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Abstract. The present paper studies the following constrained vector optimization prob-
lem: mcin f(z), g(z) € =K, h(z) = 0, where f: R" — R™, g: R" — RP are locally Lipschitz

functions, h: R — R? is C'! function, and C' C R™ and K C RP are closed convex cones.
Two types of solutions are important for the consideration, namely w-minimizers (weakly
efficient points) and ¢-minimizers (isolated minimizers of order 1). In terms of the Dini di-
rectional derivative first-order necessary conditions for a point z* to be a w-minimizer and
first-order sufficient conditions for ° to be an i-minimizer are obtained. Their effectiveness
is illustrated on an example. A comparison with some known results is done.
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ity conditions
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1. INTRODUCTION

In this paper we deal with the local solutions of the constrained vector optimization
problem

(1) min f(z), g(z) € K, h(z) =0,

where f: R" — R™, g: R™ — RP and h: R™ — R? are given functions, and C C R™
and K C RP are closed convex cones. It is supposed that f and g are locally Lipschitz
and h is C' function. The inclusion g(z) € —K can be represented as a set of
inequalities (n, g(z)) < 0, n € K', where K’ is the positive polar cone of K. For
this reason the problem is referred as one with inequality and equality constraints.
Two types of solutions are important for the considerations, namely w-minimizers
(weakly efficient points) and i-minimizers (isolated minimizers of order 1). In terms
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of the Dini directional derivative we obtain first-order necessary conditions for a
point z° to be a w-minimizer and first-order sufficient conditions for z° to be an
t-minimizer. The paper generalizes the results from [9], where problems with only
inequality constraints are considered.

There is a growing interest toward optimality conditions for nonsmooth vector
problems, though less papers study problems with equality constraints. In the
smooth case the Fritz John optimality criterion is generalized in [16] and [13]. Uni-
fied first and second-order theory based on parabolic derivatives is proposed in [6].
Nonsmooth problems within Clarke subdifferentials are treated in [7] and [8]. Re-
cently this problem is studied with the help of scalarization [2] or by second-order
technique [15], [1]. Second-order technique based on Dini derivatives for problems
without equality constraints and C*! data (that is differentiable with locally Lip-
schitz derivatives) initiates in [14] (for problems with polyhedral cones) and goes on
(for arbitrary cones) in [11] and [10]. A further generalization (toward relaxing the
smoothness of the problem data) for (unconstrained) problems with ¢-stable data
can be found in [5]. In [12] using suitable elimination procedure this technique is
extended to problems with equality constraints (with C*! objective function and
inequality constraints and C? equality constraints). The present paper using similar
elimination establishes first-order conditions for problems with locally Lipschitz ob-
jective function and inequality constraints and C' equality constraints. An example
demonstrates the effectiveness of the obtained conditions and shows that they can
work in some cases when the conditions from [7] and [8] fail.

2. PRELIMINARIES

For the norm and the dual pairing in the considered finite-dimensional spaces we
write || -|| and (-, ). From the context it should be clear to what spaces exactly these
notations are applied.

For a cone M C RP its positive polar cone is M’ = {¢ € R¥: (¢,¢) > 0for all p €
M}. If p € clconv M we set M'[p] ={¢ € M'": {{,p) =0}. Then M'[p] is a closed
convex cone and M'[p] C M’. Consequently its positive polar cone M|[p] := (M'[¢])’
is a closed convex cone, M C M[p] and (M[y]) = M’[¢]. In this paper we apply
the notation M|[p] for M = K and ¢ = —g(z9).

The solutions of (1) (and similarly for the problem (2) considered further) are
understood in a local sense. In any case a solution is a feasible point 20, that is a
point satisfying the constraints. The feasible point z° is said to be a w-minimizer
(weakly efficient point) for the problem (1) if there exists a neighbourhood U of x°,
such that f(z) ¢ f(2°) — int C for all feasible points z € U.

To define an i-minimizer we need the concept of an oriented distance. Given a set
A C R*, then the distance from y € R* to A is d(y, A) = inf{|la — y||: a € A}. The
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oriented distance from y to A is defined by D(y, A) = d(y, A) — d(y, R* \ A). When
A = —C, where C' is a convex cone, then D(y, —C) = sup{{({,y): £ € ', ||€]| =1}
(here ||¢|| means the dual norm to the one given in R¥).

We say that the feasible point 2 is an j-minimizer (isolated minimizer of order 1)
for the problem (1) (and similarly for (2)) if there exists a neighbourhood U of x°
and a constant A > 0 such that

D(f(z) — f(z°),—C) = A|x — 2°|| for all feasible x € U.

The above definition generalizes to vector optimization problems the definition of
an isolated minimizer for scalar problems from [4]. Some authors (e.g. [3]) use to
say strict minimizers instead of isolated minimizers. The definition of an i-minimizer
involves the norm. However, since any two norms in a finite dimensional real space are
equivalent, the concept of an i-minimizer is actually norm-independent. Obviously,
each i-minimizer is a w-minimizer.

For a given locally Lipschitz function ®: R™ — R¥ the Dini derivative ®/ (z°)
of ® at 2¥ in direction v € R™ is defined as the set-valued Kuratowski limit

P! (2°) = Lirilsljp % (®(2° + tu) — 2(z?)).
If ® is Fréchet differentiable at z° then the Dini derivative is a singleton and can
be expressed in terms of the Jacobian ®/ (z°) = ®'(2%)u. We will deal with the
Dini derivative of the function ®: R" — R™*? &(z) = (f(x),g(x)). Then we use
the notation @/ (2°) = (f(xo),g(mo));. Let us note that always (f(a:o),g(xo)); C

fL(2°) x g/, (2"), but in general these two sets do not coincide.

3. PROBLEMS WITH ONLY INEQUALITY CONSTRAINTS

In this section following [9] we recall some necessary and sufficient optimality
conditions for the problem with only inequality constraints

(2) min f(z), g(z) € —K.

The following constraint qualification of Kuhn-Tucker type appears in the Sufficient
Conditions part of Theorem 1:

1
if g(2%) € —K and —(g(z° + tu) — g(a%)) — 20 € —K[g(°)],
Qo1 (%) tk
then Ju® — uw® Ikg e NVE > ky: g(:EO +tkuk) e —K.
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Theorem 1 ([9]). Let f, g be locally Lipschitz functions and consider the prob-
lem (2).
(Necessary Conditions) Let 2° be a w-minimizer of the problem (2). Then for each
u € R™\ {0} the following condition is satisfied:

) {wyo,z% € (£(2%),9(z%) 3(€%,n°) € ¢’ x K'[~g(2°)]:
(€9,7°) # (0,0) and (€°,3°) + (n°, ) > 0.

(Sufficient Conditions) Let #° € R™ and suppose that for each u € R™ \ {0} the
following condition is satisfied:

, ¥ (40, 2°) € (£(2°),9(20))., 3(£%n°) € C" x K'[~g(2°)):
(€%,1°) # (0,0) and (€°,3°) + (1°, 2%) > 0.

Then 2° is an i-minimizer of order one for the problem (2).
Conversely, if #° is an i-minimizer of order one for the problem (2) and the con-
straint qualification Qo 1 (z°) holds, then the condition S, ; is satisfied.

4. PROBLEMS WITH INEQUALITY AND EQUALITY CONSTRAINTS

In this section we generalize Theorem 1 to problems with both inequality and
equality constraints. We prove our result under the assumption that at the feasi-
ble point 2° the vectors h}(z°),..., h;(mo), which are the components of h'(x°), are
linearly independent. Under this assumption the considered problem (1) can be re-
duced to an equivalent problem with only inequality constraints to which Theorem 1
can be applied. Here we explain this reduction.

Let the vectors @/ € R™, j =1,...,q, be determined by

(3) hi(z2)w/ =0 for k#j, and R)(z%)’ = 1.

For each j = 1,...,q, the equalities (3) constitute a system of linear equations
with respect to the components of @7, which due to the linear independence of
Ry (20), ... ,hf](aro) has a unique solution. Moreover, the vectors u!,...,u? solv-
ing this system are linearly independent and R™ is decomposed into a direct sum
R™ = L@ L', where L = ker h/(2°) and L’ = lin{a',...,u?}. Let ul,...,u""? be
n — ¢ linearly independent vectors in L = ker h'(2°). We consider the system of
equations

n—q q
(4) hk<x0+ZTiui+Zajﬂj)—0, k=1,....q
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Taking 7, ...,7,—q as independent variables and o1, ..., 0, as dependent variables,
we see that this system satisfies the requirements of the implicit function theorem
at the point m = ... = 7,_¢ = 0, 01 = ... = g, = 0 (at this point hy take
the values hy(z°) = 0 because 2° is feasible, and the Jacobian 0h/dc is the unit
matrix and hence is non degenerate). The implicit function theorem gives that in a
neighbourhood of 20 given by |r;| < 7,i=1,...,n—gq, |0;| <7, j =1,...,q, this

system possesses a unique solution 0; = 0;(71,...,Tn—q), J = 1,...,¢. The functions
o;=0;(T1,...,Th—q) are C', and
(5) 0j| o=0j(0,...,0)=0, j=1...,q,
00
6 1l =0, j=1,...,q, i=1,....,n—q,
(6) a1 1o j q q

where 70 = (0,...,0). To show the latter we differentiate (4) with respect to 7;
obtaining

n—q q q
. , , e
h/ 0 2 : b § : 7 % § : J=7 ) — 0
k(x i i=1 e j=1 g ) (U +j=1 aTi B

For 7 = 70 = 0 we get
daj|
U 0
(U + Z (9’7'1 7'0 ) ’

whence on account of u® € ker h'(z%) and (3) we obtain (6).

The equivalence of the problem (1) with a problem with only inequality constraints
is given in the next lemma.

Lemma 1 ([12]). Consider the problem (1) with h € C', for which h(x°),...,

h; (20), are linearly independent, and C' and K are closed convex cones. Then x° is a

w-minimizer or i-minimizer for (1) if and only if 7 = 0 is respectively a w-minimizer
or i-minimizer for the problem

(7) Hgnf(Tl,...,Tn_q), G(T1,...,Th—yq) € — K,

where

fm1, . Taeg) (x —I—Znu —I—ZUJ T1,...,Tn_q)uj),
g(Tl,...,Tn_q)=g<$O+ZTi’U,i+ZU]’(Tl7---7Tn—q)uj>-
i=1 j=1

The next theorem is our main result.
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Theorem 2. Consider the problem (1) with f, g being locally Lipschitz functions,
h € C', and C and K closed convex cones. Let 2° be a feasible point and let the
vectors b (z°),..., h/(z"), the components of h'(2"), be linearly independent.

(Necessary Conditions). Let 2° be a w-minimizer of the problem (1). Then for
each u € ker b/ (z") \ {0} the following condition is satisfied:

V(1,2 € (f(2°),9(z"))], 3(
N/ (€% e C' x K'[ z0)], (¢ ( ) (0 0)
and (£°,4°) + (n°, 2% > 0.

(Sufficient Conditions). Suppose that for each u € ker h/(x°) \ {0} the following
condition is satisfied:

Y (y°,2%) € (f(2°),9(z%))] 3(€%,n°):
s (€°,n°) € C" x K'[—g(a")], (¢°,7°) # (0,0)
and (€°,4°) + (n°,2%) > 0.

Then z° is an i-minimizer of the problem (1).

Proof. According to Lemma 1 the feasible point 2° is a w-minimizer or i-
minimizer of the problem (1) if and only if 7° = (0,...,0) is respectively a w-
minimizer or i-minimizer of the problem with only inequality constraints (7). It
remains to apply Theorem 1 to (7) and to express the necessary and sufficient con-
ditions through the data of the problem (1).

We deal first with the necessary conditions. Lemma 1 gives that if 7° is a w-
minimizer of (7), then for each 7 = (71,...,7,—¢) € R"77\ {0} it holds

(8) vV (%, 2%) € (F(r°). (%)) 3(e%1°) € " x K'[-g(r°)]:
(€,n%) # (0,0 0

S—
I
B
o,

~

\’O

<

>
+
=

\.O
w

<>
\%

To the fixed vector 7 = (71, ..., Th—q) We juxtapose the vector

n—q
9) u = Z Tu'
i=1

Since the vectors u!,...,u" "7 form a base in ker h/(z°), obviously (9) gives a one-
to-one correspondence between the vectors 7 in R”77 \ {0} and the vectors u in
ker h/(z°) \ {0}. Now we express the condition (8) using the vector u instead of 7
and z°, f, g instead of 7°, f, g

We will show that (8) transforms into N’. Observe that K'[—g(7°)] = K'[—g(z°)]
due to g(7%) = g(z°). Therefore, (¢°,7°) € C" x K'[-g(7°)] can be written as
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(€°,1n°) € C" x K'[-g(2")]. It remains to show that (y°,2°) € (f(r°),g(r )), is
equivalent to (y°,2°) € (f(2°),g(z ));, where u and 7 are related by (9). Indeed,

let

Y = lim — (7(70 +tx) = F(77)), %= h,rcn%(wo +t7) —39(7"),

with some sequence t; — 0F. In order to prove that (y°,2°) € (f(a:o),g(aro)); it is
enough to show that

Y0 = 1i}£n%(f(x0 + tpu) — f(29)), 2°= liin%(g(xo + tpu) — g(2°)).

We show only the first equality. The second one is derived similarly. Assume that
f is Lipschitz with constant A in a neighbourhood of z°. Then

(7 + i) — F(a))

k

= L (6 + ter) — T))

k

1 K :
+— (f(:co + tpu) — f(xo ttru+ Y o(teT, . ,tan_q)uJ)> — 0.

4
k =

In the above limit the first term tends toward 4° and the second toward 0. The latter
follows by the following chain of inequalities, true for sufficiently large k:

1 (f(a:o +tgu) — f (xo + tpu + Z oj(trT, ... ,tan_q)uj>> ‘

t
‘ k =1

A d »
<7 D log(tams o timg) = 0 ()] - |

o Okt )| - @] — 0 as k — oo.

Here 0 < 6, < 1 is given by the mean-value theorem. We have also used the fact
that o; € C! and the equalities (5) and (6).

The above reasonings prove the Necessary Conditions of the theorem. The Suffi-
cient Conditions are proved in a similar way. O

Let us make the following remark. Theorem 1 gives also the converse of the suffi-
cient conditions. To obtain a similar converse for the problem (1) with both equalities
and inequalities constraints we can write the constraint qualification Qg ;(7°) for the
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problem (7) and reformulate it in terms of the problem (1). What we get is the
following constraint qualification:
if g(z%) € —K, h(2°) =0, u = Zé:lqﬂui € ker b/ (z9)

1
and - (9(z° + tru) — g(2°)) — 2 € —K[—g(2)],
@(l‘o) k -
then 3a* =3 ‘Thu' —u Ik €N

Vk > ko: (il,' +tku +Z tle,...,tkfﬁ_q))E—K.

It should be noted here that if at some feasible point z° the constrained qualifica-
tion Q(z°) holds, then the condition S’ is implied by the fact that 2° is an i-minimizer
of the problem (1).

The next example shows the effectiveness of the conditions from Theorem 2 for
particular problems. This example is used in the next section to compare Theorem 2
with some results of [8] and [7]. For brevity we omit some of the calculations.
Applying Theorem 2 we follow the usual procedure. First we find the set N, of
the critical points, that is, the points satisfying the Necessary Conditions, which
contains all the w-minimizers. Among the critical points we distinguish the set of
the i-minimizers satisfying the Sufficient Conditions. The problem considered in
this example is with locally Lipschitz data, but not with C* data (the function g is
not C1).

Example 1. Consider the problem (1), for whichn =2, m=2,p=1,¢=1,
the cones are C = Ri and K = R, and the functions f, g, h, are given by

f(w1,20) = (21, —22), g(z1,22) = min(z1, x2),

2 2
h(z1,z2) = 2] — 22122 + 25 — T1 — Xa.

Then the sets N,, and 5; of the feasible points satisfying respectively the Necessary
Conditions N’ and the Sufficient Conditions S’ are given by N, = N} U N2 and
S; = Sil U S?, where

1 3
Ni}:{(ml,a(%n—i—l— 81‘1"' ) ggxlgl}a
2 1 3
N2 = {(5(23324—1— 8o+ 1 ,:cg) §<x2<1},
1 1 3
Si:{(a: 2(2x1+1— V8xy +1 ) §<JJ1<1},
2 1 3
S; = {(5(21,‘24‘1— 8rs + 1 ,1‘2) §<$2<1}-
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Indeed, the set of the feasible points in this example is F' = F'' U F2, where

1
Fl' = {(xl 5221+ 1— V8o + 1)): 0<a; < 1},

1
F? = {(5(2332 +1— B+ 1),x2> 0 < a9 < 1}.

We have 1} (z) = h'(z) = (2x1 — 23 — 1, —221 + 222 — 1). Obviously, the two
components of b} (x) cannot vanish simultaneously, which guarantees the linear inde-

pendence of the single-valued set {h}(z)} at any feasible point z. Clearly, if u € R?,
then
B (z)u = (221 — 219 — 1)ug + (=221 + 222 — 1)us,

kerh'(z) = {(221 — 229 + 1,221 — 220 — 1)t: t € R}.

The Dini derivatives are given by

f?i(x) = f’(x)u = (ula _U'Q)a
u, 1 <T2,
Uy, I1 = T2,

, u
gu () =
Uz, T1 =2T2, U

1<U,27
2<’LL17

Uz, T2 < I7.

Obviously ¢’ = C' = R% and K’ = K = R;. For 2° € K’ we have also K'[z"] =
{0} when 2° < 0, and K'[2°] = R} when 2" = 0.
Further we denote for brevity

L£=1L(E%n%y°, 2% = (€, y") + °, 2% = &) + &ys +n°2".

Let x be a feasible point and u € kerh/(x) \ {(0,0)}. We can distinguish the
following cases:

1. 1 = %(21‘24—1—\/8%24'1), g <ao <1
Now y° = (u1, —u2), 2° = uy, £ = &uy — Eus + n’uy, where

up = (221 — 222 + 1)t = (2 — V8x2 + 1),
Ug = (21,‘1 — 219 — 1)t = —\/8xo +1t, t #0.

We have the possibilities:
la. t > 0. Taking £° = (0,1), n° = 0, we get £ = \/8x5 + 1t > 0.
1b. t < 0. Taking £ = (1, 0), n° = 0, we get £ = (2 — \/8xa + 1)t > 0 with
strict inequality for zo > % and equality for xo = %.
2. 21 =422 4+1—Brz +1), 0 <z < 2.
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Now 3%, 2%, v and L are expressed as in the case 1. In particular
L= +n")2-VBry + 1)t +&VBra + 1t <0
for all ¢ < 0 and (£°,7°) € C" x K'[—g(z)] = RZ x {0}, (¢°,7°) # (0,0,0), since
(2—V8ra+1)t <0 and +/8ry+1t<0.

3. x9 = %(21‘14—1—\/8%14—1), g <1 <1
Now 3° = (u1, —u2), 2° = ug, £ = &uy — Eus + nuz, where

up = (221 — 2x9 + 1)t = /8x1 + 114,
Ug = (21‘1 — 2x9 — 1)t = (—2 + V8x1 + 1)t, t 75 0.

We have the possibilities:
3a. t > 0. Taking £° = (1,0), n° =0, we get £L = /8x1 + 1t > 0.
3b. t < 0. Taking &% = (0,1), n° = 0, we get £ = (2 — /8x1 + 1)t > 0 with
strict inequality for z7 > g and equality for z7 = %.
4 w0 =321 +1—Brr +1),0<z1 < 3.
Now 3%, 2%, v and L are expressed as in the case 3. In particular

L=E8x1+1t+ (& —n")2—V8x + 1)t <0
for all t < 0 and (¢°,7°) € C" x K'[—g(z)] = RZ x {0} \ {(0,0,0)}, since
V8x1+1t<0 and (2—+8x1+1)t<0.

5. $1:0,$2:0.
Now 3° = (u1, —us), 2° = u; when u; < up and 2° = up when uy < uq,

up = (221 — 2x0 + 1)t =14,
ug = (221 — 2x0 — )t = —t, t#0,
&+ -t t>0,

(

0 0 0,0

L=E&ur—&ua+nz {(5(1)4'5(2)‘*'770)@ f 0.
Obviously, when t < 0 we have £ < 0.

Thus, on the basis of Theorem 2 we see that the points which do not belong to the
set N, determined above are not w-minimizers, and the points from the set S; are
i-minimizers. The efficiency for points in the set N,,\S; = {(—1/8,3/8),(3/8,—1/8)}
needs a separate investigation. It can be shown directly from the definition that the
point (—1/8,3/8) is a w-minimizer but not an ¢-minimizer (actually it is an isolated
minimizer of order 2, a concept defined in [10]), while the point (3/8, —1/8) is not a
w-minimizer.
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5. SOME COMPARISON

First-order optimality conditions for the problem (1) with locally Lipschitz func-
tions are well-known from the classical monograph of Clarke [7] (see Theorem 6.3.1
therein), where the particular case C = K = R’} is treated. A generalization to
problems with arbitrary cones C' and K is presented in [8] and involves Clarke’s gen-
eralized Jacobians. Recall that Clarke’s generalized Jacobian for the vector function
f: R* — R™ at a point x°, denoted by 9f(x°), is defined as the convex hull of
all limits of sequences f’(z*), where 2% — 2° and the gradient f’(z*) exists. The
following result is a particular case of Theorem 2 in [8].

Theorem 3. Consider the problem (1) with f, g being locally Lipschitz functions,
h e C', and C and K closed convex cones. Let z° be a feasible point and assume it is
a w-minimizer of the problem (1). Then there exist vectors 7 € C', A € K'[—g(2°)],
u € RY, not all zero, such that

(10) 0 € A(Tf + Ag + uh) ().

The following observation gives some comparison between Theorems 3 and 2.

Observation. Consider the problem (1) with f, g and h as defined in Exam-
ple 1 and let N,, be the set described there. Then the set of points satisfying the
condition (10) is NS¢ = N, U {(0,0)}. Therefore, Theorem 3 does not reject the
point (0,0) as a w-minimizer, while Theorem 2 does (because (0, 0) ¢ N,,).

Indeed, it is easy to check that all the points in the set N,, satisfy the necessary
conditions of Theorem 3. This is easily seen, since the functions f, g, and h are
continuously differentiable at the points x € N,. Let conv A denote the convex
hull of the set A. At the point (0,0), which clearly is not a w-minimizer, we have
0¢(0,0) = conv{(1,0),(0,1)}, while ¢g1(x) = x1 and g2(x) = z2 are continuously
differentiable at (0,0) and their generalized Jacobian coincides with their gradient.
Straightforward calculations show that the condition (10) is satisfied choosing 7 =
(0,1), A =1, and p = 0. Hence, the necessary conditions of Theorem 3 are satisfied
at (0,0), although (0,0) is not a w-minimizer.

Similarly, one can show that also the necessary optimality conditions given in
Clarke [7, Theorem 6.3.1] hold at the point (0,0). On the contrary, the necessary
conditions of Theorem 2 do not hold at (0,0) and on this basis it follows that this
point is not a w-minimizer.

This observation is significant, since in fact (0, 0) is the only point requiring special
attention. Indeed, Clarke’s generalized Jacobian is introduced to treat nonsmooth
problems. But (0, 0) is the only point among those satisfying the equality constraints
at which the problem fails to be C*.
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It is also worth recalling that neither Theorem 3 nor Theorem 6.3.1 in [7] give

sufficient optimality conditions, while Theorem 2 does. Moreover, Theorem 2 allows

to distinguish the i-minimizers, which as Example 1 shows are rather typical type of

solutions for vector optimization problems.
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