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Recently, the so-called absolute value equations (AVE) and absolute value optimization
(AVO) problems have been attracted much attention. The AVE were introduced in 2004
by Rohn [22]. Basically, if A, B are given matrices, and b is a given vector, one should
find a vector = that satisfies Az + B|x| = b, where |z| is a vector whose i-th entry is the
absolute value of the i-th entry of z. It is known that AVE are equivalent to the linear
complementarity problems (LCP) [10, 17, 21], which include many real-world applications.
As an extension of AVE, Mangasarian [15] proposed in 2007 the AVO problems, which
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have the absolute value of variables in their objective and constraint functions. More
precisely, the AVO problem considered is given by

min &z + d”|z|
st. Ax+ Blz| =b,
Hzx + K|x| > p,

where A, B, H, K are given matrices, and ¢, d, b, p are vectors with appropriate dimensions.
Since AVE and LCP are equivalent, the AVO include the mathematical programs with
linear complementarity constraints [13|, which are one of the formulations of equilibrium
problems. As another application of AVO, Yamanaka and Fukushima [27] presented
facility location problems.

Since 2007, some methods for solving AVE have been presented in the literature.
For example, Rohn [23] considered an iterative algorithm using the sign of variables for
the case that A and B are square matrices. For more general A and B, Mangasarian
[15] provided a method involving successive linearization techniques. Another methods
include a concave minimization approach, given by Mangasarian [14], and Newton-type
methods, proposed by Caccetta et al. [4], Mangasarian [16], and Zhang and Wei [29].
Some generalizations of AVE were also proposed. For example, Hu et al. [11] considered
an AVE involving the absolute value of variables associated to the second-order cones.
Miao et al. [19] investigated an AVE with the so-called circular cones. In both papers,
quasi-Newton based algorithms were used.

As for AVO problems, Yamanaka and Fukushima [27] proposed to use a branch-and-
bound technique. In the branching procedure, two subproblems are generated by fixing
the sign of a variable as nonnegative or nonpositive. In the bounding procedure, the dual
information are considered. However, to the best of our knowledge, there is no other
method that can find a global solution of AVO. When comparing to AVE, the research
associated to AVO problems is insufficient and one of these reasons is the difficulty for
obtaining feasible solutions of the problems. In fact, their constraints include AVE, which
are known to be NP-hard [15].

Another optimization problem that is related to AVO was recently investigated by
Friedlander et al. [9] and Aravkin et al. [2]. It is called gauge optimization, which ba-
sically consists in an optimization problem with the so-called gauge function. However,
differently from AVO, this problem does not consider multiple constraints, but only one
gauge constraint. In [2, 9], the authors showed that the Lagrange dual of gauge optimiza-
tion problems can be written in a closed-form by using the polar of the gauge functions.

In this paper, similarly to [2, 9], we introduce a generalized AVO problem, and show
that it has a wider practical application comparing to AVO problems. It is also more
general than gauge optimization problems, because multiple constraints can be consid-
ered here. The generalization is done by replacing absolute value functions with sub-
homogeneous functions. The concept of sub-homogeneous functions varies from each
literature, but here we consider the one given in [3], with the term A as the set of non-
negative real numbers. So, the problem uses not only absolute value terms but also, for
instance, p-norm functions with p € (0, 00]. This generalized problem is referred here as
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sub-homogeneous optimization (SHO).

Here, we introduce the SHO dual problem and compare it with the Lagrange dual.
We also show that the weak duality theorem holds, similarly to the AVO problems [15].
In addition, we investigate the relation between the sub-homogeneous duality and the
Lagrange duality, proving that these dual problems are equivalent under some conditions.
In this case, the Lagrange dual of a sub-homogeneous problem can be written in a closed-
form. We point out that the gauge functions are special cases of the sub-homogeneous
functions, which are not necessarily convex, differently from the gauge. Moreover, the
proposed problems here have linear and sub-homogeneous terms in their objective func-
tions and constraints, which is different from the problem considered in [2, 9] that has
only one gauge term. Here, we also give some applications for the sub-homogeneous
problems, which include p-order cone optimization, sum of norms optimization and group
Lasso-type optimization problems, and we show that their Lagrange dual can be written
in a closed-form even without convexity assumptions.

The paper is organized as follows. In Section 2, we give the definition of sub-homoge-
neous functions as well as its dual, showing some of their properties. In Section 3, we
define the SHO problems, and we prove that weak duality holds. In Section 4, the relation
between the Lagrangian dual and the sub-homogeneous dual is discussed. We give some
applications for SHO problems in Section 5. We conclude the paper in Section 6, with
final remarks and some future works.

We consider the following notations throughout the paper. Let x € R™ be a n-
dimensional column vector, and A € R™"*™ be a matrix with dimension n x m. We use T
to denote transpose. For two vectors z and y, we denote the vector (z7,y")T as (z,y)?
for simplicity. If x € R™, then its i-th entry is denoted by z;, so = = (xq,...,2,)T.
Moreover, if I C {1,...,n}, then z; corresponds to the subvector of x with entries x;,
1 € I. The notation #.J denotes the number of elements of a set J. The identity matrix
with dimension n is given by E,, € R"*". Also, we denote by || - ||, and || - || the p-norm
with p > 0 and the supremum norm, respectively. If no distinction is made for the norm,
we just use the notation || - ||

2 Sub-homogeneous functions

In this section, we first introduce the definitions of sub-homogeneous and vector sub-
homogeneous functions. They are special cases of A-sub-homogeneous functions originally
given in [3], with A as the set of nonnegative real numbers R;. Then, we define their
dual, which will be used to describe the dual of SHO problems. Moreover, we show some
properties associated to these functions.

Definition 1. (Sub-homogeneous functions) A function 1p: R" — R is sub-homogeneous
if the following inequality holds:

w(Ar) < Mp(x) for all z € R", XA € R,.



Definition 2. (Vector sub-homogeneous functions) A mapping ¥: R™ — R™ is a vector
sub-homogeneous function if the following property holds:

wl (‘rll)
U(z) = : for all x € R",
¢m(xlm)
where ;: R™ — R is a sub-homogeneous function for alli =1,....,m, n=mn1+---+ny,,

I; C{1,...,m} is a set of indices satisfying
LNL =0, i#j, and  #I; =n;,
and zj, € R™ 1is a disjoint subvector of x.

The above definition basically says that ¥ is vector sub-homogeneous if its block
components are all sub-homogeneous. We now introduce the dual function of ¢, which
can be seen as a generalization of the dual norm. Similarly, we also define the dual of
vector sub-homogeneous functions.

Definition 3. (Dual sub-homogeneous functions) Let : R™ — R be a sub-homogeneous
function. Then, ¥*: R" — R defined by

V*(y) == sup{aly | ¥(z) < 1} for all z € R"
1s called the dual sub-homogeneous function of 1.

Note that ¢* is convex from definition. In fact, for all y,z € R™ and a € (0,1), we
have

Vay+ (1 —a)z) = sup{a’ (ay+ (1 —a)z2)|v(r) <1}

< asup{aTy | ble) < 1} + (1 — a) sup{a”z | (z) < 1}
ay*(y) + (1 = a)y*(2).
Definition 4. (Dual vector sub-homogeneous functions) Let W: R™ — R™ be a vector

sub-homogeneous function. A function ¥*: R™ — R™ 4s a dual vector sub-homogeneous
function associated to W if the following property holds:

wf(yh)
U*(y) = : , 1=1,...,m, for all y € R"
U (yr,.)

where 7 : R™ — R s the dual of sub-homogeneous function 1; for each i1 =1,...m.

In this paper, we assume two conditions for sub-homogeneous functions.

Assumption 1. Let ¥: R" — R™ be a vector sub-homogeneous function as in Defini-
tion 2. Then, for allt =1,...,m, the sub-homogeneous function v; satisfies the following
conditions:



1. 'l/)l(m[l> >0 for all Ty € Rni,

2. If x5, #0, then ¢;(z,) > 0.

From the definition of sub-homogeneous functions, we observe that ¢;(0) = 0. In fact,
if A = 0 then ¢;(0) < 0. Moreover, if x = 0 and A = 2, then ¢;(0) > 0. Moreover,
the second condition of the above assumption shows that zero is the only point that
satisfies ¥;(x) = 0. We also observe that if 1); is taken as the usual vector norm, then
it satisfies these assumptions. We now show an important property satisfied by vector
sub-homogeneous functions and their dual.

Proposition 1. Let ¥ and W* be a vector sub-homogeneous function and its dual, respec-
tively. Suppose that Assumption 1 holds. Then, the following inequalities hold:

<
S
VAV,

for any x,y € R™.

Proof . For simplicity, we take an arbitrary index ¢ and denote %; and z;, as ¢ and =z,
respectively. From Definition 1, we have 1(0) = 0. Using this result and Definition 3, we
obtain

V*(y) = sup{z’y | ¥(z) <1} >0  for all y € R™.
This shows that U*(y) > 0 for all y € R™ from Definition 4.

If x = 0, then the second inequality of this proposition clearly holds. If x # 0, then
¥(z) > 0 from Assumption 1 and so

v (w?@) < S =1

holds once again from Definition 1. Therefore, we obtain

T
a:)) Y for all y € R".

Vi (y) = (W

Then, for all z,y € R", we have

which indicates that



3 Sub-homogeneous optimization problems

We consider the following sub-homogeneous optimization (SHO) problem:

min 'z + dT0(z)
(P) s.t. Ax + BVY(x) =0,
Hzx+ K¥(x) > p,

where ¢ € R",d € R™,b € RF,p € RY, A € R B € RF>™ H € R>" and K € R>*™
are given constant vectors and matrices, and ¥: R” — R™ is a vector sub-homogeneous
function satisfying Assumption 1.

Now we give the Lagrangian dual of the problem (P) as follows:

(D;) sup w(u,v),

vgo
where w: RF x RY — R is given by

(1) w(u,v) = inf L(z,u,v),

x

and £: R" x R¥ x R — R is the Lagrangian function of (P) defined by

L(z,u,v) = co+dV(z)+u'(b— Ar — BY(z)) + v (p — Hr — KU (z))
= bu+pv—(ATu+ H"w — )"z + (d — BTu — KT0)" (),

with v € R¥ and v € R’ as the Lagrange multipliers associated to the equality and
inequality constraints, respectively. Notice that it is difficult to write concretely the
objective function of the problem (D) because it is, in general, not convex with respect
to x.

In order to obtain a closed-form dual problem, we consider a convex relaxation of
the original problem (P) and its Lagrangian dual. For simplicity, we investigate the case
where ¥ (z) = |z| := (|21],...,|z.])T, and (P) has a linear objective function and only
inequality constraints. More precisely, we analyze the following problem:

min ¢’z
(Pa) s.t. Az + Blz| > b.

+

If we set + = 2 — 2~ and |z| = 2t 4+ 27, where ] = max{0, z;} and z; = max{0, —z;},

then we can write (P,) as

min  [¢7] — 7] [ f ]

st. [Al - A] [ if } +[B|B] [ v } > b,



which is equivalent to the following problem:

min  [¢7] — 7] [ h ]

Y2
st =) % | imim | ) 2o
Y2 Y2
Y1,Y2 > 0,
yiys =0,

where y1, 1y, € R". Notice that the above problem is not convex due to the complemen-
tarity constraint y?y, = 0. Therefore, we remove it from the problem and obtain the
following relaxed one:
min [c| —cT]y
st. [A+B|—A+B]y>b,
y =0,

where y = (y1,v2)". This problem is just a linear programming, then its Lagrangian dual
can be written easily as

max bTu
AT + BT ¢
s.t. [—AT+BT] ug{_c},
u > 0.

Observing that the first constraint is equivalent to |ATu — ¢|+ BTu < 0, we finally obtain
the following closed-form dual problem:

max bTu
(Da) st |ATu — ¢+ BTu <0,
u > 0.

In fact, the problem (D,) is the AVO dual of (P,) proposed by Mangasarian in [15], and
the weak duality clearly holds in this case.

Let us return to the general problem (P). Inspired by the above AVO dual problem
(D.), we consider the following problem as the sub-homogeneous dual problem:

max bTu + pTv
(D) st. U(ATu+ HTv —¢) + BTu+ KTv < d,
v >0,

where ¥* is the dual vector sub-homogeneous function associated to ¥. Note that (D) is
a convex optimization problem since each component ¢} of ¥* is a convex function.

The theorem below shows that the proposed dual problem (D) is reasonable, in the
sense that the weak duality holds between (P) and (D).

Theorem 2. (Weak duality) For problems (P) and (D), the following inequality holds:
e +d"V(z) > b"u+plo
for all feasible points x € R™ and (u,v) € RF x R® of (P) and (D), respectively.
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Proof . Let x € R" and (u,v) € RF x R? be feasible for (P) and (D), respectively. Then,
we have

r+d V() > a4+ (U (ATu+ H v —¢) + BTu+ KTv)TU(2)
= o+ U (Au+ H v — )TV (2) + " BY(2) + 0T K¥(x),

where the inequality holds from the first constraint of (D) and the nonnegativity of W.
From the second inequality of Proposition 1, we also obtain:

Ar+dV(r) > do+ (ATu+ Hv—co)lz+u"BY(2) + v KV(2)
= v (Az + BY(z)) + o' (Hz + KU(x)).

Finally, the constraints of (P) gives
o+ dT\If(a:) > b+ plo,
which completes the proof. O

The weak duality theorem itself is a powerful theoretical result, but it does not mention
how large the duality gap between (P) and (D) is. And the duality gap can be large
depending on problems, then the dual problem (D) may be useless. Therefore, in the
next section, we investigate the relation between the Lagrangian dual problem (D.) and
the one (D) proposed here. As a result, surprisingly, we find that (D.) and (D) are
equivalent.

4 The sub-homogeneous duality and the Lagrangian
duality

In this section, we consider the relation between the sub-homogeneous duality and the
more traditional Lagrangian duality of the problem (P), investigating conditions under
which the Lagrangian dual problem (D.) and the sub-homogeneous dual problem (D)
are equivalent. Recalling (1), we first show a condition that makes w(u, v), the objective
function of (D), unbounded from below for some (@, v).

Lemma 3. Let 1} be the dual of the sub-homogeneous functions i; for i = 1,...,m.
Suppose that Assumption 1 holds. Also, assume that there ezists (u,v) and an index iy
satisfying

wgko (O‘L‘O) > ﬁiov
where o = ATu+ H'5 —c € R", and .= d — BTu — KTv € R™. Then, there exists
a sequence {x*} such that ||z*|| — +o00 and L(x*,u,v) — —oo as k — +o0o. Therefore,
w(u,v) is unbounded from below.

Proof . Firstly, we denote & and @(\) as follows:

— o n
a = (an,an,...,a,...,ar,) € R,

d(/\) = (CY[l,OéIQ,...,A.QA?,...,CY[m)ER”,



where A € R, and z € R" is defined as the supreme point of the following problem:

sup{aar, | i () < 1.

From the definition of Z, we obtain 1;,(#) < 1 because the objective function z"ay, is

linear. Then, from Definition 3, we have
j\jTaIio = ,lvz);ko (alio) > 770@'0 (i)¢:o (alio)'
The above equality and the definition of the Lagrangian function give
LaN),u,v) = bra+p'o—a’a\) + T (a(N)
Vla+pTo =Y afan —AiTag, + Y Babiar) + Bithi(\d)
i#10 i#10
= 7= /\jToin + Biowio ()“%)
< Y- )\¢io (i’)iﬁo (0511'0) + ﬁio@bio(Aﬁ)?

where v := 0"u +p'v — 37, afan + 3, Bibi(ar) € R is constant with respect to A.
Moreover, Definition 1 shows that

E(@<)\>7 u, 1_]) < v Awio (j)%*o (alio) + )‘Biowio (j:)
= 7+ )‘wio (i)(ﬂlo - w;‘ko (afi ))
= 7+ AMBi, — ¥, ()
Therefore, L(a@(\),u,v) converges to minus infinity when A increases. Finally, if we set

¥ = a(\*) where \¥ — +o00 as k — 400, then L(z*,4,7) — —oo and we complete the
proof. O]

We now show that the sub-homogeneous dual problem (D) and the Lagrangian one
(D) are equivalent under some conditions.

Lemma 4. Suppose that Assumption 1 holds. Assume also that the sub-homogeneous
dual problem (D) has a feasible solution (u,v) € RF x R, and that there exist z* € R"
satisfying the following equality:

(2) (d— BTa— K"0)"W(2*) — (ATa+ H"o — ¢)Ta* = 0.

Then, the sub-homogeneous dual problem (D) and the Lagrangian dual problem (D) are
equivalent.

Proof . From Lemma 3, the function w is unbounded from below if there exists an index 7
such that ¥} (az, ) > By, where a := AT+ H"v—c € R", and § := d—BTu—K"v € R™
Therefore, the problem (D) is equivalent to

sup w(u,v)
(D) st. U (ATu+ H'v —¢) <d— BTu— Ko,
v > 0.



Let (i, 7) € R* xR’ be the feasible solution of (D’;). From the definition of the Lagrangian
function, we obtain:

L(z,u,v) = cz+d"V(z)+u" (b— Az — BY(2))+ 0" (p— Hr — K¥(x))
= btla+p'o—(ATa+H"5— )’z +(d— B"a— K"0)"¥(2).
Then, taking x* € R" that satisfies (2), we have
Lz, a,0) =b"u+p'o.
Notice that z* is the solution of the problem

inf £(z,u,0),

x

because L(z,4,v) > b + p’v holds from Proposition 1. Therefore, the problem (D)
can be described as follows:

sup bTu+ plo
st. U (ATu+ H'v —¢) <d— BTu— K7v,
v >0,

which is equivalent to the sub-homogeneous dual problem (D). O

As a consequence of the above theorem, we obtain the following result.

Theorem 5. Suppose that the Lagrangian dual problem (D.) has a feasible solution.
Assume also that the vector sub-homogeneous function V satisfies Assumption 1. Then,
the sub-homogeneous dual problem (D) is equivalent to the Lagrangian dual problem (D).

Proof . From Definition 1 and Assumption 1, we have ¥(0) = 0. It means that equation
(2) holds at z* = 0. Thus, the problems (D) and (D.) are equivalent. O

The above theorem shows that the Lagrangian dual problem (D) can be written in
a closed-form when the function ¥ is sub-homogeneous and satisfies Assumption 1. The
paper [15] does not show that the same property holds for the AVO problem. We now
give it as a direct consequence of Theorem 5.

Corollary 1. If the dual of an AVO problem has a feasible solution, then it is equivalent
to the Lagrangian dual problem (D).

Proof . Tt holds from Theorem 5 and the fact that the absolute value function is sub-
homogeneous and satisfies Assumption 1. O]

Corollary 2. If the optimal value of an AVO primal problem and its Lagrangian dual
problem (D) are equivalent, then the strong duality holds between the AVO primal and
the AVO dual problem.

Proof . Tt holds straightforward from Corollary 1. m
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From the above result, AVO can be applied to solve 0-1 integer optimization prob-
lems. To solve such problems, their Lagrangian dual are often considered, which is, in
general, nondifferentiable due to the integer constraints. On the other hand, a 0-1 integer
constraint, that is z € {0, 1}, is equivalent to |2z — 1| = 1. Then, 0-1 integer optimization
problems can be reduced to AVO, and we obtain their AVO dual, which are actually
linear programming (LP) problems. These LP dual problems are much easier to solve
compared to the nondifferentiable ones. Therefore, it might be worth considering AVO
dual problems from the computational point of view.

5 Examples of sub-homogeneous optimization
problems

In this section, we present several applications that are formulated as SHO, and show
their closed-form dual problems.

First, we observe that any p-norm function with p € [1,00) is sub-homogeneous. So,
if ¢ is the p-norm, then ¢* becomes the g-norm, where 1/p + 1/q = 1. Therefore, if 1) is
taken as || - |[1, ]| - [l2, || - ||oo, then * becomes || - ||oo, || - ||2, || - ||1, respectively. Moreover,
in the case that p € (0,1), the dual function ¥* is equal to || - || for all p € (0,1),
which is proved in Proposition 6 of Appendix A. From the result, we can consider any
p-norm functions as ¢ in SHO problems. And, even if such functions are nonconvex with
p € (0,1), the Lagrangian dual problem can be written in a closed-form from Theorem 5.

We now show some sub-homogeneous problems using these p-norm functions. The
first example is the so-called linear second-order cone optimization problem [1], which is
one of the famous convex optimization problem.

Example 1. Let © = (z1,79)7 € R x R*™L. Then, we consider the linear second-order
cone optimization problem written by

min ¢’z

(Py) s.t. Az =b,
Ty — H$2||2 >0,

where ¢ € R, A € R™" and b € R™. The above problem can be written in SHO form as
min ¢’z + 070 (x)
s.t. Azx +0¥(z) =0,
Hzr+ K¥(x) >0,

with H = (1,0,...,0) e R K = (0,—1) € R™? and ¥: R — R U(x) = (o], ||22]2)T.
Then, recalling (D), its dual problem is given by

max blu
st. UH(ATu+ H'v — ¢) + KTv <0,
v >0,
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where W* is identical to W in this case. Then, from the definition of ¥, we have

max bTu
st J(ATu); +v — 1] <0,
1(ATu)2 — eafl2 < v,
v >0,

with (ATu)y as the first component of ATu, (ATu)y is the rest of it, and ¢ = (c1,¢2)T €
R x R*L. The first constraint of the above problem shows that

v=rc; — (ATu),
and v > 0 automatically holds from the second constraint. Then, we obtain

max blu
s.t. ||(ATU)2 — CQHQ S C1 — (ATu)1

as the dual problem of (P1). In fact, the above problem is the standard dual of the linear
second-order cone optimization problem [1].

Although we use the 2-norm in the above example, any p-norm function with p € (0, o0]
can be considered. In this case, if p € [1, 00|, then the primal and dual problems are p-
order cone and g-order cone optimization problems, respectively, where 1/p + 1/¢ = 1
[26]. If p € (0,1), then the dual is co-order cone optimization problem.

In the next example, we consider a gauge optimization problem, which is also a convex
problem with multiple gauge functions in its objective and constraint functions. Here,
we recall that f is a gauge function if and only if it is nonnegative, convex, positively
homogeneous and satisfies f(0) = 0 [8]. For such a problem, we introduce its dual in SHO
form.

Example 2. Let x € R". We consider the following problem:
min Z CEsz(AZQZ' — ai)

i=1
s.t. gJ(B]l'—bj) Sﬂj, ]: ]_,...7t,

(P2)

where a;, 3; € Ry, A; € Rm*" B, € Rk g, € R™ and b; € RN are given for all
i=1,...,8s and j = 1,...,t, and fi: R™ — R and g;: R% — R are gauge functions.
Letting y; -= A;x — a; and z; :== Bjx — b;, (P3) can be written as

min Zaifi(yi)
i=1
s.t. gj(zj> Sﬁj, jzl,...7t,

Ax—y,=a;, 1=1,...,s,
BjZE—Zj:bj, jzl,,t
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The above problem does not have a gauge function defined for the variable x, so we intro-
duce such a gauge function x — (x) and rewrite the problem into the following way:

min 0 X ¢(z) + Zaifi(yi) +0 X Zgj(zj)
i=1 Jj=1

st. 0x(z) <0,

OXfl(yJSO, 1= yeeey S

gj('%‘)éﬁjv jzl,...,t,

Aix —y,=a;, 1= s

Bijx —z;=0b;, j=1,...,t
Note that ¥: R™ — R is a dummy gauge function with x as its domain.

Let
Bo= (T YL, sy 21,y 2) € RPTEI AT or ks
and
\Ij(‘%) = (77/}(1}), fl(y1)7 Tt fs(ys)agl(zl)7 s 7gt<zt>)T'

Then the above problem can be rewritten as

min d7U(%)
st. KU(z) <p,
Az =0,
where d = (0,aq, ..., a,,0,...,007 € RYsH 5 =1(0,...,0,8,...,58)" € R+t
[ Ay | —En, i [ ap ]
: e 0 :
0 0 A Ag — B, - | oas
K—[O Et},A— B, o ,and b = b,
: 0 3 s
| B: —Ej, | L b
Moreover, its sub-homogeneous dual problem is given by
max bTu — pTv
st. UH(ATu) — KTy < d,
v > 0.
For simplification, let u = (uy1, ..., UL, U1, . .., Us)? with uy; € R™ i = 1,...,s and
ug; € R¥ j=1,... t. Then the above problem is rewritten as
s t t
max Z a?uli + Z b'quj — Z Bev11sie
i=1 j=1 =1
s t
(DQ) s.t. Z AlTUh + Z BJTUQJ‘ = 0,
i=1 j=1
f:(—uh) S (678 Z: 1,...,8,

9;(_u2j) < Vigsts, J=1,...,t.

13



Notice that the last constraint implies v > 0 because g; is also a gauge function. Moreover,
(Dg) does not include the dual function ¥* of the dummy gauge function 1.

The next example is the group Lasso-type problems [18, 28], which is a special case
of (Py) and consist in unconstrained minimizations of the sum of certain norms. Such
problems have many applications, in particular they appear in compressed sensing area
[7, 24], where the sparsity of solutions are important. As an example, we consider a
primal problem with p;-norm and ps-norm where py,ps € Ry, which are used in the
regularization terms.

Example 3. Let x € R" and p1,py € Ry. We consider the following problem:

m

(Ps) min Az =bla+ M Y lenlly +re Y e,

=1 i=m/+1

p2

where A, \g E R, bER™ A€ R™™ and 0 <m’ < m.

Notice that the first term of the objective function of group Lasso-type problems are
usually the square of 2-norm functions. However, it is not sub-homogeneous, so we re-
moved the square and considered just the 2-norm functions.

We obtain the above problem by setting, in (Ps), s =m + 1,

A, if i=1,....m,
;=< N, if i=m'+1,...,m,
1, if i1=m+1,

A — E[“ if izl,...,m,
T A i i=mA4,

where Ey, is a submatriz of B, with E;, j € I; as its rows,

o it a=1,...,m,
T b, i i=m,

and

|- lpy, i i=1,...,m/,

i) =9 Iy i i=m'+ 1. m,
|l if i=m+1.

Then, recalling (P3) and (D3), the dual of (P3) can be written as
max bTul(m+1)

m

s.t. EITuh + ATul(m+1) =0,
=1
’ —UMquS/\l, izl,...,m’,
H—U1z‘Hq2§/\2, i:m'—i—l,...,m,
H - ul(m—i—l)H? <1,
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where q;,1 = 1,2 are obtained by

Di .
) if pi > 1a
(3) =4 pi—1
00, if p; €(0,1],

from Proposition 6 of Appendix A. Notice that the first equality constraint can be rewrit-
ten as
uy; + (AT)Iiul(m+1) - O, 1= 1, e, M.

Then, the above problem s described as

max blu
st (AN pullg, <A, i=1,...,m,
I(AT) pullg < Aoy d=m/ +1,...,m,
| —ull2 <1,

where we denote Uy(m11) as u for simplicity.

The next example is also a Lasso-type problem. In this case, the objective function is
a gauge, because the sum of gauge functions is also gauge. In order to obtain the dual of
a gauge optimization problem, the polar of the objective function should be considered
2, 9]. However, it may be difficult to obtain the polar of a sum of gauge functions. To
overcome this drawback, we use here the SHO framework.

Example 4. Let v € R" and py,ps € R,. We consider the following problem:

- min Al + Aole]l
st ||Az — bl < 6,
where A\, Ao, 8 € Ry, A € R™™ and b € R™. The above problem can be obtained if we
set, in(PQ),SZQ,tzl, alz/\l, (12:)\2, A1:A2:En, alzagz(), 31:A7
bi="0, fi(:) =1 llps fo() =" llps, 9:(-) = || - [l2. Then, recalling (Ds), the dual of (Py4)
18 written by
max bl ug — Buy
s.t. Uy + U2 + ATU21 = 0,

| —unllg < A,

| = wu2]lg2 < Ao,

| = w2 || < v,

which s finally rewritten as
max bluy — pBv
S.t. ”Ul + ATUQqu S )\1,

| —uillge < A,
| = uall <,

where we set uj2, uz; and vy as uy, us and v, respectively, and ¢ and gy are defined in (3).
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In order to control the sparsity of the solutions of the above Lasso-type problems,
we can use any combination of p-norm functions, with p € (0, 00|, as the regularization
terms. Especially, it is reported that the p-norm functions with p € (0,1) in (P3) is useful
because they give sparser solutions than 1-norm functions [5, 6, 20].

We now give another example: the sum of norms optimization problems, which are
generally nonconvex. Such problems have applications, for example, in facility location,
where locations of new facilities should be decided by analyzing the distance between the
new and the existing facilities [25]. Moreover, the problem of the following example can
be applied not only to the minimization of the distance but also maximization of it by
taking the constant \; as —\;. Such a situation can be found for instance in locating
obnoxious facilities in residential areas.

Example 5. Let x € R". We consider the following problem:

min Z A fi(Aix — a;),
=1

(Ps) =

s.t. Bx <b,
where \; € R, A; € R™*" B € RF*" q, € R™ and b € R¥ are given, and f;: R™ — R,
1=1,...,s are sub-homogeneous functions. We now introduce its sub-homogeneous dual

by taking almost the same procedure as in Example 2. Let y; == A;x — a;, then (Ps) is
equivalent to

min Z Aifi(yi)
i—1

st. Aix—y;=a;, 1=1,...58,
Bx <b.

By introducing additional constraints, we consider the following problem:

min Z Aifi(yi)
=1

st. Aix—vy;=a;, i=1,...5,
Bx <b,
cifi(yi) <di, i=1,...5,

where ¢; and d; are strictly positive constants. Notice that the additional constraints
ensure the boundedness of the each term of the objective function especially when X\; is
strictly negative. Without such constraints, (Ps) can be unbounded depending on the linear
constraint, and then its dual becomes infeasible. Note that the additional constraints do
not change solutions, when we choose ¢; and d; so that the constraint c;f;(y;) < d; will
include reasonable solutions.

Let & = (2,y1,...,ys)" € RM 2™ and W(2) = (¥(x), flyr),-- - flys))" € R,

where Y(-) is a dummy sub-homogeneous function. Then the above problem can be de-
scribed as
min  dT U (z)
st. Az =a,
Hz+ K¥(z) > p,
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where d = (0, \1,...,0)T, a=(ay,...,as)T, p=(=b,—dy,...,—d,)7T,
0| 0

-B 0

] , and K =
A 0 —-E,,.

0

—Cs

Then, recalling the sub-homogeneous dual (D), the dual of the above problem can be writ-

ten as
max alu+ plo

st. U(ATu+ H™v) <d— KT,
v >0,

which 1s rewritten by

S S
max E aiTui — bl — g diTviH
i=1 i=1

S.t. ZAZTU% _ BTU1 _ 07
i=1
fil—uw) S Ni+c,, i=1,...5,
v >0,

where v = (v, ..., vs41)7.

6 Conclusion

In this paper, we proposed an optimization problem with sub-homogeneous functions,
which we call sub-homogeneous optimization problem. We also introduced its dual prob-
lem and showed the weak duality theorem between these problems. Moreover, we gave
sufficient conditions for the equivalency between the proposed dual and the Lagrangian
dual problems. Finally, we presented some examples of sub-homogeneous problems to
show their value in real-world applications. One natural future work will be to propose
methods that obtain approximate solutions of sub-homogeneous optimization problems.
We believe the theoretical results described here are essential for that.

Acknowledgements The authors are grateful to Prof. Ellen. H. Fukuda for helpful com-
ments and suggestions. This work was supported in part by a Grant-in-Aid for Scientific
Research (C) (17K00032) from Japan Society for the Promotion of Science.

A Appendix

The following proposition shows that the dual of the p-norm function is the co-norm even
when p is less than 1.
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Proposition 6. Suppose that p € (0,1). Then, the dual of the p-norm function is equal

to the co-norm.

Proof . Let y € R™ be an arbitrary vector. If y = 0, this proposition clearly holds. If
y # 0, from Definition 3, we obtain

lyll, =
<

IN

Since p € (0,1), we note that

sup{z"y | [|=[l, < 1}
sup{|z"y| | =], < 1}

sup{z il |zl < 1}

i=1

wa (sup{z i el < 1})

=1

oy (sup el | el < 1 ).

lz][1 < |||, holds [12]. Then, we have

o, < by (sup el |l < 1)) = m | = ol

Now, take an arbitrary iy € argmax |y;|, and define Z; as follows:
i

where

Z; :{ sign(y;), if @ =i,

0, otherwise,

1, if y; >0,
Slgn(yl) = Oa if Yi = 07

Then, ||z]|, = 1 and we have

lyll; = sup{z"y | |z]l, < 1} = 2"y = max[y;| = ||y,

which completes the proof.
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