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Preface

Convexity is an elementary property of sets and functions. A subset A of an affine
space is convex if it contains all the segments joining any two points of A. In other
words, A is convex if forall x, y € A and @ € [0, 1] the point ax + (1 — &)y also
lies in A. This simple algebraic property has surprisingly many and far-reaching
consequences of a geometric nature, but it also has basic topological consequences
as well as deep analytical implications. The notion of convexity can be transferred
from sets to real-valued functions via their epigraphs. The epigraph of a real-valued
function f on R” is the set of all points in R”*! lying on or above its graph. Then a
function f is convex if the epigraph of f is a convex subset of R”*!. On the other
hand, a convex set can be naturally described by various convex functions such
as its convex indicator function, its distance function or its support function. The
interplay between convex sets and functions turns out to be particularly fruitful and
goes well beyond a formal correspondence. The results on convex sets and functions
play a central role in many mathematical fields, in particular in functional analysis,
optimization theory, probability theory and stochastic geometry.

In this book, we concentrate on convex sets in R”, which is the prototype of a
finite-dimensional real affine space. In infinite-dimensional spaces, other methods
often have to be used and different types of problems occur. In the first part of the
book, we focus on the classical aspects of convexity. Starting with convex sets and
their basic algebraic, combinatorial, metric and extremal properties in Chap. 1, we
consider convex functions in Chap. 2. In particular, regularity properties of convex
functions and support functions of convex sets are introduced and studied to some
extent.

We then provide an introduction to the Brunn—Minkowski theory in Chap. 3.
We set the foundations by describing the space of convex bodies (compact convex
sets). Our main goal in this chapter is to introduce and study important functionals
on the space of convex bodies. First, we provide an elementary approach to the
volume and surface area of convex bodies via approximation with polytopes.
Then we introduce the mixed volume as a multilinear functional on n-tuples
of convex bodies and establish its main properties. As special cases of mixed
volumes, we obtain the Minkowski functionals, which are also known as intrinsic
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viii Preface

volumes or quermassintegrals. A major source of deep relationships between
various functionals on convex bodies is the famous Brunn—Minkowski inequality,
which provides a lower bound for the volume of the sum of two sets in terms of the
volumes of the individual sets. Among the consequences of the Brunn—Minkowski
inequality are Minkowski’s inequalities for special mixed volumes and, in particular,
the isoperimetric inequality. Finally, we present a proof of the famous Alexandrov—
Fenchel inequality for mixed volumes. Along the way, we derive general versions of
the Brunn—Minkowski inequality and of Minkowski’s inequality for mixed volumes.
Since symmetrization methods are important throughout mathematics, we briefly
discuss Steiner symmetrization and demonstrate how it can be used in the proof of
geometric inequalities.

In Chap. 4, we treat further central topics in the Brunn—Minkowski theory that
have proved to be highly relevant, including surface area measures, projection
functions and zonoids (or projection bodies). Furthermore, we take the opportunity
to provide a short introduction to geometric valuation theory, which deals with
finitely additive functionals on the space of convex bodies. Finally, in Chap. 5
we introduce invariant measures on topological groups and homogeneous spaces,
tailored to the present purpose of deriving basic formulas of integral geometry in
Euclidean space. Geometric valuation theory offers a convenient route to a variety
of such formulas.

The first two chapters of this book should be easily accessible for an interested
reader. Apart from a sound knowledge of linear algebra and elementary real analysis
(in Chap. 2), no deeper technical prerequisites from other fields of mathematics are
initially required. Later, we shall occasionally use results from functional analysis.
In some parts, we require basic familiarity with notions of set-theoretic topology
and measure theory.

Although convex geometry is a classical topic, there have been many fascinating
developments in the field in recent years. This is particularly true for the analytic
aspects of convexity and for its various connections to probability theory, geometric
functional analysis, geometric tomography and other branches of mathematics.
Some excellent monographs (see, e.g., [4, 22, 38, 41, 55, 56, 81]) describe recent
developments in convex geometry or convex geometric analysis at the frontier
of current research and its applications (see, e.g., [35, 84]). In contrast to these
volumes, the purpose of the present text is to provide a reasonably self-contained
introduction to the topic which paves the way to the more advanced and specialized
literature.

This book evolved from courses and seminars which have been given repeatedly
by the authors. The numerous exercises and the supplementary material at the end
of each section constitute an essential part of this textbook. Some of the exercises
are routine or cover a short argument omitted in the text, but there are also more
demanding problems, and there is plenty of supplementary information, stated in
the form of problems, which is useful for readers willing to delve deeper into
the subject. For some of the problems (marked with an %), complete solutions are
provided in Chap. 6. For the solutions of all other problems, an Instructor’s Solution



Preface ix

Manual will be available to faculty who are teaching a course using this textbook as
the official textbook.

Karlsruhe, Germany Daniel Hug
Karlsruhe, Germany Wolfgang Weil
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Preliminaries and Notation

Throughout the book, we work in n-dimensional Euclidean space R". Elements of
R" are denoted by lowercase letters like x, y, ..., a, b, ..., scalars by Greek letters
a, B, ... and (real) functions by f, g, ... We identify the vector space structure and
the affine structure of R”, i.e., we do not distinguish between vectors and points.
The coordinates of a point x € R" are used only occasionally; therefore, we indicate
them as x = (x(l), .. .,)c("))T or, more traditionally, as x = (x1, .. .,xn)T. If we
consider sequences of points in R", then the former notation with an additional
lower index is used. We equip R” with its usual topology, generated by the standard
scalar product

(x,y)i=xiy1+ -+ Xy, X,y €RY,
and the corresponding Euclidean norm
el i= (0? + -+ )2 x e R
If x € R"\ {0}, then x* := {z € R" : (z,x) = 0} denotes the linear subspace
consisting of all vectors which are orthogonal to x. More generally, for U C R"
we define U+ := {z € R" : (z,u) = Oforallu € U}. In particular, if U is
a k-dimensional linear subspace of R”, then U L is an (n — k)-dimensional linear
subspace, the linear subspace orthogonal to U. By B" we denote the (Euclidean)
unit ball
B :={x e R" : |Ix|| = 1},
and by
Shi=(x eR" : x| = 1}

the (Euclidean) unit sphere. We also write B"(x, r) for the (Euclidean) ball with
centre x € R" and radius r > 0, and we simply write B"(r) instead of B"(0, r).

XV



XVi Preliminaries and Notation

Sometimes we make (explicit) use of the Euclidean metric
dix,y):==lx—yl, x,yeR"

Occasionally, it is convenient to write z instead of ‘ix, for x € R” and ¢ € R.
Convex sets in R! are often not very exciting (they are open, closed or half-open,
bounded or unbounded intervals), usually results on convex sets are only interesting
forn > 2. Nevertheless, the case n = 1, for instance, can be important as the starting
point for an induction argument. In some situations, results only make sense if n >

2, although we shall not emphasize this in all cases. As a rule, A, B, ... denote
general (convex or nonconvex) sets, K, L, ... will be used for compact convex sets
(convex bodies), and we prefer to write P, Q, ... for (convex) polytopes.

In a vector space, linear subspaces are subsets which are again vector spaces,
and, equivalently, they are closed with respect to addition of vectors and scalar
multiplication of vectors. In an affine space A with underlying vector space V, the
corresponding substructure is an affine subspace (or affine flat). Affine subspaces
are the subsets of A which are obtained by attaching to a point a € A the vectors
of a linear subspace U C V, for which we write F = a 4+ U. While the point a is
not uniquely determined by F, the linear subspace U is determined by F; in fact,
for any pointb € a + U, we have a + U = b 4 U. The dimension of F is defined
as the dimension of U. It is easy to see that intersections of affine subspaces are
affine subspaces or the empty set. For a given set § # A C A, the affine hull of A
is the intersection of all affine subspaces of A which contain A. The affine hull of
the empty set is the empty set and taking affine hulls preserves inclusions. Finally,
we point out that the notions of linear independence of vectors in a vector space and
of affine independence of points in an affine space are closely related concepts (see
Exercise 1.1.1). As usual, we say that points x1, ..., x¢ € A are affinely independent
if for A1, ..., Ar € Rwith A1 4 - - - + At = O the condition A;x1 + -+ 4+ Agxxp =0
implies that A; = - - - = A = 0. Here, the condition A1x1 + - - - + Agxx = 0 together
with A1 + - - - 4+ Ay = O means that Ao(xo — x1) + -+ A (xg — x1) =0 fork > 2.

A particular (canonical) example of an affine subspace is a vector space consid-
ered as an affine space over itself. For points a, b € A, we write b — a for the vector
from a to b (the unique vector which yields b if attached to a). If aj, ..., a; € A
and Aq,...,Ar € R with Zle Ai = 1, then we write Aja; + --- + Agay for the
point in A such that

k k
Y hiai=ar+ Y dila; —a).
i=1 i=2

It is easy to check that the role of a; can be taken by any of the points ay, ..., a
without changing the right-hand side. The point Ajaj + - - - + Akay is called an affine
combination of ay, ..., ax. We say that A C A is affine if affine combinations of
any two points of A are again in A, thatis, if Aa + (1 — X)b € A fora,b € A and
reR
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A linear map & : V — W from a vector space V to a vector space W is a map
which satisfies A(Av 4+ pw) = Ah(v) + wh(w) forv,w € V and A, u € R. An
affine map f : A — B from an affine space A to an affine space B is a map which
satisfies f(ha + (1 = A)c) = Af(@)+ (1 —A)f(c) fora,c € Aand A € R.

The following notation will be used throughout this text:

linA Linear hull of A (smallest linear subspace containing A)
aff A Affine hull of A (smallest affine subspace containing A)
dim A Dimension of A (= dimension of aff A)

int A Interior of A (relative to the ambient space)

relint A Relative interior of A (interior with respect to aff A)
clA Closure of A

bd A Boundary of A (relative to the ambient space)

relbd A Relative boundary of A (boundary with respect to aff A)

If f is a function on R” with values in R or in the extended real line [— o0, co] and
if A is a subset of the latter, we frequently abbreviate the set {x € R” : f(x) € A}
by {f € A}. By a linear form f on R" we mean a linear map f : R” — R.
Hyperplanes E C R” can be shortly written as £ = {f = «}, where f is a linear
form, f # 0, and ¢ € R; note that this representation of E in terms of f and « is
not unique. Since hyperplanes are sets of points, writing £ = {f = «} we mean
E={x eR": f(x —0) = «}, where x — 0 is the vector pointing from the origin
0 € R” to the point x. In the following, as usual we identify the point x and the
position vector x — 0 of x with respect to the origin. If xo € R”" is chosen such that
f(xo—0) = a,then E = {x € R" : f(x — x¢) = 0}. The closed half-spaces
bounded by E then are { f > «} and {f < «}, and the open half-spaces bounded
by E are {f > «} and {f < «}. Using the scalar product, it is often convenient to
write hyperplanes and (closed) supporting half-spaces in the form

Hu,t):={x eR": (x,u) =1t}
H (u,t) :={xeR": (x,u) <t},

HY(u,t):={x eR": (x,u) >1},

where u € R" \ {0} and 7 € R.

The Euclidean metric on R” induces a topology, which is independent of the
specific metric (or norm) that is considered. The smallest o-algebra containing the
open sets is the Borel o-algebra, which is denoted by B(R"). More generally, for
a topological space (T, 7) with the system 7 of open sets, the induced Borel o-
algebra is denoted by B(T). In particular, this applies to the unit sphere S"~!, which
inherits the topology of R". We write A, for the Lebesgue measure on R". If F is
a k-dimensional affine subspace of R", we write Ar for Lebesgue measure on F,
with the Euclidean metric induced from the ambient R" (the resulting measure is
independent of the choice of an origin in F). If the underlying affine subspace F is
clear from the context, we simply write Ay if dim F' = k. For spherical Lebesgue
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measure on S"~!, we write o (without indicating the dimension, which will always
be clear from the context). Finally, we write H*, s > 0, for the s-dimensional
Hausdorff measure on R". The normalization of the Hausdorff measures is chosen
in such a way that on B(R"), the Lebesgue measure A, and the n-dimensional
Hausdorff measure H" are equal. Moreover, spherical Lebesgue measure and the
(n — 1)-dimensional Hausdorff measure 7" ~! coincide on S"~!. Integrating with
respect to Lebesgue measure in R”, we simply write ‘dx’ instead of ‘A, (dx)’ if this
is convenient. Also note that for A € B(S*~'), we have

o(A) =ni,({tu : t € [0, 1], u € A}).

Hence, w, := H" 1 (S" 1) and k,, := A,(B") are related by w, = nky,.

For sets A, B, we write A C B ifa € A implies thata € B, in particular, the sets
may be equal. The abbreviation w.l.o.g. means ‘without loss of generality’ and is
used sometimes to reduce the argument to a special case. The logical symbols V (for
all) and 3 (exists) are occasionally (rarely) used in formulas. As usual, [J denotes
the end of a proof. Finally, we write | A| for the cardinality of a set A.



Chapter 1 )
Convex Sets et

Convexity is a basic but fundamental notion in mathematics. A subset of R” is called
convex if for any two of its points, the whole segment connecting these points is
contained in the set. This first chapter provides a brief introduction to some of
the basic ideas and results related to convex sets. We shall see that convexity is
stable under natural operations and transformations. It is remarkable at first sight
that convexity is a key concept underlying several classical combinatorial results.
Moreover, convex sets have characteristic metric properties related to the notions of
support and separation. To derive these properties, we shall use the metric projection
onto convex sets. Finally, in this chapter extreme points will be shown to provide an
efficient description of convex sets.

Throughout this book we restrict ourselves to a Euclidean framework, although
the definition of convexity and some of the results are of a purely affine nature.

1.1 Algebraic Properties

We usually identify an affine space with its associated vector space. However, we
shall deliberately use the words “vector” and “point”. The definition of a convex set
requires just the structure of R” as an affine space. In particular, it is related to (but
different from) the notions of a linear and an affine subspace.

Definition 1.1 A set A C R" is convex if (1 —a)x +ay € Aforx,y € A and
a € [0,1].

We illustrate Definition 1.1 with a couple of examples. The proofs of the
corresponding claims are left as easy exercises for the reader.

© Springer Nature Switzerland AG 2020 1
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2 1 Convex Sets

Example 1.1 Apart from the empty set, the whole space R” or one-pointed sets, the
simplest convex sets are segments. For x, y € R" we denote by

[x,y] ={(l —a)x +ay:a [0, 1]}
the closed segment between x and y. Similarly,
x,y)={0—-a)x+ay:aec0,1)}

is the open segment, and we define half-open segments (x, y] and [x, y) in an
analogous way. Note that if x = y, then all these segments are equal to {x}. Clearly,
a set is convex if and only if with any two points from the set, the segment between
these points is also contained in the set. To verify that [x, y] is indeed convex, it is
sufficient to observe that for «, 8, T € [0, 1] we have

(I =0 [ =a)x +ay]+7[(1 = p)x + By]
=[d-D0 -+t =Hlx+[d—-1)a+ 1]y,

where the coefficients on the right-hand side are in [0, 1] and sum up to 1.

Example 1.2 Other trivial examples are the affine flats in R”, that is, sets of the
forma + U, where a € R" is a fixed point and U C R” is a linear subspace.

Example 1.3 Fix a linear form f # 0 and some o« € R. If {f = «} is the
representation of a hyperplane, then the open halfspaces {f < «a},{f > «} and
the closed halfspaces { f < a}, {f > «} are convex.

Example 1.4 Further convex sets are the (not necessarily Euclidean) balls

B(r) ={xeR":|xllo <r}, r=>0,
and their translates. Here, || - ||o can be any norm (not just the Euclidean norm). In
fact,if x, y € B(r) and o € [0, 1], using the properties of a norm, we obtain

(A —a)x +ayllo = (I —a)|xllo +allylle <A —a)yr +ar=r.
Example 1.5 Remove an arbitrary subset from the boundary of a Euclidean ball
B"(x,r) = {z € R" : ||z — x|| < r} with centre x € R" and radius r > 0. The
resulting set is still convex. Note that this statement is no longer true if the Euclidean
norm ||-|| is replaced for instance by the maximum norm (when the norm balls would
then be cubes).

Example 1.6 Another convex set as well as a nonconvex set are shown in Fig. 1.1.



1.1 Algebraic Properties 3

Fig. 1.1 A convex set (left) and a nonconvex set (right)

Definition 1.2 Letk € N, let x1, ..., xx € R?, and let «q, ..., ar € [0, 1] be such
that oy +--- 4+ ax = 1. Then a1 x1 + - - - + agxi is called a convex combination of
the points x1, ..., xk.

Theorem 1.1 A set A C R" is convex if and only if all convex combinations of
points in A lie in A.

Proof First, assume that all convex combinations of points in A lie in A. Taking
k = 2 in the definition of a convex combination, we see that A is convex.

For the other direction, suppose that A is convex and k € N. We use induction
on k.

For k = 1, the assertion is trivially true.

For the step from k — 1 to k, k > 2, assume x1,...,xx € Aand oy, ..., 0 €
[0, 1] with o) + - - - 4+ o = 1. We may assume that o 7# 1. Then we define

o

Bi: i=1,...,k—1,

a 1—oy’

hence g; € [0, 1] and 81 + - - - + Br—1 = 1. By the induction hypothesis, we have
Bix1 4+ -+ -+ Br—1xr—1 € A. Since A is convex, we conclude that

k k—1
Y aixi=(1— ) (Z ﬂm) + axi € A,

i=1 i=1
which completes the argument. O

If {A; : i € I} is an arbitrary family of convex sets (in R"), then the (possibly
empty) intersection (7);.; A; is convex. In particular, for a given set A C R”", the
intersection of all convex sets containing A is convex.

Definition 1.3 For A C R”, the set
conv A = ﬂ{C CR": A CC,C isconvex}

is called the convex hull of A.



4 1 Convex Sets

With respect to the inclusion order, conv A is the smallest convex set containing
A. It is clear from the definition that if A, B C R" and A C B, then convA C
conv B. Moreover, we have conv@ = ¢ and convR” = R”. Instead of conv A we
also write conv(A).

The following theorem shows that conv A is the set of all convex combinations
of points in A. Thus, we obtain an intrinsic characterization of the convex hull.

Theorem 1.2 For A C R”,

k

k
convA = :Z“i’” ckeN,xi,...,xxk €A, a1, ...,0r € [0,1],205[ =1
i=1 i=1

Proof Let B denote the set on the right-hand side. If C is a convex set containing
A, then any convex combination of points from A is also a convex combination of
points from C. By Theorem 1.1 we conclude that B C C. Hence, we get B C
conv A.
On the other hand, the set B is convex, since
Blarxy + - +agxp) + (L= Byt + - + Y Ym)
= parxi + -+ paxe + (1 = Byyiyr + -+ (1 = B)yYmYm,

for x;, y; € A and coefficients 8, o;, y; € [0,1] with oy + -+ + ¢ = 1 and
Y14+ yn=1,and

pai+---+pu+U-=BFyi+--+UA=Pyn=+1-p) =1

Since B contains A, we also getconvA C B. O
Remark 1.1 Trivially, A is convex if and only if A = conv A.

Remark 1.2 Later, in Sect. 1.2, we shall give an improved version of Theorem 1.2
(Carathéodory’s theorem), where the number & of points used in the representation
of conv A is bounded by n + 1.

Remark 1.3 For xy, ..., x; € R", we have

k k
conv{xy, ..., xXx} = Zaixi taq, ..., o € [0, 1],Zai = 1}.
i=1 i=1

Definition 1.4 Forsets A, B C R" and o, 8 € R, we put
A+ BB ={ax+By:xe€ A, ye B}

The set «A + BB is called a linear combination or Minkowski combination of the
sets A, B, the operation + is called vector addition or Minkowski addition.
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Special cases get special names:

A+ B the sum set

A + x (the case B = {x}) a translate of A by the vector x € R"
oA a multiple of A fora € R

oA+ x (fora > 0) a homothetic image of A
—A:=(—DA the reflection of A (in the origin)
A—B:=A+(—B) the difference of A and B

Example 1.7 To get an idea of what the sum A + B of two sets A, B C R” looks
like, it may be helpful to observe that

A+B=J@+B) = JA+b).
acA beB

Specifically,

* the Minkowski sum of a (regular) triangle and its reflection in the origin is a
(regular) hexagon (see Fig. 1.2);

* the boundary of a unit square + the boundary of a unit square is a square with
edge length 2. This shows that the Minkowski sum of two nonconvex sets can be
a convex set.

Remark 1.4 If A, B C R”" are convex and «, 8 € R, then A + BB is convex. To
see this, letaj, ax € A, b1, by € B, y € [0, 1]. Then
(1 —y)laar + Bbi]l + ylaaz + Bb2]
=al[(l —y)ar + yazl + Bl(1 — y)b1 + yb2] € A + BB,

which yields the assertion.

Remark 1.5 In general, we have A + A # 2A and A — A # {0}. However, for a
convex set A and o, B8 > 0, we have «A + BA = (¢ + B)A. The latter property
characterizes convexity of a set A. In fact, the inclusion (¢ + B)A C A + BA is

Fig. 1.2 The Minkowski sum 7 + A = (—A) + A is a hexagon ©
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always true. For the converse, for a1, a» € A and o + B > 0 we use that

aal—i-,Baz:(a—i-,B)[ €(a+pA,

a7
a + a
oa+p ! o+ f 2
if A is convex. Conversely, if (1 —A)A + XA = A for A € [0, 1], it follows that A
is convex.
We next show that affine transformations preserve convexity.

Theorem 1.3 Let A C R" and B C R™ be convex, and let f : R" — R™ be an
affine map. Then

fA) ={f(x):x € A}
and
Y B):={x eR": f(x) € B}

are convex.
Proof We show that f(A) is convex. For this, let y;, y2 € f(A) and A € [0, 1].
Then there are a1, a» € A such that y; = f(a;) fori = 1,2 and

(I =My +ay2 = A =21)f(a) +1f(a2) = f((A = Va1 + raz) € f(A),

since f is affine and the convexity of A yields (1 — A)a; + Aaz € A.
To show that f~!(B) is convex, let x;,x2 € f~'(B) and A € [0, 1]. Then
f(x1), f(x2) € B. Since f is affine and B is convex, we get

J(A=Mx1 +2rx2) = (1 = 21) f(x) +Af (x2) € B,

which shows that (I — A)x| + Axz € f~1(B). O
Corollary 1.1 The projection of a convex set onto an affine subspace is convex.

The converse is obviously false, since (e.g.) a shell bounded by two concentric
balls is not convex but has convex projections.

Definition 1.5

(a) The intersection of finitely many closed halfspaces is called a polyhedral set.

(b) The convex hull of finitely many points xp, ..., xx € R" is called a (convex)
polytope.

(c) The convex hull of affinely independent points is called a simplex. An r-simplex
is the convex hull of r + 1 affinely independent points.

Note that the empty set and the whole space are polyhedral sets. While polytopes
are always compact sets, polyhedral sets are closed but may be unbounded.
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Intuitively speaking, the vertices of a polytope P form a minimal subset of points
of P the convex hull of which is equal to P. A vertex of a polytope P can also be
characterized as a point x of P for which P \ {x} is still convex. We take the latter
property as a definition of a vertex.

Definition 1.6 A point x of a polytope P is called a vertex of P if P\ {x} is convex.
The set of all vertices of P is denoted by vert P.

Theorem 1.4 Let P be a polytope in R", and let x1, . . ., x; € R" be distinct points.
(a) Suppose that P = conv{xy, ..., xi}. Then x1 is a vertex of P if and only if
x1 ¢ conv{xy, ..., Xk}

(b) P is the convex hull of its vertices.

Proof (a) Let x| be a vertex of P. Then P \ {x;} is convex and x; ¢ P \ {x1}.
Since {x2,...,xx} C P\ {x1}, we get conv{xa,...,xx} C P \ {x1}, and thus
x1 ¢ conv{xa, ..., Xk}

If x1 is not a vertex of P, then there exist distinct points a, b € P \ {x1} and
X € (0,1) such that x; = (1 — A)a + Ab. Hence there exist uy, ..., ux € [0, 1]
and tq,..., 7% € [0,1] with oy + -+ ux = 1 and 71 4+ - - - + 7 = 1 such that
u1, 71 # 1 and

k k
QZZ/L,'X,', bZZ‘C,‘x,'.
i=1 i=1

Thus we get

k
xp = Z (I =i + A7) x4,
i=1

from which it follows that
A =M + A
=3y pitan (1.1)
— =0 =Mur—4n

where (1 — A)uq + Aty # 1. The right-hand side of (1.1) is a convex combination
of xp, ..., xg, since

i (A=Dpi+rn A=A —p)+20—7) _

= 1,
1= =M —1rn 1= =Mu —1rn

i=2

hence x| € conv{xy, ..., x¢}.
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(b) Using (a), we can successively remove points from {x, ..., xx} which are
not vertices without changing the convex hull (as follows from Exercise 1.1.6).
Moreover, if x € vert(P) \ {x1, ..., xx}, then P = conv{x, x1, ..., xx} and hence
x ¢ conv{xy, ..., xx} = P by (a), a contradiction. m]

Remark 1.6 A polyhedral set is closed and convex. Polytopes, as convex hulls of
finite sets, are closed and bounded, hence compact.

Remark 1.7 For a polytope P, Theorem 1.4 shows that P = conv(vert P). This is
a special case of Minkowski’s theorem, which is proved in Sect. 1.5.

Remark 1.8 Polyhedral sets and polytopes are somehow dual notions. We shall
see later in Sect. 1.4 that the set of polytopes coincides with the set of bounded
polyhedral sets.

Remark 1.9 The polytope property is preserved by basic operations for sets. In
particular, if P, Q are polytopes in R”, then the following sets are polytopes as
well:

(1) conv(P U Q),

i PNO,

(i) aP+pBQfora,f eR,

(iv)  f(P) for an affinemap f :R" — R™.

The assertions (i), (iii), (iv) are the subject of Exercises 1.1.7, 1.1.8 and 1.1.9.
The assertion (ii) is not as straightforward. The proof that P N Q is a polytope
will follow later quite easily from the mentioned connection between polytopes and
bounded polyhedral sets.

Remark 1.10 A more general form of Theorem 1.4 (with almost the same proof) is
the subject of Exercise 1.1.20.

Remark 1.11 If P is the convex hull of affinely independent points xg, . . ., x;, then
P is an r-simplex and each of the points x; is a vertex of P. An r-simplex P has
dimension dim P = r.

Simplices are characterized by the property that their points are unique convex
combinations of the vertices.

Theorem 1.5 A convex set A C R" is a simplex if and only if there exist
X0, ...,Xk € A such that each x € A has a unique representation as a convex
combination of xo, . .., Xk.

Proof Let A be a k-simplex. Then A = conv{xy, ..., xx} with affinely independent
X0, ...,Xxx € R". The existence of a representation as requested follows from
Theorem 1.2. The uniqueness assertion is implied by Exercise 1.1.1, (a) = (e).

For the converse, we again use Theorem 1.2, but now Exercise 1.1.3. m]



1.1 Algebraic Properties 9

Exercises and Supplements for Sect. 1.1

1. Points x1, ..., x;, € R" are called affinely independent if for Ay, ..., A, € R
with Y70 A; = 0 it follows from 7" | A;x; = O that Ay = --- = &,, = 0.
For x € R", we put 7(x) := (x, 1) € R**!, Then the following conditions are
equivalent for given points xp, . .., x, € R*:

(a) x1,...,x; are affinely independent.
(b) Form > 2: xp — x1, ..., x; — x1 are linearly independent.
(¢) T(x1),..., (xy) are linearly independent.

(d) Whenever A1, ..., A, A1, ..., um € Raresuchthat Y /L A = > 10| i
and Z;n:l Aix; = Z;n:l Wixi,then Ay = (1, ..., Ay = -

(e) Whenever A1, ..., Am, Ui, ..., im > Oaresuchthat Y /L A = Y 'ty i
and Z;n:l Aix; = Z;n:l Wixi,then Ay = (1, ..., Ay = -

2. Show that a set ¥ # A C R”" is affine if and only if it is an affine subspace.
State and prove analogues of Theorems 1.1, 1.2 and 1.3 for affine combinations,
affine hulls and images/preimages of affine sets under affine transformations.

3." Assume that xi, ..., x; € R" are such that each x € conv{xy, ..., xx} is a
unique convex combination of xi, ..., x;¢. Show that xp, ..., x; are affinely
independent.

4. (a) Show that A C R”" is convex if and only if A + BA = (a + ) A holds for

o, B> 0.
(b) Which nonempty sets A C R” are characterized by ¢ A + A = (¢ + B)A,
forall o, B € R?

5. Let A C R” be closed. Show that A is convex if and only if A + A = 2A holds.

6. Let A, B C R" and assume that A C conv(B). Show that conv(A U B) =
conv(B).

7."Let A, B C R". Show that conv(conv(A) U conv(B)) = conv(A U B).

8."Let A, B C R". Show that conv(A + B) = conv(A) + conv(B).

9. Let A C R" and let f : R” — R"™ be an affine map. Show that conv(f(A)) =
f(conv(A)).

10. Let A, B C R” be nonempty convex sets, and let x € R". Show that

(@) conv({x}UA) = {(1 —M)x +ra:Are[0,1],a € A}.
(b) If AN B = @, then

conv({x}UAYNB =0 or conv({x}UB)NA =0.
11. Let K, L C R" be nonempty, closed convex sets. Assume that K U L is convex.
Then KNL #WPand (KNL)+(KUL)=K+ L.
12. Foraset A C R” let

kerA:={x e A:[x,y]C Afory € A}



10

1 Convex Sets

be the kernel of A. Show that ker A is convex. Show by an example that A C B
does not imply that ker A C ker B.

13.7 A set

R:={x+ay:a>0} xeR",yeS"_l,

is called a ray (starting at x with direction y).

Let A C R”" be convex and unbounded. Show that A contains a ray.

Hint: Start with the case of a closed set A. For the general case, Theorem 1.10
is useful.

14. Foraset A C R”, the polar A° is defined as

A°:={xeR": (x,y) <lfory e A}.

Prove the following assertions.

(a) A° is closed, convex and contains 0.

(b) If A C B, then A° D B°.

(¢) (AUB)° = A°N B°.

(d) If P is a polytope, then P° is a polyhedral set.
(e) Ifr > 0,then (r - A)° =r~1. A°.

() If r > 0, then B*(0,r)° = B"(0, 1/r).

15. (@) If || - |I' : R" — [0, c0) is a norm, show that the corresponding unit ball

B’ :={x € R" : ||x|/" < 1} is convex and symmetric (that is, B’ = —B’).
(b) Show that

n
-1l s R > [0,00),  x=(x1,..., %) > Y |xil,
i=1
and

.....

are norms. Describe the corresponding unit balls By and B.
(¢) Show that for an arbitrary norm || - ||’ : R” — [0, co) there are constants
o, B > 0 such that

-1
n"allh el lloo < I-1"< Bl -l < 1B - Nloo-

Describe these inequalities in terms of the corresponding unit balls By,
Bso, B'.
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Hint: First show the inequalities between || - || and || - || and then the
upper bound for || - ||’. Then prove that

inf{llx]|": x € R", Ix[lc = 1} > 0,

and deduce the lower bound for || - ||” from that.
(d) Use (c) to show that all norms on R” are equivalent.
Let A C R" be a locally finite set (this means that A N B"(r) is a finite set, for
r > 0). For each x € A, we define the Voronoi cell

Clx,A):={zeR":llz—x| = llz—yl fory € A},

consisting of all points z € R” which have x as their nearest point (or one of
their nearest points) in A.

(a) Show that the Voronoi cells C(x, A), x € A, are closed and convex.

(b) If conv A = R”, show that the Voronoi cells C(x, A), x € A, are bounded
and polyhedral, hence they are convex polytopes.

(c) Show by an example that the condition conv A = R” is not necessary for
the boundedness of the Voronoi cells C(x, A), x € A.

Show that the set A of all convex subsets of R” is a complete lattice with respect
to the inclusion order.
Hint: Define the “join” (sup, V) and the “meet” (inf, A) by

AV B:=ANB,
A A B :=conv(AU B),

sup M = ﬂ A, MCA,

AeM
inf M := conv( U A) , McCA
AeM
Let P = conv{xy, ..., x,} be an n-simplex in R". Denote by E; the affine hull

of {xo, ..., x,}\ {x;} and by H; the closed halfspace bounded by E; and with
Xj € Hi,i :O,...,n.

(a) Show thatx; e intH;,i =0,...,n.
n
(b) Show that P = (") H;.

i=0
(c) Show that P N E; is an (n — 1)-simplex,i =0, ..., n.

Let K, L C R" be nonempty and closed sets. Suppose that K U L is convex.
Show that K N L # @.

Let M C R" beasetand x € R” \ M. Define A := conv({x} U M). Show that
A\ {x}is convex if and only if x ¢ conv(M).
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1.2 Combinatorial Properties

Combinatorial problems arise naturally in connection with polytopes. In the fol-
lowing, however, we discuss problems of general convex sets which are of a
combinatorial nature, since they involve the cardinality of points or sets. The most
important results in this part of convex geometry (which is called Combinatorial
Geometry) are the theorems of Carathéodory, Helly and Radon.

Theorem 1.6 (Radon’s Theorem) Let x1,...,x, € R" be affinely dependent
points. Then there exists a partition {1, ..., m}=1UJ, I NJ =@, such that

convix; :i € I}Nconv{x;: je J}#0.

Proof Let xi,...,x, € R" be affinely dependent. Then there exist numbers
o1, ...,a, € R, notall zero, such that

m m
Za;xi =0 and Z(X,’ =0.
i=l1 i=1
Define I :={i € {l,...,m} :; > 0}and J :={1,...,m}\ I. Then

o= Zai = Z(—oej) > 0.

iel jeJ

o —aj
y = E "xi = E /xjeoonv{xi:iel}ﬂconv{xj:jeJ},
o o
iel jelJ

which proves the theorem. O

Any sequence of n + 2 points in R” is affinely dependent. As a consequence
of Radon’s Theorem, we next derive Helly’s Theorem (in a particular version).
It provides an answer to a question of the following type. Let Ay, ..., A; be a
sequence of sets such that any s of these sets enjoy a certain property (for instance,
having nonempty intersection). Is it true that then all sets of the sequence enjoy this
property as well?

Theorem 1.7 (Helly’s Theorem) Let Ay, ..., A, be convex sets in R", m > n+1.
Ifeach n + 1 of the sets Ay, . .., Ay have nonempty intersection, then

ﬁA,- £ 0.
i=1
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Proof We proceed by induction with respectto m > n + 1. For m = n + 1 there is
nothing to show. Let m > n 4 2, and assume that the assertion is true for m — 1 sets.
Hence there are

xi€AIN---NA;N---NA,

(A; is omitted) for i = 1, ..., m. The sequence xi, ..., x;,, of m > n + 2 points
is affinely dependent. By Radon’s theorem there is a partition {1, ..., m} =1 U J,
I N J =@, such that

x €convix; :i € I} Nconvix;: je J} #0.
Since x; € Aj fori € I and j € J, we have x; € NjecsAj, and therefore
x econvix; i e I} C () Aj. (1.2)
jeJ
Furthermore, since x; € Aj fori € J and j € I, we have x; € Njc/Aj, and
therefore
x econvix; i e JyC ) A (1.3)
jel
Thus (1.2) and (1.3) yieldx € A1 N---NAy. |

Helly’s Theorem has interesting and sometimes surprising applications. For some
of them, we refer to the exercises. In general, the theorem cannot be extended to
infinite families of convex sets (see Exercise 1.1.1). An exception is the case of
compact sets.

Theorem 1.8 (Helly’s Theorem) Let A be a family of at least n+1 compact convex
sets in R" (A may be infinite) and assume that any n + 1 sets in A have a nonempty
intersection. Then, there is a point x € R" which is contained in all sets of A.

Proof By Theorem 1.7, every finite subfamily of .4 has a nonempty intersection.
For compact sets, this implies that

() A#9.

AcA

In fact, if (). 4 A = ¥, then

U R\ A) =R".
AcA
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By the covering property, any compact set Ag € A is covered by finitely many open
sets R" \ A, ...,R"\ A with A; € Afori =1,..., k. This yields

a contradiction. O
The following result will be frequently used later on.

Theorem 1.9 (Carathéodory’s Theorem) For a set A C R"” and x € R" the
following two assertions are equivalent:

(@) x e conv A,
(b) there is an r-simplex P, for some r € {0, ..., n}, with vertices in A and such
that x € P.

Proof (b) = (a): Since vert P C A, we have x € P = convvert P C conv A.

(a) = (b): By Theorem 1.2, x = o1x1 + --- + ogxx withk € N, x1,...,x, € A,
o1, ...,ar € (0,1]and oy + - - - + o = 1. Let k be the minimal number for which
such a representation is possible, that is, x is not in the convex hull of any k — 1
points of A. We now show that x1, ..., x; are affinely independent. In fact, assume
that there are numbers 8, ..., Bx € R, not all zero, such that

k k
> Bixi=0 and » B =0.
i=1 i=1

Let J # @ be the set of indices i € {I, ..., k} for which 8; > 0. Choose iy € J
such that

Then, we have

with
k

o — aiOﬁi >0, Z (0‘1’ %o ,31') =1 and o — %o Bip = 0.
,31'0 P ,Bio

This is a contradiction to the minimality of k. O
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Assume that x is a convex combination of affinely dependent points x1, .. ., xk.
Then the preceding argument shows that one of these points is redundant and x is a
convex combination of at most k — 1 of these points. Repeating this procedure, we
arrive at a representation of x as a convex combination of an affinely independent
subset of {x1, ..., x¢}. In particular, any point of the convex hull of A is the convex
combination of at most n + 1 points of A. Clearly, the choice of these points from
A will depend on the point x.

For the results of this section, linear analogues can be stated and proved which are
concerned with vectors, linear hulls, convex cones, positive hulls instead of points,
affine hulls, convex sets, and convex hulls. Often results can either be proved in a
similar way or deduced from the corresponding counterpart.

Exercises and Supplements for Sect. 1.2

1. (a) Show by an example that Theorem 1.8 is wrong in general if the sets in .4

are only assumed to be closed (and not necessarily compact).

(b) Show by an example that the result is also wrong in general if the sets are
bounded but not closed.

(c) Construct an example of four sets in the plane, three of which are compact
and convex (one can even choose rectangles), such that any three of the sets
have a nonempty intersection, but such that the intersection of all sets is the
empty set.

(d) Show that Theorem 1.8 remains true if all sets in A are closed and convex
and one of the sets is compact and convex.

2. (a) Let R be a finite set of paraxial rectangles. For any two rectangles R, R' €

R let RN R’ # (. Show that all rectangles in R have a common point.

(b) Let S be a finite family of arcs in S', each of which is contained in an open
semi-circular arc of the circle. Any three arcs of S have a point in common.
Show that all arcs have a point in common.

Is it sufficient to assume that any two arcs of S have a common point?

3. Inan old German fairy tale, a brave little tailor claimed the fame to have ‘killed
seven at one blow’. A closer examination showed that the victims were in fact
flies which had landed on a toast covered with jam. The tailor had used a fly-
catcher of convex shape for his sensational victory. As the remains of the flies
on the toast showed, it was possible to kill any three of them with one stroke
of the (suitably) shifted fly-catcher without even turning the direction of the
handle.

Is it possible that the tailor told the truth (if it is assumed that the flies are

points)?
4. letk e Nandk >n+1.Let A, Ay, ..., Ax C R" be nonempty and convex.
Assume that for any set I C {1,...,k} with |I| = n + 1 there is a vector

t; € R" such that

A CA+tyforiel.
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Show that there is a vector r € R” such thatr € A; + (—A) fori € {1, ..., k}.
If the sets Ay, ..., Ay are singletons, then A; C A+ ¢ fori € {1, ..., k}.

5. Let F be a family of parallel closed segments in R?, | 7| > 3. Suppose that for

any three segments in F there is a line intersecting all three segments. Show
that there is a line in R? intersecting all segments in 7. (The problem is slightly
easier if it is assumed that F is a finite family of segments.)

6. Prove the following version of Carathéodory’s theorem:

Let A C R" and xo € A be fixed. Then conv A is the union of all simplices
with vertices in A and such that x( is one of the vertices.

7.” Establish the following refined form of Carathéodory’s theorem (due to

Fenchel, Stoelinga, Bunt, see also [7] for a discussion):

Let A C R” be a set with at most n connected components. Then conv A is the
union of all simplices with vertices in A and dimension at most n — 1. In other
words, any point of conv A is in the convex hull of at most n points of A.

8. Suggestions for further reading: The combinatorial results of this section have

been extended and applied in various directions. For instance there exist colour-
ful, fractional, dimension-free and topological versions and generalizations of
the theorems of Radon, Helly and Carathéodory (see [1, 6, 8, 9]). For a colourful
version of Carathéodory’s theorem, see also Exercise 1.4.7.

9. Applications of combinatorial results to containment problems are discussed in

[52, 63]. Here are two examples from these works. The first is considered in
[63] by E. Lutwak:

Let K, L C R” be compact convex sets. Suppose that for every simplex A such
that L C A, there exists a v € R” such that K + v C A. Then there exists a
vo € R” such that K + vy C L.

An inscribed counterpart is discussed in [52]:

Suppose that K, L C R” have nonempty interiors. If every simplex contained
in K can be translated inside L, then K can be translated inside L.

10. Let K C R” be an n-dimensional compact convex set. Show that there exists a

point ¢ € K such that whenevera € K, b € bd K with ¢ € [a, b], then
la—cl< " fla—bl )
a—¢C a — . k
T n+1
Hint: Consider the sets

n
K, = K —x), eK.
X x+n+1( X) X

Verify that for any points xo, ..., x, € K we have

1
n+1(xo+---+xn)eml{xi.

Now Helly’s theorem can be applied.
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“Let K C R” be an n-dimensional compact convex set. Show that ¢ € K has the

property () stated in Exercise 1.2.10 if and only if —(K — ¢) C n(K — ¢).
In R? the points

=0} 2= () o= () =) =)

are given. Confirm that

1 1 1 1

X = 2x1 + 4xz + 6)63 + 12)64.
Use the method of proof for Carathéodory’s theorem to express x as a convex
combination of xp, x2, x3.
Is the decomposition in Radon’s theorem uniquely determined for m = n + 2
points in R"?
Hint: See [31].
Letuy,...,u, € R"\ {0}. Show that

m
0 € convi{uy,...,uy} < R'= UH+(M1',0)-
=1

Let R" = (J/L, H" (u;, 0). Show that there is a set I C {1, ..., m} with at
most n + 1 elements such that

R" = UH+(u,-, 0).

iel

In words: If N closed halfspaces containing the origin in their boundaries cover
R", then at most n + 1 of these halfspaces are needed to cover R".

1.3 Topological Properties

Although convexity is a purely algebraic property, it has some useful topological
consequences. For instance, we shall see that a nonempty convex set always
has a nonempty relative interior. In order to prove this seemingly obvious fact,
we first need an auxiliary result. We recall the following definitions and basic
observations.

Intersections of affine subspaces are affine subspaces (or the empty set).
The affine hull, aff A, of a nonempty set A C R” is the intersection of all affine
subspaces containing A.
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¢ dim(A) = dim(aff A), where # # A C R”, and this is the maximal number
k € N for which there are affinely independent points xg, ..., xx € A.

* The relative interior, relint A, of a set A is the interior with respect to aff A as the
ambient space.

These statements should be checked and illustrated with various examples.

Proposition 1.1 If P = conv{xy, ..., xx} is a k-simplex in R", for an integer
kef{l,..., n}, then

relint P = {aoxo + -+ oxxx €R" 1o € (0, 1), 00+ -+ - + o = 1}.

In particular, (xo + - - - + xx)/(k 4+ 1) € relint P.

Proof First, we have

k k
P = {ZO&,’X,’ eR":qa; €10, 1]12011' = 1}
i=0 i=0

k k
= x0+ {Zai(xi —x0) € R" : & €0, 1],20:,- < 1}.
i=1

i=1

Since x1 —xy, . . ., xx —Xo are linearly independent, the linear isomorphism between
k-dimensional vector spaces given by

k
F:RY > L:=linfx; —xo, ..., 5 — %o}, (Bi,..., BT > Y Bi(xi — x0),
i=1
is a homeomorphism. Hence we deduce

relint P = xo + F o F~ ! (relint(P — x0)) = xo + F(relint F~' (P — xq))

k
=xo+ F (relint{(al ) o €011 ey < 1})
i=1
k
=xo+F<!(a1...,ak)T:oei € (O,l),Zai < 1})

i=1

k k
= x0+ {Za;(xi —x0) o €(0,1),) e < 1}

i=1 i=1

={aoxo+ - Foaxk eR" 1o € (0, 1), a0+ + oy =1},

which proves the assertion. O
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Theorem 1.10 IfA C R", A # 0, is convex, then relint A # (.

Proof 1f dim A = k, then A contains k + 1 affinely independent points and hence a
k-simplex P. If k = 0, there is nothing to show. Hence, suppose that £ > 1. Then,
by Proposition 1.1, there is some x € relint P. For each such x we have x € relint A.

O

Theorem 1.10 shows that for the investigation of a fixed convex set A, it is useful
to consider the affine hull of A as the basic space, since then A has interior points.
We will often take advantage of this fact by assuming that the affine hull of A is the
whole space R”. Therefore, proofs in the following frequently start with a sentence
claiming that we may assume (w.l.0.g.) that the convex set under consideration has
dimension n. (Of course, the reader should check these assertions carefully in each
case.)

A further consequence of convexity is that topological notions like interior or
closure of a (convex) set can be expressed in purely geometric terms.

Theorem 1.11 If A C R" is convex, then

clA={xeR"':3y € Awith[y,x) C A}, (a)
relint A = {x € R" : Vy € aff(A) \ {x}3z € (x, y) with [x,z] C A}, (b)
relint A = {x € R" : Vy € aff(A) \ {x}3z € A withx € (z, y)}. (©)

Again, we first provide an auxiliary result which is of independent interest and
will be applied several times throughout the text.

Proposition 1.2 [fA C R" is convex, x € cl A, y € relint A, then [y, x) C relint A.

Proof As explained above, we may assume dimA = n. Letx € cl A, y € relint A
and z € (y,x), thatis, z = ay + (1 — a)x, « € (0,1). We have to show that
z € int A. Since x € cl A, there exists a sequence x;y € A, k € N, with x; — x
as k — oo. Since y € int A, there exists an open ball V C A centered at y. The
points y; := ;(z — (1 — a)xg) converge to y, as k — oo. Hence, yy € V if k is
large enough. The convexity of A implies that z € oV + (1 — a)xx C A. Since

aV + (1 — a)xi is open, we have z € int A (see Fig. 1.3 for an illustration). |
——————————————— - - - - _ _—-----------29
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Fig. 1.3 Illustration for the proof of Proposition 1.2
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Proof (of Theorem 1.11) The case A = ) is trivial, hence we assume now that
A # (.

(a) Let B denote the set on the right-hand side of (a). Then we obviously have
B C cl A. To show the converse inclusion, let x € cl A. By Theorem 1.10 there
isapoint y € relint A, hence by Proposition 1.2 we have [y, x) C relint A C A.
Therefore, x € B.

(b) The set on the right-hand side of (b) is denoted by C. If x € relintA and y €
aff(A) \ {x},thenz := (1 —¢)x + ey € Aif ¢ € (0, 1) is sufficiently small and
hence z € [x, z] C A. This yields relint A C C. For the converse, let x € C.
By Theorem 1.10, we can choose y € relint A. If y = x, we get x € relint A.
Hence, suppose that y # x. Then 2x —y = x + (x — y) € aff(A) \ {x}. The
definition of C implies that there exists a z € (x,2x — y) with z € [x, z] C A.
Then x € (v, z) and Proposition 1.2 shows that x € relint A.

(c) The set on the right-hand side of (c) is denoted by D. If x € relintA and y €
aff(A) \ {x},then z, := (1 — &)x + y € aff(A) if ¢ € R. We choose ¢ < 0 and
le] so small that z; € A. Then

1 —&
x = ze + y € (2Ze, y).
1—¢ 1—¢
Now let x € D. We can choose y € relint A. There is nothing to show if
x = y. Suppose that x # y. By assumption, there is some z € A such that
x €(y,2) Cly,z) Crelint A. |

Remark 1.12 Theorem 1.11 shows that (and how) topological notions like the
interior and the closure of a set can be defined for convex sets A on a purely algebraic
basis, without the need to specify a topology on the underlying space. This fact can
be used in arbitrary real vector spaces V (without a given topology) to introduce and
study “topological properties” of convex sets.

In view of Remark 1.12, we deduce the following two corollaries from The-
orem 1.11 and Proposition 1.2, instead of giving a direct proof based on the
topological notions ‘relint’ and ‘cl’.

Corollary 1.2 For a convex set A C R”, the sets relint A and cl A are convex.

Proof The convexity of relint A follows immediately from Proposition 1.2.

For the convexity of cl A, suppose that x;, x> € clA and ¢ € (0, 1). From
Theorem 1.11 (a), we get points y1, y2 € A with [y1,x1) C A, [y2,x2) C A.
Hence

alyr, x1) + (1 —a)[y2, x2) C A.

Since ay; + (1 —a)y2 € A and
[ayr + (1 —a)y2, axi + (1 —o)x2) C alyr, x1) + (1 —a)ly2, x2) C A,

we obtain ax1 + (1 — «)xz € cl A, again from Theorem 1.11 (a). |
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Corollary 1.3 For a convex set A C R",
cl A = clrelint A
and
relint A = relintcl A.

Proof The inclusion clrelint A C cl A is obvious. Let x € cl A. By Theorem 1.10
there is a y € relint A and by Proposition 1.2 we have [y, x) C relint A. But then
clearly x € clrelint A.

The inclusion relint A C relintcl A is again obvious. Let x € relintcl A. Since
cl A is convex by Corollary 1.2, we can apply Theorem 1.11 in aff A = aff cl A to
cl A. By Theorem 1.10 there exists some y € relint A. If y = x, then x € relint A.
If y # x, we obtain z € cl A such that x € (z, y) C relint A, by Proposition 1.2. O

We finally study the topological properties of the convex hull operator. For a
closed set A C R”, the convex hull conv A need not be closed. A simple example is
given by the set

A:={t1"":1r>0}U{0,0)} c R
However, the convex hull operator behaves well with respect to open and

compact sets.

Theorem 1.12 If A C R" is (relatively) open, then conv A is (relatively) open. If
A C R" is compact, then conv A is compact.

Proof Let A be open and x € conv A. Then there exist x; € A and o; € (0, 1],

ief{l,...,k},suchthat x = ajx; + -+ apxg and o] +--- + ax = 1. We can
choose a ball U around the origin such that U +x; C A CconvA,i =1,...,k.
Since

U+x=a1(U+x1)+---+a(U+xr) CconvA,

we have x € intconv A, hence conv A is open. For a relatively open set, we argue in
the same way, in the affine hull of the set.

Now let A be compact. Since A is contained in a ball B"(r), we have conv A C
B"(r), that is, conv A is bounded. In order to show that conv A is closed, let x; — x,
xi € conv A, for k € N. By Theorem 1.9, each x; has a representation

Xk = Qk0Xk0 + -+ + QknXkn
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with

axi € [0, 1], Zak,_l and xp € A.

Since A and [0, 1] are compact, we find a subsequence (k,),cn in N such that
the 2n + 2 sequences (xg,j)reN, j = 0,...,n, and (o, j)ren, j = 0,...,n, all
converge. We denote the limits by y; and 8;, j =0, ...,n. Then, we have y; € A,
Bj €10, 11, Bo+---+ B, =1,andx = Boyo+-- —i—,Bnyn Hence, x € convA. O

Remark 1.13 Theorem 1.12 in particular implies again that a convex polytope P is
compact.

Remark 1.14 We give an alternative argument for the first part of Theorem 1.12
(following a suggestion of Mathew Penrose). Let A be relatively open and x €
conv A. Then there exist x;, € A and o; € (0,1],7 € {1,...,k}, such that x =
oa1x] + -+ agxrand o) + - -- + o = 1. If £k = 1, the assertion is clear. If k > 2
(and hence a1 # 1), then we have

x—am+(1—a1)z

1—0{1
\ - -

=y

Since x; € A = relint A C relintconvA and y € conv A, Proposition 1.2 yields
that x € (x1, y) C relintconv A.

Remark 1.15 For an alternative argument for the second part of Theorem 1.12,
define

C:={(Q0, ..., 0n, X0s o xn) €10, 17" x A" g+ = 1)

and
f:C —>convA, f(ao,...,0n,X0,...,Xp) = Zaixi.

Clearly, f is continuous and C is compact. Hence f(C) is compact. By
Carathéodory’s theorem, f(C) = conv A, which shows that conv A is compact.
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Exercises and Supplements for Sect. 1.3

1. Let P = conv{ay, ..., a,} be an n-simplex in R" and x € int P.
Show that the polytopes
P; :=conv{ag, ...,ai—1,x,ai+1,...,an}, 1=0,...,n,

are n-simplices with pairwise disjoint interiors and that

P= CJP,-.
i=0

2. Show that, for A C R”",

clconvA = ﬂ{B C R": B D> A, B closed and convex}.

3."Let A, B C R" be convex.

(a) Show that relint(A 4+ B) = relint A + relint B.

(b) If A (or B) is bounded, show that cl(A + B) =cl A + cl B.

(c) Show by an example that (b) may be wrong if neither A nor B is assumed to
be bounded.

4. Let A, B C R" be convex, A closed, B compact. Show that A + B is closed
(and convex). Give an example which shows the need of the assumption of
compactness of one of the sets A, B for this statement.

5. Let K, L C R”" be nonempty closed sets. Suppose that K U L is convex and
dim(L) < dim(K). Show that then L C K.

6. The diameter diam(A) of a nonempty bounded set A C R is defined by

diam(A) := sup{|]x — y|| : x,y € A}

Let A C R? be nonempty and bounded. Show that diam(A) = diam(conv(A))
and diam(A) = diam(cl(A)).

7. Let A C R" be a convex set which meets each line in a closed set. Show that then
A is a closed set. Is this conclusion still correct if the assumption of convexity is
dropped?

1.4 Support and Separation

Convex sets are sets which contain with their elements also all convex combinations
of these elements. In this section, we consider a description of convex sets which
is of a dual nature, in the sense that convex sets A are obtained as intersections of
halfspaces. For such a result, we have to assume that A is a closed set.
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We start with results on the metric projection which are of independent interest.

Theorem 1.13 Let A C R" be nonempty, closed and convex. Then for each x € R",
there is a unique point p(A, x) € A satisfying

p(A, x) — x|l = inf ||y — x]|.
yeA

Definition 1.7 The mapping p(A4, -) : R” — A is called the metric projection onto
the nonempty, closed and convex set A C R”".

See Fig. 1.4 for an illustration of the metric projection p(A, x) of a point x onto
aset A.

Proof (of Theorem 1.13) For x € A, we obviously have p(A,x) = x. Forx ¢ A,
there is some r > 0 such that A N B"(x, r) # @, and hence

inf ||y —x|| = inf —x|.
Inf lly l ear ly Il

Since A N B"(x, r) is compact and f(y) := ||y — x||, ¥y € R”", defines a continuous
map, there is a point yp € A N B"(x, r) realizing the minimum of f on A.

If y; € A is a second point realizing this minimum, then y; := é(yo +y1)eA
and ||y2 — x| < |lyo — x||, by Pythagoras’ theorem (see Fig. 1.5).

This is a contradiction and hence the metric projection p(A, x) is unique.

Fig. 1.4 The metric -
projection p(A, x) of the !
point x onto the convex set A /

Fig. 1.5 Uniqueness of the T
nearest point in a closed
convex set

b - — — — — — — — — -

Yo Yo U1
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In the last step, we can also argue analytically. Puta := ||y — x|| = ||y1 — x|
Then

2

1 Y—X Yy —X 2
2< —
a” < 2()’0+)’1) X ) )

1 1 1
= d>+ a*+ _(yo—x,y1—x)

4 4 2
1 1 1 1
< 2aZ+ o Iy0 = xllllyr = x|l < 2a2+ 2a2 =a?,

where we used the Cauchy—Schwarz inequality. By the equality condition of this
inequality, we deduce that yo —x = A(y; — x) for some A > 0. Butthen A = 1 and
thus yo — x = y; — x, hence yp = yi. m]

Remark 1.16 As the above proof shows, the existence of a nearest point p(A, x) is
guaranteed for all closed sets A. The convexity of A implies that p(A, x) is uniquely
determined. A more general class of sets consists of closed sets A for which the
uniqueness of p(A, x) holds at least in an e-neighbourhood of A, that is, for x €
A + ¢B", with ¢ > 0. Such sets are called sets of positive reach, and the largest ¢
for which uniqueness of the metric projection holds is called the reach of A. Convex
sets thus have reach oo.

Definition 1.8 Let A C R” be closed and convex, and let £ = {f = «a} be a
hyperplane. Then E is called a supporting hyperplane of A if AN E # ¢ and A
is contained in one of the two closed halfspaces { f < «} or {f > «}. A halfspace
containing A and bounded by a supporting hyperplane of A is called a supporting
halfspace of A, the set A N E is called a support set and any x € A N E is called
a supporting point. If E is a supporting hyperplane of A, we shortly say that the
hyperplane E supports A.

Example 1.8 The set
A:={@b)eR*:b>a"'a>0)

is closed and convex. The line g := {a + b = 2} is a supporting line, since (1, 1) €
ANgand A C {a+b > 2}. Thelines h := {a = 0} and k := {b = 0} bound the set
A, but are not supporting lines, since they do not have a point in common with A.

Theorem 1.14 Let A C R" be nonempty, closed and convex. Let x € R" \ A.
Then the hyperplane E through p(A, x), orthogonal to x — p(A, x), supports A.
Moreover; the halfspace H bounded by E and not containing x is a supporting
halfspace.

Proof Obviously, x ¢ E. Since p(A,x) € E N A, it remains to show that A C H.
Assume that thereisay € A,y ¢ H. Then (y — p(A,x),x — p(A,x)) > 0. We
consider the orthogonal projection y of x onto the line through p(A, x) and y. By
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Fig. 1.6 Supporting hyperplanes through image points of the metric projection map. Illustration
for the first proof of Theorem 1.14

Pythagoras’ theorem, ||y —x|| < ||p(A, x)—x||.If y € (p(A, x), y], weputy' := 3
(see Fig. 1.6). Otherwise, we have y € (p(A, x), y] and put y’ := y.

In both cases we obtain a point y' € (p(A,x),y] C A with ||y — x| <
lp(A, x) — x||. This is a contradiction, hence we conclude A C H. m|

Proof (Second Proof) Leta € A. Then F : t — ||(1 —1)p(A,x) + ta — x|,
t € [0, 1], has a global minimum at ¢ = 0. Hence F’(0) > 0, that is,

(a—p(A,x),x — p(A,x)) <0.
Since a € A is arbitrary, it follows that
AC{zeR":(z—p(A,x),x — p(A,x)) <0} = H,

p(A,x) e E,andx e R"\ H. |

Corollary 1.4 Every nonempty, closed convex set A C R", A # R", is the
intersection of all closed halfspaces which contain A. More specifically, A is the
intersection of all of its supporting halfspaces.

Proof Obviously, A lies in the intersection B of its supporting halfspaces. For x ¢
A, Theorem 1.14 yields the existence of a supporting halfspace H of A withx ¢ H.
Hence x ¢ B. O

Theorem 1.14 and Corollary 1.4 do not imply that every boundary point of A is a
support point. In order to show such a result, we approximate x € bd A by points xi
from R"” \ A and consider the corresponding supporting hyperplanes Ej which exist
by Theorem 1.14. For x; — x, we want to define a supporting hyperplane in x as
the limit of the Ey. A first step in this direction is to prove that p(A, xx) — p(A, x)
(where p(A, x) = x), thatis, p(A, -) is continuous. We even show now that p(A, -)
is Lipschitz continuous with Lipschitz constant 1.
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Theorem 1.15 Let A C R" be nonempty, closed and convex. Then

[p(A, x) = p(A, VIl < llx =yl

forx,y e R".

Proof In the proof, we abbreviate p(A, -) by p. Letx, y € R". By the second proof
for Theorem 1.14 we then obtain, by choosing @ = p(y) for the first inequality and
arguing by symmetry for the second,

(x —px), p(y) —p(x)) <0 and (y— p(y), p(x) — p(y)) <0.

Note that this holds for x ¢ A and y ¢ A, respectively, but the inequalities remain
true also for x € A and y € A, since then both sides are zero. Addition of these two
inequalities yields

(p(y) — p(x), p(y) —y+x — px)) <0,

and therefore

Ip(y) = pOOI* < (p(y) — p(x), y — x) < () — pCOIl - [ly — xII,

where the Cauchy—Schwarz inequality was used for the last estimate. If p(x) #
p(y), this yields the required inequality. The case p(x) = p(y) is trivial. |

Theorem 1.16 (Support Theorem) Let A C R" be closed and convex. Then
through each boundary point of A there exists a supporting hyperplane.

Proof For given x € bd A and k € N, we choose x; € B"(x, 1), xx ¢ A, and such
that [x — x|l < ;. Then

Ix — p(A, x|l = llp(A, x) — p(A, xi) || = llx — xell < /16
by Theorem 1.15. Since xi, p(A, xi) are interior points of B"(x, 1), there is a
(unique) boundary point y; of B"(x, 1) such that x; € (p(A, x¢), yr). Theorem 1.14
then implies that p(A, yx) = p(A, xx). In view of the compactness of B" (x, 1), we
may choose a converging subsequence yx, — y. By Theorem 1.15, p(A, y,) —
p(A,y) and p(A, yr,) = p(A,x,) = p(A,x) = x, hence p(A, y) = x. Since
y € bdB"(x, 1), we also know that x # y. The assertion now follows from
Theorem 1.14. m|

Remark 1.17 Supporting hyperplanes, halfspaces and points can be defined for
nonconvex sets A as well. However, in general they only exist if conv A is closed
and not all of R”. Then conv A is the intersection of all supporting halfspaces of A.
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Some of the previous results can be interpreted as separation theorems, in the
sense of the following definition.

Definition 1.9 For two sets A, B C R”" and a hyperplane £ = {f = «}, we say
that E separates A and B if either A C {f < a},B C {f > a}lor A C {f >
a}, B C {f < a}. We say that convex sets A and B can be properly separated if
there exists a separating hyperplane which does not contain both A and B.

Theorem 1.14 then says that a closed convex set A and a point x ¢ A can be
separated by a hyperplane (there is even a separating hyperplane which has positive
distance to both, A and x). This result can be extended to compact convex sets B
(instead of the point x). Moreover, Theorem 1.16 states that each boundary point
of A can be separated from A by a hyperplane. The following result provides a
necessary and sufficient condition for the proper separation of two nonempty convex
sets.

Theorem 1.17 (Separation Theorem) Let A, B C R" be nonempty and convex
sets in R". Then

relint A Nrelint B =@

if and only if A and B can be properly separated.

Proof Suppose that relint A N relint B = @. Then, clearly 0 ¢ relint A — relint B,
and hence Exercise 1.3.3 (a) implies that O ¢ relint(A — B).

First, observe that cl(A — B) is nonempty, closed and convex. We distinguish
two cases. If 0 ¢ cl(A — B), we apply Theorem 1.14. If 0 € cl(A — B), we apply
Theorem 1.16. In both cases, we obtain a hyperplane E = {f = 0} through 0
with A — B C {f < 0}. Then f(a) < f(b) fora € Aand b € B. Put o :=
sup,ca f(a) < f(b) < oo, forany b € B,sothat A C {f < «}. Since f(b) > «,
for b € B, we conclude that B C {f > «}. In order to obtain a properly separating
hyperplane, we apply this argument in the affine hull of A U B and then extend the
hyperplane with respect to the affine hull to a hyperplane of R" by adding the linear
subspace orthogonal to the affine hull.

For the converse, simply observe that if E is a separating hyperplane for A and
B and x( € relint A N relint B, then we first get xo € E and then A, B C E. Hence
E cannot be a properly separating hyperplane. O

Remark 1.18 Let A, B C R" be convex, A closed, B compact, and assume that
A N B = (. Then there is a hyperplane {f = y} and an ¢ > 0 such that A C
{f >y +e}and B C {f <y — ¢}. In this case, we say that A and B are strongly
separated by the hyperplane { f = y}. This strong separation result is the subject of
Exercise 1.4.4.

Remark 1.19 Some of the properties which we derived are characteristic for
convexity. For example, a closed set A C R" such that each x ¢ A has a
unique metric projection onto A, must be convex (Motzkin’s Theorem). Also the
Support Theorem has a converse. A closed set A C R”, int A # @, such that each
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boundary point is a support point, must also be convex. For proofs of these results,
see for instance [81, Theorem 1.2.4 and Theorem 1.3.3], [93, Theorem 7.5.5] or
Exercises 1.4.1 and 1.4.2.

Remark 1.20 Let A C R" be nonempty, closed and convex. Then, for each direction
u € S"~!, there is a supporting hyperplane E (1) of A in direction u (i.e., with outer
normal u) if and only if A is compact (see Exercise 1.4.3).

Remark 1.21 In infinite-dimensional topological vector spaces V, similar support
and separation theorems hold true. However, there are some important differences,
mainly due to the fact that convex sets A in V need not have relative interior points.
Therefore a common assumption is that int A # @. Otherwise it is possible that A
is closed but does not have any support points, or, in the other direction, that every
point of A is a support point (although A does not lie in a hyperplane).

For the rest of this section, we consider convex polytopes and show that
every polytope P can be obtained as the intersection of finitely many supporting
halfspaces of P. In other words, we show that polytopes are polyhedral sets. In the
following definition, we distinguish support sets according to their dimension.

Definition 1.10 A support set F of a closed convex set A C R”" is called a
k-support set if dim F = k, where k € {0,...,n — 1}. The 1-support sets of A
are called edges, and the (n — 1)-support sets of A are called facets. Sometimes we
also call the support sets of A of dimension dim(A) — 1 facets of A.

Theorem 1.18 The O-support sets of a polytope P C R" are precisely the sets of
the form {x}, x € vert P.

Proof Let {x} be a O-support set of P. Hence there is a supporting hyperplane { f =
B}suchthat P C {f < B}and PN{f = B} = {x}. Butthen P\ {x} = PN{f < B}
is convex, hence x € vert P.

Conversely, let x € vert P and let vert (P) \ {x} = {x1, ..., xx}, K > 1 (the case
vert (P) = {x} is obvious). Then, x ¢ Q := conv{xy, ..., x¢}. By Theorem 1.14
there exists a supporting hyperplane { f = «} of Q through p(Q, x) with supporting
halfspace { f < o} and such that 8 := f(x) > «. Let y € P, that s,

k k+1

y= Zam +agp1x, o =0, Z(Xi =1
i=1 i=1

Then

k
FOY =D i f i)t f(x) < B

=l g
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and equality holds if and only if @) = -+ = ax = 0 and o441 = 1, thatis, y = x.
Hence {f < P} is a supporting halfspace and P N {f = B} = {x}, thusx is a
0-support set of P. O

Remark 1.22 In the following, we will no longer distinguish strictly between 0-
support sets and vertices, although the former are sets consisting of one point and
the latter are points.

Theorem 1.19 Let P C R" be a polytope with vert P = {x1, ..., xx} and let F be
a support set of P. Then F = conv{x; : x; € F}.

Proof Assume that F = PN{f = «}and P C {f < «}. Suppose (w.l.o.g.)

that x1,...x, € F, for some m € {l,...,k}, and xp4+1,...,xx ¢ F. Then,

Xm+1, .-, Xk € {f < a}, thatis, f(xj)) =a —6§;,0; >0,j=m+1,... k.
Letx € Pwithx = ajx; + -+ agxg, ; > 0,and @y + - - - + ar = 1. Then

f)=arfx)+ - o f(xk) =0 — pg18mt1 — - - - — bk

Hence, x € Fifandonly if ;41 =--- = =0. O

Remark 1.23 Theorem 1.19 implies, in particular, that a support set of a polytope
is a polytope and that there are only finitely many support sets.

Theorem 1.20 Every polytope P C R" is a polyhedral set.

Proof If dimP = k < n and E := aff P, we Erst obseﬁgve that E can be writt~en
as an intersection of » = 2(d — k) halfspaces Hy, ..., H, in R, E = ﬂ;zl H;.
Suppose we already know that P is polyhedral in E, that is,

P =

1

m
H;,

=1

where H; C E are k-dimensional halfspaces. If EL denotes the linear subspace

orthogonal to the linear subspace which spans E, then

m r
P:(YM@EHD(]%.
i=1 j=l1

Hence, it follows that P is polyhedral in R”.

It remains to treat the case dim P = n. For this, let Fi, ..., F;, be the support
sets of P and let Hy, ..., H, be the corresponding supporting halfspaces, that is,
P C Hjand F; = PNbdH, fori =1, ..., m. Then we have

PcHN---NH, =:P.
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Assume there is an x € P’ \ P. We choose y € int P and consider [y, x]N P. Since
P is compact and convex (and x ¢ P), thereisaz € (y, x) with {z} = [y, x]Nbd P.
By the support theorem there is a supporting hyperplane of P through z, and hence
there is a support set F; of P with z € F; C bd H;. On the other hand, since
y €intH;, x € P’ C H;,and z € (y, x), we have z € int H;, a contradiction. m]

Exercises and Supplements for Sect. 1.4

1. Let A C R" be closed and int A # (. Show that A is convex if and only if every
boundary point of A is a support point. Does the assertion remain true without
the assumption int A # (7

2. Let A C R" be closed. Suppose that for each x € R” there is a unique point
p(A, x) € A such that ||x — p(A, x)|| = min{||x — y|| : y € A}. Show that A
is convex (Motzkin’s theorem).

3."Let A C R” be nonempty, closed and convex. Show that A is compact if and
only if for each u € S"~! there is some o € R such that A ¢ H ™ (u, «).

4. Let A, B C R" be convex, A closed, B compact, and assume that A N B = {J.
Show that there is a hyperplane {f = y} and there is an ¢ > 0 such that
AcCc{f=y+eland BC{f <y —e}.

5. A Bavarian farmer is the happy owner of a large herd of happy cows, consisting
of totally black and totally white animals. One day he finds them sleeping in the
sun in his largest meadow. Watching them, he notices that for any four cows it
would be possible to build a straight fence separating the black cows from the
white ones.

Show that the farmer could build a straight fence, separating the whole herd
into black and white animals.

Hint: Cows are lazy. When they sleep, they sleep—even if you build a fence
across the meadow. Warning: Cows are not convex and certainly they are not

points.

6. Let Fy, ..., Fy, be the facets of an n-dimensional polytope P C R”, and let
Hi, ..., H, be the corresponding supporting halfspaces containing P. Show
that

m

PzﬂHi. (%)

i=1

(This is a generalization of the representation shown in the proof of Theo-
rem 1.20.) Show further that the representation () is minimal in the sense that,
for each representation

P = ﬂﬁ,’,
iel

with a family ofhalfspaces{ﬁ,- ;i el},wehave{Hy,..., H,} C {ﬁ,- ciel}.
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7. Let Ay, ..., Ay+1 C R” be sets. Suppose that x € ﬂ;‘;rll conv(A;). Then there

are points a; € A; fori = 1,...,n + 1 such that x € conv{ay, ..., ay+1}.

Interpretation The points of the set A; are assigned the colour i. Then the
result says that if a point lies in the convex hull of the points having colour
i,fori = 1,...,n + 1, then the point is in the convex hull of a colourful
simplex the vertices of which show the n 4 1 different colours. In the special
case of equal sets A; = ... = A,41 =: A (all the points of A exhibitalln + 1
colours), the assertion follows from Carathéodory’s theorem. For this reason,
the assertion is a colourful version of Carathéodory’s theorem.

8."Let A C R” be closed and convex. Show that the intersection of a family of

support sets of A is a support set of A or the empty set.

9. Let Ky, ..., K;; C R" be compact convex sets with ﬂ,m=1 K; = (. Show that

there are closed halfspaces H o H,,J{ C R”" such that K; C Hl.Jr fori =
1,...,m and such that "/, H," = 0.

10. Let A ;== {(0,y, DT e R} :y e R}and B := {(x,y,2) e R} : x,y,z >

0,xy > zz}. Show that A, B are disjoint, closed, convex sets. Determine the
distance of the sets, that is,

d(A, B) :=inf{|a —b|| :a € A, b € B}.

Determine all hyperplanes separating A and B.

11."For A c R" and a € A, let

N(A,a) ={ueR":{u,x —a) <0forx e A}.

Prove the following assertions.

(@) N(A,a)isaclosedconvexconeand N(A,a) = N(clA,a).(AsetC C R
is called a cone if A\C C C for A > 0.)

(b) If A is convex, then N(A,a) = N(AN B"(a, ¢), a), fore > 0.

(c) If Ais convex and a € bd A, then dim N(A, a) > 1, whereas N(A,a) =
{0} if a € int A.

The set N(A, a) is called the normal cone of A at a.

12."Let A, B CR",a € A and b € B. Show that

N(A+ B,a+b)=N(A,a)N N(B, b).

13."Let A, B C R" be convex sets and ¢ € A N B. Suppose that relint(A) N

relint(B) # . Show that
N(ANB,c)=N(A,c)+ N(B,c).

In particular, the sum N(A, ¢) + N(B, c) is closed.
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1.5 Extremal Representations

In the previous section, we have seen that the trivial representation of a closed
convex set A C R" as the intersection of all closed convex sets containing A can
be improved to a nontrivial one, where A is represented as the intersection of the
supporting halfspaces of A. On the other hand, we have the trivial representation of
A as the set of all convex combinations of points of A. Therefore, it is natural to
discuss the corresponding nontrivial problem of finding a subset B C A, as small as
possible, for which A = conv B holds. Although there are some general results for
closed convex sets A (see, e.g., Exercises 1.5.10 and 1.5.11), we shall concentrate
on the compact case, where we can give a simple solution for this problem which is
easy to state.

Definition 1.11 Let A C R” be closed and convex. A point x € A is called an
extreme point of A if x cannot be represented as a nontrivial convex combination of
points of A, thatis,if x = ay + (1 —a)z withy,z € Aand @ € (0, 1), implies that
x =y = z. The set of all extreme points of A is denoted by ext A.

Remark 1.24 1f A is a closed halfspace in R” and n > 2, then ext A = (4. In general,
ext A # ) if and only if A does not contain any lines (see Exercise 1.5.1).

Remark 1.25 For x € A, we have x € ext A if and only if A \ {x} is convex. In fact,
assume that x e ext A.Lety,z € A\ {x}. Then[y,z] C A. If [y, z] & A\ {x}, then
x =ay+(1—a)zforsomea € (0, 1). Since x € ext A, itfollowsthatx =y =z,a
contradiction. Hence [y, z] C A\{x},1i.e., A\ {x}is convex. Conversely, assume that
A\ {x}is convex.Let y,z € Aandlet o € (0, 1) be such that x = oy + (1 — a)z.
If y # xand z # x, then y,z € A\ {x} and therefore x € [y,z] C A\ {x}, a
contradiction. Therefore, y = x or z = x, which implies that x = y = z.

Remark 1.26 For a polytope P, Remark 1.25 yields that ext P = vert P.

Remark 1.27 1If {x} is a support set of A, then x € ext A. The converse is false, as
the simple example of a planar set A shows, where A is the sum of a circle and a
segment. Each of the points x; is extreme, but {x;} is not a support set (see Fig. 1.7).

Remark 1.27 explains why the following definition is relevant.

Fig. 1.7 A convex set A and T, Ty
the extreme points xi, .. ., X4

T3 Ty
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Definition 1.12 Let A C R” be closed and convex. A point x € A is called an
exposed point if {x} is a support set (that is, a O-support set) of A. The set of all
exposed points of A is denoted by exp A.

Remark 1.28 In view of Remark 1.27 we have exp A C ext A.

Theorem 1.21 (Minkowski’s Theorem) Ler K C R" be compact and convex.
Let A C K. Then K = conv A if and only if extxK C A. In particular, K =
conv(ext K).

Proof Suppose K = conv A and x € extK. Assume x ¢ A. Then A C K \ {x}.
Since K \ {x} is convex, K = convA C K \ {x}, a contradiction.

In the other direction, we need only show that K = conv ext K. We prove this by
induction on n. For n = 1, a compact convex subset of Rlisa segment [a, b] and
extla, b] = {a, b}.

Let n > 2 and suppose the result holds in dimension n — 1. Since ext K C K,
we obviously have convext K C K. To prove the reverse inclusion, let x € K
and let g be an arbitrary line through x. Then g N K = [y, z] with x € [y, z]
and y, z € bd K. By the support theorem, y, z are support points, that is, there are
supporting hyperplanes Ey, E; of K withy € Ky := EyNK andz € K; := E;NK.
By the induction hypothesis, applied in Ey, E,, we get

K1 = conv(ext K1), K» = conv(extK>).

We have ext K1 C ext K. Namely, consider u € ext K; and suppose that u =
av+(1—a)w forv, w € K anda € (0, 1). Since u lies in the supporting hyperplane
Ey, the same must hold for v and w. Hence v, w € K and since u € extKj, we
obtain 1 = v = w. Therefore, u € ext K.

In the same way, we get ext K C ext K and thus

x €[y, z] C conv (conv(ext K1) U conv(ext K3))

C conv(ext K),

which completes the proof. O

Remark 1.29 If K C R”" is compact and convex then extK is a closed set for
n = 2, but in general this is not true for n > 3 as examples show. In view of this, it
is perhaps surprising that convext K is still compact, as Theorem 1.21 shows.

Remark 1.30 A generalization of Minkowski’s theorem to closed convex sets is
treated in Exercises 1.5.8—11. A representation theorem for polyhedral cones is the
subject of Exercises 1.5.12—14.

Corollary 1.5 Let P C R" be compact and convex. Then P is a polytope if and
only if ext P is finite.
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Proof 1f P is a polytope, then Theorem 1.4 and Remark 1.26 show that ext P is
finite. For the converse, assume that ext P is finite, hence ext P = {x, ..., xg}.
Theorem 1.21 then shows P = conv{xy, ..., xt}, hence P is a polytope. m]

Now we are able to prove a converse of Theorem 1.20.
Theorem 1.22 Let P C R” be a bounded polyhedral set. Then P is a polytope.

Proof Clearly, P is compact and convex. We show that ext P is finite.
Let x € ext P and assume P = ﬂle H; with halfspaces H; bounded by the
hyperplanes E;, i = 1, ..., k. We consider the convex set

where

A = E;, x € E;,
intH;, x ¢E;.

Then x € D C P. Since x is an extreme point and D is relatively open as the
intersection of an affine subspace and an open set, we get dim D = 0, hence D =
{x}. Since there are only finitely many different sets D, ext P must be finite. The
result now follows from Corollary 1.5. O

Remark 1.31 This result together with Theorem 1.20 now shows that the intersec-
tion of finitely many polytopes is again a polytope.

If in Theorem 1.21 we replace the set ext K by exp K, the corresponding result
will be wrong in general, as simple examples show (compare Theorem 1.21 and
Remark 1.27). In particular, even in the plane the set of exposed points of a
compact convex set need not be compact. There is, however, a modified version
of Theorem 1.21 which holds for exposed points.

Theorem 1.23 Let K C R”" be compact and convex. Then

K = clconv(exp K).

Proof For the proof (see Fig. 1.8 for an illustration), we can assume that K consists
of more than one point. Since K is compact, for each x € R" there exists a point
vy € K farthest away from x, that is, a point with

lyx — x| = max |y — x|
yek
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E/

S

Fig. 1.8 Illustration for the proof of Theorem 1.23

The hyperplane E through y, orthogonal to y, — x # 0 is then a supporting
hyperplane of K and we have E N K = {y}, hence y, € expK. Let

K := clconv{yy : x € R"}.

Then K C K, thus K is compact and convex.

Assume that there exists anx € K'\ K. Then, by Theorem 1.14 the hyperplane E !
through x := p(K x) with normal x — X is a supporting hyperplane of K. Consider
the ray s := x + [0, 00)(Xx — x). On s we can find a point z with

lx =zl > max |ly — z]|. (1.4)
yekK

To see this, we first choose an orthogonal spherical cylinder
Wc{zeR": (z—Xx,x—Xx) <0},

with radius r and height 2r, where r is large enough so that K C W, and such
that x is the center of one of the two bases of W. Then we choose z € s such that
llz — x|| > max{r, r* — 82)/(28)} with § := ||x — x||. This implies that

lz —all® < llz = %II> + 7% < |z — x> = (lz = %[ + 8)
fora € W, and hence there is a ball B with center z € s and such that K c W CB,
but x ¢ B, which y1e1ds (1.4).

By definition of K, there exists a y; € K with

lye = 2ll = max{ly —z[| = [lx —z[| > max [y — z[|,
Y& yeK
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by (1.4), a contradiction. Therefore, K = K. Since vy € expK, for x € R", we
obtain

K:fcolconveprCK,

hence K = cl conv exp K. O

Corollary 1.6 (Straszewicz’s Theorem) Let K C R" be compact and convex.
Then

extK CclexpK.
Proof By Theorems 1.23 and 1.12, we have
K =cl conv exp K Ccl conv cl exp K =conv cl exp K C K,
hence
K = conv cl exp K.

By Theorem 1.21, this implies thatext K C clexp K. O

Exercises and Supplements for Sect. 1.5

1. Let A C R” be closed and convex. Show that ext A # @ if and only if A does
not contain any line.
2. Let K C R”" be compact and convex.

(a) If n = 2, show that ext K is closed.
(b) If n > 3, show by an example that ext K need not be closed.

3."Let A C R” be closed and convex. A subset M C A is called an extreme set in
A (or aface of A)if M isconvex andif x,y € A, (x,y) N M # ¢ implies that
[x, y] C M. The set A and ¥ are faces of A, all other faces are called proper.
Prove the following assertions.

(a) Extreme sets M are closed.

(b) Each support set of A is extreme.

(c) If M, N C A are extreme, then M NN is extreme. (This extends to arbitrary
families of extreme sets.)

(d) If M isextreme in A and N C M is extreme in M, then N is extreme in A.

(e) If M, N C A are extreme and M # N, then relint M Nrelint N = .

(f) Let B be a nonempty and relatively open subset of A. Then there is a unique
face F of A such that B C relint(F').
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(g) Let £E(A) := {M C A : M extreme}. Then A = U relint M is a

MeE(A)
disjoint union.
(h) Extreme sets of A of dimension dim(A) — 1 are always support sets.

Areal (n, n)-matrix A = ((o;;)) is called doubly stochastic if «;; > 0 and

n n
> ey = a1
k=1 k=1

fori, j € {1,...,n}. A doubly stochastic matrix with components in {0, 1} is
called a permutation matrix.
Prove the following statements.

2 . . .
(a) Theset K C R™ of doubly stochastic matrices is compact and convex.
(b) The extreme points of K are precisely the permutation matrices.

. Let P C R" be a polyhedral set, but not an affine subspace (a flat). Let

m
P = aff(P) N ﬂ H™ (u;, ;)
i=1

with o1, ..., 0, € Rand uy,...,u, € R*\ {0} be a representation of P
in which none of the halfspaces H ™ (u;, ;) can be omitted. Put F; := P N
H (u;, «;). Then

(a) relint(P) = (/L {x € P (x,u;) <oy}

(b) relbd(P) =L, Fi.

(¢) Fi,..., Fy are precisely the facets of P.

(d) Each proper face F of P is equal to the intersection of all facets of P which
contain F.

(e) The number of faces of P is finite. Each face of P is a support set and
polyhedral (or empty).

Let P C R” be a polyhedral set, but not an affine subspace (a flat). Prove the
following statements.

(@) If0 < j <k, F/ € F;(P), F* € Fi(P) and F/ C F¥, then there are
Fi e Fi(P)fori = j+1,...,k—1with F/ c Fitl c ... c Fk-1 c Fk,

(b) If0 < j < k < dim(P) and F/ € F;(P), then F/ = N{F € F(P) :
F/ C F).

(c) If dim(P) = n, then each (n — 2)-dimensional face of P is contained in
precisely two facets of P.

Let ¥ # P C R" be closed and convex. If the number of different support sets
of P is finite, then P is a polyhedral set.
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Let A C R” be a closed convex set with A # conv( relbd(A)). Then A is a flat
or a semi-flat.
Let ¥ # A C R” be closed and convex. The recession cone of A is defined by

rec(A) :={ueR": A+u C A}

Show that the recession cone of A is a closed convex cone.
Foreachx € R" and u € R*, let GT(x, u) := {x + Au : A > 0}. Then, for an
arbitrary x € A,

rec(A) = {u e R" : G (x,u) C A}.

Moreover, if Gt (x,u) C Aand y € A, thenalso G (y, u) C A.

Each closed convex set A C R” can be written in the form A = A @ V, where
V is a linear subspace and A is a line-free, closed convex set which is contained
in a linear subspace complementary to V.

Let A C R" be closed and convex. A ray G*(x,u) C A is called extreme
if it is an extreme set in A. The union of all extreme rays of A is denoted by
extr(A). By definition, it is clear that if G (x, u) is an extreme ray of A, then
x € ext(A). Prove the following representation result.

If A ¢ R" is line-free, closed and convex, then

A = conv(ext(A) Uextr(A)) = conv(ext(A)) + rec(A).

A set of the form

m
posfai,...,am} = :Zkiai A >0fori=1,...,m
i=1

with ay, ..., a, € R" is called a finitely generated convex cone.

The convex hull of finitely many points is a polytope and hence a polyhedral set
(as shown before). Show the following fact, which states that the positive hull
of finitely many vectors is a polyhedral set: A finitely generated convex cone in
R" is a polyhedral set, in particular, it is a closed set.

Let P C R”" be a polyhedral set. Then there are points ay, ...,a, € R",m > 1,
and vectors by, ..., b, € R" with P = conv{ay, ..., an} + pos{by,...,bp}.
In particular, a bounded polyhedral set is a polytope.

Letpoints ay, ..., a, € R" withm > 1 and vectors by, ..., b, € R" be given.

Then P :=conv{ay, ..., an} + pos{bi, ..., by} is a polyhedral set.

Hints to the literature: Convex polytopes and polyhedral sets are treated in
greater detail in [2, 23, 39, 40, 49, 64, 71, 93, 94]. Combinatorial aspects of
convexity are in the focus of [5, 17, 29, 44, 60, 68, 71, 75, 90]. The connection
between discrete and convex geometry is the subject of [17, 19, 21, 36, 38,
60, 71, 77, 95-97]. For algorithmic aspects and combinatorial geometry, see
[16, 28, 29, 36, 49, 54, 74, 75].
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In this chapter, we study convex functions, which are the analytic counterpart
of convex sets. There are many relations between convex functions and sets.
Our definition of a convex function via the convexity of its epigraph emphasizes
this connection. For convex functions, the study of regularity properties such as
continuity or differentiability is particularly natural, but in turn this suggests to
consider smoothness of convex sets as well. A strong and very useful link between
sets and functions is provided by the support function of a convex set. This tool will
be crucial throughout the book.

2.1 Properties and Operations

In the following, we consider functions
f i R" - [—o0, o]

We assume the usual rules for addition and multiplication with co, namely:

o+ 00 1= 00, fora € (—o0, 00],
o — 00 = —090, fora € [—o0, 00),
o 00 =00, (—a)oo ;= —00, fora € (0, co].

In the context of measure and integration theory, it is often convenient to use the
convention 0 oo := 0, where oo is the value of a function and O is the measure of
the set of points where the function is infinite.

Definition 2.1 For a function f : R” — (—o00, 00o], the set
epif ={(x,a):xeR" aeR, f(x) <a}CR"xR
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is called the epigraph of f. A function f is convex, if epi f is a convex subset of
R" x R = R"+1,

The following remarks contain further definitions and straightforward conse-
quences.

Remark 2.1 A function f : R" — [—00, 00) is said to be concave if — f is convex.
Thus, for a convex function f we exclude the value —oo, whereas for a concave
function we exclude oo.

Remark 22 If A C R"isa subset of R”", a function f : A — (—00, 00) is called
convex if the extended function f : R" — (—o0, 00], given by

fx), xeA,

f(X):::oo,  CRI\A.

is convex. This automatically requires that A is a convex set. In view of this
construction, we usually need not consider convex functions defined on subsets of
R”", but instead we can assume that convex functions are defined on all of R”.

Remark 2.3 On the other hand, we often are only interested in convex functions
f:R" - (—o00, oo] at points where f is finite. We call

dom f :={x e R": f(x) < o0}
the effective domain of the function f : R* — (—o0, 0o]. For a convex function f,
the effective domain dom f is a convex subset of R”.

Remark 2.4 The function f = o0 is convex, it is called the improper convex
function; convex functions f with f £ oo are called proper. The improper convex
function f = oo hasepi f = ) and dom [ = 0.

Theorem 2.1 A function f : R" — (—o00, 00] is convex if and only if

flax+ A -a)y) <af(x)+ 1 —a)f(y)

forx,y € R" and o € [0, 1]. For a concave function, the inequality is reversed.

Proof By definition, f is convex if and only if epi f = {(x, f) e R"* xR : f(x) <
B} is convex. The latter condition means that

alxy, B1) + A —a)(xz, B2) = (ax1 + (1 —a)xz,af1 + (1 —a)B2) e epi f
for € [0, 1] and whenever (x1, B1), (x2, B2) € epi f, that is, whenever f(x1) <

B1, f(x2) < Bo.

Hence, f is convex if and only if

flaxi+ 1 —a)x2) <afr + (1 —a)pa,
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for x1,x0 € R",a € [0,1] and B; > f(x1), B2 > f(x2). Then, it is necessary

and sufficient that this inequality is satisfied for 81 = f(x1), B2 = f(x2), since
the inequality is always satisfied if f(x1) = oo or f(x2) = oo, and we obtain the
assertion.

The assertion for a concave function f follows by applying to — f the character-
ization just proved. O

Remark 2.5 A function f : R” — R is affine if and only if f is convex and
concave. If f is affine, then epi f is a halfspace in R"*! and dom f = R”.

Remark 2.6 For a convex function f, the sublevel sets {f < «} and {f < o}
are convex subsets of R”. The converse is not true, that is, if all sublevel sets of a
function are convex, the function need not be convex. A function f : R” — R for
which {f < «} C R" is convex for all « € R is called quasi-convex. Note that
f : R" — Ris quasi-convex if and only if

JfOx + (1 =2)y) < max{f(x), f(y)}
whenever x, y € R" and A € [0, 1].
Remark 2.7 If f, g are convex and «, 8 > 0, then of + Bg is convex.

Remark 2.8 If (fi)ies is a family of convex functions, the (pointwise) supremum
sup;; fi is convex. This follows since

epi (sup f,-) = ﬂepiﬁ.
iel iel
It can also be verified by using the analytic description given in Theorem 2.1.
Remark 2.9 As a generalization of Theorem 2.1, we obtain that f is convex if and
only if
flaixy + - 4 o) <o f(xn) + - 4 o f (xk)

fork € N, x; € R", and o; € [0, 1] with )_ «; = 1. This follows easily by induction
over k or by arguing via the epigraph.

Remark 2.10 A function f : R" — (—o00, o] is positively homogeneous (of
degree 1) if

flax) =af(x) forallx e R",a > 0.

Sometimes this is only required for « > 0. If f is positively homogeneous, f is
convex if and only if it is subadditive, that is, if

f+» = f®+ fQ)

forx, y € R".
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The following simple result is useful for generating convex functions from
convex sets in R” x R. Note that inf J = oo.

Theorem 2.2 Let A C R" x R be convex and suppose that
fa(x) :=inf{e e R: (x,a) € A} > —00

for x € R". Then f4 is a convex function.

Proof The definition of f4(x) implies that
epi fa = {(x,B) : dJo € R, < B, and a sequence y; \, ¢ with (x, y;) € A}

It is easy to see that epi f4 is convex.

A variant of the proof is based on Theorem 2.1. For this, let x,y € R" and
A € [0, 1]. We can assume that f4(x), fa(y) < co. Let & > 0 be given. Then there
are oy, &y € Rsuchthat fa(x)+¢& > ax, fa(y)+& > ayand (x, oy), (v, ary) € A.
Since

(T =Mx + Ay, (I = Aoy +Aay) = (1 = A)(x,0x) + A(y,ay) € A,

we get
fA((l —A)x +)‘-y) < —=2Nay +)\-05y
< =M)(fax) +e) +r(fa(y) + &)
=0 =M fal) +2rfaly) +e,
which yields the assertion, since ¢ > 0 was arbitrary. O

Remark 2.11 The condition f4 > —oo is satisfied if and only if A does not contain
a vertical half-line which is unbounded from below.

Remark 2.12 For x € R", let {x} x R := {(x, @) : « € R} be the vertical line
in R” x R through x. Let A C R" x R be closed and convex and assume that
fa(x) > —oo for x € R". Then A = epi f4 if and only if

AN({x} xR) = {x} x [fa(x),00) forx € R". (2.1)

Theorem 2.2 allows us to define operations on convex functions by applying
corresponding operations on convex sets to the epigraphs of the functions. We give
two examples of that kind.

Definition 2.2 A convex function f : R? — (—o00, 00] is closed if epi f is closed.

Example 2.1 Let f : R* — (—o00, 0] be convex. Then A := clepi f C R"*!
is a closed convex set. We assert that f4 > —oo. The case f = oo is trivial,
since then f = oo, epif = ¢ and fa = f. In particular, f is closed. If f
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is proper, that is, epi f # ¢, then w.l.o.g. we may assume that dimdom f = n
(since it is sufficient to work in the affine hull of dom f). We choose a point
x € intdom f. Then, (x, f(x)) € bdepi f. Hence, there is a supporting hyperplane
E CR" xRofclepi f at (x, f(x)). Since x € intdom f, E is not vertical. Hence,
the corresponding supporting halfspace is the epigraph of an affine function 2 < f.
Thus, we get f4 > h > —oo0.

In addition, it is easy to check that for A = clepi f condition (2.1) is satisfied.
In fact, if (x’,b) € AN ({x} x R), then x’ = x, b € R and (x, b) € A. But then
fa(x) < b and therefore (x’,b) € {x} x [fa(x), 00). Conversely, suppose that
(x',b) € {x} x [fa(x),00). Then x’ = x and fa(x) < b < oo. Then there exists
a sequence «; | fa(x) with (x, ;) € A. Since A is closed, we get (x, fa(x)) €
A =clepi f.If b = f4(x), nothing remains to be shown. If b > f4(x), then there
are (x;, ;) € epi f fori € N with (x;, i) = (x, fa(x)) asi — oo.If i is large
enough, we have y; < b, hence (x;, b) € epi f, and therefore (x, b) € clepi f = A.

Hence we can define cl f := f4 with A = clepi f. Moreover, we have
A = epi fa, which can be rewritten in the form clepi f = epicl f. In other
words, clepi f is the epigraph of a closed convex function, which we denote by
cl f, and cl f is the largest closed convex function smaller than or equal to f. It
is clear that cl f = fciepi f is convex and closed, since epi(cl f) = cl(epi f) is
closed. Let g be a closed, convex function with g < f. Then epi f C epi g, hence
epicl f = clepi f C clepig = epig, since g is closed. But this implies that
g=clf.

Example 2.2 Our second example is the convex hull operator. If ( f;);ey is a family
of (arbitrary) functions f; : R" — (—oo0, o], we consider B := |J;, epi f;.
Suppose A = conv B does not contain any vertical half-line which is unbounded
from below. Then, by Theorem 2.2, conv( f;);e; := fa is a convex function, which
we call the convex hull of the functions f;, i € I. Then conv(f;);es is the largest
convex function less than or equal to f; fori € I, that is,

conv( fi)ie; = sup{g : gconvex, g < f; fori e I} =: h.

To see this, we observe that & < f; for i € I implies that epi(f;) C epi(h) for
i € I, and hence conv (Uie[ epi(f,-)) C epi(h), since h is a convex function (as
a supremum of convex functions) and epi(k) is a convex set. This shows that 7 <
fa = conv( f;);cs. For the reverse inequality, leti € I and suppose first that f; (x) <
oo. Then (x, f;(x)) € epi(f;) C conv (Uie[ epi(f,-)), and therefore f4(x) < fi(x),
which remains true if f;(x) = oo. Since fa is convex and i € [ is arbitrary, we
conclude that f4 < h.

Furthermore, conv( f;) exists if and only if there is an affine function 4 with h <
fi fori € I.Infact, if & is affine and h < f; fori € I, then conv (Uie[ epi(f,-)) C
epih, and hence f4(x) > h(x) > —oo for x € R".

Now suppose that f4 = conv(f;) exists. Let (x, 8) € relintA and (x,a) €
relbd A = relbdcl A. Then there is a supporting hyperplane H’ of ¢l A through
(x, @) in aff A, which is not vertical, since (x, 8) € relint A = relintcl A. If L(A)
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denotes the linear subspace parallel to aff A, then H := H'+ L(A)" is a supporting
hyperplane of cl A in R"*! which is not vertical. But then H = {(z, h(z)) : z € R"}
with an affine function 4 and f; > h fori € I.

Further applications of Theorem 2.2 are listed in the exercises.

The following representation of convex functions is a counterpart to the support
theorem for convex sets. It provides a characterization of closed convex functions,
since for any family H of affine functions the function sup{A : h € H} is closed and
convex (recall that the epigraph of the sup is the intersection of the epigraphs).

Theorem 2.3 Let f : R" — (—00, 00] be closed and convex. Then
f =sup{h:h < f, h affine}.

Proof By assumption, epi f is closed and convex. Moreover, we can assume that
f is proper, i.e., epi f # #. By Corollary 1.4, epi f is the intersection of all closed
halfspaces H C R" x R which contain epi f.

There are three types of closed halfspaces in R” x R:

Hy ={(x,r):r>1(x)}, [:R"— R affine,
Hy={(x,r):r <l(x)}, [:R"— R affine,
Hy = H x R, H halfspace in R".

Halfspaces of type H, cannot occur, due to the definition of epi f and since epi f #
). Halfspaces of type H3 can occur, hence we have to show that these ‘vertical’
halfspaces can be avoided, i.e., epi f is the intersection of all halfspaces of type H
containing epi f. Then the proof will be finished since the intersection of halfspaces
of type H is the epigraph of the supremum of the corresponding affine functions /.

For the result just explained it is sufficient to show that any point (xg, r9) ¢ epi f
can be separated by a non-vertical hyperplane E from epi f. Hence, let E3 be a
vertical hyperplane separating (x¢, o) and epi f, obtained from Theorem 1.14, and
let H3 be the corresponding vertical halfspace containing epi f. We may represent
Hs as

Hy ={(x,r) e R" x R:lp(x) <0}

for some affine function [y : R* — R, and we may assume that lo(xp) > O and
lp(x) < 0forx € dom f.

Next we show that there exists an affine function /1 with /; < f. To verify this,
observe that since f > —oo and f # oo, there is some (x1, f(x1)) € bd epi f.
Then (x1, f(x1) — 1) ¢ epi f, and since epi f is closed and convex this point can
be strongly separated from epi f by a hyperplane (see Exercise 1.4.4). Thus there
are (u,v) € R" x R) \ {(0,0)} and o € R such that ((xy, f(x1) — 1), (u,v)) < &
and ((x, f(x) +5), (u,v)) > a for x € dom f and s > 0. Choosing x = x; in
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the second condition and combining it with the first condition, we see that v > 0.
But then the second condition implies that f(x) > v o+ (x, —vu) =: 1; (x) for
x € dom f.

For x € dom f, we then have

lo(x) =0, hLx) = f(x),
hence
alo(x) +11(x) < f(x) fora =0.
For x ¢ dom f, this inequality holds trivially since then f(x) = oco. Hence
my :=alyp+1;

is an affine function for which m, < f. Since ly(xg) > 0, we have m,(xg) > rg if
a is chosen sufficiently large, for instance,

a :=max{(ro — l1(x0))/lo(x0) + 1, 1}

is a proper choice. O

We now come to another important operation on convex functions, the construc-
tion of the conjugate function.

Definition 2.3 Let f : R" — (—o00, 00] be proper and convex. Then the function
f* defined by
5 =sup{{x,y) — f(x):x €R"}, yeR",

is called the conjugate function of f.

Example 2.3 Let f : R" — (—o0, 00] be constant, f = —«a € R. Then f*(y) =
oo if y #0and f*(0) = «.

Example 2.4 Consider f : R" — R given by f(x) := §||x||2. Then we obtain

1 1
£ =y sup {=lx =y P+ IyIP s x e R} = Iy = £O),

thatis, f* = f.

Let f,g : R" — (—o00, o0] be proper and convex. Then f < g implies that
* < f* This simple observation will be used repeatedly in the following.
8 p p y g



48 2 Convex Functions

Theorem 2.4 Let f* be the conjugate function of the proper convex function
f:R" - (—o00, o). Then

(a) f* is proper, closed, and convex.
) f* =" =clf.
Proof (a) For x ¢ dom f, we have (x, y) — f(x) = —oo for y € R", hence

ff= sup ({x,:) = f(x).

xedom f
For x € dom f, the function
gx 1y > (x,y)— f(x)

is affine, therefore f* is convex (as the supremum of affine functions).
Since

epif*:epi( sup gx)z ﬂ epi gy

xedom f xedom f
and since epi g, is a closed halfspace, epi f* is closed, and hence f* is closed.
In order to show that f* is proper, we consider an affine function 2 < f. Such a
function exists by Theorem 2.3 and it has a representation

h={,y)—a withsuitabley € R",« € R.

This implies (-, y) — a < f, hence (-, y) — f < «, and therefore f*(y) < «.
(b) By Theorem 2.3,

cl f =sup{h: h <cl f, h affine}.
Writing & again as

h=1{(,y)—a, yeR" aceR,
we obtain

cl f = sup({,y) —a),
(y.a)

where the supremum is taken over all (y, o) with

(y)—a<clf.
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The latter holds if and only if
a = sup{(x,y) —cl f(x) : x € R"} = (cl /)" ().
Consequently, we have
cl f(x) < sup{(x,y) — (1 /)*(y) : y € R"} = (cl /)™ (x),
for x € R". Since cl f < f, the definition of the conjugate function implies
(el )" = f*
and therefore
clf < (clf)™ < f*.
On the other hand,

[0 = (f"(x) = sup{(x, y) = f*(») : y e R"},

where
) =sup{(z,y) — f(@) : 2 € R"} = (x,y) — f ().
Therefore,
() < sup{(x, y) — (x, y) + f(x) 1y e R} = f(x),
which gives us f** < f. By part (a), f** is closed, hence f** < cl f. O

Finally, we mention a canonical description of convex sets A C R” by convex
functions. A common way to describe a set A is by the indicator function

1, xeA,

IA(x) ZZ{
0, x¢A.

However, 14 is neither convex nor concave. Therefore, we define the convex
indicator function § 4 of an arbitrary set A C R” by

0, xe€A,

da(x) = {
oo, x ¢ A.
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Note that A is convex if and only if 64 is convex. If A is convex, then §4 is also
called the convex characteristic function of A. Moreover, for A # (J we have

83 () = sup{(y, x) — 84(y) : y € R"} = sup{(y, x) : y € A}.

The expression on the right will be called the support function of A and studied in
more detail in Sect. 2.3.

Exercises and Supplements for Sect. 2.1

1. Let A C R" be nonempty, closed, convex, and line-free. Let further f : R” — R
be convex and assume there is a point y € A with

f(y) = max f(x).
xeA
Show that there is also a point z € ext A with

f(z) = max f(x).
xeA

2. Let f : R" — (—o00, 00] be convex. Show that the following assertions are
equivalent:

(a) f isclosed.
(b) f is lower semi-continuous, that is, for x € R” we have

S () < liminf /(7).

(c) All the sublevel sets { f < «}, @ € R, are closed.

3. Let f, f1,..., fm : R" — (—o00, 00] be convex functions and & > 0. Suppose
thatepi f1+- - -+epi f; does not contain a vertical line (that is, a vertical half-ray
which is unbounded from below). Prove the following assertions.

(a) The functiona o f : x — inf{8 e R: (x, B) € o - epi f} is convex.
(b) The function f100---0Of, : x — inf{[B e R: (x,B) eepifi+- -+
epi fn} is convex, and we have

(A0 -0 fi)x)
=inf{fi(x)) + -+ frn(xm) : X1, ..., xm €ER  x1+ -+ X = x}.

The function f1 O --- O f;, is called the infimal convolution of fi, ..., fm.



2.1 Properties and Operations 51

(¢) Let{f; : i € I} (I # ¥) be a family of convex functions on R” such that
conv( f;)ies exists. Show that

conv(fi)ier

m
=inf{oqof,-llj~-~ljotmof,~m:ajZO,Zajzl,ijel,meN}.
j=1

4. Let A C R" be convex and 0 € A. The inner distance function or gauge function
dg : R" — (—00, o0] of A is defined by

da(x) =infla >0: x € xA}, x e R".

Show that d4 has the following properties:

(a) da is positively homogeneous, nonnegative and convex.

(b) dj is finite if and only if O € int A.

(c) {da <1} C AC{da <1} CclA.

(d) If0 eintA,thenintA = {d4 < 1} andcl A = {d4 < 1}.

(e) da(x) > 0if and only if x # 0 and Sx ¢ A for some 8 > 0.

(f) Let A be closed. Then dg4 is even (i.e., da(x) = da(—x) for x € R") if and
only if A is symmetric with respectto O (i.e., A = —A).

(g) Let A be closed. Then d4 is a norm on R” if and only if A is symmetric,
compact and contains O in its interior.

(h) If A is closed, then dy4 is closed.

Note: For some parts of this exercise it is used that a real-valued convex function
is continuous. This fact will be proved in Sect. 2.2.
5. Let f : R" — [0, oo] be a proper, positively homogeneous, convex function.

(a) Show that there is a convex set A C R” with O € A such that f = d4.
(b) Show thatif f is closed, then A can be chosen as a closed set (and then A is
uniquely determined).

6. Let f : R" — R be a continuous function satisfying

X1+ x2 1 n
f( ) )Sz(f(xl)-i-f(xz)) forx1, x2 € R".

Show that f is convex.
7. Let f : R?> — R be defined by

yz/x, x>0,y>0,

00, otherwise,
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and consider the set

C:={(x,y):x,ye[0,1),y < X —xz}.

(a) Show that f is a convex function and C is a convex set.
(b) Is f an upper semi-continuous function on C?

(c) Does f attain its maximum on C \ {(0, O)T}?

(d) Determinecl f.

2.2 Regularity

The regularity of a function usually refers to its smoothness properties. We start with
the (local Lipschitz) continuity of convex functions.

Theorem 2.5 A convex function f : R" — (—o00, 00] is continuous in intdom f
and Lipschitz continuous on compact subsets of intdom f.

Proof Let x € intdom f. There exists an n-simplex P with P C intdom f and
x €int P. If xo, . .., x;, are the vertices of P and y € P, we have

Yy =0apxo+ -+ opXp

with a; € [0, 1], Y o; = 1, and hence

,,,,,

Therefore, f < con P.
Letnow o € (0, 1) and choose a closed ball U centered at O such thatx+U C P.
Letz =x +ou withu e bdU. Then, z = (1 — a)x + o(x 4+ u) and

J@O=U0-af®+afx+u) <1 -a)fx)+ac.
This implies that
f@) = fx) =alc— fx)).

On the other hand,

= 1+az+1+a(x—u),
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and hence
fo< o fo+ Y fa—uw
X X —u),
T 14« < 14+«
which yields
fo< ' ofo+ ©
X c
T 14« ‘ 14+ o
We obtain

a(f(x) —c) = f(2) — fx).

Together, the two inequalities give

If @) = f)] = alc = f(x)),
forz € x + abd U. Let o be the radius of U. Thus we have shown that

— f(x)
0

@ —fl <€ Iz — x|

for z € s + U. In particular, f is continuous on intdom f.
Now let A C intdom f be compact. Hence there is some ¢ > 0 such that also
A+ oB" Cintdom f.Letx, z € A. Since f is continuous on A + oB",

C:=max{|f(y)|:y € A+ oB"} < o0.

By the preceding argument,

2C
If@) = f)l = 0 llz = xII,

if ||z — x|| < o. For ||z — x|| > o, this is true as well. |

Convex functions enjoy basic differentiability properties, which we discuss next.
We first consider the case of a function on the real line with values in the extended
real line (—o0, o0].

Theorem 2.6 Let f : R! — (—o00, 00] be convex.

(a) In each point x € intdom f, the right derivative f+(x) and the left derivative
7 (x) exist and satisfy f~(x) < fT(x).

(b) On intdom f, the functions f and f~ are increasing and, for almost all x €
intdom f (with respect to the Lebesgue measure i on R), we have f~(x) =
fT(x), hence f is almost everywhere differentiable on cldom f.
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(c) Moreover, ¥ is continuous from the right, f~ is continuous from the left, and

f is the indefinite integral of f (of f~ and of f’) onintdom f.
Proof W.l.o.g. we concentrate on the case dom f = R!.

(@) f0 <m <land0 < h < k, the convexity of f implies that

fa—m=r((1=")x+"Ta-0)=(1=-"T)r@+" re-0.

l

hence
f(x)—f(x—1)<f(X)—f(x—m)
l - m ’

Similarly, we have

f(x)=f( (x—m)+hfm<x+h>)

h+m
- h m I
< thmf(x—m)+h+mf()€+ ),
which gives us
JO = flx—m) _ flx+h)— fx)
m - h '

Finally,

f(x-l—h):f((l—

h h o) < (1 h h k
e Faeen) = (1) o e

and therefore

f+h) = fe) _ fle+k) = f(x)
h - k '

We obtain that the left difference quotients in x are increasing and bounded
from above by the right difference quotients, which are decreasing and bounded
from below by the left difference quotients. Therefore, the limits

o f ) = f()
f (x)—,y{% 5

and

=1

fx)— f(x—m) (
m
0 t /10 t

I D~ f)
S = Jin . m )

exist and satisfy £~ (x) < fT(x).
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(b) Forx’ > x, we have just seen that

o)< ffo< < f &) < D). (2.2)

/

fG&D = fx)
x'—x

Therefore, the functions f~ and f* are increasing. As is well known, an
increasing function has at most countably many points of discontinuity (namely
jumps), and therefore it is continuous almost everywhere. At the points x of
continuity of 7, (2.2) implies f~(x) = fT(x).

(c) Suppose that x < y. From

f(y)—f(X):hmf(y)—f(z)Z

lim fT(z)
y—x X y—2z X

we obtain f*(x) < limy, f(z) < f1(x), hence lim, f1(z) = fH(x),

since f7 is increasing. For y < x, we get by a similar argument

i o= i T @~ FO) _ f@ = £
7/ z,/'x z—Yy X =Yy

and hence f~(x) < lim; », f~(z) < f~ (x). Thus we also have the relation

limg s f7(2) = f7 ().

Finally, for arbitrary a € R, we define a function g by

g(v) == f(a)+ / F(s)ds.

We first show that g is convex, and then g = f.
Forz:=ax+ (1 —a)y,a € [0, 1], x < y, we have

4(2) — g(x) = / F()ds < =) f (@),

y
() — g(0) = / Frs)ds = (v — /(2.
Z
It follows that

a(g(2) —g() + (I —a)(gx) —g()
saz-—0f @O+ -0)-yf @)
=f @@~ [ax+ (1 -a)y]) =0,
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and therefore

8(2) = ag(x) + (1 —a)g(y),

which shows that g is convex.
As a consequence, g and g~ exist. For y > x,

s —sto _ 1 /yfws)ds: : /yf+(s)dszf+(x),
y—=x Yy =X Jx Yy =X Jx

hence we obtain g7 (x) > £+ (x). Analogously, for y < x we obtain

X
0 L [ reas=ro,
x =Yy x=yJy

and thus we get g7 (x) < f~(x).Since gt > f* > f~>g andgt =g,
except for at most countably many points, we have g = fTand g~ = f~,
except for at most countably many points. By the continuity from the left of
g~ and f~, and the continuity from the right of g* and f7, it follows that
gt =fTand g™ = f~ onR. Hence, h := g — f is differentiable everywhere
and i’ = 0. Therefore, h = ¢ = 0 because we have g(a) = f(a).

O

Now we consider the n-dimensional case. Basically, this is reduced to the one-
dimensional case by restricting a convex function to lines. If f : R" — (—o00, o]
is convex and x € intdom f, then for each u € R", u # 0, the equation

guw®) == f(x+1tu), teR,

defines a convex function g, : R! — (—o00, o0] and we have 0 € intdom 8u)-
By Theorem 2.6, the right derivative ga;) (0) exists. This is precisely the directional
derivative

. fet) - fx)
(s u) =1 2.3
J(xsu) Hm ) (2.3)
of f at x € intdom f in direction u. In fact, there is no reason for excluding the
case u = 0. The right-hand side of (2.3) also makes sense for u = 0 and yields
the value 0. We therefore define f’(x; 0) := 0 and obtain the following corollary to
Theorem 2.6.

Corollary 2.1 Let f : R" — (—00, 00] be convex and x € intdom f. Then, for
eachu € R" the directional derivative f'(x; u) of f exists.

The corollary does not imply that f'(x; —u) = — f’(x; u) holds. In fact, since
g(;)(O) = —f’(x; —u), the latter equation is true if and only if g(;)(O) = ga;)(O).
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Let e, ..., e, be an orthonormal basis of R". Then the partial derivative of f
at x with respect to ¢; exists if and only if f'(x; —e;) = —f'(x;e;), and we
denote this by f;j(x) = f'(x;e;), for a fixed orthonormal basis. For a convex
function f, the partial derivatives fi(x), ..., f,(x) of f at x need not exist in each
point x € intdom f. However, in analogy to Theorem 2.6 it can be can shown
that fi,..., f; exist almost everywhere with respect to the Lebesgue measure
Ay in R (see Exercise 2.2.7) and that at points x where the partial derivatives
J1(x), ..., fu(x) exist, the function f is even differentiable (see Exercise 2.2.6).
Even more, a convex function f on R” is twice differentiable almost everywhere (in
a suitable sense). We refer to the exercises, for these and a number of further results
on derivatives of convex functions.

The map u +— f’(x; u) is positively homogeneous on R”. Moreover, if f is
convex, then f/(x; -) is also convex. For support functions, we shall continue the
discussion of directional derivatives in the next section.

For a function f which is differentiable or twice differentiable, the first or second
derivatives can be used to characterize convexity of f.

Remark 2.13 (See Exercise 2.2.3) Let A C R be open and convex and let f : A —
R be a real function.

« If f is differentiable, then f is convex if and only if f’ is monotone increasing
(on A).
 If f is twice differentiable, then f is convex if and only if f” > 0 (on A).

Remark 2.14 (See Exercise 2.2.4) Let A C R" be open and convex and let f :
A — R be areal function.

e If f is differentiable, then f is convex if and only if
(grad f(x) —grad f(y),x —y) >0 forx,y e A.

(Here, grad f(x) := (f1(x), ..., fa (x)) T is the gradient of f atx.)
e If f is twice differentiable, then f is convex if and only if the Hessian matrix

3 f(x) == (fij ()} = € R

of f at x is positive semi-definite for x € A. Here, f;;(x) = dzf(x)(ei, e;j) are
the second partial derivatives of f at x in the directions e; and ¢; and the second
differential is considered to be a bilinear map on R”. Alternatively, we can view
d? f (x) as a linear map d° f (x) : R" — R" so that f;;(x) = (d° f(x)(e), e;).

Example 2.5 Remark 2.13 can be used to verify that the function / : [0, 1] — [0, 1]
with h(x) = /x — x2 is concave, and hence the set C := {(x,y) € [0, 1)2 1y <
Jx = x2} is convex. In fact, h”(x) < O for x > 0, and hence —#h is convex. (Or
simply note that % is a sum of two concave functions.) Moreover, Remark 2.14
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implies that the function f : R?> — R defined by

2
flx y).:{iw x>0,y=z0,

00, otherwise,

is convex. In fact, the Hessian matrix of f at (x, y) € R? withx > Oand y > O s
positive semi-definite, specifically

2 Vi
92 (x y>=2(i3 ‘i)
) Ty 1 .

X X

For a more direct argument, see the solution of Exercise 2.1.7.

Exercises and Supplements for Sect. 2.2

1. (a) Give an example of two convex functions f, g : R* — (—o0, 0o] such that
f and g both have minimal points (that is, points in R” where the infimum
of the function is attained), but f 4 g does not have a minimal point.

(b) Suppose f, g : R" — R are convex functions which both have a unique
minimal point in R”. Show that f + g has a minimal point.
Hint: Show first that the sets

{xeR": f(x) <a} and {x e R": g(x) < a}

are compact, for each ¢ € R.
2. Let f : R — R be a convex function. Show that

f(x)—f(0)=/0 f*(r)dr=/0 F @i

forx € R.
3. Let A C R be open and convex, and let f : A — R be a real function.

(a) Suppose that f is differentiable. Show that f is convex if and only if f” is
increasing (on A).

(b) Suppose that f is twice differentiable. Show that f is convex if and only if
f” > 0(on A).

4 Let A C R" be open and convex, and let f : A — R be a real function.

(a) Suppose that f is differentiable. Show that f is convex if and only if

(grad f(x) —grad f(y),x —y) >0 forx,y e A.
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(b) Suppose that f is twice differentiable. Show that f is convex if and only if
P f(x) = (fiy ()} =y €R™"
is positive semi-definite for x € A.

5." For a convex function f : R” — (—o00, oo] and x € dom f, the subdifferential
of f at x is the set

afx)={velR": f(y = f(x)+{v,y—x)fory e R"}.

Each v € 9f (x) is called a subgradient of f at x.
Let f € intdom f. Show that:

(a) df(x) is nonempty, compact and convex.
(b) We have

f(x)={velR": (v,u) < f'(x;u) foru e R"}.
(c) If f is differentiable in x, then
af (x) = {grad f(x)}.
6."Let f : R" — (—o00, 0o] be convex and x € intdom f. Suppose that all partial
derivatives f1(x), ..., fn(x) at x exist. Show that f is differentiable at x.
7. Let f : R" — R be convex. Show that f is differentiable almost everywhere.

Hint: Use Exercise 2.2.6.
8. Let f : R" — (—o00, 00] be convex, and let x € dom f. Show that

s€df(x) <= f () + f(x) = (s, x).
Conclude that if f is closed, then
s€If(x) & x €3f*"().

9. Letb € R" and let Q be a symmetric, positive definite n x n matrix. Define the
function

fx) = ;(x, 0x)+ (b,x), xeR"

Determine f*.
10. Let A C R" and let U C R" be an open neighbourhood of A. Suppose that for
each x € U there is a unique point f(x) € A such that

If (x) = x|l = min{|ly — x| : y € A}.

Show that A is closed and f is continuous.
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11.

12.

13."

14.

15.

16.

2 Convex Functions

Let f : R" — R be convex. A function f : R” — R is said to be strictly
convexif f((1 —t)x+ty) < (1 —t)f(x)+tf(y) forx,y € R" withx # y
andt € (0, 1).

(a) Show that f is strictly convex if and only if epi f does not contain a non-
degenerate segment in its boundary.

(b) Show that f is strictly convex if and only if df (a) N df (b) = @ fora, b €
R" with a # b.

(a) Let f : R* — R be a convex function which has a local minimum at
xo € R”. Show that 0 € 9f (xp).

(b) (Mean value theorem for convex functions) Let f : R — R be convex, and
leta, b € R with a # b. Show that there is some ¢ € (a, b) such that

f) = fla) c 0 (o).
b—a

Let f : R" — (—00, 00] be a convex function and x € dom f. Thenv € 9f (x)

if and only if (v, —1) € N(epi f, (x, f(x))).

Let fi, f» : R" — R be convex functions, and let f := max{fi, f»}. Let

x € R" be such that f1(x) = f2(x). Show that

df (x) = conv(df1(x) U df2(x)).

Let @ # A C R”" be a closed convex set with (exterior) distance function
dg :=d(A, ) in R", where d(A, x) = ||x — p(A, x)|| for x € R"”. Show that
d4 is a convex function. For x € bd A we denote by v(A, x) the set of exterior
unit normal vectors of A at x, that is, v(A,x) := {u € sn1 . (a —x,u) <
0 fora € A}. Show that

dda(x) = conv({0} U v(A, x)).

Let g : [0,1] — R be an increasing function. Show that the function f :
[0, 1] — R given by f(¢) := fot g(s)ds is convex.

Let (r,)nen be an enumeration of Q N [0, 1]. The function g : [0, 1] — [0, co)
is defined by g(x) := Y 27",

I'n<X

(a) Show that g is strictly increasing, continuous in x € [0,1] \ Q, and
continuous from the left, but not continuous from the right, in x € [0, 1] N
Q.

(b) Determine the right and left derivative of the function f(¢) := fot g(s)ds
fort € [0, 1].
Hint: Recall the proof of the fundamental theorem of calculus.

The epigraph of f provides an example of a closed convex set having a
countable dense set of singular boundary points (that is, points through which
at least two different supporting hyperplanes pass).
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17. (Jensen’s inequality.) Let ; be a probability measure in a space X, let U be
an open convex set in R", and let ¢ be a convex real-valued function on U.
Suppose that g : X — U is measurable and component-wise p-integrable, and
that ¢ o g is u-integrable. Let zg = fX g(x)du(x). Then zg € U and

/Xw(g(X)) p(dx) = ¢ </X g(x) M(dx)> : 2.4

If ¢ is strictly convex, then equality holds if and only if g(x) = z¢ for p-almost
allx € X.

If ¢ is concave, then the inequality in (2.4) is reversed, with the same equality
condition if ¢ is strictly concave.

2.3 The Support Function

A particularly useful analytic description of (compact) convex sets can be given in
terms of the support function, which we introduce and study in this section. It is
also one of the basic tools in the following chapters. The support function of a set
A C R" with 0 € A is in a certain sense dual to the (inner) distance function (or
gauge function), which is considered in Exercises 2.1.4 and 2.1.5. The precise nature
of this duality is shown in Exercise 2.3.2 (d). The support function turns out to be
particularly useful in dealing with Minkowski combinations of convex sets.

Definition 2.4 Let A C R” be nonempty and convex. The support function ha :
R" — (—o0, oo] of A is defined as

ha(u) :=sup{(x,u):x € A}, ueR".

It is often convenient to use the notation h(A, -) := h 4 for the support function
of the set A. For instance, this is the case whenever we focus on the dependence
of the support function on the underlying set or if the set A and the vector u in
ha(u) = h(A, u) deserve equal attention.

Example 2.6 If A = {xo}, then ha(u) = (xo, u) foru € R".

Example 2.7 The support function of the Euclidean ball of radius » > 0 centred at
0 is given by h,pn(u) = rllu|l, u € R". Here we use that for x € rB", we have
(x,u) < llxlllull < rllull and (ru/lull, u) = rilull if u # 0 with ru/|ull € rB".

Theorem 2.7 Let A, B C R" be nonempty convex sets. Then
(a) ha is positively homogeneous, closed and convex (and hence subadditive).

(b) hg = he 4 and

clA={xeR":(x,u) <has(u)forucR"}.
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(c) A C Bimplieshy < hp; conversely, ha < hp implies clA C cl B.
(d) hag is finite (real-valued) if and only if A is bounded.

(€) hoarpp =aha+ Bhp fora, p > 0.

) h—a(u) = ha(—u) foru € R

(g) If A;, i € 1, are nonempty and convex and A := conv (Uiel Ai), then

ha =suphy,.
iel

(h) If A;, i € I, are closed and convex, and if A := m A; is nonempty, then

iel
ha =clconv(hy,)ier.

(i) 8% = ha.

Proof (a) Fora > 0and u, v € R", we have

ha(oau) = sup (x, qu) = asup (x,u) = ahy(u)
X€eA xeA

and

ha(u+v) =sup (x,u +v) <sup (x,u) + sup (x,v) =ha(m) + has(v).

X€A X€A X€A

Furthermore, as a supremum of closed functions, 4 4 is closed.
(b) The first part follows from

sup {x,u) = sup (x,u), ueR"
X€A xeclA

For x € cl A, we therefore have (x, u) < ha(u) for u € R". Conversely, suppose
x € R”" is such that (x, ) < h4(-), and assume x ¢ cl A. Then, by Theorem 1.14,
there exists a (supporting) hyperplane separating x and cl A, that is, a direction
y € " ! and & € R such that
(x,y) >aand (z,y) <aforz eclA.
This implies
haa(y) =ha(y) <a < {x,y),

a contradiction.
(c) The first part is obvious, the second follows from (b).
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(d) If A is bounded, we have A C B"(r) for some r > 0. Then, (c) implies
ha < hpngy=r| |, hence hy < oo. Conversely,hy < oo and Theorem 2.5 imply
that /4 is continuous on R”. Therefore, &4 is bounded on "L, that is, hg < r =
hpgn(y on S"=1, for some r > 0. The positive homogeneity, proved in (a), implies
that 1y < hpn) on all of R", hence (c) shows that clA C B"(r), that is, A is
bounded.

(e) For any u € R", we have

hoatpp(m) = sup (x,u)= sup (oy+ Bz, u)
xeaA+BB yeA,zeB

= sup (ay, u) + sup (Bz, u)
yeA Z€B

=aha(u) + Bhpu).
(f) For any u € R", we have

h_a(u) = sup (x,u)=sup (—y,u)=sup (y, —u)
xe—A yeA yeA

= ha(—u).
(g) Since A; C A, we have h4;, < hy (from (c)), hence

supha, < ha.
iel
Conversely, y € A has a representation

y =01y +- -+ ayi,

WithkeN,yij €A, aj ZO,ZOU = landi; € I. Hence, for u € R" we get

ij?
(v, u) = (aryiy + -+ oy, u) < artha;, () + - +akha, (u) < suphy,(u),

iel

and therefore 714 (u) = sup,c4 (y, u) < sup;c; ha,; (u).

(h) Letxo € A. Since A C A; fori € I, we get from (c) that (xp, ) < ha < hy,
for i € I. Using the inclusion of the epigraphs, the definition of cl and conv for
functions and (a), we obtain

ha <clconv(hga,)icr =: 8.
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On the other hand, Theorem 2.3 shows that the closed convex function g is the
supremum of all affine functions below g. Since

(a, b) € clconv (U epihi) <= (Aa, Ab) € clconv (U epihi)

iel iel

for A > 0, g is positively homogeneous, and hence we can concentrate on linear
functions. In fact, if (-, y) + @ < g, theno < Osince 0+« < g(0) = 0. Foru € R"”
and A > 0, we have (Au, y) +o < g(Au). Hence (u, y) +a/A < g(u), and therefore
(u,y) < g(u). This shows that the given estimate can be replaced by the stronger
estimate (-, y) < g.

Therefore, suppose that (-, y) < g, y € R", is such a function. Since g < k4, for
iel,

(-,¥) <hy foriel.

Now (c) implies that y € A;,i € I, hence y € [);o; Ai = A. Therefore,

iel
(,y) < ha,
from which we get
g =clconv(hga,)icr < ha.
(i) For x € R", we have

84 (x) = sup ({x, y) —8a(y)) = sup (x, y) = ha(x),
yER” yeA

hence 6% = ha. O

We mention without proof a couple of further properties of support functions,
which are simple consequences of the definition or of Theorem 2.7. In the following
remarks, A is always a nonempty closed convex subset of R”.

Remark 2.15 Fora € R", we have A = {a} if and only if g = (a, -).

Remark 2.16 For a nonempty convex set A C R” and x € R", we have hgy, =
ha+ (x,-).

Remark 2.17 A is origin-symmetric (i.e., A = —A) if and only if A4 is even, i.e.,
ha(x) = ha(—x) forx € R".

Remark 2.18 We have 0 € Aifandonly if hg > 0.

The following result is crucial for our subsequent considerations. It provides a
characterization of support functions of closed convex sets.
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Theorem 2.8 Let h : R" — (—o00, 00] be positively homogeneous, closed and
convex. Then there exists a unique nonempty, closed and convex set A C R" such
that

ha = h.
Proof 1f h = oo, we can choose A = R". Hence we can assume that / is proper.
Then there is some xg € R” with h(xg) < oo, and thus 2(0) = h(0-xg) = Oh(xp) =

0, by the assumed positive homogeneity.
For @ > 0, we obtain from the positive homogeneity of 4 that

h*(x) = sup ({x, y) — h(y)) = sup ({x, ay) — h(ay))

yER? yeR”
= a sup ({x,y) — h(y)) = ah™(x).
yeR"

Therefore, h* can only attain the values 0 and oco. Since 4 is convex and proper, so
is h*. We put A := dom i*. By Theorem 2.4 (a), A is nonempty, closed and convex,
and

h* =8§4.
Theorem 2.7 (i) implies that
h** =68} =ha.
By Theorem 2.4 (b), we have h** = h, hence h4 = h.

The uniqueness of A follows from Theorem 2.7 (b). O

Since the class of nonempty compact convex sets will play a major role, we
provide the following definition.

Definition 2.5 A compact convex set K # @ is called a convex body. We denote by
KC" the set of all convex bodies in R”.

In the literature, convex bodies are sometimes required to have nonempty interior,
whereas here we only exclude empty (compact convex) sets.

Corollary 2.2 Let h : R" — R be positively homogeneous and convex. Then
there exists a unique K € K" such that hg = h. Conversely, for K € K" the
support function hg : R" — R is real-valued, positively homogeneous, convex and
continuous.

Proof This follows as a consequence of Theorem 2.8 in connection with Theo-
rem 2.7 (d). |
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Let A C R” be nonempty, closed and convex. For u € R" \ {0}, we consider the
sets

HA,u)={xeR": (x,u) =ha(u)}
and
Aw):=ANHA,u)={xeA:(x,u) =ha(u)}.

If h4(u) = oo, both sets are empty. If 74 (u) < oo, then H (A, u) is a hyperplane
which bounds A, but H(A, u) need not be a supporting hyperplane (see the
example in Sect. 1.4), namely if A(u) = 0. If A(u) # @, then H(A,u) is a
supporting hyperplane of A (at each pointx € A(u)) and A(u) is the corresponding
support set. We discuss now the support function of A(u). In order to simplify the
considerations, we concentrate on the case where A is compact, and hence also A (u)
is nonempty and compact for u € S"~!.

Next we provide a description of support functions of support sets of convex
bodies.

Theorem 2.9 Let K € K" andu € R" \ {0}. Then
hK(M)(x)zh/[((u;x)a XERna

that is, the support function of K (u) is given by the directional derivatives of hx at
the point u.

Proof First, we show that hig,)(x) < A’ (u;x) forx € R". For y € K(u) and
v € R", we have

(y,v) = hg(v),

since y € K, with equality for v = u. In particular, for v := u + tx, x € R"” and
t > 0, we thus get

(y,u) +t(y, x) < hg(u +tx),

and hence

hgw +tx) —hg(u)
(v, x) < . :

For ¢ N\ 0, we obtain

(v, x) < hlg(u; x).



2.3 The Support Function 67

Since this holds for all y € K (1), we arrive at
hiy () < g @u: x). (2.5)

Now we prove that hg ) (x) > h’K (u; x) for x € R". From the subadditivity of
hg we obtain, for ¢t > 0,

h —h h
kW +1tx) — hg(u) < KEM) — he (o),

t
and thus

Ry %) < hig (x).

This shows that the function x + h', (u; x) is finite. As we have mentioned in the
last section, it is also convex and positively homogeneous. In fact,

hg W+ tx +12) — hg(u)

W (u; =1
ix +2) = lim ,

o hg (5 +1tx) —hg(3) + lim hg (5 +1tz) —hg(3)

<1

t\0 t t\0 t

. hx(u42tx) — hg(u) . hx(u+2tz) —hg(u)
< lim + lim

N0 2t N0 2t

= hl (u; x) + hy (u; 2)

and

h t —h
W (s o) =}i\1‘1(1) x(u+ ot;C) k(W) — ah (s %),

for x, z € R" and o > 0. By Corollary 2.2, there exists an L € X" with
hp(x) = hg(u;x), xe€R"
For y € L, we have
(v, x) < hig(u; x) < hg(x), xeR",

hence y € K. Furthermore, the definition of the directional derivative and the
positive homogeneity of support functions imply that

(y,u) < hy(u;u) = hg(u)
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and

(v, —u) < hg (us —u) = —hg (),

from which we obtain

(y’ I/l> = /’ZK(M),

andthusy € KN H(K,u) = K(u). It follows that L C K (1), and therefore (again
by Theorem 2.7)

Py (u; x) = hp(x) < hgu)(x). (2.6)

Combining the inequalities (2.5) and (2.6), we obtain the assertion. |

Remark 2.19 As a consequence, we obtain that K (u) consists of one point if and
only if i’ (u; -) is linear. In this case, the unique boundary point of K with exterior
unit normal u is grad hg(u) =: Vhg(u). In view of Exercise 2.2.6, the latter is
equivalent to the differentiability of 4 at u. If all the support sets K (u), u € S"~!,
of a nonempty, compact convex set K consist of points, the boundary bd K does not
contain any segments. Such sets K are called strictly convex. Hence, K is strictly
convex if and only if A g is differentiable on R" \ {0}.

We finally consider the support functions of polytopes. A set § = C C R" is
called a convex cone if «C C C for @ > 0 and if C is convex. Hence, C is closed
under nonnegative combinations of vectors in C.

We call a (positively homogeneous) function 2 on R” piecewise linear if there
are finitely many convex cones Ay, ..., A, C R" such that R" = U;"zl Ajand h is
linearon A;,i =1, ..., m.

Theorem 2.10 Let K € K". Then K is a polytope if and only if hx is piecewise
linear.

Proof The convex body K is a polytope if and only if
K = conv{xy, ..., xt},
for some x1, ..., xx € R". In view of Theorem 2.7, the latter is equivalent to

hg = max (x;,-),
i=1,...k

i=l1,...,

which holds if and only if A is piecewise linear.
In fact, if h g has the above form, we define

Aj={xeR": ‘n}axk(xj,x) = (xj,x)}, i=1,... k.
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It is easy to check that A; is a closed convex cone, and clearly hx = (x;, -) is linear
on A;. Thus hg is piecewise linear.

Conversely, suppose that hg is linear on the convex cones Ay, ..., Ay which
cover R". Then we may assume that A; is closed, since we can replace A; by cl A;,
which is still a convex cone, and use that ~x remains linear on cl A;. Moreover,
we can assume that all closed convex cones Aj, ..., Ax have interior points, since
lower-dimensional closed sets A; can be omitted (if a point xg € R” lies only in
lower-dimensional closed convex cones, then there is a point in a neighbourhood
of xo which is not covered by the union of all cones, a contradiction). Then, for
i =1,...,k there is some (uniquely determined) x; € R" such that (x;, -) = hg on
A;. This already implies that

max{(x;,-):i=1,...,k} > hg.
For the reverse inequality, let x € R". Fori € {l,...,k}, we can choose z €

int(A;) \ {x}. Then there are y € A; and A € (0, 1) such that z = Ax + (1 — A)y.
Hence,

(xi,z) =hg (@) =hg(Ax + (1 =21)y)
< Mg (x) 4+ 1 =Vhg(y) = rhg(x) + 1 = 1) (x;, y),

and thus (x;, x) < hg(x). Since this holds fori =1, ..., k, we get
max{{x;,x):i=1,...,k} <hg(x)
for x € R". This finally yields that hx = max{(x;,-) :i =1,...,k}. |

Exercises and Supplements for Sect. 2.3

1."Let f : R" — R be positively homogeneous and twice continuously partially
differentiable on R” \ {0}. Show that there are K, L € K" such that

f=hx —hy.

Hint: Use Exercise 2.2.4 (b).
2. Let K € K" with 0 € int K, and let K° be the polar of K (see Exercise 1.1.14).
Show that

(a) K°is compact and convex with 0 € int K°,

(b) K% = (K°)° =K,

(c) K is apolytope if and only if K° is a polytope,
(d) hg =dk-.
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3. Let K € K" with 0 € int K. Then the radial function of K is defined by

p(K,x):=pg(x) :=max{A >0:Aix € K}, xeR"\{0}.

Show that p(K, x) = h(K°, x)~! for x € R" \ {0}. See Exercise 1.1.14 for the
definition of the polar body K °.

4. Let f : R" — R be sublinear. Then there is a uniquely determined K € K"

satisfying f = h(K, -). Prove the existence of K by using Helly’s theorem.

5"Let K C R" be a compact set, and for k € Nlet f; : R" — R be a convex

function. Assume that for x € R” the limit f(x) := limg_ oo fk(x) exists.
Prove the following assertions.

(a) f:R"* — Risaconvex function.
(b) There is a constant M € R such that | fy(x)| < M forx € K and k € N.
(c) The sequence ( fx)xeN converges uniformly on K to f.

6. Let K, L € K" and let C > 0 be a constant such that K, L C B"(0, C). Show

that

(a) hg is Lipschitz continuous with
lhg (x) —hg M| = Cllx = yll, x,yeR"
(b)
lhg () = he ()| < Cllu = || + kg — hell, u,veS",

where || f| := sup{| f ()| : u € S""'} for a function f : "' — R.

7. Let0 <r < R < o0, K,L € K" with B"(0,r) ¢ K,L C B"(0, R) and

u,v € "1, Prove that

R R?
lp(K,u) — p(L,v)| < . lhg —hrll + . lu —vll.

8. Let K € K" withint K # ( and

I(K,u) :=sup{lx —yll :x,ye K,x —y € Ru}, ueS" L

Prove the following assertions.

(a) The supremum in the definition of /(K, u#) is a maximum. (This is the
maximal length of a segment in K having direction u.)

(b) I(K,u) = p(K — K, u) foru e S*1.

(c) min{l/(K,u) :u € "'} = min{h(K, u) + h(K, —u) :u € S"1}.
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11.

12.
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Determine the support functions of the following convex bodies (cube and
cross-polytope).

(@) Ki:={(x1,....,x)) €R":|xj| <rfori=1,...,n},r>0.
(b) Ky :={(x1.....x)) " €R":|xi[+ -+ [xu] <r},r > 0.

Let K1, K» C R”" be convex bodies. Determine the support function of the
convex body

conv(K; U K»).
Suppose in addition that K; N K> # . Prove that the function
g(u) == inf{h(Ky,u1) + h(Kz,uz) :uy +up =u}, uelR”,

is sublinear. In fact, g is the support function of K1 N K>.
Let f, g : R" — R be convex functions, and let x € R". Show that

I(f + &) (x) =df(x) + 9g(x).

Hints to the literature: Analytic aspects of convexity and convex functions are
the subject of [37, 45, 55, 56, 65, 76, 87]. There exists a vast literature on
optimization related to convexity. In this respect, we mention only the classical
text [89].
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The classical Steiner formula states that for a convex body K € K" the volume
Vu(K + oB") of the parallel set K + oB" (see Fig.3.1 for an illustration), for
0 >0, is a polynomial in 0 > 0 whose coefficients (if suitably normalized) are
the intrinsic volumes (or Minkowski functionals) Vo(K), ..., V,(K) evaluated at
the given convex body K. Among these functionals are the volume V, and the
surface area V,,_1 (up to a constant factor), but also less known functionals such
as the mean width (which is proportional to V1) and the Euler characteristic Vj.
The intrinsic volumes are continuous, additive and motion invariant functionals on
convex bodies. In Chap. 5 we shall see that these properties characterize the intrinsic
volumes. In addition, the intrinsic volumes are subject to various inequalities, of
which the celebrated isoperimetric inequality is a particular example.

The Steiner formula is a special case of a much more general polynomial
expansion available for the volume of Minkowski combinations of convex bodies.
The coefficient functionals arising from such an expansion are the mixed volumes of
convex bodies, which provide a far-reaching generalization of the intrinsic volumes.
It is a main goal of this chapter to introduce the mixed volume, which is a functional
on n-tuples of convex bodies in R". Mixed volumes of convex bodies satisfy deep
geometric inequalities and can be localized by the introduction of mixed area
measures. The latter will be studied in detail in Chap. 4.

3.1 The Space of Convex Bodies

In the following, we mostly concentrate on convex bodies (nonempty compact
convex sets) K in R” and first discuss the space K" of convex bodies, which we
endow with a metric and hence a topology. We emphasize that we do not require
that a convex body has interior points; hence lower-dimensional bodies are included
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Fig. 3.1 Illustration of the
parallel set of a polygon and
its polynomial area growth
(Steiner’s formula in the
plane)

in K. The set K" is closed under Minkowski addition, that is, we have
K. LeK'" = K+LeK",

and multiplication by nonnegative scalars,
KeK'a>0 = aK € K".

In fact, we even have « K € K" for all @ € R, since the reflection —K of a convex
body K is again a convex body. Thus, K" is a convex cone and the question arises
whether we can embed this cone into a suitable vector space. Since (K", +) is a
(commutative) semi-group, the problem reduces to the question of whether this
semi-group can be embedded into a group. A simple algebraic criterion (which
is necessary and sufficient) is that the cancellation rule must be valid. Although
this can be checked directly for convex bodies (see Exercise 3.1.3), we use now
the support function for a direct embedding, which has a number of additional
advantages.

For this purpose, we consider the support function g of a convex body as a
function on the unit sphere S"~! (because of the positive homogeneity of g, the
values on S"~! determine hgx completely). Let C(S*~') be the vector space of
continuous functions on $"~!. This is a Banach space with respect to the maximum
norm

I/ = max |f@)l, feCE"h.
ueSn—1
We call a function f : "' — R convex if the homogeneous extension

oo U (3) 50
0, x =0,

is convex on R”. Let " be the set of all convex functions on S"~!. By Theorem 2.5
and Remark 2.7, H" is a convex cone in C(S"*~!).
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Theorem 3.1 The mapping
T:K"—>H"' K hg,

is (positively) linear on K" and maps the convex cone K" one-to-one onto the
convex cone H". Moreover, T is compatible with the inclusion order on K" and
the pointwise order < on H".

In particular, T embeds the (ordered) convex cone K" into the (ordered) vector
space C(S"1).

Proof The positive linearity of T follows from Theorem 2.7 (e) and the injectivity
from Theorem 2.7 (b). The fact that T (K") = H" is a consequence of Theorem 2.8.
The compatibility with respect to the orders on K" and H", respectively, follows
from Theorem 2.7 (¢). O

Remark 3.1 Positive linearity of T on the convex cone K" means that
T@K + BL) =aT(K)+ BT(L)

for K,L € K" and , 8 > 0. In this case, positive linearity does not extend to
negative «, B, in particular not to difference bodies K — L = K + (—L). One reason
is that the function 2g — Ay is in general not convex, but even if it is, which means
that

hg —hp =hpy,

for some M € K", then the body M is in general different from the difference body
K — L. We write K © L := M and call this body the Minkowski difference of K
and L. While the difference body K — L exists for all K, L € K", the Minkowski
difference K © L exists only in special cases, namely if K can be decomposed as
K=M+L (then M =KSL).

With respect to the norm topology provided by the maximum norm in C(S"~1),
the cone H" is closed (see Exercise 3.1.11 for a more general statement). Our next
goal is to define a natural metric on X such that 7 becomes even an isometry. Thus
we obtain an isometric embedding of K into the Banach space C(S"!).

Definition 3.1 For K, L € K", let
d(K,L):=inf{e >0: K C L+ B"(s),L C K + B"(¢)}.

It is easy to see that the infimum is attained, hence it is in fact a minimum
(see Exercise 3.1.1). The Euclidean metric on R” is also denoted by d. Since the
arguments K, L € K" of d(K, L) in the preceding definition are convex bodies,
hence subsets of R", there is no danger of confusing this quantity with the metric of
the underlying space.
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Theorem 3.2 For K, L € K", we have
d(K,L) = |lhg —hll.
Therefore, d is a metric on K" and
d(K+M,L+M)=d(K,L),

forK,L,M € K".

Proof From Theorem 2.7 we obtain
K CL+B"¢) &= hg <hp +¢chpn
and
LCK+ B"'¢) < hp <hg +c¢chpn.
Since hgr = 1 on "L, this implies that
KCL+B"(e),LCK+B"(e) < |lhg —hr| <e,

and the assertions follow. O

In an arbitrary metric space (X, dp), the class C(X) of nonempty compact subsets
of X can be endowed with the Hausdorff metric d which is defined by

d(A, B) := max{maxdo(x, B), maxdo(y, A)}
X€A yeB

for A, B € C(X), where we have used the abbreviation

do(u, C) = migdo(u, v), uelX,CelX).
ve

The minimal and maximal values exist due to the compactness of the sets and the
continuity of the metric.

We now show that on K" C C(R"), the Hausdorff metric d coincides with the
metric d introduced in Definition 3.1.

Theorem 3.3 If K, L € K", then
d(K,L)=d(K,L).
Proof We have

d(K,L) =max{infle >0: K C L+ B"(¢)},infle >0: L C K + B"(¢)}}.
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Recall that d : R” x R" — [0, co) denotes the Euclidean metric. Then we have

KCL+B"(¢) < dkx,L)<e forxeK

< maxd(x, L) <e,
xek

and hence

infle >0: K C L+ B"(¢e)} = mal?d(x, L),
xXe

which yields the assertion. O

The preceding results can be summarized by saying that a sequence of convex
bodies (K ;) jen converges to Ko € K" in the metric space (K", d), that is, with
respect to the Hausdorff metric, if and only if the sequence of support functions
(hk;)jen converges uniformly to the support function of Ko on S"~1. The latter in
turn is equivalent to the pointwise convergence of the support functions, as shown
in Exercise 2.3.6.

We now come to an important topological property of the metric space (K", d)
which states that every bounded subset M C K" is relatively compact. Clearly,
also in the metric space (R", d) every bounded subset is relatively compact, but this
property is not available in general metric spaces.

In (K", d), a subset M C K" is bounded, if there exists a ¢ > 0 such that

d(K,L)<c forK,L e M.
This is equivalent to
K c B"(¢') forK e M,

for some constant ¢’ > 0. Here we can replace the ball B"(¢’) by any compact
set, in particular by a cube W C R". The subset M is relatively compact if every
sequence K1, K>, ... with K € M has a convergent subsequence (note that in
metric spaces, sequential compactness and compactness are equivalent). Therefore,
the mentioned topological property is a consequence of Theorem 3.4.

It is a crucial step in the proof of Theorem 3.4 to show that the metric space
(K", d) is complete, that is, Cauchy sequences are convergent. We extract this part
of the argument as a lemma, since it is of independent interest.

Lemma 3.1 Cauchy sequences in (K", d) are convergent.
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Proof Suppose that (K )ien is a Cauchy sequence, that is, for each ¢ > 0 there is
some m = m(e) € N such that

d(Ky, K;) <e fork,l >m. 3.1
Consider
Ky := clconv(Ky U Kit1U---)e K"

and

o0
Ko := ﬂ Ek e K"
k=1

We claim that K; — Ko ask — 0. _ ~
First, by construction we have Ky € K" and Kx4+1 C Ky for k € N. Therefore,
Ko # 0, and hence indeed Ko € K".
For ¢ > 0, the Cauchy property (3.1) implies that there is some m = m(¢) € N
such that
K, C Ky + B*(¢e) fork,l >m,
therefore
K, C Kp + B"(¢) fork,r >m,
and thus in particular
Ko C K + B"(e) fork > m.
Next we show that for each ¢ > 0, there exists an m’ = m'(¢) € N such that
Ky C Ko+ B"(¢) fork >m'.
To verify this, assume on the contrary that (for some ¢ > 0)
K¢ ¢ Ko+ B"(¢) for infinitely many k € N.

Then

Ky, N [W \ int(Ko + B" (¢))] # ¥
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for a subsequence (k;);cn in N. Since I?ki and W \ int(Ko + B"(¢)) are compact,
this implies that

9 # ()(Ke NIW \ int(Ko + B"(e))]) = Ko N [W \ int(Ko + B"(¢))] = ¥,

=Y

I
—

1

a contradigtion.
Since Ky C Ko + B"(e) implies that K C Ko + B"(¢), we finally obtain that
d (Ko, Ki) < & for k > max{m, m'}. This proves the lemma. m]

Now we show that the metric space (K", d) is sequentially compact.

Theorem 3.4 (Blaschke’s Selection Theorem) FEvery bounded sequence in the
metric space (K", d) has a convergent subsequence with limit in K".

Proof Let (K;);jen be a given bounded sequence in K. By repeated selection
of subsequences and a subsequent choice of a diagonal sequence, we construct a
subsequence of (K ;) jeny which is a Cauchy sequence. Then the proof is completed
by an application of Lemma 3.1.

W.lo.g. we may assume that K; C W, j € N, and W is the unit cube. For each
i € N, we divide W into 2/ closed subcubes of edge length 27/, For K € K", let
W; (K) be the union of all subcubes of the ith dissection of W which intersect K .

Since for fixed i € N there are only finitely many different sets W; (K ;), j € N,

there s a subsequence (K/('l))jeN of (K ) jen such that
Wi KDy = wik{Py =
Then there is a subsequence (KJ(‘Z))jeN of (K](-l))jeN such that
Wa(K?) = Wa(k Py = -+ .

This can be iterated (fori > 2) and leads to a subsequence (K/(.i))jeN of (K/(.';l))jeN
such that

Wi(K(™) = Wikj) = -
Letk,/ € Nandi € N. Since

d(x, K"y = min ||x —y| < /n27" forx e K,
yEKl(l)

we have

Ak KDy < Jn2™ fork,leN, ieN.
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By the subsequence property, we deduce
Ak, kDY < /n27" fork,leN, jieN, j>i.
In particular, the ‘diagonal sequence’ K ,Ek), k € N, satisfies
dkP, kD) < yn2t fork,l €N, k>1.

Hence (K,Ek))keN is a Cauchy sequence in (K", d).
An application of Lemma 3.1 completes the proof. O

Remark 3.2 1t is clear that Theorem 3.4 implies that (K", d) is a complete metric
space, which is just the assertion of Lemma 3.1.

Remark 3.3 Blaschke’s selection theorem can also be proved by using support
functions and the Arzeld—Ascoli theorem for continuous functions on the unit
sphere. In fact, if (Ky)ien is a bounded sequence of convex bodies in R”, then
the sequence of support functions h; = hg,, i € N, is pointwise bounded and the
sequence is equicontinuous on "~ (see Exercise 2.3.6). Hence the sequence has a
convergent subsequence (with respect to the sup norm). The limit function is again
positively homogenous and convex, hence the support function of a convex body
K. It follows that the convex bodies corresponding to the subsequence converge
to K.

The topology on K" given by the Hausdorff metric allows us to introduce and
study geometric functionals on convex bodies by first defining them for a special
subclass, for example the class P" of polytopes. Such a program requires that
the geometric functionals under consideration have a continuity or monotonicity
property and also that the class P" of polytopes is dense in K. We now discuss the
latter aspect. Geometric functionals will then be investigated in the next section.

Theorem 3.5 Let K € K" and ¢ > 0.

(a) There exists a polytope P € P" with P C K andd(K, P) < e.
(b) There exists a polytope P € P" with K C P andd(K, P) < e.
(¢) If 0 € relintK, then there exists a convex polytope P € P" which satisfies
PCKcCc(+eP.
There is even a convex polytope P € P" with P C relintK and which
satisfies K C relint((1 + &) P).

Proof Let K € K" and ¢ > 0 be fixed.

(a) The family {int B"(x,¢) : x € bd K} is an open covering of the compact set
bd K. Therefore there exist x1, ..., x,; € bd K with

m
bd K C | Jint B" (xi. e).

i=1
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Defining
P :=conv{xy, ..., xy},
we obtain
PCK and bdK C P+ B"(s).

The latter implies that K C P + B"(e) and therefore d(K, P) < ¢.
Foreachu € "', H(K,u) = {x € R" : (x,u) = hg(u)} is the supporting
hyperplane of K (in direction u) and

H™(K,u) :={x e R": (x,u) < hg(u)}
is a halfspace bounded by H (K, u) which contains K. Then

AK,u) :={x e R": (x,u) > hx (u)}

is the complement of H~ (K, u). The family {A(K,u) : u € S"'} is an open
covering of the compact set bd(K + B"(¢)). In fact, for y € bd(K + B"(g)) we
have y ¢ K, and hence y can be separated from K by a supporting hyperplane

H(K,u) of K such that y € A(K, u). Therefore there exist uy, ..., u, € sr—1
with

m
bd(K + B"(e)) C | J A(K, uy).
i=1
We define a polyhedral set by
m m
Pi=(®R"\ AK,u)) = H (K. up).
i=1 i=1

and hence
m
KCcP and R"\P= UA(K,ui).
i=1

Finally, we claim that

P C K + B"(¢).
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In fact, if there is some x € P \ (K + B"(¢)), we choose any p € K C P and
then find some

g € [x, pNbd(K + B"(e)) C PN | JAKK,u) = PN (R"\ P) =,

i=1

a contradiction. In particular, the polyhedral set P is bounded and hence a
polytope. Thus we conclude that d(K, P) < e.

(c) W.lo.g. we may assume that dim K = n, hence 0 € int K. If we copy the proof
of (b) with B"(¢) = ¢ B" replaced by ¢ K, we obtain a polytope P’ with

K c P c(l+9)K.
The polytope P := 1<1r . P’ then satisfies 0 € int P and
PCKc(+eP.

In particular, we get a polytope P with O € int P and

PCKC<1+;)P.

We choose P := 8P with0 < § < 1. Then
P CintP CintK.

If § is close to 1, such that (1 + ;)é <1+ ¢, then

1~ ~
K C (1 n ;) S P cin(1+)P),
which completes the proof.

O

Remark 3.4 Theorem 3.5 shows that cIP" = K". The metric space K" is also
separable, since there is a countable dense set P" of polytopes. To see this, observe
that a given polytope can be approximated by polytopes having vertices with rational
coordinates.

Remark 3.5 The polytope P which was constructed in the course of the proof of
Theorem 3.5 (a) has its vertices on bd K . If we use the open covering {int B" (x, ¢) :
x € relint K} of K instead, we obtain a polytope P with d(K, P) < ¢ and P C
relint K.

Remark 3.6 There is also a simultaneous proof of Theorem 3.5 (b) and the first part
of Theorem 3.5 (c), which uses Theorem 3.5 (a). Namely, assuming dim K = n and
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0 € int K, the body K contains a ball B"(«), @ > 0. For given ¢ € (0, 1), by (a)
there is some P € P", P C K, such that d(K, P) < ae/2. Note that P depends on
¢ and . Hence

ae € _
hp(u) > hg(u) — ) Za(1—2)>0, uesS1

and therefore (1 — ¢/2) B" C P. This shows that

Peckcpr+pcps® U p_ (14 2 Ypcater
2 2 a(l—e/2) 1—¢/2 ‘

Hence we obtain (c) and also get

lha+eyp —hill < ellhpll < elhkll.

To deduce (b), we may assume that 0 € int K. Let ¢ € (0, 1) be given. Define
g :=¢/(1 + |lhk|) € (0, 1). Then by what we have already shown there exists a
polytope P’ such thatO € int P', P C K C (1 +¢')P’ and

Ihqenp —hll < €llhgll < e.

Thus the polytope (1 + &") P’ satisfies all requirements.

Exercises and Supplements for Sect. 3.1

1. For K, L € K" show that
d(K,L)=min{e >0: K C L+ B"(s),L C K+ B"(¢)},

that is, the infimum in the definition of d(K, L) is attained.

2. Let K7 denote the set of all K € K" for which there is some point ¢ € R"
such that K — ¢ = —(K — ¢). Show that for each K € K7 such a point c is
uniquely determined. It is denoted by c¢(K) and called the centre of symmetry
of K. Show that the map ¢ : K — R" is continuous.

3. Let K, L, M € K". Show thatif K + L C M + L, then K C M (generalized
cancellation rule). Can you avoid the use of support functions?

More generally, let A, B, C be sets in R". Suppose that A is nonempty and
bounded, that C is closed and convex, and that A + B C A + C. Show that then
B ccC.

4. Let K,L,M € K". Letu € S"!. Show that K (u) + M(u) = (K + M)(u).

Can you avoid the use of support functions?
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5. Let (K;);en be a sequence in K" and K € K". Show that K; — K (in the

Hausdorff metric) if and only if the following two conditions are satisfied:

(a) Every x € K is a limit point of a suitable sequence (x;);cny With x; € K;
fori € N.

(b) For each sequence (x;);ecny With x; € K;, for i € N, every accumulation
point lies in K.

6. Let K;, K € K", i € N. Then the following statements are equivalent.

(i) U CcR"isopenand K NU # @, then K; N U # @ for almost all i € N.
(i1)) For x € K, there are x; € K;, i € N, such that x; — x asi — oo.

7. Let K;, K € K",i € N. Suppose that int K # ¢J. Then the following statements

(a), (b), and (c) are equivalent.

(a) Ki > K asi — oo.
(b) (i) If x € int K, then x € int K; for almost all i € N,
(i) If I ¢ Nwith |I| = o00,x; € K; fori € I, and x; — x,asi — o0,
thenx € K.
(c) () Ifx €intK, then x € K; foralmostalli € N,
@) If I Cc Nwith |I| = 00, x; € K; fori € I, and x; — x,asi — 00,
thenx € K.

8.*(a) Let K,M € K" be convex bodies, which cannot be separated by a

hyperplane (i.e., there is no hyperplane {f = «} with K C {f < «}
and M C {f > «}). Further, let (K;);cn and (M;);cn be sequences in K.
Show that

Ki— K Mi—>M—K,N"NM; > KNM.

(b) Let K € K" be a convex body, and let E C R”" be an affine subspace with
E Nint K # @. Further, let (K;);en be a sequence in . Show that

Ki—- K= ENK; - ENK.

Hint: Use Exercise 3.1.5.

9. Let K C R" be compact. Show that:

(a) There is a unique Euclidean ball B.(K) of smallest diameter with K C
B.(K) (which is called the circumball of K). The map K + B.(K) is
continuous.

(b) Ifint K # @, then there exists a Euclidean ball B; (K) of maximal diameter
with B;(K) C K (which is called an inball of K). In general, inballs of
convex bodies are not uniquely determined.

10. A body K € K" is strictly convex, if it does not contain any segments in the

boundary.
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(a) Show that the set of all strictly convex bodies in R" is a G-set in K", that
is, an intersection of countably many open sets in K".
(b) Show that the set of all strictly convex bodies in R” is dense in K.

11. Let (K;)ien be a sequence in K" for which the support functions hg, (u)
converge to the values /() of a function 4 : S" ! - R, foreachu € " .
Show that & is the support function of a convex body and that hg, — h
uniformly on §"~!,

12. Let P be a convex polygon in R? with int P # ). Show that:

(a) Thereis a polygon P; and a triangle (or a segment) A with P = P; + A.

(b) P has arepresentation P = Ay + - - - + Ay, with triangles (segments) A ;
which are pairwise not homothetic.

(c) P isatriangleif and only if m = 1.

13. Abody K € K",n > 2, is indecomposable if K = M + L implies that
M = aK +x and L = BK + y, for some o, 8 > 0 and x,y € R”. Show
that:

(a) If P € K" is a polytope and all 2-faces of P are triangles, then P is
indecomposable.

(b) For n > 3, the set of indecomposable convex bodies is a dense Gs-set in
K.

14. Let 7" be the set of convex bodies K € K" which are strictly convex and
indecomposable. Let n > 3. Show that Z" is dense in K.
It seems to be an open problem to explicitly construct an element of Z".

15.” (Simultaneous approximation of convex sets, their unions and nonempty inter-

sections) Let K, ..., K,, € K" be convex bodies such that K := K;U---UK,,
is convex. Let ¢ > 0. Then there are polytopes Pj,..., P, € P" with
Ki C P, CKi+¢eB"fori =1,...,mand suchthat P := Py U---U P, is
convex.

16. Let K € K" with dim K = n. Suppose that H(u, 1) = {x € R" : (x,u) = t},
u € R"\ {0} and ¢ € R, is a supporting hyperplane of K with K C H™ (u, t).
Show that

lim(Hu,s)NK) = K N Hu,1),
st

where the convergence is with respect to the Hausdorff metric.

17. Let K € K?. A convex body M is called a rotation average of K if there is
some m € N and there are proper rotations pi, ..., om € SO(2) such that
M = ;l (p1K + - - -+ pm K). Show that there is a sequence of rotation averages
of K which converges to a two-dimensional ball (a disc) (which might be a
point).
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3.2 Volume and Surface Area

The volume of a convex body K € K" can be defined as the Lebesgue measure
An(K) of K. However, the convexity of K implies that the volume also exists in an
elementary sense and, moreover, that also the surface area of K exists. Therefore,
we now introduce both notions in an elementary way, first for polytopes and then
for arbitrary convex bodies by approximation.

Since we shall use a recursive definition with respect to the dimension n, we
first remark that the support set K (u), u € S"!, of a convex body K lies in
a hyperplane parallel to u™ (the orthogonal complement of u). Therefore, the
orthogonal projection K (u)|ut of K to ut is a translate of K (1), and we can
consider K (u)|u" as a convex body in R”~! if we identify u* with R"~!. Assuming
that the volume is already defined in (n — 1)-dimensional linear subspaces, we then
denote by VO=D(K (u)|ut) the (n — 1)-dimensional volume of this projection. In
principle, the identification of x> with R"~! requires that an orthonormal basis in
u™ is given. However, it will be apparent that the quantities we define depend only
on the Euclidean metric in ", hence they are independent of the choice of a basis.

Definition 3.2 Let P € P" be a polytope.
If n =1, then P = [a, b] with a < b and we define

vihPy:=b—a and FD(P):=2.

Forn > 2, let

1
}:hﬂmv@*%Pmnwh,ifmmpzn—q,
Ve =15

0, if dmP <n-—2,
and

E:VW”RPwnwm if dimP >n—1,
FOPy: =1
0, if dimP <n —2,

where the summation (x) is over all u € $"~! for which P (u) is a facet of P; here,
in R", by a facet we mean a face (= support set) of dimension n — 1. In R", we
shortly write V (P) for V™ (P) and call this the volume of P. Similarly, we write
F(P) instead of F (P) and call this the surface area of P.

For dim P = n — 1, there are two support sets of P which are facets, namely
P = P(up) and P = P(—uq), where ug is a normal vector to P. Since then
VD (Pup)lug) = VOV (P(—uo)lug) and hp(ug) = —hp(—ug), we obtain
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V(P) = 0, which coincides with the Lebesgue measure of P. In this case, we also
have F(P) = 2V("’1)(P(u0)|ué-). For dim P < n—2, the polytope P does not have
any facets, hence V (P) = 0 and F(P) = 0 (but we already defined this explicitly).

Proposition 3.1 The volume V and surface area F of polytopes P, Q € P" have
the following properties:

(@ V(P) =1 (P),

(b) V and F are invariant with respect to rigid motions,

(¢) V(aP) =a"V(P) and F(aP) = o ' F(P) fora > 0,
(d) V(P)=0ifandonly ifdmP <n —1,

(e) if P C Q, then V(P) < V(Q)and F(P) < F(Q).

Proof (a) We proceed by induction on n. The result is clear forn = 1. Letn > 2.
We have already mentioned that VO(P) = 0 = Au(P), if dimP < n — 1.
Hence, suppose that dim P = n and P(u1),..., P(ux) are the facets of P. If
0 € int(P), then first using Definition 3.2, then the induction hypothesis and
finally basic geometry and calculus (for determining the volume of the pyramid
conv({0} U P(u;))), we get

1 k
VOP =y he VD (P lup)

i=1

1< N
D e i (P (i)l )

i=1

k
Y kaconv({0} U P(uy)))

i=1
= My (P), (3.2)

where we also used that any two of the convex hulls in the final sum intersect in
a set of A,-measure zero. We still assume that 0 € int(P). If t € R” and ||¢]| is
small enough, then —¢ € int P, hence 0 € int(P + t). Using (3.2), the translation
invariance of X,, and again (3.2), we obtain

V(P 41) = M (P +1) = 2(P) = VD (P). (3.3)

For any t € R”, we have hpy;(u;) = hp(u;) + (t,u;). Using that (P + 1)(u;) =
P(u;) + t and again the induction hypothesis, we get

VO (P + D uplui) = VOV (P u).
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Hence,

k
vOe =" > (hpui) + (6w VOV (P i) i)
n i=1

1 k
() .y (n—1) Ny
V¥(P) + " <t, E u; vV (P(u,)lu,)>. (3.4)

i=1

Since V™ (P + 1) = VW (P) if ||z]| is small enough, it follows that

k
> u VD (P i) u) = 0. (3.5)
i=1

But now (3.4) shows that V@ (P) = V(P 4 1) for all + € R”, and first for a
polytope P with O € int(P), but then clearly for any full-dimensional polytope.

Now let P € P" be n-dimensional. Then there is some #y € R” such that 0 €
int(P + ty), and hence

VO (P) = V(P +10) = hn(P +10) = dn(P),

which proves (a), and also the translation invariance of V.

The assertions (b), (c), (d) and the first part of (e) now follow directly from (a)
(and the corresponding properties of the Lebesgue measure).

It remains to show F(P) < F(Q) for polytopes P C Q. We may assume that
dim Q = n. Again we denote the facets of P by P(u1), ..., P(uy). We make use
of the inequality (a generalization of the triangle inequality),

VO P@t) < 3V P@p). i=1 ke (G6)
J#

To see this, we rewrite (3.5) in the form

wi VO Pty ==Y uivVO V(P w))lu)).
i

Taking the norm of both sides and using the triangle inequality on the right-hand
side, we obtain the requested estimate, since ||u || = 1.
The estimate (3.6) implies that

F(QNH) < F(Q),

for any closed halfspace H C R". Since P C Q is a finite intersection of halfspaces,
we obtain F(P) < F(Q) by successive truncation. |
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Remark 3.7 In the proof of Proposition 3.1 (a), we first considered P such that
0 € int P. Alternatively, we can take into account signed volumes and proceed as
follows. By Definition 3.2, we have

k
V(P) = i D hp ) VOO P ) uh).

i=1

By the induction hypothesis, V("_l)(P(ui)luf-) equals the (n — 1)-dimensional
Lebesgue measure (in ul.l) of P(ui)lul.l. We can assume without loss of generality
that Ap(uy),...,hp(uy) > 0and hp(Umy1), ..., hp(ug) < 0, and consider the
pyramid-shaped polytopes P; := conv(P (u;) U {0}) fori =1, ...k. Then

1 _ .
V(P) = nhp<u,»>v<” DPupluty, i=1,...,m,

and
1 (n—1) L -
V(P)=— hpu)V (P(ui)lu;), i=m+1,... k.
n
Hence,
m k m k
V(PY=) V(P)— D V(P)=) da(P)— Y *n(P)=1n(P).
i=1 i=m+1 i=1 i=m+1

Here, we have used that the Lebesgue measure of the pyramid parts outside P cancel
out, and the pyramid parts inside P yield a dissection of P (into sets with disjoint
interiors).

Remark 3.8 For another proof of (3.6), we can project P(u ), j # i, orthogonally
onto the hyperplane ull The projections then cover P (u;)|u f Since the projection
does not increase the (n — 1)-dimensional Lebesgue measure, (3.6) follows.

Remark 3.9 We can now simplify our formulas for the volume V(P) and the
surface area F'(P) of a polytope P. First, since we have shown that our elementary
definition of volume equals the Lebesgue measure and is thus translation invariant,
we do not need the orthogonal projection of the facets anymore. Second, since
Ve=D(P(u)) = 0, for dim P(u) < n — 2, we can sum over all u € S"~!. If
we write, in addition, v instead of V®~1_ we obtain

1
VP = 7 hpv(P@)

ueSt—1
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and

F(P)= > wv(P)).

ueSt—1

Definition 3.3 For a convex body K € K", we define

Vi(K) = inf V(P), V_(K):= sup V(P),
C

and

Fi(K):= I}g% F(P), F_(K):= ;UII)( F(P),
c

where P € P". If V. (K) = V_(K) =: V(K), we call this value the volume of K.
Moreover, if F4(K) = F_(K) =: F(K), we call this value the surface area of K.

The following result shows that volume and surface area of general convex bodies
exist and summarizes important properties of these functionals.

Theorem 3.6 Let K, L € K".
(@) Then

Vi(K) =V_(K)=V(K)
and
Fi(K)=F_(K)= F(K).

(b) Volume and surface area have the following properties:
(b1)  V(K) = A (K),
(b2) V and F are invariant with respect to rigid motions,
(b3) V(@K)=a"V(K)and F(aK) =" 'F(K) fora > 0,
(bd) V(K)=0ifandonlyifdimK <n —1,
(bS) fKCL, thenV(K)<V(L)and F(K) < F(L),
(b6) K +— V(K) is continuous.

Proof (a) We first remark that for a polytope P the monotonicity of V and F' (which
was proved in Proposition 3.1 (e)) shows that V*(P) = V(P) = V~(P) and
FT(P) = F(P) = F~(P). In particular, the new definition of V (P) and F(P) is
consistent with the preliminary definition.
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For an arbitrary convex body K € K", we get from Proposition 3.1 (e)
V_(K) = Vi(K) and F_(K) = Fi(K),

and by Proposition 3.1 (b), V_(K), V4 (K), F_(K) and F;(K) are motion invari-
ant. After a suitable translation, we may therefore assume that O € relint K. For
¢ € (0, 1), we then use Theorem 3.5 (c) and find a polytope P (depending on ¢)
with P C K C (1 + ¢) P. From Proposition 3.1 (c), we get

V(P) < V_(K)<Vi(K) < V(1 +e)P)=(1+¢)"V(P)
and
F(P) < F_(K) < Fx(K) < F(1+&)P) = (1 +&)" ' F(P).

Let Q be an arbitrary polytope with K C Q, hence V(P) < V(Q) and F(P) <
F(Q). Since

(14+&)"V(P) = V(P)=[(1+&)" —1]V(P) <£2"V(Q) > 0 ase \,0,

the assertion in (a) follows for the volume functional, and in a similar way we
conclude the argument for the surface area.

(b) The assertions (b1)-(bS5) now follow directly for convex bodies K € K"
((b1) by approximation with polytopes; (b2)—(b5) by approximation with polytopes
or from the corresponding properties of Lebesgue measure).

It remains to prove (b6). Consider a convergent sequence K; — K, K;, K € K".
In view of (b2), we can assume 0 € relint K. Using again Theorem 3.5 (c), we find
a polytope P with P C relint K and K C relint((1 4+ ¢)P). If dim K = n, then
r=min{hqyepU) —hgWm) :u € "1} > 0so that K + B"(r) C (1 +¢)P.
Then K; C K + B"(r) C (1 + ¢)P fori > ip. Analogously, we can choose some
r’ > O such that P + B"(r’) C K C K; + B"(r) for i > i;. This implies that
P C K;, by the cancellation property of Minkowski addition. For i > max{ig, i1},
we therefore obtain

V(P)=V((1+e)P) <= V(Ki) = V(K) =V({(1+¢e)P)—V(P),
and hence
IV(Ki) = V(K)| < (1+&)"V(P)=V(P) <[(1+&)" = 1]V(K) = 0
ase \ 0.IfdimK = j <n — 1, hence V(K) = 0, we have

K Cint((1 +¢&)P 4 W),
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where W is a cube, centred at 0, with edge length 1 and dimension n — j, lying in
the orthogonal space (aff K)*. As above, we obtain K; C (14+¢)P+eW fori > ij.
Since

V((1+e)P+eW) <e" I (1+e)C

(where we can choose the constant C to be the j-dimensional Lebesgue measure of
K), this givesus V(K;) - 0= V(K), as ¢ \( 0. O

Remark 3.10 We shall see in the next section that the surface area F is also
continuous.

Exercises and Supplements for Sect. 3.2

1. Show that among all convex bodies in R" having a fixed diameter, there is one
having maximal volume.

2. A convex body K € K? is called a universal cover if for each L € K? with
diameter < 1 there is a rigid motion g7 of R> with L C g7 K.

(a) Show that there is a universal cover Ko with minimal area.
(b) Find the shape and the area of Kj.

3. Let K € K" with dim K = n. Show:

(a) Among all simplices containing K there is one having minimal volume.
(b) Among all simplices contained in K there is one having maximal volume.

4."Let K € K" with dim K = n. Show that there is a simplex S with centre ¢ such
that S C K C ¢ —n(S —¢).

5. If f is an affine invariant, continuous functional on convex bodies with nonempty
interiors, then f attains its extremal values.

6. Let Ky denote the set of convex bodies having nonempty interiors. Suppose that
f: ICS — [0, 00) is increasing (with respect to inclusion), translation invariant
and positively homogeneous of degree r > 0. Show that f is continuous.

7. Let R? be an infinitely large baking tray and F the shape of a symmetric cutout
cookie having centre m € R2, thatis, F — m = —F + m, which has area strictly
larger than 4. At each integer point of the tray there is a raisin (which can be
assumed to be a point). Show that if we use a translate of F to cut out a cookie
such that the centre of the cutout is 0, then the cookie contains at least three
raisins.
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3.3 Mixed Volumes

There is another common definition of the surface area of a set K C R”, which
describes the surface area as the derivative of the volume functional of the outer
parallel sets of K, in the sense that

F(K) = lim 1(V(K + B"(g)) — V(K)).
e\o &

In this section, we shall see that our notion of surface area of a convex body K
satisfies this limit relation. More generally, we shall show that V(K + B"(¢)) is a
polynomial in & > 0, which is the famous Steiner formula. In this way, we get a
whole family of important geometric functionals of which volume and surface area
are just two prominent examples. We start with an even more general problem and
investigate how the volume

V(aiKi+ -+ amKm)

for K; e K" ando; > 0,1 = 1, ..., n, depends on the variables «y, ..., o,. This
will lead us to a family of mixed functionals of convex bodies, which are called
mixed volumes.

As in Sect. 3.2, we first consider the case of polytopes. Since the recursive
representation of the volume of a polytope P was based on the support sets (facets)
of P, we now discuss how support sets behave under linear combinations and
intersections. The following lemma holds for arbitrary convex bodies with the same
proof.

Proposition3.2 Let m € N, let ay,...,qa, > 0, let Py,..., P, € P" be
polytopes, and let u, v € S"~\. Then,

@) (1 Pr+ -+ apPp)W) = ar Pr(u) + - + ap P (u),
(b) dim(a; Py + -« + o Pp) () = dim(Py + - - + Pp)(w),
©) if (P14 -+ Pp)@) N (P + -+ + Pp)(v) # 0, then

Pir+---+ PN (P +---+ Py)(v)
= (P1@) N P(v)) + -+ (Pu(u) N Pp(v)).
Proof (a) By Theorems 2.7 and 2.9, for x € R" we have
hiar Prttam P ) (¥) = Tigy py i, (85 X)
= @i hlp, (U1 X) + -+ iy, (5 )
=arhp ) (x) + - +amhp,wx)
= Doy P )+ P () (X)-

Theorem 2.7 now yields the assertion.
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(b)Let P := P+ -+ Py and P := a1 P + -+ - + ot Pp. W.Lo.g. we may
assume 0 € P;(u) fori = 1,...,m, and hence 0 € P(u). (We may even assume
0 € relint P;(u) fori = 1,...,m. By Exercise 1.3.3 (a) it then follows that 0 €
relint P («). But this is not needed.) We put

o= min o;, B:= ax o;.
i=1,....m i=1,....m

Then, 0 < o < B and (in view of (a))
aP(u) C P(u) C BPu),

that is, dim P(u) = dim P (u).

(c) Using the notation introduced above, we assume P(u) N P(v) # . Consider
x € P(u) N P(v). Since x € P, we have x = x| + --- + x;,, with x; € P;. Because
of

m

hp(u) = (eou) =) (o) <D hp ) = hp),
i=1

i=1

it follows that (x;, u) = hp,(u) and thus x; € P;(u) fori =1, ..., m. In the same
way, we obtain x; € P;(v) fori =1,...,m.

Conversely, it is clear that any x € (P1(u) N Pi1(v)) + - -+ 4+ (Pn(u) N Py (v))
satisfiesx € Pi(u) +---+ Pp(u) = P(u) andx € Pi(v) +---+ P, (v) = P(v),
by (a). |

In the proof of an important symmetry property of mixed volumes, we shall use
the following lemma.

Lemma 3.2 Let K € K", letu, v € "1 be linearly independent unit vectors, and
let w = Au + pv with some A € R and @ > 0. Then K (u) N K (v) # @ implies that
Kw)NK®w) =K u)(w).

Proof Letz € K(u) N K(v) and w = Au + pv with some A € R and i > 0. Then
z € K(u), hence (z,u) = hg(u) = hg ) (u) and

hgw(—u) = max{(x, —u) : x € K(u)} = max{—(x,u) : x € K(u)}
= max{—hK(u)(u) X € K(u)} = —hK(u)(M) = —<Z, u)

= <Z7 —M).
Therefore we have (z, Au) = hg ) (Au) for A € R. We deduce

(z, w) = (z, Au) + (2, wv) = hg)y(Au) + hg (Uv) = hg ey (Au) + g (pv)
> hg @ (At + ) = hgey(w) > (z, w),

which yields z € K (u)(w).
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Now let z € K (u)(w). There is some xo € K(u) N K(v) # @. Then {xg, u) =
hg (1) = (z,u), since z € K (u), and (xg, v) = hg (v). By the preceding argument,
xo0 € K(u)(w), and therefore

Mz, u) + pu(z, v) = (2, w) = {xo, w) = A(xo, u) + 1 (x0, V),

hence (z, v) = (xo, v) = hg (v), thatis, z € K (v).
Thus it follows that z € K (1) N K (v). |

In analogy to the recursive definition of the volume of a polytope, we now define
the mixed volume of polytopes. Again, we use projections of the support sets (faces)
in order to make the definition rigorous. After we have shown translation invariance
of the functionals, the corresponding formulas simplify.

For polytopes Py, ..., Py € P",let N(Py, ..., Py) denote the set of all facet unit
normals of the convex polytope P; + - -- + Py in R"”. As in Sect. 3.2, a facet of a
convex body in R” is a face (support set) of dimensionn — 1.

Definition 3.4 For polytopes Pi,..., P, € P", we define the mixed volume
v, ..., P)of P, ..., P, recursively.
Forn =1and P; = [a,b] C R witha < b,

vA(P) = V(P)) =hp (1) + hp(—1) =b —a,

and, forn > 2,

1
VOUPL P = Y b VD (PL@t L Paca (),
n
()

where the summation (x) extends overallu € N(Py, ..., P,—1).

This recursive definition of the mixed volumes leads to a functional satisfying
various properties and relationships. A first collection of basic properties is provided
in the following theorem.

Theorem 3.7 The mixed volume V" (Py,...,P,) of n convex polytopes
P1, ..., Py € P" has the following properties.

(a) It is symmetric in the arguments Py, ..., P,.

(b) It is independent of individual translations of the polytopes Py, ..., P,.
(¢) Ifdim(Py+---+ P,) <n—1,then VW (Py,..., P,) =0.

d) IfmeN, P,...,PpeP"anday,...,an >0, then

m m
V@i P+ tamPa) =Y Y o, V(P ... P,). (37

i1=1 in=1

(e) The mixed volume is linear with respect to positive Minkowski combinations in
each argument.
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For the proof, it is convenient to extend the k-dimensional mixed volume
v® (01, ..., Or), which is defined for convex polytopes Q1,..., QO in a k-
dimensional linear subspace E C RY, to convex polytopes Q1, ..., Qx € P" for
which dim(Q; + - - + Qk) < k, by

VOO, 00 = VR(QIIE, ..., QIE),

where E is a k-dimensional subspace parallelto Q1+ -+ Q, 1 <k <n—1.The
translation invariance and the dimensional condition, which we shall prove, show
that this extension is consistent and independent of E in case dim(Q1+-- -+ Q) <
k. In the following proof, which proceeds by induction, we already make use of this
extension in order to simplify the presentation. In particular, in the induction step,
we use the mixed volume V"D (P (u), ..., Po_1()).

In addition, we extend the definition of the mixed volume of convex polytopes to
the empty set by setting V" (Py, ..., P,) := 0, if one of the sets P; is empty.

Proof of Theorem 3.7 We use induction on the dimension #.
For n = 1, the polytopes P; are intervals and the mixed volume equals the (one-
dimensional) volume V() (the length functional), which is linear

m
V@ P+ +awPu) =Y aiVI(P).
i=1

Here we use that if P; = [a b;] with a; < b;, then
m
> ailai bil = [a1a1 + - + omam, a1by + - + Amby].
i=1

Hence we get (3.7), and the remaining assertions hold as well.

Now we assume that the assertions of the theorem are true for all dimensions
< n — 1, and we consider dimension n > 2. We first discuss the dimensional
statement. If dim (P; + --- 4+ P,) < n — 1, then either N(Py, ..., P,—1) = 0

or N(Pi,..., P,—1) = {—u, u}, where u is a unit normal on aff(P; +--- + P,). In
the first case, we have V(")(Pl, ..., Py) = 0 by definition; in the second case, we
have

1
VP, ... P) = hp, )V (PI(), ..., Pii(u))
n

1 (n—1)
+ nhP" (—u)V (P1(=u), ..., Ph_1(—u))
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1
=, @VTVP@), . P )

1 (n—1)
- nhP" (314 (Pr(u), ..., Pho1(u))
=0.

Here we used that P;(—u) is a translate of P;(u) fori =1,...,n — 1.

Next, we prove (3.7). If ; = 0, for a certain index i, the corresponding summand
a; P; on the left-hand side can be deleted, as well as all summands on the right-hand
side which contain this particular index i. Therefore it is sufficient to consider the
case where o1 > O, ..., o, > 0. By the definition of volume and Proposition 3.2,

V(a1 Py + -+ o Py)

- i Z hyo o p ) v ((Z o P,») (u))
)

UeN(Py,....Py i=1
m 1 m
=D @, 2, hpwv (Z ou(P,-(u)mi)) :
in=1 ueN(Py,...,Py) i=1
The induction hypothesis implies that
m
v (Z a,-<P,»<u>|uL>)
i=1
m m
=Y o Y ayea,, VOUP @), P, ).
i1=1 in—1=1

Hence we obtain

V(ai Py + -+ amPy)
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Here we have used that for a given set of indices {iy,...,i,}, the summation
over the set N(Py, ..., P,) can be replaced by the summation over the subset
N(P;,..., P;,_,). Namely, for a unit vector u ¢ N(F;,..., P;,_,) the support

set P, (u) +---+ P, (w) = (P;; +---+ P;,_,)(u) has dimension < n — 2 and
hence V(”_l)(Pi1 (u), ..., Pi,_,(u)) = 0. We will also use this fact in the following
parts of the proof.

We now prove the symmetry property. Since V@D (P(u), ..., P,_1(u)) is
symmetric (in the indices), by the induction hypothesis, it suffices to show that

V(P Pag, Pact, P)) = V(P L Paca, Py, Pay).
Moreover, we may assume that P := Py + - - -+ P, is n-dimensional. By definition,
vOD(PL@), ..., P ()

1 ~ _ - -
= 2 @@V (P @), - Pra (@),
veN

where the sum extends over the set N of facet normals of P(u) (in ub). Formally,
we would have to work with the projections (that is, the shifted support sets)
Pi(u)|u™, ..., Py_i(u)|ut, but here we make use of our extended definition of the
(n — 2)-dimensional mixed volume and of the fact that

hp, @t (D) = hp, @) (D),

for all v Lu. The facets of P(u) are (n — 2)-dimensional faces of P, thus they arise
(because of dim P = n) as intersections P (u) N P (v) of the facet P(u) with another
facet P(v) of P. Since dim P = n, the case v = —u cannot occur. If P(u) N P(v)
is a (n — 2)-face of P, hence a facet of P(u), the corresponding normal (in ul) is
given by ¥ := |lv|ut| ! (v|ul), hence it is of the form ¥ = Au + pv with some
A e Rand > 0.

By Proposition 3.2(c), we have

Pu) N P) = (Pi(u) N P()+ -+ (Pa(u) N Pr(v));

in particular, P;(u) N P;(v) # @ fori =1,...,n. Foran (n — 2)-face P(u) N P(v)
of P, we therefore obtain by Lemma 3.2

(Piw)@)=PwNP~PWw), i=1,....,n—-2,
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which implies that
VDR (), ..., Pai(u) (3.8)

1
= 2w @ VIR PI@ N P@), - P @) 0 P ),

n
()

where the sum (x) extends over all v € N(Py, ..., P,) with P(u) N P(v) # (,
since if v is a unit vector for which P(u) N P(v) # @ is not an (n — 2)-face of P,
then the mixed volume V=2 (P;(u) N Pi(v), ..., Pu—2(u) N P,_»(v)) vanishes
by the induction hypothesis. Also, for n = 2, the mixed volume V=2 (P (u) N
Pi(v), ..., Pp—2(u) N P,_2(v)) is defined to be 1.

Let y (4, v) € (0, ) denote the (outer) angle between u and v. Then

lvlut|l = siny (u, v), (u,v) =cosy(u,v),
and hence
vlut 1 1
= vV — u.
lvlutll  siny(u,v)  tany(u,v)

For x € P,_1(u) N P,_1(v), we have

1 1

thfl(u)(ﬂ) = (x, ﬁ) = Sin)/(l/l U) (-xa

1
— h _
siny (u,v) ! @)

Py (). (3.9)
Hence, altogether we obtain

V(P ..., Pa_a, Pact, Pr)

1 (n—1)
= Z hp,(u) vV (Pr(u), ..., Ph_1(u))

n
ueN(Py,...,Py)

1 1
= h h
nin—1) Z [siny(u, v) p,(Whp,_ (v)
u,veN(Py,...,Py),v#tu
1

=y (. PP ]

x VO (Pi(u) N PL(v), ..., Pu_a(u) N Pa_a(v))

— V(n)(Pl, e, Pyo, Py, Py1),

which proves the symmetry property.
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For the remaining assertion, observe that by the recursive definition and the
translation invariance of the mixed volume in dimension < n — 1, we obtain the
translation invariance with respect to P; from the induction hypothesis. Here we
also use that (P; + x)(#) = P1(u) + x. The translation invariance with respect to
the other arguments then follows from the symmetry.

Finally, property (e) follows for n = 1 from the polynomial expansion (which is
linear for n = 1) which has already been shown. For n > 2 it follows by an induction
argument and the symmetry. Alternatively, one can use the linearity properties of the
support function and the symmetry. O

Remark 3.11 In the following, we use similar abbreviations as in the case of
volume,

V(P ..., P) :=VO(P, ..., Py)
and
V(PL(u), ...y Pac1 ) := VOO (P (), ..., Paei(w)).
As a special case of the polynomial expansion of volumes, we obtain
m m
V(Pi+ o+ Pa) =Y o Y V(Py.....P,).
=1 ip=1

The question arises whether this expansion can be inverted.

Example 3.1 To get an idea of what an inversion could look like, we first consider
the case n = 2. In this case, we get

1
’ (=V(K1) — V(K2) + V(K1 + K2))
1
=, (=V (K1) — V(K2) + V(K1, K1) +2V(K1, K2) + V(K2, K2))
= V(K1, K2).
The case n = 3 is already more involved. Here we have
1
6 (V(K1) + V(K2) + V(K3) — [V(K1 + K2) + V(K1 + K3) + V(K2 + K3)]
+V (K1 + K2 + K3))

1
= ((V(KD) +V(K2) + V(Ks)

—[V(K1) +3V(Ky1, K1, K2) +3V (K1, K2, K2) + V(K3)]
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—[V(K1) +3V (K1, K1, K3) +3V (K1, K3, K3) + V(K3)]

—[V(K2) +3V (K2, K2, K3) +3V (K2, K3, K3) + V(K3)]

+ [V(K1) + V(K2) + V(K3) + 3(V(K1, K1, K2) + V(K1, K2, K2))
+3(V(K1, K1, K3) + V(K1, K3, K3))

+3(V(K2, K2, K3) + V(K2, K3, K3)) + 6V (K1, K2, K3)])

= V(K1, K2, K3).
The proof of the following theorem contains a general argument which explains
why the cancellation always works in the right way.

Theorem 3.8 (Inversion Formula) If Py, ..., P, € P", then

1 n
VP P = DD Y V(P 4+ Py, (3.10)
T k=1

1<ri<--<rg<n

Proof We denote the right-hand side by f(Pp, ..., P;). Then formula (3.7) in
Theorem 3.7 implies that f(ojP1,...,a,P,) is a homogeneous polynomial of
degree n in the variables a1 > 0, ..., o, > 0, or it is the zero polynomial. Replacing
Py by {0} and writing 15]- to indicate that P; is omitted, we have

(=)l £({0}, Pa, ..., Py)

=Y Ve | VAt + Y VPR

2<r=<n 2<r<n 2<r<s<n

+1 ) VA + P +P)+ Y. V(P + P +P)

2<r<s<n 2<r<s<t<n

F DY VA0 A+ Pat o+ P+ P+ V(P A+ Py)
j=2
+ DTV 4+ Pyt + Py
=0,

which means that f ({0}, o P2, ..., 0n Py) = f(O- P, a0 P, ..., o, P,) is the zero
polynomial. Consequently, in the polynomial f(«; Py, ..., o, P,) all monomials
aj o, with 1 & {i1,...,i,} have zero coefficients. Replacing 1 by 2, ..., n,
we obtain finally that only the coefficient of «---¢, can be non-zero. This



102 3 Brunn—-Minkowski Theory

coefficient occurs only once in the representation of f, namely for &k = n with
(r1,...,m) = (1, ..., n). Therefore, by Theorem 3.7, this coefficient must coincide
with V(P1, ..., Py). ]

Remark 3.12 Relation (3.10) can be briefly written in the form

V(PL,...,Py) = ;' > (=prtily (Z Pi) :

" P#£IC[n] iel

where the summation extends over all nonempty subsets I of [n] = {1, ...,n} and
| 1] denotes the cardinality of 7.

Remark 3.13 We specialize (3.10) by choosing P = P; = --- = P,. Then the
result takes the form

1 n
VP, P = YD (Z)k" V(P) =: ¢, V(P),
k=1

which yields V(P, ..., P) = V(P), since ¢, = 1. This can be seen by using the
inclusion-exclusion formula for determining the number of surjective maps from an
n-element set onto itself.

On the other hand, the equality V(P, ..., P) = V(P) can be seen directly from
the recursive definition of mixed volumes of polytopes, using an induction argument
and the expression we had obtained for V (P) previously.

Remark 3.14 Another way to see that ¢, = 1 is as follows. Let P, = s;, i =
1,...,n, be n non-degenerate segments with linearly independent directions. Put
C, :=s1+ -+ s,. Then (3.10) yields

1 1
V(sls'-'vs}’l): 'V(S1+"'+Sn): 'V(Cn)v
n. n.

since V(s;, + -+ +5,) = 0if k < n. On the other hand, using that V(C,, ..., Cy,)
can be linearly expanded in each of the n arguments (for the first equality) and the
fact that the mixed volume is zero if the sum of the polytopes in the n arguments
is lower-dimensional and that the mixed volume is symmetric (for the second
equality), we obtain

n n
V(Crooo i C) =Yoo D Vi(Siga e 8i,) =0V (1. s0),

i1=1 in=1
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where we used the dimensional and the symmetry property of mixed volumes. This
shows that

enV(Cp) = V(Cry ..., Co) =nlV(s1,...,50) = V(Cp).

Since V(Cy) > 0, we getc, = 1.

Theorem 3.9 Let Ki,..., K, € K" be convex bodies. Let (Pl.(j))jeN fori €

{1, ..., n} be arbitrary approximating sequences of polytopes such that Pi(j) — K;
as j — oo, fori = 1,...,n. Then the limit

VK1, ..., Ky = lim VP, ... P
/—)OO

exists and is independent of the choice of the approximating sequences (Pl.(/ )) jeN.
The number V (K1, ..., Ky) is called the mixed volume of the convex bodies
Ki,...,K,. The mapping V : (K")" — R, which is defined by (K1, ..., K;) —
V(Ki, ..., K,), is called mixed volume.

In particular,

1}1
VKoK= Y Y T VK e+ Ky, G
C k=1

1<ri<--<rg<n

and, form e N, Ky, ..., K, e K", anday, ...,a, >0,

m m

Vi Ki+ - +oamKn) =Y > ey e, V(K. K,).  (3.12)
i1=1 in=1
Furthermore, for K, L, K1, ..., K, € K",

(a V(K,...,K)=V(K)andnV(K,...,K, B") = F(K).
(b) V is symmetric.
(c) V is multilinear, that is, if o, B > 0, then

V(K +BL,K>,...,K,) =aV(K,Ks,...,Ky) +BV(L, K2, ..., Ky,).
(d) V(Ki+x1,..., Ky +x,) =V(Ky,...,Ky) forxy,...,x, € R.

(e) V(gKi,...,gK,) =V(Ky,...,K,) forrigid motions g of R".
(f) V is continuous, that is,

VKD, K > VK, .. Ky,

wheneverKi(j) — Kijasj— oo, fori=1,...,n
(g) V =0andV isincreasing in each argument.
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Proof The existence of the limit

VK1, ..., K = lim V(P ... P,
j—o0

the independence of the approximating sequences and formula (3.11) follow from
Theorem 3.8 and the continuity of the addition of convex bodies and of the volume
functional. Equation (3.12) is a consequence of (3.7).

(d), (e) and (f) now follow directly from (3.11).

(a) For polytopes the relation V (K, ..., K) = V(K) has already been shown and
for general convex bodies it follows by approximation with polytopes; alternatively,
the relation follows from the inversion formula (see Remark 3.13).

Concerning the relation nV (K, ..., K, B") = F(K), again we first discuss the
case K € P". Let (Q;) jen be a sequence of polytopes with Q; — B". Then,

nV(K,...,K,Q;) > nV(K,...,K, B")
and also

nV(K.....K.Q)= Y ho;wv(K®u)

ueN(K)
- > hp@u(Kw)= Y v(Kwu)=F(K).
ueN(K) ueN(K)

For the generalization to arbitrary bodies K € K", we approximate K from inside
and outside by polytopes P/ C K C P/, i € N, and use (f) and the monotonicity of
F. Thus we get

nV(P/,...,P/,B")=F(P)) < F(K)<F(P')=nV(P/,..., P, B").

If the polytopes P/, P — K asi — oo, then the assertion follows, since

nV(P!,...,P/,B") - nV(K,...,K, B")
and

nV(P!, ...,P!' ,B"Y > nV(K,...,K,B")

as i — oo. Note that only the monotonicity of the surface area is needed, not the
continuity (which has not been established up to this point, but now follows as a
consequence).
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(b) follows from the corresponding property for polytopes or from (3.11).
(c) is a consequence of (3.12), if we apply it to the linear combination

aj(@K + BL) +axKy + -« + oy Ky
=K +a1BL+ Ky + -+ o Kp

twice (once as a combination of m bodies and once as a combination of m + 1
bodies), and then compare the coefficients. Alternately, the result has already been
shown for polytopes, the general case follows by approximation.

(g) Again it is sufficient to prove this for polytopes. Then V > 0 follows by
induction and the formula

1
V(PI, ..., Py) = Yo hp (P, ..., P ),
n
UeN(Py,..., Py—1)

where in view of (d) we may assume that O € relint P,, hence hp, > 0.If P, C Q,,
then hp, < hg,, hence

V(Pla-'-apn)fV(Pla-'-apn—lﬂQn)a

by the same formula and since the mixed volume is nonnegative. O

Remark 3.15 In addition to V > 0, one can show that V(K{,..., K,) > 0 if
and only if there exist segments s; C K, ...,s, C K, with linearly independent
directions (see Exercise 3.3.1).

Remark 3.16 Theorem 3.9 (a) and (f) now imply the continuity of the surface
area .

The polynomial expansion in Theorem 3.9 can be written in a more economic
way. Using the symmetry of the mixed volumes, we obtain for Ky, ..., K, € K"
and oy, ..., oy > 0 that

m
Va (Z OtiKi)
i=1

n

- X < " )a?---a;;nV(Kl[rl],...,Km[rm]), (3.13)
Fly ooy 'm

Flyeestn=0

where the number in brackets is the multiplicity r; of the convex body K; for i =
1,...,m.

Now we consider the special case of the parallel body K + B"(«), « > 0, of a
body K € K". With the choicesm = 2,01 = l,p = ¢ and K| = K, K, = B”,
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relation (3.13) (or again Theorem 3.9) yields

V(K + B"(2)) = V(K +aB") = V(a1 K| + 22K>)

2 2
DD ey, V(K. Ky (3.14)

i1=1 in=1

n
a"('?)V(K,...,K,B",...,B”).
=

The coefficients in this particular polynomial expansion deserve special attention.
Recall that «; denotes the volume of the k-dimensional unit ball.

Definition 3.5 For K € K",

Wi(K):=V(K,...,K,B",...,B"
n—i i

is called the ith quermassintegral of K, i € {0, ..., n}, and

() ()

Vi(K) = VJ.(")(K) = W, j(K) = V(K,...,K,B",...,B"
Kn—j Kn—j ~ ~ -~ ~ ~
J n—j
is called the jth intrinsic volume of K for j € {0, ..., n}. In addition, we define
W; (@) = Vj(@) =0, i,j=0,...,n.
The functional W; : K" — R, fori € {0, ..., n}, is called the ith quermassintegral,
the functional V; : K" — R, for j € {0, ..., n}, is the jth intrinsic volume.

Formula (3.14) directly yields the following result.
Theorem 3.10 (Steiner Formula) For K € K" and a > 0,

n _ . ifn .
V(K +B"(@) =) « (l.)vv,(K),

i=0

respectively

VK + B"(@) =) a" i V; (K.
j=0
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Remark 3.17 In particular, we get
1
F(K) =nWi(K) =2V,_1(K) = li{% (V(K + B"(a)) — V(K)),
o o

hence the surface area is the “derivative” of the volume functional.

Remark 3.18 As a generalization of the Steiner formula (3.14), one can show that

k .
Vi(K + B @) =S ok (" T ) v,
(K + B"()) ]Z:(j)a (n ), Vit

fork =0,...,n — 1 (see Exercise 3.3.7).

Remark 3.19 Here we deduced the Steiner formula as a special case of the
polynomial expansion of the volume of a general Minkowski combination of convex
bodies, that is via the introduction of mixed volumes. It is possible to follow a more
direct approach by decomposing the outer parallel set of a convex polytope P by
the inverse images under the projection map of the relative interiors of the faces
of P (see Fig.3.2). The result for a general convex body then follows again by
approximation with polytopes. The details are the subject of Exercise 3.3.8.

Remark 3.20 The name “quermassintegral” is of German origin. Usually, a “Quer-
mal” of an object refers to a measure (= MaB}) across (=quer) the body. This
is deliberately vague and could mean for instance that one considers a section
of the body and determines some kind of measure of this section or one might
consider a projection of the body and a measure of this projection. The second
part of the term “quermassintegral” refers to striking integral-geometric properties
of the quermassintegrals which for instance make it possible to introduce the

Fig. 3.2 Illustration of the parallel set of a polygon, which indicates the polynomial growth of the
area Vo (P + QBZ) =W(P)+Si1(P)-0o+ Vo (B?) ~Q2 as a function of o > 0, where S (P) is the
boundary length of P
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quermassintegrals of a body as integral averages of volumes of projections of the
given body. We will discuss integral-geometric properties of quermassintegrals
in Chap. 5, where we derive some integral-geometric projection and intersection
formulas for these functionals. The name “quermassintegral” already appears in the
classical book by Bonnesen and Fenchel [18] and has been in use since then.

Remark 3.21 The intrinsic volumes were introduced by Peter McMullen [69]. Their
obvious advantages are that the index j of V; equals the degree of homogeneity,

Vi@K)=a'Vi(K), KeK' a>0,

and that they are independent of the dimension of the ambient Euclidean space, that
is, for abody K € K" with dim K = k < n, we have

VDK = VIOK), j=0.....k

(see Exercise 3.3.5). Of course, this latter property justifies their name.

The intrinsic volumes V; : K" — [0,00), j € {0,...,n}, are important
geometric functionals of a convex body. First,

Va(K)=V(K,...,K)=V(K)
equals the volume of K. Second,
2V,—1(K) =nV(K,...,K,B") = F(K)

is the surface area of K. For a body K of dimensionn — 1, V,,_1(K) is the (n — 1)-
dimensional content of K. Furthermore, V1 (K) is proportional to the mean width
of K. In order to introduce the mean width and to see how it is related to the first
intrinsic volume, we observe that by the special case j = 1 of Definition 3.5 we
have

"1y (K)y=V(K,B",..., B"). (3.15)

n

An approximation of the unit ball by polytopes shows that
1
V(K,B",...,B") = / hi(u)o(du), (3.16)
n Jsn—1

where the integration is with respect to the spherical Lebesgue measure. A rigorous
proof of (3.16) will be given in Sect. 4.1 (for another argument, see Remark 3.23).
Combining (3.15) and (3.16), we get

Kn—1Vi(K) =/

sn

| () o (du). (3.17)
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Since bg (1) := hg (u) + hx (—u) gives the width of K in direction u (the distance
between the two parallel supporting hyperplanes with common unit normal u), we
obtain

1/ hg (w)o(du) = ! / bK(u)G(du)=K"B(K),
n Jsn—1 2}1 gn—1 2
where
B(K) := ! / bk (u) o (du)
nky, Jsn—1

denotes the mean width of K (the letter B stands for the German word “Breite”
(meaning “width”). Hence, we arrive at
Kn

n
Vl(K) =

2Kn71B(K). (3.18)

Finally,

1, K#40,
0, K=4,

Vo(K) = : W (K) = :

Kn
is the Euler—Poincaré characteristic of K, which plays an important role in integral
geometry (see Chap. 5). The other intrinsic volumes V;(K), 1 < j < n — 1,
have interpretations as integrals of curvature functions, if the boundary of K is
smooth. For instance, V,,_2(K) is proportional to the integral mean curvature of
K. In general, V; is obtained as an integral of the elementary symmetric function
of order n — 1 — j of the principal curvatures of K over the boundary of K. For a
polytope P, an interpretation of V;(P) is provided in Exercise 3.3.9, as the sum of
the weighted j-volumes of the j-faces of P where for each face the weight of the
face is proportional to the volume of the spherical image of that face (the normal
cone, taken at a point in the relative interior of the face, intersected with the unit
sphere).

Remark 3.22 From Theorem 3.9 we obtain the following additional properties of
the intrinsic volumes V/;:

* K+ V;(K) is continuous,
* V; is motion invariant,
* V; > 0and V; is increasing.

In Sect. 4.5 we shall discuss an important additivity property of intrinsic volumes.
The intrinsic volume V; is additive in the sense that

Vi(KUM)+ Vi(KNM)=V;(K)+ V;(M)



110 3 Brunn—-Minkowski Theory

for all K,M € K" such that K U M e K". Then we shall also discuss and
prove Hadwiger’s celebrated characterization theorem, which states that intrinsic
volumes (or linear combinations thereof) can be characterized by some of their
properties such as additivity, continuity (or monotonicity) and isometry invariance
(see Exercise 3.3.8). As a consequence of this result, simple proofs of integral-
geometric formulas can be given.

Finally, in this section we discuss a characterization (see Theorem 3.11) of the
first intrinsic volume and of the mean width. From this result it follows that these
functionals differ only by a constant factor. Theorem 3.11 is based on the notion of
Minkowski additivity, which is more restrictive than additivity as defined above.

Definition 3.6 A functional ¢ : K" — R is Minkowski additive if
(K + L) =¢(K) + ¢(L) forK,L € K".

The map K +— hg (u), for some fixed u € S"—1_is Minkowski additive. Further
examples are the first intrinsic volume V; and the mean width functional B. A map
which is Minkowski additive is also additive. This can be seen by observing that
(KUL)4+ (KNL)=K+ LforK,L € K" such thatalso K U L € K".

Note that if ¢ is Minkowski additive, then ¢(AK) = A@(K) for K € K" and
rational A > 0. In fact, by induction we get

QK1+ + Kn) =Y o(Ki)
i=1

for K1, ..., K, € K". Hence ¢(mK) = mp(K) for K € K" and m € N. But then,
for r, s € N we deduce that

o= Lo = o oK) <o)

The functionals Vi, B further share the properties of being rigid motion invariant
and continuous. In fact, fewer properties suffice for the following characterization
theorem.

Theorem 3.11 Letn > 2. If ¢ : K" — R is Minkowski additive, invariant under
proper rotations, and continuous at B, then ¢ = ¢ B for some nonnegative constant
c>0.

Remark 3.23 From the theorem it follows that V; = ¢B for some constant ¢ > 0.
Since V1 (B") = (nk,)/kn—1 and B(B") = 2, it follows that ¢ = (nk,)/2ky—1).
This proves (3.18) and thus also (3.17). Another proof will be provided in Sect. 4.1.
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For the proof of Theorem 3.11, we use a method which can be described as
rotation averaging. For K € K", m € N, and ¢y, ..., om € SO(n), we define

1
K/:=m(Q1K+~-~+QmK)eIC"

and call this a rotation average (or rotation mean) of K. For this we have
1 & 1 <
B(Kh= 3 B@iK)= 3> B(K)=B(K)
i=1 i=1

where we used that B is Minkowski additive and invariant under proper rotations.
This shows that the mean width is preserved under rotation averaging. Moreover, it
is easy to check that a rotational average of K’ is a rotation average of the original
K . In the following, we use the fact that B(K) > 0 if and only if diam(X) > O for
K e K"

Theorem 3.12 Let n > 2. For each K € K" with diam(K) > 0, there exists a
sequence of rotation averages of K which converges to a nondegenerate Euclidean
ball.

Proof For L € K", let Ro(L) := min{A > 0 : L C AB"} denote the centred
circumradius of L. Clearly, Ry is continuous on K". Let R(K) denote the set of
rotation averages of K. If K C AB”", then also K/ C AB" for K’ € R(K).
Therefore, R(K) is bounded and clR(K) is compact (by Blaschke’s selection
theorem). Then Ry attains its minimum rg in Lo € cl R(K). Since diam(K) > 0
and thence B(Log) = B(K) > 0, it follows that rp = Ro(Lgp) > 0. Clearly, we
have Ly C roB". Suppose that Lo # roB". Then there is some ug € S"=1 such that
hr,(uo) < ro, and therefore there is an open set U C S"=1 such that hr,(v) < ro
for v € U. Hence there are g1, ..., 0, € SO(n) such that U;"zl oiU = sn1.

We define L' := JL S 0iLo. Let u € S""! be given. There is some i €
{1,...,m} such thatu € g;U, so that ,Qflu e U and hLO(Q;IM) < ro. But then we
get

1 — 1 — _
ho@w) =3 hore@) =Y higle; u) < ro.
i=1 i=1

This shows that Ro(L’) < rg. Let K; e R(K), jeN,with K; — Lpas j — oo.
Then

1
K= m(Q1Kj+~"+Qij)—> L,

which yields that Ry(K }) < rg if j € N is large enough, since Ry is continuous.
This is a contradiction, since K ; € R(K). |
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Proof of Theorem 3.11 Suppose that ¢ : K" — R is as in the statement of the
theorem. For x € R”, there is some o € SO(n) such that ox = —x. Then we
conclude that

e({0}) = o({x} + o({x})) = 20({x}).

Taking first x = 0, we get ¢({0}) = 0, and then ¢({x}) = O for all x € R". Now
suppose that K € K" with diam(K) > 0. Let m € N, let A; be a positive rational
number, let o; € SO(n), fori = 1,...,m,anddefine K’ := A101 K+ -+AomK.
Then

P(K')=> oK)= ripiK) = (Z A,») 9 (K).

i=1 i=1 i=1
The same is true for B. Hence, we deduce that

p(K) _ @(K") @(B")
= —
B(K) B(K’) B(B™)

3

for a suitably chosen sequence of scaled rotational averages. The existence of such
a sequence follows from Theorem 3.12. Since the left-hand side is independent of
this sequence, the assertion follows. m]

Exercises and Supplements for Sect. 3.3

1.*(a) Let s1,...,s, € K" be segments of the form s; = [0, x;] with x; € R”".
Show that

n! V(sy,...,8,) = |det(xy,...,xn)|.

(b) Let Ky, ..., K, € K". Show that V(K{, ..., K,) > 0 if and only if there

exist segments s; C K;,i = 1, ..., n, with linearly independent directions.

2. The following result has been shown in [13, Theorem 1] by U. Betke and

W. Weil. There it has been proved by using Choquet’s theorem (an integral

version of the Krein—Milman theorem) and the result of Exercise 3.1.12. In
Chap. 4 we shall provide an alternative and more elementary argument.

(a) Let K, M € K?. Prove the inequality

V(K, M) < ;F(K) F(M).
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(b) Show that equality holds in the above inequality if and only if K, M are
orthogonal segments (or if one of the bodies is a point).

. The following result has been shown by U. Betke and W. Weil in [13, Theorem

2].
(a) Let K € K2. Prove the inequality

3
V(K,—K) < v F*(K).
18
(b) Show that equality holds in the above inequality for a polygon K if and
only if K is an equilateral triangle (or a point). It seems to be unknown
whether this is the only equality case for general convex sets.

. Let K, L € K". Show that

An(D(K, L)) =/ Vo(K N (L + x)) An(dx)
RV!

n
=Z<",)V(K,...,K,—L,...,—L),

n—j J

where D(K, L) :={z € R" : KN (L + z) # #}.

. Let K € K". Show that the intrinsic volume V;(K) = Vj(n) (K) is independent

of the dimension n, that is, if dim K = k < n, then
Vj(k)(K) =V"(K) for0<j<k.
Suppose that K € K" and L is a g-dimensional linear subspace of R” with

q €{0,...,n— 1}. Let B denote the unit ball in L.

(a) Show thatif o > 0, then

q
V(K +aBr) =) ok, f Vi(K N (L4 X)) Ay (dx).
j=0 L

(b) The (n — g)-dimensional volume of the projection K | L+ satisfies

;)

Vaog(K|LY) =
Kq

V(K,...,K,Byr,...,BpL).
g N

Hint for (a): Use Fubini’s theorem in R” = L x L for the left-hand side and

apply Exercise 3.3.5.
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Let K € K" and a > 0. Prove the following Steiner formula for the intrinsic
volumes:

k .
Vi(K + B"(@) = Y ot (” - J)""f Vi(K), 0<k<n—1.
o, n—=kJ)k,_i

Prove the following Theorem of Hadwiger (in dimension two, for a start):
Let f : K" — R be additive, motion invariant and continuous (resp.
monotone). Then there are constants 8; € R (resp. 8; > 0) such that

f=Y_Bivj
j=0

Let P € P" be a polytope in R" Let F; (P) denote the set of all k-dimensional

faces of P, in particular, F,(P) = {P}, if dim P = n. For x € bd P, recall

that N(P,x) = {u € R" : (x,u) = hp(u)} and N(P, z) := {0} for z € int P.

Prove:

(@) Forx e P, N(P,x)={y—x:y eR" p(P,y) = x}isaconvex cone.

(b) N(P,x) = N(P,y) =: N(P,F) C F*-for F € Fi(P),k € {0,...,n}
and x, y € relint F, where F L is the orthogonal complement of the linear
subspace parallel to F.

(c) The following disjoint decomposition holds:

n
P = U U relint F.
k=0 FeFi(P)
(d) For € > 0 the following disjoint decomposition holds:
n
P+B"@©) =] [J CGelintF+ N(P,F)N B"(e))).
k=0 FeF;(P)
(e) Let Ar the denote the Lebesgue measure in the affine hull of F'. We define

y(P,F) = AFL(N(:’_Z) nB".

Then the kth intrinsic volume of P satisfies

Vi(Py= > y(P.F)Ap(F), k=0,....n—1
FeFi(P)
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(a) Consider the rectangles K := [0, a] x [0, b] and L := [0, c] x [0, d] in R2.
Determine the mixed area V (K, L).

(b) Consider the simplex S := conv{0, e, €2, €3} and the segments I :=
[0,e1] and I, := [0, e2] in R3, where e; denotes the ith unit vector of the
standard basis. Determine the mixed volumes V (S, I1, I») and V (S, Iy, I1).

Let Py = [0,4] x [0,2] C R? and let P, be a rectangle with the vertices

©0,0), (1,-1), (3, 1), (2,2). Determine V (P1, P»).

Let K,L,M € K" with K = M + L and Ry,...,R,—j € K". Let j €

{0, ..., n}. Show that

J .

VKL R .o Rucp) = Y (=17~ (j)vmi], LIj =il Ris. .\ Ra)).
i =0

Let K € K" and d(K, x) := min{||x — z|| : z € K} for x € R". Show that

— 2 — S . X
/Rnexp( nd(K,x))dx gv,(K)

The functional of K defined by either side of this equation is called the Wills
functional.

3.4 The Brunn—-Minkowski Theorem

The Brunn—-Minkowski Theorem is one of the first main results for convex bodies
and was first proved around 1890. The theorem states that, for convex bodies K, L €
K", the function

1> VK +(1—10L), tel0,1],

is concave. As consequences of the Brunn—Minkowski theorem, we shall derive
several inequalities for mixed volumes, and in particular we thus obtain the
celebrated isoperimetric inequality.

We first provide a purely analytic auxiliary result.

Lemma 3.3 Fora € (0,1)andr,s,t > 0,

(O{—l— 1_a>[art+(1—a)st]; >1

r N

with equality if and only if r = s.
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Proof The function x > Inx is strictly concave. Therefore we have

ln{<a+ 1_a>[ar’+(l—a)s’]i}
r R)

1 p p a 1—«
= In(ar'+(1—a)s')+In| +
t r s
1 . . 1 1
Zt(cxlnr +(1—a)1ns)+aln +(1—a)ln
r s
=0

with equality if and only if » = s (the use of the logarithm is possible since its
argument is always positive). Since the logarithm is a strictly increasing function,
the result follows. O

The following important inequality is known as the Brunn—Minkowski inequal-
ity. It has numerous applications to and connections with geometry, analysis and
probability theory.

Theorem 3.13 (Brunn-Minkowski Inequality) Ler K, L € K" be convex bodies
anda € (0, 1). Then

VV@K + (1 —a)L) > a/V(K) + (1 — )3/ V(L)

with equality if and only if K and L lie in parallel hyperplanes or K and L are
homothetic.

Remark 3.24 By definition, K, L € K" are homothetic if K = oL +x or L =
aK + x, for some x € R” and some @ > 0. Hence, if K or L is a point, then
K and L are homothetic. The Brunn—Minkowski inequality trivially also holds for
a € {0, 1}, but in view of the discussion of the equality cases, this is not included in
the statement of the theorem.

Proof of Theorem 3.13 We distinguish four cases. The fourth case concerns n-
dimensional convex bodies K, L. This main case can be reduced to the consideration
of bodies with unit volume. Then we shall proceed by induction on the dimension.
In this induction step, Lemma 3.3 will be used.

Case 1: K and L lie in parallel hyperplanes. Then «K 4+ (1 — «)L also lies in a
hyperplane, and hence V(K) = V(L) =0and V(¢K + (1 —«)L) = 0.

Case2: dimK <n—1landdimL <n — 1, but K and L do not lie in parallel
hyperplanes,i.e.,dim(K+L) = n. Thendim(«¢ K +(1—«)L) = n,fora € (0, 1),
hence

V@K + (1 —a)L) >0=ayV(K)+ (1 —a)/V(L),
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fora € (0, 1). Since K and L are not contained in parallel hyperplanes, they are
not homothetic.

Case3: dimK < n —1and dimL = n (or vice versa). Then, for x € K, we
obtain

ax+(1l—-—a)LCcCaK+(1—-a)L,
and thus
Q1-a)"VIL)=V(@x+(1—-a)L) < V(@K + (1 —a)L)

with equality if and only if K = {x}.
Case 4: dim K = dim L = n. Define
K = ! K, L:= ! L
YV T v

and

o aY/V(K)
T ayYVK)+ A —a)YV(L)

Then V(K) = V(L) = 1 and a € (0, 1). If the Brunn—-Minkowski theorem is
already established for convex bodies of volume 1, then

\"/V(aK +(1—a)l)>1,

which yields the Brunn—Minkowski inequality for arbitrary n-dimensional con-
vex bodies, and hence the inequality is proved. Moreover, K and L are
homothetic if and only if K and L are translates of each other.

Thus, in the following we may assume that V(K) = V(L) = 1 and have to
show that

VK + (1 —-—a)L)>1
with equality if and only if K, L are translates of each other. Because the volume
is translation invariant, we can make the additional assumption that K and L have

their center of gravity at 0. The center of gravity of an n-dimensional convex body
M is the point ¢ € R” for which

(c,u) = V(lju)/M(x,u)dx
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holds for u € S"~!. Since K , L have volume one, assuming that K and L have
their center of mass at the origin is equivalent to

/(x,u)dx:/(x,u)dx:O
K L

for u € S"~!. The equality case then reduces to the claim that K = L.

We now prove the Brunn—Minkowski theorem by induction on n. For n = 1,
the Brunn—Minkowski inequality follows from the linearity of the 1-dimensional
volume. In particular, we always have equality, which corresponds to the fact
that in R! any two convex bodies (compact intervals) are homothetic. Now
assume that n > 2 and the assertion of the Brunn—Minkowski theorem is true
in dimension n — 1. We fix an arbitrary unit vector u € S"~! and denote by

E,:=H@u,n, neR,

the hyperplane in direction u with (signed) distance 1 from the origin. The
function

fil=hk(—u),hg )] — [0,1], B V(KN H (u,p)),

is strictly increasing, onto, and continuous. In fact, this follows since

B
V(KN H (u, B)) =/ v(K N E,)dy
—hg (—u0)

by Fubini’s theorem and since n + v(K N E;) is positive and continuous
on [—hg(—u), hg ()] (in fact, this map is continuous up to the boundary by
Exercise 3.4.7). Moreover, the function f is differentiable on [—h g (—u), hg (u)]
and f'(B) = v(K N Eg). Since f is invertible, the inverse function g : [0, 1] —
[—hk (—u), hg (u)], which is also strictly increasing and continuous, satisfies
B0) = —hg (—u), B(1) = hk (u), and

1

PO= riga) = vk A Esey)

T € (0,1).
Analogously, for the convex body L we obtain a function y : [0,1] —
[—hr(—u), hy(u)] with

1

, 1€(0,1).
V(LN Ey@q))

y'(t) =

Because of

a(KNEgq) +(1—a)(LNEy@q) C(aK+ (1 —a)L)N Ey@)+1—a)y (@)
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for a, T € [0, 1] and using a substitution by the map

[0, 1] = [a(=hk(—u)) + (1 —a)(=hr(—u)), ahg (u) + (I —a)hr ()],
T~ af(t) + (1 —a)y(7),

we obtain from the induction assumption
VieK+ (1 —-a)L)

= /oo v((@K + (1 —a)L) N E,)dny

—00

1
= /O V(@K + (1 =)L) N Egp(r)+(1-wyy ) @B’ (1) + (1 — )y’ (v)) dT

1
> /0 v (K N Egee) + (1 — ) (LN Eye))

< o -« )
X +
V(KNEgqr) vLNEyq)

1 n—1
> /0 [(X ”’\VU(K NEgq) + 1 —a) " Ju(L N Ey(r))]

< o -« )
X +
V(KNEgqr) v(LNEyq)

Choosing r := v(K N Eg(;)), s :==v(LN Ey()),and t := !, we obtain from

n—1’
Lemma 3.3 that the integrand is > 1, which yields the required inequality.

Now assume

VoK +(1 —a)L) = 1.

Then we must have equality in our last estimation, which implies that the
integrand equals 1, for all 7. Again by Lemma 3.3, this yields that

V(KN Egr) =v(LNE,&4), fortel0,1].

Therefore 8’ = y’ on (0, 1), hence the function 8 — y is a constant on [0, 1].
Because the center of gravity of K is at the origin, we obtain

A1) B(1) , 1
0=f<x,u>dx=/ nv(KﬂEn)dn=/ nf (n)dn=/ B(x)dr,
K B(0) B(0) 0
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where the change of variables n = 8(t) was used. In an analogous way,

1
0= / y(r)dr.
0

Consequently,

1
/0 (B() —y(®)dr =0
and therefore § = y. In particular, we obtain

hg ) = p(1) =y(1) = hru).

Since u € S*~! was arbitrary, V(e K + (1 —a)L) = 1 implies that hx = hp,
and hence K = L.
Conversely, it is clear that K = L implies that V(¢K + (1 —«)L) = 1.

Remark 3.25 Theorem 3.13 implies that the function

f(0) = YVeK + 1 —1)L)
is concave on [0, 1]. If x, y, @ € [0, 1], then

flax + (1 —a)y) =/ V(ex + (1 —a)ylK +[1 —ax — (1 —a)y]L)
= YV(@xK + (1 —x)L1+ (1 —a)[yK + (1 — y)L])
>av VK +(1—=x)L)+ (1 —a)/V(yK + (1 — y)L)
=af(x)+ (1 —a)f(y).

As a consequence of Theorem 3.13, we obtain an inequality for mixed volumes

which was first proved by Hermann Minkowski.

Theorem 3.14 (Minkowski’s Inequality) Let K, L € K". Then
V(K,....,K,L)" > V(K)" 'V (L)

with equality if and only if dim K < n — 2 or K and L lie in parallel hyperplanes
or K and L are homothetic.

Proof For dim K < n — 1, the inequality holds since the right-hand side is zero.
Moreover, we then have equality, if and only if either dimK < n — 2 or K and
L lie in parallel hyperplanes (compare Exercise 3.1.1). Hence, we now assume
dimK =n.
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By Theorem 3.13 (similarly to Remark 3.25), it follows that the function
f@)=V(K +1L)r, 1el0,1],
is concave. Therefore
FrO) = f() = fO) = V(K +L)r = V(K)r.

Since
+ 1 I
ffO= VK&K nV(,...,K, L),
n
we arrive at
VK)» VK, ... K, L) = V(K + L) — V(K)r > V(L)»,

where we used the Brunn—Minkowski inequality for the second inequality (with ¢ =
é). This yields the inequality. If equality holds, then equality holds in the Brunn—
Minkowski inequality, which implies that K and L are homothetic. Conversely, if
K and L are homothetic, then equality holds (as can be easily checked). O

The isoperimetric inequality is undoubtedly one of the fundamental classical
results in mathematics. In the present framework, it states that among all convex
bodies of given volume, precisely the Euclidean balls minimize the surface area.
Alternatively, if the surface area is fixed, then Euclidean balls maximize the volume
functional. The following special case of the Minkowski inequality expresses this
geometric fact in an analytic form.

Corollary 3.1 (Isoperimetric Inequality) If K € K" is n-dimensional, then

FK)\" _ (VE)\"!
F(B™) /) — \V(B") '
Equality holds if and only if K is a ball.
Proof We put L := B" in Theorem 3.14 and get
V(K,...,K,BY)" > V(K)""'v(B")
or, equivalently,

n"V(K, ... K. B V(E)"!
n"V(B",..., B", Bnyr — y(Bnyn—1’

which is precisely what we had to show. O
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Note that the inequality is scaling and motion invariant. It can also be expressed
by saying that the isoperimetric ratio F(K)"/V (K)"~! is minimized precisely by
Euclidean balls.

Using V(B") = k, and F(B") = nk,, we can re-write the inequality in the form

V(K" ! < nl F(K)".

n"ky,

For n = 2 and using the common terminology A(K) for the area (the “volume” in
R2) and L(K) for the boundary length (the “surface area” in R2), we obtain

1
AK) < | L(K)%,
4
and, forn = 3,

V(K)? < ! F(K)3.
~ 36w
An exchange of K and B” in the proof above leads to a similar inequality for the

mixed volume V (B", ... B", K), whence we obtain the following corollary for the
mean width B(K).

Corollary 3.2 Let K € K" be a convex body. Then,

BK)\" _ V(K
B(B")| ~ V(B")'
Equality holds if and only if K is a ball.

Remark 3.26 Since B(K) is not greater than the diameter of K, the corollary yields
an inequality for the diameter. The resulting inequality is known as the isodiametric
inequality.

Using Theorem 3.13 and second derivatives, we obtain in a similar manner
inequalities of quadratic type.

Theorem 3.15 (Minkowski’s Second Inequality) For K, L € K",
V(K,...,K,L)zzV(K,...,K,L,L)V(K). (3.19)

The proof is left as an exercise (see Exercise 3.3.2). Equality holds if dim(K) <
n—2orif K and L are homothetic, but there are also non-homothetic pairs of bodies
(with interior points) for which equality holds. More precisely, the characterization
of the case of equality involves the (n — 2)-tangential body of L. We refer to
[81, Theorem 7.6.19] for the proof. The solution of the long standing problem
of characterizing the equality case for the more general quadratic Minkowski
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inequality
V(M[n—2],K,L)> > V(M[n—2],K,K)V(M[n—2],L, L), (3.20)

for convex bodies K, L, M € K", has been announced in [86]. The even more
general Alexandrov—Fenchel inequality is obtained if the (n — 2) bodies M, ..., M
in (3.20) are replaced by arbitrary convex bodies M, ..., M,,_2, so that

V(Mi,.... My, K, L)?
Z V(Mla ey Mn—27 K’ K)V(Mla IR ] Mn—Za La L) (321)

is obtained. The Alexandrov—Fenchel inequality is connected to various fields in
mathematics and has many and surprising applications. A proof of this deep result
and more detailed references to the literature can be found in [81, Chapter 7.3],
a discussion of consequences and improvements are provided in [81, Chapter
7.4]. Recently, new approaches and variants of proofs of the Alexandrov—Fenchel
inequality have been developed (see, for instance, [27, 85]). Despite these new
insights and improvements, it is still not known for which convex bodies equality
holds in (3.21).

Replacing K or L in (3.19) by the unit ball, we obtain more special inequalities,
for example (in R3)

nB(K)* > F(K)
or

F(K)*> > 6xB(K)V(K).

Exercises and Supplements for Sect. 3.4

1. Let K, L € Kfjand K C L. Show that K = L if and only if V(K) = V(L).
2." Give a proof of Theorem 3.15.
3. The diameter diam(K) of a convex body K € K" is defined as

diam(K) := sup{||x — y|| : x,y € K}.

(a) Prove that

B(K) < diam(K) < " . B(K).
2K

n—1

(b) If there is equality in one of the two inequalities, what can be said about
K?
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Let K € K" be an n-dimensional convex body. The difference body D(K) of
K is defined as the centrally symmetric convex body D(K) := é(K + (—K)).
Show that

(a) D(K) has the same width as K in every direction.
(b) V(D(K)) = V(K) with equality if and only if K is centrally symmetric.

. Let K,L € K", and let u € R" \ {0}. Let K,,, L, denote the orthogonal

projection of K, L on u~. Suppose that K, = L,,. Show that
Vd—-—a)K +al) > (1 —a)V(K)+aV(L), «ac]0,]1].

Show by an example that the assumption K,, = L, cannot be dropped.
Hint: Use Fubini’s theorem and check the inclusion

1-a)(KNGy)+a(LNGy) C((1—a)K +aL) NGy,

where G := x + Ru for x € R" and the given vector u € R" \ {0}.

We proved the Minkowski inequality (Theorem 3.14) with the help of the
Brunn—-Minkowski inequality (Theorem 3.13). Show that conversely the
Brunn—Minkowski inequality can be deduced with the help of the Minkowski
inequality.

Hint: Use V(IK+L)=V({(K + L)[n —1], K + L).

.LetK € K" withdimK = n,u € "V and I, = [—h(K, —u), h(K, u)].

Show that the map
I, >R, t—=V,_1(KNH(u,t1)),

is continuous.

. Let K € K" be an n-dimensional convex body and u € S"~!. Let I, :=

[—h(K, —u), h(K, u)]. Consider the function defined by
1
r(t) = [Vn—l (KﬂH(u,t))/Kn_l]”*l ’ tEIua

and the set (Schwarz symmetrization/rounding of K)

SuK = U [B"(tu, r(t)) N H(u,1)].

tel,

Prove that the function r is concave, S, K is a convex body and V (S, K) =
V(K).

Let K € K" with dim K > 0. Suppose that for every (n — 1)-dimensional
linear subspace of R” there is a parallel hyperplane with respect to which K is
symmetric. Show that K is a Euclidean ball.
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10. Let K € K" be an n-dimensional convex body (n > 2) with h(K,e,) = 1
and (K, —e,) = 0 (e, denotes the nth unit vector). Let f(¢) := V,—1(K N
H(e,, t)) fort € [0, 1]. The nth coordinate ¢, of the center of mass of K is
given by

1
Cn = V(K)_lf tf(t)dt.
0

Show the estimate
1 n
<cp = .
n+1 n+1
11.7(a) Let A, B C R" be boxes with parallel axes. Prove the Brunn—Minkowski
inequality for A, B, based on the inequality between the arithmetic mean
and the geometric mean.

(b) Let A, and also B, be a finite union of boxes with parallel axes with pairwise
disjoint interiors. Use induction over the total number of boxes and (a) to
deduce the Brunn—-Minkowski inequality for A, B.

(c) Use approximation from outside to conclude the Brunn—-Minkowski

inequality for general compact sets A, B C R".
12. Let A, B C R” be compact sets and A € [0, 1]. By Exercise 3.4.11,

V(A= A+iB) = [ =V +VB) ]

1-x A
= [van v ]
by the inequality of the arithmetic mean and the geometric mean. Hence,

V((1=MA+AB) > V(A)' VvV (B)*
> min{V (A), V(B)}. (3.22)
Show that the seemingly weaker inequality (3.22) (for all sets A, B and
parameters 1) is in fact equivalent to the Brunn—Minkowski inequality.
13."Let A € (0, 1) and let f, g, h : R" — [0, 00) be measurable functions such that

R((1 = W)x +1y) > f(0)' Tre(yn), forx,y e R".

Show that

1-2 A
/ h(x)dx > (/ fx) dx) (/ g(x) dx) .
n Rll Rn

Recover the Brunn—Minkowski inequality for compact sets by specializing
f, g, h.
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3.5 The Alexandrov-Fenchel Inequality

In this section, we prove the famous Alexandrov—Fenchel inequality. In our
presentation we essentially follow [27]. A special feature of the current approach
is that from the very beginning it emphasizes the close connection to a classical
Brunn—-Minkowski type inequality for mixed volumes, and thus to a general form
of Minkowski’s inequality for mixed volumes. The following proof is similar to
Alexandrov’s first proof (which is described in detail in [81, Chapter 7.3]) in that it
uses the special representation of mixed volumes available for strongly isomorphic
polytopes, induction over the dimension and approximation, but in addition it
involves analytic properties of convex functions (which are of independent interest)
and a special case of the Perron—Frobenius theorem from linear algebra.

We use the following short notation. For integers 1 < i < j < n and convex
bodies K, ..., K;j € K", we write K;..; = (Kj, ..., K;) (with or without brackets)
for a given finite sequence of j — i + 1 convex bodies. The sequence is empty
(and omitted) if i > j. Moreover, we write K for the set of convex bodies with
nonempty interiors.

Theorem 3.16 (Alexandrov-Fenchel Inequality) Ler Ky, ..., K, € K". Then
V(K1 K2, K3.0)* = V(K1[2], K3.0) V(K2[2]. KC3.).- (AFI)
Note that by the symmetry properties of mixed volumes this is equivalent
to (3.21). For n = 2 the Alexandrov—Fenchel inequality boils down to Minkowski’s
inequality. For this reason, we focus on dimension n > 3 in the following.

For m € {2,...,n} and convex bodies K1, K2, Kjy+1,..., K, € K", we
consider the function defined by

fu(0) = V(K1 + 1Ko [m), Kyt ). 1> 0.

We will see now that (AFI) is closely related to the fact that f;, is a concave function
on [0, 00).

Lemma3.4 Letm € (2,...,n}, K1, K2, Kppy1, ..., Ky € Ky and t > 0. Then

) = —(m — 1) fru () =2"

x (VK1 Ko Kan)? = VK121 Ks.n) V(K221 Kan) )

where K, :== K| +tKy and K3, := (K{[m — 2], Kiyt1.0), fort = 0.
Proof We define h, (t) := f,,(t)" fort > 0. Then f,, and h,, are of class C? and

" 1 1-2m " I—m / 2
Jn@ = fm () <hm(t)hm(t) + iy, (1) ) ; t>0.
m m
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Using the Minkowski linearity of mixed volumes, we obtain

h (1) = V(K [m], Kin41.0),
h:n(t) = mV(Kl‘[m - 1]1 K27 ICm+1“n)s

By (1) = m(m — DV (K [m — 2], K2[2], K1)

Hence we get

" l—m l 2
hyy (D hm (1) + Ty, (2)
m

= —m(m = 1) (V(Kr, K2, Kilm =21, Kn1.)?
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—V(K[2], Ki[m = 2], K1)V (K2[2], Ko [m = 21, Kint1.0))

= —m(m —1) (V(Kl, K2, K3.0)* = V(K1[2], K3.)V (K2[2], /C3..n)) ,

from which the assertion follows.

The following proposition is an immediate consequence of Lemma 3.4.

Proposition 3.3

(a) If (AFI) holds for all convex bodies, then f, is a concave function for all convex

bodies.

(b) For fixed convex bodies K1, ..., K, € Kg, (AFI) holds if and only if f> is
concave. In particular, (AFI) holds for all convex bodies if and only if f> is

always concave.

The following lemma shows that a converse of Proposition 3.3 (a) holds not only
for m = 2, but also for m = 3. This observation will be a key fact in the inductive

proof of the Alexandrov—Fenchel inequality. We start with another lemma.

We write R, = [0, 00), Ri = [0, 00)3 and x = (xl,xz,m)—r € R3. For

Ki,...,K, € ICS andx,y,z € R3, we define the functions

3 3 3
F,y. 2= Y xiynzi,V (Ki. Kiy. Kiy. Kan)

i1=1ir=1i3=1

and F(x) := f(x, x, x). Note that for x, y, z € Ri \ {0}, we have

3 3 3
F(x,y,2)=V (inKi, ZyiKi, ZZiKi, /C4..n> > 0.
i=1 i=1 i=1

In the following lemma, we use this notation for fixed K1, ..., K, € K.
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Lemma 3.5 Ift — F(x + ty);, t € Ry, is concave for all x, y € R3,, then

F(x, 9,22 > F(x,x,2)F(y,y,2) (3.23)

3
Jorallx,y,z € Ry.

Proof For the proof, we can assume that F (x,x,z) > 0 and that the components
of the vectors x, y, z are not zero. The proof is given in three steps.

(1) Let x,y € (0, 00)> be fixed for the moment. For h(¢) := F(x +1ty), 1 > 0,
we obtain k(1) = 3F(y,x + ty,x + ty) and h"(t) = 6F(y, y,x + ty) and
therefore

2

a0 im0 =2F) 73 (<Fo v 0? + F Foy.).

Since by assumption hs s concave, it follows that
F(y,x,x)?> F(x,x,x)F(y, y, x), x,y € (0, 00)>. (3.24)
(2) Now we extend (3.24) to x € (0, 00)? and all y € R3. For this, consider
P.(y) = F(y,x,x)z—I?(x,x,x)l?(y,y,x), y e R3.

If > 0 is sufficiently large, then y + tx € (0, 00)? and hence Py (y + tx) >
0 by (3.24). Moreover, the multilinearity of F (and cancellation) implies that
Px(y + tx) = Py (y), from which the assertion follows.

(3) Finally, for x, y, z € (0, 00)3 and ¢t € R we consider

G(t):=F(y+tz,y+1tz,x) = F(y,y,x)+2tF(y,z, x) + 1*F(z, z, x).

There is a 1 < 0 such that f(y + 10z, x,x) = f(y, X, x)+ tof(z, x,x,)=0
(here we use F(z, x, x) > 0). An application of the result of (2) to y + 7oz then
yields that G(19) = F(y +foz, y + foz, x) < 0, since F(x) > 0. On the other
hand, G(0) = F(y,y,x) > 0. Therefore, the discriminant of the quadratic
function ¢t = G(¢) is nonnegative, which is equivalent to the assertion. O

Lemma 3.6 If f3 is a concave function for all convex bodies, then (AFI) holds for
all convex bodies.

Proof Let K1,..., K, € Kj be given. We continue to use the notation from
Lemma 3.5.Forx, y € Ri and ¢t > 0, consider

3
Fx+1y)=V (Z(xi +1y)K; [3], /c4..n) =V (K1 +1K2031,Kan),
i=1
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where K| = Z?:l xiK; and K, = Z?:l y; K;. By the assumption of the lemma,
the function ¢ — F(x + ty) ; ,t > 0, is concave for each choice of x, y € Ri. An

application of Lemma 3.5 with the standard unit vectors x = e}, y = e2, 7 = €3
now yields that (AFI) holds for the given convex bodies. O

The final part of the proof of the Alexandrov—Fenchel inequality requires further
preparations.

Recall that we denote by P" the set of polytopes in R". We write Pj for the
subset of n-dimensional polytopes of P”. For vectors uy, ..., uy € "' and h =
(hy,...,h N)—r € RV, we consider polyhedral sets of the form

N
Py = m H™ (u;, h;).
i=1

Clearly, if h € Rﬁ , then 0 € Py and Py, is a polytope if and only if the vectors
ul, ..., uy € S* ! are not contained in any hemisphere. Further, 0 € int(Pp)
if and only if hy,...,hxy > 0. The vector & is called the vector of support
numbers of Py if uy, ..., uy are the exterior unit facet normals of Py, that is,
if dim(Pjpy(u;)) = n —1fori =1,..., N. In this case, the support numbers are
uniquely determined by Py, since h( Py, ui) = h;.

Strongly Isomorphic Polytopes

Definition 3.7

(a) A polytope P € Py is simple if each vertex of P is contained in precisely n
facets of P.

(b) Two polytopes Py, P, € Py are strongly isomorphic if dim(Py(u)) =
dim(P(u)) for all u € S* 1.

Clearly, strong isomorphism of n-polytopes is an equivalence relation, the
equivalence class of a polytope P € Py is called the a-type of P. For Q € Py
we write Q € a(P) if Q and P belong to the same class. The following lemma
collects several geometric facts that will be used in the following.

Lemma 3.7

(@) If P1, P, € Py are strongly isomorphic, then Py (u) and P>(u) are also strongly
isomorphic for eachu € S"~1.

(b) If Py, ..., Py € Py are strongly isomorphic, then all polytopes oy Py + - - - +
O P with oy, ..., 0 > 0and oy + - - - + a, > 0 are strongly isomorphic.

() If P =Py € 7361 is simple and has exterior facet normals uy, ..., uy € sl
then there is some B > 0 such that any two of the polytopes Pipiq] With o =
(ag, ..., ocN)T and |a;j| < B are strongly isomorphic.
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(d) For any (Ky,...,K,) € (K™")" there is a sequence (P\(m), ..., P,(m)) €
(Py)", m € N, such that Pj(m) — K; as m — oo (in the Hausdorff metric),
for j =1,...,n, and Pi(m), ..., P,(m) are simple and strongly isomorphic
foreachm € N.

Proof (a) is [81, Lemma 2.4.10], (b) is [81, Lemma 2.4.12], (¢) is [81, Lemma
2.4.13], (d) is [81, Theorem 2.4.15]. O

Mixed Volumes of Strongly Isomorphic Polytopes

In comparison to general convex polytopes, the representation of mixed volumes of
strongly isomorphic polytopes slightly simplifies, which will be convenient for the
subsequent analysis.

Let P € Py be a simple polytope with facet normals uy, ..., uy € S"=1. Then

C(P) = {h € (0,000 : Py € a(P)}

is an open convex cone. In fact, if A, i’ € C(P), then Py + Py € a(P) by
Lemma 3.7 (b), and thus

(Pin1 + Py i) = Pog(ui) + Py (ui) = hi + R = Py (ui)

implies that Py, + Py = Pptw)- The fact that C(P) is open follows from
Lemma 3.7 (¢).

Lemma 3.8 Let P € Py be a simple polytope with exterior facet normals
ul,...,uy € SV Fori = 1,...,n let P, = Ppiy € a(P) with
hy) = h(P[h<,->], uj) for j = 1,..., N. Then there are real numbers aj,...;,, for
Jis--osjn € {1, ..., N}, depending only on a(P) (and independent of the support
numbers of the polytopes) and symmetric in the lower indices, such that

N
1
V(PL....P)= ajl“‘j,,hﬁl)---hﬁ-’j).

In particular, the map C(P)N > (WD, ... h®) > V(Pymys -« Ppony) is of
class C*.

Proof We proceed by induction. For n = 1, we have h = (hy, hz)T and P =
[A1e1, hao(—e1)] with k1 > —h», and thus V(P) = h1 + h;. For the induction step,
we use that N(P; + - -+ + Py—1) = {u1, ..., un}, and hence by definition

N
1 .
V(P[h(l)], “eey P[h(n)]) = n Zhl(n) V(n 1)(P[h(l)](lxl[), .o ey P[h(nfl)](ui)).
i=1
(3.25)
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ByLemma3.7 (a),fori = 1, ..., N the (n—1)-polytopes P[ha)](u,-),l =1,...,n—
1, are strongly isomorphic in u IJ- (say) and their a-type is determined by a(P) and
i. Hence, using J := {(r,s) € {1,..., N}? : dim(P(u,) N P(us)) = n — 2}, we

obtain from the induction hypothesis that there are numbers a;l ot such that
- i 1 -1
VD Ppan @), . Py = Y ab i b nl D (326)
@, jred
where ji,..., ju—1 € {l,..., N} and the summation is extended over all pairs

@i, jr) € J. It follows from relation (3.9) that

1 1
B = h(Po (), ;) = h h". 3.27
r (P @) ;) sin/(uj,uj,) 7r tan/(uj,uj) " ( )
Note that the angles /(u;, u;,) depend only on a(P). Inserting (3.26) and (3.27)
into (3.25), the assertion follows if additional zero coefficients are inserted (if
needed) and a symmetrization is carried out to obtain coefficients with symmetric
indices. O

Recall from Sect. 2.2 that for a (twice continuously) differentiable function F
on an open subset of RN we write VF(h) = (Fi(h), ..., Fx(h))" € RY for the
gradient and V2F (h) := 3°F(h) = (Fy; (h))ff]j:1 € RNV for the Hessian matrix
of F at h, with respect to the standard basis of RV,

Now we are prepared for the final step of the proof of the Alexandrov—Fenchel
inequality.

Proof of Theorem 3.16 We proceed by induction. The theorem has already been
proved in the case n = 2 (and also the case n = 3). Hence let n > 3 (orn > 4) and
assume the theorem holds in smaller dimensions.

Let P € 736' be a simple polytope and fix K,,_3 := K4., := (P4, ..., P;) with
n-polytopes P, € a(P) forr = 4, ..., n. Then the function F : C(P) — (0, c0)
defined by

F(h) == V(Ppl3], Ki-3)

has the following properties.

(1) F is C* (by Lemma 3.8) and positively homogeneous of degree 3 on the open
convex cone C(P).
(ii) For h € C(P), we have

3
Fithy =~ VD (P @il2], Ku—3 (i) > 0,

where IC,,_3(u;) = (P4(u;), ..., P,(u;)). The derivative follows from (3.25)
and the symmetry of mixed volumes. Also note that dim( Py (u;)) =n—1> 2
and dim(P, (u;)) =n — 1 forr > 4.
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(iii) By the induction hypothesis, the Alexandrov—Fenchel inequality holds for the
mixed volume V@D in ulJ— Hence, since for A € [0, 1] we have

Pia—nynaan i) = ((1 = A) Py + APy) (i) = (1=2) Py (i) +A Py (i),

the map C(P) 2 h — F; (h); is concave (see Exercise 3.5.1).
(iv) For (i, j) € J and h € C(P), it follows from (3.8) and (3.27) that

3 2 1
- — (n—2) . . Lo
Fij(h) = nn—1sin/(ui, uy) 1% (Puny(ui) 0 Pry(uj), Kn—3(ui, uj))
> 0,

where KCp—3(ui, uj) = (Pa(ui) N Pa(uj), ..., Py(u;) N Py(u;)). Note that all
these intersections are (n — 2)-dimensional since (i, j) € J. Further, we have
Fiith)y < Oand F;j(h) = 0if (i, j) € {(r,s) € (1,...,NY¥*\J : r # s}.
Moreover, since any two facets are connected by a sequence of facets such that
the intersection of successive facets has dimension n — 2, it follows that the
matrix Vz]-'(h) is irreducible, that is, for any i, j € {1,..., N} with i # j
there is a sequence i :=i,i1,...,iy, := j € {l,..., N} with i, # i,41 such
that 7,;.,, (h) > 0.

The following Lemma 3.9 shows these properties imply that C(P) > h — F(h) :
is concave. Now from Lemma 3.7 (d) and the continuity of mixed volumes it follows
that

L V(L[3]. Ks..... K3,  LeK"

is a concave map, and therefore f3 (as in Lemma 3.6) is concave for all convex
bodies (see also Exercise 3.5.1). Hence, by Lemma 3.6 it follows that (AFI) holds
in n-dimensional Euclidean space, which completes the induction step. O

For v € R¥, we write v®uv for the square matrix v-v' € RVN . If A, B € RNV
are symmetric matrices, we write A > 0 to express that A is positive semi-definite
and A > B to say that A — B > 0. A vector is said to be positive if its coordinates
with respect to the standard basis are all positive.

Lemma 3.9 Let C C (0, 00)Y be an open, convex cone. Let F : C — R be a
function of class C3 such that the following conditions are satisfied:

(a) F is positively 3-homogeneous.
®) Coh ]—",-(h)é is concave and F;(h) > 0 for h € C.
(c) V2F(h) is irreducible and Fij(h) = Ofori # jandh €C.

ThenC > h +— ]-'(h); is a concave function.
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Proof Since the mapC > h +— ]-",-(h)é is concave and of class C2, the Hessian
matrix Vz(}})é (h) is negative semi-definite, which can be expressed by

L VFi(h) @ VFi(h)

27
VEFih) = o , heC. (3.28)

Since V2 F is positively 1-homogeneous, we get

N N
S VEm =Yk (Vz]-‘). (h) = V2F(h).

i=1 i=1
Therefore, (3.28) yields

ih.vmh)@avmh)
i=1

N
1
VIF() =) miViF() < oy hec 62
i=1 j= !

With the diagonal matrix D(h) = diag (]—", (W~ 'hii=1...,N ), the symmetric
matrix M (h) := D(h)> V2F(h) D(h)? and using

N

VFi(h VFi(h
> ki Fi) O VIR _ o2 iy Dy v2EM),
= Fi(h)
we can rewrite (3.29) in the form
1
M) < 2M(h)2, heC. (3.30)

Clearly, M(h) € RNV is symmetric, irreducible and M (h);; > O fori # j.If
v € R\ {0} is an eigenvector of M (/) with corresponding eigenvalue A, then (3.30)

implies that A > 2 or A < 0. Moreover, D(h)’éh is an eigenvector of M (h) with
positive coordinates /h; F;(h) > 0 and corresponding eigenvalue 2. This can be
seen from

N

1 1 1 N
Mh)Dh)"2h =D(h)2 Vz]-'(h)h = D(h)2 (Z h,-(]-'j),-(h))
i=1 j=1

1 N 1 _ 1
= D(h)2 (2F; () ;_, = 2D(h)2VF(h) = 2D(h) "2 h,

where for the third equality we used that F; is positively 2-homogeneous.
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Note that
D)~ 21| = (h, D(h) " h) = (h, VF(h)) = 3F (),

since F is positively 3-homogeneous. An application of Lemma 3.10 below now
shows that

1 1
M) <2 D) 2h Q@ D(h)" 2h
3F(h)

Thus we arrive at

2D 'h@D(h)"'h 2V F(h) ® VF(h)

V2F(h) < , hec,
() = 3 F(h) 3 F(h)
which shows that V2 (]—" é) is negative semi-definite.
This finally proves that 7 3 is concave. O

It remains to establish the following lemma from linear algebra.

Lemma 3.10 Let M = (m;;) € RNN be symmetric, irreducible and such that
m;ij > 0 fori # j. Suppose that vi € SN=1is a positive eigenvector of M and
corresponding eigenvalue A1 > 0. If M does not have any eigenvalues in (0, A1),
then

M < Aiv; ®vy.

Proof Let vy, ..., vy be an orthonormal basis of eigenvectors of M with corre-
sponding real eigenvalues Ay, ..., Ay. Choosing @ := max{|m;;| : i = 1,..., N},
all components of the matrix M + al are nonnegative (I denotes the identity
matrix). Then vy, ..., vy is an orthonormal basis of eigenvectors of M + al with
corresponding eigenvalues A; + a, ..., Ay + a. An application of (a special case
of) the Perron—Frobenius theorem to the symmetric, irreducible matrix M + al,
which has vy as a positive eigenvector with positive eigenvalue A1 + a, shows that
Ait+a <|ri+al <A +aand rj +a # A +afori > 2. Hence A; < A1 for
i > 2, and therefore (by assumption) A; < Ofori =2,..., N.
Forx = Y x;v; € RN with x; € R we get

N
(M1 ®@vr —M)x,x) = Z(_)‘/)sz' >0,

j=2

which proves the assertion. O
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Remark 3.27 The general Perron—Frobenius theorem is for instance covered in [47,
Satz 6.3.3], [34, Section 8.2, Theorem 2], [46, Theorem 8.4.4], [72, Chapter 8]; see
also Exercise 3.5.5.

The following Theorem 3.17 states that the function f,, is concave for arbitrary
convex bodies.

Theorem 3.17 For m € {2,...,n} and Kyy1,...,.K, € K" let K =
(Km+1, - - -, Ky). Then the map

K" 5 L V(L[m], K)n

is concave.

From the inequalities derived up to this point, a variety of strong geomet-
ric inequalities can be deduced. For example, we obtain a general version of
Minkowski’s inequality (see Exercise 3.5.2).

Theorem 3.18 Form € {2,...,n} and K1, K2, Kpp41,..., K, € K", let K =
(Km+1,---, Ky). Then

V(Kilm — 11, K2, K)" = V(K1[m], )"~V (Ka[m], K).

Exercises and Supplements for Sect. 3.5

1. Foramap f : K" — R, we consider the following properties.

(a) f isconcave, that is,

FA =K +AL) > (1= f(K)+Arf(L), K,LeKk" rel01].

) [0,1]>s+— f((1 —s5)K +sL) is concave for K, L € K".
(¢) Ry 2t f(K +tL)is concave for K, L € K".

Show that (a) <— (b) = (c).
If f is positively homogeneous of degree 1 and continuous, then all three
properties are equivalent, that is, we also have (¢) = (b).

2. For the proof of Theorem 3.18 proceed as in the proof of Minkowski’s inequality.

3. Deduce Theorem 3.17 from Theorem 3.18.

Note that this exercise and Exercise 3.5.2 together show that for convex bodies
Theorems 3.17 and 3.18 are essentially equivalent.

4. The argument for the crucial Lemma 3.9 essentially follows the proof of
Proposition 3 in [27] in the special case p = 3 which is needed here.

5. Provide a direct (and elementary) argument for the Perron—Frobenius theorem
as needed in the proof of Lemma 3.10 for symmetric matrices with the
additional information which is available in the proof (the existence of a positive
eigenvector with corresponding positive eigenvalue is already available).
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3.6 Steiner Symmetrization

The isoperimetric inequality for a convex body K € K" with nonempty interior (or
satisfying F(K) > 0) can be written in the form

V(K)nfl - V(Bn)nfl
F(K)y" = F(B")"

and expresses an extremal property of Euclidean balls. Euclidean balls are dis-
tinguished by their perfect symmetry. For instance, if B" is a Euclidean ball and
u € $"! is a unit vector, then there is a hyperplane H orthogonal to u such that
all secants of B" with direction u# have their midpoints in H, in other words, B" is
symmetric with respect to H.

There is a simple procedure which transforms a given convex body K into a
convex body K1 := Spg, (K) which is symmetric with respect to a hyperplane H;.
Clearly, Sy, (K) need not be a ball after just one symmetrization step. Therefore the
symmetrization is now repeated with respect to another hyperplane H,. This leads
to a convex body K> := Sy, (SH, (K)). After m steps, we finally arrive at a convex
body K,,. In general, K> will no longer be symmetric with respect to H; and K,
will not be a ball. Still, we shall see that there is a sequence (K;);en of convex
bodies converging to a ball and such that each K; is obtained from K by successive
symmetrization. Since this type of symmetrization does not change the volume of a
convex body, that is, V(Sg(K)) = V(K), and since it does not increase the surface
area, that is, F(Sg(K)) < F(K), we finally obtain

V) _ VK vyt venyt
< <...-< — asi — oo.
F(K)" — F(Kp" — 7 FK)" F(B™)"
A refinement of the argument also yields the uniqueness assertion.

In the following, we shall provide an introduction to what is called Steiner
symmetrization and establish some of its basic properties. As applications, we shall
derive some geometric inequalities. Although Steiner symmetrization can be applied
to compact sets in general, in the following we consider only the case of convex
bodies.

We start with an intuitive description. Let H be a hyperplane and K a convex
body in R". Let G be a line orthogonal to H intersecting K in a segment S. Then
S is translated within G to S so that the midpoint of S is in H. The union of all
segments S, which are obtained in this way, yields a new set Sy (K) € K". The map
Sy : K" — K" is called Steiner symmetrization with respect to the hyperplane H.

In a more formal way, this can be expressed as follows. Let H C R” be a
hyperplane, which is fixed for the moment. Let u € S"~! be a unit vector orthogonal
to H (which is uniquely determined up to the orientation). Then each point x € R”"
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has a unique representation
x=xo+zu, xo€ H,zeR.

Since # and H are fixed for the moment, the dependence on u and H is not indicated
in the notation. Thus we simply write

Gy ={x+xu:1eR}

for the line through x orthogonal to H. Let K|H be the orthogonal projection of K
to H, that is,

KIH={xe H:G,NK #%}.

For x € K|H, the intersection Gx N K is a (possibly degenerate) segment of the
form

GyNK={x+zu:z(x) <z <z(x)}

Thus, two functions z: K|H — R and z: K|H — R are implicitly defined.
Explicitly, they are given by

Z(x)=minfz e R: x+zu € K} and z(x) =max{zeR:x+zu € K}.

Clearly, z is convex and z is concave, and hence z and z are continuous on
relint(K | H). However, for n > 3 these functions need not be continuous on K |H,
as the example K = conv([—e3, e3] U B) with B = e1 + B3N lin{ey, ex} C R3 and
H = e3L shows. Still, z is lower semi-continuous and z is upper semi-continuous.
The former means that for x € K|H and ¢ > O, there is a neighbourhood U of x
such that

z(y) > z(x)—e forye UN(K|H).

To verify this, we assume that this is not the case. Then there is some ¢ > 0 and
there is some x € K|H such that there is a sequence (y;);en in K|H satisfying
yi — x and z(y;) < z(x) — &. We may assume (passing to a subsequence) that
z(y;) = a € R, hencea < z(x) —&. Then K > y; + z(y;)u — x + au, and
hence x 4+ au € K, and therefore z(x) < a < z(x) — ¢, a contradiction. The upper
semi-continuity of z can be proved in the same way.

The difference z(x) — z(x) equals 1 (G, N K). For x € K|H, we put

s(x) = {x +zu: —;(Z(X) —z(x)) <z < ;(Z(X) —Z(X))}
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and then define

Su(K):= [ s).

xeK|H

Clearly, the definition is independent of the orientation of u L H. In the following
lemma, we collect some basic properties of Sy (K).

Lemma 3.11 If K € K" and H = is a hyperplane, then

(@) Su(K) e K",
(b) V(Sy(K)) =V(K), and
(¢) SH(K) is symmetric with respect to H.

Proof The symmetry assertion is clear by definition, and the volume does not
change by Fubini’s theorem. Furthermore, Sy (K) is convex, since z — z is concave
and bounded. It remains to be shown that Sy (K) is closed. Let (y;)ien C Su(K)
with y; — y asi — oo. There are x; € K|H and z; € R, i € N, such that
yi = x; + z;u. Let xo € H be an arbitrary fixed point. Since z; = (y; — xo, u) —
(y —xo,u) =:z,wegetx; =y; —ziju > y—zu =:x € H,thatis, y = x + zu.
Since x; € K|H and K |H is closed, we have x € K|H. Furthermore,

2|zi| < z(x;) — z(x),

hence
2|z| = lim 2|z;| < limsup z(x;) — liminfz(x;) < z(x) — z(x),
i—o00 i—00 i—00
which shows that y = x + zu € Sy (K). |

Definition 3.8 For K € K" and a hyperplane H C R”, the convex body Sy (K)
is called the Steiner symmetral of K with respect to H. The map Sy : K" — K",
K +— Sy (K), is called Steiner symmetrization.

The map Sy: K" — K" is not continuous in general (see the exercises).
However, the following weaker property is true. In the proof, we write oy : R" —
R” for the orthogonal reflection at H.

Lemma 3.12~Let (Kj)jen be a sequence in K" with K; — K and such that
SH(K;) — K as j — oco. Then K C Sy (K).

Proof Letx € K. There are x;j € Sg(K;) with x; — x as j — oo. This implies
that there are YV € Gy; N K such that

Ixj =orpl = ly; =yl
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Passing to a subsequence, we can assume that y; >y and y; — yas j — oo.
Theny,y € G, N K and

lx —or ()l < lly = yll,

which shows that x € Sy (K). |

Let Hy, ..., Hy be hyperplanes passing through the origin. Then the composition
map S, o- - oSy, is referred to as a repeated (or iterated) Steiner symmetrization.
For K € K", let #(K) denote the set of all convex bodies obtained from K by
repeated Steiner symmetrization.

Theorem 3.19 For K € K", there is a sequence in . (K) converging to a ball.
Proof Let

R(L) :=min{r >0: L CrB"}, LeK",
and
Ro :=inf{R(K) : K’ € .Z(K)}.

Since . (K) is bounded, it follows from Blaschke’s selection theorem that there is
a sequence (K ;) jen in . (K) with

lim R(K;)=Ro, Kj— KoeK".
J—>00
Since R is continuous, we have Ry = R(Kj). Assume Ky is not the ball By centered

at 0 of radius Ry. Then there is a point z € bd(By) \ Ko. Hence there is a ball C with
center z and C N Ko = @. For any hyperplane H through 0,

bdByNCNSy(Kp) =0 =bdByNoyg(C)N Sy (Kp).
Let Cq, ..., Cy,; be balls congruent to C with centers in bd By which cover bd By.
Let H; be a hyperplane through 0 with respect to which C and C; are symmetric.
Then
bd By N C N Sy, (Ko) =¥ =bd By N Ci N Sy, (Ko).

Then also

bd By N C N S, 0 Sp, (Ko) = ¥ = bd By N C1 N S, 0 Sy (Ko)
=bd By N o, (C) NSk, o Sp, (Ko).

=Cp
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For §* := Sy, o --- o Sg,, iteration yields
bdByNC; NS*(Kp) =0 fori =1,...,m,
that is,
bd Bo N S*(Ko) = @,

since C1U---UCy, D bd By. Since $*(Ko) is compact, it follows that R(S*(Ko)) <
Ro. We can assume that Sy, o --- o Sy, (K;) — K, forr = 1,...,m. Then we
deduce from Lemma 3.12 that

Su, (Kj) — K1 = K1 C Sy, (Ko)
Sty 0 Sy (K ;) — K2 = K C Suy (K1) C Shy o Su, (Ko)

=Su, (SH, (K))

Siy 00 S (Kj) — Ku = K C Su, (K1)

=SH,, (SH,,_;0oSH, (K))
and
Sty (Kn—1) C Sp,, (Sh,_, o -+ o Su, (Ko)) = S*(Ko).

Thus we get R(I?m) < R(8*(Kp)) < Ry. Since R is continuous and since we have
SH, 0---08y (K;) — Em, we have R(Sg,, o---0Sg,(K;)) < Roif j is sufficiently
large. This is a contradiction, since Sg,, o --- o Sg, (K;) € (K), which proves the
theorem. |

Before continuing with some examples of typical applications of Steiner sym-
metrization, we will collect some of its further useful properties. The obvious
properties (a) and (b) have already been used in the preceding argument.

Lemma 3.13 Let K,L € K" and let H be a hyperplane. Then the following
assertions hold.

(@) If K C L, then Sg(K) C Sy (L).

(b) Su(SH(K)) = Su(K).

(¢) diam(Sgy(K)) < diam(K).

(d) If0e Hand ) € R, then Sg(AK) = ASy(K).
(e) If0 € H, then Sg(K) + Sg(L) C Sg(K + L).
() F(Su(K)) < Su(K).
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Proof The assertions (a), (b), (d) are easy to see.

(c)Lety; = xj+ziu € Sy(K) fori =1, 2. Then Y, =x;+z;uandy; = x;+z;u
satisfy z; —z; > 2|z;| fori = 1, 2. Then, we get ly2—=y1l> = llx2—x11?+(z2—21)?
and
ly2 =y, P =l = x4+ @2 = 2% Ny = 3,17 =l —xi1l? + (21 — 2
Since

(- < lal+lal < @1 —2)+ G2 —2) < Lla— 2]+ ot — 2yl

- slltlal=s  G-z)+ @ - = e —glt -2

< max{|z2 — 7,1, |21 — 2,1},
we get
ly2 = yill = max{llys =y, II. lyr = y,II}-

Hence, it follows that diam(Sy (K)) < diam(K).

(e) Let H = H(u,0) with u € S"~!'. We have to show that if y; € Sy (K) and
y2 € Sp(L), then y; + y2 € Sg(K + L). We have y; = x; + z;u with |z71| <
121(Gx, NK) and |z2] < J41(Gx, N L). Since (Gy; NK) + (G, NL) C Gyygx, N
(K + L), we obtain

1
lz1 + z2| < lz1] +|z2] < 2()~1(le NK)+ 1 (G, NL))
1 1
= 2)»1((le NK)+(Gy,NL)) < 2)\1(Gx1+xz N (K + L)),

which yields the assertion.
(f) Using (e), we get

F(Su(K)) = 1:% : (V(Su(K)+1tB") — V(Su(K)))
= lrlﬁ)l : (V(SH(K) + Su(tB") — V(Su(K)))
< ltlf(} : (V(SH(K +1B")) = V(Su(K)))
= 1tiﬁ)1 :(VK +tB") — V(K)) = F(K),

as asserted. m]
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Recall that K7fj denotes the set of convex bodies having nonempty interiors.

Example 3.2 (Isoperimetric Inequality) Let K € Kjj. Then the isoperimetric
inequality is obtained as described before. The crucial fact that surface area does not
increase under Steiner symmetrization is established in Lemma 3.13 (f). However,
note that the sequence K,, — rB", where K,, is an iterated Steiner symmetral of
K, need not be of the form

Km =Sk, o0 Sy (K)

for a single sequence Hp, Ha, ... of hyperplanes through 0. (Although it can be
shown that such a single sequence does indeed exist.) The argument shows that the
isoperimetric problem has a solution (in the class of convex bodies) and the balls
are extremal bodies, but it does not imply that balls are the unique maximizers.

Example 3.3 (Brunn—Minkowski Inequality) Let K, L € K". By Lemma 3.13 (e)
we get

V(K+L)=V(Su(K+ L)) =V(Su(K)+ Su(L)). (3.31)
Choose a sequence K; — r(K)B" of iterated symmetrals of K. Then V(K) =
V(Ki) = V(r(K)B"). Passing to a subsequence we can also assume that the
corresponding sequence of iterated symmetrals L; of L converges, say to L € K.
Then V(L) = V(L;) = V(L). Hence we get from (3.31)
V(K +L)>V(Ki + L) > V((K)B" + ).

Now we clloose a sequence of Steiner symmetrals Zi of L with Z,- — r(L)B" and
clearly V(L;) = V(L) = V(L) = V(r(L)B™). Hence

V(r(K)B" + L) = V(Sy(r(K)B" + L)) > V(Su(r(K)B") + Su (L)
=V@(K)B"+L1)>--->VFE(K)B"+ L))
— V(@ (K)B" +r(L)B").

This finally yields that

V(K +L)n > (r(K) 4+ r(L)V(B")»

v

— V(r(K)B")r + V(r(L)B")

= V(K)r + V(L)n.
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Example 3.4 (Isodiametric Inequality) By similar arguments as above and using
Lemma 3.13 (c¢), we deduce that

V(K) - V(SH(K))
(diam(K))" ~ (diam(Sy(K)" ~
L VKD VB V(B
= (diam(K;)"  (diam(r(K)B"))"  (diam(B"))’

and therefore

VK) s
(diam(K))n = 21

Although it is appealing that a single method (the Steiner symmetrization)
is successful in these three examples, this is not surprising in view of the fact
that the isoperimetric inequality and the isodiametric inequality both follow from
Minkowski’s inequality, which in turn is a consequence (in fact, it is equivalent
in our setting) to the Brunn—Minkowski inequality. The following application of
Steiner symmetrization is even more convincing, since the inequality is new for us
and symmetrization is indeed a highly efficient tool for establishing it.

Definition 3.9 A real-valued functional f: Kfj — R is called affine invariant if
f(@K) = f(K) for K € K" and all affinities (regular affine transformations)
o: R" — R”,

Theorem 3.20 Let f: Kj — R be continuous and affine invariant. Then f has a
maximum and a minimum.

Proof See Exercise 3.2.5. O

Let K7 denote the set of all centrally symmetric convex bodies with center at the
origin, that is,

K!:={K eKy:K=—-K}.
The volume product of K € K7 is defined by
Vp(K) = Vi (K)Va(K®),

where K° = {x € R" : (x,z) < lforz € K} is the polar body of K (recall
Exercises 1.1.14 and 2.3.2). For a regular linear map o € GL(n) and K € KI, we
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have (@K)° = o~ T (K°), where o~ | is the inverse of the adjoint map of «. Thus it
follows that

vp(@K) = V(@K)V((@K)®) = |deta|V(K) - Vu(a™ T (K°))

= |deta|V(K) ! V(K°) = V(K)V(K®)
| deta|

= vp(K).

The map K — vp(K) is continuous on K]'. In the following theorem, the maximum
of vp is determined. The inequality thus obtained is known as the Blaschke—Santal6
inequality (for centrally symmetric convex bodies). There is also a version of this
inequality for not necessarily centrally symmetric bodies. The determination of the
minimum is a notoriously difficult open problem (also in the nonsymmetric case)
known as K. Mahler’s problem (conjecture). It is conjectured that the minimum is
attained for the cube (and the cross-polytope), but not only for these.

Theorem 3.21 (Blaschke-Santalé Inequality) If K € K[ is an origin-centred
convex body, then vp(K) < vp(B™").

Proof Let H = H (u, 0) be a hyperplane with u € S"~!. We show that V(K°) <
V(S (K)®°). Once this is shown, it follows that vp(K) < vp(Sg(K)). Choosing a
sequence (K ;) C /(K) with K; — r(K)B", the assertion follows.

Each x € R” can be written in the form x = y + fu withy € H and ¢t € R, in
which case we write x = (y, t). Then

S1 —

5 %2 for some (y,s51), (¥, 52) € K.

(y,5) € Sg(K) <— s =

Therefore, we have

(z,1) € SH(K)® <= ((z,0), (y,5)) =1 for(y,s) € Su(K)

e @)+l forGuspeks =" j=12.

— (Z,y)—i-tsl;sz <1 for(v.sp) €K, j=12.

For E C R" and ¢t € R, we define the ¢-section of E as the subset of H which is
given by E; := {y € H : (y,t) € E}. Then K° = —K° implies that —(K°); =
(K°)_;. Next we show that

1 1
2(Ko)z + 2(—(K°)z) C (SH(K)®)r.
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To verify this, first observe that
e Loy + Loy = k0, + ko)
Z ) t ) t) = ) t ) —t
can be written in the form z = ép + éq with p € (K%),, ¢ € (K°_,. Thus,

S1— 82 p+q S1— 82
t = t
(z,y) + ) < ) ,y>+ 5

1 1

=, (p, y)y +1ts1) + ) (g, y) + (=1)s2)
1 1

= 2((17, 1), (y,s1)) + 2((61, —1),(y,s2)) <1

since (p,t) € K°, (y,s1) € K and (g, —t) € K°, (v, s2) € K, respectively. This
shows that (z, 1) € Sg(K)°, thatis, z € (Sg(K)°);.
By the Brunn—Minkowski inequality, we then obtain

1 1
Vi1 (K®)1) < Vai (2(K°)r + 2(—(K°)r))> = Va1 ((SH(K)®)0) .

Integration with respect to ¢ € R and Fubini’s theorem yield
Va(K®) < Va(SH(K)®),

as requested. O

Exercises and Supplements for Sect. 3.6

1. Show by an example that the Steiner symmetrization is not a continuous
transformation in general.

2. Let K;, K € K", i € N, with intK # #. Let H be a hyperplane. Show that
K; — K asi — oo implies that Sy (K;) — Sy (K).

3. Hints to the literature: Classical textbooks dealing with various aspects of
convexity are [11, 15, 18, 25, 30, 32, 42, 50, 57, 64, 92]. More recent expositions
are provided in [10, 24, 38, 58, 59, 81, 88, 91, 93]. For connections to algebraic
aspects of convexity, including algebraic geometry, see [31, 49].



Chapter 4 )
From Area Measures to Valuations Check for

In Chap. 3, we studied the mixed volume as a real-valued functional on n-tuples
of convex bodies in R". Already the recursive definition of the mixed volume of
polytopes Pi, ..., P, involves the support function of one of the bodies, say Py,
and mixed functionals of the facets with the same exterior unit normal vector of the
remaining bodies P, ..., P,_1. This defining relation will lead to a fundamental
and general relation between the mixed volume of convex bodies K1, ..., K, the
support function of one of the bodies, say K, and (what we shall call) the mixed
area measure of the remaining convex bodies K1, ..., K,_1. Specializing these
mixed area measures, we shall obtain the area measures S; (K, -), j € {0, ..., n—1},
of a single convex body K.

The area measures can also be introduced independently as coefficients of a local
Steiner formula. This leads to explicit integral representations of these measures
as integrals of elementary symmetric functions of principal radii of curvature.
A particular role is played by the top order measure S,_1(K,-), which is just
the (n — 1)-dimensional Hausdorff measure of the set of all boundary points of
K having an exterior unit normal in a given Borel subset of the unit sphere.
Minkowski’s existence and uniqueness theorem provides a deep and extremely
useful characterization of top order area measures. The top order area measure of a
convex body K can also be used to provide an analytic expression for the volume
of the projection of K to a subspace orthogonal to a given direction u € S"~!. The
function which assigns to a given direction the projection volume of a given convex
body turns out to be the support function of a convex body I7 K . The class of convex
bodies thus obtained are precisely the zonoids, which show up in various contexts
and are explored in the current chapter as well.

Finally, we close this chapter with an introductory study of valuations. In fact,
most of the functionals (such as the intrinsic volumes or the support function) we
have seen so far enjoy an important finite additivity property, which is the defining
property of a valuation. We have also seen the diameter, which does not enjoy
the additivity property. A particular highlight in the context of valuation theory is
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Hadwiger’s characterization theorem. Applications of this fundamental result to the
proof of integral-geometric formulas will be given in the following chapter.

4.1 Mixed Area Measures

In Sect. 3.3, we have shown that for polytopes Py, ..., P, € P" the mixed volume
satisfies the formula

1
V(Pi,.... Ph1, Py) = ; Z hp,(W)v(P1(u), ..., Ph—1(u)).

ueSt-1

On the right-hand side, the summation extends over all unit vectors u for which
v(P1(u), ..., P,—1(u)) > 0 or, alternatively, over all facet normals of the polytope
P1+- - -+ P,—_1. In any case, the summation is independent of P,. By approximation
and using the continuity of mixed volumes and support functions, we therefore get
the same formula for an arbitrary convex body K, € K", that is,

1
V(Pi,...,P_1,K;) = Z hi,(Wv(P1(u), ..., Pi—1(u)). “4.1)
n uES’lil
We define
S(P1,...,P,1,") = Z v(Pi(u),..., Pb_1(u))é,, “4.2)
ueSn—1

where §,, denotes the Dirac measure with unit point mass in u € sl , that is,

1, ifueA,
du(A) == i
0, ifuégA,

for Borel sets A C S*~!. Then, S(P1,...,P,_1,-) is a finite Borel measure on the
unit sphere §"~!, which is called the mixed surface area measure or simply mixed
area measure of the polytopes Py, ..., P,_1. Equation (4.1) is then equivalent to

1
VP P K = [ e @S P, 33)

Our next goal is to extend this integral representation to arbitrary convex bodies
K1, ..., K,—1 and thus to define mixed (surface) area measures for general convex
bodies.

We first need an auxiliary result.
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Lemmad.l IfKy,...,K,—1, Ky, K{l € K" are arbitrary convex bodies, then

|V(K17 B Kn—la Kn) - V(Kla B Kn—la K;;)'
< |lhg, —hg |V(K1, ..., Kn1, B").

Proof First, let K1, ..., K,_1 be polytopes. Since hig: = 1 on S"=1 we obtain
from (4.1) that

|V(K17 s Kn—la Kn) - V(Kla ] Kn—la K;fl)l

1
" D (g, ) = higy )0(K1 (@), ..., Kn1(u)

ueSr-1

IA

1
" Z lhk, W) — b, W)|v(K1), ..., Ky—1(u))

ueSn—1

1
< sup |hg, () —hg, )] Y v(Ki@), ..., Kuoi(w)

n n—1
ves ueSn—1

1
LWk = Rl Z hpn W)v(K1(u), ..., Kp—1(u))

ueSn—1

lhk, —hg IV(Ki, ..., Kp—1, B").

By Theorem 3.9, which provides the continuity of the mixed volume, the inequality
extends to arbitrary convex bodies. O

Now we can extend (4.3) to arbitrary convex bodies.

Theorem 4.1 For K1, ..., K,—1 € K", there exists a uniquely determined finite
Borel measure S(K1, ..., K,_1,-) on S"! such that

1
V(Kla M} Kn—la K) = n \/S 1 hK(M) S(Kla MR Kn—lad”)

for K € K".

Proof We consider the Banach space C(S"!) and the linear subspace c2s"h
of twice continuously differentiable functions. Here, a function f on $" ! is called

twice continuously differentiable if the homogeneous extension f of f, which is
given by

s (%), x eRm\ (o)

0, x =0,

fx) =



150 4 From Area Measures to Valuations

is twice continuously differentiable on R" \ {0}. From analysis we use the fact that
the subspace C2(S"~!) is dense in C(S"~!), that is, for each f € C(S"~!) there is
a sequence of functions f; € C>(S"~!) with f; — f asi — oo, in the maximum
norm (this can be proved either by a convolution argument or by using a result of
Stone—Weierstrass type; see Exercise 4.1.1).

Further, we consider the set £ of all functions f € C(S"!) which have a
representation f = hg — hgs with convex bodies K, K’ € K". Obviously, £" is
also a linear subspace. Exercise 2.3.1 shows that C>(S"~!) c L, therefore £ is
dense in C(S*1).

We now define a functional Tk, .

TK[,‘A‘,KVL,](f) = nV(Kls L] K}’l*ls K) - nV(Kls ) K}’l*lv K/)v

where f = hg — hgs. This definition is actually independent of the particular
representation of f. Namely, if f = hg —hgr = hy —hp,then K +L = K’ + L
and hence
V(Ki,...,Kp1, K)+V(Ki,...,Kp_1, L")
= V(Kla M Kn—la K/) + V(Kla M Kn—la L)a

by the multilinearity of mixed volumes. This yields

nV(Kla ] Kn—la K) _nV(Kla s Kn—la K/)
= V(K1 Kot L) —nV (K1 Kno1, L),

The argument just given also implies that Tk, .. k,_, is linear. Moreover, Tk, .. k,_,
is a positive functional since f = hx — hgs > 0implies K D K’. Hence

V(K17 MR K}’l*ls K) Z V(Kls M) K}’l*l? K/)

and therefore Tk, k,_,(f) > 0.Finally, Tx,, .. k,_, is continuous (with respect to
the maximum norm), since Lemma 4.1 shows that

|Tk,,...k,o (O] < (K1, ..., KiDIf

with ¢(Ky, ..., Ky,—1) :=nV(Ky,...,K,_1, B").

Since £" is dense in C(S"~!), the inequality just proven (or alternatively, the
Hahn-Banach theorem) implies that there is a unique continuous extension of
Tk,,.. k,_, to apositive linear functional on C(S"*I) (see Exercise 4.1.2). To verify
that Tk, k,_, 1s indeed positive, let f € C(S"*I) be nonnegative. There is a
sequence f; = hg, —hy; € L",i € N,suchthat || f; — f|| < 1/i fori € N. Then
fir=fi+ ] =0and f; = hy,41pn = hi, € L. Moreover, I fi — fIl = Oas

i — 00. Thus we conclude that Tk, .k, ,(f) =limj~o Tk, K, , (f,-) > 0.
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The Riesz representation theorem (see [79, Theorem 2.14]) then shows that there
is a finite (nonnegative) Borel measure S(Ky, ..., K,—_1,-) on S"=! such that

Toro (= [ £ SE oo Ky d

for f € C(S*1). The existence assertion of the theorem now follows, if we put
f =hg.

For the uniqueness part, let Ki, ..., K,—1 € K" be given and let u, 1’ be two
Borel measures on S" 1, depending on K1, ..., K,_1, such that

/ i () p(du) = / e () 1 (du)
Snfl Snfl

for K € K". By linearity, we get
/ S ) pudu) = / f () 1 (du),
Sn—1 Sn—1

first for f € £", and then for f € C(S"~!). The uniqueness assertion in the Riesz

representation theorem then implies that o = /. O
Definition 4.1 The measure S(K1, ..., K,—1, ) is called the mixed surface area
measure or simply mixed area measure of the bodies K1, ..., K,,_1. In particular,

is called the jth order surface area measure or simply jth area measure of K for
jef0,...,n—1}

Remark 4.1 For polytopes Ki,...,K,—1 € P", the mixed area measure
S(Ki, ..., Ky—_1,-) equals the measure defined in (4.2).

Remark 4.2 All area measures have centroid 0. In fact, since
V(Kla IR ] Kn—l’ {x}) = 07

we have
/ <X,M>S(K1,...,Kn71,du):0
sn—1

for x € R”. It is instructive to interpret this centredness condition for S,_1 (P, -)
and, in particular, for n = 2.
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Remark 4.3 For the total mass of the mixed area measure, we get
S(Ki,....Ku_1,S" Y =nV(Ki,..., Kn_1, B");
in particular,
S;(K, S = nV(K.....K.B",....B")
J

nKkp—j

()

Vi(K),
and

Sa-1(K,§""1) =2Va_1(K) = F(K),
which explains the name surface area measure.
Remark 4.4 For j € {0,...,n— 1} and K € K", the measure
SO(Ka ) = S(Bna DRI Bnﬂ ) = Sj(Bna )

equals the spherical Lebesgue measure 0 = H"~! on S"~!. This follows from part
(d) of the following theorem. Hence we obtain the equation

V(K, B" B") = ! h
’ LA ] - K(H)G(du),
n Jsn—1

which we used already at the end of Sect. 3.3.

Further properties of mixed area measures follow, if we combine Theorem 4.1
with Theorem 3.9. In order to formulate a continuity result, we make use of the
weak convergence of measures on S" ! (since §"~! is compact, weak and vague
convergence are the same). A sequence of finite Borel measures p;, i € N, on sr—1
is said to converge weakly to a finite Borel measure 1 on §"~! if and only if

/ 1f(u)/h'(dbt) —>/ 1f(u)u(du) asi — 00
Sn* Sn7

for f € C(S" 1.

Theorem 4.2 The measure-valued mapping

S: (Kla LK) Kn—l) = S(Kla LK) Kn—la )
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on (K™~ has the following properties:

(a) S is symmetric, that is,
S(K1, ..., Kn—1,°) = S(Kz1ys -+ s Kn@u—1,*)

for Ky, ..., K,—1 € K" and permutations 7w of {1,...,n — 1}.
(b) S is multilinear, that is,

S(C(K_'_ﬂLaKZa '-'7Kn—17')
:(XS(K, K27-~-1 K}’l*ls )+IBS(L7 K2, ~-'7Kn717')

fora,B>0andK,L, K>, ..., K,—1 € K".
(c) S is translation invariant, that is,

S(Ki+x1,...,Ky1 +xp-1,) =S(K1, ..., Kn—1,°)

forKy,...,K,—1 € K"and x1, ..., x,—1 € R".
(d) S is rotation-covariant, that is,

S@WKi,...,0Ku_1,94) = S(K1, ..., Ku_1, A)

forKy,...,K,—1 € K", Borel sets A C S" and rotations © € O(n).
(e) S is continuous, that is,

SKM™, K™ ) > SKi, . Ky

n—1°

weakly, as m — 00, provided that Ki(m) — Kifori=1,...,n— 1.

Proof (a)—(c) follow directly from the integral representation and the uniqueness
in Theorem 4.1 together with the corresponding properties of mixed volumes in
Theorem 3.9.

(d) If p o u denotes the image of a measure  on S"~1 under the rotation p, then

/ h, () [0 0 SOK1, ... Kn1, )](dw)
Snfl
=/ hi,(® 'u) SWKy, ..., 0K,—1,du)
Snfl

=/ hok, ) S(WK1,...,0Ky1,du)
Snfl

=nV@OKy,...,0Ku_1,9Ky)
:nV(Kls LA} K}’l*lv K}’l)

= L 1 hKn(I/l) S(Kla MR Kn—ladu)a
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where K, € K" is arbitrary. The assertion now follows from the uniqueness part of

Theorem 4.1.
(e)Fore > 0and f € C(S"!), choose K, L € K" with

If —(hg —hp)ll =&

Further, choose my € N such that for m > my we have Kl-(m) C K; + B", for
i=1,...,n—1,and
VK™, K M) = VKL Ky M) < e

n—1°

for M € {K, L} and m > my. Then, by the triangle inequality, we get

VS | f(u)S(Kfm),,_.,K,E’f)l,du)—/Sil F)SKi, ..., Kn_1,du)

<

[S) =k =R @) SR K du)‘

+ ‘/S Ok = h)@) SKK™, . K™ du)

_ Ln—l(hK —hp)(w)S(Ky,...,Ky—1,du)

+ ‘/Snl(f — (hg —hp)@) S(Ky, ..., Kn_1,du)

<lf—-(g—-h)InV(Ki+B",...,K,—1 + B", B")

+alVK™, K™ K) = VK, ..., Kyt K

n—1°
+alVK™, K™ L) = V(K. Kaer, L)

+IIf = (hg = hp)In V(Ky, ..., K1, B")
S C(Kla MR Kn—l)g

for m > my. m]

Recall that S, _(K,) =S(K,...,K,-)forK € K".LetKy,..., K, € K" and
a1, ...,y > 0. Then the multilinearity of mixed area measures and the invariance
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with respect to permutations of the bodies involved implies that

Sn—1(1 K1 + -+ oKy, »)
m

Z a;j, "'al’nfls(Kil""’Ki”*17') (4.4)

in—1=1
1

n—1
r1=0

Il

I
_

n—

1s oo ¥m

—1 - ,
> (, ) , )“1‘ sy S(Kin ], oo Klrml, ). (45)

rm=0
Moreover, this formula can be inverted so that we obtain

S(Kls "'7K}’l717')

n—1
1
= o DT Y S e K ) (46)
" k=1

1<rj<--<rp<n—1

As a special case of (4.5) and the preceding results, we summarize some of the
properties of area measures.

Corollary 4.1 For j = 0,...,n — 1, the mapping K +— S;(K,-) on K" is
translation invariant, rotation-covariant and continuous.
Moreover,

n—1
Su1(K + B (@), ) =Y o' (" ; 1)5,(1(, )

=0
for o > 0 (local Steiner formula).

Proof We only have to prove the local Steiner formula. The latter follows from
Theorem 4.2 (a) and (b). |

Exercises and Supplements for Sect. 4.1

1. State the Stone—Weierstrass approximation theorem and provide a reference.
Show that C2(S"~!) is a dense subset of C(S"~!) with respect to the maximum
norm.

2. Prove that Tk, .,
L% to C(S" .

3. State the Riesz representation theorem in a form which is suitable for the
application in the proof of Theorem 4.1.

K,_, can be continuously extended as a linear functional from
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4. Let K, M, L € K" be such that K = M + L. Show that

J .
S./(Ms ) = Z(_l)j—l<{>s(§,,€’£’ ~-~s€7§nv-~-s an ')7
i=0 i j—i n—l—

J

forj=0,...,n—1.

5. Prove the inversion formula (polarization formula) (4.6) for the mixed area
measures.

6. Let K e K", > 0,andletr € {0,...,n — 1}. Then

r

Sr(K + B"(@). ) = Za’(

=0

n

l>Sr—z(K, )

4.2 An Existence and Uniqueness Result

The interpretation of the surface area measure S, — (P, -) for a convex polytope P C
R" is quite simple. For a Borel set A C S"~!, the value of S,,_; (P, A) gives the total
surface area of the set of all boundary points of P which have an outer normal in A
(since this set is a union of facets, the surface area is defined). In an appropriate way
(and using approximation by polytopes), this interpretation carries over to arbitrary
bodies K. It states that S,_1(K, A) measures the total surface area of the set of
all boundary points of K which have an outer normal in A. Furthermore, we have
Sqp—1(K,-) =0ifandonlyifdim K <n—2,and S,,—1(K, ) = V,_1(K)(8, +5—-,),
if dim K = n — 1 and K is contained in an affine subspace parallel to u~, for some
uesS1

Now we investigate to what extent a convex body K C R” is determined by its
top order area measure S,_1(K, -). The following result provides a strong positive
answer to the corresponding uniqueness problem.

Theorem 4.3 Let K, L € K" withdim K = dim L = n. Then
Sn—l(Ka ) = Sn—l(La )

if and only if K and L are translates.

Proof 1f K, L are translates of each other, the equality of the area measures follows
from Corollary 4.1.
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Assume now S,_1(K, -) = S;—1(L, -). Then Theorem 4.1 implies that
1
V(stKvL): / hL(u)Snfl(K,dM)
n Jsn—1

_ 1/ i ) Su_i1 (L, dut)
n Snfl
= V(L).

In the same way, we obtain V(L, ..., L, K) = V(K). The Minkowski inequality
(Theorem 3.14) therefore yields that

V(L)" > V(K)" 'V (L)
and
V(K)" > V(L)' 'V (K),

which implies that V(K) = V(L). But then we have equality in both inequalities,
and hence K and L are homothetic. Since K and L have the same volume, they
must be translates of each other. O

More generally, a corresponding uniqueness result holds for the jth order area
measure, for j € {1, ..., n—1},if the underlying convex body has dimension at least
j + 1 (and for j = 1 even without a dimensional restriction). The proof is based
on a deep generalization of the Minkowski inequalities (the Alexandrov—Fenchel
inequality) and a successive reduction to a situation where spherical harmonics can
be used (as in the case j = 1).

Theorem 4.3 can be applied to express certain properties of convex bodies in
terms of their area measures. We mention only one application of this type, other
results can be found in the exercises. We recall that a convex body K € K" is
centrally symmetric if there is a point x € R" such that K — x = —(K — x).
The uniquely determined point x is contained in K and is called the center of
symmetry of K. Also, a Borel measure ;1 on S"~! is called even if y is invariant
under reflection, that is, £(A) = u(—A) for all Borel sets A C S" 1.

Corollary 4.2 Let K € K" with dim K = n. Then, K is centrally symmetric if and
only if S,—1(K, -) is an even measure.

Proof 1f S,_;(K,-) is an even measure, then S,_1(K,B) = S,_1(K,—B) =
Sn—1(—K, B) for all Borel sets B C S"~1. Then K and —K are translates of each
other. Hence there is some ¢ € R” such that K = —K + ¢. This shows that ¢ = #/2.

IfK—x =—(K—x),forsomex € R?, then S,, 1 (K—x,-) =S, 1(—K +x, -).
By the translation invariance of the area measures, we obtain that S,_1 (K, ) =
Sn—1(—K, ). o
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In the following, we explore which measures i on "~ ! arise as area measures
Sp—1(K, -) of convex bodies K C R”". This topic is well known as Minkowski’s
existence problem. A necessary condition is

/ u pu(du) = 0.
sn—1

In this case, we say that u is centred or that u has centroid 0.

Another condition arises from a dimensional restriction. Namely, if dim K <
n —2,then S,_;(K,-) = 0, whereas fordimK =n — 1, K C ut withu € S*71,
we have S;,_1 (K, -) = V,,—1(K) (6, + 5—y) (both results follow from Theorem 4.1).
Therefore, we now concentrate on bodies K € K" with dim K = n.

A finite Borel measure 1 on the unit sphere S"~! is said to be n-dimensional if
w(S""'\ E) > 0forall (n — 1)-dimensional linear subspaces E in R". In this case,
we write dim(u) = n. This condition is equivalent to

/ [¢x, u)| p(du) > 0
sn—1

for x € R" \ {0}. Moreover, if u is centred, then

/ (e, )| p(du) = 2/ (e )4 pe(du)
Snfl Snfl

for x € R”, where 71 := max{r, 0} fort € R.
With this terminology, a given convex body K € K" satisfies dim K = n if and
only if dim S,,—1(K, -) = n. In fact, dim K = n holds if and only if

V(K[n—1],[—x,x]) >0 forx € R"\ {0},

and by Theorem 4.1 it follows that this is true if and only if
/ [(x,u)| Sp—1(K,du) >0 forx € R"\ {0},
sn—1

that is dim S,,—{ (K, -) = n.

As we shall show now, these two conditions (the centredness condition and the
dimensional condition) characterize area measures of order n — 1. We first consider
the case of polytopes and discrete measures which admits an elementary approach.
The general case will then be deduced by an approximation argument. Observe that
if P C R" is a polytope, then it follows from (4.2) in the special case P| = --- =
P,_1 = P that

k
St (P =Y Va1 (P(u:) 8u;,

i=1
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where uy,...,u; € S"! are the exterior facet normals of the polytope P and
Vi—1(P(u;)) = v(P(u;)) is the (n — 1)-dimensional volume of P(u;). Hence, the
area measure of a polytope is a discrete measure. The following theorem describes
precisely which discrete measures arise in this way.

Theorem 4.4 Let uy,...,u; € S"1 pe pairwise distinct unit vectors which span
R", and let vV, ..., v® > 0 be numbers such that

k .
Z vDu; = 0.
i=1

Then there exists a polytope P € P" with dim P = n (uniquely determined up to a
translation) such that

k
Sn—l(Pa ) = Zv(i) 8141'7

i=1

thatis, uy, ..., uy are the facet normals of P and v v® are the correspond-
ing facet contents.

Proof The uniqueness assertion follows from Theorem 4.3.
For the existence, we denote by Rl_i the set of all y = (y(, ..., y®)T e R¥
with y@ > 0fori =1,...,k. Fory € R, let

k
Py = ﬂ H™ (u;, y(’)).
i=1

Since 0 € Py, this set is nonempty and polyhedral. Moreover, Py is bounded and
hence a convex polytope in R". To see this, we proceed by contradiction and assume
thatax € Py forsome x € S"~1 and all & > 0, hence (x,u;) <0fori =1,... k.
By the centredness condition,

k .
Z v D (x, ui) =0
i=1

with v > 0 and (x,u;) < 0, and hence (x,u;) = --- = (x,u;) = 0. But then
ui, ..., ur donotspan R”, a contradiction.
We next show that the mapping y > Pjy) is concave, that is,

Y Py + (= y)P) C Pyy+a-p)z 4.7
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fory,z € Rl_i and y € [0, 1]. This follows since a point x € y Pjy) + (1 — y) Py
satisfies x = ya + (1 — y)b with some a € P}y), b € P[;), and hence

(oui) = yla,u)) + A —y)b,u) < yy D+ 1 — )z,

which shows that x € Plyy+1—y)z)-

Since the normal vectors u; of the halfspaces H ™ (u;, y)) are fixed and only
their distances y) from the origin vary, the mapping y Py is continuous with
respect to the Hausdorff metric (see Exercise 4.2.3). Therefore, y +— V(P[y) is
continuous, which implies that the set

M:={yeR: :V(P,) =1}

is nonempty and closed (note that Pg; = {0} and rB" C Py if y® > r for
i =1,...,k). The linear function

1
= (nv), vi=@W0, 00T
n
is nonnegative on M (and continuous). Since v® > 0fori = 1,...,k, there is
a vector yg € M such_ that ¢(yp) =: @ > 0 is the minimum of ¢ on M. Since
yo € M implies that y(()’) > Oforsomei € {1,...,k}, wegeta > 0.

We consider the polytope Q := Pjy,). Since V(Q) = 1, it follows that Q has
interior points. Moreover, we have 0 € Q. We may assume that 0 € int Q. To see
this, we argue as follows. If 0 € bd Q, we can choose a translation vector t € R”
such that 0 € int(Q + ¢). Then

k
Q+t=\H .5

i=1

with 5}(()1‘) = y(()i) + (t,u;) fori = 1,..., k. In particular, Q + ¢ = P51 Since

0 € int(Q + 1), we have j)(gi) > 0. Moreover, V(Q +1) = V(Q) = 1 and
1 (- . 1/ &,
¢Go) = (o.v)+ 2}(& uip® = p(yo) + \ <t, 21: U(l)ui> =a.
1= 1=

Hence, we can assume that O € int Q, which gives us y(gi) >0fori=1,...,k.
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We define a vector w = (wV, ..., w(k)), where w® = Vi—1(Q(u;)) is the
(n —1)-dimensional volume of the support set of Q in direction u;, fori =1, ..., k.
Then,

1 1 1 1
0o v) = e =1=V(@) = > yw® =" (y.w),
an o n = n
and hence,

(yo, w) = (yo, a71v> =n.
Next, we define the hyperplanes
E:=H(w,n) and F:=H@ 'v,n)
in R¥. We want to show that E = F. First, note that yeENF.
Since yo has positive components, we can find a convex neighbourhood U of
yo such that any y € U has the following two properties. First, y@ > 0 fori =
1,..., k, and second, every facet normal of Q = Py is also a facet normal of P[y.

We now claim that V (Py)) < 1 for y € F N U. Aiming at a contradiction, assume
that V (P[y}) > 1 forsome y € F' N U. Then there exists 0 < 8 < 1 with

V(Pigy)) = B"V(Py) = 1.
Sincey € F,
By = By =fa <
a contradiction, which proves the claim.

For ¥ € [0,1] and y,y0 € F NU, we also have ¢y + (1 — ¥)yo € FN U.
Therefore the volume inequality just proven applies and we get from (4.7)

V@ Py + (1 —9)0) < V(Pysa—oyy) < 1.

This yields
1 . VOPuh+A-0)0) -1 -=9)"
V(@Q,...,0, P, =1
(© Q. Py nﬁgng 4
1 1-1-v)"
< lim ( ) =1

T n9—0+ 0
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By our choice of U, each facet nprmal of Q is a facet nqrmal of Pyforye FNU,
and thus we have hp, (u;) = y@) for all i for which w' > 0. Hence

k
1 ; 1
12 V(Q,... 0 Py = D hpywow® = (y,w),

i=1

fory € FNU. This shows that FNU C E™. Since yp € E N F, we conclude that
E = F.Hencew = év, and thus the polytope P := "Va Q satisfies all assertions
of the theorem. O

We now extend this result to arbitrary bodies K € K". First, we provide an
approximation result.

Lemma 4.2 Let u be a finite, n-dimensional, centred Borel measure on S"~! Then
there is a sequence Ui, k € N, of finite, discrete, n-dimensional, centred Borel
measures on S~ such that py — w weakly as k — 0o and

/ (v, u)4 ux(du) — / (v, u)4+ u(du),
Snfl Snfl

uniformly inv € S"~!, as k — oc.

Proof For x € §" ! and k € N, let By(x) C S"! be a spherical cap with
centre x and height 1/(2k?). By elementary geometry it follows that the diameter
of By (x) is at most 2/k (with respect to the Euclidean metric of R"). The sphere is
covered by finitely many such caps. From these caps we deduce a finite sequence
By 1, ..., Bx N, of mutually disjoint Borel sets, each of which is contained in one
of the caps, which satisfy u(Bg ;) > 0, and which are such that the union of these
Borel sets is S"~! up to a set of y-measure zero. Then

i = w(Br,i) Jp,, t pdu)
satisfies
L2 llewill 21—, >0,
and therefore fi jux; 1= cx; with fx; € (0, 1]and ux; € S"! are such that
1> fizl- ' >0

2k2
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The finite, discrete Borel measure

N
Mk = ZM(Bk,i)fk,i 8141{,[
i=1

is centered, since

Nk Nk
fS e p(du) = 2 W(Bii) fiittk,i = Zl w(Bri)eki

Nk
:Z/ u,u(du):/ upu(du) =0.
i=1 Y Bri st

Next we show that p; converges weakly to u as k — oo. For this, let g € csh
be given. Then

/ g(u)Mk(dM)—/ g(u) pu(du)
sn—1 sn—1

Ni
=Z[u(3k,,~)fk,ig(uk,i) - / g(u)u(du)}
i=1 ‘

Bk,l

Ni
= Z/ (fr.ig(uri) — gw)) p(du).
i=1 Y Bri

If k£ > ko, then |ug; —u|l < 2/k < 2/ko foru € By, ;. Since g is bounded and
uniformly continuous, for given ¢ > 0, we get

£ 1 £
g (ur,i) — g(u)| < ) and 2kzlg(u)l =,
foru € By and k > ko = ko(¢). Thus, for u € Bi; and k > ko = ko(e), we obtain

| frigui,i) — g = | fr,iguk,i) — frig@)| + | fr,igm) — gu)|
= [g(ur,) — gw)| + |1 — fril lgw)]
<g/24+¢/2=c¢.

Hence, for k > ko we conclude that

<enS"h,

‘/ g(u)uk(du)—/ g(u) ju(du)
sn—1 sn—1

which yields the weak convergence uy — p as k — oo.
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To obtain the uniform convergence result, we argue similarly for g,(u) :=
(v, u)4, v, u € S*1. Then |g,(u)| < 1 and

18 (i) = gu)| = [{v, upidy — (v, u) 4| < lluk; —ull < 2/k,

independently of v € S"~!. Now the argument can be completed as before.
This latter fact also implies that py is n-dimensional if k is sufficiently large. In
fact, since u is centred and n-dimensional, the map

vH/ (v, u)4 u(du), veS,
Snfl

is positive. Since it is also continuous, there is a positive constant pg > 0 such that
/SH@, ) pu(du) = po
for v € §"~!. By uniform convergence, we obtain
[ wwens@n = p =0 (48)

for all v € $"~! and some constant p; > 0, if j € N is large enough. This shows
that uy is n-dimensional if k is large enough. O

Now we can deduce Theorem 4.5 from Theorem 4.4 via Lemma 4.2 and
Blaschke’s selection theorem.

Theorem 4.5 Let . be a finite Borel measure on "~ with centroid 0 and dim p =
n. Then, there exists a (unique up to translation) convex body K € K" such that

Sp—1(K, ) = .

Proof Again, we only need to show the existence of K.

Let nj, j € N, be a sequence of approximating measures for u, as provided by
Lemma 4.2. From Theorem 4.4, we then obtain polytopes P; with 0 € P; and such
that

,bL] = S}’l*l(P‘s')v JEN

We show that the sequence (Pj)jen is uniformly bounded. First, F(P;) =
;Lj(S”_l) — u(S" 1) as j — oo implies that

F(Pj)<c, jeN,
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for some ¢ > 0. The isoperimetric inequality shows that then
V(Pj)) <C, jeN,
with a constant C > 0. Now let x € S"~! and & > 0 be such that ax € Pj, hence
[0, ax] C P;. Since hjg,qx] = a{x, -)+, We get
1
V(Pj) = hp;(u) Sp—1(Pj, du)
n Jsp-1

1

n

v

/; . a(-xv u>+ S}’l*l(Pjs dl/l)

o

= / (xu) 1 (du).
sn—1

n

Since p is centred and n-dimensional, by the uniform convergence result stated in
Lemma 4.2, and arguing as in the derivation of (4.8) we get

/S _ )y pj(du) = o
forall x € S"!, j € N and some constant p» > 0. Hence,
o
p,m =V(Pj)=C,
n
which implies that < (nC)/ 2. This shows that the sequence (P;) jeN is contained
in B"(0, (nC)/p2).
By Blaschke’s selection theorem, we can choose a convergent subsequence
P — K,r e N, with K € K". Then
Sp—1(Pj,, ) = Sp—1(K, ),
but also
Sn—1(Pj,, ) = W.

Therefore, we obtain S, (K, -) = u. a

We conclude this section by establishing a sharp upper bound for the mixed
volume V (K, M[n — 1]). To prepare this, we first derive an inequality between
circumradius and mean width (the first intrinsic volume) of a convex body. The
proof is a revision of an argument due to J. Linhart [62].
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Theorem 4.6 Let K € K" with diam(K) > 0, and let R(K) denote the
circumradius of K. Then V1K) > 2R(K), with equality if and only if K is a
segment.

Proof By homogeneity and translation invariance, we can assume that R(K) = 1
and B" is the circumball of K. If K is a nondegenerate segment, the assertion is
clear. Hence we can assume that dim(K) > 2. By a separation argument and by
Carathéodory’s theorem, there is a k-simplex S C K which is inscribed to B" and
such that O € relint S. If k = 1, then § is a diameter and V{(§) = 2R(K). Since
K # S, we have V1(K) > Vi(S). Hence, we can assume that k > 2. In this case,
we prove that Vi (K) > 2.

Let xo, . .., xx € S"! denote the vertices of S, and let N;j =N(S,xj) NS"* ! be
the normal cone at x; intersected with the unit sphere. We claim that N; C x}" =
{z € R" : (z,xj) = 0}. To see this, suppose to the contrary that there is some
u € S" ! such that (u, x; — xj) <0fori € {I,...,k}and (u, x;) < 0. But then
(u, x;) < {(u,x;) <0,hence 0 ¢ relint S, a contradiction.

We write D; := sn-t ﬂx;r for j =1,...,k. Then

k
[ e n =3 [ e,
Sn—l j:0 Nj
and we assert that

_ . 1 .
/.<xj,u>H" Ydu) > H 1(N")Hn*1(Dj) /Dj(xj,u)’H L (du) (4.9)

Nj

n—1 2
=H"(Nj)  Kkn-1
nKy,
with equality if and only if N; = D;. Since dim S > 2, the inequality is indeed
always strict.
Thus we obtain

k
2
/ hK(u)H"—l(du)zZ/ HNG) T ke = 26001,
S’lil j=0 Nj nKp

where the inequality is strict, since K is not a segment.

This proves the assertion of the theorem.

It remains to establish (4.9).

Since N; C x;.r, foreach v € S"" I n le there is a unique ¢(v) € [0, /2]
such that cos(¢(v))x; + sin(p(v))v € bd N;. Let ¢'(v) € (0,7/2) and h(s) :=
(sins)* 2.
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Using that cos is strictly decreasing on [0, 7 /2], we obtain

n/2 =1 xp
(/ h(s) ds) / cos(s)h(s)ds
@' (v) ¢'(v)

¢'(v)
< cos(g'(s)) < (/ h(s) ds)
0

From this we deduce that

-1

@' (v)
/ cos(s)h(s)ds.
0

/2
/ cos(s)h(s)ds
0

¢'(v)
< / cos(s)h(s)ds
0

/2 ( ¢ W) 1w
+ / h(s)ds / h(s)ds / cos(s)h(s)ds
¢'(v) 0 0

¢ !
= / h(s)ds
0
¢'(v) /2
X / h(s)ds—i—/ h(s)ds ],
0 @' (v)

-1

¢'(v)
/ cos(s)h(s)ds
0

and therefore

/2
/ cos(s)h(s)ds
0

¢'(v) n/2
/ h(s)ds (/ h(s) ds)
0 0

@' (v)
< / cos(s)h(s)ds.
0
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This inequality is strict, except if ¢’ (v) € {0, 7 /2}. Integration of this inequality, for
@(v) instead of ¢’ (v), overv € S*'Nx+ yields the required inequality (here we use
spherical polar coordinates). The resulting inequality is strict, since ¢ (v) ¢ {0, 7 /2}

onasetofveS"™IN x;r of positive measure (as S is not a segment).

O

Theorem 4.6 is the main ingredient in the proof of the following inequality, which

can be viewed as a reverse Minkowski-type inequality.

Theorem 4.7 Let K, M € K". Then

VK, Min—11) < Vi(K) Vo1 (M).
n
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If dim(K) > 1 and dim(M) > n — 1, then equality holds if and only if K is a
segment and M is contained in a hyperplane orthogonal to K.

Proof We can assume that B" (0, R(K)) is the circumball of K. Then

1 1
VK, Mln—1) = /SH hi @) Sn—1 (M, du) = R(K)F(M)

11 1
< Vi(K)2Vy,-1(M) = Vi(K)V,—1(M),
n2 n

where we used Theorem 4.6 for the second inequality. If equality holds, then
equality holds in Theorem 4.6, since V,,_1 (M) > 0, and therefore K = [—Re, Re]
for some e € S"~!. Moreover, we then also have equality in the first inequality,
which yields

/Sfl [, ] Syt (M, du) = $,-1 (M, 5",

This implies that the area measure of M is concentrated in {—e, e}, hence M is
contained in a hyperplane orthogonal to e. O

Improvements of Theorems 4.6 and 4.7, in terms of stability results, have recently
been established in [20].

Exercises and Supplements for Sect. 4.2

1. Let K € K" and R(K) be the circumradius of K. Show that R(K) < 1 if and
only if V(K, M, ..., M) < | F(M) forall M € K".
2. Leta € (0,1)and M, L € K" withdimM = dim L = n.

(a) Show that there is a convex body K, € K" with dim K, = n and
Sp—1(Ka, ) = aSp—1(M, 1) + (1 =) Su—1(L, ).
(b) Show that
V(K" z eV + -V

with equality if and only if M and L are homothetic.
3.*Prove the following two facts which are used in the proof of Theorem 4.4.

(a) Let K C R”" be an unbounded, closed, convex set with 0 € K. Show that
there is a unit vector u € S"~! such that eu € K forall @ > 0.
(b) The map R’i — P",y > Py, is continuous.
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4. Letv, a, b € R". Show that |(v, a)+ — (v, b)+| < |la — b]| ||v]|.

5. Let K C R? denote a triangle inscribed to the unit sphere which contains
the origin. Show that F(K) > 4 with equality if and only if K is a segment
(degenerate triangle).

4.3 A Local Steiner Formula

In Sect. 4.1, we introduced the area measure S; (K, -) of a convex body K € K" as
the special mixed measure S(K[j], B"[n—1—j],-), for j € {0, ..., n —1}. In this
section, we show that the measures S; (K, -) are also determined as coefficients of
a local Steiner formula. Moreover, we obtain a description of the area measures
for bodies with support functions of class C? in terms of curvature integrals.
This indicates that the area measures encode second-order information about the
underlying convex set.

For K € K" and w C $"~!, we define the reverse spherical image of K at w by

T(K.0) = JK@) ={x € 9K : N(K.x) N # 0}

uew

={x € dK : (x,u) = h(K, u) for some u € w}.

For a polytope P C R”, the set (P, w) is the union of all support sets P(u) of P
with u € w. Since H"~1(P(u)) = 0if P (u) is not a facet of P and since P has only
finitely many supports sets, we obtain

St (P,) =Y v(PW)s, =H""((P,").

ueSn—1

In order to prove that this relation extends to general convex bodies, we first show
that (K, @) is H"!-measurable if » C S"*~! is a Borel set.

Lemma 4.3 Let K € K" and w € B(S"™Y). Then t(K, w) is H"~'-measurable.

Proof Ifw C S"—1 is closed, then (K, w) is closed. For this, let x; € (K, w), i €
N, and x; - x asi — oo. Thenx € K and (x;, u;) = h(K, u;) for some u; € w,
for i € N. Since (u;);en is bounded and w is closed, there are a subsequence Ui,
j € N, and u € w such that Uiy = u as j — oo. Hence, we get (x, u) = h(K, u),
which shows that x € T(K, w).

Let A denote the class of all @ € B(S* ') for which (K, w) is H" -
measurable. As we have just shown, .4 contains all closed subsets of "1, Next
we show that A is a o -algebra. This will complete the proof. It remains to be shown
that A is closed under countable unions and complements. Since (K Ujen w;) =
Ujent (K, ;), the first assertion is obvious. Suppose that w € A, thatis, (K, ) is
H"~!-measurable. Let reg(K) denote the set of regular boundary points of K, that
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is, the set of all x € 9K such that dim N(K, x) = 1. By Exercise 4.3.2 we have
H* (DK \ reg(K)) = 0. Since (K, w) N 1(K, ) C 9K \ reg(K), it follows
that (K, »°) = (0K \ 7(K,w)) U N, where H"~1(N) = 0. Hence (K, o°) is
H"~!_measurable, that is, w¢ € A. O

We write Kfj for the space of n-dimensional compact convex sets in R". A map
from K to M(S"1), the space of finite Borel measure on the unit sphere, is said
to be weakly continuous if it is continuous with respect to the topology induced by
the Hausdorff metric on Ky and the weak topology on M(Sh.

Lemma 4.4 The map F : Kfj — MESY, K = H' N1 (K, w)), is weakly
continuous.

Proof We write F(K,-) instead of F(K)(-). The argument in the proof of
Lemma 4.3 shows that 1"~ (7 (K, w;) N (K, wj)) = 0if w; Nw; = . Hence
F (K, -) is indeed a finite measure.

LetK;, K € Kj,i € N,and K; — K asi — oo. Since F is translation invariant,
we can assume that o € int(K;), int(K) fori € N.Let g : $"~! — R be continuous.
Then

f gw) F(K,du) = f g(ok () H" ' (dx),
sn-1 K

where og : 0K — S"~1 is an exterior unit normal of K at x € 9K, which is
uniquely determined for H"~!-almost all x € dK. The restriction of og to reg(K)
is continuous, hence ok is measurable.

Let# : 0K — S" !, x > |x||”'x =: X, be the radial projection map with
inverse 7 ' (u) = px (w)u for u € S"!. (See Exercise 2.3.3 for a definition and
discussion of the radial function pg.) Clearly, 7 is a bi-Lipschitz homeomorphism.
Letx € reg(K), u := og(x), and let uy, ..., u,—1 be an orthonormal basis of ut.
Then

dr(x)(u;) = ! ui — (x,ui)x), i=1,...,n—1,
[l |

and hence

1
n—1 |2

T () = [det ({7 () @), d (@)L,

1
n—1 |2

det (8 — (% u) (%, u)i Ly

flac ]!

1 n—1 } ;
= -t (1 “2H ””2)

1
flac ]!

(X, u).
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Using the coarea formula and the fact that /"~ !-almost all boundary points of K
are regular, we get

gt

~ n—1
(. ok (1) Jpam () H" ™ (dx)

f glox (X)) H ' (dx) = / glok (x))
0K 0K
px )"

n—l d .
w, o (ox oy -

= / 8ok (px (u)u))
sn—1

Since

H 8 () 7 (reg(Ki)) N 7 (reg(K)) | =0,

i>1

pk; () = px(u)asi — oo foru e S" !, and ok, (pk; (W)u) — ok (pkx (u)u) as
i — ooforu € N;j>17(reg(K;)) N (reg(K)), it follows that

pk; )" ~!

g(ox; (pk; ()u)) (u, ok, (pK; (U)u))

n—1
— gk k @) ﬁiﬁﬁlw» (*+-10)

asi — oo for H" !-almost all u € S"~! (see Exercise 4.3.1). Since all expressions
in (4.10) are uniformly bounded (see Exercise 4.3.1), the assertion follows from the
dominated convergence theorem. O

Theorem 4.8 If K € K/, then S,_1(K, ) = H' ' (t(K, -)).

Proof The result holds for n-dimensional polytopes. Since both sides of the asserted
relation are measures which depend continuously on the underlying convex body,
the general equality immediately follows by approximation with polytopes. O

Let K € K be a convex body with support function g of class C? on R\ {0}.
Since h is differentiable on R" \ {0}, K is strictly convex and the unique boundary
point of K with exterior unit normal vector u is given by the gradient Vi g (u). Then
the coarea formula yields

/ g(u) F(K,du) = / g(ok () H" ' (dx)
sn—1 bd K
= /S g)Ju1 Vig () 1" (du).

The map Vhg : R" \ {0} — R” is differentiable and its differential at u € S"~!

yields a symmetric positive semi-definite linear map d’hg (u) : u~ — u’, since
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d*hi (u)(u) = 0, that is, u is an eigenvector with eigenvalue zero of d*hk (u). We
can choose an orthonormal basis of u® consisting of eigenvectors uy, ..., uy—1 of
d*hi (u), hence d*hx (u)(u;) = ri(K,u)u; fori = 1,...,n — 1. The numbers
ri(K,u) fori = 1,...,n — 1 are the principal radii of curvature of K in direction
u. Then we obtain

n—1
Ju_1Vhk () = det(d*hg (w)|u™) = ]_[ ri(K,u) =: Ry_1(K, u). (4.11)
i=1
This finally yields
fSil g(u) F(K, du)zfgr1 g Ru_1 (K, u) H" ' (du). (4.12)

In the following, more generally we write

~1
Rj(K.u) = (" ; 1) Y Ko (K,

I<ij<--<ij<n-—1
where Ro(K, u) = 1, for the jth normalized elementary symmetric function of the
principal radii of curvature of K in direction u, for j =0, ...,n — 1.

Theorem 4.9 Let K € K" be a convex body with support function h of class C>.
Then

S;(K, -)=/ Mu e JR; (K. w) H" ! (du)
-

forj=0,...,n—1.

Proof The assertion is true for j = n — 1 and the convex body K +aB", @ > 0, by
Theorem 4.8 and (4.12). To extend the result to general convex bodies with support
function of class C? and to all j, recall from Corollary 4.1 that

n—1
(n—1
Sut1(K +aB", ) =3 o' (" . )Sj(K, ). (4.13)
5 J
j=0

Moreover, we have

d*hrap Wlut = d*hg Wt + oid, .,
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foru € " !, hence ritK +aB", u) =ri(K,u)+afori =1,...,n
implies that

n—1
Ry1(K +aB" u) =[] ¢i(K,u) + )
i=1

n—1 n—1

:Z(x”_l_/< . )R,(K, u)
j=0 /

foru € S"~!. From (4.14) we deduce that

Sn—1(K +aB", )

Z/ 1u € }Ry—1(K +aB", u) H" ' (du)
Snfl

n—1

= Za"*“f <” B 1) f {u € JR; (K, u) H" ' (du).
J -1

j=0

A comparison of coefficients of (4.13) and (4.15) completes the proof.

173

— 1. This

(4.14)

(4.15)

O

The intrinsic volumes of convex bodies are determined as coefficients of a Steiner
formula. The area measures S; (K, -) will now be obtained as coefficients of a local
Steiner formula. For this, we consider K € K", a Borel set o € S"~!, and ¢ > 0.

We define the local parallel set

B:(K,w) :={x e R"\ K :d(K,x) <¢&,u(K,x) € w},

where u(K,x) = d(K,x)"'(x — p(K,x)) for x € R* \ K. Since d(K,-) and
p(K, -) are continuous and hence Borel measurable, the set B. (K, w) C R" is a

Borel set.

Lemma 4.5 The map K" — M"Y, K — n(K, ") := H"(B:(K, -)) is weakly

continuous.

Proof Clearly, n(K, -) is a measure and finite. Let g : $*~! — R be continuous.

Then
[ swndn = [ sk n@n
g1 K \K
and we have to show that

K — gw(K,x))H"(dx)
Ke\K
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is continuous. Let K;, K € K",i e N,and K; — K asi — oo. If x € int(K;) \ K,
then 0 < d(K, x) < ¢, and hence 0 < d(K;, x) < € fori > i(x). Moreover, in this
case we also have

- K'a - K’ .
M(Ki,x)=x Pe ,x)_)x P x)zu(K,x) asi — oo.

d(K;, x) d(K, x)
If x ¢ K¢, then also x ¢ (K;). for almost all i € N, and if x € int(K), then also
x € int(K;) for almost all i € N. Since H" (0K, U dK) = 0, it follows that

Hx € (Ki)e \ Ki}gu(Ki, x)) = Hx € K¢ \ K}g(u(K, x))

for H"-almost all x € R". By the dominated convergence theorem, the assertion
follows. |

Theorem 4.10 Let K € K" and ¢ > 0. Then

n—1
1 .
H"(B:(K, ) = " E e"! (?)Sj (K, ).
j=0

Proof Since on both sides of the asserted equation we have Borel measures which
depend continuously on the underlying convex body, it is sufficient to prove the
result for convex bodies K with support function of class C2.

The map T : S" 1 x (0,00) = R", (u,t) — Vhg(u) + tu, is differentiable
and injective. To see this, let uy, uy € S" " and #;, 12 > 0 be such that T(uy, t1) =
T (up, 1), thatis, Vhig (u1) +tiu; = Vhg (up) +tuy. Since uy € N(K, Vhg (u2)),
we have (Vhg (u1) — Vhg (u2), u2) < 0, and hence we get (frup — tjuy, uz) < 0.
This yields 0 < fp < t1{u1,u2). Butthen 1 > (uj,u2) > 0and 0 < , < 1. By
symmetry we also obtain #; < fp, hence tj = tp. Butthent, < f1{uy,u2) <t;j =t
shows that (u1, up) = 1, which implies that u; = u5.

Let w C S*~! be a Borel set. Since B (K, w) = T (w x (0, ]) and, for givenu €
S’“l, choosing an orthonormal basis uq, ..., u,—1 of ut consisting of eigenvectors
of dth(u) with eigenvalues r1 (K, u), ..., r,—1(K, u), the Jacobian of T can be
expressed in the form

BT, 1) = |det (2hk Q) @n) + 1y, ., APy @) 1) + 11y, )|

= |det ((r1 (K, u) +Dut, ..., (ra—1 (K, u) + Dup—1, u)|

n—1

=[]k, w) +0).

i=1



4.3 A Local Steiner Formula 175

Then the transformation formula (coarea formula) yields that
H" (Be (K, w)) = H"(T (w0 x (0, €]))

2/ JnT (u, 1) M (d(u, 1)
x(0,¢e]

en—1
// H(w w) +1)dt H"~ (du)
-1 &
Z( ; )// R (K, u)t" " dt H"" " (du)
20 J  JO

n—1
12&]‘(7)[19(1{, w) H" ' (du)
i i) o

n—1

1 .
= e (”.)Sj (K. ),
n- J
j=0
where we used Theorem 4.9 in the last step. O

In order to extend Theorem 4.9 to mixed area measures, we introduce the
notion of a mixed discriminant. Let A(1), ..., A(n) € R™" be real (symmetric)
n x n matrices. We shall write a;(j) for the ith column of A(j), that is, A(j) =
(@i1(j),...,an(j)). We define

1
D(A(1), ..., A(n)) := l Z det(ai(c(1)),...,an(c(n))),

T oeSn)
where S(n) is the set of permutations of {1, ..., n}. By definition it is clear that D is
symmetric in the n matrices and that D(A, ..., A) = det(A). The functional D(.)

on n-tuples of real (symmetric) n x n matrices is called the mixed discriminant (of
the matrices to which D is applied).

For k € N, real (symmetric) n x n matrices A(1),...,A(k) € R*", and
o1, ..., € R, we get

k
(Z O{tA(l)) = det Z (xrlal(rl) Z (Xrnan(rn)

ri=1 rn=1

k k
=3 Yy ap, det(@i(r), . an(ra))
ri=1 rp=1
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k k
1
= Z .. Z oy, ol Z det (al(rg(l)), ey an(rg(n)))
ri=1 rp=1 oeS(n)
k k
=Y > DA, ., Alr) (4.16)
ri=1 rp=1

n

= Y <i1 " ik)ai‘---a,ikD(A(l)[il],...,A(k)[ik]) 4.17)

i1yeney ir=0

where the number in brackets indicates the number of repetitions of the correspond-
ing entry.

Since D is symmetric in its arguments, the coefficients on the right-hand side
are uniquely determined by the left-hand side. As an immediate consequence
of (4.16) (or by a direct argument), we obtain for matrices Cy, C; € R™" and
AQ),..., A(n) € R™" that

D(C1A()Ca, ..., C1A()C2) = det(C1)D(A(L), ..., A(n)) det(C2).

This fact can be used to show (by induction over n) that the mixed discriminant of
positive semi-definite matrices is nonnegative.

Let Ky, ..., K,—1 € K" be convex bodies with support functions of class C%. In
the following, we write

Dhg,. ... hx, )u) =D (dthl(u)mi, ...,thanl(u)luJ‘)

for the mixed discriminant of the Hessians of the support functions of n — 1 convex
bodies, considered as (n — 1) x (n — 1) matrices, with respect to an orthonormal
basis of ut.

Theorem 4.11 Let Ky, ..., K,—1 € K" be convex bodies with support functions of
class C2. Then

S(Kl,...,K,,_l,-)zfgil Hu € }D (hk,, ..., hk, ) @) H"" (du).

Proof Letoy,...,op—1 >0and K = o1 K1 + -+ + oy—1K,—1. Since

n—1
d*hg =) aid’hk,.
i=1
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we obtain from (4.16)

n—1
det (dth(u)|uJ‘) — det (Z oid*h, (u)|ui)

i=1

n—1 n—1
=3 Y -~-oz,n71D(hKrl,...,hKrnil)(u).

ri=1 rp—1=1

Then the special case j = n — 1 of Theorem 4.9 and (4.11) yield

n—1 n—1
Sn—1 (Z o K;, ) = /S B 1{u € -} det (Z ot,-dthi (u)IuJ‘) H"il(du)
i=1

i=1

n—1 n—1
— E E arl.'.arnfl

ri=1 rp—1=1
x/ l{ue.}D(hK,l,...,hKr 1)(u)H”*l(du).
Snfl n—

A comparison of coefficients with the expansion (4.4) for m = n — 1 yields the
assertion. O

Let K € K" be a convex body with support function of class C2. Comparing
Theorem 4.9 and the special case of Theorem 4.11 where K; = --- = K; = K and
the remaining bodies are B", we obtain

Rj(K,u) = D(hgljl, hp,[n —1— jD(u), wes'.

For j = 1, we have

1
Ri(K,u) = . 1AhK(u), uesS1

Let As f denote the spherical Laplace operator of a twice differentiable function
f :§"1 — R.Itcan be obtained as the Euclidean Laplace operator of the extension
of f to a function on R" \ {0} which is homogeneous of degree zero. Thus we get

1
Ri(K,u) = hg(u) + Ashg(w),  ueS"™.
.

1

See Exercise 4.3.5 for further details.
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Exercises and Supplements for Sect. 4.3

1. (a) Let K € Kjj. Show that the restriction of o to reg(K) is continuous.
(b) Let K;, K € K" with o € int(K;), int(K). Let u € 7 (reg(K)) N 7 (reg(K;))
fori > 1. Show that if K; — K as i — oo, then ok, (pk, (W)u) —
ok (pk (u)u).
(c) Show that the expressions in (4.10) are uniformly bounded.
2. Let K € K7. Show that H"~!(3K \ reg(K)) = 0.
Hint: Exercises 2.2.7 and 2.2.13 can be used. More generally, one can show
that the set of singular (that is, not regular) boundary points has o -finite (n — 2)-
dimensional Hausdorff measure.
3. Show that if a € R”, then

det (1 —a- aT) =1 — Jla|.

4. Show that the mixed discriminant of positive semi-definite matrices is nonnega-
tive.

5. Foramap f : S"~! — R we define the 0-homogeneous extension of f to R\ {0}
by fo(x) := f(|lx||~'x). If f is differentiable, then fy can be used to introduce
the spherical gradient and the spherical Laplacian of f by

Vif):=Vow),  Asf@):=Afow), ueS" .

Here V and A denote the Euclidean gradient and Laplace operator (with respect
to an arbitrary orthonormal basis).

Now let f1 : R" \ {0} — R be (positively) 1-homogeneous, that is, fi(tx) =
tf1(x) for x € R" \ {0} and r > 0. The restriction of fi to S"~! is denoted by f
and fo denotes the 0-homogenous extension of f, hence fo(x) = f (xl~'x) =
Ffi(lx ]I~ x) for x € R™ \ {0}. Prove the following facts.

(a) Suppose that fi is differentiable at u € S"~!. Then fo is differentiable at u
and

Vs f) =V fi(u) — fu)u.

(b) Suppose that fi is twice differentiable at u € S"~'. Then fy is twice
differentiable at u and

Asfu) = Afi(u) —(n = 1) f(u).
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6. Let f, g : S"~! be of class C2. Prove the following integral formulas.

(a)

/S VL@, Vig@)dHt = — | f A

(b)
f fAgdH! =/ g Ay fdH"L.
Snfl Snfl

7. We continue to use the notation of Exercises 4.3.5 and 4.3.6. Let K € K be a
convex body with nonempty interior and support function # = hg on R" \ {0}.
Since £ is 1-homogeneous, we have 11 = h and also denote by # the restriction
of hg to S"~!. Clearly, & is differentiable at u as a function on R” \ {0} if and
only if the restriction of & to S"~! is differentiable at u as a function on S" 1.
Moreover, h is differentiable at u € S"~! if and only if / is differentiable at fu
for some (and then also for all) ¢t > 0.

If h is differentiable at u € S"~!, then Vih(u) = Vh(u) — h(u)u for u €
s,

(a) Let K; € K}, i € N, be convex bodies with nonempty interiors and

differentiable support functions #; = hg, such that K; — K asi — oo.
Show that if / is differentiable at u € S"~!, then Vih;(u) — Vih(u) as
i — o0.

(b) For H"!-almost all u € S"~!, h is differentiable at u € $"~!.
(c) Show that

1 1
V(K[2], B"[n —2]) = / h?— I Vsh|Z dH" L.
Snfl n — 1

n

Hint: First, prove the assertion for a convex body K with a smooth support
function. Then use (a), (b), the fact that an arbitrary convex body can be
approximated by convex bodies with smooth support functions (see the
proof of Theorem 4.16 and the reference given there) and the dominated
convergence theorem.

4.4 Projection Bodies and Zonoids

For a convex body K € K" and a direction u € S"~!, we define

v(K,u) i= Vo1 (K |u?b),
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the (n — 1)-dimensional volume of the orthogonal projection K |u of K onto the
hyperplane through 0 and orthogonal to u. The function v(K, -) thus defined on
S"=1 is called the projection function of K. We are interested in the information on
the shape of K which can be deduced from the knowledge of its projection function
v(K, ).

It is clear that for K € K", the translates K + x, x € R", of K have
the same projection function. Furthermore, K and —K have the same projection
function. This shows that in general K is not determined by v(K, -) (not even up
to translations). However, the question remains whether we get uniqueness up to
translations and reflections. In order to give an answer, we first provide an analytic
representation of v(K, ).

Theorem 4.12 IfK € K" and u € S"~!, then
1
U(K,I/l) = / |(x,u)|S,,_1(K, dx)
2 Snfl

Proof Letu € S"~'. An application of Fubini’s theorem shows that
V(K 4+ [—u,u]) = V(K) +2v(K, u).

On the other hand, we have

n

VK +[—uul) =Y <?)V(K[i], [—u, ulln —i]).

i=0
From Exercise 3.3.1, we know that V(K[i],[—u,u][n — i]) = O holds for i =
0,...,n —2,and hence
v(K,u) = ZV(K,...,K, [—u, ul). (4.18)
The assertion now follows from Theorem 4.1, since the segment [—u, u] has the
support function hj—, ) = (-, u)|. m|

Remark 4.5 Various properties of projection functions can be directly deduced from
Theorem 4.12.

(1) We have v(K, ) =0if and only if dim K < n — 2.
(2) IfdimK =n — 1 and K C x=, then

v(K, ) = Va1 (K)|(x, ).
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(3) If dimK = n and K is not centrally symmetric, that is, if S,_1(K,-) #
Sp—1(—K, -), then there is an infinite family of convex bodies with the same
projection function. To see this, observe that Theorem 4.5 ensures that for
a € [0, 1] there is a body K, € K" with dim K, = n and

Sn—1(Kg, ) = aSy1(K, ) + (1 =) Sp—1(=K, -).

For o # B the convex bodies K, and Kg are not translates of each other.
Moreover, K, = —Kpg if and only if «+8 = 1. On the other hand, for o € [0, 1]
we have

v(Ky, ) =av(K, )+ (1 —a)v(—K, ) =v(K, ).

This discussion also shows that there is always a centrally symmetric body,
namely K 1, with the same projection function as K.

2
The convex body K1 has maximal volume in the class C := {K, : o €

2
[0, 17} (by the Brunn—Minkowski theorem) and it is characterized by this
fact. Hence K1 is the unique convex body in C with maximal volume (see

Exercise 4.2.2)%

(4) Since |(x, -)| is a support function, the function v(K, -) is a ‘positive combina-
tion” of support functions, hence it is itself a support function of a convex body
I1K . More precisely,

1
hng =v(K, )= ) /S » [(-, )] Su—1(K, dx) (4.19)

is subadditive and positively homogeneous of degree 1 as a function on R”.

Definition 4.2 For K € K", the convex body ITK defined by (4.19) is called the
projection body of K .

Remark 4.6 The projection body ITK of K € K" is always centrally symmetric to
the origin and dim I7K = n if and only if dim K = n.

Example 4.1 We determine the projection body of the unit cube C" := [— é, é]" =

; Z?zl[—e,', e;]. Observe that C" is a Minkowski sum of segments. Clearly, we
have

n n
$u1(C", ) =) e+ Y 8es
i=1 i=1



182 4 From Area Measures to Valuations

and therefore

1 n
hIIC", v) = 2/871 [, V)] Sy (C", du) = Y (v, €3)]
i=1

=D hiee)) =h (Z[—en eil, v)
i=1 i=1
= hQC", v).

This shows that [TC" = 2C".
Example 4.2 1t is easy to see that [TB" = k,_1 B".

Remark 4.7 Examples 4.1 and 4.2 suggest to determine the (centrally symmetric)
convex bodies for which the projection body is a multiple of the body itself.

Remark 4.8 Projection bodies of ellipsoids are ellipsoids and projection bodies of
parallelotopes are parallelotopes. This is a consequence of Examples 4.1 and 4.2
and of the general relation

(pK) = |detple™ "MK, (4.20)

which holds for any regular affine transformation ¢ of R". Relation 4.20 can be
seen from h(ITK,u) = 5 V(K[n — 1], [—u, u]) for u € R" and the transformation
properties of mixed volumes. Thus we obtain for an ellipsoid E with center O that

Kn

“Tv(E) E°,

n

ITE =

where K° = {x € R" : (x,z) < 1 forz € K} is the polar body of K € K" with
0 € int K (see Exercises 1.1.14 and 2.3.2).

Example 4.3 In Examples 4.1 and 4.2, we determined the projection body of a
symmetric body. Next we consider the projection body of a simplex 7 C R” and
show that

OoOT7T =nV(T) (T —T)°.
By the affine covariance expressed by (4.20), it is sufficient to verify this relation for

a regular simplex T7},. Specifically, we can choose ayp, . .., a, € R" and unit vectors
ug, - ..,y € S" 1 such that

n
T, = conv{ag, ..., a,} = ﬂ H™ (u;, 1),
i=0
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where a; = —nu; fori = 0,...,n, |la; — aj||2 = 2n(n + 1) fori # j, and
(aj,a;) = n?fori = jand{a;,a;) = —nfori # j.Inparticular,ap+---+a, =0
and (n + 1)v = nV(T),) if v is the (n — 1)-dimensional volume of the facets of 7},.
Then

n

1 1
h(IT Ty, x) =, /SH [, )] Syt (T du) =) o 106 ui) v

k=0

= ;} 204 1) [{x, u)| = ;} 2+ 1)h[*uk,uk]()€),

hence

nV(T ) V(Tn)
T, = kX:(:) [—ux/2, up/2] = ];) - [—ax/2, ar/2]

" V(T,
=310, 4,
k:On—l—l

where we used that ag + - - - + a, = 0. Using Exercises 1.19, 1.1.15 and 2.3.2, it
follows that

(Ty — Tp)° = convia; —aj : i # j}° = ﬂ H™ (a; —aj, 1).
i#j

Thus, it remains to be shown that
1 n
n+1;0 ax]l = QH (ai —aj,n).

If x is in the set on the left-hand side, then there are A, € [0, 1] such that

_Zn—i-l k-

Ai —

)\‘4
(oai—aj) =) " awai—ap)="" "1 =n0i =) <n
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For the converse, suppose that x is in the set on the right-hand side. Any x € R"
can be written in the form x = ZZ:O Mkag with A > 0 (this representation is not
unique, of course). Then

n
n>(x,a —aj) =y lax,ai —aj) = (i —hpnn + 1),
k=0

which shows that A; —4; < 1/(n + 1) fori # j. By symmetry, we may assume
that 0 < Ao = min{A; : k =0, ..., n}. Then

n n

1
X = Z(}\.[ - )\-O)ak [S n+ 1 Z[Os ak]s

=1 k=0

which proves the reverse inclusion.

Example 4.3 modifies an argument by H. Martini and B. Weissbach [67]. It is
natural to ask for further examples of convex polytopes whose projection bodies are
proportional to the polar of their difference body. By a result of H. Martini [66],
simplices are the only examples. Among all convex bodies, the example of a ball
(or an ellipsoid) shows that there are further examples of convex bodies for which
the projection body and the (difference body of the) given body are polars.

Before we continue to discuss projection functions, we describe projection bodies
geometrically.

Definition 4.3 A finite sum of segments Z := s1 + - - - + i is called a zonotope. A
zonoid is a convex body which is the limit (in the Hausdorff metric) of a sequence
of zonotopes.

Zonotopes are polytopes, since the Minkowski sum of convex hulls of arbi-
trary sets is equal to the convex hull of the Minkowski sum of these sets (see
Exercise 1.1.8). Moreover, zonotopes are centrally symmetric. Namely, if s; =
[—vi, ¥i] + x; is the representation of the segment s; with center x; and endpoints
—yi + xi, yi + xi, then

k k
Z= Z[—yi, yil+ in-
i=1 i=1

Hence, x = Zle x; is the center of Z. Zonoids, as limits of zonotopes, are
also centrally symmetric. In the following, we assume w.l.o.g. that the center of
zonotopes and zonoids is the origin and denote the corresponding set of zonoids
by Z".

The following result is the key step in showing that zonoids and projection bodies
are closely related. In particular, it provides an analytic description of the support
function of a zonoid.
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Theorem 4.13 Let K € K". Then K is a zonoid if and only if there exists an even
Borel measure (K, -) on S"~! such that

hK(u)zf o w)| (K. dx). u e R 4.21)
s

For a zonoid K, a measure (K, -) such that (4.21) is satisfied is called a
generating measure of K. It follows from Theorem 4.14 that u(K, -) is uniquely
determined by K (if u(K, -) is even).

Proof (of Theorem 4.13) Suppose that
hK(u)=/ [, u)| (K, dx), ueR",
sn—1

where w(K,-) is an even Borel measure on S"~!. Symmetrizing the discrete
measures obtained from Lemma 4.2, we find a sequence of even, discrete measures

k(j)
1 _
Mj= zzaij(auilf+87uij)v Ujj es” 11 Qjj Zov
i=1
on S$"~! such that nj — u(K,-). Then
k(j)

Zj:= Z[—Oﬁjuij,otijuij]
i=1

is a zonotope and
e = [ iling@n > [l ukdo = i

uniformly in u € sl as j — oo. Therefore, Z; — K as j — oo, thatis, K is a
zonoid.

Conversely, assume that K = lim;_, Z;, where Z; is a zonotope for j € N.
Then,

k(j)
Zj= Z[_yijv ij]
i=1
with suitable points y;; € R". Consequently,

k(j)

hz; ) =" {yij. u)| :/Sn e )l (dx),
i=1
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where

k(j)
nj = 2 Z ||)’ij||(5uij +8—“ij)

i=1

and

Yij

Uujj = for Yij 75 0;
Iy I

if y;; = 0, then we can choose an arbitrary unit vector for u;;.

Next we show that the sequence (1) jen has a weakly convergent subsequence.
From (3.17) and the continuity of intrinsic volumes it follows that

/SH hz;w) o (du) = kn-1Vi(Z) = kn-1V1(K)

(or using the fact that hz; — hg uniformly on S"~1), and hence we obtain that
this sequence of integrals is bounded. On the other hand, by Fubini’s theorem and
Theorem 4.12 (for the unit ball), we get

\/Sn—l th(l/l)O'(dM) = \/Sn—l /n—l |(x, I/l>| U(du) [,L/(dx) = 2Kn—1,U«j(Sn_1).

Hence, there is a constant C such that p (S""1) < C for j € N. Now we use the
fact that the set M ¢ of all Borel measures p on S"~! with p(S"~!) < C is weakly
sequentially compact (see [14, p. 37], [33, p. 344, Satz 8.4.13]). Therefore, (1) jen
has a convergent subsequence. We may assume that (i) jen converges to a limit
measure, which we denote by (K, -). The weak convergence implies that

hgw) = lim hz;(u) = lim [¢x, u)] pj(dx) =/ [¢x, u)| (K, dx)
J— o0 J—00 Jgn—1 Sn—
for u € S"~!, which yields the asserted result. O

Remark 4.9 1t follows from Eq. (4.21) that dim K = n if and only if dim u(K, -) =
n. Moreover, since

/ |(x,u>llt(dX)=/ [(x, u)| w*(dx), ueR",
Sn—1 Sn—1

where u*(A) := %(M(A) + 1(—A)) for Borel sets A  S"~!, a convex body K is a
zonoid if and only if there exists a (not necessarily even) Borel measure y on S"~!
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such that
hK(u)=/ [(x, u)| u(dx), ueR"
Snfl

However, requiring the measure p to be even will allow us to show that the
generating measure is unique.

Finally, we connect zonoids to projection bodies.

Corollary 4.3 The projection body I1K of a convex body K is a zonoid. Con-
versely, if Z is a zonoid with dim Z = n, then there is a convex body K with
dim K = n, centrally symmetric with respect to the origin and such that Z = I[1K.

Proof The first result follows from Theorems 4.12, 4.13 and Remark 4.9.
For the second, let Z be a zonoid. Then Theorem 4.13 shows that

hz(u) = /SH |(x, u)| n(Z, dx)

with an even n-dimensional measure ©(Z, -). By Theorem 4.5, there exists an n-
dimensional convex body K € K" such that 2u(Z, -) = S,—1(K, -). Hence

1
hz(u) = 2/871 [, u)| Sp—1(K,dx) = h(ITK,u), u€R",

that is, Z = ITK. By Corollary 4.2, K is centrally symmetric. O

Now we want to show that the generating measure of a zonoid is uniquely
determined. We start with two auxiliary lemmas. If A is the (n x n)-matrix of an
injective linear mapping in R", we define AZ := {Ax : x € Z} and denote by Apu,
for a Borel measure it on S the image measure of

/ 1{x € -}[|Ax]| 1 (dx)
sn—1

under the mapping

Ax

X , xesS L
| Ax]|

In other words,

A
(Ap)() =f 1 { Y e } 1 Ax]| j2(dx).
n—1 | Ax||

Clearly, if u is an even measure, so is A /.
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Lemma 4.6 If Z € K" is a zonoid and
hz = [S (. ) (2. dx),
then AZ is a zonoid and
haz = /S'H [¢x, ) (A(Z, ) (dx).

Proof We have

haz(u) = sup (u,x) = sup(u, Ax) = sup(A u,x) = hz(A u)
xeAZ xeZ xeZ

=/ I(x,ATM>|/L(Z,dX)=/ [{Ax, u)| n(Z, dx)
sn—1 sn—1

Lo
= ,M
st [\ [ Ax]]

which proves all assertions. O

IAx| u(Z, dx) :/s Ny (Ap(Z, ))(dy),

Let V denote the vector space of functions
= [t = [
Sn—1 Sn—1

on the unit sphere S"1, where vy, v, vary among the finite even Borel measures
on $"!. Then V is a subspace of the Banach space C,.(S"~!) of even continuous
functions on S"~! with the maximum norm.

Lemma 4.7 The vector space V is dense in C, (S"fl).

Proof First, observe that cl V is also a vector space.

Choosing for © a nonnegative multiple of the spherical Lebesgue measure and
p = 0 (or vice versa), we see that V contains the constant functions.

By Lemma 4.6, for a regular (n x n)-matrix A the support function s 4 lies in
V. Since hapr (1) = ||ATul|, u € R*, and since |ATu|| = (AATu, u)'/2, it follows
that V contains all functions

1
2

n
fe(u) == /{Bu,u) = Z Bijuuj | , ueS,
ij=1

where B € R"™" is a symmetric, positive definite matrix with entries B;;, i, j €
{1,...,n}, and where u = (uy, ..., un)T.
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Let ip, jo € {1,...,n} be fixed for the moment. Let A;;;, € R™" denote the
symmetric matrix which has entry 1 in the positions (ig, jo) and (jo, ip) and zero in
all other positions of the matrix. Then we define

B,'Ojo(&‘) =B +¢ Aiojo eR", £>0,

hence B j,(¢) is symmetric, B;,;,(0) = B, and B;, j,(¢) is positive definite if £ > 0
is sufficiently small. Next we consider

Fiyjo(e,u) = \/(Biojo ©u,u), ueS ' e>0 sufficiently small.

By the mean value theorem, if ¢ > 0 is sufficiently small, then there are 6(¢) €
(0, 1) such that

Fiyjo (&, u) — Figjy (0, u) _ dF,

Vs . a";/" O (&)e, u)
Uil jo for i .
aF . fB(u) 3 or 10 75 .]01
= 0w =17
&

io L
2 fau)? for iy = jo,

as ¢ | 0, uniformly inu € S"~1, since Fiyjo (e, u) > 0 is uniformly bounded from
below if ¢ > 0 is sufficiently small.
This shows that

1@ = wigugy e, we s
defines a function fél) € cl V. Repeating the previous argument with all possible
pairs of indices, for k € N we obtain

Oy =ul -l fpa)*, we s,

where i1, ..., i, € Ng are such that i; + - - - + i, = 2k, which defines a function in
clV.

Now we choose B to be the unit matrix. Then fp = 1, hence the restriction to
the unit sphere of every even polynomial is in c1 V. The Stone—Weierstrass theorem
(see Exercise 4.1.1) now implies that c1 V = C.(S"~!) (see Exercise 4.4.1). O

Lemma 4.7 can be expressed by saying that finite linear combinations of
functions of the form |{x;, -}| on S"1, where x; € S"~1, are dense in C,(S*~1).
The statement of Lemma 4.7 is formally stronger, but the special case implies that
the stronger assertion is true, since finite measures can be approximated by discrete
measures.
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Theorem 4.14 For a zonoid Z € K", the (even) generating measure of Z is
uniquely determined.
Equivalently, if |1, p are even finite Borel measures on "~ such that

/ |<x,-)llt(dX)=/ [{x, ) p(dx),
sn—1 sn—1

then p = p.

Proof Let us suppose that we have two even measures . and p on $"~! with

/ |(x,~>|M(dX)=/ [{x, )] p(dx).
Sn—1 sn—1

Then

/ / |<X,u)lu(dx)v(du)=/ / [{x, u)| p(dx) v(du),
sn—1 Jsn—1 sn—1 n—1

for all measures v on S"~!. Applying Fubini’s theorem and taking differences of the
corresponding equations obtained for two measures vy, v, we obtain

/ f(X)M(dx)=/ J ) pldx),
Sn—1 sn—1

for all functions f € V. Lemma 4.7 shows that this implies that u© = p. O

Remark 4.10 Let M,(S"!) denote the set of all finite, even Borel measures on the
unit sphere. The map C : M (S""1) = Co(S" 1), u = C(u), given by

C () (u) :=f§ N ) pidx),  u e s,

is called the cosine transform on the space M,(S"~!), and C(u) is the cosine
transform of the measure w. Theorem 4.14 expresses the fact that the cosine
transform C is injective on M, (S"1).

Corollary 4.4 A centrally symmetric convex body K € K" with dimK = n is
uniquely determined (up to translations) by its projection function v(K, -).

Proof Let K, L be n-dimensional, centrally symmetric convex bodies satisfying
v(K, ) =v(L, ). Then, by Theorem 4.12 it follows that S,,_1 (K, -) and S,,—1 (L, -)
are even measures with equal cosine transforms. Now Theorem 4.14 shows that
Sp—1(K,-) = S,—1(L,-). By Theorem 4.3, this in turn implies that K and L
are translates of each other, since both sets are n-dimensional. This completes the
argument. a
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The cosine transform C is an injective map from M,(S""") to C.(S"").
However, it is not surjective, since the homogeneous extension of C(u), for some
n € Mg (S"1), is a support function and hence all directional derivatives exist.
In other words, the cosine transform has some regularizing effect on a measure. In
order to obtain a bijective correspondence, it is therefore natural to either extend
(say, to distributions) or restrict (say, to C3° (S"1) functions) the domain and the
co-domain suitably. Using expansions of functions on the sphere into spherical
harmonics, the following result can be shown.

Theorem 4.15 The cosine transform C : C3° S — Cc (8", defined by
€= [ s dn, ues,

for f € C?(S”’l), is a linear bijection and a self-adjoint linear operator in
LZ(Snfl anfl).

For a proof, we refer to [78, Corollary 5.6], where the main work is accomplished
in Appendix A, which offers a self-contained introduction to spherical harmonics
and basic harmonic analysis on S"~!; see also the Appendix on spherical harmonics
in [81] and [81, Theorem 3.5.4], which provides an alternative proof of the
injectivity of the cosine transform on M,(S"~!) and further states that if G €
C’eC (8" for an even integer k > n + 2, then there is some g € C,(S"™') such
that G = C(g). This indicates that as the degree of smoothness of G increases, g
also gets increasingly smooth.

Let us consider some geometric consequences. The class Z" of zonoids in R” has
been defined as the closure with respect to the Hausdorff metric of the class of all
finite Minkowski sums of segments. Hence, the zonoids form a closed subset in the
space of centrally symmetric convex bodies. For n = 2, Exercise 4.4.2 shows that
Z2 is just the set of all centrally symmetric convex bodies in the plane. It follows
from Exercise 4.4.7 that Z", for n > 3, is nowhere dense in the space of centrally
symmetric convex bodies. In fact, any centrally symmetric convex body can be
approximated by centrally symmetric convex polytopes which have a support set
that is not centrally symmetric.

In order to arrive at a dense class of bodies, it is natural to consider “differences
of zonoids”.

Definition 4.4 A convex body K € K" is called a centred generalized zonoid if
there are centred zonoids Z1, Z, € Z" such that Z, = K + Z;. Generalized zonoids
are translates of centred generalized zonoids.

It is clear that zonoids are also generalized zonoids. Moreover, their support
functions have an integral representation which extends the one for zonoids in a
natural way.
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Lemma 4.8 A convex body K € K" is a centred generalized zonoid if and only if
there is an even signed Borel measure o on "~ such that

hK(u):/ M, 0)] (), uesS 1. 4.22)
sn-

Proof Let K € K" be a centred generalized zonoid and Z, = K + Z; with centred
Z1, Z> € Z". Then there are measures 01, 02 € M,(S"~!) such that

hz,(u) = / [{(u, x)| 0i(dx), ueS (4.23)
Sn—1

fori = 1,2, and thus hg = hz, — hz, and (4.23) yield (4.22) with the finite even
signed Borel measure o = 02 — 01.

For the converse, we use the Hahn—Jordan decomposition of o (see Theorem
4.1.4, Corollary 4.1.5 and the subsequent remark on p. 125 in [26]) which provides
finite Borel measures o1, 02 on "~} with o = 0> — 01. Since

02(A) = sup{o(B) : B e BS"™ 1), B C A},

it follows that o, is even, and hence the same is true for ¢;. Defining Z1, Z;
by (4.23), we get hxk = hz, — hz,, and hence Z, = K + Z;. m]

It is evident from the definition that generalized zonoids are centrally symmetric.
Moreover it follows from Exercise 4.4.7 that all support sets of generalized zonoids
are centrally symmetric. Hence a cross-polytope K7 := {x € R" : |x1|+- - -+]x,| <
1} (see Exercise 2.3.9) is an example of a centrally symmetric convex body which is
not a generalized zonoid. In particular, for n > 3 the generalized zonoids constitute
a genuine subset of the centrally symmetric convex bodies. If Z is a generalized
zonoid and a polytope, then all faces of Z are centrally symmetric and hence Z is a
zonotope by Exercise 4.4.3. However, we have the following important result.

Theorem 4.16 The generalized zonoids form a dense subset in the space of
centrally symmetric convex bodies.

Proof The proof is based on two ingredients. The first is an approximation
argument, which is of independent interest. Let & = hg be the support function
of a convex body K € K". Fore > O let ¢ : [0, 0c0) — [0, 00) be of class C*° with
supportin [¢/2, ] and [, ¢(|lz]) dz = 1. Define a convolution type transformation
Th of h by

(Th)(x) := A;n h(x + lIxllDe(zl)dz,  x € R™

Then T h is a support function and Th € C*(R" \ {0}). Moreover, if T K is defined
by hrx = Thg,thend(K,TK) < Reif K C B(0, R), R > 0. For a detailed
proof of these facts, we refer to [81, p. 183-5].
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Clearly, TK is centrally symmetric with respect to O if this is the case for K.
This shows that centrally symmetric convex bodies with support functions of class
C®° are dense in the space of centrally symmetric convex bodies.

The second ingredient is Theorem 4.15. If combined with Lemma 4.8, it yields
that centrally symmetric convex bodies with support functions of class C* are
generalized zonoids with a generating measure of the form g dH"~! with a density
function g € C2° (S* 1. O

Exercises and Supplements for Sect. 4.4

1. Show that even polynomials restricted to S"~! form a dense subspace of
C.(S" 1.

2. Show that a planar centrally symmetric convex body K € K2 is a zonoid.

3. Letn > 3 andlet P € K" be a polytope. Show that P is a zonotope if and only
if all 2-faces of P are centrally symmetric. In fact, all faces of a zonotope are
again zonotopes and hence centrally symmetric.

One way to prove this is to establish first the following assertion. If P € P"
is an n-polytope, n > 3, with centrally symmetric facets, then P is centrally
symmetric.

This can be deduced, for instance, by starting with the proof of the following
fact.

Let P € P" be an n-dimensional polytope, let Py,..., P, € P" be n-
dimensional, centrally symmetric polytopes such that P = Py U ... U Py,
P; N P; is the empty set or a face of both, P; and P;, fori, j = 1,...,m.
Further, assume that each facet of P is a facet of precisely one of the polytopes
P1, ..., Py. Then P is centrally symmetric.

4. Let Z € K" be a zonoid and uy, ..., ur € S*'. Show that there exists a
zonotope P which is the sum of at most k segments such that

hz;) =hp(u;), i=1,...,k
5. Let P, Q € P" be zonotopes, and let K € K" be a convex body such that

P = K + Q. Show that K is also a zonotope.
6. (a) Leta, b, c € R. Prove Hlawka’s inequality

la+bl+la+c|l+[b+c|l<lal+|bl+]c|+la+b+c|

(b) A positively homogeneous function f : R? — [0, co) is said to satisfy
Hlawka’s inequality if

Jae+N+fa+)+fO+D=fO+fOM+f@Q+fx+y+2)
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for x, y, z € R". Show that the function /# : R” — [0, co) given by

k
h(x) =" ail{x, x;)|
i=1

withk € N, o;j > Oand x; € R” fori = 1,...,k satisfies Hlawka’s
inequality.
(c) Show thatif P € P" is a zonotope, then & p satisfies Hlawka’s inequality

(*) hp(x) +hp(y) +hp(@) +hp(x+y+2)
>hp(x+y)+hp(x+2)+hp(y+2).
for x,y,z € R". (In fact, the support function of a zonoid also satisfies
Hlawka’s inequality.)

(d) Show the converse of (c) (Witsenhausen’s Theorem): If P € P" and hp
satisfies Hlawka’s inequality, then P is a zonotope.

. Let Z € K" be a (generalized) zonoid. For ¢ € S"~!, we define the open

hemisphere .Qg"l = {u € " : (u,e) > 0} and the equator SZ’I ={u €
S" 1 (u, e) = 0}.

(a) Fore € S"!, show that the support set Z(e) of Z is again a (generalized)
zonoid and that
hzo ) = /S |0, )| W(Z, du) + (xe,v), v eST
where

Xe :=2/ upu(Z,du).
foros

In particular, this shows that Z has centrally symmetric faces.
(b) Use (a) to show that a (generalized) zonoid which is a polytope must be a
zonotope.

Let f : S""! — R be an even function which is integrable with respect to
spherical Lebesgue measure ¢ = H"~! on $"~!. Define the function & : R" —
R by

h(x) Z/S,H [{x, u)| f(u) o(du), x e R".
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10.

11.

12.

(a) Show that £ is continuously differentiable on R” \ {0} with

Vh(x) = /S*H sgn({x, u))uf (u) o(du), x € R"\ {0},

where sgn(0) = 0, sgn(a) = 1ifa > 0, and sgn(a) = —1ifa < 0.
(b) If £ is continuous, then & € CZ(R" \ {0}) and

Phie: x, y) = 2[ (o x) s y) ) H 2 (dw),
lell Js

fore € R" \ {0} and x, y € R".
(c) Part (b) yields a result due to Lindquist [61] stating that for a continuous
function f the function # = h is a support function if and only if

/ G, x) f () H' 2 du) = 0
Se~

foralle € S"~! and all x € S*~ 1.

. (a) Show that the map K +— ITK is continuous on K.

(b) Let K € K2 with K = —K. Show that
K = 9(2K),

where ¥ is the rotation by the angle 7.
(¢) Reconsider Exercise 4.4.2.
Let K, L € K". Show that

V(K,...,K,ILy=V(L,...,L, [1K).
Let K, M e K" and L := IIM. If
Vet (K|ub) < Vaoi (Llu™)  foru e 71,
then
Va(K) < Vu(L).

Let K, L € K". Show that the following statements are equivalent.

(@) Vo_1(K|ut) < V,_1(L|lut) foru e S*~1.
(b) F(pK) < F(¢L) for all regular affine transformations ¢ of R”.
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4.5 Valuations

Let S denote a family of subsets of R” which is intersectional, that is, for any
two sets their intersection belongs to S. In the following, we assume that ¥ € S.
Examples of intersectional families are K", P”", or boxes with parallel axes. We do
not change our notation for ", P", although the empty set should be included, in
this section.

Definition 4.5 Let S be an intersectional class in R”. A functional ¢ on S with
values in some abelian group is called a valuation (or is said to be additive) if

e(KUL)+@(KNL)=¢(K)+e(L)

whenever K, L, K U L € §. Moreover, we require ¢ () = 0.

Examples of valuations are measures (volume, volume with density), intrin-
sic volumes (obtained via the Steiner formula for the volume of parallel sets).
Moreover, general mixed volumes give rise to a variety of valuations, as stated in
Exercise 4.5.6. There are many more examples such as the support function, mixed
area measures, the identity map on convex bodies, the polar map on convex bodies
containing the origin in their interiors.

In the definition of a valuation it is required that the union is still in the domain
so that the functional can be applied. On the other hand, it would be desirable to
extend the domain of a valuation so that together with two convex bodies (say) it
also contains the union and so that additivity is preserved on the larger domain. This
leads to the set U (K") of finite unions of convex bodies (polyconvex sets). We call
U(K") the convex ring of R and write R" for this set. More generally the question
arises whether a valuation on an intersectional family S in R” can be extended as an
additive functional to the (possibly) larger domain U (S) of finite unions of elements
of §. It would be natural to define, for instance,

9(KUL)=¢(K)+ @) —9(KNL), K,LeS.

However, it is not clear whether the right-hand side is independent of the particular
representation of K U L in terms of K and L.

The general extension problem on K" (without any additional hypothesis on the
functional) is open. However, the problem can be completely resolved on P”, and
this can be used to establish an extendability result for functionals on K" which
have some weak continuity property. In considering extensions to finite unions of
elements from an intersectional class S, the following notion is natural. We denote
by S(m), m € N, the set of all nonempty subsets of {1, ...,m}, forv € S(m) we
write |v| for the cardinality of v, and K, := Njc, K; for given K1, ..., K, € S.



4.5 Valuations 197

Definition 4.6 Let S be an intersectional class in R”. A functional ¢ on S with
values in some abelian group is called fully additive if

P(KiU---UK,) = Y (D" (k) (4.24)
veS(m)

wheneverm e N, K,..., K, e S,and K, U---UK,, € S.

It is clear that a functional ¢ which is additive on U(S) has to be fully
additive, that is, it satisfies the inclusion-exclusion principle as stated in the
definition (and more generally also for sets in U (S)). In the following, we study the
reverse conclusion and show that full additivity, as stated in the definition, yields
extendability.

The following theorem is stated for a general intersectional class, since we will
apply it for both, polytopes and general convex bodies.

Theorem 4.17 Let ¢ be a functional on an intersectional class S with values in
some abelian group. If ¢ is fully additive, then ¢ can be additively extended to
U(S).

Proof Let ¢ be a fully additive function on S. Let K € U(S) have representations
K=KiU---UKy=L1U---UlL,

with K;, L; € S,andset t = (Ky,...,Ky)ando = (Ly,...,L;). Letv € S(k).

Since

l
Ko=|J&K,NLpeS withK,NL;jeS
j=1

and g is fully additive, we get

e(Ky) = Y (=D"p(K, N Ly).
weS ()

Hence,

p(K, 1) := Y (D" oK)

veS(k)

=) > ek, nLy)

veSk) weS{)

=¢(K,o0),
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by symmetry. Therefore, we can unambiguously define

o(K) = ¢(K, 1),

which yields a consistent extension of ¢ from S to U (S). It remains to prove that ¢
is additive on U (S). Hence, let K, L € U(S) be given with representations

K=K{U---UKy, L=LiU---UlL;

and K;, L; € 8. Then

k 1
kuL=JKkulJL;
i=1 j=1
and

k 1
knL=JJ&xinL)).
i=1j=1

Then we have

p(K)= Y (=D"(k,),

veS(k)
p(L)= Y (=D""g(Ly),
wesS(l)
p(KUL) = Y (=DM ek, + Y (=D (L)
veS(k) wesS(l)

+ ) (=DFPYK, N Ly).
aeS(k),beS()

We shortly write S(k, /) for S{1,...,k} x {1,...,1}). Forasetc € S(k,[), we
define 1 (c) as the setof all i € {1, ..., k} for which there is some j € {1,...,[}
such that (7, j) € ¢, and m2(c) is similarly defined. Then we have

e(KNL)= Y (=D (Kz) N Lay(o)
ceS(k,l)

> > =DMk N Ly).

€S(k),beS( €S (k.D),
aesk) ® nl(z:()=a.n2(c)=b

To conclude the proof, we need the following purely combinatorial result.
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Claim Fora € S(k),b € S(I),

Z (_1)\C|—1 — (_1)|a\+|h\.

ceS(k,l),
1 (c)=a,my(c)=b

Proof (of Claim) We proceed by induction over |b| > 1. If |b| = 1 and b = {by},
then ¢ = {(i, bo) : i € a} is uniquely determined and the assertion is clear. Now we
assume that a, b are given with |b| > 2 and the assertion is true for a’, b’ with |b’| <
|b]. By symmetry we can assume thata = {l,...,a0}, b = {1,...,bo, by + 1}
with ag, bg > 1. Let ¢ € S(k,!l) with m1(c) = a and m(c) = b. Then there is
some k € {1,...,ap} and there are indices 1 < i; < ... < iy < ag such that
(i,bo + 1) € cif and only if i € {i1,...,ir}. Let ¢’ denote the set obtained from
¢ by removing these k pairs (i, bp + 1). There are (‘;{0) possible choices for these
indices. Then ¢’ € S(k,[) and w1 (") = a, ma(c’) = b' .= {1,..., by}. Conversely,
any choice of such a set ¢’ and of k indices, as just described, leads to a set c¢. Thus
we obtain

PGS i(i")(—l)ﬂ%—l
k=1

ceS(k.l). JeS(k,l),

Ty (e)=a,my(c)=b T (e)=a.my(c)=b
agn a
-1 0 k
= T e (P)en
eSk,l), k=1
71 (c)=a,my(c")=b
J/ 71
= Y ==
eS(k.D),

Ty (c’):a,nz(c’):b’
— (_1)|a\+|b/\ (=D = (_1)\a|+\b|’
where the induction hypothesis was used for the second to last equation. O

This completes the proof of the theorem. O

Next we consider additive functionals on S = P" and study the extendability
problem. It turns out that for this particular intersectional class a condition weaker
than additivity always implies that full additivity is satisfied. Finally, we prove a
(slightly stronger) version of Groemer’s extendability result for S = K", which
uses o -continuity of the functional as an additional hypothesis.

Definition 4.7 Let ¢ be a functional on P" with values in some abelian group.
Then ¢ is said to be weakly additive if for P € P" and all hyperplanes H with
corresponding closed halfspaces H+, H~, bounded by H, the relation

e(P)=9(PNH") +o(PNH)—@(PNH)

is satisfied.
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Clearly, additivity yields weak additivity on P". The following stronger converse
is surprising.

Theorem 4.18 Every weakly additive function on P" with values in some abelian
group is fully additive on P".

Proof Let ¢ be a weakly additive function on P". For convex polytopes
P, P,...,P, € P"with P = P{U---U P, we use the notations (P, ..., Py) =:
T and

p(P.7) = Y (=D p(P). (4.25)

veS(m)

Then we have to show that
o(P, 1) = @(P). (4.26)

For the proof, we use induction over n. For n = 0, the assertion is clear. Hence,
we assume that n > 1 and that the assertion is true in spaces of smaller dimension.
Without loss of generality, we may assume that dim P = n. As a first special case,
we assume that one of the polytopes Py, ..., Py, say Pi, is equal to P. Then any
summand

(=D o(py)

withv = {i1,..., i/}, 1 <i; < -+ < i, <m,andi; > 1 in the right-hand side
of (4.25) is cancelled by the summand

(=Dl N Py = (=1)"(Py).

Thus, only the summand ¢ (P;) = ¢(P) remains. This shows that (4.26) holds and
henceforth this first case is already confirmed.

For given n, we prove (4.26) by induction over m. The case m = 1 is clear. Hence
we can assume that m > 2 and the assertion is true for all representations of P as
unions of fewer than m polytopes. As a second special case, we assume that one
of the polytopes Py, ..., Py, say Py, is of dimension less than n. Since P is the
closure of its interior, we must have P = Py U---U P,_; and P,, C P. Hence
P, = (PN Py)U---U(Py_1 N Py). Since these are unions of fewer than m
polytopes, the induction hypothesis gives

p(P)y= > (=D""g(p,)

veS(m—1)
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and

0=¢Pn)— Y (=D""lg,NPy).
veS(m—1)

Adding these two inequalities, we get (4.26). Also this special case is confirmed.

The n-polytope P; is properly contained in P (having excluded the two special
cases). Hence it has a facet whose affine hull A meets int P. The two closed
halfspaces, bounded by H, are denoted by H™, H~, where P; C H™. Since ¢
is weakly additive, we have

¢(P)=¢(PNH") +¢ (U(P,- N H)) — (U(P,- N H)) .

i=1 i=1

Relation (4.26) can be applied to the second term on the right-hand side, since
dim(P; N H™) < n (second special case). The relation also holds for the third
term, since it holds in smaller dimensions. Furthermore, for any v € S(m) we have

@(PyNHT) — (P, NH) =¢(Py) —¢(P,NH)
by the assumed weak additivity. Rearranging terms, we get
¢(P) —@(P, 1) =p(PNH") —p(PNH", "),

where t¥ = (PPN HY,..., P, N HT). We have P, C PN HV.If Py is properly
containedin PN H T, then we can repeat the procedure with P, Py, ..., P, replaced
by their intersection with H ™. After finitely many such repetitions, the remaining
polytope is P;. But then we are finished by the first special case. This completes the
double induction and the proof. O

Combining Theorems 4.17 and 4.18, we obtain the following result.

Corollary 4.5 Every weakly additive functional on P" with values in some abelian
group has an additive extension to U (P").

For the following result, we define a weak form of continuity. A function ¢ from
K" into some topological (Hausdorff) vector space is called o-continuous if for
every decreasing sequence (K;);cn in K" the condition

lim ¢(K;) = ¢ (ﬂ Ki)

ieN

is satisfied. Clearly, continuity yields o-continuity, since a decreasing sequence
of convex bodies converges in the Hausdorff metric to the intersection (exercise,
see the argument for the completeness of the space of convex bodies). Hence, the
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following theorem in particular shows that a continuous valuation on X" has an
additive extension to U (K").
The following result is a mild extension of a result due to Groemer.

Theorem 4.19 Let ¢ be a function on K" with values in a topological vector space.
If ¢ is weakly additive on P" and is o-continuous on K", then ¢ has an additive
extension to U (K).

Proof Let ¢ satisfy the assumptions of Theorem 4.19. Let Ky, ..., K,;, € K" be
convex bodies such that K1 U --- U K, € K". We apply Exercise 3.1.15 on the
simultaneous approximation of convex bodies and their convex union by convex
polytopes. Specifically, we use this exercise with K; replaced by K; +27%B", k €
N, and with ¢ = 27X, Note that |J"(K; + 27%B") = (U, Ki) +27¥B" is
convex. Then we get polytopes Pl(k), ceey P,ﬁlk) with convex union and such that
K, +27%B" C Pl.(k) C K; +2'7¥B". Each sequence (Pi(k))keN is decreasing. By
Theorem 4.18, the function ¢ is fully additive on P”, hence

k _
p(PP U UPD) = 3 (—Dllp(P®),
veS(m)
Since
N (PP U UPP) =K U UK,
keN
and
(PP =k, if K, #0
keN
the o -continuity of ¢ yields
p(KiU- UKy = Y (=D""g(k,).
veS(m)

Thus, ¢ is fully additive on K". By Theorem 4.17, ¢ has an additive extension to
U (K™). This proves the result. O

The following characterization theorem is a key result in the theory of valuations
with many applications (as we shall see in Chap. 5). At some point of the argument,
Theorem 4.19 will be used.

Theorem 4.20 (Hadwiger’s Characterization Theorem) Ler ¢ : K" — R be an
additive, continuous functional which is invariant under proper rigid motions. Then
there are constants cg, . . ., ¢, € R such that

n
Y= Zci Vi.
i=0
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The main point of the proof consists in establishing the following special case.
A subsequent induction argument over the dimension then yields the general result.
The current approach is due to Dan Klain [51, 53]. For the classical approach due to
Hugo Hadwiger, see [43].

A functional ¢ : K" — R is said to be simple if ¢ (K) =0 whenever dim(K) < n.

Proposition 4.1 Let ¢ : K" — R be a simple, additive, continuous functional
which is invariant under proper rigid motions. Suppose that ¢(C") = 0 for the unit
cube C". Then ¢ = 0.

Proof We proceed by induction over the dimension n of the space. For n = 0 there
is nothing to show. Letn = 1. Then ¢ is zero on one-pointed sets and on (closed line)
segments of unit length. Define f(a) := ¢(l,), where I, is a segment of length a;
this is independent of the position, since ¢ is translation invariant. By additivity and
concatenation of segments, it follows that f satisfies Cauchy’s functional equation
fla+b) = f(a) + f() for a,b > 0. Moreover, f is continuous, since ¢ is
continuous. Hence f is linear. Since f(1) = 0, we get f = 0. This shows that ¢
vanishes in segments.

Let n > 2 and suppose the assertion is established in smaller dimensions. Let
H C R” be a hyperplane and / a segment of length 1 which is orthogonal to H.
For convex bodies K C H, we define ¢(K) := ¢(K + I). Then v is additive
(Exercise 4.5.3) and continuous. If H = R*~! = R"~! x {0}, then v is also rigid
motion invariant and vanishes if dim K < n — 1 or K is the unit cube. Hence v = 0
by the induction hypothesis, first for the special choice of H, but then for all H by
the rigid motion invariance. Hence ¢ (K + I) = 0 whenever / is a unit segment
orthogonal to H. Arguing as for n = 1 we obtain that (K + §) = 0 for all closed
segments S orthogonal to H. This shows that ¢ vanishes on orthogonal cylinders
with convex base.

Let K C H be a convex body again, and let S = conv{0, s} be a segment not
parallel to H. If m € N is sufficiently large, then the cylinder Z := K 4+ m S can be
cut by a hyperplane Hy orthogonal to S so that the two closed halfspaces H(;r s Hy
bounded by H satisfy K C H, and K + ms C H;". Then

Zo:= ((ZNHy)+ms)U(ZNHY)
is an orthogonal cylinder, and we deduce that
me(K +8) = ¢(Z) = ¢(Zo) = 0.

Hence ¢ vanishes on arbitrary cylinders with convex base.
Let P € P and let S be a segment. Then the polytope P+ S has a decomposition

k
P—i—S:UPi,

i=1
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where Py = P and P;, fori > 1,is a convex cylinder such that dim(P; N P;) < n for
i # j. Thus, using Corollary 4.5 we get (K + S) = ¢(K), first for a polytope and
then for a general convex body K. But then ¢(K 4 Z) = ¢(K), first for a zonotope,
but then also for a zonoid Z. In particular, this also yields ¢(Z) = 0 for a zonoid
Z.Now let K be a generalized zonoid. Hence, Z, = K + Z; with zonoids Z1, Z>.
But then ¢(K) = ¢(K + Z1) = ¢(Z3) = 0. Since generalized zonoids are dense
in the centrally symmetric convex bodies, we finally get ¢(K) = 0 whenever K is
centrally symmetric.

Now let A C R” be a simplex, say A = conv{0, vy, ..., v,}. Furthermore, let
v:i=uv 4+ ---+v, and A = conv{v,v — vy,..., v — v,}, so that Ag = —A +
v. The vectors vy, ..., v, span a parallelotope P. It is the union of the simplices
Ao, A and the part of P, denoted by Q, that lies between the hyperplanes spanned
by vi,...,v, and v — vy, ..., v — vy, respectively. The polytope Q is centrally
symmetric, and A N Q, Ap N Q are of dimension n — 1. Hence we get

0=¢(P) =9(L) +9(Q) + ¢(Lo),

thus we conclude p(—A) = —p(A).

If the dimension # is even, then A is obtained from A by a proper rigid motion
(a reflection in the origin), and the invariance of ¢ under proper rigid motions thus
yields ¢(A) = 0.

If the dimensionn > 1 is odd, we decompose ¢ as follows (see [80, p. 17]). Let z
be the center of the inscribed ball of A, and let p; be the point where this ball touches
the facet F; of Afori =1,...,n+ 1. Fori # j, let Q;; be the convex hull of the
face F; N F; and the points z, p;, p;. The polytope Q;; is invariant under reflection
in the hyperplane spanned by F; N F; and z. If Q1, ..., Oy, are the polytopes Q;;
for1 <1 < j <n+1inany order, then A = Q1 U---U O, and any two of
these polytopes have a lower-dimensional intersection. Since — (), is the image of
O, under a proper rigid motion, namely a reflection in a hyperplane followed by a
reflection in a point, we have

P(—0) =Y 0(—=0,) =D ¢(0r) = ¢(L).

r=1 r=1

This finally yields ¢(A) = 0.

Since any polytope can be decomposed into simplices (Exercise 4.5.2) and
polytopes are dense in the convex bodies, this completes the induction argument,
and hence the proof is finished. O

Proof (of Theorem 4.20) We again use induction with respect to the dimension #.
For n = 0, the assertion is clear. Suppose that n > 1 and the assertion has been
proved in dimensions less than . Let H C R” be a hyperplane. If H = R"~! x {0},
then the restriction of ¢ to the convex bodies lying in H is additive, continuous and
invariant under proper rigid motions of H into itself. By the induction hypothesis,

there are constants co, ..., c,—1 so that p(K) = ;’;01 ¢; Vi (K) for convex bodies
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K C H. The intrinsic volume V;(K) is independent of the subspace in which K
lies. By the rigid motion invariance of ¢ and V;, the relation ¢(K) = 7;(} ¢ Vi(K)
holds for all hyperplanes, and hence for all K € K" with dim K < n — 1. But then
the function ¥, defined by

n

Y(K) = (K) = Y ciVi(K)

i=0

for K € K", where ¢, is chosen so that v vanishes at a fixed unit cube, satisfies the
assumptions of Proposition 4.1. This yields the result. O

A valuation ¢ : K" — R is called even if ¢(—K) = ¢(K) for K € K", it is
called odd if p(—K) = —¢(K) for K € K". Each valuation ¢ : K" — R can be
decomposed into an even and an odd part by

1 1
¢(K) =, (0(K) +9(=K)) + , (p(K) — ¢(=K)), K eK".

Apparently, the intrinsic volumes are all even valuations. Hence, a valuation
which is rigid motion invariant and continuous is necessarily even. This is a
straightforward consequence of Hadwiger’s characterization theorem. In fact, the
proof of Hadwiger’s characterization theorem provides further insights into the
structure of translation invariant, continuous valuations. This is discussed in the
exercises and supplements below.

Hadwiger has also proved a characterization result where the assumption of
continuity is replaced by monotonicity.

Theorem 4.21 (Hadwiger’s Second Characterization Theorem) Ler ¢ : K" —
R be an additive, increasing functional which is invariant under proper rigid

motions. Then there are nonnegative constants cy, . .., ¢, € R such that
n
Y= Z ci Vi
i=0

It was shown by McMullen [70] that a translation invariant, increasing valu-
ation on K" is continuous. Hence, Hadwiger’s second characterization theorem
is a straightforward consequence of Theorem 4.20. By McMullen’s observation,
monotonicity is the stronger assumption as compared to continuity in this context.
This raises the question whether an even more elementary proof of Hadwiger’s
second theorem is possible. In fact, it is not hard to show that if ¢ : K" — R is
a translation invariant, increasing, simple additive functional, then ¢ is a positive
multiple of the volume (see Exercise 4.5.4). This is exactly the counterpart to
Proposition 4.1. However, it is not clear how this could be used in the induction
step as in the proof of Theorem 4.20, since the difference of increasing functionals
need not be increasing in general.
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Exercises and Supplements for Sect. 4.5

1. Show that a decreasing sequence of convex bodies converges in the Hausdorff
metric to the intersection.

2. Show that any polytope can be decomposed into simplices.

3. Let ¢ : K" — R be additive, continuous, and rigid motion invariant. Let H =
R"~! be a hyperplane and I a segment of length 1 which is orthogonal to H.
For convex bodies K C H, define ¥ (K) := ¢(K + I). Show that v is additive,
continuous and rigid motion invariant with respect to H.

4. Let f : P" — R be translation invariant, simple, additive and increasing. Show
that there is a constant ¢ > 0 such that f = ¢ V,.

5. Let K, K’ € K" and K U K’ € K". Show that

(@ (KNK)+(KUK') =K + K/,
) (KNK')+M=(K+M)N(K'+ M),forall M € K",
©) (KUK)+M = (K +M)U (K'+ M), forall M € K".

6. Let o(K) := V(K[jl,Mjy1,..., M,), where K € K", and where the convex
bodies M1, ..., M, € K" are fixed. Show that ¢ is additive.

7. Show that the mappings K + §;(K, A) (and similarly for more general mixed
area measures) are additive on K", for all j € {0, ..., n} and all Borel sets
Acsh

8. Show that the convex ring U (K) is dense in C" in the Hausdorff metric.

9. Let T denote an equilateral triangle in R?. For K € K2, define the functional
o(K) :=V(K+Ty) — V(K + (—T3)). Show that ¢ # 0 and ¢ is a translation
invariant, continuous, simple, odd, and additive functional.

10. Let ¢ : K" — R be a translation invariant, continuous and simple valuation.
Then there is a constant ¢ € R such that 9(K)+¢(—K) = ¢V, (K) for K € K".
Hence, if ¢ is also even, then ¢ is proportional to the volume functional.

11. Let ¢ : K" — R be a translation invariant, continuous and simple valuation
which is odd. Then there is an odd continuous function f € C(S"~!) such that

o(K) =/ 1f(u) S—1(K, du), K e K",
Sn—

The function f is uniquely determined up to a linear function.

12. By Exercises 4.5.10 and 4.5.11, a characterization of all translation invariant,
continuous and simple valuations on K" is obtained. More is known about
translation invariant, weakly continuous (simple) valuations on polytopes.
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Integral-Geometric Formulas Shethie

In this chapter, we discuss various integral formulas for intrinsic volumes, which
are based on projections, sections or sums of convex bodies. We shall also discuss
some applications of a stereological nature.

As a motivation, we start with the formula for the projection function v(K, -)
from Theorem 4.12. Integrating v(K, u) over all u € S"~! with respect to the
spherical Lebesgue measure 0 = H"~! on $"~! and using Fubini’s theorem, we
obtain

/ v(K, u)o(du) =/ ! / [{u, x)| Sp—1(K, dx) o(du)
Snfl Snfl 2 Snfl

=/ 1/ [(u, x)| o (du) Sp—1(K, dx)
sn—1 2 n—1

:/ U(anx) Snfl(Ks dx)
sn—1
= 2Kp—1Va—1(K).

Since v(K,u) = V,_1(K|ut), we may replace the integration over S"~! by an
integration over the space G(n, n—1) of (n— 1)-dimensional linear subspaces of R”,
by considering the normalized image measure v,_1 of spherical Lebesgue measure
o under the mapping u — u". Then we get

2K0—1
Va1 (K|L) vy—1(dL) = Vi—1(K),
G(n,n—1) nK;

n

where K |L denotes the orthogonal projection of K to L. This formula is known as
Cauchy’s surface area formula for convex bodies. Our first goal is to generalize this
projection formula to other intrinsic volumes V; and to projections to subspaces of
lower dimensions. This requires a natural measure v, on the space of g-dimensional
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linear subspaces. Subsequently, we shall consider integrals over sections of K with
affine flats, where the integration is carried out with respect to a natural measure [ty
on affine g-flats. To prepare these integrations, we first explain how the measures v,
and (4 can be introduced in an elementary way. Moreover, we take the opportunity
to introduce some basic results and concepts related to invariant measures.

5.1 Invariant Measures

In the following, we shall introduce a natural measure on the space G(n, k) of
k-dimensional linear subspaces of R", endowed with a suitable topology, via the
operation of the topological group SO(n) on G(n, k). For this reason, we first briefly
consider topological groups and their invariant measures.

Let (G, o) be a topological group. This means that G is a topological space, o is
a binary operation on G such that (G, o) is a group and composition G x G — G,
(g.h) — goh,and inversion G — G, g — g~ ', are continuous operations. In the
following, we always assume that the topological group (G, o) is a locally compact
topological space, which should subsume the Hausdorff separation property. Then,
forg € G,themapl;, : G — G, x — g o x, the inversion map, and the map r, :
G — G, x — xog,are homeomorphisms and therefore Borel measurable. For a set
A C G, we simply write gA 1= l,(A), Ag := rg(A),and A=! := {a~! : a € A}.
Thus, if A is a Borel set, so are these transforms. If the group operation is clear from
the context, it will be omitted.

A Borel measure u on G (more precisely, on the Borel sets of G) which
is nonzero and finite on compact sets, is called a left Haar measure on G if
u(gA) = u(A) for g € G and A € B(G). It is called a right Haar measure on
Gif u(Ag) = u(A) for g € G and A € B(G), and it is called inversion invariant if
M(Afl) = u(A) for A € B(G). We say that p is a Haar measure on G if it is left,
right, and inversion invariant. In particular, in this case we have [z (1) = rg(n) = u
for g € G. It is not difficult to prove that if u is a left Haar measure on G, then
v(A) = M(Afl) for A € B(G) is a right Haar measure on G. For the sake of
completeness, we state the following general result on Haar measures (see [26,
Chapter 9]).

Theorem 5.1 Let (G, o) be a locally compact topological group. Then there exists
a left Haar measure on (G, o). It is unique up to a scalar multiple. The same is true
for right Haar measures.

For the case of the (proper) orthogonal group SO(n), we can provide a direct
construction which proves the existence of a Haar measure on SO(n). In the
following, we consider elements of SO(n) as orientation preserving orthogonal
linear maps of R” or as quadratic matrices, as convenient. Thus the topology on
SO(n) is the subspace topology of the space of regular n x n matrices in R™".

Lemma 5.1 There is a Haar probability measure v on SO(n).
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Proof We consider the set LU, C (S"~")" of linearly independent n-tuples. Then
LU, is an open subset of (S"~!)" and the complement has measure zero with respect
to the n-fold product measure o” of spherical Lebesgue measure o. On LU, we
define the mapping T onto SO(n) by

T(xl,...,x,,):z(yl L ) (5.1)
Iyl lynll

where (y1,...,yn) € R™" is the n-tuple of vectors (considered as a square
matrix) obtained from (x, ..., x,) € R*" by the Gram—Schmidt orthogonalization

procedure (and where, in addition, the sign of y, is chosen such that the matrix on
the right-hand side of (5.1) has determinant 1). Up to the sign of y,, we thus have

k—1
Vi
ykzzxk—Z(xk,yi) l2, k=2,...,n,
< i
and y; := xj. Clearly, T is almost everywhere defined with respect to ¢” and

continuous. Let v be the image measure of " under T, that is,
v(A) = f HT (x1,...,xy) € AYo"(d(x1, ..., xn)),
LU,

for a Borel set A C SO(n). Since T(0x1,...,0%xn) = oT(x1,...,x,) for o €
SO(n) and (x1,...,x,) € LU, and o(x1,...,x,) = (0x1,...,0%n), the left
invariance of v follows from the rotation invariance of o and Fubini’s theorem.
Since v(LU,) = (nky,)", normalization yields a left invariant probability measure.
While the construction of v is specific for SO(n), the remaining properties are
implied by the following general lemma. O

Lemma 5.2 A left Haar measure on a compact topological group is also a right
Haar measure and inversion invariant.

Proof Let v be a left Haar measure on the compact topological group G. Since v is
positive and finite on G, we can assume that v(G) = 1. Let f € C(G) and y € G.

We first establish the inversion invariance. Using the left invariance of v and
writing f(x) := f(x~!) for x € G, we get

—1
s = [ 7((t) ") v
G G
= / FO v = / f(x) v(dx)
G G

= / FxHvdx). (5.2)
G
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Hence, integrating (5.2) with respect to v(dy) and by Fubini’s theorem, we obtain

/f(x_l)v(dx)zf / £y v(dx) v(dy)
G GJG

- f / £y v(dy) vidx)
GJG

= f f)vidy),
G

again by the left invariance and since v(G) = 1.
Finally, the right invariance follows from relation (5.2) and the inversion
invariance. O

The translation group R” has a canonical topological (Euclidean) structure and
the Lebesgue measure is up to a constant factor the unique translation invariant
Haar measure on R”. Let G(n) denote the group of proper rigid motions of R”
with the composition as the group operation. The map y : R"” x SO(n) — G(n),
(t,0) = y(t,o) with y(t,0)(x) := ox + ¢, for x € R", is bijective and used
to transfer the product topology from R"” x SO(n) to G(n). Thus G(n) becomes a
locally compact topological group with countable base.

A Borel measure p on B(G(n)) is introduced by

u :=/ / Ky (z, p) € -}v(dp) ru(dt).
n JSO(n)
Lemma 5.3 The Borel measure |« on G(n) is a Haar measure.

Proof Let A € B(G(n)),andlet g = y(s,0) € G(n) withs € R" and 0 € SO(n).
Then g o y (¢, p) = y (ot + s, 0 o p) and therefore

pe = [ [ gy e Avap i

" JSO(n)

— / / 1{y (ot + 5,0 0 p) € A} v(dp) r(dt)
" JSO(n)

:/ f 1y (ot +s,p) € A} v(dp) An(dt)
n JSO(n)

= / / 1{y(ct + s, p) € A} Ay(dt) v(dp)
SO(n) n

= / / Ky, p) € A} xu(dt) v(dp) = u(A),
SO@m) JRn
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where we used the left invariance of v, the SO(n) invariance and translation
invariance of A, and Fubini’s theorem (repeatedly). This shows that u is left
invariant.

Using that y (¢, p) o g = y(ps + ¢, p o o), the right invariance of v, the SO(n)
invariance and translation invariance of A,, and Fubini’s theorem, we also see that ©
is right invariant. (This is also implied by the inversion invariance, which we show
next.)

To establish the inversion invariance, we first observe that y(z, 0)’1 =
y(—p~ 11, p~1). Then

/L(A’l)=/ / Hy(t, p)~" € A} v(dp) rn(dD)
n JSO(n)
=/ / Hy(—p~'t,p7") € A} v(dp) Au(dt)
n JSO(n)
= f / Ly (—pt, p) € A} v(dp) rn(dt)
n JSO(n)

_ f / 1y (t. p) € A} v(dp) An(di) = 1(A),
n JSO(n)

where we used the inversion invariance of v and the isometry invariance of the
Lebesgue measure A,,. O

The following general lemma implies that up to a constant factor, the measure p
on B(G(n)) is the unique left Haar measure (and then also the unique Haar measure)
on G(n).

Lemma 5.4 Let (G, o) be a locally compact group. Let v be a Haar measure and
let u be a left Haar measure on G. Then there is a constant ¢ > 0 such that v = cpL.

Proof Let f, g : G — [0, 00) be measurable. Repeatedly using Fubini’s theorem
and (in this order) that v is right invariant, u is left invariant, v is inversion invariant,
and v is right invariant, we obtain

fde~/gdu=f / fx)g(y)vidx) u(dy)
G G GJG
=/ / f(xoy)g(y)v(dx) u(dy)
GJG
=/ / f(xoy)g(y) u(dy) v(dx)
GJG
= f / FMgx™ o y) u(dy) vdx)
GJG

= / fo) / g(x 7o y) v(dx) u(dy)
G G
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=/ f(y)/ gx oy)v(dx) u(dy)
G G

=/ f(y)/ g(x) v(dx) u(dy)
G G

=/Gfd,u~/ngv.

Since v # 0, there is a compact set Ag C G with v(Ag) > 0. Let A € B(G) be
arbitrary. The choice f = 14, and g = 14 yields u(A) = (u(Aop)/v(Ap)) - v(A),
which proves the assertion. O

In the remainder of this section, we study invariant measures on spaces on which
groups operate. In particular, we are interested in the (linear) Grassmann space
G(n, k) with the operation of the proper rotation group SO(n) and the (affine)
Grassmann space A(n, k) with the operation of the proper rigid motion group G(n).

Let G(n, k) be the set of k-dimensional linear subspaces of R" with £k €
{0, ..., n}. For a fixed Uy € G(n, k) the map B : SO(n) — G(n, k), o — oUy,
is surjective. We endow G(n, k) with the finest topology such that B is continuous.
Hence, a map f : G(n,k) — T, where T is an arbitrary topological space, is
continuous if and only if f o B is continuous. Thus G(n, k) becomes a topological
space.

Lemma 5.5

(a) The topological space G(n, k) is compact with countable base.

(b) The topology is independent of the particular choice of Uy € G(n, k).

(c) The map By is open.

(d) The operation SO(n) x G(n, k) — G(n, k), (0, U) — oU, is continuous and
transitive.

Proof See Exercise 5.1.6. O

Thus, more generally, we are in the following situation. We have a (locally
compact or even compact) topological group G and a (locally compact or even
compact) topological space X on which G acts, that is, there is a continuous map
¢ : G x X — X such that (e, x) = x for x € X, if e is the neutral element of
G, and ¢(g, ¢(h,x)) = p(goh,x) for g,h € G and x € X. This operation (map)
is called transitive if for any x, y € X there is some g € G such that (g, x) = y.
Then the map ¢(g, -) : X — X is a homeomorphism.

In the above situation, we additionally know that the map ¢(-, xo) : G — X is
open for some xop € X. It can be shown, also in the general framework, that then
this map is open for any xo € X. Let Sy := {g € G : p(g, x) = x} be the stabilizer
subgroup of x. Introducing on the factor space G /Sy the topology induced by the
projection map G — G/Sy, it follows that G/Sy and X are homeomorphic. In this
case, (X, ¢) is called a homogeneous G-space.
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In the following, we simply write gx instead of ¢ (g, x) if the operation ¢ is clear
from the context. Moreover, for g € G and A C X, we write gA for {¢(g, x) :
x € A} = {gx : x € A}. Then a Borel measure u on B(X) is called G-invariant
if u(gA) = n(A) for A € B(X) and g € G. A G-invariant, regular Borel measure
u # 0on B(X) is called a Haar measure.

In the following, X will always be a locally compact space with a countable
base. Then a Borel measure 1 on B(X) that is finite on compact sets is regular (see
[26, Proposition 7.2.3]) and o -finite (see [26, Proposition 7.2.5]). As usual, a Borel
measure  on X is called regular if

1. u(K) < oo for compact sets K C X;
2. u(A) =inf{u(U) : A C U, U open} for A € B(X);
3. u(U) =inf{u(K) : K C U, K compact} for U € X open.

In other words, the first condition implies the other two, that is, 1 is outer and inner
regular in the sense of these conditions whenever it is finite on compact sets.

Theorem 5.2 Let G be a locally compact topological group, let X be a locally
compact topological space, and let ¢ : G x X — X be a continuous, transitive
operation such that ¢(-,x) : G — X is open for some x € X (i.e, (X,¢) is
a homogeneous G-space). Then any two (G-invariant) Haar measures on X are
proportional to each other.

In the specific cases considered in the following, the uniqueness assertion can be
proved directly. However, it is useful to know the general result behind these special
cases. Similarly, in all cases needed below, the existence of a Haar measure on a
homogeneous G-space will be established in a direct way. There are also general
existence results. The existence of a Haar measure on a homogeneous G-space
(X, @) can be ensured, for instance, if G is compact, or, more generally, if G and
Sy are unimodular (for some x € X). In fact, the existence of a Haar measure
is equivalent to the condition that Ag (h) = Ag(h) for h € Sy, where Ag, and
Ag are the modular functions of the topological groups Sy and G. We refer to the
exercises and [26, p. 313] for modular functions of topological groups (and their
basic properties) and to [73] for proofs of facts not established here.

For a compact topological group G, and a topological Hausdorff space X on
which G acts continuously and transitively, we can provide a simple construction of
a G-invariant Haar measure on X, based on a Haar measure on G.

Theorem 5.3 Let G be a compact topological space with a Haar probability
measure v. Let X be a topological Hausdor{f space, and let ¢ : G x X — X be a
continuous and transitive operation. Then X is compact and, for any fixed xo € X,

H(A) =/Gl{so(g,xo> c Av(dg). A eBX),

defines a G-invariant Haar probability measure on X. It is the unique G-invariant
Haar probability measure on X.
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Proof The map ¢(-,x9) : G — X is continuous and surjective, hence X =
(G, x¢) is compact. Let h € G and A € B(X). Since ¢(g, xo) € hA if and only if
o(h~ "o g, x0) € A, we get

MmAﬁiLIW@wwethww
=3L1wm*o&mneAwu@

zﬁgwgﬁweAww@
= n(A),

since v is left invariant. Moreover, i (X) = v(G) = 1, hence p is regular.
Suppose that i is another Haar probability measure on X. Let f : X — [0, co)
be measurable. Then, for g € G, we have

/f(X)ﬁ(dX)=/ f(e(g, x)) iu(dx)
X X
=/ / fe(g, x)) i(dx) v(dg)
GJx

=//f(<ﬂ(g,X))V(dg)/1(dX)-
xJG

For given x, xo € X, there is some h € G such that ¢(h, x9) = x. Since v is also
right invariant, we get

/Gf(w(g,X))V(dg)=/Gf(<p(g,</>(h,xo)))1)(dg)
=fo(¢(goh,XO))V(dg)

Zwa@nmwwL

and hence
/f(X)/l(dX)=/ / Sfle(g, x0) v(dg) i(dx)
X xJG

=/ Jx) u(dx),
X

which shows that u = f. |
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Corollary 5.1 Letk € {0,...,n}and Uy € G(n, k). Then
wi= [ et e )vide)
SO(n)

is the uniquely determined SO(n)-invariant Haar probability measure on G(n, k).
In particular, the definition is independent of the choice of the linear subspace Uy €
G(n, k).

Now we address the affine Grassmannian A(n, k) on which the motion group
G(n) operates. Since these spaces are not compact, we have to adjust the approach
described for the linear Grassmannian. First, we describe how the usual topology
can be introduced. Let Uy € G(n, k) be fixed for the moment. Consider the map

v : Ug x SO(n) — A(n. k), (x,0) — o(Up+ x).

We endow A(n, k) with the finest topology such that y4 is continuous.
Lemma 5.6

(a) The topological space A(n, k) is locally compact with countable base.

(b) The topology is independent of the particular choice of Uy € G(n, k).

(c) The map yi is open.

(d) The operation G(n) x A(n, k) — A, k), (g, E) — gE :={gx :x € E}, is
continuous and transitive.

Proof See Exercise 5.1.7. O

On A(n, k) we introduce the Borel measure
Wk D= Yk (()\nfklUd_) ® V>

=/ / Ho(Uo +x) € -} An—k(dx) v(do)
Som) JU

= / / HU +z €} Ak (dz) v(dU), (5.3)
G(n.k) JUL

which is independent of the choice of Uy € G(n, k). For a set C C R”", we write
Ac ;= {E € A(n,k) : ENC # @}, hence Agn = y((B" N Uol) x SO(n)).
The analogue of Corollary 5.1 for the affine Grassmannian is stated in the following
theorem.

Theorem 5.4 The Borel measure i on B(A(n, k)) is the unique G(n)-invariant
Haar measure on A(n, k) with pug(Apn) = kp—.

Proof Let A C A(n, k) be a compact set. The system of sets

ve(fx € Uy : ||lx|| < m) x SO(n)), m €N,
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is an open cover of A, hence A is contained in one of these sets. It follows that
tg(A) < oo, which shows that u, # 0 is a regular Borel measure on A(n, k).
Next we prove the invariance property. Let g = y (¢, 0) € G(n) witht € R" and
o € SO(n). Let f : A(n, k) — [0, co) be measurable. Then, using the translation
invariance of A,,_; on UOl and the rotation invariance of v on SO(n), we obtain

/ f(EE) ux(dE)
A(n,k)
=/ / fy @, 0)(eWo + x)) An—k(dx) v(do)
som) JU
= / f(o 00U+ x+ (0 00) ' 11IUg") An—k (dx) v(do)
SOm) Jut
= / f(o ooy +x) Ay—k(dx) v(do)
Som) J Uy
=/ feWo + x) Ap—k(dx) v(do)
Som) J Uy

=/ S(E) ur(dE).
A(n,k)

Let w be a translation invariant regular Borel measure on A(n, k). By the following
general theorem, there is a finite Borel measure 7 on G(n, k) such that

" =/ / WU +z € -} h—k(d2) T(dU).
G(n,k) JUL

Suppose that p is also SO(n)-invariant. For C € B(G(n, k)), we define B¢ :=
(U+z € An,k) : z € U-NB", U € C} and observe that oBc = Byc for
o € SO(n). Hence

kn—kT(C) = u(Bc) = u(eBc) = w(Boc) = kn—it(00),

which shows that 7 is SO(n)-invariant. Therefore, T = cvy for some constant ¢ > 0.
Requiring that w(Ap») = kp—k, we get ¢ = 1, and thus u = pg, which proves the
uniqueness assertion. O

For the proof of the following theorem, we need to describe the distortion of
Lebesgue measure under a linear orthogonal projectionmap ;. : L — U L from a
linear subspace L € G(n, n—k) on another linear subspace U L e G(n, n—k), where
U € G(n, k) and U, L are complementary, thatis, U@L = R". In order to introduce
a quantity which describes the relative position of complementary subspaces (called
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the subspace determinant), we choose orthonormal bases
ai,...,agofU, ci1,...,cn—k ofUJ‘,
bi,....by_xof L, di,... ,dgof L.
Then, independently of the chosen specific orthonormal bases, we can define
[U,L]:=|det(ai,...,ak, b1,...,by—i)|
= |det((a;, d;)} ;)|
= |det(ct, ..., cn—k,d1, ..., di)|
=[Ut LY.

Letmyr : L - U L denote the orthogonal projection of L onto U+, where we still
assume that U @ L = R". Then 7,1 is a homeomorphism and
(ryir =[U, L1 "y, (myL) "AyL =[U, LIAL. (5.4)

To verify this, we first observe that ker(7;;1.) = {0}. Since the kernel of 7. is
trivial, the linear map ;1 is injective. Since dim U L+ = dim L, the linear map is
bijective and hence a homeomorphism. Define v(-) := Ay 1 (71 () on B(L). Since
v is invariant under translations in L and locally finite, we obtain v = cy pAr. To
determine the constant, we consider W := [0, b{] + - - - + [0, b,,—x], which is a unit
cube in L with Ay (W) = 1. Then we get

(W) =10, bilyt]+--- + [0, bp—ily],
and therefore
ALy (W) = |det(brlye, ..., bp—iklyL)l
= | det((bi, ;) £
= |det(b1, ..., by—k, a1, ...,ar)|
=[U,L].

This proves the assertion.
We shall use (5.4) below in (5.5).

Theorem 5.5 Let u be a regular, translation invariant Borel measure on A(n, k).
Then there is a unique finite Borel measure t on G(n, k) such that

o= / / HU + x € -} hn_i(dx) T(dU).
G(n,k) JUL
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Proof In the first part of the argument, we fix L € G(n, n — k) arbitrarily. Then we
define

GrL:={U €G(n,k): UNL ={0}},
Ap:={U+xe€An,k):UeGr,x €L}
Since LU =R"forU € Gy,wehave A; +t = Ay fort € R", thatis, Ay is the
translation invariant class of k-dimensional affine subspaces whose direction space
is complementary to L. The map
oL LxGp —> AL, (x,U)—~ U + x,
is a homeomorphism.

Let C C G be a Borel set. A locally finite (that is, finite on compact sets),
translation invariant Borel measure on L is defined by

nc(B) = u(pL(C x B)), B e B(L).

Hence, we get nc(B) = pr(C)AL(B), or u(pr(B x C)) = Ar(B)pr(C). But then
pL is a finite Borel measure on G, which implies that

w(pL(B x C)) = (AL ® pL)(B x C),
and therefore
(o) '=1L®pr, mla, = oL & pL)-

For a measurable function f : A(n, k) — [0, c0), we thus get

fdMZ/ /f(U+x)AL(dx)pL(dU),
Gp JL

AL

and then it follows from (5.4) that

fdu Z/ /f(U“‘”UL(X)))»L(dX)PL(dU)
Ar Gp JL
= / / fWU+2)Ay(dz) L, Ut pL(dU) (5.5)
G JUL
:/ fWU +2)Ay1(dz) T (dU),
G(d,k) JUL

where 77, ;= [L, U]_1PL|GL-
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Since G is open, for L € G(n,n — k), and G(n, k) is compact, there are
Li,...,L, € G(n,n — k) such that

r r
Gn, k) = UGLl. and hence  A(n, k) = UAL,..
i=1 i=1

Furthermore, Ay, is invariant with respect to translations, fori = 1, ..., r. Since
these unions are not disjoint, we recursively define the sets

Aji=AL; \(A1U---UAjy), Ao:=0, (5.6)
for j =1, ..., r, which are translation invariant and satisfy
A(n, k) =A1Y---UA,.
The restriction of u to A;, which we write as uLA;, is translation invariant. As

above, we obtain a measure 7; := (uLA;)r, on G(n, k), which is concentrated on
G1,, so that

du = d
/A(n’k)f Iz ;/A,-f Iz
=¥ [ rawan
i=1 VAL

_ Z[ FU + 2 hyr(dD)(dU)

i=1 G(n,k) JUL
:L( o LL f(U"‘Z))\.UL(dz)-L—(dU)
n,

witht :=71+--- 4+ 75.
Finally, we address the uniqueness assertion. For C € B(G(n, k)), let

Be ={U+ze€Am, k) :zeU-NB", U € C}.

Then, we get k,,—x T (C) = u(Bc), which shows that the finite measure t is uniquely
determined by . O
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Exercises and Supplements for Sect. 5.1

1. Show that G(n) is a locally compact topological group with countable base.

2. Let p be a left Haar measure on a locally compact topological group. Show that
W is inversion invariant if and only if u is right invariant.

3. Let u be a left Haar measure on a locally compact topological group G. Show
that G is compact if and only if u is finite.

4. Discuss properties of the modular function.

5. Show that up to a constant factor the spherical Lebesgue measure is the uniquely
determined SO(n)-invariant finite Borel measure on S"~ .

6." Prove Lemma 5.5.

7. Prove Lemma 5.6.

8. Letk € {0, ..., n}. Show that

Vnk = / U € v (dU).
G(n,k)
9. Let0 < g <k <n.For L € G(n, k), define
G(L,q):={U €G(n,q): U C L}.

Let sz denote the SO(L)-invariant Haar measure on G(L, ¢) with respect to L
as the ambient space, where

SO(L) := {p € SO(n) : p(x) = x forx € L*}.

Let f : G(n, g) — [0, 00) be measurable. Then

/ JF(L)vg(dL) =/ / fU) vy @U) w(dL).
G(n.q) G(n.k) JG(L.q)

10. Let0 < g <k <n.For F € A(n, k), define
A(F,q):={E €A(n,q): E CF}.

Further, let FOJ- be the linear subspace orthogonal to Fy € G(n, k), the linear
subspace parallel to F, and

G(F) :={g € G(n) : g(x) = x forx € Fy"},
that is, G(F) = y(Fy x SO(Fp)). For F = Fy + x € A(n, k) with x € Fi,

let ,ug denote the G(F)-invariant Haar measure on A(F, g) with respect to F
as the ambient space which is given by

uh = / / HL+y+x €} hg(dy)v)odL).
G(Fo,q) F()ﬂLL
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Let f : A(n, g) — [0, o) be measurable. Then

f J(E) nq(dE) =f / f(E) puf (dE) pr(dF).
A(n.q) A(n.k) JAF.q)

5.2 Projection Formulas

In the introduction to this chapter, we have already seen a particular projection
formula. We now first derive a version of such an integral-geometric formula for
more general intrinsic volumes and projection subspaces of arbitrary dimension.
From this result, we then deduce a version for certain mixed volumes and finally
for certain mixed area measures. As a particular case, we thus obtain a projection
formula for area measures of convex bodies.

The projection formula can be deduced from the special case considered in
the introduction, by using expansion of parallel volumes and Exercise 5.1.9 for a
recursive argument. This will be discussed in the exercises. Another approach, as
we shall see now, is based on Hadwiger’s characterization theorem.

In the following, we use the flag coefficients

[",’}::(".“) fmo o ie€q0,...,m), meN,
J Jj ) Kjkm—

which allow us to write constants in a systematic way. As before, for K € K" and a
linear subspace U C R”", we denote by K |U the orthogonal projection of K to U.

Theorem 5.6 (Cauchy—Kubota Formula) Let K € K" be a convex body, let k €
{0,...,n},andleti € {0, ..., k}. Then
/ Vi(K|U) ve(dU) = Bpik Vi (K), (5.7
G(n,k)
where
(“Ycwsen—i ml H
Buik ==, =1 .
(7)knti—i ! !
Proof For fixed parameters k, i, we consider the functional

P(K) :=/ Vi(K|U) v (dU), K e K".
G(n,k)

Since U +— V;(K|U), U € G(n, k), is continuous, the integral exists and is finite.
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Fort € R" and o0 € SO(n), we have
Vi((@K +)|U) = V;(c K)|U +t|U) = V;(K|(e~'U)),

where we used the translation and rotation invariance of V;. Since vy is rotation
invariant, it follows that P is invariant under (proper) rigid motions.

For fixed U € G(n, k), the map K +— V;(K|U) is continuous. It is also
uniformly bounded, if K ranges in a ball of some fixed radius. Hence, by the
bounded convergence theorem, P is continuous.

Next we show that P is additive. To see this, it is sufficient to observe that

(KUL)|U = (K|U)U(LIU) and (KNL)U = (K|U)N(L|U)

for K, L € K" with KUL € K" and U € G(n, k). Then the additivity of PP follows
from the additivity of V;.

Finally, we observe that P is positively homogeneous of degree i.

By Hadwiger’s characterization theorem, there is a constant ¢; € R such that

/ Vi(K|U) ve(dU) = ¢; Vi(K), K eK".
G(n,k)

To determine the constant ¢;, we choose K = B". Then, by the invariance properties
of intrinsic volumes, the symmetry of Euclidean balls, and by the independence of
the intrinsic volumes of the ambient space, we obtain

V;(B*) = / V;(B"|U) v (dU) = ¢; V;(B"),
G(n,k)

and therefore

k -1
vi8Y _ () ()
Ci = = Kk - Kn >
Vi(B")  Ki-i Kn—i
which yields the constant as asserted. O

Remark 5.1 For k = i, the Cauchy—Kubota formulas yield
1
Vi(K) = Vi(K|U) vi(dU),
nii JG(n,i)

hence V;(K) is proportional to the mean content of the projections of K onto i-
dimensional subspaces. Since V; (K |U) is also the content of the base of the cylinder
circumscribed to K (with direction space U), V;(K|U) was called the ‘quermass’
of K in direction U~. This explains the name ‘quermassintegral’ for the functionals
W, —i, which are proportional to V;.



5.2 Projection Formulas 223

Remark 5.2 Fork =i =1, we obtain
1
Vi(K) = Vi(K|U) vi(dU).
But1 Jom,1

This shows again that V(K is proportional to the mean width of K.

Remark 5.3 The right-hand side of (5.7) has an additive extension to U (K"). The
same is true for the integrand K +— V;(K|U), K € K", for each U € G(n, k),
and therefore also for the integral mean. It should be noted, however, that even if
KiU-.-UK, € K" for convex bodies K1, ..., K,,, in general the projection
of an intersection [N;c; K;]|U is not equal to the intersection of the projections
Nier[K;|U], for arbitrary subsets I C {1, ..., m} =: [m]. Still we have

/ Vi((K1 U+ - U K |U) e (@dU)
G(n,k)

sz > =piity, ([QK} |U> ve(dU)

k) s g clm) iel

= ) =y (ﬂm)

P£1Cm] iel

Hence, with the correct evaluation of the intrinsic volume under the integral, the
projection formula extends to polyconvex sets.

The situation is simpler when we consider Crofton formulas and intersectional
kinematic formulas in the following Sects. 5.3 and 5.4, where intersections of a fixed
convex body with a “random” k-flat or with another “random” convex body are
studied (but again care is required in the context of rotation sum formulas).

The projection formula for intrinsic volumes can be applied to Minkowski
combinations of convex bodies. This first yields projection formulas for mixed
volumes, and then also a local version of mixed area measures.

Theorem 5.7 Letk € {0,...,n}. If Ky, ..., Ky € K", then

/ VOKU, ..., KlU) w(dU) = * V(Ky,..., Kk, B'[n — k).
G(n,k) K

n
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Proof Letk € {0,...,n}, Ky,..., Ky € K", and py, ..., pr > 0. Then we have

k
[ vl [ Sk | o] waw)
G(n.k) e

k
= [ i Lo wawv
G(n.k) s

k

k r Tk
T PR
Gy, g\ Tk

.....

x VORI, - . ., (KelU)[re]) v (dU)

k Il Tk
= X ()

Flseees k=

x/ VOKD), ..., (KelO)[re]) v (dU).
G(n.k)

On the other hand, we also have

- k
_ Kk Kn—k () % Z,OjKj[k], B'[n — k]

(Z)Kn Kn—k =
K k k
=" ( )p? VKL, - Kilre], B"[n — k).
Kn rl...T%
Flyenns =0
Comparing coefficients for r; = - -- = ry = 1, we obtain the assertion. O

Fork € {1,...,n}and U € G(n, k), we write S'U)(My, ..., My_1, -) for the
mixed area measure of convex bodies My, ..., My_1 C U with respectto U as the
ambient space. Here it should be observed that in contrast to the intrinsic volumes
the area measures are not independent of the ambient space.
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Combining the representation of mixed volumes from Theorem 4.1 with the
integral-geometric projection formula of Theorem 5.7, we get

1
/ f h(Ki|U, u) SYK\|U, ..., Kr_1|U, du) vi(dU)
Gk kK Js—1ny

1
= / h(Ki,u) S(K1, ..., K-1, B"[n — k], du),
n—1

Kn 1

and hence,

/ / h(Ki, u) SUKL|U, ..., Ki1|U, du) v (dU)
G(n,k) Js{”),

k
- ""/ h(Ki, ) S(K1, ..., K1, B"[n — k1, du).
Snfl

nKp

Here we used that h(K|U, u) = h(Ky, u) foru € U.
Since differences of support functions are dense in C(S"~'), we obtain the
following result.

Theorem 5.8 Letk € {1,...,n}. If Ky, ..., Kk—1 € K", then
/ SOKNU, ..., Kic1|U, - N U) ve(dU)
G(n,k)

k
= "R S(K1, ..., Kie1, B"[n — Kk, ).

nKp

The following special case is of particular relevance.

Theorem 5.9 Letk € {1,...,n}andi € {1,...,k}. If K € K", then

k
/ SOKIU - Ny n@u) =" s (k).
G(n.k) nK

n

Exercises and Supplements for Sect. 5.2

1. Provide an alternative proof of Theorem 5.6, following the suggestion at the
beginning of this section.
2. Show that
(KUL)|U = (K|U)U(L|U) and (KNLD)U =(K|U)N(L|U)

for K,L € K" with KUL € K" and U € G(n, k).
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5.3 Section Formulas

Instead of projecting a given convex body to a “random uniform subspace”, we now
intersect it with a “random uniform flat”. We start with the special case where the
functional Vj is applied to the intersection. In fact, the corresponding result can be
derived from a projection formula. Let k € {0, ..., n} and K € K". Then

/ Vo(K N E) i (dE)
A(n k)
= / f Vo(K N (U + x)) kn—i (dx) v (dU)
G(n,k) Ul
= / Vi (KU v (dU)
G(n,k)

_ / Vi (KIW) vp_i (W)
G(n,n—k)

—1
= m Vo i (K).

For the second equality, we used that K N (U + x) # ¢ if and only if x € K|U™,
provided that x € U~. Moreover, for the third equality we used Exercise 5.1.8.
The following result states a general section formula of this type for intrinsic
volumes. It turns out that such a formula is not only connected to the projection
formula, as we have just seen, but also to the kinematic formula which will be
considered in the following section. We shall prove the result by using Hadwiger’s
characterization theorem. Another approach will be discussed in the exercises.

Theorem 5.10 (Crofton Formula) Letk € {0,...,n}andi € {0,...,k}. IfK €
K", then

/ VitK N E) ur(dE) = anix Vati—k (K)
A(n,k)

with

oo (ki _[ n r H
T e~ Le=i] Ll
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Proof For fixed parameters k, i, we define the functional
C(K):=/ Vi(K N E) ur(dE)
A(n,k)
=/ / Vi(K N (U + x)) Ap—k (dx) v (dU) (5.8)
G(n,k) JUL

for K € K".If g € G(n), then V;((gK) N E) = Vi(K N (g~ E)) for E € A(n, k)
and K € K", since V; is rigid motion invariant. Since p is invariant under proper
rigid motions, we conclude that C is also invariant under proper rigid motions.

Let K, L € K" with K UL € K", and let E € A(n, k). Then obviously we have

(KUL)NE=(KNE)U(LNE) and (KNL)NE=(KNE)N(LNE).

Using the additivity of V; and the linearity of the integral, we see that C is additive.

Next we show that C is continuous. For this, let K; — K as j — oo. If EN
intk #0or ENK =, then K; NE — K NEas j — oo by Exercise 3.1.8
(b). Moreover, the set Ag (n, k) of all E € A(n, k) such that E Nint K = @ and
E N K # @ satisfies ug(Ag(n,k)) = 0 (see Exercise 5.3.3). Now the required
continuity follows from the dominated convergence theorem.

The functional C is positively homogeneous of degree n — k +i. This can be seen
from (5.8) by applying the transformation x — Ax, x € U=, for some fixed A > 0,
in the inner integral. Since this transformation has the Jacobian A" ¥, the assertion
follows from the homogeneity of degree i of V;.

Thus Hadwiger’s characterization theorem implies that

f / VitK N (U + x)) Ap—k (dx) vi(dU) = cp—ii Va—i+i (K),
G(n,k) JUL

for K € K", for some constant ¢,—r+; € R. To determine the constant, we choose
K = B" and determine both sides of the resulting relation. Using the symmetry of
B and basic properties of V;, we obtain for the left-hand side

/ / Vi(B" 1 (U + %)) Aot (dx) v (dU)
G(n,k) Ut

- /U U= 1212 Vi(BY) (@)

i

1
= ‘/[(Bk)(n — k)Kn_k/ \/1 _ t2 tn—k+; dt
0
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() ra+nr(t+1)

- Kk—i etk r (”_12‘+i + 1)

(K Kn—k+ikk
i) Kiki—i

Since Vy—+i (B") = (,".) Kkl,- Kn, it follows that ¢, i1 = nik. o

Remark 5.4 Theorem 5.10 remains true for polyconvex sets K € U(K"). This
follows from the additivity of the intrinsic volumes and the linearity of the integral.
Here we also have that (K "N M)NE = (KNE)N (M N E), where K, M € K"
and E is an affine subspace.

Remark 5.5 Replacing the pair (i, k) by (0, n — i), we obtain

1
Vi(K) = /A( ; Vo(K N E) pn—i(dE)

AUn0(n—i)

! n_i({E € A(i,n —i): KN E # 0)).

AUn0(n—i)
Hence, up to a constant V;(K) is the measure of all (n — i)-flats which intersect the
convex body K.
Remark 5.6 We can give another interpretation of the intrinsic volume V;(K), for
i €{0,...,n — 1}, in terms of flats touching K. Namely, consider the set

Ai(K,e):={E e A(m,n—i—1): KNE=0,(K+B"(e)NE # %)

These are the (n — i — 1)-flats E which hit the parallel body K + B"(¢) but not K.
If the limit

o1
lim  p,—i—1(Ai(K, €))
e—>0+ €

exists, we can interpret it as the measure of all (n — i — 1)-flats touching K. We
write w; := jk; for the surface area of a (j — 1)-dimensional unit sphere. Now
Remark 5.5 and the Steiner formula for the intrinsic volumes (see Exercise 3.3.7)
show that

Fn0=i=1 [y (K + B"(e)) — Vig1 (K)]

i .
UnO(n—i—1) i+t1—j n—yj Kn—j
€ Vi(K
) Z <n —i— 1) 1K)

Kp—i—
=0 n—i—1

1
Hn=i—1(Ai(K, £)) =
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Kn—i

= po(—i—1)(n — i)K L Vi(K)
n—i—
. —1
Kit+1Kn—in —1 Wit1Kn—i (N
_ i+1Kn—i . V,(K)Z i+ nl() VI(K),
Kn (i+1) Kn t
as ¢ — 0+4. In the special case i = n — 1, we obtain sfl,uo(Ao(K, £) —

2V,—1(K) = F(K) as ¢ — 0+, which is just again the content of Remark 3.17.
On the other hand, for i = 0 we obtain ey, _1(A,_1(K,&)) — 2Vo(K) = 2 as
& — 0+.

Remark 5.7 We can use Remark 5.5 to solve some problems of Geometrical
Probability. Namely, if K, Ko € K" are such that K C Ko and V (Kp) > 0, then we
can restrict the rigid motion invariant measure i to {E € A(n, k) : KoNE # @} and
normalize it to get a probability measure. A random k-flat X with this distribution
is called a random k-flat in K¢o. We then get

Prob(X; N K # ) = Va—i(K).
Vn-k(Ko)

As an example, we mention the Buffon needle problem. Originally the problem was
formulated in the following way: Given an array of parallel lines in the plane R? with
distance 1, what is the probability that a randomly thrown needle of length L < 1
intersects one of the lines? If we consider the disc of radius é around the center
of the needle, there will be almost surely exactly one line of the array intersecting
this disc. Hence, the problem can be formulated in an equivalent way: Assume the
needle N is fixed with center at 0. What is the probability that a random line X; in
B2(é) intersects the needle N? The answer is

Vi(N) L 2L

Prob(X{ NN = = = .
rob(X1 NN # @) VBl 2w

Remark 5.8 In continuation of Remark 5.7, we can consider, for K, Ky € K" with
K C Kpand V(Kp) > 0 and for arandom k-flat X in Ko, the expected ith intrinsic
volume of K N Xy, i € {0, ..., k}. We get

JVi(K N E) ui(dE)
[ Vo(Ko NE) ux(dE)

_ ik Vati—k(K)
ook Va—ik (Ko)

EVi(K N Xy) =
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This shows that if K is assumed to be known (and K is unknown) and if V; (K N X)
is observable, then

Vi—i (K
uok Va—i (Ko) Vi(K N X3)
Qnik

is an unbiased estimator of V,4;,_x(K). Varying k, we get in this way three
estimators for the volume V(K), two for the surface area F(K) and one for the
mean width B(K) of K.

This estimation procedure is indeed of practical interest, since we do not have to
assume that the set K under consideration is convex (recall that the Crofton formula
remains true for polyconvex sets, which form a dense subclass in the compact sets
of R™). For instance, it can be used in practical situations to estimate the surface
area of a complicated tissue A in, say, a cubical specimen Ky by measuring the
boundary length L(A N X») of a planar section A N X5. Since the latter quantity
is still complicated to obtain, one uses the Crofton formulas again and estimates
L(A N X») by counting intersections with random lines X; in Ko N X». Such
stereological formulas are used and have been developed further in many applied
sciences, including medicine, biology, geology, metallurgy and materials science.

In the remaining part of this section, we show how the Crofton formulas can be
combined with an idea of Hadwiger to see in a rather direct way that the intrinsic
volumes have an additive extension to U(K"). Of course, we already know the
assertion itself, since V; is additive and continuous on K.

Theorem 5.11 For j =0, ..., n, there is a unique additive extension of V; to the
convex ring R".

Proof Tt remains to show the existence.

We begin with the Euler characteristic Vj and prove the existence of an additive
extension by induction on the dimension n, n > 0.

It is convenient to start with the case of dimension n = 0 since U(K?) =
{4, {0}} = K°. Since Vo(#) = 0 and Vo({0}) = 1, Vj is additive on U (K?).

For the step from dimension n — 1 to dimension n , n > 1, we choose a fixed
direction up € S"~! and consider the family of hyperplanes H, := H (uo, «) for
o € R.Let A € U(K") have a representation A = | J;_; K; with K; € K". Then
we have

k
AN Hy = | J(Ki 0 Hy).
i=1

and by induction hypothesis the additive extension V(A N Hy) exists. From the
inclusion-exclusion formula (see (4.24)) we obtain that the function f4 : o +—
Vo(A N Hy) is integer-valued and bounded from below and above. Therefore, f4
is piecewise constant and (4.24) shows that the value of f4 () can only change if
the hyperplane H,, supports one of the convex bodies K, v € S(k). We define the
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‘jump function’
ga(e) = fa(a) — lim fa(B), a € R,
BN\
and put

Vo(A) :=) " ga().

aeR

This definition makes sense since g4 (o) # O only for finitely many values of o.
Moreover, fork = 1, thatis A = K € K", K # #, we have Vo(K) =0+ 1 =1,
hence Vj is an extension of the Euler characteristic. By induction hypothesis, A —
fa (@) is additive on U (K™) for each «. Therefore, as a limit, A — g4 («) is additive
and so V) is additive. The uniqueness, which is clear from (4.24), shows that this
construction does not depend on the choice of the direction ug.

Now we consider the case j > 0. Let A € U(K") with A = Uf:l K; and
K; € K". Then, for @ > 0 and x € R", we have

k
AN B"(@ +x) = _JKi N (B" (@) +x)).

i=1

Therefore, (4.24) implies that

Vo(AN (B"(@) +x) = Y (=D"'Vo(K, N (B" (o) + x)).
veS(k)

Since Vop(K, N (B™*(«) + x)) = 1 if and only if x € K, + B"(«), we then get from
the Steiner formula

/ Vo(AN(B"(@) +x)dx = ) (=D / Vo(Ky N (B" (@) +x)) dx
n Rll

veS(k)
= Y (=D (K, + B (@)
veS(k)
n .
= D DM e i V(K
veSk) j=0

=2 i | Y0 DMK
j=0

veS(k)



232 5 Integral-Geometric Formulas
If we define

Vi(d) == Y (=D"Vi(Ky),

veS(k)

then

/ Vo(AN (B"() +x))dx = Y " iy Vj(A).
n j=0

Since this equation holds for all « > 0, the values V;(A) for j = 0, ..., n depend
only on A and not on the special representation, and moreover V; is additive. O

Remark 5.9 The formula

f Vo(AN (B (@) +x))dx = Yo" iy Vi(A),
n j:0

which we derived and used in the above proof, is a generalized Steiner formula; it
reduces to the classical Steiner formula if A € K.

Remark 5.10 The extended Euler characteristic Vy (also called the Euler—Poincaré
characteristic) plays an important role in topology. In R? and for A € U (K?), the
integer V(A) can be interpreted as the number of connected components minus the
number of ‘holes’ in A.

Remark 5.11 On U (K"), the functional V,, is still the volume (Lebesgue measure)
and F = 2V,_ can still be interpreted as the surface area (at least for sets which
are the closure of their interior). The other (extended) intrinsic volumes V; do not
have a direct geometric interpretation.

Exercises and Supplements for Sect. 5.3

1. Provide an alternative proof of Theorem 5.10 which is based on the special case
i = 0 (already proved in the introduction of this section) and an application of
the recursion given in Exercise 5.1.10.

2. Calculate the probability that a random secant of B>(1) is longer than +/3.
(According to the interpretation of a ‘random secant’, one might get here the

values ;, ; or }‘. Explain why ; is the right, ‘rigid motion invariant’ answer.)

3. Let Ax (n, k) bethe setofall E € A(n, k) suchthat ENint K = @and ENK # @.
Show that px(Ak (n, k)) = 0.
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4. Hadwiger’s idea of proving the additivity of the Euler characteristic Vy by
induction can be adjusted to other situations. For instance, it was observed by
P. Mani that

h(K.u) =) a |:V0(K NH®u, o) — /lsiig Vo(K N H(u, ﬂ)):|

aeR

for K € U(K") and u € R" \ {0} is properly defined and provides the additive
extension of the support function.

5.4 Kinematic Formulas

Intersecting a convex body K € K" with the image gL of a convex body L € K"
under a proper rigid motion g € G(n), we obtain K N gL, which is again a convex
body in R” or the empty set. We may then apply a functional ¢ : £ — R to
this intersection, for instance, we can choose the ith intrinsic volume ¢ = V;, and
average over all g € G(n) with respect to the Haar measure © on G(n), which has
been introduced in Sect.5.1. The following theorem shows that the result can be
expressed as a sum of products of intrinsic volumes of K and L (for ¢ = V;). Thus
we obtain a closed and complete system of kinematic formulas, which can also be
iterated.
We prepare the theorem with two auxiliary results.

Lemma 5.7 Let K,L € K". If ¢ : K" — [0, 00) is continuous or increasing
(on nonempty convex bodies), then g — @(K N gL), g € G(n), is measurable
and bounded. If G*(n) .= {g € G(n) : K NgL # @,int(K) N gL = @}, then
w(G*(n)) = 0.

Proof We have
{(KNgL:geGm),KNgL#AMW C{MecK":MCK,M#*07}.

Since the set on the right-hand side is compact, this yields that g = @(K N gL),
g € G(n), is bounded if ¢ is continuous. The assertion is obvious, if ¢ is increasing.
The map g — ¢(K N gL), g € G*(n), is continuous by Exercise 3.1.8, since
G(n) operates continuously on K. Hence, it remains to show that u(G*(n)) = 0.
For this, observe that for ¢ = y(z,0) € G(n), we have g € G*(n) if and only if
t € bd(K + oL*), where L* = —L, as follows from a separation argument. Hence,
we obtain

w(G*(n) = / An(bd(K +oL*)) v(do) =0,
SO(n)

which completes the proof. O
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Lemma 58 LetO <k <l <n. IfK,L € K", then

/ V(K[k],oL[l — k], B"[n —I]) v(do)
SO(n)

—1 —1
n n Kn
- M [1 " k} o VKOViiL),

Proof We define the functional
RL(K) := / V(K[k], oL[l — k], B"[n —I]) v(do)
SO(n)

for K € K" and fixed L € K". Then R is translation invariant, rotation
invariant, continuous, and additive (for the latter, see Exercise 4.5.6). Since R,
is homogeneous of degree k, Hadwiger’s characterization theorem yields that
RL(K) = ck(L)Vk(K) for K, L € K". Thus, choosing K = B" we obtain

k(L) = V(B 'R (B")

Kn—k
Kn

-1 -1
Kn—k (1 n

= - Vi—k (L
) (k) Kn l+k<l_k) 1-k(L)

-1 -1
n n Kn
= Vi—i(L),
|:ki| [l_ki| KkKl—k 1-+(L)

-1
(") / V (oLl — k1. B"[n — I + k]) v(do)
k SO(n)

which completes the argument. O
Theorem 5.12 (Principal Kinematic Formula) Leti € {0,...,n} and K, L €
K™. Then

[ viknsnudg = ¥ awmw.
G(n) k-Hl=n-+i

=[] T[T

is the same constant as in the Crofton formula.

where
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Proof We first consider the case i = 0. We put again L* = —L and write /C; (K, L)
for the kinematic integral. Then

Ko(K, L) = / / Vo(K N (oL + 1)) A (dt) v(do)
SO(m) JR2

_ f Vo (K + oL*) v(dg)
SOm)

-y (") [ vitier'n - nvao.
=0 J/ JSO(n)

since K N (oL +1t) #Wifandonlyift € K + oL*. Using Lemma 5.8 with/ = n
and k = j, we get

n -1 -1
Ko(K.L)=)" (”) m [n " ]} VAR Ve (L)

=\ Kitn—j

n -1
=y H Vi(K)Va—j (L),
=t

which completes the argument in the case i = 0.

For the derivation of the case i > 0, we start by using the Crofton formula, then
we apply Fubini’s theorem, we use the already established special case i = 0, and
finally we again apply Crofton’s formula. Proceeding in this order, we get

1

/Ci(K,L)=/

m / Vo((K N gL) N E) ptn—i (dE) (dg)
G(n) A(n,n—i)

|:n:|/ f VoK NME) N gL) u(dg) un—i(dE)
l A(n,n—i) JG(n)

n

n -1
H / ZH VeK O EYVa k(L) i (dE)
i Jamn-i) (= Lk

-1

_’7} H Vo k(L) Vi(K N E) jtn—i(dE)
A(n,n—i)

3
|

~
Il
o

. —1
H " } Vit (L) Visi (K)

n—i—k

I
~ 3
L L
I 1
—
[
—
= S
[
|
—
S
|

3
4

S 4
= k j_ l:| I:Z:| Vieri (K) Vi (L),
i—oL

(=}

which is the asserted formula. O
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Remark 5.12 The principal kinematic formula is additive in K and L and
extends to polyconvex sets. Here we also have that (K N M) N gL =
(KNgLyNn(MNgL),where K, M,L € K" and g € G(n).

If we replace the intersection in the principal kinematic formula by Minkowski
addition, the resulting integral will be unbounded over G(n). For this reason, we
drop the translative part of the operation. We shall see that then there is still an
integral-geometric formula for the mean values V; (K + oL) if o € SO(n) and the
integration is with respect to the Haar measure v on the compact rotation group
SO(n).

Theorem 5.13 Leti € {0,...,n}. IfK,L € K", then

i -1
n n—k
/So(n) Vi(K +oL)v(do) = Z [i _ k} [i B k} Vi(K)Vi—i(L).

k=0

Proof We write R;(K, L) for the rotation sum integral. Expanding the integrand,
we obtain

Ri(K,L) = K,:_li <n> / V(K +oL)[il, B"[n —i]) v(do)
1) Jsom)

S| n i i . n .
= Kn—i<l~> ;} (k) /So(n) V(K[k], oL[i — k], B"[n —i]) v(do)

i . —1 —1
o1 n 1 n n Kn .
=K (l) kgo (k) M [l. " k} e, VKDV (D),

where we used Lemma 5.8 in the last step. The assertion of the theorem is obtained
by simplifying the constant. O

A more general version of Theorem 5.13 can be derived if in that theorem K is
replaced by K + AM, for A > 0 and M € K". In the resulting integral formula,
we can expand in A. Then the following theorem is obtained by comparison of
coefficients. To simplify the constants, we express the result in terms of §;(L) :=
S;(L,S" 1), L € K", instead of V;(L).

Theorem 5.14 LetO <[ <i <n IfK,L,M € K", then

f V(K +oL)li — 11, MII], B"[n — i]) v(do)
SO(m)

- ! Z(?_1>V(K[k—l],M[l],B"[n—k])S,-k(L).
nkKy, = i —k
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From the special case I = 1 of Theorem 5.14 we obtain the following local
version of a rotation sum formula for area measures.

Corollary 5.2 Leti € {0