 a subset of these are the local
minimizers of Ky ., and the global minimizer must be the one that gives the lowest value for
|A;x — b||*. With this notation we have x,; = x5 and the estimates of proposition 4.6 gives
| Axs — bll> < ||ell> and

If J # S is another set with cardinality k then x; and xg must differ in at least one coordinate,
)

2|lell2

[xs — xsll2 > ———,
\/1 =065

jes.

But then
lAx; — b||l2 = ||A(x; — x5) + Axs — D||2
2 /1= dyllxs = xsllz = [lella > [lefl2-
Thus xg is the one with the lowest value for ||[Ax; — b||,, which was to be shown. O
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When minimizing Ky, in practice, it would of course be good to know if there are local
minima where one can get stuck. To rule out this possibility, we need unfortunately to assume
that §,, < 1/2.

Corollary 5.6. Ifin addition to what is assumed in theorem 5.5 we have

S S
— €l]2,
1 — 252k \/1 _ 5/:

min|xo ;| >
jes

then the there are no local minimizers of Ky ., except the oracle solution.

Proof. Theorem 5.5 clearly ensures that x’ = x,, is a stationary point. The desired result
follows from theorem 5.4 once we verify that (53) applies for 7' given by (22). We need
to check that |z, ;| < (1 —2d,,)|z|. Note that |z;_ ;| < ||¢][> by the same estimate as (48).

Moreover, since 7 € 9G(x'), lemma 5.3 implies that |Z;| = |X]| so it suffices to show that

llell2 < (1 —28,,)|X|. This in turn holds by applying proposition 4.6 with ¢ = &‘;, and the
2k

proof is complete. (]

6. Experimental evaluation

In this section we present an experiment designed to validate our main theoretical results.
Our goal is to verify that both the proposed methods are able to recover the oracle solution
when the signal to noise level is sufficiently large. For both our formulation we need to specify
a parameter; y in case of KCp e and k for Ky .. Since we are working with synthetic data
generated by b = Ax( + €, with a known vector x( we can set x so that the non-zero elements
are large enough to be preserved, and k so that k = supp (x) (see section 6.1 for a more detailed
description).

In realistic settings where x, is unknown selecting parameters is more difficult and requires
a precise definition of what constitutes a good solution. This could be based on application
specific prior information about the support or size of the elements. If the size of the correct
support is assumed to be known, then Ky ., is the convenient choice. On the other hand formu-
lations able to directly specify the sought cardinality are uncommon. Therefore soft penalties
suchas A|| - ||; or Q2(i card) are often utilized by searching over the parameter until a suitable
cardinality solution is found. The ¢;-norm has been used in this way for a number of practi-
cal applications e.g. face recognition [51], subspace clustering [25], non rigid structure from
motion [31] and outlier detection [40], diffraction imaging [44], MRI tomography [43] to name
a few.

In [23, 19] solutions of a given cardinality was recovered using Q,(u card) by searching
over . Note however that while it is one-dimensional, the search criterion is not guaranteed
to be unimodal and it is not clear over what range nor at what density one needs to sample in
order not to miss the sought solution.

6.1. Numerical recovery results

In [37] astonishing results are shown in the noise free case. For example in figure 2 (of
that paper) we see how k = 130 non-zero entries are recovered using a matrix A of size
m X n = 256 x 512, (which incidentally is close to the theoretical bound 2k < m in the present
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paper®). However, in the presence of noise, performance seems to drop drastically. In figure 7
(of the same paper) we see an example where performance is evaluated with k = 8,m = 72 and
n = 256.

Here we will present numerical results for the case of k = 10, m = 100 and n = 200. We use
a matrix A with Gaussian randomly generated columns, which are subsequently normalized,
and solve problems (3), (11) and (16) for b = Ax, + ¢ for different levels of noise || ||, between
0 and 5. The vector x( has random entries between 2 and 4 in magnitude, and a total magnitude
lxol]2 = 11. To solve the optimization problems we use FBS which is known to converge to a
stationary point (by [4] in combination with section 2.4 of [16] or section 6 of [17]).

We compare with ¢! -minimization (3) as well as two forms of IHT, which arise when apply-
ing FBS to the unregularized problems (10) and (15). In the first case the proximal operator
will simply threshold at /i and in the latter threshold by keeping only the k largest entries.
Convergence of such algorithms are proven e.g. in section 5 of [4], and convergence of the
latter has also been shown in [8] when §3;, < 0.18. For this reason, we also included graphs
for the result of minimizing (10) and (15) (labeled p card and ¢ in the plots). Each point on
the respective curves is an average over 50 trials, where we have used 1000 iterations and with
a step-size parameter of 0.9/||A||?, which is close to the upper theoretical bound given in [4]
(which coincides with the bound for the convex case, see e.g. [22]).

To set the parameter \ for the £'-problem (3) we used the formula

A= ”6\/|r|_l2\/2 log(n)

corresponding to the recommendations in section 5.2 of [21]. For (10), (11) we used 4 = 1 and
k was set to 10 for (15), (16), which we motivate as follows:

If the value of J,, is near O, then the conditions in corollary 2.1 hold given that
2,/i S min {|xg| : [xo,j| # 0} where the latter in our case is 2.05 and ||¢||> < \/z, whereas
the conditions in corollary 2.3 hold as long as 3||¢||> < 2.05. In both cases, the estimate for
Ix" — xol|2 reads ||x" — xo]|2 < ||€]|» which is supposed to hold at least for ||¢||> < 2/3. Despite
the fact that d,, ~ 0 is quite unlikely (as we saw in section 2.4), the graph in figure 5 (left)
indicates that the reality looks even better. Both algorithms find the oracle solution in 100%
of the trial for ||e||> up to 2.5, and the true bound (for this particular example) seems to be
|x" = xol[2 < $ll€ll2 for both (11) and (16), whereas the true constant for £ Vis around 1 (despite
Cio = oo as seen in section 2.4, as d,o with high likelihood is greater than 0.4 [6]).

The first version of IHT, i.e. minimization of the unregularized functional (10), is similar to
" in performance, whereas (15) is slightly better. Comparing with (11) and (16) the benefits
of using the quadratic envelope are undeniable. Note that all 3 methods work for noise-levels
much greater than stipulated by the theory. We also remark that, rather surprisingly, there is
no major difference between (11) and (16) for moderate noise levels. However, both these
methods are designed to find the oracle solution x,;, not xo, so to evaluate this performance we
include in figure 5 (right) also the graph of ||x" — x||» versus ||¢||,. From this we deduce that
both work perfectly until ||¢||; = 2.5, but that (11) deteriorates substantially faster beyond this
point. In other words, in this example both methods based on Q»(u card) and Q,(cp,,) Work
as expected down to SNR around 4. In [23] a much more thorough comparison between (3),
the two methods considered here, and other popular techniques such as reweighted ¢! [37] and
Huber-fitting [48] is carried out. This paper also optimizes over hyperparameters, as opposed

8 Note indeed that the condition 0y, < 1is equivalent to any 2k columns of A being linearly independent, which holds
with probability 1 for Gaussian random matrices as long as 2k < m.
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to fixing them a priori as in this section. We refrain from similar experiments here since this is
a theoretical paper and the above experiment was designed to illustrate and validate the theory,
not to compare optimal performance of algorithms.

Another issue that we have not discussed is the starting point. We have used 0 for all exam-
ples above, and (a bit surprisingly) this seems to work better than using the least squares solu-
tion x s of Ax = b, which seems to have many local minima near it when we use Q,(u card).
This is clearly seen in our final graph where we plot a histogram of the cardinality of x” over
50 trials with the noise level |||, = 2.5, using Q»(card) and xg as starting point. Concerning
Q,(card) it is interesting to note the following dichotomy, either the cardinality is around 10,
or substantially larger, as predicted by theorem 4.2. For this noise level and starting point xi g,
s (e1p) still works perfectly, which is why its performance is excluded; the histogram hits 50
at k = 10, in accordance with corollary 5.6. Combined with figure 5, this underlines that when
k is known, Q5(119) is the best penalty.

6.2. Implementation technicalities

Basically anywhere there is a method involving a sparsity inducing || x||-term, it can be easily
replaced with Q, (v card) or Q,(¢p,) if the model order is known. We encourage the reader to
try these on his or her particular problem, and to facilitate this we here discuss briefly some
implementational aspects and parameter choices. Code for evaluation of the corresponding
proximal operators is available at the following GitHub repository:

https://github.com/Marcus-Carlsson/Quadratic-Envelopes.

First of all we note that it is often customary to put a factor 1/2 in front of the quadratic
term in (9) and moreover the quadratic envelope depends on a parameter v which we have
throughout kept fixed at 2. A more general version of (9) would be

1
(N + FllAx = bll3, 7> 0. (59)
To pass between various normalizations, we note that given any a > 0 one has

aQ’)(f) = Q(w(af),

so in particular (11) is equivalent with Q;(4 card) + ;||Ax — b||3 and (16) with Q;(tp,)
+ 1||Ax — b||3, and the entire paper could as well have been written in this setting.

In order for the global minima of f(x) + 1 ||Ax — b||3 to not move when switching to (59),
the general theory of [17] states that  should be less than ||A||%. In practice, this is too con-
servative. Reformulated in the general context (59), the condition ||Al|ocor < 1 turns into

HA”oo,col < \/—,

so by this we should set y = 4 /||A[|%, ., in general. This is a much more realistic estimate in

practice, but still it is given by a theoretical upper bound. We recall that v equals the maximum
negative curvature of Q. (f)(x), and hence lowering the value of v makes the penalty ‘less non-
convex’, intuitively speaking. We have found that, for the problems considered in this paper,
values of ~ as low as 0.3 give better performance (i.e. less chance of getting stuck in local
minima), while still maintaining the property of finding the oracle solution. With that said,
optimal parameter choices will be investigated elsewhere.

Concerning algorithms to minimize (59), we have found no significant difference between
ADMM and FBS. The latter is guaranteed to converge to a stationary point when applied to
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(9) (under mild assumptions). This follows by the main result of [4] combined with section 6
of [17]. ADMM on the other hand, to our best knowledge, still lacks a proof of convergence
at least for the non-separable penalty Q,(¢p,), (the separable case, which does apply to (11), is
considered in [49]).

7. Conclusions

With the wealth of papers analyzing sparsity-inducing penalties, is there a need for yet another
one? The existing literature can be divided into two groups, either the results are asymptotic
in nature (hence say little in a concrete setting) or they assume that d,; (or some analogous
quantity) is sufficiently small. As argued in section 2.4, for the case m = 2n, this forces the
sparsity k to be well below than 1% of n to achieve dy; ~ 0.4 or less. On the other hand, in
many concrete applications k is substantially larger, and so there is a vast regime where there
is no theoretical support for that either ¢'-minimization (3) or IHT gets anywhere near the
ground truth.

The majority of our results, on the other hand, applies as long as any 2k columns of A are
linearly independent, for then 6,, < 1, with the natural catch that if §,, is poor then a large SNR
is needed. This is a significant theoretical improvement; if we are in the range k/n > 0.01, then
¢'-minimization (3) is convex and therefore e.g. FBS applied to it is guaranteed to converge
to some point x/, but by the results of [4, 17], the same is true for (11) and (16), it just may
happen that the convergence point x5 is not the global minimum. However, whereas there is
no support for the hypothesis that x| is anywhere near ground truth, the theorems of this paper
states that if x5 is the global minimum, then it is the oracle solution which is the best possible
outcome (and else it may not be near ground truth, just like x}). This gives the two methods
studied here a significant theoretical advantage over ¢'-minimization, (or IHT or reweighted
¢" as well for that matter). Combined with the numerical section which demonstrates superior
performance in the entire range, this paper challenges the ¢!-penalty as the penalty of choice
for compressed sensing and sparsity based methods in general.

Finally, this paper studies design of sparsity inducing functionals, not algorithms to find
their global minima or stationary points. We prove that the global minima, under verifiable
conditions, is the oracle solution. The fact that both ADMM and FBS (with O as starting point)
seems to converge to the global minima is a numerical observation whose proof we leave as
an open question.

Appendix A

A.1. Appendix to section 3

While it is possible to deal with gradients and subdifferentials in C" by simply identifying it
with R?" in the canonical way, the calculus becomes more intuitive if avoid this step. Instead,
we say that a function g4 : C" — R is differentiable at a point x is there is a vector v € C" such
that

ga(x +y) — ga(x) — Re (y,v)
Iyll—0+ [l

=0. (60)

In this case we write v = Vg,(x). For example, consider the function gy(x) = [|Ax — b]|>.
Upon noting that gq(x +y) = ||[Ax — b||> + 2 Re (y,A*(Ax — b)) + ||Ay||*, it readily follows

31



Inverse Problems 36 (2020) 115014 M Carlsson et al

that Vg,(x) = 2A™(Ax — b). Similarly, if g, is convex and v is a vector such that

gc(x +y) — gc(x) — Re <y, 'U> >0

for all y, we say that v is in the subdifferential of g, which we denote by v € dg.(x).

Let us establish the claim following (18), i.e. that a function g of the type g. + g4 for func-
tions as above has a stationary point at x if and only if —Vg,(x) € dg.(x). The condition (18)
for stationarity translates to

0 < liminf SEEN 8 _ oo e 8 +) — ge(n) + Re {y, Vega())

y [yl y [yl
y7#0 y#0

To see this, just add and subtract Re (y, Vgq(x)) to the numerator and invoke (60). It imme-
diately follows that if —Vg4(x) € Jg.(x) holds then x is stationary. Conversely, suppose that
X is stationary. If there exists a y such that g.(x + y) — gc(x) + Re (y, Vga(x)) < 0, then for
t € [0, 1] we have by convexity that g.(x 4 ty) < 1g.(x +y) + (1 — )g.(x) so

gc(x + 1y) — go(x) + Re (ty, Vga(x)) < 1(gc(x +y) — ge(x) + Re (v, Vga(x)))

by which it follows that the above lim inf must also be < 0, a contradiction.

A.2. Appendix to section 4.1

The full statement of theorem 4.1 follows by combining the below four lemmas. For concrete-
ness assume that we work over C".

Lemma 8.1. Without any restriction on A, the functional K,, attains its infimum.

Proof. Fix 1 < j < n and consider submatrices A(:,J) of A with m rows and j columns,
J C{1,...,n} and #J = j; J determines which columns of A are selected. Now for each fixed
J, the minimum of ||A(:,J)x — b||3 is attained and can be computed by solving the normal
equations. Let ¢; be a corresponding vector in C" with zeroes off J, such that ||Ac; — b||3
equals the minimum in question. Among the {c¢, },—; we denote by c¢; one that satisfies

Ac; — b||? = min min||AG,J)x — b||3.
IAc; = bJ = min minAC. /)x — b|

If I = inf K,(x) we can select a sequence x; € C" such that C,(x;) — /. By construction it
must be

Icu(ccard(x,-)) < ]C,u (x7).

Since K,(x;) is arbitrarily close to I and the c; are finite, it must exist a j—at least one—such
that IC\(c;) = 1. O

Lemma 8.2. If||Al|cccol < 1, the functional K, ., attains its infimum, which equals that of
K.

Proof. In the light of the basic inequality /) c; < K, and the previous lemma, the two
infima can only be different if there exists a point xo such that IC,, s (xo) < inf C,. We prove
by contradiction that this is impossible. In particular K, res(x0) < KC,i(x0), which implies that
Q,(p card)(xg) < p card(xp) since the quadratic terms are the same. This in turn implies (by
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(24)) that there must be some index j such that the corresponding value in Q,(u card)(xy) is
different from p card(x ;), which happens if and only if

0< |X0,j| < \//7 61)
Let ¢; equal 1 in coordinate j and zero elsewhere and consider

= ’C/I,reg(x() + t&ej)

[x0,51

for real ¢ such that 0 < |xoj| + ¢ < \/p. This must be a quadratic polynomial, again by
inspection of (24), which also gives that

d2 X0,j
— Kpreg(xo + 1-—Le)|  =-2+2|a)|3 <0. (62)
dt2 H.reg \Xo,j J —o J

Hence this quadratic polynomial attains its minimum over the stated range at an endpoint.

It follows that we can redefine xo ; to equal either O or /i, so that the resulting point x;
satisfies /), reo(x1) < K,u(x0). We can now continue like this for another index j such that (61)
holds (if it exists), and this process must terminate after finitely many steps N. Denoting the
resulting point by xy, we see that it satisfies /C,,(xy) = K ree(xy) < inf K, a contradiction.
Hence inf C, = inf K\ req.

Let xo be a point where the first infimum is attained. Then /C,, s (x0) < KC\(x0) so we must
have identity and hence the infimum of /C, ., is also attained. |

Lemma 8.3. Let ||A]|occol < 1 and let xg be a global minima of K, e, which is not a global
minima for KC,.. Then it belongs to a connected set of global minima of K, e, including at least
two global minima of K,,.

Proof. By repetition of the previous proof we conclude that the first and second derivative
of IC, reg(x0 + te;) must be equal to 0, so the quadratic polynomial is constant in the range
0 < |xo,| + < \/p. Setting 7 to be one for the endpoints gives two new global minimizers
x1 with either x; ; = 0 or |x; ;| = \/u. Either x; is a minimizer of X', or we can continue the
process with another subindex. The result now easily follows. (]

Lemma 8.4. Let ||Al|oocol < 1, then any local minima of K,y e is a local minima of IC,,. In
particular, the sets of global minimizers coincide.

Proof. Let x( be a local minimizer of K, ., but not of C,. We again repeat the arguments
in lemma 8.2, but this time we get strict inequality in (62), which is impossible. Hence such
minimizers do not exist.

If now x is a global minimizer to K, . then it is a local minimizer of C,, which in the
light of K, > K, ree means that it is a global minimizer, and the proof is complete. U

A.3. Appendix to section 5.1

The proof will follow after a collection of minor results.

Proposition 8.5. For any m + 2 vectors vy, ..., Um+a in R™, we can always pick two such
that (v;,v;) > 0.
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We note that the proposition is sharp since the m + 1 vortices of a simplex in R™ do have
negative scalar products.

Proof. This follows from a simple induction argument. It is indeed clear in R. Suppose now
we take m + 2 vectors v; such that (v;,v;) < 0if i # j. If V is the hyperplane perpendicular
to V42, the projections v, ..., v/, 11 of v1,..., v,y on V must also have negative scalar
products (since the projections onto v, always are in the same direction, opposite that of
Vg2, 50 (], v;> < (v;,v})). Since V is an (m — 1)-dimensional vector space, the desired result
is immediate by induction. (]

Recall that a4, . . ., a, denote the columns of A.

Lemma8.6. LetT C {1,...,n} have cardinality #T > n — k and consider {a;} jcr. Under
assumption (a) and (b), we can pick indices i,j € T such that ||a; — a;||* < 2.

Proof. We first consider the real case R™. Then #7 > m + 2 by (a) and since ||a; — a;||* =
la:||> — 2 Re (a;,a;) + ||a;||*, the result is immediate by (b) and proposition 8.5. Finally, since
C™ is isomorphic with R*", the corresponding result in the complex case follows analogously,
since now #1 > 2m + 2 by (a). U

Armed with the above statements we can now start to characterize global minimizers of
Kk reg» which is annoyingly difficult. It is even difficult to prove that they exist, so as a first step
we shall restrict attention to a closed ball. Recall that D denotes either the unit disc in C or, if
we work over the reals, the interval [—1, 1].

Lemma 8.7. There exists an Ry > 0 such that for any R > Ry, any global minimum x' of
Khreg restricted to (RD)" must satisfy

- R
|xk+1 < bR

Proof. Introduce
~ I _
U= {X#OZ \xk_H\ = Exl} .

We first note that Q»(¢p,)(x) > 0 forall x € P, which follows by the definition (see (8)), so in
particular this holds for all x € U. Define

o= inf{Qz(ka)(x): xeu, x|, = 1} . (63)

Since we are minimizing a continuous (non-zero) positive function over a compact set, o > 0.
Letus write s = s, for the function defined in (52), when there is a need to make the dependence
on x clear. The function s is radially dependent, i.e. s,, = ts, forz € R, and hence k, is radially
independent. Looking at the expression for Q»(¢p,) we see that

Qa(1p)(1x) = £ Qa(1p)(x) 1 ER.

Note that Ki(0) = Ky ree(0) = [|b]|3 so the global minimum of Khreg is less than or equal to
this. Let Ry be such that a(Ry/2)* > ||b||3. If x € U satisfies ||x||>» > (Ro/2), then

Kprea(x) = Qa(tp)(x) = al|x|3 > |13

so it follows that such a point is no global minimizer (at least not on any set containing 0).
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Now let R and x’ be as stated in the lemma. If [} ;| > R/2 then clearly ||x'[|> > Ry/2 so
x' cannot be in U. But then §|X}| > || > R/2 which means that |¥| | is outside of RD. This
is impossible, so the proof is complete. (]

We define an angle of a complex number z to be any number o, such that z = |z|el*z. While
this is unique modulo 27 for z # 0, it can be any number for z = 0. Recall that ey, ..., e,
denotes the canonical basis in R” (or C").

Lemma 8.8. Ler x be any vector and let p,q € {1,...,n} be different indices such that
|xp| < [Xeg1] and O < |x4| < |Xus1| holds. Fix corresponding angles o, and oy and set

x(t)=x+1e%e,—te e,

Then Q(vp,)(x(1)) is twice differentiable at 0 and
2

dr =

t=0

Qo (tp)(x(1))

Proof. This is relatively easy to see in the case when |x,| and |x,| are strictly less than | X/,
so we first assume this. Then the two points where 7 show up in the sequence x(7) are beyond
k, assuming ¢ is kept small enough. For any / > 1 we then have that

S xRl = Y &l (64)

k-1 jek—1

because the left-hand side includes one term like |X,| + 7 and one term like |X,| — ¢, which
therefore cancel out. (This is were we used |x,| > 0). Looking at the expression (52) which is
used to determine k., we see that all the values sy, (/) are unaffected by small ¢, and hence k.
is unaffected by ¢ (as long as it is small enough). Now, the first part of the expression (51) for
Qs (tp,)(x(1)) also contain (64) (for the particular value / = k.), and hence this is constant. The
second part equals

- Z %0 =~ Z %) = 2|xplt + 2[xg|r — 27,

J>k—k, J>k—k,

whose second derivative at 0 equals —4, as was to be shown.

Now assume that |x,| or |x,| (or both) equals |Xx|. The conclusion will follow as above,
once we verify that (i)k, is invariant for small 7 and, (ii) both terms with ¢ in them appear in
{1 O} jrr, -

To see (i), let a be the largest integer such that |X;+1_,| = |¥x| and note that s,(1) > 0 since
we have assumed |¥;41| > 0. Moreover, by inspection of (52) we have that s,(/) = s,(1) for
all 1 </ < a, so k, > a. By this it follows, if we write k.(?) for the k. associated with x(7),
that we also have k.(f) > a for small 7, by continuity. Moreover both terms with #’s show up
in {|x;(#)|}jsk—; for all [ > a, so for such [ we have that s,(,(/) is unaffected by small #’s by
the same cancellation effects as in (64). By this we finally conclude that k.(¢) is constant in a
neighborhood of 0, i.e. (i). Since we also know k. > a, (ii) follows as well by what was written
above. The proof is complete. (]

Proof of theorem 5.1. Let x’ be a local minimizer of Ky, and assume that x' ¢ Py.
We first assume that all values x’; are non-zero, and let «;; be corresponding angles. The set
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T={j: |xj| < |Xks1]|} clearly satisfies #I' > n — k, so we can use lemma 8.6 on the matrix
with columns {e'“/a;}’_, to pick two indices p and g such that

e a, — ea,|5 < 2. (65)

By the choice of 7', we also have that lemma 8.8 applies. Let x(¢) be as in that lemma. It then
follows that dd—fgle,reg (x(?)) exists at 0 and equals

—4 + 2| e“ra, — e“a,|3 < 0.

This contradicts the assumption that x is outside P;, which hence must be false.

We still need to consider the case when some values x’; are 0. In this case we pick x, as in
lemma 8.8 and we let p be any index such that x,, = 0. The angle o, can now be chosen such
that (65) holds, which leads to a contradiction as before.

It is now established that all local minimizers of Ky, lie in Py, and clearly they are also
local minimizers of Cy in view of Ky > Ky, and the fact that these two coincide on Py. Next
we turn to prove that they exist. Fix R > Ry as in lemma 8.7 and let x’ be a global minimizer
of Cy.reg in (RD)". By the lemma we have [%;_ | < R/2, so any perturbation x(¢) as considered
in lemma 8.8 stays within (RD)". With this at hand, we conclude as above that x' € P;.

However, on Py both /Cyree(x) and Ky(x) coincide with simply ||Ax — b||?, the minimum
of which is attained by the proof of lemma 8.1. We conclude that Ky, do attain its global
minima, and that K r; and Ky share global minimizers. O
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