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Abstract. In this paper we introduce a new notion of infine nonsmooth functions and give several
characterizations of infineness property. We prove alternative theorems with mixed constraints (i.e.,
inequality and equality constraints) being described by invex-infine nonsmooth functions. We estab-
lish a necessary and sufficient condition for a solution of a vector optimization problem involving
mixed constraints to be a properly efficient solution.

1. Introduction

During the last 20 years invexity is known as a concept which is a geralization
of the convexity property and which can be used to extend the sufficiency of the
Kuhn-Tucker conditions and the duality theory of the class of convex programs
to a more general class of optimization problems. This invexity idea was first
introduced by Hanson [14] for differentiable functions and was generalized to
nonsmooth functions [8, 20] and multifunctions [12, 22, 23]. Invexity was also
weakened in order that it can be served as a necessary optimality condition [15, 16,
24] or a characterization of problems where every Kuhn-Tucker point is a global
minimizer [18, 25]. Invex functions are also useful for alternative theorems [2].

It is worth noticing that the proof of sufficiency of the Kuhn—Tucker conditions
is based on the fact that the invexity of constraint functions g; implies that of
Ajg; where 1 ; are Kuhn-Tucker multipliers associated to g;. This fact is true for
inequality constraints since in this case all 1; are nonnegative. Unfortunately, it
fails to hold for equality constraints since A ; are not necessarily nonnegative. Thus
the usual invexity notion is suitable for optimization problems with inequality con-
straints, but it is not useful for problems with equality constraints. The aims of this
paper are:

1. To introduce a class of locally Lipschitz functions, called the class of infine
functions, which is a subclass of invex functions but which is appropriate
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for optimization problems with equality constraints. (The reason for using the
terminology “infine functions” is given in Remark 3.2 of Section 3.)

2. To prove alternative theorems for systems involving mixed constraints: a geo-
metric constraint x € S (S being a closed convex subset which may not coin-
cide with the whole space R") and several inequality and equality constraints
given by nonsmooth invex and infine functions.

3. To show that alternative theorems, and the invexity and infineness ideas can be
applied to finding properly efficient points of nonsmooth problems of vector
optimization involving mixed constraints.

The organization of this paper is as follows: in Section 2 some concepts and
facts from Nonsmooth Analysis are collected. In Section 3 a new concept of infine
functions on S at xo € S is introduced. Several sufficient conditions for infineness
are given. It is shown that all they are equivalent conditions and become necessary
conditions for infineness if the Clarke tangent cone of S at x, is a subspace. Ex-
amples of infine functions are provided. In Section 4 two alternative theorems are
given for locally Lipschitz vector-valued maps f, g and & with suitable invexity
and infineness properties. The first one deals with system

g(x)=0,h(x) =0,x €S (1.1)

and the second one differs from the first in that a strict inequality f(x) < 0 is added
to system (1.1). The second alternative theorem includes as a special case a known
result [2] where & is absent. Our proof is simpler and quite different from that of
[2]. An alternative theorem is applied to characterizing properly efficient points of
a vector optimization problem of map f subject to constraints (1.1).

2. Preiminaries

Let R" be an Euclidean space. For x = (x1, x2, ..., x,) € R*and y = (y1, y2, ..., Yu) €
R"™ we will use the following notation:

x=y&x; =y, foralli;

x<y<&x <y, foralli;

xS<y&x Sy, foralli;
x<y&x<y andx #y.

Let f : R" — R be a locally Lipschitz function, that is, for any z € R", there
exista > 0,8 > Osuchthatforany x,x’ e R*with || x —z ||< o, || X' — 2 || < «,
| f(x)— f&x) S B || x—x" |, and let xg € R". Then the Clarke directional
derivative of f at xq in the direction v is defined by

£%(xo, v) = limsup JO+A0) - f)
, y—=>x0 240 A
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and the Clarke subdifferential of f at xq is defined by
0f (x0) = (£ € R": fO(x0,v) 2 (§, v) Vv € R"),

where (-, -} denotes the inner product in R".
It is well known [4] that for any v € R”

0 —
foxo,v) = max (€, v) (2.1)

and df (xg) is a nonempty compact convex subset of R". Also,

—3f (x0) = 3(=f)(x0). (2.2)

Let S be a closed subset of R" and xo € S. The Clarke [4] tangent cone to S at
xo is defined by

Ts(xo) := {v € R" : d2(xo, v) = 0}, (2.3)

where ds(x) = inf,cs || z — x ||, and the Clarke [4] normal cone to S at xq is
defined by

Ns(xp) :={w e R": (v, w> <0 Vv e Tg(xg)). (2.4)

Asubset A C R"issaidtobeaconeifix € Aforallx € Aand A = 0. A cone
which is a convex set is said to be a convex cone. For any nonempty subset A C R”"
denote by cone A the intersection of all convex cones containing A. It is easy to
check that cone A is a convex cone consisting of all points of the form )", A;x;
where m is a positive integer, x; € A and A; = 0. Also, cone A = cone (co A)
where co A stands for the convex hull of A. When A is a convex set, cone A =
{Ax : A =20, x € A}. Itis proved in [4] that

Ng(xg) = cl cone ddg(xg) (2.5)

where ¢l A denotes the closure of A. For any nonempty subset A C R" denote by
affA the affine hull of A. This is the intersection of all affine sets containing the
set A. It is known [21] that affA consists of all points of the form ) """ | A;x; with
> ",k = 1 where m is a positive integer, x; € A and &; € R (&; may not be
nonnegative).

Foreachi = 1,2, ..., m let A; be a nonempty compact convex set of R” and g;
a real number. Then A; x {—p;} is a subset of R” x R. Let

¢i(1) = max (&.1). (2.6)
PROPOSITION 2.1. System

@i(1) <0 (i=12..,.m), (2.7)
pi() =0 G=m+1,m+2,...,m) (2.8)
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has a solution r € R" if and only if

0¢ col JAi+ clcone | A (2.9)
i=1 i=m'+1
PROPOSITION 2.2. System
i) =B, i=12,..,m, (2.10)

has a solution r € R" if and only if

(0,1) ¢ clcone [ J[4; x {—81}] (2.11)

i=1
(0 being the origin of R™).

The proof of Propositions 2.1 and 2.2 can be found in [24, 25]. For reader’s con-
venience let us give a sketch of this proof. We start by Proposition 2.1. If (2.9)
holds then the intersection of the compact convex set

m/
—co U A,
i=0
and the closed convex set

cl cone U A,
i=m'+1
is empty. Using a separation theorem we can find a vector r € R" which is a
solution of system (2.7), (2.8). Conversely, if the last system has a solution, then
taking account of formulas (2.6) we see that the above intersection is empty. In
other words, condition (2.9) holds.

Proposition 2.2 can be deduced from Proposition 2.1. This is possible since
the consistency of the nonhomogeneous system (2.10) is equivalent to that of a
homogeneous system of the kind (2.7), (2.8) where m" = 1, A} = {(0, —=1)} and
Al = A; x {—=p;} fori # 1, and the variable £ € R" is replaced by an extended
variable &’ = (§,r) e R* x R.

We conclude this section by an elementary result which will be needed later on.

Let H be a nonempty compact convex set of R” and 8 a real number.

PROPOSITION 2.3. Let

E= cone[(o [Ai {—ﬁl-}]) L (# x {—ﬂ})], (2.12)
i=1

£ =Jeteone[ (| [t} x {-83]) L (H x (=), (2.13)

acA i=1
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wherea = (al,ag,. Q) € A=A x Ay x---x A,. Then clE = clE. If, in
addition, E isclosed then E = E.
Proof. Since forallq; € A;, i = 1,2, ..., m,

cone [(Lmj [{a:} < (—B:)] >U(Hx{—ﬁ})]CE

we have
ECClE. (2.14)

On the other hand,

= J cone [(Lmj [ta) x (=:)]) | (# x (=8|  E. (2.15)
i=1

All the conclusions of Proposition 2.3 are clear from (2.14) and (2.15). O

3. Infine Functions

Let f : R” — R be a locally Lipschitz function, S a closed subset of R" and
xo € S. Then f is said to be infine on S at xq if for any x € S and any &€ € 9f(xq),
there exists n € Tg(xg) such that

f(x) — f(xo) = (£, 7). (3.1)

Using (2.2) and (3.1), we see that f is infine on S at xq if and only if —f is
infine on S at the same point xg. When S = R”, then Ts(xg) = R”, and hence f
is infine on R” at xq if and only if for any x € R and any & € df (xo), there exists
n € R” such that

f) = fxo) = (€. n).
When £ is of class C?, then the equality (3.1) reduces to the following form:

F@) = fxo) = fLn

where fx’O is the Frechet derivative of f at xg.

Observe that in the above definition if S is a neighbourhood of xq then (Ts (xg) =
R” and) infineness is understood in the local sense; and if S is the whole space R”
then (Ts(xo) = R” and) infineness is understood in the global sense. Therefore, the
introduction of the subset S in the above definition is useful since it gives a unified
approach to local and global infineness. A similar situation can be found in the case
of invexity [19].
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Observe also that in [9, 10] Craven introduced a notion of cone-invexity of a
nonsmooth vector-valued function f : R" — R? with respect to a given cone of
R?”. For a special case where p = 1 and the mentioned cone coincides with the
origin of the real line R, this notion means that there exists a map  : R” — R”
such that

V& € af (x0) 1 f(x) = f(x0) = (§, n(x)).

The difference between this notion of Craven and our infineness definition is that
Craven requires that, for each x € R”, the point n(x) satisfying the just written
equality must be the same for all £ € af (xo) while in our infineness definition »
depends not only on x but also on & € af (xg). Thus, the class of infine functions is
larger than the class of cone-invex functions applied to the above special case. The
function introduced in Example 3.1 below is infine, but it is not cone-invex.

Now we characterize infine functions.

PROPOSITION 3.1. Let f : R® — R be a locally Lipschitz function and S a
closed subset of R”. Consider the following conditions:

(@) fisinfineon S at xg € S;

(b) 0 € 9f(x0) + Ng(xg) — Ns(xp) impliesthat f isconstant on S; and

() 0 € (3f (x0) + Ns(x0)) J(Af (x0) — Ns(x0)) impliesthat f is constant on
S.

Then (b) = (¢) = (a); and (a) = (b) if Ts(xp) isa subspace of R”.

Proof. (b) = (c¢) : Itis clear since 0 € Ng(xp).

(¢) = (a) : If fisconstant on S, f is infine on S at xo with respect to n = 0.
If £ is not constant on S, then by condition (c)

0 ¢ af (x0) + Ns(xo) (3.2)
and

0 ¢ 9f (x0) — Ns(xo)- (3.3)
From (3.2) and a separation theorem, there exists ¢+ € R" such that

0 , L b). 3.4

If t ¢ Tg(xo), there exists y' € Ng(xp) such that (z, y’) > 0. This means that the
right-hand side of (3.4) may tend to +oo. This is a contradiction. Hence r € T (xo).
Moreover, sup, ¢ s, (¥ ) = 0. So, we have

(r.&) <Oforany & € 9f (xo). (3.5)
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Similarly, from (3.3) there exists ¢’ € R”" such that

0 g )
g Ser?fa())go) <t S) * ,\';VL;E)XO) (t y)

Thus —t' € Tg(xp) and
(—1.,8)>0forany & € df (xo). (3.6)

Now take x € S.
If f(x)—f(x0) =0,wesetn =0forany & € df(xg),andthen f(x)— f(xg) =

(€, m) forany & € 3f (xo).
If f(x)— f(xo) <0, then for any fixed & € 9 (xg), we can choose o > 0 such

that (az, §) = f(x) — f(xo), which is possible by (3.5). Setting n = at € Ts(xo),
we have f(x) — f(xo) = (&, ).

If f(x)— f(x0) > 0, then for any fixed & € df (xg) we can find 8 > 0 such that
(—Bt', &) = f(x) — f(x0), which is possible by (3.6). Setting n = —Bt’ € Ts(xo),
we have f(x) — f(xo) = (n, &).

Thus £ is infine on S at xo. Hence (a) holds.

(a) = (b) : Assume that f is infine on S at xo and that Ts(xg) is a subspace of
R™. Suppose that there exist & € 9f (xg), ¥y € Ng(xg) and y' € Ng(xp) such that

O=&+y—y. (3.7

By the infineness of f, for any x € S, f(x) — f(x0) = (£, n). Since Ts(xo) is a
subspace of R”, for any x € S,

f) = flxo) = (&, n)={y—y.n)=0.

Thus f is constant on S. O

The following proposition is useful to understand condition (b) in Proposition 3.1:

PROPOSITION 3.2. The following statements are equivalent:

(1) Thereexists& € df (xp) suchthat 0 € aff(é + Ng(xp));

(2) 0 € 9f (x0) + Ns(xo) — Ns(x0); and

(3 0€ co {(3f(XO) + Ns(x0)) U@ f (x0) — Ns(Xo))}-

Proof. (1) = (2) : Let (1) hold. Letr; € R,i = 1,--- ,m, and y; € Ns(xp),
i =1, ..., m,besuch that

m

1=) r0=) r+y.

m
i=1 i=1
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Letr; =r/ —r/ forr; 2 0and r/ = 0. Then we have

0=+ rnyi=&+) (/=)

i=1 i=1

= S + Zri/yl‘ - Zri//yi
i=1 i=1
€ & + Ns(xo) — Ns(xo).

Thus (2) holds.
(2) = (1): Let& € 9f(xp), y € Ng(xg) and y' € Ng(xp) be such that (3.7) is
satisfied. Then we have

0=2(5+3) +(~DE +)) eaff(& + Ns(x0)).

So (1) holds.
(2) = (3): Let (2) hold. From (3.7),0 = %(S +2y) + %(%‘ — 2y"). So, (3) holds.
(3) = (2): Let (3) hold. Then there exist nonnegative numbers /;, l;, and points
&, .f;]/. in 8 (xo) such that

1=> "I+ ljand
0= L& +y)+ ) LiE —y),

where y; and y’; are elements of Ng(xo). Thus 0 € Y L&+ Zl;é} + Ng(xg) —
N (xo). Hence (2) holds. a

REMARK 3.1. If (3f (x0) + Ns(x0)) [J(@f (x0) — Ns(xp)) is convex, then Propos-
ition 3.2 shows that conditions (b) and (c) of Proposition 3.1 are equivalent.

When S = R”, then Ng(xo) = —Ns(xo) = {0}. So we can obtain the following
corollaries.

COROLLARY 3.1. Let f : R" — R be a locally Lipschitz function. Then f
isinfine on R” at xo € R" if and only if inclusion 0 € 9f (xp) implies that f is
constant on R”.

COROLLARY 3.2. Let f : R* — R beof class C*. Then f isinfine on R" at
xo € R" if and only if condition f; = 0 impliesthat f isconstant on R".

Now we give an example involving a nondifferentiable infine function, which
shows that the assumption that 7's (xo) is a subspace of R” is essential in Proposition
3.1
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EXAMPLE 3.1. Letx € R, xg = 0and

1 i >
_Jzx ifx=0
f = X ifx <0’

Then af (xg) = [%, 1]. Since 0 ¢ 9f (xp), by Corollary 3.1, f isinfineon S = R
at xg. Now let S = [0, o0). Then Tg(xg) = [0, 00) and Ng(xg) = (—o0, 0]. Taking
forany x € Sandany & € 9f(x0), n = [f(x) — f(x0)]/&, we have n € Ts(xp)
and f(x) — f(xg) = & - n. Thus f is infine on S at xy. Notice that for any & €
df (x0), 0 € af (x0) + Ns(x0) — Ng(xp) and

0 € (3f(x0) + Ns(x0)) U(af(xO) — Ns(x0)).

Since £ is not constant on S, (b) and (c) of Proposition 3.1 do not hold. Hence the
assumption that T's(xo) is a subspace of R” is essential in the implication (a) = (b)
in Proposition 3.1.

EXAMPLE 3.2. Let S C R” be a convex set. If f : R” — R is of class C*
and is pseudolinear at xo € S in the sense of [3] (i.e., for any x € R”, there exists
p(x) > Osuch that f(x) — f(x0) = p(x)fy,(x — x0)), then f is infine on S at xo
with n = p(x)(x — xo) for each x € R".

EXAMPLE 3.3. Let S be any closed subset of R”. Let f = g o h, where g :
R™ — R is of class C* and is pseudolinear at /(xg), and & : R" — R” is of
class C* such that h',(Ts(xo)) = R™. Then f is infine on S at xo. Indeed, setting
u = h(x), ug = h(xp), we have by pseudolinearity of g that forany x € S

fx) = f(xo) = g(u) — g(uo)
= p(u)g,,(u — uo)
= g,,,(p(u)(u — uo)),

where p(u) > 0 is a suitable number. Since /) (T5(xo)) = R™, there is n € Ts(xo)
such that p(u)(u — ug) = h), n. Hence we have

F@) — fxo) = gl (B = fin-

Thus £ is infine on S at xo.

REMARK 3.2. Let f = g o h, where g : R” — R is an affine function and
h : R" — R™ is of class C* such that the Fréchet derivative 4’ of / at xo € R"
is surjective. Then g is pseudolinear at /(xo) with p = 1 and hence, as showed
in Example 3.3, f is infine on R" at xo. Observe that g being affine is infine on
R”. Thus, if & is bijective then the infineness property of the affine function g is
a property invariant to bijective coordinate transformation %. If g : R” — R is
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convex and differentiable and 2 : R* — R™ is a differentiable function such
that 7’ is surjective, then f is invex in the sense of Craven [6, 7]. So, the invexity
property of the convex function g is a property invariant to bijective coordinate
transformation 4. Noticing this fact, Craven [6, 7] introduced the name “invexity”
which is taken from “invariant” and “convexity”. In a similar way, we used the
terminology “infine” taken from “invariant” and “affine”.

EXAMPLE 3.4. Assume that g : R” — R is locally Lipschitz and & : R" —
R” is of class C? such that h;o has maximal rank, where xo € R". Let f = goh. If
gisinfine on R" at 1 (xp), then f is infine on R” at xg. Indeed, if 0 € dg(h(xp)) then
by Corollary 3.1 g is constant on R”. Thus f is constant and hence the infineness
of f is obvious. Assume now that 0 ¢ dg(h(xg)). We claim that 0 ¢ 3f (xp) and
hence f is infine on R” at x, (see Corollary 3.1). Indeed, Theorem 2.3.10 of Clarke
[4] shows that

df (x0) C h'f 98 (h(x0))

where 7 denotes the transpose. Hence if 0 € 9 (xo), then h; & = 0 for some & €
9g(h(xg)). Since h;o has maximal rank, this implies that & = 0, which contradicts
the assumption 0 ¢ dg(h(xg)).

Now, let us give two definitions of invex vector-valued functions the first of which
is a new one and the second is taken from [6, 7, 19]:

DEFINITION 3.1. Let f := (f1, f2,---, fn) be a vector-valued function from
R" to R™ such that f;,i = 1,2,---,m, are locally Lipschitz, and S a closed
subset of R". Then f is said to be invex on S at xo € S if for any x € S and
& € dfi(xg), i =1,2,...,m, there exists n € Tg(xg) such that

fix) = fitxo) 2 (&, )i =1,2,-- ,m

DEFINITION 3.2. Let f := (f1, f2,---, f) be a vector-valued function from
R" to R™ such that f;,i = 1,2,---,m, are locally Lipschitz, and S a closed
subset of R”. Then f is said to be invex on S at xo € S if for any x € §, there exists
n € Ts(xo) such that for any & € dfi(xg), i =1,2,...,m,

f‘l(-x) - .fi(XO) z <Si5 n>al = 1’ 2’ e, m,
or equivalently,
fi(x) — fitxo) = fP(xo,m), i =1,2,-+ ,m.

Observe that in practice it is not easy to find the point » required in the defin-
itions of invexity. On the other hand, an explicit formulae of » plays no role in
applications of invexity ideas in optimization and duality theories. So, it is inter-
esting to detect invexity properties without knowning n explicitly. We will see in
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Proposition 3.3 below that this can be obtained by using Propositions 2.2 and 2.3.
Let us introduce the following sets

E) = cone [ (| [0 x0) x (=i, x0)}]) | (s xo) x (0) ]
=1

1
m

E@ = |J cloone[({J[t&} x (=fitx. o)) | (9ds(x0) x (0))]
seif (xo) i=1
wherex € S, &€ = (&1, &, ..., &) € 3f (x0) := df1(x0) x dfa(xg) X -+ x df(x0)
and B;(x, xo) = fi(x) — fi(xo), i =1,2,...,m.

PROPOSITION 3.3. Let f := (f1, f2, -, fm) be avector-valued function from
R"toR™ suchthat f;,i = 1,2, --- , m,arelocally Lipschitz, and S a closed subset
of R",

Then the following statements are true:

1. fisinvex on S at xo € S in the sense of Definition 3.1 if and only if, for any
x €S, (0,1) ¢ E(x).

2. fisinvex on S at xo € S in the sense of Definition 3.2 if and only if, for any
x €S, (0,1) ¢cl E(x).

3. If fisinvex on S at xo € S in the sense of Definition 3.2, then f is invex on §
at xo € S in the sense of Definition 3.1. The converse holds if for any x € Sp
the set

cone _J [afi(x0) x {fi(x0) — ()} ] + Ns(x0) x {0} (3.8)

i=1

is closed, where So = {x € S: f;(x) — fi(xo) < O for some i}.
Proof. 1. Since n € Ts(xg) & dg(xo, n) < 0, Definition 3.1 is equivalent to the
fact that forany x € S and & € 9f;(xg), i = 1, 2, ..., m, the system

(&, 1) < Bi(x,x0), i =1,2,...,m,
dd(x0,1) £ 0

is consistent, i.e. by Proposition 2.2

m

0.1 ¢ cl cone [ ({18} x (=Ai0x.x0)]) [ (3, o) x (03)]-

i=1

Since this is true for any x € S and & € dfi(x0), i = 1,2, ..., m, we derive the
validity of the first statement of Proposition 3.3.
2. Definition 3.2 is equivalent to the fact that for any x € S the system

fx0, 1) S Bi(x,x0), i =1,2,....,m,
dg(xo,1) <0
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is consistent, i.e., by Pr/c\)position 22(0,1) ¢ cl E(x). It remains to observe from
Proposition 2.3 that ¢/ E(x) = ¢l E(x).
3. The implication

Definition 3.2 = Definition 3.1

is clear from the first two statements of Proposition 3.3. Now let us prove the
converse implication under the extra assumption formulated above.

Letx € S\ So. Then f;(x) — fi(xo) = Oforalli. Thus n = 0 satisfies Definition
3.2 at this point x. Suppose that f does not satisfy Definition 3.2 at x € Sp. Then
for any n € Ts(xo), fi(x) — fi(xo) < f2(xo, n) for some i. Thus the system

o0 S filx) = filxo), i=1---.m,
d2(xo,1) £0

of variable r € R” has no solution. Applying Proposition 2.2 and taking (2.1) into
account, we have

m

0,1) ecl E(x) Ccl |:cone (U afi (xo) x { fi(xo) — ﬁ-(x)}) + Ns(xp) x {0}} .

i=1
By assumption (3.8) this yields

m

(0.1) € cone (U 8 (x0) x {fi(x0) — ﬁ-(x)}) + Ns(xo) x {0}.

i=1

Thus (0, 1) € cone /L, [{&} x {fi(xo) — fi(x)} ] 4+ Ns(xo) x {0} for some & €
dfi(x0),i =1,---,m. This shows that

0=> X+,
i=1

1= in(ﬁ(XO) — fi(x) +0

i=1

for suitable A; =2 0, i = 1,2, ...,m, and y € Ng(xo). We claim that there does not
exist n € Tg(xg) such that

(&.m) = fikx) — filxo), i =1,2,...,m.

Indeed, otherwise by multiplying both sides of each of these inequalities by A; and
summing up the obtained inequalities we get

<Z)u‘§i» 77> < _Z)“i[fi(xo) — fi(x)]
i=1 i=1
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or, equivalently, (—y, n) < —1. This contradicts inequality (—y, n) = 0 which is
valid since n € Tg(xo) and y € Ng(xp). Thus, f is not invex on S at xq in the sense
of Definition 3.1. a

The following result is a direct consequence of Proposition 3.3.

COROLLARY 3.3. Let f := (f1, f2, ..., fu) be a vector-valued function from
R" to R™ such that f;, i = 1,2, ...,m, are of class C*, and S a closed subset
of R". Then Definitions 3.1 and 3.2 coincide, and the invexity of f on S at xq is
characterized by the condition that, for any x € §,

m

0.1 ¢ cl cone [({J[1£,} x (i) = £i]) | (8dsxo) x (0})]

i=1

Let us observe from Proposition 3.3 that the difference between Definitions 3.1
and 3.2 is small in the sense that for any x € S Definition 3.1 requires that the point
(0, 1) does not belong to E (x) while Definition 3.2 requires that this point doeinot
belong to the closure of the same set E (x). Observe also that if forany x € S E(x)
is closed then the two definitions of invexity are equivalent since by Proposition
2.3 cl E(x) = E(x). We now show that in this case invexity can be characterized
by the following condition (!):

[,\l- >0,i=1,2..,m Oc zn: A0 fi (x0) + Bdg(xo)]
i=1

= [ Y M0 = fitwo) 20 Vxes].

i=1

Indeed, since E(x) is closed we have ¢ E(x) = E(x) = E(x) (see Proposition
2.3). Therefore, by Proposition 3.3 each notion of invexity is equivalent to the
condition that (0, 1) ¢ E(x) for any x € S. But the last condition is equivalent to
condition (!) and hence, our desired conclusion follows.

If invexity is understood in the global sense (i.e., if S = X) then dds(xp) =
{0}. In this special case, condition (!) is equivalent to a known characterization of
invexity of Craven [11, Theorem 4]. In other words, our characterization of invexity
expressed by condition (1) is an extension of that of Craven [11, Theorem 4] to the
case where S # R”".

COROLLARY 34. Ifm = 1,thatis f isreal-valued, then the two definitions of
invexity are equivalent.

Proof. Let So = {x € S: f(x) — f(x0) < 0} and x € Sy. To apply Proposition
3.3 we must show the closedness of the set

cone[df (xo) x {f(x0) — f(x)}] + Ns(xo) x {O}. (3.8)
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Indeed, let (p;, ¢;) be a sequence of elements of set (3.8)" such that

Iim (p;,q;) = (p, ).

Jj—>00

We shall prove that (p, ¢) is also an element of set (3.8)". Indeed, letA; =2 0, &; €
df (xo) and y; € Ns(xo) be such that 1;&; + y; = p; and A;(f(xo) — f(x)) =
q; +0.Since g; — g and f(xo) — f(x) # 0 we derive from the last equality that
Aj = do = q/[f(x0) — f(x)]. On the other hand, because of the compactness of
df (xo) we may assume, by taking a subsequence if necessary, that &; converges to
some point & € df (xp). Hence y; = p; — A ;&; converges to p — 1o§ € Ns(xp) by
the closedness of Ng(xo). Thus, p = Ao& + y and g = Ao(f(x0) — f(x)) +0, with
suitable y € Ng(xq). This proves that (p, g) is also an element of set (3.8)'. O

Let us observe from the above discussion that the difference between Definitions
3.1 and 3.2 is small, and that by Corollary 3.4 they are equivalent in case m = 1. It
is then natural to ask if this equivalence holds for n» = 2. The following example,
due to Tuan [26], gives the negative answer to this question.

EXAMPLE35. Letn =m =2and § = R Letx = (y,2) € R?, xo =

(0,0) € R? and let f = (f1, fo) where fo(x) = fo(y,2) = (2 + 292 + ¢

and f; is any function of class C* satisfying the following conditions: f1(0,0) =

0, /1(0,-1) = —1 and fl/xo = (1,0). As examples of f; we can take f1(x) =

fiy,2) = y+z2P L or fi(x) = fi(y, z) = y —z?P where p > 1isafixed integer.
We have

df1(x0) ={(1,0)},

df2(x0) = {(u,v) € R? 1 u? 4+ (v —1)? £ 1}.
We claim that f is invex on § = R” at xq in the sense of Definition 3.1. Indeed, let
(y,z) € R" and (u, v) € df2(xg). Observe that f>(y,z) = |z]|+z =2 0and v = 0,

and that v = 0 = u = 0. Taking account of these observations we see that the
point n = (n1, n2) Where

m = fi(y,2),
_Jo ifv=0,
"= vy 2) — fily,2ul ifv>0,°

satisfies the condition required in Definition 3.1.

Now, let us prove that f is not invex on § = R" at xq in the sense of Definition
3.2. Indeed, to prove this claim it suffices to take x = (0, —1) € R? and show that
the system

fi(x) = fi(xo) = fL(x0, 1),
fa(x) = falxo) = fL(x0, 1)
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of variable n = (171, n2) € R? has no solution, where £°(xo, n) = max{un; +vn, :
(u, v) € 9f;(x0)} (see (2.1)). Under the assumptions of Example 3.5 this system is
of the form

-1 2=,
0> max{un + vyt u? + (v — 1% < 1)
and has no solution. This can be seen from the remark that for all n; #~ 0 the right
side of the last inequality is always positive.
Now we define pseudoinvex vector-valued function.

DEFINITION 3.3. Let f := (f1, f2, -+, f) be a vector-valued function such
that f;,i = 1,2,---,m, arelocally Lipschitz, and S a closed subset of R”. Then
f issaid to be pseudoinvex on S at x € S if

Vx €S V& edfi(xo), i=1,2,...,m, In € Ts(xg) Vi

[(&.7) =2 0= fi(x) = fi(x0)].

Roughly speaking, f is pseudoinvex on S at xo € S if each component f; is
pseudoinvex on S at xg € S with the same n for each component.

REMARK 3.3. If f := (f1, fo,---, fw) isinvex on S at xg € S in the sense of
Definition 3.1 or Definition 3.2, then f is pseudoinvex on S at xg € S.

REMARK 3.4. By using Corollary 3.4 and a result of Phuong, Sach and Yen [19,
Theorem 4.1] we can prove that the pseudoinvexity of a real-valued function f
on S at xg is equivalent to the invexity of f on S at xq in the sense of Definition
3.1 or Definition 3.2. Thus, there is no distinction between pseudoinvex and invex
functions. This was shown in [1] for the case when f is a differentiable function
and S coincides with the whole space R".

From Remark 3.4 we see that everywhere in the formulation of the following
Proposition 3.4 the term “pseudoinvex” can be replaced by “invex”.

PROPOSITION 3.4. Let f : R" — R be a locally Lipschitz function and S a
closed subset of R”. Consider the following statements:

(a) fisinfineon S at xg € S;

(d) — f is pseudoinvex on S at xo and, for any x € S, there existst € Ts(xp)
such that

f(x) = f(xo) = fO(xo0, 1); (3.9)

(e) f ispseudoinvex on S at xp and for any x € S thereexistst € Ts(xp) such
that

[— ] = [~ Fo0)] = (=0, 1).
Then (d) = (a), and (e) = ().
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Proof. (d) = (a): Let x € S and & € af (xg). Since — f is pseudoinvex on § at
xo and —& € 9(— f)(xp), there exists ' € Tg(xg) such that

(—&17)20= f(x) - f(x) £0. (3.10)
By (3.9), f(x) — f(x0) = (£,1). If f(x) — f(xo) = (€, 1), taking n = 1, we have
f&) = fxo) = (. 1),

Assume that f(x) — f(x0) > (&, 1) If f(x) — f(xo) <O, then (£, 7) < 0. We can
choose o > 0 such that f (x) — f(xo) = (£, 1), and hence letting n = «r, we have

n € Ts(xo)and f (x) — f (x0) = (&, ).

If f(x) — f(xo) > 0, by (3.10) (€, ) > 0. We can take B > 0 such that f(x) —
f(x0) = B(§, '), and hence letting n = Bt’, we have

n € Ts(xp)and f (x) — f(xo0) = (€, n).

If £(x)— f(x0) =0, letting n = 0, we have n € Ts(xo) and f (x) — f (xo) = (€, n).
Consequently, f is infine on S at xo.

(e) = (a): Applying implication (d) = (a) with — f instead of f, we see that
condition (e) implies the infineness of — f (and hence the infineness of f) on S at
XQ. O

REMARK 3.5. The real-valued locally Lipschitz function f satisfying (3.9) in
Proposition 3.4 may not be infine. For example, f(x) = |x| and xo = 0.

To give a sufficient condition for the infineness property of f by means of the
pseudoinvexity of f := (f, — f) we first establish an elementary result.

LEMMA 3.1. Leta, b, c € R be such that

a+b>0, (3.11)

az0=c=20, (3.12)

b=20=c=<0. (3.13)
Then

31 = 0 suchthat ¢ = Aa (3.14)

and

I < 0 suchthat ¢ = ub. (3.15)
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Proof. Let us prove (3.14).

If a = 0, it follows from (3.12) and (3.13) that ¢ = 0. So, (3.14) holds.

If a > 0, then by (3.12) ¢ = 0. So, (3.14) holds.

If a < 0, then by (3.11) » = 0 and hence, by (3.13), ¢ < 0. So, (3.14) holds.

To prove (3.15) let us set ¢’ = —c and change the role of a and b. Then we have
from (3.14) that ¢’ = A’b (A’ = 0). Thus —c = A’b and hence, ¢ = ubwith © =
-2 <0. 0

REMARK 3.6. In general, we cannot claimthat » > 0 and u > 0. For example,
a=1,b=1,¢=0.

PROPOSITION 3.5. Consider the following statements:

(@) fisinfineon S at xg.

(9) f := (f, —f) ispseudoinvex on S at x.
Then (g) = (a).

Proof. Let x € S and &€ € 3f(xp). In view of (2.2) —& € 3(—f)(xp). By
pseudoinvexity of f, there exists ¢ € Ts(xo) such that

(£.1)Z20= f(x)— f(xo) 20,

and
(—&1)20= f(x) — f(x0) 0.

Applying Lemma 3.1 witha = (£,1), b= (—¢&,t)andc = f(x) — f(xo), We
find A = 0 such that

F(x) = f(xo) = A&, 1) = (&, A1) = (£, n) with n = At € Ts(xo). O

REMARK 3.7. If 3f (xo) is not a singleton, then f may be infine on R” at xo while
f = (f, —f) may not be invex on R" at xg in the sense of Definition 3.1. Indeed,
consider again Example 3.1. We have seen that f is infineon § = R at xo = 0.
Now let x > 0. Take & = 1/2,& = 1. Then £ € 9f (xo) and —& € 3(—f)(xo).

Assume that there exists n € R” such that

1/2x = f(x) — f(x0) Z (£, n) =1,
—12x=[—-fW]-[- fO0)] Z (- & n)=-1/2n.
From the just written results it follows that 2n < x < 5. This is a contradiction

sincex > 0. Thus f = (f, —f) is not invex on R at xo. (Observe from the diagram
given at the end of this section that f is pseudoinvex on R" at x.)

The following propositions are useful for connecting Propositions 3.1, 3.4 and
3.5:
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PROPOSITION 3.6. Condition (c) of Proposition 3.1 implies both conditions (d)
and (e) of Proposition 3.4.
Proof. (c) = (d): It suffices to consider the case when

0 ¢ (3f (x0) + Ns(x0)) U (8f (x0) — Ns(x0)). (3.16)

Indeed, otherwise, by condition (c), f is constant on S and hence condition (d)
trivially holds.

Obviously, (3.16) yields (3.2) and (3.3). The argument used in the proof of
Proposition 3.1 shows that there exist 1 € Tg(xo) and —t" € Ts(xg) such that (3.5)
and (3.6) hold. Hence f°(xo,7) < 0 and f°(xq, —t') > 0. Thus, for any x € S
there exists @ > 0 such that f(x) — f(x0) = af(xo; t") = f°(xo, at”) where

0 if f(x) — f(x0) =0,
"=t if £(x)— f(x0) <0,
' if f(x) — f(xo) > O.

Setting n = at” we obtain n € Ts(xo) and f(x) — f(xo) = f°(x0, n) (i.e., (3.9)
holds with 7 instead of ¢).

Now we prove the pseudoinvexity of — f. For all x of S and & € 3(— f)(xo),
take n’ = —'. We have (£, ') < 0 (see (3.6) and observe that —& € 9 (xo)). SO
nothing is required for the sign of (— f)(x) — (— f)(xo) and the pseudoinvexity of
— f is established.

(c) = (e): Let us observe that condition (c) is equivalent to the following
condition

(0)" If0 € (3(—f)(x0) + Ns(x0)) J(3(— f)(x0) — Ns(xp)) then — f is constant
on S.

Hence applying implication (c) = (d) with — f instead of f, we obtain condi-
tion (e). O

PROPOSITION 3.7. Condition (c) of Proposition 3.1 implies condition (g) of
Proposition 3.5.

Proof. It is easy to see that condition (g) is equivalent to the fact that for any
xeS, £edf(x)and & € d(—f)(xg), there is n € Ts(xo) such that

f(x)— fxo) <0 = (£,n) <0, (3.17)
fx)— fx) >0 = (£.n) <O. (3.18)

Now if 0 € (3f(x0) + Ns(xp)) U (3f (xg) — Ng(xg)), then by (c), f is constant
on S and hence, (g) holds. If (3.16) holds, then, as we showed in the proof of
Proposition 3.1, there exist t € Ts(xg) and —t" € Ts(xp) satisfying (3.5) and (3.6).
Hence, f%(xo, 1) < 0and (—f)%(xo, —t’) < 0. From this it follows that (3.17) and
(3.18) hold if forany x € S, £ € 3f (xo) and & € d(— f)(xq) we set

-t if f(x)— f(xg) >0,

7= if  f(x)— f(xo) <O. -
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On the basis of the results of this section we can give a diagram for connecting
conditions in Propositions 3.1, 3.4 and 3.5.

THEOREM 3.1. Thefollowing diagramistrue;

= d) =
@“="0b)= ()= () = (a).
= (8) =
Here“ =" meansimplication under the condition that 7s(xo) is a subspace of R”.

Thus, under the last assumption all statements (a), (b), (c), (d), (e) and (g) are
equivalent.

4. Nonsmaooth alternative theorems and application to a vector optimization
problem

Let S be a nonempty closed subset of R”,and J = {1, 2, ..., ptand K = {1, 2, ..., I}
be index sets. Let g = (g1, &2, ..., &p) and h = (hy, ha, ..., h;) be vector-valued
functions with locally Lipschitz components defined on R". We say that (g; &)
is invex-infine on S at xo € S if forany x € S, & € dg;(x0) (j € J) and

Ek € 0hi(xg) (k € K) there exists n € Ts(xg) such that
g;(x) — gj(x0) = (&5, m) (J €J),

he(x) — hi(xo) = (£ ) (k € K).

If i is absent then this definition is exactly Definition 3.1 of invexity of g. If g
is absent then this definition reduces to that of infininess of each component 7, of

h, with an additional requirement that, for fixed x € S and &, € dh;(xp) (k € K),
the point n € Ts(xo) appearing in the definition of infineness must be the same for
all components &,;. Roughly speaking, (g; /) is invex-infine if the first part of this
vector-valued map (i.e., map g) is invex and the second part (i.e., map %) is infine,
with the same 7.

Let us introduce the function

q() = max { max g;(). max |h()l|
and, for xg € S, let us set

Jo=J(xo) ={j € J:gjx0) =q(x0)},

Ko = K(xg) = {k € K : |hi(x0)| = g(x0)}.

Observe that one of the last two index sets may be empty, but their union must
be nonempty. We will denote by «,, the vector with components «; (j € Jo).
Similarly, g, is used to denote the vector-valued function with components g; (j
Jo).
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THEOREM 4.1. Assume that ¢ attains its minimum on S at a point xo € S and
(84y: hk,) ISinvex-infine on S at xo. Then either
(a) System

gx) 0, h(x)=0, xeS§ (4.1)

has a solution or
(b) There are vectors A; = 0, ug and areal number ¢ > 0 such that for any
xeSs

D Mg )+ ) () > € (42)

jeJ keK

but never both.

Proof. Obviously, statements (a) and (b) can not be satisfied simultanously. It
remains to prove that statement (b) holds if system (4.1) is inconsistent. Indeed,
under the last assumption ¢(x) > 0 for all x € S. Since ¢ attains its minimum at
xo € S, there exists € > 0 such that

q(xp) > €. (4.3)

By the optimality of xo, we have from Clarke [4, p. 52, Corollary] that

0 € 9g(x0) + Ns(xo), 4.4)
where N (xo) is defined by (2.4).
Setting
J=JUK, Jj=J UK (4.5)
and
g (x) =Ih(x)|  fork e K, (4.6)

we see that g is the maximum of finitely many functions

g(x) = max g;(x),

jeJ’

and hence, we easily check that

q°(xo, x) < max g](xo, x). (4.7)

Jj€Jy

Observe from (4.4) and (2.4) that there exists v € dg(xo) such that { — v, &) < 0
for any & € Ts(xp). Thus, taking (2.1) into account we get

q°(x0,£) =0 forany £ e Ts(xo). (4.8)
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From (4.7) and (4.8) we derive the inconsistency of the following system of convex
inequalities of variable § € R”

gl(x0.6) <0 (j e Jp.
d3(x0, ) < 0.

By Proposition 2.1

O€ co { U agj(xo)} + ¢l cone 3ds(xo) (4.9)

jedh
or equivalently, by (2.5)

Oc co { U agj(xo)} + Ns(xo). (4.10)

j€dy

Thus, there exist v; € dg;(xp) and A; = 0 (j € Jg) such that

Y oa=1, (4.11)
jedh

— Y 2jv; € Ns(xo). (4.12)
jed}

Observe that, for k € Ko, gi(x0) = |hx(x0)| > 0 (see (4.6) and (4.3)). Hence, by
Clarke [4, p.42, Theorem 2.3.9] dg,(xg) = axdhi(xg) Where a; := sign hy(xo).
Therefore, since J; = Jo U Ko we can rewrite (4.12) as

— Z )\jvj — Z ukv,/{ S NS()Co), (413)

jedo keKg

where ;. = Agar and v, = agve € 9hi(xg) for any k € Ko. (Observe that
ay = sign hi(xp).) By the invex-infineness of (g,,; hk,), for any x € S there
exists n(x) € Ts(xg) such that

gi(x) — g;(x0) Z {vj, n(x)) (J € Jo), (4.14)

he(®) — hi(xo) = (v, n(®)  (k € Ko). (4.15)
Multiplying both sides of (4.14) by 2 ; and both sides of (4.15) by 1., and summing
up the obtained inequalities and equalities we get, for any x € S,

D ailei ) — i)+ Y s[hi(x) — hi(xo)] =

jedo kekg

(Zx,.vj + 3 . n(x)>. (4.16)

Jjedo keKy
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Making use of (4.13) and observing that n(x) € Ts(xg) we conclude that the right
side of (4.16) is nonnegative. Therefore, for any x € S

D hgi ) + D mh(x) Z ) 2q(x0) + Y Meq(xo)

jedo keKy Jjedo keKy
=q(xo)  (see (4.11))
> € (see (4.3)).

(Observe that g;(xo) = |hi(x0)| = g(xo) forall j € Jo and k € Ko.) Thus (4.2)
holds, where we set A; = i, =0 for j ¢ Jo and k ¢ Ko. O

Observe that the inconsistency of system (4.1) is equivalent to the inequality
mi?q(x) > 0. Thus, by means of function g the inconsistency of a system of
X€E

inequalities and equalities reduces to a simple minimization problem of a real-
valued function on a subset S. Therefore, a necessary optimality condition of this
problem can be used as a starting point to derive a necessary condition for the
inconsistency of system (4.1). (In fact, we have seen from the above proof that a
combination of this necessary optimality condition and the invex-infineness prop-
erty yields the desired statement (b) of Theorem 4.1.) This is a starting idea to
introduce the function ¢ in Theorem 4.1. The construction of ¢ is also motivated
by an approach of Clarke [5] where a function similar to ¢ is used to prove the
existence of Lagrange multiliers in an optimization problem involving inequalities
and equalities. When £ is absent, ¢ is exactly the function defined in [2] to establish
an invex Gordan Theorem. However, the approach of [2] is quite different from that
of this paper.
Observe also that

statement (b) of Theorem 4.1 < mi? q(x) > 0.
X€E

Indeed, the implication ‘=" is obvious, and the converse implication is obtained
from the above proof of Theorem 4.1. Thus, the function ¢ plays an intermediate
role in proving the following equivalence:

statement (b) of Theorem 4.1 < inconsistency of system (4.1).

Applying Theorem 4.1, we can obtain the following corollary which is very
closely related to Bohnenblust—Karlin—-Shapley Theorem found in [17, p. 67].

COROLLARY 4.1. Let S be a nonempty compact subset of R”", {g;};c, and
{hi}rex be (finite or infinite) families of locally Lipschitz functions such that for
any xo € S and finite subsets J of J' and K of K’, the vector-valued function
(gs; hk) isinvex-infine on S at xo. Then either

(@) System
g =203 et)hx)=0(keK ), xeS (4.17)
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has a solution
or

(b) There are finite subsets J of J' and K of K’, real numberse > 0, 1; =
0( €J), ur € R (k € K)suchthat, for any x € S,

D higi ) + Y mihi(x) > €, (4.18)

jeJ keK

but never both.

Proof. Obviously, (a) and (b) cannot be satisfied simultaneously. Assume now
that (a) does not hold, then as in [17, p. 68], there are finite subsets J  J’ and
K C K'and€; > 0 (j € J) such that system

gi(x)—€; S0 ed)u(x)=0keK), xeS§ (4.19)

has no solution. Since S is compact, applying Theorem 4.1 yields (4.18). O

REMARK 4.1. If g; are convex functions on the whole space, /, are linear func-
tions and S is a nonempty compact convex set, then all assumptions of Corollary
4.1 are satisfied. Hence under these hypotheses, if (4.17) has no solution, then
(4.18) holds. This conclusion is stronger than the corresponding conclusion of the
Bohnenblust—Karlin—Shapley Theorem in [17] which says that the inconsistency
of (4.17) implies the existence of J, K, A; and pu, such that for any x € S
the left side of (4.18) is only nonnegative. However, we have to use assumptions
stronger than those in [17]. Namely, we must assume that all functions g; are
convex on the whole space R" while in [17] g; are assumed to be convex and
lower semicontinuous on S only.

Before going further let us recall some notions of [21]. Let S be a nonempty convex
subset of R” and denote the set {y € R" : § + y C S} by 0*S. Then each direction
y # 0in 0%S is called [21] a direction of recession of S.

Let v : R” — R be a convex function and ¢»0" a function whose epigraph
equals 0" (epi ), where epiy is the epigraph of the function . Then the set
{y e R": (y0")(y) < 0} is called in [21] the recession cone of v, and each dir-
ection y # 0 in this set is called [21] a direction of recession of .

Using Theorem 4.1, we can obtain the following corollary, which is a special
case of Theorem 21.3 in [21] and tell us the relationship between Theorem 4.1 and
Theorem 21.3 in [21].

COROLLARY 4.2. Let J beafiniteindex set, g; (j € J) a convex function from
R"” to R and S a nonempty closed convex subset of R” . Assume that the functions
g, have no common direction of recession which is also a direction of recession of
S. Then either

(a) System

gix)=0(jel), xeS
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has a solution
or
(b) ThereareA; 2 0 (j € J) and e > 0 such that for any x € S

Z )‘jgj (x) > €,
jeJ
but never both.

Proof. The functions g; are invex on S at every point xq € S since g; are real-
valued convex function and S is a convex set. Let g(x) = max {g;(x):j € J}
for any x € R”". Then by Theorem 9.4 in [21], the function ¢ and the set S have
no common direction of recession. So, by Theorem 27.3 in [21], the function ¢
attains its minimum on S. Hence, it follows from Theorem 4.1 that the conclusion
of Corollary 4.2 holds. O

Now we will give a Gordan type alternative theorem for invex-infine functions.
Let7 = {1,2,--- ,m},J = {1,2,---,ptand K = {1,2,---,1} be index

sets, and let f = (f1, f2, ..., fw), & = (81,82, ..., &p) aNd h = (hy, ha, ..., hy) be
vector-valued maps with locally Lipschitz components defined on R”. Let S be a
nonempty closed subset of R”. Let us set

s(-) = max {niqea]xﬁ(-), max g;(-), max |hk(')|} :

For xq € S, let us set

Io:=1(xp) =1{i €I fi(xo) =s(x0)},
Joi=J(xo) = {j €J:gx0)=s(x0)},
Ko := K(x0) = {k € K : |hi(x0)| = s(x0)},
Jy = JoU Ko.

DEFINITION 4.1. We say that condition (CQ) is satisfied at xq if there do not
exist real numbers 8; (j € J{), not all zero, such that 8; = 0 (j € Jp) and

0e ) Bjdg(xo) + Ns(xo)
jedy
where we set g; = h; for j € Ko.
Let us observe that if J; = ¢ then condition (CQ) means that the validity of
inclusion

0€ Y Bdhi(xo) + Ns(xo)

keKg
implies that 8, = 0 (Vk € Kjp). This becomes the requirement of the linear inde-
pendence of the Fréchet derivatives 4,  if we assume additionally that § = R" and
hiy (k € Ky) are of class C*.
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If Ko = @ then condition (CQ) means that

0¢ cof [ dgitx0)} + Nstro),

J€Jo

This becomes condition (CQ) used in [24] if S is an open set (which implies that
Ns(xo) = {0}).

We will say that (f, g; h) is invex-infine on S at xq if (g; k) is invex-infine on
S at xo where g = (f, g) is the vector-valued map with components f1, f2, ..., fu,
gl7 g27 ceey g[)'

THEOREM 4.2. Assume that the function s attains its minimumon S at xo €
S, (fip» 8195 hk,) isinvex-infine on S at x, and condition (CQ) is satisfied at x.
Assume, in addition, that system

f(x) S0, gx)=0, h(x)=0,xeS (4.20)
has at least a solution x € R". Then either
(a) System
f(x) <0, gx)£0, h(x)=0,x€eS (4.21)
has a solution,
or
(b) There exist vectors«; > 0, 8; = 0 and yx such that for any x € S
Yoaifi)+ Y Bigix) + Y whu(x) 20, (4.22)
iel jeJ keK

but never both.

Proof. Obviously, (a) and (b) cannot be satisfied simultaneously. Assume now
that system (4.21) has no solution. Let us set ¢(x) = maX;c; f;(x) and consider
the problem of minimizing ¢(x) subjecttox € S; :={x e R" | g(x) £ 0, h(x) =
0, x € S}. Obviously, S; # ¥ because of the consistency of system (4.20). Since
system (4.21) has no solution, we must have

p(x) =20 Vxes. (4.23)

Let xq be the point appearing in the formulation of Theorem 4.2. Observe by the
definition of s that s(x) = 0 for any x € S. If x is a solution of (4.20), then
obviously x € S; and s(x) = 0. Hence min,cgs(x) = s(x) = 0. Since the function
s attains its minimum on S at xg, Min,css(x) = s(xg) = 0, and hence xy € ;.
In addition, ¢(xg) = max;¢; f;(xo) = 0 since (4.23) holds and s(xg) = 0. Observe
also that I, # ¥. We have thus proved that xo € S; and ¢(xg) = 0. Combining
this with (4.23) shows that ¢(-) attains its minimum on S; at xo with ¢(xg) = 0.
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By Clarke [4, Theorem 6.1.1, p.228], there exist Ao = 0,8; = 0 (j € Jo) and
v € R (k € K), not all zero, such that

0 € Aodg(x0) + ) Bjdg;(x0) + ) vkdhi(x0) + Ns(xo). (4.24)
jedo keK

(Observe that in our case, Ko := K(xo) = K.) By condition (CQ), 1o # 0 and
hence we can take Ao = 1. On the other hand, since ¢ is defined as the maximum
of finitely many functions, we have by Clarke [4, Theorem 2.3.12, p. 47]

dp(xp) C co{df;(xo) :i € Ip} (4.25)

(Io # ¥ as we remarked above). Hence, by settingo; =0 (i ¢ Ip)and 8; =0 (j ¢
Jo) we derive from (4.24) and (4.25) that there existo; 2 0(i € 1), 8, 20(j € J)
and ¥, € R (k € K) such that

0e Y adfitxo)+ Y Bjdgj(xo) + ) vkdhi(xo) + Ns(xo) (4.26)

iel jeJ keK
where o; > 0 for at least one index i € I. Thusthere exist&; € 0f;(xo)(@ € I), %‘_, €
3g;(x0)(j € J) and &, € afi(x0)(k € K) such that

N (Z“isi + Zﬁjéj + Zykék) € Ng(xp).

iel jeJ keK

Using the invex-infineness property, we have for any x € S and a suitable point
n =n(x) € Ts(xo)

0= Z%‘(Si» n) + Zﬁj(éja n) + ZVk(gk» n)

iel jedo keK

<Y fin) = fio)] + Y Bi[gi(x) — gj(x0)]
iel jeJ

+ ) [ — hi(xo)].
keK

So we have, forany x € S,

Do fi)+ Y Bigi () + ) vihi(x)

iel jeJ keK
2 Y aifitxo)+ Y Bigixo) + Y vih(xo).
iel jeJ keK
Observing that «; f;(xo) = 0 (i € I), Bjgj(x0) = 0 (j € J) and yhi(xo) =
0 (k € K), we obtain (4.22) as desired. a

When g and & are absent in Theorem 4.2, system (4.20) reduces to f(x) < 0
x € S, but the consistency of this system is superfluous. Namely, we have
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THEOREM 4.3. (Invex Gordan’'s Theorem, see [2])Assume that f is a vector-
valued map wih locally Lipschitz components f; (i € I) and S is a honempty
closed subset of R”. Assume that ¢(x) = maXx;¢; f; (x) attains its minimum on S
at xg and f, isinvex on S at xp (in the sense of Definition 3.1) where Iy = {i :
fi(x0) = @(x0)}. Then either

(a) System f(x) <0,x € § hasasolution
or

(b) There exists «; > 0 such that, for any x € S, >
both.

Proof. Suppose that (a) does not hold. Since the function ¢ attains its minimum
on S at xg, it follows from Clarke [4] that

a; f;(x) = 0, but never

iel

0e agl)(Xo) + Ns(xO).

Using (4.25), we again obtain (4.26) with o; = 0 (i & Io) (where dg; and 9/, are
absent) and hence by invexity of f, forany x € S,

D i fix) 2 e fi(xo).

iel iel
Since (a) does not hold, f;(xo) = @(xg) = 0 for all i € Iy. Thus, for any x €
S, Y i i fi(x) 2 0. O

REMARK 4.2. Theorem 4.3 was proved in [2] where invexity is understood in the
sense of Definition 3.2. Our proof is quite different and simpler than that of [2].

Now we will apply the Gordan type alternative theorem (see Theorem 4.2) to char-
acterizing properly efficient solutions of a vector optimization problem involving
invex-infine functions.

Consider the following vector optimization problem :

(VOP)  Minimize f(x) := (fi(x), -+, fu(x))
subjectto x € S1:={xe S:g;(x) 0(j € J),
he(x) =0 (k € K)}.

DEFINITION 4.2. A point xq € S is said to be an efficient solution of (VOP) if
there does not exist other point x € S; such that f(x) < f(xo).

DEFINITION 4.3. [13]. A point xo € S; is said to be a properly efficient point
solution of (VOP) if it is an efficient point of (VOP) and if there exists a scalar
M > 0 such that for each i € I we have

Ji(x) — fi(xo) <M

fir(xo) — fir(x)

for some i’ € I such that fi(x) > fir(xo) whenever x € S; and f;(x) < f;(xo).
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THEOREM 4.4. Assume that (f, gj,; h) is invex-infine on S at xo, where Jo =
J(xo) ={j € J : gj(xo) = 0} and that condition (CQ) is satisfied at xo. Then xq €
Siisaproperly efficient solution of (VOP) if and only if thereexist »; > 0, w,, =0
and r¢ such that xqg € S; solves the following scalar optimization problem:

(VOPY Minimize s'(x), subjecttox e S
where  §'(0) =Y Mfi)+ D uigi(x) + Y rehy(x)

iel j€eJ(xo) keK
Proof. Suppose that xo € S; is a properly efficient solution of (VOP). Let M be
the positive number appearing in Definition 4.3. Then for each i € I the system

Ji(x) < fi(xo),

Ji(x) + Mfir(x) < fi(x0) + Mfir(xo),i" #1,
gi(x)=0(el),

hy(x) =0 (k € K),

xeS

has no solution x € R”". Indeed, assume to the contrary that for some i € I this
system has a solution x. Then the last three conditions in this system show that
x € 8;. Since xq is an efficient point and since f;(x) < f;(xp) the index set {i’ :
fir(xg) < fi(x)} must be nonempty. By proper efficiency we must find an element
i’ of this index set such that

fit) = fivo) _
fir(xo) = fir(x) ~
or, equivalently, f;(x) + Mfi(x) = fi(xo) + Mf (xo). This contradicts the second

condition in the above system.
Leti € I be any fixed index. Define

wi(x) = fi(x) — fi(xo0)
wir(x) = fi(x) + Mfir(x) — [ fi(x0) + Mfir(x0)], i" # i

and p(x) = max {maxye;w;(x), MaX;esg;(x), MaXkeg [hi(x)|}. Then we have
px)) =0,Ip={i"€l:wy(xo))=pxo)}=1Jo:={j€J:gjx)=pxo)}=
J(xo) and Ky := {k € K : |hi(x0)| = p(x0)} = K. Since a(f; + Mfi:)(xo) C
af;(x0) + Mofi(xo), and (f, gy,; h) is invex-infine on S at xo, then (w, gy,; ) is
also invex-infine on S at xo where w is the vector-valued map with components
wyr (i € I). Since wy(xg) =0 (" € 1),8;(x0) =0 (j € J)and hx(xg) =0 (k €
K), then the system

wx)<0,g(x) £0,h(x) =0,x €S

has at least one solution. Thus all the assumptions of Theorem 4.2 are satisfied.
Hence, there exist o}, = 0 (i’ € 1), B; 20(jeJ)yandr, € R (k € K) such that
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Yl =1landforany x € S
Zaf,wi(x) + Z,B;Zgj(x) + Zr,ﬁhk(x) 2 0.
i'el jeJ keK
Notice that ﬁj.gj(xo) =0 (j € J)and rihi(xg) = 0 (k € K) (for this, see the
proof of Theorem 4.2). Thus we have for any x € S
[0+ MY ol firle) + ) Bigi () + Y rifu(x)
i i jed keK

> fixo) + MY el fu(xo) + Y Bigi(xo) + Y rihilxo) (4.27)

i'£i jeJ kekK

Summing (4.27) over i € I, we see that, forall x € S,

D ki fr) + Y migi () + Y rehi(x)

irel jel keK
2 Z Air fir(x0) + Z wn;gj(xo) + Z rihy (xo) (4.28)
el jel keK
and
wnjgj(xo) =0,j€J (4.29)
where

ki/:1+MZaf,,

i#i’
_ i
ieJ
re = E Ty
ieJ

Hence xo € S; is an optimal solution of (VOPY'.
Conversely, suppose that xo € S; is an optimal solution of (VOP)'. Then we
have, for any x € S,

D o hifitxo) =Y hifitx) + D wgi(xo) + Y rihi(xo)

iel iel jeJ (xo) keK
SY MO+ DD wigix) + Y rh(x)
iel jeJ (xo) keK
< hifi).

iel
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Thus, by Theorem 1 in [13], xo is a properly efficient solution of (VOP). O

Now, we will give a necessary optimality condition for a properly efficient solution
of (VOP):

COROLLARY 4.3. Let xo € S; bea properly efficient solution of (VOP). Assume
that (f, gj,; h) isinvex-infine on S at xo, where Jo = J(xo) = {j € J : gj(x0) =
0}, and that condition (CQ) is satisfied at xo. Then there exist A; > 0, u; = 0 and
rx such that

0 Y Mdfitxo) + Y 11;0g;(x0) + Y rxdhi(xo) + Ns(xo) and

iel jeJ keK

w;jgj(xo) =0(j € J).
Proof. By Theorem 4.4 x, must be an optimal solution of Problem (VOP)'. To
complete the proof it suffices to apply a result of Clarke [4, p.52, Corollary] and to
setu; =0for j ¢ J(xo). O
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