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Abstract

Let f be a real valued function with the domain dom(f) in some vector
space X and let € be the collection of convex subsets of X. The following
two questions are investigated;

1. Do there exist maximal convex restrictions g of f with dom(g) € €7

2. If f is convex with dom(f) € €, do there exist maximal convex extension
g of f with dom(g) € €7

We will show that the answer to both questions is positive under a certain
condition on €.

We also show that the extreme points of the epigraph of a real continuous
strictly convex function are dense in the graph of such a function, and the
set of such extreme points of an epigraph may be equal to the graph.
Moreover we show that a set of extreme points of an epigraph may be equal
to a graph of such a convex function under certain conditions. We also
discuss conditions under which an epigraph of a real convex function on a
Banach space X may, and may not, have extreme points, denting points
and/or strongly exposed points.

One of the interesting results in this discussion is that boundary points,
extreme points, denting points and the graphs in an closed epigraph of a
strictly convex function coincide. Moreover, we show that there is relation-
ship between the extremal structure of an epigraph of a convex function

and a point in a domain on which such a function attains its minimum.
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Historical background

The theory of convex functions has been studied mostly due to its usefulness
and applicability in the Optimisation or optimal value analysis. It originates
from Convex Analysis where the structure of convex sets and convex func-
tions is the core of the subject. Applications of convex sets were discovered
particularly in the field of Optimisation in 1950s. The importance of these
application has in turn sparked a renewed interest in the theory of convex

sets.

Convex functions and Optimisation meet in the sense that the graph of
a convex function has at least one global optimal point and it is almost
guaranteed to get such point hence makes it easier to work within the field

of Optimisation.

During the twentieth century, there was an intense research activity and
significant results were obtained in geometric functional analysis, mathe-
matical economics, convex analysis and non-linear optimisation, see [14,
Preface]. The development of convexity as a subject during the last fifty
years was mostly due to W. Frechel (1905-1988), J.-J. Moreau (1923-) and
R.T. Rockafellar (1935-). Frechel dealt more with geometrical aspects of
convexity, and Moreau applied Mechanics to Mathematics, while Rockafel-
lar is associated with the concept of ‘dual problem’. Besides mechanics, and
economics as discussed in the Application section, convexity comes naturally
in thermodynamic branch of science, see [10, Bibliographical background,
p.245].

It is universally understood that convex functions are continuous at least
on the interior of their domains but not necessarily differentiable. The rea-
son why convex functions are not necessarily differentiable sparked a lot of
debate and hence the weaker form of differentiability was introduced to suit
convex functions, that was called subdifferentiability denoted by most as 0f.

Differentiability of a function is closely related to the slope and the tangent



to the graph of a function at a given point. Even in the case of convex func-
tion, subdifferentiability brought about the new characterisation of convex
functions using a tangent at any given point on the graph of such convex
functions. It was found, as expected, that the tangent at any point will not
be anywhere above the graph. Meaning that if 7" is a function of a tangent
to the graph of f and f is a function whose tangent at the point (y, f(y))
is T', then f(y) > T'(y) for all y € dom(f) N dom(7"). This became one of
the most useful characterisations of convex functions across the board. We
intend using these characterisation to construct some convex extension of a

given convex function.

This subdifferentiability characterisation was carried over to extended real
valued convex functions on vector spaces, Euclidean spaces and partially on
Banach spaces. For convex functions on an infinite dimensional vector space
it is not easy to find their derivatives, hence it is much more convenient to
explore first the subderivatives of such functions as they exists due to the
fact that these functions are convex, and then build from there and check
as to whether it is differentiable at each point in its domain. The theory
on the vector valued convex functions on vector spaces has not had much
attention relatively but there is a good paper we used in which they were
discussed, see [9)].

Recently the study of convex function has evolved into a larger theory about
functions which are adapted to other geometries of the domain and/or obey
other laws of comparison of means. Examples are log-convex functions, mul-
tiplicative convex function, subharmornic functions, and functions which
are convex with respect to a subgroup of the linear group, see [14, Preface,
p. VIII]

Convex functions have many applications, ranging from those found in the
field of Optimisation to those found in Business Mathematics. These ap-

plications are useful in the field of Applied Mathematics and many results
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have been published on these applications. It would be worthwhile to de-
velop theory to better apply convex functions to solving practical problems
in Business setting, such as maximising the profit intake and minimising

profit loss.

Moreover, on the structure of convex set, we say a point is an extreme
point of a set if it is not an inner point of any line segment contained in that
particular set. For instance, the extreme points of a closed triangular region
are its vertices, while those of the closed solid ball are its surface points.
Note that in convex functions, the domain of such a function is convex and
its epigraph is also convex.

The notion of extreme point goes back to H. Minkowski, who proved that
if C'is a compact convex set in R?, then each point of C' can be expressed
as a convex combination of extreme point of C, that is, as a sum, 27", \;z;,
where \; > 0, 2", \; = 1, and each z; is an extreme point of C. This result
is known (in R™) as Minkowski’s theorem, was sharpened by Caratheodory,
who showed that if C' is a compact convex subset of R", then each point
of C' can be expressed as a convex combination of at most n + 1 extreme
points of C.

In 1940, M. Krein and D. Milman extended Minkowski’s theorem to
infinite-dimensional spaces by proving that if C' is a compact convex subset
of a locally convex Hausdorff linear space, then C'is the closure of the set of
all convex combinations of extreme points of C'. The Krein-Milman theorem
then served as the starting point for virtually all modern research into the
extremal structure of convex sets in infinite-dimensional spaces. See [19] for

more background information of extremal structure of convex sets.
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Introduction

Convex functions play an important role in many fields of mathematics and
they have applications in other fields of science such as convex and global
optimization, differential inclusion theory, and mathematical economic and
risk analysis.

Moreover, certain authors in trying to explain the importance of convex
functions in Mathematical Analysis stated the following: ‘Convexity ap-
pears like an octopus, tentacles reaching far and wide, its shape and color
changing as it roams from one area to the next. It is quite clear that research
opportunity abounds’, see [14].

This is the kind of statement that brought onto us the interest in this
far-reaching and interesting field of mathematics, and hence the main pur-

pose of this research.

In the first chapter we discuss convex functions and the structure of
their domains. Moreover, we discuss extensions of such functions which
ensures keeping the convexity property(ies) and determine the largest of
the domains on which the function could be extended and still be convex.
‘The existence of the convex extension of a set-valued map arises in the
solutions of some inverse problems of differential inclusion theory, where it
is required to construct a differential inclusion with prescribed attainable
sets of integral funnel’; see [9, p.674].

In our result we prove the conditional existence of such extension(s)

as such extensions do not always occur naturally and we also construct



and define a suitable extension for a €-convex function from some maximal
domain to a bigger domain. The uniqueness, if any, would also be discussed
together with conditions of their existence. Most of the results in chapter
one, at least the abridged version, have already been published in our paper,
see [13].

In chapter two we look at the graphs of convex function and their char-

acteristics. More importantly, we show the relation between the graph and
the epigraph of a convex function with respect to the extreme points, dent-
ing points and consequently strongly exposed points of the convex (and
sometimes closed) epigraph. Moreover, we look at the relation between ex-
tremal structure of convex (and closed) epigraphs, and the set minimizer(s)
of convex functions. Furthermore we discuss the convexity, or lack of, of
such set of minimizers of convex functions along with the extreme points
preserving maps.
One cannot have a complete discussion of extremal structure of closed and
convex sets without making mention of the Krein-Milman Property and the
closed convex hull of extreme points. Hence one of the important results in
chapter two is the charaterisation of closed convex hull of extreme points of
convex epigraph.

In chapter three we rehearse some of the interesting result on the differen-
tiability of convex functions, and most importantly the subdifferentiability
of convex function. We show that that even though a convex function might
be non-differentiable, it might be subdifferentiable. Moreover we show the
relationship between subdifferentiability, global minimizers and extremal

structure of epigraphs.

X1



0.1 Preliminaries and basic concepts

Henceforth X denotes a real normed vector space unless otherwise stated,
f : dom(f) € X — R denotes a real valued function with non-empty

domain in X and
CC{C CA:()+#C is convex }

denotes a non-empty class of convex non-empty subsets of A, for some fixed
non-empty subset A in X.
The following are well-known definitions of both the convex function and

the convex set;

Definition 0.1.1 A set C' in X is said to be convez if for any z,y € C' and
a € [0,1] we have az + (1 — a)y € C. Moreover, a real valued function
f:ACX — Ris conver if A is convex and for any z,y € A and X\ € [0, 1]
we have f(Az + (1 = A)y) < Af(z) + (1 = AN f(y).

Clearly if a function f : dom(f) — R is convex on a convex set dom(f),
then dom(f) is the maximal subset of dom(f) on which f is convex. Hence
in trying to determine the maximal subset(s) of any dom(f), if any, where
f is not necessarily convex on dom(f) but has a restriction convex on some

subset of dom(f), we make the following definition;

Definition 0.1.2 Let A be a non-empty subset of a vector space X.

(1) A real function f: A C X — R is €-conver if there is C' € € such that
flc is a convex restriction of f.

(2) Let f: AC X — R be a €-convex function. Then a non-empty subset
M e € satistying

(a) f is convex on M, and

(b) there exists no convex set P € € such that M C P C A and f is convex
on P,

is called a €-maximal domain of convexity (€-MDC) for f.

Xii



If € contains a singleton, then every function f : A C X — R is ¢-
convex and that would defeat the purpose of this discussion. Our objective
is to discuss non-trivial €-convex functions, hence excluding those defined

on a singleton, and thus we make the following assumption:
Assumption 0.1.3 ) £ € C {C C A: () # C is convez and infinite} = &,.

Moreover, since it is our aim to discuss the maximal of those convex
and infinite subsets C, looking at chains of convex sets C' would help, hence
there is one additional and vital condition we impose on € we shall discuss
subsequently.

One cannot discuss the convex functions on convex domain without men-
tioning the convex epigraphs, as the two concepts coincide. Hence the epi-

graph and, its important subset, the graphs are defined as follows;

Definition 0.1.4 An epigraph of a real convex function f is the set of
points lying on and above the graph of f. epi(f) and gr(f) will denote the
epigraph and the graph of f respectively, and they are defined as follows:

epi(f) ={(z,\) : f(x) <\, x € dom(f)} and
gr(f) = {(x, A) : f(z) = A, & € dom(f)}

0.2 Basic concepts of convex sets and convex

functions

In this section we discuss some of the well-known and sometimes trivial con-
cepts associated with convex sets and convex functions as the foundation

to the subsequent topics we shall be looking at henceforth.

The following is the result outlining properties of convex sets

Proposition 0.2.1 Let A and B in a normed vector space X be convexr and

A € R be a real number. Then the following operations preserve convexity
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Intersection

Scalar multiplication
Closure

Interior

Coordinate Projection
Translate of a set

Sum of sets

e I Al o

Direct sum

Proof

Suppose A and B in X are convex and « € [0, 1].

1. Suppose ANB # (). Take any a,b € ANB and « € [0, 1]. It follows that
a,b € Aanda,b € B. Since A and B are convex, we have aa+ (1 —a)b € A
and aa + (1 — )b € B, and thus aa + (1 — )b € AN B.

2. Let A € R be a scalar and AMA = {Aa : a € A}. Take any \a
and Ab in AA with a,b € A and « € [0,1]. Since A is convex and hence
aa+ (1 —a)b e A, we have a(Xa) + (1 — a)(Ab) = Maa + (1 — a)b) € MA.
This follows from the fact that A is convex and aa + (1 — a)b € A.

3. Let cl(A) be the closure of A and take any x,y € cl(A) and a € [0, 1].
Then there exists sequences (z,,)n>1 and (Y, )n>1 in A such that (z,),>1 — @
and (Y, )n>1 — y. Since A is convex ax, + (1 — a)y, € A for each n > 1.
Hence m = az+(1—a)y = o lim z,+(1—a) lim y, = lim [az,+(1—a)y,]
Hence (o, + (1 — @)yn)n>1 " Ais a convezgeoflt seqli:n%oe and converges
to m for each a € [0, 1]. Hence m € cl(A) and it follows that cl(A) is convex.

4. Let int(A) be the interior of a convex set A and take z,y € int(A)
with z # y, @ € (0,1) and m = az + (1 — a)y. Choosing # > 0 such that
Bgs(y) C A we show that B_ns(m) C A. Clearly m —x = ax — 2 + (1 —

Im=zl _ 1 _ & and con-

a)y=(1—a)y—(1—a)xr = (1—a)(y—z) and hence =]

X1v



sequently Bi_q)s(m) = ax + (1 — a)Bs(y). Clearly az + (1 — o)1 € int(A)
for each 7 € Bg(y) hence B_q)s(m) = ax + (1 — a)Bs(y) C int(A) and

thus m € int(A) and consequently int(A) is convex.

5. Let C' = {z1 : (z1,22) € A for some x2} be coordinate projection.
Take y1,2; € C. It follows that (yi,2), (21,22) € A for some vy, 25 and
alyr, yo) + (1 —a) (21, 22) = (ay1 + (1 —a)z1, ays + (1 —a)2) € A, a € [0, 1],

as A is convex. Hence ay; + (1 — a)z; € C and consequently C' is convex.

6. For A convex, it follows from [18, p.16] that the translate A + x =
{a+x:a€ Az eR"}is also convex.

7. It follows from [18, Theorem 3.1, p.16] that the sum of sets A+ B =
{a+b:a€ A be B} is convex.

8. It follows from [18, Theorem 3.5, p.19] that direct sum A & B =
{r=(y,2):y € A z € B} is convex. O

Remark 0.2.2 (a) Convex functions are continuous on int(dom(f)) where
dom(f) € X and X a normed vector space, and if ever they are not con-
tinuous that would be at the boundary d(dom(f)) of its domain, see [14,
Proposition 3.5.2, p.119]

(b) It is also clear in subsequent sections that a continuous real (convex)
function f is not neccessarily differentiable on R.

The following example illustrates this assertion:
Let f : I C R — R be a real (convex) function defined by f(z) = |z|.
This function f is not differentiable at 0, but it is continuous there. This
follows from the fact that xliI(I)li % =—-1#1= zlir(x)1+ %. Yet
lim f(z) = /(0).
Clearly continuity at a point does not imply differentiability at a point even
for convex function.

(c) Conversely,
Differentiable real functions of one variable are not necessarily convex as in

the following example;
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Let f: I C R — R be real function defined by f(z) = x3. This function
f is differentiable but not convex, though convex on some subset of its
domain, that is it has a convex restriction.

(d) One of the ways in which on one can test for convexity is;

f is convex if its second derivative f” exists and is non-negative

everywhere.

Note that, using the example above we have f”(x) = 6z and hence f”(z) < 0
for all x < 0. Consequently f is not convex. Yet f”(x) = 6z > 0 for each
z € [0,00). Hence f : [0,00) — R defined by f(z) = 23 is convex.

Lemma 0.2.3 Any real linear continuous function f :int(I) C R — R is

differentiable and convex.

Proof
Let f(x) = ax + c for any a,c € R. Obviously f'(x) = a for all z € I, hence
the limit exists at ¢ for all ¢ € int([), that is

i L@=F© _ iy f@-f©
T—Cc™ r—c r—ct z—c
and thus f is differentiable.
Moreover f” =0> 0 for all x € I. Hence f is convex. O

Differentiability might be tricky at the endpoints and a convex function
f is not always continuous at the endpoints.
Contrapositively; lack of continuity clearly implies lack of differentiability.
This problem will be explored later in this discussion along with the weaker
form of differentiability that seem to work on convex functions.

On convergence of convex functions, let us look at the following result;
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Theorem 0.2.4 [10, Theorem 3.1.4, p.105] Let the convex functions fy :
R™ — R converge pointwise for k — +oo to f : R® — R. Then f is convex

and for each compact set S in R™ the convergence fi, — f is uniform on S

Example 0.2.5 1. Consider the following convex real function f = 22 and
the following sequence of its translations ( f;(x));>1 defined by f;(z) = 2?+n;
where n; — 0 as i — oo, with n; € R for all ¢ € N. Hence (n;);>1 is a
sequence of real numbers converging to zero.
(a) It is easy to see that each f; is a real convex continuous function.
(b) It is also easy to see that lim f; = f and the convergence is pointwise.
Furthermore f, f; have convex elg?goiaphs for each 7, hence we have a sequence
(epi(f;))i>1 of convex epigraphs.
We say (epi(fi))i>1 converges to epi(f) if for each x € dom(f) there exists a
sequence (z;); € dom(f;) converging to x € dom(f) and lim f;(x;) = f(x).
Clearly llirglo epi(f;) = epi(f) for the f; and f as defined above.

2. Consider the sequence of convex continuous functions (f;);>; defined
by fi = «*, i € N. Then the following hold: ;5 epi(fi) =epi(h) where h
is defined by h(x) = 22, and dom(h) = [-1,1].

Below are well-known properties of convex functions we shall be using

and further exploring in subsequent chapter we deem important;

Properties of convex functions
1. A continuously differentiable function of one variable is convex on
an interval if and only if it lies above all of its tangents. In other words
fly) > f(z)+ f'(z)(y — ) for all x and y in the interval, see [14, p.30].
The same will be explored in the subsequent chapters especially for
continuous convex functions which are not necessarily differentiable.
2. A convex function f satisfies the following: > 1" | \z; € C' and
FO i) < D00 ANif () whenever z; € C, N, >0, " N =1, where
C'is in the domain of f, see [14, Lemma 8, p.8].
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This is clearly the generalised definition of convex functions from just

two elements in the set.

Lemma 0.2.6 A continuous extended-real-valued function f : R® — R is

closed and convez if epi(f) is closed and convex, respectively.

The closure of an epigraph is important and is integral to our subse-
quent discussion on extremal structure of epigraphs, especially due to the

boundary of such epigraphs being contained in the epigraph itself.

Proposition 0.2.7 If f : C C R" — R is a convex function, then {x €
C: flx)<a}l, cdd{x e C: f(z) <a})and {x € C: f(x) < a} are convez,

where a € R and C' is a convex subset of R™.

Proof
It is noteworthy that if A = {x € C : f(z) < a} is convex then so is
cl({z € C: f(x) < a}) as per Proposition 0.2.1 no 3.
We show A={zx € C: f(z) < a} is convez:
Suppose [ is convex and take y, z € A and A € [0, 1]. Tt follows that y, z € C
and hence Ay + (1 — A\)z € C as C is convex, and f(z) < a and f(y) < a.
Since f is convex, we have
fOy+ (1 =X2)z) <Af(y) + (1 =N f(z)

<Aa+(1—XNa

=X+a—Xda=a
Hence \y+(1—X\)z € C and f(Ay+(1—\)z) < aoreach A € [0, 1] and thus A
is convex. Moreover, appealing to Proposition 0.2.1, cl({z € C': f(x) < a})
is convex.

Let B={z € C: f(x) < a} and take y, z € B. It follows that f(y) < a
and f(z) < a and thus max{f(y), f(2)} < a. Moreover, since B C C, we
have y,z € C and hence Ay + (1 — )z € C for A € [0,1] as C' is convex.
Since f is convex, we have

Fy+ (1 =X)z) <max{f(y), f(2)} < a. It follows that A\y+ (1 — )z € B

xXviii



and for any y, z € B, and thus B is convex. OJ

There is another characterisation of convex function that is worth men-

tioning and it is as follows;

Corollary 0.2.8 Let f : X — R a convex function on a normed linear
space X, then the mapping ¢ : X — R defined by

o(z) = inf{\: (z,\) € epi(f)}

1s a convex function. Moreover f = ¢.

Proof
Take any y,x € X and « € [0, 1] such that az + (1 — a)y € X. Then
Bl + (1 — a)y) = nF{A (o + (1 — )y, \) € epi(f))
=inf{\: f(az + (1 —a)y) < A}
={\: f(ax + (1 — a)y) = A} since f is convex
={A:A<af(@)+(1-a)f(y), ac01]}
< {af() + (1— ) f(y) : (az + (1 — a)y, ) € epi(f), a € [0,1]}
— a{f(@) - (5, 3) € epil)} + (1— ){f) : (4, ) € epi(f)}
=a(inf{\: f(z) <A} + (1 —a){\: f(y) <A}, a€[0,1].
= a(inf{A: (z,A) € epi(f)} + (1 —a){A: (y,A) € epi(f)}
— 06(x) + (1 - a)o(y).

Hence ¢ is convex.

Moreover,
o(z) = inf{\ : (z,A) € epi(f)} = inf{A: f(z) <A} ={N: f(z) < A} =
f(z). Hence f(z) = ¢(z) for each z € X, and hence f = ¢. O

Xix



Chapter 1

Real convex functions and

maximal domains

In this chapter we discuss convex domains of convex functions and we also
identify maximal domains on which convex functions are defined, especially
maximal domains of a given (not necessarily convex) function with convex
restriction. Furthermore we discuss extensions of convex functions, or con-
vex restrictions, and condition(s) of their existence. Note that some of the

results in this chapter are published in our paper [13].

In this chapter we address two questions associated with convex func-

tions. Namely;

1. Firstly, given an arbitrary real-valued function f and € the collection
of convex subsets of a vector space X, do there exist or can we find a

maximal convex restrictions of f whose domain is in the collection €7

2. Secondly, what can be said about extensions and maximal extensions

of convex functions?

The first question is encouraged by considering non-convex functions and
wanting to take advantage of convexity property. We aim to find conditions,

if any, under which restiction of such a function to some subset(s) of its



domain will be convex. One might also want to restrict the domains to
certain classes of convex sets, such as closed or open convex sets.

Real non-convex functions have trivial convex restrictions especially
when restricted to singleton subset(s) of its domain. It turns out that an
additional condition is needed to guarantee the existence of maximal con-
vex restrictions under such general conditions, and this condition will be
discussed subsequently.

The simple example is that of a non-convex function f(x) = 2% on R

whose restriction g(z) = 23

on [0,«) is convex, for any a > 0. Note that
the sets [n, 00) for each n € N with n < co would be a domain of convexity
of g for each n, and that [0, c0) would be the maximal of such domains on
which g would be convex. The uniqueness of such a domain, if it exists, will
be discussed, yet it is easy to see that in some cases such maximal domain
does not exist, i.e, where g(x) = cosz, on R. It is worth noting though that
it is not always easy to determine the maximal domain on which a function
is convex.

Conditional existence of convex extensions have been discussed by few
other authors, and below we make mention of the few of those extensions and
also identify the difference between previous publications and our results.

In [9], the authors considered set-valued functions V' : [to, 8] — comp(R"),
whose epigraphs are convex. The authors give necessary and sufficent con-
ditions for the existence of extensions of V' to larger compact intervals in
terms of upper and lower derivatives.

They characterised the existence of convex extensions as follows;

Denoting by comp(R") the family of non-empty compact subsets of R",
that is comp(R") = {C € R" : ) # C' compact },

Proposition 1.0.9 /9, Existence Proposition 2.1, p.675] Let a > 0,

Val.) : [to—a, 0] = comp(R™) and V(.) : [to—a, 8] — comp(R™) be set-valued
maps. Suppose that V,(ty) = V(to) and V (t) C V,(t) for allt € [to,0]. Then
the set valued map W(.) : [to — , 0] — comp(R™) defined by W (t) = V,(t)

on [ty — a, ty) and W (t) = V(t) on [ty, 0] is a left-hand convex a-extension
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of V(.).

Furthermore, in [9, Maximal Extension Theorem 4.4, p.682] the authors
prove the existence of maximal extension of the set-valued functions and in
[9, No Extension Example 3.4, p.680] they show that convex extensions do
not always exist, for any convex function.

On the other hand, we are concerned with convex functions in the usual
sense, i.e., functions whose epigraphs are convex. This corresponds to
convex set-valued functions mapping to semi-infinite intervals, and conse-

quently, the results in [9] are disjoint from our results on convex extensions.

Moreover, in [20] an explicit necessary and sufficient condition is given
such that a real-valued function from the boundary of a nonempty bounded
open convex set 2 C R™ has a Lipschitz continuous extension to a function
on R"™. It is well-known that Lipschitz continuous functions have similar
characteristics to those of convex functions.

The main result is as follows;

Denote by 0(€2) the boundary of the set €2, and hence we have;

Theorem 1.0.10 /20, Conditional Ezistence Theorem 1, p.30] Let Q C R™
be a non-empty bounded open and convexr set and let f : J(2) — R be a
function (not necessarily convex). The function f admits a convex extension
Wi @ R* — R satisfying the Lipschitz condition (equivalently convexity
condition) with constant L if and only if the following condition (call it
condition (C)) is met,

flz) — W < ||y — 2y (C)

2
for all x,y, z € 0(9).

Put differently;
Let f: 0(Q) — R be a function and Q be as defined above. If f fulfills

condition (C), then there exists a convex extension Wy : R* — R of f.



In [22] the authors construct a convex extension and consider a condi-
tion which is necessary and sufficient for the construction of such a convex
extension. This construction may be related to global optimisation theory
in that, the condition asserts and imposes upper bounds for the images of

the constructible convex extension.

The following is a definition of an extension and the main theorem on
the construction of convex extension and the condition(s) under which such

a construction could be possible, both stated in [22].

Definition 1.0.11 /22, Definition 1, p.249] Let C C X be a convex set in
a normed vector space X and Y C C. A convex extension of a function
¢:Y — RU{oo} over C is any convex function n : C' — R U {oo} such
that n(x) = ¢(x) for all z € Y.

Theorem 1.0.12 /22, Theorem 2, p.249] A convex extension of p(x) : Y —

R over a conver set C' 2'Y may be constructed if and only if
¢(x) < min{ZNip(z;) : vy = 2, 5N =1, A € (0,1), 2, € Y}
for all x € X where the above summation consists of finite terms.

Another extension theorem was obtained in [16, Theorem 1], in which
functions on non-convex domains in a vector space V' are considered and the
existence of convex extensions to all of V' are discussed. Here the definition
of convexity allows convex functions to take the values 00, hence extended
real valued (convex) functions are considered.

Their main result is as follows;

Theorem 1.0.13 /16, Extension Theorem 1, p.252] Let V' be a linear space
over the reals R, and T" C V' an arbitrary subset. Moreover, let f : T —
RU{+o0} be convezx. Then there exists a convex function g : V' — RU{£o0}
which extends f.



The authors in [16, p.254] proclaim that it is worthwhile to define con-
vexity of a function also on non-convex domains since these may occur in
economics in a natural way, in particular in risk aversion problems.

Our main results on the other hand prove that the existence of a maximal
epigraph extension is realised under certain conditions, namely, CUP (chain
union property) along with the pseudo-arbsorbing property. For convex
functions defined on intervals in R, this maximal epigraph extension may

be unique, under certain stated conditions.

1.1 Maximal domains of convexity

In this section we consider real and not necessarily convex functions on
subsets of a vector space X and discuss their maximal convex restrictions.

For any z,y € A, denote by [z,y] the line segment connecting = and y,
that is, [z,y] = { Az + (1 =Ny : A €[0,1]}.

Recall the following definition of a chain;

Definition 1.1.1 A collection B of subsets, or family of sets, in € is called
a chain in € if for each Bi, By € B, we have B; C By or By C B;.

Furthermore, an element F' € € is called an upper bound for B if B C F
for each B € 8.

Henceforth we shall denote by max{Bj, By} the larger of the two ele-
ments By, By € B.

Lemma 1.1.2 Let B be a chain in € and D = |J B be union of all

BeE®
B eB. Then D is convex.

Proof
Take a,b € D. Then a € B; and b € B; for some B;, B; € ‘B. Since
B is a chain (and partially ordered by inclusion), we have B; C B, and



hence a,b € B;. Since 9B is a chain in € and each B € € is convex, we
have that B; is convex and thus Aa + (1 — A\)b € B; in B. It follows that

Aa+(1-=MN)be B; C |J B =D foreach A € |0, 1], and thus D is convex. [J
BeEB

Definition 1.1.3 [13, Definition 1.4, p.653] If for any chain B C € we

have |J B € €, then we say that € satisfies the Chain Union Property
BeB

(CUP).

Note that € satisfying the CUP means that € is chain-complete with
every least upper bound of a chain being the union of the sets in the chain.
A set is said to be chain complete if each chain of its subsets has a least
upper bound.

Let f: AC X — R be €-convex. Then we denote by

Cr={F € C: f|p is convex}

the collection of €-domains in X on which f is convex. Clearly € is a

subset of €, and since f is €-convex, €; # ().

Since €y # (), A contains at least one non-trivial convex set C. It will
become clear that the CUP is important for the collection €¢ in order to
obtain the maximal elements in €y, especially in the context of the well-

known Zorn’s lemma and chain completeness.

The CUP in € therefore requires that any chain %5 is closed under union,
thus CUP would be a useful assumption in subsequent results. Consider the

following examples;

Example 1.1.4 (1) The collection €y = {C' C A : C' convex and infinite}
satisfies the CUP. Clearly for any chain Rin €, , D = |J F € € as D is
convex. res

The convexity of D follows from the similar reasoning as the one given

in the proof of Lemma 1.1.2. Moreover the infiniteness of D follows from
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the assumption that each F' € 8 C & is infinite. Thus D = |J F € &,.
Fegr

(2) Let X be a Banach space, and consider the collection
¢ ={C € & : C open}.

Clearly €' # () if and only if int(A) # 0 (and €y # @), and then ¢ satisfies
the CUP.

Clearly each C' € ¢’ is a convex infinite and open set, and hence for each
x € C there exists € > 0 such that B.(zx) C C.
= If ¢’ # () then B.(x) C C' C A forsome C € €. It follows that x € int(A)
and hence int(A) # (.
< If int(A) # 0 then there is € int(A) and thus B.(z) C A. Moreover,
since €y # () then A is infinite as each C' C A is infinite and so is int(A). Tt
follows that int(C') is also infinite and convex, see Proposition 0.2.1 4. and
hence € # ().

To show that @ satisfies the CUP, take D = |J M for any chain O in €.
Me©O
The convexity of D follow from Lemma 1.1.2, the infiniteness of D follows

from the infiniteness of each of M € . The openness of D follows from the
fact that any union of open set is open. That is, if we take any M = int(M)

for each M € © and hence int(D) C D = |J int(M). If we take any
MeO
x € D then z € int(M) for some M € O. It follows that x € int(D) as

int(M) C int(D). Hence int(D) = D.

Remark 1.1.5 Henceforth we consider € only if int(A) is non-empty, and
thus ¢’ satisfies Assumption 0.1.3.

Not all collections € satisfy the CUP, hence we subsequently give exam-

ples of those collections € with, and those lacking, this property:

Example 1.1.6 Let A=R, € = {(a,b) : a,b € Q,a < b} be a collection of
convex subsets in R, and define f : R — R by f(z) = sinz.



(a) Let B, = (an,b,) € € with a,,b, € Q (n € N) be such that a, \, 7
and b, " 2m. Consequently B = {B, : n € N} is a chain in € as
(ak, bx) C (ags1,brr1) C (m,27) for each k < k+1€N.

Clearly B, = (an,b,) € (m,2m) for each n € N and hence |J B, C
neN
(m,2m). Conversely, for each = € (m,27) there exists an open interval

I = (a,b) C R such that z € I C (7, 27) and thus | B, = (m,2n).
neN

Yet (m,27) ¢ € since m ¢ Q. Hence € does not satisfy the CUP.

(b) € contains no maximal element and fails the CUP. This follows from
the fact that (m,27) ¢ € and hence € contains no maximal element. This

means that f : (7,27) — R is not relevant for €y as m ¢ Q.

(c) Observe that €y = {I C R:3Ja € I with a ¢ O(I)} is the collection of
non-trivial intervals I in R. Clearly, for each I D [(2k — 1)m, 2kn], k € Z,
we have f|; not convex as f’(x) = —sinz and f’(a) < 0 for some a €
[(2k —1)m —m, [(2k — 1)7] U 2k, 2km +m] where m € (0, 7) and each fixed
k € Z. 1t follows that [(2k — 1)7, 2kr|, k € Z are maximal elements in &g ;.

(d) Let €y be the collection of open intervals. Hence we have;
Cnt ={I CR:JTopen} ={l CR:int(]) #0}
C{ICR:3Ja€elwithad¢o(l)}
= .
Then A = R satisfies Assumption 0.1.3.

Moreover, take any chain B in €. Clearly M = |J V is open as
=
union of open sets is an open set. Hence M is in €;,; and thus €, satisfies

the CUP. Moreover f((ar—1)r2kr) is convex for each k € Z, and since ((2k —
U)m, 2kmx], [(2k — 1), 2k7) ¢ €y as they are not open, we have that ((2k —

)7, 2km), k € Z are maximal elements in T s

The above example shows amongst other things that in general €-maximal

domains of convexity may or may not exist. Below we will show that the



CUP will guarantee the existence of €-MDC.

Proposition 1.1.7 For any &€-convex function f : A C X — R, if €
satisfies the CUP, so does Cy.

Proof
Let B be a chain in €;. Then, since € satisfies the CUP and ¢; C €,

D = |J B € €. Since f|p is convex for each B € B, also f|p is convex
BeB
and therefore D € €. It follows that € satisfies the CUP. O

Can the converse of the Proposition 1.1.7 above hold? It is clear that it
might hold if €\&; = (), and clearly not every chain of convex set K is such

that K C dom(f) and hence the converse might not be true in general.

Proposition 1.1.8 If € satisfies the CUP, then € contains a mazximal el-

ement.

Proof

Let B be a chain in €. It follows that (J B is an element of € as |J B is
BeB BeB
convex and € satisfies the CUP. Thus each chain B in € has an upper bound

|J B. Appealing to Zorn’s lemma, it follows that € contains a maximal
Be®
element. O

Propositions 1.1.7 and 1.1.8 immediately lead to the following result;

Theorem 1.1.9 Assume € satisfies the CUP and let f : A C X — R be
a €-convex real function. Then €; contains a maximal element, that is, f
has a €-MDC.

Proof

Let 9B be a chain in &;. It follows that |J F' is an element of €; since €;
FeB
satisfies the CUP as per Proposition 1.1.7. Thus each chain B in € has an

9



upper bound |J F. Appealing to Zorn’s lemma and Proposition 1.1.8, it
FeB
follows that € contains a maximal element. Il

Note that if € satisfies the CUP and C' € €, then also the set € = {B €
¢ : C C B} satisfies the CUP. Clearly, any maximal element in €¢ is also a

maximal element in €. Hence the following two results:

Theorem 1.1.10 Assume € satisfies the CUP. Then the following hold.
(a) If C is an element of €, then there exists a maximal element, say M,
mn € such that C C M.

(b) If C is an element of € for some €-convexr function f: A C X — R,

then there exists a mazimal element, say M, in &; such that C C M.

Proof
(a) Appealing to Proposition 1.1.7, € contains a maximal element, say M,

and D = |J F for some B a chain in €. Take any C' € €. Then there
Fe®s
exists a chain B* € € such that D* = [J C € €. Clearly C' C D* and

Cep*
hence C C M.
(b) Appealing to Theorem 1.1.9, € contains a maximal element, say M,
and D = |J F for some B a chain in €;. Take any C' € €. Then there

Fes
exists a chain B* € €y such that D* = |J C € €;. Clearly C' C D* and
CeB
hence C' C M. O

Remark 1.1.11 Let C' € &; be fixed for some €-convex real function
f+AC X — R. Then there may exist a maximal element M in €; such
that C' may not be contained in M.

(a) For instance, if € = {I C R : I an interval}, f(z) = sinz and we choose
C C (m,2m), then f|¢ is convex, C' C M = [r,2x| and M is maximal in €.
Furthermore, My = [—, 0] is also a maximal element in €; with C' ¢ Mj.
(b) On the other hand if f : A C X — R is convex and A € €, then A is

a unique maximal domain of f in €; and f is also €-convex. Observe that

10



U C=A4¢c¢;.
CGQ:f
(c) Suppose conversely that f is €-convex and has a unique maximal domain

of convexity M. Then every C' € €; is contained in M, hence M = |J C
CEQ:‘f

provided € satisfies the CUP.
We therefore have the following result:

Proposition 1.1.12 Suppose € satisfies the CUP.

(a) € has a unique maximal element if and only if |J C € €.

cee
b) Let f : A C X — R be €-convex, then €; has a unique maximal element
( s

if and only if |J C € €.

cee;
Proof
(a) The existence of the CUP and the result of Proposition 1.1.8 together
imply that € contains a maximal element. Let M be a unique maximal
element in €. Then for all B € € B C M. Consequently, |J C C M, and

Cec
thus | C e .
cee
Conversely, suppose |J C € € and let M = |J C. Clearly, for all B € €,

cec cec
B C M, hence M is maximal in €. Suppose K is also maximal in €. Thus

K C |JC =M since K € € and M C K since K is maximal. Hence
cee
K = M, and it follows that M is unique.

(b) The existence of the CUP and the result of Theorem 1.1.9 together

imply that €; contains a maximal element. Let M be a unique maximal

element in €¢. Then for all B € &;, B C M. Consequently, |J C C M,
C€€f

and thus | C € ¢;.
Cely

Conversely, suppose |J C € €y and let M = [J C. Clearly, for all
CECf CEQ:f

B e &, BC M, hence M is maximal in €;. Suppose K is also maximal in
C;. Thus K C |J C = M since K € €, and M C K since K is maximal.
Cegy

Hence K C |J C = M C K and it follows that K = M, and that M is
CG@f

11



unique. O]

It is not difficult to see that for any C' € €, we have C' C clco(C) =
clC C D where clco(C) denotes the closed convex hull of C' and ¢lC' the

closure of C. The convex set clco(C') could be a maximal convex subset of
D if and only if cleco(C) = M.
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1.2 Convex extensions

In this section we consider convex functions on subsets of a vector space X
and discuss their maximal convex extensions with respect to two different

orderings on the set of all convex extensions.

Definition 1.2.1 Let g,h be real functions with dom(g),dom(h) C X.
Then g is an extension of h, denoted by g =ex h, if dom(h) C dom(g) and
g|d0m(h) = h. Moreover, if f:Y C X — R is convex and real, then the set

Xy ={g:dom(g) C X,g =ex f,g convex}
is the collection of convex extensions of f.

Lemma 1.2.2 If f : Y C X — R is conver then the set Xy = {g :
dom(g) C X, g =eut [, g convez} is partially ordered by = ez

Proof

(a) Take any g € X;. Clearly g >ex ¢ and hence the reflexive property is
satisfied.

(b) Take any g1,92 € Xy, and let g1 =ext g2 and go >ext g1. It follows that
dom(g;) € dom(gs) and dom(gy) C dom(g;) and hence dom(g;) = dom(gs).
Since g1 =ext f and go = f it follows that g; = ¢go and hence the antisym-
metric property is satisfied.

(c) Take any g1, g2, g3 € X7 and assume ¢y >ex g2 and go >exi g3. 1t follows
that dom(gs) € dom(gs) € dom(gs) and g1(z) = ga(x) = g3(x) = f(x) for
each z € dom(f), g2(y) = gs(y) for each y € dom(gs), g1(2) = g2(2) for
each z € dom(gy). Clearly g1 =ey g3 and hence the transitive property is
satisfied. This completes the proof. O

Clearly not all convex functions have convex extension other than them-
selves, that is non-trivial extension. Look at the following examples;
(i) Let f : R — R be a function defined by f(z) = ax + ¢ with a,c € R

fixed. There is no proper extension of f other than f itself.
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(ii)) Let ¢ : I € R — R be a function defined by g(z) = secx where

I = (=%,%). Clearly g is continuous on I\d(/) and does not have a proper

convex extension.

Remark 1.2.3 These functions above do not have proper convex exten-
sion, is it because they are real and  lim  f(z) = oo
z—0(dom(f))
Henceforth if a continuous and convex function f : A C X — R satisfies

lir(%A) f(z,) = oo then any of the following holds;

e A is open.
This follows from the fact that if A is closed, the 0(A) C A. Since
f is continuous, it would be continuous on each x € J(A) and hence

lirrg(A) f(x,) = f(z) # oo and leads to a contradiction.
Ty —TEC

o O(epi(f))\ gr(f) =0.
If (x, k) € O(epi(f))\ gr(f), this would means than epi(f) is not closed
and thus f is not continuous. Hence it would lead to a contradiction

as f is continuous.

e f (and hence gr(f)) is not bounded above.
This follows from the fact that f(z,) approaches co by assumption.

Obviously, Xy # () since f € Xy. Our aim is to prove the existence of
maximal extensions for any given convex f. If dom(f) € €, we also consider
Xie={g € X;:dom(g) € €}.

Note that a chain B in X;¢ is such that ¢ =ext b >ext flar Or b =ext
g =ext flam for each pair g,h € Xs¢ and M a €-MDC.

Theorem 1.2.4 Let € satisfy the CUP. For any convez function f :Y C
X — R with dom(f) € €, there exists a mazimal convex extension in Xy ¢

with respect to the ordering > cu.
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Proof

Let B be a chain in X;¢. Hence for each pair g,h € 9B such that h > ¢
we have dom(f) C dom(g) C dom(h). It follows that for each chain 98 in
X there exists a chain Dom(B) € X of domains of functions in 8. By the
definition of X ¢ we have B € € for all B € Dom(8), and thus Dom(‘8) is

a chain in €. Moreover U B =D € €since € satisfies the CUP, and
BeDom(Xy)

D is also an upper bound for Dom(B) in X.

We define g* : D — R as follows:
For any x € D there exists g € B such that x € dom(g) and ¢*(z) = g(x).
Clearly, since B is a chain, ¢* is well defined and convex, and ¢* >t § Zext
f for all g € B. Therefore g* € X ¢ is an upper bound of 8.

Since Xy ¢ is partially ordered and each chain 8 in X ¢ has an upper
bound g* in Xy¢, it follows from Zorn’s lemma that X;¢ has a maximal

element. O

Convex functions and convex epigraphs coincide and since we have been
discussing extensions of convex function, we subsequently discuss their con-
vex epigraphs and the ways in which one might determine epigraph exten-
sion of convex functions and still preserve their convexity.

Recall that for a function f : A C X — R its epigraph is defined and
denoted by epi(f) = {(z,\) € AxR: f(x) <\, € R}

It is well known and easily seen that the function f : A C X — R is

convex if and only if its epigraph is a convex subset of X x R.
Considering the collection of convex extensions of f as in Definition 1.2.1

above, we define the ordering J.,; on Xy as follows:

Definition 1.2.5 For any g,h € Xy¢, g Jepi b if and only if epi(h) C
epi(g). Equivalently, dom(h) C dom(g) and g(x) < h(x), x € dom(h).

Clearly Xy ¢ is partially ordered by e, and g Jepi f for all g € Xy e.
We denote by Epi(X;¢) = {epi(g) : ¢ € Xje} the collection of convex

epigraphs epi(g) containing (or which are extensions of) epi(f).
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There is one additional condition we need to prove the existence of max-

imal epigraph, and we state it as follows;

Definition 1.2.6 A subset A of X is said to be a pseudo-absorbing subset
of X if for each x € X there exists a,b € A and o € R such that =z =
a+ ab—a).

Clearly, if o € [0, 1] then the pseudo-absorbing property is reduced to
convexity of A as it would mean x € [a, b]. Furthermore every absorbing sub-
set of X is pseudo-absorbing. It turns out that, assuming pseudo-absorbing
and CUP together bring about the existence of the maximal epigraphs, but

before we state and prove this assertion, we need the following lemma;

Lemma 1.2.7 Let f : A C X — R be €-conver and Epi(Xs¢) be non-
epmpty. Then for each chain B in Epi(X;¢), & = {dom(g) : epi(g) € B}

1s a chain in €.

Proof

Take a chain B in Epi(X¢). Then each B € 9B is such that B = epi(g) for
g € Xj¢. Clearly B = epi(g) implies dom(f) C dom(g). Since B is a chain,
for any By, By € B we have, without loss of generality, B; = epi(g;) C
epi(ge) = B, for some ¢, g2 € Xy ¢. Hence dom(g;) € dom(gz). It follows
that for By C By C ... C B,, in B there exist dom(g;) C dom(gs) C ... C
dom(g,), gi € Xye for each i = 1,...,n. It follows from the definition of
Epi(Xf¢) that dom(g;) is convex and ¢g; € Xy ¢ for each i = 1,...,n and
hence dom(g;) € €. Consequently & = {dom(g) : epi(g) € B} is a chain in

¢. 0J

Theorem 1.2.8 Let f : A C X — R be €-conver and suppose that €
satisfy the CUP and that A is pseudo-absorbing in X. Then there exists a
mazimal epigraph extension of epi(f) in X x R, equivalently, Epi(X;¢) has

a maximal element.
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Proof

Let 8 be any chain in Epi(Xs¢). Then epi(f) C B = |J B € X xR
BE®
Moreover, for each B € B there exists ¢ € X;¢ such that B =epi(g),

g Jepi [ and dom(f) C dom(g) € €. Then R = {dom(g) : epi(g) € B} is a
chain in €, and it follows that D = |J K € € since € satisfies the CUP.

Kegr
Obviously, B is a convex subset of X x R. We are going to show that it

is contained in the epigraph of some real convex function ¢g* in X ¢. Indeed,

we define the function ¢* : D — R as

g"(z) = inf{g(x) € R:epi(g) € B, z € dom(g)} (x € D).

In order to show that ¢*(z) € R for all x € D, we first observe that ¢*(z) =
f(z) if x € dom(f). Now fix x € D\ dom(f). Appealing to the pseudo-
absorbing property of A, it follows that there exist a,b € A = dom(f) and
a € Rsuch that x = a+a(b—a). Since A is convex, z ¢ [a, b], and therefore
we may assume without loss of generality that a € [z,b]. Thus there exists
A € (0,1) such that a = Az + (1 — )b and hence

g(a) = g(Az + (1 = A)b) < Ag(z) + (1 = A)g(b)

for each g € Xy ¢ with epi(g) € B and x € dom(g), which leads to

() = 5(gla) — (1 = Nglb) = +(F(@) — (1~ N/ F(B))
It follows that g*(z) > (g(a)—(1—X)g(b)) for cach g € X,c with epi(g) € B

and = € dom(g). Consequently, g*(x) > —oo for each x € D.

Now we are going to show that ¢* is convex. Let x,y € D and )\ €
[0,1]. By definition of g*, for any ¢ > 0 there exist g1, g2 € X such that
epi(g1),epi(ge) € B, © € dom(g1), y € dom(gq), ¢g1(x) < ¢g*(z) + ¢ and
g2(y) < g*(y)+e. Since B is a chain, g1 Jepi g2 OF go Tepi 91, and we denote
by ¢ the maximum of g; and g. Then g(z) < ¢1(x) and g(y) < g2(y).
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Therefore,

Gz + (1 =Ny) <ghz+ (1—AN)y)
< Ag(w) + (1= A)g(y)
< AMg*(z) +¢e)+ (1= N)(g"(y) +¢).

Since € > 0 is arbitrary, it follows that

g- Az + (1 =XNy) < limA(g"(z) +¢) + (1 = A)(g"(y) +¢)

=Ag"(z) + (1 = A)g™(y)-

Thus we have shown that ¢g* is convex. Together with D € € and g*\dom( n=
f this leads to ¢* € X ¢ and hence epi(g*) € Epi(Xy.e).

Finally, we show that epi(g*) is an upper bound of 9. To this end take
(z,a) € B. Then there exists g € X such that epi(g) € B and z €
dom(g). It follows that a > g(x) > ¢*(z) and hence (z,a) € epi(g*). Con-
sequently BC epi(g*) € Epi(Xy,¢), and hence epi(g*) is an upper bound of
B in Epi(X;¢). By Zorn's lemma, Epi(X;¢) has a maximal element. [

Proposition 1.2.9 Let f : A C X — R be €C-convex, & satisfy the CUP
and f; € Xj¢,0 > 1. Then
epi(sup f;) = [ epi(f;)

121 i>1
Proof
Take (x,\) € epi(sup;>1f;). Then sup;>fi(z) > fi(x) for all x € dom(f;).
Clearly, fi(z) < sup;>1fi(z) < A and hence (2, \) € epi(f;) for each i > 1,
and consequently (z,\) € (),>, epi(f;). This implies that epi(sup f;) C

= i>1

i>1
epi(f;) and the other inclusion follows easily, and hence epi(sup;>1fi) = )

epi(f:)

O
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Corollary 1.2.10 Let f : A C X — R be €-convex, € satisfy the CUP and
fi € Xfe,i>1. Then
epi(}g{ fi) = U epi(f)

i>1
Proof

Clearly is we consider f; € Xf¢,1 > 1, g{ = fi € Xy ¢ such that fy(x) < f;
for each + € A. Thus epi(%rzlf fi) € z‘L>J1 epi(fi). The other inclusion also
follows easily as if (xz,\) € iL>Jl epi(f;), then the exists f,,, € Xs¢ such that

(z,\) € epi(f,,) and 11;1{(:5) < fm(z). It follows that (z,\) € epi(ig{ fo). O

Corollary 1.2.10 above together with the additional assumption that A
is pseudo-absorbing in X may lead to the existence of maximal epigraphs as
stated in Theorem 1.2.8 and we might have inf;>; f; = g* where g* is defined
in the proof of Theorem 1.2.8.

Remark 1.2.11 Note that f; < f for all ¢ > 1 and (), dom(f;) 2 dom(f)
for f convex on dom(f) = M the €&-MDC. It follows that inf f;(z) < f;(x)
for all f; € X ¢ and hence inf f;(z) = inf{fi(z) : * € dom(f;)} = ¢*

Theorem 1.2.12 [14, Theorem 1.3.3, p.21] Let f : A C R — R be convex.
Then f is continuous on the interior int(A) of A and has finite left and
right derivatives at each point of int(A). Moreover, x <y in int(A) implies

fo(z) < filz) < f(y) < fL(y)
Consequently f'(z) < f'(y) provided they ezists.
Conversely,

Proposition 1.2.13 Let f : A CR — R be a continuous function on an
open interval A, and assume that f has finite left and right derivatives at

each point of A satisfying
fo(@) < filx) < fL(y) < fiy)
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forallx <y in A. Then f is convex.

Proof
Suppose f is not convex. Then there are o, 5 € A such that o <  and
such that the chord A(«, f(@)) + (1 = X)(5, f(5)), A € [0, 1], is not entirely

contained in epi(f). Consider the function

h(w) = f(z) = fla) - HO=LE (@ — a)

B—

defined on [o, B]. Clearly h(a) = h(8) = 0, and h is continuous, due to
the continuity of f. Let k(z) = f(a) + L& ) f(a)(

[, B]. Hence the graph of k is the chord mentloned above, and there exists
x € |a, (] such that h(z) = f(x) — k(x) > 0. Therefore max{h(z) : = €
la, B]} > 0. Choose ¢ € (a,3) such that h(c) > h(z),z € |, ]. Thus
h(c) >0,

x — «) be a function on

h’,(a):h;n%z()and K, (a) = h{n%g().

It follows that 0 < 1’ (c) = f' (¢) = {2=L% and £/ (c) - L= = 1/, (c) <
0. Since f’ (c¢) < f!.(c) by assumption, we have 0 < b (c) < I/ (c) <0, and
hence A/, (¢c) = h'_(c) = 0.

Moreover define the function g on [a, ¢] as
g(w) = h(z) = 29(z - )

Assume g(x) < 0 for all € (a,c). Obviously g(a) = 0 = g(c¢). Thus for
x € (a,¢), g(c) =0 > g(z) and thus g(z) — g(c) <0, and = < ¢ and thus
x — ¢ < 0. Consequently £ M > 0, and hence

lim g(x)—i}(C) — lim 2®)=9(0) _ g (¢) >0

o T— /e TTC

But ¢’ (z) =h' (z)— % < h_(z). Thus 0 < ¢’ (¢) < h’_(¢) = 0. This leads
to a contradiction and hence g(x) > 0 for some x € (a,c). Thus g takes its
maximum on [, ¢| at some point ¢ € («, ¢).

Therefore max{g(z) : « € [a, ]} > 0 and ¢(¢) > 0. It was shown above
that i/ (c) = h’_(c) = 0 where ¢ € (a, 3) such that h(c) > h(z),z € [a, ]

20



and h(c) > 0. A similar argument holds for g, that is, ¢’ (t) = ¢/, (t) = 0.

Hence

Wo(t) =g (t) + 12 = "9 > 0 = 1/ (c)

cC—x CcC—x

that is, A’ (t) > h'_(c). Then,
Fr(t) = h(t) + {921 5 (o) - LEZL) — g ()

and hence f’ (t) > f’(c),t < c¢. This leads to a contradiction, and hence f

is convex. O

Let f: ACR — R be convex and § € A = dom(f) be an endpoint.
Then define by T} g a tangent to the curve f at the point 3 € R. Moreover,
domain A can be open, closed or neither and hence its endpoints are im-
portant and influence the results in that, they can take any of the following
forms:

That is, for a an endpoint of A, we have either one of the following

l.ae Aand a € R

2.a¢ Aand a € R

3.a¢R
Henceforth denote by gr(f) the graph of f and, by [z,y] the line segment
joining z,y € R2.

Proposition 1.2.14 Let f : A C R — R be conver and dom(f) be non-
trivial. If € satisfy the CUP and A is pseudo-absorbing in X, then Epi(Xy)

has a unique maximal element.

Proof
Appealing to Theorem 1.2.8, Epi(X;) contains a maximal element, hence
there is some g € X such that epi(g) is maximal. We construct a function
g* in two steps as follows, and will show that it is a maximal element:

Let a be an endpoint of dom(f). If « € R, denote by lim f(x) a one-

Tr—«

sided limit where lim f(z) is considered if o« > b for each b € dom(f), and

r—a

21



lim, f(z) is considered otherwise. Furthermore, both will be considered

provided « represents different endpoints, hence not fixed. Take a,b the

endpoints of dom(f), with a < b, and let
L={ae{ab}:acR\dom(f), lim f(z) exists }.
Moreover define the function ¢ as follows

o flz) if x € dom(f)
9@ =9 tm f1) i wes

t—zt
Furthermore, we define the function g* as follows
g(x) if x € dom(g)
g (x) = ¢ Tha(x) if r < a,a € dom(g), (¢)',(a) exists
Top(x) if x> b,b € dom(g),(g)_(b) exists
Take t,y, 2z, k € R such that t < a <y < z < b < k. Moreover,
V() i @ edom(y)
(") (z) = C, if x < a,a € dom(g), (9),.(a) exists
C, if x> b,b € dom(g),(g)" (b) exists
where (Tj,) () = Cy € R, (Ty3)'(x) = C, € R for each = is respective
domains.
Then t € dom(T;,) and (¢*)'(t) = }g’%w = C,. Hence (¢*)"_(t) =
(¢, (1). Similarly (g*)' (k) = (g°)’, (k).
Moreover, if ¢ is not right-continuous at a, then ¢ is not differentiable
at a, hence T}, is not defined. That is g would not be extendable by T} ,

Similarly if g is not left-continuous at b, g would not be extendable by T} ;.

Henceforth suppose ¢ is right-differentiable at a. Then,

(97)"(a) = (97)%(a) = (T5.0)'(a) = Co = (g")_(1) = (97)" (1)

That is, (¢*)'(z) = (T},4)(a) for each z < a. Similarly, if g is left-differentiable
at b, then,

(9)=(0) = (g")}.(b) = (T5)'(b) = Cp = (¢")_(F) = (") (k).
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Moreover

(97) (@) = (9)’(a) < (9)"(v)

due to the convexity of g and the result of Proposition 1.2.12. Furthermore,

due to the same reason, we have

In addition, T} ,(b) = (§)_(b) = (9)’.(b) and hence (g*)'(z) = C}, for each
x > b. It follows that (¢*)! (k) = (¢*)'(k) = (¢*)'(k) and consequently

(97)(8) < (¢")-(y) < (¢"):(y) < (¢")_(2) < (¢"):(2) < (g*) (7)

for each # < a and each v > b. It follows from Proposition 1.2.13 that ¢* is
convex

We show that ¢g* is maximal in X, that is epi(g*) is maximal in Epi(Xy):
Let g € Xy. Then g*(8) = ¢(8) = f(B), 6 € dom(f), and g(e) = g(e) for
each € € {a,b}N dom(g).

Consider the case where dom(g*) = R, other cases have similar results,
and assume epi(g*) C epi(g). Then there exists * € dom(g) such that
g9(x) < g*(x). Since g*(F) = g(B) = §(8),8 € dom(g), then x ¢ dom(g),
and hence x < a or x > b. Without a loss of generality, take z > b.

It follows that  — b > 0 and hence Z (xa)::g(b) < £ *(:cj);:g*(b)' Moreover
' (b) = lim 2eth)—g)
94(b) o

But A+b=Az+ (1= X)b= Az —0b)+b,\ € [0,1] and thus A = -2~ Hence

g(h+b) < Ag(x)+(1=A)g(b) = AMg(x)—g(b))+9(b) = ﬁ(g(ﬁ)—g(_b))w(b)-
Consequently,
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AN
— i 2@)=g®) _ g(z)—g(b)
< L@)=g" ) _

(9)_(b) = g_(b)
This shows that ¢/, (b) < ¢’ (b), and since g is convex, contradicts Propo-
sition 1.2.13. Thus g*(z) < ¢(x),g € X;,x € dom(g), and consequently

epi(¢*) is maximal and unique in Epi(X;). O]

Remark 1.2.15 1. Even for convex functions f : A C R — R it depends
on ¢ if X ¢ has a unique maximal element. For example, if € is the collection
of all finite intervals (a,b) with 0 < b—a < 10 and f(z) = z? with dom(f) =
(0,1), then € satisfies the CUP, and with f* being the maximal extension
of fin Xy, every function f*|_c10-¢) Wwith 0 < ¢ <9 is a maximal element
in X ¢ with respect to ~.

2. We are not aware of any uniqueness result if f: A C X — R is convex
with dim X > 2, and it may be the case that there are f such that there is

more than one maximal element in Epi(Xy).
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1.3 Hahn-Banach theorem and convex ex-

tensions

In this section we discuss the relation between convex extensions and the
Hahn-Banach Theorem. We also discuss sublinear functionals and their
convexity characteristics, and also the role sublinear functionals play in the

Hahn-Banach Theorem and convex extension.

Definition 1.3.1 Let E be a real linear space. A functional p: E — R is

sublinear if the following are satisfied;

L. p(z+y) < p(x)+p(y) for all z,y € E, that is, subadditive property.

2. p(Az) = Ap(x) for each A > 0 and each z € FE, that is, positively

homogeneous property.

Clearly if p sublinear the p is convex on any convex set A in a real linear
space F:
Take any z,y € A, hence
p(Az + (1 = N)y) < p(Az) + p((1 — N)y) (since subadditive)
= A\p(x) + (1 — N)p(y) (since positively homogeneous).

Theorem 1.3.2 [1/, The Hahn-Banach theorem, p.203] Let p be a sublin-
ear functional on E, Ey be a linear subspace of E, and fy : Ey — R be a
linear functional dominated by p, that is, fo(x) < p(x) for all x € Ey. Then

fo has a linear extension f : E — R which is also dominated by p.

Clearly f is a convex extension of fj since f is linear and it extends fy
from the linear subspace Ej to E.
Moreover, The Hahn-Banach theorem above can be extended from real lin-

ear space to the normed linear space as in the next result.

Theorem 1.3.3 [14, The Hahn-Banach theorem, p.203] Let Ey be a linear
subspace of normed linear space E, and fo: Ey — R be a continuous linear

functional. Then fo has a continuous linear extension f : E — R with

L= 1 Foll-
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Moreover, below is the result in [18] about the convex extension of a
convex function with a particular form of a convexity in R". Let first define

such a convex function as follows;

Definition 1.3.4 [18, p.12,103] A set S C R" is called a simplex if it is
a convex hull of linearly (affinely) independent finite elements in R", and
locally simplicial if for each x € S there exists a finite collection of simplices

S1, ..., Sy, contained in S such that, for some neighbourhood U if z
UNS1U...US,) =UNS
Note that not all locally simplicial sets are convex, hence;

Theorem 1.3.5 [18, Theorem 10.3, p.103] Let C' be a locally simplicial
convex set, and let f be a finite convex function on the relative interior
ri(C) of C which is bounded above on every bounded subset of ri(C'). Then

f can be extended in one and only way to a continuous finite convex function

on the whole of C.

Clearly this results states that there is a unique convex extension from
the relative interior of a locally simplical set to the whole sets, see [18] for

more details.
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Chapter 2

Extremal properties of convex

epigraphs

In this chapter we discuss the extremal structure of convex epigraphs, along
with the relation between extreme points and denting points of an epigraph.

A point is an extreme point of a set A if it is not an interior point of
any line segment contained in that particular set A. For instance, extreme
points of a closed triangular region are its vertices, while those of the closed
solid ball are its surface points.

In [4] the author discusses the mapping whose image is defined as the
convex hull of its extreme points or similarly, the sets of extreme points of
the convex hull of the image of a function. Moreover, the result in [4, Lemma
1, p.17] ensures the connection between an extreme point = € dom(f) C R"

of the domain dom(f) of a real convex Lipschitz function f, and an extreme
point (z,\) € dom(f) x R € R™" such that f(z) < X or f(z) > \.

The interesting question to investigate is whether a convex function can
be extreme point preserving map. If not, are there conditions under which
this might happen? In essence, we need to discuss the structure of the
image of such a function in order to gain understanding of this extreme-

point-preserving map.
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In [17] again the author discusses the mapping of extreme points using
a real convex bounded lower semicontinuous function f : K C 2 — R
defined on a compact convex set K contained in some locally convex space
Q). Obviously, K contains at least one extreme point according to the well-
known Krein Milman theorem.

In [1] the authors discuss functions whose epigraphs have extreme points,
that is, they study the relationship between the geometrical property of an

extended real convex function and the extremal properties of epi(f).

Henceforth X denotes a real normed vector space, f :dom f C X — R

denotes a real-valued function with non-empty domain in X, and
CC{C CA:(+#C is convex}

denotes a non-empty class of convex non-empty subsets of A, for some fixed

non-empty subset A = dom(f) unless otherwise stated.

Definition 2.0.6 [5, Theorem 10, p.138] Let D be a subset of a Banach
space X.

1. A point x € D is called an extreme point of D if x = Ay + (1 — \)z,

for some A € [0,1] and for some y,z € D, then y = x or z = x.

2. A point x € D is called an exposed point of D if there is a functional
f* € X* such that f*(z) > f*(y) for all y € D\{z}, where X* is the
dual space of X.

3. A point x € D is called a strongly exposed point of D if there is a
functional f* € X* such that f*(z) > f*(y) for all y € D\{z}, and
such that f*(z,) — f*(x) for (x,),>1 in D implies that x,, — x.

4. A point x € D is called a denting point of D if x ¢ clco(D\B.(z)) for
any € > 0.
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Note that, if f is convex and (z,«) € ext(epi(f)), then z € A is not
necessarily an extreme point of A. For example, take f(z) = [|z| on R™
and (g, f(z9)) € ext(epi(f)). Then o = 0 € R™ is not an extreme point.

Moreover, recall that an epigraph of a real convex function f is convex.
Conversely, if and epigraph of a real function f is convex, then f is also

convex.

2.1 Extremal properties of convex epigraphs

In this section we discusss the existence, or perhaps the lack thereof, of
extreme points, denting points and strongly exposed points in the epigraph
of a real convex continuous function f.

We shall use a well-known convention that a convex set is dentable if it

contains a denting point.
Lemma 2.1.1 Let f: AC X — R be a real function. Then
gr(f) = {(z, ) € epi(f) : f(x) = A} € 9(epi(f)).

Proof

Take (z,A) € gr(f) C epi(f). Then z € A and f(x) = A\. Moreover,
there exists no € > 0 such that a ball B.(xz, \) C epi(f) and hence (z, \) ¢
int(epi(f)). It follows that (z,\) € O(epi(f)), and consequently gr(f) C
O(epi(f)) O

Lemma 2.1.2 If f : A C X — R is a strictly convezr function and x,y €

A, then Az + (1 = Ny, fQQx + (1 = Ny)) € [(z, f(z)), (v, f(y))] for each
Ae(0,1).

Proof
Clearly z,y, Az + (1 — A\)y € A as A is convex, and f(Ax + (1 — N)y) <
AMf(z) + (1 — AN f(y) for each A € (0,1) as f is strictly convex. Hence
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fOx+ (1= XNy) # Af(x)+ (1 — N f(y) for each A € (0,1). If (\x +
(1= Ny, FOa + (1= \)g)) € [z, £(2)), (3, f(3)] for some A € (0,1), then
Az + (1 =Ny, fAr + (1= Ny)) = a(z, f(z)) + (1 =)y, [(y)) = Az +
(1 =Ny, Af(x) + (1 — X)) f(y)) for some o € (0,1). Hence it would follow
that f(Ax 4+ (1 — Ny) = Af(z) + (1 — A) f(y) for some A € (0,1) and thus
lead to a contradiction. It follows that (Az + (1 — Ny, f(Az+ (1 — N)y)) €

(=, f(x)), (y, f(y))] for each A € (0,1). U

Proposition 2.1.3 Let f: X — R be strictly convex. Then
L. ext(epi(f)) = gr(f)
2. ext(epi(f)) € d(epi(f)).

Proof

1. Take (z,\) € ext(epi(f)). Clearly (z,\) ¢ int(epi(f)) and f(z) <

A
If f(x) < A, then take any 6 > X in R and consider (x,0) € epi(f).
Clearly (z,\) € int|(x, f(x)), (z,9)] and hence (z,\) ¢ ext(epi(f)).
This would lead to a contradiction and hence f(z) = A, that is (z, \) €
gr(f)-
For the other inclusion, take (o, f(x¢)) € gr(f) C epi(f) and take any
(#,a),(y,53) € epi(f) such that (o, f(z0)) = A(z,a) + (1 — A)(y, )
with A € [0,1]. Since epi(f) is convex, A(z,a) + (1 — N)(y,0) €
epi(f) for all A € [0,1], that is [(z,«), (y,5)] C epi(f). Clearly
gr(f)( int[(z, ), (y,B)] = 0 since f is strictly convex, and hence
gr(f) Nz, @), (y, B)] € {(x, @), (y,8)}. Thus (0, f(x0)) = (z, ) or
(o, f(@0)) = (y,3), that is (o, f(x0)) € ext(epi(f)).

2. Take (z,\) € ext(epi(f)). It follows from 1. above that (z, \) € gr(f).
Appealing to Lemma 2.1.1 it follows that (z, \) € d(epi(f)). O

Clearly a boundary point is not always an extreme point and that is

illustrated in the following example;
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Example 2.1.4 Let f : [ — R be a convex function defined by f(z) = ax?
on I = [0,n), for any a,n € N. Then (0,k) € epi(f) for each k € N
with (0,k) € O(epi(f))\ gr(f) as (0,k) € int[(0,0),(0,k + 1)] € epi(f).
Moreover, since ext(epi(f)) C gr(f) we have d(epi(f))\ gr(f) C d(epi(f))\
ext(epi(f)). Hence int[(0,0), (0, %k + 1)] C O(epi(f))\ ext(epi(f)).

Hence a boundary point may be an extreme point under certain condi-
tions, some of which being an unbounded domain and non-linear boundary

or non-linear graph. See the Corollary below.

Corollary 2.1.5 Let f : X — R be strictly convex. If epi(f) is closed, then
exct(epi(f)) = (epi(f).

Proof

Take (x,«) € O(epi(f)). Since epi(f) is closed, we have (z,a) € epi(f) and
(x,a) ¢ int(epi(f)) with f(x) < a or f(x) = . Since X is open, we have
x € int(X) and hence there is € > 0 such that B.(z) C X. Clearly f is
defined on each a € B(z) and hence K, = {(a,u) : f(a) < u} C epi(f) for
each a € cl(B(z)).

Suppose (z,a) € d(epi(f))\(gr(f)UK,). This would mean that (z,«) ¢
gr(f) and (z,a) ¢ K,, and hence (z,«) € 9(epi(f)) such that f(z) > a.
However, since epi(f) is closed, we have (x,a) € d(epi(f)) C epi(f) and
thus f(z) < «. This leads to a contradiction and thus (z,«a) € K, or
(x,a) € gr(f) for x € X with (z,a) € d(epi(f)).

If (z,a) € K,NO(epi(f)), then it would mean that 0[(z, f(x)), (z,a)] C
J(epi(f)). Since f and epi(f) are convex, it follows that K, C d(epi(f)).
But since f is continuous on cl(B(x)) and K, C epi(f) for each for each
a € cl(B.(x)), it follows that K, C int(epi(f)) and hence lead to a con-
tradiction. It follows that (z,a) ¢ K, and consequently (x,«) € gr(f) =
ext(epi(f)), see Proposition 2.1.3. This shows that d(epi(f)) C ext(epi(f)

).
Furthermore, the other inclusion follows from Proposition 2.1.3 (no 2.). O
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Theorem 2.1.6 [1/, Theorem 1.5.3, p.21] Let f : I CR — R be convex.

Then f is continuous on int(I).

Corollary 2.1.7 Let f : I — R be convez. If f is not continuous at xo € 1
then xy € 0(I).

Remark 2.1.8 If f : R — R is convex, then f is continuous as each xy € R
is such that xy € int(/) for some (open) I C R. This follows from the fact
that R is open (and also closed).

Consider the following example of a convex function not continuous at
some o € (1) N I;

x> if x € (—00,0)
g(z) = 3 if rel0,n),0<neN
41 if r=n

It follows that g : (—oo,n] — R is convex and continuous on (—oo,n) and
discontinuous at some xy = n € N, for any choice of n € N fixed. Clearly
nedll)nl.

More generally;

Proposition 2.1.9 [14, Proposition 3.5.2, p.119] Let f : 4 CR™ — R be

convex and 4 be open. Then f is continuous on .
Furthermore;

Theorem 2.1.10 /23, Theorem 2.2.9, p.64] Let X be a separable locally
convez space, f: dom(f) C X — R be convezr and bounded above on a neigh-

borhood of any point xo € dom(f). Then f is continuous on int(dom(f)).
Consequently;

Corollary 2.1.11 Let f: A C X — R be convexr and not continuous at
some x € A, X a separable Banach space. If f is bounded above then

x € 0(A).
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Proof

By assumption f is convex and bounded above on a separable Banach space
X. Clearly f is bounded above on a neighborhood of any point zy € A,
and thus follows from Theorem 2.1.10 above that f is continuous on int A.
Since f is not continuous at x € A and d(A) # (), it follows that x € 9(A),
and this completes the proof. O

Still on the continuity of convex functions one should make mention of a
closed epigraph theorem which is an analogue of the classical Banach closed

graph theorem. It simply states that;
If f: DC X — Ris convex and epi(f) is closed, then f is continuous.

This is true under certain conditions imposed on both X and the function
f itself, see [7].

Note that one can find a convex function f : A C R — R not defined on
its boundary points, that is, on some zy € 9(A)\ A, in which case the sided-
limit is not a real number. For example, f(z) = secxz on A = (—7/2,7/2)

is convex and continuous on int(A) but not continuous at d(A). Moreover

lim r,) = lim Tp) = 00,
mwf(m)j( ) xw(ﬁ/z)_f( )

and consequently d(epi(f))\ gr(f) = (0. Hence lig(lA) f(x) = oo would be

integral in the subsequent sections.

Henceforth X denotes a Banach space unless otherwise stated.

Definition 2.1.12 [1/, Definition 3.5.7, p.121] An extended real (convex)
function f: A C X — R is lower-semicontinuous, 1.s.c for brevity, at y € A
if
fly) < liminf f(z),z€ A
T—Yy

Such a function f is said to be l.s.c if f is l.s.c at each point of z € A.

There is a relation between continuity of f and closure of its epigraph

and it is stated in the well known result about l.s.c real function as follows;
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Theorem 2.1.13 [18, Theorem 7.1, p.51] If f : AC X — R is a extended

real function, then the following are equivalent,
1. f is lower-semicontinuous
2. the level sets {x € A: f(x) < A} are closed for each \ € R.

3. The epigraph epi(f) is a closed subset of A x R

Since continuity implies lower semicontinuity, we have the following result

as a consequence of Theorem 2.1.13;

Proposition 2.1.14 Let f: A C X — R be convexr and continuous. If A
is closed, then epi(f) is closed.

Proof
Let f be continuous on A. Then it follows that f is lower semi-continuous

on A and appealing to Theorem 2.1.13 epi(f) is closed. OJ

Corollary 2.1.15 Let f : A C R" — R be conver. If A = R" then f is

continuous and epi(f) is closed.

Proof

If A =R" then A is both open and closed. If A is open then f is contin-
uous as per Proposition 2.1.9. Moreover, since A is closed it follows from
Proposition 2.1.14 that epi(f) is closed. O

In what follows we discuss the extreme points of epigraphs using con-
vex extension theory we developed in the preceeding sections. Recall that

¢y is a non-empty class of convex, infinite and non-empty subsets of A in X.

We denote by
Epi(Xye) = {epi(g) : g € Xye}
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the collection of convex epigraphs epi(g) containing (or which are extensions

of) epi(f). Moreover, we denote by

Ext.(Xs¢) = {ext(epi(g)) C epi(g): epi(g) € Epi(Xy¢) is convex}

the collection of sets of extreme points of closed epigrahs of convex exten-

sions of f.

Lemma 2.1.16 Let f : A C X — R be continuous €-convex function and
¢ be non-empty. Then for each closed set F' € € with f|r strictly convex,
we have Ext.(Xf¢) 3 ext(epi(f|r)) # 0.

Proof

Since F' is closed and f|p is convex and continuous, it follows from Propo-
sition 2.1.14 that epi(f|r) is closed. Moreover, it follows from Proposition
2.1.3 (1) that ext(epi(f|r)) = gr(f|r). Since gr(f|r) # 0 it follows that
exct(epi(f]1)) # 0. o

Example 2.1.17 Consider f : A C R — R a continuous convex function
defined by f(z) =22 on A =[-2,2].

1. Cp = {(z,\) : X € R, (z,\) € epi(f)} is a convex subset of epi(f) for
each fixed x € {-2,2}.

2. {(z, f(z))} = C. ) ext(epi(f)) for each fixed z € {—2,2}.

3. & ={(z,\): X eR, (x,\) € epi(f)\ gr(f)} is convex for each fixed x €
{—2,2}, and it follows that €, [ ext(epi(f)) = 0 for each fixed z € {—2,2}.
4. 0(epi(f)\ gr(f) = €2 U = {(2,A) : f(x) <A,z € 9(A)} C epi(/).
5. Clearly 9(epi(f)\, gr(f) # 0 and ext(epi(f)) NAepi(f)\ gr(f) = b, as
ext(epi(f)) € gr(f) C d(epi(f)), see Lemma 2.1.1.

Under what condition would f: A C X — R convex satisfy the follow-

ing property(ies);
1. Boundary Preserving Property:
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For which A € R would = € 9(A) imply (z,A) € 0 (epi(f))?
2. Extreme Preserving Property: For which A € R would z € ext(A)
imply (z,\) € ext(epi(f))?

Clearly the converse of 1. and 2. above does not hold on R". Consider
the case where n = 1, f(z) = 22 and x = 0 € int(A) with A C R. It follows

that (0, f(0)) € ext(epi(f)) N0 (epi(f)), but = ¢ ext(A).

Lemma 2.1.18 Let f: A C X — R be convex and continuous, A be closed
and bounded. Then

1. K = 9(epi(f))\ er(f) # 0
2. ext(epi(f)) K =10
Proof

1. Since A is bounded and closed we have ) # 0(A) C A. Clearly
¢, = {(x,\) : A € R, (z,\) € epi(f)\ gr(f)} is convex for each
fixed z € 9(A) and gr(f) (€, = 0. Moreover (z,\) € epi(f)\ gr(f)
for each (z,\) € €,. Take (z,\) € €, with x € 9(A). Since z €
J(A) C A there exists no £ > 0 such that B.(xz,\) C epi(f). Hence
(x,\) ¢ int(epi(f)) and consequently d(epi(f))\ gr(f) # 0.

2. Take (x,\) € ext(epi(f)). Then (x,\) € d(epi(f)) as per Proposition
2.1.3 and hence (z, \) € gr(f) U €, for some z € 9(A). If (z,\) € €,
for some z € 9(A), then (z,\) € int(z, f(x)), (x,A + 1)] C epi(f).
Thus (z,\) ¢ ext(epi(f)) and it would lead to a contradiction.

It follows that (x,\) € gr(f) and hence (x,\) ¢ 9(epi(f))\ gr(f).

Thus ext(epi(f)) () d(epi(f))\ gr(f)) = 0 and hence ext(epi(f)) K =
0. O

The following is the simple illustration of Lemma 2.1.18 above;
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Example 2.1.19 Let f : A C R — R be convex and continuous. If A is
closed and bounded, with A = [a,b],a,b € R, then (a,\) € epi(f) for all
A > f(a),\ € R. Choose a > A\, € R. It follows that (a,a) € epi(f)\
gr(f) # 0, and thus (a, ) ¢ ext(epi(f)) € gr(f).

That is, if a = 2 and f(z) = 22, then f(a) # 5 and hence (a, ) = (2,5) €
epi(f)\ gr(f) C epi(f)\ ext(epi(f)). More generally, we have

int(epi(f)) = {(c, ) € epi(f) :a <c<band f(c) < u}. Let
B ={(c,pn) € epi(f): f(c) = p and ¢ € [a,b]} and
D = {(c,p) € epi(f) : f(c) < p, ¢ € {a,b}}. Hence epi(f)\ int(epi(f)) =
BUD.

Consequently gr(f) = B and ext(epi(f)) C gr(f) € d(epi(f)) = BUD.
Hence d(epi(f))\ gr(f) = D # 0 since 9(A) # (. Moreover, since
B = ext(epi()) € ar(f) we have (epi( )\ ar(f) M ext(epi(f)) = B D =
0.

Lemma 2.1.20 Let f : X — R be convex. If (x,\) € int(epi(f)), then
there ezists € > 0 such that (z, \) € clco(epi(f)\Be(x,\)).

Proof
Take any (x,\) € int(epi(f)). If f(x) = A, then
(x,\) € gr(f) € d(epi(f))\int(epi(f)), and would lead to a contradiction.

It follows that f(z) < A and thus A — f(z) > 0. Choose 0 < € <
A — f(z) > 0, then (z, f(x)) ¢ Bc(z,\) and (z, A + € + 1), (z, f(z)) €
epi(f)\Be(z, A). Hence (z,\) € [(z, f(x)), (x, \e+1)] C cleo(epi(f)\Be(z, A)).
0

This show that an interior of an epigraph epi(f) is disjoint from the set
of denting points of such epigraph.

Proposition 2.1.21 Let f : X — R be a strictly conver (and epi(f)
closed). Then

dent(epi(f)) € ext(epi(f)) < gr(f).
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Proof
Take (x,A) € dent(epi(f)). Then (z,A) ¢ clco(epi(f)\Be(z,A)) for any
€ > 0. Hence (z,\) ¢ co(epi(f)\Be(z,\)) for any € > 0 and it follows that
(2,3) ¢ [(3 B), (m, )] for any (3, ), (m, ) € epi(/)\Belz; ) for any € > 0.
Since € > 0, for any (y, ), (m, ) € epi(f)\Be(z, A), we have (x,\) # (y, 5)
and (z,\) # (m, ).

Take any distinct (a,b), (¢, d) € epi(f) such that (z,\) € [(a,b), (¢, d)].
If (z,\) € int[(a,b),(c,d)], then choose ¢ > 0 such that (a,b),(c,d)
epi(f)\Be(z,A). Clearly (x,\) € [(a,b),(c,d)] C co(epi(f)\Be(z,\))
cleo(epi(f)\Be(z,A)) and this leads to a contradiction. Hence (z,\)
int[(a,b), (c,d)] for any distinct (a,b),(c,d) € epi(f) and thus (z,\)
ext(epi(f)).

The other inclusion follows from Proposition 2.1.3 no.1. 0

m A N m

It has been proven by Edelstein in [6, Proposition 1, p.111] that dentabil-

ity in general is not related to extrema structure, in the following result;

Proposition 2.1.22 [6, Proposition 1, p.111] There is a dentable closed

bounded convex body in the Banach space ¢y which has no extreme points.

Moreover, we know that it might not always be true that extreme points
are denting points hence we pose the following questions;
Under what condition would dent(epi(f)) = ext(epi(f)) = gr(f)?

If f: X — Ris convex, it follows from Proposition 2.1.14 that epi(f) is
closed as X is closed and open. Hence it is clear from Lemma 2.1.20 that
an interior point of a closed epigraph of a convex function f is not a denting

point in such an epigraph, and cannot be an extreme point either.

Definition 2.1.23 [12, p.526] Let A be a bounded closed and convex sub-
set of a Banach space X and x € A. Then

1. x is a point of continuity (PC) for A if the identity mapping id :

(A, weak) — (A, norm) is continuous at such z.
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2. zis a strong extreme point of A if for any sequences (¥, )n>1 and (2, )n>1

in A, lim, o || (Y5 + 2,,) — 2|| = 0 implies lim, o |y, — z|| = 0.

3. x is a weak*-extreme point of A if x is an extreme point of A, where

A is the weak*-closure of A in X**.

4. x € Ais a very strong extreme point of A if for every sequence (fy,)n>1

of A-valued Bochner integrable functions on [0,1], the condition
limy, oo || fi} fu(t)dt — ]| = O implies lim,, . [" || fu(t) — 2/t = 0.

The following result by Troyanski et al., suggests that a denting point is

an extreme point in a closed bounded and convex set in a Banach space X.

Theorem 2.1.24 [12, p.526] Let x be an element in a bounded closed con-

vex set A of a Banach space. Then the following are equivalent:
1. x is a denting point of A.
2. x is a very strong extreme point of A.

3. xis a PC for A, and x is an extreme point of A, (respectively, strong

extreme point, weak*-extreme point of A).

If a set A in Theorem 2.1.24 above is an epigraph of a convex function, then
we would have a good characterisation of extreme points and denting points
of an epigraph. The challenge however would be brought about by a fact
that an epigraph of a convex function is never bounded.
This leads to asking the following question;

Does there exist a closed convex subset C' of epi(f) of a (strictly) convex
function such that dent(C') = dent(epi(f)) and ext(C') = dent(epi(f))?
Under what condition, if any, would an extreme point of an epigraph be a

denting point?

Remark 2.1.25 Let f : A C X — R be a strictly convex function and
e € R. Denote by L. = {(x,\) € epi(f): x € A and X < €} a special convex
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subset of epi(f). Moreover, assume there is some m € A, a minimizer of f,
such that f(m) < f(y), for all y € A.

Clearly for each € > A with (z,\) € epi(f) or (m,\) € epi(f) and for
m € A a minimizer of f, we have f(m) < e and hence (m, f(m)) € L. # 0.

Clearly L. is convex and we show it as follows:
Take any (y, p), (z,v) € L. Tt follows that y, 2 € A and p, v, max{u, v} < e.
Hence for any o € [0,1], we have a(y,u) + (1 — a)(z,v) = (ay + (1 —
a)z,ap + (1 —a)y) € Lo as ay + (1 — a)z € A (since A convex) and
ap+ (1 —a)y <max{u, v} <e.

Furthermore, denote by A. = {z € A : (z,\) € L.} a subset of A
depended on the choice of € € R.

Clearly A, is convex and we show it as follows:
Take any y, z € A.. It follows that y, z, ay+ (1 —«a)z € A for o € [0, 1] since
A is convex, and (y, u), (z,v) € epi(f) N Le with € > p and € > v. Thus
oy, 1)+ (1—a) (2, ) = (ay+(1—a)z, ap+(1—a)) € epilf) as epi(f)NL,
is convex, and ap + (1 — a)v < max{y,v} < e. Hence ay + (1 —a)z € A,

and hence A, is convex.

Theorem 2.1.26 Let f : A C X — R be strictly convexr and epi(f) be
closed, and L. # () be defined as above for € € R, then the following hold;
1. cleo(Le) C epi(f).

2. d(cleo(L)\ int(epi()) € Dlepi(f)).

3. If A= X, then for each (x,\) € ext(epi(f)), there exists e € R such that
(x,\) € cleo(Le) # 0.

4. Let A= X, then (z,\) € ext(epi(f)) if and only if (z, \) € ext(clco(L,))

for some €.

Proof

1. Clearly L. C epi(f), and since epi(f) is closed and convex we have
epi(f) = clco(epi(f)). Thus clco(L.) C clco(epi(f)) = epi(f).

2. Take (y, ) € O(cleco(L,)). It follows that (y,3) € epi(f). Hence if
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(y, B) € d(clco(L))\ int(epi(f)), then (y, 3) € epi(f)\ int(epi(f)) € d(epi(f)).

3. Take any (x,\) € ext(epi(f)). It follows from Proposition 2.1.3 that
(x,\) € gr(f) C epi(f) and hence f(z) = A < +00. Choose € € R such that
f(z) = X <eand (x,\) € L.. Thus there exists ¢ € R such that (z,\) €
cleo(L.) # 0.

4. Take any (x, ) € ext(clco(L.)). Hence (x, A) € d(clco(L,))\ int(epi(f))

and thus (z,A) ¢ int(clco(L.)) U int(epi(f)). It follows from 2. above
that (z,\) € O(epi(f)). Appealing to Corollary 2.1.5, we have (z,)) €
ext(epi(f).
Conversely, take any (y,3) € ext(epi(f)). It follows from 3. above that
(y, B) € cleo(L,) for some e. Clearly (y, 8) € d(clco(L,)) as if we assume that
(y, ) € int(cleo(Le)), we would have (y,3) € int(epi(f)) since cleco(L.) C
epi(f). This would lead to a contradiction.

Take any (m,7),(z,u) € clco(Le) C epi(f) and o € [0,1] such that
(y,B) = a(m, 1) + (1 — a)(z, ). It follows that (y,3) = (m,7) or (y,3) =
(z, 1) as (y, ) € ext(epi(f)). Hence (x,\) € ext(clco(L)). O

Corollary 2.1.27 Let X be finite dimensional Banach space, f : X — R

be strictly convex (and epi(f) be closed). If f achieves its minimum on X
then ext(epi(f)) = dent(epi(f))

Proof

Appealing to Proposition 2.1.21 dent(epi(f)) C ext(epi(f). Morever, since
X, and X x R, are finite dimensional normed vector spaces, weak and
norm topologies are equivalent and hence each (z,\) € ext(epi(f)) is a
PC. Morever, it follows from Theorem 2.1.26 that (x,\) € ext(clco(L.)) for
some €. Since clco(L,)) is closed convex and bounded, we have (z,\) €
dent(epi(f)), as per Theorem 2.1.24.
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Remark 2.1.28 1. Let X be a Banach space and X' its topological dual.
A function f: X — (—o0,+00] is rotund at zo € X if there exists 2’ € X’
which verifies the following property

Ve > 0 dr > 0, such that
<£I§'/,$0> - f(fE(_)) < <.Z',,l’> - f(l’) +r= H.’L' - $0H S €,

x € X, see [1]

2. Functions f is rotund at zy implies that the subdifferential

Of (xo) ={2' € X' : (2',x0) — f(wo) > {2/, x) — f(x),Vz € X} £,

and sup{(2’,z) — f(z),z € X} reached at zy, see [1, Remark (2), p.15].

3. If f is rotund at x( then f is strictly convex at zy, [1, Remark (3), p.16].

Consider the following result about the equivalence between denting

points and extreme points of a convex epigraph.

Corollary 2.1.29 [1, Corollary 3.5, p.20] Let f be a convex lower semi-
continuous (extended) real valued function on Banach space X. Then, f is

rotund at each x € X if and only if
dent(epi(f)) = ext(epi(f)) = D(epi(f)) = gr(f).

Corollary 2.1.30 Let X be a Banach space and f : X — R be convex. If
(epi(f) are closed and) f is rotund on X then

dent(epi(f)) = ext(epi(f)) = Alepi(f) = gr(f).

Proof
Since epi(f) is closed, it follows from Theorem 2.1.13 that f is lower semi-

continuous and rotund. Moreover, it follows from Corollary 2.1.29 that

dent(epi(f)) = ext(epi(f)) = d(epi(f) = gr(f)- 0

Proposition 2.1.31 Let X be Banach, f : X — R be convezr (and epi(f)
be closed). Then the following holds;
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For each a € [0,1], a(epi(f)) + (1 — a)(epi(f)) = epi(f).

For any o € Ry, af(epi(f)) C epi(f) provided f is positively homoge-
neous, that is f(azx) = af(x) for allx € X

3. Foreach o € 0[0, 1], a(ext(epi(f)))+(1—c)(ext(epi(f))) C ext(epi(f)).
Proof
Lafepi(f)) + (1 —a)(epi(f)) = {alz, ) + (1 — ) (z, p) = (. 5), (2, 1) €

epi(f),a € [0,1]}. Since f is convex, so is epi(f) and hence a(x, 3) +
(1 — a)(z,pu) € epi(f) for any (z, ), (z,u) € epi(f) It follows that
a(epi(f)) + (1 —a)(epi(f)) € epi(f).

For the other inclusion, take (y,w) € epi(f). Since epi(f) is con-
vex there exist (b, 3),(d,0) € epi(f) such that (y,w) = a(b,f) +
(1 —a)(d,d) € alepi(f)) + (1 — a)(epi(f)). It follows that (y,w) €
a(epi(f)) + (1 — a)(epi(f)) and hence a(epi(f)) + (1 — a)(epi(f)) =
epi(f)-

a(epi(f)) =A{a(z,7) : (z,7) € epi(f)}. Take any a(z,7) € a(epi(f)).
Clearly (z,7) € epi(f) and hence f(z) < 7. Since f is positively
homogeneous and az € X for each x € X, we have f(az) = af(x) <

at hence (ax, at) € epi(f).

This result follows from letting @« = 0 and o« = 1. That is, take
any (w,\) € a(ext(epi(f))) + (1 — «)(ext(epi(f))). It follows that
(w,\) = alz, B)+(1—a)(z, p) for (z, B), (z, ) € ext(epi(f)). If a =0,
then (w, \) = (2, u) € ext(epi(f)), and if @ = 1, then (w,\) = (z,8) €
ext(epi(f). This proves that (w, \) € ext(epi(f). O

It is clear that a function f: A C X — R is convex linear if

fOx+ (1= XNy) = Af(x) + (1 = N)f(y) for any z,y € A. We say
f:ACX — Ris affine linear if there exist g : X — R linear and b € R
such that f(z) = g(z) + b for all x € A.
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Lemma 2.1.32 Let f: A C X — R be convex and continuous, then gr(f)

1s convex if and only if f is convex linear function.

Proof
Suppose gr(f) is convex, and take any x,y € A such that
(z, f(2)), (y, f(y)) € gr(f), with Az + (1 — Ny € A, X € [0,1], since A is
convex.
Convexity of gr(f) imposes that
A, f(@) + (1 =Ny, f(y) = Az + (1 = Ny, Af(z) + (1 = A) f(y)) €
gr(f)-
Moreover, since Az + (1 — A)y € A for any z,y € A and all A € [0,1] we
have (Az + (1 = ANy, f(Ax + (1 — N)y) € gr(f) for each \ € [0, 1]. Since f is
well defined, we have
(Az+ (1 =Ny, f(Az+(1=Ny)) = Az+(1=Ny, Af(z)+ (1 =) f(y)) €
gr(f). Hence f(Az + (1 = N)y) = Af(z) + (1 — A\) f(y) for any z,y € A and
all A € [0,1]. It follows that f is linear.
Conversely, let f be linear and («, f(«)), (5, f(6)) € gr(f), a, B € A, A
convex. Thus for A € [0, 1],
Ma f(a)) + (1= (B, £(8)) = (a+ (1= N, (@) + (1= N (D))
— (at (1— N8 fha+ (1- N)B)
€ gr(f),
as Ao+ (1 — )5 € A. Consequently gr(f) is convex. O

Still on the relation between the continuity of convex functions and
extreme points of its epigraph, one considers linear functions on a vector

space and their behavior on the boundary of its domain, see below;

Lemma 2.1.33 Let f : A C X — R be linear convex function and X be
normed linear space. The following holds

L. If (z,\) € ext(epi(f)), then (x,\) € gr(f) and x ¢ int(A)

2. Ifo(A)NA=10 (and hence A open) then ext(epi(f)) =0
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Proof

1. Take (x,A) € ext(epi(f)) C epi(f). Then (z,\) € 9(epi(f)). More-
over, if (z,A) € d(epi(f))\gr(f), then (z,\) € int[(z, f(z)), (z, A + 1)] for
(x, f(x)),(x, A+ 1) € epi(f). This would contradict the fact that (z,\) €
ext(epi(f)), hence (z,\) € d(epi(f)) N gr(f), that is (z,\) = (z, f(x)) €
ext(epi(f)).

Morever, take any (m, u), (n,v) € epi(f) such that (x,\) € [(m, n), (n,v)].
It follows (z, A) = (am + (1 — a)n,apn+ (1 — a)v), a € [0,1].

Hence, = am + (1 — a)n € A, and since (x,\) € ext(epi(f)) we have
(x,\) = (m,p) or (,\) = (n,v). Thusz=am+ (1 —a)n € Aand x =m
or x = n. It follows that = ¢ int[m, n).

Assume z € int(A). It follows from the convexity of A that there exists

some a,b € A with = € int[a, b]. Since f is linear we have
(z, f(2)) = al(a, f(a)) + (1 = ) (b, f(b), @ € (0,1).

Moreover, since (z, \) = (x, f(x)) € ext(epi(f)), we have (z, f(z)) € I[((a, f(a)), (b, f(D))],
that is

(z, f(2)) = al(a, f(a)) + (1 = ) (b, f(b)), o & (0, 1),

and this leads to a contradiction. It follows that = ¢ int(A).

2. If9(A)N A = () then A is open, and = € int(A) for each z € A.
Hence the contraposition of 1. above implies that (z,A) ¢ ext(epi(f)) for
each x € int(A) = A. Hence ext(epi(f)) = 0. O

Definition 2.1.34 /2, Definition 2.5.1, p.27] Let D be a bounded set in
X and f* € X*, f* 40 and let M(D, f*) = sup{f*(z) : x € D}. If a > 0,
then the set S(D, f*,a) = {x € D : f*(x) > M(D, f*) — a} is called the
slice of D determined by f* and «.

Lemma 2.1.35 /2, Proposition 2.3.21, p.28] A bounded subset D of a Ba-
nach space X s dentable if and only if D has a slice of arbitrarily small

diameter
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There is a relation between denting points and stronngly exposed points

of a closed unit ball and it is stated in [8] as follows;

Theorem 2.1.36 /8, Theorem 8, p.232] A Banach space X where every
point of a unit sphere S(X) is denting points of a closed unit ball B(X) in
X has the set of strongly exposed points of B(X) dense in S(X).

On strongly exposed points of an epigraph we have the following result;

Lemma 2.1.37 [1, Proposition 3.4, p.18] Let f : X — (—o0, +00] be lower
semicontinuous convex function and xy € dom(f). If f is rotund then

(xo, f(z0) € s-exp(epi(f)). The converse also holds.

(Clearly it follows from Lemma 2.1.37 that rotundity of 1.s.c extended real
convex f implies gr(f) = s-exp(epi(f)). Hence, appealling to Proposition
2.1.21 we have the following result;

Lemma 2.1.38 Let f : X — R be rotund convez (and epi(f) closed). Then
dent(epi(f)) C ext(epi(f)) € gr(f) € s-exp(epi(f)).

Proposition 2.1.39 Let f : X — R be rotund strictly convex, X a Banach
space (and epi(f) be closed). Then

dent(epi(f)) = ext(epi(f)) = d(epi(f) = gr(f) = s-ezp(epi([)).

Proof

It follows from Corollary 2.1.30 that dent(epi(f)) = ext(epi(f)) = gr(f) =
J(epi(f). Since epi(f) closed implies that f is lower semi-continuous (see
Theorem 2.1.13), appealing to Lemma 2.1.37 we have gr(f) = s-exp(epi(f))
and the result follows. O
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2.2 Piece-wise linear convex functions

In this section we give a special attention to piece-wise linear (non-linear)
convex functions which elicit interesting characteristics of convex functions
different from those we find using the general convex functions.

Henceforth by piece-wise linear (affine) convex function f: A C X — R
we would mean a function f : A C X — R not linear (affine) on A but linear
(affine) on some convex proper subsets A; of A, with int(A;) Nint(Ag) =0
for each A;, A, C A convex with | J; 4; = A.

Example 2.2.1 Consider the following piece-wise linear convex function
f :[=5,4] — R define on a closed convex and bounded set as follows.
gi(z)=-3z—-2 if x € [-5,—-1)
gox)=—qx+35 if re[-1,1)
g3(x)=2—-1 if r € [1,3)

g(zr)=2x—4 if x € [3,4]
a) Each g; is linear and each dom(g;) is a maximal domain of linearity for
f.

b) f is not linear though it has linear restrictions, namely f|(o,1) is linear.

fx) =

c¢) Note that dom(gs) = [1,3) is a maximal domain of linearity for g3 but
[1, 3] is a maximal domain for linearity for f. However, dom(gs) = [3,4] is
a maximal domain for linearity for both g4 and f. In general cl(dom(g;)) is
a maximal domain of linearity for each i =1, ..,4

d) Moreover, if 2 € int(dom(g;)) for some i, then there is y, z € d(dom(g;))
such that « € int|y, 2] and (z, f(z)) € [(v, f(y)), (2, f(2))]. Hence (z, f(z)) ¢
ext(epi(f)) for any x € int(dom(g;)) for some i.

e) Suppose z € int(dom(g;)) and y € int(dom(gx)) with dom(g)Ndom(g;) =
) and [y, z] C A. Since f is convex, we have

FAy+1=XN)z2) < Af(y)+(1—=N)f(2) for A € [0,1]. Moreover, f(Ay+ (1—
Nz) # Af(y) + (1 = X)f(2) for some A € [0,1]. This follows from the fact
that f|.,) is not linear as cl(dom(g;)), cl(dom(gy)) are maximal domains of

linearity for f.
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Morever, for any = € int[y,z] with y,z as above, we have f(z) <
f(Ay + (1 — A)z) since f is convex and not linear, and thus (z, f(z)) ¢
[(y, f(y)), (2, f(2))]. It follows that for any = € d(dom(g,,)) N int[y, z] we
have (z, f(x)) ¢ [(v, f(v)), (2, f(2))] for some i = 1,..,4. Consequently, if
(x, f(x)) € ext(epi(f)) and z € [y, z] for some z € dom(g;) and y € dom(gy),
then the following hold;

oy € J(dom(gy)) or z € d(dom(g;)).

oz € J(dom(gy)) or z € d(dom(g;)), provided k =i + 1.

Proposition 2.2.2 Let f : A C X — R be a piece-wise linear conver
function on a closed convex and bounded set A, and A; C A be a maximal
domain of linearity for each i € N. Then ext(epi(f)) C gr(flg) for Q =

U 9(4).

ieN

Proof

Take (z,A) € ext(epi(f)). Then (z,\) € epi(f) and for all (z, ), (y,7) €
epi(f) such that (z,)) € [(2, ), (y,7)] we have (z,\) = (z,5) or (z,\) =
(y,7) as (z,\) € ext(epi(f)). Clearly (x,\) € gr(f) as ext(epi(f)) C
and hence {(z, 8), (3, 7)}1 gx(f) £ 0.

Then either (y,7) € gr(f) or (2,08) € gr(f) or (2,0),(y,7) € gr(f).
Moreover, if y € int(A;) and z € int(Ag) then since fla; and f|4, are
linear, there exists b,c € 0(A;) and d, e € d(Ay) such that y € int[b, |, z €
int[d, e] with (y,7) € int[(b, (b)), (c, f(c))], (2,0) € nt[(d, f(d)), (e, f(e))]
and (b, f(D)), (¢, f(c)), (e, f(e)), (d, f(d)) € epi(f). This would would mean
(x,\) € int[(b, f(b)), (¢, f(c))] or (x,\) € int[(d, f(d)), (e, f(e))] and would
contradict (z, \) € ext(epi(f)). Hence y € 9(4;) or z € I(Ay)

Furthermore, since (z,\) € ext(epi(f)) and thus (x,A\) = (z,0) or
(z,A\) = (y,7), we have x = y or x = z and y € 9(A;) or z € O(A4;)
for some j, k € R. If (z,\) = (2, 3) € gr(f), then z = 2z and thus z € 9(Ay).
Similarly, if (z, \) = (y,7) € gr(f), then x = y and thus y € 9(A4;). Hence

A
gr(f)

48



re@ = I(A4) and thus (z,\) € gr(flg). O

i€R
The converse holds provided f is continuous on A and QQ C A.

Corollary 2.2.3 Let f: A C X — R be a piece-wise linear convex function

and A; C A be a mazimal domain of linearity for each i € N with | J A; = A.
ieN

If A is closed and bounded and f is continuous, then ext(epi(f)) = gr(flo)

for @ = 0(4;) C A.

ieN
Proof
Take any =z € @ with (z, f(z)) € gr(flg) C epi(f). Clearly there is
(m, ), (n,v) € epi(f) with (z, f(z)) € [(m,pn), (n,v)] and x € I(A;) for
some A; C A a maximal domain. Assume without loss of generality that
(m, ), (n,v) € epi(f)N gr(f). If (z, f(x)) € int[(m, w), (n,v)] it would fol-
low that [(m, i), (n,v)] C A, for some A,, a maximal domain. This would

lead to a contradiction as it would mean = € 9(A;)Nint(A,,). Consequently
(z, f(2)) € O[(m, ), (n,v)] and hence (z, f(z)) € ext(epi(f)). m

Proposition 2.2.4 Suppose f : A C R — R be a linear convex function,
epi(f) closed, A bounded and closed, and |f(z)| < € for some ¢ > 0. The
following hold;

1. If (z,a) € ext(epi(f)), then z € ext(A).
2. ext(epi(f)) = {(z,a) : x € I(A)} and hence has 2 elements.

Proof

1.  Clearly A = [z,y] is a closed interval and gr(f) is a finite line seg-
ment including its endpoints, (z, f(x)), (v, f(y)) € gr(f). Consequently
ar(f) = [(@ £2)), (5, F)] € epilf). Take (2,0) € ext(epi(f)). It fol-
lows that (z,«a) € gr(f) = [(z, f(x)),(y, f(y))]. It follows that either
(z,a) = (x, f(x)) or (z,) = (y, f(y)). It follows that x,y, \e+(1—N)y € A
for A € [0,1] since A = [x,y] is convex. Clearly x,y € ext(A).
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2. Clearly, gr(f) = [(z, f(x)), (y, f(y))] as f is linear, and hence ext(epi(f)) C
[(, f(2)), (y, f(y))]- But since int[(z, f(2)), (y, f(y))]N ext(epi(f)) = 0, we
have ext(epi(f)) = {(z, f(x)), (y, f(y))}- O
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2.3 Convexifiable functions

In this section we discuss the (closed) convex hulls of epigraphs of real-valued
functions and the functions, namely convexifications, representing them. It
is clear that not all functions have convex epigraphs, as only convex function
may have convex epigraphs and not all functions are convex.

Hence we aim to define functions whose epigraphs are convex hulls of
epigraphs of other given (and mostly non-convex) functions, and those func-
tions are defined as follows;

In this section X denotes a Banach space unless otherwise stated.

Definition 2.3.1 A real-valued function g : A C X — R is called a con-

vezification of a real-valued (usually non-convex) function f: A C X — R
if epi(g) = co(epi(f)).

Lemma 2.3.2 Let f: ACX - Rand g: A C X — R be real functions
and A be a convex set. Then the following hold;

(a) If epi(f) = clco(epi(f)), then f is conver and lower-semicontinuous.
Moreover, f is continuous on int(A), provided X = R™.

(b) Ifepi(f) = clco(epi(g)), then f is a lower semi-continuous converifica-

tion of g.

Proof
(a) If epi(f) = clco(epi(f)) then epi(f) is closed and convex. Moreover,
the convexity of epi(f) implies the convexity of f, and the closure of epi(f)
implies that f is lower semi-continuous, see Theorem 2.1.13. Furthermore,
the continuity of f on int(A) follows from Proposition 2.1.9.

(b) Clearly epi(f) is closed and hence f is lower semi-continuous as
shown in (a) above. Moreover, the fact that f is a convexification of g fol-
lows from the Definition 2.3.1 above. O]

In addition to Definition 2.3.1 above, we shall call such a function f

convexifiable provided it has at least one real convexification g.
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Remark 2.3.3 The following statements hold true:

1) There exists no real valued convexification of a function f if f(z) = —oo
for some = € dom(f).

2) The epigraph of the convexification of f is the smallest convex epigraph
containing epi(f). This follows from the fact that the convex hull co(A) of
any set A is the smallest convex set containing A.

3) If f is (not convex but) €-convex and g* a convex extension of f|, then
epi(f) C epi(g*) does not always hold especially for f(z) = 23, a €-convex
function. This is due to the fact that f is convex on C' = [0,00) and g*
extends f|c and not f on R. That is epi(f|c) C epi(g*) but (—1,—1) €
epi(f)\ epi(¢*). This follows from the fact that ¢* is a convex extension
of a convex restriction f|y of f on the €MDC M C dom(f). Hence
f(z) < g*(z) for some x € dom(f)\M and epi(g*) D epi(f|r). Moreover
epi(g*) C epi(f) provided f(x) < ¢g*(z) for any x € dom(g*) N (dom(f)\M)
and dom(g*) C dom(f).

4) If g is a convexification of f: A C X — R and epi(f) C epi(g), that is
epi(g)\ epi(f) # 0, then f is not convex.

Our aim is to compare the epigraphs of the convexification and that of the

convex extension ¢g* as defined above.

Lemma 2.3.4 Let f : A C X — R be a real convex function and g its
convezification. Then f(x) = g(z) for all x € dom(f) Ndom(g) and f = g.
Consequently, dom(f) = dom(g).

Proof

Clearly epi(f) = co(epi(f)) as f is convex and co(epi(f) = epi(g) as g is
a convexification of f, by assumption. Hence epi(f) = epi(g) and thus
f = g. It follows that f(x) = g(z) for all x € dom(f) N dom(g). Clearly
dom(f)Ndom(g) C dom(f) and dom(f)Ndom(g) C dom(g), and for each for
each z € dom(f) and each y € dom(g), we have f(z) = g(2), f(v) = g(v).
This implies that z,y € dom(f) N dom(g) and thus dom(g) = dom(f) N
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dom(g) = dom(f) O

Note that the real function f is proper if f(x) € (—o00,00) for all z €
dom(f). Clearly if ¢g is a convexification of f, then g(z) < f(x) for all
z € dom(f) N dom(g).

Lemma 2.3.5 Fvery real proper &-convexr function f : A C X — R is

convezxifiable and has a unique convexification, provided f is bounded below.

Proof
Clearly co(epi(f)) is convex for each €-convex function f. Consider a func-
tion g : co(dom(f)) — R such that

g(x) =inf{A € R: (z,\) € co(epi(f))} for each = € co(dom(f)).
We show that g is convex:
Take z,y, ax + (1 — a)y € co(dom(f)), a € [0, 1]
glax+ (1 —a)y) =inf{k € R: (axz + (1 — a)y, k) € co(epi(f))}

= inf{al,+(1—a)\, € R: (az+(1—a)y, ar,+(1—a)),) € co(epi(f))}

= inf{a\, + (1 — )\, e R:a(z, \;) + (1 — a)(y, Ay) € co(epi(f))}

<inf{al, € R: (x,\;) € co(epi(f))}

+inf{(1 —a)\, € R: (y,\,) € co(epi(f))}

= ag(z) + (1 —a)g(y)
Consequently ¢ is convex.

Clearly epi(g) is the smallest convex epigraph containing epi(f) due to
definition of g. Moreover due to the uniqueness of co(epi(f)) = epi(g) there

follows the uniqueness of g the convexification. O

Proposition 2.3.6 Let f : A C X — R be a real proper non-convexr €-
convex function, C' be €-MDC and g a convexification of f. Then the fol-
lowing hold;

(1) epi(flc) C co(epi(f)) = epi(g) if C'C A and

g(xz) =min{\ € R: (x,\) € co(epi(f))} for each = € co(dom(f)).

(2) If epi(f) C epi(g) then f is not convex.
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Proof
(1) This follows easily from the fact that epi(f|c) C epi(f) C co(epi(f))
and the fact that g is the convexification of f.

(2) Suppose epi(f) C epi(g), that is epi(g)\ epi(f) # (). Since g is the
convexification of f, we have co(epi(f)) = epi(g) D epi(f). It follows that
co(epi(f))\ epi(f) # 0 and hence epi(f) is not convex. Since the convexity
of f coincides with the convexity of its epigraph epi(f), it follows that f is

not convex. O

Consider the following example

Example 2.3.7 Let f : R — R be defined as f(z) = asinz,z,a € R.
Then the following hold;

(1) C; = [(2i — 1), 2im] for each i € Z is a €-MDC for f and are mutually
disjoint, provided a # 0.

(2) epi(f) C co(epi(f)) as f is not convex on R, provided a # 0.

(3) f is convexifiable with a convexification
g(x) =inf{asinz : x € R} = —|q|
Moreover, it follows from Lemma 2.3.5 that the following is true;

Proposition 2.3.8 Let f : X — R be a function and B be a chain of
closed subset C' of X. Then, for each domain C; € B of a restriction f|c,

there exists a unique convezification g; for each i.
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2.4 Extremal-mapping convex function

In this section we discuss a special kind of a vector valued functions on
the epigraph of some real convex (strictly or linear) function f. We shall
also discuss its properties and explore which of the well-known properties

of convex functions it satisfies, if any.

Definition 2.4.1 Let f: A C X — R be a real continuous convex function
and epi(f) be its epigraph. A continuous function ¢ : epi(f) C X x R —
gr(f) defined by ¢(z, ) = (x, f(x)), for any fixed x € A and for any (x,\) €
epi(f), is called a minimizer of the epigraph of f, epi-min for brevity.

Furthermore, a restriction ¢|g s : epi(f) C X xR — gr(f) is an identity
map. Moreover, define an ordering < on X x R, where X finite dimensional
Banach space, as follows;

For any (a,a), (b,3) € X x R, we say (a,a) < (b, ) if ¥ ja; < X" |b; and
a < .
Henceforth X will denote a finite dimensional Banach space, unless oth-

erwise stated.

Theorem 2.4.2 Let f : A C X — R be a real valued convexr function.

Then epi-min ¢ : epi(f) C X xR — gr(f) is a vector valued convex function

on epi(f).

Proof

Let (z,A), (y,0) € epi(f) with z,y € A and a € [0,1]. Hence f(x) <
€

A J(y) < B and a(z,A) + (1= a)(y,8) = (ax + (1 — a)y,ad + (1 — a)f)
epi(f) since epi(f) and A are convex and ax + (1 — a)y € A. Thus

flaz+ (1 —a)y) <ar+ (1 —-a)f =c R,

for each A € [0, 1], ¢(z,\) = (z, f(x)) and é(y, B) = (y, f(y)). Hence
dla(z, ) + (1 —a)(y,B)) = dplax + (1 —a)y,ar + (1 - a)f)
= (az + (1= a)y, faz + (1 — a)y))
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< (ar + (1 — )y, af(r) + (1 —a)f(y))
= a(z, f(2)) + (1 — a)(y, f(y))
= ad(z, \) + (1 — a)o(y, B)

This proves that ¢ is a convex function. [

Remark 2.4.3 1) Clearly the continuity of the epi-min depends on the
continuity of the underlying convex function f.

2) Morever Ry = {¢(x, ) : (x,A) € epi(f)} = {(z, f(z)) : f(x) < A for all
v € A} = gr(f).

3) Furthermore, the epi-min ¢ of an epigraph of f is unique for each convex

function f. Clearly epi(f) and gr(f) are unique for real-valued function f.

Lemma 2.4.4 Let f: A C X — R be continuous and convexr and ¢ be an
epi-min of f. The following holds;

1. If A= X and Ry is closed, then Ry = 0(epi(f)) C epi(f).

2. If AC X and Ry is closed, then R, C O(epi(f)).

Proof

1. Clearly Ry C gr(f) follows from the definition of the epi-min ¢. More-
over the definition of an epigraph and the fact that gr(f) C epi(f)) we have
gr(f) Nint(epi(f)) = 0. Furthermore, since epi(f) be closed, see Proposi-
tion 2.1.14, we have d(epi(f)) C epi(f), and consequently gr(f) C d(epi(f)).
Hence Ry = 0(epi(f)), see Proposition 2.1.3 and Corollary 2.1.5.

2. Clearly R, = gr(f) by definition of epi-min and gr(f) C 9(epi(f)) since

f is convex. 0

Remark 2.4.5 Suppose f : A C X — R is a real valued convex function,
and epi(f) its convex epigraph. Hence for each fixed x € A recall the
following subset of epi(f), that is,

Co ={(x,\): X e R, (x,\) € epi(f)}.

56



It is easy to see that, for any =,y € A;
e v =y if and only if C, = C,

e v #yifand only if C, (C, =10

Proposition 2.4.6 Let C, be as defined above, ¢|c, : epi(f) — Ry be the
restriction of an epi-min ¢ of a convexr function f: A C X — R. Then the

following holds;

1. for each fized v € A, {glo,(r,0) : (z,0) € Cu} = {(z, ()} =
Ry, C X xR is a singleton.

2. (z, f(x)) € ext(epi(f)) (N Cy for each x € A, provided epi(f) is closed

and f s strictly convex and continuous on X.

Proof

1. As per Definition 2.4.1 above, ¢(z,a) = (x, f(x)) for any fixed z € A.
Hence ¢|c, (z, ) = (x, f(x)) for any fixed z € A and any (z,«a) € C, C
epi(f). It follows that {¢|c, (z, @) : (z,a) € Cp} = {(z, f(z))} for any fixed
r € A. Moreover, since Rg = gr(f), we have Ry = gr(f|.}) = {(z, f(2))}
for any fixed z € A.

2. Suppose f is strictly convex and epi(f) is closed. Appealing to
Proposition 2.1.3, we have ext(epi(f)) = gr(f). Consequently {(z, f(z))} =

gr(flezy) € ext(epi(f)). Thus (z, f(x)) € ext(epi(f))()C, for each x € A,
0J

Remark 2.4.7 (a) Let C, be as defined above, ¢|¢, : epi(f) — Ry be the

restriction of an epi-min ¢ of a convex function f: A C X — R. Then

o(z, f(z)) € ext(epi(f)) C R, for each z € A,
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provided A = X, see Proposition 2.1.3. Consequently ¢ is extreme point
preserving.
(b) Let f: A C X — R be convex and continuous. Then an epigraph of f
has a different characterisation;
epi(f) = co(U Cq).
z€A

Clearly this would not hold if f is not convex nor continuous, see the
example below.

e Let f be areal function defined on I = [0, 3]\{1} by f(z) = 0 whenever
x €[0,1) and f(z) = —z + 1 whenever z € (1,3]. Clearly C}, = {(1,)\) €
R? : XA > 0} nepi(f) = 0 as 1 ¢ dom(f) = I, however C; C co(|J Cy).

zel
Hence epi(f) C co(|J C,) as f is not continuous.
zel

e Moreover, {(z,\) € R? : 3\ = —2z} C d(co(epi(f))), and (3,-3) €
co(epi(f))\ epi(f), as f is not convex.

Theorem 2.4.8 Let f : X — R be strictly convex (and epi(f) be closed)
and ¢ be its epi-min. Then the restriction ¢* : O(epi(f)) — Ry of the

epi-min is an extreme (denting) points preserving map.

Proof

Clearly dom(¢*) = 0d(epi(f)) = ext(epi(f)) = Ry and ¢* is an identity
map. Hence for each (x,\) € d(epi(f)) = ext(epi(f)) we have ¢*(z,\) €
ext(epi(f)). O

It follows that the epi-min ¢ : epi(f) C X x R — epi(f) of an epigraph
of a convex continuous function f has a convex epigraph epi(¢). Further-

more, the epi-min is convex if and only if its base function f is convex.
Henceforth, we consider € C {C C epi(f): 0 # C' is convex}.

Note that a €.-convex function need not be convex but is assumed to have
a convex restriction. An epi-min 7 is €-convex if the underlying function

f is €-convex and epi(f|¢) is a convex domain of 7 with some C' € €.
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Proposition 2.4.9 Let f : A C X — R be €-convex and ¢ be a €pi-convex
epi-min on epi(f). Then f is convezifiable if and only if ¢ is convezifiable.

In other words, there exists a real continuous function g on domf such

that epi(g) = co(epi(f)) if and only if ¢ is convex on co(epi(f)).

Proof

If f is convex, then epi(f) = co(epi(g)) for some g = f on A. Hence f is
convexifiable. Thus ¢ is convex, epi(f) = co(epi(x)) for some y = ¢, and
¢ : epi(f) — co(epi(f)). Hence ¢ is convex on co(epi(f)). Similarly, the
converse follows.

On the other hand, suppose f is not convex on A; = If f is convexifiable
then and epi(f) C co(epi(f)) = epi(g) for some convexification g on X and
¢ : epi(f) — epi(f) is not convex as epi(f) is not convex. Hence epi(¢) C
co(epi(f)). Since f is convexifiable, consider x : epi(g) — epi(g) an epi-min
of g a convex convexification of f. Since g is convex and dom(x) = epi(g)
are convex, it follows from Theorem 2.4.2 that y is convex. Moreover,
epi(¢) C epi(x) = co(epi(x)) and hence ¢ is convexifiable.

< If ¢ is convexifiable, it follows that epi(¢) C epi(u) = co(epi(chi))
for some convexification p of ¢. Clearly epi(f) is not convex and hence
epi(f) C co(epi(f)). Hence u :co(epi(f)) — d(co(epi(f))) is convex, as each
convexification of convex. Hence g(z) = {\ € R: (z,\) € d(co(epi(f)))},
that is gr(g) = 9O(co(epi(f))), is a convexification of f. Clearly for each

(a,b) € epi(f) C co(epi(f)), g(a) < f(a) < b. m

It follows from the Proposition 2.4.9 above that any €-convex real func-
tion has some real convex extension, hence our subsequent discussion shall
be on the way(s) in which such convex extension(s) can be contructed. We
shall try and show that if f is a €-convex function on A C X and epi(f)
is not necessarily convex epigraph on which the epi-min ¢ is defined, then
there exists an extension x of an epi-min such that if f has a global mini-
mum (c, f(c)), then x(x,\) = (z, f(c)). The range of x denoted R, is the

graph of x whose epigraph is convex.
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Example 2.4.10 Let f : [0,00) — R be €-convex defined by f(x) = sinz.
Clearly fl|¢; : [0,00) — R is convex for each C; = [(2¢ — 1)7, 2iw], i € N.
Moreover, for each i € N, there is a convex extension k; : R — R, such that
f(z) = ki(x) = flo,(x) for each x € C; and f(z) < k;i(z) for each = ¢ C;.
Furthermore, for g a convexification of f, we have epi(f) C co(epi(f)) =

epi(g).

Lemma 2.4.11 Let f : A C X — R be €-convez, g : X — R be convex-
ification of f, C a €-MDC for f and K : X — R a convex extensions of
flc, the restriction of f to C. Then epi(f|c) C epi(K) C epi(g) provided
f(z) < K(z) for allz ¢ C.

Proof

Clearly f(x) = flc(x) = K(z) for each x € C and hence epi(f|c) C epi(K).
Since f(z) < K(x) for all z ¢ C and f(x) < K(z) for all x € C, we have
epi(K) C epi(f) C co(epi(f)) = epi(g). It follows that epi(f|c) C epi(K) C
epi(g). O

Clearly, for each €-convex function f there exists a convex epigraph that
contains epi(f), and the smallest of those epigraphs is that of its convexifi-
cation.

An interesting questions is:

If gr(f)N gr(g) is a singleton say {(m, )}, what is the characteristic of
m € dom(f)?
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2.5 Minima and maxima of convex functions

Convex functions exhibit nice properties related to maxima and minima,
which makes them (convex functions) important in theoretical and applied
mathematics. Be reminded of the conventional definition of a minimum

point of a convex function f as
a point a € dom(f) such that f(a) < f(x) for all z € dom(f).

The maximum point would mean the opposite. Moreover, a point a €
dom(f) may be both a minimum and maximal point for a convex function
f under certain conditions, one of which being that f is linear. Clearly,
the maximum point (that is, maximizer) does not always exists for convex
functions, especially if the graph gr(f) is not bounded.

In this discussion though we would go a step further and consider the
minimum of an epigraph of such a function which is invariably related to
the minimun point as defined above. That is, for a € dom(f) a minimum
point of convex f, we have (a, f(a)) € gr(f) C epi(f) is a minimum of an
epigraph of f.

If an epigraph of a function f is bounded from below, especially on a
convex and bounded domain, or if f(x) > —oo for all z € dom(f), then
such a function is a proper function. Moreover, real strictly convex function
defined on a bounded closed set has a minimum point provided it is bounded
from below (or it is proper), and its minimum point is not always unique.

For instance, for f(z) = ||z|| the minimum point of its epigraph is unique

and it is also the extreme point of such epigraph, that is

ext(epi(f)) = {(0, f(0)} = {(a, f(a)) : fa) < f(y),y € R}.

Moreover, for f(z) = e” on [u, 7], the minimum point is attains at Oy, 7],
that is

ext(epi(f)) = {(a, f(a)) : f(a) < f(y),y € R} ={ (1, f(w))}.
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However, if f is linear convex and non-constant, then it may not have a
minimizer, at least not on the interior of its domain.

Hence in this section we discuss the relation, if any, between the min-
ima/maxima and the extremal structure of convex epigraphs. Henceforth

E would denote normed linear space unless otherwise stated;

Theorem 2.5.1 [14, Theorem 3.4.4, p.114] Assume U C FE is a convex
subset. Then for a convex function f : U — R the following hold;

1. Local minimum of f is also a global minimum
2. A set of global minima of f is convex

3. If f is strictly convex in a neigbourhood N, of a € U of a minimum

point, then the minimum point is unique.

Corollary 2.5.2 If f: U C E — R s strictly convex and x € U 1is a local

minimizer of f, then x is a global minimizer of f and it is unique.

Proof

Suppose x € U is a local minimizer of a convex function f. It follows from
Theorem 2.5.1 (no.1) that x € U is a global minimizer of f. Since f is
strictly convex and hence strictly convex in any neigbourhood N, of each
a € U it follows from Theorem 2.5.1 (no.3) that € U is unique. O

Remark 2.5.3 1) The converse of Corollary 2.5.2 does not hold especially
when one considers the function f(x) = ||z| convex with unique global
minimizer x = 0 yet not strictly convex.

2) Consider the set M; = {a € dom(f) : f(a) < f(x) for all z €
dom(f)} of minimizers of a convex function f. Clearly 9 is not always
a singleton for f convex. For example f(x) = a for each x € dom(f) and
a € R fixed is such that M = dom(f) with dom(f) non-trivial.

Moreover, since f is convex, so is dom(f) and hence 9 is also convex
just as Theorem 2.5.1 stated. Clearly f is constant, and this leads to the

following result about constant functions
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Theorem 2.5.4 [1/, The Maximum Principle Theorem 3.4.6, p.115] If f -
U C E — R is a convex function on a conver U and attains a global

mazimum at a € int(U), then f is constant.

Corollary 2.5.5 Let f : U C E — R be a convexr function on a convex
U, a € int(U) and N, a (convex) neighborhood of a. If f(x) < f(a) for all
x € N,NU, then f is constant on N,.

Corollary 2.5.6 Let f: U C E — R be a convex function on a convex U.

If f attains a global minimum for each a € U, then f is constant.

Proof

Take any z,y € U and A € [0,1]. Since U is convex, it follows that
Ax 4+ (1 — ANy € U. Morever, z,y,\x + (1 — \)y € U are global min-
ima and hence f(z) < f(y) as € U is a global minimum and f(y) < f(z)
as y € U is a global minimum. It follows that f(x) = f(y) for all z,y € U.
Hence

FOw+(1=Ny) < Af(@)+(1-N() = f) = F@) = FOe+(1-Ny =
for some a € R. Clearly f(x) = « for each x € U and thus f is constant. [J

Theorem 2.5.7 [14, Theorem 3.4.7, p.114] If f : K C R" — R is a
continuous conver function on a compact convex set K, then f attains a

global maximum at an extreme point.

As a consequence of Theorem 2.5.4 and Theorem 2.5.7, we have the

following results;

Corollary 2.5.8 Suppose f : K CR" — R is a continuous convex function
on a compact convex set K. If f attains a unique global minimum at a €

int(K), then (a, f(a)) € ext(epi(f)).

Proof
Assume f attains a unique global minimum at a € int(K). Clearly f is not

constant on K and on some neighborhood N, of a € int(K).
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Moreover, f(a) < f(x) for each x # a in K. Take any (y, p), (z,v) €
epi(f) and A € [0, 1] such that (a, f(a)) = My, p) + (1 — N)(2,v) € epi(f).
It follows that a = Ay + (1 — N\)z € K and f(a) = Au+ (1 — A\)v for some
A€ [0,1], and f(y) < pand f(z) < v. Moreover, f(a) =min{f(y), f(2)} =
min{y, v} and hence f(a) = por f(a) = v. It follows that (a, f(a)) = (a, p)
or (a, f(a)) = (a,v) for a = Ay + (1 = Nz € K and X\ € [0,1]. Hence
(a, f(a)) = (y,p) or (a, f(a)) = (z,v) and the result follows. O

Proposition 2.5.9 If f : K C R" — R s a continuous convez function
on a compact convex set K, then f attains a global mazimum at a € J(K),

that 1s, a € K 1s a boundary point.

Proof

It follows from Theorem 2.5.7 that a global maximum a € K, with f(a) >
f(z) for all x € K, is such that a € ext(K). If a € int(K) then it follows
from Theorem 2.5.4 that f is constant (or linear) and there exists b,c € K
and A € (0,1) such that a = Az + (1 — \)y € K since K is convex and
J0(A) C A. Thus a € int[z,y] and hence a # x nor a # y. This contradicts
the fact that a € ext(K) and hence a € 0(K). O

Remark 2.5.10 Note that if f: K C R™ — R is continuous convex func-
tion on a compact K and if f attains a global maximum at = € K, then
the following holds;

(1) if z € int(K) then f is constant and consequently a € 9(K) is also a
global maximum (also global minimum). That is, a global maximum is not
unique.

(2) if f is strictly convex then a ¢ int(K). This follows from the observation
that as for any b,c € K and A € (0,1) with a = Ab+ (1 — A)e, we have
Fla) = FOb+ (1= M) < Af(B) + (1 = N F(©) < max{f(8), f(c)}. Clearly
f(a) < max{f(b), f(c)} would lead to a contradiction.

64



(3) A convex and continuous function f : A — R attains both maximum

and minimum points on A provided A is compact and convex.

Corollary 2.5.11 [14, Corollary 1.3.6, p.23] Let f : I — R be a convex

function not monotonic on int(I). Then f has an interior global minimum.

Consider the following class of convex functions;

Definition 2.5.12 [14, Exercise 8, p.117] [15, Definition 1.17, p.7] A func-

tion f: K C R"™ — R is quasi-convex if

Oz + (1= A)y) <max{f(y), f(z)} (or <sup{f(y), f(z)})

for all x,y € K and all A € [0, 1].

Moreover f is strictly quasi-convex if

fOu + (1= A)y) <max{f(y), f(2)}

and quasi-linear if

fOx + (1= Ay) = max{[f(y), f(x)}

for all z,y € K and all A € (0,1).

The following is an example is quasi-convex function;

Example 2.5.13 1. All real monotonic increasing functions are quasi-
convex, and are also convex provided they are continuous.

2. Logarithmic functions on positive real line is quasi-convex, and never
convex.

3. All linear convex and linear affine functions are quasi-convex.

4. A constant real function is quasi-convex but not strictly quasi-convex.
5. However, a real function f : A C R"” — R is not quasi-convex if —f
is strictly convex and the maximiser x € A of f is an interior point. For
example f(r) = —2® for n = 1 and A = [-2,2] and z* = 0 € int(A).
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Clearly f(0) > f(«a), for each a € A. Morever, if a = —1,b = 1, then
max{f(a).f(b)} = —1 and f(Aa + (1 — A\)b) = 0 for some z* = 0 €
Aa + (1 — \)b and some A € (0,1).

Hence, f(Aa+ (1 — A)b) > max{f(a).f(b)} for some A = 1.

Remark 2.5.14 Clearly quasi-convex functions are forms of pointwise max-
imum functions, hence we discuss some of the pointwise maximum convex

functions as follows;

1. A componentwise maximum function f : R™ — R defined by f(z) =
max{ry,...,x,} is convex. Clearly, if f(z) = max; x;, hence let X\ €
[0,1] and take x,y € R™. Tt follows that;
fAz+ (1 = Ny) = max{Az; + (1 — Ny;}

< Amaxz; + (1 — A) maxy;

= Af(@) + (1 =N f(y).

Hence f is convex.

2. A pointwise maximum function g : R" — R defined as g(x) = max{ f1(x), fo(z)}

with f1, fo convex functions such that dom(g) = dom(f;) () dom(fs).

Let A € [0, 1] and take z,y € dom(g);

9z + (1 = A)y) = max{fr(Az + (1 = A)y), f2(Az + (1 = N)y)}
< max{Afi(z) + (1 = A)f1(y), Af2(2z) + (1 = M) f2(y)}
< Amax{ fu(2), fo(y)} + (1 — N max{fi(z), fo(y)}
= Ag(z) + (1 — A)g(y) and hence g is convex.

Lemma 2.5.15 If f : K CR"™ — R s convezx, then [ is also quasi-convez.

Proof

Take any z,y, \x + (1 — Ay € K for A € [0,1]. Clearly f(z), f(y),
A(2)+(1=2)f(y) € R. Clearly Af(z)+(1-X)(y) € [£(y), f(z)) and thus
A (2)+(1=N)f(y) < max{f(y), f(x)} forall A € [0,1]. Moreover, since f is
convex, we have f(Az+(1—=N)y) < Af(x)+(1—=N)f(y) < max{f(y), f(z)}.

It follows that f is quasi-convex. O
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Clearly quasi-convexity is a generalisation of convexity as there are more
quasi-convex functions than there are convex functions. For example f(z) =
log () on R} is quasi-convex but not convex. Hence the converse of Lemma
2.5.15 is invalid.

Moreover, Theorem 2.5.7 can be extended to quasi-convex functions and
appealing to Lemma 2.5.15 and Minkowski’s result that each compact con-
vex set K C R"™ is a closed convex hull of its extreme points, see [14,

Minkowski Theorem, P.110], see the following result.

Proposition 2.5.16 Let f : K C R" be continuous and quasi-conver and

K be compact convex. Then f attains global maximum at an extreme point.

Proof

Take any « € K a global maximizer of f, that is, f(z) > f(a) for alla € K.
It follows that © = 37", \;y; for y; € ext(K) for each i and X7 | \; = 1. Hence
f(@) = f(EZAys) < max{f(y;)} as [ is quasi-convex and f(y;) < f(z)
for all y; € K. Consequently f(x) = f(y;) for some i = 1,..,m with y; €
ext(K). It follows that f attains a global maximum at an extreme point.

O

Lemma 2.5.17 If f : K CR"™ — R s strictly (or constant) convez, then

f is also strictly (respectively linear) quasi-conver.

Proof
Take any z,t € K, with Az + (1 — Ny € K as K is convex. If f is strictly

convex then f(Ax 4+ (1 — N)y) < Af(z) + (1 — N f(y) < max{f(z), f(y)}.
Consequently f is strictly quasi-convex. Similarly if f is constant, then

fOz+ (1 = Ay) = Af(x) + (1 = AN f(y) < max{f(z), f(y)}. But since
flz) = fly) = AMf(x) + (1 — N f(y) for each XA € [0,1], we have f(Az +

(1= XNy) =max{f(z), f(y)} = min{f(z), f(y)}. It follows that f is quasi-

linear, that is linear quasi-convex. O
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Clearly, there are some useful forms of convexity as discussed above
which elicit interesting properties for their epigraphs. Hence for complete-
ness we mention other forms of convexity and relevant results in the litera-

ture on those forms of convexity, if any, as follows;

Definition 2.5.18 [10, Definition 1.1.1, p.73] Let C' € R™ be a non-empty
convex set in R. Then f : C' — R is strongly convex if there exists the

modulus ¢ > 0 such that

flaz+ (1 —a)y) < af(z) + (1 - ) f(y) - 5ea(l - o)z — y|?
for all z,y € C and all a € [0, 1].
Definition 2.5.19 [15, Definition 1.8, p.5] A function f : [a,b] — R is

Jensen convez on [a,b] if for all z,y € [a,b] and o = § then f(az + (1 —

a)y) < af(x)+ (1 —a)f(y).

Note that Jensen convexity is also known as midpoint-convexity, and is

called strict Jensen convex if the inequality is strict.

Definition 2.5.20 /15, Definition 1.81, p.40] A function f: S CR" - R

on convex S is called strongly Jensen convex if for all x,y € S we have

flaz+ (1= a)y) < af(z) + (1 —a)f(y) — ca(l - )|z -yl

1

for ¢ > 0 and for all x,y € S with a = 3

Definition 2.5.21 [15, Definition 1.81, p.40] Let C' € R™ be a non-empty
convex set in R. Then f : C' — R is strongly quasi-convez if there exists
the modulus ¢ > 0 such that

flaz+ (1= a)y) <max{f(z), f(y)} — ca(l = a) |z -yl

for all z,y € C and all « € [0, 1] with ¢ > 0.

Definition 2.5.22 [15, Definition 1.15, p.7] A function f : [a,b] — R is
Wright convez if for each x <y,2 >0, z,y + z € [a, b] we have
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fle+2)+ fly) < fly+2)+ f(o).

Definition 2.5.23 [15, Definition 1.15, p.7] A function f : I — R is
multiplicatively convex if for each x,y € I and all « € [0,1] we have
flax + (1 —a)y) < f(x)*f(y)'~®. This is also called log-convex as log(f)

1S convex.

Clearly convexity implies Wright convex which in turn implies multiplica-
tively convex, see [15, Remark 1.14].
Lastly we look at the form of convexity related to the concept called

‘majorisation’ of convex functions.

Definition 2.5.24 [15, Definition 12.1, p.319] Let x = (z1,...,x,) and
vy = (y1,---,yn) be n-tuples and assume the components are ordered in the
form x; > ;41 and y; > y;41. Then y is said to majorize x, denotes y > x,
if

Yix; < XMy holds for m =1,2,..n — 1, and
Yixi = XY

Clearly each n-tuple self-majorize as per Definition 2.5.24, hence for each
fixed n-tuple k, the collection M, = {y = (i, ..., yn) : y = x} D as x €
M,. Note that each n-tuple in the majorisation definition should have at
least two components, and if for example x = (5, 3), then (5, 3), (6,2), (7,1),(8,0),(9,—1) €
Mm, C {(a,b) :b—3=5—a}.

Lemma 2.5.25 Let z = (x4, ...,x,) € R", n € N, and M, be the collection

of majorizers of v € R™. Then M, is a convex in R™.

Proof

Take any 7 = (71, ...,Tn), Vv = (V1,...,Vn) € M, A € [0,1] and consider
ki =M+ (1 =Ny, and k = X711, .o, ) + (1 — A) (¥4, ..o, 1) € R™. Clearly
YPoxy =X o= Xy, 2, < X Toand XM < X7, v, hold for

m=1,2,..n — 1. It follows that
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YA+ (1= Ny) = A8+ (1= A)En
>N+ (1= N2
> XN ;.
Hence Y72z, < X1 K.
Moreover,
Y (Am+ (1= Ny) = A8 7+ (1= )2,y
=\ o+ (1= N2 2
=Xz
Hence X7z, = X7 k;.
It follows that k = (k;, ..., k,) € R™ majorizes x € R", that is k € IM,,

and hence 9, is convex. O

1Vi

One other form of convexity is defined as follows;

Definition 2.5.26 [15, Definition 12.23, p.332] A function f: A C R* —
R is said to be Schur-convex on A if y = x implies f(y) > f(z) for all
x,y € R". Moreover, if y > x implies f(y) > f(z) for all z,y € R™ then f

is said to be strictly Schur-conver on A.
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2.6 Krein-Milman property and its charac-

teristics

A Banach space X over the field of real numbers R has the Radon-Nikodym
property (RNP) if for each finite positive measure space (€2, %, ) and each
X-valued, p-continuous measure v on X, with bounded variation |v|, there
exists a Bochner integrable function f : 2 — X such that v (F) = fE fdu
for £ € .

The RNP has become a geometrical property when the following result
was introduced:
A Banach space X has the RNP if and only if each non-empty bounded
subset of X is dentable.

Furthermore, Banach space X has the Krein-Milman property (KMP)

if each closed bounded convex subset of X is the closed convex hull of its
extreme points.
Lindenstrauss proved that if each nonempty closed bounded convex subset
of a Banach space X contains an extreme point, then X has the Krein-
Milman property. In particular, a Banach space with the RNP has the
KMP. The converse remains an open question.

Clearly, the RNP is more general than the KMP in that, KMP considers
the extremal structure of closed bounded and convex sets and the RNP
consider the bounded sets, not necessarily closed and convex. The fact that
the RNP implies the KMP follow from the fact that denting points are in
most cases extreme points, that is, most dentable sets have extreme points,
more so in the closure of bounded sets.

Proving the converse is quite a challenge in that assuming the KMP
means you consider the smaller collection of sets, that is, closed convex
and bounded sets and try and prove the extremal and dents in the bigger

collection. The equivalence has been since proven in the dual Banach spaces
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but is still an open question in the underlying Banach spaces themselves.
In this section we discuss the Krein Milman Theorem and Krein Milman
property as they are characterised by extreme points. Moreover, the closed
convex hull of extreme points of a set, and extreme points of a closed convex
hull of a set will also be compared to one another.
Clearly extreme points are landmarks of compact convex sets in R", as

suggested in the following theorem:;

Theorem 2.6.1 [1/, Minkowski Theorem, P.110] Every nonempty convex

and compact subset K € R™ is the convex hull of its extreme points.

It is clear though that epigraphs of real convex functions are not compact
as they are not bounded above, hence the direct application of Theorem
2.6.1 would be invalid.

The results of Theorem Theorem 2.6.1 can be extended to Hausdorff

spaces as follows;

Corollary 2.6.2 [14, Krein Milman Theorem, p.210] Let K be a non-
empty convex susbset of a locally convexr Hausdorff space E. Then K is

the closed convex hull of its extreme points.

Clearly ext(epi(f)) # 0 if f is nonlinear and epi(f) is convex, amongst
other conditions, hence we discuss convex hull of such extreme points. Note
that in the Krein Milman Theorem, compactness of K is vital for the exis-
tence of extreme points, see Theorem 2.6.1, and since a convex epigraph is
not necessarily compact, in what follows we characterize the closed conved

hull of extreme points of and epigraphs.

Example 2.6.3 Consider the following statement: Let f : R — R be

a strictly convex function satisfying |llim f(z) = oo. For any (a,b) €

int(epi(f)), there exists e = @ and (c, f(¢)), (d, f(d)) € gr(f) such that
1. ¢,d € Ola — €,a + €], and

2. (a,b) € int(c, f(c)), (d, f(d))] S co(gr(f)) and int[(c, f(c)), (d, f(d))]
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{(z,y) e R?:y = 19O —a) 1 f(e)).

This example shows that each elements in an interior of and epigraphs
of a strictly convex function may be contained in the convex hull co(gr(f))
of the graph of f.

Let us choose f(z) = x* with dom(f) = R, and look at the following
choices of interior points of epi(f).

(a) Choose (1,10) € int(epi(f)). It follows that y = 2z + 8 passes through
(1,10) and with slope 2 = f/(1). If 2> = 22 + 8 then z = 4 = ¢ and
x = —2 = d. Hence e = 3 and 4,—2 € J[l — ¢,1 + ¢]. Consequently
(1,10) € int[(~2, f(~2), (4, f(4))] € co(gr(f)) and LA=LE2D — 5 — p(1),

(b) Secondly if we take (—2,13) € int(epi(f)), then
(—2,13) € int[(1, f(1)), (=5, f(=5))] € co(gr(f)), with e = 3 and 1,-5 €
I—2—¢,-2+¢€.

(¢) Lastly, if we take (4,17) € int(epi(f)), then (4,17) € int[(3, f(3)), (5, f(5))]

co(gr(f)), with e =1 and 3,5 € 9[4 — ¢€,4 + €|.

Proposition 2.6.4 Let X be Banach space and f : X — R be convezr (and
epi(f) be closed). Then epi(f) is a conver hull of its extreme points, that is
epi(f) = clco(ext(epi(f))) if the following holds;

e f be strictly convex (and lim f(z,) = oo0) and for each (z,)) €

[[#n || =00

int(epi(f)) there exists (y1, f(v1)), (y2, f(y2)) € gr(f) with y; # yo such
[

that line segments L; = [(z, A), (y1, f(v1))] and Lg = [(z, A), (ye, f(y2))] are

parallel to each other.

Proof
Clearly ext(epi(f)) C epi(f) and since epi(f) is closed and convex, we have
cleo(ext(epi(f))) C epi(f).

For the reverse inclusion take (z,\) € epi(f). It follows that (z,\) €
d(epi(f)) or (x,\) € int(epi(f)). If (x,\) € 9(epi(f)), then appealling to
Corollary 2.1.5 we have (z,\) € ext(epi(f)) C clco(ext(epi(f))).

73



On the other hand, if (z,A\) € int(epi(f)) then there exist parallel
lines Ly = [(x,\), (y, f(y))] and Ly = [(x,N), (2, f(2))]. It follows that
(2, A) € La U Ly = [(2,f(2)), (y, f(y))] < cleo(gr(f)) < epi(f) since epi(f)
is convex. Since gr(f) = ext(epi(f)), see Proposition 2.1.3, it follows that
cleo(gr(f)) = clco(ext(epi(f))). Consequently (z,\) € clco(ext(epi(f))). O

Clearly the result above does not hold if f is not strictly convex as

in f(z) = [l2]| where cleo(ext(epi(f))) = ext(epi(f)) = {(0,/(0))} is a

singleton and hence strictly contained in epi( f).

Lemma 2.6.5 If f : X — R is strictly conver and clco(ext(epi(f))) =
epi(f), then int(epi(f)) C cleo(gr(f)).

Proof

Clearly int(epi(f)) C epi(f) = clco(ext(epi(f))). Moreover, it follows
from Proposition 2.1.3 that gr(f) = ext(epi(f)) and hence clco(gr(f)) =
cleo(ext(epi(f))). Consequently, int(epi(f)) C clco(gr(f)). O

In the following example we show that a continuous function on a com-
pact subset of the real line R might have an epigraph which is not contained
in the closed convex hull of its graph. We also show that the slopes of the
lines passing through any interior point of such epigraph might be used to
show that epi(f) C clco(gr(f)).

Example 2.6.6 Consider the function f : I — R defined by f(z) = 22
with I = [m,n] = [-3,4]. Clearly f is strictly convex and epi(f) is closed
and |f(z)| < e=16.
(1) Take (o, 3) = (1,17) € epi(f) and consider the slope(s), M 3, f(z)) =
;x) 5 for each = > a and (z, f(z)) € gr(f), of any line segment, L through
(o, B) and cutting gr(f) at (z, f(z)), that is L(z) = f(z) for each L. Clearly
Ma,p,f(z)) = (—00, —3] for z € (o, n] and M4 g,7(x)) = [2, 00) for z € [m, av),
and M, 3,f(x)) is undefined for x = 1. Tt follows that
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Map. 1)) ) Mo fz;)) = 0

for all z; € (o,n] and all z; € [m, a), that is for z; < a < x; with z;,z; €
[m,n]. It follows that there exist no slope m € R such that y = mz + ¢
through (o, 8) cuts gr(f) more than once. Thus (a, ) ¢ cleo(gr(f)) 2
cleco(ext(epi(f))), and hence (a, 3) ¢ clco(ext(epi(f))).

(2) Take («, B) = (1,13) € epi(f), instead, and consider the slopes as in (1)
above. Clearly M, 3,7(x)) = (—00,1] for € (o, n] and M, g, 1(z)) = [1,00)
for x € [m, ), and Mq g f(z)) is undefined for = = 1. It follows that

Map @) N Map @) = {1} # 0

Clearly there exists a line y = mz + ¢ = « + ¢ through (o, 3) = (1,13) €
epi(f) cutting gr(f) in more that one point. Hence («a, 3) € clco(gr(f)) and
since f is strictly convex we have («, 3) € clco(gr(f)) = clco(ext(epi(f))).
(3) If I =R for f(z) = 2* we show that

(i) epi(f) C cleo(gr(f)) and consequently

(i) epi(f) = cleo(gr());

(i) Since I = R, epi(f) closed and f is strictly convex, it follows from
Corollary 2.1.5 and Proposition 2.1.3 that d(epi(f)) C gr(f) C clco(gr(f)).

To show that the interior int(epi(f)) is also in clco(gr(f)
(x,A) € int(epi(f)). Asin (2) above there exist slopes Mg ([f
g >z and M, = % for a < x with («, f(«)), (5, f(ﬁ)) € gr(f), such
that
(z,A) € [(, f(a)), (8, f(B))] € cleo(gr(f))-

Clearly f(z) < A, and for a fixed A € R we have
Cy = {(k,\) € epi(f): k € dom(f)} # 0 as (z,\) € Cy. Since
zgrfoof( x) = xEmOO:B = oo there are «, § € R such that (a, \), (8, A) € Cl.
Hence we have 0 € A, N B, # 0 for A, = {Mz : * < § € R} and
B, ={M, : x> aecR}

Furthermore choose m,n € R such that m < a < x < ¢ < n with
f(m) = f(n) = \). It follows that (m, f(m)), (n, f(n)) € C\N gr(f) and

), take any

for each
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(x,A) € int[(m, f(m)), (n, f(n))] C clco(gr(f)). This shows that int(epi(f))
is also in clco(gr(f)) and consequently epi(f) C cleo(gr(f)).
(ii) Since gr(f) C epi(f) and epi( f) is closed and convex, we have clco(gr(f)) C

epi(f) and hence epi(f) = clco(gr(f)).
Lemma 2.6.7 Let f: A CR"™ — R be a conver constant function. Then
epi(f) # cleo(ext(epi(f)))

Proof

If A=R", then ext(epi(f)) = 0 = clco(ext(epi(f))) C epi(f) # 0. More-

over, if A C R", then each (z,\) € epi(f) with f(z) < X satisfies the fact

that £(y) < Afor cach (y, £(y)) € gr(f). Clearly (z,\) & [(m, f(m)), (n, f(n))]

for each (m, f(m)), (n, f(n)) € gr(f) and consequently for each (m, f(m)), (n, f(n)) €
ext(epi(f)) C gr(f). It follows that (x,\) € epi(f)\ cleco(ext(epi(f))). O

Proposition 2.6.8 Let f : A CR™ — R be a convexr function and epi(f)
be closed. Then epi(f) # clco(ext(epi(f))) if one of the following hold;

(1) If f is linear

(2) f is bounded above, that is there is € > 0 such that |f(z)| < € for each
reA

Proof
(1) Let f be linear. Clearly epi(f) # 0 and
ext(epi(f)) = {(z, f(z)) € gr(f) : x € AN O(A)}. If A = R", then all
(x, f(x)) € gr(f) is such that (z, f(z)) € int[(a, f(a)), (b, f(b))] for some
(a, f(a)), (b, f(b)) € gr(f). It follows that ext(epi(f)) = @ and hence
epi(f) # cleo(ext(epi(f)))-

Furthermore, if A C R™ then either (a) ANJ(A)
If (a) holds, or J(A) is empty, then ext(epi(f)) =
epi(f) # cleo(ext(epi(f))).

=, or, (b) ANI(A) # 0.
() and clearly
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Moreover, if (b) holds, then f(z) € R for some z € 9(A). Then €, =
{(z, ) € epi(f) : x € I(A)} # 0 as (z, f(z)) € &, Clearly (z,)\) €
¢, Na(epi(f)) for all f(x) < A.

Take any (z,3) € €, such that f(z) < (. Since epi(f) is not bounded
above €, is also not bounded above and thus there exists £ € R such that
f(z) < B <k and (z,k) € €,. It follows that (x, ) € int[(z, f(x)), (z, k)]
and thus (z, 3) ¢ ext(epi(f)) and (z, B) ¢ ext(€,). Since ext(€,) C ext(epi(f))
it follows that (x, 3) ¢ clco(ext(epi(f))) and thus epi(f) # clco(ext(epi(f))).

(2) Assume f is bounded above and f(z) < e for each x € A. Then
either (i) ANA(A) #0, or (ii) ANI(A) = 0.

(i) If ANO(A) # 0 then there exists a € ANI(A) with f(a) € R. Take
a € 0(A) such that f(z) > f(a) for all z € 9(A). Clearly (a, f(a)) € gr(f)
and (a,A\) € epi(f) for all f(a) < A. Consider €, = {(a,\) € J(epi(f)) :
f(z) <A} #0, with (a, f(a)) € €,. Clearly
(a,b) € € \{(a, f(a))} C epi(f)\ ext(epi(f)) for any b > f(a). Moreover,
since epi(f) is not bounded above, so is €, and hence for each b € R
there exist k& € R such that £ > b and (a,b) # (a,k) € epi(f). Clearly
(a,b) € [(a, f(a)),(a, k)] there exists (a,k) € €\ ext(epi(f)) C epi(f).
Consequently, there exists no (a, i), (a,v) € ext(epi(f)) such that (a,b) €
[(a, 1), (a,v)], and hence (a,b) ¢ clco(ext(epi(f))).

(i) Moreover, if ANJ(A) = () and hence A open and we have (a, f(a)) ¢
gr(f) for a € 9(A) as f(a) is not defined. Clearly d(epi(f)) # 0 as (a, ) €
J(epi(f)) for all B > € > 0 and a € 9(A). Clearly (a,3) € 9d(epi(f)) C
epi(f) for aach § > e since epi(f) is closed. Similarly, each (a,n) € 9
(epi(f)) with n > [ is such that (a,n) ¢ ext(epi(f)). Since epi(f) is not
bounded above, so is 0 (epi(f)) and hence for each (a,n) € 9 (epi(f)) there
exists (a,n + 1) € 9 (epi(f)) such that (a,n) € [(a,3), (a,n + 1)] C epi(f).
It follows that (a,n + 1) € epi((f))\ clco(ext(epi(f))). O

Remark 2.6.9 Note that if f : I — R is a convex function, the bound-
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edness of I does not imply the boundedness of f. Consider the function
f(@)=2onI=(0,n],n€Ry. Asn \, 0 then f(z) — oo and hence there
is no € > 0 such that |f(z)| < eforall z € I

Example 2.6.10 Consider a strictly convex function f : R — R defined
by f(z) = z* with

co(gr(f)) = {Xr ai(zy, f(z;)) : oy = 1 and (x;, f(z;)) € gr(f)}.

Clearly, (0,2) € co(gr(f)) as (0,2) = 2(—1,1)+3(2,4) with (—=1,1),(2,4) €
gr(f). Hence

(0,2) € [(—=1,1),(2,4)] C co(gr(f)). Suppose (0,2) can be written as a
convex combination of three distinct elements in gr(f), that is

(0,2) = aq (21, f(x1)) + as(xe, f(x2)) +as(xs, f(23)), with a; +ag + ag = 1;

(1) Assume oy = 3 for each i = 1,2,3, (z1, f(z1)) = (—1,1) and
(1, f(x1)) = (2,4). Hence (0,2) = aq(—1,1) + a2(2,4) + as(xs, f(x3))
and consequently 0 = —% + % + % and 2 = —% + % + @ Hence H% =0
and %@3) = 2. It follows that 3 = —1 and f(x3) = 1 and consequently
(x1, f(z1)) = (3, f(x3)) and it leads to a contradiction as the combination
is not of three distinct elements.

(2) On the other hand, assume that a; = 1, ap = 5 and a3 = 1.
Then we have (0,2) = a1(—1,1) +as(2,4) + as(zs, f(x3)) and thus x3 = —3
and f(z3) = —1. Clearly (=3, —1) ¢ gr(f)U epi(f).

(3) Lastly assume (0,2) = a;(—1,1) + a2(2,4) + a3(1, 1) with oy + ag +

az = 1. Clearly for each combination of a; and ay we choose, a3 should be

[N

unique. Moreover,

(i) If oy = 3 for i = 1,2 then a3 = —3 and a3 = 3. This leads to a
contadiction as ag = —% implies a; + ap + a3 # 1, and a3 should have a
unique value.

5 5 %. This leads to a

contadiction as az = —% implies o + as + a3 # 1, and alphas should have

(i) If oy = 5 and ap = § then a3 = —¢ and a3 =

a unique value.
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Clearly this example shows that each (z,u) € co(gr(f)) cannot always
be a convex combination three element in gr(f), for f a non-linear non-affine

convex function.

Lemma 2.6.11 Let f : A C R" — R be strictly convex and epi(f) be

closed. Then;

L. co(gr(f)) 2 {X7 qi(ws, f(23) : Biqai = 1, (24, f(2)) € gr(f)} = K.
={l(z, f(2)), (y, f(¥))]; =,y € A}.

2. co(gr(f)) = co({[(=, f(2)), (y, f(¥))]; z,y € A}) =

Proof

1. Clearly K C epi(f) as epi(f) is convex and gr(f) C epi(f). Moreover,
(a,5) = alz, (@) + (1 — )y, F(y)) € colgr(f)) for (a,b) € K. Moreover,
K ={[(z, f(x)), (y, f(y)]; x,y € A} follows easily.

2. Clearly {[(z, f(x)),(y, f(y))];x,y € A} C co(gr(f)) from 1. above.
Hence co({[(z, f(z)), (y, f(y))]; z,y € A}) C co(co(gr(f))) = co(gr(f)). For
the other inclusion, if (d,0) € co(gr(f)) then (d,0) = X a;(zy, f(x:)),
with ¥ ;o = 1 and (=, f(x;)) € gr(f). Since for each (a, f(a)) € gr(f)
there is (¢, f(c)) € gr(f) such that [(a, f(a)), (¢, f(c))] € @, we have that
(d,0) = iy, f(w:)) = iy aul(s, (), (e, f(e))] € Q. O

Lemma 2.6.12 If f : X — R be strictly convex and continuous, then

cleo(gr(f)) = co(gr(f)).

Proof
Clearly co(gr(f)) C cleo(gr(f)). For the reverse inclusion take (z,\) €
cleo(gr(f)). Since gr(f) C epi(f) and epi(f) is closed and convex, we have
cleo(gr(f)) C cleco(epi(f)) = epi(f). Hence f(x) < Aor f(z) = Aas (x,\) €
epi(f).

If f(x) = A then (z,\) € gr(f ) co(g
Moreover if f(z) < A then (z,\) € int(ep
gr(f) C epi(f), it follows that (z, ) =

r(f)) and hence the result follows.
i(f))N cleo(gr(f)). Since (z,\) €
Yo, Ai) for (x4, A\;) € epi(f)
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and X" ja; = 1 such that (x;, \;) € co(gr(f)) U d(epi(f)). It follows that
(#,A) = By (@, Ag) for (3, Ai) € co(gr(f)) and Xy = 1 as d(epi(f)) S
gr(f), see Proposition 2.1.3 and Corollary 2.1.5. Hence (z, A) € co(gr(f)). O

Clearly 9(epi(f))\gr(f) = 0 if one of the following holds
1) X is Euclidean, f : X — R is strictly convex and epi(f) are closed,
2) f: A CR"™— Rstrictly convex and epi( f) is closed and zlgr(lA) f(x) = oc.
3) Moreover, if 2) holds, then clco(ext(epi(f))) = epi(f).
4) The converse of 2) above does not hold in that: If f: A =R — R is
strictly convex defined by f(z) = €®, then d(epi(f))\gr(f) = 0 and epi(f)
is closed, yet xl_i)moo f(z) =0 +# oo.

Corollary 2.6.13 Let f : X — R be strictly convex (and epi(f) be closed).
If f satisfies this condition

o [ for each (x, ) € int(epi(f)) there exists (y1, f(y1)), (2, f(42)) € gr(f)
with y1 # ya such that line segments Ly = [(z,\), (y1, f(y1))] and Ly =
[(z, N\), (y2, f(y2))] are parallel to each other (and ||x,1Ll\|IEoof(wn) = o0), then
the following hold.

L. epi(f) = cleo(gr(/)).

2. epi(f) = cleco(dent(f)).

3. ext(epi(f)) = ext(clco(gr(f))) = ext(clco(ext(epi(f)))).

Proof

1. Clearly gr(f) = ext(epi(f) (see Proposition 2.1.3) and clco(ext(epi(f)) =
epi(f) (see Proposition 2.6.4), and thus clco(gr(f)) = clco(ext(epi(f)) =
epi(f).

2. It follows from Theorem 2.1.30 and Proposition 2.6.4 that dent(epi(f)) =
ext(epi(f)) and clco(ext(epi(f)) = epi(f), respectively. Hence clco(dent(epi(f))) =
cleo(ext(epi(f))) = epi(f).

3. From 1. above we have epi(f) = clco(gr(f)), hence ext(epi(f)) =
ext(clco(gr(f))). Morever, since clco(ext(epi(f))) = epi(f) , see Propo-
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sition 2.6.4, we have ext(epi(f)) = ext(clco(ext(epi(f)))). Consequently,
ext(epi(f)) = ext(cleo(gr(f))) = ext(clco(ext(epi(f)))). O

Clearly, ext(epi(f)) is convex if and only if it is singleton, e.g where
f(x) = |l=|.
Denote by hyp(f) = {(z,\) € dom(f) x R: f(z) > A} the hypograph

of a real function f : dom(f) — R, and consider the following example;

Example 2.6.14 Take a (strictly ) convex function f : [0,5] — R defined
by f(x) = x? with epi(f) closed, and consider a continuous functions h; :
R — R such that, for each 7 € N;

1. h; is not necessarily convex

2. hi(x) > f(x) for all x € [0,5] (that is, the hypograph of h; contains
gr(f))

3. there exists § € [0, 5], such that h;(3) # f(5) for each i

In addition, denote by H the collection of real functions h; satisfying prop-
erty (1),(2) and (3) above.

Clearly Hy # 0 as hy,hy € Hy where hy(x) = bz and ho(z) = 25.
Moreover, define by E(h;) = {(z,\) € epi(f) : hi(z) > A > f(x) and
x € [0,5]} the region above the graph of f and below the graph of h;, for
each i € N. That is, the E(h;) is the intersection epi(f) () hyp(h;).

Consider K = () E(h;), the smallest region undernearth the graph
hieH

of h;, for each i € EN,f containing gr(f). It follows that gr(f) € K C

epi(f) and there exists g € Hy (probably piece-wise defined) such that

hi(x) > g(x) > f(x) for all x € [0, 5] for each i. According to property (3),

f # g. Such function g is not necessarily convex according to property (1).

Hence denote by Hy. = {h € Hy : h convex } and consider K. =

(N E(h;). Note that hy(z) = 5z and he(z) = 25 are convex and thus

hi€Hy

hl,hg € Hf,c. Clearly K, C E(hl)
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Denote by Hy.p = {h € Hy : h convex, and f(r) = h(x), where
x € 0[0,5]}. It follows that K.p = (| E(h;)) = E(hy). Clearly

hi€Hy o
E(hy) C epi(f) and since epi(f) is convex co(E(hl)) C epi(f), since epi(f)

is closed clco(E(hy)) C epi(f). Moreover, d(clco(E(h1))) C epi(f) and
d(cleco(E(h1)))\ gr(h1) C Oepi(f). Since f is strictly conces and epi(f)

is closed, it follows from Theorem 2.1.30 that J(clco(E(h1)))\ gr(hi1) C
ext(epi(f)) and ext(clco(E(h1))) = ext(epi(f)). Clearly clco(E(hq)) is closed
and bounded, but assume F(h,) is compact, and note that 0E(hy) () 0(epi(f) #
(). Clearly E(hy) is closed and hence E(hy) = clco(E(hy)). Moreover,
ext(F(hy)) = ext(epi(f)) and E(hy) = clco(ext(E(hy))).

Clearly one can construct a convex compact subset of a convex epigraph
which equals to the closed convex hull of its extreme points, and hence there

could be a relationship between the KMP and epigraphs.

What about in the case where dom(f) € R", N 3 n > 17 Can we
find convex compact subset C' of an epigraph in R"™! such that ext(C) =
dent(C') C epi(f)?

Recall a set L = {(z,A) : f(x) < X < e} and consider the closed convex
bounded subset clco(L,) of an epigraph and a graph gr(f.) = {(z, f(z)) €

gr(f): f(z) <€}

Lemma 2.6.15 Let f : X — R be strictly conver, X x R have the KMP
and (epi(f) be closed). Then the following holds;

1. C = cleo(ext(C)), for any closed convex and bounded subset C' C epi(f).
2. L. is convex, clco(L¢) Ngr(f) C ext(epi(f)) and clco(ext(cleco(L,))) C
cleo(gr(f.)) for each fixed € € R.

Proof
1. Since X xR has the KMP and C' is closed convex and bounded, it follows
that C' = clco(ext(C)).

2. L. is convex:
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Take any (z, ), (y, 1) € L and consider G(xz, A) 4+ (1 —5)(y,u) € X xR for
B €10, 1]. Tt follows that f(z) < A <eand f(y) < p < eand fx+(1—0)y €
X and thus

f(Bz + (1= B)y) < Bf(x)+ (1 —8)f(y) < max{ u} <e.

Hence f(, A) + (1 — A)(y, 1) = (B + (1 — By, BA + (1 - B)) € Lo and
thus L. is convex.

We show that clco(L.) Ngr(f) C ext(epi(f)):

For any € € R satisfying L. # () and for € X a minimizer for f we have
(z, f(x)) € Le Ngr(f) € cleo(Le) Ngr(f) # 0.

Moreover, appealing for Proposition 2.1.3 we have gr(f) = ext(epi(f))
and thus clco(L.) Ngr(f) C gr(f) = ext(epi(f)).

We show that clco(ext(clco(L.))) = clco(gr(fe))

Take any (a,b) € ext(clco(L.) and a € [0,1]. It follows that for any
(c,v),(d,0) € cleo(L,) such that (a,b) = a(c,v) + (1 — a)(d, d) € cleo(L,),
we have (a,b) = (¢,v) or (a,b) = (d, ). Clearly (a,b) € epi(f) and a < e.

If (a,b) € int(epi(f)), then there is &k > 0 such that By(a,b) C epi(f).
Moreover, there are (e, n), (g, h) € dBy(a,b) with max{n,h} < eand (a,b) €
[(e,n), (g,h)] C cleo(L.) as (a,b),(e,n),(g,h) € L. Tt follows that (a,b) €
int(clco(L,))\ ext(clco(L)) and thus leads to a contradiction. It follows that
(a,b) € d(epi(f)) with b < e. Hence ext(clco(L.) C gr(fe).

For the reverse inclusion, take (3, f(5)) € gr(f.). It follows that f(3) < €
and clearly (3, f(5)) € L. C clco(Le). Since (8, f(B3)) € O(epi(f)), it follows
that (8, f(B)) € 0(Le) and hence (3, f(8)) € 0O(clco(L,)). Furthermore,
take any (w, o), (v,7) € clco(L,) such that (3, f(8)) € [(w, ), (v,7)] C
cleo(Le) C epi(f). Since f is strictly convex, we have (3, f(5)) = (w, @)
or (B, f(6)) = (v,7) and hence (3, f(§)) € ext(clco(L,)). Consequently
ext(clco(L,)) = gr(fe) and thus clco(ext(clco(L,))) = clco(gr(fe)). O

Lemma 2.6.16 Let f : X — R be strictly conver and continuous (and
epi(f) be closed). Then gr(f) C ext(clco(gr(f))). Moreover, the reverse

83



inclusion holds if the following condition holds

o for each (x,\) € int(epi(f)) there exists (y1, f(v1)), (y2, f(y2)) € gr(f)
with y1 # ya such that line segments Ly = [(z,\), (y1, f(v1))] and Ly =
[(z, A), (y2, f(y2))] are parallel to each other (and lim f(x,) = c0).

l[n|l—o0

Proof
Take any (z,)) € gr(f). Then (x,\) € ext(epi(f))N cleco(gr(f)). Clearly
cleo(gr(f)) C cleo(epi(f)) = epi(f) since epi(f) is closed and convex.

If (z,A) € int(clco(gr(f))) then since int(clco(gr(f))) C cleo(gr(f)) C
epi(f), it follows that (x,A) € int(epi(f)). This contradicts the fact that
(x,\) € ext(epi(f)) and thus (z,\) € d(clco(gr(f))).

Take any (y, i), (2,8) € cleco(epi(f)) and a € [0, 1] such that a(y, u) +
(1 — a)(z,9). Since (z,\) € ext(epi(f)) and (y, u),(2,6) € cleo(gr(f)) C
epi(f), it follows that (x,\) = (y,u) or (x,\) = (z,9). Hence (z,\) €
ext(cleo(gr(f))).

For the reverse inclusion assume clco(ext(epi(f))) = epi(f). Appealing
to Corollary 2.6.13 we have ext(clco(gr(f))) = ext(epi(f)). Moreover, since
gr(f) = ext(epi(f), see Proposition 2.1.3, the result follows. O

One might be tempted to ask if the results of Lemma 2.6.16 above would
hold if the domain is a proper subset of X. Hence we state the following

Theorem.

Theorem 2.6.17 Let f : A C X — R be strictly conver and continuous
and epi(f) be closed. Then gr(f) C ext(clco(gr(f))). Moreover, the reverse
inclusion holds if the following condition holds

o for each (x,\) € int(epi(f)) there exists (yi,k1), (y2,k2) € O(epi(f))
with y1 # ya such that line segments Ly = [(x,\), (v1,k1)] and Ly =
[(z, A), (y2, k2)| are parallel to each other.

Proof
Take any (z,\) € gr(f). Then (2, A) € d(epi(f))Ncleo(gr(f)) since gr(f) C
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J(epi(f)). Clearly clco(gr(f)) C clco(epi(f)) = epi(f) since epi(f) is closed
and convex.

However, if (z, ) € int(clco(gr(f))) then, since int(clco(gr(f))) C cleco(gr(f)) C
epi(f), it follows that (x,A) € int(epi(f)). This contradicts the fact that
(x,A) € O(epi(f)). Hence (x,\) € d(clco(gr(f))) and thus gr(f) C d(clco(gr(f))).

Moreover, since clco(gr(f)) is closed, we have
(2, 3) € g1(f) € D(cleolgr(f)) € cleo(gn(f)) C epi(f). Take (3, 1), (2,6) €
cleo(gr(f)) such that (z,\) € [(y, 1), (2,0)] € cleo(gr(f)) C epi(f). Since f
is strictly convex, we have (z, A) € gr(f)N|[(y, p), (z,0)] = {(y, ), (z,0)}. It
follows that (z, ) = (y, ) or (x, \) = (2, ) and hence (z, ) € ext(clco(gr(f))).
Consequently, gr(f) C ext(clco(gr(f))).

For the reverse inclusion, take (b, 3) € ext(clco(gr(f))) C epi(f) and
any (n,v), (e,e) € epi(f) such that (b, 5) € [(n,v), (e,e)]. Clearly (b, ) €
J(cleo(gr(f))) and since gr(f) C d(epi(f)), we have d(cleo(gr(f))) € Id(cleco(d(epi(f)))).
But since f is continuous and epi(f) is closed, epi(f) = clco(d(epi(f))),
see the assumption above, and thus d(clco(gr(f))) C 9(clco(d(epi(f)))) C
J(epi(f)). Consequently, ext(clco(gr(f))) € d(clco(gr(f))) € A(epi(f)).

Moreover, suppose (b,3) € O(epi(f))\gr(f). This would imply that
(b, 3) € d(epi(f)) N{(b,a) € epi(f) : b € I(A), f(x) < a}. Then (b,3) €
int[(b, f()), (b, B+ n)], n > 1, with (b, 3+ n) € epi(f). Clearly (b,5+n) ¢
cleo(gr(f)) for each n > 1 as epi(f)) (and hence gr(f)) is closed, and hence
leads to a contradiction. It follows that (b, 3) € d(epi(f))Ngr(f) and hence

ext(cleo(gr(f))) € gr(f). =

Theorem 2.6.18 Let [ : X — R be strictly convex and continuous (and

epi(f) be closed). Then the following hold

1. O(epi(f)) = ext(epi(f)) = gr(f) < ext(clco(gr(f))) < epi(f).

2. O(epi(f)) = ext(epi(f)) = gr(f) = ext(cleo(gr(f))), provided int(epi(f)) C
int(clco(gr(f)))-

3. Consequently, ext(clco(d(epi(f)))) = d(epi([f)) = ext(epi(f)) = ext(clco(ext(epi(f)))) =
ext(cleo(gr(f))) = gr(f), provided int(epi(f)) C int(clco(gr(f))).
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Proof
1. Since epi(f) is closed and gr(f) C epi(f), we have clco(gr(f)) C clco(epi(f)) =
epi(f), and hence

ext(cleo(gr(f))) € cleo(gr(f)) C epi(f).

Moreover, since gr(f) C ext(clco(gr(f))), see lemma 2.6.16 we have

gr(f) € ext(cleo(gr(f))) C epi(f).

Furthermore, appealing to Proposition 2.1.3 and Corollary 2.1.5, we have

gr(f) = ext(epi(f)) = (epi(f)). Hence
O(epi(f)) = ext(epi(f)) = gr(f) C ext(cleo(gr(f))) < epi(f).

2. Take any (m, u) € ext(clco(gr(f))) C epi(f). It follows that (m, u) €

ext(cleo(gr(f))) C d(cleo(gr(f)) C eleo(gr(f)) C epi(f). If (m,p) €
int(epi(f)), then (m,u) € int(clco(gr(f))) by assumption and hence con-
stradicts the fact that (m,u) € O(clco(gr(f))). It follows that (m,pu) €
J(epi(f)). Hence ext(clco(gr(f))) € I(epi(f)) and thus follows from 1.
above that

d(epi(f)) = ext(epi(f)) = gr(f) C ext(cleo(gr(f))) € I(epi(f)).
Hence we have
O(epi(f)) = ext(epi(f)) = gr(f) = ext(clco(gr(f))).

3. It follows from 2. above that gr(f) = ext(clco(gr(f))), and since
D(epilf)) = ext(epi(f)) = gr(f), we have

ext(clco(9(epi(f)))) = d(epi(f)), ext(epi(f)) = ext(clco(ext(epi(f)))),
ext(clco(gr(f))) = gr(f),

and the result follows. O
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Proposition 2.6.19 Let f: A C X — R be strictly convex and continuous,
A be bounded and closed and epi(f) be closed. If |f| < e for some e > 0
then clco(gr(f)) C epi(f) is closed, convex and bounded.

Proof

Clearly clco(gr(f)) is closed and convex. Its boundedness follows from
boundedness of A and |f| < e. Moreover, gr(f) C epi(f) and hence
co(gr(f)) C co(epi(f)) = epi(f) since epi(f) is convex for f convex. Since

epi(f) is closed, we have clco(gr(f)) C cl(epi(f)) = epi(f). O
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Chapter 3

Differentiability of real-valued

convex functions

In this chapter we discuss the real-valued convex functions, their differen-
tiability and integrability in convex subset of their domain. First we look
at the real convex funtions defined on the real line and discuss all the char-
acteristics of such a function in relation to the derivatives and then in the
following section discuss the differentiability of convex function on Euclid-
ean space.

In the preceeding sections we discussed continuity of convex function and
found out that they are continuous, at least on the interior of their convex
domains. Hence it is but logical to determine conditions under which convex
functions would be differentiable at the each point of int(dom(f)).

We note though that there are convex functions not differentiable at

some point = € int(dom(f)), one of them being f(x) = ||z||.
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3.1 Derivatives of convex functions on inter-

vals

Not all convex functions are differentiable, and since we figured out earlier
that convex functions are continuous on the interior of their domain, we find
out conditions under which convex functions would be differentiable. More-
over, we characterise points at which convex functions are differentiable, if

any.

Theorem 3.1.1 [14, Theorem 1.3.3, p.21] Let f : I — R be a convex
function. Then f has finite left and right derivatives at each points of int(I).
Moreover, if v <y for xz,y € int(I) then

fl(x) < filz) < fL(y) < fi(y)
Corollary 3.1.2 [14, Corollary 1.3.8, p.23] If f, : [ — R(n € N) is a

pointwise converging sequence of convex functions, then

1. the limit f is also convex

2. the convergence is uniform on any compact subinterval included in
int 1

3. (f)n converges to f' except possibly at countably many points.

Proposition 3.1.3 [14, The Second Derivative Test 1.3.10, p.24] Suppose
f 1 — R is twice differentiable, then f is convex if and only " > 0.

Note that; at the points where a differentiable (strictly) non-linear con-
vex function f on R attains the global mimimum, the derivative is equal to
zero if it exists.

Hence we state the following Rolle’s theorem;

Theorem 3.1.4 (Rolle’s Theorem) If a real convex function f is con-
tinuous on a closed interval I = [a,b] and differentiable on the open interval
(a,b) such that f(a) = f(b), then there exists some number ¢ € (a,b) such
that f'(c) = 0.
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Clearly Rolle’s theorem confirms the existence of the global mimimum of
non-monotonic convex functions and the fact that the tangent, if any, has
a slope equals to zero at such a global minimum.

Note however that the function has to be differentiable at each point in the

interior of the domain. See the next example for illustration;

Example 3.1.5 (1) Even though f = |z| is a convex function which is
continuous on I, with f(a) = f(b) for some a,b € I, especially where
a = —b, there exists no ¢ € (a,b) such that f'(¢c) = 0 as f'(x) € {—1,1}
for x € (a,b). Moreover, (0,0) € ext(epi(f)) for f(z) = |z|. Hence this
brings about the interplay between a global minimizer, differentiability and
extremal structure of an epigraph epi(f) of a convex function f. This leak
would be explored later in this section.

Hence Rolle’s result is applicable to convex functions that are differen-

tiable on the interior of their domains, as they are continuous there.

There is another condition under which Rolle’s theorem would not and

would apply and we identify some of them in the following;

(2) Let f: I — R be continuous non-linear convex on a closed interval
I = [a,b] and differentiable on (a,b). If f attains its global minimum at
some ¢ € J[a, b], then f'(¢) = 0 does not hold in general.

Consider f(z) = e” on I = [1,10]. Clearly for all z € 9(I) we have
f(x) = f'(x) = e® # 0. Moreover, if f(z) = 2% on [0,00) then f/(¢) = 0 for

¢ a minimizer of f.

Hence we state the result as follows;

Lemma 3.1.6 Let f : R — R be a differentiable strictly convex function.
Then f'(c) = 0 if and only if ¢ € R is the global minimizer for f.

Proof

Since f is differentiable, we have
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/ _ i LBS@) g fB)=f) i, fB)—f(x)
f@) = élf}c - ﬂliglf p-e ﬂligl+ B—x
for each x € R. Morever, since ¢ € R is the global minimizer for f, we have

f(e) < f(B) and thus f(B) — f(c) > 0 for any 5 € R.
It follows that if 8 > ¢ then § — ¢ > 0, and since f(c) < f(3), we have

lim % > 0. Morever, if § < ¢ then 8 — ¢ < 0, and since f(c) < f(f)

fct
we have lim % < 0. Since f is differentiable and lim £#=1(9) B)-fo

B—c~ B—c— B—c
ﬁlim+ %, for each ¢ € R, it follows that
f(c)= ﬁlim_ % = ﬁlim+ % = 0 and this complete the proof.

Conversely, since f is convex and differentiable at ¢ € R we have f(y) >
fle) + f'(e)(y — ¢) for all y,c € R. If we assume that f'(c) = 0 then
f(y) > f(y) for all y € R and thus ¢ € R is a global minimizer. O

Proposition 3.1.7 Let f : R — R be a differentiable strictly convex func-
tion and f|x : R — R its convex monotonic restriction on a compact convex
interval K C R. Then the following hold;

1. flx attains a global minimum at p € O(K).

2. f'|k(a) #0 for each a € int(K).

Proof 1. Suppose K = [a,b] with a > 3 > b for each € K. Since f|x is
monotonic we have flxc(a) < flx(8) < flx() or flx(b) < flx(8) < flx(a)
for each § € K. Consequently f|x(n) < f|x(B) for each f € K and u €
{a,b} C O(K). It follows that f|x attains a global minimum at p € 9(K).

2. It follows from lemma 3.1.6 that f’|x(a) = 0 if and only if a € K is
a global minimizer of f|x. Hence, if follows from 1. above that f’|x(a) =0
if and only if a € O(K). Thus, if a € int(K), then f'|x(a) # 0. O

Below is an example of piece-wise linear convex function;

Example 3.1.8 Let f : I — R be a convex piece-wise linear convex func-
tion defined by
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—x if <0

r if z €l0,1)

3r — 2 if x € [L1,2)
5r — 6 if x>2

—1 if x <0
1 if x € (0,1)
if x € (1,2)

if x> 2

and hence f'(z) does not exists for each = € {0, 1, 2}.

If f is strictly convex then appealing to Proposition 2.1.3 we have
(a, f(a)) € ext(epi(f)) for each a € dom(f) and hence

Proposition 3.1.9 Let I be closed and f : I — R be a differentiable

strictly conver function that attains its global minimum at a € int(I), then

(a, f(a)) € ext(epi(f)).

As an analogue to rotundity and that of translations of line segments
with non-empty intersection with an epigraph of a convex function we have
the following results;

For f: A CR — R convex function denote by

T'={g:g(x) = f'(x:1)(x — 1) + f(21), & € int(A)}

a collection of tangent to the graph of f at (zy, f(z1)) € gr(f), provided
f'(x1) exists. Moreover, gr(T) = {gr(g) : g € T}, and for each r > 0 denote
by

T ={gr: g(x) = f'(x1)(x —21) + f(21) + 7}

a collection of upward translates of tangents g € T to the graph of f at
(21, f(x1)) € gr(f), with gr(T}) = {er(g,) : g- € T,} the collection of their
graphs.
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Lemma 3.1.10 For f : R — R conver and differentiable, the following
holds;

(1) 0+ gr(g)Ngr(f) Cext(epi(f)) for any g € T if and only if f is strictly
conver.

(2) For each (x,\) € int(epi(f)) and r > 0, there exists g, € T, such that
(x,A) € gr(g,) provided f is strictly convez.

Proof
(1) Take any g € T such that (z1, f(x1)) € gr(g)N gr(f) for some g(x) =
F(e) (@ — 1) + F(z). Hence D # gr(g)0 sx(f).

Moreover, if f is strictly convex it follows from Proposition 2.1.3 that
ar(f) = ext(epi(/)). Hence gr(g)N gr(f) = gr(g)N ext(epi(f)) C ext(epi(f)).

Conversely, assume gr(g)N gr(f) C ext(epi(f)). If f is linear on some
non-trivial convex K C R, then there exists a,¢c € K with a # ¢, ab+
(1 — a)c € K such that f(ab+ (1 — a)c) = af(b) + (1 — a) f(c). Hence for
a € [0,1],
(ab+ (1 —a)e, f(ab+ (1 —a)e)) = (ab+ (1 — a)e,af(b) + (1 —a)f(c))

= a(a, f(a)) + (1 = a)(c, f(c)),
€ [(a, f(a)), (¢, f(0))].

Clearly § # int[(a, f(a)), (c, f(c))] C gr(f) and g(x) = {919 (z—a)+ f(a)
with g € T is a tangent to the graph of f at a(a, f(a))+ (1 —a)(c, f(c)) for
each a € [0,1]. Thus each (m, f(m)) € int[(a, f(a)), (¢, f(c))] is such that
(m, f(m)) € gr(g)N gr(f)\ ext(epi(f)). This leads to a contradiction since
gr(g)N gr(f) C ext(epi(f)), and it follows that there exists no K € R such
that f|x is linear. Hence f is strictly convex.

(2) Take (x,\) € int(epi(f)) and consider (z, f(z)) € gr(f) for each
z € R fixed. Clearly g(y) = f'(x)(y — x) + f(z) exists as f is differentiable
for x € R fixed and for all y € R (f'(x) may be equal to zero at some x).

For any (z, ) € int(epi(f)), we have f(z) < A and thus r = A — f(x).
It follows that
9-(y) = f'@)(y—)+ f(x) +7r = f(z)(y—2)+ A, y € R. Clearly g,(z) = A
for x € R such that (z,\) € int(epi(f)). Hence (z,\) = (z,g.(x)) € gr(g,)
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and thus g, € T,, and this completes the proof. O]

Remark 3.1.11 Let f: A C X — R be convex and denote by
Gr'(f) = {(zo, f(z0)) € gr(f) : f not differentiable at x}

the graph of restriction of f defined on the non-differentiability points of f.
In [21], the authors discuss the concept similar to the one above. They

state that, for any countable subset B C R, a real convex function g not

differentiable at every element of B where B is called a set of bad points,

can be constructed, see [21, Theorem 1, p.726].

An interesting question is; For any such function g, is (z, g(x)) € ext(epi(g))

for each x € B? That is, is gr(g|s) C ext(epi(g))?

Clearly f(x) = ||z|| is not differentiable at = 0 and (0, f(0)) € ext(epi(f)).
See below the example on the existing interplay between the bad points and

the extreme points;

Example 3.1.12 Consider the real piece-wise linear convex function f(x) =

|z| on R. It is clear that;
e dom(f) = Dy U Dy such that Dy = (—o0,0] and Dy = [0, 00)

e cach D;, i = 1,2, is a maximal domain of linearity for each linear

restriction of f.

o Gr'(f) ={(0,f(0))} < ext(epi(f)).

i) Conversely, if (x,y) € ext(epi(f)), then (z,y) € gr(f), and since f is
piece-wise linear (so is gr(f)) we have x ¢ int(D;) for each i.
Note that, if z € int(D;), there exist y, z € D; such that x € [y, z] and
[,z is linear. Thus (z, f(x)) € int([y, 2], f|p.:) = {(a, f(a) 1 a €
[y, 21} it ([(y, £ (), (=, F(2))])-
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it) (z,y) = {(0, f(0))} = Gr'(f) and thus Gr'(f) = ext(epi(f)). Hence a
real piece-wise convex function f can have an epigraph whose extreme

points (if any) are related to the points of non-differentiability of f.

Proposition 3.1.13 Let f : I — R be a piece-wise linear convexr function
function and I = J_, I with f : I, — R linear for each i = 1,...,n and
each I; be a maximal domain of linearity.
L. If f is not differentiable at x € I then (z, f(x)) € ext(epi(f)). Conse-
quently

Gr'(f) ={(z, f(z)) € gr(f) : f/(x) & R} S ext(epi(f)).
2. Moreover, if I is closed and f is continuous and not differentiable at

each x € O(I), then Gr'(f) = ext(epi(f)).

Proof

1. Clearly for each z € int(l;), i = 1,...,n, we have f’ (z) = f\(z), see
Theorem 3.1.1, and hence f is differentiable on int(1;) for each ¢ = 1, ..., n.
Moreover, if x € 9(I;) Nint(I) N I; for each fixed 4, then since each I; is the
maximal domain of linearity, we have

fli(z) = Hl'gg% 4 &%W = f|'(x) with 8 € I and
i € Ixyq such that G, p & I N Ixyq. Thus f/'(z) would not exist for z €
J(I;) Nint([) for each i = 1,...,n.

Hence, by assumption take any (z, f(z)) € gr(f) for each x € 9(I;) N
I; nint (1) for some 7 = 1,...,n. It follows that (z, f(x)) € gr(flaw,)), and
(x, f(x)) € J[(a, f(a)), (b, f(b))] if a,b € I; and = € I(I;) Nint(]) N I; for
some 1.

Moreover, take any (7, f(7)), (v, f(v)) € gr(f) such that (z, f(z)) €
(7, £(7)), (v, f(v))]. If T,v € I; for some i then (z, f(x)) € O[(7, f(7)), (v, f(v))]
and hence (z, f(z)) € ext(epi(f)).

Moreover, suppose on the other hand that 7 € int(/;) and v € int([,,).
Then (z, f(z)) € 9[(7, f(7)), (v, f(v))] would imply that = € int(I;)Uint(1,,)
and hence f'(z) exists and leads to a contradiction. It follows that 7 € 0(Iy,)
or v € d(I,,) and hence x = 7 € 9(ly) or * = v € 0(I,). Conse-

95



quently (z, f(z)) = (1.f(7)) or (z, f(x)) = (v, f(v)) and hence (z, f(r)) €
ext(epi(f)). Hence Gr'(f) C ext(epi(f)).

2. If I is closed and f is continuous, then epi(f) is closed. It follows
from 1. above that Gr'(f) C ext(epi(f)). For the other inclusion take any

(y, f(y)) € ext(epi(f)) < gr(f). It follows that (y, f(y)) € gr(fz,) for some
iand y € O(I;) N 1. Clearly f is not differentiable at each y € 9(1;) N I and

hence (y, f(y)) € Gr'(f). Hence Gr'(f) = ext(epi(f)). O

3.2 Subdifferential of functions on interval

Subdifferential discussion is borne out of the lack of tangent lines to the
graphs of non-smooth (of non-differentiable) convex functions. The so-called
support line at a particular point of the domain of some convex function is
some form of a quasi-tangent as such a point, and the collection of slopes
of such supporting lines is loosely called the subdifferential of f at such a

point.

Definition 3.2.1 [14, p.30] Given a function f : I — R, the subdifferential
Of(z) of f at x € I is defined as:

Of(x) ={ eR: f(y) > f(z)+ ANy —z) for all y € I}

That is; the slopes of the supporting lines for gr(f).

For each supporting line there is a unique subderivative and hence the
subdifferential is the collection of subderivatives. That is, the subderivative
of a real function f: I C R — R at a point (z, f(z)) is the slope of the line
L touching the graph of f such that the line passing through this point is

below the graph, where I is an open interval.

If f is convex, then L is a tangent to the graph of f. In other words,
¢ € R is a subderivative of a convex function f at y if f(z)— f(y) > c(x—y)

96



for all x € I. Hencec<Mforallx>y1n[andc>—f()f()

T~y
for all # < y in I. Therefore ¢ = lim ¢ < lim &=/ — fi(y) and
z—yt oyt TTY
¢c= lim ¢> lim f(w = f'(y) for all y € I. Hence f' (y) <c < fl(y),
Ty~ Ty~

and thus ¢ = f'(y) prov1ded f'(y) exists.

Lemma 3.2.2 If a real convex function f : I — R is differentiable at xq € 1

then 0f(zo) is a singleton.

Proof
Since f is convex, Of(xy) contains slopes of tangents to the graph of f
at (zo, f(x0)). Moreover, since f is differentiable, each slope is unique as

f'(xp) is unique for each zo € I. It follows that df(xo) is a singleton at each
xg € 1. O

Example 3.2.3 1) If f(z) = |z|, then the subdifferential of f at (0,0) (or
just y = 0) is [—1,1]. At any y < 0 it is a singleton {—1} and at y > 0 it is
a singleton {1}.

2) If f(z) = 22, with f: I C R — R, then the subdifferential of f at 1 and
at 0, are df(1) = {2} and 0f(0) = {0} respectively. Moreover

Of(y) ={ceR: f(x) Zclz—y)+ f(y)}={ceER:c=2y,y €I}

3)If f: I CR — Ris defined by f(z) = 23, where I = (—10,0), then the
subdifferential of f at —1 and at —10 are empty, that is, df(—1) = @) and
df(—10) = () respectively. This is because the tangent L passsing through
y = —1 or — 10 is above the graph of f. Moreover df(y) = 0 for all y € I.
4)If f: 1 C R — Ris defined by f = sinx, where I = (m,27), then the
subdifferential df(y) of f at y is 0f(y) = {cosy} for all y € I because the
tangent passing through any y € I is below the graph of f since f is convex.

Example 3.2.4 1. The real functions f : I — R defined by f(z) = —2?

(and f = /) are continuous on R (respectively on R, ), and nowhere
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convex with empty subdifferential at any point y € I, that is df(y) = (0 for
all y € 1.

2. Consider a convex function f : I — R defined f(z) = 4 — v/1 — 22
on I = [—1,1]. Clearly this function is not subdifferentiable at each point

z € {—1,1} hence 9f(—1) = af(1) = 0.
Lemma 3.2.5 [1/, Lemma 1.5.1, p.30] Let f : I — R be convezx, then
1. Of(x) # 0 for all x € int(I)

2. 0f(x) =0 if x € (1) and f is not continuous at x € I(I).

This result and its converse can be extended to domains in higher di-

mension as follows;

Definition 3.2.6 [14, Theorem 3.7.1, p.128] Let f : U C E' — R be convex

function, U be open set and F be normed linear space. Then
Of(a) ={h: f(x) > f(a) + h(z —a) for all x € U}

the collection of linear functionals h : £ — R constitutes the subdifferential
of f at the point a € U. Moreover, those linear functionals are also called

supporting hyperplanes of f at each point a € U.

Moreover, if E is finite dimensional, then those linear functionals h :
E — R are defined as h(z) = (z,z) for x € E and hence we have the

following definition;

Definition 3.2.7 /8, p.116, 118] For X a linear space, a real function f :
A C X — R has a right-hand (respectively left-hand) Gateaux derivative at
x € int(A) in the direction y € X if

filwsy) = lim LE22ED (resp. f7 (2y) = lim K=
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exists.

Moreover, f'(z;y) = }\lin w is a Gateaux derivative and exists
if and only if f (z;y) and f’ (x;y) exists and f) (z;y) = f(2;y). Further-
more, f is Gateaux differentiable at x € int(A) in the direction y € X if

f'(x;y) exists.

Definition 3.2.8 [10, Subdifferential I Definition 1.1.4, p.165] Let f :
R™ — R be a convex function. The subdifferential df(z) of f at z is
the non-empty compact convex set in R” whose support function is f'(x, ),
that is

Of(z) ={s e R": (s,d) < f'(x,d) for all y € R"},
Moreover, each vector s € f(z) is called a subgradient of f at x.

Theorem 3.2.9 [14, Theorem 3.7.1, p.128] Let U be an open convex set
in a normed linear space E. Then f:U C E — R is convex if and only if

Of(x) £ 0 for allz € U.

This gives an interesting characterisation of convex function.

Proposition 3.2.10 Let f : I — R be conver and I be open. Then f
attains the global minimum at a € I if 0 € df(a) # 0.

Proof
Since 0f(a) # 0 then f(y) > f(a)
Since 0 € df(a), we have f(a) < f

a global minimizer of f. O

+ My —a) for all y € I with A € 0f(a).
(y) for all y € I if A =0. Hence a € [ is

Corollary 3.2.11 Let f : I — R be convex and I be open. If0 € df(a) for
all a € I then f is constant.
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Proof

Suppose 0 € df(a) for all a € I. Tt follows from Proposition 3.2.10 that f
attains a global minimum at each a € I. Consequently f(a) < f(x) for all
x € I, and since each z € [ is also a global minimum, we have f(z) < f(a)
for each « € I. Thus f(a) = f(x) = a € R for each x € I and some «. It
follows that f is constant. O

Remark 3.2.12 Take a strictly convex function f(x) = x? and a piece-wise
convex function ¢g(z) = |z| on K = [—3,4] and consider df(0) and dg(0).
1. Clearly 0f(0) = {0} and 0g(0) = [-1,1].

2. It follows that df(0) and dg(0) are convex sets.

3. Note that since f is differentiable at 0 € K we have 0f(0) = {f'(0)} is a
singleton, or unique. However, g is not differentiable at 0 € K hence dg(0)

is a not singleton.

Henceforth a function f : R" — [—o00, 00| will be called extended real-

valued function, and [—oo, co] will be denoted by R where necessary.

The following theorem shows that the existence of partial derivatives at

a point in the domain of f may imply differentiability of f at such a point;

Theorem 3.2.13 [14, Theorem 3.8.1, p.135] Suppose U € R™ is open and
convex and f : U — R is convexr and possess all its partial derivatives
0r .., 2L at some point a = (x,..x,) € U. Then f is differentiable at

EEERRED Dz

point a

Clearly such a function f is continuous as it is convex on the open set U.
Moreover differentiablity is equivalent to the uniqueness of support function

as the following example illustrate;

Example 3.2.14 Let f : I — R be a convex function, I be open and

h: R — R be convex linear. Then
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1. Consider a piece-wise linear function f(z) = |x| defined on I with 0 € I.
Hence we have the collection Sy = {h : h(x) = mzx,m € (—1,1) for all
x € R} of support functions of f at 0 € I (similarly at (0, £(0))). Since m
is not unique, it follows that support function of f at 0 € I is not unique.
2. Consider a strictly convex function f(x) = 2% on an open interval.
Clearly f is differentiable on I and f’(a) is unique for each a € I. Tt follows
that, for each a € I,
Sa ={h:h(x) =mx+c,m = f'(a) for all x € R and some ¢ € R}
={h:h(z) = f'(a)x + c for all z € R and some ¢ € R}
is a collection of support functions of f at a € I. Since f’(a) exists and is
unique for each a € I, h(x) = f'(a)z+¢, ¢ € R is a unique support function
for each a € I and for all x € R. Hence we have the following result on
the interplay between support functions and derivatives at a point in the

domain.

Theorem 3.2.15 [14, Theorem 3.8.2, p.136] Suppose U C R" is open and
convex and f : U — R is convex. Then [ is differentiable at a if and only

if f has a unique support function.

The following results classify the points of differentiability for a convex

function f and it states thus;

Theorem 3.2.16 [18, Theorem 25.5, p.246] Let f : M C R™ — R be a
convex function and D be a set of points where f is differentiable. Then D
is a dense subset of int(M)

Moreover,

Lemma 3.2.17 [18, Theorem 25.5, p.246] Let f : C CR™ — R be a convex
function and C' be an open convez set. If [ is differentiable on C, then f is

actually continuously differentiable on C'.

Clearly piece-wise defined linear functions are vital in this discussion of
bad points mapping by convex functions to the extreme points of epigraphs.

Hence we have the following;
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Definition 3.2.18 Define f : A C X — R a piece-wise (affine) linear

function as follow;

e There are D; C A such that |JD; = A and i € N,

e f|p, is affine linear restriction of f,

e There exists ¢; € X* for each D; such that f(x) = ¢;(x) + «;, where
a; € R, x € D; for each fixed i.

It follows from Theorem 3.2.15 that a convex function on an open set
U is differentiable at « € U if and only if it has a unique support function
there. Hence, considering the fact that any linear convex function on an
open convex set has a unique support function, then it is differentiable on

each of the interior point in its domain, see below.

Lemma 3.2.19 If f: A CR" — R s linear convex and A is open, then f
1s differentiable at each x € A.

Proposition 3.2.20 Let f: A CR" — R be piece-wise linear convexr and
A; € A be mazimal domain of linearity for each i € N with A = |, Ai.
Moreover, if A be bounded, Q = |J 0(A;) C A and f is not differentiable
at x € A, then x € Q and (z, f(a:)z)eNe ext(epi(f)).

Proof

Take any z € A on which f is not differentiable. It follows that z € A;
for some i € N and A; a maximal domain of linearity, that is f|4, is linear.
Since a linear function is differentiable on the interior of its domain, see
to Lemma 3.2.19, it follows that x € 9(A4;) C Q. Moreover, appealing to
Corollary 2.2.3, (z, f(z)) € gr(f|o) = ext(epi(f)), the the result follows. [

Corollary 3.2.21 Let f : A C R" — R be a piece-wise linear convex
function on bounded subset A in a Banach space X. If epi(f) is closed and
Gr'(f) # 0 then
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dent(epi(f)) S ext(epi(f)) S Gr'(f).

Proof

Take (z,A) € dent(epi(f)). Then (z,\) ¢ clco(epi(f)\Be(z,A)) for any
€ > 0. Hence (z,A) ¢ co(epi(f)\Be(z,\)) for any € > 0 and it follows that
(2, A) & [(y, 8), (m, a)] for any (y, 5), (m, a) € epi(f)\Be(x, A) for any € > 0.
Since € > 0, for any (y, 5), (m, a) € epi(f)\B(z, A), we have (z,\) # (y, 5)
and (z,\) # (m, a).

Take any distinct (a,b), (¢, d) € epi(f) such that (z,\) € [(a,b), (¢,d)].
If (z,\) € int[(a,b),(c,d)], then choose ¢ > 0 such that (a,b), (c,d)
epi(f)\Be(z,A). Clearly (x,) € [(a,b), (¢, d)] S co(epi(f)\Be(z, )
cleo(epi(f)\Be(z,\)) and this leads to a contradiction. Hence (x,\)
int[(a, b), (c,d)] for any distinct (a,b),(c,d) € epi(f) and thus (z,\)
ext(epi(/)).

Moreover, a piece-wise linear convex function has maximal domain of lin-
carity say A; C A with A = (J;.y A If (2,A) € ext(epi(f)) € gr(f), then
suppose = € int(A;) C A; C A for some i. Then there is z,w € AN J(A4;)
such that = € [z, w] as A; is convex for each i. Since f is linear on A;, then
(x,A\) € [(2 f(2)), (w, f(w))] and it would follow that (z,\) = (z, f(2))
or (x,\) = (w, f(w)) in which case + = z of z = w. This would mean
x € int(A4;) N AN I(A;), but since int(A4;) N AN I(A;) = 0 this leads to a
contradiction. Hence if (x,\) € ext(epi(f)) C gr(f), then x € AN I(A;).
Hence f is not differentiable on = € A and thus (x, \) € Gr'(f). O

c
C
¢
€
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3.3 Equivalence between Frechet and Gateaux

derivatives of convex functions

Clearly Gateaux and Frechet derivatives of a convex function at a fixed
point are not the same in general. Hence in this section we recall results
on conditions under which these forms of derivatives of convex functions, if
they exist, would be equivalent.

Recall that the directional derivative of f : R™ — R at x in the direction
d is

fi(x,d) = lim{q(t) : t \, 0} = inf{q(t) : t > 0}

where ¢(t) = w for t > 0.

Note that if f : R™ — R is convex and z € R", the directional derivative
f'(x,-) exists, see [10, Introduction, p.163].

It is easy to see that, the directional derivative is the same as the right

derivative of f at z.

Proposition 3.3.1 [10, Proposition 1.1.2, p.164] For a fized x, the func-

tion f'(z,-) is finite sublinear, provided f : R™ — R is conve.

Corollary 3.3.2 For f : R" — R convez, x € R"™ fized, the function f'(x,-)

1S convez.

Definition 3.3.3 /8, p.110, 118/ For X a linear space, a real function f :
A C X — R has a right-hand (respectively left-hand) Gateaux derivative at
x € int(A) in the direction y € X if

filwsy) = lim LE22ED (resp. f7 (2y) = lim K=
exists.

w is a Gateaux derivative and exists if

Moreover, f'(z;y) = /l\ir% !
and only if f’ (z;y) and f’ (z;y) exists and f', (x;y) = f"(x;y). Futhermore,
[ is Gateaux differentiable at x € int(A) in the direction y € X if f'(z;y)

exists.
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Theorem 3.3.4 [8, Theorem 1, p.117] Let X be a Banach space and ¢ :
A C X — R be a conver function with A convex in a linear space X and
int(A) # 0. Forxz € int(A) and y € X, ¢/ (x;y) and ¢'_(x;y) both exist,

and ¢, (x) is a sublinear functional on X.

Lemma 3.3.5 /8, p.120] Let ¢ : A C R™ — R be conver and assume that
partial derivatives of ¢ exist at x € A. Then ¢ is Gateaux differentiable at
x € A

Definition 3.3.6 /8, p.141] Let X be normed linear space and A be open.
A function ¢ : A C X — R is Frechet differentiable at x € A if there exists
a linear functional f : X — R such that given £ > 0 there is a d(¢,z) > 0
such that

[z +y) — (@) = f(y)] <ellyll for all lyl} <o

Clearly, if v is Frechet differentiable at x € A, then }\lir(l) w
exists and is approached uniformly for all y € X where ||y|| = 1. Then
1 is Gateaux differentiable at x and a linear functional f is the Gateaux
derivative ¢’ (x) which is in this case called Frechet derivative of ¥ at x, see
[8, p.141]. This shortly means that Frechet differentiable at a point implies
Gateaux differentiable at that point, and that Gateaux differentiability is
more general than the Frechet differentiability. Subsequently we discuss

condition(s) under which the converse hold.

Proposition 3.3.7 [8, Corollary, p.142] If a real function ¢ : A C X — R
is Frechet differentiable for an open subset A of a finite dimensional normed

linear space X, then ¢ is continuous at r € A.

Clearly Frechet differentiability on an interior point implies continuity
at such a point adn the converse is not always true. As an analogue of

Lemma 3.3.5 above we have the following result;
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Lemma 3.3.8 /8, p.143] Let g : A CR" — R be convez and assume partial
derivatives of g exist in A and are continuous at x € A, then g is Frechet
differentiable at x € A.

Theorem 3.3.9 [8, Theorem 2, p.144] For A an open convez set and X a
finite dimensional normed linear space, if a convex function ¢ : A C X — R
is Gateaux differentiable at x € A, then ¢ is Frechet differentiable at x € A.

Corollary 3.3.10 For A an open conver set and X a finite dimensional
normed linear space, if a function ¢ : A C X — R if convex and x € A,

then Gateaux derivative and Frechet derivative of ¢ at x € A are equivalent.

The equivalence between Gateaux differentiability and Frechet differen-
tiability holds if a function ¢ is convex and defined on a finite dimensional

space as stated in the following result;

Theorem 3.3.11 /8] Let E be a Banach space such that for each continuous
convex function f: E — R, every point of Gateauz differentiability is also

a point of Frechet differentiability. Then E is finite dimensional.

3.4 Subdifferentials of convex functions on

vector space

As stated in the preceeding chapters, convex functions are not necessarily
differentiable (but can be locally differentiable). Hence, we turn to subdif-
ferentiability to discuss the derivatives of convex functions. As a reminder,
we consider a subgradient of a function f : D C X — R at a point zy as
the gradient of the tangent 7" passing the graph of f through the point z
or (xg, f(x0)), such that T is always below the graph of f. The subdiffer-
ential of f at xq is the set of all subgradients of f at xg, that is, the set of
the gradients m; of all the tangents T; passing the graph of f through the
point xg or (xg, f(zo)), such that T; is always below the graph of f. This is
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formally stated as follows;

There are few definitions of the subdifferentials of a function, some with
reference to differentiation of a function and others not. We state both

versions here as follows;

Definition 3.4.1 [10, Subdifferential I Definition 1.1.4, p.165] Let f :
R™ — R be a convex function. The subdifferential df(z) of f at z is
the non-empty compact convex set in R” whose support function is f'(x, ),
that is

Of(x) ={s e R": (s,d) < f'(x,d), for all d € R"},
Moreover, each vector s € 0f(z) is called a subgradient of f at x.

The following makes no reference to differentiation of f;

Definition 3.4.2 [10, Subdifferential II Definition 1.2.1, p.167] Let f :
R" — R be a convex function. The subdifferential 0f(z) of f at z is the

non-empty set of vectors s € R” satisfying
fly) > f(z)+ (s,y — x), for all y € R",

This second definition is similar to the one given in [14, p.128] though
for the function on normed linear space as follows;
If U is an open convex subset of a normed linear space F, and f : U C
E — R is a function, then the set 0f(a) = {h : E — R continuous linear
functional: f(z) > f(a) + h(x —a),Vx € U}

The easiest version of the definition of subdifferentiable is as follows;

Definition 3.4.3 For A a convex subset of a linear space X, a real convex
function f : A — R is said to be subdifferentiable at o € A if there exists
a real affine functional h : X — R such that h satisfies the following

L. h(xo) = f(@o)
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2. h(z) < f(z) for all x € A\{zo}

If f is strictly convex the inequality in 2. change to f(z) > h(x), and if f
is a linear functional then h(x) = f(xo) + f(x — z0) for all x € A.

Henceforth we would say the function f is subdifferentiable if 9 f(z) # 0
for each x € dom(f). The following is the example of a subdifferentiable

function on R™:

Example 3.4.4 A real function f(z) = ||z||, the Euclidean norm, is subd-
ifferentiable at every x € R™:
This function is differentiable everywhere but not on = 0. The set 0f(x)
of subdifferentials (subderivatives) of f for x # 0, x € R", is equal to
0f (z) = {|l=|"'z: = € R"}.
If f is an extended real function then these hold provided —oo < f(z) <
400, that is, f is finite on R.

Proposition 3.4.5 [14, Lemma 3.7.2, p.129] Let U be an open convez set
in R" and f: U CR"™ — R be conver. Then z € 0f(a) # 0 if and only if

fi(a,v) = liH}r f(a+t+)_fw) > (z,u) for allv e R"
t—0

Theorem 3.4.6 [10, Theorem 2.2.1, p.177] For f : R — R convez, the

following three property are equivalent;
1. f is minimized at x € R"
2. 0€df(x)
3. f'(x,d) >0 for alld e R"
Below is an example of a a convex function with points of non-subdifferentiability:.

Example 3.4.7 Consider a convex function f : R™ — R define by

fa) = {— =T i el <1

+oo if |z]| > 1
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This function f is subdifferentiable (an also differentiable) at each z satis-

fying ||z]] < 1, yet df(x) = ) whenever ||z|| > 1

It is therefore clear that the lack of subdifferentiability of a convex func-
tion may be attained around the boundary of the domain. This is the

analogue of the following result from [8]:

Theorem 3.4.8 [8, The Differentiability Theorem, p.27] Let X be normed
linear space and A its convexr subset. If f : A — R is convex, then f is

subdifferential at each point x € int(A).

Moreover, on the non-subdifferentiability of f at a point, we have the

following result from [18]:

Theorem 3.4.9 [18, Theorem 23.3, p.216] Let f : R" — R be a convex
function (and let x € R™ be a point where f is finite). If f is not subdiffer-
entiable at x, there must be some infinite two-sided directional derivative at

x, i.e. there must exists some y such that

f'(xy) = =f'(x, —y) = —oo
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Conclusion

Clearly convex functions reach far and wide as they feature in different
branches of Mathematics, both in Pure and Applied, including Optimisa-
tion theory, study of minimizers and maximizers of a function as discussed

in Chapter 2, and also Mathematics of Economics.

Convex extensions have interesting characteristics as seen in Chapter 1,
and assuming a suitable ordering on the chain of these extensions, amongst
other conditions, one is able to determine the maximal of these extensions.
Clearly one cannot accurately define the convex extension of a function f
without looking at the bigger domain containing the domain dom(f) of the
underlying function f. Hence this consideration brought about the dis-
cussion we undertook on the maximal of those domains dom(g*) containing
the domain dom( f) of the underlying function f, that is dom(f) C dom(g*).

In Chapter 1, the following two questions were asked and addressed;

1. Firstly, given an arbitrary real-valued function f and the collection
¢ of convex subsets of a vector space X, do there exist a maximal

convex restrictions of f whose domain is in the collection €7

2. Secondly, what can be said about extensions and maximal extensions

of convex functions?

In an attempt to answer the first question, we first looked for a convex
subset C' of X on which the restriction of f is convex. One can always
find such a subset even though it could be a trivial singleton set. If there
is only one set on which the restriction of f is convex, then such a set
would also be the maximal convex domain of that particular restriction of
f. However, we chose to consider only those restrictions of f whose domain

is non-trivial in € and that is when the discussion got a bit more interesting.
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We realised that before we could look at the maximal convex restriction
of f, we needed to look first at a maximal domain in €, and hence in X, on
which a restriction of f would be convex, that is €-MDC for f. It was clear
we needed to assume that the collection € satisfies the chain union property,
that is CUP, meaning that any union of elements in the chain 8 C € is also
a convex set in €.

The assumption of the CUP in € enables us to prove the existence of
maximal element in €, and hence the existence of €-MDC for f. Moreover,
it was clear that the maximal convex restriction of f has to be defined on
¢-MDC, a subset of &€ This answered question one above, however, we do
not know of any other condition under which one may have the existence
of a maximal convex restrictions of f whose domain is in the collection €,
hence this leaves room for more research to be done on this topic. An in-
teresting question might be; If the upper bound of such chain of domains of
convex extensions does not exist, under what conditions if any, would there

be maximal convex extension?

Turning our attention to the second question above, it was clear that not
every extension of a convex function is convex. Hence we needed to define
the collection X of a convex extensions of a convex function f, and look
for the maximal elements in such a collection. Considering the fact that
convex epigraphs and convex functions coincide, we had to look for convex
epigraphs epi(g) of function g such that epi(f) C epi(g). It turned out that,
if gr(f) C gr(g) and g is convex then g might be a convex extension of a
convex function f, that is g € X;. Moreover, the largest of those convex
epigraphs epi(g) would likely be the epigraph of a maximal convex extension
of convex function f, under certain assumptions, including the CUP in €
and the dom(f) C X pseudo-absorbing in X, amongst others.

Moreover, uniqueness of convex extension of any convex function (and
a convex restriction of a convex function) does not always exist. Moreover,

we are not aware of any uniqueness result if f: A C X — R is convex with
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dim X > 2, and it may be the case that there are f such that there is more
than one maximal element in Epi(Xy), the collection of convex epigraphs

epi(g) containing (or which are extensions of) epi(f).

Existence, and lack of, extreme points or denting points of an epigraph
of a convex functions was an interesting discussion in Chapter 2. It is clear
that extreme points and denting points are not necessarily equivalent in a
convex epigraph. Hence conditions of their equivalence was discussed and
what became apparent was that both extreme points and denting points of
a convex epigraph are found on the boundary of such a convex epigraph,
together with a graph of an underlying convex function. However, not every
epigraph of a convex function has an extreme point, and this is apparent
when we look at a real linear (hence convex) function defined on the whole
space X. Hence, assuming the function is strictly (at least non-linear, and)
convex would elicit the desired characteristics of an epigraph, that is, its

extremal structure and its dentability.

Convexifiable functions were also discussed in Chapter 2, and these are
functions f whose epigraph has a convex hull equal to an epigraph of another
function g, that is epi(g) = co(epi(f)), for some real function g. This other
function, g, is named convexification and has interesting characteristics in
that, for each convexifiable function f there is only one convexification g.
Clearly convex functions are convexifiable as their epigraphs are convex and
hence equal to their convex hull. That is, for each f convex and real, we
have epi(f) = co(epi(f)). Moreover, since a convex hull is unique for each

set, it is clear that a real convex function is its unique convex convexification.

Moreover, in the latter sections of Chapter 2, we were reminded of the
fact that one cannot discuss the extremal structure of convex sets with-
out looking at the well known Krein Milman theorem and Krein Milman

property. Closed convex hull of extreme points of a convex epigraph was
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observed, its characteristics, and condition(s) of its existence in an epigraph
of a convex function. It turned out that assuming a function is strictly con-
vex would not be enough to get its epigraph equal to, or at least contained
into, its closed convex hull of its extreme points, and the domain on which
the function is defined plays a vital role as well. The lack of boundedness
of a convex epigraph was the let down as we could not apply neither the
Krein Milman Theorem nor the Krein Milman property accurately to get
the equivalence between a convex closed epigraph and a closed convex hull
of its extreme points.

However, we could construct a closed convex bounded subset of a convex
epigraph equal to a closed convex hull of its extreme points, whose extreme
points are also extreme points of the epigraph it is contained in.

Moreover, it was interesting to find the correlation between the point at
which a strictly convex function attains its maximal or minimal point and
the extreme point of an epigraph of such a strictly convex function.

In Chapter 3 we went a step further and it was clear that some convex
functions have points in their domain(s) on which their are not differen-
tiable. Consequently the relation between those points of non-differentiability
of a convex function f and extremal structure of an epigraph epi(f) of such
convex function was established. This in turn tied together the differentia-
bility of convex functions, extremal structure of their epigraphs and their
maximizers and minimizers.

We noticed that if we were to look for extreme points of an epigraph of
a convex function f, we have to look at the following first;

e the points at which the function f is differentiable whenever the function
in question is strictly convex, or

e the points at which the function f is not differentiable whenever the
function is linear.

e the points (z, f(x)) € gr(f), graph of f, such that the function f attains
its global minimum at = € dom(f), as most extreme points of an epigraph

of a convex function f are contained in these sets of points.
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Though this entire discussion was extensive and detailed at time, it
just scratched the surface of this interesting topic and hence much is yet
to be discovered and published on this topic. The equivalence, or lack of
it, between the Krein Milman and Radon Nykodym Properties is still the
question to answer, especially in Banach space as in dual Banach spaces the
equivalence have since been established.
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