7

Integral Geometric Transformations

Mean value formulas with respect to invariant measures, as treated in the
preceding two chapters, are a central topic of integral geometry. Another one
is transformation formulas for integrals over various spaces of geometric ob-
jects. The need for such results in stochastic geometry can be demonstrated
by simple examples. Consider, for instance, two independent, identically dis-
tributed random hyperplanes in R¢. Suppose the distribution is such that the
intersection of the two hyperplanes is almost surely a (d — 2)-flat. What is
the distribution of this random (d — 2)-flat? Or, consider k¥ < d independent,
identically distributed random points in R?, and suppose their distribution is
such that they almost surely span a (k — 1)-flat. What is its distribution? In
the cases where the original distributions are derived from invariant measures
(by restriction, for example), the answers can be obtained from simple cases
of the transformation formulas of this chapter. Generally, these transforma-
tion formulas relate integrations over tuples of flats, with respect to invariant
measures, to integrations over other sets of flats (or other geometric objects)
that are obtained by geometric operations, such as intersection or span. As
an example, consider the integral of a function depending on d points. It may
happen that the function depends only on the hyperplane spanned (almost
everywhere) by the points. Then it may have a simplifying effect to integrate
first over the d-tuples of points lying in a fixed hyperplane, and then over
all hyperplanes. In principle, the required transformation formulas are just
versions of the transformation rule for multiple integrals under differentiable
mappings. However, since the mappings are defined by geometric operations,
the Jacobians have geometric interpretations, and therefore direct geometric
arguments are often simpler and more perspicuous than the use of special
parametrizations.

The transformation formulas to be proved have various applications in
stochastic geometry, for example in the investigation of convex hulls of random
points (Chapter 8), the study of random mosaics (Chapter 10), or in the
foundations of stereology. We do not aim at presenting the integral geometric
transformation formulas in their greatest generality, but rather give typical
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and basic examples. This will be done in Sections 7.2 and 7.3. The first section
provides simple rules for invariant measures on flag spaces.

7.1 Flag Spaces

In this section, we consider pairs of linear or affine subspaces, one contained
in the other.

Let p,q € {0,...,d}, and let L € G(d,p) be a fixed p-dimensional linear
subspace. We denote by G(L, q) the space of all g-dimensional linear subspaces
contained in L if ¢ < p, respectively containing L if ¢ > p. In a similar way,
for an affine subspace E € A(d,p), the space A(FE,q) of ¢-flats contained in
E, respectively containing F, is defined. These spaces are described in detail
in Section 13.2. There also the invariant measures I/é; on G(L,q) and qu on
A(FE, q) are constructed. These measures will be used in the following.

Now we turn to spaces of pairs of linear subspaces or flats. For 0 < p,q < d
with p # ¢ we define

G(d,p,q) == {(L,M) € G(d,p) x G(d,q) : LC M}, ifp<yq,

G(d,p,q) = {(L,M) € G(d,p) x G(d,q) : L D M}, if p > q,
and

A(d,p,q) :=={(E,F) € A(d,p) x A(d,q) : EC F}, ifp<gq,

A(d,p,q) :={(E,F) € A(d,p) x A(d,q) : E D F}, if p>q.

In an obvious way, these definitions could be extended to more than two linear
or affine subspaces. Spaces of the type G(d,p,q) or A(d,p,q) are called flag
spaces. The flag space G(d,p,q), for example, is evidently a homogeneous
SOg4-space. Defining

ﬂp,q : SOd - G(d,p, q)v

¥ — (VL,,YL,)
where (L,, Ly) € G(d, p, q) is arbitrary but fixed, and

Vp,g = Bp,q(V),

we obtain a rotation invariant probability measure v, , on G(d,p, ¢). Thus,
by definition,

[ tamy= [ 01,01 v@0) (7.1)
G(d,p,q) S04

for every nonnegative measurable function f on G(d, p,q). We shall first show
that this measure can be computed, as one might expect, by iterated integra-
tions over p- and g-dimensional subspaces.



7.1 Flag Spaces 267

Theorem 7.1.1. If 0 <p<qg<d-—1andif f: G(d,p,q) — R is a nonneg-
ative measurable function, then

/ fdv,, / / F(L, M) VM (dL) vy(dM)
G(d.p.q) G(da) G<M,p>

_ / / F(L, M) vE(dM) vy (dL).
G(d,p) JG(L,q)

Proof. Measurability follows, for example, from the fact that the mapping

(M,B) — v}'(B), M € G(d,q), B € B(G(d,p)), is a kernel; for this, see

Lemma 13.2.2. Let (L,, L,) € G(d, p, q). In the subsequent chain of equalities
we use, in this order, the definition of v, as the image measure of v under gy,

the invariance property (13.12), the definition of 1/15 7  Fubini’s theorem, the
equality L, = pL, for p € SO(L,), and the right invariance of v. We obtain

[ reanytan v

G(d,q) Y G(M,p)

= / / F(L,9Lg) v e (dL) v(dY)
S04 G(ﬁqup)

_ / La( a7/

_/SOd /G(pr)f(ﬁL,ﬁLq)up (AL') v(dd)

_ / / F@pLyp,ILy) v, (dp) v(d0)
504 J50(Ly)

-/ F(9pLy, OL,) v(d9) v, (dp)
SO(Ly) 4504

-/ F(OLyy9Lg) (D) v, (dp)
SO(Ly) 4504

= [ F(@OL,,9L,) v(dV).

SOq

In an analogous manner (though with a difference since p < ¢) we get

/ Cldp) /G(qu) F(L, M) vE(dM) v, (dL)

/ F(OLy, M) v2Er (dM) v(dd)
S04 JG(YLyp,q)

/ F(ILy, OM) vr (M) (d9)
SO0q JG( p‘I)

[ [ 0Lt vy ) viao)
S04 Jso(Ly)
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-/ F(OLy, 9pLy) v(dd) vy (dp)
so(Lt) Jso,

- / F DLy, OL,) v(dD) v (dp)
So(Lt) /504

— | f(0Ly,9L,) v(d).
SOq4

This, together with (7.1), completes the proof of Theorem 7.1.1. O
Remark. Let 0 < p < ¢ < d — 1. The special case f(L, M) = 14(L) with
A € B(G(d,p)) in Theorem 7.1.1 yields
vp(A) :/ I/[])W(A) vg(dM), (7.2)
G(d,q)

and similarly one has

= l/L 1% .
Va(A) = /G A (7.3)

for A € B(G(d,q)).

Remark. Let p,q € {0,...,d — 1}. For the Radon transform
Ry : C(G(d, p)) — C(G(d,q))

defined by (6.35), Theorem 7.1.1 implies the symmetry relation

/G (dyq)(quf)ngq — / F(Ropg) du,

G(d.p)

for f € C(G(d,p)) and g € C(G(d,q)).

Theorem 7.1.1 can be generalized. For example, let integers r < p < ¢ < d
or ¢ < p<r<dhbegiven. For Ly € G(d,r) and Ly € G(d, q), let G(Lo, L2, p)
denote the space of all p-dimensional subspaces L; with Ly C Ly C Lo if
r < p < q, respectively with Lo C L1 C Lo if ¢ < p < r. It carries a unique
probability measure VIfO’LQ which is invariant under the rotations that map
Lg into itself and Lo into itself. Let Ly € G(d,r) be fixed. If f : G(d,p,q) — R

is a nonnegative measurable function, then

/ / f(L1, Ly) v (dLa) v)o(dLy)
G(Lo,p) JG(L1,q)

= / / f(L1, Ly) vt (dLy) vio (dLy). (7.4)
G(Lo,q) YG(Lo,L2,p)

This can be proved along similar lines to above.
A result analogous to Theorem 7.1.1 is valid for affine subspaces. It can
be deduced from this theorem.
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Theorem 7.1.2. If0<p<qg<d-—1andif f: A(d,p,q) — R is a nonnega-
tive measurable function, then

/ / f(E, F) i (AE) iy (AF)

A(d,q) JA(F,p)

— [P R pylaE) (7.5)
A(d,p) J A(E,q)

Proof. For measurability, we again refer to Lemma 13.2.2. In the subsequent
chain of equations we use (13.9), (13.13), Theorem 7.1.1, (13.14), again (13.9),
and several times the theorem of Fubini. In this way, we get

/ / (B, F) uF (AE) iy (dF)
A(d,q) JA(F,p)

_ / / / FOE, L+ t) gk (AE) Ag_y(dt) vg(dL)
G(d,q) J L+ JA(L+t,p)

:/ / / / f(M+z+t, L+t
G(dyq) J L+ JG(L,p) JMLNL

X Agp(de) vE (AM) Ag—q(dt) vg(dL)

/ / / / fIM+z+t, L+x+1t)
G(dyq) JG(L,p) J L+ MiﬁL

X Ag—p(dz) Ag—q(dt) v, L(AM) v, (dL)

B /G<d ) /G(L SO 2L 2) Ny (d2) v (dM) vy (AL)
sq NY

= / / J(M + 2, L+ 2) A\g—p(d2) v)" (L) v, (AM)
p) JG(M,q) J M+

_ / / / FOM + 2, L+ 2) M (dL) Ag_p (dz) vp(dM)
G(d,p) J M+ JG(M,q)

= / / / (M + 2, F) p) 4 (dF) Aa—p(dz) vp(dM)
G(d,p) J M+ JA(M+2z,q)

—[ | B REF) py(dE)
A(d,p) JA(E,q)

This completes the proof of Theorem 7.1.2. O

Remark. Analogously to (7.2) one obtains, for 0 < p < ¢ < d — 1, a repre-
sentation of the invariant measure j, in the form

MP(A) = /A(d,q) Hyp (A) pg(dF),
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for A € B(A(d,p)). There is, however, no representation corresponding to
(7.3), because the measure i}, where F' € A(d, q) and p < g, is not finite.

Note for Section 7.1

Theorems 7.1.1 and 7.1.2 can also be deduced from the essential uniqueness of
invariant measures on homogeneous spaces (Theorem 13.3.1).

7.2 Blaschke—Petkantschin Formulas

We recall that for E € A(d, q) we denote by A\g the ¢-dimensional Lebesgue
measure on F, considered as a measure on all of R?, thus

Ap(A) =M\(ANE) for Ac B(RY).

For several applications one needs integral geometric transformations of a
kind for which the following is a typical example. Suppose we have to integrate
a function of g-tuples of points in R?, where ¢ € {1,...,d — 1}, with respect
to the product measure A\?. In some cases it may simplify the computation to
integrate first over the g-tuples of points in a fixed g-dimensional linear sub-
space L, with respect to the product measure A?, and then to integrate over
all linear subspaces L, with respect to the invariant measure v, on G(d, ¢). The
case ¢ = 1 corresponds essentially to the well-known computation of a volume
integral in terms of polar coordinates. The Jacobian appearing in the general
transformation formula has a simple geometric meaning. A similar transfor-
mation formula exists for affine, instead of linear, subspaces. Results of this
type are called Blaschke—Petkantschin formulas. We prepare the proof of
these formulas by a lemma which extends the polar coordinate formula.

We denote by d(x, L) the distance of the point = € R? from the subspace
L C R4,

Lemma 7.2.1. Ifr € {0,...,d—1} and L € G(d,r) is a fived linear subspace,
then
Wd—r

fdr =
Rd

/ / Fd(, L)1 ddg v, (dM)
G(Lyr+1) J M

for every nonnegative measurable function f on RY.

Proof. We denote by L, the positive hull of L and a vector u. Using spherical
coordinates in L' and Fubini’s theorem, we obtain

f(x) A(dz)
R4

:/ f(x0+x1)>\LL(d‘T1)>\L(dx0)
LJL+
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=[] et o (du) dp s (dao)
LJO Sd=1inL+
:/ // f(zo 4 pu)p?~""Ldp Ap(dzo) og_p—1 (du)
Sd-1inLL JL JO
:/ / f(x)d(z, L) Ap, (dz) 04— 1(du)
Sd-1NL+ JL,

=2 / F(@)d(z, D)7 Ay (da) vy (dM).
2 Jawe+n) I

This was the assertion. O

We recall (from Section 4.4 or Section 14.1) that for ¢ € {1,...,d}
and x1,...,2, € R?Y we denote by V,(x1,...,2,) the g-dimensional vol-
ume of the parallelepiped spanned by the vectors z1,...,z4. For ¢ 4+ 1 points
20, %1,-+-,%q € R¢,

1
Ag(zo, ..., zq) = avq(xl — X0y, Tg — T0) (7.6)

is the g-dimensional volume of the convex hull of {xzo,...,z4}.
The following result is known as the linear Blaschke—Petkantschin
formula.

Theorem 7.2.1. If ¢ € {1,...,d} and if f : (RY)? — R is a nonnegative
measurable function, then

/ fFdXT = by, / fVE1ax? v, (dL) (7.7)
(R)s G(d,q) J L

with
(7.8)

Proof. The subsequent proof, which is adapted from Miles [525], proceeds by
induction. For ¢ = 1, the assertion reduces to Lemma 7.2.1 (case r = 0) and
hence is true. We assume that the assertion has been proved for some ¢ > 1
and all dimensions d. In the inductive step we make use of the fact that for
T1,...,24 € L € G(d,q) and 2,41 € R? one has

vq+1(1‘17 . ,:L‘q+1) = Vq(l'l, e 7$q)d($q+1, L) (79)

Below we abbreviate (21, ..., z4) by x. First we use, besides Fubini’s theorem,
the induction hypothesis and Lemma 7.2.1, to obtain

I:= / fdaatt
(R)a+1
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_ /R /(Rd)q F(x, 2) A(dx) A(dz)

=)\ (dx) v, x
bia [ [0 ] SO0V X (06) v () N

b [ [ 94601 [ ) Mcle) A (@) vy a)
G(d,q) J La Rd

= bdqwd—q/ Vq(X)d_q/ f(x,x) d(x,L)d_q_l
2 G(d,q) v/ L1 G(L,g+1) J M

x Anr(de) vk (M) XY (dx) vg(dL).

Applying Theorem 7.1.1 for interchanging the integrations over ¢- and (g+1)-
dimensional subspaces and then using (7.9), we get

[ — biaiq / / / / £, )V, (%) d(x, L)1~
2 Gdg+1) Ja,g) Jra Jm

x Anr(dz) A (dx) vy (dL) vgi1(dM)

byowa_
~tes [ ] £, 2)V g1 (3, 7)1V, (x)
2 Jatdg+) Jm Ja,g) S
x A% (dx) vg" (dL) A (dz) vgi1 (dM).

Now we apply the induction hypothesis again, to a ¢-fold integration over
the (¢ + 1)-dimensional space M and the function f(-,2)V411(-,2)?7971. We

obtain
b
dqWd— q/ / ,f X, 1_ q+1(x x)d qg—1
2b(qul G(d,q+1) Ma
x Ay (dx) Ay (dw) vgra (dM)
= by(q+1) / / fvzltllfl d/\?\jl Va1 (dM),
G(d,q+1) J Ma+1
which is the assertion for a (¢ + 1)-fold integration. 0

Before proceeding further, we want to explain in which situations we talk
of a formula of ‘Blaschke—Petkantschin type’; thus, we try to describe the
common feature of these transformations. The starting point is an integration
over a product (possibly with one factor only) of measure spaces of geomet-
ric objects (points or flats, as a rule), mostly homogeneous spaces with their
invariant measures. Almost everywhere, the integration variable, which is a
tuple of geometric objects, determines a new geometric object (for example,
by span or intersection). We call this new object the ‘pivot’. The initial inte-
gration is then decomposed into an outer and an inner integration. The outer
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integration space is the space of all possible pivots, with a natural measure;
often it is a homogeneous space. For a given pivot, the inner integration space
consists of the tuples of the initial integration space which determine precisely
this pivot; as a rule, it is a product of homogeneous spaces.

Lemma 7.2.1 was already of this type. The initial integration is over R<.
The integration variable z € R? determines (almost everywhere) the (q + 1)-
subspace which is spanned by x and the fixed g-subspace L. This (¢ + 1)-
subspace is the pivot. The outer integration space is the space G(L,q + 1) of
all (¢ 4+ 1)-subspaces containing L. For M in this space, the inner integration
space is equal to M. In the case of Theorem 7.2.1, the initial integration is
over (R?)?, and the pivot is the g-subspace spanned by the integration variable
(z1,...,24) € (R?)9. Hence, the outer integration space is the Grassmannian
G(d,q) of all g-subspaces. For L € G(d, ¢), the inner integration space is the
product L9.

There are also extensions of formulas of Blaschke—Petkantschin type where
the pivot is not uniquely determined by the integration variable, but only
associated with it in some way. For example, in the situation of Theorem
7.2.1, a pivot associated with (x1,...,24) could be a subspace of fixed di-
mension s > ¢ containing x1,...,x,, or the span of z1,...,2, and of a fixed
subspace. One can also combine both possibilities; this gives the following
generalization of the linear Blaschke-Petkantschin formula. Here we denote
by Vgr(z1,...24, Lo) the (¢ + r)-dimensional volume spanned by the vectors
T1,...,%q € R? and an orthonormal basis of the subspace Ly € G(d, 7).

Theorem 7.2.2. Let ¢ > 1, r > 0 and s be integers with q +r < s < d, let
Lo € G(d,r). If f: (RY)9 — R is a nonnegative measurable function, then

b(a—r
/(Rd) fd/\qzb((d;q/cu ) J1L fVqr(Lo)* ™ dA  vo(dL).  (7.10)
q s—r)q 0,8 a

Proof. First we consider the case s = ¢ 4+ r, that is, the formula

/ FAA = bia_pg / [V (o Lo)* 07 NS vle (dL). (7.11)
(R4)a G(Log+r) JLa

Its proof proceeds by induction, in a similar manner to Theorem 7.2.1. The
case of ¢ = 1 is again provided by Lemma 7.2.1. In the induction step, one
applies Lemma 7.2.1 to a fixed subspace L of dimension g + r and then uses
the interchange formula (7.4) instead of Theorem 7.1.1. After observing that

Vq+1,r(3317 sy Tgtls Lo) = Vq,r(ml, Ce ,LL'q,LQ)d(LL'quh L) for Lo C L

and applying Fubini’s theorem, the induction hypothesis is applied to a g-fold
integration over a (¢ + r 4+ 1)-dimensional subspace M containing Lg. Apart
from these changes, the proof is the same as before. Thus, the formula (7.11)
is proved.

To prove (7.10), we assume that ¢ +r < s < d and start with the integral
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I:= / fd\d vEo(dL).
G(Lo,s) La

We apply (7.11) to the integral over L9; here dim L = s and Lo C L. Then
we use the interchange formula (7.4) and Fubini’s theorem. This yields

I = b(s—r)q/ / qu,r(~7L0)5*q7’l”
G(Lo,s) YG(Lo,L,q+r) J M4

x dXd, vie (M) vEo(dL)

S

b o PV L)~ AN 2 (L) v, (M)
G(Lo,q+r) JG(M,s) J Ma

= b(s—r)q / / / FVanr (- Lo) " vM (dL) dXY, vEe, (dM)
G(Lo,q+r) J M3 JG(M,s)

= b(s—'r‘)q / qu,’l“('y L(])S—q—’l‘ d)\l]]w l/(fﬁ’l“ (dM)
G(Lo,q+r) J Ma

b s—r
N M/ FVqr (- Lo)* =4 dNY,

bda—r)q J(raya
by another application of (7.11). Replacing f by fV,.(,Lo)?~*, we obtain
the assertion. O

The original Blaschke—Petkantschin formula is a source of a series of further
integral geometric transformations, of which we shall give some examples.
First we derive transformation formulas for integrals over tuples of linear
subspaces. The cases where the sum of the dimensions of the subspaces is at
most d or larger than d have to be distinguished.

In the subsequent theorem, the initial integration space is [[L_, G(d,r;),
with Z?:l r; =: p < d, and the pivot determined by a g-tuple of subspaces is
their linear span. Correspondingly, the outer integration space is G(d, p), and
for L € G(d, p), the inner integration space is [[{_, G(L,r;).

In the following, we shall have to use the subspace determinant [,...,]
defined in Section 14.1. If g € N, rq,...,7g € {1,...,d—1} and (L1, ...,L,) €
G(d,m1) x ... x G(d,rq), we write

[L1,...,Lg] = [L1, .., Lglr,

where r := (rq,...,7q) serves as a multi-index. If Ly is a fixed linear subspace,
we also write

[Ll, .o .,Lq,Lo] = [Ll, .o -7Lq7L0]r-

Thus, for r := (r1,...,ry), the functions [-,..., ], and [-,...,-, Lo], are both
defined on G(d, 1) X ... x G(d, ).
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Theorem 7.2.3. Letrq,...,rq € {1,...,d—1} be integers with ri+...4+rqy =:
p <d, and put v := (r1,...,rq). If f : G(d,m1) X ... x G(d,1y) = R is a
nonnegative measurable function, then

/ fd(l/’l“l ® ® I/’I“q)
G(d,r1)%...xG(d,rq)

7b/ / flo 18 PdtE ®...@ vl ) uy(dL)
d,p) JG(L,r1)%...xG(L,rq) ¢

with

b= ba, H bor, (7.12)

ber

Proof. We begin with a preparatory remark. If r € {1,...,d — 1} and if
h:G(d,r) — R is a nonnegative measurable function, then

/]Rd'”/Rd h(lin{ﬂ?l,---,fUr})Jl;[lle(l'j))\(dxl)~~>\(dxr)

= /@2/ h(L) v.(dL).
G(d,r)

In fact, choosing for h the indicator function of a Borel set, one can use the
left side to define a finite measure on G(d,r). Since it is rotation invariant,
it must be a multiple of the invariant measure v,.. The factor can then be
determined by choosing h = 1.

Now we define, almost everywhere on (R%)P, a function g by

1 1 q q
gy, 2,2, ...,x,q)

q T
:f(lin{x%,...,x,l‘l 7...7lin{a:‘f,...,xgq )HHle(acJ
j=1li=1

Applying Fubini’s theorem and ¢ times the preceding remark, we obtain

I::/ gd)\p:/gg/ fdv, ®...@u.,).
(Ré)P G(dyr1)x...xG(d,ry)

On the other hand, Theorem 7.2.1 gives

I = by, / / gVEP AN} v, (dL).
G(d,p) JL?

We abbreviate (7 .755{],) =: x; and lin {27

.. ..,x{j =: linx; for j =
1,...,q, then

ISR
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I:bdp/ / / g(xl,...,xq)Vp(xl,...,xq)d*p
G(d,p) JL™1 L™

X A7 (dxq) -+ AP (dxg) vp(dL).
From the definitions of [-,....], and V, it follows that
Vp(X1,...,Xq) = Vo (x1) - Vi, (%) [linxy, ..., linxg]r.

We insert this in the last integrand. Then, for fixed L € G(d,p), we use
Theorem 7.2.1 (with (R%, q) replaced by (L,71)) to transform the integration
involving x; into an integration over G(L,r1) and, for fixed L; € G(L,r1), an
integration with respect to the measure A}' . The integral

/ ) l(Bdle)rl (xl)Vn (Xl)d_rl /\7[‘111 (dxl) = I(Tl,Tl,d - 7‘1)
L'

1

occurring here can be evaluated by means of Theorem 8.2.2. In a similar way
the integrations involving x;, j = 2,...,q, are treated. Now the assertion
follows. O

In the following generalization of Theorem 7.2.3, a fixed subspace is given,
and the pivot determined by a tuple of subspaces is the linear span of these
and the given one.

Theorem 7.2.4. Let r1,...,7q € {1,...,d — 1} and r¢ € {0,...,d — 1} be
integers with
ri+...+rg=1p<d—1p;
put r := (r1,...,7q). Let Ly € G(d,ro) be a fized subspace. If f : G(d,r1) %
. x G(d,rq) — R is a nonnegative measurable function, then

/ fdv, ®...@ )
G(d,r1)x...xG(d,rq)

:C/ / f['a"'v'vLO]gipiro
G(Lo,p+ro) JG(Lyr1)X...XG(L,rq)

xd(vh @...ovk) vl (dL)
with

b(P‘H” )T
c:=by_ ropH bdo :
j=1 T

Proof. The proof is the obvious extension of the previous one. Instead of
applying Theorem 7.2.1 first, we employ (7.11), with (g, r) replaced by (p, o).
After using the identity

Vpro(X1,. .., Xg, Lo) = Vi (x1) -+ -V (xg)[linxy, . .., linxg, Lo,

the rest of the proof is the same. a
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The preceding theorems have counterparts where linear spans are replaced
by intersections. In that case, we consider linear subspaces Li,...,L; C R4
with >°7 ,dimL; > (¢ — 1)d. In Section 14.1 we define [Li,...,L, =
[L{,.. .,Lj]. In particular, if Li,..., L, are hyperplanes through 0 and if
u; is a unit normal vector of L; for ¢ = 1,...,q, then [Ly,...,L,] is the
g-dimensional volume of the parallelepiped spanned by u,...,uq, also de-
noted by Vg(u1,...,uy). As before, we write [L1,..., Ly = [L1,..., Ly]s with
S:=(81,...,8¢) ifdimL; =s;,i=1,...,q.

In the next theorem, the initial integration space is [\, G(d,s;), with
>% 18 > (¢ —1)d, and the pivot determined by a g-tuple of subspaces is
their intersection.

Theorem 7.2.5. Let s1,...,54 € {1,...,d — 1} be integers satisfying
s14+...+s;—(g—1)d=m>0;

put s := (s1,...,8q). If f : G(d,s1) x ... x G(d,sq) — R is a nonnegative
measurable function, then

/ fd(vs, ®...Qvs,)
G(d,s1)%...xG(d,sq)

:B/ / f[-,...,-];”d(usLl®...®1/SL(I)1/m(dL)
G(d,m) JG(L,s1)%X...xG(L,sq)
with
- 7 ba—m)(d—s,)
b:= bag—m) < (7.13)
jo1 baga-s))

Proof. We put d —s; =: r; and r := (r1,...,7r4). For M; € G(d,rj), j =
1,...,q, we set
fEMy, L M) = f(MT, . M.

By Theorem 7.2.3,

/ fld(yn@...@yrq)
G(d,r1)%X...xG(d,rq)

:b/ / Pl P A0 ® . @ vE ) v (dL)
G(dyd—m) JG(L,r1)%...xG(L,rq) B

with b given by (7.12). Now we observe that the mapping L + L' maps the
space G(d, k) to G(d, d—k) and transforms the measure v, into v4_j Moreover,
for a fixed subspace M, it maps the space G(M, k) onto G(M~*,d — k) and
transforms the measure v} into v}! ;7 as follows from the uniqueness of these
invariant measures. Hence, the last equation is equivalent to the assertion. 0O
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In the same way, one obtains from Theorem 7.2.4 the following general-
ization of the preceding result. Here a fixed subspace is given, and the pivot
determined by a tuple of subspaces is the intersection of these and the given
one.

Theorem 7.2.6. Let sq,...,s54 € {1,...,d—1} and so € {1,...,d} be integers
with

S1+...+sq—(¢g—1)d="m>d— sp;
put s := (s1,...,8q). Let Ly € G(d, sg) be a fized subspace. If f : G(d, s1) X
... x G(d,sq) — R is a nonnegative measurable function, then

/ fd(vs, ®...0vs,)
G(d,s1)%X...xG(d,sq)

:E/ / f['ﬂ"'7'aL0];n+so_d
G(Lo,m+so—d) JG(L,s1)%x...xG(L,sq)
L
xd(wh @...ovk)ve i (dL)

with

q
_ b(2d—7n—s )(d—sj)
= baotam [ =75 2

j=1
Now we turn to affine transformation formulas, with affine subspaces in-
stead of linear subspaces. First we derive the affine Blaschke—Petkantschin
formula. Here the initial integration is over (R?)9*!, and the pivot is
the g-flat affinely spanned (almost everywhere) by the integration variable
(zo, ..., 24) € (RT)7T1. The outer integration space is the affine Grassmannian
A(d, q), and for E € A(d, q), the inner integration space is the product E4*1.
Recall that A, (zo, ..., 2,), as defined by (7.6), denotes the g-dimensional vol-
ume of the simplex with vertices xg, ..., 2q.

Theorem 7.2.7. If ¢ € {1,...,d} and if f : (R))9H! — R is a nonnegative
measurable function, then

[ part byt [ [ At @e)
(Re)a+1 A(d,q) JEt!

with bgq given by (7.8).

Proof. We apply Theorem 7.2.1 and several times the theorem of Fubini:

/ farrtt
(Rety+1

:/ / F(@0y 1 +20r -+ Y + 20) N1, - - - »9a)) Adzo)
Re J(R%)qe
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:bdq/ / f($07y1 +x0,"'ayq+$0)vq(y1"",yq)d7q
R4 ,q) /L1

X A (d(y1,---,yq)) vg(dL) M(dzo)

:bdq/ / / fe+t,pn+z4+t...,y,+2+1)
G(d,q) J L+ La
XVa(y1, - Yg) "IN (d(y, - - -5 yq)) Az (dz) Ap1 (dt) vy (dL)

@ [ st
G(dyq) J Lt L+t)q+1

X Ag(20, ..., )TN (A(o, - .., 2q)) Ape(dE) vg(dL)

— bdq(q!)d_q / / flxo,...,zq)Aq(x0,- .., xq)d_q
A(d,q) J Eat+?

X AN (d(zo, ..., 2q)) pig(dE).
Here we have used (13.9). O

Postponing the treatment of affine spans of flats of small dimensions, we
now consider the affine counterpart to Theorem 7.2.5. Here, the pivot deter-
mined by a g-tuple of flats of large dimensions is their intersection. For an
affine subspace E we denote by E° the linear subspace parallel to E. For
E1,...,E, C R? with dim E; = s; we put s := (s1,...,8,) and

[Er, ..., Es = [EY,...,EJs,
provided the right side is defined.
Theorem 7.2.8. Let s1,...,84 € {1,...,d — 1} be integers satisfying
s1+...+8;—(g—1)d=m>0;

put s := (s1,...,8¢). If f: A(d,s1) x ... x A(d,sq) — R is a nonnegative
measurable function, then

/ fd(ps, ® ... @ ps,)
A(d,s1)X%...xA(d,sq)

o) Flye o P AE @ .. @ UE ) i (dE)
A(dym) JA(E,s1)X...XxA(E,sq)

with b given by (7.13).
Proof. By (13.9) we can write

I ;:/ Fdlie, ® ... ® s, (7.15)
A(d,s1)%...xA(d,sq)

_ / J(L,. . L) (Ve ® .. @ v, )(A(La, ..., Ly))
G(d,s1)%...xG(d,sq)
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with
J(Li,...,Lg)

:/Ll it Lyt 1) (g @ @A) (Wl 1))

Let L; € G(d,s;), j = 1,...,q and assume, without loss of generality
(by Lemma 13.2.1), that these subspaces are in general position. We put
LiN...NLy=:L.For (t1,...,t;) € L x ... x Ly we have

(Li+t)N...N(Lg+ty) = L+E(t1,..., 1)
with a unique vector {(t1,...,t,) € L+, This defines a linear map
§:L1 x...x Ly — L+

If m; : L+ — Lj denotes the orthogonal projection, then the inverse map
¢ 1 is given by £ (z) = (m1(2),...,my(x)). Choosing in each space Lj an
orthonormal basis and applying a linear map from Li x ... x Lf]- to Lt that
maps the union of these bases to an orthonormal basis of L', we see that

J(Ly,...,Ly)=[L1,...,Lgls | f(Li+=,...,Lq+x)Ap.(dz).
Lt

We insert this in (7.15) and use Theorem 7.2.5. In the subsequent integrals
we have L = L1 N...N L, up to sets of measure zero.

I:/ [L1,...,Lgls flLi+z,...,Lg+z) A (d)
(d,s1)%...xG(d,sq) L+
X (Vs; @ ... @ v, )(d(Ly, ..., Lg))

:B/ / f(Ll+-T7~.~7Lq+x)[L17"'7Lq]1S7L+1
G(d,m) JG(L,s1)%...xG(L,sq) J L+

X Ape(de) (vh @ ... @ vl )(d(Ly, ..., Ly)) vm(dL)

—b/ / / f(Li+w,....,Lg+2)[Ly,..., Lot
G(d,m) JL+ JG(L,s1) G(L,sq)
x (vl @ vl d(Ly,.. ., Lg)) Aps (dz) v (dL)

_b/ / / f(Er, ... Eg)[EL,..., B0t
G(d,m) JL+ JA(L+x,s1)%...x A(L+x,54)

< (uit @ ®/~LL+’”)(d(E17~-~> Ey)) Ap+(dz) vm(dL)

:6/ / f(Ey,...,E)[Ey,..., B!
A(d,m) JA(E,s1)X...XA(E,sq)

X (pf @ ... @ pl)(A(Ey, ..., By)) pim (dE).
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Here we have used (13.14) and (13.9). O

In the case of flats of small dimensions, we consider only two flats. Let
E, € A(d,r), Ey € A(d, s) be flats with dimensions satisfying r + s < d — 1.
We assume that they are in general position, that is, the dimension of their
affine span is equal to r+s+1. Under this assumption, the distance between F4
and Ej is realized by unique points x1 € E, 2 € Es, and the line F' through
1 and z9 is orthogonal to both, E; and Es. We call F' the ortholine of F;
and E5 and denote the distance ||z — 22| by D(E1, Es).

In the following theorem, the pivot determined by a pair of flats of small
dimensions is their affine span.

Theorem 7.2.9. Let ry,ro € {0,...,d—1} be integers satisfying r1+ro+1 =:
p < d; putr = (ri,ma). If f: A(d,m) x A(d,r3) — R is a nonnegative
measurable function, then

/ f d(:u‘h & ,Urg)

A(d,T’l)XA(d,’l‘g)

—of FDUPE AP AE © ) iy (dE)
A(d,p) JA(E,r1)x A(E,r2)

with b given by (7.12) for ¢ = 2.

Proof. Tt is sufficient to prove the assertion for a function f for which there
exists a ball B with f(E1, E;) = 01if E;Nint B = () for at least one j € {1,2}.
If this is established, then the general case follows with an application of the
monotone convergence theorem.

For x; := (2, ... ,x{;j) € (Rt we write aff {)),. .. ,x{;j} =: aff x;, and
we define
2 2
g(x1,%2) = [ [ 1prs+1 (%)) Xaise, (B) ™77 if [ Maix, (B) #0,
j=1 j=1

and g(x1,X3) := 0 otherwise. To each of the two integrals in

I:= (T1!)T1_d(7“2!)r2_d/ / f(affx;, affxs)
(RE)r1+1 J(Rd)r2+1

X g(x1,%2) A, (x1) AL, (x2)2 A (dxg) AT (dxg)

we apply the affine Blaschke—Petkantschin formula (7.14). This gives

2
P=TTow, [ [ BB (B2 i @B,
j:1 A(d,Tl) A(d,’l‘g)

On the other hand, we can view I as an integral over (R?)P*! with respect to
the measure AP*1 and apply (7.14) to this. The result can be written as
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I=bg / / / f(aff x1, aff x2)g(x1,X2)
’p Er1+1 Er2+1

X () ()2 ) TP A (3x0) " TA (x2) 2T
X A1, x2)" 7 X (o) N (1) o (A,
Here we employ the (easily established) fact that
PIA, (%1, x2) = r1lralAr (x1)Ar, (x2) D(aff x1, aff xo) [aff x4, aff x].

We insert this and then apply (7.14) to the two inner integrals over E7it!
j =1,2. This immediately yields the assertion of the theorem. O

In the following theorem, we restrict ourselves to flats of small dimensions
which affinely span the whole space. The pivot determined by a pair (Eq, Es)
of flats in general position will now be the triple (F, z1, 22), consisting of the
ortholine F' of F1, F5 and the points x1,z2 where F intersects the flats. For a
given triple (F, z1,x2), the inner integration space is in effect (though written
in a more convenient way) the space A(z1, F* +x1,71) X A(wg, X+ 29, 79).
Here A(x, F+ 4 x,s) denotes the space of s-flats through = and contained in
FL 4z (recall that F+ := (F°)L is a linear subspace).

Theorem 7.2.10. Let r1,75 € {0,...,d — 2} be integers satisfying r1 + 1o =
d—1.If f: A(d,r1) x A(d,r2) — R is a nonnegative measurable function,
then

/ fd(.url ® :u’7"2)
A(d,’l‘l)XA(d,Tz)

:b/ / / f(L1 + @1, Ly 4 23)[L1, Lo)?
A(d,1) JF2 JG(F+,r)XG(FL,r2)

x (Vh" @ vh ) (A(L1, Ly)) N (d(1, 22)) i (AF)
with b given by (7.12) for ¢ = 2.

Proof. In the proof, we use repeatedly Fubini’s theorem and (13.9). We apply
Theorem 7.2.3 and then go over to orthogonal complements:

I:= / fd(pr, ® pir,)
A(d,Tl)XA(d,TQ)

= / / f(L1 + 21, Loy + z2)
G(dyr1)XG(dyra) J L x Ls-

X (Apg © App)(d(@, x2)) (v, @ vry)(d(La, Lo))

b/ / / f(L1 + 21, Ly + z2)
G(d,d—1) JG(Hr)xG(H,rs) J L+ x LE
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x Ly, La] (A @ Apg)(d(z1, 22)) (1] @ v75)(d(Ly, L2)) va—1(dH)

=b / / f(L1 +x1, Lo + x2)
G(d,1) JG(L+,r1)xG(LL,r) JL{xLa
x (L1, Lo) (Aps ® App)(d(@y,22)) (v @ vl )(d(Ly, La)) v (dL).

Using the direct sum decomposition le =L& (L]l N L) and writing xr; =
y; + z; with y; € L and z; € le N L+, we obtain

=) N
G(d,1) JG(LL,r)xG(LLro) JL2 J(L+nLLY)x (LENLL)

f(Ly+ 1+ 21, Le + 92 + 22)[Lys Lol (Appape ® Appape)(d(z1, 22))

X A2 (d(y1.y2)) (V5 @ vE ) (A(Ly, Le)) v (L)

—b/ / {/ F(E1+y1, Bz +y2)
d 1) L2 Lt rl XA(LJ‘ ’1“2)

x By, Bo) ®Mf:)(d(EhE2))}/\%(d(y1,y2)) vi(dL).

To the integral in braces we apply Theorem 7.2.8 (in L*); here m = 0 (and
thus b = 1), so that A(L+,m) is identified with L. This gives

I:b/ / {/ / J(Li+t4+y1, Ly +t+y2)
1) Jr2 | Jot Jamt m)xGLt )

x L1, LoJ? (vE @ vl )(d(Ly, La)) Ape <dt>} A2 (d(y1,2)) v (dL)

=b/ / / / J(Li +y1, Lo+ y2)
G St (402 Ja@LL ) xG(LE 7o)

% (L1, Lal? (vE @ vE ) (A(L1, Lo)) A2 4 (d(y1. y2)) A (d) v (AL)

*b/ / / J(L1 +y1, Lo+ y2)
d 1) F2 FL,TI)XG(FL,TQ)

% [Ly, Lo)? (W @ vl )(d(Ly, L2)) N(d(y1,92)) 1 (AF).
This completes the proof. a

In Theorem 7.2.10 we have assumed that r; + 7 + 1, the dimension of the
affine span (if the flats are in general position) is equal to d. If this dimension
is less than d, we obtain the corresponding result by first applying Theorem
7.2.9 and then transforming the inner integral by means of Theorem 7.2.10.
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Notes for Section 7.2

1. In this note we give an interesting alternative proof of the Blaschke—Petkantschin
formula of Theorem 7.2.1. This proof, which is due to Mgller [550], is based on
a uniqueness result for relatively invariant measures. The method is also briefly
described in Barndorff-Nielsen, Bleesild and Eriksen [79, pp. 59-60]. In the following,
we use notation and results from Section 13.3.

Second proof of Theorem 7.2.1. To prove (7.7), we need evidently consider only
linearly independent g-tuples (z1,...,x,). We denote by U C (R%)? the subspace of
linearly independent g-tuples. In the following, we consider the elements of R? as
column vectors (with respect to some fixed basis) and, correspondingly, (z1,...,zq)
as a (d,g)-matrix; then U is the space of real (d, ¢)-matrices of rank ¢. Let GL(q)
be the group of regular (g,q)-matrices with the standard topology; it is locally
compact. The same holds true for the direct product G := SO(d) x GL(q), where
SO(d) denotes the group of orthogonal (d, d)-matrices with determinant one. By

(D, M), (z1,...,2q9)) — D(a:1,...,mq)Mt =:(D,M).(z1,...,2q)

for (D, M) € G and (z1,...,24) € U, where M" denotes the transpose of the matrix
M, we define a transitive operation of G on U. It is not difficult to verify that U,
with this operation, becomes a homogeneous G-space. Recall that (Sec. 13.3), if a
group G operates on a set U, one defines (g.f)(u) := f(g~ ), u € U, for a function
fonU.

Now we define two positive linear functionals I1, I on C.(U) by

/Rd [ @) M) Ay,

:/ /.../f(:vl,...,xq)Vq(xl,...,xq)dfq
G(dyq) J L L

X Ap(dz1) -+ - Ap(dxg) ve(dL)
for f € C.(U). For (D, M) € G we get

RS = [ [0 ) M M) -+ A
R R
= |det M|"11(f),
because A is rotation invariant, and the linear map (z1,...,2q) — (Z1,...,24)M

from the space of (d,q)-matrices into itself has determinant (det M)%. Further, for
L € G(d,q) we get

/ /f - :Cla--'axq)Mit)VQ(xh--wmq)diq)‘L(dxl)"'AL(de)
= et |* [ [ D @ m ) Vil ) MO
X )\L(dZE1 AL(d:Cq)

= |det M|* / / f@1,.. ., xg)Vl(x1,. .. xq)" 0
o1 Jo-ir
X Ag—1p(dz1) -+ Ag-1p(dxg),
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where ¥ € SOg is the rotation defined by D. The rotation invariance of v now
implies

I((D, M).f) = |det M|*I>(f).
Thus the integrals I1 and I2 are relatively invariant with the same multiplier. From
Theorem 13.3.1 it follows that I; = ¢l with a constant c¢. The value of this constant
can be obtained from Theorem 8.2.2. O

2. A general reference for the formulas of Section 7.2 is Santalé’s book [662]. His
proofs, as much of the original literature, use differential forms. Another flexible tool
for obtaining integral geometric transformation formulas is Federer’s coarea formula.
In contrast to this, our aim was here to give more elementary and geometric proofs,
based either on direct integration procedures or invariance arguments.

Results of Blaschke—-Petkantschin type can in principle be traced back to
Lebesgue [437], who used the transformation rule for multiple integrals to give new
proofs for results of Crofton. After an influential lecture course by Herglotz [335] in
Gottingen on geometric probabilities, and papers by Blaschke [105] and Varga [762],
a systematic and general investigation of such integral geometric transformation for-
mulas was undertaken by Petkantschin [601]. In special forms, most of the results of
this section appear already in that paper. The usefulness of Blaschke—Petkantschin
type formulas in stochastic geometry was emphasized by Miles. In [531], he gave
new proofs and extensions of some results going back to Petkantschin, for example,
of Theorem 7.2.2 above. In the style of the present chapter, though less generally,
Blaschke-Petkantschin formulas were presented in Schneider and Weil [716].

For a recent application (in particular of Theorem 7.2.3) outside stochastic geom-
etry, we mention E. Milman [540].

3. There are more general versions of Lemma 7.2.1, for integrations over A(d,q)
instead of R?; see Petkantschin [601, formula (49)]. A special case, where the given
linear subspace is of dimension zero, reads as follows. Let ¢ < r < d. For the pivot
associated with E € A(d, q) one can choose a linear r-subspace containing E. Then
the outer integration space is G(d,r), and for L € G(d,r), the inner integration
space is A(L, g). The resulting formula is

[ gaw=cf [ a0 dud v
A(d,q) G(d,r) JA(L,q)

with a constant ¢ depending on d, ¢, r. Applications of the special case d =3, ¢ =1
are discussed by Cruz—Orive [190].

4. Vertical Sections. The following special case of Theorem 7.2.4 is of interest in
stereology. Let d =3, g =1,r1 = 1,70 = 1 and let V € G(3,1) be a fixed line.
In some applications, the direction of the ‘vertical’ line V plays a particular role,
and two-dimensional planes parallel to V' define ‘vertical sections’. Theorem 7.2.4
specializes to

/ fdu = c/ / f I, V]dv! vy (dL).
G(3,1) G(V,2) JG(L,1)

This can be interpreted as saying that an isotropic random line through 0 can be
generated by first generating a uniform vertical 2-plane L containing V' and then in
L a random line through 0 with the distribution defined by the inner integral. Such
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and more general ‘vertical uniform random sampling designs’ can be of advantage
in practical situations where preferred directions are present. They were suggested
by Baddeley [46] and further studied in Baddeley [47, 48], Baddeley, Gundersen and
Cruz-Orive [52]; see also Koétzer, Jensen and Baddeley [424] and Benes and Rataj
[90, sect. 4.1.3]. A detailed description is found in Baddeley and Jensen [53, ch. 8].

5. Hug and Reitzner [365] have proved and applied the following formula of
Blaschke Petkantschin type. The initial integration space is (R%)¥*P, where 1 <
p < d. The pivot determined by (z1,...,%41p) € (RY)P is the pair (Hi, Ho),
where Hy := aff{z1,...,2q} and Hz := aff{zp+1,...,2Zp+a}. The outer integration
space is A(d,d — 1) x A(d,d — 1), and for (H1, H2) € A(d,d — 1) x A(d,d — 1), the
inner integration space is Hf x (HiN HQ)d_p X Hg. The formula reads

d+p d!KZd 2
FaNTT = (=5 f
(Rd)d+p A(d,d—1)x A(d,d—1) J HY x (H1NH2)3—P x HY

X Ad(ﬂ?l, cee 7md)Ad(mP+1a e ,xp+d)[H1, Hz]pid

x A\, @ XG Py, @A) pa—1 (d(Hy, Ha)).

6. There is a spherical counterpart to the affine Blaschke—Petkantschin formula. The
initial integration is over (S%~1)?*! where ¢ € {1,...,d — 1}. The pivot is the ¢-
flat affinely spanned (almost everywhere) by the integration variable (zo,...,zq) €
(S?1)9+1 The outer integration space is the affine Grassmannian A(d, ¢), and for
E € A(d,q) hitting S, the inner integration space is (S¢~* N E)?*!. The result
appears in Miles [525, Th. 4], with a short sketch of a proof. A detailed proof could
be given similarly to Theorem 8.2.3. A typical application is found in Buchta, Miiller
and Tichy [134].

A related very general transformation formula, involving spheres and linear in-
stead of affine subspaces, appears together with applications in Arbeiter and Zahle
[38, Th. 1].

7. The affine Blaschke—Petkantschin formula of Theorem 7.2.7 can be interpreted
as a decomposition of the (g + 1)-fold product of the Lebesgue measure in R
Integration with respect to this product measure is decomposed into integration
with respect to the (¢ + 1)-fold product of Lebesgue measure in a g-dimensional
affine subspace, with a suitable Jacobian, followed by an integration over all g¢-
dimensional affine subspaces. A somewhat similar decomposition is possible if the
d-dimensional Lebesgue measure is replaced by the k-dimensional Hausdorff measure
on a k-surface, k < d. In that case, the relative directions of the intersecting affine
subspace and the tangent plane of the k-surface at the intersection points enter into
the formula and make it complicated. General formulas of this type were proved by
Zahle [829] (see Reitzner [628] for a short proof of a useful special case) and Jensen
and Kiéu [382] (using an extended coarea formula by Kiéu [410]). A simplified proof
was given in Jensen [379]. Stereological applications were presented by Jensen and
Gundersen [380], Jensen, Kiéu and Gundersen [383].
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7.3 Transformation Formulas Involving Spheres

In this section we prove two formulas of Blaschke—Petkantschin type (in the
sense explained in the previous section), where the pivots are spheres. Corre-
spondingly, the outer integration is over the space of all spheres, or equiva-
lently, over the space of all possible centers and all possible radii, with a very
simple measure. The inner integrations are conveniently written in terms of
the unit sphere instead of variable spheres.

Theorem 7.3.1. If f : (R} — R is a nonnegative measurable function,

then
/ f d>\d+1
(Rd)d+1

:d!/]Rd/o /Sd_l.../Sd_lf(z+7"u0,...,z+rud)

X rd2_1Ad(u0, ooy ug) o(dug) - - - o(dug) dr A(dz).
Proof. Tt must be shown that the differentiable mapping
T: R x (0,00) x (S4-1)d+1 s (RE)d+1,
which is defined by
(z,7 00, - uq) — (241U, ..., 2 + Tug)
and is bijective up to sets of measure zero, has Jacobian given by
D(z,r,uq,. .. uq) = dr® " Ag(ug, . .., uq). (7.16)

In the proof, we use the block notation for matrices. We write A for the
transpose of a matrix A; vectors of R? are interpreted as columns. We de-
note by Ej the k X k unit matrix. In order to prove (7.16) at a given point
(2,7, U0, - . ., uq) of R x (0,00) x (S?71)4+1 we use special local coordinates in
a neighborhood of this point. For i =0, ..., d we introduce, in a neighborhood
of u; on S9~1, parameters in such a way that the d x d matrix (u; ;) becomes
orthogonal at the considered point; here u; denotes the d x (d — 1) matrix
of the partial derivatives of u; with respect to the corresponding parameters.
This can easily be achieved. If for u € S?! the matrix (u1) is orthogonal,
then

Wu=0, dli=Ey .,  By—ii=uu.
For D = D(z,r,ug, .. .,uq) we therefore get
Ed Ug 7”[1,00"' 0
0
_D =

Edud 0 -~-‘T’[Ld
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For D := =%’ D we thus obtain

Eg- - Ey
dh et | [ Bauoin 00
- a0 0 A
|0 - A
Edudo ud
0 -l
(d+1)Eg > u; Gy - g
Sub d+1 0 -+ 0
— u 0 Egqq1--- 0
al 0 0 ---FEy_1
(d—l—l)Ed—Zuluﬁ Zui Zuzuﬁ Z’U,i
a Sl d+1| | Sut d+1
uél
- uoo..ud
- (1...1) ’
ug 1
= (d")2A%(ug, ..., ug),
as asserted. O

The previous result was based on the fact that d + 1 points in general
position determine a unique sphere through these points. The following coun-
terpart employs the unique sphere touching d 4+ 1 hyperplanes in general po-
sition and contained in the bounded region determined by the hyperplanes.
Let Hy,...,Hq € A(d,d— 1) by hyperplanes in general position (that is, they
don’t have a common point, and any d of their normal vectors are linearly
independent). There is a unique simplex S such that Hy, ..., H; are the facet
hyperplanes of S. We denote by P the set of (d + 1)-tuples of unit vectors
positively spanning R?, that is, not lying in some closed hemisphere of S%1.

Theorem 7.3.2. If f : A(d,d—1)%! — R is a nonnegative measurable func-
tion, then

fdudt
/A(d,d1)d+1 -1

d! >
_ wg“/R/o /Sd_l.../Sd_lf(H(u0,<z,uo>+7"),...,H(ud,<z,ud>+r))
X Ag(ug, ..., uq)lp(ug, ..., uq) o(dug) - - - o(dug) dr A(dz).
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Proof. Let A*(d,d — 1)%! denote the set of (d + 1)-tuples of hyperplanes in
general position. Let Hy,..., Hy € A*(d,d — 1)%*!, and let A be the simplex
determined by these hyperplanes. We denote by z the center of the insphere
of A, by r its radius, and by z + ru;, ¢ = 0,...,d, the contact points of the
insphere with the given hyperplanes. Then (ug,...,uq) € P. The mapping

(z,7,up, ... uq) — (H(ug,to), ..., H(ug,tq)) with t; :== (z,u;) +r

maps R? x R x P bijectively onto A*(d,d —1)4+!. For fixed (uo, ..., uq) € P,
the mapping (z,7) — (to,...,tq) has Jacobian d!Ag(ug,...,uq). It follows
that

/ / f(H07...7Hd)ud,1(dH0)~-~,ud,1(de)
A(d,d—1) A(d,d—1)

= d+1 /Sd . /sd 1/ /f (wo,70), ..., H(ua,7a))

X dT() d’TdO' duo) dud)

x dr A(dz)1p(ug,. .. ,ud)Ad(uo, coyug) o(dug) -+ - o(dug),

which gives the assertion, by Fubini’s theorem. a

Notes for Section 7.3

1. Theorem 7.3.1 appears, with a sketched proof, in Miles [521], equation (70). It
was proved in a different way by Affentranger [9]. The proof given here goes back
(for d = 3) to Mgller [553].

2. Theorem 7.3.2 is taken from Calka [149].



