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Abstract

The generalized minimax concave (GMC) penalty is a nonconvex sparse regularizer which can preserve the overall-convexity of the
regularized least-squares problem. In this paper, we focus on a significant instance of the GMC model termed scaled GMC (sGMC), and
present various notable findings on its solution-set geometry and regularization path. Our investigation indicates that while the sGMC
penalty is a nonconvex extension of the LASSO penalty (i.e., the ¢1-norm), the sGMC model preserves many celebrated properties of the
LASSO model, hence can serve as a less biased surrogate of LASSO without losing its advantages. Specifically, for a fixed regularization
parameter A\, we show that the solution-set geometry, solution uniqueness and sparseness of the sGMC model can be characterized
in a similar elegant way to the LASSO model (see, e.g., Osborne et al. 2000, R. J. Tibshirani 2013). For a varying A, we prove that
the sGMC solution set is a continuous polytope-valued mapping of A. Most noticeably, our study indicates that similar to LASSO, the
minimum ¢2-norm regularization path of the sGMC model is continuous and piecewise linear in A. Based on these theoretical results,
an efficient regularization path algorithm is proposed for the sGMC model, extending the well-known least angle regression (LARS)
algorithm for LASSO. We prove the correctness and finite termination of the proposed algorithm under a mild assumption, and confirm its
correctness-in-general-situation, efficiency, and practical utility through numerical experiments. Many results in this study also contribute
to the theoretical research of LASSO.

Index Terms

Sparse least-squares problems, compressed sensing, generalized minimax concave penalty, least angle regression, nonconvexly
regularized convex models.
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1 INTRODUCTION

In the past two decades, the sparse least-squares problems have attracted significant attention in signal processing and
machine learning [1], [2], [3], [4], [5], which are usually formulated as the following optimization program:

minimize J(x) = ! ly — Az|3 + AT (x), 1)
T EcR™ 2

where y € R™ is the measured signal, A € R™*" is the sensing matrix, ¥ : R®™ — R is a sparseness-promoting penalty

which approximates the £y pseudo-norm (i.e., the cardinality of nonzero components in x), and A > 0 is the regularization

parameter which trades off between sparsity and data fidelity.

A prominent choice for ¥ is the ¢;-norm, which is known as the tightest convex approximation of the ¢, pseudo-norm.
The resultant convex program (1), also known as the LASSO [6] (or basis pursuit denoising [7]) problem, has been widely
used [3], [8] for several favorable properties:

1) The cost function of LASSO is convex, which allows us to develop efficient and scalable algorithms [9], [10] that are
provably convergent to a global minimizer of (1).

2) The solution set of LASSO has elegant geometric properties [6], [11], [12], [13], [14] that provides the LASSO model
with reliable variable selection ability.
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3) The minimum /¢;-norm regularization path! (or solution path) of LASSO is known to be piecewise linear and can be
computed efficiently via the least angle regression (LARS) algorithm [11], [15], [16], [17], [14], which eases tuning of
the regularization parameter A.
Nevertheless, since the ¢;-norm is coercive (i.e., |||/, goes to infinity as |||, — +o0), the LASSO solution tends to
underestimate large-amplitude components, which leads to estimation bias. Although nonconvex regularizers such as
SCAD [18] and MC [19] penalties have been proposed to yield less biased sparse regularization, they usually sacrifice the
convexity of (1) and lose the favorable properties of LASSO.

To resolve this dilemma, the generalized minimax concave (GMC [20]) penalty has been proposed, as a generalization of
the MC penalty (and the LASSO penalty), to yield less biased convex sparse regularization (see Sec. 2.2 for details). Notably,
the GMC penalty itself is nonconvex, whereas it can preserve the overall-convexity of the cost function of (1), which makes
an essential difference from earlier nonconvex sparse regularizers. Moreover, in contrast to the conventional LASSO model
which solely convexifies the regularizer, the GMC model permits the regularizer to be nonconvex and convexifies the cost
function as a whole. Hence the GMC model is a better convex approximation of the ¢y-regularization model than LASSO
and can possibly serve as a less biased surrogate of LASSO in certain applications.

Considerable efforts have been made to facilitate the application of the GMC model. For example, several extensions of
GMC have been proposed to handle more complicated scenarios than sparse regression [21], [22], [23], [24], [25]. Moreover,
exploiting the overall-convexity, a number of efficient and scalable algorithms have been developed for finding a global
minimizer of the GMC model [20] or its extensions [21], [22], [23], [26], [27], [28], [25]. Nevertheless, up to now, little is
known about the solution-set geometry and regularization path of the GMC model, which constitutes the motivation of the
current study. In this paper, we consider a significant instance of the GMC models termed the scaled generalized minimax
concave (sGMC) model (cf. Sec. 2.2 for details), and study its solution-set geometry and regularization path.

1.1 Contributions of This Study
We address the following important questions regarding the sGMC model:

1) For a fixed regularization parameter A\, what does the sGMC solution set look like? In particular, is the sGMC solution
unique and is it guaranteed to be sparse?

2) For a varying A, how do the sGMC solution set and the minimum ¢3-norm sGMC solution change with A?

3) Is there an efficient approach to calculate the minimum ¢5-norm sGMC regularization path?

Our study provides very encouraging answers to these questions, showcasing that in spite of the nonconvex nature of
the sGMC penalty, the sGMC model exhibits all the favorable properties of LASSO as delineated before.

Specifically, in the context of a fixed A\, we show that the sGMC solution set and its dual counterpart have similar
geometric properties to those of LASSO solution sets [11], [14]. Indeed, the sGMC solution set can be expressed as a
nonlinearly parameterized LASSO solution set (cf. Thm. 3 (a) in Sec. 4.1), thus it is nonempty, closed, convex and bounded.
Hence while the sGMC solution is not unique in general for a given sensing matrix A, there always exists uniquely the
minimum ¢2-norm sGMC solution. In addition, we show that similar to LASSO, as long as the entries of the sensing matrix
A are drawn from a continuous probability distribution on R™*", the sGMC solution is almost surely unique with at most
min {m, n} nonzero components, which verifies the variable selection ability of the sGMC model and the sparsity of the
sGMC solution in a high dimensionally (i.e., m < n) probabilistic setting.

On the other hand, for a varying A, we consider the Cartesian product of the primal and dual sGMC solution sets
and term it the extended solution set of the sGMC model. We show that the extended sGMC solution set is a polytope
changing continuously with A, more precisely, it is a continuous (in set-valued variational analysis sense [29]) piecewise
polytope-valued mapping of A\. Moreover, while the sGMC penalty is a nonconvex generalization of the LASSO penalty,
our investigation reveals a counterintuitive observation: the minimum f3-norm extended regularization path? of the sGMC
model remains to be piecewise linear with respect to A. Explicit piecewise expressions of the extended sGMC solution set
and minimum f3-norm extended sGMC regularization path are obtained, where each piece is totally characterized by a
discrete object called ex-equicorrelation pair (where “ex” is an abbreviation for “extended”) which is an extension of similar
notions introduced in [30], [31], [14].

Exploiting these theoretical results, we show that under the so-called “one-at-a-time” assumption (cf. [15, Thm. 1] and
Assumption 1 in Sec. 7.3), all linear pieces (more precisely, their corresponding ex-equicorrelation pairs) in the minimum /#5-
norm extended sGMC regularization path can be obtained in an iterative manner within finite steps. We term this iterative
method the LARS-sGMC algorithm. The proposed algorithm extends the conventional LARS algorithm for LASSO [15].
Although our proof of the correctness of LARS-sGMC is established under the “one-at-a-time” assumption, numerical
experiments demonstrate its correctness, efficiency, and practical utility in general situations.

Notably, since the sGMC model embraces LASSO as a special instance of it (cf. Sec. 2.2), all results in the present paper
naturally apply to LASSO, and many of them hold substantial value even to the study of LASSO, for example:

1. A regularization path (or solution path) of a sparse least-squares problem (1) is the solution of (1) as a function of the regularization parameter
A

2. As will be shown in Thm. 4 (a) in Sec. 4.1, the minimum ¢2-norm extended solution is exactly the concatenation of the minimum #>-norm
solution and the minimum ¢2-norm dual solution of the sGMC model.
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1) In Sec. 4.3, we establish continuity [29] of the LASSO solution set as a set-valued mapping of (y, A), which is the first
set-valued variational analysis result for LASSO to the authors” knowledge.

2) In Sec. 6, we derive a concise piecewise linear expression of the minimum /3-norm extended regularization path of the
sGMC model (Thm. 6). To the best of the authors” knowledge, even for the LASSO case,

e Thm. 6 provides the first explicit expression of the number of linear pieces in a regularization path,
o the proof of Thm. 6 gives the first complete proof for showing piecewise linearity of a regularization path without
requiring the “one-at-a-time” assumption of any regularization path algorithm.

See Sec. 6.3 for a comparison with previous works.

1.2 Paper Organization

The remainder of this paper is organized as follows. Sec. 2 introduces necessary mathematical preliminaries, and provides
a brief introduction on the GMC model and the sGMC model. In Sec. 3, we study the geometry and solution uniqueness
of the sGMC solution set and its dual counterpart. In Sec. 4, we formally define the extended solution set of the sGMC
model and study its geometry as well as its continuity as a set-valued mapping of problem parameters. Sec. 5 introduces
the notion of ex-equicorrelation pairs and reveals how it can be used to characterize the state of the sGMC model. Sec. 6
further derives the piecewise expressions of the extended solution set and minimum ¢y-norm extended regularization path
using ex-equicorrelation pairs. The LARS-sGMC algorithm is proposed in Sec. 7, along with its proof of correctness and
complexity analysis. Sec. 8 reports some numerical results, demonstrating the correctness-in-general-situation, efficiency
and practical utility of the LARS-sGMC algorithm. Sec. 9 closes this paper with some concluding remarks.

2 PRELIMINARIES
2.1 Notation
2.1.1 Numbers, vectors and matrices

Let N,R,R;, R respectively be the sets of nonnegative integers, real numbers, nonnegative real numbers and positive
real numbers. For a real number set I C R, we denote sup(I), inf(I) and int(I) respectively as its supremum, infimum

and interior; especially, when I = (), we adopt the convention sup(f)) := —oo and inf(f)) := +occ. For n-dimensional
Euclidean space R", ||-[|, (p > 1) denotes the /,-norm in R". For a vector z € R", we denote its ith component
by x; or [x];, define its support as supp(x) = {i € {1l,...,n}|z; # 0} and define its signs vector as sign(x) =

[sign(x1), sign(z2), . . .,sign(z,)]" € {+1,0,—1}". For a matrix A € R™*", rank(A) denotes its rank, AT € R"*™ and
AT € R™ ™ respectively denote its transpose and Moore-Penrose pseudoinverse, N'(A) and R(A) respectively denote
its null space and range (i.e., column space). For x,y € R", x > y means that x; > y; for every i € {1,...,n}; for
A,B € R"", A > B means that A — B is positive semidefinite. The symbols 0, 1,, O, x, and I,, respectively stand
for the n x 1 zero vector, the n x 1 all-ones vector, the m x n zero matrix and the n x n identity matrix (when the
ambient dimension is known, we may omit the subscripts). We denote the diagonal matrix with diagonal entries d1, ..., d,
by diag (ds,...,d,), and denote the block diagonal matrix with diagonal blocks A; € R™*™ . . A, € R™*" by
blkdiag(Aq,..., Ak).

2.1.2 Slicing operation for vectors and matrices

For a vector ¢ := [z1,...,2,]' € R", a matrix A := [a;,...,a,] € R™*" and an index set T = {iy,...,ix} C {1,...,n}
withi; < iy < -+ < ig, we define &7 = [z|7 = [2i,,..., 7], Az = [a;,,...,a;, ] and =L == {1,...,n}\Z, respectively.
In particular, we define Ay := 0, and zy := 0 such that the slicing operation for the empty set does not lead to a void
value, which avoids possible ambiguity in computations involving Ay and xy. The slicing operation will be repeatedly
used in the study of ex-equicorrelation pairs (Sec. 5) and the LARS-sGMC algorithm (Sec. 7).

2.1.3 Functions and set-valued mappings

For an extended real-valued function f : R" — R U {+o0}, the domain of f is dom f := {& € R" | f(x) < +00}. For a
convex function f : R™ — R U {400}, the subdifferential of f at x € R” is

of(@) = {u e R | (Vz € B") u (z — @) + f(x) < f(2)},

if u € 0f(x), then u is called a subgradient of f at x. Especially, if f is differentiable at € R", we denote V f(x)
as the gradient of f at =, and the subdifferential of f is given by 0f(z) = {V f(x)}. We denote the set of all proper,
lower semicontinuous® convex functions from R™ to R U {+oo} by I'o(R"). For two sets X and Y, we adopt the notation
M : X 3Y to denote a set-valued mapping (a.k.a. multifunction) from X to the power set of Y, i.e., M maps a point in
X to a (possibly empty) subset of Y.

3.For f : R™ — R U {+oo}, f is referred to as proper if dom f # @, and lower semicontinuous if every lower level set of it is closed.



2.2 The GMC and sGMC Models
The formulation of the generalized minimax concave (GMC [20]) penalty is as follows:

. 1 2
Yene(a: B) = [, ~ min (Il + 5 1Bl - 2)13). @
where the subtrahend part is a debiasing function which cancels out the overpenalization effect caused by the ¢;-norm, and
the steering matrix B € R?*" therein is a shape controlling parameter which adjusts the shape of ¥cyc to achieve overall-
convexity of (1). Especially, if B TB = 0,,4,,, then the GMC penalty reduces to the ¢;-norm; if B B = diag(b?, R b%)
with b; # 0 for every ¢ € {1,...,n}, then the GMC penalty is separable and reduces to the following expression:

Yomc(z; B) = ZUJMC (z:;07) ,
i=1

where yc(+;b?) with b # 0 is the minimax concave (MC [19]) penalty, which is a nearly unbiased nonconvex sparse
regularizer formulated as follows:
222, if x| < 1/02,

otherwise.

x| —
i (1:17) = {' !
252
Hence the GMC penalty is a nonseparable multidimensional extension of the MC penalty, which accounts for its name.
Different from earlier nonconvex sparse regularizers [18], [19], although the GMC penalty itself is nonconvex in general,
it has been proven in [20, Thm. 1] that as long as B satisfies the following linear matrix inequality

ATA=)B'B, ®)
then the resultant GMC regularization model
1
minei%hize Jome(x) = 3 ly — A2 + AVouc(z; B) 4)

is a convex program. A common and useful choice for B to satisfy (3) is the following expression [20, Eq. (48)]:
B = /p/)\A, ®)

where* p € [0, 1). In this paper, we formally refer to the GMC model (4) using the steering matrix design (5) as the scaled
generalized minimax concave (sGMC) model, i.e.,

1
miarzlei{lgize Jsame () = 3 ly — AmHg + AUomc(x; 4/ p/AA). (6)

As will be shown later, by limiting the shape controlling parameter B to (5), the sGMC model exhibits many favorable
properties which are not shared by general GMC models, which makes the sGMC model a significant instance of GMC.
Note that the sGMC model is uniquely determined by its problem parameters

(A, y,p, \) ER™" X R™ x [0,1) x Ryy =: &, (7)

where we define & as the space of problem parameters considered in this paper. Hence we can denote the sGMC model
(6) by sGMC(A, y, p, A) for simplicity of presentation. Especially, if p = 0, then (6) reduces to the LASSO model:

. 1 2
minimize JLasso(x) = B ly — Ax|5 + Xz, - 8)
In this paper, we denote (8) by LASSO(A, y, A), and remark that since LASSO(A, y, A) is equivalent to sGMC(A, y,0, ),
every theoretical result of the sGMC model introduced in this paper naturally applies to the LASSO model.

3 GEOMETRY AND UNIQUENESS OF THE PRIMAL AND DUAL SGMC SOLUTION SETS

In this section, we study the geometry and solution uniqueness of the sGMC solution set and its dual® counterpart for a
fixed parameter group (A, y,p,\) € Z.

The most notable results (Thm. 1 and 2) in this section can be summarized as follows: the primal and dual solution sets
of sGMC(A, y, p, \) are both nonempty, closed, bounded and convex, and possess the following favorable properties:

1) Every sGMC solution x,, (resp. dual sGMC solution z4) gives the same linear fit Az, (resp. Azq) and has the same
{y-norm ||, ||, (resp. ||zall,), where an upper bound of ||x,||, (resp. ||z4][,) is derived.

4. Although [20, Eq. (48)] permits p to be 1, Prop. 1 in the present paper requires p to be smaller than 1, which is a preliminary proposition for
proving many subsequent results. Hence we assume p < 1 in the sGMC model.

5. While the dual sGMC solution set may not currently pique individual interest, many subsequent results can be derived only by considering
the primal and dual sGMC solution sets together. Hence it is necessary to study the dual sGMC solution set here.
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2) Every sGMC solution gives the same value of data fidelity and the same value of sGMC penalty, hence all solutions of
the sGMC model are equally good with respect to goodness of fit and and the sGMC sparseness measure.
3) If the entries of A are drawn from a continuous probability distribution on R™*", then the sGMC solution (resp. dual
sGMC solution) is almost surely unique with at most min {m, n} nonzero elements.
It should be noted that the results listed here do not constitute the entirety of the solution-set geometry of the sGMC model.
Subsequently, by jointly considering the primal and dual sGMC solution sets, we will derive some additional geometric
properties of the sGMC solution set, respectively in Thm. 3 (a) (Sec. 4.1) and Thm. 7 (Sec. 6.2).
In the sequel, we first present some known facts (mainly from [14, Sec. 2.3]) about an ¢;-regularization model with
general convex loss functions. By rewritting the cost function of (6) as the sum of an involved convex loss function and the
¢1-norm, we can apply the results introduced here, whereby elucidating the geometry of the sGMC solution set.

3.1 Solution Set of an /,-Regularization Model with General Convex Loss Functions
Consider the following /;-regularization model:

miilei%}jze Joui(z) = f(Az) + Az, ©)

where the loss function f : R™ — R is differentiable, strictly convex and bounded from below, A € R™*" is the sensing
matrix and A > 0 is the regularization parameter. Then the solution set of (9) has the following geometric properties.

Fact 1 (Geometry of the ¢;—regularization model (9)). The solution set of (9) is nonempty, closed, bounded and convex. Moreover,
every solution of (9), say &, gives the same linear fit A& and has the same {1-norm ||&|,, i.e., if &1, T2 are two solutions of (9), then
A:f:l = Aii’g and H-’il||1 = ||Zi:2H1

Proof: Since ||-||; is coercive and f(A-) is convex and bounded from below, Jgi1 is a continuous coercive convex
function. Hence the solution set of (9) is nonempty and bounded from [32, Prop. 11.12 and 11.15]. The closedness and
convexity of the solution set follow respectively from the continuity of Jgr; and [32, Prop. 11.6]. The uniqueness of AZ
and |||, follows from [14, Para. 2 in Sec. 2.3]. O

Moreover, if the sensing matrix A is known to have columns in general position [33], then the solution of (9) is unique.
The general-positionedness of a matrix is defined as follows.

Definition 1 (Matrices with columns in general position). We say A := [a1, ..., a,] € R™*" has columns in general position
if for every Z C {1,...,n} satisfying |Z| < m and (s;);jez C {£1}, the following holds:
(VZ € I) S;Q; € aﬁ{sjaj}jez\{i} s (10)

where for {by,..., by} CR", aff{by,..., by} denotes the affine hull of {b1, ..., b, }. Moreover, we define the set of m x n matrices
that have columns in general position as G, xn:

Gmxn = {A € R™™ | A has columns in general position} .

Remark 1 (Mildness of the general-positioning condition). We note that for A € R™*™, “ A has columns in general position”
is a mild condition in practice, in the sense that if the entries of A follow a continuous probability distribution on R™*™, then
A € Gy xn with probability one (to see this, one can verify that the logical complement of (10) leads to a set of matrices with Lebesgue
measure zero).

Exploiting Def. 1, we can summarize the solution uniqueness condition of (9) into the following fact.

Fact 2 (Solution uniqueness of the ¢;-regularization model (9)). If A € Gy, xn, then (9) has a unique solution with at most
min {m, n} nonzero components.

In particular, if the entries of A are drawn from a continuous probability distribution on R"™*", then A is in Gy xn with
probability one, which implies that (9) almost surely (i.e., with probability one) has a unique solution with at most min {m,n}
nonzero components.

Proof: See [14, Lemma 5 and the paragraph before it]. O
Moreover, since the LASSO model can be regarded as a special instance of (9), we can obtain the following results which
will be useful in subsequent studies.

Fact 3 (Geometry and uniqueness of the LASSO solution set). For (A,y,\) € R™*"™ x R™ x Ry, the solution set of
LASSO(A,y, \), denoted by Spa(A,y, \), is nonempty, closed, bounded and convex.
Moreover, for xra € Spa(A,y, A), the following holds:

(a) Every xps gives the same linear fit Axy, and the same {1-norm ||x||,. In other words, the common linear fit Bra and common
£1-norm ~ypa of all LASSO solutions:

Bra R™M x R™ x Ry — R™: (A, y,\) — Axra,
Ya R™XR™ xRy = Ryt (A9, A) = leally



are well-defined functions of the parameters (A,y, \).
(b) If A € Gpyxn, then L4 is unique and has at most min{m, n} nonzero components; as a result, if the entries of A are drawn
from a continuous probability distribution, then xr, is almost surely unique and has at most min {m, n} nonzero components.

Proof: By defining f(-) == 3 ||y — ||§, (8) can be regarded as an instance of (9), hence Fact 1 and 2 naturally apply to

LASSO(A,y, \), which yields all the results. O
Subsequently, we show that sGMC(A, y, p, A) can also be regarded as a special instance of (9) and hence we can apply
the theoretical results introduced above.

3.2 On the (Primal) sGMC Solution Set
We can rewrite the cost function of the sGMC model (6) as follows:

3 v — sl + Mave (@:\/p/A4 ) = Iy = sl + Ml - min (A=, + 5 1A - 2)13)
=[5 Iy~ Awl} - min (M=l + § 14z - 4213) |+ Aol
Define f : R™ — R as follows:
Flw) =5 Ny~ wl — min (M2l + £ flu— 42]2). 12)

then substituting the definition of f into (11) yields that

Jsame(z) = f(Az) + Allz]; - (13)

Hence sGMC(A,y,p,\) can be rewritten in the form of (9). In order to apply results introduced in Section 3.1 to
sGMC(A,y,p,\), we only need to prove that f is differentiable, strictly convex and bounded from below. To show
this, we first simplify the expression of f. Define g : R™ — R as

_ . p
g(w) = min (Al2ll, + & lu— A2[3), (14)

then one can verify that f(u) = ||y — u||§ — §(u). The following lemma presents three important properties of g.
Lemma 1. For every A > 0, p € [0,1) and A € R™*™, the following holds for g defined in (14):
(a) g is differentiable.
(b) (g ly — ||§ - g()) is convex.
(c) Foreveryu € R™, g(u) < £ ||u||§
Proof: See Appendix B.1. O

Exploiting the properties of g described in Lemma 1, we can prove the differentiability, strict convexity and boundedness
from below of f. See the following proposition.

Proposition 1. For every (A,y,p,\) € 2, f defined in (12) is differentiable, strictly convex and bounded from below with the
following lower bound:

7 —P 2
Yu € R™) f(u) > — ||lyl|5-
(vu € R™) Flu) 2 5 ol
Proof: Since § is differentiable from Lemma 1 (a), f(u) = 3 ||y — qu — g(u) is also differentiable. On the other hand,
we can rewrite f as
Fw) = 2y =l = 5w = Sy —wl + (2 )y — ull - 5(w).
2 2 2 2 0\2 2
Since p < 1, % |y — -|| is strictly convex, combining which with Lemma 1 (b) yields the strict convexity of f. Moreover,
from Lemma 1 (c), for every u € R", we have
z 1 2 _ 1 2 P 2 (1—p) y |° p 2 p 2
) = Ny =l =atw) > 5l =l = § il = S5 = 2 = Pl > g .
thus f is bounded from below. O

Therefore, all results introduced in Section 3.1 apply to sGMC(A, y, p, A), which yield the following theorem about the
geometry and uniqueness of the sGMC solution set.

Theorem 1 (Geometry and uniqueness of the (primal) sGMC solution set). For (A, y,p,\) € P, the (primal) solution set of
sGMC(A,y, p, ), denoted by S,(A,y, p, \), is nonempty, closed, bounded and convex.
Moreover, for x, € S,(A,y, p, \), the following holds:
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(a) Every x, gives the same linear fit Ax, and the same {1-norm Ha:le In other words, the common linear fit (3, and common
L1-norm -y, of all (primal) sGMC solutions:

By : P = R™: (A y,p,\) — Ax,,
WP = Ri:(Ay,p,\) — Ha:le
are well-defined functions of the parameters (A, y, p, \).
Additionally, we have the following upper bound for ,:

_ R

1—
(b) For every two sGMC solutions x,,x, € Sy(A,y,p,\), T, and x, give the same data fidelity (cf. (6)), i.e.,

2
N (16)

1 2 1
Ly~ A2 = )y — Az
and give the same sGMC penalty value (cf. (4)-(5)), i.e.,

Uonmc(@p; \/ p/AA) = Yaumc (s \/ p/AA). 17)

(c) If A € Guuxn (cf. Def. 1), then @, is unique and has at most min {m, n} nonzero components; as a result, if the entries of A
are drawn from a continuous probability distribution, then x, is unique and has at most min {m, n} nonzero components with
probability one.

Proof: The results (a) and (c) follow from Fact 1, 2 and Prop. 1. Hence we only need to prove (15) and the result (b).
From (13) and Prop. 1, the following holds

Jsomc(@p) > A |2p]|, — ) Iyl - (18)

_r
2(1—p
Since x;, is a solution of sGMC(A, y, p, A), we have

Jsame(xp) = Inin Jsame(x) < Jsame(0).

Expanding the expression of Jigmc(0) by (11) yields

1 2 . P 2 1 2
Jecvie(@y) < 5 llyll; = min (A2lly + 5 14z113) = 5yl

Combining the inequation above with (18) yields

1
Mesll, = 5= vl < 5 lvlz,

which implies (15).
For every two sGMC solutions @y, z, € Sp(A, Y, p, A), we have Az, = Az, from the result (a), hence (16) holds. Since
x, and wl’o are both solutions of the sGMC model (6), we have Jome(xp) = Jsome(y,), combining which with (16) yields

p
(17). Accordingly, the result (b) holds. O

Remark 2 (Interpretation of Theorem 1). Thim. 1 indicates that the solution set of sSGMC(A,y, p, \) is a nonempty closed bounded
convex set lying in the intersection between an affine space and a contour of the £1-norm (cf. Thm. 1 (a)), which gives a rough image
on its shape.

Moreover, while the sGMC solution is not unique in general, the sGMC model has the following favorable properties:

(a) Every sGMC solution x, satisfies ||z, |, < m ||y||§ (cf. Thm. 1 (a)). Notice that this upper bound is independent of A,
hence the sGMC solution set is stable against ill-positioned sensing matrices.

(b) Every sGMC solution gives the same data fidelity and the same sGMC penalty value (cf. Thm. 1 (b)), hence all sGMC solutions
are equally good with respect to goodness of fit and the sSGMC sparseness measure.

(c) If A is stochastic, then the sGMC solution is almost surely unique and has at most min {m, n} nonzero components (cf. Thm. 1
(c)), which leads to a desirable sparse solution in a high-dimensional (i.e., m < n) setting.



3.3 On the Dual sGMC Solution Set

In this section, we further reformulate the sGMC model (6) as a convex concave min-max problem, based on which we
define the dual solution set of the sGMC model. Employing the LASSO solution set as a bridge between the primal and
dual sGMC solution sets, we can show that the dual sGMC solution set has similar geometric properties and uniqueness
condition to that of the primal one.

We first present the definition of a dual sGMC solution. Substituting the expression (11) of the sGMC cost function into
(6) and conducting some basic transformations, we can rewrite sSGMC(A, y, p, A) as the following min-max problem:

P 2
Inin max *Ily Az + ], — Allzlly = 5 | Az — Az];. 19)

Define G(x, z) as the cost function in (19), i.e.,
_ 1 2 p 2
G(z,z) = 5 ly — Azl + Azl = Allzll, - 5 [[Az — Az[;, (20)

then one can verify that G(-, z) is convex for every z € R™ and G(z,-) is concave for every € R™. Moreover, since
G(z, z) is real-valued on R” x R", we have the following minimax equality from [34, Thm. 36.3]:

min max G(x, z) = max min G(z, 2), (21)
m€R7L ZER‘” ZER‘” meRn

which implies the existence of a saddle point. Hence we can derive the following saddle point expressions, based on which
we formally define the dual sGMC solution.

Proposition 2 (Primal and dual solutions of the sGMC model). For (A, y, p,\) € &, x, € R"™ isa solution of sGMC(A,y, p, \)
if and only if there exists z; € R™ such that (x,, z4) € R" x R satisfies

1 2 P 2

zy € arg muin - lly — Awl} ~ £ || Az — Azl + Aal), @
. p 2

2y € arg min o HA:B,, - Az”2 + Azl (23)

or equivalently, if and only if (x,, z;) € R™ x R™ satisfies:

(a) x, is a solution of LASSO (A ”’(1”7‘2)"‘*, ﬁ),

(b) zq is a solution of LASSO (\/pA, /pAx,, ).
In this case, we call x, a primal solution of sSGMC(A,y, p, ) and call z, its corresponding dual solution (vice visa), and we call
(xp, zq) a primal-dual solution pair of SGMC(A,y, p, \).

Proof: From (21), x;, is a solution of sGMC(A, y, p, \) if and only if there exists z4 € R" such that (xp, z4) is a saddle
point of G(x, 2), i.e.,
T, € arg rrel]iRn G(x, z4), (24)
SCRT
Z4 € arg max G(xp, 2). (25)

Expanding the expression of G(x, z4) in (24), G(xp, z) in (25), and omitting constant terms yields (22) and (23). By properly
scaling and rearranging the terms, one can verify the equivalence between (22), (23) and the LASSO problems. O

Additionally, the minimax equality (21) implies that every dual solution also serves as a minimizer of some cost function.
In the following corollary, we present an explicit expression of this “dual” cost function and we present a lower bound of
it. This lower bound will be used later to derive an upper bound of the ¢;-norm of all dual sGMC solutions in Thm. 2.

Corollary 1. For (A,y, p,)\) € 2, define the dual sGMC cost function Jsemc : R™ — R as:

Jiome(2) = — min G(z,z) = \z|, — min

[f Iy — A}~ 2 | Az — Azl + A, |

then the following holds:
(a) z; € R™ is a dual sqlution of sSGMC(A, y, p, ;and only if z4 is a minimizer of Jeomc.
(b) For every z € R", Jomc(2) = M|z[, — 5 [lyll>-

Proof: (a) From (24) and (25), zq is a dual solution of sGMC(A, y, p, A) if and only if

;reun G(zx, zq) = max :;[:IEI]IRI}L G(x, z).

Multiplying both sides of the equation above by —1 yields

_érelﬁn G(x,zq) = — max mnellervlﬂ G(x,z) < —wnel]% G(x,zq) = znel%Rr}l (— ;IenRr}I G(zx, z)) — Jomc(z4) = min Jsame(2).
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(b) For every z € R™ we have the following

L2 P 2 L2
Jone(2) = max ~G(, ) = ~G(0,2) = Azl — 5 Iyl + & 4213 = Azl - 5 Iyl
Combining the discussion above completes the proof. O

Furthermore, exploiting the results introduced in Section 3.2, we can yield the following theorem about the geometry
and uniqueness of the dual sGMC solution set, which indicates that the dual sGMC solution set has similar properties as
the primal sGMC solution set.

Theorem 2 (Geometry and uniqueness of the dual sGMC solution set). For (A,y,p,\) € 2, the dual solution set of
sGMC(A,y, p, ) (cf. Prop. 2), denoted by Si(A,y, p, \), is nonempty, closed, bounded and convex.
Moreover, for z; € S;(A,y, p, A), the following holds:

(a) Every z; gives the same linear fit Az; and the same {1-norm ||z4||,. In other words, the common linear fit B; and common
£1-norm 4 of all dual sGMC solutions:

Bi:P = R™: (A y,p,\) = Az,
’}/d Zt@ —>R+ : (Aay7p7 A) = ||Zd||1

are well-defined functions of the parameters (A, y, p, \).
Additionally, we have the following upper bound for ~;:

1 2
A A) = < — . 2
Ya(A, Y, p, A) = [|zall, < 2= p) lyll5 (26)

1—

(b) If A € Grxn (cf. Def. 1), then z4 is unique and has at most min {m, n} nonzero components; as a result, if the entries of A
are drawn from a continuous probability distribution, then z4 is unique and has at most min {m, n} nonzero components with
probability one.

Proof: See Appendix B.2. O

4 ON THE EXTENDED SGMC SOLUTION SET AND ITS CONTINUITY PROPERTIES

In this section, we introduce the notion of the extended solution set of sGMC(A,y, p, \) which is defined as the set of
primal-dual solution pairs (cf. Prop. 2) of the sGMC model.

By studying the geometry of the extended sGMC solution set, we obtain some additional properties of the primal
sGMC solution set. Moreover, regarding the extended solution set as a set-valued mapping of the problem parameters
(A, y,p,A) € &, we study its continuity properties, which sheds some light on the numerical stability of the sGMC
model with respect to (A, y, p, \), and paves the way® for studying the piecewise expressions of the extended solution set
mapping and the minimum ¢>-norm extended regularization path in Sec. 6.

The most important results in this section are three fold:

1) Thm. 3 elucidates the geometry of the extended sGMC solution set. Noticeably, Thm. 3 (a) indicates that the extended
sGMC solution set is the Cartesian product of two nonlinearly parameterized LASSO solution set, which reveals the
essential relation between the sGMC model and the LASSO model.

2) Thm. 4 establishes the existence and uniqueness of the minimum ¢>-norm extended solution, which will be one of the
main players in subsequent studies. Additionally, some fundamental properties pertaining to the minimum #;-norm
extended solution are provided therein.

3) Thm. 5 establishes the continuity of the extended sGMC solution set as a set-valued mapping of the regularization
parameter A\, which implies the continuity of the minimum ¢»-norm extended regularization path in Cor. 3.

Moreover, as a by-product of the proof of Thm. 5, we establish the set-valued continuity of the LASSO solution set with
respect to (y, A) in Lemma 4. Remarkably, this constitutes the first set-valued variational analysis result for LASSO, to the
best of the authors” knowledge.

In the sequel, we first study the optimality condition of the min-max form (19) of the sGMC model, which leads to the
definition of extended solution and extended solution set. Exploiting theoretical results from Sec. 3, we elucidate the underlying
structure of the extended sGMC solution set.

6. As will be shown in Thm. 6 in Sec. 6.2, the piecewise linearity of the minimum ¢2-norm extended regularization path is established merely
using the results of ex-equicorrelation pairs in Sec. 5, which naturally implies its continuity within each linear piece. Nevertheless, continuity
of the minimum ¢3-norm extended regularization path at change points can only be proven through set-valued variational analysis approaches,
hence it is necessary to study set-valued continuity of the extended solution set here.
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4.1 Definition and Geometry of the Extended Solution Set

Exploiting the optimality condition of the min-max problem introduced in (19), we can transform the sGMC model into a
monotone inclusion problem [32] with respect to the primal-dual solution pair (cf. Prop. 2); see the following.

Proposition 3 (Optimality condition of the sGMC model). For (A, y, p,\) € &, defineb = [y OmT] T, C = blkdiag(A, \/pA)
and

D — |:(1 - p)Im \/pIm:| .
_\/ﬁIm Im
Then (xp,z5) € R™ x R™ is a primal-dual solution pair (cf. Prop. 2 for definition) of sSGMC(A,y, p, \) if and only if w, =
[x," sz]T satisfies

&(we) = C" (b~ DCw,) € A(||1,)(we), 27)
or equivalently, if and only if the following inclusion holds for every i € {1,2,...,2n}:
gi(we) — C;r(b _ DCU}L») c {A SIgn([we]i)}a lf[wE]f 7é 0, (OPT)
[_>\a)\}7 Zf[we]i = 07

where c¢; is the ith column vector of C.

Proof: Let us define
gol@) = 3 lly — A} - £ | Az — Azl + Alal],
9:(2) = £ || A, — Az|} + M2,
then (24) and (25) are respectively equivalent to 0 € Jg, () and 0 € Jg.(2q4), expanding the expressions of which yields
{o € AT(A((1 = p)ap + pza) = y) + 20( ) (p),
0 € pAT Azq — mp) + A1) (2a).

The inclusion above is further equivalent to (27). Expanding the expression of 9(||-||;)(:) in (27) yields (OPT). O
Based on Proposition 3, we define the extended solution and extended solution set of sGMC(A, y, p, A) as follows.

Definition 2 (Extended solution set of the sSGMC model). For (A,y,p,\) € 2, w, == [z, 2] T € R2" s said to be an
extended solution of sSGMC(A,y, p, A) if (z,, z4) € R™ x R™ is a primal-dual solution pair of sSGMC(A, y, p, \), or equivalently, if
w, satisfies (OPT).

Moreover, we define the extended solution set of the sSGMC model sGMC(A,y, p, A) as:

Se(A,y,p,A) = {w, € R*" | w, satisfies (OPT)} . (28)
Recall the theoretical results in Sec. 3, we naturally have the following properties of Se(A, y, p, ).

Theorem 3 (Geometry and uniqueness of the extended sGMC solution set). For (A,y,p,\) € &, the extended solution set
of sSGMC(A,y, p, \) (cf. Def. 2), denoted by S,(A,y, p, \), is nonempty, closed, bounded and convex.
Moreover, the following holds:
(a) The following relation holds among S.(A,y,p,\), the LASSO solution set mapping Spa(-) (cf. Fact 3), the primal sGMC
solution set S,(A,y, p,\) (cf. Thm. 1) and the dual sGMC solution set Si(A,y, p, \) (cf. Thm. 2):

— A A
Se(Aay7p7 A) = SLA (Ay Y p/?;l(_ 7p:l)1’p’ )7>\> X SLA(\/ﬁAa \/ﬁﬁp(Aayvva)7>\)7 (29)
:Sp(A7y>p7A) X Sd(Aay7p7 >\) (30)

where B,(A,y, p, \) and B4(A, y, p, \) are respectively the common linear fits of all primal and dual solutions of sSGMC(A, y, p, \)
(cf. Thm. 1 (a) and 2 (a)).

(b) Every w, == [z, sz]T € S.(A,y,p, \) gives the same extended linear fit Cw, and the same {1-norm ||w,||,. In other

words, the common extended linear fit of all extended sGMC solutions
Ax
. 2m . — P
Be: P >R (Ay,p,A) — Cw, = L/ﬁ lzd} ,

and the common £1-norm of all extended sGMC solutions
Ye: P =Ry (Ay,0,0) = [Jwelly = [|2|, + llzall,
are well-defined functions of the parameters (A, y, p, \).
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Additionally, we have the following relations

Bp(A,y,p,\)
(4 A7 ) 7>‘ = ! ) 31
P4y, VPBi(A, Y, p, \) =
1
76(A7y7p7 )\) = ’Yp(A7y;p7 )‘) +’Vd(A7y7p7>\) S m ||y||§7 (32)

where 3, and y, are respectively the common linear fit and £1-norm of all primal sGMC solutions (cf. Thm. 1 (a)), By and ~; are
respectively the common linear fit and £1-norm of all dual sGMC solutions (cf. Thm. 2 (a)).

(c) If A € Gxn (cf. Def. 1), then S,(A,y, p, \) has a unique element with at most 2min{m,n} nonzero elements; as a result,
if the entries of A are drawn from a continuous probability distribution, then S,(A,y, p, \) almost surely has a unique element
with at most 2 min{m, n} nonzero components.

Proof: (29) and (30) follow directly from Prop. 2. Hence from Thm. 1 and 2, S.(A,y, p, \) is nonempty, closed,

bounded and convex, and the result (a) holds. The results (b) and (c) follow from Thm. 1, 2 and Prop. 3. O

The geometric properties of the extended sGMC solution set naturally guarantee the existence and uniqueness of the
minimum f,-norm extended solution; see the following theorem for some fundamental properties of it.

Theorem 4 (Basic properties of the minimum ¢3-norm extended solution). For (A,y,p,\) € 2, there exists uniquely a
minimum {o-norm element in S,(A,y, p, \), denoted by

(C*(A7y7p7 >\

’U)*(A>y’p’ )\> = |:Z*(Aay7P7>\

)

where (A, y,p,\), z+(A,y,p, A) € R™.
Moreover, the following holds:

(a) (A, y,p, ) and z.(A,y,p,\) are respectively the unique minimum {y-norm elements in the primal sGMC solution set
Sp(A,y,p, A) (cf. Thm. 1) and the dual sGMC solution set S;(A,y, p, \) (cf. Thm. 2).
(b) Define A}, = MaXic(12,... n} ‘a;ry , then we have

(V)‘ > )‘:nax) w*()‘) = 02),.

Note that the value of A}, is independent of the shape-controlling parameter p of the sGMC model.

max

Proof: See Appendix C.1. O

Subsequently, we study the continuity of the extended sGMC solution set Sc(A,y, p, A) with respect to the problem

parameters (A, y, p, \) € Z. For the sake of clarity, we first introduce some necessary knowledge for set-valued variational
analysis in Sec. 4.2, exploiting which we can establish the continuity of S.(A, y, p, \) with respect to A in Sec. 4.3.

4.2 Selected Elements of Set-Valued Variational Analysis

In this subsection, we present a brief introduction on useful notions and theorems for analyzing continuity properties
of set-valued mappings. To make this introduction self-contained, we start from defining the convergence of a sequence
of sets. In the following, we introduce the “outer limit” and “inner limit” of a sequence of sets, which are respectively
analogies of the upper and lower limits of a real sequence.

Definition 3 (Outer and inner limits of a sequence of sets [29, Def. 4.1 and the paragraph after it]). For a sequence of sets
(Sk)ken with S, C R™ for every k € N, the outer limit of (Sk)ken is defined as

limsup S, = {w e R"

k—o0

Vi € N, Jxy, € Sy, with (Sk, )ien being a subsequence of (Sk)ren and lim xy, = w},
71— 00
and the inner limit of (Sk)ken is defined as

liminf Sy = {a: e R"
k—o0

Vk € N, Jdxy, € Sk such that klim T, = a:}
— 00

In words, lim supy, S, consists of all possible cluster points of (k) ken with &, € Sy for all k, whereas lim infy, Sy, consists of all
possible limit points of such sequences’. From the definition, we naturally have lim inf), Sy, C lim sup,, Sj.

7. We note that there is an equivalent characterization of the inner limit and outer limit, which draws a connection between ‘semilimits’ of
sequences of sets and that of real numbers (see [29, Exercise 4.2 (a)]):
lim inf Sy, = {z|limsup d(zx, Si) = 0},
k—o0 k— o0

limsup Sy = {x|liminf d(x, S) = 0},

k— o0 k—

where d(zx, S) is the distance between the point  and the set S.



13

Recalling that a real-valued function f is continuous at « € R if and only if f(x) = limsup,_,, f(z) = liminf,_,, f(2),
we can define the continuity of set-valued mappings in a similar way; see the following definition.

Definition 4 (Outer and inner semicontinuity of a set-valued mapping [29, Def. 5.4]). For D C R™, M : D = R" is outer
semicontinuous (osc) at @ € D relative to D if for every (0y)reny C D with limy,_,o 0, = 6, we have

lim sup M(6y.) C M(0).
k—o0

On the other hand, M is inner semicontinuous (isc) at @ € D relative to D if for every (O )keny C D with limy_,oc O, = 6,
liminf M(0;) D M(8).
k—o0

M is called continuous at @ € D relative to D if it is both osc and isc at @ relative to D, i.e., if for every (8x)ren C D with
limp_ o0 01, = 6, -
lim sup M(6;,) = likm inf M(0) = M(6).
ade el

k—o0
If M is osc (resp. isc, continuous) at every point in D relative to D, we say M is osc (resp. isc, continuous) relative to D.

Notice that single-valued mappings can be viewed as special set-valued mappings whose values are singletons. Then
one can verify that in the context of single-valued mappings, Def. 4 coincides with the conventional definition of continuity
of functionals (cf. [35, Def. Thm. 4.2 and 4.6]), which demonstrates the reasonableness of Def. 4.

In the sequel, we introduce two useful lemmas about semicontinuous mappings, which will play critical roles in the
analysis of the extended sGMC solution set mapping. Our first lemma (Lemma 2) indicates that the composition of a osc
(resp. isc) set-valued mapping and a continuous single-valued mapping is osc (resp. isc) under mild conditions.

Lemma 2. For Dr C RP, Dj; C R™, suppose that the following holds for T' : Dy — R™, M : Dy = R™:

(a) T is continuous relative to D,
(b) Forevery @ € Dy, T(0) € Dyy.
(c) M is osc (resp. isc) relative to D .

Then M o T(-) :== M(T(-)) is osc (resp. isc) relative to Dr.

Proof: For @ € Dr, let (8x)ren C Dr be an arbitrary sequence convergent to 6. Then from the assumptions (a) and
(b), we have T'(0y) € Dy for every k and limy_, oo T(0),) = T(0) € Dps. If S is osc relative to Dy, from Def. 4 we have

lim sup M(T'(6y)) C M(T(0)),

k—o0

hence M o T'(+) is osc relative to Dr. Similarly, if M is isc relative to D, then M o T'() is isc relative to Dr. O
Our second lemma (Lemma 3) shows that the solution set mapping of a linear program is continuous with respect to
the right-hand side data of the problem.

Lemma 3. Given A € R™*", Q € RF*", for { € R™ and n) € R*, define L4 g : R™ x R¥ = R" as:

Laq(,n)={zeR"|Az=( Qz <n}.
Then L a,q(+, ) is continuous relative to its domain dom L 4,q = {(¢,m) € R™ x R* | L4,9(¢,m) # 0}.
Proof: See Appendix C.2. O

4.3 Continuity of the Extended Solution Set Mapping
Subsequently, we apply the theoretical results above to the extended solution set mapping and analyze its continuity. We
firstly show the outer semicontinuity of S.(+) relative to &2, which can be derived directly from (OPT) and Thm. 3.

Proposition 4 (Outer semicontinuity of the extended sGMC solution set mapping). For an arbitrary sequence of parameters
(Aky Yk Py Mk ken C P convergent to (A, y, p,\) € 2, let (wi,)ren C R?™ be a sequence of points satisfying

wi € Se(Ak, Yk, Pk, Ak)s

then the following holds:

(a) (wy)g is bounded.
(b) For every cluster point of (W, )k, SAY Weo, We have Woo € S,(A, Y, p, A).

In other words, S,(-) is osc relative to 2.

Proof: See Appendix C.3. O

Exploiting Prop. 4, we can further establish the single-valued continuity of the common extended linear fit value

Be(A,y, p, A) and the common ¢1-norm 7.(A,y, p, A) of all extended sGMC solutions (cf. Thm. 3 (b)) with respect to the
problem parameters (A, y, p, A); see the following corollary.
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Corollary 2 (Continuity of the two single-valued mappings B.(-) and ve(-)). The mappings of the common extended linear fit
Be(+) and common {1-norm ,(-) of all extended sGMC solutions (cf. Thm. 3 (b)) are continuous relative to 2.

Proof: See Appendix C.4. O
Recall that the LASSO model is a special instance of the sGMC model, all results above naturally apply to the LASSO
model, as summarized in the following remark.

Remark 3 (Outer semicontinuity of the LASSO solution set mapping). Since for every (A,y,A) € R™*™ x R™ x R4,
LASSO(A,y, A) is equivalent to sSGMC(A, y,0, \), we can derive from Prop. 4 and Cor. 2 that:
(a) The LASSO solution set mapping Spa(-) (cf. Fact 3) is osc relative to R™*™ x R™ x Ry .
(b) The mappings of the common linear fit Bra(-) and common €1-norm ~ypa(-) of all LASSO solutions (cf. Fact 3) are continuous
relative to R™*™ x R™ x R .

On the other hand, we should remark that it is typically harder to verify the inner semicontinuity of a set-valued
mapping than its outer semicontinuity [29, p. 155, para. 2]. Nevertheless, by leveraging (29) in Thm. 3 and Remark 3,
we manage to prove the inner semicontinuity of S.(A,y, p, A\) with respect to A, whereby establishing the continuity of
Se(A,y, p,+). Our strategy for proving continuity is to repeatedly decompose a complicated set-valued mapping into the
composition of a simpler continuous set-valued mapping and a continuous single-valued mapping, and use Lemma 2 to
transfer continuity. More precisely,

1) we first prove the continuity of the LASSO solution set mapping with respect to (y,A) by connecting it with the
continuous solution set mapping of a linear program (cf. Lemma 3) and a continuous single-valued mapping involving
Bra(-) and yra(-) (cf. Remark 3),

2) notice that in Thm. 3 (a), Se(A,y,p, A) is the composition of the LASSO solution set mapping and a single-valued
mapping involving B.(-) (which is continuous from Cor. 2), we can prove the continuity of S.(A,y,p,:) by the
continuity of the LASSO solution set mapping.

Hereafter, we present the aforementioned results step by step.
We first show the continuity of the LASSO solution set mapping with respect to the parameters (y, ).

Lemma 4 (Continuity of the LASSO solution set mapping in (y, A)). Given A € R™*", the LASSO solution set mapping,
ie, Spa(A,-,-) defined in Fact 3, is continuous relative to R™ x Ry . In words, the LASSO solution set Spa(A,y, \) changes
continuously with (y,A) € R™ x Ry 4.

Proof: See Appendix C.5. O
To our knowledge, Lemma 4 is the first set-valued variational analysis result for the LASSO model. Moreover, if one
reads carefully the proof of Lemma 4, one may realize that it may be possible to prove the “Lipschitz continuity” of
Sia(A, -, ) if we derive a stronger version of Lemma 2 for Lipschitz continuous mappings and use Fact 8 in Appendix
A. However, although the “Lipschitz continuity” of Spa(A4, -, -) is of strong interest (especially for studying the numerical
stability of LASSO), it is out of the scope of the current paper and we would like to leave it for future work.
Rewritting S.(A,y, p, A) as the Cartesian product of two LASSO solution sets (cf. Thm. 3 (a)), we can prove the
continuity of Se(A,y, p, A) with respect to A using Lemma 4, which constitutes the main result of this subsection.

Theorem 5 (Continuity of the extended sGMC solution set mapping in \). Given (A,y,p) € R™™ x R™ x [0,1),
S.(A,y,p,-) (see Def. 2) is continuous relative to Ry . In words, the extended sGMC solution set S,(A,y, p, ) changes con-
tinuously with A € R4 .

Proof: See Appendix C.6. O
Thm. 5 further implies the following corollary, which establishes the continuity of the minimum /{y-norm extended
regularization path of sSGMC(A, y, p, A).

Corollary 3 (Continuity of the minimum {3-norm extended regularization path). Given (A,y,p) € R™*™ x R™ x [0, 1),
the minimum ly-norm extended regqularization path, i.e., w.(A,y, p, ) defined in (33), is continuous relative to R ;. In words, the
minimum (-norm extended solution, i.e., w.(A,y, p, \), changes continuously with A € R .

Proof: Define M(-) :== Se(A,y, p, ). Then from Thm. 3, M is convex-valued with dom M = R, . Additionally, M

is continuous relative to dom M = R, from Thm. 5, and for every A > 0, w, (A, y, p, A) is the projection of 0z, on M(\)

from Thm. 4. Hence from Fact 9 in Appendix A, w, (A, y, p, -) is continuous relative to R, . O

In the rest of this paper, we will delve deeper in how the extended solution set Se(A, y, p, A) and the minimum ¢3-norm

extended solution w, (A, y, p, ) change with A. Notice that in the sections that follow, we are only interested in the varying
regularization parameter A\, hence we make the following remark to simplify the notation.

Remark 4. In subsequent sections, we assume that the value of (A, y,p) € R™*™ x R™ x [0, 1) is fixed. Hence for simplicity of
presentation, in the sequel, we abbreviate every function of (A, y, p, \) € & as a function of X, for example:

SF(A) = 8€<Aa Y, P, )\)7
'LU*()\) = ’UJ*(A, y? P, A)7
and we abbreviate sSGMC(A, y, p, A) as sGMC().
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5 CHARACTERIZING THE SGMC MoODEL WITH EX-EQUICORRELATION PAIRS

In this section, we introduce ex-equicorrelation pair, a discrete object for characterizing the states of the extended solution set
Se(A) and the minimum ¢3-norm extended solution w, (\) at A. It will be shown that all information about the continuous
mappings Se(-) and w,(+) are essentially embraced in the finite state space termed ex-equicorrelation space which comprise
all ex-equicorrelation pairs. Ex-equicorrelation pairs and ex-equicorrelation space will be central tools for deriving the
piecewise expressions of w, (\) and S.(\) in Sec. 6, as well as for developing the LARS-sGMC algorithm in Sec. 7.

The main content of this section is summarized as follows. Given the values of (A,y,p) € R™*™ x R™ x [0,1), the
ex-equicorrelation space V is defined as the set of all possible combinations (£, s) of an index set £ C {1,2,...,2n} and a
signs vector s € {—1,0,+1}*" that satisfy certain constraints (cf. Prop. 5). All information about the mappings Se(-) and
w,(+) are embraced in V in the sense that for every A > 0,

1) Se(A) always coincides with the value of a polytope-valued mapping Spory (&, s, A) of A for some (€, s) € V, and Se(+)
can be equivalently represented by an ex-equicorrelation-pair-valued mapping of A (cf. Cor. 5),
2) w,(A) always coincides with the value of an affine function Wwgqg(&, s, A) of A for some (£, s) € V, and w,(+) can be
equivalently represented by another ex-equicorrelation-pair-valued mapping of A (cf. Cor. 6).
As a direct application of these results, in the end of this section (cf. Remark 7), we present an intuitive proof for
piecewise linearity of w, (), which may possibly be considered as a counterintuive fact if one recalls nonconvexity of the
sGMC penalty (cf. (2)).

5.1 Ex-Equicorrelation Space and Ex-Equicorrelation Pairs

In this section, we start from introducing the notions of ex-equicorrelation space and ex-equicorrelation pairs. Firstly, we revisit
the optimality condition (OPT) of the sGMC model (cf. Prop. 3), from which we point out the connection between the
extended solution set Se(A) and two discrete-valued functions of A (cf. Def. 5). The possible values of the pair of these two
discrete functions further lead to the definitions of the ex-equicorrelation space and ex-equicorrelation pairs.

Recall that given A > 0, w, € R?" is in S.()\) if and only if for every i € {1,...,2n}, w, satisfies that

{Asign([weli)}, if [wei # 0,

[_)‘7 )\]7 if ['we]i =0. (OPT)

&i(we) = ¢, (b — DCw,) € {

Observing (OPT) carefully, one can see that the behavior of w, in (OPT) highly depends on the value of £(w.) =

C'7(b— DCw.), which evaluates the correlation between the column vectors of the “extended sensing matrix” C and the
“extended residual vector” (b — DCw,). Moreover, we can summarize (OPT) verbally into the following two rules.

Remark 5 (Two rules of (OPT)). For every A > 0 and arbitrary w, € S,(X), the following two rules always hold:
(a) For every nonzero-component index i € supp(w,) of an extended solution w, € S,(\),
o the magnitude of the ith correlation coefficient (i.e., |&;(w,)|) must attain the threshold A,
o the ith correlation sign (i.e., sign(&; (w,))) must align with the ith component sign (i.e., sign([w,];)).
(b) For every zero-component index i € —supp(w,) of an extended solution w, € S,(\),
o the magnitude of the ith correlation coefficient (i.e., |§;(w.)|) should not exceed the threshold X.

One can verify that the rule (a) above relates the support of w. with the set of indices that attains correlation-threshold
equality® (i.e., |&;(we)| = N), and relates the signs vector of w, with the signs of the corresponding correlation coefficients.
Motivated by this relationship, for an arbitrary vector w € R?*" (where w does not have to be an extended solution), we
formally define its set of indices satisfying correlation-threshold equality as the ex-equicorrelation set £(A, w) (Where “ex”
is an abbreviation for “extended”), and define the masked version’ of the correlation signs vector (i.e., sign(€(we))) on
E (N, w) as the ex-equicorrelation signs vector s(A, w).

Definition 5. For A > 0 and w € R?", we define the ex-equicorrelation set £(\,w) and the ex-equicorrelation signs vector
s\ w) = [si( A\ w), -+, s9,(\, w)] T as:

Enw) ={ie{l,....2n} | |&G(w)| = A},
si(hw) = {Sign Gw), FicEdw),

0, otherwise.

We remark that the terms “equicorrelation set” and “equicorrelation signs vector” were firstly coined in the study of
the regularization path of the generalized LASSO model [30], though the idea of studying similar notions appears earlier
in the studies of conventional LASSO regularization path [15]. Def. 5 of ex-equicorrelation set and ex-equicorrelation signs
vector are natural variants and extensions of previous works.

8. It should be noted that from the rule (b), even for a zero-component index ¢ € —supp(w.), it is possible for |; (we)| to attain the threshold J,
hence the correlation-threshold equality condition is a necessary but not sufficient condition for the ith component [w.]; to be nonzero.

9. For a vector € R™ and an index set Z C {1,2,...,n}, the masked version of @ on Z is the unique vector z € R™ that satisfies [z]z = [z]z
and [z]-z = 0.
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However, it should be noted that while the two discrete-valued functions £(\, w) and s(\, w) play crucial roles in
subsequent derivation, they are not the main characters. Instead, the most interested objects will be the finite state space
termed ex-equicorrelation space V (cf. Prop. 5) that (E£(\, w), s(A\, w)) takes its value from, as well as all of the discrete states
(termed ex-equicorrelation pairs) in V. To introduce their definitions, in the following, we first present a lemma revealing the
general relation among £(A, w), s(\, w) and the correlation vector &(w).

Lemma 5. For A > 0 and w € R?", we have the following relations among € = E(\,w), s := s(\, w) and &(w):
(a) €& = supp(s).
®) [é(w)]; = Ce" (b— DCw) = \|[s],.
Proof: The results follow directly from Def. 5. O
Exploiting Lemma 5, it can be shown that for every A > 0 and w € R?", the pair of (£(\,w), s(A, w)) can only
take discrete values from certain finite state space, whereby we can formally define the ex-equicorrelation space and
ex-equicorrelation pair, i.e., the main characters in this section.

Proposition 5 (Ex-equicorrelation space and pairs). Define the ex-equicorrelation space V as:

V= {(E,s)

Then V is a nonempty finite state space with 1 < |V| < 3", which contains all possible values of the pair of ex-equicorrelation set
and ex-equicorrelation signs vector, i.e.,

s € {+1,0,—1}?", £ = supp(s), [s]le € R (CgT) }

(VA >0, Vw € R*™) (E(\, w),s(\,w)) € V.
Hereafter, for every discrete state (£,s) € V, we call (€, s) an ex-equicorrelation pair.

Proof: From the definition of V, one can verify that ((,02,) € V, hence |V| > 1; on the other hand, for every
(€,8) €V, the value of £ = supp(s) is determined by s. Since the value of s can only be taken from {—1,0, +1}?" which
has 32" elements, we have V| < 327,
For A > 0 and w € R?", let (£,s8) = (£(\,w),s(\,w)). Then s € {—1,0,+1}?" follows directly from Def. 5. From
Lemma 5 (a), we have £ = supp(s). Lemma 5 (b) yields

Ce" (b— DCw) = \[s|le € R (CgT) ,

hence we always have (£(\, w), s(A\, w)) € V. O

5.2 Two Important Ex-Equicorrelation-Pair-Valued Mappings

Next, we further study the values of (£(X,-),s(A,-)) for extended solutions, whereby we introduce two important ex-
equicorrelation-pair-valued mappings of A that will play crucial roles in the characterization of Se(A) and w, ()).

We first show that for every extended solution w, € S.(A), the value of (E(\, we), s(A, w.)) gives the same ex-
equicorrelation pair (€ (A), se(A)) € V, which leads to the first important ex-equicorrelation-pair-valued mapping in this
section. As will be shown later in Cor. 5, (€.(A), se())) indeed encodes the whole information about Se(A).

Lemma 6. Given A > 0, then for every w, € S,(A), (E(A, w,), s(A, w,)) gives the same ex-equicorrelation pair in V. In words, the
pair of common ex-equicorrelation set and ex-equicorrelation signs vector for all w, € S,(\):

(Ee(A); 8:(N)) = (EA we), s(A, we)) €V
is a well-defined ex-equicorrelation-pair-valued mapping of .

Proof: From Def. 5, given we € Se()), the values of £(X, we) and s(\, w,) are uniquely determined by the correlation
vector &(w,) == CT (b — DCw,). Moreover, from Thm. 3 (b) in Sec. 4.1, every w. € S.()\) gives the same extended linear
fit Cwe. = Be()), hence the result holds. O

Secondly, as mentioned in the paragraph just after Remark 5, we show that for every w, € S.()), there exists a
connection between (supp(we), sign(we)) and (E(A, we), (A, we)). Specifically, for every we € Se(A) (cf. Prop. 6),
o the value of (supp(w.), sign(w.)) also gives an ex-equicorrelation pair in V,
« the relation between the two ex-equicorrelation pairs (supp(w.), sign(w.)) and (£(\, we), s(A, we)) can be expressed
compactly using a partial order!? on V.
These results naturally lead to the definition of another important ex-equicorrelation-pair-valued mapping of A, i.e.,

(supp(w, (1)), sign(w, (X)) € V,

and elucidate its relation with (£.()), se(A)) defined in Lemma 6. As will be shown in Cor. 6, the ex-equicorrelation-pair-
valued mapping (supp(wy (X)), sign(wy(A))) indeed encodes the whole information about w, ().

10. We note that the partial order introduced in Prop. 6 will play a critical role in Prop. 7 (c) (d) (Sec. 5.3), which is useful in the derivation of
piecewise expressions of Se(A) and wy () (Prop. 11 in Sec. 6.1) and in the proof of correctness of the LARS-sGMC algorithm (Thm. 8 in Sec. 7.3).
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| Two rules of the optimality condition (OPT) | | Definition of the cutting polytope |

(a) For nonzero-component index i € supp(w):

® Correlation-threshold equality: |&;(w)| = A (Vi€ &) &(w) = cl (b — DCw) = A[s]; (EQ-a)
® Sign alignment: sign(&;(w)). sign([w];) > 0 (Vie=E) [w];=0 (EQ-b)

(b) For zero-component index i € —supp(w).

(Viee) [s];. [w]; =0 (NQ-a)
(Vi€ =€) &) = |cf(b—Dcw)| =1 (NQ-b)

® Zero-component: [w]; =0

® Correlation-threshold inequality: [&;(w)] < A

Fig. 1: An illustration for the correspondence between the two rules of (OPT) (cf. Remark 5) and the definition of the cutting
polytope (see Def. 7).

For convenience of subsequent analysis, we present the aforementioned results in a non-straightforward order. We first
define a super set V of V which contains all possible values of (supp(w), sign(w)) for every w € R?". The partial order on
V will then be defined on this super set V, and the claimed results will be introduced as a property of the partial order.

Definition 6 (A super set of the ex-equicorrelation space). Define the finite state space V' as

Vi={(&,s)]|s€e{+1,0,—1}*", € = supp(s)}.

Then since V is defined simply by removing the condition [s]le € R <CgT) in the definition of V in Prop. 5, we naturally have
V D V. Moreover, one can verify that -
(Vw € R*) (supp(w), sign(w)) € V.

Proposition 6 (A partial order on the super set of the ex-equicorrelation space). For every (£1,51), (€2, 82) € V, we say

(E1,81) 2 (&2, 82) if
& C &y and [81}51 = [82]51.

In words, (€1, 81) = (2, 82) if the components of sy and s coincide on the smaller support &;.
Then = is a partial order on V, and the following holds:

(a) V is downward closed" with respect to <.
(b) for every A > 0 and w, € S,(X\), we have

V 3 (supp(we),sign(we)) = (&(A), se(A)) €V, (34)

where (E,(N), 8.(N)) is the pair of common ex-equicorrelation set and ex-equicorrelation signs vector for all extended solutions in
Se(N) (cf. Lemma 6).

Proof: See Appendix D.1. O
As a direct result of Prop. 6, we can formally introduce the second important ex-equicorrelation-pair-valued mapping
(supp(wy(N)), sign(w,(N))) in this section and can elucidate its relation with (£.(\), se(A)) (Lemma 6) as follows.

Corollary 4. For every A > 0, we have
V 3 (supp(w, (), sign(w, (1)) = (E(A), se(A)) € V-

In words, (supp(wy(N)), sign(w,(N))) is a well-defined ex-equicorrelation-pair-valued mapping of X that is always “no larger than”
(E(N), 8¢(XN)) (cf. Lemma 6) with respect to the partial order < defined in Prop. 6.

In the following two subsections, we will characterize the extended solution set Se(A\) and the minimum ¢;-norm
extended solution w, () using ex-equicorrelation pairs, whereby establishing equivalence between Se()), w, () and the
two ex-equicorrelation-pair-valued mappings introduced above.

5.3 Characterizing the Extended sGMC Solution Set Using Ex-Equicorrelation Pairs

In this section, we present a characterization of the extended solution set S.(\) using ex-equicorrelation pairs.
It will be shown that (cf. Cor. 5): for every (€,s) € V, we can define a polytope-valued mapping Spory(€, s, A) of A
termed cutting polytope (Def. 7) to approximate Se(A), such that as A varies in R,

1) the value of S() is always switching within the finite collection of cutting polytopes {Srory (€, 8, A)} ¢ 5)ev/

11. For a partially ordered set (X, <) and a subset L C X, if for every l € L and z € X, < [ implies € L, then we say L is downward
closed with respect to <. In other words, L is closed under going down.
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2) the set-valued mapping S (-) can be equivalently represented by the ex-equicorrelation-pair-valued mapping (& (-), se(-))
defined in Lemma 6.
These results explain why the ex-equicorretion space and ex-equicorrelation pairs are of central interest by showing that:
every (£, 8) € V encodes an elemental behavior pattern Spory (€, 8, ) of the extended solution set mapping S,(-).
We firstly present the definition (Def. 7) of cutting polytope. The justification for it will be given right after Def. 7.

Definition 7 (Cutting Polytope). Given (€,s) € V, for every'? \ € R, we define the cutting polytope of (€, s) at X (cf. Remark 6
(b) for the meaning of the name), denoted by Spory (€, 8, \), as the set of all vectors w € R*™ simultaneously satisfying the following
system of linear equations:

(Vi€ &) &(w) = ¢ (b— DCw) = \[sl;, (EQ-a)

(Vi € =€) [w]; =0, (EQ-b)
as well as the following system of linear inequations:

(Vief) [s];[w]; > 0, (NQ-a)

(Vi € =€) €i(w)] = |e] (b — DCw)| < A (NQ-b)
In particular, for w € R?", if w satisfies (EQ) (resp. (NQ)) individually, then we say w satisfies (£, s)-(EQ) (resp. (€, 8)-(NQ)) at
A for the sake of clarity.

One can verify that for every (£,8) € V and X\ € R, Spory (€, 8, A) is a (possibly empty) closed convex polytope.

The conditions (EQ) and (NQ) in Def. 7 can be interpreted as follows (see Fig. 1 for a visual illustration):

1) (EQ-a) and (NQ-a) are the conditions for all indices in £, which is an imitation of the rule (a) of (OPT) (i.e., the rule for
all nonzero-component indices, see Remark 5 in Sec. 5.1). Specifically,

¢ (EQ-a) imitates the correlation-threshold equality,
¢ (NQ-a) forces the correlation sign to align with the component sign.

2) (EQ-b) and (NQ-b) are the conditions for all indices in =&, which is an imitation of the rule (b) of (OPT) (i.e., the rule
for all zero-component indices). To be precise,

¢ (EQ-b) forces the component value to be zero,
¢ (NQ-b) ensures that the magnitude of the correlation coefficient will not exceed the threshold .

According to this interpretation, one can imagine that for every (£,s) € Vand A > 0, Spory (€, s, \) gives an approximation
of Se(A). In the following proposition, we demonstrate that the cutting polytope Spory (€, s, ) is a fine approximation of
Se(A), and present several useful properties of it.

Proposition 7 (Properties of cutting polytopes). For every A > 0, the following holds:

(a) Forevery (€,s) €V, Spory(E,8,A) C S,(N).
(b) There exists (£, 8) € V satisfying (€,8) = (E(N), 8e(N)), such that

SPOLY(ga 87)\) = Se(A),

where (E,(N), s.(N)) is the pair of common ex-equicorrelation set and common ex-equicorrelation signs vector for all extended
solutions in S,(\) (cf. Lemma 6).
(c) For (€,s) € Vand w € S.(\), w € Spory (&, s, ) if and only if the following generalized inequality holds:

(supp(w), sign(w)) =< (€,8) = (&(X), (X)), (37)

where the partial order < is defined in Prop. 6.
(d) For (€,8) € Vand w € Spory(E, s, \), if w satisfies (€, s)-(NQ-a) strictly at ), i.e.,

(Vie &) [s]i[w]; >0,
then the following equality holds:
(€,8) = (supp(w), sign(w)).
If w satisfies (€, s)-(NQ-b) strictly at A, ie.,
(Vi € =€) [&(w)] = le] (b~ DCw)| < A,

then the following equality holds:
(€,8) = (&(N), 8:(N)).

Proof: See Appendix D.2. O

12. Here we do not require ) to be positive. This unconstrained setting for A simplifies subsequent derivation in Appendices E.1 and E.1, where
we will solve certain variants of (NQ-a) and (NQ-b) with respect to A.
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Remark 6 (Interpretation of Proposition 7). (a) From Prop. 7 (a), for every A > 0, Spory(+,-, A) is an oracle which takes an
ex-equicorrelation pair as input and outputs an inner polytope approximation of Se(X).
(b) If the input ex-equicorrelation pair (€, s) happens to coincide with (E,(\), Se(N)), then Spory(E, s, A) is exactly S,(\) (Prop. 7
(b)); otherwise Spory (€, 8, \) cuts a partial polytope in S,(\), which accounts for its name.
(c) Prop. 7 (c) indicates that for every (€, s) € V), if its cutting polytope contains an extended solution w € S,(\), then (€, s) must
satisfy the generalized inequality (37).
(d) Prop. 7 (d) further draws a connection between the equality condition of (37) regarding (£, s) and the strict inequality condition
of (NQ) regarding w € Spory(€, s, A).
Especially, we remark that Prop. 7 (c) and (d) will play critical roles in the derivation of the piecewise expressions of S,(\) and
w, (N) (Prop. 11) and the proof of correctness of the LARS-sGMC algorithm (Thm. 8).

Recall that V is a finite set, hence there are only finite cutting polytopes, combining which with Prop. 7 (b), one can
imagine that the shape of S.(\) can be classified into finite patterns regardless of the value of A, and can verify the
equivalence between S, (-) and (&(), Se(-))-

Corollary 5 (Cutting polytope collection). As A varies in Ry, the value of S,(X) is always switching within the finite collection
of cutting polytopes {Spory (€, 8, M)} g gy i€

(VA >0) Se(A) € {Sporv (€, 8, M)} (g s)ev -
Moreover, for (E,(X), s.(\)) € V defined in Lemma 6, the following holds:
(V)\ > 0) 8@()\) - SPOLY(SE()‘)a Sf’()‘)7 )‘)7

which means that the ex-equicorrelation-pair-valued mapping (E,(+), s.(+)) and the set-valued mapping S,(-) reciprocally contains the
whole information about each other.

Proof: The result follows directly from Prop. 7 (b). O

5.4 Characterizing the Minimum />-Norm Extended sGMC Solution Using Ex-Equicorrelation Pairs

In this section, we further present a characterization of the minimum ¢s-norm extended solution w, () using ex-equicorrelation
pairs.
It will be shown that: for every (£, s) € V, we can define an affine function weq(&, s, A) of A termed trajectory function
(Prop. 8) to approximate w, (), such that as A varies in Ry,
1) the value of w,(A) is always switching within the finite collection of trajectory functions {wgq(&, s, A)} (¢ gy
2) the vector-valued mapping w,(-) can be equivalently represented by the ex-equicorrelation-pair-valued mapping
(supp(wy(+), sign(wy(+)))) introduced in Cor. 4.
These results demonstrate the importance of ex-equicorrelation space and ex-equicorrelation pairs by showing that: every
(€,8) €V encodes an elemental behavior pattern Wweo(E, s, ) of the minimum Lo-norm extended reqularization path w.(+).
Moreover, for every (€, s) € V, since weq(€&, s, -) is affine, we can interpret the value of Wgq(€, s, \) as the position of
a uniformly moving train at time )\, whereby we can deduce the piecewise linear motion of w, () with A (cf. Remark 7).
We first introduce the notion of trajectory function.
Cor. 5 implies that for every A > 0, the extended solution set S.(\) must coincide with a cutting polytope Spory (€, s, \)
for (€, 8) == (E(N), Se(N)) € V. Hence as long as we have access to the value of this (£, s) € V, we can obtain the minimum
¢5-norm extended solution w, () by solving a convex program:

. 1H 12
minimize = ||w
weR2™ 2 2
subject to  w € Spory (&, s, A).

From Def. 7, for arbitrary (£,s) € V, the convex optimization problem above is a quadratic program with linear
inequality constraints (i.e., (NQ) in Def. 7), which is much simpler than the original sGMC model (6) but still cannot
be solved in closed-form. To yield closed-form approximations of w,(\), here we analyze individually the tractable part
in Def. 7, i.e., the linear equality constraints (EQ). We regard the least-squares solution of (EQ) as an easily-obtainable
approximation of w, (), and define its closed-form expression (which is a function of \) as the trajectory function of (€, s).

Proposition 8 (Trajectory function). Given (€,s) € V, for every \ € R, the solution set of (€, s)-(EQ) at X is always nonempty
(see Def. 7 for the expression of (EQ)).
Moreover, define'® the mapping wro : V x R — R*™ as

Weg : (€, 8, \) —the unique least squares solution of (€, s)-(EQ) at A,

13. In align with Def. 7, here we do not require A to be positive.
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Fig. 2: An illustration for the piecewise linearity of w,(\).

then Wi (€, s, \) can be expressed in closed-form as

{[uaEQ(f:, 8\ = (CJDCE)T (chb - A[s]g) ,
[’LZJEQ(E, S, A)]ﬁg =0.

Notice that given (£,s) € V, weo(E, s, A) is affine in A
Hereafter, we term the affine function weq(E, s, -) the trajectory function of (£, s) (the meaning of this name will be explained
later in the paragraph right after Prop. 9).

Proof: See Appendix D.3. O

From the definition of the trajectory function, for every (£, s) € V, wgq(€, s, A) seems to be a very rough approximation

of w,(A). Nevertheless, we can prove that as long as we have access to a proper (€, s) € V, wgq(€, s, A) produces exactly
the value of w, (). See the following.

Proposition 9 (A key property of trajectory functions). For every A > 0, there exists (€, 8) € V satisfying
(€,8) = (supp(w, (X)), sign(w. (1)),
such that weo (€, s, A) = wi ().

Proof: See Appendix D.4. O

The result of Prop. 9 may not seem that useful at first glance: to obtain the value of w, () by the trajectory function

Weq (&, 8, ), Prop. 9 requires to know the support and signs vector of w, (\), which is almost as difficult as solving w, ()

directly. However, if one reconsiders the claim of Prop. 9 in the world of the ex-equicorrelation space 1, one may realize

its real power: since V is a finite set, there are only finite trajectory functions wgq(€, s, -), hence Prop. 9 implies that the

regularization path w,(-) can only take its value from a finite collection of affine functions wgq(&, s, ). Accordingly, each
trajectory function weq(€&, s, -) represents a pattern of trajectory of w, (-), which accounts for its name.

Corollary 6 (Trajectory function collection). As A varies in Ry, the path of w,. () is always switching within the finite collection
of trajectory functions {weg(E,8,A)} g 4 ey i€

(VA > 0) wi(A) € {eo(€,8, M)} g ger -
Moreover, for (supp(wy (X)), sign(w,(N))) € V (cf. Cor. 4), the following holds:
(VA > 0) wi(A) = weg(supp(ws(A)), sign(wy(N)), V),

which means that the ex-equicorrelation-pair-valued mapping (supp(wsy(+)), sign(wy(+))) and the vector-valued mapping w.,(-)
mutually contain each other’s whole information.

Proof: The result follows directly from Prop. 9. O
Moreover, combining Cor. 5 with the affine nature of wgq(&, s,-), one may realize that we can already yield the
piecewise linearity of w,(A). See the following intuition.

Remark 7 (Intuition behind piecewise linearity of w,(\)). Let us interpret X\ > 0 as a time index, then (see Fig. 2 for a visual
illustration):
o since w,(+) is continuous (Cor. 3), wy(\) can be interpreted as the position of a person in R*™ at time ),
o since weg(&, s, ) is affine for every (£,8) € V (Prop. 8), weq(E, s, \) can be interpreted as the position of a train in R*™ at
time X\, where (€, 8) is the train number of this uniformly moving train on a straight track.
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From Cor. 6, for every time A > 0, the “passenger” w, () is always aboard on a “train” Wweg(E, s, A) for some (£,8) € V, hence
one can deduce that w,(-) must be piecewise linear.

However, it should be noted that the “passenger-train” intuition introduced above only implies the piecewise linear
trajectory of the “passenger” w,(-), but provides no information about its “boarding schedule”, i.e., we do not know which
“trains” (trajectory functions) w,(\) will select at time A. This motivates our study on the “trajectory selection rule” of
w, (A) in the subsequent section, which further leads to the piecewise expressions of w,(A) and Se(A).

6 PIECEWISE EXPRESSIONS OF THE MINIMUM /5-NORM EXTENDED REGULARIZATION PATH AND THE
EXTENDED SOLUTION SET MAPPING
In this section, we delve deeper in the interplay between the minimum ¢,-norm extended regularization path w, () and
the collection of trajectory functions {weq(€,s,A)} ¢ 4y introduced in Sec. 5.4, whereby we elucidate the “trajectory
selection rule” of w, () (recall Remark 7) and derive an explicit piecewise linear expression of it. As a by-product, we also
obtain the expression of the extended solution set Se(\) as a piecewise polytope-valued mapping of A.

The main results of this section are summarized as follows:

1) Sec. 6.1 elucidates the trajectory selection rule of w, () (cf. Remark 9). Specifically, it will be shown that for every
(€,8) €V, wi(A) = wrg(€, s, A) almost if and only if the following selection condition holds:

wrg (&, s, \) satisfies (€, s)-(NQ) at A. (SEL)

Given (€, s) € V, the set of A > 0 satisfying (SEL) is an interval Isg (€, s) termed selection interval with a closed-form
expression. All selection intervals with nonempty interior define a partition of Ry, whereby we can elucidate the
whole “boarding schedule” of w, () for all A > 0, answering the question raised in the last paragraph of Sec. 5.

2) Sec. 6.2 presents the expressions of w,(A) and S.(A) (cf. Thm. 6 and 7). It will be shown that w, () and S.()\) are
both piecewise simple functions with the same piece segmentation of A, where every segment of A coincides with a
selection interval Isg (€, s) with nonempty interior, and within the segment A € int(Isg (€, s)):

o the expression of w, () is affine in A with
w,(A) = wrg(&, s, A),

whilst the support and signs vector of w,(\) are constant with (supp(wx(\)), sign(w.(N))) = (€, s),
o the expression of S(\) is a polytope with

Se()\) = SPOLy(g, S, )\),
whilst the common ex-equicorrelation set and ex-equicorrelation signs vector for all extended solutions in S.(\) are
constant with (&(A), se(A)) = (€, ).
We should note that the strategy adopted in the present paper for proving continuity and piecewise linearity of a
regularization path is very different from that in previous works for the LASSO model [15], [14] or its variants [30], [31].

Indeed, our strategy provides a more rigorous analysis than previous ones and leads to several valuable new findings. See
Sec. 6.3 for a thorough comparison with related works.

6.1 Trajectory Selection Rule of w, ()\)
In this section, we study the “trajectory selection rule” of w, (). By the intuition of passenger and trains (Remark 7), this
problem can be studied in two perspectives:

1) Passenger-centered view: for time A > 0, which “train” weqo(€, s, A) will the “passenger” w, () select at X?
2) Train-centered view: for train number (€, s) € V, what is the period of A that wgg (&, s, \) is selected by w, (\)?

Both views are intuitive. However, here we would like to focus on the latter one, which turns out to have a very elegant
answer.

We first derive the condition for wgqg (&, s, A) to be selected by w, () at A. Recall that weg(E, s, A) is the least-squares
solution of (€, s)-(EQ) at A (Prop. 8), i.e., the tractable part in the definition of Spory (€, s, A) (Def. 7), hence it is natural to
consider the condition of whether wgq(€, s, \) satisfies the ignored constraint (NQ), which directly leads to the definition
of the following selection condition.

Definition 8 (Selection condition). Given (€,s) € V, we define the selection condition of (€, s) at A > 0 as:
Weo(€, 8, A) satisfies (€, s)-(NQ) at A, (SEL)
or equivalently, the following holds:

(V’L c g) [S]Z‘[Qj)EQ(g, S, )‘)]z > 0, (SEL—a)
(VZ € _'5) - A S gz(wEQ(gv S, )‘)) S >‘7 (SEL'b)
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where Weq(E, s, ) is the trajectory function in Prop. 8.

Notice that given (€, s), wrq(€, s, -) is an affine function. Hence if we fix (£, s) € V, then every inequation in (SEL) is
nothing but a one-dimensional linear inequation with respect to A, which means all of them can be solved in closed-form
with respect to A. Taking the intersection of their solution sets yields the set of A > 0 satisfying (SEL), which leads to the
definition of the selection interval Isgy (€, s).

Proposition 10 (Selection interval). Given (£,s) € V, then the following holds:
(a) For every i € &, the set of A € R satisfying (SEL-a) is a (possibly empty) closed interval. Denote it by I} (&, s).
(b) For every i € —&, the set of \ € R satisfying (SEL-b) is a (possibly empty) closed interval. Denote it by IV(E, s).

Moreover, define the selection interval Isgr (€, ) as the set of A > 0 satisfying (SEL), then Isp (€, 8) is a (possibly empty) interval
in R4y that can be expressed as:
Iser(€,8) = [lse(€,8),rse (€, 8)] \ {0, +o0},

where the endpoints lsgr (€, 8) and rspr (€, 8) are:
_ a b
lser(€,8) = maX{O, max (€, s), ggggli(&S)},

rse(€, 8) = min {minrf(é‘,s), min rf(é‘,s)} ,

€€ i€=E
with 12(€, 8), 1%(E, 8), IL(E, 8) and 12 (E, 8)) defined as:
l(€,s) =inf I} (€, s), ri(€,s) =suplj(&,s),
18(&,s) =inf I'(E, s), (&, 8) = sup I'(E, s).
Notice that 12(€, 8),7%(E, 8),18(E, 8),7(E,8) € RU {400} can all be computed in closed-form (cf. Lemma 9 in Appendix E.1 and
Lemma 10 in Appendix E.1).
Proof: See Appendix E.1. O
In the sequel, we study the “trajectory selection rule” of w, () exploiting the notion of the selection interval. Our main

result is composed of two parts. The first part (Prop. 11) elucidates the behavior of (£, s) (i.e., its associated trajectory
function weg (&, s, A\) and cutting polytope Spory(€, s, A)) inside and outside Isg (€, s).

Proposition 11 (Behavior of an ex-equicorrelation pair inside and outside the selection interval). Given (£, s) € V, suppose
that X > 0, then the following holds:
(a) For every A € int(Ispr (€, s)), we have

wy(A) = wep(€, 8, A)
Se()\) = SPOLY(gv S, >‘)a
and (£, s) satisfies the following equality
(€,8) = (supp(w, (X)), sign(w(A))) = (&(A), 5.(A)),
where (E,(N), se(X)) is the pair of common ex-equicorrelation set and ex-equicorrelation signs vector for all extended solutions in
Se(N\) (Lemma 6).
(b) For every \ & Iser (€, s), we have
w,(A) # Wep(€, 8, A).
Proof: See Appendix E.2. O

Remark 8 (Interpretation of Proposition 11). For every (€, s) € V, its selection interval Isgr (€, s) represents the range of A where
(&, 8) holds value to the sGMC model:
(a) (€, 8) is well-behaved inside its selection interval, in the sense that for every \ € int(Isg (€, 8)),
o the trajectory function Wweg(E, s, A) is selected by the minimum Co-norm extended solution w, () (Cor. 6),
o the cutting polytope Spory (€, s, \) coincides with the extended solution set S,(\) (Cor. 5).
Moreover, (€, 8) itself coincides with the values of the two important ex-equicorrelation-pair-valued mappings introduced in Sec.
52at A
(b) When X\ & IseL(E, 8), (€, 8) is out of interest since weo(E, s, ) will not be selected by w, () .
Combining these results, one can deduce that the selection interval Isgr (€, ) is almost equal to the set of X > 0 satisfying
w,(A) = Weo(€&, 8, A) (exceptions may only hold at the endpoints of Isg (€, 8)), hence Isgr (€, s) can be interpreted as the “boarding
period” of w, () on Wweg(E, s, A).

Notice that for (€, s) € V, if int(Ispr (€, 8)) = 0, then we either have Ispi. (€, 8) = 0 or Ispi (€, 8) = {\} for some A > 0.
In this case, Prop. 11 implies that Wwgg (&, s, A) may be selected by w, () for at most one “time instant” of A € R, which
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is negligible to the whole regularization path w,(-). Hence only selection intervals with nonempty interior are significant
in the study of w, ().

In the following, we present the second part of the “trajectory selection rule” of w, (), showing that selection intervals
with nonempty interior are well distributed throughout R, more precisely, they define a partition of R ;.

Proposition 12 (Distribution of selection intervals with nonempty interior). Define V, as the set of ex-equicorrelation pairs
whose selection interval has nonempty interior, i.e.,

Vi =A{(&,s) €V |int(LseL(E,8)) # 0} .

Then the following holds:
(a) For (51, 81), ((‘:27 32) eV, lf(gl, Sl) 7é (52, 32), then

int(ISEL<€17 81)) n int(ISEL<€2, 82)) == (Z)

(b) {IseL(E,8) | (€,8) € Vi}isacover of Ry .
In summary, all selection intervals with nonempty interior, i.e., {IseL(E, 8)} (¢ g)cy,  define a partition of Ry 1.

Proof: See Appendix E.3. O
Combining Prop. 11 and Prop. 12, we can summarize the “trajectory selection rule” of w, () as follows.

Remark 9 (Trajectory selection rule of w,(A)). (a) For (£,s) € Vand A > 0, w,(\) = Weg(E, s, ) is almost equivalent to
the selection condition (SEL):
Weo(€, 8, A) satisfies (€, s)-(NQ) at X, (SEL)

where exceptions may only happen when X is an endpoint of the selection interval Isgr (£, ), ie., the set of X > 0 satisfying

(SEL).
(b) Forall (£,s) €V, their selection intervals satisfy:

o interiors of selection intervals of every two different ex-equicorrelation pairs do not intersect,
o the collection of all selection intervals with nonempty interior covers every time index A € R, ;.

From Remark 9, one can imagine that the whole “boarding schedule” of w,(-) can be obtained by combining all
selection intervals with nonempty interior, i.e., {Isp (€, s)}( £,8)EV, 7 where V, is defined in Prop. 12. Combining this with
Prop. 11 (a), we finally arrive at the main theorems of Sec. 6, i.e., piecewise expressions of w, () and Se(A).

6.2 Piecewise Expressions of w, ()\) and Se()\)

This section presents the piecewise expressions of the minimum ¢;-norm extended regularization path w,(\) and the
extended solution set mapping Se(\).

For convenience of presentation, in the sequel, we first index every ex-equicorrelation pair in V, (i.e., every (£,s) € V
whose selection interval Isgr (€, s) has nonempty interior) by a natural sort induced by Prop. 12. The piecewise expressions
of w, () and S.(A) will be presented using the indexed ex-equicorrelation pairs in V.

Definition 9 (A natural sort on V,). We sort all ex-equicorrelation pairs in the set V, defined in Prop. 12, i.e.,
V* = {(5,8) eV | int(ISEL(g, S)) 7£ @}7

by the following procedure:

o arrange all of selection intervals Isgr (€, 8) (cf. Prop. 10) with (€,8) € Vs on Ry,
o for the selection interval located kth (k = 0,1,...) on R4y from right to left, we define its associated ex-equicorrelation pair in
V, as (&, st).
Since {Ise (€, 8)} ¢ o)y, defines a partition of Ry (Prop. 12), the sort above is well-defined.

The expression of w, () as a piecewise linear function of )\ is given below, followed by some analysis on its properties.
Theorem 6 (Piecewise linear expression of w, (\)). The minimum (o-norm extended reqularization path w,(\) is a continuous
piecewise linear function of X with |V,| (< |V| < 3%7) linear pieces.

Moreover, for every k € {0,1,...,|V,| — 1}, we have:

(a) for every \ € Ispr(EF, S%),
w*()\) = ’LI}EQ(EI:, Sz, )\)7 (38)
which constitutes the expression of the kth linear piece (located from right to left on Ry 1) of w.(-).
(b) for every X € int(Iser(EF, S%)),
(€k>81) = (supp(w, (X)), sign(w, (1)), (39)
which means that the combination of support and signs vector of w(+) keeps constant within its kth linear piece.
The meanings of the notations used above are as follows:
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Fig. 3: A visual illustration of the minimum ¢s-norm extended regularization path w, () of the sGMC model. The red solid
line is the trajectory of w,(-), whereas the black solid line is the positive real axis of A € R ;.

o (&, 81) is the kth element in V, (cf. Def. 9),
o Weq(EF, 8%, -) is the trajectory function in Prop. 8,
o Iser(EF, st) is the selection interval in Prop. 10.

Proof: From Prop. 11 (a), (38) and (39) hold for every A € int(IseL (&}, s})). Since int(IseL(E}, 7)) # 0 (Def. 9) and

w,(+) is continuous (Cor. 3 in Sec. 4.3), we derive that (38) holds for every A € IsgL (€}, s3).
Since {Isgr(EF, s7) | k€ {0,1,...,|Vi| — 1}} defines a partition of Ry (Prop. 11), w,(-) is piecewise linear with |V, |
segments. We have |V, | < [V| < 3*" from Prop. 5. 0

Remark 10 (Number of linear pieces in wy(X)). Thm. 6 establishes a one-to-one correspondence between linear pieces in w, ()
and ex-equicorrelation pairs in V,, which directly implies the following equation:

number of linear pieces in w,(\) = [{(€,s) € V | int(Ise (€, 8)) # O} . (40)

Notice that given (€,8) € V, Isgr(E, 8) can be computed in closed-form. To the best of the authors’ knowledge, even for the LASSO
case, (40) is the first'* explicit expression for the number of linear pieces in a reqularization path.

Remark 11 (Support and signs vector of w,(\)). Notice that in addition to piecewise linearity of w. (), Thm. 6 (b) also indicates
that the supp(wy (X)) and sign(w, (\)) are piecewise constant in X with the same change points. Moreover, since every linear piece of
w, (+) is dominated by a different ex-equicorrelation pair, we can deduce that: as \ varies monotonically in Ry, the same combination
of supp(w. (X)) and sign(w. (X)) never repeats.

In general, it is difficult to compute the kth linear piece of w,(\) numerically (cf. Sec. 7.1). Nevertheless, exploiting
results from preceding sections, we can always obtain the closed-form expression of the zeroth linear piece of w, (\).

Corollary 7 (Zeroth linear piece of w,(\)). Given the parameters (A,y, p) € R™*™ x R™ x [0,1) in the sGMC model (6), the
following holds for w,(\):
(&5, 80) = (0,02,,) with Iser (€55 85) = [AMnax» 100),

where N, = MaX;c(12,... n} ‘aiT y[ From Thm. 6, this implies that the zeroth linear piece of w,(+) is:
(VA € N +00)) w0, (A) = O,

Proof: From Thm. 4 (b) in Sec. 4.1 and Thm. 6 (b), we have (&5, s§) = (0,02,,), then the expression of Isg(E], s§)
can be computed in closed-form by Prop. 10 in Sec. 6.1. O
Summarizing the results above, we can obtain Fig. 3, illustrating the shape of the whole regularization path of w,(A).
Finally, as a by-product of the trajectory selection rule of w, () (Prop. 11 (a)), we can also obtain the expression of Se(\)
as a piecewise polytope-valued mapping of A.

Theorem 7 (Piecewise expression of Se(\)). For every k € {0,1,2,...,|Vs| — 1}, the following holds:
(a) for every \ € Ispr(EF, S%),
Se(N) = Spory (Er, 815 A, (41)
which constitutes the expression of S,(\) within the kth linear piece (located from right to left on Ry 1) of w,(-).
(b) for every X € int(Iser(EF, S%)),
(EFs sk) = (&e(N), se(N)), (42)
which means that the common ex-equicorrelation set £,(\) and ex-equicorrelation signs vector s,(\) of all extended solutions in
Se(A) (cf. Lemma 6 in Sec. 5.2) keeps constant within the kth linear piece of w.(-).

14. In previous works [17], [14], only upper bounds of the linear piece number (which are exponential in the variable number n) are derived.
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The meanings of the notations used above are as follows:
o (&}, s1) is the kth element in V, (cf. Def. 9),
o Spory (€}, 8%, -) is the cutting polytope in Def. 7,
o Isp(EF, st) is the selection interval in Prop. 10.

Proof: From Prop. 11 (a), (41) holds for every A € int(IsgL(Ef, s})). Since int(IspL(EF, s5)) # 0 (Def. 9) and Se(+) is
continuous (Thm. 5 in Sec. 4.3), we further have Se(\) = Spory (&, s, A) for every A € IspL(EF, S5 O

6.3 Comparison with Related Works

In Sec. 4, 5 and 6, we have proven the continuity and piecewise linearity of the minimum ¢3-norm extended regularization
path and have derived its explicit piecewise expression. Here we would like to make clear the difference between our proof
and that in related works.

We first review some notable previous studies on the piecewise linear regularization path of LASSO or its variants. Efron
et al. [15] developed'® the well known LARS algorithm for computing a LASSO regularization path, where continuity and
piecewise linearity of the regularization path are established as a by-product of the correctness of LARS. However, the proof
therein requires the LASSO solution to be unique'® and relies on the so-called “one-at-a-time” assumption (cf. [15, Thm.
1] and Assumption 1). Rosset and Zhu [37] extended the result of LARS to a more general ¢;-regularization model with
the family of “almost quadratic” loss functions. They developed a piecewise linear solution algorithm, but the derivation
implicitly used the same assumptions as [15]. R. ]J. Tibshirani and Taylor [31], [30] extended many results of LARS to
the generalized LASSO model. R. J. Tibshirani also improved the proof of the conventional LARS-LASSO algorithm and
developed many new results [14]. The proofs in [31], [30], [14] do not require the solution to be unique, but implicitly used
the “one-at-a-time” assumption. Recently, Berk et al. [38] proved the local Lipschitz continuity of the LASSO solution with
respect to (y, A), assuming the solution to be unique.

There also have been some studies on the regularization path of more complicated extensions of LASSO, which are
not piecewise linear. However, in this case, even proving the continuity of the regularization path is difficult. Xiao et al.
[39] proposed a regularization path algorithm for the group LASSO model, which involves solving an ODE system in
every iteration. They established the continuity of the unique regularization path assuming the loss function to be strictly
convex and twice differentiable. Yukawa and Amari [40] studied the path of critical points of the nonconvex ¢,,-regularized
(0 < p < 1) least squares problem and confirmed its discontinuity. Mishkin and Pilanci [41] established the almost
everywhere continuity of the regularization path for group LASSO, which can be improved to everywhere continuity
under the solution uniqueness assumption.

The present work falls into the class of studies on piecewise linear regularization paths. However, different from
previous works, our proof of Thm. 6 is established from a totally geometric perspective without using any assumption on
any regularization path algorithm. Specifically, we regard the proof of continuity and piecewise linearity of the minimum
¢3-norm extended regularization path w, () as two independent issues, and tackle them with different mathematical tools:

1) To prove the continuity of w,()), we leverage tools from set-valued variational analysis and prove the continuity of
the extended solution set mapping S. (). The continuity of w, () is implied as a direct result (Sec. 4.3).
2) To prove the piecewise linearity of w, (\), we start from analyzing the optimality condition (OPT), whereby we observe
two rules (cf. Remark 5 in Sec. 5.1) and notice the discrete nature of Se(\). Motivated by this,
o we define the ex-equicorrelation space V, and take the ex-equicorrelation pairs in it as major tools for characterizing
the sGMC model (Sec. 5.1),
« for every (£, s) € V, we introduce the notion of cutting polytope Spory (&, s, A) to approximate Se(A) (Sec. 5.3), and
introduce the notion of trajectory function weq(€, s, A) to approximate w, (\) (Sec. 5.4),
« interpreting w, () and weg (&, s, \) respectively as the positions of passenger and train at time A (Remark 7), we
yield the piecewise linearity of w, (),
« by studying the condition for wgq(€, s, A) to be selected by w,(\) (i.e., selection condition (SEL)), we obtain the
“boarding period” of w,(A) on weq(E, s, A) (ie., selection interval Igg (€, s)), which yields the piecewise expression
of w, () (Sec. 6.1 and 6.2).

By this novel proof strategy, we manage to get rid of the “one-at-a-time” assumption'” which previous works rely on.
Furthermore, our proof reveals many geometric properties of the sGMC model (as well as the LASSO model) that are
unknown before, such as the set-valued continuity of the sGMC solution set mapping (Thm. 5) and the explicit expression
of linear piece number in w,(A) (Remark 10).

15. Before LARS, Osborne et al. [36] proposed a homotopy method to compute the LASSO regularization path, which is essentially the same
idea as LARS, but the proof of correctness of the algorithm was not given explicitly.

16. The original proof in [15] assumed that the sensing matrix has full column rank (cf. [15, p. 413, second paragraph]) to ensure solution
uniqueness, which can be relaxed to the general-positioning condition as in Fact 3.

17. However, the “one-at-a-time” assumption will still be used in Sec. 7, in order to prove the correctness of the LARS-sGMC algorithm.



26

7 LEAST ANGLE REGRESSION FOR THE SGMC MODELS

In this section, we propose an extension of the least angle regression (LARS [15]) algorithm for computing the whole
minimum {3-norm extended regularization path w, () of the sGMC model, and we present a theoretical analysis on its
conditional correctness and complexity.

The proposed LARS-sGMC algorithm resembles the conventional LARS algorithm. However, in contrast to previous
works [36], [15], [14] which develop the regularization path algorithm as a homotopy method, in this paper we derive the
LARS-sGMC algorithm from a different perspective, considering it as a solution algorithm to a discrete search problem.
See the section that follows.

7.1 A Preliminary Discussion on the Computational Task

From Thm. 6, the whole regularization path of w, () can be obtained by connecting all trajectory functions weq (&}, S5, A)
(k=0,1,...,|Vs| — 1) within their corresponding selection intervals Isg; (£}, s). Hence to obtain the whole information
about w, (), we only need to find all elements in V,, i.e., all ex-equicorrelation pairs (£, s) € V whose selection interval
IsgL (€, s) has nonempty interior (cf. Prop. 12 in Sec. 6.1).
This result is intriguing from a computational perspective because it reveals an equivalence between the following two
computational problems of totally different types:
1) The continuous optimization problem of finding the minimum ¢;-norm primal and dual solutions of the sGMC model
(cf. Thm. 4 in Sec. 4.1) for all A > 0.
2) The discrete search problem of finding all ex-equicorrelation pairs (£,s) € V whose selection interval Iggi (&, s) has
nonempty interior.
It is evident that the former problem generally requires infinite computations'®, whereas the computational complexity of
the latter one is finite. Hence while the second discrete search problem may be NP-hard from its combinatorial nature, we
still would prefer to take it as the task of computation.
Recalling the definition of the ex-equicorrelation space V (Prop. 5 in Sec. 5.1), one may immediately figure out the
following brute force algorithm for solving the aforementioned discrete search problem.

Procedure 1 (A brute force algorithm for finding all ex-equicorrelation pairs in V,). Exploreall s € {+1,0, —-1}*", for each
s, set £ = supp(s) and check

1) whether (€,s) isin V), i.e., whether [s]g € R (CgT),

2) whether Isp (€, s) has nonempty interior.
When (&, s) satisfies both conditions above, we confirm that (€, s) is in Vy, otherwise we discard such (€, s).

Evidently, the computational complexity of such brute force algorithm is O(32"), which is finite but no chance.

Compared to searching for (£, s) € V, randomly in the whole ex-equicorrelation space V), it definitely leads to more
efficient algorithms if we can exploit the underlying structure of V,. Recall the one-to-one correspondence between all
ex-equicorrelation pairs in V, and linear pieces in the regularization path w,(-) (cf. Thm. 6 in Sec. 6.2), it is natural to
consider the following problem, which intends to find all elements in V, in an iterative manner.

Problem 1. Given the parameters (A, y,p) € R™ ™ x R™ x [0,1) of the sGMC model (6), suppose we have access to the value
of (Ex,85) € Vs for some possibly unknown index k, can we efficiently obtain its adjacent ex-equicorrelation pair (£, |, 8%, ) or

(EF-1,8%5-1)7

In the sequel, we present a closed-form estimate for the solution of Problem 1. The process of computing such estimate
constitutes a single iteration of the LARS-sGMC algorithm.

7.2 Derivation of the LARS-sGMC Iteration
Let the input of the LARS-sGMC iteration be

(€,8) = (&, s5) €V, withk € {0,1,...,|V.| — 2},

where k may be unknown. The goal of the LARS-sGMC iteration is to generate an estimate'? (€4, s ) for (£f, 1, %,1)-

Recall that (£}, s;) and (€, ;) respectively determine two adjacent linear pieces in w,(A) (cf. Fig. 3), one can
imagine that the transition from (&}, s}) to (€5, ;,s},,) can be derived from the trajectory selection rule of w, () (cf.
Remark 9 in Sec. 6.1) around the change point:

Ay = lseL(EF, 8) = rseL(Ef 41, Shq1)- (43)

Let € > 0 be an infinitesimally small number. Then as A decreases from AL + € to A — ¢, the following happens:

18. For every A > 0, it takes infinite iterations for an iterative algorithm to converge to an exact solution of the sGMC model, and such procedure
has to be repeated for every A € R4 1. Hence indeed, the complexity of computing the whole regularization path is “infinity of infinity”.

19. For simplicity, here we only consider the computation of (€5, , s; ;). However, we note that (£;_,,sj_,) can be computed in a similar
way to the approach introduced here.
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Fig. 4: An illustration of the computation of Z,,.. and Z;"., in Procedure 3. In this example, we assume n = 3 and

& = {1,2,4,5}. The black solid line represents the positive real axis of A € R, whilst the black dashed line is the
position of )\+ = lee (&, s3) = rsen(&f, s7). Every red (resp. purple) solid line represents an interval I?(&,s) (resp.
IP(€, 8)) for some i € Ef (resp. i € ~&f), where only the left endpoint of the interval is plotted as a solid dot.

1) For A = A\t +¢, (€, s) = (&}, s}) satisfies the selection condition (SEL) (cf. Def. 8 in Sec. 6.1) at J, i.e.,

(VZ c 5) [S]i[’li}EQ(g, S, )\)]Z >0, (SEL-a)
(Vi € ~€) & (tbeq (€, 5,0)] < A. (SEL-b)

2) As X decreases infinitesimally from Ay + € to Ay — ¢, there emerges some i € I3, or i € I . with

break = {1 € € | [s]i[weq(€, 8, Ay — )i <0},
Ill))reak = {7’ €& | |£i(wEQ(E7sa )‘Jr - 6))| > >‘+ - 6}3
such that for every i € I ., (resp. i € I{,’reak), (€, ) breaks the ith (SEL-a) (resp. the ith (SEL-b)) condition at
A= )\+ — €.
3) For A = A, —¢, (£, s) has to transit from (£}, s};) to (€5, Sj) to maintain the validity of (SEL) at A.
Based on this observation, given (£,s) = (&, sj), if we can modify the value of (£, s) such that it satisfies (SEL)
at Ay — ¢, then the modified value of (&, s) is exactly (€5 ;,5},,)- A greedy modification of (£, s) is to remove every

condition in (SEL) that breaks at A\ — € from the expression of (SEL), i.e., remove every i € Z2 ., (resp.i € IP ) from £
(resp. =&). See the following procedure.

Procedure 2 (A deletion-insertion process). Given the input ex-equicorrelation pair (€, s) = (£}, s}), define
I;L:lete = Ibreak {Z e¢ | [ ] [ﬁjEQ(g s /\-‘r - 6)]1 < 0}7
Ii—rit_sert ' break - {Z €& | |€z(wEQ(5 /\+ - €))| > )\_;,_ - 6}.

We conduct the following deletion and insertion operations on (£, s) to fit (€, s) into (SEL) at Ay — e:

o Deletion: for every i € I}, , we delete i from & to remove the ith (SEL-a) condition that breaks at A1 — €, and set [s]; = 0 in
response to the change of £.
o Insertion: for every i € I;},

reerts We insert 1 into & (i.e., delete i from —E) to remove the ith (SEL-b) condition that breaks at A\ —¢,
and set

[s]i = sign(&i(w.(Ay —€))) = sign(&i(wi (X)) = sign(&i(Weg(EF, sk, Av)))
to align the component sign [s]; of [w«(Ay — €)]; with the correlation sign sign(&; (wy (A — €))) (cf. Fig. 1).
Let the modified value of (€, s) be (E+, s4), then we set (€4, s4) as the output of the current LARS-sGMC iteration, i.e., an estimate
0f(£l§+1732+1)~
Recall that for every i € £ (resp. ¢ € =E), the interval of A € R satisfying the ith (SEL-a) (resp. (SEL-b)) condition can

be computed in closed-form (cf. Prop. 10 in Sec. 6.1). Exploiting the results therein, we can obtain a closed-form expression

of T}, and Z\. ., in Procedure 2, whereby the output (£, s ) can be computed. See the following procedure.

Procedure 3 (A sketch of the LARS-sGMC iteration). Given the input ex-equicorrelation pair (€, s) = (£, s}), we obtain the
output (€4, s4) of Procedure 2 by the following steps (cf. Fig. 4 for a visual illustration):
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Algorithm 1 A single iteration of the LARS-sGMC algorithm

Problem Parameters: (A, y, p) € R™*" x R™ x [0,1)
Input: (£,8) = (&f,8%) € Ve with k € {0,1,..., V.| — 2} (the index k may be unknown)
Output: the estimate (£, s, ) of (£, 1, 85,1)

1:
2:
3:

4:

> Compute b, C and D (Prop. 3 in Sec. 4.1)
T T T

b+ [y 0,, }

C < blkdiag(A, \/pA)

D + { /ol I,

: > Obtain the expressions of wgg (&, s,\) = p — g\ and &;(Weo(€, 8,))) = ¢, (u — v)\) (Appendix E.1)
T
[ple « (CeTDCe) CTb

7 [q]g — (CETDC;;)T [S]g
8 u<+b— DCg[p]g

12:

13:
14:
15:

16:

17:
18:
19:
20:
21:
22:
23:
24:

25:

26:

TV 7DC£ [q]g
10:
11:

> Step 1: compute the left endpoint [? of the solution interval of the ith (SEL-a) condition ((78) in Appendix E.1)
fori €& d?]-
12 {[5]& if [s];[q]; <0,

—00, otherwise.
end for

> Step 2: compute the left endpoint [P of the solution interval of the ith (SEL-b) condition ((79) in Appendix E.1)
fori € =& d((:)Tu o
c?lv_ﬂ, ife; u>0,
17« cﬁ{f_bl, ifefu <0,
O: otherwise.

end for
> Step 3: compute the trajectory switching time A, the deleted index set 7, and the inserted index set Z, .,
A4 ¢ max {0, maxX;ce 7, MaxX;c—¢ l?}

Tjere < {1 €E 17 =21}

Z-insert — {Z €& | ZE = /\+}

> Step 4: compute the estimate (£, s ) by the deletion-insertion process
5+ — (8 \Ic—{;lete) UI+

insert

for:=1,2,...,2n do
. . +
07 ifi e Idelete’
[SJr]i A Sign (CzT (u - U)\+)) ) ifi € Iiﬁsert’
[s]:, otherwise,

end for

o Step 1: for every i € £, compute the left endpoint 12(E, s) of the interval I¢(E, ) of A € R satisfying the ith (SEL-a) condition
(cf. (78) in Appendix E.1).

o Step 2: for every i € —&, compute the left endpoint I2(E, s) of the interval 1Y (€, 8) of A € R satisfying the ith (SEL-b) condition
(cf. (79) in Appendix E.1).

o Step 3: compute the trajectory switching time

= = a b
Ar = lse(€,8) = maX{O7 r?é’?(ll(g’ s), zneliug(lz(é’,s)} ,
as well as the deleted and inserted index sets

I;e_lete ={ief| l‘;((‘:, 8) = A+t I’jr_sert = {Z S lf(gvs) = )‘+} .

1

o Step 4: compute (£, s4) by the following expression

O’ lfl € Idtlete’
5+ = (5 \ I;Ietc)) U Ii;:sert? [S-‘r]’i = Sigl’l (fl (’UAJEQ(gv S, /\+))) ) lf’L € Iijt_sert?

[s]i, otherwise.
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TABLE 1: Time and space complexity of a single LARS-sGMC iteration (Algorithm 1).

Object of computation Time complexity Space complexity
(p. q) (line 6-7) o (lePm+ 1) O (n)
(u, v) (line 8-9) O (mlg]) O(m)

(19);ee (line 11-13) o (l€)) O (€])
(?)ie~e (line 15-17) O (m|=€]) O (I-€])
T and ZE ., (line 19-21) O (n) O (n)

(&4, 84) (line 23-26) o ( Th el + [Tt ) O (n)

In total o(mn+|5\2m+|5|3) O (m+n)

Applying the results of Appendix E.1 to Procedure 3 yields Algorithm 1, which constitutes a single iteration of the
proposed LARS-sGMC algorithm. Comparing Algorithm 1 with the conventional LARS algorithm for LASSO (cf. [14, Sec.
3.1]), one can verify that the conventional LARS algorithm is a special instance of LARS-sGMC with p = 0.

Corollary 8. If p = 0, then Algorithm 1 reduces to one iteration of the conventional LARS algorithm for LASSO.

Notice that if we believe in the correctness of the LARS-sGMC iteration (i.e., for the input (£, s) = (&}, s}) € Vs, the
output (£, s ) of Algorithm 1 equals to (£, 5}, ;)), then we can further take the value of (£,,s,) as the input of
Algorithm 1 and compute an estimate of (£;_,, 55, ,). Hence as long as we have an initial element in V,, we can compute
estimates for a consecutive sequence of ex-equicorrelation pairs in V,. In the following, we discuss about how to obtain
this initial input for the LARS-sGMC algorithm.

Remark 12 (How to obtain the initial input of the LARS-sGMC algorithm). We recommend the following two approaches to
obtain an initial ex-equicorrelation pair in V,:

1) From Cor. 7 in Sec. 6.2, we always have
(867 56) = (07 02n)

regardless of the problem parameters. Hence we can always take this known (E5, 8§) as the initial input.
2) For arbitrary A > 0, we can compute an extended solution w, € S,(\) by some iterative algorithm. Then from Thm. 7 (b) in Sec.
6.2 and Lemma 6 in Sec. 5.2, we have ~ -
(&7, 8) = (€A we), s(A, we))

as long as X is not an endpoint of Isg (£}, s%), where k is the index of the linear piece that w,(X) lies in, £(-,-) and s(-,-) are
the ex-equicorrelation set and ex-equicorrelation signs vector (cf. Def. 5 in Sec. 5.1).

7.3 Property Analysis of the LARS-sGMC lteration

In this section, we analyze the properties of the LARS-sGMC iteration, including its correctness and complexity.
We first prove the correctness of a single LARS-sGMC iteration under the following “one-at-a-time” assumption.

Assumption 1. Given the problem parameters (A, y, p) € R™*™ x R™ x [0,1), let
(€,8)=(&,8}) € Vewithk € {0,1,...,|Vs| —2}
be the input of the LARS-sGMC iteration (Algorithm 1). We say the kth “one-at-a-time” assumption holds if
| Zatrte| + | Zinger| = 1

In words, the kth “one-at-a-time” assumption holds if the deletion-insertion process (Procedure 2) of the LARS-sGMC iteration
involves only one index.

Remark 13 (Mildness of the “one-at-a-time” assumption). From line 19-21 of Algorithm 1, the kth “one-at-a-time” assumption
holds if and only if in line 19:

Ay ¢ max<0, max/, maxl’y,
ic€ v ie-E

the maximum in the RHS is attained by a unique index i € € or i € —&. One can imagine that if (1%);ce and (I%);c—¢ follow a
continuous joint probability distribution on R?", then the “one-at-a-time” assumption holds with probability one. Hence informally
speaking, Assumption 1 is a mild assumption.

Theorem 8 (Conditional correctness of the LARS-sGMC iteration). Given the parameters (A, y, p) € R™*™ x R™ x [0,1) of
the sGMC model (6), let
(&,8)=(&,s}) € Vewithk € {0,1,...,|Vs| —2}

be the input of the LARS-sGMC iteration (Algorithm 1). Suppose the kth “one-at-a-time” assumption holds, then

(4, 84) = (gl:+1a 32+1) € V..
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Proof: See Appendix F. O
We should note that while Thm. 8 is established under Assumption 1, extensive experiments (cf. Sec. 8.1) indicate that
the correctness of the LARS-sGMC iteration remains to hold even if the “one-at-a-time” assumption breaks. However, it is
difficult to prove this empirical observation to our current knowledge, and we would like to leave it for future work.
In the sequel, we present a complexity analysis of the LARS-sGMC algorithm.
Firstly, from Thm. 8, it is evident that under the “one-at-a-time” assumption, it takes at most [Vi| — 1 LARS-sGMC
iterations to compute the whole regularization path of w,(\).

Corollary 9 (Iteration complexity for computing the whole regularization path w,(\)). Suppose the kth “one-at-a-time”
assumption holds for every k € {0,1, ..., |Vi| — 2}. Then starting from (£}, s§) = (0, 02y,), it takes

Vil =1 (V[ -1<3%" - 1)

LARS-sGMC iterations (Algorithm 1) to compute all ex-equicorrelation pairs in V,, i.e., the whole information about the minimum
Uy-norm extended reqularization path wy (X).

Proof: The result follows directly from Thm. 6 in Sec. 6.2 and Thm. 8. O

Remark 14 (On the worst-case complexity of the LARS-sGMC algorithm). From Cor. 9, the worst-case iteration complexity for
Algorithm 1 to compute the whole reqularization path w,(\) is O (3%™), which is the same as the brute-force algorithm (Procedure 1).
Hence one may concern with the efficiency of the LARS-sGMC algorithm. However, empirical results (cf. Fig. 7 in Sec. 8.1) indicate
that the value of Ay in Algorithm 1 decreases almost exponentially with iteration, hence the worst-case complexity rarely occurs in
practice.

Additionally, Table 1 presents the time and space complexity of a single LARS-sGMC iteration. From Table 1, it is
evident that the LARS-sGMC iteration is space efficient. However, since |€] < 2n, the time complexity of the LARS-sGMC
iteration can be up to O (n*), which is not so efficient when n is large. Fortunately, such case is unlikely to happen when
we apply Algorithm 1 in practice. See the following remark.

Remark 15 (Computational efficiency of the LARS-sGMC iteration). For the input (€,s) = (&}, s}) of the LARS-sGMC
iteration, || is exactly the £y pseudo-norm of w, () within the kth linear piece (cf. Thm. 6 (b)). Notice that we are only interested in
sparse solutions of the sGMC model in practice, hence one can expect that Algorithm 1 is only applied in cases where |E| < 2n, i.e.,
the time complexity of Algorithm 1 should be much lower than O (n3) in application.

Moreover, from Thm. 3 (c) in Sec. 4.1, if the sensing matrix A is generated randomly, then |E| < 2m holds with probability one,
in which case the time complexity of Algorithm 1 is at most O(m?). Accordingly, the time complexity of Algorithm 1 is acceptable in
the standard setting of sparse recovery problems where m << n.

8 NUMERICAL EXPERIMENTS

This section evaluates the performance of the proposed LARS-sGMC algorithm (Algorithm 1) on synthetic data. The
experimental results demonstrate correctness-in-general-situation, efficiency and practical utility of the LARS-sGMC algo-
rithm, and naturally verify some theoretical results about the geometry of the sGMC model. Moreover, some empirical
observations introduced in this section may lead to interesting topics for future theoretical research.

All experiments were were performed using MATLAB (R2021a) on a computer with Intel(R) Core(TM) i7-7700HQ CPU
2.80, 8GB (RAM), under Windows 10, 64Bits.

8.1 Correctness of Algorithm 1 in General Situations

In Thm. 8, we have proven correctness of the LARS-sGMC iteration under the “one-at-a-time” assumption (Assumption
1). However, when we apply Algorithm 1 in practice, the situation may deviate from the ideal case considered in Thm. 8
in the sense that:

1) the “one-at-a-time” assumption may possibly break,

2) since the LARS-sGMC algorithm is conducted in an iterative manner, computation error may accumulate with
iteration. Notice that Ay (cf. (43) in Sec. 7.2) in Algorithm 1 is supposed to decrease monotonically with the LARS-
sGMC iteration, this accumulated error may be non-negligible when A is very small.

Aforementioned issues constitute realistic concerns on the correctness of the LARS-sGMC algorithm in general situations.
To examine correctness of the LARS-sGMC algorithm and verify its stability to computation error, we implement the
following perturbed version of LARS-sGMC iteration.

Remark 16 (A perturbed LARS-sGMC iteration). Recall that in line 19-21 of Algorithm 1:
At + max {07 max l], maxl?} ,
€€ 1€-E
Ix;erlete — {Z €& ‘ l; = )‘+}7
T (i€ =€ | 1= A1},

mser
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Fig. 5: Number of inserted and deleted variables in each LARS-sGMC iteration with different levels of perturbation.
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the “one-at-a-time” assumption holds if and only if the maximum in RHS of the expression of A4 is attained by a unique index i € £
ori € —&. To facilitate | Iy, | and |Z;,,| to be larger than one (i.e., to break Assumption 1), we replace line 20-21 of Algorithm 1 by
the following perturbed version:

I;;lete A {’L €& | l? > (1 - 6))‘+}7
Ih,, e[ > (1 —-0)A D,

insert
where 0 < 6 < 1 is a number that determines the intensity of the perturbation. Notice that when 6 = 0, the perturbed LARS-sGMC
iteration reduces to Algorithm 1.

The experimental data is generated as follows: the entries of the measured signal y € R'%’ and the sensing matrix
A € RI00X500 fo]low i.i.d. standard normal distribution (note that y does not have to be the multiplication of A and some
sparse signal), and the shape-controlling parameter p € [0, 1) is set as 0.5. We test the perturbed LARS-sGMC algorithm
(Remark 16) on a random instance, where the perturbation parameter ¢ is respectively set to 0, 0.01 and 0.05 to yield zero
perturbation, mild perturbation and larger perturbation in each iteration. For every value of §, we start the LARS-sGMC
algorithm with initial input (€4, s§) = (0, 02,,) (cf. Remark 12) and repeatedly conduct the perturbed LARS-sGMC iteration
until Ay < 107% (in which case we regard A\, ~ 0 and believe that the LARS-sGMC algorithm has computed all linear
pieces in wy (\)).

Fig. 5 plots the deleted variable number }I;;l etel and the inserted variable number |I;sert| versus iteration number, where
we plot |Z;f .| as a positive integer and plot |Z],,...| as a negative one to distinguish them. From Fig. 5, one can verify
that the “one-at-a-time” assumption holds empirically if no perturbation is introduced in Algorithm 1, which confirms the
mildness of Assumption 1 (cf. Remark 13). When ¢ # 0, Assumption 1 does not hold in general.

Fig. 6 evaluates the quality of the extended solution path w. () generated by LARS-sGMC. We obtain the ground truth
of w, () by the forward-backward splitting (FBS) algorithm proposed in [20], which solves the GMC model with a fixed A
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in a single run. The relative error of w, () is calculated as follows:

Relative error := Hw&ARS(A) _ wEBS(/\)HQ

[P (Nl ’
where w{**(\) and w?>()) are respectively the solutions obtained by LARS-sGMC and FBS [20]. We plot the relative
error with A = 455 A%, where i = 1,2,...,99. From Fig. 6, one can verify that

1) when § = 0, the relative error of w, (\) generated by the original LARS-sGMC algorithm is always smaller than 1071°,
which confirms that the computation error does not accumulate and is negligible even for very small A,

2) when § = 0.01, the “one-at-a-time” assumption does not hold (cf. Fig. 5), whereas the relative error of w, () is smaller
than 102 for most values of A\, which implies that the correctness of Algorithm 1 is likely to hold in general situations
even if Assumption 1 breaks.

3) when § = 0.05, as the value of A decreases from )\ .., the relative error of w, () first exceeds 107!, then decreases
and keeps smaller than 107!, which implies that there exists certain error-correction mechanism in the LARS-
sGMC iteration such that the computation error will not accumulate with the LARS-sGMC iteration, as long as the
computation error is not too large.

Noticeably, when § > 0, it is evident that the sequence of ex-equicorrelation pairs generated by the perturbed LARs-
sGMC algorithm is not the correct solution to the discrete search problem discussed in Sec. 7.1, whereas the extended
regularization path w,(\) generated by it can have very small relative error. This implies that for every (&}, s;) € V.,
there certainly exists multiple ex-equicorrelation pairs (£,s) € V whose trajectory function wgq(€, s, A) approximates
Wi (&), 85, A) when X is around the selection interval Isg (&}, s}). This observation may lead to interesting topics for
future research.

Fig. 7 depicts A1 /AL, versus iteration number. From Fig. 7, when 6 = 0, the value of A decreases almost exponentially
with iteration, which dispels the concern on the worst-case complexity of the LARS-sGMC algorithm (cf. Remark 14).
Moreover, the larger the perturbation parameter ¢ is, the faster A decreases, and the sooner the perturbed LARs-sGMC
algorithm terminates. Hence the perturbation technique introduced in Remark 16 can be viewed as a straightforward
approach for accelerating the LARS algorithm. Notice that when § > 0, A1 may not decrease monotonically with iteration.

Fig. 8 depicts numbers of nonzero components in w, (A ) and @, (A1) versus iteration number. From Fig. 8, the number
of nonzero components in w,(Ay) and that in «, (A} ) respectively do not exceed 200 (= 2m) and 100 (= m), where m
is the number of rows in the sensing matrix A € R109%590_ This observation verifies our claim on the solution sparseness
of the sGMC model (cf. Thm. 1 (c) in Sec. 3.2 and Thm. 3 (c) in Sec. 4.1). Moreover, Fig. 8 indicates that for all J, the
values of the ¢y pseudo-norm of w, (A} ) and z,(\;) grow sublinearly with iteration, where the larger ¢ is, the faster the ¢y
pseudo-norm values grow. This again demonstrates that the perturbation technique in Remark 16 can be used to accelerate
the LARS algorithm.

8.2 Efficiency and Practical Utility of Algorithm 1

Subsequently, we demonstrate the efficiency and practical utility of the LARS-sGMC algorithm in the problem of finding
optimal regularization parameter of the sGMC model.
Practitioners usually face two difficulties in parameter tuning of regularization models:

1) How to efficiently obtain solutions of the regularization model with different regularization parameters \?

2) Given a solution of the regularization model, how to evaluate its quality without knowing the true signal?
In this section, we will show that for the sGMC model, the first difficulty can be resolved by the LARS-sGMC algorithm,
whilst the second one can be tackled using proper model selection criterion [42]. In the following remark, we elaborate
on how to select the optimal regularization parameter of the sGMC model using an approximate version of Bayesian
information criterion (BIC [43], [12], [44]).

Remark 17 (Regularization parameter selection using an approximate BIC). Let A x y x p € R™*™ x R™ x [0, 1) be the
problem parameters of the sGMC model (6). For X\ > 0, let @, (\) be the minimum {o-norm solution of the sGMC model with
regularization parameter \. We evaluate the quality of x, () using the BIC for LASSO proposed in [12, (2.16)]:

BIC(.’E*(A)) — ||y - Aw*()‘)”2 + loge(m) ||.’B*()\)||0,

mo? m
where ||-||, is the £y pseudo-norm, o* > O can be interpreted as the variance of measurement noise on every component of y (cf. [12,
the paragraph just before (1.2)]). We define the optimal value of X recommended by BIC as:

ApiCc = min BIC(x4(A)).
Notice that Agic is determined by the hyperparameter o2

We test the LARS-sGMC algorithm (equipped with approximate BIC) on a more realistic setting. The sensing matrix
A € RP00X3670 s formed by randomly downsampling and normalizing 3670 images of flowers?’, where each downsampled

20. url: http:/ /download.tensorflow.org/example_images/flower_photos.tgz. Every color image is transformed into grayscale.
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Fig. 9: NMSE versus average computation time for various algorithms.
-12 5 0
g 5 508
¥ & W
5 - E 3
g- . Z s
- 13 -2 a5
107 10° 10' 107 10° 10 107" 10° 10
o?/a? a*/a? o* /ot
(a) Extremely sparse case (S = 10). (b) Moderately sparse case (S = 50). (c) Nearly dense case (S = 250).

Fig. 10: NMSE of , (Agic) versus the hyperparameter 0.

image is vectorized into a 500 x 1 vector and set as a column vector of A. We generate the measured signal y € R%%° with
the following model:
Yy= ALyye + €,

where Ty € R3¢ is a sparse signal generated by the “sprandn” function in Matlab, € is the white Gaussian noise with
variance o2. The signal-to-noise ratio (SNR), defined as SNR := 10 loglo(HAa:tmeHg / (50002)), is set as 10 dB. We set the
number of nonzero components .S in &y respectively as 10, 50 and 250 to yield extremely sparse, moderately sparse and
nearly dense”! true signals. Our goal is to find the optimal value of A > 0 such that the minimum ¢,-norm solution . (\)
obtained by LARS-sGMC optimally estimates &.. The shape-controlling parameter p of the sSGMC model is set as 0, 0.25,
0.5, 0.75 and 0.99 respectively.

We use the LARS-sGMC algorithm with initial input (&£, s§) = (0, 02,,) to compute the regularization path x, () of the
sGMC model, and select Agjc defined in Remark 17 as an estimate of the optimal value of A. We vary the hyperparameter
o2 of BIC from 0.102 to 1002 with 21 logarithmically spaced points, and evaluate the performance of the resultant value of
Apic by the normalized mean squared error (NMSE) of @, (Agic):

||m*(>\BIC) - mtrueHQ

”‘EtrueHQ

NMSE := 201log;,

All results were averaged over 100 Monte Carlo trials.
For every problem instance, we compare the efficiency of the LARS-sGMC algorithm with the following algorithms:

1) The conventional LARS-LASSO algorithm [15], [14]: we implement the LARS-LASSO algorithm as an instance of
LARS-sGMC by setting p = 0 and discarding operations involving the dual part in the extended solution.

2) The forward-backward splitting method for the GMC model (FBS-GMC [20, Prop. 15]): it is known that FBS-GMC
is one of the fastest algorithms for solving the sGMC model with a fixed X (cf. [25, Fig. 3]). In our experiment, we
run FBS-GMC with the true optimal value of A that achieves lowest NMSE of x, () (this optimal ) is obtained by
LARS-sGMC). The stepsize is set as vy := 1.98 max (1, p/(1 — p)) || AT Al|,,.

Fig. 9 plots NMSE of the estimate of @iy in every iteration of aforementioned algorithms versus computation time
(for LARS-type algorithms, we compute NMSE of x,(Ay) of the current iteration), where one circle mark represents

21. It is a well known fact that in the noiseless setting, the number of measurements m needed to reconstruct a sparse signal with S nonzero
components is at least 2.5 (cf. [45, p. 49]). Hence we refer to the case where S = 250 = m/2 as “nearly dense” because it is the most dense signal
that can be reconstructed using m = 500 noiseless measurements.
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10 iterations of an algorithm. From Fig. 9, one can verify that the time needed for LARS-sGMC to compute the sGMC
regularization path from A}, to the optimal A is of the same order as the time needed for FBS-GMC to solve the sGMC
model with a fixed A, which demonstrates the efficiency of LARS-sGMC. Additionally, while the LARS-LASSO algorithm
finds the optimal A for the LASSO model faster than LARS-sGMC, it can only produce a suboptimal estimate. Noticeably,
when the underlying true signal is sufficiently sparse (e.g., S = 10), the performance gain of the sGMC model with optimal
p over the LASSO model can be up to around 6dB, and the time needed for LARS-sGMC to find the optimal A can be
almost the same as the convergence time of a single run of FBS-GMC, which demonstrates applicability of LARS-sGMC in
sparse recovery problems with highly redundant dictionary matrices.

Fig. 10 plots NMSE of @, (Asic) versus the hyperparameter o2 of BIC. From Fig. 10, when o2 is close to o2, while the
NMSE of x, (Apic) does not necessarily approach optimum, the estimation performance is usually satisfactory. Hence in
practice, the strategy of equipping LARS-sGMC with model selection criterion can at least find a satisfactory A efficiently.
Fig. 10 also indicates that the optimal shape-controlling parameter p of the sGMC model tends to decrease as the number
of nonzero components in Ty increases. This verifies the intuition that larger p yields more aggressive debiasing effect in
the sGMC penalty, i.e., the sGMC model approximates the {y-regularization model better (cf. Sec. 2.2).

9 CONCLUSION

In this paper, we presented theoretical results on the solution-set geometry and regularization path of the scaled generalized
minimax concave (sGMC) model, demonstrating that while the sGMC penalty is a nonconvex extension of the LASSO
penalty, the sGMC model can preserve many celebrated properties of the LASSO model, hence can serve as a less biased
surrogate of LASSO.

Specifically, for a fixed regularization parameter A\, we have shown that the primal and dual sGMC solution sets are
both nonempty, closed, bounded, convex sets, and every sGMC solution x,, (resp. dual solution z4) gives the same value of
Az, (resp. Azg) and the same value of ||z, ||, (resp. [|z4]|,). We have derived upper bounds for ||z, ||, and ||zq]|,. Under
additional general-positioning assumption on the sensing matrix, we further proved that both the primal solution and
dual solution of the sGMC model are almost surely unique and have at most min {m, n} nonzero components. As a side
contribution, we have established a connection between the primal-dual sGMC solution sets and the LASSO solution sets.

For a varying ), we have shown that the extended sGMC solution set Se(A, y, p, \) is a continuous piecewise polytope-
valued mapping of \, and the minimum ¢s-norm extended sGMC solution w, (A, y, p, \) is a continuous piecewise linear
function of X. Explicit piecewise expressions of Se(A4,y, p,A) and w, (A, y, p, A) have been derived using the notion of
ex-equicorrelation pairs. Moreover, exploiting the theoretical findings, we proposed an iterative algorithm termed LARS-
sGMC to compute the whole minimum ¢;-norm extended regularization path, which extends the conventional LARS
algorithm for LASSO. We have proven the correctness and finite termination of LARS-sGMC under the “one-at-a-time”
assumption, and have demonstrated its correctness-in-general-situation, efficiency and practical utility through numerical
experiments on synthetic data.
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APPENDIX A
OTHER USEFUL FACTS

Fact 4 ([34, Thm. 25.1]). Let f : R™ — R be a convex function, and let £ € R™ be a point where f is finite. If f has a unique
subgradient at x, then f is differentiable at x.

Fact 5 ([32, Prop. 16.59]). Let F' € I'o(R™ x R™), and set:

fiR™ = [—o00,400] s w— inf F(u,z).
z€ER™

Suppose that f is proper and that (u, z) € R™ x R" satisfies f(u) = F(u, Z), and let v € R™. Then v € 0f(u) < (v,0,) €
OF (ua, Z).

Fact 6 ([32, Prop. 9.3]). Let (fi)icr be a family of convex functions from R™ to [—oo, +00|. Then sup;c; f; is convex.

Fact 7 ([46, Prop. 6.4.12(e)]). Let (ax)ren be a sequence of real numbers, if its limit superior L™ (resp. limit inferior L) is finite,
then it is a cluster point of (ax)ken, i.e., there exists a subsequence of (ay)ren convergent to Lt (resp. L™).

Fact 8 ([47, Thm. 2.2]). Given A € R™*", Q € Rk*", for y € R™ and z € R¥, define Lag:R™x RF = R™ gs:
Lag(y,z) ={xeR"| Az =y,Qx < z}.

Then L a,q(-,-) is “Lipschitz continuous” on its domain

domLa g = {(y,z) €R™ x R* ’ Lagly,z)# (Z)}.
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More precisely, there exists puz > 0 and a well-defined norm ||-|| . on R™* satisfying: for every (y1,21), (y2, z2) € dom L 4 q, for
every 1 € L a,qg(Y1,21), there exists an xo € L(Ya, z2) closest to x1 in the {o-norm such that

=
z1— 22|,
Fact 9 ([29, Example 5.57]). Let M : R™ = R™ be continuous relative to dom M = {0 € R"™ | M(0) # 0} and convex-valued.

For each w € R™, define s, : R™ — R™ by taking s,,(0) to be the projection Py g)(u) of w on M(0). Then s., is continuous
relative to dom M.

1 — ®2l, < pic

Fact 10 ([48, Thm 2.1]). Consider the following square matrix
_|A B
r=|5 B

where A and D are square matrices, B and C' are of compatible dimension. Suppose that A is invertible. Then R is invertible if and
only if (D — CA™'B) is invertible.

Lemma 7. For integers m > 0, 1 > 0 and ro > 0, let P be a block diagonal matrix such that P = blkdiag(Py, P») with
P, e RM™*", Py € RM™*"™2, Let

ol,, B b,
A= [ dIm} » Az = [cfm }

and A .= A1 + Ay witha > 0,d > 0 and be < 0.
Then we have R (PTAP) =R (P1).

Proof: To prove the result, we only need to prove
N (PTATP) =N (P).
If Px = 0, then we immediately have PT A" Pz = 0, thus N (P) C N (PT AT P). Reversely, if PT AT Pz = 0, then:
PT(A[+A])Pz=0 — P'A[Px=-P'AJPc — P Px=-P A['A]Pg,
multiply both sides of the equation above by P ' yields
P'TPTPx=-P""P'A{'AjPr — PP'Prxr=-PP'A]'A]j]Px — Px=-PP'A]'A, Pz,

where the second implication follows from the symmetricity of PPT and the third follows from the definition of PT. The
equation above further implies

(Im + PPTATIA] ) Px = 0. (44)

If (I3, + PPTAT'AJ) is invertible, then we have Px = 0, which implies N (PTATP) C N (P) and completes the
proof. Next we prove that (Iz,, + PPTAT'A]) is invertible.
One can verify that (Ia,, + PPTA{'AJ) has the following block structure

c i
<I2m+PPTA;1A;r): |: Im (LP1P1:|

tpP] I,
Since I,, is invertible, by Fact 10, (I2,, + PPTAT'AJ) is invertible if and only if

—bc
Q =1, + %PQPQTPLPJ

is invertible. We can prove the invertibility of @ by contradiction. Suppose that @ is singular, then there exists a nonzero
vector z € N(Q) such that Qz = 0, which yields

z = %PQPJPlPsz € R(P,). (45)

Thus we have z = Pr(p,)(2) = P> PjJz from z € R(P,), substituting which into the RHS of (45) yields

b —b .
ZPQPQTPlePgP;z — (I 4 dc) Pngplpfpgpg) z=0.
Qa,

zZ=—
¢

Since P1P1T and P2P2T are positive semidefinite matrices, the coefficient matrix of the linear equation above is posi-
tive definite, hence we have z = 0, which leads to a contradiction. Thus @ is invertible, which further implies that
(Igm + PPTAl_lAQT) is invertible.

Combining the discussion above completes the proof. O
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APPENDIX B
PROOFS FOR SECTION 3
B.1 Proof of Lemma 1
Proof: (a) We first prove the differentiability of g. Define

p
Gl 2) = Azl + 2 — Az,
then one can verify that G € I'o(R™ x R") and g(u) = min,cp» G(u, 2). For u € R™, let Z € R™ be a global minimizer of
G(a,-), then from Fact 5 in Appendix A, v € dg(u) if and only if (v,0,) € 0G(u, Z), i.e.,
v €9(G(2))(m) = {p(u — A2)},
0, € I(G(w,"))(2).

The monotone inclusions above are further equivalent to
v=pu— Az),
_ : 1 _ 2
z € arg min A1zl + 3 |v5E - Pz,
which implies that
0g(u) ={p(u — AZ)| Z is a solution of LASSO(/pA, \/pt, \)}.

According to Fact 3 in Section 3.1, every solution z of LASSO(,/pA, \/pu, \) gives the same value of AZ, hence dg(u)
is single-valued, which implies that g is differentiable at % from Fact 4 in Appendix A. The arbitrariness of « proves the
differentiability of g on R™.

(b) Define h(u) == 5 ||y — w2 — g(u). Then we have

7 _P a2 P _ 2
R(w) = £lly — ull; — min (A=l + £ llu - Az]3)

2
_ P o2 B 2\
= max 2 (Ily — ull; — u— Az]3) = Allz],
T P 2 2
= max p(Az = y) Tu+ £ (lyl3 - [Az]3) = A=),

For given z € R", let us define
p
ha(w) = p(Az —y) u+ 5 (lyll; — 1 4z]3) = A]=I,

then one can verify that h.(-) is convex and

h(u) = max h(u).

zE€R™

Hence h is convex from Fact 6 in Appendix A.

(c) Since g(u) = minyer» G(u, z), we have

g(u) < Glu,0,) = & Jul]
Combining the discussion above completes the proof. O
B.2 Proof of Theorem 2
Proof: We first prove (26). From Cor. 1 (b), we have
- 1
Jsave(za) 2 Alzally = 5 llyl3 - (46)

From Cor. 1 (a), we further have

Jsomc(zd) = Inin Jsame(2) < Jiomc(0)

|1 2 P 2
=~ i[5 o — el - § =15 + e,

.1 2 P 2
< — — — — =
< — min {2 ly — Azll; — 5 [l Azl

|1 2 P 2
< — — — — =
< - min {2 ly —ullz = 5 llully (47)

P 2
2 —p) lyll3 (48)
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where (48) is obtained by solving the quadratic program in (47) in closed-form. Combining (46) and (48) yields (26).
Next we prove the results (a) and (b). From Prop. 2 (b) and Thm. 1 (a), we have

Sd(Avy,pv )‘) = SLA(\/ﬁAa \/;Bﬁp(Avyvpv )‘)v>‘)v (49)

where Spa(+) is the LASSO solution set mapping defined in Fact 3, B,(A, y, p, A) is the common linear fit of all primal
sGMC solutions defined in Thm. 1 (a).
Applying Fact 3 in Sec. 3.1 to (49), one can verify that
e Si(A,y,p,\) is nonempty, closed, bounded and convex,
e the results (a) and (b) hold for p € (0,1).
When p = 0, \/,BA = O,,,xn does not have columns in general position even for A € G,,,. However, in this case, from
(23) in Prop. 2, z4 = 0,, is evidently the unique dual solution, hence the results (a) and (b) still hold.
Combining the discussion above completes the proof. O

APPENDIX C
PROOFS FOR SECTION 4
C.1 Proof of Theorem 4

Proof: Since Se(A,y, p, A) is nonempty, closed and convex from Thm. 3 (a), the projection of 0 onto Se(A,y, p, A)
exists and is unique from [32, Thm. 3.16], which guarantees the existence and uniqueness of w, (A, y, p, A).

(a) Since the primal sGMC solution set Sy(A,y,p, ) (resp. the dual sGMC solution set Sq(A,y, p,))) is nonempty,
closed and convex from Thm. 1 (resp. Thm. 2), there exists uniquely a minimum /»-norm element in S,(A,y, p, A) (resp.
Sa(A,y, p, A)) from [32, Thm. 3.16].

From (30) in Thm. 3 (a), Se(A, y, p, A) is the Cartesian product of Sy (A, y, p, A) and S4(A, y, p, A), hence if w, (A, y, p, \)
achieves minimum {;-norm in S.(A,y, p, A), its first half part and second half part must achieve minimum ¢y-norm
respectively in S, (A, y, p, A) and Sq(A,y, p, \). Accordingly, the result (a) holds.

(b) From Def. 2 in Sec. 4.1, 02, € Se(A,y, p, A) means that “0y,, satisfies (OPT)”. Substituting w, := 03, into both sides of
(OPT) yields

{0},  if0#£0,

; . T
(Vi € {1,2,...,2n}) &(0z,) .cibe{[_ML 0 0

which naturally reduces to
(Vi€ {1,2,...,2n}) &(02,) :=¢]b e [-\ .

Recall that b == [y OmT} T, C := blkdiag(A, \/pA), the inclusion above is equivalent to

(Vi € {1’27 cee ,’I’L}) 51’(0211) = alTy € [_/\’ /\]7
(Vie{n+1,....2n}) &(0z) =0€ [\,

Hence one can verify that if A > A} then 0y, satisfies (OPT), hence 02, € S.(A,y, p, ), which definitely achieves

max/

minimum f>-norm in Se(A, y, p, A), thus w, (A) = Og,. O

C.2 Proof of Lemma 3

Proof: For 0 := ({, 1) € dom L a g, let (0x)ren = (Ck, Mk )ken C dom L4 g be a sequence convergent to 6.
We first prove the outer semicontinuity of £4,q(-,-). Let & be an arbitrary point in limsup, £a,q(0%), then from
Def. 3, & is a cluster point of some sequence (xy)ien satisfying @, € L4 q(0%). Hence there exists a subsequence of
(k)ren, say (xg,)ien, that converges to &. Since i, € La,q(0k,), we have Az, = (i, and Qxy, < 7my,. Taking the

limit ¢ — oo on these two inequations yields Az = ¢ and Q& < 7, which implies that £ € £4,g(0). Thus we have

limsupy, £4,Q(0k) C La,g(0). From Def. 4, we conclude that £4,q(-, ) is osc relative to dom L 4,q.

Next we prove the inner semicontinuity of £4 g(-,-). Let & be an arbitrary point in £4 g(6). Then by Fact 8 in
Appendix A, for every k, we can find 1, € L4, (0%) such that
[C_ - Ck:|
n— Mk

Taking the limit & — oo on the inequation above, one can verify that limy_,o r = . Hence from Def. 3, we have
Z € liminfy, £ 4, g(0), which further implies that £4,g(0) C liminfy, £4 g(6x). From Def. 4, we conclude that L4 (-, ")
is isc relative to dom L 4 ¢. O

2 — zkllo < pc :
L
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C.3 Proof of Proposition 4
Proof: (a) From Thm. 3 (b), we have

1 2
Vk € N) |lw < .
(€Nl < 5 I3
Since (A, Yk, Pk, A\ ) converges to (A, y, p, A), for large enough k we have
1 2
lwely < 77— llyll; + 1,
P A -p) T
which verifies the boundedness of (wy)ken-
(b) The boundedness of (wy,)ren guarantees the existence of a cluster point we. Hence by passing to a subsequence, we
can assume limy_, o Wy = W without loss of generality. From (OPT), for every k and i € {1,...,2n}, we have
ck,i(by, — DCrwy) € [—Ag, \il, (50)

where (by, Dy, C},) are the counterpart parts of (b, D, C) in (OPT) for sGMC( Ak, Yk, pr, A\x), and ¢ ; is the ith column
vector of C}. Taking k — oo on both sides of (50) yields

¢/ (b— DCw.,) € [\, ). (51)
For every i € {1,...,2n} such that [we]; # 0, we have sign([wy];) = sign([ws];) for large enough k, hence
c;i(bk — D, Crwy) = Mg sign(Jwyg];) = A sign([weo]i)

from (OPT). Taking k — oo on both sides of the equation above yields ¢; (b — DCw..) = Asign([we];). Combining this
with (51), one can verify that w, satisfies (OPT) for sGMC(A, y, p, A), hence wo € Se(A,y, p, \). O

C.4 Proof of Corollary 2

Proof: For (A,y,p,\) € &, let (Ak, Yk, pr, M) ken be an arbitrary sequence in & convergent to (A, y, p, A). Note
that for every k € N, we can find some wy, € Se(Ak, Yk, Pk, A\ ), hence from Thm. 3 (b) we have

Br = Be(Ak, Yk, P, \i) = Crwy,
Vi = Ye(Ak, Yk P, Ak) = [lwpl]; -
where C}, = blkdiag( Ay, Ax). We further define

ﬁoo = /Be(Avyupv )‘)7 VYo = A/e(A7y7pa )‘)7
ag = ”/Bk _ﬁooH27 by = |’7k _'Yoo|

Then to prove Cor. 2, we only need to prove

lim ap = lim b = 0.
k—o0 k—o0

Since ay > 0,b, > 0, it is sufficient to prove

limsup a; = limsup b, = 0.
k—o0 k—o0
From Fact 7, there exists a subsequence (ay, )ien of (ar)ren such that lim;_,o ar, = limsup,,_, . ax. Since (W, );en is
bounded from Prop. 4 (a), by further passing to a subsequence (if necessary), we can assume that (wg, );en is convergent
and lim;_, oo Wi, = Wg,00- Then from Prop. 4 (b) we have w, oo € Se(A,y,p,A), which implies Boc = Cw, oo with
C := blkdiag(A, A). Accordingly, we have

limsup a = lim ay, = lim |[|Cy,wy, — Cw, 0l = 0.
k— 00 11— 00 ) 1—00

Similarly, there exists a subsequence (by,);jen of (bx)ren such that lim;_, by, = limsupy,_, . bx. By further passing to
a subsequence (if necessary), we can assume that lim; o Wy, = Wy, o for some wy oo € Se(A,y,p, ). Hence we have
Yoo = [[w,c0ll; and
limsupby = lim by, = lim ’Hwijl — [w, 0| = 0.
k—00 j—oo k—o0

Combining the discussion above completes the proof. O
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C.5 Proof of Lemma 4
Proof: For (y,\) € R™ x Ry, let x, € Sta(A,y, ), then x € R™ isin Spa(A, y, M) if and only if

1 1
5 1y = Axlly + Mzl < 5y — Azl + Xl

From Fact 3 (a) in Sec. 3.1, the optimality condition above is further equivalent to

Az = ﬁLA(Aa Yy, >‘)7 kul < PyLA(Avyv )‘)7 (52)

where Bra(-) and ya(+) are respectively the mappings of the linear fit value of LASSO solutions and the ¢;-norm value of
LASSO solutions. Notice that the ¢;-norm can be rewritten as

lell = 3l lel = max a"e 3)

by substituting (53) into (52), one can verify that x € Spa(A,y, \) is equivalent to
Az = [Bia(A,y,N), Qx < ya(A,y, \)1an, (54)
where Q € R?"*" is the matrix with its rows being all possible vectors in {£1}". Define

TiR™ x Ry - R < B2 : (y,0) o (Bra(A 9. ), 1ua(A, g, N)1an)
M:domLag=R": (Cm) = Lag(Com),
where £ 4 ¢ is defined as in Lemma 3. Then from (54), for every (y, A\) € R™ xRy, we have Spa (A, y, A) = M(T(y, \)),
thus Spa(A, ) = Mo T(.,-).
Moreover, we can derive the following:

(a) from Remark 3 (b), T is continuous relative to R™ x R, .,
(b) for every (y,A) € R™ x Ry, from the nonemptiness of Spa (A, y, A) (cf. Fact 3), we have T'(y, \) € dom L 4 g,
(c) from Lemma 3, S is continuous relative to dom L 4 q.

Hence from Lemma 2, M o T' is continuous relative to R™ x R, which implies the continuity of Sya(A, -, -) relative to
R™ x R++. 0

C.6 Proof of Theorem 5
Proof: From (29) in Thm. 3, for every A € R, we have

Ba(A, y,p, )
(1=p)
where Spa(+) is the LASSO solution set mapping (cf. Fact 3), 3, () and 34(-) are respectively the mappings of the common
linear fit of all primal sGMC solutions and that of all dual solutions (cf. Thm. 1 and 2). Define the following mappings:

— A
T11R++—>RmXR++:)\’—> (y pl((ai(;))y7p7A),)\)7
Ty : R++ — R™ x R++ tA (\/ﬁIBP(A7y’p7 )‘)a)‘> )
Ml : RT” X R++ = Rn : (Cﬂ?) — SLA(A7Cﬂ77)7
Ms i R™ X Ryt = R™ : (C,1)) = Sia(v/PA, C,1).

Se(A7yap7 )‘) = SLA (Aa y—r 7)\> X SLA(\/15A7 \/Eﬁp(Aayvp7 A)7 A)a

Then one can verify that

Se(A,y,p, A) = Mi(T1(A)) x Ma(T2(N)). (55)

Moreover, we can derive the following:
(@) from Cor. 2 and (31) in Thm. 3, T} and 75 are both continuous relative to R .,
(b) from the definition of T and T5, for every A € Ry, T1(A\), T2(A) € R™ x R4,
(c) from Lemma 4, M; and M3 are both continuous relative to R™ x R, ;.
Thus from Lemma 2, M; o T1(-) and My o T5(+) are both continuous relative to R, combining which with (55) yields
the continuity of Se(A, y, p, -) relative to R ;. O
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APPENDIX D
PROOFS FOR SECTION 5
D.1 Proof of Proposition 6

Proof: From the definition of <, one can verify that < satisfies reflexivity, transitivity and antisymmetry, hence < is
a partial order on V (cf. [32, Sec. 1.3]).

(a) Suppose we have (£1,81) =X (2, 82) with (€3,82) € V. Then from the definition of V in Prop. 5, we have [s3]g, €
R (ngT), hence there exists z € R2™ such that
_ T, _ [~T
[s2]e, =Cs, 'z = [C z} .,
Since &1 C &; and [s1]g, = [s2]g,, one can deduce that
(s1]e, = [s2)e, = [CT2] . =CszeR (ce.T),

which implies that (€1, s1) € V. Hence V is downward closed with respect to <.
(b) For A > 0 and w, € Se()), from the rule (a) of (OPT) in Remark 5 (Sec. 5.1), one can verify that
supp(we) C Ee(A),
[Sign(w6>]supp(we) = [Se()‘)]supp[we]'

Thus the generalized inequality (34) naturally holds. Since < is downward closed on V and (E()), se(A)) € V from Lemma
6, we naturally have (supp(ws.), sign(we)) € V. 0

D.2 Proof of Proposition 7

Proof: (a) For (£,s) € Vand A > 0, let w € Spory (&, s, A), then w satisfies (£, s)-(EQ) and (€, s)-(NQ) simultane-
ously at A, i.e,,

{(w €&) &(w) = ¢ (b— DCw) = A[s];, (EQ-a)
(Vi € =€) [w]; =0, (EQ-b)
{(Vi €&) [s]i[w]; >0, (NQ-a)

(Vi € =€) & (w)] = |¢] (b— DCw)| < . (NQ-b)

To prove w € Se(\), we only need to show that w satisfies the ith (OPT) condition for every i € {1,2,...,2n} (Def. 2 in
Sec. 4.1), i.e.,

(OPT)

_ {Asign([w];)}, if [w]; # 0,
&(w) =¢] (b— DCw) € {[_A7 A i ], — 0.

For every i € =&, (EQ-b) and (NQ-b) imply that [w]; = 0 and |§;(w)| < A, hence w satisfies the ith (OPT) condition.
On the other hand, for every i € &, since £ = supp(s) from Prop. 5, we have [s]; € {£1}, which further implies from
(EQ-a) that |¢;(w)| = A\. Hence we can derive that

o if [w]; = 0, then since |;(w)| = A € [-)\, \], w satisfies the ith (OPT) condition,
o if [w]; # 0, then from (NQ-a) and [s]; € {£1} we have [s]; = sign([w];), combining which with (EQ-a) implies
&i(w) = A[s]; = Asign([w];).
Thus w satisfies the ith (OPT) condition.

Accordingly, w satisfies the ith (OPT) condition for every ¢ € {1,2,...,2n}, which yields w € S.(\). Hence we
conclude that Spory (€, 8, A) C Se(N).

(b) For A > 0, define (&, se) = (Ee(N), Se(N)), then we have (&, se) € V directly from Lemma 6 and Prop. 5. From the
result (a), we have Spory (e, Se; A) C Se(A), hence we only need to prove Spory(Ee, Se, A) D Se(A).
Let w € Se(A), then w satisfies (OPT), and we have

(EXw), s(A, w)) = (Ee(N), 8e(N)) = (&, se) (56)

from Lemma 6. To prove w € Spory(&e; Se, A), we only need to show that w satisfies (&, se)-(EQ) and (&, s¢)-(NQ) at A.
From (56) and Lemma 5 (b), we can derive

(V’L c ge) fl('l,U) = )\[Se]i- (57)

Moreover, from (56) and Def. 5, we have
(Vi€ =&) |&(w)| # A,



41
combining which with the ¢th (OPT) condition implies
(Vi € ~&) [w]; = 0. (58)
Putting (57) and (58) together, we can verify that w satisfies (&, se)-(EQ) at A.
In addition, for every i € &, we have
o if i ¢ supp(w), then we naturally have [s¢];[w]; = 0,
o if i € supp(w), then from (OPT) we have §;(w) = Asign([w];), combining which with (57) yields [s.]; = [sign(w)];,
hence [se];[w]; > 0,
thus we verify that w satisfies (&, se)-(NQ-a) at A\. Moreover, (OPT) implies that §;(w) € [\, ] foreveryi € {1,2,...,2n},
hence w satisfies (&, se)-(NQ-b) at A. Accordingly, w satisfies (&, s.)-(NQ) at A.
Combining the discussion above yields Spory (e, Se; A) D Se(A). Hence we have Spory (e, Se; A) = Se(N).

(c) For (£,s) € V and w € Se(\), we have
(supp(w), sign(w)) < (€e(A), 5¢(A)) = (E(A, w), s(A, w)) (59)

directly from Prop. 6 and Lemma 6.
If w € Spory (€, s, M), then from (EQ-a), we have

ECENw) =E(N),
Asle = [§(w)le = Als(A, w)]e = A[se(A)le;
where the second equality in the latter equation follows from Lemma 5 (b) and £ C £(A,w). Hence one can derive
(€,8) = (E(N), 8e(A)). From (EQ-b), we have supp(w) C £. Combining these results with (59) implies
(supp(w), sign(w)) < (€e(A), s¢(A)),
(€,8) 2 (&e(A); se(N)),
supp(w) C €&,
thus from the definition of < on V (cf. Prop. 6), we have
(supp(w), sign(w)) = (€, 8) = (Ee(A), se(N))-

Reversely, if (£, s) satisfies the generalized inequality above, then we can derive the following:

« since supp(w) C &, we have [w]_¢ = 0, hence w satisfies (&, s)-(EQ-b) at A,

o since w € Se(A), we have [§(w)]g () = A[se(N)]g,(,) from Lemma 5 (b) and Lemma 6, combining which with
(€,8) =% (Ee(N), 8e(N)) yields

[€(w)]g = Alse(N)]e = Alsle,

hence w satisfies (€, s)-(EQ-a) at A,

e since w € Se()), from (OPT), we have [§;(w)| < A for every i € {1,...,2n}, which implies that w satisfies (£, s)-
(NQ-b) at A,

o since w € Se(A), from the result (b), we can derive that w satisfies (E.(A), se(A))-(NQ-a) at A, i.e.,

(Vi€ &(N)  [se(N)]; [w]i =0,
combining which with (€, s) C (E()), se(N)) yields that w satisfies (€, s)-(NQ-a) at .
Hence w satisfies (€, s)-(EQ) and (€, s)-(NQ) simultaneously at A, i.e., w € Spory(€, s, A).

(d) For w € Spory (€, s, A), if w satisfies (&, s)-(NQ-a) strictly A, then we have (£, s) = (supp(w), sign(w)) directly from
(EQ-b) and strict inequality of (NQ-a).

On the other hand, suppose w satisfies (€, s)-(NQ-a) strictly at A. From the result (a), we have w € S¢(\). Hence from
(EQ-a) and the strict inequality of (NQ-b), one can derive

E=E(\w) =E(N)
by Def. 5 and Lemma 6. Combining the equality above with (EQ-a) and notice that (£, s) € V, we can further yield
s =s(A\w) = s.(A)
by Def. 5 and Lemma 6. Hence (£, s) = (E()), Se(N)). O
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D.3 Proof of Proposition 8

Proof: We first show that the solution set of (£, s)-(EQ) at ) is always nonempty for every A € R. Notice that w € R?"
satisfies (£, s)-(EQ) at \ if and only if

-
b—D =
Ce ( Celwle) = Alsle, 60)
[w]-e = 0.
Hence the solution set of (£, s)-(EQ) at A is nonempty if and only if the following equation with respect to [w]¢:
CgT(b - DCg['w]g) = /\[S]g — CgTDCg[’w}g = CgTb - )\[S}g (61)

is compatible. Since (€, s) € V, we have [s]¢ € R (Cg—r) from Prop. 5. Hence we have
T T _ T
Ce b— )\[S]g ER (Cg ) =R (Cg DCg) R

where the equality holds from Lemma 7 in Appendix A. Accordingly, (61) is compatible, which implies that the solution
set of (£, s)-(EQ) at A is nonempty.

Next we derive the expression of the least squares solution of (£, s)-(EQ) at A. Combining (60) and (61), one can verify
that w satisfies (€, s)-(EQ) at X if and only if

{CgTDCg[w]g = Ce'b— \[sle, @
[’w]_\‘g =0.
Hence we can derive that the minimum norm solution wgg should satisfy that
{[wEQ}S = (CgTDCg)T (CeTb—Alsle)
[Weq] ¢ =0,
which yields the closed-form expression of wgq(E, s, A). 0

D.4 Proof of Proposition 9

Proof: Define (&,, s,) := (supp(w4 (X)), sign(w,(A))), then we have (&,, s,) € V directly from Prop. 6, which implies
that (&, s4) is an ex-equicorrelation pair. Define w, = w, () for simplicity. Since (,, s,) € V and w, € Se()), from Prop.
7 (c) we have

Wy € SPOLY(g*a Sk >\) - Se()\)v (63)
where the second inclusion follows from Prop. 7 (a). Hence w, satisfies (&, s«)-(EQ) at A, which is equivalent to
Ce. ' DCs [w,]e, = Ce, "b— \s,
S* g* [w ]g* (‘:* [S }8*7 (64)
[w*]—'c‘:* = 07

from (62). One can verify that w, is the least squares solution of (64) (i.e., w, = Wpq(&s, S, A)), if and only if [w,]e,
satisfies the following;:

1
[w*]g* eN (Cg*TDCg*) . (65)
Hereafter, we will show that the inclusion (65) holds.

From Thm. 4 in Sec. 4.1, w, is the unique minimum norm element in Se(A) D Spory(Ex, Sk, A) 3 w,. Hence w, is the
unique solution of the following convex program:

L 1” 12

minimize — |w

wEIR2" 2 2

subject to w € Spory(Ex, Sk, A).

From Def. 7, the convex program above is equivalent to

mqiuneiﬂrgize % ||wH§ (66a)
subject to Cg, ' (b — DCw) = A[s,]¢, , (66b)
[w]-¢, =0, (66¢)
[8+]e, © [w]e, >0, (66d)

~ M < C-¢, "(b— DCw) <\, (66€)
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where © is the Hadamard product (a.k.a. entrywise product). From (66c), we know that every solution w of (66) satisfies
[w]-¢, = 0. Define z := [w]¢, and notice that Cw = Cg, z, then (66) is further equivalent to [w]-¢, = 0 and

minimize 3 |2/} (67a)
subjectto Cg, ' (b— DCg, z) = A[s,]e., (67b)
[s:]e, ©®2 >0, (67¢)
C-¢, ' (DCe,z—b) <A1 (67d)
C.¢, ' (b— DCg, z) < \1. (67¢)

The Lagrangian function of (67) is
1
L(zpv) =5 |25+ uT (Ce." (b= DCe.2) = Ns.Je. )
— v/ ([s.e. ©2) + ) (Cog, T (DCe, 2~ b) = A1) + 1] (Coe,T (b~ DCg,z) — A1)

where p and v = (v1,v2,3) are the Lagrange multipliers. Hence from the KKT condition, we can yield the following
necessary conditions of optimality (cf. [49, Sec. 5.5.3]):

V.L(z,pu,v)=0. (68a)
v1 O ([s4e, ©2) = 0. (68b)

Expanding the expression of V,L(z, ,v) in (68a) yields
z=Ce, ' D" (Ce,pp+ Cg, (Vs — 12)) + [s.]e, O v1. (69)

Notice that if z is the solution of (67), then since &, := supp(w,), we have

z = [w*]é'* = [w*]supp(w*)v
which means that every component in z is nonzero. Since (Exy8x) €V, every component in [$4]e, is also nonzero, hence
from (68b) we can derive that vy = 0, substituting which into (69) yields

z = Cg*TDT(Cg*[J, +C_¢, (1/3 — I/g)) ER (Cg*T) .
Combining the inclusion above with z = [w,]s, and Lemma 7 in Appendix A yields
1
[’w*]g* €ER (Cg*TDTCg*) =N (Cg*TDCg*) .

Hence the inclusion (65) holds, which implies that w, (1)) is the least squares solution of (&, s, )-(EQ) at A\. Hence we have
w, () = Weq(Ex, S+, A) from Prop. 8. O

APPENDIX E
PROOFS FOR SECTION 6
E.1 Proof of Proposition 10

In this appendix, we derive the closed-form expression of the selection interval Isg (£, s) defined in Prop. 10, which
naturally proves the theoretical results claimed in Prop. 10.

E.1.1 Outline and Main Results of the Derivation

For the sake of clarity, we initially present an outline of the derivation, along with a lemma that will be used in subsequent
studies. The computational details will be elaborated upon in following sections.
Let us fix (€, s) € V, then the solution set of (SEL) with respect to A > 0 is the set of A € R satisfying:

(VZ S 5) [S]i[’uAJEQ((‘:, S, )\)]z >0, (SEL-a)
(VZ € _‘g) —A< gi(wEQ(€7 S, )‘)) < Aa (SEL'b)
A >0,

which is exactly the selection interval Isg (&, s) in Prop. 10.
Since weg (&, 8, ) is affine with a closed-form expression (cf. Prop. 8), we can obtain the closed-form expression of
IsgL (€, s) by the following four steps:
1) Step 1: we rewrite Wi (&, s, A) and &;(wro(€, s, A)) as affine functions of A more explicitly (cf. Appendix E.1):

’uA]EQ(gasv)‘) :p(f;) - )‘q(gvs)v (70)
Ei(wea(E,8,\) = ¢/ (w(&) — Mv(E, ). (71)
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2) Step 2: for every i € £, we substitute (70) into the ith (SEL-a) inequation, leading to (cf. Appendix E.1):
[slila(€, 8)liX < [s]i[p(E)]:- (72)

Solving (72) with respect to A € R yields a (possibly empty) closed interval, denoted by I?(&, s).
3) Step 3: for every i € =&, we substitute (71) into the ith (SEL-b) inequation, leading to (cf. Appendix E.1):

A</ ul€) —c]v(E s)A <A, (73)

Solving (73) with respect to A € R yields a (possibly empty) closed interval, denoted by I>(€, s).
4) Step 4: putting the results above together, we have

I (€, ) = (0,+00) N (Nice I} (€,8)) N (Nie-e I (€, 9))

hence we can obtain the expressions of the left endpoint lsg (€, $) and right endpoint rsgp (€, 8) of IsgL(E, S).
Summarizing the discussion above, we can obtain the closed-form expression of Igg. (€, s) in Prop. 10.
Additionally, we can derive the following lemma regarding the behavior of wgg(&, s, A) for A € int(IsgL(E, s)). This
result will be used in the proof of Prop. 11.

Lemma 8 (Behavior of the trajectory function inside its selection interval). Given (£,s) € V, then for every A € int(Isp (€, s)),
the following holds:
Weo(€, 8, A) satisfies (€, s)-(NQ) strictly at A,

ie, w :=weo(E, s, \) satisfies

(V’L < 5) [s]l[w]z > 0,
(Vi e =€) & (w)] = |¢] (b — DCw)| < A
Proof: The result follows directly from the step 2, 3, 4 in the outline of the derivation above. O

In the sequel, we provide additional computational details omitted in the preceding outline of derivation. Specifically,
we elaborate on the computation of steps 1 to 3.

E.1.2 Step 1: Rewriting weq(&, s, \) and &(weq(E, s, \))
From Prop. 8 in Sec. 5.4, we can rewrite the expression of weq (&, s, A) as follows:

Wi (€, 5, \) = p(€) — A\q(€, 5), (70)

where p(€) is the unique vector satisfying
i

[p(©)]e = (C:TDCe) Clb, o1

[p(&)]-¢ =0,
and g(€&, s) is the unique vector satisfying

i
(a(€, )]s = (Ce"DC) [sle, 75)
[9(&,5)]-¢ = 0.

For every i € {1,2,...,2n}, substituting (70) into
Ei(wpa(E,8, ) = ¢ (b — DCwgg(E, s,\)),

we can rewrite the expression of &;(wgq(E, s, \)) as follows:

Ei(weg(€,8,0)) = ¢ (u(€) — M (&, s)), (71)

where u(€) and v(€, s) are defined as
u(€) :=b—DC¢[p(&)e, (76)
v(€,s) = —DC¢[q(E, 9)]¢, (77)

with p(€) and q(&, s) respectively defined in (74) and (75).
E.1.3 Step 2: Computing the Solution Interval I3(E, s) of the ith (SEL-a) Inequation
For every i € £, substituting (70) into the ith (SEL-a) inequation yields
[slila(€, s)lix < [sli[p(E)]:- (72)

Let us fix (€, s) € V and solve (72) with respect to A € R.
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Since (72) is a linear inequation with respect to J, its solution set should be a (possibly empty) closed interval, say
I2(&, s), where its endpoints are defined as

12(€,s) =inf {\ € R | X satisfies (72)},
ri(€,8) =sup {\ € R | )\ satisfies (72)} .

The closed-form expressions of 12(€, s) and r3(&, s) can be obtained as follows (notice that [s]; # 0 from i € &):
1) If [s];[q(&, s)]; > 0, then we have

l?(ga S) = —0, 7’?(5, S) = [p(g)]l/[q(g, 8)]1
2) If [s]i[q(&, 8)]; < 0, then we have
(€, 8) = [p(E)i/[a(&,8))i, 1i(E,8) = +oc.

3) If [q(€, 8)]; = 0, then:

o when [s];[p(£)]; > 0, we have
I2(€,8) = —o0, 1€, 8) =400,

« when [s];[p(£)]; < 0, we have
12(€,8) = +o00, r(€,8)=—00.

Combining the discussion above with the definition of the ith (SEL-a) inequation yields the following lemma.
Lemma 9. For (£,s) € V, A € Rand i € £, we have
[sli[weq(E,8,A)]i >0 (SEL-a)

ifand only if 12(E,8) < A <71Y(E, s).
Moreover, the following holds:
(@) IFI2(E,s) < A < ri(€,s), then weo(E, s, \) satisfies the ith (£, s)-(NQ-a) inequation strictly at X, i.e.,

[s]i[u}EQ(é‘, S, )\)]z >0
(b) IfFA=1U(E,s8) or A =ri(E, s), then Wweq(E, s, A) attains equality for the ith (€, s)-(NQ-a) inequation at ), i.e.,
[s]i[weq (€, 8, A)]i = 0

The expressions of 12(E, s) and rI(E, s) are as follows: for p(E) defined in (74) and q(E, s) defined in (75),
o if[q(&,5)]; = 0and [s];[p(E)]; <O, then

I3(€,8) = +o0, ri(€,s):=—00,

in which case we have [I}(€, s),17(E,s)] =
o if[a(&,8)]i # 0or [s]i[p(E)]i = O, then
E
l’?(g, S) — %7 lf [s]’b[q(gﬂ 8)]1 < 07 (78)
! —00, otherwise,

[p(&)]: ; ) .
O

~+o00, otherwise,
in which case we have [I2(€, s),14(E, 8)] # 0.

E.1.4 Step 2: Computing the Solution Interval I°(€, s) of the ith (SEL-b) Inequation
For every ¢ € =&, substituting (71) into the ith (SEL-b) inequation yields
A<l u(€) —c]v(E )N <\, (73)
Let us fix (£, s) € V and solve (73) with respect to A € R.

Consider the 2D space (), f) € R?, then it is evident that solving (73) is equivalent to finding the intersection between
the line f = ¢/ u(€) — ¢/ v(€, )\ and the region —\ < f < \. Hence one can imagine that the solution set of (73) should
be a (possibly empty) closed interval, say I7 (£, s), where its endpoints are defined as

I°(£,s) ==inf {\ € R | \ satisfies (73)},
2(E,8) ==sup {\ € R | \ satisfies (73)} .
Exploiting the geometric interpretation above, the closed-form expressions of (’(£,s) and rP(€, s) can be obtained as

follows:
1) If ¢/ u(€) > 0, then:
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.
b _ i u(f) —
li(g’s)_c?v(é’,s)—i—l’ ri(€,8) = +00,

e when ¢/ v(€,s) > 1, we have

Tu(E) ¢ u(é)
b s = ™ £s)= G
i(&:9) c/v(&s)+1’ ri(£,9) clv(€,s)—1

2) If ¢/ u(€) < 0, then:
e when ¢/ v(€,8) > 1, we have
2(E,8) = +oo, 1P(E,8)=—00,

e when 1 > ¢/ v(&,s) > —1, we have

.
bg,s) = G WE)
li (873) - c;rv(é',s) 1’ T (gas) = +o0,
e when ¢/ v(€,s) < —1, we have
Tu(E) ¢ u(é)
b sy = ™ £s)= G
e = ot e =

3) If ¢/ u(€) = 0, then:
e when —1 < ¢/ v(€,s) < 1, we have
PE,s)=0, (& 5) =400

o when |¢/ v(€, s)| > 1, we have
P(E,8)=0, (&) =0.

Combining the discussion above with the definition of the ¢th (SEL-b) inequation yields the following lemma.
Lemma 10. For (£,s) € V, A € Rand i € =&, we have
-A S 51 (uA)EQ(ga S, )‘)) S A (SEL—a)

if and only if I2(E,8) < XA < rb(€, s).
Moreover, the following holds:

(@) IFI5(E,8) < A < rY(E,s), then weg(E, s, \) satisfies the ith (€, 8)-(NQ-b) inequation strictly at ), i.e.,
& (WEQ(E, 8, A))| < A

() IfA=12(E,8) or A =10(E, 8), then weg(E, 8, \) attains equality for the ith (€, 8)-(NQ-b) inequation at ), i.e.,
|Si(weg(€,8,A))] = A.

The expressions of IY(E, 8) and rY(E, s) are as follows: for w(E) defined in (76) and v(E, 8) defined in (77),
o if ¢/ v(E)| > Land ¢] u(&)elv(E, ) <0, then

lf(gv 8) = 00, rlij(g7 8) = =00,

e u(E .
c;ri:(é',(s))-i-l’ ifef u(€) >0,
d
L 8) = o2l ifefu(€) <O, (79)
0, otherwise,
e u(€) . T T
Th((€7 S) _ W, lf.maX{Ci 'U/(E:),Ci 'U(g7s)+1} <07

-
o, if minf{el u(é). el v(€,5) — 1} >0,
0, ifeju(€) =0and |c]v(E,s)| > 1,
00, otherwise,

7é

in which case we have [I2(£, 8),1Y(E, 8)]

0.
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E.2 Proof of Proposition 11
Before proving Prop. 11, we present the following lemma, introducing several equivalent statements of (SEL) (Def. 8).

Lemma 11. For (£,s) € V and A > 0, consider the selection condition of (£, s) at A:
Weo(€, 8, A) satisfies (€, s)-(NQ) at A. (SEL)

Then (SEL) is equivalent to the following statements, which are arranged in a gradually stronger order:
(a) weo(€,s,A) € Se(N),
(b) ’LZJEQ((C:, S, )\) S SPOLy(g, S, )\) C Sg()\>,
(c) weq(E, s, \) is the unique minimum fo-norm element in Spory(E,8,A) C Se(N),
where Spory (€, 8, A) is the cutting polytope in Def. 7.
Proof: For simplicity, we define wgq = wgq(&, s, A).
Since Wgq naturally satisfies (€, s)-(EQ) at A from Prop. 8, one can see that the statement (b) is equivalent to (SEL).
In the following, we prove the equivalence between the statement (b) and the statements (a)(c).
(I) We first prove the equivalence between the statements (a) and (b). If Wrg € Srory (&, 8, A), then we have Wgg € Se())
directly from Prop. 7 (a). Hence (b) implies (a).
Reversely, if Wrg € S.()), then since wgq satisfies (€, s)-(EQ-a) at A from its definition (Prop. 8), we have &;(wrq) =
A[s]; for every i € £, which implies that

E C E(N wrq) = E(N),
[sle = [s(A weq)le = [se(M]e-
Hence we have (£,8) = (€(A), se(A)). Moreover, since wgq satisfies (£, s)-(EQ-b) at A from its definition (Prop. 8), we

have supp(wgq) C €. Combining the discussion above with Prop. 6 in Sec. 5.2, we obtain the following relations:
(€,8) 2 (E(A); 5e(N);
supp(weq) C &,
(supp(weq), sign(weq) = (&e(A), se())-

One can verify that the relations above yields
(supp(weq), sign(weq)) = (£,8) X (E(A), se(V)).

Since wWgg € Se(A) and (€, s) € V, the generalized inequality above implies Wrq € Spory(€, s, A) from Prop. 7 (c). Hence
the statements (a) and (b) are equivalent.
(IT) Next we prove the equivalence between the statements (b) and (c). Notice that from Prop. 8, wgg(&, s, A) is the minimum
{3-norm element in the solution set of (€, s)-(EQ) at A, which is a super set of Spory(€, s, \). Hence wgg(€, s, A) is the
minimum {s-norm element in Spory (&, s, A) if and only if weq(€, s, A) € Spory(€, s, A), which leads to the equivalence
between the statements (b) and (c). O
Next, we prove Prop. 11 using Lemma 11.

Proof of Proposition 11: Given (£,8) € V, from the definition of the selection interval Isg (€, s) (Prop. 10), (£, )

satisfies (SEL) at A > 0 if and only if A € Isp (€, s). Hence we can prove the results (a) and (b) as follows.

(a) For every \ € int(IsgL(€, 8)), we have
weq(€, 8,A) € Srory (€, 8,A) C Se(N)

from Lemma 11. Moreover, from Lemma 8 in Appendix E.1, wgq(&, s, \) satisfies (€, s)-(NQ-b) strictly at A, hence one can
derive the following

(€, 8)= (66()‘)a Se(/\))

from the properties of cutting polytope (Prop. 7 (d)).
From Lemma 11 (c), Weq(€, 8, A) is the minimum ¢2-norm element in

Srory (€, 8, ) = Spory (Ee(N), Se(A), A) = Se(N),

where the last equality follows from Prop. 7 (b). Thus we have wgq(€, s, A) = w, () from the definition of w, (X).
In addition, from Lemma 8 in Appendix E.1, for every A € int(Ise (&, 8)), Wea(E,s,A) € Spowy(€, s, \) satisfies
(€, 5)-(NQ-a) strictly at A, hence one can derive

(€, 8) = (supp(weq(€&, s, A)), sign(weq (€, s, N))),
from Prop. 7 (d). Since wgq(€, s, A) = w, (), we have

(€, 8) = (supp(wy(N)), sign(wy(N))).
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(b) For A ¢ Isg(€, s), Lemma 11 implies that
Weg (€, 8,A) &€ Se(N),

hence we have wgqg(€, 8, A) # Wi (A) € Se(A). O

E.3 Proof of Proposition 12

Proof: (a) We prove the result by contradiction. Suppose there exists A € int(Isgr (€1, 81)) N int(Isgr (€2, 82)), then
from Prop. 11 (a), we have

(Ee(N); 8e(N) = (€1, 81) # (E2,82) = (Ee(N); 5e(N)),
which leads to a contradiction. Hence the result (a) holds.

(b) Define the following;:

I, = U(f,S)EV* ISEL(€7 8)3

L= Ug,spenv, TseL(E, s).
From Cor. 6 and Prop. 11 (b), one can derive that
Ue,s)evIseL(€,8) =Ry

Hence we have I, U I, = R, which implies I, D R, \ L.

Notice that from the definition of V, in Prop. 12, for every (£,s) € V \ V,, IsgL(€, 8) is either empty or only contains
a single positive number, hence I, is either empty or contains finite positive numbers. If I, = (J, then we naturally have
I, DRyy \ I, = Ry, which directly proves the result (b).

Suppose that I, # (), then without loss of generality, we can assume that

I_* = {)\1,)\2, .. 7)\[{} C R++,

where K is a positive integer. For every k € {1,2,..., K}, if there exists (£, s) € V, such that A, € int(Ige(€, s)), then we
naturally have A\ € I,; otherwise, since I, U I, = R, 4, one can verify that there must exist (£, s) € V., such that one of the
endpoints of Igg (€, s) coincides with Aj. Recall that in Prop. 10, all endpoints of Isg (€, s) except 0 and +oo are closed,
hence we have A\, € I,. Accordingly, we have )\, € I, for every k € {1,2,...,K}, combining which with I, D Ry \ I,
yields I, = Ry, i.e., the result (b) holds. O

APPENDIX F

PROOF OF THEOREM 8 IN SECTION 7

F.1 A Sketch of the Proof

For the sake of clarity, we initially provide an outline of the proof of Thm. 8. The omitted details within this proof sketch

will be elaborated upon in following sections.
Recall the following definition (cf. (43) in Sec. 7.2) of the trajectory switching time A1 of w, (\):

A+ = lseL (&L, 8T) = e (€415 Shp1)- )

Hence one can imagine that

+

w, = ’UJ*(/\+) (80)

can be used as a bridge for characterizing the relation among
o the input (£, s) = (£f,8%) € Vs,
o the output (£4,54),
o the desired result (£, ,,55,,) € Vu

of the LARS-sGMC iteration (Algorithm 1).
Exploiting the relation between w; and ex-equicorrelation pairs involved in the LARS-sGMC iteration, we can establish
the correctness of the LARS-sGMC iteration under the “one-at-a-time” assumption. See the following proof sketch.

A sketch of the proof of Theorem 8: We establish the equality between (£, s ) and (€, s, ;) by four steps.
Step 1: we derive a value range for (£ |, s; ;). From (43), we have A\; € IsgL(Ef, 1, 8% ), which implies

w} € Spory (€415 Skt At) (81)

from Thm. 7 in Sec. 6.2. Exploiting the properties of cutting polytopes (Prop. 7 (c) in Sec. 5.3), we can derive the following
value range for (£, s}, ;) from (81):

(supp(wy), sign(w})) = (11, 8541) = (Ee(At), se(A4))- (82)
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Step 2: we establish the relation between (£, s) and the lower/upper bounds of (£}, sj, ). As will be shown in
Lemma 12, we can establish the following inclusion:

w:r € SPOLY(‘S) s, >‘+)a

i.e, w] simultaneously satisfies (€, s)-(EQ) and (&, s)-(NQ) at A (cf. Def. 7 in Sec. 5.3). Moreover, the following holds:
(a) Forevery i€ (€\ I},..), w; satisfies the ith (£, s)-(NQ-a) inequation strictly at .
(b) For every i € (=€ \ I ..), w; satisfies the ith (€, s)-(NQ-b) inequation strictly at Ay.
Combining the results above (Lemma 12) with Prop. 7 (d) in Sec. 5.3, we can derive the following relation between (€, s)
and the lower/upper bounds of (82):

o If [T} ,..| = 0, then (£, 5) = (supp(w;), sign(w]")).

o If [T | = 0, then (£, 5) = (Ee(A4), Se(A4)).

insert

Step 3: we establish the relation between (£, s ) and the lower/upper bounds of (£} |, s}, ). As will be shown in
Lemma 13, we can establish the following inclusion:

w} € Spory(E+, 84, A1),

i.e, w] simultaneously satisfies (£, s )-(EQ) and (€, s4)-(NQ) at A4 (cf. Def. 7 in Sec. 5.3). Moreover, we have:
(a) Foreveryi e (&1 \ msert) w satisfies the ith (€4, s4)-(NQ-a) inequation strictly at A.
(b) Forevery i € (€4 \ Ije), Wi satisfies the ith (€4, s4)-(NQ-b) inequation strictly at A.
Combining the results above (Lemma 13) with Prop. 7 (d) in Sec. 5.3, we can derive the following relation between (€, st )
and the lower/upper bounds of (82):
o If |ZF .| = 0, then (€1, s4) = (supp(w] ), sign(w})).

insert

o If [T el = 0, then (£1,55) = (E(A1), se(A1)).
Step 4: we apply the kth “one-at-a-time” assumption to narrow down the range of (&7, ,s; ). From the kth
“one-at-a-time” assumption, we have
| Zaerte] + Tinsert| = 1.
Furthermore, exploiting the results of the step 2 and step 3 in this proof sketch, we can show that
o if } delete‘ 1 and ] insert| = 0, then

(£,8) = (Ee(Mt), 8e(A1)),
(€4, 8+) = (supp(wy ), sign(w])),
° lf }Id

0 and | =1, then

elete | insert

(€, (Supp( 7)ssign(w)),
(E4r84) = (Ee(Ay), se(Ay))-

Combining the results above with the value range (82) of ( 415 Siy1) in the step 1, one can verify that either

(&,8) 2 (Epi1Shq1) = (E4,84)

or (£4,54) 2 (&5 41, 8%41) = (€, 5) holds. From the “one-at-a-time” assumption, the difference between £ and £ is only
one index, hence by the definition of < (Prop. 6 in Sec. 5.2), either of the generalized inequalities above implies that

8) =
)=

(gl:—i-lv 32—1-1) = (57 3) or (g-‘r) S+)
Notice that
(ga 8) = (527 82) 7é (51:4-17 32—1—1)7

we conclude that (& |, 85,1) = (€4, 84). O
Next, we provide additional proof details that were omitted in the preceding proof sketch. Specifically, we will prove
the results stated in the step 2 and step 3.
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F.2 Missing Details in Step 2 of the Proof Sketch

We first present the following Lemma 12, which proves the result stated in step 2 of the proof sketch in Appendix F
and establishes some preliminary results for proving step 3.
Lemma 12. Let the input of the LARS-sGMC iteration be

(&,8)= (&, sy) withk € {0,1,...,|V,| — 2},
and let 1 be defined as in (43). Then we have
wj = w*(/\+) S SPOLy(S, S, )\+), (83)

ie., w} simultaneously satisfies (€, s)-(EQ) and (€, s)-(NQ) at A1 (cf. Def. 7 in Sec. 5.3). Moreover, the following holds:
(a1) Foreveryi € (E\I},,,) C & wy satisfies the ith (€, s)-(NQ-a) inequation strictly at Ay, ie.,

delete
(VZ e \I;e_lete) [S]l[w:r]l > 0.

C &, wi attains equality for the ith (€, s)-(NQ-a) inequation at A4, i.e.,

(VZ € I;e_lete) [s]l[wj]l =0.
(b1) Foreveryi € (=€ \ I;\,.) C —&, w; satisfies the ith (€, s)-(NQ-b) inequation strictly at A, i.e.,

(VZ € "g \z-zj/lrsert) ‘gl(wr” < )UF'
(b2) Foreveryi € I, ,, C =&, wi attains equality for the ith (£, 8)-(NQ-b) inequation at A, i.e.,
(VZ € Ii;;art) |£Z('wj)’ = >\+'

(a2) For every i € T,

Proof: From the definition (43) of A:
At = lseL (€7, 85) = rseL(Exy1s Shan), 43)
we have A\ € IsgL(&f, s}), which implies
w; = we(Er, 8k A+) = Wia(€, 8, A4), (84)
w} € Spory (£}, 85, \y) = Spory (€, 8, A1)
from Thm. 6 (a) and Thm. 7 (a) in Sec. 6.2. Hence (83) holds.
Since (£, s) = (£F, 8%) € Vs, from the definition of V, (Prop. 12 in Sec. 6.1), we have
Ap =lseL(€, 8) < rspL(€, 8),
combining which with Prop 10 in Sec. 6.1 yields:
(Vieé€) I3, 8) < Ay <ri(€,s), (85)
(Vi € =€) P(E,5) < Ay <1P(E,5). (86)
In the sequel, we prove the result (a) and (b) using the aforementioned results.
(a) Recall the definition of Ig;lete in Procedure 3:
The =i €E|12(E,8) = A\ ).

delete

Hence all indices in € can be divided into two disjoint parts € \ Z,.,. and Z,.,., and we can derive the following results:
« forevery i€ (£\ I},

lete), We have 12(€, s) # Ay, combining which with (85) yields
I2(E,8) < Ay <ri(&,s).
Thus from (84) and Lemma 9 (a) in Appendix E.1, w} = wgq(€, s, A} ) satisfies the ith (€, s)-(NQ-a) inequation
strictly at A;. Hence the result (al) holds.
« for every i € I}, we have [3(€,8) = A;. Thus from (84) and Lemma 9 (b) in Appendix E.1, w} = rq(€, s, A1)

elete’

attains equality for the ith (£, s)-(NQ-a) inequation at \;. Hence the result (a2) holds.
(b) Recall the definition of Z;

imsert iN Procedure 3:

T ={i €€ | B(E,5) =\, }.

Hence all indices in =€ can be divided into two disjoint parts =& \Iij;sert and Z,\ ., and we can derive the following results:
o forevery i € (=€ \Ii'rtsert), we have (£, s) # A, combining which with (86) yields
P(E,8) <Ay <71P(&,8).
Thus from (84) and Lemma 10 (a) in Appendix E.1, w] = wgq(€, s, \;) satisfies the ith (€, s)-(NQ-b) inequation
strictly at A;. Hence the result (b1) holds.
o for every i € Z;" ., we have [?(£,s) = .. Thus from (84) and Lemma 10 (b) in Appendix E.1, w} = wgq(E, s, \y)
attains equality for the ith (£, s)-(NQ-b) inequation at ;. Hence the result (b2) holds.
Combining the discussion above completes the proof. O
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Fig. 11: An illustration of the relation between &£ and &,..

F.3 Missing Details in Step 3 of the Proof Sketch
In this section, we present the following Lemma 13, proving the result stated in step 2 of the proof sketch in Appendix

F.
Lemma 13. Let the input of the LARS-sGMC iteration be

(E,8) = (&, sp) withk € {0,1,..., V| — 2},
let the output be (€4, s+) and let Xy be defined as in (43). Then (€4, s1) € V, and we have
wj = w*()\+) S SPOLY((€+7 Sy, )\Jr), (87)

ie., w] simultaneously satisfies (£, s+ )-(EQ) and (€4, s4)-(NQ) at Ay (cf. Def. 7 in Sec. 5.3).
Moreover, the following holds:
(a1) Foreveryi € (€4 \ Tif,.) C E+, wi satisfies the ith (€4, s1)-(NQ-a) inequation strictly at A, i.e.,

(VZ € g+ \Ii:sert) [8+]l[w*+]l > 0.
C &4, wi attains equality for the ith (€, sy )-(NQ-a) inequation at Ay, i.e.,
(VZ € I;lrsert) [SJF]Z[wj]Z =0.
(b1) Foreveryi € (€4 \ If,.) C ~Ex, wy satisfies the ith (€, s4)-(NQ-b) inequation strictly at Ay, ie.,
(VZ S ﬂg.i'_ \I;lete) !gl(Wj)| < )\+.
(b2) Foreveryi € I}, C —Ey, w} attains equality for the ith (£, s4)-(NQ-b) inequation at 4, i.e.,
(V?, € ',Z’-;Lrsert) |£l (’UJ:_)| = /\""'

Proof: We first prove (€4, 54) € V by the definition of the ex-equicorrelation space V (cf. Prop. 5 in Sec. 5.1).
Substituting w} = weq(E, s, Ay ) (cf. (84)) into the expression of (€4, s4) in Procedure 3 yields

(a2) For every i € T},

nsert

5+ = (5 \I;f,:lete) U Ii:sert’ (88)
0, lf’L € Idtlete?
[s]i = { sign (&(w))), ifi € Ty, (89)
[s]:, otherwise.

We have s € {+1,0,—1}*" directly from (89). Moreover, from Lemma 12 (b2), for every i € I\ ., we have |&;(w])| = Ay >
0, hence [s4]; # 0, combining which with the description of the deletion-insertion process (Procedure 2) yields supp(s4) = E4. Thus

to prove (£4,51) € V, we only need to show [s;]e, € R (C5+T), From (83), for every i € &, wi satisfies the ith (€, s)-(EQ-a)
equation at A, i.e.,

(Vie&) &w))=cl (b—DCw})=Ails], (90)
In addition, from Lemma 12 (b2) and (89), we have
(VieZl,,) &Gw)):=c/(b—DCw})=\|s.] (91)

Combining (90), (91) with (88) and (89) yields
(Vie&) &w!)=el (b— DCw))=Ailsils,
which further implies

1
[S+]54r = ICngT(b—DC’wj) eER (C5+T) .
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Hence we conclude that (E4,s1) € V.
In the sequel, we prove (87) and the result (a)(b).

(a) First, for every i € £, we will show that:
o the result (a1) and (a2) hold, which implies that w satisfies the ith (€., s4)-(NQ-a) inequation at A,
o w; satisfies the ith (£, s4)-(EQ-a) equation at \.
Recall that T, C € and I}, C =& (cf. Procedure 3), hence from (88), all indices in £ can be divided into two disjoint parts

msert

(54‘ \ msert) (5 \Idelete) and Imsert

Part one of E;: for every i € (E4\T;,,) =
from (89), combining which with Lemma 12 (al) yields

(VZ € 5—0- \ msert) [8+]1[w:r]1 > O’

(EN\T}), it is evident that i & (I, U T,

delete msert) hence we have [S+}i = [8}1

i.e., the result (al) holds.
In addition, notice that (£4 \ I;\.) = (E\ Zi.) C &, hence from (83), wy satisfies the ith (€, 8)-(EQ-a) equation at A\,
namely
<VZ € 8+ \ msert) gl(wj) = >‘+ [S]Z = )‘+ [S+]i-
Thus w satisfies the ith (€, s+)—(EQ—a) equation at \y.
since I\, . C =&, from (83), w; satisfies the ith (€, 8)-(EQ-b) equation at Ay, i..,
(VZ € Ilisert) [w* ]Z =0.

Part two of E: for every i € 1L,

msert’

Hence the result (a2) naturally holds.
In addition, from Lemma 12 (b2) and (89), we have

(VZ € I;rsert) gi( ) +[S+]
Thus w satisfies the ith (£, s+ )-(EQ-a) equation at .
(b) Next, for every i € =&, we will show that:
o the result (b1) and (b2) hold, which implies that w} satisfies the ith (£, s4)-(NQ-b) inequation at .,
o wj satisfies the ith (£, 84 )-(EQ-b) equation at .

Recall that T, C € and I}, C —& (cf. Procedure 3), hence from (88), we can derive that (cf. Fig. 11)

_‘g+ - (_'5\ msert) UI;Lr’letw

which implies that all indices in =&, can be divided into two disjoint parts (=€ \ T;,,) = (7€ \ Tito) and T,

Part one of —~&.: for every
(j€+ \Idelete) = (ﬁg \ msert)

from Lemma 12 (b1) we have
(V’L € ngr \Idelete) ygl(wj)} < )\+’

which implies that the result (b1) holds.
In addition, since (=€+ \ I f,) = (E\TLt,.) C —&, hence from (83), w satisfies the ith (€, s)-(EQ-b) equation at A,
namely
(VZ € _‘gJF \Idelete) [wj—]l =0.

Thus w satisfies the ith (€4, s4)-(EQ-b) equation at A
Part two of ~E.: for every i € I}, since T}, C E, from (83), wj satisfies the ith (€, s)-(EQ-a) equation at A, i.e.,
(VZ € Idtlete) §1 (’I.U+) = )\+[S] i

Since we have [s); € {1,—1} from I, . C &, the equation above naturally implies the result (b2).
In addition, from Lemma 12 (a2), we have

elete’

(Vi € T i) [slilw}]i = 0.
Since we have [s]; € {1,—1} from I, ,. C &, the equation above naturally implies
(V’L € Idelete) [w* ]Z = 0,

ie., w} satisfies the ith (€4, s+ )-(EQ-b) equation at \ .
Combining the discussion above completes the proof of (87), the result (a) and the result (b). O
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