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Abstract

This paper studies several solution paths of sparse quadratic minimization problems
as a function of the weighing parameter of the bi-objective of estimation loss versus
solution sparsity. Three such paths are considered: the “fy-path” where the discontinu-
ous £p-function provides the exact sparsity count; the “¢1-path” where the £;-function
provides a convex surrogate of sparsity count; and the “capped £ -path” where the non-
convex nondifferentiable capped £1-function aims to enhance the £;-approximation.
Serving different purposes, each of these three formulations is different from each
other, both analytically and computationally. Our results deepen the understanding of
(old and new) properties of the associated paths, highlight the pros, cons, and tradeoffs
of these sparse optimization models, and provide numerical evidence to support the
practical superiority of the capped €;-path. Our study of the capped £;-path is inter-
esting in its own right as the path pertains to computable directionally stationary (=
strongly locally minimizing in this context, as opposed to globally optimal) solutions

The work of Gomez was based on research support by the National Science Foundation under grant
CIF-2006762. The work of Pang was based on research supported by the U.S. Air Force Office of
Scientific Research under grant FA9550-18-1-0382.

X Ziyu He
ziyuhe @usc.edu

Shaoning Han
shaoning@usc.edu

Andrés Gémez
gomezand @usc.edu

Ying Cui
yingcui@umn.edu

Jong-Shi Pang
jongship@usc.edu
Daniel J. Epstein Department of Industrial and Systems Engineering, University of Southern

California, Los Angeles 90089, USA

Department of Industrial and Systems Engineering, University of Minnesota, Minneapolis 55455,
USA

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10107-023-01966-0&domain=pdf
http://orcid.org/0000-0002-7611-312X

518 Z.Heetal.

of a parametric nonconvex nondifferentiable optimization problem. Motivated by clas-
sical parametric quadratic programming theory and reinforced by modern statistical
learning studies, both casting an exponential perspective in fully describing such solu-
tion paths, we also aim to address the question of whether some of them can be fully
traced in strongly polynomial time in the problem dimensions. A major conclusion of
this paper is that a path of directional stationary solutions of the capped £ -regularized
problem offers interesting theoretical properties and practical compromise between the
£p-path and the £1-path. Indeed, while the £(-path is computationally prohibitive and
greatly handicapped by the repeated solution of mixed-integer nonlinear programs, the
quality of £;-path, in terms of the two criteria—Iloss and sparsity—in the estimation
objective, is inferior to the capped £1-path; the latter can be obtained efficiently by a
combination of a parametric pivoting-like scheme supplemented by an algorithm that
takes advantage of the Z-matrix structure of the loss function.

Keywords Sparse optimization - Solution paths - Strong polynomiality - Surrogate
sparsity functions

Mathematics Subject Classification 90C20, 90C26, 90C31, 90C33, 62J07

1 Introduction

We study and compare different approaches for sparse quadratic minimization [31]
with a Stieltjes matrix [4] and bounded variables. In particular, given vectors g € R”,
LeRY, ueR], pelRL, asSteltes (ie., a symmetric M-)matrix Q € R"*" and a
regularization parameter y € R, we consider:

e The £p-problem

n
foly) £ minimum ¢ "x + §x"Qx+y Y pilxi o, 0
29 5. TN 1
denoted g (x) =
lifr #£0

0ifr =0 for t+ € R is the indicator

where the univariate £o-function |7 |g £ {
function of sparsity.
e For an additional scalar § > 0, the £;-problem

n
PN T 1T REAN
fi(y) £ minimum g "x + 5 x Qx+y;pz = )
=

see also (8).
e For § > 0 as above, the (nonconvex) capped £1-problem

n
feap(¥) £ minimum ¢ "x + %xTQx +vy Z pi min (M, 1) )

{<x<u £ 1)
i=1
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In general, an M-matrix is a real square matrix with nonpositive off-diagonal
elements (i.e., a Z-matrix) and whose principal minors are all positive; there are
many equivalent characterizations of this class of matrices; see [9, 18].

Problem (1) is the exact formulation of the sparsity optimization problem of practical
interest; (2) is a popular convexification of this discrete problem; and (3) attempts
to enhance the sparsity of the solution of the convex approximation. There has been
an extensive literature in solving problems (1)—(3) for a given value of the parameter
y. In contrast, the parametric versions of the three problems constitute the focus
of this paper. In other words, we focus on computing fo(y), f1(y) or feap(y) for
all values of y > 0 (i.e., the complete paths and not just at discrete values) and
their corresponding “solutions”; for the nonconvex nondifferentiable problem (3), the
analysis and computation of a (strongly) locally minimizing solution path will be a
highlight of our study. In contrast to widely-used grid search, studying the entire paths
for £¢-type problems is a relatively unexplored topic in the mathematical programming
literature, and we present a study on this in the current paper.

1.1 Motivation

Problems (1)—(3) arise in sparse inference problems with Gaussian Markov random
fields (GMRFs). Specifically, we consider a special class of GMRF models know as
Besag models [11], which are widely used in the literature [12, 13, 28, 33, 37, 42]
to model spatio-temporal processes including image restoration and computer vision,
disease mapping, and evolution of financial instruments. Given an undirected graph
G = (V, E) with vertex set V and edge set E, where edges encode adjacency rela-
tionships, consider a multivariate random variable X € R!V! indexed by the vertices
of G with probability distribution

1
p(X) ocexp| =Y —(Xi— X))’
(i.j)eE "

Such probability distribution encodes the prior belief that adjacent variables have
similar values. The values of X cannot be observed directly, but rather some noisy
observations y of X are available, where y; = X; + ¢;, with &; ~ N(0, aiz). Figure 1
depicts a sample GMRF commonly used to model spatial processes, where edges
correspond to horizontal and vertical adjacency.

In this case, the maximum a posteriori estimate of the true values of X can be found
by solving the optimization problem

C 1 1 2
minimize E — (yi — X )2+ E (xi —xj)" )
X . of A dij
ieV i (i.J)eE

Instead of problem (4) (which can be solved in closed form), we consider the situ-
ation where the random variable is also assumed to be sparse [6]. For example, few
pixels in an image may be salient from the background, few geographic locations
may be affected by an epidemic, or the underlying value of a financial instrument
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Fig.1 Two-dimensional GMRF

may change sparingly over time. Moreover, models such as (4) with sparsity have
also been proposed to estimate precision matrices of time-varying Gaussian processes
[24]. In all cases, the sparsity prior can be included in model (4) with the inclusion
of the £( term y Z?:l pi | xi |o, or an approximation such as the £; or capped ¢1,
resulting in an optimization problem with a Stieltjes matrix of the form (1)—(3). Since
the true sparsity of the underlying statistical process is rarely known a priori, one is
interested in solving (1)—(3) for all values of y, and then using either cross-validation
or information criteria [2, 39] to select the best alternative.

1.2 Summary of contributions and outline of paper

While the parametric version of problem (2) has been studied in the literature [23, 40],
there is a paucity of research concerning the parametric problems (1) and (3). This is
not surprising, due to the nonconvex structure of the optimization problems. A major
contribution of the present work is to fill this gap and to highlight the benefits brought
by the Z-property of the matrix Q. These contributions are of two kinds: analytical
and computational. From an analytical perspective, we show in particular that in the
special case where the variable x is nonnegatively constrained, the functions fj, f1 and
Jeap can be described compactly using at most # + 1 concave functions. In contrast,
if Q is not Stieltjes and x is free, the description of these value functions may require
an exponential number of simpler functions.

From a computational perspective, for each fixed § > 0, we propose an algorithm to
compute a possibly discontinuous solution path of strongly locally optimal objective
values of the capped £;-problem:

n
. Xi
Sflocmin (¥) € loc-minimum qTx + %xTQx +y Z pi min (M, 1) N G))
{<x<u izl I}
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There are several major contributions of this study from a mathematical programming
perspective that deserve to be highlighted: (a) this study addresses a stationary solution
path of a parameter-dependent capped £ regularized quadratic optimization problem,
which in this case, coincides with a path of (strongly) locally optimal solutions; (b)
interesting properties of this stationary (= locmin) solution path are revealed in the
study, in particular, its discontinuity and the fast restoration of a stationary solution
at a discontinuous point; and (c) an extensive set of computational results provide
strong evidence to support the benefits of this nonconvex nonsmooth regularizer in
practical sparse optimization. Taken together, the analytical and computational results
provide evidence demonstrating the benefits of the capped ¢;-regularizer in the class
of parametric sparse optimization problems studied in this paper.

At this point, it would be useful to mention that while there are other approximations
of the £p-function such as the minimax concave penalty MCP function [45], and the
smoothly clipped absolute deviation SCAD function [25], we have chosen the capped
£1-regularizer because it is a piecewise linear function, resulting in the parametric
problem (3) being of the parametric linear-quadratic, albeit nonconvex, kind whose
(stationary) solution path can be traced out in finite time. In general, a multivariate
piecewise linear-quadratic function differs from a piecewise quadratic function in that
each “piece” of the former function is a polyhedron whereas no such polyhedrality is
required for the latter [21, Sect. 4.4.2]. In the present context, the piecewise property
is due to the univariate regularizer of the £o-function and is thus much simpler. Never-
theless, with the former MCP and SCAD regularizers, the computational task of tracing
the entire solution path as defined by the same y-parameterization as in (3) cannot
be accomplished exactly or in finite time, because the regularizers lead to parame-
terization of a quadratic term, resulting in a parameterized problem whose solution
path is piecewise smooth with complicated changed points that cannot be computed
exactly during the tracing process. A method that circumvents the parameterization
of the quadratic term for the MCP regularizer is described in [45].

The rest of the paper is organized as follows. In Sect. 2 we present some relevant
background for the paper. In Sect. 3 we review known results concerning the parametric
versions of problems (1)-(3), and in Sect. 4 we prove the new analytical results.
In Sects. 5 and 6 we discuss the computation of the local minimum path given by
Sfloemin(); in Sect. 7 we specialize the methods to the nonnegative case x > 0;
and in Sect. 8 we illustrate the performance of the proposed method via numerical

experiments.
Notation: We follow the standard notation of submatrices and subvectors indexed by
subsets of [n] £ {1, ---,n}; for instance, if  and B are two such index sets, then

Qg is the submatrix of Q with rows and columns indexed by elements in o and B,
respectively. If o (B) is the full set [n], then we write Qo (Qqe, respectively) for Qup.
Similar definition applies to a subvector g, of g. For two vectors x and y of the same
dimension, min(x, y) is the vector of componentwise minima of x and y.
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2 Some details of the problem setting

The basic problem with exact sparsity is (1), where the following blanket assumption
is made unless otherwise specified:

e 0 <min(—¥¢;,u; ) <max(—¥¢;,u; ) < oo foralli € [n].

The results in this paper can easily be generalized to the case where some or all of
the bounds ¢; and u; are £00, respectively (as in many machine learning applications
that are unconstrained problems), and also to the case where some bounds are equal to
zero (so that the corresponding variables are sign-restricted). In order to avoid some
inessential discussion, we focus on the above conditions on the bounds, although we
will devote Sects.4 and 7 to address the case where £; = 0 forall i € [n].

Due to the disjunctive (thus discontinuous) nature of the £o-function, there are many
proposals to approximate the £o-function by continuous functions; most prominent
among these in the statistics literature is the family of folded concave functions [1, 26,
34]. In turn, simplest in this family are the weighted ¢; and capped ¢;-functions; the
latter functions employ a (sufficiently small) scalar 6 > 0 satisfying the condition

0 <8 < min min(—¢;, u;). (6)
1<i<n

We restrict § to satisfy this condition for the sake of simplifying some discussion.
These regularizers lead to the approximated problems (2) and (3). Parameter y is
a weight between the quadratic loss function and the variable sparsity, the scalar §
controls the approximation of the £yp-function by the convex absolute-value function,
or the truncation of the latter. Subsequently, we devote Sect. 7 to the nonnegatively
constrained capped ¢1-problem:

n
minimize ¢ Tx + 1 xTQx +y Y p; min ( % 1 ) : %)

0<x<u £
i=1

where the nonnegativity restriction enables a strongly polynomial complexity of the
parametric method for tracing a (directional stationary) solution path of the problem.
Problem (2) is equivalent, via an obvious re-definition of the tuplet (¢, Q, £, u), to the
problem

n

s e . INT 7 1 INT A7 Y

minimize (x') g’ + 3 ()7 Q'x +VZ;|X’|’ ®)
i=

where the weights associated with the absolute-value term are all equal. Such a trans-

formation is not possible for the nonconvex problems (1) and (3).

For fixed (y, §) > 0, the 3 problems (1), (2), and (3) are quite different structurally:

e (1) is a discontinuous minimization problem that can be formulated as either a
mixed-integer program [6, 22, 41] or a quadratic program with linear complemen-
tarity constraints [7, 27];
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e (2)is a convex, bounded-variable, piecewise linear-quadratic program [20] that is
solvable by a strongly polynomially bounded algorithm [29], which we refer as
the GHP Algorithm, where GHP refers to the last names of the authors of the latter
reference.

e as aspecial coupled nonconvex nondifferentiable optimization problem [21], (3) is
apiecewise linear-quadratic program [20], whose local minimizers are computable
by the same GHP Algorithm.

When specialized to (3), the GHP Algorithm consists of outer loops each composed
of inner iterations. Initialized with the index set S = [n], each outer loop computes
a “directional stationary” solution (see Sect. 5 for a formal definition) of a fixed-sign
version of the problem where variables indexed by a current set S are constrained to
be nonnegative while those not in § are nonpositive. Each inner loop (which is not
needed for the £1-problem (2)) accomplishes this task by breaking up the pointwise
minimum function and solves a sequence of convex quadratic programs. By exploiting
the Z-structure of the matrix Q, both loops have a monotonic property that results in a
strongly polynomial complexity of the overall algorithm for computing a directional
stationary solution (= strong local minimum) of (3) (and an optimal solution in the
case of (2) due to its convexity). A noteworthy remark about the GHP Algorithm as
presented in [29] is that it is initialized with the full index set [r]; most importantly, if
an “almost dstat” solution is available, as is in the problem of tracing a solution path
to be introduced next, then one would want to modify the algorithm to take advantage
of the available candidate solution. Details of the motivation and description of the
“modified GHP Algorithm” are presented in Sect. 6.

Solution paths

Unlike the case of a fixed y > 0, there is to date a lack of a systematic study of a
solution path of either problem (1) or (3) for all positive values of y. In contrast, the
earliest study of the parametric “LASSO path”, i.e., the problem (2) with a general
symmetric positive (semi)definite matrix Q appears to be the paper [23] followed by
[40]. The LARS algorithmtherein is like a classical parametric quadratic programming
algorithm in the optimization literature [ 14] although the LASSO structure is explicitly
exploited. Its complexity is in general exponential in the number of variables due to
the possible exponential number of breakpoints of the solution path [35].

A parametric study of the exact £g-problem (1) with equal weights (p; = 1 for all
i € [n]) can be found in [38], where the piecewise affine property of the path is
established; the description of this path involves in general the solution of a linear
number of fixed-cardinality variable selection problems. Similar ideas of enumerating
all n + 1 cardinalities are commonly used in the literature [10, 19]. However, there
is a scarcity of efficient techniques for the case of unequal weights. Methods for
multiobjective optimization, often designed in the context of mixed-integer linear
optimization, often call for solving a large sequence of mixed-integer programs [15,
16]. Naturally, such methods may perform poorly if a large number of calls to a mixed-
integer optimization solver are necessary, particularly in the context of mixed-integer
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nonlinear optimization, since each problem is comparatively more difficult than for
the linear case.

A parametric study of £ ,-regularized “critical path” (0 < p < 1) connecting the origin
to a given “local minimizer” of the problem is done in [44]. The construction of such
a “piecewise smooth” function involves following a smooth path between breakpoints
by solving a system of parametric nonlinear equations and a heuristic scheme to switch
between two breakpoints. In general, a nonlinear regularizer such as the £ ,-function
will lead to nonlinear equations and following the solution path of such equations can
be accomplished at best only approximately; this is in contrast to following a piecewise
affine path induced by the £1- and capped £ -regularizers. Note that the £ ,-regularized
problem is strongly NP-hard for fixed value of the regularization parameter [17], thus
tracing the exact parametric path is certainly difficult.

Unlike the parametric £¢- and £1-paths, as we have mentioned before, there is to date
no study of the solution path of the capped ¢;-regularized problem. As it turns out, a
careful study of the latter path has significant practical benefits from a computational
optimization perspective and also from a statistical point of view; this manifestation
of the capped £-path is supported by the numerical results in Sect. 8.

We first summarize the theoretical results of our study, whose detailed proofs will be
the subject of subsequent sections where the un-defined terms will be clarified.

e The optimal objective value function fy(y) of the exact £y-problem is concave,
nondecreasing, and piecewise affine with possibly exponentially many pieces of
linearity; the evaluation of fy(y) for each fixed y > 0 requires solving a mixed-
integer quadratic program. While it is known that when the weights p; are all
equal, the optimal objective value:

n
= A e . T 1.7 .
f¢ () = minimum g x + 3 x Qx+yZI:|x,|o
=

has no more than n 4 1 pieces of linearity [38], subsequently, in Sect. 4 we give an
example to show that the more general path fy(y) can indeed have an exponential
number of affine pieces if Q is not an M-matrix. Such an example seems to be
new in the literature. Nonetheless, we show that, if Q is an M-matrix and ¢; = 0
fori € [n], then fo(y) (with unequal weights) has at most n + 1 affine pieces.

e The optimal objective value function fi(y) of the ¢;-problem is concave,
nondecreasing, once continuously differentiable, and piecewise linear-quadratic
composed of finitely many quadratic functions over an exponential number of
non-overlapping intervals. The evaluation of fj(y) for each fixed y > 0 can be
accomplished by a strongly polynomially bounded algorithm. The reference [35]
contains a class of ¢-regularized problems where the number of smooth pieces
of the solution path is exponential; yet Q in these problems cannot be a Z-matrix.
While it remains an open question to date whether the number of such pieces of the
solution path is an exponential or polynomial function of n when Q is a Stieltjes
matrix, there are cases [29, Sect. 6] where this number is linear in 7.

e For each fixed § > 0, the optimal objective value function f¢,,(y) of the (noncon-
vex) capped £1-problem is concave, nondecreasing, and piecewise linear-quadratic
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with possibly exponentially many quadratic pieces; the evaluation of fc,p(y) for
each fixed y > 0 can be accomplished by solving an exponential number of con-
vex quadratic programs. However, if QO is an M-matrix and ¢; = 0 for i € [n],
a similar polynomiality property on the number of smooth pieces of the £y, and
£1-solution path can be proved for the capped ¢-problem. To be specific, in this
case, feap(y) has at most O (n*) quadratic pieces, based on a very loose count.

e Since the capped ¢;-regularizer is nonconvex, we may be interested in a local
minimum path whose computation may be significantly less demanding than the
computation of the global minimum path fc,, (). To this end, we propose a finite
algorithm to compute a path of locally optimal objective values of (5) via its
directional stationary points. This algorithm has a strongly polynomial complexity
when the lower bounds ¢; = 0 for all i € [n]. Computationally, this solution path
of local minima has many benefits over the previous paths of global minima that
we will demonstrate via numerical computations.

3 Paths of global minimum objectives: enhanced known results

The results presented in the section are either known or easy consequences of more
general results. We include them for the sake of completeness and also for comparative
purposes among themselves and with the results in subsequent sections. Throughout
this section, the Z-property of the matrix Q is not always needed, but positive defi-
niteness of Q is still in place. The first result concerns the path of the £o-problem.

Proposition1 Let O € R"™" be symmetric positive definite. The function fo :
[0, 00) — R is concave, nondecreasing, and piecewise affine with possibly expo-
nentially many pieces of linearity. The function f;~ with all the p;’s equal has no more
than n + 1 pieces of linearity.

Proof The concavity of fy requires no proof since the objective function in (1) is a
linear function in y for fixed x. The nondecreasing property of fj is fairly obvious
too. The proof of the piecewise property consists of three steps:
e Step 1: We claim that
v(S) £ minimum ¢ "x + 1 xTOx
fo(y) = minimum v(S) +y Y _ pi where t<x<u 2
S§cin] oS subjectto x; = 0, Vi ¢ S.

©))

n
Indeed, if x € argmin qTx + %xTQx +y Z pi | xi o, then

L<x<u i=1

foty) = visupp@) +y ) pi = minimumv($)+y ) pi
iesupp(x) ieS

where supp(x) £ {i | X; # 0} is the “support” of the vector X. To prove the reverse
inequality, let Sy be a minimizing index set of the right-hand subset-minimization
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problem. If X is the unique minimizer of v(Syn), then

n
VSmin) Y Y pi 2 q T+EITTOR+Y Y pilFilo = foy).

i€Smin i=1

where the inequality holds because some components X; for i € Spin may equal
to zero in addition to those not in Spi,. Hence (9) holds.

e Step 2: Foreach S C [n], y + v(S) +y Y ,cg pi is an affine function in y
with slope D ;¢ p; and intercept v(S). Thus fo(y) is the pointwise minimum of
finitely many affine functions, and hence is itself concave and piecewise affine.

e Step 3: When all the p;’s are equal to one, then ) ;¢ p; = card(S), where “card”
denotes the “cardinality of”. Hence, we have the following simplified expression:

vr = minimum v(S)
SCn]
subjectto card(S) = k.

fo (¥) = minimum (v +y k), where
0<k<n

This is enough to establish that f;~(y) is a piecewise affine function in y with at most

n + 1 pieces of linearity. O

The next two results concern the £1-regularized path.

Proposition2 Let O € R"™™" be symmetric positive definite. The function fi :
[0, 0c0) — R is concave, nondecreasing, once continuously differentiable, and piece-
wise linear-quadratic; the latter means that there exists a finite partition:

02y <y <-+, < Yk < Yk41 = 00, (10)

of the interval [ 0, 00 ) such that on each subinterval [ yi, yk+1 1fork =0,1,--- | K,
fi(y) is a quadratic function in y. Moreover, f/(y) = % YD |)El.1 ) lisa
piecewise affine function in y, where X' (y) is the unique minimizer of the value
function f1(y).

Proof For the piecewise property, it suffices to note that with the signed decomposition

of the variable x = x* — x—, where x* > 0, we have
T/ o+ +\ T +

. q Y (p X X 0O -0 |(«x
o<1 ()] ()1 () (5 8)(5)
0,

+}
subjectto £ < xT —x~ <u and xT >

where the right-hand minimization is a standard convex quadratic program in the vari-
ables x*. As such, the claimed piecewise property of fi (y) follows from known results
for parametric convex quadratic programming. The once continuous differentiability
of fi(y) is due to the uniqueness and continuity of the optimal solution to the value
function fi(y). The derivative formula for f'(y) is an immediate consequence of the
well-known Danskin Theorem of parameter-dependent optimization problems. O
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Proposition 3 [29, Theorem 18] If Q is a Stieltjes matrix, the nonnegatively con-
strained path:

| xi |
fl (y) —ménlmumq x+ X Qx—l—)/Zp,

i=1

has a linear number (at most 2n + 1) of quadratic pieces on [ 0, 00). O
The final result in this section concerns the capped £1-solution path.

Proposition4 Let Q € R™" be symmetric positive definite. The function feap :
[0, 00) — R is concave, nondecreasing, and piecewise linear-quadratic.

Proof Similarly to the proof of Proposition 1, we first show that
Jeap(y) = minimum vs(y), (11)
Scln]

where

~ A e . T 1.T ) [ x; | )
vs(y)—mellslljglgmq X+3x Qx+y[2pl—3 +Zp,}
ieS i¢S
subjectto |x;| < 5, Vi € S.

Indeed, let X € :zl;gnlin g x+ % x Ox+y [Zl’f:l pi min ( %, 1 ) ] and Scap =
<x<u

{i | |xi| < &} Then for any x € [£,u] satisfying |x; | < § forall i € Scyp, we
have

| x; |
glxt+3xTOxty | i+ Do pi

i €Scap i¢Scap

[ n
e
JTx 4 1xT oty Zpimm(Tl,l

_il

_ _ _ X
EqTx—i—%xTQx—}—y Zplmln<% 1):|

v

-1 =T - | i |
:qTx+%xTQx+y ZpiTl—i- Zpi

L iEScap i¢scap

Since x is an arbitrary feasible solution to the minimization problem of ’Escap (y), it
follows that x is an optimal solution to the latter minimization problem. Hence, we
deduce

minimum vs(y) < Vs, (¥) = feap(¥).
SCln]
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The reverse inequality can be proved in the same way as that in Proposition 1. Thus (11)
holds. Since each value function Vs(y) is concave and piecewise linear-quadratic and
since feap(y ) is the pointwise minimum of these value functions, it follows that feap ()
is piecewise quadratic; i.e., there exist finitely many quadratic functions {gi(y)}iI: 1
for some positive integer I such that feap(y) € {gi(y) }{:1 for all y € [0, 00).
Finally, the piecewise linear-quadratic property of fcap(y) follows from the fact that
every univariate piecewise quadatic function on the (nonnegative) real line must be
piecewise linear-quadratic. In turn this fact can be proved as follows. Any two quadratic

. . . . 1
functions cross at most at 2 points; thus 7/ such quadratic functions have at most >
cross points. Arranging these breakpoints in a nondecreasing order yields a desired
partition (10) of the interval [ 0, co) into finitely many intervals within each of which

feap(y) is a quadratic function. o

4 Paths of global minimum objectives: new results

In general, singly parametric optimization problems may contain an exponential num-
ber of breakpoints. This is indeed the case for general lasso regression, as demonstrated
in [35]. However, as stated in Proposition 3, the solution path of the £;-regularized
problem has a linear number of breakpoints if Q is a Stieltjes matrix and the variables
are restricted to be nonnegative. In this section we show that analogous results hold
as well for the £p- and capped £;-problem. Moreover, as we discuss in Sect. 7, the
solution path of local minimizers of the capped ¢1-problem also has a linear number
of smooth pieces under similar assumptions.

First, to show that the solution path of the £p-problem with unequal weights is non-
trivial, we give a class of problems below for which the path f((y) has an exponential
number of breakpoints; thus such a path is quite different from the one with equal
weights.

Example5 Let Q £ ¢l +qq" where ¢ > 0,1 is the identity matrix, g; is such that
ql.2 =2"'and p; = ql.2 foralli =1, ---, n. We make a preliminary remark about the
choice of the pair (g, p): namely, for every pair of subsets S # S’ of [n],

Y opi=lgslz # > pi = llasls.

ieS ieS

Let each u; = —¢; be such that £g < —[ QSS]_qu < ug for all subsets S of [n].
With these bounds, using the well-known Sherman-Morrison formula [30], we have

—1
v(S) = —1a{l0ss1 'as = ~3af (cIs+asaf ) as

1 S I C 1
1T qsdg

—5qs | " Is——————- s = ——"—5-— =,
278 (C c(c+1lgsl3) 2(c+1lgsl3) 2
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where v(S) is defined in (9). Hence,

fo(y) = minimum v($) +y ) _ pi
ieS

= minimu

c
sCinl |:2(C+|IQS 13)

1
+7/(C+||CIS||§):|—VC—§-

The univariate convex function 7(> 0) Y + y t attains its unique minimum at

t = lzi with the minimum value equal to /2y c. When y is such that IZL =
14 I4

c

2(c+llgs, 1)?
then §), is the unique minimizing subset S in fp(y). Thus

c+lgs, ||%, or equivalently, when y = for some subset S, of [n],

< Lyl I3 wh <
—_ = ]/ C]S 25 whnen ]/ = .
’ 2(c+ligs, I3)?

o = s 2

The important point in this derivation of f((y) is that as y ranges over the nonneg-
ative real line, the family { S, } will range over all 2" subsets S of [r], producing 2"
breakpoints of the path fy(y). O

Now consider the optimization problem with nonnegative variables

fo" () & minimum g "x + 3 x Qx+y2pl|xl lo- (12)
i=1

where Q is a Stieltjes matrix. The key to showing the linear number of pieces of
fo+ is a support monotonicity property of the solutions to (12) that is asserted in the
first part of the next result. Roughly speaking, this property says that the supports
of the solutions corresponding to each piece are nested; in other words, if a variable
“becomes positive", it never becomes zero again as y | 0.

Proposition6 Let0 < y| < y» and p e R . Let xK be an optimal solution of (12)
corresponding to value yy, k = 1, 2. Then supp(x?) C supp(x'). Thus f0+ (y) has at
most n + 1 affine pieces.

Proof Write [n] = S€U ST where
Scé{ie[n]ux _0} and S+é{ie[n]|x}>0andxi2>o}.

Define ¢ £ min{x!, x2}. Then fork = 1, 2,

fo" () = minimum ¢ "x + 1 x Qx+Vksz | xi los

{<x<u i—1
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where the equality holds since the optimal solutions xK for (12) are still feasible.
With the change of variables y = x — ¢, the right-hand optimization problem can be
rewritten as

fo" (7o) = Cic = minimum g(y; i) £ " y+5y oy +we Y pilyilo.
sy=u ieS
where Cy is a certain constant, § = g + Qf and i £ u — {. Note that the optimal
solutions y* = x* — ¢ satisfy the complementary condition yi] yl.2 =0foralli € [n].
Thus, |yi1 + yl-zlo = Iyl.llo + |yl.2|0. Moreover, since Q is a Z-matrix and y' and y?
are both nonnegative, we have (y!)T Qy? = > 2 Qij yl.1 yjz. < 0. Furthermore, the
minimum value g(yk ; k) 1s nonpositive, since the zero vector is feasible. Hence,

gy =g+ 5 ) (by optimality)
=G O )+ 30T DT D)+ Y Py Tl
ieS¢
=gy + 0%+ OHTO + i — ) D pilyilo
eS¢
< g( yl; Y1) (all summands are nonpositive).

Consequently, (Y1 — ¥2) Y _jcse Pi |yi2|o =0, i.e. xl.2 = yi2 =0 foralli € S¢. Hence,
supp(x(y)) is nested for any optimal solution x(y) to (12). Applying this nested
property to the representation (9) yields a piecewise affine representation of f0+(y)
over a partition (10) of the interval [ 0, oo ) (with K < n) and a corresponding family
{Sk},fzo of index subsets of [n] such that supp(x(y)) = Sg forall y € (yk, yx+1) for
k=0,1,---,K;ie.,

o =vso+y | Yop | Yy e o),
ieSy

which is an affine function over the kth interval. O

Next consider the capped ¢ -problem with nonnegative variables

n
feip(y) & minimum g "x + 35T Ox +y ;Pi min {% 1} . (13)
i=

where Q is a Stieltjes matrix. With the alternative definition SUPPcap ®) &2 {i:x > 8
and two modified index subsets S— and S-, the proof of the next result is similar to
that of the previous proposition. For clarity, we provide the complete proof, which
employs an important property [29, Proposition 14] of an optimal solution of (13);
namely no component of such a solution is equal to 8.
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Proposition7 Let0 < y| <y, and p e R} . Let xK be an optimal solution of (13)
corresponding to value yi, k = 1,2. Then suppcap(xz) C suppcap(xl). Thus, f;gp(y)
has at most 2n*> + 3n + 1 pieces.

Proof Without loss of generality, assume § = 1. Write [n] = S- U S- where
Sc2lieml|x <lorx} <1} and S. £ {ie[n]:x/ > landx} > 1}.

Define £ min{x1,~x2}. Since no component of an optimal solution of (13) is equal
to 1, it follows that £; < 1 foralli € S—. For k = 1, 2, we have

.. 1 . .
fc'gp(yk) = minimum qTx + ExT Ox + sz pi min {x;, 1}.

{<x<u i=1

With the change of variables y = x — Z, the right-hand optimization problem can be
rewritten as

. . - 1 . -
fobo () = C = minimum g(y; %) = G y+ 5y Qy+y Y pimin {y,-, 1- Ei} ,
O<y<u 2 ics
(14)
where Cg, k = 1,2 is a certain constant, g 2 4+ Qfand i £ u — . The optimal
solution y* = xk — { satisfies the complementary condition yi1 yl.2 =0foralli € [n].

Hence, we deduce that for i € S_, min {yi1 + yl.z, 1-— Zi} = min {yil, 1-— 67,-} +

min {yl.z, 1—¢ } As before, we have (y!')T Qy? < 0 and g(y*; yx) < 0. Together,

IA

these yield (y1 — 12)Y;cs. pi min [y,?, |- Zl-} = 0; thus y2 = O forall i € S..

Since fori € S, Zi < 1, we deduce that xi2 = yl.2 + Zi < 1 and the first assertion of
the proposition follows.

Similar to the proof of Proposition 1, we deduce the existence of a partition (10) of
the interval [ 0, oo ) with K < n and a corresponding family {S} I§=O of index subsets
of [n] such that

r n
minimum qTx + %xTQx +y Z pi min{x;, 1}
X
fc-gp(y) = . ) i=1
subjectto 0 < x; < 1, i ¢ S
_and 1 < x; < u, i €8
minimum ¢ "x + 1xTQx +y Z pi Xi
— g i¢Sk
subjectto 0 < x; < 1, i ¢ S
_and 1 < x < u, i € S.
+VZpi Vy € (Vk—=1, Vi)-
€Sk
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With the change of variables x; £ x; — 1 fori € S, we can apply Proposition 3
to deduce that the minimum value function within the square bracket has at most
2n 4+ 1 quadratic pieces; since there are at most n + 1 such value functions, the second
conclusion in the proposition follows. O

We next present a special case of the paths fy(y) and f1(y) for which the number
of breakpoints is linear in the number of variables. This is accomplished by demon-
strating that this case reduces to that of a nonnegatively constrained path to which
Propositions 1 and 3, respectively, are applicable. Specifically, consider the following

problems
T
c T T 1(x O R|(x
minimize xX+r + 5
minimize oTx T +4 (1) [ 2](3)
n m
+= | D pilxilo+ D pilyilo
i=1 j=1
subjectto £ < x <u and 0 <y <, (15)
and

X T O R X
soe . T T 1
minimize X +r + 5
(x,y)eR”""” q y 2 (y) [RT P:| (y)

n m
Y
+5 Zpilxi|+2p}yj
i=1 j=l1
subjectto £ < x <u and 0 <y <, (16)
Al QO RY|. L .
whereg e R ,r e R", M = RT P:| is a Stieltjes matrix, p € R’} | and p’ € RY .,

are positive vectors. The special feature of these problems is that the variables are of
two kinds: the sign-unrestricted variable x and the nonnegative variable y. The vector
q (associated with the sign-unrestricted variable x) is nonpositive, while the vector r
associated with the nonnegative variable y is not signed.

Proposition 8 Let M be a Stieltjes matrix and g < 0. For any pair (y, §) with y > 0
and § > 0, if (x, y) is an optimal solution of either (15) or (16), then x > 0.

Proof Leta £ {i | X; < O}and B £ [n] \ a.By the optimality of X, we have
Go + QaaXa + QupXg + Ryey = 0 if X is optimal for (15)

Goa + QaaXa + QupXg + Ruey — % Pe =0 if X is optimal for (16).

Suppose X is optimal for (16). Since Q is an M-matrix, [ Que ]~ is nonnegative, it
follows that

[ Qua ™" [ e+ Qupp + Run¥ = % pu |+ 50 = 0,
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which is a contradiction because the left-hand side is negative if @ # . An identical
argument holds if x is optimal for (15). O

Remark 9 Consider problem (1) with the additional assumption that g < 0. In the
motivational discussion of Sect. 1.1, this case corresponds to settings where the data
vector y is known to be nonnegative. From Propositions 6 and 8, we find that in
such cases fo(y) has at most n + 1 affine pieces. Moreover, in [4], it is shown that
such problems can be solved in strongly polynomial time for fixed y. Taken together,
it means that problem (1) with ¢ < 0 and Stieltjes matrix Q is a rare example of
£o-problem with unequal weights whose entire solution path can be computed in
strongly polynomial time. Nonetheless, we point out that a simple application of the
aforementioned ideas would result in a prohibitive complexity of approximately O (n”)
to compute the solution path.

5 The (Strong) local-minimum path fiocmin (V)

Starting in this section, we study the path of local minima of the capped ¢;-problem
(3). As mentioned before, this study of the “solution” path of a parameter dependent
nonconvex nondifferentiable optimization problem is a novel contribution of our work.
In particular, in this section, we show that every non-constant local-minimum path of
(3) is discontinuous provided that § is small enough.

The starting point of the study is a known fact [20] that, for a given pair (y, §) > 0,
every directional stationary point of the piecewise linear-quadratic program (3), which
we repeat for ease for reference:

minimize 6, (x) éq x+ X Qx—l—yZpl mm(| x| 1) a7

{<x<u
i=1

is a strong local minimizer. Moreover, there are only finitely many of these minimizers.
In turn, such a directional stationary (abbreviated as dstat) solution is, by definition, a
feasible vector X in [£,u] £ {x € R" | £ < x < u} satisfying 0)/’ x;x—x)>0
forallx € [ £, u |, where 9}; (x; v) is the directional derivative of the objective function
0, (x) at x along the direction v:

0,(x:v) =(q+ Q%) v +

z D pisign(E) v

ie Al (x)
+ > pi min(sign(E)vi. 0)+ > pilvil |,
ic Al (%) ie Al ()

. A 1ift>0
where for a nonzero scalar ¢, sign(¢) = { “1ifr <0 and
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A@E 2 (i 10< Xl <8}, AS@® 2 1{i|x =0}, and
AL 2 i | x| =61},

Such a vector has the following characterization [29, Proposition 1]. We recall the
sign setting of the lower and upper bound vectors £ < 0 and u# > 0, respectively.

Proposition 10 Let Q be symmetric positive definite. For every y > 0, a feasible
vector x € [£,u] is a dstat solution of (17) if and only if the following conditions
(a)—(f) hold:

(a) | x| #Sforalll =1,

®) (g+0x)i+y ? szgn(x,) = Oforalli suchthati € A‘S (%),

© (g+0x); = Oforalll such that § < | x; | and £; < X; < u;;

d |(g+0x)i| < y?forallzsuchthatx, =0

(e) (g + Qx); > Oforalli such that x; = ¢;.
®) (g + Ox); < O foralli such that X; = u;. o

An immediate consequence of the above characterization is the following special
property for y > O sufficiently large.

Corollary 11 Let Q be symmetric positive definite. For every § satisfying (6), there
exists y > O such that for every y >y, if X is a dstat solution of (17), then for every
i=1,---,n,either x; = 0or|x;| > 6.

Proof The set of dstat points must be bounded independently of the parameter y.
Hence, conditions (a) and (b) in Proposition 10 yield that there does not exist a com-
ponent i such that 0 < | x; | < §, provided that y > 0 is sufficiently large. O

With the above results, we can establish that with an additional, very mild stipulation
on the scalar § > 0, there is at most one continuous path of dstat solutions of the
problem (17) for y > 0.

Proposition 12 Let Q be symmetric positive definite. Let x° = argmin . y.,19(x)
and Sy = {i | )El.o = O}. Let also

0 <6< min(min|3€?|, min min(—Ei,ui)>.

i¢So 1<i<n

Let{x(y)}, >0 be apath of dstat solutions of the problem (17). If this path is continuous,
then ¥(y) = x° forall y > 0. Thus, for all § > 0 sufficiently small, any non-constant
locmin path of (3) must be discontinuous.

Proof Note that x(0) = x°. Consider an arbitrary component ;. Suppose )E? = 0. Then
wemusthave | x;(y) | < §forall y > 0.Otherwise, wehave | x;(y) | > § > 0 = x;(0)
for some y > 0. Thus by continuity of the path X (e), there exists ¥’ € (0, y) such
that | x;(y ") | = 8, which contradicts the stationarity property (a) in Proposition 10.
Suppose instead |)E? | > &. Then we must have | x;(y)| > 6 for all y > 0 by the
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same continuity argument. Therefore, it follows that the path x(e) has the property
that | x;(y) | < éforall y > 0 and alli € So while | x;(y)| > § for all y > 0 and all
i ¢ So. Thus for every y > 0, x(y) is a dstat solution of the restricted problem:

L A T, 1,T pi\ .
n}lg;nsnfe@(x) =q'x+3x QX-H/Z 3 |xz|+J/ZPz
ieSy i¢So (18)
5, VYiedlS
8, Vi ¢ So,

subjectto | x; | <
and [xi| =
that contains the nonconvex bound constraint: |x; | > § for i ¢ Sp. Nevertheless,
since x(y) satisfy these nonconvex bound constraints strictly, the objective function
of (18) is convex, and X (y) is a dstat solution of this problem, it follows that x(y) is
a global minimizer of (18). To show that x(y) is a constant, we claim that x(y) = %0
for all y > 0. Indeed, if X(y) # x°, then

0, =q s+ 5 ()"0 +y > pi by definition of 6, (&%)

i¢So
_ _ _ by the unique optimality of x°
<q X I OX Fy Yo p e TP
‘a5 0 s
- - - Di | - .. .
<q"EM) + 1IN QR +y 3 T IEW) [ +y ) i thisis obvious
i€Sy i¢So

=0,(x(y)) <0, ()EO) by definition of 6,, (xX(y)) and the optimality of X (y).

This contradiction establishes the constancy of the path {x(y)}, >0 provided that it is
continuous. The remaining statements of the proposition require no proof. O

The discontinuity of a path of strong local minima of the capped ¢-regularized prob-
lem (17) makes the task of tracing this path not easy. The numerical tracing of such
a path starts by letting y be sufficiently large so that x = 0 is a dstat solution of
(17). In general, the tracing procedure is divided into two parts: continuous tracing
by parametric pivoting via condensed matrix operations, and dstat recovery at a dis-
continuous point by a modification of the GHP algorithm [29] sketched in Sect. 2 that
was designed for a fixed y. Details are presented in the next section.

6 Computing a (discontinuous) locmin path of (17)

Conditions (b)—(f) in Proposition 10 suggest the classification of the components of
a vector x to facilitate the verification of its directional stationarity. Specifically, let
(a0, o, o, oy, o, ) beatuple ofindex sets partitioning {1, - - - , n}, based on which
we set x; = Oforalli € ag, x; = £; foralli € oy, and x; = u; forall i € ay; we
then solve for the variables (xT , xT ) from the equations in conditions (b) and (c);

a. o
obtaining

+ ~+ —+
xE () 7 ) (pa )

< = —| 2% ) — %< ), where
<x3f> (y)> (qoi Y\ 5t
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|
—

_é&i | ﬁét Qaiai Qaiaz Qaiai Qaia;
qa< | p_¢;< A Qa:ai Qa:az Qa;ai Qa:a;
qoz> | Izt;i; Qaiai Qa;ra; Q(xiai Qaia;
| 9o | Pae OQuzot Qozez Qazar Qozas
_ Par
qoc+ + Qoz agzae + Qaiauuﬂlu | 13
% + Qa;alﬁo@ + Qa;auua | - g< (19)
q(x+ + QC( Olgzai + Qo[i—oluuau | 0
KPS + QO(>C¥(Z0[Z + Qa;auuﬁtu | 0
Also define the remaining components:
Qe | Pag
A
QOQ | potg -
4o, | Pa,
Pay
oy T QO(()O([ZO([ + Qotootuuau | T
oy + QC([D{ZEC(( + Qozgau Uq, | O
4o, + Qoluolgéotg + Qauau Ug, | O
ot | Dot
Qotoozir QO!()O(< Qoz()ut;r QD(()Ol; éai | ﬁaj
Qazai Qazﬁt< Qwai Qaza; q‘ai | ﬁai
Qaua: Q Qauai QC{MC(; qzz | ﬁz;
We have the following result that requires no proof.
Corollary 13 Let Q be symmetric positive definite, (y, 8)>0, and (ao, z, af, oy,
) be a tuple of index sets partitioning {1, - - - , n}. With ()CO[< ), x; (y)) given by

(19), the vector x(y) £ (OQO, xi ), xi ), Lays ua“) is a dstat solution of (3)
if

0 < xai(y) < 81@;

Uyt > xai(y) > 810&;

0> xaz(y) > =6 la;,

Ea— < xa—(y) < —61,-
217010

0 < qay+V Doy <V
qoe TV Py = 0, and qq, +)/1301u <0 o

6.1 Continuous tracing

Suppose that a dstat solution x(yy) is available at a given value . Associated with
this solution is the index tuple (o, o, aF, oy, o, ) defined by the solution ¥ ():
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af 2 (i |0 <) <8}, aZ 2{i]0>X(n) > -8},
o{ié{i|ui>fi(y0)>5}, a;é{i|(,‘<f,‘(7/0)<—5}
ag = {i | %) =0}, ap = {i | %i(yo) = &}, and o = {i | %i(y0) = ui}.

(20)

As in parametric linear programming, we determine the smallest and largest value of
y (denoted by y and ¥, respectively) so that the associated vector x () corresponding
to this tuple of index sets (ao, af, a;—L, oy, oy ) remains a dstat solution for all values
of y suchthaty < y < y. We accomplish this by some standard ratio tests to maintain
the conditions in Corollary 13 [remark: the min/max over an empty set is taken to be
Fo00, respectively]:

—qi — 3§ gi +6 gi — 6 —qi +3
max - ; max —;  max —; max ———;
icat:pi>0  Pi ical:pi<0 —Pi  icaZ:pi<0 —Pi icaZ:p;>0 Pi
Case 1, Case 2, Case 3, Case 4,
qi —qi —qi —uj qi + ¢
max —; max —; max —; max ———;
icat:pi<0 —Pi icaZ:pi>0 DPi  ical:pi>0 Di icaZ :pi<0 —PDi
y 2 max Case5, Case 6, - CaseT7, Case 8,
- —4qi qi
. ax ——; . max T
icap: p;i>0 p; i€ag: pi<2pi/s 2[7,'/57]7,'
Case 9, Case 10,
qi —qi
max —;  max —
i€y :pi<0 —p; i€ag:pi>0 pj
Case 11, Case 12,
. gité . —qi— 8 . —qit+é . gi—$8
min —; min - ; min < ————; min —;
icat:pi<0 —Pi  ieal:pi>0  Di icaZ:pi>0  Di icaZ :pi<0 —Di
Case 1 Case 2, Case 3; Case 4,
. —gi . i . qi +u; . —gi — i
min —; min —; min _— min —_—
ieai:ﬁ,‘>0 Di icaZ :pi<0 —PDi ieai:ﬁ;<0 —PDi iceas 1 pi>0 Pi
< < min Case 5, Case 64 _ Case 7, Case 8;
__min —; _ min #
icay: pi<0 —p; i€ag:pi>2pi/s Pi —2p,‘/5
Case 9 Case 104
. —qi . qi
min —;  min =
icay :pi>0 pj icap: pi<0 —pj
Case 11, Case 124
A —
= y_

Depending on whether we want to trace the path to the left or right of the interval

[y, 7], we determine the maximum/minimum ratio in the two end points of this

interval, respectively, and update the index tuple (ao, (xf, af, oy, o ) accordingly.

This is essentially parametric pivoting implemented via matrix operations as in the
revised simplex method. Since we started the tracing procedure from very large values
of y, we devote our subsequent discussion to always moving beyond the left endpoint
of the interval.
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Decreasing y beyond its current value. At the value y, we make the following transfer
of a maximizing index imax depending on which case iyax corresponds to:

e Case 1 through 4, : the absolute value of the variable x;,,, has reached the critical
value §, which invalidates the dstat property of the current vector at y. In this
case, we can in principle apply the GHP Algorithm to recover a dstat solution at
y. Nevertheless, since we already have on hand an “almost dstat” solution, i.e.,
one that satisfies the conditions in Corollary 13 at y but has a component with
absolute value equal to 8, we will subsequently propose a modification of the GHP
Algorithm that takes advantage of this availability. After the restoration, we let
Yo < vy and repeat the above procedure to continue the decrease of y beyond the
current y.

e Case 5| and 6,: the variable x;,, has reached the value zero; transfer the index
imax from T, respectively, to g and repeat the above procedure to continue the
decrease of y;

e Case 7,: the variable x;, has reached the upper bound u;,, ; transfer the index
imax from a7 to &, and repeat the above procedure to continue the decrease of y .

e Case 8,: the variable x;_, has reached the lower bound ¢;,, ; transfer the index
imax from a2 to «; and repeat the above procedure to continue the decrease of y;

o Case 9, : the variable x;_, is becoming positive; transfer iyax from o to oeir and
repeat the above procedure to continue the decrease of y;

e Case 10 : the variable x; . is becoming negative; transfer ijax from o to e and
repeat the above procedure to continue the decrease of y;

e Case 11: the variable x;,, is decreasing below its upper bound; transfer imax
from a, to e and repeat the above procedure to continue the decrease of y;

o Case 12, the variable x;_,, is increasing above its lower bound; transfer iyax from
ay to a2 and repeat the above procedure to continue the decrease of y;

Notice that if one of the first four cases occurs, there is a discontinuity of the path
of dstat points at the value y; in all other cases, the path of dstat points will remain
continuous beyond y until the next discontinuity occurs.

Monotonicity of objective values. On the closed interval [y, 7], the function x(y)

defined in Corollary 13 with the tuple of index sets (o, o=, o, oy, o, ) given by
(20) is linear in y; moreover, for every y in the open interval, none of the components
of x(y) satisfies |x;(y)| = &; thus x(y) is a dstat (thus strongly locally optimal), but
not necessarily globally optimal solution of the problem (17). Nevertheless, x (y) has
a restricted optimality property as asserted in the proof of the following result, based
on which it follows that the objective value 6, (x(y)) of (17) along this line segment
of the dstat path has certain monotonicity properties.

Proposition 14 Let Q be symmetric positive definite. On the interval T = [Z’ 7],
the following statements hold:

o 0,0 £ TR + 3 E)TOFG) +y Yooy i min (2L 1) is non-
decreasing in y;

i.
e > 7 | pi min (ll;—y)', l) is nonincreasing in y;
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e g(x(y)) = qT)E(y) + %)_c(y)TQ)E(y) is nondecreasing in y;

Suppose that the path {x(y) | v € I} has the property that | xi(y)| < § =
Xi(y) =0foralli =1,---,n, then the following two additional statements hold:

o the combined €y-objective q x(y) + 5 ¥(y)T QX (y) + ¥ iy pi|%i(¥) o is
nondecreasing in y;
e the Ly-regularizer y '_, pi | Xi(y) |o is nonincreasing in y.

Proof The proof is based on a restricted optimality property of the path {x(y)} for
y € Z; namely, for all such y, x(y) is the unique optimal solution of the program:

n
e . Ixil
minimize 6, (x) 2 ¢ 'x + i xTOx + ;min| —, 1
lnimiz y(x) =g 37X 0 J/;pl 5
subjectto |x; | < 8, Vi € af U
xi >8, ViealUa,
and xi < =68, Vie€al Uay,

whose objective on the feasible set, denoted S(yy), is equal to the sum of the convex
function 6,, (x) plus a constant:

O =q xt+ixToxty | Y Zix

1)
ieaf Uag
denotedd, (x)
+v ZPi+ZPi+ZPi . X € S()-
ieaf i€ay, i€y

constant

This stated (restricted) optimality of x () follows from the dstat conditions in Corol-
lary 13 for y in the open interval, and by continuity of the conditions at the two end
points of Z; the uniqueness of x () is due to the strict convexity of é\y (x). Moreover, the
restricted optimal objective value frgap (y) & minimum, ¢ 5(,,) 6, (x) is concave, non-

decreasing, and continuously differentiable on the interval ( v, 7). Hence, 6, (x(y))

.i'
is nondecreasing in y; moreover, ( £,2 ) (y) = Y./_, p: min ( | ’fsy) |, 1) is

cap

nonincreasing, by the concavity of frgap(y). To show that ¢(¥(y)) £ ¢ x(y) +

%)E(y)TQ)E (y) is nondecreasing in y, it suffices to observe that for y > ¥’ in the
interval Z, we have

q@&@(y") +y' Y pi min (—'xi(;/ )|,
i=1

1) = 0,/ (X(r")
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IA

0, ) = qG 7' Y i min (1)

i=1

A

dG)+7' Y p min("f"(g—“', 1>,

i=1

where the first inequality holds by the optimality of x(y ") for 6, on S(yp) and the
second inequality holds by the nonincreasing property of capped £;-term; the above
inequality easily implies the desired nondecreasing property of g(x(y)) in y € Z,
since y is nonnegative. Finally, under the additional assumption of the path {x(y)},

% () |
8

it follows that min ( , 1 ) = | X;(¥) lo; thus the last two statements of the

proposition are obvious. O

Remark 15 The monotonicity properties in Proposition 14 are reminiscent of the
same properties in the penalization theory of nonlinear programs; see e.g. [8, part
2, Lemma 9.2.1]. Nevertheless, there is a major difference; namely, each x(y) is at
best a dstat solution of (17), whereas such a classical result in nonlinear programming
pertains to a global minimizer of the penalized problem. Nevertheless, the proof of the
proposition relies on the global optimality of x(y) of 6, on the restricted constraint
set S(yp) for y in the interval Z. O

If at y, none of the components of | x; (y) | are equal to § (these are Cases 5 through
12), then X(y) remains a dstat (thus strongy locally optimal) solution of the problem
(17)aty.If however some component | X; (y) | = §, then arestoration of d-stationarity
at y is needed. N

6.2 Recovery of a dstat solution

As mentioned before, we have on hand a value y and an associated vector X = x(y)
that satisfies the following six conditions obtained by taking the limit y |, y in the
conditions in Corollary 13:

D1) (g + Ox); +Zsign(i,~) % = Oforalli suchthat0 < |x; | < §;

D2) |(g+ Q0x);| = Z% for all i such that x; = 0;
(D3) (g + 0x);
(D4) (g + 0x)i =
(D35) (g +0x);i =
D61) (g + 0x)i + ?
(D62) (g + Qx); = Oforalli suchthatx; =5 andi € a (Cases 2);
(D63) (g + Q%) —y B =
(D64) (g + Qx); = Oforallisuchthatx; = —§ andi € o (Cases 4)).
A distinguished feature of this vector is that A2 () £ {i | | %; | = 8} # ¥; thus ¥ is
not a dstat point of (17) at y. Here the goal is to recover such a point by modifying

0 for all i such thati such that § < | X; | and ¢; < X; < u;;
0 for all i such that x = ¢;;
0 for all i such that x = u;;

= O foralli such that x; = § and i € ot (Cases 1,);

\

Y
0

= Oforalli suchthatx; = —6 and i € a_ (Cases 3);
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the GHP algorithm so that it can start at x, after which the path of dstat solutions
can be continued, albeit with a discontinuity at y. When Q has the Z-property, the
restoration of d-stationarity can be accomplished with strongly polynomial complexity.
The idea of the modified algorithm is quite similar to the original version and involves
successively solving convex quadratic programs with bounded variables.

The modification of the GHP algorithm to start at x achieves several goals: (a) the
almost dstationarity of the vector x is expected to expedite the recovery of dstationarity;
(b) running the original GHP Algorithm from scratch could yield a much inferior
dstat path in terms of the two criteria defining the overall objective; for one thing, the
monotonic decreasing property of the objective values (as y |) would be jeopardized
at a discontinuous point; (c) in contrast, the modified GHP Algorithm decreases the
objective values, as demonstrated in Lemma 18; and (d) embedded in the overall path-
tracing procedure, the modified GHP Algorithm plays an important role in the strongly
polynomial complexity of the procedure specialized to the nonnegatively constrained
capped {1-regularized problem; see Theorem 21 in Sect.7. The first two advantages
will be demonstrated numerically via experimentations in the last section.

In general, given a pair of complementary index subsets of ST of {1, --- , n} with
the decomposition S* = ST U §%, where ST and ST are disjoint (specifically,
St NSt = @ and SZ N ST = ), consider the sign-restricted bounded-variable
quadratic program:

ce s T 1T pi bi
minimize ¢ x+5x Ox+y 3 X; Z 5 X;
ieSt ieSZ
subjectto 0 < x¢+ <ug+ and {Lg- < x5- <0

2

and let x°P'(S*) be its unique optimal solution. Problem (21) for various index sets

is the workhorse of the modified GHP algorithm presented below; the modification
allows the initialization at the non-dstat solution x = x(y) mentioned above. We
first establish the following result that gives some important properties of the solution
xOPt ( Si ).

Proposition 16 Let Q be symmetric positive definite. The following three statements
(a), (b), and (c) hold for the solution x°° (ST) for any pair of subsets S* C {1, --- , n}
with the decomposition S* = S U ST into two disjoint subsets:

(@) x°PY(S¥T) is the unique feasible vector X to (21) satisfying

e+ oDty |5 Hiest

“lo ifiest
%ifieSj
0 ifieSt
%ifieSj
0 ifieSt

=0ifi € STand0 <X < u;;

e (¢ +0X)i+y 0ifi € ST and X; = u;;

IA

v

e (¢g+0X)i+y 0ifi € St andx; = 0;
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e (¢ +0x)i—y ?lflesi =0ifieS and¥{; <X <0
|0 ifieSZ
~ — ifi e SC
e (qr0%)—y s TE5s
|0 ifieST

-~ — ifie S
e (g+ 0% -y s 15
— |0 ifieST

IA

0ifi € S” andx; =0;

> 0ifi € S andx; = ¥;;

(b) if the following six index sets associated with X = x°P'(ST) are empty:

ieSt:x >4}, i €S2 % <=8
ieSt:x <68}, {ieSs x%=-¢
ieSi:?c}:Oand(q—l—Q)?)i—Z&>O} (22)

{i € S % =Oand(q+Q5c\),-+Z?i <0],

then x°PY(S*) is a dstat point of (17) at v
(¢) if Q is additionally a Z-matrix, then x°P'(S*) is the componentwise least vector

of the set:
e 0 <xg+ <ug+andlg- <xg- <0
Pifie st
eicSTandx; <u;implies (q+Q0x);+y { 8 <+ >0
Z(s%) & “lo ifiest :
pi ... _
eic S andx; <O0implies (q+0x);—y { § i€ >0
o iies:

Proof Statement (a) provides the optimality conditions of x°P'(S*) as a minimizer of
the convex program (21). To prove statement (b), first observe that if the six sets in
(22) are all empty, then no component | xio PLSE) | is equal to §. Next, comparing the
conditions (b)—(e) in Proposition 10 with the optimality conditions of (21) and taking
into account the emptiness of the sets in (22), we may deduce statement (b) readily.
Finally, statement (c) follows from [36, Theorem 3.1]. O

The non-dstat vector x = X (y) on hand has the property that the two sets

{i | 5 =0 and (q+Q)E)i—Z% > 0} and

{i | % = 0 and (q+Qi)i+Z% < o}
are both empty (cf. the last two sets in (22)); this follows from the property (D2) of
x. Using x we define a tuple of index sets (Sf, S;—L) such that three (to be specified
below) of the six index sets in (22) associated with the optimal solution x°P'(S¥)
are empty. The goal of the algorithm is to adjust these index sets so that all six of
them are empty, at which point, a dstat solution of (17) at y is recovered. There are
two versions of the algorithm, which we term the nonincreasing versus nondecrasing
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version, respectively, depending on whether the candidate solution in the algorithm is
(componentwise) nonincreasing or nondecreasing; this monotonicity of the iterates is
due to the least-element characterization of the optimal solution of (21); see part (c)
in Proposition 16.

The nonincreasing version of GHP: Let

st
S<

{il0<x <d8); ST
{i|]—6<x <0}; 82

{i16=<Xxi <u};
{i |4 <x; < —=68}.

(1> 1>
1> 1>

(23)

In this definition, the left-hand set in line 1 (labelled L1L), the right-hand set in line
2 (labelled L2R), and the set in line 4 (labelled L.4) of (22), all associated with x, are
empty; so is the set in line 3; during the algorithm, the former three sets will remain
empty while the latter one may become nonempty.

The nondecreasing version of GHP: Let

st
S<

{i10<x <68}; ST
{i| =6 <x =0}; 87

{(ild<xi <u};

(6 <5 <=5} o

> >
> >

In this definition, the right-hand set in line 1 (L1R), the left-hand set in line 2 (L2L),
and the set in line 3 (labelled L3) of (22), all associated with x, are empty; so is the
set in line 4; during the algorithm, the former three sets will remain empty while the
latter one may become nonempty.

Upon examining the optimality conditions of the problem (21), it is not difficult to
see that for the above pairs (ST, Sf), ¥ may not be equal to x°P'(ST). The following
lemma provides sufficient conditions for these two vectors to equal.

Lemma 17 The following two statements hold for the pairs (Sf, Sf) defined in (23)
and (24).

o If(Anine) (i | |Xi] = 8} Caf UaZ, then x = x°PY(S%) for the pair (S, ST)
defined in (23).

o If(Angec) [i | |Xi| = 8} CatUaZ, then ¥ = x°PY(S¥) for the pair (S, ST)
defined in (24).

Proof 1t suffices to compare the optimality conditions of the program (21) in Propo-
sition 16 and the conditions (D1)-(D5) and (D6;)—(D64) satisfied by x, and to notice
that these two sets of conditions coincide under the stated assumption in the respective
assertions. O

To understand the assumptions in the above lemma, we recall that in a well-known
simplex-type parametric pivoting scheme, which is the basis of the continuous trac-
ing routine, it is common to assume a nondegeneracy assumption that stipulates
the uniqueness of the maximizing index. Under this uniqueness assumption, the set
{i | |xi| = &} is a singleton, say {imax}. In this case, one of the two mutually
exclusive inclusions (Apjnc) and (Apgec) in Lemma 17 must be satisfied. Depending
on which inclusion is satisfied, we can define the pairs (Sf, Sf) accordingly so that
the lemma is applicable. In general, this lemma relaxes the uniqueness requirement
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by postulating that all the maximizing indices of y are one of two types: either all in
o UaZ leading to the nonincreasing definition (23); or all in = U aZ leading to the
nondecreasing definition (24).

The key argument for us to show that the GHP restoration will obtain a dstat solution
of (17) at the discontinuous y in linearly many steps is to inductively prove that L1R,
L2L, L3 (resp. L1L, L2R, L4) will remain empty throughout the nondecreasing (resp.
nonincreasing) version of GHP. The induction step of this is proved in Lemma 18,
whereas the base case, i.e., the initial step, follows from Lemma 17. In particular, in
order to satisfy the conditions in Lemma 17 when y corresponds to Cases 1 and
4, (resp. Cases 2| and 3 ), we should apply the nondecreasing (resp. nonincreasing)
version of modified GHP Algorithm. For simplicity, the discussion below focuses
on the nondecreasing version of the algorithm. All of the analysis on this version
hold symmetrically for its nonincreasing counterpart, which involves an analogous
update of the pair (Sf, Sf) in the general iteration. It is also worth noting that the
nondecreasing version is more appropriate to obtain a favorable strongly polynomial
complexity of the overall path-following scheme for the special case of the parametric
capped £1-problem with nonnegative bounds, see Sect. 7. In stating the algorithm
below, we assume that Apgec for the vector x = x(y) is in place.

Algorithm IT,,4.. : Restoring a dstat point of (17) at y: the nondecreasing version

Initialization. Given are an index tuple (S, ST) as in (24) and the unique optimal
solution x°Pt(S¥) = & such that the sets LIR, L2L, and L3 in (22) associated with %
are empty.

General iteration. Stop if the sets L1L, L2R, and L4 in (22) associated with x are
empty; in this case, the current x is a desired dstat point of (17) at y. Otherwise, we
update the index sets by re-assigning the “wrongly assigned” indices:

i

(S new 2 (sju {i €Sz | =0and(q+Q£);+Z% < 0})\{1‘ e St & = 8)

(5 )hew £ ST U (i € ST | &% = 8k (SZ)new £ ST\ (i € ST | & = —8);

(5 Jnew 2 (s; \ [i €Sz & :Oand(q+Q)?),-+Z% <0}) UlieSZ| &> -8,

which yield S£, £ (55)new U (S)new- Solve the subproblem (21) with the new

new
pair (5%, $£ ) ey AN ODEAIN ey £ xOPY(SE ). Return to check for termination or

update the index sets and repeat the general iteration. O

In the lemma below, we show several things under the Z-property of Q: (a) a com-
ponentwise monotonicity of the iterates produced by the algorithm; (b) the persistent
emptiness of the three sets L1R, L2L, and L3 in (22); and (c) a monotonicity property
of the objective function 6, . In turn, the least-element characterization of the optimal
solution x°P'(S*) of each problem (21) is crucial for the demonstration. The former
two properties are central to the proof of linear (in ) number of iterations of Algo-
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rithm II,gec; the monotonicity property of 6,, is interesting in its own right and extends
Proposition 14 to a discontinuous point on a dstat path.

Lemma 18 Let Q be a Stieltes matrix. Let ( Sf, S;—L ) and (Sf, Sf )new be two tuples
of index sets entering and exiting a general iteration of Algorithm Ilygec, respectively;
let ¥ & x°PY(S%) and Xpew = x"p‘(SI?:eW) be the corresponding optimal solution of
(21). If

(andec) the sets LIR, L2L, and L3 in (22) associated with x are empty, and
(bndec) Xi > 8 foralli € ST and x; > —3& for all i € SZ (this is implied by (a)),
then the following five statements hold:

® Xnew > X;

e strict inequality in Xpew > X holds for a component i for which | x; | = 6;

® (Xpew)i > S foralli € (S;")neW and (Xnew)i > =8 for all i € (S )new,

e the sets LIR, L2L, and L3 in (22) associated with Xpew remain empty, and

o 0y, (Xpew) < 0, (X); moreover, strict inequality holds if X has at least one com-
ponent i for which | x; | = § (such as when x is the non-dstat point that initializes

the algorithm).

Proof To show Xpew > X, it suffices to show that x,ew belongs to the set
00 <xg+r <ug+andlyg- < xg- <0
Pigic st
eic Standx; < u; implies (g+0x);+y {5 ifi e ST >0
Z(s%) = “ o ifiest ,
Pi ... _
— — if
eic S andx; <Oimplies (¢ + Q0x); — ¥ 5ll€S< >0
— 10 ifiesSZ

because X is the least element of Z(S™), by part (c) of Proposition 16. The first bulleted
conditions are clear. For the second bulleted condition, leti € ST and (Xpew); < U;.
Since ST = ST U S, there are the following two cases:

e i € ST: there are two subcases: (a) i € (ST)new, or (b) i € (ST )pew; in both

subcases, since (Xpew); < U;, we have (g + OXpew ); +y % > 0; thus the second

bulleted condition for Xnew to be in the set Z(S*) holds in this case;
o i € ST:theni € (ST)new; again since (Xpew)i < Ui, we have (g + OXpew ); > 0;
thus Xpew satisfies the second bulleted condition in the set Z (Si).

This completes the proof of the second bulleted condition for Xpew. For the third
bulleted condition, let i € S~ and (Xpew); < 0. Similarly, there are the following
cases:

e i € S_:there are two subcases: (a)i € (Sj)new, or (b) i € (SZ)new; subcase (a) is

ruled out because (Xnew); < 0;in subcase (b) we have (¢ + QXnew ); — 7 % > 0;

thus Xpew satisfies the third bulleted condition in the set Z (S jE);

e | € SZ: there are two subcases: (a) i € (SZ)new, or (b) i € (S )new; in both
subcases, since (Xpew); < 0, we have (g + QXpew ); > 0; thus Xpeyw satisfies the
third bulleted condition in the set Z(S¥).
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In summary, we have verified, case by case, that Xy, satisfies all the defining conditions
of Z(S%); the desired nondecreasing conclusion Xyey > X follows. To prove the second
assertion of the lemma, suppose by contradiction that i is such that (X¥pew)i = X;
and | x; | = 8. Consider first x; > 0. Then i € Si by assumption (bpgec). Hence,
i € (SH)new and by optimality of ¥ = x°P'(S%) and Xpew = X°PL(SE,), it follows
that

0= (g+0F)i+75 > (q+ Qfw) = 0.

where the first equality holds by the first optimality property of x for such an index
i€ Si (see Proposition 16); the strict inequality holds because (Xpew)i = Xi, Xnew > X,
and Q has nonpositive off-diagonal entries; and the last equality holds by the same
optimality property of Xpew because i € (Si Jnew- This contradiction completes the
proof of the case where x; = 8. The other case is when x; = —6. Then i € ST by the
same assumption (b). Hence, i € (S )new, and for similar reasons,

0=1(qg+0x) > (Q+anew)i_z% = 0.

This contradiction establishes the second assertion of the lemma. The third assertion
follows from assumption (b), the fact that Xpey, > X, when a componentwise strict
inequality holds, and the definition of (S;r Jnew and (SZ )new. This also shows that the
two sets LIR and L2L at Xy, are empty. Finally, consider the set L3 at Xey. Suppose

there is an index i € (ST)pew such that (¥pew); = 0 and (g + QXnew )i — 4 % > 0.

There are two cases: (a)i € ST or(b)i € S”;%; = Oand (¢+0x )ity % < 0.Inthe
former case, we have 0 = (Xpew); > X;; hence x; = 0. Since X < Xpew and Q has non-
positive off-diagonal entries, we deduce (g+ Qx ); — Y % > (g+OXnew )i— Y % >
0. Thus i belongs to the set L3 at x, which is a contradiction. A similar contradiction
can be obtained in the other case. Therefore, the set L3 at Xpeyw is empty.

To prove the last assertion of the lemma, we compare the updated QP at the pair

minimize 6, (x; Snew)éqTx+;XTQx+y|: Z —Ix,|—|— Z |x,i|
i€(Snew i€(Snew

subjectto 0 < xo+ <ugt and Lo = xg =0

new new

(25)

versus (21), which is the QP at the pair (Sf, Sf ) Notice that x remains feasible to
(25). Hence

Oy Ginew: Spow) < 0y (X5 Spey)
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we relate these objective values to the original ones 6, (Xnew) and 6, (x) with the full
capped £1-regularizer as follows. For an arbitrary vector x, we have

| xi |
Qy(x)—q X+ix Qx+yZp,mm< 8[ 1)

i=1
=q x+ %xTQx

. X | xi |
; min —, min —, 1
o (" 2 ()«
1€(3< Jnew i€ new
L Z ; min |— + Z min M 1
pl (S ’ pl 8 ’
L i€(S2 )new i1€(S< new
+
< Gz(x Snew)
. x| ar
+y Z Di mm(T, 1)+ Z pi min el 1 ,
L iG(Sj)ncw i€(852 Dnew

where the last inequality holds at equality for x = x. Hence,

Oy (Xnew) < 6y (X3 Siw)
+Z Z Pi min( |(Xn;w)i |, 1) + Z i min( |(-xn§w)i |7 1>:|
Lie(SF new i€(S new
=0y (x)
Z pimin(|(fn;w)i|,l>+ Z p,-min(“ingw”l,l)—
i€(SF new i €(SS new
r (1] (1]
( Z p,’ﬂ’llﬂ( 5 ,1>+ Z p,-mm( 5 ,1))
L \ie(SInew i1 €(S Inew

Fori € (S;Ir Jnew,» We have (Xpew); > & by the third assertion and x; > § by the
definition of (S;L )new- Hence for such an i,

min M,l — min ﬂ,l = 0.
8 )

Fori € (82 )new, we have x; < (Xpew); < 0, yielding | X; | > | (Xpew); |- Hence for
such an i, we have

mm<mmmuJ>_m.<u|l>§o
1) 8

also. Consequently, 6, (Xpew) < 6, (x) as desired. Lastly, if 6, (Xpew) = 6, (x), then x
is also an optimal solution of the strictly convex program (25); hence Xpey = X by the
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uniqueness of the optimal solution of this program. Thus there is no component i for
which | x; | = §. This completes the proof of all assertions of the lemma. O

Remark I: The nondecreasing property Xpew > X of the iterates is the reason for
terming Algorithm Ilgec; this property also accounts for the nonincreasing property
0, (Xnew) < 6, (x) of the objective function 6,. This conflict is somewhat regrettable
and we caution the reader not to be confused by it.

Remark II: Under the parallel assumptions:

(aninc) the sets L1R, L2R, and L4 in (22) associated with x are empty, and
(bninc) X; < 8 foralli € ST and x; < —§ foralli € S_,

conclusions similar to those of Lemma 18 hold for the alternative Algorithm Ilyinc
whose description we have omitted; in particular, we have Xpew < X; while 0, (Xpew) <
0y (x) continues to hold. O
Based on Lemma 18, we can establish the linear-step termination of Algorithm IIjgec
for computing a dstat solution of (17) at y under the Z- property of Q.

Theorem 19 Let Q be a Stieltjes matrix. In no more than 3n iterations, Algorithm Il gec
will compute a dstat solution ™ of (17) at y. Moreover, 0, (x endy 0, (x beg)
where X %€ (with at least one component i for which | )Eibeg | = §) and ¥ (with
no component i such that | )Ef“d | = &) are the beginning and ending iterates of the
algorithm, respectively.

Proof Associated with a given iterate X during the algorithm, the followings describe
all possible transitions of an index i among the tuple of index sets (S f, S f)

e i €S> — (S0)newif X; > —§; otherwise i stays in S_;

eicS_ — (Sj)new ifx; =0and (¢ + Qx); + Z% < 0; otherwise i stays in
A

e icSt - (SH)pewif x;

e i € ST stays in same set.

v

d8; otherwise i stays in Sj;

Several observations can be drawn from the above transitions at each iteration: (a) if
no transition occurs, then the current x must be a desired dstat solution as claimed;
(b) no index will return to the same set once it leaves the set; (c) once an index
reaches the set Si , it stays there till the end of the algorithm. Indeed, for (a), it suffices
to check that the sets L1L, L2R, and L4 are empty; this holds because there is no
transition. Combining all these facts, we may conclude that one of the following
two situations must happen: either all indices stay in the same sets without transition
to another set during a particular iteration, or there is at least one transition at every
iteration. Since there are n variables, and it takes at most 3 (not necessarily consecutive)
transitions to reach the absorbing set ST, the 3n-step termination of the algorithm
with a desired dstat solution follows readily. Throughout the algorithm, the objective
values 0, (¥new) < 6, (x) with strict inequality holding if x = X beg by Lemma 18.
Consequently, we deduce that 0, (x endy 0, (x begy, O
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6.3 The overall scheme and its finite termination

We can now summarize the algorithm to trace a dstat (thus strongly locally minimum)
solution path of the capped ¢ -regularized problem (17). While it is possible to initiate
the algorithm with y > 0 sufficiently large so that x = 0 is a global minimum of (17)
for all such y, we employ a simplified initialization with an easily identified y so that
x = 0 is guaranteed to be a dstat solution only. Even with the former initialization,
the globally minimizing property of the dstat solution is no longer guaranteed as soon
as the algorithm moves past the first critical value y of the parameter.

Algorithm III: Tracing the entire dstat path of (17).

Initialization. Let «p = [n] and a;—L = oti: = oy = «, = . This corresponds to

letting y > O be sufficiently large such that 0 < g + y g <2y §

General iteration. Determine the left end-point y by the ratio test described in Sub-
section 6.1 and let ip,x be a maximizing index. b3 y < 0, then the entire dstat path
on [0, co) has been traced out; stop. Otherwise, If imax does not occur in cases 1 1
through 4, then update the index sets as described in cases 5 through 12 and proceed
to the next set of ratios. Assuming that iyax is unique and comes from case 1 or 4
(resp. case 2 or 3 ), define the initial tuple (Sf, S;—L) by (24) (resp. (23)) and call the
nondecreasing (resp. nonincreasing) version of GHP with this index pair to restore
d-stationarity. Continue the decrease of y with a new tuple (oco, af, af, oy, oeu) of
index sets at the termination of the appropriate version of GHP associated with the
restored dstat point at y . |

Similar to a well-known simplex-type pivoting method, the parametric scheme ter-
minates in a finite number of iterations provided that there are no degenerate pivots.
We state this sufficient condition below in terms of the uniqueness of the maximizing
index imax Of y in the ratio tests at each iteration. Were it not for the discontinuity of
the path that necessitated the restoration of directional stationarity, the proof of this
result would follow from standard arguments. The additional argument takes care of
the latter possibility.

Theorem 20 Let Q be Stieltjes matrix. Suppose the maximizing index imax of y in the
ratio tests at each iteration of the parametric scheme is unique. Then Algorithm ITI will
trace a (discontinuous) path of dstat solutions of the capped €1-regularized problem
(17) for all values of y > 0 in a finite number of iterations.

Proof Associated with each dstat point % () on the path is a tuple T £ (o, af, af,
oy, oy ) of index sets partitioning {1, - - - , n} and satisfying the conditions in Corol-
lary 13. Between any two discontinuous breakpoints of this path, say y1, < yRr, the
6, -values are nonincreasing (from right to left) (Proposition 14), and at the left dis-
continuous breakpoint y, the 6, -value strictly decreases (Theorem 19). Now suppose
that a left end-point y leads to the vector x(y) that ceases to be dstat, then after the

recovery scheme, there is a restored dstat solution " and an alternate tuple of index
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sets, denoted Thew, at the same y ; moreover 0, (x"%) < 6, (X(y)). We claim that this
alternate tuple cannot be the same as those tuples encountered ‘before. Otherwise, say
Tnew = Tpre COrresponding to a value ypre > y. Applying Corollary 13 to this common

tuple yields a linear function X(y) consisting of dstat points forall y € [ Vs Vpre ] with

X" = X(¥Ypre) = X (Vpre)- Moreover, the ratio test starting at the right end-point ypre

will reach the left end-point Y along a dstat line segment joining X (Ypre) and Xnew,
skipping the non-dstat point x (). This is a contradiction. Therefore, throughout the
parametric steps, including the recovery of directional stationarity at a discontinuous
breakpoint, no index tuple of the kind 7 can repeat. Since there are only finitely many

such tuples of index sets, finite termination of the overall scheme follows readily. O
A caveat in the successful tracing of the complete dstat path of the parametric capped

£1-problem via Algorithm III is noteworthy. Namely, it assumes the uniqueness of
the maximizing index im,x, or more generally, the validity of either Apipe or Apdec,
when the maximum ratio y yields a discontinuity of the solution path (with the vector
|X(y)| having a component equal to the critical value 8). In general, the uniqueness
of such a maximizing index in ratio tests can presumably be ensured by a degeneracy
resolution scheme (e.g., a perturbation technique) as done in the finiteness proof of
the simplex method and its parametric extension; in essence such a scheme is in the
background of Theorem 20. Whether it is possible to modify the algorithm without
relying on such a scheme requires further work that will lengthen this already lengthy
paper. Nevertheless, this assumption turns out not needed in the special case discussed
in the next section.

7 The nonnegatively constrained cappled ¢1-problem

In this section, we consider the following special case of the problem (17) where £ = 0
and Q is a Stieltjes matrix:

flocmln(y) € loc- mlmmum q Tx + X Qx +vy 2; pi min ( 5 1) . (26)
i

In this case, among the index tuple ( oo, ozf, af, oy, oy ) defined by the dstat solution

X (o) according to (20), for some yp > 0, the following two are empty: - = a2 =0
and o coincides with «g. Moreover, we have

-1
[m} _! [Qazaz Qaiai] [Pa:} ~ 0  and

Pa. Qutat Qotar 0
>0
120‘0 :l Pag _ Qoz()otir Q(Jt()()l;r 1?3; > (.
Pa, s§L0 Cuot Cuyat | LPa. | ~
———

<0

So the twelve ratios in Y reduce to three: Case 1,7, and 9, respectively,
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A
— max max -

)4 . 2
- icat : pi>0 Pi icad : p;i>0 Pi i€ag: pi>0 pj

—qi — 8 —qi — uj —qi }

———;, max ———; max — .
The following summarizes the one-way transitions of an index among the remaining
fourindex sets ( oo, ozj, aj, oy ) during the continuous tracing phase of Algorithm III:

ap — af = o - .

There are two important consequences of the above one-way transitions: (a) if the
maximum ratio y is not such that x;(y) = § for some i, then once an index reaches
the index set ar,,, it will stay there; (b) if a discontinuity is reached by the maximum ratio
¥, then any maximizing index imax (possibly nonunique) can only come from ot; in
other words, the condition Apgec is satisfied. Thus, if case (b) occurs, then Algorithm
IIhgec can be used to restore dstationarity and its linear termination as asserted by
Theorem 19 is ensured.

We can now complete a refined analysis of the overall Algorithm III for computing a
dstat solution path of the problem (26). For this purpose, we need to examine the change
of the index sets during the operation of Algorithm IIygec. Let (o, ai‘, a;", ®y )beg
denote the tuple of index sets of the dstat solution that leads to y which triggers the
application of the latter Algorithm; this tuple yields the initial pair (ST, S3)peg defined

in (24); specifically,

(SHhheg = 17 1:0 < Ti(y) <

and (SD)peg £ 10 18 < Xi(y)

A
>
—
I

(a0 U at)y, U {i : E(y) = 5}
ui} = (o Uay)

IA

beg *

At a general iteration of Algorithm Ilpge. defined by the pair (ST, ST), the subproblem
(21) is:

minimize ¢ " x + %xTQx +y Z % xi, 27)

0<x<u “
ieS2

whose optimal solution we denote x°P'. The update of the pair (ST, ST) is as follows:
(SDnew £ SEN (i €8T | 5™ 28} (SDhew £ ST U (i €8T | 57 = 8).

Thus, the set ST is monotonically decreasing and its complement ST is monoton-
ically increasing; it follows that at the termination of Algorithm Ilgec, @ new tuple
(ag, aj, ai, oy )end that corresponds to a restored dstat point at y is obtained such that
(g U @l)end is a proper subset of (g U aj)beg. We recall that the parametric Algo-
rithm 111 is initiated with a9 = [n]; since ap U ot is monotonically nonincreasing
throughout, it follows that in a linear number (in n) of iterations, the entire Algo-
rithm III will terminate with a complete dstat path. We formally state this conclusion
in the theorem below; other than noting that no nondegeneracy assumption is needed,
there is no need for a proof.
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Theorem 21 Let Q be Stieltjes matrix. Specialized to the problem (26), Algorithm III
(without the nondegeneracy assumption) will trace a (discontinuous) path of dstat
solutions for all values of y > 0 in O(n) iterations. In particular, such a path has O(n)
number of breakpoints, some of which are discontinuous points of the path. O

The nonnegatively constrained problem (26) is not as special as it seems. In what
follows, we show that a dstat solution of the capped ¢;-version of the structured
problem (16):

T T
mmize (1) (1) +4(7) [ 5] (1)
(x,y)eRitm \ F y 2 \y RT P| \y
n m
- x| e
v [;p,- min (551 1) 0 min (1)
i= j=

subjectto ¢ < x <u and 0 <y <,

(28)

must be nonnegative, provided that ¢ < 0. With dstat solutions as the target (thus
applicable to global minimizers too), the result below extends Proposition 8 that per-
tains to the global minimizers of the £ and ¢ problems (15) and (16) to the capped
£1-problem.

R - -
Proposition 22 Let |:RQ—|— P] be a Stieltjes matrix and g < 0. If (x,y) is a dstat
solution of (28), then x > 0. Conversely, if (x',y') is a dstat point of the same
objective on the subset [0, u] x [0, v], then (X', ') is a dstat solution of (28).

Proof For the first assertion, it suffices to note that by Proposition 10, if i is such
that x; < 0, then (¢ + Qx + Ry); > 0. With this property, the same proof as that
of Proposition 8 can be applied to deduce that x > 0. Conversely, by examining the
conditions in the proposition, it suffices to show that if i is such that X, = 0, then

lg+Ox'+Ry'|; <y % By the dstationarity of the pair (X', ¥”) on [0, u] x [0, v],

we have for such an index i,
-/ -/ Pi
(q+ Q¥ + Ry )i+y 5 = 0.

Singe x/ = 0, we readily deduce |¢g + QX'+ Ry'|; = —(q+ Qx"+ Ry'); <
y &, where the equality is because (i) g and R are both nonpositive, and (ii) Q has

nonpositive off-diagonal entries. O

8 Numerical experiments

In this section, we compare the numerical performance of the three solution paths:

e The exact £y-path: this is computed by solving (independently) a sequence of
mixed-integer nonlinear programs determined by the weighted sum method, see
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[3, 16]. Some details of the mixed-integer formulation used to solve (29) (for a
fixed value of y) is given in Sect.8.2. We use the CPLEX solver to solve each
mixed-integer program.

e The {y-path: this is computed by a MATLAB R2017b implementation of the
parametric procedure in [29] when specialized to (2).

e The capped £1-locmin path: this is computed by Algorithm III coded in MATLAB
R2017b.

All the numerical experiments are conducted on a Mac OS X personal computer with
2.3 GHz Intel Core i7 and 8 GB RAM. The reported times are in seconds on this
computer.

8.1 The £;- and capped £1-paths on synthetic problems

To gain some preliminary experience with the relative performance of Algorithm III,
we first carry out a set of experiments on some synthetic - and capped £1-problems
with randomly generated data and two dimensions: n = 500 and 5,000. We did not
include the £-path in this set of experiments because these dimensions are too large
for this exact sparsity path (more details below). Since our next goal is to compare
all three paths on the GMRF problems whose matrix Q is very sparse, we gener-
ate Q in the synthetic problems as a sparse symmetric M-matrix in the following
way. With an overall density of 2/n among the off-diagonal elements, which is the
same as a tridiagonal matrix, these entries are random numbers uniformly sampled
in the interval [—1, 0]. With these off-diagonal elements generated, we add suffi-
ciently large diagonal terms to keep Q positive definite. Additionally, we randomly
generate iid g; ~ Uniform([—10, 10]) and p; ~ Uniform([0, 1]) for all i € [n].
The experiments consist of unconstrained and constrained problems; for the latter, we
set —¢; = u; = max{%S, %I(—Q‘lq),-|} for all i € [n] and test several values of
6 € {10,1, 10~1, 10_4}. The results are summarized in Table 1, where “Bpts.” and
“Dis. Bpts.” stand for the total numbers of break points and discontinuous break points
(i.e., number of GHP restorations). All the statistics are averaged over 10 runs.

From Table 1 we can observe that when § = 10, hence relatively large, the behavior
of capped £1-path is similar to the £;-path in terms of computational time and number
of break points; moreover, there is no need for dstat restoration in the computation
of the capped ¢1-path; thus these two paths are comparable. On the other hand, for
the other values of §, the computation of the capped £-path requires more time, and
such paths possess more pieces and discontinuous break points. This is consistent
with our previous analysis in Proposition 12, when § is small, e.g., § = 1074, the
only continuous dstat path is a constant one which is ¥(y) = x° for all y > 0,
where x¥ is the unique optimal solution at y = 0 which is in general totally dense.

Thus when we start with x(y) = 0 for y > max |——| and pivot towards x°, the

i€ln] | pi
computed capped £1-path is discontinuous with more discontinuous points when §

is smaller, requiring substantially more computational times (in one case, more than
10 times than the computed ¢;-path) depending on the instances with the most time
taken still within 2min on our personal computer (when n = 5, 000 and § = 10~4).
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Table 1 Summary of tests on parametric ¢ and capped £{-solution
n =500 n = 5000
Unconstrained Unconstrained
Settings Time Bpts. Dis.Bpts Settings Time Bpts. Dis.Bpts
Caps =104 1.03 959 479 Caps =104 96.48 9568 4783
Caps =101 1.17 951 459 Caps =101 108.24 9490 4582
Caps =1 0.86 797 297 Caps =1 86.86 7974 2968
Cap$ =10 0.17 504 0 Cap s =10 11.08 5029 0
£ 0.11 504 N/A £ 11.03 5029 N/A
Constrained Constrained
Settings Time Bpts. Dis.Bpts Settings Time Bpts. Dis.Bpts
Caps=10"% 074 974 487 Caps=10"%  27.01 9762 4881
Caps =101 0.80 965 469 Caps =101 30.89 9646 4681
Caps =1 0.75 807 299 Caps =1 38.84 8046 2981
Cap s =10 0.22 504 0 Cap s =10 11.66 5029 0
£ 8=10"* 0.35 989 N/A £ 8=10"* 13.13 9886 N/A
£, 8=10"1 031 978 N/A £, 8=10"1 13.64 9763 N/A
16=1 0.29 886 N/A l186=1 15.09 7846 N/A
L1 86=10 0.19 504 N/A 1 8=10 11.81 5029 N/A

- —capped {: 6 = le —4 n —capped (;: 6 = le —4

= capped £1: 6 = le — 1 - capped {1: 6 = le — 1

& 1000
-1500

2000

capped (;: § = 1e0
capped £: § = lel

i@l

05

(=)

capped /,
capped £,
i by

16 =1e0
16 =1lel

-2500
0

Fig.2 Quadratic term ¢ (x) as a function of the sparsity ||x||o (unconstrained cases)

150 200

300

(a) n =500

0 500 1000

1500 2000 2500
llzllo

3000 3500 4000 4500 5000

(b) n = 5000

However, for the unconstrained cases, the capped £;-paths with small § (e.g., 10™%)
always achieve better g (x) values than the £1-path and the capped £ -paths with larger
6 when the solutions from these paths have the same sparsity. For the constrained
cases, this phenomenon remains valid when we compare a capped ¢;-path with its
£1 counterpart under the same §. To demonstrate this, in Figs.2 and 3 we plot g (x)
as function of sparsity ||x||o for the paths considered when they are computed from
representative instances in both unconstrained and constrained scenarios.
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—capped : 6=1e—1

_—

—capped £1: 6 = 1c0)
_—

—capped £;: 6 = lel

_—

—capped £ § = le — 4

-t

(a) n = 500,56 = 104 (b) n = 500,6 = 1071 (¢) n=500,6 =1 (d) n = 500,6 = 10

—capped £: 6= le—4 —capped 6;: 6= 1le—1 —capped £1: 6 = 1e0)

—capped £ § = lel.
-

o)

B8 B B & o8 o8 & .

B85 8§88 b8 .
qlx)

8§ 8 8848 &

(e) n = 5000,6 =10~* (f) n =5000,6 = 10~* (g) n =5000,6 =1 (h) n = 5000,8 = 10

Fig.3 Quadratic term ¢ (x) as a function of the sparsity ||x||o (constrained cases)

These figures confirm that the increased computational times of the capped ¢;-path
result in higher-quality solutions per the computed g (x)-values. In the next section,
we show more advantages of capped £1-path in the context of the GMRF model.
Note that in our experiments the constrained paths generally take less time to trace
than the unconstrained paths. This is reasonable in that the two major computing
expenses, namely solving linear systems for (19) and discontinuity restorations by
GHP algorithms, are significantly reduced in the constrained cases due to the presence
of sets o, @y which indicate the elements in the solutions that are equal to upper
and lower bounds. Finally, note that the times reported correspond to computing local
minimizers for all values of y, and can be interpreted as solving O(n) fixed parameter
problems for judiciously chosen values of the parameter. The time complexity per
fixed-parameter problem is thus between 1 and 10 milliseconds for the case n =
5000, which is competitive if not better than existing heuristics in the literature [43].
Moreover, for context, in [32] the authors evaluate the solution at 100 discrete values
of y in a problem with n = 17, 000 in 3 s; while the times reported here a larger by an
order of magnitude, we compute the complete path instead of a discrete approximation,
and runtimes of minutes are perfectly acceptable in most situations.

8.2 Results on the GMRF problem

We consider a two-dimensional graphical model as depicted in Fig. 1: given a grid size
p € 7, (withn = p?), a “spike size" parameter s € 7, a “spike number" parameter
h € Z4 and a noise parameter o, we generate the true values of the stochastic process
X € RP*P as follows. Construct the precision matrix ® € REX9)*6%9) guch that
O = 4foralli,j € [s], ©; i+1); = Oas1)j,ij = —1fori € [s — 1] and
J € [s1, ©ijicj+1) = Oi(j+1),ij = —1fori € [s]and j € [s — 1], and ®;j k¢ = 0
otherwise. We use the notation X|; j|,(x,¢] to denote the submatrix of X from rows i to
Jj (inclusive) and columns k to £ (inclusive). Initially, X is fully sparse, this is, X = 0.
Then we iteratively repeat i times the following process.
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e Randomly select indexesi € [p+ 1 —s]and j € [p + 1 — s], corresponding to
the initial row and column of a spike.

e Sample a Gaussian shock w € R*** such that w ~ A(0, ©~1).

o Add shock w to X, this is, X(; jys,(j,j+s] = X[i,i+s),[j,j+s] T W-

The resulting X is thus mostly sparse, but each non-zero s x s spike is according to
a two-dimensional GMREF. Finally, we sample noisy observations from X, given by
yij = Xij + &ij, where g;; ~ N(0, 0?) are independent and identically distributed.
The values y;; are the inputs of the £-optimization problem of interest, given by

p P
1
foly) = mini;num ZZU_Q (yl.j — xij )2 + ZZ (x,-j el )2 "
=1 j=1 i=1 j=1
lp ;771 ) =
Z (xij —xij41)" +vlxllo (29)

1

1

1

P P
where [[x o £ Y [xij o.

i=1 j=I

The mixed-integer formulation for solving the above problem for a given value of y is
based on the following convexification from [5]. The resulting relaxation is stronger
than the perspective relaxation, commonly used in mixed-integer programming [10,
43].

Proposition 23 Let set

2
n
X=1@z0eR, x{0,1} xR: (Zx,-) <t, xi(1—-2z)=0,Viel[n]

Then the closure of the convex hull of X is given by

n 2 n
(x,z,1) € R" x [0, 11" x R : (Zx,) gtmin{l,Zzi}
i=1

i=1

An application of Proposition 23 to problem (29) yields the mixed-integer second-
order conic formulation:

1 p—1 p

2
) (y,-j = 2yijxij + Mij)+ > v
1 i=1 j=1

minimize
X,Z,U,0,W,s,t

i=1j
p pP— p P

IO ILESDIPIT

i=1 j=I1 i=1 j=1

1
subjectto xlzj < ujjzij V@, J)

2 .
(xij — xix1,) < vwvijsij, sij <zij + zit1j, 0<si; <1 V(G )
(xij = Xije1)” Swijtiy, tij <zij + zijp, 0=t <1 V@, j)
x € RPXP 7z € {0, 1}P*P.

P
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We compare the three paths on problems with p = 10 (thus 100 variables in total, in
this setting we use h = s = 3), where the £1- and capped ¢;-paths are obtained from
problem (29) with the £y-regularizer substituted by the £1- and capped ¢;-regularizer.
In addition, the £1- and capped £1-paths are also tested with p = 100 (thus 10,000 vari-
ables in total, in this setting we use 4 = s = 10). The numerical tracing of the £o-path
is handicapped by the challenge of solving nonlinear mixed-integer programs by the
CPLEX solver; on problems with 100 variables, the computation already takes 800s.
Thus, the computation of the exact £o-path on the larger-sized problems is expected
to be prohibitively impractical and thus omitted. The experiments aim to evaluate
the different methods both from an optimization standpoint (computational time and
objective values) and a statistical standpoint (how well can the methods recover the
underlying “true" signal?). Moreover, we are most interested in: (i) confirming the
improved quality of the capped £;-dstat path as a surrogate for the £y-path from an
optimization point of view, and (ii) showing the advantage of the capped £1-path over
the ¢1-path when applied to hyper-parameter selection for the GMRF maximum a
posteriori inference, namely problem (29) with the appropriate regularizer. Through
these experiments, we can confirm the effectiveness of the capped ¢;-dstat path as a
practical compromise between the £y-path and the £-path, remedying the slow com-
putational speed of the former for large-scale problems and improving the solution
quality over the latter without sacrificing solution speed.

Optimization standpoint. Each plot in Fig.4 shows, for each x corresponding to a
breakpoint in the solution path of a given method, the value of the quadratic term g (x)
as a function of the sparsity | x|/, where each plot corresponds to a single instance. In
the small instances, the solution path of the exact £y-problem always produces the best
solutions, as expected. Moreover, the solution path of the ¢-approximation is consis-
tently the worst, and the solution paths of the capped ¢;-problems gradually increase
in quality as & decreases (despite the increasing non-convexity of the optimization
problem). In particular, for § € {10~*, 1073}, the capped £;-paths are almost indis-
tinguishable from the £¢-path, showing that Algorithm III is effective at consistently
finding high-quality local (if not global) minimizers of the associated optimization
problems. In the large instances, while it is not possible to compare with the exact
£o-path, we still observe that the path of the capped £1-method delivers substantially
better solutions than the £1-path. In both small and large instances, the improvements
achieved by the capped £;-formulation over the ¢;-formulation are particularly pro-
nounced in low signal-to-noise regimes.

Table 2 presents the computational times (in seconds) required to compute the solution
paths. We only report the capped £;-results for § = 10~* (averaged over 5 instances)
since this is a preferred choice according to our previous experience. It is worth
mentioning that similar to what is reported in Table 1, capped £;-paths under § = 10~*
generally require more time to compute than the capped £ -paths under larger § values,
e.g., 6 = 10. All methods require more time as the noise (o) increases: for the £;-
and capped £1-problems, computational times increase at most by a factor of three,
whereas for the £(-problem, computational times increase by two orders of magnitude.
We observe that in small instances, the exact £p-path can be computed in approx-
imately one minute in high signal-to-noise regimes, and under one hour in low
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Fig.4 Quadratic term ¢ (x) as a function of the sparsity ||x||o
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Table2 Summary of computational times (in seconds)
Method o =0.02 o=0.1 o =03 o =05 o=0.7 o=1
Small instances n = 100
Lo 39.75 76.60 340.80 966.00 1,307.80 1,935.60
capped £} 0.66 1.03 0.45 0.32 0.84 0.92
121 0.12 0.03 0.02 0.02 0.03 0.06
Large instances n = 10, 000
Lo N/A N/A N/A N/A N/A N/A
capped ¢} 200.45 376.79 415.13 467.36 509.37 579.95
12 29.57 29.48 33.57 36.96 38.85 42.17
Table 3 Some key statistics for the GMRF experiments
Small instances n = 100
Settings o =0.02 o=0.1 o=03

Supp.Rec. Sig.Rec. Supp.Rec. Sig.Rec. Supp.Rec. Sig.Rec
Lo 1.2e0 l.4le—1 4.0e0 5.34e—1 8.8e0 1.06e0
Cap(s = 107%) 1.2e0 l.4le—1 4.0e0 5.34e—1 8.8e0 1.06e0
Cap(s = 1073) 1.2e0 l.4le—1 4.0e0 5.34e—1 8.8e0 1.06e0
Cap(s = 1072) 1.2e0 l.4le—1 4.0e0 5.34e—1 8.8e0 1.06e0
Cap(s = 1071) 1.2e0 1.43e—1 4.0e0 5.37e—1 8.8e0 1.07¢0
Cap(s = 10) 1.2e0 1.45e—1 4.0e0 5.41le—1 8.8e0 1.10e0
12 1.2e0 1.45e—1 3.6e0 S5.4le—1 8.8¢0 1.10e0
Settings o=0.5 o =0.7 o=1

Supp.Rec. Sig.Rec. Supp.Rec. Sig.Rec. Supp.Rec. Sig.Rec
Lo 1.4el 1.33e0 2.0el 1.29¢0 2.2el 8.36e—1
Cap(s = 107%) 1.4el 1.33e0 1.9el 1.26e0 2.2el 8.18e—1
Cap(8 = 1073) 1.4el 1.33e0 1.9el 1.26e0 2.2el 8.18e—1
Cap(s = 1072) 1.4el 1.33e0 1.9el 1.26e0 2.2el 8.18e—1
Cap(s = 10~1) 1.5el 1.34e0 2.0el 1.26e0 2.2el 8.18e—1
Cap(s = 10°) 1.5el 1.42¢0 2.0el 1.27¢0 2.2el 8.23e—1
12 1.5el 1.42¢0 2.0el 1.28e0 2.2el 8.27e—1
Large instances n = 10, 000
Settings o =0.02 o =0.1 o =03

Supp.Rec. Sig.Rec. Supp.Rec. Sig.Rec. Supp.Rec. Sig.Rec
Lo N/A N/A N/A N/A N/A N/A
cap(8 = 10~%) 3.7el 4.63e—1 1.1e2 1.75e0 2.6e2 3.42¢0
Cap(s = 1073) 3.7el 4.63e—1 1.1e2 1.75e0 2.6e2 3.42¢0
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Table 3 continued

Large instances n = 10, 000

Settings o =0.02 o=0.1 o =03

Supp.Rec. Sig.Rec. Supp.Rec. Sig.Rec. Supp.Rec. Sig.Rec
Cap(s = 1072) 3.7el 4.63e—1 1.1e2 1.75e0 2.6e2 3.42e0
Cap(s = 1071 3.7el 4.67e—1 1.1e2 1.75e0 2.7e2 3.49¢0
Cap(s = 100) 3.6el 4.68e—1 1.0e2 1.77¢0 2.7e2 3.70e0
£ 3.6el 4.68e—1 1.0e2 1.77¢0 2.7¢2 3.70e0
Settings o=0.5 o=0.7 o=1

Supp.Rec. Sig.Rec. Supp.Rec. Sig.Rec. Supp.Rec. Sig.Rec

Lo N/A N/A N/A N/A N/A N/A

cap(é = 10*4) 5.3e2 4.68¢0 8.1e2 4.68¢0 9.6e2 5.11e0
Cap(s = 1073) 5.3e2 4.68e0 8.1e2 4.68e0 9.6e2 5.11e0
Cap(s = 1072) 5.4e2 4.68e0 8.3e2 4.68e0 9.6e2 5.11e0
Cap(s = 1071) 6.0e2 4.75e0 8.8e2 4.75¢0 9.6e2 5.00e0
Cap(s = 10°) 6.3e2 5.20e0 8.9e2 5.20e0 9.6e2 5.07¢0
€1 6.3¢e2 5.20e0 8.9¢2 5.20e0 9.6e2 5.07¢0
signal-to-noise regimes. Note that, for n = 100, computing the solution path

requires solving approximately 160 nonlinear mixed-integer optimization problems.
Thus, while each problem is solved relatively fast (from under one second to 15s,
depending on the noise), the lack of an integrated parametric scheme results in
large computational times. For reference, computing the exact solution path in
instances with n = 225,0 = 1 requires more than one day, and thus han-
dling instances with n = 10, 000 exactly seems beyond the capabilities of current
solvers.

Computing the local capped £ -path is up to 10 times more expensive than the £ -path,
but four orders-of-magnitude faster than the £p-method in instances with n = 100.
Indeed, solution paths are computed in under one second for n = 100, and in under
10min for n = 10, 000; these are acceptable times in an experimental MATLAB imple-
mentation. Thus, since the capped ¢|-method also delivers near-optimal solutions, we
conclude that it is a much more practical choice than the £y-path in large instances with-
out compromising quality. The pure £1-path can be computed very quickly, in under
one minute even in large instances although, as noted previously, the fast computation
comes at the expense of lesser solution quality.

Statistical standpoint. In inference problems with the GMRF model, finding (near-)
optimal solutions of (29) is of secondary importance, and the main goal is to recover
the underlying signal X. In particular, letting x*(y) denote a computed solution of the
three paths for a given value of y, we evaluate how good x*(y) estimates X using two
metrics:
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PP
Signal recovery: ZZ(XE;(V) — X;j)* and
i=1 j=I

pp
Support recovery: Z Z ‘ x5 Mo — 1 Xij lo
i=1 j=1

Each plot in Fig. 5 shows, for each computed solution corresponding to a breakpoint in
the solution path of a given method, the value of the signal recovery as a function of the
support recovery. Again, each plot corresponds to a particular random instance. Note
that by computing the solution path, each method produces multiple estimates of the
true signal X, one for each value of the parameter y (in particular, at the breakpoints of
the respective paths). Moreover, while some such solutions may yield poor estimates
of X (corresponding to situations where y is mispecified), others may perform well
with respect to the above two metrics; in such cases, a procedure like cross-validation
on the training data may be able to identify the best candidates. In addition to these
plots, we also report the best support and signal recovery results achieved by different
paths (all averaged over 5 instances), see the columns labelled “Supp. Rec.” and “Sig.
Rec.” in Table 3.

From the plots in Fig.5, we can see that the £1- and capped ¢1-solution curves are
similar from a statistical standpoint in the small noise regimes: both methods are able to
produce solutions that perform well in terms of signal and support recovery, that could
be presumably identified via cross-validation. However, as o increases, the solutions
produced by each method perform differently from a statistical point of view.

e For the capped ¢1-method, if the parameter y is chosen so that the support of
the solutions coincides approximately with the true support, then the resulting
estimators perform well in terms of signal recovery as well. As y differs from
this critical value, the resulting estimators are worse in terms of both signal and
support recovery.

e For the pure £1-method, if the parameter y is chosen so that the support of the
solutions coincides approximately with the true support, then the resulting estima-
tors are poor in terms of signal recovery. Similarly, values of y that result in good
signal recovery often correspond to solutions with poor support recovery. Thus, it
is unclear which value of y results in the better performance.

The aforementioned results suggest that the path of local minimizers of the capped €1-
formulation is more attractive from a statistical perspective. Indeed, cross-validation
may be able to identify solutions that simultaneously achieve good signal and support
recovery, whereas the pure £1-solution path does not produce any such solutions. Note
that such nice statistical property of the capped ¢1-paths is also possessed by the £¢-
paths, see the plots in Fig. (5a, c, e) which provide additional supporting evidence
in favor of capped ¢;-path. Finally, we also observe that in general there are several
solutions obtained from the capped £i-path that dominate all £;-solutions in terms
of signal recovery, suggesting that the capped £1-method is preferable when signal
recovery is the main criterion.
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Fig.5 Signal recovery as a function of support recovery

Additional comments. Referred to as modified GHP initializations, our specific ini-
tialization strategy for GHP restorations via the initial index pairs (23) and (24) is
crucial both theoretically and empirically, by taking advantage of the “almost” dsta-
tionarity of a candidate solution. From the theoretical perspective, this initialization
provides us with key conditions so that the conclusions in the fourth bullet of Lemma
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Fig.6 Dstat paths with specially initialized GHP vs. naively initialized GHP

18 and Proposition 22 hold. On the other hand, the specialized initialization is also
crucial for us to maintain all the nice properties of the computed capped £1-dstat path
which we have mentioned earlier. As a comparison, we test Algorithm IIT with the
following initializations in the dstat restoration, which we call naive GHP initializa-
tions:

nondecreasing version with initialization S~ = ST = ST = @ and ST = [n]
nonincreasing version with initialization S= = SZ = ST = ¢, and ST = [n].

Note that by [29] these initializations also restore dstat solutions of the capped ¢;-
problem at a discontinuous break point. To demonstrate how the naive initializations
could potentially sabotage the judicious selection of the parameter y in the presence
of a secondary objective, we summarize the behavior of the capped ¢1-dstat paths
obtained by different GHP initialization strategies, when being tested on the GMRF
problem with n = 100, 0 = 0.4, in Fig.6. More specifically, Fig.6a contains the
curves of support recovery and sparsity as functions of log(y) (details see the legend
therein), whereas Fig. 6b presents the Pareto curves of signal versus support recovery.
As shown in Fig.6a, the path with the modified GHP initializations attains a dstat
point x* achieving the minimum support recovery of 5 at around y, ~ 107*. In
contrast, when y is in the range of 1073 and 10~*°, the results of the modified
GHP initializations are significantly better than those of the naive GHP whose best
support recovery is in the mid-50’s, which is 10 times more than the best result from
the modified GHP. The superiority of the modified GHP occurs as early as the first few
dstat restorations. More precisely, when y is near the right end of the curves in Fig. 6b,
the solution of the naive GHP path changes from being totally sparse to relatively
dense; thus the overall sparsity of this path has been elevated to a relatively high level
even in the early phase. The consequence of this is that at y, the naive GHP path
assigns another dstat solution that is far worse than x* in both measures considered in
Fig. 6b. This explains why the resulting path from the naive GHP initialization does not
possess the nice statistical properties as compared to the modified GHP initialization,
as shown in Fig. 6b.
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Conclusion. This paper has studied and compared several solution paths of sparse
quadratic minimization problems with Stieltjes matrices. Old properties of two such
paths (£o and €;) are reviewed and supplemented with new results along with the
previously un-examined capped £1-path. Numerical experiments on some synthetic
problems and the applied GMRF model demonstrate that the latter discontinuous
path yields superior practical performance on realistically sized problems that are too
large for the £-path and for which the £1-path is much less desirable. The numerical
computation of the entire capped £1-path is accomplished by a rigorous algorithm that
involves continuous tracing and dstat recovery. Resonating the previous study [29],
the present work has again demonstrated the key role the Z-structure of the quadratic
form plays in the favorable computational complexity of the developed parametric
algorithm.
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