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Abstract

We take into condideration necessary optimality conditions of minimum principle-type, that is for optimization problems
having, besides the usual inequality and/or equality constraints, a set constraint. The first part pf the paper is concerned
with scalar optimization problems; the second part of the paper deals with vector optimization problems.
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1. Introduction

Minimum principle-type necessary optimality conditions usually occur in minimization problems where there is also a
(not open) set constraint or abstract constraint, which takes into account those constraints that cannot be expressed by
means of neither equalities nor inequalities. The name “minimum principle” necessary optimality criterion has been used
by Mangasarian (1969) and has been referred to as a “maximum principle” in Halkin (1966), Halkin and Neustadt (1966),
Canon, Cullum and Polak (1966, 1970) and in other authors, because of its relation to Pontryagin’s maximum principle
of optimal control theory. These minimum principle-type necessary optimality conditions may be considered extensions
of the Fritz John-type necessary conditions and of the Kuhn-Tucker-type necessary conditions (when some constraint
qualification is imposed) for scalar or vector optimization problems.

In the present paper we shall give an account of the main approaches adopted to study the said optimality conditions. We
prefer to treat separately the scalar and the vector optimization problems, as the authors we take into consideration usually
are concerned with only one type of the said problems. Obviously, several results established for scalar problems may be
adapted to the vector case and, viceversa, several results obtained for vector problems may be easily “specialized” to the
scalar case.

We perform our analysis in finite-dimensional spaces, under differentiability and continuous differentiability of the func-
tions involved in the related problems. Minimum/maximum principle-type optimality conditions have been obtained also
for problems in infinite-dimensional spaces; see, e. g., Jahn (1996, 2011), Kirsch and others (1978), Pshenichnyi (1971),
Neustadt (1976), Ponstein (1980), Werner (1984).

We have no pretension to be exhaustive in our account: we take into consideration only some approaches that in our
opinion have been significant for the study of the said problems. The paper is organized as follows.

In the present Section some basic tools and definitions (concerning mainly local cone approximations of sets) are recalled.

Section 2 is concerned with scalar optimization problems with only a set constraint, then with inequality constraints and
a set constraint and finally with both inequality and equality constraints and a set constraint.

Section 3 deals with scalar problems, following the approach of Bertsekas and Ozdaglar (2002) who make use of the
“general normal cone”, introduced, among others, by Rockafellar (1993) and Rockafellar and Wets (1998).

Section 4 is concerned with vector optimization problems having, respectively, only a set constraint, inequality constraints
and a set constraint, both inequality and equality constraints and a set constraint.

In Section 5 we recall few results of R. Cambini, taken from a series of papers of this author, concerning optimality
conditions for general vector optimization problems having a set constraint.

Basic key tools in studying general optimality conditions in scalar and vector optimization problems are local cone ap-
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proximations of a set X C R" at a point x” belonging to its closure. Let X C R” be a nonempty set and let c/(X) be its
closure; if x° € cl(X), then:

e the cone
o [ veR IR X xk — 20 T4 SR, A — oo,
TX,x") = _ 0
such that v = . Lim A (x* - x0)

—>+00
is a closed cone, called Bouligand tangent cone to X at x° or contingent cone to X at x°. Other representations of the
contingent cone are:

T(X,x%) = {v e R" : YU(v) YA > 0, 3r € (0,2), 3% € U(v) such that x” + 1 € X}

3r € (0, 2) such that x° + rp(f) € X

veR": Jp: R — R" with lim ¢(f) = v, VA > 0,
XA { v im (1) }

It is well-known that the closed cone T'(X, x°) is not necessarily convex. See, e. g., Aubin and Frankowska (1990), Bazaraa,
Goode and Nashed (1974), Bazaraa and Shetty (1976), Giorgi and Guerraggio (1992, 2002) for other characterizations
and for other remarks on the cone T(X, x°).

The closure of the convex hull of T(X, x°) is called the pseudotangent cone to X at x° and denoted by P(X, x°) :

P(X, x°) = cl(conn(T (X, x°))).

See Guignard (1969).

Other local cone approximations useful in optimization theory, and which are subcones of T'(X, x°), are the following
ones.

e The cone

F(X,x%) = {ve R": 31 > 0 such that Vr € (0, ], x° + v € X
is called cone of feasible directions to X at x° or cone of linear directions to X at x°.
e The cone

I(X, xo) = {v eR":3U®W), A1 > 0,VYr € (0,1),Yx € U(v) we have L tixe X}

is an open cone, called cone of interior directions to X at x° or inner tangent cone to X at x°. Another representation of
this cone is the following one:

veER": Yo : R — R" lim () = v, 31 > 0,
I(X, xo):{ ¢ [Hoy() }

such that ¥t € (0, 1) we have x° + to(f) € X

It holds x° € int(X) & 0 € I(X, x°).

e The cone

we have 2% + rx e X

0X.) = { yeR": AUWV),VYA > 0 3 € (0, 1) such that VX € U(v), }

is an open cone, called cone of quasi-interior directions to X at x° or also sequential interior tangent cone to X at x°.
Another representation of this cone is the following one:

vER":VA1>0, Yo :(0,) — R", with lim ¢(r) = v,
Q(X,xo)z{ 0.0 Jim (0 }

3r € (0, 2) such that x° + to(t) e X

We have x° € int(X) = 0 € 0(X, x°).

The structure of all the above local cone approximations depends only from a neighborhood of x° (they are “infinitesimal
notions”). For eample, it holds
T(X,x") = T(X NN, x°),

for any neighborhood N(x°).
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With reference to the cones introduced above, we have the following inclusions:

I(X, x°) 00X, x%) c T(X, x°) € P(X, x°);
IX,x") ¢ FX, x% cTX, x") c PX, x°).

N

None of the cones introduced above are in general convex. But if we assume X to be a convex set, we obtain the convexity
of the approximating cones. In effect, it is sufficient that X is locally convex at x°, that is there exists an arbitrary
neighborhood N (x%) such that X N N(x°) is convex. We have the following results:

Let X C R” be a convex set or even a locally convex set at x° € cl(X). Then the cones F(X, x°), I(X, x°), Q(X, x°) and
T(X, x°) are convex and it holds

I1(X, x°) = O(X, x°) = cone(int(X), x°);
cl(F(X, xo)) = cl(cone(X, xO));
P(T, x°) = T(X, x°) = cl(cone(X, x°)) = cl(F(X, x°))

where
cone(X, x°) = {v eER":v=Ax-x"), 1>0, xe X}

is the cone generated by X — x°. This cone is also denoted by R (X — x°).

If, moreover, int(X) # &, then

I1X,x%) = in(T(X,x%);
T(X, x°) cl(1(X, x°)).

If X is polyhedral, then
F(X,x% = T(X,x%).

We recall that, given a set S C R”, the (negative) polar cone S* of S is given by

S*={veR":vx<0, VYxeS§}.

It is well-known that if S is a non-empty closed convex cone, then § = (§*)*. If § is a linear subspace, then S * is nothing
else that §+.

2. Scalar Optimization with a Set Constraint. Basic Results

In the present section we shall consider the followinh nonlinear programming problems.

(P); : minf(x), x€X,

min f(x)

(P), : g0 =<0, i=1,...m,
xeX;

min f(x)

g0 20, i=1,..,m,

hi(x)=0, j=1,..,r <n,

x € X,

(P)3 :

where X is a subset (not necessarily open) of R”, f : Q — R and every g; : Q@ — R, i = 1,...,m, are differentiable
on an open set Q C R” containing the feasible set of the above problems, and every /; : Q — R, j = 1,...,r < n, is
continuously differentiable on Q (it is obviously possible to assume less stringent differentiability conditions).

With regard to problem (P); the following result, due to Gould and Tolle (1971), Guignard (1969), Hestenes (1966, 1975),
Varaiya (1967), is of basic importance.

Theorem 1. If x° is a local solution of (P);, then

~V£(°) e (T(X, x")". (1
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Guignard (1969) gives the following formulation of the thesis of Theorem 1:

—Vf(x%) e (P(X, x°))".

However, as it is true that for any nonempty set C € R”, it holds C* = (cl(conv(C)))*, we obtain (T'(X, 20 = (PX, x°)".

If the set X is convex, then we have T'(X, x°) = cl(cone(X, x°)) and it is easy to see that a vector v belongs to (T (X, x°))* if
and only if
vix—x9 <0, VxeX )

A vector v satisfying (2), with X a convex set, is said to be normal to X at x¥ € X. The set of all normals to X (convex) at

x0 is called normal cone to X at x° and is denoted by N(X, x°) :

NX 2% ={veR" :v(x—2") £0, Vxe X},

i.e.
N(X, 2") = [cone(X - )] .

Therefore when X is a convex set, (1) becomes
-Vf(x% e N(X, x°)

or
0 e VFix") + N(X, x°)

or also
VI (x -1 =0, VxeX.

This necessary condition becomes also sufficient (for the global optimality of x° in (P);) if f is convex or psudoconvex
(see, e. g., Mangasarian (1969)). We note moreover, that the Bouligand tangent cone and the normal cone at a point
x% € X of the convex subset X of R" are polar cones of each other, i. e.

T(X,x) = {veR":wy <0, ¥yeNXx"),
NXx%) = [yeR":yw <0, VweT(Xx).

Of course if 10 € in#(X), it holds T(X, x° = R", (T'(X, x°))* = {0} and Theorem 1 recovers the classical Fermat’s necessary
condition for an unconstrained local minimum.

Let us now consider problem (P),. If we define the sets A = {x e R" : gi(x) £0,/ = 1,...,m} and § = X N A, we have,
under the same assumptions of Theorem 1, that if x° is a local solution of (P), then

V() e (TS, x%))".

Let us denote by
1) = {i : gi(x") = 0
the set of the active constraints at x° for (P), and by
Go={veR": Vgi(x")» £ 0, Vielx")}
the linearizing cone at X for (P),. It is well-known that it holds

7(S,x%) C Gy,

(Go)* € (T(S,x"))".
As (T(S, xY))* is a (closed) convex cone, from

(T(S,x°)" = (Go)" U (TS, x")"\(Go)" U {x°))
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we obtain
(T(S. 60" = (Go)* + (T(S, 2N \(Go)" U {x°).
that is, thanks to Farkas’ lemma,
(T(S,x°)" = To + ((T(S, )"\ (Go)* U {x}),
where
Ty = {v eER" v = Z AVg(x"), =0, Vie I(xo)},
iel(x0)
is the so-called cone of gradients at x°.
We have therefore the following result, due to Gould and Tolle (1972).
Theorem 2. If x° is a local solution of (P),, then there exist scalars A; > 0, i € I(x°), such that

—(VAE) + D AaV(0) € (TS, x")"\(Go)" U {2)). 3)

i€l(x0)

On the previous theorem the following remarks can be useful.
Remark 1. If it holds

(Go)* = (T(S,x°))", (4)
obviously relation (3) becomes
VIO + D AVei(x) = 0. (5)
iel(x0)

Relation (4) is a well-known constraint qualification for problem (P), and it was proved by Gould and Tolle (1971) that
this condition is both necessary and sufficient for the so-called “Lagrangian regularity” for (P),, i. e. for the validity of
(5) with respect to any differentiable objective function, having a local constrained minimum at x° € S. When condition
(4) is not satisfied, Theorem 2 gives a sort of generalization of the classical Karush-Kuhn-Tucker conditions. The fact that
in (3) the multiplier of V £(x°) is just the unity, is not in contrast with what specified in the classical Fritz John conditions,
as the cone ((T(S, x°))*\(Go)* U {xo}) does not vecessarily shrink to {0} if x° € int(X).

The last lines of the previous remark induce to find necessary optimality conditions for (P),, expressed by the belonging
of the negative of the gradient of the Lagrangian function of (P), to the cone (T(X, x%))*. The next result is due to Gould
and Tolle (1972).

Theorem 3. Let x° be a local solution of (P), and let the following condition be satisfied:

(T(S,x)" = (Go)* + (T(X, x"))". (6)
Then, there exist scalars 4; = 0, i € I(x%), such that

~(VFO0) + D AV € (T(X,x0)". (7)

iel(x0)

The same authors prove that condition (6) is both necessary and sufficient for the validity of (7) with respect to any
differentiable objective function f having a local minimum at x° € S. More generally (see Guignard (1969)), we have also
the following optimality condition for (P),. Suppose that K is a closed convex cone in R” satisfying the assumptions

a) GonK=P(S,x");
b) (Gy)" + K is closed.

If x¥ is a local solution of (P),, then there exist multipliers A; = 0,i € [ (xY), such that

~(Vf) + ) Ve e K.

iel(x0)

We remark that if K is a polyhedral cone, then assumption b) is surely satisfied, as Gy is clearly a polyhedral cone. If
relint(Gy) N relint(K) # &, the above assunmption b) holds.
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The next result is a Fritz John-type optimality condition (or minimum principle-type optimality condition) for (P), and
was proved by Giorgi and Guerraggio (1994).

Theorem 4. Let x° be a local solution of (P),. Then, there exist scalars 1y = 0, A; = 0, i € I(x?), not all zero, such that

—(VFCE) + YT AV € (T1(X, X)), (8)

iel(x0)

where T (X, x°) is any convex subcone of T'(X, x°), with vertex at 0 € T (X, x°).

Remark 2. If (6) holds, then in (8) we have Ay = 1 and 7 (X, x°) can be chosen equal to T(X, x°). If T(X, x°) is a convex
cone, then (8) gives a sharper result, as 7(X, x%) can be chosen equal to T(X, 9. If T(X, x°) is not a convex cone, there
exist some convex subcones of the same, that can be chosen to represent T (X, x°) in (8). It is well-known that one of
these convex subcones of T(X, x°) is the Clarke tangent cone (see the next Section and see, e. g., Giorgi and Guerraggio
(1992), Ward (1987)). Obviously, if we can choose the largest convex subcone of T'(X, x°), Theorem 4 will be sharper; a
convex subcone of T(X, x) larger than the Clarke tangent cone is the Michel-Penot proto-tangent cone (see Michel and
Penot (1984), Ward (1987) and also Martin and Watkins (1985), where the expression “external cone” is used). Treiman
(1991) has shown that there are infinite convex cones lying between the Clarke tangent cone and the Michel-Penot proto-
tangent cone. Therefore we have the possibility to choose all the convex subcones of T(X, x”) we wish. For the reader’s
convenience we quote also the results of Nagahisa and Sakawa (1969) who reformulate Theorem 4, replacing 7';(X, x°)
with an arbitrary convex set K € R” such that

0eK, KCT(X,x%.
Other considerations on (P), are given in the recent papers of Flores-Bazan (2014) and Flores-Bazan and Mastroeni
(2015).
If X is convex (or locally convex at xY € X), then (8) can be expressed in the form

~(WVF) + D AV —x) 20, VxeX, ©)

iel(x0)
with 4g 20, 4; > 0, i € I(x°), not all zero. Perhaps more usually, relation (9) is written in the form

0€ VN + > AVei(") + NX.),
iel(x0)

where N(X, x°) is the normal cone to X at x° € X. A sufficient condition to have in (9) Ao > 0 is: for some % € X it holds

V()& - x%) <0, VieIxD).

‘We now consider (P)s3. In the usual classical treatments of the Fritz John necessary conditions for (P)s, the set X is assumed
to be open or that the optimal point x° belongs to int(X); of course this last assumption can be verified if int(X) # @. See,
e. g., Mangasarian and Fromovitz (1967). When none of the said assumptions is verified, it is no longer assured that x°
is a stationary point for the associated (augmented) Lagrangian function of (P)s3, similarly to what said for (P),. See the
counterexample of Bazaraa and Goode (1972) and Bazaraa and Shetty (1976). Mangasarian (1969) treats the case of X
convex and assumes that in#(X) # . This author then proves the following result.

Theorem 5. Let X be a convex set, with int(X) # @; let x° be a local solution of (P)s. Then there exist multipliers Ay, A;,
i=1,..,m;uj j=1,..,r such that

Q) (V) + I AVe(") + T i Vhi())(x = 2%) 2 0, Vx € X,
b) 2g(x*=0,i=1,.,m,
C) /l() z 0’ /11 z 0’ l = 1’ b m’ (/109ﬁ]a b /]'malula ~-~7/~1r) ;é 0.

Mangasarian (1969, p. 169) remarks that the assumption in#(X) # & “is a mild restriction, since in general a convex set
without an interior is equivalent to the intersection of a convex set with a nonempty interior and a linear manifold

{x:xeR" hix) =0},

h linear on R"”. However, this author does not further develop this remark.
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An equivalent expression of relation a) of Theorem 5 is

0e VI + Z Vg + Z 1,V (x) + N(X, x°).

i=1 =1

Always with reference to (P); it must be noted that Theorem 2 can be immediately fitted to (P)3; let us assume the
following notations:
A={xeR":g(x)£0,i=1,...,m};

B={xeR":hj(x)=0, j=1,..r};
S1=XNANB=XNC, whereC=ANB.
Hy = ker(Vh(x")) = {v eR": Vhj(x")Ww=0, Vj= 1,...,r},
Ey = Gy N Hy.

Theorem 6. Let x° be a local solution of (P)3; then there exist multipliers A; 2 0,i € I1(x9), 1 €R, j=1,..,r such that

VA + D AV + ) u V() € (TS 1,2%)"\Ej U {0).

i€l (x0) Jj=1

Bazaraa and Goode (1972) have obtained for (P); a version similar to the optimality conditions for (P),, given in Theorem
4. However, the presence in (P)3 of equality constraints, does not allow to use a closed cone, such as the Bouligand tangent
cone. The said authors use the cone of interior directions at x° € X, which is an open cone. They prove the following
result.

Theorem 7. Let x° be a local solution of (P); and let the cone of interior directions I(X, x°) be convex. Then, there exist
multipliers 4g = 0, 4; = 0,i € I(x°), y; € R, j = 1,...,r, with (Ao, 4;, i£;) # 0, such that

—(VFCD) + Y AV + D VR € (X, )" (10)

iel(x0) j=1

Theorem 7 has been sharpened by Giorgi and Guerraggio (1994) who obtain an optimality condition for (P)3, similar to
(10), but with the cone of quasi-interior directions Q(X, x°) replacing the cone I(X, x°); indeed it holds, as previously re-
marked, I(X, x°) € Q(X, x°). A result similar to Theorem 7 has been established by Pshenichnyi (1971) and by Pshenichnyi
and Danilin (1978). Canon, Cullum and Polak (1969, 1970) give necessary conditions of optimality for a mathematical
programming problem with a set constraint and equality constraints only, by means of rather complicate definitions of
local cone approximations: the linearization of the first kind and the linearization of the second kind of the constraint
set X. For interesting considerations on these approximation cones the reader is referred to Martin, Gardner and Watkins
(1981). Halkin and Neustadt (1966) and Neustadt (1969, 1976) give a general multiplier rule in an infinite-dimensional
setting by means of particular “differentiability” assumptions on the functions involved in their problem and by means of
a rather complicate approximation of the constraint set. Similar comments can be made for the paper of Nagahisa (1988).

Remark 3. When X is convex and in#(X) # &, Theorem 7 recovers Theorem 5 of Mangasarian (1969). Indeed, in this
case it holds
T(X, x°) = cl(1(X, x°)) = cl(Q(X, x°)) = cl(cone(X, x°)).

If, moreover, there exists x € int(X)or even X € relint(X) such that

Vgi(x)&-x% < 0, VieIxY),
VhiOE-x% = 0,Vj=1,..r

and Vh j(xo), Jj = 1,...,r, are linearly independent, then in relation a) of Theorem 5 we can take 1y = 1. This one is a
slight generalization of the well-known Mangasarian-Fromovitz constraint qualification (see Mangasarian and Fromovitz
(1967), Mangasarian (1969)).

If X is convex with int(X) = @, then I(X, x°) and Q(X, x°) are empty and therefore (/(X,x°))* = (Q(X, x"))* = R" and
hence Theorem 7 is of no utility. However, several authors (see, e. g., Bertsekas and Ozdaglar (2002), Jimenez and Novo
(2002a), Giorgi, Jimenez and Novo (2004), Robinson (1976)) have shown that condition in#(X) # &, with X convex, can
be dispensed, in order to obtain Theorem 5. See the next Section and the Sections concerning vector optimization.
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Remark 4. Similarly to what previously remarked for (P),, the set S is said to be Lagrange regular at x° € S if,
for every differentiable objective function f having a constrained local minimum at x°, relation (10) holds with Ay = 1.
Bazaraa and Goode (1972) have shown that the following constraint qualification

(T(S1,x0)" = (X, x°)" + (Go)" + (Hp)"

is both necessary and sufficient for the Lagrange regularity of S at x° € S ;. Finally, if the Guignard-Gould-Tolle con-
straint qualification is imposed to hold at x* € S, i. e. if

(T(S1,x°))" = (Go N Hy)",

then (10) becomes the classical relation:

VIO + > AV + > Vi) = 0. (11)

i€l(x0) Jj=1

It is well-known that the Guignard-Gould-Tolle constraint qualification is both necessary and suffcient for relation (11) to
hold (together with the non-negativity of the multipliers and with the complementarity conditions) for any differentiable
objective function having a local minimum at x° € S ;. See Gould and Tolle (1971).

Di and Poliquin (1994) have relaxed the usual assumptions of continuous differentiability of functions hj, j = 1,...,r,
imposed by several authors to obtain optimality condition (11). Other considerations on (P); along similar lines of Di and
Poliquin, are made in Di (1996).

3. Scalar Optimization with a Set Constraint: the Approach by Means of General Normal Cones

Besides the classical normal cone of the Convex Analysis, recalled in Section 2, there are other notions of normal cone,
useful in nonsmooth analysis, optimization theory, variational analysis, etc. In the present Section we consider a set
X C R" to be a closed set and a point x° € X. The general normal cone or Mordukhovich normal cone to X at x° (see
Mordukhovich (1976), Rockafellar (1993), Rockafellar and Wets (1998)) consists of all vectors v € R” for which there is
a sequence of vectors ¥ — v and a sequence of points x* — x° in X, such that, for each &,

F(x =) < o(||x - |, Vx e x. (12)

The general normal cone will be denoted by N8(X, x9). Rockafellar and Wets (1998) prove that v € N8(X, 1% if and only
if there exist sequences {xk} C X and {vk} , such that x* — x%, v — v and V¢ € (T'(X, x°))* for all k. N8(X, x°) is a closed
cone, but in general is not convex. If, in relation (12) the sequences can be chosen constant, i. e.

wx=x") < o(“x - x0||), VxeX,

we obtain the regular normal cone to X at 1, denoted N”(X, x°) and also called (Mordukhovich (2005)) Fréchet normal
cone to X at x°.

N"(X, x) is a closed convex cone. In general it holds
(T(X, x°))*  N8(X, x") (13)

but
(T(X, x")* = N'(X, x°).

When relation (13) holds with an equality sign, then set X is called “regular” at x° € X. A normal vector v to X at x° is
then called regular normal vector, i. e. it holds N8(X, x°) = N"(X, x%), or

veN(X,x") e vy <0, forall y e T(X, x°).
If X is convex, then X is regular at each x € X and it holds
NE(X,x%) = N'(X,x%) = N(X,x%) = v e R" : w(x = 2”) £ 0,Vx € X].

If X is regular at some x € X, then T(X, x) is convex and the cones 7' (X, x) and N"(X, x) are polar to each other.

Moreover, Rockafellar (1993) and Rockafellar and Wets (1998) prove the following interesting proposition which char-
acterizes the gradients of regular normals.
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Theorem 8. For any closed set X € R” the following properties of a vector v € R" are equivalent:
a) visaregular normal to X at x° € X.
b) ve(TX,x°)".

c) On some neighborhood U(x") of x° there is a smooth function f, with —V f(x°) = v, such that f attains its minimum
relative to X N U(x) at x°.

Bertsekas and Ozdaglar (2002) consider problem (P);, with X a nonempty closed set of R” and with f, every g; and every
h; continuously differentiable functions (C'-functions) from R”" to R. They prove the following interesting “enhanced
Fritz John conditions”.

Theorem 9. Let x° be a local solution of (P);, where X is a nonempty closed set of R”. Then, there exist scalars
Ao, A1y ..y Ay and py, ..., p,- satisfying the following conditions:
D) = [V + B AV + Xy V(x| € NE(X, x0);
ii) A, =0foralli=0,1,..,m;
iii) Ao, A1y e Ay 15 -, My are not all equal to zero;
iv) if the index set / U J is nonempty, where [ = {i : i # 0, 4; >0}; J = {j TS O},
there exists a sequence {xk} C X that converges to x° and is such that for all k,
FOR) < f(30), wihj(x*) > 0, Vj e J, 4igi(x) >0, Yiel, gr(x*) = o(w(x)), Vi ¢ I
(x| = o(w(xb)), Vj ¢ J, where

w(x) = min {r?eilng;f(x), r§161}1 |hj(x)|}
and
g; (x) = max {0, gi(x)} .

Following Bertsekas and Ozdaglar, we point out that condition iv) of the previous theorem is stronger than the usual
complementarity conditions. We note moreover that when X is a convex set, relation i) collapses to relation a) of Theorem
5, and this without requiring that int(X) + &.

On the other hand, Clarke (1976) presented the following generalized Lagrangian multipliers rule for (P);, where f, every
gi and every h; are supposed to be locally Lipschitz at the feasible point x° and that X is a closed subset of R”.

Theorem 10. Let x° be a local solution of (P)s; then there exist multipliers ro, 7, 5; (i = 1,...,m; j = 1,...,7), not all zero,
such that

a) r020,r20,i=1..,m
b) rigi(x*)=0,i=1,..,m;
o - [Voacf(xo) + 2 o) + X0 S‘,ﬁchj(xo)] € NC(X. x0).

In the previous theorem € £(x°) is the Clarke subdifferential of f at x°, 1. e.
) ={geR: £ ) 2 €Ty, Yv e R,

where

G0 v) = limsup 7' [f(y + W) — f()]
y—x%, 110

is the Clarke directional derivative at xX° € Q in the direction v. It is well-known that 6€ f(x°) is a nonempty convex
compact subset of R” and that

£ v) = max {7y : £ € °F ().

Similarly for 6cgi(x0) and 6Chj(x°). The cone NC(X, x°) is the Clarke normal cone to X at x° € X (see Clarke (1983)), i.
e.
NEX,x%) = (TX,x%)",

where T€(X, x°) is the Clarke tangent cone to X at PLeX:

TC(X, x°) = { v:R": V{xk} — 2%, with x* € X, V{5,} — 07, }

El{vk} —s vwith xX* + gpf e X
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or equivalently,

TC(X,xo)z{ v: R : YN(v), AN(x), 32 > 0 such that Yz € (0, 2), }

Vi e N(xo) NX, e NV)withi+meX

It is well-known that this cone is closed and convex and that 7€ (X, x°) € T(X, x°). Moreover, if f is continuously differ-
entiable in a neighborhood of x°, then 6€ f(x°) = {V f (xo)} . So, in this case we have another Fritz John-type optimality
condition for (P);. Moreover, if X is a closed convex set, then the Clarke normal cone collapses to the classical normal
cone of the Convex Analysis, and therefore relation a) of Theorem 10 becomes relation a) of Theorem 5, again without
the requirement int(X) # &.

Besides the fruitful approach of Clarke (1976, 1983), problem (P); has been considered also by Hestenes (1975), who
makes use of the so-called “derived sets”, which suitably approximate the image of X under the mapping

xeX — (f(x)’ gl(x)s EEE) gm(-x)s hl(-x)9 cees hr(-x))

near the image of the solution of (P);. We point out a paper of Breckner and Kolumban (1988), in which these authors
overcome some difficulties and restrictions imposed by Hestenes.

4. Vector Optimization with a Set Constraint. Basic Results

We first introduce the usual order relations in R”. If x € R” and y € R”, then:

o x=y=x=y,i=1,..,n

o x<ye—=S x;<y,i=1,..,m

o xSy—=xZy,i=1,..,n

e x<ye xZy,butx#y;i e x < ybutthere exists an index i such that x; < y;.

In this Section we shall consider the following vector optimization problems or Pareto optimization problems or multiob-
Jective optimization problems.

(VP); : V-min f(x), x € X,

V-min f(x)
(VP), : {gz(x) 0,i=1,.

xeX;

V-min f(x)
gi(x)£0,i=1,...m
hj(x)=0, j=1,.,r<n,
x€eX,

(VP); :

where X isasubsetof R”, f: Q — R”, g : Q — R", h: Q — R’, Q open set of R” containing X, f and g differentiable
on  and % continuously differentiable on €.

Definition 1. A feasible point x° for (VP), is said to be an efficient point or efficient solution or Pareto optimal point for
(VP); if there does not exist another point x € X such that f(x) < f(x°). In other words, if

f(x) = £(°) ¢ -RP\ {0}, Vx e X.

Definition 2. A feasible point x° for (V P); is said to be a weakly efficient point or weakly efficient solution or weak Pareto
optimal point for (VP), if there does not exist another point x € X such that f(x) < f(x°). In other words, if

f(x) = f(x°) ¢ —intRY), Vx € X.

If the previous conditions are verified in U(x") N X, where U(x°) is a suitable neighborhood of x°, then x° is said to be
a local efficient point or a local weakly efficient point, respectively. Obviously (local) efficiency implies (local) weak
efficiency. In the scalar case (p = 1) a weakly efficient (local weakly efficient) and an efficient point (local efficient point)
collapse to the usual definition of a minimum (local minimum) point.

As we are concerned with necessary optimality conditions for (VP);, i = 1,2, 3, usually we shall make reference to the
concept of weakly efficient points. The following necessary optimality conditions for (V P); hold.

Theorem 11. If x° € X is a local weakly efficient point for (VP),, then

TX, X NFy=o
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where
Fo={veR": Jf(")v € —in(R)} .

In other words, the system
Jf(Ov <0

has no solutions v € T(X, x°).
Proof. See Corley (1985), Jimenez and Novo (2004), Giorgi and Zuccotti (2012).

Remark 5. Another way to express Theorem 11 is the following one: if x° is a local weakly efficient point for (VP);, then

max [VAGw] 20,

.....

for all v € T(X, x°). In the single-objective case this condition holds at an optimal point considering any direction v in the
closed convex hull of T(X, x), i. e. in the cone P(X, x%). This is no longer true in the multiobjective case, as Wang and
Yang (1991) have shown. However (see Castellani and Pappalardo (2001)), if f is convexlike on X, then if PeXisa
weakly efficient point for (VP);, then

max [Vf,-(xo)v] >0, Vve PX,x",
P

i=1,...,

or, equivalently, by the strict separation theorem,
conv{V£:(x"), i = 1,... p} 0 (T(X, )" # @.
Remark 6. If x° € int(X), then T(X, x°) = R” and the thesis of Theorem 11 becomes: the system
Jf ) <0

has no solution v € R". Applying the Gordan theorem of the alternative (see, e. g., Mangasarian (1969)), this is equivalent
to the proposition: there exists y € R” such that

yJ (% =0, y>0. (14)

Condition (14) was obtained, in an autonomous way, by Craven (1977); a feasible vector X0 satisfying (14), is also called
a “vector critical point” for (VP),.

We now consider (VP),, i. e. a vector optimization problem with only inequality constraints and an abstract constraint.
For this case Jiménez and Novo (2002b) have proved the following results, which “parallel” the corresponding results of
Theorem 4, established for scalar problems.

Theorem 12. Let x° be a local weakly efficient point for (VP), and assume that 7'(X, x°) is a convex cone. Then, there
exist multipliers ay, s = 1, ..., p, 4;, i = 1, ...,m, not all zero, such that

P m
0€ > aVAG) + ) Vo) + (T(X, )" (15)
s=1 i=1

@20, s=1,..,p; 4, =20, i=1,..,m;
2gi(x") =0, i=1,..,m.

Remark 7. A similar result holds with reference to any convex subcone T (X, x°) of T(X, x°), with vertex at 0 € T (X, x°).
Under the assumptions of the previous theorem, if, moreover, it holds the following constraint qualification

GinT(X,x°) + @ (16)

or
GinTi(X,x") # &

where
Gy ={veR": V(W <0, ieI(x")},

then (15) holds with @ = [a, ..., ] # 0, i. e. with a > 0.
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If X is a convex set, then T(X, x°) is convex and in relation (15) the cone (T'(X, x°))* equals the normal cone N(X, x°).
Moreover, in this case relation (16) can be substituted with the equivalent condition

GinXx-x"2#0o.

If we assume that f and g are convex, X is a convex set, 1% is an efficient solution for (VP), and that the weak Slater
constraint qualification holds:
there exists X € X such that g;(x) <0, i € I(xo),

then (15) holds with @ # @ (i. e. with @ > 0). If, moreover, we assume that the strong Slater constraint qualification
holds:
for each s = 1, ..., p, there exist X, such that

fil®) < filx®), Yk # 5, gi(%,) < 0,Yi € I(X°), X%, € X,
then (15) holds with @ > 0.

‘We now consider (VP)3; this vector optimization problem has been treated by several authors, but here we follow mainly
the approach of Giorgi, Jiménez and Novo (2004), Jiménez and Novo (2002a) and Jiménez and Novo (2002b). We first
treat the case of a convex constraint set X.

A) The constraint set X is a convex set.

We do not assume (contrary, e. g. to Jahn (2011)) that int(X) # &. Also Robinson (1976, Theorem 3) obtains a minimum
principle-type optimality condition for (VP);, with a convex constraint set X and in infinite spaces for Fréchet differen-
tiable functions (and without the condition inf#(X) # &), by means of a “separation property” (Robinson (1976), Definition
5). In finite-dimensional spaces it is possible to obtain the following results (see the above quoted papers of Jiménez and
Novo).

Theorem 13. Let X C R” be a convex set and let x° be a local weakly efficient point for (VP)s;. Then, there exist
multipliers @, s = 1,...,p; A;, i = 1,...,m; u;, j =1, ..., 1, not all zero, such that

D 0eX! aVAQY) + X AVe(x) + X 1 Vhi(x%) + N(X, x0);
iy g% =0,i=1,..,m;
i) (a,A) = 0.

Remark 8. If we impose some “regularity condition”, we can obtain that iii) of the previous theorem holds in the form
(a, 4) > 0. This is assured, for example, by the condition:

0e Zy,wzj(xo) + NX, x") = pu = 0. (17)

j=1
If, in addition to (17), we impose also the following constraint qualification:
GiNnHyn(X-x" # 2,

then 7) of the previous theorem holds with @ > 0, i. e. we obtain for (VP); the so-called Karush-Kuhn-Tucker conditions
(in a weak form). Other constraint qualifications assuring @ > 0 in i) of Theorem 13, are presented in Giorgi, Jiménez and
Novo (2004).

B) The constraint set X is an arbitrary set of R".

As for the scalar case, in order to obtain a minimum principle-type optimality condition for (VP);, we have to make use
of the cone of interior directions I(X, x9) or better, of the cone of quasi-interior directions Q(X, x9).

Theorem 14. Let X C R”" be an arbitrary set and let x° be a local weakly efficient point for (VP)s. Let Q(X, x°) be a
convex cone; then there exist multipliers a5, s = 1,...,p; 4;,i = 1,...,m; u;, j = 1,...,r, not all zero, such that

D 0€ T VA + I VS0 + Ey V100 + QXG0
b) Agi(x>)=0,i=1,..,m;
¢ (ad)=0.

Remark 9. Under the assumptions of Theorem 14, if, moreover,

GiNHyNn OX,x°) # @
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and the Jacobian matrix JA(x") has full rank, then a) of the previous theorem holds with a > 0.

Remark 10. It is possible to obtain for (V P); minimum principle-type optimality conditions with the use of the Bouligand
tangent cone T (X, x%), instead of the cone I(X, x°) or the cone Q(X, x°), by imposing a suitable regularity condition or
constraint qualification, as shown in Jiménez and Novo (2002b) and in Giorgi, Jiménez and Novo (2004).

Theorem 15. Let x° be a local weakly efficient solution for (VP); and let
a) either T(X, x°) be convex,
b) or T (X, x°) be convex, where T (X, x°) is any subcone of T(X, x°), with 0 € T (X, x°).

Assume the following “extended Abadie constraint qualification”:
GoNHyNTX,x") CcT(CNX,x%,

where C=ANB={xeR":g(x) 20, i= 1,...,m}n{x€R” thix) =0, j= 1,...,r}.
(If we use the convex subcone T (X, x°), in the previous relation the cone 7'(X, 1% has to be substituted with T (X, x°)).
Then, there exist multipliers a, s = 1,...,p; A, i = 1,..,m; uj, j = 1,...,7, not all zero, such that

D 0eX! o VA" + X0 Ve () + X VR (X0 + (T(X, x°))%;

i) /lig,-(xo) =0,i=1,....m;

iii) (a,A) = 0.
Remark 11. If /in {th(xo), j=1,., r} +(T(X, x°))* is closed, then i) is satisfied with (a, 1) # O (lin {S} is the linear span
of §).
If cone conv {Vg[(xo), i€ I(xo)} + lin {th(xo), j=1, ...,r} + (T(X, x°))* is closed, then i) is satisfied with & # 0. A

sufficient condition for the validity of the last “closedness” relation is:

G N Hy N relini(T(X, 1) # @.

Bender (1978) uses, instead of the “extended Abadie constraint qualification”, another regularity condition, i. e.
HoNTX, 1) c T(BNX,x").

Obviously, if the inequality constraints are not considered, the extended Abadie constraint qualification collapses to the
Bender constraint qualification. However, if the inequality constraint are present, the two conditions are not comparable.
See Jimenéz and Novo (2002b).

Remark 12. Giorgi, Jiménez and Novo (2004) consider (VP);, with X an arbitrary set constraint, and by means of
an “extended Bender constraint qualification” they obtain the following minimum principle-type optimality conditions
(under weaker differentiability assumptions than the ones of the present paper).

Theorem 16. Let in (VP); be X an arbitrary set of R” and let P C R” be a convex set with 0 € P. Let the following
“extended Bender constraint qualification” hold:
HyNnPCTBNX, ).
If x° is a local weakly efficient solution of (VP)3, then there exist multipliers a, s = 1,...,p; i, i = 1,...,m; puj, j=1,...,7,
not all zero, such that
) 0eX! o Vi) + X, AV + Ty i Vhi(x0) + P
2) /l,-gi(xo) =0,i=1,..,m
3) (a,A)=0.

Remark 13. We obtain the same conclusions of Theorem 16, by choosing P = I(X, ) U0} or P = OX, x°) U {0},
with 1(X, x%) and O(X, x°) convex, without assuming the extended Bender constraint qualification (see Giorgi, Jiménez
and Novo (2004)). However, we note once again that if int(X) = @, we have I(X, x°) = Q(X, x°) = @, and so (I(X, x°))* =
(Q(X, x))* = R", therefore condition 1) of Theorem 16 becomes trivially satisfied and not useful.

On the other hand, the Bender constraint qualification allows to deduce directly form Theorem 16 the minimum principle-
type optimality conditions for the case of X convex, without assuming in#(X) # &. Indeed. if X is convex and regularity
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condition (17) holds, i. e.

(RC) 0Oe Z 1 Vhi (%) + NX, x%) = u = 0,
j=1

Jiménez and Novo (2002a) have proved that we have
HyNnT(X,x") =T(BnX,x",

i. e. a Bender constraint qualification (where P = T(X, x9), convex cone, being X convex). If (RC) does not hold, it is
always possible to choose multipliers u ;, not all zero, such that the thesis of Theorem 16 holds. A similar approach is also
used by R. Cambini: see the next Section.

5. Vector Optimization with a Set Constraint. The Approach of R. Cambini

Riccardo Cambini has been concerned with vector optimization problems with a set constraint in several papers; see
Cambini (1998, 1999, 2002, 2003, 2007). This author studies a vector optimization problem more general than (VP)s,
in the sense that the ordering cone is not necessarily the Paretian cone, but it is given by a closed convex pointed cone
with a nonempty interior. Moreover, the differentiability assumptions on the functions involved in the said problem are
more general than ours, as also the Hadamard directional differentiability is taken into account and, finally, the optimality
conditions are expressed both in the image space and in the decision space. We shall give a brief account of Cambini’s
results, referred to (VP); under Fréchet differentiability and continuous Fréchet differentiability, following the usual
decision space approach.

Theorem 17. Consider problem (VP); and assume f and g to be Fréchet differentiable at the feasible point x°. Moreover,
let & be continuously differentiable in a neighborhood of x°. Let U C R" be a cone which verifies one of the following
regularity conditions:

R1) U is convex and
UNT(B,x") cT(BNX,x°);

R2) U =I(X, x°) is convex;
R3) U =T(X, x" and X is convex.

If the feasible point 1Y is a local efficient point for (VP)s, then there exist multipliers ay = 0, s = 1,...,p; 4; = 0,
i=1,.,m;u; €R,notall zero, such that
(% =0, i=1,..,m;

)4 m r
[Z a VA + ) AV + > p thj(xO)] v=0, YveclU).
s=1 i=1

=1
Proof. See Cambini (2007).

Remark 14. The previous results hold also if x° is a local weakly efficient point for (VP)3. If X is convex and the feasible
point x° is a local efficient point for (VP)3, then the following minimum principle-type optimality conditions hold:

There exist multipliers s 2 0, s = 1,..,p; 4, 20,i=1,...,m; 1; € R, not all zero, such that /l[g,-(xo) =0,i=1,..,m
p m r
[Z a VA + Y] AVei00) + th,-(xo)) (-x)20, VyeX.
s=1 i=1 j=1

Indeed, this result follows at once from R3) of Theorem 17, by choosing U = F(X, 1) € T(X, x%). Note that the assump-
tion int(X) # @ is not required. Obviously, if x° € int(X) all the minimum principle-type necessary optimality conditions
taken into consideration in the present paper collapse to the usual Fritz John conditions or to the usual Karush-Kuhn-
Tucker conditions.
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