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A Characterization of Generalized Saddle Points
for Vector-Valued Functions via Scalarization®
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Abstract. In this paper, we propose abstract concepts of saddle points of a vector-
valued function f defined on a product X x Y of infinite-dimensional sets X and Y in
locally convex topological vector spaces. Three notions of the generalized saddle points are
considered, and a notions of semi-saddle points, which is also known as “Nash equilibrium
points” for a two-person nonzero-sum game in game theory, is defined for a pair of scalarized
functions. Various necessary conditions, sufficient conditions and existence conditions are
explored for each type of the generalized saddle points. These conditions give a connection
between each type of the generalized saddle points and the corresponding type of the
semi-saddle points.
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1. Imntroduction

Saddle point problems are important in the areas of optimization theory and game
theory. As for optimization theory, the main motivation for studying saddle points of
scalar-valued functions in the past has been their connection with characterizing solutions
to dual problems. Also, as for game theory, the main motivation in the past has been
the determination of two-person zero-sum games based on the minimax principle. That
is, saddle points of the payoff function for the game are optimal strategy pairs for players.
Unfortunately, no vector-valued saddle point problems have been formulated in any appli-
cation in those areas and the other areas. However, we think that they will eventually lead
to worthwhile new developments in mathematics as vector optimization has been explored
widely. Therefore, we will generalize a saddle point concept and investigate the generalized
saddle points which are called “cone saddle points”.

Since scalarization method is of great importance on characterizing and computing for
vector optimization theory, we will adopt the same approach to characterize the generalized
saddle points. There have recently appeared many papers connected with scalarization in
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vector optimization; see [1], [8], [9], [10], [12], and [20]. In these papers, “optimal”, “weakly
optimal”, and “properly optimal”— these optimalities are investigated widely. There are,
however, few papers devoted to scalarization of generalized saddle points for vector-valued
functions except [14] and [19]. In the two papers, the existence of generalized saddle
points is guaranteed by the existence of (ordinary) saddle points of appropriate scalarized
functions. Also, in [19], a notion of generalized saddle points is defined by means of the
concept of cone extreme points or cone efficiency (in the sense of [22]), and called “cone
saddle points”. Various properties of the cone extreme points can be found in [22], [17],
and [18].

The aim of this paper is to characterize the generalized saddle points for a vector-valued
function via scalarization. For this purpose, we will define cone saddle points and weak
cone saddle points, and introduce a notion of proper cone saddle points anew. Then we
will establish some sufficient conditions and necessary conditions for the three types of the
cone saddle points via scalarization. Also, we will present some existence results for each
type of the cone saddle points.

The organization of the paper is as follows. In Section 2, we will define three types
of cone saddle points: “proper Z,-saddle points”, “Z,-saddle points”, and “weak Zy-
saddle points” for a vector-valued function. Also, we will introduce a notion of semi-saddle
points for a pair of functionals, which is also known as “Nash equilibrium points” for a
two-person nonzero-sum game in game theory. Moreover, we will present some sufficient
conditions for each type of the cone saddle points. Next, in Section 3 we will give some
necessary conditions for each type of the cone saddle points. Also, we try to make clear the
relation between each type of the cone saddle points for a vector-valued function and the
corresponding type of the semi-saddle points for a pair of the scalarized functions. Finally,
in Section 4 we will prove some existence theorems for each type of the cone saddle points,
and give their corollaries with respect to some special convex properties of vector-valued
functions.

Throughout the paper, let E, F, Z be three real Hausdorff locally convex topological
vector spaces (l.c.s.) possessing each base Bg, Br, Bz of (convex symmetric) neighborhoods
of the origin, respectively. We assume that Z, C Z is a pointed convex cone (i-e.,
tZ4y C Zy for any t >0, Z, N(—2Z4) = {0}, and Z, is nonempty and convex), which
induces a partial ordering <z, in Z as follows: For vectors z;, z; € Z, we denote

zy <z, 22, whenever 2z, — 2, € Z,.

Also, we assume that intZ, # @, where the set intZ, denotes the interior of the set Zy.
Then, intZ3 := (intZ,) U {0} is a nontrivial pointed convex cone and induces a partial
ordering Sintzg weak than <z, in Z. An element 2z, of a subset A of Z is said to be a
Z4-extreme point of A if there is no point z € A such that z # 2, and 2y — z € Zy, e,

{z€A|z2<z, 20,2# 2} =0,

which is equivalent to
AN(20—Z4) = {20}

In this paper, we will call the Z,-extreme point of A a minimal point of A. Also, if the set
—Z4 = {—z| z € Z,} is denoted by Z_, the Z_-extreme point of A is called a maximal
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point of A. The set of all Z,-extreme points of A is denoted by Ext[A4 | Z.]; see [17], [18],
and [22] for details. Then, the sets Ext[A |-Z;] and Ext[A | Z_] consist of the minimal and
maximal points of A, respectively. Finally, we will denote the dual cone for the convex
cone Z, in the dual space Z* of all continuous linear functionals on Z by

Zy ={"€Z"|(z5,2) >0, V2 € Z,}.
Also, we will denote the positive dual cone for the convex cone Z, in Z* by
Zy={z"€Z"|(z",2) >0, Vz € Z, \ {0}}.

It is easily seen that the sets Z% and Z73' U {0} are pointed convex cones but the set Z7' is
not always the topological interior of the set Z (e.g., the usual positive cone in I?).

2. Sufficient conditions for the cone saddle points

First, we start with recalling the contingent cone K(A;z) of tangents to a subset A of
Z at a vector z (e.g., see [3, p.55]). A vector v in Z belongs to K(A;z) if and only if, for
any U € Bz and € > 0, there exist a scalar ¢t € (0,¢) and a vector w € v + U such that
z+tw € A ( thus z € clA necessarily ). It follows that the cone K(A; 2) contains the
sequential (Bouligand) tangent cone T'(A; z) defined. as

T(A;z) := {’}Lnolo A(zn—2) | An > 0,2, € A for Vn, and z = }Lr{)lo z,,}

If the set A is convex, the contingent cone K(A;z) at any vector z € clA is a convex cone
and
A—zC K(4;2). (1)

Many papers (e.g., [1], [9] and [10]) give a definition of proper optimality by means of
the sequential tangent cone, but in this paper we shall define proper cone saddle points by
means of the contingent cone.

Throughout the paper, let X C F and Y C F be nonempty, and let f: X xY — Z
be a vector-valued function. Also, we will use the following symbols:

f(X,y) = U {f(=, 9}

T€X
f(,Y) = U {f(z,9)},
yeY
and ,
M := f(X,Y).

Then, three types of the cone saddle points for a vector-valued function f are defined as
follows:
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DEFINITION 2.1. (a) A point (o, %) is said to be a Z,-saddle point of f with respect
to X xY, a Z,-saddle point for short, if

f(20,90) € Ext[f(z0,Y) | Z_] N Ext[f(X,y0) | Z4). (2)

(b) A point (2o, y0) is said to be a weak Z,-saddle point of f with respect to X x Y,
a weak Z,-saddle point for short, if

f(20, %0) € Ext[f(z0,Y) | intZ2] N Ext[£(X, yo) | intZ3]. (3)

(c) A point (zo, yo) is said to be a proper Z,-saddle point of f with respect to X x Y,
a proper Z4-saddle point for short, if the point (zo, yo) is a Z,-saddle point and

0 € Ext[clK (f(X,4)+ Z4; f(z0,%0)) | Z4]
NExt[clK (f(20,Y) + Z-; f(z0,%0)) | Z_]. (4)

As for (a) and (b), we gave the definitions in [19]. Also, the definition (c) of proper Z,
-saddle points is found to be acceptable on refering to [1, Def.2], [9, Def.1.1], [10, Def.1.1]
and [20, Def.3.1] If the sets f(X,yo) + Z+ and f(z0,Y)+ Z_ are convex, then, by (1), any
point (zg, yo) satisfing the condition (4) is a Z,-saddle point of f, and hence a proper Z -
saddle point. For the convenience, we will denote the set of all Z,-saddle points (resp. weak
Z4-saddle points, proper Z,-saddle points) by S (resp. S* , SP), and then the following
relationship holds:

SPCScs”.
Moreover, we have S = S% whenever intZﬁ =7,.

Next, we will formulate a sufficient condition for each of the three types of the cone
saddle points. For this purpose, we will review Jahn’s definition [8, p-204]. It is slightly
changed as follows:

DEFINITION 2.2. Let A be a nonempty subset of Z, and z, be a vector of A.
(a) A functional ¢ : A — R is called monotonically increasing with respect to the
lower (resp. upper) section on A at zp if

©(z) < p(20) for any z € ({2} +2Z2_)NA

( resp. ©(z) > p(zo) for any z € ({z0} + Z4)NA).

(b) A functional  : A — R is called strongly monotonically increasing with respect
to the lower (resp. upper) section on A at zg if

©(2z) < p(20) for any z € ({20} + Z_)N A,z # 2
( resp. @(z) > ¢(20) for any z € ({20} + Z4)NA, 2z # 2 ).

(c) A functional ¢ : A — R is called strictly monotonically increasing with respect to
the lower (resp. upper) section on A at zg if

©(z) < p(20) for any z € ({z} +intZ_)N A

(resp. @(z) > p(20) forany z € ({20} +intZ,)NA).
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Also, we will define a semi-saddle point for a pair of functionals, which is also known

as a Nash equilibrium point for a two-person nonzero-sum game in game theory (e.g., see
[13, p.287]).

DEFINITION 2.3. Let two (real-valued) functionals g; and g, be defined on X x Y.
(a) A point (zg, o) is said to be a semi-saddle point of (g, g2) with respect to X x Y,
a semi-saddle point of (g;, g) for short, if

91(z0, ¥0) < g1(z, %0),

and
g2(Z0, %0) > g2(20,¥),
foranyzr€e X andy€Y.

(b) A point (zo,¥o) is said to be a strict semi-saddle point of (g1, g2) with respect to
X x Y, a strict semi-saddle point of (g1, g») for short, if

gl(xO) yO) < gl(za Z/o),

and
92(zo, Yo) > g2(zo, ¥),

foranyz € X,z #z0and y €Y, y # yo.

If g3 = g2, then a semi- (resp. strict semi-) saddle point (zo, yo) of (g1, g2) is an ordinary
saddle (resp. strict saddle) point of g;.

Now, we will state a basic characterization of each type of the cone saddle points. Here,
“l.s.c.” is the abbreviation for lower semicontinuous, “u.s.c.” for upper semicontinuous.

THEOREM 2.4. Let ¢, and ¢, be functionals from M into R, and a point (zo,yo) €
X xY be given.

(i) Suppose that the functionals ¢, and ¢, are u.s.c. and ls.c., respectively, linear,
strongly monotonically increasing with respect to the lower section on Z_ (- or the upper
section on Z, ) at 0 € Z. If the point (z9,yo) is a semi-saddle point of (¢1 0 f,p2 0 f),
then (zo,y0) ts a proper Z-saddle point of f.

(ii) Suppose that the functionals ¢, and @, are monotonically increasing with respect to
the lower and upper section on M at f(zo,yo), respectively. If the point (zo,yo) is a strict
semi-saddle point of (o1 0 f,p2 0 f), then (zo,y0) is a Z4-saddle point of f.

(iii) Suppose that the functionals ¢, and @, are strictly monotonically increasing with
respect to the lower and upper section on M at f(zo,y0), respectively. If the point (zo, yo)
is a semi-saddle point of (1 0 f,p2 0 f), then (zo,Y0) is @ weak Z,-saddle point of f.

PROOF. We only prove the part (i) of the assertion. First, in order to show the
condition (2) to hold, we suppose to the contrary that

f(zo, %0) & EXt[f(X,yo) | Z4].

Then, there exists some vector £ € X such that
f(mo, yO) € f(i, y0)+Z+ and f("i,y()) # f(mOsyO)y
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and hence

f(2,%0) — f(z0,%) € Z_\ {0}.
This implies
01(f(2,%)) < @1(f(20, %0)),

which is a contradiction. Therefore the condition (2) holds, and hence the point (zo, yo) is
a Z,-saddle point of f.
Next, in order to show the condition (4) to hold, we suppose to the contrary that

0 & Ext[clK(f(X,y0) + Z4; f(z0, %)) | Z4].

Then, there exists a nonzero vector h € Z such that 0 € h+ Z, and

h € AdK(f(X,y0) + Z4; f(z0, o)) (5)

Therefore,
(f(zo,90) + h) — f(zo,v0) = h € Z_\ {0},
which implies
e1(f(20, %0) + h) < p1(f (20, 10)).

Since the functional ¢; is u.s.c., there exists a (convex symmetric) neighborhood U € B,
such that

P1(f (2o, ¥o) + 2) < ©1(f (=0, ¥0))

for any z.€ h + U. Since the functional ¢, is linear, we have
¢1(2) <0 Vzeh+U. (6)

On the other hand, it follows that there exist a vector 3 € h + U and a scalar £ > 0 such
that

f(zo, 90) + 12 € f(X,90) + Z4, _
from (5). Therefore there exist a vector £ € X and a vector z, € Z, such that
iz = f(2,90) = f(z0, %) + 24
Since the functional ¢, is linear, we have
to1(2) > e1(34) > 0.

Hence, ¢1(Z) > 0, which is a contradiction to the condition (6). Thus the condition (4)
holds, and then the point (zo,yo) is a proper Z,-saddle point of f. O

In order to give a few corollaries to the theorem, for a vector-valued function f and
each (continuous) linear functional 2z* € Z*, we will consider the z*-scalarized function

which is defined by L
fz‘(x) y) = (Z*a f(zi y))
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COROLLARY 2.5. (i) If there exist 27,25 € Z}' such that a point (zo,y0) € X XY isa
semi-saddle point of (-f_zl-_,f_,;), then the point (zo,yo) 1s a proper Z,-saddle point of f.

(i) If there exist 27,25 € Z7 such that a point (zo,y0) € X X Y is a strict semi-saddle
point of (le-, f_z;) ( thus 27,25 € Z;\ {0} necessarily ), then the point (zo,yo) is a Z4-saddle
point of f.

(iii) If there exist 23,25 € Z3 \ {0} such that a point (zo,y0) € X X Y is a semi-saddle
point of (f.z, f2z), then the point (2o, yo) is a weak Zy-saddle point of f.

PROOF. It is easily proved as shown in [8, Cor.2.3] that each functional z* € Z¥
(resp. 2* € Z3, z* € Z3 \ {0}) is strongly monotonically (resp. monotonically, strictly
monotonically) increasing with respect to the lower and upper section on Z at any point
of Z. The assertion is clear by Theorem 2.4. O -

COROLLARY 2.6. (i) If there exists z* € Z3' such that a point (zo,y%0) € X XY 15 a
saddle point of f,«, then the point (zo,yo) is a proper Z,-saddle point of f.

(i) If there exists z* € Z7% such that a point (zo,y0) € X X Y is a strict saddle point
of for ( thus z* € Z3 \ {0} necessarily ), then the point (zo,yo) is a Z4-saddle point of f.

(iii) If there exists z* € Z73 \ {0} such that a point (zo,y0) € X X Y is a saddle point
of fr-, then the point (zo,yo) is a weak Zy-saddle point of f.

ProoF. The proof is straightforward from Corollary 2.5. O

REMARK 2.7. Theorem 3.3 in [19] follows directly from (i) of Corollary 2.6. Also, we
notice that every one of Corollaries 3.1-3.4 in [19] is an existence theorem for proper Z,
-saddle points. '

3. Necessary conditions for the cone saddle points

In this section, we will formulate some necessary conditions for each type of the cone
saddle points. They are converse to Corollary 2.5. For this purpose, we will start with a
few definitions, which are usual notions in vector optimization.

DEFINITION 3.1. Let A and D be a subset and a cone in Z, respectively. The set A
is said to be D-convex if the set A + D is a convex set in Z.

With a nonempty subset A of Z, we associate the cone generated by the set A which
is defined by
cone[A] := {Xda| A >0 and a € A}.

Also, for a point (z¢,y0) € X x Y, we define the following cones of Z:
Ky = cone[f(X,y0) + Z+ — f(z0, %)},

K, := cone[f(zo,Y) + Z- — f(z0,%)]-
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THEOREM 3.2. Let a point (z9,y0) € X x Y be given.
(i) Suppose that the pointed conver cone Z, has a compact base; i.e.,

Z+ = U ,\B

A>0

where the set B is compact and convez, and 0 ¢ B. If the point (zo,yo) ts 'a proper Z,-
saddle point of f such that the sets f(X,yo) and f(zo,Y) are Z,-conver and Z_-convez,
respectively, then there exist z},z5 € Z3' such that the point (zo,yo) is a semi-saddle point
Of (le"fz;)'

(i) Suppose that the two cones Ky \ {0} and K, \ {0} are open. If the point (zo,yo)
is a Z,-saddle point of f such that the sets f(X,yo) and f(z0,Y) are Z,-convez and Z_-
convex, respectively, then there exist 23, z; € Z3 \ {0} such that the point (zo, yo) is a strict
semi-saddle point of (E, Tz;)

(iii) If the point (zo,Yo) is a weak Z,-saddle point of f such that the sets f(X,yo) and
f(z0,Y) are Z-convez and Z_-convex, respectively, then there exist z7,z3 € Z3 \ {0} such
that the point (zo,yo) is a semi-saddle point of (le-, fT;)

PROOF. (i) We assume that the point (2o, o) is a proper Z,-saddle point of f, and
that the sets f(X,yo0) and f(zo,Y) are Z;-convex and Z_-convex, respectively. It suffices
to prove that there exist z7, z; € Z}' such that

E(mo, yO) < le‘(za yo) Vz € Xv (7)

fz3(20,90) > Fe3(z0,y) VyevY. (8)
We only prove the existence of z5 € Z} satisfying the condition (8). Let

N := K (f(zo,Y) + Z_; f(z0, %)),
then the set N is a closed convexncone and it follows that
f(20,Y) + Z_ — f(z0,90) C N,
from the condition (1). Since the point (z¢,y0) is a proper Z,-saddle point, we have
NnZz; ={0}.
By [1, Prop.3], there is some zj € Z¥' satisfying the following condition:
(—23,2) >0 Vze€N,

which implies that the condition (8) holds.

(i) We assume that the point (zo,yo) is a Z,-saddle point of f, and that the sets
f(X,y0) and f(z0,Y) are Z,-convex and Z_-convex, respectively. We only prove the
existence of z7 € Z3 \ {0} satisfying the following condition:

fz (20, %0) < fi; (z,30) (9)
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for any 2 € X, z # zo. By assumption, we have

(f(X,90) + Z4 — f(z0,9)) N Z_ = {0},

and so (K \ {0}) N Z_ = 0. Since the set K, \ {0} is an open convex cone and the set Z_
is a convex cone, from Dubovitskii-Milyutin’s theorem (e.g., see [6, p.37] or [7, p.116)), it
follows that there exists some 2} € Z3} \ {0} satisfying the following condition:

(z21,2) >0 Vze K, \ {0}

This implies that the condition (9) holds for any z € X, = # zo.

(iii)) We assume that the point (zo,yo) is a weak Z+-saddle point of f, and that the
sets f(X,yo) and f(zo,Y) are Z,-convex and Z_-convex, respectively. We only prove the
existence of z; € Z3 \ {0} satisfying the condition (7). Let

A= f(X,y)+ Z+ — f(z0, %),

then the set A is a convex set and we have
ANintZ_ = 0.

By a weak separation theorem [15, Thm. 3.3.3], there is some z7 € Z* \ {0} satisfying the
following condition:
sup (27,2) < mf(zl, z).
zeintz_
From 0 € AN Z_, it follows that
sup (z7,z) = inf(z],2) =0,
z€intz_ z€4

which implies that z; € Z3 \ {0} and
(21,2) >0 Vz € A.
This completes the proof. O

REMARK 3.3. In part (i) of the theorem, the pointed convex come Z is locally
compact if and only if it has a compact base, in which case the cone Z, is necessarily
closed (e.g., see Lemma 1 in [7, p.76]). As for part (ii) of the theorem, we have an another
result: Suppose that two cones K, K, are closed, and the pointed convex cone Z; has a
compact base. If the point (zo, yo) is a Z4-saddle point of f such that the sets f(X,y,) and
f(zo,Y) are Z-convex, Z_-convex, respectively, then there exist 27, 25 € Z;‘ such that the
point (zo, yo) is a semi-saddle point of (f:, f.;). The proof is similar to that of part (i) of
the theorem.

COROLLARY 3.4. Suppose that two sets f(X,y) and f(z,Y) are Z,-conver and Z_-
convez, for anyy € Y and z € X, respectively. Then

SY = U { semi—saddle points of (f_z;, ﬁ;:)} .
zl‘,z;GZ;\{O}
Moreover, if the pointed convex cone Z, has a compact base, then
SP = U { semi—saddle points of (fT;, -f—,;:)} .

zl‘,z;GZ_;_"
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PROOF. The proof is straightforward from Corollary 2.5 and Theorem 3.2. O

In order to present an another corollary, we will review the following definition (e.g.,
see [19, Def.3.2]).

DEFINITION 3.5. Let X and Y be two convex sets.
(a) A vector-valued function f : X x Y — Z is said to be Z,-(convex-concave) in
X x Y if the function f satisfies the following conditions: for each z € X and y € Y,

for every z1,z, € X, X €[0,1], and

(i) wf(z,91) + (1 —w)f(z,92) € f(z, py1 + (1 — p)y2) + Z_
for every y1,y, €Y, pn €0,1].

(b) A vector-valued function f : X X Y — Z is said to be strictly Z,-(convex-concave)
in X x Y if the function f satisfies the following conditions: for eachz € X and y € Y,

(i) Af(21,9) + (1 = N)f(22,9) € FOzs + (1 N)za, 9) +intZ,
for every z,,2, € X, z; # 2, A €[0,1], and

(i) pf(z,31) + (1 - p)f(z,92) € f(z, py1 + (1 — p)y2) +intZ_
for every y1,y2 €Y, 1 # 2, u € [0,1].

A strictly Z,-(convex-concave) function is also a Z,-(convex-concave) function.

COROLLARY 3.6. If the vector-valued function f is Z,-(convez-concave), then

SY = U { semi—saddle points of (7:;:, f_,;_)} .

27,23 €23\{0}
Moreover, if the pointed convezx cone Z, has a compact base, then

sP= { semi—saddle points of (f:, T;;)}

2},2;€2%}

PROOF. The proof follows directly from Corollary 3.4. O

4. Existence theorems for the cone saddle points

In this section, we will prove some existence theorems for each type of the cone saddle
points. To begin with, we define the following set-valued maps T, and U,, for a functional
¢ from M into R:

To() = {z0 € X | p(f(20,¥) = min (7 (z,9))}, v €Y;

Uple) = {0 € ¥ | el f(2,30) = maxo(/(z,9))} . = € X.
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If, for all y € Y, T,,(y) is a nonempty closed convex subset of X, then the map T, is said to
be a nonempty closed convex map. Also, the set-valued map T, is said to be u.s.c. fromY
to X if, for each neighborhood V of the origin 0 € X and each vector yo € Y, there exists
a neighborhood U of the origin 0 € Y such that T,(y) C T, (y0) + V for all y € yo + U; see
(2, Def.2]. The map U, is analogously defined.

First, we give some existence results for proper Z -saddle points.

THEOREM 4.1. Let X and Y be compact convex sets. Suppose that there exist func-
tionals ¢ and @, from M into R satisfying the following conditions:

(i) The set-valued maps T,, and U,, are nonempty closed convezr u.s.c. maps.
(1) The functionals ¢, and @, are u.s.c. linear and l.s.c. linear, respectively.

(iii) The functionals ¢, and @, are strongly monotonically increasing with respect to the
lower section on Z_ (or the upper section on Z,) at the origin 0 € Z.

Then the vector-valued function f has at least one proper Z-saddle point.,

PRroOOF. The proof is based on Browder’s coincidence theorem (e.g., see [2] and [16]).
By (i), we can use [16, Thm.2.5] and so there exists some point (¢, %) € X X Y such that
zo € Ty, (y0) and yo € U,,(z0). Consequently, we have

©1(f(z0, %0)) < w1(f(z,%)) Vz € X,

and
©2(f(20,%0)) = 2(f(z0,y)) Vy €Y.

This implies that the point (zo,%0) is a semi-saddle point of (¢; o f, 2 0 f). From (i) of
Theorem 2.4, it follows directly that the point (zo, yo) is a proper Z;-saddle point of f. O

COROLLARY 4.2. Let X and Y be compact conver sets, and f a continuous function.
Suppose that there exist functionals z7, 25 € Z* satisfying the following conditions:

(i) Vy €Y, z+— fT__l-_(m, y) is conver, and
Vz € X, y+— f.s(z,y) is concave.

(ii) The functionals z7 and z5 are strongly monotonically increasing with respect to the
lower section on Z_ (or the upper section on Z, ) at the origin 0 € Z.

Then the vector-valued function f has at least one proper Z,-saddle point.

PROOF. By assumption, it is easily proved that the corresponding set-valued maps 7.
and U, are nonempty closed convex maps. In order to show that the map 7 is u.s.c., we
suppose to the contrary that the map T;: is not u.s.c. at some vector yo € Y. Then there
is some neighborhood V' € Bg such that

Tii(yo+U) € Top(0) +V (10)
for any neighborhood U € Bp. Let
N = (Tzl-(yo) + ‘/)C ﬂ )(.
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Since the set N is compact and the scalarized function K is continuous, we have
Eéi)?fz;(m’y()) < Egﬁ le'(ZL‘, yO)'
Also, let L
e :=min f,;(z, %) — min f.;(z, y0)
then € > 0, and then there is some neighborhood U, € B such that
min f;;(z,y) < Qggfz;(m,y0)+€/3 (11)
for any y € yo + U;. On the other hand, there is some neighborhood U, € B such that

f_z,'(x,’ y) > l:g}}f_z,'(z’yO) _5/3 (12)

for any z' € N and y € yo + U,. Here let Uy := U; N U, then, by the condltlon (10), there
exist vectors £ € N and g € yo + Up such that

z€E T,;(g}) (13)
Consequently, by the conditions (11), (12), and (13), we get
T, 9) = mip (2, ) < T2, 9),

which is a contradiction. Similarly, the map U, s is also verified to be u.s.c. Therefore, the
assertion follows directly from Theorem 4.1. o’

COROLLARY 4.3. Let X andY be compact conver sets, and f a continuous function.
Suppose that there exist functionals 27,25 € Z}* such that

YyeY, z+—— E(:c,y) s convez,

and .
Vz € X, y+— f.:(z,y) is concave.

Then the vector-valued function f has at least one proper Z,-saddle point.

PRrRoOOF. The proof is straightforward from Corollary 4.2. O

In order to present an another corollary, we will review the following definition (e.g., |
see {18, Def.4.3]).

DEFINITION 4.4. Let X and Y be two convex sets.

(a) A vector-valued function f: X x Y — Z is said to be properly Z,- -quasi-(convex-
concave) in X x Y if the function f satisfies the following conditions: for each z € X and
yey,

(i) f(z1,9) € f(Az1+ (1= N)z2,y) + Z, or f(z2,9) € f(Azy + (1 = N)z2,y) + Z4
for every z,,z, € X, A € [0, 1]; and

—220 —



(1) f(z, ) € f(z,py1 + (1 — pw)y2) + Z_ or f(z,y2) € f(z,py1 + (1 — p)y2) + Z-
for every y1,y2 € Y, u €[0,1].

(b) A vector-valued function f : X x Y — Z is said to be strict-properly Z,-quasi-
(convex-concave) in X x Y if the function f satisfies the following conditions: for each
zr€Xandy€yY, :

(1) f(z1,9) € f(Az1 + (1 — Az, y) +intZ, or f(22,y) € f(Az1 + (1 — Ao, y) +intZy
for every z1,z2 € X, 7, # 22, A € (0,1); and

(i) f(z,91) € f(z,py1 + (1 — p)y2) +intZ_ or f(z,y2) € f(z, py1 + (1 — p)y2) +intZ
for every yi, ¥z € Ya U # Y2, B € (O’ 1)

A strict-properly Z, -quasi-(convex-concave) function is also a properly Z-quasi-(convex-
concave) function. Also, the conditions expressed in Definitions 3.5 and 4.4 are mutually
independent (also, see [4, Prop.4.2]).

COROLLARY 4.5. Let X and Y be compact conver sets. If the vector-valued function
f is continuous and either

(i) Z4-(convexr-concave) in X x Y ; or
(ii) properly Z,-quasi-(convez-concave) in X XY,

then the function f has at least one proper Z,-saddle point whenever Z3 # 0.

ProOOF. The case of (i), whose proof is similar to [19, Cor.3.4], is easily verified by
Corollary 4.3. In the case of (ii) it suffices to prove that the corresponding set-valued maps
T,- and U,. are two convex maps for some z* € Z3', because it is easily proved that the
maps T« and U,. are nonempty closed maps, and that they are u.s.c., in a similar way as
the proof of Corollary 4.2. Now, for each vector y € Y, let z,,z5 € T,-(y), A € [0,1], then
we have Az; + (1 — M)z, € X and either

forlz1,9) — for(Dz1 + (1 = N)z3,9) > 0

or :
Consequently, L L
fz‘()‘ml + (1 - )\)1‘2, y) = Eg)l(l fz‘(zyy)a

which implies that the set T}.(y) is a convex set. Similarly, the set U,.(z) is also verified
to be a convex set for every vector £ € X. This completes the proof. O

Next, we present an another existence theorem for proper Z,-saddle points.

THEOREM 4.6. Let X be a compact conver set. Suppose that there exist functionals
©1 and @, from M into R satisfying the following conditions:

(i) The set-valued maps T,, and U,, are nonempty singleton continuous maps.
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(i) The functionals ¢, and @, are u.s.c. linear and l.s.c. linear, respectively.
(i) The functionals ¢, and @y are strongly monotonically increasing with respect to the

lower section on Z_ (or the upper section on Z,) at the origin 0 € Z.

Then the vector-valued function f has at least one proper Z, -saddle point.

PROOF. The proof is based on Tychonoff’s fixed point theorem [21]. By the condition
(1), the composite mapping T, oU,, : X — X is continuous, and hence there exists some
vector zo € X such that zo = T, o Uy, (20). If we put yo := U,,(z0), then zo = T, (yo).
Consequently, we have

e1(f(20, %0)) < @1 (f(2,%0)),
2(f (20, %0)) > w2(f(z0,9)),

for any z € X, z # 29, and y € Y, y # yo. This implies that the point (zo, yo) is also a
semi-saddle point of (¢; o f,p; 0 f). From (i) of Theorem 2.4, it follows directly that the
point (Zo,yo) is a proper Z,-saddle point of f. O

COROLLARY 4.7. Let X andY be compact convex sets, and f a continuous function.
Suppose that there erist functionals 23,25 € Z* satisfying the following conditions:

(i) Yy €Y, z+— fo.(z,y) is strictly conver, and
Ve X, y+— E(z,y) 1s strictly concave.
(i) The functionals z} and z3 are strongly monotonically increasing with respect to the

lower section on Z_ (or the upper section on Z, ) at the origin 0 € Z.

Then the vector-valued function f has at least one proper Z,-saddle point.

The proof, which follows directly from Corollary 4.2, is also verified by Theorem 4.6.
Secondly, we state some existence results for Z,-saddle points.

THEOREM 4.8. Let X be a compact convex set. Suppose that there erist functionals
¢1 and 3 from M into R satisfying the following conditions: ‘
(1) The set-valued.maps T,, and U,, are nonempty singleton continuous maps.
(i1) The functionals ¢ and @, are monotonically increasing with respect to the lower and

upper section on M at each point z € M, respectively.

Then the vector-valued function f has at least one Z.-saddle point.

PROOF. In a similar way as the proof of Theorem 4.6, it is shown that there exists

a strict semi-saddle point (zo,y0) of (¢1 © f, 2 0 f). From (ii) of Theorem 2.4, it follows
directly that the point (zo,yo) is a Z,-saddle point of f. O

COROLLARY 4.9. Let X and Y be compact conver sets, and f a continuous function.

Suppose that there exist continuous functionals p; and o, from M into R satisfying the
following conditions:
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(i) Yy €Y, z+— ;0 f(z,y) is strictly conver, and
V€ X, yv+— @0 f(x,y) is strictly concave.

(ii) The functionals p; and @, are monotonically increasing with respect to the lower and
upper section on M at each point = € M, respectively.

Then the vector-valued function f has at least one Z,-saddle point.
PROOF. The proof is straightforward from Theorem 4.8. O

COROLLARY 4.10. Let X and Y be compact convez sets, and f a continuous function.
Suppose that there exist nonzero functionals 23, z5 € Z3 \ {0} such that

VyeyY, z+—— E(m,y) is strictly convez,

and
Vz € X, y+—— fiu(z,y) is strictly concave.

Then the vector-valued function f has at least one Z,-saddle point.
ProoF. The proof is straightforward from Corollary 4.9. O

COROLLARY 4.11. Let X and Y be compact convex sets. If the vector-valued function
f is continuous and either '

(i) strictly Zi-(convez-concave) in X x Y ; or
(ii) strict-properly Z-quasi-(conver-concave) in X XY,

then the function f has at least one Z-saddle point.

PROOF. Since intZ, # @, we have Z% \ {0} # 0 (e.g., see [15, Thm.3.3.3]). Therefore,
the assertion of the case of (i) follows from Corollary 4.10. In the case of (ii), it suffices
to prove that the corresponding set-valued maps T,- and U, are singleton maps for some
z* € Z3. Now, for each y € Y, let 21,2, € T:-(y), 21 # 72, A € (0,1), then we have
Az; + (1 — A)z2 € X and either

ferlz1,9) — for(Azy + (1 — A)z2,9) > 0

or .
fer(22,9) = For(Az1 + (1 = N)z2,9) > 0.
Consequently, . L
fz'(Aml + (1 - A):329 y) < Eg}(lfz‘(xa y)a

which is a contradiction. Similarly, the map U, is also verified to be a singleton map. This
completes the proof. O

REMARK 4.12. Corollary 4.11 is a generalization of Corollary 4.1 in [18].

Thirdly, we present some existence results for weak Z,-saddle points.
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THEOREM 4.13. Let X and Y be compact conver sets. Suppose that there erist func-
tionals ¢y and @, from M into R satisfying the following conditions:

(i) The set-valued maps T,,, and U,, are nonempty closed convez u.s.c. maps.

(ii) The functionals ©, and @, are strictly monotonically increasing with respect to the
lower and upper section on M at each point z € M, respectively.

Then the vector-valued function f has at least one weak Z,-saddle point.

PROOF. In a similar way as the proof of Theorem 4.1, it is shown that there exists a
semi-saddle point (zo,y0) of (¢ 0 f, 20 f). From (iii) of Theorem 2.4, it follows directly
that the point (zo,yo) is a weak Z,-saddle point of f. O

The following corollaries are easy to prove; review the corresponding previous corollaries
if necessary.

COROLLARY 4.14. Let X and Y be compact conver sets, and f a continuous function.
Suppose that there erist continuous functionals ¢, and @, from M into R satisfying the
following conditions: :

(i) VyeY, = — 10 f(z,y) ts convez, and
Vz e X, y+— pz0 f(z,y) is concave.

(i) The functionals @1 and @, are strictly monotonically increasing with respect to the
lower and upper section on M at each point z € M, respectively.

Then the vector-valued function f has at least one weak Z.,-saddle point.

COROLLARY 4.15. Let X and Y be compact conver sets, and f a continuous function.
Suppose that there exist functionals 23,25 € Z3 \ {0} such that

VyeY, z+— E(z,y) is convez,

and
Vz € X, y+— f(z,y) is concave.

Then the vector-valued function f has at least one weak Z, -saddle point.

COROLLARY 4.16. Let X and Y be compact conver sets. If the vector-valued function
f s continuous and either

(i) Z4+-(convez-concave) in X x Y ; or

(ii) properly Z,-quasi-(convez-concave) in X x Y,
then the functon f has at least one weak Z-saddle point.

REMARK 4.17. Corollaries 4.3, 4.10, and 4.15 are specifications of Corollary 3.2 in
[19]. Also, Corollaries 4.5, 4.11, and 4.16 are specifications of Corollary 3.4 in [19].

Finally, we have the following theorem which is a specification of Theorem 3.2 in [19].
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THEOREM 4.18. Let X and Y be compact sets. Suppose that f is a separated contin-
uous vector-valued function of the type

f(z,y) = u(z) + v(y)

where u: X — Z and v:Y — Z. Then the function f has at least one weak Z,-saddle
point. Moreover, if Z3 # 0, then the function f has at least one proper Z,-saddle point.

PROOF. Since Z3; \ {0} # 0 (e.g., see the proof of Corollary 4.11), we have some
z* € Z3 \ {0}. By assumption there exists some point (zo,%) € X x Y such that

(2", u(zo)) = mip(z", u(a)),

(2%, v(yo)) = max(z", v(y))-

This implies that L L .

fer(z0,y) < fae(Z0,%0) < fae(2, %0).
From (iii) of Corollary 2.6, it follows directly that the point (zo, yo) is a weak Z,-saddle
point of f. Similarly, the remainder of the proof follows directly from (i) of Corollary 2.6. O

5. Conclusions

In this paper, we have introduced a notion of proper cone saddle points in addition
to notions of cone saddle points and weak cone saddle points for a vector-valued function
treated in [18] and [19]. By adopting the same setting as in [19], we have characterized
each type of the cone saddle points via scalarization. The characterization consists of three

-parts: sufficient conditions, necessary conditions, and several existence results for each

type of the cone saddle points. In general, scalarization means the replacement of a vector
optimization problem by a suitable scalar optimization problem. From this point of view,
we have introduced a suitable notion for the generalized saddle points. For scalar-valued
functions, there is a notion of ordinary saddle points. For the generalization, we have
defined a notion of semi-saddle points for a pair of scalar-valued functions, which is also
known as “Nash equilibrium points” for a two-person nonzero-sum game in game theory.
Through the characterization, we have got some connection between each type of the cone
saddle points of a vector-valued function and the corresponding type of the semi-saddle
points of a pair of the scalarized functions. Also, we have successfully generalized and
specified several results in [19].
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