SPATIO-TEMPORAL MODELLING

— WITH A VIEW TO BIOLOGICAL
GROWTH PATTERNS

KRISTJANA YR JONSDOTTIR

PHD THESIS

DEPARTMENT OF MATHEMATICAL SCIENCES
UNIVERSITY OF AARHUS

FEBRUARY 2006






Preface

Spatio-temporal modelling of biological systems is a field of mathematical biology
which has received a great deal of attention in recent years. This PhD thesis is a
contribution to this field with focus on modelling of biological growth patterns.

The thesis consists of a review together with five independent papers and is sub-
mitted to the Faculty of Science, University of Aarhus. The review provides an in-
troduction to spatio-temporal modelling of growing objects and a presentation of the
main results of the accompanying papers. Finally, it contains a short introduction to
non-stationary spatial survival analysis, which was the topic of my studies during a
stay at School of Mathematics and Statistics, University of Western Australia.

First of all, I would like to express my sincere gratitude to my supervisor Professor
Eva B. Vedel Jensen for the excellent supervision and constant support during the
three years of my PhD studies. She has been a very valuable support for me, both
academically as well as personally. I am also grateful to my friend and fellow PhD
student, Pordis Linda Pérarinsdottir, for many stimulating discussions, great support
and making my daily life easier through the studies. I also want to thank Professor
Adrian J. Baddeley, University of Western Australia, for hospitality during my stay
abroad and for sharing his knowledge with me. Finally, I would like to thank my
friends and family for being there for me, believing in me, and encouraging me.

Arhus, February 3rd, 2006 Kristjana Yr Jonsdottir






Summary

Growth is a fundamental property of biological systems, occurring at the level of
populations, individual animals and plants, as well as within organisms. An overview
of spatio-temporal modelling of biological growth can be found in Chaplain et al.
(1999), a monograph from the conference On Growth and Form held in 1998 in honour
of D’Arcy Thompson (1960-1948) and his famous book on the subject, cf. Thompson
(1917). Examples of biological growth phenomena include tumour growth, bacterial
growth, spread of diseases, growth of year rings of a tree, growth of plant populations,
just to name a few. The main aim of the modelling is to capture various spatio-
temporal interactions in an observed growth pattern and try to relate the suggested
model to specific biological entities. Models do of course not tell the truth about the
biological phenomena, but they may provide a deeper understanding of it.

Tumour growth patterns have been intensively studied in recent years. The ma-
jority of the models considered are deterministic. Problems concerning the pattern
formation and progression of the tumour are important, as well as shape. Different
tumour types have specific characteristics and it is of importance to find a realistic
modelling framework to try to understand the underlying dynamics. Models can also
serve as a support for grading the malignancy of the tumour. The roughness of the
tumour boundary can for example serve as in indicator of the malignancy of the tu-
mour. Being able to describe the morphology of the boundary of the tumour, a useful
tool is obtained, to help classifying and determining the malignancy. A part of this
thesis concerns stochastic spatio-temporal models which describe how the boundary
of a star-shaped object expands in time. These models are characterised as supracel-
lular models. Two different approaches are used to describe the morphology of the
boundary. The first approach is based on ideas from shape theory. The boundary of
an expanding object is modelled in discrete time, by representing the object at present
time as a transformation of the object at the immediate past. The main aim of this
approach is to capture the important features of the transformation such as global and
local shape deviations, using few model parameters. The parametric model suggested
is inspired by the p-order model which has been used to model the shape of featureless
objects. The second approach is based on recent advances in Lévy theory which has
recently been used with success in the development of spatio-temporal models for tur-
bulence. The ideas of Lévy based modelling originate from modelling of turbulence.
The models are based on Lévy bases and integration with respect to those. A great
advantage of these models is the possibility to control the spatio-temporal correlation
structure of the expanding object and therefore to characterise the morphology of the
boundary of the expanding object. Accordingly, the models can be a valuable tool for
monitoring the dynamics of growth patterns.
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SUMMARY

The main characteristic of the supracellular models is that only the macroscopic
level of the observed patterns is modelled. It is, however, of importance to construct
models with known relation between the microscopic and the macroscopic level of the
biological growth pattern. A step forward in this direction are the socalled cellular
models, discussed in this thesis. The cellular models are based on spatio-temporal
point processes. Growth of plant populations, earthquake occurrences, and spread of
diseases are among the phenomena that can be modelled using spatio-temporal point
processes. Tumour growth has also been modelled using cellular models.

The thesis contains further studies of shape and point processes, relating to stere-
ological variance estimation and non-stationary spatial survival analysis.

The thesis consists of a review and five independently written papers. One of
the papers has already been published. Three of the papers are submitted or will be
submitted in the nearest future. The co-authors of the papers are my supervisor Eva
B. Vedel Jensen, Ole E. Barndorff-Nielsen, and Jiirgen Schmiegel, all from University
of Aarhus, Asger Hobolth, North Carolina State University, and Lars M. Hoffman,
University of Karlsruhe.
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1 Introduction

The first main group of models to be described is the supracellular models. Here, the
entity modelled is the boundary of a full-dimensional star-shaped object expanding in
time. The boundary of a star-shaped object is completely determined by its radius
vector function. Therefore the model can be expressed in terms of the radius vector
function. The supracellular models do not give any information about the interior
of the object. The second group of models, the cellular models, can provide such
information. They are based on spatio-temporal point processes. We focus on models
for inhomogeneous spatial point patterns and their extension to a spatio-temporal
framework. Dynamic random compact sets are also discussed.

The review is organised as follows. In Section 2, supracellular models are presented
using shape theory and Lévy theory. In Section 3, two applications of the supracellu-
lar models are presented, dealing with tumour growth and growth of year rings of a
tree, respectively. Section 3 concludes with an application to model-based stereology.
Section 4 gives a short review on spatio-temporal point processes. Spatio-temporal
extensions of recent models for inhomogeneous spatial point patterns are discussed, as
well as models for dynamic random compact sets. The review concludes with a discus-
sion of non-stationary spatial survival analysis, a topic that can be read independently
of other material in this review.






2 Supracellular models

Consider a compact object Y; € R? which is star-shaped with respect to a specific
point z € R? for all ¢ > 0. Then the boundary of Y; can be determined by its radius
vector function Ry = {Ri(¢) : ¢ € [—m,m)} with respect to z, where

Ri(¢) = max{r: z +r(cos¢,sin¢) € Y}, ¢ € [—m, 7).

In the following we will describe two different approaches to model the object Y; using
the radius vector function R;. First a dynamic version of the deformable template
model is discussed, cf. Hobolth et al. (2001) and Hobolth et al. (2003). The model is
formulated in discrete time, using Gaussian stochastic processes. The second and more
general model type is the Lévy based growth models introduced in Jonsdottir et al.
(2006b). The Lévy based growth models describe how the boundary of the object Y;
expands in continuous time. The strength of the Lévy based growth models is that
they allow analytical control of the covariance structure of the radius vector function
in time and space in accordance with experimental results.

The two approaches discussed in this section only describe how the boundary of
the object moves in time and does not give any information about the interior of the
object. The models are, however, expected to be a useful empirical tool for monitoring
growth patterns.

It should be noted that both model types can easily be extended to three dimen-
sions. This issue will not be discussed further here.

2.1 The template approach and the p-order growth
model

Several different representations of the shape of featureless objects have been suggested
in recent years. The deformable template representation has played an important role.
Here, an observed object is represented as a deformation of an underlying template. For
a more detailed description of the method, see Grenander et al. (1991) and Grenander
and Miller (1994). In Hobolth et al. (2001), the authors use non-circular templates
for such models, while circular templates are discussed in Hobolth et al. (2003). They
only consider star-shaped objects.

A star-shaped object Y with radius vector function R is said to be a deformation
of a known template object Y with radius vector function RV, if

R(¢) = R%(¢) + U(¢), ¢ € [-m,7), (2.1)

3



SUPRACELLULAR MODELS

where UY = {U°(¢) : ¢ € [~m,7)} is a zero mean cyclic stochastic process.

This representation can be used to describe an object with size and shape changing
over time, by letting the object at time ¢ + 1 be represented as a stochastic transfor-
mation of the object at time ¢, such that

Rip1(9) = Ri(9) + Vi(9), ¢ € [-m,7), (2.2)

where V; = {Vi(¢) : ¢ € [—m,m)} is a cyclic stochastic process. The focus is on
modelling the transformation, i.e. the increments V; = Ry41 — R;.

The initial object Y{ is assumed to be known with radius vector function rg. The
stochastic process V; is assumed to be of the form

V;f(¢) :Mt+Ut(¢)a ¢ € [—7T,7l’),

where p; € R represents a constant radial addition and U, is a cyclic stochastic process
with mean zero. In this way one can say that the object Y; 1 is a stochastic deformation
of the expanded object Y; @ b(0, u1¢) with radius vector function R; + pu¢, where b(0,r)
denotes the circular disc in R? with radius r centred at the origin and @ denotes the
Minkowski sum

A®B={a+b:a€ Abec B},

cf. Figure 2.1. Note that if the series of increment processes {V;} is assumed to be
independent, the conditional distribution of R;+1 given Ry,..., Ry depends only on
R;. The model in (2.2) is thus Markovian in discrete time. The model described in
Cressie and Hulting (1992) possesses a similar Markov property. See also Section 4.3.

Figure 2.1: The object Y;;1 is a stochastic deformation of the object Y; @ b(0, p)
(dashed). The object Y; is shown grey.

The p-order growth model, introduced in Jonsdottir and Jensen (2005), is a para-
metric model for the increment processes {V;}. It is inspired by the p-order model
for a non-dynamic object Y described by (2.1), cf. Hobolth et al. (2003), where the
stochastic fluctuation U° around the template is a zero-mean cyclic stationary Gaus-
sian process with an attractive covariance structure.

Cyclic stationary Gaussian processes on [—7,7) have an interesting geometric in-
terpretation in connection with shape, as we shall see now.

A stochastic process U° is a cyclic stationary Gaussian process on [—m,7) with
mean g and covariance function o(¢) if and only if there exists Ay > 0, £ = 0,1,...,
such that

U°(¢) = Ao+ D _ (A cos(ke) + By sin(ke)), ¢ € [—7,),
k=1



2.1. THE TEMPLATE APPROACH AND THE p-ORDER GROWTH MODEL

where Ay, Ag, Bx, k = 1,2,... are all independent, Ay ~ N(u,\g), Ax ~ Bp ~
N(0,\), k =1,2,.... Furthermore, the covariance function of U is

o(¢) =Y Mecos(kg), ¢ € [-m,m),
k=0

and the Fourier coefficients of U? are given by

_ 1 [T
AO — o . U <¢)d¢7
Av=— [ U%0)costka)do,
B[ U0 (6) sin(k)do.

The Fourier coefficient Ay determines the average of U?. The lower order Fourier
coefficients determine the global fluctuation of U, whereas the higher order Fourier
coefficients determine the local fluctuations of UY. These observations are important
in shape theory, as the global and local fluctuations determine the global and local
deformation of Y. In Hobolth et al. (2001) and Hobolth et al. (2003), the stochastic
process U is modelled by the p-order model which is defined by letting Ay = A; =
By =0 and
Ap ~ B ~ N0, ), = (a+ﬂ(k:2p—22p))*1,

for k = 2,3,.... The parameters a and 3 determine the local and global shape of Y,
respectively. The parameter p determines the smoothness of the deformation U° and
it can be shown that U is k — 1 times differentiable where k is the integer satisfying
p € (k— %, k + %] The coefficients Ay and B; are set to zero, since large values of
these coefficients will imply asymmetry of Y with respect to Y0.

The covariance structure of the p-order model is used to model the increment
processes {V;} = {u+U;}. We let {U;} be a series of independent stochastic processes,

where U; follows a p-order model with time dependent parameters, t = 0,1,.... Then
[e.e]

Vi(¢) = e + Y _(Apycos(ke) + Brysin(ke)), ¢ € [-m,), (2.3)
k=2

where the Fourier coefficients are all independent, Ay; ~ By ~ N(0,A4), for k =
2,3,...,t=0,1,..., and

Akt = (o + By (k*P — 2%P))~1,

The parameters satisfy us € R, a4, 8 > 0 and p > % We write Vi ~ Gp(put, o, Br) if Vi
is on the form (2.3) and say that {V;} follows a p-order growth model. This approach
can be generalised to three dimensions, cf. Jonsdottir and Jensen (2005).

The overall growth from Y; to Y;41 is determined by the radial addition parameter
. The parameter p determines the smoothness of the deformation of the expanded
object Y; @ b(0, u¢) to Yiy1. The parameters a; and [y, which are also called the
shape parameters, determine the global and local deformation of the expanded object,
respectively. Therefore they determine the appearance of the growth at time ¢.



SUPRACELLULAR MODELS

An interesting subclass of the p-order growth model is obtained by letting the shape
parameters be proportional, i.e. az = v8;. Under this model we can write

Vi = e + 1 X4,

where X = {X;} is a series of independent and identically distributed stochastic
processes with distribution G;(0,;,3). Note that v = 3, 7 = /75 and Zy(¢) ~

N(0,70?), where
[e.9]

o? = (at B —2%) 7",
k=2
The parameters p; and 7¢ can be chosen arbitrarily, resulting in a variety of different
growth patterns for different choices of these parameters. The limiting shape of the
object Y; when ¢ — oo may be circular, but there are many other possibilities. In
Figure 2.2 and 2.3 two simulated growth patterns are shown as well as the normalised
objects of the pattern, which represent the shape of the object. In Figure 2.2 we have
ue = p and 7 = 1 for all £ and the object becomes more circular as ¢ — oo, whereas
in Figure 2.3 we have 1, = Zgzo w; and the object becomes more irregular as t — oo.

OO
900
OO0

Figure 2.2: Left: Simulated growth pattern under a second-order growth model with
proportional shape parameters, y; = p and 7, = 1 for all . Right: The corresponding
normalised profiles, representing the shape of the object.

Other stochastic processes than Gaussian can also be used to model the increment
processes V' = {V;}. The Fourier coefficients of V; can for example be modelled by
Gamma distributed random variables or V; could by modelled by a log-Gaussian pro-
cess. It might also be more natural to define the model in terms of the logarithm of
the radius vector function, i.e.

log Ri11(9) = log Ri(¢) + Vi(¢), ¢ € [-m,m),

where V; is a cyclic Gaussian stochastic process, resulting in a multiplicative model
for the radius-vector function

Rip1(9) = Ri($)Vi(9), ¢ € [-m,m),

where V;(¢) is a log-Gaussian stochastic process.



2.1. THE TEMPLATE APPROACH AND THE p-ORDER GROWTH MODEL

0
QOO0
.99

Figure 2.3: Left: Simulated growth pattern under the second-order growth model with
proportional shape parameters, 7, = ZE:O ue. Right: The corresponding normalised
profiles, representing the shape of the object.

The estimation of parameters in the p-order growth model is not difficult, since the
series V = {V;} is assumed to be independent. Let us assume that the data consists
of the increments

21 .
vt(—),z:0,1,...,nt—1,
T
in n; direction, equidistant in angle, t = 0,1,...,7. The increments are measured

from a reference point z which usually will be taken to be the centre of mass of Y.
Since the stochastic process V; is stationary under the p-order growth model, the
size parameter u; can be estimated by the average observed increment at time ¢,

1 TLt—l

21
Ht = 7’7,5 Z Ut(nft)-

=0

The shape parameters {(az, 8¢)}7_, can be estimated by maximising the likelihood
function

T
L({(e, Br)Yi—g) = H Lo, Br),
t=0

where Li(ou, B;) is the likelihood function based on the Fourier coefficients A;j and
By of Vi of order k = 2,..., K;. The likelihood L;(cv, ;) is of the same type as the
likelihood used for estimation under the p-order model, cf. Hobolth et al. (2001) and
Hobolth et al. (2003), i.e.

r ajy + by
Li(a, Br) = H(at + Be(k* — 22P)) exp —#(at + By (k*P — 22P)) |,
k=2

where a;  and b; j are the discrete versions of the integrals

1 ™ ™

A= [ Vilo)coshodo, Bui= - [ Vi(s)sinkods,

—T —T



SUPRACELLULAR MODELS

k = 2,3,.... Note that the choice of the cut-off value K; is important. It must not
be too large in order to avoid that the estimates are influenced by digitisation effects.
If K; is too small, however, information about the growth pattern may be lost. In
practise, we may choose the value of K; for which our estimates are stable and judge
whether the specific choice of K; is appropriate from visual inspection of simulated
growth patterns under the estimated model.

2.1.1 Extensions

The series {V;} of the stochastic deformation processes is assumed to be independent
under the p-order growth model. For many applications this is a severe restriction. In
Section 3.1 below, an example of the growth of year rings of a tree is given. It can be
seen that the increment processes {V;} are strongly correlated. This is usually assumed
in dendrochronology, cf. Kronborg (1981). If the number of increments observed is
not too small it is possible to model the dependency in the series {V;}. A model for
the dependency, based on time series, is proposed in Jonsdottir and Jensen (2005).

The time series extension concerns the subclass of p-order growth models with
proportional parameters

Vi = pe + 1 X

Instead of assuming that the series X = {X;} is independent and identically dis-
tributed, we assume that X = {X,} is a stationary time series of cyclic Gaussian
processes satisfying an ARMA model. Let W = {W,;} be a sequence of indepen-
dent and identically distributed stationary Gaussian processes on [—,7), such that
Wi ~ Gp(0,a, 3). Then we assume that the series X = {X;} satisfies the ARMA(r, s)
model

X =1 Xpm1— = 0 Xy = We =i Wimy — - ps Wi

The Fourier coefficients of X of a given order k will follow an ordinary ARMA(r, s)
model under this extended p-order growth model, with white noise parameter equal
to (o + B(k?P — 2%))~L.

A special case of the ARMA(r, s) model is the MA(s) model. Under this model
we have that ¢; = --- = ¢, = 0 and the marginal distribution of V; is of G, ar, Bt)
distribution, where

_ a b — £
SR T R )

Accordingly, shape parameters are proportional. Note that V; and V}s are independent
here if |t — /| > s.

oy

2.2 Lévy based models

The Lévy based growth models proposed in Jensen et al. (2006) and Jonsdottir et al.
(2006b) describe how the boundary of the object Y; expands in continuous time. The
models are based on Lévy theory, in particular Lévy bases and integration with respect
to those. The disadvantage of the p-order growth model, discussed in the last section,
is that the temporal correlation structure of the transformation processes {V;} is quite
restrictive. The Lévy based growth models, on the contrary, have the advantage that



2.2. LEVY BASED MODELS

the temporal correlation structure can be controlled in an elegant way by using the
cumulant function of the radius vector function. In the following we let C(A\ { X) =
log E(e**¥) denote the cumulant function of a random variable X.

Let R = S xR, where § = [—m, 7) and let 2 be the Borel o-algebra of R. Further,
let L be an independently scattered random measure on R with cumulant function
represented in Lévy-Khintchine form

COMt L(A)) = iAa(A) — %b(A) + / (M~ 1~ idul_yy(u)U (du, A),
R
where a is a signed measure on R, b is a positive measure on R and U(du, A) is a Lévy
measure on R for fixed A € 2 and a measure on 2 for fixed du. Then L is said to be a
Lévy basis with characteristics (a,b, U). Assume that U(du,d§) = V(du,&)u(d§) and
that the measures a and b are absolutely continuous with respect to p with densities
a and b, respectively. It can be shown that the cumulant function of

folL= /R F(E)L(de),

is given by
C(AtfoL)= /R COV(E) £ L(€))ulde). (2.4)

Here, L'(¢) is a random variable with cumulant function

N\~ 1,95 ; .
COME L) = iAa(6) = 5AH6) + [ (€ =1 = iy )V ().
Note that if L'(£) does not depend on &, the densities @ and b are constants.
The most common types of Lévy bases are the Gaussian, Poisson, Gamma and
Inverse Gaussian Lévy bases. In the case where the random variable L'(£) does not
depend on &, we get that

L(A) ~ N(vu(A),0?u(A)), if L is Gaussian,

L(A) ~ Pois(u(A)), if L is Poisson,

L(A) ~T(Bu(A), o), if L is Gamma,

L(A) ~1G(nu(A),v), if L is Inverse Gaussian,

where v € R and o, §, «, 1, 7 are positive parameters.

Two types of Lévy based models are introduced in Jensen et al. (2006) and Jons-
dottir et al. (2006b), the linear Lévy growth model and the exponential Lévy growth
model. The linear Lévy growth model is defined by the equation

Ri@)=m@)+ [ fEOL@), o€ l-mm)
At (9)
where A;(¢) C S x [0,t] and f(&; ¢) and (@) are deterministic functions, all defined
cyclically such that the radius vector function is cyclic. In the following all angular
operations will be regarded as cyclic. The set A;(¢), called the ambit set associated
with the point (¢, ¢), describes the dependency of the past. Its form is usually taken
to be
A(od) ={(0,5) € R: 6 € As(0),s < t},

9



SUPRACELLULAR MODELS

where Ag(¢) C S is a neighbourhood of ¢, consisting of those angles at time s in-
fluencing the radius vector function at time ¢ and angle ¢. The deterministic weight
function f;(&; ¢) is assumed to be suitable for the integral to exist. Moreover, the four
ingredients of the model must be chosen such that R;(¢) > 0 almost surely.

Using equation (2.4), the cumulant function of the radius vector function R;(¢) can
be obtained for all (¢,t) € R. The cumulant function can then be used to calculate
the mean value and covariances of the radius vector function

E(Ri(6)) = pu(6) + /A , GBI Entae) (2.5)

Cov(Ri(4), Ru(¢')) = fie(&:0) fu (& ¢")V(L'(€)) u(dE), (2.6)

/At (9)NAy (')

(p,t),(¢',t') € R. If the random variable L'(¢) = L does not depend on & and the
weight functions are constants, f;(§;¢) = f, the covariance only depends on the u-
measure of the intersection of the two ambit sets up to a constant, i.e.

Cov(Ri(¢), Rir(¢)) oc u(Ae(d) N Ap(¢)).

The exponential Lévy growth model is defined by the equation

Ri(¢) = exp (ut(¢) + /

ft<§;¢>L<d§>), b€ |- ).
At(¢)

where the four ingredients are as in the linear Lévy growth model above. This definition
ensures that the radius vector function is always positive.

If Ry(¢) follows an exponential Lévy growth model, it is possible to get an explicit
expression for n-point correlations

E(R, (¢1) -+ R, (¢n)),

using equation (2.4). Usually, 2-point correlators are used to model a specific cor-
relation structure if Ry(¢) follows an exponential Lévy growth model. The 2-point
correlators are defined by

( <¢>Rﬂ<¢>’>)
(0)E(Re(4))

Corr(Ry(), Ry (¢')) = E(R,
It can be shown that

Corr(Ri(¢), Ry (¢')) = exp < / log <Corr(eft(£;¢)L’(€) WHCTVLE )) (d@)
A(@N Ay (&)

where the integrand can be calculated using the the cumulant function of L'(£). As
in the linear case, the correlators become much more simple in the case where the
random variable L' (£) = L does not depend on £ and the weight functions are constant

fi(& @) = f. Then,
Corr(Ry(¢), Ry (¢')) = exp (éM(At(¢) NAx(¢))),

where C' = C(=2if1L')—2C(—if$L'). Higher order correlations can also be expressed
through different overlaps of ambit sets under these assumptions.

10



2.2. LEVY BASED MODELS

Other formulations of the Lévy growth models can be considered, e.g. models for
the time derivative of Ri(¢) or In(Ry(¢)). In these cases the induced model for the
radius vector function is again a Lévy growth model. A model for the time derivative
can also be extended by using a more complicated stochastic representation of the
ambit set. If the stochastic time transformation ¢ — R;(¢) is non-decreasing almost
surely for all ¢ € S, the stochastic ambit set can be represented by

Ai(¢) ={(scosb,ssinb) : (0,u) € Ay(p), Ru(0) = s}.

This random set is a subset of Y;. Ambit sets of this type depend on the radius vector
function itself and therefore the model equation

mw—/ fu(&: 6)Z(de), (2.7)
At(¢)

becomes a stochastic differentiable equation. This stochastic differential equation has
a geometric intuitive meaning in some applications and a connection to cellular models,
described in Section 4. In the simple case where Z is a Poisson measure, the model
equation (2.7) can be written on the form

Ri¢)= > fillzy)e)

(z,y)ENNAL(9)

where N is a Poisson point process on R?. The points of N lying within Y; can be
thought of as cells, all contributing to the growth at time ¢. Under this model, the
cells in Ay(¢) C V; determine the growth rate at time ¢ and angle ¢. In relation
to tumour growth, the intensity function of the Poisson point process N could, for
example, determine the concentration of cells.

Various growth dynamics for the stochastic object Y; can be obtained under this
model setup. The four ingredients, the Lévy basis L, the ambit sets A:(¢), the weight
functions f;(&; ¢) and the function p(¢) determine the growth dynamics. For example,
the local and global fluctuations of the boundary of Y; can be controlled by the size of
the ambit sets. The weight function f;(&; @) may also control the direction of growth
by letting the weight function f;(¢;¢) depend on the angle ¢. In the next section,
some examples of the induced covariance structure for the radius vector function are
given.

Different choices of Lévy bases can result in different appearance of growth. Given
means and variances of the radius vector function, different growth patterns can be
produced without changing the ambit sets and weight functions, simply by changing
the underlying Lévy basis.

As a more concrete example, consider a Gaussian Lévy model given by

Ru() = ju + /A , F160)7(9)

where Z(A) ~ N(0,0%1(A)), A € A and an Inverse Gaussian Lévy model given by
Rio) =i+ [ hl&9)2(d0),
Ai(d)

11
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where Z(A) ~ IG(nu(A),v), A € . Furthermore assume that
| nigoma)
Ai(9)

does not depend on ¢. If the mean and the variance of Ry(¢) and Ry(¢) are the same
for all (¢,t) € R, then

- n .
e = it ’Y/Ai(o) fi(&;0)p(dE),

ENEY

3
For a fixed value of o2, different choices of the parameters of the Inverse Gaussian
basis can be chosen and therefore different appearances of the growth pattern can be
obtained. Figure 2.4 shows a density plot for two different Inverse Gaussian variables
IG(n,7) where the parameters 1 and ~y fulfil ,y% = 1. One of the distributions has a
heavy right tail while the other is approximately symmetric.

0.8

0.4

0.2

0.0

Figure 2.4: The density of two Inverse Gaussian variables IG(n, ), where n and ~ fulfil

o1
73 )

2.2.1 The induced covariance structure

We will now give some examples of the different covariance structures that can be
obtained by choosing special forms of the ambit sets and weight functions. We will
concentrate on the linear Lévy growth model in this section but remind that the results
will hold for the logarithm of the radius vector function if it follows an exponential
Lévy model.

We will now assume that the random object Y; is statistically isotropic in the sense
that

{Rt(d)) RS [—71',71‘)} ~ {Rt((b + ¢0) 1P € [_77-77[-)}7

for all ¢9 € [—m,m). Under this assumption estimates can be obtained using spatial
averaging, even when we observe only one growth pattern.
Let us consider a linear Lévy growth model where

V(L' (€))u(d) = g(s)dsdo,

12
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the ambit sets have full angular range
At(¢) = [—7'[',71') X [t - T(t)a t]

for all (¢,t) € R and weight functions are on the form
fil& ¢) = al(s +Zak cos(k(¢ — 0)).

Here, £ = (6, s). Under these assumptions it can be shown that the spatial covariances
of the radius vector function R; are given by

Cov(Ri(¢), Ri(¢)) = 2\, + Z g cos(k(dp — ¢')),

where

t
M= 7r/ (t)(ai(s))2g(s)ds, E=0,1,...,

and the temporal covariances of R(¢) are given by

COV(Rt(¢)7 Ry (¢)) = 27—0(t7 t/) + Z Tk’(t7 t/)a
k=1

where

and

iy - {[max(t —T@),t' =T{)),min(¢,t')] if max(t —T(t),t' —T(¢')) < min(¢,t')

0 otherwise.

Note that the spatial covariance only depends on the distance between the angles ¢
and ¢', whereas the temporal covariances do not depend on the angle ¢.

If the Fourier coefficients of the weight function are of the form al(s) = af, then
the correlation function p; of the stochastic process R; is completely determined by
the weight function

Cov(Ri(0), Ri(9)) _ 2(ap)® + 332 (aj,)? cos(kg)
VV(R(0))V(Ri()) 2(ap)” + 20 (a)*

pt(d) =

Moreover, if az = beck, then py(¢) does not depend on ¢ and the correlation function
of R(¢) = {Ri(¢) : t > 0} is determined by the temporal extension 7'(t) of the ambit
set at time ¢t and the function g,

Cov(R¢(9), Rt/(¢)) fmt' .
VV(R(9)V(Ry (6 \/ g 9(s)ds ft, 1y 9(5)ds

p(t,t') =

A dynamic version of the p-order model described in Hobolth et al. (2003) can
be obtained under the above assumptions, by letting af(s) = af(s) = 0 and al(s) =

13
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(i + By(k* — 221’))7%, for all £k = 2,3,.... This will induce a specific temporal
covariance structure. A dynamic model of this type was discussed in Section 2.1.
There, the increment process {V;} was modelled by a dynamic p-order model where it
was assumed that {V;} was independent.

As mentioned earlier, the shape of the object at any specific time point is important
in many applications. For a Lévy growth model of the type considered above the
Fourier coefficients will also follow a linear Lévy growth model. Moreover, if L is a
Gaussian Lévy basis, we get that

Ry(¢) = A+ > (A} cos(kg) + Bfsin(ke)), ¢ € [~m, ), (2.8)
k=1

where Ay = {A}}i>0, A = {AL}i>0 and By = {B! }i>0, k = 1,2,... are independent
Gaussian stochastic processes. The process Ay has covariance function 27y(t,t") and
the processes A ~ By have covariance functions 74 (¢,¢'), k = 1,2,.... Likelihood
based inference is quite simple in this case. Assume that the stochastic processes Ay,
Ay and By, k= 1,2,..., K are observed at n time points, t1,...,t,. These n(2K + 1)
variables can by separated into 2K +1 mutually independent classes, where in each class
we have n dependent random variables. By suitable reorganisation of the variables we
can write down the covariance matrix for the collection of Gaussian random variables.
The covariance matrix will be on the form

Y= diag(ZZO,Ig () 21,12 () 22, .. ,IQ & EK),

where ¥, = {71(t;,t;)} is a n X n covariance matrix, I is the 2 x 2 identity matrix
and A ® B denotes the Kronecker product of the matrices A and B.

A different approach to study the covariance structure is to consider constant
weight functions and more complicated ambit sets. In the case where the random vari-
able L'(£) does not depend on &, it can for example be shown that a special type of an
extended p-order model can be obtained under this set-up, cf. Jonsdottir et al. (2006b).

Unless the underlying Lévy basis is Gaussian, likelihood based inference does not
seem to be feasible. Usually, inference based on mean and either covariances or two-
point correlators is used, depending on which type of Lévy growth model is being
studied.

14



3 Applications

In this section we will give examples of applications of the models considered in Section
2. We study three different biological growth patterns, cf. Figure 3.1. In Figure 3.1
(a) a growth pattern of human breast cancer cell islands is represented. This data set
was studied originally by Cressie (1991a). Figure 3.1 (b) shows a growth pattern of
year rings of a tree and Figure 3.1 (¢) shows a growth pattern of brain tumour cell
islands, cf. Bra et al. (1998).

(a) (b)

Figure 3.1: Growth patterns. (a) Contours of human breast cancer cell islands, cf.
Cressie and Hulting (1992). (b) Year rings from a Danish pine tree. (c) Contours of
brain tumour cell islands, cf. Bra et al. (1998).

We will also give an example of how the p-order model discussed in Section 2.1
can be used for improving statistical methods for analysing data based on circular
systematic sampling in stereology.

3.1 The p-order growth model

The data sets in Figure 3.1 (a) and 3.1 (b) have been studied using the second-order
growth model. The analysis of the human breast cancer cell islands was presented
in Jonsdottir and Jensen (2005). The parameters of the second-order growth model
e, ap and G; were estimated and the model fitted the data well, according to the
model control procedures developed in Jonsdottir and Jensen (2005). Simulation based
methods were used to evaluate the hypothesis of independent increments, i.e. whether
the V;’s are independent. The results are shown in Figure 3.2 for the tumour growth
data shown in Figure 3.1 (a). The second row shows conditional simulations under
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the second-order growth model with p;, oy and 3; replaced by its estimates fi, &; and
5}. The simulations are conditional in the sense that when simulating R;y; we use
the observed r; and then simulate V; according to the distribution Ga(fi, dy, Bt) The
third row shows simulations under the second-order growth model with independent
increments. The data set and the simulations in the second and third row in Figure
3.2 look very similar, indicating that the hypothesis of independent increments is likely
to be accepted. In the case where the number of observed increments is large, a more
sophisticated test of the hypothesis can be constructed, e.g. using a runs test.

Figure 3.3 shows simulations for the year rings data of the same kind as shown in
Figure 3.2 for the tumour growth data. The difference between the simulations under
the second-order growth model with independent increments and the data indicates
that the assumption of independent increments may not hold. If the number of ob-
served increments had been larger, the dependency in the series {V;} could have been
studied by e.g. using the extensions of the p-order model suggested in Section 2.1.1.

It does not seem feasible to describe the growth pattern in Figure 3.1 (c) by the
p-order growth model since the profiles are very irregular on a local scale. Also,
sudden outburst of the profiles are present which is impossible to model using Gaussian
processes with covariance structures based on a p-order model.

3.2 Lévy based growth models

The data set in Figure 3.1 (c) has been analysed in Schmiegel (2005) and Jonsdottir
et al. (2006b), using an exponential Lévy based growth model. The model was defined
by

t—to(t)

Ri(¢) = exp <,ut + ot / /_7T cos(0 — ¢)L(ds x df)

o+hi(s—t+to(t
+8(1) / / L(ds x d0)>, (3.1)
t to(t o— ht S t+t0

where h; : [0,%0(t)] — R is a deterministic and decreasing function with he(to(¢)) = 0
and L is a Gaussian Lévy basis. Accordingly, the ambit set is on the following form

T(t)

Ar(¢) = Ct U By(9),

where Ct and By(¢) are the following disjoint sets

Cy=[—m,m) x [t =T(t),t —to(t)),
Bi(¢) ={(0,5) : |0 — o] < he(s —t+to(t)), s € [t —to(t), t]},
and
a(t) cos(d — ¢), if (s,0) € Cy,
B(2), if (s,0) € Bi(¢).

Note that B;(¢) concerns the immediate past while C} concerns the more distant past.
The concrete analysis was done by using a linear function h; on the form

$o(t)  ¢o(t)
2 )

ft((S,G);gb) = {

ht(S) =

€ [07 tO(t)]7
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S @

© © ©)

Figure 3.2: The human breast cancer cell islands. The data set (top), conditional
simulations under the second-order growth model with u;, oy and (5; replaced by the
maximum likelihood estimates (second row) and simulations under the second-order
growth model with independent increments and u:, a; and 3; replaced by the maximum
likelihood estimates (third row).

Figure 3.3: The year rings of a tree. The data set (top), conditional simulations under
the second-order growth model with u;, oy and G; replaced by the maximum likeli-
hood estimates (second row) and simulations under the second-order growth model
with independent increments and pu¢, o and (§; replaced by the maximum likelihood
estimates (third row).
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and the parameters of the model were estimated using mean and covariance estimation
for three time points, ¢ = 21,25,55. The data and the simulation under the model
using the estimated parameters are shown in Figure 3.4. Notice that even though the
overall appearance is similar for the data and the simulation, sudden outbursts are
present in the data set which are not seen for the simulated profiles.

Figure 3.4: Top: The data from Bru et al. (1998) at time points t = 21, 25,51. Bottom:
Simulations of the model (3.1) for time points ¢ = 21,25,51, using a Gaussian Lévy
basis.

For this reason we tried in Jonsdottir et al. (2006b) to use Gamma and Inverse
Gaussian bases instead of the Gaussian, since these distributions are known to have
heavier tails than the Gaussian. The parameters of the underlying basis are chosen
such that the mean and variance of R;(¢) are the same as when the Gaussian basis
was used. As mentioned in Section 2.2, there are a lot of possibilities. Two simulations
using different Inverse Gaussian bases are shown in Figure 3.5. The first row shows a
simulation very similar to the Gaussian simulation, but more outbursts are observed
in the second row. The difference is due to the fact that the two Inverse Gaussian
bases chosen have very different right tails.

3.3 Circular systematic sampling using the p-order
model

It turns out that shape modelling, using the p-order model, has an important appli-
cation in a quit different area, error prediction in circular systematic sampling, cf.
Hobolth and Jensen (2002) and Jonsdottir et al. (2006a). Hobolth and Jensen (2002)
also discusses recent design-based approaches, cf. Gual-Arnau and Cruz-Orive (2000)
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Figure 3.5: Simulations of the model (3.1) for time points ¢ = 21,25,51, using two
different types of Inverse Gaussian Lévy basis.

and Cruz-Orive and Gual-Arnau (2002), where a global polynomial model for the
covariogram is used for variance estimation.
The model-based setting discussed here concerns the estimation of an integral

Q=5 | F@o,

where F' = {F(¢) : ¢ € [-m,m)} is a cyclic stationary stochastic process with mean g
and covariance function

oo
o(¢) =X +2)_ Mpcos(kg).
k=1
It is assumed that the process F' is square integrable and piecewise continuous. The
integral @) could for example be a geometric property of an object, such as boundary

length or area. The estimator of ) to be studied, based on n observations of F', is of
the form

1n—1
QF, ¢m) = = <2w¢+ ))

J=0

where ¢ € [0,1) and the aim is to estimate the prediction error
E(Q(F,¢,n =2 Z Nen,

using likelihood-based methods, given that F' follows a specific parametric model.
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Assume that F' is a cyclic stationary Gaussian process. As mentioned in Section
2.1 the coefficients A\ determine the global fluctuations of F' for small k, whereas for
large k they determine the local fluctuations of F'. Hobolth and Jensen (2002) discuss
a parametric model where the Fourier coefficients of o are given by

(2p)!
k2p

A, = B, k=1.2,..., (3.2)

Xo=B0—2> M,
k=1

where p is a positive integer and the remaining parameters are chosen such that A\, > 0
for kK = 0,1,.... The prediction error under this model will only depend on the
parameter 5 and as shown in Hobolth and Jensen (2002) the maximum likelihood
estimator of (3 is unbiased with minimum variance, given the n observations of F. The
prediction error can then be estimated by

1 .
-1 2
(~1) " 2m)* By

where Bs), is a Bernoulli number and B is the maximum likelihood estimator of (.

This parametric model is inspired by the design-based approach of Gual-Arnau and
Cruz-Orive (2000), where the above parametrisation of the covariance function is used
to model the Fourier coefficients of the covariogram of a realisation of F'. The model
defined by (3.2) is a special case of the more general model of p-order type, where the
Fourier coefficients of o are given by

M >0, M= (a+0kP)L k=1,2,..., (3.3)

where § >0, @+ > 0 and p > % As mentioned in Section 2.1, p determines the
smoothness of I', whereas the parameters & and B determine the global and local
fluctuations of F', respectively.

If the variable ) determines the area of a star-shaped object Y with radius vector
function R with respect to a point z € R?, we can take F' = R?. Note that small values
of & imply large global fluctuations of F', implying that the object Y is expected to
have some deviations from circular shape on a global scale. Also it should be noted
that large values of A\; will produce an object Y which is asymmetric with respect to
z. The model given by (3.2) can be obtained by letting & = 0 and 8= ((2p)!3)~! and
using the intuitive interpretation of the parameters & and B in the case where F = R?,
it seems natural to include the extra parameter & in the model.

We suggest using a p-order model as described in Section 2.1, with the following
reparametrisation

A >0, A =0

Ao = (@4 B(k*P =227 k=23,..., (3.4)
where &, 3 > 0. For a fixed p and given n observations of F', y can be estimated by
the empirical mean of the observations and the parameters & and 8 can be estimated

using maximum likelihood estimation of the same type as discussed in Section 2.1. See
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also Hobolth et al. (2003). If the estimates are denoted by & and B, the prediction
error can be estimated by

o0
2 “(a+ B((kn)* — 2%))~". (3.5)
k=1
The parameter p can also be estimated using maximum likelihood estimation.
In Jonsdottir et al. (2006a) a simulation study is presented to assess the statistical
properties of the estimator (3.5) of the prediction error compared to earlier design
based predictions of Gual-Arnau and Cruz-Orive (2000) and Cruz-Orive and Gual-

Arnau (2002). The preliminary conclusions are that (3.5) is superior.
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4 Cellular models

This section contains a discussion of models based on spatio-temporal point processes.
A short review of recent models for inhomogeneous point patterns will be given and it
will be shown how these models can be extended to a spatio-temporal framework. A
short discussion of dynamic random compact sets will follow.

A number of applications fit into the spatio-temporal cellular models discussed
in this section. This includes e.g. modelling of plant populations, occurrences of
earthquakes, fires and diseases. It should be noted that many spatial point patterns
analysed, using purely spatial models, are indeed cumulative point patterns. It is
therefore of interest to identify spatio-temporal point process model for which the
cumulative spatial point process has specified properties like a given intensity function.

The potential of formulating tumour growth models via spatio-temporal processes
has been shown as early as in Cressie and Hulting (1992).

4.1 Spatio-temporal point processes

Let x be a bounded subset of R?, with positive volume |y|. Consider a spatio-temporal
point process Z = {(&;,t;)} on S = x x Ry and let Z; be the restriction of Z to
St =X X (O,t], i.e.

Jy = {(gjatj) eZ:t; < t}.

Assume that the projections of Z on y and R, are both simple processes. Since the
projection on Ry is simple, there exists a natural ordering of the time points of {¢;},

<< - <tp<--

We use this ordering later on. Furthermore, we use the short notation &), t(,) for the
first n points, (&1,%1),. .., (&n,tn), of the process Z.
The projections of Z and Z; on y, are given by

X={¢:(&,tj) e 2}y, Xo={&: (&,t5) € Zi},

respectively, and are also called the cumulative spatial point processes. Note that the
random set X; is growing in time since X; C Xy for t < t'.

The distribution of Z; can be specified by simply writing down the density of Z;
with respect to the unit rate Poisson process on S;. An alternative and a more natural
way is to specify the distribution by two families of conditional probability densities.
The first family

{Pn(tl€n-1), t(n—1)) : n € N}
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describes the arrival times of Z, while the second family

{fn(£|§(n—1)’ t(n—l)vtn) e N}v

describes the spatial positions of Z. More precisely, the density pn(:|§m—1);t(n—1))
describes the distribution of the n-th time point given the first n — 1 points of the
process Z and has support (t,-1,00). The density f,,(-{(n—1),t(n-1),tn), on the other
hand, describes the distribution of the spatial point at the arrival time ¢, given the
first n — 1 points of the process Z and the n-th time point ¢,,. This density has support
x. Daley and Vere-Jones (2002) treat in detail spatio-temporal point processes defined
using this mechanism.

Let Sy (-[€(n-1), t(n—1)) be the survival function and hy,(-[§(;,—1),t(n—1)) be the haz-
ard rate of pn(:|§(n—1),t(n—1)). For convenience we define

/\g(t) = hn(t|€(n—1)7t(n—1))a if tp—1 <t <tp,
FEN) = fal€lé-1), tn1) tn), if tn1 <t <tp.

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

92,(2) = exp(t[X])gn(2) Sn+1(tEm)s tn))s

where
n

gn(z) = H pi(ti1€G—1) ti—1) fi (§5lEG=1)s ti—1)» E5)-
jale

By using the functions A\,(¢) and f*({|t), we obtain an alternative expression for the
density,

922(2) = exp (— [ o)1) - 1)d77d8> [ &l (43)

Jj=1

Note that Ay (t) f*(£]t)dédt can be interpreted as the conditional probability of observ-
ing a point at (£,t) given the previous history of the process and a waiting time for
the n-th point at least up till ¢.

The simplest example of a spatio-temporal point process is the Poisson process
with intensity function A. This process has density function

o2) = o0 (= [ (0.9~ s 1f[x<fi,ti>.

Assume that -
/ / A(n, s)dnds = oo for all t > 0.
t X

Then
Ag(t) = / A(n, t)dn,
X

A tn)
Ag(tn)

f(Elt) =
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and the conditional distribution of the n-th time point is given by

t
pn(t|£(n—1)7t(n—1)) = )‘g(t) exp <_/ )\g(S)dS) y t>tno.
tn—1

If the intensity function is on the form A(&,t) = A(§), we get that given the history
(§tm=1), t(n—1)), the waiting time to the n-th time point T),, T), —t,—1, is exponentially
distributed with parameter fx A(n)dn. More generally, given (§(,—1),t(n—1))s

/Tn Ag(8)ds

tn—1

is exponential distributed with parameter 1. Note that the density of the n-th spatial
position is proportional to A(&,¢,). The distribution of the cumulative process X; is
also Poisson with intensity function

M(E) = /0 A(E, )ds

Furthermore, for all ¢ < ¢, Xy can be obtained via thinning of X;, using the retaining
probability
A(€)
A(E)
Cox processes are an important tool describing clustered point patterns. A spatio-
temporal Cox process on S is simply a spatio-temporal Poisson point process with
random intensity function A, i.e. its intensity function is A(&,t) = E(A(,t)). The
cumulative process X; is also a Cox process driven by the random intensity function

/As,

i.e. its intensity is given by A(£) = E(AY(€)). As for the spatio-temporal Poisson
processes, Xy can be obtained from X; if t < t. This is done in the same manner as
before, via independent thinning with retaining probability given by (4.4).

A large class of spatio-temporal Cox processes can be obtained by modelling the
random intensity function by a Lévy based spatio-temporal model, cf. Jonsdottir et al.
(2006b). Assume that L is a positive Lévy basis on (S, B(S)) with characteristics
(a,0,U), where B(S) is the Borel o-algebra of S. Let Z be a spatio-temporal Cox
process with random intensity function

pt',t(ﬁ) =

(4.4)

A6, 1) = m(€.t) /ft 0,8):€)L(ds x dn), (€.t) € S,

where m(§,t) and f:((n, s); €) are deterministic functions, chosen such that A(§,¢) >0
and (£,t) — A(&,t) is locally integrable, almost surely. Using the Lévy-Ito representa-
tion for positive Lévy basis, we can write

A&, 1) =m(&, 1) +ao(S) + D ufe(n;§),

(u,n)EN
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where N is a Poisson process on R} x S with intensity measure U and

1
a0(8) = /S Fol(m, 8); €)aldn x ds) — /S /O whi(n, $); €U (du, d x ds).

There are enormous possibilities of defining different Cox processes using this repre-
sentation. As an example, let m(&,t) = —ao(S) and fi((n,s),&) = k((n,s), (t,§)),
where k((n, s),-) is a probability density on S. Then Z is a spatio-temporal shot noise
Cox process. As mentioned above, the cumulative spatial processes will also be Cox
processes, but not necessarily shot-noise Cox processes. For more details on spatial
shot noise Cox processes, cf. Mpller (2003). Brix (1998), Brix (1999) and Brix and
Chadoeuf (2002) study an important type of shot-noise Cox processes, the shot-noise
G Cox processes, to model weed data.

Another example, using Lévy based spatio-temporal models, is a Cox process Z
with random intensity

Me) = exp (m(e.0)+ [ (3L x ).

where L is a Gaussian Lévy basis on S, i.e. L(A) ~ N(a(A),b(A)) for all A € B(S5).
Here, the functions m(&,t) and fi((n,s);€&) are chosen such that the random field
(&,t) — A(&,t) is locally integrable almost surely. This type of process is called a
log-Gaussian spatio-temporal Cox process. Mgller et al. (1998) and Brix and Mgller
(2001) use a special type of log-Gaussian Cox processes to study weed data.

Note that the intensity function and the pair correlation function of a spatio-
temporal Cox process can easily be calculated using the cumulant function of A(E, 1),
ie.

CNTAE, 1) = log (E(expw(g,t)))),

if A(&,t) follows a spatio-temporal Lévy model. For more details on spatio-temporal
Lévy models, see Jonsdottir et al. (2006b).

4.2 Extensions of inhomogeneous spatial point processes

Models for inhomogeneous point processes have been studied quite intensively in recent
years. Most of these models introduce inhomogeneity into a homogeneous template
point process. Ogata and Tanemura (1986) and Stoyan and Stoyan (1998) suggest
to introduce inhomogeneity into Gibbs and Markov models by location dependent
first order interaction. Quite different approaches are inhomogeneity by independent
location dependent thinning and transformation of the template process, cf. Baddeley
et al. (2000) and Jensen and Nielsen (2000). Inhomogeneity may also be constructed
such that the resulting inhomogeneous process is a locally scaled version of the template
process, cf. Hahn et al. (2003).

A spatial point process X is said to be a pairwise interaction point process if its
density is on the form

fx@ o [Je©) I od&nd), (4.5)

ez {E€mnice
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where ¢ is an interaction function, i.e. ¢ is a nonnegative function such that the right
hand side of (4.5) is integrable with respect to the unit rate Poisson point process on
X. The range of interaction is defined by

R=inf{r >0: forall {{,n} CS,¢({&n} =1 1if |£—n| >r}.

A simple way of constructing a spatio-temporal extension of a pairwise interaction
process is to write down its density. Let

z={(&,t1),-.., (&n,tn)} and x ={&,..., &}

An obvious suggestion of a density for the spatio-temporal extension would be

fa(2)oc I M&t) J] (& nd),

(§:t)ez {¢mica

if the interactions are purely spatial. Such processes are applicable if the spatial
interaction does not change in time.
If the first-order interaction function is on the form

A(§, 1) = A(€)ra (1),

then it can be shown that the cumulative process X; is a pairwise interaction point
process with density

fr @) o [Ta®M@© T] oden))

gex {&mice

with respect to the unit rate Poisson point process on y, where

a(t):/o A2(s)ds.

It can further be shown that if ¢’ < ¢, the cumulative point process Xy can be obtained
by independent thinning of X;.

More generally, any given point process X on x can be used to construct a spatio-
temporal point process model using backwards temporal thinning. Assume that X
has intensity function A. We can define a spatio-temporal point process based on X
by letting

Z={(¢Te): €€ X},

where conditionally on X, {T¢}¢cx are independent and T¢ has probability density pe.
The cumulative process X; has intensity function

X(E) = A(E) /0 pe(s)ds,

and for all ¢/ < t, Xy can be obtained from X; using independent location dependent
thinning, with retention probability

_ folpg(s)dS.
Jo pe(s)ds
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A backwards temporal thinning of this type implies that for small ¢, X; may look like
a realisation of a Poisson point process. Note also that the inhomogeneous version of
the K-function defined in Baddeley et al. (2000) will be the same for all X3, ¢t > 0.

An alternative procedure for extending inhomogeneous spatial point processes to
a spatio-temporal framework is to extend expressions for the Papangelou conditional
intensity, used in a purely spatial context, to expressions for the conditional intensity
Ag(-) f*(+]-) of the spatio-temporal point process. In Jensen et al. (2006), this approach
and the approach based on backwards thinning have been tried out in the case where
the purely spatial point process is a locally scaled Strauss process, cf. Hahn et al.
(2003). Simulated processes can be seen in Figure 4.1 and 4.2.

Figure 4.1: Result of a simulation of a backwards thinning of a locally scaled Strauss
process on [—1,1]2. The figure shows the cumulative point patterns at time points
t=24,812.

4.3 Dynamic random compact sets

Spatio-temporal point processes may be used to construct models for growing objects
Y; € R% One approach is to let the object at time t consist of the union of some
random compact sets centred at the points born at time ¢ or before. More precisely,
let Z be a spatio-temporal point process. The object at time ¢ is then

i= U (&=, (4.6)

(&,5)€Z,5<t

where conditionally on Z, {Z¢} is a series of independent and identically distributed
random compact sets centred at the origin with distribution Q. Here @ denotes the
Minkowski sum,

E@Ee={{+n:n€EE}
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Figure 4.2: Result of a simulation on [—1,1]? of the spatio-temporal extension us-
ing conditional intensities and probabilities. The figure shows the cumulative point
patterns at time point t = 2,4, 8, 12.

The object Y; is clearly increasing in time in the sense that Yy C Y; if ¢ < t. In the
case where the point process Z is Poisson, the model (4.6) is a dynamic version of the
well known Boolean model. For a detailed discussion on Boolean models and random
compact sets, see Molchanov (2005).

A more general model for Y; can be obtained by letting the series of random
compact sets be independent, but with distribution depending on the spatial position
¢ and/or the birth time of £. This means that

}/t = U (é- %) 5(575))7

(€,8)€Z,5<t

where conditionally on Z, {E( )} is a series of independent random compact sets
centred at the origin, where = ) has distribution Q¢ ).

Deijfen (2003) studies a model similar to the model in (4.6) with the random set
E¢ = b(0, Re) for all £. Here, the R¢’s are independent and identically distributed and
b(0, R¢) denotes the sphere in R? with radius R¢ centred at the origin. The asymptotic
shape of the object Y; is shown to be circular. This is also the case for many stochastic
models for tumour growth, cf. Richardson (1973), Schruger (1979), Bramson and
Griffeath (1980), Bramson and Griffeath (1981) and Durret and Ligget (1981).

In Cressie and Laslett (1987), Cressie (1991a), Cressie (1991b), and Cressie and
Hulting (1992) a Boolean model is used to model tumour growth patterns. Their
model is a discrete time model of Markov type defined by

Y;‘, = U b(f,Rf),

£eYe_1NIL
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where II is a homogeneous Poisson process on x and conditionally on II, {R¢} are
independent and identically distributed variables with support R, . They also consider
other point processes than Poisson and other random compact sets than balls and
establish in that way a relation to interacting particle systems, cf. Ligget (1986).

Another type of cellular models are the cellular automaton models. A cellular
automaton model is a discrete model on a regular grid of cells defined on x. The
models are discrete time models and the state of the cells at time ¢ is a function of its
neighbouring cells at the previous time, where different neighbouring relations can be
used. A cell at time ¢ is updated according to a predefined rule based on its neighbour
cells. Qi et al. (1993) and Kansal et al. (2000) study cellular automaton models in
relation to tumour growth.
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5 Non-stationary spatial
survival analysis

This section contains further results on modelling of random sets. They have conse-
quences for the modelling and analysis of non-stationary point processes. The results
have not yet been put into a spatio-temporal framework. First, we need to recall some
material on spatial survival analysis.

Consider a stationary random compact set Y in R? observed within a compact and
regular window W. The empty space function F' for the random set Y is given by the
distribution function of the distance from the origin to the random set Y, i.e.

F(r)=P(p(0,Y)<r), r>0,
where
p(&Y) =nf{|{ —n| :ne Y}

The survival function of p(0,Y) is defined by S(r) = 1 — F(r). If the empty space
function is differentiable for all » > 0, we let f be the derivative of F' and define the
hazard rate of p(0,Y) by

which implies that

S(r) = exp (_ /0 A(s)ds) 7> 0.

Given the information Y N W and W, estimates of these functions can be used
to check for complete randomness of the spatial pattern. This is done by comparing
the estimated function to its theoretical counterpart of a completely random spatial
pattern.

One of the most simple estimators for the empty space function F' is based on minus
sampling. This estimator is called the reduced-sample estimator. It is unbiased, but
has the disadvantage that it is not necessarily a distribution function.

The distance from a fixed point to the nearest point of the random set is censored by
the distance to the observation window. Based on the analogy with censored survival
data, Baddeley and Gill (1997) propose a Kaplan-Meier type estimator of F

Pory—1- w exp <— /OTX(s)ds> ,
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where ) is the ratio-unbiased estimate of A,

- Y. _
A(T’) _ |8( EBT) N W@|k 1.
[Wer \ Yerlk
Here, O(Y') denotes the boundary of Y, |- | is the k-dimensional Lebesgue measure,

Agr = {£€RY: p(¢, A) <1},
Agr = {€ € RY: p(€, A°) > 1},

and ¢ denotes the compliment. This estimator is known to be more efficient than the
reduced-sample estimator.

Let us now consider the case where Y is not necessarily stationary. Then, we need
a local version of the empty space function defined by

Fg(?“) :P(p(g,Y) ST), r >0,

i.e. the distribution function of the random variable p(&,Y’). The local version of
the survival function is S¢(r) = 1 — F¢(r) and if the local empty space function is
differentiable for all ¢ € R? and r > 0, we let f¢ be the derivative of Fy and define the
local hazard rate by

_ felr)

Ae(r) = ()’

The question is now whether we can find some non-parametric or semi-parametric
methods to analyse non-stationary data sets using methods from classical survival
analysis as has been done in the stationary case.

r > 0.

5.1 Hazard rate models

The classical Cox proportional hazard model and accelerated lifetime model for hazard
rates are popular models in classical survival analysis. These models describe how
the survival distributions depend on known covariates. The Cox proportional hazard
model is defined by

)\E(T) = g(ﬂa S(f)))\(’f’),

where A is some baseline hazard rate, g(f3, s(§)) is a positive function independent of
r which can incorporate the effect of a vector valued covariate s : R? — R¥ and £ is a
k-dimensional vector of parameters. The accelerated lifetime model is defined by

Ae(r) = g(B,5(£))M(9(8,5())),

where g and (§ are as above, but the baseline hazard is assumed to come from some
class of parametric distributions. Different forms of g can be used, but we will consider
the exponential form g(f3, s(€)) = exp(5 - s(£)) which is the most commonly used.

These methods can be adapted to spatial statistics, where the covariates are a
known or an observed function of &, e.g. temperature, soil type or altitude at position
&, or a function derived from another spatial pattern.

Hazard rate models of this type have an interesting intuitive appeal in spatial
statistics. Consider a stationary random closed set with empty space function F' and
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hazard rate \. A union Y* of n independent copies of the stationary random closed
set Y will have empty space function and hazard rate

F*(r)y=1—-1Q-=F(r))", X(r)=nA(r), r>0,

respectively. If Y* is a scaled version of Y, Y* = ¢Y’, ¢ > 0, the empty space function
and hazard rate of Y* will be

F*(r)=F (f> T (

C C

f), r >0,

C

respectively. These types of transformations of the hazard rate occur in the Cox
proportional hazard model and the accelerate lifetime model and the two models have
therefore the intuitive appeal of describing non-stationary change of intensity and scale,
respectively.

Typically, the properties of the local empty space function can not be obtained
for known models for non-stationary random closed sets. As an example, it seems
impossible to explicitly calculate the empty space function for the models for inho-
mogeneous point patterns discussed in Section 4.2. Until now, we have not been able
to find any random compact set such that the local hazard rate fulfils the accelerated
lifetime model. A special class of germ-grain models for non-stationary random com-
pact sets, however, fulfils a Cox proportional hazard model for the local hazard rate
with s(¢§) = &. This model is defined by letting

Y = [J{¢oEL

feXx

where X is a non-stationary Poisson process on R¢ with a log-linear intensity function

() = aexp(3-€), a>0, gecR?

and {Z¢}ecx is a sequence of independent and identically distributed, random compact
sets that are independent of the process X and have distribution ©. The local empty
space function and the local hazard rate of Y are given by

Fe(r) =1— (1= Fy(r)=™P@O  Xe(r) = exp(B- &)Xo(r),

respectively, where Fj and \g are the empty space function and hazard rate at 0.

A special case of this germ-grain model is the non-stationary Poisson process with
intensity function ~. In this case, explicit equations can be obtained for the local
empty space function and hazard rate

Fe(r)=1—exp (_27r7”04 e’);ﬂ)(ﬁ -¢)

Ag(r) = 2mexp(B - §)ary(r|f]),

Beria)) .

where [, is the modified Bessel function of the first kind of order v.
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5.2 Estimation methods

The partial likelihood is usually used to estimate the parameters in the Cox propor-
tional hazard model and non-parametric methods are used to estimate the baseline
hazard. Like in survival analysis we define failure times and censoring indicators by

t(§) = min{p(&, V), p(&, W)}, d(€) = 1[p(&,Y) < p(&, W),

respectively. Observing (¢(£),d(&)) for some points £ in a regular lattice L on W, we
use the standard methods to estimate 8 and \y. This estimation method is, however,
quite fragile. The standard partial likelihood estimation holds for independent survival
times. This is, on the other hand, not the case for spatial data. Note that (¢(§),d(§))
can be observed at every point £ € W. Therefore, a continuous analogue of the partial
likelihood estimation method is needed. The discrete version of the partial likelihood
method will, however, probably always be used in practise. This involves a number of
open questions concerning the dependence of the data and asymptotic properties of
the estimators.

The Cox proportional hazard model only includes the parameter 5 and therefore an
estimator of « is missing. If the observed random compact set is modelled by a germ-
grain model and the grains do not intersect, a reasonable estimator of the parameter
a can be found by solving the equation

E(n(Y NW)) = a /W exp(f - m)dn

for o, where n(z) denotes the cardinality of x and {3 is the estimate of 3. This implies

that the estimator of « is
A —1
& = nw ( [ e n)dn) ,
w

where nyy is the observed number of grains in the window W. Clearly, this will hold
if Y is a point process.

5.3 Application to non-stationary point processes

Assume that Y is a non-stationary point process and consider fitting a Cox proportional
hazard model to its local hazard rate. A test for complete randomness of the point
process Y can be performed by comparing the estimated baseline hazard rate Mo to
the hazard rate Ao of the Poisson process with intensity function y(y) = c}exp(ﬁ ),
where & and B are the estimated parameters under the model. The deviations between
the two hazard rates can give an indication of clustering or regularity. At least for
small values of 7, A\o(r) < Ao(r) indicates clustering while Ag(r) > Xo(r) indicates
regularity. The estimation method described in the last section was used to fit a Cox
proportional hazard model to data simulated from a Poisson point process on the unit
square window with intensity function v (z,y) = 300 exp(—2x). Figure 5.1 shows the
estimated local hazard rate (0.5,0.5) (full line) and the local hazard rate at (0.5,0.5)
of a Poisson process with intensity dexp(@ - &) (dotted line), where & and /3 are the
estimators of o and 3. The figure indicates that the non-stationary Poisson process is
a good fit to the simulated data, as expected.
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Figure 5.1: The estimated local hazard rate 5\(0_570.5) for the simulated data (full line)

~

and the local hazard rate of an inhomogeneous Poisson process with intensity & exp(3-
(0.5,0.5)) (dotted line).

We also fitted the Cox proportional hazard model to real data. The data is a subset
of a larger data set which has been analysed in e.g. Cressie (1991b) and consists of
location of adult Longleaf Pine trees in a 200 x 200 metre region, see Figure 5.2 (left).
Figure 5.2 (right) shows a plot of the estimated local hazard rate 5\(1007100) for the data
(full line) and the local hazard rate at (100, 100) of a Poisson process with intensity
dexp(ﬁ - &) (dotted line), where & and 3 are the estimators of a and 3. Note that
the estimated local hazard rate cannot be interpreted for large values of r due to the
finite size of the window. By comparing the two hazard rates for smaller values of r,
one can see an indication of clustering of the trees.
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Figure 5.2: Left: The locations of adult Longleaf Pine trees. Right: A plot of the
estimated local hazard rate for the adult Longleaf Pine tree data at (100,100) (full
line) and the local hazard rate at (100, 100) of an inhomogeneous Poisson process with
intensity @& exp(f-¢) (dotted line).
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6 Conclusions

In this thesis, we have studied two classes of spatio-temporal models that can be used
in the modelling of growing patterns. The first model class is the supracellular models
describing the movement of the boundary of the growing object. Important tools are
here the theory of Lévy bases and the p-order models from shape theory. Growing
cancer cell islands and growth patterns of tree year rings are analysed, using these
models. The second model class is the cellular models, based on spatio-temporal point
processes. Here, a main issue is extension of existing models for spatial point processes
to a spatio-temporal framework. The thesis also contains further results on modelling
of random sets, using spatial survival analysis.
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Gaussian radial growth

KRISTJANA YR JONSDOTTIR AND EvA B. VEDEL JENSEN
University of Aarhus

Abstract

The growth of planar and spatial objects is often modelled using one-dimensional
size parameters, e.g. volume, area or average width. We take a more detailed ap-
proach and model how the boundary of a growing object expands in time. We
mainly consider star-shaped planar objects. The model can be regarded as a
dynamic deformable template model. The limiting shape of the object may be
circular but this is only one possibility among a range of limiting shapes. An ap-
plication to tumour growth is presented. A 3D version of the model is presented
and an extension of the model, involving time series, is briefly touched upon.

Keywords: Fourier expansion, Gaussian process, growth pattern, periodic station-
ary, radius vector function, shape, star-shaped objects, transformation

1 Introduction

Modelling of biological growth patterns is a rapidly developing field of mathematical
biology. Its state-of-the-art was explored at the successful conference On Growth and
Form, held in 1998 in honour of D’Arcy Thompson (1860-1948) and his famous book, cf.
Thompson (1917). Out of the conference grew a monograph which contains substantial
biological material and an overview of mathematical modelling of spatio-temporal sys-
tems, cf. Chaplain et al. (1999). Examples of growth mechanisms studied are growth
of capillary networks, skeletal growth and tumour growth.

Modelling of tumour growth has attracted particular interest in recent years. Tu-
mour growth was one of the high priority topics of the recent multidisciplinary confer-
ence arranged by the European Society for Mathematical and Theoretical Biology in
July 2002. More than 500 scientists from a wide range of disciplines participated. One
of the subjects discussed was pattern formation problems, relating to tumour formation
and progression, in particular the question of tumour shape.

The models suggested for tumour growth are either continuous or discrete. In
Murray (2003), the continuous approach is explained in relation to brain tumours.
The simplest models involve only total number of cells in the tumour, with growth of
the tumour usually assumed to be exponential, Gompertzian or logistic (Swan (1987);
Marusic et al. (1994)). More powerful deterministic models describe the change of the
spatial arrangement of the cells under tumour growth. The discrete models are most
often cellular automaton models, cf. Qi et al. (1993) and Kansal et al. (2000).

The growth literature contains very few examples of statistical modelling and anal-
ysis of growth patterns. An exception is the paper by Cressie and Hulting (1992).
Growth of a planar star-shaped object is here modelled, using a sequence of Boolean
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models. The object Y;y1 at time ¢ + 1 is the union of independent random compact
sets placed at uniform random positions inside the object Y; at time ¢. More formally,

Yig1 = U{Z(z;) : x; € Yy},

where {z;} is a homogeneous Poisson point process in the plane and Z(z;) is a ran-
dom compact set with position z;. Note that this model is Markov since Y;;; only
depends on the previous objects via Y;. The model is applied to describe the growth
pattern of human breast cancer cell islands. Practical methods of estimating the model
parameters, using the information of the complete growth pattern, are devised. A re-
lated continuous model has recently been discussed in Deijfen (2003). The object Y; is
here a connected union of randomly sized Euclidean balls, emerging at exponentially
distributed times. It is shown that the asymptotic shape is spherical.

In the present paper, we propose a Gaussian radial growth model for star-shaped
planar objects. The model is a dynamic version of the p—order shape model introduced
in Hobolth et al. (2003). The object at time ¢ + 1 is a stochastic transformation of the
object at time ¢ such that the radius vector function of the object fulfils

Rt+1 (9) = Rt(g) + Zt(«9), = [0, 27‘(),

where Z; is a cyclic Gaussian process. The coefficients of the Fourier series of Z;

Z(0) = e+ Y _[Ar g cos(kb) + By sin(k0)), (1)
k=1

0 € [0,27), have important geometric interpretations relating to the growth process.
The overall growth from time ¢ to ¢ + 1 is determined by the parameter u;. The
coefficients A;; and By determine the asymmetry of growth from time ¢ to ¢ + 1,
while A;;, and By, affect how the growth appears globally for small k£ > 2 and locally
for large k£ > 2. Under the proposed p-order growth model

At,k NBt,k NN(O,)\t7]€), k':2,3,...,

Ak, Beg, B =2,3,..., independent, where the variances satisfy the following regres-
sion model

)‘t_,li:at‘i‘ﬂt(kzp_QQp), k=2,3,....

In Section 2 we introduce the Gaussian radial growth model. In Section 3, we study
the induced distributions of object size and shape under the model. An application to
tumour growth is discussed in Section 4. An extension of the model, involving time
series, is briefly described in Section 5 and a 3D version of the Gaussian radial growth
model is presented in Section 6.

2 The Gaussian radial growth model

Consider a planar bounded and topologically closed object with size and shape changing
over time. The object at time ¢ is denoted by Y; € R%, ¢t =0,1,2,.... We suppose that
Y; is star-shaped with respect to a point z € R? for all £. Then, the boundary of Y; can
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be determined by its radius vector function R, = {R;(6) : 6 € [0,27)} with respect to
z, where
R(0) = max{r : z + r(cosf,sinf) € Y;},

0 € [0,27). In Hobolth et al. (2003), a deformable template model is introduced,
describing a random planar object as a stochastic deformation of a known star-shaped
template, see also the closely related models described in Hobolth and Jensen (2000),
Kent et al. (2000) and Hobolth et al. (2002). We use this approach here and describe
the object at time ¢t + 1 as a stochastic transformation of the object at time ¢, such that

Rt+1 (9) = Rt(«9) + Zt(«9), 0 e [0, 27’(‘). (2)

Here, {Z;} is a series of independent stationary cyclic Gaussian processes with Z;
short for {Z,(0) : 6 € [0,2m)}. The process Z; is stationary if the distribution of
Z1(0 + 6y) — Z,(0) does not depend on 6, while the process is said to be cyclic if
Z1(0 + 27k) = Z,(0), for all k € Z. The initial value Ry of the radius vector function
is assumed to be known.

Note that Y; is used as a template in the stochastic transformation, resulting in
Yit1. The increment process Z; can be written as

Z4(0) = i + U(60), 6 € [0,2r),

where p; € R represents a constant radial addition at time ¢ and U; a stochastic
deformation with mean zero of the expanded object with radius vector function R+ pi,
cf. Figure 1. (The object with radius vector function R;+ i is in geometric tomography
known as the radial sum of Y; and a circular disc of radius p, cf. Gardner (1995).)
Because of the independence of the Z;s, the model is Markov in time, in the sense that

Figure 1: The object Yi+1 is a stochastic transformation of the object Y; (grey), using a constant
radial addition (shown stippled) followed by a deformation.

it uses information about the object at the immediate past to describe the object at
the present time. More specifically, under (2) the conditional distribution of R;yq given
Ry, ..., Ry depends only on R;. The model suggested in Cressie and Hulting (1992)
possesses a similar Markov property.

If Y} is non-circular, it can be natural to extend the model (2), using an increasing
time change function T : [0,27] — [0, 1] such that Z; o T'; ! is a stationary stochastic
process on [0, 1]. If the boundary length of Y; is finite, one possibility is to choose

Ty(0) = LI;t((;T)) (3)

where L;(0) is the distance travelled along the boundary of Y; between the points
indexed by 0 and 8. Note, however, that if Ry = 0, then the boundary of Y; is expected
to be approximately circular, since E(Z;(0)) = u; does not depend on 6 € [0, 27).
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The following result is important for the construction of parametric models in the
framework of model (2). The result also implies a simple simulation procedure for a
stationary cyclic Gaussian process on [0, 27).

Proposition 2.1. The process Z; is a stationary cyclic Gaussian process on [0, 27) with
mean j; € R if and only if there exist A\, > 0,k =0,1,2,..., such that > "7 A x < 00
and

Zy(0) = Ao+ Y _[Ay i cos(kf) + By sin(k)],
k=1
0 € [0,27), where Ay, Apk, Big, k=1,2,..., are all independent, Ay ~ N(p1t, Ao)
and Atk ~ Bt,k ~ N(O, )\t,k)'

The proof of Proposition 2.1 is not complicated. Given a stationary cyclic Gaussian
process Z; on [0,27) with mean g, consider the stochastic Fourier expansion of Z;.
Then, simple calculations involving the stochastic Fourier coefficients give the result.
The other assertion is trivial.

Note that in Proposition 2.1, the A ;s are allowed to be zero, meaning that A, =0,
almost surely.

The Fourier coefficients

1 2w
At 0= 5_ Zt(e) deu
’ 21 0
1 2
A = —/ Z1(0) cos(k0) de, (4)
T Jo
1 2w
By = —/ Z(0) sin(0k) do, (5)
T Jo
k =1,2,..., have interesting geometric interpretations relating to the growth process.

It is clear that the coefficient A; ¢ determines the overall growth from Y; to Y;,;. The
Fourier coefficients A; 1 and By play also a special role. Numerically large values of
the coefficients will imply an asymmetric growth from Y; to Y;4+;1. In order to interpret
geometrically the remaining Fourier coefficients A;; and By, k = 2,3,..., let us
consider an increment process for which all Fourier coefficients except those of order 0
and k are zero,

Z(0) = Ao + Ap i cos(kO) + By, sin(k),
0 € [0,27). Such a process exhibits k-fold symmetry, i.e.

)
Zt<0+%>, i=01,.. k-1,

6 € [0,2m), does not depend on i. Therefore, A;j and By affect how the growth
appears globally for small k& and locally for large k. The variances A;j control the
magnitude of the spread of the Fourier coefficients.

Since the zero- and first-order Fourier coefficients play a special role in relation
to the growth process and may in applications well depend on explanatory variables,
we shall desist from specific modelling of these coefficients. In the following we will
assume that A; o = p is deterministic. Furthermore, we suppose that A;1 = B;1 =0
or, equivalently, we concentrate on modelling

Zy(0) — Ap1cos® — Byysinf, 0 € [0,2m).
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A special case of the Gaussian radial growth model is the p-order growth model.
This model is inspired by the p-order model described in Hobolth et al. (2003), where
the stochastic deformation process is a stationary Gaussian process with an attractive
covariance structure, described below. The model is called p-order because it can be
derived as a limit of discrete p-order Markov models defined on a finite, systematic set
of angles 6, cf. Hobolth et al. (2002).

Definition 2.2. A stochastic process Y = {Y(0) : 6 € [0,27)} follows a p-order model
with p > %, if there exist u € R, «, 3 > 0, such that

Y(0) =+ _[Ag cos(kb) + By sin(kf))],
k=2

0 € [0,27), where Ay ~ By ~ N(0, \;) are all independent and
M =a+pk* -2%), k=23,....

If Y follows a p—order model, we will write Y ~ G),(u, o, §). Clearly, p is the mean
of Y. Furthermore, the covariance function of Y is of the form

o(f) = Cov(Y( Z A cos(k6)

cos(k0)
a+ Bk —2%)

Mg

k=2

0 € [0,27). The parameters o and [ determine the variance of lower order and higher
order Fourier coefficients, respectively. Furthermore, p determines the smoothness of
the curve Y. In fact, the curve Y is k — 1 times continuously differentiable where k£ is
the unique integer satisfying p € (k — 3,k + 1] (Hobolth et al. (2003)). Note that the
first Fourier coefficients of Y are set to zero.

We can now give the definition of the p—order growth model.

Definition 2.3. The series Z = {Z;} follows a p—order growth model if the Z;s are
independent and Z; ~ G (put, o, B¢) for all t.

The parameters oy and 3y determine, respectively, the global and local appearance
of growth from Y; to Yi4+1. As before, p determines the smoothness of the curves Z;.
The overall growth pattern is specified by the ps. Their actual form depends on the
specific application. Tumour growth has often been described by a Gompertz growth
pattern

Kt = Ko €xp {g(l — exp(—’yt))} ,

where x; is the average radius at time ¢ and 1 and ~ are positive parameters determining
the growth, implying that

[t = Ky (eXp[% exp(—7t)(1 — exp(—v))} - 1)-

For more details, see e.g. Steel (1977).
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Note that the p-order growth model allows for negative values of R;(#). However,
the parameters uy, oy and 3y will be chosen such that this will practically never occur.

Figure 2 shows simulations of the increment process Z; from time t to ¢ 4+ 1 for
different values of a; and f; under the second-order growth model, i.e. p = 2. A
large value of ay gives increments that are fairly constant while a small value of oy
provides a more irregular growth on a global scale. The parameter 3; controls the local
appearance of the increment process, the smaller 3; the more pronounced irregularity
on a local scale.

oYolole
lwepe
 OIcYo1o
HEACACES

logo,

Figure 2: Simulated objects under the second-order growth model. The object at time ¢ is fixed while
the object at time ¢ + 1 is simulated under the indicated values of a; and ;.

3 Distributional results

In this section, we study the induced distribution of object size and shape under the
p-order growth model. The limiting shape may be circular but, as we shall see, there
is a whole range of possibilities.

Unless otherwise explicitly stated, we assume that Ry = 0. We then have for 6 €
0, 27)

Rr(0) = pr + Z[A{ cos(kf) + B sin(k6)], (6)
k=2

where AT ~ B} ~ N(0,\]) are all independent,

T-1
PT = Z Hts (7)
t=0

and

T—1
M=) A (8)
t=0
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The shape of the object at time T will be represented by its normalised radius vector
function

Rr Rr

E(Rr(0))  pr’
which can be regarded as a continuous analogue of the standardised vertex transfor-
mation vector in shape theory, cf. Hobolth et al. (2002).
Under the assumption of independent increments, the distribution of the area of
the object at time T, A(Yr), is known, provided that the radius-vector function Ry is
positive.

Proposition 3.1. Assume that the radius vector function Rp of the object Y7 is
positive and that it satisfies (6)—(8). Then,

o
A(Y7) ~mph 4+ Z M,
k=2
where Vi, k = 2,3,..., are mutually independent exponentially distributed random
variables with mean 1.

Proof. The area of the object at time T is

A(Yr) = %/0% R7(6)%d6.

Note that since
o0

Z(AE)Q + (BF)? < o0, almost surely,

k=2
we have that A(Yr) < oo, almost surely. Using equation (6) and Parseval’s equation,
we get that

A(Yr) = mph+ 5 D I(AD)? + (B Y

k=2
(e.)
= Wp% + Z A{Vk,
k=2
where Vi, k = 2,3,..., are mutually independent exponentially distributed random
variables with mean 1. O

The distribution of the area of Y7 is thus a sum of independent Gamma distributed ran-
dom variables. The saddlepoint approximation of such a distribution is easily derived,
cf. Jensen (1992).

It does not seem possible to get a correspondingly simple result for the distribu-
tion of the boundary length of Y. This seems apparent from the expression for the
boundary length of Yr

/0% \/R'T(e)2 + Ry (6)2d,

which is valid in the case where Ry is differentiable.
As we shall see now, the class of p-order growth models is quite rich in the sense that
the shape of the limiting object, represented by its normalised radius vector function,
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may be distributed according to any p-order model Gy(1, o, 3) with mean 1. For large
values of o and (3, the shape is close to circular.

Let us consider the p-order growth model with proportional parameters, i.e. az =
~0B;. Equivalently, we assume that there exists a sequence {7} of positive real numbers
such that

Zt = Mt + TtXt (9)
and {X;} are independent and identically G,(0,«,3) distributed. If o = Var(X;(6)),
then Z;(0) ~ N(p, 7202) under (9).

Examples of choices of 7y are 7; = 1, \/piz or pyi1, cf. (7). If 7, = 1, the variance of
the increment Z;(#) is constant in time. If 7, = /717, we obviously need that p; > 0 for
all ¢ and we have that Var(Z;(0)) oc E(Z;(0)) such that the variance of the increment
Z(0) is proportional to the average increase in the radius at time ¢. If 7 = py11, then
the distribution of the shape of the object defined by the radius vector function

{pe+2:(0): 0€l0,2m)}
is constant in time, i.e. the distribution of
Pt + Zt (9)
E(p: + Z:(6))

does not depend on t.

In the proposition below, we show that under (9) the shape of Y; is distributed
according to a p-order model.
Proposition 3.2. Suppose that Z = {Z;} satisfies (9) where X;, t = 0,1,2,...,
are independent and identically G, (0, o, 8)—distributed. Then, the normalised radius
vector function of Y7 is distributed as

Rr

E(Rr(0) ™~ Gyp(1,ar, Br)

where
T—1 T—-1
ar =apr/ Y 7, Br=Ppr/ > 77
t=0 =0
Proof. It suffices to show that

Cov(Rr(0), Rr(9)) i cos(k0)
[E(Rr(0))]? ar + P (k% — 2%)

Using (6) and (9), we find

i 9 cos(k0)

a+ Bk — 227)

> cos(kf
-y (k0)

ar + Br(k? —220)’
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Below, we study examples of different limiting shapes under the model (9).

Example 3.3. (Constant increment growth) Let the situation be as in Proposition
3.2 with gy = g and 7w = 1 in (9). The increment processes Z; are thereby independent
and identically distributed. It follows from Proposition 3.2 that

Rt
ER7(0)

~ GP(L C_VTa BT)»

where ar = Tp’« and Br = Tp?B. Since ar — oo and fr — oo for T — oo, the
boundary of the object becomes more circular and smooth as 7" increases. An example
is shown in Figure 3. The limiting object has circular shape.

OO0
© OO0
OO0

Figure 3: Right: Simulated growth pattern under the constant increment second-order growth model.
Left: The corresponding normalised profiles, representing the shape of the object.

Example 3.4. (Wiener growth) Let the situation be as in Proposition 3.2 with
arbitrary and 7 = (/17 in (9). This special case is called a Wiener growth model since
Var(Rr) o< E(Rr). If py = p such that pr = T'u, the process is called a Wiener process
with linear drift. If pp = 6T for some 8,7 > 0, then Ry — pr satisfies

Rat = par ~ a" (Ry — py), a >0, (10)

with parameter H = %, which is a discrete analogue of self-similarity, cf. Sato (1999).

Notice that
Rr

—_— ~ 1 .
ERT(O) Gp( , apT, BIOT)

If pr — p < o0, the limiting object can have any stochastic shape determined by
Gp(1,ap, Bp).

Example 3.5. Let the situation be as in Proposition 3.2 with u; arbitrary and 7 = py41
in (9). The normalised radius vector function is distributed as

s Py
~ Gp(l,a—F B—F ).
Zt:l P% Zt:l P%

If p2T / Zthl p? — 0 as T — oo, the objects become more irregular both globally and
locally as T" increases. An example is shown in Figure 4.

Rr
ER7(0)
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900
© OO0

OO0

Figure 4: Right: Simulated growth pattern under the model described in Example 3.5. Left: The
corresponding normalised profiles, representing the shape of the object.

4 An application

For illustrative purposes, we consider a data set consisting of human breast cancer cell
islands, which have been observed in vitro in a nutrient medium on a flat dish. This
data set has earlier been analysed in Cressie and Hulting (1992). Three profiles of
cancer cell islands are available. The data set is presented in the upper left corner of
Figure 5.

© © ©

< © ©

Figure 5: The tumour growth data (upper left corner) and simulations under the second-order growth
model with p+, ar and B; replaced by the maximum likelihood estimates.

The centre of mass of Yj is used as reference point. The data consist of increments

)
zt<ﬂ>, i=0,1,.. . np—1,
ny

in n; directions, equidistant in angle, ¢ = 0,1. For convenience, z; is normalised with
the average radius of Yy. Only digitised images are available. As ny, we have used
approximately 25% of the number of pixels on the boundary of the digitised image of
Y, t=0,1.

Under the p-order growth model, the mean value parameters p; can be estimated by
the average observed increment at time t. The variance parameters can be estimated

10
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using the likelihood function

L(ag, o, a1, 1) = H Li(ov, Br),

t=0,1

where L;(oy, 3;) is the likelihood function based on the Fourier coefficients A; ) and
By ), of Z; of order k < Ky, say. Since Ay, ~ By ~ N(0, A1) are all independent and

Ap =+ Bk —2%), k=2,3,...,

the likelihood becomes
Ky
Lu(ow, B) = [[lo + Bk — 2) exp(—coplon + A —22)]),  (11)
k=2
where ¢, = [a?}k + b?k] /2 are the observed phase amplitudes. In applications, a; and
b: i, are replaced by discrete versions of the integrals in (4).

The choice of the cut-off value K; is very important. Clearly, K; must not be too
large in order to avoid that the estimates are influenced by the digitisation effects.
On the other hand, if the cut-off value K; is too small information about the growth
pattern is lost. The choice of K; should be an intermediate value for which the estimate
of the local parameter 3; is stable. Whether a specific choice of K; is appropriate can
also be judged from visual inspection of simulated growth patterns under the estimated
model.

For the two increments zyp and z;, we used (ng,Kp) = (60,25) and (n1, Ki) =
(120, 30), respectively. The maximum likelihood estimates under the second-order
growth model are

fio = 1.04,log (&) = 5.29,log(fy) = —1.88,
fi1 = 2.53,1og(a1) = 3.18,log(f1) = —3.54.
The estimated regression curves
. 1
)‘t,k = ~ 4 N’
o + ﬁt(k -2 )
are shown in Figure 6, together with 95% confidence limits for the logarithm of the
phase amplitudes. The model fits the data well which can also be seen from the fractile
diagrams (QQ plots) for the normalised Fourier coefficients, also shown in Figure 6.
Simulations under the second-order growth model with p:, oy and 3; replaced by
the maximum likelihood estimates are shown in Figure 5.
Since the data set only contains two increments, it is not meaningful to try to
evaluate the Markov assumption. Note also that the Z;s are assumed independent but
not necessarily identically distributed. If

ap = "Y/Bt, (12)

t=0,1 k=2.3,...

we have that
\/E(Zt - Mt) ~ Gp(oa v 1)

are independent and identically distributed. Thus, under the assumption (12) of pro-
portionality and with sufficient number 7" of time points, we can examine the indepen-
dence of

\//B_t(Zt(e)_:u't)a t:Oalv"'aT_la

for selected values of 6 € [0, 27), using a runs test, for instance.

11
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5 10 15 20 25 30

Figure 6: The two upper figures show the observed phase amplitudes (full-drawn lines) together
with the estimated regression curves (stippled) and 95% confidence limits, ¢t = 0,1. The two lower

figures show fractile diagrams (QQ plots) for the normalised Fourier coefficients ar /y/ M.k, be.k/ v/ M.k
together with 95% confidence limits, ¢t = 0, 1.

5 A time series extension

Let us suppose that
Zy = i + 1 Xy,

where X = {X,} is a stationary time series of cyclic Gaussian processes satisfying the
ARMA model equation

Xe—1 X1 — =0 Xy =Wy — i Wiqg — - = Wi, (13)

We assume that W = {W,;} is a sequence of i.i.d. stationary cyclic Gaussian processes
on [0,27) with

Wi ~ Gp(0,a, 3).

f¢;i=01=1,...,r,and ¥; =0, j = 1,...,s, Z follows the p-order growth model
with independent increments, treated in the previous sections.

Under the general ARMA model (13), the Fourier coefficients of X and W of a
given order follow a one-dimensional ARMA model. Furthermore, for fixed 6 € [0, 27),
X (0) follows a one-dimensional ARMA model. Aspects of this time series approach

has earlier been discussed in Alt (1999). An early example concerning year ring widths
is discussed in Kronborg (1981).

Note that in the special case of a MA model (¢; = -+ = ¢, = 0), the marginal
distribution of Z; belongs to the class of p-order models

Zt ~ Gp(uty O, ﬁt)u

12
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where
«Q
TR+
b= 0

LT 2]

Note also that in this case Z; and Zy are independent if [t — | > s.

6 Extension to three dimensions

The p-order growth model for planar objects can easily be extended to three dimensions.
Consider a spatial compact object Y; C R? which is star-shaped for all ¢ with respect
to z € R3. Clearly the boundary of the object can be determined by

{z+ Ri(0,9): 0€][0,2m), ¢ € [0,7]},
where R;(6, ) is the distance from z to the boundary of Y; in direction
w(B,¢) = (sinpcos @, sin @ sin 0, cos ).

In the same way as in the planar case we let the object Y;11 be a stochastic transfor-
mation of the object Y;, such that

Rt+1(97 90) = Rt(ea 90) + Zt(97 SO)?

0 € [0,27), ¢ € [0, 7], where {Z,} is a time series of Gaussian processes on [0, 27) X [0, 7].
Writing the stochastic process Z; in terms of its Fourier-Legendre series expansion we
get, cf. Hobolth (2003),

oo m=n

Zt(e, (p) = Z Z At,n,m¢n,m(97 SD):

n=0m=-—n

where ¢y, , are the spherical harmonics and Ay, ,, are random coefficients. Using a
similar reasoning as in Hobolth (2003) it can be seen that A; o determines the overall
growth from Y; to Y;41. The coefficients Ay 1, m = —1,0, 1, control the asymmetry of
growth, and the remaining coefficients Ay, ,, for n > 2, m = —n, ... n, affect how the
growth appears globally for small n and locally for large n. A p-order growth model
can be defined by assuming that A; oo = ps, A1,m = 0 for m = —1,0,1 and

At:”»m ~ N(Oa )‘t,n)a
n=23,..., m=—n,...,n, independent, where
)‘t_,% = o + 5,5(7121) — 22p)'

As in the planar case, the increment processes may be chosen to be normal after a
transformation. A simulation from such a model, where {Z;} is a series of log-Gaussian
processes, is shown in Figure 7.

13
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R

Figure 7: Simulation from a 3D log-Gaussian radial growth model.

7 Discussion

The p—order growth model has mainly been suggested as a general tool for analysing
observed radial growth patterns. The model may, however, also be of interest as a
building block in other modelling situations, for instance in models for tessellations
where cells are created by radial growth from each point of a point process.

The p—order growth model can be extended in various ways. It is obviously easy
to modify the model such that the increments are Gaussian after a transformation. An
example is log-Gaussian increments. If the number of increments observed is not too
small it is also of interest to try to model the dependency in the series Z = {Z;}. We
have discussed a time series approach. Another alternative is to look at Lévy based
models,

7,(0) = /A (02,

A(0) € B, where B is the Borel field of [0,27) x R and Z is a Lévy basis on [0, 27) x R.
A detailed study of the Lévy based growth models is ongoing research in our group, cf.
Schmiegel et al. (2005). These models can also be formulated in continuous time.

The likelihood used in the application is correct if the increments are independent.
If the marginal distributions of the Z;s belong to the class of p-order models but the
Z3s are dependent, the likelihood may still be used as a pseudo-likelihood.

In relation to tumour growth in particular, it will also be of interest in the future to
try to embed specific mathematical models in a stochastic framework. A starting point
could here be a study of dynamic point process models with a specified time-dependent
intensity function.
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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 trees, capillary networks, bacteria colonies, and tumours.
This chapter deals with spatio-temporal models for such random growing objects,
using spatio-temporal point processes or the theory of Lévy bases. For both type of
models, the Poisson process will play a key role, either as a reference process or more
directly in the model construction.

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

X = {fl e X (ti,fi) S Z,ti < t}.

Note that Xy C X for t/ < t. The object X; is called the cumulative spatial point
process at time t. Figure 1 shows an example of a growth pattern that may be modelled
using this framework. The data come from an experiment on a Danish barley field
and show the development in a subregion of the field of a particular type of weed
plant (Trifolium, clover) at six different dates. Such point patterns show clustering
compared to a Poisson pattern and have been the inspiration for developing important
new models of Cox type, cf. Brix (1998, 1999), Brix and Diggle (2001), Brix and Mgller
(2001), Mgller (2003) and references therein. The points & may also be used as centres
of ‘cells’ Z(¢;) C R? modelled as random compact sets, see Molchanov (2005). An
important early example of such a model, describing tumour growth, can be found in
Cressie and Hulting (1992), see also Cressie and Laslett (1987) and Cressie (1991a,b).

A second main group of models describes how the boundary of a full-dimensional
object expands in time. We will mainly discuss growth models based on Lévy bases, cf.
Barndorff-Nielsen et al. (2003), Barndorff-Nielsen and Schmiegel (2004) and references
therein. 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 an object Y; at time
t gives the distance R;(¢) from a reference point z to the boundary of Y; in direction
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Figure 1: The development of a particular type of weed plant (Trifolium, clover) at six different time
points. See Brix (1998, 1999) and Brix and Mgller (2001).

¢ € [—m, ). For such objects, we study model specifications of the type

Ri(¢) = exp (/A o ft(£,¢)Z(d€)> ;

where Z is a factorisable or a normal Lévy basis, A;(¢) is an ambit set (a concept
introduced in Barndorff-Nielsen and Schmiegel (2004)) and f;(&, ¢) is a deterministic
weight function. As we shall see, it is possible for such a model to derive an explicit
expression for

Cov(Ry(o), Re(¢))

in terms of the three components of the model. Figure 2 shows an example of a growth
pattern that may be modelled using this framework. These data are part of a larger
data set that has been discussed in Bri et al. (1998). Notice that the boundary of the
growing tumour cell island is very irregular.

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

We will start by giving a short and fairly self-contained introduction to the theory
of spatio-temporal point processes. For a more detailed treatment, cf. Daley and
Vere-Jones (2002). Expositions with emphasis on purely spatial point processes can
be found in Stoyan et al. (1995), Van Lieshout (2000), Diggle (2003), and Mgller and
Waagepetersen (2003).

2.1 Set-up

Let Z = {(t;,&)} be a spatio-temporal point process on S = Ry 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

Jy = {(tz,fl) e€Z:t; < t}
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Figure 2: Contours of a brain tumour cell island at nine different time points. See Bri 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={&: (t,&) € Z}, Xi={&: (ti,&) € Zt}.

Note that X and X; are the projections of Z and Z;, respectively, on X, see also Figure
3.

space

7777777777777777

777777

7777777777
7777777777777777777

7777777777

time

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 or at time ¢. The projected
points in X constitute X;.

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

<t < - <tp<- -

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 | t(n—l)af(n—l)) n e N} (1)

and
{fn(g | t(n—l)aé(n—lytn) ‘ne N} (2)

with respect to the Lebesgue measure on R and R, respectively. Here and in what
follows we use the short notation ¢, §,) for

(t1:€1), -+ (tns En)-

The density pn(- | t(-1),§m-1)) describes the distribution of the n-th time point
given the history of the whole process up to time ¢,_1, whereas the density f,(- |
t(n—1)»§(m—1),tn) describes the distribution of the spatial point at time ¢, given the
history up to time ¢,_; and the arrival time of the n-th point. The density p,(- |
t(n—1)»§(m—1)) has support (t,_1,00) while the density f,(: | t(,—1),{(n—1),tn) has sup-
port 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. Here, we just present the result. The density of Z; with respect
to the unit rate Poisson point process on S; can be expressed as

n

9z,(2) = exp(t|X]) H[pi(ti | ti—1)s §i—1)) fi(&i | ti—1), E(i—1)s ti)]

—_

X Sn+1(t

where
Z:{(tlagl)a"'a(tnagn)}a tl < - <tn

Here o
Snt1(t | Ly, §m)) = /t Prt1(w | tny, Ey)du, > tn,

is the survival function of p,11(- [ t(n),&n))-
For spatio-temporal point processes it is of particular interest to study the condi-
tional intensities. For a sequence {(t;,&;)} with

O=to<t1 < - <tlp<---,
the conditional intensity is

N, 8) = Ng(B) f (€] 1), iftyy <t <ty,
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where

Pt | tn-1),&¢mn-1))
Ag(t) = ,

g Sn(t | t(n—l)ag(n—l))
f*(g | t) = fn(g | t(n—l)a&(n—l)vt)v ift,—1 <t <ty

The conditional intensity A* has a simple intuitive interpretation. Thus,

if ty_ 1 <t <ty

(¢, €)dtde

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

o(2) = oo (~ [ ¥(0.6) ~ e f[lm,&-), 3)

where
Z:{(tlvél)w--a(tnagn)h tp <o <ty
For further details, see Appendix A.

2.2 The Poisson case

The process Z is Poisson with intensity function A if the number Z(A) of points falling
in any Borel subset A € B(S) is Poisson distributed with parameter

/A A(s, €)dsdé.

For a Poisson process, Z(A;) and Z(As) are independent if A; and Ay are disjoint.

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

n

92.(2) = exp(~ / (s, €) — 1)deds) [ At &),

St i=1

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

(€)= /Ot)\(s,f)ds.
If the intensity function can be written as \(¢,&) = A1 (t)\2(§), then
X(€) = a(t)A(9),
where

a(t):/o A1(s)ds.

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

A2(§)-
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In the Poisson case, the conditional densities (1) and (2) are

t
palt [t &un) = Mo(Oexp(= [ Ay(o)ds), £ b,

th—1
and At £)
tn,
In(€ 1 tm=1),§m—1)stn) = ) §eX,
where

Ao(t) = /X At €)de.

These results hold under the assumption
o
/ Ag(s)ds = oo for all t > 0.
t

The conditional densities can be given simple interpretations. Thus, let T;, be the
arrival time of the n—th point. Then, given (¢(,—1),{n-1));

Tn
/ Ag(s)ds
tn—1

is exponentially distributed with parameter 1. The density of the position =, of the
n—th point, given (t(,_1),§(m—1),tn), is proportional to A(ty,-).

Poisson point processes play a fundamental role in stochastic geometry, see Stoyan
et al. (1995) and references therein. In relation to growth modelling, an important
model class is the class of Boolean models. In a purely spatial context, a Boolean
model is defined by

Y = UE(mi),

where {n;} is a Poisson point process on X and {Z(7;)} is a sequence of independent
and identically distributed random sets, independent of the points {7;} and centred at
the points of the point process. In particular, Boolean models have been used in the
modelling of tumour growth by Cressie and coworkers, see Cressie and Laslett (1987),
Cressie (1991a,b) and Cressie and Hulting (1992). Their model can be described as
a sequence of Boolean models such that the tumour Y; at time ¢ is a union of balls
placed at uniform random positions inside the tumour Y;_; at time ¢t — 1. Formally
this means

Y; = U{B4(&, R) : & € Y1},

where {&;} is a homogeneous Poisson point process in X'. They also consider more
regular point patterns than Poisson and, in the planar case, rectangular cells instead
of circular cells in the growth process and establish the relation to interacting particle
systems. Suitable transformations are introduced in order to be able to model a higher
growth rate at parts of the boundary with higher curvature.

More recently, Deijfen (2003) has studied a random object Y; defined as 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. Other stochastic
models of tumour growth also have asymptotic spherical growth, cf. Richardson (1973),
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Schurger (1979), Bramson and Griffeath (1980), Bramson and Griffeath (1981) and
Durret and Liggett (1981).

The model suggested in Cressie and Hulting (1992) has been the inspiration for the
discrete Markov growth model studied recently in Jénsdéttir and Jensen (2005). The

increments follow a cyclic Gaussian p—order process on the circle, see also Hobolth
et al. (2003).

2.3 Cox processes

A spatio-temporal Cox process Z on S is a spatio-temporal Poisson point process with
a random intensity function A, cf. Cox (1955), Mgller and Waagepetersen (2003) and
references therein. Such a process exhibits clustering between the points. The intensity
function of a spatio-temporal Cox process is given by A(¢,£) = EA(¢,£) and the pair
correlation function by

_ EA®LOAG,1)
p(0:€).(5:1) = Ee A

Note that
p((t,€), (s,m)EA(t, )EA(s,n)dtd{dsdn

can be interpreted as the probability that Z contains points simultaneously in two
infinitesimal regions around (¢,&) and (s,n).

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

t
N©) = [ As. s

The intensity function of X; is A{(£) = 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

_M©
N(E)

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) or Brix and Mgller (2001). More specifically, the model considered is of

the following form

pt',t(f )

log A(t,€) = m(t,£) + W(§),

where m is a mean function satisfying
m(t',§) < m(t,§) for t' < t,{ € X,

and W is a zero mean Gaussian process on X. In fact, a bivariate model of Cox type is
considered for the modelling of two types of weed plants. An extension of this approach,
involving an Ornstein-Uhlenbeck stochastic differential equation, is discussed in Brix
and Diggle (2001).
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Another important class of spatio-temporal Cox processes is the class of spatio-
temporal shot noise Cox processes. As an example, consider a Cox process Z driven
by

At = D vk((u,0), (t,€)),

(u,e,7)ED

where k((u,c),-) is a kernel (i.e. a probability density on S) and ® is a Poisson point
process on S X Ry . A comprehensive treatment of the purely spatial case can be found
in Mgller (2003). See also the recent paper by Mgller and Torrisi (2005). The process
can be viewed as a cluster process since

Z|(I) ~ U(u,c,'y)eéUu,c,w

where Uy ¢, (u,c,7) € ®, are independent spatio-temporal Poisson processes with
intensity functions

7]{((“? C)> ('> ))

The cumulative spatial process X; is also a cluster process of Cox-type since
Xi|® ~ UeyyeaVuers

where V, ¢, (u,c,y) € ®, are independent Poisson point processes on X’ with intensity
function

7/0 k(4 ¢), (5,))ds.

Another important model class is that of shot noise G Cox processes, also suggested
for the analysis of the weeds data, cf. Brix (1998, 1999) and Brix and Chadoeuf (2002).
These processes are defined through the class of G—measures, which originates from the
so-called G—family of probability distributions, extending gamma and inverse Gaussian
distributions.

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 ho-
mogeneous Markov point process X, defined on a bounded subset X of R%. In this
section, we will discuss extensions of these inhomogeneous point process models to
a spatio-temporal framework. Extensions can be constructed in an empirical fash-
ion, writing down a density for the spatio-temporal point pattern or in a mechanistic
fashion, using conditional intensities.

We start by giving a short review of recently suggested inhomogeneous spatial
Markov point processes. It should be noted that Markov models are primarily appro-
priate for describing inhibition between the points.

2.4.1 Inhomogeneous spatial point processes

In principle, any given homogeneous template point process can be turned into an
inhomogeneous point process by independent thinning with a retention probability



PaAPER B

p(§) that depends on the location £ € X. As Baddeley et al. (2000) show, second
order functions such as Ripley’s K-function can be defined for thinned point processes
such that they are identical to 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 realisation of a Poisson process
while regions with high intensity will show the original very regular pattern.

Another method that is applicable to any template process is to generate inhomo-
geneity 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. See also Jensen and Nielsen (2004).

Ogata and Tanemura (1986) and Stoyan and Stoyan (1998) suggest to introduce
inhomogeneity into Markov or Gibbs models by location dependent first order inter-
actions. As an example, consider a Strauss template X on X with parameters 3 > 0,
v € [0,1] and R > 0, which is defined by a density

fx(@) oc oy 0 g(@)y = > 10 my(lln — €D, (4)
{n&}Cax

with respect to the unit rate Poisson process on X. In (4), the sum is over all pairs of
different points in . The resulting inhomogeneous process has density

fx(@) o [T 8@, s@)= Y Lomlln—¢l) ()

nex {n&}Ca

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 partic-
ular 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 dependent scale factor
c(&) > 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 locally scaled process X, by a den-

sity f )(2 with respect to an inhomogeneous Poisson process of rate ¢(£ )*d. The density
f )((CC) is obtained (up to a normalising constant) from the template density fx by replac-
ing all k-dimensional volume measures v*, k = 0,1, ..., d, that occur in the definition
of fx by their locally scaled counterparts v¥, where v¥(A) := [, c(u)"*v*(du) for all

c

A € By. Note that according to previous notation v%(-) = | - |.
A locally scaled version of the Strauss process has thereby the density

F@) oc @@ @)= N 10 m (0, €D)), (6)
{n£}Cx

where

vi([n, €]) = c(u) vt (du
L(n.€)) /M ()~ 0 (du)

9
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is the locally scaled length of the segment [, £]. 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~E = ving) <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

RS B
N O GITE "

Using (7) in (6), and adjusting the first order term in (6), we get the density fx, of
X. with respect to the unit rate Poisson process as

P (@) o Oy @ [Let) ™, sele) = 3 L comssta g (I =€) )

nex {ng&}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 4 and 5 show realisations of
locally scaled Strauss processes. Notice that locally these processes look like a scaled
version of a homogeneous Strauss process.

The statistical analysis of local scaling models is discussed in Prokesova et al.
(2005).

Figure 4: (Left) Homogeneous template Strauss process X on [—1,1]® with parameters 8 = 200,
v =0.1, R =0.1. (Right) Inhomogeneous Strauss process X, with c(¢) = ||£]|*> +0.1. (Reprinted from
Hahn et al. (2003).)

2.4.2 Spatio-temporal extensions

How can we construct spatio-temporal extensions of these inhomogeneous Markov
point processes? An empirical approach is to write down an expression for the density
gz, of Z; with respect to the unit rate Poisson point process on S;. If the interactions
are purely spatial, an obvious suggestion is

n

th(Z) X H)‘(tlvgl) ’ H go(y),

=1 yCox

10
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Figure 5: Inhomogeneous Strauss process obtained by local scaling. The value of the interaction
parameter is v = 0, corresponding to a hardcore model. To each point £, a circular disc of radius
%R is attached.

where

z={(t1,&1),- .-, (tn,&n)},
z={&,... &)

and C, indicates that only subsets with at least two elements are considered. If

)\(tvé.) =M\ (t))\2(§>7
then it can be shown that the density of X; is of the form
Fxo(@) oca®)" @ T 229 T ¢),
ex yCox
where

alt) = /0 M (5)ds.

Furthermore, Xy can be obtained from X; by independent thinning, ¢’ < ¢.

Inspired by these results, we may consider backwards temporal thinning of a spatial
Markov point process X with intensity function A, say. Let the resulting spatio-
temporal point process be denoted by

Z ={(1T¢,¢) : £ € X}.

If, conditionally on X,
T£,§ = X,

are independent and T has density pg¢, then the cumulative process X; has intensity
function

X(E) = A(E) /O pe(s)ds.

11
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Furthermore, for all ¢’ < ¢, Xy can be obtained from X; by independent thinning, with
retention probability for a point located at £ given by

pret) = | " pes)ds/ [ retonas

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 ¢.

Below, we study thinning of a locally scaled Strauss process.

Example 2.1 Temporal thinning of a locally scaled Strauss process. Let ¢; : Ry — R
and ¢y : R — 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(@) oc g1y @ T ea(m) 2,

nex

where

ses(@) =Y Ljom (Ve ([n,€))-

{ng}Ca
A birth time at ¢ is distributed with a density which does not depend on &

pe(t) o< e ()71, (9)

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

Figure 6 shows the result of a simulation of a temporal thinning of such a locally
scaled Strauss process on [—1,1]? with 8 = 100, v = 0.01, R = 0.1 and local scaling
function c2(€) = 0.2 + 4]|€||2. The birth times have density given in (9) with ¢;(¢) =
0.2+ 0.05t and T' = 12. The figure shows the corresponding cumulative point patterns
Xy for t' =2,4,8,12. Note that for small ¢/, X appears Poisson-like.

Another possibility is specification of a spatio-temporal point process model in
terms of conditional intensities, see e.g. Hawkes (1971) or Schoenberg et al. (2002)
and references therein. This approach could be characterised as mechanistic. 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.

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,

BrySe2 (&lén-1))

S0P

tho1 <t <tn, EEX,

where

n—1
Ser (€| €mry) = D Lio,r (8, (€, &)

i=1

12
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Figure 6: Result of a simulation of a backwards thinning of a locally scaled Strauss process on [—1, 1]>.
For details, see Example 2.1.

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

t; Scy (§1€¢i—-1)) n Seq (&ilé(i-1))
ﬁv 2 fryer SR
z) = ex —1)dtd _
9z,(2) p Z/tl 1/ d ) 5)}_[1 1 (t)ea(€)?
ti Sc flf(z 1)) n
= exp ( / / ﬁ’y ’ d 1) duig)ﬁ”(z),yzi:l Seq (§il€(i-1))

tz 1
n

>< -

ZH1 1 (ti)02(§i)d
Figure 7 shows the result of a simulation on [—1,1]? of this type of spatio-temporal
extension of the locally scaled Strauss process, with 8 = 3.61, v = 0.01, R = 0.1,
c1(t) = 0.240.05t and c2(&) = 0.2+ 4||£]|?. The parameter values are thereby identical
to those chosen in the previous example, except for the value of 3 which has been
chosen so that the number of points are expected to be the same in the two examples.

3 Lévy based growth models

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

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. For a more detailed account,

13
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Figure 7: Result of a simulation on [—1,1]? of the spatio-temporal extension of the locally scaled
Strauss process described in Example 2.2. For details, see the text.

see Barndorff-Nielsen and Schmiegel (2004) and references therein. We will use the
following notation for the cumulant function of a random variable X,

C{\{ X} = log E(e™).

Let (R,.A) be a measurable space. In what follows, we will assume that R is
a Borel subset of R”. Let A = B(R) be the o—algebra of Borel subsets of R and
let A; denote the class of bounded elements of A. A collection of random variables
Z={Z(A):Ac A} or Z ={Z(A) : A Ay} is said to be an independently scattered
random measure, if for every sequence {4, } of disjoint sets in A, respectively Ay, the
random variables Z(A,,) are independent and Z(|J 4,) = >_ Z(A,,) a.s., where in case
Z ={Z(A) : A € Ay} we furthermore require UA,, € A;,. If, in addition, Z(A) is
infinitely divisible for all A € A, Z will be called a Lévy basis. (The need to distinguish
between the two cases A and A comes from the possible difficulty in controlling the
countable sum Y| Z(A,,) if Z can take both positive and negative values. When that is
the case Z should strictly speaking be referred to as an independently scattered signed
random measure.)

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

1 .
C{N1Z(A)} =ila(A) — 5)\213(14) + / (e —1— iArl_y ) (2))U(dx, A),  (10)
R
where a is a signed measure on A or Ay, b is a positive measure on A or Ay, U(dx, A)
is a Lévy measure on R for fixed A and a measure on A or A for fixed dz. The Lévy
basis is said to have characteristic triplet (a,b,U) and the measure U is referred to as

the generalised Lévy measure.

14
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The cumulant function (10) can also be expressed in an infinitesimal form

C{N{ Z(d€)} = ira(dé) — %A%(dg) + /R (€ — 1 —idxl_y 5 (2))U(dx, d8).

Without essential loss of generality we can assume that the measure U factorises as

U(dz,d§) = V(dz, §)p(ds),
where p is some measure on R and V(dz,§) is a Lévy measure for fixed {. A Lévy

basis is called factorisable, if the Lévy measure V (+; &) does not depend on &. If a Lévy
basis is factorisable, then one can write

C{ME Z(d6)} = iXa(d€) — SNB(dE) + C{A T Z'}u(de),

where Z’ is an infinitely divisible random variable with cumulant function
Cirt 2} = / (€™ — 1 — idelp_y p)(2))V (da).
R

We will now give examples of Lévy bases.

Example 3.1 Poisson Lévy basis. The Poisson basis has characteristic triplet (u,0,U),
where U(dx,d€) = 61(dx)u(d€) and d; is Dirac’s delta function at 1, so Z is factoris-
able. Clearly the cumulant function of Z(A) is

C{NEZ(A)} = (™ = u(A).

We have Z(A) ~ Pois(uu(A)). The Poisson point process was dealt with in more detail
in Section 2.2. n

Example 3.2 Normal Lévy basis. The normal Lévy basis has characteristic triplet
(ap,0?p,0) and the cumulant function is

Note that Z(A) ~ N(au(A),c?u(A)). O

Example 3.3 Gamma Lévy basis. The gamma Lévy basis has characteristic triplet
(a,0,U) where

46 — 1 — e—a(®) 4
a(d§) = Wﬂ( £),

U(dz,d¢) = 1, (z)z~ e O dzp(dE),

and a(&) > 0. If (&) does not depend on &, a(§) = a, say, Z(A) ~ G(u(A),a), A € A.
0
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Example 3.4 Inverse Gaussian Lévy basis. When Z has characteristic triplet (a,0,U)
where

1 1 1.2
a(d§) = —\/12—7T/0 u"2e” 27 ©Oudyu(de),

U(dz,dg) = %1& ()2~ 26727 ©O%dzp(de),

and v(£) > 0, Z constitutes an inverse Gaussian Lévy basis. If v(£) does not depend
on &, v(§) =, say, then Z(A) ~ IG(u(A),7), A€ A O

The Poisson, gamma and inverse Gaussian Lévy bases are examples of the random
G—measures introduced in Brix (1999). These measures are purely discrete and can
be represented as

200) = a(4) + [ 24 % ay),

where Z is a Poisson measure on R x [0,00). This result is an example of a Lévy-Ito
representation.

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 factorisable 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)

COTL o2} =iNF o) = (o0 + [ COS©120uia). (1)
Similarly, for the logarithm of the Laplace transform of f e Z,
K\t [eZ}=C{-irt foz),
we have
KN FeZ)=A(Foa)+ 5007 et + [ KV©OTZW00. (12

If Z is a normal Lévy basis, Z(A) ~ N(au(A),c?u(A)), we have

CiNtfoZ) = /R CIN(€) 2} u(de), (13)

and

K{\ifeZ)= /R K{N(€) 1 2} u(de), (14)

where Z' ~ N(a,0?). Note that (13) and (14) also hold for a factorisable Lévy basis
with a = b= 0.
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3.2 Lévy based growth models

Let us consider a planar compact object with size and shape changing over time, where
the object at time ¢ is denoted by Y; € 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 R; = {R(¢) : ¢ € [—m,7)}, where

Ri(¢) = max{r : z + r(cos ¢,sin ¢) € Yy}, ¢ € [—m, 7).
In the following we will let
R =[-m,m) X [0,00)

and A the Borel g-algebra of R. The idea behind the following definitions is based
on the intuitive picture of an ambit set A;(¢), associated to each point (¢,t), which
defines the causal correlation cone. The ambit set satisfies

A(¢) C [-m,m) x [0,¢].

Examples are shown in Figure 8. The radial process R;(¢) is defined as the integral of
some weight function over the attached ambit set, with respect to a positive factorisable
Lévy basis or as the exponential of such an integral with respect to a factorisable or
normal Lévy basis.

t'4

6 &

Figure 8: Examples of ambit sets A¢(¢p) and Ay (¢'), respectively. Their intersection (shown hatched)
determines the dependence structure of the growth process.

Definition 3.5 Let Z be a factorisable positive Lévy basis on R. The field of radial
functions R = {R:(¢)} follows a linear Lévy growth model if

Rio) = [ (& o)z(de).
A(9)
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

Ry(-) is cyclic.
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Definition 3.6 Let Z be a factorisable or normal Lévy basis. The field of radial
functions R = {R(¢)} follows an exponential Lévy growth model if

Ri(¢) = exp (/A o ft(§;¢)Z(d§)> :

The ambit set A;(¢) € A and the deterministic weight function f;(&; ¢), assumed to be
suitable for the integrals to exist, must be defined cyclically such that R(-) is cyclic.

There are many interesting problems to study within this model framework. Ba-
sically, it is the Lévy basis Z, the ambit sets A;(¢) and the weight functions f;(§; ¢),
which determine the growth dynamics. These three ingredients can be chosen arbi-
trarily so that a great variety of different growth dynamics can be obtained.

Below, we study linear and exponential growth models separately.

3.2.1 Linear Lévy growth models

Let us assume that R follows a linear Lévy growth model and that the Lévy basis has
no Gaussian part, i.e. b = 0. Using the key relation (12), we get that

E(Ri(¢)) = / Jo(& d)a(dé) + E(Z) / J(& B)u(de) (15)
A¢(¢) Ai()
V(R(6)) = V(Z) / Fo(E 6)°u(de), (16)
Ai()

where V is the notation used for variance. Using (16) and the independence properties
of a Lévy basis, we furthermore have

Cov(R) B (@) =) [ e man. an

The proof of (17) goes as follows. Let A = A¢(¢) and A’ = Ay (¢'). Then,
Cov(R:(¢), Ry ("))
= Cov (/A £i(&; ¢)Z(d§),/A, fe (&0 )Z(d§)>

—cov( [ meaze. [ pieozas)

| =

V([ iee+ s onzao)

—v([ aeozae)-v([  weoma)]

Modelling of a given covariance structure reduces to solving (17) for the weight-
function f and the shape and size of the ambit sets A;(¢). In practise this might
be a complicated task, but for special applications it is possible. Equation (17) also
provides some useful geometric interpretation of the covariance 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 (17) reduces to

Cov(R(¢), Ry (¢')) o< u(Ar(¢) N Ap (¢)). (18)
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For a constant weight function the modelling of spatio-temporal covariances thus re-
duces to the problem of finding ambit sets A;(¢) whose measure of overlap

1(Ag(¢) N Ap ("))

fulfills (18) (see Figure 8 for an illustration). Note that only the measure of the overlap
is involved and not the shape of the overlap.

In some growth examples it might be more natural to specify the model in terms
of the time derivative of R;(¢). For instance, as

Ry(¢) = / fi(€: 6)Z(de).
A ()

The induced model for R;(¢) is again a linear Lévy growth model. We thus have

t
Ri(¢) = /0 /72 11,5 (€)£2(€: ) Z(d€)ds

t
~ [ [1ae@reoaszag
RJO

- / Ji(€: ) Z(d), (19)

Ai(d)

where

Ai(p) = Up<s<tAs(d)
and

B t
Ju&6) = /0 L) () f(&; 9)ds.

The representation (19) is, of course, not unique. If the ambit sets are of the form
Ai(¢) = B:N Cy,

where By C [—m,7) x [0,t], we may instead choose

Ai(9) = Cy 0 ([=m,m) x [0,])

and

- ¢
Jie0) = /0 15, (6)f+(€: 6)ds.

3.2.2 Exponential Lévy growth models

In the following we will assume that we have a factorisable Lévy basis with b =0 or a
normal Lévy basis. Equation (14) allows us to calculate arbitrary n-point correlations
in an exponential Lévy growth model. If we assume the correlations are finite, i.e.

E{Rm (1) Ry, (¢n)} < 00, we have

BT Ry (o)) _ o (K {6 L, 00 © 12 me0}

[T BB (000} exp {20y fn K { 11,6 0001, 6,)(€) 1 2/} @)}
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In the proof of (20) the following reformulation can be used
E{H R, <¢j>} _ Eexp{ / [Z fi (€561, <¢j)<s>} Z(dﬁ)}
j=1 Rlji—1
—ep(x{1t [ S @010, 000|200 )
R LU=

For a constant weight function f;(§;¢) = f for all £, (¢,t) € R, it follows that

E{Ry, (¢1) Ry, (¢2) }
E{Ry, (61))E(Re, (¢2) }

=exp{K (A, (¢1) N Ay, (¢2))} (21)

where K = K{2f 1 Z'} — 2K{f 1 Z'}.
In some cases, it may be natural to formulate a linear model for the time derivative

of In Ry(¢)

(0 Ry(6)) = /A , E9)7()

The resulting model for R;(¢) is an exponential Lévy growth model

R(6) = exp / fi(€: ) 2(d€)),

Ag(¢)

where A;(¢) and f;(£; ¢) are specified as in the previous subsection.
Figure 9a shows a simulation from an exponential Lévy growth model with

Ai(@) ={(0,5) : t =T(t) < s <t,]0 — ¢| < O(s)},

(¢,t) € R, fi(§;¢) = f and Z a normal Lévy basis. Here, T'(t) and ©(s) represent
the temporal and spatial dependencies, respectively. The similarities between the
simulation and the observed in vitro growth pattern in Figure 9b are striking. A
detailed analysis of these data will be presented elsewhere.

It still remains to fully explore the flexibility of the Lévy growth models. In partic-
ular, relations like (18) and (21) describe the correlation structure as a function of the
measure of overlap between pairs of ambit sets. These relations can be used to create
covariance models for processes defined on the circle. On the other hand, it will be
interesting to investigate if a given covariance model can be obtained using the ambit
set approach.
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(a) (b)

Figure 9: Comparison of a simulation of a log-normal model (a) with in vitro tumour growth (b) at
times ¢t = 25,45, 51 (arbitrary units). Parameters of the simulation are p = 0.11, o = 0.01, T'(t) = ¢/20,
O(¢) = 7/90 and fi(¢p) = 1. For details, see the text.

Appendix A: Conditional densities and conditional inten-
sities

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

{ze:n(zNB)=k}, keNyBebkb,

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

Lemma A.1 Let 7; be the distribution of II; and g; : (€, A;) — (R, B(R)) be a Borel
function. Then

j/ g1 (2)m(d2) (22)

_thM/ //L Ll {1160, -t &)})

- dtydgy, - - - dé,

where |-| denotes the Lebesgue measure on R

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 t|X|
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and conditionally on N = n, II, is distributed as

{(t17§1)7 ) (tn7§n)}

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

Ammma

:g% mw”'/ // / {1260, (tar60)})

———dty, - -dt;d&, - - - d&;
75|X|)

-Q}@ﬂm/ /// Aﬂmwmwﬂmm>

X dty - dt1dé, - - déy.

If Z; has density
9z,(2), ze€W

with respect to the unit rate Poisson point process IT; on Sy, then for A € Ay,
Pz )= [ ga(mi@s) = [ 1Lz € Mgz m(d:)
Q

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) presented in the main text, see the proposition below.

Proposition A.2 Let
In(tmy &) = [ [ pilti |ty Sa—1) fiGi |ty Emnyo o)
i=1

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

92,(2) = exp(t|X|)gn (t(n)s Em)) Snr1(t [ Em)s Emy), (23)

if z € § is of the form

Z:{(tlafl)a"'a(tnafn)L t1<"'<tn-

Here

5n+1(t\t(n)a§(n))=/t Pr+1(t |ty Ey)du,  t > tn,

is the survival function of p,11(- [ t(n),&n))-
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Proof of Proposition A.2. For A € A;, we find
P(Zt € A)

= iP(Zt S A,?’L(Zt) = n)

n=0
oo

:ZA XX.../I‘% XX]_[{(thfl),...,(tmfn)}gA]]_[tn_H >t]

n=0
In1(tnr1), Enr1)) Alpt1dEngr - - - dtrd&

00 t t t
— o (s Algntim, Em
;_0:/»( /X/O/ /tnl”{(“’@)’ ()} € Algn(tn):Eqm)
Sn+1(t | t(n)a g(n))dtn T dtldfn T d§1.

Now Lemma A.1 implies the result. ([l

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

(t1>§1)>>(tn>§n)>> t1<<tn<a (24)
we define the conditional intensity at (¢,£) by

Pr(t | tn=1)sEn-1))fn(€ | tn—1):€n-1), 1)
ho (6, € | tin_1)sEm_1)) = , 25
(& 1 tn-1) &) Sn(t | tm-1),Em-1)) (25)
for t,,—1 <t <t, (to = 0). Note that the conditional intensity h,, is the product of the
hazard function

Pt | tm-1),§mn-1))
Sn(t | t(n—l)a‘f(n—l))

for the n-th time point given the history (¢(,—1),§n—1)) and the density

fn(§ ‘ t(n—l)a’g(n—l)at)

of the n-th spatial point given the history ((,—1),{(n-1)) and the n-th time point ¢.
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Abstract

We introduce a class of spatio-temporal models based on Lévy theory, in par-
ticular on Lévy bases and integration with respect to those. We will focus on how
these models can be used to describe how the boundary of a star-shaped planar
object expands in time, using its radius vector function R; at time ¢t > 0. We
study both linear and exponential Lévy based models, i.e.

Ri(6) = () + /A | FEDZE, 0 € [ m),

and

Ri(6) = exp (m@ +

A ()
where Z is a Lévy basis, A:(¢) is a so-called ambit set, f:(£;¢) is a determin-
istic weight function and p(¢$) a deterministic function. A great advantage of
these models is the possibility of controlling the spatial and temporal correlation
structure, since it is possible to derive explicit expression for

Cov(R:(9), Ry (¢)),

in terms of the components of the model. An application to tumour growth will
be presented.

ft(£a¢)Z(d£)> 7¢ € [_71—77'()»

Keywords: Lévy basis, spatio-temporal modelling, growth models, tumor growth.

1 Introduction

Stochastic spatio-temporal modelling is of great importance in a variety of disciplines
of the natural sciences, including biology ( Cantalapiedra et al. (2001), Brix and Cha-
doeuf (2002), Fewster (2003) and Gratzer et al. (2004)), image analysis (Feideropoulou
and Pesquet-Popescu (2004)), atmospheric sciences (Pérez-Munuzuri et al. (2003)),
geophysics (Calder (1986), Lovejoy et al. (1992) and Sornette and Ouillon (2005))
and turbulence (Barndorff-Nielsen et al. (2006)), just to name a few. In particular,
modelling of tumour growth dynamics has been a very active research area in recent
years (Delsanto et al. (2000), Peirolo and Scalerandi (2004), Pang and Tzeng (2004),
Schmiegel (2006)).

The purpose of the present paper is to study growth modelling in a Lévy based
framework, i.e. stochastic spatio-temporal modelling based on the integration with re-
spect to a Lévy basis. The paper is thereby a natural continuation of the work initiated
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in Schmiegel (2006) which was mainly directed towards an audience of physicists. The
advantage of a Lévy based growth modelling approach is that the resulting models are
at the same time flexible and mathematically tractable. This type of modelling has
earlier been used with success in the field of turbulence, c¢f. Barndorff-Nielsen et al.
(2006) and references therein.

The organisation of the paper is as follows. Section 2 provides some background on
Lévy basis which is the essential component in our approach. In Section 3, Lévy based
spatio-temporal models are discussed in general. In Section 4, Lévy based growth
models for star-shaped planar objects are introduced and some qualitative examples
of different growth dynamics are given. Section 5 contains a description of different
covariance structures which can be obtained under the Lévy growth models. Finally,
Section 6 contains an application of the Lévy based growth models to tumour growth.

2 Background

This section provides a brief overview of the theory of Lévy bases, in particular, the
theory of integration with respect to a Lévy basis.

We focus on results which are prerequisites for subsequent sections, without proofs.
For a more detailed study of independently scattered random measures and their inte-
gration, cf. Kallenberg (1989), Rajput and Rosinski (1989), Kwapien and Woyczynski
(1992) and Barndorff-Nielsen and Schmiegel (2003). We will use the following notation
C(A 1 X) =logE(e™) for the cumulant function of a random variable X .

2.1 Basic definitions

Let (R,2() be a measurable space. A collection of random variables Z = {Z(A) : A €
A} on (R,2A) is said to be an independently scattered random measure, if for every
sequence {A,} of disjoint sets in 2, the random variables Z(A,,) are independent and
Z(UA,) = > Z(A,) a.s. Moreover, if Z(A) is infinitely divisible 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)) = ida(A) — %Azb(A) + /R (™ — 1 — iduly_y ()T (du, 4), (1)

where a is a signed measure on 2, b is a positive measure on A, U(du, A) is a Lévy
measure on R for fixed A € 2 and a measure on 2 for fixed du. The result (1) is the fa-
mous Lévy-Khintchine representation. The Lévy basis Z is said to have characteristics
(a,b,U). The measure U is referred to as the generalised Lévy measure.

It may be useful to express the cumulant function (1) in infinitesimal form

C(\ 1 Z(d€)) = ira(dE) — %)\Qb(dg) + /R (™ — 1 — idul_y 1)(w))U (du, d€).

In this paper, we will consider Lévy bases with characteristics (a,b,U), where the
measure U factorises as

Ul(du, d§) =V (du, §)u(dE).
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Here, p is some measure on 2 and V (du, £) is a Lévy measure for fixed . Furthermore,
the measures a and b are absolutely continuous with respect to the measure p and
satisfy

a(dg) = a(§)p(dg), b(de) = b(&)u(de).

Under these assumptions we may think of
N\~ 1,95 i .
CME Z/(€) = iNal€) = 0O) + [ {6 =1 = Nl )}V (d ),
as a cumulant function of a random variable Z'(§) satisfying

C(A§Z(d)) = C(N 1 Z'(€))n(ds). (2)

If a(¢), b(¢) and the Lévy measure V (-;£) do not depend on &, we call Z a factoris-
able Lévy basis and then Z'(£) = Z’ does also not depend on &. If, moreover, R = R"
and p is proportional to the Lebesgue measure, then Z is called a homogeneous Lévy
basis.

Let us now consider the integral of a measurable function f on R with respect
to a Lévy basis Z. For simplicity we denote this integral by f e Z. Key results
for many calculations are the following equations for the cumulant function of the
stochastic integral f e Z (subject to minor regularity conditions, cf. Barndorff-Nielsen
and Thorbjgrnsen (2003)). Using equation (2) we get

COi102)= [ COSEEZE)n(ae) 3)
A similar result holds for the logarithm of the Laplace transform of f e Z,
K(\ffeZ)=C(~irt[e2),

ie.

K(\tfeZ)= / KOAF(E) 1 Z'(6))ulde). (4)

We will now give a few examples of Lévy bases. Here we assume that R = R™ and
A = B(R"™).

Example 1. (Gaussian Lévy basis) If Z is a Lévy basis on R, such that Z(A) ~
N(a(A),b(A)), where a is a signed measure on R and b is a positive measure on R,
we call Z a Gaussian Lévy basis. The Gaussian Lévy basis has characteristics (a,b,0)
and the cumulant function is
1
C(A 1 Z(A)) =ira(A) — 5A%(A).
We have that Z'(€) ~ N(a(€),b(€)), i.e. C(A T Z'(€)) = iXa(€) — %/\25(5). Then

COtfo2) = [CONO 12O =irf o) - (P 0b), ()

where y is a positive measure. Note that f e Z ~ N(f e a, f? eb). U
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V(du,$) a(g)
Poisson 01(du) 1
]_ — e_a(f)
Gamma 1g. (v)Bu e *Edy O ————
e a©
1
Inverse Gaussian \/LQ_WIR+ (u)u_%e_%VQ(ﬁ)udu \/L2_7r/0 w337 ugy,

Table 1: The definition of three Lévy jump bases, the Poisson basis, the Gamma basis
and the Inverse Gaussian basis.

Z'(€) CA1Z'(6)) E(Z'(€))  V(Z'(9))
Poisson Po(1) (ei)\ -1) 1 1
i 3 p
Gamma '3, a(f)) —Blog <1 - @) @) a2(€)
Inverse Gaussian  IG(n,v(€))  nv(€) (1 —4/1- %) % 7372‘5)

Table 2: Distribution of Z'(£), with the corresponding cumulant function, mean and
variance.

Example 2. (Lévy jump basis) A Lévy basis is called a Lévy jump basis if the
characteristics of the basis is (a,0,U). In Table 1 we give three examples of Lévy jump
bases, the Poisson basis, the Gamma basis and the Inverse Gaussian basis.

The distribution of the random variable Z’(§), its cumulant function, mean and
variance are given in Table 2, for the three types of Lévy bases. Note that if Z is a
Poisson basis, Z(A) ~ Po(u(A)), for all A € . If a(§) = a, y(§) = v, then we have
for all A € A, that Z(A) ~T'(Bu(A),a) and Z(A) ~ IG(nu(A), ), respectively. O

Note that any Lévy basis Z is the sum of a Lévy jump basis Z; and an independent
Gaussian basis Z5 such that

CONEfeZ)=C\EfoZ)+C\EfeZy).

Finally, we would like to mention an important representation of positive Lévy
bases, the Lévy-Ito representation,

Z(A) = ag(A) + /R N (dz, A), (6)

where IV is a Poisson basis on Ry x R, with intensity measure U and
1
ao(A) = a(4) — / U (dz, A).
0

4



ParPeEr C

Note that equation (6) can also be written as

Z(A) = ag(A) + Y ula(f), (7)

(u,§)EN

where N is a Poisson point process on Ry x R with intensity measure U. If f is a
measurable function on R with respect to the Lévy basis Z, we get that

feZ=rfeas+ > uf(9).

(u,£)EN

2.2 Extension to multivariate Lévy bases

The above theory can easily be extended to higher dimensions. If Z = (Z3,...,2Z,,) is
a multivariate Lévy basis, the Lévy-Khintchine representation takes the form

1 ,
C(Af Z(4)) = i{a(A),A) — 5 (Ab(4), A) + {e'M — 1 — i\ u)1p (w) YU (du, A),
Rm
where (-, ) is the vector product in R™, E' = [—1,1]™, X is a m-dimensional vector, a
is a m-dimensional measure and b is a m X m matrix valued measure. In Sato (1999),
the theory of multivariate Lévy processes is discussed in details.

3 Lévy based spatio-temporal models

Let us consider a random variable X;(o), depending on time ¢ and a position in space
o. In the following we will assume that (o,t) € R =8 x R, i.e. R is a product of the
space S C R? and the time space R. We let 2 be the Borel o-algebra of R.

We will consider models for the spatio-temporal process X = {X(0) : (0,t) € R}
based on the theory of Lévy bases and integration with respect to those, discussed in
Section 2.

The idea behind the following definitions is based on the intuitive picture of an
ambit set A¢(o) associated with each point (o,t) € R, which defines the dependency
on the past at time ¢ and position o. The ambit set A;(o) is of the following form

Ai(o) ={(p,s) € R: p € As(0),s <1},

where Ag(o) C S is a neighbourhood of o, consisting of the set of positions at time s
that influence the process at position ¢ and time ¢, cf. Figure 1. The spatio-temporal
process X = {X;(0) : (0,t) € R} is then defined as

X,(0) = /A g 0)2(de) (8)

where Z is a Lévy basis and f;(£;0) is a deterministic weight function (assumed to be
suitable for the integral to exist). We will refer to the spatio-temporal process

X ={X(o) : (0,t) e R}
as a linear spatio-temporal Lévy model and to

X = {exp(Xy(0)) : (0,t) € R}
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Figure 1: The ambit set A¢(0).

as an exponential spatio-temporal Lévy model.

There are many interesting problems to study within this framework, both theo-
retical and in connection with various applications of spatio-temporal processes. In
this paper we focus on spatio-temporal processes modelling growth, cf. Section 4 and
onwards. The main application has until now been in spatio-temporal modelling of
turbulence, cf. Barndorff-Nielsen and Schmiegel (2003), Barndorff-Nielsen et al. (2003)
and Schmiegel et al. (2004).

3.1 Linear spatio-temporal Lévy models

Let us assume that X follows a linear spatio-temporal Lévy model. Using the key
relation (4), we get that

E(X,(0)) = /A | HEOE(Z €utae) (9)
V(X,(0)) = /A P V2 @ue)

It is also clear that the covariances are of the form

Cov(Xi(0), Xy (0')) = / fe(& o) fu (& 0")V(Z'(€))p(dE). (10)

At(O')l'TAt/ (0'/)

If the weight function is constant, f(§;0) = f and if the Lévy basis Z is factorisable,
then (10) reduces to

Cov(X:(0), Xu (0")) = FV(Z')u(Arlo) N A (o). (11)

In this case the covariance structure only depends on the p-measure of the intersection
of the two ambit sets.

The mean value and covariance structure of the linear spatio-temporal Lévy models,
using the different underlying Lévy jump bases given in Example 2 of the previous
section, can easily be obtained using Table 2. For an underlying Gaussian basis we
refer to Example 1.
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3.2 Exponential spatio-temporal Lévy models

Let us assume that X follows an exponential spatio-temporal Lévy model. Equation
(4) enables us to calculate arbitrary n-point correlations. Here n-point correlations for
arbitrary spatial positions o1, ...,0, and times t1,...,t, are defined as

mp(o1,t15... 500, tn) =E (th(ol) — -th(on)> .

If we assume that the correlations are finite, i.e. E(X;, (01) ... Xy, (0n)) < 00, we get
from (4) the expression

(01,815 O ) = XD /R KO3 fiy (6078, (0)(&) 1 Z1E)ldg) | . (12)
j=1

Given an underlying Lévy basis, (12) gives an explicit expression of the n-point corre-
lations my,(o1,t1;...;0p,t,) in terms of weight functions and ambit sets.
Now let us consider 2-point correlators of the form

E(Y1Y?)

CorrM.Y2) = 513 Ve (v)

where Y7 and Y5 are some random variables. An attractive geometric interpretation of
the 2-point correlators can be obtained by using equation (12). We get that

cip(0,0") == Corr(X(a), Xy ()
~ exp / log (Corr(eft<g;a)2/<s)7 eft/(aa')Z/@))) w(de)) . (13)
At(d)ﬂAt/(U/)

Note that
log Corr (et (&0)Z'©€) ot (E;a’)Z’(§)>
= K((fu&0) + ful&s0) 1 Z'(6) = K(fi(60) 1 Z'(€)) = K(fu(&:0') $ Z'(€)).

In the simple case where the weight functions are constant, i.e. f;(&;0) = f for all
(0,t) € R and where the underlying Lévy basis is factorisable, Z/(§) = Z', we get that

et (0,0') = exp (Ku(Ai(o) N Ap(a'))) (14)

where K = K(2f + Z') — 2K (f £ Z'). For a factorisable Lévy basis Z and a constant
weight function, one can express the higher order correlators in terms of different
overlaps of the corresponding ambit sets.

We refer to Example 1 and Table 2, to obtain the mean value and covariance struc-
ture for the exponential spatio-temporal models using the different types of underlying
Lévy bases.

4 Lévy based growth models

From now on we will study how the Lévy setup can be used to construct flexible
stochastic models for growing objects. We focus on planar objects but generalisations
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to higher dimensions are straight forward. We denote the object at time ¢ by Y; C R?
and we will assume that Y; is compact and star-shaped with respect to a point z € R?
for all t. For the cancer growth data discussed in Section 6, this is essentially no
restriction. The boundary of a star-shaped object Y; can be determined by its radius
vector function Ry = {Ry(¢) : ¢ € [—m,m)}, where

Ri(¢) = max{r: z + r(cos ¢,sin @) € Yy}, ¢ € [-m,7),

cf. Figure 2. We will consider both linear and exponential spatio-temporal Lévy

Ri(¢)

Figure 2: The star-shaped object Y; is determined by its radius-vector function R; at
time ¢.

models for the radius vector function. The underlying Lévy basis is a random measure
on R = S xR, where § = [-m, 7). In order to obtain enough flexibility in the
modelling, we allow for arbitrary adjustment in the mean value of the radius vector
function. The linear Lévy growth model is then defined by the following equation

IM@ZM@+/ fi(&: 9)2(d8). (15)

At(e)

We assume that the ingredients of the model have been chosen such that R;(¢) > 0
almost surely. Under an exponential Lévy growth model, the radius vector function
satisfies the following equation

Ri(¢) = exp (ut(¢) +/A Je(&; ¢)Z(d§)> : (16)

+(®)

For both model types, the weight functions f;(£;¢) and the ambit sets A.(¢) are
assumed to be suitable for the integral to exist. Furthermore, the weight functions
and ambit sets must be defined cyclically such that the radius-vector function R;(¢)
is cyclic. In the following, all angular calculations are regarded as cyclic.

One can also consider models for the time derivative of R.(¢), i.e.

0
Gifu0) = mio) + [ i ozt (17)

If %Rt(qb) > 0, then the boundary of Y; will always expand. This may not be the case
for the earlier specified models but the ingredients of the earlier models may be chosen
such that strict growth is present with very high probability. Under (17), the induced
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model for R;(¢) will also be a linear Lévy growth model since

Imwzmw+mefLLwﬁ®@ﬂ%W

= rofe) + (@) + |

Ap (e

) fil&; 9) 2 (ds),

where r( is the radius-vector function at time ¢ = 0,

mwzé%wm,

At ((b) = UOSSStAS (QS)J
and

t
ﬁ@WFiALM@@ﬁ@WW&

In Barndorff-Nielsen and Schmiegel (2003), a model of this type is discussed in relation
to turbulence. A discrete version of (17) with a Gaussian Lévy basis is discussed in
detail in Jénsdéttir and Jensen (2005).

In some cases it might be more natural to formulate the model in terms of the time
derivative of In(R:(¢)),

3®mmw=mw+/ fi(&: ) 2(d8).

A(e)

In this case the induced model is an exponential Lévy growth model of the type

Ry(¢) = ro(¢) exp (ﬁt(¢) +/A “ ﬁ(£;¢)Z(d€)> :

The choice of the Lévy basis Z, the ambit sets A¢(¢), the weight functions f;(&; @)
and . (§; @) completely determines the growth dynamics. These four ingredients can
be chosen arbitrarily and independently which results in a great variety of different
growth dynamics. We will now give a number of examples.

Example 3. The size of the ambit sets plays an important role in the control of the
local and global fluctuations of the boundary of the object Y;. As an example, let us
consider a linear Lévy growth model with u:(¢) = ps and fi(€;¢) = 1 such that

Ri(¢) = e + Z(Ai(9))- (18)
The ambit set
A(9) = {(6,5):1 6 — ¢ |< O(),t — T(t) < 5 < t}

has angular extension 20(¢) and temporal extension 7'(¢). In Figure 3, simulations are
shown under this model, using a normal Lévy basis with

Z(A) ~ N(0,0%u(A)), AcH,
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and p equal to the Lebesgue measure on R. The simulations are based on a discreti-
sation of Z on a grid with At =1 and A¢ = 1(2)%. The upper and lower row of Figure
3 show simulations for two choices of angular extension of the ambit set at three dif-
ferent time points. The angular extension of the ambit set is ©(t) = 155 for the upper
row, while ©(t) = £ for the lower row. For the smaller angular extension we observe
localised fluctuations of the profiles, but the global appearance appears circular. For
the larger angular extension the fluctuations are on a much larger scale and the global

appearance is more variable. Il

Figure 3: Simulation of the linear Lévy growth model (18) at time points ¢ = 20, 45, 80,
using a Gaussian Lévy basis. The upper row and lower row show simulations of two

choices of the angular extension of the ambit set ©(t) = 155 and O(t) = %, respectively.

Otherwise the parameters of the simulation are pgy = 16, a5 = 24, ugg = 32, 02 =1
and T'(t) =t/5.

Example 4. In this example, we study a model as the one described in Example 3,
but now with a Gamma Lévy basis. The model equation is

Ri(¢) = fir + Z(Ae(9)), (19)
where A¢(¢) is defined as in Example 3,
Z(A) ~T(Bu(A),e), A€,

and p is the Lebesgue measure on R. Note that p(A4:(¢)) does not depend on ¢. The
parameters «, 5 and fi; are chosen such that E(R:(¢)) and V(R:(¢)) are the same as

10
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in the previous example. Accordingly, the parameters are chosen such that

fe = pit — U\/BM(At(O)),

The resulting simulations for § = 1 are shown in the upper and lower row of Figure 4
for the two choices of angular extension of the ambit set, ©(t) = 75 and O(t) = %,
respectively. Note that more sudden outbursts are seen compared to the previous
example. ]

Figure 4: Simulation of the linear Lévy growth model (19) at time points ¢ = 20, 45, 80,
using a Gamma Lévy basis. The upper row and lower row show simulations of two
choices of the angular extension of the ambit set ©(t) = 175 and O(t) = ¥, respectively.
Otherwise, 8 = 1 and the remaining parameters are specified as in Example 3.

Example 5. In Figure 5, we show simulations from the linear growth model

Ri(¢) = f(9) (e + Z(Au(0))), (20)
where 1y, Ai(¢) and Z are specified as in Example 3 and
fi(¢) = 0.35 exp('ﬂ;”').

Clearly the growth of the object is asymmetric. The weight function puts more weight
on the angle ¢g = 0. g

11
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O

Figure 5: Simulation of the model (20) at time points ¢ = 20, 45, 80, using a Gaussian
|¢—7r|>

Lévy basis. The weight function is given by f;(¢) = 0.35exp(

Example 6. Consider a linear Lévy growth model for the time derivative of the radius
vector function

0

5 Re() = Z(A(6)),

where Z is a Poisson basis with intensity measure

w(A) = )\O/Asdsdﬁ.
The ambit set is of the form
A6) = {(0,5): 10— 6] < D max(0,1 ~ T) < 5 < 1}
We can write the ambit set as
Ai(¢) = B:N Cy,

where
B, ={(0,s) :max(0,t — T) < s < t},

and

C¢: {(975>:8>ga ‘9_¢‘<9}

u{(e,s):ogsg%}.

The induced model for R;(¢) is

where

Ai(¢) = Cy N ([—m,m) x [0,1])
and

fie) = /0 15, (€)ds

_ft=s, ft<Tor(t>T,s>t—-T)
= T, ift>T,s<t—T.

12
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Here, £ = (0, s). The simulations shown in Figure 6 have been performed with Ay = 10,
T=1and ©=1/2. O

Figure 6: Simulation of a Lévy growth model for the derivative of the radius vector
function. The underlying Lévy basis is Poisson.

5 The induced covariance structure

In this section we will derive expressions for Cov(R:(¢), Ry (¢')) under various assump-
tions on the Lévy basis Z, the ambit sets A;(¢) and the weight functions f;(§;¢). We
will concentrate on linear Lévy growth models. The covariance structure of R(¢) is
then given by

Cov(Ri(¢), Ry (¢)) = fe(& 0) fr (€5 9)V(Z'(€))p(dE). (21)

/At(cb)ﬂAt/ (¢")

For exponential growth models, (21) holds for the log-transformed radius vector func-
tion. Throughout the section, we will assume that

Ay(¢) = (9,0) + A (0),
fi(&8) = fi((|0 — ¢],5);0), (22)
V(Z'(€))u(d€) = g(s)dsdf
for all £ = (0,s) € R and (¢,t) € R. These conditions ensure that Cov(Ri(¢), Ry (¢))
only depends on the cyclic difference between ¢ and ¢'.
We will first consider the case where the angular extension of the ambit set is the

full angular space but the weight functions are quite arbitrary. Secondly, we consider
the case of constant weight functions but quite arbitrary ambit sets.

5.1 Ambit sets with full angular range
In this subsection we consider ambit sets of the form
At(¢) = [—7T,7T) X [t - T(t)at]'

In order to make the formulae as compact as possible, we use in the proposition below
the notation ¢ N¢’ for the time points shared by A;(-) and Ay (), i.e.

t1,ts] if t; < to
tnt = (b1 )
{ 0 otherwise,

13
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where
t; = max(t — T(t),t' — T(t')) and to = min(t,t).

Proposition 7. Let us assume that the ambit set is of the form A;(¢) = [-7,7) x
[t —T(t),t] for all (¢,t) € R and let
fi(&:0) = ap(s +Zak ) cos(k(0 — 9)), (23)

where £ = (0, s), be the Fourier expansion of the weight function. Then, the spatial
covariances are

Cov(Ry(¢), Ri(¢')) = 2\, +ZA cos k(¢ — @), (24)

where

t
o= 7r/ (ak(s))?g(s)ds, k=0,1,....
T(t)

Furthermore, the temporal covariances are given by

oo

COV(Rt(¢)> Ry (¢>) =279 (tv t,) + Z Tk (ta t,)> (25)

k=1

where

nltt) = [ ak(s)af (ss)ds.

Proof. The proof is straightforward. First note that the actual form (23) of the Fourier
expansion is a consequence of (22). We get that

Cov(Ri(¢), Ri(¢'))
— / Fi(E B (€ ) Var(Z'(€)) u(de)
Ar(p)NAL(9')

—n [2 L b0+ 32 [ ah o gtsjascosio - ¢'>] ,

and

Cov(Ri(¢), Ry (4))
_ / F1(& ) fu (& 0)Var(Z'(€))p(d)
At (P)NA (d)

=m|2 arp(t)ar(t)g(s)ds + 3 ap(t)ag(t') (S)dS] :
RYCICRCIETES ) ettt

O

Note that the angular covariance Cov(R¢(¢), R¢(¢’)) only depends on |¢ — ¢'| and
the temporal covariance Cov(R;(¢), Ry (¢)) does not depend on the angle ¢ at all.

14
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Corollary 8. Let the assumptions be as in Proposition 7. Assume that aff(s) = a}tc.
Then, the spatial correlations are determined by the weight function f

2(ab)? + 352, (ah)? cos k(¢ — ¢')
2(ab)? + 3252 (ag,)? '

If, in addition, a} = bcy, then p(Ry(¢), Ri(¢')) does not depend on ¢, while the tem-
poral correlations are determined by 7'(¢) and the function g,

B0 (@) = [ as)as/ [ s [ g<s>ds]

p(Ri(9), Rt(él)) =

1/2

0

Example 9. A dynamic version of the p-order model described in Hobolth et al. (2003)
is easily obtained, using this framework. We let

dh(s) = [on+ B(k® —22) 7 k=23,

and a(s) = al(s) = 0. If a; and (3, are proportional, the simplifying assumptions of
Corollary 8 is fulfilled. In Jénsdéttir and Jensen (2005), this model has been used for
the time derivative of the radius vector function. Only Gaussian Lévy bases are con-
sidered and neighbour time points are assumed to be so far apart that the increments
can be regarded as independent. (|

In some applications of growth where the shape of the object at any specific time
is important, Fourier expansions of the radius-vector function is useful, cf. Alt (1999)
and Jonsdéttir and Jensen (2005). Let us consider the Fourier coefficients of R¢(¢),

A= 2 [ Rio)do,

2 J_,

A== [ Ru(o) costhodo,

-7

Bi = [ Ri(@)sin(kods

—T

k=1,2,..., and consider the Fourier expansion

Ry(¢) = A + > (A} cos(ke) + By sin(kg)).

k=1

Under the assumptions of Proposition 7 it can be shown that

Al = / ] / oy BL) ostE0)Z(d0 x ), B = / ] / b (s) sin(k0) Z(d0 x ds),

for Kk =0,1,..., so the Fourier coefficients follow also a linear Lévy model. It can also
be shown that for k # 7, t,t' > 0,

Cov(A}, AY) = Cov(B}, BY) = Cov(AL, BY) =0,

15
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and
Cov(AL, AL) = Cov(BL, B ) = mi(t, 1)), Cov(Ab, AL) = 2ro(t, 1),

k=1,2,..., where 74(¢,t') is given in Proposition 7.

In the case where Z is a Gaussian Lévy basis, this means that Ay = {Aé}teR 4
Ay = {Al}ier, and By = {BL}ier,, k = 1,2,..., are all independent Gaussian
stochastic processes. Ag has covariance function 27y(t,t') and Ay ~ By has covariance
function 74(¢,¢'), k = 1,2,.... If one observes Al and B}, for some time points
t=ty,...,ty, k=1,..., Ky, the likelihood function is very tractable.

5.2 Constant weight functions

In this subsection, we consider the case of constant weight functions. Without loss of
generality, we assume that f;(£;¢) =1 and (21) reduces to

Cov(Ra) @) = [ viZ©mag
= V(Z)u(A(6) N Au(&), (26)

where the last equality holds if the Lévy basis is factorisable.
It is not difficult (but sometimes tedious) to find explicit expressions for Cov(R:(¢), Ry(¢'))
for specific sets. In the Appendix, ambit sets of the form

At(gzs) = BN C¢,
where

B, ={(0,s) : max(0,t — T(t)) < s < t},
Co ={(0.s):| 0 — 0 [< O(s5)},
are considered.
Evidently, (26) implies that Cov(R:(¢), Ru(¢’)) > 0 which is a severe restriction for
the spatial covariances. In the proposition below, the spatial covariances are expressed

in terms of the function delimiting the ambit set. We assume here that p is the
Lebesgue measure on R.

Proposition 10. Let us suppose that there exists a continuous function g; : [—m,7) —
R with the properties

9t(9) = ge(—0)
g¢ is decreasing on [0, 7] (27)

9:(0) =1

such that
A(0) = {(0,5) : ge(m) < t' < gu(9)}-

Then, if the Fourier expansion of g; is (g:(¢) = g:(—¢))
g(¢) = > _ . cos(kg), (28)
k=0

16
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then

(AL(0) N Ay(9)) = Y A cos(kg), (29)
k=0

where

k odd k even
16 1
A= ¢ 1,2
j . Z (2])2 — kgf}/kv J P
k odd

Proof. 1t is not difficult to show that

-

pAO)nAe) =2 [

—T

gu(0)db + 2 /;gtw)de—wgt(w), belom).  (30)

2

Using (28), we find the following alternative expression for the intersection areas

t
—4 Yk gin(kg) + 7 - t ifpelo,m
M(At(O)ﬂAt(gb)) = { Zk Odgz k. (qb 2) Zk Oddtfyk Zk event’yk . ¢ [ ]
435 oad TSINES) + Tk 0dd Ve — T2k even Vi if ¢ € [=7,0].

The result is now obtained by deriving a Fourier expansion of the latter expression
and comparing with (29). O

Example 11. In the particular case where

91(¢) =6+l cos ¢

we find

8
Ay =[r— =]t —m
v

61,

PV Mi=1,2,....

I T (252 -1
It follows that

M) =+ B =12, (31)
where oy = —7/(167%) and 3; = m/(4+%). Under the assumption of a normal Lévy
basis, (31) is a special case of the p—order model considered in Jénsdéttir and Jensen
(2005) with p = 1 and « proportional to 5. Note that the requirements (27) implies

that v§ =t —+% and 74 > 0. It does not seem to be possible to obtain p-order models
with p > 1, using this approach. O
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Figure 7: Profiles of a growing brain tumor in vitro at time points t = 21, 25, 55.

6 An application to cancer growth

In Schmiegel (2006), snapshots of a growing brain tumor in vitro have been analysed,
using the approach described in this paper. The data were first studied in Bru et al.
(1998). The data are reproduced in Figure 7 for time points ¢ = 21,25, 55.

A detailed initial analysis showed negative spatial covariances and a need for mod-
elling both small and large scale fluctuations in the growth process. The model used
was an exponential Lévy growth model of the form

Ri(6) = exp(ut+a(t) /t n /7; cos(é — 0)Z(ds x db)

dthe(s—t+to(1))
/ / Z(ds % d«9)>. (32)
t to(t ¢— ht(s t-l—to

Here h; is a deterministic and monotonically decreasing function defined on [0, £y (%)],
satisfying h:(to(t)) = 0. Accordingly, the weight function is on the form

fi(§;0) = alt) COS(QZ)_e)l[th(t),t to(t ( )+ B(t)1 [t—to (t) t]( )1[0 hi(s—t+to(t (W o])-

The associated ambit set is shown in Figure 8. In Schmiegel (2006), a Gaussian Lévy

v ()

t+

O+ gi(t —t +to(t))

t—1to(t) +

a(t) cos(¢p — ¢')

t—T(t)+

d—m  d—po(t)/2 ) o+do(t)/2 o+m P

Figure 8: The ambit set A;(o) for the model defined by (32).
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basis has been used and the function h; was assumed to be of the form
Po(t)  ¢o(t)
h = —
t (8) 2 2t0 (t) 87

The estimated parameters are given in Table 3 and a simulation under the model is
shown in Figure 9.

s € [0, to (t)]

t T) to(t) o)  BE)  do(t)

21 21 19 0.04 -0.033 0.19
25 25 17 0.02 -0.033 0.19
55 18 4 0.01 —-0.067 0.23

Table 3: The estimated parameters for the model (32), using a Gaussian Lévy basis.

Figure 9: Simulation of the model (32) for time points ¢ = 21,25, 51, using a Gaussian
Lévy basis.

Here we have studied the use of Gamma and Inverse Gaussian bases. Simulations
under the latter basis are shown in Figure 10. The Inverse Gaussian Lévy basis is
chosen such that E(R:(¢)) and V(R.(¢)) are the same as in the case where a Gaussian
basis is used. This means that if Z(A) ~ IG(nu(A),v), where p is the Lebesgue
measure, we get that 7 = v3. The upper row shows simulations where 7 = 316 and
the lower row shows a simulation where n = 5. For nn = 316 the Inverse Gaussian basis
provides fits of a similar quality as the normal basis but for n = 5, more outburst are
observed as is the case for the data. The difference is due to the fact that the Inverse
Gaussian distribution has heavier right tails for the latter choice of parameters.

It should be noted that all the profiles simulated under the model (32) using the
Lévy basis mentioned in this section show somewhat more fluctuations on a local scale
than the observed profiles. At present, it is not known whether this feature is caused
by non-perfect model selection and estimation of parameters or artefacts due to the
discretisation in the simulation procedure.

7 Appendix

In this appendix we will assume that the measure p is on the form

w(dl,ds) = g(s)dbds.
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Figure 10: Simulations of the model (32) for time points ¢ = 21,25,51, using two
different types of Inverse Gaussian Lévy basis.

We will study intersections of ambit sets
At(d)) = BN C¢,
where

B, ={(0,s) : max(0,t — Ay(t)) < s <t},
Co ={(0,5) [ ¢ =0 |< Ax(s)},

so the size and shape of A;(¢) does not depend on ¢. This implies that the measure of
the intersection p(A¢(¢) N Ay (¢')) only depends on the angles via the cyclic difference
between ¢ and t'. We therefore focus on studying

1(A(0) N Ay(@)) and  p(A:(0) N Aryu(0)),

where u > 0, concentrating on the spatial and temporal covariances/correlations, re-
spectively.
Let ¢,u > 0 and assume that A;(t +u) — A1(t) < w, then if u < Ay (t + u),

2ftt* Ag(s)g(s)ds if u < Ay(t+ u),
0 else,

(A4 (0) N Agyy(0)) = {

where t* = max(0,t + u — A1(t + u)). In this case one can get various covari-
ance/correlations structure, depending on the choice of Ay, Ay and g. A few examples
are given in Table 4.
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Parameters 2A5(s)g(s) 1w(A(0) N Ay (0)
c>0 ¢ (constant) c(Aq(t+u) —u)
ae—bt
a,b>0 ae™ T(e_b(“_Al(t+“)) -1)
a>0,a>1 as® (0 — )71 — (¢t +u— Ayt +u)*T)

Table 4: The table shows the explicit expression for the integral p(A:(0) N Ay (0))
for different choices of g(s)Aaz(s).

Let us now study the covariance relating to angular replacements. We get that

1(A(0) N Ay(e)) = /t Lo,225(s) ([0]) (282(s) — min([g], 2m — 2A2(s))) g(s)ds, (33)

where t* = max(0,t — A1(t)). Here, the integral depends on the separate choices of
Ay and g. Note that in the simple case where Ay(s) = Ao, then

1(A(0) N As(9)) = 0, for [¢ > 2A,,

which e.g. implies that for a linear Lévy growth model, the radius-vector function at
a fixed time ¢ and different angles ¢ and ¢’ are uncorrelated if |¢p — ¢'| > 2A,. Let us
instead give an example where Aq(t) = ¢, Ag(s) = % and g(s) = s. For t > %, we
get

2A2)2 oIt ) A
(A (0) N A(9)) = { %gw—2|<)¢>| + (2A2 - %) t, if | ¢|< 222

s e 2A
(2A2)2W7 1f2t—2 <| ¢§7T
Note that for a linear Lévy growth model E(R;(¢)) o< 2Ast, so the covariance Cov(R;(0), R¢(¢))
depends for fixed ¢ on |¢| via |¢|t for small |¢|t, which is proportional to the distance
between to points in directions 0 and ¢ on the boundary of a disc with radius E(R:(¢)).
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Abstract

An extended covariogram model is discussed for estimating the precision of
circular systematic sampling. The extension is motivated by recent developments
in shape analysis of featureless planar objects. Preliminary simulation results
indicate that it is important to consider the extended covariogram model.

Keywords: Covariogram, error prediction, shape, stereology, stochastic processes,
systematic sampling, variance estimation.

1 Introduction

Recently, the precision of systematic sampling on the circle has been discussed in
Gual-Arnau & Cruz-Orive (2000) and Cruz-Orive & Gual-Arnau (2002). In particular,
variance estimation formulae based on a global polynomial model for the covariogram
have been developed. In Hobolth & Jensen (2002), this approach is discussed both in
a design-based and a model-based setting, and an alternative model-based method of
estimating the parameter of the covariogram is described.

In this note, we summarise these developments and argue that it may be natural to
consider an extension of the polynomial covariogram model, see also the discussion in
Hobolth & Jensen (2002). We explain the geometric interpretation of the parameters
of the proposed extended model and report preliminary simulation results.

2 A global polynomial covariogram model

In this note, we will focus on the model-based approach to error prediction in circular
systematic sampling. In a model-based setting, the aim is to predict an integral of the
form

1
Q:/O F(2nt)dt,

where

F={FQ2nt):0<t<1}
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is a stationary periodic non-negative stochastic process of bounded variation, square
integrable and piecewise continuous. Since F' is stationary, the mean EF(27t) does
not depend on t and equals y, say, and the covariance

Cov(F(2mh), F(2m(h + t))), (1)

0 < h,t < 1, does not depend on h and will be denoted o(t). In (1), we use a periodic
extension of F. The covariance function satisfies o(t) = o(1 — ¢) and therefore, its
Fourier expansion takes the form

o(t) =Xo+2> _ Agpcos(2rkt),
k=1

0 <t < 1. The predictor of Q) to be considered is of the form

e =L 5 (o (0+3)).

where ¢ € [0,1/n[. Note that the distribution of Q(F,$,n) does not depend on ¢, due
to the stationarity of F'. The prediction error of using Q(F ,¢,n) as a predictor of @
can be expressed in terms of the Fourier coefficients A of the covariance function. We
thus have

Note that the prediction error only depends on Fourier coefficients of order n and
higher.

In Hobolth & Jensen (2002), a parametric model for the covariance function is
considered,

—ﬂo—zzxk,
=1

k2p

B, k=1,2,..., (3)

where p is a positive integer and the other model parameters By and (§ are chosen such
that A\, > 0 for £k =0,1,.... Under (3), the prediction error only depends on

E(Q(F, ¢,n) = 22 A

L E— @

n2p
where By, is a Bernoulli number. For more details on Bernoulli numbers and the
associated Bernoulli polynomials, see Abramovitz & Stegun (1965).
Hobolth & Jensen (2002) suggest to estimate the parameter  using maximum
likelihood estimation. It is shown that if F' is assumed to be a Gaussian process,
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there exists a unique unbiased estimator 3 of  with minimum variance. If we have n
systematic observations of F,

F<27r(¢+‘7>>, j=0,1,...,n—1,
n

¢ € [0,1/n[, then

. 1 n—1 j\j
7j=1
where for j=1,...,n—1
1 n—1
Ni=— ZZO cos(2mj(l —m)/n)
, M=

><F<27r <¢+i)>F(2w(¢+:>) (5)

o (2p)!
Ri= 2 G + k)2’

keZ

Using this maximum likelihood estimate of 3 we can estimate the prediction error (4)
by
1

—1 2
(=17 (2m) ¥ Bay

s (6)

The parametric model (3) for the covariance function has originally been suggested
in a design-based setting by Gual-Arnau & Cruz-Orive (2000, page 635). They provide
an alternative estimator of the prediction error (4) based on the empirical covariogram
gat0and1l/n

150 - g
n? 1 — BQP(%)/BQP7

where By, (t) is a Bernoulli polynomial of order 2p and

o(5) = 3 & #er(o+ ))rCe(o 115))

k=0,1,...,n — 1. Note that

0 -3(3) = 303 ((er(o+ D)) (o 1))

j=

(7)

It can be shown that for n = 2 and n = 3, (6) and (7) coincide.
The estimator (7) only uses the empirical covariogram § near the origin. In Cruz-
Orive & Gual-Arnau (2002), they suggest a modified estimator

—p 7o (9)

using more values of the empirical covariogram. The estimators (6), (7) and (9) are
all unbiased under the model (3).
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3 An extension of the global covariogram model

The model (3) and its design-based analogue have the nice property that analytic
expressions of the estimators are available. It turns out, however, that it is natural
from a geometric point of view to consider an extension of this model. In a model-
based setting, the extended model is known as the p—order model (Hobolth et al. 2002;
Hobolth et al., 2003). The covariance function of the extended model is determined
by Fourier coefficients of the form

XN>0, Nl=a+pk", k=1,2..., (10)

where &+ B > 0, B > 0andp > % It can be shown that p determines the smoothness of
the stochastic process F. In fact, if we assume that F' is a Gaussian process, F'is m—1
times continuously differentiable where m is the integer satisfying p €|m — %, m + %]
For fixed p, & and 3 determine the global and local fluctuations of the stochastic
process F', respectively. Small values of & provide large fluctuations of the process on
a global scale, while large values give smaller fluctuations. Also, the smaller B, the
more fluctuations of F' on a local scale.

In particular, if F = R, where R is the radial function of a planar object K,
star-shaped relative to z € K,

R(27t) = max{r : z + r(cos(2nt),sin(2nt)) € K},

0 <t < 1, then p determines the smoothness of the boundary of the object K and
for fixed p, @ and 3 determine the global and local shape of the object, respectively.
If & is small, the global shape of the object K is expected to deviate from circular
shape. A small value of B is expected to provide an object boundary with many local
fluctuations. Typically, in addition, the parameter \; is set to zero if the point z is
approximately the center of mass of the object K. For more details, see Hobolth et al.
(2003).

As mentioned above the model described in (3) is a special case of the p-order
model. It is obtained by choosing p as a positive integer and

a=0,4=(2p)B)" (11)

It seems natural to include an additional parameter & to allow for more flexibility.

The estimator (6) of the prediction error provided under the restricted model (11)
appears, however, to work well under the general model (10) if n is large and F is a
Gaussian process. A heuristic argument goes as follows. In Hobolth & Jensen (2002),
it is shown for a Gaussian process with a general covariance function that

n—1 3¢
5\7] ~ X2(TL - 1)7
j=1"
where \; is given in (5) and
oo
Aj = Z Aj+nk
k=—o00
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For large n, we have under (10) that

<Ry
7 B2p)!
Accordingly, the estimator (6) is approximately v, X where
1 1
= (-1} (27)* By, — ——
= (SDT R By gy 3(2p)!

and X ~ x?(n—1)/(n—1). Note that for n large, the prediction error is approximated
by v, since

E(Q(F7¢7n)_Q)2 :22%

4 Preliminary simulation results

Throughout this section, the squared radial function of the simulated objects relative
to the origin is given by

F(2mt) =1+2 i(Ak cos(2mkt) + By, sin(2wkt)), (12)
k=1

0 <t <1, where all A ~ B ~ N(0, \;) are mutually independent. In fact, if F' is a
stationary periodic Gaussian process, F' is distributed as in (12). Note that since F' is
the squared radial function,

1
71'/ F(2rt)dt
0

is the area of the simulated object.

We concentrate on objects with z approximately equal to the centre of mass so A\q
is set to zero. The remaining Fourier coefficients follow (10). It is natural to use a
reparametrisation of the model (Hobolth et al., 2003),

)\0 > 0, )\1 = 07
Al=at B —2%), k=23,..., (13)

such that o determines Ag for small k£ > 2 while § determines Ay for large k. Through-
out the study, we use p = 2. As a consequence, the object boundary is continuously
differentiable.

Figure 1 shows, for selected values of a and (3, simulated objects and a log-log
plot of the true prediction error (2) together with the estimated prediction errors (6),
(7) and (9) calculated from measurements on the shown objects. As supported by the
reasoning in Section 3, the estimate (6) seems to perform well for not too small values of
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n. The other estimates are somewhat below the true prediction error. For small values
of n neither of the estimators delivers satisfying results. It should be emphasised that
in Figure 1 the simulated objects follow the model (13) but the estimators examined
refer to the model (3).

In Hobolth et al. (2003), it is suggested to use the low frequency Fourier coefficients
to estimate the parameters of the model (13). When F' is a Gaussian process we can
use the likelihood function

K

L) = [ Agte ™ e (14)
k=2

to find estimates of «, 8 and p through standard numerical methods. Here,

a%—kb%

C — 5

is the k’th phase amplitude, where a; and b, are the observed values of the Fourier
coefficients Ay and By from (12). We used values of K approximately equal to n/3.
For details about the choice of K, see Hobolth et al. (2003). In this paper, it is also
shown that the estimation of p is not critical. For convenience, we used p = 2, but
estimated « and 8 by maximising L as a function of o and . For this purpose, we used
the fminsearch-function in Matlab which uses the simplex search method of Lagarias
et al. (1998).
Since the prediction error is given by

2 Z p (15)
k=1

and
A= BEP - 2%)

for £ > 2, we can use the estimated values of o and 3 to obtain an estimate of the
prediction error. In the log-log plots of Figure 2, we show the true prediction error
(solid curve) as a function of n, together with the estimated prediction errors (6) and
(7) and the prediction error obtained by inserting the estimated values of o and /3 into
(15). The estimates are based on measurements on the shown objects. The estimate
(7) lies somewhat below the other estimates which are quite close to the true prediction
error. One should note, though, that the parameters in the model (13) are difficult
to estimate if n is smaller then ten (Hobolth et al., 2003). The reason is that the
Fourier coefficients a; and by are determined as discretised Fourier integrals based on
n measurements of the radial function.

All these results call for a closer investigation of the model (13) and its use in
assessment of the precision of circular systematic sampling.
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Legends to figures

Figure 1

Simulations under the model (13) with (loga, log3) = (3.5,—0.5), (7.5,—0.5) and
(7.5,3.5) in the upper, middle and lower row, respectively. The true prediction error
(solid curve) is shown in a log-log plot as a function of n, together with the estimated
prediction errors (6), (7) and (9) shown as ¢, x and o, respectively. The simulated
objects are shown in the lower left corners of the plots.

Figure 2

Simulations under the model (13) with (loga, logf) = (3.5, —0.5), (7.5, —0.5) and
(7.5,3.5) in the upper, middle and lower row, respectively. In the log-log plots, the true
prediction error (solid curve) is shown as a function of n, together with the estimated
prediction errors (6) and (7), shown as ¢ and o, and the estimate obtained by plugging
in estimates of @ and (3 into (15), shown as x. The simulated objects are shown in the
lower left corners of the plots.
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Non-stationary spatial survival analysis

KRISTJANA YR JONSDOTTIR
University of Aarhus

Abstract

In this report we introduce some basic ideas of how classical tools from sur-
vival analysis can be used to study non-stationary spatial data. We will focus on
the definition of a local version of the empty space function of a non-stationary
random compact set and its hazard rate and an estimation method under the well
known Cox proportional hazard model. We will give some concrete examples of
applying the estimation method, using both real and simulated data. Finally we
will summarise the open questions within this area and discuss some of the further
investigations needed to assess how useful the suggested methods are.

1 Introduction

In Baddeley and Gill (1993, 1997) methods from survival analysis are used to estimate
characteristics for spatial point processes based on interpoint distances. They study
estimators of Kaplan-Meier type based on the analogy with censored survival data.
The distance from a fixed point to the nearest point of the process is censored by its
distance to the boundary of the observation window. In Baddeley and Gill (1994) and
Hansen et al. (1996, 1999) a Kaplan-Meier estimator of the first contact distribution of
a random compact set is introduced and analysed under certain regularity condition.
These papers only consider estimation of statistics of stationary spatial data. It is of
interest to try to use analogues from survival analysis to estimate statistics of non-
stationary spatial data, since the standard analysis cannot be applied in this case.
The question is whether we can find some non-parametric or semi-parametric methods
to analyse non-stationary data sets using methods from classical survival analysis. In
this report, we will mainly focus on the local version of the empty space function of a
non-stationary random compact set X

Fe(r) =P(X Nb(E,r) #0),
and the local version of its hazard rate,

_ Je(n)
Ag(r) = 1—7}75(7“)’

where b(€, R) is the sphere in R? with radius r centred at £ € R? and fe is the derivative
of F¢ (if it exists).
We will start by summarising some known methods to estimate the empty space

function for stationary data, including methods using tools from survival analysis. In
Section 3 we will define a local version of the empty space function of a non-stationary
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random compact set and its hazard rate. We will introduce some ideas of how known
methodology from survival analysis, i.e. the Cox proportional hazard model and the
accelerated lifetime model, can be used for semi-parametric estimation. Examples of
application to real and simulated data will be given. Finally we will discuss the open
problems within this area and try to highlight the most important further investigations
which need to be done.

2 Stationary spatial survival analysis

We assume that we have a realisation of a stationary random closed set X in R?
observed within a compact and regular window W. Thus the data consists of X N W
and W. Even though W could also be regarded as a random set, all analysis will
be conditionally on W. Based on this data, we want to study some properties of the
spatial pattern X by using the empty space function and its hazard function as defined
below.

The empty space function F' is defined as

F(r) =P(X Nb(0,r) #0), r>0, (1)

where b(¢,r) denotes the sphere in R? with radius r centred at ¢ € R?. The empty
space function is also known as the first contact distribution of X with respect to the
test set b(0,7). An alternative definition of the empty space function is given by

F(r) =P(p(0,X) <r), r=0, (2)

where
p(&, X) = inf{|¢ —a| : a € X}, (3)

is the distance from ¢ to the the random set X C R?. The survival function of p(0, X)
will be denoted by S(r) =1 — F(r). If the empty space function is differentiable for
all r € R, then we let f be the derivative (or density) of F' and we define the hazard
rate of X by

A(r) = % = —dii log(1 — F(r)), r>0, (4)
which implies that

F(r)=1-—exp(— /OT A(s)ds).

For more details cf. Baddeley and Gill (1994) and Hansen et al. (1996, 1999).

It is useful to compare the estimated empty space function and/or hazard rate
of some spatial pattern to its theoretical counterpart of a completely random spatial
pattern. Below we will give two important examples of completely random spatial
patterns.

Example 2.1. If the random set X is a Poisson point process in R? with intensity a
we have that
F(r)=1—exp(—anr?) and \(r)= 2anr.

Moreover, an indicator of clustering or regularity of the point process can be seen by
comparing the estimated hazard rate A to the hazard rate of a Poisson process. At
least for small values of r, A(r) < A(r) indicates clustering or aggregation, whereas

A(r) > A(r) is a indication of regularity. O
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Example 2.2. If X is a Boolean model in R? with convex grains, then
F(r)=1—exp(—ala+b+mr?) and A(r) = a(b+ 27r),

where a and b are the mean area and boundary length of the typical convex grain,
respectively. In the special case where the grains are random discs b(0, R;), where the
R;s are positive independent and identically distributed random variables, R; ~ R,
then

F(r)=1—exp(—arE(R+7)?) and \(r)=2an(E(R) +r).

O

Different estimators for the empty space function have been suggested in the lit-
erature. The most simple one is the reduced-sample estimator which is easily derived
using classical minus sampling. This estimator is given by

_ ‘Wer N X@r|k

F™(r) = A (5)

where | - | denotes the k-dimensional Lebesgue measure,

Agr = {£ €R?: p(&, A) <7},
Agr = {€ € RT: p(&, A°) > 7},

and ¢ denotes the compliment. This estimate is unbiased, but note that F™(r) is not
necessarily a distribution function. For more details, cf. Stoyan et al. (1995).

A more efficient estimator is the so-called Kaplan-Meier estimator proposed by
Baddeley and Gill (1997):

Pr)=1- % exp(— /0 A(s)ds), (6)

where )\ is the ratio-unbiased estimator of A,

A(r) = 10(Xar) N Werlr1
|W@r\X@r|k‘ ’

and 9(X) denotes the boundary of X. In practise the sampling window W will be
discretised on a regular lattice and as the lattice becomes finer, the discrete Kaplan-
Meier estimator converges to . For more details, cf. Baddeley and Gill (1994) and
Hansen et al. (1996, 1999).

(7)

3 Non-stationary spatial survival analysis

Now we assume that we have a realisation of a non-stationary random set X in R¢
observed within a compact and regular window W. In non-stationary spatial statistics,
a counterpart of the empty space function in the stationary case is the local empty
space function Fy at a position § € R?, defined as

Fe(r) =P(X Nb(E ) #0)
=P(p(&, X) < 1),
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where 7 > 0 and the local survival function of p(§, X) by Se¢(r) = 1 — Fe(r). If the
empty space function is differentiable for all (¢,r) € R% x RBL , then we let f¢ be the
derivative (or density) of F; and we define the local hazard rate of X by

elr) = 7250 =~ los(1 = E(r). > 0

which implies that

T T
Fe(r) =1 —exp(—/ Ae(s)ds) and  Se(r) = exp(—/ Ae(s)ds). 9)
0 0

The aim is now to try to find some methods to estimate the local empty space function
and its hazard rate by using non-parametric or semi-parametric methods.

A popular method in classical survival analysis is to fit semi-parametric models to
the hazard rates. This means that one studies the relationship of survival distributions
to some known covariates, e.g. one can try to fit a Cox proportional hazards model

Ae(r) = PO\, (10)
or an accelerated life time model
)\g(?”) _ eﬂ-S(f))\(eﬂ-S(f)r)’ (11)

where A is some baseline hazard rate, § is k-dimensional vector of parameters and
s : R* — RF is a vector valued covariate. The baseline does not need to have a special
form and can be estimated non-parametrically. These methods can easily be adapted
to non-stationary spatial statistics, where the covariates are known or an observed
function of £&. The function s(§) could e.g. represent soil type or altitude at position
¢ or a function derived from another spatial pattern.

The two models above also have an interesting intuitive appeal. If we have a union
X* of n independent copies of a stationary random closed set X with empty space
function F' and hazard rate A\, then the union X* has hazard rate \*(r) = n\(r),
corresponding to the transformation occurring in the Cox proportional hazard model.
On the other hand if one considers a scaled version of X, X* = ¢X, ¢ > 0, X* has
hazard rate A*(r) = ¢ 'A(c~'r). This corresponds to the transformation occurring
in the accelerated life time model. Therefore, the models in (10) and (11) have the
intuitive appeal of describing non-stationary change of intensity and non-stationary
change of scale, respectively.

It is important to study the properties of the local empty space function of some
known models for inhomogeneous spatial patterns. The majority of inhomogeneous
models for point processes has been constructed by introducing inhomogeneity into
a homogeneous template point process. This includes e.g. independent location de-
pendent thinning (cf. Baddeley et al. (2000)) and transformation of the homogeneous
process, (cf. Jensen and Nielsen (2000)). Also, one can define an inhomogeneous point
process as a locally scaled version of the homogeneous template process, cf. Hahn
et al. (2003). Other examples, as first-order inhomogeneous Markov point processes,
introduce the inhomogeneity by allowing non-constant first-order terms in the density
of the process with respect to the unit rate Poisson process, c.f. Stoyan and Stoyan
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(1998). Some Cox point processes are also important in the description of inhomoge-
neous point patterns, c.f. Mgller et al. (1998) and Brix and Mgller (2001). However,
there does not seem to exist any simple way of studying the properties of the local
empty space functions for these models. In Section 4 we will study a more tractable
model, then the models mentioned above.

4 Cox proportional hazard model

A special class of inhomogeneous germ-grain models for non-stationary random com-
pact sets in R?, is a Cox proportional hazard model for the local hazard rate with

s(&) = &, see (10).

4.1 The germ-grain model

The definition of the model is as follows. Let
X = UZIGY{y + Zy}>

where Y is an inhomogeneous Poisson process on R¢ with a log-linear intensity function

(y) = aexp(f-y), a>0,8eR?

and {Z, },cy is a sequence of independent and identically distributed random compact
sets in R? that are independent of the Poisson process Y. We will assume that Ly~ 2
for all y € Y, where Z has the distribution Q. The random compact set X can also be
regarded as a marked Poisson point process {y, Z,} with points in R? and mark space
IC, where K denotes the class of compact sets in R%. A germ-grain model of this type
can e.g. be used to model data with a spatial trend along a specific axis.
Denote
n(F)=> 1y+2,eF}, Fek
yey

where K' = B(KC\ {0}). Then the intensity measure of the random compact set X is
given by

MF) =B = [ [ 1+ 2 € Fhwiaz)y
where F € K'. Now define the hitting distribution T'x of the random compact set by
Tx(K)=P{XNK #0}, Kek.
It is clear that

Tx(K)=P{XNK#0}=1-P{XNK =0}
=1-P{n(Fk) =0} =1—exp(—A(Fk)),

where K € K and Fx = {F € K: FN K # (}. The local empty space function of the
random compact set X at position £ is given by

Fe(r) = Tx (b(€, 7)) = 1 — exp(=A(Fpe,r)))-
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We have that

A Fyery) = /]Rd //c Hy + Z € Fyer) 17 (y)dQ(Z)dy

- /R d /K 1{(y + 2) Nb(E, 1) £ O}(5)dQ(Z)dy

= E@{/b(m@z v(y)dy} = EQ{/Z;(O,T)@Z Yy + £)dy}
—exp(3-O8o{ [ )y} = (5 OAFon)

b(0,r)®Z

where Z = {—2: z € Z} and thus

Fe(r) = 1 —exp (exp(8 - ) log(1 = Fy(r))) = 1= (1 = Fy(r))™*7),

Se(r) = (So(r)) P79,
It follows that the local hazard rate of the random compact set X at £ fulfils

Ag(r) = exp(B - §)do(r),

and the model is therefore a special type of the Cox proportional hazard model, see
(10).
4.2 The Poisson point process

A special case of the germ-grain model described above is the Poisson point process
with log-linear intensity function v(§) = aexp(8 - §), i.e. Z, = 0. The following
relations for the local empty space function, local hazard rate and the local survival
function of X were found above,

Fe(r) =1— (1= Fy(r))>P0), (12)
Se(r) = So(r)>PP9), (13)
Ae(r) = exp(fB - §)Ao(r). (14)
Using the specific form of the intensity function one gets that
2
Sa(r) =exp (2R (15)
Xo(r) = 2marly(r|f)), (16)

where I, is the modified Bessel function of the first kind of order v. The calculations
can be found in the Appendix.

Since the Cox proportional hazard model only includes the parameter (3, we need
an estimation method for the parameter «. This can be done by solving the equation

E(n(X W) = a /W exp(3 - m)dn,

for o, where n(x) denotes the cardinality of x and B is an estimate of 3. This implies
that we can estimate a by

& = nw (/W exp(ﬁ'n)dn) - (17)

6
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where ny is the observed number of points in the window W.

The fitted model can be used to check for complete randomness of a point pro-
cess, by comparing the estimated baseline hazard rate 5\0 to the hazard rate Ay of an
inhomogeneous Poisson process with intensity v(§) = aexp(f - ), replacing a and [
with its estimates. The deviations of the estimated hazard rate to the hazard rate
of the Poisson process can also give an indication of clustering or regularity as in the
stationary case. Ag(r) < Ao(r) indicates clustering or aggregation and Ag(r) > Ao(r)
indicates regularity, at least for small r. In addition, the estimated survival function
can be compared to the survival function of the inhomogeneous Poisson point process.

4.3 Estimation method for the Cox proportional hazard model

In this section we will explain how the parameter 0 can be estimated in the Cox
proportional hazard model.
Our data consists of the local empty space distances

p(&, XNW)=inf{|¢ —a|:a € X NW},
and the local distances to the observation window
p(§,0W) = inf{[¢ —a| : a € OW}.
The true distance p(&, X) is censored by the distance to the boundary p(&, 9W), since
p(&,X) A p(§ W) = p(§, X NW) A p(&, OW),

where a A b = min{a, b}. Like in survival analysis we therefore define the ”observed
failure times”

t(é) = p(va N W) A p(év 8W)7

and a censoring indicator

d(§) = 1[p(&, X) < p(§, OW)] = 1[p(§, X N W) < p(&, OW)].

We suggest calculating (¢(€), d(&)) for some points £ in a regular lattice L on W, having
observations {(t(§),d(§))}¢cr and then fitting a Cox proportional hazard model

Ae(r) = exp(f - §)Ao(r), (18)

with parameter 3 € R?, using the standard methods from survival analysis to estimate
0, i.e. the partial likelihood function

d(e)
B exp(8 - §)
L(pB) = gg <ZHGR(§) exp(f - n)) ’

where R(§) = {n € L : t(n) > t(§)}. Then non-parametric methods are used to
estimate the baseline hazard rate \g. For more details see cf. Andersen and Gill
(1982).

One should note that using this estimation method, the observations on the lattice
L are treated as independent which is clearly not the case for spatial patterns. It is
also clear that we can actually observe continuous data, since the (¢(£),d(§)) could be
observed for all £ € W. We postpone a more detailed discussion of these issues to
Section 6.
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4.4 Examples

In this section we will apply the estimation method discussed in Section 4.3 to a
simulated data set and real data set describing the location of adult Longleaf Pine
trees.

Example 4.1. (Simulated data) We have simulated a Poisson point pattern on the
unit square window with intensity

v(z,y) = 300 exp(—2z).

Figure 1 shows the simulated point pattern. When we fit a Cox proportional hazard
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Figure 1: A simulated inhomogeneous Poisson point pattern on the unit square window.
The intensity is given by p(x,y) = 300 exp(—2z).

model using the observed failure times and censoring indicators of the simulated data
and, by using the coxph function in R, we get estimates B = (—1.858,—0.692) and
using equation (17) we get & = 424.07. Now using the survfit function in R we get
an estimate of the survival function at the point & = (0.5,0.5), S¢,(r) and using the
function Diss we get an estimate of the local hazard rate ;\50. These estimates can now
be compared with the survival function and the local hazard at &, of an inhomogeneous
Poisson process with intensity v(£) = @exp(@ -£). Figure 2 shows the estimated local
hazard rate 5\50 (r) and the local hazard rate of the inhomogeneous Poisson process
with intensity & exp(5 - €) for r < 0.14. Equation (14) and (16) are used to calculate
the local hazard rate of the inhomogeneous Poisson process.

In Figure 3, a log-plot of the estimated survival function 5’50 (r) is shown against
the survival function of the inhomogeneous Poisson process with intensity & exp(B -£).
Equations (13) and (15) are used to calculate the survival function of the inhomoge-
neous Poisson process.

The plotted line in Figure 3 coincides with the line x = y. In Figure 4, a plot
of the estimated baseline survival function at £ and the survival function at &, of an
inhomogeneous Poisson process with intensity & exp(B - £) are shown.
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Figure 2: The estimated local hazard rate 5\50 for the simulated data (full line) and
the local hazard rate of an inhomogeneous Poisson process with intensity & exp(f - &)
(dotted line). The plot shows only the values for r < 0.14.
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Figure 3: A log-plot of the estimated baseline survival function for the simulated data
at & = (0.5,0.5) vs. the survival function at & of an inhomogeneous Poisson process
with intensity &exp(f - &)
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All these figures indicate that the inhomogeneous Poisson process is a good fit to
the simulated data, as expected.
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survival probability
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0.00 0.05 0.10 0.15

Figure 4: A plot of the estimated baseline survival function for the simulated data at
o = (0.5,0.5) (full line) and the survival function at &y of an inhomogeneous Poisson
process with intensity &exp(f - &) (dotted line).

Example 4.2. (Adult Longleaf Pine tree data ) The data in Figure 5 show the
locations of adult Longleaf Pine trees (trees of diameter greater or equal than 30 cm),
in a 200 x 200 metre region. The data is a subset of a larger data-set which has been
analysed in e.g. Cressie (1993). Note that this data set shows a clear spatial trend
along the x-axis, suggesting a log-linear intensity.

Let us fit the Cox proportional hazard model

Ae(r) = exp(B - €)Ao(r),

where A¢(r) is the local hazard function of the distribution of p(§, X) and X is the
observed point pattern. This gives us the following 3 = (—7.2974-1073,1.4481-107°).
We want to see if there is some evidence of deviation from an inhomogeneous Poisson
model with intensity v(§) = aexp(f-€&). We get an estimate & = 0.013007 using
equation (17). Using the same estimation procedure as in the last example we compare
the estimated hazard rate and the estimated survival function at £ = (100, 100) with
their theoretical values, using the above estimates of o and 3. The plots are shown in

Figures 6-8. The plots indicate some clustering of the trees.

Note that the estimated local hazard rate can not be interpreted for large values
of  due to the finite size of the sampling window.

10
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Figure 5: The locations of adult Longleaf Pine trees.

hazard

15 20

Figure 6: A plot of the estimated local hazard rate for the adult Longleaf Pine tree

data at §o = (100, 100) (full line) and the local hazard rate at {y of an inhomogeneous
Poisson process with intensity &exp(5 - &) (dotted line).

11
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Figure 7: A plot of the estimated baseline survival function adult Longleaf Pine tree
data at & = (100, 100) (full line) and the survival function at & of an inhomogeneous
Poisson process with intensity & exp(3-€) (dotted line).
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Figure 8: A log-plot of the estimated baseline survival function adult Longleaf Pine
tree data at & = (100, 100) vs. the survival function at &y of an inhomogeneous Poisson
process with intensity &exp(f - &)
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5 Accelerated lifetime model

We will now look at the spatial analogue of the accelerated lifetime model for the local
hazard rate. Until now, we have not been able to find a random compact set such that
the local hazard rate fulfils an accelerated lifetime model. Intuitively, a prominent
candidate would be a germ-grain model, where the germs are a locally scaled Poisson
process with scaling function s(§) and the grains are independent but a scaled version
of each other with scaling function s. However, this type of germ-grain model does not
fulfil an accelerated lifetime model as seen below.
Let
X = UyEY{y + Zy}a

where Y is a locally scaled Poisson process on R? with scaling function

s(y) = aexp(B - y),

i.e. with intensity function v(y) = s(y)~%, {Z,}yey is a sequence of independent
random compact sets in R? which are independent of Y and Z, ~ s(y)Z, where Z is
a random compact set with distribution Q. The counting measure is of the form

n(F)=> Wy+sy)ZerF}, Fek,
yey

and the intensity measure A of the random compact set X is given by

AF) =B} = [ 1+ 002 € Frae i
where F € K'. As in Section 4, the hitting distribution Ty can be calculated by
Tx(K) =1-exp(—A(Fk)), K €K,
and the local empty space function of X at position ¢ is

Fe(r) =1 —exp(=A(Fye,r)))-
We have that

Mien) = [ | 1o+ 50)2)n0er) £ 0ps() a0 2)d.

and if we make the substitution t = Zg;f, so dy = (e7€)dt and y = & + te€, we get

AMFuen) = /R ) /K {(&+te” S 4s(E+te7€) 2)Nb(E, 7) # O}s(Ette™) () dQ(Z)dt.

Sin(:e
o(6 + 1Py = 0376
o
we get that
B-€
o /Rd /’C 1 { (Erectes 8(@8&#)2) nbE,r) # @)} s(te$)~4dQ(Z)dt

/ L{(t + 5(t¥6)2) N b(0, e PEr) £ D}s(tePE)~4dQ(2)dt
R JK

R

= (fb(O,e*B'gr))?

13
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where A is the intensity measure of a random compact set X of the local scaling type
defined above, but with scaling function 3¢(t) = s(te?¢). Thus

Fe(r) = Fye(exp(=B- &)r),
Ae(r) = exp(—B - E)Xog(exp(—B - E)r),

where F and ) are the local empty space function and local hazard rate at position §
of the random compact set X, respectively. Since the hazard rate A\g¢ depends on &,
we do not have an accelerated lifetime model.

6 Discussion

In this section we will try to summarise the open questions within this area and discuss
the possible problems with the methods used.

One of the problems arising in this report is the question of the existence of A¢.
Existence is ensured if F} is differentiable for all { € W. It is needed to try to find some
regularity conditions on the random compact set X, such that F¢(r) is differentiable
for all £ € W and r > 0.

Another possibly problematic issue is the question of existence of a random compact
set X with a local hazard rate fulfilling a given Cox proportional hazard model or an
accelerated lifetime model. This problem could possibly be solved by using a similar
strategy as proposed by Zimmerman (1991).

In Section 4.3 we proposed a method of estimating 3 based on the partial likelihood
in the Cox proportional hazard model (18) and a non-parametric method to estimate
Ao- The observations are functions of distances p(§, X) and p(&,0W) from points & in
a lattice L. One should note that these observations are heavily dependent since

(& X) = p(n, X)| < [n—¢]. (19)

Fitting the model (18), using the suggested methods, means ignoring this spatial de-
pendence.

Another problem concerning the estimation methods is the fact that the obser-
vations p(&, X) and p(§,0W) can be observed at every point £ of the observation
window W. Therefore a very interesting problem is to find a continuous analogue of
the partial likelihood estimation method and investigate its properties. In practise, one
would however probably always use the discrete version of the likelihood. This involves
a number of open questions concerning the asymptotic properties of the estimators.
One could e.g. study asymptotic results concerning the size of the window W and size
of the lattice used.

As mentioned in Section 4.2, the Cox proportional hazard model only includes the
parameter 3. This means that using the suggested estimation methods we need an
estimate for «. If the observed random set is such that the grains do not intersect,
one can find reasonable estimates of the parameter «, using similar considerations as
in Section 4.2,

& = nw (/W exp(f3 - n)dn) - (20)

where nyy is the number of observed grains in the observation window W. One can
also use the empirical distribution of the shapes of the grains as an estimate of the
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distribution Q and simulate the theoretical local hazard rates and survival functions
using this estimate and the estimates of the parameters determining the intensity
function. This involves calculating

EQ{/Z)(O,T)@Z v(y)dy},

where the parameters in the intensity are the estimated a and (. If the grains overlap,
the estimation of o will be more complicated.

Many distance and size variables in stochastic geometry can be considered as gener-
alisations of one-dimensional waiting times. This suggests that statistics and functions
in spatial statistics can be estimated and/or analysed by using methods from survival
analysis. One could try to use the ideas suggested here for other first contact distance
functions then the empty space function, using different test sets. This could perhaps
be used to investigate anisotropy of non-stationary random compact sets. It is also
of interest to look at local versions of other functions based on interpoint distances,
e.g. the G and J function and try to find analogues from survival analysis to estimate
these functions.
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Appendix: Calculation of the hazard rate and the survival
function for a non-stationary Poisson point process at ¢

Let X be a Poisson point process with intensity function v(y) = aexp(5-§). It is easy
to see that the local survival function is given by

Se(r) = exp(— /b(g , W(U)dﬂ>>

implying that the local empty space function is given by

Fe(r)=1- eXP<— /b(£ ) v(n)dn),

and the local hazard rate is given by

Ae(r) =/ aexp(f - n)dn = aexp(S - 5)/ exp(3 - n)dn.
ob(&,r) 0

b(0,r)

1) = arcsin (ﬁ) = arccos <@) )
[ 6
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then
2
/ exp(8 - n)dn =r / exp(r B cos 0 + B2 sin 0)do
ob(0,r) 0
2w
=r / exp(r|B|(sin ¢ cos 8 + cos ¢ sin #))do
0

2
_ / exp(r| 3] sin (v + 0))do
0
= 21 Io(r|B)),

where I, is the modified Bessel function of the first kind of order v. Note that

/ exp(f - n)dn = / / exp(f - n)dnds
b(0,r) 0 Job(0,s)

= /T 27sly(s|3])ds
0
9 e 2
_ ﬁ /0 wly(w)dw = %h('r\ﬁl)-

Using equation (9), we get that
S¢(r) =exp<—a/ exp(B'n)dn)
b(é.r)

—exp(~aexp(6-€) [ exp(sn)n)

o)
— exp(-aexp(5- ) exp (TR0 )
and
Fi(r) = 1 - expl(-aexp(3 - ) exp (T R013) )
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