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Abstract We are interested in the existence of Pareto solutions to the vector opti-
mization problem

Mingy (f () | x € R},

where f: R" — R™ is a polynomial map. By using the tangency variety of f we
first construct a semi-algebraic set of dimension at most m — 1 containing the set of
Pareto values of the problem. Then we establish connections between the Palais—Smale
conditions, M-tameness, and properness for the map f. Based on these results, we
provide some sufficient conditions for the existence of Pareto solutions of the problem.
We also introduce a generic class of polynomial vector optimization problems having
at least one Pareto solution.
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1 Introduction

Existence of solutions and unboundedness are important issues in (vector) optimization
theory; we refer the readers to the book [22] and to the papers [2,3,5,15,16] with the
references therein. In this paper, we are interested in the question about the existence
of Pareto solutions to the unconstrained vector optimization problem

Min g {f (x) | x € R"}, (VP)

where f: R" — R™ is a polynomial map.

We first consider the case m = 1. It is well known that (VP) has a solution if the
objective function f is coercive on R”, i.e., f(x) — +oo when |x|| = oo. This
condition is equivalent to the fact that f is bounded from below and satisfies the so-
called Palais—Smale condition; see the survey [32] for more details. Regarding to the
coercivity property of polynomials, see the recent papers [1,25].

We nextassume thatm > 1. By introducing some variants of the Ekeland variational
principle for set-valued maps, it was proved in [2,3,16] that the set of weak Pareto
solutions of (VP) is nonempty, provided that the following two conditions hold true:

e f is bounded from below, i.e., there exists an element a € R such that

f@R") Ca+R".

e f satisfies a Palais—Smale type condition.

Note that both of these assumptions seem to be rather restrictive (see examples in
Sects. 3 and 4 below). So we would like to find better sufficient conditions for the
existence of Pareto solutions of (VP) in the case where f is a polynomial map.

Contribution We study the existence of Pareto solutions in polynomial vector optimiza-
tion problems. To do this, we will use the so-called tangency varieties and tangency
values at infinity. It is worth noting that these concepts play important roles in the
study of polynomial optimization problems; see [19]. Namely, assume that the map f
is polynomial, then our contribution is as follows:

(a) We will construct a semi-algebraic subset of R” of dimension at most m — 1
containing the set of Pareto values of (VP). This subset can be estimated effectively
as shown very recently in [8].

(b) Under the assumption that the image f (R") has abounded sectionatsome? € R™,
which is indeed necessary for the existence of Pareto solutions of (VP), we show
that the following statements are equivalent:

e f is proper at the sublevel 7.
o f satisfies the Palais—Smale condition at the sublevel 7.
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o [ satisfies the weak Palais—Smale condition at the sublevel 7.
e f is M-tame at the sublevel 7.

(c) Based on these results, we provide some sufficient conditions under which the
set of Pareto solutions of (VP) is nonempty. Finally, we show a generic class of
vector optimization problems having at least one Pareto solution.

We hope that the results in this paper will be useful in finding Pareto solutions/values

of polynomial vector optimization problems.

To be concrete, we state the results for polynomial maps. Analogous results, with
essentially identical proofs, hold for maps definable in an “o-minimal structure” (such
as semi-algebraic maps) or, even more generally, for “tame” maps. See [37] for more
on the subject.

The rest of the paper is organized as follows. In Sect. 2 we recall some prelimi-
nary results from semi-algebraic geometry. Section 3 is devoted to Pareto values and
tangencies. Some relationships between Palais—Smale conditions, M-tameness, and
properness for polynomial maps are also established in this section. Several sufficient
conditions for the existence of Pareto solutions of (VP) are given in Sect. 4. Section 5
draws some conclusions.

2 Preliminaries

We use the following notation and terminology. Fix a number n € N, n > 1, and
abbreviate (xp, x2,...,x,) by x. The space R" is equipped with the usual scalar
product (-, -) and the corresponding Euclidean norm || - ||. The interior (resp., the
closure) of a set S is denoted by int S (resp., ¢l §). The closed unit ball in R" is denoted
by B". Let R := {t := (t1,...,tw) | = 0, i = 1,...,m} be the nonnegative
orthant in R™. The cone Rﬁ induces the following partial order in R™: x, y € R™,
x < yifandonlyif y —x € RY.

Now, we recall some notions and results of semi-algebraic geometry, which can be
found in [4,19].

Definition 2.1 (i) A subset of R” is called semi-algebraic if it is a finite union of sets
of the form

XeR'| fix)=0,i=1,....k fi(x)>0,i=k+1,...,p}

where all f; are polynomials.
(i) Let A € R" and B C R™ be semi-algebraic sets. Amap F: A — B is said to be
semi-algebraic if its graph

{(x,y) e AxB|y=Fx)}

is a semi-algebraic subset in R” x R™.

By definition, it is easy to see that the class of semi-algebraic sets is closed under
taking finite intersections, finite unions and complements; a Cartesian product of semi-
algebraic sets is a semi-algebraic set. Furthermore, we have the following result (see
[4, Proposition 2.2.7] or [19, Sect. 6]).
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Theorem 2.1 (Tarski—Seidenberg Theorem) The image and inverse image of a semi-
algebraic set under a semi-algebraic map are semi-algebraic sets.

Remark 2.1 As an immediate consequence of the Tarski—Seidenberg Theorem, we
get semialgebraicity of any set {x € A | 3y € B, (x,y) € C}, provided that A, B,
and C are semi-algebraic sets in the corresponding spaces. It also follows that {x €
A |Vy € B, (x,y) € C}is a semi-algebraic set as its complement is the union of the
complement of A and the set {x € A |3y € B, (x, y) ¢ C}. Thus, if we have a finite
collection of semi-algebraic sets, then any set obtained from them with the help of a
finite chain of quantifiers is also semi-algebraic. In particular, it is not hard to see that
the closure and the interior of a semi-algebraic set are semi-algebraic sets.

By the Cell Decomposition Theorem (see [4, Theorem 2.3.6]), for any p € N and
any nonempty semi-algebraic subset A C R”, we can write A as a disjoint union of
finitely many semi-algebraic C”-manifolds of different dimensions. The dimension
dim A of a nonempty semi-algebraic set A can thus be defined as the dimension of the
manifold of highest dimension of its decomposition. This dimension is well defined
and independent of the decomposition of A. By convention, the dimension of the empty
set is taken to be negative infinity. We will need the following result (see [4,19]).

Proposition 2.1 (i) Let A C R" be a semi-algebraic set and f: A — R™ a semi-
algebraic map. Then dim f(A) < dim A.
(ii) Let A C R" be a nonempty semi-algebraic set. Then

dim(cl A\A) < dim A.

In particular, dimcl A = dim A.
(iii) Let A, B C R" be semi-algebraic sets. Then

dim(A U B) = max{dim A, dim B}.

In the sequel, we will need the following useful results (see, for example, [19]).

Lemma 2.1 (Curve Selection Lemma at infinity) Let A C R" be a semi-algebraic set,
and let f = (f1,..., fm): R* = R™ be a semi-algebraic map. Assume that there
exists a sequence {x'} such that x* € A, limy_, o ||x¢|| = o0 and lim;_, o f(x%) =
y € (R)", where R := R U {400}. Then there exists a smooth semi-algebraic curve
¢: (0,¢6) = R" such that (t) € A forallt € (0, €), lim;—q |l@(t)|] = oo, and
lim; o £ (9(1) = y.

Lemma 2.2 (Growth Dichotomy Lemma) Let f: (0,€) — R be a semi-algebraic
Sunction with f(t) # 0 forallt € (0, €). Then there exist constants ¢ # 0 and g € Q
such that f(t) = ctd + o) ast — 0.

Lemma 2.3 (Monotonicity Lemma) Let a < b in R. If f: [a,b] — R is a semi-
algebraic function, then there is a partitiona =: t| < --- < ty := b of [a, b] such
that (.4, is C', and either constant or strictly monotone, forl € {1, ..., N —1}.
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3 Pareto values and tangencies
3.1 Pareto values

Let f := (f1,..., fm): R" — R™ be a map and consider the vector optimization
problem (VP) formulated in Sect. 1.

Definition 3.1 Let s € cl f(R"). We say that:
(1) t is a Pareto (optimal) value of (VP) if

fx) ¢t —(@RM\(0}) forall xeR"

The set of all Pareto values of (VP) is denoted by val (VP).
(i) t is a weak Pareto (optimal) value of (VP) if

f(x) ¢t —intRY forall x eR".
The set of all weak Pareto values of (VP) is denoted by val” (VP).
(iii) A point x™* is said to be a Pareto (optimal) solution (resp., weak Pareto (optimal)
solution) if f(x*) is a Pareto value (resp., weak Pareto value) of (VP). The set of

all Pareto solutions (resp., weak Pareto solutions) is denoted by sol (VP) (resp.,
sol” (VP)).

Remark 3.1 (i) By definition, itis clear that val (VP)C val” (VP). Note that the inclu-
sion may be strict.
(ii) Inthe case of m = 1 and f is bounded from below on R”,

val (VP) = val” (VP) = { inﬂ£ f(x0)}.
xeR”

(iii) A (weak) Pareto value of the problem (VP) does not necessarily belong to f (R")
as shown in the example below.

Example 3.1 (i) Let f: R?> — R? be the polynomial map defined by
Fx1,x2,x3) 1= (3, X7 + (x132 — )7 4 x3).
We have that
fR) ={t=(1.0) eR* |6 > 17}
is an open set in R2. Furthermore, it is easy to see that
val (VP) = val” (VP) = {t = (11, n) € R? |, = 17,11 < 0} # .

Hence val (VP) N f(R?) = val” (VP) N f(R}) = @, and so sol (VP) =
sol¥ (VP) = 0.
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(i1) In the recent paper [13] (see also [12,14]) it was proved that the open quadrant
{(t1.0) e R?*[11 > 0,1 > 0}

is the image of the polynomial map f: R?> — R2, (x1, x2) > ((xf)c;1 + )cf)cz2 -
x% - D2+ x?xé‘, (x?x% + x%x% — xl2 - D2+ x?xé’). For this f, we have

val (VP) = val¥ (VP) = {(11,n) € R? |11 = 0,11 > 0,12 > 0} # 0.

Therefore, val (VP) N f(R?) = val¥ (VP) N f(R?) = ¢, and so sol (VP) =
sol¥ (VP) = ¢.

Remark 3.2 It was proved very recently in [20] that both the proper Pareto solution
set and the weak Pareto solution set of a vector variational inequality, where the con-
vex constraint set is given by polynomial functions and all the components of the
basic operators are polynomial functions, have finitely many connected components,
provided that the Mangasarian—Fromovitz constraint qualification is satisfied at every
point of the constraint set. In addition, if the proper Pareto solution set is dense in
the Pareto solution set, then the latter also has finitely many connected components.
Applying the above result to vector optimization problems under polynomial con-
straints, where all the components of the basic operators are polynomial functions, the
authors obtained some topological properties of the stationary point set, as well as the
weak Pareto solution set, of the problem in question.

We would like to remark that all the results in the cited paper can be concluded
immediately from Theorem 2.1 without any convexity assumption or constraint qual-
ification conditions. Indeed it suffices to assume that maps and constraint sets are
semi-algebraic. As an illustrative example, we prove here that the sets val (VP) and
sol (VP) are semi-algebraic provided that f is a (not necessarily continuous) semi-
algebraic map and so, thanks to Bochnak et al. [4, Theorem 2.4.4], they have a finite
number of (path) connected components.

Let f := (f1, .-, fm): R* — R™ be a semi-algebraic map. By Theorem 2.1, the
set f(R") is semi-algebraic and so is cl f(IR"). Let ¢ and i be two functions defined
by

¢:R"xR" - R, (x,1) —~ max{fi(x) — 1},

YR X R" >R, (x,0) > Y [fi(x) — 4]

i=1

In view of Theorem 2.1, it is easy to see that ¢ and ¥ are semi-algebraic functions.
Furthermore, by definition we have

val (VP) = {1 e cl f(R") | Vx € R", f(x) ¢ t — (R"\{0})}
={tec fR") | Vx e R", ¢(x,1) > 0 or Y (x,1) = O}.
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Note that ¥ (x, ) > 0 on R” x R™. Hence
cl f(RM\val (VP) = {r €cl f(R") | 3x € R", ¢p(x,1) <0 and ¥ (x,t) > 0}.

Thanks to Theorem 2.1, this set is semi-algebraic because it is the projection onto the
last m coordinates of the following semi-algebraic set

[, 1) e R" x cl F(R") | ¢p(x,1) <0 and ¥ (x,1) > 0}.

Therefore, val(VP) is a semi-algebraic set.

Finally, the setsol (VP) = f ~L(val (VP))is semi-algebraic because of Theorem 2.1
again.

Similarly, it is easy to check that the sets val” (VP) and sol” (VP) are semi-algebraic
and so, by Bochnak et al. [4, Theorem 2.4.4], they have a finite number of connected
components, which are semi-algebraic.

3.2 Tangencies

Let f := (f1,..., fm): R" = R™ be a polynomial map. A point r € R™ is called a
regular value for f if either f~!(¢) = @ or the derivative map Df (x): R” — R™ is
surjective at every point x € f~!(¢). A point # € R™ that is not a regular value of f
is called a critical value. We will denote by Ko(f) the set of critical values of f.

Definition 3.2 (see [19])

(1) By the trangency variety of f we mean the set

m
I'(f):={x € R"|3A;, n € R, not all zero, such that Z)»,-Vf,-(x) + ux = 0},

i=1

here and in the following V f; (x) stands for the gradient of f; at x.
(ii) The set of tangency values (at infinity) of f is defined by

Too(f) :={t € R™ | El{xk} c e, ||xk|| — +o00 and f(xk) — t as k — oo}.

Remark 3.3 Very recently, relying on results from semi-algebraic geometry, it was
proved in [8] (see also [7,24]) that the set of tangency values at infinity of polynomial
maps can be estimated effectively.

Lemma 3.1 I'(f) is an unbounded nonempty semi-algebraic set.

Proof By Theorem 2.1, it is easy to check that the set I"(f) is semi-algebraic.

We next show that I"(f) # #. To this end, take any R > 0. Then the sphere
Sg = {x € R" | |x||*> = R?} is nonempty compact. Hence, the optimization problem
Min R {f(x) | x € Sg}has aPareto solution, say x(R) € Sg. The Fritz-John optimal-
ity conditions [22, Theorem 7.4] imply that x(R) € I'(f), and so I"(f) # @. Finally,
it is clear that if R — oo then ||x(R)]| = R — oo, which proves the lemma. m|
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We now give a simple and constructive proof of the following known result [7,
Theorem 2.5], [6, Theorem 5.7], [19, Theorem 1.1] and [29, Theorem 1.5].

Proposition 3.1 T (f) is a closed semi-algebraic set of dimension at most m — 1.

Proof By definition and Theorem 2.1, it is not hard to check that T (f) is a closed
semi-algebraic set.
Consider the semi-algebraic map

O:R" > R"™ x> (0, Ix1P).

In view of Lemma 3.1 and Theorem 2.1, the image @ (I"(f)) is semi-algebraic. By
definition, I"(f) is the set of critical points of @. Thanks to Sard’s theorem (see, for
example, [19, Theorem 1.9]), the set @ (I"(f)) is of dimension at most m, and so it
cannot contain a nonempty open subset of R"+1

On the other hand, since @ (I"(f)) is semi-algebraic, we can write

<P(F(f))=U{(t, R) e R" xR|gi(t,R) =0, hj;(t, R) >0, j=1,....k}

i=1

for some polynomials g; and A; ;- Then we must have g; £ O foralli = 1,...,s,
because otherwise @ (I"(f)) would contain a nonempty open subset of R”*+!, a con-
tradiction. Let P: R"™*! — R be the product of all the polynomials g;,i = 1,...,s.

Clearly, P £ 0 and
&I (f)) C{(t,R) e R" xR | P(t, R) = 0}.
Write
P(t,R) = ag()R! + -+ ay(t)
for some polynomials a; (#) with ag(¢) # 0. By definition, then

Too(f) = {r e R™ | 3K, RY) € &(I'(f)), R¥ - +00 and t* — 1 as k — o0}
c{reR" | 3¢, RY € PH0), R > 400 and t* — 1 as k — o0}
C {t e R | ap(r) = 0}.

Therefore, dim 7o, (f) < m — 1, which completes the proof. O

Remark 3.4 In [30,31], by using semidefinite programming relaxations, the authors
provided several methods to approximate as closely as desired the image of semi-
algebraic sets under polynomial maps with super-level sets of single polynomials of
fixed degrees. This fact, together with the proof of Proposition 3.1, gives us a hope
that the set @ (I"(f)) and so T (f) can be approximated effectively.

The next statement describes a relation between Pareto values and tangency values.
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Theorem 3.1 The following inclusions hold true
val (VP) C val” (VP) C Ko(f) U Teo(f).

In particular, the semi-algebraic sets val (VP) and val” (VP) are of dimension at most
m—1.

Proof The first inclusion is obvious. Let us prove the second one. Fix ¢ € val¥ (VP).
Ift € f(R"),thent € Ko(f)duetothe Karush—-Kuhn-Tucker necessary conditions
[22, Theorem 7.4]. So assume that r € clf(R")\ f(R"). Then there is a sequence {xky
such that limy_, oo f(xk) = t. We claim that limy_, ||xk|| = +4o00. Indeed, if it is
not the case, then the sequence {x*} has an accumulation point, say x* € R”. By the
continuity of f, we have t = f(x*) € f(R"), which is a contradiction.
For each k € N, we consider the scalar optimization problem

. 2
min || f(x) —¢]|
st x e R, x)? = 152

Since {x € R" | ||x||*> = ||x¥||?} is a nonempty compact set in R”, this problem admits
an optimal solution, say y¥. It is easy to check that the sequence {y*} has the following
properties:

(@) limg— oo Y]l = limgo oo 5| = +00,
(b) 0 < IF ") —t1? < IIf (%) —¢]|?, and
(c) there exists u* € R such that

D HOH =V EGH + =0
i=1

(This follows from the Karush—Kuhn—Tucker necessary conditions.)

Sincet ¢ f(R"),onehas f(y¥) # ¢ forallk € N. Therefore {y*} C I'(f). Moreover,
we have

0 < lim |f(*) —¢> < lim | f(5) —1)* =0,
k—o00 k— 00

and so limy_; oo f(yk) =t.Thust € T (f).

Finally, due to the Sard theorem (see, for example, [19, Theorem 1.9]), Ko(f) isa
semi-algebraic set of dimension at most m — 1. This, together with Propositions 2.1
and 3.1, implies the last statement. O

3.3 Palais—Smale conditions, M -tameness and properness

Given a differentiable map f := (f1,..., fm): R" — R" and a value f € (RU
{+ooh)™, we let

@ Springer



330 D. S. Kim et al.

Koo <i(f) = {t e R™ |3} C R, f(x5) <7, Ix¥]| = +o0, f(x¥) — 1, and
Vf(xk) — 0 as k — oo},
Keo<i(f) i={t e R™ |3(xF) ¢ R, £ (&%) <7, 12k — 400, F(xF) — 1, and
||xk||vf(xk) — 0 as k — o0},
Too,<i(f) = {t € R" | 3{x*} C T'(f), f(x*) < 7. [Ix*| - +o0, and

f(xk)—> t as k - oo},

where vy : R" — R is the Rabier function (see [28,36]) defined by

ve(x) := min
f > Iail=1

i (x)

Note thatif m = 1then vy (x) = |V f(x)]. _

For simplicity of notation, when 7 = (+0o0, ..., +00), we write Koo (f), Koo (f),
and Too (f) instead of Ko <7(f), Koo <i(f), and T, <7(f), respectively.

The following result is a generalization of [7, Theorem 2.8], [18, Theorem 1.1],
and [28, Proposition 3.1].

Proposition 3.2 Let f: R" — R™ be a polynomial map andt € (R U {+o00})™. The
following inclusions hold:

Too<i(f) C Koo <i(f) C Koo <i(f)-

Furthermore, if n < m, then these inclusions are equalities.

Proof The second inclusion is immediate from the definitions.
To prove the first inclusion, take any ¢ € T, <;(f). By definition, there exist
sequences {x¥} € R” and {(AX, 1¥)} € (R™ x R) \{0} such that

m
lim [ = +oo, lim fGH) =1 fGH < Y OMVAHEH +utxt =0
k— 00 k—o00 P

We can assume, after a scaling if necessary, that || Ak, 1B =1 forall k € N.
Let

o = {(x. A ) R xR" xR[f(x) <7, Y AV fi(x) + px =0, [|(h, )] = 1}.
i=1

Then .o/ is a semi-algebraic set and the sequence (x*, AK, ¥) € o7 tends to infinity as
k — oo. By applying Lemma 2.1 for the semi-algebraic map &7 — R, (x, A, u) —
f(x), we get a smooth semi-algebraic curve

(.4, 1): (0,6) > R" xR" xR, 7 (p(1), A1), u(1)),
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satisfying the following conditions

(@) lim o+ lo(T)|| = +o00;

(b) lim,_, o+ f(e(7)) =t;

(© fle() <t

(d) D7 ki (OV file(D) + u(t)e(t) = 0;
@ I (x), u(x)ll = 1.

Since the (smooth) functions A;, u, and f; o ¢ are semi-algebraic, we can assume,

by shrinking € if necessary, that these functions are either constant or strictly monotone
(see Lemma 2.3).

It follows from (d) that

d 2
%r) ||<pd(:)|| =u(r)< ), w(r)>

= —ZA (r)<Vﬁ(¢( ),

i=1

dw(r)>

= —ZA (r) —(fio@)(®).

Letl :={ie{l,...,m}]| Ai(r)%(fi o @)(t) # 0}. Then

d 2
M(zr)% =D ki )—(ﬁ °@)(1). M

iel

Assume that / = (. From (a) and (1) we have u(t) = 0. By (d), hence v (¢(7)) =
0, which together with (a)—(c), yields r € K, <7(f).

We now assume that / # ). Foreachi € I, we have A;(t) # Oand f; op(7) # ¢;.
By Lemma 2.2, we may write

Ai(T) = a; T + higher order terms in T,
fiopr) =t + bith + higher order terms in 7,
where a; # 0, b; # 0and ¢;, B; € Q. By Conditions (e) and (b) respectively, we have

a; > 0and B; > 0. In particular, 6 := min;¢;(o; + ;) > 0.
On the other hand, from (d) and (1), we have

>0 m@vhie@)|
2lle@ '

d
= Z)\.I(T)E(fz op)(1)|.

iel

Note that asymptotically as T — 0T,

2 _dle@]?
>~ T—.

e (@)l 17
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Therefore,

12

I @V hie@|
2lle@] ‘

e

wa.ﬁ(w(r))H

i=1

d
> M(T)T o (fi o p)(7)
T

iel

=ct? + higher order terms in t,

Combining this with (a)—(c) one gets t € K, <7(f), thus ending the proof of the first
part of our statement.
We now assume that n < m. By definition, I"(f) = R", and so

for some constant ¢ > 0. Since 6 > 0, we have

Tim_flg(o)] ZA (OV fi(p(0)

i=1

Too.<i(f) D Koo <i(f)-

This, together with proven inclusions, gives the following equalities:

Too,st_(f)z oo<t(f) oo<t(f)

O

Remark 3.5 (i) The first inclusion in Proposition 3.2 may be strict. For example,
consider a class of polynomial functions defined by

2
fg: R} > R, (x1,x2,%3) > x| — 3x2"+1 q + 2)c3”Jrl

x2 + x2x3,
wheren, g € N\{0}. By asimilar argumentasin [35], we can show that T ( f114) =
@ and that Koo (fng) = ¥ if, and only if, n < ¢. For n > g we therefore get
Too(fag) G Koo(fug) # 9.

(i1) According to [28, Lemma 3.5] (see also [21, Theorem 2] and [23, Theorem 6.4]),
we have

dim K <7(f) < dim Ko (f) < m.
On the other hand, without some extra hypothesis the set K 0o, <7(f) may be quite
large in the sense that dim KOO <i(f) = m. For example let f: R3 — R be the
polynomial Ndeﬁned by f(x1,x2,x3) 1= x1 + x2x2 + x4 1 X2x3. Then it is not hard to

check that Ko (f) = R (see [28, Example 2.1]), and hence

dim Tao(f) =0 < 1 = dim Koo (f).
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Definition 3.3 Let A be a subset in R” and 7 € R™. The set A N (f — RY) is called a
section of A at t and denoted by [A];. The section [A]; is said to be bounded if, and
only if, there is a € R™ such that

[Al; Ca+R™.

Remark 3.6 (i) Let f: R* — R™ be a map. Clearly, if the problem (VP) admits a
Pareto solution, say x, then the section [ f(R")] sz = {f(x)} is bounded. Thus
the condition that f(IR") has at least one bounded section is a necessary one for
the existence of Pareto solutions of (VP).

(ii) By definition, the section [ f(R")]; is bounded if, and only if, for each sequence
(xk} ¢ R* with £ (x¥) < 7, wehave { f (x¥)} possesses a convergent subsequence.
(iii) By definition, we have for all 7 € (R U {+o00})™,

Eoo,ft_(f) C [Eoo(f)]t_’ Koo,ft_(f) C [Koo(f)]t_’ Too,ft_(f) C [Too(f)]t_~

These inclusions may be strict as shown in the following example.

Example 3.2 Let f(x1,x2) = (x1x2 — 1)2 + x12 be a polynomial function in two
variables x1, x2. We have f is strictly positive on R? and so

Koo,0(f) = Koo, <0(f) = Too,0(f) = 0.
On the other hand, it is not hard to check that
Koo(f) = Koo(f) = Too(f) = {0}
Consequently,
[Koo ()]0 = [Koo ()]0 = [Too ()]0 = {0}.

Definition 3.4 Let f: R” — R™ be a map. We say that:

(1) f is proper at a sublevel t € R™ if for each compact subset A C [R™];, the
inverse image f~!(A) is also compact;
(ii) f is proper if it is proper at every sublevel t € R™.

Remark 3.7 By definition, f is proper if, and only if, for each compact subset A C R™,
the inverse image f~!(A) is also compact.

By definition, it is clear that if f is proper at the sublevel 7, then

Koo.<i(f) = Koo <i(f) = Too<i(f) = 0.

The converse does not hold. For example, let f: R? — R be the function defined by
f(x1, x2) := x1 + xp. We see that

Koo<i(f) = Koo <i(f) = T <i(f) = @
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for all 7 € R but f is not proper at every sublevel. However, we have the following
result.

Theorem 3.2 Let f: R" — R™ be a polynomial map. Assume that there exists t €
fF(R™) such that the section [ f (R™)]; is bounded. Then the following statements are
equivalent:

(i) f is proper at the sublevel t. _

(ii) f satisfies the Palais—Smale condition at the sublevel t: Ko, <;(f) = #.
(iii) f satisfies the weak Palais—Smale condition at the sublevel t: K, ;(f) = ¥.
(iv) f is M-tame' at the sublevel t: Ty, <i(f) = .
Furthermore, the set [ f(R")]; is closed provided that one of the above equivalent
conditions is satisfied.

Proof The implications (i)=-(ii)=>(iii) are immediate from the definitions.
(iii)=(iv): This follows from Proposition 3.2.
(iv)=-(i): Arguing by contradiction, assume that f is not proper at the sublevel
7. Then there exists a compact set A C [R”]- such that f~1(A) is a non-compact
subset in R”. By the continuity of f, the set f~!(A) is unbounded. Thus there exists
a sequence (xky F~1(A) satisfying limy_, oo ||xk|| = +400. Since {f(xk)} C A, we
have

f(x*) <7 forall keN.
For each k € N, we consider the problem

Mingn {f(x) [ x € R", f(x) <7 and [x|* = [lx*|*}.

Since {x € R"| f(x) <7 and |x|> = ||x¥||?} is a nonempty compact subset of R”
and the objective function f is continuous, the problem admits a Pareto solution, say
yk. By the Fritz-John optimality conditions [22, Theorem 7.4], there are (¢, 8, y) €
(Rﬂ x R x R) \{0} such that

Y aVAGH + Y BV SO =08 + 27k =0

i=1 i=1
or, equivalently,

Y (@i + BV LGN +2yy =0,

i=1

PutA; :==¢a; + Bi fori :=1,...,m,and u = 2y. We have

m
D oLVEAEOH + 't =0.
i=1

1 This definition is inspired from the one given in [34].
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Since (a, B, y) € (R} x R x R)\{0}, it holds that (A1, ..., Am, 1) # 0, and so
Y era.
We therefore see that the sequence {y*} has the following properties:
@ ("} C I (.
®) Iy = JIx¥|| = 400 ask — oo, and
(¢) f(y¥) <iforallk € N.

Now the assumption that [ f (R")]7 is bounded implies that the sequence { f (y*)} has an
accumulation point, say r € R™. Clearly, r <. Thus 1 € T, <7(f), a contradiction.

We now assume that the condition (i) holds. To prove the set [ f(R")]: is closed,
we need to show that it contains all its limit points. Indeed, let {t*} c [f(R")];
be an arbitrary sequence which converges to + € R™. Then there exists a sequence
{(x¥} ¢ R” such that f(x*) = ¢k <7 for all k € N. Since limj_, o f(xk) = t, there
exists a compact set A C R™ such that { f(x¥)} C A. Clearly, the set A N [R™]; is
compact, and so is f~! (A N [R™];) because f is proper at the sublevel 7. It follows
that the sequence {x*} c f~! (A N[R"];) has an accumulation point, say ¥ € R".
By the continuity of f and the fact that limy_  f (xk) = t, one has f(x) = t.
Consequently, 7 € f(R"). Note that ¢ < 7. Therefore t € [ f(R")];, as required. O

4 Existence of Pareto solutions

The following result concerns the existence of Pareto solutions for polynomial vector
optimization problems. To the best of our knowledge, the result is new even in the
casem = 1.

Theorem 4.1 Let f: R" — R™ be a polynomial map. Assume that there exists t €
fF(R™) such that the section [ f (R")]; is bounded. Then the problem (VP) admits a
Pareto solution, if one of the following equivalent conditions holds:

(1) f is proper at the sublevel t.

(ii) f satisfies the Palais—Smale condition at the sublevel t: K c0,<i(f) =1.
(iii) f satisfies the weak Palais—Smale condition at the sublevel t: K, <;(f) = ¥.
(iv) f is M-tame at the sublevel t: To, -7 (f) = ¥

Proof By Theorem 3.2, it suffices to assume that f is proper at the sublevel 7. We
claim that [ f(R")]; is a nonempty compact subset of R”. Indeed, let {y*} be an
arbitrary sequence in [ f(IR")];. Then there exists a sequence {xk} C R” such that
f(x*) = y* < forall k € N. Since the section [ f(R")]; is bounded, { f(x*)} has
a convergent subsequence. On the other hand, [ f (R")]; is a closed set in R” due to
Theorem 3.2. Thus [ f (R")]; is a nonempty compact set in R”. Thanks to [5, Theorem
1], the set f(IR") has at least one Pareto efficient point, i.e., there exists t* € f(R")
such that f(x) ¢ t* — (R'Y\{0}) for all x € R". This means that the problem (VP)
admits a Pareto solution. The proof is complete. O

As a consequence of Theorem 4.1, we obtain the following.

Corollary 4.1 Let f: R" — R™ be a polynomial map such that the section [ f (R™)],
is bounded for all t € R™. Then the problem (VP) admits a Pareto solution, provided
that one of the following equivalent conditions holds:

@ Springer



336 D. S. Kim et al.

(1) f is proper. -

(ii) f satisfies the Palais—Smale condition: K~ (f) = (.
(iii) f satisfies the weak Palais—Smale condition: K~ (f) = .
@iv) fis M-tame: Too(f) = 0.

Remark 4.1 Ha [16] obtained some results on the existence of weak Pareto solutions
for multiobjective optimization problems, where the objective function is bounded
from below and satisfies the so-called (PS); condition. More recently, using the
so-called quasiboundedness from below and refined subdifferential Palais—Smale con-
dition (RSPS for short), Bao and Mordukhovich [2,3] studied the existence of relative
Pareto solutions for multiobjective optimization problems. Note that the existence
theorems established in the papers mentioned do not ensure the existence of Pareto
solutions, but only of weak and relative ones.

Regarding to Corollary 4.1 on the existence of Pareto solutions of the problem (VP),
let us mention the following three remarks in comparison with previous results:

e Since the interior of the cone R”} is not empty, all the three relative Pareto solutions
introduced in [3] agree and in fact they all are weak Pareto solutions. Hence, the
results established in [2,3, 16] only ensure the existence of weak Pareto solutions.

e Recall that a map f: R” — R™ is said to be bounded from below if there exists
an element a € R such that

f@R") Ca+R".

Clearly, the map f is bounded from below if, and only if, it is quasibounded from
below (see [2,3]) in the sense that there exists a bounded set A C R such that

F@®") C A+R™.

Furthermore, it follows from definitions that if f is bounded from below, then the
section [ f (R™)]; is bounded for all + € R™. The converse is true in the case m = 1
but fails to hold in the general case.

e Let f: R" — R™ a differentiable map. By definition, we can check that the
(PS); condition? (considered in [16]) holds for f is equivalent to the fact that
Em( f) = @, which means that f satisfies the Palais—Smale condition. On the
other hand, the (RSPS) condition introduced in [3] is stronger than the Palais—
Smale condition. To see this, recall that the map f satisfies the (RSPS) condition
if every sequence {x¥} c R” such that v f(xk) — 0 as k — oo contains a
convergent subsequence, provided that { f (x¥)} is quasibounded from below, i.e.

(f&M)) Cc A+RY

for some bounded set A C R"™. By definition, if f satisfies the (RSPS) condition,
then it also satisfies the Palais—Smale condition, but the converse fails to hold as
can be checked directly for the polynomial

2 By a private communication [17], we would like to note that in the definition of the function 6, which is
used in the (PS); condition, the closed unit ball should be replaced by the unit sphere.

@ Springer



On the existence of Pareto solutions for... 337

f: R? - ]Rz, (x1,x2) > f(x1,x2) := (xf +x§,x% —x%).

(This polynomial f is proper, and so it satisfies the Palais—Smale condition; fur-
thermore, we have

vk,00=0 and f(k,0) € {(0,0)} +R2 forallk € N,

which implies that f does not satisfy the (RSPS) condition.)

According to the above discussions, it turns out that our results, in the polynomial
setting, improve and extend [16, Theorem 4.1], [2, Theorem 4] and [3, Theorem 4.4].

Let us illustrate Theorem 4.1 and Corollary 4.1 with some examples.

Example 4.1 Let us consider the Motzkin polynomial (see [19,33])
M(x1, x2) := xix5 4+ x{x3 — 3x3x5 + 1.

It is not difficult to see that M (x1, xo) > 0 for all x := (x1, x2) € R2. Moreover, we
have

e If0 <t < 1, then M~1(¢) is the union of 4 ovals.
e If 1 <1, then M~ '(¢) is the union of 4 non-compact components.
e The set M~!(1) is non-compact:

M~ (1) = {x; =0} U fxa = 0} U {x{ + x5 = 3}.

Consequently, the polynomial M is proper at the sublevel 7 if, and only if,
f < 1. Thanks to Theorem 4.1, M attains its infimum on RZ2. In fact, we can
see that the set of optimal solutions of the problem inf, g2 M(x) is M -l =
{(1,1),(1,—1),(—1,1),(—1, 1)}. Note that 1 € Tox(M) and hence, by Proposi-
tion 3.2, M does not satisfy the Palais—Smale and weak Palais—Smale conditions.
Therefore, [16, Theorem 4.1], [2, Theorem 4], [3, Theorem 4.4], and [32, Theorem 2]
cannot be applied for this example.

Example 4.2 Let f: R? — R? be the polynomial map defined by
fx, x2, x3) = (6 + x5 + x5, 53).

It is not hard to see that f is proper and [ f (R3)], is bounded for each r € R2. By
Corollary 4.1, the problem (VP) has at least one Pareto solution. On the other hand,
f is not bounded from below, and so, [16, Theorem 4.1], [2, Theorem 4], and [3,
Theorem 4.4] cannot be applied for this example.

The next example shows that if the objective function satisfies one of the equivalent
conditions in Theorem 4.1 and f(R") has at least a bounded section, then the set of
Pareto solutions of (VP) is nonempty.

@ Springer



338 D. S. Kim et al.

Example 4.3 Consider the polynomial map
fiR = R (xp,x0,x3) > (x1, x2, M(x1, x2) + x3),

where M is the Motzkin polynomial defined in Example 4.1. We have
f@®) = {t =(t.h.6) eR |13 > M(tl,tz)}

and the section [ f (]R3)]t is unbounded for every t = (1, 2, 13) € R3 with#3 > 1. On
the other hand, if we take 7 := (1, 1, 0) € R3 then the section [ f (R?)] 7is bounded and
[ is proper at the sublevel 7. Thus, by Theorem 4.1, the problem (VP) has at least one
Pareto solution. However, f is not bounded from below, and so [16, Theorem 4.1], [2,
Theorem 4], and [3, Theorem 4.4] cannot be applied for this example.

In the rest of the paper we shall give some classes of vector optimization problems,
which satisfy the conditions in Theorem 4.1. We start with the class of linear vector
optimization problems.

Corollary 4.2 (compare [11, Theorem 6.5]) Let f; (x) := {(a;, x) + b, where a; € R"
andb; € Rforalli =1, ..., m.Assume that the set of vectors {ay, . .., ay} is linearly
independent. If f(R") has a bounded section, then (VP) admits a Pareto solution.

Proof For each x € R", we have

m m
ve(x) = min AiVix)| = min Aid;
P sl ; o S il ; o
By the compactness of the set {A = (A1,...,An) € R™ | sz=1 |[Ai] = 1}, there
exists A = (A1, ..., Ap) € R™ with >/* | [A;| = 1 such that
m
vr(x) = Z}\iai =: 6.
i=1
Since the set of vectors {ay, ..., a,} is linearly independent and Z;"zl il = 1, we

have vy (x) =6 > 0 for all x € R". Consequently,

Koo(f) = Koo(f) = Tuo(f) = 0.
Thanks to Theorem 4.1, (VP) admits a Pareto solution. O

We finish this section with a generic class of polynomial vector optimization prob-
lems having at least one Pareto solution. To do this, we begin with some definitions.
If k = (k1,...,kn) € N", we denote by x* the monomial x' ...x," and by |«| the
sum k1 + - - - + k. Note that when « = (0, ...,0), x* = 1.
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Let f: R* — R be a polynomial function. Suppose that f is written as f =
> aex*. By the Newton polyhedron at infinity of f, denoted by N'(f), we mean
the convex hull in R” of the set {x | a, # 0} U {0}. The polynomial f is said to be
convenient if N'(f) intersects each coordinate axis in a point different from the origin.
The Newton boundary at infinity of f, denoted by Noo(f), is defined as the set of the
faces of A (f) which do not contain the origin 0 in R". For each face A of Noo(f),
we define the principal part of fat infinity with respect to A, denoted by fa, as the
sum of the terms a, x* such that x € A.

Let f := (f1,..., fm): R" — R™ be a polynomial map. We say that f is conve-
nient if all its components f; are convenient. Let N'(f) denote the Minkowski sum

N+ +N(fm), e,
N ="+ +«" | e N(f) forall i =1,...,m).

We denote by Noo(f) the set of faces of A'(f) which do not contain the origin 0
in R". Let A be a face of the N'(f). According to Dinh et al. [9, Lemma 2.1], we
have a unique decomposition A = Ay + --- + A,,, where A; is a face of N'(f;) for
i=1,...,m. Wedenote by fathemap (fi,4,,-..., fi,a,): R" = R", where f; 4,
is the principal part of f; at infinity with respect to A;.

Definition 4.1 (see [26,27]) We say that f = (f1,..., f) is Khovanskii non-
degenerate at infinity if, and only if, for any face A of Noo(f) and for all x €
(R\{O)" N £1(0), we have

af1,4 af1,4

XL (x) g (x)
rank : : =m.
3fm. A am Bfm.Am
faxf (x) - S ()

Remark 4.2 We should emphasize that the class of polynomial maps (with fixed
Newton polyhedra), which are non-degenerate at infinity, is an open and dense semi-
algebraic set in the corresponding Euclidean space of data. For more details, see [9]
and [19, Theorem 5.2].

We now present an efficient consequence of Theorem 4.1 ensuring the existence
of Pareto solutions for the class of polynomials which are convenient and Khovanskii
non-degenerate at infinity.

Corollary 4.3 (Frank—Wolfe type theorem) Let f: R" — R be a polynomial map.
Suppose that f is convenient and Khovanskii non-degenerate at infinity. If f(R") has

a bounded section, then (VP) admits a Pareto solution.

Proof Thanks to [10, Theorem 3.2], I?oo( f) = 0. Then the assertion follows imme-
diately from Theorem 4.1. O
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5 Conclusions

In this paper, we obtained some results on the existence of Pareto solutions of
polynomial vector optimization problems. Some relationships between Palais—Smale
conditions, M-tameness, and properness are also examined. Further research for opti-
mization problems with constraints will be studied in future work.
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