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Abstract: This paper deals with a class of differentiable multi-objective optimization problems (MOP) over
cone constraints without the convexity of the feasible set, and the cone-convexity of objectives and constraint
functions. We present constraint qualifications for these (MOP) problems and establish the relationships
among them. We also present necessary and sufficient the Karush-Kuhn-Tucker (KKT) optimality conditions
for a weak Pareto minimum as well as a Pareto minimum to (MOP). Our main results improve some recent
ones in the literature. Illustrative examples are also provided to guarantee the advantages of each of our
results.
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Introduction

A Multi-objective (vector-valued) optimization is a subject of mathematical programming
problems that extensively studied and applied in various decision-making contexts like eco-
nomics, human decision making, control engineering, transportation and many others. We
refer the reader to [18,19,24]. For the comprehensive treatment of theoretical issues concern-
ing multi-objective optimization can be found in [2,9,13,17]. In the multi-objective setting,
the scalar concept of optimality does not apply directly due to the fact that all the objec-
tives can not be simultaneously optimized with a single solution. To this effect, we must
decide which objective functions should be improve, and so compromise solutions have to be
considered. In this way, we refer to a weak Pareto minimum (resp. a Pareto minimum [15])
which usually uses the coordinate-wise ordering (induced by the positive orthant as order-
ing cone) to examine the objective vectors. However, in real-world multi-objective problems
concerning especially fractional programming problems or even computational aspects of a
Pareto optimum, not only the coordinate-wise ordering appears but also the cone defining
the lexicographic partial order is of practical interest [7]. This being a reason, the study
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of multi-objective optimization problems involving general ordering cones has gained atten-
tion. Precisely stated, in this paper we will be mainly concerned with the multi-objective
optimization problem with cone constraint (MOP) given as

K — Minimize f(x) (MOP)
subject to x € R", —g(x) € @,

where £ := (f1,...,fp,)7 : R" - R? and g = (g1,...,9m)7 : R" — R™, are differen-
tiable functions, K and @ are closed convex cones with nonempty interiors in R and R™,
respectively. Let

X ={xeR": —g(x) € Q} (1.1)

be the set of all feasible solutions of (MOP). The notation “K — Minimize "refers to the
weak Pareto minimum (resp. Pareto minimum) with respect to the ordering cone K for the
problem (MOP), namely a point x* € X such that for every x € X, f(x*) — f(x) ¢ intK
(vesp. £(x") — f(x) ¢ K\{0}).

Recall that a feasible point x* € X is said to be a KKT point if there exist multipliers
A € K*\{0} and p € Q* such that the following Karush-Kuhn-Tucker (KKT) optimality
conditions hold:

(1) ATVE(x*) + pTVg(x*) = 0;
(i) n"g(x*) =0,

where K*, K* := {z € R? : xTz > 0 for all x € K}, stands for the dual (positive polar)
cone of K. In this paper, the above feasible point x* is also called a non-trivial KKT point
if the corresponding p is a non-zero vector.

As far as we know, the search for weak Pareto minimum (resp. Pareto minimum) to
(MOP) has been carried out through the study of the KKT optimality conditions provided
that some constraint qualifications hold, and of the convexity of the functions f and g. In
the current work, with the introduction of the scalar convex optimization problem without
convexity of constraint functions by Lasserre [12], the studies have been done on establishing
KKT optimality conditions for a weak Pareto minimum (resp. a Pareto minimum) of some
classes of multi-objective convex optimization problems. In particular, the authors have
shown in [21] that even if the convex feasible set is not necessarily described by the cone-
convex constraint, the Slater-type cone constraint qualification renders the KKT optimality
conditions both necessary and sufficient.

The classes of scalar convex optimization problems without convexity of constraint func-
tions have been studied in the literature [6,12,14] where apart from [12] in other references
inequality constraints are not assumed to be differentiable. A more recent exhaustive treat-
ment of constraint qualifications can be found in [5,23]. Recently, Ho [8] went further in
the case of scalar differentiable problems but moreover without the convexity of the feasible
set and of the functions that are involved, and showed that necessary and sufficient KKT
optimality conditions are then considered in relation to the presence of convexity of the level
sets of objective function. It is therefore of interest to investigate KKT optimality conditions
for a weak Pareto minimum and a Pareto minimum of (MOP) without the convexity of the
feasible set X and of the vector-valued functions f and g. The main purpose of this paper
is to make an effort in this direction. Since we now focus our investigations to (MOP) in

The feasible set X defined as in (1.1) is said to satisfy Slater-type cone constraint qualification [9] at
x € X if there exists X € R™ such that g(x) + Vg(x)(x — x) € —intQ.
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which the feasible set X is not necessarily convex, we are going to consider the feasible point
x* under the question satisfying the following property [8]:

Vx € X, 3t, — 0" such that x* +t,(x —x*) € X, (1.2)

which can be seen as a generalized convexity of the feasible set X. Admittedly, some non-
convex sets that satisfy the condition (1.2) will illustrate in Example 3.3 in Section 3. It
is important to note that Slater’s condition together with a mild non-degeneracy condition
on the constraints has been shown to guarantee that the KKT conditions are necessary and
sufficient for optimality of the scalar problems ( [6,8,12,14]). Now, for the problem (MOP),
we will assume only a non-degeneracy condition at the point x* under consideration (see As-
sumption 1 in the next section). In what follows the connections among non-degeneracy con-
dition, Slater-type cone constraint qualification, and Slater’s condition for cone-constraint
are also investigated ones. Further, illustrative examples are also provided to demonstrate
that our results generalize and improve the corresponding known results obtained in [21] for
the problem (MOP) in some appropriate situations.

The rest of the paper is organized as follows. In Sect. 2 we recall some basic definitions
and point out important results that will be used later in the paper. Section 3 presents
relationships among constraint qualifications of the multi-objective optimization problem
(MOP) over cone constraint (1.1) and establishes necessary and sufficient KKT optimality
conditions for a feasible point under the question to be a weak Pareto minimum of (MOP).
Finally, sufficient conditions for a Pareto minimum of the problem (MOP) are also provided.

Preliminaries

In this section, we briefly overview some notations, basic definitions, and preliminary results
which will be used throughout the paper. All spaces under consideration are n-dimensional
Euclidean space R™. All vectors are considered to be column vectors which can be transposed
to a row vector by the superscript 7. A nonempty subset K of R? is said to be a cone if
tK C K for all t > 0. For a set A in R", we say A is convexr whenever tx; + (1 —t)x3 € 4
for all t € [0,1], x1, X2 € A. By intA (resp. coA) we will denote the interior (resp. convex
hull) of the set A. The normal cone to a closed convex set A at x € A, denoted by

N(A,x):={uecR":ul(y —x) <0, Vy € A}.

A set A C R" is called strictly convez at x € A if u?(y —x) < 0 for every y € A\{x} and
u € N(A4,x)\{0}. It is worth noting that the strict convexity of A at some point x does not
guarantee the convexity of A. For instance, the set A := {(z1,22)7 € R? : 25 > 0}U{(0,0)T}
is strictly convex at (0,0)7 while A is not convex.

For a closed convex cone K C RP, a vector valued function f:= (fi,..., f,)? : R" — RP
is said to be K-convexr (K-pseudoconvez [1,22]) at a point x* € R™ if for every x € R"

f(x) — f(x*) — VI(x")(x —x*) € K

(resp. —Vix*)(x — x*) ¢ itK = f(x*) — f(x) € intK), where Vf(x*) =
(Vfi(x*), ..., Vfp(x*)T is the p x n Jacobian matrix of f at x* and for each k = 1,2,...,p,

. . o\ T
V fr(x*) = (w’“(x ) 9fleh) o Ofnlx )) is the n x 1 gradient vector of fi at x*. If f

Oxq Oxo Oy,

The feasible set X' defined as in (1.1) is said to satisfy Slater’s condition if there exists X € R™ such that
—g(%) € intQ.
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is K-convex (K-pseudoconvex) at every point x* € R™, we also say that f is said to be
K-convex (resp. K-pseudoconvex) on R™.
Now, let us recall the following results which will be useful in the sequel.

Lemma 2.1 ( [9, Lemma 3.21, p. 77]). Let K be a nonempty convex cone in RP.
(i) If K is closed, then
K={xcRP:2"2>0 forall z€ K*}.
(ii) If intK # 0, then
intK = {xcRP: 2" 2> 0 for all z€ K*\{0}}.

Lemma 2.2 ( [20, Lemma 1]). Consider the problem (MOP), if ¥ € X is a weak Pareto
minimum of (MOP), then there exist X € K* and p € Q* not both zero such that

(/\TVf(cc*) + uTVg(w*)>(cc— ) >0, Ve e R"
and
n'g(x") =0.
Now, we recall the following important result which can be found in [11] and will play

a key role in deriving a feasible point to be a weak Pareto minimum as well as a Pareto
minimum of (MOP).

Proposition 2.3 ( [11, Proposition 2.2.]). Let f : R™ — R be differentiable at x* with
Vf(x*) #0. Then, the following statements hold:

(i) N(L7(z"),z*) ={d e R" : d=7rV f(x*), for somer >0} provided that

Li(a") ={zeR": f(z) < f(=")}
18 convez.
(i) N(Ly(z*), ") ={d e R" : d=rV f(x*), for somer > 0} provided that
Ly(a") :={x e R": f(2) < f(=)}
18 convez.

We conclude this section by the following useful lemma, which will be crucial in the
sequel.

Lemma 2.4. Let X be defined as in (1.1). Assume that the condition (1.2) is satisfied at
a feasible point x* € X. Then for every p € Q*\{0} such that uTg(x*) = 0, one has

p''Ve(x*) (v —x*) <0 forall v e X.

Proof. Suppose on contrary that there exists v € X such that (u?Vg(x*))(v — x*) > 0.
Then, by the first order approximation together with the condition (1.2), we can find some
t, small enough such that

plg(x* +t, (v —x*) = pg(x*) + to,u? Vg(x*)(v — x*) + o(t,) > 0, (2.1)

where @ —0ast— 0", and x* +t,(v—x*) € X. The latter means that —g(x* +t,(v —
x*)) € @ and consequently, u” g(x* +t, (v — x*)) < 0, which contradicts to (2.1). O



NECESSARY AND SUFFICIENT KKT OPTIMALITY CONDITIONS IN (MOP) 481

Main Results

In this section, we present the constraint qualifications that are used to derive the KKT
conditions for (MOP) and their connections. Afterward, we will establish necessary and
sufficient KKT optimality conditions for a weak Pareto minimum of (MOP). Moreover, we
also establish sufficient conditions for a Pareto minimum of the problem (MOP).

At first, we recall one of constraint qualifications the so-called non-degeneracy condition
at some feasible point x* € X" in the vector setting, which has been introduced in [21].

Assumption 1: (Non-degeneracy condition [21]) Consider (MOP), for every p € @*\{0},
u?'Vg(x*) # 0 whenever p’'g(x*) = 0.

Remark 3.1 (Sufficient condition for non-degeneracy condition to be valid). Note that if
the Slater-type cone constraint qualification holds at x*, then the non-degeneracy condition
is satisfied at x*. Indeed, if there exists x € R™ such that g(x*) + Vg(x*)(x — x*) € —intQ,
then for every p € Q*\{0} fulfilling u”'g(x*) = 0, one has p? Vg(x*)(x — x*) = puTg(x*) +
pTVg(x*) (X — x*) < 0 which implies that u?' Vg(x*) # 0.

Remark 3.2. The Slater’s condition can also be guaranteed by the Slater-type cone con-
straint qualification at some point x* as well. To see this, it follows from the Slater-type
cone constraint qualification that Vg(x*)(x — x*) € —intQ — g(x*) for some x € R™. This
together with the fact that

g(x" +H(x —x")) — g(x")
t

= Vg(x*)(x —x%) + o(b),

o(t)

where ©2 — 0 as t — 0T, for some ¢y > 0 sufficiently small, it holds

g(x* +to(x — x%)) € (1 —to)g(x*) — toint@Q C —intQ.
Hence, the Slater’s condition has been justified.

Now, we present some sufficient conditions for the Slater-type cone constraint qualifica-
tion to be valid.

Theorem 3.1. Let X be defined as in (1.1). Assume that the Slater’s condition holds and
the condition (1.2) is satisfied at a feasible point «* € X. If the non-degeneracy condition
holds at x*, then the Slater-type cone constraint qualification also holds at x*.

Proof. Suppose that the non-degeneracy condition holds at x*. Assume on contrary that
for every x € R™, one has g(x*) + Vg(x*)(x — x*) ¢ —int(@, or equivalently,

—[g(x*) + Vg(x")(R" — x*)] N int@Q = 0.
So, by the Eidelheit separation theorem, there exists p € R™\{0} such that
plg(x*) + p'Vg(x*)(x —x*) + uly >0, ¥x € R", Vy € Q. (3.1)

By taking x = x* and y = 0 in (3.1), we would have pu”'g(x*) = 0. Hence, with regard to
(3.1) with x = x*, we get p € Q. Therefore, in view of (3.1), we find a vector p € Q*\{0}
with u”g(x*) = 0 such that

pf'Vg(x*)(x — x*) >0, ¥x € R". (3.2)
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On the other hand, by assumption, there exists x € R™ such that —g(%x) € int@. Then,by
the continuity of g, there exists r > 0 such that g(x+ru) € —Q for all u € B := {x €
R™: ||x|| < 1}. Consequently, X +ru € X for all u € B. So, as x* € X and x* satisfies the
condition (1.2), we conclude from Lemma 2.4 that

p'Veg(x*)(x +ru—x*) <0, VueB. (3.3)

In particular, put u = 0 € B, one has u? Vg(x*)(x — x*) < 0. Thus, with regard to (3.2),
pT'Vg(x*) (% — x*) = 0, and hence we deduce from (3.3) that

p ' Veg(x*)u <0, Vu € B.

So, uTVg(x*) must ultimately be zero vector, which contradicts to the validity of non-
degeneracy condition at x*. O

Remark 3.3. In the absence of the condition (1.2) at x*, the validity of both Slater and
the non-degeneracy conditions at x* does not guarantee the validity of Slater-type cone
constraint qualification at x*, for instance, let x := (x1,29)7 € R?, Q := {x € R? : 21 >
0, zo > 0} and g(x) := (25 + x2 — 21,71 — 22)7. We see that g(—3,-2) = (-7,-1)T €
2
—int@, that is, Slater’s condition holds. Also, one has Vg(x) = (11 3x2_1+ 1) and a short
calculation shows that the non-degeneracy holds at x* := (0,0)7 € X, while the condition
(1.2) together with the Slater-type cone constraint qualification is invalid at x*. In fact,
let us consider xo := (—=2,—1)T € X and arbitrary sequence {t, }nen C (0,+00) such that
tn, — 0 as n — +oo. So, t,, < 1 for some ng € N and x* + t,,(x0 — X*) = tp,X0 ¢ X.
Otherwise, we have that

tno(l - tno)(l + tno) = (_tno)3 + (_tno) - (_Qtno) <0,
whence, 1 <t,,. This contradicts to the fact that ¢,,, < 1. In addition, we can not find out

% := (21,%2)T € R? such that
( ;;’123;2) = ( 11 11> (2) = g(x*) + Vg(x*) (% — x*) € —intQ.

Remark 3.4. (i) It is worth noticing that there is a partial overlapping between Slater’s
condition and non-degeneracy condition at a given point x* in general. For example,
it is easy to check that Slater’s condition fails to hold for X := {x € R" : —g(x) € @},
where Q := {x € R? : 1 > 0, z2 > 0} and g(x) := (—21 + 22,21 — 22)7 for all
x € R?, while non-degeneracy condition holds at x* := (0,0)7. In contrast, redefining
g(x) == (23 —2a+ 1,2 + 2o — 1) for all x € R?, we get —g(—1,1) = (1,1) € intQ
and so, Slater’s condition holds. Now we see that non-degeneracy does not hold at x*.
Indeed, taking p, := (1,1)T € Q*\{0}, one has ul'g(x*) = 0 and

wivee =00 (g )= (0):

showing that non-degeneracy fails to hold at x*.

(ii) In addition to the Q-convexity of g at a given point x*, if Slater’s condition holds, then
non-degeneracy condition is satisfied at x*. To see this, suppose now by contradiction
that there exists p, € Q*\{0} satisfying pul'g(x*) = 0 and ul'Vg(x*) = 0. It then
follows from Q-convexity of g at x* that pl'g(x) — pl'g(x*) = pul'g(x) — pulg(x*) —
udvVg(x*)(x — x*) > 0 for a Slater’s point X. This contradicts to the fact that
1o 8(%) < 0= pgg(x*).
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Remark 3.5. In the case of Q = R := {(z1,72,...,2)T €R™ :2; >0, Vi=1,...,m},
non-degeneracy conditions at x* can be view as the Mangasarian-Fromowvitz constraint qual-
ification at x* and non-degeneracy conditions at x* in [8,12] as well. Indeed,
Jv € R" such that Vg;(x*)Tv <0, Vi € I(x*)
<0 ¢ co{Vyg;(x*) i€ I(x")}
SV = (1, po,s o pim)’ € RT\{0} st pigs(x*) =0, i=1,2,...,m,

S wVgi(x7) £ 0,
i=1

and for each i € {1,2,...,m}, by taking u := e;, where e; is the unit vector in R™ with the
ith component is 1 and the others are 0, one has Vg;(x*) # 0 whenever i € I(x*). Note that
Slater-type cone constraint qualification at x* is also equivalent to the Robinson constraint
qualification at x* [4, Lemma 2.99, p. 69]. Then, as the considered set {x € R", g;(x) <
0, i =1,2,...,m} is not necessarily convex, it seems that Theorem 3.1 extends [5, Theorem
2.1] to non-convex setting on the set {x € R", ¢;(x) <0, i=1,2,...,m}.

Now, we are in the position to give necessary and sufficient KKT optimality conditions
for a weak Pareto minimum of (MOP).

Theorem 3.2. Consider the problem (MOP) and let both Assumption 1 and the condition
(1.2) be satisfied at a feasible point x*.

(i) If =* is a weak Pareto minimum of (MOP), then x* is a KKT point.

(ii) Conwversely, if * is a non-trivial KKT point with multipliers A and p, and L;Tf(a:*)
is convex then x* is a weak Pareto minimum of (MOP).

Proof. (i) Let x* € X be a weak Pareto minimum of (MOP). By Lemma 2.2, there exist
A € K* and p € Q* not both zero such that u?'g(x*) = 0 and

(,\TVf(x*) + uTVg(x*)) (x —x) >0, Vx € R". (3.4)
As the inequality (3.4) holds for every x € R™, we conclude that
AT'VE(x*) + pTVeg(x*) = 0 and pP'g(x*) = 0.

Moreover, we assert that A = 0. Otherwise, it follows in turn that g # 0, which stands in
a contradiction to Assumption 1, and therefore, A # 0.
(ii) Let x* € X be an arbitrary non-trivial KKT point, i.e.,

NTVEx) + pT Vg(x') = 05 u"g(x") =0,

for some non-zero vectors A € RP and pu € R™. This together with Assumption 1 implies
that AT Vf(x*) must ultimately be non-zero vector. It can be seen that if the set L5rg(x*)
is empty, then x* actually is a weak Pareto minimum of (MOP). In fact, if x* is not

The set {x € R", g;(x) <0, i =1,2,...,m} is said to satisfy the Mangasarian-Fromovitz constraint
qualification [4] at x* if there exists v € R™ s.t. Vg;(x*)Tv < 0 for each i € I(x*) := {i € {1,2,...,m} :
gi(x*) = 0}.

One says that the set {x € R™, g¢;(x) <0, i =1,2,...,m} satisfies the Robinson constraint qualification
at x* if 0 € int{g(x*) + Vg(x*)(R" — x*) + R*} where g(x) := (91(x), 92(x), . - - ,gm(x)T.
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a weak Pareto minimum of (MOP), there exists x € X such that f(x*) — f(x) € intK.
So, by the virtue of Lemma 2.1, ATf(x*) > ATf(x), which contradicts to the fact that

L5re(x*) = 0. Let us consider in the case that Lir.(x*) # 0. Applying Proposition 2.3(i)
with f(x) := ATf(x), we obtain that
A'VEx ) (u—x*) <0, Yu € L5 (x"). (3.5)

Therefore, by Lemma 2.4,
ANVEx*) (v — x*) = —puTVeg(x*)(v — x*) >0, Vv € X. (3.6)

Note that,
{y e R" : f(x*) — f(y) € int K} € Lyr(x%).

Thus, in order to obtain x* to be a weak Pareto minimum of (MOP), it suffices to show that
X C R™\ L5, ((x*) equivalently, L3, (x*) N X' = 0. Suppose, ad absurdum, L3, (x*) N X #
. Thus, from (3.5) and (3.6) we get the assertion that AT Vf(x*)(w — x*) = 0 for any
W € Ly (x*) N X. Furthermore, as the set L3, (x*) being open, for each d € R™ we can

find ¢ > 0 small enough such that w + td € L3, .(x*). Hence,

tIATVE(x*)d = ATVE(x*)(w + td — x*) — AT VE(x*)(w — x*) <0,

and consequently, AT Vf(x*) = 0, a contradiction. Thus, Lin(x*) NX =0, and x* is a
weak Pareto minimum of (MOP) as desired. O

Remark 3.6. It is worth mentioning here that Proposition 2.3 plays a significant role in
Theorem 3.2(ii) for ensuring a feasible point x* to be a weak Pareto minimum of (MOP).
Beside, non-degeneracy condition (Assumption 1) at x* need to be assumed for guaran-
teeing AT VF(x*) # 0 with correspond to multiplier vector A € K*\{0}. In contrast, it
generally does not need constraint qualification to establish the sufficient optimality con-
ditions. Therefore, it might be reasonably assumed the assertion /\TVf(x*) # 0 instead
of assuming the non-degeneracy condition at x*. However, keeping in mind the fact that
we need to justify the convexity of L;Tf(x*) with the same choice A, and so in this case
the multiplier vector A turn out to be difficult to determine for satisfying all conditions in
Theorem 3.2(ii) simultaneously. This being a reason why non-degeneracy condition make
used in Theorem 3.2(ii). Another reason is that justifying the non-degeneracy condition is
done before verifying sufficient optimality conditions.

We now demonstrate with the following example to indicate that Theorem 3.2 may be
conveniently applied in some cases however Theorem 3.1 and Theorem 3.2 of [21] cannot be
used even when the feasible set X' is convex.

Example 3.1. Consider the following muti-objective optimization problem (MOP) over
cone constraint:

K— Minimize f(z) := (x + 1, 2% — 522 + 8z — 3)T
subject to x € X :={z € R: —g(z) € Q},

where g(z) = (z — 1,22 —2 — )T, K := {(z1,22)T € R? : 21 > 0, 22 > 0} and Q :=
{(z1,22)T € R? 1 21 < 0,29 < 21}. A straightforward calculation shows that:

o X = [2,—}-00),
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e K*=K,
o Q" ={(z1,22)T €R? 123 <0, wp < —11},

e x* := 2 satisfies the non-trivial KKT conditions by taking A := (2,0)7 and p :=

(1’ *1)Ta
. Lfo(x*) = (—00,2) is convex, and

e it is easily to seen that Assumption 1 and the condition (1.2) are satisfied.

Applying Theorem 3.2 (ii), we can conclude that z* is a weak Pareto minimum of (MOP).
However, it can be checked that g is not @-convex, i.e.,

g(1) —g(2) - Vg2)(1-2) = (0,1)" £ Q,

but the feasible set X is convex. Furthermore, the function f is not K-pseudoconvex at
x* := 2, because if we take x = 0 then

—Vf(z*)(x —2*) = (2,0)T ¢ intK, whereas f(z*) — f(z) = (2,4)” € intK.
Hence, the corresponding results [21] is not applicable. O

Note that the multiplier vector p is assumed to be non-zero vector (the non-triviality
of the KKT conditions) in order to ensure that A” Vf(x*) # 0 in Theorem 3.2(ii). The
following example demonstrates that this assumption cannot be dropped.

Example 3.2. Let f(z) := (z+1, — (2 —2)*)7, g(x) = (2% — 1,22 - )T, K := {(z1,22)T €
R?2 : 29 > —x1, 71 > 0} and Q := {(21,72)T € R? : 21 > 29, 27 > 0}. It is not hard to
check that X = [1,2], 2* := 2 is a KKT point with X := (0,—1)7 and p := (0,0)7, and
all the conditions in Theorem 3.2 (ii) are fullfilled. However z* is not even a weak Pareto
minimum, i.e., if we take z := 3 then f(2*) — f(z) = (3,0)T — (3, 5)T = (1,-%)" € intK.
The main reason is that x* is not a non-trivial KKT point. O

To appreciate Theorem 3.2 we present an example that is applicable while the aforemen-
tioned result in [21] is not.

Example 3.3. Consider the following multi-objective optimization problem (MOP) over
cone constraint:

K— Minimize f(z) := (2? — 1, —23 + 522 — 8z + 5)7
subject to x € X :={z € R: —g(z) € Q},

where g(z) := (23 + 2% + 2,23 + 222 — 52 + 8)T, K := {(x1,22)T € R? 1 21 >0, 29 < 21}
and Q := {(z1,72)T € R? : 2y < 0,22 < 21}. Evidently, f, and g are not K-convex, and
Q-convex, respectively. Indeed, f(1) — £f(0) — V£(0)(1 — 0) = (1,4)T ¢ K, and g(1) — g(0) —
Vg(0)(1 —-0) = (2,3)T ¢ Q. It is easy to verify that X = [0,2] U [4,+00). Then we have
already seen that the feasible set X' is not convex. Therefore, the results in [21] cannot be
applicable. cone constraint: it is not hard to verify that

o K* = {(x1,22)" € R? : 29 <0, w9 > —11},
o Q" ={(x1,22)" €R?: 29 <0, z9 < —11},

e x* := 0 satisfies the non-trivial KKT conditions by taking A := (1,—1)T and p :=
(_87 0)T7
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e Assumption 1 and the condition (1.2) are satisfied, and
o L3rq(2") = (—00,0), which is convex.
Hence, Theorem 3.2(ii) indicates that 2* is a weak Pareto minimum of (MOP). 0

Next, we will see now how the convexity of Lyr¢(x*) together with the strict convexity
of Lyre(x*) at a non-trivial KKT point x* possess x* to be a Pareto minimum of (MOP).

Theorem 3.3. Consider the problem (MOP) and let both Assumption 1 and the condition
(1.2) be satisfied at a feasible point *. If * is a non-trivial KKT point with multipliers A
and p, Lyt (x") is conver, and additionally Lyr{(x*) is strictly convex at «*, then x* is a
Pareto minimum of (MOP).

Proof. In a similar manner of the second argument as the proof of Theorem 3.2, by the KKT
conditions and Proposition 2.3(ii), we arrive at the following assertion

ANTVEx") (v —x*) > 0> ATVEx") (u — x*), Vv € X,Vu € Lyrg(x), (3.7)
and )\TVf(x*) # 0. To establish the desired results, we argue first by using Lemma 2.1 that
{y e R" 1 f(x") — f(y) € K\{0}} C Lyre(x")\{x"}.

Thus, we only need to justify this containment
X CR™\(Lare(x")\{x"}).

We argue by contradiction that there exists some w € X such that w # x* and w €
Lyre(x*). Taking (3.7) into account we actually have

ATVE(x*) (w — x*) = 0.

Furthermore, as AT Vf(x*) € N(Lyr¢(x*),x*)\{0} (by the second inequality in (3.7)) and
Lyre(x*) is strictly convex, then AT Vf(x*)(w—x*) < 0. This is a contradiction, and thereby
implying that x* is a Pareto minimum of (MOP). O

Remark 3.7. In Example 3.3 with X := (1, —1)7, it is evident that Lyre(x*) is strictly
convex at z* := 0, and hence, by Theorem 3.3, z* is a Pareto minimum of (MOP) (see,
Figure 1).

Remark 3.8. It should be noted that to obtain a Pareto minimum in the literature (see
[9,21] and other references therein), the multiplier vector A in KKT conditions need to be
taken from the strict positive dual cone of K, K* , which defined as

K :={zeR":xTz >0 for all x € K\{0}}.

However, in this case study the multiplier vector A is not necessarily to take from the strict
positive dual cone. In fact, as K defined in Example 3.3 and X := (1, —1)7, Then elementary
calculations give us

KS* = {(l’l,xg)T c Rz 1x > 0, ZTo > —1'1}

and so, A ¢ K°°.
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f?5 (K + f(z")) N £(X) = {£(z")}

—1 3

Figure 1: In Example 3.3, * := 0 is a Pareto minimum of (MOP).

To this end, we now give an example showing that the strict convexity of Lyr¢(z*) with
corresponding multiplier A is essential for x* under the question to be a Pareto minimum
of (MOP) in Theorem 3.3.

Example 3.4. Let x := (71,22)7 € R?, f(x) = (23,22 — 21)T, g(x) := (—23} + 321 +
T, w1 —22)T and K = Q := {x € R? : 71 <0, x5 > 0}. It is easy to check that the feasible
set X is not convex and the condition (1.2) is valid at x* := (1,1)T € X. Then elementary
calculations give us

e K*=Q"=K,

o ax) = 6.0 Veex) = (1 L)oo = o) i = (2 9),

e x* satisfies Assumption 1 and the non-trivial KKT conditions by taking A = p =
0.1)7,

o L5rg(x*) = {(z1,22)" € R? : g < a1} and Lyre(x*) = {(x1,22)" € R? : 2y < 11},

which are convex sets.

By Theorem 3.2 (ii), we can conclude that x* is a weak Pareto minimum of (MOP). However,
the set Lyr¢(x*) is not a strictly convex set at x*, i.e., it is clear that N(Lyrg(x*),x*) =
{(=r,m)T € R? : r > 0}. So, by taking u := (—1,1)T € N(Lyre(x*),x*)\{(0,0)"} and
y = (2,2)T € Lyrg(x*)\{(0,0)T}, one has u’ (y — x*) = 0. Actually, a point x* is not even
a Pareto minimum, i.e., if we take x := (-2, —2)T € X, one has

f(x*) — f(x) = (-3,0)" € K\{(0,0)"}.
Remark 3.9. Tt is worth noting that the convexity of L3, (x*) (resp. Lyr¢(x*)) in Theorem
3.2 (resp. in Theorem 3.3) can be viewed as a generalized quasiconvexity of f at x* due to the
notion of *-quasiconvezity [10] in the sense that for each A € K* the function ATf: R” — R
is quasiconvex. It is quite clear from the definition that x-quasiconvexity of f guarantees

A function f : R™ — R is said to be quasiconver if its sublevel set Ls(x) at x is convex for all x € R™
or, equivalently, the strict sublevel set Ljf (x) at x is convex for all x € R™.
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the convexity of the level set L3, .(x*) or of Lyrg(x*). In fact, the function f in Example

3.4 is not *-quasiconvex, i.e., by taking A := (—=1,1)T € K* and x := (1,1)7, the sublevel
set Ly(x) is not convex. For related conditions for cone quasiconvex mappings we refer the
reader to [3,13,16].

Conclusions

In this paper, we have established necessary and sufficient the Karush-Kuhn-Tucker optimal-
ity conditions for a weak Pareto minimum as well as a Pareto minimum of a differentiable
multi-objective optimization problem (MOP) over cone constraint without the convexity of
the feasible set, and the cone-convexity of objective and constraint functions. We also have
proposed constraint qualifications, and have discussed the relationship among them which
can be summarized in following diagram whenever x* € X:

Slater’s condition

Slater-type cone
constraint qualification at x* 510, (1.2

‘ is satisfied at x™

g is K-convex at x™

Non-degeneracy condition at x*
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