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A closedness condition and its applications to DC programs
with convex constraints *

N. Dinh | T.T.A. Nghia * G. Vallet 8

Abstract

This paper concerns a closedness condition called (CC), requiring a convex function and a
convex constrained system. This type of condition has played an important role in the study of
convex optimization problems. Our aim is to establish several characterizations of this condition
and to apply them to study minimizing problems involving a DC function under a cone-convex
constraint and a set constraint. First, we establish several so-called “Toland-Fenchel-Lagrange”
duality theorems. As consequences of these results, various versions of generalized Farkas lem-
mas in dual forms and optimality conditions for DC problem are obtained. A class of DC
programs with semi-definite constraints is examined as an illustration. Most of these results
are established under the (CC) and our paper serves as a link between several corresponding
known ones published recently for DC programs and for convex programs.

Keywords: DC programs, closedness conditions, Farkas-Minkovski systems, Farkas lem-
mas, Fenchel-Lagrange duality, Toland- Fenchel-Lagrange duality.

AMS: 90C25, 90C26, 90C46, 49K30.

1 Introduction
Let us consider the DC optimization problem with convex constraints:

(P) inf  f(z) - g()
subject to x € C, h(z) € —S.

Throughout this paper, we assume that: X, Z are real locally convex Hausdorff topological vector
spaces, X* (resp. Z*) denotes the topological dual of X (resp. Z), endowed with the weak*-
topologies; C'is a closed convex subset of X; f,g: X — RU{+oo} are proper lower semicontinuous
(Ls.c.) convex functions; S is a closed convex cone of Z (not necessarily with non-empty interior);
and h: X — Z is an S-convex mapping, i.e.

Vu,v € X, Vi €[0,1], h(tu+ (1 —t)v) —th(u) — (1 —t)h(v) € =S,
such that Ao h is Ls.c. for each A € ST, the dual cone of S, denoted by:
ST:={AeZ*|(\s) >0, for all s € S}.

For convenience, for any A € Z*, the composition of mappings A o h would be denoted by Ah.

We define, by convention, that +o0o — (—00) = +o0.
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Recall that a function p : X — R U {400} is called a DC function, if it can be decomposed as
a difference of two convex functions. Such class of functions covers the classes of convex functions,
concave functions, and many other non-convex functions (see, e.g., [34, 36]).

The DC problem (P) has been studied by many authors since last decades (see [1], [20], [25], [28],
[30], [32], [33], [34], [35] and references therein). Many real world problems possess this mathematical
model (see [2], [3], [4], [5], [21]) and several numerical methods have been developed for this class
of problems as well (see [3], [21], [36], and [34] for an overview).

It is well-known that for convex and DC optimization problems, a constraint qualification is
essential ingredient for the Lagrange multiplier rule and for the duality theory. The well-known
constraint qualifications for convex and DC optimization are often of the Slater types conditions
(see [28, 29, 14], for instance). However, these conditions are often not satisfied for many problems
in applications. In the recent years, a condition called Farkas-Minkovski (or (FM) for short) that
extends such a type of constraint qualifications, has been developed in [11, 12, 15, 16, 23, 24] for
convex optimization problems. Moreover, in the cases when the cost functional is not continuous at
any point in the feasible set, another condition called the closedness condition [12, 13, 15, 16] should
be imposed. We are interested in a condition called (CC) [11] that replaces both of the mentioned
conditions. We will give several characterizations of this condition. These characterizations will
pave the way to derive strong duality and optimality conditions for the DC problem (P).

Concerning the problem (P), we consider the system
o:={xeC, h(x) e =S}
and the set of its solution A which is the feasible set of (P),
A={reX|zeC hz)e -S}=Cnh (-9).
Throughout this paper, we assume that A N domf # () and we denote by

K= [ epi(An)" + epidy, (1)
AeSt

where ¢* stands for the conjugate of the function ¢.

The system o is said to be Farkas-Minkovski (FM, in brief) when K is weak*-closed.

The assumption that o is (FM) serves as a constraint qualification in the study of convex opti-
mization problems. It was proposed in [23] (known as closed cone constraint qualification, (CCCQ))
and was used in [9, 15, 16, 24] to establish optimality conditions, duality and stability for convex
(infinite) programming problems. Various sufficient conditions for (FM) were given in these men-
tioned papers. In particular, it was shown that the constraint qualification (FM) is strictly weaker
than several generalized Slater type ones, and weaker than the Robinson type one stating that
R4 [S + h(C)] is a closed subspace (see [9, 23] for more details).

Let us introduce the following closedness condition:
(CC) epif* + K is weak"-closed.
It involves the function f and the system o and will play a crucial role in the sequel of this paper.

This closedness condition was proposed for the first time by R.S. Burachik and V. Jeyakumar
in [11]. Then, it has been used in [27] to establish optimality conditions of Karush-Kuhn-Tucker
form for convex cone-constrained programs. Several sufficient conditions for (CC) were given in [11]
and [27]. A relaxed version, stating that epif* + clK is weak*-closed, was introduced in [15] and
[16] where this last condition, with the constraint qualification (FM) that imply (CC), were used to
establish optimality conditions, duality and stability results, for convex infinite programs.

Let us mention too that the (CC) condition will be satisfied if o is (FM) and:

i) if on the one hand f is continuous at least at one point in A (see. [11, 16]),
or

ii) on the other hand, if cone(domf — A) is a closed subspace of X. Indeed, if cone(domf — A) =
cone(domf — domdy) is a closed subspace, by [11]-Proposition 3.1, epif* + epid% is weak*-closed
and so, thanks to (4),



epif* 4 epid’ = epif* + clK = epif* + K is weak*-closed.

Note that if the set constraint “z € C” is absent, that is, if o := { h(z) € —S}, the condition
(CC) becomes: epif* + (Jycg+ ePi(AR)* is weak*-closed.

In this paper, characterizations for (CC) in dual forms and in terms of approximate sub-
differentials would be established. These results will serve as main tools to establish duality results
and optimality conditions for (P). We first consider various dual problems of (P) which will be
called “Toland-Fenchel-Lagrange” type dual problems (see [28] for example). It is, in some sense,
a “combination” of Toland dual for DC problem in [32], Fenchel and Lagrange dual problems (see
[8, 9, 23]). We establish several duality theorems which extend Laghdir’s ones in [28] and various
versions of generalized Farkas lemmas in dual forms for systems involving convex and DC functions
are derived. Applied to convex systems or to convex programs, these results give strong Lagrange
duality and Fenchel-Lagrange duality results, and extend known ones established for example in [8],
[9], [16], [17] and [23].

Optimality conditions for DC problem are also obtained and a class of DC programs with semi-
definite constraints is examined. Our results are obtained under the (CC) condition and by using
its characterizations given in section 3. They serve as a link between several corresponding known
ones published recently for DC programs and for convex programs.

The paper is organized as follows: in Section 2, we fix some notations and we recall results needed
in the sequel of the paper. Characterizations of the condition (CC) are given in Section 3, and
corollaries are derived from simple cases. In particular, characterizations of (FM) are also proposed,
in particular to give a representation for the approximate normal cones to convex constrained sets.
In Section 4, we establish several duality results of “Toland-Fenchel-Lagrange” type for the problem
(P), which extend some recent ones given in [28]. Corollaries for concrete classes of problems,
including the classes of convex and concave programs, are obtained, which are compatible with the
ones given in [8], [15],[16]. In Section 5, various versions of generalized Farkas lemma in dual forms
are established for convex and DC functions, which cover the ones established in [8] for convex
systems. In Section 6, optimality conditions for (P), as well as in the convex case, are proved.
The problems of maximizing a convex function under convex constraints is also treated as a special
case. Lastly, in Section 7, a class of DC programs with semi-definite constraints is considered as an
illustration. Optimality conditions and duality results are obtained. These results extend the one
obtained recently in [17, 24] for convex semi-definite problems.

2 Preliminaries

Let us fix some notations used in the sequel of the paper.

For a set D C X, the closure (resp. the convex hull) of D will be denoted by clD (with
suitable topology) (resp. coD) and coneD stands for the convex cone generated by D.
The indicator function of a set D C X is defined by: dp(z) =0 if z € D and dp(z) = +o0 else.
Moreover, the support function op is given by op(u) = sup,cp u(x).

Let f: X — RU{+oo} be a proper lower semicontinuous (l.s.c.) convex function. Then:
(i) The conjugate function of f, f*: X* — RU {+oo}, is defined by

F*(v) = sup{v(e) — f(2) |z € domf},

where the domain of f is given by dom f := {x € X | f(z) < +o0},
(i) If a € dom f then, following [22],

epi f* = | J {(v,v(a) + e~ f(a)) [v €D f(a)}, (2)

€20

where, for a given € > 0, the e-subdifferential of f at a € domf, J.f(a), is defined as the possibly
empty closed convex set:

Ocfla)={ve X* | f(x)— f(a) > (v,x —a)—¢, Ve € dom f}.



(iii) If € > 0 then O f(a) # 0. Moreover, (5o 0f(a) = 0f(a), where 0f(a) denotes the usual
convex subdifferential of f at a (for more details, see [37]).

For a closed convex subset D C X and an arbitrary e > 0, the e-normal cone to D at a point
Z € D is defined by (see [19, 20])

N.(D,z) :=05p(z) ={z* € X" | (2*,2 — ) < ¢,V € D}.

When € = 0, No(D,z) = N(D, ) is the normal cone to D at Z in the sense of convex analysis.

Following [11], it is worth noting that for two proper, l.s.c. convex functions f and g,

epi (f +g)* = cl(epi f* +epi g*). (3)

Moreover, epif* 4 epig* is weak*-closed, if at least one of both functions f or g is continuous at
some point of domf N domg (see [11]).

Note that, if, as it is assumed, h is a S-convex mapping such that A\h is L.s.c. for each A € ST,
then h=1(—=S) :={z € X | —h(z) € S} is convex and A := C N h~!(-S8) is closed. Moreover,
Uxes+epi(Ah)* is a convex cone (see [25]) and

epidy = clK (4)

(note that the equality (4) has been proved in [16], [23] and [27]).
It is worth noticing that, if the mapping h is sequentially lower semi-continuous in the sense given
in [14], then Ah is Ls.c for each A € ST, provided that X is metrizable (see [14]-Proposition 3.7).

Let us conclude this section by recalling some results on duality and optimality conditions for DC
programs established by J. F. Toland in [32] and by J.B. Hiriart-Urruty in [19].

Lemma 2.1 [32] Let X be a locally convex Hausdorff topological vector space with X* is its topolog-
ical dual. Let further F,G : X — RU{+o00}. Assume that G is a proper, conver and l.s.c. function
and F is an arbitrary function. Then
inf (F(a) ~ G(a)} = inf {G"(w) ~ F*(w)).

Lemma 2.2 [19] Let X be a locally convex Hausdorff topological vector space and F,G : X —
R U {+o0} be a ls.c, proper and convex functions. Then

(i) A point a € X is a global minimizer of the problem inf,cx{F(x) — G(x)} if and only if for
any € >0, 0.G(a) C 0.F(a).

(i1) If a € X is a local minimizer of inf,cx{F(x) — G(z)} then 0G(a) C OF(a).

3 Characterizations of the closedness condition (CC)

In this section, we will establish necessary and sufficient conditions for the condition (CC). These
conditions will be crucial in the sequel and they also deserve some attention for their independent
interest. Then, characterizations of (FM) constraint qualification and of approximate normal cones
to convex constrained sets are given at the end of the section.

Theorem 3.1 The following statements are equivalent:
(i) Condition (CC) holds,
(ii) For all x* € X*,
6 * * — M : * Ah * 5* * _ 5
(f +04)"(a") = min min [f*(u) + (AL)"(0) + (2" —u—v)], (5)
(the infimum in the right hand side is attained at some X\ € ST and u,v € X*),
(i11) For any T € ANdomf and each € > 0,

Oc(f +64) ()= | U {0c, f(2) + 0, AM(Z) + Ney (C, ) } - (6)
reS+ €1,€2,63>0
€1+ext+ez=e+Ah(T)



Proof. [(i) = (ii)] Assume that (i) holds and consider any xz* € X*. Then, for all u,v € X*,
A€ ST and z € A, we have that

fr(u) = (u,2) = f(z), (AR)*(v) = (v, 2) = Ah(z),
52}(1* 7'““71)) > (I‘* 77.L7”U,x), (7)
which implies that f*(u) + (Ah)*(v) + 65 (2* —u —v) > (2%, 2) — f(z) — Ah(z) > (z*,2) — f(x).
Thus,
P () + OB (0) + 65" — u—v) = (a",2) — f(2) — 64(x)
for all u,v € X*, A € ST and € X. This implies that

[ () + (AR)*(v) + ¢ (2™ —u—v) = (f +04)"(27),

and hence,
inf inf [f"(u) + (AR)*(v) +0&(a" —u—v)] > (f +54)"(z"). (8)

eSSt u,veX*

If on the one hand x* ¢ dom(f+ d4)*, then (f + d4)*(2*) = 400 and thanks to (8), (5) holds.
If on the other hand z* € dom(f + d4)*, combining (3), (4) and (CC), we get that

epi(f+04)" = cl(epi f* +epid})
= ¢l (epi f*+clK)=cl (epi f*+ K)
= epl f* 4+ Uyres+epi (Ah)* + epi 0. (9)
Then, one has that
(2%, (f +04)" (")) € epi(f +04)" = epif” + Uses+epi(Ah)" + epi ¢ (10)

Thus, there exist A € ST, (u,r) € epi f*, (v,s) € epi (Ah)* and (w,t) € epi 6, such that
(@*, (f +04)"(2")) = (u,7) + (v,5) + (w,1).
This implies that v + v +w = 2* and that
(f +04)" (") = 7 (u) + (AR)" (v) + 0 (w).
Thus, it comes that
(f+04) (x") = f*(u) + (AR)* (v) + & (2" — u — v),

and thanks to (8), (5) holds and the infimum is attained at some A € S* and u,v € X*.
Thus, (ii) has been proved.

[(ii) = (iii)] Suppose that (ii) holds. Let € be an arbitrary non-negative number and z* be a
point in the set of the right-hand side of (6). Then, there exist A € ST, €1,€2,€e3 > 0, u € ¢, f(T),
v € O, (AR)(Z) and w € N, (C, Z), such that €; + €2 + €3 = € + Aa(Z) and z* = u + v + w. Since

(w2 —2) —e1 < fx) = f(2) Vr € X,
(v, — %) — €2 < Ah(x) — Ah(Z) Vo e X,
(w,2—) —e3 <0 Vx € C,

we get that (z*,2 — Z) — e < f(x) — f(Z) + Ah(x) for all x € C. This yields
(z%, 2 = 7) —e < f(x) = f(Z) + M(z) < f2) — f(T), Vo € 4,
and hence,
(25,2 —Z)—e < (f+0a)(x) = (f+4)(T), Vx € X,

which proves that z* € 9.(f + d4)(Z).

To prove the converse inclusion, we first observe that if e = 0 and if I(f + d4)(Z) = 0, then the
converse inclusion holds trivially. So, we may suppose that d.(f + 64)(Z) # 0 for all ¢ > 0 (note
that if € > 0 then O.(f + 64)(Z) # 0).



Let z* € 0.(f + 94)(Z). Since T € dom(f + d4), it follows from (2) that
e+ (2%,2) — f(z) —0a(Z) = e+ (2",2) — f(z) > (f+9a)" (7). (11)

Thanks to (ii), there exist A € ST and u,v,w € X*, such that u+v+w = x* and that (f+84)*(z*) =
f*(w) + (Ah)*(v) + 65 (w). This and (11) give

e+ (25 7) = f(z) = [ (u) + (Ah)"(v) + b¢(w), (12)

which implies that v € domf*, v € dom(Ah)* and that w € domdy,.

Since (u, f*(u)) € epif*, by using (2) again, there exist e > 0 and v’ € 9, f(Z), such that
(u, f*(w)) = (o, (', 2) + 1 — £(2).
This gives that u = v’ € 9., f(Z) and that 1 = f*(u) — (u, Z) + f(T).
Similarly, it comes that v € O, (Ah)(Z) and that w € 9¢,0c(Z) = Ny (C,Z) where e2 = (Ah)*(v) —
(v,Z) + Ah(Z) > 0 and € = 05 (w) — (w,Z) > 0. Since z* = u + v + w, it follows from (12) that

e+ A(Z) = {f"(u) — (u, 2) + f(2)} + {(A)"(v) — (v, ) + A(Z) } + {6¢(w) — (w, 2)},
which means that € + Ah(Z) > €1 + €2 + €.

Let €3 = €+ AW(Z) — €1 — €2, then €+ AL(Z) = €1 +e2 + €3 and w € Ne, (C, %) C Ny (N, 7) as €3 < e3.
Consequently,

v =u+tv+we |J U {0c, f(Z) + O, \M(Z) + N, (C, %)} .

AEST €1,€2,63>0
€1+extez=e+Ah(T)

Thus, (i) implies (iii).

[(iii) = (i)] Suppose that (iii) holds and consider any (z*,r) € cl(epi f* + K). Then, thanks
to (9), it comes that (z*,r) € epi (f +Ja)*. Since z € dom(f + J4), it follows from (2) that e > 0
exists such that z* € 9.(f +94)(Z) and r = (z*,Z) — f(T) + e
Then, it comes from (iii) that there exist A € ST, u,v,w € X* and €1, €2, €3 > 0 satisfying x* =
U+ v+ w, €5 + €2+ €3 = € + M(Z) with u € O, f(T), v € O, AL(Z) and w € N, (C, ).
Set s = (u,Z) — f(Z) + €1, t = (v,Z) — AL(ZT) + €2 and k = (w, Z) + €3. Then, thanks to (2), one gets
that (u,s) € epi f*, (v,t) € epi (Ah)* and (w, k) € epi 67.. Moreover, one has that

s+t+k = (u,Z)— f(T)+e+ (v,T) — A\(ZT) + 2 + (W, T) + €3
(#",@) = f(2) = AR(Z) + e1 + 2 + &3 = (27,7) — f(2) +e =
Thus,
(z*,r) = (u,s) + (v,t) + (w, k) € epi f* 4+ Uyeg+epi (AR)* + epi d& = epi f* + K,

which proves that epi f* + K is weak* closed. In other words, (CC) holds and the theorem is
completely proved. O

Let us present in the following corollary, some useful results for the forth-coming demonstrations.
Corollary 3.1 Suppose that the condition (CC) holds. Then, for each x* € X*,

(f +6a)" (@) = muin (£ + Ab + 0c)" (2"). (13)

Proof. Let x* € X*. Since (CC) holds, it follows from Theorem 3.1-ii) that A € S* and u,v € X*
exist such that ~
(f +04)"(@7) = [*(u) + (A)"(v) + 0¢ (2" —u = v).

Thus, for each z € X, one gets that

(f4+00) @) = (wa)— f(@) + (v,2) = Mh(@) + (" —u—v,2) — do(a)

>
> (2%,2) — (f+ M+ 60) (),



which implies that
(f+064)"(z*) = (f + Ah+ 6c)* (z¥). (14)

On the other hand, for each A € ST,

(f+Ah+6c)"(2") = jlelg{(:vﬁw)—(f%\h)(x)}
> sup{(z",z) — (f + Ah)(z)}
z€A
> igg{(w*,w)—f(m)}=(f+6A)*(x*)~ (15)

Combining (14) and (15), we get that

(f +04)"(2") = min (f + Ah+0c)"(27) = (f + M+ 8c)* (a),

and the proof is complete. a

Note that in the absence of the set constraint "z € C” (i.e., C' = X), characterizations of (CC)
are given in the following corollary, whose proofs are the same as those of Theorem 3.1 and hence,
will be omitted.

Corollary 3.2 Suppose that C = X. The following statements are equivalent:
(i) Condition (CC) holds,

(ii) for each x* € X*, (f +04)"(z*) = )\Helgl* un€1§1* {f*(w) + (AR)*(z" —u)},

(iii) For each € > 0 and each T € domf Nh~1(-9),

O.(f + )@ = | U {0a/@) +0.20(@)}
Aes+ €1,62>0
€1+ea=c+Ah(T)

Let us give now representations of the approximate normal cones to the convex constrained
set A. These representations are useful in optimization problems when one needs to establish the
optimality conditions or the characterization of approximate solutions of the mentioned problems.
Note that this result gives also a characterization of the (FM) constraint qualification for the system
o. For more details and other results on the approximate normal cones, see [18].

Corollary 3.3 The following statements are equivalent:
(i) The system o is (FM),
(ii) For each x* € X*,

oa(e") = min min (V)" () + 05"~ w)] = min ()" ® 65](")

(i1i) For any a € A and each € > 0,

Ne(A,0)= | U {0, Mh(a) + N, (Ca)} .
AeST €1,62220
€1+E2:€+)\h(a)
Here (Ah)* & 6f denotes the infimum convolution defined, for any x* in X* by:

[(AR)* @ 65)(a") i= min (V)" (w) + 85" = w)].

Proof. Let us consider f = 0. Then, it comes that f*(0) = 0, domf* = {0} and that
epi f*+ K = {0} x [0,+00) + K = K.

Since for each € > 0, 0.04(a) = Nc(A,a), the conclusion follows from Theorem 3.1. O



4 Toland-Fenchel-Lagrange duality for DC programs with
convex constraints

Duality results are useful in the study of the primal problems. In particular, for DC programs,
they have been used successfully in building numerical methods for the primal problems (see, for
instance, [3], [4] and references therein).

In this section, we are interested in a dual problem for the DC program (P) called “Toland-
Fenchel-Lagrange” dual problem. This type of dual problem was considered in [28] for problems
of model (P) and in [29] for DC programs with a finite DC constraints. It is, in some sense,
a “combination” of Toland dual problem (for DC problem) in [32], Fenchel and Lagrange dual
problems (see [8, 9, 23]). We propose several duality results of this type for (P) which extend
Laghdir’s one in [28]. As consequences of these results, we obtained various corresponding results
for convex programs which go back, and in some cases extend, the Fenchel-Lagrange duality or
Lagrange duality results in [8], [9], [23], and [17]. So, “Toland-Fenchel-Lagrange” duality serves as
a generalization of these types of dual problems to DC programs.

4.1 Toland-Fenchel-Lagrange duality for DC programs
In this section, we are interested in the duality results for the DC problem (P) given by:

(P) inf  (f(z) - g(z))
subject to x € C, h(z) € —S.

Let us consider this first result. Then, other forms of duality would be derived from this one.
Theorem 4.1 (Toland-Fenchel-Lagrange duality) Suppose (CC) holds, then

inf(P) = inf max {g"(2") - (f + Ah +dc)"(2")} .

Proof. Thanks to the Toland dual theorem recalled in Lemma 2.1,
inf(P) = inf (f+64 —g)(z) = inf {g*(z")—(f+da)"(z")}. (16)
z€X T EX*
Since (CC) holds, it follows from Corollary 3.1 that
(f +064)"(z") = min (f + A+ 60)" (z").
res+

This equality and (16) lead to

inf(P) = inf {g"(a") = (f +0a)"(a")}.
LAnf | max {g"(@) = (f+ M+ 0c)" (")},
which completes the proof. O

Theorem 4.1 was proved in [29]-Corollary 4.1 (p. 666) where C = X, h = (g1, g2, --., gm) and g;,
i =1,2,...,m are extended real-valued convex functions and under Slater constraints qualification.
Other forms of strong Toland-Fenchel-Lagrange duality are given in the following theorem.

Theorem 4.2 (Toland-Fenchel-Lagrange duality) Suppose that the condition (CC) holds, then

w(P) = _int { i max (@)~ £ - W) - 656" —u-o) (7
wi(P) = inf { s e (0°0") — ) - O+ 60)° (0" - W}, (18)



Proof. Since (CC) holds, by Theorem 3.1, for each z* € X*,

(f+04)"(2") = min min (f*(u) +(M)"(0) + 00" —u—v)). (20)

Combining (16) and (20), we get that

inf(P) = inf {g"(z")—(f+04)"(2")}

= inf {7 = guin i (£7(0) 4 O () + 05 e” —u )}

= inf {max max {g*(z*) — f*(u) — (M) (v) = 05 (" —u — v)}} .

z*eX* | AeSt u,veX*

The equality (17) has been proved and similarly, we get (18) and (19) O
When the set constraint is absent (i.e., C = X), we get

Corollary 4.1 Assume that C = X and that the condition (CC) holds, then

inf(P) = inf {max max {g* (") — f*(u) — (A\R)" (2 — u)}} .

z*eX* | AeSt ueX*

Proof. The proof is similar to Theorem 4.2 one, by using Corollary 3.2 instead of Theorem 3.1. O
Example 4.1. Consider the following problem (E1):

(E1) inf (z% —xy — /2% + x%)

subject to @ = (z1,22) € R% 21 + 29 < 0.

Let f(z) =22 — 29, g(z) = V23 + 22, X =R}, C =X, Z=R, S =St =R, h(z) = 71 + 2.
It is clear that f, g are convex, continuous functions on R?, while h is S-convex and continuous.
Then (E1) has the form of (P).

For each u = (u,us) € R?, one has that

if Ug = 71,

2
Uy
*(u) = sup (U121 + usTy — T2 + x5) = 4
f7(u) = sup (w121 + ugwy — o7 + 72) Yoo ifupt 1

zER?

For each v = (v1,v2) € R? and A € ST =R, it comes that

(AR)*(v) = sup (V1x1 + Vaxe — AT — Ax) =

{ 0 if V1 =V = )\,
zER?

400 otherwise.

For each a = (a1, as) € R?, one gets that

g*(a) = supgepe (@171 + asws — /23 + x%)
< supgepe (Vai+a3 — 1) Va3 + 3.

(the last inequality follows from the Cauchy-Bunhiakovski’s inequality). This implies that

N

“(a) = 0 if a? +a3 <1,
g T\ 4o ifa?+dd > 1.
Therefore,

2
epi [ +Unestepi b = {(un + A A= 1, 5L +7)| w € R, (A1) € B3},



which is a closed subset of R3. By Corollary 4.1, we get that

2 2
. . ap — A . a; —az —1
inf(E1) = inf max _la =) = inf _lamaa = 1)
a?+a§§1 az—A=-1 4 a%+a§§1 4

(a1,a2)€R? A20 (a1,a2)€R?

lay —az — 1] < |ag — az| + 1 < V2y/a? + a3 + 1.

Therefore, inf(E1) = —@ and the infimum in the right hand side of the last equality is attained
_ -1 _
atal—ﬁ,ag_ﬁ.

It is worth observing that the conclusions of Theorems 4.1 and 4.2-(17) were established in [28]
(Propositions 4.1, 4.2, 4.3 and Corollary 4.1) with the assumptions that f is continuous at one point
in C' and either

(o) T € C exists such that h(Z) € —intS (Slater constraint qualification),

or

(68) R[S + h(domf NC)] is a closed subspace.

Let us remind (see [23]) that if the Slater condition («) holds, then o is (FM). Thus, with the
fact that f is continuous at one point in C, it comes that (CC) holds.

Let us see in the next corollary that the same conclusion holds with the assumption (5).

Note that

Corollary 4.2 If f is continuous at some point in C and Ry [S + h(domf NC)] is a closed subspace
of Z then (CC) holds.

Proof. Assume that the hypothesis of the corollary holds. Let zf; € X* be arbitrary and set g = .
Since g*(zf) = 0 if * =z and g*(z*) = +o0 else, it comes from [28]-Corollary 4.1, that

z*eX* | A\eéSt+ u,veX*

= max max {—f"(u) = (A)"(v) = d¢ (25 —u—v)}.

inf(P) = inf {max max {g*(z*) — f*(u) — (A\h)*(v) — 05 (x" —u — v)}}

Observe that inf(P) = infyea{f(x) — (2§, 2)} = —(f + 04)*(xf). Therefore,

(f +04)"(wg) = min min {f*(u)+ (Ah)*(v) +05(xg —u—v)}.

Since the last equality holds for all a3 € X*, (CC) follows from Theorem 3.1. m|

Corollary 4.2 gives a sufficient condition to (CC). It is not a necessary one, as the following
simple example shows.
Example 4.2. Consider the simple case when X =R, C = [-1,1], S = R, f(x) =z, g(z) =0,
and h(z) = max{0,z}. Then, for a € R and A € R, we have that (dc)*(a) = |a| and that

) 0  ifa=1, ) 0 if ael0,N]
f(a):{+oo it a1, AN (a):{+oo ifagz{o,ﬁ.

Then, epif* + Uycr, (M) + epidy, = {1} x Ry + Ry x Ry +epi || is a closed subset of R? while
Ry [R4 + A(domf N C)] =Ry [Ry + A(R)] = [0, +00) is not a closed subspace of R.

4.2 Duality for convex programs

Let us derive in this section results about the convex case from the DC one. In order to, consider
the convex program:

Q) inf  f(z)
subject to x € C, h(z) € —8S.

Then, the problem (Q) is a special case of (P), where g = 0.

10



Lagrange duality.
Let us recall that the Lagrange duality form such a problem is given by

(LDQ)  sup {inf (f+)\h)(:c)}.

res+ (zel
Then, we find the strong duality for the Lagrange dual problem, as established recently in [16].

Corollary 4.3 (Lagrange duality) Suppose that (CC) holds, then the Lagrange strong duality
holds for (Q), that is,
inf(Q) = max { inf (f + )\h)(l‘)} (21)

xest |zeC

(the Problem (LDQ) is solvable).

Proof. Note that if g = 0 then ¢g*(0) = 0 and g*(z*) = +o0 if z* € X*\ {0}. Since (CC) holds, by
Theorem 4.1, applied to the case where g = 0, we get

inf(Q) = maxyest{—(f + M +00)"(0)}
= maxyess {—sup,ec{—f(x) ~ Mi()}} (22)
— maxyese {infeo(f(z) + M)}

The proof is complete. |

Fenchel-Lagrange duality.
The Fenchel-Lagrange dual problem of (Q) is defined by [8]:

(FLDQ) max max {—f"(u) — (Ah)"(v) —d¢(—u—v)}.

As a consequence of Theorem 4.2, we get the following strong Fenchel-Lagrange duality result for

Q).

Corollary 4.4 (Fenchel-Lagrange duality) Suppose that (CC) holds, then the strong duality
holds between (Q) and (FLDQ), i.e.:

inf(Q) = max max {—f"(u) = (Ah)"(v) = d5(—u—v)}.

Proof. Let g =0. Since ¢g*(0) = 0 and g*(z*) = 400 if z* € X* \ {0}, the results follows from the
first assertion of Theorem 4.2. |

The Fenchel-Lagrange strong duality result given in Corollary 4.4 was established in [8] (see also
[7]) under the assumptions that: X = R", h = (h1,h2, -+ ,hy), hi : R" — R convex (S = R7)
and under the Slater constraint qualification condition stating that riC Nri(domf) # 0. Moreover,
it was supposed that 2’ € riC Nri(domf) exists such that h;(z’) < 0,7 =1,2,...,m. Again, if f is
continuous at some point in A, since the condition (CC) holds if (FM) is assumed, our condition is
strictly weaker than the Slater’s one (see [23]).

Let us present in the following corollary, other forms of Fenchel-Lagrange duality. The first one
was established recently in [9] with: X, Z Banach spaces, f a continuous convex function and g a
S-convex, continuous mapping.

Corollary 4.5 (Fenchel-Lagrange duality) Suppose that (CC) holds, then

inf(Q) = maxyeg+ maxyex- {—f"(u) — (Ah +dc)"(—u)},
inf(Q) = maxyes+ maxuex- {—(f +d0)"(u) = (Ah)*(—u)}.
Proof. This is a direct consequence of Theorem 4.2 (see (18) and (19)) by letting g = 0. O

11



5 Generalized Farkas lemmas

Let us use the duality results obtained in the previous section to derive generalized Farkas lemmas
in dual forms for systems involving convex and DC functions. All the assumptions on the functions
f, g, the mapping h, the spaces X, Z, the cone S and the subset C' are as in Section 1.

Theorem 5.1 (Farkas lemma) Suppose that (CC) holds and that o € R. Then, the following
statements are equivalent:

(i) €C, h(z) e =S = f(z)—g(z)>q,

(i) For each x* € X*, there exist A € ST, u € X* such that

g (") = [ (u) = (Ah + 60)" (2" —u) = o,
(i1i) For each x* € X*, there exist A € ST, u € X* such that
9" (") = (f +60)"(u) = (AR)* (2" —u) = o,
(iv) For each x* € X*, there exist A € ST, u,v € X* such that
g (") = [ (w) = (Ah)*(v) =6 (2" —u—v) > a.
Proof. [(i) = (iv)] Suppose that (i) holds, then inf(P) > «. Since (CC) holds, Theorem 4.2 leads

to

inf(P) = inf_max max {g"(@") ~ f() ~ (W) (0) = 850" — u—v)}. (23)

Then, for each z* € X*, there exist A € ST and u,v € X* such that

g (@") = [*(w) = (Ah)"(v) = ¢ (¢ —u —v) = inf(P) > o,

which proves (iv).
[(iv) = (i)] Suppose that (iv) holds. Then, for each z* € X*, there exist A € ST and u € X*,
such that ¢*(z*) — f*(u) — (Ah)*(v) — 65 (2* —u — v) > c. This implies that

max max (9"(@") — /() = (V)" (0) = (0" = u—v)) >

Therefore, it comes that

it max max (9°(a%) — £() — ()" (0) — 65" —u—v) > a

Since (CC) holds, the strong duality holds (Theorem 4.2), we get that inf(P) > «, which means
that (i) holds.

The equivalence between (i), (ii), and (iii) follows from the same argument as in the proof of the
equivalence between (i) and (iv), using (18) or (19) instead of (23). ad

Let us have a look at the convex systems. As a consequence of Corollaries 4.4 and 4.5, we get
the following generalized versions of Farkas lemma.

Corollary 5.1 (Farkas lemma for convex systems) Suppose that (CC) holds and oo € R. Then,

the following statements are equivalent:
(i) z€C, h(z) e =S = f(z)>a,
(ii) There exist A € ST, uw € X* such that

—f"(w) = (A +dc)"(—u) = a,
(iii) There exist A\ € ST, u € X* such that

—(f+dc)"(w) = (M) (—u) >
(iv) There exist X\ € ST, u,v € X* such that

—f* () — (M) () = 5(—u—v) > a.

12



Proof. The proof is quite similar to that of Theorem 5.1. Here, Corollaries 4.4 and 4.5 are used
instead of Theorem 4.2. a

Let us mention that the equivalence between (i) and (ii) in Corollary 5.1 was proved in [8]-Theorem
4.1 (p. 545) under the assumptions: X = R", o« = 0, h = (hy, ha, - ,hy) where h; : R* — R
convex (S =R’ ) and under the Slater constraint qualification condition. In [8], a convex problem
with X = R, g;(z) < 0 for all ¢ € T (possibly infinite set) was considered as well. A version of
Farkas lemma was proved. It is similar to the equivalence of (i) and (ii) in Corollary 5.1, but without
showing explicitly the existence of “\ € ST” (Theorem 5.2, page 549). Note that such a problem
can be reduced to the model (Q) by letting h : R — R! with h(z) = (h;(2));er and S = RL (see
[15, 16]). For more versions of Farkas lemma involving convex and DC functions, see [18].

6 Optimality condition for DC programs with convex con-
straints

In this section, we will establish necessary and sufficient conditions for global optimality for the
problem (P).

Theorem 6.1 Let T € ANdomf and assume that the condition (CC) holds. Then, T is a global
solution of (P) if and only if for each e > 0 and each x* € .g(Z), there exist A € ST and €1, €2,€3 > 0
such that €; + eo + €3 = € + M(Z) and

2 € 00 [(5) + Oy (VB) (&) + Noy (C,2). (24)
In particular, if T € A is a solution of (P), then, for each x* € dg(z), X € ST emists such that

z* € Of () + O(AL)(Z) + N(C,Z) and Ah(z) = 0.

Proof. 1t is clear that Problem (P) can be written in the form:

(P)  inf [(f +da)(z) - g(x)].

zeX

By Lemma 2.2, Z is a global solution of (P) if and only if for each ¢ > 0,

9eg(z) C Oc(f +04)(T).

Since (CC) holds, it follows from Theorem 3.1 that

Oe(f+3da)@) = | U {06, f(Z) + 0, AR(Z) + Ney (C2) } -
AeSH €1,€2,63>20
€1+ext+ez=e+Ah(T)

Thus, Z is a global solution of (P) if and only if for each € > 0,

deg(z) < | U {0c, f(2) + 0, AM(Z) + Ney (C,2)}
AEST €1,€2,63>0
€1+€ext+ez=e+Ah(T)

which means that for each z* € d.g(Z), there exists A € ST and €1, €2, €3 > 0 such that €1 + e+ €3 =
€+ M(Z) and z* € O, f(Z) + O, (AR)(Z) + N,,(C,T). The first assertion is proved.

Now, if € A is a solution of (P), then A\h(Z) < 0 (as A € ST and € A). So, if A € ST and
€1,€2,€3 > 0 satisfying €1 + €2 + €3 = A(ZT), then ¢; = eo = €3 = Ah(Z) = 0. The last assertion
follows from the previous observation and the first assertion of the theorem with ¢ = 0. O

Example 6.1. Consider the problem

(E2) inf [(z* + ) — 27
subject to =z € [—1;1], max(0, —z) < 0.
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Let f(x) = 2* + 2, g(z) = 22, h(z) = max(0,—2), X = X* =R, C = [-1;1], Z = Z* = R and
S =St =R,. It is obvious that f, g are continuous convex functions and that h is continuous and
S-convex. The Problem (E2) has the form of (P).

It is easy to see that for A € ST = R, and a € R, we have that

(AR)*(a) = sup|(a, ) — (Ah)(x)] =

zeX

0 if a € [—,0],
+o00  otherwise.

Thus epi (Ah)* = [-X;0] x Ry and hence, Uycg+epi (AR)* =R_ x Ry.
On the other hand, it is clear that epi 65, = epi |.|. We have that

Uxestepi (M)* +epi oc = {(z,y)| = < 0,y > 0} U{(z,y)| y > = > 0}

is a closed subset of R%. Since f is continuous on R, epi f* + Uycg+epi (Ah)* + epi 6% is closed in
R?, which means that (CC) holds for the Problem (E2).
Let us consider €, €1, €2,e3 > 0 and A € R then, we have that

0.9(0) = [~2v/2, 2/, 0. £(0) = [1 REERET, 27] ,
VA € ST, 0, Ah(0) = [—A,0] and N, (C,0) = [—e3, €3).
Choose €1 = €3 = 0,€e3 = € and A > 0 satisfying —21/e > 1 — X\ — €. Since € + 1 > 2,/€, we have that
9eg(0) [—2Ve, —2V/¢]

1—A—e1+e = {1} +[-10+ [
Do, J(0) + Doy (R(0) + N, (C. 0).

Nl

By Theorem 6.1, £ = 0 is a global solution of (E3).

By taking g = 0 in Theorem 6.1, we will get an optimality condition for the convex Problem (Q)
considered in Section 4.

Corollary 6.1 Suppose that (CC) holds and that T € A. Then, T is a (global) solution of (Q) if
and only if there exists A\ € ST such that

0 € 0f(Z) + O(A)(Z) + N(C,Z), Mh(Z) = 0. (25)

Proof. Necessity. Suppose that Z is an optimal solution of (Q). Theorem 6.1 with g = 0 and with
e = 0 ensures the existence of A € S, such that (25) holds. Then, the condition Ah(zZ) = 0 follows
from an argument similar to the last part of the proof of Theorem 6.1.

Sufficiency. Suppose that there exists A € ST such that (25) holds. Then we can find u € 9f(Z),
v € (Ah)(Z) and w € N(C,Z) such that v + v+ w = 0. By definition of subdifferentials of convex
functions,

fl)—f@® > (uxz—z) VexeX,
A(z) = A(Z) > (v,x—Z) Vee X,
0 > (w,z—1Zz) VYeeC.

Since Ah(Z) = 0, these inequalities imply that f(z)+ Ah(z) — f(Z) > 0, for all z € C. Note that for
all x € A, Ah(z) < 0. Combining these facts, we get f(z) > f(&) for all z € A, which means that =
is a solution of (Q). O

The optimality condition given in Corollary 6.1 was established in [27]. It was also established
in [11, 23, 24] by assuming that X was a Banach space, 0 was (FM) and either f was continuous, or
C =X, or epi f* + clK was weak*-closed. In [14], this optimality condition was also proved under
the assumption that f was continuous at one point in C, h was sequentially l.s.c. and R[S+ h(C)]
was a closed subspace. In either of the cases, (CC) holds. Similar assumptions were imposed in
[16], when dealing with the convex infinite problems to get the same kind of optimality condition
for this class of problems.
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Let us consider now the problem of maximizing a convex function under convex constraints.

(CMP) sup p(z)
subject to x € C, h(z) € =85,

where X, C, S, h are as in the previous sections and p : X — RU{+o0} is a proper, l.s.c. and convex
function.

It is clear that if T € A is a (global) solution of the problem (CMP), then it is a solution of the
problem (CMP1) below.

(CMP1) inf —p(z)
subject to = € C, h(x) € —S.

As a direct consequence of Theorem 6.1, we get:

Corollary 6.2 Suppose that o is (FM) and that T € A. Then, T is a global solution of (CMP)
if and only if for each € > 0 and each z* € O.p(T), there exist A € ST and e1,e2 > 0 such that
€1+ €3 = €+ AL(Z) and

" € O, (ML) (ZT) + N, (C, ). (26)

In particular, if T € A is a solution (CMP), then for each x* € 0g(ZT), there exists X € ST such that
x* € 9(Ah)(Z) + N(C,z) and M\h(Z) =

7 An application: DC programs with semi-definite constraints

In this section, as an application of the results presented in the previous sections, we derive some
results on the duality and optimality conditions for a class of DC programs with semi-definite
constraints. When g = 0, it reduces to a convex program with semi-definite constraints. Many
real problems lead to mathematical models such as, finding the distance between two polyhedra,
or convex quadratic optimization problems with semi-definite constraints (see [6] and [10]). In this
case, the results cover some known results proved recently in [24, 26].

Consider the DC program with a semi-definite constraint:

(SDP) inf [f(a:) — g(a:)}
subject to  xz € C, Fo+ > i i F; = 0

where C' is a closed convex subset of X = R™, f, g : R™ — R are convex functions, F; € S,,, where
Sy, is the space of symmetric (n X n)-matrices. Here = denotes the Lower partial order of S,,, that is,
for M, N € S,,, M = N means that M — N is a positive semi-definite matrix. .S,, will be considered
as a vector space with the trace inner product defined by (M, N) := Tr[M N], where Tr[] is the
trace operation. Let S = {M € S, | M > 0} be the closed convex cone of positive semi-definite
(n x n)-matrices. Then ST =S and M € S if and only if Tr[ZM] > 0 for all Z € S. The feasible
set of (SDP)is A={z € X |z € C, Fo+ > o z;F; = 0}. For each x € R™ and Z € S,,, let us
denote by F(z) = Fo + S, #;Fi, F(z) = ity wiFi and F*(Z) = (Tr[F\Z), ..., Tr[Fn2).
Then the Problem (SDP) can be rewritten in the form of (P) as follows:

(SDP1) inf  [f(z) — g(x)]
subject to xeC —F(z) € =8S.

Note that for each Z € S and u € R™, we have that

sup {(u,z) + (Z, F(x))}

zeR™
= sup {(u, z)+ Y @ Tr[ZF)] + Tr[ZFO}}
rzeR™ i—1

= Tr[ZF,)+ sup (u+ F*(Z),z).
TER™

(=ZF)"(u)

15



Therefore, R
Tr|ZFy] if u=—F*(Z),

(=2F)"(u) = { oo if u# —F*(2).

Consequently, for all Z € S, one gets that epi (—=ZF)* = (=F*(Z), Tr[ZFy]) + {0} x R and the
set K defined by (1) corresponding to the system o* := {z € C, —F(z) € —S} becomes

U (—F*(2),Tr[ZF)] +r) + epid;..
ZeS, r>0

So, the system o* is (FM) if and only if this set is closed. Note also that when C' = X, the condition
(FM) for o* reads as: the set (J,cg r>0(fﬁ'*(Z), Tr(ZFy] +r) is closed in R™*!. This condition
(where C' = X)) was introduced in [30] and then was used in [24]. The corresponding condition with
the presence of the closed convex set C, was introduced in [26]. As a consequence of Theorems 4.1
and 4.2, we get

Theorem 7.1 Assume that o* is (FM), then the following assertions holds.

inf(SDP) = z%gm {gggg%ﬁ{g*(x*) — [ (u) = 05 (x" —u+ F*(2)) - TT’[ZF()]}} , (27)
inf(SDP) = m*igﬂgm {rggg{{g*(x*) —(f+d0) (=" + F*(2)) - Tr[ZFO]}} . (28)

Proof. Since o* is (FM) and as f is continuous, (CC) holds and Theorem 4.1 leads to

= _nf {ggggﬁg{g*(w*) — [*(u) = Tr[ZFy] = 66 (2" —u+ F*(Z))}} :

Since inf(SDP) = inf(SDP1), (27) has been proved.
Similarly, it follows from Theorem 4.2 that

inf(SDP1) = wlg)f{ eréz?g}i{g*(x*) —(f—ZF +4c) (z™)}. (29)

Since ZF(.) is continuous (Z € S), for each z* € X* = R™ we have that

(f = 2F +éc)"(@") = min{(f+dc)"(a" —u)+ (=2F)"(u)}
= (f+08c) (@ + F*(2)) + Tr[ZF). (30)
The equality (28) now follows from (29) and (30). O

Corollary 7.1 If C = X and the set | g TZO(—F*(Z),TT[ZFO] + 1) is closed, then

inf(SDP) = inf {rggg{{g*(ﬂj*) — (=" + F*(Z)) - Tr[ZFO]}} .

We now give an optimality condition for (SDP).

Theorem 7.2 For the Problem (SDP), assume that o* is (FM). Then, T € A is a global solution
of (SDP) if and only if for each € > 0 and each x* € 0.g(T), there exist Z € S and €1,e5 > 0 such
that €1 + eo = e — Tr[ZF(Z)] and

"+ F*(Z) € 8., f(z) + N, (C, &). (31)

In particular, if T € A is a global solution of (SDP), then for each x* € 0g(Z) there exists Z € S
such that R
¥+ F*(Z) € 0f(%) + N(C,z) and Tr[ZF(z)] = 0.
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Proof. We first observe that since f is continuous, the condition (CC) holds. Suppose that Z is a
global solution of (SDP). Then, by Theorem 6.1, for each ¢ > 0 and each z* € J.¢(Z), there exist
Z € ST and €, €, €5 > 0 such that €] + €}, + €5 = e — Tr[ZF(z)] and

Note that 0y (—ZF(z)) = 0(—ZF(z)) = —F*(Z) and that 0u f(Z) C O te, f(Z). So, if we set
€1 = €} + €}, and e; = €), then it comes that

2% € 0, f(Z) + N, (C,2) — F*(Z) and €1 + €3 = e — Tr|ZF(z)].

The necessary condition is proved. The sufficiency condition follows from Theorem 6.1 and a from
similar argument the previous one. g

When g = 0, Problem (SDP) becomes the convex semi-definite problem of the form

(CSDP) inf  f(z)
subject to  xz € C, Fo+ > i i F; = 0

Corollary 7.2 Assume that o* is (FM). Then

(¢) inf(CSDP) = rggg‘(&lﬁﬁ{—f"(u) — 65 (—u+ F*(2)) — Tr[ZF,)}.

(i) inf(CSDP) = max ;Ielg{f(a:) —Tr[ZF(2)]}.

Proof. We give a proof for (ii) only. The proof of the equality (i) is quite similar. Taking g =0 in
Theorem 7.1, we get that

inf(CSDP) = wax{~(f +60)"(F*(2)) - Tr{ZFy]}
= wax{ inf (f +b0)(x) — (F*(2),2) - Tr[ZFy]}

= max inf {f(z) — Z v Tr[ZF) — Tr[ZFy]}

zeS xzeC -
1<i<m
= inf —Tr|ZF .
max inf {f(z) - Tr[ZF ()]}
The proof is complete. o

The following corollary gives an optimality condition for (CSDP), which is a direct consequence
of Theorem 7.2 and hence, its proof will be omitted.

Corollary 7.3 Assume that o* is (FM), then a point T € A is a solution of (CSDP) if and only if
there exists Z € S such that

F*(Z) e df(z)+ N(C,z), Tr[ZF(z)]=0.

Note that the assertion (ii) in Corollary 7.2 is nothing else than the strong Lagrange duality
for the problem (CSDP) and the optimality condition given in Corollary 7.3 was established in [17]
(Corollary 4.1) where C = X.
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