i3 Yokohama Publishers
%’726&7‘ ﬁf?(/:%j;?fdf ﬁd&&ls k"'«"") ISSN 2188-8167 Copyright 2017

Volume 3, Number 2, 2017, 287-295

QUASICONVEXITY OF SUM OF QUASICONVEX FUNCTIONS

SATOSHI SUZUKI

ABSTRACT. In this paper, we study quasiconvexity of sum of quasiconvex func-
tions. At first, we show characterizations of quasiconvexity via upper semicontin-
uous functions in terms of Q-subdifferential. We introduce a set of quasiconvex
functions which is closed under addition and multiplication by positive scalars.
As applications, we investigate Lagrange duality and surrogate duality for qua-
siconvex programming.

1. INTRODUCTION

In functional analysis, whether a set of functions is closed under some operations
or not is an essential and important research aspect. Especially, the set of all convex
functions is closed under addition and multiplication by positive scalars. The fact
implies various important results in optimization, for example, Lagrange dual prob-
lem for convex programming is also a convex programming problem, the set of all
difference of convex functions is a vector space, and so on. In quasiconvex analysis,
although the set of all quasiconvex function is closed under multiplication by positive
scalars, the set of all quasiconvex functions is not closed under addition. The lack of
this property can cause theoretical difficulties in applications. Actually, Lagrange
dual problem for quasiconvex programming is not a quasiconvex programming prob-
lem in general. Some researchers assume that the objective function of Lagrange
dual problem is quasiconvex without sufficient conditions, see [6,12]. Hence, it is
expected to study quasiconvexity of sum of quasiconvex functions. In [3,5], quasi-
convexity of a separable function has been studied. However, it is not enough to
study quasiconvexity of sum of quasiconvex functions in general setting.

In convex analysis, various researchers characterize some types of convexity in
terms of subdifferentials. It is well known that a real-valued function on the n-
dimensional Euclidean space R™ is convex if and only if df(z), the subdifferential
of f at z € R™, is non-empty for each x. For further results, see [1,2,10, 11, 24]
and references therein. In quasiconvex analysis, there are so many subdifferentials
for quasiconvex functions, for example, quasi-subdifferential, infradifferential, lower
subdifferential, and so on, see [1,4,7-9,13,15-23,26-28, 30, 31, 33]. Most of them
are special cases of Moreau’s generalized conjugation in [19]. However, as far as
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we know, there are not many characterizations of quasiconvexity in terms of such
subdifferentials.

In this paper, we study quasiconvexity of sum of quasiconvex functions. At first,
we show characterizations of quasiconvexity via upper semicontinuous functions in
terms of Q-subdifferential. We introduce a set of quasiconvex functions which is
closed under addition and multiplication by positive scalars. As applications, we
investigate Lagrange duality and surrogate duality for quasiconvex programming.

The remainder of the present paper is organized as follows. In Section 2, we intro-
duce some preliminaries. In Section 3, we show characterizations of quasiconvexity
via upper semicontinuous functions in terms of Q-subdifferential. In Section 4, we
study quasiconvexity of sum of quasiconvex functions. In Section 5, we introduce
some applications.

2. PRELIMINARIES

Let (v, x) denote the inner product of two vectors v and z in the n-dimensional
Euclidean space R™. Let f be a function from R" to R = [—o00, +00]. We denote
the domain of f by domf, that is, domf = {z € R" | f(x) < +00}. The epigraph
of f is defined as epif = {(z,7) € R" xR | f(x) < r}, and f is said to be convex if
epif is convex. The subdifferential of f at x is defined as df(x) = {v € R" | Yy €
R™ f(y) > f(x) + (v,y — x)}. Define the level sets of f with respect to a binary
relation ¢ on R as

L(f,o,a) :={x e R" | f(x)oa}
for any o € R. A function f is said to be quasiconvex if for all a € R, L(f, <, a)
is a convex set. Any convex function is quasiconvex, but the opposite is not always
true. A subset A of R" is said to be evenly convex if it is the intersection of some
family of open halfspaces. Note that the whole space and the empty set are evenly
convex. Clearly, every evenly convex set is convex. Furthermore, any open convex
set and any closed convex set are evenly convex. A function f is said to be evenly
quasiconvex (strictly evenly quasiconvex) if L(f, <,a) (L(f, <, @), respectively) is
evenly convex for each a € R. It is clear that every evenly quasiconvex function is
quasiconvex. It is easy to show that every strictly evenly quasiconvex function is
evenly quasiconvex, see the proof of Theorem 3.1. However, converse implications
are not generally true, in detail, see [22,25]. In addition, every lower semicontinuous
(Isc) quasiconvex function is evenly quasiconvex, and every upper semicontinuous
(usc) quasiconvex function is strictly evenly quasiconvex.

In quasiconvex analysis, various types of conjugates and subdifferentials have
been introduced. In this paper, the following subdifferentials and Q-conjugate
play important roles. In [7], Greenberg and Pierskalla introduced the Greenberg-
Pierskalla subdifferential of f at xzo € R™ as follows:

% f(xo) = {v € R | (v,z) > (v, 20) implies f(z) > f(z0)}.

The Greenberg-Pierskalla subdifferential is closely related to A-quasiconjugate, in
detail, see [7,17,19]. Next, we introduce the following conjugate function and
subdifferential. The Q-conjugate of f, f¢ : R™*! — R, is defined as follows: for
each (v,t) € R*MH

fO(v,t) = —if{f(x) | (v,2) > t}.
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In addition, the Q-conjugate of g : R"*1 — R is the function ¢¢ : R” — R such
that for each z € R”

9%(x) == —inf{g(v,t) | (v,2) > t},
and the Q-biconjugate of f is the function f@¥ : R® — R such that for each z € R”

f99x) == (f9)L(x) = —inf{f(v,1) | (v,2) > t}.
Q-subdifferential of f at x € R™ is defined as follows:

0% f(x) == {(v,t) € R [ nf{f(y) | (v,y) >t} > f(x), (v, ) > t}.
Greenberg-Pierskalla subdifferential, Q-conjugate and Q-subdifferential are special
cases of Moreau’s generalized conjugation, in detail, see [17,19,21,31]. We introduce
the following previous results.

Theorem 2.1. [17,19,21,31] Let f be a function from R™ to R. Then, the following
statements hold:
() f > 190,
(ii) f = f99 if and only if f is evenly quasiconve.
(111) If f is usc quasiconvex then Of%(x) # 0 for each x € R™.
) Let xg € R™. The following statements are equivalent:
1) xo is a global minimizer of f in R™,
2) 0 € 9P f(xo),
3) 09 f(z0) = R™,
(4) (0,0) € 9% f(x0).
(v) 09f(z) = O°(\f)(x) for each x € R™ and A > 0.
(vi) 0f (x) C 9P f(z) = {v € R" | (v, (v,x)) € I9f(x)} for each x € R".

The following theorem is well known in convex analysis. The proof is easy and
will be omitted. Motivated by the result, we study similar characterizations of
quasiconvexity in the next section.

Theorem 2.2. Let f be a real-valued function on R™. Then, f is convex if and
only if 0f(xz) # 0 for each x € R™.

3. CHARACTERIZATIONS OF QUASICONVEXITY IN TERMS OF Q-SUBDIFFERENTIAL

In the following theorem, we show characterizations of quasiconvexity via usc
functions in terms of Q-subdifferential.

Theorem 3.1. Let f be an usc function from R™ to R. Then, the following state-
ments are equivalent:

(i) f is quasiconver,

(ii) f is evenly quasiconver,

(iii) f is strictly evenly quasiconvex,

(iv) f=rf99,

(v) for each x € R™, there exists v € R™ such that (v, (v,z)) € 09 f(z),

(vi) for each x € R™, 09 f(x) # 0.

Proof. We show the following implications:
1. (i) = (i) = (i) = (iii),
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2. (il) < (iv),
3. (i) = (v) = (vi) = (iv).
1. Assume that (iii) holds. Then, we can easily show that for each « € R,

L(f, <) = () L(f, <,a+e).
e>0
Since L(f,<,a+¢) is evenly convex for each € > 0, L(f, <, ) is the intersection of
some family of open halfspaces. This means that (iii) implies (ii). It is clear that
(ii) implies (i). Since f is usc, if (i) holds then L(f, <, «a) is open convex for each
a € R. This means that L(f, <,«) is evenly convex. Hence f is strictly evenly
quasiconvex.

2. By Theorem 2.1, (ii) and (iv) are equivalent.

3. Assume that (iii) holds and let € R™. If L(f, <, f(x)) = 0, then z is a global
minimizer of f in R". By Theorem 2.1, (0, (0,z)) = (0,0) € 09 f(z). Assume that
L(f,<, f(x)) # 0, then f(z) > —oo. If f(x) € R, by the assumption, L(f, <, f(x))
is a nonempty evenly convex set and x ¢ L(f, <, f(x)). Hence, there exist v € R"
and a € R such that for each y € L(f, <, f(z)),

(v,2) > a > (v,y).
For each y € R",

(v,y) 2 (v,z) =y ¢ L(f, <, f(z)) <= [ly) = f(z),

that is, inf{f(y) | (v,y) > (v,2)} > f(z). This shows that (v, (v,z)) € 09 f(x).
Assume that f(x) = oo, then z ¢ domf. Since f is usc and strictly evenly quasi-
convex, domf is open convex. Hence, there exist v € R™ and a € R such that for
each y € domf,

(v,2) 2 > (v,y).
For each y € R",

(v,9) 2 (v,2) = y ¢ domf <= f(y) =00 = f(),

that is, inf{f(y) | (v,y) > (v,2)} > f(x). This shows that (v, (v,z)) € 09 f(x).
Hence (iii) implies (v). Clearly, (v) implies (vi). Finally, we prove that (vi) implies
(iv). Assume that (vi) holds and let = € R™. Then there exists (v,t) € 0f9(z). By
Theorem 2.1 and the definition of Q-subdifferential,

fla) <imf{f(y) | (v,y) >t} = —fP(v,1) < f99x) < f(a).
This shows that f(z) = f99(z). This completes the proof. O

4. QUASICONVEXITY OF SUM OF QUASICONVEX FUNCTIONS

In this section, we study quasiconvexity of sum of quasiconvex functions. Espe-
cially, we introduce a set of quasiconvex functions which is closed under addition
and multiplication by positive scalars. For the sake of simplicity, we assume that
functions are real-valued.

By Theorem 3.1, we show the following characterization of quasiconvexity of sum
of real-valued usc functions in terms of Q-subdifferential.
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Theorem 4.1. Let f and g be real-valued usc functions. Then, f+ g is quasiconvex
if and only if for each x € R, 09 (f + g)(z) # 0.

Next, we show sufficient conditions for quasiconvexity of sum of quasiconvex
functions. The following lemma is important.

Lemma 4.2. Let f and g be real-valued functions on R™. Then, for each x € R",
9°(f +9)(x) D 99f(x) N 9%(x).
Proof. Let x € R and (v,t) € 99 f(z) N 9%g(x). Then,

nf{(f +9)(y) | (v,y) >t} > nf{f(y) | (v,y) >t} +inf{g(y) | (v,y) >t}
> f(z)+g(x).
This shows that (v,t) € d9(f + g)(z). O

Theorem 4.3. Let f and g be real-valued usc quasiconvexr functions. For each
x € R™, assume that at least one of the following conditions is satisfied:

(i) L(f, <, f(x)) € L(g, <, g(x)),
(ii) L(g, <, 9(x)) C L(f, <, f(x)),
(iii) 99 f(x) C 99%(2),
(iv) 9%(x) C 09 (2).
Then, f + g is quasiconvex.
In addition, for each x € R", (i) = (), (ii) = (iii).
Proof. Let x € R™. At first, we show that (i) = (iv). Assume that (i) holds and
(v,t) € 99g(x). Then
This shows that (v,t) € 99 f(x). Similarly, we can prove that (ii) = (iii).
Let 2 € R™. By Theorem 3.1, 99 f(x) # () and 09g(z) # () since f and g are usc
quasiconvex. If (iii) holds, then

99 f(x) N 8%(x) = 09 (x) # 0.
If (iv) holds, then
99 f(x) N9%(x) = 9%(x) # 0.
Hence, if at least one of the conditions (i), (ii), (iii), and (iv) is satisfied, then

8Qf(x) n 8Q9($) # (). By Lemma 4.2, aQ(f + g)(x) # 0. Hence by Theorem 4.1,
f + g is quasiconvex. -

Next, we show a set of quasiconvex functions which is closed under addition and
multiplication by positive scalars.

Theorem 4.4. Let f be a real-valued usc quasiconvex function on R", and Fy as
follows:
Fr={g:R" =R, usc| 3 f(x) c 9°Py(x),Vz € R"}.
Then, the following statements holds:
(1) f € ]:f:
(ii) a constant function on R™ is an element of Fy,
(ili) for each g € Fy, g is quasiconvex,
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(iv) for each g1,...,gm € Ff, and ay,...,am >0, > a;g; € Fy,
(v) for each gi,...,9m € Ff, maxj—1,.. mgi € Fy.

Proof. 1t is clear that (i) holds. For each constant function o and x € R", x
is a global minimizer of o in R™. Hence, by Theorem 2.1, Greenberg-Pierskalla
subdifferential of « at = is the whole space R™. This means that (ii) holds.
(iii) Let g € Fy and x € R™. By Theorem 3.1, there exists vg € R"™ such that
(vo, (vo, x)) € O9f(x) since f is usc quasiconvex. By Theorem 2.1,
v € 99T f(a) C 99 g(x) = {v € R" | (v, (v,2)) € 8%l(2)}.

By Theorem 3.1, g is quasiconvex.
(iv) Let g1,...,9m € Ff, a1,...,qp > 0, and x € R". By Lemma 4.2 and
Theorem 2.1,

o9 (Z ain') (z) D 09(a1g1) (x) N+ NO? (amgm) (x)
i=1

= (9le(l‘) aO---N 3ng(:6)
o> 99f(x).

W(Encan easily show that 99T f(z) C 99T (- aigi) (z) by Theorem 2.1. Hence
> i1 igi € Fy.

(v) Let g1,...,9m € Ff, and o € R™. Then, there exists ig € {1,...,m} such
that maxi_y, . m 6i(z) = gio(x). For each v € 097 gy (),

Jmax gi(x) = gio(w)
< inf{gi,(y) [ (v, 9) = (v, 2)}

< inf {irrl{gfmgi(y) (v,y) > <v,w>} :

This shows that v € 097 (max;—1,_m ;) (z). Hence,

8GPf(x) C 8Gpgi0 () C et <._n£1ax gi) ().
This completes the proof. O

5. APPLICATIONS TO DUALITY THEOREMS

In this section, we investigate Lagrange duality and surrogate duality for quasi-
convex programming as applications of our results. In addition, we show an example
of ¢, a set of quasiconvex functions which is closed under addition and multipli-
cation by positive scalars.

Let f be a real-valued usc quasiconvex function, I an index set, fo, g; € Fy,
and assume that A = {z € R" | g;(z) < 0,V¥i € I} # 0. Consider the following
quasiconvex programming problem (P):

P) minimize fo(z),
subject to g;(x) < 0,Vi € I.
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In convex and quasiconvex programming, two types of duality theorems have been
studied mainly. The following equation is called Lagrange duality:

inf fo(z) = Eﬁiﬁ Jnf {fo(w) + 26; Aigz-(w)} :

where RS_I) ={AeR'|Viel,\ >0,{i €I|\ #0}is finite}. The following
equation is called surrogate duality:

inf fo(zr) = max inf {fo(m) Z)\igi(l’) < 0} .
z€A AerD :
+ iel

Sum of constraint functions and the objective function appears in both of these
dualities. In convex programming, Lagrange duality have been studied mainly.
Since the set of all convex functions is closed under addition and multiplication by
positive scalars, Lagrange dual problem is also a convex programming problem. In
quasiconvex programming, surrogate duality have been studied mainly. However,
since the set of all quasiconvex functions is not closed under addition, we assume that
constraint functions are convex, see [14,29,32,34]. Then, surrogate dual problem is
also a quasiconvex programming problem.

By using our results in this paper, the Lagrange dual problem and surrogate
dual problem of (P) are also quasiconvex programming since Fy is closed under
addition and multiplication by positive scalars. We can solve the problem (P) by
using Lagrange and surrogate duality theorems.

Finally, we introduce an example of Fp.

Example 5.1. Let f be the following real-valued continuous function on R":
f(x) = [l
Then, Fy is the following set:

vz € R, L(g, <, g(x)) C {y € R" | (z,y) < (z,z)} }

Fr= {g :R" = R, usc ¢(0) = min g(z)
FASING

Let g € Fy. Since 0 € R" is a global minimizer of f in R", 0 € 9°F f(0) C
99T g(0) by Theorem 2.1. This shows that 0 is a global minimizer of g in R™.
Let x € R". We show that z € 99T f(z). Actually, if + = 0, then 9% f(x) =
R™. Furthermore, if 2 # 0, then we can check that 9T f(z) = {\z | A > 0}.
Since g € Fy, z € 99T f(z) € 9%Fg(z). By the definition of Greenberg-Pierskalla
subdifferential,

inf{g(y) | (z,y) = (z,2)} = g(x),
that is,
L(g,<,9(x)) C {y e R" | (z,y) < (z,z)}.

Let g be a real-valued usc function on R™. Assume that L(g,<,g(x)) C {y €
R™ | (z,y) < (z,z)} for each z € R™ and ¢(0) = mingern g(z). Let x € R™. If
x = 0, then it is clear that 9T f(x) = 0P g(z) = R". Assume that x # 0 and let
v € 0% f(x). Then, there exists A > 0 such that v = Az. By the assumption,

L(g, < 9(x)) C{y e R" [ (z,y) < (,2)} = {y e R" | (Az,y) < Az, 2)},
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that is, v = Az € 9P g(z). This shows that g € F.
Additionally, we show the following inclusion:

Fro{g:R" >R |VaeR,Ire|0,+o0] s.t. L(g,<,a) = B(0,7)},

where B(0,7) = {z € R" | ||z|]| < r} for each r > 0, B(0,0) = ), and B(0,00) = R™.

Let g be a real-valued function, and assume that for each a € R, there exists
r € [0,400] such that L(g,<,a) = B(0,r). It is clear that g is usc quasiconvex.
Let € R™, then there exists r; € [0, +00] such that L(g, <, g(x)) = B(0,7;). Since
v ¢ L(g,<,9(z)), |z = ro. Hence,

L(g, < g(x)) = B(0,72) C B(0, ||lz]) = L(f, <, f(x))
By Theorem 4.3, 997 f(x) C 9%Fg(x), that is, g € F;.

6. CONCLUSION

In this paper, we study quasiconvexity of sum of quasiconvex functions. We show
characterizations of quasiconvexity via usc functions in terms of Q-subdifferential
and Q-conjugate in Theorem 3.1. By using these characterizations, we show suffi-
cient conditions for quasiconvexity of sum of quasiconvex functions in Theorem 4.3.
In Theorem 4.4, we introduce Fy, a set of quasiconvex functions which is closed
under addition and multiplication by positive scalars. In addition, we show an ex-
ample of Fy in Section 5. Finally, as applications, we study Lagrange duality and
surrogate duality for quasiconvex programming by using our results.
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