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In this work, via perturbational approach, we give an alternative dual problem for a general
infinite dimensional optimization primal one, by means of a conjugation scheme based on
generalized convex conjugation theory, rather than the classical Fenchel conjugation. Two
sufficient regularity conditions for strong duality are stated, where the evenly convexity of the
perturbation function plays a fundamental role. One of these conditions has been obtained
due to the relationship between evenly convexity and cs-closedness, allowing us also to derive
new properties for evenly convex sets and functions. The regularity conditions in the general
setting are applied to the Fenchel primal-dual problem, and a comparison between them and
an already existing closedness-type regularity condition for Fenchel duality is studied.
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1. Introduction

Let X be a separated locally convex space and F : X — R := RU {Zo0} a
proper function. Consider the general optimization problem

(GP) Inf F(x)
st. xe X.

There exists a well developed theory on pertubational approach to duality for
convex optimization problems, as one can find for instance in [1], [2], [4], [11], [14]
and [16]. The main idea is to consider a perturbation function ® : X x © — R,
where O is also a separated locally convex space, named the perturbation variable

space, and ® verifies the relation
O (2,0) = F(x),
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for all z € X. A dual problem for (GP) can be defined in the following way:

(GD) Sup —9*(0,z*)
s.t. ¥ e,

where ©* is the dual space of © and ®* the Fenchel conjugate of ®. Denoting
by v(GP) and v(GD) the optimal values of the primal and the dual problems,
respectively, it holds —oo < v(GD) < v(GP) < 400, and this inequality is
called weak duality, whereas strong duality is v(GD) = v(GP) and the dual
problem has an optimal solution.

Assuming that ® is a proper convex function on X x O, the property of being
lower semicontinuous plays an important role in some regularity conditions,
which are those conditions guaranteeing strong duality for (GP) and (GD). See
for instance [1] as a presentation of the state of art in this field.

In this paper we consider a generalized concept of lower semicontinuous convex
function, called evenly convex function, and a suitable conjugation squeme for
this class of convex functions, instead of the classical Fenchel conjugation pat-
tern. It will allow us to build a new dual problem for (GP), denoted by (GD,),
and state some sufficient regularity conditions for strong duality. Fenchel duality
will be derived as a particular case, and regularity conditions will be compared
with another one obtained in [6].

The concept of evenly convexity (e-convexity, in brief) is due to Fenchel [5].
E-convex sets are defined as the intersection of an arbitrary family (possibly
empty) of open halfspaces. They have been applied in linear inequality systems
containing stritc inequalities ([7], [8]) and basic properties of this class of sets
by means of their sections and projections are given in [9]. Furthermore, a
non-separational geometrical characterization of e-convex sets is given in [3].

E-convex sets lead to the so-called e-convex functions, which were introduced
in [15]. The survey by Martinez-Legaz [10], where generalized convex duality
theory based on Fenchel-Moreau conjugation is applied to quasiconvex program-
ming, motivated in [12] a conjugation pattern for evenly convex functions.

In a recent paper [6] we have extended some well-known results for lower semi-
continuous convex functions to the more general framework of e-convex func-
tions, obtaining a closedness-type regularity condition for the fulfilment of strong
Fenchel duality for optimization problems of the form

RN g

where both feasible set A and objective function f are e-convex.

The organization is as follows. In Section 2 we summarize the basic properties
for e-convex sets and functions, as well as all the necessary tools and results, in
order to make the paper self-contained. In particular, the conjugation scheme
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for e-convex functions will be reminded, as well as its most important properties.
In Section 3 we shall relate the e-convexity with other closedness-type notions,
which will be applied in Section 4 in order to obtain an interior point regularity
condition for strong duality for (GP) and (GD,). In the same framework, Section
5 presents a closedness-type regularity condition. Finally, Section 6 will be
devoted to the comparison between these two conditions and an already existing
condition for the fulfilment of strong Fenchel duality for the problem (1).

2. Preliminaries

Let X be a separated locally convex space and X* its topological dual space
endowed with the weak™ topology. For the set D C X, the closure of D is
denoted by cl D. If A € X*, then cl A stands for the weak™ closure of A. As a
consequence of the Hahn-Banach theorem, every open or closed convex set is e-
convex. The e-convexr hull of C' C X, denoted by eco C, is the smallest e-convex
set that contains C'. This operator is well defined because X is e-convex and the
class of e-convex sets is closed under intersection. Moreover, if C' is convex, then
C' CecoC C clC. The duality product will be denoted by (-,-) : X x X* — R,
ie. (x,z*) = a* (x) for all (z,2*) € X x X*.

The following characterization of e-convex sets can be found in [7, Prop. 3.1], in
the case X = R", but it can be extended easily to the infinite dimensional case
we are dealing with.

Proposition 2.1. A set C C X is e-convex if and only if for every x ¢ C there
exists a closed hyperplane H such that x € H and C N H = ().

For any function f : X — R, the effective domain and the epigraph of f are
denoted in the usual way,

dom f:={x € X | f(z) < +oo} and epif:={(x,r) e X xR | f(z) <r},

respectively. The lower semicontinuous (Isc, in short) hull of f, clf : X — R,
is defined such that epi(cl f) = cl(epi f), and f is said to be Isc at © € X if
f(z) = (cl f)(x). Furthermore, f is said to be proper if f does not take on
the value —oo and dom f # (). On the other hand, according to [15], we will
say that f is e-conver if its epigraph is an e-convex set in X x R. Obviously,
any lsc convex function is e-convex, but the reverse statement is not true (see
an example in [15]). The e-convex hull of f, eco f : X — R, is defined as the
largest e-convex minorant of f, that is,

eco f:=sup{g | g is e-convex and g < f}.

Due to the fact that Fenchel conjugation is not suitable for e-convex functions,
a new conjugation scheme is provided for this class of convex functions in [12],
based on the generalized convex conjugation theory introduced by Moreau [13].
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We will consider the set W := X* x X* x R with the coupling function ¢ :
X X W — R given by

(x,x*) if (x,y*) < a,

+00 otherwise.

c(z, (¢%,y", ) = {

For any f: X — R, its c-conjugate f¢: W — R is defined by

fA@" ", @) = sup {c(z, (27, 4", o)) = f(2)}-

zeX
Similarly, the ¢-conjugate of g : W — R is the function ¢ : X — R defined by

gc (ZIZ’) = sup {c’((:v*,y*,oz),x) _g(x*>y*7a)}a
(z*y*,0)eW

where ¢ : W x X — R is given by ¢ ((z*,y*,a),7) = c(z, (z*,y*, a)). The
following conventions are used: +00 + (—00) = —00 + (+00) = +00 — (+00) =
—00 — (—00) = —00.

Functions of the form z € X — c(xz, (z*,y*,a)) — 3 € R, with (z*,y*,a) € W
and 3 € R are called c-elementary; in the same way, ¢’-elementary functions
are those of the form (z*,y*,a) € W — c(z, (z*,9*,a)) — 8 € R, with z € X
and § € R.

Actually, according to [12], the family of the proper e-convex functions from
X into R along with the function identically —oo is the family of pointwise
suprema of a set of c-elementary functions. Using an analogous terminology, a
function ¢ : W — R is said €-convez if it is the pointwise supremum of a set of
¢-elementary functions. Also, the €-convex hull of any function k : W — R is
the largest e¢’-convex minorant of k, and it is denoted by €cok. The following
proposition is given in [6].

Proposition 2.2. Let f: X — R and g: W — R. Then

(i)  f¢ is €-convex; g¢ is e-conver.

(i) If f has a proper e-conver minorant, eco f = f°'; e'cog = g°°.

(ii) If f does not take on the value —oo, then f is e-convex if and only if
f=f<"qis ¢-convex if and only if g = ¢°°.

(i) f“<fig7<g

Remark 2.3. According to (iii) in the previous proposition, if f does not take

on the value —oo, f is said to be e-convez at x € X if f (z) = f° (), and g is
said to be ¢-conver at (z*,y*,a) € W if g(z*, 9", a) = g°°(*, y*, a).

The following definitions and results from [12] and [6] will be used throughout
the paper.
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Definition 2.4. A function a : X — R is said to be e-affine if there exist
¥y € X* and «, f € R such that

o (z) = {(x,x*) — 6 if (z,y*) < a,

+00 otherwise.

Forany f: X —» R, & + denote the set of all e-affine functions minorizing f, that
is,

E={a: X >R |aiseaffineand a < f}.

Theorem 2.5. Let f : X — R, f not identically +00 or —oo. Then f is a
proper e-convex function if and only if

f=sup{a|aecé&}. (2)

Definition 2.6. A set D C W x R is €-convex if there exists an €-convex
function k : W — R such that D = epik. The ¢-convex hull of an arbitrary set
D C W x R is defined as the smallest €’-convex set containing D, and it will be
denoted by €’co D.

Remark 2.7. Actually e'co D is the epigraph of the €/-convex hull of the func-
tion fp : W — R defined by fp (z%,9,a) := inf{a € R | (2*,y*, a,a) € D}.
Hence,

e'co D = epi (€co fp) = epi f5°.

Definition 2.8. Consider two functions f,g : X — R. A functiona: X — R
belongs to the set &, if there exist a; € &, ap € €, such that, if

—+00 otherwise,

L xTy) — it (-, y7) < aq,
a1<.>:{< DB i L) <
. * _ f . *
and () = {<,x2> Bo i y) < 0
~+00 otherwise,

then
_ <7$T+w;>_(61+ﬁ2) if <7?JT+?/§> < g + Qg
a(:) = :
+00 otherwise.

Theorem 2.9. Let f,g: X — R be proper e-convex functions such that dom fnN
domg # 0, and let h := sup {a | a € g‘ﬂg}. Then

e'co (epi f© + epig°) = epi h°.

Finally, we recall from [12] the subdifferentiability notion associated with the
conjugation pattern described in this paper.
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Definition 2.10. Let f : X — R be a function. We will say that the vector
(u*,v*,w) € W is an c-subgradient of f at zo € X if f(xg) € R, (z9,v*) < w and

flz) — f(xg) > c(z, (u*,v",w)) — ¢ (xg, (u*,v",w)), Ve X.

We denote by 0.f (zo) the set of all the c-subgradients of f at x, and it will be
called the c-subdifferential of f at x.

3. New properties of e-convex sets and functions

In [16] the notions of closed convex set and lsc convex function are generalized
in Sections 1.2 and 2.2. Again for the sake of completness, we give the most
important concepts and their relations for our purposes. All of them are valid
in a general topological vector space, named X.

Let A C X, A # 0. A convexr series with elements of A is a series of the
form Y1 ez with {\} C Ry, {zx} C A and 3510, = 1. If the sequence
{z1} is bounded, we deal with b-convex series. The set A is cs-closed (ideally
conver, respectively) if any convergent convex (b-convex, respectively) series
with elements of A has its sum in A. It is clear that every cs-closed set is ideally
convex and every ideally convex set is convex, but the converse statements are
not true. We also assume that the empty set is cs-closed.

The class of cs-closed sets contains the open and the closed convex sets. Since
the latter sets are also e-convex, we ask about the relationship between cs-closed
sets and e-convex sets. The proof of the following proposition is similar to the
proof in [16, Prop. 1.2.1] when the set A is convex and open.

Proposition 3.1. If A C X is e-convex then it is cs-closed.

The converse statement is not true, as the following example shows.

Example 3.2. Let A = {(x,y) |z >0,y >0} U{(0,0)} C R This set is not
e-convex but it is cs-closed. Actually, any finite-dimensional convex set in a
separated topological vector space is cs-closed, as it is shown in [16, Prop. 1.2.1].

The classification for convex sets which we focus is as follows:

A is closed and convex = A is e-convex
=—> A is cs-closed = A is ideally convex,

and the converse statements are not true.

This convex sets classification leads to a convex functions classification in the
usual way: a function f : X — R is cs-closed (ideally convez, respectively) if
the set epi f is cs-closed (ideally convex, respectively). Moreover, f is cs-convex
if for any convergent convex series Y>3 A\rx, with sum 7 € X it holds
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Any lsc convex function is cs-convex, and any cs-convex function is cs-closed,
which is ideally convex. The converse statements are not true. Where are the
e-convex functions placed?

Proposition 3.3. If f : X — R is proper and e-convex then it is cs-convex.
Proof. We will use [16, Prop. 2.2.17], where it is shown that any cs-closed

function which is minorized by a continuous affine one is cs-convex. According
to Proposition 3.1, this result is also valid for e-convex functions.

From (2), we can take any a € & and a (z) < f (x), for all z € X, where

a(o) = {<x,x*> —f i {ry) <a,

+00 otherwise.
Hence f (z) > (z,z*) — 3, for all x € X, and f is cs-convex. O

It is necessary for an e-convex function to be proper in order to get cs-convexity.

Example 3.4. Let f : R — R be

—o0 ifx <0,
xTr) =
/@) {—i—oo otherwise.
We have epi f = ]—00,0[ x R which is an e-convex set. Now, taking T = 0 and
A = (%)k, zp = (=1)" (3k —2) for all k € N, we get that the convex series
Yr>1 2y has sum 7, but f(Z) = +oo and liminf ¥y A\, f () = —oo. Hence

f is not cs-convex.

The converse statement of the above proposition is not true.

Example 3.5. Let f : R — R be

0 if0<x<1,
fx)=x1 if x =0,
+00 otherwise.

Then epi f = ([0,1] x [0,400[) \ {0} x [0, 1] which is not an e-convex set. On
the other hand, f is cs-closed, in virtue of [16, Prop. 1.2.1]. We can also find a
continuous affine minorant for f, for instance, ¢ () = —z. Hence it is cs-convex.

Therefore, if f: X — R is a proper function, we get

f is Isc and convex = f is e-convex = f is cs-convex

= f is cs-closed = f is ideally convex = f is convex,

and the converse statements are not true.
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4. Interior point regularity conditions

Let F : X — R be a proper function and ® : X x © — R a perturbation
function. Denoting by Z = X x O, the c-conjugate of the perturbation function
®, P 7* x Z* x R — R, is defined by

o ((2%,u"), (y",0") ) = S {e((z,u), ((«", "), (y",0") @) = @ (2, u)},

where ¢: Z x Z* x Z7* x R — R is

(x,x*) + (u,u*) if (z,y*) + (u,v*) < a,
+00 otherwise.

c((z,u), ((%,u"), (", 07), ) = {

Following the same steps than in [6], we associate to the general problem

(GP) Inf F(x)
s.t. re X,

the following dual problem

(GD.) Sup —°((0,u*),(0,v*),«a)
s.t.  ut, vt € OF
a >0,

verifying v(GD..) < v(GP).

The dual problem can also be expressed by means of the infimum value function,
p:0O — R,
p(u) = Inf ® (2,u)

and p (0) = v(GP) whereas ®° ((0,u*), (0,v*), ) = p° (u*,v*, @), for all u*, v* €
©*, a > 0. Then (GD,.) can be rewritten as

(GD.) Sup —p°(u*,v* )
st ut vt e OF
a > 0.

We focus in obtaining interior point regularity conditions for strong duality for
(GP) and (GD.). It is evident that strong duality holds if v(GP) = —oo, hence
we deal with the case v(GP) € R.

Proposition 4.1. If v(GP) € R then v(GD,) = p° (0).

Proof. Since, for all & < 0 and u*,v* € ©* it holds ¢ (0, (u*,v*, a)) = +00, and
moreover p (0) € R, we have

p°(u', 0%, a) 2 ¢ (0, (u', 0", @) = p (0) = +o0,
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and, for all @ > 0 and u*,v* € ©* one has ¢ (0, (u*,v*,a)) = 0, hence

v(GD.) = sup —p°(u*,v",q)
u* v*ee*
a>0

= Supe {c (0, (u*,v", ) — p° (u",v", )} = pcc’ (0). 0O
u* v*e0*
a€R

This proposition allows us to get the following result.

Proposition 4.2. Let us assume that v(GP) € R. Then v(GD.) = v(GP) if
and only if p is e-convex at 0.

Proof. Assume first that v(GD.) = v(GP). Because v(GD,) = p® (0), by
Proposition 4.1, and v(GP) = p(0), v(GD.) = v(GP) is equivalent to p (0) =
p°® (0). Taking into account Remark 2.3, it is also necessary for p to be proper
in order to get the e-convexity at 0. Now, according to Proposition 2.2, p* is
an e-convex function. Moreover, it is proper, due to the fact that p° (0) € R
and taking into account [15, Lemma 2.5]'. Then, since

P (u) < p(u),

for all uw € ©, p is also proper.

The converse statement comes directly from the definition of e-convexity of a
function at a point and Proposition 4.1. ]

Proposition 4.3. Let us assume that v(GP) € R. Then (GP) and (GD.)
verifies strong duality if and only if O.p(0) # 0; in this case, d.p(0) is the
solution set of (GD.).

Proof. Assuming that v(GD.) = v(GP) € R and that (u*,7*,@) is a solution
of (GD,), where u*,7* € ©* and @ > 0, we have

v(GD,) = p* (0) = —p° (@, 7", @) = v(GP) = p(0).

p(0) = —supfe(u, (@, 0", @) = p(w)} = inf{p (u) — c(u, (@, 7%, @)}
u€ uw
Thus p(0) < p(u) — c(u, (", 7", @)), for all u € ©. Moreover @ > 0, which
means that (u*, 7", @) € J.p (0) and this set is not empty.
On the other hand, if we assume that d.p (0) # 0, let us take (u*,7*, @) € d.p (0).
Then o > 0 and
p (O) <p (U) - C(uv (ﬂ*’ﬁ*’a)) )

IThis lemma is stated in the case X = R™ but it can be easily extended to the framework of
locally convex spaces.
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for all w € ©. Hence

p(0) < inf {p (u) — c(u, (@, 7", @)} = —p° (@, 7", Q).
We obtain v(GP) = p(0) < —p° (u*, 7", @) < v(GD,). Thus, v(GD,.) = v(GP)
and (u*,v*, @) is a solution of (GD,). O

Remark 4.4. The obtained results in the three propositions above can be de-
rived as a particular case in [11], from Proposition 6.4, Theorem 6.7 and Corol-
lary 6.2, because the dual problem with uy = 0 suggested by Martinez-Legaz is
equivalent to (GD.), as it is shown in [6]. We have decided to include them in
this work for the sake of completness.

According to Proposition 4.3, strong duality for (GP) and (GD,) will hold if
and only if d.p(0) # 0, which is also equivalent to dp (0) # 0, taking into
account Corollary 46 in [12]. Hence any regularity condition which guarantees
that dp (0) # 0 is also valid in our setting. In [16], we can find nine conditions
of this kind when the perturbation function ® is proper and convex, and 0 €
Prg (dom @), where Prg : X x © — O is the projection operator on ©. Some
of these conditions are expressed in terms of different extensions of the classical
interior of a set.

Let X be a topological vector space and U C X any subset of X. We denote
by coneU the conical hull of U. If A C X is a nonempty convex subset in X,
the algebraic relative interior of A is the set of all the points a € A verifying
cone (A — a) is a linear subspace of X. It is denoted by ‘A. Moreover, a point a €
A if cone (A — a) is a closed linear subspace of X, and a € ®A if cone (A — a)
is a barreled linear subspace of X.

Let us consider the following regularity conditions from [16]:

(C1) there exist A\p € R and zy € X such that for any neighbourhood U in X,
the set

{fueO©:Frecay+U @ (x,u) <N}

is a neighbourhood of 0 in the lineality space generated by Prg (dom ®).
(C2) X and © are metrizable, 0 € ® (Prg (dom ®)) and epi ® verifies the follow-
ing condition: for any sequences {(xg, ug, V1) sy C €pi® and {Az},o, C
R, such that {(xg, up, V) } s, is bounded, Sps1Ap = 1, Sps1 Mg (ug, 7y) =
(u,7y) and Xg>1 Ay is Cauchy, it holds that Yk>1AkTy is convergent and
its sum = € X verifies (z,u,v) € epi ®.
(C3) X and © are Fréchet spaces, @ is Isc and 0 € * (Prg (dom ®)).

We have (C3) = (C2) = (C1) = 9p(0) # 0 if p(0) € R.
We formulate the following new condition:

(C4) X and © are Fréchet spaces, @ is e-convex and 0 € “ (Prg (dom ®)).
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Proposition 4.5. Condition (C4) implies (C2) and is implied by (C3). Hence
under (C4), dp (0) # 0 ifp (0) € R and strong duality for (GP) and (GD,) holds.
Moreover, T € X is a minimum of ® (-,0) if and only if there exist u*,v* € O*
and @ > 0 such that ((0,7*),(0,7%),@) € 0.9 (Z,0).

Proof. Tt is evident that (C4) is implied by (C3). On the other hand, if (C4)
holds, since X and © are Fréchet spaces, they are metrizable. Now, because
epi® C X xO xR is e-convex, it is ideally convex and the condition for it in (C2)
is satisfied also due to the completness of X. The inclusion 0 € % (Prg (dom ®))
in (C2) is also true since any closed linear subspace in a Fréchet space is barreled.
Hence the fulfilment of condition (C4) guarantees strong duality for (GP) and
(GD,).

Let (u*,7*,@) be a solution of (GD,), where u*,7* € ©* and @ > 0. We have
that 7 € X is a minimum of @ (-,0) if and only if v(GP) =p(0) = ¢ (7,0) € R.
Since

v(GD.) = =9 ((0,u7),(0,7%) @),
we get that v(GP) = @ (7,0) if and only if —®°((0,w*), (0,7%),a) = ®(z,0),

which is equivalent to

¢((x,u), ((0,u"),(0,7%),@)) — @ (z,u) < —P(z,0),
for all (z,u) € X x ©. Since @ > 0, this means that ((0,7*),(0,7%),@) €
0.9 (z,0). O
5. Closedness-type regularity conditions

Let us consider the same framework than in the previous section. Recalling the
notation W = X* x X* x R, we consider also the following functions:

®(,0): X =R,
®(-,0)°: W — R,

and

inf @ ((-,u*),(-,v"),): W —R.

u* v*EOQ*

Lemma 5.1. [t holds
®(,0)°< inf  P((-,u"), (-, v%),).

u*,v*€EO*

Proof. Let (z*,y*,a) € W. Then for all u*,v* € ©* and (z,u) € X x O, we
have

c((z,u), (2% u7), (y",0%) @) = @ (z,u) < O ((«7, u?), (v, v7), ).
Taking u = 0, for all z € X,

c(x, (x*ay*ua» - (:L‘,O) < ¢° ((x*vu*) ) (y*av*) 70‘) :
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Hence

¢ (,0) (2" y" o) = sup {e (2, (7,97, @)) = @ (z,0)}

< inf @ ((z",u), (v, 07), ). O

T urw*eox

Lemma 5.2. If ® is a proper e-convex function then ® (-,0)° is the €-convex
hull of the function inf,« ,«co+ ®°((-,u*), (-,v*),-).

Proof. For all x € X, it holds

/

(e, 2 () (o)) @)

u* v*e0*

= s ety - in, (6w, 000) )

(z*,y* ) EW urvr€0”
= sup {C(:L‘,(l’*,y*,()é)) - ®° ((m*,u*),(y*,v*),a)}.
(z*,y*,a)eW
u*v*e0*

Taking into account that ¢ (z, (z*,y*, «)) = ¢ ((x,0), (z*,u*), (y*,v*), ), for all
(x*,y*, ) € W and u*,v* € ©F, we get

/

(nf, () 00) ) () = (@9 020),

u* v*EO*

Since ® is proper and e-convex, we have (@C)C/ = @, hence (inf,s ,+co P°((-, u*),
(-,v*),-))¢ = ®(-,0). Now, according to Proposition 2.2 (i), we obtain

e'co( inf @C((-,u*),(-,v*),-)>

u* v EOQ*

/

:( inf @C((-,u*),(-,v*),-))cc:<I>(~,0)C. O

u* v*EO*

Lemma 5.3. If ® is a proper e-convez function then epi® (-,0)° is the € -convex
hull of Pry «g (epi ®°).

Proof. First, we shall prove that Pry «g (epi ®¢) C epi ® (-, 0)°".

Take any point (z*,y*, «, 3) € Pryy«gr (epi @°). Then there exist u*, v* € ©* such
that, for all (z,u) € X x ©,

E(($=u> ) (x*,u*) ) (y*,v*) ,a) - (m,u) S 6

Setting u = 0, we get ® (-,0)° (z*,y*, ) < B and (z*,y*, o, 3) € epi P (+,0)".
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Now, according to Remark 2.7, we have €'co (Pry«g (epi ®¢)) = epi ¢°°, where
g : W—R is defined by

g(@*,y" o) =inf{p € R|Fu*,v* € O, & ((z*,u"), (y*,v"),a) < G}.

It is clear that in the case inf,s prcor ¢ ((x*,u*), (v*,v*),a) = —oo, it holds
g (z*,y*, ) = —oo. Assuming that inf,« co- O ((z*,u*), (y*,v*),a) =7 € R,
we can take a sequence {(u;,v;)} C ©* x ©* such that for all k € N,

1

@ (@, up) (v v 0) <7+ 1

and it means that g (z*, y*, o) < 74—%, for all k € N, or, equivalently, g (z*, y*, «)
<7.

In any case, for all (z*,y*, ) € W,

g(@*y",a) < inf O°((z*,u"), (y",v"),a).

u* v*ee*
We obtain, for all x € X,
g (x) = sup A{e(r, (2" y", ) — g (a7, y" )}
(z*,y*, @)W
> sup {e((@,0), (2% u’), (y",v"), a) = @ ((z7,u"), (y",0") , )}
@ )W

= (®) (x,0) = ® (z,0).

It implies that g¢¢ < & (-,0)° and
e'co (Pr (epi @C)) C epi® (-,0)° C epig®®,
W xR

and the proof is completed. [

Now we are able to state the following closedness-type regularity condition:
(C5) @ is a proper e-convex function and Pry «g (epi ®°) is €’-convex.
The following proposition presents an alternative formulation of (C5).

Proposition 5.4. If ® is a proper e-convex function then Pry g (epi ) is €-
convex if and only if

O (0= min P°((-,u"),(-,v*),).

u* v*EO*

Proof. We have Pry g (epi ®°) is €-convex if and only if Pry g (epi ®¢) =
epi @ (-,0)°, according to Lemma 5.3. This is equivalent to say that, for all
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(¥, y*, a) € dom @ (-,0)°, there exist u*, v* € ©* such that ¢° ((*,@*), (v*,7%) , @)
< ®(-,0) (x*,y*, ), which means that

inf ®°((«", "), (y",v"), ) < O°((«",7), (y",07) ) < @ (-,0)" (2", ", @) .

u* v*ee*
Applying Lemma 5.1 we get the result.

In the case (z*,y*, @) ¢ dom ® (-,0)°, sup,cx {c(z, (z*,y*, a)) — @ (2,0)} = +o0
and the conclusion is trivial. O]

Proposition 5.5. (C5) is a sufficient condition for strong duality for (GP) and
(@D,).

Proof. Taking into consideration Remark 2.7 and Lemma 5.2, we obtain
eco (epi inf@ O ((-,u"), (-, 0v"), )) =epi ® (-,0)°.
u*,v*eO*

Moreover, from Lemma 5.3, we have
/ : C _ : . c
e'co (Per]R (epi ® )) =epi®(-,0)°.
Since (C5) holds, we get

epi® (-,0)°=Pr  (epi®‘) = €'co (epi inf  ®°((-,u*), (-, v"), )) .

W xR u* v*e0*
It is easy to see that Pryy g (epi ®°) C epi (inf,« o ¢ ((-, u*), (-,v*),)), hence
inf CI)C<('7U*)=<'7U*>7'> = (I)<'70)C' (3)

u* v*€O*
Now, let us assume that v(GP) =~y € R. Then —y = sup,.y —® (z,0).
We have, for all o > 0,

—v =sup {c(x,(0,0,a)) — P (x,0)} = P (-,0)°(0,0,a) .

zeX
By (3), for all & > 0, =y = infy+ yrcor D ((0,u*), (0,v*), a), hence, we can write
—y = inf ®°((0,u"),(0,v"), ) = —v(GD,). (4)

u* v*eO*
a>0

Then we get v(GP) = v(GD,).
On the other hand, for all & > 0, it holds
(0,0,a0,—7) € epi inf ®°((-,u"*),(-,v"), ) =Pr N (epi ©°).

u* v*EO* Wx
Taking any @ > 0, there exist ©*,7* € ©* such that ®¢((0,u*), (0,7*),@) < —v,
and by (4), we get that (u*,7*,@) is a solution of (GD,). O
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6. Regularity conditions for Fenchel duality
Let us consider the following optimization problem

(P) Inf f(z)

st. z€A,

where A C X is a nonempty e-convex set and f : X — R is a proper e-convex
function, with dom f N A # (). The problem (P) is a particular case of (GP)
with F'= f 4 04, where d 4 is the indicator function of A.

We will consider the perturbation function ® : X x X — R given by

O (z,u) = {f(f0+U) if r € A,

+00 otherwise.

In [6] the dual problem for (P) was obtained
(D) Sup {—f°(u*,v*,ai) — & (—u*, —v*, a0)}
u*, v e X*,

s.t.
ap + ay >0,

together with the following closedness-type regularity condition:

(C6) f+0d4=sup {a | a € gf,gA} and epi f¢ + epid is €’-convex.

We need to reformulate (C4) and (C5) in this particular setting. First, we
establish the following result.

Proposition 6.1. The function ® defined in (5) is proper and e-convex. More-
over, Pry (dom ®) = dom f — A.

Proof. Since dom f N A # (), there exists x € A such that ® (z,0) < +o00, and
clearly ® does not take the value —oo because of the properness of f. Hence &
is proper.

In order to prove that epi® is e-convex, we shall use Proposition 2.1. Let
(Z,u, @) ¢ epi . We have two possibilities.

In the case T ¢ A, since it is e-convex, there exists z* € X*\ {0} verifying, for
all x € A,
(T —x,2") > 0.

Then, for all (z,u,a) € epi ®,
(T —z,2")+(UW—u,0)+ (@—a)-0>0.
If 7 € Abut (T +u,@) ¢ epi f, which means that there exist z* € X*\ {0} and
0 € R verifying, for all (z, ) € epi f,
(T+u—z,2")+d - (@—a)>0.
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Since for all (z,u,a) € epi®, (z + u, ) € epi f, we get
(T —z,2")+@—u, ")+ (@—a) >0,
and hence epi ® is e-convex. Finally,
PrX(domq)) ={ueX |FxeAd(r,u) <400}

={ueX |JreAr+uecdomf}
={ueX |u=z—z,x€ A ze€domf} =domf — A. O

Taking into account Proposition 6.1, conditions (C4) and (C5) in this section
can be read as

(C4p) X is a Fréchet space and 0 € (dom f — A).
(C5r) Pryyyg (epi @°) is €'-convex.

Our aim is to compare regularity conditions (C4g), (C5¢) and (C6). As we shall
see, the unique relationship between them is that (C6) implies (C'5p).

The following example shows that (C6) does not imply (C4p).
Example 6.2. Let us take X =R, f = 0[g 400 and A = ]—00,0].

Then dom f — A = [0, +00[ = cone [0, +00] is not a linear subspace of R. Hence

0 ¢ “(dom f — A) and (C4r) does not hold.
We check now condition (C6).

We have f+0d4 = d¢oy and let h = sup {a | a € gf76A}. Now, an e-affine function

a; € & if and only if

arr — By if vy < 0,
ay (x) =

400 otherwise,
with a; <0, 3, >0, v, <0 and §; > 0.

On the other hand, ay € &;, if and only if

aox — By if yox < 09,
as (z) =

~+00 otherwise,

with ay >0, 35, > 0, 75, > 0 and 5 > 0.

Then, a € gf,éA if and only if

—+00 otherwise,

a(x)_{ax—ﬁ if yvx <9,

with a,y € R, > 0 and 6 > 0.
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We obtain A = sup {a |a e gfﬁA} = 00 = [+ 0a. The following step is
calculate epi f¢ + epid%.

We have («, 3,7,9) € epi f¢ if and only if, for all z > 0, ax < § and fx < 7,
hence epi f*=R_ xR_ xR, xR,.

Similarly, (a, 3,7,0) € epid if and only if, for all z < 0, ax < § and Sz < 7,
hence epidy =R, x Ry x Ry, x R,. We obtain

eplfc+ep15f4 :R X R X R++ X R+.

This set is €/-convex, according to [7, Prop. 3.6], which allows us to conclude
that conditions in (C6) will be fulfilled.

Proposition 6.3. Regularity condition (C6) implies (C5p).

Proof. Let us assume that (C6) holds. Since ®(-,0) = f + d4, we have
epi® (-,0)° = epi(f+04)°. On the other hand, by (C6), f + da = h =
sup {a | a € gf,(;A}, hence

epi @ (+,0)° = epi h® = €'co (epi f© + epi ),
according to Theorem 2.9.
Again, by the fulfilment of (C6), epi f¢ + epid9 is €-convex, implying that
epi ® (-,0)° = epi f€ + epi 0.
By Lemma 5.3, Pryy«g (epi ®°) C epi ® (+,0) = epi f© + epi 0.
We shall show that epi f¢ + epid§ C Pryyyg (epi ®¢), hence (C5p) will fulfill.

Take any points (z7],y;, a1, 5;) € epi f¢ and (23,3, a2, B5) € epidf. We obtain,
for all z,u € X,

c(z, (21,41, 1)) + ¢ (u, (23, 43, a2)) — f () — 04 (u) < By + B,

Taking into account that, for all u,z € X,
((u, ), (3, 27), (Y3, 91)  aa + ) < e, (21,91, 0n)) + ¢ (u, (23, 45, 02))

we obtain, that, for all u,z € X,

((u, ), (23, 27), (Y3, 1) , o1 + a2) — [ (2) = 0a (u) < Gy + 5.
Let z:=2 —u € X. Then

c((u,u+z2),(23,27), (Y3, 41) o0 + @) — f(u+2) = da(u) < By + By,
for all u, z € X, equivalently,
c((u,2), (2] + 23, 27), (U1 + 3, 47) 00 + 2) = @ (u, 2) < By + By

Hence ®° ((x + a3, 27) , (y7 + v5,y7), a1 + az) < By + (5, which means that the
point (x} 4+ =3, y7 + y5, a1 + ag, B, + §5) belongs to Pryy«r (epi ®°). O
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Let us recall that for proper convex functions f,g: X — R, the infimal convo-
lution of f with g, denoted by flg : X — R, is defined by

(fHg) (x) := inf {f(z1) +g(22)},

r1+To=x

and it is said to be ezact at x € X if (fOg) (z) = f(a) + g (x — a) for some
a € X. Moreover, the infimal convolution is ezact if it is exact at any x € X.

Proposition 6.4. [t holds

£06% > inf @ ((-,u’), (-, 0%), ).

u* vreX*
Proof. Let (z*,y*, ) € W. We have

(f06%) (29", o) (6)
= iPefX* {fC (v 0q1) + 05 (2" —u*,y" —v*,a0)}
0417—,7-042:0[’

= inf  sup {c(z, (u",v", 1)) — f(2)
ur vt eX”, , rex
altaz=o

+c (13, (LL’* - U*7y* - U*v a2)) - 514 (‘T)}
> inf sup {é((l‘, Z),(l’* _U*ﬂu*)7(y* _0*70*)7@) —f(Z) _514 (SE)}

u* vreX* z,2€X
Let v := z — x. Then

(f0%) (=%, 9", @)
> i sup {e((z,u), (2% 07), (Y7, 07), ) = [z +u) —d0a(2)}

u* vreX* zu€X

= inf ®°((z",u"), (¥, v"),a). O

u* vreX*

Proposition 6.5. Assuming that f + d, = sup {a | a € gf,(;A}, reqularity con-
dition (Chp) implies (C6) if and only if

f06% = min O ((-,u"),(,v"),"). (7)

u* vreX*

Proof. Let us assume that (C5p) implies (C6). From [6, Th. 11] and Proposi-
tion 5.4 we get

f00G=(f+04)=®(-,00°= min_ ®°((-,u*), (-,v"),-),

u* v*reX*
and (7) holds.
On the other hand, if (7) is true and (C5p) fulfills, we obtain

SO = min ¢ (('7u*)7('7v*)7') = CI)(-)O)C: (f+5A>ca

u* vreX*
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and taking into account that inequalities in the proof of Proposition 6.4 are in
fact equalities, we conclude that for all (z*,y*,a) € W and for all aj,ay € R
such that a; + as = «, there exists (@*,7*) € X* x X* such that

(chécA) ('T*? y*a O{) - fc (E*vv*v al) + 6104 (‘CE* - U*a y* - 6*7 a2) )
and the infimal convolution is exact. Then, according to [6, Th. 11], condition
(C6) is fulfilled. O
The following example shows that (C5r) does not imply (C6).
Example 6.6. Let us take X =R, A :=[0,+o00[ and f = 0j9 4of-

It is easy to see that f+d4 = sup{a | a € gfﬁA} .
The most important fact to prove that

(f00%) (¢ y" ) > inf  ®((2", "), (y",v7) , @)

u* v*ER

at some point (z*,y*,a) € R3, implying by the above proposition that (C6)
does not hold, is to find (y*,a) € R? such that, if we have, for all x € A and
u € dom f,

(" —v )z +0v'u < a, (8)

for some v* € R, then
(v —w )z <a; and w'u< g (9)
whatever w* € R implies a; +ay > a. This will mean that (f°016%) (z*, y*, ) =

+00.

Take (y*,a) = (—1,0). For any —1 < v* < 0, (8) holds. But for any w* € R
verifying (9) it must be a1 + ay > 0, since a3 > 0 and ay > 0 necessarily.

On the other hand, if z* < 0, using (6) for the calculus of inf,« ,+er (-, u*),

(-,U*),-),

inf ®°((z*,u"),(—1,v%),0) = inf {sup (" —u")x + Supu*z} =0.
u* v*eR uw*€R | z>0 z>0

Now we are going to check that

sup {c(z, (2", y", ) — @ (x,0)} = min_ & ((z*,u"), (v*,v"), ), (10)

z€R u*,v*ER

for all (z*,y*, ) € R?, which means that (C5x) holds, in virtue of Proposition
5.4.

In the case sup,cp {c(z, (%, y*, @) — @ (2,0)} = +o0o, (10) holds trivially, ac-
cording to Lemma 5.1.
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Hence let us assume that sup,cp {c (z, (z*,y*, a)) — ® (2,0)} < 4o0. It is equiv-
alent to say that (z*,y*, ) € R_ x (R_ x RN\ {(0,0)}) and then

sup{c(z, (z*,y", a)) — @ (x,0)} = 0.

z€R

We compute ®¢ ((z*, u*), (y*,v*), a), for (z*,y*,a) € R_x (R_ x RN\ {(0,0)})
and any u*,v* € R. By (6),

O ((z",u"), (y"v"), @)
= sup {c((x,2), (z" —u*,u"),(y" —v",v"),a) — f(2) —da(x)}

z,z€R

= sup {c((x,2), (" —u",u"),(y" —v",v"),a)}.
>0,2>0

Since we are interested in those suprema which are finite, if y* < 0 and o > 0,
take any v* € [y*,0[ and if y* = 0 and a > 0, take v* = 0. Then

inf  sup {c((z,2), (" —u",u"),(y" —v",v"),a)}
u*0*€ER, 1>0,2>0

= inf sup {(z"—u")x+u'z} =0,

UTSTT 1>0,2>0
and this infimum is a minimum.
We finish the comparison with an example showing that (C4r) does not imply
(C5p).

Example 6.7. Let us take X =R, A := [0, 4o00[ and f = 6}1 4oc[- At the point
(z*,—1,—1) € R3, z* <0, we obtain

sup{c(z,(-1,-1,-1)) = & (2,0)} =sup{c(z, (z*,—1,-1))} = 2.

z€R z>1

On the other hand,
inf @ ((z",u"),(—1,0"),—1)

u* v*ER
= inf sup {E((x,z),(l‘*—u*,u*),(—l—v*,v*),—l)},

u* v*ER ;51 2>0

in virtue of formula (6). Let us observe that a necessary condition (depending
on v* € R) for these suprema to be finite is that, for all z > 0 and z > 1,

(—1—v)zx+v2 < -1
In particular for x = 0 and 2z > 1, it must be v* < —1 but this implies that

(=1 —v*) > 0 and hence (—1 —v*)z cannot be bounded from above, since
x > 0. We conclude that

¢((z,2), (" —u",u"), (=1 —=0v",0"), —1) = 400,



M. D. Fajardo / Regularity Conditions for Strong Duality in Evenly ... 731

for all u*,v* € R and

min ¢ ((z*,u"), (-1,v"),—1) = +o0.

u* v*ER

According to Proposition 5.4, (C5g) does not hold despite (C4p) fulfills, since
dom f — A =R hence 0 € *“(dom f — A).
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