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Abstract We consider an £p-minimization problem where f(z)+7||z||o is min-
imized over a polyhedral set and the fp-norm regularizer implicitly emphasizes
sparsity of the solution. Such a setting captures a range of problems in image
processing and statistical learning. Given the nonconvex and discontinuous
nature of this norm, convex regularizers are often employed as substitutes.
Therefore, far less is known about directly solving the £y-minimization prob-
lem. Inspired by [I9], we consider resolving an equivalent formulation of the
fp-minimization problem as a mathematical program with complementarity
constraints (MPCC) and make the following contributions towards the char-
acterization and computation of its KKT points: (i) First, we show that feasible
points of this formulation satisfy the relatively weak Guignard constraint qual-
ification. Furthermore, under the suitable convexity assumption on f(x), an
equivalence is derived between first-order KKT points and local minimizers of
the MPCC formulation. (ii) Next, we apply two alternating direction method
of multiplier (ADMM) algorithms to exploit special structure of the MPCC
formulation: (ADMM/;*”) and (ADMMc¢). These two ADMM schemes both
have tractable subproblems. Specifically, in spite of the overall nonconvexity,
we show that the first of the ADMM updates can be effectively reduced to a
closed-form expression by recognizing a hidden convexity property while the
second necessitates solving a convex program. In (ADMM/;*”), we prove sub-
sequential convergence to a perturbed KKT point under mild assumptions.
Our preliminary numerical experiments suggest that the tractable ADMM
schemes are more scalable than their standard counterpart and ADMM¢¢ com-
pares well with its competitors to solve the £y-minimization problem.
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1 Introduction

In this paper, we consider the fp-minimization problem:

min f(z) 4+ v|lzl]lo subject to Ax > b, (1)

where z € R?, A € R™*" b € R™, and v > 0. Suppose f(z) £ fo(z) +
g(x), where fo : R™ — R is a quadratic function and ¢ : R® — R is a
smooth convex function. The fp-norm of a vector captures the number of
nonzero entries while an £g-norm regularizer implicitly emphasizes the sparsity
of the resulting minimizer. £p-minimization problems of the form (I]) assume
relevance in applications in image processing and statistical learning (cf. [13]
15,130]). The nonconvexity and discontinuity of the £y-norm has prompted the
usage of convex £; or f2-norm regularizers or other tractable variants [2,[30].
While relatively less is known about directly solving problem (dI), a solution
of (M) may have better statistical property. In fact, global solutions of ()
achieve model selection consistency and are known to be sparse under weaker
conditions than when utilizing the ¢1-norm (cf. [37]). Therefore, despite the
computational challenges in addressing the £y-norm penalty, resolution of the
{o-minimization problem is still desirable. In this work, we focus on direct
resolution of ().

Related work. To solve (), Feng, Mitchell, Pang, Shen, and Wachter [19)
introduced two complementarity-based formulations equivalent with (1) and
processed them by standard nonlinear programming solvers. Blumensath and
Davis proposed an iterative hard-thresholding (IHT) algorithm, applicable
when f(z) is a least-squares metric and the constraint Az > b is absent [g].
Convergence to a local minimizer may be claimed and performance of the
scheme can be improved if warm-started from a point computed by matching
pursuit.

A problem class closely related to (0l is the fy-constrained problem ().
Although they are not equivalent due to nonconvexity of ¢y-norm, solution
method of ([2)) may inspire efficient algorithms to tackle ().

min f(x) subject to Az >b,|x|o < M. (2)

This problem finds application in best subset regression [5l6], cardinality con-
strained portfolio optimization [0], and graphical model estimation [I§]. To
solve (2), combining first-order methods and mixed-integer optimization [5]
was seen to be promising. By considering an equivalent complementarity for-
mulation of (2]), Burdakov et al. [I0] developed a regularization scheme. More-
over, a relatively weak constraint qualification was shown to hold at every
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feasible point of this reformulation and consequently KKT conditions are nec-
essary at local minima.

In addition to ¢p-norm penalization, related work has examined the usage
of the £,-norm (p € (0,1)) [20,21], the smoothly clipped absolute deviation
(SCAD) penalty [I726], the minimax concave penalty (MCP) [36], and the
capped-{; penalty [38]. More recently, a generalization of the fy-norm con-
straint was considered in the form of an affine sparsity constraint [1])].

Nonconvex ADMM schemes. Since our focus lies in developing an
ADMM framework to exploit the structure of an equivalent nonconvex formu-
lation of (), we provide a brief review of the available convergence statements
in the context of ADMM schemes for nonconvex programs.

Encouraged by the success of ADMM on convex problems, researchers have
tried to implement and analyze ADMM on nonconvex problems. Table [ lists
some of the main theoretical findings regarding variants of ADMM schemes
employed to address different types of nonconvex problems [9]24][25[33]. In
the second column, we include the assumptions necessary for these authors to
prove convergence or derive complexity bounds. Note that these assumptions
pertain to the problem itself but may not be sufficient to guarantee the final re-
sult. More assumptions on the parameter settings or iterates of the algorithms
may well be needed. Moreover, for some of the findings, it is shown that if the
KL property (See Definition [6l in Appendix) is assumed, convergence can be
guaranteed [91[33]. Also note that all of the papers in Table [Tl assume global
resolution of each subproblem of ADMM, even when the subproblem is non-
convex. Specifically, in [33], it is explained that the proposed ADMM scheme
can address MPCC but requires globally resolving an MPCC at each step;
this is in sharp contrast with the tractable structure of each update in our
scheme in this paper (in other words, we do not require resolving a nonconvex
problem globally at each step).

There have also been extensions of nonconvex ADMM schemes to the lin-
earized regime [27], nonlinear equality-constrained settings [32], amongst oth-
ers [22/[3T,34,[35]. Despite all of these theoretical achievements on nonconvex
ADMM, we point out that no scheme introduced above can guarantee the
convergence or even the boundedness of the iterates when applying ADMM
or its variants to the following formulation with both blocks constrained and
one being nonconvex:

min  F(z) + G(y)
subject to x —y =0, (3)
€ XCRY yeY CRY,

where F' is a quadratic function, G is smooth and convex, X is a nonconvex
set defined by a quadratic equality constraint, while Y is a convex set. Formu-
lation (3)) is our focus in this paper because by reformulating the problem of
interest in this way and applying ADMM-type schemes, each subproblem will
be tractable and may possibly allow for a closed-form solution. Jiang et al. [25]
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Table 1: Main results on convergence of nonconvex ADMM

Problem Necessary Assumptions Result Lit.
. \Y -,y) is Lipschitz Subsequential
min ¢(zo, 21, .- -, p, Y) yc(l:)(ntiyn)uous ilil Conver(;;ence to 133]
s.t. P Az, + By = 0. v . .
=0 Im([Ay,...,Ap]) C Im(B). stationary points.
min f(x1,x2,.. N,f{\;) £ is differentiable. Iter. comeIe)uty
+2m rila) For any i, X; is convex of O(1/¢%) to 25]
st. SN Ay = b,x; € A, A th ’fulllrow rank ’ obtain an
Vi=1,...,N—1. N ’ e-stationary point.
Forany k=1,..., K .
. K y > y 1% § .
min 37,y gk (@n) + h(zo) V gk (z) is Lipschitz continuous. Subsequential
s.t. xx = xo,Vek=1,..., K, h(-) is convex convergence to . 24]
zo € X X is convex and COI“ﬂpaCt. stationary points
gk (+) is either convex
. or Lipschitz continuousl .
min Ekzl gk (zr) + €(z0) pdifferentiable. Y Subsequential
8-t 2k ArTh = @0, Vi(x) is Lipschitz continuous. convergence to . [24]
Ty € Xp,Ve=1,..., K. X}, is convex and compact. stationary points
Aj has full column rank.
F and G are proper .
min F(z) + G(y) + H(z,y) lower semicontinuous. csc;lz;iqzzrcltelii Pl
s.t. Az — z = 0. VH is Lipschitz continuous. gen
KKT points.

A is surjective.

discussed how ADMM schemes may be applied to (B]) to allow for deriving con-
vergence guarantees. Yet it requires changing the formulation of (@) through
the addition of an unconstrained auxiliary block and requires penalizing the
auxiliary variable in the objective function.

Motivation and contributions. Despite the breadth of prior research,
less is known regarding the nature of solutions and tractable convergent schemes
for continuous reformulations of (IJ). Motivated by this gap and inspired by
[19], we consider an equivalent MPCC reformulation of ():

min flat —a7) +yel(e—¢)
subject to Azt —27)>0b, (zT+27)T¢=0, (4)

xT, 2T >0, 0<&<1,fori=1,...,n.

In particular, we focus on characterizing stationary points of (@) as well as
developing tractable convergent scheme that may recover such solutions.

(i) Regularity properties and characterization of KKT points. In
Section Bl we show that a feasible point of the MPCC reformulation satisfies
the Guignard constraint qualification (GCQ). Under convexity of f, we derive
an equivalence between first-order KKT points and local minimizers.

(ii) ADMM schemes with tractable subproblems. In Sections Bl and [
we propose two ADMM schemes to exploit the special structure of the MPCC:
(ADMM#*”) and (ADMMc). In particular, we reformulate the MPCC (@)
in the form of (@Bl and apply the ADMM frameworks. The algorithms require
resolving two subproblems at each iteration where, one is convex and the
other, while nonconvex, is shown to possess a hidden convexity property [4],
and allow for closed-form solutions. In the perturbed proximal ADMM scheme
(ADMM#;*?), the perturbation technique (inspired by Hajinezhad and Hong
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[23]) allows us to show subsequential convergence. We also show that a limit
point of this scheme is a perturbed KKT point where the inexactness depends
on the choice of the perturbation parameters of the algorithm.
(iii) Numerics. In Section [§, we present some preliminary numerical exper-
iments showing that the tractable ADMM schemes are more scalable than
their standard counterpart and ADMM,.; competes well with other solution
methods for a special case of the £y-minimization problem.

Notation. We let e denote (1;...;1) for an appropriate dimension. Given
a set Z and a vector z, llz(z) =0 if z € Z and oo otherwise. The requirement
a 1 b is equivalent to a;b; = 0 for ¢ = 1,...,n. The matrix I,, denotes the
n—dimensional identity matrix. [1,n] £ {1,2,...,n}. |S| denotes the cardinal-
ity of set S. (a); or [a]; denote the ith entry of vector a. We may also use a;
to denote ith entry of vector a, but often a; may have other connotations such
as the ith iterate in an algorithm, which will be specified. Let the support set
of = be defined as supp(x) 2 {i € {1,...,n} | x; # 0}. For any vector z € RV,
positive semidefinite matrix M € RN*N ||2]|2, £ 2T M 2.

2 Properties of the MPCC reformulation

In Section 2.1l we revisit the MPCC formulation (4]) and study both its regu-
larity properties (Section[Z2]) and the relation between KKT points and local
minimizers (Section 2.3)).

2.1 Complementarity-based reformulations

In [19], several complementarity-based reformulations of (Il are introduced:
Half-complementarity
min - f(z) + e’ (e ~¢)
subject to Az >0b, z;& =0, (5)
0<¢& <1, fori=1,...,n.

The term “half-complementarity” arises from noting that the equality con-
straint may be recast as x 1L £ > 0.
Full-complementarity

min_ f(@)+7¢7(e ~¢)

subje(;t t10 Ax > bt — 2z~ =2, (6)
()2 =0, (@ +27)7¢=0,
;L';",;L'Z_ >0,0<¢&<1, fori=1,...,n.

where x, 27, ¢ € R™. (@) may be further simplified by relaxing (z+)T2~ = 0,
resulting in (). It can be formally shown that (] is a tight relaxation of (@)
implying that a solution of () is a minimizer of (@) (See Lemma [ in the
Appendix). Since equivalence between (6l) and (I) has been established [19],
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the tightness of relaxation indicates equivalence between (@l and (II). Moreover,
the following result shows that local minimizers of (Il) can also be recovered
by local minimizers of ().

Lemma 1 Given &,2%,&7,¢ € R" such that # = &+ — &~ and (&+;27;€) is
a local minimum of (). Then Z is a local minimum of ().

Proof Suppose Z denotes the feasible region of [@). Since 2 £ (i*;:i*;é)
is a local minimum of ), 2 € Z and there exists an open neighbourhood
N £ B(2,7) £ {2z € R¥ | ||z — 2| < r} such that for all (zT;27;¢) e NN Z,
flat —z) +yeT(e—€) > f(@t —i) +vel(e—§). Let X 2 {x | Az > b}.
It suffices to show that (a) & € X and (b) there exists an open neighbourhood
U > 7 such that for all x e U N X, f(z) +v|z|lo > f(Z) +|Z|lo. Of these, (a)
holds immediately by noting that AZ = A(2%t — £7) > b where the inequality
follows from the feasibility of (:i"’;i_;é) with respect to (). Suppose U is
defined as a sufficiently small set such that the following hold: (i) For all
x €U, flx) > f(Z) — v, a consequence of the continuity of f;(ii) For all
reUNX, & #0 = x; #0,Vi =1,...,n; (ili) ¥ C B(&,r). Then (ii)
implies supp(x) 2 supp(Z) for all z € U NX (or ||Z]lo < ||z|lo). Therefore,
the local optimality of & can be shown through the following two cases: (I).
Ifz € {x e UN X | supp(xz) 2 supp(#)}, then ||Z]lo > ||Z]o + 1 implying

that 1(2) + 2l = 1) ~ 7+ (&l + 1) = 7@) +lelle; (. 17 €
{r € UN X | supp(z) = supp(2)}, then let z; £ & + max{z; — 4;,0},
T; £ &7 —min{z; — 2;,0} for i = 1,...,n. Then we see that = z+ — 7~
and (zT;27;€) € NN Z. Therefore, f(zt —z7 ) +~el(e—€) > f(2+ —27) +
veTl (e —€) implying f(z+ —27) > f(@+ — &) or f(z) > f(&). It follows that

@) +llzllo = £(2) +~ll2fo. B

While (@) can now be reformulated as a continuous problem, (@) is still an
MPCC. It may be recalled that MPCCs are ill-posed nonconvex nonlinear pro-
grams in that standard regularity conditions (such as LICQ or MFCQ) may
fail to hold at any feasible point [28]. Moreover, global resolution of such prob-
lems is generally challenging. We now discuss what constraint qualifications
do hold at a feasible point of ().

2.2 Constraint Qualifications

In this subsection, we analyze whether regularity conditions hold at feasible
points for the simplified full complementarity formulation (). This allows for
stating necessary conditions of optimality. Recall that some common CQs are
related as follows.

(I) LICQ = CRCQ and (II) LICQ = MFCQ = ACQ = GCQ  (7)

The first relation is obvious from the definition of LICQ and CRCQ (See [10],
Page 262]) while the proof of the second relation may be found in [12]. In
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the context of the half-complementarity formulation (&), the constant rank
constraint qualification (CRCQ) is proven to hold at points satisfying certain
nondegeneracy property while LICQ may fail [19]. In this section, we focus
on the simplified full-complementarity formulation (@]). It can be shown that
GCQ may hold at every feasible point while ACQ may fail.

We begin our discussion with some definitions. Suppose g : R” — R? and
h : R™ — RY are continuously differentiable functions while (2 is a set defined
as follows.

NE2{xrecR":g(z) <0,h(x) =0}. (8)

Then the tangent cone T (z*) and linearized cone Lo (z*) of (2 at 2* and the
ACQ and the GCQ are defined as follows:

Definition 1 (Abadie and Guignard CQ (ACQ, GCQ)) If Z(z*) = {i:
gi(x*) = 0}, then Tp(a*) and Lo (z*) of 2 at x* are defined as follows:

To(z*) 2 {d 3} € 2, {6} L0, st o > a"and d = lim T t; i }

(9)
T - * T (. _ H—
Lo(z*) £ {d: Vgi(z*)Td <0,Vi e I(x ), Vh; (x )d=0,j=1,...,q}. (10

Then z* satisfies the Abadie Constraint Qualification (ACQ) iff Tp(2*) =
Lo(x*). Further, 2* satisfies the Guignard Constraint Qualification (GCQ)
iff (To(x*))* = (Lo(x*))*, where for a cone C C R™, C* 2 {v:dTv <0, Vd €
Ch.

Next, we prove that the GCQ holds at every feasible point of ().

Lemma 2 (GCQ holds at feasible points) Consider the problem [ and
consider a feasible point z = (z7;x7;£). Then the GCQ holds at this point.

Proof For the point z = (z7;27;¢), define
AT & (ay,...,a,) and B(z) £ {i:al (z* —27) = b}, (11)

z)={i:z}f =a; =0},
So(x) ={ie S(x):& =0},5(z)={ic S(x): & =1}. (12)

In addition, define cones Cy(z) and Ca(x) as

(d1)i = 0,(d2); = 0,Vi € S(x) \ So(x);
4\ (d1)i =0,¥i € So(x) U(S(x)° N {i:af =0});
Co(x) = dy | : (d2); > 0,Vi € So(x) U (S(x)Nn{i:x; =0}); ,
d3/  (dg); > 0,Vi € So(x); (d )igo,weSl( );
(ds); = 0,Vi € S(x)“;al dy —a] dy > 0,Vj € E(x)
Ci(z) 2 Co(x) N{d = (dy;da;ds) : [(d1); + (d2)] (ds); = 0,Vi € So(x)},

(13)



8 Yue Xie, Uday V. Shanbhag

respectively where it may be noted that Cj(x) is characterized by an extra
constraint [(dy); + (dz2):] (d3); = 0 for all ¢ € Sp(x). Further, denote

x2d it y Ty CERN (¥ +y )T C=0,At —yT) > b,

Oyt >0,ym>0,0<G <L Vi=1,...n, '

We proceed to show the following.
(i). Tx(z) = Ci(x): Suppose d € Tx(x). Then there exist sequences {zy}

and {t,} such that {zx} C X,z — =, {tx} | 0 and d = limp_,oc Z—5.

Denote zj = (m&);x@);f(k)), where x&),x(}),g(k) € R”. Suppose that d £
(dy1;da;ds),dy, d2,ds € R™. Based on feasibility of xj, Vk > 1 and the fact that
T — x, we may claim the following:

VZ S S( ) \So(SC),E'Kl,S.t.,Vk Z Kl, (ZL'?;C))Z = (:C(_k)>z = 0

ifi e Sl( ), then & =1 and (§)): < 1,Vk
= ()i — & < 0,Vk, (d3); <0,Vi € Si(x).

Similarly we may claim the following:

Vi € S(2)¢, 3Kz, 8.6k > Ka, (§a))i = 0, ()i > 0, (x())- >0
= (d3); =0,Vi € S(2)% (d1); >0,Vie S(x)°Nn{i:a] =0}
and (d2); > 0,Vi € S(z)°N{i:z; =0}
For indices i € So(z), the following holds:
af =7 =6 =0= (x{))w:cf 20,(zgy)i — 27 =0,(Emk))i — & = 0,VE,
(xfy)i + (@ (k ) ] <s<k>>z =0,k

= (ngc) + (x (k) =0, or (§x)): =0, inf. often;
= (d1)i +(d2); =0, or (d3); =0 <= [(d1); + (d2)i] (d3); =
Furthermore,

: T T T T, —
Vje E(x),a 2" —ajx” fbj,ajza)f aj gy = by, forallk > 1
= aT( Tk —at) faJT(:c(_k) —z7)>0,Yj€E(x)and k > 1
= a, di —al dy > 0,Vj € E(x).
Therefore, we may conclude from ([I3) that d € Cy(z) and Tx(z) C Cy(x).
We now proceed to show that Cj(x) C Tx(x). Choose any d € Cy(z).
Then based on property of Cq(x), it is easy to see that we may choose \ large

enough such that z+d/(k\) € X,Vk > 1. Let o), = x+d/(kX), ) £ 1/(k) for
all k > 1, implying that {zx} C X,z — x, ¢, L 0,d = limg 00 ””’“tk_”” implying
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that d € Tx(z) which further implies Cy(z) C Tx (z).
(ii). Lx(x) = Ca(x): The set X contains the following active constraints.

—yF <0,VieS@)u{ieS)°: zf =0};
—y; <O0VieS(x)U{ieSx)°:a; =0}
— ¢ <0,Vie Sp(x)US(x) ¢ <1,Vie Si(x);
af (yt —y7) b Vi€ Bla); (T +yT)TC=0.

This allows for defining the linearized cone Lx (z) at x € X.

—(d1); <0,Vie S(z)U{ie S(z): xf =0};
4\~ (d2)i <0Vie Sx)U{ie S(a) :a; =0}
: (d3); <0,Vi € S1(x); —(ds): <0,Vi € Sp(x) U S(x)%
al(dy —dy) > 0,Yi € E(z);

0 (dy +do) + (2T +27)Tdz = 0.

(1>
L
N}

Lx(x)

Suppose d € Lx (z). Then the following holds:

E(dy + do) + (2t +27)Tds =0
=) &Gl ()il Y (da)ilaf +a) =0

€S (x)\So(x) €S (z)e
<~ (dl)z = (dg)l = O,Vi S S(.T) \ So(l‘); (d3)l = O,Vi S S(.T)C, (15)

where the first equivalence follows from the definition of Sp(x) and S(z) while
the second follows from noting that (d1); > 0, (d2); > 0,& > 0,Vi € S(z) \
So(z) and (d3); > 0,2 +z; > 0,Vi € S(x)°. Therefore, by replacing ¢7 (dy +
do)+ (zt +27)Td3 =0 with (]]3]) in the representation ([I4]), we observe that
Lx(l') = Cg(m)

(iii). We conclude the proof by showing that C2(x) = cl(conv(Cy(x))). Since
Cy(z) is a polyhedral cone, it is closed and convex. Furthermore, by defini-
tion, Ca(z) 2 Cy(z), implying that Cg( ) 2 cl(conv(Ci(z))). To prove the
reverse direction, choose any vector d = (dy; d2, d3) € Cq(x) where dy, da, dg 6
R™. It is easy to verify that both vectors d 2 (Onx1;0nx1;2ds) and d 2
(2d1;2d2; 0nx1) are in C(x). Note that d = %J %d € cl(conv(Cy(x))). There-
fore, Ca(x) C cl(conv(Ci(x))).

By (iii) Lx(z) = cl(conv(Tx(z))), implying that Tx (z)* = Lx(z)*. 1

Remark 1 (i) At a feasible point z = (z7;27;€) such that [t +27]; = 0
and & = 0 for some index i, ACQ may fail to hold. In fact, it is very likely
that Tx () = Ci(z) & Cao(x) = Lx(x). On the other hand, at all other
points, So(z) = and ACQ holds. (ii) KKT conditions are necessary at local
minimum.
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2.3 KKT conditions and local optimality

In this subsection, we discuss the relation between (first-order) KKT condi-
tions and local optimality. We begin with the definition of KKT conditions.

Definition 2 (KKT conditions) Consider the problem {mingcq, F(z)},
where F(x) is a continuously differentiable function and {2 is defined in ().
Suppose x* denotes a feasible solution of {2. Then z* satisfies the first-order
KKT conditions if and only if there exists A € RY , u € R? such that

p q
VF(*)+ Y \iVgi(a*) + > pVhj(a*) =0,
i=1 j=1 (16)

)\igi(:c*)zo, Vi:L...,p.
Then by Definition B a point x £ (z7;27;¢) satisfies the first-order KKT

conditions of problem (@) if there exist multipliers (u, 51, B2, 83, B4, 7) € R x
R™ x R™ x R™ x R™ x R™ such that the following conditions hold:

Vef(xT —27) 13 —p—ATr
0= | -Vuf(@t —a27) | +pn 13 + | B+ AT |, (17a)
—ve zt 4z~ Ba — B3
0< By Lat >0, (17b

)
0< By La” >0, (17¢)

0<pBs LE>0, (17d)
0<ByLe—£>0, (17e)
0<7lA@@" —27)-b>0, (171)
(" +27)T¢=0. (17g)

Before presenting the main result, we point out a non-degeneracy property
of KKT points.

Lemma 3 (Nondegeneracy of first-order KKT points) Consider a point
x = (zT;27;€) and a set of multipliers (u, 81, 32, 83, 84, ™) that satisfy the
first-order KKT conditions (I7) of (). Then z satisfies the nondegeneracy

property:
[$+ + $_]i =0= €z =1. (18)

Proof Suppose that (z;z7;€) verifies KKT conditions (7)) with multipliers
i, B1, B2, B3, Ba, w. Then, by (I7al), we have that (zT+z27); =0 = (B4—B3); =
v > 0. But for a given 4, for both [84]; and [83]; to be positive, we require
that both [¢]; = 0 and [1 — £]; = 0 hold, which is impossible. It follows that
the only possibility is that [84]; = v and [B5]; = 0, implying that [¢]; = 1. Tt
follows that (x1;27; &) satisfies the property (I8).
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Lemma [Blleads to the rather surprising equivalence between local minimiz-
ers and (first-order) KKT points.

Theorem 1 (Equivalence between local minimizers and KKT points)
Consider problem (), and let x = (z7;27; &) denote a feasible point. Assume
that f in (@) is convex. Then the following statements are equivalent:

(a) « is a local minimizer of ({);
(b) There exist u € R, 51, 82, 83, B4 € R™, and m € R™ such that the first-order
KKT conditions (I7)) hold;

Proof (a)=-(b). This is true because GCQ holds at every feasible point by
Lemma

(b)=-(a). Suppose that z = (z7;27;¢) satisfies KKT conditions (7)) with
multipliers (u, 51, B2, B3, B4, 7). Then by the nondegeneracy property of a KKT
point (Lemma [3]), the set {1,...,n} can be partitioned into the following two
sets, as in the same fashion when proving the CQ: S(z) £ {i € {1,...,n} :
zf =27 =0,§ =1} and S(z) £ {i € {1,...,n} 1 2] +2; >0,§ =0}. We

denote that A = (aq,...,a,) (Note different notation from (III)). Then (I7a)

implies
(Vof(z™ —27))i —afm=(61)i 20
~(Vof(a™ —a7))i +alm = (B2); >

because & = 0 for all i € S°(z). Consequently, (81); = —(B2); where 51 and
B2 are nonnegative. It follows that (81); = (82); =0, and

(Vof(zt —27)); = al m, Vi € S¢(x). (19)

} Vi € S¢(x).

We proceed to prove that (z1;27) is a global minimizer of the following pro-
gram:

min f(z) 2 f(z* —27), subjecttoz=(z";27) € X(:c), (20)
where
X(z) 2 {(z";27) |2t 27 e RE, Az —27) > b2 =27 =0,Vie S(x)}.

(
Consider any feasible point (Z7;27) of 20). By applying ([3) and noticing
aE, 75 = 0Vi e S(z) (by det.), 77 Azt —27) = 7Tb,m > 0 (by (7)), and

Azt —27)—b2>0,

<v w

Hz Hl
\_/
/\
\_/
| I

i€Se(x) €5 (x)



12 Yue Xie, Uday V. Shanbhag

ieS(x)usSe(x) i€S(x)USe(x)
=al[A(ZT —27) —b] > 0.

It follows that (zT;27) is a solution of VI(X (z), V.. f). By convexity of f (thus
f) and X (z), (zt;z7) is a global minimizer of ([20). Since & = 1 for i € S(x),
by the separability of the objective and the structure of the constraint sets, it
follows that (z;x7;&) is a minimizer of the tightened (@) as follow:

min f(Z) — &2) + 'yeT(e — &3) subject to (Z1;Z2; &3) € Xtight (),
where
71 21,32 >0, 0 <25 <e, A(Z1 — T2) >0,
Xiight(7) £ 3?2 2 (21); = (22); =0, Vi € S(x),
x3 (Z3); =0, Vi € S¢(x)

If X denotes the feasible region in (), then we can take a sufficiently small
neighborhood of z, denoted by N (x), such that X NN (x) = Xyignt (2) NN ().
Since x = (z+;27;¢) is a global minimizer of f(Z; — #2) + vel (e — #3) over
Xiight (2), it is a global minimizer of f(#1 — #2) + el (e — &3) over the smaller
set N(z) N Xiight (). Since N (2) N Xiight(x) = N(x) N X, it follows that x is

a local minimizer of (@). N

Remark 2 Note that while convexity of f is observed for many loss functions,
it does not guarantee the overall convexity of the problem and (@) is still a
nonconvex problem.

3 Tractable ADMM frameworks

In this section we discuss how to use ADMM to efficiently address MPCC (H]).
In Section [3] we present a perturbed proximal ADMM framework for obtain-
ing a suitably defined solution of (@) and show in Section B2 that both of the
ADMM subproblems can be solved tractably, of which, one can be recast as a
convex program, while the other can be resolved in closed form. In Section [3.3]
a basic ADMM framework will be presented, along with a discussion regarding
why we consider its perturbed proximal variant. A standard ADMM applied
to an alternative formulation of (@) is introduced in Section B4l Note that
ADMM applied to this formulation is easier to analyze but does have compu-
tational disadvantages arising from the intractability of the subproblem.

3.1 A perturbed proximal ADMM framework

We may reformulate [ as follows.

n

min  fa® —27) 4y Y (1= &) + Uz, (w) + Lz, (w). (21)

i=1
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Recall that f(z) = fo(z) + g(x), where fo(z) £ 2T Mz + dTx, g(x) is convex
and smooth, M € R™*"™ is a symmetric matrix, and d € R™. Let Z1, Z5, and
w be defined as

Zy E{(zT27;8) : (at +27)T¢ =0},
0<¢ <1,Vi
N TCATS (22)
Joy = T~ :0§x+,x_ ,

§ b< Azt —27)

and w £ (:c*;x*;«s), respectively. We introduce separability into the objec-
tive by adding a variable y £ (y*;y7;¢),y",y7,¢ € R™ and imposing an
additional linear constraint.

min fo(et —a7) 4 Y (1—&) + Uz (w) + 9yt —y7) + 1) (23)

w=y
i=1

Note that (23) is in the form of (B]). The intuition behind this formulation is
that by separating the nonconvex set Z; from the convex polytope Zs, we may
potentially obtain easier subproblems when applying a splitting method. We
now define a perturbed augmented Lagrangian function as follows.

Lpolw,y, M) 2 folat —27)+7) (1-&) +9(yt —y7)
i=1
+(1- pa))\T(w —y—a\)+ gHw — y||2,

where w £ (2+;27;¢),a > 0,p > 0. The perturbed proximal ADMM algo-
rithm is presented as Algorithm[Il denoted as ADMM/;*”, where “cf” stands
for “complementarity formulation”, and u, «, p are algorithm parameters. The
perturbation technique is inspired by Hajinezhad and Hong [23]. Note that
(ADMM#;*”) reduces to a basic ADMM when p = o = 0, which will be dis-
cussed in Section We refer the readers to Remark Ml and Remark [@] for

discussion of the stopping criteria.

Algorithm 1 A perturbed proximal ADMM scheme: ADMM#; ™

(0) Given wo, yo, Ao; Choose «, p, p, g > 0 such that pa € (0,1), (p + pu)I +4M > 0, and set
k:=0.
(1) Let wg41,Yk+1, Ae+1 be given by the following:

W41 1= arg min L',pra(w, Yk, A\k) + ﬁ||w — wk||27 (Update-1)
wE Z1 2

Ykt1 = argmin L, (Wi, Y, M), (Update-2)
yEZo

Aier1 = (1 = pa) g + p (Wiy1 — Yrt1) - (Update-3)

(3) If max{||p(yr+1 — yr) + p(wr41 — wr), [Ak+1 — Xxll/p} < €0, STOP; else k := k + 1 and
return to (1).
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We observe that there are indeed some benefits by considering decompo-
sition (23) that separates the nonconvex domain Z; and the convex polytope
Zs. It turns out that this approach reduces the difficulty of both subproblems
of the ADMM framework. Next, (Update-1) and (Update-2) are shown to be
tractabldl.

3.2 Tractable resolution of ADMM Updates

We now show that (Update-1) possesses a hidden convexity property [4], al-
lowing for claiming tractability of (Update-1) and obtaining its closed form
solution.

Proposition 1 (Tractability of Update-1) Recall that fq(z) = 27 Mz +
d"x where M may be a symmetric indefinite matrix with real eigenvalues
given by s1,...,s,. Consider (Update-1) in scheme (ADMM/;*”) at iteration
k+1. Then (p+ p)I +4M > 0 implies p+ p+4s; >0, Vi =1,...,n, and the
following hold:

(i) The solution wyy; = (z;_ﬂ;z,;rl; &k+1) can be obtained as a solution to a
tractable convex program.

(ii) The solution w41 is available in closed form. In particular, let h =
(d;—d; —ve) + (1 — pa)\p — pyr — pwyg, and let V' be an orthogonal matrix
such that VT MV = diag(sy,...,sn) 2 S, and let

1 V2 1
N §In Tln §In In
G&| i, -2, LI, 1% : (24)

Also let ¢ 2 GTh 2 (q1542543), 2 2 (213221 23), @1, G2, G3, 21, 22, 23 € R™, and

o [FEhe, o>, (delehe,  jg)>o0
TVl =1, o =07 T el ol =1, gl =0
20ptp) L 2(p+p) LS

(ZQ)i

Then w41 = Gz is the solution to (Update-1).

—(g2)i/(p+p+4s;),Vi=1,...,n.

Proof (i). The first subproblem in (ADMM,¢) is equivalent to the following:

. A K 2
D — 2
min La(w,ye, M) + 5w —wi (25)

= i + g 1— &)+ (1 - pa)X\Fw + Lllw — g2
(ﬁﬂ%g_o{m(z #3006+ 0 g S

1 By saying that an optimization problem is tractable we mean that it either has a closed-
form solution or lies in the range of convex programs that are polynomially solvable. We
refer the readers to [3] for detailed discussion.
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-
+E o — wi

= min {wTHw + hTw} , (26)
wT Qw=0
M+ —M ) I )
where H £ -M M+ ”JFT“I Q= I].In fact, H,Q can
iy II

be simultaneously orthogonally diagonalized by using G defined in ([24) (See
Lemma [ in Appendix for the linear algebra). Therefore, by leveraging the
hidden convexity (See discussion in Section[Jlin Appendix), a global solution
to this nonconvex QCQP (26]) can be obtained by solving a tractable convex
program (In [4], it is described how a polynomial time interior point method
can be applied to solve this convex program).

(ii). By substituting z = GTw, z = (21; 22; 23), 21, 22, 23 € R™, ([25) is equiva-
lent to a simple QCQP,

o pt —~ (p+ +
min 5B+ 3 (25 2] (4 E5 Rl
=1

subject to  ||z1]]2 = ||z3]|2- (27)

Again, this is a result by leveraging Lemma [91 To obtain an optimal solution
of ([21), we require that the objective value is bounded below. By completing
squares, a sufficient condition for boundedness of ([27)) is %‘H +2s; > 0,Vi =
1,...,n because zy is unconstrained. This is implied by the condition (p +
w)In, +4M > 0. The result of (ii) follows by noting that all optimal solutions
(27;23;23) of 1) can be characterized as follows:

[, uso | [Saidebe o

1 — g 9 3 — 1 Y
Q(H,;erlllt)u’ HUH =1, quH =0 2(|‘,;1+[L|L)Ua HUH =1, Hq3|| =0

(23)i = —(q2)i/(p+ 1+ 4s;), fori=1,... n. (28)

Next we show that this is true. Note that (23); = —(g2):/(p + p + 4s;), Vi,
because z5 is unconstrained. Since the problem is separable with respect to za,
it may be removed, leading to the problem of

. + + .

min 2 . Ellzall? + 258 2502 + qT2y + ¢F 25 subject to [|z1]|? — ||23])2 = 0.

21,23 2

Since z; and z3 have the same magnitude, let z; £ rd; and z3 £ rds, where
|ld1]] = ||ds]] = 1. Then the constraint may be removed and the problem is
further simplified as

min (p+ u)rQ + qudl + qudg subject to r > 0, ||d1]| = 1, ||ds|| = 1.

r,d1,ds3

It follows that r* = argmin, o {(p+1)r*—(lla1[[+llgsl)r} = (ol +llgsl))/ (2(p+
w)). This leads to concluding that if ||g1]] > 0, |lgs|]] > 0, 2f = —(||q1|l +
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laslDar/(2(p + wllal), 25 = —(laall + llaslDas/(2(p + wllaslD). I llgu] =
0, llgsll > 0, then [[27]] = [lgsl|/(2(p + p)) and 25 = —q3/(2(p + p)) and 2
can take any direction. If ||g3]| = 0, [|g1|| > 0, then ||z5|| = ||g1|l/(2(p+ 1)) and
2z = —q1/(2(p+ p)) and z3 can take any direction. If ||g1|| = |lgs|| = 0, then
zi=2;=0. 1

Remark 3 Note that in order to compute the closed form solution, we do need
eigendecomposition M = V.SV ~!. However, this only needs to be done once
instead of in every iteration.

Next, (Update-2) is shown to be tractable and its solution may be available
in closed-form.

Proposition 2 (Tractability of Update-2) Consider (Update-2) at itera-
tion k+1 in (ADMM/;*”). Then the following hold: (i) (Update-2) is a convex
program and can be computed tractably. (ii) If g(z) = 0 and the constraints
Az > b are absent, (Update-2) reduces to

ykJrLl (ykJrl 1)1 ma. {(x;:-l-l)% =+ (1 — pOé)(AkJ)i/p, O}
Yer1 = | Uksr2 |5 (Wke1,2)i = max{(zy, )i + (1 = pa)(Ae2)i/p, 0} ¢ Vi,
P13/ ()i o= Moy (G )i + (1 = pa) A )i/ p)

(29)

where Ay 2 (Aot Ak,2; Ab3)s Yk 1,1, Yh41,2: Ykt 1,3, Moy 15 A2, Az € R™, and
IT7(z) denotes the projection of z onto set Z.

Proof (i). (Update-2) can be cast as a linearly constrained convex smooth
program: minye z, {g(y* —y~) — (1 = pa) N[y + §11(23 13 715 1) — I}
which may be tractably resolved [3].

(ii). When g = 0 and the constraints Az > b are absent, then (Update-2) can
be viewed as a projection of ($k+1’ Ty 15 €kr1) + (1= pa) A/ p onto a Cartesian
set: Zo = {(y1592;93) | Y1, 92,93 € R, 51 > 0,42 > 0,0 < (y3); < 1,Vi}. Con-
sequently, the projection onto this set reduces to the update given by (29).
|

3.3 A basic ADMM framework with tractable subproblems

In Algorithm[I] a perturbation parameter and a proximal term are introduced.
In fact, as we see in Section 4] an explicit bound can be derived for the multi-
plier sequence generated by Algorithm [Il Therefore, we may show subsequen-
tial convergence and estimate a norm of the limit point. In this subsection, we
present the vanilla ADMM framework (denoted by ADMM,; and defined in
Algorithm [2) applied to the tractable decomposition (23). In (ADMM,¢), the
augmented Lagrangian function £, is defined as follows.

n

Lp(1'+,1'7,§,y,)\) £ fQ(x+ 7':67) +,YZ(1 751) +g(y+ 7y7)

i=1



Title Suppressed Due to Excessive Length 17

Algorithm 2 ADMM,¢

(0) Given yg, Ao, € > 0, k := 0; Choose pg, s.t. poln +4M > 0;
(1) Let $k++17 Tpis Ek+1,Yk+1, Ak+1 be given by the following:

(@1 Thyr Ers1) € ar(gnilring) Lo (@t 27 6 Yk, Ai), (Update-1)
RN
Y41 i= afgmyin Loy (@h 1T s Skt 1y U5 Mk), (Update-2)
o +o T _
Akg1 = Ak + Pk ((Ik+1,1k+1»§k+1) yk+1) . (Update-3)

(2) Update py and let pry1 < pi;
(3) If max{|\(z¥+1;z;+1;§k+1) — Ykt Pellye+1 — ykll} < €, STOP; else k := k + 1, return to

D).

AT (w0 = ) + 2w = yl? + 1z, (F50736) + Tz, ().

We will specify in Section [l the update rule for py in Step 2. Note that if we
let © =0, & = 0 and replace p by pi, then ADMM/ ;™ reduces to (ADMMc).
The similarity between these two algorithms allows for (ADMM_¢) to maintain
the property of tractability of the subproblems (A special case of proposition[I]
and 2 when « = 0, p = 0). However, convergence analysis of (ADMM,¢) is by
no means straightforward. Since (23) is in the form of [B]), we have discussed in
Section [I] that no existing convergence theory for ADMM schemes in noncon-
vex regimes is applicable. It turns out that even to show boundedness of the
multiplier sequence is challenging. On the other hand, if we assume bound-
edness of a subsequence of the multiplier together with other assumptions,
subsequential convergence of the algorithm may be obtained. Convergence
properties can be further enhanced given the KL property. Details of these
discussions are kept in Section [[.4] in the Appendix while an investigation of
the numerical behavior of this algorithm is presented in Section

3.4 A standard ADMM framework on an alternative formulation

In section Bl we consider reformulation ([23]) of (), which allows for efficient
resolution of the subproblem; Note that an alternative formulation of (@] exists
as specified next.

min 1z (w) + f(y™ —y~) +vel(e —¢) subject tow —y =0, (30)

where w = (z7;273;€),y = (yT;97;(), Z & Z1 N Zy, Zy and Z, are defined
as in ([22)). Note that in (30), the y block is unconstrained and has a smooth
objective function. Such a reformulation of optimization over complementarity
constraints is considered in [33] and an ADMM scheme can be applied (See
Algorithm Bl below). We referred to this framework as a standard ADMM
framework (or (ADMM)j)), since this type of ADMM scheme is favored and
most studied in literature due to clear convergence guarantee. As indicated



18 Yue Xie, Uday V. Shanbhag

Algorithm 3 A standard ADMM framework: ADMM,

(0) Given yo, Ao, po > 0,€ > 0, set k := 0.
(1) Let wg41,Yk+1, Akt1 be given by the following:

Wit € argmin - [lw —yy + A/ pill?, (Update-1)
: - P

Yk-+1 = argmin fom =y ) +yel (e -+ EkHy*wkﬂ —Xe/pell?, (Update-2)

Akt i= Mg+ ok (Wi 1 — Ykt1)- (Update-3)

(2) Update pi and let pry1 < pi;
(3) If max(||lwk+1 — Yk+1lls PrllYs+1 — Ykll) < €, stop; else k := k + 1 and return to (1).

in [33, Corollary 3], if pr = p is large enough and the augmented Lagrangian
function has the KL property, (ADMMj) generates a sequence convergent to
a stationary point. However, such a framework is potentially slow because
(Update-1) requires globally resolving an MPCC and may render the scheme
impractical. We will further explain with numerical experiments in Section

4 Convergence Analysis

In the prior section, we consider the formulation (23)) to resolve [l and present
a perturbed proximal ADMM framework (ADMM/;*”) reliant on tractable
updates at each iteration. In this section, we analyze the convergence property
of this framework. Specifically, we show that under mild assumptions, the
sequence {A;} is bounded and a subsequence of {(wk, Yk, Ax)}x>1 converges
to a perturbed KKT point of (23). The main results are Theorem[2] Corollary[Il
and Theorem[Bl First we present some definitions used in this section. We refer
interested readers to [I] and [29] for more details.

Definition 3 ((Limiting) subdifferential and critical point) Let F :
R™ — R U {+o0} be a proper lower semicontinuous function and let 0F (z)
denote the Fréchet subdifferential of F' at z, i.e.,

OF(z) & {d  liminf ——[F(2) — F(z) — dT(z — 2)] > 0} ,

2#T, 2T HZ — .CCH

for x € domF = {x : F(x) < +oo} and 0F (x) = () if x ¢ domF. Then,

(). The (limiting) subdifferential of F' at x € domF, is defined as follows.

OF (z) £
{d e R™: H{ap}rs>1, st a2 — 2, F(ag) = F(x), d, — d, d, € OF (w)}.

(ii). z is a critical point of F' if and only if 0 € OF (z).
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Definition 4 ((Limiting) normal cone) Suppose Z is a nonempty closed
subset of R™, and Nz(z) denotes the Fréchet normal cone to Z at z, so

Nz(z) ={veR": v (2 —2z) <oz — 2),Vz € Z},

if r € Z and Nz(x) = 0 if z ¢ Z. Then the (limiting) normal cone to Z at
x € Z, denoted as Nz(z), is defined as follows.

Nz(x) £ {’U e R": E{ZEk}kZl, st.xp > x, xp € Z, vy — v, vV € Nz(l'k)}

These concepts have the following properties:

(1). (Closedness of OF) If dy, — d, zx, — = and dy, € OF (zx), F(zx) — F(z),
then d € 0F (z).
(ii). Let F' = Fy + Fy. If Fy is finite at « and F; is smooth in a neighborhood
of x, then OF = 0Fy + VF}.
(iii). If 2* € argmin F(z), then x* is a critical point of F.
(iv). dllz(z) = Nz(z),Vz € Z.

To simplify the notation, we rewrite (23]) as the following structured pro-
gram:

in A bject to w —y = 0, 31
e i, (w) +p(y) subject tow —y (31)

where Z1,Zy are defined by @2), w = (z+;27:¢),y 2 (yT;y7:0), h(w) £
folat —a )+ YL, (1-8&), foat —a7) & (" —a7 )M (2t —z7) +d" (z* -
z7), p(y) 2 g(y* — y7). In addition, the perturbed augmented Lagrangian

function is rewritten as follows.

Lpalw,y,2) 2 h(w) +p(y) + (1= pa)aT (w =y — aX) + Sw -y

Let 7 £ wy —y and Adp1 2 A\pg1 — g for all & > 0. We define a Lyapunov
function P* for any 7 > 0 and k > 1.

~ 1 — pa)a 1 - pa
P2 Lpatwnn ) + CPP 7 (1522 I = P (22)

We intend to show that the sequence {P*};>1 is nonincreasing and the fol-

lowing two lemmas are needed.

Lemma 4 Consider the sequence {wg, yr, \x } generated by (ADMM;™”).
Then the following holds for any v > 0, and any k£ > 1,
1 - pa
2p

v 1
<= (a=3) et = Al + oo llwn = wn® (33)

(k1 = Xl = 1A% = A1 %)
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Proof Let Gyi1 = Vyp(yk+1). By (Update-2), for all y € Z and k > 0,

0> (Gra1 — (1= pa)di — price1)” (Yrsr — )

(34)
= (Gr1 = A1)’ (Wrr1 — )
Consequently, we have that Vk > 1,
(Gr — )" (ye —y) <0, Vy € Z. (35)

By choosing y = yi in B4), y = yg+1 in (BH), then adding (B4) and B5), we
have that for any & > 1,
(Gr1 — G — Mes1 + M) (kg1 — yk) <0,
= (Grp1 = Go)" W1 — vk) — Ot — M) (a1 — ww) <0,
= — (A1 = ) (Yre1 — ) <0, (36)
where the last step follows from convexity of p(y). Recall ANy = A\, —A,_1, Vk >

1. Then by adding AL, ; (wk41 — wy) on both sides, [36) can be rewritten as
follows for Vk > 1,

ANy (Wh1 — wy)

> AN (W — Yker — we + Uk)
= ANy (rhgn — 73)
= A)\g.ﬂ(rk-i-l — Ay — TR+ a)\k_l) + A)\gﬂ(a)\k — a)\k_l)

= AN, <m’““ — %) + aAN] AN
1— pa
= P AN, (Adgsr — AN + of| A |1 (37)

Note that AN (ANer1 = ANk) = 5[ AN k1|12 = [[AN]P + | ANk 1 — ANk [12).
Let Awpy1 2 wypy1 — wy. Then by B7),

1 — pa

T (A1 12 = IANN? + (| AN 1 = AN ]?) + el Adgga |2
S A>\£+1Awk+1
1—pa

T (AN k1 ]1* = ([ AXE])

< —al At ||? + AN Awgga
V[ ANei1|? | [[Awka|?
+
2 2v

< —af A |2 +

e

el (o ) 1rn?

Then the proof is complete. 1
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Lemma 5 Consider {wy,yr, \i} generated by (ADMM!*?). Then
~ 1—pa)a
(Znatwmsnmes ) + S22 o ?)

~ 1 — pa)a
— (Zuatu e + T L2 )

s S FYVIEY

7 P
< _§||wk+1 — wi||? - §||yk+1 — yil? +
Proof From (Update-1),

Lo (Wi, Y, Ak) + —Hwkﬂ*wkH Lo (Wi, yry Ag) <0

= Lpa(Wkt1, Yk, M) — Lp.a(Wh, Yrs \) < *§Hwk+1 — wy?. (39)

Also, kjy the optimality condition of (Update-2), if Gy, £ Vy£p7a(w1<;+1, Ykt1s k),
then GL., (y — yr+1) = 0,Vy € Zy. Using this fact and the strong convexity of
L, o in terms of y with constant p,
Lp o (Wi, Yb+1s Me) — Lo a(Wit1, Yoy M)
< —Gl e = i) = Sllyess —wl® < =Ll —ml® - (40)
The fact that AXgy1 = preg1 — pade and AT Aleyr = 5 ([ Mo |2 — [ Xl +
[ANk41][%) imply:
Lo (w1, Y1 A1) = Lp,a (Wt 1, Yres1, Ar)
= (1= pa) i1 (1 — a/\k+1) (1= pa) i (i1 — ady)
= pe)Nig1 (Pe1 — @Ak — alXig1) = (1= pa) AL (re1 — @\x)

= (
(1- PO‘>(>‘k+1 )T (Prg1 — k) — (1= pa) AL AN
1-—

pa)a
2 anul? ~ 2 (a2 Il 4 AN ))

R e L e L

Finally, by adding (39), (@0) and (&Il), the following holds ¥k > 0,

Lo (Wit1, Yt 1, Met1) — Lo (W, iy Ar)
= Ep,a(wkﬂaykﬂ, /\k+1) - Ep,a(wkﬂ,ykﬂa /\k> + Zp,oz(wlwrhylwrla /\k>
— Lpa(Wrt1, Vs M) + Lo (Wit1, Y, Ae) — Lo, (Whs Y M)
< =S lhweer = will” = Sllyees = uil?

(1 —pa)(2 — pa)
+ 20

Then the result follows. N

||2 _ (1 pa

[ ANk+1 5

(k21 = Il
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We now impose a requirement on h(w)+p(y)+5|jw—y|* and define several
constants to be used later.

Assumption 1 h(w) + p(y) + &|jw — y[|* > L for all w € Z1,y € Zs.

Definition 5 Recall that «, 7, u, p are nonnegative parameters from Algo-
rithm [Il and the definition ([B2]). Let v and R be nonnegative constants. Then

T z),w
2 2p

aW) 2L —T 2L cs(v) &7 (a—

ea(R) £ U=elGRRIeel o5 (R) £ 1502 [r — (1~ pa)R].

Assumption 2 v > 0, R > 0 such that c1(v), c3(v), ca(R), cs(R) > 0.

)

In the next Lemma, we prove that {P¥};>; is a nonincreasing sequence.

Lemma 6 Consider {wg, yx, Ax} generated by (ADMM/*”). Then,

(i). PF*! = PF < —c1(v)lwisr — will? = c2llyren — ynll® — es(@) X1 — All?,
vk > 1.

(ii). Suppose that Assumption 2 holds. Then {P*};>1 is non-increasing. If
Assumption [T also holds, then PF is bounded from below.

(iii). If Assumption [M and [2 hold, then kllngo(wk+1 —wy) = kllngo(yk+1 —yp) =
lim (/\kJrl - >\k) =0.

k— o0

Proof (i). Take 7 x (33) + (B8) and the result follows.

(ii). When ¢; (v), c2, c3(v) > 0 for certain v, we conclude from (i) that P*+1
Pk for all k > 1. Further,

IN

(1= pa) AL (rk — adp)
=(1- pa))\f(rk —adp_1 — alA)\g)
= (1= pa) AL [Ag/p — aAN]

= %Afw ~ 1)
= S22 (Il = et P+ 1 = M) (42)
> [(1 - po /@AM ~ Necal®). k21 (43)

Then,

p
PE = h(wg) +plur) + 5 lwx — ull”

1 —pa)a 1— pa
# (0= panf (e — v + S (1222 an

- 1—pa)a 1 — pa
> L (1= paVE (= o) + S 4 (152 w2
(14)

B P 0l = a2,

@3
>
= 20

> L+ (1= pa)AF(re — adg) L+
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Then, Y21 (PF — L) = G522 530 (I0)1® = - ?) > =952 2,
VK > 1. Since {PF — L}k21 is a non-increasing sequence and the above in-
equality holds, {P¥ — L};>1 is nonnegative. Thus {P*};>1 is bounded from
below. (iii). This may be concluded based on (i) and (ii). 1

Remark 4 By Lemma[6](iii) and the stopping criterion, Algorithm ADMM/;**
may terminate in finite time.

The following Lemma provides an inequality related to ||Ag||, which helps in
showing boundedness of || Ax]|-

Lemma 7 Consider {wg,yx, \¢} generated by (ADMM/;™”). Suppose As-
sumption [0 holds. Then P* > L + c4(R)||A&ll? + c5(R) || Ax — )\k 1]|? for all

R >0and k > 1. Therefore if Assumption 2] holds, [|A\x||? < 04(R) (Pt — L)
for all £ > 1.
Proof We may use the following result for any R > 0:
Akt = I Ak=1 = Ak + A ]|?
< (L4 B[ A1 = Mel” + (1 + 1/R) A% (45)

From the definition of P¥, we have that:

Pk
@@ (1— 1-

2Ly (ﬂ||/\k|2+7<l> Ak = Ak |

2 2p

(1—pa)
+T(Ilkk|\2*H>\k4|\2+|\/\k*/\k71|\2)
@ (L= pa)alAl® (1= pa) A = dea?

- 2 2p

(1= pa)” (L5 + Rjn. — 2 )?)
_ oy

= (L= pa)[(R+1)pa —1] 2, 1—pa 2
> T A — (1= pa)R] |\ — Me—tl|-
> L+ 3T Il + =5 2% = (1= )R] s = A

Then the result follows from definitions of ¢4(R) and ¢5(R). 1

Boundedness of ||Agx]| and subsequential convergence are proved in the next
theorem.

Theorem 2 Suppose {(wg;yx; A\e)}r>o is generated by (ADMM/*”). As-
sume that the sequences {wy} and {yx} are bounded. Suppose Assumptions[I]
and [ hold. Then the sequence {A;}r>1 is bounded and a subsequence of
{(wg; yr; A\x)} converges to (w*;y*; \*) such that

0€d(h+1z)(w) +X, 0€dp+1lz)y")— N, w' —y"=ar". (46)
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Proof Since c;(v) > 0,c3(v) > 0, then by Lemma[6] {P*} is a non-increasing
sequence. Futhermore, since ¢4(R) > 0, ¢5(R) > 0, Lemma [7 indicates that

1
Cq (R)

Il < (Pf—1L)<

T

-
D <o (47)
Therefore, the sequence { A\ } is bounded, implying that {(wg; yr; Ax)} is bounded.
Suppose {(Wn,,; Yn,; An, )t denotes a convergent subsequence of {(wy; yr; Ak)}
such that (wn,;Yn,; An,) = (W*5y*;\*) as kK — oo. Based on the optimal-
ity conditions of (Update-1), (Update-2) translated using property of critical
points, and the multiplier update, the following hold:

0e 8(h + HZI)(wnk) + /\nk + p(ynk - ynkfl) + u(wnk - wnk,1)7

48
0€0(p+ 12)(Un) — Anr Wy — Y — A1 = g — A1)/ &)

By Lemmal[6l wy, —wn,—1 — 0, Yn, — Ynp—1 — 0, App — An—1 — 0,k — 400,
so we also have A\,, _1 — A",k — +o0. Therefore, by taking limits and the
closedness of a subdifferential map, we may conclude the result. [}

Remark 5 (i). Boundedness of {yr} and {wg} is a mild assumption. First,
boundedness of {y;} can be obtained from adding constraints such as z+ <
ub®, 7 < ub~ to Zy. If ub™ and ub™ are large enough, Z5 will still include
the optimal solution. Second, since rp, = wg — Yy = %/\k — %ﬂAk,l,Vk >1
and {\;} is bounded, rj is also a bounded sequence. Thus, boundedness of
{wy} is implied by boundedness of {y}.

(ii). It can be shown that the conditions [@g]) are equivalent to KKT conditions
with a feasibility error (See Theorem Bl below).

(iil). Denote H.(w,y, ) as

Ho(w,y, )

(1 - pa)

o ||)\||2 + pr — Y- a)‘||2
9 —_—.

2(1 — pa)/7

Then H, (wg,yr, \i) = PE,Vk > 1,7 > 0. If the assumptions in Theorem
hold, and in addition, H,(w,y,\) satisfies the KL property at (w*,y*, \*),
then {(wg, yx, Ak)} converges to (w*,y*, A*). The proof is similar to [T, Theo-
rem 3.1] and is omitted.

(iv). The KL property assumption on H., indeed holds when p(y) is semialge-
braic (See Definition [lin the Appendix). In fact, H, is a sum of semialgebraic
functions and is therefore semialgebraic. Then the result follows from the fact
that a semialgebraic function satisfies the KL property at every point in its
domain [1].

(v). Although in the context of this paper we focus on problem (23]), it should
be noted that Theorem 2] may be generalized. Specifically, Theorem [2] may
hold if we apply ADMM/;*” to tackle a more general class of problem:

2 Loa(w,y, A) + 1z, (w) + 1z, (y) +

min f(x) + g(y) subject to Az + By =b,z € X,y €Y,
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where ¢ is smooth and convex, Y is convex, but f could be nonsmooth and
nonconvex, X could be nonconvex, A, B,b are matrices and vectors with ap-
propriate dimensions and do not need to be I, —I, 0. The analysis will basically
remain the same.

Note that (@) are not the precise conditions for (w*;y*; \*) to be a critical
point of the Lagrangian £(w, y, A) £ h(w)+1z, (w)+p(y)+1z, (y) + AT (w—y),
ie. 0 € 9L(w*,y*, \*). There exists an infeasibility error a\* and the following
corollary discusses how to choose the parameters such that this error can be
made arbitrarily small.

Corollary 1 Suppose that sequences {wy,} and {y;} are bounded. In addition,
assume that 3p_ > 0 such that h(w) + p(y) + & [|lw — y||* > 1 for all w € Z1,
y € Zs. Then for any € > 0 such that ¢ < 1/(4p_ + 2), if the parameters

in Algorithm [ satisfy o = €,p = i,u > %, wy = Yo, then a subsequence of
{(wk; y; Ag) te>1 converges to (w*;y*; A*) such that

0€9(h+1lz,)(w)+ A", 0€d(p+1z,)(y") — A",
lw* =y [1* < &®||A)|* < (64(h(wo) + p(yo)) — 641 + (14 + 5e) [ Xo]|*)e.
Proof Let v=a =¢, R =2 and 7 = 2, then

BT p_ 1
R A R
vy (1= pa)(2 = pa) ey 1-92-3) e
1 =r(o-5) - L= oy QM e
es(R) = (1—pa)[(R+1)pa—1]  (1-1/2)[2+1)/2-1] ¢
e 20R a 2/e S
C5(R)12ppa[T(1pa)R]11/16/2[2(11/2)-2]3

Therefore, Assumption [2] holds. Since p = % > 2p_ + 1, we have that

P p—
h(w) +p(y) + 5w = yl* = h(w) +ply) + T llw = y|* > L, Yw € Z1,y € Zo.
Thus Assumption [ holds. Based on Theorem [ it suffices to show that

|| A*[12 < (64(h(wo) +p(yo)) — 641+ (14 + 5¢)|| Ao ||?)e. By @) in Theorem 2]
for k > 1,

1 2 pR
Ael|? < Pl )= P} —1
I < P -0 = (1250 (=) (P 0
2 aR
2| \el)? < Pl 1. 4
= ot < (20 (77 gm0 )
Since P! = Lpa(wr,yn, M) + S22 2 4 7 (5522 ) = Ao,

5 1 — po)a 1— pa
PES Ly, o) + S Dl 4 7 (2522 I = hal?
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H 2 P 2, (1= pa)(2— pa) 2
— By —wo? = lyr — A=A
2||wl wo | 2Hy1 Yoll* + 2 [Ad1 = Aol

< hlwo) + p(yo) + Ellroll” + (1 = pa)Af (ro — ado)

1 — po)a 1—pa)(2+7—pa
p Ly e LopIBET 2P0y, e
P
1—-1/2)e
= hu) + plao) +0 — (1~ 1/2)e ol + L2 g2
1-1/2)(24+2-1/2
U=LRE2Z 20 1/2)00 + plawr — 1) — Ml
3
€ 9 T€ 1 9 9 9
< huo) +p(yo) — SN0l + 20 (1ol + 26%wr — ]
o€ 9 7 9
gh(w0)+p(yo)+§|\>\0|\ +§||w1*y1|| : (50)

Adding (39) and ({#0) and letting & = 0, we obtain the following.

u p
Lpo(w1,y1,A0) = Lpa(wo, Yo, o) < *§||w1 —wo|® — 5”3/1 - yol?,
which indicates that

hw1) + p(yn) + (1= pa)Ag (w1 — g1 = ado) + £ llwr = v

< h(wo) + p(yo) + (1 — pa) A (wo — yo — aho) + g”wo — yoll?
= h(wo) + p(yo) — (1 — pa)alro?
— (1= pa)N] (wr = 1) + E5E= oy — |
< h(wo) + plyo) — hlwr) = p(y) = T llwr =y
P o — > < h(wo) +p(yo) =1 = (1= pa) A (w1 — 1)

< h(wo) + p(yo) — 1+ (1= pa) [ Xol?/2 + (1 = pa)llwy — y1[|*/2
p—p-—(1—pa)

e 27 0P 2 < ) + () — L+ (1 pa) /2
1/e—=2p_ -1
V20 = Ly — a2 < hlwo) + plao) — 1+ ol /4.

— Jun — 31> < Belh(uwo) + ply) — 1+ /4, (51)

where the last inequality holds because € < 1/(4p_ + 2). By (G0) and (51I),

7

P < 8(hwn) + ) = 1+ (1 + 5 ) 1ol (52)

By combining [@3) and (&), we have for any k > 1,

o[ A
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(64(h(wo) + p(yo)) — 641 + (14 + 5¢)[|Ao]|*)e. (53)

This implies that a?||A\*[|? < (64(h(wo) + p(yo)) — 641 + (14 + 5e)[|Ao[|*)e. 1

Remark 6 Based on the optimality conditions of (Update-1), (Update-2), and
the multiplier update, the following holds for any k£ > 0:

0 € O(h + 1z,)(Wkt1) + M1 + (Y1 — Y) + p(wr+1 — wi),
0 € 0(p+ 1z,) (Yr+1) = N1, Wht1 — Yrt1 — @Ak = (M1 — M) /p-

According to (B3)), if we choose the parameters as in Corollary [ the stopping
criteria in Algorithm [I] indicates that:

dist(0,d(h + Uz, ) (wrt1) + A1) < €0, 0€ P+ 1z,)(Yrt+1) — Met1s
lwis1 = yrsr | < v/ (64(A(wo) + plyo)) — 641 + (14 + 5¢) [ Ao[[2)e + eo.

Finally we will show that the conditions (@) in Theorem [2] are equivalent
to KKT conditions of (23)) with a feasibility error aA*.

Denote w* £ (z%;2%;6%),w £ (¢72758), y* £ (y1; 055 3), ¥ = (y13 923 Us)-
By Definition 2] (w*;y*) satisfies first-order KKT conditions of (23] if there
exist p € R, 51, B2, B3, B4 € R™, m € R™ such that

Vig(ai —a2)+ Vg(yi —v3) pe* —pr—Al'r
~Viglzi —a*) = Vg(yi —v3) | + pe* — Po+ Al =0, (54a)
—e w(a + ) + By — B3

0<p1 Ly >0, (54b)

0< B2 Ly; >0, (54c)

0< B3 Lys >0, (54d)
0<pBsle—y;>0, (54e)

0<m LAy —y3)—b>0, (54f)
(z% +27)7¢" =0, (54g)
(54h)

w* —y* =0. (54h

It can be easily seen that (54]) is equivalent to (I') by merging w* and y*. Recall

that according to discussions in Section [2] point satisfying (7)) is exactly the
local minimum of (@), thus the local minimum of ¢y-minimization ().

Theorem 3 Suppose that (w*;y*; \*) satisfies (46]), and recall that h(w) =
fol@™ —a7) +vel(e — &), p(y) = g(y1 — y2) are smooth functions. Assume
that vector (£*;&*; 2% 4+ 2%) # 0. Then 3 € R, 51, B2, 03,04 € R*,m € R™
such that (54al) - (54g) hold and w* — y* = a*.
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Proof We know that 01z, (w) = Nz, (w), 0llz,(y) = Nz, (y). Due to ([@6) and
the smoothness of function h, 0 € d(h+ Uz, )(w*) + A* = 0 € Vy,h(w*)+A* 4+
Oz, (w*) = —Vyuh(w*) — X* € Nz, (w*). Recall Z; = {(zF;27;¢) € R |
¢T(xt +27) = 0}. Then by Lemma [0 in the Appendix and the assumption
(€7:€%50%, +a%) # 0, we have Nz, (w*) = {u(€%€% 0% +a%) | p € R},
Therefore, 3 € R s.t.

Vwh(w*) + X+ p(§5 6525 + 27 ) =0. (55)
On the other hand, {@@) and smoothness of function p imply 0 € d(p +
llz,)(y") = A" = 0 € Vyp(y") = A" + 9z, (y") = =Vyp(y*) + A" € Nz, (y7).
Since Zs is a convex set, Nz, (y*) = {v | vT (y — y*) < 0,Vy € Za}. Therefore,
(Vyp(y*) — X)T(y — y*) > 0,Vy € Zy. This indicates that y* is the optimal
solution of the linear program: minyez, {(V,p(y*) — A*)Ty}. Thus the KKT
conditions are satisfied at y*, i.e. 381, B2, B3, 84 € R™, m € R™ s.t.

Vyp(y*) = A+ (=1 — ATm; —Ba + AT By — f3) = 0,
0<pB1Ly; >0,0<B2Ly;>0,0<p85Ly;>0, (56)
0<Bsle—y;>00<mL Ayl —y3)—b>0.
From (B3) and (B6), utilizing the def. of h and p, and adding the feasibility

constraints (z7% + 2 )T¢* =0, w* — y* = a\*, we obtain the perturbed KKT
conditions. N

5 Preliminary numerics

In Section ], we describe the test problem of interest while in Section (.2 we
study the impact of tractability by comparing tractable ADMM frameworks
to their standard counterpart. In Section B3] performance of (ADMMc¢) is
examined by comparing it with other methods

5.1 Least squares regression with £p-norm

Suppose fo(z) £ ||Cz — d||?, C € RPX" g(x) = 0, and there is no linear
constraint Az > b in (), leading to the following {y-regularized least-squares
regression:

min ||Cz — d||? + 7| z]|o. (Lo-LSR)

This special case finds application in signal recovery and regression problems.
The rows of C' are generated from a multivariate normal N(0,I,,) while the
true coefficients £ are created as follows: (1) Generate xf™ fori =1,...,n
from uniform distribution U(—60,60). (2) If |2i™¢| > 89% then z{™° « 0 for
i = 1,...,n. Then z'"° is approximately k-sparse (or [|z'™¢||o =~ k). The
observation vector d = Cz'™¢ + ¢, where ¢; ~ N(0,02) and o2 = ||z*¢||2/10.

2 All experiments are conducted on Matlab and the code is uploaded to
https://github.com/yue-xie/10-minimization.
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5.2 Impact of tractable subproblems

In this subsection, we will compare the ADMM based algorithms (Algorithms[T+
[B) proposed in Section [3 to resolve (¢5-LSRI).

Algorithm descriptions and settings. We start all algorithms from an
initial point wg = yo = (€;04;0y), A\g = 03,,. The maximum runtime allowed is
200s. Experiments are run on CPU of 1.3GHz Intel Core i5 with 8GB memory.
Other settings are as follows.

(ADMM.,): Please refer to Algorithm [2 for details. Specifically, we use the
following rule for updating pg

If (pr — 0)|lyk+1 — vkl < V2| Aks1 — Ml and pr < prmas, then pri == 3,0
else pr+1 := pk.

In addition, po = 1, pmax = 2000, § = po/2, 6, = 1.01, e = 1074
(ADMM*?): Algorithm [l o = 1073, p=1/(2a), p =3/, €g = 1072
(ADMDMy): Algorithm Blwith Update-1 solved by Baron. The maximum run-
time for Baron is set to 200s. Note that we do not fix the penalty parameter
at a value suggested by theory, which more often than not is impractical and
involves problem parameter estimation. Instead, we update it adaptively. The
update rule for py, inspired by augmented Lagrangian schemes [7], is as follows:

If k=0 or (hpy1 > 1072 and hgyq > 0.9h, and pg < 500), pry1 = 1.01pg;

otherwise px4+1 = pi;

where hy = |jwp — yi|| for all k > 0. pg =1, e = 1074

Stopping criteria. The stopping criteria for (ADMMg¢) and (ADMM,) guar-
antee that the KKT residual is below € if terminated within time limit. For
(ADMM/;*?), it is guaranteed that the KKT residual is below ¢y + O(y/€)
(See Remark [B]). Thus, stopping criteria of the three algorithms are related to
the optimality conditions.

Metric. In Table[2] KKT residual for (ADMM¢), (ADMM/;*”) and (ADMM)
are max{pr-1llyx — yx—1l, |25 23 €x) — x|}, max{llp(yx — yx—1) +
mwex — rx-1)l, lwx —ykl[} and max{px-1llyx — yx-1ll, llwx — yxll}, re-
spectively. K is the last iteration.

Results. In Table 2] we provide a comparison of (ADMM), (ADMM£;%?)
and (ADMM)) to address (¢;-LSR]). Note that (ADMMec¢), (ADMM/**) are
designed for formulation (23]), which renders tractable subproblems, while
(ADMM)) is for formulation (B0), which requires global resolution of an MPCC
as the subproblem. Therefore, even though (ADMMj) can be efficient when
the dimension is relatively low, but becomes less so when n is larger. This is be-
cause the subproblem solver does not scale well with problem size and requires
significant time for larger dimensions. This is supported by the drastically re-
duced number of outer loop iterations and large KKT residual upon termina-
tion when n is larger. Meanwhile, (ADMM,¢) and (ADMM£;“*) appear to be

3 This update rule for pj, is related to the convergence property of (ADMM). Please
refer to Section [T4] for details.
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scale far better with n due to tractability of the subproblem. Furthermore, it
can be seen that (ADMM,¢) is far more efficient than the other two methods.
It spends far less time to find solutions with lower KKT residual. In fact, it
also provides better objective function value than the other two methods as
observed during the experiment. Further exploration of (ADMM¢) through
comparison with other £g-minimization solvers is presented in the next sub-
section.

(n, =% lo, 7) (ADMM¢) (ADMM/ ;™) (ADMM))
t(s) res. iter. t(s) res. iter. t(s) res. iter.
(20,1, 1) 0.38  9.4e-5 587 2.2e0  1.0e-2  4.90e3 | 201 3.0e-3 135
(20, 1, 10) 0.46  7.9e-5 515 2.0e2  3.5e-1 2.05e5 | 200 1.0e-2 158
(20,4, 1) 0.26 7.2e-5 214 2.0e2  7.6e-2  2.67e5 | 200 8.7e-3 197

(20, 4, 10) 0.70  9.9e-5 798 2.0e2  1.8e-1 2.18e¢5 | 200 2.1e-2 150
(50, 10, 1) 1.10  1.0e-4 781 6.3e-1  9.9e-3 551 209  7.2e0 2
(50, 10, 10) 2.10  9.9e-5 1093 | 2.0e0 1.6e-1 1.185 | 201 2.5e-1 101
(50, 18, 1) 0.62 7.7e-5 283 2.0e0  1.8e-1 1.42e5 | 215 1.3el 2
(50, 18, 10) 4.20  9.9e-5 1802 2.0e0  6.9e-1 1.29e¢5 | 201  4.8e-1 47
(100, 6, 1) 0.58  9.3e-5 617 2.5e-1  9.6e-3 200 209  9.8e0 2
(100, 6, 10) 0.66  9.8e-5 593 2.0e2  1.4e-1 2.10e5 | 399  4.8e0 14
(100, 19, 1) 0.76  9.2e-5 483 4.0e-1  9.9e-3 376 211 1.0el 2
(100, 19, 10) 1.80  9.0e-5 535 2.0e2  1.3e-1 1.72e5 | 289  5.5e0 5

Table 2: Comparison of methods on ([¢3-LSR]), p = 10

5.3 Comparison among (ADMM,¢) and other methods

In this set of experiments, we test (ADMMec¢) on with higher dimen-
sions (p = 256,n = 1024) and compare it with other known methods directly
addressing fp-minimization: iterative hard thresholding (IHT) and iterative
hard thresholding with warm start (IHTWS) [8]. We again test the schemes
on and choose almost the same settings as in Section 511 the only dif-

truc)TInItruc

ference being that e € R?, ¢; ~ N(0,0?),i.i.d.,0? = @T, where SNR
refers to the signal-to-noise ratio. All experiments are conducted on CPU of
3.4GHz Intel Core i7 with 16GB memory.

Algorithm descriptions and settings.

(IHT) and (IHTWS): (IHT) is implemented with 50 initial points (includ-
ing the origin and points drawn from normal distribution N(0, 1)), and the
best solution is chosen. (IHTWS) is warm-started from a point computed by
matching pursuit. The termination condition for both (IHT) and (IHTWS) is
lzks1 — x| < 1 x 1076,

(ADMM,): Implementation of (ADMM,¢) is almost the same with the last
experiment in Section[5.2t Initial point is selected as yg = (€, 04, 05,), Ao = O3y,
and the parameters are chosen as pg = v, € = 1074, 9, = 1.01, 6 = po/2,
Pmax = 2000, timep,,x = 300 for all cases.
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Metric. In Table Bl RDF £ %, where fapmm,, is calculated as
cf

follows. Suppose Algorithm [ terminates when k = T. Let (z27;27;€) = yr41.
Then the solution given by (ADMMg¢) is Z© — Z~ and

IC@* —27) —d|* +~(n — "),

if max(||wri1 —yryall, prilyr+r —yrll) <e

Fapste =Y o 27— dl 4 4lle - 2o,
if max(||lwrt1 —yrll, prllyr4r — yrll) > €
RDF time(s) lz*" [l
SR o [ 0 W [0 W A [ 0 W) ()
(5,16,010) | 192 <002 | 12 12 954 | 624 194 98
(5,16,1.00) | 083 003 | 1.3 03 172 | 135 77 62
(5,16,1000) | 058 005 | 1.5 01 417 | 7 15 12
(5,16,50.00) | 003 010 | 20 01 425 | 0 10 7
(5,87,010) | 293 062 | 1.2 22 1021 | 981 404 180
(5,87,1.00) | 337 059 | 1.3 17 105 | 893 326 161

(5, 87, 10.00) 2.94 0.46 1.5 4.5 75.8 639 230 133
(5, 87, 50.00) 0.82 0.33 | 20.1 1.0 92.4 261 168 103
(5, 253, 0.10) 2.75 0.80 1.4 2.5 236.3 | 1006 483 268
(5, 253, 1.00) 2.69 0.59 1.5 2.0 2342 990 425 268
(5, 253, 10.00) 249 0.34 1.6 1.8  300.0 932 357 267
(5, 253, 50.00) 2.15 0.11 1.9 3.1 63.7 831 293 264
(10, 20, 0.10) 1.65 -0.18 1.3 0.5 118.7 | 529 128 68
(10, 20, 1.00) 0.29 -0.18 1.5 0.2 15.4 76 53 22
(10, 20, 10.00) 2.09 -0.03 1.6 0.1 43.2 4 16 14
(10, 20, 50.00) 0.34 -0.18 2.1 0.1 58.7 0 10 4
(10, 82, 0.10) 2.82 0.42 1.3 1.7 96.1 978 365 164
(10, 82, 1.00) 3.83  0.56 1.4 4.3 20.9 881 285 150
(10, 82, 10.00) 2.68 0.35 1.7 1.8 73.8 599 209 117
(10, 82, 50.00) 0.74 0.23 3.8 0.7 72.8 212 138 93
(10, 249, 0.10) 2.32  0.66 1.4 2.6 12.4 1010 506 304
(10, 249, 1.00) 2.26 047 1.4 2.1 8.7 990 446 304
(10, 249, 10.00) 2.11  0.25 1.5 1.8 6.1 945 381 304
(10, 249, 50.00) 1.91 0.05 1.8 2.4 6.6 877 316 301

Table 3: Comparison of methods on (pxn =256 x 1024 )
(I): (IHT) (W): (IHTWS) (A): (ADMM,)

Results. From Table 3] we conclude the following;:

(1) Although (ADMM,s) takes more time, it generally produces solutions that
are superior to (IHT) in objective function value and provides better values
than (IHTWS) in most cases. Note that (ADMMec¢) is cold started.

(2) (ADMM,¢) generally produces sparser solution than (IHTWS) and (IHT),
which indicates that (ADMMe_¢) scheme is potentially more favorable from
a statistical standpoint.
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6 Concluding remarks and future work

We consider a full complementarity reformulation of a general class of {y-norm
minimization problems. The focus of this paper lies on the characterization
and efficient computation of KKT points for this formulation. In particular,
we show that a suitable (Guignard) constraint qualification holds at every
feasible point. Moreover, when f is a convex function, a point satisfies the
first-order KKT conditions if and only if it is a local minimizer. Next, two
tractable ADMM schemes are presented for resolution. In these schemes, a
hidden convexity property is leveraged to allow for tractable resolution of
ADMM subproblems. For the perturbed proximal ADMM framework, subse-
quential convergence to KKT points with arbitrarily small error under mild
assumptions can be shown. Preliminary empirical studies show the significance
of having tractable subproblems in ADMM schemes and that the tractable
ADMM framework compares well with its competitors. In future work, we
may consider characterization and computation of KKT points of problems
complicated by cardinality constraints (2)) and affine sparsity constraints [I14].
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7 Appendix
7.1 Hidden Convexity

Consider a QCQP defined as follows:
min {xTHx +hTx | ¢ < 2T Qx < 7“} , (57)

where z € R", H € R™*",Q € R"™*" h € R",£ € R,r € R. Suppose that (51
is feasible and the two matrices H and @ can be simultaneously diagonalized.
Recall from [4] that H and @) can be simultaneously diagonalized if there exists
a nonsingular matrix P € R™*" such that

PTHP = D £ diag(ds, . ..,d,) and PYQP = S £ diag(si,...,sn).

Let d = (dy;...;dn),s = (s1;...;8,). Then, by utilizing a transformation
x = Py and ¢ = PTh, (B1) can be written as follows:

min {yTDy +cly | e<ytSy < r}, (58)

Further, consider the following convex program:

min {Z(diwi—|ci|\/w_i) |f§28iwi§7“a wZO}, (59)
i=1

Wi,y Wn ;
i=1

which is defined using ¢, d, ¢, and r. In fact, problems (B8) and (B9) are equiv-
alent in the following sense: (i) if one is unbounded, so is the other; (ii) if both
are finite, the infimum of (B8)) is equal to the the infimum of (BI); (iii) the
optimal solution y* of (B8) can be constructed from the optimal solution w*
of (B9) through the following equations:

y; = —sgn(cj)/wi, j=1,...,n (60)

where sign(c;) = 1 if ¢; > 0 and sign(c;) = —1 if ¢; < 0. Through the above
arguments, a global minimizer of the solution to nonconvex program (G8) may
be obtained by the solution of a suitably defined convex program (B9). Thus
(BR) may have hidden convexity. This property of QCQP is first discovered by
Ben-Tal and Teboulle in 1996 [4].
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7.2 Proofs

Lemma 8 (Tightness of relaxation) Consider the problem (@) and sup-
pose a global minimizer to this problem is denoted by (z%,¢). Let (2,37, ¢)
be defined as follows:

+ - . + — . + —
fhgta x —x;, ifz] >z RN 0, if ] > x; (61)
o 0, otherwise ~° z; —xf. otherwise ’
Vi=1,....nz2z" —3".

Then (#,#%,€) is a a global minimizer of (G).

Proof Consider a solution (x%,¢) to @). We first prove that the constructed
solution (i,ii,g) is feasible with respect to (@) and then prove that it is
optimal.

Feasibility of (%, 7, §~) By definition (), we have that ¥ > 0 and
min(fc;r,fc;) =0 fori=1,...,n. Consequently, z+ L Z~. Furthermore, 7 =
T — % = 2t — 2~ and € = & This implies that A7 = Azt — Az~ =
Azt — Az~ > b. Finally, it suffices to show that (&t + 27)T¢ = 0. By the
feasibility of (T, ¢) with respect to (@), we have that

0= (af +a;7)6 =Y (af —ay +227)6 + Y Qaf + 27 —ah)
i=1 €T T i€ —
= > @+ F A200)&G+ Y (F 437+ 2206, (62)
€Ty i ier. 5

where Z, £ {i : o] > 27} and Z_ £ {i : 27 < z]}. Since, (6Z) can be
expressed as follows:

0= > (@ +i; +227)&+ > (@ +; +227)&
i€y i€Z_
=@ +i7)Te+ Z 22,86 + Z 2T &, (63)

i€Ty =

and 2%, %, € > 0 implying that

(@ +@7)TE= 0, 276 20,3 207620

€Ty i€z
— @t +3)Te=0, £ Gt +i)Té=0.

Optimality of (Z, 7%, ). We observe that the f(Z)+~ Yo —&) = f(zt—
) Fy S (1-&) for # = 2T —2~ and € = €. But since (@) is a relaxation of
(@), the optimality of (&, &+, £) follows from feasibility of (&, %, £) with respect
to the tightened optimization problem with an identical objective value. 1
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M+t —M I,

Lemma 9 Given H £ ( —-M M + %”i]n ,Q 2 I, |,
Lriy, 1, I,

and G £ il, —@In il, |4 , where V is orthogonal such

that S £ VT MV is diagonal. Then G is an orthogonal matrix, and H, Q can
be simultaneously diagonalized through G.

Proof
GTa
I, ir, i, -2, ', 21, i\ /I,
WO\ 4 g ) \gn )\ ok
I, I, I, I,
= VT I, v = vTv = I3,
Therefore, G is orthogonal. Note that
no i -1\ (M4 e, —M i, 21, i,
V21, — 21, -M M+ AT, i, 21, LI,
ptp
i i -2 ety AM A+ R+l 2,
%In %In @In *%(PJFH)In %(PJF:U')LI
adly
2 n
= 2M + L2, .
adly
2 n
This fact implies:
G'HG
I, Ly, I,
= v 2M + 54T, 1%
I, etiy, In
I el
= VT MV + 222y Ty = 25 + 221,
ey ey
2 in 2 In
Meanwhile,

GTQG
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I, ir, i, -2I, I,
= v7 2y, -2, I
I V2 I, 1
i, 21, i\ /I,
V32
i1, -4, é_]n VI
2 2
=5 1In 5 An n
I, i, 3L 2L\ (-£21,0¥%1,)\ (I,
I 1 1 V2
I, V2I, I, V2I,

Thus, H and Q can be simultaneously diagonalized through G. |

7.3 Miscellaneous

Definition 6 (Kurdyka-Lojasiewicz (KL) property) A proper lower
semi-continuous function £ : RY — R U {+o00} has the KL property at z €
dom(9L), if there exists n € (0, +00), a neighborhood U of Z, and a continuous
concave function ¢ : [0,17) — R4 such that the following hold: (i) ¢(0) = 0,
and ¢ is continuously differentiable on (0,n). For all s € (0,n), ¢'(s) > 0; (ii)
For all x in UN{z € RN : L(Z) < L(x) < L(Z) + 1], the Kurdyka-Lojasiewicz
(KL) inequality holds: ¢'(L(z) — L(Z))dist(0,0L(x)) > 1.

Definition 7 (Semialgebraic function) Recall that a semialgebraic set
S C R"™ is defined as:

SE{reR" :pi(x) =0,¢(zx) <0,i=1,...,m},

where p; and g; are real polynomial functions. A function F : R" — RU{+4o0}
is a semialgebraic function if and only if its graph {(x;y) € R* xR :y = F(x)}
is a semialgebraic subset in R™*1.

Remark 7 Semialgebraic function has the following properties: (i). It satisfies
KL property with ¢(s) = cs' =% for some 6 € [0,1) N Q and ¢ > 0. (ii). Finite
sums and products of semialgebraic functions are semialgebraic. See [1l Section
4.3] for more details.

Lemma 10 (Theorem 10 [11]) In R™, let C = {z € X | F(z) € D}, for
closed convex sets X C R™,D C R", and a C! mapping F : R™ — R"2,
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written componentwise as F(x) = (fi1(x);...; fa,(z)). Suppose the following
constraint qualification is satisfied at a point z € C:

D uiVE@E) +2=0,y= (415 -;yn,) € Np(F(T)), 2 € Nx(2)
j=1

— y=0,2=0.
Then the normal cone N¢(Z) consists of all vectors v of the form

v = y1Vf1(-i') +...+yn2me(5c) + z with y = (yl;---;ynz) GND(F(‘f))’
z € Nx(Z).

Note: When X = R™, the normal cone Nx(Z) = {0}, so the z terms here
drop out. When D is a singleton, Np(F(z)) = R"2.

7.4 Convergence analysis of ADMM_¢

We now analyze convergence of (ADMM,¢) under the following update rule of
Pk:

If (o — 0)lyn1 — ykll < V2 Ak — Aell and pg < pmax, then pyi1 := S,pi;
else pr4+1 := pk.

Further, we make the following assumption.

Assumption 3 The penalty parameter sequence {py} in (ADMM.s) never
exceeds the prescribed upper bound, i.e. pr < Pmax, Vk > 0.

Proposition 3 (Limit points of (ADMM,;) are KKT Points) Consider
problem ) with fo(z) = 2T Mx + d¥x. Suppose (ADMM,¢) generates a
sequence {wy £ (232 ;€k), Yk, A }- Assume that this sequence converges to
a limit point denoted by (w, %, A). Then, we may claim the following: (a) The
point @w = (z1;2;€) satisfies first-order KKT conditions of {@). (b) If f is
convex, then w is a local minimum of ().

Proof (a). By the update rule of (ADMM,¢), 3K > 0,s.t. pp = p, Vk > K.
Consequently, suppose pr = p for all k without loss of generality. (Otherwise,

we may initialize using wg, yx, Ak, px) By (Update-1) at iteration k 4 1, we
have that

. + _ T p 2
htt (ﬁ‘+z})7~§:0 fQ(CE . ) e 6 2Hw Yk k/pH

Let zx11 2 GTwpyy and ¢ 2 GT ((d;fd; f'ye) + Ak —pyk), where G is

. A
defined in ([24). Denote zk41 = (2k+1,15 2k4+1,25 2h+1,3)s 2h+1,15 Zh+1,25 Zk+1,3 €
R™. From (28), we have Ju, vy € R™ such that

—(llgr,1 1+ 1lgx,31D)gw,1
_ 20T dren s lakall >0
Zk+1,1 = ’

Laesloy, flull = 1, lgral =0
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—Ulge,1 I+ lgr.slD) ax.3
= 20lan.sl Nl >0
Zk4+1,3 = .

Lgealyy flor) =1, flgrsl =0

(zh+1,2)i = —(qr2)i/(p+4s;),Vi=1,...,n, (64)

where gx = (qn,13qr,2; 4k,3), o1+ Gh,2, i3 € R Since wppr = @, yo — 7,
)\k—>)\ask—>go,zk+1—>2:GTwandask—>+oo,qk—>(jé
GT ((d; —d; f'ye) +A— pg). We proceed to show that Z and ¢ also satisfy

the following: 3u, v € R™ such that

o { G Ial >0 [EREEREE g > 0 (65)
I&la, ) =1, la ) =0 L2l fjoll =1, flgs|l =0
(22)1' = —(QQ)i/(p + 481'), Vi=1,...,n, (66)

where zZ = (Z1; Z2; Z3) and ¢ = (G1; §2; §3)- First, we prove that z; and g satisfy
(i) Case 1. ||@a]| > 0. Then 3K s.t. Vk > K, ||qx1|| > 0,

(Ngw,1ll + llgx 3D gk

Zk+1,1 =

’ 2p|lqx1 |l
Therefore,
o i =y Ukl +llaeslars _ (@l + [14s[)ar
z1 = 1M  Zr41,1 = 11m = — .
k=00 k=00 2pll k1| 2pllq |

(ii) Case 2. ||q1]] = 0. Then

20l = Jim_fornall = sl /26) = 3.l = 1, st 5 = 2,
Note that expression of Z3 can be proven similarly and we omit proof of (6.
Therefore,

@=Gz € argmin folzt —a7) —yelé + gl\(x+;w_;§) -7+ A/pl?|-
(67)

In particular, it follows that (z+ +27)T¢ = 0. Next, we consider whether such
a limit point satisfies the first-order KKT conditions of (G1) by examining two
cases:

(i) Suppose (£;&; 7T +27) # 0. Then the linear independence constraint quali-
fication (LICQ) holds at (z+, 7™, £). Consequently, there exists a scalar y such
that

Vio@Et —z7) ) 3
—Vie@Et —z7) | +p(@—g+Ap) +n 3 =0. (68
—e Tt 4z~
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(ii) Suppose (£,€, 27 +2~) = 0, implying £ = 0 and 2+ + 2z~ = 0. Since

(zT;27;€) is a global optimizer of (67), when we fix £ = £ = 0, the following
must hold:
2)

o € argmin f (erf:c*)JrB
T~ gﬁ@f Q 2

_( VfeEt—z7) j+—?]1+5\1//)
— U= (VfQ(?T?Jr f)) e (f — Y2 +/\2/P) '

2
+

A
-t 2
p

A
et -+ =
p

If wefix et =z%,2= =2, then

§ € arguin | —9¢"¢ + 516~ G + Xa/pl”| = 0= e+ p(€ 7+ Xa/p),
where § = (§1;72; 3), U1, J2, U3 € R™, A = (15 Ag; Ag), A1, Ag, Az € R™. Thus,
([68)) holds for every p € R. Next, in (Update-2), we need to compute ygy1,

where yr41 = argmingez, g(yT —y~) + §lly — w1 — A /pl|*>. Note that the
following first order condition holds because it is a convex program:

(IVg(yrt1,1 — Yk41,2); —Vg(Ykt1,1 — Yb41,2); On] + p(Yrs1 — wes1 — Ae/p))"
(y - yk+1) Z 0)
Yy € Za, Ykt1 = (Yk41,15 Yh+1,2) Yk+1,3) Y1, € R™, i =1,2,3.

By continuity of Vg(e), since w41 — @, yr+1 — 7, Ak — A, we have that
([V9(51 = 52); =Vg(G1 = §2); Onx1] + p(§ — @ = A/p)) T (y = §) = 0,¥y € Zs,

_ . — 14 _ 5
— g€ argmingeg, gt —y7) + 2y — @~ Mol?].

Thus, by the definition of Z; in [22)), 351, B2, B3, Ba € R™, m € R™ such that

V(i = 72) ) —B1— ATr
—Vgir — i) | +p(f—w—Ap)+ | =B+ A7 | =0, (69)
0nx1 Ba — B3

0§51L512071:172537 0§6753J—/84205 OSA(glng)*bJ—ﬂ-zo

Note that A\, — A implies that wgs+1 — yer1 = (Akr1 — Ax)/p — 0, which
further implies that @ = g. By combining (G8) and (69), letting § = w, and
by adding (zT + 27)T¢ = 0, we have exactly the KKT conditions (([7)) at
(z+;27;) for (@)

(b). If f is convex, then by Theorem[I, @ = (z*;Z ;&) is a local minimum

of @. 1
N

Next, suppose h(w) £ fo(z™ —27) +v >0 (1 — &), p(y) = g(y
Define:

Lw,y, A p) 2 hw) +ply) + AT (w =) + Efjw — y?
H(w,y,\) = h(w) + 1z, (w) + p(y) + Uz, (y) + AT (w — y)
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Hp(w,y,A) £ h(w) + 1z, (w) + p(y) + Uz, (y) (70)
+ AT (w =) + Sllw -y

Then the updates of (ADMMe_¢) can be rewritten as follows:

Wi41 = argnélél E(’LU, Yk, )\kv pk) = argmin Hpk (wa Yk, )\k)v (71)
wEZy w
Yk+1 = a’rgerﬁZn L(wk+17 Y, Aka Pk) = argnlyin HPk (wk+1a Y, )\k)v (72)

Mkt1 := Ak + Pk (W1 — Yrt1)-

Deriving convergence statements of Algorithm [l necessitates the following
lemma.

Lemma 11 Consider the sequence {wg, yi, Ak, pr} generated by (ADMMc¢).
Then for all k > 0, where ALy 2 L(Whi1, Yrtr1, Mot 1, Per1) — LWk, Yy Ay P1),

AL < (o4 P P -0 = B -l ()
Proof From the definition of augmented Lagrangian function,

L(Wkt1, Yrt15 My pr) — L(Wk+1, Yk Ak Pk)

< =V LWkt 1, Yrt1, Moy ) (Y — Y1) — %kHka — yil?

Pk
< *§Hyk+1 — il?, (74)

where the first inequality follows since L(wyt1,y, Ak, pr) is pg-strongly convex
in y with constant pg, while the second inequality may be derived from the
optimality conditions of update ([2) whereby V,L(wki1,Yk+1, M, o) T (Y —
Yr+1) > 0,Vy € Zy. Since w1 is a minimizer associated with ([71]), we have
that

L(Wiy 1, Yrs Ay p1) — L(W, Yre, Ak, pr) < 0. (75)

By invoking the definition of the augmented Lagrangian function, and utilizing
the update rule for Ag41, i.e. Ag+1 = A + k(W1 — Yr+1),

L(Wit 1, Y1, Mot 15 Pr) — L(Wkt1, Ykt 15 Aks P&)

= (M1 — M) (We1 — Yrs)

= || Aks1 — Mell?/ ox (76)
L(Wk41, Ykt 1, Met15 Prt1) — L(Wkt15 Y1, Mt 15 Pk)
_ Pk+1 — Pk 2
= f”wkﬂ — Yrt1l
k — Pk
= DL PR | N — A (77)
2p;

By adding (), (739), (6), and (TT7), we obtain the required result. 1
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Proving convergence requires the Kurdyka-Lojasiewicz property and a re-
quirement on the multiplier sequence.

Assumption 4 liminfy_, o |[Me]| < +o0.

Theorem 4 Counsider the sequence {wy, Yk, Ak, Pk} generated by (ADMM.¢).
Suppose that Assumption B @ hold and {yx} is bounded. Then the following
hold:

(i) 3Ko € Nys.t.pr = p,Vk 2 Ko. A1 — Akl < Cllyrsr — yiell, Vb = Ko,
C 2 pe=s
s
i) {L(wk, Yk, Ak, Pr) > K, 1S a non-increasing sequence satisfying
(

L(Wit 1, Yrt1, Mt 1, 0) — LWk, Yy Ak p)
<(C?/p=0/2) llyrs1 — vel?
< —(8/2)lyr+1 — yel®s  VE > K. (78)

(iil) {L£(wk, Yk, Ak, i) Te> K, 1S bounded from below. Furthermore, yi4+1 —yr —
0, y» —wr, — 0 as k — oo and {wg} is a bounded sequence. Therefore,
{(wr; yr; Ak)} has a convergent subsequence with limit point given by z* £
(w*5y*; X%).

(iv) Suppose H,, satisfies the KE property at z*. Then >, o ||yr+1 — vl < oc.
(v) Suppose H,, satisfies the KL property at z*. Then (wg;yr; Ax) converges
to z*, and z* satisfying the first-order KKT conditions of ().

Proof (i). By Assumption Bl pj remains unchanged for sufficiently large k, so
we denote p, Ko such that pr = p < pmax, Vk > K. Moreover, by the update
rule in step 2 of Alg. B [Aw1 — Mell < 272 [lyesr =y, Vk > Ko.

(ii). From Lemma [T and (i), for Vk > Ko, pr = p, and

LWkt 1, Ykt 1, Mot 1, Ph+1) — LWk, Yk, Aks P&)

1 P
< Ak = Aell® = §||yk+1 — yil?

P

(p—9)° s P 5
< _ _ £ _
<73, llye+1 — vl 2||yk+1 ||

5% —26p

_ 2
T lYk+1 — yll

(6<p) i)

< <5 + 5) lyks1 — yill?

)
S — (79)
Thus, {L(wk, Yk, Ak, pr) te>K, 1S a non-increasing sequence.
(iii). We first show that infy>o{h(wi) + p(yr) + 5|lwr — y/|*} is finite. Note
that

p
h(w) —ny +p(y) + 5w —y|?
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= fola* —a7) =€ €+ p(y) + Ellw — I
= @ =) M@@* —a7) + d" (@ —27) = 7e”¢ +p(y) + Ellw — yl?
= w" Hw + [(d: ~ds —ye) — py]"w + £ ly]* + p(y)

2

1
_ Hw+5H (ds —ds —re) = pyl||+ Zllyll® + p(y)

H
1

— 5 I1(ds —d; —ve) — pyllf;
4 2 1 . . 2

> gl\yl\ +p(y) — ZH(d, —d; —ve) = pyll -1,

M+21 —M
where H £ | —M M+ 41 and H > 0 (Note that pol +4M = 0
er
2
leading to pI + 4M > 0, further implying H > 0). Since {yx} is bounded by
assumption, and p(y) = g(y™ — y~) is smooth,

nf [h(wy) = ny +plyw) + (/2)][wx = 9l

= inf [(p/2)llyll” + p(yn) — (1/4)II(ds —ds —ve) = pyellzy-1] > —oc.

If L = infgso{h(wk) + p(yx) + §llws — yxl*}, then

LWk, Yks My pi) > L+ AL (wi — i)
L+ M (A — Xe-1)/p

_ 1
L+2—<||Ak|\2 — At 2 4 A = At [1?)
implying that
Y O L i Yy Pyt
> (L(wr, s Mes pr) — L) > 5 > 5 > — 00,
k=Ko 14 14

for all N > K. Since {£(wy, Y, Ak, p.) — L} k> K, is a non-increasing sequence
from (ii), it’s nonnegative. Otherwise, limy_, oo ZkN:KO (L(wi, Yk, Ak, Pr) —
L) = —oo0. This is a contradiction. Therefore, { £L(wk, Yx, Ak, p) k> K, is bounded
from below. Consequently, hx £ H,(w, Yk, \r) is a convergent sequence be-
cause H, (W, Yk, M) = L(Wh, Yk, Aky p) = L(Wh, Yk, Aky pr), Yk > Ko. Without
loss of generality, suppose hy — 0. Then, by summing up ([9) for k¥ > K,

hiy

we have Y707, llyer1 — urll® < 575 < oo. It follows that yri1 —yr — 0

as k — oo. From (i), we also have |[Ag+1 — Ax]] = 0 as & — oo. In other

words, pllwg — yk|| — 0 as k — oco. But {yx} is a bounded sequence, implying

that {wy} is a bounded sequence. By Assumption [ there exists a convergent

subsequence of {\;}. Therefore, there exists a subsequence of {wg, yx, A\x } con-
. : * * e AN

verging to a point denoted by {w*,y*, \*} = z*.
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(iv). Next we prove ||yx+1—yk|| is summable by using the KL inequality. By as-
sumption, H, admits the KL property at z* and suppose the concave function
1, a neighborhood U, and a scalar 7 > 0 are associated with the KL property.
Further, suppose B(z*,7) C U and denote zp = (wg; yx; Ax). We know that
hi — 0. If for some ko > Ko, hg, = 0, then by (@8), yx = yr+1,Vk > ko, the
proof is complete. Therefore, let hy > 0,Vk > Kj. Since a subsequence of {z}
converges to z*, and hy — 0, 3K > Ky + 1 such that:

2C [ hi_s <C C )
—+C+2) T (R B
<p p/2—C2%/p P2

1/2
Y (hi) Y(hk) [ Y(hi) hi-1
4 %
Co + Co Co + 02— C2/p +lzx — 2% <1y
(80)
p_c2
where hx <1 and Cy = ;T(;er. Then we inductively prove &I for k >
)

K+ 1:

Collyr — yr—1)?

lyk—1 — yr—2l| < ¢(hie-1) — ¥ (hr).

(81)

2z € B(z*,7),  |lyk—1 — yr—2| >0,

We first prove two useful inequalities. From (78)), we have (82) for k¥ > K — 1:

hk—hk+1 hi—1
p/2=C?/p = p/2—C?/p

[ hx—1
— < Gy —— 2

Furthermore, ||zx+1 — 2x|| may be bounded as follows for Vk > K.

lyr+1 — yel® <

Izk41 = 26l = Vllwksr — well? + lyerr — gl + e — A2
< w1 — well + lyk+1 — yrll + [ Ae+1 — Akl
< Nwksr = Y | + luw — well + 2)lyr+1 — el + [[Ae+1 — Akl
< (/p+ DX = Al + [ = Ae—1ll/p + 2[|yr+1 — yill

@)
< Cliye = yr—all/p+(C/p+ C + 2)l[yrs1 — will- (83)

We utilize these inequalities to show (8I)) by induction.
K +1: Through (80), (82)), (B3], the following holds

lzx1 = 27| < llzresn = 2l + 1250 — 27|

3
< Cllyg —yr-1ll/p+ (C/p+C+2)llyx+1 — yxl| + |25 — 27|
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& /2¢C > hr—1 ED
< | —+C+2 — |z =" < 7
( p p/2—=C?/p Iz ==l

implying zx4+1 € B(z*,r). From the optimality conditions of (1)) and (72]),
0 € Vph(wi) + Ax—1 4+ plwg — yx—1) + 0llz, (wk)
= Al —pAyK S th(’w[()—l—)\}(—f—p(’w}( —yK)—i—GllZl(wK) (84)

0€ Vyp(yr) — Ax—1 + p(yx — wi ) + Oz, (yx)
—AXg € Vyp(yr) — Ax + plyx — wi) + 9z, (yx), (85)

where AAg 2 A — Ax—1, Ayr = yi — yx 1. So [84), (85) and the fact that

0H,(2x) = (Vuh(wk) + Ak + plwg —yx) + 01z, (wk))
x (Vyp(yx) — Ak + p(yx — wi) + 0z, (yx)) X (WK — Yr)

imply that OH,(2k) > (AXk — pAyk; —Ak; wk — Yk ) and

dist(0, OH,(2x)) < VIIAAK — pAyk[? + [ AAk |2 + lwx — yx]?
< 1AMk = pAyr || + AN + [l — yx||

(@)
< (1/p +2)[ ANkl + pll Ayl < (C/p +2C + p)|| Ayk || (86)
=) 2
— = Al 2 ) — ) = 900 (5 = ) e

(5 = D Ayral® @ (5 — Dl Ayral®  Coll Ayresa |2
dist(0,0Mp(2x))  — (S +2C + )| Ayx|| Ayl

, (87)

where AY(hg 1) 2 ¥(hit1) — ¥ (hi), the first inequality of (87) follows from
the concavity of ¢, and the third inequality is due to the KL inequality ¢’ (hx)
dist(0,0M,(zK)) > 1 because |zx — z*|| < r. Moreover, the KL inequality
indicates that dist(0,0H,(zk)) > 0, thus || Ayx|| > 0 by (84]). Therefore, the
inductive hypothesis holds for K + 1. Assume that it holds for K + 2,...,k

and consider k + 1.
k + 1: We begin by showing that:
whi) (wlhe) |y [ hr
Co Co p/2=C?/p
Combining inductive hypothesis 8] for K + 1,..., k, we have that
Hszrl yill®
Y(hi) —Y(hik) > Co
Z Hyz Yi— 1||

h h ; 2 k—1
—, V) — () Zn% vl > (Z lyeer =il ) (Zm—yi_u)
1=K

1/2

k—1
3 1 | ¢(hk)
. — < =
= Hyl"rl yZH — 2 CO +

(88)

Hyz Yi— 1”
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—

. (k-1 2
> (Z lyi+1 — yz|>

i=K

k—1 2 W(hi) k—2
K
— (Zwm%n) <G > lyirr — will

=K i=K—-1

k—1

hK
Z lyi+1 — will

1=K—1

-1
( [ Ayipall + IAyKH)

k—1 h
Ai _ K-l

1=

@

<

B2 ¢
<

where () holds because of Holder’s inequality. If = £ Zf:;( lyis1 —vill, C1 =
%f), and Cy £ w(go’{) £/ p/;lfcé/ , then the above inequality is equivalent to

—Ciz—C <0 = z < %(Cl + \/012+4C’2). This is exactly (BS).

Therefore,

k
lzier = 25 < D llzin — il
=K
@ zk: (M_,_( +C+2> |y'+1—y'|)
T = p/C

k-1
c —Yk— 2C
— M+ Z <7+C+2) lyisr — il

i=K

C
N (; L 2) "

EED) (20 hic 1 c C
< (= 2) o El (2T 1) (¢ /2 +ac
- (p+c+> p/202/p+(p+2+)(1+ o 2)

. .. ED
= |lzbt1 = 2°|| < llzwsr — 2kl + llze — 27| <

Thus, zx+1 € B(z*,r). Since z, € B(z*,r), the KL inequality holds for zx, and

in a fashion similar to (8T), we obtain that ||yx —yk—1] > 0 and % <

Y(hg) — ¥(hk41), completing the proof of the inductive hypothesis. By the
hypothesis, (88) holds for k¥ > K + 1. This indicates that Z;;Of( lyitr —will <
+o00, implying that S°7°% [|yit1 — yil| < +oo.

(v). From (iv) and by recalling that |[Ag+1 — Akl < Cllyg+1 — yi|| for k suf-
ficiently large, we have that {y;} and {\;} are Cauchy sequences, convergent
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*

to y* and A\*, respectively. Since wy, —yr, — 0, {wy} also converges to w* = y*.
By Proposition Bl (w*,y*, A*) is a KKT point. 1

Remark 8 (i). To derive convergence of the sequence, we leverage the KL prop-
erty of H,. When p(y) is semialgebraic [I, Sec. 4.3], H,, is a sum of semialge-
braic functions and is therefore semialgebraic. Then the result follows from [Il
Sec. 4.3] whereby a semialgebraic function £ satisfies the KL property at every
point in dom(9L).

(ii). If we cannot invoke the KL property to show convergence of {(w, yk, A\k)},
we may merely conclude that any cluster point of {(wy,yr, Ai)} satisfies first
order KKT conditions of (). The proof is similar to Proposition [ thus omit-
ted.

(iii). Boundedness of {yx} holds by assuming compactness of Z (obtainable
by adding constraints z7 < ubt, 2™ < ub™).
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