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Abstract Let X be areal linear space, Xo C X aconvex set, Y and Z topological real linear
spaces. The constrained optimization problem minc f(x), g(x) € —K is considered, where
f:Xo— Yandg: Xo — Z are given (nonsmooth) functions, and C C Y and K C Z
are closed convex cones. The weakly efficient solutions (w-minimizers) of this problem
are investigated. When g obeys quasiconvex properties, first-order necessary and first-order
sufficient optimality conditions in terms of Dini directional derivatives are obtained. In the
special case of problems with pseudoconvex data it is shown that these conditions character-
ize the global w-minimizers and generalize known results from convex vector programming.
The obtained results are applied to the special case of problems with finite dimensional image
spaces and ordering cones the positive orthants, in particular to scalar problems with quasi-
convex constraints. It is shown, that the quasiconvexity of the constraints allows to formulate
the optimality conditions using the more simple single valued Dini derivatives instead of the
set valued ones.

Keywords Vector optimization - Nonsmooth optimization - Quasiconvex vector
functions - Pseudoconvex vector functions - Dini derivatives - Quasiconvex programming -

Kuhn-Tucker conditions

Mathematics Subject Classifications 2000 90C46 - 90C26 - 26B25 - 49]52

1 Introduction

In this paper X is a linear space, Xo C X is a convex set, and Y and Z are topological linear
spaces (tls). We deal only with real spaces. We consider the constrained vector optimization
problems
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minc f(x), g(x) € —K, ()

where f : Xo — Y and g : Xo — Z are given functions, and C C Y and K C Z are
closed convex cones. Confining to problems for which g obeys quasiconvex properties, and
dealing with weakly efficient solutions (w-minimizers), we obtain first-order necessary and
first-order sufficient optimality conditions in terms of Dini directional derivatives. Optimality
conditions in terms of Dini set valued directional derivatives for problems with locally Lips-
chitz data have been investigated in [13]. Since here we deal in general with non-Lipschitz
problems, to adopt a similar approach we introduce infinite elements in the image spaces.
We show that the quasiconvexity of the constraints allows in important cases to substitute
the set valued Dini derivative with the more simple single valued lower Dini derivative. A
special care is paid for problems with pseudoconvex data. For such problems we obtain a
characterization of the global w-minimizers and recognize that the obtained results generalize
known ones for problems with convex data. Let us underline that similar generalizations to
smooth scalar problems with quasiconvex constraints have given the origin of quasiconvex
programming, see €. g. [2], [18] or [19]. This has given us an inspiration for the present
study. Within this framework it can be considered as an attempt to generalize some basic
results of quasiconvex programming from scalar to vector problems on one hand and from
smooth to nonsmooth problems on the other hand. Concrete classical results, for instance
ones in [2-4,15] show some similarities with the results of the present paper. A detailed
comparison demands further considerations accounting also the different approaches. The
main difference is that the present study is based on directional derivatives. In consequence
the multipliers in the Lagrangian are directionally dependent. We find this approach more
sensitive to treat nonsmooth and vector problems (recall that even smooth vector problems
obey nonsmooth scalarization [14], in this sense we claim that all vector problems show
nonsmooth behaviour). Example 8.4 gives a support to such a sentence. For the given there
problem with quasiconvex data the sufficient conditions with directionally dependent multi-
pliers work, while similar conditions with directionally independent multipliers fail. Another
feature of the paper is the usage of extensions with infinite elements of the image spaces
introduced in Sect. 3 and different than the one or two points extensions used sometimes in
vector optimization, say in [1,7,11,12]. We find that often such extensions could be more
convenient in vector optimization than these with one or two points.

2 Concepts of optimality

Let x° € X(. We put Xo(x%) = {fueX| x0 + tu € X for some ¢ > 0}. The elements of
Xo(x9) are called admissible directions for X at x°.

The point x0 is said feasible for problem (1) if g(xo) € —K. In the sequel we use the
following concepts of optimality.

Definition 2.1 We say that xY is a radial w-minimizer of problem (1) if 2% e Xo, xVisa
feasible point, and for any u € X (x9) there exists 8() > 0 such that f(xo +tu) — f(xo) ¢
—int C whenever 0 < ¢ < §(u), x° 4+ tu € X¢ and x° + ru is feasible.

Definition 2.2 We say that x° is a global w-minimizer of problem (1) if x € X, x* is a
feasible point and f(x) — f(x°) ¢ —int C for all feasible points x € Xj.

Definition 2.3 The global w-minimizer x° is called strict if f(x) — f(x%) ¢ —C for all
feasible points x € Xo\{x"}.
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Dealing with problems with scalar objective function, that is when ¥ = R and C = R,
we use to say just minimizers instead of w-minimizers.

Obviously, each strict global w-minimizer is a global w-minimizer, and each global
w-minimizer is a radial w-minimizer.

The well known definition of a local w-minimizers (weakly efficient point) applies for the
case when X is a tls. The feasible point x* € X is said a local w-minimizers of problem (1)
if there is a neighbourhood U of x such that f(x) — f(x") ¢ —int C for all feasible points
x € XoNU.Obviously, then each global w-minimizer is a local w-minimizer, and each local
w-minimizer is a radial w-minimizer. Due to this observations, the necessary conditions for a
radial w-minimizer are also necessary conditions for a local w-minimizer, and the sufficient
conditions for a global w-minimizer are also sufficient conditions for a local w-minimizer.
Since only optimality conditions of these types are considered in the sequel, the eventual
discussion on local w-minimizers is omitted. We find the notion of a radial w-minimizer
convenient when treating optimization problems through directional derivatives. Besides,
we gain the advantage to consider problems in which a topological structure of the linear
space X is not assumed.

When int C = ) then straightforward from the definitions each feasible point x° € Xo
is a radial w-minimizer and a global w-minimizer. Therefore the interesting case is when C
has a nonempty interior.

In Definition 2.1 the notion of a radial minimizer is introduced. Generally, we say that
certain radial property holds at a point x° if the property is satisfied along the rays starting
at x0. Besides the radial minimisers, we will use also the notion of radial continuity. Let T
be a tls. We say that the function ¢ : Xo — T is radially continuous at x° € X if for any
u € Xo(x%) the function t — ¢ (x® + tu), t > 0 (such that x° + ru € X), is continuous at
19 = 0. The function ¢ is said radially continuous if it is radially continuous at any x° € Xj.

3 Extension of linear spaces with infinite elements

Let T be a linear space. We can extend 7 with infinite elements. To any v € T\{0} we
juxtapose the infinite element v, and accept that véo = vgo if and only if v2 = Av! for some
A > 0. Denote by T, the set of the infinite elements, then we will consider the extension
T=TUTx.

When T is a tls, then a topology in T can be introduced in terms of local bases of neigh-
bourhoods. If v € T and B(v) is a local base of neighbourhoods of v in T, we accept
that B(v) is also a local base of neighbourhoods in T. If vs is the infinite element cor-
responding to v € T\{0}, then the family B(vy) = {(t + W) U W}, where W C T
is an arbitrary open convex cone such that v € W and ¢ is an arbitrary point in T, con-
stitutes a local base of neighbourhoods of v.,. Saying that W is an open cone we mean
that W is an open set in 7 such that AW C W for all A > 0. For a cone W we write
Woo = {woo | w € W\{0}}. Further we use also the notation W = W U Wq,. To prove
that the intersection of two sets in B(v,) contains an element of B(vs) one should observe,
that when #1, 1, € T and W;, W, are open convex cones containing v, then there exists
Ao > 0, such that Agv + Wi N Wo C t; + Wi N W, i = 1, 2. Indeed, take Ag > 0
such that v — t; /A0 € Wi N Wah. Now Agv € t; + AW N W = t; + Wy N W, and
Mv+WiINWo Cti +#WinNWo+-WiNnWy =14+ W N W,.

Theorem 3.1 If T is finite dimensional, then the extension T is compact.
Proof We consider T with its Euclidean metrics. Take an open covering G = GUGy of

T with sets from the described above local bases, where G consist of bounded open sets
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and G, of sets of the type (t + W) U Wy, witht € T and W an open convex cone. Since
the family Woo = {Woo | (t + W) U W € G for some ¢ € T} covers Too, the family

= {W | Woo € W} covers the unit sphere S = {r € T | ||z|| = 1}. Since S is compact,
the set § is covered by a finite subfamily W° = {W? }le C W.Itis clear, that the correspond-
ing finite family ggo ={(' + WHU Wéo}f?:1 covers Tao. The set T9 = T\ Ule (r+ wh
is compact. The closedness of T? is evident. The boundedness of T° is shown by the fol-
lowing reasoning. Take o = min,cs maxj<; < dist (x, T\Wi) (here dist (-, -) is the point-
to-set distance). Then §g > 0 because the distance function is continuous, S is compact and
max <<k dist (x, T\Wi) > 0 for x € S, the latter is a consequence of x € Wi for at least
one i. Take § such that 0 < § < §p. Letu € S. Considerthecone L = {r € T | |[t/A —u]| <
6 for some A > 0}. Due to the definition of §, there exists an index i such that L C wi.
Let Ao = (1/8) maxi<;< [It:]. When A > Ao we have ||(u — t'/A) —u|l = [[t']|/r < 6.
Therefore u — t' /A € Wi and Au € t' + Wi c T\T. This reasoning shows that, when a
point Au € T then A < Ag, hence T? is bounded. Thus, the set 7° is compact and has an
open covering G. Therefore it can be covered by a finite subfamily GY of G. In consequence
T is covered by the finite subfamily G° = G° U G, which shows that T is compact. O

Since T is a topological space, we can apply topological operations in T. In particular the
interior and the closure in 7 are denoted respectively int and cl. The overline is put to dis-
tinguish from the interior and the closure in 7 which are denoted respectively int and cl.
Since T C T, the topological operation in 7', in particular the operations int and cl, can
be considered also as operations in 7. We adopt different notations for the operations in 7'
and T, since applied to sets in T they give in general different results. For instance, if T is a
locally convex space and W is a closed cone in 7 we have cl W = W whilecl W = WU W
We explain the latter equality concentrating on the infinite points. To explain the inclusion
cl W D W U Wy (true also when T is arbitrary tls and not necessarily locally convex space)
let voo be an infinite point corresponding to the point v € W\{0}. Take a neighbourhood
(t + WO U W2, of vy where WO is a convex open cone containing v. Since W is open
and contains v, we have v — t/\ € WO for some A > 0, whence Av € (t + WO) nw.
This shows that any neighbourhood of v, intersects W, hence voo € cl W. To explain the
inclusion cl W € W U Wy let vs ¢ Woo be an infinite point corresponding to v € T'\{0}.
As a consequence of voo ¢ Wo we have v ¢ W. Since T is locally convex space, there
exists an open convex cone W containing v and not intersecting W. Then W% U Wgo isa
neighbourhood of vy, which does not intersect W, hence v, ¢ cl W.

The following property plays an important role in the proof of some of the forthcoming
results: If W C T is a cone, then int W N'T = int W (the same is true when W is arbi-
trary set in T and W = W N T). Indeed, from the definition of the topology in T, the
finite point v belongs to int W if and only if we have v C U C int W for some neighbour-
hood U of v, that is if v € int W. Similarly, when T is locally convex space and W C T
is a cone, we have int W = int W U (int W)o. To get the proof it remains to consider
the infinite points. Let v, € int W is an infinite point corresponding to v € 7T'\{0}. Then
there exists an open convex cone W such that v € W° and for some r € T we have
WO = ((t + W) UWY) N Toy C Wao. This implies WO € W and with regard to W open
it holds v € int W, consequently vs, € (int W)oo and int W C int W U (int W), (true for
arbitrary tls 7"). To prove the converse inclusion, take the infinite point vy, € (int W), cor-
responding to v € int W. Then there exists an open convex cone W9 (here the local convexity
of T is used) such that v, € W2, C int W.
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When 7 = R we have T = R = RU {—00} U {+00}. Attention, for the integer k > 1 one
should not mix R¥ (the extension of R* with infinite points) and R" (the Cartesian product
R x - -+ x R of k copies of R). It holds R¥ c RF and R¥ ¢ R* = (R)¥ but neither of the sets
Rk and @k is contained in the other one. In the sequel, if 77 and 7> are tls, and A C T and
B C T, we understand the interior int A x B = int A x int B as interior in the product
space T1 x T (and not in Ty x T, turn attention that A x B need not be contained in
T x T»).

Let T be atlsand ¢ : X9 — T a given function. Take x € X¢p and u € Xo(x). The
Kuratowski limit Liminf,_)m%((b(x + tu) — ¢(x)) when considered in T is denoted by

¢(_1) (x, u), and when considered in T by ¢[_l ](x, u). In both cases we use to say that this limit
is the (set valued) Dini derivative of ¢ at x in direction u. Pay attention, that due to Theorem
3.1 when T is finite dimensional it holds ¢[j ](x, u) # 0.

For a scalar function ¢ : X9 — R we will apply also the single valued lower Dini
derivative defined as ¢’ (x,u) = liminf,_ g+ %((/) (x + tu) — ¢(x)), whose values are
inR. The equality ¢’ (x, u) = inf (;’)El I (x, u) (the infimum taken in R) relates the single valued
and the set valued Dini derivatives. For a vector function ¢ = (¢, ..., ¢x) : Xo — R¥ we

define the single valued lower Dini derivative by ¢' (x,u) = (¢1"_(x,u), ..., ¢ (x,u)) €

RX.

The extension R of the real number set R with the infinite points 4-00 is widely used in
convex and in nonsmooth scalar optimization, and to some extend in vector optimization. The
proposed here extension is applied in [9] to study vector variational inequalities. Theorem 3.1
appears there but without a rigorous proof, so this gap is fulfilled here. A different approach
is given in [12] where a two-point extension with infinite points of a linear space T partially
ordered by a cone W is proposed. Recently Durea [11] uses the same two-point extensions
studying Lagrange claims for set valued optimization. His motivation is to cover in a unified
theory both cases of a set valued optimization and of real extended functions. The two point
extensionis Ty = T U{—oow}U{+oow} and when W is a convex cone with nonempty inte-
rior can be represented through the defined here extension T by Ty = T U {—weo} U {Weo}
where w € int W. This point of view allows using the heritage topology to introduce straight-
forward a topology in Ty (though a direct definition is simple enough). Similarly, possibly
defined in advance algebraic and cone-ordered structures in 7 (we do not follow this line
here, for this exceeds the aim of the paper) can be inherited by Ty . Let us underline, that
in vector optimization one or two-point extensions with infinite elements of cone-ordered
linear spaces use also other authors, see e. g. Ref. [7] and [1].

In our opinion, the proposed here extension, though looking more complex, has some
advantaige. It does not refer to the ordering cone. Because of this the set valued Dini deriv-
ative ¢>[ ](x, u) can be defined in tls, which need not be ordered by a cone (it is not in the

nature of the concept to associate qb[_l ](x, u) with an ordering cone). We find the extension 7
appropriate for the forthcoming discussion. Finally, it is to some extend similar to the way,
in which in projective geometry infinite elements are defined.

When T is a tls, then T* denotes the dual space of T', and (-, -) the dual pairingon 7* x T'.
Recall that when T is a normed space, then 7* is a Banach space.

When T is a tls, we extend the values of the continuous linear functionals & € T* on
the infinite elements in T, putting (§, voo) = 400 when (&, v) > 0, (£, voo) = 0 when
(§,v) = 0, and (£, voo) = —oo when (£,v) < O (here v € T is the infinite point
corresponding to the finite one v € T\{0}).
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4 Concepts of quasiconvexity and pseudoconvexity

In this section like in the previous one T denotes a tls, and W a closed convex cone in 7. Recall
that the positive polar cone of W is the cone W = {§ € T* | (§,w) > Oforallw € W}
and W = (W'Y ={w € T | (§&,w) > Oforall & € W'} is the second polar cone. From
the definition of W’ we have W C W”, and when T is locally convex due to the Separation
Theorem [21] we have W’ = W (W” = clco W for arbitrary cone W). Possible use of this
observation is the following: to show that a point x € X is feasible for problem (1) it is
enough to show that g(x) € —K” (further this is used e. g. in the proofs of Theorems 5.1
and 5.3).

When w® € W we put W/[w®] = {€ € W | (£, w%) = 0} and W[w°] = (W'[w°]) =
{(weT|(E w)>0whené e W, (£ w’ = 0}. The equality (£, w®) = 0 usually referred
as complementary slackness condition enters into the definition of both W’ [w®] and W[wO].
It can be shown that W[w"] is the tangent cone of W at w?.

Recall that & € T* is called an extreme direction for W' if & € W’\{0}, and for all
gl &2 ¢ W/, suchthat & = &' + £2, itholds &', £2 € Ry &. The set of the extreme direc-
tions of W’ is denoted extd W’'. If T is locally convex space and W has a weak*-compact
base, due to Krein-Milman Theorem [21] wehave W = {w € T | (§, w) > 0, & € extd W'}.

Theorem 4.1 Let w® € W. Then the equality extd W/'[w®] = {&€ € extd W’ | (€, w0) = 0}
relates the extreme directions of W' [w®] and W'.

Proof The crucial moment is to show that if £ € extd W/[w?] then & € extd W’ (the oppo-
site inclusion is obvious). Let &€ = £! + &2 with &/ € W/ (i = 1, 2). Then 0 = (&, w?) =
(€Y, wo + (€2, w0). Since (&7, w®) > 0 (i = 1, 2), we get the equalities (£/, w®) = 0
(i =1,2).S0& e W[w’] and since & € extd W/[w'], we get &' e Ry £ (i = 1, 2). o

For the function ¢ : X¢o — T the level set corresponding to ¢ € T is the set lev; w¢ =
{xeXo|opx)et— W}

Definition 4.1 ([17]) The function ¢ : Xo — T is said W-quasiconvex if for all t € T the
level set lev; w¢ is convex. In other words, the function ¢ is W-quasiconvex if forallt € T,
all x', x2 € Xg, x! # x2, such that p(x') e t — W, ¢ (x%) et — W, and all T € (0, 1), it
holds ¢ (1 — T)x2 +tx!) et — W.

The next theorem gives a characterization of W-quasiconvex functions when 7 is a Banach
space and int W # (. Moreover, it characterizes W-quasiconvex functions when W intro-
duces a directed order on T'. The latter means that for all ¢!, 2 € T there exists € T such
thatz —t' € W,i = 1, 2. Observe that if int W # () then W introduces a directed order on
T. We write cI* W' for the weak™* closure of W’. Let us note, that if int W # (J then W’ has a
bounded hence weak™ compact base and by the Krein-Milman Theorem [21] the hypothesis
W’ = cI* coextd W’ is fulfilled.

Theorem 4.2 (Benoist etal. [5]) Let T be a Banach space. Assume that W introduces a
directed order on T and W' = cl* coextd W’. Then ¢ : Xo — T is W-quasiconvex if and
only if the functions (€, ¢) are quasiconvex for all & € extd W'.

The following theorem in the case of a polyhedral cone W’ extends Theorem 4.2 to locally
convex spaces. It generalizes also the result of Luc [17,Proposition 6.5, p. 30] which concerns
the particular case when T is the Euclidean space R"” and W is generated by exactly n linearly
independent vectors.
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Theorem 4.3 Let T be a locally convex space and let the cone W' be polyhedral. Then the
function ¢ : Xo — T is W-quasiconvex if and only if the functions (€, ¢) are quasiconvex
forall & € extd W'.

Proof If W’ is polyhedral, then it admits a base I' = co{&!, ... &%} where {¢!,... &5} =
[ Nextd W'. It is enough to prove that ¢ is W-quasiconvex if and only if the functions
(€1, ¢) are quasiconvex for all i = 1,...,k. Suppose that the vectors (€Y, ... E"} are
linearly independent, while &/ = >" | AJ& for j = n + 1,..., k. We put into corre-
spondence of ¢ the function ¢ Xg > R, ¢%(x) = (EL d(x)), ..., (E", $(x))). Put
e =(,...,1,...,0),i =1,...,n (the only unit is on i-th place). Let WO c r" (with
the Euclidean norm) be the positive polar cone of the convex cone (W°)' generated by

the vectors ¢!, i = 1,...,n, and ¢/ = Zl’-’zl )»'l.’ei, j =n+1,..., k. Then the function
¢ is W-quasiconvex if and only if the function ¢° is WO-quasiconvex. Indeed, let ¢° be
WO-quasiconvex. Take a point ¢ € T and let 0 = (&), ..., (£", 1)) € R". From the

Wo—quasiconvexity of ¢* the set L, = {x € Xy | ¢0(x) e 19 — w9 is convex. An easy
calculation shows that L; = {x € X¢o | ¢(x) € t — W}, whence ¢ is W-quasiconvex. To
verify L; = {x € Xo | ¢(x) € t — W} we observe (applying W = W”, true because T is
locally convex space) that x € L, if and only if it holds both:

<e’,Z<s",¢(x)—r>e"> = p(x)—1)<0 for 1=1,...,n;

i=1
<e~’,Z<sf,¢<x>—r>e"> <ZA{e’QZ<s'}¢<x>—r>e">
i=1 i=1

i=1
<ZA-{$", $(x) — z>

i=1
=, p(x)—1) <0 for j=n+1,... k.

Let now ¢ be W-quasiconvex. Take 1 € R” and choose a point ¢ € T to be a solution of
the system of linear equations (Si, t)y = tl.o, i =1, ..., n. The resolvability of the system is
a consequence of the linear independence of £&',i = 1, ..., n. Since ¢ is W-quasiconvex,
the set {x € Xo | ¢(x) € t — W} is convex. Repeating the above calculations, we see that
(x e Xo| p(x) et — W} ={x € Xo | °(x) € 1° — WO}. This shows that ¢° is W°-
quasiconvex. To complete the proof, it remains only to apply Theorem 4.2 for the function
#° : Xo — R” having an Euclidean (hence Banach) space as image space. O

The following theorem is in fact a corollary of Theorems 4.2 and 4.3.

Theorem 4.4 Under the hypotheses of Theorems 4.2 or 4.3, if the function ¢ : Xo — T is
W -quasiconvex and w® € W, then ¢ is also W[wo]—quasiconvex.

Proof First of all we prove that the cone W[w] also satisfies the hypotheses of Theorems
4.2 and 4.3 respectively.

Let, under the hypotheses of Theorems 4.2, W introduce a directed order on 7 and W’ =
cl*coextdW’. Let !, 12 € T andt € T be such that t — ' € W, i = 1, 2. Since
W c W[w°], we have also r — ' € W[w®], i = 1, 2. Therefore W[w°] introduces a
directed order on T'. Within the accepted notations 7’ [wl = (& eT*| (&, wY) = 0). Using
the weak™ closedness and the convexity of 7”[w°], and applying Theorem 4.1, we get
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W w’] = W N T'[w] = cl* co extd W N T'[w’]
= cl* (co extd W' N T'[w"]) = cl*co (extd W' N T'[w])
= cl* co extd W'[w"].

Let, under the hypotheses of Theorems 4.3, the cone W’ be polyhedral. Then W’
possesses a base I' with I' N extd W’ being a finite set. Then I'(w®) = ' N T'[w’] c Tisa
base of W’'[w°] and according to Theorem 4.1 extd W/[w®] = extd W' N T'[w’] C extd W'.
Therefore the set F(wo) Nextd W [w°] € T Nextd W’ is finite. Hence, the cone W'[w?] has
a base containing finite number of extreme directions. Consequently, W'[w?] is polyhedral.

We prove now the thesis. Since ¢ is W-convex, according to Theorem 4.2 or 4.3 the
functions (&, ¢), & € extd W/, are quasiconvex. From Theorem 4.1 extd W’ [wo] C extd W/,
whence the functions (&, ¢), & € extd W/[w?], are quasiconvex. Then, according again to
Theorem 4.2 or 4.3 the function ¢ is W[wo]-quasiconvex. ]

The quasiconvexity of the scalar function ¢ : Xo — R can be defined also in the following
way. We say that ¢ is quasiconvex if the inequality ¢ (x?) > ¢(x!), x! £ x2,and0 <1 < 1
imply ¢ ((1 — 1)x% 4+ tx') < ¢(x?). When in this definition we fix x> = x0, then we will
say that ¢ is quasiconvex at x° (the quasiconvexity at x¥ is a “radial notion” because it is a
property which holds along the rays starting at x°). The vector analogue of this definition is
the following.

Definition 4.2 We say that the function ¢ : Xo — T is W-quasiconvex at x* € Xo, if
p(x") —p(x%) € =W, x! € Xo\{x%), and 7 € (0, 1), imply ¢ ((1 — 1)x* +1x") —p(x") €
—-W.

To characterize the W-quasiconvexity at x° of a given function ¢ : Xo — T through
scalar functions we introduce the following definition of jointly quasiconvex at x° scalar
functions ¢/ : Xo — R, j € J. Pay attention, that if all the functions ¢/, j € J, are
quasiconvex at x°, then they are also jointly quasiconvex.

Definition 4.3 We say that the scalar functions ¢/ : Xg — R, j € J, are jointly quasiconvex
atx? € Xy, if when forapointx! € Xo\{xo} all the inequalities ¢ (xH—¢l (x0) < 0,jelJ,
are satisfied, and € (0, 1), then also all the inequalities ¢/ ((1 — 1)x° 4+ rx') — ¢/ (x%) < 0,
j € J, are satisfied.

Theorem 4.5 Let T be a locally convex space. Then the function ¢ : Xo — T is W-quasi-
convex at x° € X if and only if the functions (£, ¢ (x)), & € W', are jointly quasiconvex at
x0. When W' has a weak* compact base ', then we can confine to the functions (&, ¢ (x)),
EeTlNextdW'.

Proof The thesis is an obvious reformulation of the definition in terms of scalarization. The
hypothesis that T is a locally convex space is assumed to guarantee W = W”. When W’ has
a weak™® compact base the proof applies the Krein-Milman Theorem. O

In the sequel pseudoconvexity plays an important role. Recall that the function ¢ : Xo —
Ris said pseudoconvex atx? € Xo,ifo(x%) > p(x1),x! € Xo, implies ¢ (x0, x'—x% <o0.
The function ¢ is said pseudoconvex, if it is pseudoconvex at each x° € X(. This definition
of pseudoconvexity in terms of Dini derivatives is given by Diewert [10] as a convenient
modification for nonsmooth functions of the classical definition of Mangasarian [19]. We
generalize it to vector functions. Let us mention that when ¢ is directionally differentiable the
pseudoconvexity from the following Definition 4.4 reduces to the one given by Cambini [6].
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Definition 4.4 We say thatop : Xo > T 1s W-pseudoconvex at x0 e Xo\{x0}, if p(x]) —
¢(x0) e —intW, x' € Xo, implies ¢[ (9, x1 x9N —int W # (). We say that ¢ is
pseudoconvex, if it is pseudoconvex at each x° € X.

Besides the pseudoconvexity, also the strict pseudoconvexity plays an important role in
the sequel. We say that the function ¢ : Xo — R is strictly pseudoconvex at x° € Xy, if
d(x% > p(xh), x! € Xo\(x°), implies ¢ (x°, x! — x%) < 0. We say that ¢ is strictly
pseudoconver, if it is strictly pseudoconvex at each point x* € X. Here is the vector ana-
logue.

Definition 4.5 We say that ¢ : Xo — T is strictly W—pseudocgvg atx0 € Xo,ifp(x!) —
p(x%) € —W, x! € Xo\{x°}, implies ¢!/ (x0, x! — x0) N —int W # @. We say that ¢ is
strictly pseudoconvex, if it is strictly pseudoconvex at each x° € Xj.

Let the function ¢ : Xg — T be W-quasiconvex at x% e Xo. Letx! € Xo\{xo} be such
that o (x1) — p(x%) € —W, or equivalently (O +u) —p(x) € —W where u = x' — x0.
Now ¢(x® + tu) — ¢(x°) € —W for 0 < t < 1, whence ¢/ 1(x°, u) c —W. Hence
¢>[_1 ](xo, u) N —W # @ in the case when ¢)[_1 ](xo, u) # ¢ (when T is finite dimensional
this has place due to the compactness of T). The definition of the strict W-pseudoconvex-
ity at x¥ strengthens this property to qb[_l ](xo, u) N —int W # @. Nevertheless a strictly

W-pseudoconvex at x° function need not be W-quasiconvex at x°.

Example 4.1 Let X =R, Xo = Ry, x0 =0, T = R, W = R,.. The function ¢ : Xo — T,
¢(x) = xsin(l/x) for x > 0 and ¢(0) = 0, is strictly W-pseudoconvex at x%, but not
W-quasiconvex at x".

The following definition introduces jointly pseudoconvex (jointly strictly pseudoconvex)
at a point functions and resembles Definition 4.3. Theorems 4.6 relates through scalariza-
tion a W-pseudoconvex (strictly W-pseudoconvex) at x? functions and jointly pseudoconvex
(jointly strictly pseudoconvex) at x° functions. Let us underline, that when the scalar func-
tions ¢/ : Xo — R, j € J, are pseudoconvex (strictly pseudoconvex) at x°, they are also
jointly pseudoconvex (jointly strictly pseudoconvex) at x* as it is seen from the following
example. Let us underline however, that if X and T are finite dimensional (normed) spaces,
W is polyhedral and ¢ : Xg — T is smooth, then if ¢ is W-pseudoconvex at x?, it is also
W -quasiconvex at x° (the smoothness is absent in Example 4.1).

Definition 4.6 We say that the scalar functions ¢/ : Xg — R, j € J, are jointly pseudo-
convex (jointly strictly pseudoconvex) at x € X, if when for a point x! € Xo\{x"} all the
inequalities oI (D) < ¢/ (20 (97 (x1) < ¢/ (x0)), j € J, are satisfied, then (¢')"_ (9, xt —
x%) < 0 holds forall j € J.

Theorem 4.6 If the function ¢ : Xo — T is W-pseudoconvex (strictly W-pseudoconvex) at
x" € Xo, then the functions (€, ¢ (x)), & € W\{0}, are jointly pseudoconvex (jointly strictly
pseudoconvex) at x°.

Conversely, let T be locally convex space, and suppose that the functions (&, p(x)),
& € W\{0}, are jointly pseudoconvex (jointly strictly pseudoconvex) at x°. Suppose also
that the following property has place: when (£, ¢)'_(x°, u) < 0 holds forall€ € W\{0}, then

qb_l](x ,u) N —int W # @ (for instance, when ¢[_1 O uw)isa singleton for all u € Xo(x9)

this property is obviously satisfied). Then ¢ is pseudoconvex (strictly pseudoconvex) at x°.
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Proof Let the function ¢ : Xo — T be W-pseudoconvex (strictly W-pseudoconvex) at x°
Take x! € Xo\(x°) such that (£, ¢ (x')) — (&, $(:°)) < 0 (£, p(x)) — (£, #(x*)) < 0)
for all £ € W’\{0}. This implies ¢(x") — p(x?) € —int W (p(x') — ¢p(x?) € —W),
whence there exists a point eo 1](x x! — x% N —int W. Then for all & € W’ it holds
€, ) (0 x'—x% < (£,/% <0, whence the functions (£, ¢ (x)), & € W’\{0}, are jointly
pseudoconvex (strictly pseudoconvex) at x°.

Conversely, let xle Xo\{xo} be such that ¢(x]) — (Y e —int W (p(x") —p(x0) €
—W). Then (£, p(x")) — (5, ¢ (x?)) < 0 ((§, ¢(x")) — (£, p(x)) < 0) forall § € W\{0}.

From the joint pseudoconvexity (joint strict pseudoconvexity) we have (£, ¢)_(x%, x! —

x%) < 0, & € W\{0}. The hypotheses give ¢£ J(x ,x! = x0) N —int W # @, which shows
that ¢ is W-pseudoconvex (strictly W-pseudoconvex). O

Definition 4.5 generalizes the following notion of convexity.

Definition 4.7 The function ¢ : Xg — T is said W-convex (strictly W-convex) if for all
x!, x% € Xo, x! #£ x2, and all € (0, 1) it holds ¢ ((1 — Hx2 + 1x)) € (1 — HP(x?) +
to(x)) =W (p (1 —)x2 +1x) € (1 —)p(x2) + 1¢p(x1) — int W). When these properties

hold for a fixed x2 = x9, then we say that ¢ is W-convex (strictly W-convex) at x°.

The following theorem shows that the notion of W-pseudoconvexity (strict W-
pseudoconvexity) can be considered as a generalization of the notion of W-convexity (strict
W -convexity).

Theorem 4.7 Let X and T be normed spaces, T finite dimensional, and ¢ : Xo — T Lip-
schitz near x° € Xo. If the function ¢ : Xo — T is W-convex (strictly W-convex) at x°,

then ¢ is also W-pseudoconvex (strictly W-pseudoconvex) at x°.

Proof Let ¢ be W-convex at x°. Choose x!' € Xo\{x?} such that ¢ (x!) — ¢ (x°) € —int W.
Then ¢ (x1) — ¢p(x%) € —w® — W for some w® € int W. Let t — 0%, Since T is finite
dimensional, according to Theorem 3.1 the extension 7 is compact. Passing eventually to
a subsequence we may assume that 1° = limg(1/1) (¢ (% 4+ i (x! — x9)) — ¢ (x?)). Now
0 M 1(x0, x! — x9). We will show that #* € —int W. In fact, the local Lipschitz condition
gives that ¥ € T, that is ¢¥ is finite. Hence, we have to show that 0 € —int W. Observe that
when 0 < #; < 1 we have

1 1
. ($((1 — 10" + 5ex") — p(x%)) € . (1= t)p (") + tep(xh) — W — ¢(x))
CopH =) —We—-w'—WwW-wc—uw’—w.

A passing to a limit gives 1 € —w® — W C —int W. Therefore ¢ is pseudoconvex at x°.
Assume now that qb is strictly W-convex at x9. Choose x! € Xo\{xo} such that ¢ (x!) —
$(x%) e —W. Put x = (1/2) (x° + x"). Then ¢ (x!) — p(x?) € mt W Proceedmg as
above, we get thatd) ](x ' —x% N —intW # ¢. With regard to ¢> (x i —x0) =
(1/2) ¢_l](x ,xl —x%) we get that also ¢[_l % x! = x% N —int W # @. Therefore ¢ is
strictly W-pseudoconvex at x°. O

In connection with the Lipschitz hypothesis in Theorem 4.7, let us recall that when ¢

is W-convex, X is finite dimensional, X is open, and W is polyhedral, then ¢ is locally
Lipschitz.
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5 Necessary conditions

In this section we discuss necessary optimality conditions for problem (1) in terms of Dini
directional derivatives.

In the next Theorem 5.1 (and only here) we give a different sense to the Dini derivative
(f, g)[_”(xo, u) than that from the accepted definition in Sect. 3 (where (f, g)m(xo u)
means the D1n1 derivative of the function ¢ = ( (f, g) and whose values are in ¥ x Z). We
put (f, g)_ (x9, u) to be the set of all (y,z) € Y x Z such that for some sequence of reals
tr — 07 it holds

1 1
y=lim = (0 a0 = f60) oz =1im - (6 + nan) — g(x”) -

A particular case of Theorem 5.1 dealing with locally Lipschitz functions f and g appears in
[13]. Let us underline that the differential quotient of a locally Lipschitz function is bounded
by the Lipschitz constant near the considered point, which makes redundant the use of infinite
elements in the definition of the Dini derivative. Here Theorem 5.1, which represents a result
similar to that of [13], is used rather as an issue point to explain the evolution when we pass
to problems with (]uasiconvex constraints, which consists in the possibility to replace the
derivative (f, g) (x%, u) with fy I %, u) x g[_1 ](xo, u).

Theorem 5.1 Let Z be a normed space and let K' have a compact base T. Consider problem
(I). Let x° be a radial w-minimizer of (1) and let g be radially continuous at x°. Then for
each u € Xo(x°) it holds

f, &M, u) N (=int (C x K[—g(x9)]) =4. )

Proof Suppose on the contrary, that for some u%eXo(x?) there exists (¥°, z%)e(f, g)E]
(x9, u% such that 3° € —int C, z2° € —int K[—2z0]. Let 3 = limy(1/5)(y* — ¥°) and
70 = limy (1/ 1) (zF—2z°) for some sequence fy — 0, where v = FO44u0), 30 = £(x0),
= g% + 1u), 2% = g(x0).

Now we proof that the points x° + tyu® are feasible for all sufficiently large k. Let ij € T.
We show that there exists a positive integer k(1) and a neighbourhood V () of 7, such that
(n, ) < 0fork > k(n) and n € V(). For this purpose we consider the cases:

19,5 € K'[—z°]. Since z° € —int K[—z0], we have (1/#)(zF — z0) € —int K[—Zz0]
for all sufficiently large k, whence z* — z° € —int K[—z°]. Therefore z* — 2 + ¢B C
—int K[—z°] for some ¢ > 0 and all sufficiently large k. Here B is the unit ball in Z. This
gives (77, 2) = (i, * =2%) < —ellfll. Let n—7l| < & 171l supy lIz* || (pay attention that the
sequence lz% || is bounded because from the radial continuity of g at x0 we have zF — z9).
Now

(n, 25 = =7, 25 + (@, 25 < Im = al 12N — el < 0.

20,5 € K'\K'[—z°]. Now (i, 2°) < —e ||| for some & > 0, whence (7, zX) < —¢ |7l
for all sufficiently large k. Let ||y — 7i]| < & [|7l/ supy [I2¥]|. As in case 1° we get (n, z¥) < 0.
The compactness of I gives I' € V(7)) U--- U V(7*) for some 77',...,7* € I'. Let
ko = max(k(ij}), ..., k(7*)). Take k > ko. Then (5, zX) < 0 for all 5 € T, and hence for all
n € K’\{0}. Therefore 7¥ € —int K ¢ —K, in other words, the points x0 + 7,u® are feasible.
According to the made assumption y* = lim(1/5%)(y* — y) € —int C. Therefore
y*¥ — y0 e —int C for all sufficiently large k, a contradiction to the hypothesis that (x°, y°)
is a radial w-minimizer of (1). ]
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If int K # ¢ then K’ admits a bounded and hence weak* compact base I' [16]. This
observation raises the question whether in Theorem 5.1 the hypothesis that “K’ possesses
a compact base” can be replaced by “K’ possesses a weak* compact base”. The following
example gives a negative answer.

Example 5.1 Consider problem (1) with X = R, Xo =R, Y =R, C =Ry, Z =¢
being the Banach space of the bounded sequences z = (z1, 22 ...) supplied with the norm
Izl = sup, |zu|, K =c+ ={z€Z |z, =20 =1,2,..)}(withintK # ), f: Xo > R
defined by f(t) = —t, g : Xo — Z defined by g(t) = —w® + re where w® € Z has
positive components w? >0(@G =1,2,...)such that lim; w? =0ande=(1, 1,,...) has
all components 1, and x% = 0. We have

o0
Zr=t" == 0n.m. ) Linllg =D Imil < oo},
i=1
K'=tl =(nez*|n>0G=12,..)}and Xo(x°) = Ry. The point x* is a radial
w-minimizer of (1), since it is the only feasible point. Obviously f’ (Y% 1)=—1€ —intC,
g’(xo, 1) = e € Z = —int K[w"], whence condition (2) does not hold.

The inclusion
f, 90w M0 ) x g0, ) 3)

has place (where the derivative ( f, g)E ! (x9, u) is understood as in Theorem 5.1), but usually
for nonsmooth functions these sets are different. So, in general condition (2) in the thesis of
Theorem 5.1 cannot be replaced by

PG00 x g1 @0, w0 0 (<t (€ x KT=gGO)])) = 0. “)
This is illustrated by the following example.

Example 5.2 Consider problem (1) with X = R, Xo = R4, Y =R, C = Ry, Z = R,
K =Ry, f: Xo — Y defined by

xsin(1/x), x > 0,

ray = | = 0

and g : Xo — Z defined by g(x) = —f(x). Let x% = 0. Then f(xo) =0and x%is a
w-minimizer of problem (1). We have g(xo) =0and K [—g(xo)] = K. Condition (2) is
satisfied, since (39, z°) € (f, g)E ](xo, u), u € Xo(xY), implies 70 = —3°% whence

(3,29 = (3°, =3°) ¢ [-00,0) x [—00, 0) = —int (6 x K[—g(x°>]) :
At the same time condition (4) does not hold, since fy ](xo, 1) = g[_”(xo, 1) =[-1, 1].

When fil ](xo, u) or gL”(xO, u) is a singleton, then inclusion (3) turns into an equality.
Consequently, if this holds for all u € Xy (x9) Theorem 5.1 is true with condition (4) instead
of (2). Example 5.2 shows that in general this does not hold. In Sects. 7 and 8 the satisfaction
of condition (4) allows in the considered there particular problems to substitute the Dini set
valued derivative with the more simple single valued lower Dini derivative. Hence the imple-
mentation of (4) instead of (2) is more relevant with regard of the aim of the investigation.
Actually, dealing with problems with quasiconvex constraints, we get optimality conditions
involving (4), and this is the reason why we occupy here with problems with such constraints.
The next Theorem 5.3 illustrates this idea.
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Theorem 5.2 Consider problem (1). Let x° be a radial w-minimizer of (1) and suppose that
forall u € Xo(x) the following constraint qualification of Kuhn-Tucker type holds:

Ifg(x0 + tou) € —int K[—g(xo)]for some ty > 0
then there exists t > 0 such that g(x° + tu) € —K .

Q&0 u) : [

Let the function g be K -quasiconvex. Then for each u € X (x%) condition (4) holds.

Proof Suppose on the contrary, that for some u” € X((x?) there exist 7° € fy ] (x%, u%) and
70 € gM(x0, 40) such that 3° € —int C and 7° € —int K[—z°]. Let 3° = lim(1/s%) (¥ —
y9) and 70 = limg (1/5)(zF — z°) for some sequences s — 01 and iy — 07, where y* =
f(x0+sku0),y0 = f(xo),zk = g(x0+tku0),zo = g(xo).Then there exists a positive integer
ko such that (1/1,)(z% —z°) € —int K[—g(x?)] (the bars in —int K [—g(x?)] can be dropped
because (l/tko)(zko — 29 is finite), whence g()c0 + tkouo) =z €70 —int K[—g(xo)] -
—K —int K[—g(xo)] C —K[—g(xo)] —int K[—g(xo)] C —int K[—g(xo)] . The constraint
qualification Q(x?, u%) gives that there exists 7 > 0 such that g(x° +7u%) € —K. Since also
g(x9 =7 —K and g is K -quasiconvex, we have g(x® +1tu%) e —K forall s € [0, 7].
Choose the positive integer k such that s; < 7 for all k > k. The points X0+ skuo, k >k,
are feasible and (1/s;)(y* — y°) € —intC (the bars in —int C can be dropped because
(1/s0)(y* — ¥0) are finite), whence f(x° + sxu®) € f(x°) — int C. This contradicts the
hypothesis that x° is a radial w-minimizer. O

Remark 5.1 From the hypothesis that g is K -quasiconvex, that is that the sets g~ (z — K) =
{x € Xo | glx) € z— K}, forall z € Z, are convex, we have used the convexity only
when z = 0, that is the convexity of the set g~'(—K). Even more, we have used only that
2 10) is star-shaped with respect to x0. The latter means that for all x € g 1 (—=K) the
segment [x°, x] is contained in g—'(—K). Therefore, in Theorem 5.2 the hypothesis “g is
K -quasiconvex™ can be replaced by the weaker one “g~! (—K) is star-shaped with respect
to x07.

The next theorem establishes necessary optimality conditions with no constraint qualifi-
cations involved. It uses the less restrictive quasiconvexity hypothesis that g is K[—g(x?)]-
quasiconvex instead of K -quasiconvex. The price we pay is the more restrictive hypothesis
that the cone K’ is polyhedral. It remains an open question whether this theorem remains true
when the hypothesis “K’ is polyhedral” is substituted by the weaker one “K’ has a compact
base”. In the case when Y is a normed space if fy ](xo, u) or g[_1 ](xo, u) is a singleton for
allu € Xo(x), and “g is radially continuous at x°”, the positive answer is given by Theorem
5.1, since now (f, g)E ](xo, u) = fll ](xo, u) X g[,l ](xo, u). Let us still underline that for us
the case of K’ polyhedral is of special interest, since the positive orthant cones used in the
considered particular problems in Sects. 7 and 8 are of this type.

Theorem 5.3 Let Z be a locally convex space and let the cone K’ be polyhedral. Consider
problem (I). Let x% be a radial w-minimizer of (1). Let g be K[—g(xo)]-quasiconvex at
x0, and let the functions (n, g) be radially continuous at x° for all n € extd K’ such that
(n, g(xo)) # 0. Then for each u € Xo(x%) condition (4) is satisfied.

Proof Suppose on the contrary, that for some u% € X there exists )70 € f£1](x0, u),
70 € gM(x0, u0) such that 3° € —int C,z° € —int K[—z0]. Let 3° = lim (1/s:) (y% — y©)
and 720 = limg (1/5)(zF — z%) for some sequences sy — 0 and z — 01, where y* =
FxO+ siu), yo = F(x9), = g(x + nu®), 20 = g(xo). Since the cone K’ is polyhe-
dral, it possesses a compact base of the type I' = co {n', ..., n?}. We claim that for each
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= 1, ...q) there exists k; such that (n, g(x? + tuo)) < O0for0 <1t < t;. When
', g(x 0))y = 0itis enough to take k; such that (l/tk )2k —20) € —int K[—g(xo)]. Then
(n', z%) < 0 and the K[—g(x®)]-quasiconvexity at x* of g gives

(', g + 1) < max (', g, (', g+ Fu®))) <0

When (1, g(x%)) < 0 our claim follows from the radial continuity of (n’, g). Put k0 =
max{ky, ..., k;}. We have proved that all the points X4+l 0 <t < ty,, are feasi-
ble. Therefore the points x° + sxu® are feasible for all sufficiently large k. Now we get
y*¥ € y0 —int C, a contradiction to the hypothesis that x° is a radial w-minimizer of (1). O

Remark 5.2 Using the notation from the proof, introduce the set of the active indexes J (x") =
U1, g(xo)) = 0}. The K[—g(xo)]—quasiconvexity at x0 of g according to Theorems 4.1
and 4.5 is equivalent to the joint quasiconvexity at x° of the functions (n/, g(x)), j € J(x°).
The radial continuity at x° is assumed only for the functions (17, g(x)), j ¢ J(x°).

Condition (4) can be referred as optimality condition in primal form. The next theorem
establishes that in important cases it is equivalent to condition (5), which can be referred as
optimality condition in dual form. Similarly, replacing in the first row of (5) fy ](xo, u) X
gg ](xo, u) with (f, g)g ](xo, u) we get the equivalent dual condition of (the primal) condi-
tion (2). The second row in (5) can be written in the form 3 (£°, n°) € €’ x K'[—g(x?)]. We
prefer a record exposing the slackness condition (7]0, g(xo)) = 0. The sum (¢ 0, y) + (no, Z)
has always sense, for neither of its addends takes value —oo.

Theorem 5.4 When Y and Z are locally convex spaces, and C and K have nonempty inte-
riors, (or when Y and Z are finite dimensional) condition (4) is equivalent to:

V(§,2) e MG u) x g0 u)
3E ) e x K (% g(x) =0,
E% 0% £ 0,0, (%) #—00, (n°2)# —o0,
and (£°,5)+ (n°,2) = 0.

Proof Let (5,7) € fIx0, u) x £111(x0, u). Take the couple (y°,z°) € ¥ x Z, such that
y9 = Fwheny € Y or (y°)o = y when j € Yoo, similarly z0 = Z whenz € Z or (z%)o0 = 2
when z € Z4,. Obviously, condition (4) is equivalent to (9, 7% ¢ —(int C x K[—g(x®)]) for
any possible choice of (y, 7). Applying the Separation Theorem, we see that this is equivalent
to the existence of (€%, 1) € Y* x Z*, (9, n°) # (0, 0), such that (9, y°) + (n°, 2% >0
and (€%, y) + (n°, z) < 0 when (y, z) € —(C x K[—g(x")]). Moreover, the couple (£°, n°)
can be chosen so that (£2, y9) > 0 and (n°, z°) > 0 (when y° ¢ —int C we may put n° =0,
or when z° ¢ —int K[—g(x%)] we may put €2 = 0). The inequalities (¢°, y) + (n°, z) <0,
(y,2) € —(C x K[—g(x9)]), with regard that C and K[—g(z%)] are cones, give (0, y) > 0,
Vy e C,and (°,z) > 0,Vz € K[—g(xo)] that is €0 € €’ and n° € K'[— g(x“)] Now
(€9, 99 > 0 gives (€%, %) > 0, and (n°, z°) > 0 gives (n°,z) > 0. Hence (£°, ) # —oo,
(n°,z) # —oo,and (£°,5) + (n°.2) = 0. o

(&)

6 Sufficient conditions and global w-minimizers

In this section we are interested to distinguish classes of functions, for which condition (4) is
sufficient for the optimality of the reference point x°. The pseudoconvexity plays an impor-
tant role in these considerations. Under pseudoconvexity assumptions the optima turn to be
global w-minimizers.
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Theorem 6.1 Let Z be a locally convex space. Consider problem (1). Let g be strictly
K[—g(x")-pseudoconvex at x° and f be C-pseudoconvex at x°. Suppose that for each
u € Xo(x%) condition (4) is satisfied. Then x° is a global w-minimizer of problem (1). If in
addition f is strictly C-pseudoconvex at x°, then x© is a strict global w-minimizer.

Proof Assume on the contrary, that x° is not a global w-minimizer. Then there exists a
feasible point x! € X such that f(x') — f(x°) € —int C. Since f is C-pseudoconvex at
x0, it holds £ (x%, u) N (—int C) # @ with u = x! — x0. Therefore condition (4) gives
that g"'1(x°, u) N —int K[—g(x0)] = @. On the other hand g(x') — g(x*) € —K[—g(x")].
Indeed, for all n € K'[—g(x%)] we have

(n, g(x") — g(x") = (n, g(x")) <0

(here we use that K[—g(x?)] coincides with its second positive polar cone, a consequence
of Z locally convex space). Since g is strictly K[—g(x?)]-pseudoconvex at x°, we have
ng ](xo, u) N —int K[—g(x0)] # @, a contradiction. When f is strictly C-pseudoconvex, the
global minimizer x? is strict. Indeed, on the contrary we would have f(x') — f(x%) € —C
for some feasible point x! € Xo\{x?}. Put u = x! — x0. The strict C-pseudoconvexity of
£ gives F1 (0, u) N (—int C) # ¢, and the strict K [—g(x°)]-pseudoconvexity of g gives
g, u) N —int K[—g(x0)] # ¥, a contradiction. u]

The following Theorem 6.2 is a direct consequence of Theorem 6.1 because of the relation
between convexity and pseudoconvexity given in Theorem 4.7. Similar statement one finds
in [8]. It can be considered as a variant of the classical result claiming that any Kuhn-Tucker
point in a convex programming problem is a global minimizer. In this sense we recognize that
the obtained here sufficient conditions generalize to vector optimization classical results from
convex programming. We concentrate on quasiconvex constraints following some direction
in mathematical programming. Quasiconvex programming, initiating with the study of scalar
smooth quasiconvex programming problems, has a long history. A parallel between convex
and quasiconvex programming one finds in Luenberger [18]. It is worth mentioning some
similarity of Theorem 6.1 with other classical results concerning scalar nonsmooth problems,
see e. g. Arrow, Enthoven [2,Theorem 3], Bair [3,Proposition 3], Bector et al. [4,Theorem
3.1], Giorgi [15,Theorem 1.4].

Theorem 6.2 Let X, Y and Z be normed spaces, Y and Z finite dimensional, and f and g
Lipschitz near x°. Let g be strictly K[—g(x")]-convex at x° and f be C-convex at x°. Sup-
pose that for each u € Xo(x°) condition (4) is satisfied. Then x" is a global w-minimizer of
problem (1). If in addition f is strictly C-convex at x°, then x° is a strict global w-minimizer.

Theorem 6.1 in comparison with the respective necessary condition (“respective” in the
sense that they both concern the cone K[— g(xo)]) from Theorem 5.3 does not confine to
polyhedral cones K and does not use for g radial continuity conditions at x°. The next theo-
rem deals with K-pseudoconvexity, so it is respective to Theorem 5.2. Observe that now the
hypotheses are similar to these of Theorem 5.3.

Theorem 6.3 Let Z be a locally convex space and let the cone K' be polyhedral. Consider
problem (1). Let g be strictly K -pseudoconvex at x° and f be C-pseudoconvex at x°. Let also
g be K[—g(x")]-quasiconvex at x° and (n, g) be radially continuous at x° forany n € extd K
such that (n, g(xo)) # 0. Suppose that for each u € Xo(x%) condition (4) is satisfied. Then
x9 is a global w-minimizer of problem (1). If in addition f is strictly C-pseudoconvex at x°,

then x° is a strict global w-minimizer:
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Proof Assume on the contrary, that x° is not a global w-minimizer. Then there exists a fea-
sible point x! € Xo such that f(x') — f(xo) € —int C. Since f is C-pseudoconvex at x°,
it holds fE ](xo, u) N (—int C) # ¥ with u = x! — x0. Therefore condition (4) gives that
ng ](xo, u) N —int K[—g(x0)] = @. On the other hand g(xO + tu) — g(xo) € —K for some
t > 0. To show this let ' = co{n',..., n"} be a base of K. When € K'[—g(x?)] from
g(x!) € —K wehave (5, g(x") —g(x")) = (1, g(x")) < 0. The K[—g(x°)]-quasiconvexity
at x0 of g gives now (n, g(x® + tu)) < Oforall ¢ € [0, 1]. When n € K'\K'[—g(x0)] the
radial continuity at x0 of (n, g) with regard to (n, g(xo)) < 0 gives (n, g()c0 + tu)) < O for
all sufficiently small 7. Thus, we can find 7 such that (ni, g(x0 +tu)) <Oforalli =1,...,n.
Since g is strictly K[—g(xo)]-pseudoconvex at x9, we have g[J J(xo, u)N—int K[—g(x9)] #
#, a contradiction. When f is strictly C-pseudoconvex, like in Theorem 6.1 we see that the
global minimizer x° is strict. O

7 The positive orthant as ordering cone

In this section we reformulate the previous results for problem (1) with finite dimensional
image space Z = R? (with Euclidean norm), and ordering cone being the positive orthant
K = Rﬁ (then K’ = K has a base the convex hull of the unit vectors &/ along the axes). We
write g = (g1, ..., g&p), agreeing that in this and similar notations the lower indexes stand
for the coordinates. We agree also that O - {£oo} = 0. For x0 € Xy the set of the active
indexes for problem (1) is defined by J % = {jlgj % = 0}. The main feature of this
section is that we replace the set valued derivatives of g used in the previous sections with
the single valued lower Dini derivatives.

Theorem 7.1 Consider problem (1) withZ = R? and K = Ri and let x° be a radial w-min-
imizer. Let the functions gj, j =1, ..., p, be radially continuous at xO when j ¢ J(x°) and
quasiconvex at x° when j € J(x°) (or less restrictive, g ix),jed (x9), jointly quasiconvex
at x°). Then for each u € X (x°) the following condition is satisfied:

P
G0 ) (g wyn | —int | € x [[Rel-g;01) | = 0. ©)
j=1

Proof We just check that the hypotheses of Theorem 5.3 are satisfied. Theorem 4.5 gives that
g is K[—g(xo)]—quasiconvex at x°. The assumed radial continuity at x0 of gj-J ¢ J(x9),
coincides with the radial continuity at x° from the hypothesis of Theorem 5.3. Assume that
(6) is not true. Then there are sequences fj; — 0*7(]'7: 1,...,p) and s — 0T, such
that ¥ = limy(1/s1)(f (x© 4 sgu) — f(x%)) € —int C and zg? = limg(1/11) (g (x° +

tixu) — gj(x%) € —int Ry[—g;(x9)] (j = 1,..., p). Take a sequence # — 0T, such
that 7y < min(#g, ..., fp). Passing to a subsequence, due to Z finite dimensional, we may
assume that limg (1/ tk)(g(x0 + tru) — g(xo)) =29, The quasiconvexity assumption for g;,
j e J(x9), gives 29. < z? for j € J(x°). This implies that (7°, 2°) belongs to the left-hand

side set in (4), a contradiction with the thesis of Theorem 5.3. O
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Remark 7.1 The primal form condition (6) admits an equivalent dual form representation
(the equivalency is proved like in Theorem 5.4):

vye GO u)
3E ) e xRY T g6 =0 (G =1,....p),
&% 0% £ 0, 0), (£°,5) #—oo,
1)9:0 if gj/_(xo,u):—oo (j=1,...,p),

and (%, 5) +20_ 08, (% u) = 0.

Turn attention that in the sum in the last row we have r;(} g‘,-/_(xo, u) = 0 when gj/_(xo, u) =
—o0. So, the sum does not contain addends —oo, hence it has always sense.

The following theorem gives sufficient conditions and is a straightforward corollary of
Theorems 6.1 and 4.6.

Theorem 7.2 Consider problem (I) with Z = R? and K = Ri. Let the functions gj,
j e J(xY), be jointly strictly pseudoconvex at x°, and f be C-pseudoconvex (strictly C-
pseudoconvex) at x°. Suppose also that when (gj)- (x%, u) < 0 holds forall j € J(x°), then
there is a sequence t, — O such that the following limits exist and satisfy the given inequal-
ities limy i (gj O + nu) — gj (xo)) < 0. Suppose that for each u € Xo(x°) condition (6)
is satisfied. Then x° is a global w-minimizer (strict global w-minimizer).

Remark 7.2 When Y = R™ and C = R/} also the set valued derivative fE ](xo, u) used in
Theorems 7.1 and 7.2 can be replaced by the single valued lower Dini derivative. Actually
the primal condition (6) becomes now

p e —
(fLG%w), gL (% w) ¢ —int [ RY x [[Ri[—g; 0]
j=1

and the equivalent dual condition
3% 0% eRT xRE n?gj(xo) =0(G=1...,p),

E%n®) #0,0), €0=0 if fiL(%u)=-0co (i=1,...,m),
n?:o if ¢/ %u)y=-0c0 (j=1,...,p),

and 7, &0 £ (x0 u) + Zle n? g/ (x%u)>0.

8 The scalar problem

In this section we consider the scalar constrained optimization problem
min f(x), g;j(x) =0 (j=1,...,p), (N

where f : Xo —> R, g; : Xo > R(j =1, ..., p). Putting g = (g1, ..., gp) and agreeing
to write g(x) < O when the coordinate functions satisty the same inequality, we can write
(7) in the form

min f(x), g(x) <0. (8)

Problem (7) is in fact a particular vector problem (1) with ¥ = R, C = R4, Z = R” and
K = Ri. The ordering cones are the positive orthants. Therefore to this problem we can
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apply the results from the previous section. Here we do it explicitly in the following Theo-
rems 8.1 and 8.2. We repeat in some sense the results from the previous section, because of
the importance of the scalar problems in optimization theory. Another aim of this section is
to give some examples supporting the theory. Establishing necessary and sufficient condi-
tions, we imposed some hypotheses on the involved functions. One may ask in how far these
hypotheses are essential. The answer to some of theses questions is given by examples of
scalar problems. Here we insert several such examples.
We formulate our results applying the following condition in primal form:

14
(fLG% ), L (%, w) ¢ —int [ Ry x [TR[—g; 01 - ©)
j=1

Condition (9) admits replacement with the equivalent dual form condition:
IE ") e Ry xRE: g6 =0 (i =1,....p),

(507 UO)#(Os O)v 50:0 if fL(xO,M)Z—OO,
n3=o if g/ %u)y=-0c0 (j=1,...,p),

and & f1 (0w + 30 n9g, (% u) = 0.

(10)

Theorem 8.1 Consider problem (7) and let x° be a radial minimizer. Let the functions g o
j =1,.... p, be radially continuous at x° when j ¢ J(x°) and quasiconvex at x° when
j € J(x%) (or less restrictive, g ix), jeld (x9), jointly quasiconvex at x°). Then for each
u € Xo(x% condition (9) is satisfied.

Theorem 8.2 Consider problem (7). Let the functions g;, j € J (x9), be jointly strictly
pseudoconvex at x°, and f be pseudoconvex (strictly pseudoconvex) at x°. Suppose also that
when (gj)’_(xo, u) < Oholdsforall j € J(x°), thenthereisasequencet, — 0% such that the
Sfollowing limits exist and satisfy the given inequalities limy i (gj (0 + reu) — gj (xo)) < 0.
Suppose that for each u € Xo(x®) condition (9) is satisfied. Then x° is a global minimizer
(strict global minimizer).

The next examples clarifies that the hypothesis for the radial continuity of g is essential
in Theorem 8.1 (and hence in Theorem 5.3).

Example 8.1 Consider problem (8) with f, g : R — R given by f(x) = —x and

—1,x <0,
g(x):[ 1, x>0.

The function g is quasiconvex and lower semicontinuous, but not (radially) continuous.
The point x° = 0 is a radial (and global) minimizer. The Dini derivatives for u = 1 are
FL(x% u) = —1 and g’ (x%, u) = +oc. Condition (9) is not satisfied, since

(FL(%u), g~ (x° ) = (—1, 400) € —int (R4 x R) = —int Ry x Ryp[—gx)]).

In connection with this example we do the following comment. The lower semicontinuity
is in general a natural property in connection with minimization problems. The given example
shows however that if we substitute the radial continuity hypothesis with lower semiconti-
nuity hypothesis, we need add also some additional assumption in the necessary optimality
conditions. We think this can be done on some abstract level (here we do not occupy with
this problem). Concerning an eventual development in this direction, recall that a general
approach to semi-continuous maps in cone-ordered spaces one finds in Penot, Théra [20].
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The following example shows that the strict pseudoconvexity if g in Theorem 8.2 (and
hence in Theorem 6.1) cannot be relaxed to only pseudoconvexity (or quasiconvexity).

Example 8.2 Consider problem (8) with f, g : R — R given by f(x) = —x and g(x) = 0.
Put x° = 0. The functions f and g are pseudoconvex (and quasiconvex), but g is not strictly
pseudoconvex. The point x° is not a global minimizer, while condition (9) is satisfied, since

(fL &), g (2% w) = (—u, 0) ¢ —int (R} x Ry) = —int Ry x Ryp[—g(xD)]).

The following example shows that the pseudoconvexity requirement for f in Theorem
8.2 (and hence in Theorem 6.1) cannot be replaced by quasiconvexity.

Example 8.3 Consider problem (8) with f, g : R — R given by f(x) = x> and g(x) = x.
Put x° = 0. The functions f and g are strictly quasiconvex, g is pseudoconvex at x°
but f is not so. Since f’ x% u) = 0 and g’ (x%, u) = u, condition (9) is satisfied (now
FL(x% u) ¢ —intRy). However x° is not a global minimizer.

The conditions in dual form involve the pair (£°, %) whose components can be referred as
Lagrange multipliers. We see that in the considered here dual form conditions the multipliers
depend on the direction. In contrary, classical optimization theory deals with directionally
independent multipliers. The next example shows that the directional dependence of the
multipliers for problems with continuous quasiconvex data cannot be avoided.

Example 8.4 Consider problem (8) with f, g : R — R given by

x, x>0,
2x,x <0,

—2x,x>0,
—x,x<0.

f(X)=[ g(X)Zl

The functions f and g are continuous and strictly pseudoconvex (hence strictly quasicon-
vex). The set of the feasible points is R. Put x = 0. Obviously x is a global minimizer.
Condition (10) is satisfied in virtue of Theorem 8.1 (and Theorem 5.3), but a similar condition
with directionally independent multipliers does not hold.

Indeed, assume in the contrary, that condition (10) is satisfied with some directionally
independent multipliers (€9, n9). For u > 0 it holds fL(xO, u) = u, g’_(xo, u) = —2u,
whence in particular we should have

8 G0 D+ % H=8"-24">0.

Similarly, for # < 0 it holds f/ (x%, u) = 2u, g’ (x°, u) = —u, whence in particular we
should have

00 =D+ gl (20 —1) = —26" + " > 0.

Adding the two inequalities we obtain —(SO + no) > 0, which obviously contradicts to
£9>0,7° >0, %" # (0, 0).

Acknowledgements The author is grateful to the two anonymous referees for their valuable comments and
remarks.

References

1. Ait Mansour, M., Metrane, A., Théra, M.: Lower semicontinuous regularization for vector-valued
mappings. J. Global Optim. 35, 283-309 (2006)

@ Springer



130

J Glob Optim (2009) 44:111-130

10.

11.

12.

14.

15.
16.
17.

18.
19.

20.
. Schaefer, H.H., Wolff, M.P.: Topological vector spaces. Springer-Verlag, New York (1999)

. Arrow, K.J., Enthoven, A.C.: Quasi-concave programming. Econometrica 29, 779-800 (1961)
. Bair, J.: Un probleme de dualité en programmation quasi-concave. Optimization 19(4), 461-466 (1988)
. Bector, C.R., Chandra, S., Bector, M.K.: Sufficient optimality conditions and duality for a quasiconvex

programming problems. J. Optim. Theory Appl. 59(2), 209-221 (1988)

. Benoist, J., Borwein, J.M., Popovici, N.: A characterization of quasiconvex vector-valued functions. Proc.

Am. Math. Soc. 131(4), 1109-1113 (2003)

. Cambini, R.: Some new classes of generalized convex vector valued functions. Optimization 36, 11—

24 (1996)

. Combari, C., Laghdir, M., Thibault, L.: Sous-différentiels de fonctions convexes composées. Ann. Sci.

Math. Québec 18(2), 119-148 (1994)

. Crespi, G.P., Ginchev, I., Rocca, M.: Two approaches toward constrained vector optimization and identity

of the solutions. J. Ind. Manag. Optim. 1(4), 549-563 (2005)

. Crespi, G.P., Ginchev, I., Rocca, M.: A note on Minty type vector variational inequalities. RAIRO Oper.

Res. 39(4), 253-273 (2006)

Diewert, W.E. Alternative characterizations of six kind of quasiconvexity in the nondifferentiable case
with applications to nonsmooth programming. In: Schaible, S., Ziemba, W.T. (eds.) Generalized Con-
cavity in Optimization and Economics, pp. 51-95. Academic Press, New York (1981)

Durea, M.: First and second-order Lagrange claims for set-valued maps. J. Optim. Theory Appl. 133, 111—
116 (2007)

Ginchev, 1.: Higher order optimality conditions in nonsmooth vector optimization. J. Stat. Manag.
Syst. 5(1-3), 321-339 (2002)

. Ginchev, 1., Guerraggio, A., Rocca, M. : First-order conditions for Y1 constrained vector optimiza-

tion. In: Giannessi, F., Maugeri, A. (eds.) Variational Analysis and Applications, Nonconvex Optim.
Appl., vol. 79, pp. 427-450. Springer, New York (2005)

Ginchev, I., Guerraggio, A., Rocca, M.: From scalar to vector optimization. Appl. Math. 51(1), 5—
36 (2006)

Giorgi, G.: Quasiconvex programming revisited. Calcolo 21(4), 307-316 (1984)

Jameson, G.: Order linear spaces. Lecture Notes in Mathematics, vol. 141. Springer, Berlin (1970)
Luc, D.T.: Theory of vector optimization. Lecture Notes in Econom. and Math. Systems, vol.
319. Springer-Verlag, Berlin (1989)

Luenberger, D.: Quasiconvex programming. SIAM J. Appl. Anal. 16, 1090-1095 (1968)
Mangasarian, O.L.: Nonlinear programming. Repr. of the orig. 1969, Classics in Applied Mathematics,
vol. 10. SIAM, Philadelphia PA (1994)

Penot, J.P., Théra, M.: Semi-continuous mappings in general topology. Arch. Math. 38, 158-166 (1982)

@ Springer



	Vector optimization problems with quasiconvex constraints
	Abstract
	1 Introduction
	2 Concepts of optimality
	3 Extension of linear spaces with infinite elements
	4 Concepts of quasiconvexity and pseudoconvexity
	5 Necessary conditions
	6 Sufficient conditions and global w-minimizers
	7 The positive orthant as ordering cone
	8 The scalar problem
	Acknowledgements


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


