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Abstract

In recent years, methods to estimate sparse signals accurately even in the
presence of severe outliers are gaining increasing attention. Existing outlier-
robust approaches usually suffer from a severe tradeoff between robustness
and global optimality. On the other hand, typical sparse estimation methods
face the risk of missing some important groups of highly correlated features.
This thesis addresses these issues by exploring an effective way of utilizing
the so-called Moreau enhancement technique and by defining a new class of
operators which extends this technique.

Chapter 1 introduces the background and motivation of the study.

Chapter 2 provides mathematical preliminaries which will be used
throughout this thesis.

Chapter 3 presents a robust method for sparse signal estimation based
on the minimax concave (MC) function (the Moreau enhancement of the ¢;
norm) to resolve the above tradeoff problem. The influence of outliers is
reduced by the saturation property of the MC loss function. Moreover, our
approach enjoys the global optimality by using the weak convexity of the
MC function. Numerical examples show the remarkable robustness of the
proposed method.

Chapter 4 extends the estimation method by distinguishing the statisti-
cal differences between Gaussian noise and outliers by introducing an auxil-
iary vector to model the noise. This improves estimation accuracy even in
highly noisy environments. In addition, in analogy to the popular elastic
net, the Tikhonov regularizer is used together with the MC function, yield-
ing “the grouping effect” and resolving the issue of missing important groups
mentioned above. In contrast to the elastic net, the grouping effect of the
proposed method does not depend on the magnitudes of outliers. Numeri-
cal examples show the efficacy of the proposed method even in highly noisy
environments.

Chapter 5 introduces a new notion of “the external division operator”,
which extends the idea of the Moreau enhancement, and it presents a method
to extract all correlated features accurately. The octagonal shrinkage and
clustering algorithm for regression (OSCAR), which gives a better grouping
effect than the elastic net, is known to underestimate the target signals. The



ii ABSTRACT

idea of the external division operator comes from the fact that the proximity
operator of the MC function can be expressed as “an external division of
two proximity operators of the ¢; norm”. The external division operator
for OSCAR turns out to be a generalization of its Moreau enhancement.
Numerical examples demonstrate that the proposed method improves the
performance dramatically by reducing the estimation bias.

Chapter 6 summarizes the results of this thesis and gives an outlook on
the future research.
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Chapter 1

(zeneral Introduction

The goal of this dissertation is to propose a mathematically rigorous frame-
work for debiasing estimation methods of signals. To achieve this, we focus
on the so-called Moreau enhancement technique, which has recently been de-
veloped extensively in signal processing (see Section 1.1.2). We will explore
an effective way of utilizing this technique as well as investigating a new
class of operators which extends it. This thesis presents (i) an outlier-robust
approach to recover the jointly sparse signals in the presence of outliers, (ii)
a sparse stable outlier-robust regression method in the presence of Gaus-
sian noise, and (iii) an effective feature grouping method based on a new
mathematical framework of the external division operator. This chapter first
introduces the background briefly and then motivates this study.

1.1 Background

1.1.1 Sparse Signal Estimation

The analysis of high dimensional data has been in great demand in recent
years, and sparseness has been exploited everywhere to deal with the chal-
lenge of the possible lack of data samples [1, 2, 3]. Here, a signal is called
sparse if most of its components are zero. Although many real-world signals
are not truly sparse, they can be well approximated by sparse signals in an
appropriate basis [3, 4|. Such signals are referred to as compressible, approxi-
mately sparse, relatively sparse, or weakly sparse signals [3, 5]. Sparse signal
estimation is formulated as the estimation problem of a sparse coefficient
vector &, € R" from the observation vector modeled as

y=Ax,+e, € R (1.1)

where A € R™*" is the input or measurement matrix and £, € R™ is the
white additive zero-mean Gaussian noise. Here, the subscripts ¢ and % are
used for sparse vectors and Gaussian random vectors, respectively.
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The sparse signal estimation problem has been studied in many contexts
including feature selection (also known as variable selection or support recov-
ery in different literature) and compressive sensing. Feature selection [6, 7, §]
is a problem of selecting an important subset of features from input data to
improve interpretability [7]. Once a small number of important features are
selected, data analysis techniques such as regression or classification methods
can be applied with improved performance and shortened training time |9, 6.
Feature selection plays an important role in dealing with high-dimensional
data which frequently occur in many applications. Many existing feature
selection methods are based on the estimation of sparse coefficient vectors
such as [9, 10, 6, 7, 11]. When m < n as in the case of high dimensional
data, the estimation problem is ill-posed, and some prior knowledge about
the solution such as sparsity is needed. Such an underdetermined case has
been studied extensively in the context of compressive sensing |1, 2, 3]. The
theoretical results of compressive sensing enable the recovery of sparse sig-
nals with less number of samples needed for the Nyquist-Shannon Theorem
[3]. Compressive sensing has made significant impacts on many applications
such as magnetic resonance imaging [12|, image super-resolution [13], and
compressive sensor networks [14].

To estimate the sparse vector x,, most standard methods are based on
the following problem formulation:

1
min ~|ly — Az|3 + pR(x), (1.2)
xzeR” 2

where || - ||2 denotes the ¢3 norm (see Section 2.1), R : R — R is the
regularizer, and p > 0 is the regularization parameter. Although the £y
pseudo-norm (which counts the number of nonzero components) is a natural
choice for R, the corresponding problem is known to be NP-hard [15], i.e.,
there is no efficient algorithm to solve it in polynomial time.

There are mainly two types of approaches to approximate this problem:
the greedy and relaxation approaches. The greedy approaches include the
matching pursuit (MP) [16], orthogonal matching pursuit (OMP) [17], iter-
ative hard thresholding (IHT) [18], normalized IHT (NIHT) [19], and com-
pressive sensing matching pursuit (CoSaMP) [20]. In general, although the
greedy approaches are computationally efficient, there is no guarantee to find
the global minimizer. The relaxation approach replaces the £y pseudo-norm
with another tractable penalty. This thesis mainly focuses on this approach.
As a convex surrogate of the £y pseudo-norm, ¢; norm has been widely em-
ployed as R, in which case the problem in (1.2) has been studied as least
absolute shrinkage and selection operator (lasso) [21]. Owing to its convex-
ity, lasso achieves global optimality, i.e., algorithms to solve the problem
converge to a global minimizer of the cost function.
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Figure 1.1: Penalty functions for sparse signal estimation.

1.1.2 Bias Reduction in Sparse Signal Estimation

Although the ¢; norm induces the sparsity most effectively in the class of
convex regularizers [22], it is known to lead to the estimation bias, i.e., the
expectation of the estimates does not meet the true signal [23]. See Section
2.2.1 for details.

To address this issue, numerous nonconvex penalties have been proposed,
including the minimax concave (MC) penalty |24, 25|, smoothly clipped ab-
solute deviation (SCAD) [26], the ¢, quasi-norm for ¢ € (0,1) [27, 28, 29|,
continuous exact ¢y (CELO) [30], the capped ¢; penalty [31], the logarithmic
penalty [32], and Laplace exponential penalty [33] (see Section 2.2 for defini-
tions). Some representative penalty functions for sparse signal estimation are
illustrated in Figure 1.1. The outstanding properties of these penalties stem
from the fact that they are better approximations of the £y pseudo-norm than
the ¢1 norm. Among those penalties, the MC, SCAD, CELO, logarithmic,
and Laplace exponential penalties are known to be weakly convex functions,
i.e., they become convex by adding the squared ¢5 norm multiplied by a con-
stant (see also Sections 2.1.2 and 2.2). Owing to this property, the overall
convexity of the cost function given in (1.2) can be preserved for the overde-
termined case (m > n). Particularly, this thesis focuses on the following
MC-based formulation [24]:

1
min ||y — Az[l; + puc®)'C (@), (1.3)
zeR” 2

where pyc > 0, and CI%AC : R™ — [0, +00) is the MC function of index v > 0
(see Section 2.2.2 for definition).
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The MC penalty can be expressed as the ¢; norm subtracted by its
Moreau envelope (see Section 2.1.4 for definition). A generalization of this
concept to any convex seed function instead of the ¢; norm has been ex-
tensively developed in recent years as the (generalized) Moreau enhancement
[25, 34, 35]. The Moreau enhancement has two major useful properties.
Firstly, for some examples, the Moreau enhancement bridges the gap between
the direct discrete measures and its convex envelope [34]. For example, the
MC function parametrically bridges the gap between the ¢y pseudo-norm and
the 1 norm. Secondly, the Moreau enhancement is weakly convex. Owing to
this property, the overall convexity of the cost function given in (1.2) can be
preserved, and hence the global optimality is guaranteed. See Section 2.2.2
for details. It is worth mentioning here that numerous studies have been
conducted on the so-called convex-nonconvex strategy which exploits non-
convex penalties while maintaining the overall convexity of the cost function
[36, 25, 37]. In this thesis, we will explore the effective use of the Moreau
enhancement and its development.

1.1.3 Jointly Sparse Signal Recovery

In many applications, signals have pre-defined specific group structures of
sparsity, and exploiting this information is important to obtain a desirable
solution [38, 39]. A natural extension of the estimation problem given in
(1.1) to address this case has been studied as the jointly sparse signal re-
covery problem, also known as the multiple measurement vectors (MMV)
problem. This problem is formulated as the estimation of jointly sparse co-
efficient vectors {x,;};_; C R", i.e., having nonzero components at common
locations, from the observation vectors modeled as

Yi=Ax,;+e, € R", Vi=1,2,...,r (1.4)
1.e.,

Y = AX, + E, € R™*", (1.5)
where Y = [y1y2...y,] € R™", X, = [Xo1T02...Tor] € R, and
E, = [e,1642...€xr] € R™*". Note that X, is row sparse!, i.e., the vec-
tor [|][X<>](17:)H2, ||[X<>](2’:) 2y, ||[X<>](n7:)\|2]T is sparse. The MMV problem

has been extensively studied with a variety of applications such as array
processing [40], spectrum analysis of time series [41], DNA microarrays [42],
equalization of sparse communication channels, linear inverse problems [43],
magnetoencephalography [44], and source localization in sensor networks [45].
In the particular case of r = 1, the MMV problem reduces to the setting of
the single measurement vector (SMV) problem, which is an ordinary problem

'Row sparsity is a special case of group sparsity, which considers an arbitrary group of
sparse patterns of a vector of a matrix.
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in compressive sensing. While the recovery results of MMV have no advan-
tage to SMV in the worst-case scenario such as the case when the rank of
X, is one, MMV performs much better than recovering each channel indi-
vidually in an average-case analysis, which assumes that X, is generated at
random from an appropriate distribution [46, 47, 48|. For the noiseless case,
1.e., B, = 0p,xn, a sufficient condition to uniquely determine X, from Y
and A is shown as [49]

spark A — 1 +rankY

1 Xollz0 < 5

(1.6)

Here, [|-|l20 : R™" — R : X + card({i € {1,2,...,n} | X(;.) # 0}) denotes
the ¢ pseudo-norm, card(-) denotes the cardinality of a set, and the spark
of A is defined as the smallest number of columns of A that are linearly
dependent. Since rankY = 1 for the SMV problem, it can be seen that the
condition for the recovery of X, is relaxed in the MMV problem in general.

To estimate X, most standard methods are based on the following for-
mulation:

1
in -||Y — AX|% + uRMMV(x 1.7
ain ol I+ p (X), (1.7)

where RMMV . R"X" _ R is a regularizer. Although a natural choice for
RMMV 5 the l3 pseudo-norm, this problem is known to be NP-hard as
well as the £y pseudo-norm. Greedy methods for this problem include simul-
taneous orthogonal matching pursuit (SOMP) [50] (an extension of OMP
[17]), simultaneous normalized hard thresholding (SNIHT) [51] (an exten-
sion of NIHT [19]), simultaneous compressive sampling matching pursuit
(SCoSaMP) [51] (an extension of CoSaMP [20]), rank aware order recursive
matching pursuit (RA-ORMP) [48], which extracts the rank information
of X,. Moreover, combinations of conventional multiple signal classifica-
tion (MUSIC) algorithm [52] and some recent compressive sensing methods,
subspace augmented MUSIC (SA-MUSIC) [53], compressive MUSIC (CS-
MUSIC) [54], and semi-supervised MUSIC have been proposed.

When the ¢ 1 norm (see Section 2), which is the convex surrogate of the
l2 0 norm, is employed as RMMV “the problem has been studied as group
lasso [55, 56]2. Although group lasso has been applied successfully to several
applications |57, 58, 9, 10, 59|, it faces the same issues as lasso, raised in
Section 1.1.1. To reduce the estimation bias of 31 norm, nonconvex regu-
larizers to promote group sparsity have been studied such as group SCAD
[60], the group MC penalty [61, 62|, and £, , norm penalty for p,q € (0,1)
(see Section 2). In [63], a generalized Moreau enhancement of the ¢ norm
is studied with the overall convexity.

2Note that group lasso covers the case when m > n, unlike the MMV problem.
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Figure 1.2: Comparison of the squared f5 norm and robust loss functions.

1.1.4 Outlier-Robust Regression

Outlier is ubiquitous, and robust methods in the presence of outliers have
been studied widely [64, 65, 66]. While the formulation based on the
quadratic loss function is known to be optimal for Gaussian noise, it is far
from optimal when the residual contains non-Gaussian components such as
outliers. Here, we assume that the outliers are sparse, and their nonzero
values are significantly larger than the signals. Instead of the quadratic loss
function, various robust loss functions have been studied in the context of
robust statistics. Prominent examples of robust loss functions include Hu-
ber’s, the least absolute deviation (LAD), and Tukey’s bisquare (also called
biweight) loss functions [64, 65, 66| (see Figure 1.2). See Section 2.3 for
definitions. Here, the LAD is based on the #; norm loss function, which is
known to be more insensitive to large values than the squared ¢3 norm loss
function. On the other hand, as explained in Section 2.2, the quadratic loss
with the MC penalty can improve the performance of lasso by reducing the
estimation bias. A naive question here is the following: Can the robustness
be improved by replacing the LAD with the MC loss function?

1.1.4.1 Robust Jointly Sparse Signal Recovery

In some applications for jointly sparse signal recovery such as multi-lead
electrocardiogram (MECG) [67], gene expression analysis [9], and computer
vision [68, 69|, the measurements may possibly be contaminated by jointly
sparse outliers as

Y = AXQ + E* + 00 S RmXT‘ (1.8)
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where Y, X, and E, are defined in the same way as in Section 1.1.3, and
O, = [0,1002...0,,] € R™*" is an outlier matrix. Here, X, and O, are
assumed to be row sparse; this assumption is also used in [9, 10, 70]. The
problem of robust jointly sparse signal recovery is stated as follows: recover
X, in (1.8) from the known/measurable matrices A and Y (with E, and
O, unknown). Due to the presence of outliers, the classical regularized least
square regression approach defined in (1.7) is known to fail.

To attain robustness against outliers, the robust feature selection (RFS)
[9] has been proposed in the context of feature selection [9]:

(Po)  min [[Y —AX[j21 + pf X[|2.1-
X eRnxr

This formulation can be seen as an extension of the LAD to the MMV prob-
lem in (1.9). The ¢5; norm loss leads to outlier robustness compared to the
classical approach. Despite its fast convergence, the computational cost for
each iteration is high due to the presence of matrix inversion. Therefore, the
scalability of the RFS to high dimensional data is rather limited. This gives
rise to the first research question in this thesis:

(Q1) Can we construct an efficient method with remarkable robustness and
global optimality for jointly sparse signal recovery based on the Moreau en-
hancement?

1.1.4.2 Issues Regarding Existing Robust Loss Functions

Although various robust loss functions have been studied, there are two major
issues.

Issue (i): Existence of an inevitable tradeoff between robustness
and global optimality

While Huber’s and the LAD loss functions are convex and tractable, their
robustness to large outliers is limited. In contrast, Tukey’s loss suffers from
the issue of local minima due to nonconvexity while it is highly robust to
outliers since its gradient vanishes for large values due to the so-called strong
redescending property. Table 1.1 summarizes the comparisons of robust loss
functions.

Let us consider which class of loss functions can break this tradeoff. First,
it is known that no convex loss functions can be useful for this purpose. To
obtain high robustness for huge outliers, vanishment of the derivative of
the loss function above some threshold is important [64, 65]. However, the
derivative of a convex function does not vanish because it is monotonically
non-increasing. This encourages us to explore a nonconvex loss function.
Specifically, the use of the MC function as a loss function is suitable since
its derivative vanishes above a certain threshold, and it is mathematically
tractable due to its weak convexity.

Issue (ii): Sensitivity against small perturbations
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Table 1.1: Comparisons of robust loss functions

. Mathematical
Convexity Robustness Tractability
LAD convex limited Yes
Huber’s loss convex limited Yes
hard t
Tukey’s loss  nonconvex Yes glozlfal o(;‘fiﬁ:ﬁiy
kl
MC loss WeeRy Yes Yes
convex

Let us consider the behavior of the loss functions in the vicinity of the
origin. Figure 1.3 shows the derivative of representative robust loss functions.
It can be seen that, for Huber’s and Tukey’s loss functions, the derivative
vanishes at the origin. This property is important for the estimates to be in-
sensitive to small perturbations, which implies that the statistical differences
between outliers and noise are distinguished appropriately. On the other
hand, unfortunately, the derivative for sparsity-inducing loss functions such
as the LAD and the MC loss do not vanish as they approach the origin. More-
over, the residual, which is nonsparse due to the presence of Gaussian noise,
is promoted to be sparse. Hence, the Gaussianity of noise is not reflected
appropriately for these losses.

For the case when the coefficient vector to be estimated is assumed to
obey i.i.d. zero-mean Gaussian distributions, these two issues have been re-
solved by the stable outlier-robust regression (SORR) [35], which is based on
the MC loss function. The statistical difference between noise and outliers
is explicitly distinguished by introducing the auxiliary vector to model the
Gaussian noise. See Appendix F.1 for details.

1.1.4.3 Sparse Outlier-Robust Regression

Robustness in sparse signal estimation has been one of the most important
aspects to be addressed in signal processing and machine learning over the
years |71, 72, 73, 74]. Outliers can cause severe performance degradation
in many applications including electrocardiography (ECG), which is always
corrupted by electromyographic noise [71]|, image inpainting corrupted by
salt-and-pepper noise [75], wireless sensor network [76], speech denoising [77],
and direction of arrival estimation [78]. To obtain a reasonable solution in
such a case, a use of an outlier-robust loss function, say F : R™ — R, in
place of the quadratic loss in (1.2), has been studied actively:

;Ielﬁgr% F(y — Az) + uR(x). (1.9)

Table 1.2 summarizes some existing sparse outlier-robust methods. Issue
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Figure 1.3: Derivative of robust loss functions.

Table 1.2: Comparisons of sparse outlier-robust methods.

Overall Robustness Mathematical Stability under

Convexity Tractability Gaussian noise
YALL1 convex limited Yes No
RPGG  nonconvex Yes hard to ensure No

global optimality
Huber o
FISTA convex limited Yes Yes
exfsss(ied convex limited Yes Yes
(1) is problematic in this case as well. For instance, setting F' = R = ||-||; in

(1.9) produces the formulation of least absolute deviation-lasso (LAD-lasso)
[79], which is also studied as Your Algorithm for L1 (YALL1) [80]. Huber
fast iterative shrinkage algorithm (FISTA) [81] corresponds to the case when
F'is Huber’s function and R is the /1 norm. While YALL1 and Huber FISTA
are mathematically tractable, robustness is limited. Letting F' = @MC and
R = @%G for «1,v2 > 0 produces the formulation of the robust projected
generalized gradient (RPGG) method [72]. The MC function is far more
insensitive to large values than the ¢; norm because it is not affected by
huge outliers, as mentioned above. Unfortunately, however, RPGG requires
many iterations with a small step size to achieve a small reconstruction error.
Moreover, it requires pseudoinverse computation in the initialization step,
which may become a computational bottleneck on top of the issue of local
minima [72].

As consistent with the previous section, existing approaches for sparse
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outlier-robust regression also suffer from issue (ii) in general. For example,
YALLI and RPGG are sensitive to small perturbations. Extended lasso [82]
distinguishes the statistical differences between noise and outliers by intro-
ducing auxiliary variables to model the outliers into the lasso formulation.
Unfortunately, its robustness is limited when the magnitude of outliers is
unacceptably large (see Section 4.5). The primitive question here is the fol-
lowing:

(Q2) Can we extend SORR to develop a sparse signal estimation method with
stability in highly noisy environments?

1.1.5 Feature Grouping

In many applications of sparse signal estimation, there are groups of highly
correlated features, which are relevant to observations. In that case, it is
known that lasso tends to select only one feature from each group [83]. This
is problematic especially when one would like to select important groups of
features relevant to observations, as illustrated in Figure 1.4. Such a situation
happens in various fields such as gene expression analysis [84], brain imaging
[85], and analysis of protein-protein interaction networks [86].

Many feature grouping methods? have been proposed to yield the group-
ing effect, i.e., select groups of highly correlated features, such as the elastic
net [83], the fused lasso 87|, the clustered lasso 88|, and octagonal shrink-
age and clustering algorithm for regression (OSCAR) [89, 90| (see Section
2.4 for the formulations). Unfortunately, the elastic net does not promote

3We note that the goal of feature grouping is different from the jointly sparse signal
recovery problem. The former considers the case when there are groups of highly corre-
lated features, while the latter does not assume the correlations of features in general. In
addition, for the feature grouping, the group structure of the coefficient vector is not given
in advance.
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Figure 1.5: Contours of the quadratic loss function centered at the least
squares solution (blue) and the constraint region of the OSCAR regularizer
(red) in the two-dimensional case. (a) The case when two features are un-
correlated, and (b) when two features are highly correlated.

the equality of coefficients for the highly correlated features in general, which
may lead to difficulty in the interpretation of the group structure [89, 90].
Besides, the fused lasso promotes the equality of coefficients only for the
successive coefficients, and the clustered lasso does not group the negatively
correlated features [90, 91].

In contrast to those methods, OSCAR is free from these limitations. Fig-
ure 1.5 shows the contours of the OSCAR regularizer in the two-dimensional
case. Here, we assume that y is centered and A is standardized so that
Sy =0, 3" Ai; =0, and ||a;]|3 = 1 for j = 1,2,...,n. In this
case, the axes of the ellipses of the least squares are tilted 45 degrees from
the coordinate axis (see Appendix A for its derivation). When two features
are uncorrelated, as depicted in Figure 1.5(a), the contours of the quadratic
loss function tend to intersect the constraint region on the vertical axis,
yielding a sparse solution. On the other hand, when the two features are
highly correlated, as depicted in Figure 1.5(b), the contours tend to inter-
sect the constraint region at the point where x; = z2 > 0, grouping the
corresponding coefficient pairs. The properties of OSCAR have been exten-
sively investigated with its generalization called the weighted ¢ norm [92, 93]
a.k.a. sorted ¢ penalized estimation (SLOPE) in statistics [94] (see also [95]).
OSCAR simultaneously encourages sparsity and equality of coefficients for
highly correlated features.

Unfortunately, it is known that OSCAR may overpenalize the large pair-
wise coefficient differences [90, 86], which may cause underestimation. A
possible approach would be to consider the Moreau enhancement of the OS-
CAR regularizer. However, unlike the #; norm, no direct discrete measure
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Figure 1.6: The overview of this dissertation.

corresponding to the OSCAR regularizer is known to the best of our knowl-
edge. This implies that its bias reduction effect is unclear. This encourages
us to consider the following question:

(Q3) Does the Moreau enhancement of the OSCAR regularizer bridges the
OSCAR regularizer and a certain ideal nonconvexr function? Moreover, is
there any other approach to go beyond the Moreau enhancement?

1.2 This Study

This dissertation addresses the above three questions (Q1), (Q2), and (Q3).
A key to answering the above questions must be an idea of the Moreau
enhancement, which can reduce estimation bias while global optimality is
guaranteed. This thesis explores how to effectively utilize the Moreau en-
hancement and defines a new class of operators which develops the idea of it.
Figure 1.6 shows the overview of this dissertation. The main body is divided
into three parts, each of which is devoted to each of the above questions,
respectively.

Chapter 2 provides mathematical preliminaries which will be used
throughout this thesis.

In Chapter 3, to answer (Q1), we propose a robust method of jointly-
sparse signal estimation based on the MC functions (the Moreau enhance-
ment of the /1 norm). The proposed formulation involves the MC loss, MC
penalty, and Tikhonov penalty terms. Since the MC loss function is con-
stant for large absolute errors, it can significantly reduce the influence of
outliers. The key difference between the present study from those previ-
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ous works presented in Section 1.1.2 is the use of the debiasing function
to create a highly-outlier-insensitive loss function. Moreover, our approach
enjoys global optimality by using the weak convexity of the MC function.
This is the main difference from RPGG, which is based on the MC loss, and
does not guarantee the global optimality. Numerical examples including the
application of multi-lead electrocardiogram with real data demonstrate the
remarkable robustness of the proposed method.

In Chapter 4, to answer (Q2), we integrate the sparse signal estimation
method based on the MC-based sparse signal estimation method given in
(1.3) and SORR. The statistical differences between Gaussian noise and out-
liers are appropriately distinguished by introducing an auxiliary vector to
model the noise. This leads to accurate estimation even in highly noisy en-
vironments. In addition, in analogy to the popular elastic net, the Tikhonov
regularizer is used together with the MC function, yielding the grouping ef-
fect. In contrast to the elastic net, the grouping effect of the proposed method
does not depend on the magnitudes of outliers. Numerical examples show
the efficacy of the proposed method even in highly noisy environments.

In Chapter 5, to answer (Q3), we introduce a new notion of “the external
division operator”, which extends the idea of the Moreau enhancement, and
we present a method to extract all correlated features accurately. The idea
of the external division operator comes from the fact that the proximity
operator of the MC function can be expressed as “an external division of
two proximity operators of the ¢; norm”. The external division operator
for OSCAR turns out to be a generalization of its Moreau enhancement.
Numerical examples demonstrate that the proposed method improves the
performance dramatically by reducing the estimation bias.

Chapter 6 summarizes the results of this thesis and gives an outlook on
future research.






Chapter 2

Preliminaries

2.1 Notation and Definitions

For any z € R™ and p € (0,400), we define

n l/p
121l = (Z !zz'\p> : (2.1)

i=1
which is referred to as the ¢, norm for p > 1 and the /¢, quasi-norm for
0 < p < 1. The £ norm of any z € R” is defined by
|zlloo = max{|z1],|22],-- -, |2n|} (2.2)

The 431, {25, Frobenius, and nuclear norms of any A € R™*" are defined
by

IAl21 => " [lAG 2, (2.3)
=1
HA”Q,OO = maX{HA(L:)H?v R ”A(m,)HQ} ) (2'4)
m 1/2
JAflp = | D> A%, : (2.5)
i=1 j—1
rank A
HAHnuc = Z Sz'(A>7 (2.6)
i=1

respectively. Here, s;(A) denotes the ith largest singular values of A for
i =1,2,...,rank A. The Frobenius inner product of any A, B € R™*" is
defined by

(A, B)p :=Tr(ATB). (2.7)
For any symmetric matrix A € R™*" the spectral norm of A is defined by
[A]]2 == max [[AE]]>. (2.8)

ll€ll2=1

15
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2.1.1 Bounded Linear Operators

Let (H,(-,-)) be a finite-dimensional real Hilbert space. In this thesis, we
consider only Euclidean spaces and spaces of real matrices as examples of
finite-dimensional real Hilbert spaces. If a bounded linear operator L €
B(H,H) satisfies (Lx,x)y > 0 ((Lz,z)y > 0) for any x € H, then L is
positive semidefinite (positive definite), denoted by L = O (L = O). For any
linear operator L € B(H,H), the adjoint operator L* € B(H,H) is defined
by the operator satisfying

(L, x)yy = (§, L*x)py, Vo, & € H. (2.9)

If L* = L, it is called a self-adjoint operator. A square root of a positive
semidefinite self-adjoint operator L is denoted by L'/2 and is defined by a
self-adjoint operator A satisfying A? = L. The inner product (-,-)r is defined
by <$7§>L = <Lx7§>7'[ for any z,§ € H.

2.1.2 Selected Elements of Convex Analysis

Definition 2.1 (Proper function). A function f : H — (—o0,+o0] = RU
{+00} is proper if

dom f:={z e H | f(z) < +o0} # 0. (2.10)

Definition 2.2 (Lower-semicontinuous function). A function f : H —
(—00, +00] is lower-semicontinuous on H if the level set

leve, f={zeH]| f(z) <a} (2.11)
is closed for any a € R.

Definition 2.3 (Convex function). A function f : H — (—o0, +00] is convez
if

flaz+ (1 —a)f) <af(z)+ (1 —a)f(&), Va,£ € H, Va € (0,1). (2.12)

Definition 2.4 (Strongly and weakly Convex functions). For any p > 0,
f:H = (—o0,400] is p-strongly convez if f — p|| - ||3,/2 is convex, and it is
p-weakly convez if f + p|| - ||3,/2 is convex.

Definition 2.5 (Conjugate function). Given a proper function f : H —
(—o0, +0o0], the conjugate (or Fenchel conjugate, Legendre Transform, or
Legendre-Fenchel Transform) of f is defined by

ffiH—>RU{+o00,—00}: &~ sgg((x,{)H—f(x)) (2.13)

The following fact holds for a conjugate function.
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Fact 2.1 (|96, Proposition 13.23(iv)]). Let f : H — (—o0,+o0] and L €
B(H,H) be bijective. Then, (f o L)* = f* o (L™1)*.

Definition 2.6 (Metric projection). For any nonempty closed convex set
C C H and any point x € H, there exists a unique point Po(x) € C satisfying

de() = min |2 = €l = l}o = Po(a) (2.14)

The mapping Po : x — Po(z) € C is called the metric projection onto C.

Definition 2.7 (Support and indicator functions). For any nonempty closed
convex set C' C H, the support function of C is defined by

To(H) 3 o¢ : x — sup(x, &)y, (2.15)
el

and the indicator function is defined by

0, if x € C,

_ (2.16)
+oo, ifxzé¢C.

FO(H)BLC!(I)I—){

The conjugate of the support function is the indicator function, i.e., o, =
o 196, Example 13.3]. Given any norm || - ||, the dual norm of || - || is defined
by || - ||« == o¢ with C :={z e H | ||z| < 1} [97, 98].

Definition 2.8 (Coercive function). A function f : H — (—oo,+o0] is

coercive if
lim  f(z) = +oc. (2.17)

[[ ]| 3,00

2.1.3 Nonexpansive and Firmly Nonexpansive Operators

Definition 2.9 (Lipschitz continuous operator). An operator T': H — H is
B-Lipschitz continuous with constant 8 > 0 if

1Tz = TE|n < Blle —Elln, V(z,§) € H X H. (2.18)

For 8 =1, T is called a nonexpansive operator.

Definition 2.10 (Firmly nonexpansive operator). An operator T : H — H
is firmly nonexpansive if there exists a nonexpansive operator N : H — H
such that

1.1
T=-Id+=N. 2.19
5 ld+5 (2.19)

For any f € I'g(H), Proxy is firmly nonexpansive |96, Proposition 12.28|.
Although nonexpansive operators are not necessarily firmly nonexpansive,
this is true for the gradient of a convex function, as shown in the following
fact.
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Fact 2.2 (Baillon-Haddard Theorem [99], [96, Corollary 18.17]). Let f :
H — R be a Fréchet differentiable convex function and let 8 > 0. Then, V f
is f-Lipschitz continuous if and only if Vf is 8~ '-cocoercive. In particular,
V f is nonexpansive if and only if V f is firmly nonexpansive.

Definition 2.11 (Cocoercive operator). An operator T : H — H is (-

cocoercive for 5 > 0 if BT is firmly nonexpansive.

2.1.4 Proximity Operator and Moreau Envelope

Definition 2.12 (Proximity operator). Given any function f : H —
(—o0, +0o0], the proximity operator of f of index v > 0 (in an extended
sense) is defined by

1
Prox,p: H —+H:x— arfgen}llin (f(g) + %HSU - f‘%{) ) (2.20)

which is also denoted as s-Prox, if a unique minimizer exists [100]!. A
function f is called prozimable (or proa-friendly) if Prox; is easy to compute.

For any nonempty closed convex set C' C H, the proximity operator of
o corresponds to the projection operator Po [96, Example 12.25].

Definition 2.13 (Moreau envelope). Given a function f € T'o(H), the
Moreau envelope of f of index v > 0 is defined by [96]

1
i H R =i 1)+ -l - €13

= f(Prox,s(x)) + 217H:L' — Prox, (2)]3,- (2.21)

The following facts are used in this thesis.

Fact 2.3 (Proximity operator [96, Propositions 12.28 and 24.8|). Let f €
Lo(H). Then, the following hold.

(a) For any x,& € H, it holds that

Proxs(._g)(7) = £ + Prox;(z — §). (2.22)

(b) The proximity operator Proxy is firmly nonexpansive.

'If f is nonconvex, the proximity operator is often defined as a set-valued operator.
This paper focuses on the case when the proximity operator is a single-valued operator,
and the notation s-Prox is also used to emphasize that.
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Fact 2.4 (Moreau envelope [96] and [101, Fact 17.17]). Let f € T'o(H) and
~v > 0. Then, the following hold.

(a) (Convexity) The function 7 f is convex.

(b) (Lipschitz continuity) The Moreau envelope is differentiable with the
gradient
V("f) =~ 1(Id - Prox,;), (2.23)

which is 4~ !-Lipschitz continuous.

(c) (Moreau’s decomposition) It holds that

Prox, s +vProx, -1« o(y~'1d) = 1d, (2.24)
and
1 2 _ v YL -1
%” Na="1+" (f)e(y 1d). (2.25)
(d) (Lower bound)
f(z) > "f(x), Vy € (0,+00), Yz € H. (2.26)
(e) (Convergence) (i) The function 7 f converges pointwise to f on dom f
as vy — 0, t.e.,
- _
yliglro f(z) = f(x), Vo € H. (2.27)

Moreover, if f is uniformly continuous on a bounded set S C dom f, 7 f
converges uniformly to f on S, i.e., lim_, 1osup,cq | 7 f(z)— f(z)] = 0.
In particular, if f is continuous on a compact set S C dom f, the
Heine’s theorem [102, Theorem 4.47| guarantees the uniform conver-
gence of 7f on S.

(ii) It holds for any x € H that
lim 7f(z)= inf f(&). (2.28)

Y—+00 EeH

2.1.5 Monotone Operator

Definition 2.14 (Graph, domain, and range). For any set-valued operator
B :H — 2™ the graph of B is denoted by

graB = {(z,§) € H x H | { € Bz}, (2.29)
the domain of B is denoted by

dom B := {z € H | Bz # 0}, (2.30)
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and the range of B is denoted by
range B:={{ € H |3z € H, s.t. £ € Bx}. (2.31)

Definition 2.15 (Monotone operator). A set-valued operator B : H — 2%
is monotone if

(x —&u—v)yy >0, Y(x,u) € graB, V(£ v) € graB. (2.32)

The B-cocoercive operator 1" for 5 > 0 satisfies the following inequality:
B
(Tw = T¢x — &)y > 5| Tx — TE|I3, (2:33)

and hence T is monotone.

Definition 2.16 (Subdifferential). Given a proper function f : H —
(—o0, +0o0], the subdifferential of f is denoted by
of - H — 27
rx = {z € H[(E -, 2)n+ f(2) < f(E), VE €M}, (2.34)

and, for any = € H, an element of df(x) is a subgradient of f at x.

For any f € I'g(H), it is well known that the proximity operator is ex-
pressed as

Prox; = (Id+0f) ™", (2.35)
which is the resolvent? of df [96, Proposition 16.44].

2.2 Bias Reduction Methods

2.2.1 Estimation Bias of Lasso

Unbiasedness for a large true coefficient is one of the principles proposed in
[26] to select a good penalty function. Here, an estimator is biased if its
expectation does not meet the true coefficient, i.e., E[Z] # @,; otherwise it
is called unbiased [23]. Assume that A in (1.1) is orthonormal. In this case,
Problem in (1.2) is equivalent to

1
in —||ATy — z|3 : 2.
min o|A'y — [l + pR() (2.36)
The solution to (2.36) for R := || - ||; is given by

& = Prox, ., (ATy)
Soft, (A y). (2.37)

2The resolvent of a set-valued operator B : H — 2% is defined by (Id +B)™".
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Here, for any v > 0, the soft-shrinkage operator [103| is defined by

Soft, = Prox,|., : R" = R" : @ = [x1, 72, ... )T
= [soft. (1), soft (x3), . . . , s0fts (2,,)] T
(2.38)
with

softy : R = R : x + sign (z) max {|z| — v, 0}, (2.39)

where

1 ifa>0

sign: R — {-1,1}:a— <’ - 2.40
& =11} {—1, if @ < 0. (2.40)

Since soft,(a]y) = a]y — p if a]y > p, the lasso solution is biased, i.e.,
E[fl] = LEQJ' 4 75 330’1', (241)

In general, when R is separable, i.e., R(x) =Y ., pi(x;) for any & € R™, Z;
satisfies the first order optimality conditions

Ty —aly + ppi(E) =0, Vi=1,2,...,n, (2.42)

which are obtained by taking the first derivative of the cost function (2.36)

with respect to z;. Hence, if p/ vanishes for large absolute values, it holds
that

E[#:] = a] y = 7o, (2.43)

=0

when |a] y| is sufficiently large. This implies that the condition p(z;)
for large |z;| is a sufficient condition for unbiasedness [26].
2.2.2 MC Function and Moreau Enhancement

Definition 2.17 (Minimax concave function). The MC function [24] with
index v > 0 is defined by

n
MO R [0, +00) t x> > ) (w) (2.44)
=1
where
2
| — —, if |z| <7,
PN R = [0,400) 12— U 2y el <7 (2.45)

This function has been used as a penalty of least square problems for

promoting sparsity without causing severe extra biases. It is actually a v~ !-

weakly convex function, and enjoys a better sparsity-seeking property than
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Figure 2.1: Contours of the 5 norm, the /1 norm, and the MC function.

the ¢1 norm (see Figure 2.1). Furthermore, it is less sensitive to large compo-
nents than the £; norm because the range of the function is bounded above
by a certain level (see Figure 1.1).

The MC function can be expressed as the difference between the £1 norm
and its Moreau envelope [25]:

OMC = |- |l = || |Ih. (2.46)

A generalization of the MC function to a nonseparable function is proposed
as the generalized MC (GMC) function [25]. For any B € R™*"  the GMC
function is defined by

PGMC . R 5 [0, 400)

. 1
.2 el — min (kul + B - z)\r%) L (2an)
z€R"™ 2

When the MC function is employed as R in (1.2), the convexity of the whole
cost function cannot be preserved for the underdetermined case in general.
In fact, it is known that a nonconvex penalty R needs to be nonseparable
in general to preserve the convexity of the overall convexity [25]. Hence,
the GMC function extends the applicability of the MC function owing to its
nonseparability.

To extend the GMC function to a general convex function, the
generalized-Moreau-enhanced (GME) penalty function has been proposed
in [34]3.

3In [34], a more general penalty function than GME is proposed, which is applicable to
broader scenarios.
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Definition 2.18 (Generalized Moreau enhancement). Let (#,(-,-)) and
(K, (-,-)) be the finite-dimensional real Hilbert spaces. For any ¥ € I'o(H)
coercive with dom ¥ = H, and an arbitrary bounded linear operator B :
H — K, the GME penalty function is defined by

1
Up:x— ¥(x)— miﬁ (‘IJ(Z) + §||B(x - Z)”QIC) . (2.48)
zE
Letting # :== R™, W := || - ||;, and B := v~'/2I,, in (2.48) reduces to the

MC function (2.45).

The Moreau enhancement has two major useful properties. Firstly, for
some examples, the Moreau enhancement bridges the gap between the direct
discrete measures and its convex envelope [34] as shown in the following fact.

Fact 2.5 (|34, Example 2|). 1. It holds for any € R™ and v > 0 that

2

i ([, 21a(®) = o, (2.49)

2. Tt holds for any X € R™*™ and v > 0 that

. 2
Bt () awe)27214(X) = rank X. (2.50)

Secondly, the Moreau enhancement is weakly convex. More generally,
the following fact shows the overall convexity conditions of the cost function
based on the quadratic loss with the generalized Moreau enhancement.

Fact 2.6 (|34, Proposition 1|). Let X, ), Z and B € B(Z, Z) be the finite-
dimensional real Hilbert spaces. Let Up € I'¢(Z) be the GME function

defined in Definition 2.18. For £ € B(X, 2Z), (4,£) € B(X,)) x B(X, Z),
and p > 0, let

Jupor : X 2Rz %”?/-Ax”%;—l—u‘llgo,ﬂ(x). (2.51)
Then, for the three conditions
(Cl) A*A— uL*B*BL = 0,
(C2) Jygog € T'o(X) for any y € ),
(C3) J§) o = lIA- 3+ p¥p 0 £ € To(X),

the relation (C1) = (C2) < (C3) holds.
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2.2.3 Other Nonconvex Sparsity-Inducing Penalties for Bias
Reduction Methods

We list below some representative penalties for bias reduction introduced in
Section 1.1.2. See also [104].

e SCAD |[26]:
wlzl, if |z| < p,
22 — 2yulx| + p?
Gho ViR = [0,400) w7 g0y 1) if |z] € [p, 1),
1 2
(7+2)u7 if |z > yp,
(2.52)

where p1 > 0 and v > 2. This penalty is (7 — 1)-weakly convex function
[105].

e /, quasi-norm for ¢ € (0,1) [27, 28, 29|
¢' R — [0,400) : z +— (1/q)]z]9. (2.53)

This penalty is not weakly convex (see Appendix B).

e CELO [30:
2 VZr\® V2
,U/_’y<|x _H) ’ lf’x‘gi7
S}ELO:R%[O,—FOO)::B'% 2 v 72
. if 2| > Y,
Y
(2.54)

where 7, 1 > 0. This penalty is v2-weakly convex (see Appendix B).
e Capped /; [31]:
5P R — [0, 4+00) : x> min{y, ||}, (2.55)
where v > 0. This penalty is not weakly convex (see Appendix B).
e Logarithm penalty [32]:
log . .
¢8R — [0, +00) : x = log (1 + 7|z[), (2.56)
where v > 0. This penalty is (7/2)-weakly convex [106].
e Laplace exponential penalty [33]:
¢S 1R — [0,+00) : x> (1 —exp ), (2.57)

where v > 0. This penalty is (7/2)-weakly convex [106].
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2.3 Outlier-Robust Regeression

We list below representative robust loss functions including those introduced
in Section 1.1.4.

e Huber’s function [64, 65, 66]:

x
PP R — [0,400) tw > ¢ 2, (2.58)
i .
—5 talel, iz >
where v > 0.
e LAD [64, 65, 66]:
VAP TR — [0, +00) 1 x> |z]. (2.59)

e Tukey’s bisquare (also known as Tukey’s biweight) [64, 65, 66]:

2\ 3
1 1- - ﬁ ) if ’.%" < s
¢$Ukey ‘R — [0,+00) iz { O 72
1
67 if ’Jf‘ >,
(2.60)
where v > 0.
e Hampel’s function [107]:
R —=|0,400) iz —
PPl i R — [0, +00)
2
x .
?7 if ’Jf‘ S Y1,
i
—’nlw!—? if 2] € (71,72];
2 2
g gi! 73— T .
Y12 — ?1 + (13— 72)5 (1 - (fy;»,—‘fm') ) , i fz] € (v2,73],
A2
\71’72—51+(’Y3—72)7 if [z] > 3,
(2.61)
where v > 0.
e Lorentzian norm* [71]:
2
¢£°remam :R — [0, +00) :  — log (1 + a:) , (2.62)
Y

where v > 0.

4The Lorentzian norm is not a norm since it does not satisfy the positive homogeneity
and triangle inequality.
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2.4 Feature Grouping Methods

We list below the formulations of representative feature grouping methods
introduced in Section 1.1.5.

e Elastic net [83]:
1 H2
min 2y — Az + izl + 223 (263)

where p1, 2 > 0.
e Fused lasso [87]:
1 n
min 2||y—Aw||§+u1H:vII1+u2;\xi — 2, (2.64)
where p1, o > 0.

e Clustered lasso [88]:

o1
min - |ly — Az|3 + w2l + p2 ) |z — ], (2.65)
zcRn 2 i<y
where p1, 2 > 0.
e OSCAR |89, 90]:
1
min S|y — Az + Q5 (@), (2.66)

xzeR” 2

where A1, Ay > 0, and
Qf\)ls’f\jQAR :R™ = [0,400) : @ = \||x]]1 + A2 Zmax{\xﬂ, |z}
i<j

(2.67)

The function Q%S%AR can also be expressed as

QAR R = [0,400) r x> > (M + (n—i)Ag)|zly,  (2.68)

i=1
where |z|(; is the ith largest component of [|x1], |z2], ..., |2,|]T so that
|z > [zg) > -+ > |z is satisfied. Let w = w1, w2, ... ,wy]T such

that
wi =A1+Xo(n—1i), Vi=1,2,...,n. (2.69)
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Then, OSCAR is expressed as the ordered weighted ¢ norm [92], i.e.,
QWM (@) = (w, |2]))2, (2.70)

where
2|, == P(|z])|z| € R", (2.71)

and P(|xz|) € R™"™ denotes a permutation matrix which sorts the
components of |x| == [|z1],|22],...,|z,|]T € R" in non-increasing order
[92]. The proximity operator of OSCAR for v > 0 is given by [92]:

PrOXVQAOf,CA‘;R cx — Sign(x) © P(|93DTPIC§O (lx|, —yw),  (2.72)
where
Sign : R™ — R" : ¢ — [sign(zy), sign(zs), ..., sign(z,)]",  (2.73)

and
IC%LO::{:L'ER"\xlzxgz...zxnzO} (2.74)
is the monotone nonnegative cone [98].

The projection of any & € R™ onto KL, can be effectively computed
by pool adjacent violators algorithm (PAVA) [108, 109, 110].

2.5 Firm-Shrinkage Operator

For any =, 7 satisfying v > 7 > 0, the firm-shrinkage operator [111] is defined
by

Firm,, : R" - R" : & == [21, 22, .. .,xn]T
s [firmy o (1), firmy - (22), .. ., firme o (2,)] T (2.75)
with
firm; , : R = R

0, if |z <,

o {2 ) e ), (20)
N—T
x, if |z > 7.

The firm-shrinkage operator is known as the proximity operator of the MC
function as Firm;, = Prox guc [112]. The relation between the firm-
shrinkage and soft-shrinkage operators will be investigated in Chapter 5.






Chapter 3

Robust Recovery of
Jointly-Sparse Signals Based
on Minimax Concave Functions

3.1 Introduction

In this chapter, to answer (Q1) raised in Chapter 1.2, we cast the task of
robust recovery of jointly sparse signals as a minimization problem of a sum
of a weakly convex loss function and a strongly convex regularizer (which
ensures the convexity of the whole cost). The use of nonconvex loss function
actually makes the optimization problem difficult to solve directly by the
convex optimization methods such as the alternating direction method of
multipliers (ADMM) [113] and the primal-dual splitting methods [114, 115,
116], even with the well-established firm-shrinkage operator [112] (see Section
3.2.2). To circumvent this difficulty, we reformulate the problem with the
Moreau decomposition so that the problem can be solved by the primal-dual
splitting method [116]. We derive the parameter designs/ranges to ensure
convergence. Numerical examples show that the proposed approach is far
more robust against strong outliers compared to the existing ¢5 1-based RFS
approach. It is also shown that the proposed approach is effective in an
application to the recovery of MECG signals, which is known to be typically
corrupted by impulsive electromyographic noise [71].

3.2 Proposed Approach
We first show the proposed problem formulation for robust recovery of jointly-
sparse signals, which can be solved by the primal-dual splitting method under

an appropriate reformulation, and then present closed-form expressions of the
operators used in the algorithm. We finally present the convergence analysis

29
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and discuss the computational complexity.

3.2.1 Problem Formulation

We formulate the robust jointly-sparse signal recovery problem as follows:

(Pr)  min J(X) = (DY - AX) + @3 a(X) + TIXIR).
where p1 > 0, pz > 0, and ®¥EL : R™" — [0,+00) and (I)%CSM :
R™" — [0,4+00) are the Moreau enhancement (see (2.48)) of the (3
norms for the diagonal operators L := diag(ly,l2,...,ln) € R™*™ and
M = diag(mi,ma,...,my) € R™ ™ for Iy,lo,... Ly, mi,ma,...,my > 0,
respectively, defined as follows!:

m

3C(Z) = (| l21)z(2) = Z@Zﬁ?(z@:)), VZ € R™, (3.1)
i=1
O (E) = (- [2)m(E) = Z‘P%?l(a(i,;)), VE e R™. (32)
i=1
For pe = 0, (Py) with Iy,1l2,..., L, m1,ma,...,my, — +0 reduces to

(Pg). Since the MC functions used in both loss and penalty terms in (P;)
are nonconvex, the third term is necessary to obtain the convexity of the
whole cost function (see Proposition 3.1 below and its following discussions).
Indeed, the use of CI%/[FL(Y — AX) makes the outliers less important than
using the f9 1 norm as shown in Figure 1.1.

Some readers may consider that the third term would annihilate the ben-
efits of the MC terms. Fortunately, however, such annihilation does not hap-
pen to the first term @g/lch(Y — AX) when p9 is set to an appropriate value
according to Propositiofl 3.1 presented below. This is because the minimiza-
tion of @gﬁC’L(Y —AX)+ m(I)lQV’ISM(X) + p2|| X [|%/2 is closely related to the
minimization of @gffL(B) + u1<I>12\{[EM(ATY — ATB) + 3 ||ATY — ATB||%/2
by relating X and Y by B=Y — AX if A'A = I,,. Here, the latter prob-
lem for p; = 0 is the ordinary least square cost penalized by the MC penalty,
and this suggests that the former problem benefits from the MC function
as well as the latter one. The other MC term ®}C, (X)) together with the
quadratic term can be considered to be a nonconvex (and block-structured)
analog of the popular elastic net regularizer [83], which will be studied fur-
ther in Chapter 4. We show in Section 3.2.3 that (P1) is solved by using the
primal-dual splitting method [117, 118].

! Although L and M are set to scaled versions of the identity matrix in all the examples,
the present definition as a diagonal operator is advantageous when some prior knowledge
is available about which columns are more likely to contain outliers.
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3.2.2 Motivation of Reformulation

We discuss the possibility of applying the primal-dual splitting method or
ADMM directly to Problem (P1). We first mention that, in order to consider
the first and third terms as a single function of AX, one needs the additional
condition rank A = n, which strictly limits the applicability. A possible ap-
proach would therefore be to consider the second and third terms as a single
function of X and then use the firm-shrinkage operators studied in [112].
Let us first consider the primal-dual splitting methods [114, 115, 116]. These
methods require the convexity of each term of the cost function as well as
that of the entire cost. Moreover, these primal-dual methods use the proxim-
ity operator of the conjugate function of the first term ®}°, (Y —-) of (Py).
Due to the fact that the Fenchel conjugate of a given function coincides with
that of its lower-semicontinuous convex envelope [96, Proposition 13.16], one
can verify that Prox(q);x&)* = 0 since the lower-semicontinuous convex en-

velope of @g/lch is a constant function, and hence Prox(¢12\41cL)** = Id. As
a result, Prox[(bgAcho(y_,)]* = 0 due to the basic propertiés of conjugate

function and proximity operator [96]. This means that the first term gives
no impact on the algorithm output, and thus there is no hope to obtain
a solution of (P1). In contrast, the proximity operator of the conjugate
function of @g{ISL does not appear explicitly in the ADMM iterate. How-
ever, the convergence analysis is nontrivial in this case. For instance, the
widely known approach of Eckstein and Bertsekas [119] applies the Douglas-
Rachford splitting method to the dual problem. The conjugate function
appearing in the dual problem is replaced by the original function due essen-
tially to the Moreau decomposition, which cannot be applied to the current
nonconvex case. Another equivalent form of ADMM iterate (which will be
referred to as ADMM’) is given in [120], bypassing the dual formulation.
To apply this algorithm formally to Problem (P7), consider using ADMM’ to
solve the following problem. minimize f(X)+g(Z) subject to AX+Z =Y,
where f : R"" — (—o00, 4+00] is a p-weakly convex function for p > 0, and
g € T'o(R™*"). To ensure the convergence, firm nonexpansivity of Prox,,, is
used in [120], where p1 (U) == minxcgnxr{f(X) | AX = U + Y }. However,
Prox.,, can be shown to be a-cocoercive for a = 1 — vp| AT|j3 for v > 0
such that o € (0,1). Since a < 1, Prox,,, is not even nonexpansive.

3.2.3 Reformulation of (P;)

The following lemma is used for the reformulation of Problem (Py).

Lemma 3.1. For any X € R"*¢,

1
Y0 (X) = [ X 20 = 1 X3 + e o MY)(MYX),  (33)
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and
1
Pyrr(Y — AX) =Y — AX |20 — oY - AX|If
+ Yo o LY?)(LY2(Y — AX)), (3.4)
where
Ci=levear | - 200 = {X € R™" | || X||2,00 < 1} (3.5)

Proof. It is known that the conjugate function of any norm is defined as the
indicator function of the unit ball of its dual norm [98, Example 3.26]. Since
the dual norm of the ¢ 1 norm is the f3 o norm [121, Section 3.3|, we obtain
(Il - l2,1)* = 2¢c. It therefore follows, for any X € R™*", that

®Yim(X) = | X

= 1Xlls = (511 [ = e o (2T ) (12X

21— (|- [l2qg o M7V (M2 X)

1
= [ Xll21 = IX 137 + (100 MV2)(M2X). (3.6)

Here, the first equality is due to [36, Lemma 1], and the second equality is
due to Facts 2.1 and 2.4(c). The latter case is proven in the same way. [

By Lemma 3.1, Problem (P;) is reformulated as follows.

. M2
min (@YY - AX) + e (X) + 22X ;)

. 2 1 H1
& min (TZIXIF - SIAX]E - TIX G+ (AX. V)L

+ Yag o LVA(LY2(Y — AX)) + p1 (10 0 MV (M2 X)
| X o1 + Y — AX]]2,1)

& (P’l) min (F(X)+ G(OX)), (3.7)
X eRnxr
where
A
o= € R(mAn)xn 3.8

Here, the functions F' and G are defined as follows:
nxr K2 2 1 2 M1 2
F:R _”R:X'_)?HXHF_§”AXHL_?HXHM+<AXaY>L
+ LYoo LYAH(LYA(Y — AX)) + 1 oo o MYE)(MY2X), (3.9)

GRS R Z s Hz- [OY ] (3.10)

nxr

2,1
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The function G is clearly convex and nonsmooth. On the other hand, the
function F' is smooth, i.e., F is differentiable and its gradient VF' is Lipschitz
continuous with constant (see Appendix I.1 for its derivation)

B = Amax (oI, — ATdiag(ll, loy ..., lm)A — prdiag(my, ma, ..., my))
+ )\maX(ATdiag(llv l2a s 7lm)A) + max{mla ma, ... ,mn}' (311)

The function F' is also strictly convex under a certain condition as shown by
Proposition 3.1 below.

Proposition 3.1. The function F' is convex if
Lo > )\maX{ATdiag(ll, loy ... L) A+ pdiag(my, ma,...,my)}.  (3.12)

The condition (3.12) is also necessary when

K= {X € R™" | Yoo LY2)(LV2(Y — AX)) = o}
N {X € R™ | Yoo o MY2)(MV2X) = 0} (3.13)

has a nonempty interior. In particular, F' is strongly convex if (3.12) holds
with strict inequality.

Proof. See Appendix [.2. O

Strict convexity of the entire function in (P}) is verified by Proposition
3.1 with the convexity of G. The coercivity of the entire function in (P}) is
verified with the following proposition.

Proposition 3.2. The cost function J in (3.2.1) is coercive.

Proof. 1t holds from (3.2) that, for any B € R™*",

®}{L(B) =B

1
— min VA +-|B - Z|3
o1 min (12l -+ 518 - 213

1
> [Bles - |12l + 18 - 213
Z=B
— 0. (3.14)

In the same way, we obtain ®}1¢) (X)) > 0 for any X € R™". Therefore,

J is coercive since the sum of a coercive function and a function bounded
below is coercive [96, Corollary 11.16]. O

By Propositions 3.1 and 3.2, the cost function of (P}) is
strictly convex and coercive if ps > Amax{ATdiag(ly,lo, ..., L) A +
purdiag(my, ma, ..., my)}, and hence the uniqueness and existence of the so-
lution are guaranteed in this case [96, Corollary 11.16].

Applying the forward-backward-based primal-dual algorithm [117, 118§]
(see Appendix C) to solve (P}) produces Algorithm 3.1.
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Algorithm 3.1 : Forward-backward primal-dual splitting method for solving
(P1)
Set X, € R"*", V; € R®+m)Xr and r.¢ > 0.

For £ =0,1,2,---
AAT mAD
4+ | Inam — V;
( i g[mAT uila])

X1 = Xp = TVF(Xy),

AX) 1
Viet1 = (Id = Prox(;/0)c) :

3.2.4 Closed-Form Expressions for the Operators

We present below closed-form expressions of the operators used in Algorithm
3.1 below.

Proposition 3.3. Closed-form expressions for VI and Prox, /)¢ are given
as follows:

n
1
1. VF: X 15X — iy _min {m} eniX (i

< 1
T . . o r
+A ?:1: mlﬂ{ 1Y — AX]; 02 lz} emiY — AX] ),

2. Prox(r/g: Z — [ Y }

0n><1“
+5  max 1—,0} eminilZ — YT,
; { 1[Z =Yl (i)
n T/g ]
T max § 1 — 70} Em+n,m L m4+i,:)?
; { 1Z(mti)ll2 14 (i)
Proof. See Appendix I.3. -

3.2.5 Convergence Conditions and Complexity

The following proposition gives a guarantee of convergence of Algorithm 3.1
to solve (P}).

Proposition 3.4. Assume that convexity condition (3.12) is satisfied. Let
(Xk)pen and (Vi)en be the sequences generated by Algorithm 3.1, respec-
tively. Suppose that

2 1
0<7<—,0<¢< (3.15)

ﬁ )\max(ATA) + ,UJ% .
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Then, the sequence (Xj),cy converges to a solution of (P}), and
((7/S) Vi) pen converges to a solution of the associated dual problem

in F*(-07¢) + G*(¢). 3.16
(ohin (@) +G*(C) (3.16)
Proof. The proof is due to Fact C.1 in light of Proposition 4.1. O

We now analyze the computational complexities of our approach and the
RFS. The complexity of our approach can be divided into two parts: the
number of multiplications to compute 7 and ¢ (step 1) and the one for the
iterations (step 2).

In step 1, we consider the number of multiplications to attain 8 and
)\max(@T@), from which the proximal parameters 7 and ¢ can be obtained
due to (3.15). Using the power method, the computational complexity for g
by (3.11) is given by O(min{n? m?} max{n, m,ps}) where pg is the number
of power iterations. See appendix D for the definition of the big Oh notation
@Q@. The above arguments are based on the following equations:

Amax (p2 Iy, — ATdiag(ll, lo,. . lm)A — ppdiag(my, ma,...,my))
= Amax (pio I — diag(17/%, 152 1Y2)AAT diag (1%, 132, ... 11/2)
— pdiag(my, ma, ..., my)), (3.17)
Amax(ATdiag(l1, la, . . ., Iy A)
= Amax(diag (1172, 132, IY2) AAT diag (117,132, .. 1M2)). (3.18)

The complexity of Apax(®TO) scales in O(p, min{mnr,n?(m + r)}), where
P is the number of power iterations to obtain ¢. This is verified as follows:
it holds for any X € R™*" that

0TeX = ATAX + 12X (3.19)

and  the complexity of ATAX is  O(min{mnr,n?(m +
r)}). The overall complexity of 7 and ¢ amounts to
O(max{min{n?, m?} max{n, m, pg}, pc min{mnr,n*(m +r)}}).

In step 2, the complexity for updating X, +1 and Vi1 of Algorithm 3.1
are O(nmr) and O(nmr), respectively. Hence, the overall complexity per it-
eration scales in O(nmr). The complexity of the RFS is O(m(m+n) max(m+
n,r)), which is larger than that of the proposed approach for a sufficiently
large m (see Table 3.1) Figure 3.1 compares the CPU time for the conver-
gence of the proposed method and the RFS. This experiment is performed
in Python 3.8.13 on a 64-bit PC with 12th gen Intel(R) Core(TM) i9-12900
CPU (5.1 GHz). The experimental setting is the same as Experiment 3-A in
Section 3.3 below for SNR 30 dB except that n := 128.

We finally mention that the RFS problem (Pg) can be solved by the well-
established convex optimization techniques such as the primal-dual splitting



36 CHAPTER 3. ROBUST JOINTLY-SPARSE SIGNAL RECOVERY

Table 3.1: Computational complexity (¢: the number of iterations).

Algorithm Time complexity
T2 2
Proposed O(max{gnmr, @ax{mm{;z ,m*} max{n,m, pg},
pe min{mnr,n*(m +r)}}})
RIS O(qm(m + n) max{m + n,r})
| —6— RFS
1025' —A— Proposed

= i

i I

o 10'F

E 5

e

210

) 10 '

1071 E [ 1 i i

1000 2000 3000 4000
m

Figure 3.1: Computational complexities of the proposed approach and the
RFS.

methods [114, 116, 115] and ADMM [113], all of which are more efficient
than the method in [9].

3.2.6 Remarks

Remark 3.1. One may consider solving Problem (P}) by other algorithms
such as the primal-dual splitting method of Chambolle and Pock and ADMM.
It is difficult to compute the proximity operator of F in this case; see [122,
59| for some cases in which the sum of functions is jointly proximable. A
possible way to circumvent this difficulty is to apply Chambolle and Pock’s
algorithm through the Pierra-type product-space reformulation [123, 124| as
follows. We first decompose F' into a sum of multiple proximable functions
S fifor p > 2and f; € To(R™") (i = 1,2,...,p), and then let the
arguments of the functions be X7, Xo, ..., X, respectively. We finally add
the indicator function to enforce the linear constraint X; = --- = X,. This
strategy results in an undesirable increase in the number of variables, causing
significant increases in the computational costs and memory requirements.
An application of ADMM to (P}), on the other hand, essentially requires
the proximity operator of F'. This implies the necessity of the inner loop to
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find the proximity operator numerically by some iterative methods. To avoid
such increases in complexity and memory requirements and the inner loop,
we leverage the primal-dual splitting method of Condat [116] to solve (P})
in the present study.

Remark 3.2. Problem (Pj) is equivalent to the following problem:

Juin (F(X)+ G(X)+ H(©X)), (3.20)
c nxnr
where

To(R™7) 5 G X = ]| X |21, (3.21)

ToR™7) > H:Zw—||Y — Z|

2.1. (3.22)

The problem in (3.20) can be solved by the primal-dual splitting method of
Condat [116]. However, the conditions on the step sizes for this algorithm
are more restrictive than Algorithm 3.1. We note that there may be better
optimization algorithms to solve (P}), and the best selection of the algorithm
is an open issue.

Remark 3.3. Some readers may consider that the use of the GMC functions
for the loss and penalty terms in (P;) instead of the MC functions would be
more advantageous. Although the GMC penalty with appropriate param-
eters allows the global optimality for the problem involving the quadratic
loss (see (1.1)) even in the underdetermined case, it is not necessary in the
present study. The quadratic loss cannot be strongly convex over the whole
space in the underdetermined case, and hence it does not annihilate the weak
convexity of the MC penalty. However, in the present study, the quadratic
term in (P;) does not involve any linear operator, and hence it is strongly
convex even in the underdetermined case. Hence, the convexity of (P) can
be guaranteed without employing the GMC functions.

3.3 Numerical Examples

We first show the robustness of the proposed approach and its performance
in the support recovery task. We then evaluate the efficacy of the proposed
approach in an application to the recovery of MECG signals.

3.3.1 Experiment 3-A: Toy Data

3.3.1.1 Robustness

Matrices X, € R™" and A € R™*"™ are generated from the i.i.d. normal
distribution A(0,1). Here, we consider dense X, to show the pure effects
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Figure 3.2: Learning curves under n = 512, m = 1024, n = 32, outlier rate
30% and signal-to-noise ratio (SNR) 30 dB.

of the robustification (excluding the sparsification effect). The matrix E, is
generated from the i.i.d. normal distribution with SNR, where

_ E[|AXG|F]

SNR i= —n 2ol
E[llE#]

(3.23)

The outlier matrix O, is column sparse, and its non-zero elements are drawn
from N'(0,1) and are then multiplied by the factor 100. To measure the ac-
curacy of the recovered signals, the normalized mean squared errors (NMSE)
given by

X, — X|?
NMsE — 1Xe — X 2”F
1o 17

are used. The RFS [9] is considered for comparison. In [9], it is mentioned
that one can easily extend the RFS to those problems with different penalties,
such as

(3.24)

. M2 2
(P2) i 1Y — AXll21 + -1 X[, (3.25)
which is a special case of (P1) for L = 0y,5, and g = 0.

Since X, is dense, we let u; = 0 and M = 0px,. On the basis of
Proposition 3.1, ps is set to 2 == Amax{ AT diag(l1,1s, ..., 1) A} which gave
the best performance. We let [y = -+ =1, = a; > 0, and o and A in (Pg)
are optimized via grid search using the clean data which are free from noise
and outliers.

Figure 3.2 depicts the learning curves for n = 512, m = 1024,
r = 32, and the SNR is set to 30 dB. Although the proposed ap-
proach for Problem (P;) requires a larger number of iterations than the
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RFS for Problem (Pg), the proposed approach is indeed more benefi-
cial than the RFS in terms of the computational time. To be spe-
cific, O(max{gnmr, max{min{n? m?} max{n, m,pg}, pc min{mnr,n?*(m +
7)}1}) = 2.8x 102 for the proposed approach, and gm(m+n) max(m-+n,r) ~
1.1 x 107 for the RFS, where ¢ = 131, ps = 1167, and p. = 219 for the pro-
posed approach, and ¢ = 27 for the RFS.

Figure 3.3 depicts the performance for n = 160, m = 256, and r = 32
under 300 trials when the outlier rate (the ratio between m and the number
of nonzero columns of the outlier matrix O,) changes between 10% and 40%.
The SNR is set to 10, 20, 30, and +oo dB (i.e., the noiseless case). It is
seen that the proposed approach is more effective for a denser outlier matrix.
We mention that, once recovering the support, one can remove those data
corresponding to the off-support components and solve another (smaller size)
regression problem that involves a smaller number of variables than that of
the original problem. In that respect, the present setting of n < m is a
reasonable choice. Note that the performance of the RFS (P2) and Proposed
(Py) are particularly different in Fig. 3.3(d) possibly because the matrix
inversion produces numerical errors for the RFS (P3).
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Figure 3.3: NMSE across outlier rate under n = 160, m = 256, and r = 32.
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3.3.1.2 Support Recovery

We demonstrate the remarkable robustness of the proposed approach for
support recovery. We compare the proposed approach to the RFS and the
state-of-the-art MMV algorithms: SNIHT [51], SOMP [50], SCoSaMP |[51],
SA-MUSIC [53], and RA-ORMP [48].

First, we investigate the robustness of the proposed approach for sparse
signals under SNR 10 dB for n = 256, m = 128, and r = 32. We generate
matrices X, € R™" and A € R™*"™ both of which obey the i.i.d. normal
distribution A/ (0,1), and set n — k column vectors of X, to the zero vectors,
where k is called block sparsity. We define the signal-to-outlier ratio (SOR)

as
2
SOR = E[HAXOHF}/m

~ E[lOG]§]/ko

where k, denotes the number of non-zero column vectors in O,. We let
SOR —30 and —3000 dB. We let po = Amax{A'diag(ly,lo,...,ln)A +
pidiag(my,mo,...,mp)h, li = =lp=0;>0,my =+ =my =y, >0,
and aq, am, p1, and X in (Pg) are optimized via grid search.

Figure 3.4 shows the support recovery probability under 300 trials for
different rates of outliers. It is seen that the proposed approach recovers
the support successfully under higher outlier-rate situations than the RFS.
We stress here that the proposed approach succeeds even under SOR —3000
dB up to the outlier rate 55%, while the RFS fails for the outlier rate less
than 1%. Figure 3.5 plots the recovery probability as a function of k/n
and r under SNR 10 dB, outlier 30%, SOR —30 dB, and 300 trials. The
proposed approach achieves significantly higher recovery probabilities than
the RFS due to its remarkable robustness coming from the use of the MC
loss function.

(3.26)
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Figure 3.4: Recovery probability across outlier rate for n = 256, r = 32,
m = 128, k = 16, and SNR 10 dB.
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3.3.2 Experiment 3-B: Application to MECG Signal Recov-
ery Problem

We consider the MECG signal recovery problem using the publicly available
database PTB [125] [126]. The MMV approach has been considered for
MECG signals because the signals of each channel tend to have common
sparse patterns in a wavelet domain [127] as shown in Figure 3.6. While
the dataset contains 12 channels, we process r := 4 independent channels
(Lead 1, Lead 2, V1, V2). From each channel, we extract signals of length
m = 512 and construct the data matrix ZMECG € R™*" The data matrix
is sparsified by Daubechies-4 (db4) wavelet basis? as

ZMECCG — w X, (3.27)

where W € R™*™ is an orthonormal wavelet basis, and X, € R™*" is
the matrix composed of the wavelet coefficient vectors. The decomposition
level of the wavelets is set to 7 based on the relation between the sampling
frequency and the decomposition level [129]. The measurement matrix Y €
R™*" is corrupted by noise and outliers as follows:

Y = WX, + E, + O,. (3.28)

Each component of the noise matrix E, follows i.i.d. N(O,Jg*). The SNR
is set to 15 dB. The outlier matrix O, is jointly sparse, and the number
of non-zero column vectors is k,. The nonzero components of O, follow
i.id. N(0,02)) with a given SOR.

We let pio == Amax{W Tdiag(ly,lo, . .., L)W + prdiag(mi, ma, ..., my)},
h=b=--=lp,=0>0 m =mg=--=my, = a, >0, and o,
Qm, and pp in (Pg) are optimized via grid search. The evaluation metric is

NMSE defined as R
|ZMPCE — WX |7

BB = Tzamea

(3.29)

Figures 3.7(a) and 3.7(b) depict NMSE averaged over 300 trials across
different outlier rates and SOR, respectively. The proposed approach out-
performs the RFS in the presence of noise and outliers over a wide range of
outlier rates and SOR. Figures 3.8-3.11 show the original MECG signals and
recovered signals by the proposed approach and the RFS in the presence of
severe outliers. Specifically, Figure 3.8 shows that some part of the signal is
underestimated by the RFS since its robustness is limited. In contrast, the
proposed method recovers the MECG signal with high precision.

2Tt is known that Daubechies and Symlet families yield more sparse representation for
ECG data than other representative types of wavelet such as Meyer, biorthogonal, and
reverse biorthogonal wavelets [128].
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Figure 3.6: a) Clean MECG signals. (b) Amplitudes of wavelet coefficients
of the MECG signals in each of the four channels.
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Figure 3.7: (a) NMSE as a function of SOR under outlier rate 80%, (b)
NMSE as a function of outlier rate under SOR —75 dB.
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Figure 3.8: Measurements, original ECG signal, and recovered ECG signals
from (a) the proposed method and (b) the RFS under outlier rate 80% and
SOR —40 dB for Lead 1.
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Figure 3.9: Measurements, original ECG signal, and recovered ECG signals
from (a) the proposed method and (b) the RFS under outlier rate 80% and
SOR —40 dB for Lead 2.
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Figure 3.10: Measurements, original ECG signal, and recovered ECG signals
from (a) the proposed method and (b) the RFS under outlier rate 80% and
SOR —40 dB for V1.
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Figure 3.11: Measurements, original ECG signal, and recovered ECG signals
from (a) the proposed method and (b) the RFS under outlier rate 80% and
SOR —40 dB for V2.
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3.4 Conclusion

We proposed a robust approach to recovering jointly-sparse signals in the
presence of outliers to fundamentally solve the tradeoff between robustness
and global optimality. This addresses (Q1), which was raised in Chapter 1.2.
The main result was that the MC loss function led to the remarkable robust-
ness to outliers. The overall convexity of the cost function was guaranteed by
exploiting the weak convexity of the MC functions. The problem was solved,
via reformulation based on the Moreau decomposition, by the primal-dual
splitting method, for which the convergence condition for the current spe-
cific case was derived with a Lipschitz constant of the gradient used in the
method. The numerical results showed that the proposed approach outper-
formed the RFS in terms of robustness against outliers. We finally remark
that, although this chapter concerns the jointly-sparse signals for generality,
the applicability of the proposed approach is never limited to such signals
and it will be useful in a wide range of applications including robust regres-
sion (such as the single measurement vector case in which the system may
or may not be sparse and in which the outliers need to be managed).






Chapter 4

Sparse Stable Outlier-Robust
Regression

4.1 Introduction

This chapter presents a robust method to estimate sparse signals which ap-
propriately distinguishes the statistical differences between Gaussian noise
and outliers to answer (Q2) raised in Chapter 1.2. The major contributions

of this chapter are summarized below.

1. We propose a sparse outlier-robust signal regression method which inte-

grates the formulations for nearly unbiased sparse estimation based on
the MC penalty in (1.3) and SORR which will be presented in (F.1.3)
(see Appendix F.1) in the framework of convex optimization. The
proposed method enjoys remarkable advantages including (i) notable
outlier robustness, (ii) stability under heavy Gaussian noise, (iii) high
accuracy for both overdetermined and underdetermined cases, and (iv)
theoretical convergence guarantees to a global minimizer by employing
the operator splitting method. To the best of our knowledge, none
of the existing methods achieves those desirable properties simultane-
ously.

. We formulate the linearly-involved Moreau-enhanced-over-subspace
(LIMES) model [35] in a certain product space to allow the use of
multiple (generalized) MC functions (see Section 4.4). This allows us
to derive a sufficient condition for convexity of the cost function in-
volving two MC functions and to identify when it is also a necessary
condition (Proposition 4.1).

. We use the MC and the squared /5 penalties simultaneously, inspired by
the elastic net penalty [83]. This formulation leads to a certain remark-
able grouping effect under an appropriate parameter choice. Specifi-

o3
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cally, we show that, in contrast to the elastic net, when a pair of features
are highly correlated, the upper bound of the discrepancy between the
corresponding coefficients is independent of the norm of the observation
vector which could be large owing to huge outliers.

4. Numerical examples show that the proposed approach is more robust
against strong outliers than the existing sparse outlier-robust signal re-
gression methods. The efficacy of the proposed method is also shown
in application to speech denoising even when the speech signal is cor-
rupted by huge outliers.

The remainder of the chapter is organized as follows. Section 4.2 states
the problem addressed, and introduces selected elements of convex analysis.
Section 4.3 presents the proposed approach with convergence analysis. Sec-
tion 4.4 presents the convexity condition by introducing the LiMES-based
general model mentioned above. Section 4.5 demonstrates the simulation
results, followed by the conclusion in Section 4.6.

4.2 Problem Statement

Let y € R™ be the measurement vector contaminated by noise and outliers:
Yy = Az + €, + 0. (4.1)

Here, o, € R™ is the sparse outlier vector. We assume that e, follows a
multivariate Gaussian distribution (0,02 I,;,). The present study concerns
the task of recovering x, from given y and A. Most of the loss functions
proposed in the literature do not distinguish the statistical difference between
noise and outliers appropriately, as mentioned in Section 1.1.4.2. Specifically,
sparsity-inducing loss functions such as the MC loss are sensitive to small
perturbations since the derivative does not vanish as it approaches the origin.
To overcome this issue, we propose the formulation integrating the MC-
based sparse signal recovery and SORR to reflect the sparsity of outliers
with stability in highly noisy situations.

4.3 Proposed Method

To attain both benefits of (1.3) and (F.1.3), we blend those two formulations
as follows:

min Js. T, €)=
xCR", eCR™ 5-SORR(%, €)

1 PSORR
o (msomn @€y - (Aw -+ €)) + glal} + BT el

+1-a) (3l — Al + e, (a) ) (42)
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where « € (0, 1] controls the balance between sparseness and robustness, and
1,72 > 0. For convenience, let g = ausorr > 0, p2 == (1 — a)umc > 0,
and p = apsorr > 0, respectively. Then, (4.2) can be rewritten as follows:

: 1 2 2 MC
i > (aflal3+ (1= o)y - Al) + oy — (A +e))

p
+ 1@, (@) + el (4.3)

This formulation is referred to as sparse stable outlier-robust regression (S-
SORR). Here, we regard p1, o, and p; as parameters to be tuned indepen-
dently from .

One may consider that the quadratic terms in (4.3) would annihilate the
benefits of the MC terms. However, it is well known that the quadratic loss
in the problem

min <y — Az|3 + jnio®a, (@) (1.4)
xeRn 2
does not annihilate the benefit of the MC penalty [24, 25]. In a similar
argument to Section 3.2.1, it can be seen that the quadratic penalties in the
problem

PSORR
2

_ 1
min_ usorr®Y,C (Y — (Az +€)) + §||1L‘H§ + lel3  (4.5)

xcR?, eecR™
would not annihilate the benefit of the MC loss. Hence, such annihilation
would not occur in (4.3) as well.

In the particular case of o = 1, the proposed formulation (4.3) reduces
to the formulation in [130], providing remarkably robust estimates. In this
case, however, p1 and po need to be sufficiently small for the overall cost to
be convex. This means that ||z||3/2 is relatively large compared to the other
terms, and it may thus cause a large estimation bias which might cancel the
nearly-unbiased-estimation property of MQ@,%C (x). Therefore, for a smaller
a, one may choose 1 and pg in such a way that the cost function of

«Q p
@y — (Az+ ) + 5 ol + e (4.6)
and )
-
@) ) + -y — Az} (4.7)

are convex, respectively. By doing so, a sparse and less biased estimate
could be attained while keeping the remarkable outlier-robustness (see Sec-
tion 4.5.2.2). One can also see that (4.3) involves the two penalty terms
m@%c(w) and a||z||3/2, and this actually induces a notable grouping ef-
fect which essentially differs from that of the popular elastic net, as will be
discussed in Section 4.3.4.
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4.3.1 Reformulation of the Problem

Problem (4.3) can be rewritten in a simpler form with £ = [zT €T]T € R*+™
as follows:

2

. 1 ®§/2 0n+m q)MC ®
ger]g}lllm§ (1—04)1/2A@2 €_ |:(1_a)1/2y:| 2""/1'1 a1 ( 1€_y)
+ p2 @M (©26) (4.8)
where!
@, :=[A I, ] e R™*n+m), (4.9)
Oy :==[I,, 0,y ] € RP(HT) (4.10)
— alp, Opxm (n+m)x(n+m)
O3 = [Omm oI, } eR . (4.11)

Since the MC function satisfies (2.46), the cost function in Problem (4.8) can
be split into smooth and nonsmooth proximable terms as follows:

eil’>/2 £ _ [ On+m :|
(1-a)'240, (1=a) 2y ]|,

+p1 (1016 —ylls = - [11(©18 — ) + p2 ([|[©26][1 — 2| - [11(©28))

1
2

= F(&) + G(69), (4.12)
where © = sy e R(rtm)x(ntm) 414
1202

1 CH [ Onim

2| a-at2ae, | {(1 - a)l/Qy] ,
=" [1(©1€ — y) — 2| - [[1(©26), (4.13)
G : R(n+m)><(n+m) D€ HE _ |:ﬂ1y:|

F o ROvEm)x(ndm) e

0. (4.14)

1
The function G is clearly convex and nonsmooth, and its proximity operator
can be expressed in a closed form. On the other hand, F' is smooth, i.e., F

is differentiable and its gradient VF is Lipschitz continuous with constant
(see Appendix J.1 for its derivation)

B =max{a,p} + (1 = a+ my D Amax(ATA) + iy + poyy ' (415)

!Note that ®3 corresponds to 3¢ in [35], which is the covariance matrix of &, following
a Gaussian distribution. The notation has been changed, because £ is non-Gaussian in this
study due to the sparseness assumption of @, and because @3 is no longer the covariance
matrix of &.
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The convexity conditions of the smooth part F' in (4.13) are shown below so
that the forward-backward-based primal-dual algorithm [118] (see Appendix
C) can be applied to solve Problem (4.3), which produces Algorithm 4.1.

4.3.2 Convexity Conditions
The convexity conditions of F' are given as follows.
Proposition 4.1. The function F' in (4.13) is convex if
0< < [a - (’”p—1+a> Amax(ATA)] (4.16)
pY1L— M1

This condition is necessary when

K={z" '] eR"™ | |y — Az —ef|loo < 71, [[]|oo S 72} #0 (4.17)
has a nonempty interior.

Proof. The proof is given in Appendix J.2 based on the general results to be
presented in Section 4.4. An alternative proof of this proposition is given in
Appendix J.3. O

In practice, an equivalent convexity condition stated in the following
lemma is useful to set the hyperparameters puy and puo:

Corollary 4.1. The convexity condition in (4.16) holds if and only if the
following two conditions are jointly satisfied:

’)/1[)(& + (1 - OZ)AmaX(ATA))
(K_I) s o+ (p +1-— a))\HIaX(ATA) 7

a— <‘“p 1+ a> Amax(ATA)|.
PY1 — M1

(K-IT) p2 <72

We mention that, when F' is convex, the whole cost function is also convex
since G is convex. Suppose that (K-I) and (K-II) are jointly satisfied with
strict inequalities. In this case, F', and hence the whole cost function, are
strictly convex, and thus the existence and uniqueness of a solution of the
whole cost function is guaranteed by [96, Corollary 11.16].2 Note here that
the existence follows from the fact that (i) the first term in (4.8) is coercive,
1.€.,

2
= +00, (4.18)
2

. 1
lim -
[[€]|2—+00 2

@;12./2 € - |: 0n+m ]
(1-a)'/2A0, (1—a)l/2y

*Let f,g : H — (—o0,+00] be defined over a given Hilbert space H. To show the
existence of a minimizer of f + g € I'o(H) for f,g € I'o(H), it suffices that f is coercive
and g is bounded below [96, Corollary 11.16].
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Algorithm 4.1 : Sparse Stable Outlier-Robust Regression (S-SORR)

Set xg, wy € R", g9, v9 € R™, and 7,¢ > 0.
For £k =0,1,2,---

i
SRARE
Ek—i—% €L €k

A
[;’Jk—&-l ] — (1d— Proxg, /o) pa ( Tpyl 5k+§>
k41 P2y L

. (Imm . V%(AAT + In) mAD [vk ] }

pipo AT sy, W,

{wlﬁl] — mk+§] —< {MlATka + M2wk+1}
Ek+1 €r+l H1Vk41
and (ii) the remaining MC functions in (4.8) are bounded below.

With the parameters p; and pg satisfying (K-I) and (K-II), Problem (4.3)
can be solved by the following forward-backward-based primal-dual algorithm
[117, 118, 131].

By Fact 2.4(b), it holds, for any & € R™*"™ that

VF(€) = (0703 ¢ + (1 — a)(A0,)T(AB:¢ — y)
— 7 'O (1d — Soft., ) (©1€ — ) — 127, ' ©F (Id — Soft., ) (©:€)

-[VRe) @

where

VeF iR SR € ax + (1 — a)AT(Az — y)

— vy PAT(Id — Soft, ) (Az + € — y)

— p2yy (1d = Soft, ) (), (4.20)
VeF :R™™ 5 R™: € pe — 1y H(Id — Soft,, ) (Ax +€ —y).  (4.21)

By Fact 2.3(a), the proximity operator appearing in Algorithm 4.1 can be
expressed, for any ¢ € R™*", by

Prox(; /¢ : R = R™™ 0 ¢ s [’gny] + Soft, <g - V&ﬂ) . (422)

4.3.3 Convergence Conditions and Complexity

The following proposition gives a guarantee of convergence of Algorithm 1
to a solution of (4.3).



4.3. PROPOSED METHOD 99

Proposition 4.2. Assume that convexity conditions (K-I) and (K-II) are
satisfied. Let (r,er),eny and (vg, wi),ey be the sequences generated by
Algorithm 4.1, respectively. Suppose that

2
0<r<—,0<

70T ey )

Then, the sequence (xy,€y),cy converges to a solution of the problem in
(4.3), and ((7/<)vg, (T/S)wy),cn converges to a solution of the associated
dual problem

in F*(-O©7¢) + G*(€). 4.24
min P (=07¢)+ G (0 (4.24)
Proof. The proof is due to Fact C.1 in light of Proposition 4.1. O

We remark that the computational complexity to obtain )\maX(GTG) is
O(nmp) with the number p of power iterations. This is verified as follows:
for any € R" and € € R™, it holds that

2 AT 2 2 AT
@T@ 14 — (/'LIA A_2'_M2In)m2+ lulA € , (425)
€ piAx + pie

and the complexity of AT Az and ATe are O(nm). Since the normalization
scales in O(n + m), the complexity for Ay (@T®) amounts to O(nmp).
The total complexity of Algorithm 4.1 is, on the other hand, O(nmgq) with
the number ¢ of algorithm iterations since each iteration of Algorithm 4.1
requires O(nm) complexity. The computational complexities of the other
sparse outlier-robust recovery methods are summarized in Table 4.1. We
consider the computational complexities when YALL1 and extended lasso are
solved by the ADMM [132] and the primal-dual splitting method. RPGG [72]
requires O(m?(m + n)) complexity to obtain the pseudoinverse of [ A I, |
in the initialization step and O(m(n + m)) complexity per iteration. Hence,
the total complexity for RPGG is O(m(m + ¢)(n+m)), which is larger than
that of S-SORR for a sufficiently large m. The complexity of S-SORR is
comparable to the other methods based on convex optimization (extended

lasso, Huber FISTA, and YALLI).

4.3.4 Grouping Effect

It is well known that, when some groups of features are highly correlated,
lasso tends to choose only one feature in the group (see issue (iv) in Section
1.1.1), and the elastic net penalty [83] overcomes this issue by adding a
quadratic function to the lasso formulation (see Section 1.1.5). We show
below that the MC penalty by itself shares the same issue as lasso, and the
grouping effect can be attained by adding an extra penalty of the quadratic
function in analogy to the elastic net penalty. While we assume that two
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Table 4.1: Total computational complexity (p: number of power iterations,
¢: number of algorithm iterations).

computational complexity

extended lasso O(nm(p +q))
Huber FISTA O(nm(p+ q))
YALL1 O(nmq)
RPGG O(m(m + q)(n +m))
S-SORR O(nm(p + q))

features are highly correlated in the following discussions, the case when more
than two vectors are highly correlated can also be treated straightforwardly
by applying the results to each pair of such features.

Let & € R™ be a minimizer of the convex cost function

J(x) = H(Az) + R(x), = € R", (4.26)

where H : R™ — (—o0,+0o0] is a (possibly nonconvex) loss function and
R:R"™ — (—o00,+0o0] is a (possibly nonconvex) regularizer, respectively.

Proposition 4.3. Assume that J(x) has a minimizer &, there exist some
indices 4,5 € {1,2,...,n} such that a; = a;, |Z;|,|Z;| > v, and &;2; > 0 for
a given v > 0. Then, the following statements hold.

(a) Let R(x) = uéyc(m). Then, &* is another minimizer of J(x) in (4.26)
other than &, where

Aka k#zandk#g,
T; + SAC]')O[, k= ’i, (427)
T +

for any

vy 1
c|l—— —|. 4.28
« [|:eir+|fcjr’2] (4.28)

(b) Let R(x) = u@,l\yﬂc(w) + ||||3/2. Then, &; = 2; for any u > 0.
Proof. See Appendix J.4. O

Proposition 4.3(a) states that, while two column vectors a; and a; are
identical, the corresponding components of a minimizer of (4.26) are differ-
ent excluding the case of & = 1/2. Since the normalized MC penalty gives a
parametric bridge between || - ||o (defined as the number of nonzero compo-
nents of a vector) and || - ||1 [34], v is desired to be small to attain a sparse
estimate with small bias. However, a small v allows « to be nearly zero,
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making 27 = (Z; + &) nearly zero as well. This is undesirable in such a sit-
uation when the two variables need to be identified as important components
[83]. In contrast, Proposition 4.3(b) states that the MC penalty regularized
by the quadratic function yields the same coefficients for the two features,
i.e., it exhibits the grouping effect. In the specific case of the MC loss, the
result of Proposition 4.3(b) can be generalized to the case when two features
are highly correlated as below.

Proposition 4.4. Suppose that each column of A is normalized as ||a;||2 = 1
fort=1,2,...,n. Let
H o= @~y —e)+ 12—yl (4.29)
for given 71, u1 > 0 and for given y,e € R™, and let
R = 1@+ 2 - |3 (4.30)
for given 2 > 0, ug > 0, and « € (0, 1]. Assume that the following conditions
hold:

(a) T + )\min(TgATA) > 0 (< (K-1I)), where 11 := Mflyl(a — nggl) and
9= (1 —a)u; 'y — 1.

(b) 22; > 0.

Then, it holds that

iy — 25 < o qu —ala))(udm + (1— o) + (1 - 0)2[y3)
T al(@M) (3:) — (M) (3. (4.31)

where ( %C)’ : R\ {0} — R is the derivative of the MC function defined in
(2.45). Note that a]a; € [—1,1] is the sample correlation.

Proof. The proof is given in Appendix J.5. O

Proposition 4.4 states that the difference between the corresponding co-
efficients #; and Z; becomes smaller when the correlation between a; and a;
becomes larger. The upper bound in (4.31) provides a quantitative measure
of the grouping effect. Specifically, the following corollary provides a con-
trasting result to the naive elastic net by considering the case when o = 1
and 9 — +00.

Corollary 4.2. Suppose that each column of A is normalized as [|a;||2 =1
fori=1,2,...,n. Let

H = m®C(—y—e¢) (4.32)
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for given ~1, u1 > 0 and for given y,e € R™, and let
1
Ri=poll -1+ 5113 (4.33)
for given puo > 0. Assume that the following conditions hold:
(a) 1 Amax(ATA) <y (= (K-T)).
(b) Z;z; > 0.

Then, it holds that

|i’i — i‘j‘ < M1 2m(1 — aiTaj). (4.34)

According to [83, Theorem 1], for the naive elastic net, which corresponds
to H(z) = 4|z — y||3 and R(x) := pa||lz||1 + 3||z||3, it holds that

|2 — 25| < mllyl24/2(1 — a] ay), (4.35)

provided that #;2; > 0. Comparing (4.34) and (4.35), the upper bound in
(4.34) depends solely on the number m of measurements, while that in (4.35)
depends on ||y||2. Therefore, for a given m, even when the magnitude of the
measurements becomes severely large due to the influence of outliers, the
upper bound remains constant in the case of the MC loss function. We note
that, while a small « yields a larger bound in (4.31), the grouping effect
and recovery performance are not proportional in general, and hence the
hyperparameters should be set in consideration of these factors at the same
time. Proposition 4.4 can directly be applied to the proposed formulation
(4.3) because (4.31) holds for an arbitrary € € R™.

Finally, the following proposition holds independently of Proposition 4.4.

Proposition 4.5. Suppose that each column of A is normalized as ||a;||2 = 1
for i = 1,2,...,n. Set H as in (4.32) for given 1,1 > 0 and for given
y,e € R™, and let

R = @+ 2|3 (4.36)
for given 79 > 0, respectively. Assume that the following conditions hold:
(a) 1 Amax(ATA) <1 (= (K-T)).

(b) There exist ¢, € {1,2,...,n} such that |Z;], |Z;| > 72.
Then, for any ps > 0, it holds that
& — 2| < pny/2m(1 — a] a;). (4.37)

Note that a] a; € [~1,1] is the sample correlation.
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Proof. The proof is given in Appendix J.6. O
Insights from Propositions 4.3, 4.4, and 4.5 can be summarized as below:

e For an arbitrary loss function satisfying the assumption that J(x) has a
minimizer, Proposition 4.3 states the following for the extreme situation
when two features are identical.

(a) ;Lg(I)g/IC(:B) (with no quadratic function) may select one of the
correlated features, and J(z) has infinitely many solutions.

(b) ng),l;/lc (z) + 3||z||3 successfully selects both correlated features.

e Proposition 4.4 concerns the particular case of the double use of the
MC and quadratic functions for both loss and penalty. Specifically, for
the case of the MC loss with the elastic net penalty (Corollary 4.2),
the difference between the corresponding coefficients to the correlated
features decreases when the correlation becomes higher. Remarkably,
the bound in (4.34) is independent of the output vector norm ||y||2,
which can be severely large due to the outliers. This is in sharp contrast
to the naive elastic net.

e Proposition 4.5 gives the same bound as Corollary 4.2 with different
assumptions. While assumption (b) is stricter than that of Corollary
4.2, assumption (a) is weaker and the MC penalty is considered in the
function R, which is more general than the ¢; norm. This proposition
can be helpful, especially in applications in which the grouping effect
is crucial (see Remark 4.1 in Section 4.5.2).

4.4 Convexity Conditions for a General Model

This section shows the convexity conditions for a general model including
the formulation of S-SORR as a special case within the framework of LIMES
model (see Appendix F.2). Let (X, (-,-)x) and (Z;,(-,)z,),1=1,2,...,Q+
1, be finite-dimensional real Hilbert spaces. Let ¥; € I'9 (Z;),i =2,...,Q +
1, be functions defined over Z;, and D; : Z; — Z; be diagonal positive-
definite operators. For i =1,2,...,Q + 1, let o : X — Z;, : © — M;x + ¢;
be an affine operator with a bounded linear operator (0 #)M; : X — Z; and
a vector ¢; € Z;. Here, Z; corresponds to ) appearing in Appendix F.2.
Let us now consider the following problem:

Q+1
1 )
min Q\Mx\\zﬁr;w(%)pi (Fx)| (4.38)

where v; > 0. The problem (4.38) reduces to the S-SORR formulation in
(4.8) when po > 0 by letting Q = 2, X == Zo = Z3 :== R"t™ Z; .= R*27
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=& vy =, V3 = pg, T oy’ T — Onm

. y V2 - 1, V3 - 2, Y1 . (1 —04)1/2@1 (1_a)1/2y ’
Gy x> O —y, oy = Oy Dy = 71_1/2Im, D3 = 72_1/2In+m, and
Uy = U3 == || - |[;. The formulation (4.38) with v = p; and @ =1

(equivalent to the LIMES model in (F.2.1)) reduces to the SORR formulation
(which corresponds to the case of iz = 0 in (4.8)).

Another possible application of the problem (4.38) is the robust sparse

classification. Let X = 2Z; = 2Z3 = R", 2Z, = R™, 1n = pu,
v3 = o, @ = s = I, o5 : x — Moex — 1,,, where My =
[ylal Yoo - - ymam]—r € R™M Wy : R™ = R: 2= [21,20, , 2]
U[—l,o}m(z) = Zyiﬁupve[fl,o} vz = Yt max{0, -z}, Y3 = | -,

Dy = 4?1, D3 = 7;"/*I,, and Q = 2. Then, the problem (4.38)
reduces to

xzeR

1
: T
min Ml(U[fl,O]m)Wflﬂl ([y1a1 - ymam] ©—1p) + M2‘1’%C($) + iH"ﬂH%?
R S 1 m ~
=Wy =abhx
(4.39)

which is equivalent to

m
. 1
min > (o100 (ia] - —1)) iz, (@) +p@U0@) + el (4.40)
=1

= hinge loss

Here, o_1 )0 (yiaiT . —1) is the popular hinge loss, and thus each summand
is Moreau enhanced hinge loss [35]. The formulation (4.40) can be seen as
an extension of the work in [133], where the (Huberized) hinge loss, ¢; norm,
and squared £5 norm are used simultaneously.

The model given in (4.38) can be expressed as a special case of the LIMES
model [35] shown below. Define the Hilbert space Z := 25 X --- X Zg41 =
{(22,...,2041) | zi € Z4,i = 2,...,Q + 1} equipped with the addition Z x
Z = Z:(z,w) = (22 4+ wa,...,20+1 + wg+1), the scalar multiplication
RxZ = Z: (a,2) — (az,...,azg+1), and the inner product (-, )z :
ZxZ-R:(z,w)— Z?:J;l<zz, w;) z;. Define the function and the operator

Q+1 Q+1
To(2) 5T =P uiTi:z— Y v¥i(z), (4.41)
1=2 1=2

D:Z— Z:zw (1" Doz, .1l Dos12g41)- (4.42)
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Then, it follows from (4.41) and (4.42) that, for any z € Z,

Q+1
. 1 . 1
ggg(wm + 51Dz - w)\\%) = min ”(Wwi<w¢>+2uv3/2Di<zi - wi>||%i)
Q+1 1
i— w;EZ; 2

(4.43)

from which it holds that

Up(z) == ¥(2) — min <\I/(w) + %HD(Z - w)H%)

weZ

Q+1
— ; Vi |:\I/z'(2’i) - wmelg <\I/i(wi) + %HDi(zi - wi))Hinﬂ
Q+1
= Vi(\I]i)Di (Zz) (4.44)
i=2

We define the operators

X = Zxe (dhe,. .., do41T), (4.45)
M:X—=Z:x— (Mx,...,Mgqi1x). (4.46)

Then, by (4.44), the cost function in Problem (4.38) can be regarded as the
LiIMES model (F.2.1) in Appendix F.2 by letting % = o/ and £ = 1Id as
follows:

1
T3 oyt X = (=00, +00] 1 2 §||gf1$||221 + U p (). (4.47)

On the other hand, since it holds that

iy (W) + 310G ~ w2 ) = iy (WD) + 51Dz - 013 )
= Y(Wo D) (D2), (4.48)

(4.47) can be represented as a sum of the smooth terms and a nonsmooth
convex term as follows:

I =S % — {(Wo D)o D + Yoo, (4.49)

1
2

(nonsmooth)
=:F (smooth)

Our results on the convexity of the smooth part F' are given below.

Proposition 4.6. The following statements hold.
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Q+1
() F =3l 1% = Y "o (v, *DY) o (v}/°Di ) € To(X) if
=2
Q+1
(%) MMy = v;M; D} M; = 0.
=2
(b) Suppose that ¥; := || - ||z, is a norm defined on Z;, and K; = {z €

X | |Didhx|z,« < 1} # 0 for i = 2,...,Q + 1, where | - ||z, « is

the dual norm of || - ||z,. Assume that int (ﬂZQ:El Kz> # (0. Then,
F e Tg(X) if and only if (&) is satisfied.

Proof. See Appendix J.7. O

We remark that the convexity of the smooth part F immediately implies
the overall convexity of the entire cost function since the nonsmooth term
U p oo is always convex. Proposition 4.6 reproduces the results of Proposi-
tion 3.1 by letting Q == 2, X € X := Z| = Z3 = R"¥4 2y =) := R™¥™
pe = At gz o= MY, A = o = 1d, o : X — B — XA with
given matrices A € R™™ and B € Y, Dy = L, Dy = M, and ¥y,
V3 be the f; norms. Note that K in Proposition 3.1 is equivalent to
(X X [|IL(Y - XA)[p0 < 1,[MX 500 < 1}

4.5 Numerical Examples

First, the performance of the proposed method in the robust signal recovery
task is evaluated using toy data and compared with the methods based on
different cost functions in Experiment 4-A. Then, we show the impact of hy-
perparameters on the performance of S-SORR in Experiment 4-B. Finally,
we show the performance of the proposed method in application to speech
denoising in Experiment 4-C. The hyperparameter « is set to 1 in Exper-
iments 4-A and 4-C to focus on robustness, and the case of o € (0,1) is
discussed in Experiment 4-B.

The measurement vector y is constructed as the model in (4.1). Here,
A € R™*™ ig the i.i.d. standard Gaussian input matrix, &, € R" is a sparse
vector with k; nonzero components generated from i.i.d. N'(0, 1) for x, € N*,
and each component of €, € R™ is generated from i.i.d. N'(0, 062*) for a given
SNR. The outlier o, € R™ is a sparse vector with k, nonzero components for
ko € N*, and we consider the following four models for nonzero components:

model O1: —M, or M, with the same probability for a given M, > 0,

model Os: M, follows a uniform distribution 2/(0.5M,,1.5M,) in model O
for a given M, > 0,
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Table 4.2: Formulations for sparse signal recovery.

method problem formulation

o1
lasso [21]  min [}y — Az|3 + ]

L 2 GMC
GMC [25]  min Sly — Ax|z +p® /"0 | ()

Table 4.3: Formulations for sparse outlier-robust signal regression.

method problem formulation
VALLL[S0] _min [y — Azl + pla];
@ n

extended . 1 9
— Ax —

lasso [82] meRg}lz}eRm 2m ly @ = V/nolly + prm @l + tim.ollof
Huber i m @Huber(y, — (Az);) + ||
FISTA [81] zeRrn < - gl i i 1

1=

- MCT MC —
RPGG [72] weRg}lgeRm% (0) + u®@"(x) s.t. o =y — Az

S-SORR See (4.3)

model O3: M, follows ./\/’(,LLMO,O']z\Z ) with 0’%;[ = (M,/4)? in model Oy for a
given py >0,

model Oy: i.i.d. N(0,02)) for a given o2, > 0.

Experiment 4-A uses O1-Oy4, Experiment 4-B uses models O1-O3, and Exper-
iment 4-C uses model Oy, respectively. The indices of nonzero components
in x, and o, are chosen randomly® [72, 82].

4.5.1 Experiment 4-A: Toy data

The performance of the proposed method is compared with the existing
sparse outlier-robust recovery methods: YALL1 [80], Huber FISTA [81],
extended lasso [82|, and RPGG [72]. We also test sparse signal recovery
methods: lasso [21] and GMC [25] for reference. The formulations for these
methods are listed in Tables 4.2 and 4.3. The regularization parameter p
of each method, v of GMC and Huber FISTA, fiy, » and fy, . of extended
lasso, and 7, 72 of RPGG are tuned to attain the best performance. For

30ther popular models for outliers include contaminated Gaussian distribution and
heavy-tailed distributions. In contaminated Gaussian distribution, the residuals obeys (1 —
€)D1 + €D2, where € is the occurrence probability of outliers, D; := N(0,02), and Do
may be an arbitrary distribution [65]. In heavy-tailed distributions, the density tail of the
residuals tends to zero more slowly than the Gaussian distribution, such as the symmetric
alpha-stable (SasS) distribution [65, 73|. It is beyond the scope of the present study to
consider those models.
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S-SORR, p, 71, 72, and p1 are tuned to attain the best performance under
convexity condition (K-I). The parameter pus of S-SORR is set to the the-
oretical bound to satisfy convexity condition (K-II), and 7 and A are set to
slightly smaller values than the theoretical upper bound for the convergence
condition. The step size of RPGG is tuned so that the convergence speed is
comparable to the other methods. RPGG is the only nonconvex formulation,
and the initial point of its algorithm is set to the zero vector (in analogy to
the original chapter). The results are averaged over 300 independent trials,
and the evaluation metric is the system mismatch defined as

|12 — 2|3

: (4.50)
[EXF;

system mismatch =
where & is an estimate of x..

4.5.1.1 Performance with Different Outlier Magnitudes

First, we consider the outliers of model O;. Figure 4.1 shows the system
mismatch across the outlier magnitude M, for the overdetermined and un-
derdetermined cases. In both cases, S-SORR achieves remarkably robust
performance especially when M, is fairly high. It should be remarked that
S-SORR has a unique feature that the system mismatch decreases as M,
increases, unlike other methods. In general, a small v, leads to a small p;
due to convexity condition (K-I), and this can cause excessive regulariza-
tion. However, when M, is large, 71 can be large as well, allowing u; to be
large enough. While extended lasso behaves similarly to Huber FISTA when
M, is small, the system mismatch of extended lasso increases sharply as M,
increases. This is because the term g, o||0||1 (see Table 4.3) introduces ad-
ditional bias due probably to the limited robustness, and it seriously affects
the quadratic loss (1/(2m))|ly — Az — \/nol||3. While RPGG outperforms
YALL1 and Huber FISTA when M, < 20 in Figure 4.1(a) and M, < 50
in Figure 4.1(b), its performance deteriorates as M, becomes larger. We
remark that the critical differences between RPGG and S-SORR are (i) sta-
bility against noise and (ii) convexity. Specifically, due to its nonconvexity,
RPGG involves a tradeoff between computational complexity and recovery
performance. According to |72, Theorem 3|, under an appropriate condition
for A and with the number of iterations of at most O(r/k), RPGG estimates
the solution with reconstruction errors bounded by O(k) + O(]|e||2), where
r = /||#0 — To||3 + ||00 — 0]|3 With the initial point (Z£0,00) and & is the
step size. Since we tune the step size in the range where the convergence
speed is comparable to the other methods (see Figure 4.2), the step size
tends to be larger as M, becomes larger, resulting in lower reconstruction
errors. In contrast, SSSORR can be optimized by the efficient algorithm in
the framework of convex analysis without such a tradeoff. Figure 4.2 shows
the learning curve of each method. It can be seen that the convergence speed
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Figure 4.1: System mismatch across M, for k, = [0.05n]| and k, = |0.3m].
(a) Overdetermined case (m = 128, n = 64) under SNR 5 dB. (b) Underde-

termined case (m = 64, n = 128) under SNR 15 dB.

of S-SORR is fast_er than the other methods. Figure 4.3 shows the system
mismatch across M, for outliers of model Oz and py; for model O3. In both
cases, 3-SORR, outperforms the other methods as consistent with the case of

model Oj.
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Figure 4.2: Learning curves for m = 256, n = 512, k, = [0.05n], k, =
|0.3m], and M, = 100 under SNR 15 dB.

4.5.1.2 Performance with Different Outlier Sparsity, m/n, and
SNR

Figure 4.4 shows the system mismatch across outlier sparsity for both overde-
termined and underdetermined cases for outliers of model O;. In both cases,
S-SORR exhibits highly accurate and stable performance, and it outperforms
the other methods significantly. Lasso and GMC are highly sensitive to out-
liers due to the use of the quadratic loss function. The performance of RPGG
and extended lasso are worse than YALL1, Huber FISTA, and S-SORR over
a wide range of outlier sparsity due to the large values of M,. S-SORR
outperforms YALL1 and Huber FISTA, and their differences increase as the
outliers become denser. This is because the ¢; and Huber’s losses have limited
robustness since these losses increase linearly as the residual increases. In
contrast, the MC loss is highly robust since it stays constant for large values.
Figures 4.5 and 4.6 show the system mismatch across m/n and SNR, respec-
tively, for outliers of model O;. As consistent with the results in Fig. 4.4,
S-SORR significantly outperforms the other methods.
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Figure 4.3: System mismatch across (a) M, for outliers of model O and (b)
g, for model Oz, respectively, for x, = [0.05n), k, = [0.3m], m = 128,
and n = 64 under SNR 15 dB.
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M, = 100. (a) Overdetermined case (m = 128, n = 64) under SNR 5 dB.
(b) Underdetermined case (m = 64, n = 128) under SNR 15 dB.
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Figure 4.7: CPU time across m for n = 512, k, = [0.05n], k, = |0.3m], and
M, = 100 under SNR 15 dB for outliers of model O7.

4.5.1.3 Comparison of Execution Time

Figure 4.7 shows the execution time required for sparse outlier-robust re-
covery methods to converge. It can be seen that the CPU time of S-SORR
is comparable to the other methods based on convex optimization (YALLI,
Huber FISTA, and extended lasso), and outperforms RPGG significantly.
This is because RPGG requires the computation of the pseudoinverse ma-
trix at the initialization step, while S-SORR needs to compute only simple
operators.

4.5.1.4 Grouping Effect in the Absence of Outliers

We generate the vector z; € R™ randomly from the i.i.d. uniform distribution
U(0,20) and its correlated vector zo € R™ randomly so as to satisfy

7T7
=zl g (4.51)
1 21]]2]|Z2]|2

where Z; and Zo are centered vectors by subtracting the mean from z; and
z9, respectively. Here, the procedure for generating zo is as follows:

(i) generate ¢ € R™ from the i.i.d. uniform distribution ¢(0, 20),
(ii) yield ¢ by centering (,

(i) set

(Hi=( - 25z, (4.52)
2
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and

(iv) set B
[SllP Z1

tan(arccos(0.7)) || Z1]|2”

See Appendix J.8 for proof of (4.51).

The observation vector is generated by y = 21 4+ 0.522 4+ €4, where g, is a
zero-mean Gaussian noise vector with SNR set to 15 dB. The input matrix
A= [aiay...ag] € R™" (m =100, n = 9) is generated by normalizing the
following vectors:

Z9 == §L+

(4.53)

a; = z1 + €1, as; = —z1 + €3, as = z1 + €3,

ay = 29 + €4, as = —z3 + €5, ag = 29 + €5,

a7 = q3 + €7, as = qu + €, ag = qs + €. (4.54)
Here, €; (i = 1,2,...,9) are generated from i.i.d. standard normal distribu-

tion, and g3, q4,qs € span—{z1, 22} are taken from the orthogonal matrix
Q = [q1q2 . . . g5] which is generated by orthonormalizing the columns of the
matrix [z; z2 w; w2 ws] by the QR decomposition, where wy, we, w3 € R™
are generated from the i.i.d. standard normal distribution. The set of vectors
{a1, as, a3} are grouped, which is referred to as group A, because all of them
are correlated with z1. Similarly, {a4, as, ag} are referred to as group B. The
correlations within each group and between the groups are approximately 1
and 0.7, respectively. Since the observation vector y is generated with 2z
and zs, the vectors belonging to group A or group B are relevant to y, while
the other vectors a7, ag, and ag are irrelevant. Hence, the group-A variables
x1, T2, and x3 (and the group-B variables x4, x5, and xg) are desired to have
nearly the same amplitudes, while x7, xg, and xg are desired to be zero.

The parameters in each method and p, 1, 72, and p; of S-SORR are
tuned to minimize the residual errors ||(z1 +0.522) — A%, ||3, where &, is the
estimate of the coefficient vector x,. The parameter uo of SSSORR is set to
the theoretical bound to satisfy the convexity condition (see the appendix),
7 and A are set to a slightly smaller value than the theoretical upper bound
for the convergence condition. The step size of the RPGG is tuned so that
the convergence speed is comparable to the other methods. The initial point
of RPGG is set to the zero vector.

Figure 4.8 shows the solution paths for each algorithm. To remove the
influence of normalization, the ith component of &, is divided by ||a;||2 for
1=1,2,...,n. The S-SORR estimator, as well as the elastic net estimator,
succeeds in capturing the group structures; i.e., its yields the group variables,
the group-A variables {x1,x2,23} and the group-B variables {4, 5,26},
sharing nearly the same magnitude. More precisely, for S-SORR, the three
variables in each group switch from inactive to active, as us decreases, si-
multaneously and quickly. None of the other methods succeeds. Specifically,
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a3 in group A is missing in the results of MC, YALL1, Huber FISTA, and
extended lasso, while the magnitude of z3 is smaller than the other group-
A variables 1 and x2. RPGG fails to capture the three variables in each
group simultaneously. We mention that the solution path of RPGG does
not converge to the zero vector as p increases due to the linear constraint
o=y — Ax.
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4.5.1.5 Grouping Effect in the Presence of Outliers

We consider the situation when the data are contaminated by outliers as
well as Gaussian noise. Specifically, the observation vector is generated by
y = z1+0.520+ &, + 0., for outliers of model O4. The vectors z; and z5 and
the matrix A are generated in the same way as Section 4.5.1.4. The outlier
sparsity supp(o.)/m is set to 0.05, where

supp : R™ — [0, +00) : ® — card({i € {1,2,--- ,m} | z; #0}).  (4.55)
The SOR is defined as

_ E[llz1 4 0.5223)/m
E[l|o3]/supp (0o) °

and is set to —30 dB. The parameters for each method are chosen in the
same way as in Experiment 4-A.

Figure 4.9 shows the magnitude of coefficients for different values of the
regularization parameter. S-SORR estimates the coefficients correctly, and
it also maintains the grouping effect properly. This is consistent with the
theoretical results of Proposition 4.5, which indicates that the upper bound
of the discrepancy of the coefficients is independent of ||y||2. All the methods
excluding S-SORR fail in this outlier case. In particular, the elastic net un-
fortunately fails due to the presence of outliers. The outlier-robust methods
(While YALL1, Huber FISTA, extended lasso, and RPGQG) fail to capture
the group structure as in Experiment 4-A.

We finally mention that, while the naive elastic net needs rescaling to
remove the extra bias caused by the double shrinkage associated respectively
with /1 and /5 norms, S-SORR requires no such a rescaling procedure. This
is because the MC function equally penalizes those coeflicients larger than
the threshold v and therefore it produces no extra bias. This is an additional
practical advantage for S-SORR because it is free from the hyperparameter

SOR :

(4.56)

tuning for rescaling.



4.5. NUMERICAL EXAMPLES 79

ml ..... O+ .’IJQ * xg
“Ee Ty o Iy e T
——— - x7 _——— - - 1.8 ....... 3 — xg
20 -ooooeeeeee
Ls wm GQ Ls wn
K= o 2
= 9 N = L
£ 10t Q e
o & \ o &
o ¥ &0 ©
< O Q < O
E ) . \ E ©
O :‘?l:\.sl:l 161’: Vo l"
0 1 2 3
log (k)
(b) elastic net
0.6 Q
LS w0 Ls [0) 06 ,:.-
5 2 0000000907200, 0 |:
$ % £ 04t o2
= a
é” S géga g 0.
0.0
(c) MC
LS 0 LS 0
33 S-a
h= b= G e )X o
2% 2% 02 -X%%séxxx Xy @
g 8 g 8 n
0.0 cAAAL B -
0.0 0.5 1.0 1.5 2.0
logyo(Km,z)
(e) Huber FISTA (f) extended lasso
06k 0OQGGGOOOOOO 0.4k
Ty By
$£ |ooooocog PR i
E & 0.4r Sloclelalo clelslalolo) k= 2 {
B=k= =i 0.2
@08 (.2 o0 5
e +
0.0 NIRRT RN R 0.0
-1.0 -0.5 0.0 0.5 1.0
logyo (1)
(g) RPGG

Figure 4.9: Solution paths for (a) lasso, (b) elastic net, (¢) MC, (d) YALL1, (e) Huber FISTA, (f) extended
lasso, (g) RPGG, and (h) S-SORR.



80 CHAPTER 4. SPARSE STABLE OUTLIER-ROBUST REGRESSION

4.5.2 Experiment 4-B: Fluctuations of Hyperparameters
4.5.2.1 Hyperparameters p, ui, 71, and s

We study how the performance of S-SORR changes due to fluctuations of
the hyperparameters p, u1, v1, and vo. Figure 4.10 shows the system mis-
match across each hyperparameter. All the other hyperparameters than the
targeted one are tuned to attain the best performance. Figure 4.10(a) shows
the system mismatch across p. It can be seen that the fluctuation of the
performance is smaller when p increases from the optimal value than when
it decreases, and the performance is reasonably insensitive to the fluctuation
of the p value. Figure 4.10(b) shows the system mismatch across p;. The
blue line shows the value of 71 (Amax(ATA) + p~H) ™!, which is the upper
bound of u; to guarantee the convexity of the cost function. While the per-
formance degrades as py approaches the bound, it is insensitive for a wide
range (1.2 < p1 < 9 in this case). Figure 4.10(c) shows the system mis-
match across ;. It can be seen that the best performance is achieved when
v1 = M,. When 7, is smaller, it leads to a smaller p; due to convexity condi-
tion (K-I), and this may cause excessive regularization. When ~; > M, the
derivative of the MC loss at the outlier value does not vanish, and this may
cause extra bias (see Figure 4.11). Therefore, the optimal value of v; depends
on the balance between regularization and robustness. Figure 4.10(d) shows
the system mismatch across 2. The best performance is achieved when
Y2 > ||Zo||co since the quadratic penalty can cause a shrinking bias when
Y2 < ||Zol|co. Therefore, the number of hyperparameters can be reduced in
the case of a = 1 by setting v2 = +00. We note that the hyperparameters
p, 1, and o can easily be set to obtain reasonable performance, while ~;
should be tuned carefully. Figure 4.12 shows the values of the tuned hyper-
parameters across M, for outliers of model Oy and across p 41, for model Og,
respectively. It can be seen that the performance is almost insensitive to u1,
2, Y2, and p under different outlier magnitudes. Moreover, v1 /M, < 1 is
satisfied for a large M, (v1/py;, < 1 for alarge puy; ) to achieve remarkable
robustness, and v1/M, > 1 is satisfied for a small M, (v1/mgz, > 1 for a
small py; ) to avoid excessive regularization.

Remark 4.1. The best performance of S-SORR can be achieved when
Y2 > ||@o]|oo according to Figure 4.10(d), which violates assumption (b)
of Proposition 4.5. However, the performance deteriorates only gradually
when 75 becomes slightly smaller than ||@,|/~. Moreover, assumption (a)
of Proposition 4.5 is weaker than that of Corollary 4.2 (which considers the
case 2 — +00). Therefore, Proposition 4.5 can be useful in applications in
which the grouping effect is crucial.
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Figure 4.10: System mismatch across hyperparameters of S-SORR for m = 64, n = 128, x, = [0.05n],

Ko = [0.3m], and M, = 100 under SNR. 15 dB.
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outlier outlier

MC loss MC loss

(a) (b)
Figure 4.11: Case with (a) y1 = M, and (b) v1 > M,.

4.5.2.2 Hyperparameter «

In this subsection, we compare the performance of S-SORR (v < 1) with the
methods used in Experiment 4-A and the following formulation:

. 1. 2
iy = (Az o)l + el + SlelB (@57
which is denoted as stable YALL1. Figure 4.13 plots system mismatch and
sparseness measure of each method across M, for outliers of model O;. Here,
the sparseness measure is defined as card({i | |z;| > 1073}), which returns
the number of dominant components; the sparseness of x,, is 19. The hyper-
parameters of each method are tuned to attain the best system mismatch as
well as Experiment A. It can be seen that, while S-SSORR (a = 1) outperforms
the other methods due to high robustness, its sparseness is limited. While
Stable YALL1 and Huber FISTA estimate sparser solutions than S-SORR,
their robustness is limited. In contrast, S-SSORR (a = 0.75) yields sparser
estimates than S-SORR (o = 1) while maintaining the same level of system
mismatch when the outlier magnitude M, increases. S-SORR (a = 0.75)
outperforms the other methods except for S-SORR (aw = 1) when M, > 100.
This indicates that, even when the quadratic functions are introduced for
convexity, the remarkable robustness and sparseness of the estimates can be
balanced appropriately without introducing extra bias. We note that the
sparseness of RPGG estimate is relatively high because the hyperparameters
are tuned to attain the best system mismatch at a comparable convergence
speed to the other methods.
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Figure 4.12: The values of tuned hyperparameters across (a) M, for outliers of model Oz and (b) pyy, for
model Og, respectively, for m = 64, n = 128, r; = 10.05n ], ko = [0.3m], and M, = 100 under SNR 15 dB.

The values of g, My, and py; are plotted for reference.
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Figure 4.13: (a) System mismatch and (b) sparseness measure across M, for
m = 64, n =128, kK, = [0.15m|, and K, = [0.1m| under SNR 15 dB.

4.5.3 Experiment 4-C: Real Data (Application to Speech De-
noising)

We consider a speech denoising task using the publicly available dataset from
Interspeech 2020 Deep Noise Suppression Challenge [134]. The measured
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signal y € R™ is corrupted by noise and outliers as follows:
Y = 25+ €4 + O, (4.58)

where zg € R™, g, € R™, and o, € R are the clean speech signal, noise,
and outliers, respectively, of size m := 32768. Each component of the noise
vector €, follows i.i.d. (0, 03*), and o, is sparse with nonzero components
following i.i.d. (0, 02,) with a given SOR defined as (|| zs[|3 /m)/([|0oll3 /#o)-
The Haar wavelet decomposition is indicated by matrix W € R™*™ with
the decomposition level 5. The model in (4.58) can then be rewritten with
the sparse wavelet coefficients ., := Wz € R™ as

Yy = WTmo + &4 + 0o, (459)

which corresponds to (4.1) for A := WT (n = m = 32768). We consider the
problem of recovering the clean signal zg from given y and W. The parameter
settings are the same as in Section 4.5.1. Figure 4.14 depicts the system
mismatch across (a) outlier sparsity, (b) SOR, and (c) SNR, respectively. In
all cases, the proposed method outperforms the other methods significantly
over a wide range of scenarios.
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Figure 4.14: Application to speech denoising. (a) SNR 15 dB and SOR
—30 dB, (b) SNR 15 dB and k, = |0.05m], and (c) SOR —40 dB and
Ko = [0.05m].
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4.6 Conclusion

In this chapter, the S-SORR formulation was proposed as an integration of
the MC-based sparse signal recovery and SORR for the sparse outlier-robust
recovery problem. This addresses (Q2) which was raised in Chapter 1.2.
While the proposed approach enjoyed remarkable robustness, the sparseness
of the estimates was controlled by taking into consideration a tradeoff be-
tween sparseness and robustness. The ¢ penalty of the auxiliary noise vector
yielded stability under heavy Gaussian noise. The necessary and sufficient
conditions for convexity of the smooth part of the cost were derived under
the nonempty-interior assumption via the product space formulation within
the LIMES framework. It was shown that, under an appropriate parameter
choice, the simultaneous use of the MC and /2 penalties of the coefficient
vector led to the grouping effect, and remarkably, the upper bound is inde-
pendent of the observation vector, unlike the original result for the elastic net.
The numerical examples showed the efficacy of S-SORR in its application to
speech denoising as well as toy problems.






Chapter 5

External Division of Two
Proximity Operators: An
Application to Feature
Grouping

5.1 Introduction

The goal of this chapter is to present a mathematical framework to derive
methods for sparse regression with low estimation bias by exploiting a new
class of operators called the external division operator. We start by presenting
the background of operator splitting algorithms briefly.

5.1.1 Operator Splitting Algorithms

A popular approach to solve (1.2) is to utilize the proximity operators in
the operator splitting algorithms. For instance, lasso can be solved by iter-
ative shrinkage-thresholding algorithm (ISTA) [135] based on the standard
soft-shrinkage operator, which is the proximity operator of the £; norm. The
convergence analysis of ISTA has been generalized in [112] to the case with
the proximity operator of a weakly convex penalty. The proximity opera-
tor of the MC penalty is known to be the firm-shrinkage operator, which
is intensively used in various algorithms to obtain less biased estimates of
sparse signals than the soft-shrinkage operator [112, 25, 136, 137, 37, 138].
In general, the proximity operators of a weakly convex function (such as the
firm-shrinkage operator) can be expressed as the gradient of a certain smooth
convex function. This class of operators is called monotone Lipschitz gradient
(MoL-Grad) denoiser (see Appendix G), and this property plays a crucial
role in the convergence analysis of the operator splitting algorithms [139].
Actually, MoL-Grad denoiser can be expressed as the proximity operator of

89



90 CHAPTER 5. EXTERNAL DIVISION OPERATORS

a weakly convex function under certain conditions [139] (a related result can
also be found in [140]).

5.1.2 Contributions

In this chapter, by answering (Q3), which is raised in Section 1.2, we aim to
develop a method achieving the selection of groups of features and the bias
reduction effect simultaneously with a convergence guarantee. Although one
may consider the use of the Moreau enhancement of the OSCAR regularizer
(see Section 1.1.5 and (2.67)) would be suitable, no direct discrete measure
corresponding to OSCAR is known, unlike the £; norm. This implies that its
bias reduction effect is unclear. We first show that the Moreau enhancement
of the OSCAR regularizer bridges the OSCAR regularizer and a certain ideal
discrete measure (see Proposition 5.1).

Following this, we consider a novel debiasing approach which goes beyond
the Moreau enhancement. We start by reconsidering the firm-shrinkage oper-
ator (the proximity operator of the MC penalty) from a different perspective.
It is shown that the firm-shrinkage operator can be expressed as an external
division of two soft-shrinkage operators with different thresholds (see Proposi-
tion 5.2 below). By analogy with this, we propose a new operator, T)]\D1 9\52%?5,
by considering an external division of two proximity operators of the scaled
OSCAR regularizer, and refer it to as debiased OSCAR (DOSCAR) (see Sec-
tion 5.2.3). A geometric interpretation of DOSCAR is provided to explain its
debiasing effect. The motivation of this study is summarized in Figure 5.1.
Primitive questions here are (i) Can DOSCAR be expressed as a proximity
operator of a certain function?, and (ii) how does the OSCAR regularizer
relate to that function? We repeat that the property of being expressed as
the proximity operator of a certain weakly convex function plays a crucial
role in the convergence analysis of the operator splitting algorithms.

To answer the above questions, we study a general class of nonlinear
operators given in the following form:

A, = wProxy, —(w — 1) Proxg,, (5.1)

which we refer to as the external division operator. Here, w > 1, and
Proxg, ,Proxy, : R"™ — R™ are the proximity operators of proper, lower-
semicontinuous, and convex functions g1, gs : R — (—o00, +00], respectively
(see Section 2.1.2). DOSCAR is a specific example of (5.1) by setting g; and
g2 to the scaled OSCAR regularizers. See Section 5.1.3 for the relation of A,
to previous works related to the operators composed of multiple proximity
operators.

Note that the proximity operator is defined as the set-valued operator in [140], while
it is defined as the single-valued operator (see (2.20)) in [139).
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of the (scaled) OSCAR regularizer

Figure 5.1: Motivation of this study.

We show that the external division operator is Lipschitz continuous and
can be expressed as the gradient of the external division (with the same ratio
as in (5.1)) of the Moreau envelopes of the conjugate functions gj and g3, say
P, If 9, is convex, the external division operator is a MoL-Grad denoiser,
and thus it is the proximity operator of a certain weakly convex function,
say @, (see Proposition 5.6). In this case, thanks to the results of [139], it is
ensured that the gradient algorithm involving A, converges to a global min-
imizer of the cost function involving ¢,, and a given strongly convex fidelity
function f : R® — R. Moreover, we generalize this algorithm to guaran-
tee convergence even when the strong convexity of f is restricted to some
subspace (see Proposition 5.7). Specifically, this generalized algorithm is ap-
plicable to solve (1.2) for the underdetermined case. The above algorithm can
be applied for any g1, go if the corresponding 1, is convex. We investigate the
sufficient conditions for v,, to be convex for given g1, g», and it turns out that
the decomposition of proximity operator, i.e., Proxg, = Proxg,_g, o Proxg,
is a nontrivially crucial assumption (see Proposition 5.8). This assumption
holds for some widely-used sparsity-promoting convex functions such as the
/1 norm, (a generalization of) OSCAR, and the total variation norm (see
Example 5.1).
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In fact, owing to the above decomposition, a closed-form expression of
¢, is provided when g1 and g9 are the support functions (see Proposition
5.9). This closed-form expression allows us to show that ¢, can be viewed
as a generalization of the Moreau enhancement when ¢; and gy are scaled
OSCAR (see Proposition 5.10). In numerical examples, DOSCAR is applied
to the sparse signal regression with highly correlated features in both overde-
termined and underdetermined cases. We show that DOSCAR achieves less
biased estimation of sparse signals than the other methods, and yields sig-
nificant improvements from OSCAR.

5.1.3 Relation to Previous Works

There are some previous works related to the operators composed of mul-
tiple proximity operators. Let gp : R"™ — (—o0,+00] be proper, lower-
semicontinuous, and convex functions, and w; > 0 such as Zizl wp =1
for k = 1,2,...,p for p € N*. The function g : R — (—o0,+00] which
satisfies

P
Prox, = Z wy, Proxg, (5.2)
k=1

is known as the proximal average [141, 142]. A generalization of (5.2) involv-
ing linear operators has been studied as the proximal mixture [142] (see also
[143]). The case when p = 2 and w; = wa = 1 is studied as the proximal sum
[143, 144]. However, these operators cover only a convex or conical combi-
nation of multiple proximity operators. To the best of our knowledge, the
properties of the external division, defined as the affine combination with a
negative weight of two proximity operators, remain unexplored.

5.2 Approaches to Bias Reduction of OSCAR

First, we show that the Moreau enhancement of the OSCAR regularizer
bridges the OSCAR regularizer and a certain ideal nonconvex function.
Then, we explore the way of developing a new approach which goes beyond
the Moreau enhancement. We observe that the firm-shrinkage operator can
be viewed as an external division of two soft-shrinkage operators. By analogy
with that, we propose a new operator for bias reduction of OSCAR.

5.2.1 Moreau Enhancement of the OSCAR Regularizer

To reduce the estimation bias of OSCAR, a possible approach would be the
use of the Moreau enhancement of the OSCAR regularizer. However, unlike
the £1 norm, no direct discrete measure corresponding to OSCAR is known
to the best of our knowledge. This implies that the bias reduction effect of
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the Moreau enhancement of OSCAR is unclear. We show below that the
Moreau enhancement of the OSCAR regularizer

(M) ~1sag, = QM = Ty, 0, (5.3)
bridges the QOSCAR and a certain ideal discrete measure. Note that it holds
by Fact 2.4(e ) that

Jim QR -1z, (@) = O (@), Ve € R (5.4)

The following proposition shows the convergence of the rescaled Moreau en-
hancement of the OSCAR regularizer. Due to symmetry, it is enough to
show the case when & € K% since

(i x0)y-1721, (@) = (Qay 20) 1721, (|2]y)- (5.5)

Proposition 5.1. Let n be an arbitrary integer greater than 1. Then, it
holds for any = € K%, that

lim 2y (QOSAR) 1oy ()

y—+0
||w||%> ifx e R:b_+ ﬁIC’r>l7
(case 1)
q Z w 2
kes, Wk . n n
w3 =) <wj—carz(lsl)> , if £ € R?, N(KL)S,
=1 j€5 (case 2)
w3 — wy, if z € (R?,)°NKL,
(case 3a)
- Zkesl W 2
||'w||2 Z Z ( j Car(iSZ)XRH(xj))
=1 j€S5;
_wnXR++ (xnfl)a if x e IC%O \ (Rr_:__i_
UKz u{0}),
(case 3b)
0, if ¢ =0,
(case 4)
(5.6)
where
KL ={x eR" |21 >x2> ... >z}, (5.7)
1, if x € R++,
Ryy = {01}z — 5.8
Xeyy : Rpqp — {0,1} {O, o d R, (5.8)
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(a)
(1,1,1)
case 1
T3 T \
k —case 2

case 3a 7o
case 3b ‘

(b)

Figure 5.2: (a) Inclusion relation among the five cases of (5.6). (b) Visual-
ization of the five cases in the three-dimensional case.

w € R" is defined by (2.69), S denotes the compliment set of any set
S C R™, and S; with card(S;) > 2 is the Ith group of consecutive indices for
1=1,2,...,q, g € N, such that
Tj = Tk, V], ke Sl, and, (59)
:L’j#(l}k, Vi e s, Vk€{1,2,...,n}\51. (510)

For example, it holds that Sy = {3,4,5}, So = {7,8}, S5 = {8,9} for
X1 > X2 >3 =T4=2T5 > Tg > X7 = 8 > T9=I190 > T11- (5.11)
—_—— —— ————
first group second group third group
Proof. The proof is given in Appendix K.1. O

The inclusion relation of the cases of (5.6) and visualization of the cases
in the three-dimensional case are depicted in Figures 5.2(a) and 5.2(b), re-
spectively.
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case 2
2\ (/\1 + )\2)

\ case 1

(A1 +X2)2+ A2
case 4

Op® 3
L( case

A+ )2

Figure 5.3: The function value of (5.12).

Corollary 5.1. Let n := 2. Then, for any x € ICQZO, it holds that

lim 2971 QRGN (@)

y—+
()\1 + )\2)2 + )\%, if 1 > 29 >0,
2A1 (A1 + A if x1 =
_ )P A i = >0, (5.12)
(Al + )\2)2, if 21 > x9 =0,
0, if Tr1 = X9 = 0.

We first explain the case n := 2. Equation (5.12) indicates that the
rescaled Moreau enhancement converges to a certain discrete function shown
in Figure 5.3. Unlike (5.6), (5.12) is divided into four cases (case 3b does
not exist for the two-dimensional case). The function returns lower values
on the sets {z € K2, | 21 = 22 > 0} and {x € K%, | 21 > 22 = 0} than the
other regions. Hence, when (5.12) is used as a penalty, the solutions & tend
to satisfy

£1:£2200r ilzi‘gzo. (513)

Figure 5.4 shows the contours of the Moreau enhancement of the OSCAR
regularizer (5.12) for the two-dimensional case. It can be seen that the con-
tours of the Moreau enhancement sharpen those of the OSCAR. regularizer.
Hence, the solutions are more likely to satisfy (5.13).

Moreover, Proposition 5.1 indicates that the limitation of the rescaled
Moreau enhancement of the OSCAR regularizer is bounded above by a con-
stant ||w||3, and is lower than this bound on the set (K2 NR%, ). Hence,
when (5.6) is used as a penalty, the solutions tend to lie on this set.
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Figure 5.4: The contours of the Moreau enhancement of OSCAR (red) for
A1 = A2 := 0.5 and 7 := 2 and OSCAR (black) for the two-dimensional case.

line segment
{soft, (x) + tsoft.(z) | t € [0,1]}

10 .'
— firm,,
=== goft,
—-= soft,
OF——~
Zi /, P .
-5 0 5 10 15

Figure 5.5: A relation between the firm-shrinkage and two soft-shrinkage
operators.

5.2.2 Firm-Shrinkage Operator as External Division

Figure 5.5 shows the relation between the firm-shrinkage operator and two
associated soft-shrinkage operators. It can be seen that, for any x € R,
firm, - () externally divides the line segment {soft,(z)+tsoft (x) | t € [0,1]}
between the points soft,(x) and soft;(x) in the ratio of /7. This is verified
in the following proposition by expressing the firm-shrinkage operator as an
external division of two soft-shrinkage operators.

Proposition 5.2. For any ~, 7 satisfying v > 7 > 0, it holds that

. Y T
Firm, , = Soft, ———— Soft, . 5.14
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Proof. By (2.76), it holds for any = € R that

x, if || > 7,
firmr, (z) = oft(z), it 2] <. (5.15)
y—T
For the case when |z| > ~, it holds that
T = 5 j T(x — 7sign(x)) — 5 i T(a: — vy sign(x))
i
= ft-(x) — ft . 5.1
T soft () — —— soft, (z) (5.16)

On the other hand, for the case when |z| < v, soft,(z) = 0 yields that

7 soft,(z) = 1 soft,(x) —
=T =T y—T

soft (x). (5.17)

Hence, (5.14) follows from (5.15), (5.16), and (5.17). O

Note that Proposition 5.2 also gives the relation regarding an inner divi-
sion as follows:

soft, = =T firm, +Z soft., . (5.18)
Y v

It is known that the firm-shrinkage operator is the proximity operator of
the MC penalty which is the Moreau enhancement of the ¢; norm [25, 34].
Proposition 5.2 provides an alternative view of the firm-shrinkage operator as
an external division of Soft; and Soft,. The operator Firm, , is reproduced
by A, defined in (5.1) for g1 :== 7| - |1, g2 = 7| - |1, and w == 7/(y — 7).

5.2.3 Proposed Bias Reduction Approach for OSCAR: De-
biased OSCAR

By analogy with the firm-shrinkage operator, we propose the following ex-
ternal division operator and refer to it as DOSCAR:

DOSCAR .__ o
T>\17>\2,w,n .—wProxﬂf\)lss\;xR (w—1) PrOX"Q(A)lsS\[;R (5.19)

= PI‘OXQE\)SEAR +(w-—-1) ( PrOXQE\)sg\AR — PI‘OXnQS\)S(;\AR ) (5.20)
132 122 122

Figure 5.6 depicts a geometric interpretation of T/ECZ\SQCL?S(;B) for x € R2. We
only consider the case when x1 > x9 > 0 due to symmetry, and set A\; and Ag
to not too large values and w = 1 = 2 for simplicity. Figure 5.6(a) illustrates

the case when « is close to the hyperplane
Hy = {x e R? | z1 = 29}, (5.21)

i.e., x1 and xy are in the same group. In this case, Proxﬂgsgm yields a point
1:72
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Figure 5.6: A geometric interpretation of T)]\chz\SQCwAE(m) for the two-
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where two components become identical, i.e., PI'OXQ/C\)S(/Z\AR(.’B) € H;. How-

ever, this shrinkage causes estimation bias by shrinking the large component

with a large weight and shrinking the small component with a small weight.

In contrast, for DOSCAR, the second term of (5.20) pushes Proxﬂgsgm (x)
1:72

back to the current estimate @ along the hyperplane H;. As a result,

)]\31(’))\82%’?};{(:1:) coincides with the projection of @ onto Hip, so that the esti-
mation bias is reduced. Figure 5.6(b) illustrates the case when x2 is close to
0. In a similar way, the second term of (5.20) pushes the first component of
PrOXlesS:\;%R (x) back to z1 while letting the second component stay 0. As a

TDOSCAR

result, the estimation bias is reduced since
) )\1)\27‘#77]

projection of & onto

(x) coincides with the

Hy = {x € R? | x5 = 0}. (5.22)

Figure 5.6(c) illustrates the case when x is distant from H; and Ha, i.e.,
x1 and o correspond to different groups of important features. In this

case, PrOXQ%S,CAQR shrinks x diagonally. This is undesirable since the two
coefficients become more similar although they correspond to the different
groups. In contrast, TE%SQ?C&I;{ keeps x at the same position. On the basis of
these arguments, T)]\Dho)i’cﬁg is expected to reduce the estimation bias while

preserving the advantages of OSCAR.

5.3 Proposed Method: External Division Operator

First, we establish some basic properties for the external division of general
nonexpansive operators. Following this, we show that the external division
operator is expressed as the proximity operator of the weakly convex function
¢, (defined in (5.31) below) if the function v, (defined in (5.29) below)
is convex. Then, the convergence of the gradient algorithm based on the
external division operator to a minimizer of the cost function involving ¢, as
a penalty is guaranteed. Subsequently, we present the convexity conditions of
¥, and a closed-form expression of . Finally, the relation between ¢, and
the Moreau enhancement is investigated. Although we focus on the finite-
dimensional case for simplicity in this chapter, most results can be extended
for an infinite-dimensional Hilbert space case. For convenience, the relations
of the theoretical results to be presented in this chapter are summarized in
Figure 5.7.
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converges to a minimizer of

uf + o+ ppllPag - [17/2
(Prop. 5.7)

Figure 5.7: An overview of relations of the theoretical results in this chapter.
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5.3.1 External Division of Two Nonexpansive Operators

First, we show some basic properties of the external division of two general
nonexpansive operators. The following two propositions indicate that the
external division of firmly nonexpansive operators is Lipschitz continuous.

Proposition 5.3. Let T, T}, : R™ — R"” be nonexpansive operators such that
T, — Ty, is nonexpansive. Then, wT, — (w — 1)T}, is w-Lipschitz continuous
for given w > 1.

Proof. Since it holds that
Wl — (w — 1Ty = To + (w — 1)(Th — Tp), (5.23)
it holds for any @, & € R" that
H(wTa — (w = 1DT) (@) — (WTa — (w — 1)T)(§) ]2
< ||Taz — Taéll2 + (w — DII(Ta = Tb) (=) — (Tu — T1)(€)l2

< Jlz — €lls + (@~ Dz - ]l
— wllz - €l (5.24)

where the second inequality is due to the nonexpansiveness of T, and T}, —Tj,.
This implies that wT, — (w — 1)7}, is w-Lipschitz continuous. O

Proposition 5.4. Let Ty,T}, : R™ — R™ be firmly nonexpansive operators.
Then, T, — T3, is nonexpansive.

Proof. Since T,,Ti, are firmly nonexpansive operators, there exist nonex-
pansive operators N1 and Ny satisfying T, = (1/2)Id+(1/2)N; and T}, =
(1/2)Id +(1/2)N2. Hence, it holds, for any x, & € R™, that

[(Ta = T)(x) — (Ta — TH) (&) ]2 = [[(1/2) (N1 — N1&) — (1/2)(Naz — N2£)|2
< (1/2)[[Nix — Nigll2 + (1/2)[| Naz — N2£||2
< llz =&l (5.25)

which implies that T, — T3, is nonexpansive. O

The following proposition shows the relation between the set of common
fixed points of given two nonexpansive operators and that of the external
division of the two operators.

Proposition 5.5. Let T,, T}, : R™ — R"™ be nonexpansive operators. Assume
that Fix(T,), Fix(T},) # (0. Then,

Fix(wT, — (w — 1)Ty,) D Fix(T,) N Fix(Ty), (5.26)

for a given w > 1.
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Proof. Let x € Fix(T,) N Fix(1}). Then,

(WTy — (w—1Tp) () = wlzx — (w — 1)Thx
=wze — (w— 1z
=z, (5.27)

which yields @ € Fix(wT, — (w — 1)T3,). Hence, (5.26) holds.
O

This proposition states that the common fixed points of given two non-
expansive operators are also fixed points of the external division. However,
the opposite does not hold in general as shown in the following remark.

Remark 5.1. The opposite inclusion of (5.26) does not hold in general.
For instance, let T, = Id — softy and T}, = Id — soft;. Then, T, and Tj, are
nonexpansive, and Fix(7T,) = [—2,2] and Fix(T},) = [—1,1]. On the other
hand, (27, — T1,)(3) = (Id —2softy +soft,)(3) = 3 —2 + 2 = 3, and hence
3 € Fix(2T, — Ty).

5.3.2 External Division Operator of Two Proximity Opera-

tors

We present a sufficient condition for the external division operator to be
expressed as the proximity operator of a certain weakly convex function.
This property is a key ingredient in convergence analysis to be presented in
Section 5.3.3. A key idea is to use the framework of MoL-Grad denoisers
[139] (see Appendix G).

Proposition 5.6. Let g1, g2 € I'g(R™) and w > 1. Set A,, = wProxg, —(w—
1) Proxg, as in (5.1). Then, A, is w-Lipschitz continuous, and it holds that

Aw = vwwa (528)

where
Yo =w (g7) = (w—1) "(g3) (5.29)

(see Figure 5.8). If 1, is convex, it holds that
A, = s-Proxg, (5.30)
in the sense of (2.20) with the (1 — w™!)-weakly convex function

ew =05 — |- 15/2. (5.31)
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¢ >

: w—1 :

S o é
Y Y(g7) (95)

Figure 5.8: The relation among 1, given in (5.29) and the Moreau envelopes
L(g7) and 1(g3) of the conjugate functions g and g3.

Proof. Since Prox,, and Proxg, are firmly nonexpansive, Prox,, — Proxg, is
nonexpansive by Proposition 5.4. Hence, A, is w-Lipschitz continuous by
Propositions 5.3. It holds by Fact 2.4(b) that
A, = wProx,, —(w — 1) Proxg,

= w(ld — Proxg:) — (w — 1)(Id — Proxg;)

=wV g]) = (w =1V '(g3)

=V (w('gD) — w=1)("g3)))- (5.32)

:"‘Lw

If 4, is convex, (5.30) holds by Fact G.1. O

The expression of ¢, given in (5.31) involves the conjugate of 1),,, which
is not computable in general. An alternative expression of ¢,, will be given
in Proposition 5.9 below. In the following subsection, we will provide the
convergence analysis of the gradient algorithm based on the external division
operator under the assumption of convexity of v,,. The convexity conditions
of 1, will be discussed in Section 5.3.5.

5.3.3 Gradient Algorithm With External Division Operator:
Case of Strongly Convex Fidelity Term

Let f : R™ — R be the fidelity function which is p-strongly convex with x-
Lipschitz continuous gradient for p,x > 0. A popular approach to suppress
the fidelity f while accommodating the prior information into a regularizer
R € Tx(R™) is to use the proximal gradient algorithm, i.e., the recursion

Lp41 = Proqu(:nk - ;LVf(iL’k)) (5.33)

By analogy, we consider replacing the proximity operator of the proximal
gradient algorithm by A, obtaining the recursion

Tpr1 = Ap(xr — pVf(x)), (5.34)
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Algorithm 5.1 : Gradient algorithm with the external division operator.

Set g € R™, w, p, u > 0.
For k=0,1,2,...
Ty1 = Ay (xr — w(Vf(xk) + pPyrxr)).

where g > 0. Thanks to Proposition 5.6, under the convexity of 1, the
convergence of the algorithm given in (5.34) to a minimizer (if exists) of
pf 4y is guaranteed by Fact G.2 under the conditions w € (1, (k+p)/(k—p))
and g € [(1—w™)/p,(1+w™H/k).

5.3.4 Gradient Algorithm With External Division Operator:
Case When Strong Convexity is Restricted to Subspace

We consider a more general case when the strong convexity of f is restricted
to some subspace M C R" with the case of underdetermined linear system
envisioned (a more specific discussion is given below). In this case, the cost
function pf + ¢, is nonconvex since uf is not strongly convex on M=+ while
@, is weakly convex on M. To guarantee the global optimality, we modify
the penalty term as @, which will be defined in (5.35). Along with this
modification, we modify the recursion in (5.34) and consider Algorithm 5.1.
The convergence of Algorithm 5.1 is guaranteed as shown in the following
proposition.

Proposition 5.7. Let M C R™ be a subspace. Let f : R®™ — R be a
differentiable function such that

(i) f — pllPrm - |I13/2 is convex,
(ii) Vf(x) € M for all z € R™,
(iii) V£ + p||Pupe - ||3/2 is k-Lipschitz continuous for x > p > 0.

Let g1,05 € To(R™) be convex such that (= w( (g1)) — (w — 1)( (63)))
defined in (5.29) is convex. Let u € (0,2/(k+ p)) be the step size parameter,
and set w = (1 — up)~* > 1. Suppose that A, given in (5.1) is employed in
Algorithm 5.1. Let

" fip

B =t B2 Ppgs - | (5.39)

for ¢, defined in (5.31). Then, given an arbitrary xy € R", the sequence
(zk)ren produced by the algorithm converges to a minimizer, if exists, of

wf + P (5.36)

Here, pf and ¢, are p-strongly convex and p-weakly convex on M, respec-
tively. Moreover, 11f and @, are both convex on M1, respectively.
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Proof. Proof is given in Appendix K.2. O

Let us consider the specific case of squared errors f : R* — R : & —
ly — Ax||3/2, where y € R™ and A € R™*" are the observation vector and
the input matrix, respectively. In this case, f is not strongly convex if the
linear system is underdetermined (m < n). Assumptions (i), (ii), and (iii)
in Proposition 5.7 are automatically satisfied for M := range AT even in the
underdetermined case since (i) ||y —A-||3/2— p||Pam-|13/2 is convex if p is not
greater than A F (AT A), (i) V(|ly— A ||3/2)(z) = AT(Az —y) € M, and
(ii) V(lly— A [2/2+ pll Pags - [3/2) (@) = AT (Am —y)+pPyy is k-Lipschitz
continuous, where x = Apax(ATA). Hence, convergence is guaranteed by
Proposition 5.7 under p € (0,2/(k + p)). This is an essential difference from
[112, Proposition 6] which requires the p-strong convexity of f.

The idea of Proposition 5.7 is to abandon the weak convexity of the
regularizer over M= to guarantee the convexity of the whole cost function.
In the case of M = R", we have ML := {0}, so that up|| Py - [|3/2, as
well as pPy i) in the algorithm, vanishes. Hence, in this specific case,
Algorithm 5.1 reduces to the algorithm given in (5.34), and the sequence
(@ )ken converges to a minimizer of uf 4 ¢, as already mentioned in Section
5.3.3.

5.3.5 Convexity Condition of ¢, Given in (5.29)

For given g1, g2 € T'o(R™), the convexity of 1), is a key property to ensure the
cocoercivity of A, and hence the convergence of Algorithm 5.1. However, it
is not straightforward to establish the convexity conditions of 1, in general.
By comparing (5.1) and (5.14), it is verified that the firm-shrinkage operator
is the external division operator for g = 7||-||; and g2 = 7||-||1 for v > 7 > 0.
One would by analogy expect that v, is convex if go == ng; € I'o(R") for
n > 1. However, this condition is not sufficient in general (see Remark 5.2).
The following proposition gives sufficient conditions for 1, to be convex.

Proposition 5.8. Let g1, g2 € I'o(R™), and w > 1. Assume that the follow-
ing hold jointly:

(C—l) g2 — g1 € Fo(Rn).
(C-2) Proxg, = Proxg,_g, o Proxg,.

(C-3) Prox(g,_g,)+ o Prox,, is monotone.

Then, the following statements hold.

(a) The function 1, given in (5.29) is convex if (C-1), (C-2), and (C-3) are
jointly satisfied.

(b) (C-3) is satisfied if one of the following conditions is satisfied:

(i) Prox(g,_g,)- o Proxg, = Prox(g,_g )4,
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(ii) g1 and g2 are separable, i.e., there exist i, g2 € I'o(R) such that

gi(@) = di(w), ga(@) = Galwi), (5.37)
=1 i=1

for any & € R".
Proof. The proof is given in Appendix K.3. O

Some sufficient conditions for the decomposition of the proximity oper-
ator (assumptions (C-2) and (i)) are investigated in [145, 122, 96, 144] (see
Appendix H). The following example gives several examples of ¢g; and g9
which satisfy assumptions (C-1)-(C-3).

Example 5.1. Assumptions (C-1)—(C-3) of Propositions 5.8 are satisfied if
g1, 92 : R — R are set as follows:

(a) (Generalization of OSCAR) g1 : & = >, ez wijmax{|z;],[z;[},
where? w; ; > 0 for i,j € T := {1,2,...,n}, and g2 is any permu-
tation invariant function which satisfies (i) ga(x) = g2(|z|) for any
x € R" and (ii) g2 — g1 € I'o(R™). Here, for any g : R" — R, g is called
permutation invariant if g(x) = g(Qx) for any permutation @ (under
some fixed basis) for any = € R™.

The specific choice of

)\17 ifi = j7
Wi j = Ao, if i <y, (538)

0, otherwise,

for A1, A2 > 0, for g1 reproduces the OSCAR regularizer Q%S%AR de-
fined in (2.67). Since the OSCAR regularizer is permutation invariant
and satisfies Q/\Oﬁng(cc) = Q?ﬁij(\wD for any € R", a specific
choice of g5 is go == ngy, where n > 1.

(b) (Total variation norm or the clustered lasso) g1 : @ — >_,; ;7 wi jl@; —
x| for any w;; > 0 for 4,5 € 7 = {1,2,...,n}, and go is a function
such that g — g1 € I'g(R"™) is permutation invariant.

(c) (Hinge loss function) g; = ®hinee .= S~  ghinge and gy == gy, where
[o(R) > ¢hmee : 2 3 max{0,1 — 2} and n > 1.

Proof.  (a) Since g2 — g1 € I'g(R™), assumption (C-1) of Proposition 5.8
is satisfied. Assumption (C-2) of Proposition 5.8 is satisfied by [145,
Corollary 5. Now we show that assumption (C-3) of Proposition 5.8

*When w;, ; = 0 for all 4,5 € Z, the function g; is not a norm. Otherwise, g1 is a norm.
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is satisfied. By [145, Proposition 4], g is permutation invariant if and
only if Prox,(Qx) = Q Prox,(x) for any € R", which implies that

Proxg«(Qx) = Qx — Prox,(Qx)
= Qx — Q Proxy(x)
= Q Proxy-(x), (5.39)

where the first and third equalities are due to Fact 2.4(c). Then, by
using [145, Proposition 4| again, we obtain that ¢* is permutation in-
variant. Hence, assumption (C-3) is satisfied by permutation invariance
of g1 and [145, Corollary 5|.

(b) The proof is given in the same way as in (a).

(c) For any & € R™, the hinge loss function is expressed, as a translation
of the support function, as

() =) " max{0,1 — z;}
=1

n

= max vi(x; — 1)
ve[—1,0] i1
= J[—LO]”(ZB - ]—n) (540)

Now let us show that the assumption (C-2) of Proposition 5.8 is satis-
fied. Since ®M"&° is separable, it holds from [96, Proposition 24.11] for
any v > 0 that

PI‘OX,Yq)hinge (Q’:) — (PrOX7¢}lixlge (ml))?:l (541)

The proximity operator of the hinge loss function is known [96, Example
24.36| as, for any ¢ € R,

E+7, HE<T—1,
PrOX7¢hinge(§) == 17 if§ S [1 - ’Y7 1]’ (542)
£, if &> 1.
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Hence, it holds that

PrOX(n_1)¢hingc o PrOX¢hingc (5)

PI'OXd)hinge (5) + n—- ]., if PI'OX¢hinge (6) <2- 7,
= 1, if PrOX¢hixlge (5) S [2 - 777 1],
PrOX¢hinge (é.), lf PrOX¢hinge (g) > 1,
5 + 1, if 5 <1l- ,
=41, if&ell—mn1],
€, if § > 1,
= PrOXn¢hinge (é‘) . (543)

Hence, assumption (C-2) of Proposition 5.8 is satisfied by (5.41) and
(5.43). Finally, assumption (C-3) of Proposition 5.8 is satisfied since
assumption (ii) is satisfied.

O

The following remark gives an example of the case when 1/, is nonconvex

for g1, g2 which satisfy assumption (C-1) of Proposition 5.8 but do not satisfy
(C-2).

—In(z), ifx >0,
~+o00, otherwise,

In this case, assumption (C-1) is satisfied because g2 — g1 = g1 € I'o(R). The
proximity operator of ng; for > 0 is known to be expressed as follows [146]:

Remark 5.2. Let g1 :R - R: 2z — and g2 = 2¢;.

244
Prox,g, (z) = W, (5.44)

which implies that
T+ V2 +8
2
x+v§:2+4 + \/(:0+\/2x2+4)2 +4
]
2
= Proxg, (Proxg,(x)). (5.45)

Proxg,(x) =

In this case, for every w > 2v/5/(3 — v/5), vy, given in (5.29) is nonconvex.
To see this, we observe by (5.32) that, for any =z € R,

d? d
——¥(z) = %(w Proxg, —(w — 1) Proxa,, )(z)

dz
d 1 (a:+w\/x2+4—(w—1) x2—|—8)

T dzr2
(w

X
=—(1+w——m — 5.46
(1o (5.46)

“V7)
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from which it follows that

d? 1 1 1
Ww_l) =3 (1 - w\ﬁ + (w — 1)3)

< 0. (5.47)

The following remark shows that the set of assumptions (C-1)—(C-3) of
Proposition 5.8 is only sufficient, and it is not necessary.

Remark 5.3. Let g1 : R® — R : x — i||z[3, and g := 3g1. Then, it holds
for any € R™ and n € R that

1
Y(ng1)(x) = ng1(Prox,g, (z)) + 3 ll& = Proxy,, ()3

_ 1 _
=ngi((L+n) ') + Slle = (L+m) " =3
= (L +m) 72|l +n*(1 +n) 7?23
= (1 +n) "3, (5.48)
where it follows from (2.35) that
Prox, . z/2(x) = (Id+nd(|| - [3/2)) " ()
= (1+n) 'z (5.49)
Then, it holds for any & € R™ that
Yo(@) = w (g]) (@) = (w 1) {((Bg1)") (@)

(@) - -1 (30(3)) @)

~ oo - -1 () @

= Lol - L el

= 2}, (5.50)

from which it follows that 1, is convex. However, we have

1
Proxg,(x) = 1

1
75693

1
= Prox 2 <2w)

= Proxg, 4, (Proxg, (x)), (5.51)
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and hence assumption (C-2) of Proposition 5.8 is violated. Therefore, as-
sumptions (C-1)—(C-3) are not a necessary condition for convexity of 1.

5.3.6 A Closed-Form Expression of ¢, Defined in (5.31)

Proposition 5.7 states that Algorithm 5.1 converges to a minimizer (if exists)
of the cost function which includes ¢, as a regularization term. However,
Y, given in (5.31) is not computable in general due to the conjugate of
Y. The following proposition gives an alternative expression of ¢, which is
computable if go — g1 is proximable.

Proposition 5.9. For given w > 1, nonempty convex subsets C1,Cy C R"”
such that g1 = o¢, and g2 = o¢, satisfying assumptions (C-1)—(C-3) in
Proposition 5.8. Assume that range(A,) = R" for the external division
operator A, defined in (5.1). Set ¢, as in (5.31). Then, it holds for any
x € R" that

(Pw(m) =0 (:U + ("J - 1) Proxw(ac2 —O’Cl)(x))

— (w = 1oc, (Proxy(oe, o0 (@) = (1 =) Hwlog, — 0c,))(@).

(5.52)
Proof. Proof is given in Appendix K.4. O
Figure 5.9 shows ¢, given in (5.52) for g1 :==|-|, g2 =n| - |, and w = 2

with 7 := 2.0,1.5,3.0. The case (a) satisfies  := w(w — 1)~!, and hence
¢, coincides with the MC function defined in (2.45) (which will be verified
by Proposition 5.10 by setting Ay := 0). It can be seen that n controls
the derivative of ¢, at the large inputs. For the Moreau enhancement, the
derivative of ¢, at the large inputs is 0, and hence the estimation bias for
the large coefficients can be reduced. We note that Proposition 5.9 can be
applied to the cases in Examples 5.1(a) and (b) since the norms are the
support functions for some nonempty convex set.
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(a) (b)
6 - .
A ~
2F ..'.. ‘¢"‘
0 mTeRFATTSS, | e the first term of (5.52)
L~° N ——— the second term of (5.52)
-2 ./ \ = the third term of (5.52)
) / \ — = o, of (5.52)
_ ./ \
—6 VA 1 1 1 1 ‘\
—6 —4 -2 0 2 4 6
()
Figure 5.9: The function ¢,, in Proposition 5.9 for g; :== |- |, g2 .= 7| - |, and w = 2 with (a) n:

n = 1.5, and (c) n = 3.0.

2.0, (b)
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5.3.7 Relation of ¢, and the Moreau Enhancement (the Case
of g, = ng1 for n > 1)

For general gi,g2 € T'g(R"), the following remark provides a connection
between ¢, given in (5.31) and the Moreau enhancement [35, 34|. We use
the following lemma.

Lemma 5.1. For any function g € I'g(R"™) and for any v > 0, it holds that

Y(vg) =g (5.53)

Proof. For any x € R”, it holds that

'(09) = i, (9() + e~ =13

) 1 2

— min (90 + 5o - 213)

=~"g. (5.54)
OJ

Remark 5.4. If the functions g1, go in Proposition 5.9 are support functions,
it holds that

oo <g1— (1 —w ) (wlga —g1)) (5.55)

due to (5.52) and the triangle inequality. When g9 := ng; with
n=—-:, (5.56)

the majorant (5.55) of ¢,, reduces to the Moreau enhancement of gy, i.e.,

wlw—-1)"1

Yw < g1 — g1, (5.57)

where

(1-w H N wh—1)g) =1 -w ) (ng)
=1 —-wn"g)
="q
_ w(w-1)"t

q1. (5.58)

Here, the last equality is due to Lemma 5.1.

Moreover, we show in the following proposition that (5.57) holds with
equality when ¢ and gs are scaled OSCAR.
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Proposition 5.10. Let g; = Q?SE\JZAR and gg = nQ?lsf\JzAR for A1, > 0
and for n > 1. Set , : R = R : x + ¢} (x) — ||z|3/2 as in (5.31) for w > 1.
Then, it holds that

= O — O, (559

where a := (1 —w™!) € (0,1), and b := w(n — 1) > 0. Moreover, if ab = 1,
i.e., n = w(w — 1)71, it holds that

OSCA bOSCA
— Q)\ly)‘Q R Q)\l,)\Q R (560)
Proof. Proof is given in Appendix K.5. O

This proposition indicates that the corresponding weakly convex function
to DOSCAR. (see (5.59)) is more general® than the Moreau enhancement.
This general class of weakly convex functions includes those achieving better
performance than the Moreau enhancement in general, as demonstrated in
Section 5.4.2. Figure 5.10 shows the function ¢, given in (5.59) with \; =
Ao == 0.5 and w = 2.0 (a = 0.5) for n = 2.0,1.5,3.0 (b = 2.0,1.0,4.0,
respectively). Since it holds from Fact 2.4(c) that

DU = b(b - 13/2 = (R o (b7 1))
=-13/2-b" 1((991802”‘) )o (b~ 1d), (5.61)

the function ¢, is a-weakly convex. Hence, the parameter 7 (or equivalently,
b) changes the shapes of ¢, without changing its concavity for a fixed w.

3The external division yields a different way of generalization of Moreau enhancement
than the generalized Moreau enhancement defined in Definition 2.18.
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Figure 5.10: The function ¢, given in (5.59) with A\ = A2 := 0.5 and w := 2.0 for (a), n = 2.0 (the case
when ¢, coincides with the Moreau enhancement of the OSCAR regularizer), (b) n := 1.5, and (c) n := 3.0.
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5.4 Numerical Examples

We demonstrate the performance of a specific example of the external division
operator, DOSCAR, in the application of sparse modeling, particularly when
there are groups of highly correlated features. The convergence of Algorithm
5.1 with Tg?@iﬁ};‘ is guaranteed for any w,n > 1 by Propositions 5.6 and 5.8
on the basis of Example 5.1(a). First, the efficacy of the proposed method is
evaluated using toy data in Experiment 5-A. Then, we show the influence of
hyperparameter 7 on the performance of the proposed method in Experiment

5-B.

5.4.1 Experiment 5-A: Toy Data

The standard linear model y = Ax, + €, € R™ is used. The noise vector
€, € R™ is generated i.i.d. from the zero-mean Gaussian distribution with a
given SNR. We consider the following two toy datasets:

A. The column vectors of A € R™*" for m = 200 and n = 80 are
generated as:

d1-+-€*J, 1=1,2,...,95,
as + €., 1=06,7,...,10,

aj=24 > , (5.62)
asz + €, 1 =11,12,...,15,

as, i =16,17,...,80,

where the components of a; (j = 1,2,3,4) are generated i.i.d. from
standard Gaussian distribution, and those of €,; € R™ (i =
1,2,...,15) are generated i.i.d. from N(0,0?) with o, > 0. The co-
efficient vector is set to

o, =1[3...3,2...2,15...1.5,0...0]" € R". (5.63)

B. (Toeplitz covariance) Each column vector of A € R™*" for n := 80 is
generated from the zero-mean multivariate Gaussian distribution with
covariance given by cov(a;, aj) = Il for r € [0,1]. The coefficient
vector is set as

o =1[1...1,0...0,1...1,0...0]T € R™. (5.64)
N = ——
10 10 10 50

The SNR is set to 20 dB.

We compare DOSCAR with the methods to solve the least squares prob-
lem with the ¢; norm (lasso), the MC penalty, and the OSCAR regularizer.
Since the overall convexity of the cost function with the MC penalty is not
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guaranteed for the underdetermined case, the GMC penalty [25, 36] u@Gl\j/CﬂA

for > 0 and v € [0,1) (see (2.47) for definition) is compared in this case.
The hyperparameters of the MC and GMC penalties are set so that the whole
cost functions are convex. For DOSCAR, the hyperparameters x and p are
set t0 Amax(ATA) and AT (AT A), respectively. The hyperparameter w is
set as w = (1 — pp)~t, where y is set to a slightly small value of 2/(k + p)
to guarantee the convergence. All the other hyperparameters are tuned to
attain the best performance. The results are averaged over 300 trials, and
the evaluation metric is the system mismatch defined in (4.50).

Figure 5.11 shows the system mismatch across o, for dataset A for differ-
ent SNRs. The parameter o, controls the correlation of the column vectors
of A: large o, corresponds to small correlations, and small o, corresponds
to high correlations. It can be seen that the proposed method outperforms
the other methods in a wide range. For both settings of SNR 20 and 15
dB, the proposed method behaves similarly to the MC when the correlation
is low (0. > 1.38), and similarly to OSCAR when the correlation is high
(0e <0.51). When the correlation is low, the proposed method and the MC
outperform the others due to the debiasing effect. As the correlation becomes
higher, the performance of the proposed method and OSCAR improve due
to the grouping effect.

Figure 5.12 shows the system mismatch across r for dataset B. The pa-
rameter r controls the correlation of the column vectors of A: large r cor-
responds to high correlations, and small r corresponds to small correlations.
For both overdetermined and underdetermined cases, the proposed method
outperforms the other methods especially when the correlation level is mid-
dle. While the proposed method performs well when the correlation is very
high for dataset A, such a situation rather causes performance degradation
for dataset B. This is because large r implies that even unimportant columns
of A have high correlations with important columns.

5.4.2 Experiment 5-B: Influence of Hyperparameter 7

We study the influence of the fluctuations of hyperparameter 7 on the per-
formance of the proposed method. Figure 5.13 shows the system mismatch
of the proposed method across 1 with tuned A; and Ao for datasets A and B.
The blue lines indicate 7 := w(w —1)~!, with which the proposed method re-
duces to the Moreau enhancement of OSCAR (see Proposition 5.10). Better
performance is attained for smaller values of 1 except for the case of Figure
5.13(c). It can be seen that the behavior of the performance against the fluc-
tuation of 7 is problem-dependent. In general, the more accurate estimation
can be achieved by the proposed method with appropriate tuning of n than
by the Moreau enhancement.



5.4. NUMERICAL

—10

—20

system mismatch

system mismatch

EXAMPLES

lasso

—v—
—©— MC
—o—
—A—

OSCAR
proposed

O¢

—¥— lasso
—©— MC
—6— OSCAR
—A— proposed

O¢

117

Figure 5.11: System mismatch across o, for dataset A with (a) SNR 20 dB

and (b) SNR 15 dB.
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5.5 Conclusion

The properties of the external division operator were studied on the basis
of the observation that the firm-shrinkage operator can be expressed as an
external division of two soft-shrinkage operators. DOSCAR was proposed
in the class of the external division operators for an effective feature group-
ing. This addresses (Q3), which was raised in Chapter 1.2. It was shown
that, when 1), defined in (5.29) is convex for given gi, g2 € I'o(R"), the ex-
ternal division operator is expressed as the gradient of some smooth convex
function, and it can be expressed as A, = Vi, = s-Prox,,, for ¢, defined
in (5.31). The gradient algorithm associated with a given fidelity function
and the external division operator was proposed, and the convergence to a
minimizer of the cost function regularized with ¢,, was proven. This conver-
gence analysis covered the case when the strong convexity of the fidelity is
restricted on some subspace. Some sufficient conditions for 1, to be convex
were presented, which allowed us to provide a closed-form expression of ¢,
for some cases. Numerical examples demonstrated the efficacy of the pro-
posed operator in recovering signals having structured sparsity, and it was
shown that the performance was significantly improved when g; and go were
defined with scaled OSCAR.



Chapter 6

(General Conclusion

This thesis was devoted to robust debiasing methods for sparse modeling.
The proposed methods addressed the following two issues which generally
occur in outlier-robust estimation and sparse signal estimation, respectively:
(i) a severe tradeoff between robustness and global optimality, and (ii) the
risk of missing some important groups of highly correlated features. The key
idea was to explore an effective way of utilizing the Moreau enhancement
technique and to define a new class of operators which extends this technique.

First, to fundamentally solve the above tradeoff problem, we proposed a
robust method for jointly sparse signal estimation based on the MC func-
tions. The key idea was using the combination of three terms: the MC loss
function, the MC penalty, and the Tikhonov penalty terms. The influence
of outliers was significantly reduced by the MC loss function. Moreover, the
convexity of the cost function was guaranteed by exploiting the combina-
tion of the weak convexity of the MC functions and the strong convexity
of the Tikhonov regularizer. Numerical examples including the application
of multi-lead electrocardiogram with real data demonstrated the remarkable
robustness of the proposed method.

Second, aiming to achieve high performance even in highly noisy envi-
ronments, we integrated the sparse signal estimation method based on the
MC penalty given in (1.3) and SORR given in (F.1.3). This appropriately
distinguished the statistical difference between Gaussian noise and outliers
by introducing an auxiliary vector to model the noise. In addition, the joint
use of the MC and Tikhonov regularizers provided the grouping effect. In
contrast to the popular elastic net, it was shown that the upper bound of
the discrepancy between the corresponding coefficients is independent of the
norm of the observation vector, which could be large owing to huge out-
liers. The necessary and sufficient conditions for convexity of the smooth
part of the cost were derived under a certain nonempty-interior assumption
via the product space formulation using the LIMES framework. Numerical
examples including the application to speech denoising with real data showed
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that the proposed method achieves robust sparse signal estimation even in
highly noisy environments.

Third, we introduced a new notion of “the external division operator”,
and we presented a method to extract all correlated features accurately.
The external division operator was motivated by the observation that the
firm-shrinkage operator can be expressed as an external division of two soft-
shrinkage operators. The external division operator for OSCAR turned out
to be a generalization of its Moreau enhancement. We consider the gradient
algorithm associated with a given fidelity function based on the external divi-
sion operator, and the convergence to a minimizer of the corresponding cost
function was proven. This convergence analysis covered the case that strong
convexity of the fidelity is restricted to some subspace. It was shown that the
external division operator of the OSCAR regularizer is a generalization of the
Moreau enhancement of that regularizer. Numerical examples demonstrated
that it improves performance dramatically by reducing the estimation bias.
Future Work: There are many ways to continue the study of this thesis.
The following are our future work:

e In this thesis, the noise was assumed to obey i.i.d. zero-mean Gaussian
distribution. However, it is possible that the proposed methods suffer
from errors with other statistical properties, such as the ones obeying
heavy-tailed distributions including the Cauchy distribution and sym-
metric alpha-stable distribution. Further experiments using such errors
would be of interest.

e Model selection is a key ingredient in data analysis. In this thesis,
most of the hyperparameters of the proposed methods were tuned by
a simple grid search based on the information of the ground truth. To
apply the proposed methods to various kinds of real data, we would like
to explore effective approaches to model selection such as information
criterion for the proposed methods. Another possible approach would
be an integration of the proposed methods and deep unfolding methods
[147].

e Many problems in signal processing can be cast as the online estima-
tion of sparse signals. For instance, a sparsity-aware adaptive filtering
method based on the MC penalty has been proposed in [136]. Al
though this thesis focused on batch methods, extensions to such online
methods will expand the range of applications.

e In this thesis, the efficacy of the proposed methods was demonstrated
only through numerical examples. We would like to derive an upper
bound for the system mismatch, as in [72]|. Furthermore, we would like
to figure out sufficient conditions for the proposed approaches to cor-
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rectly solve the corresponding problems (similar conditions have been
derived in other robust signal recovery approaches [148]).

This thesis focused on the feature grouping for an application of the
external division operators. We will further explore the possibility of
improvements from existing methods by using the external division
operators in other applications. A bottleneck of this is the limitation
of the convexity condition of v, given in Proposition 5.8. Hence, an
extension of that proposition would be required.

This thesis only considered the proximal gradient algorithm (and its
generalization) to exploit the external division operator. However, the
external division operator may be useful in other popular algorithms
such as Douglas-Rachford, Chambolle-Pock, and the primal-dual split-
ting algorithms. An application of the external division operator to
deep neural networks and deep unrolling [149] would also be of inter-
est.






Appendix A

Contours of the Quadratic Loss
Function

In this section, we show that the contours of the quadratic loss are ellipses
centered at the least square solution, and the axes of the ellipses are tilted
45 degrees from the coordinate axis in the two-dimensional case when each
column of A is standardized. Fix = € {¢ € R? | ||y — Ag|% = ¢} for some
constant ¢ > 0. Assume that AT A is invertible. Then, it holds that

ly— Az|l5 =y'y -2y Az + 2 AT Ax
-1 T -1
- (a: - (ATA> ATy) ATA <a: - (ATA) ATy>

+y' (In —A (ATAf1 AT> y. (A1)

independent of x

Let ¢ :=c—y' (In —A (ATA)fl AT> y. Since ¢ is independent of x, (A.1)

is equivalent to
—1 T -1
<m _ (ATA) ATy> ATA <:1: - (ATA) ATy> s (A.2)

which is the equation of an ellipse, of which the center is the least square
solution (ATA)_1 ATy. Since each column of A is standardized, it holds
that

T, | 1 alay
A A= |:CLICL2 1
11 11
_ | v |[ttlafa] 0 Vi V2 (A.3)
% -1 0 1—|alasl| |+ —L '
2 V2 V2 2
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T
Hence, the major and minor axes of the ellipse are along [%, —%} and

-
11 .
[ﬁ, ﬁ} , respectively.



Appendix B

Weak Convexities of Some
Nonconvex Penalties

We show below that (i) the ¢, quasi-norm (0 < g < 1) defined in (2.53) and
(ii) the capped ¢; norm defined in (2.55) are not weakly convex, and (iii) the
CELO penalty defined in (2.54) is y2-weakly convex.

(i)

The ¢, quasi-norm ¢‘ : R — R : 2 — (1/q)|z|? is differentiable at
x € R\ {0}. The second derivative at x > 0 is given by

(¢')"(x) = (¢ — D)l|*"?
< 0. (B.1)

Since
; q—2 _
xhnﬁo(q 1)|z]|"* = —oo0, (B.2)

there does not exist any constant p > 0 such that
(q—D|z|9 2+ p >0, Vo > 0. (B.3)

Since there exists # > 0 at which the Hessian of ¢« + (p/2)z? is nega-
tive, ¢fa + (p/2)z? is nonconvex for any p > 0. Thus, the ¢, quasi-norm
is not weakly convex.

Let h : R = R : z — ¢5P(z) + (p/2)x? for some p > 0. For any

x,€ € R, it holds that
1 1
<2x2 + 552 - :c§>

Pl o 1o r+E\%\
2<2x+25‘< 2 ))—
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Hence, it holds for any x € (0,7) and £ > ~ that

L) + %h(g) —h (m * 5)

2 2

2
= %x+ (p/2)z” + %’Y‘f‘ (p/2)€” — min{gg_;g,v} —(p/2) <x;€>
:;:c—i—;’y—min{x;gﬁ}—i—i;(x—f); (B.5)

Substituting x = v — € and £ = v + € for sufficiently small ¢ > 0 to
(B.5) yields

1
31+ 50O =0 (T3] =30 -0 - o+ 0
= pe* — %e, (B.6)

which is negative for € € (0,1/(2p)). This implies that there exist
z,§ € R for any p > 0 such that (B.6) is negative, and hence h is
nonconvex for any p > 0. Thus, ¢®P is not weakly convex.

(iii) By definition in (2.54), it holds for any x < \/2u/~ that

2 2 2
gl 2\/ v 2u
e (@) == o+ g -

2 ~2
= —12962+7\/@|w!
—vf(r o]~ g ) (B.7)

On the other hand, it holds for any = > \/2u/~ that

\ﬁ
() = 1= /2p (B-8)
Hence, (B.7) and (B.8) together with (2.45) yield that

CELO ’Y\Fqﬁ\/j/y (B~9)

Since d’gz% I is (v/v/2u)-weakly convex, <Z>$5LO is v2-weakly convex.



Appendix C

Forward-Backward-Based
Primal-Dual Splitting Method

We consider the following optimization problem:

min F(xz) + G(Bz), (C.1)

xrER™
where F' € I'o(R") is differentiable on R™ with its gradient Lipschitz contin-
uous with constant 5 > 0, G € ['((R™), and B € B(R",R™). The set of
minimizers of (C.1) is assumed nonempty. There are several algorithms to
solve (C.1) based on the forward-backward approach: they combine a gradi-
ent decent step (forward step) with a computation step involving a proximity
operator (backward step) [118, 150, 116, 151] (see [131] for a survey paper).
This thesis utilizes the forward-backward based primal-dual splitting method
proposed in [118|, which is shown in Algorithm C.1. It is known that the
conditions on the step sizes for the algorithm of [118] are less restrictive than
that of [150]. The convergence conditions of Algorithm C.1 are given in the
following fact.

Fact C.1 ([118, Theorem 3.5] and [131]). Let (x),cn and (vg) ey be the
sequences generated by Algorithm C.1, respectively. Suppose that

2
0<1t<—=,0<¢<

5 S (BB (©2)

Then, the sequence (xy),cy converges to a solution of (C.1), and
((7/S)vk) ey converges to a solution of the associated dual problem

min F*(BTy) + G*(y). (C.3)
yeR™
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Algorithm C.1 : Forward-backward-based primal-dual splitting algorithm
[118]

Set (xg,vp) € R" x R™, and 7,¢ > 0

For k=0,1,2, ...
Tpy1 =Tk — 7V F(xy)

Vi41 = (Id - PI“OX(T/C)G)(BCC]H_% + GBBT)Uk

— T
Tp1 = Ty y 1 — B vp




Appendix D

Big Oh Notation

We define the big Oh notation (a.k.a. Landau’s symbol) to express the com-
putational cost for algorithms.

Definition 19 (Eventually positive fuction). A function! f : N* — R is
eventually positive if there is a constant N € N such that f(ly,l2,...,1,) is
positive for all [y,ls,...,l, > N.

Definition 20 (Big Oh notation [152]). Let ¢ : N® — R be eventually
positive. Then, the set O(g) is the set of all eventually positive functions
f N = R for which there exist N, m € N such that

f(ll,lg,...,ln) §mg(ll,l2,...,ln) (Dl)
for all I1,15,...,l, > N.

In the literature, the big Oh notation is slightly abused as f = O(g)
to express f € O(g). Moreover, the notion n3 € O(n?) or n® = O(n?) is
also used to express f € O(g) for f,g : N = N : n +— n3. For example, if
f:N—= N:nw~ 3n2+4n+ 1, then f(n) € O(n?) since it holds for any
n > 3 that

4n® — (3n* +4n+1)=n® —4n -1
=(n—2)°%-5
> 0. (D.2)
Note that f(n) € O(n?®) and f(n) ¢ O(n) for this case. In general, f € O(g)

does not imply that g(n) is as accurate to f(n) as possible. For any f, g :
N" — R, the following hold:

1. cO(f) = O(f) for any ¢ > 0,

2. O(f +g) = O(max{f,g}), where max is the pointwise maximum.

!Eventually positive function can be defined for partial functions, i.e., f : C — R for
some C' C N".
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Appendix E

Matrix Computation Methods

E.1 Power Methods

Assume that there exist V'€ R™™ and A\y > Xy > ... > )\, for a given
matrix A € R" " such that

V1AV = diag(A1, A2, ..., \n). (E.1.1)

The power method [153] shown in Algorithm E.1.1 is used to estimate the
largest eigenvalue of A and a corresponding eigenvector. The following fact
shows the convergence properties of the power method for the case when A
is symmetric!.

Fact E.1.1 ([153, Theorem 8.2.1]). Suppose that A € R"*" is symmetric
and that

VTAV =diag(A\1,..., ), (E.1.2)

where V' € R™ " is orthogonal and A\y > Ay > ... > A,. Let the vectors
(q(k))z‘;1 be the sequence produced by Algorithm E.1.1, and define 0 €
[0,7/2] by

cos (0) = ‘v'iqu}, kE=0,1,2,.... (E.1.3)

If cos (6p) # 0, then for £ =0,1,..., we have

A k:
Isin (65)] < tan (60) |22 | (E.1.4)
and
)\2 2k
— )\ < — \i| tan? = 1.
e = ] < oax [\ — Al tan® (o) . (E.1.5)

Unsymmetric case is also studied [153].
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Algorithm E.1.1 : Power method
Set qo € R™ such that [|goll2 =1

For £k =0,1,2,...
zp = Aqg—1

ar = zi/||zkl2

Ik = q Agy,

E.2 QR Decomposition

The QR decomposition (or QR factorization) [153| of any matrix A € R"™*"
is defined by
A=QR, (E.2.1)

where Q € R"™*™ is orthogonal and R € R™*" is upper triangle. There are
several methods to obtain @ and R such as Householder, block Householder,
and Givens transformations [153]. The existence of this factorization is shown
by the following theorem.

Fact E.2.1 ([153, Theorem 5.2.1]). If A € R™*™ there exists an orthogonal
Q € R™™ and an upper triangular R € R™*" so that A = QR.



Appendix F

LIMES Model

F.1 Stable Outlier-Robust Regression

Let us consider when the observation vector is contaminated by sparse out-
liers as follows:
y = Az, + &, + 0, (F.1.1)

where x, and € are the coefficient and noise vectors, which follows i.i.d. zero-
mean Gaussian distributions with variances o2 and o2, . As stated in Section
1.1.4, existing outlier-robust regression methods have two major issues: (i)
existence of the tradeoff problem between robustness and global optimality,
and (ii) no distinction of the statistical differences between noise and outliers.

The above two issues have been resolved by SORR [35|. The formulation

of SORR is based on the MC loss function®:

PSORR

. 1
min_ psonn@C(y — (Az +e)) + el + B )3, (F.13)

xER™, ecR™
where 7, usORR, PSORR > 0. The MC loss induces the sparsity of the residual
y — (Ax +¢), which can be regarded as an estimate of the pure outliers with
the Gaussian noise eliminated. In addition, the influence of huge outliers
is completely annihilated since the derivative of the MC function vanishes
at a certain level. By introducing the auxiliary vector &, which models the
Gaussian noise, the statistical difference between noise and outliers is ex-
plicitly distinguished. When the noise power o2, is large, ||€x||3 becomes

Ex
large as well. In this case, the inverse o_; 2 of the noise-power estimate would

!The original formulation of SORR. in [35] is

—2
. O-GC*
min @)y — (Az + &) + 2 |lell3 +

zER™, e€R™

-2
Oc,

= lell, (F.1.2)

where 02, > 0 and Jg* > (0 are estimates of the variances of & and e, respectively.
Multiplying the cost function of (F.1.2) by o2, and letting pusorr = 02_p and psorr =
02, /a?, yield the cost function of (F.1.3).
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be small, and it allows ||€]|3 to be large so that e mimics &, well, yielding
efficient mitigation of the MC loss <I>l\//[c(y — (Ax + €)). This leads to the
“stability”, which means that the residuals are bounded to be proportional to
the magnitude of noise [154]. Therefore, SORR achieves remarkable robust-
ness against outliers and stability even in severely noisy environments while
the overall convexity of the whole cost function is guaranteed for appropriate
choices of usorgr and 7.
The following fact shows the convexity conditions of (F.1.3).

Fact F.1.1 (|35, Proposition 3|). The smooth part

—2 -2

g g,
o3+ =Sllells = 1 7 - Il (y — (Am + ) (F.1.4)

is convex in (z,e) € R” x R™ if and only if
(02, + 07, Amax(ATA)) < . (F.1.5)

The formulation for SORR in (F.1.3) is a special case of the LIMES model
to be presented in the following section.

F.2 LiMES Model: Convexity Conditions

Let X, Y, and Z be finite-dimensional Hilbert spaces. Let &4 : X — Y : 2 —
Mz + ¢1 and p > 0, where (0 #)M; : X — ) is a bounded linear operator
and c¢; € Y. Let (0 #).Z : Z — Z be a bounded linear operator, D > 0: Z —
Z be a diagonal positive-definite operator, and &% : X — Z : x — Moz + c2,
where (0 #)Ms : X — Z is a bounded linear operator and c; € Z. Let
U € I'y(Z), which is referred to as a seed function. The LIMES model [35]
is defined as the minimization of the following function:

1
JA X — (=00, +00] : & 5]\@7137“%, + uUE (o), (F.2.1)

\Il%ﬂoyiz :
where U5 o .ot : X — (—00, +0oc] is the LIMES function with
U3+ Z — (—o0, +00)

2 U(2) — min <\I/(v) + %HD(.,S,”Z _ U)HZZ) . (F.2.2)

vEZ

Due to Moreau’s decomposition

. B 1
TFHT(f) ey d = oL 1%, (F.2.3)
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for any f € T'9(Z) and v > 0 [96], the following smooth-nonsmooth separa-
tion can be verified under the nonsingularity of D:

1
Ty oy = 3l 13— (Vo D) o DLty + p o oty
1
= 5l - = SIDL A |2+t (U o D)o DL Ay + oy .
———
—:F (smooth) (nonsmooth)
(F.2.4)

Since the third term of F' is convex by the convexity of the Moreau envelope
[96], F is convex if the sum of the first two terms is convex. A result regarding
the convexity condition of the smooth part F' is given as follows.

Fact F.2.1 (Convexity condition for the smooth part [35, Proposition 5|).
(a) F e FO(X) if
() MM, — pM;L*D2L M, = 0.
(b) Let ¥ := o¢ with a nonempty closed convex set C' C Z. Then, the
following statements hold.

(i) Given any z € X, the following equivalence holds:
F(z) = L]} — 2| D.Lhal?
(@) = gzl — 2 DL.atal;

o (oco D) (DL = %\\Dﬂ%x\%
& (o} oD)(DLahr)=0
s reKe={zeX|D*ZLahreC}. (F.2.5)

(i1) Assume that int Ko # (). Then, F' € T'o(X) if and only if (#) is
satisfied.






Appendix G

Monotone Lipschitz-Gradient
Denoiser

Let us consider the following iterate:
Tp1 = T(xk — pV f(zr)), k€N, (G.1)

where T is a nonlinear mapping (denoiser) from a real Hilbert space H to
H, f:H — R is a smooth convex function, and g > 0 is the step size. If in
particular 7" is Moreau’s proximity operator of a proper lower semicontinuous
convex function g, (G.1) is the classical forward-backward splitting algorithm
to minimize pf + ¢g. In [139], weak convergence of (G.1) is studied when T
is Monotone Lipschitz-gradient (MoL-Grad) denoiser, which is defined as
follows:
Condition ¢ (MoL-Grad Denoiser) Denoiser T' : H — H is a S~}
Lipschitz continuous operator for 5 € (0, 1) such that T'= V) for a Fréchet
differentiable convex function . In other words, T' can be expressed as the
gradient of a A~ '-smooth convex function.

Necessary and sufficient conditions for T" to be a MoL-Grad denoiser is
shown in the following fact.

Fact G.1 ([139, Theorem 1|). Let T': H — H with domT = H. Then, for
B € (0,1), the following statements are equivalent.

(C1) T = s-Prox, for some ¢ : H — (—00, +-00] such that ¢ + ((1—3)/2)|| -
I3 € To(H).

(C2) T satisfies condition ¢, i.e., the following hold jointly:

1) T = V1 for some Fréchet differentiable convex function ¢ €
Fo(H).

2) T is 3-cocoercive, or equivalently 3~ !-Lipschitz continuous by the
Baillon-Haddad theorem (see Fact 2.2).
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In particular, the following statements hold.

(a) Assume that (C1) is satisfied. Define ¢ :== ¢+ ((1—23)/2)|-]|* € To(H).
Then, it holds that

1 *
T =sProxe =V <s0 3l |I2) =V, (G2

=y

which is 3-cocoercive (thus S~ !-Lipschitz continuous and maximally
monotone).

(b) Assume that (C2) is satisfied. Then, it holds that where

.1
o= — ||| (G3)
is (1 — B)-weakly convex.

The following fact shows the conditions for the iterate (G.1) with a MoL-
Grad denoiser T' to converge weakly to a solution of uf + g.

Fact G.2 (|139, Theorem 2|). Let f € I'o(H) be a k-smooth p-strongly-
convex function with x > p > 0. Assume that T : H — H satisfies condition
O for pe ((k—p)/(k+p),1) € (0,1) so that the Lipschitz constant is

bounded by 37! < (k + p)/(k — p). Set u € [(1 — B)/p,(1+ B)/k). Then,
the following hold.

1) Let f = f=[(1=5)/(2w)]]-|* € To(#) and ¢ := o+ [(1 - 5)/2||-|* €
Lo(H) so that uf + @ = uf + ¢. Then, it holds that

To(Id—uVf) = s-Prox f~1g o (Id By f) (G.4)

with =1 € (LQ/L,Nf)v where L o = pr — (1 —-p8) > 0 is the
Lipschitz constant of uV f.
2) Suppose that pf + ¢ has a minimizer in H. Then, for an arbitrary xg €

H, the sequence (r),cy C H generated by (G.1) converges weakly to
a minimizer & of uf + . (In this case, ¢ is the implicit regularizer.)



Appendix H

Decomposition of Proximity
Operator

In this section, we review some useful sufficient conditions for the following
equality to hold:
Proxp, o Proxy, = Proxp, +h,, (H.1)

where hy, hy € T'o(R™) such that hy + hg is proper. The assumption based
on (H.1) for certain functions is essential in the main results of this study.

Proposition H.1. [144, Proposition 3.13| Let hi,hy € To(R™) such that
dom hy N'dom hy # (). Suppose that one of the following holds:

(i). (Vo € dom Ohg) Oha(x) C Oha(Proxy, x)

(ii). (V(z,u) € gradhy) Oha(x +u) C Oha(x).

(iii). 0 € int(dom hy—dom hs) and (V(x, u) € gradh;) Oha(x) C Oha(x+u).
Then, (H.1) holds.

The condition 0 € int(domh; — domhs) in (iii) can be generalized to
0 € sri(dom h; — dom hy), where sri C' denotes the strong relative interior of
a subset C' C R".

Proposition H.2. [144, Proposition 3.13| Let hi,ha € I'g(R) such that
domhy Ndomhg # (). Then, Proxy, o Proxy, is the proximity operator of
some function in I'g(R).

Proposition H.3. [122, Proposition I1.2] Let hj, ho € T'o(R™). Assume the
following:

1. hy is separable, i.e., for any € R", hi(x) = > I | ho(z;) for some
function hg € I'y(R).
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2. For any € R",

h2($) = Z Z O-[ai,j,qu,j](xi - ‘rj) (HQ)

i=1 j=1

for some a; j € RU{—o0} and b; ; € RU {400} with a; ; < b; ; for any
ij=1,2,...,n.

Then, (H.1) holds.

The following decomposition is studied in the context of proximal thresh-
olders, which is defined as T': R™ — R"™ on a nonempty closed convex subset
2 C R™ if there exists a function f € I'o(R"™) such that 7" = Prox; and
{zeR"|Tz=0}=Q.

Proposition H.4 (|96, Proposition 24.54]). Let 2 be a nonempty closed
interval in R, let h; € T'o(R) be differentiable at 0 and such that h}(0) = 0,
and set hg = 0. Then, (H.1) holds.



Appendix I

Proof for Chapter 3

I.1 Proof of (3.11)

The following lemma is used in the proof of (3.11).

Lemma I.1.1. Let (H,(:,-)») and ((K, (-,")k,))icr be finite-dimensional
real Hilbert spaces for I := {1,2,...,d} with some d € N\ {0}. For every
i € I, suppose that L; € B(H,K;) \ {0}, B; € K;, and let 8 > 0 and

T; : K; — KC; be B;-cocoercive. Set

Li|%,
T:=) LioT;o(B;+Li()) and =Y | 1”’@ (I.1.1)
i€l i€l B
Then, T is ™ -cocoercive.
Proof of Lemma I1.1.1. For any =1,Z9 € H,
(2] —E9, T2 — TEg)y
= (E1 — Ea, L o Ti(Bi + LiZ1) — L} o Ty(B; + LiZ2))n
i€l
= (Bi+ L1 — (Bi + LiEs), Ty(Bi + LiZ1) — Ti(B; + LiZs))x,
i€l
> " BillTi(B; + LiZ1) — Ti(Bi + L) I},
i€l
> B TEr - TZalf3, (L1.2)

where the last inequality is proven in the same way as the proof of [96,
Proposition 4.12]. O

Proof of (3.11). For notational simplicity, we let Pr, := Prox), ,r-1/2 and
Ppp = Prox), opr-1/2. From the second equality of (I.3.5) and Facts 2.1
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and 2.4(c), we obtain
VF(X)=XMX - AMMX +ATL(Y — AX) - ATL'?P(LY*(Y — AX))
+ M MY2Pp(MY2X)
= [(AoI, = MM — ATLA) + ATL'2P L'/2 A
+MMV2Py MY X + ATLY — ATLV2P LYY . (1.1.3)

Hence, by Fact 2.3(a) and Lemma 1.1.1, we obtain VF is 8~ !-cocoercive
(i.e., B~V F is firmly nonexpansive) for

8= |[Doln — MM — ATLA'P|3 + L2 A5 + M| M3
= )\max()‘QIn - ATdiag(lla LERE Zm)A - Aldiag(mla s 7mn))
+ Amax(ATdiag(l1, . .., ln)A) + A\ max{mi,...,m,}, (I.1.4)

where the square root [AoI,, — A\ M — ATLA]l/2 exists since Ao, — N\ M —
ATLA > 0,5, due to Proposition 3.1 [97]. Since firm nonexpansivity implies
nonexpansivity, VF' is §-Lipschitz continuous. O

I.2 Proof of Proposition 3.1
Define
Ao 1 A1
PR SR X o X - AKX - A XIR,. (2)
The following lemma is used in the proof of Proposition 3.1.

Lemma I.2.1. The function f is convex if and only if f(X) > 0 for any
X e R™*7,

Proof. The function f is convex if and only if, for any X € R™*" = € R"*",
and any « € (0,1),

ads « ol (1 —a)Ae
THXH% - §”AXH% - THXH%\/I + f!\zll%
1—a), ., 1—a)\ A2 _
L A S =
1 A
+5llAX + (1 - a)B)F + 5 aX + (1~ a)E[F, >0
a(l —a)rs — a(l —a) —
& =X Bl - S AX - B
a(l —a)\ —
- X Bl 20
A2 — 1 — Al —
& FIX —ElF - JlAX -2 - FIX -l =0, (12:2)

which verifies the claim. O
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Proof of Proposition 3.1. In the light of Lemma 1.2.1, the following equiva-
lence can readily be verified:

f is convex
& f(X)>0, VX e R™T

& Tr [XT (AQI — ATdiag(ly,. .., ln)A — \diag(my, ... ,mn))X] >0
& oI — ATdiag(ly, ..., ln)A — Midiag(mi, ..., my) = 0
& Ao > Amax{ATdiag(ly, ..., L) A + Midiag(ma, ..., my)}. (1.2.3)

The sufficiency has been proven since (1 o MY/2)(M'2.) and '(1¢ o
L'/2)(LY?(Y —-A)) are convex by Fact 2.4(a). The strict convexity part can
be proven in an analogous way. In the rest of the proof, we prove the neces-
sity for the convexity part. Assume that (3.12) does not hold. In this case,
by (I.2.3), f is nonconvex. Since the second-order derivative of a quadratic
function is constant, f has a negative curvature in some direction every-
where. At any interior point X of K, V '(13c 0 MY/?)(M'/2X) = 0 since
L(ac o MY/?)(M1/2.) is constant in the neighborhood of the point X. Hence,
the second-order derivative of !(1c 0 M'/?)(M'/2X) is also zero at any in-
terior point X of K. In the same way, one can show that the second-order
derivative of (100 L'Y/?)(L'Y/?(Y — X A)) is zero. This implies that the last
two terms in £’ make no impact on the curvature in the interior of K, and
hence F' is nonconvex. OJ

1.3 Proof of Proposition 3.3

The following fact and lemma are used in the proof of Proposition 3.3.

Fact 1.3.1 (|155, Proposition 2|). It holds for any X € R™" and D =
diag(dy, da, . ..,d,) € R™*™ that

di T
PTOXH~||2,1OD Z max {1 ||X(Z )||2 O} enin(i#). (1.3.1)

Lemma I.3.1. It holds for any X € R"*" and D := diag(dy,ds,...,d,) €
R™ "™ that

D'?Prox, ,pi12(D'?X) = D"Y*(1d - Prox, ,,p-1/2)(D* X)

_me{llX A }emX(T). (1.3.2)
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Proof. The first equality is due to Facts 2.1 and 2.4(c). The second equality
is proven as follows:

D1/2(Id — PI‘OX”,”ZIOD—I/Q)(D1/2X>
=DX — Dl/2 PI‘OX”.”2710D71/2(DI/QX)

n d: 1/2
=DX -D'Y? max{1— ——1_—— 0%e,;[DV?*X]]
2 DX f ot X
= 1
=DX — max<{d; — ——— 0% e i X/
; { 1 X (i l2 } e
T
Z min { X, )||2 d-} em’X(z‘,:)v (1.3.3)
where the second equality is due to Fact 1.3.1. ]

Proof of Proposition 3.3.1. It holds for any X € R™*" that
A2 1 A1
P(X) = ?HXH% - iHAXH% - ?HX”%\/[ +(AX,Y)L
+ Yoo LV(LVA(Y - AX))

+ A1 Yoo M1/2)(M1/2X)

)\2 A1

X, X)p - 7<X, ATLAX)p — 5 (MX, X)p
<X, ATLY>F + ago L1/2)(L1/2(Y - AX))
+ 1 Yoo o MYH (M2 X)), (1.3.4)
from which it follows that
VF(X)=XMX-ATLAX —\MX + ALY
+ (—=L'?A)T(1d - Prox, _,12)(L'*(Y — AX))
+ A (M) T(1d = Prox,_pp2) (M2 X)
=X - A\MMX +ATLYY - AX)
— ATLY2(1d — Prox, o p12) (LYY — AX))
+ A MY2(1d - Prox, ,ppi2) (M2 X)
= XX + ATLY2Prox, 1 (LY*(Y — AX))
— M M2 Prox, ppi2 (M2 X)

i 1
. T Z . . T

-
- A1 Z min { Kool } €n,iX(;.)- (1.3.5)
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Here, the first and fourth equalities are verified by Fact 2.4(b) and Lemma
[.3.1, respectively. O

Proof of Proposition 3.5.2. Let Y = [ Y

0pxr

it holds for any matrix Z € R(m+™)x7 that

} . Using Facts 2.3(a) and 2.4(c),

Prox(;/0a(Z) = PrOX(T/g)H'_YHm(Z)

= + ].:)I‘OX(T/,;)”_”Q’1 (Z — Y)

=Y+ maX{1_70}em n,ZZ_YZ
Z 1[Z =Ygl +nil Jio

+ max<{ 1 — ,O} €m+n,m A i) 1.3.6

Z { 1 Z(mti)ll2 tnmtiZ(mizy ( )

where the last equality is due to Fact 1.3.1. OJ






Appendix J

Proof for Chapter 4

J.1 Proof of (4.15)

For any &1,&> € R™ it holds from (4.19) that

IVE(&1) — VEF(&2)]2

= (03" 705 (£1 — &) + (1 — 2)(A©2)T(AO,) (€1 — &)
— ,uwl_le)f[(ld— Prox, .,)(©1&1 — y) — (Id — Prox,, .|, )(©1&2 — y)]
— p2v5 'O [(Id — Prox.,, ., ) (©2€1) — (Id — Prox., ., ) (©2£2)] |12

< (@703 |l2]1&1 — &2ll + (1 — )| AT Al [|€1 — £z

+m7 107 [21(@161 — y)— (©182 — y)ll2 + pavy O3 [12]©2(€1 — €2) 2,
(J.1.1)

where the first inequality is due to Fact 2.4(b). The right-most side of (J.1.1)
is bounded above by

()\max(@fﬂ) + (1 - a))\max(ATA) + Ml’)/l_l)\max<®—1r@1)
+ N27§1Amax(®;—®2))||£1 - £2||2
= [max{a, p} + (1 — @ + 177 ) Amax(ATA) + vy '+ payy 1€ — Eollo,

where the equality is verified as follows:

)\maX(@-lr@l) = )\max((")l@-lr) = )\maX(AAT + Im)
= )‘maX(AAT) +1 = )\max(ATA) + L

149



150 APPENDIX J. PROOF FOR CHAPTER 4

J.2 Proof of Proposition 4.1

By applying Proposition 4.6(a) to F in (4.13), a sufficient condition for con-
vexity is given by

(057037 + (1-0)(402)"(483) — (117 'O O + 127, '©] @)
O (J.2.1)

which can be expressed equivalently as follows:

TlIn + TQATA —AT
_ = 0t m) s () J.2.2
—A  (u'mp = DI, | = ) (1-22)
where
1= py e — payy ) (J.2.3)
and
9= (1 —a)u; 'y — 1. (J.2.4)

By |97, Theorem 7.7.9]|, (J.2.2) holds if and only if the following three con-
ditions are satisfied:

<i> T, + T2ATA = Opnxn;

(i) (uy'71p = DI = Oy (€ 1y 'm1p — 1> 0);

(iti) —AT = (1L, + AT A2 ((uy *y1p — 1)I,,)Y/? for some Y € R™>™
with its largest singular value at most one.

If A = 0,,xn, condition (iii) holds trivially with X = 0,,%,, and conditions
(i) and (ii) coincide under Apax(ATA) = Apin (AT A) = 0 with conditions (K-
IT) and (K-I), respectively. Assume that A # 0,,x, in the following. Suppose
that conditions (i)-(iii) are satisfied. Since A = Op,xp if 71, + HATA =
0, x5 OF ul_lfylp — 1 =0 due to condition (iii), it holds by A # 0,,x, that

7L, + 2 ATA = Opup © 71+ Ain(2ATA) > 0 (J.2.5)
and

ul_lfylp —1>0. (J.2.6)

Let 73 := (uy *y1p — 1)7%/2 # 0. Then, the equality in condition (iii) can be
rewritten as

AT = (nI, + AT A2, (J.2.7)

where ¥ := —Y. Let A = VXU be a singular value decomposition of A,
where U € R™™ and V € R"™*™ are orthogonal matrices, and the diagonal
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entries of 3 € R™*™ gsatisfy ¢ := )\Iln/ifX(ATA) >G> 2> Spin(nm) = 0.
Then, (J.2.7) can be rewritten as

1/2 -
U(n= )V =U(nL+n2's) U'Y
12
osnal = (TlIn + 722T2> UTYV. (J.2.8)
Let Y = UEV" for some matrix & € R"*™. Then, (J.2.8) reads
1/2

el = (TlIn n TQETz:) =, (1.2.9)

By ¢1 > 0, one can verify from (J.2.9) that Z must be written in the following
form:

[

_ [CLT 071—1} c RX™M (J.2.10)
0,1 Eop 7

where ¢y > 0 and Epo € R x(m-1) Then, by the same arguments as

in the proof of [35, Proposition 3|, ¢; v can be shown to be a singular value
of Y, and by (J.2.9) and (J.2.10), condition (iii) implies that

2.2
Gp=—2L <, (J.2.11)
T+ 7267
Since it holds from (J.2.5) that
714 1962 > 71 + T2 Amin (AT A) > 0, (J.2.12)
it holds from (J.2.11) that
(13 —m)si <1
1 _ _
& (1 - TQ> Amex(ATA) < iy 10— ;)
py yip—1
;!
< a— #2751 > <_11 -(1-a)+ NWll) Amax(ATA)
pr y1p—1
—1
o 1y < [a - (W (- a)> /\maX(ATA)] . (1.2.13)
P — K1

It also holds from (J.2.12) that

i (= vy ) + 11— o)y 1 — 1 Amax(AT[A]) > 0
= M272_1 S o+ (1 — = Ml’)/l_l)Amin(ATA)- (J214)

On the other hand, it holds by (J.2.6) that

-1
1 _

A [11 > H17p 1a (J215)
P — H1M
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from which it follows that

-1
NP (—a)>myt = (1 —a). (J.2.16)
P— K17
Hence, (J.2.13) and (J.2.14) under (J.2.16) yields (K-II).

Conversely, suppose that condition in (4.16) holds. Then, condition (ii)
holds and

a+(p+1—a)dmax(ATA) = (@ + (1 — ) Anax(ATA)) = pAnax (AT A)
> 0. (J.2.17)

On the other hand, it holds from (4.16) and (J.2.16) that

peyy 't < a— (=14 a)dmin(AT A)
& pi (e —pevy ) = —((1— @)pi 'y = DAmax(ATA)
< T+ 7_2)\max(ATA) >0, (J218)

which is equivalent to assumption (i). Let

T3G;

S e (0,1], Vg >0, (1.2.19)
(11 + Tch)l/2

S, Y =

and ¢y = 0 for all ¢; = 0 if any. Define Y := UXyVT for the diagonal
matrix Xy € R™™ with diagonal entries ¢; v € [0,1]. One can then verify
that this particular Y satisfies (J.2.8) and thus condition (iii). It is now
verified that the condition in (4.16) is equivalent to (J.2.1), and hence it is a
sufficient condition for convexity of F' in (18).

The necessity is shown in the following. By Proposition 4.6(b), (J.2.1) is
necessary and sufficient for convexity when

int (Ko N K3) = int({[z" €"]T € R"™ | ||y — Az — €00 < 1 }N
{lz" e"]T e R™™ | [zl < 72})

= int K # 0. (J.2.20)

Note here that the dual norm of the ¢; norm is the o norm [97].
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J.3 An Alternative Proof of Proposition 4.1 (the
Case of a = 1)

Due to Moreau’s decomposition (F.2.3), F'in (4.13) can be rewritten as
F _ 1 2 Pyg2 2l A 2
(@,e) = gllzlz + Sllellz = m™ - 1(Az + e —y) — 2 - 1 ()

1 P H1
= 5\@”% + 5”‘5\\% - T%‘|Aw +e-yl3
1 _ %)
i ([ o) Az + e =) = o~ 5
72
—1 _
+ 1272 (|- floo) (5 '), (1.3.1)
First, we consider the scalar case. Let A = a € R. Assume that [z,¢] €
int K (# (). Then, by inspecting (J.7.11) in the case of F' in (4.13), it follows
from (J.3.1) that
2F (z,¢) = —p1y; Haz + €) + pe? + 2% — paryy ta?
= (1= ta® — poyy Ma® = 2my tawe + (p — g e
(1.3.2)

The right-hand side of (J.3.2) is convex if and only if the following set of
conditions are satisfied:

p—myy ' >0, (J.3.3)

1— vy e = payy ' >0, (J.3.4)
-1 2 -1 —1 2 -2 2

(1= ta® —peys ') (p— vy ') — iy “a® > 0. (J.3.5)

This set of conditions is clearly sufficient for F' to be convex also outside
of int K since the only difference between the right-hand side of (J.3.2) and
2F (x, €) are some negative quadratic terms, as can be verified by (J.3.1).

For the general case, let A = VXU be a singular value decomposition of
A, where V € R™*™ and U € R™*"™ are orthogonal matrices, and the diago-
nal entries of ¥ € R™*" satisfy ¢; = /\Iln/aQX(ATA) >G> 2 Syinfnym) = 0
Assume that [x7,e"]T € int K. Then, by inspecting (J.7.11) in the case of
F in (4.13), it follows from (J.3.1) that

2F(z,€) =~y | Az +ell3 + pllel)3 + |23 — pary ll3. (J.3.6)
Set € == Ux and € := Ve. Since ||Z|2 = ||z||2 and ||€]]2 = ||€]|2, the
right-hand side of (J.3.6) can be expressed equivalently as
— iy 1B + €3+ plléll + 123 — peng |23
min{m,n}

= Y [0 mr s - ) - 2T G + (o - marHE.
=1
(3.3.7)
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This sum is convex if and only if each summand is convex. This happens
if and only if (J.3.3), (J.3.4), and (J.3.5) are satisfied for each a = ¢; for
J=1,2,...,min{m, n} since g; in (J.3.7) plays the same role as a in (J.3.2).
Since the left-hand sides of (J.3.4) and (J.3.5) are monotonically decreasing
for a and ¢1 > G > ... > Guin{m,n}, it is sufficient to verify that if (J.3.3),
(J.3.4), and (J.3.5) hold with a = 1. Since ¢? = Amax(ATA), the conditions
for convexity of F' are given by

p—py >0, (1.3.8)
1= 177 Amax(ATA) = payy ' >0, (J.3.9)
1371 * Amax (AT A)

< (1= 9T Aman(ATA) = 07 (0 = ). (J.3.10)

The rest of the proof will be devoted to the equivalence
“(J.3.8),(J.3.9), and (J.3.10)” < (4.3.2).

e Case of Apax(ATA) =0:
It clearly holds that

(J.3.8) & (K-I), (J.3.11)
(J.3.9) & (K-II). (1.3.12)
Since (J.3.8) and (J.3.9) imply (J.3.10), it holds that

“(J.3.8), (J.3.9), and (J.3.10)” < “(J.3.8) and (J.3.9)". (J.3.13)
Hence, (J.3.12), (J.3.11), and (J.3.13) verify the equivalence
“(J.3.8), (1.3.9), and (J.3.10)" < (4.3.2). (1.3.14)

e Case of Apax(ATA) > 0:
Assume that (J.3.8), (J.3.9), and (J.3.10) are satisfied. Then, since

0< /~L171 2>‘ma>((‘4-r‘4)

< (1 — 1171 Amax(ATA) — N2’Yg_1> (p=mm'), (1315

(J.3.8) and (J.3.9) hold with strict inequality, i.e.,
1= 177 Amax(ATA) — pgyy >0, (1.3.16)
p— ' > 0. (J.3.17)

Since

(J.3.10) & — piy P Amax(ATA) < (p— iy Dy Amax(ATA)
+ (1= 2y Do — 1y )
- plullf)/l_l)‘max(ATA) S (1 - MQ"VQ_I)(p - N171_1)7 (J'3'18)
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from which together with (J.3.17) it follows that

1— MQ’YQ_I > Pﬂlvfl)‘maX(ATA) S pg < |1 Mlp)‘maX(ATA) .
N p— 1yt N V1P — H1
(J.3.19)

Since pg > 0 and 72 > 0, it follows from (J.3.17) and (J.3.19) that

_ Mlp)\maX(ATA)
V1P — p1

1

>0& TP — M1 > ,UJl,O)\max(ATA)

< p1 < ’Ylp(l + p)‘maX(ATA))il

S p2>0. (J.3.20)
Therefore, it holds from (J.3.19) and (J.3.20) that

“(J.3.8), (J.3.9), and (J.3.10)" = (4.3.2). (J.3.21)

Conversely, suppose that (4.3.2) is satisfied. Then, it holds from
Amax(ATA) > 0 that

p1 < 1p, (J.3.22)

which is equivalent to (J.3.17), and hence (J.3.8) holds. It also holds
from —1/(y1p — p1) > —1/(71p) that

)\nlax ATA
2 < 9 [1_M1p ( )]
Y1p — M1
<o (1 _ ,uwfl)\maX(ATA)> , (1.3.23)

which is equivalent to (J.3.16), and hence (J.3.9) holds. Finally, com-
bining (J.3.18) and (J.3.19) in light of (J.3.22) verifies

(4.3.2) = (J.3.10). (J.3.24)
Therefore, we obtain
(4.32) = “(J.3.8), (J.3.9), and (J.3.10)". (J.3.25)

The proof is completed by (J.3.21) and (J.3.25).

Remark 5. In this alternative proof, the discussion of the positive semidef-
initeness of F' is simplified by rewriting the quadratic parts of F' as the sep-
arable sum of functions across each variable as in (J.3.7) through a singular
value decomposition of A. This is the essential difference from the original
proof in Appendix J.2.
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J.4 Proof of Proposition 4.3

Proof of Proposition 4.3(a). Let a; = a; =: a. Since |zZ;| > v and |Z;| > 7,
we have |#;| + |Z;| > 27, which yields v/(|2Z;] + |#;]) < 1/2. By (4.27), it
holds that

Tia;+ Tia; = (27 + 3))a
= ((SAUZ + 533‘ o+ (SUZ + ij)(l - a))a
= (iz + Aj)a = z;a; + ﬁzjaj, (J.4.1)

from which it follows that Az = A%*, and hence

H(Az)= H(Az"). (J.4.2)
i v 1
Since a € [‘MH@_‘, 2}, we have
’ii + .fj‘(l — Oé) > ‘.fz + icj]a
A A v
‘ ? J|’Iz‘+‘$j‘ ( )
where the equality is due to |2; + 2;| = |#;| + |Z;| since Z;&; > 0. Since

¢¥IC($) = /2 for any x satisfying |z| > v by (2.45), we obtain

MO@T) + o)C(@7) = (@ + £5)a) + #XO((#: + 25)(1 - a))

=7/2+7/2 = ) (&:) + 6} (&), (J.4.4)
which yields
MC/ s\ — MCy %
Oy (&) = 0y (2. (J.4.5)
By (J.4.2) and (J.4.5), we obtain J(&*) = J(&). O

Proof of Proposition 4.3(b). We will derive contradiction by assuming that
#; # &j. Define @* as (4.27) for a = £ so that 2} = iy = zlg% Then, we
have H(Ax) = H(Az*) and @MC(’JA}) = @yc(ﬁ:*) in the same way as the
proof of Proposition 4.3(a). However, the strict convexity of the quadratic
function under ; # Z; implies that

2 g T
< §H$i|’2 + 5”%‘”2; (J.4.6)
2

~

@i—l-l‘j
2

1, 1. 1
SIa B+ 5151 =2 5

from which it follows that 3||&*||3 < 3||&||3. Hence, we have J(&*) < J(&),
which contradicts the assumption that & is a minimizer. ]
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J.5 Proof of Proposition 4.4

The following lemma is used in the proof.

Lemma J.5.1 ([156, Propositions 4.2.4 and 4.2.5]). Let ¢; : R" — R and
@2 : R™ — R be convex functions, and A € R™*™. Then, d(¢1 + ¢p20 A) =
01+ AT o (0¢a) 0 A.

By (J.2.18), (K-II) implies assumption (a). Let g := y + €. Since & €
argmingcpn J (), it holds that

. - 1l -« a .
0€0.J(@) = 0(mdYA - ~g) + = A~y + m@)C+ T ) @).
(J.5.1)

By (2.46) and (F.2.3), it holds for any € R™ that

-1 o 1
P5C@) = el +7 (- 1D 07 ') = 5l (15.2)

from which it follows that the right side in (J.5.1) becomes

3<M1IIA gl DA )

!
2

1
o1 N 27y S
b (1 D07 - P2 - ) @)

l1—a
2

- «
1A - —yl3 + 1A =gl5+ S0 15+ pll -

= 3<M1IA =gl (1D O (A =9) + el

() H’{)(v;l'))(:%) Fad - vy AT(Ad )
+(1—a)AT(AZ —y) — pov, '@
= (A - —g[)@) + mdCT (|- D0 (A —9)(@)
T 0 1)) + 2002 (| 1) (3 (@) + ad — i ' AT (A% — )
+(1—-a)AT (A% —y) — p2y, ‘2. (J.5.3)

Here, the first equality is verified by Lemma J.5.1 and assumption (a), which
is sufficient to guarantee the convexity of —u1y; | A - —9]13/2+ (1 —a)||A -
—yll3/2+al -3/2 - u2751|| -|I2/2 by the equivalence

(a) & (u 11— @) = DATA+ pi'm(a — p2yy Vo = Onxn. (1.5.4)

The second equality of (J.5.3) is verified by Lemma J.5.1. By virtue
of identity Id = Prox,; +vProx;. , oy~ 'Id [96] together with V(7f) =
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~}(Id — Prox, ) and Lemma J.5.1, the first and second terms of the right-
most side of (J.5.3) reduce to

AT [1(A& — g) + AT (1d — Prox ) (7 (A — 9))
= mA9| - [1(A& — g) + ;AT Prox,, |, (A2 — 9)
= mAT0|| - [ (A& — g) + pury L AT Soft,, (A& — g). (J.5.5)

In a similar way, the third and fourth terms reduce to

8<uzll-\ll+ua”21(H-ll (2 ‘))( ) = 28| - [1(&) + payy * Softy, (2).
(J.5.6)

Combining (J.5.1), (J.5.3), (J.5.5), and (J.5.6) yields

0€mATd| - [1(AZ — §) + py; ‘AT Soft,, (A& — g)
+ 20| - [1(#) + payy ' Softa, (&)
+oa@ — iy AT(A2 — §) + (1 — ) AT(AZ — y) — poy; '@, (J.5.7)

Considering the ith and jth components of both sides of (J.5.7), there exist
some § = [51,52,...,5n,]7 € 9| - |1(AZ — §) and t = [t1,to,...,t,]" €
d|| - |l1(€) such that
0 = p1a; (v ' (Soft, —1d)(A% — §) + s) + ad;
+ (73 (s0ftn, —1)(20) + 1) + (1 - a)a] (A% —y), (J.5.8)
0=a,; T (v (Soft,,, —1d)(AZ — g) + 8) + ai;
+ (g (s0fty —1)(%5) + ) + (1 — a)a] (AZ — y). (J.5.9)

From (J.5.8) and (J.5.9), we obtain
& — ;= a Hu(a] — a]T)(’yl_l(Id — Soft,, )(AZ — g) — s)
+ pa(g (1 = s0fty ) (2:) — 1) — p2(g (1 = softy, ) (25) — 1)
—a1(1-a)(a] - a;r)(Ai: —y). (J.5.10)

To evaluate v; ' (Id — Soft,, ) (A% — §) — s, let us first consider the case when
a]#—7; #0fori=1,2,...,m. In this case, it holds that s; = sign(a; 2—7;),
and the ith component of v; *(Id — Soft., ) (AT@ — §) is given by

—1/ T~ ~ . T4 ~

— ~ ~ Y a,; —Yi), if a, r — Y Sfylv

v (1 = softy, )(a] & — i) = ! (a ] f) . | T f’
z—v), ifla;T—g|>m.

(J.5.11)
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Hence, it holds that

V7 (1 = softy, )(a] & — i) — s;
’7/1_1(0’2'—i - ij) - 17 if Wfl(ajfﬁ - ij) € (07 1]>
=y el —g) + 1, ity (el & — i) € [-1,0), (1.5.12)

from which it follows that
1 = softy, )(a] & — ;) — si € (—1,1). (J.5.13)

Let us now consider the case when a] % — §; = 0. Then, it holds by (J.5.11)
that

v (1 —softy, ) (al & — ;) — si = —s; € [~1,1]. (J.5.14)

By (J.5.13) and (J.5.14), it follows that |y; *(1 —soft., )(a] & — §;) — ;| < 1,
and hence

lv7 ! (1d — Soft., ) (A& — ) — s[> < v/m. (1.5.15)

In a similar way, it holds under assumption (b) that

Vo Ei— 1, if vy tE € (0,1],
Y5 (1 = soft, ) () — t = $ vy a4+ 1, ifyy L € [—1,0),
0, if 5 2| > 1
= — (MO (). (J.5.16)

72

where the derivative exists everywhere but the origin. Since J(0) > J(&)
(see (4.26)), it holds that

l1—« . R . 1l—« . R o
214 — ) < m@NO(Ad — §)+ %A — yl3+mddC(@)+ 5 a3
N l—«o
< @ (G) + TH?J”%
myn  1l—a
<M Sy, (1.5.17)

from which it follows that

(1- @)l Ag — glls < /(1 - ) + (1 - 2)?]lyl3, (1.5.18)
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Equations (J.5.10), (J.5.15), (J.5.16), and (J.5.18) yield

& — ;] < o™ ml(a] - a])(77! (1d = Soft,, ) (A& — §) — 5)
+ 2| (7 (1 = soft, ) () — t)
— (93 (1 = softy,) (&) — ;)]
+a7!(1-a)l(a] —a])(AZ —y)

<o uilla; — a2l (1d = Soft,, ) (A — §) = sz

2l (G3CY (@) — (MO ()]
+a7'(1-a)la] - af | Az — yll.

<o [\/2(1 —ala;)(pdm+ (1 - a)my + (1 - a)?|ly3)

(Y (@)~ (@) (2, (15.19)

where the second inequality is due to the Cauchy-Schwarz inequality, and
the last equality holds since |la; — a;||3 = 2(1—a] a;) by ||ai|l2 = |la;|j2 = 1.

J.6 Proof of Proposition 4.5

We begin with some preliminaries and lemmas used in the proof. For any
locally Lipschitz function ¢ : R™ — R, its generalized differential at € R"
is defined by [157]:

0¢(x) = {¢'(x) : (¢'(x),d) < Dy(x;d), Vd € R"}, (J.6.1)
where

od) —
Dgy(x;d) == limsup oy +0d) — ¢y)
y—x, 610 0

(J.6.2)

is the generalized directional derivative. When ¢ is convex, d¢(x) is the
subdifferential of ¢ at . A function ¢ is regular at x if the directional
derivative Dy(x; ) exists for all ¢ € R™. If this holds for all z € R", ¢ is a
regular function. For a regular function ¢, & is a stationary point if and only
if the directional derivative is nonnegative in all directions i.e., 0 € d¢ ().
For example, convex functions are regular. The following lemma is used in
the proof.

Lemma J.6.1 ([157]). For any locally Lipschitz function ¢1,¢2 : R™ — R,
it holds that O(¢1 + ¢2)(x) C dp1(x) + dpa2(x) for all x € R™.

We remark that the reverse inclusion 0¢1(x) + 0¢2(x) C (1 + ¢2)(x)
always holds for any convex function ¢1,¢s : R” — R.
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Proof of Proposition 5. Let y := y+¢e. Then, by Lemma J.6.1, it holds that
0coJ(x)

—0 (1A -9 + 2+ 51 1) (@)

o (A -9+ 5 1B) @)+ 0ti)@). (163
By (J.5.2), the first term of the right side in (J.6.3) becomes
O (mll - g + " (1 16 (A ~3) ~ 414+ =318+ 51 18) (@
= 1004 g @) + (7 (|- DO A -5)(@) + @

— i 'AT(AZ — g). (J.6.4)

Here, the equality is verified by Lemma J.5.1 together with assumption (a)
and the convexity of the Moreau envelope [96]. Combining (J.6.3), (J.6.4),
and (J.5.5) yields

0cmATd| - |1(AZ - g) + 7, AT Soft,, (Ad — g)
+d& — 1y P AT (AR — ) + 0(u®N10) (2). (J.6.5)

Noting that d)%c is constant over [yg,+00), assumption (b) implies that
Dd%c (Zi;d) = Dq%c (j;d) = 0 for any d € R, and hence

095" (#:) = 093, () = {0}, (J.6.6)
from which it follows that
D2, ") (#:) = D2, ") (35) = {0} (J.6.7)
Considering the ith and jth components of both sides of (J.6.5) under (J.6.7),
there exists some s = [s1,89,...,5m,]" € 0| - |l1(AZ — ) such that
0 = ma, (77 1 (Soft.,, —1d)(Az — g) + s) + i@, (J.6.8)
0= pia; (v; ' (Soft,, —Id)(A& — §) + s) + &;, (J.6.9)

from which we obtain
& — &5 = pi(a; —a;] )(7; ' (Id — Softy, ) (AZ — §) — s). (1.6.10)
Equations (J.6.10) and (J.5.15) yield
& — 5| = ul(a] — al)(3;}(1d - Soft,, ) (A& — §) — 5)
< plla; — ajll2ry " (1d = Softs, ) (AZ — g) — 5|2

< p1y/2m(1 — alay), (J.6.11)

where the first inequality is due to the Cauchy-Schwarz inequality, and the
last inequality holds since ||a;—a;||3 = 2(1—a] a;) by ||aill2 = ||la;|2 = 1. O
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J.7 Proof of Proposition 4.6

Proof of Proposition 4.6(a). For any z = (z2,...,20+1) € Z, it holds that

1
(v D)) = mig [Wo D w) + o — 213]
Q+1
_ 1
= min |:Vi\1’i(7/i 1/2D;1wi) + 5 llwi — ZzH%]
weZ i 2 l
Q+1

=3 twi%io (v 2D ) (z0). (3.7.1)
=2

It holds from (J.7.1) that

Q+1
woD VoD =3 YwiWio (v ? D)) o (v Dict), (J.7.2)
=2

from which it follows that

Q+1
1 _
F=cllei-13, -3 Mo V2D o (M2 Dyscty). (J.7.3)

(2
=2
For the linear operators defined in (4.42) and (4.46), it holds that

Q+1
M*D*M = v;M; D} M;. (J.7.4)
=2

Here, the adjoint operator of M is given by M* : Z — X : z — E?:ng M z;
because it holds, for any x € X and z € Z, that

<M;L', Z>Z = <(M2.%', ceey MQ+1.%'), (22, ey ZQ+1)>Z
Q+1 Q+1
= Z<$7Mi*zi>2€ = <x, Z Ml*zz> . (J.7.5)
i=2 i=2 X

Substituting My := M and .Z := Id into convexity condition (#) of LIMES
and using (J.7.4) yield (&), and hence the sufficiency is verified by Proposi-
tion F.2.1(a). O

The following lemma is used in the proof of Proposition 4.6(b).

Lemma J.7.1. For any finite-dimensional real Hilbert space Z, let
Bz(0,7) = {¢ € Z | |[¢l|lzx < r} denote a closed ball of radius r > 0

centered at 0 € Z. Then, it holds, for any v > 0, that

VOBz(0,1) = OBz(0): (J.7.6)
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Proof of Lemma J.7.1. By O'*BZ(O 1) = Bz(0,1) it can be verified, for any
z € Z, that

(voB01) (2) = vop_ 01y (v 12) = vip 0¥ '2)
B {o, if vz € Bz(0,1) (& |12z < V),

400, otherwise
= LBZ(OW)' (J77)

By (J.7.7), it follows that

vop;0,1) = (V0B (0.1))"" = Bo(0w) = TBz(0.0)- (J.7.8)
O

Proof of Proposition 4.6(b). Foreachi =2,3,...,Q+1,let ¥ :=o0p_ (,,)(=

vil| - |lz; due to Lemma J.7.1 and || - ||z, = op(0,1)), £ = 1d, D = yl.l/zDZ-,
and 7 = <7 in Proposition F.2.1(b.i). Then, regarding the second term of
(J.7.3), the following equivalence holds for any = € X:

—1/2 — 1/2 Vj
Opz,0m v D7) Didie) = JI|Dictie|,

& 1(U*BZi(07Vi) o Vi1/2Di)(V,il/2Dib<zfix) =0 (J.7.9)
& z€Kp, (04,) ={reX] viD} etz € Bz,(0,v;)}

={z € X | Didx € Bz,(0,1)}

= K;. (J.7.10)

By (J.7.3) and (J.7.10), for any z in the neighborhood of some interior point
% € int (n?;;l K) £ 0, it holds that

Q+1
1 ~ Vi N
F(x) = Sllond|3 = Y 5 |IDieAil|3,. (J.7.11)
=2

This implies that the condition (VVF(2) =)M;M; — Z?:; viM}D?M; = 0
is necessary for F' € I'o(&X') by [96, Proposition 17.7]. (Sufficiency has been
proven already in (a).)

Ul

J.8 Proof of (4.51)

It holds from (4.52) that
(Ch z1)2 =0 (J.8.1)
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Since ¢+ and Z; are centered, zo = Z» due to (4.53). Hence, it holds that

IS+113
tan?(arccos(0.7))

- 71
122115 = IC115 +

1 =12
(1 * tanz(arccos(().?))) 6=l

_ 1 =12
- sin?(arccos(0.7)) I, (7:8.2)

where the first equality is due to (J.8.1). On the other hand, it holds from
(4.52) and (4.53) that

1S l2

tan(arccos(0.7)) Izl

(21, Z2)2 = (21,{ )2 +

IS+ 112

B tan(arccos(0.7)) 1Z1]l2- (J.8.3)

Hence, it holds from (J.8.2) and (J.8.3) that

BE 1 1

| Z1]l2]|Z2]l2  tan(arccos(0.7))’ sin(arccos(0.7))

= cos(arccos(0.7))
—0.7. (1.8.4)



Appendix K

Proof for Chapter 5

K.1 Proof of Proposition 5.1

The following lemmas are used in the proof.

Lemma K.1.1. For any n € N*, A;, A2 > 0, and € R", it holds that

- OSCAR _
2y QN )y e, (@) = [wlE = lw =7 (|2l = Pey, (J2ly —yw))|3.

(K.1.1)
Proof. By definition of the Moreau envelope, it holds that
OSCAR OSCAR 2
TR (@) = Q05T (Prox, gosean () + %Ilm = Prox,qosqan(a)]2-
(K.1.2)

By (2.70) and (2.72), the first term of the right-hand side of (K.1.2) can be
expressed as
¢>2

— <w7P;C72LO (|33\¢—'y'w)>2, (Klg)

where the second equality is due to

OSCAR
Qi (Prox,gosean(x)) = <w,

Pr
OX,YQ§\)1SYC)J\12XR

Sign(x) © P(|2|)" Pz, (e, - w)( = Prn, (], — w). (K.1.4)

1

In a similar way, by (2.72), the second term of the right-hand side of (K.1.2)
can be expressed as

ol — Pfoxmgfggfi(fc)\l%

2y

_ 217 HSign(m) © P(lz))" (|w|¢ = Py, (], — 'Vw)) Hz

1
=g =l = Pz, (2l =) I5. (K.1.5)

165
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Hence, substituting (K.1.3) and (K.1.5) into (K.1.2) yields that

1
A
YO (@) = (w, Py, (12ly = yw)he + gl = Py, (2l —yaw) I

l A2
(K.1.6)
Hence, it holds from (2.70) and (K.1.6) that
(O, 2, () = O ) — 0L )
= (w, |], = Pxy, (|2, —yw))2
1
~ g =l = Preg, (2], = yw) I3, (K.1.7)
which is equivalent to (K.1.1). O

Lemma K.1.2. Let d € R” such that di <dy < ... <d,. Then,

2
n 1 n n N

z; d; — max { ~ z;dj,o < z;(di —z)?, Yz e K% (K18
1= J]= 1=

In other words,

n

1
= dj | 1n, if 357, d; >0,
P’Cgo (d) = n = (K.l.g)
0,, otherwise.
Proof. Let w € K%, such that
n n
D (di—wi)® < Z (di — 2i)%, Yz € KL, (K.1.10)

=1

Suppose that there exists i € {1,2,...,n — 1} such that w; > w;;1. Then, it
holds that

2 2 w; +wit1 )’ w; + wigr )
(di —wi)*+(diy1 —wiy1)"—(di = ——5— | —|dix1 — ——F——

2 2
Wi + Wit1 2
= —Qdiwi + w? — 2di+1wi+1 + wi2+1 + di(wi + wi+1) -2 <Z2Z+)

+ dip1(wi + witr)
> (dig1 — di)(w; — wiy1)
> 0, (K.1.11)
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where the first inequality is due to the strong convexity of the quadratic
function. Hence, it holds that

n

S (de—wp)? = D> (de —wp)® + (di — wi)® + (dig1 — wi)?

k=1 ki,it1
Wi + Wit1 ?
> Z (dy — wk)2 + (di - z2z+)
k#i,i4+1
2
+ <di+1 - w”;““)
n
= (dy, — )2, (K.1.12)
k=1
where, for kK =1,2,...,n,
~ W, it k¢ {ii+1},
Wk = § W; + Wit+1 (K.1.13)

g ifkefiit 1),

This contradicts (K.1.10) due to w € KZo. Hence, it holds that wy = wy =
... = w, =t w. It holds for any z > 0 that

n

Z(di —2)? =n2? - 2§n:diz+ En:d?
i=1 i=1 i=1
:n<z—71lZdi> —n(TllZdZ> -i-Zd?, (K.1.14)
i=1 i=1 i=1

which is minimized at
1 — 1 —
*Zdz’, if*ZdiZO,
n 4 n <
=1 . ot (K.1.15)
if — d; .
0, if Z; <0

Hence, it holds that

1 n
- “N"d0b K.1.1
w max{n; 0} ( 6)
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Proof of Proposition 5.1.

(I) Case of = 0 (case 4).
In this case, it holds from Lemma K.1.1 that

29 QM) g, (@) = [[w]3 — [Jw]3 = 0. (K.1.17)

(I) Case of ¢ € R}, N KL (case 1).
In this case, there exists a sufficiently small v > 0 such that

Ty —ywy > Ty —yw2 > ... > Ty —yw, >0 & x—yw e KLy (K.1.18)
Hence, it holds that
Pin (z —yw) =z — yw, (K.1.19)

from which and Lemma K.1.1 it follows that

— OSCA —
27 Oy, (@) = w3 — [[w — 7 (@ — (2~ yw) |3

= ||lw|j3. (K.1.20)

(IIT) Case of ¢ € (R%} )N KL (case 3a).
In this case, since x,, = 0, there exists a sufficiently small v > 0 such that

T] —ywy > Tg —Ywe > ... > Tyl — YWp—1 > 0>z — yw,. (K.1.21)
Hence, it holds for ¢ = 1,2,...,n that

r;—yw;, ifi=1,2,...,n—1,

[P’Cgo (x —yw)]; = { (K.1.22)

0, if i = n,

from which and Lemma K.1.1 it follows that

—1,OSCAR
27y I(Q)\l,)\z )y-1/21, ()

- - - TN 112

1 T1 —ywl
Z2 T2 — Yw2
2 —1 .
= |lwllz - |w—~ N
Tn—1 Ip—1 — YWnp-1
| 0 | i 0 i 9

= w5 — w?. (K.1.23)

n
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(IV) Case of z € K%, N (K% U{0}) (cases 2 and 3b).
In this case, it holds that ¢ > 1. Let £ € R™ such that

. W
max{xi—% O}, if i € S; for some [ € {1,2,...,q},

‘ card(S;) ’
§ii= 0, if i =n and z, =0,
Ti — YWw;, otherwise,
(K.1.24)
fori=1,2,...,n. Since x; = 0 implies that : € S; or “4 =n and z,, = 07, it

holds that z; > 0 for all ¢ in the third case of (K.1.24). Hence, there exists
a sufficiently small v > 0 such that

& >0, Vi=1,2,...,n. (K.1.25)
In what follows, we first show that
£e ks, (K.1.26)
for cases 2 and 3b. We then show that
P]@ZLO(:IB —yw) =§ (K.1.27)

for each case individually.

Fix i € {1,2,...,n — 1} arbitrarily. By (K.1.25), it suffices to show that
& > &y for verifying (K.1.26). We first consider the case that & > 0 and
x; > x;41. Then, by (K.1.24), it holds that

. v Z ics, Wj
> . J l
& 2 min {mz card(S;)
&ir1 < Xiqa- (K.1.29)

L X — ywl} , and (K.1.28)

Hence, it holds that

. 72‘ s, Wi
& —&ip1 2> mlﬂ{% - ﬁe(él),% - 7101} — Tit1

= X — Tiy1 — ymax 7Zjesle w;
Pt card(S;) "

> 0, for some v > 0, (K.1.30)

where the last inequality is due to xz; — x;41 > 0.

Assume now that & = 0. Then, by (K.1.24), it holds that x; = 0 for
a sufficiently small v > 0. Hence, & = &1 = 0 since z; = x;41 = 0, i.e.,
%, Tit1 € Sg. Assume, on the other hand, that z; = x4, i.e., z;, 241 € 5.
Then, it holds from (K.1.24) that & = &41. Hence, (K.1.26) holds.
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smin

Now we prove (K.1.27). For | = 1,2,...,q, let Jg" = minjeg, j and

Jg™ = maxjeg, j. Then, there exists a sufficiently small ~ > 0 such that

xjg;in - waijg‘“in S mjg}in_‘_l - wajgllin_‘—l S o S xjgr;ax - ’ijg}lax. (Klgl)

'mx

Hence for any {Z]} lmm C Rcard(sl) SuCh tha’t ng\ir) Z ng\in+1 Z Z
Js l l

zjmax > 0, it holds due to Lemma K.1.2 that
1

e ) (PR PR~ )]

JES JES
(K.1.32)
(i) Case of x € R}, N (KZ)C (case 2).
In this case, due to & € R" |, it holds from (K.1.24) that
Y Zjesl wi oL
— ———L= ifie S f le{1,2,...
&= 47T Tcard(sy) 0 Nt erriorsomere {12, ah, (K.1.33)
— yw;, otherwise,

fori=1,2,...,n. Fori¢ U]_,S, it holds that

Hence, it holds for any z € K%, that
q
D (@i—ywi) —z)* =Y > (x5 — ywy) - 2)°
] JES;
q 2
Y D kes; Wk
# 2 ( ) max{“"j onl)
2
_ Z o) (g 2okes Wk
— ) I card(95))

= Z((xi —yw;) — &), (K.1.35)

Il
—
<.
m
»

where the second inequality is due to (K.1.32), and the first equality is due
to x € R, and the last equality is due to (K.1.33) and (K.1.34). Hence,
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(K.1.27) holds. Thus, it holds for any & € K% that
2y (O, ()

= [[wlf3 — lw -7 (z - &3
n

= Jlwl5 = > (wi — v H(zi - &))?

=1
q Z wy 2
=)
|| ||2 ;‘JGZSZ J J J Card(Sl)
2 kes, Wk
w3 (v D) (.1.30
=1 j€S5; !

where the first equality is due to Lemma K.1.1 and (K.1.27), and the third
equality is due to (K.1.33) and (K.1.34).

(ii) Case of z € K%y N (R}, UKZ U {0})C (case 3b).

In this case, x, = 0. Assume first that z,,_1 > 0. Then, it holds that
n ¢ S, since 1 > x, = 0. Hence, it holds from (K.1.24) that

o W
—%, if k € S) for some | € {1,2,...,q},
o card(S;) K137
§=10, if k = n, (K-1.37)
Ti — YWw;, otherwise,

fori=1,2,...,n. By (K.1.37), it holds that
— YWn — gn = —YWp. (K.1.38)
Hence, it holds for any z € K%, that

n

> (@i = ywi) — z)°

=1
q
>3 3 (g —ywy) — %) + (rw + 20)?
=1 j€S5;
q Y 2 kes, Wk 2
> ;jesl ((xj — Yw;) — max {xj - Card(Sl)’O}> + (ywy)?
B 1 o M 2 )
= Ejesz ((xj yw;) ($J card(S;) >> + (ywn)
= Z((l’z’ — yw;) — &), (K.1.30)
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where the first inequality is due to x, = 0, the second inequality is due to
(K.1.32), the first equality is due to z, > 0, and the last equality is due to
(K.1.34), (K.1.37), and (K.1.38). Hence, (K.1.27) holds. Thus, in a similar
way to (K.1.36), it holds for any x € K2 that

- OSCAR
2’)/ 1(9)\1,>\2 ),\/71/2[71 (m)

= [[wlf3 — lw -7z - &3

n

= Jlwl5 = (w — vz — &)

i=1
q 2
_ YD kes, Wk
R
ol ;JGZS:Z J J J card(S;)
> ks, Wk
“ ol -5 (w —ds)) ~ul, (K.1.40)
=1 j€S5; L

where the first equality is due to Lemma K.1.1 and (K.1.27), and the third
equality is due to (K.1.34), (K.1.37), and (K.1.38).
Now we assume that x,_1 = 0. Then, it holds from (K.1.24) that

co W
—%, if k € S) for some | € {1,2,...,q— 1},
o card(S;) K141
b= 0, if ke Sy, (K.1.41)
Ti — YWw;, otherwise,

fori=1,2,...,n. It holds for any z € K% that

n

D (@i —ywi) —20)* = D> Y (w5 —ywy) — 2)°

i=1 =1 jes,
(x; — yw;) — max x~—772keslwk 0 2
3 J card(S;) ’

Sl )

=1 j€S5;
+ ) (x5 —ywy)®
€S,
n
= (@i —ywi) — &), (K.1.42)
i=1

where the first inequality is due to (K.1.32), the first equality is due to
x; > 0 for i e U?:_llSl, and the last equality is due to (K.1.34), (K.1.37), and
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(K.1.41). Hence, (K.1.27) holds. Thus, in a similar way to (K.1.36), it holds
for any x € K%, that

~1,OSCA
27y I(Q)\l,/\z R)'y—l/?In(m)

= [w|ff — lw -7z~ &3
n

= wlls = (wi — v (i = &))?

i=1

= ||wl3 —quZ <wa‘ -7 (‘””’j B <”””j W») %

=1 j€5; JESq

q—1 Z wy,
= ||lw]|3 —Z Z <wj _ Ca];EdSlSl > Z w? (K.1.43)

I=1 jes, jes,
The expressions (K.1.40) and (K.1.43) can be unified into the following form:

2y O e, ()

ke :
=l =303 (- S ) i )

=1 jeS5;
(K.1.44)

O

K.2 Proof of Proposition 5.7

The following fact will be used in the proof.

Fact K.2.1. [100, Theorem 2| Let f € I'¢(R™) be smooth and p-strongly
convex with x-Lipschitz continuous gradient operator V f for k,p > 0 such
that kK > p. Let u > 0 such that p < 2/(k + p), which implies p < 1/p.
Assume that (i) T = V4 for some Fréchet differentiable convex function
Y € To(R™), and (ii) T is S~ !-Lipschitz continuous for 8 :=1 — up € (0, 1),
or equivalently T is S-cocoercive. Suppose that puf + ¢ has a minimizer in
R™. Then, for an arbitrary zo € R", the sequence (x),cny C R" generated
by

Tpr1 =T (xp — pVf(xg)),keN (K.2.1)

converges weakly to a minimizer & of uf + ¢; i.e., limg_oo (zx — Z,y) = 0
for every fixed y € R™.

Proof of Proposition 5.7. By assumption, f + p||PyL - ||3/2 is smooth and
p-strongly convex with x-Lipschitz continuous gradient. By Proposition 5.6,
A, = V), is w-Lipschitz continuous. Hence, the convergence is guaranteed
by Fact K.2.1. O



174 APPENDIX K. PROOF FOR CHAPTER 5

K.3 Proof of Proposition 5.8

(a) By assumption assumption (C-2), it holds that

Prox4, — Proxg, = Prox,, —Proxg, g4, o Proxg,
= (Id — Proxg,—g, ) o Proxg,

= Prox « o Proxg,, (K.3.1)

g92—g1)

where the third equality is due to Fact 2.4(c) under assumption (C-1). It
holds by definition of A, given in (5.1) that

A, = w(Prox,, — Proxg,) + Proxg,

= w Prox + 0 Proxg, 4+ Proxg, . (K.3.2)

92—g1)

The operator Prox, is firmly nonexpansive [96, Proposition 12.28], and hence
it is monotone by (2.33). By definition of monotone operator (2.32), a3 By +
a9 Bs is monotone for any ai,as > 0 if By, By : R® — R" are monotone.
Hence, A,, (= Vi, by Proposition 5.6) is monotone due to (K.3.2) under
w > 1 and assumption (C-3), which implies that v, is convex [96, Proposition
17.7].

(b) (i) = (C-3): Since (g2 — g1)" + g1 € ['o(R"), Prox(g,_g, )44, is firmly
nonexpansive, and hence it is monotone.

(ii) = (C-3): Since g1, g2 are separable, the corresponding proximity oper-
ators are also separable [96, Prpposition 24.11], it holds for any € R"
that

Proxg, () = (Proxg, (z;))i=1, (K.3.3)
and
Prox(g,_g,)<(x) = & — Proxg, g (x)

= (i — Proxg, g, (i))i21
= (PI‘OX(§2_§1)* (.Z‘,L )?:1- (K34)

Hence, we obtain

Prox y= 0 Proxg, (x) = (Proxg,—g,)« (Proxg, (z:)))iz1, (K.3.5)

92—ag1

implies which, together with Proposition H.2 in Appendix H, that there

exists To(R") > h : @ ~ Y.° h(z;), where h € To(R) such that

Proxg,_g,)» o Proxg, = Prox;, namely

Prox « 0 Proxg, () = Proxy(x). (K.3.6)

92—91)

Since Proxy, is firmly nonexpansive, it is monotone.
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K.4 Proof of Proposition 5.9

In the following, we shall represent 1, in two different ways (see (K.4.3)
and (K.4.4) below), and we then obtain ¥} o A, (see (K.4.7) below) by the
combinations of two expressions of 1, and the Fenchel-Young inequality.

Fix a vector & € R™ arbitrarily. Since the conjugate of the support
function is the indicator function (see Section 2.1.2), it holds that

Yoo (@) = ey (@)
= 104 (Prox,e, (@) + gl — Prox,c, ()3
= 104 (Pey (@) + 3 | Prosoc, (@)1

1
= 5l Proxs, ()3, (K.4.1)

where the second equality is due to the definition of the Moreau envelope
(2.21), the third equality is due to Fact 2.4(c) and the fact that the proximity
operator of the indicator function corresponds to the projection operator [96,
Example 12.25]. In the same way, we have

Yot,)(@) = 3| Prosac, ()3 (K42

Hence, substituting (K.4.1) and (K.4.2) into (5.29) yields that

w w—1
V@) = 2| Proxse, (@) — 2= Proxe, ()13 (K4.3)
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On the other hand, it holds from the definition in (5.29) that

Yulw) = 32l — o "oe, (@) + (@~ 1) o, ()
= 1B~ w (s (Prowee, () + 3l = Proxec, ()] )

1
+(w-1) <002 (Proxg., (z)) + 5”33 — Proxs,, (a:)H%)
1 2

w w
= Sl — woc, (Proxsc, (@) — Sl — 2 Proxac, ()13

+ w(z, Proxe,, (x))2 + (w — 1)oc, (Proxe, (x))
+ (= gl + Z ) Proe, (@)
— (w = 1)(z, Proxs, (z))2

=(w— 1)0’02(131“0}(062 (x)) —woey (Prox(,cl (x))

+ (x,w Proxe,, () — (w—1) Proxs,, (x))2

=Au(®)

w—1 w
| Proxeg, (@) — 5| Proxac, (@)1, (K.4.4)

=—vu(x)

where the first equality is due to Fact 2.4(c), and the second equality is due
to the definition of the Moreau envelope (2.21). Hence, substituting (K.4.3)
to (K.4.4) yields that

Yo(@) = (W = Do, (Proxee, () — woe, (Proxe., (2))
+ (2, Au())2 — Yo (). (K.4.5)

Since 1), is convex by Proposition 5.8, we have A, (x) = Vi, (@), hence the
Fenchel-Young inequality holds with equality [96, Proposition 16.10], i.e.,

Y(@) + U5 (Au(®) = (2, Au(@))o. (K.4.6)
Hence, substituting (K.4.6) to (K.4.5) yields that
V(Do (@) = Yo (®) — (W = 1)oc, (Proxe, (®)) + woe, (Prox,. (2))
— (0, (Proxec @) + 31| Prosec, @)1

—(w—1) <002 (Proxe,, (z)) + %H Proxe,, (:1:)||%> . (K.4.7)

where the last equality is due to (K.4.3).
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In the following, we shall express Proxgc1 and Proxgc2 using A, (see
(K.4.9) and (K.4.12) below), and we then substitute those expressions to
(K.4.7), to obtain ¢ (see (K.4.14) below), which will lead to (5.52). It holds
from the definition of A, in (5.1) that

A, =w Proxe, —(w—1) Proxe,,
= wProxe, —(w—1) Proxeg, —g¢, © Proxe.,
= Prox,, +(w-—1) Proxs,, —(w—1) Proxee, —o¢, © Proxe.,
= [Id +(w — 1)(Id = Proxeq, —o¢, )] © Proxe,
[Id+(w — 1)V( (oc, — 0¢y))] 0 Proxe,. , (K.4.8)

where the second equality is due to assumption (C-2), and the last equality
is due to Fact 2.4(b) under assumption (C-1). Then, it follows from (K.4.8)
and (2.35) that

PrOXUCj = [Id+(w - 1V( 1(002 - 0'01))]71 oA,

= PI‘OX(UJ_l) 1(002_001) OAUJ. (K49)
On the other hand, it holds from [96, Proposition 12.22] that “(cc, —o¢,) =
@=D( Yo, —0¢,)). Taking gradients of both sides and applying Fact 2.4(b)
yields that

w ™! (Id — Prox,,( )) = (w—1)""(Id - Prox,_1

1(002 _Ucl)>

00y =00y

& Prox_1) 1(s0,—0¢,) = 1d —(w— 1w H(Id - Proxw(UCZ_UCI)). (K.4.10)
Substituting (K.4.10) to (K.4.9) yields that

Proxsq, = [Id —(w = Dw™ ! (Id = Proxy(ee, —oc,))] © Au- (K.4.11)

By substituting (K.4.11) to the definition of A, in (5.1), we obtain

Proxg., = w(w — nt Proxg, —(w — nHtA,
= [w(w = 1)1 d —(Id = Prox, (e, —c))] 0 A = (w = 1) 1A,

oA, (K.4.12)

= ProX, (00, -0c,)

Hence, substituting (K.4.11) and (K.4.12) to (K.4.7) yields that

V2(aul@) =w (o0, + 511+ 1) (1

— (w— 1w HId - ProxX,(oc, ~00,))) (Buw())

~ = 1) (76, + 511 1) (Provetoe, sy (Bulz)
(K.4.13)
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By setting z := A, (x), we obtain

Wh(z) = w (oq ol ||%> (2= (1= &™) (1 = Proxy(op, —oc))(2))

~(@=1) (o6, 511 ) (Proveiog, e () (K1)

Since range A, = R™ by assumption, (K.4.14) holds for any z € R™. Here,
by simple manipulations, it can be verified that

w _
2z = (1= ™)1 = Prox, (o, e )23

w _ _

5”‘*’ 1Z + (1 —w 1) PI”OXw(UCZ_Ucl)(Z)H%

w —1

THzH2 + (1 — W )<Z7 PrOXw(crcéfUcl)(z»Q
(w—1)1—-w™h

+ 9 || PrOXw(UCQ—UCI)(Z)H%) (K415)

from which it follows that

w _ w—1
“llz = (1= w7 (1d = Proxu(oe, o, NI = 251 Proxuoe, e, (2)]

1
~ el
1-—wt _
- _THZH% + (1 —w 1)<Z, Proxw(ac2—acl)(z>>2
1—wt
- || PrOXw(obeocl)(z)H%
1—wt 9
= — Iz — Proxw(o,c2 _(,Cl)(z)HQ. (K.4.16)
Since @, = ¥} — || - [|3/2 (see (5.31)), substituting (K.4.16) to (K.4.14) and
subtracting ||z]|3 from both sides of the equation yields that
pul2) = 00y (2 + (@ = 1) Proxy(op, o) (2))
— (= 100y (Proxy (e, e (2))
1—wt
- |z — Proxw(g%_gcl)(z)H%, (K.4.17)

where o¢, is positively homogeneous by definition of the support function in
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Section 2.1. Regarding the second and third terms of (K.4.17), it holds that

1—wt

(w - 1)002 (PrOXw(o’chUcl)(z)) + HZ - PrOXw(002 focl)(z)Hg

— (= 1)(06, — 76, (Proxuog, ooy (#))
1—w?
2
+ (w - 1)001 (PI‘OXW(UC2 focl)(z))
= (1 —w ) wloe, —00))(2) + (W = Doe, (ProXu(es, —oc,) (2))-
(K.4.18)

HZ - PrOXw(JC2 e ) (Z) H%

Finally, substituting (K.4.18) to (K.4.17) yields (5.52).

K.5 Proof of Proposition 5.10
Since Q?E%AR(z) = Q?EngR(P(|w|) Sign(x) ® z) for any z € R”, it holds for
any € R™ that

A
AN @ + (w — 1) Prox, g, pyogsean(@))

= QUM (] + (w = 1) Pz, (|2]y — w(n — Dw))
= (w, |||, + (w = 1) Pex, (||, - w(n — Dw)|))

= (w, &, + (w = 1) Pz, (|&], —w(n — Dw))s

= (w, |z]y)2 + (w = 1)(w, Pz (2] —w(n — Dw))s

= QPR (z) + (w — 1)Q?§§jR(Proxw(n_l)Qgig?R(:c)), (K.5.1)

where the second and last equalities are due to (2.70). Hence, (K.5.1) and
(5.52) yield (5.59). Moreover, it holds that

(5.59) = OQSCA gy (bOQSTAR)

= QUSCM —ab P(QPSTM), (K.5.2)

where the last equality is due to Lemma 5.1. Hence, (5.60) holds if ab = 1.
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