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This paper is concerned with contact distribution functions of a ran-
dom closed set = = | J3°; £, in R?, where the =, are assumed to be random
nonempty convex bodies. These distribution functions are defined here in
terms of a distance function which is associated with a strictly convex
gauge body (structuring element) that contains the origin in its interior.
Support measures with respect to such distances will be introduced and
extended to sets in the local convex ring. These measures will then be used
in a systematic way to derive and describe some of the basic properties of
contact distribution functions. Most of the results are obtained in a general
nonstationary setting. Only the final section deals with the stationary case.

1. Introduction. We consider a random closed set E in R? (see [21]) of
the form

o0
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— =
= U B

n=1

it

defined on some probability space (), .7, P). The grains E,, are assumed to be
random nonempty convex bodies (that is, nonempty compact convex sets) in R?
such that each bounded set is intersected by only a finite number of the grains.
Such grain models can be used to describe a great variety of random patterns
occurring in stochastic geometry, stereology and mathematical morphology
(see, e.g., [21, 33, 34]). Our main interest in this paper is the investigation of
the contact distribution functions of =, which are defined as the distribution
functions of the random variables

dp(x):=min{r > 0: EN(x + rB) # T}, x € RY,

where the structuring element (or gauge body) B is assumed to be a con-
vex body which contains the origin in its interior. These functions summarize
important information about = and are a fundamental concept in stochas-
tic geometry (see [34]). For a stationary (i.e., spatially homogeneous) grain
model E, the estimation of the contact distribution functions has been studied
extensively (see [3, 4, 11, 10], and the survey in [1]). Such estimators provide
a summary description of the random set = and can be used to perform a first
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model check. In [3], for instance, it has been proposed to use the hazard rate
of the contact distribution function to judge whether the pattern is completely
random (i.e., a Boolean model) or not.

Although stationarity is a common assumption in stochastic geometry, it
is rather obvious that stationarity cannot be justified in certain applications.
Hahn and Stoyan [9] (see also [8]), for instance, have been motivated by exam-
ples in materials science and biology to analyze surface processes with a gra-
dient. These processes are not invariant under the full group of translations
but only with respect to translations that are perpendicular to a specific direc-
tion. Further examples for the practical relevance of statistically inhomoge-
neous random media can be found in [25], a paper that uses methods from
stochastic geometry to analyze a specific grain model with spherical grains.
Our aim here is to provide an analysis of some of the basic properties of
the contact distribution functions of the general nonstationary grain model
introduced above. The absence of stationarity requires a careful analysis of
the local behavior of Z and to reach that goal we will combine methods from
convex and integral geometry with the theory of random measures and point
processes (see [15]). Our main technical tool from convex geometry is the the-
ory of support (curvature) measures. These support measures are associated
with locally finite unions of convex bodies, and they are introduced as suitable
nonnegative extensions of support measures of convex bodies in Minkowski
spaces (finite-dimensional normed vector spaces). This theory is then applied
to the support measures of the random set E, and thus we arrive at random
support measures. Random curvature measures (with respect to the Euclidean
distance) are quite popular in stochastic geometry (see, e.g., [21, 2, 42, 43, 31,
34, 5, 36]) and their densities are important characteristics of stationary grain
models.

Let

p(x):= P(x € E), x € R?,

denote the volume density of E. From now on we adopt the general assumption
that B ¢ R? is a convex body which contains 0 as an interior point. For
p(x) < 1 the contact distribution function of E with respect to B is defined by

Hp(x,r):= P(dp(x) <r|x ¢ B), xR, r>0.

If p(x) =1, then we set Hp(x, r) := 1. Since we have not assumed that Z is
stationary, all these quantities depend on x € R?. Clearly, since 0 € int B and
= + &, the contact distribution functions are nondegenerate. If B = B? is the
closed Euclidean unit ball in R?, then d gi(x) is the Euclidean distance from x
to E and H g is the spherical contact distribution function of E. In the general
case we define the gauge function g(B, -) of B by

g(B,x) :=min{r > 0: x € rB},
and then the distance function dz can be represented as

dp(x) =min{g(B, y — x): y € E}.
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If B is additionally assumed to be centrally symmetric, then g(B, -) defines a
norm with unit ball B. The space R? equipped with such a norm is called a
Minkowski space (see [35]). In the following, we use the term Minkowski space,
although we do not adopt any symmetry assumptions. It should be emphasized
that in such a space all measurements are based on the underlying gauge body
alone.

Obviously, we have 0 < dp(x) < r if and only if x € (E + rB)\E with
B := {—x: x € B}. If £ is stationary, this easily implies that P(0 < dg(x) < r)
is the volume fraction of the “outer parallel” set (£ + rB)\E, that is,

P(0 < dg(x) < r) = (#4A) E[#((E+rB)\E)N A)],

where A is any Borel set with positive and finite Lebesgue measure #¢(A).
For a deterministic convex body K C R?, the volume #%((K + rB)\K) can
be computed with the aid of certain mixed volumes of K and B (see, e.g.,
[28]), and a converse statement is also true. If, moreover, B is the Euclidean
unit ball, then the classical Steiner formula allows us to express #¢((K +
rB)\K) in terms of the intrinsic volumes Vi(K), j=0,...,d -1 For a
general element K of the convex ring and for B as described above, it is not
clear at first glance whether a Steiner-type formula exists for the volume
H#%((K + rB)\K). In the Euclidean context, however, it has recently been
shown that even a local version of such a Steiner-type formula exists and
that it involves nonnegative extensions Cj(K ,), J=0,...,d—1, of the

generalized curvature (or support) measures on R? x R? (see [20]). For convex
bodies K these measures, denoted by C;(K, -), have been introduced in [26]
(with a different notation and normalization) as a joint generalization of the
curvature and the surface area measures of K. The treatment of more general
structuring elements B suggests the introduction of support measures also
in Minkowski spaces. Moreover, it is a fair conjecture that these measures
should be useful in a nonstationary probabilistic setting as well. Some reasons
for considering general structuring elements have been discussed in [10]. We
merely wish to point out that the flexibility gained in being able to treat
a great variety of test bodies makes it possible to obtain information about
the geometric shape rather than just the size of a random pattern. Recent
developments concerning integral geometry in Minkowski spaces (see [29, 32])
partly motivated the present approach.

We are now in a position to formulate the main aims of this paper. Gener-
alizing a construction in [29], we first define support measures C? (K,"), j=
0,...,d — 1, for convex bodies K with respect to a strictly convex gauge body
B containing an open neighborhood of the origin. Secondly, we extend these
measures to sets K in the extended (local) convex ring, that is, to typical real-
izations of the grain model Z. In the main part of the paper (Section 4), we
will then exploit these support measures in a systematic way to study some of
the basic properties of the contact distribution functions such as existence and
form of densities. Because we do not assume stationarity, most of our results
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are new even in the Euclidean case. In the final section, we will show what
some of our results look like for a stationary =.

The detailed organization of the paper is as follows. In Section 2, we intro-
duce the support measures C2(K, -) and discuss some of their basic properties.
As in the Euclidean case (see [27]) we define them using a local version of the
Steiner formula in Minkowski spaces. A similar approach to so-called rela-
tive support measures has independently been developed by Kiderlen [16].
The corresponding results from [16] are contained in joint work of Kiderlen
and Weil [17]. In Section 3, we discuss additive as well as nonnegative exten-
sions Cf(K ,+) and Cf’Jr(K , -), respectively, of these measures to sets K in
the local convex ring. (In Sections 3—-5 we will usually not indicate the depen-
dence on B of these and other notions in order to simplify our notation.) The
nonnegative measures Cf’ T(K,-) will be obtained as restrictions of the addi-

tive extensions Cf(K , -) to the Minkowski normal bundle Ng(K) of K with
respect to B. In fact, we show (Theorem 3.4) that this particular nonnegative
extension leads to the same result as another construction, using local paral-
lel sets with multiplicities, which is due to Matheron [21] and Schneider [27]
in a Euclidean space. The main result (Theorem 3.3) provides a Steiner-type
formula in Minkowski spaces for sets from the local convex ring. An important
prerequisite is Theorem 3.2 which shows that the exoskeleton of K (see [33, 6])
with respect to the gauge function g(B, ) has Lebesgue measure 0. In the
special but important case j = d — 1, we show that C% (K, ') = Cg’_"I(K, )
(Theorem 3.9).

In Section 4, we turn our attention to the general grain model E and con-
sider the random support measures C?’+(E, ), J=0,...,d — 1. Our first
result (Theorem 4.1) provides a fundamental relationship between the con-
tact distribution function and the intensity measure Ag’_J{(-) =K [CdB’_Jlr 2, )]
The Euclidean special case of this result has been proposed in [8]. In fact, our
result includes the more general functions

(1.1 Hp(x,r, A):=P(dp(x) <r, up(x) € Alx ¢ B),

where A C R? is measurable and u z(x) is defined by the equality d z(x)ug(x) =
x — pp(x), whenever there is a unique point pg(x) € E realizing the minimal
distance of x from E in the Minkowski space associated with B. Using these
more general functions is essentially equivalent to considering the conditional
distribution function of the Minkowskian contact vector x — pg(x) at x given
that x ¢ E. In fact, once we know H z(x, -, -), we also know the conditional dis-
tribution of the random vector (dz(x), ug(x)) given that x ¢ E, and this again
is equivalent to knowing the conditional distribution function of x — pp(x)
given that x ¢ Z. We remark that, for #¢ almost all x € R?, P-a.s. pg(x) — x
is the unique vector which points from x to the unique intersection point of =
and x+d g(x)B; moreover, the vector u z(x) has the same direction as x— pg(x),
and it is normalized in such a way that its endpoint lies on the boundary of B.
If Af’ (- x R?) is locally finite for j =0, ...,d—1 and Ag’_J{(- x A) is absolutely



800 D. HUG AND G. LAST

continuous with density )\5’_1”(3 A), then we prove that (1— p(x))Hg(x, -, A) is
“weakly” differentiable at t = +0 for -#?-a.e. x € R? and the derivative is just
2)15’_J1”(x, A). In the Euclidean case, for instance, 2A5’_J{(C x R?) is essentially
the expected surface content of that part of the boundary of Z contained in the
set C. Hence, the above result includes as a special case the pleasant fact that
the surface density 2/\5’:{(& R?) can be obtained as the (weak) limit of the
difference quotient ¢ '(P(x € E + tB) — P(x € E)) as t — +0. Matheron (see
page 50 of [21]) called such a result a probabilistic version of a well-known
integral-geometric principle. In comparison to the Euclidean setting, the sur-
face density 2)\5’_J{(x, R?) involves an additional weighting function which
takes into account the anisotropy of the gauge body B. We should empha-
size that even the deterministic special case of Theorem 4.1 is new (compare
Remark 4.8). A by-product is the formula

#UK +eB) = #4(K) + s/hB(u)Sd_l(K, du) + o(e)

as ¢ —> +0, where K is in the convex ring, 4 denotes the support function of B
and S;_;(K, ") is the additive (and nonnegative) extension of the Euclidean
surface area measure of order d — 1 to the convex ring (see Section 4.4 in [28]).

In the second and main part of Section 4 we proceed with a more detailed
analysis using the marked point process ® = {(¢,, Z,)}, where ¢, is the
“center” of B, and Z, = B, — &, for all n € N. Under reasonable technical
assumptions on ® the function (1 — p(x))Hg(x, -, A) turns out to be abso-
lutely continuous for #?-a.e. x € R?. The densities can be expressed in terms
of the Palm probabilities P, g, of ® satisfying the heuristic equation P, gy =

P(:|(x, K) € ®) and the support measures C?(K ,-). These results are com-

plemented by formulas for the intensity measures Af’+(~) =F [Cf’+(E, SIE
Jj =0,...,d — 1. Palm probabilities are a very important and powerful tool
(see, e.g., [22, 15]) and can be used to describe and to analyze the dependency
structure of a point process. In the fundamental special case of a Poisson pro-
cess ® the Palm probability P, g, of ® arises by adding the point (x, K), that
is, P, gy (® € -) = P((®PU{(x, K)}) € -). This is Slivnyak’s theorem. Assuming
the intensity measure of ® to be of the form f(x, K)#%(dx)Q,(dK), the den-
sity of the direction dependent contact distribution function, which we defined
in (1.1), can then explicitly be expressed in terms of the integrals

//1{1) € A}f(x -z — tb, K)CB(K, d(z,))Qq(dK),

where j =0,...,d — 1. In more general cases one cannot expect such explicit
results. However, important classes of point processes such as Gibbsian point
processes, Cox processes and Poisson cluster processes can be characterized
by their Palm probabilities. Therefore we will use these examples to illustrate
our results.

The final Section 5 treats the stationary case and generalizes some results
of [20, 3, 10]. Some further discussion of the stationary situation is contained



CONTACT DISTRIBUTIONS 801

in [19] and [14]. Section 5 does also contain an extensive discussion of the
homogeneous Boolean model (see also [34, 37, 31]).

2. Some results from Minkowski geometry. Minkowski spaces pro-
vide a rich framework for geometric investigations. In Sections 2 and 3 we give
an introduction to some notions and results which proved useful in Euclidean
spaces, but which have not been considered before in the general setting of
finite-dimensional normed linear spaces, where a priori no scalar product is
available. Although there is a variety of results of a purely geometric nature,
which could be investigated by the current approach, our main motivation for
the present work is to treat applications in stochastic geometry concerning
contact distribution functions.

We start by introducing a few facts from Minkowski geometry assuming,
however, some familiarity with notation and basic results of the (Euclidean)
geometry of convex bodies (see [28]). By a convex body we mean a nonempty
compact convex set. Let % be the set of convex bodies in R?. In the following,
the symbol B will always refer to a convex body belonging to the set .#¢ of
convex bodies which are strictly convex and contain an open neighborhood
of the origin. In Section 4, we will sometimes additionally assume that B is
smooth. By this we mean that through each boundary point of B there passes
precisely one support plane. We will not assume B to be centrally symmetric.
Let us denote by g(B, -) = gg(-) the sublinear gauge function of B.

For a nonempty closed set K ¢ R?, K # R%, we define the distance from
x € R? to K with respect to B by

dp(K,x):=min{g(B,y —x): y € K}.
The distance function d(K, -) is convex and Lipschitz. It is easy to check that
dp(K,x)=min{r >0: (x+rB)N K # &}
=min{r>0:x € K+rB}.

If K is a nonempty closed convex set and ¢ > 0, then x € d(K + ¢B) if and
only if dg(K, x) = ¢. It should be emphasized that all essential geometric
notions introduced subsequently will be intrinsically defined, that is, they
only depend upon Minkowskian quantities. Nonetheless it is convenient to
introduce a (Euclidean) scalar product (-, -), which will be helpful in proofs
and for reasons of comparison. By B? and S?! we denote the corresponding
Euclidean unit ball and the unit sphere centered at the origin, respectively.
The support function of a convex body L € @ is defined by

hy(w):=h(L,u):=max {(x,u): x € L}, u e R

Of course, it would be more appropriate to define the support function 4; as
a functional which is defined on the dual space of R%. But since the support
function is merely used as an auxiliary tool, this definition, which resorts to
Euclidean notions, seems to be legitimate. If L is strictly convex, then A;, is
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continuously differentiable on R?\{0}, and {VZ;(u)} coincides with the sup-
port set F(L, u) of L at u € R%\{0}; see [28] for explicit definitions. Further,
if L € #% and x € gL, then we define

Npo(L, x) :={u e 8% (x,u) = h(L, u)}
and
Npi(L) = {(x,u) € IL x R%: u € Na(L, x)}.

It is well-known that the last definition is consistent with the one given below
for general Minkowski spaces. A boundary point x € JL is said to be regular if
the linear hull of N g.(L, x) is one-dimensional, that is, if there exists precisely
one hyperplane which separates L and x. The last formulation shows that this
definition is independent of Euclidean notions. Finally, we write #”, r > 0,
for the r-dimensional Hausdorff measure defined with respect to the auxiliary
Euclidean metric. Observe, however, that up to a positive constant multiplier
# is the unique translation invariant Haar measure on R¢.

Henceforth, we will assume that K € #?. Then for any point x € R? there
is a unique y € K such that dg(K, x) = g(B, y — x). This easily follows from
the strict convexity of B. We call pp(K, x) := y the Minkowski projection of
x onto K with respect to B and define

x — pp(K, x)
dB(Ka x)
if x ¢ K. The Minkowski normal bundle Ng(K) of K with respect to B is

defined by

ug(K, x) = €dB

Ny(K) = {(pp(K, x), up(K, x)): x € (K +tB)},

for any ¢ > 0. That the last definition is independent of the particular choice of
the distance parameter ¢ can, for example, be seen from the following lemma,
which again will be applied in Section 3.

LEMMA 2.1. For any K € %4,
Np(K) = {(x, Vh(w)): (x,u) € Np«(K)}.

Let t > 0. Then ug(K, x) = Vhy(u) for any x € (K + tB) and any u € R?
such that (x,u) € Ngi(K + tB). In particular, for any x € (K + tB) there is
some u € RY\{0} such that ug(K, x) = Vhy(u) and (x,u) € Ng.(K + tB).

PROOF. Let ¢ > 0 be fixed, let x € d(K + ¢tB) and set z := pgp(K, x).
Then z € K, (x +tB)N K = {2z} and dp(K, x) = t. Hence, there is some
u € S?1 such that the hyperplane H = {y € R%: (y — z,u) = 0} separates
K and x + tB. We can assume that x + ¢B C {y € R%: (y — z,u) > 0} and
K c {y € R% (y—z,u) < 0}. The first inclusion implies that (¢ !(x — 2), u) =
h(B, u), and hence ug(K,x) = Vhy(u). From the second inclusion we get
(z,u) = h(K, u), and thus (z, u) € Ng«(K).
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Conversely, let (x, ) € Ngi(K). First, we have x + tVhy(u) € d(K + tB),
since (x +tVhy(u), u) = h(K +tB, u). This yields that dg(K, x +tVh(u)) =
¢, and hence we obtain pgp(K, x + tVhz(u)) = x and ug(K, x + tVhz(u)) =
Vhj(u). This shows that (x, Vhz(u)) € Np(K).

For the second statement, let x € (K + tB) and ¢ > 0, and hence ¢ =
dp(K,x) > 0. For any u € Ng«(K + tB, x) we get x € F(K + tB,u) =
F(K,u)+ t{Vhz(u)}, and this implies x — tVhz(z) € F(K,u) C K. In addi-
tion, it follows that

g(B,x —tVh(u) — x) = g(B, —tVhy(u)) = tg(B, Vhp(—u)) = t = dp(K, x).

Thus x — tVhz(u) satisfies the conditions which characterize pp(K, x). O

The next lemma implies that N z(K) is at least homeomorphic to J(K +¢B),
for any ¢ > 0. The spaces .#? and % are endowed with the topology induced
by the Hausdorff metric.

LEMMA 2.2. The map p: #% x %% xR — R, (B, K, x) — pg(K, x), is
continuous.

PrROOF. Let B;,B € %%, K;,,K € »#% and x;, x € R, for i € N, and
assume that B; - B, K; - K and x; - x as i — oo. Let I C N be any
infinite set. Then it is sufficient to show that p; = pp(K, x), provided that
pp(K;,x;) > prasi—>ooandicel.

From Theorem 1.8.7 in [28] we get that p; € K, since pp (K;, x;) € K; for
alli € I. Let y € K be arbitrarily chosen. Then there are points y;, € K;, i € I,
such that y;, — y as i — oo and i € I. This follows again from Theorem 1.8.7
in [28]. Therefore, for all i € I, g(B;, pp (K;, x;)—x;) < g(B;, y;—x;). Passing
to the limit yields that g(B, p; —x) < g(B, y — x). The last conclusion follows
from the continuity of the map #¢ x R? — [0, 00), (L, z) - g(L, 2), that can
easily be checked. O

The principal aim of this section is to provide a construction of support (or
generalized curvature) measures for arbitrary convex bodies in a Minkowski
space with a strictly convex gauge body B € .#<. Some of the arguments and
underlying ideas have been inspired by the ones in [28], Sections 4.1 and 4.2
and [29]. The present setting, however, is more general.

Fix K € #? and p > 0 for the moment. By Lemma 2.2, the map

B (K+pBN\K - R xRY, x> (pp(K,x), up(K, x)),

is continuous and hence measurable. Here and in the following, measurability
always refers to the Borel o-field #(T') of a topological space T'. Thus, for any
D e #(R? x RY), the set

MB(K,D):={xeR% 0<dp(K,x)<p, (pp(K,x),up(K,x)) e D},
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which is equal to (fff)fl(D), is measurable. A measure ,uf(K, -) is defined on
the Borel subsets of R? x R¢ by setting

pB(K, )= (MEK,")).

Note that ME(K, R? x R?) = (K + pB)\ K, which implies that
d-1 /d .

2.1 /.LE(K, R? x RY) = > pd_1<j>V(K[j], Bld - j]);
j=0

the mixed volumes V(K[ j], B[d — j]) are, for example, introduced in Section 5.1
of [28].

Using Lemma 2.2, one can easily check that the map u2: # % x (R xR?) —
R enjoys the same properties as in the Euclidean case, that is, analogues of
Theorems 4.1.1-4.1.3 in [28] remain true in the setting of Minkowski geometry
(compare also [29]).

The measure /_Lf(K ,-) is concentrated on Npg(K). Again essentially the
same argument as in the proof of Theorem 4.1.1 in [28] shows that the map
(B, K) — uB(K, ) from #¢ x 2 into the space of finite Borel measures on
R? x R? is weakly continuous.

In order to establish a local Steiner formula in Minkowski spaces, we first
consider the case where K = P is a polytope. Let us denote by .7;(P) the set
of j-dimensional faces of P. Fix j € {0,...,d — 1} and F € &;(P) for the
moment. Then we set N(P, F) := Ng«(P, xy) for an arbitrary x, € relint F.
By Lemma 2.1,

MZ(P, DN (relint F x R?))
={a+tVhz(u): t €(0,p], ue N(P,F), acrelint F, (a, Vhy(u)) € D}.

Let F* be the orthogonal complement of F, and let I1(-, F*): R? — F* denote
the orthogonal projection onto F*. Here orthogonality refers to our auxiliary
scalar product. We define

WE = {II(tVhy(u), F*): t € (0, p], u € N(P, F)}
and
Gp: {tVhy(u): t € (0,p], ue N(P,F)} > W?,
tVhz(u) — N(tVhy(uw), Fr).
Since I(¢tVhy(u), FY) € tall(B, F*), for t € (0, p] and u € N(P, F), and since
B is strictly convex, it follows that G is injective. In fact, it is easy to see
that Gy is a homeomorphism. Let ar € relint F be arbitrarily chosen, and set

ay :=(ap, F*). Set Gz(-) := g(B, G7'(1))"'G7'(-) and note that this map is
scaling invariant. Then

(-, F*)"'({z + ag}) N ME(P, D N (relint F x R?))
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is equal to {a + G3'(2) e R%: a e relint F, (a, Gz(z)) € D} if z € Wf, and is
equal to J otherwise. An application of Fubini’s theorem and the translation
invariance of %~/ hence yield that

wB(P, DN (relint F x RY)) = p- J/ f (a, G7(2)) € D)#/(da) I (dz).
For j=0,...,d — 1 and D € #(R? x R?), this suggests the definition
by_,CB(P,D):= Y / / (a, Gp(2)) € D)#(da) I (dz),

Fe;(P)

where b; := 7/2/TI'(i/2 + 1) is the volume of an i-dimensional Euclidean unit
ball. Thus from
d-1
pB(P,D)=3 Y wB(P,Dn (relint F x R?))
Jj=0 Fe7;(P)

we finally obtain that

d-1
uB(P.D)= Y p*~Ib, ;CE(P, D).

j=0
Essentially in the same way as in Sections 4.1 and 4.2 of [28], the preceding
considerations lead to the local Steiner formula (2.2) in a Minkowski space. In
the special case B = B? the following theorem, except for the last statement,
boils down to Theorem 4.2.1 from [28]. A function ¢ on %@ with values in some
Abelian group is called additive if (K, UKy)+ (K1 NKy) = o(K{)+ ¢(Ky),
whenever K, Ky, K; UK, € %9

THEOREM 2.3. For an arbitrary convex body K € %% and j=0,...,d—1
there exist finite positive measures C?(K, ) on B(R? x R?) such that

d-1
(2.2) pp(K,D)=Y p* /b, ;,CY(K, D)

j=0
holds for p > 0 and D € #(R? x R?). The mapping K C?(K, -) is addi-
tive and, for each D € B(R? x R?), the function C?(-, D) is measurable. The
measures C?(K, -) are concentrated on N g(K). Moreover, the map (B, K)

Cf(K, ) from %2 x %% into the space of Borel measures on R? x R? is weakly
continuous.

REMARK 2.4. The measures Cf (K, -) are called the support (or generalized
curvature) measures of K (with respect to B). In the construction of the mea-
sures b;_; cB C;(K, ), Euclidean notions have been used. Nevertheless, these
measures clearly are Minkowski quantities, since the measures u; B(K, ") are
intrinsically defined and (2.2) holds for all p > 0. The normalization of the
measures Cf(K ,-) is chosen in such a way that for B = B? they do not
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depend on the dimension of the Euclidean space in which the convex body
K is embedded and such that the full measures coincide with the intrinsic
volumes of K.

We have already seen that the support measures in a Minkowski space
possess similar properties as in a Euclidean space. There are some additional
features such as the dependence on the gauge body. On the other hand, some
properties cannot be preserved in general such as equivariance with respect
to the full group of rigid motions. It is easy to see, however, that the sup-
port measures in an arbitrary Minkowski space are still equivariant under
translations, that is, for all measurable A, C ¢ R? we have

(2.3) CB(K +x,AxC)=CEBK,(A-x)xC), xeR%

Additional invariance properties may be satisfied for particular choices of B
with distinguished symmetry properties. For such specific choices of gauge bod-
ies it should be an interesting task to discover additional integral-geometric
results which then could be applied to the investigation of random structures.

We finish this section with some further properties needed later in this
paper. The map (z, b, t) — 2z + tb from Ng(K) x (0, 00) to R\ K is a homeo-
morphism with inverse y — (pp(K, y), ug(K, y),dg(K, v)). Using standard
arguments we can rewrite the Steiner formula (2.2) as

d-1 ~
(2.4) fR d\Kf(x)jfd(dx)z Jgo(d— ba_; /0 pd-i-1 /f(z+tb)cf(K,d(z,b))dt,

where f: R? — R is measurable and nonnegative.
Next, for any p > 0, let us denote by pf the map
pf: R? x R - R? x RY, (2,b) = (2 + pb, b).

By an obvious modification of the proof for Theorem 4.2.2 in [28], the following
theorem can be established.

THEOREM 2.5. Let K € %%, D € #(R? x R?), p > 0, and let m € {0, ...,
d —1}. Then
d—j

J m)bd_jcf(K, D).

bi-mCE(K +pB, pE(D)) =) p’”(
=0

By combining (2.4) and Theorem 2.5 (with m = d — 1), one can easily establish
the following disintegration of Lebesgue measure. In a Euclidean space, differ-
ent proofs have been given in [38], Lemmas 4.1 and 4.2 and [30], Hilfssatz 5.3.1.

COROLLARY 2.6. Let K € %%, and let f: R* — [0, 0o] be measurable. Then

[I%d\K f(x)%d(dx) = 2/(; /¢9(K+tB) f(y)Cg_l(K + té’ dy x Rd)dt.
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The (d — 1)st support measure C5 (K, -) admits an explicit representation
in terms of the (d — 1)st Euclidean support measure C},_,(K, -), defined with
respect to the Euclidean distance, and the support function of B. For its for-
mulation we need the following notation. If x is a regular boundary point of
a convex body K with dim K # d — 1 and ug«(K, x) denotes the uniquely
determined Euclidean exterior unit normal vector of K at x, then we set
ug(K,x) := Vhg(up«(K, x)). If x is a singular boundary point of K, then
we give up(K, x) some fixed value in dB.

PROPOSITION 2.7. For any K € %9,
CE (K, ) = [1{(x, Vhg(w)) € Jhp(u)Ci_y(K, d(x, u));
moreover, if dim K # d — 1, then
208 (K, x R%) = /K 1{x e J(up(K, x), upa(K, x)) 2" (dx).

J

ProOF. Let P be a d-dimensional polytope. Choose any F' € .%;_,(P), and
denote by u 5 the uniquely determined Euclidean exterior unit normal vector of
P at the facet F. Using the notation of the construction leading to Theorem 2.3,
we get

W{ = {t(uF’ VhB(uF»uF: le (0> 1]} = {tuFC t e (0, hé(uF)]}
and hence

2CB (P,D)= Y /Fl{(a,vhg(up))eD}hB(uF)Z’d’l(da)
Fegy 1(P)

= 2[1{(x, Vhi(uw)) € Dyhp(w)Cs_( (P, d(x, w)).

This proves the result for polytopes. The general case of the first statement
can then be deduced by approximation, if the weak continuity of the support
measures is exploited.

The second equation follows, for example, from Remark 1 in Schneider [27]
and from the first assertion. Also note that -#?1-a.e. boundary point of K
is regular so that, almost everywhere with respect to the boundary measure,
upi(K,-) is equal to the (Euclidean) exterior unit normal vector of K. O

Our next result turns out to be particularly useful in the proof of Theorem 3.2
in Section 3. It is immediately implied by Corollary 2.6 and Proposition 2.7.

COROLLARY 2.8. Let K € %%, and let f: R? — [0, oo] be measurable. Then

/R(I\K f(x)#(dx) = /000 L(K+té) F()hg(ups(K + tB, ) 2%\ (dy) dt.

Alternatively, Corollary 2.8 can be inferred by an application of Federer’s
coarea formula to the Lipschitz map dz(K, -).
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3. Support measures on the extended convex ring. In this section,
we consider sets K in the extended convex ring, sets which can be represented
as a union

(3.1) K=K,
ieN

of convex sets K; € ¢ which is locally finite, that is, such that each bounded
set is intersected by only a finite number of the sets K;. As in the Euclidean
case (see [27]), one can define the additive extension of the support mea-
sures from the preceding section to sets from the convex ring, using the
inclusion—exclusion principle and a general result on continuous valuations by
Groemer [7]. The measures thus obtained are finite signed measures. A non-
negative extension of support measures has also been considered previously
in the setting of Euclidean geometry. These two extensions have found vari-
ous applications, for example, in stochastic geometry. One can construct both
extensions by considering local parallel sets with multiplicities. Such explicit
constructions have the advantage of leading to additional results which cannot
be obtained from the valuation-theoretic approach alone.

Subsequently, we will first describe the additive extension of the support
measures in a general Minkowski space. In order to state a Steiner-type for-
mula for the volume of local outer parallel sets of sets from the extended
convex ring, we then will consider a particular nonnegative extension of sup-
port measures to sets from the local convex ring. This extension is obtained by
restricting the additive extension of the support measures to suitably defined
subsets of R? x B. Then we prove that this particular nonnegative extension
leads to the same result as another construction which is due to Matheron
([21], pages 119-122) and Schneider [27] in a Euclidean space. Apparently,
this connection is new even in a Euclidean setting.

In a first step, we describe how Schneider’s construction of the additive
extension of the support measures in a Euclidean space has to be modified in
Minkowski spaces. We assume that K = |J/_; K;, where K; € #?. Let x(-)
denote the Euler characteristic. Then, for g, x € R? we define the index of K
at q with respect to x by

1—1gfglifgx(Kﬂ(x+(gB(q—x)—s)B)ﬂ(q+51§)), g€k,
0, q¢ K.
For convex K this definition yields that

' _ )1, ifg=pp(K,x),
Js(K,q,x)= {0, otherwise.

jB(K!qvx)::{

The existence of the limit in the definition of jz(K, g, x) and the additivity
of jg(-, @, x) can be proved along similar lines as in the case of a Euclidean
gauge body. For p > 0, D € Z(R? x R?) and x € R?, we set

cJ(K,D,x):=) j(KN(x+pB),q,x),
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where the summation Y, extends over all ¢ € R?\{x} with (¢, x—¢q) € D
and x —q := gp(g — x)"}(x — q). We remark that this sum is finite, that
¢B(K, D, -) is the characteristic function of MZ(K, D) provided K is convex

and that c§(~, D, x) is additive. Finally, we define
wB(K, D)= /Rd cB(K, D, x)#(dx).

By repeating the argument in [28], pages 221 and 222, we find that

d—1
p(K,D)= 3 p* /b, ;C}(K,D),

Jj=0

where C?(K ,-) is a finite signed measure on the Borel sets of R? x R¢ for
J =0,...,d — 1. Moreover, the mapping C(-, D) is additive on the convex
ring for all measurable D c R¢ x R¢.

Two immediate consequences of the preceding construction should be men-
tioned. First, if D ¢ R? x R? is measurable, then

CE(K,D)=C%(K,Dn (9K x IB)).

Second, assume that K;, K, lie in the convex ring, A c R? is open,
KiNA=Ky;NnAand DcC A xR?is measurable. Then

C%(K,, D) = C}(K,, D).

We express this fact by saying that the support measures are locally defined.
Therefore, if K lies in the extended convex ring and D c R% xR? is measurable
and bounded in the first component (that is, D ¢ A x R? for a bounded set
A c RY), then C?(K , D) can unambiguously be defined by

C%(K,D):=C}KnL,D),

where L € .#¢ is an arbitrary convex body for which D c int L x R¢.

In Section 2, we defined the Minkowski normal bundle of a convex set. Now
we need a corresponding notion for sets from the extended convex ring. To
prepare this definition we first define the set

(K, x):={ye K:dp(K,x)=gp(y —x)}, x e RY,
Then the exoskeleton of K with respect to B is defined by
exop(K) = {x e R\K: cardIl3(K, x) > 2}.

Below we will show that exop(K) is a measurable set of Lebesgue measure
zero. For any x ¢ (K U exog(K)) we define pp(K, x) as the unique point
y € dK which satisfies dg(K, x) = gg(y — x), and then we define up(K, x)
as for convex K. For x € exog(K)\K we give (pp(K, x), ug(K, x)) some
arbitrary but fixed value in R? x 9B.
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Now we define the Minkowski normal bundle Ngz(K) of a set K from the
extended convex ring with respect to the structuring element B by

Np(K) = {(pp(K. %), up(K. 2)): x ¢ KU exop(K)),
and we set
8p(K,z,b) :=inf{r > 0: z+rb € exop(K)}, (z,b) € Ng(K),
where inf & := co. For (z,b) ¢ Ng(K) we set 65(K, z, b) := 0. Thus we have
Np(K)={(z,b): 63(K, z,b) > 0}.

Provided that K and B are clear from the context, we simply write 6(z, b)
instead of 65(K, 2, b). Similarly, we usually write C ;(K, -) instead of C?(K, )
from now on.

LEMMA 3.1. Let K,, K, be in the convex ring, and assume that D C
Np(K,) N Np(Ky) is measurable. Then C;(K,, D) = C;(Ky, D) for j =
0,...,d -1

PROOF. We first remark that D = J;_; D, , where
D, :={(z,b) € D: 53(K,, z,b) > 1/n, 8p(K,, z,b) > 1/n}.

Certainly, it is sufficient to prove the assertion for D,, n € N instead of D.
Let x € R? and q € R?\{x} be given such that (¢, x —q) € D,,. Then, for any
p € (0,1/n) we obtain that

. 1, if —x)<p,
J(K;N(x+pB),q,x) = {0 otgei"(v(vlise )=e
holds for i = 1, 2. In fact, gg(q — x) > p implies that q ¢ x + pB and hence,
by the definition of j, j(K; N (x + pB), g, x) =0 for i =1, 2. Now we assume
that ggp(q — x) < p. Since (¢, x —q) € Ny(K;), 65(K;,q,x—q) > 1/n and
gp(q—x) < p < 1/n, we have

(x+ gp(qg—x)B)N K; ={q}, i=1,2

But then K; N (x + (gp(q — x) — ¢)B) = D is true for any ¢ > 0 and i = 1, 2.
This shows, again by the definition of j, that j(K,; N (x + pB), g, x) = 1 for
i=1,2. O

The proof of the preceding lemma in particular shows, for any K in the
convex ring, that the measures C ;(K, -N N g(K)) are nonnegative. Therefore,
for any K in the extended convex ring, we can define nonnegative and locally
finite measures

CH(K,):=CyK,-NNg(K)), j=0,....d-1,

which are uniquely determined by their values on measurable subsets that are
bounded in the first component. It is easy to check that Lemma 3.1 remains
true for sets in the extended convex ring.
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Our principle aim in this section is to establish an extension of Theorem 3.1
from [20] in the present more general framework. An important ingredient for
our proof is the following theorem which generalizes the corresponding fact
from Euclidean geometry (see [33]). The known proofs in the Euclidean setting
(compare [33, 6]) do not seem to carry over to Minkowski spaces.

THEOREM 3.2. Let K be an element of the extended convex ring. Then the
exoskeleton exog(K) is Borel measurable and #?(exog(K)) = 0.

PrOOF. It is easy to see that E := exop(K) is a countable union of closed
sets, and hence E is Borel measurable. In fact, a more general assertion will
be mentioned in the course of the proof for Lemma 3.12 below. Obviously, we
have

EcUE
i#]
where E;; is the Borel set of all x € RY\(K; U K ;) such that dg(K,;, x) =

v

dp(K;,x) >0 and pg(K;, x) # pp(K ;, x). We show that
(3.2) H#Y(Eq) =0.

Note that E;, ¢ R?\ K. Hence, from Corollary 2.8 applied to K; and f(x) :=
1{x € E,} we see that it is sufficient to prove that

(3.3) [ A{yeEg)oridy)di=0.
0 Ja(K,+tB)

iy

There is at most a single * > 0 such that

int(K, +t*B)Nint(Ky +t*B) =@ and (K;+t*B)n(Ky+t*B)#@.
Therefore (3.3) follows as soon as
(3.4) XY Epynd(K,+tB)=0

has been established for an arbitrarily chosen ¢ € (0, c0)\{t*}. To prove this,
fix ¢ € (0, 0c0)\{t*}. Let x € E13 N (K, + tB). Then we have x € (K, + tB) N
(K 4+ tB). For i € {1, 2} there is some u; € Ng.(K; + tB, x) such that
x — pp(K;, x)

t
This follows from Lemma 2.1. From pg(K;, x) # pp(Ks, x) we obtain that

Vhi(u) # Vhg(ug), and thus uq # uy. Then Theorem 2.2.1(b) in [28] implies
that

Vhp(u;) =up(K;, x) =

{uy,us} € Nga((Ky +tB)N (K, +tB), x).
In particular, we have u; # —ujy, since ¢ # ¢*. But then x is a singular boundary
point of (K; + tB) N (K4 + tB). Thus we have shown that E, N (K + ¢tB)

is contained in the set of singular boundary points of (K, + tB) N (K, + tB).
Hence, (3.4) follows from Theorem 2.2.4 in [28]. O
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The next theorem, which represents a Steiner-type formula, will repeatedly
be used in the following sections. In particular, it provides a tool for calculating
the volume of outer parallel sets for sets from the extended convex ring.

THEOREM 3.3. For any K in the extended convex ring and for all measur-
able nonnegative functions g: R? x R? x [0, o0) — [0, o],
[ Hds(K, %) > 0yg(pp(K, x), up(K, ), dp(K, x))#"(dx)
d-1

=3 (d- j)bd,jffl{aB(K,z, b) > syg(z, b, 5)s* I 1CH(K, d(z, b)) ds.

Jj=0

ProoF. Let K be given as in (3.1). Note that the convex bodies K; in (3.1)
are not uniquely determined by K. It is easy to see that (z, b) € Ng(K) implies
that (z,6) € Ng(K;) for some not uniquely determined i € N. Therefore we
can inductively define a (not uniquely determined) decomposition of Ng(K)
by setting

i-1
N3(K) = Ny(K)N Np(K)\ U N3(K),  ieN.
j=1

Since N (K) ¢ Np(K)N Np(K;), i € N, Lemma 3.1 and the subsequent
discussion imply that

1{(2,b) € N3(K)}C;(K;, d(2, b)) = 1{(2. b) € Niy(K)}Cy(K, d(2, b))

holds for i e N and j=0,...,d — 1. Summing over all i € N shows that

(3.5) CHK,)=Y C;(K;-NNyg(K)), j=0,...,d-1.
=1

In order to establish the Steiner-type formula, we set K* := exog(K). We
start by observing that, for every i € N,

x¢ KUK* and (pg(K,x),up(K,x))e Ny(K)
if and only if
(PB(Kp x), up(K;, x)) € N%(K), dp(K;,x)>0
and
8p(K, pp(K;, x), up(K;, x)) > dg(K;, x).
If either of these conditions is fulfilled, then

(pB(K7 x)’ uB(K’ x)7 dB(K’ x)) = (pB(Ki> x)7 uB(Ki’ x)> dB(Ki> x))
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Hence, applying (2.4) to K; and using Theorem 3.2, we find that
[1{d(K, %) > 0}g(ps(K, ), up(K, %), dp(K, ))#*(dx)

= [1{x ¢ KUK"}g(ps(K, x), up(K, x), dp(K, x))#"(dx)

> [14x ¢ KUK H{(pa(K. 2). up(K. ) € N5(K)}

i=1

X g(pB(K7 x), up(K, x), dp(K, x))fd(dx)

Z/l{dB(Ki’ x) > O}I{SB(K’ pe(K;, x), up(K;, x)) > dg(K;, x)}
i=1

X 1{(pB(Ki’ x), ug(K;, x)) € N%(K)}
X g(pB(Kia x)a uB(Ki’ x)a dB(Ki’ x))%d(dx)
oo d—1
=3 Y (d- j)bd,jffl{aB(K, 2,b) > s}1{(z,b) € N5(K)}g(2, b, 5)
i=1 j=0

x s77771C (K, d(z, b)) ds.

By (3.5) the last sum boils down to the right-hand side of the asserted equality.
This completes the proof of the theorem. O

By restricting the measures C (K, -), for sets K in the (local) convex ring,
to the Minkowski normal bundle Nz(K) we obtained nonnegative exten-
sions C;T(K ,-) of the Minkowski support measures introduced in Section 2.
In Euclidean spaces, based on an idea of Matheron, nonnegative extensions
C ;(K, ) of support measures to the convex ring have been constructed by
Schneider [27] in a different way. Subsequently, we describe how this con-
struction can be carried out in Minkowski spaces and then we explain why
the measures Cj(K, -) and GJ-(K, -) coincide.

For a set K in the convex ring and x € R?, we let IIz(K, x) be the set of
all g € K for which there exists a neighborhood U of ¢ such that gg(y — x) >
gp(qg—x)forall ye UNK with y # q. Let K = J/_; K; with K; € #?. Then
q € TIz(K, x) if and only if ¢ = pg(K;, x) for all i € {1,...,r} with q € K.
For K in the convex ring, for a measurable set D ¢ R? x R? and for any ¢ > 0,
we set

¢.(K, D, x):=card{q e lIz(K, x): g € (x + eB)\{x}, (¢, x—q) € D}.

Imitating Schneider’s [27] arguments, one can verify that

d-1
(3.6) fR e (K, D, x)#(dx) = Y by_;e*IC (K, D),

J=0
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where the C j(K, -) are nonnegative measures on #(R? x R?) that coincide, for
convex bodies K, with the curvature measures from Section 2. These measures
are locally defined and their definition can hence be extended to sets K in the
extended convex ring.

Let K be given as at the beginning of this section. The following notation
will be required. Let S(N) be the set of all nonempty finite subsets of N. For
v e S(N) we write

K,=(K; and KV := |J K;.

iev ieN\v
At first sight, the next theorem is surprising, since in the construction of

C;(K, -)andC }L (K, -), respectively, different types of multiplicities are involved.

THEOREM 3.4. For a set K in the extended convex ring and j € {0,...,
d-1},

CH(K,)= Y f1{z ¢ K(”)}l{(z, b)ye-n NB(Ki)}Cj(KU, d(z, b)).
veS(N) icv
Moreover, C}-L(K, )= 6J-(K, -) holds for j=0,...,d —1.

PROOF. From the definitions it is easy to check that we have the disjoint
decomposition

(3.7) Ng(K)= U [((Rd\K(”)) x RY) NN NB(K,-)]

veS(N) iev
Let D c R¢ x R? be measurable. Since

DN ((RNK™) xRY) N[ Np(K;) C Np(K)N Np(K,),

for v € S(N), we obtain from Lemma 3.1 and the subsequent discussion that

C*(K,D)=C;(K,Dn Ng(K))

> cj(K, DN ((RNK™) xR NN NB(KL-)>

veS(N) icv

=Y CJ(KU, DN ((RN\K™) xRY) NN NB(K,-)>.

veS(N) iev

This establishes the first assertion.

The proof of the second assertion now immediately follows from a straight-
forward extension of (3.11) from [27] to Minkowski spaces, since the measures
C? and C; are locally defined. O
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Let again K = U2, K; be in the extended convex ring. Then we denote
by K* the set of all z € dK for which there is some b € R? such that
(z,b) € Ny(K). Further, we simply write K instead of K{") if n e N.
A probabilistic application of the following corollary of Theorem 3.4 will be
essential in the following section.

COROLLARY 3.5. Let K be in the extended convex ring. Assume that

Kt = G (0K, \K™).

n=1

Then

CHK,) = i Cj(Ki, 0 (ROED) x Rd)).

i=1

A pair (z,b) € 9K x 9B is called a support element of K (with respect
to B) if there is some s > 0 such that (z + sb + sB) and K N (z + sB) can be
separated by a hyperplane. The set of support elements of K (with respect
to B) is denoted by 3 5(K).

LEMMA 3.6. Let K be in the extended convex ring. Then 25(K) C Ng(K)
with equality if B is smooth.

ProoF. Let (z,b) € 25(K), and choose s > 0 as in the definition of a
support element. Then z+ b+ ¢tB C z+ sb+ sB for any ¢ € [0, s]. If £ € (0, s]
is small enough, then z+tb+¢B C z+ sB because int B # @. This shows that
pp(K,z+1tb) =z and ug(K, z+ tb) = b, and hence (z,d) € Np(K).

Now, assume that B is smooth and let (z,b) € Ng(K). Then there exists
some x € R?\(K U exog(K)) such that (x +dB)N K = {z} with d = dg(K, x).
Since K is a locally finite union of convex bodies K;, i € N, there exists
some s € (0,d] such that (z+sB)NK, = @if z ¢ K,. If z € K;, then
K, N (x + dB) = {z}. Therefore K; and (x + dB) can be separated by the
unique support plane of (x +dB) at z. But then (z+sb+sB) and K N(z+sB)
can be separated by this support plane, since z+sb+sB C z+db+dB = x+dB.

O

The relationship between the Minkowski normal bundles of K with respect
to different gauge bodies is depicted by the following lemma.

LEMMA 3.7. Let K be in the extended convex ring. Then
{(x,Vhy(w)): (x,u) € Ngi(K)} C Np(K)

with equality if B is smooth.
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PROOF. Let (x,u) € Ng«(K). By Lemma 3.6, (x, u) € 3ps(K). Hence there
is some s > 0 such that (x + su +sB%) and K N (x + sB?) can be separated by
a hyperplane. Thus

Kn(x+sBY)clyeR%: (y—x,u) <0} ="H".
If ¢ > 0 is sufficiently small, then
x+eVhy(u)+eB C (x+sBY)N[(RNH ) U{x}]

C (x +sBY\[K N (x + sBY)]| U {x} C (RN\K) U {x},
and thus (x + eVhz(u) +eB)N K = {x}. This yields x = pg(K, x + ¢Vhz(u))
and Vhaz(u) = ug(K, x + eVhg(u)), and hence (x, Vhg(u)) € Ng(K).

Conversely, let B be smooth and (z, ) € Nz(K). Again by Lemma 3.6 we
have (z, b) € 35(K). Thus (z+ sb+sB) and K N(z+ sB) can be separated by
a hyperplane H if s > 0 is properly chosen. Since B is strictly convex, there
exists a vector u € S?~! such that b = VAiz(u). Since z € z+sb+sB, h(z+sb+
sB, —u) = (z, —u) and B is smooth, we see that H = {y € R%: (y — z, u) = 0}
and

z+sb+sBC H =]y eR%: (y—z,u) > 0].
Hence
Kn(z+sB)c{yeR: (y—2zu) <0}
From £B? C B, for some & > 0, we get that (2, ) € Sg«(K) = Ngo(K). O

Simple examples show that the inclusions in the preceding two lemmas
may be strict if B is not smooth. Nevertheless, the following theorem, which
should be compared with Theorem 2.2 in [37], holds without any smoothness
assumption on B. First, however, we need another preparatory lemma.

LEMMA 8.8. Let K =2, K;, K; € %%, be in the extended convex ring. For
such a representation of K, let T be the set of all (q, u) € /K x S for which
there is some i € N such that q € relint F(K;, —u), dim F(K;, —u) =d—1and
dim K; = d. Then C%(K,-NT)=0for j=0,...,d — 1.

PrOOF. Let Tfl, i,n € N, be the set of all (q, u) € T for which g+tu+tB? C
K, holds for 0 < ¢t < 1/n. An elementary geometric argument shows that

T=U UT:..
i=1n=1
It suffices to prove that Cj-(K, N Tﬁl) =0for j=0,...,d—1and i,n € N.
Fix i,n € N. Take p € R with 0 < p < 1/n and q, x € R?, satisfying x # q
and (¢,x—q) € T.. If ggi(q — x) < p then we may particularly choose ¢ =
gpi(q — x) in the definition of T to obtain that x + tB¢ C K;. This shows
that jg«(K N (x + pB?), q, x) = 0. Hence, Mffd(K, NTi)=0for 0 <p < 1/n,
which in turn implies that C‘;"-(K, N Tﬁl) =0,j=0,...,d—-1. O
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THEOREM 3.9. Let K be in the extended convex ring. Then Cy;_1(K,:) =
Ci (K, ).

PROOF. It suffices to assume that K lies in the convex ring. We consider a
representation

-
K=K, K,ex"
i=1
Let T denote the set which is associated with this particular representation
of K as in Lemma 3.8. We write S(r) for the set of all nonempty subsets of
{1,...,r}. For v € S(r), let |v| be the number of elements of the set v and let

reg K, denote the set of regular boundary points of K, (compare Section 2).
Then we define

R:= |J (9K,\regK,)NdK
veS(r)

and note that #? (R) = 0.

Let v € S(r) be arbitrarily chosen. We wish to show that if x € JK\R and
(x,u) € Nga(K, )\T, then (x,u) € Nga(K). In order to verify this, we denote
by I the setofalli € {1,...,r} suchthat x € K; and we set H := {y € R%: (y—
x,u) =0}, H" :={yeR% (y—x,u) >0} and H™ :={y e R%: (y—x,u) < 0}.
For any i € I we have K; ¢ H" or K; ¢ H™, since otherwise x ¢ ¢K or
x € d(K; N K,)\reg(K; N K,), that is x € R. Assume that there are i, j € I
such that x € K; N K;, K, N(H \H) # @ and K; N (H"\H) # &. Then
x € relintKy; » C H and dlmK g =d-1, smce x ¢ R. But then x €
int(K; UK;)CintK, a contradlctlon Therefore K,cK*holdsforalli el
or K; C H holds for all i € I. If the latter is true then (x, u) € Npgi(K).
Now, assume that K; ¢ H* holds for all i € I. Thus K, ¢ Ht N H™ =
H. From x € reg(K; N K,), for all i € I, we infer that x € relint(K; N H)
and dim(K; N H) = d — 1 for i € I. This implies that (x,u) € /K x S¢°!,
x € relint F(K;, —u) and dim F(K;, —u) = d — 1. Since (x,u) ¢ T, we get
dim K; < d —1, and hence K; C H, for all i € I. This shows again that
(x,u) € Npa(K).

Lemma 3.7 shows that (x,u) € Ng«(K) implies (x, Vhg(u)) € Np(K).
Using Proposition 2.7 and Lemma 3.8 we obtain for all measurable D c R¢ x
R? that

C, 1(K,D)=C, (K,DN (K x R?))

> (-1, 4 (K, DN (9K x RY))
veS(r)

> (DM [1(x, Vhy(w)) € DY1{x € IK\RYAp()Cy 4(K,, d(x, u))
veS(r)

= /1{(x, Vhi(uw)) € D}1{x € dK\R}Yh(u)1{(x,u) ¢ T}C3_,(K,d(x,u))
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= ¥ (-1P [1{(x, Vhg(w)) € D)1{x € K\R}hy(u)
veS(r)

x H{(x,u) ¢ TYC;_(K,,d(x,u))

_ (_1)\v|*1/1{(x, Vhy(w)) € DN Ny(K)}1{x € dK\R}hj(u)
veS(r)

x {(x,u) ¢ TYCS (K, d(x,u))
=C,; (K, DN Ngx(K)).

This yields the desired conclusion. O

A boundary point x € /K is called regular if there is a neighborhood U
of x such that K N U and {x} can be separated by a uniquely determined
hyperplane. Note that x € JK is regular if and only if the linear hull of all
vectors u € R? such that (x,u) € Ngi(K) is one-dimensional. If there exists
precisely one such vector, then this vector is denoted by ug«(K, x). By reg K
we denote the set of regular boundary points of K. Note that our definition
of a regular boundary point of a set from the extended convex ring coincides
with the one proposed by Weil [37]. Finally, we set (pp(K, x), ug(K, x)) :=
(x,Vhg(ug«(K, x))) if x e reg K and ug«(K, x) is defined.

PROPOSITION 3.10. Let K be in the extended convex ring. Then
+ _ . . . s
Cia(K, )= [ 1{(x, Vha(u) & Jhp(u)Cy 1 (K, d(x, ),

where C}_;(K,-) denotes the (d — 1)st support measure with respect to the
Euclidean ball. Moreover, if K = clint K, then

Bd

2C) (K,)= /regK 1{(x, up(K, x)) € - }(up(K, x), upi(K, x))#4(dx).

PrROOF. For the proof we can assume that K lies in the convex ring. By
employing twice Theorem 3.9, the first assertion follows from an application of
Proposition 2.7 to the sets K, in the same way as in the proof of Theorem 3.9.

The second equation is implied by the first equation and by Theorem 2.2 in
Weil [37]. O

In the remaining part of this section, we will establish some auxiliary
results which are required to justify questions of measurability in the sequel.
By 7'(R?) we denote the class of nonempty closed subsets of R? endowed with
the usual Fell-Matheron “hit-or-miss” topology (compare [21]). Note that this
topology is independent of any Euclidean metric.

LEMMA 3.11. The map dg: F'(R?) x R — [0, 00) is continuous.

PROOF. Suppose that (F;, x;) — (F, x)in 7'(RY)xR? as i — oc. Set d; :=
dg(F;, x;), for i € N, and d := dg(F, x). The sequence (d;);,y is bounded.
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To see this note that there exists some z € (x + dB) N F. Thus there are
z; € F;, for each i € N, with z; - z as i — oo. But for i > i, we then have
z; € x+(d+1)B C x;,+(d+2)B, and hence d; < d+2. Therefore it is sufficient
to show that d; — dy as i — oo implies that d = d,. For each i € N there
is some z; € (x; + d;B) N F;. The sequence (z;);cn is bounded. Hence, for a
subsequence we have z; — z; € R? as j — oo. This yields z, € FN(x+dyB),
and thus d < d,,.

To obtain the reverse estimate, choose z € (x + dB) N F. For each i € N
there is some z; € F; with z; — z for i — 0o. Let £ > 0 be arbitrarily chosen.
Then, for i > i, we get z; € (x; +(d +&)B)N F,; that is, d; < d + ¢, and hence
dy < d+ e. Since ¢ > 0 was arbitrarily chosen, the result follows. O

The exoskeleton exog(F) of an arbitrary set F € 7'(R?) is defined in the
same way as for sets from the extended convex ring.

LEMMA 3.12. The set % = {(F,x) € F'(R?) x R%: x € exog(F)} is
measurable.

PrROOF. For n € N and F ¢ F'(R?), we denote by exo’s(F) the set of all
x € R? for which there exist y;, y, € F such that dg(F, x) = gg(y; — x) =

gp(yz —x) and ||y, — yo| = 1/n.
By definition we then have % = ;. %,, where

U, :={(F,x) e 7'(R?) x R%: x € exo (F)}.

Using Lemma 3.11, one can easily check that %,, is a closed set. O

It is easy to see that %' := {(F, x) € F'(R?) x R%: x € F} is measurable.
The proof of the next lemma follows again by an application of Lemma 3.11.
Let .”¢ denote the extended convex ring in R?.

LEMMA 3.13. The map pg: (/% x RO\(2 U %') — R? is continuous.
The preceding two lemmas immediately imply the next corollary.
COROLLARY 3.14. The maps pg, ug: (/% x RI\%' — R? are measurable.

LEMMA 3.15. The map 8g: /? xR xR? — [0, o0}, (K, 2, b) — 85(K, 2, b),
is measurable. Moreover, for any measurable set A C R? x R?, the map /% —
[0, 0], K C;(K, A), is measurable for every j€{0,...,d — 1}.

PROOF. For any s > 0 we obviously have
{(K,zb)¢ S x R x R?: 83(K, 2,b) > s}

= U{(K,2z,b)e 7" xR x9B: K
n=1

N(z+(s+n b+ (s+nt)B)={z}},

which yields the first assertion.
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The first assertion implies in particular that the map (K, z, b) — 1{(z, b)
€ Ng(K)} is measurable. Hence, the second statement can be deduced from
Lemma 2 in [39]. O

4. Contact distributions in stochastic geometry. In the remainder
of the paper we consider the grain model E introduced in Section 1. It is
convenient to use the abbreviation (d(x), p(x), u(x)) := (dg(E, x), pg(E, x),
ug(E, x)), x € R?. Recall that we always assume that B € .#¢ and o € int B.
For x € R%, r > 0, and measurable A ¢ R? we recall the definitions

Hg(x,r,A):= P(d(x) <r,u(x) € Alx ¢ B),

where Hpg(x,r,-) equals some fixed probability measure on R? if p(x) = 1,
and Hpg(x,r) := Hpg(x, r,R?). Using the results of the previous section we
will now analyze the contact distribution function Hz(x, -, A), which provides
geometric information about the grain model. Our analysis will be based on
the (nonnegative) random measures C}F(E, ), j=0,....,d —1, on R x R?
having the intensity measure

AT() == E[C3(E, ).

Here and subsequently the superscript B is omitted.

It is appropriate to describe the aim of the present section. In Theorem 4.1
we will present a basic connection between the weak derivative of the contact
distribution function and the intensity measure ALI of the grain model E.
Later we will consider grain models E which are defined via a random measure
(marked point process) ® on R? x % ¢ with intensity measure «. Under some
natural assumptions on « and the second factorial moment measure a(? of @,
we prove (Theorem 4.16) that for #?-a.e. x € R? and all measurable A ¢ R?
the function (1 — p(x))Hp(x, -, A) is absolutely continuous and we exhibit
its density function explicitly. A similar result (Theorem 4.17) is established
for AT(dx x A). Quite naturally, our results involve the Palm probabilities
of @. Due to Slivnyak’s theorem, the most explicit form of these theorems is
obtained if ® is an (inhomogeneous) Poisson process. The Poisson process is
a very special example of a Gibbs point process, a Cox process, or a Poisson
cluster process. We will discuss these substantially more general cases in the
second part of the section. The main technical problem in each case is to treat
the Palm probabilities and to verify that «(? is absolutely continuous with
respect to a suitable measure.

Let us assume for the moment that the measures Aj(o x R?) are locally
finite. A sufficient condition will be provided in Proposition 4.10. Then, in
particular, we can disintegrate A} ; according to

(4.1) A} 1 (d(z, b)) = #(z, db)A)_,(dz x RY),

where # is a stochastic kernel from R? to R?. We might call # a posi-
tion dependent rose of directions (see [34]) or mean normal distribution (see
[36]) of E.



CONTACT DISTRIBUTIONS 821

THEOREM 4.1. Assume that the measures A}L( xR%), j=0,...,d—1,are
locally finite. Let A C R? be a measurable set. Then

lim /g(x)t_l(l — p(x))Hp(x, t, A)#*(dx)
(4‘2) t—+0
=2 [ g(x)A]_y(dx x A)

holds for any continuous function g: R* — R with compact support.

REMARK 4.2. The assertion of the preceding theorem can be paraphrased
by saying that the measure ¢t~'(1— p(x))H g(x, ¢, A)#?(dx) converges vaguely
to 2A7 (dx x A) as t — +0. The classical Portmanteau theorem then implies
that the conclusion of the theorem still holds for any bounded function g
with compact support for which the set of points of discontinuity of g has
A} (dx x A) measure zero.

PROOF OF THEOREM 4.1. Put §(z,b) :=65(E, 2,b). For0< j <d -1,
W) = /1 {(2,b,3(2, b)) € -} CH(E, d(2, b))
is a random measure on R? x R? x [0, oc]. The intensity measure
A;() = E[P5()]

f)f\lf}r satisfies A ;(- x [0, 00]) = A;(- x (0, 00]) = A7 (-). Further, since A (- x R?)
is locally finite, we can make the disintegration

Aj(d(z,b, p)) = G} (2, d(b, p))Aj(dz x RY),

where Gj is a stochastic kernel from R? to R? x [0, oo]. (In fact, we will only

need G_;.) Since 8(z,b) > 0 for all (2,b) € Np(E), we can assume without
loss of generality that

(4.3) G/ 1(z, A x (0,00]) = #(z, A), z e R,
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Applying Theorem 3.3 and writing a ; := (d — j)b,_j, we obtain for 0 < ¢ <1
that

[ &)1 = p(x)) Hp(x, t, Ay (ds)

— B[ [ e {d() € 0.0} u(@) € A} (d)|
=§ajE[/fg(z+sb)1{s <t,be A, dzb)> s}

x s47771CH(E, d(z, b)) ds}

44 d—2 .
(4.4) :Zaj//g(z+sb)1{sgt,beA}l{p>s}sd*J*1
Jj=0

x A (d(2, b, p)) ds
n ad,lf (g(z+sb)— g(z)1{s<t,be A}
x 1{p > s} Ay 1(d(z, b, p)) ds
tag / / g(2)1{s <t} G}_,(2, A x (s, c0])A}_ (dz x R?) ds
= Ry(t) + Ry(t) + Ry(t).

Write || g[| := max{|g(x)|: x € R}, let U be the (compact) support of g, and
define U := U + B. Then we get

d—2

— 1 ,

IR.()] = X llglla ;AT (U x Rd)—d — jtd_’
J=0

(4.5)
aj 477 v ) .2
d_jAj(leR)>t.

d—2
=< (IIgII >
=0

The finite number in brackets is denoted by c,, for short.

Now, let ¢ > 0 be an arbitrary positive number. Since g is uniformly con-
tinuous, there is some £, € (0, 1] such that |g(z + sb) — g(z)| < ¢ holds for all
s e (0,¢,] and (z, b) € R? x B. Hence we obtain for all ¢ € (0, ¢,] that

t _ —
IRy (t)] < 28/0 /1 {z c U} A (dz x RY)ds = 2eA} (T x RY) .

Since ¢ > 0 was arbitrary, we get

(4.6) lim ¢~ Ry(t)| = 0.
t—+0
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Finally, using (4.3), we have
t t
f G (2, A x (s,00])ds = R(z, A) ¢ —/ Gi (2, A x(0,s])ds
0 0
and
| (F At +
4.7 I/ G, 1(z, A x (0, s])dsl <tG  ,(z, A x(0,1]).
0
Combining the relations (4.4)—(4.7), we obtain that
| [ 8t (1= p) Hp(x, t, A) 7 (dx)
—2 [ g(2)R(z, A)A_ dz x R?
s [ &Rz AN )
<cgt+t T Ry(2) + 2/g(z)G;Ll(z, A x (0, DA} (dz x R?)
< eyt + Y Ry()] + 20l Ag1(U x A x (0, £])
and hence we see that the right-hand side of (4.8) converges to zero as ¢t — +0.

In view of (4.1) this is precisely the desired conclusion. O

REMARK 4.3. Let the assumptions of Theorem 4.1 be satisfied, and assume
that the measure A}, ,(-xR?) is absolutely continuous with respect to #¢ with
density qu- Then Fatou’s lemma implies that

lifrlirgf[t_l(l — p(x))Hp(x,t, A)] < 2X7_1(x)#(x, A)

holds for #?-a.e. x € R%. Note that A ;(x, A) := A} ,(x)#(x, A) is a density
of the measure A} (- x A).

REMARK 4.4. If the assumptions of the preceding remark are fulfilled and
if, in addition, the function

x>t 11— p(x))Hp(x,t, A)

can locally be dominated by a locally integrable function which is independent
of ¢, then we also have

lim sup[t’l(l — p(x))Hp(x,t, A)] = 2X;_1(x)#(x, A)
t—+0

for #%-a.e. x € R?. This follows by another application of Fatou’s lemma.
Hence, in particular, if the contact distribution function is differentiable with
respect to ¢ at t = 40 for #%-a.e. x € R?, then

|
(4.9) i (1— p(x) Hp(x, t, A) = 215, () #(x, A)
lt=+0

holds for #%-a.e. x € RY.

S
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REMARK 4.5. The preceding results are more explicit than might appear
at first glance. In fact, it follows from Proposition 3.10 that

NG =[],

Let A> ™ be the intensity measure of C}F(E, .) if B¢ is the structuring element.
Then, in particular, we have

- 1{(x, Vhz(u)) € -} h(w)C:_1(E, d(x, u))].

B

Ay 1) = [ 1{(x, Vhp(w)) € } hp(u)A ' (d(x, v).

Introducing the Euclidean rose of directions #° as a stochastic kernel from
R? to R? satisfying

A (d(x, w) = #°(x, du)AS (dx x R,
we get
AS (dx x RY) = [/ hg(w) % (x, du)]A;jl(dx x RY).
Hence we may choose % as

Pz, ) = [ [ )2 (. dw)| [1{Vhpu) € ) hp(u)#(x, du).

COROLLARY 4.6. Assume that the measures A}L( xR?), j=0,...,d—1,are
locally finite and that AZ’_+1( - x R?) is absolutely continuous with respect to #?
with density Aj",. Let A C R? be a measurable set. Then

t71(1 — p(x))Hp(x, t, A)x%(dx)

SN 2/\Z’fl(x)/1 {Vhiy(u) € A} hy(u)#°(x, du)#?(dx)
as t — +0, where —> denotes the vague convergence of measures.

REMARK 4.7. Assume that, for P-almost all w € Q, the realization E(w) is
the closure of its interior. Then

2057 (- x RY) = E[#971(9E N )]

is the mean surface measure of E. By Theorem 2.2 in [37], more generally one
has

205 7() = E[#7 7 ({x e reg E: (x, up«(E, x)) € })]

and #?1(dE\regE) = 0.
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REMARK 4.8. Finally, we obtain the following deterministic special cases
of Theorem 4.1.

Let K be in the extended convex ring, let A, C C R? be measurable and
assume that C is bounded. Then

#{x € (K +eB)\K: x € C,u(x) € A})
= 28/1 {x € C,Vhy(u) € A} hy(u)C5_ (K, d(x, u)) + o(¢)
as t — +0, provided that
/1 {x € ICY1{Vhy(u) € A} C5_,(K,d(x,u)) = 0.

Now, let again K be in the extended convex ring and let D c R? x R? be
measurable and bounded in the first component. Then

w10) #?({x € (K + eB)\K: (p(x), u(x)) € D})
4.10
= 28/1 {(x, Vhp(u)) € D} hg(u)Cy_ (K, d(x, u)) + o(s)

as ¢ — +0. To see this one merely has to repeat the proof of Theorem 4.1 with
g(-) replaced by 1{(p(-), u(-)) € D}. The argument then simplifies consider-
ably and works without the additional assumption of continuity for g.

In the remainder of this paper it is often convenient to use the language of
germ-grain models (see [34]). Let ® = {(£,,, Z,,): n € N} be a point process on
R? x %% and set E, := Z, + £, for n € N. If ® satisfies the condition

(4.11) io: 1{(Z,+¢&,)NC #D} <00, P-as.

n=1

for all compact C ¢ R?, then E := |J°°, E,, is P-almost surely a closed set.
Thus any such point process ® defines a grain model Z which is derived from
the point process {=Z,: n € N} on .# <. Conversely, any random closed set = in
the extended convex ring can be derived from a point process {E,: n € N} on
% such that the invariance properties of Z are preserved (see [40]) and from
which we finally obtain a point process ® on R? x ¢ (that is a germ-grain
model) by setting (¢,, Z,) = (¢(E,), E, — ¢(E,)), where c¢(E,) is the “center”
of E,, that is, (for example) the midpoint of the smallest ball containing E,,.
Actually, it is not necessary to assume that (¢,, Z,) # (¢,,, Z,,) for n # m.
Therefore it is better to identify ® with the random measure

o0
D=3 8¢z,

n=1

where 8, ) is the Dirac measure located at (x, K) € R?x .#?. Note that we do
not assume that the convex bodies in the second component have their centers
at the origin. Here and in the following the summation index n formally ranges
from 1 to oo even if the summation is merely from n = 1 to v, where v is a
random variable with values in {0, 1, ..., co}.
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Denote by N’ the set of all (Z* U{oo})-valued measures ¢ on R? x .#? such
that ¢(- x #?) is locally finite and let .#” be the o-field generated by the
vague topology on N’ (see [15]). In the following, we always assume that ® is
given such that:

(Al) ® is a random element of (N, .#").
(A2) For all compact C c R? the condition

/1 {(K+2x)NC # B} d(d(x, K)) <o P-as.

is satisfied.

Let N, denote the set of all ¢ € N’ satisfying ¢({(x, K)}) < 1 for all (x, K). If
P(® € N;) =1, then ® is called simple. Although we will view ® as a random
measure, we will often write ® = {(¢,, Z,): n € N} even if ® is not simple.
The intensity (or mean) measure « of ® is defined as

o) i= E[i 1{(é0. Z,) € -}}.
n=1

We will often assume that the intensity measure o of ® is o-finite. This con-
dition is, for example, satisfied if the intensity measure a(- x #?) of the point
process P(-x #4) =¥ § ¢, 18 o-finite. The second factorial moment measure

@ of ® is defined by

() = B[ [[1{(x1, K1, %2, Ka) € F(@\3(y,, 5,))(d(2, K))P(d(x1, K1)

where ®\§(, ) = ® — 1{P({(x, K)}) > 0} 8, x)- Recall that Etdenotes the
set of all boundary points z € J= for which there is some b € R? with (z, b) €
Ng(E).

The following proposition will be essential for the calculations below. Here
and subsequently we will assume that the structuring element B is smooth
(i.e., has unique support planes). We will comment on this condition in
Remark 4.18.

PROPOSITION 4.9. Let B be smooth, let v be a o-finite measure on %% x R% x
X% and assume that «® is absolutely continuous with respect to the product
measure #°¢ ® v. Then

(4.12) P(E+ = (aEn\EW)) =1,
n=1
where ™ := ;. E;. In particular, for j=0,...,d — 1 we have

(4.13) CH(E.) =Y CiE,, Nn((RN\E™) xRY), Pas.
n=1
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PROOF. The Euclidean case of (4.12) has been proved in [13] (Theorem A.1).
For the sake of completeness we outline the proof in the present more general
setting. The inclusion

(4.14) =+ 5 |J(9E,\E™)

neN

is always true. Hence, if equality fails to hold in (4.14), then there is some
z € J=, NJE,,, m # n, and some b € R? such that (z,b) € Ng(E). The latter
condition implies that there is some & > 0 with [(z+&b)+eB]NE = {z}. Since
B is smooth, it follows that z € F(E,, u) N F(E,,, u), where —u € S?1 is the
uniquely determined (Euclidean) exterior unit normal vector of (z + £b) + ¢B
at z and the support sets F(E,, u) are defined as in [28] (see also Section 2).
This shows that

fn - gm € A(Zm’ Zn) = U [F(Zm’u)+F(_Zn7_u)]

ueSd-1

It was proved in [13] (Theorem A.1) that #%(A(Z,,, Z,)) = 0. Therefore,
by essentially the same argument as in [13], we obtain P(E™ # U5—;(dE,\
Z()) = 0, which establishes the first assertion. The second assertion then is
implied by Corollary 3.5. O

In the following, we will frequently assume that the intensity measure « of
® can be represented in the form

(4.15) a(d(x, K)) = f(x, K)#%(dx)Qy(dK),

where f: R? x #? — [0, o) is a measurable function and @, is a probability
measure on %%, Sometimes we will have to assume that

(4.16) /1{(K+z)mc + &Y a(d(2, K)) < 0
for all compact C ¢ R?.

PROPOSITION 4.10. Assume that condition (4.15) is satisfied. Let A C R? be
measurable. Then, for j=0,...,d —1, Aj( x A) and

n=1
are absolutely continuous. The density A j(x, A) of the measure in (4.17) fulfills

A(x, A) = // f(x — 2, K)C;(K,dz x A)Qy(dK).

If, in addition, (4.16) is satisfied, then both measures are locally finite.
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PrOOF. Fallert [5] has proved in the Euclidean case that the measure given
in (4.17) is absolutely continuous and he has also determined the density.
Moreover, he has proved that the additional assumption (4.16) implies that
this measure is locally finite. The corresponding statements in the present
more general setting of Minkowski geometry and for general sets A can be
proved similarly. The only change which is required concerns the constant
appearing in Lemma 2.1 of [5]. Using (3.5) and the notation of the proof for
Theorem 3.3, we get

CH(E,) =Y. C;(E;, N NR(E)) < Y Cy(E;, )
1eN ieN
Hence, it is also true that A* (- x A) is absolutely continuous. Moreover, A;(- X
A) is locally finite under the additional assumption (4.16). O

If ® is a Poisson process, then we can compute A;f quite easily as the next
proposition shows. Clearly, a proof of Proposition 4.11 could also be obtained
from the more general Theorem 4.17 below and by an application of Slivnyak’s
theorem.

PROPOSITION 4.11. Let B be smooth. Assume that ® is a Poisson process
with an intensity measure a of the form (4.15). Let j € {0,...,d — 1}, and let
A c R? be measurable. Then Aj( x A) is absolutely continuous with density
/\jgz,lz%) = (1 — p(x))Aj(x, A), where A;(-, A) is the density of the measure
in (4.17).

PROOF. We use the equation
E[ [1{(®\3,, ), . K) € -} (d(x, K))]

= E[[1{(®,x. K) € }ald(x, K)))]

which is characteristic for the Poisson process; see [23]. In particular, it follows
that «® = a ® a so that Proposition 4.9 is applicable. Representing = as a
measurable function 7(®) such that E(® = T(P\o,, z,))>n € N, we obtain
from (4.13) that

(4.18)

At = E[i /1{(2, bye}1 {z ¢ E(”)] C;(E,, d(z, b))}
n=1

= E|[[1{(z.0) € }1{z ¢ E} C (K + y. d(z, b)a(d(y. K))
= [[[14Gz+y.8) € } (1= Bz + 9)C (K, d(2, b))
x f(y, K)#(dy)Qo(dK)
= [[[14(x.8) € } (1 = p(0))f (x — 2, K)C (K, d(z, b)) 7" (dx) Qo(dK).
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This proves the first assertion. The second assertion is then implied by
Proposition 4.10 and the first assertion. O

REMARK 4.12. In a Euclidean setting and under the assumption that ®
is a Poisson process which satisfies conditions (4.15) and (4.16), Fallert has
proved that the measures E[C ;(E, - x R%)], j=0,...,d — 1, are locally finite
and absolutely continuous. He also determined the corresponding densities
D ;(-) explicitly. In this situation and for j = d — 1, one can easily check that
Dy 1(x) = A} _;(x) holds for #“-a.e. x € R?. This is not surprising, since
Cy1(E,-)=CJ_,(E,-) according to Theorem 3.9.

By saying that ® is an independently marked point process we mean that
®(-x #?) and (Z,,) are independent and that the Z,, n € N, are independent
with distribution @,. As usual we call @, the distribution of a typical grain. If,
for instance, ®(- x #?) is a Poisson process with intensity measure o/, then ®
is also Poisson with intensity measure o’ ® Q. In this case we can compute the
contact distribution function H g(x, t) rather explicitly. In fact, we can even
treat the following much more general situation.

PROPOSITION 4.13. Assume that ® is a Poisson process with an intensity
measure « of the form (4.15). Then the contact distribution function Hg(x, -)
is for all x € R? absolutely continuous and we have

t
Hyg(x,t) = 1—exp[—/ pB(x,s)ds], t>0,
0
where

pp(x,8) =2 [[ f(x = y, K)Cys(K + tB, dy x R")Qo(dK).

ProOOF. Following Heinrich [12] we first show that each bounded set is
almost surely hit by only a finite number of the grains E, if and only if
(4.16) is satisfied for each compact C c R?. We start with observing that
B := a(- x #?) is locally finite, since ® is a Poisson process which takes val-
ues in N'. Moreover, (4.15) shows that 8 is diffuse, and hence ¥ := ®(- x %)
and ® = {(¢,, Z,): n € N} are simple point processes. We write a(d(x, K)) =
y(x, dK)B(dx), where B(dx) = [f(x, K)Qo(dK)#?(dx) and y(x,dK) is
determined for B-a.e. x € R?. By a fundamental property of marked Poisson
processes (see Section 5.2 in [18]) we get that given ¥ the random variables Z,
are conditionally independent and P(Z, < |¥) = y(¢,,-) P-a.s. Let C c R?

be compact. Then (4.11) is equivalent to

P(i 1{(Z,+&)NC#D} < oo|‘lf> =1, P-as.

n=1

By a Borel-Cantelli type argument we can conclude that this holds precisely if

iP((Zn+§n)ﬂC;é®|\If)<oo, P-a.s.;

n=1
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that is, if and only if
/ 1{(K +x)NC # @} y(x, dK)¥(dx) < 0o, P-as.

Using the special form of the characteristic functional for the Poisson process
V¥, we see that the last condition yields that

/(1 - exp{—/1{(K +x)NC # B} y(x, dK)})B(dx) < 0.

An application of the inequality 1 — e * > x/2, x € [0, 1], then implies (4.16).
The reverse implication is obviously true.
Now take a compact C c R?. It is well known and easy to prove (see [34]
for the stationary case) that

~ImP(ENC =)= [[1{(K+y)NC£B} f(y, K)Qu(dK)#"(dy)

= [[1]y e+ | F(5, K)Qu(dK) 7" (dy).
Hence we obtain for all x € R? and any fixed ¢ > 0 that
—InP(d(x) >t)=—-InP(EN(x +¢B) =J)

= //1 {y eK+(x+ tB)} f(y, K)Qo(dK)#(dy)
= [[1{y e (K —x)+ B f(~y, K)7"(dy)Q(dK)
- // f(=y, K)1{y € K — x} #%(dy)Qo(dK)

+2 [[[1{s =t} f(x - 5. K)

x Cy (K +sB,dy x R?) dsQy(dK),
where we have used Corollary 2.6. Relation (4.16) yields as a by-product that,
for t > 0, P(d(x) > t) > 0 and, in particular, P(d(x) > 0) = 1 — p(x) > 0.
Letting ¢t = 0, we see that the first term in the last sum equals —In P(d(x) >
0) =In(1 — p(x)). Because

P(d(x) > t) = (1 - p(x)) — (1 — p(x))Hp(x, ?),
this completes the proof. O

REMARK 4.14. An alternative expression for pp defined in Proposition 4.13
is
d-1

(4.19) pp(x,) = Y (d = j)bg_jt" 7 [[ Flx— 2 1b, K)
. Z

x Ci(K,d(z,0)Qy(dK).
This can be deduced from Theorem 2.5.



CONTACT DISTRIBUTIONS 831

REMARK 4.15. Let the assumptions of Proposition 4.13 be satisfied and
assume moreover that f(-, K) is continuous for Q,-a.e. K and that f is
bounded. Then it follows that pg(x,-) is continuous on [0, c0), provided we
impose the integrability conditions

(4.20) fcj(K, R x RY)Qy(dK) <00,  j=0,...,d—1.

Alternatively, this condition can be expressed in terms of an integrability
condition for Euclidean quermass-integrals (or intrinsic volumes). Hence
Hp(x, -) is differentiable in this case and in particular we have

1%

= Hp(e ) =2 [[ f(x =y, K)Cq 1(K. dy x RY)Qo(dK).

t=+0

If we merely assume that for @y-a.e. K € %% the set of points of discontinuity
of f(-, K) has #? measure zero, then the preceding equation still holds for
#%-a.e. x € R%. This is in accordance with Theorem 4.1 and Proposition 4.11.

In the general case it is difficult to treat the contact distribution function
explicitly. However, under rather weak assumptions, we are still able to prove
absolute continuity and to derive an expression for the density. The appropri-
ate tool for formulating and proving the corresponding result are the Palm
probabilities {P, g: (x, K) € R? x %} of ®. Their definition requires that
the intensity measure « of ® is o-finite, which is assumed from now on. Then
(x, K) > P, g)(A)is for all A €.7 a Radon-Nikodym derivative of the mea-
sure E[1,®(-)] with respect to «. It is easy to see that this definition entails
that

f/ H(w, x, K)P(w, d(x, K))P(dw) = f/ H(w, x, K) P, gy(dw)a(d(x, K)),

where H: O x R? x % — [0, o] is an arbitrary measurable function. Spe-
cial cases of this equation will be used several times subsequently. As in
Kallenberg ([15], page 84) we can assume without restricting generality that
(x, K) = P(, k() is a stochastic kernel, since all of our random elements
take their values in Polish spaces. Moreover, by Lemma 10.2 in [15] we can
also assume that P, g)(P({(x, K)}) > 1) =1 for all (x, K). If ® is a simple
point process, then P, g)(A) can be interpreted as the conditional probabil-
ity of A given that ®({(x, K)}) = 1. The distance d(x) and other quantities
which are used below depend on ®. In order to make this dependence explicit
we sometimes write, for example, d(T(P), x) or simply d(P, x).

THEOREM 4.16. Let the assumptions of Proposition 4.9 be satisfied and
assume also that « is of the form (4.15). Let A Cc R? be measurable. Then
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(1— p(x))Hpg(x, -, A) is for #%-a.e. x € R? absolutely continuous with density

d-1 .
t> > (d— j)bg_jtii™ //

Jj=0
X (d(q)\‘s(xfzftb, K)> x) > t)l {b € A}
x f(x — 2 — tb, K)C (K, d(2, b)) Qo(dK).

(4.21)

PrOOF. For any measurable function # : N’ — R (cf. the definitions before
Proposition 4.11) we write E, ) [h(®)] := E,, g)[M(P\8,, k)], where E, g,
denotes expectation with respect to P, g). Then we have

E[ / AP\ . x> %, K)D(d(x, K))]
(4.22)
= [[ Bl 1[h(@, x, K)f (x, K)o (dx)Qo(dK)
for all measurable functions A. Let g: RY — [0, co] be measurable. By
Theorem 3.3, Proposition 4.9, using the same abbreviations as in the proof
of Theorem 4.1, employing the map T defined in the proof of Proposition 4.11

and tacitly using Fubini’s theorem (which is possible because of Lemma 3.11
and Corollary 3.14) we obtain

[ &)1 = B(x)) Hp(x, t, A (dx)
= [ Elg(o)1{x ¢ 5, d(x) < t, u(x) € A}}#(dx)
- E[/ g(0)1{x ¢ 5, d(x) < t,u(x) € A}%d(dx)]
d-1
- ZaJ-E[/ g(z+sb)1{8(E, 2,b) > s 1{s <t,b e A}
j=0
x s7I71CY(8, d(z, b)) ds]
d-1 00 - —n
= J;OaJ-ELX_:I//g(z—i—sb)l{s <t,be A}s?i 11 [z ¢ B )}
x 1{8(E, z,b) > s} C;(E,, d(z, b))ds}

d-1
=> aJ-E[/f/ g(z+sb)1{s<t}1{bec A}s? 11 {z ¢ T(P\S,, )}
j=0

x 1{8(T(®), z,b) > s} C (K + y, d(2, b)) ds D(d(y, K))].
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For (z,0) € Ng(K + y) and ®({(y, K)}) > 0 we have
z¢ T(P\(, x)) and &(T(P),z,b)>s
if and only if
d(T(P\d(y, k)), 2 + sb) > s.

In view of (4.22) the preceding chain of equalities can be continued with

x L{d(T(®\5,, k), 2+ sb) > s} C (K + y, d(2, b)) ds)

x ©(d(y, K))]
=S i, [[ B o [[ ete+ b1 s < 41 {p e Apst
Jj=0

x 1{d(T(®), z + sb) > s} C (K + y, d(z, b))ds]
x f(y, K)#*(dy)Qo(dK)
= [[ Bl 10| [ 8)1{0 < dp(K + y, %) < t,up(K + y, ) € A}
x 1{d(T(®), x) > dp(K + v, x)};fd(dx)]
x f(y, K)#*(dy)Qo(dK)
= [ g [[ B, 1 [1{AT(®), x) > dp(K + 3, )}]
x 140 < dp(K + y,x) < t, up(K + y, x) € A}
x (v, K)#(dy)Qo(dK) | #(dx).

Since g: R? — [0, oo] was arbitrarily chosen, we obtain for #?-a.e. x € R?
that

(1= p)Hp(x,t, A) = [[ Bl o[1{d(T(®), x) > dp(K + y, 2)}]
x 1{0 < dg(K + y, x)}
< t,up(K +y,x) € Af(y, K)#(dy) Qo(d K).

Using for all x, y € R? and all convex K the easy to check relations

dB(K+y7x):dB(K_x> _y) and uB(K+y7x)=uB(K_x7_y)
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as well as the change of variables y — —y, we can continue with
- // B, g[1{d(T(®), x) > dp(K — x, y)}]

x1{0 <dg(K —x,y) <t,up(K —x,y) € A} f(—y, K)#*(dy)Qy(dK)
d-1
=Y a; [[[ Bl 4.0 [1{d(T(®), x) > 5}]
Jj=0
x1{s<t}1{be A}s* /" f(—z—sb, K)C (K — x,d(2,b))ds Qy(dK)

_ d;:aj [[] Bl 14T (@), 2) > 5}]

x1{s < t}1{b e A}s* " f(x — z — sb, K)C (K, d(2, b)) Qo(d K) ds.

This proves the absolute continuity while the asserted form (4.21) of the den-
sity follows directly from the definition of the expectation E!(xfzfsb’ K(). O

A similar argument will be used to determine explicit expressions for the
densities of the intensity measures A;(~ x A) for measurable sets A C R?.

THEOREM 4.17. Let the assumptions of Proposition 4.9 be satisfied and
assume also that « is of the form (4.15). Let A c R be measurable. Then
A}“( x A), j=0,...,d—1, is absolutely continuous with density

i, A) = [[ P i (A@\3(o 1), %) > 0)
x f(x — 2z, K)C (K, dz x A)Qy(dK).

PrROOF. Similarly as in the proof for Theorem 4.16 we obtain that
AS() = E[Z [1iz by e y1{z¢ M) C)(E, de, b))}
n=1

- //E’(x,K)[/l{(z, b)e }1{z ¢ E}C,(K +x,d(z, b))]
x f(x, K)#*(dx)Qy(dK)

which yields the result after the change of variables x + z+> y. O

REMARK 4.18. In the preceding two theorems we have assumed that B is
smooth. This assumption implies that only the first term of the expansion in
Theorem 3.4 needs to be taken into account. The case of a general strictly con-
vex body B can be treated by considering additional terms in this expansion.
This requires the use of multivariate Palm probability measures as defined
in [15].
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REMARK 4.19. The previous result suggests taking another look at
Theorem 4.1 and the subsequent discussion. Passing to the limit in (4.21)
as ¢t - +0 in an informal way, yields indeed 21} ;(x)#(x, A). A formal jus-
tification of this convergence requires some additional assumptions such as
absolute continuity of the Palm distributions and boundedness and continuity
conditions on the densities. Rather than formulating a general theorem, we
shall discuss this below by means of examples.

REMARK 4.20. In the proofs and statements of Theorems 4.16 and 4.17,
effectively one merely uses the reduced Palm distributions Qéx, K)() =
P k) (®P\S(, k) € ) and not the Palm probabilities themselves. They satisfy
the equation

E[ [ 1{(@\b(., k), % K) € -} (d(x, K))]

= f/l{(% x, K) €} Q, k)(de)(d(x, K)).

Although these distributions are only unique a-almost everywhere, one can
use any version of them in Theorems 4.16 and 4.17.

In the remainder of this section we discuss some special cases of the preced-
ing two results. First, we consider a Gibbs process ®. Such a point process is
a natural generalization of a Poisson process and can conveniently be defined
by the equation

E[/l {(@\8(x, k), *, K) € -} (d(x, K))]

_ E[f/1 {(®@, x, K) € -} AN, x, K);fd(dx)QO(dK)],

(4.23)

where A is a nonnegative measurable function and @ is a probability measure
on .#¢. This is an integral definition of a Gibbs process with state space R% x
X% and local energy function —In A. We refer to Kallenberg [15] (see also [34])
for an extensive discussion of the point process approach to Gibbs processes.
The intensity measure of ® is given by a(d(x, K)) = f(x, K)#%(dx)Q,(dK),
where f(x, K) := E[M®, x, K)]. We assume that these expectations are finite.
Our first result on Gibbs processes generalizes Proposition 4.11.

PROPOSITION 4.21. Assume that B is smooth and let ® be a Gibbs process
with local energy function —In A as described above. Then Aj( x A), j =

0,...,d — 1, is for all measurable A c R? absolutely continuous with density
N, A) = [N, x - y, K)C{(K, dy x A)Q,(dK),

where

Mx,y, K):=E[1{x ¢ E} (D, y,K)], x,yeR%
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PrOOF. Equation (4.23) easily implies that «® is absolutely continuous
with respect to #¢ ® Q) ® #¢ ® @, with density

(x1, K1, x9, Kg) = E[MP + Oy, k) X1, K1)MP, x5, K3)].

Therefore the assumptions of Proposition 4.9 are satisfied. Furthermore, note
that as a consequence of (4.23) we have

(4.24) Pl k)(P\S(p ) €)= f(x, K) 'E[1{® € } NP, x, K)]

for a-a.e. (x, K). In view of Theorem 4.17 and Remark 4.20 this yields the
result. O

Having identified the density in Theorem 4.17 for Gibbs processes, we now
show how Theorem 4.16 can be specified for such processes. Subsequently, we
will only consider contact distribution functions, but intensity measures can
be treated similarly.

PROPOSITION 4.22. Let the assumptions of Proposition 4.21 be satisfied and
let A C R? be measurable. Then (1 — p(x))Hpg(x, -, A) is for #%-a.e. x € R?
absolutely continuous with density

d-1
te> Y (d— j)bg it
j=0

(4.25)
x // E[1{d(x) > t} A(®, x — z — tb, K)]

x 1{b e A}C (K, d(z,b))Qo(dK).

The proof follows from Theorem 4.16 in the same way as Proposition 4.21
was deduced from Theorem 4.17.
Now we generalize the result in Remark 4.15.

PROPOSITION 4.23. Let the assumptions of Proposition 4.21 be satisfied and
assume moreover that A is bounded, that the set of points of discontinuity of
e, -, K) has #? measure zero for (P(® € ) ® Qy)-a.e. (¢, K), and that
(4.20) is satisfied. Let A C R? be measurable. Then (1 — p(x))Hg(x,t, A) is
differentiable at t = +0 for #%-a.e. x € R% and the derivative satisfies

T (= p(x)Hplx, t, A) = 2 [[ (w2 — 2, K)Cay (K, dz x A)Qy(dK).

Itl_to

PROOF. By Fubini’s theorem, for #%-a.e. x € R?, and for P(® € ) ®
Ci (K, )® Qp-ae. (¢, 2,b, K), x — zis not a point of discontinuity of A(¢p, -,
K). Fix any such x € R?. By Proposition 4.22 it suffices to show that then the
sum in (4.25) tends to the right-hand side of the asserted equality as ¢ — +0.
The boundedness of A and the integrability assumption (4.20) imply that the
Jjth integrand in the sum (4.25) is dominated by a function that is independent
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of ¢t and integrable with respect to the measure P(dw)C ;(K, d(z, b))Q,(dK).
By the dominated convergence theorem it suffices to show that for C; (K, -)-
a.e. (z,b) e R? x R%, and for Qy-a.e. K € #? we have

1{d(x) >t} M P, x—2z—tb,K) > 1{x ¢ E} M(P,x — 2, K), P-as.

as t — +0. If x € £, then the above limit is indeed 0. If x ¢ =, then the above
convergence is implied by the continuity property of A. Hence the result is
proved. O

Our next example concerns the class of Cox processes, that is, Poisson pro-
cesses with a random intensity measure 7 (see, e.g., [15]). Formally, we intro-
duce 7 as a random element of the measurable space (M, .#"), where M’ is the
set of all measures u on R? x .#¢ such that u(- x #?) is locally finite and .#’ is
the o-field generated by the vague topology. We let P, denote the distribution
of a Poisson process with intensity measure u € M'. Then ® is a Cox process
directed by the random measure 7 if P(® € -|n) = P,(-) P-a.s. In this case 7
and ® have the same intensity measure «(-) = E[n(-)]. If the latter is o-finite,
then we can introduce the Palm distributions V, g, (x, K) € R? x 9, of n

as a stochastic kernel from R? x %% to M’ satisfying

E[[1{(n, % K) e }n(d(x, K)|= [[1{(s, , K) e} V(. g (dmald(x, K)).

If n is deterministic, that is, n = a, then ® is a Poisson process and V , x) = 3,
for a-a.e. (x, K). In the following theorem we choose a random measure 7 such
that:

1. The intensity measure « of 7 is o-finite.

2. The second moment measure E [n®n]is absolutely continuous with respect
to the product measure #¢ ® Q, ® #¢ ® Q,, where @, is a probability
measure on %%,

For example, we can choose a random measure n(w, d(x, K)) = {(w, x, K) x
#%(dx)Qy(dK) with a nonnegative measurable function ¢ such that
E[{(-, x, K)] < oo for all (x, K) and n(w) € M’ for all w € Q.

PROPOSITION 4.24. Assume that B is smooth and let ® be a Cox process
directed by a random measure m as described above. Then the intensity mea-
sure a of ® can be represented as in (4.15). Let A C R? be measurable. Then
(1— p(x))Hpg(x, -, A) is for #%-a.e. x € R? absolutely continuous with density

d-1

t> > (d— j)bg_jtt /™
Jj=0

(4.26)
% ///[/1 {d(g, x) > t} Pu(d‘»")] Viaezm, k) (A1)
x1{b € A} f(x — 2= tb, K)C,;(K. d(2,5))Qo(dK),

wherethe V , g, (x, K) € R x %%, are a version of the Palm distributions of 7.
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PROOF. The second factorial moment measure of a Poisson process with
intensity measure ' equals @ ® «'. Hence we have o?(-) = E[(n ® 1)(-)].
According to the assumption (2), «? is absolutely continuous with respect
to /7 ® Q) ® #% ® Q,. Assumption 2 also implies that « satisfies condition
(4.15). Thus we can apply Theorem 4.16. But (4.18) and the definition of a Cox
process easily yield that

Qéx, ()= /P,L(')V(x, ry(dw), (x, K) e R? x x9,

defines a version of the reduced Palm distributions of ® (see Remark 4.20).
Substituting this into (4.21) completes the proof of the result. O

ExAMPLE 4.25. For mixed Poisson processes, that is, if we choose the ran-
dom measure n(o, d(x, K)) = {(0)f(x, K)#%(dx)Q,(dK) with nonnegative
measurable functions £ and f, a probability measure @, on .#%, and under
the assumption E[{] < oo, the preceding proposition simplifies considerably.
Indeed, the density is given by

d—1
t> > (d— j)bg_jtii™
j=0
< [[[[[14d(e, %) > 1} Paa(de)|A\P(£ € d2)
x 1{be A} f(x — z — tb, K)C ;(K, d(2, b)) Qo(dK),

where @(d(x, K)) = f(x, K)#%dx)Q,(dK). In particular, the integral in
brackets can be further simplified with the help of Proposition 4.13.

(4.27)

The previous results contain an interesting generalization of Proposi-
tion 4.13.

PROPOSITION 4.26. Assume that B is smooth. Let ® be a Poisson process
with intensity measure « of the form (4.15), and let A c R? be measurable.
Then Hg(x, -, A) is for #%-a.e. x € R? absolutely continuous and the density
t— hp(x,t, A) satisfies

d-1 '
hp(x,t, A) = Y (d — j)ba_;tI71(1 — H(x, 1))
j=0
(4.28)
x/ 1{bec A} f(x—z—tb, K)

x C (K, d(z, b)) Qo(dK).

Proor. Taking into account that P(d(x) > ¢) = (1— p(x))(1— Hg(x, t)) >
0, we can use (4.25) with M(®, y, K) = f(y, K) to obtain the assertion. Of
course, one could infer the result directly from Theorem 4.16 or from
Proposition 4.24. O
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In our final example we assume that the point process ¥ := 77,5, is a
Poisson cluster process (see, e.g., [22, 15, 34]). To introduce such processes we
let N denote the set of all locally finite (Z* U {oo})-valued measures ¢y on R¢
equipped with the Borel o-field .#” generated by the vague topology. A Poisson
cluster process (or infinitely d1v151b1e) point process V is then completely char-
acterized by its KLM-measure P. This is a measure on N with P({O}) =0(0
is the zero measure) and [ 1{y(C) > 0} P(d([/) < oo for all compact C c R?. If
such a measure is given and if I1 is a Poisson process on N with intensity mea-
sure 13, then ¥ = [yII(dy) is a Poisson cluster process with KLM-measure
P. Note that V¥ is a Poisson process if and only if P is concentrated on the
Dirac measures, that is, ﬁ({(p: #(R?) # 1}) = 0. If the intensity measure
B(:):=E[¥Y()]=[ l,ll(-)ﬁ(dl,ll) of ¥ is o-finite, then we can define a stochastic
kernel x — P_(-) from R? to N by requiring that

14w, %) € Yudn) Paw) = [[14(y, %) € } Po(dp)B (dx).

The probability measures ﬁx, x € R%, are the Palm distributions of P. Below
we will assume that ® is an independent marking of ¥, where @, is the dis-
tribution of the typical grain. For a given ¢y =_, 5, € N we let I'(¢, -) denote
the distribution of the point process }, §(, 7 ), where the Z, are indepen-

dent with distribution @,. The reduced Palm distributions of P are defined
by Py(-) = [1{y\5, € -} P,(d). Finally, we denote by &() := [ w(-)P(dy)
the intensity measure of P'.

In the following theorem we will have to impose the assumption p(x) < 1.
According to (2.6) in [12], for any compact set C c R, we have the relation

P(ENC=9)=
4.29 ~
(4.29) exp{— /(1 — [1 PA(Zy+x)nC = @)M{x})) P(d¢:)}
xeRd
with the convention 0° := 1. This equation can be used for calculating the

distribution functions H g(x, t). However, it does not seem to be possible to
deduce P(ENC = @) > 0, say for C = {x,} and x, € R, from (4.11) alone.
A simple sufficient condition yielding P(E N C = &) > 0 for a compact set
C cR?is

(4.30) / P((Zy + x) N C # D)B(dx) < co.
This can be inferred from an application of the estimate

1- [ P((Zo+x)NC =@)"D < /P((z0 +x)NC # D)p(dx)
xeRd
to (4.29). Formally, (4.30) corresponds to the condition which one encounters
for a Poisson process ¥ with intensity measure B. The stationary Euclidean
special case of our next result is discussed in [19].
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PROPOSITION 4.27. Assume that B is smooth and let ® be an independent

marking of a Poisson cluster process V with KLM-measure P. Assume that the
intensity measure B of V is absolutely continuous with density f and that &,
is for B-a.e. x € R? absolutely continuous with respect to a o-finite measure
on Re. Let A c R? be measurable. Then, for #%-a.e. x € R? with p(x) < 1,
Hp(x, -, A) is absolutely continuous and the density t — hg(x,t, A) satisfies

d-1
hB(x7 Z A) = Z(d - j)bdfjtd_j_l(l - HB(x7 t))

J=0

<E| [| [[1{d(e.x) > T, de) P, (dw)]
x f(x—z—tb)1{b e A} C;(Z,,d(z, b))],

(4.31)

where Z is a random convex body with the distribution of the typical grain.

PrROOF. The crucial property of a Poisson cluster process we shall use
here is

(432) P (W\3, €)= [[1{yy+ 1y € } PLldyy) P(V € dify),
for B-a.e. x € R? (see Lemma 10.6 in [15]). Here P, x € R?, are the Palm prob-

abilities of ¥ which are defined similarly as P, k). (Note that 8 is o-finite).

In particular, we obtain for the second factorial moment measure 8 of ¥
(defined similarly as a(?) that for all measurable A;, A, C R? the relationship

BP(A; x Ay) = (B®B)(A; x Ap) + fd!xl(AQ)l {x, € Ay} B(dxy)

is satisfied. Since 8 and &, are absolutely continuous and since it is easy to
check from the definitions and from the assumption that ® is an independent
marking of ¥ that

a(z)(d(xb Ky, %y, Ky)) = .3(2)(d(x1, %9))Qo(dK1)Qo(dK)),

Proposition 4.9 applies. Because ® is an independent marking of ¥ it also
follows that « = B ® @, and furthermore it can easily be proved that

Py 1) (P\8(y, k) € ) = [[1{g € FT(1\8,, de)P,(¥ € d)

for a-a.e. (y, K). The definition of I' implies

[1{e € }T(1 + . de) = [[ 1{e1+ ¢5 € } (1, de)T (¥, depy).
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Using the latter two relationships and (4.32), we obtain for all £ > 0, x € R¢
and a-a.e. (y, K) that

Py, ) (d(@\5 ), %) > 1)
= [[[14d(e, ) > T (W1 + Yo, d) P(¥ € diry) P',(dup)
= [[[[14d(er, ) > £} 1{d(¢a, %) > 1T (01, deoy)
x T(g, deg) P(V € diy) P (dyy)

= P(d(x) > 1) [[ 1{d(¢, ) > t}T(w, dg) P',(d),
where we have also used that
1{d(¢1 + ¢2, %) > t} = 1{d(¢1, %) > } 1{d(¢p, %) > }.
Substituting this result into (4.21) we obtain the asserted formula. O

EXAMPLE 4.28. In this example we give a more specific discussion of the
previous result. First, we introduce a Poisson cluster process in a more tra-
ditional way using a Poisson process ¥, of parent points. Each point x € ¥,
generates another point process (cluster) with distribution «(x, -). For given
W, these clusters are independent. The Poisson cluster process ¥ is then
defined as the union of all clusters (see [22]). In fact, each infinitely divisible
point process can be represented this way. Let us assume that the intensity
measure of ¥, is absolutely continuous with density f,. To ensure that ¥ is
indeed well defined we have to assume that x — «(x, -) is a stochastic kernel
satisfying

[ (x, {: (€)= OF (x)#(dx) < o
for all compact C ¢ R?. The KLM-measure P is then given by the formula

By = [ k(x, \{ODF () #(dx).

We are now going to make some additional assumptions. First, we assume
that the mean numbers of cluster points

M) = [ WO dy), xR,
satisfy
Aa(x, ) = [ falx, )14y € 7 (dy),

for some measurable f: R? x R? — [0, o). The intensity measure S of ¥ is
then given by B(dx) = f(x)#?(dx), where

Fx) = [ £ faly, x)7(dy)
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is assumed to be finite for all x € R%. Further, we assume that « is of the form
K(x,) = [1{T € }g(x, p)u(dy), xR,

where g: R? x N — [0, c0) is measurable, u is a probability measure on N
and T,y is the measure (- + x). The special case g = 1 corresponds to
homogeneous clustering. Let h: R? — [0, co) be measurable. A straightforward
calculation yields that

P.(y=1f@) [[1{T o €} Fo(x—)e(x—y, )pdyu(dy), xR,

is one possible choice of the Palm probabilities ﬁx, x € R?. In particular, it
follows for B-a.e. x € R? that &, is absolutely continuous with respect to the
measure

J[[ 14z +x = y € 2 @\8,)(d2)p(dy)(dw),

which we assume to be o-finite. If, for instance, the second reduced moment
measure of u is absolutely continuous with respect to #¢ @ #¢, then &, is
even absolutely continuous for B-a.e. x € R?. One possible choice of u suitable
for applications is the distribution of a Poisson process with o-finite and abso-
lutely continuous intensity measure. In view of Proposition 4.27 we finally
compute, for #?-a.e. x € R? for which p(x) < 1,

Fx—z—1b) [[1{d(¢, x) > t} T, de)P.__y(di)

= [[[ AT i 0. %) > ] TS, d)f p(x — 2 — th— y)
x g(x — 2z —tb—y, y)P(dy)(dy)

= [[[14d(e, y + 2+ tb) > 1T (\8,, de)f p(x — 2 — tb — )
x g(x —z—tb—y, P)P(dy)(dy).

Assuming that f, and g are bounded and continuous and that u has finite
intensity measure, we see that the last expression converges to

[[[11d(e, v +2) > 0}T(\S,, de)f ,(x — 2 = ¥)g(x — z = y, ¥)i(dy)n(dv)

as t — +0. This has been announced in Remark 4.19.

5. Stationary grain models. In this section we assume that the grain
model E is stationary, that is, that the distribution of 2 + x is the same for all
x € R%. We find it convenient (see [24]) to express stationarity in terms of an
abstract measurable flow 6: R? x ) — Q for which the bijections 6,: Q — Q,
x € R?, defined by 6,(-) := 6(x, -), satisfy the flow property 6, o 6, = 0,., for
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all x, y € R%. We then assume that the probability measure P is invariant
under all 6, and that

E(w) —x = E(0,w), x € R

The invariance property (2.3), which is also enjoyed by the additive extensions
of the support measures, implies that the random measures C;T(E, Y, J =
0,...,d — 1, inherit stationarity from =; that is,

+ = _ Nt =
(5.1) C7(E(w),(A+x)x C)=Cj(E(0,0), A xC),
for all measurable A, C c R?. In particular it follows that the intensity mea-

sures A} are of product form if AT (- x R?) is locally finite. Assuming that the
intensity

AV = E[CT(E,[0,1]¢ x RY)]
is finite, we have
+ + opd
A7 (d(x, b)) = A; #(dx)#;(dD),
where #; is a probability measure on R<. In fact, we find that
=1 A+ d
g;() = ()\j) Aj([07 1] %)

if /\;-r > 0. Note that # := #,;_; is the rose of directions introduced in the
previous section. Due to stationarity, the volume fraction p := P(x € E) and
the contact distribution function

Hp(t, A) = P(d(x) < t, u(x) € Alx ¢ E)

are independent of x for all measurable A c R?. Therefore, in the present
stationary situation Corollary 4.6 implies that

1% _ s, s
2| (- Dp)Hz(t 4)= 205 / 1{Vhp(u) € A} hp(u)Ry_,(du).
t=+0
Our next aim is to introduce stochastic kernels «;, j =0,...,d — 1, from
Q x R? to R? satisfying
+= _ += d
(5.2) C;(E,d(z,b)) = kj(z,db)C(E,dz x RY), P-as.

and being stationary in the sense that
(5.3) Kj(w,2,)=k;(0,0,0,), (w,2)eQ xR

To reach that goal we take a measurable set D ¢ R? with positive and finite
volume. By (5.1) and the assumption of invariance,

Q)= Sapy [[ 14z € DY {00 € )

x CH(E(w), d(z, b)) P(dw)

(5.4)



844 D. HUG AND G. LAST

defines a measure on () x R? which is independent of D. In the terminology of
Mecke [23], @ ;(- x A) is the Palm measure of the stationary random measure

C}F(E, -x A), where A ¢ R? is measurable. If /\j > 0, then
. -1 d
P;(-):=(A)7'Q;(- x RY)

is the Palm probability of C;-’(E, -x R?). Just for completeness we define P ji=
P if )\}“ = 0. As in [34] we might interpret P; as a conditional probability
measure given that 0 is a typical point of C;-F(E, -x R?). Equation (5.4) implies
the refined Campbell theorem

[[14(0,b,2) € } @ (d(w, b)) #*(dx)

- //1{(@@, b, 2) € -} CH(E(w), d(2, b)) P(dw).

(5.5)

Next we introduce a stochastic kernel «; from () to R< by disintegrating @ j
according to

Q;(d(w, b)) =k ;(w,db)Q j(dw x R%).
The definition « (w, 2, -) = k;(0,0, ), (0,2) € Q x R?, yields a kernel with
the property (5.3) while (5.2) follows from a straightforward application of the
refined Campbell theorem (5.5).

The next result expresses expectations with respect to the stationary prob-
ability measure P in terms of the Palm probabilities P ;.

THEOREM 5.1. For any measurable f: Q) — [0, 00),

d—1
E[1{d(0) > 0} f]= Y_(d — j)bg_jA}

j=0
x Ej[f/f 0 0 547 11{8(0,b) > s} & ;(0, db) ds],

where E ; denotes expectation with respect to the Palm probability P ;.

PROOF. Denote by W an arbitrary subset of R? with ,#¢(W) = 1. Station-
arity gives

(5.6) E[1{d(0) > 0} f] = E[/l {x e W}1{d(x)> 0} fo 9x;fd(dx)].

Recall that a; = ib;. Writing x = d(x)u(x) + p(x) and applying Theorem 3.3,
we obtain that the right-hand side of equation (5.6) is equal to

d-1
3 ad,jE[//1{z+sbe W}fob,06,1{5(0,b)06,>s}s"1C*(E, d(z,b))ds],
Jj=0
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where we have also used that é(w, z,b) = §(6,, 0, b). Applying successively
(5.2), (5.3) and the refined Campbell theorem for P; we obtain that the last
sum equals

Cjz(jadejEjI:// 1{z+sbec W}

X f0041{8(0,b) > s}s? 7k (0, db)#(dz) ds],

which can be simplified to yield the right-hand side of the asserted equality.
O

Theorem 5.1 allows several remarks and corollaries (cf. [20]). Using the
probability measures

G () = B[ [ 1{(5(0, ), b) € -} (0, db)]
on [0, o] x R?, we can generalize Theorem 2.1 in [20].

COROLLARY 5.2. For any measurable set A C R? and r > 0, we have

(1-p)Hp(r,A) = dz_:l(d - j)bd_j)\j/I {s<r} sd_j_lGj((s, oo] x A)ds.
Jj=0

Proor. Apply Theorem 5.1 with £ :=1{(d(0),«(0)) € (0,r] x A}. O

The corollary says that (1 — p)H (-, A) is absolutely continuous with density
d-1

(5.7) t> > (d — )by ATt TG (8, 00] x A).
j=0

The fact that the contact distribution H (-, R?) is absolutely continuous has
been proved in [10] using Federer’s coarea theorem.

REMARK 5.3. If follows directly from the definitions that
E ;[x;(0,)] =G ;((0,00] x ) = #;(-)

provided that A > 0, since G ;({0} x R?) = 0. Hence the value of the density
(5.7) for ¢ = 0 equals 2\ #(A), which is in accordance with Theorem 4.1.

In the remainder of this section we discuss our results in terms of the
marked point process ® =", §; 7 ) and the point process ¥ = ®(- x % )
introduced in the previous section. A result by Weil and Wieacker [40] justifies
assuming that ® is stationary, that is, we assume that

o0 o0
2 8,00, Z,00,) = 2 06, x. 2,)

n=1 n=1
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holds for all x € R?. In other words, (5.1) is satisfied with C}’(E(), -) replaced
by ®. We also assume that the intensity

Ay == E[¥([0, 1]%)]
is strictly positive and finite. The intensity measure « of ® then satisfies
a(d(x, K)) = Ay#*(dx)Qo(dK),

where @, is a probability measure on .%? which is called the distribution of
the typical grain.

Just for simplicity we assume that ¥ is simple, that is, ¥({x}) < 1 for all
x € R?. We can then define a .#?-valued stochastic process {Z(x): x € R%} by
letting Z(x) := Z,, if x = &, for some n € N and Z(x) := K otherwise, where
K, is some fixed convex body. This process is stationary in the sense that
Z(x) = Z(0) o 0,, x € R%. Denoting by Py, the Palm probability of the point
process ¥, we have the following version of the refined Campbell theorem:

Ay //1 {(w, x, Z(0)) € -} Py(dw)#?(dx)
- //1 {(0,0, x, Z(x)) € } V(w, dx)P(dw).

Let K > PK be a version of the conditional probability Py(-|Z(0) = K).
By (5.8),

(5.9) Poxy=Piob, (x,K)eR!xx?,

(5.8)

is one possible choice of the Palm probabilities introduced in the previous
section, where we note that @, = Py(Z(0) € -). From Theorem 4.16 we easily
obtain the following result.

PROPOSITION 5.4. Let the assumptions of Proposition 4.9 be satisfied and
let A C R? be measurable. Then (1 — p)H g(-, A) is absolutely continuous with
density

d-1 )
t— Z adi‘]‘td_]_l)\\p
(5.10) Jj=0

x Eq,[/l [d(D\8 (0, 200y 2 + tb) > t} 1{b € A} C ;(Z(0), d(z, b))],
where Ey denotes expectation with respect to Py and a; = ib;.
REMARK 5.5. If the second-order reduced moment measure
J@\8)( )Py (¥ € dyp)

is absolutely continuous and ® is an independent marking of W, then the
second factorial moment measure a® of ® satisfies the assumption of Propo-
sition 4.9.
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EXAMPLE 5.6. In Propositions 4.13 (see also Remark 4.14) and 4.26 we
found explicit expressions for the direction dependent contact distribution of
the inhomogeneous Boolean model. Under the additional assumption of sta-
tionarity, the function f which appears in these propositions is equal to the
constant Ay. We write

(5)

V= [ CHK, R x R)Qy(dK) = b

[ V(ELjL, Bld - j)@u(dK)
for the mean of the total jth Minkowski support measure and
5,()i= [ C,(K, R x )Qy(dK)

for the mean jth Minkowski surface area measure. Then we obtain

d-1
Hy(t) = Hp(t,RY) =1- exp|:—)\q, 3 bd_itdivi:|
i=0

and, if B is smooth,

hp(t, A) := hp(x,t, A) = Ay df(d — ba_jt* (1~ Hp(1))S ;(A),

j=0
independent of x € R?. This implies, for any measurable function g: [0, o0) x
R¢ — [0, o0), that
E[g(d(0), u(0))[0 ¢ E]

d-1 ‘ d-1 - .
= Ay ) _(d— j)bg_; // 8(s, b)s?77! eXP|:—A\Ir > bdisd_LVii| ds S ;(db).
=0 i=0

Of course, the latter equation can also be derived from Proposition 5.4 using
Slivnyak’s theorem Py (W\§, € -) = P(V¥ € ) and taking into account that ®
also under Py is an independent marking of V.

In the course of the proof of Proposition 4.13 we have especially shown that

/%d(K +rBYQy(dK) <00, r>0,

is a consequence of our general assumption (A2). Therefore we can assume
that

/VJ(K)QO(dK)<oo, jefo,...,d -1},
where V ;(-), j € {0, ..., d}, are the classical (Euclidean) quermass-integrals.

Then
d-1

611 Hyt)=1- exp|:—/\xp > (%) [ vkt Bl - j])%(dK)}

J=0
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holds true for an arbitrary convex body B containing the origin (see also [37]).
For example, if B is a line segment, then we obtain the linear contact distri-
bution. These extensions can be established by approximating B from outside
by a decreasing sequence of strictly convex bodies. But, of course, this can also
be verified more directly.

If, in addition, @, is invariant with respect to rotations, then one can use
(5.3.24) from [28] as well as

d-1
pu(t) = p(x, 1) = Ay (d - ()01 [ VKL Bld = j)QuK)

j=0
(independent of x € R?) to deduce the well-known relation

d
pu(t) = Ny - ket 0000 VHB) [y (k) (k).
k=1 ba (%)
This completes the discussion of the homogeneous Boolean model.
Finally, we generalize Proposition 5.4. The assertion is similar to Theo-
rem 5.1 and follows by combining the methods of the proofs of Theorem 5.1
and Theorem 4.16. The details are left to the reader.

THEOREM 5.7. Let the assumptions of Proposition 4.9 be satisfied. For any
measurable f: ) — [0, 00),

E[1{d(0) > 0} f]
d-1
= 2.(d— )by jAy
j=0

(5.12)
x By [ f / fo0,,us?{d(P\Sg z(0)), 2 + sb) > s}

x C;(Z(0), d(z, b))ds].
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