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Abstract

On this project we will see Fenchel Duality.If the function is convex and differ-
entiable every where,then we can find the minimizer by setting the derivative
to zero. If the function is convex but not differentiable, then we need more
advanced theory. Fenchel duality is one such theory. So on this project we
will see how to solve such kind of optimization functions/problems.
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Introduction

Optimization studies about properties of minimization and maximization of
functions. To solve these minimum/maximum value we use different mecha-
nisms according to the given function property.

Duality is one of these mechanisms to find the optimum value of the given
function. It is the principle of looking a function or a problem from either of
the two different perspectives, namely the primal and the dual forms. There
are different types of duality. Some of these are; Lagrangian duality, Geo-
metric duality, Lagrangian-Fenchel duality and Fenchel duality. This project
will look into only Fenchel duality. Fenchel duality is a result in the theory
of convex function, which is formulated (introduced) by a Mathematician
whose name is Werner Fenchel. If the function is convex but not differ-
entiable, then we need more advanced theory. Fenchel duality is one such
theory. Fenchel duality theory is a fundamental tool for establishing penalty
results in nonlinear programming. Moreover, it also plays an important role
in the theory of best approximation, error bound analysis,and in the study
of monotone operators(ref.7).

This project contains three parts. The first part deals with preliminary
concepts such as Euclidean space,optimality conditions and sublinear func-
tions. It contains definitions, propositions, examples and proofs. The second
part is the value function. In this section Lagrangian equation, the necessary
and sufficient conditions of Lagrangian functions are discussed. The third
part deals with Fenchel conjugate function comprising conjugate functions,
indicator functions and Fenchel duality.
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Chapter 1

Preliminaries

In this chapter we review some of the fundamental algebraic, geometric and
analytic ideas we use throughout the project.

1.1 Euclidean Space

Definition 1.1.1. A FEuclidean space is a real vector space E in which to
every pair of vectors x and y there corresponds a real number < x,y > such
that the following conditions are satisfied.

1. <2420,y >=< 121,y >+ < 29,y > Vr1,22,y € E,
2. <ar,y>=a<ux,y> Vr,y € E and a € R,

3. <xy>=<y, x> Vr,y ek,

4. <x,x> >0VreFEand <zx,x>=0<x=0.

We define the norm of any point z in E by ||z|| = /< z,2 > and the unit
ball is the set
B={zecFE: |z <1}

Any two points x and y in E satisfy the Cauchy -Schwarz inequality
| <,y > | <[zl
We define the sum of two sets C' and D in E by
C+D={z+y:ze€C,ye D},
and the difference of C' and D, C' — D, is defined as
C—D={z—y:xeC,ye D}.
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For A C R we define
AC={Xc: €A, ceC}.

Given another Euclidean space Y, we can consider the cartesian product
Euclidean space, E x Y, with inner product defined by

((e;2), (f,9)) = (e ) + (z,9).

Definition 1.1.2. Let C' be a nonempty subset of E. Then C' is called a cone
if RyC' = C. Note that the smallest cone containing a given set D C E 1s
R.D.

Definition 1.1.3. A set C in E is said to be convex if \x + (1 — \)y € C
whenever 0 < A <1 and z,y € C.

Given any set D C E, the linear span of D, denoted span(D), is the
smallest linear subspace containing D. It consists exactly of all finite linear
combinations of elements of D. Analogously, the convex hull of D, denoted
conv(D), consists exactly all convex combinations of elements of D, that is
to say points of the form Z’;l Aix;, where \; € R, and z; € D for each ¢
and Z;Zl )\z =1.

Definition 1.1.4. 1. A point x lies in the interior of the set D C FE,
denoted as int(D), if there is a real § > 0 satisfying v + 0B C D. In
this we say D is a neighbourhood of x.
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2. We say the point x in E is the limit of the sequence of points x', x°, x
E, written 27 — x as j — 00 or limj_o 2?7 =z, if |27 — z|| = 0.

3. The closure of D 1s the set of limit of sequences of points in D, written
D and the boundary of D is D/intD, written 0D.

4. A set D is open if D = intD, and is closed if D :_ﬁ. The interior
of D 1is just the largest open set contained in D and D is the smallest
closed set containing D.

Theorem 1.1.1. (Basic separation) Suppose that the set C C E is closed
and convex and that the point y does not lie in C. Then there exist real b
and a nonzero element a of E satisfying (a,y) > b > {(a,z) for all points x

m C.

Sets in E of the form {x : (a,z) = b} and {(a,y) < b} for a non zero
element a of ' and a real b are called hyperplane and closed half spaces



respectively. In this language the above result states that the point y is
separated from the set C' by a hyperplane. In other words C'is contained in a
certain closed half space where as y is not. Thus there is a dual representation
of C' as intersection of all closed half spaces containing it.

A subset D of E is bounded if there is a real k satisfying kB D D and
it is compact if it is closed and bounded.

Theorem 1.1.2. (Bolzano- Weierstrass) Every bounded sequence in E has a
convergent subsequences.

Given Euclidean space Y we call a map A : E — Y linear if any points
x,z € F and any reals A\, u € R satisty

A(Ax 4 pz) = Mz + pAz.

Any linear function from E to R has the form (a,.) for some element a of
E. Linear maps and affine functions(linear functions plus constants) are
continuous. A polyhederon is a finite intersection of closed half space and is
there for both closed and convex. The adjoint of a linear map A is the linear
map
A Y - FE
defined by the property
<A*y7 $> = <ya AZB>7VI7 y e E.

whence A* = A. The null space of A is N(A) = {z € E : Az = 0}.
The inverse image of a set H C Y is the set AH = {z € E : Az € H}.
Given a subspace G of F, the orthogonal complement of G is the subspace
G+t ={ye F: (x,y) =0,V € F}. So we can write F as a direct sum
G @ G*. Any subspace G satisfies G+ = G.

Optimization studies properties of minimizers and maximizers of func-
tions. Given a set A C R, the infimum of A (written inf A) is the greatest
lower bound of A, and the supremum (written as sup A) is the least upper
bound of A. To ensure these are always defined, it is natural to append —oo
and +o00 to the real numbers and allows their use in the usual notation for
open and closed intervals. Hence inf ¢ = 400 and sup ¢ = —oc.

A (global) minimizer of a function f : D — R is a point Z in D at which
f attains its infimum.

irlef = inf f(D) = inf{f(z) : x € D}.

In this case we refer to T as an optimal solution of the optimization problem

infD f



Proposition 1.1.1. (Weierstrass) Suppose that the set D C E is none
empty and closed, and that all the level sets of the continuous function f :
D — R are bounded. Then f has a global minimizer.

Convexity of functions is equivalently important as convexity of domains
in optimization. Given a convex set C' C E we say a function f: C' — R is
convex if

fAz+ (1 =Ny) < Af(x) + (1 =) f(y)

for all points z,y € C and A € [0, 1]. The function f is strictly convex if the
inequality holds strictly when ever x and y are distinct in C' and 0 < A < 1.
A function g : C' — R is said to be concave if —g is convex, it is called strictly
concave if the inequality is strict.

Example 1.1.1. Let f : E — R be a function defined by f(z) = ||z||. Note
that for x1,29 € E and o € [0, 1], we have

flazi+(1-a)z;) = [azi+(1=a)zo|| < affzi|[+(1=a)|[z2]] = af (21)+(1—a) f(z2).
Therefore f is a convex function.

Proposition 1.1.2. Let C' C E be a convex set. A convex function . C —
R has bounded level sets if and only if it satisfies
f(z)

liminf =———= > 0.

lzl—o0 |||

( This condition is called the growth condition.)

1.2 Optimality conditions

It is known differentiability is crucial in finding minimizers in multivariate
calculus. In this section we collect some basic facts regarding the interplay
between convexity and differentiability in optimality conditions.

Consider the problem of minimizing a function f : C'— R on a set C' in
E. We say a point 7 in C' is a local minimizer of f on C if f(z) > f(T) for
all x in C' close to T. The directional derivative of a function f at T in the

direction d € FE is

t—0 t

when this limit exists. When the directional derivative f'(Z,d) is actually
linear in d (that is f'(Z,d) = (a, d) for some element a € E), then we say f is
(Gateaux) differentiable at T with (Gateaux) derivative of f at 7, Vf(Z) = a.
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If f is differentiable at every point in C' then we simply say f is differentiable
on C.
A vector d € F is said to be a normal vector to C at 7 € C' if

(d,x—7) <0,VreC.

A convex cone which arise frequently in optimization is a normal cone to
a convex set C' at a point = € C, written Ng(Z). This is the convex cone of
normal vectors to C' at 7.

Below we state some of the basic results concerning optimality conditions
whose proofs are available in any standard optimization books.

Proposition 1.2.1. (First order necessary condition) Suppose that C
is a convex set in E and that the point T is a local minimizer of the function
f:C = R. Then for any point x € C, the directional derivative, if it exists,
satisfies

f(z,z—7)>0.

In particular, if f is differentiable at T, then the condition —V f(T) € N¢(T)
holds.

Proof. If some point x in C satisfies f'(Z,z — Z) < 0, then all small
real t > 0 satisfies f(ZT + t(x — 7)) < f(Z). But this contradicts the local
minimality of T.

Proposition 1.2.2. (First order sufficient condition) Suppose that
the set C' C E is convex and that the function f : C — R is conver. Then
for any points T and x in C, the directional derivative f'(T,x —T) exists in
(—o0, +00). If the condition f'(Z,x—T) > 0 holds for all x in C, in particular
if the condition —V f(Z) € No(Z) holds, then T is global minimizer of f on
C.

Corollary 1.2.1. (First order conditions for linear constraints) For
a convex set C C E, a function f: C — R, a linear map A : E — Y (where
Y is Euclidean space) and point b in'Y', consider the optimization problem

inf{f(z) :z € C, Az = b} (1.1)
suppose the point T € intC' satisfies Ax = b

1. If T is a local minimizer for the problem (1.1) and f is differentiable

at T, then V f(T) € A*Y.

2. Conversely, if Vf(T) € A*Y and f is convex then T is a global
minimizer for (1.1).



The element y € Y satisfying V f(Z) = A*y in the above result is called
a Lagrange multiplier. In the absence of convexity, we need second order
information to tell us more about minimizers.

Theorem 1.2.1. (Second order condition) Suppose the twice continu-
ously differentiable function f : R™ — R has a critical point . If T is a local
minimizer then the Hessian V?f(Z) is a positive semi definite. Conversely,
if the Hessian is positive definite then T is a local minimizer.

We will see the interplay between analytic, geometric and topological
ideas in optimization theory by the proof Theorem 1.1.1 restated and proved
below.

Theorem 1.2.2. (Basic separation) Suppose that the set C' C E is closed
and convezx, and that the point y does not lie in C'. Then there exist a real b
and a nonzero element a of E' such that (a,y) > b > (a,x) for all points x in

C.

Proof. We may assume C' is non empty and define a function f : £ - R
by f(z) = @ Now by the Weierstrass proposition there exists a mini-
mizer Z for f on C, which by the first order necessary condition(1.2.1) satisfies
—Vf(Z) =y —7 € No(z). Thus (y — z,x — Z) < 0 holds for all points z in

C. Now setting a =y — x and b = x — T gives the result.

Proposition 1.2.3. If the function f : E — R is differentiable and bounded
below then there are points where f has small derivative.

Proof. Fix any real ¢ > 0. The function f + €l|.|] has bounded level
sets, so has a global minimizer x¢ by the Weierstrass proposition. If the
vector d = V f(z€) satisfies ||d|| > €, then from the inequality

lim f(xe — td) — f($€> _ —<Vf<l'6),d>

t—0 t
= —|ld|I> < —€ldll,

we would have for small ¢ > 0 the contradiction

—telld|] > f(z® —td) — f()
= (f(a" = td) + ellx® —td[]) — (f (%) + ell«]]) + e(ll]| = [|=° — td])
> —et||d].

By definition of ¢ and the triangle inequality. Hence ||V f(z¢|| < e.



1.3 Sublinear Function

Definition 1.3.1. When a convez function f : E — (—o00,4+00) satisfies the
stronger condition

flax+ By) < af(z)+ Bf(y), Yo,y € E and Vo, € Ry, (1.2)

then we say f 1s sublinear.

Definition 1.3.2. A function f is positively homogeneous if
flpz) =pf(x) Vo e Eand p € Ry (1.3)

In particular, this implies f(0) = 0.
If fle+y) < f(z)+ fly) Vo,y € E, then we say f is subadditive.
Remark. If the function f is sublinear, then

—f(z) < f(—z) Vz € E. (1.4)
Let we show that f(x) < f(—z), Vx € E
0<f(0) = f(=2+2) < f(=2) + f(z)

Therefore,
—f(z) < f(=x)

The linearity space of a sublinear function f is the set

linf ={zx € E:—f(z) = f(—=x).} (1.5)

Proposition 1.3.1. (Sublinearity) A function [ : E — [—o00,400] is sub
linear if and only if it s positively homogeneous and subadditive.

Proof. (=) Suppose f is sublinear.
WTS f is positively homogeneous and subadditive.
If f is sublinear then by definition

flaz + By) < af(x)+ Bf(y) Va,y € Eand a, B € Ry
thus,

fle+y) < f(@)+ fly) fora=p=1

which shows that f is subadditive.
To show that f is positively homogeneous, let x € ' and a € R,
then we need to show



First we want to show that

= flaz) < af(zx). (1.6)

And also we show

a[f(gx + %QJ)]

< als-(f(ax) + f(an))
=[5 faz)

20

= f(ax).

Therefore
af(z) < flax). (1.7)
From equations (1.6) and (1.7) we have get that

af(x) = flaz). (1.8)
= f is positively homogeneous.
Therefore if f is sublinear, then it is positively homogeneous and subadditive.

(<) Suppose f is positively homogeneous and subadditive. WTS f is
sublinear. By definition of positively homogeneous,

flax) =af(x) Ve e E and o € R,.

By definition of subadditive



fle+y) < fl2) + fly) Vo,ye B
= flaz + By) < flax) + f(By) Vax,fy € E
=af(x)+pf(y) Ve,ye E and «,f € R,.

Hence f(ax + fy) < af(x)+Bf(y) Va,y in E and «,f € Ry.

Therefore f is positively homogeneous and subadditive if and only if it is
sublinear.

1.4 Directional Derivative

Definition 1.4.1. Let S be none empty open subset of E and f: S — R be
any mapping. If rg € S and d € E, then the limit

: o flwo +td) — f(z)

t—0+ t

exist, (1.9)

then f'(xq,d) is called directional derivative of f at xq in the direction d.

Example 1.4.1. For the function f : R? — R with

Y(zy,z0) € R?

2214+, if « 0,
f(x17-772): 1( x2> f 27é
0,33'2:0

Which is not continuous at Orz. We obtain the directional derivative
o1
f'(Og2)(ha, ho) = Hm —f(t(ha, ho))
t—0+ ¢

— lim {%(th1)2(1+%)> ha # 0

t—0t | 0, otherwise.

hi
=lim¢_,0" {t(hl)z t oy he 70

O, h2:O
2
_ Z—;, hy # 0
0, hy = 0.



Theorem 1.4.1. If the point T lies in the domain of a convex function f, then
the directional derivative f'(Z;.) is well defined and positively homogeneous,
taking the values in [—o00, +00].

Proof. First we want to show that the existence of f'(z)(u). We choose
arbitrary elements x,h € E and define the function
¥ : R — R with
f(x+ ) — f(z)

b(N) = ;i VA > 0.

Because of the convexity of f, we get VA > 0.

F() = s (AR + 2 (o= )
< o FE AR + O )

= 1+ N f(x) < f(x+ M)+ Af(z —h)
= f(z) + Af(z) < f(x + Ah) + Nf(z — h)
= M (x) = Af(x —h) < f(z+ Ah) — f(z)

= f@)— flo -y < TEEMIZTD )

Hence the function 1 is bounded from below. For an arbitrary z,u €
E, and for0<s<teR.

Fla s = (@) = G+ 1) + () (@) - (@)
Fla t) + () — f (@)

(f(z +tp) — f(x))

L o) S 1)

<

SN VRS S IV

5
= Y(s) < (1)
Hence v is monotonically increasing. Consequently the limit

[(@)(p) = lim () ewists.

A—0F
So  f'(z)(p) exist.
Now  f/(2)(0) = limy ¢ LEH0)I@) _
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Hence f'(z)(0g) = 0.
Then for any arbitrary z in £/ and «a > 0

f(x +top) = f(z)

f'(x)(ap) = limy_o+

t
i, At tan) = (@)
el ta
= af'(z)(n).

f'(@)(ap) = af'(z) ().

Therefore, f'(z;.) is positive homogeneous.

Definition 1.4.2. The core of a set C' (written core(C') ) is the set of points x in C' such
that for any direction p in E,x + tu lies in C for all small real t.

This set (core(C)) contains the interior of C' although it may be larger.
Proof. Suppose = € intC', then there exist some € in C' such that z+¢ €

C.
Thus z +te € C for small t in R. Hence z € core(C).
Therefore intC' C core(C'). One always has

intC C core(C).
If int(C) # ¢ or E is finite dimensional, then
int(C) = core(C).
But if int(C)=@, then int(C) # core(C).
Example 1.4.2. Let z* : E — R be a discontinuous linear functional and
S={reF:<az",x><1}
Then int(S) =& while 0 € core(S) # .

Proposition 1.4.1. (sublinearity of the directional derivative) If the
function f: E — [—00,400] is convex then for any point T in core(domf),
The directional derivative f'(Z;.) is everywhere finite and sub linear.

Proof. For i in E and nonzero t in R, define

f(x+tp) - fx)
t

g(ﬂ? t) =

11



By convexity we deduce, for 0 < t < s € R, the inequality
9k, —s) < g(p, —t) < g(p, t) < g(p, s)

Since Z lies in core(domf), for small s > 0 both g(u, —s) and g¢(u,s) are
finite, so as t — 0" we have

+o00 > g(p,8) > g(p, t) = (T3 1) > gy, —s) > —o0.

Again by convexity we have, for any directions p and e in E and real t > 0,

gl +et) < g(p,2t) + gle, 2t)

Now letting ¢ — 07 gives subadditive of f’(Z;.) while homogeneity is shown
in theorem 1.4.1.

The idea of derivative is fundamental in analysis because it allows us to
approximate a wide class of functions using linear functions. In optimization
we are concerned specifically with the minimization of functions, and hence
often a one sided approximation is sufficient

1.5 SubGradient

Definition 1.5.1. We say a vector g € E is a subgradient of f : E — R at
x € domf, Yz € domf,

f(z) = fz) + 9(z — ).

If f is convex and differentiable, then its gradient at x is a subgradient.
But a subgradient can exisist even when f is not differentiable at z.
A function f is called subdifferentiable at z, if there exists at least one
subgradient at x.
The set of subgradients of f at the point x is called the subdifferential of f
at x, and is denoted by Jdf(z).

Example 1.5.1. Consider absolute value function f(z) = |z|.

For x < 0 the subgradient is unique: 0f(x) = {—1}, similarly , for x > 0,
we have Of(x) = {1}.

At x = 0, the sub differential is defined by the inequality |z| > (g, z) Vz which
is satisfied if and only if g € [—1,1]. Therefore we have df(0) = [—1, 1].

Proposition 1.5.1. (subgradients at optimality) for any proper convex
function f : E — [—00,+00], the point T is (global) minimizer of f if and
only if the condition 0 € Of(Z) holds.

12



Proof. Suppose z is a (global) minimizer of f, then

fly) > flz) = f(@)+0"(y— ), Vy € E.

Therfore 0 € 0f(Z).
If 0 € Of(z), we want to show that x is a (global) minimizer. By definition
of subgradient,

fy) = flx)+0"(y—2), Vye E
we have

fy) = f(x) Vy € E.
Therefore  is a (global) minimizer of f.
Proposition 1.5.2. (Subgradients and directional derivatives) If the

function f : E — [—00, +00] is convex and the point T lies in domain f, then
an element B of E is a subgradient of f at T if and only if it satisfies

<f.d>< f(,4d).
Proof. (=) If 8 € 0f(Z), then we have

£ () — ting LE D)~ F(2)

t—0 t

>< pB,h> VheFE

Hence one side inclusion is shown.
(<) Suppose < f,d >< f'(z,d)
WTS g is an element of sub gradient of f. For any arbitrary din E

< fp,d>< f'(z,d)
i f(@ +tc? — f(%)
= f(x+d) - f(z) (fort =1)
=< B,d>< f(z +d) — f(2)

let
y=r+d=d=y—=2

SO
< B,d>=< B,y —1>< f(y) — f(2)
=< By—T>+f(7) < fly) VyeE
Hence g € 0f(Z).

13



Lemma 1.5.1. Suppose that the function p : E — (—o00,+00] is sublinear
and that the point T lies in core(domp). Then the function q(.) = p'(Z,.)
Satisfies the conditions

1. q(ax) = ap(z)
2. q(d) < p(d)

3. ling D linp + span{z}

Proof. Let we proof 1 and 2.

Therefore ¢(az) = ap(x)

2-(](d) - p/<1’, d)

Therefore ¢ < p.

14



Theorem 1.5.1. (Max formula) If the function f:FE — (—oo,400] is
convez then any point T in core(domf) and any direction d in E satisfy

f(z,d) =max{< 8,d >: B € 0f(z)} (1.10)
In particular, the subdifferential Of(Z) is non empty.

Proof. In view of proposition 1.5.2 we simply have to show that for any
fixed d in F there is a subgradient ¢ satisfying

< ¢.d>= f(z,d).

Choose a basis ey, €3, .., e, for E with e; = d if d is non zero.
Now define a sequence of functions py, p1, p2, ..... , Pn recursively by

p[)() = f/(‘/za ) and pk() = p;c—l<€k; ) fO?“ k= 1,2,3,.,n.

We essentially show that p,(.) is the required subgradient.

First note that, by proposition 1.4.1 each p; is everywhere finite and sub-
linear.

By part 3 of lemma 1.5.1 we know,

linpy, D linpy_1 + span{ey} for k=1,2,...,n.
So p,, is linear. Thus there is an element ¢ of F satisfying
<@,.> = pu().
Part 2 of lemma 1.5.1 implies that
Pn < Pn-1 < .- < Do
So certainly, by proposition 1.5.2 any point x in FE satisfies
pule =) < polx — 7) = f (x — 7) < f(x) - f (%)
. Thus ¢ is a subgradient. If d is zero then we have
pa(0) =0 = f(%;0)

Finally, if d is non zero then by part 1 of lemma 1.5.1 we see

15



Hence
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Chapter 2

The value function

Consider an inequality-constrained convex program
inf{f(z) : g;(x) <0,z € E, fori=1,2,....,m.} (2.1)

Where the functions f,g1,92,93,94, -, 9m : E — (—00,4+00) are convex
and satisfy ¢ # domf C N;domg;. Denoting the vector with components
gi(x) by g(z), the function

L:E xR — (00, +00)

defined by
L(z,\) = f(x) + A\g(x) (2.2)

is called the Lagrangian function. A feasible solution is a point x in dom f that
satisfies the constraints.

We should emphasize that the term Lagrange multiplier have different
meanings in different contexts. In the present context we say a vector \ €
R?* is a Lagrange multiplier vector for a feasible solution Z ¢f ¥ minimizes
the function L(.,\) over E and )\ satisfies the complementary slackness
conditions

A\ = 0. whenever g¢;(Z) < 0.

Proposition 2.0.3. (Lagrangian sufficient conditions) If the point T is
feasible for the convex program (2.1) and there is a Lagrangian multiplier
vector, then T is optimal. We perturb the problem (2.1) and analyze the
resulting (optimal) value function v : R™ — [—o00,+00], defined by the
equation

v(b) = inf{f(x):g(z) < b} (2.3)
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We show that Lagrange multiplier vectors A correspond to sub gradients of v.
To generalize the definition we introduce the idea of the epigraph of h:

epi(h) = {(y.r) € E x R : h(y) <1} (2.4)

and we say h is a convex function if epi(h) is convex set. In this case the
domain

dom(h) ={y : h(y) < +oo} (2.5)

is convex and further that value function v defined by equation (2.3) is con-
vex. We say h is proper if domain h is none empty and h never takes the
value —oo. If we wish to demonstrate the existence of sub gradients for v us-
ing the results in the previous section then we need to exclude —oc.

Lemma 2.0.2. If the function h : E — [—o00,+00] is convezr and if there is
some point 4 in core(domh) Satisfying h(y) > —oo, then h never takes the
value —oo.

Proof. Suppose some point y in F satisfies
h(y) = —o0.

Since ¢ is in core(domh), there is a real t > 0 with §+¢(J—vy) in dom(h), and
hence areal r with (§+¢(J—y),r) in epi(h). Now for any real number s, (y, s)
lies in epi(h). So we know

, r+ts 1 st

, , ¢ _
(9, 1+t)_ 1+t(y+?(y—y)77’)+1—+t(y,8)Eepz(h).

Letting s — —o0o gives contradiction.
In this approach we will apply a different condition, known as the Slater
constraint qualification for the problem (2.1), there exists & € dom(f) with

g:(T) <0, fori=1,2,...,m. (2.6)

Proposition 2.0.4. (Lagrangian necessary conditions) Suppose that
the point T in dom(f) is optimal for the convex program(2.1) and that the
Slater condition(2.6) holds. Then there is a Lagrange multiplier vector for .

Proof. Defining the value function v by equation (2.3) Certainly v(0) >
—00, and the Slater condition shows 0 € core(domv), so in particular Lemma
2.1.1 shows that v never takes the value —oo . We now deduce the existence
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of a sub gradient —\ of v at 0. Any vector b in R obviously satisfies g(z) < b.
Whence the inequality

This yields the complimentary slackness conditions. Finally, all points x in
dom f must satisfy

= (@) + Ag(a).

In particular, if in the above result z lies in core(domf) and the function
f, 91,92, 93..., gm are differentiable at = then

Vf(z)+ Z hiVgi(z) = 0.
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Chapter 3

The Fenchel Conjugate

A fundamental notion when dealing with duality issues is the notion of con-
jugate function. The conjugate of a function h : F — [—o00,+0o0] is the
function h* : E — [—00, +00] defined by

h*(¢) = sup{(¢, z) — h(x)}.

zeE
this concept was introduced by M.Legendre(1752-1833) in the one-variable
case, and it was generalized by W.Fenchel(1905-1988)(6).
Remark. 1. The function h* is convex and if the domain of A is non

empty then h* never takes the value —oo .
Let us show the convexness of h*.

BNz -+ (1= ) = sup{{rz + (1= A)y.a) — h(x)}
= sup{(Az + (1 = N)y.2) = M) + (1= A)h(z)])
= sup{{r2.) — Ah(@) + (1= Apa) — (1= X)h(z)}
< sup{{rz,) — Ah(@)} +sup{((1 = Ny.2) — (1= Mh(a))

= A (z) + (1 = N)h*(y).

2. The conjugacy operation is order reversing.
Proof: Let f,g: E — [—00,+0o0] be functions. Suppose f > g. Then

[ (@) =sup{< ¢,z > —f(z)}.

zel
é Super{< ¢,1’ > _g(m)}
=9 ().
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Definition 3.0.2. The indicator function for a set U in E denoted by oy is

defined as
5U($)={O’ of xelU (3.1)

400, otherwise.

This definition turns sets into closely related functions. It is easy to see
that a subset U of F is a convex set if and only if its indicator function &y
is a convex function. In the converse direction, convex functions can also
be turned into closely related convex sets. The conjugate of the indicator
function dy is

0 (y) = maxy'x

called the support function of U. Conjugate functions are ubiquitous in
optimization. For example we have seen the conjugate of the exponential
function exp x, defined by

tlogt —t,if t >0
exp*(t) =< 0,if t=0 (3.2)
+o0,if t<O0.

Let we see how we get this conjugate.
f(z) = expx, where z € R.

then conjugate of f is

f*(2) = sup{(z,z) — f(z)}

zeR
If 2 <0, sup{zzx — expz} is unbounded so f*(z) = 0.
zeR

If 2> 0, sup,cp{zz —expz} is bounded and can be computed as
Oy(zx —expz) =0

=z —expr =0
=2r=1Inz

Substituting the value x in the above function f*(z) we get
ff(z)=zlnz—z=2z2(Inz—-1)

If z=0, sup,cp{zz —expa} =sup,cp{—expaz} =0.
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Therefore the conjugate of a function f(z) is

tlogt —t,if t>0
exp”(t) =4 0,if t=0
+oo,if t<O0.

Some conjugate pairs of convex functions on R are shown on the next table

functionf(x) = conjugate function f*(y) = \
V1+ 22 (domf =R) —\/1—92 (domf* = [-1,1]) ‘
—logx —1 —log(y) |
h(az)(a #0) 6 |
h(z +b) h(y) — by |
ah(xz) (a>0) ah* () ‘

3.1 Fenchel Young inequality

Any points ¢ € F and x in the domain of a function h : E — (o0, +00]
satisfy the inequality
h(z) +h*(¢) >< ¢, > .

Equality holds if and only if ¢ € Oh(z)
Proof.

h(¢) = Stelg{< ¢,z > —h(z)}
>< ¢, x > —h(x)

= h*(¢) + h(z) >< ¢,z > . (3.3)
If ¢ is a sub gradient of f at z,¢ € Oh(x), then

haz)+ < ¢,y —a >< h(y)
= h(r)— < ¢, > < h(y)— < o,y >
< —h*(9)

= h(x) + h*(¢) << ¢,z > . (3.4)
By equation (3.3) and (3.4) we get

h(z) + h*(¢) =< ¢,z > .
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Theorem 3.1.1. Suppose that f is a convex functional with convex domain
C and that g is a concave functional with convexr domain D.Let

o= Ci%fD[f () — g(x)]

Then it holds that
sup [g"(z") — f*(z")] = p.
C* N D*
Proof. First, inequality. By Fenchel conjugate definition, Vz* € C* (| D*
and x € C'() D, we now that
fra) z{<z, 2" > —f(2)}
g (@") <{<z 2" > —g(x)}
Which we can rearrange to see that f(z)—g(x) > g*(z*)— f*(z*), Vo and z*.
So the largest possible distance between the conjugate concave functional

and the conjugate convex functionals can not exceed the smallest possible
distance between the two original functionals (x), or in our notation,

S lg7(2") — f*(2")] < Cing[f(:v) —g(@)] = p.

Second, to prove the opposite inequality, we’ll find an xy such that [¢*(xo) —
[*(z0)] = infenplf(x) — g(x)]. Note that the two sets [f — p, C] and [g, D]
are arbitrarily close but contain disjoint relative interiors, and since one is
nonempty, there exists a none vertical hyperplane H separating the two given
by

H={(r,z) e Rx X\r = (x,z0 — ¢}
By arbitrary closeness of the two sets,we now both that

¢= inf[(r,2) ~ g(x)] = ¢"(10)

and

¢ = sup|(z, 2") = f(z) + ] = f (o) + .

Subtracting both sides, we see that u = ¢g*(zo) — f*(x¢), which implies that
infonplf(z) —g(z)] < supewp-[g" (") — f*(2¥)]. With our result from step
one,

p= CirﬁfD[f(x) —g(x)] = Cflrl]%* lg" (") — f(=")].
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Theorem 3.1.2. (Fenchel duality and convex calculus)For given func-
tions f : E — (0c0,4+00] and g : Y — (00, +00] and a linear map A : E —
Y,let p,d € [—o0,400| are primal and dual values defined respectively by
the Fenchel problem

p = inf{f(z) +g(Az)} (3.5)
d= 225{_f*(_’4*¢) - 9" (@)} (3.6)

These values satisfy the weak duality inequality p > d. If, furthermore,
f and g are convex and satisfy the condition

0 € core(domg — Adomf) (3.7)
or the stronger condition

Adom f Ncont(g) # 0 (3.8)

then the values are equal (p = d), and the suppremum in the dual problem
(3.7) is attained if finite.

I(f + goA(x)) D 0f(z) + A*0g(Ax) (3.9)
holds with equality if f and g are conver and either condition (3.7) or (3.8)
holds.

proof. The weak duality inequality follows imidiately from the Fenchel
Young inequality ( 3.1). To prove equality we define an optimal value function

h:Y — [—00, +]

by
h(u) = mf{f(z) + g(Az +u)}.

It is easy to check h is convex and domh = domg— Adom f. If p is —oo there is
nothing to prove, while if condition (3.8) holds and p is finite then (Lemma
2.0.2) and the max formula (Theorem 1.5.1) shows there is a subgradient
—¢ € 0h(0). Hence we deduce, for all w in Y and z in F, the inequalities

h(0) < h(u)+ < ¢,u > (3.10)
<f(z)+ g(Az 4+ u)+ < ¢,u > (3.11)
=f(z)— < A"¢,x >+ g(Az +u)— < —p, Az +u >. (3.12)

Taking the infimum over all points u, and then over all points x, gives the
inequalities

h0) < —f*(A°9) — g*(~¢) < d < p = h(0).
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Thus ¢ attains the supremum in problem 3.7 and p = d.

The case of the Fenchel theorem above, when the function ¢ is simply
the indicator function of a point, gives the following particularly elegant and
useful corollary.

Corollary 3.1.1. (Fenchel duality for linear constraints) Given any
function f: E — (00, +00]. Any linear map A : E =Y, and any element b
of Y, the weak duality inequality

inf{f(z) : Ar = b} > sup{< b,¢ > —f*(A*p)} holds.

zekE zeE

If f is convex and b belongs to core(Adomf) then equality holds, and the
supremum is attained when finite.

3.2 Fenchel duality and conic programming

The fenchel duality problem

minfi(x) + fo(Az)
subject to x € R"

where A is m x n matrix, f; : R" — (—o00,+00) and fy : R™ — (—00,+00)
are closed convex functions, and we assume that there exists a solution. The
dual problem, after a sign change to convert it to a minimization problem,
can be written as

minfi(A'N) + f5(=X),
subject to A€ R™

where f; and f; are the conjugate function of f; and f; respectively. We
denote f* and ¢* the optimal primal and dual values.

Proposition 3.2.1. (Fenchel duality)

o If f* finite and (A.ri(dom(f1))) (\ri(dom(f2)) # @, then f* = ¢* and

there exists at least one dual optimal solution.

e There holds f* = q*, and (z*,\*) is a primal and dual optimal solu-
tion pair if and only if x* € argmingeps{fi(x) — 2 A'N*} and Az* €
argmin,cpn{fo + 2 \*}
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An important problem structure, which can be analyzed as a special case
of the Fenchel duality framework is the conic programming problem
minimizef(z),
subject to x € C'
Where f: R" — (—00,400) is closed proper convex on R".

Indeed, let us apply Fenchel duality with A equal to the identity and the
definitions

0,ifr e C
filz) = f(z), fz) = . (3.13)
oo, otherwise.
The corresponding conjugate are
. / . 0 ifreC”
Ji(A) = sup{Xa — f(z)}, f3(A)=sup { . (3.14)
zER™ zeC | 00, otherwise.

where
C*={\\Nz <0, Ve e C}
is the polar cone of C' (note that f; is the support function of C') The dual
problem is R
minimize f*(\) subject to X € C

where f* is the conjugate of f and C is the negative polar cone( also called
the dual cone of C') A pretty application of the Fenchel duality circle of ideas
in the calculation of the polar cones.

Definition 3.2.1. (Polar cone) Let K be a cone in E. then the set
K ={ye E:{(y,x) <0,V € K} (3.15)
1s called the polar cone of K.

Example 3.2.1. The set K = {x € R" : x; > 0, for i =1,2,...n} is a
convex closed cone. it’s polar cone is —K as can be verified directly.

Definition 3.2.2. (normal cone) consider a convex closed set X C E
and a point v € X.
The set

N, (z) = [cone(X — x)]~ (3.16)

is called the normal cone to X at x.
as a polar cone,the normal cone is closed and convex. It follows from the

definition that
v € Ny(x) if and only if (v,y—z) <0 Vye X.
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Conclusion

Generally, this project paper explains some of the points that are important
for the duality to solve different problems using Fenchel duality principle.
Those problems that solve by Fenchel duality is a problem which is convex
but not differentiable, or the value function is infinite.
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