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Preface

Mathematical optimization methods are today used routinely as a tool for
economic and industrial planning, in production control and product de-
sign, in civil and military logistics, in medical image analysis, etc., and the
development in the field of optimization has been tremendous since World
War II. In 1945, George Stigler studied a diet problem with 77 foods and 9
constraints without being able to determine the optimal diet — today it is
possible to solve optimization problems containing hundreds of thousands of
variables and constraints. There are two factors that have made this pos-
sible — computers and efficient algorithms. It is the rapid development in
the computer area that has been most visible to the common man, but the
algorithm development has also been tremendous during the past 70 years,
and computers would be of little use without efficient algorithms.

Maximization and minimization problems have of course been studied and
solved since the beginning of the mathematical analysis, but optimization
theory in the modern sense started around 1948 with George Dantzig, who
introduced and popularized the concept of linear programming and proposed
an efficient solution algorithm, the simplex algorithm, for such problems.

The type of optimization problems to be discussed by us are problems
that can be formulated as the problem to maximize (or minimize) a given
function over a somehow given subset of R™. 1In order to obtain general
results of interest we need to make some assumptions about the function
and the set, and it is here that convexity enters into the picture. The first
part in this series of three on convexity and optimization therefore deals
with finite dimensional convexity theory. Since convexity plays an important
role in many areas of mathematics, significantly more about convexity is
included than is used in the subsequent two parts on optimization, where
Part II provides the basic classical theory for linear and convex optimization,
and Part III describes Newton’s algorithm, self-concordant functions and an
interior point method with self-concordant barriers.

Parts II and III present a number of algorithms, but the emphasis is al-
ways on the mathematical theory, so we do not describe how the algorithms
should be implemented numerically. Anyone who is interested in these im-
portant aspects should consult specialized literature in the field.
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The embryo of this book is a compendium written by Christer Borell and
myself 1978-79, but various additions, deletions and revisions over the years,
have led to a completely different text, the most significant addition being
Part III.

The presentation in this book is complete in the sense that all theorems
are proved. Some of the proofs are quite technical, but none of them re-
quires more previous knowledge than a good knowledge of linear algebra and
calculus of several variables.

Uppsala, April 2016
Lars-Ake Lindahl
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Chapter 1

Preliminaries

The purpose of this chapter is twofold — to explain certain notations and
terminologies used throughout the book and to recall some fundamental con-
cepts and results from calculus and linear algebra.

Real numbers

We use the standard notation R for the set of real numbers, and we let

R, ={zeR |z >0},
R_={zreR |z <0},

In other words, R, consists of all nonnegative real numbers, and R, de-
notes the set of all positive real numbers.

The extended real line

Each nonempty set A of real numbers that is bounded above has a least
upper bound, denoted by sup A, and each nonempty set A that is bounded
below has a greatest lower bound, denoted by inf A. In order to have these
two objects defined for arbitrary subsets of R (and also for other reasons)
we extend the set of real numbers with the two symbols —oco and oo and
introduce the notation

R=RU{x}, R=RU{-00} and R=RU{-00,0}.

V\ie furthermore extend the order relation < on R to the extended real
line R by defining, for each real number x,

—00 < T < Q.

Download free eBooks at bookboon.com



The arithmetic operations on R are partially extended by the following
"natural” definitions, where = denotes an arbitrary real number:

r+o00=00+TrT=00+00=00

T+ (—00) = -0+ =—00+(—00) =—00
oo ifx>0
T-00=00 -2 = 0 ifxz=0
—oo ifx <0
—oo itz >0
- (—00)=—00-x= 0 ifxz=0
oo ifx<0

0000 = (—00) - (—00) =0

00 - (—00) = (—00) - 00 = —0o0.

It is now possible to define in a consistent way the least upper bound
and the greatest lower bound of an arbitrary subset of the extended real line.
For nonempty sets A which are not bounded above by any real number, we
define sup A = oo, and for nonempty sets A which are not bounded below
by any real number we define inf A = —oo. Finally, for the empty set ) we
define inf ) = co and sup() = —oco.

Sets and functions

We use standard notation for sets and set operations that are certainly well
known to all readers, but the intersection and the union of an arbitrary family
of sets may be new concepts for some readers.

So let {X; | i € I} be an arbitrary family of sets X;, indexed by the set
I; their intersection, denoted by

({Xiliel} or ()X,
i€l
is by definition the set of elements that belong to all the sets X;. The union
Uixilieny oo [JX;
iel
consists of the elements that belong to X; for at least one i € I.

We write f: X — Y to indicate that the function f is defined on the set
X and takes its values in the set Y. The set X is then called the domain
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CONVEXITY: CONVEXITY AND
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of the function and Y is called the codomain. Most functions in this book
have domain equal to R™ or to some subset of R", and their codomain is
usually R or more generally R for some integer m > 1, but sometimes we
also consider functions whose codomain equals R, R or R.

Let A be a subset of the domain X of the function f. The set

fA) ={f(x) [z € A}

is called the image of A under the function f. If B is a subset of the codomain
of f, then

f7(B)={z € X | f(z) € B}

is called the inverse image of B under f. There is no implication in the
notation f~'(B) that the inverse f~! exists.
For functions f: X — R we use the notation dom f for the inverse image
of R, i.e.
domf={re X |—o00< f(zx) < o0}

The set dom f thus consists of all x € X with finite function values f(z),
and it is called the effective domain of f.

360°
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The vector space R"

The reader is assumed to have a solid knowledge of elementary linear algebra
and thus, in particular, to be familiar with basic vector space concepts such
as linear subspace, linear independence, basis and dimension.

As usual, R" denotes the vector space of all n-tuples (z1,xs,...,x,) of
real numbers. The elements of R", interchangeably called points and vec-
tors, are denoted by lowercase letters from the beginning or the end of the
alphabet, and if the letters are not numerous enough, we provide them with
sub- or superindices. Subindices are also used to specify the coordinates of
a vector, but there is no risk of confusion, because it will always be clear
from the context whether for instance x; is a vector of its own or the first
coordinate of the vector x.

Vectors in R™ will interchangeably be identified with column matrices.
Thus, to us

X
X2
(x1, T, ..., 2,) and
Tn
denote the same object.
The vectors eq, e, ...,e, in R", defined as
e; =(1,0,...,0), ey =1(0,1,0,...,0), ..., e,=(0,0,...,0,1),

are called the natural basis vectors in R", and 1 denotes the vector whose
coordinates are all equal to one, so that

1=(1,1,...,1).

The standard scalar product (-,-) on R™ is defined by the formula

(z,y) = T1y1 + Taya + *+  + TpYn,

and, using matrix multiplication, we can write this as
(z,y) =Ty =y'x,

where T denotes transposition. In general, AT denotes the transpose of the
matrix A.

The solution set to a homogeneous system of linear equations in n un-
knowns is a linear subspace of R". Conversely, every linear subspace of R"
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can be presented as the solution set to some homogeneous system of linear
equations:

a11T1 + @12T2 + -+ + ATy = 0
a21T1 + Q290T2 + *++ + A2pTy = 0

Am1T1 + QmaTo + -+ -+ QpnTy, = 0
Using matrices we can of course write the system above in a more compact
form as
Ax =0,
where the matrix A is called the coefficient matriz of the system.
The dimension of the solution set of the above system is given by the
number n — r, where r equals the rank of the matrix A. Thus in particular,

for each linear subspace X of R" of dimension n — 1 there exists a nonzero
vector ¢ = (¢q, Co, ..., ) such that

X={zeR"|cxi+cowg+ -+ cyz, =0}

Sum of sets

If X and Y are nonempty subsets of R" and « is a real number, we let

X+Y={z+y|lzeX yeY}
X-Y={zr—-ylzeX, yeY}
aX ={azx |z e X}

The set X + Y is called the (vector) sum of X and Y, X —Y is the (vector)
difference and aX is the product of the number o and the set X.

It is convenient to have sums, differences and products defined for the
empty set (), too. Therefore, we extend the above definitions by defining

X+0=0+X=10
for all sets X, and
al = 0.

For singleton sets {a} we write a + X instead of {a} + X, and the set
a+ X is called a translation of X.

It is now easy to verify that the following rules hold for arbitrary sets X,
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Y and Z and arbitrary real numbers o and (3:

X+Y=Y+X
X+Y)+Z=X+ (Y +2)
aX+aY =a(X+Y)
(a+p)X CaX +pX.

In connection with the last inclusion one should note that the converse

inclusion aX + X C (a + )X does not hold for general sets X.

Inequalites in R”

For vectors x = (z1,xa,...,2,) and y = (Y1, Y2, - - -, Yn) in R™ we write x >y
if x; > y; for all indices j, and we write > y if ; > y; for all j. In
particular, x > 0 means that all coordinates of = are nonnegative.

The set

RT_:_:R+XR+XXR+:{$ER”‘I'20}

is called the nonnegative orthant of R™.
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The order relation > is a partial order on R". It is thus, in other words,
reflexive (x > x for all z), transitive (z > y & y > z = x > z) and
antisymmetric (r > y & y > =z = = = y). However, the order is not a
complete order when n > 1, since two vectors x and y may be unrelated.

Two important properties, which will be used now and then, are given
by the following two trivial implications:

r>0&y>0 = (z,y) >0
r>0&y>0& (z,y) =0 = z=y=0.

Line segments

Let  and y be points in R". We define

[z, y] ={(1 =Nz + Ay [0 <A <1}
and
Jz,yf={(1=Nx+ Xy |0 <\ < 1},

and we call the set [z,y] the line segment and the set |x,y[ the open line
segment between x and y, if the two points are distinct. If the two points
coincide, i.e. if y = x, then obviously [z, z| =]z, z[= {x}.

Linear maps and linear forms

Let us recall that a map S: R™ — R™ is called linear if
S(ax + By) = aSz + Sy

for all vectors =, y € R™ and all scalars (i.e. real numbers) a, 5. A linear
map S: R" — R" is also called a linear operator on R™.

Each linear map S: R®™ — R™ gives rise to a unique m X n-matrix S
such that
Sz = Sz,
which means that the function value Sz of the map S at x is given by
the matrixproduct Sz. (Remember that vectors are identified with column
matrices!) For this reason, the same letter will be used to denote a map and

its matrix. We thus interchangeably consider Sz as the value of a map and
as a matrix product.

By computing the scalar product (z,Sy) as a matrix product we obtain
the following relation

(z, Sy) = 2" Sy = (S"2)Ty = (S"z,y)
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between a linear map S: R" — R™ (or m x n-matrix S) and its transposed
map ST: R™ — R™ (or transposed matrix S7).

An n x n-matrix A = [a;;], and the corresponding linear map, is called
symmetric if AT = A, i.e. if a;; = aj; for all indices 1, j.

A linear map f: R"” — R with codomain R is called a linear form. A
linear form on R™ is thus of the form

f(z) = 1z + coxo + -+ - + g,

where ¢ = (¢q, co, ..., ¢,) is a vector in R™. Using the standard scalar product
we can write this more simply as

f(x) = (¢, ),
and in matrix notation this becomes
f(z) =c"x.

Let f(x) = (c,y) be a linear form on R™ and let S: R" — R™ be a
linear map with codomain R™. The composition f o S is then a linear form
on R", and we conclude that there exists a unique vector d € R" such that

(f o S)(z) = (d,x) for all z € R™. Since f(Sz) = {(c,Sz) = (STc, ), it
follows that d = S7c.

Quadratic forms

A function ¢: R™ — R is called a quadratic form if there exists a symmetric
n x n-matrix () = [g;;] such that

n
q(z) = Z qijTilj,

ij=1
or equivalently

¢(2) = (z,Qr) = 2" Qu.
The quadratic form ¢ determines the symmetric matrix ) uniquely, and this
allows us to identify the form ¢ with its matrix (or operator) Q.

An arbitrary quadratic polynomial p(x) in n variables can now be written
in the form
p(x) = {z, Ax) + (b, x) + ¢,

where z — (x, Azx) is a quadratic form determined by a symmetric operator
(or matrix) A, x — (b, z) is a linear form determined by a vector b, and c is
a real number.

Download free eBooks at bookboon.com



CONVEXITY: CONVEXITY AND
OPTIMIZATION - PART | PRELIMINARIES

EXAMPLE. In order to write the quadratic polynomial
p(21, 29, 23) = 2% + 4w139 — 22125 + 523 + 6193 + 3Ty 4 223 + 2

in this form we first replace the terms du;z; for i < j with $dw;z; + sdz;z;.
This yields

p(x1, 29, 3) = (23 + 20109 — 2123 + 22921 + 575 + 3w973 — T3y + 3T372)
+ (3z1 + 2x3) + 2 = (x, Az) + (b,z) + ¢

1 2 -1 3
with A = 2 5 3|,b=|0| and c=2. O
-1 3 0 2

A quadratic form ¢ on R" (and the corresponding symmetric operator
and matrix) is called positive semidefinite if q(x) > 0 and positive definite if
q(z) > 0 for all vectors x # 0 in R™.
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Norms and balls

A norm ||-|| on R™ is a function R™ — R that satisfies the following three
conditions:

(i) [l +yll < flzll + Nyl for all z,y
(ii) IAz|| = |A] ||=]] forallz € R", A e R
(iii) |z|| =0< 2 =0.

The most important norm to us is the Fuclidean norm, defined via the
standard scalar product as

||ZE|| =V <$,ZL'> = \/{L’%—}—xg_k..._‘_x%.

This is the norm that we use unless the contrary is stated explicitely. We
use the notation |[-|| for the Euclidean norm whenever we for some reason
have to emphasize that the norm in question is the Euclidean one.

Other norms, that will occur now and then, are the mazimum norm

2]l = max [;],
1<i<n

and the ' -norm .

Izl =) lil:
i=1
It is easily verified that these really are norms, that is that conditions (i)—(iii)
are satisfied.
All norms on R" are equivalent in the following sense: If ||-|| and ||-||" are
two norms, then there exist two positive constants ¢ and C' such that

cllz)" < flzll < Cllzll

for all z € R™.

For example, ||z < [l2]l2 < V7 2]

Given an arbitrary norm ||-|| we define the corresponding distance between
two points = and a in R™ as ||z — a||. The set

Bla;r) ={z e R" [ |z —a| <1},

consisting of all points  whose distance to a is less than r, is called the open
ball centered at the point a and with radius r. Of course, we have to have
r > 0 in order to get a nonempty ball. The set

Ba;r)={z e R"| ||z —a| <71}

is the corresponding closed ball.
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The geometric shape of the balls depends on the underlying norm. The
ball B(0;1) in R? is a square with corners at the points (£1,£1) when the
norm is the maximum norm, it is a square with corners at the points (£1,0)
and (0,41) when the norm is the *-norm, and it is the unit disc when the
norm is the Euclidean one.

If B denotes balls defined by one norm and B’ denotes balls defined by a
second norm, then there are positive constants ¢ and C' such that

(1.1) B'(a;cr) € B(a;r) € B'(a; Cr)

for all a € R™ and all r > 0. This follows easily from the equivalence of the
two norms.

All balls that occur in the sequel are assumed to be Euclidean, i.e. defined
with respect to the Euclidean norm, unless otherwise stated.

Topological concepts

We now use balls to define a number of topological concepts. Let X be an
arbitrary subset of R™. A point a € R" is called

e an interior point of X if there exists an r > 0 such that B(a;r) C X;

e a boundary point of X if X N B(a;r) # 0 and CX N B(a;r) # 0 for all
r > 0;
e an exterior point of X if there exists an r > 0 such that XN B(a;r) = 0.

Observe that because of property (1.1), the above concepts do not depend
on the kind of balls that we use.

A point is obviously either an interior point, a boundary point or an
exterior point of X. Interior points belong to X, exterior points belong to
the complement of X, while boundary points may belong to X but must not
do so. Exterior points of X are interior points of the complement X, and
vice versa, and the two sets X and X have the same boundary points.

The set of all interior points of X is called the interior of X and is denoted
by int X. The set of all boundary points is called the boundary of X and is
denoted by bdry X.

A set X is called open if all points in X are interior points, i.e. if int X =
X.

It is easy to verify that the union of an arbitrary family of open sets is
an open set and that the intersection of finitely many open sets is an open
set. The empty set ) and R™ are open sets.

The interior int X is a (possibly empty) open set for each set X, and
int X is the biggest open set that is included in X.
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A set X is called closed if its complement CX is an open set. It follows
that X is closed if and only if X contains all its boundary points, i.e. if and
only if bdry X C X.

The intersection of an arbitrary family of closed sets is closed, the union
of finitely many closed sets is closed, and R™ and ) are closed sets.

For arbitrary sets X we set
cl X = X Ubdry X.

The set cl X is then a closed set that contains X, and it is called the closure
(or closed hull) of X. The closure cl X is the smallest closed set that contains
X as a subset.

For example, if r > 0 then

cdB(a;r) ={zx € R" | ||z —a|| <7} = B(a;7),

which makes it consistent to call the set B(a;r) a closed ball.
For nonempty subsets X of R™ and numbers r > 0 we define

X(ry={yeR" |z e X: |ly—z| <r}.

The set X (r) thus consists of all points whose distance to X is less than 7.

~
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A point z is an exterior point of X if and only if the distance from x to
X is positive, i.e. if and only if there is an » > 0 such that z ¢ X (r). This
means that a point x belongs to the closure cl X, i.e. z is an interior point
or a boundary point of X, if and only if x belongs to the sets X(r) for all
r > 0. In other words,

X =) X(r).
r>0

A set X is said to be bounded if it is contained in some ball centered at

0, i.e. if there is a number R > 0 such that X C B(0; R).

A set X that is both closed and bounded is called compact.

An important property of compact subsets X of R" is given by the
Bolzano-Weierstrass theorem: Fuvery infinite sequence (x,)5>, of points x,

in a compact set X has a subsequence (x,, )7, that converges to a point in
X.

The cartesian product X xY of a compact subset X of R™ and a compact
subset Y of R™ is a compact subset of R™ x R" (= R™™).

Continuity

A function f: X — R™, whose domain X is a subset of R", is defined to be
continuous at the point a € X if for each € > 0 there exists an r > 0 such
that

f(X N B(a;r)) € B(f(a);e).
(Here, of course, the left B stands for balls in R™ and the right B stands
for balls in R™.) The function is said to be continuous on X, or simply
continuous, if it is continuous at all points a € X.

The inverse image f~1(I) of an open interval under a continuous function
f: R" — R is an open set in R™. In particular, the sets {z | f(z) < a} and
{z | f(x) > a}, i.e. the sets f~!(]—o0,a[) and f~*(]a,o0]), are open for all
a € R. Their complements, the sets {z | f(z) > a} and {z | f(z) < a}, are
thus closed.

Sums and (scalar) products of continuous functions are continuous, and
quotients of real-valued continuous functions are continuous at all points
where the quotients are well-defined. Compositions of continuous functions
are continuous.

Compactness is preserved under continuous functions, that is the image
f(X) is compact if X is a compact subset of the domain of the continuous
function f. For continuous functions f with codomain R this means that
f is bounded on X and has a maximum and a minimum, i.e. there are two
points z1, x5 € X such that f(z1) < f(z) < f(x2) for all x € X.
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Lipschitz continuity

A function f: X — R™ that is defined on a subset X of R", is called
Lipschitz continuous with Lipschitz constant L if

If(y) — f(x)]| < Llly — || for all z,y € X.

Note that the definition of Lipschitz continuity is norm independent, since
all norms on R"™ are equivalent, but the value of the Lipschitz constant L is
obviously norm dependent.

Operator norms

Let ||-|| be a given norm on R™. Since the closed unit ball is compact and
linear operators S on R™ are continuous, we get a finite number [|.S||, called
the operator norm, by the definition
151 = sup |[Sz[].
[zl <1

That the operator norm really is a norm on the space of linear opera-
tors, i.e. that it satisfies conditions (i)—(iii) in the norm definition, follows
immediately from the corresponding properties of the underlying norm on
R™.

By definition, S(z/||z||) < ||S|| for all  # 0, and consequently

ISz < IS

for all z € R™.
From this inequality follows immediately that

[1STz|| < [ISTIT ]l < [[SITI =1,
which gives us the important inequality
ST < [ISIIT|

for the norm of a product of two operators.

The identity operator I on R™ clearly has norm equal to 1. Therefore,
if the operator S is invertible, then, by choosing 7" = S~! in the above
inequality, we obtain the inequality

IS~ = 1/1S]l.

The operator norm obviously depends on the underlying norm on R",
but again, different norms on R" give rise to equivalent norms on the space
of operators. However, when speaking about the operator norm we shall in
this book always assume that the underlying norm is the Euclidean norm
even if this is not stated explicitely.
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Symmetric operators, eigenvalues and norms

Every symmetric operator S on R" is diagonizable according to the spectral
theorem. This means that there is an ON-basis e, s, ..., e, consisting of
eigenvectors of S. Let Ai, Ao, ..., A\, denote the corresponding eigenvalues.

The largest and the smallest eigenvalue A,.x and A, are obtained as
maximum and minimum values, respectively, of the quadratic form (x, Sx)
on the unit sphere ||z| = 1:

Amax = Hrn”af(l(x’ SZE> and )\min = ||nh1111<x7 Sl’)

For, by using the expansion z = > | &e; of x in the ON-basis of eigen-
vectors, we obtain the inequality

(x,S$> = Z)\fo < >\mangi2 = /\maX||x||27
=1 =1

and equality prevails when z is equal to the eigenvector e; that corresponds
to the eigenvalue \... An analogous inequality in the other direction holds
for Apin, of course.
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The operator norm (with respect to the Euclidean norm) moreover satis-
fies the equality

HSH = 112%}; ’)\z| = maX{P\max‘a |>\m1n|}

For, by using the above expansion of z, we have Sz = >  A\&e;, and
consequently

n n
2= 2¢2 < .22 2 _ N2 (12
I1Sz] Z;&& < oo NP 26 = Quass DaD? el
1= 1=

with equality when z is the eigenvector that corresponds to max; | ;.

If all eigenvalues of the symmetric operator S are nonzero, then S is in-
vertible, and the inverse S~! is symmetric with eigenvalues A\;*, Ay, ..., AL
The norm of the inverse is given by

11 _ . ‘
157 =1/ min |l

A symmetric operator S is positive semidefinite if all its eigenvalues are
nonnegative, and it is positive definite if all eigenvalues are positive. Hence,
if S is positive definite, then

||SH - )\max and ||S_1|| = 1//\min~

It follows easily from the diagonizability of symmetric operators on R"
that every positive semidefinite symmetric operator S has a unique positive
semidefinite symmetric square root S'/2. Moreover, since

(¢, 52) = {z,SVA(SV22)) = (522, §V/2a) = |||

we conclude that the two operators S and S'? have the same null space

N (S) and that
N(S)={zeR"| Sz =0} ={x e R"| (z,Sx) = 0}.

Differentiability

A function f: U — R, which is defined on an open subset U of R", is called

differentiable at the point a € U if the partial derivatives 2L exist at the

ox;
point x and the equality

(1.2) fla4+v)= f(a)+ Z gﬂ{z (@) v; + r(v)
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holds for all v in some neighborhood of the origin with a remainder term r(v)
that satisfies the condition

is called the differential of the function f at the point a. The coefficient

vector of of of
(a—xl(a),a—@(a),...,axn(aD
of the differential is called the derivative or the gradient of f at the point a
and is denoted by f’(a) or Vf(a). We shall mostly use the first mentioned
notation.
The equation (1.2) can now be written in a compact form as

fla+w) = fla)+ Df(a)[v] + r(v),

with
Df(a)v] = (f'(a), v).

A function f: U — R is called differentiable (on U) if it is differentiable
at each point in U. In particular, this implies that U is an open set.

For functions of one variable, differentiability is clearly equivalent to the
existence of the derivative, but for functions of several variables, the mere
existence of the partial derivatives is no longer a guarantee for differentiabil-
ity. However, if a function f has partial derivatives and these are continous
on an open set U, then f is differentiable on U.

The Mean Value Theorem

Suppose f: U — R is a differentiable function and that the line segment
[a,a+v] lies in U. Let ¢(t) = f(a+ tv). The function ¢ is then defined and
differentiable on the interval [0, 1] with derivative
¢'(t) = Df(a+tv)v] = (f'(a+tv),v).

This is a special case of the chain rule but also follows easily from the defini-
tion of the derivative. By the usual mean value theorem for functions of one
variable, there is a number s €]0, 1] such that ¢(1) — ¢(0) = ¢/(s)(1 — 0).
Since ¢(1) = f(a+v), ¢(0) = f(a) and a + sv is a point on the open line
segment |a, a + v[, we have now deduced the following mean value theorem
for functions of several variables.
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Theorem 1.1.1. Suppose the function f: U — R is differentiable and that
the line segment |a,a + v| lies in U. Then there is a point ¢ € la,a + v| such
that

fla+w) = fla)+ Df(c)[v].

Functions with Lipschitz continuous derivative

We shall sometimes need more precise information about the remainder term
r(v) in equation (1.2) than what follows from the definition of differentiabil-
ity. We have the following result for functions with a Lipschitz continuous
derivative.

Theorem 1.1.2. Suppose the function f: U — R is differentiable, that its
derivative is Lipschitz continuous, i.e. that || f'(y) — f'(x)|| < L|ly — z|| for
all z,y € U, and that the line segment [a,a + v] lies in U. Then

L
[f(a+v) = fla) = Df(@)]] < 5 [lvll*.
Proof. Define the function ¢ on the interval [0, 1] by
O(t) = fla+tv) —tDf(a)v].

STUDY AT

LINKOPING UNIVERSITY, SWEDEN
RANKED AMONG TOP 50 UNIVERSITIES UNDER 50
Interested in Strategy and Management in International

Organisations? Kick-start your career with a master’s degree
from Linképing University, Sweden.

Agﬁ Linkdping University

Download free eBooks at bookboon.com

Click on the ad to read more

18


http://s.bookboon.com/liu

Then @ is differentiable with derivative

¢'(t) = Df(a+tv)v] = Df(a)lo] = (f'(a+tv) — f'(a),v),

and by using the Cauchy-Schwarz inequality and the Lipschitz continuity,
we obtain the inequality

@' ()] < [If (a+tv) = f(a)]l - vl < Lt [Jv]|*.

Since f(a+v) — f(a) — Df(a)[v] = &(1) — (0) = fol d'(t) dt, it now follows
that

fa+v) - f(a) - Df@)]| < / ()] dt < L]jo|]? / it =2 o]
0 0 D

Two times differentiable functions

If the function f together with all its partial derivatives g—f are differentiable

on U, then f is said to be two times differentiable on U. The mixed partial
second derivatives are then automatically equal, i.e.

I (@)= 2 ()
8@8:@ N 6%8301

for all 4, j and all a € U.

A sufficient condition for the function f to be two times differentiable on
U is that all partial derivatives of order up to two exist and are continuous
on U.

If f: U - R is a two times differentiable function and a is a point in U,
we define a symmetric bilinear form D?f(a)[u,v] on R™ by

n
a)uvj, u,v e R"™
Z 81‘18% A

The corresponding symmetric linear operator is called the second derivative
of f at the point a and it is denoted by f”(a). The matrix of the second
derivative, i.e. the matrix

n

[822aij (a)] ij=1

is called the hessian of f (at the point a). Since we do not distinguish between
matrices and operators, we also denote the hessian by f”(a).
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The above symmetric bilinear form can now be expressed in the form

D?f(a)[u,v] = (u, f"(a)v) = v’ f"(a)v,
depending on whether we interpret the second derivative as an operator or
as a matrix.
Let us recall Taylor’s formula, which reads as follows for two times dif-
ferentiable functions.

Theorem 1.1.3. Suppose the function f is two times differentiable in a neigh-
borhood of the point a. Then

fla+v) = f(a) + Df(a)[v] + 3D*f(a )[v v +7(v)

with a remainder term that satisfies hm r(v)/||v]]? =

Three times differentiable functions

To define self-concordance we also need to consider functions that are three
times differentiable on some open subset U of R"™. For such functions f
and points a € U we define a trilinear form D?f(a)[u,v,w] in the vectors
u,v,w € R"™ by

3 . .
D7 f(a)[u, v, w] Z E - axjaxk (a)u;vjwy.

i,5,k=1

We leave to the reader to formulate Taylor’s formula for functions that
are three times differentiable. We have the following differentiation rules,
which follow from the chain rule and will be used several times in the final
chapters:

d
%f(x+tv) = Df(z + tv)[v]
jt(Df(x +t)[u ]) = D2 f(z + tv)[u, 0],

d
pr (DZf(x + tw)|u, v]) = D*f(x + tw)[u, v, w].

As a consequence we get the following expressions for the derivatives of
the restriction ¢ of the function f to the line through the point z with the

direction given by v:
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Chapter 2

Convex sets

2.1 Affine sets and affine maps

Affine sets

Definition. A subset of R" is called affine if for each pair of distinct points
in the set it contains the entire line through the points.

Thus, a set X is affine if and only if
rye X, eR = e+ (1-Ny e X.

The empty set (), the entire space R", linear subspaces of R", singleton
sets {x} and lines are examples of affine sets.

Definition. A linear combination y = Z;nzl ajx; of vectors xy, o, ..., Ty, 18
called an affine combination if 3 77, a; = 1.

Theorem 2.1.1. An affine set contains all affine combination of its elements.

Proof. We prove the theorem by induction on the number of elements in the
affine combination. So let X be an affine set. An affine combination of one
element is the element itself. Hence, X contains all affine combinations that
can be formed by one element in the set.

Now assume inductively that X contains all affine combinations that can
be formed out of m — 1 elements from X, where m > 2, and consider an
arbitrary affine combination x = Z;n:l ajx; of m elements xq, 9, ..., T, in
X. Since Z;”Zl a; = 1, at least one coefficient o; must be different from 1;

assume without loss of generality that a,,, # 1, andlet s = 1—q,,, = 271:711 a;.
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Then s # 0 and Z;”:_ll a;/s =1, which means that the element

is an affine combination of m — 1 elements in X. Therefore, y belongs to X,
by the induction assumption. But z = sy+(1—s)z,,, and it now follows from
the definition of affine sets that x lies in X. This completes the induction
step, and the theorem is proved. O

Definition. Let A be an arbitrary nonempty subset of R"™. The set of all affine
combinations Aja; + Asas + - -+ + \a,, that can be formed of an arbitrary

number of elements aq, as, ..., a,, from A, is called the affine hull of A and
is denoted by aff A .

In order to have the affine hull defined also for the empty set, we put
aff ) = 0.

Theorem 2.1.2. The affine hull aff A is an affine set containing A as a
subset, and it is the smallest affine subset with this property, i.e. if the set X
18 affine and A C X, then aff A C X.

Proof. The set aff A is an affine set, because any affine combination of two
elements in aff A is obviously an affine combination of elements from A,
and the set A is a subset of its affine hull, since any element is an affine
combination of itself.

If X is an affine set, then aff X C X, by Theorem 2.1.1, and if A C X,
then obviously aff A C aff X. Thus, aff A C X whenever X is an affine set
and A is a subset of X. O

Characterisation of affine sets

Nonempty affine sets are translations of linear subspaces. More precisely, we
have the following theorem.

Theorem 2.1.3. If X is an affine subset of R"™ and a € X, then —a+ X s a
linear subspace of R™. Moreover, for each b € X we have —b+ X = —a+ X.

Thus, to each nonempty affine set X there corresponds a uniquely defined
linear subspace U such that X = a+ U.

Proof. Let U = —a+ X. If u; = —a+x; and us = —a + x5 are two elements
in U and oy, ay are arbitrary real numbers, then the linear combination

ajug + s = —a+ (1 — ag — ag)a + oy + asxs
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0 X
U=—-a+X

Figure 2.1. Illustration for Theorem 2.1.3: An affine
set X and the corresponding linear subspace U.

is an element in U, because (1—a;—aq)a+a;21+aaxs is an affine combination
of elements in X and hence belongs to X, according to Theorem 2.1.1. This
proves that U is a linear subspace.

Now assume that b € X, and let v = —b + = be an arbitrary element in
—b + X. By writing v as v = —a + (a — b + x) we see that v belongs to
—a + X, too, because a — b 4+ z is an affine combination of elements in X.
This proves the inclusion —b+ X C —a + X. The converse inclusion follows
by symmetry. Thus, —a+ X = -0+ X. ]
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Dimension
The following definition is justified by Theorem 2.1.3.

Definition. The dimension dim X of a nonempty affine set X is defined as
the dimension of the linear subspace —a+ X, where a is an arbitrary element
in X.

Since every nonempty affine set has a well-defined dimension, we can
extend the dimension concept to arbitrary nonempty sets as follows.

Definition. The (affine) dimension dim A of a nonempty subset A of R" is
defined to be the dimension of its affine hull aff A.

The dimension of an open ball B(a;r) in R™ is n, and the dimension of
a line segment [x,y] is 1.

The dimension is invariant under translation i.e. if A is a nonempty subset
of R” and a € R" then

dim(a + A) = dim A,
and it is increasing in the following sense:

ACB=dimA <dimB.

Affine sets as solutions to systems of linear equations
Our next theorem gives a complete description of the affine subsets of R".

Theorem 2.1.4. Fvery affine subset of R" is the solution set of a system of
linear equations

C11T1 + C12%2 + -+ + CipnTp = b1
Co1X1 + C2X2 + ++ + ConZky = b2

Cm1T1 + CmaZo + -+ + Cpn@p = bm

and conversely. The dimension of a nonempty solution set equals n—r, where
r s the rank of the coefficient matriz C.

Proof. The empty affine set is obtained as the solution set of an inconsistent
system. Therefore, we only have to consider nonempty affine sets X, and
these are of the form X = xq + U, where x(y belongs to X and U is a linear
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subspace of R"™. But each linear subspace is the solution set of a homogeneous
system of linear equations. Hence there exists a matrix C' such that

U={z|Czx =0},

and dimU = n —rank C'. With b = Cxg it follows that x € X if and only
if Cx — Cazyg = C(x — x9) =0, i.e. if and only if x is a solution to the linear
system Cz = b.

Conversely, if x is a solution to the above linear system so that Czy = b,
then z is a solution to the same system if and only if the vector z = = — xg
belongs to the solution set U of the homogeneous equation system Cz = 0.
It follows that the solution set of the equation system C'x = b is of the form
xo + U, i.e. it is an affine set. n

Hyperplanes
Definition. Affine subsets of R” of dimension n — 1 are called hyperplanes.
Theorem 2.1.4 has the following corollary:

Corollary 2.1.5. A subset X of R™ is a hyperplane if and only if there exist
a nonzero vector ¢ = (c1,Ca, ..., ¢,) and a real number b so that

X ={zeR"|(c,x) =b}.

It follows from Theorem 2.1.4 that every affine proper subset of R" can
be expressed as an intersection of hyperplanes.

Affine maps

Definition. Let X be an affine subset of R". A map T: X — R™ is called
affine if
TAz+(1—=Ny)=XTz+ (1 —-\NTy
for all z,y € X and all A € R.
Using induction, it is easy to prove that if 7: X — R™ is an affine map
and £ = a1y + aes + - - + @ty 1S an affine combination of elements in

X, then
Ter =oTx1 +aTzeg+ -+ o, Txp,.

Moreover, the image T'(Y') of an affine subset Y of X is an affine subset of
R™, and the inverse image T~!(Z) of an affine subset Z of R™ is an affine
subset of X.
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The composition of two affine maps is affine. In particular, a linear map
followed by a translation is an affine map, and our next theorem shows that
each affine map can be written as such a composition.

Theorem 2.1.6. Let X be an affine subset of R™, and suppose the map
T: X — R™ is affine. Then there exist a linear map C: R" — R™ and
a vector v in R™ so that Tx = Cx 4+ v for all x € X.

Proof. Write the domain of 7" in the form X = zq+ U with o € X and U
as a linear subspace of R", and define the map C on the subspace U by
Cu=T(xo+ u) — Txo.

Then, for each u;,us € U and aq, s € R we have

Cloquy + agug) = T'(xg + cquy + agug) — T
=T (i (o + u1) + az(zo + us) + (1 — ay — as)zo) — T
=T (xo+ ur) + aT(xg+uz) + (1 — g — ag)Txg — Ty
=m (T(:UO +uy) — Ta;o) + ap (T(a:o + ug) — T:vo)

= a10u1 + OZQO’UQ.
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So the map C'is linear on U and it can, of course, be extended to a linear
map on all of R™.
For x € X we now obtain, since z — zy belongs to U,

Tx =T(xg+ (x —x9)) = C(x — x0) + Txg = Cx — Cxg + Txy,

which proves the theorem with v equal to Txy — Czy. O

2.2 Convex sets

Basic definitions and properties

Definition. A subset X of R" is called convez if [z,y] C X for all z, y € X.

In other words, a set X is convex if and only if it contains the line segment

between each pair of its points.

Figure 2.2. A convex set and a non-convex set

EXAMPLE 2.2.1. Affine sets are obviously convex. In particular, the empty
set (), the entire space R™ and linear subspaces are convex sets. Open line
segments and closed line segments are clearly convex. O]

EXAMPLE 2.2.2. Open balls B(a;r) (with respect to arbitrary norms ||-||) are
convex sets. This follows from the triangle inequality and homogenouity, for
if x,y € B(a;r) and 0 < A <1, then

Az + (1 =Ny —af = [[Az —a) + (1 = A)(y — o]
<AMlz—all + (1 =Ny —al| <+ (1—=XN)r=r,

which means that each point Ax+(1—\)y on the segment [z, y] lies in B(a; 7).

The corresponding closed balls B(a;r) = {# € R" | ||z — a|| < r} are of
course convex, too. ]

Definition. A linear combination y = z;nzl a;x; of vectors Ty, Ta, ..., Ty, IS
called a conver combination if Z;nzl a; = 1 and «; > 0 for all j.
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Theorem 2.2.1. A convex set contains all conver combinations of its ele-
ments.

Proof. Let X be an arbitrary convex set. A convex combination of one
element is the element itself, and hence X contains all convex combinations
formed by just one element of the set. Now assume inductively that X
contains all convex combinations that can be formed by m — 1 elements of
X, and consider an arbitrary convex combination x = 7" | ajx; of m > 2
elements x1, s, ..., 2, in X. Since ijl a; = 1, some coefficient a; must
be strictly less than 1, and assume without loss of generality that a,, < 1,
and let s = 1 — ay, = Z;n:_ll a;j. Then s > 0 and Z;”:_ll a;j/s = 1, which
means that

is a convex combination of m—1 elements in X. By the induction hypothesis,
y belongs to X. But x = sy+(1—s)x,,, and it now follows from the convexity
definition that x belongs to X. This completes the induction step and the
proof of the theorem. O

2.3 Convexity preserving operations

We now describe a number of ways to construct new convex sets from given
ones.

Image and inverse image under affine maps

Theorem 2.3.1. Let T: V — R™ be an affine map.
(i) The image T(X) of a convex subset X of V is convex.
(ii) The inverse image T~ (Y) of a convex subset Y of R™ is conver.

Proof. (i) Suppose y1, y2 € T(X) and 0 < XA < 1. Let z1, x5 be points in X
such that y; = T'(x;). Since

)\yl + (1 — )\)yg = )\TZEl + (1 — )\)T(L’g = T(/\C(]l + (1 - /\)1’2)
and Azy + (1 — \)xq lies X, it follows that Ay; + (1 — A)ys lies in 7°(X). This
proves that the image set T'(X) is convex.

(ii) To prove the convexity of the inverse image T~ (Y") we instead assume
that x1, 29 € T7H(Y), i.e. that Txy, Tz € Y, and that 0 < A < 1. Since YV
is a convex set,
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is an element of Y, and this means that A\z; + (1 — M)y lies in T74(Y). O

As a special case of the preceding theorem it follows that translations
a + X of a convex set X are convex.

EXAMPLE 2.3.1. The sets
{reR"|(c,x) >b} and {z e R"|{c,z) <b},

where b is an arbitrary real number and ¢ = (¢1,¢9,...,¢,) is an arbirary
nonzero vector, are called opposite closed halfspaces. Their complements, i.e.

{r e R"| (c,z) <b} and {z € R"|({c,z)> b},

are called open halfspaces.

The halfspaces {z € R" | (¢,z) > b} and {z € R" | (¢, z) > b} are inverse
images of the real intervals [b, oo and ]b, oo[, respectively, under the linear
map z +— (c,z). It therefore follows from Theorem 2.3.1 that halfspaces are
convex sets. ]
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Intersection and union

Theorem 2.3.2. Let {X; | i € I} be a family of conver subsets of R™. The
intersection (\{X; | i € I} is a convex set.

Proof. Suppose x, y are points in the intersection Y. The definition of an
intersection implies that x and y lie in X; for all indices ¢ € I, and convexity
implies that [z,y] C X; for all i« € I. Therefore, [x,y] C Y, again by the
definition of set intersection. This proves that the intersection is a convex
set. [

A union of convex sets is, of course, in general not convex. However, there
is a trivial case when convexity is preserved, namely when the sets can be
ordered in such a way as to form an ”increasing chain”.

Theorem 2.3.3. Suppose {X; | i € 1} is a family of conver sets X; and that
for each pair i,j € I either X; C X; or X; C X;. The union | J{X,; | i € I}
s then a convex set.

Proof. The assumptions imply that, for each pair of points x, y in the union
there is an index ¢ € I such that both points belong to X;. By convexity, the
entire segment [x,y] lies in X;, and thereby also in the union. O]

EXAMPLE 2.3.2. The convexity of closed balls follows from the convexity of
open balls, because B(a;r¢) = ({B(a;r) | r > 7}

Conversely, the convexity of open balls follows from the convexity of closed
balls, since B(a;ro) = [J{B(a;r) | 7 < 70} and the sets B(a;r) form an
increasing chain. ]

Definition. A subset X of R” is called a polyhedron if X can be written as
an intersection of finitely many closed halfspaces or if X = R"™.1

Polyhedra are convex sets because of Theorem 2.3.2, and they can be
represented as solution sets to systems of linear inequalities. By multiplying
some of the inequalities by —1, if necessary, we may without loss of generality
assume that all inequalities are of the form c¢iz1 +coxo+- - - +c¢px,, > d. This
means that every polyedron is the solution set to a system of the following
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Figure 2.3. A polyhedron in R?

form
C11T1+ Ciaa + -+ + CipTpy 2
C1T1 + Coag+ -+ + Cony > b

Cm1%1 + CmaTa 4+ + Cnn@n > by,

or in matrix notation

Cx >b.

The intersection of finitely many polyhedra is clearly a polyhedron. Since
each hyperplane is the intersection of two opposite closed halfspaces, and
each affine set (except the entire space) is the intersection of finitely many
hyperplanes, it follows especially that affine sets are polyhedra. In particular,
the empty set is a polyhedron.

Cartesian product

Theorem 2.3.4. The Cartesian product X XY of two conver sets X and Y
18 a conver set.

Proof. Suppose X lies in R™ and Y lies in R™. The projections
P:R"XR™ = R" and P: R"x R™ — R™,
defined by Pi(z,y) = x and P»(x,y) = y, are linear maps, and
XxY=(XxR"MNR"xY)=P HX)NP(Y).

The assertion of the theorem is therefore a consequence of Theorem 2.3.1
and Theorem 2.3.2. ]

Sum

Theorem 2.3.5. The sum X +Y of two conver subsets X and Y of R" is
convex, and the product aX of a number o and a convex set X is convex.
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Proof. The maps S: R" X R™ — R™and T: R" — R", defined by S(z,y) =
r+y and Tx = azx, are linear. Since X +Y = S(X xY) and aX = T(X),
our assertions follow from Theorems 2.3.1 and 2.3.4.

[
EXAMPLE 2.3.3. The set X (r) of all points whose distance to a given set X
is less than the positive number r, can be written as a sum, namely

X(r) =X+ B(0;r).

Since open balls are convex, we conclude from Theorem 2.3.5 that the set
X(r) is convex if X is a convex set. O

Image and inverse image under the perspective map

Definition. The perspective map P: R™ x R, — R" is defined by
P(z,t) =t'a

for x € R" and ¢t > 0.

The perspective map thus first rescales points in R” xR, so that the last
coordinate becomes 1 and then throws the last coordinate away. Figure 2.4
illustrates the process.
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P~ ({y})
1 (%az,l)

I
I
I
P(x,t) Yy R"

Figure 2.4. The perspective map P. The
inverse image of a point y € R™ is a halfline.

Theorem 2.3.6. Let X be a convex subset of R® x Ry, and Y be a convex
subset of R™. The image P(X) of X and the inverse image P~X(Y) of Y
under the perspective map P: R™ x Ry, — R" are convex sets.

Proof. To prove that the image P(X) is convex we assume that y,y € P(X)
and have to prove that the point Ay 4+ (1 — A)y lies in P(X) if 0 < A < 1.
To achieve this we first note that there exist numbers ¢,¢" > 0 such that the
points (ty,t) and (¢'y’,t") belong to X, and then define
At
a=—"-—.
A+ (1= At
Clearly 0 < a < 1, and it now follows from the convexity of X that the point
tt'( Ay + (1= N)y) tt’
= a(ty,t 1— ty ') = ( >
2= alty,t)+ {1 —a)(ty, ) A (1= Mt A+ (1= M)t
lies X. Thus, P(z) € P(X), and since P(z) = Ay + (1 — \)y/, we are done.
To prove that the inverse image P~'(Y) is convex, we instead assume
that (z,t) and (2/,t') are points in P~(Y) and that 0 < A < 1. We will
prove that the point A(z,t) + (1 — A)(a/,¢') lies in P71(Y).
To this end we note that the the points %a: and t—l,x’ belong to Y and that
At
a=—""-——
At 4 (1=t

is a number between 0 and 1. Thus,

1 1 Ax 4 (1= N)a'
— — 1 — =
i St Ty vy gy v

is a point in Y by convexity, and consequently ((At+(1—A)t')z, At+(1—A)t)
is a point in P~1(Y). But

((AE+ (1 =Ntz X+ (1= A)) = Ma, t) + (1= A) (2, 1)
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and this completes the proof. O

EXAMPLE 2.3.4. The set {(z,2,41) € R" X R | ||z]| < 41} is the inverse
image of the unit ball B(0;1) under the perspective map, and it is therefore
a convex set in R™! for each particular choice of norm ||-||. The following
convex sets are obtained by choosing the ¢!-norm, the Euclidean norm and
the maximum norm, respectively, as norm:

{l’ € Rn+1 ’ Tpt1 > |I1| + ‘Ig’ + .. 4 |$n| },
{x e R"™ |2y > (@3 + 25+ -+ 23?2} and

{r e R"™ | wpp0 > max 23] }. O

2.4 Convex hull

Definition. Let A be a nonempty set in R™. The set of all convex combina-
tions A\ja;+Asas+- - -+ Apna,, of an arbitrary number of elements ay, as, . .., an,
in A is called the convexr hull of A and is denoted by cvx A.

Moreover, to have the convex hull defined for the empty set, we define

cvx ) = 0.

Theorem 2.4.1. The convex hull cvx A is a convex set containing A, and it
is the smallest set with this property, i.e. if X is a convexr set and A C X,
then cvx A C X.

Proof. cvx A is a convex set, because convex combinations of two elements
of the type Y 7", Ajaj, where m > 1, A\, A, A > 0, 3770 A = 1 and

ai, as,...,a, € A, is obviously an element of the same type. Moreover,
A C cvx A, because each element in A is a convex combination of itself
(a = la).

A convex set X contains all convex combinations of its elements, accord-
ing to Theorem 2.2.1. If A C X, then in particular X contains all convex
combinations of elements in A, which means that cvx A C X. n

The convex hull of a set in R™ consists of all convex combinations of
an arbitrary number of elements in the set, but each element of the hull is
actually a convex combination of at most n + 1 elements.

Theorem 2.4.2. Let A C R" and suppose that x € cvx A. Then A contains
a subset B with at most n + 1 elements such that x € cvx B.
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-V

A cvx A

Figure 2.5. A set and its convex hull

Proof. According to the definition of convex hull there exists a finite subset
B of A such that = € cvx B. Choose such a subset B = {by,bs, ..., b, } with
as few elements as possible. By the minimality assumption, x = Z;n:l Ajb;
with 377" Aj = 1 and A; > 0 for all j.

Let ¢; = b; = b, for j =1, 2, ..., m — 1. We will show that the
set C = {c1,¢o,...,Cm_1} is a linearly independent subset of R"™, and this
obviously implies that m <n + 1.

Suppose on the contrary that the set C' is linearly dependent. Then there

m

exist real numbers p;, not all of them equal to 0, such that J:_ll pic; = 0.
Now let p,, = — Z;n:_f f1j; then 7%, iy = 0 and 377 p;b; = 0. Moreover,
at least one of the m numbers iy, po, . . ., fh, is positive.

vu---v---v----v---vu---v---vv--vv--vv---v---ov--vv--vv--ovv--vv-cvv-cov-coAlcateluLUcent 0
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Consider the numbers v; = \; — tu; for ¢ > 0. We note that

m m m

Zyj:Z)\j—tZﬂjzl and Zl/jbj:Z)\jbj—tZ,ujbj:x.
j=1 j=1 j=1

Jj=1 J=1 Jj=1

Moreover, v; > A; > 01if p; < 0, and v; > 0if pg; > 0 and ¢ < \;/p;.
Therefore, by choosing ¢ as the smallest number of the numbers \;/p; with
positive denominator p;, we obtain numbers v; such that v; > 0 for all j and
vj, = 0 for at least one index jy. This means that x is a convex combination
of elements in the set B\ {b; }, which consists of m — 1 elements. This
contradicts the minimality assumption concerning the set B, and our proof
by contradiction is finished. O]

2.5 Topological properties

Closure

Theorem 2.5.1. The closure c1 X of a convex set X is convexr.

Proof. We recall that c1 X = (,_,X(r), where X (r) denotes the set of all
points whose distance from X is less than . The sets X (r) are convex when
the set X is convex (see Example 2.3.3), and an intersection of convex sets
is convex. [

Interior and relative interior

The interior of a convex set may be empty. For example, line segments in
R"™ have no interior points when n > 2. A necessary and sufficient condition
for nonempty interior is given by the following theorem.

Theorem 2.5.2. A convez subset X of R™ has interior points if and only if
dim X =n.

Proof. Tf X has an interior point a, then there exists an open ball B = B(a;r)
around a such that B C X, which implies that dim X > dim B = n, i.e.
dim X =n.

To prove the converse, let us assume that dim X = n; we will prove that
int X # (). Since the dimension of a set is invariant under translations and
int (a + X) = a + int X, we may assume that 0 € X.

Let {ay,as, ..., a,} be amaximal set of linearly independent vectors in X;
then X is a subset of the linear subspace of dimension m which is spanned by
these vectors, and it follows from the dimensionality assumption that m = n.
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The set X contains the convex hull of the vectors 0, a1, as, .. ., a, as a subset,
and, in particular, it thus contains the nonempty open set

{/\1a1+)\2a2+-~-+)\nan ’ O<M+--+A< 1, A1 >O,...,)\n>0}.
All points in this latter set are interior points of X, so int X # (). O

A closed line segment [a,b] in the two-dimensional space R? has no in-
terior points, but if we consider the line segment as a subset of a line and
identify the line with the space R, then it has interior points and its interior
is equal to the corresponding open line segment |a, b[. A similar remark holds
for the convex hull T' = cvx{a, b, ¢} of three noncolinear points in three-space;
the triangle T has interior points when viewed as a subset of R?, but it lacks
interior points as a subset of R3. This conflict is unsatisfactory if we want a
concept that is independent of the dimension of the surrounding space, but
the dilemma disappears if we use the relative topology that the affine hull of
the set inherits from the surrounding space R™.

Definition. Let X be an m-dimensional subset of R", and let V' denote the
affine hull of X, i.e. V is the m-dimensional affine set that contains X.

A point x € X is called a relative interior point of X if there exists an
r > 0 such that B(z;7) NV C X, and the set of all relative interior points
of X is called the relative interior of X and is denoted by rint X.

A point z € R" is called a relative boundary point of X if, for every r > 0,
the intersection B(x;r) NV contains at least one point from X and at least
one point from V' \ X. The set of all relative boundary points is called the
relative boundary of X and is denoted by rbdry X.

The relative interior of X is obviously a subset of X, and the relative
boundary of X is a subset of the boundary of X. It follows that

rint X Urbdry X € X Ubdry X = cl X.
Conversely, if x is a point in the closure cl X, then for each r > 0
B(z,r )NV NX = B(z,r)N X # 0.

Thus, x is either a relative boundary point or a relative interior point of X.
This proves the converse inclusion, and we conclude that

rint X Urbdry X = cl X,

or equivalently, that
rbdry X = cl X \ rint X.
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It follows from Theorem 2.5.2, with R"™ replaced by aff X, that every
nonempty convex set has a nonempty relative interior.

Note that the relative interior of a line segment [a, b] is the corresponding
open line segment |a, b[, which is consistent with calling |a,b[ an open seg-
ment. The relative interior of a set {a} consisting of just one point is the set
itself.

Theorem 2.5.3. The relative interior rint X of a convexr set X is conver.

Proof. The theorem follows as a corollary of the following theorem, since
rint X C cl X. O

Theorem 2.5.4. Suppose that X is a conver set, that a € rint X and that
b e clX. The entire open line segment |a,b| is then a subset of rint X.

Proof. Let V = aff X denote the affine set of least dimension that includes
X, and let ¢ = Aa + (1 — A\)b, where 0 < A < 1, be an arbitrary point on the
open segment |a, b[. We will prove that ¢ is a relative interior point of X by
constructing an open ball B which contains ¢ and whose intersection with V'
is contained in X.

/
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Figure 2.6. Illustration of the proof of Theorem 2.5.4.
The convex hull of the ball B(a;r) and the point b’ forms
a ”cone” with nonempty interior that contains the point c.

To this end, we choose r > 0 such that B(a;7) NV C X and a point
b € X such that ||’ — b|| < Ar/(1 — N); this is possible since a is a relative
interior point of X and b is a point in the closure of X. Let
B = AB(a;r)+ (1 = AV,
and observe that B = B(Aa + (1 — A\)b’; A\r). The open ball B contains the
point ¢ because

le = (Aa+ (1 =N = [[(1 =26 =) = 1 = N)[b =V < Ar.

Moreover, BNV = A(B(a;r)NV)+ (1 =X CAX + (1 — )X C X, due
to convexity. This completes the proof. O]

Theorem 2.5.5. Let X be a convex set. Then
(i) cl (rint X) = cl X;
(i1) rint (cl X') = rint X;
(111) rbdry (cl X') = rbdry (rint X') = rbdry X.

Proof. The equalities in (iii) for the relative boundaries follow from the other
two and the definition of the relative boundary.

The inclusions cl (rint X') C ¢l X and rint X C rint (cl X') are both trivial,
because it follows, for arbitrary sets A and B, that A C B impliescl A C cl B
and rint A C rint B.

It thus only remains to prove the two inclusions

cl X Cecl(rint X) and rint (cl X) C rint X.

So fix a point zy € rint X.
If z € cl X, then every point on the open segment |xg, z| lies in rint X, by
Theorem 2.5.4, and it follows from this that the point x is either an interior
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point or a boundary point of rint X, i.e. a point in the closure cl (rint X).
This proves the inclusion c1 X C cl (rint X).

To prove the remaining inclusion rint (cl X') C rint X we instead assume
that « € rint (cl X) and define y; = (1 — t)xg + tx for t > 1. Since y; — =
as t — 1, the points y; belong to cl X for all ¢ sufficiently close to 1. Choose
a number ¢, > 1 such that y,, belongs to cl X. According to Theorem 2.5.4,
all points on the open segment |xg, y;,[ are relative interior points in X, and
x is such a point since x = %yto + (1 - %)xo. This proves the implication
x € rint (cl X)) = x € rint X, and the proof is now complete. O

Compactness

Theorem 2.5.6. The convex hull cvx A of a compact subset A in R"™ is com-
pact.

Proof. Let S = {X € R™ | A, dg, ..o At > 0, 2070 N; = 1}, and let
f:SxR"X R"x---x R" = R" be the function

n+1

f(/\, T1,T9y ... ,J]n+1) = Z )‘jxj‘
j=1

The function f is of course continuous, and the set S is compact, since it is
closed and bounded. According to Theorem 2.4.2; every element x € cvx A
can be written as a convex combination z = Z;L;rll Aja; of at most n + 1
elements ay, as,...,a,.1 from the set A. This means that the convex hull
cvx A coincides with the image f(Sx AXx Ax---x A) under f of the compact
set S x Ax Ax---x A. Since compactness is preserved by continuous

functions, we conclude that the convex hull cvx A is compact. O

2.6 Cones

Definition. Let x be a point in R" different from 0. The set
7 ={\x| >0}

is called the ray through x, or the halfline from the origin through .
A cone X in R" is a non-empty set which contains the ray through each
of its points.

A cone X is in other words a non-empty set which is closed under multi-
plication by nonnegative numbers, i.e. which satisfies the implication

reX,A>0= \r e X.
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In particular, all cones contain the point 0.

We shall study convex cones. Rays and linear subspaces of R™ are convex
cones, of course. In particular, the entire space R"™ and the trivial subspace
{0} are convex cones. Other simple examples of convex cones are provided
by the following examples.

EXAMPLE 2.6.1. A closed halfspace {z € R" | (¢,z) > 0}, which is bounded
by a hyperplane through the origin, is a convex cone and is called a conic
halfspace.

The union {x € R" | (¢,z) > 0} U {0} of the corresponding open half-
space and the origin is also a convex cone. O]

EXAMPLE 2.6.2. The nonnegative orthant
R} ={z=(z1,...,2,) e R" |2, >0,...,2, >0}

in R" is a convex cone. O

> Apply now
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Definition. A cone that does not contain any line through 0, is called a proper
I
cone.

That a cone X does not contain any line through 0 is equivalent to the
condition
r,—reX = xr=0.

In other words, a cone X is a proper cone if and only if X N (—X) = {0}.

il N

N/

0 0

Figure 2.7. A plane cut through two proper convex cones in R?

Closed conic halfspaces in R™ are non-proper cones if n > 2. The non-
negative orthant R’ is a proper cone. The cones {x € R" | (c,x) > 0} U{0}
are also proper cones.

We now give two alternative ways to express that a set is a convex cone.

Theorem 2.6.1. The following three conditions are equivalent for a nonempty
subset X of R™:

(1) X is a convex cone.

(i1) X is a cone and x +y € X for all z,y € X.
(11i) A\x + py € X for alla z,y € X and all \,u € Ry

Proof. (i) = (ii): If X is a convex cone and z,y € X, then z = 1z + 1y

belongs to X because of convexity, and = + y (= 2z) belongs to X since X
is cone.

(i) = (iii): If (ii) holds, z,y € X and A, u € R, then Az and uy belong to
X by the cone condition, and Ax + py € X by additivity.

(iii) = (i): If (iii) holds, then we conclude that X is a cone by choosing y = =

and p = 0, and that the cone is convex by choosing A + 1 = 1. O]
Definition. A linear combination 27:1 Ajx; of vectors x1, 2, ..., 2, in R”
is called a conic combination if all coefficients A\i, A, ..., A\, are nonnegative.
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Theorem 2.6.2. A convexr cone contains all conic combinations of its ele-
ments.

Proof. Follows immediately by induction from the characterization of convex
cones in Theorem 2.6.1 (iii). O

Cone preserving operations

The proofs of the four theorems below are analogous to the proofs of the cor-
responding theorems on convex sets, and they are therefore left as exercises.

Theorem 2.6.3. Let T: R™ — R™ be a linear map.
(i) The image T(X) of a convex cone X in R™ is a convex cone.
(ii) The inverse image T=*(Y) of a convex cone in R™ is a convex cone.

Theorem 2.6.4. The intersection ()
cones X; in R™ is a convex cone.

we1 Xi of an arbitrary family of convex

Theorem 2.6.5. The Cartesian product X XY of two convexr cones X and
Y is a convex cone.

Theorem 2.6.6. The sum X +Y of two convex cones X and Y in R" is a
convex cone, and —X 1s a convex cone if X 1s a convexr cone.

EXAMPLE 2.6.3. An intersection

X =({zeR"| (¢ z)>0}
i=1
of finitely many closed conic halfspaces is called a polyhedral cone or a conic
polyhedron.
By defining C as the m x n-matrix with rows ¢!, i =1,2,...,m, we can
write the above polyhedral cone X in a more compact way as

X ={z e R"|Czx >0}

A polyhedral cone is in other words the solution set of a system of homoge-
neous linear inequalities. O]

Conic hull

Definition. Let A be an arbitrary nonempty subset of R"™. The set of all
conic combinations of elements of A is called the conic hull of A, and it is
denoted by con A. The elements of A are called generators of con A.

We extend the concept to the empty set by defining con ) = {0}.
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Theorem 2.6.7. The set con A is a convex cone that contains A as a subset,
and it is the smallest convex cone with this property, i.e. if X is a convex
cone and A C X, then con A C X.

Proof. A conic combination of two conic combinations of elements from A
is clearly a new conic combination of elements from A, and hence con A
is a convex cone. The inclusion A C con A is obvious. Since a convex cone
contains all conic combinations of its elements, a convex cone X that contains
A as a subset must in particular contain all conic combinations of elements
from A, which means that con A is a subset of X. ]

Theorem 2.6.8. Let X = con A be a cone in R™, Y = con B be a cone in
R™ and T: R™ — R™ be a linear map. Then
(i) T(X)=conT(A);
(1) X xY =con((4 x {0}) U ({0} x B));
), X+Y =con(AUB), provided that m = n so that the sum X +Y
1s well-defined.

o
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Proof. (i) The cone X consists of all conic combinations z = »7_, Aja; of
elements a; in A. For such a conic combination Tz = Zé’:l AjTa;. The
image cone T'(X) thus consists of all conic combinations of the elements
Ta; € T(A), which means that T(X) = conT(A).

(ii) The cone X x Y consists of all pairs (z,y) = (Z§:1 Ajaj, ot pbr)
of conic combinations of elements in A and B, respectively. But

(z,y) =D Ai(a;,0) + ) (0, by,
j=1 k=1

and hence (x,y) is a conic combination of elements in (A x {0}) U ({0} x B),
that is (z,y) is an element of the cone Z = con((A x {0}) U ({0} x B)). This
proves the inclusion X x Y C Z.

The converse inclusion Z C X x Y follows at once from the trivial in-
clusion (A x {0}) U ({0} x B) € X x Y, and the fact that X x YV is a
cone.

(iii) A typical element of X + Y has the form Y7 | Aja; + D70 _, puby,
which is a conic combination of elements in AU B. This proves the assertion.

O

Finitely generated cones

Definition. A convex cone X is called finitely generated if X = con A for
some finite set A.

EXAMPLE 2.6.4. The nonnegative orthant R} is finitely generated by the
standard basis e, es, ..., e, of R". O

Theorem 2.6.8 has the following immediate corollary.

Corollary 2.6.9. Cartesian products X XY, sums X +Y and images T(X)
under linear maps T of finitely generated cones X and Y, are themselves
finitely generated cones.

Intersections X NY and inverse images T~ (Y) of finitely generated cones
are finitely generated, too, but the proof of this fact has to wait until we
have shown that finitely generated cones are polyhedral, and vice versa. See
Chapter 5.

Theorem 2.6.10. Suppose that x € con A, where A is a subset of R". Then
x € conB for some linearly independent subset B of A. The number of
elements in B 1s thus at most equal to n.
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Proof. Since x is a conic combination of elements of A, x is per definition a
conic combination of finitely many elements chosen from A. Now choose a
subset B of A with as few elements as possible and such that x € con B. We
will prove that the set B is linearly independent.

If B =0 (ie if z = 0), then we are done, because the empty set is
linearly independent. So assume that B = {b1,bs,...,b,}, where m > 1.
Then = 77", \;bj, where each )\; > 0 due to the minimality assumption.

We will prove our assertion by contradiction. So, suppose that the set
B is linearly dependent. Then there exist scalars pq, o, ..., tm, at least
one of them being positive, such that Z;n:1 w;b; = 0, and it follows that
x =" (N — tuy)b; for all t € R.

Now let ¢y = min \;/p;, where the minimum is taken over all indices such
that p; > 0, and let jo be an index where the minimum is achieved. Then
Aj —top; > 0 for all indices 7, and Aj, —topj, = 0. This means that x belongs
to the cone generated by the set B\ {bj, }, which contradicts the minimality
assumption about B. Thus, B is linearly independent. O

Theorem 2.6.11. Every finitely generated cone is closed.

Proof. Let X be a finitely generated cone in R" so that X = con A for some
finite set A.

We first treat the case when A = {ay, as, ..., a,} is a linearly independent
set. Then m < n, and it is possible to extend the set A, if necessary, with
vectors 41, ..., a, to a basis for R™. Let (¢;(z),c2(x), ..., c,(z)) denote
the coordinates of the vector x with respect to the basis aq,ao,...,a,, so
that z = 37 | ¢j(z) a;. The coordinate functions c;(z) are linear forms on
R"™.

A vector x belongs to X if and only if x is a conic combination of the
first m basis vectors, and this means that

X={zeR"|c(x)>0,...,cn(x) >0, cppy1(z) = -+ = c,(x) = 0}.

We conclude that X is equal to the intersection of the closed halfspaces
{r € R" | ¢j(z) > 0}, 1 < j < m, and the hyperplanes {z € R" | ¢;(x) = 0},
m + 1 < j <n. This proves that X is a closed cone in the present case and
indeed a polyhedral cone.

Let us now turn to the general case. Let A be an arbitrary finite set.
By the previous theorem, there corresponds to each x € con A a linearly
independent subset B of A such that x € con B, and this fact implies that
con A = | con B, where the union is to be taken over all linearly independent
subsets B of A. Of course, there are only finitely many such subsets, and
hence con A is a union of finitely many cones con B, each of them being
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closed, by the first part of the proof. A union of finitely many closed sets is
closed. Hence, con A is a closed cone. O

2.7 The recession cone

The recession cone of a set consists of the directions in which the set is
unbounded and in this way provides information about the behavior of the
set at infinity. Here is the formal definition of the concept.

Definition. Let X be a subset of R™ and let v be a nonzero vector in R".
We say that the set X recedes in the direction of v and that v is a recession
vector of X if X contains all halflines with direction vector v that start from
an arbitrary point of X.

The set consisting of all recession vectors of X and the zero vector is called
the recession cone and is denoted by recc X. Hence, if X is a nonempty set
then

reccX ={veR"|z+tve X forall z € X and all t > 0},

whereas recc ) = {0}.
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a a

a

Figure 2.8. Three convex sets X and the corresponding translated
recession cones a + recc X.

Theorem 2.7.1. The recession cone of an arbitrary set X is a convexr cone
and
X =X +recc X.

Proof. That recc X is a cone follows immediately from the very definition of
recession cones, and the same holds for the inclusion X 4 recc X C X. The
converse inclusion X C X +Y is trivially true for all sets Y containing 0 and
thus in particular for the cone recc X.

If v and w are two recession vectors of X, z is an arbitrary point in X and
t is an arbitrary positive number, then first x4 tv belongs to X by definition,
and then z + t(v + w) = (z + tv) + tw belongs to X. This means that the
sum v 4+ w is also a recession vector. So the recession cone has the additivity
property v,w € recc X = v+ w € recc X, which implies that the cone is
convex according to Theorem 2.6.1. O

EXAMPLE 2.7.1. Here are some simple examples of recession cones:

recc(R4 x [0,1]) = recc(R; % ]0,1]) = Ry x {0},

rece(Ry x 10, 1{U{(0,0)}) = {(0,0)},

recc{z € R? | 27 + 23 < 1} = {(0,0)},

recc{r € R* | 1o > 27} = {0} x R,

recc{z € R* | zy > 1/xy, z; > 0} = R%. O

The computation of the recession cone of a convex set is simplified by the
following theorem.

Theorem 2.7.2. A wvector v is a recession vector of a nonempty conver set
X if and only if t +v € X forallxz € X.

Proof. 1f v is a recession vector, then obviously z + v € X for all x € X.
To prove the converse, assume that x +v € X for all x € X, and let x
be an arbitrary point in X. Then, x + nv € X for all natural numbers n,
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by induction, and since X is a convex set, we conclude that the closed line
segment [z, z+nv] lies in X for all n. Of course, this implies that x +tv € X
for all positive numbers ¢, and hence v is a recession vector of X. ]

Corollary 2.7.3. If X is a convex cone, then recc X = X.

Proof. The inclusion recc X C X holds for all sets X containing 0 and thus
in particular for cones X. The converse inclusion X C recc X is according to
Theorem 2.7.2 a consequence of the additivity property x,v € X = z+v € X
for convex cones. O

EXAMPLE 2.7.2. recc R2 = R3, recc(R%,U{(0,0)}) = R2,U{(0,0)}. O

The recession vectors of a closed convex set are characterized by the
following theorem.

Theorem 2.7.4. Let X be a nonempty closed convex set. The following three
conditions are equivalent for a vector v.

(1) v is a recession vector of X.
(ii) There exists a point x € X such that x +nv € X for alln € Z,.
(111) There exist a sequence (x,)3° of points x,, in X and a sequence (A\,)5°
of positive numbers such that A\, — 0 and \,x, — v as n — oo.

Proof. (i) = (ii): Trivial, since z+tv € X forallz € X and all t € Ry, if v
is a recession vector of X.

(ii) = (iii): If (ii) holds, then condition (iii) is satisfied by the points x,, =
x + nv and the numbers A\, = 1/n.

(iii) = (i): Assume that (z,)° and (\,)$° are sequences of points in X and
positive numbers such that A\, — 0 and \,z,, — v as n — 00, and let x be
an arbitrary point in X. The points z, = (1 — \,))x + A, x,, then lie in X for
all sufficiently large n, and since z, — x +v as n — oo and X is a closed

set, it follows that x +v € X. Hence, v is a recession vector of X according
to Theorem 2.7.2. O

Theorem 2.7.5. The recession cone recc X of a closed convexr set X is a
closed convex cone.

Proof. The case X = () is trivial, so assume that X is a nonempty closed
convex set. To prove that the recession cone recc X is closed, we assume that
v is a boundary point of the cone and choose a sequence (v,,)5° of recession
vectors that converges to v as n — oo. If x is an arbitrary point in X,
then the points x 4+ v, lie in X for each natural number n, and this implies
that their limit point x 4+ v lies in X, since X is a closed set. Hence, v is a
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recession vector, i.e. v belongs to the recession cone recc X. This proves that
the recession cone contains all its boundary points. O]

Theorem 2.7.6. Let {X; | i € I} be a family of closed convex sets, and as-
sume that their intersection is nonempty. Then recc((),c; Xi) = (;e; rece X;.

Proof. Let o be a point in (), X;. By Theorem 2.7.4, v € recc((), X;) if and
only if x¢ + nv lies in X; for all positive integers n and all ¢ € I, and this
holds if and only if v € recc X; for all ¢ € I. m

The recession cone of a polyhedron is given by the following theorem.

Theorem 2.7.7. If X = {z € R™ | Cx > b} is a nonempty polyhedron, then
reccX = {zx € R" | Cxz > 0}.

Proof. The recession cone of a closed halfspace is obviously equal to the cor-
responding conical halfspace. The theorem is thus an immediate consequence
of Theorem 2.7.6. O

Note that the recession cone of a subset Y of X can be bigger than the
recession cone of X. For example,

recc RZ, = RY D R, U{(0,0)} = recc(RZ_ U{(0,0)}).

[ ]
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However, this cannot occur if the superset X is closed.

Theorem 2.7.8. (i) Suppose that X is a closed convex set and that Y C X.
Then reccY C recc X.

(i) If X is a convex set, then recc(rint X') = recc(cl X).

Proof. (i) The case Y = () being trivial, we assume that Y is a nonempty
subset of X and that y is an arbitrary point in Y. If v is a recession vector of
Y, then y+ nv are points in Y and thereby also in X for all natural numbers
n. We conclude from Theorem 2.7.4 that v is a recession vector of X.

(ii) The inclusion recc(rint X) C recc(cl X) follows from part (i), because
cl X is a closed convex subset.

To prove the converse inclusion, assume that v is a recession vector of
cl X, and let  be an arbitrary point in rint X. Then x + 2v belongs to cl X,
so it follows from Theorem 2.5.4 that the open line segment |x,x + 2v[ is
a subset of rint X, and this implies that the point  + v belongs to rint X.
Thus, x € rint X = x + v € rint X, and we conclude from Theorem 2.7.2
that v is a recession vector of rint X. O]

Theorem 2.7.9. Let X be a closed convex set. Then X is bounded if and
only if recc X = {0}.

Proof. Obviously, recc X = {0} if X is a bounded set. So assume that X
is unbounded. Then there exists a sequence (z,,)5° of points in X such that
||z, || = oo as m — oo. The bounded sequence (z,/||x,||)° has a convergent
subsequence, and by deleting elements, if necessary, we may as well assume
that the original sequence is convergent. The limit v is a vector of norm 1,
which guarantees that v # 0. With A, = 1/||x,|| we now have a sequence
of points z,, in X and a sequence of positive numbers A, such that A\, — 0
and \,r, — v as n — oo, and this means that v is a recession vector of X

according to Theorem 2.7.4. Hence, recc X # {0}. ]

Definition. Let X be an arbitary set. The intersection recc X N (—recc X) is
a linear subspace, which is called the recessive subspace of X and is denoted
lin X.

A closed convex set is called line-free if lin X = {0}. The set X is in
other words line-free if and only if recc X is a proper cone.

If X is a nonempty closed convex subset of R™ and x € X is arbitrary,
then clearly

linX ={r € R"|a+tre X forall t € R}.
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The image T'(X) of a closed convex set X under a linear map T is not
necessarily closed. A counterexample is given by X = {x € R% | xy29 > 1}
and the projection T'(xy,x5) = x; of R? onto the first factor, the image being
T(X) =]0,00[. The reason why the image is not closed in this case is the
fact that X has a recession vector v = (0, 1) which is mapped on 0 by 7'

However, we have the following general result, where N'(T') denotes the
null space of the map 7', i.e. N(T) = {z | Tz = 0}.

Theorem 2.7.10. Let T: R™ — R™ be a linear map, let X be a closed convex
subset of R", and suppose that

N(T)Nrece X C lin X.
The image T'(X) is then a closed set, and
recc T'(X) = T'(recc X).

In particular, the image T'(X) is closed if X is a closed convez set and
x = 0 s the only vector in recc X such that T'x = 0.

Proof. The intersection
L=N(T)Nlin X = N(T) Nrecc X

is a linear subspace of R™. Let L+ denote its orthogonal complement. Then
X=XNL+XnNL* and

T(X)=T(XNL"),

since T'r = 0 for all z € L.

Let y be an arbitrary boundary point of the image T'(X). Due to the
equality above, there exists a sequence (1,)$° of points x, € X N L* such
that lim, .o Tz, = y.

We claim that the sequence (z,);° is bounded. Assume the contrary.
The sequence (x,,);° has then a subsequence (z,,)7° such that ||z, | — oo
as k — oo and the bounded sequence (z,, /||zn, ||)7° converges. The limit v
is, of course, a vector of norm 1 in the linear subspace L*. Moreover, since
T, € X and 1/||z,, || — 0, it follows from Theorem 2.7.4 that v € recc X.
Finally,

To = lim T(ay, /) = lim |20, ]| T, =0y =0,
— 00 k—o0

and hence v belongs to N(T), and thereby also to L. This means that
v € LN L*, which contradicts tha fact that v # 0, since L N L+ = {0}.
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The sequence (z,,)5° is thus bounded. Let (z,,)7° be a convergent subse-
quence, and let x = limy_,o 2, . The limit z lies in X since X is closed, and
y = limg_,oo T, = T, which implies that y € T'(X). This proves that the
image T'(X) contains its boundary points, so it is a closed set.

The inclusion T'(recc X)) C recc T'(X) holds for all sets X. To prove this,
assume that v is a recession vector of X and let y be an arbitrary point in
T(X). Then y = Tz for some point = € X, and since x+tv € X for allt > 0
and y + tTv = T(x + tv), we conclude that the points y + tTv lie in T'(X)
for all ¢ > 0, and this means that T is a recession vector of T'(X).

To prove the converse inclusion recc T'(X) C T'(recc X) for closed convex
sets X and linear maps 7" fulfilling the assumptions of the theorem, we assume
that w € reccT'(X) and shall prove that there is a vector v € recc X such
that w = T'v.

We first note that there exists a sequence (y,)3° of points y, € T(X) and
a sequence (\,)7° of positive numbers such that A\, — 0 and \,y, — w as
n — 0o. For each n, choose a point z,, € X N L+ such that y, = T(z,).

The sequence (A\,z,)7° is bounded. Because assume the contrary; then
there is a subsequence such that ||\, @, || = co and (z,, /||z,, ||)° converges
to a vector z as k — oo. It follows from Theorem 2.7.4 that z € recc X,
because the z,, are pointsin X and ||z, | — oo as k — oco. The limit z
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belongs to the subspace L*, and since
= klggo )\nkynk/yl)\nkxnk” =0-w=0,
we also have z € N(T)Nrecc X = L. Hence, 2 € LN Lt = {0}, which
contradicts the fact that ||z|| = 1.
The sequence (\,x,)°, being bounded, has a subsequence that converges

to a vector v, which belongs to recc X according to Theorem 2.7.4. Since
T(Anxyn) = A\nyn — w, we conclude that Tv = w. Hence, w € T'(recc X). O

Theorem 2.7.11. Let X and Y be nonempty closed convex subsets of R™ and
suppose that

rerecc X &yecreccY &r+y=0 = zeclinX &yelinY.
The sum X +Y 1is then a closed convex set and
recc(X +Y) = recc X + reccY.

Remark. The assumption of the theorem is fulfilled if recc X and —reccY
have no common vector other than the zero vector.

Proof. Let T: R™ x R™ — R" be the linear map T'(z,y) = z +y. We leave
as an easy exercise to show that recc(X x Y) = recc X x reccY and that
lin(XxY) =1lin X xlinY. Since N(T) = {(z,y) | z+y = 0}, the assumption
of the theorem yields the inclusion N(T') Nrece(X x Y) C lin(X x Y), and
it now follows from Theorem 2.7.10 that 7'(X x Y), i.e. the sum X + Y, is
closed and that

recc(X +Y) =reccT(X xY) =T(recc(X xY)) =T(recc X x reccY)
=recc X +reccY. ]

Corollary 2.7.12. The sum X +Y of a nonempty closed conver set X and
a nonempty compact convex set'Y is a closed convex set and

recc(X +Y) = recc X.

Proof. The assumptions of Theorem 2.7.11 are trivially fulfilled, because
reccY = {0}. O

Theorem 2.7.13. Suppose that C' is a closed convex cone and that'Y is a
nonempty compact convex set. Then recc(C' +Y) = C.

Proof. The corollary is a special case of Corollary 2.7.12 since reccC' = C'. [
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Exercises

2.1

2.2

2.3
2.4

2.5
2.6

2.7

2.8

2.9
2.10

2.11

2.12

Prove that the set {x € R% | z122 > a} is convex and, more generally, that
the set {x € R} | 122+ -z, > a} is convex.
Hint: Use the inequality a:g\yil_)‘ < Az; + (1 — \)y;; see Theorem 6.4.1.

Determine the convex hull cvx A for the following subsets A of R?:
a) A={(0,0),(1,0),(0,1)} b) A={z € R?| ||z =1}
¢) A={x e R? | z1z2 =1} U {(0,0)}.

Give an example of a closed set with a non-closed convex hull.

Find the inverse image P~!(X) of the convex set X = {z € R% | z125 > 1}
under the perspective map P: R? x R, — R2.

Prove that the set {z € R"* | (327 x2)1/2 < Zp41} is a cone.

J=1"j
Let eq,es,...,e, denote the standard basis in R" and let eg = — Z? ej.
Prove that R" is generated as a cone by the n 4 1 vectors eg, e1,ea,...,e,.

Prove that each conical halfspace in R" is the conic hull of a set consisting
of n + 1 elements.

Prove that each closed cone in R? is the conic hull of a set consisting of at
most three elements.

Prove that the sum of two closed cones in R? is a closed cone.
Find recc X and lin X for the following convex sets:
a) X ={r € R?| —x1 + 22 <2, 21 + 219 > 2, 35 > —1}
b) X ={z€R?| —21+29 <2, 21 +229 < 2, 29 > —1}
c) X ={rcR3| 221 + 2+ 23 <4, 21+ 222 + 73 < 4}
d) X={recR?|2?-23>1, 1 >0}
Let X and Y be arbitrary nonempty sets. Prove that
recc(X x Y) =recc X x reccY

and that
lin(X xY)=1linX xlinY.

Let P: R™ x Ry4 — R"™ be the perspective map. Suppose X is a convex
subset of R", and let ¢(X) = P~1(X) U {(0,0)}.
a) Prove that ¢(X) is a cone and, more precisely, that ¢(X) = con(X x {1}).
b) Find an explicit expression for the cones ¢(X) and cl(c(X)) if

(i) n=1and X = [2,3];

(i) n=1and X = [2,00];

(iii) n =2 and X = {x € R? | 1 > 23}.
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¢) Find ¢(X) if X = {& € R" | ||z|| < 1} and ||-|| is an arbitrary norm on
R".
d) Prove that cl(c(X)) = ¢(cl X) U (recc(cl X ) x {0}).
e) Prove that cl(¢(X)) = ¢(cl X) if and only if X is a bounded set.
f) Prove that the cone ¢(X) is closed if and only if X is compact.
213 Y ={z e R® |zyo3 > 23, 23 >0} U{z € R® |21 > 0, 1y =23 =0} is a
closed cone. (Cf. problem 2.12 b) (iii)). Put
Z={xcR3| 21 <0, x93 =x3=0}
Show that
Y+Z={zeR?| 23>0}U{reR3|z=0a35=0},
with the conclusion that the sum of two closed cones in R? is not necessarily
a closed cone.

2.14 Prove that the sum X + Y of an arbitrary closed set X and an arbitrary
compact set Y is closed.
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Chapter 3

Separation

3.1 Separating hyperplanes

Definition. Let X and Y be two sets in R”. We say that the hyperplane H
separarates the two sets if the following two conditions' are satisfied:

(i) X is contained in one of the two opposite closed halvspaces defined by
H and Y is contained in the other closed halfspace;
(ii) X and Y are not both subsets of the hyperplane H.

The separation is called strict if there exist two parallell hyperplanes to
H. one on each side of H, that separates X and Y.

The hyperplane H = {z | (¢, z) = b} thus separates the two sets X and
Y, if (c,z) <b < {c,y) forall z € X and all y € Y and (¢, x) # b for some
element r € X UY.

The separation is strict if there exist numbers b; < b < by such that

(c,x) <by <by<{(c,y)forallz e X,yeY.

g4

Y

Figure 3.1. A strictly separating hyperplane H
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The existence of separating hyperplanes is in a natural way connected to
extreme values of linear functions.

Theorem 3.1.1. Let X and Y be two nonempty subsets of R™.
(1) There exists a hyperplane that separates X and Y if and only if there
exists a vector ¢ such that

sup(c, z) < inf (c, and  inf (c,x) < sup{c,y).
sup(c, z) < inf{c,y) Inf{e,) < suple,y)
(i1) There ezists a hyperplane that separates X and Y strictly if and only if
there exists a vector ¢ such that

sup(c, x) < inf (c,y).

suple, ) < inf ()
Proof. A vector ¢ that satisfies the conditions in (i) or (ii) is nonzero, of
course.

Suppose that ¢ satisfies the conditions in (i) and choose the number b
so that sup,cy(c,z) < b <inf ey (c,y). Then (¢,x) < b for all z € X and
(c,y) > b for all y € Y. Moreover, (c,z) # b for some x € X UY because
of the second inequality in (i). The hyperplane H = {z | (¢,x) = b} thus
separates the two sets X and Y.

If ¢ satisfies the condition in (ii), we choose instead b so that

SUP,ex (C, x) < b < infyey(c,y),

and now conclude that the hyperplane H separates X and Y strictly.

Conversely, if the hyperplane H separates X and Y, then, by changing the
signs of ¢ and b if necessary, we may assume that (c,z) < b for all x € X and
(c,y) > bforally € Y, and this implies that sup,cx(c,z) < b < inf ey (c,y).
Since H does not contain both X and Y, there are points 1 € X andy; € Y
with (¢, 1) < (¢, y1), and this gives us the second inequality in (i).

If the separation is strict, then there exist two parallel hyperplanes H; =
{z | {¢,z) = b;} with by < b < by that separate X and Y. Assuming that X
lies in the halfspace {x | (¢,z) < b1} , we conclude that

SUp,ex(c, ) < by <b<by <infyey(c,y),

i.e. the vector c satisfies the condition in (ii). O

The following simple lemma reduces the problem of separating two sets
to the case when one of the sets consists of just one point.

Lemma 3.1.2. Let X and Y be two nonempty sets.
(i) If there exists a hyperplane that separates 0 from the set X —Y, then
there exists a hyperplane that separates X and Y .
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(i) If there exists a hyperplane that strictly separates O from the set X =Y,
then there exists a hyperplane that strictly separates X and Y .

Proof. (i) If there exists a hyperplane that separates 0 from X — Y then by
Theorem 3.1.1 there exists a vector ¢ such that

e < 1 — e 1 —
0={c0) < inf (cz—y) =inf{c2) 21615<c,y>

0=1{(c,0) < sup (c,x—y)=sup(c,z)— inf(c,y)
zeX,yey reX yey

i.e. sup,cy(c,y) < infrex(c,z) and infyey(c,y) < sup,cx(c,z), and we con-
clude that there exists a hyperplane that separates X and Y.

(ii) If instead there exists a hyperplane that strictly separates 0 from
X — Y, then there exists a vector ¢ such that

0= (00 < inf_ (e:e =) = inf (o) — sup(ey)
and it now follows that sup,cy(c,y) < infzex (¢, ), which shows that ¥ and

X can be strictly separated by a hyperplane. O

Our next theorem is the basis for our results on separation of convex sets.
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Theorem 3.1.3. Suppose X is a convex set and that a ¢ cl X. Then there
exists a hyperplane H that strictly separates a and X .

Proof. The set cl X is closed and convex, and a hyperplane that strictly
separates a and cl X will, of course, also strictly separate a and X, since X
is a subset of cl X. Hence, it suffices to prove that we can strictly separate a
point a from each closed convex set that does not contain the point.

We may therefore assume, without loss of generality, that the convex set
X is closed and nonempty. Define d(z) = ||z — a|?, i.e. d(x) is the square
of the Euclidean distance between x and a. We start by proving that the
restriction of the continuous function d(-) to X has a minimum point.

To this end, choose a positive real number r so big that the closed ball
B(a;r) intersects the set X. Then d(z) > r? for all x € X \ B(a;r), and
d(r) < r? for all ¥ € X N B(a;r). The restriction of d to the compact set
X N B(a;r) has a minimum point zy € X N B(a;r), and this point is clearly
also a minimum point for d restricted to X, i.e. the inequality d(x¢) < d(x)
holds for all x € X.

Now, let ¢ = a — zp. We claim that (¢,x — zo) < 0 for all z € X.
Therefore, assume the contrary, i.e. that there is a point z; € X such that
(¢, 21 — x0) > 0. We will prove that this assumption yields a contradiction.

Consider the points x; = tz1+(1—t)z. They belong to X when 0 <¢ <1
because of convexity. Let f(t) = d(z;) = ||z; — a||?>. Then

f(#) = llze — al* = [[t(z1 — z0) + (20 — a)||* = [[t(z1 — 20) — c]*
= t*Ja1 — @ol* — 2t {e, 21 — wo) + [lc]|*.

The function f(t) is a quadratic polynomial in ¢, and its derivative at 0
satisfies f'(0) = —2{(c,y1 — o) < 0. Hence, f(t) is strictly decreasing in a
neighbourhood of ¢ = 0, which means that d(z;) < d(x) for all sufficiently
small positive numbers ¢.

This is a contradiction to xy being the minimum point of the function
and proves our assertion that (c,z — xy) < 0 for all z € X. Consequently,

Zo

Tt
x
a 1

Figure 3.2. Illustration for the proof of Theorem 3.1.3.

Download free eBooks at bookboon.com



(e,z) < {c,m) = (c,a—c) = {c,a) —||c||* for all z € X, and this implies that
sup,cx(c,x) < (¢,a). So there exists a hyperplane that strictly separates a
from X according to Theorem 3.1.1. [

Definition. Let X be a subset of R"™ and let g be a point in X. A hyperplane
H through xq is called a supporting hyperplane of X, if it separates xy and
X. We then say that the hyperplane H supports X at the point xy.

The existence of a supporting hyperplane of X at x is clearly equivalent
to the condition that there exists a vector ¢ such that

(c,xo) = inf (¢, x) and (c,x0) < sup(c,x).
zeX zeX

The hyperplane {z | (¢, z) = (¢, x¢)} is then a supporting hyperplane.

Zo

Figure 3.3. A supporting hyperplane of X at the point zg

If a hyperplane supports the set X at the point xg, then z( is necessarily
a relative boundary point of X. For convex sets the following converse holds.

Theorem 3.1.4. Suppose that X is a convex set and that xo € X is a relative
boundary point of X. Then there exists a hyperplane H that supports X at
the point xq.

Proof. First suppose that the dimension of X equals the dimension of the
surrounding space R". Since z( is then a boundary point of X, there exists
a sequence (z,)° of points z, ¢ cl X that converges to xy as n — oo, and
by Theorem 3.1.3 there exists, for each n > 1, a hyperplane which strictly
separates x, and X. Theorem 3.1.1 thus gives us a sequence (c,,);° of vectors

such that

(3.1) (Cny Tp) < (Cn, ) forallz € X
and all n > 1, and we can obviously normalize the vectors ¢, so that ||c,| =1
for all n.

The unit sphere {z € R" | ||z|| = 1} is compact. Hence, by the Bolzano—
Weierstrass theorem, the sequence (¢,)$° has a subsequence (¢, )52, which
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converges to some vector ¢ of length ||c|| = 1. Clearly limy_,o0 @5, = o, S0 by
going to the limit in the inequality (3.1) we conclude that (c, zq) < (¢, z) for
all x € X. The set X is therefore a subset of one of the two closed halfspaces
determined by the hyperplane H = {z € R" | {(¢,x) = (¢, x¢)}, and X is
not a subset of H, since dim X = n. The hyperplane H is consequently a
supporting hyperplane of X at the point x,.

Next suppose that dim X < n. Then there exists an affine subspace a+ U
that contains X, where U is a linear subspace of R" and dimU = dim X.
Consider the set Y = X + U*, where U" is the orthogonal complement of
U. Compare with figure 3.4. Y is a "cylinder” with X as "base”, and each
y € Y has a unique decomposition of the form y = z + v with z € X and
ve Ut

The set Y is a convex set of dimension n with xy as a boundary point.
By the already proven case of the theorem, there exists a hyperplane which
supports Y at the point zg, i.e. there exists a vector ¢ such that

(¢, mq) = ;gf/(c, y) = ; inf (c,x4v) = ;g{(c, z) + inf (c,v)

X,veU+ veU+
and

(c,xg) <sup(c,y) = sup (c,x+ v)=sup(c,z)+ sup (c,v).
yey zeX,veUL z€X veUL
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Ut X+U+

» 2o

Figure 3.4. Ilustration for the proof of Theorem 3.1.4.

It follows from the first equation that inf ¢ (c,v) is a finite number, and
since U~ is a vector space, this is possible if and only if {c,v) = 0 for all
v € UL, The conditions above are therefore reduced to the conditions

(¢, xg) = inf (c,z) and (c,xp) < sup(c,x),
reX zeX

which show that X has indeed a supporting hyperplane at x. O

We are now able to prove the following necessary and sufficient condition
for separation of convex sets.

Theorem 3.1.5. Two convex sets X andY can be separated by a hyperplane
if and only if their relative interiors are disjoint.

Proof. A hyperplane that separates two sets A and B clearly also separates
their closures cl A and cl B and thereby also all sets C' and D that satisfy the
inclusions AC C CclAand BC D CeclB.

To prove the existence of a hyperplane that separates the two convex
sets X and Y provided rint X NrintY = (), it hence suffices to prove that
there exists a hyperplane that separates the two convex sets A = rint X and
B =rint Y, because rint X C X C cl(rint X') = cl X, and the corresponding
inclusions are of course also true for Y.

Since the sets A and B are disjoint, 0 does not belong to the convex set
A — B. Thus, the point 0 either lies in the complement of cl(A — B) or
belongs to cl(A — B) and is a relative boundary point of cl(A — B), because

cl(A—B)\(A—-B) Ccl(A— B)\rint(A — B)
= rbdry(A — B) = rbdry(cl(A — B)).

In the first case it follows from Theorem 3.1.3 that there is a hyperplane that
strictly separates 0 and A — B, and in the latter case Theorem 3.1.4 gives us
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a hyperplane that separates 0 from the set cl(A — B), and thereby afortiori
also 0 from A — B. The existence of a hyperplane that separates A and B
then follows from Lemma 3.1.2.

Now, let us turn to the converse. Assume that the hyperplane H separates
the two convex sets X and Y. We will prove that there is no point that is
a relative interior point of both sets. To this end, let us assume that zq is a
point in the intersection X NY. Then, xg lies in the hyperplane H because X
and Y are subsets of opposite closed halfspaces determined by H. According
to the separability definition, at least one of the two convex sets, X say,
has points that lie outside H, and this clearly implies that the affine hull
V = aff X is not a subset of H. Hence, there are points in V' from each side
of H. Therefore, the intersection V N B(xzg;7) between V and an arbitrary
open ball B(zg;7) centered at x also contains points from both sides of H,
and consequently surely points that do not belong to X. This means that xg
must be a relative boundary point of X.

Hence, every point in the intersection X NY is a relative boundary point
of either of the two sets X and Y. The intersection rint X NrintY is thus
empty. O

Let us now consider the possibility of strict separation. A hyperplane that
strictly separates two sets obviously also strictly separates their closures, so
it suffices to examine when two closed convex subsets X and Y can be strictly
separated. Of course, the two sets have to be disjoint, i.e. 0 ¢ X —Y is a
necessary condition, and Lemma 3.1.2 now reduces the problem of separating
X strictly from Y to the problem of separating 0 strictly from X — Y. So it
follows at once from Theorem 3.1.3 that there exists a separating hyperplane
if the set X — Y is closed. This gives us the following theorem, where the
sufficient conditions follow from Theorem 2.7.11 and Corollary 2.7.12.

Theorem 3.1.6. Two disjoint closed convexr sets X and Y can be strictly
separated by a hyperplane if the set X —Y is closed, and a sufficient condition
for this to be the case is recc X NreccY = {0}. In particular, two disjoint
closed convex set can be separated strictly by a hyperplane if one of the sets
15 bounded.

We conclude this section with a result that shows that proper convex
cones are proper subsets of conic halfspaces. More precisely, we have:

Theorem 3.1.7. Let X # {0} be a proper convex cone in R", where n > 2.
Then X is a proper subset of some conic halfspace {x € R" | (c,x) > 0},
whose boundary {x € R™ | (c,z) = 0} does not contain X as a subset.

Proof. The point 0 is a relative boundary point of X, because no point on
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the line segment |0, —a| belongs to X when a is a point # 0 in X. Hence, by
Theorem 3.1.4, there exists a hyperplane H = {x € R" | (¢, z) = 0} through
0 such that X lies in the closed halfspace K = {z € R™ | (¢, z) > 0} without
X being a subset of H. K is a conic halfspace, and the proper cone X must
be different from K, since no conic halfspaces in R™ are proper cones when
n > 2. [

3.2 The dual cone

To each subset A of R™ we associate a new subset AT of R™ by letting
At ={x e R" | {a,z) >0 for all a € A}.
In particular, for sets {a} consisting of just one point we have
{a}" ={z € R"| (a,2) > 0},

which is a conic closed halfspace. For general sets A, A" =, _,{a}*, and
this is an intersection of conic closed halfspaces. The set AT is thus in general
a closed convex cone, and it is a polyhedral cone if A is a finite set.

Definition. The closed convex cone AT is called the dual cone of the set A.
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\L X
0 0
Figure 3.5. A cone A and its dual cone A™.

The dual cone A" of a set A in R™ has an obvious geometric interpreta-
tion when n < 3; it consists of all vectors that form an acute angle or are
perpendicular to all vectors in A.

Theorem 3.2.1. The following properties hold for subsets A and B of R".
(i) ACB = BT CAT,
(i1) AT = (con A)T;

(111) AT = (clA)T.

Proof. Property (i) is an immediate consequence of the definition of the dual
cone.

To prove (ii) and (iii), we first observe that
(con A)" C AT and (clA)T C AT,

because of property (i) and the obvious inclusions A C con A and A C cl A.

It thus only remains to prove the converse inclusions. So let us assume
that © € A*. Then

(Aay + -+ Meag, ) = Mlag, ) + -+ Mp{ag, ) >0
for all conic combinations of elements a; in A. This proves the implication

r € AT = x € (con A)7, i.e. the inclusion AT C (con A)™.

For each a € cl A there exists a sequence (ay)5° of elements in A such that
ar — a as k — oco. If x € AT, then (ay,z) > 0 for all k, and it follows, by
passing to the limit, that (a,x) > 0. Since a € cl A is arbitrary, this proves
the implication z € AT = x € (cl A)T and the inclusion A™ C (cl A)*. O

EXAMPLE 3.2.1. Clearly, (R")" = {0} and {0}" = R™. O
EXAMPLE 3.2.2. Let, as usual, e, eq, ..., e, denote the standard basis of R".
Then

{e)}" = {r e R"| (e;.2) = 0} = {w € R" | 2; > 0).
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Since R = con{ey,...,e,}, it follows that

(R} ={er,....e.} = {e} ={z € R" |21 >0,...,2, > 0} = R".
Jj=1 ]

The bidual cone

Definition. The dual cone A" of a set A in R™ is a new set in R", and we
may therefore form the dual cone (AT)" of AT. The cone (AT)™ is called
the bidual cone of A, and we write AT instead of (A1)™.

Theorem 3.2.2. Let A be an arbitrary set in R™. Then
ACconAC AT,
Proof. The definitions of dual and bidual cones give us the implications

a€A = (z,a)={a,z) >0forall z e A"
= ac AT,

which show that A C A", Since A™" is a cone and con A is the smallest
cone containing A, we conclude that con A C A™T. ]

Because of the previous theorem, it is natural to ask when con A = A+,
Since ATT is a closed cone, a necessary condition for this to be the case is
that the cone con A be closed. Our next theorem shows that this condition
is also sufficient.

Theorem 3.2.3. Let X be a convex cone. Then X+ = cl X, and conse-
quently, Xt = X if and only if the cone X is a closed.

Proof. Tt follows from the inclusion X C X+ and the closedness of the
bidual cone X+ that c1 X C X7 .

To prove the converse inclusion X+t C ¢l X, we assume that zq ¢ cl X
and will prove that xo ¢ X+,

By Theorem 3.1.3, there exists a hyperplane that strictly separates x
from cl X. Hence, there exist a vector ¢ € R"™ and a real number b such
that the inequality (c,x) > b > (¢, zo) holds for all x € X. In particular,
t{c,z) = (c,tx) > b for all x € X and all numbers ¢ > 0, since X is a cone,
and this clearly implies that b < 0 and that (c,z) > 0 for all x € X. Hence,
c € X7, and since (¢, x9) < b < 0, we conclude that zo ¢ X . O

By Theorem 2.6.11, finitely generated cones are closed, so we have the
following immediate corollary.
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Corollary 3.2.4. If the cone X is finitely generated, then X+ = X.
ExAMPLE 3.2.3. The dual cone of the polyhedral cone

X =(\{z e R"|{a;,z) > 0}

i=1
is the cone
Xt =con{ay,as,...,an}

This follows from the above corollary and Theorem 3.2.1, for
X ={ay,as,...,a,}" = (con{ay,as,...,a,})".
If we use matrices to write the above cone X as {r € R" | Ax > 0},
then the vector a; corresponds to the ¢th column of the transposed matrix
AT (cf. Example 2.6.3), and the dual cone X is consequently generated by

the columns of AT. Thus,

{z e R"| Az > 0} = {A"y |y € R}}.
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3.3 Solvability of systems of linear inequali-
ties

Corollary 3.2.4 can be reformulated as a criterion for the solvability of systems
of linear inequalities. The proof of this criterion uses the following lemma
about dual cones.

Lemma 3.3.1. Let X and Y be closed convex cones in R™. Then
(i) XNy =(Xt+Y*H)t;
(i1) X+Y =(XTNY™")", provided that the cone X +Y is closed.

Proof. We have X* C (X NY)t and Y™ C (X NY)*, by Theorem 3.2.1 (i).
Hence, X"+ YT C (X NY)T+(XNY)T=(XNnY)".

Another application of Theorem 3.2.1 in combination with Theorem 3.2.3
now yields X NY = (X NY)** C (Xt 4+Y™)*.

To obtain the converse inclusion we first deduce from X+ C X+ + Y ™"
that (X* +Y™)" C Xt = X, and the inclusion (X* +Y")* C Y is of
course obtained in the same way. Consequently, (X++Y )" C X NY. This
completes the proof of property (i).

By replacing X and Y in (i) by the closed cones Xt and Y, we obtain
the equality XT NY* = (XTF + YT " = (X 4+ Y)", and since the cone
X +Y is assumed to be closed, we conclude that

X+Y = (X +Y)* = (XtnyH)". O

We are now ready for the promised result on the solvability of certain
systems of linear inequalities, a result that will be used in our proof of the
duality theorem in linear programming.

Theorem 3.3.2. Let U be a finitely generated cone in R™, V' be a finitely
generated cone in R™, A be an m x n-matriz and ¢ be an n x 1-matriz. Then
the system

Ar e VT
(S) reUt

'z <0
has a solution x if and only if the system

c—Aly e U
yeV

(57)

has no solution y.

Download free eBooks at bookboon.com



Proof. The system (S*) clearly has a solution if and only if ¢ € (AT(V) + U),
and consequently, there is no solution if and only if ¢ ¢ (AT(V)+U). There-
fore, it is worthwhile to take a closer look at the cone A*(V) + U.

The cones AT(V), U and AT(V) + U are closed, since they are finitely
generated. We may therefore apply Lemma 3.3.1 with

AT(WV)+U = (AT(V) nUH) "

as conclusion. The condition ¢ ¢ (AT(V)+U) is now seen to be equivalent to
the existence of a vector x € AT(V)T NUT satisfying the inequality ¢’z < 0,
i.e. to the existence of an x such that

r e AT(V)*+
(1) reU"

dr<0.

It now only remains to translate the condition x € AT(V)™T; it is equivalent
to the condition

(y, Az) = (ATy,2) >0  forally eV,

i.e. to Az € V. The two systems (1) and (S) are therefore equivalent, and
this observation completes the proof. O]

By choosing U = {0} and V = R’ with dual cones Ut = R" and
V* =R, we get the following special case of Theorem 3.3.2.

Corollary 3.3.3 (Farkas's lemma). Let A be an m x n-matriz and ¢ be an
n X 1-matriz, and consider the two systems:

Ax >0 ATy =c
S - d S*
(5) {cTac<0 o (5) { y>0

The system (S) has a solution if and only if the system (S*) has no solution.

EXAMPLE 3.3.1. The system

xr1— To+ 21‘320
—T1+ Ty — $320
2x1—x2+ 3$3ZO
dxy — 29+ 1023 < 0

has no solution, because the dual system

y1—y2+2ys= 4
—y1+y2— ys=-—1
2y1 — Y2+ 3ys = 10

has a nonnegative solution y = (3,5, 3). O
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ExAMPLE 3.3.2. The system

2$L'1+ Lo — 16320
l'1+2l'2—2217320
1 — X9+ 17320
1 —4xe+4x3 < 0

is solvable, because the solutions of the dual system

20+ ytys= 1
Y1+ 2y —yz3=—4
Y1 —2ys+ys= 4

are of the form y = (2—1¢,—3+1¢,t), t € R, and none of those is nonnegative
since y; < 0 for t > 2 and yy < 0 for t < 3. O

The following generalization of Example 3.2.3 will be needed in Chapter
10 in Part II.
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Theorem 3.3.4. Let aq,as, ..., a,, be vectors in R", and let I, J be a parti-
tion of the index set {1,2,....m}, i.e. INJ =0 and TUJ ={1,2,...,m}.
Let
X =z €R"|(a;z) >0} N[ ){zr € R" | (a;z) >0},
iel ieJ

and suppose that X # (). Then
Xt =con{ay,as,...,an}
Proof. Let -
Y =(){z € R" | {a;,z) > 0}.
i=1

The set Y is closed and contains X, and we will prove that ¥ = cl X by
showing that every neighborhood of an arbitrary point y € Y contains points
from X.

So, fix a point zg € X, and consider the points y + txy for ¢ > 0. These
points lie in X, for

>0 ifiel

9 + 1 = iy +1 i) - if 2
(ai,y + txo) = (as,y) (ai, zo) {>0 ifi e J,

and since y +txry — y as t — 0, there are indeed points in X arbitrarily close
to y.

Hence X = (c1 X)™ = Y™, by Theorem 3.2.1, and the conclusion of the
theorem now follows from the result in Example 3.2.3. m

How do we decide whether the set X in Theorem 3.3.4 is nonempty? If
just one of the m linear inequalities that define X is strict (i.e. if the index
set J consists of one element), then Farkas’s lemma gives a necessary and
sufficient condition for X to be nonempty. A generalization to the general
case reads as follows.

Theorem 3.3.5. The set X in Theorem 3.3.4 is nonempty if and only if

Z/\ZCLZZO
— = XN =0 forallicJ.
Ai >0 foralli

Proof. Let the vectors a; in R"™ (= R™ x R) be defined by

. (a;,0) ifiel
a; =
(ai,l) if1 € J.
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Write & = (, #,41), and let X be polyhedral cone

X = {# e R"" | (a;, &) > 0} = (confas, ..., am})".
i=1
Since
(a;, x) ifiel
(aj,x)y + xpey ifi e J,

(@i, (2, 2n41)) = {

and (a;,z) > 0 for all + € J if and only if there exists a negative real number
Zpy1 such that (a;, ) + x,11 > 0 for all i € J, we conclude that the point
x lies in X if and only if there exists a negative number x,.,; such that
(Gi, (x,xp41)) > 0 for all 4, i.e. if and only if there exists a negative number
Zp41 such that (z,2,41) € X. This is equivalent to saying that the set X is
empty if and only if the implication z € X = Tpi1 > 0 1s true, i.e. if and
only if X C R" x R.. Using the results on dual cones in Theorems 3.2.1
and 3.2.3 we thus obtain the following chain of equivalences:

X=0 & XCR"xR,
& {0} x Ry = (R" x Ry)T C X+ =con{ay, s, ..., Gam}
=4 (O,l) ECOH{dl,dg,...,dm}

& there are numbers A; > 0 such that Z Aia; =0 and Z AN=1
i=1

iceJ

< there are numbers A; > 0 such that Z Aia; =0 and A; >0 for

some i € J. i=1

(The last equivalence holds because of the homogenouity of the condition
Yoy Aa; = 0. If the condition is fulfilled for a set of nonnegative numbers
A; with A; > 0 for at least one ¢ € J, then we can certainly arrange so that
Y ics A = 1 by multiplying with a suitable constant.)

Since the first and the last assertion in the above chain of equivalences are
equivalent, so are their negations, and this is the statement of the theorem.

O
The following corollary is an immediate consequence of Theorem 3.3.5.

Corollary 3.3.6. The set X in Theorem 3.3.4 is nonempty if the vectors
ai,0az, ..., 0y, are linearly independent.

The following equivalent matrix version of Theorem 3.3.5 is obtained by
considering the vectors a;, @ € I and a;, ¢ € J in Theorems 3.3.4 and 3.3.5 as
rows in two matrices A and C', respectively.
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Theorem 3.3.7. Let A be a pxn-matriz and C' be g X n-matris. Then exactly
one of the two dual systems

Ax >0 Ay 4+ C" =

Cr>0 y,z>0,2#0

has a solution.

Theorem 3.3.7 will be generalized in Chapter 6.5, where we prove a the-
orem on the solvability of systems of convex and affine inequalities.

Exercises

3.1 Find two disjoint closed convex sets in R? that are not strictly separable by
a hyperplane (i.e. by a line in R?).

3.2 Let X be a convex proper subset of R"™. Show that X is an intersection of
closed halfspaces if X is closed, and an intersection of open halfspaces if X
is open.

3.3 Prove the following converse of Lemma 3.1.2: If two sets X and Y are
(strictly) separable, then X —Y and 0 are (strictly) separable.

~
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3.4 Find the dual cones of the following cones in R?:
a) Rox {0} b) Rx{0} ¢ RxRy d) (ReypxRey)U{(0,0))
e) {x € R? |1 + 22 >0, 22 > 0}
3.5 Prove for arbitrary sets X and Y that (X x V)t = XT x Y.
3.6 Determine the cones X, X and X", if X = con A and
a) A= {(17 0)7 (1’ 1)7 (_17 1)} b) A= {(170)7 (_17 1)’ (_1’ _1)}
c) A={x € R?| 2y =1, 11 > 0}.
3.7 Let A={aj,a,...,a,} be asubset of R, and suppose 0 ¢ A. Prove that
the following three conditions are equivalent:
(i) con A is a proper cone.
(ii) Z;”zl)\jaj =0, A= ()\1,)\2,---7)\771) >0 = A=0.
(iii) There is a vector ¢ such that (c,a) > 0 for all a € A.

3.8 Is the following system consistent?

r1—2x9 — T3>0
51+ o —2x3>0
1+ 229+ 5x3>0
18z1 + 529 — 323 <0

3.9 Show that

T1+x0—23>2
1 — T2 >1 = 6x; —2T9 + 23 > 11.
x1 +23>3

3.10 For which values of the parameter a € R is the system

1+ w2+ ar3>0
1 +axeo+ x3>0
ari+ z2+ 23>0
1+ oz +062£L'3 <0

solvable?

3.11 Let A be an m X n-matrix. Prove that exactly one of the two systems (S)
and (S*) has a solution if

Az =0
a) (S) x>0 and (s*y ATy >0
x#0
Az =0 ATy >0
b (9) ! and (S%) V=
x>0 ATy 0.
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SEPARATION

3.12 Prove that the following system of linear inequalities is solvable:

Ax =0
x>0

ATy >0
ATy+z>0.

no.l
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Chapter 4

More on convex sets

4.1 Extreme points and faces

Extreme point

Polyhedra, like the one in figure 4.1, have vertices. A vertex is characterized
by the fact that it is not an interior point of any line segment that lies entirely
in the polyhedron. This property is meaningful for arbitrary convex sets.

A 4 NV O

Figure 4.1. A polyhedron Figure 4.2. Extreme points of a line
with vertices. segment, a triangle and a circular disk.

Definition. A point z in a convex set X is called an extreme point of the set
if it does not lie in any open line segment joining two points of X, i.e. if

aj, as € X & a; #ay = x &lay,aq

The set of all extreme points of X will be denoted by ext X.

A point in the relative interior of a convex set is clearly never an extreme
point, except when the convex set consists just one point.” With an exception
for this trivial case, ext X is consequently a subset of the relative boundary
of X. In particular, open convex sets have no extreme points.
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EXAMPLE 4.1.1. The two endpoints are the extreme points of a closed line
segment. The three vertices are the extreme points of a triangle. All points
on the boundary {z | ||z|s = 1} are extreme points of the Fuclidean closed
unit ball B(0;1) in R™ O

Extreme ray

The extreme point concept is of no interest for convex cones, because non-
proper cones have no extreme points, and proper cones have 0 as their only
extreme point. Instead, for cones the correct extreme concept is about rays,
and in order to define it properly we first have to define what it means for a
ray to lie between to rays.

Definition. We say that the ray R = @ lies between the two rays Ry = ai
and Ry = a_2> if the two vectors a; and as are linearly independent and there
exist two positive numbers A\; and Ay so that a = A\ja; + Asas.

It is easy to convince oneself that the concept ”lie between” only depends
on the rays R, Ry and Rs, and not on the vectors a, a; and as chosen to
represent them. Furthermore, a; and ay are linearly independent if and only

\ P As |
STUDY AT

LINKOPING UNIVERSITY, SWEDEN
RANKED AMONG TOP 50 UNIVERSITIES UNDER 50
Interested in Strategy and Management in International

Organisations? Kick-start your career with a master’s degree
from Linképing University, Sweden.

Al;; Linkdping University

Download free eBooks at bookboon.com

Click on the ad to read more

78


http://s.bookboon.com/liu

if the rays Ry and R, are different and not opposite to each other, i.e. if and
only if R1 7£ :|:R2

Definition. A ray R in a convex cone X is called an extreme ray of the cone
if the following two conditions are satisfied:

(i) the ray R does not lie between any rays in the cone X;

(ii) the opposite ray —R does not lie in X.

The set of all extreme rays of X is denoted by exr X.

The second condition (ii) is automatically satisfied for all proper cones,
and it implies, as we shall see later (Theorem 4.2.4), that non-proper cones
have no extreme rays.

Figure 4.3. A polyhedral cone in R? with three extreme rays.

It follows from the definition that no extreme ray of a convex cone with
dimension greater than 1 can pass through a relative interior point of the
cone. The extreme rays of a cone of dimension greater than 1 are in other
words subsets of the relative boundary of the cone.

EXAMPLE 4.1.2. The extreme rays of the four subcones of R are as follows:
ext{0} =exrR=0,exxR, =R, andexrR_=R_.

The non-proper cone R x R in R? (the "upper halfplane”) has no ex-
treme rays, since the two boundary rays R, x {0} and R_ x {0} are dis-
qualified by condition (ii) of the extreme ray definition. O

Face

Definition. A subset F' of a convex set X is called a proper face of X if
F = X N H for some supporting hyperplane H of X. In addition, the set X
itself and the empty set () are called non-proper faces of X .}
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The reason for including the set itself and and the empty set among the
faces is that it simplifies the wording of some theorems and proofs.

L

Figure 4.4. A convex set X with I’ as one its faces.

The faces of a convex set are obviously convex sets. And the proper faces
of a convex cone are cones, since the supporting hyperplanes of a cone must
pass through the origin and thus be linear subspaces.

EXAMPLE 4.1.3. Every point on the boundary {z | |[z[|s = 1} is a face of
the closed unit ball B(0; 1), because the tangent plane at a boundary point
is a supporting hyperplane and does not intersect the unit ball in any other
point. O

EXAMPLE 4.1.4. A cube in R3 has 26 proper faces: 8 vertices, 12 edges and
6 sides. O

Theorem 4.1.1. The relative boundary of a closed convexr set X is equal to
the union of all proper faces of X.

Proof. We have to prove that rbdry X = | J F', where the union is taken over
all proper faces F' of X. So suppose that o € F, where F = X N H is a
proper face of X, and H is a supporting hyperplane. Since H supports X at
xo, and since, by definition, X is not contained in H, it follows that x is a
relative boundary point of X. This proves the inclusion (JF C rbdry X.
Conversely, if z( is a relative boundary point of X, then there exists a
hyperplane H that supports X at zp, and this means that xy lies in the
proper face X N H. O]

Theorem 4.1.2. The intersection of two faces of a convex set is a face of the
set.

Proof. Let I} and F;, be two faces of the convex set X, and let F' = Fy N F5.
That F is a face is trivial if the two faces F; and F5, are identical, or if they
are disjoint, or if one of them is non-proper.
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Figure 4.5. Illustration for the proof of Theorem 4.1.2.

So suppose that the two faces F7 and F, are distinct and proper, i.e. that
they are of the form F; = X N H;, where H; och H, are distinct supporting
hyperplanes of the set X, and F # (). Let

H; ={z € R" | {c;,z) = b;},

where the normal vectors ¢; of the hyperplanes are chosen so that X lies
in the two halfspaces {z € R" | (¢;,x) < b;}, and let z; € X be a point
satisfying the condition (cy, z1) < by.
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The hyperplanes H; and H, must be non-parallel, since X N H; N Hy =
F # (. Hence ¢y # —cy1, and we obtain a new hyperplane

H={zeR"|{(c,zx) =10}

by defining ¢ = ¢; 4+ ¢ and b = by + by. We will show that H is a supporting
hyperplane of X and that FF = X N H, which proves our claim that the
intersection F' is a face of X.

For all x € X, we have the inequality

<C’ l‘> = <Clax> + <027w> S bl + bQ = b7
and the inequality is strict for the particular point x; € X, since
<C, 5L‘1> = <Cl,$1> -+ <Cg,x1> < by +by=0.

So X lies in one of the two closed halfspaces determined by H without being
a subset of H. Moreover, for all x € F'= X N H; N Hoy,

(c,x) = {c1,2) + (co,x) = by + by = D.
which implies that H is a supporting hyperplane of X and that F C X N H.
Conversely, if x € X N H, then (c1,x) < by, (co,z) < by and
(c1,x) + (ca,x) = by + bo,
and this implies that (c¢;,z) = by and (¢, x) = be. Hence, v € XNH; NHy =
F'. This proves the inclusion X N H C F. O

Theorem 4.1.3. (i) Suppose F is a face of the convexr set X. A point x in
F is an extreme point of F' if and only if x is an extreme point of X.

(i1) Suppose F is a face of the convex cone X. A ray R in F' is an extreme
ray of F if and only if R is an extreme ray of X.

Proof. Since the assertions are trivial for non-proper faces, we may assume
that FF = X N H for some supporting hyperplane H of X.

No point in a hyperplane lies in the interior of a line segment whose
endpoints both lie in the same halfspace, unless both endpoints lie in the
hyperplane, i.e. unless the line segment lies entirely in the hyperplane.

Analogously, no ray in a hyperplane H (through the origin) lies between
two rays in the same closed halfspace determined by H, unless both these
rays lie in the hyperplane H. And the opposite ray —R of a ray R in a
hyperplane clearly lies in the same hyperplane.

(i) If x € F is an interior point of some line segment with both endpoints
belonging to X, then x is in fact an interior point of a line segment whose
endpoints both belong to F'. This proves the implication

r¢extX = x¢extF.
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Figure 4.6. The two endpoints of an open line segment that intersects the
hyperplane H must either both belong to H or else lie in opposite open halfspaces.

The converse implication is trivial, since every line segment in F' is a line
segment i X. Hence, z ¢ ext X < x ¢ ext I, and this is of course equivalent
to assertion (i).

(ii) Suppose R is a ray in F and that R is not an extreme ray of the cone X.
Then there are two possibilities: R lies between two rays R; and Rs in X, or
the opposite ray —R lies in X. In the first case, R; and Ry will necessarily
lie in F', too. In the second case, the ray —R will lie in F'. Thus, both cases
lead to the conclusion that R is not an extreme ray of the cone F', and this
proves the implication R ¢ exr X = R ¢ exr I

The converse implication is again trivial, and this observation concludes
the proof of assertion (ii). O

4.2 Structure theorems for convex sets

Theorem 4.2.1. Let X be a line-free closed convex set with dim X > 2. Then
X = cvx(rbdry X).

Proof. Let n = dim X. By identifying the affine hull of X with R", we may
without loss of generality assume that X is a subset of R™ of full dimension,
so that rbdry X = bdry X. To prove the theorem it is now enough to prove
that every point in X lies in the convex hull of the boundary bdry X, because
the inclusionen cvx(bdry X) C X is trivially true.

The recession cone C' = recc X is a proper cone, since X is supposed to
be line-free. Hence, there exists a closed halfspace

K ={zeR"|{c,z) > 0},
which contains C' as a proper subset, by Theorem 3.1.7. Since C' is a closed
cone, we conclude that the corresponding open halfspace

K, ={zeR"|{(c,x) >0}
contains a vector v that does not belong to C'. The opposite vector —v, which

lies in the opposite open halfspace, does not belong to C', either. Compare
figure 4.7.
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2

Figure 4.7. An illustration for the proof of Theorem 4.2.1.

We have produced two opposite vectors +v, both lying outside the reces-
sion cone. The two opposite halflines x + ¥ and z — ¥ from a point x € X
therefore both intersect the complement of X.

The intersection between X and the line through x with direction vector
v, which is a closed convex set, is thus either a closed line segment [z, z5]
containing x and with endpoints belonging to the boundary of X, or the
singleton set {x} with = belonging to the boundary of X. In the first case, x
is a convex combination of the boundary points x; and z5. So, x lies in the
convex hull of the boundary in both cases. This completes the proof. O
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It is now possible to give a complete description of line-free closed convex
sets in terms of extreme points and recession cones.

Theorem 4.2.2. A nonempty closed convex set X has extreme points if and
only if X is line-free, and if X is line-free, then
X = cvx(ext X) + recc X.

Proof. First suppose that the set X is not line-free. Its recessive subspace
will then, by definition, contain a nonzero vector y, and this implies that
the two points x + y lie in X for each point x € X. Therefore, x being the
midpoint of the line segment |x — y,z + y[, is not an extreme point. This
proves that the set ext X of extreme points is empty.

Next suppose that X is line-free. We claim that ext X # () and that X =
cvx(ext X) 4 recc X, and we will prove this by induction on the dimension
of the set X.

Our claim is trivially true for zero-dimensional sets X, i.e. sets consisting
of just one point. If dim X = 1, then either X is a halfline a + o with one
extreme point a and recession cone equal to o, or a line segment [a, b] with
two extreme points a, b and recession cone equal to {0}, and the equality in
the theorem is clearly satisfied in both cases.

Now assume that n = dim X > 2 and that our claim is true for all line-
free closed convex sets X with dimension less than n. By Theorems 4.1.1
and 4.2.1,

X =cx(UF),

where the union is taken over all proper faces F' of X. Each proper face F' is
a nonempty line-free closed convex subset of a supporting hyperplane H and
has a dimension which is less than or equal to n — 1. Therefore, ext F' # ()
and

F = cvx(ext F') + recc F,

by our induction hypothesis.
Since ext F' C ext X (by Theorem 4.1.3), it follows that ext X # (). More-
over, recc F' is a subset of recc X, so we have the inclusion

F C cevx(ext X) + rece X

for each face F. The union |J F' is consequently included in the convex set
cvx(ext X) + recc X. Hence

X =cvx(UF) Cevx(ext X) +recc X C X +recc X = X,

so X = cvx(ext X) 4 recc X, and this completes the induction and the proof
of the theorem. O]
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The recession cone of a compact set is equal to the null cone, and the
following result is therefore an immediate corollary of Theorem 4.2.2.

Corollary 4.2.3. Fach nonempty compact convex set has extreme points and
15 equal to the convex hull of its extreme points.

We shall now formulate and prove the anaologue of Theorem 4.2.2 for
convex cones, and in order to simplify the notation we shall use the following
convention: If A is a family of rays, we let con. A denote the cone

con(U R),

ReA

i.e. con A is the cone that is generated by the vectors on the rays in the
family A. If we choose a nonzero vector ag on each ray R € A and let
A ={agr | R € A}, then of course con. A = con A.

The cone con A is clearly finitely generated if A is a finite family of rays,
and we obtain a set of generators by choosing one nonzero vector from each
ray.

Theorem 4.2.4. A closed convex cone X has extreme rays if and only if the
cone is proper and not equal to the null cone {0}. If X is a proper closed
conver cone, then

X = con(exr X).

Proof. First suppose that the cone X is not proper, and let R = 7 be an
arbitrary ray in X. We will prove that R can not be an extreme ray.

Since X is non-proper, there exists a nonzero vector a in the intersection
X N(—X). First suppose that R is equal to @ or to — @ . Then both R and
its opposite ray —R lie in X, and this means that R is not an extreme ray.

Next suppose R # +7@. The vectors z and a are then linearly indepen-
dent, and the two rays Ry = m and Ry = Z—4 are consequently distinct
and non-opposite rays in the cone X. Since z = 3(z + a) + 3(z — a), we
conclude that R lies between R; and R,. Thus, R is not an extreme ray in
this case either, and this proves that non-proper cones have no extreme rays.

The equality X = con(exr X) is trivially true for the null cone, since
exr{0} = () and con) = {0}. To prove that the equality holds for all non-
trivial proper closed convex cones and that these cones do have extreme rays,
we only have to modify slightly the induction proof for the corresponding part
of Theorem 4.2.2.

The start of the induction is of course trivial, since one-dimensional proper
cones are rays. So suppose our assertion is true for all cones of dimension less
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than or equal to n — 1, and let X be a proper closed n-dimensional convex
cone. X is then, in particular, a line-free set, whence X = CVX(U F ), where
the union is taken over all proper faces F' of the cone. Moreover, since X is
a convex cone, CVX(U F ) C con(U F ) C con X = X, and we conclude that

(4.1) X =con(JF).

We may of course delete the trivial face F' = {0} from the above union
without destroying the identity, and every remaining face F’ is a proper closed
convex cone of dimension less than or equal to n — 1 with exr I’ # () and
F = con(exr F'), by our induction assumption. Since exr F' C exr X, it now
follows that the set exr X is nonempty and that F' C con(exr X).

The union |J F of the faces is thus included in the cone con(exr X), so
it follows from equation (4.1) that X C con(exr X). Since the converse
inclusion is trivial, we have equality X = con(exr X), and the induction step
is now complete. O

The recession cone of a line-free convex set is a proper cone. The following
structure theorem for convex sets is therefore an immediate consequence of
Theorems 4.2.2 and 4.2.4.
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Theorem 4.2.5. If X is a nonempty line-free closed convex set, then
X = cvx(ext X) + con(exr(recc X)).

The study of arbitrary closed convex sets is reduced to the study of line-
free such sets by the following theorem, which says that every non-line-free
closed convex set is a cylinder with a line-free convex set as its base and with
the recessive subspace lin X as its "axis”.

Theorem 4.2.6. Suppose X is a closed convez set in R™. The intersection
X N (lin X)* is then a line-free closed convex set and

X =linX + X N (lin X)*+.

(lin X))+

0 lin X

Figure 4.8. Illustration for Theorem 4.2.6.

Proof. Each x € R™ has a unique decomposition x = y + z with y € lin X
and z € (lin X)*. If z € X, then z lies in X, too, since

z=x—yeX+linX = X.

This proves the inclusion X C lin X +XN(lin X)*, and the converse inclusion
follows from lin X + X N (lin X)* Clin X + X = X. O

Exercises

4.1 Find ext X and decide whether X = cvx(ext X) when

a) X ={z € R% | z1 + a2 > 1}

b) X = ([0,1] % [0,11) U ([0, 3] x {13)

) X =cvx({z e R®| (1 — 1)+ 23 =1, 23 =0} U {(0,0,1),(0,0,—1)}).
4.2 Prove that ext(cvx A) C A for each subset A of R"™.

4.3 Let X = cvx A and suppose the set A is minimal in the following sense: If
B C A och X =cvx B, then B = A. Prove that A = ext X.
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4.4

4.5

4.6

4.7

Let g be a point in a convex set X. Prove that zg € ext X if and only if
the set X \ {xo} is convex.

Give an example of a compact convex subset of R3 such that the set of
extreme points is not closed.

A point xg in a convex set X is called an exposed point if the singleton set
{zo} is a face, i.e. if there exists a supporting hyperplane H of X such that
XNH= {.%'0}

a) Prove that every exposed point is an extreme point of X.

b) Give an example of a closed convex set in R? with an extreme point that
is not exposed.

There is a more general definition of the face concept which runs as follows:

A face of a convex set X is a convex subset I’ of X such that every closed
line segment in X with a relative interior point in F lies entirely in F, i.e.

(a,be X & Ja,b[NF #0) = a,be F.

Let us call faces according to this definition general faces in order to distin-
guish them from faces according to our old definition, which we call exposed
faces, provided they are proper, i.e. different from the faces X and (.

The empty set @ and X itself are apparently general faces of X, and all
extreme points of X are general faces, too.

Prove that the general faces of a convex set X have the following properties.

a) Each exposed face is a general face.

b) There is a convex set with a general face that is not an exposed face.

c) If F is a general face of X and F’ is a general face of F, then F’ is a
general face of X, but the coresponding result is not true in general for
exposed faces.

d) If F is a general face of X and C is an arbitrary convex subset of X such
that ' Nrint C' # @, then C C F.

e) If F'is a general face of X, then FF = X Ncl F. In particular, F' is closed
if X is closed.

f) If F; and F, are two general faces of X and rint F} Nrint Fy # (), then
F) = F.

g) If F is a general face of X and F' # X, then F' C rbdry X.
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Chapter 5

Polyhedra

We have already obtained some isolated results on polyhedra, but now is the
time to collect these and to complement them in order to get a complete
description of this important class of convex sets.

5.1 Extreme points and extreme rays

Polyhedra and extreme points

Each polyhedron X in R"™, except for the entire space, is an intersection of
finitely many closed halfspaces and may therefore be written in the form

with
K;={x € R" [ (¢j,z) > b;}

for suitable nonzero vectors ¢; in R"™ and real numbers b;. Using matrix
notation,

X ={x e R"|Cz > b},

where C is an m X n-matrix with ch as rows, and b = [bl by ... bm] T
Let

K; ={r € R" [ (¢j,z) > b} =int K;, and
H; ={z e R" | (¢;,x) = b;} = bdry Kj.

The sets K7 are open halfspaces, and the H; are hyperplanes.
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If b = 0, i.e. if all hyperplanes H; are linear subspaces, then X is a
polyhedral cone.

The polyhedron X is clearly a subset of the closed halfspace K, which
is bounded by the hyperplane H;. Let

F,=XnNH,.

If there is a point in common between the hyperplane H; and the polyhedron
X, without X being entirely contained in H, then H is a supporting hyper-
plane of X, and the set Fj is a proper face of X. But Fj is a face of X also
in the cases when X N H; = () or X C H;, due to our convention regarding
non-proper faces. Of course, the faces I} are polyhedra.

All points of a face F; (proper as well as non-proper) are boundary points
of X. Since . .
xX=NEK ulJF,
j=1 j=1

and all points in the open set ﬂ;nzl K7 are interior points of X, we conclude
that

intX:ﬂK; and bdryX:UEj.
j=1 j=1
The set ext X of extreme points of the polyhedron X is a subset of the
boundary U;nzl F}, and the extreme points are characterized by the following
theorem.

Theorem 5.1.1. A point xq in the polyhedron X = ﬂ;”zl K; is an extreme
point if and only if there exists a subset I of the index set {1,2,...,m} such

that ijI Hj = {330}

Proof. Suppose there exists such an index set I. The intersection

F=(\F;=Xn()H; = {0}

Jjel jel

is a face of X, by Theorem 4.1.2, and x; is obviously an extreme point of F'.
Therefore, xg is also an extreme point of X, by Theorem 4.1.3.

Now suppose, conversely, that there is no such index set I, and let J be
an index set that is maximal with respect to the property zo € () s Hj-
(Remember that the intersection over an empty index set is equal to the
entire space R", so J = () if x( is an interior point of X.) The intersection
N jes Hj is an affine subspace, which by assumption consists of more than
one point and, therefore, contains a line {xy + tv | ¢ € R} through zy. The
line is obviously also contained in the larger set () e K
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Since x( is an interior point of the halfspace K; for all indices j ¢ J,
we conclude that the points xg 4+ tv belong to all these halfspaces for all
sufficiently small values of |t|. Consequently, there is a number § > 0 such
that the line segment [xo — dv, 2o +6v] lies in X = (), ; K; N (4, K, which
means that x( is not an extreme point. O

The condition
linear equations

ier Hj = {xo} means that the corresponding system of

(¢j,x) =bj, jel,

in n unknowns has a unique solution. A necessary condition for this to be
true is that the index set I contains at least n elements. And if the system
has a unique solution and there are more than n equations, then it is always
possible to obtain a quadratic subsystem with a unige solution by eliminating
suitably selected equations.

Hence, the condition m > n is necessary for the polyhedron X = ﬂ’f’:l K
to have at least one extreme point. (This also follows from Theorem 2.7.7,
for if m < n, then

dimlin X = dim{zx € R" | Cx =0} =n —rankC > n —m > 0,

which means that X is not line-free.)
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Theorem 5.1.1 gives us the following method for finding all extreme points
of the polyhedron X when m > n:

Solve for each subset J of {1,2,...,m} with n elements the corresponding
linear system (c;, z) = b;, 7 € J. If the system has a unique solution zy, and
the solution lies in X, i.e. satisfies the remaining linear inequalities (c;, x) >
b;, then z( is an extreme point of X.

The number of extreme points of X is therefore bounded by (’S), which
is the number of subsets J of {1,2,...,m} with n elements. In particular,
we have proved the following theorem.

Theorem 5.1.2. Polyhedra have finitely many extreme points.

Polyhedral cones and extreme rays

A polyhedral cone in R"™ is an intersection X = ﬂ;n:l K of conic halfspaces
K which are bounded by hyperplanes H; through the origin, and the faces
F; = X N Hj are polyhedral cones. Our next theorem is a direct analogue of
Theorem 5.1.1.

Theorem 5.1.3. A point xy in the polyhedral cone X generates an extreme
ray R = 0 of the cone if and only if —xo ¢ X and there exists a subset I of
the index set {1,2,...,m} such that (\,.; H; = {txo | t € R}.

jer

Proof. Suppose there exists such an index set I and that —xy does not belong

to the cone X. Then

(VF=Xn()H; =R

jE€I jeI
By Theorem 4.1.2, this means that R is a face of the cone X. The ray R
is an extreme ray of the face R, of course, so it follows from Theorem 4.1.3
that R is an extreme ray of X.

If —xq belongs to X, then X is not a proper cone, and hence X has no
extreme rays according to Theorem 4.2.4.

It remains to show that R is not an extreme ray in the case when —xy ¢ X
and there is no index set I with the property that the intersection ) et Hjis
equal to the line through 0 and zy. So let J be a maximal index set satisfying
the condition xy € [ ;es Hj. Due to our assumption, the intersection ﬂje ;H;
is then a linear subspace of dimension greater than or equal to two, and
therefore it contains a vector v which is linearly independent of xy. The
vectors xg + tv and xy — tv both belong to [ et H;, and consequently also
to ;es &, for all real numbers ¢t. When [¢[ is a sufficiently small number,
the two vectors also belong to the halfspaces K for indices j ¢ J, because
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xo is an interior point of K; for these indices j. Therefore, there exists a
positive number § such that the vectors r, = xy+ dv and x_ = x¢ — dv both
belong to the cone X. The two vectors x, and x_ are linearly independent
and zg = %x+ + %x_, so it follows that the ray R = ?0 lies between the two
rays ﬂ and z~ in X, and R is therefore not an extreme ray. O]

Thus, to find all the extreme rays of the cone
X = (Y{re R | (e,2) > 0}
j=1

we should proceed as follows. First choose an index set J consisting of n — 1
elements from the set {1,2,...,m}. This can be done in (n’fl) different
ways. Then solve the corresponding homogeneous linear system (c;, z) = 0,
j € J. If the solution set is one-dimensional, than pick a solution xy. If xq
satisfies the remaining linear inequalities and —xzy does not, then R = 74 is
an extreme ray. If, instead, —z( satisfies the remaining linear inequalities and
xo does not, then —R is an extreme ray. Since this is the only way to obtain
extreme rays, we conclude that the number of extreme rays is bounded by
the number (nfl). In particular, we get the following corollary.

Theorem 5.1.4. Polyhedral cones have finitely many extreme rays.

5.2 Polyhedral cones

Theorem 5.2.1. A cone is polyhedral if and only if it is finitely generated.

Proof. We first show that every polyhedral cone is finitely generated.
By Theorem 4.2.6, every polyhedral cone X can be written in the form

X =linX + X N (lin X)*,
and X N (lin)* is a line-free, i.e. proper, polyhedral cone. Let B be a set

consisting of one point from each extreme ray of X N (lin X)*; then B is a
finite set and

X N (lin X)* = con B,
according to Theorems 5.1.4 and 4.2.4.

Let eq,eq,...,eq be a basis for the linear subspace lin X, and put ¢y =
—(eg + €2+ -+ + €4). The cone lin X is generated as a cone by the set
A ={ep,e1,...,¢e4}, ie.

lin X = con A.

Summing up,
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X =linX + X N (lin X)* = con A + con B = con(A U B),
which shows that the cone X is finitely generated by the set AU B.

Next, suppose that X is a finitely generated cone so that X = con A for
some finite set A. We start by the observation that the dual cone X is
polyhedral. Indeed, if A # () then

Xt =A"={z€R"|(z,a) >0foralla € A} = [ |{z € R"| (a,z) > 0}

a€A

is an intersection of finitely many conical halfspaces, i.e. a polyhedral cone.
And if A =0, then X = {0} and X = R™.

The already proven part of the theorem now implies that the dual cone
X7 is finitely generated. But the dual cone of X, i.e. the bidual cone X+,
is then polyhedral, too. Since the bidual cone X ™ coincides with the original
cone X, by Corollary 3.2.4, we conclude the X is a polyhedral cone. O]

We are now able two prove two results that were left unproven in Chap-
ter 2.6; compare Corollary 2.6.9.
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Theorem 5.2.2. (i) The intersection X NY of two finitely generated cones
X and Y 1s a finitely generated cone.
(ii) The inverse image T~*(X) of a finitely generated cone X under a linear
map T is a finitely generated cone.

Proof. The intersection of two conical polyhedra is obviously a conical poly-
hedron, and the same holds for the inverse image of a conical polyhedron un-
der a linear map. The theorem is therefore a corollary of Theorem 5.2.1. [J

5.3 The internal structure of polyhedra

Polyhedra are by definition intersections of finite collections of closed half-
spaces, and this can be viewed as an external description of polyhedra. We
shall now give an internal description of polyhedra in terms of extreme points
and extreme rays, and the following structure theorem is the main result of
this chapter.

Theorem 5.3.1. A nonempty subset X of R" is a polyhedron if and only if
there exist two finite subsets A and B of R™ with A # () such that

X =cvx A+ conB.

The cone con B is then equal to the recession cone recc X of X. If the
polyhedron is line-free, we may choose for A the set ext X of all extreme points
of X, and for B a set consisting of one nonzero point from each extreme ray
of the recession cone recc X .

Proof. We first prove that polyhedra have the stated decomposition. So
let X be a polyhedron and put Y = X N (lin X)*. Then, Y is a line-free
polyhedron, and

X =linX+Y =lin X +reccY + cvx(extY),

by Theorems 4.2.6 and 4.2.2. The two polyhedral cones lin X and reccY
are, according to Theorem 5.2.1, generated by two finite sets B; and B,
respectively, and their sum is generated by the finite set B = By U By. The
set ext Y is finite, by Theorem 5.1.2, so the representation

X =cvxA+conB

is now obtained by taking A = extY.
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J

Figure 5.1. An illustration for Theorem 5.3.1. The right part of the figure depicts
an unbounded polyhedron X in R?. Its recessive subspace lin X is one-dimensional
and is generated as a cone by e; and -e;. The intersection X N (lin X)*, which
is shadowed, is a line-free polyhedron with two extreme points a; and as. The
recession cone recc(X N (lin X)) is generated by b; and by. The representation
X = cvx A+ con B is obtained by taking A = {a1,a2} and B = {e1, —e1, b1, ba}.

The cone con B is closed and the convex set cvx A is compact, since the
sets A and B are finite. Hence, con B = recc X by Corollary 2.7.13.

If X is a line-free polyhedron, then
X = cvx(ext X) 4 con(exr(recc X)),
by Theorems 4.2.2 and 4.2.4, and this gives us the required representation of
X with A = ext X and with B as a set consisting of one nonzero point from
each extreme ray of recc X.

To prove the converse, suppose that X = cvx A + con B, where A =
{a1,...,a,} and B = {by,...,b,} are finite sets. Consider the cone Y in
R"” x R that is generated by the finite set (A x {1}) U (B x {0}). The cone
Y is polyhedral according to Theorem 5.2.1, which means that there is an
m % (n + 1)-matrix C' such that

(5.1) (z,201) EY & C { v } > 0.
Tn41
(Here LC ‘ij denotes the vector (z1,...,x,, T,11) Wwritten as a column ma-
n
trix.)

Let C' denote the submatrix of C' which consists of all columns but the
last, and let ¢’ be the last column of the matrix C. Then

C[ . }:C”x—i—xnﬂc’,

Tn41
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which means that the equivalence (5.1) may be written as
(2, 2p41) €Y & C'x+xp1d > 0.

By definition, a vector (x,1) € R™ x R belongs to the cone Y if and only if
there exist nonnegative numbers Ai, Ao, ..., A, and g, pio, . . ., pig such that

3::)xlal+)\2a2+---+)\pap+u1b1+u2b2—|—--~+uqbq
L=XA+X+-+A

i.e. if and only if z € cvx A 4 con B. This yields the equivalences
reX & (r,1)eY & C'z+d >0,

which means that X = {z € R" | C"x > —'}. Thus, X is a polyhedron. [J
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5.4 Polyhedron preserving operations

Theorem 5.4.1. The intersection of finitely many polyhedra in R™ is a poly-
hedron.

Proof. Trivial. ]

Theorem 5.4.2. Suppose X is a polyhedron in R"™ and that T: R" — R™ is
an affine map. The image T(X) is then a polyhedron in R™.

Proof. The assertion is trivial if the polyhedron is empty, so suppose it is
nonempty and write it in the form

X =cvx A+ con B,

where A = {ay,...,a,} and B = {by,...,b,} are finite sets. Each z € X has
then a representation of the form

p q p q q
r=) Nag+ Y by =Y Nai+ Y by — (D )0
j=1 7j=1 7=1 7=1 7j=1

with nonnegative coefficients A; and p; and 25;1 Aj =1 ie eachz € X is
an affine combination of elements in the set AU BU{0}. Since T is an affine
map,

q

P q P q
Tx = Z )\jTCLj + Z /Lijj — (Z /LJ)TO = Z )\jTCLj + Z Hj (Tb] — TO)
j=1 J=1 J=1 J=1 J=1
This shows that the image T'(X) is of the form
T(X)=cvx A +con B
with A’ =T(A) and B' = -T0+T(B) = {Ib; —10,...,Tb, —T0}. So the
image T'(X) is a polyhedron, by Theorem 5.3.1. O

Theorem 5.4.3. Suppose Y is a polyhedron in R™ and that T: R — R™
is an affine map. The inverse image T—Y(Y') is then a polyhedron in R™.

Proof. First assume that Y is a closed halfspace in R™ (or the entire space
R™), ie. that Y = {y € R™ | (¢c,y) > b}. (The case Y = R™ is obtained by
¢ =0and b =0.) The affine map 7" can be written in the form Tx = Sx +yq,
with S as a linear map and yg as a vector in R™. This gives us

THY)={r e R"| (¢, Tz) > b} = {x € R" | (STe,z) > b— (c,y0)}.

So T71(Y) is a closed halfspace in R™ if STc # 0, the entire space R™ if
STe =0 and b < (¢, y0), and the empty set 0 if STc =0 and b > {c, yo).
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In the general case, Y = ﬂ?zl K is an intersection of finitely many closed
halfspaces. Since S~'(Y) = (,_; ST!(Kj), the inverse image S~'(Y') is an
intersection of closed halfspaces, the empty set, or the entire space R". Thus,

S~1(Y) is a polyhedron. O

Theorem 5.4.4. The Cartesian product X XY of two polyhedra X and Y 1is
a polyhedron.

Proof. Suppose X lies in R™ and Y lies in R™. The set X x R" is a poly-
hedron since it is the inverse image of X under the projection (z,y) — z,
and R™ x Y is a polyhedron for a similar reason. It follows that X x Y is a
polyhedron, because X x Y = (X x R")n(R™ x Y). O

Theorem 5.4.5. The sum X +Y of two polyhedra in R™ is a polyhedron.

Proof. The sum X +Y is equal to the image of X x Y under the linear map
(x,y) — = 4y, so the theorem is a consequence of the previous theorem and
Theorem 5.4.2. O

5.5 Separation

It is possible to obtain sharper separation results for polyhedra than for
general convex sets. Compare the following two theorems with Theorems
3.1.6 and 3.1.5.

Theorem 5.5.1. If X and Y are two disjoint polyhedra, then there exists a
hyperplane that strictly separates the two polyhedra.

Proof. The difference X —Y of two polyhedra X and Y is a closed set, since
it is a polyhedron according to Theorem 5.4.5. So it follows from Theorem
3.1.6 that there exists a hyperplane that strictly separates the two polyhedra,
if they are disjoint. O

Theorem 5.5.2. Let X be a convex set, and let Y be a polyhedron that is
disjoint from X . Then there exists a hyperplane that separates X andY and
does not contain X as a subset.

Proof. We prove the theorem by induction over the dimension n of the sur-
rounding space R".

The case n = 1 is trivial, so suppose the assertion of the theorem is true
when the dimension is n — 1, and let X be a convex subset of R" that is
disjoint from the polyhedron Y. An application of Theorem 3.1.5 gives us
a hyperplane H that separates X and Y and, as a consequence, does not
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contain both sets as subsets. If X is not contained in H, then we are done.
So suppose that X is a subset of H. The polyhedron Y then lies in one of the
two closed halfspaces defined by the hyperplane H. Let us denote this closed
halfspace by H,, so that Y C H,, and let H,, denote the corresponding
open halfspace.

Ity C Hy,, then Y and H are disjoint polyhedra, and an application
of Theorem 5.5.1 gives us a hyperplane that strictly separates Y and H. Of
course, this hyperplane also strictly separates Y and X, since X is a subset
of H.

This proves the case Y C H, ., so it only remains to consider the case
when Y is a subset of the closed halfspace H, without being a subset of the
corresponding open halfspace, i.e. the case

YCH, YNH#.

Due to our induction hypothesis, it is possible to separate the nonempty
polyhedron Y; =Y N H and X inside the (n — 1)-dimensional hyperplane H
using an affine (n — 2)-dimensional subset L of H which does not contain X
as a subset. L divides the hyperplane H into two closed halves L, and L_
with L as their common relative boundary, and with X as a subset of L_
and Y] as a subset of L.
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Let us denote the relative interior of L_ by L__, so that L__ = L_\ L.
The assumption that X is not a subset of L implies that X N L__ # ().

Observe that YNL_ = Y1NL. If YiNL = (), then there exists a hyperplane
that strictly separates the polyhedra Y och L_, by Theorem 5.5.1, and since
X C L_, we are done in this case, too.

What remains is to treat the case Yy N L # (), and by performing a
translation, if necessary, we may assume that the origin lies in Y; N L, which
implies that L is a linear subspace. See figure 5.2.

Figure 5.2. Illustration for the proof of Theorem 5.5.2.

Note that the set H, UL, is a cone and that Y is a subset of this cone.
Now, consider the cone conY generated by the polyhedron Y, and let

C =L+ conY.

C'is a cone, too, and a subset of the cone H,, U L., since Y and L are both
subsets of the last mentioned cone. The cone conY is polyhedral, because
if the polyhedron Y is written as Y = cvx A 4+ con B with finite sets A and
B, then conY = con(A U B) due to the fact that 0 lies in Y. Since the
sum of two polyhedral cones is polyhedral, it follows that the cone C' is also
polyhedral.

The cone C'is disjoint from the set L__, since the sets L__ and H,, UL,
are disjoint.

Now write the polyhedral cone C' as an intersection [ K; of finitely many
closed halfspaces K; which are bounded by hyperplanes H; through the origin.
Each halfspace K is a cone containing Y as well as L. If a given halfspace K;
contains in addition a point from L__, then it contains the cone generated
by that point and L, that is all of L_. Therefore, since C' = (| K; and
CNL__ =1, we conclude that there exists a halfspace K; that does not
contain any point from L__. In other words, the corresponding boundary
hyperplane H; separates L_ and the cone C and is disjoint from L__. Since
X CL_,Y CCand XNL__+# 0, H; separates the sets X and Y and
does not contain X. This completes the induction step and the proof of the
theorem. [
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Exercises

5.1 Find the extreme points of the following polyhedra X:

a) X ={r c R?| —z1 + 22 <2, 11 + 219 > 2, 20 > —1}

b) X ={zeR?| —z1+32 <2, 21 +225 <2, 35 > —1}

c) X ={r e R?| 2z + a2 +23 <4, 11 +220 + 13 <4, x>0}

d) X:{I‘G R* | 1+ 22+ 323 + x4 < 4, 200 + 323 > 5, :CZO}
5.2 Find the extreme rays of the cone

X ={z e R3| 21 —22+2x3 >0, 21 + 229 — 223 > 0, 3 + 23 > 0, 23 > 0}.
5.3 Find a matrix C such that

con{(1,-1,1),(-1,0,1),(3,2,1),(=2,-1,0)} = {z € R?® | Cx > 0}.

5.4 Find finite sets A and B such that X = con A + cvx B for the following

polyhedra:

a) X ={r € R?| —z1 + 22 <2, 11 + 219 > 2, 19 > —1}

b) X={r € R?| -1 +22 <2, 21 + 212 <2, 29 > —1}

c) X={zeR3|2x; +ao+23<4 21 +222+23<4, >0}

d) X ={z € R*| 2y + 22+ 3z3 +24 <4, 229+ 323 >5, x>0}

5.5 Suppose 0 lies in the polyhedron X = cvx A + con B, where A and B are
finite sets. Prove that con X = con(A U B).
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Chapter 6

Convex functions

6.1 Basic definitions

Epigraph and sublevel set

Definition. Let f: X — R be a function with domain X € R" and codomain
R, i.e. the real numbers extended with oo. The set

epif ={(z,t) e X x R | f(x) <t}

is called the epigraph of the function.
Let o be a real number. The set

sublev, f ={z € X | f(z) < a}

is called a sublevel set of the function, or more precisely, the a-sublevel set.

The epigraph is a subset of R"*!, and the word ’epi’ means above. So
epigraph means above the graph.

e
AV

sublevy f R"

Figure 6.1. Epigraph and a sublevel set

Download free eBooks at bookboon.com



| T

Figure 6.2. The graph of a convex function

We remind the reader of the notation dom f for the effective domain of
f, i.e. the set of points where the function f: X — R is finite. Obviously,

dom f={zr e X | f(x) < o0}

is equal to the union of all the sublevel sets of f, and these form an increasing
family of sets, i.e.

dom f = U sublev,, f and a < 8 = sublev, f C sublevgs f.

aceR

This implies that dom f is a convex set if all the sublevel sets are convex.

Convex functions

Definition. A function f: X — R is called convez if its domain X and
epigraph epi f are convex sets.
A function f: X — R is called concave if the function —f is convex.

EXAMPLE 6.1.1. The epigraph of an affine function is a closed halfspace. All
affine functions, and in particular all linear functions, are thus convex and
concave. n

EXAMPLE 6.1.2. The exponential funcion e with R as domain of definition
is a convex function.

To see this, we replace  with £ —a in the elementary inequality e* > x+1
and obtain the inequality €* > (z—a)e®+e®, which implies that the epigraph
of the exponential function can be expressed as the intersection

({(z,y) € R* [y > (z — a)e” + ¢}

aceR

of a family of closed halfspaces in R?. The epigraph is thus convex. O]
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Theorem 6.1.1. The effective domain dom f and the sublevel sets sublev, f
of a convex function f: X — R are conver sets.

Proof. Suppose that the domain X is a subset of R™ and consider the pro-
jection P: R x R — R"™ of R” x R onto its first factor, i.e. Py(z,t) = x.
Let furthermore K, denote the closed halfspace {z € R"™ | z,,, < a}.
Then sublev, f = Py(epi f N K,), for

flz)<a & Ft: f(o) <t<a < Jt: (z,t) €epif N K,
& x € P(epi fNK,).

The intersections epi f N K, are convex sets, and since convexity is preserved
by linear maps, it follows that the sublevel sets sublev, f are convex. Con-
sequently, their union dom f is also convex. O]

Quasiconvex functions

Many important properties of convex functions are consequences of the mere
fact that their sublevel sets are convex. This is the reason for paying special
attention to functions with convex sublevel sets and motivates the following
definition.
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Definition. A function f: X — R is called quasiconvezr if X and all its
sublevel sets sublev,, f are convex.
A function f: X — R is called quasiconcave if —f is quasiconvex.

Convex functions are quasiconvex since their sublevel sets are convex. The
converse is not true, because a function f that is defined on some subinterval
I of R is quasiconvex if it is increasing on I, or if it is decreasing on I, or
more generally, if there exists a point ¢ € I such that f is decreasing to the
left of ¢ and increasing to the right of ¢. There are, of course, non-convex
functions of this type.

Convex extensions

The effective domain dom f of a convex (quasiconvex) function f: X — R
is convex, and since

epi f = {(z,t) edom f x R | f(z) < t} and
sublev, f ={z e dom f | f(x) < a},

the restriction flqom ¢ of f to dom f is also a convex (quasiconvex) function,
and the restriction has the same epigraph and the same a-sublevel sets as f.

So what is the point of allowing oo as a function value of a convex func-
tion? We are of course primarily interested in functions with finite values but
functions with infinite values arise naturally as suprema or limits of sequences
of functions with finite values.

Another benefit of allowing co as a function value of (quasi)convex func-
tions is that we can without restriction assume that they are defined on the
entire space R™. For if f: X — R is a (quasi)convex function defined on a
proper subset X of R", and if we define the function f : R — R by

LR e

then f and f have the same epigraphs and the same a-sublevel sets. The
extension f is therefore also (quasi)convex. Of course, dom f = dom f.

(Quasi)concave functions have an analogous extension to functions with
values in R = R U {—o0}.

Alternative characterization of convexity

Theorem 6.1.2. A function f: X — R with a convex domain of definition
X 18
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(a) convez if and only if

(6.1) fOx+ (1= Ny) <Af(x)+ (1= N f(y)

for all points x,y € X and all numbers X €10, 1];
(b) quasiconvez if and only if

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

for all points x,y € X and all numbers X €]0,1].

Proof. (a) Suppose f is convex, i.e. that the epigraph epi f is convex, and
let  and y be two points in dom f. Then the points (z, f(x)) and (y, f(v))
belong to the epigraph, and the convexity of the epigraph implies that the
convex combination

(Az+ (1= Ny, Af(x) + (1= N f(y))

of these two points also belong to the epigraph. This statement is equivalent
to the inequality (6.1) being true. If any of the points z,y € X lies outside
dom f, then the inequality is trivially satisfied since the right hand side is
equal to oo in that case.

To prove the converse, we assume that the inequality (6.1) holds. Let
(x,s) and (y,t) be two points in the epigraph, and let 0 < A < 1. Then
f(z) < s and f(y) < t, by definition, and it therefore follows from the
inequality (6.1) that

FOa + (1= N)y) < Af(x) + (1= Nf(y) < As + (1 -\,

so the point (Az+ (1 —A)y, As+ (1 —\)t), i.e. the point A\(z, s)+ (1 —\)(y, t),
lies in the epigraph. In orther words, the epigraph is convex.

(b) The proof is analogous and is left to the reader. O

A function f : X — Ris clearly (quasi)convex if and only if the restriction
flz is (quasi)convex for each line L that intersects X. Each such line has
an equation of the form x = xg + tv, where zy is a point in X and v is a
vector in R"™, and the corresponding restriction is a one-variable function
g(t) = f(zo +tv) (with the set {t | zo+tv € X} as its domain of definition).
To decide whether a function is (quasi)convex or not is thus essentially a
one-variable problem.

Definition. Let f: X — R be a function defined on a convex cone X. The
function is called
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o subadditive if f(x +y) < f(z)+ f(y) for all z,y € X
e positive homogeneous if f(ax) = af(x) for all z € X and all & € R .

Every positive homogeneous, subadditive function is clearly convex. Con-
versely, every convex, positive homogeneous function f is subadditive, be-
cause

fla+y) =2f(Gr+5y) <23f(2) + 3f(v) = f(z) + ().

A seminorm on R™ is a function f: R®™ — R, which is subadditive,

positive homogeneous, and symmetric, i.e. satisfies the condition

f(=z) = f(x) forallz e R™.
The symmetry and homogenouity conditions may of course be merged to
the condition
flazx) =|a|f(z) for all z € R™ and all a € R.
If f is a seminorm, then f(z) > 0 for all z, since
0=f(0)=f(z —2) < f(z) + f(~2) = 2f(2).
A seminorm f is called a norm if f(x) = 0 implies + = 0. The usual

notation for a norm is |-||.
Seminorms, and in particular norms, are convex functions.
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EXAMPLE 6.1.3. The Euclidean norm and the #!-norm, that were defined in
Chapter 1, are special cases of the P-norms ||-||, on R". They are defined

for 1 < p < oo by
Izl = (3 Jail?)'”,
=1

and for p = oo by

1lloo = max |,

The maximum norm ||-||o is a limiting case, because ||z||, — ||z]|o as p — 0.

The ¢P-norms are obviously positive homogeneous and symmetric and
equal to 0 only if x = 0. Subadditivity is an immediate consequence of the
triangle inequality |z + y| < |z| + |y| for real numbers when p =1 or p = o0,
and of the Cauchy—Schwarz inequality when p = 2. For the remaining values
of p, subadditivity will be proved in Section 6.4 (Theorem 6.4.3). H

Strict convexity

By strengthening the inequalities in the alternative characterization of con-
vexity, we obtain the following definitions.

Definition. A convex function f: X — R is called strictly convex if

fOz 4+ (1= Ny) < Af(x)+(1—=N)f(y)

for all pairs of distinct points z, y € X and all A €10, 1[.

A quasiconvex function f is called strictly quasiconvex if inequality (6.2)
is strict for all pairs of distinct points z, y € X and all A €]0, 1].

A function f is called strictly concave (strictly quasiconcave) if the func-
tion —f is strictly convex (strictly quasiconvex).

EXAMPLE 6.1.4. A quadratic form ¢(z) = (z,Qx) = >_7,_, gijz;x; on R is
convex if and only if it is positive semidefinite, and the form is strictly convex
if and only if it is positive definite. This follows from the identity

(Azi+(1=Nys) Az +(1=N)y;) = Aziz;+(1=N)yiy; = A1=) (2 —ys) (x;—y;)
which after multiplication by ¢;; and summation yields the equality
q(Az+ (1= Ay) = Ag(z) + (1 = Na(y) = A1 = Mg(z —y).

The right hand side is < Ag(z) + (1 — A)g(y) for all 0 < A < 1 if and only if
q(z—y) > 0, which holds for all = # y if and only if ¢ is positive semidefinite.
Strict inequality requires ¢ to be positive definite. O
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Jensen’s inequality

The inequalities (6.1) and (6.2) are easily extended to convex combinations
of more than two points.

Theorem 6.1.3. Let f be a function and suppose x = A\x1+ Ao+ -+ AT
is a conver combination of the points x1,Ts, ..., Ty in the domain of f.
(a) If f is convez, then

(6.3) flz) < Zm: A f(xj). (Jensen’s inequality)
j=1

If f s strictly convex and A\; > 0 for all j, then equality prevails in (6.3)
if and only if x1 =20 = -+ = x,,.
(b) If f is quasiconvex, then

(6.4) flo) < max f(z;).
If f s strictly quasiconvex and \j > 0 for all j, then equality prevails in
(6.4) if and only if x1 =x9 =+ = Tp,.

Proof. (a) To prove the Jensen inequality we may assume that all coefficients
Aj are positive and that all points z; lie in dom f, because the right hand
side of the inequality is infinite if some point z; lies outside dom f. Then

m

(z, Z Nif (7)) = A (g, f(=5),

J=1

and the right sum, being a convex combination of elements in the epigraph
epi f, belongs to epi f. So the left hand side is a point in epi f, and this gives
us inequality (6.3).

Now assume that f is strictly convex and that we have equality in Jensen’s
inequality for the convex combination = = Z;n:l Ajz;, with positive coeffi-
cents \j and m > 2. Let y = >, Aj(1—A1) " 'a;. Thenz = Ay +(1- M)y,
and y is a convex combination of x5, 3, ..., ,,, so it follows from Jensen’s
inequality that

m

NN f(5) = fl@) < Mfe) + (1 - M) ()

Jj=1 m

<Af(x) + (1= N\) Z (L =) () = Z Ajf ().

J=1
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Since the left hand side and right hand side of this chain of inequalities
and equalities are equal, we conclude that equality holds everywhere. Thus,
flz) = M f(x1) + (1 — M) f(y), and since f is strictly convex, this implies
that xr1 =y = x.

By symmetri, we also have zo = z, ..., z,, = x, and hence z; = x5 =
R

(b) Suppose f is quasiconvex, and let v = max;<j<p, f(z;). If any of the
points z; lies outside dom f, then there is nothing to prove since the right
hand side of the inequality (6.4) is infinite. In the opposite case, « is a finite
number, and each point z; belongs to the convex sublevel set sublev,, f, and
it follows that so does the point z. This proves inequality (6.4).

The proof of the assertion about equality for strictly quasiconvex func-
tions is analogous with the corresponding proof for strictly convex func-
tions. O

[ ]
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6.2 Operations that preserve convexity

We now describe some ways to construct new convex functions from given
convex functions.

Conic combination

Theorem 6.2.1. Suppose that f: X — R and g: X — R are convex func-
tions and that o and B are nonnegative real numbers. Then af + Bg is also
a convex function.

Proof. Follows directly from the alternative characterization of convexity in
Theorem 6.1.2. [

The set of convex functions on a given set X is, in other words, a convex
cone. So every conic combination ay f1+as fo+- - -+, [, of convex functions
on X is convex.

Note that there is no counterpart of this statement for quasiconvex func-
tions — a sum of quasiconvex functions is not necessarily quasiconvex.

Pointwise limit

Theorem 6.2.2. Suppose that the functions fi: X — R, i =1,2,3,..., are
conver and that the limait

f(z) = lim fi(z)
71— 00
exists as a finite number or oo for each x € X. The limit function f: X — R
15 then also convex.

Proof. Let x and y be two points in X, and suppose 0 < A\ < 1. By passing
to the limit in the inequality f;(Ax + (1 — N)y) < Afi(z) + (1 — ) fi(y) we
obtain the following inequality

fOz+ (1= Ny) <Af(x)+ 1 =Nf(y),

which tells us that the limit function f is convex. n

Using Theorem 6.2.2, we may extend the result in Theorem 6.2.1 to in-
finite sums and integrals. For example, a pointwise convergent infinite sum
f(x) =32, filx) of convex functions is convex.

And if f(z,y) is a function that is convex with respect to the variable
x on some set X for each y in a set Y, « is a nonnegative function defined
on Y, and the integral g(z) = [, a(y)f(z,y) dy exists for all # € X, then
g is a convex function on X. This follows from Theorem 6.2.2 by writing
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the integral as a limit of Riemann sums, or more directly, by integrating the
inequalites that characterize the convexity of the functions f(-,y).

Composition with affine maps

Theorem 6.2.3. Suppose A: V. — R"™ is an affine map, that Y is a convex
subset of R"™, and that f: Y — R is a convex function. The composition
f oA is then a conver function on its domain of definition A~1(Y")

Proof. Let g = f o A. Then, for x1,25 € A~/(Y)and 0 < A < 1,

gAxy + (1 = Nxg) = f(ANAzy + (1 — N)Axg) < Af(Azxq) + (1 = N) f(Axs)
= Ag(x1) + (1 — A)g(z2),

which shows that the function ¢ is convex. O

The composition f o A of a quasiconvex function f and an affine map A
is quasiconvex.

EXAMPLE 6.2.1. The function x + e T?n ig convex on R™ since it is a
composition of a linear map and the convex exponential function ¢ +— e'. [

Pointwise supremum

Theorem 6.2.4. Let fi: X — R, i € I, be a family of functions, and define
the function f: X — R forx € X by

f(x) = sup fi(x).

el

Then
(i) f is convex if the functions f; are all convez;
(ii) f is quasiconvex if the functions f; are all quasiconvez.

Proof. By the least upper bound definition, f(z) <t if and only if fi(z) <t
for all + € I, and this implies that

epif =(epifi and sublev, f =()|sublev, f;

el i€l

for all £ € R. The assertions of the theorem are now immediate consequences
of the fact that intersections of convex sets are convex. OJ
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h f2
I3

Figure 6.3. f = sup f; for a family consisting of three functions.

EXAMPLE 6.2.2. A pointwise maximum of finitely many affine functions, i.e.
a function of the form

f(z) = max ({¢;,x) + a;),

1<i<m
is a convex function and is called a convex piecewise affine function. O

EXAMPLE 6.2.3. Examples of convex piecewise affine functions f on R"™ are:
(a) The absolute value of the i:th coordinate of a vector

f(z) = |z;| = max{z;, —x;}.
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(b) The maximum norm
f(2) = llzlleo = max as].
(¢) The sum of the m largest coordinates of a vector
flz) =max{z; + -+, |1 <iy <ig < -+ <ip <n}. O

Composition

Theorem 6.2.5. Suppose that the function ¢: I — R is defined on a real
intervall I that contains the range f(X) of the function f: X — R. The
composition ¢ o f: X — R is convex

(i) if f is convex and ¢ is conver and increasing;

(i1) if f is concave and ¢ is conver and decreasing.

Proof. The inequality
O(f(Az+ (1 =N)y)) < o(Mf(z) + (1 =N f(y))

holds for z,y € X and 0 < A < 1 if either f is convex and ¢ is increasing, or
f is concave and ¢ is decreasing. If in addition ¢ is convex, then

S(Af(x) + (1 =N f(y) < Ao(f(2) + (1= Nob(f(y)),

and by combining the two inequalities above, we obtain the inequality that
shows that the function ¢ o f is a convex. O

There is a corresponding result for quasiconvexity: The composition ¢o f
is quasiconvex if either f is quasiconvex and ¢ is increasing, or f is quasi-
concave and ¢ is decreasing.

ExXAMPLE 6.2.4. The function

2 2., 2
T eMrtrR Ty

where 1 < k < n, is convex on R", since the exponential function is convex
and increasing, and positive semidefinite quadratic forms are convex. O

EXAMPLE 6.2.5. The two functions ¢t — 1/t and ¢ — —Int are convex and
decreasing on the interval ]0,00[. So the function 1/g is convex and the
function In g is concave, if ¢ is a concave and positive function. O]

Infimum

Theorem 6.2.6. Let C be a convex subset of R™*!, and let g be the function
defined for x € R™ by

g(x) =inf{t € R| (z,t) € C},
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with the usual convention inf ) = +o0o0. Suppose there exists a point xq in the
relative interior of the set

Xo={zeR"|g(z) <o} ={zxeR"|IHtecR: (z,t) € C}

with a finite function value g(xo). Then g(x) > —oo for all z € R, and
g: R" — R is a conver function with X, as its effective domain.

Proof. Let x be an arbitrary point in Xy. To show that g(z) > —o0, i.e. that
the set

T,={teR| (z,t) € C}

is bounded below, we first choose a point x; € rint Xy such that zy lies on
the open line segment |x, [, and write zo = Az + (1 — A\)zy with 0 < A < 1.
We then fix a real number ¢; such that (z1,t1) € C, and for t € T, define
the number tg as tg = A + (1 — A)t;. The pair (zg,to) is then a convex
combination of the points (z,t) and (x1,¢;) in C, so

g(l'o) < to =\t + (1 — )\)tl,

by convexity and the definition of g. We conclude that

and this inequality shows that the set T, is bounded below.

So the function g has R as codomain, and dom g = X,. Now, let ; and
Zo be arbitrary points in Xy, and let A\; and Ay be two positive numbers with
sum 1. To each € > 0 there exist two real numbers ¢; and ¢y such that the
two points (xq,t1) and (z2,%2) lie in C and t; < g(z1) + € and £y < g(z2) +e.
The convex combination (A;x1 + Aowa, Ait1 + Aatz) of the two points lies in
C, too, and

g(Miz1 + Aaxa) < Aty + Aoty < Aig(21) + Aag(x2) + €.

This means that the point A\jx1 + A2 lies in X, and by letting € tend to 0
we conclude that g(A1x; + Aaza) < Aig(x1) + Aag(z2). Hence, the set X is
convex, and the function ¢ is convex. O

We have seen that the pointwise supremum f(z) = sup;c; fi(z) of an
arbitrary family of convex functions is convex. So if f: X x Y — R is a
function with the property that the functions f(-,y) are convex on X for
each y € Y, and we define the function g on X by g(z) = sup,cy f(,y),
then ¢ is convex, and this is true without any further conditions on the set
Y. Our next theorem shows that the corresponding infimum is a convex

function, provided f is convex as a function on the product set X x Y.
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Theorem 6.2.7. Suppose f: X xY — R is a conver function, and for each
x € X define
g(x) = inf f(z,y).

yey
If there is a point xy € rint X such that g(xy) > —oo, then g(x) is a finite

number for each x € X, and g: X — R is a convex function.

Proof. Suppose X is a subset of R™ and let
C={(x,t) e X xR |y eY: flx,y) <t}

C is a convex subset of R""! because given two points (z1,t;) and (z2,ts)
in C, and two positive numbers A\; and Ay with sum 1, there exist two points
y1 and yo in the convex set Y such that f(z;,v;) < t; for i = 1,2, and this
implies that

Jxy 4+ Aoz, Miyn + Xayz) < Auf(@r,y1) + Ao f (22, 2) < ity + Aoty

which shows that the convex combination Ai(z1,t1) + Ag(xa,ts) lies in C.
Moreover, g(x) = inf{t | (z,t) € C}, so the corollary follows immediately
from Theorem 6.2.6. O
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Perspective

Definition. Let f: X — _E be a function defined on a cone X in R™. The
function g: X x Ry — R, defined by

g(@,s) = sf(z/s),
is called the perspective of f.

Theorem 6.2.8. The perspective g of a convex function f: X — R with a
convex cone X as domain is a convex function.

Proof. Let (z,s) and (y,t) be two points in X x Ry, and let «, 8 be two
positive numbers with sum 1. Then

ax + By
as—l—ﬂt)
as $+ bt y>

:<as+ﬁt)f<as+ﬁt'g oszrBt'E

< ast) + ﬁﬁ(%) = ag(z, s) + B9(y, 1). O

EXAMPLE 6.2.6. By the previous theorem, f(z) = z,q(x/z,) is a convex
function on R"™! x R, whenever ¢(z) is a positive semidefinite quadratic
form on R™!. In particular, by choosing the Euclidean norm as quadratic
form, we see that the function

g(a,s) + Bly.1)) = glaz + By, as + Bt) = (as + Bt)

v (B s+ 22 )/ T,

is convex on the open halfspace R"™1 x R . O

6.3 Maximum and minimum

Minimum points

For an arbitrary function to decide whether a given point is a global minimum
point is an intractable problem, but there are good numerical methods for
finding local minimum points if we impose some regularity conditions on the
function. This is the reason why convexity plays such an important role
in optimization theory. A local minimum of a convex function is namely
automatically a global minimum.

Let us recall that a point z¢ € X is a local minimum point of the function
f: X — R if there exists an open ball B = B(z¢;r) with center at z, such
that f(z) > f(xo) for all z € X N B. The point is a (global) minimum point
if f(x) > f(xo) for all x € X.
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Theorem 6.3.1. Suppose that the function f: X — R is conver and that
xg € dom f is a local minimum point of f. Then xy is a global minimum
point. The minimum point is unique if f is strictly conver.

Proof. Let x € X be an arbitrary point different from zy. Since f is a convex
function and Az + (1 — X\)zg — 29 as A — 0, the following inequalities hold
for A > 0 sufficiently close to 0:

f(xo) < f(Az 4+ (1 = A)mo) < Af(x) + (1 — A) f (o)
(with strict inequality in the last place if f is strictly convex). From this
follows at once that f(x) > f(zo) (and f(z) > f(xo), respectively), which
proves that z is a global minimum point (and that there are no other mini-
mum points if the convexity is strict) ]

Theorem 6.3.2. The set of minimum points of a quasiconver function is
conver.

Proof. The assertion is trivial for functions with no minimum point, since
the empty set is convex, and for the function which is identically equal to oo
on X. So, suppose that the quasiconvex function f: X — R has a minimum
point xy € dom f. The set of minimum points is then equal to the sublevel
set {z € X | f(x) < f(xo)}, which is convex by definition. O

Maximum points

Theorem 6.3.3. Suppose X = cvx A and that the function f: X — R is
quasiconvexr. Then

sup f(z) = sup f(a).

zeX a€A

If the function has a maximum, then there is a mazimum point in A.

Proof. Let x € X. Since z is a convex combination z = 27:1 Aja; of ele-
ments a; € A,

f(z) = f(z Aja;) < max f(a;) < sup f(a),

= 1<5<m ac

and it follows that

sup f(x) < sup f(a).
zeX acA

The converse inequality being trivial, since A is a subset of X, we conclude
that equality holds.

Moreover, if z is a maximum point, then f(z) > max;<j<m, f(a;), and
combining this with the inequality above, we obtain f(x) = maxi<j<, f(a;),
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which means that the maximum is certainly attained at some of the points
a; € A. O

Thus, we can find the maximum of a quasiconvex function whose domain
is the convex hull of a finite set A, by just comparing finitely many function
values. Of course, this may be infeasible if the set A is very large.

Since compact convex sets coincide with the convex hull of their extreme
points, we have the following corollary of the previous theorem.

Corollary 6.3.4. Suppose that X is a compact convez set and that f: X — R
1s a quasiconver function. If f has a maximum, then there is a maximum
point among the extreme points of X.

EXAMPLE 6.3.1. The quadratic form f(z1,7s) = 2% + 21129 + 223 is strictly
convex, since it positive definite. The maximum of f on the traingle with
vertices at the points (1,1), (—2,1) and (0,2) is attained at some of the
vertices. The function values at the vertices are 5, 2, and 8, respectively.
The maximum value is hence equal to 8, and it is attained at (0, 2). U

A non-constant realvalued convex function can not attain its maximum
at an interior point of its domain, because of the following theorem.
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Theorem 6.3.5. A convex function f: X — R that attains its maximum at
a relative interior point of X, is necessarily constant on X.

Proof. Suppose f has a maximum at the point a € rint X, and let = be an
arbitrary point in X. Since a is a relative interior point, there exists a point
y € X such that a belongs to the open line segment |z, y[, i.e. a = Az+(1—\)y
for some number A satisfying 0 < A < 1. By convexity and since f(y) < f(a),

fla) =z + (1= Ay) < Af(@) + (1 =N f(y) < Af(x) + (1= A)f(a),

with f(z) > f(a) as conclusion. Since the converse inequality holds trivially,
we have f(x) = f(a). The function f is thus equal to f(a) everywhere. [

6.4 Some important inequalities

Many inequalities can be proved by convexity arguments, and we shall give
three important examples.

Arithmetic and geometric mean

Definition. Let 6,,0,,...,60, be given positive numbers with Z;'L:1 0, = 1.
The weighted arithmetic mean A and the weighted geometric mean G of n pos-
itive numbers aq, as, ..., a, with the given numbers 6;,0s,...,60, as weights
are defined as

0;

i

1

a

A= Z t;a; and G =
Jj=1 J

n

The usual arithmetic and geometric means are obtained as special cases
by taking all weights equal to 1/n.

We have the following well-known inequality between the arithmetic and
the geometric means.

Theorem 6.4.1. For all positive numbers ay, as, . .., a,
G<A
with equality if and only if a; = as = -+ = a,.

Proof. Let z; = Inaj, so that a; = €* = exp(z;). The inequality G < A is
now transformed to the inequality

exp (Z 0,x;) < Z 0; exp(x;),
j=1 Jj=1
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which is Jensen’s inequality for the strictly convex exponential function, and
equality holds if and only if 1 = 29 = --- = x,,, i.e. if and only if a1 = as =
Cee = Ay O

EXAMPLE 6.4.1. A lot of maximum and minimum problems can be solved
by use of the inequality of arithmetic and geometric means. Here follows a
general example.

Let f be a function of the form

f(gz:):z:c,(l_[x]%)7 r e R"

where ¢; > 0 and «;; are real numbers for all ¢, j.
The function g(z) = 16, + 225 +z; ‘25 2%, corresponding to n = 2, m = 3,
c=(16,2,1) and

1 0
a=ol=1 0 1],
-1 =2

serves as a typical example of such a function.

Suppose that we want to minimize f(z) over the set {z € R™ | x > 0}.
This problem can be attacked in the following way. Let 61,60,,...,60,, be
positive numbers with sum equal to 1, and write

The inequality of arithmetic and geometric means now gives us the following
inequality

(6.5) flz) > H<(%)9i (11 x;&-aij)) =) -]}
i=1 b=l J=1
with . .
cO) =[I(E)" ad 8= by
i=1 " i=1

If it is possible to choose the weights 6; > 0 so that > ", §; = 1 and

Bj = Z@iaij =0 for all j,

i=1
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then inequality (6.5) becomes
fx) = C(0),

n
ci g
and equality occurs if and only if all the products 9—1 H:E;” are equal, a
i 50

condition that makes it possible to determine x. ]

Holder’s inequality

Theorem 6.4.2 (Holder's inequallity). Suppose 1 < p < oo and let q be the
dual index defined by the equality

Then .
) = > 5] < Uzl vl

j=1
for all x, y € R". Moreover, to each x there corresponds a y with norm
lyllg =1 such that (x,y) = ||z||,-
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Remark. Observe that ¢ = 2 when p = 2. Thus, the Cauchy-Schwarz in-
equality is a special case of Holder’s inequality.

Proof. The case p = oo follows directly from the triangle inequality for sums:

n n n
D2yl < D lasllysl < Y lelloe lysl = lzllooliylln
j=1 j=1 j=1
So assume that 1 < p < oo. Since |>7 z;u;] < > 7|zslly;], and the
vector (|x1],...,|x,|) has the same P-norm as (x1,...,z,) and the vector
(ly1ls- - -, |yn|) has the same ¢%-norm as (yi,...,¥y,), we can without loss of
generality assume that the numbers z; and y; are positive.
The function ¢ +— 7 is convex on the interval [0, co[. Hence,

(6.6) (Z Ajtj)p <> At
j=1 j=1

for all positive numbers t1,%s,...,t, and all positive numbers A, Ao, ..., A\,
with Y 7' A; = 1. Now, let us make the particular choice

vj

Z?:l Yi

LilYj

A = 2
J

and tj =
Then
Aty =ajy;  and Aty = (p] 1] <Z ya) = 1j (Z y?) 7
j=1

which inserted in the inequality (6.6) gives

n p n _
(Swm) <> a(u)”
j=1 j=1 j=1

and we obtain Holder’s inequality by raising both sides to 1/p.

It is easy to verify that Holder’s inequality holds with equality and that
lyll, = 1 if we choose y as follows:

r=0: All y with norm equal to 1.
p/q),. |p

x%o’ 1§p<oo y]_ ||:L‘||p |x]|/$] lij?éo

0 if Ty = 0.

|j|/2; it § = Jo,
r#0, p=o0: ;=

7o g {0 it j # jo.
where jj is an index such that |z;,| = ||2]|s. O
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Theorem 6.4.3 (Minkowski's inequality). Suppose p > 1 and let x and y be
arbitrary vectors in R"™. Then

12+ yllp < ll2llp + [1yllp-

Proof. Consider the linear forms = — f,(z) = (a,x) for vectors a € R"
satisfying ||la||, = 1. By Holder’s inequality,

fal@) < llallgllzll, <y,

and for each z there exists a vector a with |jal]|, = 1 such that Holder’s
inequality holds with equality, i.e. such that f,(z) = ||z||,. Thus

), = supifa(2) | llally = 1},

and hence, f(z) = ||z||, is a convex function by Theorem 6.2.4. Positive
homogenouity is obvious, and positive homogeneous convex functions are
subadditive, so the proof of Minkowski’s inequality is now complete. O]

6.5 Solvability of systems of convex inequal-
ities

The solvability of systems of linear inequalities was discussed in Chapter 3.
Our next theorem is kind of a generalization of Theorem 3.3.7 and treats the
solvability of a system of convex and affine inequalities.

Theorem 6.5.1. Let f;: Q2 — R, i = 1,2,...,m, be a family of convex
functions defined on a convex subset €2 of R™.

Let p be an integer in the interval 1 < p < m, and suppose if p < m that
the functions f; are restrictions to £ of affine functions for i > p+ 1 and
that the set

{r erint Q| fi(x) <0 fori=p+1,...,m}
1s nonempty. The following two assertions are then equivalent:
(i) The system

filz) <0, i=1,2,...,p
filx) <0, di=p+1,....m

has no solution x € ).

(1i) There exist nonnegative numbers Ay, A, ..., Ay, with at least one of the
numbers Ai, Ag, ..., Ay being nonzero, such that

D Aifi(x) >0
for all x € Q. =
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Remark. The system of inequalities must contain at least one strict inequality,
and all inequalities are allowed to be strict (the case p = m).

Proof. If the system (i) has a solution z, then the sum in (ii) is obviously
negative for the same z, since at least one of its terms is negative and the
others are non-positive. Thus, (ii) implies (i).

To prove the converse implication, we assume that the system (i) has no
solution and define M to be the set of all y = (y1,¥2,...,¥m) € R™ such
that the system

fi(.z’)<yi, 1=1,2,....p
has a solution z € ).

The set M is convex, for if ¢ and 3" are two points in M, 0 < A < 1, and
x’, 2" are solutions in §2 of the said systems of inequalities and equalities with
y" and y”, respectively, as right hand members, then z = A’ + (1 — \)2” € Q
will be a solution of the system with Ay’ + (1—\)y” as its right hand member,
due to the convexity and affinity of the functions f; for ¢ < p and i > p,
respectively.
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Our assumptions concerning the system (i) imply that MNR™ = (). Since
R™ is a polyhedron, there exist, by the separation theorem 5.5.2, a nonzero
vector A = (A1, Ag, ..., \p) and a real number « such that the hyperplane
H ={y | (\ y) = a} separates M and R™ and does not contain M as subset.
We may assume that

>a forallye M,

Myt 4 Aot + -+ A
1 A2l Y {ga for all y € R™.

By first choosing y = 0, we see that & > 0, and by then choosing y = te;,
where e; is the i:th standard basis vector in R™, and letting ¢ tend to —oo,
we conclude that \; > 0 for all 7.

For each z € 2 and € > 0,

y=(N@)+e.. @) 6 fpa(n),. .., fm(r))
is a point in M. Consequently,
M(fi(e) +€) + -+ Mp(fo(@) + ) + Appafpra (@) + - + Anfin(2) = a 2 0,
and by letting € tend to zero, we obtain the inequality
AMfi(z) + Aafo(@) + -+ + A fin(2) = 0

for all z € Q.

If p = m, we are done since the vector A = (A1, Ag,...,A\,) is then
nonzero, but it remains to prove that some of the coefficients Aj, Ao, ..., A, is
nonzero when p < m. Assume the contrary, i.e. that Ay = Xy =--- =X, =0,
and let m

hz) = > Nifilx)
i=p+1

The function h is affine, and h(z) > 0 for all x € . Furthermore, by the
assumptions of the theorem, there exists a point xg in the relative interior
of  such that f;(zo) < 0 for all ¢ > p + 1, which implies that h(zy) < 0.
Thus, h(xzg) = 0. This means that the restriction h|g, which is a concave
function since h is affine, attains its minimum at a relative interior point,
and according to Theorem 6.3.5 (applied to the function —hlg), this implies
that the function h is constant and equal to 0 on €.

But to each y € M there corresponds a point = € € such that y; = fi(z)
for i = p+1,...m, and this implies that

(\y) = ZZPH Aifi(z) = h(z) = 0.
We conclude that o = 0 and that the hyperplane H contains M, which is a

contradiction. Thus, at least one of the coefficients A1, Ag, ..., A, has to be
nonzero, and the theorem is proved. O
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6.6 Continuity

A real-valued convex function is automatically continuous at all relative in-
terior points of the domain. More precisely, we have the following theorem.

Theorem 6.6.1. Suppose f: X — R is a convex function and that a is
a point in the relative interior of dom f. Then there exist a relative open
neighborhood U of a in dom f and a constant M such that

[f(z) = fla)] < M|z — af
for all x € U. Hence, f is continuous on the relative interior of dom f.

Proof. We start by proving a special case of the theorem and then show how
to reduce the general case to this special case.

1. So first assume that X is an open subset of R”, that dom f = X, i.e. that
f is a real-valued convex function, that a = 0, and that f(0) = 0. We will
show that if we choose the number r > 0 such that the closed hypercube

K(r) ={z e R"| [[z][e <7}
is included in X, then there is a constant M such that
(6.7) |f ()] < M||z]]

for all o in the closed ball B(0;7) = {z € R" | ||z|| < r}, where ||-|| is the
usual Euclidean norm.

The hypercube K (r) has 2" extreme points (vertices). Let L denote the
largest of the function values of f at these extreme points. Since the convex
hull of the extreme points is equal to K(r), it follows from Theorem 6.3.3
that

flz) < L
for all x € K(r), and thereby also for all # € B(0;r), because B(0;7) is a
subset of K(r).

We will now make this inequality sharper. To this end, let x be an
arbitrary point in B(0;7) different from the center 0. The halfline from 0
through = intersects the boundary of B(0;7) at the point

T
Y= 17,
&4l

and since x lies on the line segment [0, y], x is a convex combination of its
end points. More precisely, x = Ay + (1 — A\)0 with A\ = ||z||/r. Therefore,
since f is convex,

Fl) S AT) + (1= NF0) = Af(9) < AL = T el
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The above inequality holds for all z € B(0;r). To prove the same inequal-
ity with f(z) replaced by |f(z)[, we use the fact that the point —z belongs
to B(0;r) if z does so, and the equality 0 = 1z + 1(—z). By convexity,

1 1 1 L
0= £(0) < 3/@) + 3/(~2) < 5 () + o el
which simplifies to the inequality
L L
> —_ | — = — — .
fla) 2 ===l = =z

This proves that inequality (6.7) holds for x € B(0;7) with M = L/r.

2. We now turn to the general case. Let n be the dimension of the set dom f.
The affine hull of dom f is equal to the set a + V for some n-dimensional
linear subspace V', and since V' is isomorphic to R", we can obtain a bijective
linear map 7: R™ — V by choosing a coordinate system in V.

The inverse image Y of the relative interior of dom f under the map
y — a+ Ty of R" onto aff(dom f) is an open convex subset of R", and Y
contains the point 0. Define the function g: ¥ — R by

9(y) = fla+Ty) — f(a).
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Then, g is a convex function, since g is composed by a convex function and
an affine function, and ¢g(0) = 0.

For x = a + Ty € rint(dom f) we now have f(z) — f(a) = ¢(y) and
x —a = Ty, so in order to prove the general case of our theorem, we have to
show that there is a constant M such that |g(y)| < M||Ty| for all y in some
neighborhood of 0. But the map y +— ||Ty|| is a norm on R", and since all
norms are equivalent, it suffices to show that there is a constant M such that

l9(y)| < My
for all y in some neighborhood of 0, and that is exactly what we did in step 1
of the proof. So the theorem is proved. O]

The following corollary follows immediately from Theorem 6.6.1, because
affine sets have no relative boundary points.

Corollary 6.6.2. A convez function f: X — R with an affine subset X as
domain is continuous.

For functions f with a closed interval I = [a,b] as domain, convexity
imposes no other restrictions on the function value f(b) than that it has
to be greater than or equal to lim, ., f(x). Thus, a convex function need
not be continuous at the endpoint b, and a similar remark holds for the left
endpoint, of course. For example, a function f, that is identically equal to
zero on I \ {a,b}, is convex if f(a) > 0 and f(b) > 0. Cf. exercise 7.6.

6.7 The recessive subspace of convex func-
tions

EXAMPLE 6.7.1. Let f: R?> = R be the convex function
f(x1,22) = 21 + 22 + elm—2)”,
The restrictions of f to lines with direction given by the vector v = (1,1) are
affine functions, since
fx+tw) = f(r +t, 0+ 1) = 21 + 29 + 2t + 722" = f(z) + 2.
Let V = {x € R*| z1 = 72} be the linear subspace of R? spanned by the
vector v, and consider the the orthogonal decomposition R? = V44 V. Each

2 € R? has a corresponding unique decomposition z = y + z with y € V*
and z € V, namely

y=3(z1 — 29, w0 — 1) and z = (@1 + 22, 21 + 32).

. . 1 o
Moreover, since z = 5(x1 + 22)v = 210,
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f@) = fly+2) = fy) + 22 = flve(y) + 22
So there is a corresponding decomposition of f as a sum of the restriction
of f to V! and a linear function on V. It is easily verified that the vector
(v,2) = (1,1, 2) spans the recessive subspace lin(epi f), and that V is equal
to the image P;(lin(epi f)) of lin(epi f) under the projection P; of R? x R
onto the first factor R2. O

The result in the previous example can be generalized, and in order to
describe this generalization we need a definition.

Definition. Let f: X — R be a function defined on a subset X of R™.
The linear subspace Vy = Pi(lin(epi f)), where P;: R® x R — R" is the
projection of R" x R onto its first factor R", is called the recessive subspace
of the function f.

Theorem 6.7.1. Let f be a convex function with recessive subspace V5.

(1) A vector v belongs to Vi if and only if there is a unique number o, such
that (v, ) belongs to the recessive subspace lin(epi f) of the epigraph
of the function.

(1t) The map g: Vi — R, defined by g(v) = «, for v € Vy, is linear.

(111) dom f = dom f + V.
(w) f(z+wv) = f(x)+ g(v) for all x € dom f and all v € V}.

(v) If the function f is differentiable at x € dom f then g(v) = (f'(x),v)
for allv e Vy.

(vi) Suppose V' is a linear subspace, that h: V' — R is a linear map, that
dom f+V Cdom f, and that f(z+v) = f(x)+ h(v) for all z € dom f
and allv € V. Then, V C V4.

Proof. (i) By definition, v € V} if and only if there is a real number «, such
that (v, a,) € lin(epi f). To prove that the number «, is uniquely determined
by v € V}, we assume that the pair (v, 3) also lies in lin(epi f).

The point (x +tv, f(z) +ta,) belongs to the epigraph for each x € dom f
and each t € R, i.e.

(6.8) r+tve€dom f and f(x+tv) < f(x)+ to,.

Hence, (z + tv, f(z + tv)) is a point in the epigraph, and our assumption
(v, B) € lin(epi f) now implies that (z + tv — tv, f(z + tv) — tf) is a point in
i epi f, too. We conclude that

(6.9) fl@) < flz+tv) —tp
for all t € R. By combining the two inequalities (6.8) and (6.9), we obtain
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the inequality f(z) < f(z) + (o, — 8)t, which holds for all ¢ € R. This is
possible only if § = «,,, and proves the uniqueness of the number «,,.

(ii) Let, as before, P; be the projection of R™ x R onto R", and let P, be
the projection of R™ x R onto the second factor R. The uniqueness result
(i) implies that the restriction of P; to the linear subspace lin(epi f) is a
bijective linear map onto V. Let () denote the inverse of this restriction; the
map g is then equal to the composition P, o @ of the two linear maps P, and
@, and this implies that g is a linear function.

(iii) The particular choice of t = 1 in (6.8) yields the implication
redomf&veV; = x+vedomf,

which proves the inclusion dom f 4+ Vy C dom f, and the converse inclusion
is of course trivial.

(iv) By choosing ¢ = 1 in the inequalities (6.8) and(6.9) and using the fact
that o, = f = g(v), we obtain the two inequalities f(x 4+ v) < f(x) + g(v)
and f(z) < f(z +v) — g(v), which when combined prove assertion (iv).

(v) Consider the restriction ¢(t) = f(x + tv) of the function f to the line
through the point « with direction v € V. By (iii), ¢ is defined for all t € R,
and by (iv), ¢(t) = f(x) + tg(v). Hence, ¢'(0) = g(v). But if f is differenti-
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able at x, then we also have ¢/(0) = (f'(x),v) according to the chain rule,
and this proves our assertion (v).

(vi) Suppose v € V. If (z,s) is an arbitrary point in the epigraph epi f,
then f(z + tv) = f(x) + h(tv) < s + th(v), which means that the point
(x + tv,s + th(v)) lies in epi f for every real number ¢. This proves that
(v, h(v)) belongs to lin(epi f) and, consequently, that v is a vector in Vy. [

By our next theorem, every convex function is the sum of a convex func-
tion with a trivial recessive subspace and a linear function.

Theorem 6.7.2. Suppose that f is a convex function with recessive subspace
V. Let f denote the restriction of f to dom f N Vf , and let g: Vy — R be
the linear function defined in Theorem 6.7.1. The recessive subspace Vi of f
is then trivial, i.e. equal to {0}, dom f = dom f N V{4V, and

fly+2) = fly) +9(2)
for all y € dom f N VfL and all z € Vy.

Proof. Each x € R"™ has a unique decomposition x = y + z with y € VfL and
2z € Vi, and if x € dom f then y = x — 2 € dom f 4V = dom f, by Theorem
6.7.1, and hence y € dom f ﬂVfL. This proves that dom f = dom f ﬁVfL + V7.

The equality f(y + z) = f(y) + g(z) now follows from (iv) in Theorem
6.7.1, so it only remains to prove that V; = {0}. Suppose v € V7, and let g
be an arbitrary point in dom f. Then xy + v lies in dom f, too, and since
dom f C VfL and VfL is a linear subspace, we conclude that v = (2o +v) — g
is a vector in Vfl. This proves the inclusion Vi C Vfl.

Theorem 6.7.1 gives us two linear functions g: Vy — R and g: V; = R
such that f(z +v) = f(z) + g(v) for all x € dom f and all v € V}, and
fly+w) = f(y) + g(w) for all y € dom f N V7" and all w € V.

Now, let w be an arbitrary vector in V; and x be an arbitrary point in
dom f, and write x as x = y+v with y € dom f N V and v € Vy. The point
y + w lies in dom f N Vf , and we get the following 1dent1t1es

flzt+w)=fly+v+w)=fly+w+v) = fly+w)+g(v)
Fly+w) +g(v) = fly) + §(w) + g(v)
f(y) +g(v) + g(w) = f(z) + g(w).

Therefore, V; € Vy, by Theorem 6.7.1 (v). Hence, V; € Vi-NV; = {0},
which proves that V; = {0}. O
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6.8 Closed convex functions

Definition. A convex function is called closed if it has a closed epigraph.

Theorem 6.8.1. A convex function f: X — R is closed if and only if all its
sublevel sets are closed.

Proof. Suppose that X is a subset of R™ and that f is a closed function. Let
X, =sublev, f={zx € X | f(z) < a}
be an arbitrary nonempty sublevel set of f, and define Y, to be the set
Yo=epifN{(z,2,11) € R" X R | 2,41 < a}.

The set Y, is closed, being the intersection between the closed epigraph epi f
and a closed halfspace, and X, = P(Y,), where P: R* x R — R" is the
projection P(z,x,.1) = x.

Obviously, the recession cone reccY, contains no nonzero vector of the
form v = (0, v,41), i.e. no nonzero vector in the null space N (P) = {0} x R of
the projection P. Hence, (reccY,)NN(P) = {0}, so it follows from Theorem
2.7.10 that the sublevel set X, is closed.

To prove the converse, assume that all sublevel sets are closed, and let
(20, Yo) be a boundary point of epi f. Let ((xk, yk))(;o be a sequence of points
in epi f that converges to (o, o), and let € be an arbitrary positive number.
Then, since yp — yo as k — 00, f(zx) < yp < yo + € for all sufficiently large
k, so the points xj belong to the sublevel set {x € X | f(z) < yo + €} for all
sufficiently large k. The sublevel set being closed, it follows that the limit
point zq lies in the same sublevel set, i.e. g € X and f(zg) < yo + €, and
since € > 0 is arbitrary, we conclude that f(x¢) < yo. Hence, (z9,%o) is a
point in epi f. So epi f contains all its boundary points and is therefore a
closed set. O

Corollary 6.8.2. Continuous convex functions f: X — R with closed do-
mains X are closed functions.

Proof. Follows immediately from Theorem 6.8.1, because the sublevel sets of
real-valued continuous functions with closed domains are closed sets. O

Theorem 6.8.3. All nonempty sublevel sets of a closed convex function have

the same recession cone and the same recessive subspace. Hence, all sublevel
sets are bounded if one of the nonempty sublevel sets is bounded.
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Proof. Let f: X — R be a closed convex function, and suppose that z, is
a point in the sublevel set X, = {z € X | f(x) < a}. Since X, and epi f
are closed convex sets and (g, «v) is a point in epi f, we obtain the following
equivalences:

verecc X, & xgt+tve X, forallte Ry
& f(ro+tv) <a forallte R,y
< (g +tv,a) €epif forallte Ry
& (zg,a) + t(v,0) €epif forallte Ry
< (v,0) € recc(epi f),

with the conclusion that the recession cone
recc X, = {v e R" | (v,0) € recc(epi f)}

does not depend on « as long as X, # 0. Of course, the same is then true
for the recessive subspace

lin X, = recc X, N (—recc X,) ={v € R" | (v,0) € lin(epi f)}.

~
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The statement concerning bounded sublevel sets follows from the fact
that a closed convex set is bounded if and only if its recession cone is equal
to the zero cone {0}. O

Theorem 6.8.4. A convex function f, which is bounded on an affine subset
M, s constant on M.

Proof. Let M = a + U, where U is a linear subspace, and consider the
restriction g = f|y; of f to M. The function ¢ is continuous since all points
of M are relative interior points, and closed since the domain M is a closed
set. Let a = sup{g(z) | z € M}; then {z | g(x) < a} = M, so by the
previous theorem, all nonempty sublevel sets of g has lin M, that is the
subspace U, as their recessive subspace.

Let now xy be an arbitrary point in M. Since the recessive subspace of
the particular sublevel set {z | g(x) < g(zo} is equal to U, we conclude that
g(xo +u) < g(zo) for all u € U. Hence, g(x) < g(xp) for all x € M, which
means that xg is a maximum point of g. Since z¢y € M is arbitrary, all points
in M are maximum points, and this implies that ¢ is constant on M. O

6.9 The support function

Definition. Let A be a nonempty subset of R”. The function S4: R* — R,
defined by

Sa(x) = sup{(y,z) [y € A}
(with the usual convention that S4(z) = oo if the function y — (y,z) is
unbounded above on A) is called the support function of the set A.

Theorem 6.9.1. (a) The support function Sy is a closed convex function.

(b) Suppose A and B are nonempty subsets of R", that > 0 and that
C: R — R™ is a linear map. Then

(i) Sa = Sevx A = Sel(evx 4)
(ii) Saa = @Sy

(ii) Sain = Sa+ Sp

(iv) Saup = max {Sa, Sp}
(v) Sey = Sa0CT.

Proof. (a) The support function S, is closed and convex, because its epi-
graph

epiSa = {(z.t) | (y.2) <tforally € A} = [{(x,1) | (y,2) <t}

yeA
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is closed, being the intersection of a family of closed halfspaces in R™ x R.

(b) Since linear forms are convex, it follows from Theorem 6.3.3 that

Sa(z) =sup{{z,y) | y € A} =sup{{x,y) | y € cvx A} = Sevxa(2)
for all x € R™. Moreover, if a function f is continuous on the closure of
a set X, then sup,cx f(y) = sup,cqx f(y), and linear forms are of course
continuous. Therefore, Sevx a(2) = Sei(evx 4) () for all x.
This proves the identity (i), and the remaining identities are obtained as
follows:

Saalw) = sup (y,) = sup (ay,) = asup (y,) = aSa(x).

yeaA yeA yeEA
Sarp(z) = sup (y,7) = sup (Y1 +¥y2,T)
yEA+B y1€A,y2€B
= sup  ((y1,2) + (Y2, x)) = sup(y1, x) + sup (Y2, z)
Y1€EA,y2€B y1€EA y2€B

= Su(x) + Sp(z).

Saup(r) = sup (y,r) = max{sup (y,z), sup (y, )}
ye(AUB) yeA yeEB

= max {Sa(x), Sp(z)}.
Se(@) = sup (y,7) = sup (Cz,z) = sup (=, CTz) = Sa(CTz). O
yeC(A) z€A z€A

EXAMPLE 6.9.1. The support function of a closed interval [a,b] on the real
line is given by

Stap)(#) = Sgapy(v) = max{ax, bx},
since [a, b] = cvx{a, b}. -

EXAMPLE 6.9.2. In order to find the support function of the closed unit ball
B, = {x € R" | ||z], < 1} with respect to the fP-norm, we use Holder’s
inequality, obtaining

g, (x) = sup{(z,y) [ lyll, <1} = [|=[l,,

where the relation between p and ¢ is given by the equation 1/p+1/g=1. O

Closed convex sets are completely characterized by their support func-
tions, due to the following theorem.
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Theorem 6.9.2. Suppose that X, and X are two nonempty closed convex
subsets of R™ with support functions Sx, and Sx,, respectively. Then

(a) X1 C Xy & Sx, < Sy,
(b) X=Xy & SX1 :SX2.

Proof. Assertion (b) is an immediate consequence of (a), and the implication
X1 € Xy = Sy, < Sy, is trivial, so it only remains to prove the converse
implication, or equivalently, the implication X; € Xo = Sx, £ Sx,.

To prove the latter implication we assume that X; € Xs, i.e. that there
exists a point xg € X\ Xy. The point zy is strictly separable from the closed
convex set Xy, which means that there exist a vector ¢ € R™ and a number
b such that (x,c) < b for all z € X, while (xg,c) > b. Consequently,

Sx,(¢) > (xg,c) > b >sup{(z,c) | z € Xo} = Sx,(c),
which shows that Sx, € Sx,. O

By combining the previous theorem with property (i) of Theorem 6.9.1,
we obtain the following corollary.
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Corollary 6.9.3. Let A and B be two nonempty subsets of R™. Then,

Sy =Sp < cl(cvx A) = cl(cvx B).

6.10 The Minkowski functional

Let X be a convex subset of R with 0 as an interior point of X. Consider
the sets t X for ¢ > 0. This is an increasing family of sets, whose union equals
allof R", ie. 0 < s <t = sX CtX and J,,tX = R".

The family is increasing, because using the convexity of the sets tX and
the fact that they contain 0, we obtain the following inclusions for 0 < s < ¢:

sti(tX)vL(l—;)Og

~+~| ®»

(tX) + (1 - §)(tX) C tX.

That the union equals R™ only depends on 0 being an interior point of
X. For let B(0;79) be a closed ball centered at 0 and contained in X. An
arbitrary point z € R™ will then belong to the set 75! ||z|| X since 7o||z| '
lies in B(0; 7).

Now fix x € R™ and consider the set {t > 0 | x € tX}. This set is an
unbounded subinterval of [0, co[, and it contains the number r;*||z|. We
may therefore define a function

éx: R" = R,
by letting
Ox(z)=inf{t >0 |z e€tX}.

Obviously,
ox(z) <yt for all z.

Definition. The function ¢x: R" — R, is called the Minkowsk: functional
of the set X.

Theorem 6.10.1. The Minkowski functional ¢x has the following properties:
(i) For all z,y € R" and all A\ € Ry,
(a) ¢x(Az) = Apx (),
(b) dx(x+y) < ox(x) + dx(y).
(ii) There exists a constant C' such that
[6x(2) — dx ()| < Cllz =y
for all x;y € R".
(7)) it X = {x € R" | ox(z) <1} and cl X ={z e R" | ox(z) < 1}.
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The Minkowski functional is, in other words, positive homogeneous, subaddi-
tive, and Lipschitz continuous. So it is in particular a convex function.

Proof. (i) The equivalence x € tX < Ar € AMX, which holds for A > 0,
together with the fact that ¢x(0) = 0, implies positive homogenouity.

To prove subadditivity we choose, given ¢ > 0, two positive numbers
s < ¢x(x) +e€and t < dx(y) + € such that z € sX and y € tX. The point

s t oy
s+1s s+ttt

5+t(x+y)=

is a point in X, by convexity, and it follows that the point x + y belongs to
the set (s + ¢)X. This implies that

ox(x+y) <s+t<ox(x)+ dx(y) + 2,

and since this inequality is true for all ¢ > 0, we conclude that

ox(@+y) < ox(@) + dox(y).
(ii)) We have already noted that the inequality ¢x(x) < C||z|| holds for all =
with C' = r;'. By subadditivity,
¢x(2) = dx(z —y+y) < ox(z—y) + ox(y),
and hence

ox() — dx(y) < dx(r —y) < Cllz —yl|.

For symmetry reasons

¢x(y) — ox(z) < Clly — zf| = Cllz —yll,
and hence |¢x () — ¢x(y)| < Cllz —yl|.
(iii) The sets {z € R" | ¢x(z) < 1} and {z € R" | ¢x(z) < 1} are open
and closed, respectively, since ¢ x is continuous. Therefore, to prove assertion
(iii) it suffices, due to the characterization of int X as the largest open set

contained in X and of ¢l X as the smallest closed set containing X, to prove
the inclusions

intX C{reR"|ox(r) <1} CX C{zeR"|ox(x) <1} CclX.

Suppose = € int X. Since tx — x as t — 1, the points tz belong to the
interior of X for all numbers ¢ that are sufficiently close to 1. Thus, there
exists a number £, > 1 such that {pz € X, i.e. such that x € talX, which
means that ¢x(z) < t;' < 1, and this proves the inclusion

int X C {x € R" | ¢x(x) < 1}.
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The implications ¢x(z) < t = x € tX = ¢x(r) < t are direct con-
sequences of the definition of ¢x(x), and by choosing ¢ = 1 we obtain the
inclusions

{x € R gx(z) <1} C X C {x € R | 6 (x) < 1}.

To prove the remaining inclusion it is now enough to prove the inclusion

{r e R"| ¢x(x) =1} Ccl X.

So, suppose ¢x(z) = 1. Then there is a sequence (t,,)7° of numbers > 1 such
that £, — 1 asn — oo and = € t,X for all n. The points t;lx belong to X
for all n, and since ¢, 'x — x as n — oo, x is a point in the closure c1 X. [

Exercises

6.1
6.2

6.3

6.4

6.5

6.6

6.7

6.8

Find two quasiconvex functions fi, fo with a non-quasiconvex sum f; + fo.
Prove that the following functions f: R® — R are convex:
a) f(x) = 23 + 223 + 523 + 3wax3
b) f(z) = 223 + 23 + 23 — 27129 + 22173
) f(w) = e ™2 4 %2771 4 g2 — 23,
For which values of the real number a is the function
f(z) =22 + 222 + am% —2x129 + 22123 — 693
convex and strictly convex?

Prove that the function f(z) = x1x9 - -z, with R’} as domain is quasicon-
cave, and that the function g(x) = (z122---z,)"! with R7 as domain is
convex.

Let ) denote the k:th biggest coordinate of the point z = (x1,29,...,2p).
In other words, x(y), Z[g), . . ., T[] are the coordinates of z in decreasing order.

Prove for each k that the function f(z) = Zle x[;) is convex.

Suppose f: Ry — R is convex. Prove that
@) + flz2) + -+ flan) < f(m1+ 224 +an) + (0 —1)f(0)
for all x1, z9, ..., 2, > 0. Note the special case f(0) = 0!

The function f is defined on a convex subset of R™. Suppose that the
function f(x) + (¢, x) is quasiconvex for each ¢ € R™. Prove that f is
convex.

We have derived Corollary 6.2.7 from Theorem 6.2.6. Conversely, prove that
Theorem 6.2.6 follows easily from Corollary 6.2.7.
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6.9 X is a convex set in R"™ with a nonempty interior, and f: X — R is a
continuous function, whose restriction to int X is convex. Prove that f is
convex.

6.10 Suppose that the function f: X — R is convex. Prove that
inf {f(x) |z € X} =inf {f(x) | x € rint(dom f)}.
6.11 Use the method in Example 6.4.1 to determine the minimum of the function
gy, x0) = 1621 + 229 + 27 2y 2
over the set 1 > 0, 9 > 0.
6.12 Find the Minkowski functional of
a) the closed unit ball B(0;1) in R™ with respect to the fP-norm ||-||,;
b) the halfspace {z € R" | 21 < 1}.

6.13 Let X be a convex set with 0 as interior point and suppose that the set
is symmetric with respect to 0, i.e. x € X = —z € X. Prove that the
Minkowski functional ¢ x is a norm, i.e. that

(i) ¢x(z +y) < ¢x(z) + dx(y);
(i) ox(Az) = Adx(x) for all X € R;
(ii) ¢x(z) =02z =0.
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Chapter 7

Smooth convex functions

This chapter is devoted to the study of smooth convex functions, i.e. convex
functions that are differentiable. A prerequisite for differentiability at a point
is that the function is defined and finite in a neighborhood of the point.
Hence, it is only meaningful to study differentiability properties at interior
points of the domain of the function, and by passing to the restriction of
the function to the interior of its domain, we may as well assume from the
beginning that the domain of definition is open. That is the reason for
assuming all domains to be open and all function values to be finite in this
chapter.

7.1 Convex functions on R

Let f be a real-valued function that is defined in a neighborhood of the point
x € R. The one-sided limit

o) =t LB 1@

t—0+ t

)

if it exists, is called the right derivative of f at the point x. The left derivative
[’ (z) is similarly defined as the one-sided limit

o) — i LD @),

t—0— t

The function is obviously differentiable at the point x if and only if the right
and the left derivatives both exist and are equal, and the derivative f’(z) is
in that case equal to their common value.

The left derivative of the function f: I — R can be expressed as a right
derivative of the function f, defined by

f(z) = f(—z) forallze —I,
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because

and hence
fL(x) = —fi(=x).
Observe that the function f is convex if f is convex.
The basic differentiability properties of convex functions are consequences

of the following lemma, which has an obvious interpretation in terms of slopes
of various chords. Cf. figure 7.1.

Lemma 7.1.1. Suppose [ is a real-valued convex function that is defined on
a subinterval of R containing the points x1 < xo < x3. Then

flxo) = flan) _ flzs) = flan) _ flxs) = flaa)

Ty—x1 T~ xz—ax1 X3 —Toy

The above inequalities are strict if f is strictly convex.

B

T 2 3
Figure 7.1. A geometric interpretation of Lemma 7.1.1: If kpg
denotes the slope of the chord PQ, then kap < kac < kpc.

To — X

Proof. Write x5 = Azg + (1 — A)zy; then X =
interval |0, 1[. By convexity,
f@2) S Af(ws) + (1= A) f(z1),

which simplifies to f(z2) — f(x1) < A(f(z3) — f(x1)), and this is equivalent
to the leftmost of the two inequalities in the lemma.

The rightmost inequality is obtained by applying the already proven in-
equality to the convex function f. Since —z5 < —xy < —x1,

is a number in the
xr3 —T1

flxo) = flas) _ fl=wa) = f=as) _ f=21) = f=ws) _ fl21) — flas)

T3 — T —x9 — (—w3) T —x1— (—13) T3 — T
and multiplication by —1 gives the desired result.
The above inequalities are strict if f is strictly convex. O]

Y
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The differentiability properties of convex one-variable functions are given
by the following theorem.

Theorem 7.1.2. Suppose f: I — R is a convex function with an open subin-
terval I of R as its domain. Then:

(a) The function f has right and left derivatives at all points x € I, and
fL(z) < fi(x).
(b) If fL(z) < a < fi(x), then

fy) = f(@) +aly—z)  forallyel
The above inequality is strict for y # x, if f is strictly convex.

(c) If x <y, then f\(x) < f'.(y), and the inequality is strict if f is strictly
convex.

(d) The functions f\,: I — R and f' : I — R are increasing, and they are
strictly increasing if f is strictly convex.

(e) The set of points x € I where the function is not differentiable, is finite
or countable.
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Proof. Fix x € I and let

Fy = L= 1)

The domain of F'is an open interval J, with the point 0 removed.
We start by observing that if s,¢,u € J, and u < 0 <t < s, then

(7.1) F(u) < F(t) < F(s)

(and the inequalities are strict if f is strictly convex).

The right inequality F(t) < F\(s) follows directly from the left inequality
in Lemma 7.1.1 by choosing z; = =, 2o = ¢ + t and x3 = x + s, and the left
inequality F'(u) < F(t) follows from the inequality between the extreme ends
in the same lemma by instead choosing 1 = x + u, x5 =z and x3 = = + t.

It follows from inequality (7.1) that the function F(t) is increasing for
t > 0 (strictly increasing if f is strictly convex) and bounded below by
F(up), where ug is an arbitrary negative number in the domain of . Hence,
the limit

f(@) = lim F(1)

t—0-+
exists and
F(t) > fi(z)

for all ¢ > 0 in the domain of F' (with strict inequality if f is strictly convex).
By replacing t with y — x, we obtain the following implication for a < f (z):

(7.2) y>x= fly) = f(z) = fi(z)(y —z) = aly — )

(with strict inequality if f is strictly convex).
The same argument, applied to the function f and the point —z, shows
that f% (—z) exists, and that

—y>—z= f(-y) - f(—2) > —a(-y — (—x))

if —a < f’ (—z). Since f’ () = —f.(—x), this means that the left derivative
f1(x) exists and that the implication

(7.3) y<z= fly)— f(z) >aly —x)

is true for all constants a satistfying @ > f’ (x). The implications (7.2) and
(7.3) are both satisfied if f’ (z) < a < f/ (x), and this proves assertion (b).

Using inequality (7.1) we conclude that F'(—t) < F(t) for all sufficiently
small values of t. Hence
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fl(z) = lim F(—t) < lim F(t) = fi(z),

t—0+ t—0+
and this proves assertion (a).

As a special case of assertion (b), we have the two inequalities

fy) = flx) > fi(z)(y—=z) and  f(z)— fly) > f-(y)(z —y),

and division by y — x now results in the implication

fly) — f(z)

P f(y).

y>ax= fi(z) <

(If f is strictly convex, we may replace < with < at both places.) This proves
assertion (c).
By combining (c) with the inequality in (a) we obtain the implication

r<y= filz) < f(y) < fly),

which shows that the right derivative f/ is increasing. That the left derivative
is increasing is proved in a similar way. (And the derivatives are strictly
increasing if f is strictly convex.)

To prove the final assertion (e) we define I, to be the open interval
Jf"(x), fi(x)[. This interval is empty if the derivative f'(z) exists, and it is
nonempty if the derivative does not exist, and intervals I, and I,, belonging
to different points x and y are disjoint because of assertion (c¢). Now choose,
for each point x where the derivative does not exist, a rational number r,
in the interval I,. Since different intervals are pairwise disjoint, the chosen
numbers will be different, and since the set of rational numbers is countable,
there are at most countably many points x at which the derivative does not
exist. O

Definition. The line y = f(xg) + a(x — x¢) is called a supporting line of the
function f: I — R at the point z¢ € [ if

(7.4) f(z) > f(xo) + a(x — x0)
for all x € I.

A supporting line at the point z is a line which passes through the point
(xo, f(x0)) and has the entire function curve y = f(x) above (or on) itself. It
is, in other words, a (one-dimensional) supporting hyperplane of the epigraph
of f at the point (zo, f(z0)). The concept will be generalized for functions
of several variables in the next chapter.
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Figure 7.2. A supporting line.

y=f(z)

y = f(z0) + a(z — z0)

o T

Assertion (b) of the preceding theorem shows that convex functions with
open domains have supporting lines at each point, and that the tangent is a
supporting line at points where the derivative exists. By our next theorem,
the existence of supporting lines is also a sufficient condition for convexity.

Theorem 7.1.3. Suppose that the function f: I — R, where I is an open

interval, has a supporting line at each point in I. Then, f is a convex func-
tion.
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Proof. Suppose that x,y € I and that 0 < A < 1, and let a be the constant
belonging to the point 2o = Az+(1—\)y in the definition (7.4) of a supporting
line. Then we have f(z) > f(zo) + a(x — xo) and f(y) > f(x) + a(y — xo).
By multiplying the first inequality by A and the second inequality by (1— A),
and then adding the two resulting inequalities, we obtain

M(x) + (1 =N f(y) > f(wo) + a()\ff + (1 =Ny — 900) = f(o).

So the function f is convex.
Observe that if the inequality (7.4) is strict for all z # z( and for all
xo € I, then f is strictly convex. O

For differentiable functions we now obtain the following necessary and
sufficient condition for convexity.

Theorem 7.1.4. A differentiable function f: I — R is convex if and only
if its derivative [’ is increasing. And it is strictly convex if and only if the
deriwative is strictly increasing.

Proof. Assertion (d) in Theorem 7.1.2 shows that the derivative of a (strictly)
convex function is (strictly) increasing.

To prove the converse, we assume that the derivative f’ is increasing. By
the mean value theorem, if z and zy are distinct points in I, there exists a
point & between x and x( such that

f(z) = f(x0) — 1) {Z ['(xo) if x> o,

T — Xo < fwo) if < .
Multiplication by x — z( results, in both cases, in the inequality

f(@) = f(xo) = (o) (z — o),

which shows that y = f(zo) + f'(20)(z — zo) is a supporting line of the
function f at the point xy. Therefore, f is convex by Theorem 7.1.3.

The above inequalites are strict if the derivative is strictly increasing, and
we conclude that f is strictly convex in that case. O]

For two times differentiable functions we obtain the following corollary.

Corollary 7.1.5. A two times differentiable function f: I — R is convex
if and only if f"(x) > 0 for all x € I. The function is strictly convex if
f'(x) >0 forallxel.
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Proof. The derivative f’ is increasing (strictly increasing) if the second deri-
vative f” is nonnegative (positive). And the second derivative is nonnegative
if the derivative is increasing. [

Remark. A continuous function f: J — R with a non-open interval .J as
domain is convex if (and only if) the restriction of f to the interior of J is
convex. Hence, if the derivative exists and is increasing in the interior of J,
or if the second derivative exists and f”(x) > 0 for all interior points = of
the interval, then f is convex on J. Cf. exercise 7.7.

ExAMPLE 7.1.1. The functions = +— e*, x — —Inz and x — zP, where
p > 1, are strictly convex on their domains R, |0, oo and [0, co[, respectively,
because their first derivatives are strictly increasing functions. O]

7.2 Differentiable convex functions

A differentiable one-variable function f is convex if and only if its derivative
is an increasing function. In order to generalize this result to functions of
several variables it is necessary to express the condition that the derivative is
increasing in a generalizable way. To this end, we note that the derivative f’
is increasing on an interval if and only if f'(z +h)h > f'(x)h for all numbers
x and x+h in the interval, and this inequality is also meaningful for functions
f of several variables if we interpret f’(x)h as the value of the linear form
Df(x) at h. The inequality generalizing that the derivative of a function of
several variables is increasing will thus be written D f(xz + h)[h] > Df(x)[h],
or using gradient notation, (f'(x 4+ h),h) > (f'(z), h).

Theorem 7.2.1. Let X be an open convex subset of R", and let f: X — R
be a differentiable function. The following three conditions are equivalent:

(i) f is a convez function.
(i) f(x+v)> f(x)+ Df(x)[v] foralz,z+veX.
(11i)) Df(x +v)[v] > Df(x)[v] forallx,x+v e X.
The function f is strictly convex if and only if the inequalities in (ii) and
(11i) can be replaced by strict inequalities when v # 0.

Proof. Let us for given points  and = + v in X consider the restriction ¢, ,

of f to the line through x with direction v, i.e. the one-variable function
Goo(t) = [z +tv)

with the open interval I, , = {t € R | x+tv € X} as domain. The functions

¢, are differentiable with derivative ¢/, ,(t) = D f(x+tv)[v], and f is convex

if and only if all restrictions ¢, , are convex.
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(i) = (ii) Soif f is convex, then ¢,, is a convex function, and it follows
from Theorem 7.1.2 (b) that ¢, (t) > ¢2(0) + ¢, ,(0)t for all t € I, ,, which
means that f(z +tv) > f(z) + D f(z)[v]t for all t such that = +tv € X. We
now obtain the inequality in (ii) by choosing ¢ = 1.

(ii) = (iii) We obtain inequality (iii) by adding the two inequalities
flx+v) > f(x)+ Df(z)v] and f(z) > f(z+v)+ Df(z+v)[-v].

(iii) = (i) Suppose (iii) holds, and let y = z + sv and w = (t — s)v. If t > s,
then

Grw(t) = @0 (s) = Df (@ + tv)[v] — Df(z + sv)[v]
= Df(y+w)[v] = Df(y)[]

= L (Df(y + w)lu] - DI)w]) >0

/
v

which means that the derivative is increasing. The functions ¢,, are

thus convex.

This proves the equivalence of assertions (i), (ii) and (iii), and by replacing
all inequalities in the proof by strict inequalities, we obtain the corresponding
equivalent assertions for strictly convex functions. O
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The derivative of a differentiable function is equal to zero at a local min-
imum point. For convex functions, the converse is also true.

Theorem 7.2.2. Suppose f: X — R is a differentiable convex function.
Then & € X is a global minimum point if and only if f'(z) = 0.

Proof. That the derivative equals zero at a minimum point is a general fact,
and the converse is a consequence of property (ii) in the previous theorem,
for if f'(z) =0, then f(z) > f(z2) + Df(2)[x — 2] = f(z) forall z € X. O

Convexity can also be expressed by a condition on the second derivative,
and the natural substitute for the one-variable condition f”(z) > 0 is that
the second derivative should be positive semidefinite.

Theorem 7.2.3. Let X be an open convex subset of R™, and suppose that
the function f: X — R is two times differentiable. Then f is convex if and
only if the second derivative f"(x) is positive semidefinite for all x € X.

If f"(x) is positive definite for all x € X, then f is strictly conver.

Proof. The one-variable functions ¢, ,(t) = f(z + tv) are now two times
differentiable with second derivative

&1, (1) = D (a + to)[v, ] = (v, f"(x + to)o).

Since f is convex if and only if all functions ¢, , are convex, f is convex if
and only if all second derivatives ¢} , are nonnegative functions .
If the second derivative f”(z) is positive semidefinite for all x € X, then
no(t) = (v, f'(x+tv)v) > 0 for all » € X and all v € R", which means that
the second derivatives ¢/, , are nonnegative funtions. Conversely, if the second
derivatives ¢ , are nonnegative, then in particular (v, f’(r)) = ¢ ,(0) > 0
for all x € X and all v € R", and we conclude that the second derivative
f"(x) is positive semidefinite for all z € X.
If the second derivatives f”(x) are all positive definite, then ¢ ,(t) > 0
for v # 0, which implies that the functions ¢, , are strictly convex, and then

f is strictly convex, too. O]

7.3 Strong convexity
The function surface of a convex functions bends upwards, but there is no

lower positive bound on the curvature. By introducing such a bound we
obtain the notion of strong convexity.
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Definition. Let o be a positive number. A function f: X — R is called p-
strongly convex if the function f(z) — 1p||z||? is convex, and the function f is
called strongly convez if it is u-strongly convex for some positive number p.

Theorem 7.3.1. A differentiable function f: X — R with a convex domain
s p-strongly convex if and only if the following two mutually equivalent in-
equalities are satisfied for all x,x +v € X:

(i) Df(x +v)[v] > Df(2)[v] + plv]|?
(i1) f(x+v) = f(z) + Df(@)[] + ol
Proof. Let g(z) = f(x) — 3plz[|* and note that ¢'(z) = f'(z) — pz and that
consequently D f(x)[v] = Dg(x)[v] + p{x,v).

If f is p-strongly convex, then ¢ is a convex function, and so it follows
from Theorem 7.2.1 that
Df(x+v)v] = Df(z)[v] = Dg(x + v)[v] = Dg(x)[v] + p(z +v,v) — p(z,v)

> p(v,v) = pllvl*;
i.e. inequality (i) is satisfied.
(i) = (ii): Assume (i) holds, and define the function ® for 0 <t¢ <1 by
O(t) = flx +tv) — f(x) P Df(x)[v]t.
Then ®'(t) = Df(z + tv)[v] — Df(z)[v] = Z(Df(x + tv)[tv] — D f(x)[tv]),
and it now follows from inequality (i) that
@(t) > ol = pllo).

By integrating the last inequality over the interval [0, 1] we obtain

(1) = ©(1) = 2(0) = gpllv]*,

which is the same as inequality (ii).

If inequality (ii) holds, then

g(z +v) = f(z +v) = jullr +]* > f() + Df(@)[v] + sullvl® — sulle + vl
= g(z) + spllz)|* + Dg(@)[v] + plw,v) + splvl* — sulle + ol®
= g(x) + Dg(x)[v].

The function g is thus convex, by Theorem 7.2.1, and f(z) = g(z) + 3 z|?
is consequently p-strongly convex. O
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Theorem 7.3.2. A twice differentiable function f: X — R with a convex
domain is p-strongly convex if and only if

(7.5) (v, f"(2)v) = D* f(2)[v,v] = pllv]|?
for all x € X and all v € R".

Remark. If A is a symmetric operator, then

where A, is the smallest eigenvalue of the operator. Thus, a two times
differentiable function f with a convex domain is u-strongly convex if and
only if the eigenvalues of the hessian f”(x) are greater than or equal to pu for
each z in the domain.

Proof. Let ¢, ,(t) = f(x + tv). If condition (7.5) holds, then
ro(t) = D2 f(z +tv)v,v] > pllv|?

for all ¢ in the domain of the function. Using Taylor’s formula with remainder
term, we therefore conclude that
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Pao(t) = Pa,0(0) + &, (0)t + 565, ()7 = D0,0(0) + ¢, (0)t + pllv]|* £°.
For t = 1 this amounts to inequality (ii) in Theorem 7.3.1, and hence f is a
u-strongly convex function.

Conversely, if f is p-strongly convex, then by Theorem 7.3.1 (i)

o) = ¢0(0) _ Df(x + tv)[tv] — Df(x)[tv]
t 2

> pllol®.

Taking the limit as £ — 0 we obtain

D f()[v,v] = ¢}, (0) = pllv]]*. B

v

7.4 Convex functions with Lipschitz continu-
ous derivatives

The rate of convergence of classical iterative algorithms for minimizing func-
tions depends on the variation of the deriviative — the more the derivative
varies in a neighborhood of the minimum point, the slower the convergence.
The size of the Lipschitz constant is a measure of the variation of the deriva-
tive for functions with a Lipschitz continuous derivative. Therefore, we start
with a result which for arbitrary functions connects Lipschitz continuity of
the first derivative to bounds on the second derivative.

Theorem 7.4.1. Suppose f is a twice differentiable function and that X is a
convex subset of its domain.

(1) If || f"(z)|| < L for all x € X, then the derivative f" is Lipschitz con-
tinuous on X with Lipschitz constant L.

(11) If the derivative f' is Lipschitz continuous on the set X with constant
L, then || f"(x)|| < L for all x € int X.

Proof. (i) Suppose that || f”(x)|| < L for all z € X, and let x and y be two
points in X. Put v =y — x, let w be an arbitrary vector with ||w| = 1, and
define the function ¢ for 0 <t <1 by

o(t) = Df(x + tv)[w] = (f'(x + tv), w).
Then ¢ is differentiable with derivative

§(t) = D*f(x + to)|w, o] = (w, f"(x + tv)o)
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so it follows from the Cauchy-Schwarz inequality that
6/ (O)] < Nlwllllf"(z + to)oll < [If" (@ + to)[[[o]] < Lijv],

since x +tv is a point in X. By the mean value theorem, ¢(1) — ¢(0) = ¢'(s)
for some point s €0, 1[. Consequently,

[(f'(y) = f'(x), w)| = [6(1) = ¢(0)] = |¢(s)| < Lly — |-

Since w is an arbitrary vector of norm 1, we conclude that

17" () = f' (@)l = sup (f'(y) = f'(x), w) < Llly — =[],

f[wl=1

i.e. the derivative f’is Lipschitz continuous on X with constant L.

(ii) Assume conversely that the first derivative f’ is Lipschitz continuous on
the set X with constant L. Let x be a point in the interior of X, and let v
and w be arbitrary vectors with norm 1. The function

¢(t) = Df(x + to)[w] = (f'(z + tv, w)

is then defined and differentiable and the point x + tv lies in X for all ¢ in a
neighborhood of 0, and it follows that

|6(t) = ¢(0)] = [{f'(z + tv) — f'(x), w)| < |f'(x + tv) — f'(@)[l]Jw]]
< Ljjtol| = Lt
Division by t and passing to the limit as ¢ — 0 results in the inequality

[{w, f(@)v)| = 1¢"(0)] < L

with the conclustion that

1" (@)l = Sup 1" (@)l = Wi (w, f'(z)v) < L. O
v||[=1 v||,||wl]|=1
Definition. A differentiable function f: X — R belongs to the class S, 1.(X)
if f is p-strongly convex and the derivative f’ is Lipschitz continuous with
constant L. The quotient Q = L/u is called the condition number of the
class.

Due to Theorem 7.3.1, a differentiable function f with a convex domain
X belongs to the class S, (X) if and only if it satisfies the following two
inequalities for all z,z 4+ v € X:

(f'(@+v) = f(z),0) > plol* and  [If'(z +v) = ()] < Lijv]l.

If we combine the first of these two inequalities with the Cauchy—Schwarz
inequality, we obtain the inequality pljv|| < || f'(z+v)—f'(z)]], so we conclude
that p < L and QQ > 1.
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EXAMPLE 7.4.1. Strictly convex quadratic functions
flz) = 3{z, Pr) + (q.2) +r

belong to the class Sy, ama (R"), Where Apin and Apax denote the smallest
and the largest eigenvalue, respectively, of the positive definite matrix P.
For f'(z) = Px 4 q and f"(z) = P, whence

D?*f(z)[v,v] = (v, Pv) > Aminl|v||? and
1f'(z +v) = f(@)] = |[Poll < 1P|l [v]l = Amaxlv]]-

The condition number of the quadratic function f is thus equal to the
quotient Apax/Amin between the largest and the smallest eigenvalue. O

The sublevel sets {z | f(z) < a} of a strictly convex quadratic function
f are ellipsoids for all values of a greater than the minimum value of the
function, and the ratio of the longest and the shortest axes of any of these
ellipsoids is equal to \/Amax/Amin, 1-€. to the square root of the condition
number (). This ratio is obviously also equal to the ratio of the radii of the
smallest ball containing and the largest ball contained in the ellipsoid. As
we shall see, something similar applies to all functions in the class S, ,(R").

2
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Theorem 7.4.2. Let f be a function in the class S, (R") with minimum
point T, and let « be a number greater than the minimum value f(z&). Then

B(z;r) C{z e X | f(z) < a} C B(#; R),
where r = /2L Yo — f(2)) and R = \/2p " (a — f(2)).
Remark. Note that R/r = \/L/u=+/Q.

Proof. Since f'(z) = 0 we obtain the following inequalities from Theorems
1.1.2 and 7.3.1 (by replacing a and z respectively with & and v with z — 0):

f@) + sulle = 2|* < f(z) < f(@) + 5L]2 — 2.
Hence, x € S = {x € X | f(z) < o} implies
gille = 3| < fl2) = f(2) < = f(&) = 3uR?,
which means that ||z — Z|| < R and proves the inclusion S C B(%; R).

And if z € B(&;r), then f(z) < f(2) + $Lr* = «, which means that
x € S and proves the inclusion B(z;r) C S. O

Convex functions on R™ with Lipschitz continuous derivatives are char-
acterized by the following theorem.

Theorem 7.4.3. A differentiable function f: R — R is conver and its
derivative is Lipschitz continuous with Lipschitz constant L if and only if the
following mutually equivalent inequalities are fulfilled for all x,v € R":

() @)+ D@ < S +0) < f@)+ DF@] + 5 ol
() f@to) 2 f@) + DI+ 5l ) - F @)

1
(ii) Df(x+wv)lv] 2 Df(@)[v] + I (@ +v) = f'(2)]
Proof. That inequality (i) has to be satisfied for convex functions with a

Lipschitz continuous derivative is a consequence of Theorems 1.1.2 and 7.2.1.

(i) = (ii): Let w = f'(x +v) — f'(z), and apply the right inequality in
(i) with x replaced by x + v and v replaced by —L~1w; this results in the
inequality

fla+v—Lw) < f(z+v) = L7'Df (@ + v)[w] + 3 L7 w]”.
The left inequality in (i) with v — L™ w instead of v yields
fl+v—L7w) > f(z) + Df(x)lv — L],
By combining these two new inequalities, we obtain
fle+v) > fz) + Df(@)v — L™ w] + L7 D f(z +v)w] — 3L~ wl]*
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= f(2)+ Df(@)l] + L7 (Df(z +v)[w] = Df(@)[w]) — 5L~ wl|*
= f(@)+ Df(@)] + L7Hf (@ +v) = f'(2),w) — 3L Jw]*

= f(z) + Df(@)[] + L™ Hw,w) — 3L w]*

= f(@)+ Df(@)l] + 3L~ Jw]*,

and that is inequality (ii).

(ii) = (ili): Add inequality (ii) to the inequality obtained by changing z to
x +v and v to —v. The result is inequality (iii).

Let us finally assume that inequality (iii) holds. The convexity of f is then
a consequence of Theorem 7.2.1, and by combining (iii) with the Cauchy—
Schwarz inequality, we obtain the inequality

%Ilf’(fr +v) = f(@)|* < Df(z +v)[] = Df(@)[v] = (f'(z +v) = f'(2),v)
< |F (@ +0) = f @) - ol

which after division by ||f'(z + v) — f'(x)|| gives us the desired conclusion:
the derivative is Lipschitz continuous with Lipschitz constant L. O]

Theorem 7.4.4. If f € S, .(R"), then

Df(x +v)[v] = Df(x)[v] + || P+ ——=lf (@ +v) = f @)

for all x,v € R™.

Proof. Let g(z) = f(z) — ip|z|%; the function g is then convex, and since
Dg(z)[v] = Df(x)[v] — p(z,v), it follows from Theorem 1.1.2 that

i
g9(z +v) = f(z +v) = jullr + o]

< f(z) + Df(@)[v] + 3 LI |I* = splle +v]”
= g(z) + spllzl* + Dg(@)[v] + p(x, v) + 3 Llvl* — gullz +v]*
= g(x) + Dg(x)[v] + 3(L — )|l

This shows that g satisfies condition (i) in Theorem 7.4.3 with L replaced by
L — p. The derivative ¢’ is consequently Lipschitz continuous with constant
L — p. The same theorem now gives us the inequality

Dyla+0)le] = Dy(w)u] + =l (a + ) = o (@),

which is just a reformulation of the inequality in Theorem 7.4.4. [
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Exercises

7.1

7.2

7.3
7.4

7.5

7.6

7.7

7.8

7.9

7.10

Show that the following functions are convex.
a) f(z1,z2) =€ +e™2 +xx9, a1 +22>0
b) f(.%‘l,xg) = sin(acl + x'Q), —nm<x]+x9<0

c) f(xy,x2) = —y/cos(xz1 +x2), —F <x1+22< 7.

Is the function f(x1,22) = 23 /22423 /71 convex in the first quadrant z; > 0,
x9 > 07

Show that the function f(x) = Z?;l :1:]2 /x,, is convex in the halfspace x,, > 0.
Show that the following function is concave on the set [0, 1[x[0, 1[x[0, 1]:

f(x1, 29, 23) =In(1l —21) + In(1 — z2) + In(1 — z3)

— (I% + 33% + 56% +x120 + 2123 + $2x3).

Let I be an interval and suppose that the function f: I — R is convex. Show
that f is either increasing on the interval, or decreasing on the interval, or
there exists a point ¢ € I such that f is decreasing to the left of ¢ and
increasing to the right of c.

Suppose f: ]Ja,b[— R is a convex function.

a) Prove that the two one-sided limits lim, o+ f(2) and lim,_;— f(x) exist
(as finite numbers or +00).
b) Suppose that the interval is finite, and extend the function to the closed

interval [a,b] by defining f(a) = o and f(b) = . Prove that the extended
function is convex if and only if o > limy 44 f(z) and 5 > lim, - f(x).

Prove that a continuous function f: [a,b] — R is convex if and only if its
restriction to the open interval |a, b[ is convex.

F is a family of differentiable functions on R™ with the following two prop-
erties:

(i) feF = f+ge F for all affine functions g: R" — R.

(ii) If f € F and f'(x¢) = 0, then z( is a minimum point of f.
Prove that all functions in F are convex.

Suppose that f: X — R is a twice differentiable convex function. Prove
that its recessive subspace Vy is a subset of N'(f”(x)) for each z € X.

Let f: X — R be a differentiable function with a convex domain X. Prove
that f is quasiconvex if and only if

fle+v) < f(z) = Df(x)[v] <0
for all x,z +v € X.

[Hint: It suffices to prove the assertion for functions on R; the general result
then follows by taking restrictions to lines.]
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7.11 Let f: X — R be a twice differentiable function with a convex domain X.
Prove the following assertions:

a) If f is quasiconvex, then

Df(x)[v] =0 = D?f(z)[v,v] >0
for all x € X and all v € R"™.
b) If

Df(z)[v] =0 = D*f(z)[v,v] >0

for all z € X and all v # 0, then f is quasiconvex.
[Hint: It is enough to prove the results for functions defined on R.]

7.12 Prove that the function aq fi + aafa is (a1 + agpug)-strongly convex if fi
is pp-strongly convex, fo is po-strongly convex and aq, as > 0.

7.13 Prove that if a differentiable u-strongly convex function f: X — R has a
minimum at the point Z, then ||z — 2| < g~ || f/ ()| for all z € X.
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Chapter 8

The subdifferential

We will now generalize a number of results from the previous chapter to
convex functions that are not necessarily differentiable everywhere. However,
real-valued convex functions with open domains can not be too irregular —
they are, as already noted, continuous, and they have direction derivatives.

8.1 The subdifferential

If f is a differentiable function, then y = f(a)+ (f'(a), z — a) is the equation
of a hyperplane that is tangent to the surface y = f(x) at the point (a, f(a)).
And if f is also convex, then f(x) > f(a) + (f'(a),z — a) for all = in the
domain of the function (Theorem 7.2.1), so the tangent plane lies below the
graph of the function and is a supporting hyperplane of the epigraph.

The epigraph of an arbitrary convex function is a convex set, by definition.
Hence, through each boundary point belonging to the epigraph of a convex
function there passes a supporting hyperplane. The supporting hyperplanes
of a convex one-variable function f, defined on an open interval, are given
by Theorem 7.1.2, which says that the line y = f(x¢) + a(z — o) supports
the epigraph at the point (xo, f(20)) if (and only if) f’ (zo) < a < f (o).

The existence of supporting hyperplanes characterizes convexity, and this
is a reason for a more detailed study of this concept.

Definition. Let f: X — R be a function defined on a subset X of R". A
vector ¢ € R" is called a subgradient of f at the point a € X if the inequality

(8.1) f(x) = f(a) + (¢c,x —a)

holds for all x € X.
The set of all subgradients of f at a is called the subdifferential of f at a
and is denoted by 0f(a).
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Figure 8.1. The line y = ax is a supporting line of
the function f(x) = |z| at the origin if —1 <a < 1.

Remark. The inequality (8.1) is of course satisfied by all points a € X and
all vectors ¢ € R™ if x is a point in the set X \ dom f. Hence, to verify that
¢ is a subgradient of f at a it suffices to verify that the inequality holds for
all z € dom f.

The inequality (8.1) does not hold for any vector ¢ if a is a point in
X \dom f and z is a point in dom f. Hence, df(a) = () for all a € X \ dom f,
except in the trivial case when dom f = (), i.e. when f is equal to co on
the entire set X. In this case we have df(a) = R" for all a € X since the
inequality (8.1) is now trivially satisfied by all a,z € X and all c € R™.

EXAMPLE 8.1.1. The subdifferentials of the one-variable function f(z) = |z|
are

{-1} ifa<0,
0f(a) =q[-1,1] ifa=0,
{1} if a > 0. O

Theorem 8.1.1. The subdifferentials of an arbitrary function f: X — R are
closed and convex sets.

Proof. For points a € dom f,
9f(a) = MNpcaom ic € R [ (e, — a) < f(z) — fla)}

is convex and closed, since it is an intersection of closed halfspaces, and the
case a € X \ dom f is trivial. O

Theorem 8.1.2. A point a € X is a global minimum point of the function
f: X = Rifand only if 0 € Of(a).

Proof. The assertion follows immediately from the subgradient definition.
O
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CONVEXITY: CONVEXITY AND
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Our next theorem tells us that the derivative f’(a) is the only subgradient
candidate for functions f that are differentiable at a. Geometrically this
means that the tangent plane at a is the only possible supporting hyperplane.

Theorem 8.1.3. Suppose that the function f: X — R is differentiable at the
point a € dom f. Then either 0f(a) = {f'(a)} or df(a) = 0.

Proof. Suppose ¢ € df(a). By the differentiability definition,
fla+v) = fla) = {f'(a),v) +r(v)

with a remainder term r(v) satisfying the condition

lim @ =0,
v=0 [|v]|

and by the subgradient definition, f(a+v) — f(a) > (c,v) for all v such that
a + v belongs to X. Consequently,

{c,v) < {f'(a),v) +r(v)

o] [o]]

(8.2)

for all v with a sufficiently small norm ||v]|.

> Apply now
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0
Let e; be the j:th unit vector. Then (c,e;) = ¢; and (f'(a),e;) = 8_3{-(@’

j
so by choosing v = te; in inequality (8.2), noting that ||te;|| = ||, and letting
t — 0 from the right and from the left, respectively, we obtain the following
two inequalities

of 0
< — e < L
c; < oz, (a) and c; < oz, (a),

0
which imply that ¢; = a—(a). Hence, ¢ = f'(a), and this proves the inclusion
.1' .

df(a) C {f'(a)}. : -

We can now reformulate Theorem 7.2.1 as follows: A differentiable func-
tion with a convex domain is convex if and only if it has a subgradient (which
is then equal to the derivative) everywhere. Our next theorem generalizes
this result.

Theorem 8.1.4. Let f: X — R be a function with a convex domain X .

(a) If dom f is a convex set and Of(x) # O for all x € dom f, then f is a
convex function.

(b) If f is a convex function, then Of(x) # O for all z € rint(dom f).

Proof. (a) Let x and y be two arbitrary points in dom f and consider the
point z = Az+(1—\)y, where 0 < A < 1. By assumption, f has a subgradient
¢ at the point z. Using the inequality (8.1) at the point a = z twice, one
time with z replaced by y, we obtain the inequality

Af(@) + (=N fy) 2 Mf(2) + (e, 2 = 2)) + (1= N (f(2) + (e, = 2))
= fE) + e e+ (1= Ny —2) = f(2) +{c,0) = f(2),

which shows that the restriction of f to dom f is a convex function, and this
implies that f itself is convex.

(b) Conversely, assume that f is a convex function, and let a be a point in
rint(dom f). We will prove that the subdifferential 0 f(a) is nonempty.

The point (a, f(a)) is a relative boundary point of the convex set epi f.
Therefore, there exists a supporting hyperplane

H = {(z,2n11) € R" X R [ (¢,x — a) + cpp1(¥ni1 — f(a)) = 0}

of epi f at the point (a, f(a)), and we may choose the normal vector (¢, ¢,41)
in such a way that

(8.3) (e, = a) + Cnpr(@as1 — F(a)) 2 0
for all points (z,x,.1) € epi f. We shall see that this implies that ¢,; > 0.

Download free eBooks at bookboon.com



By applying inequality (8.3) to the point (a, f(a)+1) in the epigraph, we
first obtain the inequality ¢, 11 > 0.

Now suppose that ¢, 1 = 0, and put L = aff(dom f). Sinceepi f C LxR
and the supporting hyperplane H = {(z,z,41) € R" xR | (¢,z —a) = 0} by
definition does not contain epi f as a subset, it does not contain L x R either.
We conclude that there exists a point y € L such that (¢, y—a) # 0. Consider
the points yy = (1 — N)a + Ay for A € R; these points lie in the afine set L,
and yy — a as A — 0. Since a is a point in the relative interior of dom f,
the points y, lie in dom f if |A| is sufficiently small, and this implies that
the inequality (8.3) can not hold for all points (y», f(yx)) in the epigraph,
because the expression (c,yy — a) (= A(c,y — a)) assumes both positive and
negative values depending on the sign of .

This is a contradiction and proves that c,,; > 0, and by dividing inequal-
ity (8.3) by ¢,41 and letting d = —(1/c¢,11)c, we obtain the inequality

Tn1 = fla) +(d,x — a)

for all (z,z,41) € epif. In particular, f(z) > f(a) + (d,x — a) for all
x € dom f, which means that d is a subgradient of f at a. m

It follows from Theorem 8.1.4 that a real-valued function f with an open
convex domain X is convex if and only if df(x) # () for all x € X.

Theorem 8.1.5. The subdifferential Of(a) of a convex function f is a com-
pact nonempty set if a is an interior point of dom f.

Proof. Suppose a is a point in int(dom f). The subdifferential df(a) is closed
by Theorem 8.1.1 and nonempty by Theorem 8.1.4, so it only remains to
prove that it is a bounded set.

Theorem 6.6.1 yields two positive constants M and § such that the closed
ball B(a;0) lies in dom f and

|[f(z) = f(a)] < M|z —al| for x € B(a;4).

Now suppose that ¢ € df(a) and that ¢ # 0. By choosing = = a + dc/||c||
in inequality (8.1), we conclude that

Ollell = (e, —a) < f(x) = fla) < Mz —af = 6M

with the bound ||c|| < M as a consequence. The subdifferential 0f(a) is thus
included in the closed ball B(0; M). O

Theorem 8.1.6. The sublevel sets of a strongly convex function f: X — R
are bounded sets.
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Proof. Suppose that f is u-strongly convex. Let zy be a point in the relative
interior of dom f, and let ¢ be a subgradient at the point xy of the convex
function g(x) = f(z) — su/|z||?. Then, for each x belonging to the sublevel
set S={ze€X| f(z) <a}l,
a > f(z) = g(x) + splle)* = g(zo) + (e, — wo) + g

= f(@o) = ullzoll® + (c.x — wo) + pllz|?

= f(xo) + gu(llx + 7 ell® = llzo + p~'cl?),
which implies that

2+ = rel* < flwo + ptel* + 207 (o — flao))-

The sublevel set S is thus included in a closed ball with center at the point

—p e and radius R = \/||x0 + p el + 2pu o — f(z0)) - O

Corollary 8.1.7. If a continuous and strongly convex function has a nonempty
closed sublevel set, then it has a unique minimum point.
In particular, every strongly convex function f: R™ — R has a unique

minimum point.
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Proof. Let f be a continuous, strongly convex function with a nonempty
closed sublevel set S. Then S is compact by the previous theorem, so the
restriction of f to S assumes a minimum at some point in S, and this point
is obviously a global minimum point of f. The minimum point is unique,
because strongly convex functions are strictly convex.

A convex function f: R™ — R is automatically continuous, and continu-
ous functions on R" are closed. Hence, all sublevel sets of a strongly convex
function on R™ are closed, so it follows from the already proven part of the
theorem that there is a unique minimum point. O]

8.2 Closed convex functions

In this section, we will use the subdifferential to supplement the results on
closed convex functions in chapter 6.8 with some new results. We begin with
an alternative characterization of closed convex functions.

Theorem 8.2.1. A convex function f: X — R is closed if and only if, for

all convergent sequences (xx)7° of points in dom f with limit x,

(8.4) lim f(zy)

k—o0

> f(zo) if xo € dom f,
=400 ifzg € cl(dom f) \ dom f.

Proof. Suppose that f is closed, i.e. that epi f is a closed set, and let (x)?°
be a sequence in dom f which converges to a point xy € cl(dom f), and put

L= lim f(xy).

k—o0

Let a be an arbitrary point in the relative interior of dom f and let ¢ be a
subgradient of f at the point a. Then f(xy) > f(a) + (¢, zx — a) for all k,
and since the right hand side converges (to f(a) + (¢,zo —a)) as k — oo, we
conclude that the sequence (f(xy))5° is bounded below. Its least limit point,
i.e. L, is therefore a real number or +oc.

Inequality (8.4) is trivially satisfied if L = 400, so assume that L is a
finite number, and let (zy,;)32, be a subsequence of the given sequence with
the property that f(xz,) — L as j — oo. The points (x4, f(zy,)), which
belong to epi f, then converge to the point (xg, L), and since the epigraph is
assumed to be closed, we conclude that the limit point (z¢, L) belongs to the
epigraph, i.e. zg € dom f and L > f(xo).

So if 2y does not belong to dom f but to cl(dom f)\ dom f, then we must
have L = +o00. This proves that (8.4) holds.
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Conversely, suppose (8.4) holds for all convergent sequences, and let
((xg.tr))3° be a sequence of points in epi f which converges to a point (xg, ).
Then, (z1)7° converges to xy and (t;)5° converges to to, and since f(xy) < ty
for all k, we conclude that

lim f(zx) < li

k—o00 k—o00

te = to.

In particular, lim, . f(zx) < 400, so it follows from inequality (8.4) that
zo € dom f and that f(xg) < tp. This means that the limit point (xg, o)
belongs to epi f. Hence, epi f contains all its boundary points and is therefore
a closed set, and this means that f is a closed function. O

Corollary 8.2.2. Suppose that f: X — R is a convex function and that
its effective domain dom f is relative open. Then, f is closed if and only
if limy oo f(zx) = +00 for each sequence (x)s° of points in dom f that

converges to a relative boundary point of dom f.

Proof. Since a convex function is continuous at all points in the relative
interior of its effective domain, we conclude that limy . f(zr) = f(x) for
each sequence (xy)$° of points in dom f that converges to a point zy in dom f.
Condition (8.4) of the previous theorem is therefore fulfilled if and only if

limy oo f(z) = +oo for all sequences (zx)7° in dom f that converge to a

point in rbdry(dom f). O

So a convex function with an affine set as effective domain is closed (and
continuous), because affine sets lack relative boundary points.

EXAMPLE 8.2.1. The convex function f(z) = —Inz with R, as domain is

closed, since 1in(1)f(:c) = +00. O
T—

Theorem 8.2.3. If the function f: X — R is conver and closed, then
f(z) = lim f(Az+ (1—N)y)
A—1—
for all z,y € dom f.

Proof. The inequality
lim f(Az + (1= A)y) < Tim (Af(z) + (1= f(y) = f(z)

A—1 A—1—

holds for all convex functions f, and the inequality

lim f(Az + (1= Ny) > f(2)

A—1—

holds for all closed convex functions f according to Theorem 8.2.1. [
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Theorem 8.2.4. Suppose that f and g are two closed convex functions, that
rint(dom f) = rint(dom g)

and that
f(x) = g(x)
for all x € rint(dom f). Then f = g.

We remind the reader that the equality f = g should be interpreted as
dom f = domg and f(z) = g(x) for all points x in the common effective
domain.

Proof. 1f rint(dom f) = (), then dom f = dom g = (), and there is nothing to
prove, so suppose that z¢ is a point in rint(dom f). Then, Az + (1 — X)xq lies
in rint(dom f), too, for each € dom f and 0 < A < 1, and it follows from
our assumptions and Theorem 8.2.3 that

g(x) = lim gAz+ (1 — N)zo) = lim f(Az+ (1 — N)zo) = f(2).

A—1— A—1—

Hence, g(z) = f(z) for all x € dom f, and it follows that dom f C dom g.
The converse inclusion holds by symmetry, so dom f = dom g. O
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Theorem 8.2.5. Let f: X - R andg: Y - R be two closed convex func-
tions with X NY # (. The sum f+g: X NY — R is then a closed convex
function.

Proof. The theorem follows from the characterization of closedness in Theo-
rem 8.2.1. Let (z4)7° be a convergent sequence of points in dom(f + g) with
limit point zo. If 2 belongs to dom(f + g) (= dom f Ndom g), then

lim (f(zx) + g(z)) > lim f(xx) + lim g(zx) > f(z0) + g(20),

k—oo k—o0 k—o0

and if zy does not belong to dom(f + g), then we use the trivial inclusion
c(ANB)\ANBC (clA\ A)U (cI B\ B),

with A = dom f and B = dom g, to conclude that the sum f(zy) + g(zx)
tends to +00, because one of the two sequences (f(zx))° and (g(xy))° tends
to 400 while the other either tends to +o0o or has a finite limes inferior. [

The closure

Definition. Let f: X — R be a function defined on a subset of R" and
define (cl f)(z) for x € R™ by

(clf)(w) = inf{t | (x,¢) € cl(epi )}.
The function cl f: R® — R is called the closure of f.

Theorem 8.2.6. The closure cl f of a convexr function f, whose effective
domain 1s a nonempty subset of R™, has the following properties:

(i) The closure cl f: R" — R is a conver function.
(17) dom f C dom(cl f) C cl(dom f).
(#i) rint(dom(cl f)) = rint(dom f).
() (cl f)(z) < f(x) for all x € dom f.
(v) (clf)(z) = f(x) for all x € rint(dom f).
(vi) epi(cl f) = cl(epi f).

Proof. (i) Let zog be an arbitrary point in rint(dom f), and let ¢ be a sub-
gradient of f at the point zg. Then f(z) > f(xo) + {(¢,x — x) for all
x € dom f, which means that the epigraph epi f is a subset of the closed
set K = {(z,t) € cl(dom f) x R | {¢,x — xg) + f(xo) < t}. It follows that
cl(epi f) C K, and hence
(cl f)(z) =inf{t | (z,t) € cl(epi f)} > inf{t | (x,t) € K}
= f(zo) + {(c,z — xy) > —0

Download free eBooks at bookboon.com



for all z € R™. So R is a codomain of the function cl f, and since cl(epi f)

is a convex set, it now follows from Theorem 6.2.6 that cl1f: R® — R is a
convex function.

(ii), (iv) and (v) It follows from the inclusion epi f C cl(epi f) C K that
(el £)(x) <inf{t | (z,t) €epif} = f(z) < +oo if z € dom f,
S > inf{t | (o0) e Ky =inf@ = 400 if 2 ¢ cl(dom f),
(clf)(wo) = nf{t | (x0,1) € K} = f(o).

This proves that dom f C dom(cl f) C cl(dom f), that (cl f)(z) < f(x) for
all z € dom f, and that (cl f)(zo) = f(z0), and since xq is an arbitrary point
in rint(dom f), we conclude that (cl f)(z) = f(z) for all € rint(dom f).

(iii) Since rint(cl X') = rint X for arbitrary convex sets X, it follows in par-
ticular from (ii) that

rint(dom f) C rint(dom(cl f)) C rint(cl(dom f)) = rint(dom f),

with the conclusion that rint(dom(cl f)) = rint(dom f).

(vi) The implications

(z,t) € cl(epi f) = (cl f)(z) <t = (x,t) € epi(cl f)

follow immediately from the closure and epigraph definitions. Conversely,
suppose that (z,t) is a point in epi(cl f), i.e. that (cl f)(z) < ¢, and let
U x I be an open neighborhood of (z,t). The neighborhood I of ¢ contains
a number s such that (z,s) € cl(epi f), and since U x [ is also an open

neighborhood of (z,s), it follows that epi f N (U x I) # (. This proves that
(x,t) € cl(epi f), so we have the implication

(z,t) € epi(cl f) = (x,t) € cl(epi f).
Thus, epi(cl f) = cl(epi f). ]

Theorem 8.2.7. If f is a closed convez function, then cl f = f.

Proof. We have rint(dom(cl f)) = rint(dom f) and (cl f)(z) = f(z) for all
x € rint(dom f), by the previous theorem. Therefore it follows from Theorem
8.2.4 that cl f = f. m

8.3 The conjugate function

Definition. Let f: X — R be an arbitrary function defined on a subset X
of R™ and define a function f* on R" by

() =sup{(y,r) — f(z) | v € X}
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for y € R™. The function f* is called the conjugate function or the Fenchel
transform of f.
We use the shorter notation f** for the conjugate function of f*, i.e.

The conjugate function f* of a function f: R" — R with a nonempty
effective domain is obviously a function R™ — R, and

f*(y) = sup{(y, =) — f(z) | v € dom f}.

There are two trivial cases: If the effective domain of f: X — R is empty,
then f*(y) = —oo for all y € R”, and if f: X — R assumes the value —oo
at some point, then f*(y) = 4oo for all y € R".

- e

SR ((EATO)

Figure 8.2. A graphical illustration of the conjugate function f* when f
is a one-variable function. The function value f*(c) is equal to the maximal
vertical distance between the line y = cz and the curve y = f(z). If f is
differentiable, then f*(c¢) = cxg — f(xg) for some point xy with f'(x¢) = c.

EXAMPLE 8.3.1. The support functions that were defined in Section 6.9, are
conjugate functions. To see this, define for a given subset A of R" the
function y4: R®™ — R by

0 ifzxeA,
xalo) = +oo ifz ¢ A.
The function x4 is called the indicator function of the set A, and it is a
convex function if A is a convex set. Obviously,

Xa(y) =sup{(y,r) |z € A} = Sa(y)

for all y € R™, so the support function of A coincides with the conjugate
function x% of the indicator function of A. O
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We are primarily interested in conjugate functions of convex functions
f: X — R, but we start with some general results.

Theorem 8.3.1. The conjugate function f* of a function f: X — R with a
nonempty effective domain is conver and closed.

Proof. The epigraph epi f* consists of all points (y,t) € R™ x R that satisfy
the inequalities (z,y) —t < f(x) for all x € dom f, which means that it is
the intersection of a family of closed halfspaces in R™ x R. Hence, epi f* is
a closed convex set, so the conjugate function f* is closed and convex.  [J

Theorem 8.3.2 (Fenchel's inequality). Let f: X — R be a function with a
nonempty effective domain. Then

(z,y) < f(@) + f*(y)

for all x € X and all y € R™. Moreover, the two sides are equal for a given
x € dom f if and only if y € Of (z).

Proof. The inequality follows immediately from the definition of f*(y) as a
least upper bound if z € dom f, and it is trivially true if z € X \ dom f.

[ ]
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Moreover, by the subgradient definition, if x € dom f then

yedf(z) < f(z) — f(x) > (y,z —x) forall z € dom f
< (y,2) — f(2) < (y,z) — f(x) forall z € dom f
& fy) < {y,2) — f(z)
& flx)+ [ y) < (zv),

and by combining this with the already proven Fenchel inequality, we obtain
the equivalence y € 0f(z) < f(z) + f*(y) = (z,y). O

By the previous theorem, for all points y in the set | J{0f(x) | x € dom [}
[ y) = (zy,y) — flxy),

where z, is a point satisfying the condition y € 0f(z,). For differentiable
functions f we obtain the points x, as solutions to the equation f'(z) = y.
Here follows a concrete example.

EXAMPLE 8.3.2. Let f: |—1,00[— R be the function

—x(z+ 1)t if -1 <2<0,

2 ifo<z<l,
fx) = ) .

(x =241 if1<z<2,

20 — 3 if x > 2.

Its graph is shown in the left part of Figure 8.3.

y too
31
2t 21
Al \ i /
— 1 2 3 = 4 -3 —2 1 12

Figure 8.3. To the left the graph of the function f: |—1,00[— R,
and to the right the graph of the conjugate function f*: R — R.

A look at the figure shows that the curve y = f(z) lies above all lines
that are tangent to the curve at a point (x,y) with —1 < z < 0, lies above
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all lines through the origin with a slope between f’ (0) = —1 and the slope of
the chord that connects the origin and the point (2, 1) on the curve, and lies
above all lines through the point (2, 1) with a slope between 3 and f/ (2) = 2.
This means that

Jor@)y= U@y varo) uof@ u | J{f ()

=]—o00,—-1[ U [-1,3] U[3,2] U {2} =]—00,2].

The equation f'(x) = ¢ has for ¢ < —1 the solution z = -1+ /—1/c in
the interval —1 < x < 0. Let

—14++/—1/c ifec<—1,
T, = 0 if—lgcgé,
2 if 1 <c<2.

Then ¢ € 0f(x.), and it follows from the remark after Theorem 8.3.2 that

—c—2y/—c+1 ife< -1,

[ (c) =cxe— f(x.) = 0 if -1<e<sg,
2c—1 if 1 <c<2
Since
£7(0) = sup {ex = f(2)} = sup{ex — f(a)} = sup{(c ~ 2)z + 3} = o0

if ¢ > 2, we conclude that dom f* =]—o00,2]. The graph of f* is shown in the
right part of Figure 8.3. O

Theorem 8.3.3. Let f: X — R be an arbitrary function. Then

(@) < f(=)
for all x € X. Furthermore, f**(x) = f(x) if x € dom [ and Of(x) # 0.

Proof. 1f f(z) = +oo for all x € X, then f* = —o0 and f** = +00, according
to the remarks following the definition of the conjugate function, so the
inequality holds with equality for all x € X in this trivial case.

Suppose, therefore, that dom f # 0. Then (z,y) — f*(y) < f(x) for
all x € X and all y € dom f* because of Fenchel’s inequality, and hence
() = sup{(z,y) — [*(y) | y € dom f*} < f(a).

If 0f(x) # (), then Fenchel’s inequality holds with equality for y € df(x)
This means that f(z) = (z,y) — f*(y) < f*(x) and implies that f(z) =
(). O
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The following corollary follows immediately from Theorem 8.3.3, because
convex functions have subgradients at all relative interior points of their
effective domains.

Corollary 8.3.4. If f: X — R is a convex function, then f**(x) = f(x) for
all x in the relative interior of dom f.

We will prove that f** = cl f if f is a convex function, and for this purpose
we need the following lemma.

Lemma 8.3.5. Suppose that f is a convex function and that (xg,to) is a
point in R™ x R which does not belong to cl(epi f). Then there exist a vector
c € R" and a real number d such that the "non-vertical” hyperplane

H = {<xvmn+1) | T = (¢, 2) + d}
strictly separates the point (zo,to) from cl(epi f).

Proof. By the Separation Theorem 3.1.3, there exists a hyperplane
H = {(z,2n41) | cat1Znt1 = (¢, z) + d}

which strictly separates the point from cl(epi f). If ¢, 11 # 0, we can without
loss of generality assume that c,,; = 1, and there is nothing more to prove.
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So assume that ¢, 1 = 0, and choose the signs of ¢ and d so that (¢, zo) +
d>0and (c,z) +d < 0 for all x € dom f.

Using the subgradient ¢’ at some point in the relative interior of dom f
we obtain an affine function (¢, z) + d' such that f(x) > (¢, z) + d’ for all
x € dom f. This implies that

flx) > (d,z)+d + X{c,z) +d) = (' + Ae,z) +d + \d
for all x € dom f and all positive numbers A, while
(' + Aeyxo) +d + Ad = (', x9) +d + A{c, zo) + d) > 1

for all sufficiently large numbers A. So the epigraph epi f lies above the
hyperplane

Hy = {(2,2n11) | py1 = (¢ + A, z) +d' + Md}.

and the point (xg, o) lies strictly below the same hyperplane, if the number
A is big enough. By moving the hyperplane H) slightly downwards, we
obtain a parallel non-vertical hyperplane which strictly separates (xg, ty) and

cl(epi f). H
Lemma 8.3.6. If f: X — R is a convex function, then
rint(dom f**) = rint(dom f).
Proof. Since rint(dom f) = rint(cl(dom f)), it suffices to prove the inclusion
dom f C dom f** C cl(dom f).

The left inclusion follows immediately from the inequality in Theorem 8.3.3.
To prove the right inclusion, we assume that xy ¢ cl(dom f) and shall prove
that this implies that zo ¢ dom f**.

It follows from our assumption that the points (xg,%y) do not belong
to cl(epi f) for any number ¢,. Thus, given t, € R there exists, by the
previous lemma, a hyperplane H = {(z,x,11) € R" X R | 41 = (¢,x) + d}
which strictly separates (xg,to) and cl(epi f). Hence, tq < (¢, z9) + d and
(c,x) +d < f(x) for all z € dom f. Consequently,

—d > sup{(c.z) - f(2) | = € dom f} = f*(c),

and hence
to < (c,x0) +d < {c,z0) — f*(c) < f™(x0).
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Since this holds for all real numbers ty, it follows that f**(t,) = +oo, which
means that zo ¢ dom f**. O

Theorem 8.3.7. If f is a convex function, then f** =cl f.

Proof. 1t follows from Lemma 8.3.6 and Theorem 8.2.6 (iii) that
rint(dom f**) = rint(dom(cl f)),
and from Theorem 8.3.4 and Theorem 8.2.6 (v) that
fr(x) = (cl ()
for all € rint(dom f**). So the two functions f** and cl f are equal, ac-
cording to Theorem 8.2.4, because both of them are closed and convex . [

Corollary 8.3.8. If f is a closed convex function, then f** = f.

8.4 The direction derivative

Definition. Suppose the function f: X — R is defined in a neighborhood of
x, and let v be an arbitrary vector in R". The limit

o) — tim L) = 1)

t—0+ t ’

provided it exists, is called the direction derivative of f at the point x in the
direction v.

If f is differentiable at x, then obviously f'(x;v) = Df(x)[v].
ExaMPLE 8.4.1. If f is a one-variable function, then
fi(x)v if v >0,

f(z;v) =20 if v=0,
fr(v)v ifv<0.

So, the direction derivative is a generalization of left- and right derivatives.

[]

Theorem 8.4.1. Let f: X — R be a convex function with an open domain.
The direction derivative f'(x;v) exists for all x € X and all directions v, and

f@+v) = f(z) + f(z;v)

if x + v liesin X.

Download free eBooks at bookboon.com



CONVEXITY: CONVEXITY AND
OPTIMIZATION - PART | THE SUBDIFFERENTIAL

Proof. Let ¢(t) = f(x + tv); then f'(z;v) = ¢/ (0), which exists since con-
vex one-variable functions do have right derivatives at each point by Theo-
rem 7.1.2. Moreover,

o(t) = ¢(0) + ¢/, (0)
for all ¢ in the domain of ¢, and we obtain the inequality of the theorem by
choosing t = 1. O

Theorem 8.4.2. The direction derivative f'(x;v) of a convex function is a
positively homogeneous and convex function of the second variable v, i.e.

f(z;00) = af'(z;v) ifa>0
f/(CC;OéU + (1 - Oé)w) S Oéf/(l‘;’l}) =+ (1 — a)f/($;w) sz S o S 1.

Proof. The homogenouity follows directly from the definition (and holds for
arbitrary functions). Moreover, for convex functions f

flz+itlav+ (1 - aw)) = f(z) = fla(z +tv) + (1 — a)(z + tw)) — f(z)
<aflz+tv) = f(2) + (1 —a)(f(z+tw) — fz)).

The required convexity inequality is now obtained after division by ¢ > 0 by
passing to the limit as ¢ — 0+. U
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Theorem 7.1.2 gives a relation between the subgradient and the direction
derivative for convex one-variable functions f — the number c is a subgradient
at « if and only if f’ (z) < ¢ < fi(x). The subdifferential 0f(z) is in other
words equal to the interval [f’ (z), f (x)].

We may express this relation using the support function of the subdiffer-
ential. Let us recall that the support function Sx of a set X in R" is defined
as

Sx(x) = sup{(y,r) |y € X}.

For one-variable functions f this means that

fi(z)v if v >0,
Sof(@) (V) = St @)1 (@) (v) = max{ f} (z)v, fL(x)v} = 0 if v =0,
fr(z)v ifv<O

= ['(z;v).

We will generalize this identity, and to achieve this we need to consider the
subgradients of the function v — f'(x;v). We denote the subdifferential of
this function at the point vy by O f'(x; vg).

If the function f: X — R is convex, then so is the function v — f'(z;v),
according to our previous theorem, and the subdifferentials Oy f'(x;v) are
thus nonempty sets for all z € X and all v € R™.

Lemma 8.4.3. Let f: X — R be a convex function with an open domain X
and let x be a point in X. Then:

(i) c € Oof'(2;0) & f'(z;0) > (c,v) for allv e R"
(ii) Oof'(x;v) C Oof'(x;0)  for allv e R™

(iii) c € af'(x;v) = fl(z;v) = (c,v)

(iv) Of (x) = 02f'(x;0).

Proof. The equivalence (i) follows directly from the definition of the subgra-
dient and the fact that f'(z;0) = 0.

(ii) and (iii): Suppose ¢ € O»f'(x;v) and let w € R™ be an arbitrary vector.
Then, by homogenouity and the definition of the subgradient, we have the
following inequality for ¢t > 0:

tf(zw) = fl(z;tw) = f(230) + (e, tw —v) = fl(z;0) + e, w) — (c,v),

and this is possible for all ¢ > 0 only if f'(z;w) > (¢, w). So we conclude from
(i) that ¢ € 0of'(x;0), and this proves the inclusion (ii). By choosing ¢t = 0

Download free eBooks at bookboon.com



we obtain the inequality f'(z;v) < (¢, v), which implies that f'(x;v) = (¢, v),
and completes the proof of the implication (iii).

(iv) Suppose ¢ € Oy f'(x;0). By (i) and Theorem 8.4.1,

fy) = f@) + f(my —2) 2 f(z) + (cy — )

for all y € X, which proves that c¢ is a subgradient of f at the point x and
gives us the inclusion 0, f'(x;0) C df(z).

Conversely, suppose ¢ € df(z). Then f(x + tv) — f(z) > (¢, tv) = t{c,v)
for all sufficiently small numbers ¢. Division by ¢ > 0 and passing to the limit
as t — 0+ results in the inequality f'(z;v) > (c,v), and it now follows from
(i) that ¢ € 0o f'(x;0). This proves the inclusion df(z) C 0y f'(x;0), and the
proof is now complete. O

Theorem 8.4.4. Suppose that f: X — R is a convex function with an open
domain. Then

F/(w10) = Sop(v) = max{(e,v) | e € Of(x)}
for all x € X and all v € R".

Proof. 1t follows from (i) and (iv) in the preceding lemma that
(c,0) < f'(z;0)

for all ¢ € 0f(x), and from (ii), (iii) and (iv) in the same lemma that (c,v)
is equal to f’(x;v) for all subgradients ¢ in the nonempty subset 0y f'(x;v)

of 0f (x). O
8.5 Subdifferentiation rules
Theorem 8.5.1. Let X be an open conver set, and suppose that f;: X — R

are convez functions and «; are nonnegative numbers for i = 1,2... m.
Define

[ = Z a; fi
i=1

Then .
Of(x) =) a0fi(x).
=1

Proof. A sum of compact, convex sets is compact and convex. Therefore,
Yo, a;0fi(x) is a closed and convex set, just as the set 0f(x). Hence, by
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Theorem 6.9.2 it suffices to prove that the two sets have the same support
function. And this follows from Theorems 8.4.4 and 6.9.1, according to which

Sor@ (V) = f'(@;v) = > aifl(w;0) = > @iSas, () = Sy aop@(v). O
i=1 i=1

Theorem 8.5.2. Suppose that the functions f;: X — R are convex fori =1,

2,..., m, and that their domain X is open, and let
f= 11%1%?; Ji-
Then

Of (z) = evx( U dfi(x)),

iel(x)
for all z € X, where I(x) = {i | fi(z) = f(x)}.
Proof. The functions f; are continuous at  and f;(z) < f(z) forall j ¢ I(x).

Hence, for all sufficiently small numbers ¢,

f(x+tv) = f(2) = max fi(z + tv) — f(2) = max(fi(z + tv) - fi(x)),

i€l (x) i€l(x)
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and it follows after division by ¢ and passing to the limit that

f'(w;v) = max fi(z;v).
i€l (x)

We use Theorem 6.9.1 to conclude that
of()(v) = f'(z;v) max fi(z;v) max S ) (V) = SU,cs0) 08:0) (V)

= Sevs(Usere) ) (V);
and the equality for Of(z) is now a consequence of Theorem 6.9.2. O

Our next theorem shows how to compute the subdifferential of a compo-
sition with affine functions.

Theorem 8.5.3. Suppose C is a linear map from R™ to R™, that b is a vector
i R™, and that g is a convex function with an open domain in R™, and let f
be the function defined by f(x) = g(Cx+b). Then, for each x in the domain

of f,
of(z) = CT(0g(Cx + b)).

Proof. The sets df(x) and CT(dg(Cx + b)) are convex and compact, so it
suffices to show that their support functions are identical. But for each
ve R"

g(C(x 4+ tv) +b) — g(Cz +b)

fla;v) = lim ;
_ th%}r g(Cx+ b+ tCtv) — g(Cz +b) _ J(Ca 1 b C),

so it follows because of Theorem 6.9.1 that

Sor)(v) = f'(x;v) = ¢'(Cx +b; Cv) = Shg(catn) (CV) = Scr@agcarny (V). O

The Karush—Kuhn—Tucker theorem

As an application of the subdifferentiation rules we now prove a variant of a
theorem by Karush—-Kuhn—Tucker on minimization of convex functions with
convex constraints. A more thorough treatment of this theme will be given
in Part II.

Theorem 8.5.4. Suppose that the functions f, g1, 92, ..., gm are conver and
defined on an open convex set §2, and let

X={zeQ|glz)<0 fori=1,2,...,m.}
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Moreover, suppose that there exists a point T € Q such that g;(T) < 0 for
i=1,2,...,m. (Slater’s condition)

Then, & € X is a minimum point of the restriction f|x if and only if
for each i = 1,2,...,m there exist a subgradient ¢; € 0g;(z) and a scalar
\i € R, with the following properties:

(1) — Z 5\1'0,- c 8f(9?:) and
=1
(ii) XNigi() =0 fori=1,2,...,m

Remark. If the functions are differentiable, then condition (i) simplifies to
VI(E) + ) AiVg(d) =0.
Cf. Theorem 11.2.1 in Part I '

Proof. Let  be a point in X and consider the convex function

h(l’) = max{f(:lf) - f(ﬁ)agl(m)a s 7gm(x)}

with Q as its domain. Clearly, 2(Z) = 0. By defining

I(2) = {i ] g:(2) = 0},
we obtain I(z) = {i | g;(z) = h(2)}, and it follows from Theorem 8.5.2 that

on() = evx(0f(2) U | J{0gi(2) | i € I(2)}).

Now assume that # is a minimum point of the restriction f|x. Then
h(z) = f(x) — f(z) > 0 for all z € X with equality when z = z. And if
x ¢ X, then h(z) > 0 since g;(z) > 0 for at least one . Thus, Z is a global
minimum point of A.

Conversely, if Z is a global minimum point of h, then A(z) > 0 for all
x € Q. In particular, for x € X this means that h(z) = f(z) — f(z) > 0, and
hence & is a mimimum point of the restriction f|x, too.

Using Theorem 8.1.2 we therefore obtain the following equivalences:

& is a minimum point of f|x < is a minimum point of A
& 0€0h(2)
& 0€ovx(9f(@)U| J{og:(2) | i€ I(2)})
= 0= >\OCO + Z )\iCi
iel(2)
(8.5) < AoCo = — Z AiCi,
iel(z)
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where ¢g € 0f(Z), ¢; € 0g;(z) for i € I(z), and the scalars \; are nonnegative
numbers with sum equal to 1.

We now claim that A\g > 0. To prove this, assume the contrary. Then
Zie](a@) Aic; = 0, and it follows that

Z)‘Zg’ Z)\ gi( (cl,x—az = Z/\CZ, ) =0,

i€l(&) i€l() i€l(&

which is a contradiction, since ¢;(Z) < 0 for all s and \; > 0 for some i € I(z).

We may therefore divide the equality in (8.5) by Ag, and conditions (i)
and (i) in our theorem are now fulfilled if we define \; = \;/\o for i € I(2),
and \; = 0 for i ¢ I(Z), and choose arbitrary subgradients ¢; € dg;(#) for

i ¢ 1(3). O
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Exercises

8.1 Suppose f: R™ — R is a strongly convex function. Prove that
lim f(z) =00

llz]|—o0
8.2 Find 0f(—1,1) for the function f(x1,z2) = max(|z1], |z2|).
8.3 Determine the subdifferential 9f(0) at the origin for the following functions

fR"—= R:

a) f(z) = [lz]2 b) f(xz) = llz[le c) f(x) = ||z
8.4 Determine the conjugate functions of the following functions:

a) f(z) =ax+b, domf=R b) f(zr) = —Inz, dom f = R4

c) f(z)=e", domf =R d) f(z) =xzIlnz, dom f =Ry

e) f(z) =1/z, dom f =R,
8.5 Use the relation between the support function S4 and the indicator function
X4 and the fact that Sa = Scicvx 4) to prove Corollary 6.9.3, i.e. that

cl(cvx A) =cl(cvx B) & S4 = Sp.
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Bibliografical and historical
notices

Basic references in convex analysis are the books by Rockafellar [1] from 1970
and Hiriart-Urutty—Lemarechal [1] from 1993. Almost all results in Part I
and in Chapters 9-10 in Part II of this series can be found in one form
or another in Rockafellar’s book, which also contains a historical overview
with references to the original works in the field. A more accessible book
on the same subject is Webster [1]. Among textbooks in convexity with an
emphasis on polyhedra, one should mention Stoer—Witzgall [1] and the more
combinatorially oriented Griinbaum [1].

The general convexity theory was founded around the turn of the century
1900 by Hermann Minkowski [1, 2] as a byproduct of his number theoretic
studies. Among other things, Minkowski introduced the concepts of sepa-
ration and extreme point, and he showed that every compact convex set is
equal to the convex hull of its extreme points and that every polyhedron is
finitely generated, i.e. one direction of Theorem 5.3.1) — the converse was
noted later by Weyl [1].

The concept of dual cone was introduced by Steinitz [1], who also showed
basic results about the recession cone.

The theory of linear inequalities is surprisingly young — a special case
of Theorem 3.3.7 (Exercise 3.11a) was proved by Gordan [1], the algebraic
version of Farkas’s lemma, i.e. Corollary 3.3.3, can be found in Farkas [1],
and a closely related result (Exercise 3.11b) is given by Stiemke [1]. The
first systematic treatment of the theory is given by Weyl [1] and Motzkin [1].
Significant contributions have also been provided by Tucker [1]. The proof
in Chapter 3 of Farkas’s lemma has a geometrical character; an alternative
algebraic induction proof of the lemma has been given by Kuhn [1].

Extreme points and faces are treated in detail in Klee [1,2].

Jensen [1] studied convex functions of one real variable and showed that
convex functions with R as domain are continuous and have one-sided deriva-
tives everywhere. Jensen’s inequality, however, was shown earlier for func-
tions with positive second derivative by Holder [1].

The conjugate function was introduced by Fenchel [1], and a modern
treatment of the theory of convex cones, sets and functions can be found
in Fenchel [2], which among other things contains original results about the
closure of convex functions and about the subdifferential.
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Answers and solutions to the
exercises

Chapter 2

2.2

2.3
2.4
2.5

2.6

2.7

2.8

2.9
2.10

a) {z € R*|0<x; +a3 <1, 21,70 > 0}
b) {x e R? [ [z] <1}

C) R?H- U {(07 0)}

E.g. {(0,1)}U (R x {0}) in R2

{r e R%, |23 < zy2s}

Use the triangle inequality

(S5 +3)'" < (S7a) 7+ (Sh)
to show that the set is closed under addition of vectors. Or use the
perspective map; see example 2.3.4.
Follows from the fact that —ej is a conic combination of the vectors
€p,€1,..., €,.
Let X be the halfspace {x € R™ | (¢,x) > 0}. Each vector x € X is a
conic combination of ¢ and the vector y = x — (¢, z)||c|| ~2¢, and y lies
in the (n — 1)-dimensional subspace Y = {z € R" | (¢,z) = 0}, which
is generated by n vectors as a cone according to the previous exercise.
Hence, x is a conic combination of these n vectors and c.
The intersection between the cone X and the unit circle is a closed
circular arc with endpoints x and y, say. The length of the arc is either
less than 7, equal to 7w, or equal to 2w. The cone X is proper and
generated by the two vectors x and y in the first case. It is equal to a
halfspace in the second case and equal to R? in the third case, and it
is generated by three vectors in both these cases.
Use exercise 2.8.

a) reccX = {z € R?* | 1 > 2o > 0}, linX = {(0,0)}
b) recc X =lin X = {(0,0)}
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2.10

2.12

2.14

c) reccX = {x € R3| 2y + 2o + 23 < 0, 21 + 225 + 23 < 0},
lin X = {(t,t,-3t) | t € R}
d) recc X ={x € R? | 21 > |x5l},
lin X={r € R® | z; = z = 0}.
b) (i) ¢(X)={zeR?|0< 321 <z < 21} = cl(¢(X))
(i) o(X)={z e R* | 0 <z, < 221} U{(0,0)},
cd(c(X)={z € R?| 0 < 2y < S},
(iii) ¢(X) = {x € R?® | 23 > 23, z3 > 0} U {(0,0,0)},
c(e(X)) = e(X)U{(21,0,0) | z; > 0}.
c) o(X) ={(z,2n+1) € R" X R | [[2]| < zpp1}.
Let z, = x, + yn, n = 1,2,... be a convergent sequence of points in
X +Y with z, € X and y,, € Y for all n and limit z;. The sequence
(yn)3° ha a convergent subsequence (yy,, )5, with limit yo € Y, since YV’
is compact. The corresponding subsequence (2, — yn, )5, of points in
X converges to zg — o, and the limit point belongs to X since X is a
closed set. Hence, zy = (20 — %0) + ¥o lies in X + Y, and this means
that X 4+ Y is a closed set.

Chapter 3

3.1
3.2

3.4

3.6

3.7

E.g {z € R’ |2, <0} and {z € R? | 23 > "' }.
Follows from Theorem 3.1.3 for closed sets and from Theorem 3.1.5 for
open sets.
a) Ry xR b) {0} x R c) {0} x Ry d) Ry xRy
e) {x e R?* | zy > 2y >0}
a) X:X++:{£E€R2|$1+ZE220,$220},

Xt ={zeR?| 2y >m >0}
b) X =Xt =R? X' =1{(0,0)}
¢) X =R, U{(0,0)}, Xt =X"=R3
(i) = (iii): Since —a; ¢ con A, there is, for each j, a vector ¢; such
that —(c¢j,a;) < 0 and (c;,z) > 0 for all z € con A, which implies that
(¢j,aj) > 0and (cj, ax) > 0 for all k. It follows that ¢ = ¢1+ca+- - -+cpm
works.
(iii) = (ii): Suppose that (c,a;) > 0 for all j. Then > " Aja; = 0
implies 0 = (¢,0) = >_1" Aj (¢, a;), so if A; > 0 for all j then \; (c,a;) =
0 for all j, with the conclusion that \; = 0 for all j.
(i) = (i): If there is a vector  such that x = Y " A\ja; and —x =
> 1" wja; with nonnegative scalars \;, p;, then by addition we obtan
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CONVEXITY: CONVEXITY AND
OPTIMIZATION - PART | ANSWERS AND SOLUTIONS TO THE EXERCISES

the equality Y 1"(\; + pj)a; = 0 with the conclusions \; + pu; = 0,
Aj=p; =0and z =0.
3.8 No solution.
3.10 Solvable for a < -2, -1 <a <1 and a > 1.
3.11 a) The systems (S) and (S*) are equivalent to the systems

Az >0

—Ax>0 ATy —y" Y+ Ez+1t=0
and P

Ex>0 y,y',2>0, t> 0,

172> 0

respectively (with y corresponding to " — ¢'). The assertion therefore
follows from Theorem 3.3.7.

b) The systems (S) and (S*) are equivalent to the systems

Ar=20 ATy —y")+ E2=0
—Ax >0 and T
Ex>0 y7y’2207 z%()?

respectively. Now apply Theorem 3.3.7.
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3.12

By Theorem 3.3.7, the system is solvable if and only if the dual system

AT(y’—y”)—i—z—i—u:O
Alw+u)=0
y/’y”’Z’/LU?uZO’ U%O

has no solution. It follows from the two equations of the dual system
that:

0=—(w+u)A" = —(w+u) A"y —y") = (w+u)" (z + u)

=wlz +wlu+ulz + uTu,

and all the four terms in the last sum are nonnegative. We conclude
that u”u = 0, and hence v = 0. So the dual system has no solution.

Chapter 4

4.1

4.2

4.3

4.4

4.5
4.6

4.7

a) ext X ={(1,0),(0,1)}  b) ext X ={(0,0),(1,0),(0,1),(3,1)}
c) ext X = {(0,0,1),(0,0,—1)} U {(x1,22,0) | (z1 — 1)* + 23 = 1} \
{(0,0,0)}

Suppose z € cvx A\ A; then x = Aa+ (1 — \)y where a € A, y € cvx A
and 0 < A < 1. It follows that z ¢ ext(cvx A).

We have ext X C A, according to the previous exercise. Suppose that
a € A\ extX. Then a = A\x; + (1 — \)zy, where 21,29 € X, 21 # 29
and 0 < A < 1. We have z; = p;a + (1 — p;)y;, where 0 < p; < 1 and
y; € cvx(A\ {a}). It now follows from the equality

a= (1= A — (1= A)p2) ML = pa)yr + (1= A)(1 = pi2)ge),
that a lies in cvx(A\ {a}).Therefore, cvx(A\ {a}) = cvx A = X, which
contradicts the minimality of A. Hence, ext X = A.
The set X \ {zo} is convex if and only if |a,b] C X \ {zo} for all a,b €
X\ {xo}, i.e. if and only if xy € ]a,b] for all a,b € X \ {zo}, i.e. if and
only if xg € ext X.
E.g. the set in exercise 4.1 ¢).
a) Follows directly from Theorem 4.1.3.
b) The extreme point (1,0) of {z € R? | 2y < /1 — 27, |z1] < 1} is
not exposed.

b) A zero-dimensional general face is an extreme point, and a zero-
dimensional exposed face is an exposed point. Hence, exercise 4.6 b)
contains an example of a general face which is not an exposed face.
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¢) Suppose that a,b € X and that the open line segment |a, b] intersects
F'. Since F' C I, the same line segment also intersects I, so it follows
that a,b € F. But since I’ is a general face of F, it follows that
a,b € F'. So F' is indeed a general face of X.

The set X in exercise 4.6 b) has F' = {1} x]—00,0] as an exposed face,
and I’ = {(1,0)} is an exposed face of F' but not of X.

d) Fix a point 2o € F Nrint C. To each x € C there is a point y € C
such that z( lies on the open line segment |z, y[, and it now follows
from the definition of a general face that = € F.

e) Use the result in d) on the set C' = X Ncl F. Since rint C' contains
rint F' as a subset, F'NrintC' # (), so it follows that ¢ C F. The
converse inclusion is of course trivial.

f) Use the result in d) with F' = Fy och C' = F,, which gives us the
inclusion Fy, C Fi. The converse inclusion is obtained analogously.

g) If F is a general face and F Nrint X # (), then X C F by d) above.
For faces F' # X we therefore have F'Nrint X = (), which means that
F Crbdry X.

Chapter 5
51 a) (—%,3),and (4,—1)  b) (=%,3), (4,—1), and(-3,-1)
¢) (0,0,0), (2,0,0), (0,2,0), (0,0,4), and (3, 3,0)
d) (0747()’())7 (07 gaoao>7 (%7 37070)7 (07 17 170)7 and (07 gaoa %)

5.2

2.3

5.4

2.5

The extreme rays are generated by (—2,4,3), (1,1,0), (4,—1,1), and
(1,0,0).

1-2 1
cC=1-1 2 3
-3 2 5
a) A= {(LO)’ (071)}7 B = {(_gag)v (47_1)}
b) A= (Z)? B = {(_§7%)7 (47_1)7 <_3’_1)}
c) A={(1,1,-3), (-1,-1,3), (4,—-7,—1), (7,4, -1)},
B ={(0,0,0), (2,0,0), (0,2,0), (0,0,4), (3,3,0)}
d) A =0,
B =1{(0,4,0,0), (0 2 0,0), (3 5 0,0), (0,1,1,0), (0,%,0,%)}.

120 2727

The inclusion X = cvx A+con B C con A+con B = con(AU B) implies
that con X C con(A U B). Obviously, A C cvx A C X. Since cvx A
is a compact set, recc X = con B, so using the assumption 0 € X, we
obtain the inclusion B C con B C X. Thus, AU B C X, and it follows
that con(AU B) C con X.
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Chapter 6

6.1 E.g. fi(z) =2 — |z| and fo(z) = —x — |x|.
6.3 a > 5 and a > 5, respectively.
6.4 Use the result of exercise 2.1.

6.5 Follows from f(x) = max(z;, + 4 + -+ + 25, ), where the maximum
is taken over all subsets {iy,s,...,ix} of {1,2,...,n} consisting of k
elements.

6.6 The inequality is trivial if 2y + 29 + -+ - + 2z, = 0, and it is obtained by
adding the n inequalities

X; o
) < ———f(e1+ -+ x,) + (1 = ——) f(0
f( z)_l'l‘f‘""f‘xnf(l n) ( l‘l‘f‘"“f‘l'n)f()
ife;4+---+x, > 0.
I -Oined MITAS because The Graduate Programme
] R for Engineers and Geoscientists
I wanted real responsibility www.discovermitas.com
7a P - - > -

:-.‘ll!uﬂ.; ':I.Ii'i'f
LT e

I was a construction
SUPErvisor in

the North Sea
advising and

e Lelping foremen
% solve problems

Download free eBooks at bookboon.com

Click on the ad to read more

197


http://s.bookboon.com/mitas

6.7

6.8

6.9

6.10

6.11
6.12

Choose o) — f)
2) — J (21
T Temp T

to obtain f(z1) + (¢, z1) = f(x2) + (¢, z2). By quasiconvexity,

Qa4+ (1= Naz) + (¢, Azy + (1 = A)az) < flan) + (¢, 21),
which simplifies to

FOhs + (1= ) < Af(en) + (1= N (aa).

Let f: R x R — R be the function defined by

)t if (x,t) e C
flo.t) = {+oo if (2,1) ¢ C.

Then inf{t € R | (z,t) € C} = inf{f(z,t) | t € R}, and Theorem 6.2.6
now follows from Corollary 6.2.7.
Choose, given z,y € X, sequences (x1)5°, (yx)3° of points z, yx € int X
such that xy — = and yr — y as k — oo. Since the points Azg+(1—\)yx
belong to int X,

JOTE + (1= Nyr) < Af(zp) + (1= A) f(yr),
and since f is continuous on X, we now obtain the desired inequality
fAx+(1—=XNy) < Af(x)+ (1 —AN)f(y) by passing to the limit.
Let m = inf{f(x) | « € rint(dom f)} and fix a relative interior point zg
of dom f. If x € dom f is arbitrary and 0 < A < 1, then Az 4 (1 — A)xg
is a relative interior point of dom f, and it follows that

m < f(Ar + (1= A)zo) < Af(2) + (1 = A) f (o).

The inequality f(z) > m now follows by letting A — 1.

Minimum 8 at z = (3, 2).

a) [[zll, b) max(zy,0).

Chapter 7

7.2
7.5

Yes.
Let J be a subinterval of 1. If f/ () > 0 for all € J, then

fy) = f(@) = fi(z)(y —2) =0
for all y > x in the interval J, i.e. f is increasing on J. If instead
fi(x) <0 forall z € J, then f(y) — f(xz) > fi(x)(y —x) > 0 for all
y < x, i.e. f is decreasing on J.
Since the right derivative f) (z) is increasing on I, there are three dif-
ferent cases to consider. Either f)(z) > 0 for all x € I, and f is then
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7.6

7.7
7.8

7.9

7.13

increasing on I, or f! (x) < 0 for all x € I, and f is then decreasing
on I, or there is a point ¢ € I such that f/ () < 0 to the left of ¢ and
fi(x) > 0 to the right of ¢, and f is in this case decreasing to the left
of ¢ and increasing to the right of c.

a) The existence of the limits is a consequence of the results of the
previous exercise.

b) Consider the epigraph of the extended function.

Follows directly from exercise 7.6 b).

Suppose that f € F. Let o € R"™ be an arbitrary point, and consider
the function g(z) = f(z) — (f'(x0),z — o). The function g belongs to
F and ¢'(z9) = 0. It follows that g(z) > g(xo) for all z, which means
that f(z) > f(xo) + (f'(x0),z — xo) for all x. Hence, f is convex by
Theorem 7.2.1.

o(t) = flx +tv) = f(x) + t(f'(z),v) for v € V; by Theorem 6.7.1.
Differentiate two times to obtain D?f(x)[v,v] = ¢”(0) = 0, with the
conlusion that f”(x)v = 0.

By combining Theorem 7.3.1 (i) with x replaced by Z and v = z—2 with
the Cauchy-Schwarz inequality, we obtain the inequality ||z — Z||* <

(f'(@),x = &) <[ f'(@)|[l|lx = 2.

Chapter 8

8.1

8.2
8.3

8.4

Suppose that f is p-strongly convex, where p > 0, and let ¢ be a
subgradient at 0 of the convex function g(z) = f(z) — sul/z||*>. Then
f(@) > f(0) + (c,z) + Sp|z|* for all z, and the right-hand side tends
to 0o as ||z|| — oco. Alternatively, one could use Theorem 8.1.6.

The line segment [—ey, es], where e; = (1,0) and ey = (0, 1).

a) Bo(0;1) = {z [ ||zl <1} b) Ba(0;1) = {z | [|lz], <1}
¢) Boo(0;1) = {2 | [lz]loc <1}

a) dom f* = {a}, f*(a) =0

b) dom f* = {z |z < 0}, f*(x)=—1—In(—x)

¢)dom f*=R,, f"(zx)=zlnzx—=z f*(0)=0
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Index

affine
combination, 21
dimension, 24
hull, 22
map, 25
piecewise —, 115
set, 21

ball
closed —, 10
open —, 10
bidual cone, 67
boundary, 11
point, 11
relative —, 37
bounded set, 13

closed
ball, 10
convex function, 135
halfspace, 29
hull, 12
set, 12
closure, 12
of function, 172
codomain, 3
compact set, 13
concave function, 105
strictly —, 110
condition number, 157

cone, 40
bidual —, 67
dual —, 65

finitely generated —, 45

cone
polyhedral —, 43
proper —, 42
recession —, 47
conic

combination, 42

halfspace, 41

hull, 43

polyhedron, 43
conjugate function, 174
continuous function, 13
convex

combination, 27

function, 105

hull, 34

set, 27

strictly — function, 110

derivative, 17, 180
difference of sets, 5
differentiable, 16
differential, 17
dimension, 24

direction derivative, 180
distance, 10

domain, 2

dual cone, 65

effective domain, 3
epigraph, 104
Euclidean norm, 10
exposed point, 89
exterior point, 11
extreme point, 77
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extreme ray, 79

face, 79, 89
Farkas’s lemma, 70
Fenchel transform, 174
Fenchel’s inequality, 175
finitely generated cone, 45
form

linear —, 8

quadratic —, 8

generator, 43
gradient, 17

halfline, 40
halfspace, 29
conic —, 41
hessian, 19
hull
affine —, 22
conic —, 43
convex —, 34

hyperplane, 25
separating —, 57
supporting —, 61

Holder’s inequality, 124

image, 3

inverse —, 3
indicator function, 174
interior, 11

point, 11

relative —, 37
intersection, 2
inverse image, 3

Jensen’s inequality, 111

Karush—Kuhn—Tucker theorem, 185

¢-norm, 10
¢P-norm, 110
lie between, 78

line segment, 7
open —, 7
line-free, 51
linear
form, 8
map, 7
operator, 7
Lipschitz
constant, 14
continuous, 14

maximum norm, 10

mean value theorem, 17
Minkowski functional, 140
Minkowski’s inequality, 126

norm, 10, 109
Euclidean —, 10
o — 10
w— 110
maximum —, 10
operator —, 14

open
ball, 10
halfspace, 29
line segment, 7
set, 11
operator norm, 14
orthant, 6

perspective, 119
map, 32
piecewise affine, 115
polyhedral cone, 43
polyhedron, 30

conic —, 43
positive
definite, 9

homogeneous, 109
semidefinite, 9
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proper supporting
cone, 42 hyperplane, 61
face, 79 line, 148
symmetric linear map, 8
quadratic form, 8
quasiconcave, 107 Taylor’s formula, 20
strictly —, 110 translation, 5
quasiconvex, 107 transposed map, 8
strictly —, 110 inion, 2
ray, 40
recede, 47
recession
cone, 47
vector, 47
recessive subspace, 51
of a function, 132
relative
boundary, 37
boundary point, 37
interior, 37
interior point, 37

second derivative, 19
seminorm, 109
separating hyperplane, 57
strictly —, 57
Slater’s condition, 186
standard scalar product, 4
strictly
concave, 110
convex, 110
quasiconcave, 110
quasiconvex, 110
strongly convex, 154
subadditive, 109
subdifferential, 163
subgradient, 163
sublevel set, 104
sum of sets, 5
support function, 137
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ENDNOTES

Chapter 1

fThe intersection of an empty family of sets is usually defined as the entire space,
and using this convention the polyhedron R™ can also be viewed as an intersection of
halfspaces.

'The terminology is not universal. A proper cone is usually called a salient cone, while
the term proper cone is sometimes reserved for cones that are closed, have a nonempty
interior and do not contain any lines through the origin.

Chapter 3

tThe second condition is usually not included in the definition of separation, but we
have included it in order to force a hyperplane H that separates two subsets of a hyperplane
H’ to be different from H'.

Chapter 4

TFor if X = {0}, then rint X = {z¢}, rbdry X = ) and ext X = {z,}.

fThere is an alternative and more general definition of the face concept, see exercise 4.7.
Our proper faces are called exposed faces by Rockafellar in his standard treatise Convez
Analysis. Every exposed face is also a face according to the alternative definition, but the
two definitions are not equivalent, because there are convex sets with faces that are not

exposed.
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