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Abstract

Optimality conditions without constraint qualifications are given for the convex programming
problem:

Maximize f(x) such that g(x) € B,
where fmaps X into R and is concave, g maps X into R™ and is B-concave, X is a locally convex
topological vector space and B is a closed_convex cone containing no line. In the case when B

is the nonnegative orthant, the results reduce to some of those obtained recently by Ben-Israel,
Ben-Tal and Zlobec.

Subject classification (Amer. Math. Soc. (MOS) 1970): 90 C 25,

1. Introduction

This paper gives both necessary and sufficient conditions of optimality without
any constraint qualification for the following convex programming problem:

P) Maximize f(x) such that g(x) € B,

where f maps X into R, g maps X into R™, X is a locally convex topological vector
space, B is a closed convex cone in R™ containing no line. The function fis concave
and g is B-concave.

Karush-Kuhn-Tucker-type optimality conditions have been given for similar
convex programming problems over cones (see Craven (1974) and (1977)). For
B = R7, the nonnegative orthant, optimality conditions without constraint
qualification can be found in Ben-Tal et al. (1976); see also Ben-Israel et al. (1976).
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Here, the problem is considered for a general closed convex cone B containing no
line, and no regularity conditions such as Slater’s constraint qualification is
needed for the given characterizations of optimality.

In order to state optimality conditions without constraint qualifications, Ben-Tal
et al. (1976) introduced a particular cone, called the cone of directions of constancy
of the function g at the feasible point x. Similarly here, we pay special attention to
certain directions forming a cone called the generalized cone of constancy of g at
* with respect to B.

In the next section, all the definitions and lemmata necessary to the study of
this cone and necessary for obtaining characterizations of optimality are presented.
In Section 3, the ‘generalized cone of constancy’ of g at ¥ with respect to B is
introduced. In Section 4, two primal and one dual characterization of optimality
are given. The primal theorems state that a feasible point X is optimal if and only
if a system involving ¥ and a direction d in the primal space X is inconsistent. The
dual theorem says that X is optimal if and only if a system expressed in terms of
multipliers in the dual space is consistent. These results are illustrated by an
example. Finally, in Section 5, the connection with the optimality conditions
given by Ben-Israel et al. (1976), when B = R, is established.

2. Preliminary results

In this section we recall some of the definitions and lemmata that we shall need
in the proof of the characterizations of optimality in Section 4.

A subset C of X is a cone if, for any x in C and A>0, Ax is in C. A function
f: X—> R™ defined on a convex subset D of X is said to be convex with respect
to the closed convex cone B or B-convex, (see for example Craven (1974)), if for
all x;,x, in D and all A in [0, 1],

S+ (1= x)— M (x) —(1-A) f(xp) €—-B.

We shall use the classical definitions of the polar cone (see Guignard (1969)), the
tangent cone and the pseudotangent cone. The polar cone C* to the cone C is
defined by

Ct+ = {x' € X’ such that x'(x) >0, for all x in C}.
Given a subset 4 of X and x in A, the tangent cone to A at X is
T(A,x) = {ze X: there exists {z,}©_ <4 and

n=l

{A2 S R, such that z, > % and Ag(Zp—X) >z}
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The pseudotangent cone to A at %, denoted P(4, %), is the closure of the convex
hull of T(A, X). The support cone to a convex set C at % in C is defined (see Holmes
(1972)) as the closure of the union of rays issued from x and going through C.
It is denoted by S(C, X) and defined by

S(C, x) = {¥+ A(x—X) such that xe C}.

Supporting hyperplane, relative interior and face are also concepts that we are
going to use extensively.

DErFINITION 2.1. A nonzero continuous linear functional f on X is said to be a
supporting functional for a set A at x,€ A if f(x)=f(x,) for all xe A. The closed
hyperplane H = {x: f(x) = f(x,)} is called a supporting hyperplane to A at the
point x,. The closed halfspace determined by the supporting hyperplane containing
A is called a supporting halfspace to A at x,. The set A is said to ‘lic’ on one side
of the hyperplane. Note that a supporting hyperplane to a cone C at a boundary
point of C separates C from —C.

DEFINITION 2.2. A subset 4 of R" is called an affine set if (1—A)x+Ay€e A for
every x,y in A and A in R. The affine hull of a set A is the smallest affine set
containing 4 and is denoted aff 4.

DEerFINITION 2.3. The relative interior of a convex set C in R®, denoted ri C, is
the interior of the set C regarded as a subset of its affine hull. The relative boundary
of C, denoted 0C, is defined by oC = cl C\ri C.

Every convex set in R has a relative interior. This statement is not true in
abstract spaces.

DEFINITION 2.4. A face of a convex set C is a convex subset C’ of C such that
every closed line segment in C with a relative interior point in C’ has both end
points in C’. The empty set and C itself are faces of C. If C’ is the set of points
where a certain linear function 4 achieves its maximum over C, then C’ is a face
of C. A face is called exposed if it is equal to the intersection of C with a nontrivial
supporting hyperplane H to C, that is, a supporting hyperplane not containing
all of C. It is clear that an exposed face of a closed convex cone is a closed convex
cone.

We shall also need to know some properties of the cones we consider. The most
important ones are stated in the following lemmata. All of them are known
results. The proof of the first two results can be found in Massam (1977). The
other four are proved in Rockafellar (1970). The set B is a closed convex cone in
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R™ containing no line. Unless otherwise specified, 7 in B is assumed different from
the vertex 0 of B. Without loss of generality, we can also assume that B has
dimension m.

LEMMA 2.1. The support cone to B at 3, S(B, 7), is equal to the intersection of the
supporting halfspaces to B at j.

LEMMA 22. Let jeB, then S(B,7)=T(B,7)=T(B,7)+7 and 0T(B,y) is
included in the union of supporting hyperplanes to B at j.

Note that if y =0 is the vertex of B, then T(B, y) = S(B,7) = B and all the
above lemmata remain true.

LeMMA 2.3. If F' and F" are faces of a convex set C such that riF’' and riF"
have a point in common, then actually F' = F".

LEMMA 2.4. If F is a face of a convex set C and D is a convex set such that
F< D<C, then Fis a face of D.

LeEMMA 2.5. If F is a face of F' and F' a face of C, then F is a face of C.

LEMMA 2.6. Let C be a nonempty convex set and let U be the collection of all
relative interiors of nonempty faces of C. Then U is a partition of C, that is, the
sets in U are disjoint and their union is C., Every relatively open convex subset of C
is contained in one of the sets in U and these are the maximal relatively open convex
subsets of C.

Finally let us give a property of a B-concave function.

LEMMA 2.7. Let g be defined on a convex set D, B-concave and Fréchet-differentiable,
then g(X+ad)—g(x)—Vg(x) (ad)e— B for any o>0 such that X+ ade D,

ProoF. By definition of B-concavity,

gAE+ad)+(1 - 2) %) — Ag(X+od)— (1 - D) g(F) € B,
that is,
g&+ Aad)— Ag(X+od)—(1 — A) g(X) € B.

But, B being a cone,

g(x+ /\Uf)"g(i)_(g(j_'_ad)_g(j)) €B.
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Let A0, then
Ve(%) (ad)— g (% + ad) +g(%) € B.

Let us note that the previous lemma and all subsequent results are still valid if
X is no longer a normed space but simply a locally convex topological vector
space and if functions defined on X are not Fréchet but only compact-differentiable
(see definition of compact-differentiability in Averbukh and Smolyanov (1968)).
The notation Vg(x)(.) will then stand for the compact derivative of g at x.

3. The generalized cone of constancy

In this section, we give the definition of the generalized cone of constancy.
We also try to give the reader a geometric insight for the definition of this cone,
by examining a particular example.

Let Z be the indexing set of all exposed faces F,, of B. We denote by Z#(x) the
indexing set of all exposed faces of B containing x, that is, (x) = {k €2 such that
g(x)eF,}. The set A ={xeX: g(x)eB} is the feasible set of the problem (P).
Let us also define = as = = {keZ such that xe A implies g(x) € F;} and B=
as B~ = Nyp-Fr.

DerINtTION 3.1. Let % be a feasible solution of (P). The generalized cone of
constancy of g with respect to B is defined by
C(g, B, %) = {de X: there exists &> 0 such that for all «€(0, a]
g(A)+Ve(x)(ad)eriB=, g(X+ad)—g(%)—Vg(%)(ed)e— B}

In Section 4, two primal characterizations of optimality will be given. One involves
only one face of B, namely B= and is expressed in function of C(g, B, ). The other
involves several faces of B and is expressed in term of another cone that we shall

call the multi-face generalized cone of constancy of g at X with respect to B. Let
us define this new cone.

DErFINITION 3.2. Let % be a feasible solution of (P). The multi-face generalized
cone of constancy of g at X with respect to B is defined as the union, over all subsets
1 of (%), of sets C; defined as follows:

C(g, B, %) = {de X: there exists &> 0 such that for all x€(0, &]

Ve(®)(ad)e VH, Ve ()¢ (VH,if I'],

g(®)+Vg(®)(ad) e riiﬂI F, g(x+od)—g(X)—Vg(x)(ad)e —QI 113
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where H;’s are the supporting hyperplanes to B at g(%). So
C(gs B, .X-?) = U CI(ga B, f).
ICP@)

An example of the cone C(g, B, X) is now given.

[ 1 —xz

—(1=-x) |

Let B = {(y, y2)*: y3=0,y,+ 5,20} and let X = (1, 1) so that g(x) = (0,0)t 2B.
The feasible set is 4 = {(x;, Xx)*: x; = 1,x,<1}. The supporting hyperplanes to

B at g(x) are Hy ={(y,y)*: y» = 0} and H, = {(y},yp)*: 1+, = 0}. The corre-
sponding faces are

ExXAMPLE 3.1. Let

£ = [ 81(%3, Xp) ]

8a(%x1, x9)

F={05y)%y:=0,9,>0} and F={(r,y% y1+y2=0,52>0}
If xe A, g(x)eF, so that

B=={(yp,y2)*: %120,y, =0} and riB=={(y, )" »,>0,y, =0}

0 —d,
Vg(x) = [ 0 ] so that Vg(%)(d) = [ 0 ]EHI,

g is R%-concave and therefore B-concave because R% < B,

C(g, B, %) = {(d,, dp)*: there exists &> 0 such that for all «€(0, &]
£(%)+ Vgy(%) (ad) > 0,
&i(X+od) —8,(%) — Vgy(%) (d) <O,
82(%)+ Vgy(%) (ad) = 0,
8%+ od) — go(%) — Vgo(%) (od) = 0},

C(g, B, X) = {(d;, dp)*: there exists @> 0 such that for all a€(0, &}
—ady>0, —oady+oady<0,
—a?d3=0, —ody>0},

C(g, B,x) = {(db dz)t: dl = 0:d2<0}'
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Let us now consider an example where the usual Kuhn-Tucker conditions do
not apply. This example will motivate the later theory and show why the cones
C and € have been introduced. In order to do so, we shall consider the ice-cream
cone B given in Example 2.5 of Ben-Israel (1969) and a point g(x) on the boundary
of B. The different ways in which g(%+ «d) behaves when « varies from 0 to a
small &> 0 will be outlined. Finally, for the function g(.) as given in Example 2.5
of Ben-Israel (1969), we shall compute the cone C(g, B, X).

Consider the following cone

B ={(y1,y2.72)": 21 y3= 2,20, y;>0}.

Suppose that a function g: X— R is such that, for some X% in X,
&(X) = (£1(%), go(%), g5(X))* = (0,0, 1)*.

The tangent cone T(B, g(X)) to B at g(%) is the closed halfspace determined by the
supporting hyperplane H = {(3,, ¥5, ¥3)*: ¥, = 0} to B at g(%), and containing B.
If for some direction d, Vg(%)(d) belongs to the interior of T(B, g(xX)), as it will be
shown in the proof of Theorem 4.1, for « sufficiently small, g(x+ad)eB. If
Vg(%)(d) does not belong to T(B, g(X)), it will also be shown that there is no &>0
such that g(¥+ad)eB for ae(0,a]. Suppose now that Vg(x)(d)e oT(B,g(x)),
then one does not know whether g(%+ ad) will be inside or outside B. However,
g(%)+ Vg (%) (ed) belongs to H for any positive « and by B-concavity of g,

g(x+ ad)—g(x)— Vg(%) (ad) € — B for sufficiently small o.

This means that for sufficiently small «, g(%+ ad) belongs to the half-space deter-
mined by H but not containing B. It is then clear that if g(X+ ad) is to belong to
B for sufficiently small «, it has to belong to H also, that is, to Bn H. The direction
d will, then, have to satisfy the following condition

g(E+od)—g(%)— Vg(x) (ad)e— (BN H) = — F,

which is the second property of any direction of the multi-face generalized cone of
constancy. We noticed that g(x)+ Vg(x) (ad) belongs to H. It is also geometrically
clear that if it does not belong to B, then g(¥+ ad) cannot be in B for sufficiently
small «>0. So,

2(%®)+ Vg(x) (ad) belongs to Bn H = F.

Thus, it has been roughly indicated that, if for some point X in X and some direction
d in X, g(X)edB and Vg(x)(d)€e 0T (B,g(%)), then g(X+ad) belongs to B for
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sufficiently small « only if d is such that,
gD +Vg(X)(ad)eF, g(x+oad)—g(x¥)—Vg(x)(ad)e ~F.

for « sufficiently small.
Suppose now that g(x) = g(x;,xs) = (0,x;,x,)%, with g(X)=(0,0,1)*. The
directional derivative of g at X is

00

Ve® () =] 1 0 |(d,dp)t=(0,d,,dp)"
01

The feasible set 4 is equal to 4 = {(x;,x,)*: x; =0, x320}. So if x€ A4,
&(x) = (0,0, yy)*
where y; is nonnegative. Therefore =% & and the face B~ is
B=={(y, ¥ ¥9)*: 1 =y2 = 0,73 20}
Moreover, if H is, as defined before, the supporting hyperplane to B at g(%),
B0 H ={(y1,¥2,¥9)*: y1=y2 = 0,3 >0}

so that, F= B~ and F is the only face of B containing g(%). Consequently
C(g, B,%) = C(g, B,%). We can now compute the generalized cone of constancy
of g with respect to B at g(x).

C(g, B, %) = {de R?: there exists &> 0 such that for all a (0, &]
O+oad; =0, 1+ad,>0,
X tod—% —ady =0, Fy+od,—Xy—ad, <0}
= {de R?: there exists &> 0 such that for all (0, &]
dy =0, oady>-1}
= {(d,, dp)*: d, = 0, d, arbitrary}.

Hence, in this particular example, if Vg() (d) belongs to H, g(%+ ad) belongs to
B for a>0 sufficiently small only if d is such that d, =0, that is, only if
g(®)+ Vg(%) (ad) belongs to the positive yy-axis for a>0 sufficiently small.

We shall consider the general case in the next section.
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4. Characterization of optimality

Three necessary and sufficient conditions of optimality for arbitrary but fixed
feasible point X are given in this section, Theorems 4.1, 4.2, and 4.3. The first one
is a primal characterization using the cone {(g, B, X). From this, a primal character-
ization using the cone C(g, B, %) can be easily deduced. It is this result that we
shall consider as the main result. Finally, using the Dubovitskii-Milyutin Theorem
of the alternative, a dual characterization of optimality is also given.

Before we give the main results, let us recall that 2= is the indexing set of all
faces F;, such that if, g(x) € B, then g(x) € F,.. If #= = @, then there is a feasible £
such that g(£) eint B. We shall say that Slater’s constraint qualification is satisfied.
Then, when B = R7, our results are the same as those provided by the traditional
Karush-Kuhn-Tucker theory (see Kuhn and Tucker (1951), Mangasarian (1969)).
In the proof of the main theorem, Theorem 4.2, the following Lemma 4.1 is needed.
In the proof of the dual theorem, Theorem 4.3, the following Lemmata 4.2 and
4.3 are needed. Let us state and prove them.

LEMMA 4.1. Assume that = = Q. Then the consistency of the system

S V(%) (d)>0, Vg(x)(d)eintT(B,g(%))
is equivalent to the consistency of the system
(S VA(x)(d)>0, Vg(x)(d)eT(B,g(x)).

Proor. If (S,) is consistent, it is obvious that (S) is also consistent. Assume now
that (S,) is consistent. Then there exists d€ X such that

VA& (d)>0, Vg(x)(d)eT(B,g(x)).

As = = @, there exists £ feasible such that g(£)ecint B. Let d = #—%, then by
B-concavity of g,

g(®)—g(®)—Vg(x)(d)e-B
that is,
Vg(%)(d) eg(%)—g(%)+ B g(%) - g(%) + T(B, g(R)) < int T(B, g(%)).
Consider now d = d+ od,
VfE) (d) = Vf(®) (d)+aVf(%)(d)>0 for sufficiently small o,
and
Vg (%) (d) = Vg(x)(d)+aVg(%) (d) €int T(B, g (%)),

so that the system (S,) is consistent and the lemma is proved.
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LEMMA 4.2, The set M = {x: g(x) € B=} is convex and when P =+ D, the restriction
of g on M is B=-convex.

PROOF. Let x,, x, be in M, let A be in [0, 1]. By B-concavity of g,
g +(1 =) xp)— Ag(x)—(1 -V g(x) € B
and therefore g(Ax;+(1—2A)xy)eB=+B=+B = B. But, by definition of B=, if
g(Ax;+(1—2A)x,) belongs to B, it belongs to B=. So g(Ax;+(1—A)x;)eB= and
M is convex. We also just proved that if x,, x, belong to M and A to [0,1], then

£(x)), g(xy), g(Ax; +(1 — A) x,) belong to the supporting hyperplane H to B deter-
mined by Hn B = B=, Thus, for any such x;, x,, A,

g +(1 =) xp)— Ag(xp) — (1= A g(x) € Bn H = B,

that is, g defined on M is B=-convex.

LeMMA 4.3. Let P=+O. Then there exists a feasible point x such that g(x) belongs
to the relative interior of B=.

Proor. Suppose that for any x in M, g(x) belongs to the relative boundary of
B=, Then, by B=-concavity of g on M, g(x) belongs to the intersection of B~ with
a supporting hyperplane H’, not containing B= but containing part of its boundary.
Without loss of generality, we can assume that H' is also supporting B at a boundary
point of B=. Then B=n H' is a face of Band for any x in M, g(x) belongs to B=n H’,
which is strictly included in B=. This contradicts the definition of B=. So, there
exists x feasible, that is, x in M such that g(x)eri B~.

Let us now state and prove the primal characterization of optimality expressed
in terms of the multiface generalized cone of constancy ((g, B, X).

THEOREM 4.1. Let % be a feasible solution of (P). Then X is optimal if, and only if,
the following system is inconsistent.

®) V(%) (d)>0, Vg(%)(d)eT(B,g(x))
with Vg(%)(d) € 9T(B, g(%)) only if de {(g, B, %).

PROOF. Any x#x can be written x = X+ od where de X, o>0. The feasible
point X is not a maximum if, and only if, there exist >0, de X such that

fGi+od)>f(7) for xe(0,&]

and
g(x+ad)eB for ae(0,&].
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The function f being concave, the first condition is equivalent to Vf(%)(d)>0. If
g(X) eint B, by continuity of g, for any d, there exists & > 0 such that g(¥+ ad) €int B
for « €(0, &] and then, % is maximal, if and only if, V/(x) (d) > 0 for all d#0, that is,
Vf(x) =0.

Let us now consider the case when g(%) € B. In the next several pages of proof,
we show that the direction d is feasible, that is, there exists a scalar &> 0 such that
g(x+od) € B for a €(0, a), either when Vg(%) (d) eint T(B, g(x)) or when

Vg(%)(d)€0T(B,g(%)) and del(g, B, %),

but in no other cases. That will allow us to conclude that X is not a maximum if and
only if one of the following two systems is consistent :

Sy VAx)(d)>0, Vg(x)(d)eintT(B,g(x))
or
(S2) V(%) (d)>0, Vg(x)(d)edT(B,g(%)), delig,B,%),

which is the desired result.
In order to obtain this result, we must consider three cases.
Case1: Vg(x)(d)¢T(B,g(x)),
Case Il : Vg(x)(d)eint T(B, g(x)),
Case Il : Vg(x)(d)e oT((B,g(x)).

Case I. Vg(%)(d) ¢ T(B, g(%))
The set T(B, g(%X)) is a closed convex cone. Therefore its complement T%(B, g(X))
is an open cone. Then if Vg(x)(d) belongs to T%(B, g(x)), there exists an open set

V such that Vg(x) (d) e V< T°(B, g(x)), that is, there exists an open ¥ such that
Jim & +ed)—g(®)

o0 x

€ V< T(B,g(x)).

Hence there exists § >0 small enough, such that for any «€(0, §),
g(_ji“i);g(@ e T*(B, g(%)).
But T°(B,g(x)) being a cone, this implies that g(x+ad)—g(x)eT(B,g(x)) for
«€(0,8). This can also be written g(x+ ad) €g(%)+T°(B,g(x)). By Lemma 2.2,
g(X)+T(B,g(x)) = (¢(N)+T(B,g(X)))° = T*B, g(x))-

Therefore, for a€(0,8), g(¥+ad)eT(B, g(X))< Be, that is, g(¥+ ad) does not
belong to B. So we can conclude that if Vg(%)(d) ¢ T(B,g(x)), there is no &>0
such that g(x + ad) € B for a (0, &).
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Case II. Vg(x)(d)eint T(B, g(x))
In this case, there exists a neighbourhood N of 0 such that

Vg(x) (d)+ N<int T(B, g(x)) = int S(B, g(X))
= int(S(B, g(x))—g(%)), by Lemma 2.2.

By definition of the Fréchet-derivative, for any neighbourhood N of 0, there
exists @> 0 small enough such that for « (0, a],

g(* +ad) eg(%)+ Vg(x) (ad) + aN € g(X) +int a[S(B, g(%)) — g(X)]
because S(B,g(%)) is a cone.
Therefore g(X+ ad) = g(X)+ apu(b—g(x)) for some be B and p>0. For « small
enough, we can consider that au belongs to [0, 1] and then, by convexity of B,
gx+od)=((1—-ap)g(X)+oubeB for ae(0,a].
Thus, if Vg(¥)(d)eint T(B, g(xX)), there exists &@>0 such that g(¥+ad)eB for
ae(0,al.

Case III. Vg(x)(d) € dT(B, g(%))

We want to prove that in this case there exists &> 0 such that g(x+ od) € B for
«€(0, ] if, and only if, de C(g, B, ¥). We shall prove first that if de ((g, B, %)
g(X+ad) is feasible for ae(0, %] where & is some positive scalar. Let I be the*
subset of (%) such that Vg(%)(d)e N H; but Vg(X)(ad) ¢ N H; if I'>1
Let H = Aff ;. F,. Because de ((g, B, %),

g(E+ad)—g(x)— Vg(x)(ad) € —iDIF:

for «€(0, &). Moreover, g is Fréchet-differentiable at %, and therefore, for any
neighbourhood N of 0, there exists « = a(N) small enough such that for « €(0, «(N)),

M g(X+ad)—g(x)—Vg(X)(ad)eNN H.

Also, because de ((g, B, %), g(®)+ Vg(%) (ad) €ri ;.1 F;. Moreover, ri ;. F; is
open with respect to H and, therefore, there exists N’ such that

@ g(®)+Ve(®) (d)+N'nH<1iNF;

tel
By (1) and (2), there exists & small enough such that, for (0, &),

g(E+od)eg(x)+Vg(®) (ad)+N'nH<r1i N F,

iel

Hence there exists &> 0 such that g(¥+ ad) € B, for a€(0, &].
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Let us now prove the converse. Assume d¢ C(g, B, ). Now either condition
A3) g(%)+ Vg(x)(ad) eri inz F,, for all x€(0,a]
€
is not satistied or condition
4 gx+od)—g(x)—Vg(X) (ad)e— _ﬂIFi, for all a (0, a]
ie

is not satisfied.
Suppose then, that (4) is not satisfied, that is, that there exists no @> 0 such that

g(x+ad)—g(x)—Vg(x)(ad)e— F; = —(BnH,), for some iel, for a €(0,a}.
By B-concavity of g,
g(X+ad)—g(x)— Vg(x)(ad) € — B.

Therefore, if (4) is not satisfied, for some i, there exists no >0 such that
g(x+ad)—g(x)—Vg(x)(ad)eH; for ae(0,&]. However, by definition of I,
Vg(x)(d) € H; and g(x) always belongs to H;, so that

g(X)+ Vg(®)(ad) € H;.

Therefore there is no &> 0 such that g(x + ad) € H; for a €(0, &]. As H; separates B
from — B, g(x+ ad) belongs to the open half-space determined by H; and containing
—(B\F) and not intersecting B. So if (4) is not satisfied, there is no &>0 such
that g(x+ od) € B for a (0, &].

Suppose now that (4) is satisfied but (3) is not satisfied, that is,

g(x+ad)—g(x)—Vg(x)(ad)e— N F;, for a€(0,a],
iel
but there is no &> 0 for which

g®+Vg(x)(ad)eri N F,, for ac(0,a].
tel

We shall first note that (;.; F; is the smallest face containing g(x)+ Vg(X) (ad).
Indeed, assume that there exists an F, such that 0¢7 and g(%)+ Vg(x)(ad) € F,.
Let H, be the supporting hyperplane to B at g(x) such that F, = Bn H,, then
Vg(%) (ad) € H, but this contradicts the fact that Vg(x)(ed) ¢ N; ;- H; if I'2 1. So
N F; is the smallest face containing g(X)+ Vg(x)(ad). Thus, if there is no
&> 0 for which (3) is satisfied, there is no &’ >0 for which

g(%)+Vg(%) (ad) Eig F;, for a€(0,&'].
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We shall accept this assertion for the moment and prove it as Lemma 4.4 after the
proof of this theorem is completed. Then, in this case, as g(x)€F; for any i€,
g(X+ad) ¢ N; .1 F;. Otherwise, by relation (4),

—(E®D)+VeR) (d))e- NF- NF,=-NF,

iel iel iel

and this would contradict the fact that (3) is not satisfied. However,
&(%)+ Vg (%) (ad) GQI H;
and, as (4) is satisfied and F; = BnH,,
g(x+ad)—g(%)— Vg(%) (ad) € NH;

so that g(£ + ad) € (N); .1 H;. Therefore, there exists no & such that g(£+ ad) e ;1 F;
while g(%+ ad) € ;.1 H; for a€(0, &). This implies that there is no &> 0 such that
for a€(0, &), g(x+ od) e B. Thus if (3) is not satisfied, there is no >0 such that
g(®+ad)eB for x€(0,&). We can now conclude that de Cy(g, B, X) for some 1,
that is, de C(g, B, %) if, and only if, there exists &> 0 such that g(X¥+od)e B for
a€(0,a).

We have thus proved that if % is optimal, there is no d such that (S) is satisfied.
Cases I, II and III exhaust all the possible alternatives for Vg(x)(d), so that the
reciprocal statement is true and Theorem 4.1 is proved.

Let us now prove Lemma 4.4 that was needed in the previous theorem to show
that if (3) is not satisfied, there is no & >0 such that g(¥)+ Vg(®) (ed)e Nz F;
for a€(0,&'].

LeMMA 4.4. Let the notation and assumptions be the same as in Case Il of
Theorem 4.1. Then, if there is no &> 0 for which

g®)+Vg(®) (ad)eri nz F, for ae(0,a]
le
then, there is no &' >0 for which

g(®)+ Ve(X)(ad) e iQI F; for «€(0,&'].

Proor. Indeed, let us assume that there exists an &> 0 such that
g(x)+Vg(x)(ed)e N F; for xe(0, 3]
iel
but that there is no &> 0 such that

g(®)+ V(%) (ad) eri tnz F; for a€(0,&).
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As g(x) belongs to o ;. F;, that implies that
g(®)+Vg(x)(ed)ed N F;, for ae(0,a].
tel
Let y;, y, be the following points in (), ; F;

1 =8(X)+Veg(X)(qd), ya=g®+Vg(x)(ad),

where o, and o, are fixed scalars in (0, a].

There exists a relatively open convex subset D of M);.; F; containing both y,
and y, if and only if there is a line segment in ), ; F; having both yy, y, in its
relative interior. The line segment L joining g(x) and g(x)+ Vg(x)(ad) lies in
Nz F; by assumption. The points y, and y, are in ri L. So, there exists a relatively
open convex subset D of [);.;F; containing both these points and therefore
containing all points g(x)+ Vg(x) (ad) for 0< x <& By Lemma 2.6, this relatively
open subset must be contained in the relative interior of a non-empty face F of
Niczr Fi. By Lemma 2.3, F is either equal to ri(); ; F; or included in 0 ;s F:
But we assumed that

g(X)+Vg(x)(ad)e? nI F, for «e(0,&).

So F<d ;. F;. It is therefore a proper face of (;.; F; and also a face of B by
Lemma 2.5. This contradicts the fact that ;. ; F; is the smallest face of B containing
g(®)+ Vg(%)(ad) for a€(0, &), as was shown in the previous theorem. Therefore,
we proved that if there is no &> 0 such that

g(®)+ Vg (%) (ad) eri ifE]IF.; for a€(0, &],
there exists an i€ ] such that there is no &> 0 satisfying
g(®)+Vg(x)(ad)eF; for ae(0,&].
So, there is certainly no &’ >0 such that
g(x®)+Vg(®) (ad) EiDIFi for 2 €(0,&'],
and Lemma 4.4 is proved.

This completes the proof of the optimality conditions using all the possible
intersections of faces of B. It will be shown now that we need consider only one
face, namely B=. And so, the following characterization of optimality is expressed
in terms of the generalized cone of constancy C(g, B, X).
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THEOREM 4.2. Let % be a feasible solution of (P). Then % is optimal if, and only if,
the following system is inconsistent.

) VA(%)(d)>0, Vg(x)(d)eT(B,g(x)
with Vg(%)(d) € 0T (B, g(%)) only if de C(g, B, %).

ProoF. By Theorem 4.1, if x is optimal, there is no d belonging to any of the
Cy(g, B,%), where I is any subset of Z(%), such that, also Vf(x)(d)>0 and
V(%) (d) e T(B, g(%)). In particular, there is no such d belonging to C,-(g, B, %).
But, as can be proved easily, C,-(g, B, %) = C(g, B,%). So, by Theorem 4.1, if
x is optimal, there is no d satisfying (S)-and the necessary condition is proved.

Suppose now that ¥ is not optimal. We shall show that (S) is consistent. By
Theorem 4.1, either = = @ and

Sy V(%) (d)>0, Vg(x)(d)eintT(B,g(%))
is consistent, or 2=# @ and
(S2) VI(®)(d)>0, Vg(%)(d)eoT(B,g(x)), dell(g,B,%)

is consistent.

If (S,) is consistent, there is nothing to prove. If (S,) is consistent, there exists a
feasible direction 4 such that g(x+ad)eB for «e(0,&]. By definition of £=,
g(%+ad)e B= for a (0, a]. Also, for any feasible direction d,

a0 o

belongs to the hyperplane H~ determining B=, that is, the supporting hyperplane
to B at g(¥) such that B= = BnH=. So there exist &>0 and d such that, for
ae(0,a]

V& (d)>0, g(X)+Vg(®) (ad)eB=, g(x+ad)—g(®)—Ve(R)(ad)e—B~.

By Lemma 4.3, there exists £ such that g(£) eri B=, so that if we denote d=%-%,
for a sufficiently small,

g(®)+Vg(®)(ad)eriB= and g(%+ ad)—g(x)— Vg(%)(ad)e—B~.
Let d, = Add+(1~2)d with A€(0, 1). Then
g(%)+ Vg (%) (ad) eriB= for ae(0,4’],
for some positive scalar a’, and by B-concavity of g

g(% +ady) —g(%)— Vg(%) (ad)) €— B=.
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Hence, d,eC(g, B, %) for a€(0,&'). This implies that Vg(%)(d,) € oT(B, g(x)).
Indeed, by Lemma 2.2, T(B, g(%)) = T(B, g(x))+g(%x). So to prove that Vg(x)(d,)
or Vg(x)(ad)), for a>0, belongs to 0T(B,g(x)) is equivalent to prove that
g(X)+ Vg(%) (ad)) belongs to T(B, g(x)). But, as d, € C(g, B, %),

g(%)+ Vg (%) (oady) € B=

which certainly belongs to the boundary of the smallest cone with vertex g(%x)
containing B, that is, éT(B, g(x)). So Vg(x)(d,) € 0T (B, g(X)).
Moreover,

fG+ad)> (1= X) fZ+ad)+ M(F+ad)>f(%), for sufficiently small A.
Therefore d, is such that
VA(®)(d) >0, Vg(®) (dy))edT(B,g(X)), dyeC(g,B,X%).
The system (S) is consistent and the theorem is proved.

By the Dubovitskii-Milyutin Theorem and the Minkowski-Farkas Lemma (see
Girsanov (1970)), the dual characterization of optimality, Theorem 4.3, follows
quite directly from Theorem 4.2. The cones to be considered in the proof of the
dual theorem are:

K, = {de X: Vf(x)(d)>0},
K; = {d: Vg(x)(d) eint T(B,g(N))},
Ks = C(g, B, %).

THEOREM 4.3. Let X be a feasible solution of (P). Then % is optimal if, and only if,
there exists p € T +(B, g(X)) such that

VEf(R)+uVig(x) =0, fP==0
or
th(i)e_c+(g: Bs i); !fg= # 9.

Let us illustrate Theorems 4.2 and 4.3 by an example.
ExampLE 4.1. Consider the following problem:

Maximize f(x;,x5) = —x;+ X,

such that g(x;,x,) = [ _(11__)2 D2 J €B
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where B = {(yy,y2)t: .20, y;+y,20}. We already considered the constraint
g(xy, x,) € B in Section 3. Let us recall that the feasible set is

A ={(x, x)%: x; = 1, x,<1}.
The faces of B are

Fi={ny2t: 72 =0,59,20},
F={(y1,y2% y220,y;+y, = 0}.

Let x = (1, 1)*. Then g(%) = (0,0), T(B, g(x)) = B and if xe 4, g(x)eF,, so that
B==F. We saw in Example 2.1, that C(g, B, %) = {(d,,dp)t: d; = 0,d,<0}.
Moreover Vf(%)(d) = —2d,+d,, and

0 -1 dy —d,
Vg(x)(d) = = €0T(B,g(x)) for alld,
0 0 dy 0

such that d,<0. The point X is optimal and Theorems 4.2 and 4.3 are verified.
These results, Theorems 4.2 and 4.3, also find an immediate application in the

computing algorithm called MELP developed in Ben-Tal and Zlobec (1975).

The MELP is a feasible direction method used for solving differentiable convex

programs with nonlinear concave constraints of the type:

© Maxf%(x) such that f¥(x)>0, ke ={l,2,...,p}.

This method is based on the following theorem (Ben-Tal and Zlobec (1975)),
requiring the solution of a program with cone-constraints.

THEOREM. Let f*: ke{0}u?P, be differentiable concave functions: R*—~ R and
X be a feasible solution of problem (C). For a given subset Q of P(%), let the
(n+ D-tuple (M(Q),d(Q)) be an optimal solution of the linear program over a cone

(C,QQ) Maximize A such that
dtVfY(x)—-A>0; dtVfKR)—A>0, keQ;

de Di(x), keP\Q; |dj|<1, i=1,..,n
Then
(a) x is an optimal solution of (C) if, and only if, for every Q= 2(x), NQ) = 0;
(b) a vector de R* is a feasible direction of descent at % if, and only if, there
exist a subset Q of Z(x) and A>0 such that (A,d) is a feasible solution of
(C,Q).

The sets Dy(X) are the cone of directions of constancy of the function fratx
introduced in Ben-Tal et al. (1976) (the definition of Dj() is recalled in the next
section). Hence in order to use the previous theorem, one must solve convex
programs (C, Q) over a cone and our theory could then be applied.
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Let us mention, to finish this section, that a saddle point characterization of
optimality can also be given, without constraint qualification, for problem (P).
Of course, such characterization does not make use of the generalized cone of
constancy. Such results can be found in Massam (1977).

5. Reduction to the classical results
Consider the classical problem
(C) Maximize f(x) such that
g(x)=20, i=12,....m,

where fand g;, i = 1, ..., m, are concave and Fréchet-differentiable. The functions
fand g;, i=1,...,m, map R" into R. So in this case B = R7. Let 4 be the feasible
set. Let £ be feasible, that is,

g(x) =0, j=1,..,p,
gj(j)>os j=p+1"-~,m,

where 1 <p<m,

or g{®>0, forj=1,...,p,...,m.

This last case represents an unconstrained case and therefore is of no interest.
Let us consider the first case. The point g(¥) belongs to the supporting hyperplanes
H;={yeR™: y; =0, je P(X)}, with the following notation

P={,2,..,p,....m}, P ={l,....p},
P=={jeP: xc A implies g;(x) = 0}.

The corresponding faces are F; = {yeR™: y; =0, y;>0 for i€, i#j}. Further,
T(B,g(x)) = {y€R™: y,20,..,y,20; ypi1, ..., ¥, arbitrary},

T(B,g(x)) = U {yeR™:y;=0, y;20 for j#i and je P(X),
i e P(E)
et , arbitrary for /¢ Z(X)}.

B== N F,={yeR™: y;= 0 for jeP=, y;>0 for j¢ P~}
jep=

and

riB=={yeR™: y; =0 for jeP=, y;>0 for j¢P=}.
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Then
C(g, B, %) = {dc R™: there exists a>0 such that for x (0, &)
8{(%)+Vgi(X) (ad) = 0, je P~
gi{(X)+ Vg(x)(ad) >0, jeP|P=,
g(X+ad)—g,(%)— Vg () (ad) = 0, jeF~,
g%+ od) —g,(%)— Vg;(%) (ad) <0, jeP|P=}.

When j¢ (%), that is, g,(X) >0, the previous conditions impose no constraint on
Vg,(%) (d) or g{(x+ad). So,

C(g, B, ¥) = {de R": there exists a>0 such that for a (0, &]
Ve @) =0, je-,
Vg(%)(d)>0, jeP(R)/P=,
gi(x+od) =g(%), jeZ=,
0<gi(X+ad)< Vg (X)(d), jeP(X)|P~}).

Therefore
C(g, B, %) = {de R"™: there exists &> 0 such that for a (0, &]
Vg{(%)(d) >0, je P(x)|P=, g%+ od) = g((%), je P~}
= f;] Dp(x)n{deR": Vg{(3)(d)>0, je F(X)/P=},
jeo™
where D7(X) is the cone of directions of constancy for the function g; at % as

introduced in Ben-Tal et al. (1976). Theorems 4.3 and 4.4 reduce to the following
characterizations of optimality.

THEOREM 5.1. Let x be a feasible solution of (C), % is optimal if, and only if,
either () or (II) is verified:

(X) The system
VAR)(d)>0, Vg()(d)>0, jeP(x)/P=,

V&H@=0 onlyifde ) D)
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is inconsistent, where

D7(x) = {de R™: there exists &> 0 such that g(%+ od) = g«X) for a€ (0, a]}.
(D) There exists p; 20, i€ P(X), not all zero, such that

Vi®H+ X f‘ng'i(j)E_(j f;l_D‘,;(f))*, fP=+0,

1eP(Z)/P=

@+ T mVe(H=0, fP-=0.
1eP(T)

These conditions are exactly the primal and dual ‘single I characterization’ of
optimality given by Ben-Tal et al. (1976). A connection with their results is clearly
established. When £=# @, Slater’s condition is satisfied and the results obtained
are the classical Karush—-Kuhn-Tucker results.

REMARKs. 1. In problem (C), the condition g;(x) =0 only means that g(x)
belongs to the face F; of the cone B = R and therefore the notion of face is just
as important in the study of (C) as in the study of (P).

2. Before giving the characterizations involving only one subset of %, namely
the subset 2=, Ben-Tal et al. (1976) gave characterizations where every subset / of
(%) was involved. This primal and therefore also dual characterization could be
directly deduced from Theorem 4.2 given in terms of the cone (g, B, %).
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