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Abstract. We characterize convexity of a random compact set X in R? via polynomial
expected parallel volume of X. The parallel volume of a compact set A is a function of r > 0
and is defined here in two steps. First we form the parallel set at distance » with respect to
a one- or two-dimensional gauge body B. Then we integrate the volume of this (relative)
parallel set with respect to all rotations of B. We apply our results to characterize convexity
of the typical grain of a Boolean model via first contact distributions.

1. Introduction

Modern data frequently arise as images of (random) structures in R or R3. It is one
of the main purposes of Stochastic Geometry to provide models for such random
spatial data. The basic, most flexible and frequently used model is still the Boolean
model (see e.g. [6], [13], [19]). A (stationary) Boolean model Z in R is a random
closed set

z=J@ +8.

neN

where the £,, n € N, form a stationary Poisson process & in R (with intensity
y > 0, say) and where the grains Z, Z,, ... are independent, identically distrib-
uted non-empty random compact sets, which are also independent of E. Throughout
this paper, we assume that there is an underlying probability space (2, A, IP) car-
rying all random elements. Then a random closed set in the sense of Matheron
(see [12]) is a measurable map into the space F¢ of closed subsets of R? endowed
with the Borel o-field generated by the Fell-Matheron “hit-or-miss” topology. In
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particular, a random compact set is a random closed set which is almost surely
compact.

The distribution of the Boolean model Z is determined by y and the distribu-
tion of the typical grain X, a random compact set having the distribution of the
Z;. In order to fit a Boolean model to given data, the statistical problem consists in
finding appropriate estimates for these two parameters. A simple yet powerful set
of tools which is available with most image analysing equipment is given by the
contact distribution functions; see [10] for a recent survey. For a compact convex
set B C R¥ containing the origin 0, the contact distribution function Hg of Z (with
structuring element B) is defined as the distribution function of the ‘B-distance’
dp(0, Z) from O to Z, given that O is not covered by Z, that is,

Hp(r) :=P(dp(0,2) <r|0¢ Z), r=>0, (1.1)
with
dp(x,Z):=inf{t >0: (x +1B)NZ # @}, x e R,

As a consequence of the Poisson properties of the Boolean model Z, one easily
gets

Hp(r) =1—exp{—yE[Va(X +rB*) — Va(X)]}, (1.2)

where E denotes mathematical expectation, Vy is the volume (Lebesgue measure)
inR<, and X + r B* is the Minkowski sum (vector sum) of the random compact set
X and the reflection of r B in the origin. At this stage, a commonly made assumption
is that the grains are (almost surely) convex. The reason for this is that if A ¢ R? is
a compact convex set, then classical formulas from Convex Geometry (the Steiner
formula, respectively its generalization by Minkowski) can be used to obtain the
polynomial expansion

d
Vi(A+rB*) = Zrka)V(A[d — k1, B*[k]).

k=0

The coefficient V (A[d — k], B*[k]) on the right-hand side is a special mixed volume
of d — k copies of A and k copies of B*, that is

V(A[d —k], B [k]) :==V(A,...,A,B*, ..., BY);
— N ———
d—k k
see [16] for an introduction to mixed volumes and all notions related to convexity
which are used throughout the following. Thus, for a Boolean model with convex
grains the contact distribution has the following simple form

d

d
Hp(r) =1 —exp {— Dok <k)y]EV(X[d — k], B*[k])}

k=1

d\ —
:1—exp{—zrk<k>yvd_k,3} (1.3)

k=1
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with mean values (densities) Vd_k,B = EV(X[d — k], B*[k]) of the mixed vol-
umes of the grains. Fitting a polynomial to an empirical function — In(1 — Hp) that
arises from given spatial data then yields estimators for y Vg_4 5,k =1,...,d.

Popular choices for B are the unit ball B¢ (then one obtains the spherical con-
tact distribution) or a unit segment [0, u] with fixed or varying direction u (then
one obtains a linear contact distribution). While — In(1 — Hpa) is a polynomial of
order d (if X is almost surely convex) with y Vd(Bd) as the leading coefficient and
with the quermass densities of the grains as the other coefficients (see e.g. [18]),
—1In(1 — Hjo, ) is a linear function and the slope is given by y times the mean
grain projection orthogonal to u (if the latter is averaged over all directions or if Z
is isotropic, we obtain the mean surface area of the grains).

The assumption of convex grains is often connected automatically with a Bool-
ean model. The polynomial behaviour of the function — In(1 — Hp) has even been
suggested as a test for the Boolean model against other model alternatives (see, e.g.,
the discussion in Section 3.3 of [19]). Here one has to check whether, for various
shapes of B, the logarithmic empirical contact distribution function — In(1 — Hp)
is well approximated by a polynomial of degree d. As we will show in Subsection
5.3 one has to be careful when applying this method. There are germ-grain models
based on a non-Poisson process {&, : n € N} and a convex typical grain whose
contact distributions are of the same form as those of the Boolean model.

Our aim in this paper is to explore and clarify the connection between the poly-
nomial behaviour of logarithmic contact distribution functions of a Boolean model
and the convexity of the grains. As we shall show, the polynomial behaviour (or,
more precisely, the linearity) of —In(1 — Hjp ) does in fact imply that the grains
are convex, if either Z is isotropic or if we average over all directions u. A simi-
lar result holds for the disc contact distributions Hpg with certain two-dimensional
convex bodies (disc bodies) B. But a corresponding result is not valid, for example,
if B is a ball of dimension at least three. These two cases of (linear and disc) con-
tact distributions lead to the following definitions. The average logarithmic linear
contact distribution function (ALLC-function) L of a stationary Boolean model Z
is given by

L(r):= _/1 1 In(1 — Hyo,u)(r))o(du), r >0, (1.4)
Sd=

(o is the invariant probability measure on the unit sphere S?~!). Furthermore, a
disc body is defined as a two-dimensional convex body B € R? which contains
the origin in its relative interior and has a smooth (of class C') and strictly con-
vex relative boundary. The average logarithmic disc contact distribution function
(ALDC-function) Dp of Z (with respect to B) is then defined as

Dp(r) := _/SO In(1 — Hyp(r))v(dv), r =0, (1.5)
d

where v is the Haar probability measure on the rotation group SO,. Note that L(r)
and Dp(r) both can be interpreted as mean logarithmic contact distribution func-
tions with a random structuring element. Finally, a compact subset of R is called
regular if it is the closure of its interior.
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Theorem 1.1. Assume that the typical grain X of the stationary Boolean model
Z in RY is almost surely a regular compact set which satisfies the integrability
assumption (5.1). If the ALLC-function L of Z is linear, then X is almost surely
convex.

Theorem 1.2. Assume that the typical grain X of the stationary Boolean model
Z inR?, d > 3, is almost surely a regular compact set which has a deterministi-
cally bounded diameter. Let B be a disc body. If the ALDC-function Dp of Z is a
polynomial, then X is almost surely convex.

It turns out that in the plane the assumptions of Theorem 1.2 can be relaxed.

Theorem 1.3. Let d = 2, and let B C R? be a disc body. Assume that the typical
grain X of the stationary Boolean model Z in R? has a deterministically bounded
diameter. If the function In(1 — Hp) or the ALDC-function D of Z is a polynomial,
then X is almost surely convex.

Theorems 1.1 and 1.2 are consequences of more general results which will be
established in Section 5. There we also discuss connections to queueing theory and
some possible consequences for spatial statistics. Although our results are mainly
motivated by the analysis of Boolean models, in view of the right-hand side of equa-
tion (1.2) we first establish general results concerning the mean volume of random
dilatations of random compact sets. In Section 3, we study dilatations by random
segments, Section 4 is devoted to the investigation of dilatations by random disc
bodies. The results obtained here are new even in the special case of deterministic
compact sets. For instance, a consequence of Corollary 4.6 is that if A ¢ R? is a
compact set (assumed to be regular if d > 3) and B> C R is a two-dimensional
unit disc such that

> Vi(A +t9B>)v(dd), r >0, (1.6)
NF
is a polynomial, then A is convex. Note that in the two-dimensional special case
of this result, which was first established in [8], the integration over the rotation
group has no effect.

2. Tools from geometry

We are working in the d-dimensional space R? with scalar product (-, -) and Euclid-
ean norm | - |. Foraset A C R?, we denote by int(A) the interior, by cl(A) the
closure, and by d A the boundary of A. The i-dimensional Hausdorff measure on
R4 is denoted by . If the i-dimensional Hausdorff measure is applied to subsets
of an i-dimensional subspace, then we also write A; instead of H!. For z € RY and
r=>0, Bd(z, r)y:=1{ye RY . |y — z| < r} is the ball with centre z and radius
r. The unit ball B¢ := Bd(O, 1) has volume k4 and its boundary Sd-1 (the unit
sphere) has surface content dk;. We denote by F¢, C¢, and K¢ the system of all
non-empty subsets of RY, which are closed, compact, and compact and convex,
respectively. The elements of K¢ are called convex bodies. We write conv(A) for
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the convex hull of a set A C R?. The set F¢ and its subsets are endowed with
the usual Fell-Matheron “hit-or-miss” topology (see [12]). Measurability on any
of these spaces always refers to the Borel o-field generated by the Fell-Matheron
topology.

2.1. Distances and exoskeleton

Given a convex body B € K¢ with 0 € B, we define the B-distance from a closed
set A C R? to a point x € R? by

dp(A,x):=inf{r >0:x € A+ rB},

where C + D := {c+d : ¢ € C,d € D} denotes the Minkowski sum of subsets
C.,D c R%and rB := {rb : b € B} (cf. [16]). If B* denotes the reflection of B in
the origin, then clearly

dg(A,x) =inf{r >0: (x +rB*) N A #£ 0}.

Thus, dp+(A, x) coincides with the distance dpg(x, A) that has been used at (1.1).
For a closed set A C R, the exoskeleton exog(A) of A with respect to B is
defined as the set of all points x € R? \ A for which dg (A, x) < oo and card((x +
dp(A,x)B*) N A) > 2. It is easy to check that exop(A) is a countable union of
closed sets and hence a Borel set.

We will need the following extension of Theorem 3.2 in [9]. The assumption of
strict convexity cannot be omitted in Lemma 2.1, even if the set A is convex. This
can be seen by choosing A = B = [—1, 1]¢.

Lemma 2.1. Ler A C R? be a closed set, and let B € K9 be strictly convex with
0 € int(B). Then V (exop(A)) = 0.

Proof. We put p :=dp(A, -). Since p is Lipschitz (see [7, Lemma 1]), and hence
differentiable for H%-a.e. x € R? \ A, it is sufficient to show that a point of differ-
entiability of p cannot belong to exop(A). Hence suppose that p is differentiable
atx € R4\ A.Weput ¢ := p(x). Let b; € 9B be such that x —th; € A, i =1, 2.
Then

px —eb))=t—¢€, €€l0,rt]. 2.1)

To check this, we first assume that p(x — ¢b;) = s < t — €. Then it follows that
x—¢eb;je A+sB,andhencex e A+sB+eB=A+(s+¢&)Bwiths+¢ <t,
a contradiction. This implies that p (x — eb;) > t — €. On the other hand,

p(x —eb;) = dg(A, x —&b;)
<dp(x —tbi,x —¢eb;)) =dp(0, (t —e)b;) =1t — ¢,
which yields the assertion.

Using (2.1) and the differentiability of p at x, the differential Dp, (b;) of p at
x evaluated at b; satisfies
p(x —ebi) — p(x) 1—€—1

= lim —— =1, (2.2)
—€ e—>0+ —€

Dp.(bi) = 6£%1+
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i=1,2.Forany v € R4, we have
p(x+v)—px) <min{r >0:v € rBj}. 2.3)

Using (2.2), (2.3), the differentiability of p at x and the fact thatb := (b1 +b2)/2 €
B, we obtain

1 1
1= EDPx(bl) + EDPx(bZ)
b) —
= Dpyx(b) = lim pix +e€b) — p(x) <min{r >0:berB} <1,
e—>0+ €

hence (b1 + b2)/2 € 9B. Since B is strictly convex, it follows that b; = b;. This
shows that x ¢ exop(A). |

2.2. L-convex hulls and convexification

For k € {0, ... ,d}, we write £z for the set of k-dimensional linear subspaces of
R?. Then £f is a compact subset of F¢ and will be endowed with the subspace
topology. This subspace topology coincides with the coarsest topology on £Z for
which the map SOy — £4,9 + 9 Lo is continuous, where Lg € L'z is arbitrary
but fixed (see [18, p. 18-19]). The subspace orthogonal to L € E(,f is denoted by
Lt e Eg_k. Let A C R be a compact set. Then, for L € Ez andk € {0,...,d},
we define the L-convex hull of A by

convy (A) := U conv(AN(x + L)).

xeLt

If convy (A) = A, then A is said to be L-convex.

Lemma 2.2, Letk € {0, ... ,d}. Forany A € Cland L € E‘,f the set convy (A) is
compact and the map F : c? x /.ZZ — C4 (A, L) — convy (A), is measurable.

Proof. Assume that A; — A in ¢4, where A; C Bd(O, R) for all i € N and some
R>0,and L; — Lin Ef, asi — o0o. We show thatif y; € F(A;, L;), fori e N,
andy; —> y € RY, asi — oo, then y € F(A, L). This will show, in particular, that
convy (A) is compact. Moreover, by Satz 1.1.4 and Satz 1.1.5 in [18], F' is upper
semicontinuous if restricted (in the first component) to compact sets contained in
a fixed ball. But this implies that F is measurable.

To obtain the desired conclusion, observe that, fori € N, there is some x; € L IJ-
such that y; € conv(A; N (x; + L;)). By Carathéodory’s theorem, for i € N, there
are numbers )»; € [0, 1] and points z; eANxi+Lij),j=1,...,d+1,such
that

d+1 d+1

yi = Zk’jz’j and Z)Jj =1.
j=1

j=1
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The sequence (x;);enN is bounded, since (y;);eN is a bounded sequence and y; =
x; +v; forsome v; € L;.Since A;, A C B4(0, R) fori € N, the sequences (z’j),-eN
are also bounded. Hence, along a subsequence we get

xi > xelLt, zj.—>z,-eAm(x+L) and A — ;€ [0,1],

forj=1,...,d+ 1, where we used that A; - A and L; — L asi — oo. Thus
we arrive at
d+1 d+1
y:Z)\.ij and ZKj:l.
j=1 j=1
This shows that y € conv(A N (x + L)), and therefore y € F (A, L). |

The concept of L-convex hulls provides a (partial) convexification of a given
compact set A C R? with respect to a subspace. We now discuss a different kind
of convexification, mainly for d = 2 and for a restricted class of compact sets
A C R?, which is based on the surface area measure of a convex body. First, we
describe the notion of a measure theoretic outer unit normal of a given set and a
general version of the Gauss-Green theorem.

We recall a few concepts from analysis adapted to the present needs, for further
details and explicit definitions we refer to [2], [5], [22]. Let A C R4 be a set, and
let u be a (outer) measure over RY (cf. [5, p. 53]). The restriction LA of u to
A is the outer measure (uLA)(B) := u(A N B), where B C R?. Moreover, the
d-dimensional density of x at x € RY is defined by

. w(Bl(x,r))
@d , =1 _—
(. x) e T

if the limit exists. These densities can be used to introduce a measure theoretic
notion of exterior unit normal. First we define, for x € R? and u € S9!, the half
spaces HT (x,u) := {y e R : (y —x,u) > 0} and H™ (x,u) := {y € R? :
(y — x,u) < 0} with common boundary hyperplane H (x, u). Let A C R? be
compact and x € R?. Then a unit vector u € S9! is said to be a measure theoretic
outer unit normal of A at x, if

O HIL(H (x,u) N A),x) =0 and O HIL(H (x,u)\ A),x)=0.

If a measure theoretic outer unit normal of A at x exists, then it is unique and
x € dA. This outer unit normal of A at x will then be denoted by v(A, x) € S¢~!
(see [5, Sect. 4.5]). If it doesn’t exist we define v(A, x) := 0.

In the following, we consider acompactset A C R which satisfies H? 1 (3 A) <
oo (although a somewhat weaker assumption would be sufficient). This condition
implies that A has finite perimeter in the sense of calculus of variations. Hence, a
general version of the Gauss-Green theorem holds, i.e.

/ div o (2)H (dz) = f (@), VA, )YH (dx)
A
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for all vector fields ¢ : RY — RY of class CL. In particular, the map RY — RY,
x — v(A, x), is H~'-measurable (cf. [5, Theorem 4.5.6 (2)]). Therefore, we can
define a measure 14 on the Borel subsets of S¢~! by

LA = / 1{v(A, x) € JH (dx).
The Gauss-Green theorem then shows that

[Sd?l upa(du) = 0, 2.4)

i.e., s is centred. In the special case of a convex body L € K¢ with nonempty
interior, the (top order) surface area measure Sy—1(L, -) of L can be defined as
Sis—1(L, ) := ur. However, the surface area measures of convex bodies are usu-
ally introduced in a less technical way as coefficients of a local Steiner formula
(see [16, Chapter 4]). It is known that L is uniquely determined by its (top order)
surface area measure up to a translation. We can fix a translation e.g. by requiring
L to have its Steiner point s(L) at the origin (cf. [16, Equation (1.7.3)]).

Let A C R? be a general compact set with H?~1(9A) < oco. Assume in addi-
tion that 4 is not concentrated on a great subsphere (i.e. it 4 is non-degenerate). In
view of (2.4) we can then apply Minkowski’s existence theorem (see [16, Section
7.1]) which yields the existence of a unique convex body co(A) € K¢ with non-
empty interior and Steiner point at the origin such that Sy_j(co(A), ) = 4. We
call co(A) the convexification of A. For less general classes of sets, the convexifi-
cation has been introduced and studied for d = 2 in [4] and [20], and for arbitrary
dimension in [1], but in a slightly different manner. It is in fact not obvious that
the two approaches lead to the same convexification. We shall show this now, but
only in the case which we need later, namely for two-dimensional sets with some
additional regularity.

In the following, a compact set A C R? will be called a star body with respect
to the origin, if there is a positive continuous function p4 : S?~! — (0, c0), the
radial function of A, such that A = {Apa()u : A € [0,1],u € S9=1}. Since py is
continuous, we have 94 = {pa(u)u : u € S¢=1}. Finally, we say that A is a star
body if a translate of A is a star body with respect to the origin.

We are going to prove the existence and some additional properties of the con-
vexification of a planar star body with finite boundary length. The proof requires
some preparations. Let A C R? be a star body with respect to the origin. Put
u(s) := cos(s)e; +sin(s)en, s € [0, 2], where (e1, e7) is the standard basis. Then
the map Jp : [0, 2] — RZ, s > pau(s))u(s), provides a parametrization of d A.
In addition, we assume that A also has finite boundary length L := H! (0A), i.e.
the curve Jy is rectifiable (cf. [3, Lemma 3.2]). Then there is a reparametrization
by arc-length, denoted by J, of Jy which is oriented in the same way as Jy. We
define functions p : [0, L] — (0,00) and v : [0, L] — st by p := |J| and
v := J/|J|, hence J = pv. Since J is Lipschitz and parametrized by arc-length,
J is differentiable at s and |J'(s)| = 1, for H!-a.e. s € [0, L]. Here we call J
differentiable at s = 0 and s = L if the one-sided derivatives at s =0 and s = L
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exist and coincide. The chosen orientation of J implies that det(v(s), v'(s)) > 0
for H!'-a.e. s € [0, L]. Moreover, (v(s), v'(s)) = 0 for H'-a.e. s € [0, L].

By Theorem 3.2.22 (1) in [5] and since J'(s) # 0 for Hlae. s € [0, L], the
approximate tangent space Tan' (H!LdA, J(s)) of dA at J (s) is a one-dimensional
linear subspace spanned by J'(s), for H'-a.e.s € [0, L]. The coarea formula also
yields that, for H'-a.e. x € dA, J is differentiable at s = J~!(x), Tan' (H'L9A, x)
is the linear subspace spanned by J'(s), and |J'(s)| = 1. Any such point x € 9A
will be called a smooth boundary point of A. If x is a smooth boundary point of A
and s = J~1(x), we put £ (x) := J'(s) and define v(x) as the uniquely determined
vector such that (v(x), ¢#(x)) is a positively oriented orthonormal basis of R2. The
following lemma implies that v(A, x) = v(x) for H!-almost all x € dA.

Lemma 2.3. Let A C R? be a star body with respect to the origin. Assume that
A has finite boundary length. If x is a smooth boundary point of A, then v(x) =
v(A, x).

Proof. We adopt the notation preceding the statement of the lemma. Let x¢ be
a smooth boundary point of A, assume that so = J ’](xo) € (0, L), and put
Vo 1= v(x0), wo := t(xg) = J'(s¢). For any € € (0, 1), we define the cone

C(x0, wo, €) :={xo+Aw: [(w,wo)| > 1 —€, 1 e R, w e S'}.
Then, for r € (0, 1), we have
H(C (x0, wo, €) N B(xo, 1)) = wh(e)r?, (2.5)

where h(e) := 4arccos(l —€) - O0ase — 0.

In view of the equation J'(sg) = p’'(so)v(sg) + p(so)v'(s0), we distinguish
three cases.

(a) v'(so) # 0. Let € € (0, 1) be sufficiently small so that {Axp : A > 0} N
C(x0, wo, €) = {xo}. Here we use that v(sg) and J'(sg) are linearly indepen-
dent. Since J is differentiable at s, there is a positive number 6 > 0 such that
J(s) € C(xg, wo, €) fors € [sg — 8, so + 8]. Choose rg € (0, 1) such that

B?(x0, 70) C pos{J (so — 8), J (so + &)},

where pos(M) denotes the positive hull of a set M C R, i.e. the smallest convex
cone containing M. Then, for r € (0, rg), the intermediate value theorem shows
that if

z € B*(x0,70) N H™ (x0, v0) \ C(x0, wo, €, (2.6)
then
{Az:2a = 13N J([so — 6,50+ 8]) # 0, 2.7
and therefore z € A. Hence, we get

H™ (x0, vo) N B%(x0,7) \ A C B*(x0, ) N C(x0, wo, €). (2.8)
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From (2.8) and (2.5) we conclude that
H(H™ (x0,v0) \ A N B(x0, 1))/ (wr?) < h(e),

which implies that

O%(H2L(H ™ (x0, vo) \ A), x0) = 0. (2.9)
A similar reasoning leads to

H ™ (x0, vo) N B*(x0,7) N A C B*(xo, ) N C(x0, wo, €),

from which we deduce that

O (H2L(H ™ (x0, v0) N A), x9) = 0.

(b1) v'(s9) = 0 and p'(s9) > 0. Let € € (0, 1) be fixed. Choose § > 0 and
ro > Oasin(a).Ifr € (0, ry) and z satisfies (2.6), then (2.7) holds, and hence z € A.
Therefore, (2.8) again implies (2.9). The remaining argument is also essentially the
same as in case (a).

(b2) v'(s0) = 0 and p’(sp) < 0. The argument is similar to the one for (bl). O

Let J : [0, L] — R2 denote a continuous map which is injective on [0, L) and
satisfies J(0) = J(L). As usual we call such a map a Jordan curve. The image set
J ([0, L]) will be denoted as a Jordan arc. As mentioned before, the Jordan curve J
is rectifiable if and only if J ([0, L]) has finite one-dimensional Hausdorff measure.

Proposition 2.4. Let A C R? be a star body with finite boundary length. Then the
convexification co(A) of A exists and contains some translate of conv(A).

Proof. The idea of the proof is to approximate the boundary of A by a sequence
of inscribed polygonal Jordan arcs which bound star bodies A,. We show that the
measures (L4, converge weakly to pg as n — oo. To verify this, it is useful to
work with tangent vectors rather than with exterior normal vectors. For this part of
the argument, Lemma 2.3 is needed. The required assertions of the proposition can
easily be established for the sets A,. A compactness argument and the established
weak continuity will then allow us to deduce the corresponding assertions for the
set A itself.

We adopt the notation of Lemma 2.3. Clearly, we can assume that A is a star
body with respect to the origin. Let L = H!(dA) < oo denote the boundary length
of A. For any n > 3, we consider a partition s, ; := iL/n,i = 0,1,... ,n, of
[0, L] and define a piecewise affine map J,, : [0, L] — R by

Ju(s) = %usn,m %J(sn,m), (2.10)
for s € [sn.i, Sn.i+1]- Then, if n € N is sufficiently large, J, is a polygonal Jordan
curve, and the enclosed point set A,, converges to A, as n — o0, in the Hausdorff
metric. Since we are considering star bodies with respect to the origin, this fol-
lows from the uniform continuity of the chosen parametrization J. In particular,
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0 € int(A,) if n € N is sufficiently large, and hence A, is a star body with respect
to the origin. Let these conditions be satisfied for n > ng. For x € A, such that
s = J 1 (x) ¢ {sni:n > no,i €{0,...,n}}, we put ,(x) := J/(s) and define
v, (x) as the uniquely determined unit vector such that (v, (x), , (x)) is a positively
oriented orthonormal basis of R?. As in the proof of Lemma 2.3 it follows that
vy (x) = v(Ap, x) (the condition |J'| = 1 can be replaced by J;, # 0, in the proof
of Lemma 2.3). In order to show that the measures 14, converge weakly to w4, as
n — 00, we take a continuous function f : S! - R and prove that

lim Fp)H (dx) = / F@))H dx). (2.11)
Ay 0A

To verify (2.11), we define a continuous map f : S' — R by f(u) := f(o0(u)),

where oy is the rotation by —m /2. Then, by the coarea formula and since A, =
Ju([0, L]) and 9A = J ([0, L)),

L
/ F@a(0))YH! (dx) =/ CACAONIFAOIR
Jn([0,L) 0

L ~
= /0 CICAONIFMOILE (2.12)

and
L ~
/ F@E)H dx) =/ f@(J(s))ds. (2.13)
J([0,L]) 0

Here we used |J/(s)| = 1, for H!-a.e. s € [0, L], and the injectivity of J and J,,.
We will apply Lebesgue’s dominated convergence theorem to infer that

L L
Jim_ /0 Fltn (a1 (s)1ds = /0 (I s))ds. (2.14)

Subsequently, we verify that Lebesgue’s theorem can be applied so that the required
conclusion is obtained by combining (2.12), (2.13) and (2.14).

Lets € [0, L]\ {sn,; : n > ng,i € {0, ..., n}} be chosen such that J is differ-
entiable at s and J'(s) = #(J(s)) is a unit vector. For any n > ny, there is some
ie{0,...,n—1}suchthats € (sn,i, Sp,i+1). From (2.10) we get

, n
a(s) = 7 (JGnit1) = I (5n0))
= 2 (JO) (sni1 =) +0(1/m) = = (J'(s) (500 =) +0(1/m)
— J'(s) + no(1/n),
and thus

lim J)(s) = J'(s). (2.15)

n—o0
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Moreover,

J(nit) = JGni)  5J'(s) +o(1/n)

n(Jn = - ’
tn(Jn(s)) [T (nig1) = T Gnd)l — 1£T/(s) +o(1/n)]

and therefore
11{20 tn(Jn(s)) = J'(s) = 1(J (5)). (2.16)

Thus, (2.15), (2.16) and the continuity of f yield that

Tim_ f (i (Un 0] = F (),

for H!-a.e. s € [0, L]. Moreover, s f(t,, (s)]J,(s)| is almost everywhere
bounded on [0, L], uniformly in 7, since J is Lipschitz. Hence (2.11) is proved.

For n > no, the measure j4, of the set A, enclosed by J, is non-degenerate
so that the convexification co(A,) is well-defined. Since w4, has finite support,
co(Ap) is a polytope. As shown in [20, p. 328] we have

conv(A,) C P,, 2.17)

where P, is a suitable translate of co(A,). The construction leading to P, can be
described as follows: If A, is not convex, leti € {0, ... ,n — 1} be the smallest
integer such that (J(s,;), J(sn,i4+2)) N A, = @, where s, ,+1 = s,,1. We then
reflect J([sp,i, Sn,i+2]) in the midpoint (J (s, ;) + J(sx,i+2))/2 and thus obtain a
new polygonally bounded Jordan arc which bounds a set A/, that is again a star body
with respect to the origin. This new set A/, has the same surface area measure as A,
and therefore the same convexification co(4,), and fulfills A, C A),. Repeating
this procedure with A/, we obtain an increasing sequence of sets with the same
convexification. Since the reflections used increase the ‘clockwise ordering’ of the
boundary segments, the algorithm ends after finitely many steps and the terminal set
is a translate, P,, of the convexification co(A,). Hence A, C conv(A,) C P,.Itis
easy to see that the polytopes P, have uniformly bounded diameter. Since O € P, for
all n, the polytopes P, are uniformly bounded. But then P, converges towards some
A’ € K? along a subsequence. By (2.11), and the weak continuity of the surface
area measures of convex bodies, we obtain that Sj(co(A), ) = uas = Si1(4/, ).
Hence co(A) is a translate of A’. Moreover, (2.17), the continuity of the convex hull
operation and the convergence of A, towards A show that conv(A) C A’. Since
co(A) is a translate of A’, we have now proved the proposition. O

2.3. Differentiation of relative parallel volume

In this subsection we consider a compact set A C R? and a convex body B C R?
and derive some auxiliary results on the relative parallel sets A + B, r > 0, and
their boundaries.
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Lemma 2.5. Let A C R? be compact, and let B € K% with 0 € int(B). Let
A C rB* for some r > 0. Then, forany t > r, A + t B is a star body with respect
to the origin and 3(A + t B) is homeomorphic to S*~'. Moreover, if A C R% is a
star body, then A + t B is a star body for all t > 0.

Proof. If x € A + ¢ B, then there is some a € A with x € a + ¢ B. By assumption,
we also have a € rB*,i.e. 0 € a + r B. Then, for any A € [0, 1), we obtain

Ax € Aa+ AB+ (1 —-21)0
Cra+ArmB+(1—-XNa+(1—-1rB
=a+ At+(1-Mr)B
Ca-+1tB,

where At + (1 — A)r < At + (1 — L)t =t was used. Hence Ax is contained in the
interior of a + ¢ B. Therefore, for any u € S?~!, there is a unique point (1) € R?
such that

0(A+1tB)N{su:s >0} ={pm)}

The map ¢ : S?~! — 3(A + ¢B) is bijective and the inverse map x — ¢~ (x) =
x/|x| is continuous. Since d(A + ¢B) is compact, ¢ is a homeomorphism. The
remaining assertion can be proved by similar arguments. O

For t > 0, we put
[dg(A,) =1t] :={z e R? : dg(A, 2) = 1}.
If A is a compact convex set, one clearly has
[dp(A,-) =t] =0d(A+tB). (2.18)

In the case of a general compact set, this is no longer true as the following very
simple counterexample shows.

Example 2.6. Let A := S?~!. Then
(s + By =287 c 2897 U0y = [dga (ST, ) = 10.

As a weak substitute for (2.18), we have the next lemma, which is sufficient for
the proof of the subsequent proposition.

Lemma 2.7. Let A C R? be compact, and let B € K¢ be strictly convex with
0 € int(B). Then

(a) 9(A+1tB) C[dp(A, ) =t]forallt >0,
(b) HY Y ([dg(A, ) =1\ (A +1B)) =0 for H'-a.e. t > 0.

Proof. (a) Letx € 0(A + ¢B) be given. Then x € A + ¢ B and there is a sequence
of points x;,i € N, withx; ¢ A+tBandx; — x asi — oo. Hence dp(A,x) <t
and dp(A, x;) > t for i € N. The latter implies that dp(A, x) > ¢, and thus
x €[dp(A,-) =t].
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(b) ByLemma2.1, H?(exop(A)) = 0. The coarea formula, applied to the Lipschitz
distance function dg(A, -) (cf. [7, Lemma 1]) then shows that

0= / Jidg (A, )(x)YH (dx)
exop(A)

o0
_ f f 1y € exop(A)TH (dy)dt,
0 [dp(A,)=t]

where J1dp (A, -) denotes the one-dimensional approximate Jacobian of dp(A, ).
Hence, for H!-a.e. > 0,

H N exop(A) N [dp(A, ) =t]) = 0. (2.19)

Let r > 0 be chosen such that (2.19) is satisfied, and choose any x € [dp(A, ) =
t]\ exop(A). Then x € A 4 tB, and we have to show that x ¢ int(A + ¢ B). Since
x ¢ exop(A), we have (x +tB*) N A = {y}, i.e. x = y + tb for a uniquely deter-
mined point b € dB. A continuity argument shows (cf. [16, Theorem 1.8.8]) that
there is some €y > 0 such that, for s € (0, ¢g] and a € Bd(y, €o) \ int(x + tB*),
we have a — sb ¢ x + tB*, and therefore x + sb ¢ a + tB. Next we choose
€1 > 0 sufficiently small such that AN (x +tB* + €;B) C B4(y, €). Hence, if
a € AN(x+1B*+¢€B),thena € B4(y, €y) \int(x+7B*),and thus x+sb ¢ a+tB
for s € (0, ¢g]. Moreover, ifa € A\ (x + tB* + ¢B), then x + sb ¢ a +tB
for s € (0, €1]. Hence, we finally get x + sb ¢ A +¢B for all s € (0, €3], where
€, = min{eg, €1}. This proves the existence of a sequence x; ¢ A +tB,i € N,
such that x; — x asi — oo. |

We will now investigate the differentiation of the volume of the relative parallel
sets A +tB,t > 0, where A C R is compact and B € K4 is strictly convex
with 0 € int(B). The set of all strictly convex B € K? with 0 € int(B) will be
denoted by K¢. Let A € C? and let B € K. If x € R?\ A and p := dp(A, ) is
differentiable at x, then we define

vB(A,x) :=Vpx)/|Vp(x)l;

in all other cases, we define vg (A, x) as the zero vector. Then the map cd x ICfZ X
RY — Rd, (A, B, x) = vp(A, x), is Borel measurable. The proof of this assertion
is based on the fact that C? x ICZ xR4 — R4 (A, B, x) — dg(A, x) is continuous
and the set of all (A, B, x) such that dg(A, -) is differentiable at x, can be written
as a countable intersection of a countable union of closed sets.

A heuristic argument for the first assertion of the following proposition is given
in [7, Remark 3]. As usual, the support function k(B, -) : R? > Rofa compact,
convex set B C R is defined by h(B, u) := max{(x,u) : x € B} foru € RY.

Proposition 2.8. Ler A C R? be compact, and let B € K¢ be strictly convex with
0 € int(B). Then, for any non-negative measurable function f : R — R,

/ f(z)Hd(dz):// f)h(B, v(A + sB, x))H? (dx)ds.
RI\A 0 d(A+sB)
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For H'-a.e.t > 0, H*~1(3(A + tB)) < oo and

d
—Viy(A+1tB) = / h(B,v(A +tB, x))H ' (dx). (2.20)
dt 3(A+1B)

Moreover, v(A +tB, x) = vg(A, x) € S is satisfied for HAge x € 9(A+
tB) and H'-a.e. t > 0.

Proof. We put p := dp(A, -). We already used that p is Lipschitz. The Jacobian
of p satisfies Jip(x) > O for He-ae. x € R4 \ A; cf. the proof of Lemma 2.1.
The coarea formula and Lemma 2.7 then imply the assertions of the proposition, if
we can show that J;p(x)™! = h(B, vg(A, x)) and vg(A, x) = v(A + p(x)B, x)
whenever p is differentiable at x € R? \ A.

For the proof, let p be differentiable at x € R? \ A. We put 1 := p(x) and
u := vp(A, x). The proof of Lemma 2.1 shows that x ¢ exop(A). But then the
argument provided for Lemma 2.7 (b) yields that x € d(A + tB). Using again
that x ¢ exop(A), we obtain the existence of a unique point a € A such that
x € 3(a +1B). Let Ag > 0 be fixed and let v € H (0, u) N S~!. Then, for any
s > 0and XA € [0, Ag],

plx + s+ 1) =t +5|Vox)| + R(s(u+rv))sv 1+ A2,

where R(w) — 0 as w — 0; hence,
p(x+su+Av)) —t=s (lV,o(x)I + R(s(u+Av)v1+ A2> . (2.21)

If s > Ois sufficiently small (depending on Xg), then the right-hand side of (2.21) is
positive forallv € H(0, u) NS?Land A € [0, A¢], hence x + s (u + Av) ¢ A+1B.
In particular, x +s(u +Av) ¢ a+1¢B, firstfor A € [0, Agl,v € H(O, u) NS?—1 and
sufficiently small s > 0, but then for all s > 0, by the convexity of a + ¢ B. Since
Ao > 0 can be chosen arbitrarily large, it follows that u is an exterior unit normal
vector of @ + ¢ B at x, hence h(a +tB,u) = (x,u). Asx € d(a + tB), there is a
unique point b € 9B with x = a + tb, and thus h(B, u) = (b, u).

Since p(x—eb) = t—efore € (0, t) (cf. the proof of Lemma 2.1) and p is differ-
entiable at x, we deduce that Dp(x)(b) = 1. Writing b in the form b = b+ (b, u)u
with (b, u) = 0, we get Dp (x)(u) = Dp(x)((b, u)~'b) = (b, u)~' = h(B,u)~".
This finally shows that Jip(x) = |Vp(x)| = |Dp(x)(u)| = h(B, u)~ L

From (2.21) we can further deduce that, for given A9 > 0, suitably chosen
so = so(Ag) > 0 and r € (0, s9),

HY(x,u)N B (x,r)N(A+1tB) C H (x,u) N BY(x, r)\ C(x, u, Ao, 50),
where
C(x,u, r,50) :=f{x+sw~+rv):ve HQO u NS xel0, 0], s €0, so]}.

Forr € (0, 50), f (ho) := HA(Ht (x, u)NB? (x, )\C (x, u, Ao, 50))/r? is indepen-
dentof sgandr,and f(Ag) — 0asAg — oo.Thisimplies that O (HAL(H (x, w)N
(A +tB)), x) = 0. Similarly, we have

H™ (x,u) N B4(x,r)\ (A+1tB) C H (x,u) N B(x,r)\ C(x, —u, Ao, 50),
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where s = s0(Ao) and r € (0, s¢). Hence O (HYL(H~ (x, u) \(A+1B)),x) = 0,
which finally shows that v(A + B, x) = vp(A, x). |

3. Dilatation by random segments and convexity

In this section, we consider the dilatation of a random compact set X by a random
segment ¢[0, U] of length + > 0, where U is a random unit vector. We prove that
if the average volume of such a dilatation is a polynomial in the parameter ¢, then,
with probability one, almost all sections of X by lines parallel to U are convex.

For a unit vector u € S9~!, we put & := span{u} and define u= as the subspace
orthogonal to 1. We denote the /i-convex hull of a set A € C¢ by A, := conv;(A).
Further, for C € C¢ and L € Ez, we write C|L for the orthogonal projection of C
on L. The measurability of the map C?¢ x LIZ — C%,(C, L) — C|L is established
in [12, Lemma 3-5-3].

In the following theorem, we consider a random compact set X in RY and a
random unit vector U. Assuming that t — EV4(X 4+ ¢[0, U]), for t > 0, is a
polynomial, we aim at showing that X must satisfy some convexity property. We
need to assume that

EV;(conv(X) +¢[0, U]) < o0 3.1
holds for some (and thus for all) # > 0. This follows, for instance, if
EV;(conv(X) + Bd) < 0 (3.2)
is satisfied.

Theorem 3.1. Let X be a random compact set in RY, and let U be a random vector
in S~V such that (3.1) is satisfied. Assume that

t—> EVy(X +1[0,U)), t>0,

is a polynomial. Then, with probability one, X N (x + U ) is a segment for Lqg—1-a.e.
xeU™L

Proof. We consider functions
o (t) :=EVy(X +¢[0,U]), t >0,
and
V(1) :=EVa(Xy +1[0, U)), t=0.
Since X C Xy, we obtain
o) =¥ @), 1=0. (3.3)

Next we prove that i is a polynomial of degree one. For this, we apply Fubini’s
theorem to get
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Va(Xy +1[0,U]) = /w Vi((Xy + 1[0, UD N (x + U))Ag—1(dx)
= / Vi(conv(X N (x + 17)) 4+ t[0, UDAg—1(dx)
UL
= / Vi(conv(X N (x + U))Ag—1(dx)
UJ_

th/L 1{X N (x +U) # Brg—1(dx)
U
= Va(Xv) + tha—1 (X|U). (3.4)
Using (3.4), we obtain
V(1) = EVy(Xy) + tEAq_1(X|UY) =: by + tb, t>0, (3.5)

where b, b1 € R due to the integrability condition (3.1).
By the assumption of polynomial volume growth, we have

o)=Y ait’,  1>0, (3.6)
i=0

where a; € R and m € N. Since ¢(¢) > 0 for r > 0, we get a,, > 0. From (3.3),
(3.5) and (3.6), it follows that we can choose m < 1 and that 0 < a; < b;. On the
other hand,

0 <E[Va(Xy +1[0,U]) — Va(X + 1[0, UD] = (bo — ao) + (b1 — a1)t,

where again we have used the integrability assumption (3.1). For any ¢t > 0, we
define the non-negative random variable

f@) = Vag(Xy +1[0,U]) — Vg(X +1¢[0, U])
- /Ul Vi ((conv(x N (x + 0)) + 1[0, U]) \ (X N (x + 0) + 1[0, U]))
Ad—1(dx).

Ifwewriteconv(Xﬂ(x—l—LA/)) = [x1, xo] forsome x, x; € Rd,thenXﬂ(x—i—U) =:
I C [x1,x2] and x1, xp € I. Therefore,

(Lx1, x2] +2[0, UD \ (I + 1[0, UD = [x1, x2] \ (I + 1[0, U])

is non-increasing as ¢ increases and is the empty set for # > |x; — x3|. This shows
that # — f () is non-increasing and f(¢) — 0 as t — oco. From this we conclude
that b1 < aj, and hence a; = b;. Moreover, since f(0) is integrable, we obtain

0= tl_i)lgoE[f(f)] = tl_i)rgo[(bo —ag) + (b1 — ay)t] = bp — ao,

whence ag = bg. But this implies that ¢ () = ¥ (¢) for all > 0, and thus

E/ Vi(conv(X N (x + U)) + 1[0, UDAg—1(dx)
Ul

= E/L Vi(X N (x+U0)+t[0, UDrg—1(dx). (3.7)
U
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The required measurability follows from the auxiliary results provided in [17, p.
192-3]. From

Vi(X N (x4 U) + 1[0, U]) < Vi(conv(X N (x + 0)) + t[0, U])
and (3.7), we deduce that, for Ay_j-a.e. x € UL and P-a.s.
Vi(conv(X N (x + 0)) +t[0,U) =Vi(XN(x+ U) + [0, U))

for all ¢ € (0, co) N Q. Moreover, conv(X N (x + U)) + t[0, U] is the closure of
its relative interior whenever X N (x + U ) # 0. Hence, P-a.s. and for A4_1-a.e.
x € UL, theset X N (x + U) +¢[0, U] is convex for all € (0, o0) N Q, and hence
for all # > 0. This yields the assertion of the theorem. O

From Theorem 3.1 we can deduce various results as special cases. First we note
that in case d = 1 and under the hypothesis of Theorem 3.1 the set X is almost
surely convex. To come to the same conclusion also in case d > 2 we need to
assume that X is regular and that the distribution of U charges almost all direc-
tions. Clearly, the integrability assumption could be weakened slightly as in the
statement of Theorem 3.1.

Theorem 3.2. Let X C R? be a random regular compact set for which (3.2) is
satisfied, and let T be a finite measure on S*~ which dominates spherical Lebesgue
measure. Assume that

t > E/ V(X + 1[0, ul)t(du), t>0,
sd—1

is a polynomial. Then X is almost surely convex.

Proof. We may assume that t is a probability measure. Let U be a random unit
vector with distribution 7 and independent of X. Recall that o denotes normal-
ized spherical Lebesgue measure. Then, by Theorem 3.1, the assumption, and by
independence, the random set X N (y + #) is a.s. convex for o-a.e. u € S?-1 and
Ad_1-a.e. y € ut. Since X is a regular compact set, an approximation argument
yields the almost sure convexity of X. O

As further special consequences of Theorem 3.1, we obtain the following cor-
ollaries which deal with the case of a deterministic compact set.

Corollary 3.3. Let A C R? be a regular compact set. Assume that
t / Vi(A 4+ 1[0, ul)o (du), t >0,
Sd—1

is a polynomial. Then A is convex.

Corollary 3.4. Let A C R9 bea regular compact set. Assume that Vg (A +1t[0, u]),
t > 0, is a polynomial in t, for o-a.e. vector u € S*~. Then A is convex.

Theorem 3.1 in particular holds for a fixed (deterministic) unit vector u. Buteven
if X is also deterministic and regular, we cannot conclude that all linear sections of
X in direction u are convex if we merely know that ¢ — V(X +¢[0, u]), t > 0, is
a polynomial. Consider, for instance, the deterministic set X := conv{0, —eq, ez} U
conv{—ey, —2e3, e] — ea} and the direction u = e;. In particular, we have X # Xy
in this case.
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4. Dilatation by random disc bodies and convexity

We recall from the introduction that a two-dimensional convex body containing the
origin in its relative interior is a disc body, if its relative boundary is smooth (of
class C!) and strictly convex. In analogy to the previous section, we now investigate
the dilatation of a random compact set X by a random disc body ¢Y, where Y is a
given random disc body and ¢ > 0 is a scaling parameter. If the average volume of
such a dilatation is a polynomial in the parameter 7, then we can show that, with
probability one, almost all planar sections of X by two-dimensional planes parallel
to Y are convex.

4.1. The two-dimensional deterministic case

The aim of this subsection is to establish the following generalization of Theo-
rem 1 in [8]. The result will be extended to higher dimensions and to random sets
subsequently.

Theorem 4.1. Let A C R? be compact, and let B € K?* be a disc body. Assume
that

t — Vo(A+1B), t >0,
is a polynomial. Then A is convex.

Proof. The proof is divided into three steps. The general aim is to show that A
coincides with its convex hull C := conv(A). For this we can assume that A # .
By translation invariance, we can also assume that O € int(B). Further, let ro be
the smallest number r > 0 such that A C z + r B* for some z € R?. Then again
by translation invariance, we can assume that A C roB*.

I. Since C is convex,

Vo(C +tB) = Vo(C) +2tV(C, B) + t*V»(B), t>0, 4.1)

where V (C, B) is the mixed area of C and B (see e.g. [16]). Taking somea € A C
C, we deduce that {a} +tB C A+tB C C 4+ tB, and hence

1*Va(B) < Vo(A+1B) < V5(C +1B). (4.2)
From (4.1), (4.2) and the assumption, we can conclude that V>(A + ¢ B) is a poly-
nomial in ¢ > 0 of degree at most two, i.e. there are constants cy, c1, ¢2 € R such
that
Va(A+1tB) =co+cit +ct?,  1>0. (4.3)
A comparison of (4.1), (4.2) and (4.3) shows that

co=Vo(B) and ¢y <2V(C,B),
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and therefore,
d
T Va(A+1B) = c1 + 2001 <2V(C, B) +2Va(B)t
d
= —VWVo(C +tB). 4.4
7 2(C +tB) 4.4
Combining (4.4) and (2.20), we obtain, for Hlae. t >0,
/ h(B,v(A+tB,x))H' (dx)
d(A+tB)
5/ h(B,v(C + B, x))H' (dx). (4.5)
3(C+tB)

II. We fix ¢ > rg such that (4.5) is satisfied and put A’ := A + ¢B. Then, in
particular, H!(dA’) < oo. Since t > ro, Lemma 2.5 shows that A’ = A + tB
is a star body with respect to the origin. Using Proposition 2.4 and the notation
preceding it, we can rewrite (4.5) in the form

/h(B,u)Sl(co(A’),du)ff h(B,u)S;(C’, du), (4.6)
St St

where C’ := C + 1B is the convex hull of A’ = A + ¢ B. Proposition 2.4 ensures
the existence of a translate K of co(A’) satisfying C’ = conv(A’) C K. By the
translation invariance of mixed areas, using a special case of formula (5.1.18) in
[16], and by (4.6), we obtain V (B, K) < V (B, C’). Hence, the symmetry of mixed
areas yields

/51 [A(C',u) — h(K,u)] S1(B,du) > 0. 4.7

Since C’ C K, equality must hold in (4.7), and thus 2(C’, u) = h(K, u) for all
u € S! which are in the support of S7(B, -). As B is smooth, we conclude that
K = C’' = conv(A’). But then

H' @A) = S1(K,SH = S;(C’,SH =H BT,

and we can infer as in [8] that A’ is convex.

II1. So far we have shown that A + r B is convex for H!-a.e. r > ro. Hence
A +rB is convex for every r > rg, and thus A +rB = conv(A+rB) =C +rB
whenever r > rg. In particular, V2(A + rB) = Vo (C + rB) for r > r¢, and hence
by (4.3) and the convexity of C and B,

Va(A) + c17 + Va(B)r* = Va(C) + 2V (C, B)r + Va(B)r?, (4.8)

first for r > rp, but then also for any » € R. But this shows that V2(A + rB) =
Vo(C + rB) for all r > 0. Since A + r B is compact and C + r B has non-empty
interior for » > 0, we deduce that A 4+rB = C +r B is convex for any r > 0. This
implies the convexity of A. O
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From the proof of Theorem 4.1 we can extract the following result, which will
be needed later for establishing an extension in general dimensions.

Lemma4.2. Let A C R? be a star body with finite boundary length, and let
C := conv(A). Let B € K? be a disc body. Then

/h(B,v(C,z))Hl(dz)S/ h(B,v(A, 2))H (dz),
aC 0A

with equality if and only if A is convex.

The following example shows that the regularity assumptions on B cannot be
completely omitted in the statement of Theorem 4.1.

Example 4.3. Let Ty := conv{0, e; 4+ (v/3/3)e2, e1 — (v/3/3)es} denote a unilat-
eral triangle and let 7> := —T7. Then we define A := T1 U T3. Further, we define
a parallelogram by B := (T1 — e1) U (T2 + e1). Then A is not convex, but

Vo2(A+1tB) = Vo(Ty +tB) + Vo(Ir +tB) — V2(tB)
= 2Vy(T}) + 2tV(T} + T, B) + 1> V(B)

is a polynomial for ¢ > 0.

4.2. General dimensions and random compact sets

We now extend the results and arguments of the previous subsection to random com-
pact sets and random disc bodies in general dimensions. For a disc body B C R¢,
we denote by B the linear subspace spanned by B and by B+ = B~ the orthogo-
nal complement of B (recall that 0 € B). As in the case of dilatations by random
segments, we need some integrability hypothesis. If X is a random compact set in
R9 and Y is a random disc body, then we will have to assume that

EVi(conv(X) +tY) < o0 4.9)

for some (and hence for all) + > 0. If Y is almost surely contained in a ball of
fixed radius, then (4.9) follows from (3.2). In particular, (4.9) is satisfied if also X
is almost surely contained in a ball of fixed radius. In order to be able to apply in
Lemma 4.2 to the Y -parallel sets of the sections (X — x) N I? we need that there
exists a non-negative constant o > 0 such that, with probability one,

X—=x)N Y + roY is a star body in Y 4.10)

for Ly_p-a.e. x € YL By Lemma 2.5, a sufficient condition for this is that, with
probability one,

(X —x)NY CroY* 4.11)

for Ay_s-a.e. x € Y. For instance, if there are positive constants 1, r» > 0 such
that X C 1B and r,(BY N Y) C Y, then (4.11), and therefore also (4.10), is
satisfied.

Hypothesis (4.10) is somewhat disturbing. We believe that the next theorem
does in fact hold just under der integrability assumption (4.9). However, the proof
would then probably require different methods.
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Theorem 4.4. Let X C RY be a random compact set, and let Y C R? be a random
disc body such that (4.9) and (4.10) are satisfied. Assume that

t—> EVy(X +1tY), t >0,

is a polynomial. Then, with probability one, X N (x + Y) is convex for Ag_p-a.e.
xevth

Proof. For a compact set A C R? and a disc body B, we abbreviate the B-convex
hull of A by Ap, hence

Ap = U conv(A N (x + é)).

xeBL

In the following, we will compare the functions
o) :=EVy(X +1Y), t >0,
and
V() :=EV;(Xy + 1Y), t > 0.
Since X C Xy, we obtain
D) < W(r), t > 0. 4.12)

We show that W is a polynomial of degree at most two. By Fubini’s theorem, we
get

Va(Xy +1Y) :/

" Va((Xy + 1Y) N (x + ¥)Ag_a(dx)

- / Va(conv(X N (x + ¥)) 4+ tY)Ag—a(dx).  (4.13)
yL

Here we used the definition of Xy and the relation
A+tHNE+Y)=AN(x+7Y)+1Y, (4.14)

which holds for any compact set A C RY. Relation (4.14) will be applied repeatedly.
For a compact set A C R? and a two-dimensional convex body B € K¢, we
define

V(A, B) = 2] V(conv(A N (x + B)), B)Ag_2(dx).
BL

Here we use the mixed area V (K, M) of two-dimensional convex bodies
K, M C R? being parallel to a two-dimensional subspace L, say. It is defined
as the (two-dimensional) mixed volume of the orthogonal projections K and M
onto L. Furthermore we put V(K, M) :=0if K =@ and M € K7 lies in an affine
plane.
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By the basic linearity properties of mixed areas, we deduce from (4.13)

Va(Xy 1Y) = Va(Xy)+1V (X, V)2 Va(Y) / HX N (x4 P) £ rga(d)
YL

=Vi(Xy) +tV(X,Y) + t*Va(Y)hg_a(X|Y ). (4.15)

By the measurability results established so far and by [17, p. 192-3], each term on
the right-hand side of (4.15) is a measurable function. Thus, taking expected values
on both sides, we find

W(r) = EVy(Xy) +tEV(X, Y) 4+ 2 E[Va(Y)hg—a(X|Y )]
=: by + byt + byt?, t>0,

with finite constants b; € R, since (4.9) is satisfied and V(X ,Y) > 0. By assump-
tion,
m
() =Y ait', t>0,
i=0
witha; € R.From (4.12) it follows that we can choose m < 2 andthat0 < ay < b;.
On the other hand,
@) =EVy(X +1Y)
= E/L Va((X + 1Y) N (x + ¥)Ag_a(dx)
Y

> E/ VoYX N (x 4+ Y) # B} hg_r(dx)
yL
= PE[Va(Y)ha—2(X|YH)] = ;.

Therefore, we also have @y > b, and thus a, = b;. But then (4.12) yields that
a1 < by. Furthermore, for all t > 0,

d d
—d(t) = 2axt < b 2byt = —W(1). 4.16
o (t) = a) + 2axt < by + 2by o ®) (4.16)

Our next aim is to derive a converse estimate to (4.16). First, however, we
have to discuss some measurability issues. For a closed set A € F?> and a Borel
measurable function f : R? — [0, 00), we define

f f(H (dz) =0
0A

if H'(dA) = oo. By Theorem 2.1.3 in [21], the set {A € F? : H'(DA) < oo}
is Borel measurable. With the above convention, another application of Theorem
2.1.3 in [21] yields that the map F> — [0,00), A — H!(dA N C), is Borel
measurable for any compact set C C R?. Arguing as in [17, p. 192-3] and by the
considerations preceding Proposition 2.8, we find that the map

(@, x,1) > ) h(Y (@), vy @) (X (@) —x) N ¥ (), 2))H (dz)
(X (w)—x)NY (w)+1Y (w))
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is Borel measurable on € x RY x (0, 00), where we recall that 2 is the underlying
sample space. For a function g : [0, c0) — [0, 00), we define

d* o _

— g(@®) :=liminfn(g(t +n h— g()).

dt n—00

Note that this definition is related to the lower-right derivative of g at . Now, if
(w, x) € Q x Y(w)™T is fixed, then Proposition 2.8 shows that

d* R
CWMX—x)NY 1Y) =

/ (Y vy (X —x)NY, 2)H (dz)
dt (X —x)NP+1Y)

4.17)

for H!'-a.e. t > 0. Moreover, both sides of (4.17) are Borel measurable functions
of (w, x, t). Hence, Fubini’s theorem implies that (4.17) holds for Hlae. t >0,
Ad—2-a.e. x € Y+, and P-a.s. For any such ¢ > 0, Fatou’s lemma and (4.17) yield
that

d(I)t
0

Jim nE[Vy(X + (1 + nYY) — Va(X +1Y)]

n—o0

= lim E/ nVa((X + (t +n HY)Nn(x + 1))
YJ_

~Va((X +1Y) N (x + ¥)]ha—2(dx)

lim E/ n[Va((X —x)NY + @ +nHy)

n— 00 yL

—Vo((X —=x) N Y + 1Y) ]hg_2(dx)

> Ef A (X = x) O F + 1Y)y a(d)
yLl dt

= E/ / . h(Y, vy (X —x) N Y, 2))H!(dz). (4.18)
v+ Jax—xoni+ir)

In addition, for any ¢+ > 0 we obtain from the linearity properties of mixed areas

d
— (1)

lim nE[Vy(Xy + (t +n~)Y) — Vi (Xy +1Y)]
dt n— 00

= nlgréolafp n[Va(Xy —=x) N Y + (¢ +n~")Y)
—Va((Xy = x) NY +1Y)]rg—2(dx)
— nlin;OE/l/L [2V((Xy —x)NY +1Y,Y)
+n” V(N U(Xy =) N Y # B} ra-2(dx)
= IE/ / A h(Y, vy (conv((X — x) N ¥), 2))
YL Ja(conv((X—x)NY)+1Y)

H (d2)hg—2(dx). (4.19)



Polynomial parallel volume, convexity and contact distributions of random sets 193

Let ro > 0 be as in (4.10). By Lemma 2.5 and Proposition 2.8, we obtain for
H'-ae. r > ro that (X — x) N Y + 1Y is a star body in Y with finite bound-
ary length for Ay_s-a.e. x € Y and P-a.s. Thus we can apply Lemma 4.2 with
A=(X—x)NY +1Y and B = Y whenever (X — x) N Y = @. Using Fubini’s
theorem and again Proposition 2.8, we hence get, for Ay_s-a.e. x € Y, P-a.s. and
for H'-a.e.t > ro,

/ R, vy conv((X — x) N ¥), )M (d2)
d(conv((X—x)NY)+tY)

< / vy (X —x)NY, ) H (dz), (4.20)
(X —x)NY+1Y)

with equality if and only if (X —x) N )% + tY is convex. Combining (4.18), (4.19)
and (4.20), we obtain

ixy(t) < i(l)(t) 4.21)
dt ~ dt ’ '

for H!'-a.e. t > ro. From (4.16) and (4.21), we conclude that (4.21) indeed holds
with equality, for 7!-a.e. r > ro. Therefore equality must hold in (4.20), for A4 —»-
a.e.x € Y+, P-as. and for H'-a.e. r > ry. Hence, (X—x)ﬂY—i—tYlsconvex for
Ag_a-a.e. x € Y+, P-a.s. and for H!-a.e. t > ry. The same conclusion is then also
available for all ¢t > r.

Next we prove the convexity of (X — x) N Y +tY,forallt > 0, Agy_o-a.e.
x € Y+, and P-as. This implies the assertion of the theorem. In fact, for t > r,

ap + ait + axt’> = o(t) = ]E/ Vo((X —x)N Y+ tY)Ag—o(dx)
YL

=F / Va(conv((X — x) NY) + tY)Ag—s(dx)
yl

= W(t) = by + byt + bat?.

Since two polynomials, which are equal for # > rg, must be equal for all # > 0, we
infer that

Va((X —x)NY +1Y) = Va(conv((X —x) N Y) 4 1Y), (4.22)

for Ad—2-a.e. x € Y+, P-ass. and for ¢ € (0, c0) N Q. The convex set conv((X —
x) NY) +1tY is the closure of its interior (for t > 0), the set (X —x)NY 4+ tY is
compact, and therefore (4.22) implies the required assertion. O

As a consequence of Theorem 4.4, we obtain the following theorem. Instead
of a general random disc body Y, we now consider a random disc body which is
generated by randomly rotating (independently of the random compact set X) a
fixed disc body B.
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Theorem 4.5. Let X C RY be a random compact set, and let B C R4 be a disc
body. Assume that X C roB? almost surely, for some ro > 0. Further, assume that
W is a non-trivial finite measure on S Q4 such that

t— E/ Va(X +1t9B)u(d?), t>0,
S04

is a polynomial. Then X is almost surely convex if either d = 2 ord > 3, X is
regular and p dominates the Haar measure v on SOq.

Proof. Let ¢ be a random rotation that is independent of X and whose distribution
is the normalized w. It is easy to check that the assumptions of Theorem 4.4 are
fulfilled. The required result then follows from Theorem 4.4 appliedto Y := ¢B
and (in case d > 3) by a straigthforward approximation argument. O

Again we consider the special case of a deterministic compact set A.

Corollary 4.6. Assume that A C R? is a regular compact set, and let B C R? be
a disc body. If

t— Vi(A +t9 B)v(dv), t>0,
NF

is a polynomial, then A is convex.
5. Characterization of convexity in Boolean models

In this section, we consider a stationary Boolean model

z =@ +&.
neN

where the £,, n € N, form a stationary Poisson process in R¢ with positive and
finite intensity y and where the grains Z1, Z5, . .. form a sequence of independent,
identically distributed random elements in C¢ which is independent of {&, : n € N}.
We assume that

EVy(conv(X) + BY) < oo, (5.1)

where X denotes a typical grain, i.e. a random compact set with the distribution
of Z1. Assumption (5.1) guarantees that each compact set is intersected by only a
finite number of the (shifted) grains Z, + &,, n € N. Hence Z is indeed a random
closed set (see [12] and [19] for more details). For the latter result, a weaker con-
dition than (5.1) would be sufficient, but we shall need (5.1) later when we apply
Theorem 3.1. The capacity functional of the Boolean model is given by

P(ZNC #W) =1 —exp[-yEVa(X +CH], Cec’. (5.2)

By (5.1), this function is strictly less than 1. In particular, we obtain for the volume
fraction p :==P(0 € Z) that

p=1—exp [—yIEVd(X)] < 1. 5.3)
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We consider the contact distribution function Hp as given by (1.1), with a struc-
turing element B € K¢ containing the origin. Equations (5.2) and (5.3) imply the
representation (1.2). If X is almost surely convex, then Hp is given by (1.3).

5.1. Linear sections

We take some u € S?~! and consider the linear contact distribution Hyg , of the
Boolean model Z. If the typical grain X is almost surely convex, we obtain from
(1.3) that

Hio.u)(r) = 1 — exp {—% /S e v>|Sd_1<dv>} , (5.4)

where
Sa—1:=ESq—1(X, ")

is the mean surface area measure of the typical grain. Here we have used the first
of the two equations

1
dV(X[d — 11, [0, u][1]) = 5/ M v)Sa-1(X, dv) = ha—1(X|uh).
More generally, in case X = X, holds almost surely, (3.4) implies that

Hio.(r) = 1 — exp {—yrIExd_l(Xml)} .

This is an exponential distribution whose parameter is determined by the intensity
y and — in the convex case — by the cosine transform of Sg_1.If X is isotropic (i.e.
distributionally invariant under rotations), then H; := H| ) is independent of u.
For a convex typical grain X, we then obtain

2K
Hi(r)=1—exp {—yr ;d

LBV, (X)} :
Kd

For a general stationary Boolean model, we consider the LLC-function L (r) defined
by (1.4). If X is convex, (5.4) implies that

2K4-1
Kd

L(r) =

yrEV;_1(X), r=>0.

In view of (1.2) we can apply Theorem 3.2 to obtain Theorem 1.1. Actually,
Theorem 3.1 provides the following more detailed information.

Theorem 5.1. Assume that the typical grain X of the stationary Boolean model
Z satisfies (5.1), and let u € S?~'. Assume that the linear contact distribution
function Hyo ) is exponential. Then, with probability one, X N (it + x) is a segment
for Ag_1-a.e. x € ut.
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Theorem 5.1 is a purely one-dimensional result making an assertion about the
section of Z with a line. For a more detailed discussion of this theorem and related
issues, we assume that the Boolean model Z has a regular typical grain and fix
some u € S~!. For any x € 3Z N ii we define the length of the external chord
starting at x by

(x):=inf{t >0:x+1tuecZj.

We assume that N := {x € dZ Nu : ¢{(x) > 0} is almost surely locally finite.
Hence N is a stationary point process in # and we assume in addition that N has a
finite intensity.

We now consider the mark distribution of the stationary marked point process
{(x,2(x)) : x € N} and its associated distribution function C,, describing the
statistics of a typical external chord in direction u. By a classical point process
argument (see e.g. [19]) we have that

Hio.u)(r) = mi /Or(l — Cu(s)ds, r =0, (5.5

where m,, is the mean of C,. This mean is finite since it is less than the reciprocal
of the (positive) intensity of N. In particular Hyo 4] is exponential if and only if C,
is exponential. Therefore Theorem 5.1 implies the following result.

Theorem 5.2. Assume that the typical grain X of the stationary Boolean model Z
satisfies (5.1). Let u € S~ and assume that {x € dZ N i : £(x) > 0} is almost
surely locally finite and of finite intensity. If the external chord length distribution
function C,, in direction u is exponential, then, with probability one, X N (it + x)
is a segment for Ay_1-a.e. x € u.

It can easily be shown that

zni=|Jz,+¢&),

neN

where the pairs (£, Z,), n € N, form an independently marked Poisson process
(with points in # and compact subsets of & as marks) such that (Z,, + &,) Na =
(Z;, +&/). Hence Z N is a Boolean model in &2. We may interpret this model as an
infinite server system with i denoting the time axis (cf. [11]). A customer arriving
at epoch &, requires service during the time epochs covered by the random set Z,.
All customers that are in the system are being served with rate 1. In contrast to the
classical case the sets Z;, need not be intervals. Instead the service of a customer
can be interrupted several times. The complement of Z (in &) can be written as
countable union of successive idle times. Under the assumptions of Theorem 5.2,
the length of a typical idle time is exponentially distributed if and only if the service
of the individual customers is never interrupted.

While the above relationships between the idle times of an infinite server (with a
Poisson input stream and independent and i.i.d. service periods) and a one-dimen-
sional Boolean model are of course well-known, we are not aware of a result
characterizing connected service periods via exponential idle times. Apparently,
Theorem 1.1 does not seem to allow a queueing interpretation.
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5.2. Planar sections

We take some disc body B C R¢ and consider the contact distribution Hp of the
Boolean model Z. If the typical grain X is almost surely convex, then we can use
(4.15) to deduce from (1.2) that

Hg(r) = 1 —exp {—yrE\?(x, B*) — yerz(B)EAd,z(X|BJ‘)} . (56

Actually this formula remains true if we merely assume that X = X p almost surely.

Returning to the case of a general typical grain, we now consider the ALDC-
function of Z as given by (1.5). In view of (1.2), Theorem 4.5 implies Theorems
1.2 and 1.3 while Theorem 4.4 yields the following more detailed result.

Theorem 5.3. Assume that the typical grain X of the stationary Boolean model Z
has a deterministically bounded diameter. Let B C R? be some disc body such that
In(1 — Hp) is a polynomial. Then, with probability one, X N (B+x)is convex for
Ad—2-almost all x € B*.

5.3. Concluding remarks

We consider a stationary point process M := {&, : n € N} in R, Furthermore,
let Z1, Z, ... be independent, identically distributed non-empty random compact
sets which are also independent of M. If the particle process {Z,, + &, : n € N} is
locally finite, then

Z:=J@Z +8&)

neN

is arandom closed set that is called a germ-grain model. The statistical properties of
a general germ-grain model are complicated. Explicit analytic formulas are almost
never available, even for the most simple characteristics such as volume fraction
or mean surface area. An important exception is the Boolean model, where M is a
Poisson process. If X (a typical grain with the distribution of Z) is convex, then a
common tool for checking a Boolean hypothesis is to use the empirical contact dis-
tribution functions H. p for suitable gauge bodies B (see [14], [19, 3.3]). According
to (1.3), plotting r > In(1 — Hp (r)) should approximately yield a polynomial of
degree d with vanishing absolute term.

As we will show by means of examples, one has to be careful when applying
this method. Our first example is a germ-grain model on the line with all contact dis-
tributions being exponential (as in the Boolean model) but having a lattice process
of germs far away from a Poisson process.

Example 5.4. Let Y > 0 and U > 0 be independent random variables where Y
has density f(x) = xe ™, x > 0, and U is uniformly distributed on [0, 1]. Then
M :={(U + k)Y : k € Z} is a stationary point process on the line. A straightfor-
ward calculation shows that UY has density ¢ +— ftoo f(x)/xdx = e~'. Hence,
foranya € Randr > 0,

PMN[a,a+r1=0)=PMN[0,r]=0) =PUY >r)=¢"".
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These are the same probabilities as in case of a Poisson process of unit inten-
sity.

We now consider the germ-grain model Z based on M and the deterministic
typical grain X := [0, 1]. Then we have for any interval [a, b] withb —a = 1 and
0 € [a, b] and any r > O that

P(ZN[ra,rbl =) P(ZN[0,r] =)
PO ¢ Z) PO ¢2)
P(MN[—1,r] = @)

TPMN=L0=0)

P(ZN[ra,rbl =00 ¢ Z) =

—r

Hence all contact distribution functions of Z are exponential.

There are other examples of stationary point processes M on the line (closer
to the Poisson process) so that M (/) is even Poisson distributed for all intervals
1. Moran (see [15]) has found a planar non-Poisson process M such that M (L) is
Poisson distributed for all compact, convex sets L C R2:

Example 5.5. We consider the process M constructed in [15]. This is a stationary
point process in the plane that is not Poisson and such that, for any L € K2, M(L) is
Poisson distributed with parameter V,(L). We consider the germ-grain grain model
Z based on M and a deterministic typical grain K € K2. Then, for any B € K>
with 0 € B and any r > 0,
PO¢Z+rB*)=POeM+(K+rB*))=P(MN(K*+rB)=10)
= exp[—Va(K +rB")]
= exp[—Va(K) — 2rV (K, B*) — r*V2(B)].

Therefore
1—Hpg(r)=P(0¢ Z+rB*|0¢ Z)=exp[-2rV(K, B*) — r2V2(B)],

which coincides with the corresponding result for a Boolean model with typical
grain K. This example can be generalized to any dimension.

Moran’s example has still much in common with a Poisson process. Our final
example is a stationary lattice germ process M such that a germ-grain model with
deterministic spherical grains has a spherical contact distribution function that is
of the same form as in a Boolean model with the same typical grain.

Example 5.6. Let Y1, Y>, Uy and U, be independent non-negative random vari-
ables. Assume that Uy, U, are uniformly distributed on [0, 1] and that Y7, Y have
density f(x) =4x 2xze_)‘z, x > 0. We consider the stationary point process

M :={((Uy +m)Y, (U +n)Yr) :m,n € Z}.

We would like to compute the probability of {M N r B> = @} for any r > 0.
On the event {U; > 1/2, U, > 1/2} we have M N rB% = ¢ if and only if

(1= UD* Y+ (1 - Up)?Ys5 > r2.
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Hence

P(MNrB* U >1/2,Uy > 1/2)
=P((1 - U)*Y]+ (1= U2)?*Y; > r*, Uy 2 1/2,U; > 1/2)

1
= Z]P’(U12W12 +UWE > r?),
where W; := Y;/2,i = 1, 2. The random variables U; W; have density

> =32 (% ol—d i — — o expl—42
tr—>[ 2f(2x)/xdx_ﬁ/; x exp[—4x ]dx_ﬁexp[ 4t-].

This is the density of |V|/ V8, where V is a standard normal random variable.
From the well-known convolution property of Gamma distributions, we now obtain
P(U 12 W12 + U22 W22 >1)=e ¥ forallt > 0. Treating the other cases (for instance
Uy > 1/2 and Uy < 1/2) in the same way, we finally obtain that

P(MNrB2=@) =¥, r>o0,

just as in case of a Poisson process of rate 4/ .
We now consider the germ-grain model Z based on M and the deterministic
typical grain B¢. Then

PO¢M+0+DB) _ _agiipsa _ ats

1 — Hpa(r) = PO £ M T 5

as in a Boolean model.

The above examples reveal problems that may arise in using contact distribu-
tions to identify a Boolean model within germ-grain models with convex (determin-
istic) grains. However, the results of the present paper show that contact
distribution functions could be used to identify Boolean models with convex typ-
ical grains within the much larger class of Boolean models with compact typical
grains. If the empirical logarithmic distribution functions In(1 — I:I[O,u D, u € 41,
are approximately linear for all directions u within a preferably large finite set,
then there is no reason to reject a convexity hypothesis. The same can be said if
In(1 — Hyp) is approximately quadratic for some disc body B and for all rotations
¥ within a preferably large finite set. Both ideas are in good agreement with the
fact that in many applications only linear or planar sections of a three-dimensional
set are available.
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