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50 YEARS SETS WITH POSITIVE REACH
- A SURVEY -

Christoph Théle

Abstract. The purpose of this paper is to summarize results on various aspects of sets with
positive reach, which are up to now not available in such a compact form. After recalling briefly the
results before 1959, sets with positive reach and their associated curvature measures are introduced.
We develop an integral and current representation of these curvature measures and show how the
current representation helps to prove integralgeometric formulas, such as the principal kinematic
formula. Also random sets with positive reach and random mosaics (or the more general random

cell-complexes) with general cell shape are considered.

1 Introduction

This paper is a collection of various aspects of sets with positive reach, which were
introduced by Federer in 1959 [4]. Thus, the paper is also a celebration of their
50-th birthday in 2009.

After the developments of integral geometry for convex sets as well as for smooth
manifolds in differential geometry, the situation around 1950 was the following:
There were two tube formulas (Steiner’s formula and Weyl’s formula), which say that
the volume of a sufficiently small r-parallel neighborhood of a convex set or a C?-
smooth submanifold X in R? is a polynomial in r of degree d, the coefficients of which
are (up to some constant) geometric invariants of the underlying set. Unfortunately
the the assumptions of both results are quite different, such that each case does
not contain or imply the other one. This problem was solved by Federer in this
famous paper [4], where he introduced sets with positive reach and their associated
curvatures and curvature measures. He was also able tho show a certain tube formula
for this class of sets. A comparison with the former cases from convex and differential
geometry shows that in this special cases the new invariants coincide with the known
ones. Thus, sets with positive reach generalize the notion of convex sets on the one
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124 C. Théle

hand side and the notion of a smooth submanifold on the other. It was also
Federer, who proved the fundamental integralgeometric relationship for sets with
positive reach, the principal kinematic formula.
With the development of geometric measure theory and especially the calculus of
currents, the idea of the so-called normal cycle of a set with positive reach came into
play in the early 1980th. This idea paved the wary for explicit representations of
Federer’s curvature measures as well as for a simple approach to integral geometry,
because many of these problems could be reduced to an application of the famous
Coarea Formula. Also extensions to other classes of sets are possible by following
this way.
After having developed a solid theory for deterministic sets with positive reach,
several well known models from stochastic geometry were lifted up to the case of
random sets with positive reach. This includes the theory of random processes of
sets with positive reach and their associated union sets. This in particular allows to
treat random cell complexes and random mosaics with general cell shape. The main
integralgeometric relationships were extended to this random setting, which leads
to stochastic versions of the principal kinematic formula and Crofton’s formula.
In this paper we like to sketch these developments from the last 50 years. Of course,
the material is a selection, which relies more or less on the authors taste. We also
do not qualify for completeness. Since proofs are sketched mostly, we try to give de-
tailed references trough the existing literature. We like to point out that there is up
to now a lack of a comprehensive monograph on this very interesting and beautiful
topic. We remark that we will restrict in this paper ourself to the case of curvature
measures defined on R?, even if there is also a theory dealing with directional cur-
vature measures on R% x §9-1,
The paper is organized as follows: Section 2 recalls the situation before 1959. In 2.1
important notions and notations from convex geometry are introduced. Section 3
deals with basic properties of sets with positive reach (Section 3.1) and the most im-
portant tools, associated curvature measures and unit normal cycles (Section 3.2). In
Section 3.3 the notion of the normal cycle and the curvature measures are extended
to the case of locally finite unions of sets with positive reach. Characterization
theorems of these curvature measures using tools from geometric measure theory
are explained in 3.4. The topic of Section 4 is integral geometry. First we prove a
translative integral formula for sets of positive reach (Section 4.1), which leads to
the principal kinematic formula in Section 4.2. Here the power of the concept of the
unit normal cycle is demonstrated in interplay with the Coarea Formula. In Section
4.3 we extend the theory again to locally finite unions of sets with positive reach.
The results are applied in Section 5, where integralgeometric formulas from Section
4 are extended to certain stochastic variants. This will be done in the context of
random processes of sets with positive reach in Section . The results will be applied
to random cell complexes and the more special random mosaics with a very general
cell shape in Section 5.2 at the end of this paper.

kst sk ok s ok ok s ok sk sk ok s ok sk sk ok sk sk sk s ok sk sk ok s sk sk sk sk sk sk sk s ok sk sk sk sk sk sk ok sk ok sk sk ok sk sk sk s sk sk sk sk ok sk sk ok ok sk ok sk sk ok ok sk skok ok sk k

Surveys in Mathematics and its Applications 3 (2008), 123 — 165
http://www.utgjiu.ro/math/sma


http://www.utgjiu.ro/math/sma/v03/v03.html
http://www.utgjiu.ro/math/sma

50 Years Sets with Positive Reach — A Survey 125

2 Results before 1959

Before 1959 there were two main branches in mathematics dealing with curvature
and curvature measures. This are convex geometry and differential geometry. The
most important results in these fields will be summarized below. This background
provides a solid basis for the understanding and motivation for Federer’s sets with
positive reach.

2.1 Convex Geometry

We fix a convex set X C R% For r > 0 its r-parallel set or neighborhood X, is
the set of all points x € R? with distance to X at most r, i.e. X, := {z € R?:
dist(X,z) < r}. If we denote by A® B ={a+b:a€ A,be B} the Minkowski sum
of two sets A and B, the set X, can be interpreted as X, = X @ B(r), where B(r) is
a ball with radius r. A fundamental result in convex geometry is Steiner’s formula:

Theorem 1. For a convexr body X C R? (this is a compact convex set with non-
empty interior) and v > 0, the volume vol(X,) = HX,) is a polynomial in r,
i.e.

d
vol(X,) = HU(X,) = wilVai(X)r',
1=0

where V;(X) are coefficients with only depend on X, wj is the volume of the j-
dimensional unit ball and H* denotes the k-dimensional Hausdor{f measure (see [5,

2.10.2]).

The proof of this formula is quite easy if one knows that any convex body X
can be approximated by a sequence (P,) of polyhedra. Now one observes that the
formula is true for polyhedra and transfers the result via the above approximation
to arbitrary convex bodies. For more details see for example the monograph [25].
The numbers V5(X), ..., Vg(X) are usually called intrinsic volumes of X. In partic-
ular we have for any convex body X c R¢

L Vh(X) = 1.

2. Vi(X) = ;24 p(X), where b(K) is the mean breadth of X (cf. [25]),

T 2wgq

3. Va1 (X) = %Hd_l(aX), where 90X is the boundary of the set X,
4. Vg(X) = vol(X) = HY(X).

In the literature there is also another normalization used. We call
Wi
(7)
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the i-th Quermassintegral of X. The name comes from the following projection
formula, which is often used as a definition: Let X be a convex body in R¢ and for
i€{l,...,d—1}, £(d,1) the family of i-dimensional linear subspaces of R? equipped
with the unique probability measure dL;. We denote for L € £(d,i) by nr,(X) the
orthogonal projection of X onto L, which is again a convex set. Then we have

d
LW,
Vi(X>=u§,’ld[f

| vitmazo).
L(d,j5)

Here, the integrand Vj(7r (X)) is the volume of the projection of X onto L. Hence,
we can call it Quermass of X in direction L=.

The functionals V; : X — R, where K is the family of convex bodies, have the

following important properties: They are

(i) motion invariant, i.e. V;(gX) = V;(X) for any euclidean motion g,

(i) additive, i.e. V(X UY) = Vi(X)+ Vi(Y) = Vi(KNY) for all X,Y,XUY € K,
(iii) continuous, i.e. if X;,, — X in Hausdorff metric then V;(X,) — Vi(X),
(iv) homogeneous, i.e. V;(AX) = A'V;(X) for all A > 0,
(v) monotone, i.e. X CY implies V;(X) < Vi(Y),

)
)
)
)
)
)

(vi) non-negative, i.e. V;(X) >0 for all X € K.

We will see now that properties (i)-(iii) are sufficient to characterize the intrinsic
volumes. This is the content of Hadwiger’s Theorem:

Theorem 2. Let ¥ : K — R a functional which is motion invariant, additive and
continuous. Then VU can be written as a linear combination of the intrinsic volumes,
i.e. there are real constants cy,...,cq, such that

d
U= ch
1=0

The proof of this theorem uses deep methods of discrete geometry, see [10]. A
short proof was given by Klain [11]. The so-called principal kinematic formula is
now an easy consequence of Hadwiger’s Theorem:

Corollary 3. Let X, Y € K and i € {0,...,d}. Then

[ wxngdg= Y AlmndVal(X)Va(Y),
SO(d) kR4 et redi

where SO(d) x R? is the group of euclidean motions with Haar measure dg and
Y(m,n,d) =T (52 T (242) (0 () o (442)) 7
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Remark 4. The measure dg is the product measure with factors dH® and dv, where
d? is a Haar measure on the group SO(d). Here and for the rest of this paper we
will use the following normalization of d:

g € SO(d) : gO € M} = HY(M),

where O is the origin and M some subset of R%. With this normalization in mind
it is clear that d9 is not a probability measure on SO(d).

For the proof one has to observe that for fixed X the left hand side is a functional
in the sense of Theorem 2. Now, fixing Y instead of X we have the same situation and
can apply Hadwiger’s Theorem once again. It remains to shown that the constant
equals y(m,n,d). This can be done, by plugging balls with varying radii into the
formula.

An obvious consequence is the so-called Crofton formula:

Corollary 5. For X e K, k €{0,...,d} and i € {0,...,k} we have
| VX O BME =i d) Vi (X),
£(dk)

where £(d, k) is the space of k-dimensional affine subspaces of R® with Haar measure

dE.

We remark here that it is possible to localize all these formulas in the language of
curvature measures. We omit the details in the convex case, since curvature measures
will be considered in detail below for sets with positive reach, which includes the
case of convex sets. For more details we refer to [25]. We also like to remark that it
is possible to extend the intrinsic volumes as well as the curvature measures to the
so-called convex ring R. This is the family of locally finite unions of convex sets.
For details we also refer to [25], because we will work out in Section 3.3 in detail
such an extension in the case of locally finite unions of sets with positive reach and
the convex ring R is included in these considerations.

We like to finish this section with an introduction to translative integral geometry
for convex sets (see for example [9] for more details). As a main tool we introduce
the so-called mixed volumes:

Theorem 6. Let Xq,...,X,, € K, m € N and \i,..., A\, > 0. Then there exists
a representation of the volume of the linear combination M1 X1 & ... D A\ X of the
following form:

volMX1 @ & A X)) D My Mg Vi
ki,....kq=1

where the coefficient Vi, ., only depends on the sets Xy, ..., Xp,.
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We write Vi g = V(X1,...,Xy) and called it mixed volume of X7,..., X4. The
mixed volumes have the following important properties:

1. V(Xy,...,Xy) is symmetric, i.e.
VX1, o Xy ooy Xy oo, Xg) = V(X oo, Xy oo, Xy -1, XQ)

forall 1 <n <m <d,
2. V(Xy,...,Xg4) >0 and V is monotone in each component,
3. V is translation invariant in each component and

VIX1,...,9Xq) =V(X1,...,Xq)

for all ¥ € SO(d),

4. V is continuous on K% wrt. the natural product topology,

5. we have for x € L and r > 0

d
d i
vol(X,) = ; <d 3 i)r V(X,.._.j,X,B(l), ] .B(1)).

A comparison of the last point and Steiner’s formula especially shows
(42)
“~——V(X,...,X,B(1),...,B(1)),i=0,...,d.

Wi —_—
d—i i

Vii(X) =

Tis concept can also be localized, which leads to mixed curvature measures. They
will be introduced below for sets with positive reach.

Translative integral geometry for convex sets deals with integrands of the form V;(XnN
7.(Y)), where 7,(A), z € R%, denotes the translation of a set A by a vector z. As a
main result we state the following principal translative integral formula for convex
bodies, where ¢ = 0:

Theorem 7. For two convex bodies X and X we have

d
/ WX Nr(Y)dz= ) ( >V(X,...,X,—Y,...,—Y).
R m+n=d+k m r p
A similar formula holds also true for V;(X N7,(Y)) and ¢ > 0. But in this case
the summands do not have in general a simple explicit interpretation. In section 4.1

we will introduce so-called mixed curvature measures in a more general setting.
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2.2 Differential Geometry

We consider a d-dimensional submanifold M in R? with C2-smooth boundary My
and denote by v(z) the unique unit outer normal vector of My at € dMy. The
map v : OMy — S%1 is called Gauss map. Since dM, is C?-smooth we know that
the differential

Dv(z) : T,0My — T, S** = T,0M,

exists in all points z € dM,;. We assume that in a neighborhood of z € dM, the
surface is parameterized by F : U — R?. Then
L=—Dvo(DF)!

is a well defined symmetric endomorphism on T,0My. Hence, there exist eigenval-
ues ki(x), ..., kg—1(x) (called principal curvatures) and eigenvectors a1 (z), ..., ag—1(z)
(usually called principal directions).

Definition 8. The elementary symmetric functions o of order k =0,...,d — 1 are

defined as
op(ki(x), ..., kq_1(z)) = > kiy () - - - ki, ().
1<ig<...<ip<d—1
They are used in the following

Definition 9. The k-th integral of mean curvature (also called Lipschitz-Killing
curvature) of My is defined as

Cr(My) = o;llk/ a1 k(i1 (2), oo by (2))AHE (@), k=0, d—1
OMy

where Oy, is the surface area of the m-dimensional unit ball. Define further Cq(My) :=
H(Ma).

In particular we have in the case, where X is compact

1. Co(My) = x(M4) (Gauss-Bonnet Theorem),

2. Cq1(Myg) = 5H*H(OMy),

3. Cg(My) = HY(My) = vol(My).

One of the fundamental theorems in differential geometry is Wely’s Tube For-
mula, which has its origin in a statistical problem [28]:
Theorem 10. 4

HY((Mg)e) = > wpCar(Mg)e",
k=0

where the e-parallel set (My). of My is defined as (My). := {x € R? : dist(x, My) <
e} for sufficiently small € > 0.
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Integral geometry for smooth hypersurfaces and m-surfaces (m < d — 1) in R¢
was developed in [26, Ch. V] and we refer to this monograph for further details. We
only like to mention here, that similar formulas as in Corollary 3 and Corollary 5
are true in this case. But up to a constant, the k-th intrinsic volume is replaced by
the k-th integral of mean curvature, £ = 0,...,d. This is the reason, why we omit
to state them here explicitly. Furthermore, the integralgeometric results below will
cover the case of C?-smooth submanifolds.

3 Sets with Positive Reach

We introduce in this section the class of sets with positive reach and their geometric
properties. The focus of our considerations lies on curvature measures for this class
of sets. Therefore, the so-called unit normal cycle is used as a fundamental toll in
singular curvature theory. It also helps to extend the curvature measures to the
class of locally finite unions of sets with positive reach.

3.1 Definition and Basic Properties

Sets with positive reach are characterized by their unique foot point property in a
positive r-parallel set. This property ensures that suitable small parallel neighbor-
hoods have no self-intersections and this allows to compute their volume. This will
lead to a Steiner-type formula and a definition of curvature measures for sets with
positive reach, which extends the cases treated in Section 2.

Definition 11. The reach of a set X C R? is defined as
reach X :=sup{r > 0: Yy € X, Iz € X nearest to y}.

We say that a set X has positive reach, if reach X > 0 and denote by PR the family
of sets with positive reach.

We can also formulate this property as follows: A set X has positive reach, if
one can roll up a ball of radius at most reach X > 0 on the boundary 0X. Note
that sets with positive reach are necessarily closed subsets of R?. This will be useful
when we deal with random sets with positive reach in Section 5, since there exists a
well developed theory of random closed sets in R?, see for example [12].

Remark 12. [t is also possible to define the class of sets with positive reach on
smooth and connected Riemannian manifolds. By a Theorem of Bangert [1, p. 57]
this property does not depend on the Riemannian structure of the underlying man-
ifold. Hence, the theory of sets with positive reach in R? (and also their additive
extension) can be lifted up to the case of smooth, connected Riemannian manifolds.
But we will not follow this direction further in this paper.
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1

Figure 1: A non-convex set X with positive reach: 4 points in R? and its foot points
on X, the lower one is not unique

We will now show that the classes of sets introduced in Section 2 are included
in our discussion:

Proposition 13. A set X is convez if and only if reach X = 4.

One direction is clear, the other corresponds to [25, Thm. 1.2.4]. It is a
well known fact in differential geometry that the exponential map of a closed C?-
submanifold is a bijection in a suitable small neighborhood of the submanifold. But
this leads immediately to

Proposition 14. Compact C?-smooth submanifolds X of R® have positive reach.

The closed convex cone of tangent vectors of X € PR at x will be denoted by
Tan(X,z). Here, a vector u € S~ belongs to Tan(X, x) if there exists a sequence

(xn) € X \ {z}, such that |;Z:i| converges to u. The normal cone of X at z

Nor(X,z) = {u € 8971 : (v,u) <0, v e Tan(X, z)}

is the dual cone of Tan(X,z). For an illustration of these concepts see Figure 2.
The set
nor X := {(z,u) e R x 841 : 2 € X, uecnor(X,z)}

is said to be the (unit) normal bundle of X. Remark that this is a set in the
(2d — 1)-dimensional manifold R? x S9=! whereas X itself is a set in RY, which is
d-dimensional.
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Nor(X.x)
-]
Tan(¥x) Nor(X.x)

Tan(X.x)

Tan(X.x)
|-

Figure 2: A set X and two points x € X with associated tangent and normal cone

Remark 15. The unit normal bundle is a (d — 1)-dimensional rectifiable set in
RY x 891 C R? in the sense of Federer [5, 3.2.14]. This means that nor X is
HA=measurable and there exist Lipschitz functions fi, fa,... : R*1 — R2d gnd
bounded sets Ey, Fs,... C R¥1 such that

o0
R (norX\ U fl(E'Z)> = 0.
i=1
We recall here the following result, which was proved by Federer [4]. It relates

the boundary of a set X € PR with its unit normal bundle:

Proposition 16. Assume 0 <r <e < R = reach X. Then
—1I
(1) ¢ :0X, — nor X :y— <HX (y), yX(y)) 18 bijective and bi-Lipschitz.
r

(2) f:nor X x (0,e] — (X \ X) : (z,u,7) — x4 ru is bijective and bi-Lipschitz.
Here Ilx : RY — X is the metric projection onto X, i.e. Ilx(x) is the set of nearest

points of X to x € R%.

This proposition is (together with the Area Formula) the key to obtain a Steiner-
type formula and a definition of curvature measures for sets with positive reach.
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Sets with positive reach are closely connected with Lipschitz functions and semicon-
cave functions. Federer has shown in [4, 4.20] that a Lipschitz function f : R™ — R”
has Lipschitz derivative if and only if the graph of f has positive reach. This illus-
trates very well of what it means for a submanifold to have positive reach. For a
function f : R™ — R, U C R™ open, we define its epigraph and its catograph (see
Figure 3) as

epi f = {(z,y):z€Uy> f(x)},
cato f = {(z,y):xeUy< f(x)}.
epi f
graph
cato f

Figure 3: The graph of a function f(x) with its epi- and catograph

We say that f is semiconcave, if for each bounded open set V C U with
closure(V') C U there exists a constant C' < oo, such that the restriction of g(x) :=

C@ — f(z) to the set V is a convex function. We define sc(f, V') to be the smallest
such constant C, sc(f,U) := supsc(f, V) and sco(f,U) := max{sc(f,U),0}. Then
v

Fu [6, Th. 2.3] has proved
Proposition 17. For a locally Lipschitz function f: R™ — R we have
sco(f,R™) > reach(cato f)~1.
For the opposite direction of the inequality we have [6, Cor. 2.§]

Proposition 18. Let U C R™ be open and convex, f : U — R Lipschitz with
Lipschitz constant L. Suppose there exists an r > 0 such that for all w € U there
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ezists a point p € R™Y for which B(p,r) N cato f = {a, f(a)}, where B(p,r) is the
closed ball around p with radius r. Then

reach(cato f)™' > (14 L?)™32sc(f,U).
Summarizing these results we get under the conditions of Proposition 18
sco(f,U) ™' < reach(cato f) < (14 L3 2sc(f,U)~".

From a version of the implicit function theorem for Lipschitz functions, which says
that if p € U C R™ is a regular value (this is 0 does not belong to the subgradient
at p) and f : U — R is semiconcave then there exists V' C U, p € V, a rotation
¥ € SO(m), an open set W C R™ ! and a semiconcave function g : W — R, such
that 9(f~1(f(p) N V)) = graph g and f~([f(p),00)) is locally the catograph of g,
we obtain [6, Cor. 3.4], which is also a special case of a result in [1]:

Theorem 19. Suppose that f : R™ — R is semiconcave and proper (this is that the
pre-image of a compact set is compact). Let t be a reqular value of f. Then

reach(f L ([f(t),0))) > 0.

An immediate consequence of the last Theorem is

Corollary 20. Let S C R? be a compact set. Denote by dists(x) := inf{||z — s|| :
s € S} the distance function of S, by crit(dists) the set of critical points of distg (a
point is critical if it is not reqular) and by C' := distg(crit(distg)) the set of critical
values. Then for r € (0,00) \ C, the set closure(R%\ S,.) has positive reach.

Moreover one can show that H(4~1/2(C) = 0. This in particular implies that for
d = 2, closure(R? \ S,) has positive reach for all > 0. For d = 3 this is only true
for almost all r.
Corollary 20 has various applications. For example one can show that Closure(Rd \
X,) has positive reach if X € R or X € Uppg (for a definition see Section 3.3). This
property is also fulfilled for certain Lipschitz manifolds (cf. [22]) or if X is semial-
gebraic set X (cf. [6, Section 5.3]). One can use this property to approximate or
to construct for example curvature measures or normal cycles for more complicated
classes of sets. An example for this approach can be found in [22]. We think that
this construction can also be applied in other situations.

3.2 Curvature Measures and Normal Cycles

We will need the following important result - called Area Theorem - with is the key
to prove a Steiner-type formula for sets with positive reach [5, 3.2.3]:

kst sk ok s ok ok s ok sk sk ok s ok sk sk ok sk sk sk s ok sk sk ok s sk sk sk sk sk sk sk s ok sk sk sk sk sk sk ok sk ok sk sk ok sk sk sk s sk sk sk sk ok sk sk ok ok sk ok sk sk ok ok sk skok ok sk k

Surveys in Mathematics and its Applications 3 (2008), 123 — 165
http://www.utgjiu.ro/math/sma


http://www.utgjiu.ro/math/sma/v03/v03.html
http://www.utgjiu.ro/math/sma

50 Years Sets with Positive Reach — A Survey 135

Theorem 21. Let f: R™ — R™ (m < n) be Lipschitz, A C R™ L™-measurable and
g:R™ — R L™-integrable. Then

[ s@nf@acn @ / 3 )
Remark 22. The k-Jacobian Jif(z) of f at x can be introduced as

= |[APs@)

In the special case k = n = m we have Ji f(x) = |det D f(x)|, which is the same as
i linear algebra.

Jif(z = sup{H*(Df(z)(C)) : C is a k-dimensional unit cube}.

We apply now the Area Formula of Theorem 21 to the function f of Proposition
16. This yields

/ o(f(x,u,r))| det Df (z, u,r)|dH (2, u, ) = / o(y)dH(y).
nor X x(0,¢] XA\X

Choose now g¢(y) := Lh<1p) (y) = 1p(x) for y = = + ru and B a bounded Borel
X

set in R? (We change nothing if we choose the Borel set B to be contained in the

boundary 0X of X € PR. The advantage of our approach is that we get a measure

on R? instead of a measure defined on 9X.). Then the right hand side of the last

equation equals

RHS = Ly (W) dH (y) = HU(X: \ X) NTTH(B)).
x\x X
For the left hand side we get by Fubini

LHS = . ]_H)—(I(B)(ZU + ru)| det Df (z,u, r)|dH%(x, u, T)
nor X x(0,e]

:/ 13(33)/ |det Df (z,u,r)|drdH* (z,u).
nor X 0

We calculate now the determinant with the help of multilinear algebra (cf. [5, Chap.
1]). We first define the coordinate projections my and 71 by

mo(x,u) = z and m(z,u) = u.

Since nor X is a (d—1)-dimensional rectifiable set in R?? we know that Tan(nor X, (x, u))
is for almost all (z,u) a linear subspace (cf. [5, 3.2.16]). Hence, there exists for al-
most all (z,u) € nor X a basis aj(z,u),...,aq—1(x,u) with positive orientation,
ie.

sgn ((mo + rmy)ar(x,u) A ... A (mo + rm)ag—1(z,u) An,Qq) =1,
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where Qg = dx1 A. .., dzg is the volume form in R? and the property that |ay(x, u) A
...Nag—1(x,u)| = 1. By definition of the determinant we have

|det Df(z,u,r)] = {((mo+rmi)ai(x,u)A...A (7o ~+ rmy)ag—1(z,u) An,Qq)

d—1

= Z rk Z (e ar (@, u) Ao Ame, ag_q(z,u) Au,Qq)
k=0 £;=0,1

e1+...+eq_1=Fk

d—1

= Tkwk <a’1($7u))/\"'/\ad—l(xau)agod—l—k(x7u)>'
k=0

Definition 23. The k-th Lipschitz-Killing (d — 1)-form or(z,u) = @x(u) is defined
via the relation
(Gilz,u) Ao A (,u), pr(u)

= (’)CLI/,c Z <7r51§1(x, WA ATy Eamr (T u) A, Qd> )
e;=0,
61+...+€d71;d717’€
Remark 24. The Lipschitz-Killing forms are universal differential forms. We will
see in Theorem 30 below that they can be used to define the curvature measures of
a set X. The forms are universal in the sense that they do not depend on the set
X. This is the reason, why it is possible to define the Lipschitz-Killing curvature
measures for other classes of sets with the help of these forms. This will be shown
for example in Section 3.5.

This means (by LHS=RHS) that

HU((X:\ X) NI (B))

QL

-1

wkrk/ 15(2) (ax (z,u), pa_p(z,w)) dHY (2, u),
nor X

il

0
where ax(x,u) = aj(x,u) A ... Aag—1(z,u) is a unit simple orienting vector field of
X.

Definition 25. The k-the Lipschitz-Killing curvature measure of X is defined as

Cr(X, B) = / 15(z) (ax,pr) dH?

nor X
if 0 <k <d and Cy(X,B) := HY(X N B).

Thus, we obtain the following tube formula, which originally is due to Federer
[4] (but he gave a quite different proof using approximations of sets with positive
reach by smooth manifolds) and unifies the formulas of Steiner and Wely:
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Theorem 26. For all X € PR, r < reach X and Borel sets B C R* we have

d—1
HY((X\ X)NTIH(B) = > wiCa (X, B)r.
k=0

A comparison of Theorem 26 with the formulas of Steiner and Wely shows

Proposition 27. 1. If X is a convex set in R? then Vi (X) = Cr(X,RY), k =
0,...,d.

2. If X is a compact C%-submanifold of RY then Myp(X) = Ci(X,RY), k =
0,....d.

We like to summarize some other important properties of the curvature measures
Cr(X, ) here:

1. Ck(X,-) is a signed Radon measure on the Borel o-algebra of R?,

2. Cx(X,-) is motion invariant, i.e. Cx(9X,g-) = Cx(X,-) for all euclidean mo-
tions g,

3. Ck(X,-) is additive, i.e. Cp(XUY,:) = Cp(X,:) + Cr(Y,-) — Cx(X NY,"),
whenever X, Y, X UY, XNY € PR,

4. Cr(X,-) is homogeneous, i.e. Cx(AX,\-) = ACy(X,-) for A > 0,

5. Ck is continuous, i.e. if X,, — X in Hausdorff metric, then Ci(X,,:) —
Ck(X,-) in the sense of weak convergence of measures.

It is now our goal to give explicit representations of these curvature measures.
We start by introducing a fundamental tool in singular curvature theory, the unit
normal cycle Ny of a set X. If we denote by D*(M) the set of k-forms with compact
support on a manifold M, the space Dy (M) of k-currents can be introduced as the
dual space Dy(M) = (D¥(M))*. The normal cycle will be a (d — 1)-current on
the manifold M = R? x S9! whose support is the unit normal bundle nor X of
X € PR.

Definition 28. The functional or (d — 1)-current
Nyx(w) = / (ax (2, u), w(z, w)) dH (2, u),
nor X

where w € Dg_1(R? x S9=1) is a (d — 1)-form, is called the (unit) normal cycle of
X.
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The idea to use this functional goes back to the ideas of Wintgen [29] and Z&hle
[32] in the early 80th. It is nowadays one of the fundamental tolls in singular cur-
vature theory and integral geometry, because the proofs of many integral geometric
formulas can be reduced to an application of Federer’s Coarea Formula (Theorem
44 below). This will be shown in Section 4.

We summarize now the properties of the normal cycle Nx of a set X € PR:

Proposition 29. 1. Nx is a cycle, i.e. INx(w') = Nx(dw') =0, where &' is a
(d — 2)-form.
d
2. Nx is Legendrian, i.e. NxLa =0 for a = Znidxi, i.e. the normal vectors

i=1
are orthogonal to the associated tangent vectors.

3. Nx is a locally (H?1,d — 1)-rectifiable current in R? x S9=1.
4. Nx is additive, i.e. Nxyy = Nx + Ny — Nxny, if X, Y, XUY, XNY € PR.

For the prove of 1. we use the fact of [4], that 0X,, X € PR, r < reach X,
is a Chl-hypersurface (this is a C'-hypersurface with Lipschitz unit outer normal)
without boundary. Thus, 1. follows by Stokes Theorem. 2. is clear by the construc-
tion and 3. follows from the fact that the support nor X is a (d — 1)-dimensional
rectifiable set in R% x S9!, The additivity uses Theorem 33 below and can be shown
as in [8, Thm. 4.2].

The normal cycle leads immediately to the following explicit representation of the
curvatures measures established by Zéhle [32]:

Theorem 30.
Cr(X,B) = (Nxtlgyga1)(pr), 0<k<d.

We know from above that the boundary 0.X, is a Cb!-hypersurface. Thus, there
exists d — 1 principal curvatures k; (z + eu) for almost all « + eu. The limits

Ei(x,u) := lim & (x + cu)

e—0

are well defined for almost all (z,u) € nor X. An appropriate choice of an orthonor-
mal basis of Tan(nor X, (z,u)), i.e.

d—1

_ ;bi(gjju)ywbi(@u)
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(here we use the following convention: if k; = co then ﬁ =0 and \/% =1)
and {bi(x,u),...,bg_1(x,u)} is a basis of Tan(X,,z + ru), leads to the following

integral representation of the curvature measures also due to Zahle [32]:

Theorem 31.

_ " Jd_l_k(k1($au)7"'akd—l(x?u)) d—1 T.Uu
Cx.B)= [ 1 )1 e A (z, ).

This is the positive reach analogue to the definition of the k-th integral of mean
curvature of a C2-submanifold with C%-smooth boundary, see Definition 9.

We return again to the normal cycle: Joseph Fu has worked out in [7] the follow-
ing characteristic properties of normal cycles and introduced the family of so-called
geometric sets:

Definition 32. A compact set X C R is called geometric if it admits a normal
cycle, i.e. a current Nx € Dg_1(R% x S971) in R x S9=1 with the following prop-
erties:

(1) Nx is a compact supported locally (d — 1)-rectifiable current,
(2) Nx is a cycle, i.e. ONx =0,

d
(8) Nx is Legendrian, i.e. NxLa = 0, where o = Zd%‘ is the contact 1-form,
i=1
i.e. the normal vectors are orthogonal to the associated tangent vectors,

(4) Nx satisfies
N _ -1 : d—1
xlown) =07 | T storinte )t o,

where g : R% x 41 — R is an arbitrary differentiable function,

Jjx(x,u) :=1x(x) <1 — lim lim(X N B(z,e) N HW;(:U)))

e—06—0

and H, s(x) is the hyperplane with unit normal u, which contains the point
x + du (compare with Figure /).

We remark that in [23] it was shown that the last condition (4) is equivalent to
the following explicit representation of the normal cycle Nx:

Nx(¢) = /Rd Sdil(jX(x,u)ax(x,u)7¢>de_1(x,u) = (Hd_II_HOI' X)ANjxax.
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In the case of sets with positive reach X we have jx(x,u) = 1 for almost all (z,u) €
nor X and we deduce that PR-sets are geometric. We will see in Section 3.3 that
also locally finite unions of sets with positive reach admit a normal cycle, i.e. are
geometric sets in the sense of Definition 32.

We also mention the following uniqueness theorem due fu Fu [8]:

Theorem 33. For any compact set X C R% there is at most one current Ny
satisfying the properties (1) — (4) of Definition 32.

The proof of this theorem is very involved and uses deep methods from geometric
measure theory. We therefore omit even to sketch the idea of the proof.
It is clear that not every compact set X C R? admits a normal cycle. The set X has
at least to be locally rectifiable in the sense of Federer [5]. For example the so-called
Koch curve (see [3]) is a non-rectifiable set in the euclidean plane and therefore not
geometric in the sense of Definition 32. It is still an open problem to give another,
more explicit and more geometric characterization of the class of geometric sets.

3.3 Additive Extension and Upg-Sets

Curvatures and curvature measures for convex sets admit an additive extension to
the so-called convex ring R (cf. [25]). This is the family of subsets of R, which
are locally representable as finite union of convex sets. It is clear that not every
set X € R has positive reach. Therefore it would be desirable to have a family of
subsets of R¢, which contains both, the classes PR and R and extends the notion
of curvature in this sense. We introduce to this end the class Upg of locally finite
unions of sets with positive reach, whose arbitrary finite intersections have also
positive reach (the last condition is of course not necessary for the definition of R,
because intersections of convex sets are always convex). It is our goal to extend now
the Lipschitz-Killing curvatures and curvature measures to the class Upr. Here we
follow [33] and [20].

We start by introducing the following index function for a closed set X C R%, z € R?
and v € S91:

ix(a,u) = 1x(2) (1 — lim lim (X N B(@ + (¢ + 0)u, 5))) :
where y is the Euler characteristic in the sense of singular homology and B(y,r) is
the closed ball around y with radius r > 0, see Figure 4.

We remark here that iy (z,u) = (—1)*®%jy(z,u) for almost all (z,u) € R% x
S4=1 where \(z, u) is the number of negative principal curvatures ki (z,u), . . ., kq_1(x, u).
Since  is additive on Upg, i.e. x(XUY) = x(X)+x(Y)—x(XNY) for X,Y € Upgr
we have additivity of the index function:

txuy = tx +1iy —ixny

kst sk ok s ok ok s ok sk sk ok s ok sk sk ok sk sk sk s ok sk sk ok s sk sk sk sk sk sk sk s ok sk sk sk sk sk sk ok sk ok sk sk ok sk sk sk s sk sk sk sk ok sk sk ok ok sk ok sk sk ok ok sk skok ok sk k

Surveys in Mathematics and its Applications 3 (2008), 123 — 165
http://www.utgjiu.ro/math/sma


http://www.utgjiu.ro/math/sma/v03/v03.html
http://www.utgjiu.ro/math/sma

50 Years Sets with Positive Reach — A Survey 141

Figure 4: A set X with its associated index functions jx (left picture) and ix (right
picture)

for such X,Y € Upgr with X NY € Upr. The generalized unit normal bundle of a
set X € Upg is now defined as
nor X := {(z,u) € R? x 471 - ix(z,u) # 0}.

This is a locally (H"!,d — 1)-rectifiable subset in R? x S9=1 (cf. [5, 3.2.14]). This
implies again that for almost all (z,u) € nor X the approximate tangent space
Tan® ! (nor X, (z,u)) is a (d — 1)-dimensional linear subspace of R*¢. Therefore

there exist vectors by (x,u),...,bs_1(x,u) (principal directions) in R? perpendicular
to w and real numbers ki(z,u),. .., kg—1(z,u) (principal curvatures), such that the
vectors

a;(z,u) yi=1,...,d—1

_ ;bi(m,u), Mbi(w,u)

form an orthonormal basis of Tan?!(nor X, (z,u)). If k; = oo then we put again
1 _ fe'e) _ . .

T = 0 and T = 1. For any X € Upgr we now define its unit normal

current as

Ny = (Hd_anor X) Nixax,

where ax(x,u) = a1(x,u) A... ANag_1(x,u) is a unit simple orienting vector field of
nor X. From the additivity of the index function ¢ on easily deduces [20, Thm. 2.2]

Theorem 34. If X, Y, X NY € Upg then

Nxuy = Nx + Ny — Nxny.
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The following properties are an immediate consequence of the additivity and the
corresponding validity in the case of PR-sets:

Proposition 35. For X € Upr we have

1. ONx =0, which means that the (d — 1)-current Nx is a cycle.

d
2. NxLa = 0, where a = de 1s the contact 1-form, i.e. the normal vectors
i=1
are orthogonal to the associated tangent vectors.

Hence, by Theorem 33 the current Nx is the unique normal cycle of the Upp-set
X Cc R? (1. and 4. are clear).

The curvature measures for an Upg-set X can now be introduced as
Cp(X,B) := (NxL1pygi-1)(@r), k=1,...,d—1, B C R? Borel.

This are signed Radon measures on R? whose support is given by the projection
of the generalized unit normal bundle nor X onto the first component. Using the
additivity from Theorem 34, the following properties carry over from the P R-case
[20, Prop. 4.1]:

Proposition 36. For X,Y,XNY € Upg, k=0,...,d—1 and B € B(R?) bounded
we have

1. Motion invariance, i.e. Ci(9X,9B) = Ci(X, B) for any euclidean motion
g € S0(d) x R?,

2. Additivity, i.e. Cp(X UY, ) = Cr(X,-)+ Cr(Y,) = Cr(X NY, ),
3. Homogeneity: Cr(AX,\B) = \*Ci(X, B), A > 0,

4. Continuity: F— lim Nx, = Nx implies w— lim Ci(X,, ) = Cr(X,-), X, €

n—oo n—oo

Upr (compare with Section 3.4).

Using the description of the approximate tangent space Tan®!(nor X, (x,u))
(and the experience from the PR-case) one obtains the following integral represen-
tation for the curvature measures [33, Thm. 4.5.1], [20, Thm. 4.1]:

Theorem 37. Let X € Upg, B € B(RY) and k € {0,...,d — 1} Then

Cy(X,B) = Odllk/ 1p(z)ix(z,u) a1k (@, W), ’kd*l(x’u))de_l(x,u).

nor X 152 /1 + k2 (2, u)
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The integral and current representation of the curvature measures will be used
in Section 4.3 to develop an integral geometry for Upg-sets.
We close this section with the following version of the famous Gauss-Bonnet Theorem
for Upp-sets:

Theorem 38. Let X C R? o compact Upgr-set. Then

X(X) = Nx(po) = Y jx(a,u)
x€0X

for almost all n € S 1.

The first equality is proved in [22, Thm. 3.2] and the second one corresponds
to [23, Thm. 4.4 (ii)]. We further remark that the sum in Theorem 38 is finite, i.e.
there are only finitely many = € 0X with jx (2, u) # 0 for almost all n € S
After interpreting Nx (¢o) as the Euler-Characteristic of X, we now give an inter-
pretation of the (d — 1)-st curvature measure Cy_1(X,-):

Theorem 39. For a set X € Upr, B C R Borel with the property that for all
x € 0X N B, u€ Nor(X,z) implies u ¢ Nor(X,x), we have

(Nxt1pyga-1)(pa-1) = Ca-1(X, B) = H* 19X N B).

This was recently shown in [18, Cor. 2.2]. We mention that a similar result is also
true for general Borel sets B. In this case the points x € 90X, where +u € Nor(X, )
have to be weighted by a factor 2.

3.4 Characterization of Curvature Measures

We start by recalling some basic notions and notations from geometric measure
theory [5]. The set of k-forms on some manifold M will be denoted by D¥(M). Its
dual Dy (M) = (D¥(M))* is the space of k-currents. For S € Dy (M) and a compact
set K C M we define the flat seminorm of S as

Fic(S) = sup {5(90) - € DM, sup )] < 1, sup (o) < 1} ,
TEe re

where ||¢|| is the comass of the k-form . We will write
S=F - lim S,, S, € Dp(M)
n—oo

if lim Fg((S, —S).K) =0 for any compact set K C M.

n—oo
We now put M := R?%x S41 and fix a set X C R¢ with positive reach, i.e. X € PR.
The normal cycle of X will be denoted by Nx.

We start now by the characterization of Lipschitz-Killing curvatures [36, Thm. 5.3].
Let therefore C be one of the classes PR or Upg.
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Theorem 40. Let 1) : C — R be a functional such that
(1) U is motion invariant, i.e. ¥(gX) = W(X) for all euclidean motions,

(2) ¥ is additive, i.e. V(X UY)=U(X)+V(Y)—-¥(XNY) whenever X,Y, X U
Y XNY eC,

(3) W is continuous, i.e. lim ¥(X,)=V(X) if F— lim Nx, = Nx, X, X, €C,

n—0oo n—oo

(4) ¥(X) >0 for any compact convex polyhedron X .

Then there exist certain constants cg, . ..,cq such that
d—1
U(X) =Y erNx(pr) +caHU(X), X €C
k=0

where @y 1s the k-th Lipschitz-Killing curvature form.

We next turn to the characterization of Lipschitz-Killing curvature measures [36,
Th. 5.5]:

Theorem 41. Let ¥ : C x B(R?) — R a functional such that
(1) for any X € C, ¥(X,-) is a signed Radon measure,
(2) ¥ is motion invariant, i.e. W(gX,gB) = ¥ (X, B) for all euclidean motions,

(3) W is additive, i.e. V(X UY,B) =V(X,B)+¥Y(Y,B) — V(X NY, B) whenever
XY, XUY XNnY eC,

(4) U is continuous, i.e. w— lim V(X,, B) = U(X, B) (the weak limit of mea-
n—oo
sures) if F— lim Ny, = Nx, X, X, €C,
n—oo
(5) W is locally determined, i.e. W(X,B) = W(Y, B) if NxL(BxS% 1) = NyL(Bx
5,
(5) ¥(X,-) >0 if X is a compact convex polyhedron.

Then there exist certain constants cg, . ..,cq—1 such that
d—1
U(X,-) =Y exNx(gr), X €C
k=0

and @y, is the k-th Lipschitz-Killing curvature form.

The proof of these results is based on the following two approximation theorems
[36, Thm. 3.1] and [36, Thm. 4.2]:
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Theorem 42. For any set with positive reach X € PR there exists a sequence (Py,)
of simplicial polyhedra such that

F— lim Np, = N,

n—oo
where Np, is the normal cycle associated with P,.

By a simplicial polyhedron in R? we mean a euclidean polyhedron generated by
a locally finite number of euclidean d-simplices.

Theorem 43. Let X, X,, € C (here C is again one of the classes PR or Upr) such
that F — lim Nx, = Nx. Then

n—oo

w— lim Cy(Xp, B) = Cy(X,B), k=0,....d—1, B€ B(RY).

The last statement is clear, since flat convergence implies weak convergence of

currents and the curvature measures are introduced by means of currents. Clearly
Theorem 42 and Theorem 43 imply Theorem 40 and Theorem 41, because all state-
ments may be reduced to the case of polytopes and in this case the situation is clear
(cf. [25]).
Theorem 42 is proved in several steps. The first is to approximate the set X by its
parallel set X,, 0 < r < reach X. The boundary of these parallel sets are (d — 1)-
dimensional C'-submanifolds with Lipschitz unit outer normal field, which may be
triangulated. The edges of the triangulations generate now the boundary of a sim-
plicial polyhedron. In a next step one shows that these polyhedra behave ’good’,
which means that their associated normal cycles (they are well defined by the results
of [2]) converge in flat seminorm to the normal cycle of X.

4 Integral Geometry for Sets with Positive Reach and
Extensions

It is the aim of this section to show how an integral geometry for sets with positive
reach can be developed by using the normal cycle. This approach can be extended
to Upp-sets using the index function introduced in Section 3.3.

4.1 A Translative Integral Formula

The most important integralgeometric formula, the principal kinematic formula,
deals with the integral

/ Cr(X NgY,AngB)dg,
SO(d) xR
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where X,Y € PR and A, B C R? are Borel sets. Using the product structure of the
group of euclidean motions, we can write the last integral also as

/ Cr(X NI(1.Y))dzd9.
s0(d) Jrd

It is the goal of this section to obtain an expression for the inner integral, i.e. for
fixed ¥ € SO(d). Such a formula is called translative integral formula.

Before starting, we will recall the following fundamental result from geometric mea-
sure theory, the so-called Coarea Formula [5, 3.2.22]:

Theorem 44. Consider a Lipschitz function f : R™ — R™ with m > n. If A is
L™ -measurable and g : R™ — R L™-integrable. Then

/A () Jn f(x)dL™ (2 / ) / x)dH"™ (y)dH™ "dH" ().

Let us now fix two sets X,Y € PR such that also X NY € PR. Denote by U
the set of pairs (u,v) € R? x R such that the closed segment with endpoints u and
v does not contain the origin (this is the shorter geodesic arc on S%! connecting u
and v), R := {(a:,u,y, v) € R (u,0) € U} and consider the map

0 U X [0,1] = RY: (u0, ) o S0E, | S0l ~ Do

sin «v sin o

where cos a = (u,v). Consider further the differentiable mapping

which is locally Lipschitz and not necessarily proper. The joint unit normal bundle
of X and Y is defined as

nor(X,Y) := fu(((nor X xnor Y)N R) x [0,1]),
the joint normal cycle as
Nxy := f#(((Nx x Ny).1g) x [0, 1]).
We further introduce the following two mappings
G:R¥ SR (z,y,u) — x —y,
7R3 S R (2, y,u) — (2, u).

From a remark in [22, p.112] we infer that the slices (Nx yy, G, z) are well defined
for almost all rotations ¥ € SO(d) and almost all z € R?, where the slice (T h, z) is
defined as (compare with [5, 4.3.1])

T'—h#(lB(zr)Qd)
T h =1 2 .
(Tohs2) =l = B0, )
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For a Borel set A C R2? we define for 1 < 1,7 < d—1 the mixed curvature measures
by
Cij(X,Y;A) =

/ oy A0 )i (0 ), g ) A 0,10,
nor (X,

C;a(X,Y;B x C) := Ci(X,B) - Cq(Y,0),
Cuj(X,Y;BxC):=Cy(X,B)-C;(Y,C)

where the ; j(x,y,u) = 1; j(u)’s are the mixed Lipschitz-Killing curvature forms de-
fined in [19, Section 2]. This are again universal differential forms like the Lipschitz-
Killing curvature forms. In the special case they correspond to the mixed volumes
of Section 2.1. Here n(x,y,u) is the unit simple orienting vector field of the joint
normal bundle of X and Y, such that

limsgn <77($,y7u)7 Z E2dlijwi,j(xayau)> =1
el0 1<i,j<d—1
i+j>d

Figure 5: Two sets X and Y with positive reach and their intersection S = X NY
with associated normal cycle nor S

Observe that the normal cycle of X N 7,Y can be written as Nxn~y = N1 +
Ny + N3, where N7 = NyL(int 7,Y x S¥1), Ny = N._yL(int X x S971) and N3 =

(H ' nor(0X N A(1.Y))) A axnr.yixnr.y, see Figure 5. Here axny,.y is the unit
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simple orienting vector field of X N7.Y and ixn,,yv(x,n) =ix(z,n) iy (z,n). We
use now the current version [5, 4.3.8] of the Coarea Formula 44 to conclude that
N3 =74 (Nxy,G, z), whenever the slice is well defined.

Theorem 45. Let X, Y C RY be two sets of positive reach. Let further h : R3¢ — R4
be a bounded Borel measurable function with compact support supp h C R3¢, Assume
further that C; ;(X,Y; K) is well defined for any compact set K C R2¢. Then for
0<k<d-1 we have

//h(z,:c,u)Ck(XﬁTzY, d(z, u))dz
= > / z —y,2,u)Ci (X, Y d(z, y,u)).

i+j=k+d
Proof. We have

Cr(XN7.Y,-) = Nxnr.y(er) = Ni(or) + No(or) + N3(@k)

by the definition of the curvature measures and the additivity of normal cycles for
all z € R? for which the intersection X N 7,Y has positive reach. Hence, we can
write the left hand side as

/ / g2, w)Cr(X, d(, 1)) Cal Y, dy)
+ [ [ ha = ) Culx. d)Cu(Y.d(y )

+ /R ey (Nxyih, G, 2) (p0)dL(z) = (+)

by using [19, Theorem 1] and the assumption of the theorem. Applying the Coarea
Formula 44 we get for the last integral

[ Ny, Gz ()

= ((NX yl_h) G#Qd)( # ) = (N)(’y\_h)(G#Qd VAN W#(pk).
Thus, by using [19, Eq. (7)] we get

/ / — g, u)Ck(X, d(z, u))CalY, dy)

+f / W — gz ) Ca(X,d)Cu(Yad(yw) + Y (Nxyih) (i)

i+j=k+d
1<i,j<d—1
= > [ Gy (X YidG ),
i+j=k+d
which gives the result. O
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For an iterated version of the translative integral formula for sets with positive
reach see [17]. In the original version of this formula, the non-osculating condition

HY{z € RY: 3(z,u) € nor X, (x — z,—u) €nor Y}) =0

was assumed additionally. However, it was shown in [37] that this condition is
not necessary to prove that reach(X N 7,Y) > 0 for almost all z € RY. It can
therefore by omitted. We further remark that Rataj [16, Thm. 1] gave an example
of two (d — 1)-dimensional C%~2-submanifolds, d > 3, which violate the condition
HI{z € R?: 3I(2,u) € nor X, (x — z,—u) €mnor Y}) = 0.

The assumption that C; ;(X,Y; K) is well defined for any compact set K C R2? can
unfortunately not be omitted. Rataj and Zahle gave an example of a compact set
X C R* with positive reach and u € S9!, such that

HY ({(z,u) : (z,u) € nor X or (z,—u) € nor X}) =0

and the positive part of the mixed curvature measure C 3(X, ut,-) is infinite on a
compact set. They also gave sufficient conditions for the assumption to hold. One
of them is the following: If for any compact subset K C R4¢

/K or X " R(sin Z(u,v))> "4 dH? 2 (2, u, y,v) < +oo
M(nor X Xnor N

then all mixed curvature measures C;;(X,Y;-) are well defined (this is especially
the case for d < 3). Moreover, the C; ;(X,0Y;-)’s are well defined for almost all
rotations ¥ € SO(d). For details and another condition involving absolute curvature
measures and tangential projections we refer to [21].

4.2 The Principal Kinematic Formula

The principal kinematic formula follows now from an integration of the translative
integral formula of Theorem 45 over the rotation group SO(d). Therefore we will
need the following integral representation of the mixed curvature measures [19, Thm.
3.2]:

Proposition 46. For two sets of positive reach X andY in R letax = a1A. .. ANag_1
and by = by A ... ANbg_1 be unit simple orienting vector field of nor X and nor'Y
respectively, both having positive orientation determined by sgn{§(z,n) An,Qy) =1,
where £ is one of the vector fields ax or bx. Let further 1 <i,7 <d—-1,i4+j5>d
and A be a bounded Borel set of R**. Then

1
Cii(X,Y;A) = / 4 FG,j,a)

(nor X xnor Y)NR 02d—1—i—j
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2
» Z|I|:i Z|J|:j [Lere fir [Tsese As [/\rel ar; Nsey bs}

d—1 d—1
[[= /1 + 3 Hj:l \/ L+ A?

whenever the integral exists. Here

1/ d=1-i ;. d—1-j
a sin ta sin(1 — t)a
F(i,j5,a) = _— dt
(i, ) sina/o (sina) < sin « ) ’

Nier @i /\jeJ bj] 1s the Jacobian of the orthogonal projection of the linear subspace

dH2d_2

spanned by {a; : i € I} onto the orthogonal complement of the subspace spanned
by {bj : j e J}, I,J C{1,...,d — 1} and K; and X\ are the generalized principal
curvatures of X andY, respectively. (o was defined at the beginning of Section 4.1.)

By the help of this integral representation, we are now able to show the principal
kinematic formula:

Theorem 47. Suppose X and Y are subsets with positive reach and A and B are
bounded Borel sets of R®. Then

/ CHXNgY,ANgB)dg= S (i, j,d)Ci(X, A)C(Y, B),
SO(d)xR¢ itj=k+d

LS50
F(z+] d+l) (i)

where v(i, j,d) =

Proof. We distinguish the two cases 1. kK = d and 2. k < d. For the first one we
have

| icnanyngedg= [ [ LGt
SO(d)xR4 SO(d)xR4 J XNgY

=/ / 1A(~’E)dg'/ / 145(z)dg
SO(d)xRd J xXngy S0(d)xRd J xngY

= Ca(X, A)Ca(Y, B)

and v(d,d,d)=1. We now treat the case k < d — 1. Choose for the function h of
Theorem 45 the following: h(z,y,u) = 14(y)1lyp(y — =), for a rotation ¥ € SO(d).
We now integrate both sides of the translative integral formula and obtain for the
left hand side

/ Cr(X NgY,ANgB)dyg.
SO(d)xR4

For the right hand side we get

N LLAx )
/SO D (Nxoyilaxos)(@i,)dd

H—] k+d
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= > /So(d 1 1(X,0Y; A x 9B)do.
i+j=k+d

Note, that C; ;(X,0Y’;-) is well defined for almost all rotations ¥ € SO(d) by the
remark at the end of Section 4.1, see also [22, p. 125]. We can therefore make use
of the integral representation provided by Proposition 46 (the intersection with R
can be omitted after applying ¥, see [19, Corollary 1]) and conclude that

. T‘EIC K HSGJC As
= Z laxpixiy Z Z 1
it j—=ktd Y OT Xxnor Y \I|=i |J|=j Hz 1 1+ /%2 Hj:l m

. . 2
« / F(Za J a(n, ﬁm)) [/\ ai, /\ ﬂb]] dl?dH2d_2.
SO(d) i—J I J

02d—1—i—j

The inner integral is a constant c(i, j, d) and the outer one can be written as C; (X, A)-
C;(Y, B), by using the integral representation of the generalized curvature measures
in Theorem 31:

Z|I|:i [Lere fr
= Z c(i, j,d) / ix =g dHa1
itj=k+d nor XNA Hr:l V1+ 572«

x / z’yz“":j acseds 1o
nor YNB Hg;i v 1+ )\g

= Y d,5,d)Ci(X,A)- C;(Y,B).
i+j=k+d

Hence, we have

/ Ch(XNgY,ANgB)dg= > c(i,5,d)Ci(X,A)C;(Y, B).
SO(d)xR? it+j=k-+d

The exact value of ¢/ (4, j, d) may be determined by letting X and Y balls with varying
radii. This leads to (i, 7,d) = (i, 4, d). O

We can also give the following short alternative proof of the principal kinematic
formula:

Proof. For fixed X and variable Y or variable X and fixed Y it is easy to see that

/ Cr(XNgY,AngB)dg
50(d) xRé
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is a functional as in Theorem 40. Applying this result twice, we get
/ Ch(XNgY,ANgB)dg= > d(i,j,d)Ci(X,A)C;(Y, B)
SO(d)xR? i+j=k-+d
for some constants d(i, j,d). The exact values may again be determined by using
balls with different radii. O
4.3 Integral Geometry for Upg-Sets

Using the notions and notations from the last section, we will sketch now, how an
integral geometry can be developed for Upg-sets. The joint unit normal bundle
nor(X,Y) of two sets X,Y € Upp is introduced in analogy to the P R-case:

nor(X,Y) = fu(((nor(X) x nor(Y)) N R) x [0, 1]).
If it exists, the joint unit normal cycle is given by

NX,Y = f#(((NX X Ny)l_].R) X [0, 1])

Once again it is guarantied Ny gy is well defined for almost all rotations 9 €
SO(d) (cf. [20]). In this case the mixed curvature measures can be introduced:
Crs(X,Y, A) = (Nxyi1,ga-1)(¢rs), A C R? Borel. For these measures we have
the following integral representation:

Cij(X,Y;A) = / La(z,y) - lX(x’u)lY(y’v)F(i,j, a)
(nor X xnor Y)NR 02d—1—i—j

o Zm:i Z|J|:j [Lere fr(@u) [Tse ge As(ysv) [/\rez ar(z,u), Nye s bs(y, Uﬂ ’
H?;ll 1+ K?(.ﬁ, w) H;-t% 1+ )\?(y, v)

XdH2d_2 (‘/'U’ u? y’ U)’

whenever the integral exists (cf. [20]). This is for example the case, if X and Y
belong to the convex ring R [20, Prop. 4.5]. We also have that C; 4(X,9Y,-) is well
defined for almost all rotations ¥ € SO(d) [20, Prop. 4.6]. Moreover, the translative
integral formula as well as the principal kinematic formula hold true and can be
proved in the same way as demonstrated in the last section:

Theorem 48. Let X =J; X;, Y = Uj Y; be two locally finite unions of sets with
positive reach in R:. Let further h : R3¢ — R? be a bounded Borel measurable
function with compact support supp h C R3*. Assume further that Cij(X,Y;K) is
well defined for any compact set K C R?*? and that for all index subsets I,J C N
with non-empty intersection sets (V;c; Xi, (je; Y the sets (Nep Xi, ;e 72Y; are
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non-osculating for H%-almost all z € R, Then XN1,Y € Upg for almost all z € R4
and for 0 < k <d-—1 we have

/ / h(z, 2, u)Cs(X N 7.Y, d(z, u))dz

= Z /h(a: —y,z,u)C; (X, Y;d(z,y,u)).

itj=k—+d
By integration over SO(d) we get the principal kinematic formula for Upg-sets:

Theorem 49. Suppose X,Y € Upgr and A and B are bounded Borel sets of R,
Then

[ GXngvAngBg= Y (i dCX. A, B).
SO(d) xR i+i—hd
P(HH (D)

—Z
PS5

where v(i, j,d) = .
Remark 50. Again, using Theorem 40 one can give another short proof of this
formula as in the PR-case.

The principal kinematic formula will be useful in the context of random processes
of sets with positive reach and their associated union sets in Section 5.1. There, a
stochastic version Theorem 49 will be derived. We also remark that the principal
kinematic formula implies a Crofton-type formula for sets with positive reach as well
as for locally finite unions from Upg.

5 Random Sets with Positive Reach

As in the case of convex sets, a theory of random sets with positive reach or a
theory of random processes of sets with positive reach can be developed. This
general approach and concrete models will be shown within this section.

5.1 Definition and Integralgeometric Formulas

Following [31] we can construct random processes of sets with positive reach. Denote
therefore by G, F, K the spaces of open, closed and compact sets in RY, respectively.
As usual, a subbasis of the topology of F is generated by

{Fa:GeGlUu{FE . K ek},

where Fg = {F € F : FNG # 0} and FX = {F € F: FNK # 0} (see for
example [12] or [14]). The o-algebra § on F is generated by {F¢ : G € G} and
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{FK . K € K}. Denote here by PR the family of all compact sets with positive
reach of R?. The trace of § on PR will be denoted by PMR. It was shown in [32,
Prop. 1.1.1] that PR is a measurable subset of F (here we used the fact that sets
with positive reach are closed).

We can now introduce random processes of sets with positive reach: Let N be the
space of nonnegative, integer-valued, locally finite measures ¢ on (PR,PR). Any
such measure may be represented as

() = > p({X})ox (),

XePR:p({X})>0

where dx is the Dirac measure concentrated on X. Let further 91 be the o-algebra
on N, which is generated by the mappings ¢ — ¢(X) for all X € PR. A random
point process on (PR, BR) with sample space (N, N) is now called a random process
of sets with positive reach. Since PR € § and F is a compact separable Hausdorff
space we have that (F,§) and (PR,PBR) are full (in the sense of [13]). Hence, by
[13, Thm. 4], random processes of sets with positive reach can be constructed by
finite dimensional distributions. We can for example construct Poissonian random
processes of sets with positive reach with some given intensity measure. This will
be demonstrated in Example 60.

For any ¢ € N exists an associated union set ,, which is defined as

eu= |J X (1)

X:p({X}H)>0

As in [31, Prop. 1.3.1] we have that the mapping U : N — F : ¢ — ¢ is
measurable. Hence, ¢, is a random closed set (in the sense of [12] or [14]) for any
random PR-process ¢. To ensure that ¢, is a Uppg-set, for which integralgeometric
formulas are valid, we have to restrict the class of processes to a subclass satisfying
some regularity conditions. We require therefor the components of the union set
©y to be in a general relative position. This ensures later that we can investigate
second order properties of the union set. It is clear that for any Upgr-set Z € Upg
there exists at least one ¢ € N such that ¢, = Z. We now restrict our attention to
the opposite direction, i.e. those point measures ¢ € N, for which ¢, € Upg and
introduce the space

PR} :={(X1,...,X,) € PR":VI C{1,...,n} we have [ | X; € PR},
el

n n
where PR"™ = X PR. Denote further by PBR" the product o-algebra ® PR (anal-
i=1 i=1

ogously the n-fold product o-algebra of § by §"). We have that PR} is measurable
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in PR". The n-fold product of p € N with itself will be denoted by ™. Since the
families PR;! are measurable, we deduce that for each n > 1

{p e N :o"(PR"\ PR}!) =0} € M.

The space of regular processes of sets with positive reach can now be defined as

N, = ﬁ {p € N : ¢"(PR"\ PR") = 0}.

n=2
Definition 51. A random PR-process ® will be called regular, if P(® € N,) = 1.
The following result is now obvious:

Proposition 52. We have N, € M and ® € N is a regular iff P(®"(PR™\ PR}') =
0) =1 for any n > 2.

For a regular PR-process ® € N, it is now clear that its associated union set
®,, defined by (1) is a locally finite union of sets with positive reach, for which the
integralgeometric tools of Section 4.3 are available. This will be essential for the
study of second order properties in the next section.

We denote by G4 = SO(d) x T,; the group of euclidean motions, where SO(d) is
the special orthogonal group and Ty the group of translations of R?. Gy acts nat-
urally on space of sets with positive reach, namely by rotations, translations and
their compositions. This action induces a natural counterpart on the space N of
point measures by

gp(X) == »(9X),

where g € G4 and ¢ € N. Using standard arguments, one easily shows that these
actions are measurable [31, Prop. 1.7.1]

Definition 53. We say that a random PR-process ® with distribution Py = Po®~!
is stationary, if Py is invariant under all translations of R® and isotropic, if Py is
invariant under the action of 9 € SO(d) on RY. The process ® will be called motion
mwvariant, if it is stationary and isotropic, i.e. invariant under all euclidean motions
g € Gy.

Curvature measures of Uppg-sets were considered in Section 3.3. We fix now a
regular random PR-process ¢, which ensures that the curvature measures of its
associated union set ®,, are well defined.

Definition 54. Cy(®,, ) is said to be the k-th (random and signed) curvature mea-
sure of the measure ® € N,. (or better its associated union set).
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Mean values of curvature measures will play an important roll in the consider-
ations of Section 5.2. Corresponding results and definitions are well known in the
convex case.

Definition 55. Let ® € N, a reqular PR-process such that
E|Ck|(®y, B) < 0o and E|Cy|(®:, B) < 00

for any bounded Borel set B C R?, where |Cy,| denotes the total variation of the mea-
sure Cy. Then the measures Cy(-) := ECy(®y,-) exist and are called the curvature
intensity measures.

From the general result [31, Thm. 6.3.1] for signed random measures, one obtains
that if @ is stationary and C}, is determined, it is a multiple of the d-dimensional
Lebesgue measure. The proportionality factors, determined by C} = ciL9, k =
0,...,d, are called curvature intensities of ®, respectively.

We study now the intersection (and union) of processes of sets with positive reach
[31, Thm. 3.1.1, Thm. 3.1.3]:

Proposition 56. Let ® and ¥V two independent reqular PR-processes and further
® motion invariant and ® or ¥ concentrated on compact sets. Then

wna))i= [ [oxev(dedu)

1s a regqular PR-process a.s. Moreover, we have ®, UV, € Upgr and ®,NVY, € Upgr
a.s. for their associated unions sets ®; and V,,.

The union and the intersection of ®, and ¥, can be defined as

o,uv, = |J Xxu |J 1
X:®({X})>0 Y:0({Y})>0

DN, = U U &)

X:3({X})>0Y:u({Y})>0

Suppose that ® and ¥ are two independent regular random P R-processes, such
that for their associated union sets we have ®, UV, € Upg and &, NV, € Upg a.s.
- we say that ®, and ¥, are compatible a.s. Then the measures

Ck:(q)u U \ij ) = Ck(q)ua ) + Ckz(\Iju, ) - Ck(q)u N \I’u)7
Cp(®, UV,,-) = Crp(®y,-) + Cr(Vy, ) — Cr(®,NT,)

are well defined, provided the right hand side exists. We use now the principal
kinematic formula of Theorem 49 do derive the following result [31, Thm. 4.2],
which is a stochastic version of the principal kinematic formula:
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Theorem 57. Let ® and ¥ two independent reqular random P R-processes with the
property that ®, and ¥V, are compatible. Assume further that ® is motion invariant
and that for any bounded Borel set B C R?

E|Cy|(®y, B) < o0,k=0,...,d,
E|Cy|(¥y, B) < o00,k=0,...,d,
E|C}|(®, N Ty, B) < oo.

Then we have for bounded Borel sets B C R?

Ck(q)umq’u,B) = Z V(Zvjvd)cfjbé;p(B)a
i+j=k+d

where (i, j,d) is the same constant as in Theorem /9.

Proof. We take expectation on both sides of the principal kinematic formula for
Upgr-sets. The independence of & and V¥ yields together with Fubini’s theorem for
the right hand side

.o .o —® ¥

i+j=k+d i+j=k+d
= Y 6.5,dfC; (B),

i+j=k+d

where A was chosen in such a way that £%(A) = 1. Using the motion invariance of

® and / 14(gz)dL%(z) = 1 we infer for the left hand side
Gq

= E C’k(@uﬂg\llu,AﬂgB)
Gq

= / E/ 14(2)1p(g ') Cp(®y N g ¥y, dx)dg

G, Jre
= / E/ 1A(g:c)13(a:)Ck(g_1(I>uﬂ\Ifu,dx)dg

Gy Rd
= / E/ 14(92)1p(x)Cr(Py, N Yy, dz)dg

a, Jre
= IE/ 13(:6)/ 14(gx)dgCl(®, NV, dz)

R4 Gy
= ECK(®y N Ty, B) = Cp(Py N Ty, B).
O
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We also mention the following two important corollaries [31, Cor. 4.4 and Cor.
4.5], which are a stochastic variant of Crofton’s formula and a steriological formula
for the curvature intensities:

Corollary 58. Let ® and ¥ as in Theorem 57 and assume additionally that U is

stationary. Then
dNw . o U
ckm = Z 7(27.77d)ci ¢ -
i+j=k+d

Corollary 59. Let E be a generic p-dimensional plane, p =0,...,d — 1. Then

Y =~ (d+k—p,p, d)cirk_p.
Example 60. As pointed out at the beginning of this section, random P R-processes
may be constructed via their finite dimensional distributions. We consider in this
example, Poissonian PR-processes (cf. [31, Sec. 1.6]). Let therefore p be a non-
negative, locally finite measure on the space (PR,BR) and ® € N such that

P(D(By) = ki,..., ®(By) = ka) = [ | W(f;!))’“”e_mgj)’
j=1

where By,..., B, are disjoint bounded sets with positive reach and ki,...,k, > 0.
Such a ® is called Poissonian PR-process. It can now be shown [31, Sec. 5] that if
® is a motion invariant Poissonian PR-process then ® is reqular, i.e. ® € N,.

This theory will now be applied to random mosaics or random cell complexes
whose cells (also the lower dimensional) are random sets with positive reach.

5.2 Random Cell Complexes and Random Curved Mosaics

In this section we apply the theory of deterministic and random sets with positive
reach to random cell complexes and random mosaics in R4, We will follow here
the lines of [35] and [27]. Let therefore M;, i = 0,...,d, be the space of connected
compact i-dimensional submanifolds m; with boundary and positive reach, i.e. m; =
m; UOm; and reach m; > 0. By a k-dimensional cell complex in R?, p < d, we mean
a (k+ 1)-tuple M = (My,..., My), where for i € {0,...,k} the M;’s are locally
finite families from M; (called i-cells) satisfying the incidence relations:

1. The intersection of two i-cells from M; is either empty or a j-cell from M; and
Jj<t.

2. Any (i — 1)-cell from M;_; is contained in the boundary of some i-cell from
M;.

3. The boundary of any i-cell from M; is the finite union of some (i — 1)-cells

from Mi—l-
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As usual in algebraic topology, the corresponding union sets UM; are denoted

by |M;| and called i-skeletons of the cell complex M. The cells from M}, are called
k-dimensional PR-polyhedra in R?. We now omit the smoothness conditions and let
U; be the space of i-dimensional submanifolds with or without boundary, which are
representable as PR-polyhedra. Any (k+ 1)-tuple U = (Uy, ..., Uy) of locally finite
families of U; from U; satisfying the incidence relations 1.-3. is called a k-dimensional
Upgr-cell complex. By |U;| we denote its i-skeleton and by |Uy| the Upg-polyhedron
associated with U.
For a stochastic model we use again the language of point processes. Let A; be the
space of locally finite, non-negative and integer-valued measures on (U, $;), where
4; is the the trace of the o-algebra Lpgs, which is the smallest o-algebra for which
the mappings f : Upr — R? x S9! : X i closure(nor X) are measurable. The set
of atoms A(y;), pi € N; will correspond to the family U; of i-cells. We will identify
©; with A(p;) and write |p;| instead of |A(p;)|. The usual o-algebra on N; will
be denoted by 9%;. The space of k-dimensional random Upg-complexes can now be
introduced as

NP ={n=(0,...,nk) : mi € Ni, A(n) = (A(mo), ..., A(m)) is a Upg — compex}.

A random k-dimensional Upgr complex is defined as a random variable £ with values
in (NV*,9M*) (here M* is given by (Mo ®...@MN,)NN). We also write & = (&, ..., &)
as a random vector and |¢;| for the associated random i-skeleton. We call || also
the random k-polyhedron.

Figure 6: A random mosaic and a random cell complex whose cells are sets with
positive reach. The random cell complex is obtained by a so-called p-thinning of the
underlying random mosaic. Here the gray marked cells are deleted
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For a k-dimensional Upg-complex U = (Uy,...,Uy) the curvature measures
Cn(|U;],-) are well defined. The following result relates now the curvature mea-
sures of i-cells with its underlying complex (see [34, Thm. 4.2]):

Theorem 61. Let U = (Uy,...,U;) be a k-dimensional Upgr-complex. Then for
1=0,...,k we have

7

Cu(Uil, B) =Y (=1)" 3~ Cu(u;, B)

j=n Uj EUj
for all bounded Borel sets B C R%.
It follows the following Euler-type relation:

Corollary 62. Under the conditions of Theorem 61 we have
k

Co(|ux|,RY) = Z(—l)i%

i=0
where a; is the number of i-cells of u;.

If we denote by N;(u;) the number of i-cells adjacent to the j-cell u; then The-
orem 61 implies for i =0,...,n—1

i—1
DT Y Ni(uy)Clug, B) = (1= (1)) Y Clui, B).
j=n u;j€U; u; €U;

We now want to apply this theory to random cell complexes. There for we need
the fact [35, Thm. 3.1.1] that for any random k-dimensional Upg-complex £ =
(&0, - - -, &) the curvature measures Cy,(|&;], -) are random signed Radon measures on
R%. In analogy to Definition 53 we call a random Upp-complex ¢ (defined on an
abstract underlying probability space (2,.4,P)) stationary if its distribution PP o £
is invariant under translations of R?. We will restrict from now on out attention to
stationary random Uppg-complexes which are integrable, i.e. for which

EY 152 (2, m)| M (2, m) < +00
s closure(nor u;)

for any bounded Borel set B € R? and i = 0,...,%k. Again, for such a stationary
random cell-complex its associated mean curvature measures EC,,(|¢;], ) are multi-
ples of the d-dimensional Lebesgue measures. The multiplicities (i.e. the intensities
of the mean curvature measures) ¢!, are called curvature intensities. For integrable,
stationary random Upg-complexes £ = (&, ..., &) the mean number N* of i-cells
per unit volume and the shape distribution P? of the typical cell from &; are well
defined (cf. [35]). We denote by Ci := [ C,(u;, RY)dPi(u;) the mean value of the
n-th curvature of the typical i-cell. In particular
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1. C(i) is the mean Euler characteristic,

2. 2C! | is the mean (i — 1)-volume of the boundary and

3. C! is the mean i-volume of the typical i-cell of the random complex £.
The main result for random Upg-complexes is [35, Thm. 3.3.6]:

Theorem 63. For an integrable, stationary random Upg-complex & = (&, ..., &k)

in R? we have 4
3

é = (-1 NIC,
j=n
This means that the curvature intensities may be computed by the curvature
properties and the mean number of the typical j-cells, j =0,...,4,i=0,...,k. We
can also conclude the following inversion formula:

C7ZL — (_1>i—n(Ni)—1(ci o Ci_1>.

n n

If all cells are simply connected we also have [33, Cor. 3.3.7]
N'= (=1)"(ch—c5 1)

As a special case we study now random stationary mosaic of R%. This are d-
dimensional stationary random cell complexes £ = (&, ...,&4) (in the above sense)
with the property that |¢4] = RY, a similar concept was studied in [27]. We remark
that this model is quite more general than the one usually used in the literature on
stochastic geometry (see for example [15]).

The above formulas may be completed in the mosaic case by the relation cg =
N dC’g = 1. Moreover the relations from above yield

d
> (1) T"NIC) =0, n <d.

j=n

If moreover the cells are simply connected, the following Euler-type relation holds
true (cf. [32, Eqn. (18)]):

d
(~1)YN7 = 0.

7=0

Example 64. We assume that £ is a d-dimensional integrable, stationary random
mosaic in the above sense. In this case we use the following special notations: c}'c 18
the k-th curvature intensity of the typical i-face, C’,i is the mean total k-th curvature
of the typical i-face, N* is the mean number of i-faces per unit volume, N*7 is the
man number of j-faces adjacent to the typical i-cell, Vit = C’f the mean i-volume of
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the typical i-face and V' = cﬁ the mean total i-dimensional volume of all i-faces per
unit volume. Then we have for d = 2:

=N ¢g=N’"—=N' §=0=N"—-N1+N?

1
cd=vi=Nytl 2 =0=N'VI_ §N2V271, 3 =1=N?V>*2
For d = 3 we have

=N c¢f=N"-N' Z=N"'-N'4+N? 3=0=N"—-N'4 N2 N3,
C% _ Vl _ val’l, C% _ val,l_ %N2V2’1, C? =0= val,l _%N2V2,1 +N2V3’1,

3 =V?=N?V>? § =0=NV>? - %N?’V&Q, g =1=N>V33
Furthermore we conclude
NONOL — 9N1 NONOZ — NIN12
N3N32 = 2N2 NONO3 — NIND3 —oN3 — oN2,

We can also apply the stochastic Crofton formula of Corollary 59 from Section
5.1 to our situation. Let therefore E' be p-dimensional plane. The intersection of £
with F is a random stationary mosaic in E. The curvature intensities of £ N E can
be calculated as follows:

d+i—p ; 0
)

c};’mE:7(d+k—p,p,d)cd+k_p’£, i=0,...,p; k=0,...,1

and (i, 7, d) is the same constant as in Theorem 49.

Example 65. We have in particular for d =3 and p = 2

1 1 T
0 _ 1 1 _ 12 1 _ T
CoenE = 501@ CoenE — 501@ ClenE = 102,5-

A similar holds also true for general random Uppg-complexes. This follows also
immediately from Corollary 59.
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