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Abstract

In this paper, we focus on a class of convexly constrained nonsmooth convex-
concave saddle point problems with cardinality penalties. Although such nons-
mooth nonconvex-nonconcave and discontinuous min-max problems may not have
a saddle point, we show that they have a local saddle point and a global minimax
point, and some local saddle points have the lower bound properties. We define a
class of strong local saddle points based on the lower bound properties for stabil-
ity of variable selection. Moreover we give a framework to construct continuous
relaxations of the discontinuous min-max problems based on convolution, such
that they have the same saddle points with the original problem. We also estab-
lish the relations between the continuous relaxation problems and the original
problems regarding local saddle points, global minimax points, local minimax
points and stationary points. Finally, we illustrate our results with distribution-
ally robust sparse convex regression, sparse robust bond portfolio construction
and sparse convex-concave logistic regression saddle point problems.
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1 Introduction

Let ¢ : R® x R™ — R be a Lipschitz continuous function with ¢(x,y) convex in
x € R” for y € R™ and concave in y € R™ for x € R", g : R® — R" and h :
R™ — R™ be continuously differentiable functions. For a vector a € R¥, |la||o is the
cardinality function for the positive elements in a, that is, ||ay|lo = || max{a,0}||p =
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Zle(max{ai, 0})° with 0° = 0. In this paper, we consider the saddle point problems
with cardinality penalties in the following form

minmax £(x,y) = e(x,3) + Alg(x)+ o — alAy) o, (11)
XEX yey

where the feasible sets X C R™ and ) C R™ are convex and compact, and the penalty
parameters A, A2 € R are positive.

In the last few years, many interesting applications of the min-max problems have
been found in machine learning and data science, especially the generative adversarial
network (GAN) [23, 24, 31] and adversarial training [8]. Problem (1.1) is a discontin-
uous and nonconvex-nonconcave min-max problem, i.e. f is discontinuous in X x ),
f(-,y¥) is not convex for some fixed y € Y and f(x,-) is not concave for some fixed
x € X. A special case of (1.1) is

minmax c(x,y)+Aull(x=a)+ o+ A1 @)+ o= |y =B)+ o= Aall(b=¥)+llo, (1.2)

where a, @ € R” and b, b € R™. In particular, if a =a = b = b = 0, then (1.2)
reduces to the convex-concave saddle point problem with ¢y penalties as follows

min max e(x, ) + A [xlo = Aoyl (1.3)

In 1928, von Neumann [37] proved that when c is a bilinear function, and X, Y
are two finite dimensional simplices,
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This pioneering work has inspired a number of seminal contributions in the existence
theory of saddle points of min-max problems in economics and engineering [19-21, 38,
43-46). In 1949, Shiffman [45] gave a new proof of von Neumann’s minimax theorem
with a generalization to continuous convex-concave functions. Based on Brouwer’s
fixed point theorem, Nikaido [38] proved (1.5) for a continuous and quasi-convex-
concave function c. Here, we call ¢ is quasi-convex-concave if ¢(x,y) is quasi-convex
in x € R” for y € R™ and quasi-concave in y € R™ for x € R™. In 1958, Sion [46]
generalized von Neumann’s result, and showed that if ¢ is quasi-convex-concave and
lower semicontinuous-upper semicontinuous, then (1.4) has a nonempty saddle point
set whose closedness and convexity were pointed out in [43]. Moreover, we know from
[20, Theorem 1.4.1] that

i y) = i , 1.6
ggﬁgﬂxw ggggﬂxw (1.6)



is a necessary and sufficient condition for the existence of a saddle point of f over
X x ).

When f is not convex-concave, (1.6) fails in general. The concept of local saddle
points is defined by considering (1.6) locally at a point in X x ). However, a local
saddle point also may not exist for a nonconvex-nonconcave min-max problem. In
[33], Jin, Netrapalli and Jordan gave the definitions of global minimax points and
local minimax points by considering the min-max problem as a two-player sequential
game. Necessary and sufficient conditions for the local minimax points were studied
in [18, 26, 31, 33]. Recently, Chen and Kelley [12] showed that a min-max problem
for robust linear least squares problems does not have a saddle point, a local saddle
point and a local minimax point, while it has infinitely first order stationary points
and finite global minimax points. However, the set of first order stationary points and
the set of global minimax points do not have a common point.

The cardinality functions in problem (1.1) play important roles to ensure the
sparsity of the desirable solutions and improve the estimation accuracy by selecting
important feature parameters. In the last decades, sparse minimization models with
cardinality penalties have been widely used for sparse signal recovery, sparse vari-
able selection, compressed sensing and statistical learning [2, 3, 7, 16, 47]. Advanced
mathematical and statistical theory and efficient algorithms have been developed for
sparse minimization [3, 9, 13, 32]. Recently, He et al. [28] systematically compared the
solutions of a special quadratic minimization problem with ¢, penalty, {; penalty and
capped-{; penalty.

Inspired by the wide applications of saddle point problems and sparse optimization,
we consider the sparse min-max problems modeled by (1.1). In section 6, we will use
three applications to explain the motivation behind our research on this model and
the importance of cardinality penalties in the model. To the best of our knowledge,
mathematical theory and numerical algorithms on sparse saddle point problems with
cardinality penalties have not been systematically studied.

Approximating cardinality functions by continuous or smooth functions is a
promising approach in studying this class of problems. Many continuous relaxations
to the cardinality function have been brought forward, such as the ¢; norm [9], SCAD
[22], hard thresholding [22], ¢, norm (0 < p < 1) [13], MCP [50], capped-¢; [40], CELO
[47], etc. In this paper, we construct continuous approximations to the cardinality
functions in (1.1) based on convolution [10, 11], which include most popular relaxation
functions to the cardinality function.

The main contributions of this paper have four parts.

e We prove the existence of a local saddle point and a global minimax point of
(1.1), and define a class of strong local saddle points that have some desirable
sparse properties.

® Based on convolution, we introduce two classes of density functions to provide a
unified method for constructing the continuous relaxations with different smooth-
ness to the cardinality function, which induce many popular continuous penalties
in sparse optimization. Moreover, we propose the continuous relaxation problem
of (1.1), which has both the local saddle points and global minimax points.



e We establish the relations between (1.1) and its continuous relaxations regarding
the saddle points, local saddle points, local minimax points and global minimax
points. Moreover, we define the first order and second order stationary points
of the continuous relaxation problem. We show that both the first and second
order stationary points of the continuous relaxation problems are not only the
strong local saddle points of (1.1), but also have some promising computational
tractability.

® We show the gradient consistency of a class of smoothing convex-concave func-
tions to nonsmooth functions ¢. Moreover we prove that any accumulation point
of weak d(irectional)-stationary points of the smoothing relaxation problem is a
weak d-stationary point of the nonsmooth relaxation problem as the smoothing
parameter goes to zero.

The rest of this paper is organized as follows. In Section 2, we prove the existence
of local saddle points and global minimax points of (1.1). In Section 3, we construct
the continuous relaxations to (1.1). In Section 4, we establish the relations between
(1.1) and its continuous relaxation problems. The smoothing functions of nonsmooth
function ¢ are studied at the end of this section. In Section 5, we study the first
order and second order stationary points of the continuous relaxation problems for a
particular class of (1.1) and their relations with the strong local saddle points of (1.1).
In Section 6, we show the applications of problem (1.1).

Notation Let Ry = [0,400), Ry} = (0,+00) and [n] = {1,2,...,n} for a positive
integer n. For a matrix A € R"*™, A;; means the element of A at the ith row and jth
column. Let e; be the vector with 1 at the ith element and 0 for the others and e be the
vector with 1 for all elements. For a Lipschitz continuous function ¢ : R™ x R™ — R,
Oxc(X,¥) and Oyc(X,y) mean the Clarke subgradients of ¢ with respect to x and y
at point (X,y), respectively. When c is Lipschitz continuously differentiable, 92c(X,y)
means the Clarke generalized Hessian of ¢ at point (X,¥), 02,¢(X,y) and 82, ¢(X,¥)
mean the Clarke generalized Hessian of ¢(x,y) with respect to x and y at point (X,¥),
respectively. For x € R™ and 6 > 0, B(x,0) means the closed ball centered at x
with radius 6, AT (x) = {l € [n] : qi(x) > 0}, A~ (x) = {l € [n] : gi(x) < 0} and
Af(x) ={l €[] : 0 < gi(x) < 6}. Similarly, denote B¥(y) = {k € [ih] : hi(y) > 0},
B=(y) = {k € [m] : hx(y) < 0} and Bf (y) = {k € [m] : 0 < hi(y) < &}. For
aset S CR"and i € [n], S; = {x; : x € 5§}, ||S]|ec = sup{||x[|ec : x € S} and
co{S} = {Dxt + (1 —Nx? : x1,x? € S,\ € [0,1]}. For sets S, C R*, S+ S =
{x! +x?: x! € 9,x%> € S}. For a closed convex subset Q C R" and x € €2, Nq(x)
means the normal cone to ) at x.

2 Existence of local saddle points of problem (1.1)

In this section, we prove the existence of local saddle points and global minimax points
of problem (1.1). We also define a class of strong local saddle points of (1.1) and
provide its relation with saddle points of problem (1.4) in a certain subset of X x ).
First of all, we give some necessary definitions.



Definition 2.1. A point (x*,y*) € X x Y is called a saddle point of problem (1.1),
if for all (x,y) € X x Y, it holds

fx5y) < f(x5y") < f(xy79). (2.1)

We call (x*,y*) € X x Y a local saddle point of problem (1.1), if there exists a
d > 0 such that (2.1) holds for allx € X NB(x*,d) andy € Y NB(y*,J).
Definition 2.2. A point (x*,y*) € X x Y is called a global minimax point of
(1.1), if for all (x,y) € X x Y, we have

fx"y) < f(x"y") < g}gf(x, y')-

We call (x*,y*) € X x Y a local minimax point of (1.1), if there exist a 69 > 0 and
a function ©: Ry — Ry satisfying 7(6) — 0 as 6 — 0 such that for any ¢ € (0, o],
x € XNB(x*6) andy € YNB(y*,0), it holds

f(x*y) < f(x*,y") < fxy). (2.2)

max
Yy eYNB(y*,m(9))

A local saddle point is a local minimax point, but a global minimax point is not
necessarily a local minimax point. The two inequalities in (2.1) forx € X and y € Y
can be equivalently expressed by

x" € argmin f(x,y") and y* €arg max f(x"y), (2.3)

respectively. Since X and ) are compact, the lower semicontinuity of ((-);)° guar-
antees the existence of the solutions to the two optimization problems in (2.3), but
(x*,y*) may not be able to solve both the minimization and maximization simulta-
neously. This means that the saddle point set of problem (1.1) may be empty and
minlyex Maxyey f(X,y) # maxycy mingcy f(x,y) (see Example 2.1).

Note that a nonconvex-nonconcave function may not have a saddle point, a local
saddle point, or even a local minimax point. Fortunately, we can prove the existence
of global minimax points, local saddle points and local minimax points of problem
(1.1) without any additional assumption.

Proposition 2.1. Min-maz problem (1.1) always has a global minimaz point.

Proof. By the compactness of ), we can define 1(x) = maxycy f(x,y). Since function
f(,y) in (1.1) is lower semicontinuous for any fixed y € R™ and X is compact, ¢
is lower semicontinuous on X'. Then, there exists a global solution to minyex (%),
denoted by x*, i.e.

* y) < y), VxeX. 2.4
;r}gf(x y) < max f(x,y'), Vx (2.4)



The upper semicontinuity of f(x*,-) and the compactness of ) ensure the existence
of the solution to maxy ¢y f(x*,y’), denoted by y*, which implies

f(X*vy*):H/laXf(X*ay/) Zf(X*ay)v vyey (25>
y'ey

Therefore, (2.4) together with (2.5) implies that (x*,y*) is a global minimax point of
(1.1). O

Proposition 2.2. Min-maz problem (1.1) has a local saddle point and any saddle
point of (1.4) is a local saddle point of (1.1).

Proof. By Sion’s minimax theorem [46], (1.4) has a saddle point (x*,y*) € X x Y
such that

c(x'y) Se(x",y") Sclxy7), VxedX, yel. (2.6)
By the continuity of functions g; and hy, there exists a § > 0 such that

g(x) >0, Vlie AT (x*),x € B(x*,§)NX,
he(y) >0, Vke€B*(y*),y € By*,6)n)Y,

which implies AT (x*) C AT (x) and BT (y*) C B*(y) in the above neighborhood of
(x*,¥*). On one hand,

oy ) = Yy =M Y T4A YL

lEA+(x*) kEB+(y*)

On the other hand, for x € B(x*,0) N X and y € B(y*,d) N), it has

c(x,y") = f(x,¥")— M1 Z 1+ Z 1< flx,y" )=\ Z 1+ Z 1,

lEAT(x) keB+(y*) lEA+(x*) kEB*(y*)
and
cxy) = fy)-M Y A Y 1> f(xy)-A Y 1R Y L
le A+ (x*) keB*(y) le A+ (x*) keBt(y*)

Thus, we can conclude that
fx5y) < f(x5yT) S fxy?), VxeB(xN)NX, yeB(y" )N,

which implies that (x*,y*) is a local saddle point of (1.1). O

Moreover, by [46], (1.1) also has a local saddle point if ¢ is a continuous quasi-
convex-concave function.

The following example shows that the parameters A\; and Ao play an important
role for the existence of saddle points, local saddle points, global minimax points and
local minimax points of min-max problem (1.1).



Example 2.1. Consider the following min-max problem

i =(x—-1 —1 A - A 2.7
min max f(x,y) .= (x = )y — 1) + Arflxllo = A2y llo, (2.7)
where X =Y = [—2,2] and A1, A2 > 0. It is clear that ¢(x,y) = (x—1)(y—1) is convez-
concave on X x Y and (1,1) is the unique saddle point of mingex maxycy ¢(X,y).
Case 1 (has no saddle point): Let Ay = 3 and Ao = 1. By simple calculation, we find

max{5 —3x,x+ 1,4 —x} ifx#0
max f(x,y) = :
yey 2 ifx=0
and
. min{—-3y +5,~y,y +1} ify#0
min f(x,y) = :
XEX 1 ify=0.

Hence, we have

i y)=f(0,-2)=2 and in f(x,y) = £(0,0) = 1.
min max f(x,y) = f(0, ~2) and  maxmin f(x,y) = £(0,0)

Thus, (1.6) fails in this case. By [20, Theorem 1.4.1], there is no saddle point to
problem (2.7) with Ay = 3 and Ay = 1. On the other hand, it has four local saddle
points: (0,0), (1,1), (0,—2) and (2,0).

Case 2 (has a saddle point): Let A\ = Ay = 3. The similar calculation gives

max{x — 1,4 —x,-3x+3} ifx#0
max f(x,y) = o
yey 1 iftx=0

and
. {min{zy,zssy,yl} if y #0
min f(x,y) = ~
xEX 1 if y =0.
Then, minkexy maxyey f(X,y) = maxyecymingex f(x,y) = 1. By [20, Theorem
1.4.1], there exists a saddle point to problem (2.7) with Ay = A2 = 3, and (0,0) is the
unique saddle point.
Case 3 (any global minimaz point is not a local minimaz point): Let \y = Ao = 1.
We have

$(x) = max f(x,y) =

max{3 —3x,2—x,x—1} ifx#0
yey

2 if x=0.

Then, x* = argmingcy ¥(x) = {3/2} and argmaxycy f(x*,y) = {0,2}. Thus,
the set of global minimaz points of (2.7) with \y = Xo = 1 contains only two
points (3/2,0) and (3/2,2), and f(3/2,0) = f(3/2,2) = 1/2. Moreover, around
x* = 3/2, for any 0 < 6 < 1/2, maxyicyey.jyj<sy [(X,¥') = f(x,0) = 2 — x and



maxy e (yey:ly—2|<s} f(X,¥") = f(x,2) = x — 1, which means that neither (3/2,0) nor
(3/2,2) is a local minimaz point of (2.7) with Ay = Ao = 1.

To study sparse saddle points, we introduce a class of strong local saddle points of
(1.1).
Definition 2.3. For a given v > 0, we call (x*,y*) € X XY a v-strong local saddle
point of problem (1.1), if it is a local saddle point of (1.1) and satisfies the lower
bound property as follows

g(x*) &€ (0,v), Ylen] and hi(y") & (0,v), Vk € [m]. (2.8)

On one hand, for any local saddle point (x*,y*) of (1.1), there exists a v > 0
such that (2.8) holds, where we can set v = min{1, g;(x*), hx(y*) : | € AT (x*),k €
Bt (y*)}. Hence, (1.1) has a v-strong local saddle point with a certain value of v. On
the other hand, for a given v > 0, not all local saddle points of (1.1) satisfy (2.8) (see
Example 2.2). In particular, if (x*,y*) is a v-strong local saddle point of (1.3), then

x;| & (0,v) and |yj| & (0,v), Vi € [n], j € [m],

which not only helps us distinguish the zero and nonzero elements efficiently, but also
provides a solution with certain stability [3, 13]. Therefore, the study on v-strong local
saddle points of (1.1) is interesting and important in sparse problems.

Example 2.2. Consider the following min-max problem

minmax f(x,y) == |x1 +x2 — 1y +1) + x]lo ~ 3llyllo (2.9)

with X = [~1,1]2 and Y = [—1,1]. By simple calculation, we can find that (2.9) has
three saddle points, i.e. (0,0,0)", (1,0,0)T and (0,1,0)" with

min ma; X = maxmin f(x =1.
xelxy@gcf( ,Y) mas min f(xy)

The local saddle point set of (2.9) is
SL:={(x1,1 =x1,y)" :x1 € [-1,1),y € [-1, 1]} U{(0,0,0)7,(0,0,1) "},
while the v-strong local saddle point set of (2.9) with 0 <v <1 is
SLN{(x1,x2,¥) " ¢ x| € (0,0), [x2f & (0,v) and |y| & (0,)}.

Notice that the v-strong local saddle point set of (2.9) is a proper subset of its local
saddle point set, and contains all saddle points of (2.9).

For a given § > 0, by [20, Theorem 1.4.1], we know that (X,y) is a saddle point of
problem (1.1) on (¥ N B(x,4)) x (Y N B(y,d)) if and only if

max min x,y) = f(X,y) = min max X,y). 210
yey”B(y’é)xeXﬂB(f‘ﬁ)f( y)=/%3) xeXnB(i,é)yeyﬂB(S',é)f( y) (2.10)



Hence (X,y) € X x Y is a local saddle point of (1.1) if and only if there is a 6 > 0
such that (2.10) holds. In what follows, we provide the relation between v-strong local
saddle points of (1.1) and local saddle points of ¢ restricted to a certain set.
Theorem 2.1. For v >0 and (X,y) € X x Y, let X(X) = {x € X : gi(x) < 0, VI ¢
AT(R)} and V(§) = {y € Y : hi.(y) <0, Vk & B()}. Then the following statements
are equivalent.

(i) (x,¥) is a v-strong local saddle point of (1.1);

(i) (X,¥) is a local saddle point of ¢ on X(X) x Y(¥) and satisfies (2.8).

Proof. (i)=(ii). Suppose (X,¥) is a v-strong local saddle point of (1.1), then there
exists a § > 0 such that

f&y) < f(xy) < fxy), VxeXNB(X4),ycYNB(y,9). (2.11)

For any x € X(X), it holds that ||g(x);[lo < [|9(X)+|lo. Rearranging the second
inequality in (2.11) gives

(%, y) + MllgE)+llo < e(,3) + Mllg(x)+llo,  Vx € X NB(x,0).

Thus, X is a local minimizer of ¢(-,y) on X (x). Following the same way, the first
inequality in (2.11) gives that ¥ is a local maximizer of ¢(X, -) on Y(¥). Thus, (ii) holds.

(ii)=(i). Since X is a local minimizer of ¢(-,§) on X (X) and satisfies (2.8), there
exists a 61 > 0 such that

¢(%,y) < e(x,y), Vxe XX NB(X,d)

<

and
() & (0,0), Vi € [A]. (2.12)
Based on (2.12), there exists a d2 € (0, d1] such that g;(x) > 0, Vx € B(X,02), [ €
AT (x), which implies
l9X)+llo < llg(x)+llo, Vx € B(x,d2). (2.13)
Then, R
Due to the continuity of ¢(-,¥), there is a d5 € (0, d2] such that
C(i,y) < C(va) + )‘17 Vx € B(i753) (215)

When x € X NB(X, d3) but x & X'(x), there exists an [ ¢ A*(X) such that gi(x) >0,
which together with (2.13) further gives

l9(%)+llo +1 < [lg(x)+lo- (2.16)
Thanks to (2.14)-(2.16), we have

&) < f(x,5), ¥xeXNB(%,3). (2.17)



We can ensure f(X,y) < f(X,¥), Yy € YN B(y,ds4) with 64 > 0 in the same way.
Thus, (X,¥) is a v-strong local saddle point of (1.1). O

For problem (1.3), X(x) = {x € X : x; > 0,Vi ¢ A~ (x) and x; <0,Vi & A" (X)}
and Y(y) = {y; >0,Vj ¢ B (y) and y; <0, Vj & Bt(y)}. Thus, together the formu-
lations of X'(X) and Y(¥) with the local optimality conditions, we obtain that (X,y) is
a local saddle point of (1.3) if and only if (X,¥) is a saddle point of ¢ on X°(%) x Y°(¥)
with X0(x) ={x € X :x; =0if %, =0} and V'(y) = {y € YV :y; = 0if y; = 0}, i.e.
the subspace corresponding to nonzero components of (X,¥).

By “pull-down” the discontinuity of the objective at an X € X’ to the constraints,
the authors in [16] brought forward the notion of “pseudo stationary” problem and
the corresponding pseudo local minimizer for the minimization problem with ((-);)°
in the objective and constraints. By [16, Proposition 4], the special structure of f(x,y)
with ¥ € Y and the Lipschitz continuity of g;, we find that X is a local minimizer
of minkey f(x,y) if and only if it is a pseudo local minimizer of it, i.e. X is a local
minimizer of min, 3 ) c(x,y) with XE) ={xeX: :gx) <0,VldAT(X)}. It is
stated in [27] that a pseudo B-stationary solution is necessary to be a pseudo local
minimizer, where we call X a pseudo B-stationary solution of minyey f(x,y), if it is
a B-stationary solution of min, ¢ ¢ x) ¢(x,¥) [16]. Similar ideas are also employed in
[27, 34]. Combining Theorem 2.1 with [16, Proposition 4], (X,¥) is a v-strong local
saddle point of (1.1), if and only if X is a pseudo local minimizer of mingex f(x,y), ¥
is a pseudo local minimizer of minycy —f(X,y) and (X,¥) satisfies the lower bounds
in (2.8). In general, a pseudo B-stationary solution to the min-max problem (1.1)
defined by a similar way is not necessary to be a local saddle point. However, when ¢
is convex-concave, and g;, VI € [A], hi, Vk € [i] are convex, by Theorem 2.1, (X,¥)
is local saddle point of (1.1), if and only if X is a pseudo B-stationary solution of
minkex f(x,y) and ¥ is a pseudo B-stationary solution of minyecy —f(X,y).

3 Continuous relaxations

In this section, we propose a class of continuous relaxations to the cardinality function
in min-max problem (1.1) based on convolution [10], which include the capped-¢,
function [40], SCAD function [22], MCP function [50] and hard thresholding penalty
function [22] as special cases. Then, we show the existence of local saddle points to
the continuous relaxations of (1.1).

3.1 Density functions

Let p: R — Ry be a piecewise continuous density function satisfying

p(s) =0, Vs &[0,q] (3.1)

10



with a positive number «, which means that foa p(s)ds = 1. Then, for any fixed p > 0,

+o0
r(t, 1) = / (t — s)4)°p(s)ds

— 00

I 0 0 ift<o0 (3:2)
:/_oop(s)dsz (BT =[5 pls)ds it >0
is well-defined, and when (-, pt) is Lipschitz continuous around ¢, it holds
123 . .
Or(t, 1) = co{lim plti/1) 1 t; = t, p is continuous at ti/ﬂ}. (3.3)
1

The continuous relaxation in (3.2) is inspired by the smoothing function to ¢, in
[11, 41, 44]. We can use formulation (3.2) to construct a continuous relaxation r by a
density function p.

By (3.2), for any u > 0, we have

r(t,n) = (t4)°, Vi (0,au), (3.4)
r(t,p) — (t)° <0, VteR, (3.5)
lim, o r(t,p) = (t4)°, VteR, (3.6)
limg ¢ y07(a,p) = (¢4)°, Vit #0. (3.7

For any ¢ € R, we see from (3.5) and (3.6) that r(¢, u) approximates (t;)° from below
as u tends to 0. In what follows, we give four examples of the function r with p
satisfying (3.1).

Example 3.1. Choose a density function witha =1 and 0 < p <1 as

0 ift<o
psP™l if0<s<1 o
s) = = rt,p)=¢— if0<t<
ps) {O otherwise (1) uP =H
1 ift>p

Here, 7(-, ) with p =1 is the capped-l1 function gc.p' on R.
Example 3.2. For any a > 1, choose a density function as

) 0 ift<o0
- if0<s< 2t
atl if0ss<l - if0<t<p
2a0 — 25 (@ +Dp
(@ —1)(a+1) B an M2 ifu<t<ap
0 otherwise (@ =Dla+ D
1 if t > au.

Lcapped-¢; function: @eap(t) = min{1, |t|/u}.
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Here, (-, 1) is a scaled SCAD function gscap? on Ry, i.e. r(t,u) = ﬁ@sc[ﬂ)(t),
vt > 0.
Example 3.3. For any o > 0, choose a density function as

9 9 0 ift<0
*742 f0<s<a 2t 2
p(S): @ « = r(t,,u): — — 5 5 1f0<t§0[/J,
0 otherwise ap - anp
1 if t > ap.

Here, (-, 1) is a scaled MCP function ouc® on Ry, i.e. r(t, u) = %@Mcp(t), Vi > 0.
Example 3.4. Choose a density function with « =1 as

0 ift<0
(s) = 2(1—s) if0<s<1 G o<
70 otherwise )= —(I=t/p)” f0<t<p
1 if t > p.

Here, (-, ) is the hard thresholding penalty function gp..q* on R,.

For further analysis, we bring forward two assumptions on density function p.
Assumption 3.1. There exists a positive number p such that the density function
p: R — Ry satisfies a

p(s) >p, Vse(0,a).
Assumption 3.2. The density function p is Lipschitz continuous on Ry and there
exist p, > 0 and pa > 0 such that for any s € (0, a),

either p(s) > p, or sup{a:a € dp(s)} < —po.

Notice that if p is Lipschitz continuous on Ry and p(s) = 0, Vs ¢ [0, ], then
Assumption 3.1 fails. Thus, p can not satisfy Assumption 3.1 and Assumption 3.2 at
the same time.

When the density function p satisfies Assumption 3.1 and r(-,u) is Lipschitz
continuous around ¢, we have

inf{¢: & € Opr(t, u)} = p/u, Vit € (0, ap). (3.8)
t ift<p
2apt — t? — ;42 R
2SCAD function: pscan(t) = 2(0 — D fp<t<oap
M if t > ap.
% ift>ap
3MCP function: gy (t) = 2
t— —— ift<aup.
2c

w
4hard thresholding penalty function: @paa(t) =1 — (1 — t/p.)i.
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When the density function p satisfies Assumption 3.2, inspired by (3.3), we have
that for any p > 0, r(-, u) is Lipschitz continuously differentiable on R, and satisfies

Opr(t, p) = dp(t/u)/p®, V>0, (3.9)

which implies for any ¢ € (0, au) such that sup{a : a € 9p(t/p)} < —p2, it holds

sup{€ : € € O7r(t, )} < —pa/pi®.

Since all the four density functions p in Examples 3.1-3.4 satisfy (3.1), r(¢, u) in
these examples satisfy (3.4)-(3.6). To end this subsection, we use Table 1 to conclude
the different properties of the density functions and the corresponding continuous
functions r in these four examples.

Example | differentiability of r(-, ) | Assumption 3.1 Assumption 3.2
3.1 not at 0, p p=p X
= — 2 = 2
3.2 not at 0 X Py = 351 2= Gine=D
3.3 not at 0 X Py > 0, p2 = (12—2
3.4 not at 0 X £y > 0, p2 =2

Table 1: Properties of the density functions p and corresponding functions r in Exam-
ples 3.1-3.4

3.2 Continuous relaxation models to (1.1)

In what follows, we will use the continuous function r defined in (3.2) to approximate
the cardinality function in (1.1). For I € [A] and k € [17], denote

$1(x) = (q1(x)1)° and  Yu(y) = (hu(y)+)",

and define their continuous relaxations by

G (x, 1) = 7(gu(x), 1) and iy, p) = r(hi(y), 1) (3.10)
For any p > 0, [ € [7] and k € [m], by (3.5), we have
O (x,p) < du(x) and P (y,p) <¢r(y), VYxeX,yel. (3.11)

We propose the continuous relaxation of (1.1) as follows

min max f&(x,y, ) == e(x,y) + M Z ¢f{(x, 1) — Ag Z 1/’1?(3’7#), (3.12)

c€X ye
* yey le[n] ke[m]

where y is a given positive number. Here, fZ(-,-, 1) in (3.12) is continuous on X x ),
and it is clear by (3.6) that, lim, o f(x,y,p) = f(x,y) for any x € X and y € Y.
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Notice that (3.12) is a nonconvex-nonconcave min-max problem and may not have
a saddle point. However, similar to Proposition 2.2, we can have the existence results
for the local saddle points of (3.12).
Proposition 3.1. There exists a i > 0 such that (3.12) has a local saddle point for

any 1 € (0, ).

Proof. Let (x*,y*) be a saddle point of minye y maxycy ¢(x,y), i.e. (2.6) holds. Denote
9 = min{1, g;(x*), hi(y*) : | € AT (x*),k € BT (y*)} and set i = /2, then g;(x*) >
2ai, hi(y*) > 2aji, VI € AT (x*), k € B (y*). Choose p € (0, ii). By the continuity of
g and h, there exists a 6 > 0 such that for any | € At (x*), k € BT (y*), x € B(x*,0)
and y € B(y*,d), it holds g;(x) > au and hi(y) > apu, by (3.4), which further implies

¢ (x,p) =1 and Pif(y,p) = 1.

This means that, for any x € B(x*,4) and y € B(y*, ),

Dol x ) < Y ¢ xop) and > YRyt ) < Y ey, p).  (3.13)
le[n]

l€ln] ke [rm] ke [m]
Together (3.13) with (2.6), we obtain
PRy, ) < PRy ) < fR(xytp), x € BN NX, y € B(y*,d)nY,

which means that (x*,y*) a local saddle point of (3.12). O

From the compactness of X and ), (3.12) has a global minimax point for any p > 0.

4 Theoretical analysis on exact continuous
relaxations

In this section, we will consider the consistence of problem (1.1) and its continu-
ous relaxation problem (3.12) with the density function p satisfying (3.1). Moreover,
the smoothing approximation to a nonsmooth function c is defined and discussed in
subsection 4.3.

4.1 Relations on saddle points

To proceed the discussion on the saddle points and local saddle points between problem
(1.1) and its continuous relaxation model (3.12), we need the following Assumption
4.1, which will be discussed and verified in Section 5.
Assumption 4.1. For a given p > 0, the following conditions hold.

(i) For anyy € Y, if x* is a local minimizer of f2(x,y,u) on X, then

g1(x") € (0,ap), Vi€ [n). (4.1)
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(ii) For any X € X, if y* is a local mazimizer of f&(X,y,u) on Y, then
hi(y™) € (0,ap), Vk € [m]. (4.2)

If Assumption 4.1 holds for fi, then it holds for any i € (0, ii]. Assumption 4.1 is
to put the lower bound properties on the local solutions of ff(x,y, 1) with respect
to x and y, respectively. If (x*,y*) satisfies the lower bounds in (4.1) and (4.2), by
(3.4), then

O (x* ) = ¢u(x*), Vi€ [A] and of(y*, ) = ve(y™), Vk € [m]. (4.3)

Together this with the definition of (local) saddle points, we can find that the values of
function f(-, ) and its continuous relaxation function ff(-,-, 1) coincide at all (local)
saddle points of (3.12), which is the main idea behind assuming the two lower bounds
in Assumption 4.1 and the key motivation behind defining the continuous relaxation
function as in (3.2). In Section 5, we will consider two ways to guarantee these two
central properties in (4.1) and (4.2), one based on a first order necessary optimal-
ity condition and another based on a second order necessary optimality condition of
(3.12). In what follows, we first derive the relations on the saddle points and local
saddle points between problems (1.1) and (3.12) based on Assumption 4.1.
Theorem 4.1. Suppose problem (3.12) satisfies Assumption 4.1, then

(i) (x*,y*) is a saddle point of (1.1) if and only if it is a saddle point of (3.12);
(il) (x*,y*) is a local saddle point of (1.1), if it is a local saddle point of (3.12).

Proof. Suppose (x*,y*) is a global (local) saddle point of problem (3.12). By the
relations in (3.11) and (4.3), it holds f&(x*,y*, u) = f(x*,y*), fE(x*,y,p) > f(x*,y)
and fR(x,y*, 1) < f(x,y*). Then, (x*,y*) is a global (local) saddle point of problem
(1.1). Thus we only need to prove that if (x*,y*) is a saddle point of problem (1.1),
then it is a saddle point of (3.12).

Assume on contradiction that (x*,y*) is a saddle point of problem (1.1), but it is
not a saddle point of (3.12). Then

x* € argmin f(x,y*) and y* € argmax f(x",y), (4.4)
x€X yey
but either x* is not a global minimizer of f&(x,y*,u) on X or y* is not a global

maximizer of ff(x*,y, ) on Y. As a possible situation, if x* is not a global minimizer
of fR(x,y*, 1) on X, then there exists X € arg minyex f(x,y*, 1) such that

Ry ) < RSy ). (4.5)

By (4.1) in Assumption 4.1, either g;(X) > ap or g;(x) < 0, which means ¢f*(x, u) =
¢1(X), VI € [n], and then

PRy ) = F&y) =X D ey m+ X Y dily"). (4.6)
]

kem) ke[m
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While by ¢ff(x*, 1) < ¢(x*), VI € [A], we obtain

Ry ) < FEy) =X D vy w4 X > e(y). (4.7)

ke[m)] ke[m]

Combining (4.5)-(4.7), we find that f(x,y*) < f(x*,y*), which contradicts to the
first relation in (4.4). Thus, x* is a global minimizer of f#(x,y*, ) on X. And we can
verify that y* is a global maximizer of f¥(x*,y, ) on ) by a similar way. Therefore,
(x*,y*) is a saddle point of problem (3.12). O

Remark 4.1. Following the proof of Theorem 4.1, besides the lower bound properties
assumed in Assumption 4.1, we see that the property of continuous relaxation function
r that r(t,p) < (t4)°, Vt € R and p > 0, is used to guarantee the equivalence between
the saddle points of (1.1) and (3.12) from sufficiency and necessity. Moreover, under
Assumption 4.1, we confirm by Theorem 4.1 that any saddle point (x*,y*) of (1.1),
if it exists, satisfies the lower bounds in (4.1) and (4.2).

4.2 Relations on minimax points

To establish the equivalent relation on global minimax points between problem (1.1)

and problem (3.12), we need the following assumption, which will be discussed and

verified in Section 5.

Assumption 4.2. For a given p > 0, the following conditions hold.

(1) If x* is a global minimizer of maxycy ff(x,y, 1) on X, then (4.1) holds.

(ii) For anyx € X, if y* is a global mazimizer of f¥(xX,y,u) on Y, then (4.2) holds.
Assumption 4.2 implies that any global minimax point (x*,y*) of (3.12) satisfies

the lower bounds in (4.1) and (4.2), and subsequentially the function values of f(-,-)

and its continuous relaxation function ff(-,-, 1) coincide at all global minimax points

of (3.12). Then, we can establish the following relations on the global minimax points

between problems (1.1) and (3.12).

Theorem 4.2. Under Assumption 4.2, (x*,y*) is a global minimaz point of problem

(3.12) if and only if it is a global minimaz point of problem (1.1).

Proof. Let (x*,y*) be a global minimax point of problem (3.12), i.e.
FEy ) < SR YT ) < max f(x, ', p), Vx e Xy €Y, (4.8)

which implies fF(x*,y*, ) = maxy ey fR(x*,y’,p) < maxy ey fE(x,y’,n). Then,
Assumption 4.2 gives ¢;(x*) = ¢f(x*, 1) and ¥ (y*) = ¥E(y*, 1), and we further
have

PR y" ) = (x5 y"). (4.9)
Invoking (3.11), we have

FEy) =cx"y)+ A > du(x)=Xa Y vkly) < fRx"y,p), Vy €. (410)
ke[m]

le[n]
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For any x € X, denote y, a maximizer of ff(x,y, u) on Y. Recalling Assumption 4.2,
we have that y, satisfies the lower bound property in (4.2) and 15 (yx) = Y5 (yx, i)-
Together it with (3.11), we have that

maxf (X,y/,ﬂ) :C(X7 yX) + )‘1 Z ¢ZR(X7 /‘L) - >‘2 Z wl?(yxv#)

y'ey

leln] ke[m] (4-11)
el yx) + A0 Y %) = A2 Y vilyx) < max f(xy).
le[n] ke[m]
Thus, (x*,y*) is a global minimax point of problem (1.1) by (4.8)-(4.11).
Conversely, let (x*,y*) be a global minimax point of problem (1.1), i.e.
Fxy) S S yT) smax f(xy'), YxeX yel. (4.12)
By the first inequality in (4.12), similar to the proof of Theorem 4.1, we have
Ry, < R0 y7 ), Yy e (4.13)
Next, recalling Assumption 4.2, y* € arg maxy ey f7(x*,y’, u) implies
Ve(y") = o (y* n), Yk € [, (4.14)
which together with ¢f(x*, u) < ¢i(x*), VI € [n] gives
PR y*p) < f(x5 ). (4.15)
Denote (X,y) a global minimax point of (3.12), then
Ay ) < FR(xy,p) < ;pging(X»y',u), VxeX,ye), (4.16)
by the first part of this theorem, which implies
f(xy) < f(x, y)g;neyf(x,y'), Vxe X, yel. (4.17)

By Assumption 4.2, we further have

O (%, 1) = ¢u(%), VI € [A], Y(F, 1) = ¥i(y), VK € [m] and fF(x,¥,p) = f(i&)”)- |
4.18

Letting x = X in the second inequality of (4.12), we have
f(xy") < max f(X, y). (4.19)

y'ey
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The first inequality in (4.17) gives maxy ey f(X,y’) = f(X,¥), which together with
(4.19) implies f(x*,y*) < f(x,y). This together with (4.15) and the third equality of
(4.18) gives
FRey ) < PR, ). (4.20)
By virtue of (4.20) and the second inequality in (4.16), we have

Ry ) < max AAxy,m), VxeAX,
y'e

which together with (4.13) guarantees that (x*,y*) is a global minimax point of
problem (3.12). O

4.3 Smoothing functions to a nonsmooth convex-concave
function c

If the function ¢ in problem (3.12) is nonsmooth, the smoothing approximation of
it is often needed in the algorithms [6, 11]. In what follows, we introduce a class of
smoothing functions of ¢ defined in [11].

Definition 4.1. We callé: X x Y x (0,1] = R a smoothing function of a nonsmooth
function ¢ on X x Y, if ¢(-, -, €) is continuously differentiable on X x Y for any fived
e € (0,1] and for any (X,y) € X X ), it satisfies

limyx % yoy.000 E(X, ¥, €) = (X, ¥). (4.21)

The gradient consistence between the Clarke subgradient of the nonsmooth func-
tion and the gradients associated with its smoothing function sequence is important
for the efficiency of the smoothing method, i.e. for any x € X and y € ),

{limx_,%,y—y,c00 VE(X,y,€)} C dc(X,¥). (4.22)

The partial gradient consistences with respect to the update of two variables are often
necessary for the algorithm analysis of the min-max problems, i.e. for any x € X and

yel,

{limx5 y 5,00 VxE(X, ¥, €)} C Oxc(X,¥), (4.23)

{limxﬁi,y%)",sw Vyé(x,y,g)} C Oyc(x,y). 4.24)

However, neither dc(x,y) nor dxc(x,y) x dyc(x,y) are contained in each other

generally. See [14, Example 2.5.2]. When c is Clarke regular with respect to (x,y), by
[14, Proposition 2.3.15], it holds

de(x,y) C Be(x, y) X Bye(x,y). (4.25)

In what follows, we will show that (4.25) holds for any convex-concave function c,

though the convexity-concavity of ¢ cannot give the regularity of it. For example,
c(x,y) = |x|—|y| is convex-concave on R xR, but not Clarke regular in (x,y) at (1,0).
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Proposition 4.1. For any convez-concave function c, (4.25) holds for any x € R"
andy € R™.

Proof. Let (&,n) € Oc(x,y). We will prove that £ € dxc(x,y) and n € dyc(x,y).
Since ¢(-,y) is convex on R™ for any y, by [14, Proposition 2.5.3], it has £ €
Oxc(x,y). Inspired by the result in [14, Proposition 2.3.1], (=&, —n) € I(—c(x,y)).
Using the concavity of ¢(x,-) on R™ for any x € R", —¢(x,y) is convex with respect
to y and then —n € Oy(—c(x,y)) = —0yc(x,y), which uses [14, Proposition 2.5.3]
again. Thus, 7 € dyc(x,y). O

For a nonsmooth function ¢, we can construct a smoothing function of ¢ by
convolution [11, 41, 44] as follows

é(z,¢e) = /}Rner c(z —u).(u)du, (4.26)

where z := (x,y), 1. : R®™™™ — R, is a sequence of bounded, measurable functions
satisfying [o,4m ¥e(u)du =1 and lim. o B = {0} with B := {u: ¢)-(u) > 0}.
Proposition 4.2. Let ¢ : R™ x R™ x (0,1] — R be defined as in (4.26). Then ¢ is a
smoothing function of ¢ on X x Y and satisfies the following properties:

(i) foranyx € X andy € Y, (4.22) and (4.23)-(4.24) hold;

(ii) for any e > 0, &(x,y,¢) is convez in x € R™ and concave in'y € R™.

Proof. From [44, Theorem 9.67], ¢ in (4.26) is a smoothing function of ¢ on X’ x ) and
satisfies {limx_,z y—y.c10 VE(X,y,€)} C 9¢(X,y) for any X € X and § € ). Recalling
the convexity-concavity of ¢, by Proposition 4.1, (4.23)-(4.24) hold.

In what follows, we first verify that é(x,y,¢) is convex in x € R™ for any y € R™
and € > 0. For any X,% € X and 7 € [0, 1], observe that

Gnx+ (1—m)ky,e) = / e+ (L—m)%— v,y — w)ps(u)du

Rn+m

<n /me c(x—v,y —w)y.(u)du+ (1 —n) /R (% — v,y — W) (u)du

n+m

2775(5(,)’75) + (1 - 77)6()2?}’75)7

where u = (v,w) € R*""™ the inequality uses the convexity of ¢(-,y) and the nonneg-
ativity of 1. on R"*™. Thus, ¢(x,y,€) is convex in x € R™ for any y € R™ and € > 0.
By similar calculation, é(x,y,e) is concave in y € R™ for any x € R® and ¢ > 0. O

Then, denote the smoothing model of (3.12) by

minmax f7(x,y, ) i= 66 y,) £ A Y 0 m) = de Y Uiyip), (427)
Le[q)] kelm]

where é(x,y, ) is a smoothing function of ¢. Since ¢&(-, -, ) is a convex-concave function,
it always has a saddle point over X x ). Following the results in previous sections,
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problem (4.27) with an £ > 0 has a local saddle point and a global minimax point for
some g > 0.

5 A particular case of problem (1.1)

In Section 4, we showed the consistency on the saddle point sets and the inclusion
on the local saddle point sets of problems (1.1) and (3.12) under Assumption 4.1,
and the consistence on their global minimax point sets under Assumption 4.2. In this
section, we verify that Assumptions 4.1 and 4.2 hold for the continuous relaxation of
a particular case of problem (1.1). Moreover, with the specific structure of r under
Assumption 3.1 or Assumption 3.2, we establish the relations between the first order or
second order stationary points of (3.12) and the local saddle points for the particular
case of (1.1).
Denote

N :={len]: gqx):=aq(xi), Vx € R"}, for i € [n],
M; = {k € [m]: he(y) == hi(y;), Yy € R™}, for j € [m],

and suppose

UN Al N;ON; =0.¥i#4; | My =[], M; 0 M; = 0,¥] # ,

[n] J€[m]

which means that for any [ € [fi], there is an 7 € [n] such that g; is only dependent on
x;, and for any k € [m], there is a j € [m] such that hy is only dependent on y;. In
this section, we consider a case of (1.1) as follows

xmelgrjleafjcf(xy)—cxy —&-MZZQZXZ —>\2Z Z (hi(yj)+ )%, (5.1)

i€[n] leN; m] keM;
Moreover, we assume that X and ) satisfy Slater’s condition, i.e.
int(X) # 0, int(Y) #0, (5.2)

and have the following structures

X:=XnX, Y:=YnD, (5.3)
where ~ ~
X={xeR":u<x<u}, V={yeR":v<y<¥v} (5.4)
withu, ueR", v, ve R, u<u, v<Vv, and
X={xeR": wx)<0,ten)}, Y={yeR":vy)<0,s€[m]} (5.5)

with Lipschitz continuous convex functions u; : R” — R for ¢ € [] and v : R™ — R
for s € [m).
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Denote

To(x) = {t € [n] : ur(x) = 0}, So(y) ={s € [m] : va(y) = 0}

Since int(X) 2 int(X) # 0, by [20, Theorems 6.8.2 and 6.8.3] and [29, Proposition
5.3.1 and Remark 5.3.2],

Nz (x) = Zte%(x) [0, 400)duy(x), VxeX. (5.6)
Using int(X) # 0 again, we have
Nx(x) = N3(x) + Nz (x). (5.7)

Similar calculation can be put forward to ).
For any i € [n] and j € [m], denote

di(xi) = Y (0(xi)1)° vi(yi) = Y (he(y;)+)°

leN; keM;

and define their continuous relaxations by

o (xi ) = Y rlgx), ), ORym) =Y r(h(y;). ) (5.8)

leN; keM;

with 7 in (3.2) and p > 0. We consider the continuous relaxation of (5.1) as follows

minmax 0y, ) = e, y) Y 0 i) = de 3 i vim). (5.9)
ieln) jelm]

We impose the following assumption on functions ¢ and h related to the sets X
and X in (5.4)-(5.5).
Assumption 5.1. There exist positive numbers T and o such that the following
conditions hold.
(i) For anyx € X, if there exist 1 € [n] and | € N; such that g;(x;) € (0,7), then

9/(x;)| > 0, x; € int (), (5.10)
gi(x;) € [0,7], VI € NG, 1 #1, (5.11)
§f(x)gl'(xz) >0, V&' (x) € Quy(x), t € To(x). (5.12)

(i) For anyy € Y, if there exist j € [m] and k € M such that hi(y;) € (0,7), then

W (y;)| >0, y; €imt();), (5.13)
hi(y;) € [0,7], Vk € Ms, k # k, (5.14)
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15 (¥)h(v5) 2 0, ¥i*(y) € 9vs(y), s € Soly). (5.15)

When ap < 7, (5.11) is used to guarantee that for any x € X and i € [n], there
is at most one [ € N such that 7(g;(x;), ) # (gi(x:)4)°. If there exist 7 € [n] and
le N; such that r(g;(x;), 1) # (9;(%;)+)°, by (5.10) and Assumption 3.1, if 7(-, p) is
Lipschitz continuous around g;(x;), we obtain

inf{¢ : § € Ox,r(g;(x;), 1)} = po/p, (5.16)
and by (5.6), (5.7) and (5.10), [Nx(x); = 0 or [Nx(x); = [Nx(x)]; =
[> e (x0[0, +00)0u (x)];, which together with (5.12) implies that

£(x)gi(x) >0, VE(X) € Na(x). (5.17)

In particular, if A; = {i} and M, = {j} for all i € [n| and j € [m], then (5.1)
reduces to
minmax f(x,y) = c(x,y) + M > _(gi(x:)1)" = X2 Y _(hi(y;)+)°- (5.18)

XEX yey =1 =

Remark 5.1. Consider

fxy) = clx,y) + Ml (x—a) o+ Ml @—=%)+[lo = A2l (y = b)+[lo = Ao|[(b— Y()+||o),
5.19
with a, a € R™ and b, b € R™. Then (5.19) is a special case of problem (5.1) with

9i(%i) = Xi—a;, gnti(Xi) = Ai—%;, i € [n]; hi(y;) = y;—b;, hint;(y;) =bj—y;, j € [m].
In particular, the following three cases satisfy Assumption 5.1-(i), while the
Judgment on Assumption 5.1-(ii) is the same.
e Case 1: Let X = {x € R" : u < x < u} and f be defined as in (5.19) with
a, a € X. Then, Assumption 5.1-(i) holds with
o=1 and 7=min{rc1,7x2}, (5.20)

where

Tx1 = min{l,W; —a,, @ —uw; : 4; > a,;,a >u,i € [n]},

Tx,2 = min{l, |a;, — &;|/2: a; # &;, i € [n]}.

* Case 2: Let f be defined as in (5.19) witha>0,a<0,b>0,b <0, 2\?:{)(6
R*":u<x<u} and X be

F={x:xla <8} or X={x:|x]) <6}

with 6 > 0. Then Assumption 5.1-(i) also holds with o and T in (5.20).
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e Case3: Let XY = {x e R" :u<x <1}, X = {x: Ax < ¢} with A € R}»*",
c € R™ and f be specialized to

f(xy) =c(x,y) + M(x—a)tllo = A2/ (y = B)+llo

with a; € [u;,W;) and b; € [v;,V;) fori € [n] and j € [m]. Then Assumption
5.1-(i) also holds with 0 = 1 and 7 = min{1,q; — a, : U; > a,,7 € [n]}.
In particular, case 2 in Remark 5.1 indicates that problem (1.3) with X = {x :
u<x<u x| <l}and Y ={y:v <x <7V, |ly|:1 <1} satisfies Assumption 5.1,
and the problems in case 3 satisfying Assumption 5.1 include

i a = A — A
min max f(x,y) = c(x,y) + Ml[x4[lo = Aally+lo

with X = {x: [[X]|leo <1, e'x <1} and Y = {y : [[y]leo <1, e’y < 1} as a special

case. Moreover, (5.1) satisfying Assumption 5.1 is not limited to problem (5.19). For
example, the following problem

i = A —A in(4y;)))°
mip max f(x,y) = c(x,y) + Mil[x4 o — A2 Zje[m]((sm( ¥i))+)
with X = {x : [|X]loc <5} and Y = {y : ||y|lcc < 5} also satisfies Assumption 5.1 with
r=3ando =1

5.1 Density function p under Assumption 3.1

In this subsection, we will show that when problem (5.1) satisfies Assumption 5.1
and density function p satisfies Assumption 3.1, Assumptions 4.1 and 4.2 hold for the
continuous relaxation of (5.1) formulated by (5.9). Moreover, we need assume that p
has an upper bound on its support set, i.e. there exists p > 0 such that

p(s) <p, Vse(0,a). (5.21)

Here, the density function p in Example 3.1 with p = 1 satisfies this condition with
p = 1. In this situation, r(-, ) is Lipschitz continuous on R, which implies f7(-, -, u)
is Lipschitz continuous on R™ x R™ for any fixed @ > 0. Moreover, when the density
function p is as in Example 3.1 with p = 1, we will give more discussion on the weak-d
stationary points of (5.9) and its smoothing version in (4.27).

5.1.1 Relations on saddle points and minimax points

From the boundedness of X and ), there exists a positive constant L. ; such that for
all x € X and y € ), it holds

[0xc(%,¥)|loo < Lea and [0y e(x,¥)]loo < Le,1- (5.22)
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For a given u € Ry, and § € ), if x* is a local solution of minye x ff(x,¥, 1), then
0 € Oy f(x", 5, 1) + Na(x). (5.23)

Similarly, for X € X, if y* is a local solution of maxycy f#(X,y, i), then
0 € -0y fH(x,y*, 1) + Ny(y"). (5.24)

For i € [n] and j € [m], by [14, Proposition 2.3.9], we have

6xi¢ (Xza,LL) g ¢ (Xu,u) Zle/\/' 8tr(taﬂ)t:gz(xi)g;(xi)a

(5.25)
aij?(yj, ) ¢ (yj7 ) = ZkEMj atr(t7/’[’)t:hk(yj)h;€(Yj)'

By [14, Corollary 2] and recalling (5.25), one has

0, fR( )Y, ;u) c é fR( )Y, M) 0 C(X*7S’) + A1 Z?:l 8xi¢zR(X:7M)eiﬂ (5'26)
Oy FR, ¥y 1) C Oy fR(R, ", 1) i= Oyc(X,y*) — A2 DT Oy F(y%, m)e;. (5.27)

Combining (5.23) with (5.26), and (5.24) with (5.27), we obtain that
e if x* is a local solution of minyecy f%(x,¥, ), then

0 € Oxf™(x*, 3, 1) + Nx(x*); (5.28)
e if y* is a local solution of maxycy ff(X,y, 1), then

0€ -y fR %,y 1)+ Ny(y"). (5.29)
If (x*,y*) € X x Y is a local saddle point of (5.9), then (5.28) and (5.29) hold at

X=x"and y = y*.
In the rest of this paper, we denote A = min{A;, A2} and set

Ao
jl1 = min {; 7 T} (5.30)

with 7, ¢ in Assumption 5.1, o in (3.1), p in Assumption 3.1, and L.; a constant
satisfying the two inequalities in (5.22). Here, 0 < p < i1 < 7/c gives pa < 7, which
together with (3.4) implies

if gi(x;) € (0,7), then r(g;(x;), ) = (q1(x:)+)°, VI € N}, i € [n];
if hi(y;) & (0,7), then 7(hy(y;), 1) = (hi(y;)+)°, Yk € Mj, j € [m].

Next, we will derive the lower bounds in (4.1) and (4.2) based on (5.28) and (5.29),
respectively.
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Proposition 5.1. Suppose problem (5.1) satisfies Assumption 5.1. When density
function p satisfies Assumption 3.1 and 0 < p < fiy with fi1 defined in (5.30), then
the continuous relazation model in (5.9) owns the following properties:

if (5.28) holds at (x*,y) € X x Y, then gi(x}) & (0,au), VI € N, i € [n], (5.31)
if (5.29) holds at (X,y*) € X x Y, then hi(y;) & (0,au), Vk € M;, j € [m]. (5.32)

Proof. We argue the above statements by contradiction.
If there exist ¢ € [n] and [ € N such that 0 < gp(x?) < apu, by ap < iy < 7,

Assumption 5.1, (5.25) and (5.26), we obtain x € int(&j;), and

[0 F7 (", 7, m)]i = [0, )5 + MO (9165 1)
From Assumption 5.1-(i), (5.16), (5.17) and (5.28), we further have that
Mop/pu < Le, (5.33)
which contradicts p < fi1 < Ajop/Le1. Thus, (5.31) holds. Similar analysis can be

derived to (5.32). O

Thus, under the conditions in Proposition 5.1, Assumption 4.1 holds naturally for

any p € (0, 1) with fi; defined in (5.30). In what follows, we will verify Assumption
4.2 in this situation.
Proposition 5.2. Suppose problem (5.1) satisfies Assumption 5.1. Then Assumption
4.2 holds for (5.9) when density function p satisfies Assumption 3.1 and 0 < p < i
with @iy in (5.30). Moreover, all global minimaz points of (5.9) satisfy the lower bounds
in (4.1) and (4.2).

Proof. For %X € X, if y* is a global maximizer of f%(X,y, ) on Y, then (5.29) holds.
By Proposition 5.1, we have hy(y;) ¢ (0,an), Yk € Mj, j € [m], which means
Assumption 4.2-(ii) holds. Now we prove Assumption 4.2-(i) holds. Denote

Oy ) = el y) = Ao D0 0 (ys ), 006 1) = max f(x, ', ).

J€[m]

For an x € X, let y, be a maximizer of f{¥(x,y, ) on ), then it is also a maximizer
of fB(x,y,u) on Y. For any X, X € X, if ¥(X, u) > 9(X, i), then

D, p) — I, 1) < & yszom) — & yz, ) < Lea||% — X||.
Similarly, if 9(x, p) < ¥(X, p),

Thus, ¥(-, 1) is Lipschitz continuous on X’ with constant L. ;.
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Let x* be a global minimizer of J(x,u) + M\, of(xip) =
maxXy/cy fR(x,y’, 1) on X. The first order necessary optimality condition gives

0 € [0x0(xX*, )i + M0, 67 (x5, 1) + [Na(x¥)]s, Vi € [n]. (5.34)

Assume there exist i € [n] and [ € A5 such that 0 < 9i(x3) < ap. Similar to the
derivation in Proposition 5.1, we also obtain (5.33) and a contradiction to the value
of . Thus, for all ¢ € [n] and [ € NV;, ¢;(x}) & (0, ap), which together with the above
analysis gives that any gloabl minimax point of (5.9) satisfies the lower bounds in
(4.1) and (4.2). Hence Assumption 4.2-(i) holds. O

Similar to the proof of Proposition 5.2, we can show that all local minimax points
of (5.9) satisfy the lower bounds in (4.1) and (4.2). Moreover, similar to the proof of
Theorem 4.2, we can have the relation on the local minimax points between problems
(5.1) and (5.9). Combining this with the above discussion, we conclude the relations
on (5.1) and (5.9) in the following theorem.

Theorem 5.1. Suppose problem (5.1) satisfies Assumption 5.1, density function p

satisfies Assumption 3.1 and 0 < p < fiy with iy defined in (5.30), then the following

statements hold:

(i) (x*,y*) is a saddle point (global minimaz point) of problem (5.1) if and only if
it is a saddle point (global minimaz point) of (5.9);

(il) (x*,y*) is an au-strong local saddle point of (5.1), if it is a local saddle point of
problem (5.9);

(iil) (x*,y*) is a local minimax point of (5.1), if it is a local minimax point of problem
(5.9).

5.1.2 Stationary points of (5.9) with p in Example 3.1 with p =1

In this subsection, we focus on the relations of (5.1) and (5.9) when the density
function p is defined as in Example 3.1 with p = 1, which makes the corresponding
function r satisfy Assumption 3.1 with & = p =1 and (5.21) with 5 = 1. Theorem 5.1
has established the relations on the (local) saddle points and global minimax points
between problems (5.1) and (5.9). In this subsection, we suppose problem (5.1) satisfies
Assumption 5.1, and functions g;, hx in (5.1) are convex for all [ € N, ¢ € [n] and
ke M;, j € [m]. We will study the relations on a class of stationary points of (5.9)
with the p-strong local saddle points of (5.1) in what follows.

For a locally Lipschitz continuous function ¢ : R™ — R, the generalized (Clarke)
directional derivative [14] of ¢ at point x in direction v is well-defined, i.e.

t —_
©°(x,v) = limsup Pz +tv) SD(Z).
z—X,t)0 t
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Function ¢ is said to be Bouligand-differentiable (B-differentiable) at x, if ¢ is locally
Lipschitz continuous around x and directionally differentiable at x, i.e. for any v € R™,

t —_
¢ (x,v) = limsup px+tv) — p(x)
10 t

exists.

It is well-known that ¢°(x,v) > ¢'(x,v) in general and these two directional deriva-
tives are the same if function ¢ is (Clarke) regular [14]. However, most nonconvex
functions are not regular and a nonsmooth nonconvex function is not always direc-
tionally differentiable. Notice that convex functions and differentiable functions are
directionally differentiable, then a DC (difference-of-convex) function is directionally
differentiable [44], where we call function ¢ a DC function, if it can be formulated by
the difference of two convex functions. This promotes some kinds of stationary points
for the DC programming [39], such as the d(irectional)-stationary point and the weak
d-stationary point, both of which are generally stronger than the Clarke stationary
point.

Note that r(¢, 1) in Example 3.1 with p = 1 can be expressed by the following DC
function

r(t,p) =ty /p—(—p)+/p. (5.35)

From the definitions of ¢ and 1/)]3 in (5.8), the objective function in (5.9) has the
formulation of

Ry, 1) = e(x,y)+M Z Z (g1(xi)+ /1 — (gu(xi) — p)+/ 1)

ie[n] lEN;

(5.36)
X2 > > (hlyi)e /i — (halys) — )4 /1) -
JE[m] keEM;
For fixed x* € X, y* € Y and u € Ry, denote
&) 2 Ryt ), R Ly) 2 Ry, ),
and consider the following two optimization problems
xmeig }I,iﬁu(x) and max ff*,u (y)- (5.37)

By (5.36) and the convexity-concavity of ¢, the two objective functions in (5.37) are
DC functions with respect to x and y, and then they are B-differentiable on X and
Y, respectively. For the sake of completeness, we recall the definition of d-stationary
point in DC programming. We call x* € X’ a d-stationary point [17, Definition 6.1.1]
of the minimization problem in (5.37), if

(fE )/ (x"x—x*) >0, Vxe€X, (5.38)

which is a necessary optimality condition to the minimization program in (5.37).

27



Define
wi(t) =t wa(t) =0, w(t)=max{w;(t),ws(t)}
and D(t) ={d € {1,2}: w(t) = wq(t)}.
It is clear that

1 ift>0
wi(t) =1, wh(t) =0 and dw(t) =< [0,1] ift=0
0 ift <.

(5.38) is equivalent to that, for any ¢ € D(g;(x}) — 1), it holds

Z Z w £)e= gz(XI)—Mgg(X;k)ei € Oxc(x™,y *a Z Z (x} + Nx(x

i€[n] lEN; ie[n] leN;
(5.39)
in which by [14, Proposition 2.3.10],

Yo w@alx) | =D Y 0oz i (] e

i€[n] lEN; i€[n] lEN;
Similarly, we call y* € Y a d-stationary point of the maximization problem in (5.37), if

() (y5y—y) <0, Vye),

which is equivalent to that for any pj; € D(hy(y}) — p), it holds

Z D T (Bimni(yr)-nhic(v))e

]E[’I’I’L ] keM;
(5.40)
€ — Oye(x™,y 73 Z Z (he(y7)) | + Ny(y™)

m] keEM;

Based on the above analysis, we introduce the following definitions to min-max
problem (5.9).
Definition 5.1. For (x*,y*) € X x ),
e if (5.39) and (5.40) hold for all g € D(gi(x}) — p) and py, € D(hi(y}) — p) with
€n],l €N and j € [m], k € M, we call (x*,y*) a d-stationary point of
min-mazx problem (5.9);

* if there exist a couple of sequences qi € D(gi(x]) — p) and p; € D(hi(y;) — 1)
forien],leN;and j € [m], k € M;, such that (5.39) and (5.40) hold, we call
(x*,y*) a weak d-stationary point of min-max problem (5.9).

On one hand, if (x*,y*) is a local saddle point of problem (5.9), then it is a

(weak) d-stationary point of (5.9). On the other hand, if (x*,y*) € X x Y is a weak
d-stationary point of (5.9), then it satisfies (5.28) and (5.29).

28

*),



Proposition 5.3. Let density function p be defined as in Example 3.1 with p =1 and

0 < p < fin with @y defined in (5.30). If (x*,y*) is a weak d-stationary point of (5.9),

then the following statements hold.

() gi(x}) & (0,p), VL€ N;, i € [n] and hi,(y}) & (0,p), Yk € M;, j € [m];

(ii) if gi(x7) = p for some i € [n] and I € N, then the 47 € D(gj(x}) — p) satisfying
(5.39) is unique and g7 = 1;

(iil) of h;c(y;f) = u for some j € [m] and k € M;, then the p} € D(h;c(y;) — 1)
satisfying (5.40) is unique and pz =1.

Proof. From Proposition 5.1, (i) holds naturally. Next, we argue (ii) by contradiction

and (iii) can be proved similarly. For item (ii), suppose there exist i € [n] and [ € N;

such that g;(x?) = p and (5.39) holds with ¢ = 2. For any [ € N; and | # [, by

Assumption 5.1 and p < i1 < 7, we have x7 € int(A;) and g,(x;) ¢ [0, 7], which

7
implies ¢ € D(g, (xf) — ) is unique and w'ql* (t)t:g,(xg)—y =@ (t)i=g, (x)- Then, (5.39)
gives

0 € [Duc(x’, y")); + %gﬁx;) T [N ()]s (5.41)

Using Assumption 5.1, (5.7) and (5.17), we confirm that AITG < L., which
contradicts to the supposition on the value of p and gives the result in (ii). O

For t € R, denote AY(t) = {l € N; : gi(t) = 0} and BY(t) = {k € M; : hy(t) = 0}.
For given (x*,y*) € X x Y and p € Ry, consider the following two functions

R
Wiy u(x) = c(x,y7) + ; Zi:1 ZZGAQ(xr) 91(%i)+, (5.42)

* >\2 m
VX*’Y*,H(y) = _C(X 7y) + ; Zj:l ZkeB?(y]*.) hk(y;)+. (543)

If g; is convex for any | € [n], by the convexity of c(-,y*), function Wy« y+ ,, is
convex on X, which gives that x* is a minimizer of Wy~ y~ , on X if and only if

0 €Wy yo u(x7) + Na(x")

_ * * )‘1 n s . *
_8XC(X Y ) + ; Zi:l <Zl€A?(x:)[0’ ]-]gl(xi )) e + Ny (X )

(5.44)

Similarly, if hy is convex for any k € [fm], Vs y» , is convex on Y and y* € )V is a
minimizer of Vi« y« ,, on Y if and only if

0 € OVar y= u(¥y™) + Ny(y™).

In what follows, we will verify that all weak d-stationary points of (5.9) are u-strong
local saddle points of (5.1).
Theorem 5.2. Under conditions of Proposition 5.3, if (x*,y*) € X x ) is a weak
d-stationary point of (5.9), then it is a p-strong local saddle point of problem (5.1).
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Proof. Since (x*,y*) is a weak d-stationary point of (5.9), putting forward the results
in Proposition 5.3 to (5.39), we have (5.44), which means that x* is a global minimizer
of W= y=, on X, ie.

* * * )‘1 n
C(X Y ) < C(Xay ) + — Zi:l ZlEAQ(x. gl(xi)+7 VxeX. (545>

Then, (5.45) means that for any x € {x € X : g(x;) < 0if g(x}) <
Ofor I € N; and i € [n]}, it holds c(x*,y*) < ec(x,y*). Similarly, Proposition 5.3
together with (5.43) implies that y* is a global minimizer of Vi« y« , on Y and we
further have that y* is a maximizer of c(x*,-) on {y € ¥ : hi(y) < 0if hx(y}) <

Ofor k € M; and j € [m]}. Thus, from Theorem 2.1 and recalling Proposition 5.3-(i),
(x*,y¥*) is a p-strong local saddle point of (5.1). O

Remark 5.2. Following the proof of Proposition 5.3, when 0 < p < fi1, if x* and y*
satisfy
x* € arg )1(@15(1 Wys g u(x)  and y* € arg 1;161§]1 Var oy (¥)s

then (x*,y*) is a p-strong local saddle point of (5.1).

By [33, Proposition 17], any local saddle point is a local minimax point. Then, by
Theorem 5.2, any weak d-stationary point of problem (5.9) is also a local minimax
point of problem (5.1).

Since the continuous relaxation functions to the cardinality functions in (5.9) are
DC functions and variable separated, the proximal operator of its subtracted convex
function can be calculated directly in most cases. Moreover, to solve problem (5.9)
with a nonsmooth function c¢ efficiently, we can use a smoothing approximation of
(5.9) as follows

n m
minmax f5(x,y,p1,¢) == E(x,¥,€) + M D o (xi ) = XY Ul (yj,p),  (5.46)
i=1 =1

where ¢ is a smoothing function of ¢ defined by (4.26). Similar to the expression in
(5.36) and by Proposition 4.2-(ii), for fixed p > 0 and € > 0, fE(x,y,pu,e) in (5.46)
is a DC function with respect to x and y, respectively. Thus, the d-stationary point
and weak d-stationary point to (5.46) can be defined according to Definition 5.1. By
using the gradient consistency (4.23)-(4.24), we have the following result.
Proposition 5.4. Let ¢ : R"xR™x (0, 1] — R be defined as in (4.26). If {(x*,y*)} is a
sequence of weak d-stationary points of (5.46) with € := g | 0, then any accumulation
point of {(x*,y*)} is a weak d-stationary point of (5.9).

5.2 Density function p under Assumption 3.2

Section 5.1 focuses on the study of (5.1) with a density function p satisfying Assump-
tion 3.1. From Table 1, we find that the other three density functions satisfy
Assumption 3.2 and the corresponding continuous relaxation function r(-, u) owns
the continuous differentiability on R4, which may bring some convenience to its
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algorithm research when c¢ is smooth. Thus, in this subsection, we pay attention to
the results of the continuous relaxation to (5.1) with density function p satisfying
Assumption 3.2 and consider (5.1) under the following conditions:

(i) functions ¢, g;, | € [7] and hy, k € [1] are Lipschitz continuously differentiable;
(ii) the feasible regions are defined by the box constraints, i.e.

X::i:{xeR":ggxgﬁ}, y::j):{yE]Rm:ygygv}7
where u, U, v and Vv are defined as in (5.4);

(iii) Assumption 5.1 holds, in which the conditions of (5.12) and (5.15) can be ignored;
(iv) under Assumption 3.2, there exist p2 > 0 and py > 0 such that

p(s) < p2, Vse€ (0,a) and limyop(t) = po. (5.47)
In this case, (5.2) holds naturally and we will consider the second order necessary
optimality condition of (5.1).
To proceed, we first introduce some notations on the existing parameters.
® By virtue of the Lipschitz continuous differentiability of ¢ on X’ x ), there exists
L. > such that for any x € X', y € V), it holds
Sup{‘HiiL |ij| tH e 8,2(xc(x, Y)vM € 832/yc(xa Y)vl € [n]aj € [m]} < LC,Q’

® Since g; : R — R is Lipschitz continuous differentiable on &; for I € N;, and X;
is compact, there exists Ly o such that

sup{|¢| : € € D*gu(x;), x; € Xi,i € [n],1 € N;} < Ly
Similarly, there exists Lj o such that
sup{[n| : 1 € B*hy.(y;),y; € Vj.j € [m].k € My} < Ly ».
e Fort € R, i € [n], j € [m] and § > 0, denote
Agi(t) ={leN;: 0<glt) <4}, Bgfj(t) ={keM;:0<hg(t) <o}
Proceed to the next step, and let

T Aop, A1p20? Aapao?

flo = min{ —, , - , - 5.48
He {04 Loy ' TLep/ao+ AipaLlgo’ TLeo/a+ XapaLli o } (5.48)

with A = min{\;, A2}. In particular, when g;, h;, are linear functions and c(-, -) is also
. . . _ Aop.
linear with respect to x and y, respectively, then fio = {g, - } If we further choose

T

p as in Example 3.3 or Example 3.4, then, ji = ~.
In what follows, suppose that p satisfies Assumption 3.2 and 0 < p < fiz with
fiz defined in (5.48). By the Lipschitz continuity of p on Ry, r(g;(¢), 1) is Lipschitz
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continuous differentiable on {t : g;(t) > 0}, VI € [#]. When ¢;(¢) > 0, by (3.9), the
second order generalized derivative of r(g;(t), 1) with respect to ¢ satisfies

5 Op(8)s=gu(t)/1 gt
Or(ant). ) € Burlan(t), ) = L o2 4 O ), 5.9
where p(gi(t)/p) = 0 if gu(t) & [0,7). Then, B2 r(gu(t), 1) = {0} when qu(t) ¢ [0,7).
Thus, if x* is a local solution of minyex fZ(x,y*, 1) and Aii(xf) # () for i € [n], by
Assumption 5.1 and the second order necessary optimality condition [30], then

{there exists a unique | € N; such that 0 < g;(x;) < 7 and (5.50)

there exists a w; € [0, c(x*,y")]i + Al(g)'ftr(g[(t),u)t:x; such that w; > 0,

which implies x} € int(X;). Similarly, if y* is a local solution of maxyey ff(x*,y, 1)
and B} ;(y7;) # 0 for j € [m], then

{ there exists a unique k € M such that 0 < hy(y}) <7 and

there exists a w; € —[02, ¢(x*,y*)];; + X027 (hy (1), ft)e=y+ such that @; > 0.
(5.51)
Thus, inspired by the first and second order necessary optimality conditions to

x* € argmin ff(x,y*, 1) and y* € argmax fR(x*,y, ), (5.52)
xeX yeY

we introduce the following definition.
Definition 5.2. We call (x*,y*) € X x Y a weak second order stationary point
of problem (5.9), if

0€ o fH(x",y", ) + Nx(x*) and 0€ =0y fR(x",y", 1) + Ny(y*),  (5.53)

where éfo(X*,y*,u) and 5yfR(x*,y*,u) are defined in (5.26) and (5.27), and for
any i € [n] with A;(x;") # 0 and j € [m] with Bij(y;f) # 0, (5.50) and (5.51) hold,
respectively.

It is clear that (5.53) and (5.50)-(5.51) are weaker than the general first and sec-
ond order necessary optimality conditions to (5.9), respectively, so we call it “weak”
stationary point.

Theorem 5.3. Suppose problem (5.1) satisfies Assumption 5.1, density function p
satisfies Assumption 3.2 and 0 < p < fig with fis defined in (5.48). Then, the following
statements hold.

(i) If (x*,y*) is a weak second order stationary point of (5.9), then

91(x7) & (0,ap), VI € Nj, i € [n]; hi(y}) € (0,ap), Yk € My, j € [m]. (5.54)

(il) (x*,y*) is a saddle point of problem (5.1) if and only if it is a saddle point of
(5.9).
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(iii) (x*,y*) is an apu-strong local saddle point of (5.1) if it is a local saddle point of
(5.9).

(iv) When functions gi, hy are convex for alll € [n] and k € [1n], (x*,y*) is an au-
strong local saddle point of (5.1) if it is a weak second order stationary point of
(5.9).

Proof. To prove ()7 we argue the results in (5.54) by contradiction. Suppose there
exist i € [n] and [ € N; such that 0 < g;(x}) < ap.

By Assumption 5.1, since ap < 7, then x¥ € int(X;), and for any | € N;, | # l,
91(x3) ¢ [0, 7], which together with (3.4) implies that

Vir(t, p)i=g (x:) =0 and Vfr(t,ﬂ)tzgl(xg) =0.

Next, we obtain the contradiction to 0 < g; (X~) < ap from two cases.

Case 1: sup{a : a € Ip(gi(x3)/p)} > —p2. By Assumption 3.2, it means that
p(9i(x3)/p) = p,. Similar to the discussion in Proposition 5.1, by o< g <
A1opa/ L1, it brings a contradiction.

Case 2: sup{a : a € Ip(g;(x3)/p)} < —po. By (5.49) and (5.50), there exist &; €

(02, c(x*,y")5, m; € Bp(t)t:gz(xg)/“ and (; € 9?g;(t)¢—x.. such that

&+ Mo 4 0 I (5.55)

Recalling Assumption 3.2 and by p < Z, an estimation on the left side of (5.55)

a 7
glVGS
LCVQT

9,25 (5.56)

which contradicts to p < fip < % given in (5.48). Therefore, g;(x}) ¢
(0,ap), VI € N;, i € [n]. Similarly, hi(y}) & (0,au), Yk € Mj, j € [m]. Thus, (i)
holds. Moreover, (i) implies Assumption 4.1. By Theorem 4.1, we can obtain (ii) and
(ii).

(iv) Suppose (x*,y*) is a weak second order stationary point of (5.9). To proceed
the proof, we use a slight modification of functions in (5.42) and (5.43) as follows

_ * /\1,00 n
Wiee o u(x) = c(x,57) + e > ZZGA?(X” 91(%:) 4, (5.57)

_ * /\2PO m
Vi o u(y) = —¢(x*,y) + o ijl Zkegg(y;) hi(y )+ (5.58)

which are convex on X and ), respectively. By Assumption 3.2 and (3.3), if g;(x}) >
Qi or gl( ) < 0 for some i € [n] and I € N, then 9yr(t, t1) =g, (x))(x}) = 0. From
(1), (x*,y ) satisfies (5.54). Thus, using (3.3) again and by (5.53), we have

* * )\1PO n 1% ) *
0 Vel sy ) 4 ST (30 0 i) e+ M), (6559)
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which implies 0 € OxWx+ y= (x*) + Ny (x*). Thus, x* is a global minimizer of
Wi+ y+ u(x) on X. In what follows, similar to the analysis in Theorem 5.2, we get that
(x*,y*) is an ap-strong local saddle point of (5.1). O

5.3 Continuous relaxations defined by different density
functions

In this subsection, we use three examples to explain the different properties of the
continuous relaxation problems constructed by the density functions that satisfy
Assumption 3.1 or 3.2. In particular, we use the density functions in Examples 3.1 and
3.3 to construct two different continuous relaxation problems, which have different
relations with min-max problem (1.1) regarding local saddle points and strong local
saddle points.

e In Example 5.1, we show that we can provide a possible larger lower bound to
the saddle points of (5.1) by the analysis on the continuous relaxation models
with different density functions.

e It is interesting to see in Example 5.2 that the bounds in (4.1) and (4.2) with
0 < p < fi1, fig in (5.30) and @ = 1 (given in subsection 5.1 by the continuous
relation model with a density function in Example 3.1 and p = 1) is satisfied by
the global minimax points of this example, but these bounds with 0 < p < fig,
[z in (5.48), and « in Assumption 3.2 (given in subsection 5.2 by the continuous
relation model with a density function satisfying Assumption 3.2) may not hold
to the global minimax points.

¢ Note that all the functions r(-, u) in Examples 3.1-3.4 can be expressed by DC
functions and continuously differentiable on (0, ap), where p = 1 in Example 3.1.
Then, when c is continuously differentiable, both the weak d-stationary point and
weak second order stationary point to these continuous relaxation models are
well-defined. In Example 5.3, we will show that a weak second order stationary
point is not necessary to be a weak d-stationary point of the continuous relaxation
problem with a density function in Example 3.1 and p = 1. Moreover, a weak d-
stationary points is also not necessary to be a weak second order stationary point
of the continuous relaxation problem with a density function in Example 3.3.

Example 5.1. Consider

min max_f(x,y) = (x = 1)(y — 1) + 3|/l — 3[ly]lo- (5.60)
x€[—2,2] ye[—2,2]

In Ezample 2.1, we have verified that (0,0) is the unique saddle point of (5.60).
Assumption 5.1 holds with o =1, 71 =2, Len =3 and Lea = Lgo = Lp 2 = 0.

Case 1: Choose the density function p in Fxample 3.1 with p = 1 to build up its
continuous relaxation. Then, « =1, p = 1 and then iy = 1 in (5.30). Since we can
choose any p in (0, fi1), by Theorem 5.1, it gives that the saddle points and global
minimaz points of (5.60) satisfy the lower bounds that

either x =0 or |x| > v and eithery =0 or |y| > v (5.61)

with v = 1.
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Case 2: Choose the density function p in Example 3.3 with « = 2 to build up
its continuous relazation. Then, the analysis in subsection 5.2 gives that fio = 1. By
Theorem 5.3, we have that any saddle point of (5.60) satisfies the lower bound in
(5.61) with v = 2.

Example 5.2. Consider

i = (x—1)(y—1 —Iyllo-
n max F6y) = (= Dy =D+ lixdlo = flyllo

Ezample 2.1 shows that (3/2,0) and (3/2,2) are global minimax points of this problem.

By basic calculation, i1 = 1/3 when we define p by Example 3.1 with p = 1. Then,
by Theorem 5.1, any global minimax point of this example satisfies (5.61) with any
v=p<pi.

However, when we define p by Example 3.3 with o = 2, then fio = 1. It is obvious
that neither of the two global minimax points satisfies (5.61) with v = apu when 3/4 <
< fiz.

Example 5.3. Consider

i y) = (x—1)(1 - — liyllo- 5.62
ngl_lgmyg[lg;fﬂf(xy) x=1)(1—y)+lxlo—llyllo (5.62)

On one hand, choose the density function p in Example 3.1 withp =1 and p =1/4
to build up its continuous relazation, where 0 < p < 3 = 1/3. For this case, we
can verify that (—=1/4,1/4) is a weak second order stationary point of its continuous
relazation model, but it is not a weak d-stationary point of it and is also not a local
saddle point of (5.62).

On the other hand, choose the density function p in Example 3.3 with « = 1 and
w =1 to build up its continuous relaxation, where 0 < p < g = 2. For this case, we
can easily check that (1,1) is a weak d-stationary point but not a weak second order
stationary point of this continuous relazation model, and it is not a local saddle point
of (5.62).

At the end of this subsection, we summarize the relations between min-max prob-
lem (5.1) and its continuous relaxation problem (5.9) in Fig. 1. From Fig. 1, we find
that both weak d-stationary point and weak second order stationary point of (5.9) are
necessary conditions to the saddle points of (5.1) and (5.9), but sufficient conditions
to the v-strong local saddle points of (5.1). Getting a bound on v in (2.8) satisfied by
all saddle points of (5.1) would allow us to discard a certain number of local saddle
points which are not saddle points. When problem (5.1) satisfies Assumption 5.1, by
Theorem 5.1 and Theorem 5.2, we can conclude that any saddle point of (5.1) satis-
fies the lower bounds in (2.8) with v := p < fi1, which is obtained by the continuous
relaxation model with p in Example 3.1 and p = 1. For a more special case, we also
obtain from Theorem 5.3 that any saddle point of (5.1) satisfies the lower bounds in
(2.8) with v := apt < ajiz, which is obtained by the continuous relaxation model with
p satisfying Assumption 3.2.
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hold for / with capped-£1 points satisfying the lower bounds

@ hold for f* with SCAD, MCP or hard
thresholding

t hold for f# with the four relaxations

minmax f(X,y)

xeX yeY
s::idnlte Ioca;:i::dle a-strong local saddle point | Iocalpr:il:tlmax mini?rllzga;oint
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i [N HH e
saddle local saddle weak d- weak second order local m‘inimax X 'global )
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min max X, Y, [
xeX yé(y f ( Yok )

Fig. 1: Relations between problems (5.1) and (5.9) with different relaxations

6 Applications

In this section, we use three examples to explain the motivation and theoretical results
of this paper. Moreover, we present numerical results for the third example.

6.1 Distributionally robust sparse convex regression

The sparse convex regression problem

min Efp(x; cg, de)] + A lx]lo

has wide applications in data science, where X = {x €¢ R” : u < x < u} with u < T,
(ce,de) € R™ x R represents a random data set of interest, ¢(;ce,de) : R® — R is
a convex loss function and E is the expectation. Widely used convex loss functions
include the censored function (max(czx, 0)—d¢)? and the ¢; function |cg—x—d5|, which
are nonsmooth functions. Then, the distributionally robust sparse convex regression
problem can be expressed by

m

min max vipi(x) + A1]1x]o (6.1)
X€X yeyp P

with ¢;(x) := @(x;¢;,d;), a set of m samples {c;,d;}; and the approximation of

the ambiguity set Y = {y € R :y >0, e’y =1, ||Ay — b|| < 6}. Here (A,b,d) €
RE>m » RF x R, describes the approximated ambiguity set in a general moment form.
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Taking account of the constraint on y, the following penalty form

min max ;ym(X) — Bmax{[[Ay — b|* = 62,0} +A1lx]lo (6.2)

e(x,y)

for (6.1) is promising, where 8 > 0 is a penalty parameter and Y = {y ¢ R™ : y >
0, e’y = 1}. In (6.2), c(x,y) is nonsmooth with respect to both x and y. However,
thanks to the method in subsection 4.3, a smoothing function to ¢ can be easily
constructed with the properties in (4.23) and (4.24). For example, if ;(x) = |¢; x—d;],
then we can set

é(X7y7€) = ZYZQ(C;FX - diag) - BQS(HAY - b”2 - 62’5)7
i=1

where ¢(s, ) is a smoothing function of the plus function s and 6(s, €) is a smoothing
function of the absolute value function |s|. Note that ¢(s,e) can be defined by any one
of the following formulations:

¢(s,e) =s+eln(l+e %), ¢(5,6):%(s+ 52 + 4e2),

Sy if|s| > ¢ s—|—ge*g ifs>0
¢(3a5) = s+¢e)2 P(s,e) = N
! if|s| <, Eet ifs <0,
4e 2

and 6(s,e) can be given by 0(s,e) = ¢(s,€) + ¢(—s, e). From Definition 4.1, it is clear
that ¢ is a smoothing convex-concave function of ¢. Moreover, by Proposition 4.1, it
satisfies (4.23) and (4.24).

6.2 Robust bond portfolio construction

We consider a portfolio of n bonds with quantities x € X C R} and time periods
t =1,...,T, where the set X = {x € R" : u < x < U} gives a range of possible
quantities for each bond. Let «; ; denote the cash flow from bond ¢ in period ¢, which
includes the coupon payments and the payment of the face value at maturity.

Let p € R’} denote the price of the bonds with

T
P = Z a; exp(—t(ue +s;)), i=1,...,n,
t=1

where s; > 0 is the spread for bond ¢ and w; is the yield curve at time ¢. The portfolio
value is given by p'x. Let ¢ be a smooth convex nominal function that may include
tracking error against a benchmark, a risk term and a transaction cost term.

Lety = (u',s")T € R**T. The set Y = {y € R**T : v <y < ¥} gives a range of
possible values for each point in the yield curve and for each spread.
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A version of the robust bond portfolio construction model in [35] is the following
convex-concave saddle point problem

T

n
minmax ¢(x,y) i= ¢(x) =AY > X exp(—t(y: + yri:)) — BllAy — bll1,
1

XEX yeY Pl

where ||Ay — bl|; describes the uncertainties in yield curves and spreads, and c¢(x,y)
is a nonsmooth function with respect to y. A robust bond portfolio construction with
sparse selection of bonds is as follows

A 6.3
min max c(x, y) + A [x[lo- (6.3)

Problem (6.3) is a nonsmooth convex-concave saddle point problem with cardinal-
ity penalty ||x||o, where X is a convex set with int(X) # ), and ) is a convex set. Note
that the assumption int()) # 0 in (5.2) and Assumption 5.1-(ii) can be removed, since
(6.3) does not have a cardinality function of y. A smoothing function of |Ay — b||;
in the function ¢ can be constructed by 6(s, ) in subsection 6.1.

6.3 Sparse convex-concave logistic regression saddle point
problems

Motivated by the unconstrained convex-concave logistic regression saddle point
problem in [5], we consider the following saddle point problem

N N

min max c¢(x log(1+e™ arapx) L xT Ay lo 1+€*/3kb;jy, 6.4
xeXyey(y ;g *) y;g( ) (6.4)

where X = {x : ||X|lcc < 1}, Y = {y : |yl < 1}, ax € {0,1}", by € {0,1}™,
A € {0,1}™™ and oy, B € {—1,1}, for all k € [N]. To find a sparse solution, we
consider the following min-max model

A —A 6.5
)I(Iél;(lmaj)}( c(x,y) + A llxllo 2/lyllo (6.5)

with Ay > 0 and Ay > 0. It is clear that c¢ is a smooth convex-concave function and
Assumption 5.1 holds for (6.5) with 7 = o = 1. It has

N —aga, x —Bibly
B age k —QBre k -
ch(x7 y) = 2 m ap + AA.}’7 V C X y Z 1+ e—ﬁkb bk + A x.
By simple calculation, we can set L1 in (5.22) by
Ley = max {[|af|co + [|Al|os, [bllo + [|A T [loc, 1} , (6.6)

where a = (ay,...,ay) and b = (by,...,by).
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If we choose the density function in Example 3.1 with p = 1 to construct continuous
relaxation function ff(x,y,u), then a = p = 1. From the weak d-stationary point
defined in Definition 5.1 and by Theorem 5.2, if (x*,y*) € X x ) is a weak d-stationary
point of minkex maxyecy f2(x,y, i), then (x*,y*) is a u-strong local saddle point of
(6.5), that is

Ix;| & (0, ), |¥51 & (0, ), Vi € [n], j € [m],
0 € [Vxe(x",y")]i + Nx,(x7),  fori € [n] satisfying [x}| > 1, (6.7)
0 € —[Vye(x",y")]j + Ny, (y;), forj € [m] satisfying |y}| > p.

There are many interesting algorithms for min-max problems [1, 4, 15, 25, 36, 42,
48, 49]. To illustrate our theoretical results, we solve convex-concave min-max problem
(6.4) by the Proximal Gradient Descent Ascent (PGDA) algorithm proposed in [15]
as follows

k+1 k+1

x =argxm6i§Q(x,xk;y’“,y’“), y' = argmax Q

(Xk+1
yey

Xy, R,
where

L o 5 o 1 s 1 s
Q(x, X3y, y) == <Vx0(x7y),X—X>+<Vy0(x,y),y—y>+§vllx—><l| —§’YHY—YH :

and y > max {||al|oc, [|blloc} = maxxex,yey,icnjerm Vi, ¥l |[Viye(x, ¥)lji1}-
If (x*,y") generated by PGDA converges to (X,%), then

0 € Vic(X,¥) + Nx(X), 0¢€ —Vyc(X,¥)+ Ny(y),

which implies that (X,y) is a saddle point of (6.4) by the convexity-concavity of c.
To find a sparse local saddle point of (6.5), we define the continuous relaxation

Qdi,dy (Xv i; y, S’a ,U,) = Q(Xv 5(; y, 5’) + )\1 Z q)dii (Xia :u’) - )‘2 Z (I)dyj (ij N“)ﬂ (68)
i=1 j=1

ol it 18] < o
where ®95 (s, ) = { p Notice that for fixed x € X, y € Y and pu > 0,
1 if 3] > p.
Qx5 (-, X; -, ¥; i) is convex-concave.
Combining the PGDA with the alternating index at x* and y* in [3], we propose
the following Alternating Proximal Gradient Descent Ascent (APGDA) algorithm

k+1 _ . k. k k.
x"T = argmin Qa4 (%, X"y, ¥ 1),
xeEX x y
k+1 _ k+1 k. k.
y' = argmax Qu .y a, (X7, XYY )
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Although the two steps in APGDA can be considered as a generalization Algo-
rithm 3.1 in [3] for solving two minimization problems: minyecxy f(x,y*) and
minyey — f(x**1y), the convergence analysis of APGDA is not trivial. In what
follows, we give a preliminary result on the convergence of APGDA.

Proposition 6.1. For any initial point (x°,y°) € X x Y, if (x*,y"*) generated by
APGDA with p < % converges to a point (X,y), then it is a p-strong local
saddle point of (6.5). ,

Proof. Let ®1(s,p) = |s|/p and ®y(s, 1) = 1. There is a subsequence of {(x* y*)}
(also denoted by {(x*,y*)}) and Vectors t € R, w € R™ with ¢;,w; € {1,2} such
that ™ T(s,pu) = @y, (s u) and @ Ik i (s,1) = Py, (s,p) for any i € [n], j € [m] and
k € N. From APGDA, we have

0 € [Vae(x", ¥ )i +7(xi ™ = xF) + MV @y, (7T, ) + N, (x5, Vi € [n],

7

0€ —[Vye(x*, y*)]; + 7y} ™ = ¥5) + 2 Veu, (v 1) + Ny, (v ™),V € [m].
Letting k — oo, for any i € [n] and j € [m], we obtain

0e [V (X, 9)])i + MVs®Py, (Xi, 1) + Na, (Xi),

(Ve )] + AoV B, (55010) + Ny (7). (69

If there exists ¢ € [n] such that |X;| € (0, ), then X; € int(X;) and the first inclusion
in (6.9) gives L.1 < %7 which leads a contradiction. Thus, |X;| € (0,u), Vi € [n].
Similarly, |y;| € (0, 1), Vj € [m].

If there exists ¢ € [n] such that |X;| = p and ¢; = 1, then the first inclusion in (6.9)
also brings a contradiction to the value of p. Putting forward these results into (6.9)
gives

|5<i| ¢ (OHU‘)? |yj| ¢ (O,ﬂ), Vi e [TL} JE [ ]
0 € [Vxe(X,¥))i + Nu, (%:), Vi€ n],x; #0,
€ [-Vyex,3)]; + Ny, (¥5), Vi€ [m],y; #0.
Recalling the results in Theorem 2.1, we confirm that (X,y) is a u-strong local saddle
point of (6.5). O

For a given point, to determine whether it is a saddle point of (6.4) or a u-strong
local saddle point of (6.5), by the normal cones of X = {x: ||xX|lcoc < 1} and Y = {y :
l¥|lco < 1}, we define the following evaluation functions

(Vxe(x )l ifxi =1 (= [Vyelxy)lj)+ ify; =1
Ri(x) = ¢ (=[VxeGo,y)i) it x = =1 S;(y) = ¢ ([Vye(xy)]j)+ ify; = -1
[[Vxe(x,y)]il otherwise, I[Vye(x,y)l;l otherwise.

It is clear that R;(x) > 0, Vi € [n] and S;(y) > 0,Vj € [m]. Forx € X andy € ), it
holds
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* p(x) := Y0, Ri(%) = 0 and q(y) := 2271, S;(¥) = 0 if and only if (x,¥) is a
saddle point of (6.4).

* p(x) = Zi;iﬁéo(Ri(i) + max{p — [%;|,0}) = 0 and ¢(y) = Z]‘;yﬂéo(sj(y) +
max{p—|y;],0}) = 0 if and only if (X,y) is a pu-strong local saddle point of (6.5).

Although the sequence convergence of PGDA and APGDA cannot be guaranteed,
we can compare the behaviour of the sequences generated by PGDA and APGDA
from the same initial points. We conduct a simple test experiment with n = 20,
m = 30, N = 50, A\; = A2 = 1 in Matlab. We randomly generate a binary matrix
A € {0,1}™*™ and for k € [N] randomly generate a; € {0,1}", by € {0,1}" with
2 nonzero elements, ay, S € {—1,1}. We compute the constant L.; as in (6.6) and
obtain p = 0.0323 < fiy, where iy = min{1,1/L. 1} is defined as in (5.30). We choose
an initial point (x°,y°) = 0.2e for running both PGDA and APGDA.

In Fig. 2, (a), (c), (e) plot convergent sequences of x*, y*, p(x*), ¢(y*) generated by
PGDA and (b), (d), (f) plot convergent sequences of x*, y*, 5(x*), G(y*) generated by
APGDA, where each curve in (a)-(d) represents one component of the corresponding
vectors. From Fig. 2, we find that the limit point of the sequence (x*,y*) generated
by PGDA does not have a zero element and some elements of it do not satisfy the
lower bounds in (6.7). However, more than half elements of the limit point of (x*, y*)
generated by APGDA are zero, and all elements of it satisfy the lower bounds in (6.7).
This is consistent with the theoretical results and shows the superiority of (6.5) in
finding a sparse solution. Moreover, in Fig. 2-(e), from the convergence of p(x*) and
q(y"*) on (x*,y"*) generated by PGDA, we confirm that the limit point of (x*,y") is
a saddle point of (6.4), while Fig. 2-(f) shows the convergence of p(x*) and G(y*) on
(x*,y*) generated by APGDA, which confirms that the limit point of this sequence
is a p-strong local saddle point of (6.5).

7 Conclusion

In this paper, we prove the existence of local saddle points and global minimax points
of problem (1.1) and define a class of strong local saddle points of it. To construct
interesting continuous relaxations to (1.1) based on convolution, we introduce two
classes of density functions which satisfy Assumptions 3.1 and 3.2, respectively. The
induced continuous relaxations include the capped-¢, with 0 < p <1, scaled SCAD,
scaled MCP, hard thresholding functions as special cases. Moreover, we establish the
relations between problem (1.1) and its continuous relaxation (3.12) regarding their
saddle points, local saddle points and global minimax points by using the lower bound
properties of g(x) and h(y) in (4.1)-(4.2) at the local saddle points and global minimax
points of the continuous relaxation problem. Moreover, we define the weak d-stationary
points and weak second order stationary points of problem (5.1), which are necessary
conditions for the local saddle points of its continuous relaxation problem (5.9), while
sufficient conditions for the strong local saddle points of (5.1). In addition, we study
the smoothing approximation of (5.9) by using a smoothing convex-concave function
of nonsmooth ¢ and prove that any accumulation point of weak d-stationary points
of the smoothing approximation problem is a weak d-stationary point of (5.9) as the
smoothing parameter goes to zero.
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Fig. 2: Convergence of x*, y*, p(x*) and ¢(y*) generated by PGDA and convergence
of x*, y*, p(x*¥) and §(y*) generated by APGDA
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