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A SUBGRADIENT-BASED APPROACH FOR FINDING THE
MAXIMUM FEASIBLE SUBSYSTEM WITH RESPECT TO A SET

MINGLU YE * AND TING KEI PONG f

Abstract. We propose a subgradient-based method for finding the maximum feasible subsys-
tem in a collection of closed sets with respect to a given closed set C' (MFS¢). In this method,
we reformulate the MFSo problem as an £y optimization problem and construct a sequence of con-
tinuous optimization problems to approximate it. The objective of each approximation problem
is the sum of the composition of a nonnegative nondecreasing continuously differentiable concave
function with the squared distance function to a closed set. Although this objective function is non-
smooth in general, a subgradient can be obtained in terms of the projections onto the closed sets.
Based on this observation, we adapt a subgradient projection method to solve these approximation
problems. Unlike classical subgradient methods, the convergence (clustering to stationary points)
of our subgradient method is guaranteed with a nondiminishing stepsize under mild assumptions.
This allows us to further study the sequential convergence of the subgradient method under suitable
Kurdyka-Lojasiewicz assumptions. Finally, we illustrate our algorithm numerically for solving the
MFS¢ problems on a collection of halfspaces and a collection of unions of halfspaces, respectively,
with respect to the set of s-sparse vectors.
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1. Introduction. Let {C, Dy,..., Dy} be a collection of finitely many nonemptyl}

(possibly nonconvex) closed sets in R™. We consider the problem of finding the maz-
imum feasible subsystem with respect to C (MFS¢):

max #(I)
(1) st. CN(er Di #0,
Ig {1,...,771,}7

where #(I) stands for the cardinality of the index set I. The above problem is a
natural generalization of the widely studied problem of finding the mazimum feasible
(linear) subsystem (MF¢S), which is just (1) with C = R™ and D, being halfspaces
and is known to be NP hard; see [11]. The MF{S problem finds applications in many
different areas such as image and signal processing [3], operations research [1,2], ma-
chine learning [4] and linear programming [12-14], and various solution methods have
been proposed. Many of these methods are based on integer programming techniques
and exploit explicitly the fact that each D; is a halfspace and C' = R"; see, for
example, [19-22] and references therein. For instance, the recently proposed branch-
and-cut method in [22] builds on the classical branch-and-cut approach for integer
programming: it exploits the duality between MF/S and the problem of finding the
minimum irreducible infeasible subsystem (IIS) cover, and makes use of the structure
of a special kind of polytope to identify IIS covers; see Sections 3.1 and 3.2 of [22].
Thus, when it comes to the MFS¢ problem (1), it is not clear whether the method
in [22] and other existing methods for the MF¢S problem can be readily generalized
to solve (1) for general sets C and D;, which are possibly nonconvex.
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In this paper, we develop a new approach for approximately solving the MFS¢
problem (1). Our method takes advantage of the recent advancement in ¢y mini-
mization such as [26], and is based on the observation that the MFS¢ problem (1) is
equivalent to the following nonlinear programming problem with an £y objective:

(2) mm Do (x Z |d2

where |-|o is the £o norm." In our approach, as in [26], we approximate the £y norm in
®y by a sequence of continuous functions. We show that if the sequence of continuous
functions {¢, } is chosen in such a way that it is both epi-convergent and pointwise
convergent to the £y norm, then the sequence of functions

3) D, (2) = Z ¢, (dD, (7))

epi-converges and pointwise converges to ®,. We then explore how to minimize &,
over C, under further differentiability and concavity assumptions on ¢, (see Section 4
for the assumptions and concrete examples of {¢, }). Notice that the function ®,,
though continuous, is still possibly nonsmooth in general: this is because the function
T d3 .(z) is differentiable if and only if D; is convex. Fortunately, a subgradient of
the squared distance function to D; can be obtained in terms of the projections onto
D;. We thus propose a subgradient projection method for minimizing the ®., in (3)
over C'. Surprisingly, we are able to show that the projected subgradient direction is
indeed a descent direction. This enables us to incorporate the standard nonmonotone
line-search scheme to empirically accelerate the algorithm. Moreover, under mild
assumptions on the collection of closed sets, we show that the stepsizes used are
uniformly bounded away from zero and that any accumulation point of the sequence
generated by our subgradient projection method is a stationary point of @, + d¢.
Based on these and some suitable Kurdyka-Lojasiewicz (KL) assumptions, we further
show that the whole sequence generated by our method (with monotone linesearch)
for minimizing the ®., in (3) over C' is convergent to a stationary point of ®., + d¢
when each D; is convex or C' = R™. We also establish a relationship between the
different KL assumptions considered. Finally, we perform numerical experiments on
(1) under two different scenarios: we consider C' being the set of s-sparse vectors,
and {Dq,..., Dy} being either a collection of halfspaces or a collection of unions of
halfspaces. Our experiments on random instances show that our approach is able to
identify a reasonably large feasible subsystem with respect to C' in a reasonable period
of time, even for large-scale problems.

The rest of this paper is organized as follows. We introduce notation and pre-
liminary materials in Section 2. An approximation scheme for solving (1) based on
approximately minimizing a bunch of ®., in (3) over C is introduced in Section 3.
We then propose and study in Section 4 a subgradient method for minimizing @,
in (3) over C and show that the sequence generated clusters at a stationary point of

IThis equivalence can be easily deduced by noting that if I. solves (1), then the solution set
of (2) is C N (s, Di, and that if z* solves (2), then a solution I. of (1) is given by I. = {i :
dist(z*, D;) = 0}.

2As a corollary, under mild assumptions on the collection of closed sets, we establish that the
sequence generated by the averaged projection method clusters at stationary points of a suitable
potential function; see Corollary 4.5.
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®,, + 0c under mild assumptions on the collection of closed sets and some further
differentiability and concavity assumptions on ¢, . Sequential convergence is studied
in Section 5 under additional KL assumptions. Finally, numerical experiments are
presented in Section 6.

2. Notation and preliminaries. We let R™ denote the m-dimensional Eu-
clidean space and let (-, -) and || - || denote the standard inner product and the induced
norm, respectively. The nonnegative orthant and positive orthant are denoted by R’}
and R, respectively. For an x € R", we let |z||o denote the o norm of z, and let
B(z,r) denote the closed ball centered at x with radius r. Moreover, for an s € R,
we use |s]p to denote its £y norm and [s]4 := max{s, 0} to denote its positive part.

Let C' C R™ be a nonempty closed set. We let Po(x) denote the set of projections
of a vector x € R™ onto C: this set is always nonempty, and is a singleton when C' is
in addition convex. The distance to C from z is denoted by dist(x, C) or d¢(z), and
we use C™ to denote the horizon cone of C, which is defined as C* := {z : J 2’ €
C, A | 0 with ;o' — 2}.° Finally, we let dc denote the indicator function of C,
which is defined as

0 ifx € C,
dc(z) = {

+o0o  otherwise.

For an extended-real-valued function f : R"™ — [—o00, 0], we let dom f := {z €
R™: f(z) < oco}. Such a function is said to be proper if dom f # @ and f is never
—o0, and is said to be closed if f is lower semicontinuous. For a proper closed function
f, the regular subgradient and (limiting) subgradient [24, Definition 8.3] at a point
T € dom f are defined respectively as

9f(z) == {v; liminf L&) /@) = e =) zo},

T—T, TET Hl‘—i‘”

of(z) = {v c 32t Lz and ot € df (2') with v — v},

where 2 L5 7 means both z* — 7 and f(zt) = f(z). We define 0f(z) = df(z) = 0
whenever z ¢ dom f by convention, and write domdf = {z € R" : Jf(x) #
@}. Clearly, we have 5f(i‘) C 9f(x). Tt is known that Jf reduces to the classical
subdifferential in convex analysis if f is in addition convex [24, Proposition 8.12], and
we have 0f(z) = {Vf(x)} if f is continuously differentiable at . We also define
the normal cone of a nonempty closed set C' at x € C as N¢(z) = 0dc(z). Finally,
for a positive number v, we denote the set of v-minimizers of f by v-argmin f, i.e.,
v-argmin f := {z : f(z) < inf f + v}. The set of minimizers of f is denoted by
argmin f.

We next recall the Kurdyka-Lojasiewicz (KL) property, which is an important
property for analyzing convergence of first-order methods; see, for example, [5-7].
For notational simplicity, for any v € (0, 00], we let =, denote the set of continuous
concave functions ¢ : [0,v) — Ry that are continuously differentiable on (0,v) with
positive derivatives and satisfy ¢(0) = 0.

DEFINITION 2.1 (KL property & KL function). Let f be a proper closed
function. We say that f satisfies the Kurdyka-Lojasiewicz (KL) property at & €

3We recall from [24, Theorem 3.5] that C> = {0} if and only if C is bounded.
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dom Of if there exist a neighborhood N of &, v € (0,00] and a ¢ € =, such that

(4) ¢'(f(x) — f(2)) dist(0,0f(x)) > 1

whenever x € N and f(2) < f(z) < f(&) +v. If [ satisfies the KL property at
# € domdf and the ¢ in (4) can be chosen as ¢(s) = cs'=? for some 6 € [0,1) and
c> 0, then f is said to satisfy the KL property at & with exponent 6.

A proper closed function f is called a KL function if it satisfies the KL property
at every point in domdf, and is called a KL function with exponent 6 € [0,1) if it
satisfies the KL property with exponent 6 at every point in domdf.

It can be shown that the KL property is satisfied by a large class of functions,
including all proper closed semialgebraic functions. Indeed, it is known that proper
closed semialgebraic functions are KL functions with exponent 6 for some 6 € [0, 1);
see, for example, [6, Section 4] and references therein. We next recall the following
lemma concerning a uniformized KL property, first proved in [10, Lemma 6]. It
was used there for establishing convergence of first-order methods for level-bounded
objective functions.

LEMMA 2.2 (Uniformized KL property). Let Q be a compact set and f be
a proper closed function that satisfies the KL property at every point in  and is
constant on 2, say, equals l.. Then there exist € > 0, v € (0,00] and a ¢ € E, such
that

&' (f(x) — 1) dist(0,0f(x)) > 1

whenever dg(x) < € and I, < f(z) <l +v.

Finally, we prove that a certain sequence of function is equi-Isc. This will be used
in Section 3 to construct an explicit example of sequence {®.,} (as in (3)) that epi-
converges and pointwise converges to @q in (2). We first recall the following definition;
see [24, Page 248|.

DEFINITION 2.3. Let {fi} be a sequence of functions. We say that { f} is equi-lsc
at xq if for every € > 0 and p > 0 there exists § > 0 such that

fi(x) > min{ fr(zo) — €, p} for all t and ||z — ]| < 0.

We say that {f;} is equi-lsc on R™ if {f;} is equi-lsc at every point xy € R™.

LEMMA 2.4. Let {e;} be a decreasing positive sequence with €; | 0 and define
@, (s) =1 — 22Uslter) Then the sequence of functions {¢.,} is equi-lsc on R.

log et
Proof. We prove by contradiction. Let so € R. Suppose that {¢, } is not equi-lsc
at sg. Then we see from Definition 2.3 that there exist ¢y > 0, pg > 0, a sequence
{t;}, and a sequence s; — so such that

(5) Pe, (sj) < min{goetj (so) — €0, po} for all j.

If there exists N such that t; < N infinitely often, by passing to a further sub-
sequence if necessary, we may assume that ¢t; = Ny for some integer No. But this
together with (5) contradicts the continuity of Pen, At So.

Thus, we must have ¢; — co. We then consider the following two cases:

(a) Suppose that sg # 0. Then clearly lim;_, o Pe, (sj) =1and lim;_, Pe, (so) = 1.

Hence, we have lim; o @c, (sj) > lim; o0 Pe, (so) — €o- This contradicts (5).
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(b) Suppose that so = 0. Using the facts that ¢, | 0 and s; — so = 0, we conclude
that there exists a positive integer N such that 0 < e; < €y + |sj| < 1 for all
J > N, which further implies log(e;,) < log(es; + |s;]) < 0 for all j > N. Thus,

% for all j > N, and hence liminf; , ¢, (s;) = 0. On

the other hand, we have Pe, (so) — €0 = —€p < 0 for all j. This contradicts (5).

we have 1 >

This completes the proof. 0

3. An algorithmic framework for the MFS+ problem. In this section, we
introduce an algorithmic framework for solving the MFS¢ problem (1). Our approach
is to solve the equivalent reformulation (2). We construct a sequence of approximation
problems with continuous objectives, and solve those approximate problems succes-
sively to approximate the original £y optimization problem in (2). A similar approach
was previously used in [26] for solving ¢y, minimization problems to find sparse solu-
tions of linear systems.

Our algorithm, which is an epigraphical approximation scheme for the MFS¢
problem (EAS,s,. ), is presented below as Algorithm 1.

Algorithm 1 Epigraphical approximation scheme for MFS¢c (EASys,.)

Step 0. Choose a sequence of continuous functions {®, } that is epi-convergent and
pointwise convergent to ®;. Choose #° € R™. Let k = 1.
Step 1. (a) Find an approximate minimizer ¥ of ®., + dc by an iterative algorithm
initialized at Z%~!.
(b) If a termination criterion is not met, set k < k + 1 and go to Step 1(a).

In EASyes,,, we first construct a sequence of continuous functions {®., }. How-
ever, different from the literature, we require the sequence of functions to be both
epi-convergent and pointwise convergent to ®q in (2); see [24, Chapter 7] for the defi-
nition of epi-convergence. Then, in each iteration of our algorithm, we approximately
minimize ®., + Jc and use the approximate minimizer Z* as an initial point for min-
imizing ®.,,, + dc. It can be shown that if * € yp-arg min(®,, + d¢) with v, | 0,
then any accumulation point of {#*} is a minimizer of (2); see [24, Theorem 7.46(a)]
and [24, Theorem 7.31(b)].

In order to make use of EASyrs,., we need to specify how to construct the sequence
of continuous functions {®,, } and how to solve the corresponding subproblem. We
postpone the discussion of the subproblem to the next section. In the remainder
of this section, we discuss how the sequence of continuous functions {®., } can be
constructed. We start with the following theorem, which suggests a simple way of
constructing such a sequence.

THEOREM 3.1. Let {@e, (1)} be a sequence of continuous functions on R that
is both epi-convergent and pointwise convergent to | - |o on R. Define @, (x) :=
it @e (A (). Then {®, } is both epi-convergent and pointwise convergent to ®g
in (2).

Proof. We start by showing that for each i, the sequence of functions {¢., (d3,,())}
epi-converges to |d3, (-)[o. In view of [24, Proposition 7.2], it suffices to show that, for
each ¢ and x € R", it holds that

1ikm inf ¢, (d3, (z%)) > |d}, (2)|o for every sequence z" — z,
—o0 g

(6)

limsup ¢, (d3, (z¥)) < |d}, (z)]o for some sequence z* — z.
k—o0
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Since {p¢,(-)} converges pointwise to | - |, the second relation above holds trivially
for the constant sequence ¥ = z. On the other hand, consider any sequence z* — .
Then we have d3, (z*) — d3, (z). Using this together with [24, Proposition 7.2] and
the fact that {¢,, (-)} epi-converges to | - |, we conclude that the first relation in (6)
also holds. Thus, we have shown that {¢, (d}, (-))} epi-converges to |d, (-)]o.

Now, notice that {¢, (d3, (-))} also pointwise converges to |d7, (-)|o since {¢c, ()}
pointwise converges to | - |o. The desired conclusion now follows from these and [24,
Theorem 7.46]. This completes the proof. ]

Based on the above theorem, in order to construct the desired sequence {®., }
as required in EASyps ., it suffices to construct a sequence of continuous functions
{¢e,. ()} that is both epi-convergent and pointwise convergent to |- |p on R and define

®., accordingly. We now present some concrete examples of such {p,, }.

EXAMPLE 1. Let {e;} be a decreasing positive sequence with ey, . 0.

(a) Consider pc(s) =1— %, which appeared in [26, Example 2.3(i)]. We claim
that the sequence {@e, (-)} is both epi-convergent and pointwise convergent to |-|o.
First, it is routine to show the pointwise convergence. Also, we know from
Lemma 2.4 that the sequence {@e, } is equi-lsc on R. This together with the point-
wise convergence and [24, Theorem 7.10] shows that {¢, (-)} also epi-converges
to ‘ . |0.

(b) Consider ¢.(s) = \s||s+‘€ + €|s|, which is a modification of the function in [26,
Ezample 2.6]. We claim that the sequence {p., (-)} is both epi-convergent and
pointwise convergent to | - |o.

Again, it is routine to show the pointwise convergence. Next, define @, 1(s) =
‘S|‘j‘|5k
converges pointwise to | - |o, and the sequence {@e, 2} is nonincreasing and con-
verges pointwise to 0. Thus, according to Proposition 7.4(c) and (d) of [24], we
see that {@e, 1(-)} epi-converges to | - |o, and {@e, 2} epi-converges to 0. Since
Cer, = Pep1 T Pe,,2, using the above observations and [24, Theorem 7.46], we
conclude further that {¢c(-)} epiconverges to |- |o.

and e, 2(5) = egls|. Then the sequence {@e, 1(-)} is nondecreasing and

Suppose a sequence {®, } satisfying the requirement of EAS,ss,, is constructed
as described in Theorem 3.1. Then subproblems in the following form have to be

approximately solved to obtain Z*:

(7) min Z(pek (d2 ().

zeC

This optimization problem is hard to solve in general. Indeed, even when ¢, is
chosen to be a smooth function, the objective function in (7) is still nonsmooth and
nonconvex in general if some D;’s are nonconvex. Thus, in the next section, we
will restrict our attention to a special class of {¢, } and discuss how to solve the
corresponding problem (7) efficiently.

4. A subgradient method for subproblems in EAS,;s_. In this section,
we propose an algorithm for solving the subproblem in Step 1(a) of EASys,, in the
form of (7) for a large class of choices of ¢.. Specifically, let © denote the set of
level-bounded continuous concave functions 1 : Ry — R, that satisfy the following
properties:

1. 1) is continuously differentiable on R, with positive derivative and ¥ (0) = 0;
2. limg o ¢'(s) exists and is positive, and ¢, is Lipschitz continuous on R .
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We consider problems of the following form, for a function ¢ € O:

(8) min U(x Zw (dB, (

zeC

We would like to point out that the assumption ¢» € © in (8) is general enough to

cover the subproblems that arise in Step 1(a) of Algorithm 1 for the two classes of
log(|s|+e)
loge

functions studied in Example 1: p.(s) = i ‘|+6 +els|, € >0, and pc(s) =1—

€ (0,1). Indeed, for ¢.(s) = “SJlrE + €|s], € > 0, the corresponding subproblem (7)
takes the form of (8) with ¥(s ) = 4 +es; clearly, ¢ € ©. On the other hand, for

@c(s) =1— 2889 "¢ ¢ (0, 1), the subproblem (7) becomes

loge
R [ log(db, () +¢)
min l1-—-
weC log e

Since € € (0, 1) so that —loge > 0, the above problem is equivalent to

m
min Y [log(d, (z) +¢€) — loge],
zeC P °
which takes the form of (8) with ¥(s) = log(s + €) — loge; it is routine to check that
P € 0.

Notice that (8) is a nonconvex nonsmooth problem in general, and it is not ob-
vious at first glance what algorithm should be applied for solving such a problem.
However, in the special case when D;’s are all convex, the functions x +— dzDi (z),
i =1,...,m, are smooth, and (8) can be solved by the classical gradient projection
algorithm. This method can be applied efficiently when the projections onto C' and
D;’s can be computed efficiently, because the gradient of ¥ can be computed in terms
of projections onto D;’s:

m

(9) V¥(z) =2 Z V' (dp, (2))[x — Pp, ()].

In the general case when D;’s are possibly nonconvex, the function ¥ is not everywhere
differentiable in general. Nevertheless, we still have 2¢, (d3, (x))[x—¢&] € d(¢od7, )(x)
whenever £ € Pp, (x)," and the element 2¢, (d7, (z))[z—£] can be computed efficiently
if a projection onto D; can be obtained efficiently. Thus, mimicking the framework
of gradient projection algorithm, we propose a subgradient projection algorithm with
nonmonotone linesearch for solving (8), in which V¥(z) is replaced by an element in
Yoo d%)(m) Our algorithm, known as subgradient projection algorithm with
nonmonotone linesearch (sGP;), is presented below as Algorithm 2. Even though this
is a subgradient type algorithm, surprisingly, we can show that the linesearch can be
terminated after finitely many inner iterations (i.e., the linesearch is well defined), and
that the stepsize sequence {«;} in the algorithm has a uniform lower bound (under an
additional assumption on the collection of closed sets; see Theorem 4.3 below), unlike
classical subgradient methods (see, for example, [9]).

We first establish the well-definedness of the linesearch procedure in sGP;4, which
is an immediate consequence of the following proposition. For notational convenience,

4This can be proved using the definition of subdifferential, [24, Example 8.53] and v € ©.
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Algorithm 2 Subgradient projection algorithm with nonmonotone linesearch (sGP;s)
for (8)
Step 0. Choose max > @min > 0, 7 € (0,1), 0 > 0 and an integer M > 0. Set t =0
and pick an 2° € C.
Step 1. (a) Choose oY € [min, Vmax] and set a = o?. Pick any ¢! € Pp,(z?) for
1=1,...,m. Set

(10) g" =23 Vi(dp,(a")(" — &)
i=1
(b) Choose any
~ . t t 1 t)12
(11) ueargmln{<g,u—x>+||u—x| }
ueC 2c
(c) If
; o
~\ N < g — t)2
(12) W@ - mex W) < -Gla- o,

go to Step 2. Otherwise, update a < na and go to Step 1(b).
Step 2. Let ay := o, 't := @ and go to Step 1.

given x € C and &; € Pp,(x) for all i, for each o > 0, let @(«) denote a minimizer of
the problem

1
13 i —z) 4 —|Ju—z|?
(13) mit {g,u — ) + o~ flu — 2|,

where g := 23", ¢, (d}, (x))(x — &).
PROPOSITION 4.1 (Sufficient descent). Let ¥ be defined in (8) with ¢ € O,

x € C and & € Pp,(x) for all i. Let o > 0 and @(w) be defined in (13). Then there
exists B > 0 so that

(14) U(i(a)) — ¥(z) < (-é + ngd%i (x))) la(a) — =2

Indeed, one can take = a when C is in addition convex and set = 2« otherwise.

Proof. Since 1) is concave and ¢/, is continuous on R, we see that

W(a(a) < S {u(dd, (2) + 4 (dD, (2))d3, (a(a) — d3, (2)]}
(15) o
= W(@) + Y U (d, (@) [dh, (i() - d, (2).

Next, from the definition of distance function, we see that, for each fixed 1,

dp,(z) = [l2l* - 2hi(=),
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where h;(z) := sup{(z,y) — %||y||> : y € D;}. Notice that h; is finite everywhere and
is the pointwise supreme of affine functions. Thus, h; is a continuous convex function
and one can check directly from definition that Pp,(z) C 0h;(z). Then we have

NE

Vi (dD, (@))]dD, (i(a)) — dp, ()

.
Il

MS =

W' (dD, (@) {la)|* = ll=]* — 2(hs(a(e)) — hi(2)]}

(16) i=1

<

W (dp, (@) [la)|* — [lzl* = 2(&;, @) — )]

I

Il
-

?

= (g,a(a) —2) + Y _ ¢ (dp, (@)]ale) — ],

i=1

where the first inequality holds because v, > 0, h; is convex and §; € Pp, (x) C Oh;(x
and the last equality holds because of the relation || ()| — ||z]|? — 2(&;, 4(a) — x) =
|la(a) — z||* + 2(z — &;, @(a) — x) and the definition of g in (13).

Now, using the definition of 4(«) as a minimizer of (13) and the fact that = € C,
we see that (g, %(e) — z) + 5=||@(a) — z||*> < 0. Combining this with (15) and (16),
we see that (14) holds with 8 = 2a.

Finally, suppose C is in addition convex. Then the function f(u) := (g,u — z) +
5 |lu—x||2+ 8¢ (u) is strongly convex with modulus 1. Using this and the definition of
() as a minimizer of (13), we see that f(z)— f(@(a)) > 5= |@(e) —z||*. Rearranging
terms, we have

(9.8(0) — ) < — () >

This together with (15) and (16) implies that (14) holds with 8 = a. This completes
the proof. ]

Using Proposition 4.1, it is then routine to show the well-definedness of the line-
search procedure in sGP;.

COROLLARY 4.2 (Well-definedness of linesearch). Let ¥ be defined in (8)
with ¥ € O and suppose that the sGPy is applied for solving (8). Then, in each
iteration, the linesearch criterion in Step 1(c) is satisfied after finitely many inner
iterations.

We next show that the stepsize sequence {a;} generated in sGP;, for solving (8)
has a uniform lower bound under the additional assumption that C°° N (N, D) =
{0}.° We will also show that the sequence {z'} generated by sGP; is bounded and
any accumulation point is a stationary point of the function ¥ + 6 in (8). Here, we
say that T is a stationary point of ¥ 4 d¢ if

(17) 0€ Y [2¢/,(d},(2))(& — Pp,(2))] + No(@).

i=1

Note that if Z is a local minimizer of ¥ + ¢, then in view of [24, Theorem 10.1], [24,
Corollary 10.9], [18, Theorem 1.110(ii)] and [24, Example 8.53], one can show that Z
is a stationary point of ¥ + J¢.

5This assumption is satisfied if C' or any D; is bounded.
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THEOREM 4.3. Suppose that C> N (i, D) = {0} and let ¥ be defined in (8)
with ¥ € ©. Let {z'}, {au} and {€!}, i = 1,...,m, be the sequences generated by
sGPys. Then the following statements hold.

(a) The sequences {z'} and {€!}, i =1,...,m, are all bounded, and ir;‘(f) o > 0.

(b) It holds that tlim |zt — 2t|| = 0 and the limit tlim U(z') exists.
—00 —00
(c) (Global subsequential convergence) Any cluster point of {x} is a stationary
point of ¥+ 0¢.

Proof (a) We first note from (12) and a simple induction argument that ¥(z?) <

U(20) for all ¢t > 1. This together with the nonnegativity and level-boundedness of )

implies that the sequence {d7, (z*)} is bounded for each i = 1,...,m. Hence, there
exists M7 > 0 such that '

(18) 2" — &t = dp,(z") < M, for all t and all 4,

where the first equality holds because & € Pp, (z?).
Now, we claim that the sequence {z'} is bounded. Suppose to the contrary that
{z'} is unbounded. Then there exists a subsequence {z'i } such that lim ||z% | = +o0.
j—00
By passing to a further subsequence if necessary, we may assume without loss of
t
generality that ||z ]| # 0 for all j and lim;_, o 5 TS = d for some d. Then ||d| =1

and we also have from the definition of horizon cone that d € C*°. Next, dividing
|zti]| from both sides of (18), we see that

5?1 i

[t ]t |

0§’

| _ e —at) _

= st

t.

J
Passing to the limit in the above inequality, we see that limg_ oo HE ) = = d for each i.

Using this together with the definition of horizon cone of D and the fact 5? e D,
for all ¢ and j, we conclude further that d € (-, D°. Since we also have ||d|| = 1
and d € C*, this contradicts the assumption that C* N (-, D° = {0}. Thus, the
sequence {z'} is bounded. In view of (18), we see that {£!} is also bounded for all 1.

Next, we show that inf;>g a; > 0. We first note from (18) and the positivity and
continuity of ¢/, on R, that there exists My > 0 so that 0 < 1/)+(d2 (a')) < My for
all t and . Using this fact and applying Proposition 4.1 with x = x* and & =¢& we
see that

i) - ¥(o') < (-5 +mdt ) (o) - o

where %(a) is defined as in (13) with * = z* and g = ¢* defined in (10), i.e., @(«)
is a minimizer of (11) in the t-th iteration. Thus, the linesearch criterion (12) is
satisfied if o < (2mMs + 0)_1. Hence, using the definition of oy, we must have either
ay = a > amin (if o < (2mMy + o)™t or ap > n(2mM; + o)~!. Consequently, it
holds that inf;>0 oy > min{amin, n(2mMs + o)~} > 0.

(b) This can be proved similarly as in [25, Lemma 4].

(c) Let x* be a cluster point of the bounded sequence {z'} and let {z%i} be a
convergent subsequence with limit z*. Since {£!} is also bounded for all 4, by passing
to a further subsequence if necessary, we may assume without loss of generality that,
for each i =1,...,m, 5? — & for some £F. Next, using the definition of 2571 as a
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minimizer of (11) when a = ay;, we see that

(19)  0€2> ¢ (d (%)) (ah — €9) + — (2t — ath) + No(at*).

Q.
i=1 tj

Notice that ¢/, (d%, (-)) is continuous, Jim |#+! — zt|| = 0 according to (b) and {1}
v — 00 t

is bounded according to (a). Then, passing to the limit as j — oo in (19), we have

m
0€ > [2¢/,(dh, (z")(@" — &) + Ne(a).
i=1
To complete the proof, it now remains to show that, for each i, £ € Pp,(x*). To this
end, we first note that £ € D, because D; is closed and {5?} C D;. In addition, we
we have dp, (z*) = ||z*—£&}|| because dp, (z'7) = ||z%7 —£|| (thanks to £ € Pp, (¢17)).
Thus, we conclude that & € Pp,(z*) and this completes the proof. a

Before ending this section, as a little digression and an immediate application
of Theorem 4.3, we discuss global convergence of the averaged projection algorithm.
Averaged projection algorithm is a popular algorithm for finding a point of intersection
of several nonempty closed sets D1,...,D,,. In this algorithm, we initialize at an
29 € R™ and update

1m
20 e =N Py (ah).
(20) T m; D; (")

When each D; is convex, the above algorithm is just the proximal gradient algorithm
applied to ﬁ > dZDi (x) with constant stepsize 1, and its convergence is well known.
However, the global convergence of the above algorithm is unknown if D;’s are non-
convex: only local convergence was proved recently in [15] under suitable regularity
assumptions.

We next show that the averaged projection algorithm (20) is a special case of
sGP;; when C' = R" and ¢(s) = =, which clearly belongs to ©. Hence, we obtain as
an immediate corollary of Theorem 4.3 that the averaged projection algorithm (20)
is globally subsequentially convergent when (-, D = {0}.

PROPOSITION 4.4. Suppose that C' = R", 1(s) = = and let VU be defined in (8).
Let f = % forallt and 0 < 0 <2 in sGPs. Then the sGPs reduces to the averaged
projection algorithm.

Proof. 1t suffices to show that z* = L 3" | £%in every iteration of sGP;, under

the assumptions. To this end, we first apply Proposition 4.1 with z = 2% and &; =
and invoke ¢/, = % to obtain

t
79

T(a(0.5)) = U(z') < (=2 + 1]a(0.5) — 2'|* < —gllﬂ(0-5) —at||?,

where () is defined as in (13) with z = 2! and g = ¢* defined in (10) (i.e., @(«)
is a minimizer of (11) in the ¢-th iteration.), and the last inequality holds because
0 < o < 2. This implies that @(0.5) satisfies (12) and hence z!*! = @(0.5). Using
this, the first-order optimality condition of the subproblem (11) with v = 0.5 and the
fact that C = R™, we see further that 0 = g* + 2(z'™* — 2!). Thus

m

1 1 & 1
UAE N S S T t_ ety & t
st mat- (L3 < e

i=1
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where the second equality follows from (10) and the fact that ¢, = L on R,. This
completes the proof. 0

COROLLARY 4.5. Suppose that (-, D = {0} and let {z'} be the sequence gen-
erated by the averaged projection algorithm (20). Then the sequence {z'} is bounded,
lim; oo |21 — 2t = 0 and any cluster point of {x'} is a stationary point of ¥ + d¢
in (8) with (s) = = and C = R".

5. Global sequential convergence of sGP;; with M = 0. In this section,
we study convergence of the whole sequence generated by sGP;s with M = 0 for
solving (8). We consider two cases in Sections 5.1 and 5.2, respectively: (1) each D;
is convex; (2) some D;’s are possibly nonconvex and C' = R™. We establish global
convergence of the whole sequence generated by sGP;s; with M = 0 in these two cases
by assuming KL properties of suitable potential functions. Then, in Section 5.3, we
discuss a relationship between the KL properties used in Section 5.1 and Section 5.2.

5.1. Global sequential convergence of sGP;; with M = 0 for convex
D;. In this subsection, we assume that each D; is convex, but C can still be possibly
nonconvex. We show in the next theorem the global convergence of the whole sequence
generated by sGP;s with M = 0 under the assumption that ¥ + d¢ is a KL function.

THEOREM 5.1. Suppose that each D; is conver, C*N(\;~, D = {0} and ¥+ ¢
is a KL function, where W is defined in (8) with ¢ € ©. Let {x'} be the sequence
generated by sGP;s with M = 0. Then {x'} is globally convergent to a stationary
point of ¥+ d¢.

Proof. In view of Theorem 4.3, it suffices to show that the sequence {z'} is con-
vergent. Since domd(¥ + d¢) = C thanks to the smoothness of ¥, and ¥ + d¢ is
a KL function by assumption, according to [7, Theorem 2.9], we only need to check
that {z'} satisfies the conditions H1, H2 and H3 there.

H1: Since M = 0 and {z'} C C, we sce from (12) that (') + & ||lz" ! —2f||? <
V().

H2: We need to check that for each ¢ there exists w'*! € (¥ + 6¢) (2t 1) so that
lwt Y| < b2ttt — 2t|| for some b > 0 independent of ¢.

To this end, we note first that 2'*! is a minimizer of (11) when a = ay. Hence,
we have —V¥(z") — L(a"*! —2") € No(2'"). Now, define

1
W= V(2 - VI (o) — — (2! - 2f).
Qi
Then we have w'™ € VU (z*1) + No(2t™1) = O(V + 6¢)(2'1), where the equality
follows from [24, Exercise 8.8]. On the other hand, note from (9) that V¥ is locally
Lipschitz because ¢/, is Lipschitz. Also, recall from Theorem 4.3(a) that {z'} is
bounded. Using these and the definition of w!™!, we conclude that

1 1
<G+)|ﬂ“—ﬂu
(&7))]

= | P9+ - 9w - L o
Qi
where c is the Lipschitz continuity modulus of V¥ on a compact set containing {z'},
and «p := inf;>¢ oy, which is positive thanks to Theorem 4.3(a). Thus, H2 holds.
H3: This follows from the boundedness of {z'} by Theorem 4.3(a), the continuity
of ¥ and the closedness of C. ]

Based on the assumptions of Theorem 5.1, it is now routine (see [6, Theorem 3.4]
for a similar analysis) to establish the local convergence rate of the sequence gener-
ated by sGP;s with M = 0 under the additional assumption that ¥ + d¢ is a KL
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function with exponent 6 € [0,1). In particular, an exponent of § = % implies local
linear convergence of the sequence generated. Thus, in the next theorem, we discuss
conditions on {C, Dy, ..., D,,} that will guarantee ¥ + é¢ to be a KL function with
exponent % Specifically, we assume that {C, D1,..., Dy} is a collection of closed
convex sets that is boundedly linearly regular. Recall that a collection of closed con-
vex sets {C, D1,...,D,,} is boundedly linearly regular if C N(/~, D; # 0 and for
every bounded set B, there exists ¢ > 0 so that

dist (x, an m Dl-) < emax{dc(x), max dp,(z)}

i=1

whenever x € B. It is known that when C' and D, are polyhedra with nonempty
intersection, then {C,Dq,..., Dy} is boundedly linearly regular; see [8, Theorem
5.6.2).

THEOREM 5.2. Suppose that C and all D;’s are conver and let U be defined in
(8) with ¢ € ©. If {C,Dy,---, Dy} is boundedly linearly regular, then U + 0¢ is a
KL function with exponent %

Proof. For notational simplicity, we write D = ()%, D;. We first show that the
set of stationary points of ¥ + ¢, denoted by X, is C'N D. Note that CN D C X
can be shown by a direct verification using the definition of stationary points in (17).
Conversely, suppose that T € X, i.e., it satisfies (17). Note that d%i is convex due
to the convexity of D;, C' is convex by assumption and ¢/, > 0 on R, . Hence, the
function z — Y7, [/, (dF, (Z))d}, (x)] + dc () is a convex function. Using this, (17)
and Vd}, (z) = 2(z — Pp,(x)), we see further that

S argminzwﬁr(d%i (2))dy. (zr) =CND,

zeC i—1

where the equality holds because ¢/, > 0 on Ry and C'ND # (). Thus, we have shown
that CND = X.

Since X = C N D = argmin(¥ + d¢), in view of [16, Lemma 2.1] and Definition
2.1, we only need to check that, for any fixed Z € C'N D, there exist positive numbers
c and 7 so that

dist(0, (¥ + 0¢)(x)) > c(¥(x) — \I/(:Tc))% whenever x € C NB(Z,r).

To this end, fix any Z € C'N D and any r > 0. Since ¢/, (d7, (-)) is continuous

on B(z,r) and ¢/, > 0 on R, we see that there exist v; and v such that 0 < v,

Y, (d}, (x)) < vy for all x € B(Z,7) and all i = 1,...,m. Now, define w;(z)
(@3, ()

ST LA, )

IA

. Then we have for all x € B(Z,r) that

(21) Z wi(z)=1 and min w;(z) >v:= 2.

=1 1<i<m mus
Let x € CNB(Z,r) and y € CN D. Since y € D; for each i, it follows that

(22)  (Pp,(z) — @,y — ) = (Pp,(z) — 2,y — Pp,(x) + Pp,(z) — ) > d, (),
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where the inequality holds because (Pp, (x)—z,y—Pp,(z)) > 0, which is a consequence
of the convexity of D; and the definition of Pp,(x). Now, for any ( € Ne(z), we have

Y wilw)dp, (x) < <Z wi(z)Pp,(z) — 2,y — :v>

i=1 i=1

= <Z wq(:c)PDZ(x)—I—<7y—$>+<<7y_x>

> wil@)Pp,(x) —2—¢

ly — =],

where the first inequality is due to (21) and (22), the second inequality holds because
¢ € Ne(z) and y € C. Taking infimum over y € CN D and ( € N¢(z) in the above
inequality and noting that

(T +6c)(x) =2 Z¢+ (db, ( [xZw r) + Ne(x )],
we obtain further that
Z ) < ¢1dist(0,0(¥ 4 d¢)(x)) - denp (),

1=1

where ¢; = (2mw;)~!. Using this together with the bounded linear regularity of
{C,Dy,--, Dy}, we see further that for any z € C N B(Z,r), we have

v max {dp (v)} < }_ wi(@)dp, (z) < e1dlist(0, (¥ + 3¢)(x)) - donp (@)
< codist (0, 3(\If+5c)( )) max {dp, ()}

<j<m
for some constant ¢y > 0, where the first inequality follows from (21), and the last
inequality holds because {C, Dy, -, D,,} is boundedly linearly regular and x € C.
Thus, we have for all x € C N B(Z,r) that

(23) max {dp, (x)} < %dist(o,a(\ll +5¢)(2)).

On the other hand, note that for any x € CNB(Z,r), we have Ponp(x) € B(Z,r)
since the projection operator is nonexpansive and z € C' N D. Moreover, note from
(9) that V¥(x) is locally Lipschitz because v, is Lipschitz. Thus, we deduce further
that for any z € CNB(z,r),

U(z) —¥(z) =¥(z) — Y(Penp(x))
< <V U(Pcnp(z)),z — Ponp(z)) + %Hw — Ponp(z)|?
_ dCﬂD( ) < %c3 max {d, (1)} < exdist?(0,0(0 + 50)(@))

where L is the Lipschitz continuity modulus of V¥ on B(Z, r), the first equality holds
because ¥(Z) = U(Penp(x)) = 0, the second equality holds because V ¥ (Ponp(x)) =
0 by direct computation, the existence of ¢z follows from the bounded linear regularity
of {C,Dy, -+ ,Dp} and & € C, and the existence of ¢4 follows from (23). This
completes the proof. 0



SUBGRADIENT-BASED APPROACH FOR MFSc PROBLEM 15

5.2. Global sequential convergence of sGP;;, with M = 0 for nonconvex
D;. In this subsection, we assume that C' = R™ but allow each D; to be possibly
nonconvex: note that the function dj, is not smooth when D; is nonconvex. We will
study global convergence of the whole sequence generated by sGP;, with M = 0 for
solving (8) in this case.

Our analysis below will be based on the following potential function:

m
(24) Mz, &, u) =Y [p"(w) —uillx — &% +6p,(&)] ,

i=1
where € = (&1, -+, &) € R™ with each & € R"™, u € R™, p is the convex function
defined by

s2 —1ls otherwise,

(25) o(s) = {—w(s> if s> 0,

with ¥ € © (see (8)) and [ := ¢/ (0) > 0, and p* is the convex conjugate. One can
show that

(26) P(s) = {—wﬁr(s) if s >0,

25 — 1 otherwise.

We then see immediately from (25), (26) and ¢ € © that p is a continuously differen-
tiable nonincreasing convex function on R and p’ is Lipschitz continuous on R.

We collect some essential properties of the potential function 2 that will be useful
in our subsequent analysis. First, fix any 2 € R™. For each 4, pick any &; € Pp,(z)
and define @; := p/(d}, ()). Then we see from (26) that

(27) U = p'(dp, (x)) = =9 (dB, () < 0.
From this, we deduce further that

(28) M(x, €, 1) = Z " (@) — tsd, (2)] = > [~ = U(z) >0,

i=1

where the first equality holds because & € Pp,(x), while the second equality fol-
lows from (27) and [24, Proposition 11.3]. Finally, using [24, Exercise 8.8] and [24,
Proposition 10.5], we have the following formula for the subdifferential of 9t at any
(z,& u) € R" x R™ x R™:

—2Zul &)

[—2%‘(& — )+ Np,(&)];2,
[0p (ws) — ||z = &l*] -,
We next bound the distance from the origin to 09 (x, &, u) along a certain se-
quence.

LEMMA 5.3. Suppose that (i, D° = {0}, C = R" and ¢ € ©. Let M be
defined in (24) and let {xt} and {E } i =1,...,m, be the sequences generated by
sGPy. Define, for each t, u' = [p'(d} (2'))]j%,. Then there exists ¢ > 0 such that
for allt > 0, we have

(30) dist (0, 09M(x, &%, u')) < ¢l — 2.

(29) OM(x, & u) =
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Proof. Since C' = R™ and x'*! is a minimizer of (11) when « = «, we have, using
the definition of u' and the expression of p’ in (26), that

1 - 1
0=g'+ — (@' —a') = =23 ui(a' = &) + —(@"" —a").
t i1 t

Combining this with (29), we deduce that
< 1
O M (2t €8 ut) = -2 ub(z! — &) = —— (2t — 2t).
g ) = 23! - g = - L )

Since o := inf;>¢ oy > 0 according to Theorem 4.3(a), we obtain further that
(31) dist(0, 9, M(z, &', u')) < a2t — 2F.

Next, recall that & € Pp,(z*), which implies z* — &! € Np, (&), thanks to [24,
Example 6.16]. Moreover, using the expression of p’ in (26) and the definition of
u' together with the assumption that ¢ € ©, we have —u} = —p/(d}, (z')) =
¢, (d}, (x")) > 0. Hence, —2uf(z' — &}) € Np,(&}). This together with (29) gives
0 € OeM(at, &, ub). Thus,

(32) dist(0, 9¢M(z", &F, u')) = 0.

Finally, since u{ = p/(d},, («")) implies d7, (z') € dp*(ul) according to [24, Propo-
sition 11.3] and note that & € Pp,(x'), we see that ||z — &!||? € 9p*(ul). This
together with (29) gives 0 € 9, (x?, &, u?). The desired bound (30) now follows
immediately from this, (31) and (32). 0

We are now ready to present our convergence analysis.

THEOREM 5.4. Suppose that (\;~, D° = {0}, C =R", ¢ € © and M in (24) is
a KL function. Let {x'} be the sequence generated by sGP;s with M = 0. Then {x'}
is globally convergent to a stationary point of V.

Proof. In view of Theorem 4.3, it suffices to show that the sequence {z'} is con-
vergent. We first note that maxp_ a7, <i<¢ U(z') = U(at) since M = 0. Using this
and (12), we have
(33) ML, € w1y — (et €, ut) = T(att) — U(at) < _%th-i-l e
where {£'} is generated by sGP;, and u! := [p’(d%i (z'))]™,, and the first equality
follows from (28) and the definitions of &, &', @ and u'.

Next, we note from Theorem 4.3(a) and the definition of u® that the sequence
{(z%, €%, ut)} is bounded. Let ©Q be the set of cluster points of {(x?, &', ut)}. Then Q is
nonempty and compact. We now show that 90 is constant on 2. To this end, we first
observe from (28) that M (zt, &%, ut) = W(z?!) for all t. This together with Theorem
4.3(b) implies that lim;_,o, M(z?, £, ul) = [, for some l,.. Now, take any (z*, &*,u*) €
Q. Then there exists a convergent subsequence {(z%, &% u'i)} converging to it. Using
(33), we have

Mz, €5, uls) < Mt €574 u ) = Tijats — o1

S Sﬁ(xt-f_l,ﬁtj_l,u*) _ %thj _ Z‘tj_1||2 S im(mtf_l,é*,u*) _ %Hl‘tj _ xtj_1||2,
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where the second inequality follows from the definition of {u'} so that u' is a minimizer
of u — M(zt, &, u), while the last inequality follows from the facts that 5? e
Pp,(z%~1) and that u! < 0 (so that u} < 0) for all 4. Passing to the limit in the
above inequality and invoking the definition of [, and Theorem 4.3(b), we deduce that

l, = lim OM(xb, &9, ub) < M(z*, &, u*).
j—o0

Since the converse inequality is an immediate consequence of the lower semicontinuity
of 91, we conclude that 9t = [, on €.

Now, the global convergence of {z‘} can be proved based on 9 = I, on the
nonempty compact set  C domd, (33), (30), Lemma 2.2 and the KL assumption
on M. The proof is routine (see, for example, [10, Theorem 1]) and we omit the proof
for brevity. 0

One can also establish local convergence rate of the sequence generated by sGP,
with M = 0 based on the assumptions of Theorem 5.4 and the additional assumption
that 9t is a KL function with exponent 6 € [0,1); we refer the readers to [6, Theo-
rem 3.4] for a similar analysis.

5.3. Relating the KL exponent of ¥ and 9t when C = R". Notice that
global convergence of the sequence generated by sGP;; with M = 0 was established
in Theorems 5.1 and 5.4 under two different KL assumptions. Theorem 5.1 studied
the case when each D; is convex and requires ¥ + ¢ in (8) to be a KL function, while
Theorem 5.4 studied the case when some D;’s are possibly nonconvex and C' = R"”,
and requires 2 in (24) to be a KL function. In this section, we study a relationship
between these two KL assumptions.

We start with the following lemma, which describes how 91 is related to the
stationary points of ¥ in (8) when C' = R" and each D; is convex.

LEMMA 5.5. Suppose that each D; is conver, C = R", U is defined in (8) with
Y € © and M is defined in (24). If 0 € OM(Z,&,u), then M(z,€,0) = ¥(T),
VU(z) =0 and

(1) D e &) =0, €= [Po, @)y and @ = [¢'(&(@ D)2y < 0.

Proof. We first, prove (34). Since 0 € O0M(z, €, @), we see from (29) that & € D;,
0 = 2111 ﬂi(i‘ — él), ||i‘ - £i||2 S ap*(’fbi) and —2’[11‘({? — EZ) S NDI(E’L) for each
i. Hence, the first relation in (34) holds. Also, combining ||z — &]|> € 9p*(u;)
with [24, Proposition 11.3], we obtain

(35) u; = p'(|lz = &ll*) <0.
Using this and —2%;(Z — &;) € Np,(&;), we have # — € € Np,(€;). This together
with [24, Proposition 6.17] and the convexity of D; implies that

& = (I + Np,)"'(z) = Pp,(z).
In particular, the second relation in (34) holds and ||z — &;||> = d%(Z, D;). Combining
this with (35) gives the third relation in (34). These prove (34).

~

Next, we deduce from (28), (34) and the definitions of £ and @ that M(z, €, u) =
U(z). Finally, from (34) and (26) we see that

0=> w(@—&) = p(d@ D)@~ Pp,(z)) =Y~ (d*(%, D)) (@~ Pp,(z)),
= i=1 i=1
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i.e., VU(Z) = 0. This completes the proof. O

We now present our analysis concerning the two different KL assumptions used
in Theorems 5.1 and 5.4. In our analysis below, we assume that each D; is convex,
C = R" and ¥ € ©. We also require in addition that v is strict concave on
R, . This latter assumption together with (25) shows that p is a strictly convex
continuously differentiable nonincreasing function on R. One can check that the
functions s — - +e€s, € > 0, and s — log(s +€) — log(e), € € (0,1), discussed in the
beginning of Section 4 are both strictly concave on R .

Under the additional strict concavity assumption on v, we see from [23, Theo-
rem 26.3] that p* is essentially smooth. Thus, dom dp* is open thanks to [23, Theo-
rem 26.1] and p* is indeed continuously differentiable at each u; € dom dp* in view
of [23, Theorem 25.5]. On the other hand, notice from (29) that (x, &, u) € dom OIM
implies u; € dom dp* for each i. Thus, if (z,&,u) € dom M, then p* is continuously
differentiable at u; for each i. In the next lemma, we establish some inequalities
concerning (p*)’ at some special points in dom 99M.

LEMMA 5.6. Suppose that each D; is convex, C = R™, ¢ € © and is strictly
concave on Ry, W is defined in (8) and M is defined in (24). Let 0 € OM(z, €, u).
Then there exist positive numbers €, L, & c¢; and ¢y so that whenever (z,€,u) €
dom OM N B((z, €, 1), €), the following inequalities hold:

(36) M, &,u) < V() + 5 D (b () — (07) () = 2w [l — &> — ()]
i=1 i=1
(37) LI(p") (u) — &, (@)] > g + 4, (D, (@))] for all i,

(38) |dD, (z) — (p*) (u)| <m™" and 0 < ||z — &|)* — dh, () <m™" for all i,
(39) —c<u; <0 and uf > ¢y for all i,

(40) inf || — 2w (& — z) + pil> > o1 (& — 2||* — dp, () >0 for all i,
Hi€ND, (&) ‘

(41) inf || = 2ui(& — @) + pil|* > || Pp, (x) — &l|* for all i.
Bi€ND, (&)

Proof. Since (z,€,%) € dom M, from the discussion preceding this lemma, we
see that there exists ¢g > 0 so that (p*) is continuous at w; for all i whenever
(z,€,u) € domdMNB((7,€,1), €).

Let (z,&,u) € dom dMNB((Z, £, @), €0) and define §; = (p*) (u;) for each 7. Then,
from [24, Proposition 11.3], we see that
(42) w; = p'(g;) and p*(u;) = —p(§;) + Psu; for each i.

Moreover, since p’ is Lipschitz continuous on R in view of ¢ € © and (26), we have

(13) o, () < i) + sl (2) — 1) + 5 (d, (@) — )%
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where L is the Lipschitz continuity modulus. Then we have

M(z,&, u) = Z [—uille = &l1* = p(3i) + Fiws)

i=1
= Z [—p(Fi) — ui(dh, (x) — i) — ui(||z — &> — d, ()]
<Y | plad, ) + 5 (o) = 02|+ S [l — € - (o)
= W)+ 5 D ldb, (@) () @l + Y () e — &l — ()],
i=1 1=1

where the first equality follows from the second relation in (42), the inequality is due
to (43) and the last equality follows from the definitions of ¥ and ;. Furthermore,
we deduce that for each i,

Jui + ¢ (dp, (@)| = |0’ (5) — ' (dp, (2))| < LIgs — db, (@) = L|(p*) (wi) — dp, ()],

where the first equality follows from the first relation in (42) and the expression
of p’ in (26), the inequality follows from the Lipschitz continuity of p’ and the last
equality follows from the definition of §;. Thus, (36) and (37) hold whenever (z, &, u) €
dom OM N B((, €, 1), €).

Next, note that (34) holds because 0 € 99(z, &, @). Then for each i, it holds that

(40 lim (0" () = (") (@) = (0°) (o (d, (2))) = dy, (@) = lim d,(x),
where the second equality follows from the last relation in (34) and the third equality
follows from [24, Proposition 11.3]. Moreover, we have for each ¢,

. 2 _ = FN2 — g2 (= 2
(45) e e [z = &l" = |z = &° = dp, (z) = lim dp, (2),
where the second equality above follows from the second relation in (34). In addition,
for any (x,&,u) € dom @9, we have &; € D; for all i and hence |z — &[> > df, ().
In view of this, (44) and (45), we conclude that one can further shrink ey so that (38)
also holds whenever (z,&,u) € dom O NB((z, &, %), €y). Now, recall that @ < 0 from
the third relation in (34). Thus, one can shrink €y further so that (39) holds true for
some positive numbers ¢; and ¢ whenever (z,&,u) € dom M N B((Z, €, %), €p)-

It now remains to prove (40) and (41). We first prove (40). Let (z,&u) €
dom OM N B((z,€, 1), €9). Fix any i. Then we have u; < —,/¢1 from (39) and hence

1 2
inf — 2u; (& — x) + wi||? = 4u? - inf ‘ = — ——
(46) MENDIE) | (& =)+ L piEND, (&) & 20, M
>ul- inf & — 2+ p)? > endist® (0,0f(€:))
Hi€ND, (&)

where f(-) := 3||-—|*+6p,(-). Since D; is convex, we see that f is a strongly convex

function with modulus 1. This together with Pp.(z) € D; and &; € D; gives

1P, () = S~ > {1, P, (2) &) + 51 Po, () ~ &l for all n € Of(&0).
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Multiplying the above inequality by 2 and rearranging terms, we obtain further that
2(n,& — Pp,(2)) 2 [|& — |* — | Pp,(z) — «|” + || Pp, (z) — &]]*.
This together with the relation [[n||* + [|& — Pp, (x)||* > 2|n[||€&: — Pp, (x)]| gives
Inl* = 1|& — z]|* — || Pp,(z) — z||* 2 0 for all 5 € df(&),

where the last inequality holds because &; € D;. This together with (46) shows that
(40) holds whenever (z,&,u) € dom 99 N B((7, &, 1), €).

Finally, we show that there exists € € (0, €] so that (41) holds whenever (z, &, u) €
dom OM N B((7, €,4), €). To this end, we first recall from the second relation in (34)
that & = Pp, (7) for each i. Moreover, recall also from [24, Proposition 6.17] that (I +
Np,)™! = Pp,, since D; is convex. Using these together with the nonexpansiveness
(and hence, Lipschitz continuity) of Pp,, we see that (I + Np,)~! has the Aubin
property at (z,&;). Hence, I + Np, is metrically regular at (£;,Z) thanks to [24,
Theorem 9.43]. Thus, there exist ¢; > 0 and k; > 0 such that

(47) ki||&i—(I+Np,) H(2)| < inf |lz—w;|| forall (z,&) € B((z,&),e).
w;€(I+Np,)(&:)
On the other hand, let (z,&,u) € domd9M N B((z,&, 1), o). Then, from (46), we see
that inf,, en, (6 || = 2ui(& — 2) + p]|? is bounded below by
c inf x—& —wl?=c inf x —w%
et [z — & — pill e e I I

Combining this with (47) and recalling that (I + Np,)~* = Pp,, we conclude that
(41) holds for some ¢z > 0 whenever (z,&,u) € domodM N B((z,&,a),€), where
e := min{¢; : 0 < ¢ < m}. This completes the proof. 0

We are now ready to prove the main theorem of this section.

THEOREM 5.7. Suppose that each D; is convex, C = R", b € © and is strictly
concave on Ry. If U in (8) satisfies the KL property with exponent 0 € [%, 1), then
M in (24) satisfies the KL property with exponent 6.

Proof. In view of [16, Lemma 2.1], it suffices to prove that 90 satisfies the KL
property with exponent 6 at all points (z,&,u) verifying 0 € 09 (z, &, u). To this
end, fix any (z,&,u) that satisfies 0 € 99(z, &, ). Notice that ¥ is continuously
differentiable because each D; is convex. Since W is also a KL function with exponent

0, we see that there exist positive numbers n and € such that
(48) nHV\I'(x)H% > U(x) — U(Z) whenever ||z —Z| <e

here, the condition on the bound on function values is waived by the continuity of
¥ and by choosing a smaller € if necessary. In view of Lemma 5.6, we can shrink
this € further so that (36), (37), (38), (39), (40) and (41) hold whenever (z,&,u) €
dom OM N B((z, &, 1), €).

Now, fix any (z,€&,u) € domdM N B((z,&,1),¢). By [16, Lemma 2.2] and a
suitable scaling, there exists c¢3 > 0 so that dist%(O, OM(z, &, u)) is bounded below by

(49) cs dist? (0, 0,9 (z, &, w)) + 3dist? (0, 0 (w, €, u)) +dist%(o,aum(x,g,u))} :
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We now derive lower bounds for the three terms on the right hand side of (49). We
first derive bounds for the second term. Using [16, Lemma 2.2] and (29), we see that
there exists ¢y > 0 so that

1
m 260
1
2dist? (0, 0eM(x, &, = inf —2u; (& — x) + ;2
(0,067 (z ) (Z‘E_limeNDi(&)| (& -2 ull)
> 2 £ = 2ui(& — Al
COE MIG}VI}D | ui(& — ) + pil|?

(50)

m

1 1 1
> ¢ ch” (& = zl|* = d3, (2))* +co Y e’ || Pp, (z) — &1
=1

i=1

> Fo <Z(|§i—$||2—d %‘FZHPD 5i||‘1’>7

11

where 7o := min{coc??, cpcd® }, the second inequality follows from (40) and (41), and
the last inequality holds because 0 < [|&; — z||> — d}, (x) < 1 (see (38)). On the other
hand, using (40), we also have

m

1
30
1
dist? (0, 0¢M(x, &, 1)) = inf — (& — ) + i)
o (0,063 (z, &) (?lemewn” (& -2 ulI)

m

[Z c1 (1€ — =) - d%i(x))] > e 3 (6 - ol* - d3, (@),

where the last inequality follows from 0 < Y7 (||& — 2| — d3, (x)) < 1 (sce (38))
and 0 € [1,1).

We next derive a lower bound for the third term on the right hand side in (49).
In view of [16, Lemma 2.2], there exists &1 € (0, ko), with 5o given in (50), so that

dist%(O,auim(x,ﬁ,u)) > K1 Z ’(P*)/(Uz) —lz—& 2\?

=) () (w) = dby, (@)

s
Il
-

(52)
*HOTHZ ||z—£1||2 d2 ( ))§

where the last inequality follows from [16, Lemma 3.1] for some n; € (0,1) and 7; > 0.
Finally, we derive a lower bound for the first term on the right hand side in (49).
To this end, observe that

(53)  @i=suwp{(ar]+ - +laml)? : laal? 4o+ fam|F =1} € (0,00).

Choose iy = min{2%,& 8¢ &g} (with ¢ and 7o given in (39) and (50), respectively),
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we then have

o=

dist? (0, 9, M(z, €, u)) = > Ro

i=1 i=1

— oo [Z i | P, () an]

=1

> ui(z — Pp,(z)) ’ — otz 3 |1Pp, () — &l|7,
P i=1

where the second inequality follows from [16, Lemma 3.1] for some 75 € (0,1) and
7o > 0 and the triangle inequality, and the last inequality follows from (39), the
definition of ¢ and the fact that ko < ¢~ 3¢ L&q.
Now, we derive a lower bound for the first term on the right hand side of (54).
— 1
Let M := [DAX MaX;eB(s.0) |z—Pp, (z)|. Choose &3 = min{2~ 67, (2ML) °¢ 7}
(with L, 7y and ¢ given in (37), (52) and (53), respectively), then we have

Zui(fv—PDi ()| =

=
@l

(54) > To

> ui(x — Pp,(2)) ‘
i=1

=

> To

2\ V(z —22 (ui + ¢, (dP, (2)))(x—Pp, (x))

i=1

)

V¥ (z —22 ui + ¥y (dp, () (z — Pp, (@)

=1

G5 > I ve)|F - 2t rgns (Z Jui + ', (d%, (2))] - lz — Pp, <x>||>

i=1

-

> 7| VO(2)[|F — Ranz(2M)° € Zumu (d%,(x))|?

1
6
)

> AV - i 3|07 (w0) - dy (@)

i=1

where the second inequality follows from [16, Lemma 3.1] for some 03 € (0,1) and 75 >
0 and the triangle inequality, the third inequality follows from the definitions of ¢ and

_1
M, and the last inequality follows from (37) and the fact that 73 < (2M L) "¢iF.
Combining (50), (51), (52), (54) and (55) with the lower bound of the quantity

dist%(O, OM(x,&,u)) in (49), we see that
c5 Ndist? (0, 0M(x, £, u))

> Ro (Z(II&—%‘IQ dp, ( %"f'ZHPD £¢II5>+Cf1"Z(Iléi—xIIQ—d%i(w))
=1

=1

=

+ 71 Z ‘(p*)/(ui) —dp, (x)| —Fom Z (lz — &lI* — dp, (fﬂ))%

m 1
+ V@) =7 [(07) () — dy (@ "—nomZnPD &l

i=1
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Grouping like terms and noting that 11,172,773 € (0,1) and [|& — z||* — d}, (z) > 0
(thanks to (40)), we see further that

cgldist% (0,0M(x, &, u))

|
3

> ey |||V (2)|? +

[\

> ‘(p
i=1

> er [nIVE@)I +5 D0 [(0") () —d

2 ¢
S| ()~ dy %Z ) (I — I - <>)]

L =1 i—

>y (Dﬁ(fﬂvfau) - Z)ﬁ( ’év ’17,)) )

where: the first inequality holds for some ¢4 > 0 upon a suitable scaling (recall that
7 is given in (48), ¢ is defined in (39) and L is given in (36)); the second inequality
follows from (39), the third inequality follows from (48), and the last inequality follows
from (36) and W(z) = 9M(, &, @), thanks to Lemma 5.5 and the assumption that
0 € 9M(Z, €, ). This completes the proof. d

o))" e (I~ - <>)]

1

)|+ Y (w) (I~ 2l® — db (= ))]

™~
3
=

.
=

>y |U(z) —U(T) +

2o |

<

&I

6. Numerical test. In this section, we perform numerical experiments to study
the performance of EAS s . on some large-scale MF'Sc problems. All codes are
written in Matlab, and the experiments are performed in Matlab 2015b on a 64-bit
PC with an Intel(R) Core(TM) i7-4790 CPU (3.60GHz) and 32GB of RAM.

In EAS,ps,., we take ¢, (s) =1 — loglsten) with ¢, = 0.9(0.1)k=1, and terminate

log eg
when ¢, < 1076, As for initialization, in our experiments below, we use randomly

generated initial points &g, which are projections onto C' of random vectors with i.i.d.
standard Gaussian entries.

As discussed in Section 4, the corresponding subproblems of EASys,, take the
form of (8) with (s) = ., (s) = log(ex + s) — log(ex), and we use sGP;, for
solving them approximately. In the sGP;,, we pick amin = 1070, apa = 1019,
n=1/2, M = 9 and 0 = 107*. We initialize the algorithm at *~! for approx-
imately minimizing ®,, + dc, and terminate the algorithm when ||zt — 2!71|| <

max{:l,)[k) >, 10- 7} -max{1,[|z||}. As for of, we initialize it at of = 1 and set, for

t>1,

: =

_t=12 . _ _ _
b — {P[10—10,1010] (%) if <5Ut —at lagt -4 1> > 10 12,

Prio-10,1010)(20)_) otherwise;

the choice of o is motivated by the renowned Barzilai-Borwein stepsize.
We apply EAS,rs,. as described above to two classes of MFS¢c problems. In the
first class, we set

Ci={we[-ral": o < s}

and D; = {x € R" : (a;,z) < b;}, where a; is the ith row of an A € R™*". For
the second class, we consider the same C' as above but we choose D; = {z € R" :
(a;,z) <b;}U{x € R": (p;,z) < ¢}, where a; and p; are the ith row of A € R™*"
and P € R"™*™ respectively. The matrices A, P and vectors b and q are randomly
generated as follows. We first randomly generate A and P to have i.i.d. standard
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Gaussian entries. We next generate a w € R™ with s i.i.d. standard Gaussian entries
at random positions, and project @ onto [—r,r]™ to form w. Set b = Aw and fix a
real number p € [0,1]. We then define b € R™ by

bi +0.01e; if i < [pm],
l;i — 50¢; otherwise,

i =

where ¢; are chosen uniformly at random from [0,1]. Finally, we set ¢ = Pw — 50¢
for some random vector ¢ € [0,1]™. By construction, the system {C, D1, ..., Dz}
is feasible and hence the optimal value of (1) is at least [pm] for these problems.
Moreover, the vector w € C'is not in C' N[~ D;. Furthermore, the resulting system
{C, Dy,...,D,,} is conceivably infeasible because of the subtractions of 50¢ and 50¢.

In our experiments below, for the two classes of problems, we consider m = 3000,
5000, n = 2, s = 2, p = 0.5, 0.6 and 0.7, and r = 10®. For each class of problems,
for each m and p, we randomly generate 5 instances as described above. For each
instance, we solve the corresponding MFS¢ problem using EASyps, from 5 random
initial points.® We report the number of iterations (iter) and the CPU time in seconds
(CPU) in Table 1, averaged over the 5 random initializations and the 5 instances. We
also use the following quantities to evaluate the performance of our algorithm:

o feas(z): For a given x € R", this corresponds to L#{i: x € D;}.

e efeas(z): For a given z € R", this corresponds to L#{i : (a;,z) < b; +
%} when each D; is a halfspace, and corresponds to #{i : min{(a;,z)—
bi, (pi,x) — qi} < %} when each D; is a union of two halfspaces.

For each of the 5 random instances, we take the maximum of feas(z) and e-feas(xo)
and the maximum of feas(z,) and e-feas(z.) over 5 random initial points zg, where
x4 is the approximate solution returned by our algorithm. We report in Table 1 the
average of these quantities over the 5 random instances under the columns feasg, e-
feasy, feas, and e-feas,. One can see that our approach is able to identify a reasonably
large (approximately) feasible subsystem with respect to C (i.e., e-feas, = p) in a
reasonable period of time, even for large-scale problems. Moreover, we always obtain
a larger feasible subsystem compared with that identified by the random initial points.
Finally, we also observe that our algorithm is faster when each D; is convex.
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