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Report

With this thesis we bring some new results and improve some existing ones in
conjugate duality and some of the areas it is applied in.

First we recall the way Lagrange, Fenchel and Fenchel - Lagrange dual problems
to a given primal optimization problem can be obtained via perturbations and we
present some connections between them. For the Fenchel - Lagrange dual problem
we prove strong duality under more general conditions than known so far, while
for the Fenchel duality we show that the convexity assumptions on the functions
involved can be weakened without altering the conclusion. In order to prove the
latter we prove also that some formulae concerning conjugate functions given so far
only for convex functions hold also for almost convex, respectively nearly convex
functions.

After proving that the generalized geometric dual problem can be obtained via
perturbations, we show that the geometric duality is a special case of the Fenchel
- Lagrange duality and the strong duality can be obtained under weaker condi-
tions than stated in the existing literature. For various problems treated in the
literature via geometric duality we show that Fenchel - Lagrange duality is easier
to apply, bringing moreover strong duality and optimality conditions under weaker
assumptions.

The results presented so far are applied also in convex composite optimization
and entropy optimization. For the composed convex cone - constrained optimiza-
tion problem we give strong duality and the related optimality conditions, then we
apply these when showing that the formula of the conjugate of the precomposition
with a proper convex K - increasing function of a K - convex function on some
non - empty convex set X C R™, where K is a non - empty closed convex cone in
R*, holds under weaker conditions than known so far. Another field were we apply
these results is vector optimization, where we provide a general duality framework
based on a more general scalarization that includes as special cases and improves
some previous results in the literature. Concerning entropy optimization, we treat
first via duality a problem having an entropy - like objective function, from which
arise as special cases some problems found in the literature on entropy optimization.
Finally, an application of entropy optimization into text classification is presented.
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Chapter 1

Introduction

Duality has played an important role in optimization and its applications especially
during the last half of century. Several duality approaches were introduced in the
literature, we mention here the classical Lagrange duality, Fenchel duality and ge-
ometric duality alongside the recent Fenchel - Lagrange duality, all of them being
studied and used in the present thesis. Conjugate functions are of great importance
for the latter three types.

Within this work we gathered our new results regarding the weakening of the suf-
ficient conditions given until now in the literature that assure strong duality for the
Fenchel, Fenchel - Lagrange and, respectively, geometric dual problems of some pri-
mal convex optimization problem with geometric and inequality constraints, show-
ing moreover that the latter dual is actually a special case of the second one. Then
we give duality statements also for composed convex optimization problems, with
applications in multiobjective duality, and for optimization problems having entropy
- like objective functions, generalizing some results in entropy optimization.

1.1 Duality: about and applications

Recognized as a basic tool in optimization, duality consists in attaching a dual
problem to a given primal problem. Usually the dual problem has only geometric
and/or linear constraints, but this is not a general rule. Among the advantages of
introducing a dual to a given problem we mention also the lower bound assured by
weak duality for the objective value of the primal problem and the easy derivation of
necessary and sufficient optimality conditions. Of major interest is to give sufficient
conditions that assure the so - called strong duality, i.e. the coincidence of the
optimal objective values of the two problems, primal and dual, and the existence of
an optimal solution to the dual problem.

Although there are several types of duality considered in the literature (for in-
stance Weir - Mond duality and Wolfe duality), we restricted our interest to the
following: Lagrange duality, Fenchel duality, geometric duality and Fenchel - La-
grange duality. The first of them is the oldest and perhaps the most used in the
literature and consists in attaching the so - called Lagrangian to a primal minimiza-
tion problem where the variable satisfies some geometric and (cone -) inequality
constraints. The Lagrangian is constructed using the so - called Lagrange multi-
plicators that take values in the dual of the cone that appears in the constraints.
Fenchel duality attaches to a problem consisting in the minimization of the sum
of two functions a dual maximization problem containing in the objective function
the conjugates of these functions. The conjugate functions started being inten-
sively used in optimization since ROCKAFELLAR’s book [72]. A combination of

7



8 CHAPTER 1. INTRODUCTION

these two duality approaches has been recently brought into light by BOT AND
WANKA (cf. [8,92]). They called the new dual problem they introduced the Fenchel
- Lagrange dual problem and it contains both conjugate functions and Lagrange
multiplicators. Moreover, this combined duality approach has as particular case
another famous and widely - used duality concept, namely geometric programming
duality. Geometric programming includes also posynomial programming and sig-
nomial programming. Geometric programming is due mostly to PETERSON (see,
for example, [71]) and it is still used despite being applicable only to some special
classes of problems.

To assure strong duality there were taken into consideration various conditions,
the most famous being the one due to SLATER in Lagrange duality and the one
involving relative interiors of the domains of the functions involved in Fenchel du-
ality. There is a continuous challenge to give more and more general sufficient
conditions for strong duality. An important prerequisite for strong duality in all
the mentioned duality concepts is that the functions and sets involved are convex.
Another direction which brought some interesting results regarding the weakening
of the assumptions that deliver strong duality has been opened by the generalized
convexity concepts.

Depending on the functions involved in the primal optimization problems we
can distinguish different non - disjoint types of optimization problems. For in-
stance there are differentiable optimization, linear optimization, discrete optimiza-
tion, combinatorial optimization, complex optimization, DC optimization, entropy
optimization and so on. When a composition of functions appears in a problem it
is usually classified as a composite optimization problem. To the class of the com-
posite optimization problems belong also many problems of the already mentioned
types where the objective or constraint functions can be written as compositions of
functions.

Applications of the duality can be detected in both theoretical and practical
areas. Even if mentioning only a few fields where duality is successfully present
one could not avoid multiobjective optimization, variational inequalities, theorems
of the alternative, algorithms, maximal monotone operators from the first category,
respectively economy and finance, data mining and support vector machines, image
recognition and reconstruction, location and transports, and many others.

1.2 A description of the contents

In this section we present the way this thesis is organized, underlining the most
important results contained within. The name of the present chapter fully represents
its contents. After an overview on duality and its applications and this detailed
presentation of the work we recall some notions and definitions needed later. Let
us mention that all along this thesis we work in finite dimensional real spaces.
The second chapter deals with conjugate duality, introducing more general as-
sumptions that assure strong duality for some primal - dual pairs of problems than
known so far in the literature. It begins with a short presentation of the way dual
problems are obtained via perturbations. Given a primal optimization problem
consisting in minimizing a proper convex function subject to geometric and cone -
inequality constraints, for suitable choices of the perturbation function one obtains
the three dual problems we are mostly interested in within this work, namely La-
grange, Fenchel and Fenchel - Lagrange. The relations between these three duals
are also recalled. Then we give the most general condition known so far that assures
strong duality between the primal problem and its Fenchel - Lagrange dual (cf. [9]).
We prove that, in the special case when the primal problem is the ordinary convex
programming problem this new condition becomes the weakest constraint qualifica-
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tion known so far that guarantees strong duality in that situation (see also [32,72]).
The last part of the chapter deals with the classical Fenchel duality. We show that
it holds under weaker requirements for the functions involved (cf. [11,14]), i.e. when
they are considered only almost convex (according to the definition introduced by
FRENK AND KASSAY in [36]), respectively nearly convex (in the sense due to ALE-
MAN in [1]). In order to prove this we give also some other new results regarding
these kinds of functions and their conjugates. A small application of these new
results in game theory is presented, too.

The aim of the third chapter is to show that geometric programming duality
is a particular case of the recently introduced Fenchel - Lagrange duality. First
we show that the generalized geometric dual problem (cf. [71]) can be obtained
also via perturbations (cf. [13]). Then we determine the Fenchel - Lagrange dual
problem of the primal problem used in geometric programming (cf. [48]) and it
turns out to be exactly the geometric dual problem known in the literature (cf. [15]).
Specializing also the conditions that guarantee strong duality one can notice that
the requirements we consider are more general than the ones usually considered
in geometric programming, as the functions and some sets are not asked to be
also lower semicontinuous, respectively closed, like in the existing literature. We
have collected some applications of the geometric programming from the literature,
including the classical posynomial programming, and we show for each of these
problems that they do not have to be artificially transformed in order to fulfill the
needs of geometric programming, as they may be easier treated by means of Fenchel
- Lagrange duality. Moreover, when studying them via the latter, the strong duality
statements and optimality conditions for all of these problems arise under weaker
conditions than considered in the original papers.

In the fourth part of our work we give duality statements for some classes of
problems, extending some results in the second chapter. First we deal with the so
- called composed convex optimization problem that consists in the minimization
of the composition of a proper convex K - increasing function with a function K -
convex on the set where it is defined, subject to geometric and cone inequality con-
straints, where K is a closed convex cone. Strong duality and optimality conditions
for such problems are proven under a weak constraint qualification (cf. [9]). The
unconstrained case delivers us the tools to rediscover the formula of the conjugate
of the precomposition with a proper K - increasing convex function of a K - convex
function on the set where it is defined, which is shown to remain valid under weaker
assumptions than known until now. Another application of the duality for the
composed convex optimization problem is in multiobjective optimization where we
present a new duality framework arising from a more general scalarization method
than the usual linear one widely used (cf. [10]). The linear, maximum and norm
scalarizations, usually used in the literature, turn out to be particular instances of
the scalarization we consider. New duality results based on the Fenchel - Lagrange
scalar dual problem are delivered.

The second section of this chapter deals with problems having entropy - like
objective functions. Starting from the classical Kullback - Leibler entropy measure
i, @i In(z;/y;), which is applied in various fields such as pattern and image recog-
nition, transportation and location problems, linguistics, etc., we have constructed
the problem of minimizing a sum of functions of the type Zle fi(x)In(fi(x)/g:(x))
subject to some geometric and inequality constraints. One may notice that this ob-
jective function contains as special cases the three most important entropy measures,
namely the ones due to SHANNON (cf. [83]), KULLBACK AND LEIBLER (cf. [59]) and,
respectively, BURG (cf. [24]). After giving strong duality and optimality conditions
for such a problem we show that some problems in the literature on entropy opti-
mization are rediscovered as special cases (cf. [12]). An application in text classifi-
cation is provided, which contains also an algorithm that generalizes an older one
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due to DARROCH AND RATCLIFF (cf. [16]).
An index of the notations and a comprehensive list of references close this thesis.

1.3 Preliminaries: definitions and results

We define now some notions that appear often within the present work, mentioning
moreover some basic results called later. As usual, R™ denotes the n - dimensional
real space for any positive integer n, R = R U {400} the set of extended reals,
R4 = [0,+00) contains the non - negative reals, Q is the set of real rationals
and N is the set of positive integers. Throughout this thesis all the vectors are
considered as column vectors and an upper index 7 transposes a column vector to
a row one and viceversa. The inner product of two vectors = (z1,...,2,)" and
Y= (y1,..-,yn)T in the n - dimensional real space is denoted by 27y = 31" | z;y;.
Denote by “<” the partial ordering introduced on any finite dimensional real space
by the corresponding positive orthant considered as a cone. Because there are in
the literature several different definitions for it, let us mention that by a cone in R”
we understand (cf. [44]) a set C C R™ with the property that whenever € C' and
A > 0 it follows Az € C. We use also the notation “=” in the sense that x = y if
and only if y < z.

We extend the addition and the multiplication from R onto R according to the
following rules

a4+ (+00) = 400 Va € (—o0, +0], a+ (—o0) = —o0 Va € [—00, +00),

a(+00) = +oo and a(—o00) = —oo Va € (0, +o0],
a(+00) = —oo and a(—o00) = 00 Va € [—00,0),
0(+00) = 0(—00) = 0.

Let us mention moreover that (+00) + (—o0) and (—o0) 4 (400) are not defined.

Given some non - empty subset X of R™ we denote its closure by cl(X), its
interior by int(X), its border by bd(X) and its affine hull by aff (X), while to write
its relative interior we use the prefix ri. We need also the well - known indicator
function of X, namely dx : R® — R which is defined by

Sx (z) = 0, ifx € X,
X\ = +oo, ifzé X,

and the support function of X,

ox :R" =R, ox(y) = sup y” z.
zeX
Notice that ox = 6%. When C is a non - empty cone in R", its dual cone is given

as
C’*:{x*ER”:x*TxZOVxEC}.

For a function f : R* — R we have the effective domain dom(f) = {z € R" : f(z) <
+oo} and the epigraph epi(f) = {(z,r) € R" x R : f(x) < r}. The function f is
said to be proper if one has concomitantly dom(f) # () and f(x) > —oco Vz € R™.
We also reserve the notation f for the lower semicontinuous envelope of f.

Take the function f : R™ — R. It is called convez if for any z,y € R™ and any
A € [0,1] one has

fOz 4+ (1= XNy) <Af(z)+ 1 =N f(y),

whenever the sum in the right - hand side is defined. When X is a non - empty
convex subset of R™ the function g : X — R is called convex on X if for all x,y € X
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and all A € [0,1] one has

gz + (1= Ny) < Ag(z) + (1 = N)g(y)-

Let us moreover notice that if f : R™ — R takes the value g(z) at any x € X, being
equal to +o0o otherwise, f is convex if and only if X is convex and ¢ is convex on
the set X. We call f : R® — R concave if —f is convex and g : X — R concave
on X if —g is convex on X. We have epi(f) = cl(epi(f)). For z € R" such that
f(z) € R we define the subdifferential of f at x by df(x) = {z* € X*: f(y)—f(z) >
(x*,y —x) Vy e R"}.

When C is a non - empty closed convex cone in R, a function f : R — R is
called C - increasing if for z,y € R™ fulfilling x —y € C, follows f(z) > f(y). If,
moreover, whenever z # y we have f(z) > f(y), the function is called C - strongly
increasing. Consider a non - empty convex set X C R™ and a non - empty closed
convex cone K in R*. When a vector function F : X — R* fulfills the property

Vo,y € X VA€ [0,1] = AF(z) + (1 = A\)F(y) — F(Az + (1 = \)y) € K,

it is called K - conver on X. In order to deal with conjugate duality we need first
to introduce the conjugate functions. For () # X C R™ and a function f : R" — R
we have the so - called conjugate function of f regarding the set X defined as

fx R" =R, fi(z*) = sup {x*Tx - f(x)}
zeX
When X = R"™ or dom(f) C X the conjugate regarding the set X turns out to
be the classical (Legendre - Fenchel) conjugate function of f, denoted by f*. This
notion is extended also for functions defined on X as follows. Let g : X — R”. Its
conjugate regarding the set X is

gx 1 R* =R, gx(z*) = sup {m*Tx - g(ﬂf)}
reX
Concerning the conjugate functions we have the following inequality known as
the Fenchel - Young inequality

@) + f(@) > 2"z Vo € X Va* e R".

If A: R" — R™ is a linear transformation, then by A* : R™ — R™ we denote
its adjoint defined by (Az)Ty* = 27 (A*y*) Vo € R" Vy* € R™. Let us also note
that everywhere within this work we write min (max) instead of inf (sup) when the
infimum (supremum) is attained and for an optimization problem (P) we denote
its optimal objective value by v(P).
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Chapter 2

Conjugate duality in scalar
optimization

Within this chapter we improve some general results in conjugate duality which gen-
eralize earlier statements given in the literature. Consider an optimization problem
that consists in the minimization of a function subject to geometric and cone -
inequality constraints. First we sketchily present the way perturbation theory is
applied in duality and we recall the particular choices of the perturbation function
that deliver us the Lagrange, Fenchel and, respectively, Fenchel - Lagrange dual
problems to the considered primal. As the first two of them are widely - known
and used, while the last one is very recent, being a combination of the other two,
we focus on it. The second section has as its climax the introduction of a new
constraint qualification that guarantees strong duality between the primal problem
and its Fenchel - Lagrange dual. Under this new constraint qualification we deliver
also necessary and sufficient optimality conditions. We prove that this new con-
straint qualification becomes, when the primal problem is the so - called ordinary
convex program (cf. [72]), the weakest constraint qualification that assures strong
duality in this special case. The final section of this chapter brings into attention
new results involving some generalizations of the convexity. Some important results
concerning conjugate functions known so far to be valid only for convex functions
are proven also when the functions involved are almost convex or nearly convex.
Finally we show that even the classical duality theorem due to Fenchel is valid when
the functions involved are only almost convex, respectively nearly convex.

2.1 Dual problems obtained by perturbations and
relations between them

2.1.1 Motivation

Various duality approaches and frameworks have been considered in literature, and
in each case the challenge was to bring the weakest possible condition whose ful-
filment guaranteed the annulment of the duality gap that normally exists between
the optimal objective value of the primal and of the dual, respectively. One of
the methods successfully used to introduce new dual problems was the one using
perturbations. WANKA AND BoT (cf. [92]) have shown that the well - known dual
problems usually named Lagrange dual and, respectively, Fenchel dual can be ob-
tained by appropriately perturbing the given primal problem. Moreover, choosing
a perturbation that combines the ones used to obtain the two mentioned dual prob-
lems, they have obtained a new dual problem to a given primal one, namely the

13



14 CHAPTER 2. CONJUGATE DUALITY IN SCALAR OPTIMIZATION

Fenchel - Lagrange dual problem, consisting in the minimization of a function with
both geometric and inequality constraints. As within this thesis we give results
concerning all the three dual problems mentioned above, this introductory section
is necessary for better understanding the connections between these dual problems.

2.1.2 Problem formulation and dual problems obtained by
perturbations

Take X a non - empty subset of R" and C' a non - empty closed convex cone in R™.
Consider the functions f : R — R and g = (g1,...,9m)" : X — R™. The primal
optimization problem we consider in this section is

(P) nf ()
g(z)e—-C

Definition 2.1 Any x € X fulfilling g(x) € —C is said to be a feasible element to
the problem (P). Moreover, x is called an optimal solution for (P) if the optimal
objective value of the problem is attained at z, i.e. f(x)=v(P).

The set A= {zx € X : g(x) € —CY is called the feasible set of the problem (P).

To be sure that the problem makes sense, we assume from the very beginning
the feasible set nonempty and moreover that it and dom(f) have at least a point
in common. Thus v(P) < +oo. Let us also remark that the function g could be
defined on any subset of R™ containing X without affecting our future results.

Using an approach based on the theory of conjugate functions described by
EKELAND AND TEMAM in [31], we construct different dual problems to the primal
problem (P). In order to do it, let us first consider the general unconstrained opti-
mization problem

PG inf F

(PG) inf F(2),
with F: R” — R. Let us consider the perturbation function ® : R® x R™ — R
which has the property that ®(x,0) = F(z) for each z € R™. Here, R™ is the
space of the perturbation variables. For each p € R™ we obtain a new optimization
problem

(PG,) inf @(z,p).
For any p € R™, the problem (PG,) is a perturbed problem attached to (PG). In
order to introduce a dual problem to (PG), we calculate the conjugate of ® which
is the function ®* : R” x R™ — R,

k/ k ok * ok *T *T
@*(z*,p") = sup {(Js P )T(x,p)—@(%p)} = sup {3: T+p p—¢’(w,p)}-
T€R™, zER™,
pean pERm

Now we can define the following optimization problem

(DG) sup {—®*(0,p")}.
p*eR™
The problem (DG) is called the dual problem to (PG) and its optimal objective
value is denoted by v(DG).
This approach presents an important feature: between the primal and the dual
problem weak duality always holds. The following statement proves this fact.
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Theorem 2.1 (weak duality) (cf. [31]) The following chain of inequalities is always
valid
—oo < v(DG) < v(PG) < +o0.

Our next aim is to show how this approach can be applied to the constrained
optimization problem (P). Therefore, take

| f(z), ifzeX and g(x) € —C,
F(z) _{ +00, otherwise.

It is easy to notice that the primal problem (P) is equivalent to
P inf F
(PG) inf F(x),

and, since the perturbation function ® : R x R™ — R satisfies ®(x,0) = F(x) for
each x € R™, this must fulfill

B(,0) = { flx), ifzxe X and g(z) € —C, 2. 1)

400, otherwise.

For special choices of the perturbation function ® we obtain different dual prob-
lems to (P) as shown in the following.
First let the perturbation function be (cf. [8,92])

N = xz), ifze X and g(x) —q € —C,
O R" xR™ — R, <I>L(a:7q):{£(o<)) otherwise S

with the perturbation variable ¢ € R™. The formula of the conjugate of this func-
tion, @7 : R® x R™ — R is

sup {2z + ¢*Tg(z) — f(x } if ¢* € —C*,
&% (2. 4") = meg{ ¢ g(x) = flx) g, ifq
400, otherwise.

The dual obtained by the perturbation function ®;, to the problem (P) is
(DF) sup {=®7(0,4")},
q* GR’!H
which has actually the following formulation
(D) sup inf [(2) + 4" g(x)].
q*€C* reX

One can immediately notice that the problem (D¥) is actually the well - known
Lagrange dual problem to (P).
Take now the perturbation function

. - z+p), ifre X andg(x)e-C,
Pr:R" xR" - R, @F(x,p){ fl—(oo ) otherwise )

with the perturbation variable p € R™. Its conjugate function is

Vit p) = () — int {0 — ) 0} = f1(07) + oal@” ),

and the corresponding dual problem to (P),

(D7) sup {—®%(0,p")},
p* GR"Z
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turns out to be

(DF) sup {—f*(p*) — oa(—p*)}.
p*€R™

It is easy to remark that the primal problem may be rewritten as

(P) inf [f(z) + d.4(x)];

z€R

and the latter dual problem is actually

(DF) sup { — f*(p*) — 0% (=p*)},
prERn
which is the Fenchel dual problem to (P) (cf. [72]).

Thus we have obtained via the presented perturbation theory two classical dual
problems to the primal problem (P) by appropriately choosing the perturbation
function. The natural question of what happens when one combines the two per-
turbation functions considered above has been answered by BOT AND WANKA in a
series of recent papers beginning with [92]. They took the perturbation function

(I)FLIRRXRHXR"LHE7

| fle+p), ifzeX and g(z)—qge —C,
¢FL(x7p7 q) - { +OO, OtheI'WiSe,

with the perturbation variables p € R™ and ¢ € R™. ®py satisfies the condition
(2. 1) required in order to be a perturbation function to the problem (P) and its
conjugate is

Oh (2%, 0" ") = )+ sup {(:c* —p*)Tx+q*Tg(93)}, if ¢* € —C*,
FL ) ’ - xre
+-00, otherwise.

The dual problem that arises in this case is

(DFE) sup { — ®%,(0,p%,¢")},
.
q" €R*

which is actually

(D7E) sup { = f*(0") = (¢ (-p") ],

p"€R",

g eC”
where by ¢ g we denote the function defined on X whose value at any = € X is equal
to Z;ﬂ:l q;9;(x), with ¢ = (q1,...,qm)". Because of the way it was constructed this
problem has been called (cf. [92], see also [9] and [15]) the Fenchel - Lagrange dual
problem to (P). As we shall see later it can be obtained also by considering the
Lagrange dual problem to (P) and then the Fenchel dual to the inner minimization
problem.

Between the optimal objective values of the three dual problems attached to (P)

we take into consideration and the primal problem itself there hold the following
relations (see also Theorem 2.1, [8,92])

U(DFL) S

Between v(D) and v(DP) no general order can be given, see [8] or [92] for examples
where v(D¥) > v(DP) and, respectively, v(DL) < v(DP). Sufficient conditions to
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assure the fulfillment of the inequalities above as equalities were already given in the
literature, see, for instance, [8] or [92]. We are interested to close the gap between
v(DFF) and v(P), i.e. to give sufficient conditions to guarantee the simultaneous
satisfaction of the inequalities above as equalities and moreover the existence of an
optimal solution to the dual problem. The next section deals with this problem and
its connections in the literature.

2.2 Strong duality and optimality conditions for
Fenchel - Lagrange duality

2.2.1 Motivation

Introduced by WANKA AND BOT (cf. [92]), the Fenchel - Lagrange dual problem is
a combination of the well - known Lagrange and Fenchel dual problems. Although
new, it has proven to have some important applications, from multiobjective op-
timization (cf. [8,18,19,89-91,93]) to theorems of the alternative and Farkas type
results (cf. [22]). Moreover, we show in the third chapter of the present thesis that
the well - known and widely used geometric programming duality is a special case
of the Fenchel - Lagrange duality, so all its applications can be taken over, too. For
a given primal optimization problem consisting in the minimization of a function
with both geometric and inequality constraints, the initial constraint qualification
considered in order to achieve strong duality between the primal and the new dual
problem was based on the well - known condition due to Slater. Then these results
have been refined in [15] and generalized in [9]. In the latter paper the inequality
constraints are considered over some non - empty closed convex cone and the new
constraint qualification may work also when the cone has empty interior, while the
classical constraint qualification due to Slater fails in such a situation, as it asks the
cone to have a non - empty interior.

2.2.2 Duality and optimality conditions

To the given primal optimization problem (P) we have introduced three dual prob-
lems, two of them being widely used and known, while the third, their combination,
has been recently introduced. In order to give the strong duality statement for
the pair of problems (P) - (D¥L) we need to introduce a constraint qualification,
inspired by the one used in [37]. Further, unless otherwise specified, consider more-
over X a non - empty convex set and that f is a proper convex function and g a C
- convex function on X. First we give an equivalent formulation of the constraint
qualification considered in [37], which is in this case

(CQrk) 0 € ri(g(X Ndom(f)) + C).
Lemma 2.1 Let U C X a non - empty convex set. Then
ri(g(U) + €) = g(ri(U)) +ri(C).
Proof. Consider the set
M={(z,y): €U, yeR™, y—g(x)eC},

which is easily provable to be convex. For each z € U consider now the set M, =
{y e R : (x,y) € M}. When x ¢ U it is obvious that M, = ), while in the
complementary case we have y € M, & y—g(z) € C < y € g(x) + C, so we

conclude
M- g(z)+C, ifzeU,
0, ife¢U.
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Therefore M, is also convex for any « € U. Let us see now how we can characterize
the relative interior of the set M. According to Theorem 6.8 in [72] we have (z,y) €
ri(M) if and only if € ri(U) and y € ri(M,). On the other hand, for any x € ri(U),
y € ri(M,) means actually y € ri(g(z) + C) = g(x) + ri(C), so we can write further

ri(M) = {(z,y) : zeri(U), y—g(z) €ri(C)}.

Consider now the linear transformation A : R™ x R™ — R™ defined by A(z,y) = y.
Let us prove that A(M) = g(U) + C. Take first an element y € A(M). It follows
that there is an 2 € U such that y —g(z) € C, which yields y € g(U)+C. Reversely,
for any y € g(U) 4+ C there is an « € U such that y € g(z) + C, so y — g(z) € C.
This means (z,y) € M, followed by y € A(M).

Finally, by Theorem 6.6 in [72] we get

ri(g(U) + C) = ri(A(M)) = A(xi(M)) = g(ri(U)) + ri(C). O
According to this lemma, the constraint qualification (CQ k) is equivalent to
(CQr) Jz’ € ri(X Ndom(f)) such that g(z') € —ri(C).

This condition is sufficient to assure duality between (P) and (D¥), but in or-
der to close the gap between (P) and (D¥) we introduce the following constraint
qualification

(CQ) Iz’ € ri(dom(f)) Nri(X) : g(z’) € —1i(C).

Remark 2.1 Notice, using eventually Theorem 6.5 in [72], that the validity of
(CQ) guarantees the satisfaction of (CQpr). We are now ready to formulate the
strong duality statement.

Theorem 2.2 (strong duality) (see [9]) Consider the constraint qualification (CQ)
fulfilled. Then there is strong duality between the problem (P) and its dual (DFF),
i.e. v(P) = v(D¥L) and the latter has an optimal solution if v(P) > —oo.

Proof. First we deal with the Lagrange dual problem to (P), which is

(D) sup_inf | () + 4" ().
g eCczeX

According to [37], the convexity assumptions introduced above and the fulfill-
ment of the condition (CQrk) (or (CQRr), due to Lemma 2.1) are sufficient to
assure the coincidence of v(P) and v(D), moreover guaranteeing the existence of
an optimal solution ¢* to (D) when v(P) > —oco. As (CQ) implies (CQrx) (see
Lemma 2.1 and Remark 2.1), v(P) and v(D¥) coincide, the latter having moreover
a solution when v(P) > —oo.

Now let us write the Fenchel dual problem to the inner infimum in (D*). For any
¢* € C*, ¢*T g is a real-valued function convex on X, so in order to apply rigourously
Fenchel’s duality theorem (cf. [72]) we have to consider its convex extension to R™,

— —

q*Tg, which takes the value +oo outside X. As dom(¢**Tg) = X and ri(dom(f)) N
ri(X) # 0, we have by Fenchel’s duality theorem (cf. Theorem 31.1 in [72])

M~

inf f(x) +q*Tg(x)} = jnf [f(x) +(;}/g(x)] — pfgﬂ% { C P — Ty (7p*)}'

—~

It is not difficult to notice that ¢*T'g (—p*) = (q*Tg)}(—p*), so it is straightforward
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that
o(P) = sup int [f@)+ g@)] = sup {107~ o)k (-0} = 0(D").
p*ER™

In case v(P) is finite, because of the existence of an optimal solutions for the La-
grange dual, we get

o(P)= sup il [7@) -+ g@)] = inf [£)+7gw)].

Further, by Fenchel’s duality theorem (cf. [72]),

o(P) = inf @)+ g(@)| = max { = (")~ @ 9)x(=p")},

T€X p*ER"

the latter being attained at some p* € R™. This means exactly that (p*,¢*) is an
optimal solution to (DFL). O

Now let us deliver necessary and sufficient optimality conditions regarding the
convex optimization problems (P) and (DF).

Theorem 2.3 (optimality conditions)
(a) If the constraint qualification (CQ) is fulfilled and the primal problem (P) has

an optimal solution T, then the dual problem has an optimal solution (p*,q*) and
the following optimality conditions are satisfied

N IR
(1) f*(p*) + f(T) =p* Z,
=T Ne g = =T N =T
(ii) (¢ 9)x (=p*) + ¢ 9(z) = —p* I,
(iii) ¢ g(z) = 0.
(b) If T is a feasible point to the primal problem (P) and (p*,q*) is feasible to
the dual problem (DY) fulfilling the optimality conditions (i) — (iii), then there is

strong duality between (P) and (D¥F) and the mentioned feasible points turn out
to be optimal solutions to the corresponding problems.

Proof. (a) Theorem 2.2 guarantees strong duality between (P) and (D¥F), so the
dual problem has an optimal solution, say (p*,¢*). The equality of the optimal
objective values of (P) and (D) implies

- * (% T %%\ _
f@) + %) + (¢ 9)"(=p") = 0. (2. 2)
The Fenchel - Young inequality states
* (= - =T
ffoR) + f(@) zp
and
—T * J— —T _ —T _
(% 9)x(=p") +4¢" g(z) = —p* =
Summing these two relations one gets, taking also into account (2. 2),
A * (D% = =T N oy ol (o
0>q¢" g(x) = (") + f(2) + (¢ 9)x(=p") +¢* g(z) 20,

where the first inequality is valid because T is feasible to (P) and ¢* € C*. It is
clear that all the inequalities above must be fulfilled as equalities and this delivers
immediately the optimality conditions (¢) — (ii).
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(b) All the calculations presented above can be carried out in reverse order, so
the assertion holds. 0

Remark 2.2 (cf. [9,15]) We want to mention that (b) applies without any convexity
assumption as well as constraint qualification. So the sufficiency of the optimality
conditions (#) — (444) is true in the most general case.

We give now a concrete problem that shows that a relaxation of (C'Q) by con-
sidering in its formulation the whole set X instead of its relative interior does not
guarantee strong duality.

Example 2.1 Let f : R?> — R be defined by f(z1,72) = 29 and g : X — R,
g(x1,x9) = 21, where

< < i =
X:{$=($1,$2)€R2:O§m1§2 3_332_4’ lfl'l O,}

Tl<xzy <4, ifz; >0

It is obvious that f is a convex function and g is convex on X. Formulate the
optimization problem

(Pe) zlél)fc f(x).
9(x)=0
This problem fits into our scheme for C = {0}. The constraint qualification
(CQ) becomes in this case

32’ € 1i(X) such that g(z') € —C,

which means, by Lemma 2.1, 0 € ri(¢(X) + C), i.e. 0 € ri([0,2] 4+ 0) = (0,2), that
is false. One may notice that also (CQg) fails in this case, as it coincides here with
(CQ). On the other hand the condition 0 € ¢g(X) + ri(C) is fulfilled, being in this
case 0 € [0, 2], that is true.

As in [32], where this example has been borrowed from, the optimal objective
value of (P,) turns out to be v(P,) = 3, while the one of its Lagrange dual problem is
1. Because of the convexity of the functions and sets involved the optimal objective
value of the Lagrange dual coincides in this case (see the proof of Theorem 2.2) to
the one of the Fenchel - Lagrange dual to (P.).

Therefore we see that a relaxation of (CQ) by considering 2’ € X instead of
2’ € 1ri(X) does not guarantee strong duality.

We would also like to mention that FRENK AND KASSAY have shown in [36] that
if there is an yo € aff(g(X)) such that g(X) C yo + aff(C) then 0 € g(X) + ri(C)
becomes equivalent to 0 € ri(g(X) + C).

2.2.3 The ordinary convex programs as special case

The ordinary convex programs (cf. [72]) are among the problems to which the du-
ality assertions formulated earlier are applicable. Consider such an ordinary convex
program

P, inf .
( 0) a:lélX7 f(m)v
gi(2)<0,i=1,...,r,
g5 (2)=0,j=r+1,....,m
where X C R™ is a non - empty convex set, f : R” — R is a convex function with
dom(f) =X, ¢;: X =R, i=1,...,r, are functions convex on X and gj: X =R,

j=r+1,...,m, are the restrictions to X of some affine functions on R™. Denote
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g=(g1,--.,9m)". This problem is a special case of (P) when we consider the cone
C =R’ x {0}™~". The Fenchel - Lagrange dual problem to (P,) is
(DF) sup { — f*(p) - (ng);(*p)}-
qE€R xR,
pER™

The constraint qualification that assures strong duality is in this case
(CQ,) 0 €ri(g(X)+R7 x {0}™7),
equivalent to 0 € g(ri(X)) 4+ ri(R7, x {0}™77), i.e.

gi(z') <0, ifi=1,...,r

’ : .
(CQO) dx Erl(X).{ gj(x/):()’ ifj=r+1,...,m,

which is exactly the sufficient condition given in [72] to state strong duality between
(P,) and its Lagrange dual problem

(DF) s inf [f(x) +q7g(x)].
QERTF «Rm—r TEX
Asri(dom(f)) = ri(X) # 0, we have that the value of the inner infimum in (DZ),
as a convex optimization problem, is equal to the optimal value of its Fenchel dual,
which leads us to the objective function in (DX%). The strong duality statement
concerning the problems (P,) and (DEL) follows.

Theorem 2.4 (strong duality) Consider the constraint qualification (CQ,) fulfilled.
Then there is strong duality between the problem (P,) and its dual (DEF) and the
latter has an optimal solution if v(P,) > —o0.

Remark 2.3 Some authors take as ordinary convex program the following prob-
lem, where f, g and X are defined as before,

(F) inf f(x).

zeX,
g(x)=0
For this problem the strong duality is attained provided the fulfillment of the
constraint qualification (cf. [9,32])

gi(x') <0, ifi=1,...,7,

/ / H .
(CQO) dx Erl(X).{ gj(:v/)SO, ifj=r+1,...,m.

A first look would make someone think that (P!) is a special case of (P) by
taking C' = R and (CQ) requires in this case the existence of an z’ € ri(X) such
that g(z') € —ri (R7), ie. foralli=1,...,m, gi(z') <0, condition that is more
restrictive than (CQ’). Let us prove that there is another possible choice of the
cone C such that (CQ)) implies the fulfilment of (CQ), namely 0 € ¢g(ri(X)) +ri(C)
for the primal problem rewritten as

/ .
(P) nf )
g(z)e-C

Consider (CQ?) fulfilled and take the set
I={ie{r+1,...,m}: 2 € X such that g(z) £ 0= g;(z) = 0}.

When I = () then for each i € {r +1,...,m} there is an z° € X feasible to (P.)
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such that g;(z*) < 0. Take the cone C' = RT". Introducing

0 i /

z) = T x
Z m—r+1 +m—r—l—l ’
i=r+1

we show that it belongs to ri(X). First,

m 1 m r m 1
> e D et
i:THm—r—i— m—r-+ l_:H_lm—r

and 7" ., (1/(m —r))z* € X. Applying Theorem 6.1 in [72] it follows that
2% € 1ri(X). For any j € {1,...,m} we have

m

1 . 1
(29 < (2t (2 0.
g9;(@ )_i:§r+1m—r+1gj(w)+mfr+lgj(m)<

Therefore there exists z° € 1i(X) such that 0 € g(z°) + 1i(C), which is the desired
result.

When I # @), without loss of generality as we perform at most a reindexing of
the functions g;, r+1 < j <m,let I = {r+1{,...,m}, where [ is a positive integer
smaller than m—r. This means that for j € {r+1{,...,m} follows g;(z) =0ifx € X
and g(z) < 0. Then (P}) is a special case of (P) for C' = R~ x {0}~ =141, For
each j € {r+1,...,r +1— 1} there is an 27 feasible to (P’) such that g;(z7) < 0.
Taking

r+i—1 1 1
0 i /
T = i:ZT;H la: + la:,

we have as above that 2° € ri(X) and g;(z°) < 0 for any j € {1,...,7+1— 1} and
gj(x°) = 0 for j € I (because of the affinity of the functions g;, r +1 < j < m),
which is exactly what (CQ) asserts.

Therefore there is always a choice of the cone C' which guarantees that for the
reformulated problem (C'Q) stands.

2.3 Fenchel duality under weaker requirements

As we have seen, in order to prove strong duality for the Fenchel - Lagrange dual
problem under more general conditions than known so far we have weakened the
constraint qualification. Our research included also the classical Fenchel duality
and we show in the following that it holds under more general conditions than
given in the literature known to us. Unlike the previous section, here we do not
weaken the constraint qualification but the convexity assumptions imposed on the
functions involved. Thus we give some new results involving almost convex and
nearly convex functions. They culminate with proving that the classical Fenchel
duality theorem is valid when the functions involved are almost convex or nearly
convex, too. Known being the applications of Fenchel duality in game theory (see,
for instance, [7]) and the connections between this area and Lagrange duality given
also for generalized convex functions (cf. [68,69]), we give an application of our
results in the latter field. By this we are trying to open the gate into the direction
of Fenchel duality for games which can be written by using optimization problems
involving generalized convex functions.
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2.3.1 Motivation

Since ROCKAFELLAR’s book [72], convex analysis started to spread into various di-
rections, and Fenchel’s duality theorem has been called in various contexts. Given
initially for convex functions, it has been extended to some other classes of prob-
lems involving different types of functions as the need for such statements arose
from both theoretical and practical needs. We mention here KANNIAPPAN who has
given in [55] a Fenchel type duality theorem for non - convex and non - differentiable
maximization problems, BEONI who extended Fenchel’s statement to fractional pro-
gramming in [5] and PENOT AND VOLLE who considered it for quasiconvex problems
in [70].

As suggested by the latter paper, a direction to generalize the duality statements
is to consider various generalizations of the convexity instead of convexity for the
functions and sets involved. For instance FRENK AND KASSAY (cf. [36]) extended
Lagrange duality for nearly convex functions and BoT, KASSAY AND WANKA gave
strong duality for a primal optimization problem and its Fenchel - Lagrange dual
when the functions involved were nearly convex in [17].

In the following we prove that some properties of the conjugate functions can
be given also for almost convex and nearly convex functions. Since there are several
notions of almost convexity in the literature, let us mention that we consider the one
introduced by FRENK AND KASSAY in [36], while for nearly convex functions we use
the definition usually encountered in the literature due to ALEMAN (cf. [1]). Our
results regarding the conjugates of nearly convex and, respectively, almost convex
functions bring towards the end of the chapter the proofs that the Fenchel duality
theorem is valid when the functions involved are almost convex or nearly convex,
too. Therefore we generalize this classical result in duality in a new direction.

2.3.2 Preliminaries on nearly and almost convex functions

We begin with some definitions and some useful results.

Definition 2.2 A set X C R"™ is called nearly convez if there is a constant « €
(0,1) such that for any x and y belonging to X one has az + (1 — a)y € X.

An example of a nearly convex set which is not convex is Q. Important properties
of the nearly convex sets follow.

Lemma 2.2 (c¢f. [1]) For every nearly convex set X C R"™ the following properties
are valid

(1) ri(X) is convex (may be empty),
(i) cl(X) is convez,

(i7i) for every x € cl(X) and y € ri(X) we have tx + (1 — t)y € ri(X) for each
0<t<l.

Definition 2.3 (cf. [23,36]) A function f:R™ — R is called
(1) almost convex if f is convex and ri(epi(f)) C epi(f),
(i1) nearly convex if epi(f) is nearly convexr,

(iii) closely convex if epi(f) is convex (i.e. f is convez).
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Connections between these kinds of functions arise from the following remarks,
while to show that there are differences between them we give later an example.

Remark 2.4 Any almost convex function is also closely convex.

Remark 2.5 Any nearly convex function has a nearly convex effective domain.
Moreover, as its epigraph is nearly convex, the function is also closely convex, ac-
cording to Lemma 2.2(47).

Although cited from the literature, the following auxiliary results are not so
widely known, thus we have included them here.

Remark 2.6 Given any function f : R" — R we have dom(f) C dom(f) C

cl(dom(f)), which implies cl(dom(f)) = cl(dom(f)).

Lemma 2.3 (c¢f. [17,36]) For a convex set C C R™ and any non - empty set X C
R™ satisfying X C C' we have 1i(C) C X if and only if ri(C) = ri(X).

Lemma 2.4 (c¢f. [17]) Let X C R™ be a nearly convex set. Then ri(X) # 0 if and
only if ri(cl(X)) C X.

Lemma 2.5 (c¢f. [17]) For a non - empty nearly convezr set X C R™, 1i(X) # 0 if
and only if ri(X) = ri(cl(X)).

Using Remark 2.5 and Lemma 2.4 we deduce the following statement.

Proposition 2.1 If f : R™ — R is a nearly convex function satisfying ri(epi(f)) #
0, then it is almost convez.

Remark 2.7 Each convex function is nearly convex and almost convex.

The first observation is obvious, while the second can be easily proven. Let
f:R™ — R be a convex function. If f(x) = +oc everywhere then epi(f) = ), which
is closed, so f = f and it follows f almost convex. Otherwise, epi(f) is non - empty
and, being convex because of f’s convexity, it has a non - empty relative interior
(cf. Theorem 6.2 in [72]) so, by Proposition 2.1, it is almost convex.

2.3.3 Properties of the almost convex functions

Next we present some properties of the almost convex functions and some examples
that underline the differences between this class of functions and the nearly convex
functions.

Theorem 2.5 (cf. [36]) Let f: R" — R having non - empty domain. The function
f s almost convez if and only if [ is convex and f(x) = f(x) Va € ri(dom(f)).

Proof. “=” When f is almost convex, f is convex. As dom(f) # (), we have
dom(f) # (. It is known (cf. [72]) that

ri(epi(f)) = {(x,r) : f(z) < r,z €ri(dom (f))} (2. 3)

S0, as the definition of the almost convexity includes ri (epi ( ﬂ) C epi(f), it follows
that for any = € ri (dom (f)) and € > 0 one has (z, f(z) + ¢) € epi(f). Thus
f(z) > f(x) Yo € ri(dom(f)) and the definition of f yields the coincidence of f and
f over ri (dom (f))
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“«” We have f convex and f(z) = f(z) Va € ri (dom (f)). Thus ri (dom (f))
C dom(f). By Lemma 2.3 and Remark 2.5 one gets ri (dom (f)) C dom(f) if
and only if ri (dom ( f)) = ri(dom(f)), therefore this last equality holds. Using
this and (2. 3) it follows ri (epi(f)) = {(z,7) : f(z) < r,z € ri(dom(f))}, so
ri (epi ( f)) C epi(f). This and the hypothesis f convex yield that f is almost con-
vex. ]

Remark 2.8 From the previous proof we obtain also that if f is almost convex

and has a non - empty domain then ri(dom(f)) = ri(dom(f)) # 0. We have also

ri(epi(f)) C epi(f), from which, by the definition of f, follows
ri(cl(epi(f))) C epi(f) C cl(epi(f)).
Applying Lemma 2.3 we get ri(epi(f)) = ri(cl(epi(f))) = ri(epi(f)).

In order to avoid confusions between the nearly convex functions and the almost
convex functions we give below some examples that show that there is no inclusion
between these two classes of functions. Their intersection is not empty, though, as
Remark 2.7 states that the convex functions are concomitantly almost convex and
nearly convex.

Example 2.2 (i) Let f : R — R be any discontinuous solution of Cauchy’s
functional equation f(z +y) = f(x) + f(y) Vz,y € R. For each of these functions,
whose existence is guaranteed in [42], one has

EE) ST R

2 2

i.e. these functions are nearly convex. None of these functions is convex because
of the absence of continuity. We have that dom(f) = R = ri(dom(f)). Suppose f
almost convex. Then Theorem 2.5 yields f convex and f(z) = f(x) Vo € R. Thus
f is convex, but this is false. Therefore f is nearly convex, but not almost convex.

(i4) Consider the set X = ([0,2] x [0,2])\({0} x (0,1)) and let g: R* - R, g =
dx. We have epi(g) = X x [0, 400), so epi(g) = cl(epi(g)) = [0, 2] x [0, 2] x [0, +00).
As this is a convex set, g is a convex function. We also have ri(epi(g)) = (0,2) x
(0,2) x (0, +00), which is clearly contained inside epi(g). Thus g is almost convex.
On the other hand, dom(g) = X and X is not a nearly convex set, because for any
a € (0,1) we have «(0,1) + (1 — «)(0,0) = (0,«) ¢ X. By Remark 2.5 it follows
that the almost convex function g is not nearly convex.

Using Remark 2.7 and the facts above we see that there are almost convex and
nearly functions which are not convex, i.e. both these classes are larger than the
one of convex functions.

The following assertion states an interesting and important property of the al-
most convex functions that is not applicable in general for nearly convex functions.

Theorem 2.6 Let f : R® — R and g:R™ — R be proper almost convex functions.
Then the function F' : R™ x R™ — R defined by F(z,y) = f(x) + g(y) is almost
convex, too.

Proof. Consider the linear operator L : (R” xR) x (R™ xR) — R” x R™ x R defined
as L(z,r,y,s) = (z,y,7 + s). Let us show first that L(epi(f) x epi(g)) = epi(F).

Taking the pairs (z,r) € epi(f) and (y,s) € epi(g) we have f(x) < r and
9(y) < s, s0 F(z,y) = f(z) +9y) < r—+s, e (x,y,r +s) € epi(F). Thus
L(epi(f) x epi(g)) € epi(F).
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On the other hand, for (z,y,t) € epi(F') one has F(x,y) = f(x) + g(y) < t, so
f(z) and g(y) are real numbers. It follows (z, f(x),y,t — f(x)) € epi(f) x epi(g),
ie. (z,y,t) € L(epi(f) x epi(g)) meaning epi(F) C L(epi(f) x epi(g)).

Therefore L(epi(f) x epi(g)) = epi(F). We prove that cl(epi(F)) is convex,
which means F' convex.

Let (z,y,r) and (u,v,s) in cl(epi(F')). There are two sequences, (Tk, Yk, Tk )k>1
and (ug, Vg, Sk)k>1 in epi(F), the first converging towards (z,y,r) and the second
to (u,v,s). Then we have also the sequences of reals (r{)k>1, (T7)k>1, (S)k>1
and (s7)g>1 fulfilling for each k > 1 the following ri + r2 = 14, sp + 52 = sg,
(z,73,) € epi(f), (yk,7%) € epi(g), (un,s;) € epi(f) and (vx,s3) € epi(g). Let
A € [0, 1]. We have, due to the convexity of the lower-semicontinuous hulls of f and
gy Az + (1= Nug, A+ (1= N)st) € cl(epi(f)) = epi(f) and (Ayg+ (1 —N)vg, ArZ +
(1—X)s?) € cl(epi(g)) = epi(g). Further, (Azj + (1 —X)ug, Ayk+ (1 —N)vg, Arg+(1—
Nsw) € L(cl(epi(f)) x cl(epi(g))) = L(cl(epi(f) x epi(g))) C cl(L(epi(f) x epi(g)))
for all k > 1. Letting k converge towards +o0o we get (Az+(1—N)u, A\y+(1—X)v, Ar+
(1 =XN)s) € cl(L(epi(f) x epi(g))) = cl(epi(F)). As this happens for any A € [0, 1]
it follows cl(epi(F')) convex, so epi(F) is convex, i.e. F is a convex function.

Therefore, in order to obtain that F' is almost convex we have to prove only that
ri(cl(epi(F))) C epi(F). Using some basic properties of the closures and relative
interiors and also that f and g are almost convex we have ri(cl(epi(f) x epi(g))) =
ri(cl(epi(f)) x cl(epi(g))) = ri(cl(epi(f))) xri(cl(epi(g))) € epi(f) x epi(g). Applying
the linear operator L to both sides we get L(ri(cl(epi(f) x epi(g)))) C L(epi(f) x
epi(g)) = epi(F). One has cl(epi(f) x epi(g)) = cl(epi(f)) x cl(epi(g)) = epi(f) x
epi(g), which is a convex set, so also L(cl(epi(f)xepi(g))) is convex. As for any linear
operator A : R™ — R™ and any convex set X C R™ one has A(ri(X)) = ri(A(X))
(see for instance Theorem 6.6 in [72]), it follows

ri(L(cl(epi(f) x epi(g)))) = L(ri(cl(epi(f) x epi(g)))) € epi(F). (2. 4)
On the other hand,
epi(F") = L(epi(f) x epi(g)) € L(cl(epi(f) x epi(g))) € cl(L(epi(f) x epi(g))),
so cl(L(epi(f) x epi(g))) = cl(L(cl(epi(f) x epi(g)))) and further
ri(cl(L(epi(f) x epi(g)))) = ri(cl(L(cl(epi(f) x epi(g)))))-

As for any convex set X C R™ ri(cl(X)) = ri(X) (see Theorem 6.3 in [72]),
we have ri(cl(L(cl(epi(f) x epi(g))))) = ri(L(cl(epi (f) x epi(g)))), which implies

ri(cl(L(epi(f) xepi(g)))) = ri(L(cl(epi(f) xepi(g)))). Using (2. 4) follows ri(epi(F'))

= ri(cl(epi(F))) = ri(L(cl(epi(f) x epi(g)))) C epi(F'). Because F' is a convex func-
tion it follows by definition that F' is almost convex. |

Corollary 2.1 Using the previous statement it can be shown that if f; : R — R,

i =1,...,k, are proper almost conver functions, then F : R™ x ... x R" — R,
F(zl,... 2%) = Zle fi(x) is almost convez, too.

Next we give an example that shows that the property just proven to hold for
almost convex functions does not apply for nearly convex functions.

Example 2.3 Consider the sets
— k . " _ k. m
Xl_ngl{ﬁ.ogkgzt} and Xz_ngl{ﬁ.ogkgsl}.

They are both nearly convex, X; for « = 1/2 and X for a = 1/3, for instance. It
is easy to notice that dy, and dx, are nearly convex functions. Taking F : R? — R,
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F(z1,22) = 6x,(x1) + dx,(x2), we have dom(F) = X; x X, which is not nearly
convex, thus F is not a nearly convex function. We have (0,0) € dom(F) and
assuming dom(F’) nearly convex with the constant & € (0, 1), for all n € N and all &
satisfying 0 < k < 2" one gets (ak/2™, ak/3™) € dom(F'). This yields & € QN (0, 1),
so let @ = w/v, with v < v and w,v € N having no common divisors. Because
(u/v)(k/2™) € X1 Vn € N and VE such that 0 < k < 27, it follows that there is
some m € N such that m > 1 and v = 2™. Take £k =1 and n = 1. We also have
(u/2™)(1/3) € Xo, i.e. u/(3-2™) € X,, which is false. Therefore F' is not nearly
convex.

2.3.4 Conjugacy and Fenchel duality for almost convex func-
tions

Now we generalize some well - known results concerning the conjugates of convex
functions. We prove that they keep their validity when the functions involved are
taken almost convex, too. Moreover, these results are proven to stand also when the
functions are nearly convex and their epigraphs have non - empty relative interiors.

First we deal with the conjugate of the precomposition with a linear operator
(see, for instance, Theorem 16.3 in [72]).

Theorem 2.7 Let f : R™ — R be an almost convex function and A : R* — R™ ¢
linear operator such that there is some x’ € R™ satisfying Ax’ € ri(dom(f)). Then
for any p € R™ one has

(f o A)*(p) = min {f*(q) : A%q :p}.
Proof. We prove first that (f o A)*(p) = (f o A)*(p) Vp € R". By Remark 2.8 we
get Az’ € ri(dom(f)). Assume first that f is not proper. Corollary 7.2.1 in [72]

vields f(y) = —oo Yy € dom(f). As ri(dom(f)) = ri(dom(f)) and f(y) = f(y)

Yy € ri(dom(f)), one has f(Az') = f(Ax') = —oco. It follows easily (f o A)*(p) =
(f 0 A)*(p) = +o0. )
Now take f proper. By the way it is defined one has (f o A)(z) < (f o A)(x)

Vz € R"™ and, by simple calculations, one gets (f o A)*(p) > (f o A)*(p) for any
p € R*. Take some p € R” and denote 3 = (f o A)*(p) € (—00,+0c]. Assume
B € R. We have 3 = sup,cpn {p"@— foA(z)}. Let € > 0. Then there is an z € R"
such that p’Z — fo A(Z) > B — ¢, so AZ € dom(f). As Az’ € ri(dom(f)), we get,
because of the linearity of A and of the convexity of dom( f), by Theorem 6.1 in [72]

that for any A € (0,1] it holds A((1 — Az + Az') = (1 — A\)AZ + XAz’ € ri(dom(f)).
Applying Theorem 2.5 and using the convexity of f we have

PT((1 = NT + A2') — FA((1 = NZ + Az')) = pT (1 — N)Z + Aa')
—f(A((1 = NZ + Az')) > pT((l —NZ+Az") — (1= \)foAz)
AfoA@) = pTE — Fo A@) + AP (2! — &) — (Fo A(') — F o A()).

As Azx" and AZ belong to the domain of the proper function f, there is a A € (0,1]
such that A[pT (2’ — 2) — (fo A(2’) — fo A(2))] > —e.
The calculations above lead to

(foA)*(p) >pT (1 =NZ+ X)) = (foA)((1 = NZ + Xz/) > 3 — 2.

As ¢ is an arbitrarily chosen positive number, let it converge towards 0. We get
(foA)*(p) > 8= (foA)*(p). Because the opposite inequality is always true, we

get (foA)*(p) = (fo A)*(p)-
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Consider now the last possible situation, 8 = +occ. Then for any k£ > 1 there is
an x € R™ such that pTzy — f(Axy) > k+1. Thus Az € dom(f) and by Theorem
6.1 in [72] we have, for any A € (0,1],

PT((1 = Nag +Az') = f o A((1 = Ny + Ax') = p" (1 = Nzy, + Az')
—foA((1 = Nap +2z') > pT (1 = Nag + Mz’) — (1= \)f o A(xy,)
Ao A(x") > pTay — fo Alzr) + Ap" (2" — z1) — (f o A(2") — o A(xx))]-

Like before, there is some A € (0,1) such that

)\[pT(x/ —ay) — (fo A(z') — foA(zk))] > —1.
Denoting z;, = (1—\)xy + A2’ we have z, € R” and pT 2z, — fo A(z) > k+1—1 = k.

As k > 1 is arbitrarily chosen, one gets

(foA)*(p) = sup {pTx —fo A(x)} = 400,

zER™

o (foA)*(p) = +00 = (fo A)*(p). Therefore, as p € R™ has been arbitrary chosen,
we get

(foA)*(p) = (foA)*(p) VpeR" (2. 5)
By Theorem 16.3 in [72] we have, as f is convex and Az’ € ri(dom(f)) = ri(dom(f)),
(foA) (p) =min {(f)"(q) : A"q = p},

with the minimum attained at some g. But f* = (f)* (cf. [72]), so the relation
above gives

(foA)*(p) = min { f*(q) : Aq = p}.
Finally, by (2. 5), this turns into
(f o A)*(p) = min { f*(q) : A"q = p},
and the minimum is attained at q. (]

The following statement follows from Theorem 2.7 immediately by Proposition
2.1.

Corollary 2.2 If f : R™ — R is a nearly convex function satisfying ri(epi(f)) # 0
and A : R™ — R™ 4s a linear operator such that there is some x' € R™ fulfilling
Ax' € ri(dom(f)), then for any p € R™ one has

(foA)(p) =min{f*(¢q) : A*q = p}.

Now comes a statement concerning the conjugate of the sum of finitely many
proper functions, which is actually the infimal convolution of their conjugates also
when the functions are almost convex functions, provided that the relative interiors
of their domains have a point in common.

Theorem 2.8 (infimal convolution) Let f; : R® — R, i = 1,...,k, be proper and

almost convex functions whose domains satisfy NE_, rl(dom(fl)) £ (. Then for any
p € R™ we have

k k
(Frt oot S () =min{zfi*<pi> >4 :p}. (2. 6)
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Proof. Let F:R" x ... xR" = R, F(z!,...,2F) = Zf:l fi(z). By Corollary 2.1

we know that F' is almost convex. We have dom(F) = dom(f;) x ... x dom(f%),

so ri(dom(F)) = ri(dom(f1)) X ... x ri(dom(fx)). Consider also the linear oper-

ator A : R" — R" x...xR" Az = (x,...,2). The existence of the element
e N——

k k
o' € Nk, ri(dom(f;)) gives (2/,...,2")T € ri(dom(F)), so Az’ € ri(dom(F)). By
Theorem 2.7 we have for any p € R"

(F o A)*(p) = min{F"(q) : A*q = p}, (2. 7)

with the minimum attained at some ¢ € R™ x ...R". For the conjugates above we
have for any p € R™

k k *
(F'o A)*(p) = sup {pTx—Zfi(w)} = (Zf) (p)

rER™

and for every ¢ = (p',...,p") € R" x ... x R?,

miER", i=1 i=1 i=1
i=1,...,
so, as A*q = Zle pt, (2. 7) delivers (2. 6). O
In [72] the formula (2. 6) is given assuming the functions f;, i =1,...,k, proper

and convex and the intersection of the relative interiors of their domains non - empty.
We have proven above that it holds even under the much weaker than convexity
assumption of almost convexity imposed on these functions, when the other two
conditions, i.e. their properness and the non - emptiness of the intersection of
the relative interiors of their domains, stand. As the following assertion states,
the formula is valid under the assumption regarding the domains also when the
functions are proper and nearly convex, provided that the relative interiors of their
epigraphs are non - empty.

Corollary 2.3 If f; : R* — R, i = 1,...,k, are proper nearly convez functions
whose epigraphs have non - empty relative interiors and with their domains satis-
fying NE_, ri(dom(f;)) # 0, then for any p € R™ one has

k k
(bt 500 = min{ 350 Y=
i=1 i=1
Next we show that another important conjugacy formula remains true when

imposing almost convexity (or near convexity) instead of convexity for the functions
in discussion.

Theorem 2.9 Given two proper almost convex functions f : R" — Randg:R™ —
R and the linear operator A : R™ — R™ for which is guaranteed the existence of
some x' € dom(f) satisfying Az’ € ri(dom(g)), one has for all p € R™

(f+goA)*(p)=min{f*(p—A%¢) +9"(q) : g€ R™}. (2. 8)

Proof. Consider the linear operator B : R®” — R™ x R™ defined by Bz = (z, Az)
and the function F : R® x R™ — R, F(z,y) = f(z) + g(y). By Theorem 2.7 F
is an almost convex function and we have dom(F') = dom(f) x dom(g). From the
hypothesis one gets

Bz’ = (2/, Ax’) € ri(dom(f)) x ri(dom(g)) = ri(dom(f) x dom(g)) = ri(dom(F)),
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thus Bz’ € ri(dom(F)). Theorem 2.7 is applicable, leading to

(FoB)*(p) =min {F*(q1,q2) : B*(q1,42) =1, (q1,2) € R" x R™}

where the minimum is attained for any p € R™. Because

(FoB)*(p) = 5;1]13 {p"z — F(B(z))} = 's;lﬂg {p"z — F(z, Ax)}
= suwp {p'e—f(z) ~g(4n)} = (f +g04)(p) VPR,

F*(q1,92) = f"(q1) + 9" (q2) V(q1,92) € R" x R™
and
B*(q1,q2) = q1 + A%q2 V(q1,q2) € R" x R™,

the relation above becomes

(f+g0oA) (p) = inf{f(q1)+9"(g):q+A*qp =p}
= min{f*(p— A"q) + 9" (g) : g2 € R""},
where the minimum is attained for any p € R", i.e. (2. 8) stands. O

Corollary 2.4 Let the proper nearly convex functions f : R® - R and g : R™ — R
satisfying ri(epi(f)) # 0 and ri(epi(g)) # 0 and the linear operator A : R™ — R™
such that there is some x' € dom(f) fulfilling Az’ € ri(dom(g)). Then (2. 8) holds
for any p € R™ and the minimum is always attained.

After weakening the conditions under which some widely - used formulae con-
cerning the conjugation of functions take place, we switch to duality where we
found important results which hold even when replacing the convexity with almost
convexity or near convexity.

The following duality theorem is an immediate consequence of Theorem 2.9 for
p =0 in formula (2. 8).

Theorem 2.10 Given two proper almost conver functions f : R — R and g :
R™ — R and the linear operator A : R™ — R™ for which is guaranteed the existence
of some 2/ € dom(f) satisfying Az’ € ri(dom(g)), one has
inf [f(z)+g(Az)] = —(f +g0A)"(0) = max { - f*(A"¢) —g"(—q)}. (2. 9)
ZEGR" qeR‘"L
Remark 2.9 This statement generalizes Corollary 31.2.1 in [72] as we take the
functions f and g almost convex instead of convex and, moreover, we remove the
lower semicontinuity assumption required for them in the mentioned book. It is
easy to notice that when f and g are convex there is no need to consider them
moreover lower semicontinuous in order to obtain the formula (2. 9). Let us remind
that a proper convex lower semicontinuous function is called in [72] closed.

Remark 2.10 Theorem 2.10 states actually the strong duality between the primal
problem

(Pa) inf /(@) +g(Az)]

and its Fenchel dual

(Da) sup { — f*(A*q) — g*(—q)}.
qER™

Using Proposition 2.1 and Theorem 2.10 we rediscover the assertion in Theorem
4.1 in [14], which follows.
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Corollary 2.5 Let f : R® — R and g : R™ — R two proper nearly convex functions
whose epigraphs have non - empty relative interiors and consider the linear operator
A:R™ — R™. If there is an ' € dom(f) such that Az’ € ri(dom(g)), then (2. 9)
holds, i.e. v(P4) =v(Da), and the dual problem (D) has a solution.

In the end we give a generalization of the well - known Fenchel’s duality theorem
(Theorem 31.1 in [72]). It follows immediately from Theorem 2.10, when A is the
identity mapping.

Theorem 2.11 Let f and g be proper almost convexr functions on R™ with values
in R. If ri(dom(f)) Nri(dom(g)) # 0, one has

inf [f(@)+g(2)] = max {-F@-g(-a}

When f and g are nearly convex functions we have, as in Theorem 3.1 in [14],
the following statement.

Corollary 2.6 Let f and g be proper nearly convex functions on R™ with values in

R. Ifri(epi(f)) # 0, ri(epi(g)) # 0 and ri(dom(f)) Nri(dom(g)) # @, one has
inf [f(2) +9(2)] = max{ - f*(¢) - 9"(~a)}

rER™

Remark 2.11 The last two assertions give actually the strong duality between the
primal problem

(Pp) inf [7(@) +g(@)],

and its Fenchel dual

(Dr) sup { — f*(¢) —g"(—9) }-
geR™

In both cases we have weakened the initial assumptions required in [72] to guar-
antee strong duality between (Pr) and (Dp) by asking the functions f and g to be
almost convex, respectively nearly convex, instead of convex.

Remark 2.12 Let us notice that the relative interior of the epigraph of a proper
nearly convex function f with ri(dom(f)) # @ may be empty. Take for instance
the nearly convex function f in Example 2.2(¢) whose effective domain is R. If the
relative interior of the epigraph were non - empty, by Proposition 2.1 would follow
that f is almost convex, but this does not happen.

Remark 2.13 One may notice that the assumption of near convexity applied to
f and g simultaneously does not require the same near convexity constant to be
attached to both of these functions.

The following example contains a situation where the classical duality theorem
due to Fenchel is not applicable, unlike one of our extensions to it.

Example 2.4 (cf. [14]) Consider the sets

F = {(wl,xg) eR?: 21> 0,29 >O}U{(m1,0) eR?: 21 €Q, 1 20}
U {(0,1‘2) ERQZJTQ €Q,z0 > 0}

and

g = {(ml,xg) eR?: 2y + 29 <3}U{(m1,x2) eR?: 21,29 EQ,xl+x2:3}
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and some real - valued convex functions defined on R?, f and g. Both F and G are
nearly convex sets with & = 1/2 playing the role of the constant required in the defi-
nition, but not convex. We are interested in treating by Fenchel duality the problem

(Fy) et @) +9(@)],

i.e. we would like to obtain the infimal objective value of (P,) by using the conjugate
functions of f and g. A Fenchel type dual problem may be attached to this problem,
but the conditions under which the primal and the dual have equal optimal objective
values are not known to us as we cannot apply Fenchel’s duality theorem because
F NG is not convex. Let us define now the functions

:ooa = = | flx), ifzelF,
[ R =R, f(x)= { 400, otherwise,

and (z), if g
. - . glr), mrey,
g:R* =R, g(z) = { +00, otherwise.

The function f and g are clearly nearly convex (with the constant 1 /2), but not

convex since dom(f) = F is not convex. Therefore we are not yet in the situation
to apply Fenchel’s duality theorem for the problem

P inf f(z) + g(z)],

(Fy) R S [f(z) + g()]

which is actually equivalent to (P,), but let us check whether the extension we have
given in Corollary 2.6 is applicable. The condition concerning the non - emptiness
of the intersection of the relative interiors of the domains of the functions involved
is satisfied in this case since

ri(dom(f)) Nri(dom(g)) = r1i(F)Nri(G)
(0,400) x (0,+00) N {(z,y) € R*:z+4y< 3},

which is non - empty since the element (1, 1), for instance, is contained in both sets.
Regarding the relative interiors of the epigraphs of f and g, it is not difficult to
check that ((1,1), f(1,1) + 1) € int(epi(f)) = ri(epi(f)) and ((1,1),g(1,1) +1) €
int(epi(g)) = ri(epi(g))- _
Therefore the conditions in the hypothesis of Corollary 2.6 are fulfilled for f and
g, respectively. So we can apply the statement and we get that

oP) = it [f@)+g@)] = inf [f@) + ()]
= max { = F(u) - 5 ()} = max { - fE() - gg(—u)).

As proven in Example 2.2 there are almost convex functions which are not
convex, so our Theorems 2.7 - 2.11 really extend some results in [72]. An example
given in [14] and cited above shows that also the Corollaries 2.2 - 2.6 generalize
indeed the corresponding results from Rockafellar’s book [72], as a nearly convex
function whose epigraph has non - empty interior is not necessarily convex.

We finish this chapter with an example in game theory, where we found a small
application of one of our results. Applications of Fenchel’s duality theorem in game
theory were already found, see for instance [7]. Knowing also the connections be-
tween Lagrange duality involving generalized convex functions and game theory
(see, for instance, [68] or [69]), we give an application of Corollary 2.6 in this field
opening the gate into the direction of Fenchel duality.
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Example 2.5 (cf. [11]) Consider a two-person zero-sum game, where D and C
are the sets of strategies for the players I and II, respectively, and L : C' x D — R
is the so - called payoff - function. By BL = supyecpinfeec L(c, d) and of =
inf.ec supgep L(c, d) we denote the lower, respectively the upper values of the game
(C,D,L). As the minmax inequality

B = sup inf L(c,d) < inf sup L(c,d) = a*, (2. 10)
deD ceC c€CdeD

is always fulfilled, the challenge is to find weak conditions which guarantee equality
in the relation above. Near convexity and its generalizations played an important
role in it, as PAECK’s paper [68] or his book [69] show. Having an optimization
problem with geometrical and inequality constraints,

() it o),
w(z)<0

where X C R™, w : R” — R*, v : R® — R, the Lagrangian attached to it, considered

as a pay - off function of some two - person zero - sum game, is L : X X ]R’jr — R,

L(z,\) = v(z) + ATw(x). In the works cited above there are some results where

sufficient conditions under which the strong duality occurs between (P,) and its

Lagrange dual

D sup inf L(z, A) = sup inf [v(z) + N w(z)],
(Dy) sup nf Lz ) = sup fnf o) + A7 ()]

which is nothing else than the equality in (2. 10). Let us mention that within these
statements the usual convexity assumptions are replaced by near convexity.

Coming to the problem treated in Corollary 2.6, for f and g proper nearly con-
vex functions,

(Pr) inf [f(x)+g()],

zER™

one can define the Lagrangian attached to it by (cf. [31])

L:R"xR" =R, L(z,u) = u"z + g(z) — f*(u).

sup inf L(z,u) = sup { — g*(—u) — f*(u)}
ueRanR" u€ER™

and
Jnf sup Lir,u) = inf [9(2) + 7" (2)] < inf [f(2) +g(2)],

and since under the hypotheses of Corollary 2.6 one has

max { — g*(—u) — f*(u)} = inf [f(z) + g(a)],

ueR” zER™

we get, taking also into consideration (2. 10),

max inf L(z,u) = inf sup L(z,u).
uER™ zER™ TER™ yeRn

The solution to the dual problem can be seen as an optimal strategy for the game
having this Lagrangian as payoff - function.
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Chapter 3

Fenchel - Lagrange duality
versus geometric duality

Geometric programming, established during the late 1960’s due to PETERSON to-
gether with DUFFIN AND ZENER has enjoyed an increasing popularity and usage
that continues up to today, as papers based on it still get published (see, for in-
stance, [79]). The most important works in geometric programming are the original
book of DUFFIN, PETERSON AND ZENER [30] which deals with the so - called
posynomial geometric programming and PETERSON’s seminal article [71] on gener-
alized geometric programming. Because the posynomial geometric programming is
a special case of the latter and it can be applied only to some very special classes
of problems and the objective function of the generalized geometric primal prob-
lem is very complicated, JEFFERSON AND SCOTT considered in [48] a simplified
version of the generalized geometric programming. Then they and some other au-
thors treated by means of geometric programming various optimization problems,
see [48-52,75-82]. An extension of the posynomial geometric programming is the so
- called signomial programming, which is a special case of the generalized geometric
programming, too, thus not so relevant from the theoretical point of view, but still
used in various applications. Applications of geometric programming can be found
in various fields, from the theoretical problems treated by JEFFERSON AND SCOTT
in [48-52,75-82] to the practical applications mentioned, for instance, in [30] or [34].

About Fenchel - Lagrange duality one could read for the first time in WANKA
AND BoT’s article [92], then its applications in multiobjective optimization were
investigated by the same authors in works like [8,18,19,89,91,93]. Despite being
recently introduced, the areas of applicability of the Fenchel - Lagrange duality
cover alongside the multiobjective optimization also Farkas type results, theorems
of the alternative, set containment (cf. [22]), DC programming (cf. [21]), semidef-
inite programming (cf. [93]), convex composite programming (cf. [9]) or fractional
programming (cf. [12,91]). One of the most interesting features of the Fenchel -
Lagrange duality is that it contains as a special case the classical geometric duality,
improving its results. Thus all the problems treated by geometric programming
can be dealt with via Fenchel - Lagrange duality, easier and with better results.
Moreover when the generalized geometric programming problem is treated via per-
turbations, one obtains the dual problem easier and strong duality under more
general conditions.

35
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3.1 The geometric dual problem obtained via per-
turbations

PETERSON’s classical work [71] presents a complete duality treatment for geometric
programs. These are convex optimization problems whose objective and constraint
functions have some special forms. We show further that the duals he introduced
there by using the geometric Lagrangian and geometric inequalities can be obtained
also by using the perturbation approach already mentioned in the previous chap-
ter. Moreover, the assertions concerning strong duality and optimality conditions
are given here under weaker conditions than in the papers dealing with geometric
duality.

3.1.1 Motivation

The generalized geometric programming due to PETERSON deals with primal op-
timization problems having very complicated objective functions. Moreover, the
functions and sets involved are asked to be convex and lower semicontinuous, re-
spectively convex and closed. On the other hand the perturbation theory already
presented on short in the previous chapter guarantees a dual problem and strong
duality under some constraint qualification also when the functions and sets in-
volved are only convex, not also lower semicontinuous, respectively closed. This
brought the idea of trying to determine a dual problem to the initial geometric pri-
mal problem via perturbations (see [13]). As this dual turned out to be exactly the
geometric dual introduced in [71] by some geometric inequalities and using the ge-
ometric Lagrangian, the next step was to compare the conditions that bring strong
duality. Not surprisingly, the constraint qualification we obtained turned out to be
slightly weaker than the one in [71]. Therefore we have proven that when treated
via perturbations instead of using geometric inequalities, the primal geometric prob-
lem gets the same dual problem, subject to simpler calculations and, moreover, the
strong duality arises under more general conditions.

3.1.2 The unconstrained case

First we treat the general unconstrained geometric programming problem. Let the
proper function f : R” — R, with dom(f) = X C R". There is given also a closed
cone N C R™. The unconstrained geometric programming problem (here called
primal problem) is

(Au) xei)lflrwa F(@).

PETERSON attached in [71] the following dual to the problem (Ag,),

(B(Ju) yeglrfN* f (y)7

where D = dom(f*). Let us consider the perturbation function

" n = rz+p), feeN,z+pe X,peR",
¢:R" xR" =R, &(z,p) = {f—(oo ) otherwise.

As the perturbation function @ fulfills (2. 1), according to the theory sketched in
the previous section, the dual problem to (Ag,) is

(Dgu) sup {—®*(0,p")}.
p*EeRn
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The conjugate function of the perturbation function is, at some (z*,p*) € R™ x R™,

O*(z*,p*) = 51%1? {x*Tgc —i—p*Tp—<I>(9L‘,p)}7
z€R™,
peRn

= sup {x*Tx +pTp—f(x +p)}7

As we have to take z* = 0 in order to calculate the dual problem, it follows, for
p* € R™,

®*(0,p*) = sup {p*Tt —pTr— f(t)} = sup —p* & + sup {p*Tt - f(f)},
TEN, TzeN teX
tex

whence, as dom(f) = X,

* €\ k[ % 07 lfp*EN*a
®°(0.p7) = F*(p )Jr{ +00, otherwise.

Therefore the dual problem we obtain is

(Dgu) sup  {—f*(p*)}.

which, transformed into a minimization problem turns out to be, when removing
the leading minus, exactly Peterson’s dual (By,) (see [71]). As mentioned before,
the weak duality regarding the problems (Ag,) and (Dy,) always holds, while for
the strong duality we have the following statement (see also Theorem 2.11).

Theorem 3.1 (strong duality) If X is a convex set, [ a function convex on X, N
a closed convex cone and the condition ri(N) Nri(X) # 0 is fulfilled, then the strong
duality between (Agy,) and (Dgy) holds, i.e. (Dgy) has an optimal solution and the
optimal objective values of the primal and dual problem coincide.

Remark 3.1 In [71] the conditions regarding the strong duality are posed on the
dual problem, in which case f has to be, moreover, lower semicontinuous and the
dual problem’s infimum must be finite.

Let us also present necessary and sufficient optimality conditions regarding the
unconstrained geometric program.

Theorem 3.2 (optimality conditions)
(a) Assume the hypotheses of Theorem 3.1 fulfilled and let T be an optimal solution
to (Agu). Then the strong duality between the primal problem and its dual holds
and there exists an optimal solution p* to (Dgy) satisfying the following optimality
conditions
) _ v =T~
(i) f(@)+ f*(p*) =p* 2,
(ii) p* & =0.

(b) Let T be a feasible solution to (Agy) and p* one to (Dgy) satisfying the
optimality conditions (i) and (i1). Then T turns out to be an optimal solution to the
primal problem, p* one to the dual and the strong duality between the two problems

holds.
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Proof. (a) From Theorem 3.1 we know that the strong duality holds and the dual
problem has an optimal solution Let it be p* € N* N D. Therefore, it holds

f@)+ () =0.
From the Fenchel - Young inequality it is known that

_ w =y =T -
f@+ o) zp 7,
while
P E>0
since p* € N* and Z € N. Hence it holds

f@) + o) = 7 >0,

but, since we have equality between the first and the last member of the expression
above, both these inequalities must be fulfilled as equalities. So the equality must
hold in the previous two expressions, i.e. the optimality conditions are true.

(b) The optimality conditions imply

f@+ o) =p z=0.

So the assertion holds. O

3.1.3 The constrained case

Further the primal problem becomes more complicated, as some constraints appear
and also the objective function is not so simple anymore. The following preliminaries
are required.
Let there be the finite index sets I and J. For ¢ € {0} U I U J, the following
functions are considered
gt Xy — R,

with ) # X; C R™, as well as the independent vector variables xt € R™. There
are also the sets
Dy = {yt €R™: sup {ytcht —gt(wt)} < +oo},
rteXy

which are the domains of the conjugates regarding the sets they are defined on,
namely X;, of the functions g;,t € {0} U T U J, respectively, and an independent
vector variable k = (k1, ... ,kl]l)T. With z! one denotes the Cartesian product of
the vector variables 2%, i € I, while 2/ denotes the same thing for 27, € J. Hence,
x = (2%, 27, 27) is an independent vector variable in R", where n = ng + Dier i+
ZjeJ n;. Finally, let there be a non - empty closed cone N C R", the sets

Xj+ = {(xj,kj) :  either k; =0 and sup @l < oo
dieD;
or k; > 0 and e ijj}, j € J,
and 4
X ={(z,k): 2" € Xy, t € {0} U, (2 ,k;) € X;“,j € J},
and, for j € J, the functions g; : X;‘ — R,
T . T .
sup " z?, ifk;=0and sup &' x/ < oo,

g;(mi,kj) = dieD;, L . dieD;
kjgj(k—j:cj), if k; >0 and 27 € k; X,
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which are the so - called homogenous extensions of the functions g;, j € J.
PETERSON (cf. [71]) studied the minimization of the following objective function

FrX =R, fla k) =g0(2") + D g5 (27 k)
jeJ
with the variables lying in the feasible set
S={(z,k)e X:x €N, g;(2") <0OVieTI}

Thus, the problem he studied is

A, inf
( gc) (x,lllcq)esf(x’k)7

further referred to as the primal generalized geometric programming problem.
To introduce a dual problem to it, one has to introduce the sets

D={"y"y",\) 1y € Dy,t € {0} UJ, (y', \;) € D} i € I},
and

D} = {(yi,)\i) : either \; =0 and sup yiTci < 0,
ceX;

or \; >0and y’ € /\iDi}, 1 €1,
and the family of functions {h; : Dy — R : t € {0} UT U J}, each of its members
being the restriction to the domain of the conjugate regarding the set X; of the

function gy, i.e. hi(y') = g%, (y*) for all y* € Dy, t € {0} UT U J, and for i € I we
consider also the functions b} : D — R,

4 sup ' ¢, if Ay =0and sup y' ¢ < oo,
hi(y'x) = ceXs CIEX
)\lh,()%yz), if A; >0 and Yy e N D;.

In [71] there is introduced the following dual problem to (A,.),

B inf
(Byge) (y}ggh(y,&

with the feasible set
T={(y,\)€D:ye N hj(y))<0,j € J},

where the objective function is

h:D =R, h(y,\)=ho(y°) + > _hiy',\).
el

In the following part we demonstrate that this dual problem can be developed also
by using the method based on perturbations already presented within this thesis.
Like before, we introduce the following extension of the objective function

F:R*"xRVI SR,

_ fk), i (k)€ X,z e Nygiat) <0,i€ T,
Fla k) = {—i—oo, otherwise.
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Thus we can write the problem (Ag4.) equivalently as
Al inf F(z,k).
(Age) (z,k)elﬂli}”lef\ (z,k)

Let us introduce now the perturbation function associated to our problem,
o :R* x RV x R x RMI - R,
fle+pk), ifxe N, (x+pk)e X, and

D(z, k,p,v) = gi(a" +p') <v'iel,
400, otherwise.

It is obvious that ®(z, k,0,0) = F(z,k) V(x,k) € R® x RI’|, thus the dual problem
to (A].), so also to (Agc), is

gc
(DQC) sup { _(I)*(O707p*7v*>}a
p"€R”,
v*eR!
where

O (2, k¥, p*,v") = sup {x*Tx+k*Tk+p*Tp+v*Tv—@(:ml@p,v)}

z,pER™,
ker!V!
veR!!
T T T T L
= sup {1:* r+k" k+p p+oT v—go(xo—&—po)—g gj'(xj—kp’,kj)},
zeN,keR!, j€J
pGR",_vER'f",
gi(z'+p*)<v' i€l
(z+p,k)EX

with the dual variables z* = (z*0,2*/ 2*/) and p* = (p*°,p*!,p*/). Introducing
the new variables z = z + p and y = v — g7(27), with g;(z!) = (g:(2%))%,, there
follows

" (z*, k", p*,0*) = sup {x*Tx+k*Tk+p*T(z—x)
zeN,keR,
(z.k)EX yeRIT,
y'>0,i€l
*T 1
£ 0Tl () - ) - g )|
jed
= Y sup vy 4 sup {p*OTZO - go(zo)}
iel yi>0 20X,
+ Z sup {p*iTzi + v*igi(zi)} + sup (z* — p*) Tz
icl zte X; zeEN

i L «T j
+ ) s {p] 2+ k; kj—gf(zj,kj)}
jer (7. k)ex;

In order to determine the dual problem (Dg.) according to the general theory
we must take further z* = 0 and k* = 0. Also, we use the following results that
arise from definitions or simple calculations. We have

wil i | wi o (i sup pi 2, if 0¥ = 0,p*" 2 < oo,
sup {p 2 gz )} = § #ex . , , ,
ZiEX; —v*’hi( L p”), if v** #£0,p* € —v* Dy,

71}*'5

= hj(p*i, —U*i),i el,
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and

* T *
sup {p 05,0 _ go(zo)} = ho(p O).
20€ X,

It is also clear that it holds
sup v*iTyi = el

Yy >0

0, if v** <0,
400, otherwise,

while from the definition of the dual cone we have

0, ifp* e N*,

T
Sup—p T = { +00, otherwise.

reN

Further we calculate the values of the terms summed after j € J in the last stage of
the formula of ®*(0,0,p*, v*), splitting the calculations into two branches. When
k; > 0 we have

sup {p*szj - g5 (¢, krj)} = sup {p*szj —kjg; <k2’]> },
J

(z,k;)eX (29, k;)ex

sup k;h;(p™)

k:j>0

_ 0, if hj(p*7) <0,p* € D,
o +00, otherwise.

When h; (p*7) <0 and p* € Dj, the case k; = 0 leads to

iT_j i T T
sup {p” 2! —gjr(zj,kj)} = sup {p” 2 — sup & 2 } =0,
(29, k;)eX (z3,0)e X} dieD;

so we can conclude that for every j € J it holds

sup

(27,k;)eX

oL el [0 k) <0mdp e D,
{p Z—9; (2 7kj)} _{ 400, otherwise.

The dual problem can be simplified, denoting A = —v*, to

(D) s bl - SR
pt* €Dy, te{0}UJ, iel
(p™" ") eD] el
hi(p*7)<0,5€J,
p*eEN”
which, transformed into a minimization problem turns, after removing the leading
minus, into (using the notations in [71]),

(Dge) o {ho(p*o) + % hf (p*, \) }
i.e. exactly the dual introduced by PETERSON, (By.).

Weak duality regarding the problems (Ag.) and (Dgy.) always holds, while for
strong duality we need to introduce some supplementary conditions.

First, let us consider that the sets Xy, ¢t € {0} Ul UJ are convex. Each function
g¢ is taken convex on Xy, ¢t € {0} UT U J. The cone N needs to be closed and
convex, too. We have to consider also that the sets X; are closed and the functions
gj, j € J, are lower semicontinuous. This last property, alongside the convexity,
assures (cf. [72]) that, for each j € J, the functions g; and h; are a pair of conjugate
functions, each regarding the other’s definition domain, convex on the sets they are
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defined on and lower semicontinuous. This fact allows us to characterize the sets
X in the following way

X; = {xj € R" : sup {dijj —hj(dj)} < +oo}, J€J
djEDj

Using this characterization, it follows that the set X J+ is convex and the function

g is convex on X;*, for all j € J.

The constraint qualification we use in order to achieve strong duality for the
mentioned pair of dual problems is

2’0 € 1i(X)),
A= I‘i(Xi>7

(CQqe) 3(2' k) € ri(N) x int (R : ¢ gi(a’) <00 € Ly,
gi(z") < 0,i € I\Ly.,
a7 € Kri(X;), 5 € J,

where @ € Ly if ¢ € I and g; is the restriction to X; of an affine function. We are
now ready to formulate the strong duality theorem, whose proof is similar to the
one of Theorem 2.2.

Theorem 3.3 (strong duality) If the conditions introduced above concerning the
sets Xy, t € {0y UIUJ, the functions g, t € {0} UI U J, and the cone N are
fulfilled and the constraint qualification (CQgc) holds, then we have strong duality
between (Age) and (Dy.).

Remark 3.2 In [71] the constraint qualification regarding the strong duality is
posed on the dual problem, while we choose to consider it on the primal prob-
lem. An advantage brought by our approach is that the sets X; and the functions
g, t € {0}UI, do not have to be assumed moreover lower semicontinuous like in [71].

Remark 3.3 The closeness property of g; and X;, j € J, is necessary in order
to prove that g;-r and X j‘ are convex, Vj € J, as Theorem 31.1 in [72] requires the
existence of convexity for all the functions and sets involved in the primal problem.

From this strong duality statement we can conclude necessary and sufficient
optimality conditions for the generalized geometric programming problem (Ag.).

Theorem 3.4 (optimality conditions) B
(a) Assume the hypotheses of Theorem 3.3 fulfilled and let (z,k) be an optimal
solution to (Agc), where T = (if'o,.f'l,i"]). Then the strong duality between the

primal problem and its dual holds and there exists an optimal solution (F, 5\) to

(Dge), with p* = (1?0,1?],?‘]), satisfying the following optimality conditions
. _ —0 —0T _
(i) 9o(z°) + ho(p™") = p* 7°,

9 (507) + h(07) = (77)" (£27) and h;57) =0, if ; #0,

n A _ '
(i) sup dTE = T, if k; =0, jed,
djEDj

9(2") + hi(3p7) = (

—iT .
sup p* c
ceX;

|~

Fi)Tii and g;(z%) =0, if \; # 0,

>

i

_ T . - e 1
=5 F ifa=0, "S5

(iii)

(iv) p* & =0.
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(b) Let (2, k) be a feasible solution to (Agc), withz = (z°,z7,27) and (p*, A) one
to (Dgyc), with p* = (FO,}?I,]?J), satisfying the optimality conditions (i) — (iv).
Then (Z,k) turns out to be an optimal solution to the primal problem, (]?, 5\) one
to the dual and the strong duality between the two problems holds.

Proof. (a) From Theorem 3.3 we know that the strong duality holds and the
dual problem has an optimal solution. Let it be (FO,FI,]?J,X) and we denote

5 _ (o0 ol
p*=(p*,p" ., p"").
Therefore, it holds

90(2%) + " g (@ k) + ho ) + Y b (7 M)

jeJ iel

rewritable as

_ (1 T
90(z%) + ho(77") + Z Aih; <5\p ) + Z sup p* ¢

icl, i€l cteX,;
Ai#0 A;i=0
k. ( J) . djT’j =0
P ha () X s e =0
JEJ, JeJ, d’eD;
k;#0 k]’:O

Adding and subtracting some terms in the left - hand side and inverting the members
of the equality, we obtain

icl,
Xi#£0
7Z'T . 7Z'T7 — 1 _ 7-T7,
T Z [SUP proc=pt T+ Z |:kjgj($ ) + kjh;(p* 7y —p* mj}
cteX; - k
el @ JEJ,
A'i=0 k,‘];ﬁo
+ [ sup & 77 —p J;]]
jelJ d-feDj
k;=0
—0 —I —J
L L@ =3 Ngi@) = > kyhy( (3. 1)
i€l J€J,
Xi#0 k;#0

Let us prove now that all the terms summed in the right - hand side of (3. 1) are
non - negative.
Applying the Fenchel - Young inequality, we get

_ —0 —0+ _
90(z°) + ho(p™) > p* 2°,

<

_ 1_. _ —j 7‘7T — 1_. 7]*T_. .
kigi| =2’ | + kjh;(p*) > p* =) | =p* ®,jed: k; #0,
k; k;
and
N i < 1 -1 _i *‘T—i . _
Xigi(T') + Aihi | =p* ) > Ni=—p* T =p* z,icl:\#O0.
A A
On the other hand, it is obvious that

T ij_' . _
sup &’ 37 >p* T, ,jeJ k=0,
dieD;
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and
T

sup p* ¢ >p* ziel:\=0.
cteX;

Since p* € N*, it follows also that p* # > 0. Moreover, from the feasibility con-

ditions it follows that g;(z%) < 0,A; > 0,7 € I, so — Y ier, Migi(Z%) > 0. Also,
, _ _ , Xi#0
hij(p*) <0,k; #0,j € J, implies — 3" je s, kjh;j(p*) > 0. Therefore it follows that
k;#0

in (3. 1) all the terms are greater than or equal to zero, while their sum is zero, so
all of them must be equal to zero, i.e. the inequalities obtained above are fulfilled
as equalities. So, (iv) is true and the other optimality conditions, (i) — (#), hold,
too.

(b) The calculations above can be carried out in reverse order and the assertion
arises easily. O

Remark 3.4 We mention that (b) applies without any convexity assumption as
well as constraint qualification. So, the sufficiency of the optimality conditions
(1) — (iv) is true in the most general case.

3.2 Geometric programming duality as a special
case of Fenchel - Lagrange duality

In the previous section we dealt with the generalized geometric duality. Because
of its very intricate formulation of the objective function it has been and is still
used in practice in a simpler form, namely by taking the index set J empty. This
simplified geometric duality has been used by many authors to treat various convex
optimization problems. Among the authors who dealt extensively in their works
with this type of duality we mention SCOTT AND JEFFERSON who co - wrote more
than twenty papers where geometric duality is employed in different purposes. We
cite here some of them, namely [48-52,75-82] and in the next section we show how
these problems can be easier treated via Fenchel - Lagrange duality.

3.2.1 Motivation

The problems treated via geometric programming in the literature are not always
suitable for this. See for instance the papers we have already mentioned, [48-52, 75—
82], where various optimization problems are trapped into the format of the primal
geometric problem by very artificial reformulations. These reformulations bring
additional variables to the primal problem and all the variables of the reformulated
problem have to take values also inside some complicated cones, that need to be
constructed, too. We prove that the geometric duality is a special case of the Fenchel
- Lagrange duality, i.e. the geometric dual problem is the Fenchel - Lagrange dual
of the geometric primal, obtained easier. Moreover, in the mentioned papers the
functions involved are taken convex and lower semicontinuous, while the sets dealt
with in the problems are considered non - empty, closed and convex for optimality
purposes, and we show that strong duality and necessary and sufficient optimality
conditions may be obtained under weaker assumptions, i.e. when the sets are taken
only non - empty convex and the functions convex on the sets where they are defined
on.

We took seven problems treated by SCOTT AND JEFFERSON via geometric pro-
gramming duality and we dealt with them via Fenchel - Lagrange duality. One may
notice in each case that our results are obtained in a simpler manner than in the
original papers, being moreover more general and complete than the ones due to the
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mentioned authors. Therefore it is not improper to claim that all the applications
of geometric programming duality can be considered also as ones of the Fenchel -
Lagrange duality, considerably enlarging its areas of applicability.

3.2.2 Fenchel - Lagrange duality for the geometric program

The primal geometric optimization problem is

(Pg) inf gO(xO)’
z=(z%,z1,...,2")EXox X1 x...x X},
g'(¢")<0,i=1,....k,
rEN

where X; CRV i =0,...,k, Zf:()li =n, are convex sets, ¢' : X; = R, i=0,...,k,
are functions convex on the sets they are defined on and N C R™ is a non - empty
closed convex cone.

We consider first a special case of the primal problem (P) which is still more
general than the geometric primal problem (P,)

(Pn) ziél)f(’ f(@),

9(z)=0,
zeEN

where N is a non - empty closed convex cone in R™, X a non - empty convex subset

of R", f:R™ — R is convex and g : X — R* with g = (g1,...,gx)7 and each g; is
convex on X, j =1,...,k. Its Fenchel - Lagrange dual problem is
(D) sup { = f*(p) = (@"9)xan(-p)}-

pER™,

q€RY

The constraint qualification that is sufficient for the existence of strong duality
in this case is (cf. (CQY))), with the notations introduced before,

gi(x') <0, ifie Ly,

(CQNn) T2’ eri(X NN)Nri(dom(f)) : { a(@) <0, ifi€ {1, .. kML,

where Ly is defined analogously to Lg., but for the problem in discussion here,
(Pn). Because the presence of the cone N in the formula of the dual is not so
desired, we need to find an alternative formulation for this dual problem, given in
the following strong duality statement. In order to do this we also use a stronger
constraint qualification, namely

gi(2') <0, ifi€ Ly,

(CQY) 3z’ €ri(X) Nri(N) Nri(dom(f)) : { gi(@) <0, ifie{l,. .. kML,

whose fulfillment guarantees the satisfaction of (CQx), too.

Theorem 3.5 (strong duality) When the constraint qualification (CQ'y) is satis-
fied and v(Py) € R, there is strong duality between the primal problem (Py) and
the equivalent formulation of its dual

(Dy) sip{ =) + inf [0 - 0T+ q"g(@)] }.
pER",qeRi, e
teN™

Proof. (Py) being a special case of the problem (P), like (Dy) of its dual (D) and
because under (CQ’) one has ri(X)Nri(N) = ri(X N N), strong duality is valid for
(Pn) and (Dy). Thus the problem (Dy) has the optimal solution (p, q).
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Let us rewrite the term containing N in the formulation of the dual in the
following way

T % =N _T _T s _T T
(@ 9xnn(=p) =~ inf o [p T +q g(x)] = - inf [p z+q"g(x) +on(z)|,

where the function (jff; is defined like in the proof of Theorem 2.2.
By the definition of the conjugate function, the right - hand side of the relation

above is equal to ((ﬁT . ) + chT; + 5N) (0), which, applying Theorem 20.1 in [72],
can be written as

((pT )+ T+ 6N) (0) = min [((" ) +a7g) (1) +0x(~1)].

Since 03 (—t) = 0 if ¢ € N* and 63 (—t) = +oo otherwise, it follows, using
moreover the deﬁrisi/on of the conjugate function and taking into consideration the
way the function g7g was given and that v(Py) = v(Dy) € R,

min [((ﬁT )+ quvg)*(t) + 53‘v(—t)} = min sup {th —plx— ciTg(w‘)}

The expression in the right - hand side can be rewritten as — max;cn« inf e x [(]5 —
t)Tx + q"g(x)] and the calculations above lead to

(@"9xrn(—p) = —max inf |(p— )72+ g(x)| = — inf [(5— D7+ g()],
where the maximum in the expression above is attained at ¢ € N*. It is clear that
the dual problem (Dy) becomes (D7) and strong duality between (Py) and (DY)
is certain, i.e. v(Py) = v(DY) and (D) has an optimal solution (p,q,t). Let us
mention that when (CQ’y) fails it is possible to appear a gap between the optimal
objective values of the problems (Dy) and (D). O

Remark 3.5 One can obtain the dual problem (D) also by perturbations, in
a similar way we obtained (D) in the previous chapter by including the cone con-
straint in the constraint function (cf. [17,89,90]). We refer further to (D’) as the
dual problem of (Py). Moreover, it can be equivalently written as

(D%) s { = r(0) - (T9)x(t-p)},
pER™ q€RY,
teN”™

but because of what will follow we prefer to have it formulated as in Theorem 3.5.
The necessary and sufficient optimality conditions are derived from the ones
obtained in the general case, thus we skip the proof of the following statement.

Theorem 3.6 (optimality conditions)

(a) If the constraint qualification (CQ'y) is fulfilled and the primal problem (Py)
has an optimal solution T, then the dual problem (D) has an optimal solution
(p,q,t) and the following optimality conditions are fulfilled

(i) f@)+ () =p'z,
(i) inf |57z +"g(x)| =p'z,

(iii) q"g(z) =0,
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(iv) tTz = 0.

(b) If T is a feasible point to the primal problem (Px) and (p,q,t) is feasible to
the dual problem (DY) fulfilling the optimality conditions (i) — (iv), then there is
strong duality between (Pn) and (DY) and the mentioned feasible points turn out
to be optimal solutions.

Now we show how these results can be applied in geometric programming. With
a suitable choice of the functions and the sets involved in the problem (Py) it
becomes (P,). The proper selection of the mentioned elements follows

X =R x X; x...x Xp,
f:R*" >R, ¢: X—-Ri=1,...,k,
0,0y n—l
] (), ifxe XoxRMo,
f(:z:)—{ ~+00, otherwise,
gi(x) =g'(z"),i=1,....k,x = (2%,2',... 2") € X.

Now we can write the Fenchel - Lagrange dual problem to (P,) (cf. (D))

(Dg) sup { - f(p)+ mf [(p —t)Tz+ Zf: qigi(wi)} }

P l
pER™ q€RY TERIO XX .. X i=1
teN™

The conjugate of f is

f*(p) = sup {pTx—f(x)}

zER™

k
T
= sup pat — g% (2
z=(20,21,....xF)eXo xR x ... xR% | =0

g% (P°), ifpi=0,i=1,...,k,
+o00, otherwise,

if we consider p = (p°,pt,...,p*) € Rlo x Rl x ... x R'*. As the infimum that
appears is separable into a sum of infima, the dual becomes

k . o
(Dy)  sup {99:0<p0>+ inf (p°—19)7a% + 3. inf [tlT:cwqigZ(xZ)}}
pPerlo, z0€Rl0 i=12eX;
q€RY,
teN™

if we consider ¢ = (t, ¢!, ..., t")T € Rlo x Rl x ... x Rl*, As

. 0 if p0 = ¢0
f 0 _ tONT, 0 _ ) A
molélRLO (P =) —00, otherwise,

the dual problem to (Py) turns into

k
(Dy) sup { — ggg‘o (t% — > sup [tiTa:i — qigi(xi)} }
qeR’jH i=lzteX;
teEN™
This is exactly the geometric dual problem encountered in all the cited papers
due to SCOTT AND JEFFERSON, written without resorting to the homogenous ex-
tension of the conjugate functions that can replace the suprema in (D).
The constraint qualification sufficient to guarantee the validity of strong duality
for this pair of problems, derived from (CQ'), is
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gl(x”) <0, ifie Ly,
(CQy) Fa’ = (2%, a,...,a"%) eri(N) :  ¢'(2'") <0, ifie{l,....k}\Lg
2 eri(X;), fori=0,....k,

where L, is defined analogously to Lg.. The strong duality statement concerning
the primal geometric programming problem and its dual follows.

Theorem 3.7 (strong duality) The validity of the constraint qualification (CQ,) is
sufficient to guarantee strong duality regarding (P,) and (Dg) when v(Py) is finite.

Remark 3.6 The cited papers of the mentioned authors do not assert trenchantly
any strong duality statement, containing just the optimality conditions, while for
the background of their achievement the reader is referred to [71]. There all the
functions are taken moreover lower semicontinuous and the sets involved are pos-
tulated as being closed, alongside their convexity assumptions that proved to be
sufficient in our proofs when the constraint qualification is fulfilled. Moreover, the
possibility to impose a milder constraint qualification regarding the affine functions
whose restrictions to the considered set are among the constraint functions is not
taken into consideration at all.

The necessary and sufficient optimality conditions concerning (P,) and (D)
spring directly from the previous statement.

Theorem 3.8 (optimality conditions)
(a) If the constraint qualification (CQg) is fulfilled and the primal problem (Py,)
has an optimal solution T = (:E L,z 7:fk), then the dual problem (Dgy) has an

optimal solution (q,1), with = (q1, ... ,(jk)T andt = (to, ... ,fk)T and the following
optimality conditions are fulfilled

(i) 9°(2°) + g%, () = 72",
(i) (Cjzgl);(ﬂ) = Eiiji, i=1,...,k,
(iii) Gig*(z') =0,i=0,...,k,
(iv) 7'z = 0.
(b) If T is a feasible point to the primal problem (Py) and (g,t) is feasible to
the dual problem (Dg) fulfilling the optimality conditions (i) — (iv), then there is

strong duality between (Py) and (D,) and the mentioned feasible points turn out to
be optimal solutions.

Remark 3.7 The optimality conditions we derived are equivalent to the ones dis-
played by SCOTT AND JEFFERSON in the cited papers.

Before going further, let us sum up the statements regarding (P,). It is the pri-
mal geometric problem used by SCOTT AND JEFFERSON in their cited papers and,
more, it is a particular case of a special case of the initial primal problem (P) we con-
sidered. In all the invoked papers the mentioned authors present the geometric dual
problem to the primal and give the necessary and sufficient optimality conditions
that are true under assumptions of convexity and lower semicontinuity regarding
the functions, respectively of non - emptiness, convexity and closedness concerning
the sets involved there, together with a constraint qualification. We established
the same dual problem to the primal exploiting the Fenchel - Lagrange duality we
presented earlier. Strong duality and optimality conditions are revealed to stand
in much weaker circumstances, i. e. the lower semicontinuity can be removed from
the initial assumptions concerning the functions involved and sets they are defined
on do not have to be taken closed. Moreover, the constraint qualifications can be
generalized and weakened, respectively.
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3.3 Comparisons on various applications given in
the literature

Now let us review some of the problems treated during the last quarter of century
by SCOTT AND JEFFERSON, sometimes together with JORJANI or WANG, by means
of geometric programming. All these problems were artificially trapped into the
framework required by geometric programming by introducing new variables in
order to separate implicit and explicit constraints and building some cone where
the new vector-variable is forced to lie. Then their dual problems arose from the
general theory developed by PETERSON (see [71]) and the optimality conditions
came out from the same place. We determine the Fenchel - Lagrange dual problem
for each problem, then we specialize the adequate constraint qualification and state
the strong duality assertion followed by the optimality conditions all without proofs
as they are direct consequences of Theorems 3.7 and 3.8. One may notice that even
if the functions are taken lower semicontinuous and the sets are considered closed in
the original papers we removed these redundant properties, as we have proven that
strong duality and optimality conditions stand even without their presence when
the corresponding convexity assumptions are made and the sufficient constraint
qualification is valid. We have chosen six problems that we have considered more
interesting, but also the problems in [49-52, 75, 81] may benefit from the same
treatment. We mention moreover that the last subsection is dedicated to the well
- known posynomial geometric programming which is undertaken into our duality
theory, too. Other papers of SCOTT AND JEFFERSON treat some problems by
means of posynomial geometric programming, so we might have included some of
these problems here, too.

3.3.1 Minmax programs (cf. [78])

The first problem we deal with is the minmax program

P inf ;
e L R,
b< Az,
9(z)<0

with the convex functions f; : R* — R, dom(f;) = X, i = 1,...,I, the non -

empty convex set X C R™, the vector function g = (g1,...,97)T : X — R where
gj : X — Ris convex on X for any j € {1,...,J}, the matrix A € R™*™ and the
vector b € R™. In the original paper the functions f;,2 =1,...,1, and g are taken

also lower semicontinuous and the set X is required to be moreover closed, but
strong duality is valid in more general circumstances, i.e. without these assump-
tions. To treat the problem (P;) with the method presented in the second section,
it is rewritten as

(Pr) inf s.
rzeX,sER,
b—Ax=20,9(z) =0,
file)—s<0,i=1,....I

The Fenchel - Lagrange dual problem to (P) is, considering the objective func-
tion u: R" x R — R, u(z,s) = s and ¢f = (q{,...,q{)T

(D) sup —u*(p*,p°) + inf |p*Tx+p°Ts
p®ER™ p°cR, rzeX,

R
d'€RT ,qf €RY g7 €R] 5€
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+> dl (filw) = 5) + ¢ g(x) + qlT(b—Aw)]}-

el
Computing the conjugate of the objective function we get

X I 0 ifp*=1,p"=0
B S\ x s\T' _ — 9 1) )
v pY) _zsel%%{(p P7) (@ 9) S} { +00, otherwise.

seR

Noticing that the infimum in (D;) is separable into a sum of two infima, one con-
cerning s € R, the other x € X, the dual problem turns into

reX

(D1)  sup {inf {Zquﬁz(x)wﬂg( )—¢' A$]+1nf {squz}ﬂz b}

qZGR:_n,quRi, el el
q?€RY
The second infimum is equal to 0 when X f — 1, otherwise having the
i€l 13 )

value —oo, while the first, transformed into a supremum, can be viewed as a conju-
gate function regarding to the set X. Applying Theorem 20.1 in [72] and denoting
¢’ = (q],...,¢5)", the dual problem becomes

I J
T
(D) swp {0 Sl 50w - £ @ox(en).
q'€RT ,q?€R, i=1 j=1
quRLZI) qf =1,
: ;o
Sui+ Y, vj:Aqu
i=1 i=1
identical to the dual problem found in [78]. A sufficient circumstance to be able

to formulate the strong duality assertion is the following constraint qualification,
where the set L is considered analogously to L. before,

b < Ax/,
(CQy) I’ eri(X): < gi(2') <0, ifje Ly,
g;(z') <0, ifje{l,...,J}N\L.

Theorem 3.9 (strong duality) If the constraint qualification (CQ1) is satisfied,
then the strong duality between (Py) and (D1) is assured.

Since the optimality conditions are not delivered in [78], here they are, deter-
mined via our method.

Theorem 3.10 (optimality conditions)

(a) If the constraint qualification (CQ1) is fulfilled and T is an optimal solution to
(Py), then strong duality between the problems (Py) and (D1) is attained and the
dual problem has an optimal solution (¢, g, q%,u,v), where @ = (u1,...,u;)" and
0= (vy,...,05)T, satisfying the following optimality conditions

(i) fi(@) = max fi(z)=0 ifg >0,i=1,...,1,
(i) ¢ (b— Az) =
(iii) 9" g(x) =0,

(iv) (qz fz) (@) +q fi(z)=ulz,i=1,...,1,

(v) (qjgg)
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(b) Having a feasible solution T to the primal problem and one (¢, 3", q?,a, v)
to the dual satisfying the optimality conditions (i) — (v), then the mentioned feasible
solutions turn out to be optimal solutions to the corresponding problems and strong
duality stands.

3.3.2 Entropy constrained linear programs (cf. [82])

A minute exposition of the way how the Fenchel - Lagrange duality is applicable
to the problem treated in [82] is available in [13]. In the following we present the
most important facts concerning this matter. The entropy inequality constrained
optimization problem

P inf T
(P) o s

> z;lnz; >H,
1

i

z;=1,220

o

Il
—

i

where x = (z1,...,2,)T €R", ¢ = (c1,...,c,)T €R?, A € R™*" b € R™, prompts
the following Fenchel - Lagrange dual problem
T(b— Az)

(D2) sup {—(CT-)*(p)Jrir;% pir+d

pER™,¢" €R,
q'€RT g7 Ry

+q' (H—Fi:xilnxi) +qz<zn:xi - 1)] }
i=1 i=1

It is known that (¢I-)*(p) = 0 if p = ¢, otherwise being equal to +oc. In [13] we
prove that in the constraints of the problem (Ds) one can consider ¢” > 0 instead of
¢ € R,. Also, the infimum over x > 0 is separable into a sum of infima concerning
z; > 0,1=1,...,n. Denoting also by aj;,j = 1,...,m,i = 1,...,n, the entries of
the matrix A and ¢! = (¢},...,¢},)T, the dual problem turns into

q"€R,q'€ERT,
qH>O

n m
(D2)  sup {QHH‘f‘qlTb—qm‘f‘z in>f0 {Cierqui 1n1'i+<qw_ Qé'aji>1'i:| }
=1 j=1
These infima can be easily computed (cf. [13]) and the dual becomes

m
n ( > qéajaz—ct'+q*—qH>/qH

T 2
(D2) sup G"H+q¢" b—q"—g" Y e\
q’GR,qZGRT, =1
qa7>0

The supremum over ¢* € R is also computable using elementary knowledge re-
garding the extreme points of functions, so the dual problem turns into its final
version

(DQ) sup {qul o qH hl ( Zn: 6((Aqu_C)i/qH)+qHH) }7
q'€RrT, i=1
q">0

almost identical to the dual problem found in [82]. The difference consists in that
the interval variable ¢ lies in is Ry \{0} instead of R,. By Lemma 2.2 in [13] we
know that this does not affect the optimal objective value of the dual problem. We
have denoted the i-th entry of the vector A7q! — ¢ by (AT¢' — ¢);. With the help of
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the constraint qualification

+lenx <0,
zl

(CQ2) Jz’ € int(R?%) : 2’ £0,

H
b—
n
PR
the strong duality affirmation is ready to be formulated, followed by the optimality
conditions, equivalent to the ones in the original paper.

Theorem 3.11 (strong duality) If the constraint qualification (CQ3) is satisfied,
then the strong duality between (Py) and (Ds) is assured.

Theorem 3.12 (optimality conditions)

(a) If the constraint qualification (CQ2) is fulfilled and T is an optimal solution
o (Py), then strong duality between the problems (P2) and (Ds) is attained and
the dual problem has an optimal solution (¢!, q™) satisfying the following optimality
conditions

(i) ¢7(Az —b) = 0,

(ii) g <H+ > ln@) =0,

=1

” L T 1 —H
(i) qH< > #;InF; +1In ( S eATd—e)i/a )) =zT(ATF — ).
; i=1

(b) Having a feasible solution T to the primal problem and one to the dual (', q")
satisfying the optimality conditions (i) — (iii), then the mentioned feasible solutions
turn out to be optimal solutions to the corresponding problems and strong duality
stands.

3.3.3 Facility location problem (cf. [80])

In [80] the authors calculate the geometric duals for some problems involving norms.
We have chosen one of them to be presented here, namely

m
Ps inf { willx —a; }
( ) |z~ ‘iJ”<dJa 321 j” J” ’
=1,

where a; € R, w; > 0, d; > 0, for j = 1,...,m. The raw version of its Fenchel -
Lagrange dual problem is

(D) sup {—(ilw]n —ajn) () + inf,

pla+ gﬁl g5 (llz — a4l — dj)] } :

m
e+ 3 gl — ] —dj)l }
€R" =

Knowing that

) Toi if lpdll < w.
e —a N () = a;p, l‘lpll_wm C_
(w.]” a]”) (»’) { foo, otherwise, ji=1,....m,
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and turning the infimum into supremum, we get, applying again Theorem 20.1
in [72], the following equivalent formulation of the dual problem, given also in [80],

m m
T T, j T,.j
(Ds) - sup —qd—zajp’—Zaﬂ] )
p’ ER™, 7 €R™, Jj=1 Jj=1
llp7 [I1<wjs lIr7 1<q;,
Jj=1,...m,

§) (pj +rj):O,q€]R:’_"
i=1

rewritable as

m
T T(J j
(D) sup —qTd— 3 (7 +19) p.
P’ €R™ 17 €R™, j=1
lp? | Sw; 177 |<q5,
J=1,...,m,

ffl (p-7+rj) =0,q€RT
=

Of course, we have set here d = (d1,...,d,,)" € R™ and ¢ = (q1,...,qn)" € R™.
A sufficient background for the existence of strong duality is in this case

(CQ3) Jz’ e R": ||’ —a,|| <dj,j=1,...,m.

Theorem 3.13 (strong duality) If the constraint qualification (CQ3) is satisfied,
then the strong duality between (P3) and (Ds) is assured.

Although there is no mention of the optimality conditions in [80] for this pair of
dual problems we have derived the following result.

Theorem 3.14 (optimality conditions)

(a) If the constraint qualification (CQ3) is fulfilled and T is an optimal solution to
(Ps), then strong duality between the problems (Ps) and (Ds3) is achieved and the
dual problem has an optimal solution (p',...,p™, 7%, ...,7™, G1,...,0m) Satisfying
the following optimality conditions

(i) w317 — o]l = 77 (& — a5) and B = wy when T £ a5, j=1,...,m,
(ii) Gillz — a;ll = 77(T —a;), ;> 0,5 =1,...,m, and if §; > 0 so is ||| = g;.
For q; = 0 there is also 7 = 0. If in particular T = a; for any j € {1,...,m},

then g; =0 and 7 = 0,

(iii) |z — a;|| = d;, for j € {1,...,m} such that g; > 0,
(iv) 3 (P +77) =0.
j=1

(b) Given Z a feasible solution to (Ps3) and (p',...,p", 7% .., F™, @1, Gm)
feasible to (D3) which satisfy the optimality conditions (i) — (iv), then the mentioned
feasible solutions turn out to be optimal solutions to the corresponding problems and
strong duality holds.

3.3.4 Quadratic concave fractional programs (cf. [76])

Another problem artificially pressed into the selective framework of geometric pro-
gramming by the mentioned authors is



54 CHAPTER 3. FENCHEL - LAGRANGE VERSUS GEOMETRIC DUALITY

sop Qz)
(P4) Clirlib HORE
where Q(z) = (1/2)z” Az, x € R", A € R™ " is a symmetric positive definite ma-
trix, C € R™*" h € R™ and f : R”™ — R a concave function having strictly positive
values over the feasible set of the problem. Because no analytic representation of
the conjugate of the objective function is available, the problem is rewritten as

(Py) inf s.
sQ(La) -~ f(x)<0,
Cz<b,seR \{0}
To compute the Fenchel - Lagrange dual problem to (P4), we need first the
conjugate of the objective function u : R™ x R — R, u(z, s) = s. Using the results
presented before for the same objective function, the dual problem becomes

(Dy) sup { irﬂl{f {s +q* <3Q(1x) - f(x)) +¢*T(Cz — b)] }
¢ ERT, z€R™,
qSGRt. s>0
The infimum over (z, s), transformed into a supremum, can be viewed as a con-
jugate function that is determined after some standard calculations. The formula
that results for the dual problem is identical to the geometric dual obtained by the
cited authors,

(D) sip { —0Tq" — (—°f) ()],
q"€RY ¢ €Ry,
3uT A u<lg,
utv=—CT¢"

moreover simplifiable even to

(D) sup {=t7¢ — (~e 1)) }.
q"€RY g €Ry,
F(—v=CTg")T A (—v-CT¢")<¢®
Of course we have removed the assumption of lower semicontinuity that has
been imposed on the function —f before. The constraint qualification required in
this case would be

’ 1, /
= — <0
CcQ (2, s') € R™ x (0, +00) : 5Q(s“> @) <0,
(©Qu) (@, ) ( >{Cx,§b.
It is not difficult to notice that if (P;) has a feasible point ' then f(x’) > 0.
Taking any s’ > Q(z")/f(z'), the pair (2',s") satisfies (CQ4).

Theorem 3.15 (strong duality) Provided that the primal problem has at least a
feasible point, strong duality between problems (Py) and (D4) is assured.

The optimality conditions, equivalent to the ones given in [76], are presented in
the following statement.

Theorem 3.16 (optimality conditions)

(a) If the problem (Py) has an optimal solution T then strong duality between the
problems (Py) and (Dy) is attained and the dual problem has an optimal solution
(0,3, %) satisfying the following optimality conditions

(i) (=@ f)*(v) — ¢ f(z) = v"z,

(ii) 2(—v— CT¢")TA T (—v— CT¢") + 22T Az = (—v — CT¢")Tz,

N|—=
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(iii) T (b— CF) =0,

(iv) Y(—0—CTq") A (=0 - CTq") = ¢°.

(b) Having a feasible solution T to the primal problem and one to the dual
(0,G%, %) satisfying the optimality conditions (i) — (iv) the mentioned feasible so-
lutions turn out to be optimal solutions to the corresponding problems and strong
duality stands.

3.3.5 Sum of convex ratios (cf. [77])

An extension to vector optimization of the problem treated here can be found in [91].
Here we consider as primal problem

P inf
(Ps) At

J .
fi (@)
h(x) + z; gi@)] ’
where f;,h: R® — R are proper convex functions, ¢g; : R® — R concave, fi(x) >0,

gi(x) > 0,1 =1,...,J, for all = feasible to (Ps), b € R™, C € R™*™ that is
equivalent to
J S_]
7 .
i=1

The Fenchel - Lagrange dual problem arises naturally from its basic formula,
where we denote the objective function by u(x,s,t), with the variables z, s =
(s1,...,87)T, t = (t1,...,t;)" and also the functions f = (fi,...,fs;)T and g =
(glv s 7gJ)T7

M

(P5) inf
fi(z)<si,8:€R,
gi(z)>t;,t;€R1\{0},
i=1,...,J,Cz<b

h(z) +

N

; . T T T
(Ds) sup —u*(p*,p%,p') +  inf [pw r4+pls+ptt
p"€R™ p° p'eR’, wE€R" s€Ry,
q"€RT ,¢°,q" €RY teint(Ry)

+¢*T(f(x) = s)+ ¢ (t— g(x)) + ¢"T(Cx — b)} }

For the conjugate function one has (consult [91] for computational details), de-
noting p* = (pf,...,py)" and p' = (pi,....p5)"

)

h*(p®), if (p5)2 +4pt <0,i=1,...,J

*(, T S t\ __ ) 1 T — Y ) s ¢y
ur(p"p%p) = { +00, otherwise,

while the infimum over (z, s,t) is separable into a sum of three infima each of them
concerning a variable. The dual problem becomes

(Ds) sup { —h*(p*) + inf [pSTs - qSTs} —q"Tb
J
pzeRn,ps,pteRJ7 sG]RJr
(p§)*+4p; <0,i=1,....J,
q"€ERT ,q°,q"ER

+ inf [(p" +CT¢") Tz + ¢  f(z) — thg(ff)} +, [PtTt + tht} }
z€R™ teR{\{0}

The infimum regarding s € RJJF has a negative infinite value unless p* — ¢* = 0,
when it nullifies itself, while the one regarding t € R{\{0} is zero when p’ + ¢* = 0,
otherwise being equal to —oo. The infimum regarding x € R™ can be turned into
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a supremum and computed as a conjugate of a sum of functions at —(p® + CT¢*).
Applying Theorem 20.1 in [72] to this conjugate, the dual develops denoting ¢* =
(q5,...,¢5)T and ¢* = (¢i,...,¢%)7T into

Mk
Mk

(g7 fi)"(ai) =

1 i

*
0w ) -
q"€RY' ,¢°,q"€R],
p'€R’,q°<p*,—q*<p’,
sy 2
<= (%) =t
ai,di,p” €R™ i=1,...,J,
J

> (ait+di)=—p"—CTq"
=1

(—qtgi)* (di)qub}v

i 1

that can be simplified, renouncing the variables p® and p?, to

Mk‘
M&

(q7 fi)" (ai) —

1 %

7 1

(Ds) sup { —h*(p*) —

g E€RT q°,¢"€RY,

LA
a2 (%) =1,
ai,d;,p” €R™i=1,....J,

J
> (ai+d;)=—p“"—CTq"
=1

(—qlg:)* (d)qub}

Writing the homogenous extensions of the conjugate functions one gets the dual
problem obtained in the original paper. Let us stress that we have ignored the
hypotheses of lower semicontinuity associated to the functions f;, —g;, ¢ =1,...,J,
and h in [77], as strong duality can be proven as valid even in their absence.

Theorem 3.17 (strong duality) Provided that the primal problem (Ps) has a finite
optimal objective value, strong duality between problems (Ps) and (Dj) is assured.

The optimality conditions we determined in this case are richer than the ones
presented in [77].

Theorem 3.18 (optimality conditions)

(a) If the problem (Ps) has an optimal solution T where its objective function is
finite, then strong duality between the problems (Ps) and (Ds) is attained and the
dual problem has an optimal solution (p*,q*,q*,q",a,d) with a = (ay,...,ay) and
d=(dy,...,dy) satisfying the following optimality conditions

(i) (qffi) (@) +q fi(@)=alz,i=1,...,J,
(i) (—dtg:) (&) — Gtgi(z) =dlz,i=1,...,J,

(iii) h*(p*) + h(z) = p*Tz,

w) @ =28 =1, ],
9:(Z)’

(v) ¢ = fﬁ;i”i i=1,...,7,

(vi) @1 (b—-CTz)=0

(b) Having a feasible solution T to the primal problem and one to the dual
(*, ¢, ¢, q',a,d) satisfying the optimality conditions (i) — (vi), the mentioned
feasible solutions turn out to be optimal solutions to the corresponding problems and
strong duality holds.
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3.3.6 Quasiconcave multiplicative programs (cf. [79])

Despite its intricateness and limits, geometric programming duality seems to be yet
very popular, as its direct applications still get published. One of the newest we
found is on a class of quasiconcave multiplicative programs that originally look like

E
(Fs) sup { H[fi(w)}“i}»
Ax<b | i=1
with f; : R™ — R concave functions, positive over the feasible set of the problem,
a; >0,i=1,....k, A€ R™*" b € R™. Denote moreover f = (fi,...,fx)’. The
problem is brought into another layout in order to be properly treated,

B k

IS inf _ ns b

(Ps) fi(x)>slir,li—1,..‘,k,{ Z;QZ nsz}
Az<b,s€int(RE)

Proposition 3.1 We have In(v(Ps)) = —v(Pgs). Moreover, T is an optimal solution
to (Ps) if and only if (z, f(Z)) is an optimal solution to (Fg).

Denoting s = (s1,...,5)T and u : R" x RF — R,

k
— . . 3 n . k
u(z,s) = 2 ailnsy, if (2,5) € R™ x int(Ry),

+-00, otherwise,
the raw formula of the Fenchel - Lagrange dual to (P) is

7 . T sT T

(Dg)  sup inf {p’” z4+p* T s+q" (
p”ER",pSERk, QIGR,’C

qleRT,quRi SElnt(R+)

Aac—b)—&-qu(S—f(ﬂC))} —u* (p“’,ps)}-

Regarding the conjugate of the objective function the following result is available
for p* = (p§,...,p;)T

k
e - a'1—1n(ag)), if p* = 0,p° <0,
u (p P ) = z; z( —P; p p
400, otherwise.

The infimum in the dual problem can also be separated into a sum of two infima,
one concerning s € int(R’i), the other z € R™. Let us write again the dual using
the last observations and denoting —p; by pf, i =1,...,k,

(2

i1 ai(l —1In (%)) + inf  (¢f —p°)Ts

g sGint(R’jr)

(56) sup
p°€int(RY),
q'€RT ¢ eR®
. T T T
+ inf [ql (Az) — ¢’ f(x)} — ¢ b}.
zeR”
The infimum regarding s is equal to 0 when ¢/ — p* > 0, otherwise being —oo,

while the one over x € R™ can be rewritten as a supremum and viewed as a conju-
gate of a sum of functions. The dual problem becomes
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o) sw { 3 (o=t (3) = Bl (o) - W}’

p*eint(RY),p°<q¢f, |4

K
qZGRT, S vy=— AT
i=1

where ¢f = (q{7 e ,qf:)T, and as the supremum regarding the variable p® can be
easily computed, being attained for p* = —¢/, we get the following final version of
the dual, equivalent to the one found in [79],

(136) sup { Xk: (ai —a;ln (“—)) — izk:l q{(—fi)*(jvi) — qul}.

f
g'erR? ¢l eimt(RY), | i=1 ql

k
> vi=—ATq!
=1

For strong duality a constraint qualification would normally be required because
within the constraints of (FPg) there are affine as well as non - affine functions. But
when the feasible set of the problem (Fg) is non - empty there is some 2’ € R™ such
that Az’ < b and f;(2’) > 0,9 =1,...,k. Consequently there is also an s’ > 0 such
that f;(2') > s > 0,i=1,...,k, too. So the constraint qualification that comes
from the general case for (Ps) is automatically fulfilled provided that the feasible
set of (Pg) is not empty. Without any additional assumption one may formulate
the strong duality statement.

Theorem 3.19 (strong duality) Provided that the primal problem (Pg) has a fea-
sible point, there is strong duality between the problems (Pgs) and (Dg).

Corollary 3.1 Provided that the primal problem (Pg) has a feaszble point, the dual
problem (Dg) has an optimal solution and one has v(Pg) = e~ "(Ps),

No surprises appear when we derive the optimality conditions concerning the pair
of dual problems in discussion. The proof takes also into consideration Proposition
3.1.

Theorem 3.20 (optimality conditions)
(a) If the problem (Pg) has an optimal solution T, then strong duality between the

problems (Pg) and (Dg) is attained and the dual problem has an optimal solution
(U1, .., 0, G, q") satisfying the following optimality conditions

(i) (_fi)*<$77i) — fi(x) = Loz, i=1,...k,

(is) (ATz —b)Tq =0,
k B
(iii) 3 v; = —AT¢,
=1

=
(iv) n(fi(@) + & fi@) = (%) = Li=1,...k.

(b) Having a feasible solution T to the problem (Pg) and one to the problem
(Dg) (01, ...,%, @,q") satisfying the optimality conditions (i) — (iv), the mentioned
feasible solutions turn out to be optimal solutions to the corresponding problems and
strong duality holds between the problems (Pg) and (Dg).
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3.3.7 Posynomial geometric programming (cf. [30])

We are going to prove now that also the posynomial geometric programming du-
ality can be viewed as a special case of the Fenchel - Lagrange duality. As it has
been already proven (cf. [48]) that the generalized geometric programming includes
the posynomial instance as a special case, our result is not so surprising within the
framework of this thesis. The primal-dual pair of posynomial geometric problems
is composed by

(Pr) inf ol
t=(t1,...tm) T €INL(RT),
g5 (t)<1,j=1,...;s

m
where ge(t)= > ¢ [l (#)*,k=0,...,s,
ieJk] J=1

~—

ai; ER,j=1,...,m,¢; >0,i=1,...,n,

JIE] = {mp,mp +1,... 0}, k=0,...,5,

mo=1my=nog+1,... mg=nip_1+1,...,ns =n,
and
n 5 S
(D) swp T | T w0,
§=(81,....6n) TRy, Li=1 " I k=1
§;=1,

i€ J[o]

zn: 61'(1@}—07

elm
with A(0)= > di,k=1,...,s.

icJ[k]

To the primal posynomial problem we attach the following problem (cf. [30,48])

(Pr) inf {m( 3 ce$>}
In ( > ciemi)SO, i€J[o]
i€J

€ J[k]
k=1,...,s,z€U
where U denotes the linear subspace generated by the columns of the exponent

matrix (a;j)i=1,...,n,- Let us name also u(z) the primal objective function of the
j=1,....m

problem (P7). These two problems are connected (cf. [48]) through the following
result.

Proposition 3.2 One has v(P;) = In(v(P;)). Moreover, © is an optimal solution
to (P;) if and only if T is an optimal solution to (Pr), where & = (Z1,...,%,)T and
T; = Z;’nzl Q5 h’l(fj) Yi=1,...,n.

We determine the Fenchel - Lagrange dual problem to (]57) from the formula of
(Dy), with ¢+ indicating the orthogonal subspace of U, for ¢ = (q1,...,qs)” and
t=(t1,...,tn)T

(p—t)"z+ Zsj qkln< ¥ cm’“)]}.

(Pr) sup —u*(p) + inf
€U k=1 i€ J[k]

peER™ telt,
gEeRY
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For the conjugate of the objective function we have

3 piln(%), ifp; =0,5€Jk,k=1,...,s,

1€ J[0]
U*(p): Z pi:17p:(p1a"'7pn)T€Ri7
i€ J[0]
400, otherwise,

and similar results can be derived if we write the infimum within the dual as a
sum of suprema over (mi)ie][k], k = 1,...,s, just with the changed constraints
D ic ik b = Q- Also there follows p; = t;,i € J[0]. As usual in entropy optimiza-
tion we consider 0In(0/¢;) = 0,¢; > 0,7 = 1,...,n. After these, the dual problem
becomes

(D7) sup { > tiln (%) + 20 @ ln%}-
teu™ qeRry, i=1 k=1

t=20, > t;=1,
i€ J[0]

Finally, the condition that guarantees strong duality, derived from the constraint
qualification (C'Q), is actually the so - called superconsistency introduced in [30], i.e.

(CQ7) I >0:9:(t) <Lk=1,...,s.

Theorem 3.21 (strong duality) If the constraint qualification (CQ7) is satisfied,
then the strong duality between (P7) and (D7) is assured.

Consequently we present also the optimality conditions concerning the pair of
problems (P;) and (D7). The ones concerning the problems (P7) and (D7) can be
derived from these and are available in the literature (see for instance [48]).

Theorem 3.22 (optimality conditions)
(a) If the constraint qualification (CQ7) is fulfilled and T is an optimal solution

to (Py), then v(Py) = v(D7) and (D7) has an optimal solution (I,q) satisfying the
following optimality conditions

(1) ln< > ciezi) + X Lin (k) = (@0) 70,

1€J([0] 1€J[0]

(ZZ) qk ln( Z ciexi> + Z Ez In (%) —qrIng, = (LT‘][k])T.i‘J[k], k=1,...,s,

i

ieJk] i€ J[k]
(iii) 2Tt =0,
() > cie® =1 whenq, >0, k=1,...,s,
i€ J[K]
where 277 = (2, . xn,) and 7 = (4, o te,), k=0,...,5.

(b) Having a feasible solution T to the primal problem and one to the dual (,q)
satisfying the optimality conditions (i) — (iv), the mentioned feasible solutions turn
out to be optimal solutions to the corresponding problems and strong duality holds.

Remark 3.8 This shows that the rich literature on posynomial programming can
be easier treated from the point of view of the Fenchel - Lagrange duality, especially
when the problems studied there are forced to agree with the strict framework of
the posynomial programming.



Chapter 4

Extensions to different
classes of optimization
problems

Within the fourth chapter of this thesis we have included several interesting exten-
sions and applications of the duality results presented earlier.

A first class where we apply the results given in the previous chapters consists of
the so - called composed convex optimization problems. Their study is important
for its theoretical aspect, but also for its practical applications. Let us mention
only some papers dealing with optimization problems involving composed functions,
namely [20, 27,61, 62, 88]. Closely related to such optimization problems is the
calculation of the conjugate of the composition of two functions. Papers like [27,
45,60] and the famous books [44] are usually cited when this comes in discussion.
As an application of the duality statements we provide for a composed convex
optimization problem and its Fenchel - Lagrange dual we present a general duality
framework for dealing with convex multiobjective programming problems. This
uses the scalarization of the primal vector minimization problem with a strongly
increasing function and we show that some other scalarization methods widely -
used in the literature (cf. [8,18,19,35,43,47,54,58,63,65,73,74,84-87,89-91,93-95],
among others) arise as special cases. The scalarization we present has already
been used in the literature by GOPFERT AND GERTH (cf. [40]), GERSTEWITZ AND
IwaNOw (cf. [38]), JAHN (cf. [46,47]) and MIGLIERINA AND MOLHO (cf. [64]), but
even when a dual has been assigned to the initial vector problem, the approach
came from Lagrange duality.

Entropy optimization is another field with many various applications in prac-
tice, from transportation and location problems to image reconstruction and speech
recognition. We refer to the books [34] and [57] for overviews on entropy optimiza-
tion and its applications in various fields.

We have considered a convex optimization problem having as objective function
an entropy - like sum of functions. After constructing a dual to this problem,
giving the strong duality and necessary and sufficient optimality conditions, we
show that the most important and used three entropy measures, namely those due
to SHANNON, KULLBACK AND LEIBLER and, respectively, BURG, are particular
instances of our entropy - like objective function, for some careful choices of the
functions involved. Therefore the problems usually treated in the literature via
geometric programming (see [33,34]) can be easier dealt with when considered as
special cases of the optimization problem with entropy - like objective function.

61



62 CHAPTER 4. EXTENSIONS TO OTHER CLASSES OF PROBLEMS

4.1 Composed convex optimization problems

The objective functions of the optimization problems may have different formu-
lations. Many convex optimization problems arising from various directions may
be formulated as minimizations of some compositions of functions subject to some
constraints. We cite here [20,27,61,62,88] as articles dealing with composed con-
vex optimization problems. Duality assertions for this kind of problems may be
delivered in different ways, one of the most common consisting in considering an
equivalent problem to the primal one, whose dual is easier determinable. If the de-
sired duality results are based on conjugate functions, sometimes even a more direct
way is available by obtaining a dual problem based on the conjugate function of the
composed objective function of the primal, which is writable, in some situations,
by using only the conjugates of the functions involved and the dual variables. De-
pending on the framework, the formula of the conjugate of the composed functions
is taken mainly from [27,44,45, 60].

Here we bring weaker conditions under which the known formula of the conjugate
of a composed function holds when one works in R™. No lower semicontinuity or
continuity concerning the functions to be composed is necessary, while the regularity
condition saying that the image set of the postcomposed function should contain
an interior point of the domain of the other function is weakened to a relation
involving relative interiors which is actually implied by the first one. This important
result is presented as an application of the strong duality for the unconstrained
composed convex optimization problem, followed by the concrete case of calculating
the conjugate of 1/F, when F' is a concave strictly positive function defined over
the set of strictly positive reals.

4.1.1 Strong duality for the composed convex optimization
problem

Let K and C be non - empty closed convex cones in R¥ and R™, respectively, and
X a non - empty convex subset of R”. On R* and R™ we consider the partial
orderings induced by the cones K and C, respectively. Take f : R¥ — R to be a
proper K - increasing convex function, F' : X — R* a function K - convex on X
and g : X — R™ a function C - convex on X. Moreover, we impose the feasibility
condition A N F~!(dom(f)) # (), where A = {x € X : g(z) € —C} and for any set
UCRF F7Y(U) = {2z € X : F(z) € U}. The problem we consider within this
section is

(Fe) inf  f(F(2)).

rzeX,
g(z)e—C

We could formulate its dual as a special case of (P) since f o F', completed with
plus infinite values outside X is a convex function, but the existing formulae which
allow to separate the conjugate of f o F' into a combination of the conjugates of
f and F ask the functions to be moreover lower semicontinuous even in some par-
ticular cases (cf. [44,45]). To avoid this too strong requirement we formulate the
following problem equivalent to (P.) in the sense that their optimal objective values
coincide,

(P) inf f(y).
zeX,yeR”,
g(z)e-C,
F(z)—ye—K

Proposition 4.1 v(P.) = v(P.).

C
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Proof. Let z be feasible to (P.). Take y = F(z). Then F(z) —y =0 € —K
(remember that the convex cone K is non - empty and closed). Thus (z,y) is
feasible to (P.) and f(F(x)) = f(y) > v(P.). Since this is valid for any « feasible
to (P.) it is straightforward that v(P.) > v(P.).

On the other hand, for (x,y) feasible to (P.) we have z € X and g(x) € —C,
so z is feasible to (P.). Since f is K - increasing we get v(P,.) < f(F(z)) < f(y).
Taking the infimum on the right - hand side after (z,y) feasible to (P.) we get

c

v(P.) < v(P.). Therefore v(P,) = v(Py). O
The problem (P)) is a special case of the initial primal optimization problem

(P) inf f(x),

rzeX,
g(x)e-C
with the variable (z,y) € X x R¥, the objective function 4 : R" x R¥ — R defined
by A(z,y) = f(y), the constraint function B : X x R¥ — R™ x R¥ defined by
B(z,y) = (g(x), F(x) — y) and the cone C' x K, which is a non - empty closed
convex cone in R™ x R*. We also use that (C' x K)* = C* x K*. The Fenchel -
Lagrange dual problem to (P.) is

(D) sip { = A(p.5) = (DT B) ypu (1 —5) |-
acC” ,BeEK™,
(p,s)ER™ xR*

Let us determine the values of these conjugates. We have

* _ T T, _ _ px 07 lfp:(),
A*(p,s) —Iselﬁlg’{p r+sy f(y)} =f (S)+{ +oo, otherwise,

yEeR®

and

*

((a7 5)TB)X><R’C (_p7 _S>

sup { —pTx—s"y—a’g(x) - BT (F(z) - y)}
rzeX,

yeRF
= (OéTg+ﬂTF)}(p)+{ o Hs=0

400, otherwise.

Pasting these formulae into the objective function of the dual problem we get
_A*(pa S) - ((aaﬁ)TB);XRk(_pa _8) = *(/6> - (aTg + ﬁF);(O)7

if p=0 and s = 3, while otherwise —A*(p, s) — ((a,ﬁ)TB);X]Rk(—p, —8) = +o0.
This makes the dual problem turn into

! su — f* — (T T)* .
(D) %6(5*’{ 17(8) = (g + ATF) 3 (0)}

When a € C* and g € K*, applying Theorem 16.4 in [72] we get
(g + 5TF)(0) = jnf {(57F) () + (7o) (~0)}

and this leads to the following formulation of the dual problem

(D) aecélvlé%K*,{ - /7(0) - (ﬁ F)X(u) B (a g)X(—u)}.

Thanks to Proposition 4.1 we may call (D.) a dual problem to (P.), too.
The weak duality statement follows directly from the one given earlier in the
general case.
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Theorem 4.1 v(D.) <v(P.).

Now let us write what becomes the constraint qualification (CQ) in this case.
We have

(CQ.) J(z’,y") € ri(dom(A)) Nri(X x R¥) : B(a',y) € 1i(C x K),

equivalent to

e mixy . o) € —ri(C),
(CQc) 3z’ €1i(X) { F(2/) € ri(dom(f)) — ri(K).
The strong duality statement follows accompanied by the necessary and sufficient

optimality conditions.

Theorem 4.2 (strong duality) Consider the constraint qualification (CQ.) fulfilled.
Then there is strong duality between the problem (P.) and its dual (D..), i.e. v(P.) =
v(D.) and the latter has an optimal solution if v(P.) > —oo.

Proof. According to Theorem 2.2, the fulfilment of (CQ.) is sufficient to guarantee
that v(P!) = v(D,) and, if v(P.) > —oo, the existence of an optimal solution to
the dual problem. Applying now Proposition 4.1 it follows v(P,) = v(D,) and (D.)
must have an optimal solution if v(P.) > —oo. O

Theorem 4.3 (optimality conditions)

(a) If the constraint qualification (CQ.) is fulfilled and the primal problem (P.) has
an optimal solution T, then the dual problem has an optimal solution (4, &, 3) and
the following optimality conditions are satisfied

(i) f*(B) + f(F(z)) = BT F(7),

(ii) (BTF) (u)+ BT F(z) = u'z,
(iii) (a”g)y(—a) +a"g(z) = —u"z,
(iv) aTg(z) = 0.

(b) If T is a feasible point to the primal problem (P.) and (u,a,[3) is feasible
to the dual problem (D.) fulfilling the optimality conditions (i) — (iv), then there is
strong duality between (P.) and (D.) and the mentioned feasible points turn out to
be optimal solutions of the corresponding problems.

Proof. The previous theorem yields the existence of an optimal solution (a, &, B)
to the dual problem. Strong duality is also attained, i.e.

F(P(@) = —f*(B) = (B"F) x (@) — (a"g) y (—u),
which is equivalent to
FF@) + £(B) + (BT F) () + (") (—u) = 0.
The Fenchel - Young inequality asserts for the functions involved in the latter equal-

ity
F(F(@) + f(B) = B F(2), (4. 1)

and
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The last four relations lead to
0>p3"F(z)+a'z - BTF(z) —a'z —alg(z) = —aTg(z) >0,

as & € C* and ¢g(z) € —C. Therefore the inequalities above must be fulfilled as
equalities. The last one implies the optimality condition (iv), while (¢) arises from
(4. 1), (i%) from (4. 2) and (i4i) from (4. 3).

The reverse assertion follows immediately, even without the fulfilment of (CQ.)
and of any convexity assumption we made concerning the involved functions and
sets. |

Remark 4.1 One can notice that the results in this section remain valid if the
initial assumption on K to be a non - empty convex closed cone is relaxed by taking
it only a convex cone in R* that contains Ogs.

4.1.2 Conjugate of the precomposition with a K - increasing
convex function

This subsection is dedicated to an interesting and important application of the
duality assertions presented in the previous one. We calculate the conjugate function
of a postcomposition of a function that is K - convex on X with a K - increasing
convex function, for K a non - empty closed convex cone, and we obtain the same
formula as in some other works dealing with the same subject, [27,44,45,60]. But
let us mention that we obtain this formula under weaker conditions than known
so far or deducible from the ones given in more general contexts (for instance in
the books [44], where the authors also work in finite-dimensional spaces, the two
functions are required to be moreover lower semicontinuous).

We find it useful to give here first the duality assertions regarding the uncon-
strained problem having as objective function the postcomposition of a K - increas-
ing convex function to a function which is K - convex on X, where K is a non -
empty closed convex cone and X a non - empty convex subset of R™, problem treated
within different conditions in [20]. We maintain the notations from the preceding
subsection and the initial feasibility assumption becomes F'(X)Ndom(f) # 0. The
primal unconstrained optimization problem is

(Pu) inf f(F(x)).

zeX

It may be obtained from (P.) by taking g the zero function and C = {0}™. So
its Fenchel - Lagrange dual problem becomes

su — () = (BTF) " (u) — (aT0)", (—u
(Dw) aec*%m{ (8 = (87F) (1) = (a70) (=) },

equivalent, as « € C* is no longer necessary, to

(Dy) sup { - f*(B) — (ﬁTF);(u) — sup —uTx}.
BEK™, z€X
u€R"

It is easy to see that (the supremum is attained for u = 0)

sup { —(B"F)" () - sup —uTx} — (8"F)(0).

u€ER™ rzeX

Thus the dual problem becomes
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(D) sup { = f*(8) = (87F)  (0)},

BEK™

while the constraint qualification that is sufficient to guarantee strong duality be-
tween this dual and the primal problem (P,) is

(CQu) Iz’ eri(X) : F(2') € ri(dom(f)) — ri(X).
The weak and strong duality statement follow, directly from the general case.
Theorem 4.4 v(D,) < v(P,).

Theorem 4.5 (strong duality) Consider the constraint qualification (CQ.) ful-
filled. Then there is strong duality between the problem (P,) and its dual (D)
and the latter has an optimal solution if v(P,) > —oo.

We actually want to determine the formula of the conjugate function (f o F)%
as a function of f* and F%. We have for some p € R”

(fo F)x(p) = sup {pTae— f(F(2))} =~ inf {/(F(x)) —pla}.
z€ z
We are interested in writing the minimization problem above in the form of
(P,). Consider the functions
A:RFXR" SR, A(y,2) = f(y) —pT2

and
B:X — R¥ xR", B(z) = (F(x),z).

After a standard verification A turns out to be convex and (K x {0}™) - increas-
ing, while B is (K x {0}") - convex on X. It is not difficult to notice that

inf {f(F@) - p"e} = inf A(B(@)).

According to Theorem 4.5, the values of these infima coincide with the optimal
value of the Fenchel - Lagrange dual problem to the minimization problem in the
right - hand side,

(P.) inf A(B(2)),

when the constraint qualification (CQ,,) is fulfilled for B and the corresponding sets.
Let us formulate its dual problem and the constraint qualification needed here. The
first one arises from (D,,), being

(D) sup { = 4%(8,7) = ((8.1)7B) 0},

while the constraint qualification is

(CQu) 50’ € 1i(X) : B(a') € ri(dom(f) x R") — 5i(K x {0}"),
simplifiable to

(CQu) S’ € 1i(X) : Fa) € rifdom(f)) - ri(K),

or equivalently,
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(CQ.) 0 € F(ri(X)) — ri(dom(f)) + ri(K).
By Lemma 2.1, (CQ,) is actually
(CQ.) ri(F(X) + K) Nri(dom(f)) # 0.

To determine a formulation of the dual problem that contains only the conjugates
of f and F regarding X, we have to determine the following conjugate functions

A*(B,y) = sup {BTy++T2— Ay, 2)}
yelﬁ’z,
zZE

= sup {BTy+7"2— fly)+p"2}
y€ERF,
zER™

= sup {7y~ f(y)} + sup {+"z+p" 2}
yeRF z€Rn

= O+ S, S

400, otherwise,

and
((8,M7B)(0) = sup {0-B"F(z) — 7"z} = (B7F) ().

As the plus infinite value is not relevant for A* in (D,) which is a maximization
problem where this function appears with a leading minus in front of, we take fur-
ther v = —p and the dual problem becomes

D, sup 1 = f*(8) = (B7F) (p) ;-
(D) swp { =7 - (57F) )

When the constraint qualification is satisfied, i.e. ri(F(X)+K)Nri(dom(f)) # 0,
there is strong duality between (P,) and (D,), so we have

(FoF)x(p) = — inf [f(F(x)~p"a] =~ swp { ~ £(8) ~ (57F)(n)}

reX BEK*

= it [118)+ (57F)x0)] = min [£(8)+ (57F) k)]

BeEK™ BeEK™
Hence we have proven the following statement.

Theorem 4.6 (the conjugate of the composition) Let K be a non - empty closed
convez cone in R* and X a non - empty convex subset of R*. Take f:RF - R to
be a proper K - increasing convex function and F : X — RF a function K - convex
on X such that F(X)Ndom(f) # 0. Then the fulfillment of (CQ,) yields

(f o F)x(p) = min [£(8) + (87F) ()] vp € " (4. 4)

Unlike [44] no lower semicontinuity assumption regarding f or F' is necessary for
the validity of formula (4. 4). Let us prove now that the condition (CQ,) is weaker
than the one required in the work cited above, which is in our case

F(X) Nnint(dom(f)) # 0. (4. 5)

Assuming (4. 5) true let 2’ belong to the both sets involved there. It follows that
2’ € F(X)+ K and int(dom(f)) # 0, so ri(dom(f)) = int(dom(f)) which is an open
set. On the other hand F(X) + K is a convex set, so it has a non - empty relative
interior. Take 2" € ri(F(X) + K).
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According to Theorem 6.1 in [72], for any A € (0,1] one has (1 — \)z" + X2" €
ri (F(X)+ K). As 2’ € int(dom(f)) which is an open set, there is a A € (0, 1] such
that z = (1 — \)z' + A2” € int(dom(f)) = ri(dom(f)). Therefore

z €11 (F(X) + K) Nri(dom(f)),

ie. (CQ,) is fulfilled.
An example where our condition (CQ,) is applicable, while (4. 5) fails follows.

Example 4.1 Take k = 2, X = R, K = {0} x Ry, F : R — R?, defined by
F(x) = (0,7) Vz € R and f:R? — R, given for any pair (z,y) € R? by

400, otherwise.

f(x,y):{ Y, if x =0,

It is easy to verify that F' is K - convex, f is proper convex and K - increasing and
K* =R x R;. We also have F(X) = {0} x R, dom(f) = {0} x R, int(dom(f)) =0
and ri(dom(f)) = {0} x R. The feasibility condition F'(X)Ndom(f) # 0 is satisfied,
being in this case {0} x R # (). Let us notice also that since X = R the conjugates
regarding X are actually the usual conjugate functions.

As (fo F)(z) = f(0,2) = z Vz € R, it follows

|0, ifp=1,
(fo F)"(p) = { 400, otherwise.
We also have, for all (a,b) € R x Ry and all p € R,

0, ifb=1,
400, otherwise,

0, if b=p,
400, otherwise,

fa,b) = { and ((a,b)F)"(p) = {

which yields

0, ifp=1,

(a,b)ERXR 400, otherwise.

min [ £*(a.0) + ((a,)F)" ()] = {
Therefore the formula (4. 4) is valid. Let us see what happens to (CQ,) and (4. 5).
Taking into consideration the things above, (CQ,) means {0} x R # (), while (4. 5)
is {0} x RN O # (. It is clear that the latter is false, while our new condition is
satisfied. Therefore (CQ,) is indeed weaker than (4. 5).

The formula of the conjugate of the postcomposition with an increasing convex
function becomes for an appropriate choice of the functions and for K = [0, +00)
similar to the result given by HIRIART - URRUTY AND LEMARECHAL in Theorem
X.2.5.1 in [44]. As shown above, there is no need to impose lower semicontinuity
on the functions involved and a so strong constraint qualification as there.

We conclude this section with a concrete problem where the results given in this
section find a good application.

Example 4.2 (see also [45]) Let F' : X — R be a function concave on X with
strictly positive values, where X is a non - empty convex subset of R™. We want to
determine the value of the conjugate function of 1/F at some p € R™. According
to the preceding results, we write (1 / F);(p) as an unconstrained composed convex
problem by taking K = (—o0, 0], which is a non - empty closed convex cone and
f:R — R with f(y) = 1/y for y € (0, 4+00) and 400 otherwise. It is interesting to
notice that the concave on X function F' is actually K - convex on X for this K
while f is K - increasing. Now let us see when the constrained qualification (CQ,)



4.1 COMPOSED CONVEX OPTIMIZATION PROBLEMS 69

specialized for this problem is valid. It is in this case

(CQe) ri (F(X) + (—o0, O]) N (0, +00) # 0,
which is nothing but

(CQe) (F(xi(X)) + (—00,0)) N (0, +00) # 0,

which is always fulfilled since F' has only strictly positive values.
So the formula (4. 4) obtained before can be applied without any additional
assumption. We have

(;) () = inf [£*(8) + (BF)x (0)]-

x F<0

As f is known, we can calculate its conjugate function at some # < 0, which is

actually . 25 it 6<0
* . _ - -, 1 < )

y>0
Meanwhile, for (6F)% we have

N —B(—F)% (—_1 p), if <0,
= B
(BF)x(p) { 55 (o), =0,

We conclude after changing the sign of 8 that the formula of the conjugate of 1/F

is
1\" . L1
(F>x (p) = min { Inf [ﬁ(—F)x (517) - 2\/5} ; Ux(p)}~
When the value of the conjugate is finite either it is equal to ox(p) or there is a

B3 > 0 for which the infimum in the right - hand side is attained. The value of the
infimum gives in this latter case actually the formula of the conjugate.

4.1.3 Duality via a more general scalarization in multiob jec-
tive optimization

Multiobjective optimization is a modern and fruitful research field with many prac-
tical applications, concerning especially economy but also various algorithms, loca-
tion and transports, even medicine. One of the methods one can use to deal with
a vector - minimization problem is via duality, and this is realized mostly by at-
taching a scalarized problem to the initial one. Using the scalarized problem and
its dual a multiobjective dual problem to the primal vector problem is constructed
and the duality assertions follow. Different scalarization methods were proposed in
the literature, using linear functions, norms or various other constructions. In the
following we introduce a Fenchel - Lagrange duality for multiobjective programming
problems in a more general framework, using the scalarization with a strongly K
- increasing function. This type of scalarization has already been used in the lit-
erature by GERSTEWITZ AND IwWANOW (cf. [38]), GOPFERT AND GERTH (cf. [40]),
JAHN (cf. [46,47]) and MIGLIERINA AND MOLHO (cf. [64]), among others, but with-
out connecting it to conjugate duality. As many of the other scalarizations used
in the literature use strongly increasing functions, too, they can be rediscovered
as special cases in the framework we describe here. This happens for the linear
scalarization, maximum scalarization, norm scalarization and other scalarizations
involving special strongly K - increasing functions.
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4.1.3.1 Duality for the multiobjective problem

Let the convex multiobjective optimization problem

(Py) v-min F(z),

g(z)e—C
where F' = (Fy,...,F;)T, g, X, K and C are considered like in the beginning of
the subsection. Like before, A denotes the feasible set of the problem (P,). By a
solution to (P,) one can understand different notions, we rely in this part of the
present thesis to the following ones.

Definition 4.1 (cf. [38]) An element T € A is called efficient with respect to (P,)
if from F(z) — F(Z) € —K for x € A follows F(z) = F(Z).

Let us denote by S an arbitrary set of K - strongly increasing convex functions
s:RF - R.

Definition 4.2 (see also [38]) An element T € A is called properly efficient with
respect to (P,) when there is some s € S fulfilling s(F(z)) < s(F(z)) Yz € A.

In order to deal with (P,) via duality we introduce the following family of scalar-
ized problems

P, inf s(F(z)),

(P,) int s(F(x)
where s € S. For any s € S, from the previous sections (see (D.)) we know that
the Fenchel-Lagrange dual problem to (P;) is

(D.) s { = s5"(8) — (BTF)x(w) - (@7 9)k (~w) }.
A

Using this, we introduce the following multiobjective dual problem to (P,)

(D) v-max  z,
(z,8,a,8,u)EB
where
B = {(z,s,a,ﬂ,u) ERF xS xC* x K* xR" :

5(2) < =5(8) = (87F) y(w) = (a”g) x (~u)}.

Theorem 4.7 (weak duality) There is no x € A and no (z, s, «, B,u) € B such that
F(z)—z€ —K and F(x) # z.

Proof. Assume that there are some x € A and (z, s, @, 8,u) € B contradicting the
assumption. As s is K - strongly increasing it follows

On the other hand,
s(2) < =s"(8) = (B F)x (u) — (a” 9)k (~u),

S0 we get

s(F(x)) < =s*(8) — (BT F)k (u) — (@’ g)x (—u).
This last relation contradicts the weak duality theorem for (P;) and (Dy), therefore
the supposition we made is false and weak duality holds. |
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Definition 4.3 An element (2,5, a, 3,1) € B is called efficient with respect to (D)
if from z — z € =K for (z,s,a,B,u) € B follows z = Z.

The constraint qualification that guarantees strong duality between (P,) and its
dual (D,) comes immediately from (CQ.), being

(CQy) I’ eri(X) : g(2') € —ri(C).

Theorem 4.8 (strong duality) Assume (CQ,) fulfilled and let T € A be a properly
efficient solution to (P,). Then the dual problem (D,) has an efficient solution
(z,5,a, 5,u) such that F(T) = Z.

Proof. According to Definition 4.2 there is an § € S such that 5(F(z)) < 5(F(x))
Vz € A. It is obvious that Z is also an optimal solution to the scalarized problem
(Ps), therefore v(P5) > —oo. As (CQ,) is assumed valid there is strong duality
between (Ps) and (Ds) because of Theorem 4.2 (notice that as § has only finite
values (CQ.) reduces to (CQ,)). Therefore (Ds) has an optimal solution, say
(@, B,1) € C* x K* x R". We have

5(F(z)) = =5"(8) = (BT F)x (1) — (a7 g)  (—a).

Let also zZ = F(z) € R*. It is obvious that (Z, 3, @&, 3,%) € B and so we have found a
feasible point to the dual problem. It remains to prove that (Z, 5, @, 3, u) is efficient
with respect to (D,). Supposing that there is some (2/, s, o/, 3’,4') € B such that
z—2 € —K and z # 2/, it follows that F(z) — 2’ € —K and F(Z) # 2’, which
contradicts Theorem 4.7. O

Theorem 4.9 (optimality conditions)

(a) If the constraint qualification (CQ,) is fulfilled and the primal problem (P,) has
a properly efficient solution T, then the dual problem (D,) has an efficient solution
(2,5, @, 3,u) and the following optimality conditions are satisfied

(i) F(z) =z,
(ii) s*(B) + s(F(z)) = B F(z),
(iii) (BT F) (@) + BTF(z) ="z,
(iv) (6Tg)(—u)+aTg(z) = —u'z,
(v) aTg(z) =0.

(b) If T is a feasible point to the primal problem (P,) and (%, 5, &, (3,4) is feasible
to the dual problem (D) fulfilling the optimality conditions (i) — (v), then T is a
properly efficient solution to (Py,) and (Z, 8, &, B, @) is efficient to the dual problem
(Dy).

Remark 4.2 The optimality conditions regarding (P,) and (D,) follow immedi-
ately from the ones concerning the problems (P;) and (D;) and Theorem 4.8. The
result in Theorem 4.9(b) is valid even without assuming (CQ,) fulfilled.

Next we show how the duality statements given above can be applied for other
scalarizations in the literature. We have chosen three of them to be included here,
namely the linear scalarization, the maximum scalarization and the norm scalariza-
tion.
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4.1.3.2 Special case 1: linear scalarization

The most usual scalarization in vector optimization is the one with strongly increas-
ing linear functionals, called linear scalarization or weighted scalarization. From the
large amount of papers dealing with this kind of scalarization we mention here the
works of BOT AND WANKA [18,19,89-91, 93], as they worked with Fenchel - La-
grange duality, too.

Take K = RE. For some fixed A = (A1,...,Ax)? € int(R%), the scalarized
primal problem is

(P) inf [Zk: AiFj(z) |-

z€A j=1

The linear scalarization is a special case of the general framework we presented
as the objective function in (Py) can be written as s(F(z)), for sx(y) = My and
it is clear that sy is R - strongly increasing and convex for any A € int(R%). In
this case let S = &;, the latter being defined as follows

S = {s)\ ‘RF S R: sy(y) =My, e int(R’i)}.

The following definition of the proper efficient elements to (P,) is available in
this case (cf. [18,19,89-91, 93], among others).

Definition 4.4 An element T € A is called (1) properly efficient with respect to
(P,) when there is A € int(R%) fulfilling Z;?:l N F;(z) < Z?Zl AjF(x) Vo € A

Let us write now the dual problem to (P,) that arises by using the scalariza-
tion function s € S;. One can easily notice that the dual variable sy € &; that
fulfills s)(y) = ATy Vy € R*, where A € int(R%), can be replaced by the variable
A € int(R%). Moreover, as s}(u*) = 0 if u* = X and s}(u*) = +o0o otherwise, the
variable 8 € K* from (D,) is no longer necessary since the inequality in the feasible
set of the dual problem is not fulfilled unless 8 = A. Therefore the dual problem
obtained in this case to (P,) is

D _
) B
where
B = {(z,/\,a,u)ERk xint(]R’j_) X C*xR": 2= (21,...,2)%,

k k
A= )T D Nz < =) (A TF)x(u) — (aTg)}(—u)}-
j=1 j=1
By Theorem 16.4 in [72] we have for A and u taken like in B;
k
(A"F)%(u) = min {(/\ij)}(pj) D> pi= u}
j=1

and, as A; >0, j =1,...,k, this becomes

k
(AT F)k (u) = min {Aij} (%Pj) DY b= u}
Y =
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Denoting y; = (1/A;)p; for j=1,...,k, and y = (y1,...,Yx), the latter dual prob-
lem turns into

Dj v-max  z,

( l) (z,\,y)€EB]

with

B = {(z,)\,a,y)Ekaint(Rﬁ_)xC*X(R”X...R"):y(yl,...,yk),z

k k k
(10 2) ) Nz < =D N (F) () — (@9)k ( -> /\jyj> },
j=1 j=1 j=1

which is exactly the dual problem obtained by BOoT AND WANKA in [18] and [19].

Theorem 4.10 (weak duality) There is no x € A and no (z, A, o, y) € B such that
F(z) £ z and F(x) # =.

Theorem 4.11 (strong duality) Assume (CQ,) fulfilled and let T € A be an (1)
properly efficient solution to (P,). Then the dual problem (D) has an efficient
solution (Z, A\, @, y) such that F(z) = Z.

4.1.3.3 Special case 2: maximum scalarization

Another scalarization met especially in the applications of vector optimization is the
so - called Tchebyshev scalarization or maximum scalarization, where the scalarized
problem’s objective function consists in the maximal entry of the vector - function
at each point. Among the papers dealing with this kind of scalarization we cite
here MBUNGA’s [63], mentioning also [35]. The weighted Tchebyshev scalarization
in [47,65,87] is closely related to the scalarization we treat here, but as the cal-
culations work like in the case we treat we present the simpler situation. Take
K = int(R%) U {0}. In this case the scalarized primal problem is

(Pmax) acuelfﬁl]:nllaxk Fj(@).

The maximum scalarization is a special case of the general framework we pre-
sented as the objective function in (Ppayx) is K - strongly increasing and convex
(see also Remark 4.1). The set S is in this case

Sm = {s ‘RF S R, s(x) = mkaf(:rj, x=(r1,...,75)" € Rk}.
g

The following definition of the proper efficient elements to (P,) is available in
this case.

Definition 4.5 An element € A is called (m) properly efficient with respect to
(P,) when max?zl F;(z) < maxle Fj(x) Vz € A.

Let us write now the dual problem to (P,) when the scalarization function
s € S,,. First, the variable s € S,,, disappears, as s = max?zl. We also have
K* = RY and s*(y*) = 0 if y* = (yf,...,y;)7 € RE and Z?:MJ; = 1 and
s*(y*) = +oo otherwise. Therefore the dual problem obtained in this case to (Py)
is
(D) v-max 2z,
(z,0,8,u)EBm,
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where

B, = {(z,oz,ﬁ,u) ERY x C* xRE xR": 2= (21,...,21) . 8= (B1s--.. B)"

k
S8 = Lmix{z} < (67 F)i(w) - <aTg>§<u>}.

Theorem 4.12 (weak duality) There is no © € A and no (z,a,(,u) € By, such
that z — F(z) € int(RY).

Theorem 4.13 (strong duality) Assume (CQ,) fulfilled and let T € A be an (m)
properly efficient solution to (P,). Then the dual problem (D,,) has an efficient
solution (Z,&, 3,4) such that F(T) = Z.

4.1.3.4 Special case 3: norm scalarization

Other scalarizations used in the literature deal with monotonically increasing norms
and scalarization functions generated by norms. Works due to KALISZEWSKI (cf.
[54]), KHANH (cf. [58]), RUBINOV AND GaAsIMOV (cf. [73]), SCHANDL, KLAMROTH
AND WIECEK (cf. [74]), TAMMER (cf. [84]), TAMMER AND GOPFERT (cf. [85]) and
others contain multiobjective optimization problems scalarized by techniques in-
volving norms. The scalarization functions in these papers are strongly increasing
on different cones and one can apply the results we gave for the general scalar-
ized problem (Py) in a similar way to the scalarized problem we treat here. In the
following we attach to (P,) a scalarized problem obtained with the scalarization
function used by TAMMER AND WINKLER in [86] and by WINKLER in [96] (see also
WEIDNER’s papers [94,95]). In order to proceed we need to introduce some special
classes of norms, about which more is available in [74] and some references therein.
Take the cone K such that K = int(K) U {0}.

Definition 4.6 A subset A C RF is called polyhedral if it can be expressed as the
intersection of a finite collection of closed half-spaces.

Definition 4.7 A norm v : R¥ — R is called block norm if its unit ball B., is
polyhedral.

Definition 4.8 A norm v : RF — R is called absolute if for any § € R* one has
v(y) = v(g) for ally € {z =(z1,...,2)T €R*: |2 = |g;| Vi =1,.. .,k}.

Definition 4.9 A block norm ~ : R¥ — R is called oblique if it is absolute and
satisfies, for ally € RE Nbd(B,),

(v —R5) MR Nbd(B,) = {y).

According to [74] and [86] (see Definition 4.7), for an absolute norm v on R*
there are some w € N, a; € R¥ and 7; € R, i = 1,...,w, such that the unit ball
generated by ~ is

B,Y:{yGRk:aiTygm,izl,...,w}.
We need also the following sets
I, = {ie {1,...,w}: {yeRk:aiTy:ni}ﬂByﬂint(Ri)#V)}

and
Ev:{yéRk:a?ySmWEIV}.
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Theorem 4.14 (cf. [86]) The function (., : RF — R, defined by
Cyiw(y) = inf {7’ eR:yerl+E,+ 0}7

where 7y is an absolute norm on R¥, | € int(R%) and v € R¥, is convez and K -
strongly increasing when bd(E,) — (K\{0}) € int(E,).

Corollary 4.1 (cf. [86]) When «y is an absolute block norm and K = int(R¥ )U{0}
then (y1,0 95 K - strongly increasing for any | € int(Ri) and v € R,

Corollary 4.2 (cf. [86]) When v is an oblique norm and K = R¥ then (1., is K
- strongly increasing for any l € int(]R’fr) and v € R,

Denote by O the set of the absolute norms 7 : R¥ — R and consider the following
set
S = {7 € O :bd(E,) — int(K) € int(EW)} x int(RE ) x RE.

The family of scalarized problems attached to (P,) in this case is

(Py10) ;g& Gyt (F (),

where (v,1,v) € S,,. According to the definitions above and Theorem 4.14 this fits
into our framework, too, by taking S = S,,. The definition of the proper efficient
elements comes as follows.

Definition 4.10 An element T € A is called (n) properly efficient with respect to
(P,) when there is an absolute norm v, some | € int(R%) and v € R* such that

Crtw(F(2) < Gran(F(@)) Vo € A.

To obtain the dual problem to (P,) that arises by using the scalarization just
presented, let us calculate the conjugate of the scalarization functions (., for
some fixed (v,1,v) € S,,. We have

Guoly®) = sup {y*Ty —inf[reR:yeTl+E, +v]}
yERF
= Sllp{y*Ty+Sup{7T€R2y€TZ+E,Y+’U}}.
yERF

Denoting w = y — 7l — v, one gets

Qo) = sup{ — 7T+ sup {y*T(w+rl+v)}}
TER weE,

= sup{ -7+ Ty*Tl + sup y*Tw} + y*TU

TER weE,
= sup {T<y*Tl - 1)} +oe,(y")+ y*Tv
TER
_ OE, (y*) +y*TU7 if y*Tl =1,
400, otherwise.

The dual problem to (P,) obtained in this case is

(D) vmax 7,
(z,7,Lv,0,8,u)€By,
where
B, = {(Z,’Y,Z,U,Oé,ﬂ,u)ERkXSnXC*xK*xR”:ﬁTl:L

Craal2) < —0m, (8) + B0 = (BTF)x (1) — (a7g)x (—u) }.
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Theorem 4.15 (weak duality) There is no x € A and no (z,7,l,v,a,B,u) € B,
such that z — F(x) € int(K).

Theorem 4.16 (strong duality) Assume (CQ,) fulfilled and let T € A be an (n)
properly efficient solution to (P,). Then the dual problem (D,) has an efficient
solution (2,7%,1,0,&, 8,u) such that F(T) = Z.

4.2 Problems with convex entropy - like objective
functions

Entropy optimization is a modern and fruitful research area for scientists having var-
ious backgrounds: mathematicians, physicists, engineers, even chemists or linguists.
For comprehensive studies on its history and applications the reader is referred to
the quite recent books [34,57]. We mention just that the most important entropy
measures are due to SHANNON (cf. [83]), KULLBACK AND LEIBLER (cf. [59]) and,
respectively, BURG (cf. [24]).

Many papers, including two co - written by the author of the present thesis
together with BOT AND WANKA (see [13,16]), and books among which we have
just mentioned two (see [34,57]) deal with entropy optimization, especially with its
multitude of applications in various fields such as transport and location problems,
pattern and image recognition, text classification, image reconstruction, etc.

The problem we consider here cannot be classified as a pure entropy optimization
problem. It is actually a generalization of the usual entropy optimization problems
and we argue this statement by the special cases we will present in Subsection 4.2.2.
These special cases cover a multitude of problems in entropy optimization, thus our
results provide a good framework to deal with many entropy optimization problems.
To remain connected to the previous results in this thesis let us mention that many
entropy optimization problems were treated so far via posynomial geometric pro-
gramming, as the objective function of the logarithmed dual problem in posynomial
programming (D7) is actually an entropy type function. We treat these problems
via conjugate duality, as they occur as special cases of the general entropy - like
problem we deal with.

4.2.1 Duality for problems with entropy - like objective func-
tions

Consider the non - empty convex set X C R", the affine functions f; : R" — R,
i =1,...,k, the concave functions ¢; : R® — R, i = 1,...,k, and the functions
hj: X - R, 7=1,...,m, which are convex on X. Assume that for i =1,... k,
fi(z) > 0 and 0 < g;(x) # +oo when z € X such that h(z) £ 0, where h =
(h1,. .., hm)T. Denote further f = (f1,..., fr)T and g = (g1,...,9x)".

The convex optimization problem we consider throughout this section is

rzeX,
h(z)<0

. filx)
(Pr) inf L; fi(z)In (gl(i))] :
As usual in entropy optimization we use further the convention 0ln0 = 0.

The objective function of problem (Py) is a Kullback - Leibler type sum, but
instead of probabilities we have as terms functions. To the best of our knowledge
this kind of objective function has not been considered yet in the literature. There
are some papers dealing with problems having as objective function expressions like
J F(@)In(f(t)/g(t))dt, such as [4], but the results described there do not interfere
with ours. Of course the functions involved in the objective function of the problem
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(Py) may take some particular shapes and (Py) turns into an entropy optimization
problem.

Using a special construction, similar to the one used by WANKA AND BOT in [91],
we obtain another problem that is equivalent to (Py), whose dual problem (Dy) is

easier to determine. Let us introduce, for i = 1,..., k, the functions ®; : R? — R,

Bi(si,th) = { s; In (%), if s5; > 0 and t; > 0,
400, otherwise,
where s = (s1,...,8)7, t = (t1,...,tx)T and the set
&= {(z,s,t) € X xRE x int(RK) : h(z) <0, f(z) = 5,¢ < g(as)}.

Now we consider a new optimization problem

k
(Pq;.) inf Z (I)i(SZ', ti)‘| .
(z,s,t)€E | j=1
For each 1 = 1,...,k, the function ®; is convex, being the extension with posi-

tive infinite values to the whole space of a convex function (see [57]). The convexity
of the set £ follows from its definition.

Remark 4.3 The observations above assure the convexity of the problem (Pg).

Even if the problems (Py) and (Pp) seem related, an accurate connection be-
tween their optimal objective values is required. The following assertion states it.

Proposition 4.2 The problems (Ps) and (Ps) are equivalent in the sense that
v(Pr) = v(Pg).

Proof. Let us take first an element 2 € X such that h(z) £ 0. It is obvious that
(z, f(z),g(x)) € £. Further,

k
;fz( ! <9¢($)

k
) =3 ®ilfila),gi(@) = v(Pa).

As x is chosen arbitrarily in order to fulfill the constraints of the problem (Py) we
can conclude for the moment that v(Py) > v(Ps).

Conversely, take a triplet (z,s,t) € £. This means that we have for each
i =1,...,k, fi(z) = s; and g;(x) > t;. Further we have for all i = 1,... k,
1/(gi(z)) < 1/t;, followed by (fi(x))/(g:(x)) < s;/t;. Consequently, because In
is a monotonically increasing function, it holds In((f;(x))/(g:(x))) < In(s;/t;),
i =1,...,k Multiplying the terms in both sides by the corresponding f;(z) = s;,
i=1,...,k, and assembling the resulting relations it follows

k k

o () 1n fi(z) v
S0t 2 YA (1) 2 (7).

i=1

As the element (z,s,t) has been taken arbitrarily in &, it yields v(Ps) > v(Py).
Therefore, v(Pf) = v(Ps). O

Further we determine the Lagrange dual problem to (Pg), that is also a dual to
the problem (Py). It has the following raw formulation, where ¢/, ¢9 and ¢" are
the Lagrange multipliers,
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(D) sup  inf

> s (2) +<qh>Th<x>+<qf>T<f<x>s>+<q9>T<tg<x>>] .

¢ eR¥, xe)g,
qQGRi7 s.eRﬂﬂ
thRT teint(RY)

Taking a closer look to the infimum that appears above one may notice that it
is separable into a sum of infima in the following way

k
inf [231' In (%) + (@) Th(x) + (@ (f(x) =)+ (¢)T(t - g(m))]

rx€X,
SERIL
teint(RY )
= i [(@")"h@) + (@) (@) ~ (@) g(a)]
k S
i . S T .
3 [ (2) il atn]
=1 t;>0

where ¢¢ = (qf,.. .,qg)T and ¢f = (qlf, e 7q{:)T. We can calculate the infima

regarding s; > 0and t; >0 foralli=1,...k,

Su%f0 [sl In (t—z) — qlfsi + qftl} = 51ir12f0 [sl Ins; — qlfsi + tliI;fO [¢ft; — siIn tl]] )
t; >0

In order to resolve the inner infimum, consider the function ¢ : (0,+00) — R,
o(t) = at — Blnt, where o > 0 and 8 > 0. Its minimum is attained at t = §/a > 0,
being p(8/a) = 5 — BIn B+ Blna. Applying this result to the infima concerning
t; in the expressions above for i = 1,..., k, there follows

si—silns;+s;Ing!, if ¢! >0,

inf [qfti — 8 lnti} =< 0, if ¢/ =0and s; =0,
ti=0 —00, if ¢/ =0 and s; > 0.
Further we have to calculate for each i = 1,...,k the infimum above with respect

to s; > 0 after replacing the infimum concerning ¢; with its value. In case ¢/ > 0
we have

inf silnsi—q{si—i—si—silnsi—i—silan’] = inf {si(l—qu—i—lan)
5; >0 $; 20

0, ifl—g¢/+mg¢’ >0,
—o00, otherwise.

When ¢/ = 0 the infimum concerning s; is equal to —oo.
One may conclude for each i = 1,..., k, the following

. s; 0 if1—¢/ +Ing? >0and ¢? >0
f [s;1 (—)— fl 9t | = ) i i = i (4.
811/2107 [s . t; G 5itd; —o00, otherwise. (4. 6)
t; >0

The negative infinite values are not relevant to the dual problem we work on since
after determining the inner infima one has to calculate the supremum of the ob-
tained values, so we must consider further the cases where the infima with respect
to s; > 0 and t; > 0 are 0, i.e. the following constraints have to be fulfilled
1—¢/ +In¢g! >0and ¢/ >0, i =1,...,k The former additional constraints

are equivalent to ¢/ > e —1vj = 1,...,k. Let us write now the final form of the
dual problem to (Pg), after noticing that as %! =1 > 0 the constraints q? € R’j_ and
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¢/ >0,i=1,...,k, become redundant and may be ignored,
(Dy) sup  inf [(¢")7h@) + (@) (@) — (¢)Tg(a)].

qf eRF ¢"eRT,
f
gf et Thi=1,.k

Although (Dy) has been obtained via Lagrange duality from (Pg) we refer to it
further as the dual problem to (Py) since (Py) and (Pg) are equivalent. We could go
even further, to the Fenchel - Lagrange dual problem to (Py), but, as the Lagrange
dual is suitable for our purposes we will use it for the moment. Then, in the special
cases, the conjugates of the functions involved will appear.

Next we present the duality assertions regarding (Py) and (Dy). Weak duality
always holds, but we cannot say the same about strong duality. Alongside the initial
convexity assumptions for X and h;, ¢ = 1,...,m, the concavity of g;, i =1,...,k,
and the affinity of the functions f;, ¢ = 1,...,k, an additional constraint qualifica-
tion is sufficient in order to achieve strong duality. The one we use here comes from

(CQ,), being

f(a') >0,
(CQy) Iz’ eri(X): < hj(a') <0, ifje Ly,
hj(z') <0, if j e {l,...,m}\Ly,
where we have divided the set {1,...,m} into two disjunctive sets as before, Ly con-

taining the indices of the functions h; that are restrictions to X of affine functions,
je{l,...,m}.
The strong duality statement arises naturally.

Theorem 4.17 (strong duality) If the constraint qualification (CQy) is fulfilled
then there is strong duality between problems (Py) and (Dy), i.e. (Dy) has an
optimal solution and v(Py) = v(Pg) = v(Dy).

Proof. Since ®;(s;,t;) > 0 ¥Y(x,s,t) € € Vi € {1,...,k} (the most important
properties of the Kullback - Leibler entropy measure are presented and proved
in [57]) it follows

U(Pcp) Z 0.

The constraint qualification (CQy) being fulfilled, there is a triplet (z/,s',t') €
ri(X) x int(R%) x int(R% ) such that

hi(2') <0, ifj€ Ly,

hj(z') <0, if je{l,...,m}\Ly,
f@) =+,

th < gi(x), fori=1,...k.

For instance take s’ = f(a’) and ¢’ = (1/2)g(z’).

The results above allow us to apply Theorem 5.7 in [32], so strong duality be-
tween (Pp) and (Dy) is certain, i.e. (Dy) has an optimal solution and v(Ps) =
v(Dy). Proposition 4.2 yields v(Py) = v(Dy). O

Another step forward is to present some necessary and sufficient optimality
conditions regarding the pair of dual problems we treat.

Theorem 4.18 (optimality conditions)

(a) Let the constraint qualification (CQy) be fulfilled and assume that the primal
problem (Py) has an optimal solution . Then the dual problem (Dy) has an optimal
solution, too, let it be (¢F,q9,q"), and the following optimality conditions are true,
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(i) fi@)n (£3) = al f.@) - @0@), i = 1.k,
(ii) inf |(@")7h@) + (@) f(x) = @) 9(@)] = @)@ - @) 9(@),

(iii) @ihi(z) =0,5=1,...,m.

(b) If T is a feasible point to (P¢) and (¢7,q9,q") is feasible to (Dy) fulfilling
the optimality conditions (i) — (iii), then there is strong duality between (Py) and
(Dy). Moreover, T is an optimal solution to the primal problem and (¢7,q%,q") an
optimal solution to the dual.

Proof. (a) Under weaker assumptions than here Theorem 4.17 yields strong duality
between (Py) and (D). Therefore the existence of an optimal solution (g7, ¢, g")
to the dual problem is guaranteed. Moreover, v(Py) = v(Dy) and because (Py) has
an optimal solution its optimal objective value is attained at & and we have

- fi(2)
_ i\T . T e T
;fi(m) . (gi(m)> = inf [@)7h(@) + @) f(@) - @) o). @)

Earlier we have proven the validity of (4. 6). Using it we can determine the conju-

gate function of ®;, i =1,...,k, at ((jlf, —qf) as follows
@f(qgcv ) = sup {(Zf, —q0)" (siti) — ‘I)i(si7ti)}
(si,t:)ER?

k
s,
= Z sup {Zfsi—qfti—siln (z)}
— 0, ti
¢ 0

S
s i

B 0, if 1—¢/ +1ng? >0and ¢ >0,
400, otherwise.

As ¢/ and @9 are feasible to (Dr) we have &} (qf,—qf) =0Vi=1,...,k. Let
us apply the Fenchel - Young inequality for ®;(f;(Z), ¢:(Z)) and & (q’lf ,—q) ), when
i=1,...,k. We have

O:(fi(2), 0:(2)) + @5 ¢/, —!) > @ £i(2) — (), i=1,... k.
Summing these relations up one gets
k
-in@ —ij_—ng
S s (555) 2 @) - @) o) (1. 9)
On the other hand it is obvious that
(@) h@) + @) F @) - @) g(@)| < @) @)+ @) F@) - @) 9(@).
(4. 9)

inf
rzeX

Relations (4. 7) - (4. 9) yield

~

0 = ifi(x)ln (f(m> — inf [(qh)Th(x)+(qf>T fz) - (qg)Tg(x)}

gi (SC

~
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The last inequality holds due to the fact that Z is feasible to (Py) and ¢" to (Dy).
Thus, of course all of these inequalities must be fulfilled as equalities. Therefore we
immediately have (#i7) and

= | sem(E5) - (@@ - @7a@)| + (@@ + @ o)

~@)"9(@)| - it [(@")7h(2) + @) @) - @) g(@)] = 0.

This yields the fulfillment of the above Fenchel - Young inequality for ®; and
®F as equality when ¢ = 1,...,k, that is nothing but (7). With (¢i¢) then also (1)
is clear.

(b) The conclusion arises obviously following the proof above backwards. O

Remark 4.4 It is a natural question wonder what happens when the functions f;,
i=1,...,k, are taken not affine, but convex? In this situation the method we used
to derive a dual problem to (Py) would have been utilizable only if the additional
constraints f;(x) > g;(x) Vo € X such that h(x) 20, i =1,...,k, were posed. We
considered also treating the so - modified problem, but applications to it appear
too seldom. For instance the three special cases we treated could not be trapped
into such a form without particularizing them more.

4.2.2 Classical entropy optimization problems as particular
cases

This subsection is dedicated to some interesting special cases of the problem (Py).
The first of them is the convex - constrained minimum cross - entropy problem, then
follows a norm - constrained maximum entropy problem and as a third special case
we present a so - called linearly constrained Burg entropy optimization problem.

For a definite choice of the functions f, g and h and taking X = R’} we obtain
the entropy optimization problem with a Kullback - Leibler measure (cf. [59]) as
objective function and convex constraint functions treated in [34]. From (D) we
derive a dual problem to this particular one that turns out to be exactly the dual
problem obtained via geometric programming in the original paper. When the
convex constraint functions h;, j = 1,...,m, have some more particular properties,
i.e. they are linear or quadratic, the dual problems turn into some more specific
formulae. As a second special case we took a problem treated by Noll in [67]. After
a suitable choice of particular formulae for f, g, h and X we obtain the maximum
entropy optimization problem the author used in the applications described in [67],
whose objective function is the Shannon entropy (cf. [83]) of a probability - like
vector. The dual problem obtained using Lagrange duality there arises also when
we derive a dual to this problem using (Dy). A third special case considered here is
when the mentioned functions are chosen such that the objective function becomes
the so - called Burg entropy (cf. [24]) minimization problem with linear constraints
in [26]. The fact that the dual problems we obtain in the first two special cases
are actually the ones determined in the original papers shows that the problem we
treated is a generalization of the classical entropy optimization problems. For all
the special cases we present the strong duality assertion and necessary and sufficient
optimality conditions, derived from the general case.

4.2.2.1 The Kullback-Leibler entropy as objective function

The book [34] is a must for anyone interested in entropy optimization. Among
many other interesting statements and applications, the authors consider the cross
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- entropy minimization problem with convex constraint functions

n
. w;
(Pxr) inf [ > ziln <q)] ;
z€RY, > x;=1, i=1
i=1
l_j(ij)+b7~Tm+c_7§O,
j=1,...,r
where A; are k; x n matrices with full row-rank, b; € R*, j = 1,...,r, ¢ =
(c1,...,er)T € R, 1; : RF — R, j = 1,...,r, are convex functions and there is
also the probability distribution ¢ = (q1,...,¢,)7 € int(R7), with > ;¢ = 1.
We omit the additional assumptions of differentiability and co - finiteness for the
functions l;, j = 1,...,r, from the mentioned paper.

After dealing with the problem (Pxr) we particularize its constraints like in [34],
first to become linear, then to obtain a quadratically - constrained cross - entropy
optimization problem.

The problem (Pky) is a special case of our problem (Py) when the elements
involved are taken as follows

X=R},E=nm=r+2,
filx) =2 Vo = (21,...,2,)T €R™i=1,...,n,
gi(x) =q; Ve = (21,...,2,)T €R"i=1,...,n,
hj(x) =1;(Ajx) + bl o +c; Ve e Ry, j=1,...,m -2,
hm—1(x) = En:xi—IVx: (z1,...,20)T €RY,

i=1

hm(z)=1-— Z:lxl Vo = (21,...,2,)T € R7%.

We want to determine the dual problem to (Pgr) which is to be obtained from
(Dy) by replacing the terms involved with the above-mentioned expressions. For
z € R™, respectively z = (21,...,2,)7 € R} for h, one has

(@) fx) = (¢F) Tz, (¢9)"g(x) = (¢*)"q,
@)Th(x) = 3 ¢ (1 (A2) + 7o + ) +aly ( S i 1) ¥ qﬁn(l = )

j=1 =1
~ T .

where " = (qf, .. .,qf,qfn_l,qfn) . Denoting w = qfn_l —qh and ¢" = (q{Z

q'), the dual problem to (Pry) is

g ey

I8
(Dk1) sup inf | (¢")T2— (¢)"q+ X qjl;(A;2)
qh>04=1,...,r, T j=1
weR,qf €R,

fq
gf>e% "li=1,...,n

—i—(zr:q;”bj) z+ (qh)Tc—kw(zn:mi - 1)1
=1 i=1

We can rearrange the terms and the dual problem becomes

n . T T
(Dkv) sup inf {Z ;i <q{ + < > q?bj) + w) + q?lj(ij)}
q_?ZO,j:l ..... r, IGR+ 1=1 Jj=1 i J=1

weR,qf €R,

f
q)>e% “li=1,...n

+(g") e —w - (qg)Tq},
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where (25:1 q;»‘bj)i, i=1,...,n, is the i-th entry of the vector }7_, ;.
For ¢/ e R", ¢" € R’ and w € R fixed, let us calculate the infimum over x € R}

in the dual problem above. In order to do this we introduce the linear operators
Aj i R" — RN defined by A;(z) = Ajz, j =1,...,m. These infima become

(ol () )+ 3 (1) 04|

By Proposition 5.7 in [32] the expression in (4. 10) is equal to

Sup {gﬂieann [sz (qif+ (Zq?%) ‘HU—%') +Z ((q]hlj)o;lj)(x)] }, (4. 11)
i=1 j=1 i j=1

YERY

(4. 10)

inf
-~ n
16R+

further equivalent to
n T T 5
sup { — sup Zacl vi —ql — Zq;?bj —w | — Z ((q?lj) o Aj> (x) ¢ ¢
yERY z€R™ | 5 j=1 i j=1

The inner supremum may be written as a conjugate function, so the term above

becomes .
sup § = (3 ()0 4)) (- b
vERY j=1
where we have denoted by u = (uq,... ,un)T the vector with the entries u; =

¢ + (22:1 q;-’bj) +w,i=1,...,n. Theorem 16.4 in [72] yields

(i((q?zj)oflj))*w—u): inf [i((qﬁj)oﬁj)?a»]. (1. 12)

= ajETR",j:Lm,T, =
> aj=y—u
i=1

The relation (4. 10) is now equivalent to

. h e *
wp § =t S (@) 0 Ay) ()

WGRi

and furthermore to

ot S oAy o)

T

Jj=1
vERY, aj=y—u
j=1
As for any j = 1,...,r, the image set of the operator flj is included into R* that
is the domain of the function qflj defined by (qflj)(x) = qflj(ac), we may apply
Theorem 16.3 in [72] and the last expression becomes equivalent to

sup — inf {th- (X ] . 4. 13
a;€ER™ j=1,..r, Jzz:l x;€R", <] i) () ( )

YERY, 3 aj=7—u 3=
=
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Turning the inner infima into suprema and drawing all the variables under the
leading supremum (4. 13) is equivalent, after applying the definition of the adjoint
of a linear operator, to

sup {— i (qflj)*(/\j)}-

YERY ,a; ER™ \; R j=1,...,7, j=1

T

— Ty _..
‘21 aj=y—u,A; \j=a;
i=

One may remark that the variables v and a;, j = 1,...,r, are no longer necessary,
so the expression is further simplifiable to

sup { —Z(q?lj)*()\j)}.

/\jERkj,jzl,... j=1
b3} AT Nj+ueR?}
i=

Let us resume the calculations concerning the dual problem using the partial results
obtained above. The dual problem to (Pky,) becomes

s
(Dk1) sup {(qh)Tc —w—(¢)"q—- 2 (q?lj)*(%)},
f gspal -1 . j=1
q] €R,q] >e "7 i=1,...,n,
WER,q) >0,7;€R™ j=1,...,r,

q,{+( > qg‘bj) +w+( > AJ-TAJ-) >0,
Jj=1 i j=1

i

1=1,...,n
rewritable as
R\T ST
(Dk1) sup (@")"c—w— 3 (d';)"(N)
qf ER™ weR,g" ERT A ERMI j=1,. .7, Jj=1
q{+( > q;ij) +w+< D) A;fA,-) >0,
j=1 i j=1 i
! i:l,A..,nJ
n
+Z sup qing}.
i=1 que%fﬂ
. . s s .
It is obvious that sup{ —qlq  q] > eqifl} = —qe%i 1 i =1,...,n, so the
dual problem turns into
T ¢ hy \* ¢ ¢ -1
(DKL) sup (@") T e—w—=3 (d;)" (N) =X qie®
weR,q" >0,\;€R*I j=1,...,r,q] €R, j=1 i=1
qif+( > Q;'lbj) +w+( > A?M‘) >0,
j=1 i j=1 i
’ i:l,...,n]
The suprema after qu ,1=1,...,n, are easily computable since the constraints

are linear inequalities and the objective functions are monotonically decreasing, i.e.

r —w— XT) ;Ib A}",\. 1
sup{—eqf1:q{+<2(q§lbj+A]T/\j)> +w20} — e (;:1 (q2b;+ J))l |

Jj=1 )

Back to the dual problem, it becomes
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(Dkr) sup {(qh)TC_ i (¢"1;)"(Nj) —w— i qieﬂ%(% (a6 43 Aj))il}’

wER,qJ >0, Jj=1 i=1
by eRrFi,

which is already a Fenchel - Lagrange type dual problem.

The next variable we want to renounce is w. In order to do this let us con-
sider the function n : R — R, n(w) = —w — Be™*~1, B > 0. Its derivative is
n'(w) = Be™*~! — 1, w € R, a monotonically decreasing function that takes the
value zero at w = In B — 1. So 7 attains its maximal value at w = In B — 1, that
is p(InB — 1) = —InB. Applying these considerations to our dual problem for

T h T
B=3%"qe ( i (ot +4] /\J))i we get rid of the variable w € R and the sim-
plified version of the dual problem is

P {(qh>TCi(#ly)*(%)ln<i§qi6_(;l(qhb’+ﬂ >)>}

’L>o X, ERFI Jj=1

that turns out, after redenoting the variables, to be the dual problem obtained
in [34] via geometric duality. This is not surprising taking into consideration the
results given in the previous chapter.

As weak duality between (Pgy) and (D) is certain, we focus on the strong
duality. In order to achieve it we particularize the constraint qualification (CQ )
as follows

2 i
!/ n . i=1
(CQkr) ' eRY: x;>0, i=1,...,n
Z(Agc) b;x’+cj<0 if j € Lgr,
lj(Aja") +bj2" +¢; <0, ifje{l,...,m\Lkr,

where the set Ly is defined analogously to L., i.e.
Lgr={j€{l,...,r} : 1 is an affine function}.
We are ready now to enunciate the strong duality assertion.

Theorem 4.19 (strong duality) If the constraint qualification (CQxr) is fulfilled,
then there is strong duality between problems (Pkp) and (Dkp), i.e. (Dky) has an
optimal solution and v(Pkr) = v(Dky).

Proof. Tt is known (see [34]) that the objective function of (Pxr) takes only non -
negative values, thus v(Pky,) is finite. From the general case we have strong duality
between (Pkp) and the first formulation of the dual problem in this section. The
equality v(Pkr) = v(Dkr) has been preserved after all the steps we performed in
order to simplify the formulation of the dual, but there could be a problem regarding
the existence of the solution to the dual problem. Fortunately, the results applied
to obtain (4. 11) - (4. 13) mention also the existence of a solution to the resulting
problems, respectively, so this property is preserved up to the final formulation of
the dual problem. O

Furthermore we give also some necessary and sufficient optimality conditions in the
following statement. They were obtained in the same way as in Theorem 4.18, so
we have decided to omit the proof.
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Theorem 4.20 (optimality conditions)
(a) Let the constraint qualification (CQkr) be fulfilled and assume that the primal
problem (Prr) has an optimal solution T. Then the dual problem (Dkp) has an

optimal solution (qh, Alyevns /\,«) and the following optimality conditions hold

L - no (3 (an+aly)), r NG
1= 1= 1=

(i) (qj?lj)*(Xj) + (q1y) (Ayz) = ATA;z, j=1,...,r,
(i) qy(lj(Ajas) +b]T5;+cj) —0,j=1,....,r

(b) If T is a feasible point to (Pkr) and (q_h,jxl, . .,5\7,) is feasible to (Dkr.)
fulfilling the optimality conditions (i) — (i), then there is strong duality between
(Pkr) and (Dkr). Moreover, T is an optimal solution to the primal problem and
((jh, M, ..., XT) an optimal solution to the dual.

The problem (Pkr) may be particularized even more, in order to fit a wide
range of applications. We present further two special cases obtained from (Pgp) by
assigning some particular values to the constraint functions, as indicated also in [34].

Special case 1: Kullback-Leibler entropy objective function and linear
constraints

Taking ;(y;) =0, y; € R¥, j =1,...,r, we have for the conjugates involved in
the dual problem

Ry V5 iy ) T, |0, ifA;j =0, .
(a7h5) () = Sub {/\j Yi O} T\ 400, otherwise, 7 L.,
y; ER™I

Performing the necessary substitutions, we get the following pair of dual problems

(Pr) inf [ ‘:1 z; In (22)] ,

n
z€RY, 37 x;=1, v
i=1

b?z+cj-§0,j:1,“.,r

and
n — iq,’?b)
Dy, su MTe _1n ;e (J':1 7
( p q(g q
q} >0, =1
Jj=1,...,r

In [34] there is treated a similar problem to (Pp), but instead of inequality con-
straints FANG, RAJASEKERA AND TSAO use equality constraints. The dual problem
they obtain is also similar to (D), the only difference consisting of the feasible set,
R” to (Dp), respectively R™ in [34]. Let us mention further that an interesting
application of the optimization problem with Kullback - Leibler entropy objective
function and linear constraints can be found in [39]. In order to achieve strong
duality the sufficient constraint qualification is

n

ng:lv

i=1

x>0, i=1,...,n,
bij’—l—chO, for j=1,...,r

(CQr) Jz’ = (2},...,2;,) € R} :
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Theorem 4.21 (strong duality) If the constraint qualification (CQ1r) is valid, then
there is strong duality between problems (Pr) and (Dy), i.e. (Dr) has an optimal
solution and v(Pr) = v(Dy).

As this assertion is a special case of Theorem 4.19 we omit its proof. The
optimality conditions arise also easily from Theorem 4.20.

Theorem 4.22 (optimality conditions)
(a) Assume that the primal problem (Pr) has an optimal solution T and that the
constraint qualification (CQp) is fulfilled. Then the dual problem (D) has an

optimal solution g = (q{l7 ceey q,’})T and the following optimality conditions hold
o . n —( ) (‘??bf)) r ’
6 ot () +n [ Sae V5T o (S
i=1 i=1 j=1

(ii) @t (BT +¢;) =0,5=1,...,r.

(b) If T is a feasible point to (Pr) and @ a feasible point to (D) fulfilling the
optimality conditions (i) and (ii), then there is strong duality between (Pr) and

(Dr). Moreover, T is an optimal solution to the primal problem and @" one to the
dual.

Special case 2: Kullback - Leibler entropy objective function and
quadratic constraints

Take now ;(y;) = %ijyj, y; €ERM, j=1,... 7. We have (cf. [72])

. ISR i g 2 0
(qjhlj) ()‘j):{ qu ’ q] 7& )

0, otherwise.

The pair of dual problems is in this case consists of (cf. [12])

n
. .
(Pg) inf [ 2. wiln <qZ>‘|
IERi, > oxi=1, =1
i=1
%ITA?Aj:Eer;‘-FerCj <o,
j=1,...,r

and

(DQ) sup (qh)Tc_ In ( Z gie j:l( 5§ 0i T4 7) 1) _ % Z ”)\JhH ’
g% >0,);€R™ i=1 =
Jj=1,...,r

like in [34]. The following constraint qualification is sufficient in order to assure
strong duality

&\
Il
—
8
=~
H\

n
=1
(CQg) Jz" e R : ;::1 ! ’
x>0, i=1,...,n,
%x’TAfij’ + b]Ta:’ +¢; <0, forj=1,...,r

Theorem 4.23 (strong duality) If the constraint qualification (CQq) is fulfilled,
then there is strong duality between problems (Pg) and (Dg), i.e. (Dg) has an
optimal solution and v(Pg) = v(Dg).
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Furthermore, we give without proof also some necessary and sufficient optimality
conditions in the following statement.

Theorem 4.24 (optimality conditions)

(a) Let the constraint qualification (CQq) be fulfilled and assume that the primal
problem (Pg) has an optimal solution T. Then the dual problem (Dg) has an optimal
solution (q M, )\T) and the following optimality conditions hold

(i) Z T ln( )+1n ( > qie_<Jé (qhb A )) ) < i (_JhijrAJT;\j))T:Z,

3

i=1

(“) 2qh TATA l“f" —;‘Ll :X?Aji‘,jzl,...,’r,

(iii) " (ngAJTAj:Hbsz +cj) —0,j=1,...,r

(b) If z is a feasible point to (Pg) and (Qh,j\l, - .,5\7«) is feasible to (Dgq) ful-
filling the optimality conditions (i) — (iii), then there is strong duality between
(Pq) and (Dq). Moreover, T is an optimal solution to the primal problem, while
(q DY ) turns out to be an optimal solution to the dual.

4.2.2.2 The Shannon entropy as objective function

NOLL presents in [67] an interesting application of the maximum entropy optimiza-
tion in image reconstruction considering the following problem

:c”>0z 1,...,n,j=1,....m,
> 35 ai,=T, ||Aa— y\|<€

i=1j=1

(Ps) inf Z Z Tij ln:c”],

where x € R™™ with the entries z;;, ¢ = 1,...,n, j = 1,...,m, A € R**",
y € R™™ with the entries y;;, ¢ = 1,...,n, ] 1,...,m, e > 0and T =
Dy Z —1Yi; > 0. The norm is the Euchdean one. It is easy to notice that
the ob Jectlve function in this problem is the well - known Shannon entropy measure
with variables x5, i =1,...,n, j = 1,...,m, so (Pg) is actually equivalent to the
following maximum entropy optimization problem

\\3

n m i=1j5=1
E E xi;=T, ||Az—y||<e,

i=1j=1

z;;>0,i=1,...,n,j=1,.

(P,/S) - sup { zn: in: lnm”}.

However, (Pg) is viewable as a special case of problem (Py) by assigning to the
sets and functions involved there the following values

X =R @ = (245)i=1,...n, € RP™,
]=1,4 m

fijx) =y Ve e R™™ i=1,...,n,j=1,...,m,
g’b](‘r)zlvxeRnxm77’: 9 7”7‘7_17 U

n m
hy(z) = zi; — T Vo € R™,

i=175=1
ho(z) =T — 3 E x;; Vo e RP*™,

i=1j=1

h3(z) = || Az — y| — e Vo € R*™.

Remark 4.5 Some may object that (Pg) is not a pure special case of (Py) because
the variable z is not an n - dimensional vector as in (Py), but a n X m matrix. As
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matrices can be viewed also as vectors, in this case the variable becomes an n x m
- dimensional vector, so we may apply the results obtained for (Py) also to (Ps).
To obtain the dual problem to (Ps) from (D) we calculate the following ex-

pressions, where the Lagrange multipliers are now ¢/ = (61”)Z 1,...n, € R™X™,
§=1,m
¢? = (a})i= L, € RP™ and ¢" = (qf', 45, q%) € RY,
J=1,...,
>0 2 @i fis() = 320 X 45w, > Z 43393 (x) = 32 30 4
i=1j=1 i=1j=1 i=1j= i=1j=1
3 B A 5 n o m
2 a3hy(e) = (a1 — ab) >y @y =T )+ YAz =yl —¢).
j= i=1j=

The multipliers ¢ and g% appear only together, so we may replace both of them,
i.e. their difference, with a new variable w = ¢ — ¢% € R. The dual problem to
(Ps) becomes

n m
(Ds) sup inf 2SS gy - Z E a;
qu]Rnxm7 :E:(J;ij)ijERJr i=1j=1 i=1j=
a4 >0,weR,
fo_
a2t
1=1,...,n,5=1,....m

w(iixij_j) +q5 (|l Az — | —6)]7

rewritable as

(Ds) sup { —

(]fG]Rnxm',quO,

H'Ms

S h
Z -—C]35

f_
weR,quZeqij !

i=1,...,n,5=1,....m

+ inf [Zzw(q{j + w) +q§|Axy|] }

nxXm
zERY i=1 j=1

We transform now the infimum concerning € R*™ as in the previous special
case into a conjugate function, turning the dual into a Fenchel - Lagrange dual
problem. By Theorem 16.3 in [72] it turns out to be equal to

- up {(a1--u1) @}

af,+w+ (ATB)UZO,
i=1,...,n,j=1,...,m,BER™ >

For the conjugate of the norm function we have (cf. [80])
T : h
mi o gy~ d v B Bl <g5,
(qSH y||) (B) _{ —00, otherwise.

As negative infinite values are not relevant to our problem since there is a leading
supremum to be determined, the dual problem becomes

(Ds) sup { —wl -y Z @y — dhe - yTB},

¢ ER™*™ qh>0,wER,BER™ ™, i=1j=
| Bll<d} af; +w+(ATB), >0,

of 1
qq >e i li=1,...,n,j=1,....m
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equivalent to

n m
(Ds) sup —wl—y"B+ 3 5 sup  —qj+e sup —qh o
of eRmxm, i=1j=1 1 4> B
wER,BER™*™
gl +w+(ATB) >0,
ij ij

i=1,...,n,j=1,...,m

1
qf; > e

The suprema from inside are trivially determinable, so we obtain for the dual
problem the following expression

(Ds) sup { Wl —yTB - 30 3 el s||B|},
i=15=1

g/ ER™X ™ weR,BER™ ™,

further equivalent to

n

(Ds) sup { —wT —y'B—¢||B||+ > X sup —eqifj_l}.

S5 s (a78), 20

Regarding the inner suprema we have for alli =1,... ,n,and j=1,...,m,
£ Cw— o
Sup{ — et qlfj +w + (ATB)U > O} = —e W (ATB)y L
so the dual problem is simplifiable even to
n m T
(Ds) sup —wT —yT"B —¢||B|| —e 13 3 e (A Blis 5
wER, i=1j=1
BeR™*™

that is exactly the dual problem obtained via Lagrange duality in [67].

Moreover, one may notice that also the variable w € R could be eradicated.
Using the results regarding the maximal value of the function 7 introduced before,
we have

n m n m
sup { —wl —e ! ZZe(ATB)”} = T(lnT— In <ZZ@<ATB)i-7>>.

weR i=1 j=1 =1 j=1

The last version of the dual problem we reach is

n m
(Dg) sup {T(lnT —1In < Sy e(ATB)ij>> —y'B — 6||B||}
BERnxm i=1j=1
As weak duality is certain, we skip stating it explicitly and focus on the strong
duality. In order to achieve it the following constraint qualification is sufficient

i, >0Vi=1,...,nVj=1,....,m,
n m ,
(CQs) 3o’ = (a};)i=1.om, ERVM o 8 D0 3 2y =T,
j=1,....m i=1j=1
Az — y|| < e.
The strong duality assertion comes immediately and the necessary and sufficient
optimality conditions follow thereafter. Even if the original paper does not contain

such statements, we omit the both proofs because they arise simply from the former
proofs in the present thesis.

Theorem 4.25 (strong duality) Assume the constraint qualification (CQg) ful-
filled. Then strong duality between (Pg) and (Dg) is valid, i.e. (Dg) has an optimal
solution and v(Pg) = v(Dg).
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Theorem 4.26 (optimality conditions)

(a) Assume the constraint qualification (CQs) fulfilled and let T be an optimal
solution to (Ps). Then the dual problem (Dg) has an optimal solution B and the
following optimality conditions hold

(1) >3 &ijlnz;; + T(ln ( > e—(ATB)iJ) — 1nT) = (ATB)Tz,
i=15=1

i=1j=1
(it) Az —y| =e,
(ii) BT (Az —y) = || B[ Az —y|.

(b) If T is a feasible point to (Ps) and B one to (Dg) satisfying the optimality
conditions (i) — (i), then they are actually optimal solutions to the corresponding
problems that enjoy moreover strong duality.

4.2.2.3 The Burg entropy as objective function

A third widely - used entropy measure is the one introduced by BURG in [24]. Al-
though there are some others in the literature, we confine ourselves to the most
used three, as they have proven to be the most important from the viewpoint of
applications. The Burg entropy problem we have chosen as the third application
comes from CENSOR AND LENT’s paper [26] having Burg entropy as objective func-
tion and linear equality constraints,

n
(Pgp) sup { Inz; } ,
z=(x1,...,x,) 7T, Li=1
z;>0,1=1,..., n,
Ax=b
where A € R™*™ and b € R™.

Some other problems with Burg entropy objective function and linear constraints
that slightly differ from the one we treat are available, for example, in [25] and [56].
None of these papers contain explicitly a dual to the Burg entropy problem they
consider.

The problem (Pg) may be equivalently rewritten as a minimization problem as
follows

(Pg) - inf {— > lnxz}.
r=(x1,...,¢n)" , i=1
x;>0,i=1,...,n,
Ax=b
Denoting (Pp) the problem (Pg) after eluding the leading minus, it may be

trapped as a special case of (Py) by taking

X =int(R}), k =n,
file)=1Vz eR",i=1,...,n,
gi(x) =xz; Ve e R i=1,...,n,
hi(xz) = Az — b Vo € int(R7),
ho(xz) = b — Az Va € int(R7).

To calculate the dual problem to (P}) let us replace the values above in (Dy). We
get

(Ds) s int (et~ o) (e =) + 3 (of - afms)|

x>0 —
at ay €RT qf €R, i=1

f
q)>e%i “li=1,..n
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Again, we introduce a new variable w = ¢} — ¢} € R™ to replace the difference
of the two non - negative ones that appear only together. After rearranging the
terms the dual becomes

n

(Dp) sup {lil ¢/ —wTh+ > inf [((wTA)Z, —qf)mi] }

weR™ ,qf R, = i=12>0

/
qf>eli Tti=1,...,n

For the infima inside we have for i = 1,...,n,

. T [0, if (w"A), —q¢) >0,
zl,in>f0 [((w A)i B qig)xl} o { —00, otherwise.

Let us drag these results along the dual problem, that is now

n
f T
(Dp) sup {Zqi—wb :
weR™ qf €Rgf et 1, L=
(wTA)_—quO,i:L...,n
k2

rewritable as

(Dp) sup { —wrb+ > sup qlf}

weR™,qJ >0, =1 q{§1+1an
(wTA) iquZO,izl,...,n

As the suprema after qu , i =1,...,n, are trivially computable we get for the

dual problem the following continuation

(Dg) sup {—wa+£: (1+lan)}.

weR™ ¢ >0, i=1
(wT4) —g?20,i=1,...n

The variable ¢ may also be retired, but in this case another constraint appears,
namely w” A > 0. For the sake of simplicity let us perform this step, too. The
following problem is the ultimate dual problem to (Pj)

n
(Dp) sup {n—wa—i— > In (wTA)i}.
weR™, i=1
wT A>0
Since the constraints of the primal problem (Pg) are linear and all the feasible
points x are in int(R’) = ri(R’ ), no constraint qualification is required in this
case. We can formulate the strong duality and optimality conditions statements
right away. These assertions do not appear in the cited article, but we give them
without proofs since these are similar to the ones already presented in the paper.
There is a difference between the strong duality notion used here and the previous
ones because normally we would present strong duality between (Pp) and (Dg).
But since the starting problem is (Pg) we modify a bit the statements using the
obvious result v(Pg) = —v(Pp).

Theorem 4.27 (strong duality) Provided that the primal problem (Pg) has a feasi-
ble point, the dual problem (Dg) has an optimal solution where it attains its mazimal
value and the sum of the optimal objective values of the two problems is zero, i.e.

U(PB) + U(DB) =0.
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Theorem 4.28 (optimality conditions)
(a) If the primal problem (Pg) has an optimal solution T, then the dual problem
(Dp) has also an optimal solution w and the following optimality conditions hold

(i) nz; +In (0" A), +n =w" Az,
(ii) w' (AZ —b) = 0.

(b) If T is a feasible point to (Pg) and w is feasible to (Dp) such that the
optimality conditions (i) and (it) are true, then v(Pg)+v(Dp) =0, Z is an optimal
solution to (Pg) and @ an optimal solution to (Dpg).

4.2.3 An application in text classification

After presenting all these theoretical results, let us give a concrete application of
the entropy optimization in text classification.

Here we rigorously apply the maximum entropy optimization to a text classifi-
cation problem, correcting the errors encountered in some other papers regarding
the subject, whose authors make some compromises in order to obtain some “good-
looking” results (see [6,66]). We have a set of documents which must be classified
into some given classes. A small amount of them have been a priori labelled by
an expert and we have also some real-valued functions linking all the documents
and the classes, called features functions. Our goal is to obtain a distribution of
probabilities assigning to each document the chances to belong to the given classes.

Therefore, we impose the condition that the expected value of each features
function over the whole set of documents shall be equal to its expected value over
the training sample. Using this information as constraints, we formulate the so -
called maximum entropy optimization problem. Its solutions are consistent with all
the constraints, but otherwise are as uniform as possible (cf. [34,41,57]).

To our maximum entropy optimization problem we attach the Lagrange dual.
As a consequence of the optimality conditions, we write the solutions of the primal
problem as functions having as variables the solutions of the dual problem. The
last ones are determined using the so - called iterative scaling algorithm developed
from the one introduced by DARROCH AND RATCLIFF (cf. [28,66]).

Finally, by the use of the solutions of the dual, we find the desired distribution
of probabilities.

4.2.3.1 The formulation of the problem

Let us consider a set of documents D and the set of classes C where they must
be classified into. There is also a given subset of D, denoted D’, whose elements
have been labelled by an expert as to belong to a certain class from C. To have
information about all the classes, we need to consider that each class contains at
least an element from D’. One may notice that between the sets C and D’, it must
hold |C| < |D’|, where |C| is the cardinality of the set C and |D’| is the cardinality
of the set D’. The set of pairs {(d’,c(d’)),d" € D'}, obtained above, is called the
training data and ¢(d') € C denotes the class which is assigned to d’ by the expert.

The labelled training data set is used to derive a set of constraints for the model
that characterize the class-specific expectations for the distribution. The constraints
are represented as expected values of so - called features functions, which may be
any positive real-valued functions defined over D x C. Let us denote by f;,i € I,
the features functions for the problem of text classification treated here.

As an example, we will present the set of features functions considered in [66]
for the same problem of text classification. Denoting by W the set of the words
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which appear in the whole family of documents D, the set [ is defined by
I=WxC.

For each word - class combination (w,¢’) € W x C, one can consider the features
function fy e : W xC — R,

0, ife#d,
fw,c’(da C) = { N(d,w)

N otherwise,

where N(d,w) is the number of times word w occurs in the document d, N(d) is
the number of words in d, and ¢, ¢’ are classes in C.

Other ways to consider features functions can be found for instance in [2] and
[53].

In order to build a mathematical model of the problem we need the expected
values of the features functions. For i € I, the expected value of the features function
fi regarding the whole set D x C is

E(fz) = Z Zp(dv C)fz(da C)v

deD ceC

where p(d, ¢) denotes the joint probability of ¢ and d, ¢ € C, d € D, while its expected
value regarding the training sample comes from the following formula

E(fz) - Z Zp(d/,C)fi(d/,C)- (4 14)

d'eD’ ceC

The joint probability can be decomposed as

p(d, c) = p(d)p(c|d),

with p(d) being the probability of the document d to be chosen from the set D and
p(c|d) the conditional probability of the class ¢ € C with respect to the document
d € D. In (4. 14) instead of D we work with the training sample D’.

Using the information given by this training data and the features functions,
we want to obtain the distribution of probabilities of each document d € D among
the given classes. The way we do this is quite heuristical (cf. [2,53]), consisting
in generalizing some facts that hold for the training sample to the whole set of
documents. The expected value of each features function over all the documents
and classes will be forced to coincide to its expected value over the training sample

E(fi) = E(f;) Vie I (4. 15)

The probability of the document d’ to be chosen from the training data is
1
p(d') = Ik ford € D'.

On the other hand, as we know that each document from the training data has
been a priori labelled, it is clear that

s ={ g & Zin

for every c € C and d' € D'.
By (4. 14), we have then

E(f) = iy > ldeld))ie . (1. 16)

d'eD’
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It is clear that the probability to choose the document d from D is p(d) = ﬁ.
Then one has

BU) = o5 32 S pleld)fdio).i € . (4.17)

deD ceC

For each features function f;,7 € I, we will constrain now the model to have
the same expected value for it over the whole set of documents as the one obtained
from the training set. From (4. 15), (4. 16) and (4. 17), we obtain

1
4

> Med) = o5 SO S e (@1

d' €D’ deD ceC

Moreover, from the basic properties of the probability distributions, it holds

p(c|d) > 0VeeCVd e D, (4. 19)
and
> pleld) =1Vd € D. (4. 20)
ceC

The problem that we have to solve now is to find a probability distribution
which fulfills the constraints (4. 18), (4. 19) and (4. 20). Therefore, we will use
a technique which is based on theory of maximum entropy (cf. [34,41,57]). The
over - riding principle in maximum entropy is that when nothing else is known, the
distribution of probabilities should be as uniform as possible.

This is exactly what results by solving the following so - called maximum en-
tropy optimization problem

(P) sup H (p),
subject to
D .
||z>/ S fild,e(d)) =D plcld)fi(d,c) Vi€ I,
d’'eD’ deD ceC
> pleld) =1Vd € D,
ceC

and
p(c|d) > 0,Yec e C Vd € D.

Here, H : RICI'Pl — R is the entropy function and it is defined, for p =
(p(cld))cec,aeps by

deD ceC

) = > > plce|d)Inp(c|d), if p(c|d) >0VeeCVde D,
H(p) =
—00, otherwise.

It is obvious that H is a concave function.

4.2.3.2 Duality for the maximum entropy optimization problem

The goal of this chapter is to formulate a dual problem to the maximum entropy
optimization problem

() sup{ = £ 5 pleld)mpteld) .

deD ceC
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subject to

||£/ Z fild' e(d) = Z ZP(dd)fi(d, c)Viel,

d'eD’ deD ceC

> pleld) =1Vd € D,
ceC

p(c|d) > 0VeeCVd e D,
and to derive, by means of strong duality, the optimality conditions for (P;) and its

dual. As this is a maximization problem and our approach works for minimization
problems, we need to consider another optimization problem

) inf 3> 3 p(cld) Inp(cld),
deD ceC
subject to
|D,‘ S filded)) =D pleld)fi(d,c) Vi €1,
d’eD’ deD ceC
Y plcld) =1 Vd € D,
ceC
pe X,

with X = {p = (p(c|d))cec, : p(c|d) > 0 Ve € C Vd € D}. The problem (P;) fits in
deD

€
the scheme already presented and has the same optimal solutions as (P;) so that
it holds v(P;) = —v(P}). According to the general case, its Lagrange dual problem is

D) s b | S Y pled) np(d) + X A (z p(cld) - 1)
\;€R,ieI, p(c|d)>0, | deD cec deD ceC
/\deR deD (d,c)eDxC

+2Ai<“’ S i <d'>>—22p<c|d>fi<d,c>>].

el d'eD’ deD ceC

Like above, we can find another problem, (D}), which has the same solutions
as (Dj) so that v(Dj}) = —v(D}),

NiERieT
> p(e|ld)>0, deD ceC ceC
)\dG]R deD (d,c)eDxC

o5 b sup {—z zp<c|d>1np<c|d>—d§DAd(zp<c|d>—1)

~3 A ('D' S fildel(d) Zzp@dm(d,c)) }

i€l d'eD’ deD ceC

The latter can be rewritten as

(DY) Lot [zxd o 2 A Y fild ed)+
A;ER:dE’l’? deD i€l d'eD

ST sup {p<cd> 1np<c|d>Adp<c|d>+2Aip<c|d>fi<d,c>H.

deD cec Pleld)>0 iel

To calculate the suprema which appear in the above formula, we consider the
function

u:Ry - Ru(z)=—alnz — )\dx—i—xZ)\ifi(d,c)w € Ry,
iel
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for some fixed (d,c) € D x C.
Its derivative is

W(r)=—-Inz—1- )\d—|—Z)\ifi(d,c),

iel
and it holds

—Aa—14+ 3 Aifi(dc)
u'(:c):O<:>1n:c:f)\d71+2)\ifi(d,c)<:>x:e e >0

i€l

—Xa—14+>7 Nifi(d,c)
i€l

The function u being concave, it follows that at x = e it attains

its maximal value. So

—Aa—1+3" Xifi(d,c)
maxu(z) = wule ier
x>0

—Xa—1+3" Ai fi(d,c)
ier

= —e ne

A1 S A (de)
e <1 +Aa =D Nifild, C))

iel

= —€

—Xa—143 Xifi(d,c)
a=1+3 (Z)\ifi(CLC)_)\d_1+)\d—z)\ifi(d,c)>
iel =

—Xa—1+ 3 Aifi(d,c)
= e i€l .

The dual problem becomes then

. D 2 Aifi(d,e)=Aa—1
@) it [ S - BSOS fded) + Y Y e .
MEREL, | jep i€l d'ED deD cec
AaER,deD
In the next part of the section we will make some assertions concerning the du-
ality between (P;) and (D). For this, we will apply the results formulated in the

general case. We need to introduce a constraint qualification

p'(c|d) >0VeeCVdeD,

|D| (o Y / ] .
(COIH = g | P15, ) = B T e
deD S p'(c|ld) =1 Vd € D.

ceC

By this, we can state now the desired strong duality theorem and the optimality
conditions for (P;) and (D}').

Theorem 4.29 (strong duality) Let (CQ:) be fulfilled. Then there is strong duality
between (P;) and (DY), i.e. v(P;) = v(D}) and (D)) has an optimal solution.

Theorem 4.30 (optimality conditions) Let us assume that the constraint qualifi-
cation (CQy) is fulfilled. Then p = ((p(c|d))cec, s a solution to (Py) if and only if
deD

P is feasible to (P;) and there exist \; € R,i € I, and \q € R,d € D, such that the
following optimality conditions are satisfied
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() inf {Z > plcld)Inp(eld) + > Aa (Z plcld) — 1)
Z(ecl‘g)cze% deD ceC deD ceC

+ A (BT A ) - £ T pledfiao) |

deD ceC

= 2. 2 p(cld) np(eld),

deD ceC

@ 0 =Sa (BT ) - TS

| d'eD’ deD ceC

+ 2 A (S ateld) -1).
deD ceC

Remark 4.6 Let us point out that all the functions involved in the formulation of

the primal problem are differentiable. This implies that the equality (¢) in Theorem

4.30 can be, equivalently, written as

Inp(cld) + 1+ g — E Aifi(d,c) =0vd € DVeeC,
iel
or

> Xifi(d,c)

eiEI
Getting now back to the problem (D}), one may observe that it can be decom-
posed into

> ei€t + | — 24 YA > filde(d)) |-

|: > Aifi(d,e)=Aa—1 D
ceC el d’'eD’

DY) inf inf
(D) A;€R, [dgpAdER
icl
We can calculate the infima inside the parentheses, using another auxiliary func-
tion, namely
v:R—=Rov(z)=e*ta+tz,reR a>0.
It is convex and derivable, its derivative

v'(2) =1—ae !

fulfilling

Vz)=0se 7!

1
=—-&z=Ina—-1
a
So, v’s minimum is attained at Ina — 1, being
v(lna—1) =Ina.

Taking a = . e2ier Aifi(d¢) 5 0 the dual problem turns into

(Dy) inf | 3 In Y e — XA S filde(d)],

MER, | 4eD  cec i€l d'eD
el

and, obviously, we have
v(DY) = v(Dy).

In fact, we have proven the following assertion concerning the solutions of the
problems (D) and (D}).
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Theorem 4.31 The following equivalence holds

M=l END e p
(Aa)aep, (Mi)ier) is a solution to (DY) < 47 nc%%:e - ©

and ((\)ier) is a solution to (Dy).

Remark 4.7 By Remark 4.6 and Theorem 4.31 it follows that, in order to find a
solution of the problem (/%), it is enough to solve the dual problem (D;). Getting
(Mi)ier, solution to (Dy), we obtain, for each d € D,

< > Xifi(d,e)
Ai=In) et 7 (4. 22)
ceC
and, by (4. 21),
> Aifi(de) > Aifildie)
etel etel
p(e|ld) = s SEACE Y(d,c) € D xC. (4. 23)
Z i€l
ceC

4.2.3.3 Solving the dual problem

In the following we outline the derivation of an algorithm for finding a solution of
the dual problem (D). The algorithm is called improved iterative scaling and some
other versions of it have been described by different authors in connection with
maximum entropy optimization problems (cf. [6] and [66]).

First, let us introduce the function [ : R — R, defined by

i€l d’ED’ deD ceC

for A = ()‘1)161
Considering the optimization problem

(P;) Jnax [(A),
it is obvious that v(D;) = —v(P;) and the sets of the solutions of the two problems
are nonempty and coincide. So, in order to obtain the desired results, it is enough
to solve (F;).

Let us calculate now, for A = (\;)ier,d = (;)ier € RHI, the expression Al =
I(A+6) —I(A). Tt holds

D 2= (Xi+64) fi(d,c)
Al = |D,| SN it fild e(d) =D In > el
| ‘ el d'eD’ deD ceC
D > Aifi(d,c)
- B | S @) + S m Y e
el d'eD’ deD ceC
22 (Ai46:) fi(d,c)

Z eicl

_ |D| / ceC
= D] Z Z 0ifi(d', e(d')) — Zln S Nfi(de)
i€l d'eD’ deD Z ei€l
ceC

As it is known that
—In(z) >1—2VreRy,
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we have
Z(Ai+5i)fi(d70)
L
’ ceC
Al > ZZMZ cd)+ |1- S N fi(dc)
zeI d'eD’ deD > i€l
ceC
D >= 6 fi(d,c)
- S S st + S (1 SotneE ),
’LEI d' eD’ deD ceC
Denoting
= Zfz(dv C)’
iel
we get

oY 5, Lilde)
lD'ZZdﬁ o(d) +Z<1—chld o f#“")).

i€l d'eD’ deD ceC
As the exponential function is convex, applying Jensen’s inequality

H#(d 5. fi(d,c)
ef ( 7C)1§1 lf#(d,c)

d,c)d;

7

there follows

||DD’||ZZ5fz P |de”” o4 4 |D|

i€l d'eD’ deD ceC zel

Let W : Rl = R, be the following function

)= i 2 2 ahild ) = Toptei Y-

i€l d'eD’ deD ceC zEI

for § = (51)161

We can guarantee an increase of the value of the function [ if we can find a
d such that W(J) is positive. W is a concave function since its first term is a
linear function, the second contains a sum of concave functions and the third is a
constant. Moreover, W is a differentiable function. So, to find the best §, we need
to differentiate W(&) with respect to the change in each parameter §;, i € I, and to
set

f#<d° ‘4D,

ow

a5, =0Viel.

We get

||1Z>)f| S A e(d) =3 > pleld)fild.e)e! O vie T,

d'eD’ ceC deD

Solving these equations we obtain the values of §;,7 € I. In the next section we
present an algorithm which helps to determine the maximum of the function .

Remark 4.8 We have to mention here that in [6] and [66] the function [ has
been identified with the so - called maximum likelihood function, whose formula is

considered
=In H p(e(d)|d).
d'eD’
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This is possible only if one considers the sets D and D’ identical. In this case,
we have

D > Xifi(d,e)
o = (15 % s ) Sy e
el d/ED' deD ceC
> Aifide(d)
SV WUTRTIR
d'eD’ Liel ceC
[ S il e(d) = Aifild e(d'))
= Z In eic’ —In ) et
d’'eD’ L ceC

_Z Aifi(de(d"))

ezE
= > | = N Fo(de(d)))
d'eD’ S eiet
L ceC

Finally, using the relations given in (4. 23), the function ! turns out to be in
this case identical to the maximum likelihood function

Nl (@)

ete
M= Y | ST = Y Inpe(d)ld) = J] pc(d)|d).
d'eD’ > eiet d'eD’ d’eD’

We can conclude that the results obtained in [6] and [66] do not refer to the
unclassified documents using the information given by that expert regarding the
training sample, being just distributions of the same a priori labelled documents
among all the classes. We consider that this compromise is not useful in our problem,
as we have proven before that the algorithm works also without it.

4.2.3.4 An algorithm for solving the maximum entropy optimization
problem

Making use of the results obtained in the previous sections we present now an algo-
rithm for solving the dual of the maximum entropy optimization problem. Assuming
that the constraint qualification (C'Q;) is fulfilled the solutions of the primal prob-
lem arise by calling (4. 23). This is a generalization of the algorithm introduced by
DARROCH AND RATCLIFF in [28].

Inputs: A collection D of documents, a subset of it D’ of labelled documents,
a set of classes C and a set of features functions f;,7 € I, connecting the documents
and the classes. Let € > 0 be the admitted error of the iterative process.

Step 1: Set the constraints. For every features function f;,i € I, estimate its
expected value over the set of the documents and the set of classes.

Step 2: Set the initial values A\; = 0,4 € I.

Step 3:

e Using the equalities in (4. 23), calculate with the current parameters (\;);ecr
the values for p(c|d), (d,c) € D x C.

e For each i € I:

- find §;, a solution of the equation

|£/|| ST R ed) =303 pleld) fi(d, e)el T (%

d'eD’ ceC deD
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Step 4: If there exists an ¢ € I, such that |0;| > €, then go to Step 3.
Outputs: The approximate solutions to the dual problem A;, ¢ € I.

Remark 4.9

(a) By setting A\; = 0 Vi € I, the initial values for the probability distributions
are .
p(c]d) = m,c e€C,deD.
(b) In the original algorithm DARROCH AND RATCLIFF assumed in [28] that
f#(d, c) is constant. Denoting its value by M, one gets then
> Jfild',c(d))
1, (1Pl _dep
M\ D'y X pldd)fild, o)

ceCdeD

0; = Viel.

(¢) A more detailed discussion regarding the iterative scaling algorithm, including
a proof of its convergence, can be found in [3, 28,29, 66].

Having obtained \;,i € I, returned by the algorithm, we can determine by
(4. 22) and (4. 23) the solutions of the primal problem, i.e. the probability distri-
butions of each document among the given classes.

To assign each document with a certain class, one can consider more criteria,
such as to choose the class whose probability is the highest, or to establish a minimal
value of probability and to label the documents as belonging to all the classes that
fit, and if neither does, to create an additional class for this document.
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1. The general optimization problem

(P) it f)
g(z)e-C

is considered, where X is a non - empty convex subset of R™, C' is a non -

empty closed convex cone in R™, f : R® — R is a proper convex function

and g : X — R™ is a C - convex function on X. The Lagrange, Fenchel and

Fenchel - Lagrange dual problems are attached to (P) via perturbations. The

latter, extensively used later within this work, is

(DL sup { = 07) = (@ 9)x(—p") ],

p”ER™,

qrec”
where ¢*Tg : X — R is defined as ¢*7g(z) = Z;nzl q;gj(z), with ¢* =
(qf, .. .,q;“n) € C*. Weak and strong duality and necessary and sufficient
optimality conditions are formulated for the pair of problems (P) — (DF'L).
These results naturally generalize the ones known so far for the case C = R
(see also [9]).

2. Consider the primal optimization problem

(Pr) inf [f(z) + ()],

where f,g: R®™ — R and its Fenchel dual

(Dr) sup { — f*(¢*) — 9" (=q") }-
g*€ER™

It is proven that strong duality between these problems occurs, provided that
ri(dom(f)) Nri(dom(g)) # @, also when f and g are almost convex functions,
respectively they are nearly convex functions with the relative interiors of
the epigraphs non - empty. These statements generalize the classical Fenchel
duality theorem (see also [11] and [14]). Other results concerning conjugacy
for almost convex and nearly convex functions are delivered, as well as an
application in game theory.

3. The dual to the generalized primal geometric programming problem is proven
to be obtainable also via perturbations. This approach provides the strong
duality for this pair of problems under more general conditions than consid-
ered so far in the literature. When to the primal geometric programming
problem
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(P,) o $(a0),
z=(z",x",...,.z")EXo X X1 X...x X},
9 (z%)<0,i=1,....k, zEN

where X; C Rl = 0,...,k, Zf:o l; = n, are convex sets, ¢' : X; — R,
1=0,...,k, are functions convex on the sets they are defined on and N C R"
is a non - empty closed convex cone, one calculates the Fenchel - Lagrange
dual problem, it turns out to coincide with the geometric dual problem

k

(Dy) sup {g?é;(t% > sup [ti%fq:g%xi)]}.
q; >0,i=1,....k, i=lzteX;
t=(t°,...,t*)e N~

The strong duality statement offered by the Fenchel - Lagrange duality is more
general than the one stated in geometric programming duality, as the func-
tions and sets involved are not required to be moreover lower semicontinuous,
respectively closed, alongside the convexity assumptions imposed on them,
and the constraint qualification treats more flexible the constraint functions
that are restrictions to some sets of affine functions.

For seven problems treated in the literature via geometric programming du-
ality, including the posynomial geometric problem - the starting point of ge-
ometric programming, the Fenchel - Lagrange dual problems are determined
and strong duality and optimality conditions are delivered, underlining the
advantages of this approach (see also [15]).

Consider the primal composite programming problem

(P) nf f(F(),
g(z)e—C

where K and C' are non - empty closed convex cones in R¥ and R™, respec-
tively, X is a non - empty convex subset of R”, f : R¥ — R is a K - increasing
convex function, F': X — R* a function K - convex on X and g : X — R™
a function C' - convex on X. Moreover, it is imposed the feasibility condition
AN F~Y(dom(f)) # 0, where A = {x € X : g(x) € —C?} is the feasible set of
(P.) (and also of (P)) and for any set U C R*, F~1(U) = {z € X : F(x) € U}.

The Fenchel - Lagrange dual problem to (P.) is

(D.) s { = 17(8) = (BTF)y (w) = (a"g) y (—w) }.
aeC™,BEK™,
u€ER™

Weak and strong duality and optimality conditions are delivered here, too.
Using the unconstrained version of (P.) the formula of the conjugate of f o F'
regarding the set X is proven. The constraint qualification is proven to be
weaker than what has been considered so far in the literature and the functions
do not need to be taken moreover lower semicontinuous like there. As a special
case the conjugate of 1/F regarding X is calculated, when F': X — Ris a
strictly positive concave function on X, where X is a non - empty convex
subset of R™ (see also [9]).

Let the convex multiobjective optimization problem

(P) v-min F(z),
g(x)e-C



THESES 105

where F = (Fy,...,Fy)T, g, X, K and C are considered like above. Denoting
by S some set containing K - strongly increasing convex functions s : R¥ — R,
the following family of scalarized problems

(Ps) il s(P(),
g(z)e-C

where s € S, is attached to (P,). Using the duality statements for (P;), i.e.

for (P.), respectively, the following multiobjective dual problem is assigned to

(Py)
(D) v-max  z,
(z,s,a,8,u)€EB
where
B = {(z,s,a,ﬁ,u) ERFXSXxC*x K* x R":

5(2) < =5(8) = (87F) y (w) — (aTg) x (~u)}.

Weak and strong duality are delivered for the pair of multiobjective dual prob-
lems. When the scalarization function s € S is required to fulfill additional
conditions other scalarizations widely - used in the literature occur as special
cases. Here there are considered linear scalarization, maximum scalarization
and norm scalarization (see also [10]).

6. Consider the non - empty convex set X C R"”, the affine functions f; : R” — R,
i=1,...,k, the concave functions ¢; : R* — R, s = 1,...,k, and the func-
tions hj : X — R, j =1,...,m, convex on X. Assume that for ¢ = 1,...,k,
fi(z) > 0 and 0 < g;(z) # +oo when z € X such that h(z) < 0, where
h = (h1,...,hy)T. Denote further f = (f1,..., fx) and g = (g1,...,9x)7T.
As usual in entropy optimization the convention 0ln0 = 0 is used. Consider
the convex optimization problem

zeX, i=1
h(z)<0

(Py) in [i Ji(@)In (;‘;Eii)]-

This problem has as objective function an entropy - like sum of functions.
The following dual problem is obtained for it

(D) s nf [ (") h@) + () f(2) - (@)

qfeRk’qheRT’ zeX

/
qf>e® ~hi=1

g(fﬂ)]

k

RSN

Weak and strong duality and optimality conditions are delivered here, too.
When the objective function is specialized in order to become one of the most
used entropy measures, namely the ones due to SHANNON, KULLBACK AND
LEIBLER and, respectively, BURG, different results in entropy optimization
are rediscovered as particular cases (see also [12]).

7. An application of maximum entropy optimization in text classification is pre-
sented, too, accompanied by an algorithm (see also [16]).
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Index of notation

v — 1max

the set of natural numbers

the set of rational numbers

the set of real numbers

the extended set of real numbers

the set of m x n matrices with real entries
the non - negative orthant of R™

the partial ordering introduced on R™ by R’
the dual cone of the cone K

the interior of the set X

the relative interior of the set X

the closure of the set X

the border of the set X

the affine hull of the set X

is the cardinality of the set X

the inner product of the vectors z and y

the domain of the function f

the epigraph of the function f

the lower semicontinuous envelope of the function f
the conjugate of the function f

the conjugate of the function f regarding the set X
the subdifferential of the function f

the adjoint of the linear transformation A
the indicator function of the set X

the support function of the set X

the optimal objective value of the optimization
problem (P)

the notation for a multiobjective optimization
problem in the sense of minimum

the notation for a multiobjective optimization
problem in the sense of maximum
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INDEX OF NOTATION

some set of K - strongly increasing convex functions s : RF — R
the set of the absolute norms 7 : R¥ — R

the unit ball corresponding to the norm -y

the orthogonal subspace to the linear subspace U

the expected value of the features function f

the probability of the document d to be chosen from the set D

the conditional probability of the class ¢ with respect
to the document d

the joint probability of the document d and of the class ¢
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