. mathematics

Article

Optimality Conditions for Group Sparse Constrained
Optimization Problems

Wenying Wu * and Dingtao Peng **

check for

updates
Citation: Wu, W.; Peng, D. Optimality
Conditions for Group Sparse
Constrained Optimization Problems.
Mathematics 2021, 9, 84. https://
doi.org/10.3390/math9010084

Received: 27 November 2020
Accepted: 29 December 2020
Published: 1 January 2021

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional clai-
ms in published maps and institutio-

nal affiliations.

Copyright: ©2021 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Mathematics and Statistics, Guizhou University, Guiyang 550025, China; wywu@gzu.edu.cn
* Correspondence: dtpeng@gzu.edu.cn
1 These authors contributed equally to this work.

Abstract: In this paper, optimality conditions for the group sparse constrained optimization (GSCO)
problems are studied. Firstly, the equivalent characterizations of Bouligand tangent cone, Clarke
tangent cone and their corresponding normal cones of the group sparse set are derived. Secondly,
by using tangent cones and normal cones, four types of stationary points for GSCO problems are
given: TB-stationary point, NB-stationary point, TC-stationary point and N¢-stationary point, which
are used to characterize first-order optimality conditions for GSCO problems. Furthermore, both
the relationship among the four types of stationary points and the relationship between stationary
points and local minimizers are discussed. Finally, second-order necessary and sufficient optimality
conditions for GSCO problems are provided.

Keywords: group sparse constrained optimization; tangent cone; normal cone; first-order optimality
condition; second-order optimality condition

1. Introduction

The sparsity of a vector means that few entries of the vector are non-zero, while the
group sparsity of a vector means that non-zero entries or zero entries in the vector may
have some group structures, that is, they appear in blocks in certain areas. A vector can
be grouped according to the prior information of the group structure among the entries,
and then each group is examined to see if they are zeros entirely. For example, genes
of the same biological path can be regarded as a group in gene expression analysis, so
when they are described by a vector, the vector has group sparsity. Since it was first
proposed by Yuan and Lin [1] in 2006, the group sparse optimization has attracted much
attention of researchers [2-5]. The aim of group sparse optimization is to seek a solution
of group sparsity for a system. It is now known that group sparse optimization has
broad applications in bioinformatics, pattern recognition, image restoration, neuroimaging
and other fields [1,6-8]. For instance, we can restore the signal by use of group sparse
optimization according to the prior information of its group sparse structure. Moreover,
the stability of the recovery can be improved in the presence of noise while the accuracy of
the recovery can be improved in the absence of noise [2]. In practical problems, it is more
targeted to adopt the corresponding group sparse optimization model for problems with
group sparse structure [9].

The general sparse constrained optimization has been researched by many authors and
achieved a lot. Here we mention few of them. In [10], the authors proposed both concepts
of restricted strong convexity and restricted strong smoothness to ensure the existence of
unique solution for the sparse constrained optimization, and obtained the corresponding
error bounds. In [11], the authors defined N5-stationary point and N¢-stationary point
for the sparse constrained optimization. Beck and Eldar [12] put forward three types of
first-order necessary optimality conditions for sparse constraints optimization. One of
them is the basic feasibility which is a generation of the necessary optimality condition
for zero gradient in unconstrained optimization. Another one of them is the L-stationary
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point which is based on the fixed point condition and can be used to derive the iterative
hard thresholding algorithm for solving sparse constrained optimization problems. As
we all know, Calamai and Mote [13] introduced T2-stationary points and TC-stationary
points to describe the optimal conditions for general constrained optimization problems.
Although N-stationary points, L-stationary points and T-stationary points are equivalent for
convex optimization problems, they are not equivalent for sparse constrained optimization
problems because of the non-convexity. In [14], the authors provided a description of
the tangent cone and the normal cone of the sparse set, and then used to describe the
first-order optimality condition and the second-order optimality condition, furthermore,
they extended the results to the optimization problems subjected to sparse constraints
and non-negative constraints. Chen, Pan, and Xiu [15] characterized the solutions of
three kinds of sparse optimization problems and investigated the relationship among
them. Recently, Bian and Chen [16] gave an exact continuous relaxation problem for the
sparsity penalty optimization problem, and proposed a smoothing proximal gradient for
the relaxation problem.

However, the above works are mainly for general sparse optimization problems.
Due to the complexity of the group sparse structure, there still lacks of research on group
sparse constrained optimization problems. If the group sparsity is a penalty in the ob-
jective function, Peng and Chen [17] studied the first-order and second-order optimality
conditions for the relaxation problems for group sparse optimization problems, while Pan
and Chen [18] used a capped folded concave function to approximate the group sparsity
function and showed that the solution set of the continuous approximation problem and
the set of group sparse solutions are same.

This paper focuses on the following group sparse constrained optimization (GSCO)
problem, that is,

' £ < 1
min f(x) st |[xll20 <k, 1)

where f : R” — R is a continuously differentiable function or a twice continuously differ-
entiable function, x € R" is divided into m disjoint groups, denoted by x = (x{ , -+ ,x,;,) "
with X; = (xl-(l), oy, xi(ni))T < Rni, i = 1, e, m and 21m:1 ni = n,n; 2 1, ||X||2,0 =
Y 8{lxi|l2 # 0} counts the number of non-zero groups in x, where ||x;||2 is the ¢, vector
norm of the ith group x;. Throughout this paper, for simplicity, || - || denotes the ¢, vector
norm. Let k be a positive integer with k < m < n,and S := {x : ||x||20 < k} be a group
sparse set.

Problem (1) is called GSCO due to the group structure in its entries. When m = n and
nj=1,i=1,---,m,Problem (1) reduces to the standard sparse constrained optimization.

Problem (1) is non-convex, non-smooth, and non-Lipschitz, for which the optimality
conditions are of the theoretical importance. It is the basis of analyzing and solving the
problem. The optimality conditions for constrained optimization are closely related to
tangent cones and normal cones of the constraint set. We will use Boligand tangent cone,
Clarke tangent cone and the corresponding normal cones of the group sparse set to describe
optimality conditions for Problem (1).

This paper is organized as follows. In Section 2, some basic notations and definitions
are introduced. In Section 3, the equivalent expressions of Boligand tangent cone, Clarke
tangent cone, and the corresponding normal cones of the group sparse constraint set S are
given. In Section 4, first-order optimality conditions for Problem (1) based on the tangent
cones and normal cones of S are provided. The relationship between stationary points
and local minimizers of Problem (1) is also discussed. In Section 5, second-order necessary
and sufficient optimality conditions for Problem (1) are given. At last, a brief concluding
remark is given in Section 6.
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2. Notations and Definitions

In this section, we introduce some notations and preliminaries including the defini-
tions of Boligand tangent cone, Clarke tangent cone and their corresponding normal cones.

For any x = (x{ ,%,, -+ ,x,,)| € R" with x; € R", the group support set of x is
denoted by

I'(x):={ie{l,---,m}:x; #0},

IT(x)| is the cardinality of the set I'(x), then ||x||20 = |T'(x)|, which means ||x||2, is the
number of groups in x that have nonzero />-norm.

For the n-dimensional real number space R", R, denotes the x; coordinate axis,
and Rixj denotes the x;Ox; coordinate plane. Let e; € R" denote the n-dimensional
vector in which the entries in ith group are all ones and the other entries are all zeros. Let
ei]-(i =1,---,m,j=1,---,n;) denote the n-dimensional vector in which the jth entry of
the ith group is one and the other entries are all zeros.

For a smooth function f : R" — R, let

[Vl = (IVF iy [V i) ' V) = (V- [V L)

where ;) € R denotes the jth entry in x; and [V f(x)];(;) denotes the jth entry in [V f(x)];-
The following example shows that the group sparse structure is different from the
sparse structure.

Example 1. Let x = (x1,x2,x3) " be a 3-dimensional vector. We show the different ways of
grouping and the corresponding group sparsity of x as follows.

(1) When x = (x1,x,x3) " ,ny =np =n3 =1,
if [|x||20 = 0, then x = 0;
if [|x]l20 = 1, then x € {x]|x; € R\{0},x2 = x3 = 0} U{x|x; € R\{0},xq = x3 =
0} U{x|x3 € R\{0},x; = x, =0};
if [|x][2,0 = 2, then x € {x]x1,x2 € R\{0}, x3 = 0} U{x|x1, x3 € R\{0}, xo = 0} U{x]|x2,
X3 € R\{O}/ X1 = 0};
if [|x][2,0 = 3, then x € {x|x1, x2,x3 € R\{0}}.
(2) When x = (x1, (x2,x3)) T, n1 = 1,13 = 2,
if [|x][20 = 0, then x = 0;
if ||x[2,0 = 1, then x € {x|x; € R\{0},x2 = x3 = 0} U{x|x1 =0, (x2,x3) " € R2\{0}};
if [|x]|2,0 = 2, then x € {x|x; € R\{0}, (x2,x3) " € R?\{0}}.
(3) When x = ((X1,X2,X3))T, ny = 3,
if [|x][20 = 0, then x = 0;
if [|x||20 = 1, then x € {x|(x1,x2,x3) " # 0}.

In the end of this section, we will introduce the definition of Bouligand tangent cone,
Clarke tangent cone and their corresponding normal cones [19].

Definition 1 ([19]). Let Q0 C R" be an arbitrary nonemepty set. The Bouligand tangent cone

TE(X), the Clarke tangent cone TS (X) and their corresponding normal cone NB (x) and N§(X) to
the set ) at the point X € () are defined as follows.

(1) Bouligand tangent cone:
TE(%) == {d €R":3{x'} C O limx' =% 3N 2 0,t € W,sit. lim As(x' —%) = d};
(2) Fréchet normal cone:

NE®) = [TA®)° = {u e R": (w2) <0,vz € TE®)};
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(3) Clarke tangent cone:

. ., vi{x'} C Q, lim xt =%, V{\} C R, lim Ar = 0,3{d!} Cc R",

<) — . — 00 — 00 .

To(x)={deR": s.t. tlim di=dandx'+M;df € Q,t e N !
o0

(4) Clarke normal cone:
NS(®) = [TS(%)]° = {u ER": (u,z) <0,Vz € Tg(i)}.

3. Tangent Cones and Normal Cones of the Group Sparse Set S

Tangent cones and normal cones are widely used to describe optimality conditions for
constrained optimization problems [19]. The following two theorems give the equivalent
characterizations of Bouligand tangent cone, Clarke tangent cone and their corresponding
normal cones to the group sparse constraint set S.

Theorem 1. For any X € S, the Boligand tangent cone TE(X) and Fréchet normal cone N (%) to
the group sparse set S at the point X has the following equivalent expressions:

TE(x) = {deR":|d|0 <k |X+7d

= | {deRr":d;=0,i¢ ]}
JEO(X)

= U sparl{ei]‘,ief,jzl,“‘/”i};
JEO(x)

20 <k Vy e R}

NE(R) = {fueR":u;=0,i € T(X)} =span{e;,i £T(X),j=1,---,n}, [X[20=k,
{o}, 1Xll20 <k,

whereT'(X) = {i € {1,---,m} : x; #0},0x) ={J C{1,---,m} : T(x) C J,|J]| =k},
d; € R" is the ith group of d € R", w; € R" is the ith group of u € R".

Proof. (i) According to the definition of Bouligand tangent cone, we have

TE(x)={d e R":3{x'} C§, tlggoxf =x3IN >0t € N,s.t.tILI?OAt(xt -x)=d}.

Firstly, we prove that T2 (X) = H(x) := {d € R" : ||d|20 <k, [[x +7d
For any d € T¥(X), there exists {x'} C S such that tlim x' = X, then
—» 00

20 < k, ¥y € IR}

I(%) € T(x') and [F(%)] < [T(x))]
for any sufficiently large t. It follows from x! € S that
PO =[x 120 < k.

Since d = tlim At(xt —X) with Ay > 0, then T'(d) C I'(x' —X). Due to T'(X) C I'(x),
—00

we obtain
I(d) CT(x' —%) CT(x).
Therefore,

ld]l20 = [T(d)] < [T(x')] < k. @)
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According to T(X) C T'(x') and T'(d) C T'(x!), then ['(x + yd) C I'(x!) for any 7 € R.
Hence we get

X+ ydl20 = [T(X+9d)| < [T(x")| < k. 3)

Combining (2) with (3), we get TZ(x) C H(X).
Conversely, for any d € H(x), take any sequence {A;} such that A; > 0 and Ay — oo,
letx! =x+ /%, then tlim x! = X. Since ||x + yd||2,0 < k for any v € R, we get
—00

. d
X ll20 = 1%+ 3-ll20 <k,
t
which means {x'} C S. It follows from tlim x! = x that ['(x) C T'(x'). Hence we obtain
— 00

IX]l20 = [TX)] < [F)] = X ]l20 < k.

t

From x' =x+ %,we get

lim Ay (x! —X) = d.
t—o0

Hence we have d € T?(X), which means TZ(x) 2 H(x).
The above proof yields T8 (X) = H(X).
It is easy to prove that

Hx)= |J {deR":d;=0,i¢ ]} = |J span{ej,ic]j=1,---,n}.
JeO(X) JeO(x)

(if) According to the definition of Fréchet normal cone,
NE(?) = [Tf(i)]o = {ueR":(ud)<0,Vd e TSB(Q)}

For any u € N£(x) and any d € T?(x), it must hold (u,d) < 0.
If ||X||2,0 = k, we have

<u,d> = Z <ui,di)—|— Z (ui,di).

iel(x) i¢T(x)

Since d € TE(x) = Ureox){d € R" : d; = 0,i ¢ ]}, for any | € O(x), we have
I'(x) CJandd; =0,i ¢ J]. Thuswehaved; =0,i ¢ T(X), ¥ (u;,d;) =0,and then
i¢T(R)

(u,d)y =) (u,d;) <0,
iel'(X)

which, together with the arbitrariness of d; € R" for i € I'(x), implies u; = 0,i € I'(X).
Therefore, N8 (X) = {u € R" : u; = 0,i € T(x)}. Itis easy to prove that {u € R" : u; =
0,i € T(X)} = span{e;;,i € T(X),j=1,---,n;}.

If ||X||l20 < k, for any | € ©(X), it holds

(u,d) =) (updi) + ) (w;,dy).

i€] i¢]
We also have (u,d) = Y (u;,d;) < 0, which also implies u; = 0,i € J. Due
ie]
to [[X]20 <k T(x) C Jand |J| = k, it musthold U ] = {1,2,---,m}, and then

JeO(x)
NE(x) ={0}. O
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Next, we give the equivalent characterizations of Clarke tangent cone and Clarke
normal cone of the group sparse constraint set S.

Theorem 2. For any X € S, the Clarke tangent cone and the Clarke normal cone of the group
sparse set S at X have the following equivalent expressions:
TS(X) = {deR":T(d) CT(X)}
= {deR":d;=0,i ¢T(x)}
= span{e;j,i €T(X),j=1,---,n};

N§(X) = {ueR":u;=0,icT(X)}
= span{el-]-,i ¢gIr(x),j=1,---,n}.

Proof. (i) According to the definition of Clarke tangent cone, we have

Tg(;(\) _ {d cR"- V{Xt} CS, limi.eo xt = &\,V{/\t} C R+,limt_,oo A = O,El{yt} C R”, }

s.t. limy_eo yt =d, ||Xt + /\tyt”Z,O <kVteNN

We first prove TS (%) = {d € R" : I'(d) C T(x)}.

To prove TS (x) € {d € R" : I'(d) C I'(X)}, we assume, on the contrary, that there
exists d € TS (X), but I'(d) Z T'(X). Then there exists iy € T'(d) but iy ¢ I'(X), which implies
that 5(\1'0 = 0butd, # 0.

Note that |T'(x)| < k. Forany t € N, take I'; C {1,2,--- ,m} \ {I'(X) U{io} } such that

IT(X)| + |T¢| = k.

Let Ay = %2 J0and

X;, i€ I’(ﬁ)
Xl = %1;11., i S rt,

0, ie{1,2--,m\{[;UT®)}

where 1, is an n;-dimensional vector of all ones. Then

rix)y=rx)r, [¥

20 = |1"(i)] + ‘rt| =k,

and thus {x’} C S, xfo =0, and tlirn x! = X. For any y* — d, we have
—00

xt + tlzyf —=%;, ieTl(X),

o+ 5yl =0, i€Ty,

0+ %yl =0, i=iy,

0+4y =0, ie{l,2-,mp\{TtUT(R) Ulio}}

x; + Aty =

Since yfo — d;, # 0, for any sufficiently large t, we have

Ix 4+ Ary'll20 > TX) JTe U io} =k +1,

Therefore, xt + )\tyt ¢ S for any sufficiently large t, which means d ¢ TSC (X) according
to the definition of TS (). This contradiction shows that TS (X) € {d € R" : I'(d) C I'(x)}.



Mathematics 2021, 9, 84

7 of 17

To prove {d € R" : T'(d) CI'(x)} C TS(x),letd € {d € R" : I'(d) C I'(x)}. For any
{x'} C S, with tlim x! =X and any {A;} C R4 with lim;_,e At = 0, we have
—00

I(d) CI(x) CT(x'). @
Lety' = x' — X+ d, then from (4), we get T'(y*) C I'(x') and
I + Ay [0 = [T(x" + Ay")| < [T(x)] < k.

In addition, lim yl = tlim (x! =x+d) = d. It is easy to know that d € TS(x)
—» 00 —00

according to the definition of TS (). From the arbitrarinessof d € {d € R" : I'(d) C T'(X)},
we have

{deR":T(d) CT(X)} C TS (X).
Therefore, we have proved that TS (x) = {d € R" : T(d) C T'(X)}.
Sinced; =0,i ¢ I'(d) and I'(d) CT'(X) forany d € {d € R" : T'(d) C I'(x)}, it must
hold d; = 0,i ¢ I'(X). Hence we get
TSX)={d€R":T(d) CTX)}={d€R":d; =0,i £ T(X)}. (5)

It is easy to prove that {d € R" : d; = 0,i ¢ I'(X)} = span{e;; : i € T(X),j =
1,---,n;}, then

TS (X) = span{e;;j:i € T(X),j=1,---,n;}. (6)
(if) According to the definition of Clarke normal cone, we have
Ng(i) = [TSC(Q)}O ={ueR":(du) <0,vd e Tsc(i)}
Forany d € TS (X) and any u € N§(x), we have

(du)= Y (dyu)+ ) (d,w)<0.

iel (%) i¢T(%)

From (5),d; = 0,i ¢ I'(x), thenwe get Y. (d; u;) =0, and thus
i¢T(R)

(du)= ) (dju) <0.
iel(x)

which means u; = 0,i € T'(X) due to the arbitrariness of d; € R". Therefore, NS (X) =
{ueR":uy;=0,ieT(x)}. O

Obviously, the following relationship holds for Boligand tangent cone, Clarke normal
cone and the corresponding normal cones of the group sparse set S at any point X € S:

T§ (%) C TE(X), NE(%) € N§(%).

Remark 1. In [14], the authors gave the expressions of tangent cone and normal cone to the sparse
set {x € R" : ||x||o < k} . Theorems 1 and 2 in this paper are the extension of their results.

In the end of this section, we give an example of the tangent cones of S in R3.
Example 2. Consider the group sparse set

S=1{x=(,(x2,13)T €R*:[|x|0 <1},
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where x1 is the first group, and (xp,x3) | is the second group. Consider its Bouligand tangent cone
and Clarke tangent cone at three points: x' = (0,(1,1))T,x*> = (0,(1,0)) " and x> = (1,(0,0)) ".
It is easy to get the following statements: T(x') = {2}, [(x?) = {2}, T(x®) = {1}; O(x!) =

{2}, ®(x22 = {2}, 0(x°) = {1};

TE(x!) = {x eR3:x; =0} = R i TS(x!) ={xeR3:x; =0} = R ..;
TE(®) ={xeR¥:x; =0} =R%,; TS(x*)={xeR®:xq =0} =R2,.;
TE(P) ={xeR¥:xpy =13 =0} =Ry; TS(x}) ={x€R>:xp=2x3 =0} =Ry,

Therefore, T2 (x!) = TS (x!) = TE(x?) = T§ (x?) = Rizxy TE(x3) = TS (x°) = Ra,.
Figure 1 provides the figures of the above Bouligand tangent cones and Clarke tan-

gent cones.

78 (x*)=12 (%)

72 (x")=1 (X)) =12 (x?)=1¢(x?)

Figure 1. Bouligand tangent cones and Clarke tangent cones of S in R3, where S = {x € R? :
[xll20 < 1}, x! = (0,1,1),x* = (0,1,0) and x*> = (1,0,0).

From example 3.1, we can see that the key of group sparsity is to survey whether each
group as a whole is zero instead of checking whether each entry is zero.

4. First-Order Optimality Conditions for Problem (1)

The optimality conditions for optimization problems are usually closely related to
their stationary points. In this section, we use Bouligand tangent cones, Clarke tangent
cones and their corresponding normal cones to specifically describe the N-stationary points
and T-stationary points of Problem (1), then based on the descriptions, we investigate the
relationship among the stationary points and the relationship between stationary points
and local minimizers.

Definition 2. x* € S is called an NF-stationary point or T*-stationary point of Problem (1) if it
meets the following conditions respectively:

(i) N-stationary point: 0 € V f(x*) + Ng(x*);

(ii) T*-stationary point: 0 = HVuS x);

where § € {B, C} stands for the sense of Bouligand or Clarke, and

Vﬂsf(x*) = argmin{Hd +Vf(xM)]:de Tg(x*)}
is the projection gradient on Bouligand tangent cone or Clarke tangent cone.

Next, we will study the link between NZ-stationary point and T?-stationary point of
Problem (1).
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Theorem 3. Suppose x* € S, then the following statements hold for Problem (1):
(i) If |x*||2,0 = k, then x* is an NB-stationary point < x* is a TB-stationary point;
(ii) I ||[x* ||2,0 < k, then x* is an NB-stationary point < V f(x*) = 0 < x* is a TB-stationary point.

Proof. (i) Let ||x*||20 = k.
On one hand, suppose x* € S is an N-stationary point of Problem (1), then

0 € VF(x*)+ NE(x"),

thatis, —Vf(x*) € NE(x*). By Theorem 2, N¥(x*) = {u € R" : u; = 0,i € I'(x*)}, then
we have

—Vf(x*)e{ueR":u;=0,i eT'(x")},
ie.,

=0, ieT(x*),

(Vf(x*))i{eRni P ¢ T(x").

It is easy to check that the converse is also true. That is, when ||x*||2,0 = k, it holds that

=0, ieTl(x¥),

ER™M, i¢T(x"). @)

0 Vix*)+Nix") & (Vf(X*))i{

On the other hand, suppose x* € S is a TB-stationary point of Problem (1), then
0= [|VEf(x")ll-

By Theorem 1, T8 (x*) = {d € R" : ||d||20 < k, [|x* + yd[20 < k, Vv € R}. Hence,
in the case of ||x*||2,0 = k, we have

d e T8 (x*) & T'(d) CT(x*).
Accordingly, we have

VEf(x) = argmin{[d + V()] : d € TEG)}
=argmin{||d + Vf(x*)]| : T(d) C T'(x")}.

Fori ¢ I'(x*), d; = 0, then 0 = (VEf(x*));; For i € I'(x*), obviously, (VEf(x*)); =
—(V£(x*));. Hence we get

0, i ¢ T(x"),
—(Vf(x*))i, i€T(x"),

According to 0 = || VE f(x*)||, we have

(VEF(x))i = {

=0, ieT(x¥),

(Vf(x*))i{eRni P ¢ T(x").

It is easy to check that the converse is also true. That is, in the case of ||x*||20 = k,
the following equivalence holds

=0, ieIl(x¥),

ERM, i¢T(xY). ®)

0=[VEf(x")ll & (vf(X*))i{
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Combining (7) with (8), we can conclude that, when ||x*||2,0 = k, x* is an NB-stationary
point of Problem (1) if and only if it is a T?-stationary point of Problem (1).

(ii) In the case of ||x*||20 < k, we first prove the equivalent relationship between
NB-stationary point of Problem (1) and V f(x*) = 0.

On one hand, suppose x* € S is an NB-stationary point of Problem (1), then

0 € Vi(x*)+ NE(x"),

thatis, —Vf(x*) € NZ(x*). It follows from N&(x*) = {0} that Vf(x*) = 0. Hence the
following implication holds

0 € Vf(x*)+NE(x*) = Vf(x*) = 0. 9)

On the other hand, suppose Vf(x*) = 0. In the case of ||x*||20 < k, by theorem 1,
NE(x*) = 0. Therefore

~Vf(x) =0 € NE(x"),
ie,0 € Vf(x*) + NE(x*). Hence the following implication holds
Vi(kx*)=0=0¢c Vf(x*)+ NE(x*). (10)
From (9) and (10), we get the following equivalent relationship
0€ Vi(x*)+NE(X") & Vf(x*) =0, (11)

that is, in the case of ||x*||20 < k, x* is an NB-stationary point if and only if V f(x*) = 0.
In the following part, we prove the equivalent relationship between T®-stationary
point of Problem (1) and V f(x*) = 0 in the case of ||x*||20 < k.
Suppose x* € S satisfies V f(x*) = 0, then by Theorem 1,

V§f(x*) = argmin{||d + Vf(x*)| : d € T3 (x*)}
= argmin{||d| : [|d]|20 <k, |[x* +9d|20 <k Vy € R}
=0.

That is,
V(x) =0=0=|Vif(x)|. (12)
Conversely, suppose x* is a TB-stationary point of Problem (1), i.e.,
0=[VEf(x)I,
then by Theorem 1,

0= VEf(x*) = argmin{[|d + Vf(x*)| : d € TE(x")}
= argmin{[|d + Vf(x")| : [|d[l20 <k [|x" + 7vd[20 < k, Vy € R}.
Hence we get that ||Vf(x*)|| = [0+ Vf(x*)]| < ||d+ Vf(x*)| for any d € R"
satisfying ||d||20 < k, ||[x* + yd]]20 < k, Vy € R.

Forany iy € {1,2,--- ,m}, take d € R" such that '(d) = {io} and aio = —(Vf(x))i,-
Following from |T'(x*)| = ||x*|20 < k, we have

Ix* +7dll20 = [T(x*) U {ig}] < T(x")[ +1 < k.
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From [[Vf(x*)|| < [[d + Vf(x*)|, we obtain [[(Vf(x*)ill < || = (VF(x*))i, +
(Vf(x*))i,ll, and then

(V)i = 0.

According to the arbitrariness of iy, we get V f(x*) = 0. That is,
0= Vif(x")|l = Vf(x*) =0, (13)

Combining (12) with (13), in the case of ||x*|| < k, the following equivalent
relationship holds

0=|Vif(x")| & Vf(x') =
The proof is thus finished. O

Furthermore, for Problem (1), its NC-stationary point and TC-stationary point have
the following equivalent relationship.

Theorem 4. For Problem (1), let x* € S, then x* is an N -stationary point if and only if it is a
TC-stationary point.

Proof. On one hand, by Theorem 2, N§ (x*) = {u € R" : u; = 0,i € I'(x*)}. Then we
have the following equivalences:

x*isan N C—sta’cionary point of Problem (1)
& 0€ VF(x*) + NS (x*)
& —Vf(x) € N§(x*) (14)
=0, iel(x%),
S (VF(x*));
(Vi ))’{e R™, i¢T(x*).

On the other hand, by Theorem 2, TS (x*) = {d € R" : d; = 0,i ¢ I'(x*)}. Then
according to the definition of V§ f(x*), we have that

V§f(x*) = argmin{|d+Vf(x")| :d € T (x")}
— argmin{|d+ V()| d; = 0, ¢ T(x")}
= argmin{||[d + Vf(x")|?:d; = 0,i ¢ T(x*)}

= argmin{ ( Y o+ ) )) Id; + (x*))i||2:di=0,i¢l"(x*)}

iel(x*) gl (x*

= argmin{ Yo ldi+ (VAP Y (Vf(X*))illz:di=0,i¢F(X*)}

iel'(x*) i (x*)

- argmin{ Y i+ (VA di € R, i € T(x");d; = 0,i ¢ r(x*)}.

iel(x*)

Thus by directly computing, V f(x*) satisfies

(VEFx))i = {; )
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Therefore, the following equivalent relationships hold:

x* is a TC-stationary point of Problem (1)
& 0= VSf(x")

(15)
& —(Vf(X*))i{

=0, ieT(x¥),
eRM, i¢T(x*).

Combine (14) and (15), then we get the following equivalent relationships:

=0, ieTI'(x"), .
O sl —o.

0€ Vf(x')+N§(x') & (vf(x*))i{e R™, i¢T(x*)

The proof is thus complete. [J

Next, we investigate the relationship among the four types of stationary points of
Problem (1).

Theorem 5. Let x* € S, then the following statements hold for Problem (1):
(i) If x* is an NB-stationary point, then it must be an N -stationary point;
(ii) If x* is a TB-stationary point, then it must be a TC-stationary point.

Proof. (i) Let x* is an N5-stationary point of Problem (1). There are two cases: ||x* 2,0 = k
and [|x*||2,0 < k.
Case 1: ||x*||20 = k. In this case, by (7), x* is an NB-stationary point if and only if

=0, ieT(x¥),

(Vf(x*))i{eRni P ¢ T(x)

which, by (14), is equivalent to that x* is an NC-stationary point of Problem (1). Thus
we obtain that NB-stationary point and N¢-stationary point are equivalent in the case of
%20 = k.

Case 2: ||x*||2,0 < k. By (11), in this case, x* is an NB-stationary point of Problem (1) if
and only if

Vf(x*)=0.
By (14), x* is an N¢-stationary point of Problem (1) if and only if

=0, ieT(x¥),

(Vf(x*))i{E]Rni i ¢ T(x").

Clearly, in the case of ||x*||20 < k, if x* is an NB-stationary point of Problem (1), it
must be an NC-stationary point (the converse is not true). That is,
NB —stationary point = N©—stationary point. (16)

(ii) According to Theorems 3 and 4, the N2-stationary point of Problem (1) is equivalent
to its TB-stationary point, and the N©-stationary point of Problem (1) is equivalent to its
TC-stationary point, this is,

NB _stationary point <> T® —stationary point;

N¢— stationary point < T¢ —stationary point.
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Moreover, from (16),
NB _stationary point = N©—stationary point.

Therefore,
T8 —stationary point = Tc—stationary point.

The proof is finished. O

To have a clear presentation, based on the proofs of Theorems 3 and 4, we use Table 1
to display the characterizations of the four types of stationary points of Problem (1).

Table 1. The characterizations of TB-, NB-, TC-, NC- stationary point for Problem (1).

Stationary Point [[x*||2,0 = lIx*{|20 < k
TB-stationary point (Vf(x*))i{;l(;'nl z Z ?Ei*; Vf(x*)=0
NB-stationary point (Vf(x*))i{Z]?{,m i Z 11:2);*; Vf(x) =0
TC-stationary point (Vf(x*)); =0, PeT(x) (VF(x*)); =0, €Tl

"lerm, i¢T(x) "leR™, i¢T(xH)

. . =0, iel(x") =0, ieIl(x¥)
NC-stat t )i *))i

stationary poin (Vf(x*)) {6 R™, i¢T(x") (VF6) {e R", i¢T(x*)

In the end of this section, we discuss the relationship between the local minimizers of
Problem (1) and its stationary points.

Theorem 6. Let x* € S be a local minimizer of Problem (1), then the following two statements
hold:

(i) x* is an NB-stationary point and hence an NC-stationary point;

(ii) x* is a TB-stationary point and hence a TC-stationary point.

Proof. Since x* is a local minimizer of Problem (1), for sufficiently small & > 0, it holds that
fOXF) < (X taey), Vie] 2T, =k j=1---,n,
and then
0 € argmin{hjj(a) £ f(x" +ae;j) :a >0}, Vie JDT(x"),|[|=kj=1--,n.

Due to x* € S, there are two cases: ||x*||20 < k and ||x*||2,0 = k.
Case 1: [|x*[|20 < k. In this case, Ujor(x+),|jj=k ] = {1, - - - ,m}, then

0 € argmin{h;j(a) = f(x* +ae;;) :a >0}, Vi=1,--- m;Vj=1,---,n;.
By the optimality conditions for the above problems, we have
(Vf(x"))ij=hj(0)=0, Vi=1---,mVj=1-- n.

Thatis, Vf(x*) = 0.
Case 2: ||x*||2,0 = k. In this case,

0 € argmin{h;j(a) = f(x* +ae;;) :a >0}, Viel(x');Vi=1,---,n;
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It can be derived that (Vf(x*));; =0, Vi € T(x*),Vj =1, ,n;. Thatis, (Vf(x*)); =
0, Vi € T(x*).

Combining the above two cases with (7) and (11), we know that x* is an NB-stationary
point of Problem (1). From Theorem 5, x* is also an NC-stationary point of Problem (1).

(ii) From (i), x* is both NB-stationary point and NC-stationary point. According to
Theorems 3 and 4, x* is both T-stationary point and TC-stationary point. The proof
is complete. [

As a summary of this section, we conclude the relationship among local minimizers
and the four stationary points of Problem (1) as follows:

local minimizer = NP-stationary point <« TP-stationary point

I I

NC-stationary point < Tc-stationary point.

5. Second-Order Optimality Conditions for Problem (1)

In this section, we provide some second-order necessary or sufficient optimality
conditions for Problem (1) by use of Clarke tangent cone.

Theorem 7 (Second-order necessary condition). Letx* € S be a local minimizer of Problem (1),
then for any d € TS (x*), it must hold that A"V f(x*) = 0 and

d'V2f(x*)d >0,
where V2 f (x*) is the Hessian matrix of f at x*.

Proof. Since x* € S is a local minimizer of Problem (1), by Theorem 6, x* is also an
NC-stationary point. By (14),

=0, ieTI'(x"),
<vf<x*>>i{e et
According to (5), for any d € TS (x*),
d;=0,i¢T(x").
Thus, for any d € T¢ (x*), it holds
d'Vf(x*) =0. (17)

In addition, since x* is a local minimizer of Problem (1), for sufficiently small « > 0
and any d € TS (x*), we have

F(x) < f(x* +ad). (18)
By Taylor’s Theorem,
f(x* +ad) = f(x*) +ad VF(x*) + %aszVZf(x*)d + 0(a?). (19)
Combine (17)~(19), then
F(x*) <F(X*) +ad  VF(x*) + %oc2dTV2f(x*)d + 0(a?)

=f () + 2024 V2 F(x)d + oa?).
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Hence,
1
0< 5aZdTvzf(x*)d +0(a?),
which implies d " V2f(x*)d > 0, Vd € TS (x*). The desired result is derived. [

Finally, we give a second-order sufficient condition for the optimality of Problem (1).
Theorem 8 (Second-order sufficient condition). Let x* € S be an N-stationary point of
Problem (1), if for any d € TS (x*) \ {0}, it holds d"V2f(x*)d > 0, then the following two
statements hold:

(i) x* € IRF(X*) is a strictly local minimizer of Problem (1);

(ii) x* satisfies the second-order growth condition, that is, there are w > 0 and 5 > 0 such that for
any x € B(x*,6) N Rﬁ(x*),

Fx) = () + wlx — x|~
where R?(x*) = span{eij,i er'(x*),j=1,---,n;}.
Proof. (i) Since x* isan N C-stationary point of Problem (1), from Theorem 2, we have

=0, ieT(x"),
e R", i¢T(x*").

(Vf (X*))i{
Forany d € TS (x*), by (5),
d; =0,i ¢ T'(x").
Then for any d € TS (x*) \ {0}, it holds
d"Vf(x*) =0.
By Taylor’s Theorem, for any sufficiently small « > 0,
1
F(x* +ad) =f(x*) +ad " Vf(x*) + EocszVZf(x*)d + 0(a?)
=f () + 302d V2 F(x)d + 0a?).
Since dTV2f(x*)d > 0,Vd € TS (x*) \ {0}, then for any sufficiently small & > 0,
1
F(x* +ad) = f(x*) + EzxzelTvzf(x*)el +0(a?) > f(x*).
Therefore, x* is a strictly local minimizer of Problem (1).

(ii) Assume, on the contrary, that the second-order growth condition does not hold at
x*, then there is a sequence {x' };cy C RY () such that {x'}tenw — x* but

FO) < FO) + I =X,

Let z' = H)’:iiiii”, then ||z'|| = 1. Since {”;‘(i:ii:‘l}tem is bounded, without loss of
generality, suppose z! — z, then ||z|| = 1.
It follows x € IR?(X*) that T'(x") C I'(x*). Due to tlim x! = x*, we have I'(x*) C T'(x"),

— 00
then



Mathematics 2021, 9, 84

16 of 17

for any sufficiently large . From z = we get

t
Ht X*H’

I(z') CT(x') =T(x*) and z' € ]Rﬁ(x*) \ {0}.

Moreover, from lim z! = z, it follows
t—o0

I'(z) CT(z") CT(x*) and z € ]R?(x*) \ {0}

for any sufficiently large t. According to (6), it holds
Ri gy = span{ey,i € T(x"),j=1,--- ,mi} = T (x*).

Hence, for any z! € RF \ {0}, we have zf € TS (x*) \ {0}, which together with
(5) yields

(z)'Vf(x') =
By Taylor’s Theorem,

f(xt)—f(X*)=(Xt—X*)TVf(X*)+%(xt ) TV2F(x) (x = x7) +o([lx" = x7|?)

Since XXy £(x*) = (2) TV f(x*) = 0, we have

X =xT
P I (6 =) TVF) + 5 X TV (=)

+o(lx = x"|1%))

lXt—X*T 2 x* Xt—X*
- T )

_ %(zt)TVZf(x*)ztﬁ-o(l).

Under the assumption that f(x!) < f(x*) + 1||x! — x*||?, we obtain

S )

1
A

(zt)Tvzf(x*)zt +o0(1).

NI~

Letting t — oo, we get
z'V2f(x")z <0, wherez € IR” \{0} =TS (x*) \ {0},

which contradicts the condition that d " V2f(x*)d > 0 holds for any d € TS (x*) \ {0}.
Therefore, the second-order growth condition must hold at x*. O

6. Concluding Remarks

In this paper, the first-order optimality conditions are built for group sparsity con-
strained optimization problems by use of Bouligand tangent cone, Clarke tangent and their
corresponding normal cones, and the relationship among the local minimizers and the four
types of stationary points of Problem (1) is investigated. Furthermore, the second-order
sufficient and second-order necessary optimality conditions for group sparsity constrained
optimization problems are provided. The results show that NC-stationary points of Prob-
lem (1) may be strictly local minimizers, and even can fulfill the second-order growth
condition under some mild conditions. The results provide the theoretical basis for analyz-
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ing or solving the group sparsity constrained optimization problems. In the future, we will
use the optimality conditions to design algorithms for solving the problems.
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