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Abstract

Many real phenomena , including phase change, such as crystallization processes, tumor
growth, forest growth, etc. may be modelled as stochastic birth-and-growth processes, in
which crystals develop from points (nuclei) that are born at random both in space and
time. In this paper we revisit these processes by classical methods of survival analysis
with specific reference to the role played by the survival function and the corresponding
hazard rate with respect to capture of a point by the so called crystalline phase. General
expressions for the hazard and survival functions associated with a point are provided.
Known results for Poisson type processes follow as particular cases. Further a link between
hazard functions and contact distribution function of stochastic geometry is also obtained.
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1 Introduction and Basic Notations

A birth-and-growth process is composed of two processes, birth (nucleation) and subsequent
growth of spatial cells (crystals), which are, in general, stochastic both in time and space.
Thus, for each fixed time ¢, the crystallized region, denoted by ©¢, is a random closed set and
so it may be studied by using tools of stochastic geometry. On the other hand the process
evolves in time; following the classical approach based on Doob-Meyer decomposition theorem,
dynamical aspects are described in terms of its compensator with respect to the natural history
of the process, which includes the (random) spatial occupation due to the growth of crystals.
The aim of this paper is to analyze these processes by the methods of survival analysis, thus
extending to the spatially heterogeneous case partial results known for homogeneous Poisson
nucleation processes (see e.g. [3],[5]). In particular, the survival function S(t,z) of a point = at
time ¢, representing the probability that x is not yet crystallized at time ¢, and its link with the
so-called hazard function h(t,x), representing the rate of capture of the point x, are analyzed
in Section 2. In Section 3 we relate the hazard function to the well known contact distribution
function of stochastic geometry (see, e.g., [14]).



Definition 1 A marked point process (MPP) ® on a complete separable metric space (c.s.m.s.)
X with marks in K c.s.m.s. is a point process on X x K with the property that the marginal
process {®(B x K) : B € B(X)} is itself a point process. (See, e.g., [6]).

So the nucleation process can be modelled by a MPP ¥ on R with marks in a measurable

space K C R%:
U= e, x,)

n=1
where the random variables X,, and T, are, respectively, the spatial location in K and the birth
time of the nth nucleus.
For any A € B(R") and B € B(K) (where B is the Borel o-algebra) we have

U(AxB) = Y 14(Tw)1p(X,)
= ;é;{nuclei born in B during time A}.
Denoted by F = {F;} the internal history of the process ¥, where
Fi=0{¥([0,s] x B) : 0<s<t, BeBK)},

it is possible to prove (see [9],[11]) that there exists a random measure v on RT x K, said
compensator of ¥, such that VB € B(K),

i) the process v(t, B) = v([0,t] x B) is Fi-predictable;
ii) the compensated process
M(t,B) = ¥([0,t] x B) — v(]0,t] x B)
is a zero-mean martingale.

On the other hand, denoted by
v(dt) = v(dt x K)

the compensator of the marginal process ¥(-) = ¥(- x K), there exists [11] a stochastic kernel
k from  x R to K such that

v(dt x dz) = k(t, dz)i(dt). (1)

Remark 1 In many applications it is supposed that further nuclei cannot be born in an already
crystallized zone. When we want to emphasize this, we will write

v(dt x dz) = k(t, da)i(dt) = ko(t, dz)o(dt)(1 — 1o (2)),

where vy (dt X dx) = ko(t,dz)D(dt) is the compensator of the process Wy, called the free-process,
in which nuclei can be born anywhere.

In either cases the compensator of the process, be it free or not, can be factorized as in (1), so
we will consider a generic process ¥, unless otherwise specified.

Definition 2 The intensity measure of U is the (o-finite) measure A on R x K given by

A(A x B) := E(¥(A x B)).



We observe that from i) and ii) it follows that

v(dt x dr) = E(v(dtxdz)|F-)
E(U(dt x dz)| Fo_) — B(M(dt x dz)| Fi_)
= E(U(dt x dz) | F,_), (2)
and so
E(v(dt x dz)) = E[E(U(dt x dz) | F;_)] = A(dt x da); (3)

moreover, since K is a c.s.m.s. and A is a o-finite measure, it is possible to factorize A in the
following way [11]:

A(dt x dx) = A(dt)Q(t, dx), (4)

where A is the intensity measure of the marginal process U and, Vt € R*, Q(¢,) is a probability
measure on K, called the mark distribution at time t.

Definition 3 A point process ® on R? is said simple if ®({r}) <1 Vx € R™

Remark 2 If U is a MPP with simple marginal process ¥ and marks X;, then, formally, by
(1) and (2) it follows that

k(t, B)o(dt) = E(W(dtx B)|F_)
P(¥(dt x B) = 1|F_)
= P(X; € B|U(dt) =1, F_)E(U(dt)| Fi_)
= P(X; € B|¥(dt) =1, F,_)o(dt),

from which it is evident that k(¢, dx) is in general stochastic.
Observe that by (3) and (4) we have

Q(t,dx)A(dt) = E(v(dt x dz)) = E(k(t, dz)v(dt));
so, if U is a MPP with marks independent of the marginal process, then
E(k(t,dx)v(dt)) = B(k(t,dz))E(5(dt)) = B(k(t, dz))A(dt),

that is
Q(t,dx) = E(k(t,dx)).

In particular, if W is a position-dependent Q-marking of ¥ (see [11]), then k(t,dz) is determin-
istic and coincides with Q(t,dx); while if U is an independent Q-marking of U (i.e. marks X;
are IID random elements with distribution @ and independent of ¥) we have k(dz) = Q(dx)
[8].

By hypothesis we consider birth-and-growth processes ¥ such that the marginal process
U is simple and the mark distribution Q(¢,-) is absolutely continuous with respect to the d-
dimensional Lebesgue measure v on K; besides, we assume normal growth with a growth speed
G of crystals continuous and in general space-and-time dependent such that G(t,z) > Gy > 0
forallte R <t 2z € K.

Denote by ©%(z) the crystal born at time s and point z and grown to time ¢. Then the
occupied region at time ¢ is given by

o' = J o (x)).

JiTy <t



Definition 4 The survival function of a point x at time t is the probability that the point x is
not yet covered ("captured”) by any crystal at time t:

S(t,r) :=P(z ¢ ©).

2 Swurvival and Hazard Functions

In order to study the survival function of a point x, it is useful to introduce the nonnegative
r.v. T, representing the capture time of x; in this way we can relate it all to a typical problem
of survival analysis and then study it in terms of MPP W taking the geometric aspects of the
crystallization process into account.

In fact, let T" be a nonnegative r.v. with cumulative density function F'; then T may be
considered as a random failure time, the function S(t) := P(T > t) is called the survival
function of T and

Pit<T<t+At) F(t+At—)—F(t—)

P(T € [t,t+At)|T >1t) = P> 1) - 1—F(t—)

If T is a continuous r.v. with pdf f, then the following limit

P(T et,t+At)|T >1)
At10 At

(with 0/0 = 0) exists and h(t) = (L, ie. h(t) = — % I S(t).

Definition 5 h(t) is called the hazard function of T, while

o ¢ S(ds)
== [ )

is known as the cumulative (or integrated) hazard function of T.

Remark 3 If T is a continuous r.v., then H(ds) = h(s)ds.
If T is a discrete r.v. we can define a discrete hazard function h(t) := P(T = t|T > t), from
which it follows H(t) = >_ ., h(s).

We introduce now the so-called product-integral and its relation with hazard and survival
functions. (For a complete and elementary treatment of the basic theory of the product-integral
see [7] and [1]).

Definition 6 Let X : [0,00) — R be a cadlag function of locally bounded variation. We define

Y(t) = [[(1+ X(ds))

the product-integral of X over intervals of the form [0,t], as the following function:

vity= [] 0 +X(ds)) = lim [10 - X @) - X(ti-1)),

max |t; —t;_1|—0 *:
s€[0,t] lti=tiza] i

where 0 =1ty < t; < --- < t, =t is a partition of [0,t].



If X is a step-function, the product-integral becomes a finite product over the jump times of
X, thus
v =]](+AX)

where AX = X — X_; if X is continuous, the product-integral is just the ordinary exponential

(1 +dX) =

Theorem 1 [1] Y = [[(1 + dX) exists and is a cadlag function of locally bounded variation.
It is the unique solution to the integral equation

Y(it)=1 +/ Y(s—)X(ds).
[0,¢]
From Definition 5 and Theorem 1, we have that, for a r.v. T"> 0,

S@) =[Ja-dn).

[0,]
Let us now consider the capture time T, of point x and observe that
P(T, >t) =Pz ¢ O") = S(t,z).

So S(-,x) is the survival function of the r.v. T, and, in order to apply what we just said in
terms of the MPP W, we must go back to the ”causes” of capture of point x. To this end we
need to introduce the concept of causal cone (see e.g.[3],[10]).

Definition 7 The causal cone C(t,x) of a point x at time t is the space-time region in which
at least one nucleation has to take place so that the point x is covered by crystals at time t:

Clt,x) == {(s,y) € [0,1] x K : z € O4(y)}.
We denote by S, (s,t) the section of the causal cone C(t, ) at time s < ¢,
So(s,t) :i={y e K: (s,9) €C(t,z)} ={y € K: 2 € OL(y)}.

Under the assumption that the growth model is deterministic and for all ¢’ > ¢ is O (z) c O (),
we suppose further that the causal cone C(¢, x) is well-defined for any x, ¢, and that the sections
S:(s,t) are such that dim 0S,.(s,t) < d for any z, s, t.

Remark 4 From the definition of C(¢,z) it easily follows that
S(t,x) =P(Y(C(t, z)) =0).
Moreover, from the simplicity of the marginal process ¥, we have, formally,

Q(t,B)A(dt) = A(dtx B)
E(¥(dt x B))
P(U(dt x B) = 1)
= P(X, € B|Y(dt) = 1)P(¥(dt) = 1)
= P(X; € B|¥(dt) = 1)A(dt)



Therefore the mark distribution Q(t, B) represents the probability that a nucleus X; € B, given
that it was born during [¢t, ¢+ dt). The hypothesis of absolute continuity of ¢) implies that nuclei
cannot be born in a set B with dim B < d; in particular Q(s,dS,(s,t)) =0 Vs < t and so T,
is a continuous r.v..
In fact, by absurd let T}, not be a continuous r.v.; then there exists ¢t € R* such that P(T,, =
t) > 0. Observe that

P(T, = t) > 0 & P(U(C(t,2)) £ 0) > 0 & E(U(IC(t,z))) > 0.

But

)

E(\Il((‘)C(t,x)))z/O /35( t)Q(s,dy)]X(ds)zO.

Since in the continuous case the product-integral coincides with the ordinary exponential,

S(t,z) = exp { /Ot h(s,x)ds} ,

>
h(t,z) = Tim P(T, € t,t+ At)| T, > t)
At]0 At

is the hazard function of T}, as defined by (5).
By the continuity of T,

we have

where

P(T, € (t,t + At]| T, > 1)

ht,@) = kﬁlo At
. Pz e (0fat\ 0!z ¢t
= lim
At10 At
. P(ze @”At|x€@t)
= lim .
At]0 At

Definition 8 For all x € K, the function h(-,z) given by

P(z € ©F2t [z ¢ ©F)
At10 At

18 called the hazard function associated with point x.

Note now that, formally,

H(ds,x) = h(s,z)ds = P(x € @514 |z ¢ ©%)
=P(P[C(s + ds,x) \C(s,x)] > 0| T(C(s,x)) =0). (6)

Unfortunately, Eq. (6) does not provide an explicit dependence of h upon the kinetic parameters
of the process.
In fact, since C(s+ds,z) \ C(s,x) € (s,s+ ds] x K, it is not possible simplify (6) by using the
hypothesis of simplicity of ¥.

We show now that, by defining a suitable r.v., it is possible to write again the survival
function as a product-integral for any fixed ¢, but so that the properties of ¥ are taken into
account.



Definition 9 For any fized t € RT, let Ny, be the positive r.v. defined in the following way:

Ntw::

)

s if the first nucleus in C(t,x) was born at time s
+oo if no nucleus was born in C(t, )

‘We observe that:

e since NV, is the birth time of the first nucleus in C(¢, x), it is well defined also for processes
where new nuclei cannot be born in an already crystallized zone;

o N, , is a discrete r.v. <= the intensity measure A of U is discrete.
In fact, P(N,, = s) # 0 if and only if
P{U({s} x Sa(s,1)) = 1} N{¥(C(s—, Sx(s—,1)) = 0}).

By observing that

12 W({s}) = U({s} x K) = ¥({s} x Sx(s,1)),
we can use the hypothesis that U is simple and write

P(U({s} x S(s,1)) = 1) = A({s})Q(s, Su (s, 1))
Thus, by assuming Q(s, S,(s,t)) # 0, it follows that A({s}) # 0.

As a consequence, if A is continuous, then Ny, is continuous on [0, ¢].

Since S(t,z) = P(¥(C(t,x)) = 0) = P(Nyp = +00) = P(Ny, > t), we have that, for any
fixed t € RT,
St,x)= ] (1 -Hy,,(ds,x)),

s€[0,t]
where Hy, , (ds, z)) is the cumulative hazard function of N ,.
Now we distinguish between A discrete and continuous.

1. Let A be discrete, and so also 7. Then

P(Nio>t)= [[ 1 -PWNiw=s5|Nio > 5)). (7)
s€[0,t]

In terms of the nucleation process ¥,

I
=
—~

oo
=

P(Niz=s[N=>s) = PU[{s} xSu(s,t)] =1|V[C(s—,Su(s5—,1))]
E(P[{s} x Su(s, )] [ ¥[C(s—, Sz(s—,1))] = 0)
= EW[{s} x S:(s,1)] | ¥[C(s—,Sz(s—,1))] = 0).

Therefore,
S(tx) = [ [ —E@{s}k(s, Se(s,1) | ¥[C(s—, Su(s—,1))] = 0)]. (9)
s€[0,t]

Remark 5 If ¥ is a process with independent increments with respect to its history, then
the behavior of ¥ in an interval (s,t] does not depend on what happened up to time s for all
s,t € RT with s < t. So the expression (8) is equal to P(¥[{s} x S,(s,t)] = 1) and we obtain

St,z)= ] [ —AUsHQ(s, Suls,1)).

s€[0,t]



2. Let A be continuous, and so also 7. Then

P(Nio>t) = J[1-P(s<Niw<s+ds|Now > 5)] (10)
= ﬁ[l —P(s < Ny <s+ds| Ny > s)]
01
= tlo_[tj[l — P(W[(s, s+ ds] x Sa(s,1)] > 0| ¥[C(s, Sx(s,1))] = 0)]
= g[l — E(P[(s, 5 + ds] x Sz(s,)] [ W[C(s, Sx (s, 1))] = 0)]
= Pﬂ[l — E((ds)k(s, Sx(s, 1)) | W[C(s, Sa(s, 1))] = 0)].

Since Ny, is continuous on [0, ¢], we obtain that, for any fixed ¢,

t
S(t,x) = exp {/ E(@(ds)k(s,Sa(s,1)) | ¥[C(s,Sa(s,1))] = 0)} - (11)
0
Remark 6 Let us suppose that the compensator v of ¥ is of the form (see Remark 1)
v(dt x dz) = ko(t, dz)v(dt)(1 — Lge- (x)).

It is clear that the probabilities in (7) and (10) are the same probabilities we have when we
consider the free process ¥y with compensator vo(dt x dz) = ko(t,dz)r(dt). So, there is no
distinction between ¥ and ¥ in computing the survival function.

Please note that vo(dt x dz) is still assumed in general to be F;_-measurable (see Remark 2).

Therefore expressions (9) and (11) represent the survival function of a point z at time ¢ in
the case of a nucleation process with a compensator that in general can be stochastic.

If additional we assume that the (free) process ® has independent increments and A is
continuous, by (11) it follows that

S(t,z) = e~ Jo AMdDQS(s,1)) = = AC(ta) (12)
and, consequently,
0

if the derivative exists.
So we obtain the same results as when ¥ is a nucleation process of the Poisson type (see
[5],[12],[13]). In fact [11], the independence of increments implies that the compensator of
U is deterministic and coincides with the intensity measure A. Since a point process with a
deterministic and continuous compensator is a Poisson process, then ¥ is a marked Poisson
process.

Note that, in this case, Eq. (12) could be obtained as a direct consequence of the following
theorem [11]:



Theorem 2 Assume that (X, X) is a c.s.m.s. and let A be a measure on RY x X such that
A(- x X) is continuous and locally bounded. Suppose that ® is a marked Poisson process with
mark space X and intensity measure A. Then ® (considered as a random measure on RT x X)
18 a Poisson process with intensity measure A.

We now introduce the concept of individual hazard function and show that it coincides with
the hazard function h(t,z) when the free process ¥y is a marked Poisson process. This result
was already proved in [4]; here we give a more immediate proof by using the theorem above.

Definition 10 The individual hazard function hi(t,z) is the capture rate of point x at time t
by a single crystal, i.e.

PEjeN: ze (0 \ 0|z ¢ 0O
At]0 At

Proposition 1 Let ¥ be a nucleation process such that Wy is a marked Poisson process with
intensity measure A. Then

h(tvx) = hl(tvx)
for all x € K and for all t € RT.

Proof. Let ho(t,z) and hg 1(t, z) be respectively the hazard function and the individual hazard
function associated with the free process Wy. Since (C(t + dt,z) \ C(t,z)) NC(¢,x) = @ and ¥
(Poisson process on RT x K) has independent increments, we have

h(t,z)dt = ho(t,z)dt
1-=P(Yo[C(t+dt,z) \C(t,z)] = 0| To(C(t,z)) = 0)
1-P(Yo[C(t+dt,x) \C(t,x)] = 0)
1 o~ MC(t+dt,)\C(t,2))

= A(C(t+dt,z)\C(t, ),

as in (13).
Denote by hi(t, z) and ho (¢, z) the capture rate (for ¥ and ¥y respectively) of = at time ¢ by
exactly k crystals. Thus we have

hor(t,z)dt = P(U[C(t+dt,x) \C(t,x)] =k|Te(C(t,z)) =0)
= P(Y[C(t+dt,z)\C(t,x)] = k)
[A(C(t + dt,z) \ C(t, z))]* o AC(ttdta)\C(ta)
k!
[h(t, z)dt]

= (1 hit@)dt) = O(h(t,x)d)

Observe that:
for k=1,

P(Y[C(t+dt, z)\C(t,z)] = 0| T(C(t,x)) = 0) = P(To[C(¢t+dt,x)\C(¢,x)] = 0] ¥o(C(t, x)) = 0),
since the first nucleus is free to be born in C(t + dt,z) \ C(t,z). So

. h(t,x)dt  h(t,x)?dt?
(t,) = hoa(t,2) =t " HEEEAE )




for k > 2,
{w:U[C(t+dt,z)\C(t,x)] =k)} C{w: Y[C(t +dt,x) \C(t,x)] = k)}.

So, hi(t,x) < hok(t,z) = 0. O

3 A Relation between the Hazard Function and the Local
Spherical Contact Distribution Function

In the previous section we saw that the survival function S(¢, z) can be obtained by the knowl-
edge of the hazard function h(t, z) of capture time T, of a point x.

From the survival analysis theory, we know that a natural estimator of the survival function
is the Kaplan-Meier estimator, and it turns out to be the product-integral of the empirical
cumulative hazard function (known as Nelson-Aalen estimator). So, if Ty 1,..., Ty, is an IID
sample of T, the Kaplan-Meier estimator S = [J(1 — dH) of S(t,z) is given by

S(x,t)zg(1_m>.

Observe that if we have got n realizations of ¥, and so of O, then each T} ; is the capture time
of the point z in the ith realization ©;. Thus T} 1,...,T; , are IID as 7.

Problems arise when we have only one realization of ©. In fact, even if S does not depend
on z (spatial homogeneity), we can not consider n random points 1, ..., z, in the space and
their respective life time Ti,...,T,, because the independence of these should be lost. For
example, let d be the distance between two points x; and x2, and suppose that the growth
speed G of crystals is radial and constant. If we observe that z; is covered at time ¢, then
P(T; <t+d/G) =1, since at time £ + d/G the point 5 is certainly captured by the crystal in
x1 at time ¢ (for a similar discussion see [2]).

As we already said, for any fixed ¢, © is a random closed set. From stochastic geometry
we know that contact distributions are important tools to describe certain aspects of random
closed sets and can be easily estimated. Now we show how the hazard function is related to
local spherical contact distribution function [8].

Definition 11 The local spherical contact distribution function Hg of an inhomogeneous ran-
dom set 2 s given by

Hg(r,z) =Pz € 20 b(0,7) |z € B),
where @ is Minkowski addition and b(0,r) is a d-dimensional ball of radius v centered at the

origin.

Proposition 2 Let ¥ a nucleation process as in hypotheses on page 3 and K such that dim K >
2. Assume that the growth speed G of crystals is radial and constant, and, for any t,x fized,
denote by H(-,t,x) the following function

H(r,t,r) := Hg ot (GT,T),

10



where Hg gt is the local spherical contact distribution function of the random closed set ©*.
Then

(t,) = 5 A(r, 1,2,

Proof. Write the random set ©'F2? as union of the set ©f grown up to time t + At and the
crystals born during the interval (¢,¢ + At]:

for a.e. x. (14)

0

Qi+at  _ U @tT-:At(Xj)
Tjgg-mt
= ey v U eitixy)
Tjjgt t<Tj%t+At

= ©'aAGBT U ] OF(X)),
t<Tj%t+At

where B = b(0,1).
Let C,(t,t + At) be the subset of the causal cone C(t,x) given by

Cu(t,t + At) := {(s,y) € (t,t + At] x K|z € ©F2(y)}.

By this definition it follows that

B t+AL
Vat1(Cx(t, t + At)) = / (/ dy) ds = O(At)?H!
t b(z,(t+At—s)G)

(where v441 is the d + 1-dimensional Lebesgue measure) and
P(U(Cy(t,t + At)) > 0| U(C(t,z)) = 0) = E(U(C,(t, t + At)) | U(C(t,z)) = 0).
So we have
P02 ¢0") = 1-Pag(®aAtGB" U (] OF*X;)|xgo)
t<T; %t—&-At
= 1-P{z g0 eAtGBYn{zg |J OF%X))}|z¢ge)
t<Tj%t+At
— 1-P@¢(©aAGB) e ¢0Pg |J OFX)|x¢go)
t<Tj%t+At

= 1—[l - Hgeo:(GAt,2)|(P(¥(C,(t,t + At)) = 0| U(C(t, x)) = 0)
= 1-[1—H(Att,z)][1 = P(U(C,(t, t + At)) > 0| U(C(t,z)) = 0)]
= 1-[1—H(Att,2)][1 — E(U(C,(t,t + At)) | U(C(t,z)) = 0)].

By replacing in the definition of h(t, z), we obtain
1 . -
() = lim 1= 1= A6 0)] [ BECaltst +A0) 9 2) =0} (15)

Now observe that:

11



. H(At,t,z) . H(At,t,z) — H(0,t,z) 0 4
* AT A T AR At = g At

=0"

e since U(C,(t,t + At)) is a nonnegative r.v.,

i E(U(Co(t,t + A1) | ¥(C(ta) =0)  _ - 1 B(W(Calt, t + AL))L{T(C(t, ) = 0})
AL]0 At Atlo At P(T(C(t,x)) =0)
B 1 i E U(Cy(t, t + Al)))]
= P(U(C(t,z)) = 0) Atlo At
B 1 - A(C,(t,t + At))
P(U(C(t,z)) = 0) Atlo At

We know that A(ds x dy) = Q(s,dy)A(ds), where A is the intensity measure of the marginal
process and Q is a stochastic kernel from R to K. Since for all s € R*, Q(s,) is absolutely
continuous with respect to the d-dimensional Lebesgue measure, then, for a.e. z € K,

t+AL

_ t+At ~
A(Cz(ut—&—At)):/t /b( i V)G)Q(&dy)A(ds):O(At)d/t A(ds).

(From now on it is understood that = € K a.s.).
Since certainly j;HAt A(ds) < oo, we have that A(C,(t,t + At)) = O(At)?.
Therefore, Vd > 2

A(Cu(t,t + At))

A At =0
By (15) we obtain
9 -
h(t,z) = EH(T’tvx)lmo

O

Remark 7 1. Expression (14) may be intuitively explained in this way: capture of point z
during interval (t,t 4+ At] can be determined both by the growth of ©' and by the birth
of new crystals. These two causes are conditionally independent and the second one has
a negligible weight because of the simplicity of ¥ and the absolute continuity of mark
distribution.

2. If A < vgyq, ie. A absolutely continuous, then A(C,(t,t + At)) = O(At)4*! and (14) is
true also for dimK = 1.

3. We give now a simple example about the validity of Eq.(14).
Let us suppose that nuclei are born in time in accordance with a homogeneous Poisson
point process with intensity p and uniformly in space. So, the mark distribution @ is the
uniform distribution on K which we assume has finite measure K. Consequently,

v(dt x dz) = A(dt x dz) = %dtdm,

and the survival function, independent of x, is given by
0 [t
S(t) = exp {— / ba(t — s)deds} ,
K Jo
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where by is the volume of the unit ball in R?. Thus,

h(t) = —% In S(t) = I‘é/ot dbgGe(t — s)%1ds. (16)

Observe now that, for every fixed ¢, ©f is a homogeneous Boolean model with intensity

A = mean number of nuclei for unit of volume
1
= (0,4  [0.11%) = Q0 1Y) = it

and typical grain Zy = b(0,G(t — U)) with U ~ U([0, t]).
Since the spherical contact distribution function of a homogeneous Boolean model is given
by
d
Hg(r) =1—exp *)\ijT]E(Vd—j(Zo)) )

Jj=1

where b; is the volume of the unit ball in R7 and V;(Zy) is the jth intrinsic volume of Zy,
we have that

d
H(rt) =1 - exp —’If;bj(GT)jE(Vdj(zo))

I 1
Since by = 2 and B(Vy—1(Z0)) = 5 / dbyG1(t — s)d_lgds, it follows that
0

h(t) = 2lfl(T,t,x)

t
- ﬁ/ dbaG(t — )4~ ds,
or 0

l=0 = K
which coincides with the hazard function (16) obtained from the survival function.

. Let us suppose that G time dependent. In this case H is given by
~ t+7
H(r,t,x) = Hg o ( G(s)ds,x) ,
t

and S, (s, t + At) = b(x, [T Gu)du).
Again A(C,(t,t + At)) = O(At)4, so

h(t,z) = %H(T,t,x) = G(t)ﬁHS,@t (r,x)

or

[r=0 [r=0"

. If G is space-and-time dependent, we can not define a function H similarly as in the
previous cases, because ©! does not grow in a homogeneous way during a time interval
(t,t+7]. But, as follows by the proof, the hazard function h(t, z) coincides with the capture
rate of x determined by the growth of ©f. In fact, also in this case A(C,(t,t + At)) =
O(At)4, since certainly S, (s,t + At) C b(x, (t + At — 5)G ), where Gy = max G(u,y)
for (u,y) € [s,t + At] x Sy(s,t + At). So, if we denote by ©(t + At) the random closed
set ©! grown up to time ¢ + At, then

t
h(t.z) = lim Pz €c Ot + At) |z ¢ ©F)
At]0 At

. (17)
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By the continuity of G, for At sufficiently small, during interval [t, t+ At] we may consider
G = G(t,-), so that it depends only on space.

Observe now that when the growth speed of crystals is dependent only on time or space
(i.e. G=G(t) or G = G(x)), then

z € O4(y) «=y € (), (18)

while if G = G(¢,z) it is not true in general.
Since every point y € 90! may be seen as nucleus of a crystal born at time ¢, then
x € O(t + At) <= Jy € 90! such that = € O (y)). By (18) we have

z € Ot + At) <= ' NOIFA (1) £,
Continuity of G allows to replace ©T2(z) with b(z, G(t,z)At), thus
T € Ot + At) <= O' Nb(z,G(t,z)At) # 0,
and by (17) we obtain

P(z € O @ G(t,x)AtB |z ¢ ©Y)

W) = iltr?o At
Hg ot A
— lim 5,0 (G(t,x) t,x)
At]0 At

0
= G(t,x)aH&@t(’/’, .13)

[r=0"
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