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1. Introduction

Modelling of biological growth patterns is a field of mathematical biology that has
attracted much attention in recent years, see e.g. Chaplain et al. (1999) and Capasso
et al. (2002). The biological systems modelled are diverse and comprise growth
of plant populations, year rings of tree, capillary networks, bacteria colonies and
tumours. This paper deals with spatio-temporal models for such random growing
objects. Rather than giving a comprehensive review of the field, we will describe
some recent advances in the theory of spatial point processes and the theory of Lévy
bases that may renew growth modelling.

The first main group of models to be discussed are based on spatio-temporal
point processes and may be characterized as cellular models. We let Z = {(¢;,&)}
be a spatio-temporal point process on S = R, x X where X is a bounded subset of
R? with positive volume |X|. The object at time ¢ is given by

where (&) C R? is a random compact set at position & € X. Note that Yy C Y,
for ¢ <t. The object Y; depends on Z only via the cumulative spatial point process
at time ¢

Xe={&eX: (t;,&) € Z, t; <t}

Figure 1 shows an example of a growth pattern that may be modelled using this
framework. At six dates, the positions of a particular type of weed plant (Trifolium,
clover) are shown. These data are part of a larger data set that has been discussed
in Brix and Mgller (2001).

We will study extensions of recent models for inhomogeneous spatial point pro-
cesses to a spatio-temporal framework, cf. Hahn et al. (2003) and references therein.
One approach is to identify spatio-temporal point process models for which the cu-
mulative spatial point process has specified properties like a given intensity function.
Another approach is to extend inhomogeneous spatial models to a spatio-temporal
framework, using conditional intensities, and study the induced models for the cu-
mulative point patterns. It should be noted that many of the inhomogeneous point

! This paper is a contribution to Séminaire Européen de Statistique 2004 on Statistics of Spatio-
Temporal Systems, 12—18 December 2004, Bernried, Germany.
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Figure 1: The development of a particular type of weed plant (Trifolium,
clover) at six different time points. See Brix and Mgller (2001)

patterns analyzed, using purely spatial models, are indeed cumulative point patterns.
In the case where Z is a spatio-temporal Poisson point process, the cumulative pro-
cess X; is again Poisson and it is easy to control its statistical properties. As we
shall see the situation is more complicated in the non-Poisson case.

A second main group of models describes how the boundary of the object expands
in time. These models may be characterized as supracellular models. We will mainly
discuss growth models based on Lévy bases, cf. Barndorff-Nielsen and Schmiegel
(2004), Barndorff-Nielsen et al. (2003) and references therein. A great advantage
of these models is the possibility of controlling the correlation structure during the
growth process. One example of such a model describes the growth of a star-shaped
object, using its radial function. In the planar case, the radial function of Y; gives
the distance R;(¢) from a reference point z to the boundary of Y; in direction
¢ € [—m, ). For such objects, we study the following model specification

Ri(o) =ewp( [ file,0)2(49)).

A (

where Z is a factorizable or a normal Lévy basis, A;(¢) is a so-called ambit set
and f;(&,¢) is a deterministic weight function. Figure 2 shows an example of a
growth pattern that may be modelled using this framework. At nine time points,
the contours of a brain tumour cell island are shown. These data are part of a larger
data set that has been discussed in Bru et al. (1998).

In Section 2, models based on spatio-temporal point processes are presented
while models based on Lévy bases are dealt with in Section 3. Basic results for
spatio-temporal point processes are briefly reviewed in Appendix A.

2. Models based on spatio-temporal point processes

2.1. Set-up

Let Z = {(t;,&)} be a spatio-temporal point process on S = R x X'. We assume
that the projections of Z on X and R, are both simple point processes (no multiple
points). In the following we let
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Figure 2: Contours of a brain tumour cell island at nine
different time points. See Bru et al. (1998)

be the restriction of Z to S; = (0,t] x X. Note that since Z is locally finite and S; is
bounded, Z; is a finite random subset of S;. The corresponding cumulative spatial
processes are denoted

X={&: (ti,&) €2}, Xi=A{: (ti,&) € Zi}

Note that X and X; are the projections of Z and Z;, respectively, on X, see also
Figure 3.
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Figure 3: An illustration of the set-up. The points constitute the spatio-
temporal point process Z and the dashed lines indicate the projections
on X of points arrived before time ¢. The points in X constitute Xj.

Since the projection of Z on R, is simple, the temporal part of the process
gives a natural ordering of the points that does not exist in general for a spatial



point process. This feature will be used at various places in the following. Unless
otherwise stated, the numbering of the points of Z is such that

H<tya<- - <ty <---

It will be assumed that Z; has a density gz, with respect to the unit rate Poisson
point process on S;. Because of the natural ordering of the time axis, there are
also alternative and perhaps more natural ways of specifying the distribution of Z.
Thus, the process can be defined by two families of conditional probability densities

{pn(t | tn-1),{m-1)) 1M € N} (1)
and
{fa(€ | tn-1), €1y, tn) : n € N} (2)
with respect to the Lebesgue measure on R and R?, respectively. Here and in what
follows we will use the short notation £, {) for

(tlvfl)v M) (tmgn)'

The density p,(- | tn-1),&m-1)) describes the distribution of the n-th time point
given the history of the whole process up to time ¢, ;, whereas the density f,(- |
tn—1);&{m—1), tn) describes the distribution of the spatial point at time ¢, given the
history up to time ¢, 1 and the arrival time of the n-th point. The density p,(- |
tn—1);&m—1)) has support (t,_1,00) while the density f.(- | tm-1),§nm-1),tn) has
support X.

In Appendix A, it is shown for a general spatio-temporal point process how the
density of the process Z; can be expressed in terms of conditional densities. A proof
of this well-known result can be found in Daley and Vere-Jones (2002) on conditional
intensities and likelihoods for marked point processes. An alternative proof may be
found in Appendix A.

An alternative way of specifying a spatio-temporal point process model is in
terms of conditional intensities. For a sequence {(t;,&;)} with

O=to<ti < - <tp <---,
the conditional intensity is
N(E) =N fF (), it <t<t,,

where

(1) = 2ol )
9 Su(t] t(n—1)7§(n—1))’

ift, 1 <t<t,,

FENE) = ful€ | DD ) i b,y <t <,

It can be shown that the density of Z; can be written as

o) = e~ [ D(s.6) - i) [T (0.6, ®)

where
Z:{(tlagl)u"'7(tn7£n)}u t < <tn
For further details, see Appendix A.



2.2. The Poisson case

If Z is a Poisson point process, the conditional intensity function \* is equal to
the unconditional intensity function A, say, and the density of Z; with respect to the
unit rate Poisson point process is given by

n

92(2) = exp - /S A(s. ) — 1Jdeds) TT Mt &),

t =1

The distribution of the cumulative spatial process X; is also Poisson with intensity
function

If the intensity function can be written as A(t,£) = A (t)A2(§), then

N(€) = a(t)A2(8),

where

Thus, if the intensity function is of product form, the cumulative point pattern at
time t is a scaled version of a spatial template Poisson point process with intensity
function A\y(&).

In the Poisson case, the conditional densities are

t
palt |ty o) = No®exp(= [ (0)ds). ety
tn—1

and

Fal€ 1 tmo1), §nar), tn) = e,

where
A(t) = /X At €)E.

Some of the mathematical models for tumour growth specify the development of
the intensity of cells in the tumour as a function of spatial position and time, i.e.
the cumulative intensity A\*(¢). An example of a simple model for the concentration
of cells at a spatial position & at time t is

t ¢ €17
A(5)—Tte><p<,0t T ) (4)
where p is the net rate of growth of cells, D is a diffusion coefficient and c is a
constant determining the size of the initial tumour, cf. e.g. Murray (2003). It is
easy to embed such a mathematical model in a Poisson framework. We let Z be a
spatio-temporal Poisson point process with cumulative intensity function (4). The
tumour at time ¢ is modelled as

Yi = U{Ba(&, R) : (i, &) € Z,t; < t}, (5)
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Figure 4: Result of a simulation of the model (5), where X; is a Poisson process
with intensity function (4), for ¢ = 100, 160, 220, 280. The parameter values are
p=0.01, D=0.001,c=5-10%

where By(&;, R) C R? is a ball centered at & with radius R > 0. A simulation of Y;
for which Z is Poisson with cumulative intensity function (4) can be seen in Figure
4. A more complicated model is obtained by associating random compact sets to
each point.

This cellular growth model can be regarded as a continuous version of the model
considered in Cressie and Hulting (1992). Their discrete model, proposed for mod-
elling of tumour growth, can be described as a sequence of Boolean models such
that the tumour Y; at time ¢ is a union of independent random compact sets placed
at uniform random positions inside the tumour Y;_; at time ¢ — 1. Formally this
means

Vi = U{E(&) : & € Vi),

where {&;} is a homogeneous Poisson point process in X and Z(&;) is a random
compact set at position &. A related continuous model has recently been discussed
in Deijfen (2003). The object Y; is here a connected union of randomly sized balls
constructed from a spatio-temporal Poisson point process. It is shown that the
asymptotic shape of the object is spherical.

An advantage of the Poisson model is that many quantities are analytically
known. But Poisson points do not interact. In the following subsections, we will
describe models for spatio-temporal point processes with clustering or inhibition
between the points.

2.3. Cox processes

A spatio-temporal Cox process on S is a spatio-temporal Poisson point process
with a random intensity function A. Such a process exhibits clustering between
the points. The intensity function of a spatio-temporal Cox process is given by
A(t, &) = EA(t,€) and the pair correlation function by

_ E(A(LOA(s, )
EA(t, &)EA(s.)

p((:€), (s,1))



It is clear that Z; is a spatio-temporal Cox process on S; driven by the restriction
A; of A to S;. The cumulative spatial process X; is a Cox process on X driven by

v = | A(s. )ds.

The intensity function of X; is /(&) = EAY(§). It can be shown that for ¢’ < ¢,
Xy has the same distribution as a process obtained by independent thinning of the
points in X; with retention probability for a point located at £ € X given by

sl = Sier

A spatio-temporal Cox process with log-Gaussian intensity function has been used
with success in the analysis of weed data of the type shown in Figure 1, see Mgller
et al. (1998); Brix and Mgller (2001).

A particular example of a spatio-temporal Cox process is a spatio-temporal shot
noise Cox process Z driven by

ALY = Y k((uc), (t,9)),

(u,e,7)€P

where k((u,c),-) is a kernel (i.e. a probability density on S) and ® is a Poisson
point process on S x R,. A comprehensive treatment of the purely spatial case can
be found in Mgller (2003). The process can be viewed as a cluster process since

Zlq) ~ U(u,c,y)eb Uu,c,’w

where U, ., (u,c,7) € @, are independent spatio-temporal Poisson processes with
intensity functions

v ((u, ¢, (t,€)).

The cumulative spatial process X; is also a cluster process of Cox-type since
Xt|q) ~ U(U,C,’Y)ECIDVU,C,’Y7

where V.-, (u,c,7) € @, are independent Poisson point processes on X with in-
tensity function

7/0 k((u,c),(s,-))ds.

The spatio-temporal shot noise Cox processes may be used to model growth patterns
where several events occur almost simultaneously in time and space.

2.4. Markov point processes

In recent years, Markov models for inhomogeneous spatial point processes have
been studied quite intensively, see Stoyan and Stoyan (1998), Baddeley et al. (2000),
Jensen and Nielsen (2000), Hahn et al. (2003) and references therein. The majority
of the inhomogeneous models has been constructed by introducing inhomogeneity
into a homogeneous Markov point process X, defined on a bounded subset X of
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R?. In this section, we will discuss extensions of these inhomogeneous point process
models to a spatio-temporal framework. In relation to growth, it is interesting to
construct spatio-temporal processes Z = {(;,&;)} with spatial inhibition between
the points.

We start by giving a short review of recently suggested inhomogeneous spatial
Markov point processes.

2.4.1. Inhomogeneous spatial point processes

In principle, any given homogeneous point process can be turned into an inho-
mogeneous point process by independent thinning with a retention probability p(¢)
that depends on the location £ € X. As Baddeley et al. (2000) show, second order
functions as Ripley’s K-function can be defined for thinned point processes such that
they coincide with the corresponding second order functions of the original process.
However, thinning changes the interaction structure. Thus, if a very regular point
process is subjected to inhomogeneous thinning, regions of low intensity seem to
exhibit almost no interaction and look similar to a realization of a Poisson process.

Another method that is applicable on any process is to generate inhomogeneity
by a nonlinear transformation of the spatial coordinates. Jensen and Nielsen (2000)
prove that the process resulting from transformation of a Markov point process is
again Markov. Transformation does in general not preserve (local) isotropy of the
template process.

Ogata and Tanemura (1986) and Stoyan and Stoyan (1998) suggest to introduce
inhomogeneity into Markov or Gibbs models by location dependent first order in-
teractions. As an example, consider a Strauss template X on X with parameters
B>0,v€l0,1] and R > 0, which is defined by a density

fx(z) oc "y, s(z) = Y Lo mlln — €D, (6)

{né&}Cx

with respect to the unit rate Poisson process on X'. The resulting inhomogeneous
process has density

fx(@) oc [ 8™, st@)= > 1om(ln—¢l) (7)

nex {n&}Cx

with respect to the unit rate Poisson process on X. For such an inhomogeneous
process, the degree of regularity in the resulting process depends on the intensity as
in the case of thinning, described above.

An approach that preserves locally the geometry of the template model, in par-
ticular the degree of regularity and also isotropy, was introduced in Hahn et al.
(2003). It can be applied to models that are specified by a density with respect
to the unit rate Poisson process. The idea of the approach is that a location de-
pendent scale factor ¢(£) > 0 changes the local specification of the model such that
in a neighbourhood of any point ¢ € X, the inhomogeneous process behaves like
the template process scaled by the factor ¢(¢). This is achieved by defining the lo-
cally scaled process X, by a density f)((c) with respect to an inhomogeneous Poisson

process of rate ¢(£)~%. The density f)((c) is obtained (up to a normalizing constant)

8



from the template density fx by replacing all k-dimensional volume measures v/*,

k=0,1,. d that occur in the definition of fx by their locally scaled counterparts

vk Where vk = [, c(u) " (du) for all A € By.
A locally scaled version of the Strauss process has thereby the density
f(cc)( ) ox Br@ e Z 1o.51(v. ([, €])), (8)
{n&}Ca

where v;([n,€]) = [, gc(u)™'v!(du) is the locally scaled length of the segment

[n,&]. This modification applies to all Markov point processes where the higher
order interaction is a function of pairwise distances. The resulting inhomogeneous
point process is again Markov, now with respect to the neighbour relation

n~¢ = v(ng)<R

Since evaluation of the integral in the locally scaled length measure may be compu-
tationally expensive in the general case, the scaled distance of two points may be
approximated by

In — €|l

N OGS ¥

Using (9) in (8), and adjusting the first order term in (8), we get the density fx, of
X, with respect to the unit rate Poisson process as

fx () oc BrEyel®) HC(U)_d7 Se() = Z 1[010(77)-;6(5)3] ([l =€l (10)

nex {n&}Cx

As shown in Hahn et al. (2003), if the scaling function is slowly varying compared to
the interaction radius the local intensity in a point £ of such a locally scaled process
is in good approximation proportional to c¢(¢)~?. Figure 5 shows a realization of a
locally scaled Strauss process.

Figure 5: Result of a simulation from a locally scaled Strauss
process on [—1,1]?, with parameters 3 = 100,y = 0.01, R = 0.1,
and scaling function ¢(§) = 2[/¢]|? + 0.1.



2.4.2. Spatio-temporal extensions

One possibility is to perform backwards temporal thinning in a spatial Markov
point process X with intensity function A, say. Let the resulting spatio-temporal
point process be denoted by

Z ={(t,€) : £ € X}

If, conditionally on X, {t¢} are independent and t¢ has density pe, then the cumu-
lative process X; has intensity function

X(E) = A(€) / pe(s)ds.

Furthermore, for all ¢ < ¢, Xy can be obtained from X; by independent thinning,
with retention probability for a point located at & given by

@ = [ s /[ etsras

Note that the special K —function defined in Baddeley et al. (2000) will be the same
for all processes X;. Note also that the thinning, backwards in time, implies that
X; may look Poisson-like for small ¢. If the original spatial point process X has the
property that any pair of points has a mutual distance of at least R, then any of
the cumulative spatial point processes X; has the same property.

Below, we study thinning of a locally scaled spatial point process.

Example 2.1 Temporal thinning of a locally scaled Strauss process. Let ¢y : Ry —
R and ¢y : RY — R be positive and bounded local scaling functions for time and
space, respectively. Let the density of X be a locally scaled Strauss process

fx(@) o 3Oy TT ea(m) ™,

nex
where
Se(®) = > Lprvh(n.€).
{n&}C=
A birth time at ¢ is distributed with a density which does not depend on &
pe(t) ocea(t) ™, (11)

if ¢ € [0, 7], and pe(t) = 0, otherwise.

Figure 6 shows a result of a simulation of a temporal thinning of such a locally
scaled Strauss process on [—1,1]* with 3 = 100, v = 0.01, R = 0.1 and local scaling
function cp(§) = 0.2 + 4[[¢||*>. The birth times have density given in (11) with
c1(t) = 0.2 4 0.05¢t and T" = 12. The figure shows the corresponding cumulative
point patterns X, for ¢/ = 2,4, 8,12.

Another possibility is specification of a spatio-temporal point process model in
terms of conditional intensities, see e.g. Hawkes (1971); Schoenberg et al. (2002) and
references therein. Here, the form of the conditional intensity may be motivated by
the form of the Papangelou conditional intensity for a purely spatial point process.
A local scaling example is given below.
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Figure 6: Result of a simulation of a backwards thinning of a locally
scaled Strauss process on [—1,1]2. For details, see the text.

Example 2.2 Let ¢; : R, — R and ¢, : R — R be positive and bounded scaling
functions for time and space, respectively. We define the spatio-temporal point
process Z by its conditional intensities,
[rysee €lén—1))

P0G b1 <t <t, {EAX,

N (t,€) =

where

Sey §|§(n 1 Z]-OR Ve, 5 gl]))

In this case, the density of Z; is of the followmg form

ti—1

Sco f|f (i—1) ) "
- eXp Z / / B’V 1> dtdf) ﬂn(z)fyzizl Seq (&ilé(i—1))
- 1
X - -
1;[ ci(ti)ea(&i)?

=1

3. Lévy based growth models

In this section, we will discuss an alternative approach to modelling of growth for
a random star-shaped object. We will concentrate on the planar case. The model
describes how the boundary of the growing object expands in time. The basic notion
of this approach is Lévy bases.

11



3.1. Set-up

This subsection provides a very brief overview of the theory of Lévy bases, in
particular, the theory of integration with respect to a Lévy basis. We will use
the following notation for the logarithm of the characteristic function of a random
variable X,

C{N1 X} = logE(e™Y)
and we will refer to it as the cumulant function.

Let (R, .A) be a measurable space. Let Z = {Z(A) : A € A} be an independently
scattered random measure, i.e for every sequence {A,} of disjoint sets in A, the
random variables Z(A,,) are independent and Z(|J A,) = > Z(A4,) a.s. If Z(A) is
infinitely divisable for all A € A, Z is called a Lévy basis.

When Z is a Lévy basis, the cumulant function of Z(A) can be written as

CNT Z(A)} = ira(A) — %)\Qb(A) + /R (™ — 1 — Ny (@)U(dr, 4),  (12)

where a is a signed measure on A, b is a positive measure on A, U(dz, A) is a
Lévy measure on R for fixed A € A and a measure on A for fixed dz. The Lévy
basis is said to have characteristics (a,b, U) and the measure U is referred to as the
generalised Lévy measure. The cumulant function (12) can also be expressed in an
infinitesimal form

C{N1 Z(d€)} = iXa(d¢) — %)\Qb(df) + /R (e — 1 — i1y q(z))U(dz, dE).

Without loss of generality we will assume that the measure U factorizes as

U(dz,d§) = V(dz, §)p(dE),

where p is some measure on R and V(dz, ) is a Lévy measure for fixed €. A Lévy
basis is called factorizable, if the Lévy measure V(+;£) does not depend on . If a
Lévy basis is factorizable, then one can write

C{ME Z(d€)} = iNa(d€) — SNB(dE) + CINE 2} de),

where Z’ is an infinitely divisible random variable with cumulant function

C{tZ) = /R (e —1 — i1y q(2))V (dx).

If, moreover, p is the Lebesgue measure, then Z is called homogeneous.
We will now give two examples of Lévy bases. These are the Poisson basis and
the normal Lévy basis. We assume that R = R" and A = B(R").

Example 3.1 If Z is a Lévy basis on R, such that Z(A) ~ Pois(A(A)) for all
A € A (A bounded), A the Lebesgue measure on R, we call Z a Poisson basis. The
Poisson basis has characteristics (A, 0,U), where U(dz,d§) = 61(dz)A(E), so Z is
factorizable. Clearly the cumulant function of Z(A) is

C{N1 Z(A)} = (" = 1)A(A),
and the cumulant function of the random variable Z’ is

C{ 12"} = (™ —1—1i)).

12



Example 3.2 If Z is a Lévy basis on R, such that Z(A) ~ N(uA(A), 0?A(A)), we
call Z a normal Lévy basis. The normal Lévy basis has characteristics (uA, o%A, 0)
and the cumulant function is

CYNE Z(A)} = iNh(A) — %)\QJQA(A).

The usefulness of the definitions above becomes clear in connection with the inte-
gration of measurable functions f with respect to a Lévy basis Z. We consider the
integral of a measurable function f on R with respect to a factorizable Lévy basis
Z. For simplicity we denote this integral by f e Z. For the theory of integration
with respect to independently scattered random measures, see Kallenberg (1989)
and Kwapien and Woyczynski (1992). A key result for many calculations is (subject
to minor regularity conditions)

COtfezZh=iNfoa) = P en)+ [ COSO 2. (13)
A similar result holds for the logarithm of the Laplace transform of f e 7,
K{ N{feZ}=C{—-iNffeZ} <.

We have
K102} =A(F o)+ 30 (2 ob) + [ KOO 12} (1)

If Z is a normal Lévy basis, Z(A) ~ N(uA(A),c*A(A)), one also has the following
equations

C{ALfoZ) = / CIN(ELZIAWE), K{NfoZ} = / KIN(©1Z'YAdE), (15)

where Z' is a normal random variable with mean p and variance o2.

3.2. An exponential Lévy growth model for star-shaped planar objects

Let us consider a planar compact object with size and shape changing over time,
where the object at time ¢ is denoted by Y; C R2 In the following we will assume
that Y is star-shaped with respect to a point z € R? for all £. Then the boundary of
the object Y; can be determined by its radial function Ry = {Ry(¢) : ¢ € [—m,7)},
where

Ri(¢) = max{r: z +r(cos¢,sin¢) € V;}, ¢ € [—m, ).

The models we will consider here are based on the theory of Lévy bases and
integration with respect to those. In the following we will let R = R x &, where
S = [-m,m) and A be the Borel o-algebra of R. The idea behind the following
definitions is based on the intuitive picture of an ambit set A;(¢), associated to each
point (¢, ¢), which defines the causal correlation cone. The radius process R;(¢) is
defined as the exponential of an integral of some weight function over the attached
ambit set, with respect to a factorizable or a normal Lévy basis.

13



Definition 3.3 Let Z be a factorizable or normal Lévy basis. The field of radius
vector functions R = {R;(¢)} follows an exponential Lévy growth model if

R(o)=e( | dg0)200).

A
The ambit set A;(¢) € A and the deterministic weight function fs(a;¢) must be
defined cyclically such that R;(¢) is cyclic.

There are many interesting problems to study within this model framework.
Basically, it is the Lévy basis Z, the ambit sets A;(¢) and the weight functions
fi(a; ¢), which determine the growth dynamics. These three ingredients can be
chosen arbitrarily and independently which results in a great variety of different
growth dynamics.

In the following we will assume that we have a homogeneous factorizable Lévy
basis with @ = 0 and b = 0 or a normal Lévy basis. Equations (13), (14) and
(15) allows us to calculate arbitrary n-point correlations. Here n-point correlations
Cn(ty, &1;. . .5 ty, ¢p) for arbitrary times ti,...,t, and angles ¢1, ..., ¢, are defined
as

Cn(te, @15+ s tn, On) = E(Ryy (¢1) - - -+ Ry, (dn)).

If we assume the correlations are finite, i.e. E{R; (¢1) - ... Ry, (¢n)} < 00, we get
from (14) and (15) the expression

Cn(le, @13 -5 ln, dn) = exp{/RK {i (& 0301, 0)(€) 1 y}u(dﬁ)} (16)

This is the basic relation for modelling a prescribed correlation structure in terms of
n-point correlations ¢, (t1, ¢1;. .. ;tn, ¢n). Modelling of a given correlation structure
reduces to solving the above equation for the weight-function f and the shape and
size of the ambit sets A;(¢). In practice this might be a complicated task, but for
special applications it is possible. Equation (16) also provides some useful geometric
interpretation of the correlation structure. This can most easily be seen for the
simple case of a constant weight-function f;(&,¢) = f for all £, (t,¢) € R. In this
case (16) reduces in second order n = 2 to

E(R(¢)Rv(¢'))
E(R(¢))E(Ry (¢'))

where K = K[2f T y] — 2K[f T y]. For a constant weight function the modelling of
spatio-temporal two-point correlations reduces to the problem of finding ambit sets
Ai(¢) whose measure of the overlap (A (o) N Ap(¢')) fulfills (17) (see Figure 7 for
an illustration). Note that only the measure of the overlap is involved and not the
shape of the overlap. Similar relations also hold for higher order correlations under
the assumption of a constant weight function f. All finite n-point correlations can
be expressed in terms of various overlaps of ambit sets.
Figure 8a shows a simulation from an exponential Lévy growth model with

=exp(K p(Ai(¢) N Av(¢))) (17)

A(d) ={(s,0) : 1 =T(t) <s <1, |0 — 9| <O(t)},
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Figure 7: Illustration of the overlap (shaded area) of two ambit sets
located at (t,¢) and (t', ¢’), respectively.

O] O

@ (®)

Figure 8: Comparison of a simulation of a log-normal model (a) with
in vitro tumour growth (b) at times ¢ = 25,45,51 (arbitrary units).
Parameters of the simulation are p = 0.11, ¢ = 0.01, T'(¢) = t/20,
O(¢) = 7/90 and f(¢) = 1. For details, see the text.

(t,0) € R, fi(&;¢) = f and Z a normal Lévy basis. The similarities between the
simulation and the observed in vitro growth pattern in Figure 8b are striking.

A similar type of field of stochastic processes has been used to model the statis-
tics of the energy dissipation in fully developed turbulence (Barndorff-Nielsen and
Schmiegel (2004), Barndorff-Nielsen et al. (2003), Schmiegel (2002), Schmiegel et al.
(2004)). Barndorff-Nielsen and Schmiegel (2004) also discusses the field of processes

15



X; in more detail.

3.3. Other Lévy based growth models
For a factorizable positive Lévy basis Z on R we may also consider a linear Lévy
growth model given by

&@zéwﬁ@wma

The ambit set A;(¢) € A and the positive deterministic weight function f;(&; ),
which is assumed to be suitable for the integral to exist, must be defined cyclically
such that R;(¢) is cyclic. One may also consider the following type of model

mwozmwa+li£wﬁxawzmam. (18)

Note that under the model (18), we have that the time derivative of R;(¢) is given
by

M@=A@ﬂ@@%@- (19)
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Appendix A: Conditional densities and conditional intensities

Let II be the unit rate Poisson point process on S and II; the restriction of 11
to S;. We let € be the set of all locally finite subsets of S and €2; the set of finite
subsets of S;. On €, we use the o—algebra A; generated by

{zeQ:n(zNnB)=k}, keNy,BEeB,

where B, is the Borel o-algebra on S;.
We will first state the following basic result for the Poisson point process.

Lemma A.1 Let m; be the distribution of II; and g; : (Q, A;) — (R, B(R)) be a
Borel function. Then

mema (20)
:gwwwmﬁmﬁféﬂfiﬁwﬁmWW@m

thn e dtldgn e dgla

where |-| denotes the Lebesgue measure on R¢.
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Proof of Lemma A.1. For the restriction II; of the unit rate Poisson point process to
St, the number N of points (¢;,&;) in S; is Poisson distributed with parameter ¢|X|
and conditionally on N = n, II; is distributed as

{(tlagl)v SRR (tmgn)}

where (¢;,&;),7 =1,...,n, are independent and uniform in S;. It follows that

/Q gu(2)m(d2)
—Zexp t|X

{(t1, &), (tn, €n)})

d dtldgn o 5

. (tIXI)
:;exp(—ﬂzﬂ)/x---/x/ot/tl /t {(t1, ), (tn, &n)})

dtldgn o f

If Z, has density
9z2,(2), z€

with respect to the unit rate Poisson point process II; on S;, then for A € A,

P(Z € A) = /A g (2)m(dz) = /Q 1= € Algs, ()m(d2)

and Lemma A.1 can be used to calculate the integral.
The density of Z; can be expressed in terms of the two families of conditional
densities (1) and (2), as shown in the proposition below.

Proposition A.2 Let

s &m)) sz ti | L1y, Ea—n)) fil& | ta—1), EG-1)s ta)

be the density of the first n points of Z. Then, the density of Z; with respect to II;
is

th(Z) = eXp<t|X|)gn<t(n)a S(n))SnJrl (t | t(n)a 5(71))7 (21)
if z € ), is of the form

Z:{(tl,fl),...7(tn7£n)}, tl < <tn

Here -
Snt1(t | tmy, Emy) = / P (| iy, §my)du, > 1y,
t

is the survival function of p,11(- | £y, {m))-
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Proof of Proposition A.2. Let N = n(Z;). Then, for A € A,
P(Z, € A)

= i P(Z, € A,;n(Z;) =n)

:Z/R X/R Xl[{(tl,gl),...,(tn,ﬁn)}eA]l[th>t]

gn+1(t(n+l)> 5(n+1))dtn+1dfn+1 e dtydéy

:i [ / /t:_l1[{<tl,51>,...,<tn,sn>}eAJgnm,an))

Now Lemma A.1 implies the result. O

Another possibility is specification of the model in terms of the conditional in-
tensities. For an increasing sequence

(t1, &), ooy (tn,&n)y ooy <o <ty <o (22)

we define the conditional intensity at (¢,&) by

pn(t | t(n—l)a f(n—l))fn<£ | t(”_l)’g(n_l)’t)
h(t,§|tn7 75“* ): ’
n (n=1)> §(n=1) St | tn-1), Em-1))

for t,_1 <t <t, (to = 0). If a realization of Z is represented as in (22), then
hn(t7€ | t(n71)7 g(nfl))dtdg

can be interpreted as the conditional probability of observing a point at (¢,&) given
the previous history of the process and a waiting time for the n-th point at least
uptil . Note that the conditional intensity h,, is the product of the hazard function
for the n-th time point given the history (t™~1, £("=1) and the density of the n-th
spatial point given the history (™1 ¢™=1D) and the n-th time point.

(23)
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