24| CENTRE FOR STOCHASTIC GEOMETRY
AND ADVANCED BIOIMAGING

www.csgb.dk

RESEARCH REPORT

Julia H6rrmann and Anne Marie Svane

Local digital algorithms applied to Boolean models

No. 05, April 2016



Local digital algorithms applied to Boolean models

Julia Horrmann! and Anne Marie Svane?

IFaculty of Mathematics, Ruhr-Universitit Bochum,
julia.hoerrmann@ruhr-uni-bochum.de
2Department of Mathematics, Aarhus University, amsvane@math.au.dk

Dedicated to Fva B. Vedel Jensen on the occasion of her 65th birthday.

Abstract

We investigate the estimation of specific intrinsic volumes of stationary Boolean
models by local digital algorithms; that is, by weighted sums of n X --- X n
configuration counts. We show that asymptotically unbiased estimators for the
specific surface area or integrated mean curvature do not exist if the dimension
is at least two or three, respectively. For 3-dimensional stationary, isotropic
Boolean models, we derive asymptotically unbiased estimators for the specific
surface area and integrated mean curvature. For a Boolean model with balls
as grains we even obtain an asymptotically unbiased estimator for the specific
Euler characteristic. This solves an open problem from [18].

Keywords: Digital image; local algorithm; Boolean model; specific intrinsic
volume; Miles formulas.

1 Introduction

Let Z C RY be a geometric object. We model a black-and-white digital image of Z
as the set Z N L where L is some observation lattice. The set Z N L can be thought
of as the set of foreground or black pixels (voxels), while IL\Z corresponds to the
background or white pixels (voxels). This is illustrated in Figure 1.

Given this information, we want to derive geometric information about Z. Of
particular interest are the intrinsic volumes of Z, including such natural quantities
as volume, surface area, integrated mean curvature, and Euler characteristic. A
variety of algorithms for their estimation has been suggested in the literature, see
e.g. [11, 12, 13, 16, 18]. Many of these algorithms are of local type, depending only
on the local configurations of black and white points occurring in the image. Such
local algorithms are often chosen in practice because they are intuitive and simple to
write down explicitly. Moreover, their computation time is only linear in the number
of voxels, see [16] for more information on implementations.



Local algorithms have been studied theoretically in the design based setting
where Z is a deterministic set and LL is stationary random. With the exception of
volume and Euler characteristic, results show that they are almost always biased
[7, 25, 26], even asymptotically when the resolution goes to infinity.

In this paper we study local algorithms when applied to a random set, more
precisely a Boolean model. Boolean models are the basic models from stochastic
geometry for the description of porous structures, e.g. in physics, material science, or
biology. There exist several monographs that treat Boolean models; [20] contains the
mathematical theory from stochastic geometry, [1] also presents many applications,
and [15] puts an emphasizes on available statistical methods.

We compare the mean estimates of the specific intrinsic volumes of a Boolean
model to the true value. Results from stochastic geometry allow us a more explicit
quantification of the bias than in the deterministic case. The idea was already out-
lined in [18] when Z is a stationary isotropic Boolean model, and the authors use
it to compute the asymptotic bias of a specific 3D algorithm as the grid width goes
to zero. In [23], the approach of [18] is used in 2D not only to compare known al-
gorithms but also to derive general formulas for the bias in high resolution and to
give an optimal algorithm. We are going to generalise this approach to 3D.

We start by considering a stationary, but not necessarily isotropic, Boolean model
and derive formulas for the mean digital estimators up to second order in the grid
width. The foundation for this is an asymptotic formula as the grid width a goes to
zero for the hit-and-miss probabilities

P(aB C Z,aW C RN\ Z),

where Z is a stationary Boolean model in R? with compact convex grains and
B,W C R? are finite sets.

The resulting formulas for the mean digital estimators generalise the formulas
of [18] and [23] to non-isotropic grain distributions. They have a resemblance to the
Miles formulas [14] for specific intrinsic volumes, but contain a rotation bias. The
first order asymptotics are similar to the corresponding result in the design based
setting with the difference that the deterministic set is replaced by the Blaschke
body associated with Z. In contrast to this, a new term shows up in the second
order formulas due to the underlying randomness. The formulas lead to the first
main result.

Theorem. Let Z C RY be a stationary Boolean model satisfying Condition 3.2.
Then, there exists no asymptotically unbiased estimator for the specific surface area
or integrated mean curvature based on n X - -+ X n-configuration counts if the dimen-
ston s at least two or three, respectively.

Next, we concentrate on Boolean models that are also isotropic. Specializing to
three dimensions and 2 x 2 x 2-configuration counts, we obtain the following result.

Theorem. Let Z C R3 be a stationary, isotropic Boolean model satisfying Condi-
tion 3.2. Then, there exist asymptotically unbiased estimators for the specific surface
area and integrated mean curvature based on 2 X 2 X 2-configuration counts. Possible
wetghts are given in Table 5.



In the case of a 3D Boolean model where the grains are balls of a random radius
which is almost surely bounded from below, results of 8] allow us a more detailed
analysis. Thus, we can derive third order formulas for the mean estimators. Thereby,
we can describe the asymptotic mean values for the full set of estimators in 3D. In
particular, we obtain an asymptotically unbiased estimator for the specific Euler
characteristic, which solves an open problem from [18§].

Theorem. Let Z C R3? be a Boolean model with balls as grains. Then, there exists
an asymptotically unbiased estimator for the specific Fuler characteristic based on
2 X 2 x 2-configuration counts. Possible weights are given in Table 5.

Applying our results to the algorithms suggested in [18], we can even show that
they all have a bias already in the second order terms. Instead, our algorithms based
on the weights in Table 5 are optimal up to third order.

The paper is structured as follows: We start by collecting some background
material in Section 2. Then we compute asymptotic formulas for the hit-and-miss
probabilities in Section 3. In Section 4, local algorithms are defined formally. Then
the results of Section 3 are used to draw conclusions about the estimators. In Sec-
tion 5 we specialise to the case of isotropic Boolean models. The special case of
Boolean models with balls as grains is studied more deeply in Section 6, leading to
an optimal algorithm given in Subsection 6.2.
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Figure 1: Digital image of a Boolean model with balls as grains.

2 Preliminaries

By a Boolean model Z we shall always mean a stationary Boolean model in R? with
compact convex grains of common distribution Q and intensity v > 0. That is,

Z = U(fz + K;)
=1

where {£1,&, ...} is a stationary Poisson point process in R? with intensity v and
K, Ky, ... is a sequence of i.i.d. random compact convex subsets (convex bodies) of
R? with distribution Q independent of {&;, &, ...} and satisfying the integrability
condition

/Vd(K & BYQ(dK) < oo. (2.1)



Here B¢ is the unit ball in R @& is the Minkowski addition and V, is the d-
dimensional volume.

The intrinsic volumes are important functionals of convex geometry, see [19].
They are the unique functionals V,, ¢ = 0,...,d on the space of convex bodies
which fulfill the Steiner formula

Vi(K @ eB?) = Z 1y Vi(K), (2.2)

/2
r(+%)
Vy is the volume, 2V, ; is the (d — 1)-dimensional surface area, 2m(d — 1)1V, is
the integrated mean curvature and Vj is the Euler characteristic.

In stochastic geometry it has proven useful to consider spatial and probabilistic
averages, so called specific intrinsic volumes, see [20]. The specific intrinsic volumes
of Z are defined by

where K is a convex body, € > 0 and k, := is the volume of BY. In particular

= . EV(ZnrA)
Z) = lim —4———_~~ 2.
VQ( ) TLI{.IO Vd(TA) ( 3)
where V,, ¢ =0,...,d and A is a compact convex window with non-empty interior.
An alternative description is
Vi(2) = BV,(Z 0 [0.1)%) — BV,(Z 0¥ [0, 1)) (2.4)

where 07[0,1]¢ = [0,1]%\[0, 1)¢. The effect of both, the limit in (2.3) and the sub-
traction in (2.4), is that the contributions to V, coming from the boundary of the
window are removed.

We shall mainly be interested in the cases ¢ = d,d —1,d — 2. Let V;_1 41 denote
the mixed functional of translative integral geometry, c.f. [20, Sections 5.2 and 6.4],
which is defined via the translative integral formula

/ Vd_Q(Kl N (Kg + I’))dl’
Rd
= V(K1) Vaa(Ks) + Va(K2) Va1 (K1) 4+ Vae1.a-1 (K, K»)

for convex bodies K7, K5. By K we denote the typical grain, i.e. the random convex
body with distribution Q. Let K; and K5 be two independent copies of K. The
specific intrinsic volumes in the cases ¢ = d,d — 1,d — 2 can now be expressed in
terms of mean intrinsic volumes of K and the mean mixed functional of K; and K,
namely it holds by [20, Theorem 9.1.5]:

Va(Z) =1 — e EValK) (2.5)
Vir(Z) = e PVaBnpy, | (K)

2
Vao(Z) = e ") (YEV, (K) — %EVd,Ld,l(Kl, Ky)).

If the grain distribution is isotropic, then

EVg_1,a-1(K1, Ks) =



by the principal kinematic formula [9, Theorem 2.2].

In the special case of a stationary Boolean model with isotropic grain distribution
in 3D, the specific intrinsic volumes are given by the Miles formulas [14] or |20,
Theorem 9.14]:

Vi(Z) =1 — e B (2.6)
Vy(Z) = eI BV, (K)
1(2) =

= V) (yEV(K) — %EVQ(K) )

Vo(Z) = e 7PW(K (vE%(K)—%E%(K)E%(KH%E%(M ).

3 Hit-and-miss probabilities for stationary
Boolean models

In this section we derive the theoretical results for hit-and-miss probabilities which
we will need in later sections for the study of digital algorithms applied to Boolean
models.

Let B,W C R? be two finite sets that are not both empty. We consider the
hit-and-miss probabilities

P(aB C Z,aW C R\ Z)
when a > 0 is small. By the inclusion-exclusion principle,

P(BC Z,W CR\Z) = P(W CR\Z) — ( Utbyuw ¢ ]Rd\Z})
=P(WCRN\Z)+ Y (-)FIP(SuW CRN\Z)
P£SCB
=) (-1)FIP(SUW CRN\Z). (3.1)

SCB
For a compact set C' C R? it is well known, see e.g. [20, (9.3) and (9.4)], that
P(aC C R\ Z) = ¢ BValK&aC) (3.2)

where C' = {—c|c € C}.

To describe EVy(K @ aC) as a — 0, we need two integrability conditions, which
we formulate here for later reference. To state them, we recall that a compact set
X C R?is called e-regular if for every x € 90X, there exist two balls B;, B, C R? of
radius ¢ such that z € B;N B,, B; C X and int(B,) C R\ X.

Condition 3.1. The grain distribution Q satisfies F diam(K)%! < oo and there is
an € > 0 such that the grains contain a.s. a ball of radius €.

Condition 3.2. The grain distribution Q satisfies E diam(K)? < oo and there is an
e > 0 such that the grains are a.s. e-regular.

b}



Lemma 3.3. Suppose that C C R? is compact and Q satisfies Condition 3.1. Then
there is an My > 0 which is independent of a such that for a <1,

0 < EVy(K @ aconv(C)) — EVy(K @ aC) < Mya*.

If Q satisfies Condition 3.2, then there is an My > 0 which is independent of a such
that for a < 1,

0 < EVy(K @ aconv(C)) — EVy(K @ aC) < Mya®.

Proof. 1f L is convex with twice differentiable support function and contains a ball
of radius ¢, then [6, Lemma 12] shows that there is an M| > 0 depending only on d
and C' such that

: L d—1 1
0 < Vu(L @ aconv(C)) — Vy(L ®aC) < M{dlam( g) v a?.

By [19, Theorem 3.3.1], an arbitrary compact convex body K can be approximated
by a sequence L,, of convex bodies with smooth support functions. We may assume
that L, contains a ball of radius ¢ — % The map L — Vy4(L & aC) is continuous
on the space of compact convex sets with interior points, see [6, Lemma 10|, so by
continuity of the diameter function, the same inequality holds for L replaced by K.
The assumptions of the lemma allow us to take the mean value.

Similarly, |6, Lemma 17| shows that if L is e-regular with twice differentiable
support function, then there is an MJ > 0 such that

diam(L)? Vv 1 ,

0 < Vu(L & aconv(C)) — Vy(L & aC) < MéTa :
If K is e-regular we may write K = K’ & eB? |19, Theorem 3.2.2] where K’ is also
convex. Approximating K’ as above yields the claim in this situation as well. O]

For convex sets C, K C R,

VK ®aC) =" (i) a™V (Clm], K[d — m]) (3.3)

with nonnegative numbers V (C[m|, K [d—m]) which are the so-called mixed volumes,
see [19, Theorem 5.1.7]. Equation (3.3) and the integrability condition (2.1) ensures

that EV (C[m], K[d — m]) < oo for all m.
Combining this with (3.2) and Lemma 3.3, we obtain:

Proposition 3.4. Let C C R? be a non-empty compact set. If the grain distribution
satisfies Condition 3.1, then for a sufficiently small

P(aC C RNZ) = e "BVl (1 — adyEV (conv(C)[1], K[d — 1])) + O(d?).
If the grain distribution satisfies Condition 3.2, then for a sufficiently small
P(aC CRNZ) = e "PValE) _ e "EValE) BV (conv(C)[1], K[d — 1])
— a’e Y PVa(K) (—d(d; 1)’YEV(COHV(C’) 2], K[d — 2])
2

- %’YQ(EV(COHV(O)UL K[d - 1]>>2) +0(a”).

6



Next we try to obtain a more explicit expression for the mixed volumes in Propo-
sition 3.4. For convex bodies C, K it is well known, see [19, (5.19)], that

V(CN], Kld—1]) = %z /S H(C Sy 1 (K du). (3.4)

Here Sq_1(K, -) is the (d — 1)th surface area measure of K on S ! and h(C,u) =
sup{{c,u),c € C} is the support function of C. This yields:

Proposition 3.5. Let B,W C R? be two finite non-empty sets. Suppose that the
grain distribution satisfies Condition 3.1. Then for a sufficiently small,

P(aB C Z,aW C R\ 2)

= me—vEWK)E/ (—h(B @& W,u))"Sq_1(K, du) + O(a?), (3.5)
Sd—1
P(aB C Z) =1 — ¢ "EVall) 4 gre 7BVl B / h(B,u)Sq_1 (K, du)
Sd—1
+ O(a?).

Proposition 3.5 is also derived in [10, Theorem 4| with a different approach using
geometric measure theory.

Proof. We consider only the first formula. The second one is similar, only simpler.
From (3.1) and Proposition 3.4, we obtain:

P(aB C Z,aW CRNZ) = > (-1)¥'P(a(SUW) C RN\ Z)
SCB
— ¢ VEVa(K) Z(—1)|S|(1 - avdEV(conv(S U W)[l], K[d —1])) + O(a?)

SCB

= — aye 7EVali) Z(—l)'SE/ h(SUW,u)S;_1(K,du) + O(a?).
o gd—1

Consider a fixed u € S% ! and let B; C B betheset {b € B | —(b,u) > h(W,u)}.
Then we may compute:

S DEIRS U, )
SCB
= > (-1 max{h(S,u), A(W,u)} + h(W,u) (3.6)
P£SCB

= Y RS+ Y (YR, u) + ()

P£SCB,SNB1#£0 0£SCB\B)

= > ()PRS ) = Y (=D¥R(S,u) + (W, w)Lp-p,).

0£SCB 0£SCB\B

Using the inclusion-exclusion principle for maxima

max{xy,...,Tp} = Z (=DM minf{z;, i € T},
0AICL,...k}

7



we find that

Thus
S (PRS- Y (=D)FIR(S,u)
0£SCB 0£SCB\B;
= h(B7u) - h(B\Blv u)]l{BiBl}
= h(B, u)l{p=p,}-

The situation B = B is equivalent to h(B,u) < —h(W,u), so (3.6) equals
~(~h(BeW,u)". O

Remark 3.6. The formula (3.5) resembles the volumes of hit-and-miss transforms in
the design based setting. These are given in [10, Theorem 5| for a deterministic set
X by

Vaz e RY| 24+ aB C X,z +aW C RN X)
_ a/ (=h(B & W, u))* Sy (X, du) + O(c?).
Gd—1

In (3.5), X is replaced by the Blaschke body B(Z) associated with Z. This is the
convex body with surface area measure Sy_1(B(Z), - ) = vESs-1(K, - ), i.e. a sort
of average body, see [20, Section 4.6]. Thus, we have

VE /S (h(B W) Sa (K, du)

= /Sd_l(—h(B ©W,u)) TSy 1(B(Z),du).

To describe V(C[2], K[d—2]), we introduce a bit more notation. For e-regular K
let u(x) be the uniquely determined outward pointing normal at * € JK. The
principal directions and principal curvatures are defined at almost all x € 0K,
c.f. [2], allowing us to define the second fundamental form II,. For s € R? we let
II,(s) denote II,(m,s, T,s) where 7, : R? — T, 0K is the orthogonal projection. For
a compact set P, we let

IT; (P) = inf{II,(p) | p € F(P,u(z))}
I (P) = sup{IL(p) | p € F(P,u(x))},

where F(P,u) is the support set {p € P | h(P,u) = (p,u)}. Let H* denote the
k-dimensional Hausdorfl measure.

Proposition 3.7. Suppose K C R? is a convex e-reqular set and P C R? is a convex
polytope with vertex set Py. Then

1

V(P2],K[d—2]) = dd—1)

/ (h(Py, w(x))* Tr IT, — IT, (Py))H* ' (dx).
oK

8



The proof below is based on [24], but see also |3, Theorem 4.6].
Proof. By (3.3) and Lemma 3.3,

L T
da2 d(d—1)

d? 1

V(P[2], K[d —2]) = a2 dd—1)

Vi(K @ aP) = V(K @ aby)

where d?/da3 is the second order right derivative at zero. In [24, Theorem 4.1],
a formula for V; ((K © aB)\(K @ aW)) where © is the Minkowski subtraction is
computed. As a special case we have that
d? y . g
Vi (K\(K @ aFy)) = / (177 (Py) — h(Po, )2 T I gy
+ 0K

+ (]I;(PU))+]1{h(Po,u):0}>de_l'

By exactly the same line of proof as in [24, Theorem 4.1], one could prove a formula
for Vy (K @ aW)\(K © aB)). This amounts to switching the roles of ¢, (aB) and
t_(aW) in |24, (20)] and replacing the indicator function 75w by 1 — 75w . From
there, all arguments of the proof carry over. As a special case, one finds

2

d - - -
—2Vd ((K @ CLPO)\K) — /BK <(h(P0; u)2 TI' ]Icc - []a: (PO))]]‘{h(PO,u)>O}

daz
(I (o)™ Lgngy gy ) AH

and the claim follows. O
Writing
1 .
Q(K,B,W) = 5/ (((h(B,u)2 — h(W,uw)?) Tr I — II" (B) + II" (W))
oK

X W pgaaaw <oy + (W) = I (B) s oy ) -
for simplicity, we derive:

Proposition 3.8. Suppose K C R? is convex e-reqular and B,W C R are non-
empty finite sets. Then

> (=)W (conv(SUW)[2], K[d - 2)) = — (;l) : Q(K,B,W),

> (=1)V(conv(9)[2], K[d - 2])

0£SCB

_ @ B /8 (BB u() T 11, = I (B)H ().



Remark 3.9. By Equation (3.1), Proposition 3.4, (3.4) and Proposition 3.8,

2

d
S PaB C Z,aW C R\ Z) = e 7EValK) <27Q(K, B,W)

+ Z(—l)"g"yz <E/

SCB S

B(S U T, u) Sy (K, du))Q). (3.7)

d—1

The first term is similar to what we see for a deterministic set [24, Theorem 4.1],
whereas the second term is new and must originate from the underlying distribution.
This is, however, desirable, since it corresponds to the second term in the formula
for V4_5(Z) in (2.5). The sum in (3.7) does not seem to reduce to anything simple.
In particular, Table 4 shows that it does not need to vanish if A(B @ W,u) > 0 for
all u € St that is, if (B, W) cannot be separated by a hyperplane. This is very
different from the design based setting where such configurations do not contribute
to the second order formulas. It is a consequence of the fact that we allow grains
to overlap in the Boolean model, otherwise such configurations would not occur for
sufficiently small a.

Proof. We only consider the first equality. The second is shown similarly. By Propo-
sition 3.7 we must consider

> (=1 / (h(SUW ,u(x))? Tr I, — II, (S UW))H da).

The same argument as in the proof of Proposition 3.5, now using the relation

max{zy,..., 1 }° = Z (=DM min{a;, i € 1},
0AIC{1,...k}
shows that
Z(_l)w‘—'—lh(g U W’ u)Z = (h(37 U)2 - h<W7 U)Q)]l{h(BEBW,u)<O}‘
SCB

Fix x € 0K and let u = u(z). Write B as a disjoint union By U --- U By, of
non-empty sets such that there are real numbers s; > -+ > s with (b,u) = s; for
all b € B;. Then

Z(—l)lsm;(s UW) =1 (W)+ Zm_1< Z (_1)|s¢\)
5B m=1 i=1 S;CB;
X (=S (S,, uW).

P#Sm CBm

Note that all terms with m > 1 vanish because ESIEBI(—l)Wl\ = 0. Hence

S (-)EIL(SuW) =Y ()L (SUW).

SCB SCB;

10



There are now three possibilities: h(W,u) < —h(B,u), h(W,u) > —h(B,u), and
h(W,u) = —h(B,u). o v
The first inequality means that F'(B; UW u) = F(Bj,u). In this case:

S ()L (SUW) =1L, (W) = > (=D)L (S)

SCB, 0£SCB;
= II, (W) — max{IL.(b) | b € B}
— I (W) — II*(B).

In the second case, F(B, UW,u) = F(W,u). Hence

S (=0 (suw) = Y (-0l (w) = o.

SCB SCB;

For the third case, let BY = {b € By | IL,(b) < I, (W)}. Then

> ()L (Suw)

SCB1
= > =0y + > (=¥l (s)
SCB1\BY SNBYA0
= I, (W)lg_poy + > (DL = Y (=) (9)

0#SCB; 0£SCB1\BY
= I, (W)(p,—poy — II; (B) + II; (B)1p, .50y
= (I, (W) — IT;(B))",

since By = B} is equivalent to II} (B) < II, (W). O

In many cases, the expression for Q(K, B, W) can be simplified, since:

Proof. The set {x € 0K | h(B ® W ,u(x)) = 0} is contained in the union

where Dy, = {x € 0K | (b — w,u(z)) = 0}.

Let b € B and w € W be fixed. The function g : 0K — R given by g(x) =
(b—w,u(x)) is almost everywhere continuously differentiable, see [2]|. A critical point
of g is a point x € K with dg,(v) = (b—w,du,(v)) = 0 for all v € T,0K = u(x)*.

If 0K is C?, the implicit function theorem says that every non-critical point
of g in g7*(0) = Dy,, has a neighborhood in which g'(0) constitutes a (d — 2)-
dimensional C!'-manifold. Thus, it follows that the set of non-critical points of ¢ in
Dy, has H-measure 0.

Suppose that z € Dy, IL, (W) = II,(w), I} (B) = II,(b), and that z is a critical
point of g. Then either b = w or b — w is a principal direction at x with principal
curvature 0. Hence

11



where 7 is the projection onto (b—w)*NT,0K so that w(b) = 7(w). Hence I, (W) =
I (B).

In the convex case, Dy, is contained in the boundary of the cylinder T ()t (K)x
span(b — w), where Tpow)t R? — (b—w)?t is the projection. Clearly, any x € Dy,
is either the only point on the line through x parallel to b —w, or b —w is a principal
direction at x with principal curvature 0. Thus we can use Equation (3.8) above to
obtain

HOY(Dy, N {II(w) # TI(D)})
N / / Lor (2 4 Y) L1ty sy ()£ 11y (w)y d2H (dy)
T by L (Db,w) / span(b—w)

= 0. [l

4 Applications to digital images

In this section we introduce our model for digital images and define local algorithms.
We then apply the formulas of Section 3 to determine their mean values when applied
to Boolean models.

4.1 Local algorithms

Let L be a lattice in R? spanned by linearly independent vectors vy, ...,vq. We
denote by Cg' the n x - - - xn fundamental cell Cg = ,[0, nv;) and by Cg, = CgNL
the set of lattice points lying in this set. Their respective translations by z € R? are
denoted by C' = z + Cy and C7 = z + Cpy.

Let Z be a stationary Boolean model and consider a digital black-and-white
image of Z in a compact convex observation window A. This is modeled as ZNANL.
We change the resolution by multiplying I by a factor a > 0. From the information
Z N ANal, we want to estimate the specific intrinsic volumes V,(Z). A so-called
local algorithm for this is defined as follows:

Consider the set of n x --- x n configurations. These are pairs (B, W) with
BUW = Cf, and BNW = (). We enumerate the elements of Cf in the following

way. For x = ZZ:1 Mvr € Cfg with A € {0,...,n — 1} write » = x; where

d
1= E Aknkil.
k=1
d

There are 27° possible configurations. We denote these by (B, W), [ =0,...,2" —1,

where
nd—1

[ = Z 21 (4.c)-
i=0

12



A local algorithm for V, is an algorithm of the form

—1

V(20 A) = a‘“’Z @Ni(ZNAnNal) (4.1)
N(A)
where
N(ZNnAndL) = > 1{z+aB C Zz+aW; CR\Z} (4.2)
ZEaLﬂ(A@aC'&O)

is the number of occurrences of the configuration (B;, W;) inside A. This is weighted
by the weight wl(Q) € R. Moreover, A6 Cgy = {z € R? | z + CJ, C A}, and N(A)
denotes the cardinality of aL. N (A © aé&o), i.e. the total number of configurations
in A.

Recall that in the definition of specific intrinsic volumes (2.3) and (2.4) we remove
the contribution to V,(Z N A) coming from the boundary of the observation window.

For this reason, we count in (4.2) only configurations lying completely in the interior
of A.

The mean value of (4.2) is

EN(ZNANadL) = P(z+aB, C Z,z + aW, C RN\ Z)
z€alN(A6aCy,)

= N(A)P(aB; C Z,aW; C RN\ Z),
and hence

on? 1
EV(ZNA) =a"" > w?P(aB, C Z,aW; CRN\Z). (4.3)

4.2 Asymptotic formulas for the mean digital estimators

The formulas of Section 3 yield asymptotic expressions for (4.3) as the grid width a
goes to zero. First we consider estimators for the specific volume V;(Z N A).

Theorem 4.1. For any Boolean model,

EVy(Z N A) = wge V0 )%, (1 — e BVl 4 O(a).

In particular, Vy is asymptotically unbiased iff w(()d) =0 and w;i)d = 1.

Proof. The result follows from an application of Proposition 3.4 and Proposition 3.5

o (4.3). O

Remark 4.2. In fact, it is well known that the estimator based on 1 x - -- x 1 config-
urations with w(()d) =0 and w§d) = 1 is unbiased, even for fixed a. This is the natural
estimator given by counting lattice points in ZNA. Hence we will not discuss volume
estimation further.
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Next we consider surface estimators.

Theorem 4.3. For any stationary Boolean model satisfying Condition 3.1,

lim EV,;_1(Z N A)
a—0

exists if and only if w(()d_l) = w;i;i)l = 0.
In this case,
on_o
EVy 1(ZNA) = ye 7EVall) Z wl(d_l)E/d 1(—h(Bz€BVVz,U))+Sd—1(K, du)+0O(a).
gd—

=1
If Condition 3.2 is satisfied,

)

EVir (20 A) =l EVyy(Z 0 A) = aem 200 37 Y (vEQm, By, W)

=1
+7; 3 (- <E/

« . 2
h(SUW), u)Syi (K, du)) ) +0(a?).
SCB S

d—1

Proof. Under Condition 3.1 the result follows by applying Proposition 3.4 and
Proposition 3.5 to (4.3). Under Condition 3.2 we use additionally Remark 3.9. [

Finally we consider estimators for the integrated mean curvature.

Theorem 4.4. For any stationary Boolean model satisfying Condition 3.2,

lim EV,_o(Z N A)
a—0

(=2) — 72— 0 and

exists if and only if w =W,,a

on? 9
> wl(d_2)E/d (—h(Br ® Wi, u))*Sao1 (K, du) = 0. (4.4)
=1 s

In this case,

on? o
EVio(Z N A) = e BVl 57 (2 (’yEQ(K, B, W)
=1
2
f‘)/
+5 2 (=D (E/

« . 2
h(S U W), u)dSy_i (K, du)) ) +0(a).
SCBy gd—1

Proof. The statement is obtained by applying Proposition 3.4, Proposition 3.5 and
Remark 3.9 to (4.3). O

We obtain the following corollary.

14



Corollary 4.5. There exists no local estimator based on n X --- X n configurations
for Va1(Z) if d > 2 or for Va_o(Z) if d > 3 such that it is asymptotically unbiased
for all stationary Boolean models satisfying Condition 3.1 or 3.2, respectively.

Proof. We consider a Boolean model with a fixed grain equal to some convex body K.
By V,_1(K,) we mean the digital estimator of V;_;(K) in the designed based setting
(i.e. based on a stationary random lattice) with the same weights as in the definition
of V;_1(ZNA). Then Theorem 4.3 and |25, Theorem 4.1] (or originally [10, Theorem
5]) imply

lim EVy_1(Z N A) = yeBValko) lim EVy_1(Kp).

By (2.5) the estimator V;_;(ZNA) is asymptotically unbiased if lim,_,o EVy_1(Kg) =
Vi_1(Kp). This is not the case if we choose K as one of the counterexamples in |25,
Theorem 1.4]. Note that the counterexamples are chosen convex in the proof.

In the same way denote by V,_o(Kp) the digital estimator of V;_o(Kp) in the
design based setting with the same weights as in the definition of Vd_Q(Z N A).
Then, by |25, Theorem 4.2] (originally shown in [24]) it holds

hm EV,. 2(ZNA)= e~ Va(Ko) ('y hm EV,_ 2(Ky)

Z N 1)5(/d_lh(SUWl,u)de_l(Ko,du))z).

SCB

Comparing the coefficient of 4 with the one in the corresponding formula in (2.5)
we obtain that the estimator f/d,g(Z N A) can only be asymptotically unbiased if
lim,_.o EVd_Q(KO) = Vy_2(Kp). Again this is not the case if we choose K as one of
the counterexamples in |25, Theorem 1.4]. This yields the assertion. O

5 Optimal estimators
for isotropic Boolean models

We now specialise to the case where Z is stationary and the grain distribution Q is
rotation invariant.

Theorem 5.1. Let Z be a stationary, isotropic Boolean model. If Condition 3.1 is

satisfied and w(()d_l) = w(d Y —0, then

2 -2
EVy1(ZNA) = 7e PV N Ve (B, W) BVt (K) + O(a),
=1

where ¢y (B, W;) is a constant. If Condition 3.2, w((]d_2) = wé‘i 2= 0 and (4.4) are
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satisfied, then

on? o
EVa2(Z 0 A) = e Sl (5B, W) BV ()

=1
2

+ %03(31, Wl)(EVd—l(K)>2> +0(a),

where co( B, W;) and c3(By, W) are constants.

Proof. Let [ € {1,..., on _ 2}. Then by Tonelli’s theorem
E/ (—h(B; & Wi, u)) " Sa_i (K, du)
gd—1
= E/ / (=h(B; ® Wy, u)) " Sq_1(RK, du)dR
SO(d) J Sd—1

— 2BV, 1 (K)(drg)! / (=h(B, & Wi, u) "M (du)

= Cl(Bl, VVZ)E‘/dfl(K)
where ¢ (B;, W)) is a constant. By Fubini’s theorem and [24, Section 5|
EQ(K, B;,W;) = co( By, W) EVy_5(K)
where c¢o(By, W)) is a constant. Similarly,

> e [

SCh, gd—1

= 4(EV1(K)) (dra) ™ s;l(_l)m </S

- . 2
h(SUWy,u)Sy (K, du))

h(SU VVl,u)Hd_l(du)>2

= ¢3(Bi, W) (EVy-1(K))

where c3(B;, W;) is a constant. Inserting this in Theorem 4.3 and 4.4 yields the
assertion. [

Comparing Theorem 5.1 with the Miles formulas (2.5) we see that an estimator
for V4 1(Z) or Vaq_o(Z) is asymptotically unbiased exactly if the weights satisfy a
set of linear equations involving the constants cx(B;, W;), k = 1,2,3. In 2D these
equations were determined and the full solution was given in [23|. In the following
sections, we determine the constants and the corresponding equations in 3D.

5.1 The 3D situation

For the remainder of this section we specialise to the situation d = 3 and to 2 x 2 x 2
configurations on a square grid Z3 C R3.

Let R be a rigid motion. If RS = S’ then P(aS C R*\Z) = P(aS’" C R?\2).
Thus, the isotropy allows us to reduce the number of configurations in the following

16
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e
R
AT

Figure 2: Representatives for the motion equivalence classes 7;, 7 = 1,...,21 shown in
white.

Ta

way. There are 22 motion equivalence classes of subsets of ngo. We denote these
by n;. Let n92 = {0} and for j # 22 let n; be the class with the corresponding set of
white points in Figure 2 as representative. Since Z is isotropic, we may as well let
the weights be motion independent, i.e. for all Conﬁ urations (B;, W;) with W, € n;
we choose the weight wl( 2 equal to some weight w depending only on j, see [23]
for a justification. By (4.3) and Proposition 3.5 We must set Wy 9 = 0 for all q<d

in order to obtain convergent algorithms. Thus (4.1) simplifies to

~ N(Z N Anal)
V,(Z N A) —aqdz Y .
L:Wien; N<A)

Let D € R?'*?! be the diagonal matrix with D;; = |n;|, 1 <4 < 21 (see Table 3)
and let (B, W);) be a 2 x 2 x 2 configuration belonging to the equivalence class 7;.
Moreover, let w@ = (@\?, ... ©%) and ¢, = (co(Byy, Wi, ); - - - ¢g(Buy, Wiy ), 1 <
q < 3. Then, Theorem 5.1 implies

EVy(Z N A) = 4e PV E) @ Del BV, (K) + O(a) (5.1)
and under condition (4.4)
EVi(Z N A) = e BBy D (yey EV;(K)

2
+ Le] (BVA(K))?) + Oa). (5.2)
Since the constants c,(B;, W;) are independent of the grain distribution and a
Boolean model with balls as grains is a special case of an isotropic Boolean model, it
is enough to consider this situation in order to determine the constants cy(B;, W;).
We study this choice in detail in the next section. Furthermore if the typical grain
is a ball with random radius r equation (6.7) which is shown in the next section
implies

EVy(ZNA) =a w9 DQu(a)" + O(a®),
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where the matrix Q € R*'*8 is defined in (6.6) (see also Table 4) and v(a) € R?!
n (6.3). Comparing the summand independent of a with (5.1) respectively (5.2) we
obtain ’ . .
—~Q2Er + QLT (Br?)? = vdAEr + 3y cidn®(Br?)?
and ' '
—QIvErit = ycl2rEr,
Thus ¢i(By,, W) = 2Q3, co( By, Wi,) = —%Qi and c3(By;, Wy,) = %er) For k =
1,3, cx(By, W;) were also Computed directly in [24].
Inserting this in Theorem 5.1 we obtain the following corollary.

Corollary 5.2. Let Z be a stationary, isotropic Boolean model in R3. If Condi-
tion 3.1 is satisfied and w( ) = (2) =0, then

EVa(ZNA) = —1w® Dye B Qu EVL (K) 4 O(a).

If Condition 3.2 is satisfied, wgl) = wé? =0 and wDQs =0, then
2
Vi(Z N A) = wh De 7BV E) —gQ4Ev1(K) + %Q5(EV2(K))Q +O(a).

Now we obtain conditions on optimal weights of local algorithms for the estima-
tion of Vo(Z) and V1(Z).

Theorem 5.3. Let Z be a stationary, isotropic Boolean model in R®. Let Condi-
tion 3.1 be satisfied. Then, ‘72(2 N A) is an asymptotically unbiased estimator of
Va(2) if

w?DQs = -2 and w(2) = wg) = 0.

Let Condition 3.2 be satisfied. Then VI(Z N A) is an asymptotically unbiased esti-
mator of V1(Z) if

WDQs= -2, wDQ;= -
and

wYDQs = wgl) = w%) = 0.

This is satisfied by the weights in Table 5.

Proof. The assertion follows from a comparison of Corollary 5.2 with the Miles
formulas (2.6). The weights in Table 5 fulfill the asserted condition since they fulfill
(6.9) and Q1, ..., Qs are the columns of the matrix Q. ]

The weights w™® from Table 5 are also optimal based on the results of [24] for the
design based setting where an r-regular set is observed on a randomly translated and
rotated lattice. This follows since w) DQ5 = 0 and wgl) = 0 imply the first condition
on the weights in [24, Cor. 5.1 (9)] and hence the convergence of the estimator, and

MDQ, = —2 implies the second condition of [24, Cor. 5.1 (9)] and hence that
the estimator in the same theorem is unbiased. Thus, the weights in Table 5 are
an optimal choice for isotropic Boolean models in R? with compact convex grains
satisfying Condition 3.2. But in particular, they are also optimal based on the results
of [24] for the design based setting where an r-regular set is observed on a randomly
translated and rotated lattice.
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6 Optimal algorithms for 31 Boolean models with
balls as grains

We now consider a stationary Boolean model whose grains are a.s. random balls
of radius » > ¢ for some fixed ¢ > 0. The choice of balls as grains is also the
situation studied in [18]. In this situation we can show a refined third order version
of Lemma 3.3 with K replaced by a ball using intrinsic power volumes. This third
order expansion will allow us to strengthen the previous results.

6.1 Intrinsic power volumes

The intrinsic power volumes V}(m) are positive and m-homogeneous functionals on
finite subsets of R? introduced in [8]. The key ingredient for the refinement of
Lemma 3.3 is the following result of [8, Corollary 6:

Va(conv(F) @ rB?) — V3(F & rB3)

(2n —3 n —(2n—
= mV{(F +QZ znu 22+2)(F)7" 2=t (6.1)

which holds whenever F' is a finite set satisfying Condition (A) of that paper and r
is sufficiently large. Let F' € Cf, be nonempty. Then F is the vertex set of conv(F)
and no three points in F' form a triangle with a strictly obtuse angle. Thus Condition
(A) of [8] is satisfied for F' as explained in this paper. Moreover, Vl(?’) is given by the
following formula [8, Equation (17)]:

@)y L 3
VIT(F) = EHEJT% (F))W(COHV(F),H)‘G(H) :

Here Fi(conv(F)) is the set of 1-faces in conv(F') and y(conv(F'), H) is the exterior
angle, see [8, Equation (3.2)].
Now, for sufficiently large - an application of (6.1) implies

Vi(aconv(F) @ rB*) — Vs(aF @ rB®)

(2n—3 n (92—
_7'(‘/1 (aF +QZT;T”)V'2(2 +2( F)?" (2n—1)

277, —
3 2n+2 n-+ n
= a37TV1( ) )+ 2 E n” 2( )(F )a2 2)=(2n-1),

Since - > £ a.s. and all coefficients are positive,

EVs(aconv(F) @ rB*) — EV3(aF & 7"83) (6.2)
(2n — n .
=a ﬂ/ +QZ n2 1 2(2 +2)(F)a2"+2E(r (2n 1))
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for sufficiently small a. The formulas for the intrinsic power volumes V2(2n+2) are

rather involved, so the above formula is not suitable for general computations. How-
ever, we obtain

EVi(aconv(F) & rB?) — EVs(aF @ rB*) — &*nV, ¥ (F) € O(a?).
Now (3.2), (6.2) and the Steiner formula (2.2) yield
P(aF CR*\Z) = exp ( — v [37Er® + aVi(conv F)Er’r
+ a*Va(conv F)2Er + a* (Vs(conv F) — 7rV1(3)(F)) + O(a")] )
A development of the exponential function implies the third order expansion

P(aF CR\Z) = exp(—y3nEr?) (1 — ayn Er*Vi(conv F)

2,2 E 2\2 3.3 E 2\3
2%m(com F)? - Gs%

+ a*2y*7 Er Er®Vy(conv F)Vy(conv F)
— a®>y2ErVy(conv F) — a®*yVs(conv F) + a?’wﬂ/l(?’)(F)).

+a Vi(conv F)?

Now define
Vo (Er?)?
2 7
3
—a’y, a*y*2nErEr?, —aB%WB(ErQ)?’). (6.3)

_~4 3 4 3
v(a) = e 8"ET <e”3”ET 1, —ayEr*m, —a®>y2Er, a

For 1 <i <21 and S € n; we define p' = P(aS C R3\Z). Let P' = (Pj,..., Pi) be
the vector
P = (0,1, Vi (conv S), Va(conv S), Vi (conv S)?,
Vs(conv §) — 7rV1(3)(S), Vi (conv S)Va(conv S), Vi(conv S)?).
Then
p' = Po(a)’ +O(a’). (6.4)

The values needed to compute P for i # 21 are given in Table 3 in the appendix,
see also [18, Table 4| for the first three columns. For W), € n;, the configuration
(By,, W,,) satisfies by (3.1) and (6.4) the relation

21
P(aBy, € Z,aW, CRN\Z) = > > (=)0 1w, usen)

j=1 SCB,
21

= (Z Z (—1)|S|Pjﬂ{Wliusenj}> -v(a)’ + O(a?)
j=1 SCB,

=Q" - v(a)" +0(a*) (6.5)
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where

21
Q' = (@, Q) = 3 ( D (-1 v, useny ) PV (6.6)
j=1 'SCBy,
Ql Pl
Writing @) = : and P = : , we thus get a matrix M such that
Q! p2
Q=MP

where the entries of M are given by

(M)ij = > (=), usen,y-

SCB,

The matrix M is shown in Table 2 1n the appendix. Clearly, Q1 Ty — T
and Q) = 11j=20y. The values of (@3, .. ., @) are given in the appendix Table 4.

Let w@ = (w %q), e ,wél)). By (4.3) and since the configurations of one motion
equivalence class all have the same weight, the mean of a local algorithm is thus
given by

21
EV(ZNA)=a*Y @\ [{l: W, € n;}|P(aBy, C Z,aW;, SR\ Z).
j=1
Now it follows from (6.5) that
EVy(ZNA) =a® 2w P DQu(a)” + O(a®). (6.7)

Note that using Vo(rB3) = 1, Vi(rB?) = 4r, Vo(rB3?) = 27r? and V3(rB3) =
27r3, the Miles formulas (2.6) can be written as

Vq(Z) = aq—3v(a)qu7
where 0 < ¢ < 3 and

(1, ~1,0,0,0,0,0,0) (6.8)
= (0, zoooom

moo —7,0,0,0)

=(0,0,0,0, 0 —1,-2,—7).

In particular, the best possible local algorithm for Vq(Z ) based on the compu-
tations of this section would be one that satisfies

DD Q =0, (6.9)

This can be used to check how well suited an established algorithm is for Boolean
models, as we shall see in the next section.
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6.2 Application to algorithms

In [18, Table 1] a set of weights is suggested based on a discretisation of the Crofton
formula, using an approximation of Z by 4 different adjacency systems. For each
algorithm, we apply the above to compute the left hand side of (6.9). The outcomes
are shown as row vectors in Table 1. These should be compared to the optimal
values b,.

Table 1: Mean of the algorithms suggested in [18]. This should be compared to the true
values (6.8). The values computed in [18| are shown in parenthesis.

Vi Adjacency system wDDQ
Vs All 0 0-2 0 —2.7798  0.5253  —0.0015 —4.0161
Vi All 0 0 0-2 —3.6096 0 —-3.9733  —11.7843
Vo (Fe, Fa6) 0 0 0 0 —00131 -1 —2.1895 —3.6284
(—0.0130) (—2.19) (3.62)
Vo (F14.1,F14.1) 0 0 0 O —0.0399 -1 —2.6286 —4.9038
(—0.0399) (—-0.42) (—4.90)
Vo (F14.2,F14.0) 0 0 0 O —0.0460 -1 —2.6461 —4.9786
(—0.105) (—0.44) (—5.34)
Vo (Fog, Fg) 0 0 0 O 0 -1 -3 —6

(0) (—3) (—6)

The computations of the asymptotic bias are also made in [18] up to second order.
The third order term is approximated by leaving out the unknown contribution
from Vl(g). Surprisingly, we see that these terms do not contribute. The V5 estimator
is asymptotically unbiased, but there is a bias of order a. The estimator for V; is
biased and the estimators for V do not even converge when a — 0 except for one
of them, which instead has a large bias. This was already observed in [18].

We remark here that the constants in Table 1 differ from those in [18, Table 4],
which are again different from those computed in [17, Table 1]. While most of the
numbers agree for three of the algorithms for V, they are far off for one of them.
We have not been able to find an explanation for this.

We suggest instead to estimate V,, by means of an algorithm that satisfies (6.9)
since this will not only be asymptotically unbiased but in finite resolution the bias
will only be of order O(a®>79"1). A set of weights satisfying (6.9) is given by Table 5.
Of course, adding any solution to the homogeneous system w@D@Q = 0 yields
another set of weights that may be just as good asymptotically.

Appendix

In this appendix, we collect some tables of values computed in the paper.
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Table 2: The matrix M.

0 0000 0 0 O
0 0000 0 0 O
0 0000 0 0 O
0 0000 0 0 O
0 00 00 0 0 O
0 0O 0O0O0O 0 0 O
0 0000 0 0 O
0 0000 0 0 O
0 0000 0 0 O
0 00 00 0 0 O
0 0o 0 00 0 0 O
0 0000 0 0 O
0 0000 0 0 O

1
-3

0
0
0
0
0
0
0
0
0
0
0
0
1
0

0
0
0
0
0
0
0
0
0
0
0
1
0
0

0
0
0
0
0
0
0

0 0 0 O
0 0 0 O
0 0 0 O
0 0 0 O
0 0 0 O
0 0 0 O

0
0

0 0 0 0
1

1
-1

0 0 0

0
0

0
0
1
0

1 -2
1 -2
-1
-1
-1

1
0

0 O

3 -2 -1

0 0 O

1

3-1-1-1

3 0-3 0
1-4 4 2 0
1-4 3 3 0
1-4 3 2

0

—4
-3
—2

0
1
0
0
0

0-1

-2 0 0 0

1

-4 0 0 O

0
0
-1

1-4 2 2 2

0-4 0 O

-2 -1

1-4 0 6 O

0 00O 00O 0 O

1

-2 0
-1

0 0

1

1-4 2 3
5 -3 -6 -1

-1
-1
-1

0 0 0 0 0 O

1
0 0

0 0-1

-2 -1

3 4 0-1

6
3

3
3

6
—-6-12-2 0 O

0 0 0 0 O

1

0

0 0
1-1-1

5 —4 —4 -2
5—-5—-4-1
1-6 6 6 3
1-6 6 7 2

0 0 0 0

1

6 -2-2-2 0

-2 0 0

0 6 0-6 O 0 0 0
1
4 0-2-4 0 O

3

6

0
0

0
1

2
2

1

2
5 5§-3-4-12-3-1-12 3 9 9-1-3-3

~8 —4
—8 —2

-8

1-6 7 6 2-10

-1

1

15

7-9-9 -3

arctan(y/2)
2T
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Table 4: Values of Qg .

J @4 Q] Q! o
1 3 3 9 1-1
NG 447 (=3 4+612¢)
2 -2 +3V2¢ =3 _0.6186 AoV
3 1 6v2¢ + L2 VIVB (4344 - Hmo12VEHVD)
4 0 0 0.02203 0
5 0 0 0.02203 0
C(—1_ 3
6 —1-V243/34 8 =220V (685 ATTCATV2EOVAEEY)
7 0 0 0.0174 0
8 0 0 0 0
9 A 0 —0.5580 i m(1-2V3)
4tm(3v2—12v26— 3Y3)
10 32 _6y26— L 0 01267 — 12v26- %
11 0 0 0.03245 0
12 0 0 0.01379 0
13 0 0 0 0
14 0 0 0.004 902 0
15 0 0 0.007 310 0
16 0 0 0.008 850 0
m(—1_ 3
17 -l ¥2 3By ¥3 20l ggqo84  ASTCATVERGVIGHY)
18 0 0 0.003 28 0
19 0 0 0.048 98 0
_ A+7( % —12V2¢+2)
20 1-6v2t+ L ﬂzf oorazg - e
21 —7 +3v2¢ =2 0.5730 BEAKICS ALY

Table 5: Optimal weights.

" ~§2) 12;5.1) ﬁ)j(p)
m 0 0 0

M2 0.1777 0.4789 0.1535
s 0 0 0
N 0 0 0
s 0 0 0
M6 0 0 0
T 0 0 0
s 0 0 0
M9 2.2019 —-0.3769 —0.3024
710 0 0 0
N1 4.7430 1.0450 —0.3830
12 0 0 0
M3 0 0 0
114 0 0 0
715 0 0 0
M6 0 0 0
mr 0.5241 0.0111 —1.937
s 0 0 0
719 0 0 0

120 —1.4678 0.5583 0.2587
121 1.1620 —-0.7321 0.0031
M22 0 0 0
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